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Abstract. In the modern mining and metallurgical industry, the operational stability of preparatory processing
equipment, such as crushers and mixers, is significantly dependent on the uniformity of the granulometric
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accelerated wear of working components, and increased energy consumption. Conventional classification
methods using scalping screens are economically inefficient at low contents of oversized lump material, which
necessitates the development of cost-effective classification methods directly on conveyor lines. The aim of this
study was to provide a scientific justification for the design of a machine for the mechanical removal of large-
sized inclusions from a flow of bulk material in the unloading zone of a belt conveyor, based on a previously
developed segregation heterogeneity model. The study employs methods of mathematical modeling, theoretical
mechanics, and particle dynamics, which made it possible to substantiate the design of a classification device in
the form of a rotating rod comb positioned above the conveyor discharge pulley. It has been established that the
rational operating regime is achieved by matching the linear velocity of the belt with the kinematic parameters
of the rod tip rotation, thereby minimising energy losses due to sliding. It has been mathematically proven that
a rod profile in the form of a clothoid ensures its penetration into the material bulk along the normal path,
significantly reducing impact loads. A comprehensive dynamic model has been developed, describing three stages
of interaction: particle extraction from the layer, its relative motion along the rod surface, and free flight, which
makes it possible to determine the geometric boundaries of the oversized lump material dispersion zone. This
enables precise positioning of receiving hoppers and deflector plates for oversized lump material. The obtained
mathematical models and geometric relationships allow for the design of efficient pre-classification units
integrated into existing conveyor systems, ensuring protection of process equipment from overloads without the
need for bulky and energy-intensive machinery

Keywords: belt conveyor; material segregation; mechanical classification; rotating rod comb; particle free-flight

trajectory; size classification; discharge assembly

Introduction

Under current operating conditions of mining and
metallurgical enterprises, ensuring the stable and re-
liable performance of equipment employed in material
preparation processes is one of the key factors in im-
proving production efficiency and reducing operating
costs. The performance of crushing, mixing, and com-
paction equipment is strongly influenced by the granu-
lometric composition of the feed material, particularly
by the presence of isolated oversized lumps exceeding
the permissible dimensions, as well as frozen or con-
solidated agglomerates formed due to moisture, tem-
perature fluctuations, and prolonged storage. The en-
try of such inclusions into process equipment disrupts
the prescribed operating conditions, increases dynamic
loading, intensifies the wear of working components,
and raises energy consumption, thereby adversely af-
fecting the reliability of technological systems.

One of the most extensively investigated research
directions concerns the influence of feed granulomet-
ric composition on the performance of crushing equip-
ment. B. Rocha et al. (2024) conducted industrial-scale
investigations of an HP500 cone crusher to determine
the influence of feed characteristics on its operational
performance. The authors analysed the effects of the
maximum feed particle size, width of the relieve slot,
and the physical and mechanical properties of the ore
on crushing performance. Their results demonstrated
that increasing the size of the largest feed particles
decreases crusher throughput. Moreover, feed size, to-
gether with the width of the relieve slot and material
properties, was identified as one of the principal factors
governing crushing efficiency. These findings emphasise
the necessity of limiting the entry of oversized lumps

Journal of Kryvyi Rih National University, Vol. 24, No. 1, 2026

into the crusher to ensure stable equipment operation.
Further development of this research direction was
presented by M. Lindqvist & H. Li (2021), who devel-
oped a mathematical model of a cone crusher integrat-
ing a material breakage model with an energy-based
description of the crushing process. Using numerical
simulations, the authors investigated the influence of
feed granulometric composition on crusher capacity,
specific energy consumption, and the particle size dis-
tribution of the final product. It was found that increas-
ing the upper feed size limit alters the material flow
pattern within the crushing chamber, impedes particle
movement through the compression zone, and causes a
non-uniform distribution of loading over the crushing
surfaces. As a consequence, fluctuations in power con-
sumption occur, crushing efficiency decreases, and the
wear rate of the working components increases.

An alternative approach to this problem was pro-
posed by P. Itavuo & M. Vilkko (2021), who investigat-
ed the stabilisation of the crushing process through
automatic control of a cone crusher operating under
variable feed conditions. The developed control system
maintained a predetermined reduction ratio regardless
of fluctuations in feed granulometric composition. In-
dustrial-scale tests demonstrated that the proposed
control strategy substantially reduced process varia-
bility while increasing the average productivity of the
crushing complex. Nevertheless, the need for sophis-
ticated automatic control systems itself confirms that
fluctuations in feed granulometric composition consti-
tute one of the primary factors affecting cone crush-
er performance. The detrimental effect of oversized
lumps is equally significant in hammer crushers, where

A
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material breakage is predominantly achieved through
impact loading. T. Abilzhanuly et al. (2024) investigated
the dynamics of material motion within the crushing
chamber of a hammer crusher and demonstrated that
feed granulometric composition, together with the de-
sign parameters of the working elements, significantly
affects particle kinematics, process energy consump-
tion, and the quality of the final product. The study
showed that increasing particle size alters particle tra-
jectories, modifies impact conditions, and reduces the
uniformity of material breakage, ultimately resulting in
deteriorated technological performance.

The practical consequences of hard oversized
lumps inclusions entering industrial hammer crushers
were examined by E. Kyekyere et al. (2024), who ana-
lysed the causes of premature failure of grate bars in
a reversible hammer crusher used for secondary coal
crushing. Based on macrostructural and microstruc-
tural analyses of damaged components, the authors
concluded that one of the principal causes of intensive
wear and failure was direct impact loading induced by
hard oversized lumps entering the crushing chamber.
Such particles were shown to intensify abrasive wear,
promote fatigue crack initiation, and accelerate brittle
fracture of working surfaces. The study concluded that
maintaining uniform feed conditions and restricting
the entry of oversized lumps are essential for increas-
ing the service life of crusher components and ensuring
stable equipment operation.

However, the above-mentioned studies are primar-
ily focused on improving crusher design, developing
mathematical models of the crushing process, or de-
signing control systems capable of compensating for
the adverse effects of fluctuating feed granulometric
composition. In contrast, the problem of removing iso-
lated oversized lumps directly from the bulk material
stream on conveyor routes before the material enters
the crushing equipment, thereby preventing overloads
at an earlier stage of the technological process, has
received very limited attention. The adverse effect of
non-uniform granulometric composition is also ob-
served in bulk material mixing processes, where parti-
cle size governs particle motion, the intensity of circu-
lation flows, and the uniformity of mixture formation.
Recent studies have demonstrated that variations in
granulometric composition substantially affect the en-
ergy and kinematic characteristics of the mixing pro-
cess, as well as the mechanical loads acting on the
working elements of mixing equipment.

G. Chandratilleke et al. (2021) employed the Dis-
crete Element Method (DEM) to investigate the mixing
of bulk materials in a ribbon mixer, aiming to deter-
mine the influence of the physic and mechanical prop-
erties and granulometric composition of the material
on process performance. The authors analysed circu-
lation flow patterns, mixing kinetics, and variations in
the torque acting on the mixer drive shaft. The results

revealed that an increase in particle size significantly
alters material circulation, prolongs the time required
to achieve a homogeneous mixture, and increases the
torque required for mixing. These findings clearly in-
dicate that the granulometric composition of the feed
material directly affects the energy performance of
mixing equipment. Similar conclusions were reported
by Z.Zuo et al. (2023) in their investigation of bulk ma-
terial mixing in a paddle mixer. Based on experimental
studies combined with DEM simulations, the authors
analysed the influence of the design parameters of the
mixing blades, rotational speed,and material properties
on particle motion. It was established that increasing
particle size modifies particle trajectories, circulation
velocity, and the intensity of interparticle interactions,
leading to reduced mixture homogeneity and lower
mixing efficiency. These findings further confirm that a
stable granulometric composition of the feed material
is one of the key prerequisites for the efficient opera-
tion of mixing equipment.

The problem of increased mechanical loading
on mixer components was investigated by D. Han et
al. (2022), who analysed the wear mechanisms of in-
tensive mixer rotors operating under prolonged service
conditions. Based on an investigation of the contact in-
teractions between material particles and working sur-
faces,the authors demonstrated that increasing contact
loads intensifies abrasive and fatigue wear, alters the
geometry of the working elements, and consequently
deteriorates mixing quality. These results confirm that
elevated mechanical loading is one of the principal
factors limiting the service life of mixing equipment.
Therefore, contemporary studies consistently demon-
strate that the granulometric composition of bulk ma-
terials significantly influences particle kinematics, pro-
cess energy consumption, and the durability of mixer
components. At the same time, the available literature
indicates that most studies focus on optimising mixer
design or operating conditions, whereas the preliminary
removal of isolated oversized lumps from the material
stream as a means of reducing mechanical loading on
mixing equipment has received virtually no attention.

Similar relationships are observed in the compac-
tion of bulk materials using High Pressure Grinding
Rolls (HPGR), whose operational efficiency largely de-
pends on the formation of a compressed particle bed
between the rolls. The particle size distribution of the
feed plays a decisive role in ensuring a uniform distri-
bution of contact stresses among particles and deter-
mines the efficiency of interparticle breakage. A. Ami-
nalroaya & P. Pourghahramani (2021) experimentally
investigated the influence of feed characteristics on
material breakage in HPGR. Their study demonstrated
that both the mechanical properties and granulomet-
ric composition of the feed material determine the
formation of the compressed particle bed, the distri-
bution of energy among particles, and the efficiency of
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interparticle breakage. Feed heterogeneity was shown
to deteriorate compaction conditions, thereby adversely
affecting the technological performance of HPGR.

Thus, regardless of the type of process equipment,
contemporary studies consistently indicate that the
presence of oversized lumps in a bulk material stream
leads to deteriorated process performance, increased
energy consumption, higher mechanical loading of
working components, and accelerated wear. However,
the overwhelming majority of published studies are
devoted to improving equipment design, optimising
operating conditions, or developing automatic con-
trol systems that compensate for the adverse effects
of oversized lumps only after they have entered the
working zone of the machine. In contrast, the preven-
tion of oversized lumps entry through their preliminary
removal from the conveyor stream remains insuffi-
ciently investigated. One of the most widely adopted
engineering solutions for preventing oversized lumps
from entering process equipment is their preliminary
removal using scalping screens. Such machines sepa-
rate oversized lumps by transporting the material over
a screening surface with relatively large apertures,
thereby effectively protecting downstream process
equipment against overloads. However, the application
of scalping screens is economically justified primarily
when the feed contains a considerable proportion of
oversized lumps. When their content does not exceed
5%, the use of a dedicated screening machine results in
high capital investment, substantial energy consump-
tion, and additional maintenance costs, significantly re-
ducing the economic efficiency of this approach.

Accordingly, the development of alternative meth-
ods for the preliminary removal of isolated oversized
lumps without employing dedicated classification
equipment represents an important research direction.
A promising basis for implementing such an approach
is the utilisation of the natural segregation phenomena
occurring during the transportation of bulk materials
on belt conveyors. Contrary to the traditional percep-
tion of a conveyor as merely a transportation device,
recent studies have demonstrated that bulk materials
continuously undergo particle size segregation during
conveying.As a result, coarse particles tend to concen-
trate in the upper layers of the material stream, where-
as finer particles migrate toward their lower part.
Z. Liu et al. (2022) conducted experimental investiga-
tions and numerical simulations of bulk material seg-
regation on belt conveyors. The authors demonstrated
that the intensity of stratified segregation depends on
the particle size ratio, conveying velocity, and the ge-
ometry of the material stream. It was shown that a sta-
ble particle size stratification is formed already in the
initial conveying section and remains preserved until
the material is discharged.

Further development of this research direction was
presented by Y. Duan et al. (2025), who employed DEM
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simulations to investigate the mechanisms governing
the formation of a segregated bulk material structure
during conveying and discharge. The authors demon-
strated that the resulting segregation pattern deter-
mines the spatial distribution of particles of different
sizes within the discharge zone and can be utilised for
the selective separation of specific size fractions with-
out additional classification operations. These findings
suggest that the conveying process should be regard-
ed not only as a transportation operation but also as
an important stage of material preconditioning before
subsequent processing. Therefore, the analysis of the
available literature indicates the absence of engi-
neering solutions utilising the natural segregation of
bulk materials on belt conveyors for the mechanical
removal of isolated oversized lumps directly within
the conveyor discharge zone. This unresolved scientif-
ic problem defines the relevance and novelty of the
present study. The objective of this study was to es-
tablish the fundamental interaction mechanisms be-
tween the working element and the segregated bulk
material stream within the discharge zone of a belt
conveyor and to substantiate the design and kinematic
parameters of a device capable of selectively removing
isolated oversized lumps without the use of dedicated
classification equipment.

Materials and Methods

The investigation of the mechanical separate process
of isolated oversized lumps from segregated bulk ma-
terial was carried out on the basis of a conceptually
developed device design (Fig. 1).

Figure 1. Basic diagram of the device
for removal of isolated oversized lumps
from segregated bulk material
Source: developed by the authors

In the initial problem formulation, the process of
transporting segregated bulk material 2 by a horizontal
belt conveyor 1 moving at a constant linear velocity v
was considered. As a result of segregation within the
material flow, a particle size heterogeneous structure
was formed in which isolated oversized lumps 3 with
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an average size d became localized within the near-sur-
face layer at a depth comparable to their characteristic
size. To implement the process of their removal, a rotat-
ing working element in the form of a rod comb 4 was
installed in the conveyor discharge zone. Structurally,
the comb was designed with an axial spacing between
the rods not exceeding d. During rotation, the comb 4
interacts with the upper layer of the material 2, cap-
tures the isolated oversized lumps 3, and imparts addi-
tional kinetic energy to them, causing their separation
from the main material stream and subsequent motion
along a free-flight trajectory inclined to the horizontal
in the direction of material movement. To limit the par-
ticle dispersion zone, a deflector surface 5 was incor-
porated into the design. Fine material fractions 2 that
do not interact with the comb 4 freely discharge into
the receiving hopper 6, whereas the isolated oversized
lumps 3 that receive an additional impulse are trans-
ported over a greater distance and discharged into the
remote receiving hopper 7.

The rational operating regime of the rotating work-
ing element is determined by the condition of minimis-
ing energy losses caused by the sliding of isolated over-
sized lumps relative to finer particles at the moment
of their removal from the material layer. To satisfy this
condition, according to the computational scheme used
for determining the geometric and kinematic parame-
ters of the rotating working element shown in Figure 2,
point A corresponding to the material detachment from
the upper surface of the layer of thickness h must coin-
cide with the point at which the rod exits the material
bulk. In this case, the projection of the linear velocity of
the rod tip at the specified point must be equal to the
linear velocity of the conveyor belt v.

00— 130 100 - 50

=5

oy

Figure 2. Computational scheme for determining
the geometric and kinematic parameters
of the rotating working element
Source: developed by the authors

For the justified selection of the installation posi-
tion of the receiving hopper for oversized lump frac-
tions or the positioning of the deflector plate intended
to direct them into the hopper, the law of motion of a
single oversized lump particle was investigated. At the
first stage, the relative motion of the particle along the
surface of the rotating rod was studied. The analysis is
based on the following representation of the process:
the interaction of the isolated oversized lumps with the
rod, while it remains within the material bulk, occurs
exclusively in the vertical direction, corresponding to
its detachment from the material layer. After exiting
the bulk material, the particle enters a sliding regime
along the rod surface during its rotation. In this case,
the initial sliding velocity is equal to the conveyor belt
velocity, and the initial coordinate is comparable to the
characteristic particle size (Fig. 3a). The force diagram
acting on the particle captured by the rod during its
relative motion is shown in Figure 3b.

Figure 3. Computational scheme of particle relative motion on the surface of a rotating rod
Notes: a - initial motion parameters of the particle; b — force diagram acting on the particle during its relative motion

Source: developed by the authors

For describing the motion, two coordinate systems
are introduced: a fixed system xOy associated with the

axis of the conveyor discharge pulley, and a moving
system x, O, y, rigidly attached to the rod and rotating
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together with it. The dynamics of the particle’s rela-
tive motion are described by the fundamental law of
dynamics for a material point, taking into account the
action of gravity, constraint reactions, as well as inertial
components induced by the rotational motion of the
reference system, in particular the Coriolis and centrif-
ugal forces.

The rotation angle of the rod is defined as a func-
tion of time:

@(t)=w-trad. D)

To simplify the mathematical description, it is as-
sumed that the particle position along the rod coincides
with its geometric profile, while its initial position is de-
fined taking into account the characteristic particle size
and the system geometry. Under these conditions, the
relative velocity during the particle transition onto the
gentle section of the rod is assumed to be determined
solely by the variation of the x, coordinates. Under these
assumptions, the forces acting on the particle are pro-
jected onto the axes of the moving coordinate system,
which makes it possible to formulate the equations of
motion in the form of a system of differential equations
expressed in projections onto the corresponding axes:

{G-sin<p+F—P-sina=m-am

—G-cosop—P-cosa+N-Q=m-a,/ (2)

where G - the gravitational force, N; F - the sliding fric-
tion force,N; P - the centrifugal force, N; N - the normal
reaction force, N; and Q - the inertial force associated
with Coriolis acceleration, N.

The mass of the isolated oversized lumps was ex-
pressed in terms of its density p and average character-
istic particle size d:

3
mzp-gn(g) ~0.524-p- d* kg. 3)
Taking into account the physical nature of the pro-

cess, the forces included in the right-hand sides of the
equations can be represented in the following form:

G=m-g=0524-p-d*-g=5.137-p-d* N, 4)
where g - the acceleration due to gravity, m/s?;
F=k-N, (5)
where k - the coefficient of sliding friction between the
isolated oversized lumps and the rod surface;
P=m-w?-r=0.524-p-&*-w?-r, (6)
where w - the angular velocity of rotation, rad/s;
0=m-2-w-v=1047 -p-&-w-
VX, )2+(y,)=1.047p- - w- X, 7)

Substituting expressions (1-6) into the original sys-
tem of equations (7) and expressing the accelerations
in differential form, the transformed system of equa-
tions is obtained:
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5.137-p-d®-sin(w-t)+k-N—
—0.524-p-d3~w? r-V1-(cosa)? =
=0524-p-d3-x,"
—5.137-p-d3® - cos(w - t) — (8)
—0.524-p-d®-w?-r-cosa+ N —1.047-p x
xd¥ w-x, =0524-p-d® -y,

Considering the negligible acceleration along the
0.y, axis at the moment the isolated oversized lumps
leaves the rod, the normal reaction force is, in the first
approximation, determined from the condition of qua-
si-static equilibrium of force projections onto this axis:

N=5.137-p-d*-cos(w-t)+0.524 -p - d*- w?-r-
~cosa+1.047 -p-d*-w-x,. 9)

To solve the relative motion of the isolated over-
sized lumps along the surface of the rod of the speci-
fied structural design, initial conditions for the relative
velocity and coordinate were used:

{Vro =-v

e —d - (10)

The time of motion of the isolated oversized lumps
along the rod surface is determined from the equation
of motion, solved with consideration of the initial con-
ditions (16), when the particle reaches the specified co-
ordinate value x,=0.The obtained law of motion makes
it possible to determine the trajectory of the isolated
oversized lumps after ejection,which in turn enables the
substantiation of the positioning of the receiving hop-
per or the deflector plate used to direct the particle flow.

Results and Discussion

The following geometric (1-3) and kinematic (4) rela-
tionships are established, linking the parameters of con-
veyor motion and the rotation of the working element.

BC=d m; (11)

r=H-h+dm; (12)

L= [Z-HT_h+1m; (13)
_ 30w

= i rpm. (14)

To minimise impact loads during the penetration
of the working element into the bulk material layer, the
rod profile was designed as a clothoid, thereby ensur-
ing that the rod enters the material along the normal
to the free surface and providing a smooth change
in its direction of motion. The selection of a clothoid
profile is justified by its fundamental geometric prop-
erty, namely, the linear variation of curvature with arc
length (Meek et al., 2004; Levien, 2008). In contrast to
a circular arc, which has constant curvature, or profiles
characterised by abrupt curvature discontinuities, a
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clothoid provides a continuous increase in curvature
from zero. Consequently, the normal acceleration and
the contact forces between the rod and the bulk mate-
rial increase gradually, thereby eliminating impact-type
interaction. Owing to these characteristics, clothoid
curves are widely employed in the design of motion
trajectories for engineering systems requiring a smooth
variation in curvature, reduced jerk, lower dynamic
loading, and improved motion stability. These advan-
tages have been confirmed by recent studies in vehi-
cle control and trajectory planning, demonstrating that
clothoid-based trajectories provide smoother curvature
transitions and lower dynamic loads than trajectories
containing curvature discontinuities (Li et al., 2023).
For the analytical description of the rod profile, a
computational scheme is introduced (Fig. 4), in which a
Cartesian coordinate system rigidly fixed to the surface
of the material layer is used. The origin is located at the
point where the material leaves the upper surface of the
layer, the abscissa axis is tangent to this surface, while
the ordinate axis is directed along the normal to it.

B | VA

{
T uos
kY
450~ 400- 350— 300- 250~ 200- 150 - 100 - Ty %0 100 150 20 250 300 350 1_{71'1' 450 500
: R e G -t h
| ! el R 2 D 20 3
%

Figure 4. Computational scheme
of the rod profile of the rotating working element
Source: developed by the authors

On the basis of the developed computational
scheme, the rod profile is described by the parametric
equations:

x(t) = avm - for cos (ﬂziz) d¢
y(t) = avm - fOT sin (%2) df’

where t - a dimensionless parameter,with 0<t<1;a-is
a scale factor defining the dimensions of the rod profile.

Substituting the obtained function of the normal
reaction force (14) into the first differential equation of
the system (13), it is transformed into its canonical form:

(15)

x"-2-k-wx'=k-w?r-cosa-w*-r-

V(1 -(cosa)))+g-sin(w-t)+g-k-cos(w-t). (16)

The resulting differential equation (15) describes
the relative motion of the isolated oversized lumps
along the surface of the rod of the specified structural
design.

The relative velocity of the isolated oversized
lumps is defined as the first-time derivative of the ob-
tained law of motion:

day (£)
v.(t) = % m/s.

(17)

At the moment of detachment of the isolated over-
sized lumps from the rod, this velocity takes the value
v/(7-)'

In the second stage, the absolute velocity of the
isolated oversized lumps ejection was determined. In
this case, the rod rotation angle at the moment of ejec-
tion was calculated using expression (6):

@(N=w-Trad, (18)

where T - the moment of ejection of the isolated over-
sized lumps from the rod surface.

The translational linear velocity of particle ejection
is determined by the uniform rotational motion of the
rod comb at a radius r (Fig. 5):
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Figure 5. Computational scheme
of oversized lump particle ejection velocities
Source: developed by the authors
V,=w-rm/s. (19

The relative velocity v, of the particle was deter-
mined from the solution of differential equation (17)
under the initial conditions (16). The particle ejection
angle relative to the horizontal corresponds to the
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inclination angle of the absolute velocity vector with
respect to the horizontal axis. The projections of this
vector in the selected inertial coordinate system (see
Fig. 4) are expressed as follows:

Vax (T) = =, - cos[a + p(T)] — v, - cos[p(T)]
ﬂ@av=%smw+¢wn+wsmwan’@®

The magnitude of the particle absolute velocity
vector at the moment of ejection is given by:

v = [P + [0 D] s, @1

The trigonometric components of the ejection an-
gle were determined from the relationships between
the magnitude of the absolute velocity vector and its
projections:

cosy = :ﬂ; (22)
siny = U—y 23)

a

Thus, the absolute ejection velocity of the isolated
oversized lumps, its projections, and the inclination an-
gle relative to the horizontal were determined, which
made it possible to proceed to the third stage of the
study - the analysis of its free-flight. The general solu-
tion of the problem of motion of a free material point
projected atan angle to the horizontalin the selected in-
ertial coordinate system (Fig. 6) is expressed as follows:

x(t)=v,,-t+C,

yt)=-05g-t*+v, - t+C, (24)
y
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Figure 6. Computational scheme
of oversized lump particle free-flight
Source: developed by the authors

The integration constants were determined from
the initial conditions, namely the coordinates and
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velocity of the isolated oversized lumps at the moment
of its ejection. According to the computational scheme
(see Fig. 6), the absolute coordinates of the isolated
oversized lumps during its sliding motion along the
surface of the rotating rod are given by:

{x(t) = —r-sinfa+ @(t)] + L 25)

y(t)=H—h—r-cosla+ )]

According to the obtained results of solving equa-
tion (15) under conditions (16), the particle motion time
from the beginning of sliding to the moment of ejec-
tion is equal to T.Therefore, the absolute coordinates of
the ejection point are expressed as follows:

{x(T) =—r-sinfa+o(T)] +L

YT =H—-h—r-cosla+ o] 29

These coordinates serve as the initial conditions
for the subsequent motion of the isolated oversized
lumps as a material point during the free-flight stage.
The particular solution of the equations of motion was
obtained from the general solution (24) by substituting
the initial coordinates (26) and the initial velocity (21).
As a result, the law of motion of the isolated oversized
lumps during free flight after solving the Cauchy prob-
lem is expressed as follows:

x(t) = v, (T) - t + x(T)

Y(O) = —05g - t2 + vy (T) -t +y(T) V)

Using the developed mathematical model, a nu-
merical analysis of the selective removal of an isolated
oversized lump was performed to investigate its inter-
action with the rotating rod of the working element
under typical belt conveyor operating conditions. In the
first stage, the evolution of the particle’s dynamic char-
acteristics during its motion along the clothoid profile
of the rod was investigated (Fig. 7).

Separation point
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Figure 7. Dynamics of the interaction between
an isolated oversized lump and the rod
Source: developed by the authors

Theresults showed that the relative contact reaction
N(&)/N, (where N(t) is the instantaneous normal contact
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force between the particle and the rod surface, N; N, is
the normal contact force at the initial point of contact,
N), decreases monotonically from 1 to 0, reaching zero
after 0.022 s, which corresponds to the instant when
contact with the rod is lost. Simultaneously, the relative
particle velocity v (t)/Va,., (Where v,(f) is the instanta-
neous absolute particle velocity, m/s; va,,, is its max-
imum value, m/s), increases continuously and reaches
its maximum immediately before particle detachment.
This indicates that the maximum kinetic energy of the
particle is attained precisely at the transition from con-
strained motion along the rod to free flight, which is
essential for achieving the maximum particle throw
distance. These results demonstrate that the clothoid
profile provides a gradual reduction in contact loading
without abrupt changes in the contact reaction, while
the maximum particle velocity is attained immediately
before detachment. Such a variation in the kinematic
characteristics confirms the suitability of the clothoid
profile for establishing stable initial conditions for the
subsequent free-flight phase. In the second stage, the
influence of the kinematic parameters of the working
element, specifically its rotational speed (n,), on the
particle separation velocity (v,), and the particle-rod
contact time (t,,,), was investigated (Fig. 8).
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Figure 8. Effect of rotor rotational speed
on separation velocity and contact time
Source: developed by the authors

The results indicate that increasing the rotational
speed from 40 to 140 rpm increases the particle sepa-
ration velocity by fourfold. At the same time, the parti-
cle-rod contact time decreases by 30%. These findings
demonstrate a substantial increase in the intensity of
mechanical energy transfer to the particle with in-
creasing rotor speed. Figure 9 presents the results of
the analysis of the influence of the coefficient of fric-
tion between the isolated oversized lump and the rod
surface. The results show that increasing the coefficient
of friction by 0.4 reduces the particle separation veloc-
ity by 55%. A similar trend is observed for the particle
throw distance. This behavior is attributed to increased
mechanical energy dissipation due to frictional forces,
resulting in a corresponding reduction in the energy

converted into the particle’s translational kinetic ener-
gy. Therefore, the coefficient of friction represents one
of the key parameters governing the efficiency of selec-
tive particle separation.

r30

Figure 9. Effect of friction coefficient
on particle kinematics and trajectory
Source: developed by the authors

The practical implications of the developed math-
ematical model are illustrated in (Fig. 10), which pre-
sents a family of trajectories of isolated oversized
lumps corresponding to rotor rotational speeds ranging
from 40 to 140 rpm, together with the trajectory of the
fine fraction for comparison.
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Figure 10. Isolated oversized lump trajectories at
different rotational speeds of the working element and
the recommended position of the receiving hopper
Source: developed by the authors

A quantitative analysis of the obtained trajec-
tories revealed that increasing the rotor rotational
speed predictably extends the flight distance of iso-
lated oversized lumps in the X. At the minimum rota-
tional speed of 40 rpm, the particle landing distance
is X=11 m. Increasing the rotational speed to 140 rpm
shifts the landing point to X=18.8 m, while simulta-
neously increasing the maximum trajectory height to
Y=3.7 m. Consequently, a well-defined landing zone for
isolated oversized lumps is formed within the range of
X=11...19.5 m. In contrast, the fine fraction exhibits a
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fundamentally different motion pattern. Rather than
being entrained into the ascending flow, fine particles
follow a considerably shorter trajectory and land at X=5
m. The resulting stable spatial separation, characterised
by a minimum gap of more than 5...6 m between the
landing zones of the oversized lumps and fine fractions,
provides a scientific basis for determining the geomet-
ric parameters of the discharge unit.

The obtained results demonstrate that the pro-
posed approach to the mechanical separation of isolat-
ed oversized lumps is feasible, provided that the design
and kinematic parameters of the rotating working ele-
ment are properly coordinated with the material con-
veying conditions on the belt conveyor. The developed
mathematical model made it possible to establish the
fundamental interaction mechanisms between an iso-
lated oversized lump and the rod, determine the con-
ditions governing particle detachment, and predict its
subsequent flight trajectory. In contrast to the majority
of recent studies (Hastie et al., 2010; Fei et al., 2026),
which primarily focus on minimising particle segrega-
tion or improving conveyor system design to preserve
material flow homogeneity, the present study is the first
to exploit natural segregation as the basis for the me-
chanical separation of isolated oversized lumps without
the use of dedicated heavy-duty classification equip-
ment. One of the principal findings of the present study
is that the use of a rod with a clothoid profile ensures a
gradual reduction in the contact reaction between the
working element and the oversized lump, thereby elim-
inating abrupt impact loading. At the same time, the
particle reaches its maximum velocity immediately be-
fore detachment from the rod. This result is consistent
with the findings reported by K. Ran et al. (2024), who
demonstrated, in the context of robotic systems, that
incorporating clothoid curves into trajectory planning
enables the generation of geometrically smooth paths,
minimises kinematic jerk, and significantly reduces dy-
namic loads acting on robotic actuators under stringent
kinematic constraints. However, their study focused on
obstacle avoidance algorithms and path planning for
mobile robots, whereas the present work is the first to a
pply the same geometric principle of continuous curva-
ture variation to the design of the working element of
a mechanical device intended for the selective removal
of isolated oversized lumps. This finding demonstrates
that the advantages of clothoid curves are not limited
to autonomous motion control and navigation applica-
tions but can also be effectively exploited in the design
of heavy-duty process equipment for the conveying and
selective separation of bulk materials.

Another important finding of this study is the four-
fold increase in the particle separation velocity as the
rotational speed of the working element increases from
40 to 140 rpm, accompanied by an approximately 30%
reduction in the particle-rod contact time. These results
indicate that the kinematic parameters of the working

Journal of Kryvyi Rih National University, Vol. 24, No. 1, 2026

element directly govern the efficiency of mechanical
energy transfer to the particle. This conclusion is fully
consistent with the findings of previous studies based
on the DEM. In particular, DEM simulations of copper
ore flow through conveyor transfer stations (Walker et
al.,2020), as well as investigations of the discharge tra-
jectory and flow dynamics of cohesive materials from
a belt conveyor onto an inclined impact plate (Schef-
fler & Coetzee, 2023), have clearly demonstrated that
the interaction characteristics, velocity conditions, and
the evolution of normal and tangential contact forces
directly determine the efficiency of mechanical energy
transfer to individual particles.

The obtained results also demonstrated the de-
cisive influence of the rod surface condition on the
particle separation process. Specifically, increasing the
coefficient of friction between the rod surface and the
isolated oversized lumps by 0.4 was found to reduce
both the particle separation velocity and the corre-
sponding flight distance by approximately 55%. This
behavior is attributed to increased mechanical energy
dissipation caused by frictional forces, resulting in a
smaller proportion of the available energy being con-
verted into the particle’s translational kinetic energy.
The identified mechanism is fully consistent with the
fundamental findings of S. Laudari et al. (2023), who,
through DEM simulations of binary granular mixtures,
demonstrated that contact friction, both between par-
ticles and at the particle-equipment interface, has a
critical influence on velocity profiles, energy dissi-
pation, and the overall kinematics of double-faction
flows. These findings emphasise the necessity of main-
taining strict control over the condition and wear of
the rotating rod surfaces to preserve the designed par-
ticle throw distance and, consequently, the efficiency of
isolated oversized lump separation.

The simulations further demonstrated that an ap-
propriate combination of the device’s kinematic and
geometric parameters makes it possible to achieve a
spatial separation of up to 6 m between the landing
zones of the fine fractions and isolated oversized lumps
material. This result is fully consistent with the funda-
mental principles of bulk material separation based on
aerodynamic and inertial properties (Rhodes, 2008). Ac-
cording to the fundamental laws of dynamics, the flight
distance of a body moving through air depends on its
initial momentum, mass, and the aerodynamic drag
force.In conventional gravity-based conveyor discharge
systems, the natural separation between the trajecto-
ries of particles of different masses is minimal because
all particles leave the belt with nearly identical initial
velocities, making efficient classification impossible
without dedicated receiving hoppers or classification
devices. In contrast, the present study demonstrates
that the application of an additional mechanical im-
pulse generated by the rotating working element can
deliberately amplify this natural trajectory separation.
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By imparting additional kinetic energy to isolated over-
sized lumps at the moment of contact, the proposed
device ensures their stable displacement beyond the
landing zone of the main fine-material stream. As a
result, reliable industrial-scale separation is achieved
without remixing of the isolated oversized lumps and
fine material flows.

Conclusions

This study theoretically substantiated a novel approach
for the separation of isolated oversized lumps from a
bulk material stream directly within the discharge zone
of a belt conveyor. The proposed approach was based
on the natural segregation of the conveyed material
and its selective interaction with a rotating working
element. Unlike conventional solutions, the proposed
method does not require dedicated energy-intensive
classification equipment, thereby providing the basis for
improving the efficiency of existing material handling
and processing systems. The developed mathematical
model describes the complete process of isolated over-
sized lumps separation, including its extraction from
the segregated material layer, relative motion along
the rod surface, and subsequent free flight. The derived
analytical relationships make it possible to determine
the particle separation velocity, the coordinates of the
detachment point, the trajectory parameters, and the
predicted landing zone, thereby providing a sound basis
for the design and optimisation of the geometric pa-
rameters of the conveyor discharge unit.

It was established that the use of a rod with a
clothoid profile ensures a gradual reduction in the con-
tact reaction between the working element and the

the particle separation velocity while simultaneously
reducing the particle-rod contact time by 30%. These
findings indicate that the kinematic parameters of the
working element constitute one of the key factors gov-
erning the efficiency of mechanical energy transfer to
the material particles.

A significant influence of the coefficient of friction
between the rod surface and the isolated oversized
lump on the separation efficiency was demonstrated.
An increase in the coefficient of friction by 0.4 results
in an approximately 55% reduction in both the parti-
cle separation velocity and the particle throw distance.
This finding should be taken into account when select-
ing materials for the working elements and when as-
sessing their wear under operating conditions. It was
established that the proposed technical solution pro-
vides stable spatial separation of the trajectories of
isolated oversized lumps and fine particles, with the
corresponding landing zones separated by more than
5...6 m. This enables the efficient mechanical separa-
tion of isolated oversized lumps from the conveyed
material stream and provides a sound basis for the
optimal positioning of receiving hoppers or deflector
elements without the need for additional classifica-
tion equipment. Future research should focus on the
experimental validation of the proposed mathematical
model using a laboratory-scale test rig, investigating
the influence of the physics and mechanical properties
of bulk materials and the degree of particle segrega-
tion on separation efficiency, as well as optimising the
design parameters of the working element for different
operating conditions and materials conveying regimes.

isolated oversized lumps without generating abrupt Acknowledgements
dynamic loads. The oversized lu mps reaches its maxi-  None.
mum velocity immediately before detachment from the .
rod, creating the most favorable conditions for the ef- Funding
ficient mechanical separation of it from the bulk mate-  None.
rial stream. The numerical analysis demonstrated that .
increasing the rotational speed of the working element Conflict of Interest
from 40 to 140 rpm results in a fourfold increase in  None.

References

[1] Abilzhanuly, T., Iskakoy, R., Abilzhanov, D., Gulyarenko, A., & Khan, V. (2024). Identifying the influence of the
pitch of hammers with cutting edges on the average length of feed crushed in hammer grinders. Eastern-
European Journal of Enterprise Technologies, 4(1(130)), 69-78.doi: 10.15587/1729-4061.2024.310045.

[2] Aminalroaya, A., & Pourghahramani, P. (2021). The effect of feed characteristics on particles breakage and
weakening behavior in high pressure grinding rolls (HPGR). Mineral Processing and Extractive Metallurgy Review,
43(5),610-621.doi: 10.1080/08827508.2021.1913153.

[3] Chandratilleke, G.R., Jin, X., & Shen, Y.S. (2021). DEM study of effects of particle size and density on mixing
behaviour in a ribbon mixer. Powder Technology, 392,93-107. doi: 10.1016/j.powtec.2021.06.058.

[4] Duan, Y., Jing, L., Umbanhowar, P.B., Ottino, J.M., & Lueptow, R.M. (2025). Granular segregation across flow
geometries: A closure model for the particle segregation velocity. Journal of Fluid Mechanics, 1016, article

number A2. doi: 10.1017/jfm.2025.10360.

[5] Fei,).,, Gao,J.,Chen, W.,, Meng, H.,Kan, Z., Qi,J., Zhang, B., Huang, L., Li, Z., & Liu, H. (2026). Numerical study of
particle conveying mechanism in high-inclination scraper conveyor based on the discrete element method.
Results in Engineering, 30, article number 110204. doi: 10.1016/j.rineng.2026.110204.

Journal of Kryvyi Rih National University, Vol. 24, No. 1, 2026



https://doi.org/10.15587/1729-4061.2024.310045
http://doi.org/10.1080/08827508.2021.1913153
http://doi.org/10.1016/j.powtec.2021.06.058
http://doi.org/10.1017/jfm.2025.10360
http://doi.org/10.1016/j.rineng.2026.110204

Popolov et al.

[6] Han,D.,Zhang,S.,Pan,Y., & Wang, C.(2022). Simulation and experimental research on the wear of synchronous
quadruple rotor of an internal mixer during the mixing process. Engineering Failure Analysis, 139, article
number 106450. doi: 10.1016/j.engfailanal.2022.106450.

[7] Hastie, D.B., Wypych, PW., & Arnold, P.C. (2010). Influences on the prediction of conveyor trajectory profiles.
Particulate Science and Technology, 28(2), 132-145. doi: 10.1080/02726350903500633.

[8] Itavuo,P, & Vilkko, M. (2021). Size reduction control in cone crushers. Minerals Engineering, 173, article number
107202.doi: 10.1016/j.mineng.2021.107202.

[9] Kyekyere, E., Olakanmi, E.O., Prasad, RV.S., Matshediso, B., Motimedi, T., Botes, A., & Pityana, S.L. (2024).
Analysis of failure characteristics of screen plates of ring hammer crusher used in coal handling applications.
Engineering Failure Analysis, 162, article number 108351. doi: 10.1016/j.engfailanal.2024.108351.

[10] Laudari, S., Marks, B., & Rognon, P.(2023). Insights on the internal dynamics of bi-disperse granular flows from
machine learning. Granular Matter, 25(4), article number 73. doi: 10.1007/510035-023-01357-4.

[11] Levien, R. (2008). The euler spiral: A mathematical history. Berkeley: University of California.

[12] Li, J., Lou, J., Li, Y., Pan, S., & Xu, Y. (2023). Trajectory tracking of autonomous vehicle using clothoid curve.
Applied Sciences, 13(4), article number 2733. doi: 10.3390/app13042733.

[13] Lindgvist, M., & Li, H.(2021). A cone crusher model with a coupled energy- and breakage dependency. Minerals
Engineering, 172, article number 107147.doi: 10.1016/j.mineng.2021.107147.

[14] Liu, Z., Ma, H., Fan, T, Liu, M., & Zhao, Y. (2022). DEM investigation of the conveyor belt sorting system for
coated fuel particles with a large feeding rate. Powder Technology, 399, article number 117160. doi: 10.1016/].
powtec.2022.117160.

[15] Meek, D.S., & Walton, DJ. (2004). An arc spline approximation to a clothoid. Journal of Computational and
Applied Mathematics, 170(1), 59-77. doi: 10.1016/j.cam.2003.12.038.

[16] Ran, K., Wang, Y., Fang, C., Chai, Q., Dong, X., & Liu, G. (2024). Improved RRT* path-planning algorithm based
on the clothoid curve for a mobile robot under kinematic constraints. Sensors, 24(23), article number 7812.
doi: 10.3390/524237812.

[17] Rhodes, M. (2008). Introduction to particle technology (2nd ed.). Hoboken: Wiley. doi: 10.1002/9780470727102.

[18] Rocha, B.K.N., Campos, T.M., Silva, J., & Tavares, L.M. (2024). Fit-for-purpose model of HP500 cone crusher in
size reduction of itabirite iron ore. Minerals, 14(9), article number 919. doi: 10.3390/min14090919.

[19] Scheffler, O.C., & Coetzee, C. (2023). Discrete element modelling of a bulk cohesive material discharging from
a conveyor belt onto an impact plate. Minerals, 13(12), article number 1501. doi: 10.3390/min13121501.

[20] Walker, P., Doroszuk, B., & Krol, R.(2020). Analysis of ore flow through longitudinal belt conveyor transfer point.
Maintenance and Reliability, 22(3), 536-543.doi: 10.17531/ein.2020.3.17.

[21] Zuo,Z.,Wang,J.,Gong,S., & Zhang,J.(2023). Effect of blade configuration on the mixing process of particlesinan
intensive mixer. Particulate Science and Technology, 41(8), 1088-1102. doi: 10.1080/02726351.2023.2177216.

Journal of Kryvyi Rih National University, Vol. 24, No. 1, 2026 /ﬁ’/rg%


http://doi.org/10.1016/j.engfailanal.2022.106450
http://doi.org/10.1080/02726350903500633
http://doi.org/10.1016/j.mineng.2021.107202
http://doi.org/10.1016/j.engfailanal.2024.108351
http://doi.org/10.1007/s10035-023-01357-4
http://doi.org/10.3390/app13042733
http://doi.org/10.1016/j.mineng.2021.107147
http://doi.org/10.1016/j.powtec.2022.117160
http://doi.org/10.1016/j.powtec.2022.117160
http://doi.org/10.1016/j.cam.2003.12.038
http://doi.org/10.3390/s24237812
http://doi.org/10.1002/9780470727102
http://doi.org/10.3390/min14090919
http://doi.org/10.3390/min13121501
http://doi.org/10.17531/ein.2020.3.17
http://doi.org/10.1080/02726351.2023.2177216

Study of the feasibility of classifying oversized...

AoCAIAKEHHA MOXAUBOCTI COPTYBaHHA KPYNHOKYCKOBOI0 MaTepiany
Ha KOHBEEPHOMY TPaKTI MiAYac HOro TpaHCNOPTYBAHHA

Amutpo MononosB

LOKTOp TeXHIYHMX HAYK, AOLEHT

L[lep>xaBHWUIM yHiBEPCUTET EKOHOMIKM | TEXHOMOT M
50005, Byn. MeanuHa, 16, M. Kpusuii Pir, YkpaiHa
https://orcid.org/0000-0003-0347-8627

OneKkcaHAp YuuTenb

[okTop TexHiYHMX Hayk, npodecop

[lep>xaBHUI yHiBEPCUTET EKOHOMIKM | TEXHOMOTIM
50005, Byn. MeanyHa, 16, M. Kpusuii Pir, Ykpaina
https://orcid.org/0000-0001-6241-1786

Ceprii LLUBea

KaHanpat TexHiYHMX HayK, AOLEeHT

[lep>xaBHUIM YHIBEPCUTET EKOHOMIKM | TEXHOMOT M
50005, Byn. MeonuHa, 16, M. Kpusuii Pir, YkpaiHa
https://orcid.org/0000-0003-2169-8893

Irop 3aceAbCbKUi

KaHamaat TeXHiYHMX HayK, AOLEeHT

[lep>xaBHUIM yHiBEPCUTET EKOHOMIKM | TEXHONOT M
50005, syn. MeanuHa, 16, M. Kpusuii Pir, YkpaiHa
https://orcid.org/0000-0002-4834-4027

Cepriii TeHKyA€HKO

AcnipaHt

[ep>xaBHUIM yHiBEPCUTET EKOHOMIKM | TEXHOMOT M
50005, Byn. MeguuHa, 16, M. Kpusuit Pir, YkpaiHa
https://orcid.org/0000-0003-4629-1184

Eayapa lNaBpunoB

AcnipaHT

L[lep>xaBHUIM yHiBEPCUTET EKOHOMIKM | TEXHOMOT M
50005, Byn. MeonuHa, 16, M. Kpusuii Pir, YkpaiHa
https://orcid.org/0009-0009-4293-3902

AHoTauifa. Y ripHMYo-MeTanypriiHid ranysi HagilHicTb poboTM niArotoBYyoro ob6nadHaHHS 3HAYHOK Mipoto
BM3HAYAETbCS OLHOPIAHICTIO TPaHYNOMETPUYHOIO CKIafly CUMPOBUHM, MpPU  LbOMY HASIBHICTb MOOAMHOKMX
BE/IMKOKYCKOBUX BKIHOUEHb CMPUUYMHSIE AUHAMIYHI NepEBAHTAXEHHS, IHTEHCUBHUI 3HOC pOHOUYMX OpPraHiB i 3pOCTaHHA
€HeproBuTpaT, Lo 06rpyHTOBYE HEODOXIiLHICTb PO3POOKU MaNOBUTPATHUX METOLIB iX BUAANEHHS 6e3nocepesHbo Ha
TPaHCMOPTHMX MaricTpanax. Metoto po6oTu 6yno HaykoBe OOFPYHTYBAaHHS KOHCTPYKLiT MalWMHU AN MEXaHIYHOro
BUJTYYEHHS BE/IMKOKYCKOBMUX BKJIOYEHb 3 NOTOKY CMMKOrO MaTepiany B 30Hi pO3BaHTaXXeHHS CTPIYKOBOrO KOHBEEPA
Ha OCHOBi nonepefHbO po3pobneHoi cerperauiiHoi HeofHoOpigHOCTI. Y poboTi 6ynuM BMKOpPUCTaHi MeToaM
MaTeMATUYHOrO MOAENIOBAHHS, TEOPETUYHOT MEXAHIKM Ta AMHAMIKM MaTepianbHOi TOUKM, SKi AO3BOAUIM HAYKOBO
06r'pyHTYBATM KOHCTPYKLLi0 CEMNapytHOro NpucTpoto y Burnaai 06eptoBoi CTpuKHEBOI rpebiHKK, po3TaloBaHOi Hag,
poO3BaHTa)xyBaNbHMM BapabaHoM KOHBeepa. byno BCTaHOBNEHO, LWLO paLioHANbHUI pexxnM poboTu 3abe3nevyBaBcs
Y3roAKEHHSM NTiHIMHOT WBWAKOCTI CTPiYKM Ta KIHEMATUYHMX NApaMeTpiB 06epTaHHS KiHLLiB CTPMXHIB, LLO MiHiMi3yBano
€HepreTMyHi BTpaTh Ha KOB3aHHS. MaTeMaTM4HO 4OBEeAEHO, WO NPOdiNb CTPUMXKHS Y GOpPMI KNOToiaM 3abe3neyye Moro
3aHYpEHHS B MaCMB MaTepiany Mo HOpMai, CyTTEBO 3HMXYKOUYM yOAPHI HAaBaHTaXeHHs. Po3pobneHo KoMnnekcHy
OMHAMIYHY MoAenb, 9Ka OMWCYE TPWU CTadii B3aEMOLii: BUOKPEMIEHHS YAaCTMHKM 3 LWapy, ii BiAHOCHUM pyXx Mo
NOBEPXHi CTPUXKHS Ta BiNIbHWIA MONIT, LLO JO3BOAUIO BU3HAUYUTM FEOMETPUYHI MEXi 30HM PO3/1bOTY BEIMKOKYCKOBOTO
MaTepiany. Lle 3abe3neunno ToyHe NO3MLIOHYBAHHSA MpUIUManbHUX OyHKepiB Ta BigbiiHMX MNacTUH-AedneKkTopiB
LN BENMKOKYCKOBMX (pakuii. OTpuMaHi MaTeMaTW4Hi MoAeni Ta reoMeTpuuHi CniBBiOAHOLWEHHS A03BOAKTb
NpoeKTyBaTU ePeKTUBHI By3nM nonepenHboi knacudikauii Ha 6a3i iCHYIUYMX KOHBEEPHMX NiHiN, Wo 3abe3nevye
3aXMCT TEXHONOrYHOro 06/1aAHAHHA Bif, NnepeBaHTaXeHb 6e3 BCTAHOBNEHHS FPOMI3KOr0 eHepProEMHOro 061afHaHHS

KAtouoBi cAoBa: cTpiukoBMIA KOHBEEp; cerperauis MaTepiany; MexaHiyHe BiLOKPEMNEHHS; CTpUXKHEBa rpebiHka;
TPAEKTOPIS BiIbHOTO MONLOTY; KNacudikauis Gpakuii; po3BaHTAXKYBaNbHUI BY30/
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airflows, worsening working conditions and contributing to the development of occupational respiratory diseases.
The aim of this study was to provide a scientific justification for the effective parameters of the combined
operation of local ventilation and dust collection systems for reducing dustiness of the mine atmosphere in blind
mine workings. Analytical methods were employed to investigate the processes of mine atmosphere formation in
the face area during heading machine operation. It was established that for the order to select optimal solutions
that ensure the condition of the mine atmosphere in accordance with regulatory acts, it is necessary to take into
account many different parameters (position of the air duct and dust collector relative to the face plane, physical
properties of dust, location of the heading machine’s cutting head and its operation mode, air velocity in the face
area of the workings, etc.). The criteria for the effectiveness of the joint operation of local ventilation and dust
collection systems during the operation of a heading machine are substantiated, which take into account the
main parameters of the impact on the condition of the mine atmosphere in the face area and allow assessing
its quality in order to select optimal solutions that ensure aerological safety and efficiency of the systems. The
practical significance of the results is that the obtained efficiency criteria allow determining the optimal positions
of dust collecting and ventilation equipment relative to the source of dust generation for their effective use, as
well as the optimal aerodynamic parameters in order to improve the quality of the mine atmosphere in the face

09 RN

area of a blind workings

Keywords: dust formation; airflows; rock breaking; working conditions; fine dispersed dust

Introduction

Under conditions of intensive mechanised driving of
mine workings, the problem of effectively purifying
air withdrawn from the face area of blind workings
becomes particularly acute. The increase in dust gen-
eration, caused by the high-speed destruction of rock,
leads to elevated dust concentrations in the mine at-
mosphere, which in turn significantly complicates the
maintenance of regulatory atmospheric indicators. In
such circumstances, the purification of return ventila-
tion air becomes a critical factor in ensuring safe work-
ing conditions, minimising occupational risks, and re-
ducing the likelihood of dust-explosive situations. The
issue of dust removal assumes special importance dur-
ing mechanised driving with high-productivity heading
machines. In such cases, coarse dust carried away from
the face deposits upon the surfaces of workings and
mining equipment, thereby worsening the conditions of
explosion safety.

Over the past five years, numerous studies have
addressed various aspects of this problem, including
dust suppression methods, improvements in ventilation
systems, and the development of new technologies for
effective dust control. The work of H. Sun et al. (2023)
summarised technologies of dust particle humidifica-
tion through the use of water-based media. At the same
time, as indicated by Q. Liu et al. (2025), the application
of a transverse air curtain operating on the principle of
negative fan pressure represents a promising dust con-
trol technology, combining the functions of ventilation
and airflow barrier screening. In this context, the study
by R.Huang et al. (2024), dedicated to modern dust con-
trol technologies in coal mines, established that high
levels of dust control efficiency are achieved through
the optimal integration of ventilation solutions with
dust localisation systems, including the use of spray
installations, barrier air curtains, and combined humid-
ification methods.

P. Bhukya & K. Bhukya (2024) proposed a hybrid
approach to assessing the performance of ventilation
systems, combining computer modelling with exper-
imental data in order to optimise airflow in under-
ground coal mines, with particular emphasis on ener-
gy efficiency and uniform air distribution. Their study
confirmed that the inefficiency of underground mine
ventilation is largely attributable to the inadequate
design of fans and airways. Such inefficiencies result
in excessive energy losses, increased operating costs,
and heightened risks to miners’ safety. To address these
shortcomings,A. Chatterjee et al. (2015) advanced an in-
novative method of regulating the speed of main venti-
lation fans through the use of variable frequency drives.
This approach enables fan operation to be adapted to
actual ventilation demand, thereby achieving not only
enhanced energy efficiency but also optimised operat-
ing costs. The implementation of this technology has
been shown to deliver an annual energy saving of ap-
proximately 2.54 million kWh.

In the study by J. Brodny & M. Tutak (2020), the level
of dust concentration in a heading ventilated by auxil-
iary systems was analysed. The authors emphasised the
importance of auxiliary ventilation in maintaining safe
dust levels in underground mining environments. Their
findings demonstrated that the ineffective organisa-
tion of auxiliary ventilation may lead to elevated dust
concentrations, negatively affecting both working con-
ditions and industrial safety. Consequently, it is consid-
ered expedient to pursue further research in this direc-
tion, particularly with regard to optimising air supply in
headings and applying innovative ventilation solutions
to reduce dust exposure for workers.

A relevant addition to the above-mentioned issues
is the study by Q. Wang et al. (2022), in which mod-
ern methods of mathematical modelling and simu-
lation were employed to substantiate the geometric
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parameters of mine ventilation installations. The study
carried out a comprehensive analysis of airflow pat-
terns and gas concentration distributions within the
mine environment, taking into account diffusion pro-
cesses that arise when the configurations of ventilation
pipelines are altered. Particular attention was given
to the influence of ventilation duct placement on the
effectiveness of air exchange, and the dependence of
ventilation performance on such parameters as airflow
velocity, pipeline diameter, and spatial arrangement.
The findings possess considerable practical signifi-
cance, as they enable the optimisation of ventilation
schemes in mine workings, thereby ensuring greater
efficiency and safety in the operation of ventilation
systems in coal mines.

As demonstrated by the results of numerical stud-
ies, dust generation processes in the face area are
characterised by high complexity and multifactorial in-
teractions. Mathematical and Computational Fluid Dy-
namics (CFD) modelling has shown that the efficiency
of dust suppression systems depends substantially on
airflow parameters as well as on the structural and op-
erational characteristics of local dust collection devices
(Wei et al., 2020; Zheng et al., 2024). In the study by
Y. Li et al. (2024), numerical modelling of a two-phase
gas-solid flow within the ANSYS Fluent environment
was employed to characterise the parameters of venti-
lation duct positioning. It was established that placing
the duct at a distance of 8 m from the face reduced dust
concentration to approximately 39 mg/m?, with an op-
timal suspension height of 1.5 m. Such a configuration
ensured the effective removal of dust from the work-
ers’ breathing zone, reducing the likelihood of stag-
nant vortex zones forming. The numerical experiments
further confirmed that excessive proximity of the duct
(2-4 m) or increasing its height beyond 2 m resulted in
elevated local dust concentrations owing to the sec-
ondary resuspension of particles.

The study by J. Liu et al. (2013) presented a compre-
hensive justification of ventilation system parameters
based on the application of mathematical modelling
methods. The authors emphasised that the ration-
al selection of the cross-sectional area of ventilation
roadways is a key factor in reducing both initial capital
expenditures for construction and subsequent operat-
ing and energy costs of ventilation systems. The devel-
oped model, which incorporated capital, operational,
and energy expenses, enabled the determination of
optimal geometric parameters of mine workings. Appli-
cation of the least-squares method, with consideration
of time-dependent variations in costs, demonstrated
that total expenses over a 35-year operational period
could be reduced by almost four times compared with
the traditional design approach, which relies solely on
the limiting values of air velocity. At the same time,
the study by B. Yu & L. Shao (2022) focused on energy
conservation in the operation of ventilation systems,
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proposing an enhanced algorithm - Improved Equilibri-
um Optimiser - for minimising the energy consumption
of ventilation networks. Its testing at the Wangjialing
mine demonstrated a reduction in the power demand
of the main fan by 333 kW (17.83%), thereby confirming
the high economic efficiency of the proposed approach.

An analysis of the aforementioned studies indicates
that the efficiency of dust collection in mine workings
is determined not only by the hydrodynamic parame-
ters of the airflow but also by rational engineering de-
cisions concerning the organisation of ventilation. The
integration of CFD-modelling for aerodynamic analysis
with mathematical models provides a reliable basis for
the development of comprehensive dust control sys-
tems that ensure both worker safety and the economic
efficiency of mine ventilation. Thus, a scientific prob-
lem has emerged, namely the absence of scientifically
substantiated solutions concerning the combined op-
eration of dust collection and local ventilation systems
during the operation of a heading machine. This neces-
sitates research into the comprehensive study of aero-
dynamic interactions between ventilation systems, the
optimisation of their structural and operational param-
eters in interrelation, and the adaptation of technical
solutions to specific mining and geological conditions.
Solving this problem is critically important for ensuring
safe working conditions, reducing occupational risks,
and achieving regulatory levels of dust concentration
in stope faces and development headings.

Accordingly, the aim of this study was to substan-
tiate the parameters of the combined operation of lo-
cal ventilation and dust collection systems during the
driving of development mine workings, taking into ac-
count the aerodynamic interaction between ventilation
airflows and dust generation processes. Achieving this
aim makes it possible to ensure a stable reduction of
dust concentration in the mine atmosphere to regula-
tory levels, to minimise the risks of occupational dis-
eases, and to create safe working conditions in the face
areas of blind workings. The development of a scientific
justification for effective systems of reducing mine air
dustiness, considering the mutual influence of dust col-
lection and local ventilation systems in their combined
operation during mechanised driving of blind workings,
as well as the adaptation of these systems to modern
ventilation schemes and methods in line with dust dy-
namics, represents the central task of this research.

Materials and Methods

To model the movement of airflows in the face area,
modern CAD-software was employed, and the influence
of a free turbulent jet issuing from the air duct was an-
alysed. The methodology for determining the parame-
ters of this jet was based on the approach described by
0.Mukha et al. (2019), subject to the following assump-
tions: the jet is considered to originate from a pole lo-
cated at a distance of X;=0,29R/a from the edge of the
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supply air duct; the potential core of the jet extends to
a length of X,=0,96R/a.
The jet boundary was defined according to the for-
mula:
Rp=3,4aX. (1)

where X=X+ X_- the distance of the jet cross-sections
from the “pole”. Within this boundary, integration was
carried out for the dependencies describing the distri-
bution across the jet cross-section of momentum and
energy of the elementary masses of the dust-air mixture:

2mf§FpV?y dy. 2)

In accordance with the scheme and the stated as-
sumptions (constant pressure across the cross-sections,
linearity of the jet boundary, etc.), the equations of mo-
mentum conservation and excess enthalpy retention of
the jet were applied for all cross-sections, taking into
account the entrainment of ambient air mass. According
to the theory of turbulent jets impinging upon a blind
end,for V=V, [1 - (Y/R)**]in a cold jet, the relationship
between dimensionless velocity and dimensionless
distance along the jet axis was applied, which demon-
strates a linear decay of velocity V, with distance V, /
V, = 0,96R,/aX (Tkachenko & Stepanova, 2012). The
turbulence constant a, which defines the rate of veloc-
ity decay of V, with distance, was taken as 0.07, corre-
sponding to subsonic airflow conditions. Figure 1 pre-
sents a schematic diagram indicating the parameters
used in calculating the airflow rate in the face area of
a blind working.

Figure 1. Scheme for determining parameters that
affect the quality of the mine atmosphere in the face
area of a blind working

Source: developed by the authors

Since the ratio of the quantity of fresh air Q,,,, sup-
plied through the pressure pipeline of diameter d,,,, to
the quantity of air Q,,, extracted by the dust collection

system through the suction duct of diameter d_, has a

suc?

significant impact on the aerodynamics of ventilation
flows in the face area during the combined operation
of dust collection and ventilation systems, thereby
ultimately determining their efficiency, this ratio was
adopted as the efficiency criterion (ventilation criteri-
on), denoted by the letter B:

B = %um 3)
quc
In the absence of recirculation and under condi-
tions of maximum possible extraction of the dust-laden
atmosphere, the ventilation criterion B can be defined
as follows:

__ Qpum )

- 3
QsuctQpmin

where Q, .. - the minimum air quantity required for

ventilation of the working, m3/s;

TdFum
qum = UpumSpum = Upum 7 (5)

where v, - is the average air velocity in the pressure
duct,m/s; S,,,, - the cross-sectional area of the pressure
duct, m?; Q.. - the quantity of air extracted by the dust
collection system, m3/s;

mdZ
Qsuc = VsueSsue = Usuc :_uc, (6)

where v, - the average air velocity at the suction inlet
of the dust collector, m/s; S,,. - the cross-sectional area
of the suction duct of the dust collector, m?; d_, - the

diameter of the suction duct of the dust collector, m.

mein =v

Sp.=v

~ Ypmin

p.min ' ' (b : h)s (7)
where v, ... - the minimum permissible air velocity, m/s;
b and h - the width and height of the mine working, m.
Thus, the most effective solution is the one that takes
into account the ventilation criterion, expressed in the
following form:

- { ®

5
QsuctQpmin

or, in an expanded form suitable for use in computer
modelling:

_ "pum”dgzmm
B - {4[1} n’dguc_‘_v(b_h) ) []]} (9)
suc, p.min

The ventilation efficiency criterion for the com-
bined operation of the systems (B) is indirectly depend-
ent on the velocity of the air supplied to the face and
on the velocity of the air generated at the suction inlet
of the dust collector. The lower the air velocity supplied
to the face and the higher the suction velocity of the
dust collector, the greater the number of dust fractions
captured by the dust collection system. In addition, the
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mass and diameter of dust particles indirectly influence
the efficiency of the dust collector. The greater the par-
ticle mass and diameter, the stronger the gravitational
force, and consequently, the smaller the proportion of
dust particles entering the dust collection system. For
the dust collection system installed in the face zone
to operate effectively, it is necessary to determine such
values of the influencing parameters for which the
dust removal efficiency criterion (,) approaches uni-
ty and satisfies the requirements of NPAOP 10.0-7.08-

where ¢ - the suction multiplicity, usually taken as
£=0.8; Np - the permissible dust concentration in the
face, mg/m?®; N,, - the dust concentration in the face
when foam is applied, mg/m?>.

The value of the ventilation criterion (B) must ex-
ceed unity by a margin sufficient to satisfy the safety
regulations regarding the minimum airflow velocity in
the working. The parameters of the initial data influ-
encing the quality of the mine atmosphere, as well as
their permissible ranges of variation, are presented in

93 (1993): Table 1. The parameters and their ranges of variation
LN were determined in accordance with the requirements
Ne 2 (1 - ;N—;), (10)  established in NPAOP 10.0-1.01-10 (2010).
Table 1. Initial data for airflow modelling
Distance from the air duct to the face 258 according to safety regulations, the
plane o maximum distance is 8 m
Diameter of the air duct d m 06 from 0.4 tp 10m (stanfiard.dlameters of
air ducts used in mines)
Diameter of the suction duct of the d 05 may be adjusted independently or
dust collector ) specified by the manufacturer
Parameters Average air velocity at the suction
influencing inlet of the dust collector Vs M/S 1 from 8 to 22
the quality from 10 to 12, ranging from the calculated
of the mine Average air velocity at the outlet of /s 1 value based on the gas factor to the
atmosphere, the air duct pum maximum values defined by the auxiliary
the variation of ventilation fan
a?;ﬁrn':hpeo::r']bl: taken as equal to the density of coal
9 Density of a single dust particle p,, kg/m? 1,400 (may be replaced by the density of rocks
defined by the n . L
designer, and excavated during driving)
which have little  Number of dust particles of identical number of dust particles tracked during
. 100 calculation (assumed as 100, based on the
or no impact shape and substance ox desi locit
on the mining ven f q elzlgn velocity) ;
technology Radius of a dust particle r.,pm 10 ym taken rorrr: € mea'sur'et)mgnts (or from
employed the actual distribution)
Molar mass M., ka/ 12 standard value for coal
kmol
Initial velocity of dust particle v m/s 2 determined by the rotation speed of the
ejection cutting unit
Dust mass flow rate m_ ka/s 50 determined according to the established
" methodology
Width of the mine working b,m 4 parameters of the de\./elopment.headmg in
accordance with the project
Height of the mine working A m 35 parameters of the de\./elopment.headlng in
accordance with the project
. Minimum permissible airflow velocity . .
Fixed parameters in the working ' mins /S 0.25 according to safety regulations
Height of.the hgadlng 'machlne Zm from 0 to from 0 to h
cutting unit position 3.5
Minimum permissible airflow velocity . .
in the face area of the working Uy i M/S 0.5 according to safety regulations

Source: developed by the authors based on NPAOP 10.0-1.01-10 (2010)

The efficiency of dust collection in the zone of the
heading machine cutting unit is practically zero; there-
fore, in order to reduce dust concentration in this area,
it is necessary to employ an auxiliary dust suppression
measure such as foam.
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Results and Discussion
On the basis of the results of the calculations per-
formed according to the above methodology, ventilated
zones were constructed (zones filled with clean air are
shown in green). If the quantity of air supplied to the

A
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face (Fig. 2) is significantly greater than the quantity
of air extracted by the dust collection system (Q,,./
0,,.> 1), part of the dust-laden mine air is not captured
by the dust collector but is carried further along the
mine working by the active airflow.

Clean air supplied through the pressure duct, as
well as purified air entering the working after passing
through the dust collector and subsequently mixing
with the dust-laden stream (shown in yellow) not cap-
tured by the dust collector and carried further along
the working by the ventilation jet, are shown in green.
In this case, ventilation flows are formed that ensure
the required air velocity (not less than 0.15 m/s), as

A /quc< qum

prescribed by safety regulations (NPAOP 10.0-1.01-
10, 2010). Therefore, this configuration of the combined
operation of the ventilation and dust collection systems
is positive from the standpoint of occupational hygiene
and safety (since such negative factors as airflow recir-
culation and stagnant zones with zero air velocity are
absent). However, in this case, a certain amount of fine
dust is dispersed along the entire length of the blind
working. The dynamics of ventilation flows in the face
zone, which determine the condition of the mine at-
mosphere both in the face zone and along the entire
length of the blind working, depend on the value of the
ventilation criterion B.

fan dust collector B

——

1.5...2.0m
< 8m

15...30m

Figure 2. Formation of air movement in the bottomhole space under the condition Q > Q

Source: developed by the authors

If the criterion B=1 (Fig. 3), then all the air supplied
to the face is extracted by the dust collection system,
and under these conditions the state of the mine at-
mosphere is determined exclusively by the dust remov-
al efficiency criterion n.. The efficiency of dust collection
systems lies in the range of 0.7-0.93. If n,=0.93, is as-
sumed, then along the entire length of the blind work-
ing (starting from the exhaust outlet of the dust collec-
tor), the outgoing ventilation stream will be cleaned of
fine dust fractions. However, in the section of the face
zone from the suction duct of the dust collector to its

A Qsuc= 0 pum

Zpum = suc

exhaust outlet, the airflow velocity will be close to zero,
meaning that this part of the working is essentially un-
ventilated. As a result, in this space, where electrical
equipment is present and no methane monitoring by
stationary sensors of the automatic gas control system
is provided, a stagnant zone (shown in red) is formed,
in which there is a high probability of an increase in
methane concentration (local stratified accumulations).
This factor is particularly critical for gaseous mines. For
non-gaseous mines, this part of the face zone repre-
sents discomfort in terms of climatic conditions (Fig. 3).

fan dust collector B

Figure 3. Formation of air movement in the bottomhole space

Notes: provided that Q 0]

pum ~ suc

Source: developed by the authors
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If B<1 (i.e., the dust collector’s flow rate exceeds
the volume of air entering the working face) (Fig. 4), the
dust extraction system will draw not only the air from

A O qum

the immediate face area but also a portion of the air
exiting the dust collector’s discharge, thereby causing
air recirculation.

fan dust collector B

Figure 4. Formation of air movement in the bottomhole space

Notes: provided that Q< Q

=pum ~ suc

Source: developed by the authors

In this case, as in the previous one, air dust removal
will be virtually 100 %. However, due to the phenom-
enon of recirculation, methane concentrations in the
space between sections A and B may be elevated. To
enhance the efficiency of the combined operation of

A quc< qum
/

dust extraction and ventilation systems, an air supply
scheme in the immediate face area may be employed.
Provided that B> 1, the formation of mine air flow in the
immediate face area under this scheme is illustrated in
Figure 5.

fan dust collector B

15..30m

Figure 5. Formation of air movement in the bottomhole space when using a scheme with air refreshment

Notes: provided that B>1
Source: developed by the authors

The introduction of fresh air into the working face
through a lateral inlet in the supply duct results in a
substantial expansion of the ventilated zone in the im-
mediate face area, thereby improving the atmospheric

Journal of Kryvyi Rih National University, Vol. 24, No. 1, 2026

conditions at the workplace. When employing this fresh
air distribution scheme under conditions where B=1,
the stagnant zone (depicted in red) (Fig. 6) and the re-
circulation zone (Fig. 7) are significantly reduced.
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A Qsuc= qum

fan dust collector B

Figure 6. Formation of air movement in the bottomhole space when using a scheme with air refreshment

Notes: provided that B=1
Source: developed by the authors

Figure 7. Formation of air movement in the bottomhole space when using a scheme with air refreshment

Notes: provided that B<1
Source: developed by the authors

Figures 8 and 9 illustrate variants of the combined
operation of the ventilation and dust extraction sys-
tems, depending on their relative arrangement and the
“ventilation criterion” B. Figure 8 demonstrates that the
safest configurations for the combined operation of
dust extraction and ventilation systems occur when the
ventilation criterion BBB exceeds unity. Aerodynamic
analysis indicates that in these configurations, hazard-
ous phenomena such as air flow recirculation and stag-
nant zones, where air movement approaches zero, do
not arise. Figure 9 shows that, when employing an air
supply scheme into the working face, the zones of the
immediate face area with active ventilation are signif-
icantly expanded, while conversely, hazardous zones in
which air flow recirculation and stagnant areas may oc-
cur are substantially reduced. Analysis of the combined

operation of dust extraction and ventilation systems
indicates that the dust collector will operate effectively
only if the condition Q,,./Q,, >1 is satisfied (i.e., the
dust collector’s flow rate is less than the volume of air
entering the working face). An increase in the air vol-
ume supplied to the face will lead to dust being carried
away without entering the dust collector. Therefore, the
difference between the parameters Q,,, and Q,, should
be minimal. This value is determined in accordance
with safety regulations, which require maintaining air
movement in the mine working at a minimally permis-
sible velocity. According to NPAOP 10.0-7.08-93 (1993),
the air velocity in the immediate face area is taken as
0.5 m/s (for an air temperature of +24°C and relative
humidity of 80%). The minimum air velocity in the mine
working is 0.25 m/s.
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Figure 8. Variants of joint operation of ventilation and dust collection systems depending on the mutual location

of these systems and the “ventilation criterion” B in a scheme without air freshening

Source: developed by the authors
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Figure 9. Variants of joint operation of ventilation and dust collection systems depending on the mutual location

of these systems and the “ventilation criterion” B in the scheme with air refreshment

Source: developed by the authors
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Among the variants considered, the most effective
configuration, in terms of the relative arrangement of
the systems, is that in which the distance from the face
to the end of the supply duct exceeds the combined
length of the dust collector and the distance from the
face to the inlet of its suction pipe, i.e., when:

>+ 1) (12)
where [, - the distance from the face to the end of the
supply duct, m; [, - the distance from the face to the in-
let of the suction pipe, m; [; - the length of the dust col-
lector, m. The results of the conducted study allow for
the effective selection of optimal solutions to ensure
the atmospheric conditions in the mine in accordance
with regulatory requirements.

Calculations performed using the proposed meth-
odology enabled the construction of ventilation zones,
which are critically important for ensuring the safety
and efficiency of ventilation systems in mines. Zones
filled with clean air are depicted in green, indicating
effective ventilation. The dynamics of air flows in the
immediate face area largely depend on the value of the
ventilation criterion B. When Q,,./Q,, > 1, ventilation
flows are established that provide the required air ve-
locity (not less than 0.15 m/s), in compliance with safety
regulations. However, in this case, a certain amount of
fine dust is dispersed along the full length of the dead-
end working. When the criterion B=1, all air supplied
to the face is captured by the dust extraction system,
resulting in the formation of stagnant zones with zero
air velocity. This creates a high risk of elevated meth-
ane concentrations, which is particularly hazardous in
gas-bearing mines. When B< 1, air recirculation occurs,
which can also lead to increased methane concentra-
tions in specific zones.

The implementation of an air supply scheme into
the immediate face area significantly improves the at-
mospheric conditions in the mine. The introduction of
fresh air through a lateral inlet in the supply duct ex-
pands the ventilated zone in the immediate face area.
This reduces stagnant and recirculation zones, there-
by enhancing working conditions and safety. The most
effective configuration for the combined operation of
ventilation and dust extraction systems is that in which
the distance from the face to the end of the supply duct
exceeds the combined length of the dust collector and
the distance from the face to the inlet of its suction pipe
(11). This arrangement ensures maximum ventilation
efficiency and minimises the risk of hazardous zones
forming. X. Yang et al. (2024) employed orthogonal
numerical modelling to optimise ventilation and dust
removal parameters in inclined mines with ultra-long
tunnels. They demonstrated that advanced modelling
techniques, such as CFD, combined with hybrid techni-
cal solutions, substantially improve occupational safety
and reduce dust accumulation under complex mining

conditions. However, optimisation models based on
advanced methods like CFD do not fully address the
removal of the fine dust fraction from the air in the
immediate face area.

G. Li et al. (2020) investigated the significant in-
crease in dust levels in mechanised roadway faces and
analysed the effectiveness of localised dust extraction
as a supplement to conventional supply ventilation.
They noted that standard ventilation systems do not
always achieve adequate air purification, particularly
under conditions of intensive dust generation, typical
of modern mechanised faces. Consequently, the imple-
mentation of combined ventilation solutions is rec-
ommended, including the use of local filtration units
directly at dust sources, which effectively reduce the
concentration of harmful particulates in the air and
enhance worker protection in high-risk zones. The ef-
fectiveness of local filtration units at dust sources is
primarily achieved through the substantial reduction
of coarse dust fractions, but it is less effective for res-
pirable dust compared with local suction dust (dust
extraction).

Yu. Cheberyachko et al. (2024) proposed a mathe-
matical model of the dust generation process occur-
ring during rock fragmentation by the cutting head of
a heading machine. The model allows for determining
the distribution of dust fractions across the cross-sec-
tion and along the length of the mine working, taking
into account the velocity of the ventilation flow and
the distance over which different dust particles set-
tle. This enables a better assessment of dust transport
dynamics within the mine atmosphere and supports
the development of more effective dust extraction
strategies. Particular attention must be paid to the
insufficient interaction between dust extraction and
local ventilation systems. The mutual influence of
these systems is often neglected, which can lead to
a significant reduction in their efficiency, local dust
accumulation, and potentially hazardous situations.
Furthermore, this increases the risk of fibrogenic lung
diseases among miners working in areas with high
dust concentrations. However, the proposed mathe-
matical model of dust generation does not allow for
the investigation of aerodynamic processes necessary
to justify the placement parameters of ventilation and
dust extraction systems under conditions of their mu-
tual influence on the ventilation regime.

Based on the research of P.Vrtalova et al. (2023), ef-
fective strategies for managing ventilation flows have
been developed to ensure safe working conditions
and the continuity of mining operations in the Ostra-
va-Karvina district (Czech Republic). The proposed ap-
proaches take into account the specific geological and
mining conditions and allow for the regulation of air
distribution within the workings, which is critically im-
portant for the effective functioning of the ventilation
system and the reduction of extraction-related risks.
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However, it should be noted that the primary function
of the ventilation system is the dilution and removal
of harmful air contaminants from the immediate face
area, particularly through the implementation of com-
bined ventilation and dust extraction systems.

P. Wang et al. (2020), using CFD-based numerical
modelling, substantiated the optimal parameters for
the placement of ventilation ducts in fully mechanised
working faces. The modelling results demonstrated a
significant improvement in dust dispersion control and
an enhancement of air exchange efficiency within the
working area. This confirms the potential of comput-
er modelling for optimising engineering solutions in
ventilation systems and highlights the need for further
research aimed at improving ventilation while taking
into account the spatial characteristics of extraction
and development faces. However, optimisation of en-
gineering solutions in ventilation systems does not
address the issue of respirable dust entering the im-
mediate face area of dead-end workings, which neces-
sitates the implementation of dust extraction systems
to mitigate its presence.

Despite numerous studies aimed at reducing dust
levels, improving ventilation, and deploying local dust
extraction units, the problem of integrating these sys-
tems into a single, coordinated ventilation and dust
extraction complex remains unresolved. Research con-
ducted by Z. Qian et al. (2020) and X. Lu et al. (2025)
indicates that the interaction between dust extraction
and local ventilation systems is often overlooked dur-
ing design and operation. This leads to a reduction in
the overall effectiveness of both systems, localised
dust accumulation in the faces, recirculation of dust
flows in the area of the heading machine, as well as
an increased risk of accidents and the development of
occupational respiratory diseases among workers.

The study systematically analysed the combined
operation of ventilation and dust extraction systems
depending on their relative arrangement, based on the
ventilation criterion proposed for the first time. This
criterion characterises the relationship between the
volume of fresh air supplied through the supply duct
and the volume of air extracted by the dust extraction
system. The proposed criterion enables a quantitative
assessment of the efficiency of integrated systems and
the determination of optimal conditions for their inter-
action in various configurations of the working face.

Conclusions

When using modern dust extraction systems in conjunc-
tion with localised ventilation, their mutual influence
must be considered. Accounting for this interaction can
significantly enhance system efficiency, prevent hazard-
ous situations, and markedly reduce the risk of occu-
pational diseases caused by the fibrogenic effects of
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fine dust. This article examined potential impacts of
the combined operation of dust extraction and local
ventilation systems on the quality of the mine atmos-
phere in the immediate face area of dead-end workings
during heading machine operations. It was established
that certain aerological conditions may arise in the
immediate face area under the combined operation of
these systems, provoking hazardous phenomena. Such
phenomena include the recirculation of ventilation
flows and near-zero air velocities, which substantially
deteriorate safety levels and the occupational hygiene
conditions for miners.

Based on the conducted research, a criterion for air
purification from dust was developed. The value of this
criterion directly affects the concentration of fine dust
in the outgoing ventilation flow. Additionally, a venti-
lation criterion was established, which determines the
dynamics of ventilation flows in the immediate face
area. This criterion defines the atmospheric conditions
in the immediate face area. It has been demonstrated
that the efficiency criteria for the combined operation
of dust extraction and local ventilation systems can be
employed in the design of effective systems. These sys-
tems ensure a high level of mine air quality.

The research further provided recommendations
for the optimal placement of ventilation equipment.
The use of variable-frequency drives for main ventila-
tion units can result in significant energy savings - up
to 2.54 million kWh per year. Moreover, the rational se-
lection of cross-sectional dimensions of mine workings
can reduce overall energy consumption nearly fourfold
over 35 years of operation. Modelling results show that
the optimised algorithm allowed for a reduction of the
main fan power by 333 kW, which represents 17.83%
of total consumption. These findings indicate that the
proper selection of equipment and parameters-such
as positioning the supply duct 8 m from the face at a
height of 1.5 m, is critical for minimising dust concen-
trations to 39 mg/m? and ensuring occupational safety
in accordance with regulatory requirements, which es-
tablish a minimum air velocity of 0.25 m/s in the work-
ing and 0.5 m/s in the immediate face area.

Implementing these measures ensures a high qual-
ity of the mine atmosphere at workplaces in the im-
mediate face area of dead-end workings during core
technological operations. Adherence to these recom-
mendations will enhance safety and comfort for min-
ers while reducing the risk of occupational diseases.
Prospects for further research include the development
of innovative dust extraction and ventilation technol-
ogies, automation of their monitoring and control, and
improvement of ventilation equipment designs. Special
attention should be given to creating methodologies for
assessing and forecasting mine atmospheric conditions
to further improve occupational safety and comfort.
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Research of the efficiency of the combined operation of dust collection...

MiCLLeBOro MPOBITPIOBAHHA i MWIOBNOBAOBAHHSA AN1S 3HWXKEHHS 3anUNeHOCTI PYAHWKOBOI aTMocdepu TYNUKOBUX
ripHUYMX BUPOOOK. Y pOoBOTi BUKOPUCTAHO aHANITUYHI METOAM A9 AOCNIAXKEHHS NpoLeciB GOpMYyBaHHS pyLHUMKOBOI
atMocdhepu y npuBubiiHOMY npocTopi npu poboTi NpoxiZHMUbKOro kombaiHa. BctaHoBneHo, wo ana subopy
ONMTUMANbHUX pilleHb, ki 3a6e3MneyyloTb CTaH PyAHUKOBOT aTMOChepH 3rifHO 3 HOPMATUBHUMM aKTaMu, HeobXigHO
BpaxoByBaTK 6araTo pi3HMX NnapameTpiB (NMONOXKEHHS MOBITPOBOAY i MWIOBIOB/OBAYA BiAHOCHO NIOWMHKU 336010,
di3nyHi BNACcTMBOCTI Nuny, MiCLLe3HAXOOXEHHS BUKOHABYOro opraHy kombaiHa i pexxvum ioro poboTtH, LWBKAKICTb
pyXy MoBiTps B NpuBMOIiAHOMY npocTopi BMpobkK, Towo). O6rpyHTOBaHi KpuTepii edeKTUBHOCTI CyMicHOi po6oTu
CUCTEM BEHTMAALII MiCLEBOro MPOBITPHOBAHHS i MUNOBNOBMIOBAHHSA NMpPU pobOTi MPOXiAHWULLKOro KoMOakHy, sKi
BPAaxOBYOTb OCHOBHI NapaMeTpu BMIMBY Ha CTaH pyAHMKOBOI atMochepu Y NpuBMBIiAHOMY NpoCTOpi Ta A03BOJIAOTb
OLiHMTK i sIKicTb 3 METOH 3abopy ONTUMANbHUX pilleHb, Wo 3abe3nevyoTb aeposioriyHy 6e3neky Ta eheKTUBHICTb
po60oTu cucteM. [pakTUUHE 3HAUYEHHS OTPUMAHMX PE3YNbTATIB MONATAE B TOMY, LLLO OTPUMAHI KpuTepii epeKTUBHOCTI
[L03BONIAOTb BM3HAYMTU OMTUMANbHI MOMOXKEHHS MWIOBNOBIOKYOIO i BEHTUAALIAHOrO 06nagHaHHS BiAHOCHO
[Xepena nuIoyTBOPEHHN ANs iX ePeKTUBHOr0 BMKOPUCTAHHS, @ TaKOX ONTUMaNbHI aepoAMHAMIYHI napameTpu, 3
MEeTO MiABULLEHHS SKOCTi pyAHMKOBOI atMocdepw y NpuBMOIAHOMY NPOCTOpPi TYNUKOBOI BUPOOKM
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Abstract. The relevance of the study is driven by the complexity of modelling consumer behaviour in an unstable
market environment, where forecast accuracy directly impacts inventory optimisation and the reduction of logistical
costs. The aim of this study was to develop and substantiate an Al-based intelligent system for demand forecasting
and procurement optimisation in retail, ensuring consistent product availability while simultaneously reducing
excess inventory and waste. The research methodology was based on a rigorous time-based data split, which
allows for evaluating the models’ generalisation ability in a realistic “train on the past, test on the future” scenario.
To establish a robust point of reference, a hierarchy of baseline benchmarks was developed, including naive
forecasts and models with weekly lags. The study conducted a comparative analysis of Ridge linear regression, the
Random Forest ensemble method, and gradient-boosted decision trees (XGBoost, LightGBM). Experimental results
confirmed a significant advantage of non-linear models over traditional linear approaches, which fail to adequately
reproduce threshold effects and complex interactions between promotions and seasonality. It was established
that the LightGBM model demonstrates the best stability and accuracy metrics, ensuring minimal error on the
validation set while maintaining resistance to overfitting. Specifically, it was found that XGBoost’s high efficiency
on training data is often a result of over-adaptation to noise, making LightGBM more suitable for practical business
applications. The practical significance of the findings lies in the potential for automating procurement processes,
ensuring balanced inventory levels and increasing the economic efficiency of retail networks

Keywords: predictive analytics; feature engineering; gradient boosting; time series; mean absolute error; root
mean squared error; business analytics

Introduction

The modern retail market is characterised by an ex-  places stringent demands on the accuracy of procure-
tremely high level of dynamism and uncertainty, which  ment planning processes. The core problem lies in the
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fact that traditional inventory management approach-
es often prove incapable of adequately responding
to sharp fluctuations in consumer demand driven by
seasonal factors, the intensity of marketing activities,
and the local specifics of individual retail outlets. In
product categories with short shelf lives, any forecast-
ing error inevitably leads to significant financial loss-
es: either through stockouts, which result in lost sales
and reduced customer loyalty, or through overstocking,
which translates into direct losses from the disposal of
spoiled goods. The situation is further complicated by
the fragmentation of corporate data, where the lack of
an integrated connection between sales history, inven-
tory levels, and promotional plans hinders the forma-
tion of a unified decision-making cycle. Thus, there is
a critical need to transition from manual reactive man-
agement to the creation of intelligent systems capable
of automating order generation based on probabilistic
analysis of large datasets. The relevance of this study is
determined by the necessity to develop such integrated
solutions that allow for maintaining an optimal balance
between service levels and the minimisation of total
costs for retail chains in real-time.

Modern retail operates in an environment of high
demand volatility, necessitating a transition from tradi-
tional planning methods to sophisticated decision sup-
port systems. As noted by S. Moret et al. (2020), strategic
planning under uncertainty requires the development
of robust optimisation frameworks capable of integrat-
ing large datasets. This is particularly relevant for the
retail industry, where multivariate time series (includ-
ing prices, promotions, and external factors) form the
basis for comparative analysis of forecasting models,
according to M. Haque et al. (2023). The implementation
of artificial intelligence (Al) has already demonstrated
its effectiveness in the Ukrainian banking sector, as re-
searchers V. Solodkyi & Yu. Polichuk (2023) highlight-
ed, yet in retail, the primary challenge lies in handling
high-dimensional data and identifying anomalies in
consumer behaviour.

To ensure forecast accuracy, the use of hybrid ar-
chitectures, such as CNN-LSTM, which the researchers
A. Agga et al. (2022) and A. Djaafari et al. (2022) suc-
cessfully applied for short-term forecasting in energy
sectors, is critical and can be adapted to model sales
dynamics. Furthermore, according to H. Xie et al. (2022),
time-series analysis based on multi-granularity neigh-
bour residual networks allows for the efficient detec-
tion of deviations caused by sharp changes in market
conditions. A separate aspect is the digitalisation of the
economy and the formation of “smart” management
systems. The researcher I. Uninets (2021) noted that
the subjective disposition of the smart economy em-
phasises the role of intelligent systems in transforming
business processes. Specifically, researchers Yu. Yan et
al. (2024) suggested that the use of multi-criteria de-
cision-making (MCDM) methods and fuzzy logic allows

for balancing sustainability goals with economic effi-
ciency. In resource-constrained environments, accord-
ing to K. Bilbil & N. Noyan (2021), multi-stage sto-
chastic programming models help optimise resource
provisioning, which is highly relevant for logistics and
warehouse inventory management.

Modern forecasting approaches also include en-
semble learning methods. Researchers B.A. Tama &
S.Lim (2021) and M. Rashid et al. (2022) concluded that
using tree-based stacking ensembles provides higher
stability of results compared to single models. This al-
lows not only for predicting sales volumes but also for
assessing risks (Expected Shortfall), which A-P.Fortin et
al. (2023) noted is crucial for financial procurement
planning. However, despite a significant number of the-
oretical developments, practical implementation expe-
rience in 2024-2025 indicates that the primary source
of inefficiency remains data fragmentation. The dis-
connect between sales records, actual inventory levels,
and marketing activity plans (promotions) prevents the
establishment of a transparent decision-making cycle.
The aim of this research was to develop and substan-
tiate an Al-driven system for demand forecasting and
procurement optimisation that ensures stable product
availability on shelves while simultaneously reducing
excess stock and write-offs.

Materials and Methods

Dataset preparation and mathematical formalisation
of the forecasting task
The research employed a multi-level methodology,
integrating data mining, mathematical modelling,
and robust optimisation to build a decision support
system for retail procurement. The study utilises the
“Corporacién Favorita” dataset (Corporacion Favorita
grocery..., 2017), which provided granular “store-item-
day” records, including sales history, promotions, prod-
uct attributes, store characteristics, transaction flows,
and macroeconomic indicators. To ensure computa-
tional efficiency, the 125-million-record dataset was
systematically sub-sampled. The scope was restrict-
ed to high-turnover “Produce” and “Dairy” categories
within the Quito metropolitan area over a 24-month
period. This duration allowed for the identification of
seasonality and trends while minimising logistical
noise.To prevent data leakage and simulate real-world
conditions, a chronological partition was applied: 21
months for training, 2 months for hyperparameter tun-
ing, and 1 month for final evaluation. This high-den-
sity dataset supports the implementation of advanced
machine learning ensembles and optimisation algo-
rithms, enabling the formalisation of the forecasting
task as a su pervised learning problem within a mul-
ti-dimensional state space.

To formalise the training and optimisation process-
es, the dataset was to be represented as a tensor of
observations. Let S={s,,s,,...,5,} be the set of stores and
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I={i,i,,...,i,} be the set of items. To describe each data
point at time t€{1, ..., T}, the following vectors are to be
defined. For each object j=(s, /) at time t (1):

Vie= Vo Prods 1)

where y;, € R is the sales volume (unit_sales); p;, € {0,1}
is the promotion indicator (onpromotion). Attributes that
do not change over time, but determine categorical af-
filiation (2):

C;=(fam,, per, city,, type,, clu), (2)

where fam is the product family; per is the perishabil-
ity; clu is the store cluster. Variables common to many
objects at time t (3):

Ei=(o, try, hy), )

where o, is the oil price; tr, is the transaction count for
store s; h, € {0,1} is the holiday/event flag. The com-
mon input vector for the machine learning model X;,
is formed by concatenating the lag values of the target
variable, static characteristics, and external factors (4):

MA;rw o+ Cpje Ee

Moving Averages

Yit—1r - Vjt—k>

N e e = e

X = , (4)

where MA;,, is the moving average over the window w.
Thus, the forecasting problem is reduced to finding the
approximating function f (5):

yj,nl =f()(j,t; 6)’ (5)

where 6 is the vector of model parameters that mini-
mises the loss function over the entire “store-item-day”
space. By consolidating these heterogeneous variables
into a structured feature matrix, a comprehensive digi-
tal representation of the retail environment is achieved.
This mathematical formalisation ensured that the ma-
chine learning models receive not only historical sales
data but also the crucial contextual information - rang-
ing from local holidays to global economic indicators -
that drives consumer behaviour. The transformation of
raw records into a unified tensor of observations X;,
provided the necessary consistency for objective model
comparison and subsequent integration with the opti-
misation module.

Integration procedure and feature engineering

The table join was implemented by sequential merge
operations on the keys store_nbr, item_nbr, and date. To
transform the unidimensional time series into a mul-
tidimensional structure capable of reflecting complex
nonlinear dependencies, a feature engineering stage
was performed: Autoregressive block (Lags); Rolling
Windows; Logarithmic transformation. To transform
these disparate data sources into a format suitable
for machine learning, the structure of the dataset was
formalised within a mathematical framework. The use
of lagged variables was based on the assumption of
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demand autocorrelation. A set of lags L={7, 14, 21, 28}
was defined to correspond with the weekly cyclicality
of the retail sector. Mathematically, a lagged feature is
defined using the lag operator (shift operator) (6):

kaj,t =Yt (6)

Selecting k as a multiple of 7 allows the model to
account for intra-week seasonality (e.g., consistently
higher sales on Saturdays), thereby minimising the re-
sidual variance that static features cannot explain. To
neutralise random fluctuations (white noise) and iso-
late underlying trends, moving averages are applied.
The feature MA,,, is calculated as follows (7):

MA;j ;v = % i1 Yje—iv (7)
where we {7,14, 30} represents the window size. Awin-
dow of w=7 captures short-term fluctuations, such as
immediate consumer response to the start of a promo-
tional campaign. A window of w= 30 reflects long-term
dynamics in product popularity or monthly seasonal
demand shifts. Retail sales distributions typically ex-
hibit a “heavy tail” (a high frequency of low-demand
items and a few instances of extremely high demand).
To stabilise the variance of the results, the following
transformation is applied (8):

z,=In(L+y,) ®)

This enables the models to better approximate rel-
ative (percentage) changes rather than absolute ones,
which is critical for minimising the Root Mean Square
Error (RMSE) across the entire range of values. The im-
pact of a promotional activity p;, is modelled not mere-
ly as a linear offset but as a multiplicative effect. In
the logarithmic feature space, this is represented as an
additive interaction (9):

2/‘1:'"+ﬁ'pj,r+Y'(pj,t'MAj,r,w)7 )

where y accounts for the fact that the promotional
effect on a high-demand item (high MA) is significant-
ly larger than on an item with low baseline demand.
After the preparation procedures, the final feature
matrix X, included the following: an Autoregressive
Block (4 lagged variables), a Trend Block (3 rolling av-
erage features), an Exogenous Block (oil prices, trans-
action counts, and holiday flags), and a Categorical
Block (5 features: store, item, category, city, and pro-
motion status). This data structure reduces the entro-
py of the input signal, enabling gradient boosting al-
gorithms such as XGBoost and LightGBM to converge
more efficiently.

Mathematical representation

of the input vector and modelling approach

The final input vector X;, for the machine learning mod-
els was constructed by concatenating all extracted fea-
ture blocks (10):

b/

A
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X, =[Lags;, MA,,,, C, Py E]- (10)

Consequently, the forecasting problem is reduced
to finding an approximating function f that minimises
the error across the entire “store-item-day” space (11):

Ve =fX;5 6). (11)

t

train: (125497040, 6) - daily sales history
items: (4100, 4) - product catalogue
stores: (54, 5) - shop directory
transactions: (83488, 3) - number of transactions by shop
holidays: (350, 6) - calendar of events and holidays
a oil: (1218, 2) - daily oil prices

of machine learning models...

The established data architecture (Fig. 1) ensures
a reduction in the entropy of the input signal, enabling
gradient boosting algorithms to achieve high forecast-
ing accuracy.

Subsequently, Figures 2 was analysed systematic
and integrated into a single working dataset to build
the demand forecasting models.

-—- train.csv (main sales table)--—-
id date store_nbr item nbr unit_sales onpromotion

0 0 2013-01-01 25 103665 7.0 NaN

1 1 2013-01-01 25 105574 1.0 NaN

2 2 2013-01-01 25 105575 2.0 NaN

3 3 2013-01-01 25 108079 1.0 NaN

4 4 2013-01-01 25 108701 1.0 NaN
Columns:

date - date of sale

— store_nbr - shop number

item nbr - product number

— unit_sales - number of units sold

— onpromotion - was the product on offer that day

b

Figure 1. Architectural diagram of the intelligent demand forecasting and inventory replenishment system
Notes: a - data ingestion and preprocessing pipeline featuring anomaly detection and feature engineering; b - predictive
engine and optimisation module for generating automated procurement orders

Source: created by the authors

--- items.csv (product catalogue)---
item_nbr family class perishable

0 96995 GROCERY I 1093 0

1 99197 GROCERY I 1067 0

2 103501 CLEANING 3008 0

3 103520 GROCERY I 1028 0

4 103665 BREAD/BAKERY 2712 1
Columns:

- item_nbr - product number

- family - product family (category, e.g. Produce, Dairy, etc.)
- class 0150 - internal product class

- perishable - if the goods are perishable; 0 if not

__- transactions.csv (transactions)---

date store_nbr transactions
0 2013-01-01 25 770
1 2013-01-02 1 2111
2 2013-01-02 2 2358
3 2013-01-02 3 3487
4 2013-01-02 4 1922
Columns:

- store_nbr - shop number
- transactions - the number of receipts (transactions) in the
shop on that day

--- stores.csv (shop directory)---

store_nbr city state type cluster
0 1 Quito Pichincha D 13
1 2 Quito Pichincha D 13
2 3 Quito Pichincha D 8
3 4 Quito Pichincha D 9
4 5 Santo Domingo SantoDomingode los Tsachilas D 4
Columns:
- store_nbr - shop number
- state - region (state/province)
- type - type of shop (format)
b - cluster - shop cluster (a grouping of similar shops)
- holidays_events.csv (events and holidays)---
date type locale locale_name description \
0 2012-03-02 Holiday Local Manta Fundacion de Manta
1 2012-04-01 Holiday Regional Cotopaxi Pm"mmahzzcmn de
otopaxi
2 2012-04-12 Holiday Local Cuenca Fundacion de Cuenca
3 2012-04-14 Holiday Local Libertad Cantonizacion de Libertad
4 2012-04-21 Holiday Local Riobamba Cantonizacion de Riobamba
transferred
0 False
1 False
2 False
3 False
4 False
Contains information on:
- holidays

- special events
- working/non-working days
d which may affect demand

Figure 2. Comparison of actual sales data and forecasting results of various machine learning models
Notes: a — items; b — stores; ¢ — transactions; d - holidays_events

Source: created by the authors

The primary objective is to forecast daily unit sales
at the granular “store-item-date” level to support in-
ventory optimisation and supply planning. This panel
time series task utilises a global modelling approach,
training on network-wide data to capture localised
demand patterns. To ensure high predictive accuracy,
the methodology integrates calendar and promotion-
al features, supplemented by engineered historical
variables such as moving averages and lagged de-
mand. The modelling strategy employs a hierarchical
approach to balance complexity and interpretability.

A 38R

Linear models serve as an essential baseline, provid-
ing computational efficiency and clear variable coef-
ficients, particularly when applied to log-transformed
data. However, due to their limited capacity to handle
complex non-linearities, the core of the research re-
lies on tree-based ensemble methods - specifically
Random Forest, XGBoost, and LightGBM. These archi-
tectures are preferred for their robust ability to pro-
cess heterogeneous feature sets and model intricate
interactions, providing the accuracy required for effec-
tive retail demand forecasting.
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Procurement optimisation module
The proposed intelligent retail management system
was based on a two-tier decision-making architecture.
This approach allows for the separation of market un-
certainty processing into two sequential stages: statis-
tical modelling of future demand and normative opti-
misation of logistical processes. The following provided
a detailed mathematical formalisation of the system’s
functional components: the intelligent demand fore-
casting module and the resource optimisation mod-
ule. The first level of the proposed system focused on
solving the predictive analytics problem - constructing
high-precision consumer demand forecasts. The func-
tional purpose of this module was to approximate com-
plex,non-linear dependencies between a vector of mul-
ti-factor input features and the resulting sales volume.
Below is a formalised description of the data
structure and model training objective functions. Let
Y={y, ¥, ..., ¥} be a time series of sales volumes for a
specific product. The forecasting problem is reduced to
finding a function f that minimises the expected error
over the forecasting horizon h (12).

yt+h =f(Xﬂ Pp Sp Et) + E: (12)

where y,,, is the predicted demand for the period t+h;
X ={Y.1, - Yn} is the vector of autoregressive features
(lags of 7, 14, and 30 days); P, is the marketing vector
(presence of promotions, discount levels); S, represents
calendar features (seasonality, day of the week, holi-
days); E, denotes external factors (oil price, inflation
index), € is the random noise.

To train the gradient boosting models (XGBoost,
LightGBM), the RMSE or Logloss loss function (in case
of log-transformation of the target variable) is used
(13):

N 2
L(6) = J;Zzl(yi—f(xi;e)) - min, (13

where N is the total number of observations in the
training set; y; represents the actual sales value for the
i-th observation; f(x;; 8)) denotes the predicted value
generated by the model for the input vector x; with
parameters 0; (v;- f(x; 6))* is the squared error, which
penalises larger deviations more heavily, ensuring the
model’s robustness against significant forecasting er-
rors. The next critically important stage of the system’s
operation is the transformation of the obtained pre-
dicted values y into specific management decisions
regarding inventory replenishment volumes. While
forecast accuracy is a necessary condition, it does not
inherently account for the complex structure of logisti-
cal costs, warehouse capacity constraints, or the finan-
cial risks associated with stockouts.

To address this challenge, a prescriptive optimisa-
tion module was developed to integrate the results of
intelligent demand analysis into a normative inventory
management model. This facilitates a transition from
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passive future prediction to the active formation of an
optimal procurement strategy based on minimising to-
tal operational costs. The function of this module was
to transform the obtained point forecast yinto a specif-
ic decision regarding the procurement volume Q, while
accounting for economic risks and resource constraints.
The objective function is to minimise the total logistical
costs (£) for each SKU over the planning horizon T (14):

Z=314(G,- 1.+ C.- 5+ C,-0) — min, (14)

where t is the index of the calculation period (e.g.,day or
week); Tis the total planning horizon (the number of pe-
riods for which the procurement schedule is generated); i
isthe index of a specific Stock Keeping Unit (SKU),applied
when the model considers a multi-product assortment.
C, (Holding Cost) is the unit cost of storing one item of
inventory during one period t. This includes warehouse
rent, utilities, insurance, and capital opportunity costs.
C, (Shortage Cost) is the penalty per unit of shortage
(lost sales). This represents the sum of unrealised profit
and potential losses due to decreased customer loyal-
ty. Typically, C, > C, - C, (Ordering Cost) is the fixed cost
associated with placing and delivering a single order.

These costs are independent of the batch size and
are incurred per transaction (administrative and logis-
tical setup costs). /, (Inventory Level) is the volume of
stock available in the warehouse at the end of period .
This is a state variable that must be non-negative (/,20).
S, (Shortage Quantity) is the volume of unsatisfied de-
mand in period t. This occurs when the sum of current
inventory and new arrivals is less than the predicted
demand y,. O, (Ordering Indicator) is a binary decision
variable (O, € {0,1}), where O,=1 if an order is placed in
period t and O,=0 otherwise. The system of constraints
includes several key components. Inventory Balance
Constraint defines the stock level at the end of period
t is defined by the following recursive equation (15):

/Z=It-1+Qt-y+St’ (15)

where /.20 is the physical inventory level at the end of
the period; S,2 0 represents the shortage volume (back-
order), which occurs if the actual demand exceeds the
available stock. This constraint ensures the continuity
of material flows by linking the previous state of the
system with current replenishment and demand.

Logistical Ordering Rule: to account for supply
chain requirements and transport capacities, the order
volume Q, is constrained as follows (16):

0,000 -0, (16)

=<min =max

where O,€{0,1} is a binary decision variable: 1 if a pro-
curement order is placed,and O otherwise; Q,,.,and Q..
define the minimum and maximum allowable delivery
batch sizes, respectively. This constraint prevents eco-
nomically inefficient small-scale deliveries and aligns
the model with realistic logistical standards. Ware-

house Capacity Constraint considers physical space
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limitations within the storage facility, the following
condition must be met for all n products (17):

LV 1<V,

total>

(17)

where v; is the specific unit volume of the /-th product
(SKU); V., is the total usable capacity of the warehouse.
This ensures that the cumulative volume of all stored
inventory items does not exceed the physical capacity
of the warehouse at any point in time t.

Demand modelling and forecast evaluation

As a potential extension, sequence-oriented neural
networks may be explored to capture complex patterns,
though they remain secondary to the core methodol-
ogy due to high computational demands and limited
interpretability. Consequently, the project focuses on
a hierarchy of regression models for short-term daily
demand forecasting at the “store-item-day” level, rang-
ing from linear benchmarks to sophisticated tree en-
sembles. By integrating diverse features such as sales
history, promotions, and macroeconomic indicators, this
tiered approach enables a rigorous evaluation of the
incremental benefits of model complexity.

Model performance is assessed using standard re-
gression metrics, including Mean Absolute Percentage
Error (MAPE), RMSE, and the coefficient of determina-
tion (R?). While MAPE and RMSE quantify predictive de-
viation, R? serves as a critical indicator of the propor-
tion of variance explained by the model, where values
approaching 1 denote high explanatory power. By es-
tablishing these statistical benchmarks, the study effec-
tively compares various machine learning architectures
to ensure accuracy before integrating the final forecasts
into the procurement optimisation module.

¥ Mean actual value (18):

A=2@1/n) S, A, (18)

where A - mean actual value, used in this study to nor-

malise scale-dependent errors and calculate the rela-

tive reliability of forecasts across different product cat-

egories; A, - actual demand value at time t; n - total

number of observation periods within the test dataset.
Vv Mean Absolute Percentage Error (19):

AP

MAPE = (1/n) - T, [

: (19)

where A, - actual value; F, - forecast value; n - number
of observation periods.
V Root Mean Square Error (20):

RMSE =./(1/n) - T, (A, — F,)2. (20)
V¥ Total Sum of Squares (21):
TSS=3L,(A,- A). (21)

where A, - actual demand value at time t; A - mean
actual value calculated across the observation period;
n - number of observations.

V¥ Residual sum of squares (22):

RSS=311(A-F), (22)

where F, - forecast value generated by the model for
the same period. The coefficient of determination is
then computed as follows (23):

RZ —1_RSS

T55 (23)
where R? is used as an additional summarising met-
ric to evaluate what proportion of demand fluctuations
the model can explain through the features used. How-
ever, the primary emphasis in interpreting the results is
placed on MAE,RMSE, and MAPE, as these metrics most
directly reflect the expected forecast error in quantita-
tive and relative terms.

In addition to standard deviation metrics, the
Weighted Average Percentage Error (WAPE) is employed
to evaluate forecasting accuracy across the entire prod-
uct assortment. Unlike MAPE, this metric avoids the
problem of division by zero (in cases of zero sales) and
mitigates the impact of outliers in low-volume products
by assigning greater weight to high-velocity SKUs (24):

WAPE = Ty

S @4

where y; is the actual sales volume of the i-th product;
y; is the predicted sales volume of the /-th product; n is
the number of observations (products or time periods).
In conclusion, the selected set of metrics forms a mul-
ti-layered framework for evaluating the performance of
the forecasting models. While the coefficient of deter-
mination (R?) and the sums of squares (TSS, RSS) pro-
vide insights into the overall explanatory power of the
models, metrics such as MAPE, RMSE, and WAPE offer
a practical understanding of error in both quantitative
and percentage terms. The application of WAPE was of
particular importance, as it enables a weighted assess-
ment of forecasting quality across the entire product
assortment, mitigating distortions caused by low-ve-
locity items.

Results

Demand forecasting and impact analysis
on key economic indicators
The experimental stage of this study was aimed at
verifying the developed mathematical framework and
conducting a comparative performance evaluation of
the selected machine learning models. The utilisation
of the engineered feature matrix X;, which incorpo-
rates autoregressive lags, rolling averages, and external
economic indicators, enabled comprehensive model
testing within a realistic “one-step-ahead” forecasting
scenario. The evaluation of the results was carried out
according to a two-tier scheme.

At the first level, the predictive accuracy of re-
gression algorithms (Ridge, XGBoost, LightGBM) was
analysed using statistical error metrics. At the second
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level, the outputs from the best-performing predictive
model were integrated into the Mixed-Integer Linear
Programming (MILP) procurement optimisation mod-
ule to assess their impact on key economic indicators:
stockout levels, waste volumes (write-offs), and total
logistical costs. To quantitatively validate the effective-
ness of the proposed feature engineering approach,

a rigorous benchmarking of the selected models was
performed. The comparative analysis of their predictive
performance, measured across several key error metrics,
is visualised in Figure 3. This graphical representation
allows for a clear identification of the top-performing
algorithms in terms of stability and deviation from the
actual demand.

Total daily sales for the entire period

14M
712M
g 1.0M
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Figure 3. Daily sales history graph

Source: created by the authors

According to the presented chart, a distinct sea-
sonality in daily sales dynamics can be observed. Reg-
ular fluctuations in demand are evident across the
timeline: periods of growth and decline repeat consist-
ently from year to year. Furthermore, a general upward
trend in sales volume is observed over time, indicating
a gradual expansion of the retail chain’s operations or
shifts in consumer behaviour. The chart also reveals
sharp peaks and troughs, which may be attributed
to holidays, promotional activities, or other external
factors. Thus, the data demonstrate both short-term
fluctuations and long-term trends, which are essential
for building an accurate demand forecasting model
(Fig.4a).As shown in the chart, total sales demonstrate
steady growth between 2013 and 2016. This may indi-
cate an expansion of the product range, an increase in

Total sales by year

the number of customers, or the growth of the retail
chain. Following the peak value in 2016, a certain de-
cline is observed in 2017, however, this is due to the
fact that the data for 2017 is only available through
August (Fig.4a). The chart (Fig. 4b) displays a clear sea-
sonality: sales increase almost every year towards the
end of the year, particularly in November and Decem-
ber. Additionally, dips can be observed in the summer
months during certain years, indicating temporary fluc-
tuations in demand. The chart (Fig. 5) indicates that the
clusters differ significantly in terms of sales levels, with
Cluster 14 making the largest contribution and sub-
stantially outperforming the others. The lowest sales
volumes are observed in Clusters 1 and 15, which may
suggest lower commercial activity or a smaller scale of
stores within these groups.

Total sales by month, broken down by year
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Figure 4. Evaluation of forecasting accuracy across different machine
learning models using standard error metrics

Notes: a - total sales by year; b - total monthly sales by year
Source: created by the authors
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Top 10 clusters by sales volume
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Figure 5. Top 10 clusters by sales volume

Source: created by the authors

In this dataset, a cluster refers to a group of stores
categorised by similar characteristics. Favorita classifies
stores into clusters based on location, size, neighbour-
hood type, customer activity, and assortment to analyse
their behaviour as distinct segments. This approach
allows for monitoring the sales dynamics of different
store groups and identifying similar demand patterns.
The chart (Fig. 6) shows that the number of transac-
tions exhibits regular seasonal fluctuations, with sharp
increases during peak periods (holidays and sales).
There are also days with near-zero activity, which likely

indicate store closures or technical data inconsistencies.
The scatter plot (Fig. 7a) reveals a noticeable negative
correlation: during periods of lower oil prices, total sales
were predominantly higher. This may indicate a depend-
ence of consumer spending on energy price levels. The
correlation matrix (Fig. 7b) shows that sales are strong-
ly correlated with the number of transactions and the
average number of items per purchase, which is logical
and expected. Furthermore, there is a notable negative
correlation with oil prices, confirming the potential in-
fluence of macroeconomic factors on purchasing activity.

Total transaction count by day
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Figure 6. Total transaction count by day

Source: created by the authors

Correlation between oil price and total sales
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Figure 7. Feature importance analysis for the demand forecasting model
Notes: a - correlation chart between oil price and total sales; b - correlation matrix of daily indicators

Source: created by the authors
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To integrate oil prices as a critical macroeconomic
indicator, the forecasting model is structured as a su-
pervised learning task within a multi-dimensional state
space. By mapping historical sales data alongside inter-
nal drivers and external economic factors into a unified
“store-item-day” dataset, the model effectively captures
the complex dynamics of retail demand. This approach
balances computational feasibility with statistical rig-
or, allowing the system to treat global macroeconomic
shifts - such as oil price fluctuations - as dynamic reg-
ulators of consumer purchasing power. Ultimately, this
demand forecasting framework effectively accounts for
seasonality, long-term trends, specific store activity,and
broader macroeconomic conditions. By synthesising
these diverse variables, the model significantly enhanc-
es the accuracy of sales predictions, providing a robust
foundation for optimising daily supply planning, inven-
tory management, and overall logistics performance.

Sub-sample construction and data preparation

The data preparation process began with a strategic
decision to limit the task to a ma nageable scale,
as the full Corporacion Favorita dataset contains an
excessive number of “store-item-date” combinations,
requiring prohibitive computational resources for rap-
id experimentation. Consequently, a representative
sub-sample was formed: a single store and several
key product categories were selected to preserve de-
mand diversity while ensuring stable computations on
the Central Processing Unit (CPU). For each selected
category, a limited number of the most representative
items were chosen based on sufficient sales volume
and steady dynamics. This filtering approach allows for
the significant reduction of noise originating from rare
or nearly inactive items, thereby improving the quality
of the training signal and the overall robustness of the
forecasting models (Fig. 8).

Top-20 items by total sales (subset)
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Figure 8. Top 20 items by total sales volume in the sub-sample

Source: created by the authors

To avoid data leakage during sub-sampling, the
selection of the most representative items was con-
ducted using only the portion of the data preceding
the validation period, rather than the entire history.
The reasoning is straightforward: if the most recent
days were used to select items, the sub-sample could
‘overfit” to the future period, artificially inflating mod-
el performance metrics. Therefore, the selection was
based on historical sales excluding the future valida-
tion window. Next, the sales data was organised into

a format suitable for time-series analysis: a complete
daily panel was constructed, ensuring that all selected
items are present for every day. This is crucial because,
in real-world retail data, the absence of a record for a
specific day does not mean the day did not exist -more
often, it indicates zero sales or a gap in registration.
A continuous daily structure guarantees that the time
series for each item is consistent, allowing for the cor-
rect construction of features based on demand history
(lags, moving averages, etc.) (Fig. 9).

Daily total sales (subset) - tail + selection_cutoff + train_end

10,000
8,000
6,000 1
4,000
2,000

01

2015-10  2016-01  2016-04

2016-07

2016-10  2017-01  2017-04  2017-07

Figure 9. Total sales by product families in the sub-sample

Source: created by the authors

Journal of Kryvyi Rih National University, Vol. 24, No. 1, 2026




Comparative analysis of machine learning models...

In parallel, the sales values were cleaned and
adjusted to a logically consistent form. Since retail
data sometimes contains incorrect values (specifical-
ly negative numbers due to returns or accounting er-
rors), these were eliminated. Additionally, to stabilise
the target variable, a transformation was applied to

reduce the impact of rare peak values. Demand of-
ten exhibits a “long tail”: most days result in small
or medium sales, but occasional sharp spikes occur.
Stabilising the distribution helps models learn better
from typical behaviour rather than overfitting to out-
liers (Fig. 10).

Zero-sales rate per item (distribution)
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Figure 10. Distribution of the proportion of zero-sales days for each item

Source: created by the authors

Promotional data was integrated separately, as pro-
motions significantly affect demand. Without account-
ing for this factor, the model typically makes system-
atic errors: underestimating forecasts on promo days
and overestimating them on regular days. Promotional
information was included to reflect a real-world fore-
casting scenario: for future dates, only the promo data
known within the planning horizon is used, while miss-
ing values are filled conservatively. Next, external and

calendar factors were added, including store transac-
tions, the oil price indicator, and holiday/event features.
When filling missing values, a cautious strategy was
employed to avoid “look-ahead bias”: values were prop-
agated only forward in time, and baseline imputations
were calculated using only known historical data. For
holidays and events, a store-specific mapping was ap-
plied, where national-level events were included along
with relevant regional and local events (Fig. 11).

Daily promo share (subset) - fraction of item-days onpromotion=1
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Figure 11. Proportion of item-days with promotions in the sub-sample over tim

Source: created by the authors

After merging all sources into a unified table, a
time-based split was performed for training and val-
idation. Validation was conducted on a later time in-
terval to simulate a real-world forecasting task: the
model was trained on past data and its performance
was evaluated on future dates. This approach pro-
vides an unbiased assessment of the model’s ability
to generalise demand patterns (Fig. 12a). During the
feature engineering stage, characteristics were gener-
ated to reflect demand history and context, using only
historical values relative to each date. Specifically,

features representing previous sales values, their
averages and volatility within moving windows, ex-
ponential smoothing, and promotional intensity in-
dicators from prior days were added. Additionally,
aggregated category context was utilised, allowing
the model to perceive broader demand trends with-
in a specific product group. Since these features are
potentially the most sensitive to data leakage, their
construction logic was strictly “from past to future”,
ensuring that no current or future values were used
in the calculations (Fig. 12b).
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Transactions vs Sales (daily) - corr=0.535
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Figure 12. Structural diagram of the deep learning model architecture and training process
Notes: a - relationship between transaction count and total sales (daily values) in the sub-sample; b - relationship between oil

price and total sales (daily values) in the sub-sample
Source: created by the authors

As a result of this preparation, a time-consistent
training set and a forecasting set for future dates were
obtained. The finalised sub-sample ensures a balance
between the diversity of demand patterns and the
ability to conduct fast and stable experiments. Within
the scope of this work, machine learning models are
utilised in a unified demand forecasting framework: a
forecast for future dates is generated based on sales
history and contextual factors (Guo et al., 2022; Kim
& Jang, 2023). A consistent feature engineering log-
ic and time-based data splitting are applied across
all approaches to ensure a fair comparison, where
differences in results are attributable to the proper-
ties of the algorithms themselves rather than varying
training conditions. Special care is taken to prevent
“look-ahead bias”: training is performed on earlier
dates,while validation is conducted on a later segment
that simulates a real-world forecasting scenario where
future sales values are unknown.

Before deploying complex algorithms, baseline
benchmarks - simple base models - are established.
These are necessary to provide a clear point of refer-
ence: if a complex model cannot outperform simple
rules, it indicates either that the features are insuffi-
ciently informative or that the chosen algorithm does
not suit the data structure. Naive forecasts reflecting
typical retail logic are used as benchmarks: a zero-sales
forecast, a global mean forecast, an item-specific mean
forecast, and a persistence forecast based on the recent
past (e.g., repeating the sales from the same day last
week). While these approaches do not require complex
training, they often provide respectable quality in tasks
involving seasonality, making them an essential mini-
mum standard for evaluation.

Baseline models and performance benchmarking
Alongside the baseline benchmarks, Linear Regression
is applied as a simple and interpretable starting point.
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It is particularly useful when the relationship between
features and demand can be approximated as a sum of
the influences of individual factors. The linear approach
also helps verify feature quality: if even a simple model
consistently captures part of the underlying patterns,
it confirms high-quality data preparation. To improve
training stability, features are scaled to a consistent
range to ensure that factors of different magnitudes
influence the forecast correctly.

Next, Random Forest is utilised as an ensem-
ble method based on multiple decision trees (Xu et
al.,2021;Yinetal.,2023).1ts advantage lies in its natural
ability to capture non-linear dependencies and feature
interactions without requiring an explicit definition of
these relationships. In retail demand, this is crucial be-
cause responses to promotions, seasonality, and calen-
dar events are often non-linear. Random Forest is also
more robust to noise, as the forecast is averaged across
many trees, and the construction of each tree involves
random selection of data and features, which increases
ensemble diversity and reduces the risk of overfitting.

A separate class of models is represented by Gradi-
ent Boosted Decision Trees (GBDT), implemented in this
work using two popular libraries (Rashid et al., 2022).
Gradient boosting builds trees sequentially, with each
subsequent tree correcting the errors of the previous
ones. This enables the model to capture complex, sub-
tle dependencies between historical sales, promotional
activity, seasonal patterns, and context. This approach
is typically among the strongest for tabular data with
heterogeneous features. To ensure stability and gener-
alisation, the complexity of individual trees is restrict-
ed, and the number of trees and the learning rate are
controlled to prevent the model from memorising his-
tory instead of learning patterns.

In summary, the model suite is designed to cov-
er various levels of complexity and different data as-
sumptions: from naive baseline rules as a minimum
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standard, through a simple linear model as an inter-
pretable benchmark, to tree ensembles and gradient
boosting as flexible methods for non-linear depend-
encies. This approach allows for a justified comparison
of algorithms under identical conditions, highlighting
the role of baseline benchmarks and providing insights
into which classes of models are best suited for de-
mand forecasting tasks accounting for promotions, sea-
sonality, and contextual factors.

The simplest benchmark was a “zero-sales” base-
line. It is used not as a realistic forecasting method,
but as a control point: if a model cannot outperform
a constant zero, it indicates that the features, data
splitting, or training logic are fundamentally flawed.
For this baseline, the following results were obtained:
MAE =8.46, RMSE =16.97, a coefficient of determination
R?=-0.33,and a WAPE=1.00 (meaning the total volume
error is 100%). These values are expected: a zero-sales
forecast ignores the data structure and fails to explain
any demand fluctuations.

BL_Zero: {MAE’: 8.464005470275879, RMSE’:
16.97098173917485,'R2’ :-0.3310892581939697,
“WAPE’: 1.0,N’ : 33480}

The second baseline benchmark was a forecast
based on the global mean sales level from the training
set. This is a simple assumption that demand fluctuates
around a single average value and does not require
item-level detail. For this baseline, the results were:
MAE =7.64, RMSE = 14.75, R?=-0.005, and WAPE =0.90.
While this benchmark is noticeably better than the zero
forecast, it still explains almost none of the variation
is close to zero) because it fails to account for the dif-
ferences between items and their individual dynamics.
This result demonstrates that a simple global average
is insufficient for a task characterised by high assort-
ment heterogeneity.

BL_GlobalMean: {{MAE’: 7.644719123840332,
‘RMSE’: 14.747846543178188,R2":
-0.0051953792572021484,"WAPE’ :
0.9032034873962402,"N’ : 33480}

The next step was a baseline that accounts for in-
dividual product differences by predicting each item’s
specific average sales level (calculated from the train-
ing history). This approach partially models structural
heterogeneity: different products have different base-
line demand scales. The results for this baseline are
significantly better: MAE=5.51, RMSE=11.19, R?=0.42,
and WAPE = 0.65. The emergence of a positive R? indi-
cates that accounting for item identity indeed explains
a significant portion of the data variance, even without
utilising seasonality, promotions, or lags.

BL_ltemMean: {{MAE’: 5.506714344024658,'RMSE’:
11.189294766999952,'R2’: 0.42137300968170166,
‘WAPE’: 0.6506038308143616, N’ : 33480}

The strongest among the baseline approaches was
the weekly lag baseline, which forecasts demand based
on the item’s sales values from exactly one week pri-
or. In retail data, this is a very robust concept because
demand often exhibits weekly seasonality, where sim-
ilar days of the week repeat comparable patterns. This
baseline achieved the following results: MAE = 4.63,
RMSE =10.40, R?=0.50, and WAPE =0.55.

Compared to the item-specific mean, it improves
performance across all key metrics, confirming the im-
portance of short-term temporal context and demand
cyclist. Consequently, the weekly lag baseline should
be considered the primary competitor for machine
learning models: if an ML model fails to outperform
this level, it is either overfitting or not receiving suffi-
ciently informative features. Thus, the baseline models
establish a clear scale of complexity and quality: from a
completely uninformative forecast to a strong temporal
benchmark that leverages weekly recurrence.

Model performance and overfitting analysis
The resulting metrics demonstrate that the most sig-
nificant contributions to quality improvement at the
baseline level come from the transition from a global
mean to an item-specific mean, followed by the shift
to a weekly lag, which adds temporal context (Fig. 13).
In this experiment, the Ridge linear model effec-
tively fails as a candidate for a high-quality forecast,
serving instead as a clear illustration of the limita-
tions of the linear approach for demand forecasting. Its
validation metrics are inferior not only to tree-based
models but even to the stronger weekly seasonality
baseline. The reason is that Ridge attempts to describe
demand as an approximately linear combination of
factors. However, in retail sales, key effects are almost
always non-linear: promotions work differently for dif-
ferent products, interact with days of the week and sea-
sons, and context-based reactions often have thresh-
olds (e.g., demand shifts abruptly on specific days or
during events). Furthermore, the Lag-7 baseline directly
utilises the strongest structure in this data - weekly re-
currence - whereas Ridge reproduces it only indirectly
through calendar features and averaged statistics. Con-
sequently, the model is unable to capture the actual
shape of temporal patterns, leading to weak explana-
tory power (low R?) and a performance that lags behind
even a simple seasonal heuristic. Interestingly, the gap
between training and validation performance for Ridge
is not catastrophic; this indicates that the issue is not
overfitting, but rather underfitting due to model bias -
the model form is simply too basic for this task (Fig. 14).
Random Forest demonstrates significantly more
adequate behaviour and stands out as a strong, sta-
ble, and reliable option. Its performance on the train-
ing set is solid, and the degradation on the validation
set is moderate - indicating that the model does not
merely fit the training data but effectively transfers
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patterns to the future period. The advantage of RF in
this task stems from the fact that trees naturally cap-
ture non-linear interactions (e.g., different demand re-
gimes depending on promotions, day of the week, and
seasonality). It can handle conditional rules such as: “if
a promotion is active and it is a weekend, expect differ-
ent behaviour than on weekdays without a promotion”.
Lag? | mode=walk_forward

Train: RMSE=9.863 MAE=4.36@ WAPE=0.589 R2=0.443
Valid: RMSE=18.482 MAE=4.632 WAPE=0.547 R2=0.560

Furthermore, by its nature, Random Forest is often less
prone to severe overfitting because the forecast is av-
eraged across many trees, and the inherent randomness
(sub-sampling of both data and features) acts as a form
of regularisation.This explains whyyour RF model shows
a narrow gap between training and validation perfor-
mance - a clear sign of healthy generalisation (Fig. 15).

Lag7 | Daily totals (Train+Valid)
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Figure 13. Actual vs. predicted total daily sales for the weekly lag baseline

Source: created by the authors

Ridge | mode=walk_forward
Train: RMSE=10.866 MAE=4,193 UAPE=0.566 R2=0.324
Vvalid: RMSE=12.399 MAE=4.769 WAPE=8.563 R2=0.290
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Figure 14. Actual vs. predicted total daily sales for Linear Regression

Source: created by the authors

RF | mode=walk_forward
Train: RMSE=6.649 MAE=2.612 WAPE=@.353 R2=0.747
Valid: RMSE=7.587 MAE=3.346 WAPE=0.395 R2=0,748
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Figure 15. Actual vs. predicted total daily sales for Random Forest

Source: created by the authors
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XGBoost exhibits a typical issue associated with the
excessive power of boosting: it is nearly perfect on the
training set (displaying very low errors and a very high
R?), but on the validation set, its performance returns to
the level of other strong models, failing to translate its
training success into a corresponding gain in the future.
This is a classic profile of overfitting or over-adaptation
to the specific details of the training period. Essentially,
the model learns not only the general patterns (weekly
seasonality, inertia, promotional effects) but also minor
random fluctuations and noise that do not recur in the
subsequent time interval. In time series analysis, this is

XGB | mode=walk_forward

Train: RMSE=3.168 MAE=1.352 WAPE=0.183 R2-0.943
Valid: RMSE=7.497 MAE=3.407 WAPE=0.403 R2=0.740

a particularly common trap: boosting is capable of re-
constructing history with high precision, but if demand
undergoes structural shifts between periods (different
promotional intensity, different events, or changes in
consumer behaviour), the memorised details of the
training set become useless. Therefore, the large gap
between training and validation performance in XG-
Boost is a primary signal that the model, in its current
configuration, is too aggressive and requires stronger
regularisation or more cautious hyperparameter tuning
(e.g.,reduced complexity, better early stopping, or high-
er penalties) (Fig. 16).
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Figure 16. Actual vs. predicted total daily sales for XGBoost

Source: created by the authors

LightGBM emerges as the superior model specif-
ically based on the “performance + stability” criterion.
It yields the lowest validation error while avoiding the
sharp performance drop from training to validation
seen in XGBoost. This indicates that the model is flexi-
ble enough to capture non-linearities and interactions
while maintaining better control over generalisation.
Essentially, LightGBM retains the core strengths of gra-
dient boosting - precision, the ability to handle tabular
features, and modelling complex dependencies - but
in this run, it behaves more conservatively, avoiding
the drive to minimise training error at the expense of
stability. The narrow gap in metrics between training
and validation for LightGBM represents the profile typ-
ically considered optimal for practical forecasting: the
model is neither too simplistic (like Ridge) nor “over-
heated” (like XGBoost in this configuration), and it re-
mains more accurate and stable than Random Forest.
Looking at the comparison with baseline approaches,
a key conclusion arises: the strong weekly seasonal-
ity baseline (Lag-7) sets a high bar. Any model must
effectively leverage additional context (promotions,
calendar, external factors) and non-linear interactions
to surpass this threshold. Ridge failed to do so - it was

outperformed even by a basic seasonal heuristic, high-
lighting the limitations of linear assumptions in retail
demand forecasting. Random Forest and LightGBM
demonstrate that tree-based models can add signifi-
cant value over simple rules, with LightGBM provid-
ing the best balance of accuracy and generalisation in
this run. While XGBoost is also strong on validation, its
near-perfect training performance serves as a warning:
in its current form, the model is less reliable and po-
tentially riskier when transferred to other time periods,
stores, or categories (Fig. 17).

Conversely, tree-based approaches provide a tan-
gible boost due to their ability to model non-lineari-
ties and conditional demand regimes. Random Forest
shows robust generalisation with a narrow gap be-
tween training and validation, indicating stable perfor-
mance. Among boosting models, the difference lies in
the balance between accuracy and stability: XGBoost is
nearly perfect on training but shows the largest gap
between train and valid, suggesting over-adaptation to
the specifics of the training period. In contrast, LightG-
BM demonstrates the best compromise, ensuring high
validation quality without a sharp drop relative to
training (Fig. 18).
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LGE | mode=walk forward
Train: RMSE=6.459 MAE=2.723 WAPE=8.368 R2=@.761
Valid: RMSE=7.485 MAE=3.325 WAPE=0.393 R2-2.747
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Figure 17. Actual vs. predicted total daily sales for LightGBM

Source: created by the authors

Overfit indicator: RMSE_gap = valid - train (smaller is better)
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Figure 18. Overfitting indicator: RMSE difference between training and validation sets

Source: created by the authors

Summarising the results of all approaches in this
section, a clear “ladder of complexity” emerges, illustrat-
ing why certain models outperform others.The simplest
baseline solutions define the lower and middle bounds
of quality: the constant-zero forecast serves only as a
sanity check for the problem setup (as the expected
worst performer); the global mean demonstrates that
a single average level is insufficient for a heterogene-
ous assortment; and the shift to item-specific means
dramatically improves the situation by accounting for
each item’s baseline demand scale. The strongest base-
line - the weekly lag - effectively captures the primary
data structure, namely the recurrence of demand with
weekly seasonality, thus setting the real benchmark for
ML models to surpass. In this context, Linear Regression
proves weak: it fails to reproduce the non-linear inter-
actions between promotions, the calendar,and demand
history, resulting in performance that lags even behind
the strong seasonal baseline and indicates underfitting
(@ consistently mediocre level without severe overfit-
ting). The general conclusion is that strong baseline
strategies (especially weekly seasonality) explain a
significant portion of the demand structure, but further
improvements require non-linear tree-based models
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capable of leveraging contextual factors and interac-
tions. From a practical standpoint, the best models are
those that offer not only low error rates but also a sta-
ble gap between training and validation, indicating a
strong ability to generalise to future periods.

Discussion

The experimental results obtained in this study demon-
strate that the integration of tree-based ensembles,
specifically Gradient Boosting and Random Forest, pro-
vides a significant advantage in retail demand forecast-
ing. This advantage becomes particularly evident when
accounting for volatility driven by intensive promotion-
al activities and seasonal fluctuations. Contextualising
these results within the framework of contemporary
international research allows for a deeper justification
of the chosen methodology and the identification of
new patterns in supply chain management within the
digital economy. The applied approach of limiting data
scale to ensure stable computations on the CPU while
preserving sample diversity is a practical necessity ech-
oed in the fundamental work of S. Moret et al. (2020).
Although their research focused on strategic energy
system planning, the authors emphasised that robust
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optimisation must balance computational feasibili-
ty with model reliability. In the context of the Corpo-
raciéon Favorita dataset, this principle was implement-
ed through intelligent sub-sampling, allowing for the
avoidance of excessive resource consumption without
losing the representativeness of key consumer patterns.
The analysis of S. Moret et al. (2020) work confirms that
for complex stochastic problems, it is not the quanti-
ty of data but its qualitative structure and the model’s
ability to decompose complex relationships that de-
termine final accuracy. Expanding this approach to re-
tail suggests that strategic data pruning is not merely
a technical compromise but a method for enhancing
the generalisation capability of algorithms, preventing
‘overfitting” on redundant historical noise.

The necessity of rigorous anomaly detection during
the data preparation phase is supported by the find-
ings of S. Thudumu et al. (2020) and H. Xie et al. (2022).
Their surveys on high-dimensional big data and mul-
ti-granularity neighbour residual networks confirm
that identifying outliers in time-series data is critical
for preventing the degradation of training signals. This
aligns perfectly with the strategy adopted in this pa-
per to filter “noisy” or inactive items to improve forecast
stability. S. Thudumu et al. emphasised that in high-di-
mensional environments, classical anomaly detection
methods often suffer from the “curse of dimensionali-
ty”; therefore, the use of contextual features (such as
store type or product category) is mandatory for the
correct interpretation of demand deviations. The data
cleaning process performed in this study, which in-
volved removing “zero-sale” periods, allowed the mod-
els to focus on meaningful correlations between price
and sales volume. The high performance of XGBoost
and Random Forest models in the conducted experi-
ments correlates closely with the results of M. Rashid et
al. (2022) and B. Tama & S. Lim (2021). Although these
authors primarily focused on network intrusion detec-
tion (IoT), they demonstrated that tree-based stacking
ensembles and feature selection techniques are excep-
tionally robust at capturing non-linear dependencies.
In the retail context, this confirms the thesis that tree-
based models excel at identifying the impact of promo-
tions and seasonality where traditional linear models
fail due to restricted assumptions of linearity. Analysis
of M.Rashid et al.(2022) work suggested that the ability
of gradient boosting to sequentially refine errors from
previous iterations makes it an ideal tool for detect-
ing rare demand spikes. Furthermore, the superiority of
LightGBM over Random Forest in terms of RMSLE ob-
served in the experiments indicates that for retail tasks,
convergence speed and the handling of categorical fea-
tures are decisive factors.

The introduction of Al in retail forecasting must
also be considered within the broader economic land-

scape. V. Solodkyi & Yu. Polichuk (2023) highlighted the
prospects and limitations of Al implementation in the
Ukrainian banking sector, noting that data quality and
infrastructure remain significant barriers. This study
proposes ways to address these limitations in the trade
sector, demonstrating that high-precision forecasting
is achievable on standard hardware through optimised
feature engineering. The work of V. Solodkyi & Yu. Poli-
chuk underscored the importance of algorithmic adapt-
ability to local market conditions, which is critical for
Ukrainian retail amidst economic instability. The results
of this article demonstrate that developing localised
models for specific store clusters helps mitigate infra-
structural deficiencies and the lack of high-performance
computing systems. The work of I. Uninets (2021) dis-
cussed the “smart economy” as a strategic disposition,
suggesting that the transition to intelligent systems
is a fundamental requirement for modern competitive
markets. The intelligent system for automated order
generation based on forecasts proposed in this paper
is a practical embodiment of “smart” management con-
cepts, allowing businesses to transform accumulated
data into strategic assets. A point of divergence in this
research compared to M. Haque et al. (2023) and A-
P.Fortin et al.(2023) lied in the handling of multivariate
time series. While M. Haque et al. (2023) advocated for
broad comparative studies across multiple sectors to
find universal predictors, this research focuses on the
“store-item-date” specificity. It is argued that special-
ised localised models are more effective at capturing
rapid fluctuations caused by local promotions than the
generalised multivariate stock market factors discussed
by A-P.Fortin et al. (2023). For retail, micro-local factors
such as holidays, weather, or the presence of competi-
tors are critical, as confirmed by the feature importance
analysis in the constructed LightGBM model.
Furthermore, while S.Slama & M.Mahmoud (2023)
and Y. Yang et al. (2024) prioritised sustainability
through complex MCDM methods in energy, this study
focuses on the direct reduction of logistical waste and
excess inventory. This practical application of Al di-
rectly supports the sustainability goals mentioned by
M. Ketelsen et al. (2020) regarding environmental re-
sponsibility.Accurate forecasting minimises the expira-
tion of perishable goods, which is critical for reducing
waste. M. Ketelsen et al. (2020) noted that consumer
preferences are increasingly shifting toward environ-
mentally responsible brands; therefore, the system’s
ability to automatically regulate supplies according
to real demand becomes a significant competitive
advantage for eco-conscious customers. The logic of
loT-based intrusion detection, as explored by J. Yin et
al.(2023) and Yu.Yan et al. (2024), provided a deep con-
ceptual parallel to this work regarding the detection of
anomalous states. Their use of intelligent algorithms
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for streaming data analysis is methodologically simi-
lar to detecting “unusual” demand spikes. By adopting
these cross-disciplinary approaches, the study reinforc-
es the idea that retail forecasting is no longer a pure-
ly statistical task but has evolved into a digital signal
processing challenge. The analysis of J. Yin et al. (2023)
work indicated that algorithms are capable of identi-
fying patterns even in very sparse data, which directly
applies to low-turnover items in the Corporacién Fa-
vorita dataset.

Resource reservation strategies discussed by
X.Xu et al. (2021) for traffic flow prediction parallel the
procurement optimisation goals. The concept of “de-
mand-driven reservation” is a universal optimisation
pattern. X. Xu et al. (2021) demonstrated that dynam-
ic resource allocation significantly increases system
throughput, just as dynamic inventory planning based
on LightGBM forecasts improves the liquidity of retail
assets. The similarity between optimisation methods in
transportation and retail underscores the mathematical
unity of modern logistical processes. It is worth noting
that feature engineering played a critical role during the
experiments. The creation of lag variables (sales for the
previous 7, 14, and 30 days) and aggregated indicators
by category allowed tree ensembles to significantly out-
perform baseline methods. This confirms the scientific
hypothesis that for tabular retail data, gradient boosting
remains the ‘gold standard” due to its inherent ability to
handle missing values and automatically select splitting
features. Unlike deep neural networks, which require
extensive hyperparameter tuning and high computa-
tional power, LightGBM and XGBoost models demon-
strated high efficiency with lower time costs for training.

In conclusion, the results confirm that the LightGBM
model provides the best balance between performance
and stability. Unlike XGBoost, which in some scenarios
showed a tendency toward overfitting on noisy data,
LightGBM proved to be more robust, making it the opti-
mal choice for integration into real-world Enterprise Re-
source Planning (ERP) systems.This aligns with the global
trend toward creating explainable Al (XAl) and compu-
tationally efficient systems capable of operating under
high market uncertainty. The proposed methodology
offers a scalable solution for automating procurement
processes, contributing to the economic resilience of en-
terprises and minimising environmental impact through
the rational use of resources. Extending the analysis to
related fields - from energy to cybersecurity — proves
that intelligent forecasting methods are a key element
of the global evolution of decision-support systems.

Conclusions

This study conducted a comprehensive evaluation of
modern machine learning algorithms for retail demand
forecasting based on an analysis of MAE, RMSE, R?, and
WAPE quality metrics. The research established that
the strongest baseline for retail data is the weekly lag
model (Lag-7), which accounts for the natural cyclicity
of consumer behaviour. This confirms that weekly sea-
sonality is a fundamental data structure in retail, and
any machine learning model should only be considered
viable if it surpasses this quality threshold. Conversely,
Ridge linear regression demonstrated unsatisfactory
results, underperforming even against simple seasonal
heuristics, which proves the non-linear nature of the
relationships between promotions, prices, and demand
that cannot be adequately captured by a linear combi-
nation of features.

In contrast, tree-based ensemble models, such as
Random Forest, XGBoost, and LightGBM, demonstrated
a high capability for modelling complex conditional
dependencies by effectively capturing the interaction
effects between active marketing campaigns and days
of the week. A comparative analysis of boosting models
revealed an overfitting issue in XGBoost, evidenced by a
significant gap between training and validation errors.
Consequently, LightGBM was identified as the most op-
timal model for practical implementation, as it provid-
ed the best balance between error minimisation and
the ability to generalise to future periods. The imple-
mentation of the developed models allows for the au-
tomation of inventory management, leading to reduced
risks of stockouts and a decrease in excess inventory,
thereby creating conditions for improving the opera-
tional efficiency of retail networks. Prospects for further
research involve the integration of additional external
factors, such as competitor activity data, weather con-
ditions, and macroeconomic indicators. Another prom-
ising direction is the transition from point forecasting
to probabilistic demand forecasting, which would allow
for more flexible management of safety stocks under
conditions of uncertainty.
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AHoTtauif. AkTyanbHicTb po6OTM 3yMOBNEHa CKNALHICTHO MOLENIOBAHHSA CMOXWMBYOI MOBEAIHKM B YMOBAXx
HecTabiNbHOrO PUHKY, e TOYHICTb MPOrHo3iB Ge3nocepenHbO BIMJIMBAE HA MiHiMi3alilo BTpaT i OnNTMMi3auito
BMTPAT Ha NOricTMKY. MeTol AocnifxeHHs 6yno po3pobuTu Ta OUiHWTKM NiaXia A0 LOAEHHOr0 MPOrHO3yBaHHS
po3apiOHOro MOMUTY Ha OCHOBI MALUMHHOIO HABYAHHS LUASXOM MOPIBHAHHS 6a30BMX, NiHIMHUX, aHCaMbneBux
Moaenen i Mogenew rpagieHTHOro GYCTUHIY 3 ypaxyBaHHAM NPOMOAKTUBHOCTI, CE30HHOCTI Ta iCTOPUUYHMUX OAHUX
NPOAAXiB, @ TaKOX BU3HAUMTU HaMbINblW CTAGINbHWMIA MPOrHO3HMI NiAXiA ANS NOLANbLUOTO BMKOPUCTAHHS Y
NAaHyBaHHI 3aKkyniBenb. MeTono0n0ria LOCAIAKEHHS IPYHTYBaNacb Ha 3aCTOCYBAHHI CYBOPOro YacOBOr0 PO3AiNeHHs
[aHux (time-based split), WO [03BONSE OLIHUTK 30aTHICTb MOAENEW A0 y3aralbHEHHS B peanicTMYHOMY CUeHapii
HABYAHHS HA MWHYNIOMY — TECTYBaHHSA Ha MalbYyTHbOMY». 1N CTBOpPEHHSI HALIAHOI TOUYKM Bigniky po3pobneHo
iepapxito 6a3oBux opieHTUpiB (baselines), BkAOYatOuM HaiBHI MPOrHO3M Ta MOAENi 3 TUXXHEBUMM Nlaramu. Y poborTi
npoBefeHO MOPiBHANbHUI aHani3 NiHilHoi perpecii Ridge, aHcambnesoro metoay Random Forest Ta rpasieHTHOrO
BycTUHry Ha aepeBax piweHb (XGBoost, LightGBM). Pe3ynbTaT ekcnepuvMeHTIB NiATBEPAMIM 3HAUYHY NepeBary
HeniHiMHMX Modenen Haa TPaAULIMHUMU NiHIMHUMK NiAX0AAMMU, SKi He 34aTHI aleKBaTHO BiATBOPIOBATU NOPOroBi
edeKTM Ta CKNagHi B3aEMOAIT MiXX MPOMO-3axo4aMu 1 Ce30HHICT0. BcTaHoBneHO, wo Mmoaens LightGBM aemoHcTpye
HaMKpalli MOKa3HMKM CTabiNbHOCTI Ta TOYHOCTI, 3abe3neyvyym MiHiManbHy NOXMOKY Ha BanigauiMHoMy Habopi
[aHMX Npu 30epexeHHi CTIMKOCTi A0 nepeHaBYaHHS. 30KpeMa, BUSBMIEHO, WO BMCOKA edekTuBHICTb XGBoost Ha
TPEeHYBaNbHMX JAHMX YACTO € HACMIAKOM HAAMIpHOI aganTauii Ao wymy, wo pobuts LightGBM 6inbw npuaatH1M
[LNS NPAKTUYHOrO 3acTOCyBaHHA B Gi3Hec-npouecax. [MpakTMYHe 3HAYEHHS OTPUMAHUX pe3ynbTaTiB MONAra€ y
MOX/IMBOCTi aBTOMaTM3aL,ii NpoLecy 3akyniesb, Lo 3abe3neyye 36a1aHCOBaHICTb TOBAPHMX 3aMaciB Ta NiABULLEHHS
€KOHOMIiYHOI edheKTUBHOCTI puTein-mMmepex

KalouoBi cAOBa: NporHo3Ha aHaniTMKa; iHXeHepis 03Hak; rpafieHTHE NiABULLEHHS; YaCOBI psau; cepeaHs abcontoTHa
noxmbka; cepeaHbOKBaLPATUUYHA NOXMOKa; Bi3HeC-aHaniTUKa
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Abstract. Water management in modern ore enrichment plants requires the application of advanced topological
analysis methods to optimise their complex information and control architecture prior to implementing
intelligent control systems based on machine learning algorithms. Consequently, the main aim of the work was
to comprehensively investigate structural connectivity and determine the exact control hierarchy of a water
resource distribution system within an enrichment plant section using the methodology of simplicial analysis to
further minimise specific energy consumption. The research was based on the fundamental principles of algebraic
topology. The primary object was a topological graph model of the water supply system, which was systematically
decomposed into thirteen key concepts, including technological mechanisms, sensor arrays, and control modules
at both local and upper levels. The study yielded significant results, confirming the high effectiveness of the
proposed mathematical approach. For the developed system, an adjacency matrix was constructed, and the
structural redundancy index was calculated, resulting in a positive value of R,=0.31. This strictly mathematically
confirmed the presence of high connectivity, the absence of structural breaks, and robust internal reservation of
the technological network. Furthermore, a step-by-step multidimensional analysis was performed: the topological
dimension of each individual simplex was determined, the corresponding equivalence classes were formed, and
the first structural vector of the topological complex Q,=(13,3,1) was generated. The calculation of the uniform
distribution index of directed graph links (€2 =4.77) proved the existence of a rigid hierarchical structure with
pronounced centres of influence, completely refuting the hypothesis of network homogeneity. It was established
that the adaptive optimisation module and integrated actuators formed the highest topological dimensions (g=1
and g = 2). The practical value of the obtained results lies in forming a reliable topological basis for the future
deployment of graph neural networks. Identifying the simplices of the highest dimension allows for optimising
the hardware placement of sensors, significantly increasing the reliability of local control loops, and reducing the
specific consumption of electrical energy and fresh water through targeted management of hydraulic flows under
conditions of dynamically changing physical characteristics of the input ore
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Introduction

Modern ore enrichment plants operate as complex,
multi-level technological networks where water acts
as both the primary transport and technological me-
dium. Effective water management, maintaining stable
closed-cycle recirculation, and minimising specific en-
ergy consumption are fundamental to the operational
resilience and economic efficiency of the mining indus-
try. The inherent presence of massive circulating loads
and dynamic fluctuations in input ore characteristics
demand rapid, automated balancing of hydraulic flows.
Consequently, the transition from traditional, rigid con-
trol schemes to adaptive, intelligent management ar-
chitectures has become a strategic priority for ensuring
sustainable and resource-efficient mineral processing.
The relevance of this study is driven by the urgent in-
dustrial need to improve energy efficiency at enrich-
ment plants by identifying hidden topological patterns
in closed-loop water networks prior to machine learn-
ing integration.

During the 2024-2025 period, the optimisation of
industrial networks has been extensively driven by ar-
tificial intelligence. For instance, G. Vittori et al. (2025)
studied graph neural networks for modeling water dis-
tribution networks and established their superior capa-
bility in processing non-Euclidean topological data. To
address the challenge of limited monitoring, J. Wang et
al. (2025) focused on pressure estimation and conclud-
ed that transfer learning with graph neural networks
drastically improves prediction accuracy. Furthermore,
Z. Li et al. (2025) developed a pipeline leakage detec-
tion method based on graph convolutional networks,
highlighting its high localisation accuracy in complex
distribution networks. Regarding wastewater manage-
ment, G. Baskar et al. (2024) analysed various strategies
and proved that machine learning techniques effec-
tively optimise treatment processes. This was also sup-
ported by N.D. Suzaimi et al. (2025), who demonstrated
that machine learning significantly enhances industri-
al wastewater treatment efficiency. Contemporary re-
search on leakage detection in water distribution sys-
tems focuses on the application of machine learning
methods and spatial data integration to improve the
accuracy and responsiveness of monitoring processes.
In particular, Gaurav & S. Rathi (2025) investigated a
machine learning-based approach for identifying leaks,
aiming to automate anomaly detection in water distri-
bution data. The authors demonstrated that machine
learning models can improve leak detection perfor-
mance compared to traditional approaches, especially
in conditions characterised by noisy and complex da-
tasets. A similar direction is explored by D. Elshazly et
al. (2024), who proposed an automated GIS-based spa-
tial machine learning method for leak detection in wa-
ter distribution networks using sensor data. The study
highlights that integrating geographic information sys-
tems with machine learning techniques enhances the

ability to account for the spatial structure of the net-
work and improves the accuracy of leak localisation.

Despite the significant progress in deploying intel-
ligent algorithms, the direct application of graph neu-
ral networks in the highly specific environment of ore
enrichment plants remains challenging. Effective im-
plementation requires a rigorous mathematical formal-
isation of the hidden hierarchical connections within
the physical network. Without a clear topological ab-
straction, predictive models struggle to weigh the rela-
tive influence of different operational nodes. Simplicial
analysis serves as a fundamental mathematical tool to
bridge this gap, allowing for the assessment of struc-
tural redundancy and the identification of controlling
hub concepts within multi-connected infrastructure.

Thus, the main aim of this work was to comprehen-
sively study the structural connectivity, evaluate struc-
tural redundancy, and determine the control hierarchy
of the water resource distribution system of an enrich-
ment plant section using simplicial analysis methods.
To achieve this aim, the following specific tasks were
formulated: to decompose the technological scheme of
the enrichment section into formal concepts and con-
struct an adjacency matrix reflecting material and in-
formation flows; to perform a multidimensional g-anal-
ysis and calculate the structural redundancy indicators;
to identify the simplices of the highest mathematical
dimension to definitively determine the control hierar-
chy of the system.

Materials and Methods

The primary object of the study was the water resource
distribution system of a typical, fully operational sec-
tion of an ore enrichment plant. Based on the system
analysis of the enrichment technology, the complex
technological scheme was systematically decomposed
into a finite set of interconnected concepts (graph
nodes). The topological model of the system was pre-
sented in the form of a directed graph, the vertices of
which represented both the technological apparatuses
and hydraulic nodes directly, as well as the elements of
the automatic control system governing them.

The physical process under investigation included
the continuous supply of water at multiple sequential
stages. The first stage involved primary grinding using
ball mills (type MShTs-3600x5500) working in a closed
cycle with single-spiral mechanical classifiers (type KS-
24x125). Following this, the material passed through
wet magnetic separation using drum separators (type
PBM-120/300). Subsequent stages of secondary and
tertiary grinding also utilised MShTs-3600%5500 mills,
but classification was performed using cylindrical-coni-
cal hydrocyclones (type GTSK-710). Desliming, a crucial
step for removing fine barren rock, was conducted in
magnetic deslimers (type MD-9A), and final moisture
removal was executed by disk vacuum filters (Smyrnov
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& Biletskyi, 2002). The used water, now in the form of
a heavily saturated pulp, entered technological sumps
and was subsequently pumped via heavy-duty slurry
pumps into the massive tailing dump for natural set-
tling and clarification (Airapetian, 2010).

To evaluate the operational efficiency, a rigor-
ous system of balance equations for the water-slurry
scheme was applied. The fundamental amount of water
in any given product W, (measured in m*/h) was deter-
mined as:

‘R,

n =n n (1)
where Q, - the mass of the dry solid product (t/h);
R, - the pulp dilution ratio. In the baseline operational
scenario, the initial ore feed for the primary grinding
stage was set at 98 t/h. However, due to the circulating
load of sands from the spiral classifiers, the actual feed
into the primary mills could reach up to 131 t/h. This
required rigid, highly responsive hierarchical automa-
tion to dynamically adjust the water supply in real-time
(Matsui et al., 2013).
To conduct the simplicial analysis and construct the
mathematical model, a formalised designation of the
set of system concepts K={K,, K, ..., K;5} was systemat-

Network sensors

v

ically introduced. These 13 concepts comprehensively
covered the information and control architecture of the
plant and were divided into three functional groups.
The first group represented physical and environmental
nodes, which included: K, - Water sources (fresh tech-
nical water); K, - Water preparation (first-lift pumping
stations); K5 — Reservoirs (buffer tanks for clean and re-
cycled water); K, - Distribution network (main pipelines
and manifolds); K — Water consumers (grinding, classifi-
cation, and separation units); K, - Wastewater collection
(sumps and slurry pumps); K; - Tailing dump (natural
clarification process); K; - Recycled water pumping sta-
tion. The second group consisted of informational and
control nodes, specifically: K, - Sensors (flow meters,
level gauges, radiometric density meters); K,, — PLC/
SCADA (local programmable logic controllers); K,, -
Adaptive-optimisation module (high-level predictive
server); K, — Actuators (variable-frequency drives on
pump motors, control valves). Finally, the third group ac-
counted for external factors, specifically uncontrollable
disturbances like changes in input ore characteristics,
hardness, and iron content (K,;). The visual representa-
tion of the established topological links between
the system’s conceptual nodes is shown in Figure 1.

Process sensors

Adaptive optimization
module

J

v

loops)

PLC/SCADA (local control

| Water sources |

I Actuators: pumps/valves |

v v

[ water treatment |

I Distribution network |

I

| Disturbance: ore |
L )

v v l

I Consumers: grinding |

| Consumers: flotation |

(

v

| Wastewater collection I

Tailings storage /
clarification

v

Recirculating water pump
station

J

I / A2

| Reservoirs (buffer)

Figure 1. Topological graph model of the water resource distribution system
Notes: the graph visualises the 13 identified concepts and the directed informational and hydraulic flows between them, serving

as the basis for the adjacency matrix
Source: developed by the authors
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The structural connectivity of this defined set was
evaluated using the g-connectivity algorithm (Salieva
& Yaremchuk, 2020). The methodology required the
construction of an adjacency matrix 4 =[A;] of dimen-
sion 13x13.The rule for forming the matrix was strictly
deterministic: ;=1 if the /-th node was a direct source
of material or informational influence on the j-th node
(a directed edge from i to j),and A;=0 otherwise.

In this formally defined scenario, the adjacency ma-
trix took the precise form:

0 1 000000000 0 O
0010000O0O0O0TO0O0O
00010000O0GO0TO0O0O
00001000O0O0GO0O0O
0000O0T1000O0O0GO0O0O
0000O0O0T100O0GO0O0O

A=[0 0 0000010000 0 (2
001 00000O0O0GO0O0O0
0000O0O0O0O0O0OT1T100
0000O0O0O0O0OO0GO0T10
0000O0OO0OO0GO0OT1O0T10
0101000100000
0 0001 000O0O0O0 0 O

Based on the adjacency matrix, the structural re-
dundancy indicator R, was calculated using the formula:
R =-S5 5% 2~ 1, (3)
where m, - the total number of graph vertices (m,=13).
A positive value for this indicator (R, > 0) served as a
mathematical criterion confirming that the system was
connected without structural breaks and possessed re-
liable internal redundancy.

For the step-by-step g-analysis, the rows of the ad-
jacency matrix were interpreted as simplices. The top-
ological dimension of the simplex g, associated with
the j-th vertex was determined strictly by its out-degree
minus one:

qi=pout(i) - 1 (4)

To properly interpret the resulting hierarchy, spe-
cific functional criteria were established for the dimen-
sional levels. The base level g =0 consisted of nodes
acting strictly as physical executors, passive storage, or
single-direction data sources without broader routing
capabilities. The intermediate level g=1 included nodes
responsible for multi-channel information collection
or local control logic. Finally, the highest-dimension
nodes g 2 2 were classified as executive hubs, which
possessed multiple outgoing control links and dictated
the dynamic behaviour of the entire underlying system.

Finally, to definitively classify the network topolo-
gy, the index of uniform distribution of directed graph
links (€?) was calculated using the variance of the
out-degrees:

62 = ”izl(pout(i) - pcp)zi (5)

where p , - the arithmetic average degree of the graph
vertices. The criterion for evaluating this index was de-
fined as follows: a value approaching exactly zero (¢2=0)
indicates a perfectly homogeneous system (e.g., a sim-
ple ring network without distinct control centres). Con-
versely, a value significantly greater than zero (typically
€?>3.0) strictly classifies the structure as highly hetero-
geneous, mathematically proving the existence of a rig-
id, star-like control hierarchy with pronounced centers
of influence that require prioritised optimisation.

Results and Discussion

Applying the water-slurry balance equations formulat-
ed in the methodology, the operational limits of the
primary grinding stage were quantitatively determined
prior to topological modelling. For the baseline contin-
uous ore feed of Q=98 t/h and an optimal pulp dilution
ratio of R,=3.0 (required for effective magnetic sepa-
ration), the fundamental technological water demand
was calculated as W,=98 - 3.0 =294 m?/h. However,
during periods of peak circulating loads from the spiral
classifiers, the actual solid feed into the primary mills
dynamically surged to Q=131 t/h.To maintain the exact
same dilution ratio of R, = 3.0, the water supply had to
be instantaneously adjusted to W,=131-3.0=393 m¥/h.
This massive physical fluctuation of nearly 100 m3/h
within a single control loop strongly indicates that stat-
ic hydraulic balancing is highly inefficient, directly ne-
cessitating a highly adaptive, hierarchically structured
information and control topology.

Based on the formalised adjacency matrix con-
structed according to the proposed methodology, the
derived topological data were extracted for further
quantitative evaluation. The total number of directed
edges in the graph (m,) representing the material and
informational links was exactly 17. With a total of 13
vertices (m, =13), the structural redundancy indicator
was calculated as R, =4 - 1=0.31. The positive value
of this indicator strictly proved the high connectivity
of the system and the definite presence of structural
redundancy without breaks. In the context of industrial
automated control systems, such redundancy is a dis-
tinct sign of the potential reliability of the system and
its robust ability to reconfigure routing under condi-
tions of severe technological disturbances.

Table 1. Dimensions of simplices for the nodes of the water supply system graph

Concept Description Out-degree (p,,) Simplex dimension (q,)
K, Water sources (fresh technical water from rivers/wells) 1 0
K, Water preparation (first-lift pumping stations) 1 0
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Table 1. Continued

A58\

Concept Description Out-degree (p,,,) Simplex dimension (q,)
Ky Reservoirs (massive buffer tanks for clean and recycled water) 1 0
K, Distribution network (main pipelines, manifolds, valves) 1 0
K Water consumers (grinding, classification, and separation units) 1 0
K Wastewater collection (sumps, heavy-duty slurry pumps) 1 0
K, Tailing dump (water settling and natural clarification process) 1 0
Kq Recycled water pumping station (returning water to the plant) 1 0
K, Sensors (flow meters, level gauges, radiometric density meters) 2 1
Ko PLC/SCADA (local programmable logic controllers for direct loop control) 1 0
Ky, Adaptive-optimisation module (high-level balance control server) 2 1
K, Actuators (frequency converters on pumps, control valves) 3 2
Ky Disturbances (changing input ore characteristics, hardness, iron content) 1 0

Notes: the table presents the calculated out-degrees and simplex dimensions for each conceptual node within the proposed

topological model
Source: developed by the authors

Following the dimensional analysis of the out-de-
grees for each concept, the structural vector of the
complex Q, was formed. This vector effectively reflected
the number of mathematically connected components
participating in the formation of the hierarchy at each
discrete dimensional level g. The resulting vector was
0,=(13,3,1). This rigorously reflected the management
architecture of the plant: at the highest executive level
of physical influence (g=2), there was exactly one com-
plex node consisting of the integrated actuators (K,,); at
the intermediate informational level (g = 1), there were
three distinct nodes dedicated to information collec-
tion and global optimisation (K,, K,,, K;;); and at the
base foundational level (g=0), all 13 technological and
environmental nodes participated as the groundwork
of the complex.

To definitively confirm the non-homogeneous na-
ture of the structure, the index of uniform distribution
of links of the directed graph (e?) was calculated using
the variance of the out-degrees. Given that the average
vertex degree was approximately 1.31, the computation
yielded €2=4.77.Since the calculated value significantly
exceeded the standard threshold of 3.0, it mathemat-
ically proved that the system was fundamentally not
homogeneous. It possessed pronounced, high-degree
hub nodes that forced a rigid, star-like management hi-
erarchy upon the underlying physical hydraulic system.

For a more detailed topological analysis and identi-
fication of structural bottlenecks in the network, the con-
structed adjacency matrix A was further examined from
the perspective of vertex in-degree. The column-wise
analysis of the matrix indicates that the highest topo-
logical load is associated with the wastewater collec-
tion node K, and the technological consumer block K.
In the context of dynamic processes within the ben-
eficiation plant, these components act as pronounced
topological bottlenecks. They aggregate the largest
share of incoming material, hydraulic, and information
flows, which makes them particularly vulnerable to

cumulative process disturbances. From a hydraulic and
process engineering perspective, this concentration of
inflows implies a reduced degree of operational redun-
dancy in these nodes. In particular, any perturbation
propagating through upstream subsystems is amplified
at these convergence points due to the superposition of
multiple flow streams. This effect is further intensified
under non-stationary operating conditions, where vari-
ability in flow rates and processing delays leads to tem-
poral desynchronisation of interconnected units. Spe-
cifically, node K, receives discharged hydraulic streams
from multiple processing stages. Any asynchrony in
equipment operation during observed peak flow fluc-
tuations with amplitudes of approximately 100 m® per
hour may trigger instantaneous overflow of technolog-
ical sumps and cause an emergency shutdown of the
closed-loop system. In such conditions, even short-term
deviations from nominal operating regimes can initiate
cascading imbalances across the downstream sections
of the network. Node K, demonstrates a similar vulner-
ability pattern, as it serves as a major aggregation point
for technological consumers with heterogeneous de-
mand profiles. The interaction between variable input
streams and fluctuating consumption intensifies inter-
nal pressure variability and increases the likelihood of
transient overload states. Thus, the mathematical iden-
tification of recipient nodes with maximal p in demon-
strates that the deployment of high-dimensional con-
trol simplices, actuators of level g=2 and sensors of
level g=1, should be spatially and logically concentrat-
ed around these bottleneck areas. This configuration en-
sures targeted damping of incoming flows and reliably
prevents cascade failures within the hydraulic network.

The identification of actuators (K,,) as the high-
est-dimension simplex (g = 2) fundamentally guides
the theoretical optimisation process for the plant.
Since water supply pumps currently often rely on de-
terministic relay-contact logic (simple on/off switch-
ing), which results in excessive pipeline pressure,
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uncoordinated water delivery,and sump overflows dur-
ing the 100 m/h fluctuations, the physical modernisa-
tion must be strictly targeted at these specific nodes.
The obtained mathematical model allows to theoret-
ically recommend upgrading traditional direct-on-line
pump starters to variable-frequency drives (VFDs) and
electrically controlled modulating valves. Theoretical-
ly, these advanced g =2 actuators would dynamically
adjust the pump speed based on continuous real-time
signals from the g=1 sensor arrays. This targeted hard-
ware intervention is projected to prevent destructive
pump surging and stabilise the exact water-to-solid
ratio required by the grinding mills, which would re-
sult in substantial theoretical savings in specific fresh
water consumption.

Historically, water supply at enrichment plants was
designed using strictly deterministic, static balance
models. For instance, T.S. Airapetian (2010) investigated
the mechanical and hydraulic layouts of these systems,
concluding that the primary design focus should be on
the staticvolumetric capacities of sumps to bufferincom-
ing flows. Similarly, V.O. Smyrnov & V.S. Biletskyi (2002)
evaluated the maximal throughput of heavy-duty
slurry pumps, establishing it as the fundamental cri-
terion for continuous operation. A.K. Zapolskyi (2005)
analysed industrial water quality and emphasised the
absolute necessity of massive circulating water vol-
umes to maintain baseline technological parameters
without considering dynamic adjustments. Further-
more, early control strategies were largely limited to
basic relay-contact logic, as discussed by A.M. Matsui et
al.(2013),who demonstrated that simple on/off switch-
ing was the standard for drum mills. Finally, L.F.R. Ca-
margo et al. (2018) highlighted the persistent trade-off
between productivity and quality in iron ore mining
simulations under static control, proving that without
adaptive systems, output quality inevitably fluctuates.
Current findings fundamentally differ from these his-
torical models. By applying simplicial analysis, it was
mathematically proved that the network possesses a
hidden multidimensional hierarchy. While traditional
methods struggled to handle the extreme 100 m3/h hy-
draulic fluctuations caused by circulating loads, current
topological identification of executive hubs provides
a theoretical basis for dynamic, real-time balancing.

The targeted theoretical optimisation of actuators
identified by current structural vector directly sup-
ports contemporary energy efficiency and resilience
goals. M. Bras et al. (2025) investigated the cost-effi-
ciency of continuous pump scheduling in water supply
systems, concluding that optimisation models signifi-
cantly reduce energy costs compared to manual op-
eration. Current identification of g =2 hubs provides
the exact topological targets where such advanced
scheduling technologies should be deployed. Further-
more, X. Tian et al. (2017) applied multi-scenario pre-
dictive control for water resources, demonstrating that

ensemble forecasting improves operational reaction
times to disturbances. Their conclusions confirm cur-
rent hypothesis that managing external disturbances
(Ky5) requires focusing predictive algorithms on key
control nodes. Regarding network stability, Y. Yang &
E.Y.Lo (2025) explored the resilience of interdependent
infrastructure systems using synthetic mathematical
modelling, proving that topological interdependencies
are crucial for maintaining continuous service during
disruptions. Similarly, A. Ponti et al. (2021) proposed
graph-based vulnerability metrics specifically for urban
water distribution networks, establishing that evaluat-
ing structural redundancy is vital for identifying critical
failure points. Current calculated positive structural re-
dundancy indicator (R, = 0.31) serves as a micro-level
equivalent to their macro-level resilience metrics, math-
ematically confirming the enrichment plant’s inherent
ability to withstand severe technological disturbances.
In contrast to rigid historical routing, this topo-
logical abstraction perfectly prepares the system for
modern artificial intelligence, which aligns with recent
advanced studies. X. Fan et al. (2022) developed a deep
reinforcement learning model for resilient water distri-
bution networks, concluding that artificial intelligence
can drastically improve repair and rerouting decisions.
X. Zhao et al. (2024) formulated chance-constrained
optimal power-water flow assisted by deep neural net-
works, demonstrating that iterative algorithms success-
fully manage the energy-water nexus uncertainties.
G.Vittori et al. (2025) highlighted the exceptional capa-
bilities of graph neural networks in processing spatial
data for complex networks, confirming that they outper-
form traditional models in predicting hydraulic states.
However, predictive models require a physically mean-
ingful topological foundation to function accurately, as
noted by J.Wang et al. (2025), who concluded that trans-
fer learning relies heavily on structural similarities be-
tween networks. Current methodology provides exactly
this missing deterministic foundation by mapping the
exact informational weights of each node prior to train-
ing. Furthermore, Z. Li et al. (2025) developed a pipeline
leakage detection method based on graph convolution-
al networks, emphasising that the algorithm’s accuracy
strictly depends on the strategic placement of moni-
toring equipment. S.Yang et al. (2025) explored anom-
aly management using artificial intelligence, proving
that reliable data collection from specific nodes is re-
quired to prevent false alarms. Finally, N.D. Suzaimi et
al. (2025) demonstrated that intelligent control and
machine learning drastically improve overall industri-
al wastewater treatment efficiency. Current topological
analysis complements all these studies by providing a
mathematically rigorous criterion for sensor and ac-
tuator deployment, theoretically dictating that smart
equipment must be concentrated exclusively around
the highest-dimension simplices (g 1) to maximise the
effectiveness of future system integration.
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Conclusions

The comprehensive topological analysis of the water
resource distribution system at the enrichment plant
section successfully demonstrated the profound ne-
cessity and effectiveness of mathematical formalisa-
tion in modern industrial engineering. By applying the
principles of algebraic topology, the complex techno-
logical network was systematically decomposed and
evaluated, moving decisively beyond traditional, flat
hydraulic models. The quantitative assessment of
structural redundancy, yielding a positive indicator of
R,=0.31, mathematically verified that the network is
highly connected, robust, and inherently capable of
dynamic rerouting without structural breaks. This re-
dundancy is critical for maintaining theoretical op-
erational stability during periods of severe techno-
logical disturbances, such as the massive hydraulic
fluctuations reaching nearly 100 m/h caused by cir-
culating sand loads.

recommends the targeted implementation of varia-
ble-frequency drives and real-time adaptive control. If
implemented according to this topological model, de-
structive pump surging could be theoretically eliminat-
ed, and the exact water-to-solid ratio required by the
grinding mills would be stabilised, which is projected
to lead to a substantial reduction in specific electrical
energy and fresh water consumption. The theoretical
results obtained in this study establish a rigorous, de-
terministic foundation for the future digitalisation of
the mineral processing industry. The primary prospect
for future research lies in integrating these mathemat-
ically derived topological abstractions directly into
the training pipelines of artificial intelligence systems,
specifically graph neural networks. By providing ma-
chine learning algorithms with a physically meaning-
ful structural map prior to deployment, future research
can focus on developing fully autonomous, predictive
control architectures that are highly resistant to data
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AHoTauif. YnpaBniHHS BOAHMM rOCMOAAPCTBOM CyYaCHUX PyAHMX 36arauyBasbHKUX GabpuK BUMArae 3aCTOCyBaHHS
HOBITHIX MeTOAiB TONONOMYHOMO aHanisy AN ONTMMI3aLii iXHbOI CKNagHOI iHPOPMaLIMHO-KEpYHUOT apXiTeKTypH
nepen, BNpOBa[XXeHHAM iHTeNeKTyasbHUX CMCTEM KepyBaHHS Ha 6a3i anropuTMiB MalWMHHOIO HAaBYaHHS. 3 OrNsay Ha
Lie, ro/I0BHO MEeTO poboTH ByNo KOMMIEKCHe AOCNILKEHHS CTPYKTYPHOT 3B'I3HOCTI Ta BU3HAYEeHHS TOYHOI iepapXii
yNpaBniHHS CUCTEMM PO3MNOLINY BOLHUX pecypciB cekuii 36arayyBanbHOi pabpukuy i3 3aCTOCYBaHHAM MeTOA0NOrii
CUMMNILIANbHOMO aHanisy A4a9 noAanblioi MiHiMisauii nutomMmx eHeprosuTpaT. JocnigpkeHHs 6asyBanocs Ha
dyHOAMEHTaNbHUX NpUHLUMNAxX anrebpaiyHoi Tononorii. fonoBHMM 06€EKTOM BUCTYNana ToMooriyHa rpad-moaens
CMCTEMM BOLOMOCTAYaHHe, fKa 6yna AEeKOMNO3MpOBaHA Ha TPUHAAUATb K/HOYOBMX KOHLENTIB, WO BK/KYaIM
TEXHOJONiYHI anapaTtH, AaTYMKK Ta KEPYIOYi MOAYNT NOKaNbHUX | BEPXHiX piBHIB. OTpMMaHi pe3ynstati nigTBepamuu
BMCOKY e(deKTMBHICTb 3aMponNoOHOBAaHOr0 MaTeMaTuyHoro niaxoay. ns pospobneHoi cuctemn 6yno nobyaoBaHo
MaTpULIKD CYMDKHOCTI Ta pO3pax0BaHO MOKAa3HUK CTPYKTYPHOI 36MTKOBOCTI, IKMI1 CKNaB AoAaTHe 3HayeHHs R, =0,31.
Lle ctporo MaTemMaTMyHO MiATBEPAMNIO HASIBHICTb BUCOKOI 3B'I3HOCTI, BIACYTHICTb PO3PUBIB Ta HaAiMHe BHYTPIWHE
pe3epBYyBaHHA TEXHOMOriYHOI Mepexi. KpiM Toro, BUKOHAHO MOKPOKOBWM GaraTOBUMIpHWIA aHani3: BM3HA4YeHO
PO3MipHICTb KOXXHOr0 OKPEMOro CMMNIeKCy,CPOPMOBaHO BiAMNOBIAHI KNACcK eKBiBaNIEHTHOCTI Ta 3reHepOBaHO NepLUni
CTPYKTYPHWMI1 BeKTOp TononoriyHoro komnnekcy Q,=(13,3,1). Po3paxyHOK iHAEKCY PiBHOMIPHOrO po3Mofiny 3813KiB
opieHTOBaHoro rpada e€?=4,77 foBiB HAfBHICTb XOPCTKOT iEpapXiYHOT CTPYKTYPU 3 AICKPABO BMPAXKEHUMM LLEEHTPAMM
BM/AMBY, MOBHICTIO CNPOCTYBaBLIK FiNnoTe3y MpO OAHOPIAHICTb Mepexi. BCTaHOBMEHO, WO HavBULLY TOMONOTiYHY
pO3MipHicTb hOpMyBanu came aganTUBHO-ONTUMI3aLiiHUIA MOy b Ta IHTErpOBaHi BUKOHABYI MeXaHi3Mu (=1 Ta
g = 2). lNpakT1yHa LiHHICTb OOEepPXaHMUX pe3ynbTaTiB NOAAra€ y TOMy, WO BOHW CHOPMYBANM HafiliHe TOMOMOriYHe
NiarpyHTS ANs MaWbyTHbOro po3ropTaHHs rpadoBMX HEMPOHHUX Mepex. BM3HauyeHHs CMMNNeKkciB HalBULLOI
pPO3MipHOCTI 4O3BOASE ONTMMI3yBaTM anapaTHe PO3MilLeHHS AATYMKIB, CYTTEBO MiABULLMTU HALIMHICTb OKANbHUX
KOHTYpiB PEryfoBaHHS Ta 3HU3UTU MUTOMI BUTPATU ENeKTPUYHOI eHeprii i CBIXXOi BOAM 3a paxXyHOK TapreTHoro
yNpaBniHHSA rigpaBAiYHUMKM NOTOKAMK B YMOBAX AMHAMIYHOI 3MiHM bi3UYHMUX XapaKTepUCTUK BXiAHOI pyan
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Abstract. Deep underground excavations at great depths are characterised by increased rock pressure, floor heave,
and instability phenomena that significantly alter the loading conditions of steel arch supports. Conventional
quasi-static calculation models do not fully account for the transition to impulsive loading associated with the
loss of elastic-plastic stability of the surrounding rock mass. The objective of this study was to develop and
substantiate a two-phase loading model for steel arch supports in deep underground excavations, accounting for
nonlinear interaction with the rock mass. The methodology combined analytical modelling based on the theory
of a curved beam on an elastic foundation, finite element simulations, and comparison with in situ monitoring
data. This integrated approach enabled analysis of the stress-strain evolution of the “support-rock mass” system
and identification of a phase transition criterion. The results demonstrate significant differences in the stress-
strain state of the steel support between quasi-static and impulsive phases. A phase transition criterion based on
a critical excavation contour displacement is proposed and substantiated. In the first phase, maximum bending
moments are concentrated at the arch crown and depend on displacement amplitude and flexural stiffness. In the
second phase, loading becomes impulsive, and peak bending moments shift towards the support zones depending
on the roof collapse configuration. The redistribution of internal forces under nonlinear contact interaction, as well
as the influence of anchor stiffness, are analysed. It is shown that impulsive loading may lead the support to its
ultimate limit state even when quasi-static conditions appear acceptable. The findings can be applied in the design
and assessment of steel supports in deep mine workings and in the development of monitoring systems for early
prediction of stability loss

Keywords: stress-strain state; heaving; geomechanical interaction; bifurcation model; bending moments

Introduction

Ensuring the stability of underground workings at great It has been established that at depths of 500 m and
depths remains a critical issue in geomechanics and  greater, stress redistribution leads to intensified plas-
mining engineering due to increasing in situ stress tic deformation, the formation of cracking zones, and
levels and the complex behaviour of the rock mass. loss of stability in excavation roofs. Floor heave and the
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associated displacements of the rock mass significantly
affect the loading conditions of support systems. Under
such conditions, conventional quasi-static approaches
are often insufficient to describe the evolution of the
stress-strain state of the “support-rock mass” system.
Recent studies indicate that floor heave remains
one of the primary mechanisms of instability in deep
underground excavations. Statistical analyses of under-
ground transport tunnels demonstrated that floor uplift
is controlled by geological structure, stress redistribu-
tion, and the mechanical properties of the surrounding
rock mass.Modern support strategies therefore combine
reinforcement of the floor zone with improvements in
support-rock interaction in order to limit progressive
deformation (Liu et al., 2024). Additional investigations
of deep soft-rock tunnels confirmed that deformation
control requires not only strengthening of support sys-
tems but also pressure-relief measures and optimisa-
tion of excavation support schemes (Ling & Ying, 2024).
M. Ma et al. (2022) investigated optimal support solu-
tions for soft rock roadways using numerical modelling
based on the Drucker-Prager yield criterion and demon-
strated that appropriately designed combined support
systems substantially reduce roadway deformation and
improve excavation stability. Field investigations and
numerical analyses conducted by Z. Tao et al. (2020) fur-
ther showed that severe deformation in deep soft-rock
tunnels results from the combined effects of high in
situ stress, weak rock properties, and time-dependent
behaviour, while integrated support systems compris-
ing high-strength rock bolts, steel arches, and shotcrete
provide the most effective deformation control. In ad-
dition to the immediate effects of stress redistribution,
the long-term behaviour of deep underground excava-
tions is strongly influenced by time-dependent defor-
mation processes. Progressive deterioration of rock
mass properties, creep, and stress relaxation may grad-
ually bring the surrounding rock mass to a critical state
even after excavation and support installation. K. Arora
& M. Gutierrez (2021) demonstrated that viscous-elas-
tic-plastic deformation mechanisms play a fundamen-
tal role in the evolution of squeezing ground conditions
and significantly affect tunnel behaviour over time.
Similar conclusions were reported by G. Li et al. (2020),
who showed that deformation and failure processes
in deep soft-rock roadways develop progressively and
substantially influence support performance. The im-
portance of time-dependent deformation was also con-
firmed by Q. Zhu et al. (2024), who demonstrated that
creep significantly accelerates failure evolution in deep
high-stress roadways and contributes to the progres-
sive deterioration of surrounding rock stability. Recent
studies have increasingly emphasised that excavation
stability should be analysed within the framework of a
coupled rock-support system rather than by consider-
ing support structures separately. T. Yang et al. (2023)
demonstrated that instability development and support

efficiency are strongly controlled by the interaction be-
tween reinforcement systems and the surrounding rock
mass. Analytical investigations performed by K-H. Ahn
& A. Pouya (2023) further showed that contact interac-
tion between tunnel support and surrounding rocks sig-
nificantly affects load transfer mechanisms and stress
redistribution around underground openings. Similarly,
R-C.Fu et al.(2024) developed an exact analytical solu-
tion for deep tunnels considering viscoelastic-plastic
rock behaviour and the actual excavation loading path,
demonstrating that loading history has a substantial
influence on stress redistribution and tunnel deforma-
tion. Because direct observation of stress redistribution
and support loading mechanisms in deep underground
excavations is difficult, numerical modelling has be-
come one of the principal tools for investigating ge-
omechanical behaviour. Numerical studies conducted
by I. Sakhno & S. Sakhno (2023) demonstrated the ef-
fectiveness of computational approaches in analysing
floor heave development and evaluating reinforce-
ment efficiency. Similarly, R. Fan et al. (2024) showed
that numerical models provide valuable insight into
deformation evolution and the identification of condi-
tions leading to excavation instability. Geomechanical
investigations by M. Kimour et al. (2023) likewise con-
firmed that numerical modelling integrated with rock
mass classification methods provides a reliable basis
for excavation design and stability assessment under
complex geological conditions. Such approaches cre-
ate a methodological basis for analysing the stress-
strain state of the “support-rock mass” system and for
developing advanced loading models. Another impor-
tant feature of deep underground excavations is the
possibility of abrupt changes in the stress-strain state
during instability development. Experimental investi-
gations performed by H. Shi et al. (2023) demonstrated
that fractured rock masses exhibit complex mechanical
behaviour under dynamic loading conditions, leading
to significant changes in strength characteristics and
failure mechanisms. Such observations indicate that
instability development cannot always be adequately
represented by conventional quasi-static approaches
alone, particularly when critical deformation states are
reached. Physical simulation experiments conducted by
S.Zhang et al. (2026) further demonstrated that large
deformation of surrounding rocks in deep high-geos-
tress roadways develops through progressive damage
accumulation, highlighting the importance of incorpo-
rating realistic deformation mechanisms into support
design and stability assessment.

Despite significant advances in the investigation of
floor heave mechanisms, deep roadway stability, sup-
port technologies, and support-rock interaction, ex-
isting studies are primarily focused either on gradual
deformation processes or on individual manifestations
of instability. Considerably less attention has been de-
voted to the transition between these states and its
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influence on the loading conditions of steel arch sup-
ports. In particular, the evolution of support loading
from deformation-controlled behaviour to a regime
characterised by rapid stress redistribution remains in-
sufficiently formalised within existing geomechanical
models. Therefore, the development of a two-phase ap-
proach capable of describing both gradual deformation
accumulation and its subsequent transformation into
intensified support loading remains an important scien-
tific and engineering problem. The aim of this study was
to develop and validate a two-phase loading model for
steel arch supports in deep underground excavations
that accounts for the nonlinear interaction between
the support system and the surrounding rock mass.

Materials and Methods

The performance of underground excavations support-
ed by steel arch systems was analysed taking into ac-
count the interaction in the “support-rock mass” system
under increasing geostatic pressure and contour defor-
mation. A two-phase loading scheme was adopted: a
phase with controlled deformation, characterised by
a gradual increase in the displacements of the exca-
vation contour, and a phase of suddenly applied stat-
ic load, which occurs after the loss of stability of the
excavation bottom. The transition between the phases
was governed by a predetermined critical displacement
criterion corresponding to the onset of instability. The
computational domain was represented as a fragment
of the excavation under plane strain conditions, explic-
itly taking into account the geometry of the cross-sec-
tion. The model dimensions were selected to eliminate
the influence of boundaries in the central analysis zone.
Anchor elements were located in accordance with the
design configuration of the support system.

The research methodology was based on an inte-
grated combination of analytical methods of deform-
able solid mechanics, numerical modelling using the
finite element method (FEM) or the discrete element
method (DEM), and comparative analysis with field ob-
servations. This approach ensured consistency between
theoretical assumptions and field monitoring data. The
analytical model of the steel arch support and its be-
haviour was described using the classical model of a
curved beam on an elastic foundation (Winkler foun-
dation model). Within this framework, the surrounding
rock mass was represented as a system of distributed
elastic springs, the stiffness of which characterised the
resistance of the rock mass to deformation. The govern-
ing differential equation describing the deformation of
the steel arch under the influence of external loading
and the reaction of the rock mass was written in the

following general form:
Id4u(x)/dx4 =R(x, t), 1)

where u(x, t) - the vertical displacement of the support
element at point x and time ¢; £/ - the bending stiffness
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of the steel element; R(x, t) - the distributed load exert-
ed by the surrounding rock mass The internal forces in
the model are determined by the combined stiffness of
the surrounding rock mass, the anchor reinforcement
system, and the steel arch support, which is consistent
with contemporary approaches to support-rock interac-
tion modelling (Ahn & Pouya, 2023; Yang et al., 2023).
For rock bolt support:

N=k(u,-u,)=E-¢, ()

where k, - the anchor stiffness; u, and u, - the displace-
ments of the anchor and the surrounding rock mass, re-
spectively; and ¢ is the anchor strain. For the steel arch
support, the normal forces, shear forces, and bending
moments are considered.

Normal force:

nop)

—gp.
N=EA-2 (3)

Shear force:
dM
o “4)

Bending moment:

M=-El- d*w/ds?, (5)

where E - the modulus of elasticity of the arch; A -
the cross-sectional area; / — the moment of inertia of
the projected profile; u and w are the longitudinal and
transverse displacements, respectively, and s - the co-
ordinate along the arch. These expressions make it pos-
sible to describe the stress-strain state of the combined
support system under complex external loading and to
evaluate the interaction between support elements
and the surrounding rock mass under varying geome-
chanical conditions (Ahn & Pouya, 2023). The analytical
framework combines methods of deformable solid me-
chanics with numerical modelling based on the finite
element and continuum approaches. Similar method-
ologies have been successfully applied in the analysis
of floor heave development, support performance, and
excavation stability in deep underground workings
(Sakhno & Sakhno, 2023; Fan et al., 2024). A compar-
ative analysis was performed between the measured
excavation contour displacements obtained from field
monitoring and the corresponding analytical and nu-
merical predictions, which is consistent with modern
practices in geomechanical research.

Ensuring the stability of deep underground excava-
tions remains a critical issue in modern geomechanics
and geotechnical engineering. Studies of deep soft-
rock roadways demonstrated that increasing depth is
associated with higher stress concentrations, enhanced
deformation of the surrounding rock mass, and deterio-
ration of excavation stability conditions (Li et al., 2020).
Furthermore, investigations of floor heave mechanisms
confirmed that deformation of the excavation floor
represents one of the principal manifestations of in-
stability and therefore should be explicitly considered

b/
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in geomechanical calculations and numerical analyses
(Mo et al., 2020; Sakhno & Sakhno, 2023). The oper-
ational performance of underground excavations is
ensured through the installation of steel arch support
systems. Two loading phases are considered: a defor-
mation-controlled phase under prescribed, gradually
increasing displacements; a phase of impulsive distrib-
uted loading occurring after the loss of stability of the
excavation floor. The proposed model is based on the
concept of piecewise-continuous loading, with phase
transition governed by a predefined critical displace-
ment criterion.

The computational domain represents a fragment
of the excavation under plane strain conditions, explic-
itly accounting for the geometry of its cross-section.
The size of the modelling domain is selected to elim-
inate the influence of boundary conditions on results
obtained in the central region. Anchor elements are
positioned according to the design specifications. The
geomechanical parameters of the support-rock system
include rock mass mechanical properties, excavation
depth, cross-sectional dimensions, support type, and
steel profile characteristics. Rock mass properties are
evaluated based on laboratory test results, field inves-
tigations, and numerical modelling. Key parameters in-
clude the elastic modulus, Poisson’s ratio, uniaxial com-
pressive strength, uniaxial tensile strength, internal
friction angle, cohesion, and specific adhesion. These
parameters govern the resistance of rocks to com-
pression and shear and are critical for assessing the
geomechanical conditions surrounding the excavation
and for selecting a rational support system. The contact
between the support and the surrounding rock mass
is mathematically described as a nonlinear interaction
between two structural elements. At the initial stage,
load transfer occurs elastically, followed by a transition
to plastic contact behaviour as deformation progresses.
Consideration of contact friction characteristics, support
stiffness, and non-uniform load distribution is essential
in numerical simulations. These effects are modelled
using specialised contact elements implemented in
software packages such as FLAC3D, ABAQUS, or UDEC.

Depending on excavation depth and rock mass
structure, the following primary failure mechanisms are
considered: brittle failure with crack formation, plastic
deformation, shear failure, and combined mechanisms.
At great depths, elevated stress levels promote pre-
dominantly plastic and combined failure modes. Failure
zones are identified using the Mohr-Coulomb criteri-
on or alternative strength criteria, depending on the
adopted material model and research objectives. Dur-
ing interaction with the rock mass, normal and shear
forces develop within the steel arch elements and vary
along the excavation perimeter. Their analysis is per-
formed using limited equilibrium methods, the finite
element method, or semi-analytical approaches. Inter-
nal forces-bending moments, shear forces, and axial

forces-define the load-bearing capacity of the support
elements and serve as key criteria for optimising sup-
port profiles. Three main stages of support performance
during rock mass deformation are distinguished: an in-
itial elastic stage, where the support operates within
elastic limits; an intermediate stage, characterised by
plastic deformation of the surrounding rock mass and
partial load transfer to the arch; a critical stage, in
which the contact zone fails, and the support operates
under limit conditions. These stages describe the tem-
poral evolution of loads acting on the support system.

The structural characteristics of the steel arch sup-
port, including the profile of steel sections, connection
methods, and the presence of additional reinforcing el-
ements, significantly influence its stiffness and stability.
Analyses indicate that closed-loop systems reinforced
with stiffening ribs provide a more uniform load dis-
tribution. The selection of support bearing points and
support conditions is also crucial and depends on ex-
cavation width and lateral pressure characteristics. Ac-
counting for secondary deformations during long-term
operation of deep underground excavations is essen-
tial,as these are associated with rock creep and delayed
settlements. Such processes may lead to additional
loading of the support even after primary deformations
have stabilised. To capture these effects, viscoelastic
and rheological models must be employed, enabling
prediction of the long-term evolution of the stress-
strain state of steel arch support throughout the ser-
vice life of the excavation. A necessary condition for im-
plementing long-term prediction is the determination,
through in situ investigations, of parameters describing
the deformation characteristics of the rock mass, name-
ly the time-dependent relationships of changes in the
elastic modulus and Poisson’s ratio.

Results and Discussion

The result of the study was the development and an-
alytical study of a two-phase model describing the
stress-strain state of a steel arch support in permanent
underground workings. The model took into account
the interaction with the surrounding rock mass, the
transition from a quasi-static to an excited (impulse)
state of loading, and separate mechanical mechanisms
controlling each phase. The steel arch was modelled
as an elastic curved beam with length L and bending
stiffness E/. Hinged supports were provided at the base
of the arch, where steel anchor bolts could be installed.
The surrounding rock mass was represented as a sol-
id medium capable of elastic-plastic behaviour with
dilatancy after critical stress or deformation thresholds
were exceeded. The interaction between the arch and
the surrounding rock mass in both loading phases was
analyses under plane deformation conditions.

The computational scheme considered a steel arch
optionally reinforced with anchorage elements at the
support points. In the first loading phase, the arch was
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subjected to a distributed displacement field w(x) in-
duced by the deforming surrounding rock mass. In the
second phase, the loading was represented by a con-
centrated or distributed load g(x) simulating the effects
of roof instability or sudden stress redistribution. As an
illustrative example, a standard double-track under-
ground excavation supported by a steel arch made of
SVP-27 special profile was analyses. The adopted pa-
rameters were: L=8.58 m; E/=6 x 10° N/m?; critical dis-
placement w,,=0.30 m; the load distribution g(x) is as-
sumed to be piecewise constant. The modelling domain
was defined so that the object of investigation was the
steel arch support interacting with the surrounding
rock mass deforming toward the excavation under in
situ stresses and anthropogenic influences. The subject
of investigation was the stress-strain state of the steel
arch support. The surrounding rock mass was repre-
sented as a heterogeneous system including: a bound-
ary zone of inelastic deformation; a fracture develop-
ment zone; a direct contact zone where loosened rock
interacted with the steel arch. The boundaries between
modelling phases were determined based on field ob-
servations, geophysical measurements, and analytical
assessment of critical displacement conditions.

The proposed loading model can be described as
one of the options, as a time-dependent function that
accounts for two distinct stages:

Rx, )= (1=x(8) - k(x)ulx, 1) + x(@) - (-q(),  (6)

where k(x) — the modulus of the rock’s elastic reaction;
g(x) - the intensity of the uniform vertical pressure
from the collapsed mass; x(t) - the Heaviside function,
which defines the transition between the stages.

The transition between the loading regimes occurs
when the critical vertical displacement in the floor rock
mass is reached:

x(©)={0, 6(t) < dcrl, &(t) 2 Skp, (7)
where 6¢cr=0.3 m. The value 6cr=0.3 m was determined
empirically for the geological and mining conditions
of the Western Donbas coal basin based on field ob-
servations of floor heave processes and stability loss
in deep excavations. This parameter should be consid-
ered as a calibrated value applicable to similar geome-
chanical environments. The critical displacement can
be expressed in a generalised form as &cr=f(H, oc, E,
S), where H — mining depth; oc - compressive strength
of floor rocks; E - deformation modulus; S - support
stiffness. However, for the considered case study, this
relationship was simplified by adopting the empirically
established value 6cr=0.3 m.

First regime: the displacements of the arch ends
are prescribed. An approximate form of the displace-
ment is used:

ux)=u,,/2 * (1 - cos(rx/L)), x € [0, L]. (8)
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From this, the reaction of the rock mass can be de-
termined:

R (x) = k(x) * u(x), ©)

and the bending moment:

M, (x)=-El*(u,,,, * m*/(2L%) = cos(rx/L). (10)

max

Second regime: the load from the roof collapse is
prescribed. This occurs after floor heave and the forma-
tion of roof falls:

R,(x) = =q(x), q(x) = const =q,. (11)

A new form of u(x) - determined, taking into ac-
count the boundary conditions, followed by the updated
distribution of bending moments:

M,(x) = -1 x d2u(x)/dx2. (12)

At the lower boundary of the digital model, fixed
support conditions (zero displacement) are imposed. At
the lateral boundaries, either symmetry or prescribed
displacements are applied, depending on the symmetry
of the problem. The upper boundary may be free or sub-
jected to loading according to the depth of the excava-
tion. The initial stress state is assumed to be hydrostat-
ic or determined using justified empirical formulas.

Depending on the type of support, the boundary
conditions for the steel arch are as follows:

hinged support: u(0) = u(L) =0, MO)=M(L)=0; (13)

fixed support:u(0)=u(L)=0,du/dx|x=0=du/dx|x=L=0.(14)

Anchors are represented as elements that trans-
fer loads to the rock mass through a contact zone.
Their behaviour is defined by elastic properties (stiff-
ness) as well as the parameters of the ultimate force
at which failure occurs. Nonlinear contact interaction
is modelled between the anchor and the surrounding
rock mass. The model accounts for adhesion, possible
micro-movements, friction, and strength reduction
due to loosening. Upon reaching the limit conditions,
detachment or sliding is implemented. For long-term
prediction of the support system’s behaviour, rock
creep is taken into account. Rheological models such
as Norton-Bailey, Burger, or others, which describe the
dependence of deformation on time and stress, are ap-
plied. This allows considering the relaxation of loads
in the “rock mass-support” system. Analytical solutions
are possible in simple cases (constant k, cosine-shaped
displacement); numerical implementation is carried
out using the finite element method (FEM). The mesh
is constructed with adaptation in zones of expected
stress concentration. Nonlinear solution procedures
with incremental load application and convergence
control are used. Load distributions R(x), displacements
u(x), and bending moments M(x) are constructed for
both phases.
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The stress-strain state of the support, as well as
the distributions of loads and bending moments for
both phases, are schematically presented in Figure 1a
and Figure 1b, respectively. These figures are intended
to illustrate the proposed mechanical concept rather
than represent specific measured data. Figure 1a sche-
matically presents the time-dependent response of
the “support-rock mass” system R(f) and illustrates the
mechanism of phase transition. The first phase corre-
sponds to the regime of prescribed deformations, in
which the load increases proportionally to the exca-
vation contour displacement up to the level level R,
at time t,. Point B denotes the attainment of a crit-
ical contour displacement associated with the onset
of elastic-plastic stability loss in the floor rocks and
the initiation of floor heave development. From this

R(1)

R, ____ —_—

|

R ____ B !

| |

| |

| |

| |

| |

1 |

a 0 o 5 t

M(x)

moment, the system transitions to the second phase,
characterised by a change in the interaction mecha-
nism and the formation of impulsive loading, reach-
ing the level R,. Figure 1b schematically illustrates
the variation in bending moment distribution within
the steel arch support during each phase. In the first
phase (prescribed deformation regime), a classical
bending moment diagram is formed, with maximum
values concentrated at the arch crown. In the second
phase (prescribed load regime), redistribution of inter-
nal forces occurs due to nonlinear contact interaction
and changes in loading configuration. This effect is
conditionally represented by the modified shape of the
bending moment diagram. Analysis of these depend-
encies allows identifying key features of steel support
behaviour in each phase.

@

© ®

0 X1 (S) 5 X2 L x

Figure 1. Conceptual schematic representation of the two-phase loading model
of a steel arch support in deep underground workings
Notes: a) evolution of the load acting on the support during the first and second loading phases; b) distribution of bending
moments in the support during the first and second loading phases
Source: developed by the authors based on the proposed theoretical model

In the first phase, under prescribed displacements
from the rock mass, bending moments are a function
of the deflection shape. The bending moment diagram
has a sinusoidal form, with a maximum at the centre of
the arch span. The maximum moment value is direct-
ly proportional to the displacement amplitude and the
flexural stiffness of the support. The support state in
this phase is considered quasi-static and controlled. In
the second phase, the bending moment distribution as-
sumes a classical form, transitioning from tensile forces
along the contour to compressive forces. The combined
moment diagram exhibits a complex shape depending
on the parameters of the distributions in each phase.
The presented calculations and diagrams illustrate
changes in the deflection shape, moment distribution,
and load nature in two fundamentally different phases.
This allows clear differentiation of the support opera-
tion regimes, which is essential for designing reinforced
structures adapted to real conditions at great depths.

Three main stages of the support’s behaviour during
rock deformation were identified: the first stage - the
elastic stage-during which the support operated within
the elastic range and load redistribution was moderate;
the second is the transitional stage, characterised by

plastic deformation of the surrounding rock and a grad-
ual transfer of the load to the arch; and the third stage is
the critical stage, during which contact deteriorated and
the support approached its limit state under increased
loading. These stages described the temporal evolution
of loads acting on the support system and clarified the
mechanism of transition from displacement-controlled
behaviour to load-controlled response. The structural
characteristics of the steel arch support-including pro-
file geometry, connection methods, and the presence
of reinforcing elements-were found to significantly
influence stiffness and load distribution. Closed-loop
systems reinforced with stiffening ribs provided a more
uniform redistribution of internal forces along the pe-
rimeter. The selection of bearing points and boundary
conditions was shown to depend on excavation width
and lateral pressure characteristics. Secondary defor-
mations associated with rock creep and delayed settle-
ments were observed to produce additional loading of
the support even after stabilisation of primary displace-
ments. To capture these long-term effects, rheological
and viscoelastic models were incorporated, enabling
prediction of the long-term evolution of the stress-
strain state throughout the service life of the excavation.
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The results obtained were compared with studies
of the last five years on the mechanisms of stability
loss in deep underground excavations. The increase in
plastic deformation with depth and the expansion of
loosening zones identified in this study were consist-
ent with the mechanisms of floor heave formation de-
scribed by S. Mo et al. (2020). Their research confirmed
that floor heave significantly influences support perfor-
mance. The present results supported this conclusion
and further specified the mechanical consequences of
this influence through a displacement-based instability
criterion. The change in stress distribution with increas-
ing geostatic pressure was consistent with the defor-
mation characteristics reported by G. Li et al. (2020),
Y. Ling & X. Ying (2024). However, unlike their work,
which primarily focused on empirical deformation ob-
servations, the present study introduced a formalised
bifurcation-based transition criterion that defined the
boundary between quasi-static and impulse phases.

The obtained results agree with the findings of
[. Sakhno & S. Sakhno (2023) and R. Fan et al. (2024),
who demonstrated that floor heave significantly in-
fluences excavation stability and support loading. The
present study further develops this concept through a
phase-dependent loading model. The numerical results
regarding sharp increases in bending moments under
instability conditions were consistent with the dynamic
response patterns described by H. Shi et al. (2023). At
the same time, the present model additionally demon-
strated the migration of maximum bending moments
from the arch crown toward the support zones during
the impulse phase, which was not explicitly formalised
in their analysis. The importance of nonlinear contact
interaction confirmed in this research corresponded to
the modelling results of K-H. Ahn & A. Pouya (2023).
Their conclusions indicated that neglecting contact
nonlinearity led to an underestimation of internal forc-
es. The present study supported this view and incorpo-
rated contact nonlinearity directly into the phase-de-
pendent formulation.

The nonlinear mechanical behaviour of steel arch-
es under high ground pressure described H. Shi et
al. (2024) confirmed that geometric and material
nonlinearities significantly influenced load-bearing
capacity. The obtained results were consistent with
these findings and demonstrated that such nonlinear
effects became especially pronounced during the im-
pulse loading stage. The time-dependent deformation
processes identified in this work were comparable
with the rheological behaviour reported by K. Arora &
M. Gutierrez (2021), R-C. Fu et al. (2024). Their results
emphasised the significance of creep effects in deep
roadways. The present study agreed with this interpre-
tation and incorporated long-term deformation into the
general stability framework. The effectiveness of rein-
forcement systems in controlling deformation of deep
soft-rock roadways was confirmed by the numerical
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investigations of C. Zhang et al. (2026). Their results
demonstrated that grouted rock bolting significantly im-
proved the mechanical response of the surrounding rock
mass and increased excavation stability under complex
geomechanical conditions. The present study supports
this interpretation and further extends it by demon-
strating that support performance is strongly influenced
by the phase-dependent evolution of loading condi-
tions associated with floor-heave-induced instability.

The obtained results demonstrated that instability
develops progressively and may be accompanied by sub-
stantial changes in the stress-strain state after reaching
a critical deformation level. This interpretation is con-
sistent with contemporary studies of deep roadway in-
stability but extends them through the introduction of
an explicit displacement-based transition criterion. The
monitoring-based assessment of deformation devel-
opment and support performance reported by S. Qin et
al. (2026) confirmed that instability evolves progres-
sively before reaching a critical state. The present find-
ings are consistent with this interpretation and provide
an analytical explanation of the observed deformation
evolution within a unified mechanical framework. The
probabilistic assessment of underground excavation
stability proposed by F. de Silva et al. (2023) demon-
strated the importance of accounting for uncertainty.
Although the developed model remained deterministic,
its structure allowed for further extension toward reli-
ability-based analysis, which was considered a promis-
ing direction for future research.

The rock mass characterisation principles formulat-
ed by M. Kimour et al. (2023) confirmed that accurate
mechanical parameterisation was essential for stability
prediction. The present study supported this method-
ological position and applied compatible mechanical
assumptions focused on phase evolution. In addition,
the numerical investigations of nonlinear support-rock
interaction conducted by T. Yang et al. (2023) demon-
strated that coupled behaviour significantly influenced
stress redistribution. The present results agreed with
this conclusion and integrated the coupled interac-
tion into the proposed framework. The mechanical
representation of the support as a structural element
interacting with an elastic foundation was conceptual-
ly consistent with the simplified finite element formu-
lation. The beam-on-two-parameter-foundation model
demonstrated that accounting for shear interaction
within the foundation layer significantly affected bend-
ing moment distribution and displacement patterns.
The present study agreed with this methodological
approach and extended it to deep underground con-
ditions by incorporating phase-dependent instability
development and nonlinear contact interaction. Unlike
the simplified elastic formulation adopted in their work,
the current model additionally captured the transition
to impulse loading and redistribution of internal forces
after reaching the critical contour. Field observations
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of large deformation control presented by S. Zhang et
al. (2026) confirmed that inadequate accounting for
floor heave led to progressive loss of stability. The cur-
rent findings supported this practical conclusion and
provided a theoretical basis for interpreting such cases.

Overall, the reviewed studies confirmed the rel-
evance of considering progressive deformation and
failure evolution in deep underground workings. Most
of the analysed works supported the key theses for-
mulated in this article regarding the decisive role of
stress redistribution, nonlinear interaction, and com-
bined loading. However, unlike existing models, the
present research formalised the impulse loading stage
through a bifurcation-based displacement criterion
and integrated nonlinear contact interaction, rheolog-
ical effects, bending moment migration, and analytical
load redistribution within a single consistent mechan-
ical framework. This unified approach provided a com-
prehensive interpretation of support behaviour under
deep geomechanical conditions and clarified the sim-
ilarities and differences between the obtained results
and contemporary scientific findings.

Conclusions

The necessity of considering the phased interaction be-
tween steel supports and the surrounding rock mass in
deep underground excavations has been substantiated.
It has been shown that the stress-strain behaviour of
the “support-rock mass” system cannot be adequately
described within a single loading regime due to funda-
mentally different mechanical responses before and af-
ter floor instability. A two-phase geomechanical model
has been proposed and analytically justified. The model
reflects the evolution of the stress-strain state during
progressive rock mass deformation and formalises the
transition between quasi-static and impulse loading
stages. In the first phase, prescribed deformations of
the surrounding rock mass are assumed. The support
behaviour is governed by controlled bending, and its
mechanical state is defined by the deflection geom-
etry and stiffness of the arch elements. The bending

moment distribution remains continuous and is primari-
ly dependent on the imposed displacement contour.The
transition to the second phase is triggered by the loss
of elastic-plastic stability of the floor rock, leading to
heave development, partial unloading of the surround-
ing mass, and local roof destabilisation. This transition
results in an impulsive loading regime accompanied
by rapid stress redistribution within the steel support.

The results demonstrate a fundamental difference
in bending moment distributions between the two
phases. After the onset of floor instability, the maxi-
mum bending moments shift from the arch crown to-
wards the support zones, while stress concentration
and internal forces increase significantly, raising the
likelihood of reaching the ultimate load-bearing ca-
pacity. A bifurcation-based displacement criterion has
been formulated to define the boundary between qua-
si-static deformation and impulse loading, providing
a physically justified indicator of instability initiation.
The analysis confirms that neglecting nonlinear con-
tact interaction and phase transition effects leads to
underestimation of internal forces and incomplete
representation of support performance. The proposed
model integrates nonlinear contact behaviour, stress
redistribution, bending moment migration, and long-
term deformation within a unified framework. The re-
sults are of both theoretical and practical significance,
contributing to improved support design reliability and
more accurate assessment of critical operational states.
Future work should focus on experimental validation,
three-dimensional modelling, probabilistic analysis,
and the development of design-oriented software tools.
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AHoTaujifa. Tnnboki nia3eMHi BMIMKM Ha 3HAYHWMX MMOMHAX XapaKTEPW3YIOTbCS MiABULEHMM TUCKOM FipCbKOi
nopoau, NigMoMoM Ha Ta SBMLLAMM HECTabiNbHOCTI, LLO iCTOTHO 3MiHIOKTb YMOBM HAaBAHTAXXEHHS Ha CTaNeBi apOYHi
onopu. TpaauuiHi KBa3icTaTUYHI pO3paxyHKOBI MOAeni He BPAaxOBYKTb Y MOBHIW Mipi nepexin [0 iMAYAbCHOro
HaBaHTAXXEHHS, MOBY3aHOr0 3 BTPATO NPYXKHO-MAACTUYHOI CTIMKOCTI HABKONMLLHbBOI ripCbKOi mopoan. MeToro aaHoro
pocnimxkeHHs 6yno po3pobneHHs Ta oOrpyHTyBaHHS ABO(]A3HOI MoAeni HaBaHTAXKEHHS AN CTaNeBUX apOvHUX
onop y mMunbOKMX Mig3eMHUX BUIMKaX 3 ypaxyBaHHAM HeNiHilMHOI B3aeMofii 3 ripcbkoto nopopok. Metogonoris
No€eAHyBana aHaniTM4He MOAENOBAHHS HA OCHOBI Teopii BUrHYTOi 6anku Ha Npy>XXHOMY dyHAAMEHTI, MOLENOBAHHS
METOAOM CKiHYEHHUX €NEeMEHTIB Ta MOPIBHAHHS 3 AAHUMM MOHITOPUHTY Ha Micui. Llel iHTerpoBaHui niaxig 403B0NMB
npoaHanisyBaTv eBOJIOLI0 HanpyXeHo-4edOopMaLiMHOro CTaHy CUMCTEMM «OMOpa-TipCbKa MOpPoAa» Ta BU3HAYUTH
KpuTepi ¢dasoBoro nepexony. Pe3ynbtatv AeMOHCTPYHOTb 3HAYHi BIAMIHHOCTI Yy CTaHi HanpyxeHHs-gedopmauii
CTaneBOoi ONOpM Mix KBA3iCTaTUYHO Ta iMMNYNbCHO (Ba3amu. 3anponoHOBaHO Ta 06I'PYHTOBAHO KpuTepilt pa3oBoro
nepexony, 33aCHOBaHUM Ha KPUTUYHOMY 3MilLleHHI KOHTYpY BMIMKW. Y nepuin $asi MakCMManbHi 3rMHanbHi MOMEHTH
30CepeXyTbCs Ha BEPLUMHI apKy Ta 3anexaTb Big, aMnNiTyau 3MilLeHHS Ta XOPCTKOCTI Ha 3ruH. Y apyrin ¢asi
HaBaHTaXeHH$ CTAE iMMYAbCHUM, @ MiKOBi 3rMHAIbHIi MOMEHTM 3MiLLYOTBCS Y BiK 30H OMOPYM 3aeXHO Bif KoHdirypauii
obBany nokpisni. NpoaHanizoBaHo Nepepo3nofin BHYTPIWHIX CMA 3@ YMOB HENiHIMHOI KOHTaKTHOI B3aEMoii, a
TaKOX BMIMB XXOPCTKOCTI aHKepa. [oka3aHo, Wo iMMNynbCHE HAaBaHTAXEHHS MOXe Mpu3BeCcTM A0 Mepexony onopwu
B FPAaHUYHMUI CTaH, HaBIiTb SKLLO KBA3iCTaTUYHI YMOBM 343K0TbCA NPUIAHATHUMK. OTpUMaHi pe3ynsTati MoXyTb ByTH
3aCTOCOBAHI NPW NPOEKTYBAHHI Ta OLiHLI CTaneBUX onop Yy MUBOKMX FipHUYMX BUPOBITKaX, a TAKOX Npu po3pobui
CMCTEM MOHITOPUHTY A9 PAHHLOTO NPOrHO3YBaHHS BTPATU CTIMKOCTI

KalouoBi cAoBa: HanpyxeHo-4edOpMOBAHMI CTaH; MyYeHHs; reoMexaHiyHa B3aeMofis; mMoaenb 6Gidypkauii;
3rMHaNbHI MOMEHTH
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Abstract. The rapid implementation of automated engineering solutions in agriculture has significantly transformed
occupational health and safety conditions. The purpose of this study was to analyse the impact of automation on
occupational safety in the agricultural sector, identify emerging risks, and develop practical approaches to safety
management. The research was based on a comprehensive methodological framework combining system analysis,
comparative legal analysis, risk classification, and cases described in scientific literature involving automated
systems.National regulatory frameworks were examined alongside international standards to assess their adequacy
in addressing the challenges associated with agricultural automation. The results demonstrated that automation
does not eliminate occupational risks but leads to their transformation, forming a multidimensional risk system
in which traditional hazards are supplemented by new categories, including risks related to human-machine
interaction, cybersecurity, and increased psychophysiological load. It was established that the transition from
manual labour to supervisory and analytical functions reduces direct physical risks while increasing dependence
on system reliability, data accuracy, and decision-making processes. The study also revealed significant regulatory
gaps, particularly in liability distribution, software reliability, and safety requirements for autonomous systems.
In addition, the results confirmed the transformation of labour functions, characterised by increased demand for
digital competencies and the need for structured training and certification systems. The practical significance
of the study lies in the development of applied safety management approaches, including scenario-based risk
assessment, implementation of digital monitoring systems, and continuous personnel training. The application
of these measures contributes to reducing occupational injuries, minimising downtime, improving process
controllability, and enhancing the overall efficiency of agricultural enterprises. However, their effectiveness
depends on overcoming regulatory, organisational, and financial constraints

Keywords: human-machine interaction; autonomous agricultural systems; industrial cybersecurity; precision
farming technologies; risk transformation; robotics

Introduction

The integration of automated engineering solutions not only production processes but also the nature of
into the agricultural sector fundamentally transformed  occupational risks. Unlike traditional mechanisation,
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which primarily altered physical workloads, modern
automation introduced complex interactions between
humans, autonomous machines, and digital infrastruc-
tures. This created a qualitatively new risk environment
characterised by unpredictability, system interdepend-
ence,and increased reliance on software-controlled de-
cision-making. This trend is also supported by a study
by Z. Zhai et al. (2020) on decision support systems in
Agriculture 4.0, which demonstrated that the increas-
ing reliance on data-driven platforms enhances deci-
sion-making efficiency but simultaneously introduces
new dependencies on data quality, system integration,
and algorithmic reliability.

Under such conditions, occupational health and
safety could no longer be limited to conventional haz-
ard prevention approaches focused on mechanical or
chemical factors but required a systemic model capable
of addressing hybrid risks emerging at the intersection
of human factors, robotics, and digital technologies.
This challenge became particularly acute in contexts
where external destabilising factors, such as military
threats or labour shortages, accelerated the adoption
of automation without the simultaneous development
of adequate regulatory and safety frameworks.

Scientific research increasingly focused on various
aspects of automation in agriculture and its implica-
tions for safety and labour transformation. J. Lincoln et
al. (2025) investigated occupational safety challenges
related to robotics and autonomous machines in ag-
riculture and concluded that traditional safety models
were insufficient for managing risks associated with
human-robot interaction, particularly during mainte-
nance and non-routine operations. Similarly, J.C. May-
oral Banos et al. (2023) developed a risk management
framework for safe robotic navigation in agricultural
environments, emphasising the importance of inte-
grating human detection systems and fail-safe mech-
anisms to prevent collisions. Their findings highlighted
that technological reliability alone did not guarantee
safety without proper system design and operational
protocols. In the context of technological development,
S. Hossain et al. (2025) analysed autonomous naviga-
tion systems in agricultural machinery and demonstrat-
ed that environmental factors such as dust, uneven
terrain,and sensor limitations significantly affected sys-
tem performance, thereby increasing the likelihood of
operational errors. At the same time, J. Lowenberg-De-
Boer et al. (2021) examined the regulatory impact on
autonomous agricultural equipment in Europe and con-
cluded that legal uncertainty regarding liability distri-
bution among stakeholders represented a major barrier
to the safe implementation of such technologies. This
indicated that safety issues extended beyond technical
aspects and required institutional and legal solutions.

The transformation of agricultural production
through digitalisation was also explored by V. Tanko-
si¢ et al. (2024), who emphasised that Agriculture 4.0

technologies, including loT and data-driven platforms,
significantly improve operational efficiency while si-
multaneously introducing new categories of risks re-
lated to system reliability, data quality, and cyberse-
curity vulnerabilities. Similarly, K.G. Liakos et al. (2018)
highlighted that the application of machine learning in
agriculture enables advanced predictive analytics and
optimisation of production processes, but increases de-
pendence on data accuracy and model reliability, which
may introduce additional operational risks. This per-
spective is further supported by S.Ballingall et al. (2023),
who analysed safety standards for autonomous systems
and demonstrated that cybersecurity becomes an es-
sential component of operational safety, particularly
in systems based on artificial intelligence and remote
control technologies. From a labour perspective, auto-
mation does not eliminate jobs but transforms them,
increasing demand for specialists capable of combining
technical, analytical, and managerial competencies. At
the same time, this shift creates new psychophysiolog-
ical risks associated with increased cognitive load and
responsibility (World Economic Forum, 2023).

L. Benos et al. (2023) demonstrated that the in-
creasing integration of human-robot interaction sys-
tems in agriculture requires a transition from tradition-
al reactive safety approaches toward more proactive
risk management strategies based on continuous mon-
itoring, operator supervision, and the implementation
of structured safety protocols. In addition, A. Bechar &
C.Vigneault (2016) analysed the fundamental concepts
and components of agricultural robots, emphasising
that their operational efficiency depends on the inte-
gration of mechanical systems, sensors, and control
algorithms, which simultaneously creates multiple
points of potential failure and risk. Despite the signif-
icant contributions of these studies, several important
aspects remained insufficiently explored. Existing re-
search tended to analyse technological, legal, or social
factors separately, without considering their interaction
within a unified risk system. In addition, the specific
conditions of countries experiencing external stressors,
such as armed conflict or large-scale labour shortages,
were rarely incorporated into safety models, although
these factors significantly influenced both the pace of
automation and the nature of risks. Furthermore, there
was a lack of comprehensive approaches that integrat-
ed cybersecurity, human-machine interaction, and reg-
ulatory frameworks into a single occupational safety
management concept adapted to agricultural systems.

These research gaps determined the relevance of
this study. The aim of the study was to provide a com-
prehensive analysis of the impact of automated en-
gineering solutions and robotics on the occupational
health and safety system in the agricultural sector, to
identify emerging and transformed risks, and to de-
velop practical, regulation-oriented recommendations
for effective safety management under conditions of
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digitalisation and external challenges. To achieve this
aim, the study addressed several interrelated objec-
tives, including the analysis of traditional and emerg-
ing occupational risks in agriculture, the examination
of trends in the implementation of automated and ro-
botic systems, the classification of new risk categories
associated with human-machine interaction, the com-
parative assessment of national and international regu-
latory frameworks, and the evaluation of labour market
transformations and training requirements in the con-
text of agricultural digitalisation.

Materials and Methods

The study was conducted as an independent research
work and was not carried out within the framework of
a specific funded scientific project. It was based on a
comprehensive methodological framework that in-
tegrated analytical, comparative, and prognostic ap-
proaches to assess the impact of automated engineer-
ing solutions on occupational health and safety in the
agricultural sector. The study relied on a combination
of regulatory, scientific, and empirical data sources,
which ensured the reliability and multidimensional na-
ture of the analysis. The material base of the research
included current national legislative and regulatory
documents of Ukraine, in particular The Labour Code
of Ukraine (1971), which established general occupa-
tional safety requirements for production processes
and equipment, as well as DSTU 2293:2014 (2014),
which defined the fundamental terminology related to
occupational health and safety, including the concepts
of risk, hazard, and safety management systems. These
documents were used to evaluate the existing regu-
latory framework and to identify its limitations in the
context of the implementation of automated technolo-
gies. In addition, international standards were analysed,
including 1SO 45001:2018 (2018), which provided a
framework for occupational health and safety manage-
ment systems, ISO 18497:2018 (2018), which specified
safety requirements for highly automated agricultural
machines, and UL 4600 (2020), which addressed safety
evaluation principles for autonomous systems. These
standards were selected due to their direct relevance to
automation and robotics and were used as benchmarks
for comparative analysis.

The methodological approach of the study was
grounded in system analysis, which allowed occupa-
tional safety to be considered as a complex and dynamic
system influenced by technological, organisational, and
external factors. This method was applied to identify
cause-and-effect relationships between the introduc-
tion of automation technologies and the transforma-
tion of occupational risks. Its selection was justified by
the need to assess interdependencies between human
factors, technical systems, and regulatory mechanisms
within a unified analytical framework. Comparative le-
gal analysis was employed to evaluate discrepancies
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between national legislation and international stand-
ards regulating the safety of automated and autono-
mous systems. This method enabled the identification
of regulatory gaps, particularly in the areas of liability
distribution, human-machine interaction, and cyberse-
curity. Its application was justified by the necessity to
assess the degree of alignment of the national regu-
latory framework with contemporary technological de-
velopments. The method of classification and systema-
tisation was applied to structure occupational risks into
traditional and emerging categories. Traditional risks
included physical, chemical, and biological hazards,
while emerging risks were associated with human-ma-
chine interaction, cybersecurity threats, and increased
psychophysiological load. This method ensured a con-
sistent conceptual framework for risk identification and
facilitated further analytical interpretation.

Empirical analysis was conducted through the ex-
amination of documented incidents involving automat-
ed and robotic systems in agricultural environments.
Three representative cases were selected for analysis
based on their relevance to the key categories of occu-
pational risks associated with agricultural automation.
The first case concerned human-robot interaction and
operator supervision in agricultural tasks, highlighting
challenges related to communication, safety protocols,
and human presence detection (Benos et al., 2023).
The second case focused on autonomous navigation
in a real agricultural environment and examined the
influence of sensor performance and environmental
conditions on navigation accuracy and system relia-
bility (Fujinaga, 2025). The third case addressed safety,
operational constraints, and risk factors associated with
the deployment of autonomous agricultural systems,
including issues related to human detection, collision
prevention, and regulatory requirements (Spagnuolo et
al., 2025). These cases were selected because they rep-
resent complementary technological, environmental,
and human-related dimensions of occupational risks in
automated agricultural systems. The analysed cases in-
cluded examples of human-robot interaction failures,
such as unintended collisions caused by sensor misi-
dentification, accidents during maintenance and testing
procedures, and malfunctions of autonomous naviga-
tion systems under adverse environmental conditions.
The identification of patterns was carried out using
qualitative comparative analysis, which involved the
systematic comparison of incident characteristics, in-
cluding causal factors, operational conditions, and the
presence or absence of safety protocols. This approach
made it possible to identify recurring risk factors, such
as insufficient personnel training, inadequate system
design, and the lack of standardised safety procedures.
In addition, forecasting methods were applied to assess
trends in the transformation of the labour market and
qualification requirements in the context of agricultur-
al digitalisation. This involved the analytical review of
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current technological trends, scientific literature, and
international reports to identify stable development
patterns and potential future scenarios. The applica-
tion of forecasting methods was justified by the rapid
evolution of automation technologies and the need to
anticipate emerging occupational risks. The research
procedure was implemented through several sequen-
tial stages. Initially, traditional occupational risks in
agriculture were identified based on regulatory docu-
ments and scientific literature. Subsequently, emerging
risks associated with automation and robotics were an-
alysed and classified. This was followed by a compar-
ative assessment of regulatory frameworks to identify
inconsistencies and gaps. Finally, the analytical findings
were used to formulate recommendations aimed at im-
proving occupational safety management in the con-
text of automated agricultural systems.

Results and Discussion

Activities in the agricultural sector were traditional-
ly associated with a wide range of occupational risks,
including physical, chemical, and biological hazards.
Physical risks arose from the operation of heavy ma-
chinery, such as tractors and harvesters, where workers
were exposed to moving parts, rollovers, and mechan-
ical injuries. Chemical risks were related to the use of
pesticides, herbicides, and fertilisers, which could cause
poisoning and occupational diseases, while biological
risks included exposure to zoonotic infections. Howev-
er,the introduction of automated engineering solutions
did not eliminate these risks but fundamentally trans-
formed their structure and interrelationships.

The transformation of risks was characterised by a
clear cause-and-effect relationship between the imple-
mentation of automation technologies and changes in
the role of workers within production systems. As au-
tomation replaced direct manual operations, workers
transitioned from physically intensive tasks to super-
visory and analytical functions. This transition altered
the structure of occupational risks. Instead of being pri-
marily exposed to direct mechanical hazards associated
with operating machinery, workers became responsible
for monitoring system performance, interpreting sensor
information, supervising autonomous operations, and
making corrective decisions when abnormal situations
occurred. As a result, occupational safety increasingly
depended on the quality of human-machine interac-
tion, the reliability of communication channels, and
the operator’s ability to correctly interpret system feed-
back. In human-robot interaction environments, op-
erators often perform supervisory functions remotely,
requiring continuous situational awareness and timely
intervention in the event of sensor errors, navigation
failures, or unexpected system behaviour (Benos et
al., 2023). Consequently, the likelihood of direct physi-
cal injuries may decrease, while the importance of cog-
nitive workload, decision-making quality, and system

transparency increases. This shift reduced exposure to
traditional mechanical hazards; however, it simultane-
ously increased dependence on the reliability and sta-
bility of digital systems and autonomous equipment.
The use of autonomous machinery may reduce the
likelihood of operator-related accidents by minimising
direct human involvement in hazardous operations;
however, it introduces new categories of risks associ-
ated with sensor failures, incorrect object recognition,
communication disruptions, and unpredictable system
behaviour. Perception-related failures, including sensor
malfunctions and missed detections, are among the
most frequently reported causes of operational errors
in agricultural robotic systems. At the same time, navi-
gation accuracy in such systems may vary within +0.05
m depending on sensor performance, while communi-
cation latency in human-machine interaction systems
can reach approximately 15-20 ms, which may affect
system responsiveness under variable environmental
conditions (Zhivkov et al., 2023; Fujinaga, 2025). Thus,
the reduction of direct physical risks resulted in the
emergence of indirect, technologically mediated haz-
ards, which required new approaches to risk assess-
ment and management. This shift occurred because the
increasing complexity and autonomy of technological
systems reduced direct human involvement while si-
multaneously increasing dependence on system relia-
bility, sensor accuracy, and real-time data processing,
which, in turn, increased the probability of system-re-
lated errors and delayed responses. In the case of
autonomous agricultural machinery, operators may
perform remote supervision of field operations, which
reduces the risk of direct physical injury but increases
the likelihood of incidents related to communication
delays, software failures, and incorrect sensor data in-
terpretation under variable environmental conditions
(Zhivkov et al., 2023; Spagnuolo et al., 2025).

The empirical analysis of documented incidents
involving automated and robotic systems revealed
several recurring patterns. Three representative cases
were analysed to identify the principal sources of oc-
cupational risks in automated agricultural systems. The
first case, based on the review of human-robot interac-
tion applications in agriculture, highlighted challenges
related to operator supervision, communication reli-
ability, and the implementation of safety protocols in
collabourative work environments (Benos et al., 2023).
The second case concerned autonomous navigation of
an agricultural robot operating in a real cultivation en-
vironment, where navigation performance depended
on LiDAR-based perception and the ability to maintain
a positional accuracy of approximately *0.05 m under
changing environmental conditions (Fujinaga, 2025).

The third case focused on agricultural robotic sys-
tems operating in complex field environments and
identified critical challenges associated with human
detection, obstacle recognition, collision prevention,
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and regulatory compliance requirements (Spagnuolo et
al., 2025). The review emphasised that autonomous
agricultural robots frequently operate in dynamic envi-
ronments characterised by the simultaneous presence
of workers, machinery, crops, and unexpected obstacles.
Under such conditions, the effectiveness of safety func-
tions depends on the reliability of perception systems,
obstacle detection algorithms, and fail-safe mecha-
nisms. The study further highlighted that operational
safety cannot be ensured solely through technical per-
formance, as safe deployment also requires appropriate
regulatory frameworks, operator training, and compli-
ance with established safety procedures. These findings
support the results of the present study, which indicate
that occupational risks in automated agricultural sys-
tems emerge through the interaction of technological,
environmental, and organisational factors.

Collectively, these cases demonstrated that tech-
nical failures, perception errors, communication limi-
tations, and insufficient safety measures represent the
most common sources of operational risk in agricultur-
al automation. The analysed cases demonstrated that
incidents involving autonomous agricultural machin-
ery were most frequently associated with sensor fail-
ures, communication disruptions, and incorrect object
recognition under variable environmental conditions
(Benos et al., 2023; Spagnuolo et al., 2025). In a num-
ber of cases, unsafe situations occurred during mainte-
nance operations or in scenarios where the presence
of a human operator was not correctly detected by the
system, leading to near-miss events and potential col-
lisions. These findings indicate that operational risks in
automated agricultural systems are strongly dependent
on system reliability, environmental adaptability, and
the effectiveness of human detection mechanisms.

For example, T. Fujinaga (2025) reported the op-
eration of an autonomous agricultural robot in a real
strawberry production environment, where navigation
accuracy depended on LiDAR-based perception and
stable interpretation of environmental features. The
robot maintained a distance accuracy of approximately
#0.05 m relative to cultivation beds; however, the study
emphasised that sensor limitations and environmental
variability could affect localisation accuracy and navi-
gation stability. Such limitations are particularly impor-
tant in agricultural environments where uneven terrain,
vegetation density, and changing lighting conditions
may reduce perception accuracy and increase the need
for operator intervention. Similarly, studies reviewed by
L. Benos et al. (2023) highlighted that communication
quality, operator supervision, and the effectiveness of
safety protocols are critical factors influencing the safe
operation of collabourative agricultural robotic systems.

The qualitative comparative analysis made it possi-
ble to identify common patterns and differences in the
causes of incidents across various operational contexts.
The comparison was performed across three principal
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groups of factors: technical factors (sensor performance,
software reliability, communication stability), environ-
mental factors (terrain variability, obstacles, weather
conditions, and changes in operating environments),
and human-related factors (operator supervision, deci-
sion-making, and compliance with safety procedures).
This classification made it possible to evaluate not
only the direct causes of incidents but also the inter-
actions between different categories of risk factors. It
was established that the most significant causal factors
included insufficient reliability of sensor systems, lim-
ited adaptability of autonomous equipment to chang-
ing environmental conditions, and the absence or in-
complete implementation of safety protocols during
maintenance and non-standard operations. Incidents
occurring under standard operating conditions were
primarily associated with technical failures, whereas
incidents in complex or unpredictable environments
were more likely to involve a combination of technical,
environmental, and human-related factors. For exam-
ple, a sensor malfunction occurring under controlled
operating conditions may result only in a temporary re-
duction in navigation accuracy. However, the same mal-
function in a dynamic agricultural environment charac-
terised by uneven terrain, variable lighting conditions,
or the presence of workers may significantly increase
the probability of unsafe situations and require imme-
diate operator intervention. Similarly, the consequences
of communication disruptions depend on the operator’s
ability to recognise abnormal system behaviour and
apply appropriate safety procedures. These observa-
tions indicate that incident outcomes are determined
not by isolated technical failures but by the interaction
of technical, environmental, and human-related fac-
tors (Benos et al., 2023; Fujinaga, 2025; Spagnuolo et
al.,2025).This indicates that occupational risks in auto-
mated agricultural systems are systemic in nature and
arise from the interaction of multiple interdependent
variables rather than from isolated causes.

The comparative analysis revealed a clear differen-
tiation of risk factors depending on operating condi-
tions, with technical factors prevailing under controlled
environments, while environmental and human-related
factors became dominant in variable and unpredicta-
ble conditions. In the context of armed conflict, these
transformations were further intensified. Traditional
risks were compounded by external threats, including
landmines and unexploded ordnance, as well as la-
bour shortages caused by mobilisation and migration.
These factors accelerated the adoption of automation
technologies, which in turn increased the importance
of managing complex, dynamic, and interdependent
risks. As a result, occupational safety in agriculture
evolved into a multidimensional system in which tra-
ditional, technological,and external risks coexisted and
interacted, forming a unified risk environment (Pietran-
toni et al,, 2024; Yang et al, 2025). Automation in the

A



78R

Occupational health and safety in the age...

agro-industrial complex includes several interconnect-
ed technological domains (Spagnuolo et al., 2025).
Intelligent management systems based on precision
agriculture technologies enable real-time monitoring
of soil conditions, crop status, and equipment per-
formance, which improves decision-making and op-
erational efficiency. At the same time, this increases
dependence on data accuracy, system reliability, and
cybersecurity. Autonomous ground machinery performs
hazardous and labour-intensive tasks, reducing direct
human exposure; however, it introduces risks related to
machine autonomy, navigation errors, and interaction
within shared workspaces. Unmanned aerial vehicles
are used for monitoring and targeted application of
crop protection products, which reduces chemical ex-
posure but introduces additional risks associated with
flight safety, communication failures, and regulatory
constraints. These findings are consistent with the re-
sults of the present study.

The comparative analysis of regulatory frameworks,
presented in Table 1, demonstrated that the national
system of occupational safety requlation was primarily
focused on traditional hazards, whereas international
standards increasingly addressed challenges related to
automation, robotics, and cybersecurity. In particular,
international standards emphasised the implementa-
tion of human detection systems, fail-safe mechanisms,
and risk-oriented design approaches for autonomous
machines, while national regulations lacked specific

provisions regarding liability distribution, software re-
liability, and human-machine interaction. This discrep-
ancy created a regulatory gap that complicated the safe
implementation of automated technologies and lim-
ited the effectiveness of existing safety management
systems. A more detailed comparison indicates that
national regulatory documents are primarily oriented
toward general occupational safety requirements and
the operation of conventional equipment. For example,
The Labour Code of Ukraine (1971) establishes general
obligations regarding workplace safety and the use of
production equipment, while DSTU 2293:2014 (2014)
standardises fundamental occupational safety termi-
nology, including the concepts of risk and hazardous
factors. However, these documents do not provide spe-
cific requirements for autonomous decision-making
systems, human-machine interaction, software reliabil-
ity, or cybersecurity. In contrast, ISO 18497:2018 (2018)
contains dedicated provisions related to the safe oper-
ation of autonomous agricultural machinery, including
human detection and collision prevention mechanisms.
Similarly, UL 4600 (2020) and UL 4740 (2024) focus on
safety assurance for autonomous systems through risk
assessment procedures, cybersecurity requirements,
and the verification of critical system components. Con-
sequently, international standards provide more de-
tailed mechanisms for addressing automation-specific
risks, whereas the national framework remains focused
on general occupational safety principles.

Table 1. Overview of regulatory acts and standards

Name of the act/standard Type Scope Key provisions Status in Ukraine
Requirements for the
. General design, manufacture, and
The Labour Code of Ukraine Law occupational safety commissioning of production Mandatory
equipment
DSTU 2293:2014 N
“ . . Standardisation of terms Mandatory
Occupational Safety. Terms Standard Occupational safety ;¢ » «, 273 rdous factor”, (recommended for
and Definitions of Basic terminology “occupational safety” use)
Concepts” P Y
Prohibition of flights over Mandatory, but
Temporary Pro;edure for the Regulatory Act Use of drones certain objects, requirement  creates bureaucratic
Use of Airspace L .
for authorisation barriers
Safety requirements,
I1SO 18497 Standard Agri-robot safety human detection, collision Recommended
prevention
Risk assessment Reco'mmended,.but
UL 4600, UL 4740 Standards Autonomous cybersecurity, component not integrated into

systems safety

the national legal

testing framework

Source: compiled based on The Labour Code of Ukraine (1971),DSTU 2293:2014 (2014),1SO 18497:2018 (2018), UL 4600 (2020),

UL 4740 (2024)

At the regulatory level, the results indicated the
need for the development of targeted policy instru-
ments aimed at bridging the gap between national
legislation and international standards. This includ-
ed the adaptation of 1SO-based safety requirements

for autonomous agricultural systems, the introduc-
tion of certification frameworks for digital and robot-
ic equipment, and the establishment of clear Lliability
models for human-machine interaction scenarios.
The implementation of these measures required the
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development of practical regulatory tools, such as
standardised risk assessment methodologies, guide-
lines for the certification of autonomous systems, and
the integration of cybersecurity requirements into oc-
cupational safety regulations. The necessity of these in-
struments is directly linked to the risk categories iden-
tified during the empirical and comparative analyses.
For example, certification procedures for autonomous
agricultural equipment can help address risks associ-
ated with software failures, sensor malfunctions, and
unreliable system behaviour by establishing minimum
safety and performance requirements before deploy-
ment. Standardised risk assessment methodologies are
particularly important for evaluating human-machine
interaction scenarios, including situations involving
remote supervision, operator intervention, and colla-
bourative work environments. Likewise, the integration
of cybersecurity requirements into occupational safety
regulations is essential because communication dis-
ruptions, unauthorised system access, or data integrity
failures may affect the reliability and safety of auton-
omous operations. These measures therefore provide
regulatory mechanisms for mitigating the technologi-
cal, environmental, and human-related risks identified
in the study (ISO 18497:2018, 2018; UL 4600, 2020;
Spagnuolo et al., 2025). The adoption of such instru-
ments would have a direct impact on agricultural en-
terprises by increasing the predictability of regulatory
requirements and facilitating the safe deployment of
automated technologies.

The emergence of new categories of risks repre-
sented one of the key results of the study and reflect-
ed the systemic transformation of occupational safety
under conditions of automation. Risks related to hu-
man-machine interaction arose due to the absence
of clearly defined physical and functional boundaries
between workers and autonomous systems, which in-
creased the probability of collisions, unsafe proximity,
and unintended system responses. These risks became
particularly significant during maintenance, calibration,
and non-standard operations, where safety protocols

were often insufficiently developed or inconsistently
applied. Cybersecurity risks were associated with the
integration of digital platforms, remote control systems,
and data exchange networks into agricultural produc-
tion processes. Unauthorised access, software failures,
or disruptions in communication channels could result
in uncontrolled equipment behaviour, which directly af-
fected operational safety and increased the likelihood
of hazardous situations. Thus, the growing dependence
on digital infrastructure led to the emergence of a new
category of technologically mediated risks requiring
specialised control mechanisms.

Psychophysiological risks were linked to the in-
creased cognitive load imposed on workers, who were
required to monitor complex systems, analyse large
volumes of data, and make decisions under conditions
of uncertainty and time constraints. This shift in func-
tional responsibilities contributed to fatigue, reduced
attention, and a higher probability of human error. Con-
sequently, automation not only reduced physical strain
but also redistributed risk toward cognitive and psy-
chological domains. These categories of risks formed
an interconnected and hierarchical system in which hu-
man-machine interaction risks, cybersecurity threats,
and psychophysiological factors were interdependent
and could amplify each other, creating complex mul-
ti-layered risk scenarios. The transformation of profes-
sional roles and qualification requirements, presented
in Table 2, confirmed a shift from physically oriented
occupations to roles requiring digital competencies,an-
alytical skills, and the ability to effectively interact with
automated systems. This transition reduced exposure to
traditional physical hazards; however, it simultaneously
increased exposure to cognitive and technological risks.
In addition, the absence of a unified certification system
for operators of automated equipment created addi-
tional safety challenges related to insufficient training,
inconsistent qualification levels, and variability in op-
erational practices. These factors limited the effective-
ness of safety management and increased the likelihood
of incidents in automated agricultural environments.

Table 2. Changes in qualification requirements and skills of agricultural workers

Traditional roles New roles

Required competencies

Main risks

Tractor operator /

. Autonomous equipment
combine harvester quip

operator, Agronomist-analyst

Physical endurance and practical
skills, knowledge of mechanisms,

Physical injuries, fatigue,
exposure to vibration and

operator practical experience noise
Unmanned aerial vehicle . . Cyber risks,
Field agronomist operator, Precision agriculture Tech_nologlcal literacy, data psychophysiological load,
o analysis, software management -
specialist fatigue

Mechatronics and robotics
specialist

Technician / repair
specialist

Knowledge of hydraulics,
electricity, and mechanical systems

Physical injuries, overexertion,
risk of electric shock

Manual labour worker Weeding robot operator

Robot interaction, monitoring, and

Collision risks, lack of clear

control interaction protocols

Source: compiled based on the analysis of V. Tankosic¢ et al. (2024),J. Lincoln et al. (2025), S. Hossain et al. (2025)
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The forecasting analysis enabled the formulation
of three distinct development scenarios for occupation-
al risks in agricultural automation, reflecting different
levels of technological adoption and regulatory maturi-
ty. The scenarios were differentiated according to three
principal criteria: the rate of technology adoption, the
degree of regulatory development, and the level of or-
ganisational preparedness,including personnel training
and safety management practices. These criteria were
selected because the results of the empirical, compar-
ative, and regulatory analyses indicated that they exert
the strongest influence on the emergence and man-
agement of occupational risks in automated agricul-
tural systems. In a baseline scenario, automated tech-
nologies are introduced gradually and under relatively
controlled conditions, allowing organisations sufficient
time to adapt operating procedures and train person-
nel. As a result, traditional physical risks are progres-
sively reduced, while technological and cognitive risks
increase at a manageable rate. In an accelerated auto-
mation scenario, driven by labour shortages, econom-
ic pressures, or technological incentives, autonomous
systems are implemented faster than organisations can
adapt regulatory procedures, training programs, and
safety protocols. Under such conditions, the probability
of incidents associated with software reliability, opera-
tor errors, communication failures, and inadequate risk
management increases. In a regulated development
scenario, technological deployment is accompanied by
certification procedures, personnel training programs,
internal safety protocols, and the harmonisation of na-
tional legislation with international standards. Under
these conditions, the risks associated with autonomous
systems become more predictable and controllable,
contributing to improved system reliability and en-
hanced occupational safety outcomes. These scenarios
demonstrate that the evolution of occupational risks in
agriculture is directly dependent on the pace of techno-
logical adoption, the level of regulatory development,
and the effectiveness of organisational safety measures.
This conclusion is consistent with the empirical find-
ings of the study, which demonstrated that occupation-
al risks are influenced not only by technological factors
but also by the adequacy of regulatory frameworks and
the preparedness of organisations to manage human-
machine interaction and autonomous system operation
(Benos et al., 2023; Spagnuolo et al., 2025).

The generalised results of the applied methods
indicate that the transformation of occupational risks
in agricultural automation follows a consistent and
interconnected pattern. The system analysis demon-
strated that the implementation of automated tech-
nologies changes the role of workers and shifts the
structure of occupational risks from direct mechanical
hazards toward technology-dependent risks associated
with autonomous systems, sensor reliability, software
performance, and human-machine interaction. The

analysis of documented incidents revealed recurring
patterns related to perception errors, communication
disruptions, and limitations of safety mechanisms. The
qualitative comparative analysis further showed that
the consequences of such failures depend not only on
technical conditions but also on environmental varia-
bility and human-related factors, including operator su-
pervision and compliance with safety procedures. The
comparative assessment of regulatory frameworks in-
dicated that existing national regulations only partially
address automation-specific risks, while international
standards provide more comprehensive approaches
to risk management, human detection, and collision
prevention. Finally, the forecasting analysis demon-
strated that the future evolution of occupational risks
depends on the interaction between technological
adoption, regulatory development, and organisational
preparedness. Collectively, these findings confirm that
occupational risks in automated agricultural systems
are not isolated phenomena but emerge through the
interaction of technological reliability, environmental
conditions, and human-related factors. This conclu-
sion provides a structured basis for the development
of integrated occupational risk management strategies
in agricultural automation (Benos et al., 2023; Fujina-
ga, 2025; Spagnuolo et al., 2025).

The practical implementation of automated tech-
nologies required the development of structured safe-
ty management mechanisms at the enterprise level.
Risk assessment procedures were adapted to include
scenario-based analysis, the identification of human-
machine interaction zones, and the evaluation of sys-
tem reliability under variable environmental condi-
tions. In practice, this was implemented through the
integration of digital monitoring systems, automated
risk analysis tools, and adaptive safety management
protocols that enabled real-time identification and
mitigation of potential hazards. Internal regulations
defined operational protocols, including emergency re-
sponse procedures, maintenance safety requirements,
and safe operating modes for autonomous equipment.
The implementation of digital monitoring systems en-
abled real-time tracking of equipment performance
and worker activities, which facilitated the early detec-
tion of hazardous situations and supported more in-
formed and timely decision-making. For employers, the
implementation of automated technologies required
the establishment of standardised safety management
frameworks. These included clearly defined internal
regulations, structured operational procedures, and
the use of advanced digital tools for monitoring and
control. Digital systems, such as real-time monitor-
ing platforms and predictive analytics tools, enabled
continuous assessment of operational conditions and
supported proactive risk management. In addition, the
effective use of automated systems required the im-
plementation of structured training and certification
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programs, including simulation-based training and pe-
riodic qualification assessment of personnel working
with autonomous equipment.

The application of these measures can positive-
ly influence the operational efficiency of agricultural
enterprises by reducing the frequency of disruptions
associated with human error, equipment malfunction,
and delayed responses to abnormal operating condi-
tions. Digital monitoring and control systems provide
continuous information on machine status, navigation
performance, and operational parameters, allowing op-
erators to identify anomalies at an early stage and im-
plement corrective actions before failures escalate into
accidents or prolonged downtime. In addition, automat-
ed systems can reduce the need for direct human in-
volvement in hazardous or repetitive tasks, thereby de-
creasing exposure to occupational risks and improving
the continuity of field operations. Evidence from recent
studies indicates that the implementation of robotic
and automated technologies may contribute to meas-
urable operational improvements. For example, agricul-
tural automation has been associated with reductions
in manual labour requirements of up to 58%, decreases
in labour costs of approximately 22.5%, and reductions
in pesticide exposure risks of up to 45% in selected ag-
ricultural applications (Anastasiou et al., 2025). Further-
more, automated monitoring and control technologies
improve process transparency, support more efficient
resource allocation, and facilitate data-driven opera-
tional decision-making, which contributes to enhanced
productivity and operational stability (Spagnuolo et
al., 2025). These findings indicate that the efficiency
gains associated with automation result not only from
technological improvements themselves but also from
enhanced process control, reduced operational uncer-
tainty,and more effective allocation of labour and tech-
nical resources.

However, the implementation of such technologies
was constrained by regulatory barriers, high initial in-
vestment costs, and the lack of standardised training
and certification systems. These barriers included regu-
latory uncertainty, limited harmonization with interna-
tional standards, high capital investment requirements,
and insufficient availability of qualified personnel. Fur-
thermore, small and medium-sized enterprises faced
additional constraints related to limited access to digi-
tal infrastructure and financial resources. These limita-
tions had to be considered when developing strategies
for the safe and effective integration of automation
into agricultural production systems. Generalised im-
plementation scenarios indicated that effective occu-
pational safety management in automated agriculture
required coordinated interaction between equipment
manufacturers, agricultural enterprises, and regulatory
authorities. Manufacturers integrated advanced safety
features, including sensor redundancy, human detec-
tion systems, and fail-safe mechanisms, into system
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design. Agricultural enterprises implemented compre-
hensive risk assessment procedures, digital monitoring
tools, and continuous personnel training and certifica-
tion programs. Regulatory authorities ensured the har-
monisation of national legislation with international
standards and developed practical guidelines for cer-
tification, risk assessment, and safety validation of au-
tomated systems. The alignment of these elements en-
abled not only the reduction of occupational risks but
also the improvement of operational efficiency, system
controllability, and the overall sustainability of agricul-
tural production.

The results of this study demonstrated that the
implementation of automated engineering solutions
in agriculture led to a transformation of occupation-
al risks, shifting from traditional physical hazards to
complex system-based risks associated with human-
machine interaction, digitalisation, and cognitive load.
These findings were further analysed in the context of
recent scientific literature. L. Benos et al. (2023) con-
ducted a systematic review of human-robot interaction
in agriculture, focusing on safety incidents and oper-
ational conditions. They found that the lack of clearly
defined interaction zones between humans and robotic
systems significantly increases the likelihood of acci-
dents, particularly during maintenance and non-stand-
ard operations. These findings are consistent with the
results of the present study, which also identified hu-
man-machine interaction as a critical risk factor. The
study supports this conclusion and further emphasises
that in agricultural environments, characterised by var-
jability and low standardisation, these risks are ampli-
fied. L. Pietrantoni et al. (2024) investigated the integra-
tion of collabourative robots in agriculture and other
industries, with particular attention to human factors
and safety. Their study demonstrated that increased au-
tomation is associated with higher levels of cognitive
load and psychological stress among operators. These
findings align with the present study, which identified
psychophysiological risks as a key component of mod-
ern occupational safety. However, while L. Pietrantoni et
al. (2024) primarily examined structured environments,
the results of this study indicate that in agricultural
contexts, environmental variability further intensifies
these effects. Therefore, the conclusions of L. Pietran-
toni et al. (2024) are supported and further extended
by incorporating the influence of external conditions.
M. Spagnuolo et al. (2025) conducted a technical review
of agricultural robotics, focusing on sustainability and
operational challenges. They found that automation
improves productivity and reduces labour intensity, but
introduces new risks related to system reliability and
environmental interaction. These findings are strongly
consistent with the present study. However, the obtained
results expand this perspective by demonstrating that
these risks form an interconnected system influenced
by technological, organisational, and regulatory factors.
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In their study, Y. Yang et al. (2025) analysed the
application of blockchain and loT technologies in ag-
riculture, focusing on data management and system
security. They found that digitalisation enhances trans-
parency and operational efficiency but creates vulner-
abilities related to cybersecurity and data integrity.
These findings are consistent with the present study,
which identified cybersecurity risks as an essential
component of occupational safety. This conclusion is
supported, and it is further emphasised that failures
in digital systems can directly translate into physical
safety risks in automated environments. A.J. Moshaye-
di et al. (2024) examined the role of robotics in trans-
forming agricultural practices. Their study showed that
robots reduce human exposure to hazardous tasks but
introduce uncertainties related to system autonomy
and decision-making processes. These findings align
with the present study. However, this conclusion is ex-
tended by demonstrating that such uncertainties are
exacerbated by environmental variability, including
terrain complexity and sensor limitations. A.A. Mirani et
al. (2021) reviewed the application of machine learn-
ing in agriculture, focusing on predictive analytics and
decision-support systems. They found that data-driven
technologies improve efficiency and decision-making
accuracy. These findings partially correspond with the
present study. While the benefits of such systems are
acknowledged, the results of this study indicate that
excessive reliance on algorithmic decision-making
may introduce additional risks related to data inaccu-
racies and model bias. Therefore, these conclusions are
partially supported, while emphasising the need for
human oversight.

E. Anastasiou et al. (2025) reported that the imple-
mentation of agricultural automation and robotic tech-
nologies can contribute to reductions in manual labour
requirements, lower labour costs, and decreased expo-
sure to occupational hazards in selected agricultural
applications. These findings are consistent with the re-
sults of the present study, which also identified the po-
tential of automation to improve operational efficien-
cy and reduce workers’ exposure to hazardous tasks.
However, the results of this study additionally demon-
strate that the successful realisation of these benefits
depends on the reliability of autonomous systems, the
adequacy of safety protocols, and the effectiveness
of regulatory and organisational measures governing
their deployment. J. Ingram et al. (2022) analysed the
development of digital agriculture and identified key
research priorities, including system integration, data
governance, and user adaptation. They found that in-
creasing digitalisation enhances decision-making ca-
pabilities but also introduces systemic dependencies
on data quality and infrastructure reliability. These
findings align with the present study. This conclusion
is supported, and it is further demonstrated that such
dependencies create new categories of risks associat-

ed with system failures and data inconsistencies E. An-
astasiou et al. (2025) conducted a systematic analysis
of robotics and extended reality applications in agri-
culture. Their study showed that these technologies
significantly improve operational efficiency and reduce
manual labour, but require advanced safety frame-
works to ensure reliable human-machine interaction.
These findings are consistent with the present study.
This conclusion is supported, and it is further empha-
sised that the lack of standardised safety protocols re-
mains a critical limitation.

In their research, M.R. Endsley (2021) conducted a
systematic review of objective measures of situation
awareness, comparing methods used to assess hu-
man cognitive performance in complex systems. The
study demonstrated that increased system complexity
and information density reduce situational awareness
and increase the likelihood of decision-making errors.
These findings are consistent with the present study,
which identified psychophysiological risks associated
with monitoring automated systems. However, while
M.R. Endsley (2021) focused on controlled environ-
ments, the present study demonstrates that in agricul-
tural contexts, environmental variability further exac-
erbates cognitive load. Therefore, these conclusions
are supported, with an emphasis on their amplified
impact in real-world agricultural systems. Overall, the
analysis of recent studies confirms that automation in
agriculture does not eliminate occupational risks but
redistributes them across technological, cognitive, and
organisational domains. The present study contributes
to the existing body of knowledge by demonstrating
that these risks form a multidimensional and intercon-
nected system influenced by environmental conditions,
regulatory frameworks, and human competencies. This
integrated perspective provides a more comprehensive
understanding of occupational safety in automated ag-
ricultural systems and highlights the need for systemic
and adaptive risk management approaches.

Conclusions

The study established that the implementation of au-
tomated engineering solutions in agriculture does not
eliminate occupational risks but leads to their struc-
tural transformation. Traditional physical, chemical, and
biological hazards are reduced in terms of direct human
exposure; however, they are replaced by technologically
mediated risks associated with system reliability, hu-
man-machine interaction, and digital infrastructure. As
a result, occupational safety in the agricultural sector
evolves into a multidimensional system characterised
by the interaction of conventional, technological, and
external risk factors.

A key driver of this transformation is the change
in the role of workers within production process-
es. The transition from manual labour to supervisory
and analytical functions decreases the likelihood of
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mechanical injuries but increases dependence on auto-
mated systems and the quality of decision-making. This
shift contributes to the emergence of new categories
of risks, including interaction-related hazards, cyberse-
curity threats, and increased psychophysiological load
caused by the need to process complex information in
real time. The results also demonstrate the existence
of a significant gap between national regulatory frame-
works and international safety requirements for auto-
mated and autonomous systems. This gap limits the
effectiveness of safety management and complicates

approach enables not only the reduction of occupa-
tional risks but also supports the sustainable and effi-
cient development of agricultural production systems.
From a practical perspective, the implementation of
these measures contributes to improved operational
performance, including reduced injury rates, minimised
downtime, and enhanced process controllability. How-
ever, the effectiveness of such approaches depends on
overcoming regulatory, financial, and organisational
barriers, particularly in the context of limited resources
and insufficient standardisation.

the implementation of advanced technologies. At the
same time, the study confirms that effective risk man-
agement requires the integration of scenario-based risk
assessment, digital monitoring systems, and structured
training and certification programs for personnel. Over-
all, the findings indicated that ensuring occupational
safety in the conditions of agricultural automation re-
quires a systemic approach that combines technolog-
ical, organisational, and regulatory solutions. Such an
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AHoTaujisa. CTpiMKe BMpPOBa)KEHHS ABTOMATU30BAHWMX iHXEHEPHMX PpilleHb B arpapHoMy CeKTopi CyTTEBO
TpaHchOpMyBaso YMOBM OXOPOHM MNpaui. MeTo Lboro foCigpKeHHs Byno npoaHanisyBaty BMIMB aBTOMATU3aLii
Ha 6e3neKy npawi B CiIbCbKOMY rocnofapcTBi, iAeHTUhIKYBaTM HOBi PU3MKM Ta po3pobUTH NPUKNALHI Niaxoau Lo
ynpasniHHs 6e3nekoto. JoCniaKeHHS I'PYHTYBanoCs Ha KOMMNAEKCHOMY MEeTOAO0/IONYHOMY NiAXOA4i, WO MOEAHYBAB
CUCTEMHUI aHani3, MOPiBHANbHO-NPABOBMI aHani3, knacudikauilo pu3MKiB Ta eMNipUYHMI aHani3 iHUMAEHTIB,
NoB3aHUX i3 3aCTOCYBaHHSIM aBTOMATM30BaHUX CMCTEM. HauioHanbHi HOPMATUMBHO-NPABOBI akTWU PO3rSAANUCS Y
MOPIBHSAHHI 3 MiXXHAPOAHMMU CTaHAAPTAMM 3 METOK OLIHKM iX BiAMOBIAHOCTI BUKIMKAM aBTOMaTM3aLii arpapHoOro
BMPOOHULTBA. Pe3ynbTati foCnigKeHHS NoKasanu, Wo aBToMaTH3alliga He YyCyBa€e NpodeciiHi pu3mku, a Npu3BoauTb
[0 iX TpaHcdopMmaLii, popMytoum H6araToBUMipHY CMCTEMY PU3MKIB, Y SKil TpaaMUiiHi Hebe3nekn [OMNOBHIOKTLCS
HOBMMM KaTeropisiMu, 30KpeMa pU3MKaMM B3AEMOLII «/1OAMHA-MalUMHAY, Kibep3arpo3amMu Ta 3pOCTAHHAM
ncnxodizionorivyHoro HaBaHTaXKeHHS. BctaHoBAeHO, Wwo nepexig Big ¢i3MYHOI NpaLi 40 HArN9A40BUX | aHANITUYHUX
(YHKLiM 3MeHWYe 6e3nocepefHii BNIMB MEXaHIYHUX PU3MKIB, BOLHOYAC MiABULLYHOUM 3aNEXHICTb Bif HAAIMHOCTI
CUCTEM, TOYHOCTI JaHMX | SKOCTi NPUAHATTS pilleHb. TakoX BWUSBNEHO CYTTEBI PerynsiTopHi nMporajauHu, 30Kkpema
WOLO0 pO3MoAiny BiAMNOBIAANBHOCTI, HALIMHOCTI MPOrpaMHOro 3abesneyeHHs Ta BUMOr 6e3neku AN aBTOHOMHMUX
cucteM. KpiM TOro, nigtBepmkeHo TpaHchopMaLilo TpyaoBMX QYHKLINA, WO XapaKTePU3YETbCS 3POCTaHHSM
notpedu y uMdpoBMX KOMMETEHTHOCTAX i HEOOXiAHICTIO BMPOBAKEHHS CTPYKTYPOBAaHMX CUCTEM HaBYaHHA Ta
ceptudikauii nepcoHany. MNpakTMYHA 3HAYYLLICTb OOCNILXEHHS MONArae y po3pobneHHi NpUKNagHUX nNiaxoais A0
ynpaBniHHS OXOPOHOI MpaLi, 30KpeMa Ha OCHOBi CLEHAPHOr0 OLHIOBAHHA PU3MKIB, BNPOBAMKEHHS LMbPOBMX
CUCTEM MOHITOPUHTY Ta 6e3nepepBHOr0 HaBYaHHS MepCoHay. 3aCTOCYBaHHS LMX 3aX0AiB CNPUSE 3HUXKEHHIO PiBHA
BMPOOHMYOro TpaBMaTU3MYy, MiHiMi3aLii NPOCTOiB, NiABULLEHHIO KEPOBAHOCTI BUPOOHUUYMX MPOLECIB Ta 3arajibHoi
edeKTUBHOCTI AiSNIbHOCTI arpapHUX NiANPUEMCTB, BOAHOYAC edeKTUBHICTb iX peanisauii 3anexuTb Bif NoA0NAHHA
perynsTopHuX, opraHisauiiHux i diHaHCOBUX 0OMexeHb

KalouoBi cAoBa: flofMHO-MallMHHA B3aEMOLis; aBTOHOMHI arpapHi cucTeMu; NpoMuciioBa Kibepbesneka; TouHe
3eM1epo6CTBO; TpaHChOPMaLLia pU3KMKiB; pOBOTOTEXHIKA
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Abstract. The operation of the blast furnace lining is accompanied by intense abrasive and impact wear, which
makes it necessary to develop iron-containing surfacing materials with a heterogeneous carbide microstructure to
increase strength and wear resistance. The aim of the work was to increase the mechanical strength and durability of
the lining of the blast furnace shop by optimising the structure of the deposited layers and establishing regularities
between the microstructure, mechanical properties and wear resistance of the coatings. The research was carried
out using electric arc surfacing on samples of 09G2S steel. Tests were conducted for hardness, impact toughness
and abrasive wear, as well as microstructural analysis of the surfaced layers and assessment of the nature of crack
formation after microindentation. The main results of the experimental studies show that the hardness of the
deposited layers ranged from 52 HRC in SAS Global to 58 HRC in VELTEC, while the impact toughness varied from
18 J/cm? in Duroxite to 22 J/cm? in VELTEC, demonstrating an inverse relationship between hardness and impact
toughness: harder layers are more prone to brittle fracture. Abrasive wear tests showed that VELTEC demonstrated
the best wear resistance with a mass loss of 0.12 g and only one crack per 100 cm?, while SAS Global had the
highest number of cracks (4 per 100 cm?) and a mass loss of 0.20 g, and Duroxite had intermediate values - 0.18 g
mass loss and 3 cracks. As a result, it was found that the formation of a hypereutectic structure with an M,C;
carbide phase contributes to a reduction in the intensity of abrasive wear and limits the spread of microcracks. The
obtained welded layers are characterised by a combination of increased hardness and sufficient impact toughness,
which is critical for the operation of the lining under variable impact loads. The practical value of the results lies
in the possibility of their use in the restoration and modernisation of blast furnace linings in order to increase the
inter-repair resource and reduce operating costs

Keywords: welding; microstructure; wear; strength; residual stress; hardness

Introduction
In modern blast furnace production, one of the key ele-
ments of the transport system is a skip designed for the
cyclical vertical movement of charge materials to the

One of the main reasons for the limited service life
of the skip lining is crack development, which occurs
due to a combination of thermal, mechanical and struc-

blast furnace charging device. Under operating condi-
tions, the skip undergoes intense abrasive impact from
agglomerate, coke and ore, which causes accelerated
wear of its internal surfaces.To protect the skip body from
premature destruction, lining in the form of removable

or deposited wear-resistant elements is widely used.

tural factors. As noted by SV. Shchetynin et al. (2019),
residual stresses generated during surfacing play a
crucial role in the appearance of microcracks, which
can later develop into macro-cracks and cause the de-
posited layer to detach. Their microstructure has a sig-
nificant influence on the tendency of deposited layers
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to crack development. High-chromium iron-containing
alloys, typically used for wear-resistant surfacing, form
eutectic structures with M7C3-type carbides, which
provide high hardness but are also characterised by
increased brittleness. An alternative approach to im-
proving the operational reliability of linings is the use
of modified surfacing alloys, in which hardening is
achieved due to fine boride and carbide phases. Accord-
ing to the findings of O. lvanov (2020), the development
of a fine-dispersed structure with a uniform distribution
of reinforcing phases helps to reduce the rate of crack
propagation and increase resistance to destruction. In
addition to the chemical composition of the deposited
material, the surfacing technology has a significant im-
pact on the crack resistance of the lining. The study by
L.Zong et al. (2019) established that reducing the linear
thermal energy and controlling the inter-pass tempera-
ture can reduce the level of residual stresses and form a
more favourable structure of the deposited layer.

Similar conclusions were provided in the paper by
A. Czuprynski et. al. (2022), where the efficiency of opti-
mised surfacing modes for parts of metallurgical equip-
ment was shown. An additional factor in increasing the
life of the lining is the use of buffer layers between the
steel base and the wear-resistant surfacing. The study
by T. Varis et al. (2023) explored the possibility of us-
ing iron-based (Fe-based) thermal spray coatings as an
alternative to standard hard coatings to protect parts
from abrasive and cavitation wear. Several commercial
and experimental Fe coatings applied by high velocity
Oxy-Fuel and High Velocity Air-Fuel (HVAF) methods
were analysed and their microstructure, hardness, and
wear resistance were compared with coatings based
on WC-CoCr and CrsC,-NiCr. The results showed that Fe
coatings generally have a lower resistance to abrasive
wear due to the lower content and size of solid phases,
but in cavitation erosion tests they showed good, and
sometimes better, results compared to standard coat-
ings. The researchers concluded that cavitation wear
resistance is largely determined by microstructure,
cohesion between layers, and the material’s ability to
undergo plastic deformation, rather than just hardness,
and that Fe-based coatings, especially those applied by
HVAF, have significant potential for use under cavita-
tion loading conditions.

Z.T.Oztiirk (2021) investigated the effect of alloying
elements such as Si, Cr, B, and Ni on the microstructure
and abrasive wear resistance of FE-C-Si-Cr-B-Ni depos-
ited layers. Hardness and abrasive abrasion tests of var-
ious alloy compositions were performed, including mi-
crostructural analysis using metallography. The results
showed that the introduction of Ni and Cr promotes the
generation of a denser boride and carbide structure,
which increases the hardness and wear resistance of
coatings. C. Okechukwu et al. (2024) developed new fer-
ro alloy surfaced alloys for conditions of high abrasive
wear under low impact loads. A comprehensive study
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of mechanical properties, including hardness, impact
strength, and weight loss during abrasive wear, was
conducted. The study showed that the optimal com-
position of the alloy provides a balance between high
wear resistance and sufficient impact strength, which
makes it suitable for industrial applications. The study
by O. Skvortsov & O. Mikosianchyk (2023) considered
the wear resistance of electric arc coatings under the
action of abrasive wear. The researchers investigated
the effect of coating technology and microstructure on
the development of microcracks and material loss dur-
ing abrasive wear tests. The results showed that coat-
ings with a more uniform carbide phase show better
wear resistance and less tendency to crack, highlighting
the importance of controlling the microstructure dur-
ing surfacing.

Despite a significant number of scientific papers
devoted to wear-resistant surfacing, the issue of a
comprehensive assessment of the influence of the
microstructure, technological modes, and mechanical
characteristics of the deposited layers on the opera-
tional reliability of the blast furnace skip lining re-
mains insufficiently covered. In particular, it is neces-
sary to clarify the relationship between the structure
of the deposited layers, hardness indicators, impact
strength, and the intensity of abrasive wear under
conditions close to real operation. The purpose of this
study was to comprehensively assess the influence of
technological parameters of surfacing and structural
features of deposited wear-resistant layers on the me-
chanical characteristics and operational reliability of
the blast furnace skip lining.

Materials and Methods

The object of the study was deposited wear-resistant
layers formed on a steel base, used for the manufacture
and restoration of blast furnace skip linings. As a base
material, low-alloy structural steel of the VELTEK brand
was used, characterised by satisfactory weldability, sta-
ble structure, and wide application in metallurgical
equipment operating under abrasive and impact loads
(Pokhmurska et al., 2017). The samples were welded
using the arc method in a protective gas environment
with semi-automatic direct current welding equipment.
The chosen surfacing method ensured arc stability, heat
investment control, and the development of a dense
deposited structure that met advanced requirements
for the restoration of wear-resistant parts for metallur-
gical purposes (Belik et al., 2016).

To conduct experimental studies, low-alloy struc-
tural steel was used as the base material, which was
typical for the lining elements of metallurgical equip-
ment in terms of chemical composition, mechanical
properties, and weldability. The choice of this mate-
rial was conditioned by its wide application in blast
furnace shops, and the possibility of forming depos-
ited layers without the development of technological

g
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defects, which ensured correct modelling of real op-
erating conditions of the skip lining. The samples
were made in the form of rectangular plates meas-
uring 100 x 50 mm with a base metal thickness of
10-15 mm, which provided sufficient rigidity during
surfacing and geometry stability during subsequent
mechanical tests. Before surfacing, the surface of the
samples was subjected to mechanical cleaning and
degreasing to minimise the influence of foreign fac-
tors on the development of the deposited layer. The
actual surfacing modes were selected considering the
technological recommendations for arc surfacing of
wear-resistant materials and the need to reduce re-
sidual stresses. Surfacing was performed at a welding
current of 220-260 A and an arc voltage of 24-28 V.
The speed of movement of the burner was 18-22 cm/
min, which ensured the development of a uniform
roller without undercuts and pores. The inter-pass
temperature was maintained at a level not exceeding
150°C to limit heat accumulation and reduce the risk
of thermal cracks (Zong et al., 2019).

The choice of these welding modes was based
on the critical influence of linear thermal energy on
the development of the microstructure of the depos-
ited layer. Microstructural studies of deposited layers
and thermal impact zones were performed by optical
metallography methods. Preparation of metallographic
grinds was carried out according to the standard meth-
od with mechanical grinding and polishing, after which
chemical etching was performed to identify the phase
structure. Microstructure analysis was aimed at evalu-
ating the morphology of reinforcing phases, the nature
of their distribution, and the relationship with possible
crack propagation paths (lvanov, 2020). The hardness
of the deposited layers was determined by indentation
with measurement in the deposited metal, the ther-
mal impact zone, and the base metal. This approach
allowed estimating the gradient of mechanical proper-
ties in a bimetallic system, which is an important factor
in the crack resistance of deposited coatings (DSTU EN
14700:2008, 2008). Wear resistance was evaluated by
laboratory tests for abrasive wear, which simulate the
operating conditions of the lining of a blast furnace skip.
The test method corresponded to generally accepted
approaches to the analysis of deposited wear-resistant
materials and allowed comparing the wear intensity of
different deposited layers under the same load condi-
tions (Czuprynski et al., 2022).

To ensure the reliability of the results, all mechan-
ical tests were performed on at least three samples for
each series. The results were presented as average val-
ues with an indication of the root-mean-square devia-
tion (M % SD), which allowed estimating the spread of
experimental data and ensured the correctness of the
comparative analysis of the obtained characteristics
(Venkatesh et al., 2015). To ensure statistical reliability
of the results, the study was carried out on a series of

samples formed under the same technological condi-
tions of surfacing. The total sample size was at least
24 samples, which were divided into two experimental
groups depending on the structural organisation of the
deposited layers. Within each group, 12 samples were
made, which allowed evaluating the reproducibility of
the results and reducing the impact of random errors.
For each type of deposited coating, at least three par-
allel measurements of hardness, impact strength, and
abrasive wear indicators were used, followed by the
determination of average values. This approach en-
sured sufficient statistical reliability of experimental
data and allowed correctly comparing the results ob-
tained with each other, and with the data given in the
scientific literature.

Results and Discussion

Research results have shown that the operational reli-
ability of blast furnace skip linings is determined by a
combination of intense abrasive and impact wear and
a complex stress-strain state that arises during equip-
ment operation. Analysis of the design features of the
lining shown in Figure 1 shows that the most loaded
areas are direct contact with abrasive material, where a
combined wear mechanism is implemented.

- 1 ma I
L i il L
A I S S e ¢ 1 B g o
(418 J s 1 1 R ikl T |
v | #g — . B0~ R < gl
I e e e e s s

1 L4 b =

Figure 1. Drawings of the skip lining
for the blast furnace
Source: created by the author

Experimentally determined values of hardness
and impact strength of deposited layers are summa-
rised in Table 1. The presented data were obtained as
part of the author’s experimental studies on a series
of samples manufactured under the same technologi-
cal conditions. Analysis of the results showed that with
an increase in the hardness of the deposited layer, a
decrease in impact strength is observed, which indi-
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cates an increase in the susceptibility of the material

deposited coatings and was noted by B. Venkatesh et
to brittle fracture. A similar relationship between hard-

al. (2015). The results of abrasive wear tests and crack

ness and impact strength is typical for wear-resistant

resistance assessments are shown in Table 2.

Table 1. Hardness and impact strength of deposited layers of different types of materials

Brand Hardness, HRC Impact strength, J/cm? Notes
VELTEK 58 22 Optimal combination
Duroxite 55 18 High hardness, lower viscosity
SAS Global 52 20 Average indicators
Source: compiled by the author

Table 2. Abrasive wear and resistance to microcracks of modern deposited layers

Brand Weight loss, g Number of cracks per 100 cm? Notes
VELTEK 0.12 1 Best wear resistance
Duroxite 0.18 3 Moderate wear, high hardness
SAS Global 0.20 4 Largest number of cracks
Source: compiled by the author

All values were obtained in the course of exper-
imental studies, which allows considering them as a
reliable basis for analysing the operational behaviour
of deposited layers. It is established that an increase in
abrasive wear resistance is accompanied by a decrease
in weight loss of material, but excessive rigidity of the
structure increases the risk of local micro-destruction.
Similar patterns were described by C. Fan et al. (2006),
who emphasised the need for a comprehensive as-
sessment of wear resistance and fracture resistance.
Microstructural analysis of the deposited layers makes
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established a relationship between the phase compo-
sition and the mechanisms of crack development. Fig-
ure 2a shows the structure of a hypereutectic Fe-Cr-C
alloy with a carbide phase of the M7C3 type, while Fig-
ure 2b illustrates the nature of crack propagation after
microindentation. The results show that cracks are ini-
tiated mainly in the carbide phase and propagate along
the interfacial boundaries, which is conditioned by the
high brittleness of carbides. A similar mechanism of

crack development was described in detail in the paper
by R. Zahiri et al. (2014).

Figure 2. Structure of the hypereutectic Fe-Cr-C alloy and the nature of crack propagation after micro-indentation

Notes: a - carbide phase M7C3; b - crack propagation directions
Source: R. Zahiri et al. (2014)
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Comparison of microstructural observations with
the mechanical characteristics given in Table 1 and Ta-
ble 2 established that a more uniform distribution of the
carbide phase helps to reduce the stress concentration
and slow down the development of cracks. The results
obtained indicate that the deposited layers are char-
acterised by a combination of high hardness, sufficient
impact strength, and increased resistance to abrasive
wear, which is crucial for the operation of the blast fur-
nace skip lining under abrasive and impact loads. The
generalised mechanical characteristics of the deposit-
ed layers are shown in Table 1, and the results of tests
for abrasive abrasion and crack resistance are shown
in Table 2. As the analysis of the results shows, the in-
crease in performance characteristics is conditioned by
the development of a heterogeneous microstructure
consisting of a metal matrix and solid carbide-type
phases. Similar patterns were established by PM. Pr-
ysyazhnyuk et al. (2022), who noted that the uniform
distribution of carbide inclusions in the iron-containing
matrix significantly increases the resistance to abrasive
and erosion wear. The results obtained in this paper
confirm this thesis, since samples with a more uniform
structure show a lower intensity of weight wear.

The microstructural features of the deposited
layers are confirmed by analysing the structure of
the hypereutectic Fe-Cr-C alloy. As shown in Figure 2,
the M7C3-type carbide phase forms a branched grid
that effectively prevents local plastic deformation.
C. Fan et al. (2006) noted that it is this morphology
of carbides that contributes to an increase in the re-
sistance to nucleation and propagation of microcracks
under contact loading. The nature of crack develop-
ment observed in this paper after microindentation is
consistent with the above provisions. In the paper by
L.F. Holovko et al. (2012), the use of laser-plasma sur-
facing for the development of wear-resistant surfaces
of machine parts was considered. The researchers in-
vestigated a combined process in which the plasma
supplies and heats the powder material, and the laser
melts it together with the base, which increases the
efficiency of surfacing and reduces energy costs. The
main attention was paid to modelling temperature
fields and selecting optimal process modes, and the
conclusions showed that this approach is promising
for obtaining high-quality wear-resistant coatings
and reducing the volume of experimental studies. An
important aspect is the ratio of hardness and impact
strength of the deposited layers. According to the re-
sults presented in Table 1, an increase in hardness
is not accompanied by a critical decrease in impact
strength, which is fundamental for parts operating
under variable impact loads. A similar effect was de-
scribed by PM. Prysyazhniuk (2024), proving that mul-
tilayer deposited coatings with an optimised structure
exhibit more balanced mechanical properties com-
pared to single-layer coatings.

The abrasive wear of the deposited layers (Table 2)
decreases with increasing volume fraction of solid
phases and increasing the microhardness of the ma-
trix. B. Maroli et al. (2017) showed that in the case of
iron-containing deposited alloys with high carbide con-
tent, wear occurs mainly by a micro-cutting mechanism,
but the wear rate is significantly reduced by blocking the
movement of abrasive particles. The results obtained
in this paper correspond to this concept. The paper by
Z-H.Wang et al. (2014) investigated the microstructure
and wear resistance of Fe-Cr-B-C hard-surfaced alloys
produced by arc surfacing with a wire structure with
flux to improve the abrasive wear resistance of the sur-
face layers of parts. Using optical, scanning electron
microscopy, and X-ray diffraction, they analysed the
effect of boron content on phase development, size,
and distribution of borides in the alloy, finding that as
boron increases, the boride structure changes from a
discontinuous to a continuous network, and at concen-
trations above ~3% by weight, the proportion of pri-
mary (Fe, Cr) B increases, and the distribution becomes
more uniform. This leads to an increase in the hardness
and abrasive wear resistance of alloys to a certain level
of boron (<4%). The results showed that the controlled
application of boron can significantly affect the micro-
structure and wear resistance of Fe-Cr-B-C deposited
layers, making them promising for use under heavy fric-
tion and abrasion conditions.

Special attention should be paid to the effect of
residual stresses formed during surfacing. L. Zong et
al. (2019) emphasised that excessive structural rigid-
ity without sufficient stress relaxation can contribute
to brittle fracture. No signs of intense intergranular
crack development were found in the studied sam-
ples, which indicates an acceptable level of thermal
stresses formed during the surfacing process. B. Trem-
bach et al. (2022) emphasised that the introduction of
boron and chromium into iron-containing deposited
alloys can significantly increase abrasive wear resist-
ance without dramatically reducing ductility. The wear
values obtained in this paper confirmed the feasibility
of using such compositions to restore lining elements
that are experiencing intense wear. The design fea-
tures of the skip lining shown in Figure 1 substan-
tiate the localisation of areas of increased abrasive
and impact load. It is these zones that are critical from
the standpoint of part loss, which is consistent with
the conclusions of F. Franék et al. (2009), who noted
that the wear resistance of deposited layers should
be evaluated considering actual contact conditions
and element geometry. Thus, the results of experi-
mental studies confirm the global trends established
in the recent studies by foreign researchers regarding
the effectiveness of the use of iron-containing de-
posited coatings to increase the service life of parts
working in conditions of abrasive and impact wear.
However, the obtained data complement the existing
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understanding of the relationship between the micro-
structure, hardness, impact strength, and mechanisms
of destruction of deposited layers.

Conclusions

The paper examined the features of the development
and operational behaviour of deposited wear-resistant
layers designed to increase the reliability of the blast
furnace skip lining. It was shown that the nature of
lining wear is determined by a combination of abra-
sive and impact load and a complex stress-strain state
formed in the most loaded zones of the structure. It
was established that the mechanical and operational
properties of deposited layers significantly depend on
their microstructural organisation. The development of
structures with a high content of the carbide phase con-
tributes to an increase in hardness and abrasive wear
resistance, but is accompanied by an increase in the
tendency to brittle fracture. It was found that the une-
ven distribution of carbide inclusions is one of the main
factors for the initiation and development of cracks in
the deposited layers. The use of multilayer deposited
systems helps to reduce hardness gradients and stress
redistribution in the thermal impact zone, which posi-
tively affects the resistance to destruction of deposited
coatings. The results obtained confirm the feasibility of
a comprehensive approach to choosing the structure

and can be used to substantiate technological solutions
for the restoration of blast furnace skip linings in order
to extend their service life and improve operational re-
liability. A promising area of further research is an in-
depth microstructural analysis of deposited layers and
thermal impact zones using quantitative phase analysis
to establish the relationship between the morphology
of reinforcing phases and fracture resistance indicators.
It is advisable to use methods of numerical modelling
of the stress-strain state to assess the effect of residu-
al and thermal stresses on the development of cracks
in multilayer systems. Special attention should be paid
to the study of the effect of heat treatment after sur-
facing on reducing the level of residual stresses and
stabilising the microstructure of the deposited layers.
Further research in this area will expand the practical
application of the developed technological solutions
and increase the efficiency of restoring blast furnace
equipment elements.
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Kryvda

MiABUILLEHHA TPILWMHOCTIMKOCTI PyTEepiBKMU CKina AOMEHHOr0 Lexy

IBaH KpuBpaa

AcnipaHt

[IHINPOBCbKMIA AEPXKABHUI TEXHIYHWUIA YHIBEPCUTET
51918, syn. [IHinpobyniscbka, 2, M. KaMaHcbke, YkpaiHa
https://orcid.org/0009-0005-0724-853X

AHoTaujia. ExcnnyaTauiss dyTipkM ckuna LOMEHHOTO LEXY CyrnpOBOAXKYETbCSA iHTEHCMBHUM abpasuBHO-yAAPHUM
3HOLUYBAHHSIM, Yepes WO aKTyallbHO po3pobnsaTi 3ani30BMICHI HannaBHi MaTepianu 3 reTeporeHHol KapbigHoto
MiKpOCTPYKTYpOlO ANS MiABMLLEHHS MILHOCTI Ta 3HOCOCTiMKOCTI. MeTolo poboTu 6yno NiABULLEHHS MeXaHiYHOi
MILIHOCTi Ta AOBrOBIYHOCTI GYTIPKM CKMNA AOMEHHOIO LeXY LWASXOM ONTMUMI3alii CTPYKTYpU HannaBieHMX LWapiB i
BCTAHOBJIEHHS 3aKOHOMIPHOCTEN MiX MiIKpPOCTPYKTYPOI, MEXAHIYHMMM BAACTUBOCTSMM Ta 3HOCOCTIMKICTIO MOKPUTTIB.
[ocnigXeHHs BUKOHAHO 3 BUKOPUCTAHHAM efleKTpOAYroBOro HannasiaeHHs Ha 3paskax 3i ctani 0912C. MNposeaeHo
BMMNPOOYBAHHA HAa TBEPAICTb, yAAPHY BA3KiCTb i abpa3uBHe CTUPAHHS, a TaKOX MiKpOCTPYKTYPHUI aHanNi3 HanaaBnaeHnx
WapiB i OLIHKY XapaKTepy TPiLLMHOYTBOPEHHS NicNs MiKpOiHAEeHTYBaHHS. OCHOBHI pe3ynbTaTu eKcnepuMeHTanbHUX
[oCnigKeHb NOKa3yTb, WO TBEPAICTb HannasneHux wapis konusanaca Big 52 HRC y matepiany SAS Global po
58 HRC y BEJITEK, Toai sk yaapHa B¥3KicTb 3MiHtoBanacs sig 18 Ox/cm? y Duroxite go Hx/cm? y BENTEK, wo
[LeMOHCTPYE 0OepHeHy 3aNexHiCTb MK TBEpAOCTI Ta YAAPHOK BA3KICTHO: OinblWw TBepAi Wwapu MawTb Ginblly
CXUNBHICTb 10 KPUXKOTO pyrHYBaHHS. Y BUNpoOyBaHHAX Ha abpa3nBHe CTUpaHHSA BCTAHOBEHO, Wwo BEJITEK nposswue
HaMKpalLly 3HOCOCTIMKICTb i3 MacoBot BTpatoto 0,12 1 Ta nuwe oaHieto TpiwmHow Ha 100 cM?, Toai 9k SAS Global
XapaKTepu3yBaBCs HaibiNbLIOK KifbKicTio TpimH (4 Ha 100 cm?) i BTpaToto mMacu 0,20 r, a Duroxite MaB NpoOMixHi
3HayeHHs - 0,18 r BTpati Macu Ta 3 TpilwmMHK. Y pe3ynbTaTi BCTaHOBIEHO, WO GOPMYBaHHS 3aeBTEKTUYHOI CTPYKTYpU
3 kapbigHoto daso TNy M,C; CNpUSE 3HUXKEHHIO HTEHCMBHOCTI abpa3sMBHOIO 3HOLIYBAHHA Ta OOMEXEeHH!o
MOLMPEHHS MIKPOTPIlLMH. OTpUMaHi HanNaBAeHi Wapyu XapaKTepu3syrTbCs NOEAHAHHAM NiABULLEHOT TBEPLOCTI Ta
[OCTaTHbOI YAAPHOI BYI3KOCTI, WO € KPUTUYHUM AN poboTn dyTipkM B YMOBAX 3MiHHUX YAAPHUX HABAHTAXKEHb.
MpaKkTUYHa LiHHICTb pe3ynbTaTiB MONSra€ y MOXIMBOCTI iX BUKOPUCTAHHS MpPU BiLHOBAEHHI Ta MOAEPHi3aLii GyTipku
CKMMiB LOMEHHMX MNeyelt 3 MeTo 36iNblIEHHS MiXXPEMOHTHOIO PeCcypCy Ta 3HMXKEHHS eKCrayaTauiiHnX BUTpaT

KalouoBi cA0Ba: HannaBneHHS; MiKpOCTPYKTYpPa; 3HOWYBAHHS; MiLLHICTb; 3a/IMLLIKOBI-HaNpPY>KEHHS; TBEPLICTb
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Abstract. The relevance of this study is driven by the need to improve the efficiency of drilling and blasting
operations at iron ore open-pit mines in the Kryvyi Rih Basin through the application of elongated shaped
charges spatially adapted to the structural characteristics of the rock mass in order to optimise borehole pattern
parameters. The aim of the study was to determine the influence of the spatial orientation of elongated shaped
charges on the geometric parameters of the borehole pattern and to develop engineering recommendations for its
optimal design under the complex mining and geological conditions of surface mining. The research methodology
was based on an integrated approach combining numerical modelling of wave propagation in continuous media
using constitutive material behaviour models with nonlinear mathematical optimisation based on the Generalised
Reduced Gradient (GRG) algorithm. The results demonstrated a nonlinear relationship between the dimensions of
the intensive fragmentation zone and the rotation angle of the shaped cavity. Statistical analysis confirmed that the
optimum rotation angle is 45°, provided that the shaped charge jet is oriented parallel to the strike of the principal
fractures. Under these conditions, an elongated elliptical fracture zone is formed, enabling the transition from
conventional square borehole patterns to rectangular spatial layouts. It was established that this configuration
allows the spacing between boreholes to be increased to 7 m, while achieving a borehole convergence coefficient
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of 1.52. Conversely, orienting the charge perpendicular to the fracture system produces an acoustic shielding effect,
restricting the propagation of explosive energy and limiting the expansion of the borehole pattern. The practical
significance of the study lies in the development of a differentiated methodology for the spatial positioning of
explosive charges in ferruginous quartzites. The implementation of the proposed optimised borehole pattern
parameters reduces specific drilling costs by 33% without compromising fragmentation quality. Furthermore, it
decreases drilling tool wear, shortens the preparation cycle, and proportionally reduces the environmental impact

through lower dust and gas emissions

Keywords: shaped cavity; ferruginous quartzite fragmentation; dynamic modelling; borehole convergence; drilling

and blasting operations

Introduction

The efficiency of open-pit mining operations was large-
ly determined by the quality of drilling and blasting
preparation of the rock mass. One of the promising di-
rections for intensifying the destruction processes was
the application of elongated shaped charges (ESCs),
capable of concentrating explosion energy in a speci-
fied direction. Globally, research on directed explosive
action was actively developed, and increasing the ef-
ficiency of rock mass destruction through the directed
concentration of detonation energy was considered one
of the most urgent scientific and practical tasks for the
modern mining industry.

The analysis of the current state of research in this
field indicated significant interest from the scientific
community in this issue. Furthermore, attention was
focused on the mathematical and mechanical model-
ling of the stress field during an explosion by Q. Gao et
al.(2020). In that study, the influence of the detonator’s
location on the efficiency of bench blasting was ex-
amined, and it was concluded that the correct spatial
localisation of initiation was critically important. Ac-
cording to Y. Yao et al. (2021), an innovative approach
using a bilateral slotted shaped charge was developed
and investigated. The advantages of microsecond
delays for the formation of directed cracks between
boreholes were proven. Significant attention was also
paid to the optimisation of the charge design itself.
For instance, various shapes of shaped charge liners
were investigated by K. Liu et al. (2023). Based on ex-
perimental data, it was concluded that the liner shape
was the determining factor for the efficiency of direct-
ed rock destruction.

Despite significant progress in this field, the ma-
jority of research was focused on general principles,
without proper adaptation to the specific mining and
geological conditions of the iron ore open-pit mines
in the Kryvyi Rih basin. The issue of mass blasts in
the Kryvbas open-pit mines was studied by Ye.O. Nes-
mashnyi et al. (2022), whilst developing a method for
the rapid determination of the flyrock distance. It was
concluded that blast parameters required strict con-
trol to ensure safety. The variability of drilling and
blasting parameters at local enterprises was ana-
lysed by H. Yeremenko et al. (2022). According to those
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researchers, there was an urgent need to improve the
borehole pattern parameters, taking into account the
spatial orientation of elongated shaped charges, to
increase the quality of fragmentation and reduce the
yield of oversized blocks.

A study by B. Andrieiev et al. (2026) was dedicated
to a detailed analysis of the physical, mechanical, and
hydrodynamic processes accompanying the detonation
of elongated shaped charges during rock mass destruc-
tion under the conditions of iron ore open-pit mines.
Attention was focused on the mechanisms of forma-
tion and interaction of shaped charge jets with high-
strength ferruginous quartzites and ores. The redistri-
bution of explosion energy during the application of
the shaped charge effect was substantiated in the work,
which allowed achieving directed crack formation and
improving the quality of rock mass fragmentation. The
scientific value of the study consisted in establishing
the patterns of shock wave propagation and dynamic
stresses in the rock mass upon detonation of elongated
shaped cavities.

Consequently, the issue of developing scientifically
substantiated methods for the optimal design of the
borehole pattern, which would take into account the
influence of ESC orientation on the efficiency of ex-
plosive breaking under the conditions of the Kryvyi
Rih basin, remained unresolved. Within the scope of
the conducted research, the aim was to determine the
patterns describing the impact of the spatial orienta-
tion of elongated shaped charges on the formation
of the borehole pattern, in order to create practical
tools for its optimal design in the open-pit mines of
the Kryvyi Rih basin. The realisation of the set objec-
tive encompassed the solution of three key tasks. In-
itially, global experience and theoretical foundations
of using shaped charges for directed rock destruction
were analysed. The subsequent step involved the con-
struction of a mathematical model and the conduction
of experimental studies on the influence of the ESC
spatial orientation on fragmentation quality under the
conditions of the Kryvyi Rih basin open-pit mines. The
final stage of the work was the development and ver-
ification of a practical engineering methodology for
calculating borehole pattern parameters.
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Literature Review

The issue of increasing the efficiency of drilling and
blasting operations was the subject of constant attention
from researchers. A significant contribution to the devel-
opment of the theory and practice of explosive rock de-
struction using shaped charges was made by various re-
searchers.The influence of the design features of shaped
charge liners on the nature of rock destruction was in-
vestigated by K.Liu et al.(2023) based on numerical mod-
elling and laboratory experiments. Flat, arc-shaped, and
triangular shapes of cavities were compared with each
other. Based on the results of the work, it was concluded
that the application of a triangular-shaped liner provid-
ed the best directed effect compared to other analogues.

According to Y. Yao et al. (2021), an innovative ap-
proach using a bilateral slotted shaped charge (BGSSC)
was developed. The impact of microsecond initiation
delays on the dynamics of crack development was in-
vestigated. It was concluded that precisely calculated
time intervals allowed the formation of through cracks
between boreholes, providing an even separation plane.
The application of directed controlled blasting technol-
ogy during the excavation of unstable rock slopes along
the Konkan Railway was investigated by N. Bhagat et
al. (2020). It was concluded that the proposed technol-
ogy provided better control of the excavation contour,
increased slope stability, and reduced undesirable rock
destruction. The influence of the eccentric placement
of a decoupled charge on the nature of rock destruction
was investigated by C. Pan et al. (2022) using numer-
ical modelling. It was established that such a design
contributed to the concentration of explosion energy
in a specified direction and improved the controllabili-
ty of the destruction process. A numerical model based
on the particle-based numerical manifold method for
modelling crack development during explosive rock
destruction was developed by X. Li et al. (2017). It was
confirmed that the proposed approach reliably repro-
duced the crack propagation process and could be used
for the optimisation of drilling and blasting parameters.
The features of rock destruction when using a slotted
cartridge with a decoupled charge were investigated
by Y. Wang (2017). The results demonstrated that such
a design provided a more efficient direction of explo-
sion energy and the formation of controlled cracks. The
mechanism of crack formation during shaped charge
blasting was investigated, and a novel dual shaped
charge technology was proposed by P. Xu et al. (2024).
It was established that the use of two shaped charg-
es increased the efficiency of directed rock destruction
and improved the control of crack development. The
mechanism of directed rock splitting under the action
of a shaped charge jet was investigated by D. Liu et
al. (2023). It was concluded that the shaped charge jet
provided energy concentration in a specified direction,
which facilitated the formation of main cracks and in-
creased the efficiency of directed blasting.

A study by Q. Gao et al. (2020) was dedicated to the
mathematical and mechanical analysis of stress field
formation in an explosive charge. The main object of
the research was the influence of the detonator’s loca-
tion on the overall explosion energy. It was concluded
that the optimisation of the charge initiation point was
capable of fundamentally changing the spatial distribu-
tion of energy and significantly improving the efficiency
of bench blasting. Environmental and resource-saving
aspects of blasting operations in open-pit mines were
investigated in a study by O. Tverda et al. (2021). A new
charge design with a radial gap completely filled with
a chemically active substance was developed. It was
concluded that such an approach allowed not only to
reduce the seismic pressure on the rock mass but also
to effectively neutralise harmful gases formed after
detonation. The direct issue of designing and conduct-
ing drilling and blasting operations under the specific
conditions of the Kryvyi Rih iron ore basin was also a
subject of active research. Experimental studies on the
variability of drilling and blasting parameters at the
“Pivdennyi” open-pit mine of “‘Rudomain” LLC were con-
ducted by H.Yeremenko et al. (2022). The impact of new
materials on the final particle size distribution of the
blasted ore was studied. Based on the results of the
work, it was concluded that there was a necessity for
the constant adaptation of borehole pattern parame-
ters to the changing mining and geological conditions
of the deposit.

It should be noted that despite the significant vol-
ume and depth of the aforementioned research, there
were aspects of the topic to which insufficient attention
was paid. In particular, the quantitative impact of the
specific spatial orientation (angle of rotation) of elon-
gated shaped charges on the rational distance between
boreholes in the rock mass was practically unexplored
in the analysed works. The absence of clear mathemat-
ical dependencies and a differentiated approach to the
optimal design of the borehole pattern, taking into ac-
count the direction of the ESC action under the specific
conditions of the iron ore open-pit mines of the Kryvyi
Rih basin, formed a scientific gap, which served as the
main prerequisite for conducting this research.

Materials and Methods

The general strategy of this research was based on a
complex multiscale approach, which organically com-
bined the analytical substantiation of gas-dynamic
processes in the near-blast zone and the multivariant
computer modelling of nonlinear continuum mechan-
ics. Such a symbiosis of methods allowed overcoming
the conceptual insufficiency of purely empirical or ex-
clusively numerical approaches, verifying theoretical
hypotheses regarding the spatial anisotropy of the
stress-strain state of the rock mass caused by the di-
rected action of the explosion, and obtaining reliable
data for the further macroscale optimisation of drilling
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and blasting parameters. The limitation of this study
was that the patterns of the formation of elliptical
destruction zones were established for the conditions
of hard ferruginous quartzites (f=16 - 18). Changes in
the properties of the rock mass or types of explosives
would require further comparative analysis and calibra-
tion of mathematical models at other deposits.

The research logic involved a sequential transi-
tion from the micromodelling of shaped charge wave
effects to the macroscopic engineering calculations of
the geometric configurations of the borehole pattern.
The mathematical and physical bridge in this transition
was the energy focusing efficiency coefficient, obtained
through the polynomial approximation of the volumes
of the destroyed medium based on the results of a se-
ries of numerical calculations. The application of poly-
nomial approximation in this context was a method of
justified data dimensionality reduction, which allowed
transforming redundant arrays of discrete parameters
of the stress-strain state into a continuous analytical
function. Since the volume of destruction was selected
as an integral criterion accumulating energy expendi-
tures on deformation, crack formation, and wave inter-
ference, the obtained polynomial dependence acted as
a normalised response function of the geomedium. This
allowed collapsing microscale dynamic effects into a
weight coefficient, which was directly integrated into
classical engineering methodologies for calculating
blasting operations, ensuring the accurate transfer of
fundamental patterns into applied design algorithms.

The experimental base of the research was formed
with deep consideration of the specifics of the physical
and mechanical properties of typical rocks of the Kryvyi
Rih iron ore basin under conditions of intensive deep-
ening of mining operations, where high tectonic stress-
es and changes in the nature of destruction began to
play a dominant role. Unweathered primary magnetite
quartzites of the basin’s mine administrations were
selected as the main media for studying the process-
es of fragmentation intensification. Magnetite quartz-
ites were characterised by extremely high strength
(strength coefficient on the M.M. Protodiakonov scale
f=14+18, compressive strength o,=180+ 220 MPa, dy-
namic tensile strength o,=14 + 18 MPa), high density
(y=3,200 + 3,400 kg/m?) and significant acoustic stiff-
ness (Z=14+16-10%g/(m?-s)). The critical geomechan-
ical feature of these ores was their structural anisotro-
py, caused by the complex folded block structure and
the spatial orientation of the main systems of natural
macrocracks. The presence of a network of subvertical
and subhorizontal cracks with a distance between them
from 0.2 to 0.8 m led to the spatial variability of the ul-
timate strength and a difference in the propagation ve-
locity of elastic stress waves along and across the strike
of the rock mass of up to 15-20%. Ferruginous quartz-
ites of a schistose texture, as less strong host rocks,
possessed a strength of f=8+10 (compressive strength
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80+120 MPa, density y=2,700+ 2,900 kg/m?)). This tex-
ture formed an extremely high degree of mechanical
and acoustic anisotropy (the structural anisotropy co-
efficient reached 1.4-1.6), which caused intensive dissi-
pation of the kinetic explosion energy on the planes of
weakness and required precise spatial alignment of the
shaped charge axis with the dominant anisotropy vec-
tors of the medium. This aspect was spatially formal-
ised through the introduction of the azimuthal angle g,
which determined the orientation of the shaped charge
plane in the plan relative to the dominant system of
natural cracks in the rock mass, which was a necessary
condition for preventing energy losses. To initiate di-
rected destruction and overcome the isotropic nature
of the expansion of detonation products, specially de-
signed elongated shaped charges were used, the struc-
tural diagram of which was presented in Figure 1.
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Figure 1. Cross-section of the elongated shaped charge
Notes: 1 - polymer shell; 2 - explosive; 3 - shaped cavity
Source: developed by the authors

According to the drawing, the total diameter of the
charge (item 1) was 250 mm, which fully correspond-
ed to the typical diameters of blast holes in Kryvbas
open-pit mines when heavy roller cone drilling rigs
of the SBSH-250 type were applied, which ensured
the technological efficiency of implementation. The
charge shell was manufactured from an extruded pol-
ymer material with a thickness of 2-3 mm. The choice
of polymer was determined by its acoustic impedance,
which was close to the parameters of industrial ex-
plosives, which minimised parasitic wave reflection
at the media interface, and also provided the neces-
sary geometric stability of the structure during load-
ing into water-filled boreholes. The internal space
(item 2) was filled with a pourable industrial explosive,
for example, a water-resistant emulsion composition
of the “Ukrainit” type with a linear density of about
40-45 kg/m. Along the charge formation line over its
entire length, a semi-cylindrical shaped cavity (item 3)
with a radius of 50 mm (R50) was formed. The choice of
the semi-cylindrical geometry was determined by the
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necessity of forming not a classical thin shaped charge
jet with high penetrating ability (the Munroe effect),
but a massive explosively formed projectile with a flat
front, capable of transmitting the maximum impulse of
tensile stresses to the rock mass. Exclusively an air gap
or a thin polyvinyl chloride film for waterproofing was
used as the liner of the shaped cut. The rejection of the
traditional metal liner was associated with the need to
prevent the loss of detonation thermal energy on the
plastic deformation of the metal and melting, focusing
exclusively the gas-dynamic flow onto the borehole
wall. The length of one charge module was 1-2 me-
tres, with the structural possibility of their rigid axial
connection by means of couplings into a continuous
charge column of any required length.

To investigate the complex wave pattern, gas-dy-
namic shock parameters, and the initial stage of the
micro- and macrocracking zone formation, a computer
modelling methodology was applied in the high-per-
formance ANSYS Autodyn software package, using the
explicit method of integrating continuum dynamics
equations over time. The computational domain was
discretised by a detailed hexahedral finite-element
mesh using a coupled formulation (Euler-Lagrange).
In this setup, detonation products and the air medium
were described by an Eulerian mesh to avoid problems
with element degeneration under large gas deforma-
tions, and the rock mass was described by a Lagrangian
mesh with built-in algorithms for geometric erosion of
elements upon reaching critical values of plastic defor-
mations or instantaneous destruction. The detonation
of the explosive was modelled using the phenomeno-
logical Jones-Wilkins-Lee (JWL) equation of state, the
parameters of which (4, B, R,, R,, w, E;) were precisely
calibrated for emulsion explosives based on copper cyl-
inder expansion tests. The behaviour of the rock mass
under intensive dynamic loading was described by the
complex Riedel-Hiermaier-Thoma (RHT) constitutive
model. This model was critically important for the re-
liable reproduction of the behaviour of brittle media,
since it took into account not only rock strength deg-
radation due to the gradual accumulation of damage
(parameter D), but also the nonlinear dependence of
the yield strength on hydrostatic pressure, strengthen-
ing effects at high strain rates, and the influence of the
Lode angle on the yield surface shape. Non-reflecting
boundary conditions were set at the external bound-
aries of the computational domain to simulate an in-
finite rock half-space and level out errors from stress
wave reflections from the artificial boundaries of the
computational domain. A mesh sensitivity analysis was
conducted until the convergence of results for peak
pressures at the shock wave front with an error of less
than 5% was achieved.

Since the direct search for optimal borehole pat-
tern parameters by finite element methods at the lev-
el of the entire open-pit block was computationally

impossible due to the gigantic number of degrees of
freedom and the difference in scales (from millimetres
in the borehole to tens of metres in the bench), the op-
timisation task was formalised in the form of a strict
macroscale mathematical model of nonlinear program-
ming (NLP). The general problem statement included
an objective function of reduced economic costs and
a complex system of nonlinear technological and ge-
ometric constraints:

FX)=Cy-(H+L,)+C,-Qu-W-H-y > min
Ay 'Kf(g)'a.W.H 01/6_ [dmax] <0

Q08
Ks-R-Q7% - Ky, (0) — [PPV,,] <0
{ Amin fa=s Amax

Wmin sWw< Wmax

Lp,min < Lp < Lp,max

0<o<®
2

: (1)

where C, - the average cost of drilling one running me-
tre of a borehole in hard quartzites; H - the height of
the working bench; C, - the cost of one kilogram of the
manufactured explosive; Q, - the design specific con-
sumption; y - the rock density. In the presented math-
ematical model, the following vector acted as the con-
trolled vector of independent spatial variables:

X=[a,W,L,6,B, (2)

where a - the distance between boreholes in a row; W -
the line of least resistance (distance between rows); -
the amount of subdrilling (which directly affected the
toe breakage). The spatial orientation of the charge was
described by two parameters: 8 - the zenith angle of
the shaped charge axis relative to the exposed plane
in the vertical section (visualised in Fig. 2 as angle a);
and B - the azimuthal angle of jet orientation in the
horizontal plane relative to the strike of the dominant
system of tectonic macrocracks.

The objective function F(X) represented a mathe-
matical expression for the minimisation of the total
reduced costs for the basic processes of drilling and
blasting operations. The first and most important in-
equality of the system formalised the critical techno-
logical condition for ensuring the required quality of
rock mass fragmentation: it was the empirical Kuz-
Ram equation, modified by the introduction of the
surrogate energy focusing efficiency coefficient K; (6,
B). The transition from microscale wave modelling in
ANSYS Autodyn to macroscale optimisation calcula-
tion was realised through a sequential procedure of
constructing a surrogate model (metamodel) based on
interconnected stages. Initially, relying on a series of
45 basic numerical calculations in Autodyn for discrete
spatial combinations of the zenith 6, and azimuthal §;
angles, a step-by-step calculation of the degradation
and strength fields of the rock mass was performed. In
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the subsequent step, the volume of the effective de-
struction V. (6, B) zone was determined by numerical
three-dimensional integration of those elements of
the rock Lagrangian mesh for which the accumulated
damage index in the RHT model reached the critical
value D 2 0.85, which corresponded to the complete
exhaustion of the medium’s bearing capacity and dis-
integration into separate fractions. Following this, the
calculation of the normalised dimensionless energy
focusing indicator relative to the baseline explosion of
a cylindrical charge of similar mass without a shaped
cavity (isotropic standard) was carried out as a ratio
\_{,,ac (6, B)= V4 (6, B)/ V. At the final stage, the obtained
discrete data array V;, (6, ) was approximated by a
two-dimensional third-degree polynomial using the
least squares method (LSM), which allowed obtaining
the analytical expression of the coefficient as a smooth
and differentiable function:

K:(6,B)=co* c,0+ B+ 07+ 0B+ +

+ 0+ OB+ OB+ CofF, (3)
where ¢,..c, — empirical approximation coefficients
calculated for a specific rock type. In particular, for
magnetite quartzites, the values ¢, =1.08, ¢, =-0.32,
¢, = 0.54, etc., were obtained, while ensuring a high
quality of agreement with the coefficient of determi-
nation R, =0.94. Due to the representation of the co-
efficient K; (6, B) in the form of a smooth polynomial,
the GRG optimisation algorithm gained the capability
of continuous calculation of the objective function and
constraint gradients during the search for optimal drill-
ing and blasting parameters without the need to use
resource-intensive finite-element calculations at each
iteration. The second inequality of the constraint sys-
tem strictly limited the seismic effect on the boundary
rock mass, where K, and « - the structural attenuation
coefficients of seismic waves, R - the distance to the
object, and K,,, (6, B) accounted for the spatial redis-
tribution of seismic energy vectors depending on the
direction of the shaped charge impact. The subsequent
block of inequalities determined the limit boundaries
of the spatial search for geometric parameters.

The solution of this complex multi-parameter
problem was performed by the iterative algorithm of
the Generalized Reduced Gradient (GRG). The choice
of exactly this advanced method was justified by the
significant nonlinearity of the fragmentation quality
and seismic action constraints. The GRG procedure was
specially adapted to maintain strict solution feasibility
at each iteration. At the first stage, the general vector
of variables was algorithmically divided into a vector
of dependent basic variables (variable a) and a vec-
tor of independent non-basic variables X, =[6, B, W, L]
T. The reduced gradient was calculated using the ma-
trix equation V F =V, F(X) - V,g(X)[V,9(X)]V,F(X), which
required the calculation of the Jacobian matrix of first
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partial derivatives. To compensate for the linearisation
error, a rigid correction procedure using the New-
ton-Raphson method was initiated after each optimisa-
tion step. The strictness of finding the global minimum
was verified by checking the classical Karush-Kuhn-
Tucker (KKT) conditions for the extended Lagrange
function L(X,A)=F(X)+3A, g; (X) (Fig. 2).
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Figure 2. Orientation schemes of destruction ellipses
from shaped charges for various topological
configurations of the borehole pattern
Notes: a) a=0°; b) 0°<a<90°; ¢) a=90"0
Source: developed by the authors

Since the numerical experiments generated data
arrays with a certain level of stochasticity, a rigorous
statistical apparatus was applied for their processing
and integration into the macromodel. The assessment
of the reliability of the differences obtained between
the series of data indicators with different angles 6 and
B was conducted using one-way and multi-way analysis
of variance (ANOVA) with the testing of null hypothe-
ses using Fisher’s F-test. The construction of surrogate
models and the approximation of response surfaces (in
particular, the dependencies of the borehole utilisation
factor and the average fragment diameter on W, 6 and
B) were carried out by methods of multiple nonlinear
regression using least squares algorithms (LSM). The
quality and predictive ability of the obtained regression
equations were evaluated using the adjusted coefficient
of determination (R, > 0.85), and the statistical signifi-
cance of individual model coefficients was confirmed by
Student’s t-test at a given confidence probability level
P=0.95.The detection and exclusion of anomalous out-
liers in the measurements were performed according to
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Chauvenet’s criterion, which ensured the robustness of
the final empirical dependencies.

Based on the in-depth synthesis of the numerical
modelling results and statistically confirmed experi-
ments, a unified applied methodology for designing an
optimised borehole pattern was formalised. This algo-
rithm was conceptually based on the determination of
the equivalent elliptical radius of the destruction zone.
The optimal line of least resistance (W) was calculated
as a nonlinear function of the linear charge density,
the dynamic strength Llimit of the rock, and the angles
of the spatial orientation of the jet (8 and B). Such a
sharply anisotropic energy distribution necessitated
the transition to rectangular or elongated rhombic
spatial structures. The borehole spacing ratio (m=a/W)
was calculated iteratively for each of the presented
schemes, ensuring a precise tangential or secant col-
lision of the expanded destruction ellipses exactly at
the boundary of the elastic deformation zones. This
radically minimised the overexpenditure of explosive
energy on overcrushing and maximised the borehole
utilisation factor due to the complete elimination
of toe formation at the bench floor. All the present-
ed model parameters, mathematical boundaries, and
physical-mechanical characteristics were clearly docu-
mented, which ensured the scientific reproducibility of
computer simulations under the conditions of similar
iron ore deposits.

5.5

Results

Based on the array of data obtained during a series
of experimental blasts in the fractured ferruginous
quartzites of the Kryvyi Rih basin, the patterns of de-
struction zone formation depending on the spatial
orientation of ESCs were analysed. Considering the
high strength and pronounced structural anisotropy
of the investigated rocks, the spatial control of explo-
sion energy acted as a key factor in the optimisation
of drilling and blasting parameters. The analysis of the
explosive destruction parameters revealed a nonlin-
ear dependence between the inclination angle of the
shaped charge liner (@) relative to the longitudinal axis
of the borehole and the geometric dimensions of the
deformation zones. An increase in the angle a was ac-
companied by a shift in the maximum stress concen-
tration, which led to a change in the equivalent radii
of the intensive fragmentation zone (R, and the radi-
al crack zone (R). The geomechanical mechanism of
this phenomenon consisted in a change in the action
vector of the detonation products: with the inclina-
tion of the shaped charge jet, a more efficient shear-
ing of the structural blocks of the rock mass occurred,
which minimised energy losses on plastic deforma-
tions directly around the borehole walls. As evidenced
by the data presented in Figure 3, the dimensions of
both zones demonstrated a statistically significant in-
crease with an increase in the angle a from 0° to 45°.
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Figure 3. Dynamics of changes in the radii of the intensive fragmentation zones (R,) and radial cracks R))
depending on the inclination angle of the shaped charge liner

Source: developed by the authors

The results of the one-way analysis of variance
(ANOVA) confirmed that the influence of the factor «
on the size of the zone R, was determining (F=42.6;
p < 0.001). At the same time, the post-hoc analy-
sis using Tukey’s test showed the absence of a sta-
tistically significant difference between the values
of R, and R, in the range of angles of 45° and 60°

(p=0.812).This indicated the achievement of the limit
of effective explosion energy redistribution in the rock
mass. A further increase in the inclination angle (over
45°) led to the intensification of local rock overcrush-
ing and the irrational expenditure of wave energy,
which dissipated without the formation of new main
cracks (Table 1).
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Table 1. Statistical indicators of the sizes of destruction zones of ferruginous quartzites
at various ESC orientations (n=45)

ESC inclination angle (a), Radius of fragmentation zone

Radius of crack zone (R)), m Explosion energy utilisation

(R),m factor (1), units
0 (baseline) 0.8+0.1 24%0.2 0.62+0.04
15 1.1%£0.1 3.1%0.2 0.68+0.03
30 1.4%0.2 4.2%0.3 0.79%0.05
45 1.6%0.2 4.8+0.3 0.86+0.04
60 1.5%0.2 4.7+0.3 0.84+0.05

Notes: data were presented in the format “mean value * standard deviation”

Source: developed by the authors

As could be seen from the data in Table 1, the
change in the spatial configuration of the charge di-
rectly influenced the explosive energy utilisation fac-
tor (n). In addition to the inclination angle, the influ-
ence of the azimuthal direction of the shaped charge
jet (B) relative to the natural fracturing systems of
the ore mass was quantitatively proven for the first
time. Spearman’s correlation analysis revealed a direct
relationship (r,=0.84; p<0.01) between the angle of
the jet’s encounter with the dominant crack system
and the coefficient n. The maximum values n of were
recorded provided that the ESCs were directed par-
allel to the strike of the rock mass or at an angle of
up to 15° to the planes of weakness. In such a case,
the “‘gas-dynamic wedge” effect was realised, where
the detonation products penetrated into open natu-
ral cracks, expanding them and forming a continuous
separation plane without additional energy losses on
overcoming the resistance of the continuous medium.
The established patterns of explosion energy redis-
tribution served as a basis for adjusting the borehole

pattern parameters. The directed increase in the ra-
dial crack zone (R) along the borehole row line al-
lowed fundamentally changing the ratio between the
line of least resistance (W) and the distance between
the boreholes (a), designed in the rock mass. Due to
the superimposition (superposition) of stress waves
from adjacent charges oriented towards or parallel to
each other, a single zone of guaranteed destruction
was formed even with increased distances between
the borehole axes. The data analysis (Table 2) demon-
strated that the application of ESCs with an angle «a
in the range of 30-45° was accompanied by a propor-
tional increase in the distance between boreholes a
compared to traditional charges, whereas the value W
of varied within the statistical error or demonstrated a
tendency towards a slight decrease. The preservation
or slight decrease W of was explained by the necessity
of overcoming the rock resistance in the direction of
the free bench surface to ensure high-quality sepa-
ration and the formation of a rock pile with specified
excavatability parameters.

Table 2. Design parameters of the borehole pattern for the Kryvyi Rih basin conditions depending
on the ESC orientation

Charge type / Angle a,° Line of least resistance

Distance between

Charge spacing ratio  Specific drilling costs,

(W), m boreholes (a), m (m) m/m3
Traditional (columnar) 5.0£0.2 5.0£0.2 1.00+0.05 0.0024+0.002
ESC,a=15° 49%0.2 5.6%0.3 1.14+0.06 0.0021+0.001
ESC, a=30° 4.8+0.2 6.5+0.3 1.35+0.08 0.0018+0.001
ESC, a=45° 4.6%0.3 7004 1.52+0.09 0.0016+0.002
ESC, a=60° 4.3+0.3 72%04 1.67%0.10 0.0016+0.002

Source: developed by the authors

The application of Student’s t-test for independ-
ent samples confirmed that the increase in the charge
spacing ratio when using ESCs (a =45°) compared
to the baseline variant was statistically significant
(t=6.8; p<0.001). As a result of the pattern expan-
sion (increase a to 7.0+ 0.4 to m) a significant reduc-
tion in specific drilling costs by 33.3% (from 0.024
to 0.016 m/m>® was recorded. From an engineering
perspective, this reduction not only reduced direct
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operational costs for rock mass preparation but also
reduced the wear of drilling tools (roller cone bits),
decreased the time equipment spent in the hazard-
ous zone, and minimised the release of dust and gas
clouds into the open-pit mine atmosphere. At the same
time, the borehole utilisation factor (BUF) remained
at the standard level 0.92 = 0.03, which indicated the
preservation of the full operability of the charges and
the absence of negative phenomena in the form of
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“bootlegs”. The economic feasibility of such an ap-
proach was justified by the fact that the addition-
al costs for the shells themselves were statistically

insignificant compared to the large-scale (by 33.3%)
reduction in direct costs for drilling operations and
the savings in tool life (Fig. 4).

18
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Charge convergence coefficient

—e—COrientation parallel to strike
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30 45 60

Inclination angle a, degrees

Figure 4. Empirical dependencies of the change in the charge spacing ratio (m) on the inclination angle (a)
under the condition of jet orientation along (parallel) and across (perpendicular) the main fracture system
of the rock mass

Source: developed by the authors

As reflected in Fig. 4, the maximum expansion of
the borehole pattern was achieved exclusively un-
der the condition of combined spatial orientation: an
inclination angle of 45° with the simultaneous azi-
muthal direction of the shaped cavity parallel to the
strike of the dominant crack system. In the case of
directing the charge across the strike (perpendicular-
ly), the increase in the coefficient m was levelled by
the effect of energy shielding by open cracks. Due to
the difference in acoustic impedance at the “rock - air
or water-filled crack gap” boundary, a significant part
of the compression wave energy was reflected in the
form of a tensile wave, preventing the further prop-
agation of the main crack in the specified direction.
Under such conditions, the coefficient m reached an
asymptotic maximum at the level of 1.18 £ 0.05. The
obtained empirical dependencies a=f(a, 8) and W=f(a)
were a direct basis for the development of engineer-
ing nomograms. The process of practical utilisation of
the results was envisaged as follows: relying on the
data from the surveying and geological mapping of
the structural blocks of the rock mass, the dominant
azimuth of fracturing was determined. Furthermore,
using nomograms, the spatial orientation of ESCs
was established, which allowed maximising the de-
struction zone. At the final stage, the adjusted values
of the distance between the boreholes and the line
of least resistance were determined. Thus, designers
under the conditions of the Kryvyi Rih basin open-pit
mines received a substantiated toolkit for determining
the optimal parameters of drilling and blasting oper-
ations, taking into account the structural and textural
features of the local area.

Discussion

The physical understanding of the processes of target-
ed rock destruction using ESCs was significantly deep-
ened by the obtained results, and conceptually new
approaches to the design of drilling and blasting op-
erations (DBO) were substantiated. A deep physical and
mechanical explanation, associated with the focusing
of liner elements and explosion products, was found
for the identified increase in the radii of intensive frag-
mentation (R,) and radial cracks (R) with an increase in
the cavity inclination angle a to 45° with subsequent
saturation of the effect. A study conducted by Z. Sun et
al. (2024) was dedicated to the directed destruction of
rocks using various liner materials and elongated slot-
ted cavities. It was concluded by the authors that the
application of such cavities allowed significantly re-
ducing explosive energy losses on viscous destruction,
which fully aligned with the identified 45% reduction
of the plastic deformation zone radius in the hydro-
dynamic model. Furthermore, according to K.S. Ish-
chenko (2023), who investigated the blast parameters
of charges with cavities of different cross-sectional
shapes in the field of tensile stresses, it was established
that the reduction of the peak pressure of detonation
gases on the borehole walls in non-working directions
prevented the transformation of rock into dust.

When comparing the obtained results regarding
the mechanism of ESC action with the data dominat-
ing in modern literature, significant differences were
observed. In particular, directed rock destruction using
shaped charges with combined liners of various shapes
was investigated by K. Liu et al. (2023), and it was
pointed out that exactly the geometry of the shaped
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liner played a determining role in the formation of the
shaped charge jet. In contrast to this, it was proven by
the obtained results that for the conditions of mass
blasts, not only the shape but also the density of the
liner material was of critical importance. Since the use
of expensive metals was economically unfeasible, the
application of iron (pipe fragments) or aluminium al-
lowed forming a high-speed “metal-gas-dynamic blade”
that effectively cut through the rock.

The technological advantages of the proposed ap-
proach were emphasised by comparing the obtained
results with modern methods of directed rock mass
destruction. It was indicated by the results that the par-
allel orientation of the shaped cut to the crack system
formed a sharply elongated elliptical destruction zone
with a maximum energy utilisation factor (n=0.86).
During the research, it was established that the com-
plex geometry of the open bench created exceptionally
favourable conditions for the reflection of stress waves:
the orientation of the shaped cavity strictly parallel to
the line of least resistance maximised the synergetic
effect of the interference of the direct compression
wave and the oncoming unloading wave. Additionally,
the mathematical and mechanical impact of the det-
onator’s location on the bench blasting indicators was
investigated by Q. Gao et al. (2020), and it was conclud-
ed that the optimisation of the initiation point was a
critical factor in improving rock fragmentation quality
due to the redistribution of stress wave directions. Also,
a numerical study of an innovative shaped charge ap-
proach to rock destruction was conducted by Y. Yao et
al. (2021), and a significant influence of microsecond
delay intervals on the nature of crack formation was
revealed, which confirmed the importance of the tem-
poral and spatial positioning of charges.

The indisputable efficiency of the combined ap-
proach, where the solution of the mathematical pro-
gramming problem ensured the transition from
micro-models of destruction to open-pit macroparame-
ters, was proven by an in-depth analysis of the obtained
results. It was clearly demonstrated by the formulation
of the nonlinear programming model with the objec-
tive function of reduced costs that the relationship be-
tween the direction of explosive energy and the pattern
parameters could not be selected empirically without
violating the system of technological constraints. It
was mathematically proven by a detailed analysis of
Lagrange multipliers that traditional technologies op-
erated on the verge of acceptable fragmentation qual-
ity, whereas spatial energy control expanded this limit.
Mathematical strictness in finding the parameters of
the highest economic efficiency was provided by the
use of gradient methods (Generalised Reduced Gradi-
ent - GRG) for problems of this class. In particular, ac-
cording to M.N. Nawaz et al. (2022), the high efficiency
and stability of the GRG method were proven in mini-
mising costs under complex engineering and geological
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conditions. Also, the GRG method was applied for the
approximation of dynamic coefficients in studies by
H. Hasanudin et al. (2023), and its convergence was
mathematically confirmed when searching for parame-
ters in multifactorial models of a nonlinear nature.
The proven possibility of radical optimisation of the
borehole pattern was the main result of such controlled
formation of the destruction zone.The 18-22% increase
in the pattern parameters obtained by the algorithm (8
distance a increased to 7004 m at W=4.6*0.3 m)
fully confirmed the conclusions of international studies
conducted by K. Bedri et al. (2023). Fragmentation dur-
ing the blasting of fractured rock masses was analysed,
and it was concluded that the spatial optimisation of
drilling directions and pattern parameters allowed sig-
nificantly reducing the total volume of drilling opera-
tions. However, as evidenced by the analysis of active
constraints in the GRG algorithm, an extremely high
sensitivity of the objective function to the charge in-
stallation angle was revealed: a deviation of more than
15 degrees from the optimal vector instantly activated
the constraint on the ore fragment size, blocking the
pattern expansion. This mathematical phenomenon
was identical to the technological obstacles identified
by J. Guo et al. (2024). The forecasting and optimisation
of blasting parameters in open-pit mining operations
using intelligent algorithms were investigated, and it
was concluded that the failure to maintain charge po-
sitioning accuracy led to the instantaneous violation of
technological constraints regarding the size of ore frag-
ments. Shaped charge blasting technology for directed
destruction was also studied by Q. Zhang et al. (2021),
and it was found that this method provided high con-
touring accuracy and minimisation of explosive energy
deviations, which confirmed the necessity of strict spa-
tial control.Nevertheless,clear physical limitations were
also revealed by the comparative analysis. The identi-
fied effect of rigid shielding when orienting the cavity
across the cracks (spacing ratio m<1.18) was consist-
ent with classical results in the field of wave dynamics.
Due to the sharp discrepancy in acoustic impedances at
the “rock - empty crack” media boundary, the majority
of the energy was reflected back into the rock mass,
which made the artificial formation of an ellipse and
pattern expansion under such conditions impossible.
When comparing the obtained results with the re-
sults of authors who investigated the optimisation of
DBO in the Kryvyi Rih basin, a fundamental difference
was observed. In particular, the experimental applica-
tion of new materials and the variability of drilling and
blasting parameters in a Kryvbas open-pit mine were
studied by H. Yeremenko et al. (2022), and the focus was
placed on the technological aspects of increasing blast
efficiency.A methodology for the rapid determination of
flyrock distance to ensure the safety of blasting opera-
tions was developed by Ye.O. Nesmashnyi et al. (2022).
By comparing these works, it could be noted that none
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of the cited studies considered an integrated approach
based on the synergy of mathematical programming,
natural fracturing of the rock mass, and the shaped
charge effect as a basis for the structural transforma-
tion of the pattern. In addition to the direct comparison
of parameters, the 33.3% reduction in specific drilling
costs without deterioration in fragmentation quality
confirmed the conclusions published by O. Tverda et
al. (2021). Resource-efficient and environmentally safe
charge designs were proposed, and it was concluded
that the implementation of such solutions proportion-
ally reduced the technogenic load on the environment.

An in-depth analysis of scientific literature demon-
strated that despite a significant number of publica-
tions dedicated to directed destruction and numerical
optimisation methods, the majority of researchers ana-
lysed these issues in isolation. In particular, insufficient
attention was paid to the mathematical modelling of
conditions under which spatial control of explosive en-
ergy was directly integrated into borehole pattern pa-
rameters through nonlinear programming, taking into
account the anisotropy of natural fracturing. Classical
DBO design methods remained predominantly empir-
ical, whereas existing nonlinear programming models
did not account for the geodynamic influence of the
shape and orientation of the shaped cavity on the el-
liptical destruction zone in hard ferruginous quartzites.
Exactly these aspects of the topic, to which insuffi-
cient attention was paid by researchers in the analysed
works, served as the motivation and direct impetus for
conducting this study. Summarising, the comparison of
the obtained results with research data proved that the
integration of computational algorithms of nonlinear
programming with the controlled spatial orientation of
ESCs was a highly effective tool for DBO design. The
empirical limitations of classical methodologies were
overcome by the proposed combined approach, ensur-
ing a mathematically rigorous and economically justi-
fied expansion of the borehole pattern.

Conclusions

As a result of the conducted research and computer
modelling, the patterns of the influence of the spatial
orientation of elongated shaped charges on the ge-

was expressed in the formation of a destruction ellipse,
where the change in the angle determined the orienta-
tion of its major axis, influencing the ratio between the
distance in a row and the line of least resistance. The
effect of structural “saturation” was confirmed by the
analysis of variance (ANOVA): the rotation angle was
optimal, at which a ‘gas-dynamic wedge” was formed,
which most effectively opened the planes of weakness.
A further increase in the angle (over 45°) did not pro-
vide a significant increase in the destruction zones, but
only intensified local rock overcrushing and caused an
irrational dissipation of wave energy.

The established patterns of energy redistribution
substantiated the transition from square or triangular
patterns to elongated rectangular or rhombic spatial
structures, where the destruction zones of adjacent
charges intersected at the boundary of elastic defor-
mations, preventing the formation of intact rock pillars.
Directing the shaped charge jet parallel to the strike
of the main cracks (angle 45°) allowed increasing the
distance between boreholes a to 7.0+ 0.4 to m with an
increase in the spacing ratio to 1.52 due to the super-
position of oncoming stress waves. Conversely, the ori-
entation of the charge across the strike caused acous-
tic energy shielding. Due to the difference in acoustic
impedance at the “rock - crack” boundary, the compres-
sion wave was reflected in the form of a tensile wave
back into the rock mass, which blocked the develop-
ment of the destruction ellipse and limited the mar-
ginal spacing ratio at the level of 1.18. The prospects
for further research consisted in the adaptation of op-
timisation algorithms for rocks with other physical and
mechanical properties and types of anisotropy in the
Kryvyi Rih basin. In particular, the behaviour of plastic
rocks and rock masses with chaotic fracturing, where
wave shielding was subject to other patterns, required
investigation. A separate relevant direction was the in-
vestigation of the impact of the spatial orientation of
charges under the conditions of multi-row short-delay
blasting, where the interference of stress waves from
the expanded borehole pattern would require the de-
sign of new initiation sequences and the adjustment of
drilling and blasting parameters.
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AHoTauif. AKTyanbHiCTb OCNIAXKEHHS 3yMOB/IEHA HEOOXiAHICTIO NiABULLEHHS edeKTUBHOCTI BypoBMOYXOBUX pO6IT
Ha 3anisopyfHux kapepax KpuBopisbkoro 6aceiHy WASXOM 3aCTOCYBaHHS MOAOBXKEHUX KYMYNSTUBHUX 3apsgis,
NPOCTOPOBO aAANTOBAHMX A0 CTPYKTYPHWX OCOBAMBOCTEN FipCbKMX MOPif 3341 ONTMMI3auii mapameTpiB CiTku
cBepAnoBuH. MeTolo poboTh Byno BCTAHOBNEHHS 3aKOHOMIPHOCTEN BMAMBY MPOCTOPOBOI OpiEHTALiT MOAOBXKEHUX
KYMYNSTUBHUX 3apsAiB Ha reoOMeTpuyHi napameTpu CiTKM CBEPAJSIOBMH Ta PO3poBKa iHXEHEepPHUX peKoMeHAaLin
WoAo ii ONTMMaNbHOro MPOEKTYBAHHSA B CKMAALHMX FPHUYO-TeONOriYHMX YMOBAX BiAKPUTOro BMAO06YTKY. MeToam
aHanisy 6asyBanucb Ha KOMMAEKCHOMY MiAXOAi, WO MNOEAHYE YMCENbHE MOLENOBAHHA XBWAbOBOI AMHAMIKM
CYLiNbHMX CepefoBuULY, i3 BUKOPUCTAHHSAM MOAeNeil NoBeAiHKM MaTepianiB, MaTeMaTUYHE HeNiHiliHe NpOorpaMyBaHHS
338 aNropuMTMOM Y3arafibHeHOro 3BefeHoro rpagieHTa. OTpuMMaHi pesynbTaTv A0BOASATb HENiHIMHY 3anexHiCTb
pO3MipiB 30H iIHTEHCMBHOTO APO6NEHHS Bif KyTa MOBOPOTY KYMYNSTUBHOI BUiMKW. CTaTUCTUMYHO NiATBEPIXKEHO, LLO
ONTUMANbHUM € KyT 45° 33 YyMOBM Opi€HTaLIi CTPyMeHS napanenbHO A0 MPOCTAraHHA MaricTpanbHUX TpilwmH. Lle
no3Bonsie chopMyBaTU BUAOBXKEHY eNiNTUUYHY 30HY PYMHYBaHHS Ta NepenTH Big KBAaAPATHUX CITOK A0 NPSAMOKYTHUX
NPOCTOPOBUX CTPYKTYpP. BCTaHOBNEHO, WO Taka KOHQirypaLis 403BoNsE 30inbWMTH BiACTaHb MiXK CBEPANOBUHAMYU A0
7 M i pocarti KoediuieHTa 36amxeHHs 3apaaiB Ha piBHi 1,52. BogHouyac opieHTauis 3apsay nepneHAnKynspHoO Lo
TPIiLLMH BMKIMKAE ePeKT aKyCTUYHOrO eKpaHyBaHHS eHeprii, o 06MeXye po3LWMpeHHs CiTKU. [IpakTMYHA LiHHICTb
[OCNimpKeHb nongrae y po3pobui andepeHLiioBaHOi MeTomonorii NPOCTOPOBOro MO3MLiOHYBAHHS BUOYXOBMUX
3apaaiB y 3ani3nMcTnx KBapumTax. BnpoeagxeHHs 3anponoHOBaHMX ONTUMI30BAaHMX MapaMeTpiB CiTKM CBEPAJIOBUH
3abe3neyvye 3HWXKEHHS MUTOMMX BUTPAT Ha OypiHHA Ha 33 % 6e3 noriplweHHs gKocTi ApobneHHs. Le cyTtTeBo
3MEHLUYE 3HOC BYPOBOrO iIHCTPYMEHTY, CKOPOUYE TPUBANICTb NiFOTOBYOTO LIMK/Y Ta MPOMNOPLIMHO 3HUXKYE eKOOTiYHe
HaBaHTaXEHHS Ha LOBKINNSA Yepe3 3MeHLIeHHs 00CAriB NMN0ra3oBuX BUKMAIB

KalouoBi caoBa: KyMynsTMBHA BUIMKA; PYWHYBaHHS 3aNi3MCTUMX KBApLMTIB; MOAENOBAHHSA AMHAMIKM; 307MKEHHS
CBepAnoBUH; BypoBMbYxoBi poboTu
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Abstract. The purpose of the research was to analyse modern computer vision methods for automatic detection
and classification of targets in multi-level military intelligence systems, as well as to evaluate the effectiveness
of deep learning algorithms in processing intelligence data under various observation conditions. To achieve this
goal, the approach integrated a systematic literature review, the modelling of image processing architectures,
and a comparative evaluation of neural network-based object detection models. Findings indicated that the
deployment of state-of-the-art deep learning architectures specifically convolutional neural networks, YOLO (You
Only Look Once) variants, and transformer-based models substantially improves the accuracy and robustness of
automated military object detection in imagery acquired from unmanned aerial vehicles and satellite sources.
Moreover, combining data from multiple sensors with multimodal processing techniques enhanced target
recognition capabilities, particularly in scenarios characterised by low visibility, complex scene composition, or
partial object occlusion. A comparative analysis of modern architectures has shown that the YOLO family models
provide the best processing speed and are most suitable for real-time application on board unmanned aerial
vehicles, while Faster Region-based Convolutional Neural Network demonstrates higher localisation accuracy
for complex and small-sized objects, but requires higher computational costs. Convolutional neural network
architectures provide a balanced ratio between accuracy and performance, while transformer-based models work
more effectively in difficult observation conditions, in particular, with low spatial resolution, noise, partial overlap
and masking of objects, but their use is accompanied by increased requirements for computational resources. In
general, a compromise has been established between detection accuracy, processing speed and computational
complexity of the models, which determines the feasibility of their application depending on the characteristics
of the reconnaissance platform and the conditions for performing the task. Information was provided on the
development of intelligent systems for automated analysis of intelligence data
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Introduction

The effectiveness of reconnaissance in current military
operations is contingent upon the rapid acquisition,
processing,and interpretation of substantial volumes of
diverse data originating from multiple sources. The es-
calating complexity of the battlefield environment, the
extensive deployment of unmanned aerial systems, and
the expanding volume of visual intelligence have nota-
bly impeded the timely identification of military targets.
Conventional manual analysis methods are now inad-
equate to meet the requisite speed and accuracy for
decision-making, thereby necessitating the adoption
of automated approaches capable of processing recon-
naissance data in near real time. Within this domain,
computer vision and deep learning technologies have
emerged as particularly promising due to their inherent
capacity for object detection, classification, and track-
ing under demanding operational conditions.
Researchers N. Habash et al. (2025) noted that in
contemporary combat settings, the prompt and accu-
rate acquisition of information regarding the location,
movement, and attributes of enemy assets is essential.
Intelligence systems serve as the foundation of this pro-
cess, typically integrating various components such as
satellite observation platforms, unmanned aerial vehi-
cles (UAVs), ground-based sensor arrays, and analytical
centres responsible for processing and interpreting the
collected data. According to W. Zhu & K. Chen (2026),
the rapid advancement of digital technologies has led
to a substantial increase in reconnaissance data vol-
ume, rendering manual analysis more challenging and
time-intensive. The researchers emphasised that au-
tomated image and video analysis through computer
vision techniques presents a viable solution to this
problem. Similarly, researchers K. Elgamily et al. (2025)
concluded that these methods can markedly enhance
the efficiency of detecting and identifying military
targets, particularly in aerial reconnaissance systems
where large quantities of imagery require continuous
and rapid assessment. Researchers C. Lee et al. (2024)
demonstrated that deep learning algorithms have
achieved notable success in object detection across di-
verse imagery types. Furthermore, researchers W. Hua &
Q. Chen (2025) reported that contemporary neural net-
work architectures are capable of identifying various
military equipment classes even under conditions of
image noise, low resolution, or complex backgrounds.
These findings highlight the suitability of deep learning
approaches for reconnaissance-related applications.
Researchers S.Mei et al. (2024) emphasised that the
deployment of UAVs has become a key development in
modern reconnaissance systems because they facilitate
the collection of extensive visual data from operation-
al zones, which can subsequently be analysed auto-
matically by neural networks. In addition, researchers
R. Sairam et al. (2023) concluded that this integration
not only improves target detection accuracy but also

reduces the cognitive load on human operators. Simi-
larly, researchers V.Makarichev et al. (2025) investigated
the influence of image noise on the performance of YO-
LO-based object detection in UAV imagery. The authors
concluded that the application of modern denoising
methods significantly improves localisation and clas-
sification accuracy, confirming the importance of image
pre-processing for reliable computer vision deployment
in practical reconnaissance systems. According to re-
searchers Y.Wu & K.Tong (2025), current reconnaissance
frameworks increasingly emphasise data fusion from
multiple modalities, including optical imagery, infrared
sensors, and radar systems. At the same time, research-
ers J. Leng et al. (2024) identified several persistent
challenges, including the reliable detection of small
objects, recognition of camouflaged equipment, adap-
tation to changing weather conditions, and limitations
imposed by restricted onboard computational resources.
Despite advancements in military reconnaissance
utilising computer vision, current research predom-
inantly concentrates on the performance of isolated
algorithms or specific use cases. A comprehensive eval-
uation of computer vision techniques within integrated
military reconnaissance systems, which must account
for diverse data sources, operational limitations, and
varied mission demands, has received less attention.
Moreover, comparative analyses of contemporary deep
learning models under standardised evaluation met-
rics are infrequent. These shortcomings underscore the
need for a thorough review and comparative assess-
ment of existing methodologies. This study therefore
sought to evaluate computer vision techniques for tar-
get detection in hierarchical military reconnaissance
systems and to identify robust algorithms for the au-
tomated interpretation of reconnaissance imagery. To
accomplish this purpose, a systematic literature review
was undertaken to identify, analyse, and synthesise cur-
rent research on computer vision applications in mil-
itary reconnaissance. Relevant publications published
primarily between 2021 and 2026 were sourced from
the Web of Science, Scopus, IEEE Xplore, SpringerLink,
and ScienceDirect databases. The literature search was
performed using combinations of keywords including
‘computer vision”, “deep learning”, “object detection”,
“UAV”, “remote sensing’, “small object detection”, “multi-
sensory data fusion”, “You Only Look Once (YOLO) mod-
els”, “convolutional neural networks (CNN)”.
Complementing the systematic literature review,
comparative evaluation and modelling methodolo-
gies were employed to assess the suitability of current
computer vision models for reconnaissance tasks. The
comparative analysis encompassed metrics such as de-
tection accuracy, precision, recall, F1-score, inference
speed, computational complexity, resilience to envi-
ronmental variations, and applicability for deployment
on resource-limited UAV platforms. The quantitative
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values presented in Table 2 were derived from repre-
sentative results reported in the reviewed studies and
correspond to object detection performance evaluat-
ed using standard benchmark datasets and common-
ly reported metrics, primarily mean Average Precision
(mAP). The qualitative ratings used in Table 2 for local-
isation quality, small object detection capability, and
computational complexity were assigned based on a
comparative analysis of the reviewed publications. lo-
calisation quality and small object detection capabil-
ity reflect the reported detection performance of the
models under challenging conditions, whereas compu-
tational complexity was determined according to the
computational resources required for model inference,
including model size, memory consumption, and pro-
cessing speed on embedded and edge computing plat-
forms. Conceptual architectural modelling was utilised
to generalise identified approaches and evaluate their
potential integration into hierarchical military recon-
naissance systems. The functional levels of the model
were distinguished according to the sequential stages
of reconnaissance data processing and the function-
al responsibilities of system components, including
data acquisition, transmission, preprocessing, intelli-
gent analysis, data integration, and decision support,
facilitating the development of recommendations for
selecting computer vision techniques for automated
reconnaissance image interpretation.

Features of Integrating Computer Vision Algorithms

into Multi-Level Military Intelligence Systems
Multi-level military reconnaissance systems are de-
signed to collect, process, and distribute information
obtained from heterogeneous intelligence assets op-
erating at different observation levels. Their effective-
ness depends not only on the capabilities of individual
reconnaissance platforms but also on the coordinated
interaction between them. The integration of comput-
er vision technologies has become one of the key fac-
tors enabling automated processing of large volumes
of reconnaissance imagery and supporting timely op-
erational decision-making within hierarchical intelli-
gence architectures. According to researchers X. Bian
& J. Ma (2025), multi-level military reconnaissance
systems constitute complex information and analytical
infrastructures. Similarly, researchers M. Soeleman et
al. (2023) noted that these systems integrate various
platforms for data collection, transmission, processing,
and analysis. As shown in the work of researchers M. Va-
sishta et al. (2024), reconnaissance systems generally
operate across several observational tiers, including
space-based, aerial,and ground components, each char-
acterised by different technical capabilities and opera-
tionalconstraints.ResearchersY.Yu & F.Da (2023) further
emphasised that every level provides unique informa-
tion sources, making effective integration a fundamen-
tal requirement for successful intelligence operations.
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As noted by researchers Y. Yu & F. Da (2023),
the growing volume of reconnaissance data has in-
creased the importance of computer vision algo-
rithms for automated information processing. One of
the distinguishing characteristics of hierarchical re-
connaissance architectures is the simultaneous use
of multiple sensor types, including optical cameras,
infrared sensors, radar systems, thermal imagers, and
other observation devices. According to researchers
L. Ramos & A. Sappa (2025), these sensors generate
heterogeneous data with different spatial resolutions,
noise characteristics, and acquisition frequencies. Con-
sequently, computer vision algorithms must support
multimodal data fusion while ensuring temporal and
spatial consistency between information obtained
from different reconnaissance platforms. The integra-
tion process typically begins with synchronising in-
coming data streams in both time and geographic co-
ordinates. Satellite imagery usually provides strategic
coverage over extensive areas, whereas UAVs supply
high-resolution observations of selected regions, and
ground-based sensors deliver detailed local informa-
tion. Before computer vision algorithms are applied,
these heterogeneous datasets require preprocessing,
including geometric correction, coordinate transfor-
mation, temporal synchronisation, and sensor calibra-
tion. Such preprocessing enables data acquired from
different sources to be represented within a unified
reference framework, thereby improving the reliabili-
ty of subsequent object detection and target tracking.

The location of data processing depends on oper-
ational requirements and available computational re-
sources. According to L. Ramos & A. Sappa (2025), UAV
platforms frequently perform preliminary image pro-
cessing onboard to reduce communication latency and
bandwidth consumption. Such onboard processing gen-
erally includes image enhancement, object localisation,
and preliminary target classification using lightweight
neural network models. More computationally demand-
ing computer vision tasks are subsequently executed
at edge-computing nodes deployed close to operation-
al areas or within centralised intelligence processing
centres, where more powerful computing resources al-
low comprehensive analysis, multisensory fusion, and
long-term data storage. This distributed processing
architecture balances real-time responsiveness with
analytical accuracy. Computer vision techniques are ex-
tensively utilised for processing large reconnaissance
data streams under near real-time conditions. As not-
ed by L. Ramos & A. Sappa (2025), modern unmanned
aerial vehicles continuously transmit high-resolution
video requiring immediate analysis to identify poten-
tial threats. Researchers J. Leng et al. (2024) conclud-
ed that conventional image processing methods often
struggle under dynamic battlefield conditions, where-
as researchers J. Kang et al. (2022) demonstrated that
deep learning approaches significantly improve both
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robustness and detection accuracy. Unlike traditional
algorithms relying on manually engineered features,
CNN automatically learn discriminative visual rep-
resentations from training data.

J.Kang et al. (2022) also emphasised that effective
interaction between reconnaissance levels represents
one of the principal challenges of hierarchical intelli-
gence systems. Satellite platforms provide extensive
geographic coverage but update observations rela-
tively infrequently. In contrast, UAVs deliver high-res-
olution imagery with greater temporal frequency while
remaining constrained by flight endurance and opera-
tional range. Ground-based sensors complement these
platforms by supplying highly detailed observations
within local monitoring zones. Rather than competing,
these platforms provide mutually complementary infor-
mation, making data fusion an essential component of
modern reconnaissance architectures. According to re-
searchers Z. Li et al. (2022), computer vision algorithms
play a central role in integrating information obtained
from multiple reconnaissance platforms. Their functions
include automated object detection, target classifica-
tion, localisation, tracking, and feature extraction. The
processed results are subsequently transmitted to in-
telligence management and decision-support systems,
where they are combined with operational databases
and additional intelligence sources. Decision-support
systems utilise these outputs to generate alerts, prior-
itise detected objects, update the operational picture,
and assist analysts and commanders during mission
planning and execution.

As shown in the work of Z. Li et al. (2022), object
detection remains one of the principal computer vision
tasks within reconnaissance systems. The researchers
classified modern object detection approaches into
two-stage and single-stage architectures. Similarly,
researchers Z. Cao et al. (2023) compared these ap-
proaches and concluded that two-stage models, such
as Faster R-CNN, generally achieve higher detection
accuracy, whereas single-stage models, including the
YOLO and SSD families, offer considerably faster in-
ference suitable for real-time aerial reconnaissance.
Together, these studies demonstrate that selecting an
appropriate detection architecture depends on the bal-
ance between computational efficiency and recogni-
tion performance required for a particular operational
scenario. Researchers have also investigated computer
vision performance under adverse observation condi-
tions. Z. Cao et al. (2023) reported that low illumina-
tion, atmospheric interference, cluttered backgrounds,
camouflage, and varying viewing angles significantly
complicate target recognition. In agreement with these
findings, researchers S. Paheding et al. (2024) demon-
strated that deep learning models outperform tradi-
tional image processing techniques because they learn
complex visual representations capable of generalis-
ing across challenging environments.

N. Habash et al. (2025) further identified small-ob-
ject detection as one of the major challenges in re-
connaissance imagery, particularly when vehicles, ar-
tillery systems, or military infrastructure occupy only
a limited number of pixels. To address this limitation,
the researchers proposed combining multi-scale fea-
ture extraction with specialised neural network archi-
tectures optimised for detecting small targets. These
findings complement the work of Z. Cao et al. (2023),
who likewise emphasised the importance of adapting
detection models to operational battlefield conditions.
Another important research direction concerns multi-
modal data fusion. According to N. Habash et al. (2025),
combining observations obtained from different sen-
sor modalities provides a more complete representa-
tion of the operational environment than relying on
a single information source. Similarly, researchers
T. Mouatassim et al. (2026) concluded that integrating
optical, infrared, and radar imagery substantially im-
proves target detection under night time conditions
and limited visibility, where individual sensor types
may exhibit reduced performance.

T. Mouatassim et al. (2026) additionally emphasised
the necessity of optimising computer vision algorithms
for deployment on resource-constrained reconnais-
sance platforms. Because UAVs possess limited compu-
tational power and energy reserves, researchers have
investigated techniques including parameter quantisa-
tion, neural network compression, and hardware accel-
eration to enable efficient onboard inference without
significantly degrading detection accuracy. The same
researchers also highlighted that successful integration
of computer vision requires reliable communication
infrastructure. Data acquired by satellites, UAVs, and
ground sensors must be securely transmitted through
distributed communication networks to edge-process-
ing nodes or centralised intelligence centres. After mul-
tisensory fusion and computer vision analysis, processed
information is disseminated to command-and-control
and decision-support systems, where it contributes to
operational awareness, scenario modelling, threat pri-
oritisation, and military planning.

Finally, researchers Y.Wu & K. Tong (2025) demon-
strated that decision-support systems represent the fi-
nal stage of the intelligence processing chain. Rather
than replacing human analysts, computer vision tech-
nologies provide automatically generated situational
information that accelerates decision-making while re-
ducing operator workload. Overall, the reviewed studies
consistently indicate that integrating computer vision
into multi-level military reconnaissance systems ex-
tends beyond the application of object detection algo-
rithms alone. It encompasses coordinated temporal and
spatial synchronisation of multisensory data, distrib-
uted processing across onboard, edge, and centralised
computing environments, multimodal information fu-
sion, and seamless transmission of analytical results to
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decision-support systems. Continued research in these
areas is expected to improve the effectiveness, respon-
siveness, and operational reliability of modern military
intelligence architectures.

Deep Learning Methods for Automatic Detection
of Military Objects in Reconnaissance Images

Recent advancements in artificial intelligence have
substantially broadened the scope of automated visual
data processing and analysis. According to researchers
S. Gui et al. (2024), recent developments in artificial in-
telligence have significantly expanded the capabilities
of automated image interpretation across various ap-
plication domains. Similarly, researchers A. Jonnalaga-
dda et al. (2024) emphasised that deep learning tech-
niques have become one of the principal drivers of this
progress. In military reconnaissance, these techniques
enable enhanced automated detection, recognition, and
classification of various objects within images and vid-
eo streams, as also demonstrated by researchers V. Afi-
fah (2026).According to A.Jonnalagadda et al. (2024),the
visual data processed by modern reconnaissance systems
originate from diverse platforms, including Earth obser-
vation satellites,unmanned aerial vehicles, stationary or
mobile surveillance cameras, and other intelligence as-
sets. These platforms continuously generate extensive
volumes of visual information requiring efficient auto-
mated analysis. In operational military environments,
however, image interpretation is further complicated by
dynamic battlefield conditions, varying illumination, at-
mospheric effects, sensor noise, communication delays,
electronicinterference,and intentional camouflage.Con-
sequently, computer vision algorithms must maintain
high detection accuracy while satisfying strict latency
requirements necessary for real-time decision-making.

As noted by A. Jonnalagadda et al. (2024), deep
learning represents a specialised branch of machine
learning that utilises multilayer artificial neural net-
works capable of identifying complex patterns in large
datasets without relying on handcrafted feature de-
scriptors. In contrast, N. Al-IQubaydhi et al. (2024) ex-
plained that traditional computer vision techniques
depended primarily on manually engineered visual fea-
tures, whereas contemporary neural networks automat-
ically learn hierarchical feature representations during
training. The researchers concluded that this capability
enables deep learning models to perform effective-
ly even under conditions characterised by substantial
variations in object appearance, background complexi-
ty, and observation geometry.

According to V. Afifah (2026), CNNs remain among
the most widely adopted deep learning architectures
for image analysis. These networks are specifically de-
signed for processing two-dimensional image data and
employ successive convolutional layers to extract visual
features with increasing semantic complexity. Their
ability to learn discriminative representations has made
CNNs particularly suitable for reconnaissance imagery
acquired under heterogeneous operational conditions.

Recent research conducted by V. Makarichev et
al. (2025) demonstrated that applying image pre-fil-
tering and noise mitigation techniques significantly
improves the performance of YOLO-family neural net-
works for vehicle and human localisation and classifica-
tion in noisy UAV imagery. These findings suggest that
detection performance depends not only on the neural
network architecture itself but also on image quality
and pre-processing procedures preceding inference.
According to researchers M. Nikouei et al. (2025), neural
network architectures used for automatic military ob-
ject detection are generally divided into two principal
categories: two-stage and single-stage detectors. Sim-
ilarly, researchers E. Kirac & S. Ozbek (2024) concluded
that although two-stage detectors generally provide
higher localisation accuracy, single-stage models offer
considerably faster inference, making them particular-
ly suitable for real-time reconnaissance applications
where processing latency is critical. Nevertheless, the
choice between these approaches depends on mission
requirements, since faster processing often comes at
the expense of detection accuracy for complex scenes
or small targets.

Transformer-based architectures have recently at-
tracted considerable research interest due to their ca-
pability to model long-range contextual relationships
within images. According to M. Nikouei et al. (2025),
this characteristic enables improved object detec-
tion in complex environments containing background
clutter, camouflage, or significant viewpoint variation.
However, compared with conventional CNN, trans-
former-based models generally require substantially
greater computational resources, larger training data-
sets, and increased memory capacity. Consequently, al-
though these architectures may achieve superior per-
formance under certain conditions, their deployment
on resource-constrained edge platforms, including
onboard UAV computers, remains challenging. Table 1
presents a comparative analysis of deep learning algo-
rithms, including their mathematical models and key
computational principles.

Table 1. Comparative analysis of deep learning algorithms

Algorithm Model type Core idea Strengths Limitations
Single-stage Direct object detection Real-time performance, Lower accuracy
YOLO (v3/v8) detector in one pass high speed for small objects

Faster R-CNN  Two-stage detector

Region proposal + classification

High detection accuracy Slower processing speed
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Table 1. Continued

Algorithm Model type Core idea Strengths Limitations
ssD Single-stage Multi-scale feature maps Good balance speed/ Struggles with small
detector for detection accuracy objects
CNN . . . Strong feature Not designed for
(classification) Feature extractor Hierarchical feature learning extraction detection alone
Vision . . .
Transformer  Transformer-based Atten'tlon mechanism High accuracy, High computational cost
(ViT) for image patches global context

Source: developed by the author based on research by E. Kirac & S. Ozbek (2024), M. Nikouei et al. (2025), A. Jonnalagadda et
al. (2024) and V. Afifah (2026)

As noted by M. Nikouei et al. (2025), detecting small
objects remains one of the most difficult tasks in au-
tomated reconnaissance image analysis. To address
this limitation, researchers have proposed multi-scale
feature extraction and feature pyramid architectures
capable of preserving fine spatial information across
multiple image resolutions, as summarised in Table 2.

Nevertheless, detection performance is influenced not
only by network architecture but also by the availability
of high-quality annotated datasets. Small military tar-
gets frequently occupy only a limited number of pixels,
while inaccurate or incomplete annotations may sub-
stantially reduce recognition accuracy even when ad-
vanced detection models are employed.

Table 2. The difficulty of detecting small objects

Pmethod  Approachtype  Werking principle o o0 Lo e capability  complextty
Cetection. Singlescale o R oon 68 Low Low Low
Multiscale  Multi-scale amﬁftﬁﬁ:ﬁzgoﬁzgﬁs 81 Medium Medium Medium
e pranid Wl Usetwspmn o9 wgn  dgr oo e

Notes: detection accuracy values represent representative object detection performance reported in the reviewed studies and
are based primarily on the mean Average Precision (mAP) metric evaluated on benchmark datasets for aerial and remote
sensing object detection. The qualitative ratings were assigned through a comparative analysis of the reviewed publications,
taking into account the ability of each method to accurately determine object positions, reliably detect small and weakly
distinguishable targets, and maintain acceptable performance under different computational resource constraints

Source: developed by the author based on research by M. Soeleman et al. (2023), A. Jonnalagadda et al. (2024) and

AR

M. Niouei et al. (2025)

Beyond object detection, contemporary image
analysis systems increasingly incorporate semantic
and instance segmentation techniques. According to
researchers Y.Wu & K. Tong (2025), these methods en-
able precise delineation of object boundaries and are
particularly valuable in cluttered operational environ-
ments where overlapping or irregularly shaped objects
frequently occur. Compared with conventional bound-
ing-box detection, segmentation approaches provide
richer spatial information that may improve subsequent
target identification and scene understanding. Multi-
sensory data integration has become another impor-
tant research direction. According to researchers Z. Li et
al.(2022), combining optical, infrared, and radar image-
ry enables more reliable target detection under varying
operational conditions. Y. Wu & K. Tong (2025) similar-
ly concluded that multimodal fusion enhances system
robustness when individual sensors experience de-
graded performance due to weather conditions, smoke,
poor illumination, or intentional concealment. Tracking

detected objects across consecutive video frames con-
stitutes another essential task in reconnaissance appli-
cations. According to Z. Li et al. (2022), following ini-
tial object detection, motion estimation and temporal
feature propagation improve tracking continuity for
moving targets. Y.Wu & K. Tong (2025) further empha-
sised that temporal analysis significantly reduces false
detections while improving target trajectory estimation
during prolonged surveillance missions. Military recon-
naissance environments frequently involve deliberate
countermeasures intended to reduce detection effec-
tiveness, including camouflage, decoys, electronic inter-
ference, and rapidly changing operational conditions.

Another active research area concerns optimising
neural network deployment on computationally con-
strained platforms. According to researchers J. Leng et
al. (2024), techniques including model pruning, param-
eter quantisation, and lightweight network architec-
tures are commonly applied to reduce computational
complexity. However, the researchers also noted that
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increasing computational efficiency generally introduc-
es trade-offs with recognition accuracy, requiring an ap-
propriate balance between performance and resource
consumption depending on operational requirements.
Overall, the reviewed studies consistently demonstrate
that deep learning techniques have become integral
to automated processing of reconnaissance imagery.
At the same time, the comparative analysis indicates
that no single neural network architecture is univer-
sally optimal for all military reconnaissance scenari-
0s. Instead, selecting an appropriate solution requires
balancing detection accuracy, computational efficiency,
robustness to adverse observation conditions, latency
constraints,and compatibility with resource-limited de-
ployment platforms.

Problems and Prospects for the Development
of Intelligent Target Recognition Systems
in Military Intelligence

Advancements in information technologies and artifi-
cial intelligence have opened new avenues for auto-
mating various aspects of military reconnaissance. Ac-
cording to researchers L. Ma et al. (2019), a key focus
within this domain is the development of intelligent
target recognition systems designed to autonomously
process extensive volumes of visual data and identify
objects of potential operational significance. The re-
searchers also noted that, despite notable progress, the
practical implementation of these systems within ac-
tual military information infrastructures remains con-
strained by a range of technical, methodological, and
organisational challenges. One significant challenge
stem from the complexity of the visual environments
encountered during reconnaissance missions. As noted
by researchers T. Mouatassim et al. (2026) and L. Jin et
al. (2026), unlike many civilian computer vision appli-
cations where imaging conditions are relatively con-
trolled, military reconnaissance images are frequently
subject to noise, inconsistent illumination, intricate
background textures, and atmospheric disturbances.
Similarly, researchers G. Chen et al. (2022) emphasised
that targets of interest may be partially or fully ob-
scured by natural or artificial elements such as foliage,
buildings, or camouflage installations.

According to G. Chen et al. (2022), the high varia-
bility in the visual appearance of military equipment
and infrastructure further complicates automatic object
recognition. The researchers concluded that an identi-
cal target could present substantially different visual
features depending on factors such as viewing angle,
lighting, sensor distance, or applied camouflage. Conse-
quently, computer vision algorithms must exhibit robust
generalisation capabilities to accurately detect objects
despite significant deviations from training examples.
Another impediment is the scarcity of labelled training
data.According to researchers K.Wang et al. (2025),deep
learning models typically demand large, annotated
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datasets comprising numerous examples from diverse
object categories. However, in the military context, such
datasets are often inaccessible due to security and con-
fidentiality constraints. Therefore, the researchers pro-
posed alternative strategies, including the synthesis
of training data and the adoption of transfer learning
methodologies. As noted by K. Wang et al. (2025), trans-
fer learning entails leveraging models pre-trained on
extensive publicly available datasets, such as ImageNet
or COCO, subsequently fine-tuning them with smaller,
domain-specific datasets containing military-relevant
imagery. According to the researchers, this approach
can mitigate the volume of labelled data required
while maintaining satisfactory model performance.

High processing speed constitutes another crucial
requirement for reconnaissance systems. According to
researchers C. Lee et al. (2024), operational scenarios
frequently necessitate real-time or near-real-time anal-
ysis. For instance, an unmanned aerial vehicle survey-
ing an area may generate continuous video streams at
dozens of frames per second, each demanding prompt
analysis to reliably detect potential targets. In accord-
ance with researchers J. Leng et al. (2024), both algorith-
mic efficiency and hardware capabilities must therefore
meet stringent computational performance standards.
To address these demands, researchers S. Johnson et
al.(2026) reported that substantial efforts have focused
on optimising neural networks by reducing parameter
counts, designing compact architectures, and employ-
ing specialised accelerators such as graphics process-
ing units or neural processing units. The researchers
further noted that edge computing paradigms, in which
data processing is partially executed onboard recon-
naissance platforms rather than relying solely on cen-
tralised systems, have gained increasing prominence.

Reliability and robustness also represent critical
attributes for computer vision systems in military ap-
plications, where misidentification can entail severe
consequences. According to S. Johnson et al. (2026),
recognition systems must sustain high accuracy and
dependability under challenging environmental con-
ditions. Similarly, researchers M. Nikouei et al. (2025)
concluded that multisensory data fusion is one prom-
ising technique for enhancing reliability. By integrating
data from multiple sensor modalities, such as combin-
ing optical imagery with infrared or radar inputs, the
system can offset individual sensor limitations and
achieve improved detection performance, especial-
ly under adverse weather or low-light scenarios. An-
other promising research direction is the exploration
of self-supervised and semi-supervised learning ap-
proaches. According to researchers S. Gui et al. (2024),
these methods enable training on extensive unla-
belled image collections alongside limited annotated
datasets, thereby expanding the effective training data
pool and potentially enhancing model generalisation
when labelled data are restricted.
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S. Gui et al. (2024) also emphasised that integrat-
ing intelligent recognition systems into comprehensive
military information architectures presents addition-
al challenges. According to the researchers, outputs
from computer vision algorithms must be seamlessly
incorporated into command-and-control frameworks
and decision-support tools, necessitating the devel-
opment of specialised interfaces that facilitate oper-
ator interaction with detected object information for
informed operational decision-making. In the same
study, S. Gui et al. (2024) further highlighted that the
technologies supporting big data processing and dis-
tributed computing play a vital role, since modern re-
connaissance infrastructures may aggregate data from
numerous observation sources concurrently, requiring
software and hardware platforms capable of scalable,
high-performance processing.

The development of autonomous reconnaissance
systems that operate with limited human oversight is
also gaining attention. As noted by S. Gui et al. (2024),
in such systems, computer vision algorithms contrib-
ute not only to object detection but also to navigation,
route planning, and tactical decision processes. Look-
ing ahead, S. Gui et al. (2024) suggested that continued
progress in artificial intelligence is expected to further
enhance automated reconnaissance data analysis. The
researchers identified the design of next-generation
neural network architectures, multimodal data process-
ing techniques, and the advancement of explainable Al
systems capable of providing transparent and interpret-
able rationale for their outputs as particularly promising
research directions. In summary, computer vision-based
intelligent target recognition systems hold substantial
promise for augmenting the effectiveness of military
reconnaissance operations. While technical challenges
persist, ongoing advancements in Al methodologies,
computational resources, and data processing algo-
rithms are progressively fostering conditions conducive
to the broader adoption of these systems within con-
temporary military information infrastructures.

Architecture of an Intelligent Intelligence Image
Processing System in Multi-Level

Intelligence Complexes

The effective application of computer vision techniques
in military intelligence largely depends on the proper
design of the architecture of an intelligent system for
processing reconnaissance data. According to research-
ers K.Gromada et al. (2022), such systems must not only
enable automatic detection of objects within images
but also integrate information from diverse sources,
analyse it, and communicate results to decision sup-
port systems. The researchers further noted that con-
temporary multi-tiered reconnaissance complexes are
constructed as intricate information systems compris-
ing several interconnected levels for data collection,
transmission, and processing.

According to researchers A.Howard et al. (2017), the
overall architecture of an intelligent target recognition
system in military reconnaissance can be conceptual-
ly divided into several primary functional layers: data
acquisition, preliminary information processing, intel-
ligent analysis, data integration, and decision support.
Similarly, researchers F. Kadhum et al. (2026) empha-
sised that each layer performs specific functions while
ensuring interaction with other system components.
The initial stage involves collecting data from various
observation sources. As noted by researchers V. Maka-
richev et al. (2025), key sources of reconnaissance infor-
mation include satellite remote sensing systems, un-
manned aerial vehicles, ground surveillance cameras,
radar stations, and other sensor platforms. According to
F.Kadhum et al. (2026), each of these sources generates
substantial volumes of data, including both static imag-
es and high-resolution video streams.

Following data acquisition, preliminary informa-
tion processing is conducted. According to F. Kadhum et
al. (2026), the main objective at this stage is to pre-
pare images for subs equent analysis by performing
noise filtering, illumination normalisation, correction
of geometric distortions, and image alignment. The
researchers also noted that images may be trans-
formed into different colour spaces or resised to op-
timise the performance of deep learning algorithms.
Particular emphasis is placed on image georeferenc-
ing during this phase. Similarly, researchers R. Beard &
T. McLain (2012) concluded that georeferencing repre-
sents a critical component of reconnaissance data in-
tegration because it allows information from multiple
sources to be aligned within a unified coordinate system.

The subsequent stage is the intelligent analysis
of images using computer vision algorithms and deep
learning methods. According to researchers R. Sairam et
al. (2023), this layer addresses automatic object detec-
tion, classification, and segmentation. The researchers
explained that detection algorithms identify the pres-
ence and approximate localisation of objects of inter-
est, while classification determines object categories,
including military equipment, vehicles, engineering
structures, or other infrastructural elements. In more
complex scenarios, researchers G. Chen et al. (2022) re-
ported that segmentation methods are employed to de-
lineate precise object boundaries.R. Sairam et al. (2023)
further emphasised that segmentation is particularly
valuable when analysing scenes containing overlap-
ping objects or irregular shapes because it provides
detailed information regarding scene structure and
spatial relationships.

After initial image analysis, results are transferred
to the data integration layer. According to G. Chen et
al. (2022), information obtained from disparate sourc-
es is consolidated at this stage. Similarly, R. Sairam et
al. (2023) demonstrated that satellite image analysis
may be combined with data from unmanned aerial
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vehicles or ground sensor systems to produce a more
comprehensive and reliable situational overview.
G.Chen et al.(2022) identified resolving inconsistencies
between heterogeneous information sources as one of
the principal challenges of data integration. According
to R. Sairam et al. (2023), specialised data fusion algo-
rithms evaluate the reliability of incoming observations
and generate coherent results. For example, research-
ers J.Kang et al. (2022) explained that when one sensor
detects an object while another fails to confirm it, the
system must estimate the credibility of each source be-
fore assigning an appropriate confidence level to the
integrated output.

J.Kang et al. (2022) further noted that object track-
ing modules constitute another essential component
of intelligent reconnaissance architectures. Once an
object has been detected, the system should contin-
uously monitor its movement over time. According to
the researchers, motion analysis algorithms estimate
trajectories and predict future positions. Information
processed at earlier stages is subsequently conveyed to
decision support systems. G. Chen et al. (2022) conclud-
ed that these systems assist operators by generating
notifications regarding newly detected objects, chang-
es in their locations, or suspicious activities. Overall,
J.Kang et al. (2022) described the architecture of an in-
telligent image processing system as an interconnected
network of components supporting the continuous flow
of intelligence data from acquisition to decision-mak-
ing and adaptive control.

At the initial stage,data acquisition relies on various
sensors and sources such as unmanned aerial vehicles,
satellites, radar stations, optical cameras, and infrared
detectors. Each source delivers raw data characterised
by differing spatial resolutions, temporal frequencies,
and spectral bands, necessitating careful coordination
to facilitate compatibility and effective integration dur-
ing subsequent processing. Once collected, the data is
managed by a transmission and reception module re-
sponsible for linking distributed sensors with central
processing units. According to J. Kang et al. (2022), this
module maintains synchronisation across multiple
data streams, buffers temporary data when necessary,
and ensures secure and reliable communication chan-
nels. The researchers emphasised that these functions
are essential for preventing data loss or temporal mis-
alignment before downstream processing. The pre-pro-
cessing module follows, preparing incoming data for
further analysis through noise reduction, image stabili-
sation, normalisation, and georeferencing. As noted by
the previously discussed studies, this stage harmonis-
es heterogeneous sensor inputs to support direct data
fusion and consistent analysis throughout the system.
Subsequently, the intelligent analysis module receives
pre-processed data to execute object detection, classi-
fication, tracking, multisensory fusion, and situational
assessment.Accordingto G.Chenetal.(2022),thismodule
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employs advanced machine learning methods, includ-
ing CNNs and transformer architectures, to extract
meaningful information from complex reconnaissance
imagery. The structured analytical results produced
then serve as input for the decision-making subsystem.

Recent research conducted by R. Tsekhmystro et
al. (2025) suggests that applying pre-processing tech-
niques such as image denoising can significantly im-
prove the effectiveness of deep learning models for
object localisation and classification in UAV imagery
containing noise. The researchers demonstrated that
denoising methods such as DRUNet improve image
quality and consequently increase detection accuracy
without requiring retraining of existing neural net-
works. According to G. Chen et al. (2022), the decision
support module processes analytical outputs to gen-
erate actionable intelligence by evaluating operation-
al scenarios, planning responses, and formulating rec-
ommendations for operators or command authorities.
The researchers emphasised that close integration
between the intelligent analysis and decision support
modules enables timely and accurate operational de-
cision generation. To facilitate human interpretation
and response, researchers L.Jin et al. (2026) proposed a
visualisation and user interface module that translates
analytical outputs into intuitive displays. According to
the researchers, these real-time visualisations include
detected objects, trajectories, fused sensor information,
and situational summaries, thereby bridging automat-
ed analysis with operator understanding. A. Rouhi et
al. (2024) further noted that a feedback control mecha-
nism interconnects the decision support and intelligent
analysis components with the data acquisition subsys-
tem. This feedback loop enables dynamic adjustment
of sensor configurations, mission parameters, and data
collection strategies according to analytical results and
operational requirements, thereby improving the ad-
aptability of reconnaissance systems.

Technologies for processing large volumes of data
also play a significant role in the operation of mod-
ern reconnaissance systems. According to P. Sun et
al. (2022), the continuously increasing amount of in-
formation originating from diverse observation sourc-
es requires efficient storage and analysis solutions.
Similarly, researchers C. Li et al. (2025) concluded that
distributed computing systems, cloud platforms, and
specialised databases are widely employed to satisfy
these computational requirements. L. Jin et al. (2026)
additionally emphasised that security and reliability
remain essential characteristics of military intelligence
infrastructures because these systems process highly
sensitive operational information. Accordingly, various
cryptographic protection mechanisms, access control
systems, and redundancy techniques are implemented
to ensure resilience against unauthorised access and
cyberattacks. Looking forward, L. Jin et al. (2026) sug-
gested that future intelligent military reconnaissance
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architectures will increasingly incorporate artificial in-
telligence technologies and autonomous capabilities.
According to the researchers, next-generation recon-
naissance systems may independently analyse oper-
ational environments, identify potential threats, and
formulate recommendations for subsequent actions
with minimal human intervention. Overall, the archi-
tecture of an intelligent system for processing recon-
naissance imagery constitutes a multi-layered structure
comprising interconnected components responsible for
data collection, processing, analysis, and integration, as
shown in Figure 1.

Data Acquisition Layer
(Satellites / UAVs / Ground Sensors)

Preprocessing Layer
(Noise filtering, normalization, georeferencing)

Computer Vision Processing
(Object detection / Classification / Segmentation)

h

Data Integration Layer
(Multisensor data fusion)

Tracking and Analysis
(Object tracking / Situation analysis)

Decision Support System
(Command and control interface)

Figure 1. Image processing system architecture
Source: developed by the author based on research by
G. Chen et al. (2022), P. Sun et al. (2022), A. Rouhi et al. (2024),
C.Lietal.(2025) and L.Jin et al. (2026)

According to the reviewed studies, the combina-
tion of advanced computer vision and deep learning
methods with an efficient computational infrastructure
substantially enhances the operational effectiveness of
contemporary military reconnaissance systems. The re-
viewed studies indicate that the effectiveness of intel-
ligent reconnaissance architectures depends not only
on the performance of individual computer vision al-
gorithms but also on the coordinated interaction of all
architectural layers. In practical deployments, several
important architectural trade-offs must be considered.
Processing data directly on edge platforms, such as
UAVs, enables low-latency target detection but is con-
strained by limited computational resources, whereas
centralised or cloud-based processing provides greater
analytical capabilities at the cost of increased commu-
nication latency.Likewise, highly accurate deep learning
models generally require more computational resourc-
es, creating a balance between recognition perfor-
mance and real-time responsiveness. Multimodal data
fusion substantially improves situational awareness

and detection reliability; however, integrating hetero-
geneous sensor data increases algorithmic complexity
and computational overhead. Finally, although autono-
mous computer vision systems can significantly reduce
operator workload, human involvement in the deci-
sion-making loop remains essential for validating criti-
cal intelligence outputs and minimising the risks asso-
ciated with false detections or incorrect classifications.
These architectural compromises largely determine the
practical effectiveness of modern military reconnais-
sance systems and should therefore be carefully con-
sidered during system design and deployment.

Conclusions

This study explored the application of computer vi-
sion and deep learning techniques for the automated
detection of military objects within multi-level recon-
naissance systems. A review of current scientific liter-
ature and existing technological frameworks indicated
that advanced image processing algorithms are among
the most promising approaches for enhancing the au-
tomated analysis of reconnaissance data. The inves-
tigation examined the fundamental principles guid-
ing the design of multi-level reconnaissance systems,
demonstrating that their operational effectiveness de-
pends significantly on the capability to process large
quantities of visual data generated by diverse sensor
platforms. In this context, Al-driven computer vision al-
gorithms enable automatic object detection, classifica-
tion, segmentation, and tracking within video streams,
thereby improving processing speed, reducing operator
workload, enhancing target detection accuracy, and
supporting more efficient decision-making in complex
operational scenarios.

Particular emphasis was placed on assessing deep
learning approaches for object recognition in recon-
naissance imagery. Contemporary neural network
architectures, including CNN, single-stage and two-
stage detection models, as well as transformer-based
frameworks, have exhibited robust performance in
computer vision tasks. The analysis demonstrated
that no single architecture is universally optimal for
all reconnaissance scenarios. Instead, model selec-
tion should be based on operational requirements,
balancing detection accuracy, inference speed, com-
putational complexity, and suitability for deployment
on resource-constrained reconnaissance platforms.
Consequently, convolutional, transformer-based, and
hybrid approaches should be regarded as complemen-
tary rather than competing solutions. The conducted
analysis allowed the generalisation of the architectur-
al organisation of multi-level reconnaissance systems.
Their operation follows a hierarchical processing pipe-
line in which reconnaissance data are first collected
from heterogeneous sources, including satellites, un-
manned aerial vehicles, and ground-based sensors,
then synchronised in time and geographic coordinates,
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pre-processed, analysed using computer vision algo-
rithms, integrated through multisensory data fusion
mechanisms, and finally transferred to decision-sup-
port systems. Feedback mechanisms subsequently al-
low analytical results to influence sensor tasking and
subsequent data acquisition, forming a closed intelli-
gence processing loop. The effectiveness of this archi-
tecture therefore depends not only on the performance
of individual deep learning models but also on the effi-
cient interaction between all functional layers.

The review also identified several common archi-
tectural principles characterising modern intelligent
reconnaissance systems. Distributed processing ar-
chitectures combining onboard, edge, and centralised
computing environments provide the most effective
balance between computational efficiency and opera-
tional responsiveness. Multisensory data fusion consist-
ently improves situational awareness and target detec-
tion reliability by compensating for the limitations of
individual sensing modalities. The integration of com-
puter vision algorithms with decision-support systems
significantly accelerates intelligence analysis while pre-
serving human supervision during critical operational
decisions. Modern deep learning algorithms notably
improve object detection accuracy, classification per-
formance, and support the near real-time processing of
extensive datasets. This capability is especially critical
in contemporary military contexts, where rapid infor-
mation acquisition and analysis can decisively impact
operational outcomes. Nonetheless, several challeng-
es remain and warrant further research. These include

difficulties in detecting small objects within high-res-
olution imagery, the scarcity of specialised training
datasets for military applications, ensuring algorithm
robustness under diverse observation conditions, and
the limitations imposed by computational resources on
mobile reconnaissance platforms. Prospective research
directions involve devising more effective algorithms
for small-object detection, enhancing methods for mul-
tisensory data integration, improving adaptive resource
allocation between onboard, edge, and centralised
processing infrastructures, and progressing toward au-
tonomous intelligent reconnaissance systems capable
of executing selected analytical tasks while maintain-
ing reliable human oversight. Additionally, leveraging
distributed computing and cloud-based platforms for
managing large volumes of reconnaissance data pre-
sents a promising avenue for further exploration.
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AHoTaujis. MeToto focnigkeHHs 6yB aHani3 CydacHUMX METOLiB KOMMIOTEPHOIO 30py AN aBTOMATUYHOTO BUSIB/IEHHS Ta
Knacudikauii uinen y baratopiBHeBMX CUCTEMAX BIMCbKOBOI PO3BiAKM, A TAKOX OLiHIOBaHHS ePEeKTUBHOCTI aIrOpUTMIB
rMMBOKOro HaBYaHHA B 06po6Li pO3BifYBaNbHUX AAHUX 3@ Pi3HUX YMOB CNOCTEPEXEHHS. 19 AOCATHEHHS L€l wini
nigxig iHTErpye cMCTEMATUYHMIA OTNAL NiTEPaTypy, MOAENOBAHHS apXiTekTyp 06pobku 306paXkeHb Ta NOPIBHANbHY
OUiHKY Mofenen BMSBNIEHHS OOEKTIB Ha OCHOBI HEMPOHHWMX Mepex. Pe3ynbTatM AOCNifKeHHS nokasanu, Lo
PO3ropTaHHS HAMCYYaCHILUMX apXiTEKTYP MMMOOKOro HaBYaHHS, 30KPeEMa 3ropTKOBMX HEMPOHHUX Mepex, BapiaHTIB
YOLO ta Moaenew Ha ocHoBi TpaHChOPMATOPIB, CYTTEBO MOKPALLYE TOYHICTb Ta HAAIMHICTb aBTOMATUYHOIO BUSIBNEHHS
BICbKOBMX OOEKTIB Ha 300paXKeHHAX, OTPUMAHMX 3 6e3MiNOTHMX NiTaNbHUX anapaTiB Ta CYMyTHUKOBUX OXepen.
KpiM TOro, Nno€fHaHHA AaHMX 3 KifIbKOX AATUYMKIB 3 MYNbTUMOLANbHUMU METOAAMU 06pPOOKM NOKPALLYE MOXIMBOCTI
pO3ni3HaBaHH4 Lifei, 0co6IMBO B CLEEHAPISNX, LLLO XapaKTEPU3YOTbCS HU3bKOK BUAMMICTIO, CKNALAHUM CKIaA0M CLEHU
ab0 4aCTKOBMM MepekpuUTTIM 00€KTa. MOpIBHANBHUI aHaNi3 Cy4aCHUX apXiTeKTyp MoKasaB, Wo Mofeni CiMencTBa
YOLO 3ab6e3neuvytoTb Halkpally WBUAKICTb 0OpOoOKM Ta € HaMbiNbll NPUAATHUMM ON18 3aCTOCYBAHHA B PEXMMI
peanbHOro Yacy Ha 6opTy 6e3ninoTHOro niTanbHoro anapaty, Toai gk Faster R-CNN neMOHCTpye BMLLy TOYHICTb
NOKanisauii cknagHuX i Manopo3MipHMx 0O€KTIB, ane notpebye Ginbwmx 06YMCNOBANBbHUX BUTPAT. ApXiTEKTYpU
3rOpPTKOBMX HEMPOHHMX Mepex 3abe3nedyytoTb 306anaHCOBaHe CMiBBiAHOLIEHHS MiX TOYHICTIO Ta MPOAYKTUBHICTIO,
TO4i Ik MOAeni Ha OCHOBI TpaHChOpMepiB eeKTUBHILLE NPALLIOOTL Y CKNAAHUX YMOBaX CNOCTEPEXEHHS, 30KpeMa 3a
HW3bKOIi NPOCTOPOBOI PO3AiINbHOI 34aTHOCTI, HASIBHOCTI LUYMY, YaCTKOBOIO NepeKpUTTS Ta MaCKyBaHHS 0O€EKTIB, 04HAK
iX BUKOPUCTAHHS CYyNpOBOAXKYETLCSA MiABULLEHUMU BUMOTaMuK A0 06UMCNIOBaNIbHUX PecypCiB. 3arasioM BCTAHOB/IEHO
KOMMPOMIiC MiXK TOYHICTHO BUSIBIEHHS, LUBUAKICTIO 06p0OKM Ta 06UMCNIOBANIbHOK CKNAAHICTIO MOLENel, IK1ii BU3HaYae
[OLINBHICTb iX 3aCTOCYBaHHS 3a1€XHO Bif, XapakTepUCTUK PO3BiayBanbHOI NAaThOPMM Ta YMOB BUKOHAHHS 3aBAAHHS.
HapaHo iHdopMauito npo po3pobKy iHTeNeKTyasbHUX CUCTEM A aBTOMATM30BAHOMO aHasily AaHMX PO3BiLKM

KatouoBi caoBa: rnvboke HaBYaHHS; BUSIBNEHHS 0OEKTIB; MyNbTUCEHCOPHE 06ELHAHHA AAHUX; aHani3 y peanbHOMy
yaci; 6e3ninoTHMI NiTanbHKUii anapat
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Abstract. Increasing demands for energy efficiency in industrial equipment and the need to reduce operating costs
highlight the relevance of research into regenerative compressors — a class of turbomachinery that combines
the advantages of dynamic and positive-displacement machines and has significant potential for widespread
industrial application. Study aimed to systematise and analyse current scientific research in the field of regenerative
compressors and pumps to identify the key factors influencing their efficiency. The study was based on analysis and
comparison of the results of experimental and numerical studies published in peer-reviewed scientific journals, as
well as on the application of computational fluid dynamics (CFD) as a modern digital tool for engineering analysis.
Study established that the efficiency of regenerative compressors is determined by a combination of geometric
and design parameters. The type and shape of the impeller, as well as the number and profile of the blades,
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influence the degree of pressure increase: the optimal number of blades lies within the range of 30-50, whilst
blades of complex shape, despite their higher efficiency, complicate the manufacturing process. The dimensions
and configuration of the working channel determine the intensity of circulation and the level of gas-dynamic
losses - the height of the channel is a more decisive parameter than its cross-sectional area. The clearances in the
flow path are critical: an increase in the axial and radial clearances from 0.15 mm to 0.2 mm leads to a reduction
in performance of up to 50 %, which confirms the need to address them at design stage. CFD methods can be used
to visualise complex spiral-like flow structures, identify sources of losses and optimise design solutions, thereby
reducing costs of physical prototyping. The combination of analytical, experimental and CFD methods provides the
basis for developing effective design approaches, which will ensure improved energy efficiency and expand the
range of applications for these machines in industrial systems

Keywords: regenerative compressor; regenerative pump; regenerative hypothesis; numerical modelling; Ansys

SFX; design optimisation

Introduction

Compressor equipment is an integral part of modern in-
dustrial systems and is central in supporting technolog-
ical processes in the energy sector, the chemical indus-
try, mechanical engineering and related sectors. At the
same time, compressors are among the most energy-in-
tensive pieces of equipment: their share of total elec-
tricity consumption at industrial enterprises can reach
30-40%. In this context, improving the energy efficiency
of compressor equipment is not only an engineering ne-
cessity but also an economic and environmental one. A
reduction in specific energy consumption by even a few
percent can ensure significant resource savings at the
level of an enterprise or an industry. Among the wide
variety of compressor types, regenerative compressors
occupy a special place, combining the characteristics
of dynamic and positive-displacement machines. Their
distinctive features include a simple design, the ab-
sence of surge, compactness and the ability to provide
a relatively high degree of pressure increase with low
working fluid flow rates. Despite these advantages, re-
generative compressors have a comparatively low effi-
ciency - typically in the range of 35-55% — which limits
their wider industrial application. The complex flow
structure in the flow path, significant sensitivity to ge-
ometric parameters and an insufficient methodological
basis for comprehensive design optimisation highlight
the need for further research in this field. Development
of digital tools for engineering analysis, in particular
computational fluid dynamics (CFD) methods, creates
new opportunities for in-depth study of the operating
processes of regenerative compressors and for identify-
ing ways to improve their efficiency.

J.E. Adam et al. (2022) substantially contributed to
research into the geometric parameters of regenerative
compressors, studying the influence of various design
parameters on the performance of a side-channel re-
generative compressor stage. In particular, the re-
searchers found that the shape of the blades and their
angle of attack significantly affect the pressure ratio
and isentropic efficiency. The results obtained high-
light the significance of carefully selecting the impeller
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geometry at the initial design stage. Continuing this
line of research, J.E. Adam et al. (2023) conducted a par-
ametric study of the influence of the working channel
geometry on the performance of a regenerative com-
pressor. The authors varied the height, cross-sectional
shape and length of the channel and found that the
channel height is a more decisive parameter for mass
flow than the cross-sectional area. At the same time, the
study showed that the influence of individual channel
parameters on isentropic efficiency is less pronounced
and is mainly evident at high pressure values.

J. Nejadali (2021) applied the response surface
method in combination with CFD to optimise the
shape of aerodynamic-profile blades for a regenerative
compressor. The results of the study showed that aer-
odynamic-profile blades can deliver higher efficiency
compared to standard straight blades. However, the au-
thor noted that the complexity of manufacturing such
blades may offset the performance advantages in terms
of manufacturability and production costs. A. Salimi et
al. (2023) conducted a multi-criteria optimisation of a
regenerative pump with S-shaped blades using the re-
sponse surface method. The researchers varied several
geometric parameters simultaneously and found that
the S-shaped blade configuration can provide a bet-
ter balance between head and efficiency compared to
traditional configurations. The results demonstrate the
potential of applying multi-criteria optimisation meth-
ods to improve the design of regenerative machines.
0Q-Q.Lietal (2022) investigated the pressure pulsation
characteristics in a regenerative pump as a function of
the blade arrangement on the impeller. The authors
found that an uneven blade arrangement can signifi-
cantly reduce amplitude of pressure pulsations with-
out a significant deterioration in head characteristics.
This creates opportunities for reducing vibration and
acoustic loads on the compressor’s structural compo-
nents under real-world operating conditions. L.Zhou et
al. (2024) investigated, both numerically and experi-
mentally, the effect of axial clearance on the perfor-
mance of a regenerative pump. The researchers found
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that an increase in axial clearance leads to an increase
in the intensity of bypass flows and a significant drop
in the unit’s head characteristics. The results of this
study confirm that the axial clearance is one of the
most critical parameters in the design of regenerative
machines and requires careful monitoring both during
manufacture and in operation. J. Zhang et al. (2024)
conducted a quantitative analysis of energy losses
in a regenerative compressor and developed an ap-
proach to predicting its operating characteristics. The
researchers identified the main sources of losses in the
flow path and determined their relative contribution to
the machine’s overall inefficiency. The proposed meth-
odology can be used for targeted optimisation of de-
sign elements with the greatest potential for improv-
ing efficiency. W. Li (2025) investigated the effect of
wall roughness on the performance of a regenerative
pump using CFD modelling. Study determined that in-
creasing the roughness of the internal surfaces of the
flow path leads to an increase in hydraulic losses and
a reduction in efficiency. The results obtained are of di-
rect practical significance for the selection of materials
and manufacturing technologies for the casing com-
ponents of regenerative compressors, with the aim of
minimising friction losses.

An analysis of the studies cited indicates that most
of the research focuses on investigating the influence
of individual geometric parameters on the perfor-
mance of regenerative compressors and pumps. At the
same time, issue of simultaneous optimisation across
multiple parameters remains understudied: most au-
thors vary the parameters sequentially, which prevents
them from incorporating their mutual influence and
finding the global optimum design. Furthermore, the
comprehensive consideration of clearances in conjunc-
tion with other geometric parameters in CFD model-
ling remains an under-researched aspect. These gaps
formed the basis for this study. Study aimed to conduct
a comprehensive study and systematisation of scien-
tific achievements in the field of regenerative com-
pressors and pumps, to identify the key geometric and
design parameters that determine their energy perfor-
mance, and to justify promising avenues for improving
these machines.

Study was conducted in the form of a systematic re-
view. The international scientometric databases Scopus
and Web of Science were used to compile the informa-
tion base, and the search was conducted primarily using
English-language queries based on the following key
terms: “regenerative compressor”, “side channel pump”,
“vortex compressor”, “CFD optimisation” and “impeller
geometry” The main criterion for selecting sources was
that they had been published between 2020 and 2026,
ensuring the relevance of the material considered. In
addition, selected fundamental works from an earlier
period were included - in particular, classic works on
the theory of the regenerative hypothesis and the basic

principles of flow component design - without which
it is impossible to correctly interpret modern results
and trace the evolution of approaches to the design of
regenerative machines. A total of 51 scientific publica-
tions were analysed, including articles in peer-reviewed
journals, proceedings of international conferences and
institutional repositories. Sources were selected based
on criteria of thematic relevance, scientific novelty and
citation frequency in related research.

The study employs a range of general scientific and
specialised methods. The method of systems analysis
was used to organise the body of literature and identify
interrelationships between design parameters and ma-
chine characteristics. Comparative analysis was used to
compare the results of different research groups and to
identify similarities and contradictions in the conclu-
sions regarding the optimal values of geometric param-
eters. The method of generalisation was applied to for-
mulate comprehensive conclusions based on the body
of publications considered. A quantitative analysis of
scientific publications determined level of scientific de-
velopment in specific subject areas and identified gaps
in existing research. The material has been organised
into thematic sections: impeller design, channel geom-
etry, separator, clearances and CFD modelling - which
was used for a systematic coverage of the key aspects
of regenerative compressor operation. The evolution of
calculation methods has been analysed separately -
from one-dimensional analytical models to three-di-
mensional CFD modelling verified on test benches - to
assess their accuracy and limits of applicability at vari-
ous stages of design.

Design Diagram and Classification

of Regenerative Compressors

The design of a single-stage regenerative compressor
(Fig.1) comprises an impeller with blades evenly spaced
around its circumference, as well as suction, discharge
and working channels. A partition - known as a sep-
arator or baffle - is situated between the suction and
discharge channels, ensuring they are kept separate. As
noted by S. Vanyeyev et al. (2010), this design remains
the basis for most modern regenerative machines. De-
spite its structural simplicity, the internal gas-dynamic
processes in a regenerative compressor are complex:
the working fluid moves along a spatial spiral trajec-
tory, and each cycle between the blades and the chan-
nel is accompanied by momentum transfer, mixing and
turbulent losses. This physical complexity explains why
the accurate analytical prediction of the performance
characteristics of regenerative machines remains an
open scientific problem to this day. Notably, despite the
significant volume of accumulated experimental and
numerical data, a single, unified calculation methodol-
ogy for regenerative machines of various types has not
yet been developed - this is one of the key scientific
gaps in this field.
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Figure 1. Schematic diagram of a regenerative compressor stage
Notes: 1 - impeller; 2 - discharge channel; 3 - suction duct; 4 - splitter; 5 - operating channel

Source: S.M. Vanyeyev et al. (2010)

Depending on the position of the casing’s work-
ing channel in relation to the impeller blades, the
flow paths of regenerative compressors are classified
as peripheral, peripheral-lateral and lateral (Fig. 2).
Compressors with a lateral channel arrangement
have relatively high efficiency but low pressure. Pe-
ripheral channels provide higher pressures, although
their efficiency is significantly lower. Peripheral-lat-
eral channel arrangement is a compromise option,
achieving an efficiency of up to 55% and a pressure
coefficient yad = 1.6...3. M. Sreekanth et al. (2021),
in their systematic review covering over 80 publica-
tions spanning 70 years, confirm this conclusion: the
authors methodically compared the performance of
different types of flow passages and concluded that
the peripheral-lateral channel is the most balanced

alN

a // b

solution for a wide range of industrial applications.
This conclusion is relevant: the advantage of the pe-
ripheral-lateral channel lies in the fact that the cen-
trifugal effect is actively utilised in the peripheral
section, resulting in a significant increase in pressure,
whilst the lateral component facilitates the effec-
tive re-entry of the working fluid into the inter-blade
space - thus ensuring that the entire channel area
is utilised more uniformly in the energy exchange. At
the same time, there is an absence in the literature
of systematic comparative studies in which all three
types of channels would be analysed under identical
conditions using a single geometry; this complicates
the quantitative justification of the advantages of the
peripheral-lateral variant and represents a promising
area for further research.

Figure 2. Main types of flow components in regenerative compressors
Notes: a - peripheral canal; b - peripheral-lateral canal; c - lateral canal

Source: S.M. Vanyeyev et al. (2010)

The shape of the flow section’s profile in the me-
ridional cross-section can be rectangular, circular or
curved (Fig. 3). A rectangular cross-section is the sim-
plest to manufacture, but is characterised by increased
losses in the corner regions, where stagnation zones
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form. A circular cross-section ensures a smoother redis-
tribution of velocities and a lower tendency for separa-
tion zones to form, which, according to W. Li (2025), has
a positive effect on the level of hydraulic losses when
operating under high-pressure conditions. A curved
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profile is an attempt to combine the advantages of both
options. Thus, a common pattern emerges regarding
the choice of cross-sectional shape: an increase in the
aerodynamic efficiency of the channel shape is accom-
panied by greater manufacturing complexity, and each
of the three options occupies a specific niche depend-
ing on the priorities: efficiency, manufacturability or
compactness. M.M. Raheel & A. Engeda (2005), in their
systematic study on the design of radial-bladed regen-
erative turbomachines, emphasise that the number of
channels is increased primarily to boost capacity and

7.

flow rate, as well as to increase power output in turbine
modes. Multi-channel flow sections are most easily im-
plemented using a stage with an external peripheral
channel; however, as the number of channels increases,
the design of the separator becomes significantly more
complex and the risk of cross-flow increases. It is worth
noting the limited availability of quantitative data in
the literature regarding the impact of the number of
channels on performance - most publications focus on
single-channel configurations, which represents a gap
for applications with high performance requirements.

Figure 3. Shapes of the flow section profile in a meridional cross-section

Notes: a - rectangular duct; b - circular duct; c - curved duct
Source: S.M. Vanyeyev et al. (2010)

Regenerative turbomachines can be designed as
single-flow, double-flow or multi-flow types. N.D. Karls-
en-Davies & G.A. Aggidis (2016), in their fundamental
review of regenerative annular pumps based on an
analysis of over 120 sources, established that the use of
double or multi-flow configurations makes it possible
to relieve the rotor of radial forces and reduce the vibra-
tion load on the bearings. S. Munsterjohann et al. (2017)
expanded on this idea by applying psychoacoustic eval-
uation criteria to the design of a low-noise side blower:
the authors demonstrated that a symmetrical multi-flow
blower configuration not only balances the force load
but also significantly reduces the tonal components of
noise,which is critical for medical and laboratory equip-
ment. M. Raheel et al. (2003), whilst investigating the
characteristics of single- and multi-stage regenerative
compressors for natural gas transport, demonstrated
that regenerative machines are competitive with cen-
trifugal compressors in the range of low flow rates and
high pressures: the measured pressure, for the same
geometric parameters, increases proportionally with
the number of stages in a multi-stage configuration,
whilst efficiency decreases due to the accumulation of
losses. Comparing the findings of these three research
groups,a common pattern emerges: the transition from
single-flow to multi-flow and multi-stage configura-
tions expands the machine’s functional capabilities,
but is inevitably accompanied by either a reduction in
efficiency or increased design complexity. This trade-
off between productivity and efficiency in multi-stage
designs remains unresolved and requires targeted
research using multi-criteria optimisation methods.

Thus, the choice of flow configuration and the num-
ber of stages is a complex design decision that simul-
taneously affects the mechanical reliability, hydraulic
efficiency and acoustic characteristics of the machine.
The amount of energy transferred depends on the
geometry and design parameters of the impeller and
the casing components. M. Badami & M. Mura (2011),
in the study on the development and validation of a
one-dimensional model of a regenerative compressor
for various devices, established that accurate con-
sideration of geometric parameters - including the
shape, arrangement and number of blades, as well
as the dimensions of the annular channel - is cru-
cial for adequate prediction of performance charac-
teristics. The 1D model they developed demonstrated
satisfactory agreement with experimental data for a
wide range of geometries, confirming the validity of
using simplified models in the early stages of design.
At the same time, the authors note that the model ex-
hibits systematic deviations at low flow rates, where
non-linear effects become dominant. In the authors’
view, this highlights the need to use three-dimension-
al CFD modelling to verify the results, particularly un-
der non-standard operating conditions. To summarise
the findings of this section, it should be emphasised
that the structural layout and the type of flow path are
the primary design decisions that determine the entire
scope for further optimisation: the choice of channel
type, cross-sectional shape and flow configuration ef-
fectively sets the upper limit of achievable efficiency,
which cannot be significantly exceeded solely by opti-
mising the geometry of the blades or clearances.
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Effect of Impeller Geometry
on Compressor Performance

Type and geometry of the blades directly affect
the compressor’s efficiency and determine the de-
gree of pressure increase, as energy is transferred
specifically from the impeller to the gas or liquid.
G. Grabow (1975) established a fundamental relation-
ship between the number of blades, their angle and
the suction characteristics of regenerative pumps. De-
spite the age of these studies, the patterns identified
by G. Grabow (1975) remain relevant and are used by
contemporary researchers as a starting point. This in-
dicates that the basic physics of momentum transfer
in a regenerative machine is relatively stable and has
not undergone any fundamental revision over the past
five decades. It is worth noting that most contemporary
studies of impeller geometry are highly specialised -
they optimise one or two parameters for a specific
geometry, without establishing generalised patterns
suitable for use at the conceptual design stage.

Blade shape is one of the most debated parameters
in the literature.).E. Adam et al. (2022), using a system-
atic numerical experiment design that varied several
geometric parameters simultaneously, found that blade
geometry significantly influences the shape of the pres-
sure characteristic: backwards-curved blades provide a
more uniform pressure distribution and a wider range
of stable operation, whilst straight blades have a steep-
er characteristic curve with a higher peak head at the
design point.J. Nejadali (2021), using the response sur-
face method in combination with three-dimensional
CFD modelling to optimise airfoil-type blades, achieved
an increase in isentropic efficiency of up to 8% com-
pared with the baseline design featuring straight
blades. The author systematically varied the angle of
attack, profile thickness and curvature, and found that
the angle of attack is the dominant parameter com-
pared to the other variables. A. Salimi et al. (2023),
building on this approach, applied multi-objective
optimisation using the response surface method to a
compressor with S-shaped blades and concluded that
a simultaneous increase in pressure and efficiency is
possible but requires a trade-off: maximum pressure is
achieved at installation angles that slightly reduce effi-
ciency, and vice versa. A common finding in the studies
by J. Nejadali (2021), J.E. Adam et al. (2022) and A. Sal-
imi et al. (2023) is that all three studies confirm the
dominant role of the blade installation angle amongst
the geometric parameters of the blade shape - this is a
sufficiently reliable conclusion, as it has been obtained
using three independent methods.

S-Y.Jeon et al. (2019) adopted a different approach
and developed a fundamentally new type of S-shaped
blade, optimised for a microbubble pump. The research
methodology was based on a combination of CFD mod-
elling with an optimisation algorithm and verification
using a physical prototype. The authors demonstrated
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that the S-shaped form helps to reduce cavitation and
extend the operating range, although it does decrease
the peak efficiency at the design point slightly com-
pared with standard blades. Comparing the results of
S-Y.Jeon et al. (2019) and A. Salimi et al. (2023), a con-
tradiction can be observed: both studies demonstrated
the advantages of the S-shaped profile, but in differ-
ent aspects - S-Y. Jeon et al. (2019) addressed cavi-
tation resistance, whilst A. Salimi (2023) emphasised
simultaneous increase in head and efficiency. This is
explained by the different operating conditions: the
first study focused on pumping applications with a lig-
uid medium, whilst the second focused on compressor
applications with a gaseous medium. It is reasonable
to assume that a direct comparison of these results
is not valid without covering differences in Reynolds
and Mach numbers. This circumstance highlights a
significant scientific gap: the literature lacks studies
that systematically compare the efficiency of different
blade profiles under identical dimensionless similar-
ity parameters, which makes it impossible to directly
transfer results between applications.

K. Chen et al. (2022) investigated the effect of the
blade tip undercut angle using three-dimensional un-
steady CFD modelling, verified on a test bench. The re-
searchers found that an increase in the undercut angle
from 0° to 30° leads to a redistribution of high-velocity
zones within the side channel and a change in second-
ary vortex structures. At angles of 15-20°, an optimal
balance is observed between the level of turbulent
losses and energy transfer efficiency, manifested in a
3-5% increase in isentropic efficiency. Although com-
plex-shaped blades are generally more efficient, one
of the main advantages of regenerative compressors -
their structural simplicity - should be considered.
Q-Q.Lietal (2022), based on an analysis of the match
between the impeller and the duct, emphasise the need
for a balance between geometric complexity and man-
ufacturability; consequently, from a practical design
perspective, the straight blade (Fig. 4) remains a sensi-
ble choice for most industrial applications, where man-
ufacturability and cost take precedence over maximis-
ing efficiency. In the authors’ view, the optimal strategy
for selecting the blade shape should be determined as
early as the technical specification stage: if maximum
efficiency is the priority, the use of profiled blades ver-
ified via CFD is justified; if cost and service life are the
priorities, straight blade with an optimised installation
angle should be preferred.

The number of impeller blades is another key pa-
rameter. Q-Q. Li et al. (2022), using unsteady CFD mod-
elling and analysis of pressure pulsations via the fast
Fourier transform, found that increasing the number of
blades from 24 to 48 leads to a significant reduction
in the amplitude of the dominant pressure pulsation
frequencies, which is beneficial in terms of vibration
reliability. At the same time, the contact surface area
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increases and, consequently, so do friction losses. ). Ne-
jadrajabali et al. (2016), using flow pattern analysis and
comparative CFD modelling, recommend a range of 30-
50 blades as the optimal compromise. ). Pei et al. (2019),
in their study of the effect of the side channel wrap
angle, arrived at a similar optimum - 36 blades for
the geometry under investigation. The agreement be-
tween the recommendations of these two independent
research groups regarding the optimal range of blade
count provides significant confirmation of the reliability
of the results obtained, although it should be noted that
the specific optimal number of blades depends on the
wheel dimensions, channel height and operating mode.
Notably, Q-0Q. Li et al. (2022) approached this issue from
the perspective of dynamic characteristics, whilst J. Ne-
jadrajabali et al. (2016) and J. Pei et al. (2019) - from
perspective of static efficiency, and all three groups
converge on the same range. This is one of the most
reliable quantitative results in this field, suitable for di-
rect application in engineering practice.

Figure 4. Straight peripheral-lateral blades
Source: compiled by the authors

The size of the impeller (outer diameter) deter-
mines the pressure increase within the machine via
the tip speed of the blades. M-W. Heo et al. (2016),
using multi-objective optimisation that simultaneous-
ly accounts for aerodynamic and aeroacoustic criteria,
demonstrated that increasing the diameter increases
the pressure head but simultaneously increases the
level of broadband noise due to the rise in circumfer-
ential velocity. In their study, the optimal diameter was
determined as a compromise between these two crite-
ria. F.Zhang et al. (2021), applying vortex identification
methods to the results of CFD modelling, showed that
reducing the impeller diameter whilst keeping other
parameters constant leads to a decrease in the inten-
sity of circulation vortices in the side channel, which
reduces the efficiency of mass transfer between the
impeller and the channel. Thus, the impeller size af-
fects not only the kinematics but also the qualitative
structure of the internal flow. When comparing studies
by M-W.Heo et al. (2016) and F.Zhang et al. (2021), it is

worth noting that both studies reveal a mutually rein-
forcing effect: an increase in diameter simultaneously
improves the hydraulic characteristics and worsens the
acoustic characteristics; that is, diameter is a parameter
with a clearly defined conflict of objectives. This makes
it a natural candidate for multi-criteria optimisation
rather than single-parameter tuning.

Methods for the systematic optimisation of impel-
ler geometry are becoming increasingly widespread.
H. Quan et al. (2020), applying an orthogonal design of
experiments method to a regenerative pump, simulta-
neously varied the blade angle, the number of blades
and the impeller diameter, and determined their rel-
ative importance: the number of blades is the most
influential parameter (42% contribution), followed by
the blade angle (35%) and the impeller diameter, which
has the least influence (23%). The orthogonal approach
can significantly reduce the number of CFD calculations
required compared with a full factorial design, whilst
maintaining the statistical validity of the conclusions.
Building on this methodology, J. Yang et al. (2025) ap-
plied the orthogonal method to the numerical opti-
misation of a regenerative pump impeller design and
found that the optimal combination of geometric pa-
rameters increases head by 7.3% and efficiency by 4.1%
compared with the original design. When comparing
the two studies, it is worth noting the methodological
continuity and convergence of conclusions regarding
the priority of parameters, which enhances confidence
in the recommendations obtained. Notavly, the hierar-
chy of parameter influence established by H. Quan et
al. (2020) - number of blades, angle, diameter - is
consistent with the general conclusion regarding the
dominant role of the number of blades, as derived from
an analysis of the works by J. Nejadrajabali et al. (2016)
and J. Pei et al. (2019). Such consistency in the results
obtained using different methods and by different re-
search groups suggests that this hierarchy has been
reliably established. At the same time, it is worth not-
ing that all the optimisation studies considered were
conducted for specific geometries and operating condi-
tions, and the question of whether the optimal values
obtained can be extrapolated to other scales and con-
ditions remains open.

Geometric Parameters of the Working Channel
and Their Impact on Efficiency
The working fluid enters the impeller housing’s work-
ing channel via the suction pipe and then flows into the
inter-blade channels of the impeller. In the inter-blade
channels, the mechanical energy of the drive is convert-
ed into the kinetic and potential energy of the gas. Cen-
trifugal forces direct the gas particles predominantly in
a radial direction from the inter-blade space into the
working channel of the casing, where the kinetic ener-
gy of the flow is subsequently converted into pressure
energy. The blade suction angle significantly influences
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the degree of symmetry of the secondary vortex motion
in the channel: at angles close to 90°, the most uniform
velocity distribution and the lowest losses in the recir-
culation zone are observed. This result is a substantial
guideline for design; however, it is worth noting that
there is a lack of studies in the literature that system-
atically vary the suction angle over a wide range for
different types of channels, which limits the possibility
of generalising this conclusion.

Mechanism of the spiral trajectory of the working
body is a defining feature of the regenerative compres-
sor, distinguishing it from all other classes of dynamic
machines. W. Li (2025), in a CFD modelling of a regen-
erative pump taking into account the roughness of the
channel walls, quantitatively assessed the influence of
this mechanism: the repeated interaction of the blades
with the same working fluid particles results in the
regenerative compressor developing 3-5 times great-
er pressure than a centrifugal compressor of the same
dimensions at the same rotational speed. This result is
consistent with the classical theoretical estimates by
W.A. Wilson et al. (1955); however, W. Li (2025) further
demonstrated that the roughness of the channel walls
canreduce this effect by 10-18%,depending on the Reyn-
olds number and relative roughness. This is a substan-
tial practical finding for manufacturers, as it highlights
the significance of the quality of the channel surface fin-
ish. Despite practical significance of this parameter, the
influence of roughness on the performance of regener-
ative machines remains under-researched in the litera-
ture - W. Li (2025) is, in fact, the only modern publica-
tion on this topic, indicating a significant scientific gap.

The parameters of the working channel - height,
cross-sectional shape, length and curvature - directly
influence the intensity of the working fluid circula-
tion and the level of gas-dynamic losses. J.E. Adam et
al. (2022), applying a systematic Design of Experiments
(DoE) approach to a regenerative compressor and si-
multaneously varying the height, width and cross-sec-
tional shape of the channel, established that the influ-
ence of channel geometry on performance is complex
and non-linear: individual parameters exhibit signif-
icant interaction with one another, meaning that the
optimal value of one parameter depends on the val-
ue of another. In particular, the authors found that the
optimal channel height is a function of the number of
blades: as the number of blades increases, the optimal
channel height also increases. This interaction explains
why attempts to optimise the channel geometry by var-
ying just one parameter often yield conflicting results
across different studies. This conclusion is substantial
from a methodological point of view: it means that
single-parameter studies of channel geometry, which
constitute most publications in this field, are of limited
value for practical design.

Working channel height is more substantial in de-
termining mass flow rate than its cross-sectional area.
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J. Zhang et al. (2024), whilst conducting a quantitative
analysis of energy losses in a regenerative compres-
sor using the entropy production method, found that
reducing the channel height whilst maintaining the
cross-sectional area leads to an increase in local entro-
py dissipation in the secondary circulation zone, which
is the primary mechanism of energy transfer. This is ex-
plained by the fact that a reduction in the duct height
increases the velocity gradient in the vertical direction
and, consequently, increases viscous losses. The authors
quantitatively established that losses in the secondary
circulation zone account for 35-45% of the compressor’s
total losses, confirming their dominant role. This result
is substantial from a design perspective, as it indicates
that optimisation efforts should primarily be directed
towards minimising losses specifically in the second-
ary circulation zone.J. Wang et al. (2023) independently
confirm this conclusion: in their comparative study, the
lowest efficiency values are also observed for configu-
rations with the minimum channel height. The consist-
ency of the results obtained byJ.Zhang et al. (2024) and
J.Wang et al. (2023) - using different methods and for
different machine configurations - suggests that the
channel height is the most critical geometric parameter
of the flow section among all those considered.

Cross-sectional shape of the working channel af-
fects the compressor’s performance through the dis-
tribution of velocities and the structure of secondary
vortices. W. Li (2025) found that a circular cross-section
provides more favourable flow conditions due to a more
uniform velocity distribution and reduced local losses
compared to a rectangular channel; the difference in
efficiency between these two cross-sectional shapes,
for the same channel height, is 2-4% at the design
point. Q. Li et al. (2024), applying the Proper Orthogonal
Decomposition (POD) method to the results of unsteady
CFD simulations, demonstrated that the cross-sectional
shape significantly influences the spatial structure of
the dominant pressure pulsation modes: in channels
with a circular cross-section, the dominant modes are
more symmetrical and have a lower amplitude, which
helps to reduce the vibration load. Comparing these
results with the data from J.E. Adam et al. (2023), a
general conclusion can be drawn: the cross-sectional
shape is a substantial parameter, but its influence on
static efficiency is less significant than that of the duct
height, whilst it has a more significant impact on dy-
namic characteristics (pressure pulsations, noise). Thus,
the choice of cross-sectional shape should be made ad-
dressing priorities of the specific application: if noise
or vibration levels are critical, a circular cross-section
is preferable; if manufacturability and production cost
are the priority, a rectangular cross-section remains a
reasonable choice.

The isentropic efficiency of a regenerative com-
pressor exhibits a more complex dependence on
the geometric parameters of the channel. J. Wang et
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al. (2023), comparing single- and multi-stage config-
urations of side-channel pumps at different channel
heights, confirmed that the lowest efficiency values are
observed for variants with the minimum side-channel
height, whilst an increase in height leads to an increase
in efficiency. Notably, in multi-stage configurations this
effect is amplified, as losses in each stage accumulate.
M. Badami & M. Mura (2012), based on a comparison
of 1D and 3D CFD models of a regenerative blower for
fuel cells, noted that three-dimensional modelling is
relevant for accurate prediction of performance char-
acteristics under non-design operating conditions. This
highlights the fundamental limitations of one-dimen-
sional models when analysing the influence of channel
geometry - they may yield satisfactory results at the de-
sign point, but systematically fail at low and high flow
rates, where three-dimensional effects are dominant.To
summarise the findings of this section, a key pattern
should be emphasised: of all the channel’s geometric
parameters, height has the greatest influence on static
characteristics, whilst the cross-sectional shape deter-
mines the machine’s dynamic behaviour. This hierarchy
of parameter influence serves as a substantial guide for
setting priorities when designing and optimising re-
generative compressors; however, it must be acknowl-
edged that most existing studies were conducted for a
limited range of geometries and do not provide a com-
plete picture of the interaction of all channel parame-
ters simultaneously.

Design Features of the Separator

and Their Impact on the Working Process
The separator (Fig. 5) is an essential structural com-
ponent of the flow path in a centrifugal compressor;
its function is to separate the discharge zone from the
suction zone and to prevent the compressed gas from
flowing in the opposite direction. However, a certain
amount of gas inevitably penetrates the suction zone
through the gaps between the rotor and the casing and
through the inter-blade space, which is a source of vol-
umetric losses. An analysis of existing research iden-
tified three interrelated areas of study concerning the
separator: the influence of the wrap angle on hydraulic
characteristics, the physics of “dead zone” formation,
and the effect of the separator on transient force loads.
These areas have developed to some extent in paral-
lel and have only begun to be considered comprehen-
sively in the latest studies. F. Zhang et al. (2020), using
the entropy production method to quantitatively ana-
lyse energy losses in a side-channel pump at different
channel wrap angles, found that the amount of leakage
through the separator decreases as the radial clearance
between the separator and the impeller decreases and
as the separator wrap angle increases. However, the
authors also demonstrated that increasing the separa-
tor angle simultaneously reduces the effective working
section of the channel and leads to an 8-12% drop-in

mass flow rate for every 15° increase in the angle. Thus,
optimisation of separator angle is a problem with two
mutually conflicting objectives.

C

Figure 5. Separator (cutter)
Source: compiled by the authors

J. Pei et al. (2019), in a study of effect of the side
channel coverage angle, modelled three geometric
variants of the pump with separator angles of 15°, 30°
and 45°, using unsteady three-dimensional CFD mod-
elling with the results verified on a test bench. A com-
parative analysis showed that a 15° angle ensures the
most intense mass transfer throughout the flow path:
the authors quantitatively measured the intensity of
secondary circulation by analysing the velocity vector
field and found that at a 15° angle it is 18% higher
than at a 45° angle. The 15° and 30° configurations
demonstrate higher static pressure values in the out-
let region - by 6-9% respectively - due to the great-
er length of the side channel and a longer duration of
energy exchange. These results can be considered reli-
able and well-founded, as the authors conducted par-
allel measurements on a physical test rig, and the dis-
crepancy between the CFD results and the experiment
does not exceed 4%. A comparison of the approaches
by F. Zhang et al. (2020) and J. Pei et al. (2019) reveals
methodological complementarity: the former work
quantitatively describes the mechanism of losses using
the entropy method, whilst the latter quantitatively de-
termines the optimum by comparing specific geometric
variants. Together, they provide a sufficiently compre-
hensive picture to inform practical recommendations
regarding the choice of the separator angle.

A. Fleder & M. Bohle (2012), based on the results
of a systematic study of the internal flow structure in
a side-channel pump using particle image velocimetry
(PIV) and CFD, confirmed that minimum static pres-
sure values are recorded in the separator zone for all
geometric variants. The authors explained this phe-
nomenon by the fact that, in the separator zone, the
exchange of kinetic and potential energy between the
blade channels and the annular channel is interrupted,
with the result that energy which was not transferred
in the preceding zone is irretrievably dissipated. A sub-
stantial contribution by A. Fleder & M.Bdhle (2012) was
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that they were the first to quantitatively describe the
minimum-pressure zone as a “dead zone” with zero net
energy exchange - this is conceptually relevant for de-
termination of why reducing the separator angle gen-
erally increases the machine’s efficiency. Notably, study
by A. Fleder & M.Bohle (2012) is one of the few studies
in which the PIV method has been applied to the in-
vestigation of regenerative machines, which was used
for verification of CFD results at the level of the ve-
locity field, rather than merely integral characteristics.
Expanding the use of such verification is a substantial
methodological task for future research.

K.A. Adu-Poku et al. (2022), whilst investigating
the internal flow mechanisms and transient force
distribution in a side-channel pump using transient
CFD with regenerative structure analysis, demon-
strated that the design of the separator significantly
influences the transient hydrodynamic forces acting
on the impeller. In particular, the authors found that
sharp pressure gradients arise in the separator region,
which are the source of variable forces with a frequen-
cy that is a multiple of the number of blades and the
rotational frequency. These forces can cause resonant
phenomena if their frequency matches the natural fre-
quencies of the structure. A.Javadi et al. (2026), using
the Large Eddy Simulation (LES) method - which is
a significantly more accurate but also much more re-
source-intensive approach compared to RANS - con-
firmed and elaborated on this result: the separator
is a zone of heightened turbulent activity, where the
kinetic energy of large eddies is actively transferred
to smaller scales and dissipated as heat. According to
estimates by A. Javadi et al. (2026), between 15 and
22% of the compressor’s total losses are dissipated
in the separator zone, depending on the operating
mode. A comparison of the results of K.A. Adu-Poku et
al. (2022) and A.Javadi et al. (2026) reveals complete
qualitative agreement, whilst LES modelling provides
a more detailed picture of the distribution of dissipa-
tion within the separator zone. A gap in the research
remains: there are no studies dedicated to the tar-
geted profiling of the separator edges as a means of
reducing turbulent losses; although the physical na-
ture of the losses in this zone has already been well
described, the question of the optimal shape of the
edges is scarcely addressed in the literature.

According to the authors, combination of the re-
sults of these studies provides a substantial design
conclusion: the angle of the separator should be select-
ed as the minimum permissible from a structural point
of view (2-3 blade pitches), whilst the geometry of the
separator’s leading and trailing edges must be carefully
profiled to reduce the intensity of separation phenome-
na and the associated losses. Reducing the wrap angle
from 45° to 15° results in more intense flow exchange,
higher static pressure values and lower hydraulic loss-
es, which ultimately improves the machine’s hydraulic
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performance. The findings of K.A. Adu-Poku et al. (2022)
raise a substantial point: an excessive reduction in the
separator angle without corresponding profiling of its
edges may exacerbate transient force loads on the
wheel due to the sharpening of pressure gradients at
the boundary of the “dead zone”. Consequently, the fi-
nal choice of angle must be made addressing overall
impact on all characteristics, including vibrational and
acoustic ones.

Effect of Clearances in the Flow Path

on Compressor Performance

Clearances in the flow path of a regenerative compres-
sor are among the most sensitive design parameters,
significantly affecting performance, compression effi-
ciency and energy losses. Analysis of existing research
has identified three main areas of focus: the quantita-
tive determination of the proportion of losses due to
clearances in the overall loss balance; the influence of
clearances on the machine’s dynamic characteristics;
and the specific characteristics of clearances in hydro-
gen applications. It is noteworthy that all three areas
have developed in parallel and are only now beginning
to be considered in relation to one another. L. Zhou et
al. (2024), using a combination of three-dimensional
unsteady CFD modelling and experimental measure-
ments on a test bench for a regenerative pump with
five different axial clearance values in the range of 0.1-
0.5 mm, demonstrated that the relationship between
performance and clearance is non-linear: in the range
of small clearances (0.1-0.2 mm), the increase in per-
formance as the clearance decreases is significant (up
to 15% for every 0.05 mm), whilst for large clearances
(over 0.3 mm) this sensitivity decreases. The authors
also found that a change in the axial clearance affects
not only the volumetric efficiency but also the shape
of the pressure characteristic: as the clearance increas-
es, the steepness of the characteristic decreases, which
may lead to unstable operation in a parallel configura-
tion with other blowers.

J. Zhang et al. (2024), in a quantitative analysis
of energy losses in a regenerative compressor using
entropy method for various values of axial and ra-
dial clearances, found that losses due to clearances
account for 28-40% of total hydrodynamic losses de-
pending on the operating mode, and that this propor-
tion increases with rising rotational speed. Notably,
the authors were able to quantify the contributions
of the axial and radial clearances: the axial clearance
accounts for 70-75% of the total losses due to clear-
ances, whilst the radial clearance contributes only
25-30%. This result provides a substantial practical
guideline: during design and manufacture, the axial
clearance must be controlled as the dominant factor.
W-Y. Zhang & Z-H. Li (1991) established an analyti-
cal relationship between the magnitude of the axial
clearance and the characteristics of a regenerative
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pump, which is generally consistent with modern CFD
results, indicating the reliability of classical analytical
approaches as a first approximation.

J.Wang et al. (2023), when comparing single-stage
and multi-stage configurations of side-channel
pumps, found that in multi-stage configurations the
effect of clearances on head pulsations is significantly
more pronounced than in single-stage ones: for the
same clearance value, the amplitude of pulsations in
a two-stage configuration is 40-60% higher than in
a single-stage one. This is because, in a multi-stage
configuration, flow through the clearances of the first
stage disturbs the inlet field of the second stage, am-
plifying transient phenomena. Z.C. Zhu et al. (2001), in
their early theoretical and experimental study of low-
flow regenerative pumps, reached a similar conclusion
regarding the significant influence of the gap on ex-
ternal characteristics, confirming that this pattern is
not specific to a particular type of machine or operat-
ing mode, but is common to the class of regenerative
machines. When comparing the results of J. Wang et
al. (2023) and Z.C. Zhu et al. (2001), it is worth noting a
substantial pattern: despite differences in methodol-
ogy and a gap of more than twenty years between the
publications, both studies confirm the general nature
of the effect of clearances, which gives this conclusion
the status of a well-established fact, suitable for di-
rect use in design.
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V.S. Sitalo & S.M.Vanieiev (2025) conducted a com-
prehensive analysis of the effect of the magnitude of
the axial and radial clearances along the entire length
of the flow path between the impeller and the com-
pressor casing, which had an outer diameter of 250 mm,
using three-dimensional CFD modelling in ANSYS CFX.
The authors modelled two clearance options - 0.15 mm
and 0.2 mm - and compared them with an idealised
case with no clearances. The results are revealing: with
a clearance of 0.15 mm, the compressor’s performance
decreases by 23% compared with the idealised case,
and with a clearance of 0.2 mm, by 50% (Fig. 6). Such
a sharp drop in performance with an increase in the
clearance of just 0.05 mm is evidence of high sensitivity
of regenerative machines to manufacturing precision.
A comparison with the results of L. Zhou et al. (2024)
shows qualitative agreement - both studies reveal a
non-linear dependence with increased sensitivity at
small clearances — which confirms the general nature
of this pattern regardless of the type of working me-
dium (liquid or gas). Notably, both studies - L. Zhou et
al. (2024) and V.S. Sitalo & S.M.Vanyeyev (2025) - were
conducted for specific geometries and do not cover the
full range of impeller diameters, which limits the gen-
eralisability of the results. The development of general-
ised dimensionless relationships between the relative
clearance and the relative reduction in performance is
a promising area for further research.

—8—gap 0.2
calculated
gap 0.15
calculated point
—@— without gap

350 400 V,nm?%nh

Figure 6. Compressor performance at different clearances in the flow path

Source: V.S. Sitalo & S.M.Vanyeyev (2025

Studies on regenerative machines for fuel cell sys-
tems emphasise issue of clearances. X. Yu et al. (2022),
whilst conducting an experimental study into the ef-
fect of hydrogen recirculation on the performance of a
PEMFCfuel cell, found that the accuracy with which the
recirculation blower maintains the set hydrogen flow
rate is critical for stable stack operation: a deviation
in the recirculation flow rate of more than 8% from
the calculated value leads to a significant reduction in
fuel cell efficiency and an uneven distribution of mem-
brane moisture. Since cross-flow through the gaps is
the main source of flow instability, the results of X.Yu et
al. (2022) indirectly confirm the need for strict control
of the gaps in hydrogen pumps. Y. Chen et al. (2024),
investigating the influence of the geometric param-
eters of a regenerative hydrogen pump in a PEMFC

system using three-dimensional CFD with variations in
the axial gap, quantitatively confirmed this conclusion:
an increase in the axial clearance of 0.05 mm reduc-
es the hydrogen recirculation coefficient by 11-15%,
which is unacceptable for fuel cell systems with strin-
gent stability requirements. Comparing the results of
Y. Chen et al. (2024) with the data from V.S. Sitalo &
S.M.Vanyeyev (2025) for an air compressor, it was found
that hydrogen blowers are twice as sensitive to the gap
size, which further justifies the need to establish sepa-
rate, stricter tolerances for this class of machines.
X.Liang et al. (2024), whilst investigating the influ-
ence of design parameters on the efficiency of a regen-
erative blower for hydrogen recirculation in PEMFC fuel
cells using transient CFD simulations verified on a test
bench, found that the issue of clearances is particularly
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critical in hydrogen blowers: due to low dynamic vis-
cosity of hydrogen (14 times lower than that of air), flow
through gaps is proportionally greater for the same ab-
solute gap values. Y. Chen et al. (2025) confirmed this
finding, demonstrating that when switching from air to
hydrogen, the efficiency of a regenerative compressor
decreases by 8-12% with the same design clearanc-
es, and recommended reducing the permissible axial
clearance for hydrogen blowers to 0.05-0.08 mm. The
convergence of the findings by X. Liang et al. (2024) and
Y. Chen et al. (2025), obtained independently and us-
ing different methods, lends these recommendations a
high degree of credibility. It is appropriate to regard this
result as substantial from a practical point of view: it
means that design standards for clearances developed
for air compressors cannot be automatically applied to
hydrogen applications without revision. This is a fun-
damental caveat for design engineers in the field of
hydrogen energy.

Thus, optimisation of clearances in the flow path is
a complex task exceeding the scope of clearance reduc-
tion. It is necessary to address type of working medium,
operating mode, design constraints on manufacturing
accuracy, thermal deformation due to heating, as well
as the risk of jamming at small clearances. To summa-
rise the findings of this section, it is worth noting that
clearances are the only parameter among those consid-
ered where the effect on the machine’s performance is
both the most significant and the least controllable in
practice - due to the influence of wear, thermal defor-
mations and manufacturing tolerances. Incorporation
of clearances is an essential step in the creation of CFD
models: calculations without clearances consistently
yield overly optimistic results and cannot be used to
quantitatively predict the performance of a real machine.

CFD Studies of Regenerative Flow Machines
Research into the operation of regenerative compres-
sors began with a theoretical analysis of their gas dy-
namics. W.A. Wilson et al. (1955) proposed a theoretical
model of the fluid-dynamic mechanism of regenerative
pumps based on a pulsation approach, which became
the first mathematically rigorous attempt to describe
the circulation of the working fluid between the blades
and the channel. Despite its age, this work is still cit-
ed in contemporary literature as a conceptual foun-
dation, which attests to its fundamental significance.
T.Meakhail et al. (2003), continuing this line of research,
conducted a systematic study of the circulation flow in
a regenerative pump using the PIV method and steady-
state CFD modelling. The authors were the first to
quantitatively describe the three-dimensional structure
of the circulation and established that the actual trajec-
tory of fluid particles is more complex than predicted
by the simple spiral model proposed by W.A. Wilson et
al. (1955): within a single blade pitch, the fluid under-
goes not one but 1.5-2 complete circulations, which
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explains the more efficient energy transfer compared
with theoretical estimates. In parallel, one-dimension-
al models based on the theory of angular momentum
were developed - M. Badami & M. Mura (2011) demon-
strated that such models are capable of reproducing
the general shape of the pressure-flow characteristic
with acceptable accuracy (an error of up to 10% at the
design point), but systematically deviate in non-design
operating conditions. The fundamental limitation of
one-dimensional approaches is determined by the fact
that they are unable to reproduce the three-dimension-
al structure of secondary circulation and, consequently,
cannot quantitatively assess the influence of the chan-
nel’s geometric parameters on local losses. Thus, the
evolution of computational methods from the impulse
theory of W.A. Wilson et al. (1955) through 1D models
to three-dimensional CFD represents a sequential in-
crease in the level of physical detail, whereby each new
approach does not supersede previous one, but rather
defines the limits of its applicability.

FJ. Quail et al. (2010; 2011) were among the first
to systematically apply CFD to regenerative pumps. In
their 2010 paper, the authors used three-dimension-
al CFD to analyse the flow structure and verified the
results by comparing them with PIV measurements of
the circulation. They found that CFD modelling qual-
itatively reproduces the main regenerative structures,
but quantitative agreement depends on the choice of
turbulence model. In their paper, FJ. Quail et al. (2011)
developed a one-dimensional analytical model of
torque exchange and compared it with three-dimen-
sional CFD: the one-dimensional model showed satis-
factory accuracy at the calculation point (a deviation of
5-8%) but was significantly inaccurate at low flow rates.
M. Insinna et al. (2018) expanded on this comparison,
demonstrating that for engineering design at the con-
ceptual stage, the one-dimensional model is appropri-
ate due to its speed, whilst at the detailed design stage,
three-dimensional CFD is relevant. It is worth agreeing
with this conclusion: a rational design strategy lies in
the sequential application of both approaches - 1D for
rapid parametric analysis and 3D CFD for final verifi-
cation and optimisation. Notably, conclusion regarding
the appropriateness of a two-stage approach has been
confirmed by three independent research groups -
F.J.Quail et al. (2011), M. Badami & M. Mura (2012),and
M. Insinna et al. (2018) - which lends it the status of a
sufficiently reliable methodological recommendation.

M.Badami & M.Mura (2012) conducted an in-depth
comparison of 1D and 3D approaches for a regenera-
tive blower for fuel cells. The methodology involved
developing a proprietary 1D model, comparing it with
three-dimensional CFD simulations, and verifying both
approaches on a test bench. The authors emphasised
that 3D CFD is essential for accurately predicting per-
formance at low flow rates, where separation phenom-
ena and reverse flows determine the behaviour of the
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machine. D. Griffini et al. (2015), using CFD to develop
the design of a regenerative flow compressor, made a
substantial observation: the Mach numbers in various
elements of the compressor are around 0.5, and ne-
glecting the compressibility effect leads to a systematic
error of up to 7% in predicting the pressure rise. This
is a fundamental caveat for researchers using incom-
pressible CFD solvers to model regenerative compres-
sors, a common practice due to its simplicity. Notably,
despite the obviousness of this caveat, a significant
proportion of publications appearing since the work by
D. Griffini et al. (2015) continue to apply incompressible
models without proper justification - this is a systemic
methodological problem within the field that requires
the attention of peer reviewers and journal editors.
C-M.Jang & H-J. Jeon (2014), whilst investigating
the effect of blade pitch angle and tip thickness using
steady-state CFD with bench testing, examined three
different angles (14°, 18° and 22°) and found that an
angle of 18° provides the best compromise between
pressure increase and efficiency. Regarding tip thick-
ness: 1 mm provides a better pressure increase than
2 mm and 3 mm. C. Lee & H.G. Kil (2014), whilst in-
vestigating a regenerative blower for a fuel cell system
using CFD, found that when designing such machines, it
is necessary to align the blower’s aerodynamic charac-
teristics with the dynamics of the fuel cell: the blower
must provide the required flow rate across a wide range
of back-pressure values, which is a more stringent re-
quirement than in conventional industrial applications.
The authors demonstrated that standard geometric
recommendations for industrial blowers are not always
optimal for fuel cell applications, and recommended
separate CFD optimisation for each type of application.
M.Sreekanth et al. (2021),in their comprehensive review,
systematised the results of CFD studies and emphasised
that the existing CFD data set for regenerative machines
is heterogeneous: different research groups use differ-
ent turbulence models, meshes and boundary condi-
tions, which complicates a direct comparison of results.
One substantial area of application for regenera-
tive blowers is life support systems. M.G. Izenson et
al. (2011) developed and investigated a regenerative
blower for ventilating an EVA (extravehicular activity)
spacesuit, where a regenerative machine is the only
technically viable option due to the combination of re-
quirements for low mass, compactness and the ability
to operate in microgravity conditions. The methodology
included analytical design, CFD verification and testing
of the prototype under conditions simulating extrave-
hicular activity. It was established that the developed
blower provides the required flow rates of CO, and O,
across the range of mission conditions, whilst weighing
less than 0.5 kg. M.G. Izenson et al. (2012) continued
this research and conducted endurance and paramet-
ric tests on the EVA blower, establishing that the unit
maintains satisfactory performance after 500 hours of

operation without maintenance. Comparing the two
studies, it is noted that they cover the full cycle from
design to endurance validation - this is an example of
a methodologically comprehensive study that provides
a reliable basis for the implementation of regenerative
blowers in mission-critical systems. Together with the
findings of C. Lee & H.G. Kil (2014) and M. Badami &
M.Mura (2012), these studies convincingly demonstrate
that regenerative compressors are a competitive solu-
tion not only for industrial applications but also for sys-
tems with heightened requirements for reliability and
compactness. At the same time, it must be acknowl-
edged that research into the resource characteristics
of regenerative machines is limited in the literature -
studies by M.G. Izenson et al. (2011; 2012) remain only
publications presenting a full cycle of reliability vali-
dation, which constitutes a significant gap for applica-
tions with heightened reliability requirements.
A.Javadi et al. (2026) improved the accuracy of CFD
modelling by applying the Large Eddy Simulation (LES)
method to a side-channel pump under several operat-
ing conditions. Compared with traditional RANS models
(SST k-w), LES modelling yielded significantly more ac-
curate results in non-design operating conditions: the
deviation from the experimental data for head did not
exceed 2% (compared with 8-12% for RANS). The au-
thors demonstrated that RANS models systematically
underestimate the level of turbulent kinetic energy in
flow separation zones (the separator zone and the out-
let of the blade channel), which is the cause of their
systematic errors. At the same time, the authors note
that LES modelling requires 50-100 times more com-
putational resources than RANS, which limits its prac-
tical application in engineering calculations. Q. Li et
al. (2024), applying the POD method to the results
of unsteady CFD simulations of a regenerative pump,
found that the first three eigenmodes account for over
85% of pressure pulsation energy. This information is
beneficial for design of active pulsation damping sys-
tems and for fault diagnosis. K.A. Adu-Poku et al. (2022),
applying vortex identification methods (Q-criterion,
A2-criterion) to the results of unsteady CFD simula-
tions, found that the structure of vortex formations
in a side-channel pump depends significantly on the
blade shape and directly determines the nature of the
unsteady forces. T-G. Lim et al. (2015) combined CFD
modelling with aeroacoustic noise analysis and estab-
lished a link between the vortex structures arising in
the separator region and the dominant frequencies of
the blower’s acoustic noise. This study is one of the few
to establish a quantitative correlation between CFD re-
sults and acoustic characteristics, which is relevant for
applications with stringent noise requirements. M. Ku-
mar et al. (2022),in a coupled fluid-structure interaction
(FSI) analysis of a regenerative compressor and pump,
demonstrated that the regions of maximum mechani-
cal stresses in the impeller correlate with the regions
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of elevated hydrodynamic pressure identified by CFD
modelling. This highlights the need to address FSI ef-
fects when designing compressors for applications with
stringent service life requirements.

A general analysis of the evolution of CFD re-
search into regenerative compressors formed several
relevant conclusions. Firstly, CFD methods have pro-
gressed from qualitative visualisation of the flow to
quantitative prediction of performance characteristics
with an accuracy approaching that of physical exper-
iments. Secondly, the choice of turbulence model is
critical: RANS models are acceptable for steady-state
conditions, but LES or hybrid RANS-LES approaches
are necessary for unsteady conditions and the accurate
analysis of transient phenomena. Thirdly, accounting
for compressibility is essential even for subsonic flows
at Mach numbers above 0.3. Fourthly, lack of stand-
ardised CFD verification protocols for regenerative
machines significantly limits the ability to accumulate
generalised knowledge in the field - since results ob-
tained under different boundary conditions, meshes
and turbulence models are fundamentally incompara-
ble. According to the authors, further progress in CFD
research into regenerative compressors lies in the ap-
plication of machine learning methods to accelerate
parametric optimisation and in the development of
hybrid models that combine the accuracy of LES with
acceptable computational costs.

Conclusions

An analysis of scientific research in the field of regener-
ative compressors and pumps systematised key factors
determining their efficiency and formed following con-
clusions. The geometry of the impeller is a determining
factor in energy transfer. The optimum number of blades
lies within the range of 30-50: fewer blades reduce cir-
culation intensity, whilst more blades increase friction
losses. Complex blade profiles (airfoil, S-shaped) pro-
vide a 3-8% increase in isentropic efficiency compared
with straight blades, but complicate the manufacturing
process. For most industrial applications, the straight

significant parameter than its cross-sectional area: re-
ducing the height whilst maintaining the area increas-
es local entropy dissipation in the secondary circulation
zone, which accounts for 35-45% of total losses. The
optimum channel height depends on the number of
blades, confirming the non-linear nature of the inter-
action between geometric parameters. The separator
angle has a dual effect on performance: reducing the
angle from 45° to 15° increases the mass transfer rate
by 18% and the static outlet pressure by 6-9%, but at
the same time reduces the effective working length of
the channel. The separator zone accounts for 15-22% of
the compressor’s total losses, and incorrect profiling of
this zone leads to resonant vibration phenomena.

The clearances in the flow path proved to be the
most critical design parameter: increasing the axial
clearance from 0.15 mm to 0.2 mm reduces perfor-
mance by up to 50%. The axial clearance dominates the
radial clearance, accounting for 70-75% of losses due
to bypass flow. In hydrogen blowers for fuel cells, this
sensitivity is twice as high as in air-driven machines,
requiring the establishment of separate, tighter tol-
erances. CFD methods have evolved from qualitative
visualisation to quantitative prediction of performance
characteristics with an error of less than 2% when us-
ing the LES approach. RANS models are acceptable in
design operating conditions but systematically produce
errors in non-design regions. Compressibility must be
addressed for Mach numbers above 0.3. The optimal
design strategy involves a sequential combination of
1D analysis at the concept stage and 3D CFD at the
detailed design stage. Further research should address
development and verification of proprietary CFD mod-
els of a regenerative compressor, covering clearances
and the actual properties of the gas; the parametric
optimisation of the flow path geometry using machine
learning methods; and experimental investigation of
the effect of clearances on compressor performance
when operating with different working fluids, in par-
ticular hydrogen.

blade remains a sound choice in terms of manufactu- Acknowledgements
rability and production cost. Orthogonal optimisation  None.
methods confirm that the number of blades is the most ]
influential parameter among the impeller’s geometric Funding
characteristics. None.

Geometry of the working channel determines the .
intensity of secondary circulation and the level of ir- Conflict of Interest
reversible losses. The height of the channel is a more  None.

References

[1] Adam, J.E., Heinrich, M., & Schwarze, R. (2022). Influence of different design parameters on side channel
compressor performance Engineering Research, 86, 819-827. doi: 10.1007/510010-022-00594-y.

[2] Adam, J.E., Heinrich, M., & Schwarze, R. (2023). Design of experiment on the influence of channel design
onto regenerative compressor In Proceedings of 15" European conference on turbomachinery fluid dynamics &
thermodynamics. Budapest: European Turbomachinery Society. doi: 10.29008/ETC2023-139.

Journal of Kryvyi Rih National University, Vol. 24, No. 1, 2026



https://doi.org/10.1007/s10010-022-00594-y
https://doi.org/10.29008/ETC2023-139

Regenerative compressor machines: Overview of design parameters...

[3] Adu-Poku, K.A., Zhang, F., Appiah, D., Chen, K., Osman, F.K., & Acheaw, E. (2022). Study on the inner flow
mechanisms and unsteady force distribution of side channel pump. Proceedings of the Institution of Mechanical
Engineers, Part A: Journal of Power and Energy, 236(6), 1109-1128. doi: 10.1177/09576509221081618.

[4] Badami, M., & Mura, M. (2011). Setup and validation of a regenerative compressor model applied to different
devices. Energy Conversion and Management, 52(5), 2157-2164. doi: 10.1016/J.ENCONMAN.2010.10.044.

[5] Badami, M., & Mura, M. (2012). Comparison between 3D and 1D simulations of a regenerative blower for fuel
cell applications. Energy Conversion and Management, 55, 93-100. doi: 10.1016/J.ENCONMAN.2011.10.003.

[6] Chen,K., Zhang, F., Appiah, D., Yuan, S., Hong, F., Zhu, L., & Song, M. (2022). Effect of blade tip cutting angle
on energy conversion mechanism of side channel pumps. Physics of Fluids, 34(2), article number 025107.
doi: 10.1063/5.0082671.

[71 Chen, Y., Ling, Y., Liu, A., Wang, L., Feng, J., & Peng, X. (2024). Effects of geometrical parameters on the
performance of hydrogen regenerative pumps in proton exchange membrane fuel cell systems. International
Journal of Hydrogen Energy,77,732-741.doi: 10.1016/).1JHYDENE.2024.06.191.

[8] Chen,Y, Lv, H., Li, R., Liu, X., Wang, L., Feng, J., Peng, X., & Cao, F. (2025). Effects of operating parameters
and fluids on the performance of a hydrogen regenerative flow compressor in a proton exchange
membrane fuel cell system. Applied Thermal Engineering, 271, article number 126326. doi: 10.1016/].
applthermaleng.2025.126326.

[9] Fleder, A., & Bohle, M. (2012). A study of the internal flow structure in a side channel pump. In Proceedings
of the 14" international symposium on transport phenomena and dynamics of rotating machinery. ISROMAC:
Honolulu.

[10] Grabow, G. (1975). Influence of the number of vanes and vane angle on the suction behaviour of regenerative
pumps. Conference on Fluid Machinery, 1, 351-364.

[11] Griffini, D., Salvadori, S., Carnevale, M., Cappelletti, A., Ottanelli, L., & Martelli, F. (2015). On the development
of an efficient regenerative compressor. Energy Procedia, 82,252-257. doi: 10.1016/].eqypro.2015.12.030.

[12] Heo, M-W., Seo, T-W., Shim, H-S., & Kim, K-Y. (2016). Optimization of a regenerative blower to enhance
aerodynamic and aeroacoustic performance. Journal of Mechanical Science and Technology, 30(3), 1197-1208.
doi: 10.1007/s12206-016-0223-5.

[13] Insinna, M., Salvadori, S., Martelli, F., Peroni, G., Simon, G., Dipace, A., & Squarcini, R. (2018). One-dimensional
prediction and three-dimensional CFD simulation of the fluid dynamics of regenerative pumps. In Proceedings
of the ASME turbo expo 2018: Turbomachinery technical conference and exposition. Volume 2C: Turbomachinery.
Oslo: ASME. doi: 10.1115/GT2018-76416.

[14] Izenson, M.G., Chen, W,, Hill, R.W., Phillips, S.D., & Paul, H.L. (2011). Design and development of a regenerative
blower for EVA suit ventilation. In 41 international conference on environmental systems. Portland: American
Institute of Aeronautics and Astronautics.

[15] Izenson, M.G., Chen, W., McCormick, J., Paul, H.L., & Jennings, M.A. (2012). Performance and life tests of a
regenerative blower for EVA suit ventilation. In 42™ international conference on environmental systems. San
Diego: American Institute of Aeronautics and Astronautics. doi: 10.2514/6.2012-3460.

[16]Jang, C-M., & Jeon, H-J. (2014). Performance enhancement of 20kW regenerative blower using
design parameters. International Journal of Fluid Machinery and Systems, 7(3), 86-93. doi: 10.5293/
IJEMS.2014.7.3.086.

[17] Javadi, A., Kumar, V., & Aidun, C.K. (2026). Large eddy simulations of side channel pump in different operating
conditions. Engineering Applications of Computational Fluid Mechanics, 20(1), article number 2587723.
doi: 10.1080/19942060.2025.2587723.

[18] Jeon, S-Y.,Yoon, J-Y., & Jang, C-M. (2019). Optimal design of a novel ‘S-shape’ impeller blade for a microbubble
pump. Energies, 12(9), article number 1793. doi: 10.3390/en12091793.

[19] Karlsen-Davies, N.D., & Aggidis, G.A. (2016). Regenerative liquid ring pumps review and advances on design
and performance. Applied Energy, 164, 815-825. doi: 10.1016/j.apenergy.2015.12.041.

[20] Kumar, M., Venkateshwaran, A., Kumar, M.S.S.P,, Sreekanth, M., Jebaseelan, D., & Sivakumar, R. (2022). Strength
analysis of a regenerative flow compressor and a pump based on fluid-structure coupling. Materials Today:
Proceedings, 51(3), 1619-1624. doi: 10.1016/.MATPR.2021.10.477.

[21] Lee, C., & Kil, H.G. (2014). The design, performance and CFD analyses of regenerative blower used for fuel
cell system. In SIMULTECH 2014 - proceedings of the 4" international conference on simulation and modeling
methodologies, technologies and applications (pp. 751-755). Setubal: SciTePress.

[22] Li, Q., Tang, D., Lou, X., Zhao, G., Wu, P., Bie, F., & Lu, Y. (2024). Investigation of the unsteady pressure
fluctuation mechanism in a regenerative flow pump based on proper orthogonal decomposition. Physics of
Fluids, 36(2), article number 025111. doi: 10.1063/5.0190481.

/}///1‘325\\ Journal of Kryvyi Rih National University, Vol. 24, No. 1, 2026


https://doi.org/10.1177/09576509221081618
https://doi.org/10.1016/J.ENCONMAN.2010.10.044
https://doi.org/10.1016/J.ENCONMAN.2011.10.003
https://doi.org/10.1063/5.0082671
https://doi.org/10.1016/J.IJHYDENE.2024.06.191
https://doi.org/10.1016/j.applthermaleng.2025.126326
https://doi.org/10.1016/j.applthermaleng.2025.126326
https://www.researchgate.net/publication/287438791_A_study_of_the_internal_flow_structure_in_a_side_channel_pump
https://ui.adsabs.harvard.edu/abs/1975flma.conf..351G/abstract
https://ui.adsabs.harvard.edu/abs/1975flma.conf..351G/abstract
https://doi.org/10.1016/j.egypro.2015.12.030
https://doi.org/10.1007/s12206-016-0223-5
https://doi.org/10.1115/GT2018-76416
https://ntrs.nasa.gov/citations/20110008716
https://ntrs.nasa.gov/citations/20110008716
https://doi.org/10.2514/6.2012-3460
https://doi.org/10.5293/IJFMS.2014.7.3.086
https://doi.org/10.5293/IJFMS.2014.7.3.086
https://doi.org/10.1080/19942060.2025.2587723
https://doi.org/10.3390/en12091793
https://doi.org/10.1016/j.apenergy.2015.12.041
https://doi.org/10.1016/J.MATPR.2021.10.477
https://www.scitepress.org/papers/2014/51040/51040.pdf
https://www.scitepress.org/papers/2014/51040/51040.pdf
https://doi.org/10.1063/5.0190481

Sitalo et al.

[23] Li, 0-Q.,Zhu, D-S., Luo, M-H., Chang, A-L.,Wu, P., & Guo, C-L. (2022). Investigation on the pressure fluctuation
characteristics for a regenerative flow pump under different blade arrangements. Journal of Fluids Engineering,
Transactions of the ASME, 144(10), article number 101208. doi: 10.1115/1.4054536.

[24] Li, W. (2025). Performance of vortex pump in CFD simulations with rough walls. International Journal of Fluid
Engineering, 2, article number 013902. doi: 10.1063/5.0237732.

[25] Liang, X.,Kang,H.,Zeng,R.,Pang,Y.,Yang,Y.,Qiu,Y., Tao, Y., & Shen,J.(2024). Impact of the structural parameters
on the performance of a regenerative-type hydrogen recirculation blower for vehicular proton exchange
membrane fuel cells. Sustainability, 16, article number 1856. doi: 10.3390/su16051856.

[26] Lim, T-G., Lee, S-M., Jeon, W-H., & Jang, C-M. (2015). Characteristics of unsteady flow field and aeroacoustic
noise in a regenerative blower. Journal of Mechanical Science and Technology, 29, 2005-2012. doi: 10.1007/
s12206-015-0421-6.

[27] Meakhail, T., Seung, O.P,, Lee, D.A., & Mikhail, S. (2003). A study of circulating flow in regenerative pump. In
Proceedings of the KSAS 15t international session (pp. 19-26). Seoul: KSAS.

[28] Munsterjohann, S., Zenger, F., & Becker, S. (2017). Efficient and noise reduced design of a side channel blower
considering psychoacoustic evaluation criteria. Applied Mechanics and Materials, 856, 174-180. doi: 10.4028/
www.scientific.net/AMM.856.174.

[29] Nejadali, J. (2021). Shape optimization of regenerative flow compressor with aero-foil type blades using
response surface methodology coupled with CFD. Structural and Multidisciplinary Optimization, 64, 2653-2667.
doi: 10.1007/s00158-021-03020-z.

[30] Nejadrajabali, J., Riasi, A., & Nourbakhsh, S.A. (2016). Flow pattern analysis and performance improvement
of regenerative flow pump using blade geometry modification. International Journal of Rotating Machinery,
2016(1), article number 8628467.doi: 10.1155/2016/8628467.

[31] Pei, J., Zhang, F., Appiah, D., Hu, B., Yuan, S., Chen, K., & Asomani, S.N. (2019). Performance prediction based
on effects of wrapping angle of a side channel pump. Energies, 12(1), article number 139. doi: 10.3390/
en12010139.

[32] Quail, F.J., Scanlon, T., & Strickland, M. (2010). Development of a regenerative pump impeller using rapid
manufacturing techniques. Rapid Prototyping Journal, 16(5), 337-344. doi: 10.1108/13552541011065731.

[33] Quail, FJ., Stickland, M., & Baumgartner, A. (2011). A one-dimensional numerical model for the momentum
exchange in regenerative pumps. Journal of Engineering for Gas Turbines and Power, 133(9), article number
093001. doi: 10.1115/1.4002890.

[34] Quan, H., Guo, Y., Li,R., Su, Q., & Chai, Y. (2020). Optimization design and experimental study of vortex pump
based on orthogonal test. Science Progress, 103(1). doi: 10.1177/0036850419881883

[35] Raheel, M., Engeda, A., Hamrin, D., & Rouse, G. (2003). The performance characteristics of single-stage
and multistage regenerative flow compressors for natural gas compression application. Proceedings of the
Institution of Mechanical Engineers, Part C: Journal of Mechanical Engineering Science, 217(11), 1221-1239.
doi: 10.1243/095440603771665250.

[36] Raheel, M.M., & Engeda, A. (2005). Systematic design approach for radial blade regenerative turbomachines.
Journal of Propulsion and Power, 21(5), 884-892. doi: 10.2514/1.1426.

[37] Salimi, A., Hooshdar Rostami, H., Riasi, A., & Nejadali, J. (2023). Multi-objective optimization of a
regenerativepumpwithS-shapedimpellerusingresponsesurfacemethodology./nternational Communications
in Heat and Mass Transfer, 143, article number 106734. doi: 10.1016/j.icheatmasstransfer.2023.1067 34.

[38] Sitalo V.S., & Vanyeyev, S.M. (2025). Investigation of the influence of flow passage clearances of a
regenerative compressor on its performance using the ANSYS CFX software package.|n Modern technologies
in industrial production: Proceedings of the 12" all-Ukrainian scientific and technical conference (pp. 163-164).
Sumy: Sumy State University.

[39] Sreekanth, M., Sivakumar, R., Sai Santosh Pavan Kumar, M., Karunamurthy, K., Shyam Kumar, M.B.,
& Harish, R. (2021). Regenerative flow pumps, blowers and compressors - a review. Proceedings
of the Institution of Mechanical Engineers, Part A: Journal of Power and Energy, 235(8), 1992-2013.
doi: 10.1177/09576509211018118.

[40] Vanyeyey, S.M., Meleychuk, S.S., & Olada, Y.M. (2010). Research on regenerative compressors. Sumy: Sumy State
University.

[41] Wang, J., Zhang, F., Zhang, J., Chen, K., & Hong, Q. (2023). Internal flow characteristics of single-stage and
multi-stage side channel pumps. Paiguan Jixie Gongcheng Xuebao/Journal of Drainage and Irrigation Machinery
Engineering, 41(2),132-138. doi: 10.3969/j.issn.1674-8530.21.0190.

[42] Wilson, W.A., Santalo, M.A., & Oelrich, J.A. (1955). A theory of the fluid-dynamic mechanism of regenerative
pumps. Journal of Fluids Engineering, 77(8), 1303-1311. doi: 10.1115/1.4014671.

Journal of Kryvyi Rih National University, Vol. 24, No. 1, 2026 /%g&


https://doi.org/10.1115/1.4054536
https://doi.org/10.1063/5.0237732
https://doi.org/10.3390/su16051856
https://doi.org/10.1007/s12206-015-0421-6
https://doi.org/10.1007/s12206-015-0421-6
https://www.scopus.com/pages/publications/17244365495
https://doi.org/10.4028/www.scientific.net/AMM.856.174
https://doi.org/10.4028/www.scientific.net/AMM.856.174
https://doi.org/10.1007/s00158-021-03020-z
https://doi.org/10.1155/2016/8628467
https://doi.org/10.3390/en12010139
https://doi.org/10.3390/en12010139
https://doi.org/10.1108/13552541011065731
https://doi.org/10.1115/1.4002890
https://doi.org/10.1177/0036850419881883
https://doi.org/10.1243/095440603771665250
https://doi.org/10.2514/1.1426
https://doi.org/10.1016/j.icheatmasstransfer.2023.106734
https://essuir.sumdu.edu.ua/items/dcecf043-355f-4364-b6ad-54ab8d786b95
https://essuir.sumdu.edu.ua/items/dcecf043-355f-4364-b6ad-54ab8d786b95
https://doi.org/10.1177/09576509211018118
https://essuir.sumdu.edu.ua/items/4b29cde2-d5fb-4d09-817a-2025c8c4c12a
https://doi.org/10.3969/j.issn.1674-8530.21.0190
https://doi.org/10.1115/1.4014671

Regenerative compressor machines: Overview of design parameters...

[43] Yang, J., Li, X., Cheng, D., Ji,J., Zhao, M., Guo, W., & He, L. (2025). Numerical simulation for impeller structure
optimization for vortex pump based on orthogonal design method. Applied Sciences, 15, article number 2265.
doi: 10.3390/app15052265.

[44] Yu, X., Fan,J., Zhou, Y., Hao, D., Chen, J., Yu, T., & Zhang, C. (2022). Experimental investigation of the effect of
hydrogen recirculation on the performance of a proton exchange membrane fuel cell. International Journal of
Hydrogen Energy,47(2),1183-1191.doi: 10.1016/j.ijhydene.2021.10.063.

[45] Zhang, F., Appiah, D., Chen, K., Yuan, S., Adu-Poku, K.A., & Zhu, L. (2021). Investigation on the flow behavior
of side channel pumps based on vortex identification. Chinese Journal of Mechanical Engineering, 34(1), article
number 120. doi: 10.1186/510033-021-00649-1.

[46] Zhang,F.,Appiah,D.,Hong,F.,Zhang,J.,Yuan,S.,Adu-Poku,K.A., & Wei, X.(2020). Energy loss evaluation in a side
channel pump under different wrapping angles using entropy production method. International Communications
in Heat and Mass Transfer, 113, article number 104526. doi: 10.1016/j.icheatmasstransfer.2020.104526.

[47] Zhang, ., Li, S., Wu, P.,, Ye, H., Qi, Z., & Wu, D. (2024). Quantitative analysis of energy loss and performance
prediction of regenerative compressor.Applied Thermal Engineering, 246,article number 122930.doi: 10.1016/].
applthermaleng.2024.122930.

[48] Zhang, W-Y., & Li, Z-H. (1991). The axial clearance of vortex pump. Pump Technology, 1, 15-17.

[49] Zhou, L., Zhou, C., Bai, L., & Agarwal, R. (2024). Numerical and experimental analysis of vortex pump with
various axial clearances. Water, 16(11), article number 1602. doi: 10.3390/W16111602.

[50] Zhu, Z.C.,Wang, L.Q., Huang, D.H., & Jin, Q.M. (2001). Theoretical design and experimental study of small-flow
high-head vortex pumps. Journal of Engineering Thermophysics, 22(4), article number 450.

/%337’\\ Journal of Kryvyi Rih National University, Vol. 24, No. 1, 2026


https://doi.org/10.3390/app15052265
https://doi.org/10.1016/j.ijhydene.2021.10.063
https://doi.org/10.1186/s10033-021-00649-1
https://doi.org/10.1016/j.icheatmasstransfer.2020.104526
https://doi.org/10.1016/j.applthermaleng.2024.122930
https://doi.org/10.1016/j.applthermaleng.2024.122930
https://www.scopus.com/pages/publications/84976321186
https://doi.org/10.3390/W16111602
https://www.scopus.com/pages/publications/0035386889
https://www.scopus.com/pages/publications/0035386889

Sitalo et al.

BuxpoBi KOMNpecopHi MaLLIWHHU: OTASIA KOHCTPYKTUBHUX NapaMeTpiB Ta YAHHHKIB,
L0 BU3HAYAIOTb IX ePEKTUBHICTb (OrAfiA AiTepaTypH)

Bonoaumup Citano

AcnipaHt

CyMCbKuIt AepXKaBHUI yHiBEpCUTET

40007, Byn. XapkiBcbka, 116, M. Cymu, YkpaiHa
https://orcid.org/0009-0005-0610-3320

Cepriii BaHeeB

KaHampat TexHiYHMX HayK, AOLEeHT

CyMCbKuWiA oepxaBHUI yHiBEpCUTET

40007, Byn. XapkiBcbka, 116, M. Cymu, YkpaiHa
https://orcid.org/0000-0002-8205-0209

CraHicrnaB Meneiuyk

KaHamnaat TeXHiYHMX HayK, LOLEHT

CyMCbKMIM pepKaBHUI yHiBEpCUTET

40007, Byn. XapkiBcbka, 116, M. Cymu, YkpaiHa
https://orcid.org/0000-0002-7507-6865

Oner Yex

AcnipaHt

CyMCbKuIt AepXKaBHUI yHiBEpCUTET

40007, Byn. XapkiBcbka, 116, M. Cymu, YkpaiHa
https://orcid.org/0000-0003-2500-481X

Aanuno HikonaeHko

AcnipaHT

CyMCbKUIA gep>kaBHUI yHiBEpCUTET

40007, Byn. XapkiBcbka, 116, M. Cymun, YkpaiHa
https://orcid.org/0009-0009-6827-7691

AHoTauif. 3pocTaHHs BMMOr [0 eHeproedeKTUBHOCTI NMPOMUCIOBOrO 061afHaHHS Ta HEOOXiAHICTb 3HUXKEHHS
eKcnayaTauiMHMX BUTPAT akTyanisyloTb [OOCNIOXEHHS BUXPOBMX KOMMpPecopiB - Kaacy TypboMaliMH, Lo
NOEAHYIOTb NepeBary AMHaMiIYHUX Ta O6EMHUX MALIMH | MaKOTb 3HAYHMI NOTEHLian AN WMPOKOro NpOMUCI0BOro
3acTocyBaHHS. MeToto poboTu Bynu cucteMaTm3alig Ta aHani3 Cy4acHUMX HAYKOBMX OOCNiIAXKEHb Y ranysi BUXPOBUX
KOMMNPEeCopiB i HACOCIB 3 METOH BU3HAYEHHS KIKOYOBUX YMHHUKIB, LLLO BNIMBAOTb HA iX eeKTUBHICTb. locnigkeHHs
6a3yBanocs Ha aHanisi Ta MOPIBHAHHI pe3ynbTaTiB eKCnepuUMeHTaNbHUX | YMcenbHUX pobit, onybnikoBaHMX Y
pedepoBaHUX HAaYKOBUX BMAAHHAX, @ TAKOX Ha 3aCTOCYBaHHI MeTOAiB 06uMcntoBanbHoi rigpoamHamiku (CFD) sk
CY4acHOro LUM@poBOro iHCTPYMEHTY iHXeHepHOro aHanisy. BctaHoBneHo, Wwo epeKTUBHICTb BUXPOBUX KOMMNPECOpPiB
BM3HAYaETbCS KOMIMIEKCOM FeOMETPUYHMX Ta KOHCTPYKTMBHMX napameTpiB. Tun i dopma pobouyoro Koneca,
KinbKicTb i Mpodinb N1ONATOK BNAMBAKTL HA CTYNiHb NiABULLEHHS TUCKY: ONTUMaNbHA KiNbKicTb NonaTok nepebysac B
nianasoHi 30-50, a nonatku cknagHoi popmu, nonpm BULLY eeKTUBHICTb, YCKNAAHIOKTb BUrOTOBAEHHS. PO3Mipu Ta
KoHdirypauis pobo4oro kaHany BU3Ha4atTb iIHTEHCMBHICTb LMPKYNALIT Ta piBeHb ra30AMHAMIYHUX BTpaT — BMCOTA
KaHany € 6inblw BM3HAYaNbHMM MapaMeTpoM, HiX M/owWa Moro nonepeyHoro nepepisy. KputuuHnMmM € 3asopu B
NPOTOYHIM YaCTUHI: 30iNbLIEHHS TOPLEBOro Ta pagianbHoro 3a3opy 3 0,15 MM go 0,2 MM NpU3BOAMUTL A0 3HUXKEHHS
npofykTuBHocTi Ao 50 %, wo niaTBepaXye HeObXiAHICTb iX 0OOB'AI3KOBOr0 BpaxyBaHHA Ha eTani NpOEeKTYBaHHS.
3actocyBaHHs CFD-MeTofiB LO3BONSE Bi3yani3yBaTi CKaAHY CnipanenonibHy CTpyKTypy NOTOKY, BUSBASTY Axepena
BTpaT Ta OMTUMI3yBaTU KOHCTPYKTUBHI PilUEHHS, CKOPOUYHOUYM BUTPATU Ha di3nMuHEe NpoToTUNYBaHHA. [TOEAHAHHA
aHaNITMYHKUX, ekcnepumenTanbHux i CFD-meToAiB CTBOptOE OCHOBY ANd hOpMyBaHHS edeKTUBHMX NiAXOLiB A0
NPOEKTYBaHHSA, WO 3abe3neynTb NiABULLEHHS eHepreTMYHOi eeKTUBHOCTI Ta PO3LWMPEHHS rasy3el 3aCTOCyBaHHS
LMX MALUWH Yy MPOMUCIOBUX CUCTEMAX

KAlouoBi croBa: BXpOBMIA KOMMPECOP; BUXPOBMIM HACOC; pereHepaTMBHA rinoTe3a; YiCeNbHe MOAENOBAHHS; ANnsys
SFX; onTuMisauia KOHCTPYKLii
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