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Abstract

Introduction. Vibration in multi-purpose drilling-milling-boring machines affects equipment reliability, production
noise levels, and operator safety. Literature discusses sources of vibration, damping mechanisms, and methods for
measuring vibration characteristics, while regulatory documents establish permissible levels of vibration acceleration
and vibration velocity. However, the frequency dependencies of vibration energy loss factors for individual machine
components, which are necessary for engineering vibration forecasting, remain insufficiently studied. The aim of this
research is to evaluate vibration energy loss factors in the components of multi-purpose drilling-milling-boring
machines and analyze their effect on the level of vibration affecting the operator, thereby substantiating measures to
improve occupational safety. The objectives included conducting octave-band measurements, performing regression
analysis of the data, and selecting relationships with the lowest standard deviation.

Materials and Methods. This study utilized an integrated approach combining experimental measurements and
mathematical data processing methods. Experiments were conducted on a dedicated test bench and directly on the

EDN: TEIWAE

machine using a torque hammer to excite vibrations. Vibration acceleration was recorded in octave frequency bands
using modern measuring equipment. Vibrational energy loss coefficients () were calculated using a modified formula
that took into account vibration acceleration levels. To summarize the experimental data and construct predictive
models, regression analysis was used, including approximation by nonlinear functions and polynomials of varying
degrees. The quality of the approximation was assessed using the minimum standard deviation criterion.

Results. 1t was experimentally established that the loss coefficients for cast iron housing parts in the frequency range
from 125 to 8000 Hz varied within the range of (7.8-8.8) -1073, demonstrating a weak frequency dependence. For
engineering calculations, constant value of n~8-107 could be adopted. Regression analysis revealed that the best
approximating relationship for the gearbox housing was a sixth-order polynomial. Specific relationships were obtained
for the cutting units: for boring and drilling, the best fit was provided by a seventh-order polynomial, and for the milling
unit, by a fifth-order polynomial. The resulting mathematical models accurately described the behavior of loss
coefficients within the studied frequency range.

Discussion. The analysis of the results confirmed that the dissipative properties of machine structural elements were not
constant and depended significantly on the type of technological operation and frequency range. The identified
analytical relationships allowed us to move from point estimates at fixed frequencies to continuous energy loss
prediction, which was critical for analyzing the dynamic behavior of the machine at its natural frequencies. This opens
up opportunities for targeted design. Knowing the frequency spectrum of the most hazardous vibration modes, we can
optimize damping specifically in these areas. For example, we can select materials with increased internal friction, or
use composite vibration-absorbing coatings in specific structural areas.

Conclusion. This study provides tools for quantitative assessment of vibrational energy loss coefficients for the main
vibration sources in multi-purpose machine tools. The potential practical significance of this work lies in the possibility
of using the derived regression relationships to develop active and passive vibration control algorithms, design damping
systems, and select materials. Implementation of these findings will reduce noise and vibration levels in work areas,
minimize the risk of occupational illnesses for operators, and improve overall occupational safety. Additionally, it will
extend equipment life by reducing the vibration loads on components. The practical significance of this work lies in its
potential for use in developing vibration control algorithms, which will significantly reduce noise levels in work areas.
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AHHOTALINA

Beeoenue. Bubpanus cBepnmibHO-(QPE3epHO-PACTOYHBIX CTAHKOB CHHIKACT HANEKHOCTH O0OPYIOBAHMS, IOBBIIIACT
yYPOBEHb IPOW3BOJCTBEHHOrO IIyMa M BIUSET HA O€30IIaCHOCTH ONEpaTopoB. B nurepaType HIMPOKO NpecTaBIEHBI
HNCTOYHHKH KOJeOaHWH, MEXaHU3MBI AIeMII(UPOBAHNS U METOIBI N3MEPEHHsI BUOPAIIMOHHBIX XapaKTEPHUCTHK, a HOpMa-
TUBHBIMHU JTOKYMEHTaMHU YCTaHOBIICHBI TOITyCTHMBIE YPOBHU BHOPOYCKOpEHHS W BHOpOCKOpocTH. Bmecte ¢ Tem Hemo-
CTaTOYHO M3YyYEHBI YACTOTHBIE 3aBHCUMOCTH KO3((HUIIMEHTOB MOTEPh KOIeOaTeIbHOI SHEPTHH OT/IEIFHBIX Y3JI0B CTaH-
Ka, HeOOXOUMBIE JIJIT HHXKEHEPHOTO MPOrHO3UpOoBaHus BuOpanuu. L{enb HacToser paboThl — OleHKa KO3 PHUITHECH-
TOB MOTEPh KOJIEOATENBHOI SHEPTUH B AJIEMEHTaX MHOT'OLIEIEBBIX CBEPIHIBHO-(PE3EPHO-PACTOUHBIX CTAHKOB M aHa-
JIM3 MX BIIMSHUS HA YPOBEHb BUOpAINy, BO3JEHUCTBYIONIEH Ha oniepaTopa, Asi 000CHOBAaHHS MEPOIIPUSTUH I10 MOBBIIIE-
HHIO Ge3omacHOCTH Tpyaa. i JOCTHXKEHHS 3TOH LeNu ObLIH MPOBEICHbl H3MEPEHHS B OKTaBHBIX 110JI0CaX, IPUMEHEH
perpeccroHHbII aHaJIU3 JaHHBIX ¥ BEIOPaHbl 3aBUCHMOCTH C HAUMEHBIITMM CPETHEKBAIPATHIECKUM OTKIOHEHHEM.
Mamepuanst u memoodwt. B xone paboThl ObUT IPIMEHEH KOMIUIEKCHBIH MOIXO0JI, COYETAIOINI dKCIIEpUMEHTAIIbHbIC W3-
MEpEeHHs M METOIBI MaTeMaTHIECKO 00pabOTKH JaHHBIX. DKCIIEPUMEHTHI TIPOBOIUIICEH Ha CIICIIHAaIbHOM CTEHIIE U HETIo-
CPEACTBEHHO Ha CTAaHKE C MCIOJB30BAHMEM IMHAMOMETPHUYECKOTO MOJIOTOYKA ISt BO3OYKIeHHs KoneOanuii. Perncrpa-
Ul BHOPOYCKOPEHHSI OCYIIECTBILIIACE B OKTABHBIX MOJIOCAX YaCTOT COBPEMEHHOW M3MEepUTEIbHON anmapatypoil. Koad-
(bULMEeHThl TOTEeph KoyeOaTeNbHOH dHepruu (1)) pacCUMTHIBAIMCH MO0 MOAW(PHIMPOBAHHOH (OpMyJie, yUHTBIBAIOLIEH
ypoBHHU BHOpoycKopeHus. [t 0600ImeHus SKCIIepUMEHTAIFHBIX JAHHBIX W TIOCTPOSHHMS MPOTHO3HBIX MOJIENEH HCIIOINb-
30BaJICS PErPECCHOHHBIA aHANN3 Ha OCHOBE alIPOKCHMAIH HETHMHEHHBIMU (DYHKIHSMH M TTOJHMHOMAMH Pa3HBIX CTEIe-
Hell. KauecTBo anmpokcumanuy oleHnBajIoCh 110 KPUTEPHI0 MUHUMAJIBHOTO CPEHEKBAIPaTHYECKOTO OTKIIOHEHHSI.
Pesynvmamut ucciedoganus. IKCIIEPUMEHTAIBHO YCTAHOBIEHO, YTO KOG (GHUINEHTHI NOTEPH VISl KOPILYCHBIX JeTaen
U3 YyryHa B Juana3oHe 4actoT oT 125 no 8000 I'y Bapsupylotcs B npenenax (7,8-8,8) <1073, nemoHcTpupys ciabyro
YACTOTHYIO 3aBUCUMOCTB. JIJIl MHXEHEPHBIX PACYETOB MOET OBITh MPMHATO MOCTOSHHOE 3HadeHHe T = 8-107°. Pe-
I'PECCHOHHBIN aHaJU3 MOKa3all, YTO HAWIYYIleH alnpOoKCUMUPYIOIIEil 3aBUCUMOCTBIO JUIsl KOPITyca pelyKTopa SIBIIsSeT-
Cs1 MOJIMHOM IIECTOTr0 Nopsiaka. s y3/10B pe3aHust MoJIy4eHbl YaCTHbIE 3aBUCHMOCTH: IIPH PAaCTauMBaHUU U CBEPIICHUN
HaWTydIIee COOTBETCTBHE 00ECTICYMBACT IIOIMHOM CEIBMOTO TOPSIKa, a IS y3i1a Gpe3epoBaHMs — MOIMHOM MSTOTO
mopsiaka. Pa3paboTaHHBIE MaTeMaTHYeCKHe MOJETH C BBICOKOW TOYHOCTBIO OMHCHIBAIOT TOBeACHHE K0d3(pduImneHToB
MOTEPh B UCCIIEAYEMOM YAaCTOTHOM JTHAIIa30He.

Oé6cyscoenue. AHAIN3 pe3yIbTaTOB MOATBEPIKIACT, UTO TUCCHUIIATHBHBIE CBOHCTBA KOHCTPYKIIMOHHBIX 3JIEMEHTOB CTaHKA
HE SBILIFOTCS TIOCTOSIHHBIMHE U CYIIECTBEHHO 3aBHCAT OT THIIA TEXHOJIOTHMYECKOM OIepaIiiii ¥ 9aCTOTHOTO Juara3oHa. Ber-
SIBJICHHBIC aHAJMTHYECKHE 3aBUCHMOCTH MO3BOJIAIOT MEPEUTH OT TOYEYHBIX OLEHOK Ha (PMKCUPOBAHHBIX YacCTOTaX K He-
NPEPHIBHOMY MPOTHO3UPOBAHHMIO ITOTEPh SHEPTUH, YTO KPUTHUECKU BaXKHO JUIS aHAIIM3a AMHAMHYECKOTO NOBEICHUS CTaH-
Ka Ha COOCTBEHHBIX YacTOTaX KOJeOaHUH. DTO OTKPHIBAET BO3MOXKHOCTH ISl LIeJICHAIPABICHHOTO ITPOEKTHPOBAHMS: 3HAsI
YaCTOTHBIH CIIEKTp HanOoJiee OMAaCHBIX C TOYKH 3PEHHs] BUOpALU PEKMMOB, MOXHO ONTHMH3UPOBATh JIeMII(UpOBaHIE
MMEHHO B 3THX OOJIaCTSX, HAIPUMEp, 3a CUET BHIOOpPa MATEPHUANIOB C TIOBBIIICHHBIM BHYTPEHHUM TPEHHEM WM 3a CUET

MPUMEHEHHSI KOMIIO3UTHBIX BHOPOIOTIIONIAIOMINX MTOKPBITHH B ONIPEAEICHHBIX 30HaX KOHCTPYKIIUH.
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3akntouenue. IIpoBeIcHHOE UCCIIEIOBAHHIE MO3BOJIIIO MOMYYUTh WHCTPYMEHTAPHH Ui KOJMYECTBEHHOH OICHKH KO-
3¢ UIIEHTOB MOTEPH KOJIEOATEIFHOW SHEPTHH OCHOBHBIX MICTOYHHUKOB BHOpAIIMK MHOTOIENIEBEIX CTaHKOB. [IpakTrye-
CKasl 3HAaYMMOCTB PabOTHI 3aKIIFOYAETCS B BO3ZMOYKHOCTH HCIOJB30BAHUS BBIBEJICHHBIX PErPECCHOHHBIX 3aBUCHMOCTEH
mpu pa3paboTKe aNrOPUTMOB AKTHBHOTO M MACCHBHOTO KOHTPOJS BHOpALNH, MPOCKTHPOBAHUH AEMI(HUPYIOINX CH-
CTeM U BhIOOpE MaTepuayioB. BHenpeHue B MPaKTHKY JaHHBIX HAPAOOTOK ITO3BOJIUT CHU3UThH YPOBHU IIyMa U BUOpauu
B pabouynx 30HAX, MUHHUMHU3HPOBATH PUCK MPO(PECCHOHANBHBIX 3a00JIEBAHUI OMEPaTOPOB M IMOBBICHTH OOIIYHO 0e3-
OMACHOCTh TPYJIa, OJHOBPEMEHHO CIIOCOOCTBYS YBEIHUCHHIO pecypca 00OpYHOBaHHS 33 CUCT CHUXKCHUS BHOPAIMOH-
HBIX Harpy30K Ha €r0 AJIEMCHTHI. Pe3ynbTaThl MOTYT OBITH MOJIE3HBI MPU CO3JAHUU AJITOPUTMOB KOHTPOJIS BUOpAIIHH,

YTO MO3BOJIUT 3HAYUTEIBHO CHU3UTh YPOBCHB IITyMa M BUOPAIMK Ha pab0UNX MECTaX.

KiioueBble ciaoBa: 0e30macHOCTh TpynAa, Kod(pHUIHEHT MOTeps KoeOaTeIbHON JHEPTHH, Y3IBI pe3aHus Npu
pacTauMBaHWUH, CBEPICHUH H (pe3epOBaHHN, TUCCUIIATHBHBIC CBOMCTBA paclpeelIeHHbIX KOHCTPYKINH

s wuraposanus. [pryniniy M.B., Mecxu b.Y. Biunsiaue oneHkn Koa(h(HIMEHTOB MOTEph KOJICOATEILHON SHEPIUH
MHOTOIIEJICBBIX CTAHKOB Ha 0€30MaCHOCTh TpyJa. bezonachocms mexnozenuvix u npupoonvix cucmem. 2026;10(3):193-205.
https://doi.org/10.23947/2541-9129-2026-10-3-193-205

Introduction. The vibration of drilling-milling-boring machines has a significant impact on the reliability of
equipment, the accuracy of machining, noise levels, and the safety of the operators’ working conditions [1]. An analysis
of failures in CNC metal-cutting equipment has shown that up to 30-40% of unscheduled stops are due to the
degradation of spindle units and bearing supports, which develop under increased vibration loads, and the costs of
repairing a spindle unit account for a significant share of the equipment’s cost [2]. An increase in oscillation amplitude
in the cutting zone by tens of percent leads to an increase in surface roughness by one to two classes, and a reduction in
tool life by 1.5-2 times. This directly affects production costs. In the structure of occupational diseases in mechanical
engineering, vibration-related illness consistently ranks among the leading causes. Its share in the number of newly
identified occupational diseases in the industry, according to various estimates, is between 15 and 25%.

A distinctive feature of multi-purpose machines is the wide range of operating rotation speeds, cutting modes, and
types of operations. This determines the complex and varied nature of the generation and transmission of vibrational
energy within the structure, making the use of general vibration protection systems more difficult.

Vibration intensity in a machine tool is determined by the energy transmission, transformation, and dissipation
processes in the “machine tool — unit — instrument — workpiece” system. Some of the energy introduced into the
system is used for the useful work of cutting, but the excess energy is converted into vibrational processes and is
dissipated due to internal friction in materials, guides, bearings, joint damping, and bolted connections, as well as due to
the interaction of structural elements with each other. The main sources of vibration excitation include dynamic forces
and impact loads during cutting, imbalances in rotating parts, and operations of hydraulic and pneumatic systems.
Aerodynamic processes in cooling and chip removal systems also contribute to vibration. The specified factors cause
oscillations in the spindle unit, table, bed, and housing parts. The distribution of vibrational energy between these parts
depends not only on their mass and stiffness, but also on their dissipative properties, which dynamically change with
variations in excitation frequency and processing modes.

A quantitative characteristic of dissipative properties is vibrational energy loss coefficient n)\eta, which is related to
relative damping by equation 1 = 2§ and to resonance quality factor n = 1/Q. This allows us to determine the ability of
different components to dissipate vibrational energy and identify weak points in a structure that are most likely to
experience increased vibration and risk of failure [3].

Research into the vibration of metal-cutting machines is progressing in several different directions. One area of
focus is related to cutting process stability. Based on the theory of regenerative self-oscillations, stability diagrams
(radar charts) have been constructed that allow for the selection of optimal rotation speed and cutting depth to prevent
self-oscillations. These models describe the conditions for emergence of oscillations, but they include the damping level
as an integral part of the overall system, without considering the contributions of individual components. The second
area of focus involves the work on experimental modal identification of machine tool systems, in which natural
frequencies, vibration modes, and damping coefficients are determined using half-power method, logarithmic
decrement of damping, or by measuring the rate of decay of oscillation levels. It has been shown that up to 80-90 % of
energy dissipation in the machine tool beds and structural parts occurs at joints and moving interfaces, rather than due
to internal friction in the material. The third direction of research includes studies on vibration diagnostics and the
standardization of equipment technical condition, focusing on measuring vibration speed and vibration acceleration at
control points and comparing them to permissible levels [4].
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A common limitation of the research areas listed above is that the assessment results primarily consist of the
resulting vibration parameters (amplitude, vibration speed, vibration acceleration, spectrum, and natural frequencies),
while loss coefficient n remains either an averaged value across the system or is determined in narrow frequency
intervals near individual resonances. This is due to methodological reasons: measuring n over a wide frequency range
requires separate excitation and recording of oscillations of specific components under conditions close to the operating
ones, while on a running machine the excitation spectrum is non-stationary and includes the superposition of several
sources. As a result, the literature contains virtually no systematic data on frequency dependencies of n for structural
parts and cutting units of multi-purpose machines in respect to various types of machining — boring, drilling, and
milling. This, in turn, does not allow for the development of engineering models that predict the level of vibration in the
operator’s work area, taking into account the dissipative properties of individual structural elements. This circumstance
constitutes a gap in scientific knowledge, which acquires practical significance when referring to the regulatory
framework. The current requirements and regulations do not provide the dissipative characteristics of the structure, but
rather the final consequence of their operation — the levels of vibration transmitted to the operator. The maximum
permissible values of vibration speed and vibration acceleration are established by SanPiN 1.2.3685-21 “Hygienic
Standards and Requirements for Ensuring the Safety and (or) Harmlessness of Environmental Factors for Humans™! and
the relevant standards. Thus, the standards indirectly impose the requirements for the minimum necessary damping
precisely in those frequency ranges that are most hazardous for the worker. However, it is impossible to move from the
regulated vibration levels to the justified requirements for damping in components without knowledge of frequency
dependencies of n — that is, without filling in the identified knowledge gap. It is precisely this logical link “dissipative
properties of the component — vibration level at the workplace — occupational safety requirements” that defines the
goal and objectives of this work. Thus, the aim of the presented research is to assess vibrational energy loss coefficients
in the components of drilling-milling-boring machines and to analyze their impact on the vibration levels affecting the
operator, in order to substantiate measures to reduce occupational risk and improve workplace safety.

To achieve this goal, we need to solve the following tasks:

1. Analyze the main sources of vibration excitation and the mechanisms of dissipating vibrational energy in
multi-purpose drilling, milling, and boring machines, as well as the current requirements for limiting the vibration
impact on the operator. Determine in which frequency ranges the regulatory limits are most stringent.

2. Conduct experimental assessments of the coefficients of vibrational energy loss | for the main components of
machine tools — body parts and cutting units — during boring, drilling, and milling within a frequency range that
covers the standardized octave bands.

3. Perform regression analysis of the collected data using a range of approximating functions (linear, power,
logarithmic, exponential, and fractional rational), and select analytical dependencies n(f) suitable for engineering
calculations based on statistical adequacy criteria.

4. Based on the obtained dependencies, assess the contribution of the dissipative properties of individual
components to the formation of vibration levels in the operator’s work area, identify frequency ranges and components
that are critical in terms of exceeding permissible levels, and determine measures to reduce vibration exposure,
occupational risk, and increase damping of joints. Adjust processing modes and implement organizational measures.

Practical significance of this work lies in the fact that the identified frequency dependencies 1 will make it possible
to move from the diagnostic assessment of vibration levels to predicting the vibrational environment at the workplace.
This, in turn, will enable us to select vibration-suppression solutions that not only reduce the risk of vibration-related
health problems for operators but also increase the service life of equipment.

Materials and Methods. The engineering calculations took into account the vibrational energy loss coefficients,
based on the results of the thematic processing of experimental data obtained on a special test bench, which is described
in detail in[5]. Vibrations were excited using a special dynamometric hammer [6]. The measurements recorded
vibration acceleration levels in the third to ninth octaves at the moment of impact and after three seconds [7].

In the calculations for cast iron body parts, experimental studies were conducted on plates with a thickness
of 10-25 mm. These studies showed that the difference in numerical values was not more than 10-12%, which, when
converted to vibration levels, amounted to 10lgl.2 = 0.8 dB. The calculation of the vibrational energy loss coefficient
was conducted using formula [8]:

A

4 (1)

" T

! SanPiN 1.2.3685-21. Hygienic Standards and Requirements for Ensuring the Safety and (or) Harmlessness of Environmental Factors for Humans.

(In  Russ.) URL: https:/www.consultant.ru/document/cons_doc_LAW_375839/e66874¢0ad1f04c3a48e95¢d16355056937feded/  (accessed:
10.08.2026)
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Since time (7) was two seconds, relationship (1) took the form:

lniﬂ
n=016 ai 2)
Ji
where A, and A4; — oscillation amplitudes at the beginning and end of the measurements; fi — oscillation

frequencies, Hz; + — time from turning on to turning off the electromagnet, s; L. and L, — vibration acceleration
levels (dB) at the end and the beginning of the measurement cycle [9].

In practice, it was not the oscillation amplitudes that were measured, but the vibration acceleration levels. Given the
characteristics of modern measuring equipment (Ekopfizika, Assistent, and Oktava), it was advisable to measure the
octave levels of vibration acceleration [10]. Vibration acceleration was recorded in octave frequency bands using
modern measuring equipment, while vibration acceleration levels were determined by the formula:

o
L, =20lg———,
€310

where acceleration amplitude was determined as o =3 - 1074 - 10%05¢,

Accordingly, a=A - fl.z, then relationship (2) took the form:

0,05- Ly
=0,1-2,3lg10—=10*2ﬁ. 3)

i i i

0,05(Lax—Lai )
n=0,1 n10

Thus, vibrational energy loss coefficients () were calculated using a modified formula that took into account
vibration acceleration levels. For octave bands, the loss coefficients were calculated as follows:

N315=3.17-107 - L35
Ne =1,6:107 L,
Nias=8-107 - Lypps
Naso=1-107 - L550
Nsoo = 2.1-107 - L, 500
Miooo = 1-107 - L1090
MNa000 = 5107+ Ly 2000
MNaoo0 = 2:5-107% - L4000
Nsooo = 1.25-107° - L5000

To summarize the experimental data and build predictive models, regression analysis was used, which included
approximation using nonlinear functions and polynomials of various degrees. Using algebraic techniques and variable
substitution, these nonlinear functions could be transformed quite easily into a linear form, which allowed obtaining
regression coefficients for nonlinear functions using the least squares method. However, for some functions, it was
necessary to remember the inverse transformation in order to obtain accurate values for the regression coefficients [11].

Thus, it was possible to obtain a number of different analytical relationships for the same set of data. With the help
of computing technology, we calculated the regression coefficients for all possible functions, analyzed their accuracy
relative to the original data, and chose the most adequate one. As a measure of the accuracy of analytical dependencies,
it was proposed to use a parameter such as the root-mean-square deviation:

n

1 2

i=1
where n — amount of experimental data; m — polynomial degree; y, — function value in the experiment;

i — calculated value based on the obtained dependence. This parameter took into account not only the total deviation
but also the polynomial degree, that is, it refined the polynomial influence. By calculating the root-mean-square
deviation for all analytical dependencies obtained, it was possible to determine the most adequate function based on the
minimum value of the parameter. If the calculations of regression coefficients and the root-mean-square deviation were
accompanied by graphing, the accuracy analysis could be verified visually [12].
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Research Results. Table 1 and Figure | provide the measurement results for the conditions when the gearbox
housing was installed on a bench and on a machine table. It should be noted that when installing the machine on a table,
the numerical value of the loss coefficients was 7-8% higher than when installed on the bench, due to different reduced
stiffness. Moreover, the difference in the numerical values of the above octaves did not exceed 6%. This circumstance
made it possible to use a constant value of the vibrational energy loss coefficient for the convenience of engineering

calculations of vibroacoustic characteristics = 8.5 - 1073,

Table 1
Experimental data on vibrational energy loss coefficients (1) of the gearbox housing
Numerical values of loss coefficients (1-107)
Measurement conditions in octave frequency ranges (Hz)
125 250 500 1000 2000 4000 8000
On the special bench 7.8 7.8 8.1 7.9 7.8 8.0 8.0
On the machine table 8.1 8.2 8.8 8.6 8.4 8.7 8.6
n
0.12
0.10
0.08
0.06
0.04
0.02
0.00 T T T T T T T
31.5 63.0 125.0 250.0 500.0 1,000.0 2,000.0 4,000.0 /. Hz

Fig. 1. Vibrational energy loss coefficients of the gearbox housing

Vibrational energy loss coefficients (1) were calculated using a modified formula that took into account vibration
acceleration levels. Regression analysis was applied to generalize experimental data and create predictive models,
including approximation by nonlinear functions and polynomials of varying degrees. Visual confirmation of the
accuracy analysis was possible if the calculations of the regression coefficients and the standard deviation were
accompanied by plotting [13].

The results of calculating the regression coefficients of the gearbox housing for various analytical dependencies

presented in Tables 2 and 3, and also in Figures 2 and 3.

Table 2
Results of regression analysis by nonlinear functions
. Standard deviation

Name of the curve Equation
(RMSD)
Exponential n=0.068¢>21" 1 2.11:10°2
Power N =0.504 04 8.42:1073

. 4.2
Hyperbolic type 1 n=0.034+ W 6.51-1073
Hyperboli I S S— 42107
yperbolic type 1= 4022+0022f '
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1
. — 102
Hyperbolic type II1 n 4722490316/ 0.14-10
Logarithmic n=0.21-0.024-Inf 1.82:1072
4173+ 8223 ~
S-shaped n=e 7 2.04-102
I 1 ithmi S — 7.5-1072
nverse logarithmic n —6.0+18.19-Inf .
n
0.12
0.09
0.06 7
0.03
0.00 T T T T T T T
31.5 63.0 125.0 250.0 500.0 1,000.0 2,000.0 4,000.0 f,Hz
—&— Casing —#— Exponential ——Power
—¥— Hyperbolic type | —©— Hyperbolic type 11 —+— Hyperbolic type I1I
—— Logarithmic —@— S-shaped —&— Inverse logarithmic
Fig. 2. Approximation by nonlinear functions
Table 3
Results of regression analysis by polynomials
Degree Equation RMSD
1 n=0.012-0.032(lg /) 2.4-102
2 n=04-0.12(Ig £)+0.02(Ig f)’ 7.13-10°2
3 n=04-0.4(lg )+0.15(lg f)* —0.01(lg f)’ 54-10°
4 n=0.1-021(lg £)+0.24(lg 1)’ -0.811(Ig £ )’ —0.0078(Ig f)" 561073
5 n=-22+45(gf)-41(lg f)’ +1.8(lg f)’ —0.285(Ig f)* —0.0205(Ig f)’ 4.13-10°3 E
<
w2
n=62-154(lg /)+16.8(lg /)’ + o
6 3 4 5 6 78' 1073 ‘g
+9.1(Ig ) +3.12(Ig f)" - 0.51(Ig f)” +0.032(lg f) s
]
=
, n=9.11-125.1(lg /) +27.3(lg f)* -16.07(Ig ) +6.2(lg f)* - 13107 S
~1.8(lg f)’ +0.24(lg )° -0.0051(Ig 1)’ ' =
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0.06

0.04 -

0.02 A

0.00 T T T T T T T i
31.5 63.0 125.0 250.0 500.0 1,000.0 2,000.0 4,000.0 ST

—=—h P0 —¢—P1 —%—P2 ——P3 ——P4 —&—P5 ——P6 —¢—P7

Fig. 3. Approximation by polynomials

It was experimentally found that the loss coefficients for cast iron body parts in the frequency range from 125 to
8000 Hz ranged within (7.8-8.8) -1073, indicating a weak frequency dependency. For engineering calculations, constant
value =8 107 could be assumed. Regression analysis revealed that the best approximating dependence for the
gearbox housing was a sixth-order polynomial.

Having analyzed the results, we could conclude that the best analytical relationship was a sixth-order polynomial:

n=6.1-1521(Ig f)+16.1(Ig £)* +9.33(lg 1)’ +3.25(lgf )" —0.54(lgf)’ +0.036(Igf)°. )
Cutting units during boring and drilling. The results of calculating the loss coefficients of cutting units during
boring and drilling operations are presented in Figure 4.

n \
0.040

0.030 \

0.020

0.010

0.005

0.000 ‘T\H
315 63.0 250.0 1000.0 4000.0 f, Hz

Fig. 4. Coefficients of loss of the cutting units during boring and drilling

The results of the regression coefficients calculation are presented in Tables 4 and 5, as well as in Figures 5 and 6.

Table 4
Results of regression analysis by nonlinear functions
Name of the curve Equation RMSD
Exponential n=0.016e>8200" 1 7.12:103
Power n=0.34 f 067 3.14-10°3
0.866
Hyperbolic type I n=0.062+ 3.57-1073
Hyperboli 11 S 3.34-103
yperbolic type n 41+0.14f .
Hyperboli I S — 1.97-102
yperbolic type N 4543507, :
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Logarithmic n=0.052-0.00057-In f 3421073
547841777 ~
S-shaped n=e 9.12-103
I logarithmi = 1 2.87-1072
nverse logarithmic n —602.7+133.1-In f .
n \\
0.040 e
0.030
N\
0.020 -
2
0.010 Y [ =~
0.005 I \]‘ K&L\N: b
/ 1 ““-L‘ a
0.000 L1 1| ] T~
31.5 125.0 500.0 2000.0 £, Hz
+ Cutting unit - Hyperbolic type I = Logarithmic
-+ Exponential - Hyperbolic type II - S-shaped
Power - Hyperbolic type 111 -+ Inverse logarithmic
Fig. 5. Approximation by nonlinear functions
Table 5
Results of regression analysis by polynomials
Degree Equation RMSD
1 n=0.041—0.015(lgf) 4.55-107
2 n:0.11—0.061(lgf)+0.0072(lgf)2 2.52:103
3 N=0.419-0.158(lg /) +0.571(lg f)’ -0.0051(lg f)’ 1.71-103
4 n=0.44-0.59(Ig £)+0.37(lg f)* -0.091(lg f)’ - 0.0064(lgf )" 1.02:10°
5 n=0.88-1.41(lg f)+1.1(lg £)* —0.41(Ig /)’ +0.062(Igf )" —0.0036(lgf )’ 9.06-10*
; n=-157+491(lg f)-5.12(lg /) +3.21(Ig f)’ - 494104
~0.98(lgf)* —0.16(lgf)’ +0.0091(lgf )° '
, n=-82+23.5(lg f)-27.8(lg f)* +17.9(lg /)’ - ) 12104
~6.96(Igf')"* +1.51(lgf)’ +0.198(Igf)° +0.0092(lgf )’ '
n

0.025

0.020

0.015

0.010

0.005

0.000

S

31.5 63.0

—a—h

125.0 250.0 500.0 1,000.0 2,000.0 4,000.0

PO —<¢—P1 —*%—P2 ——P3 ——P4 —8—P5 —8—P6

Fig. 6. Approximation by polynomials

f,Hz

P7
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After analyzing the results for the cutting units, it became obvious that the best analytical dependence would be a
seventh-order polynomial
n=-821+232(lg f)-27.8(lg ) +18.12(Ig /) = 7.07(lgf )" +1.54(lgf)’ —0.19(Igf)° +0.0079(lgf) . (6)
Cutting unit during milling. The results of calculating the loss coefficients of the milling unit are shown in
Figure 7.

" L
0.075 \
0.060 \
0.045 \

0.030 \-\

0.015 \F ——1_
0.000 4

31.5 63.0 250.0 1000.0 4000.0 f,Hz

Fig. 7. Loss coefficients of the milling unit

The results of calculating the regression coefficients of the milling unit are presented in Tables 6 and 7, as well as in
Figures 8 and 9.

Table 6
Results of regression analysis by nonlinear functions
Name of the curve Equation RMSD
Exponential n=0.03¢31% f 1.98-1072
Power n=0.6217"6 3.05-10°°
. 1.57
Hyperbolic type 11 n=0.007 +7 3.01-1073
Hyperboli I S 1.24-102
yperbolic type R TEIRTY: :
1
1 e —— . -2
Hyperbolic type 111 n 10400+ 2611 2.98:10
Logarithmic n=0.088-0.0091-In f 8.5-1073
S-shaped —6.01+222 1.22-1072
-shape n=e / :
I logarithmi = ! 4.07-102
nverse logarithmic n 420.5+97.08-In f .

n \
0.075 A ‘1
0.060 'y
0.045
L \\“1
0.030 F=—r—g "n}:‘k‘
0.015 A ;;2\‘\":3 3.
==
0.000
315 125.0  500.0 2000.0 f,Hz
-+ Cutting unit = Hyperbolic type | = Logarithmic
-+ Exponential - Hyperbolic type II - S-shaped
Power -~ Hyperbolic type III -+ Inverse logarithmic

Fig. 8. Approximation by nonlinear functions
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Table 7
Results of regression analysis by polynomials
Degree Equation RMSD
1 n=0.089-0.022(Ig 1) 9.1-10°3
2 n=0.16-0.1(Ig /) +0.03(lg 1)’ 5.78-10°
3 n=052-034(Ig f)+0.11(Ig £)* —0.016(lg /)’ 3.68:10°
4 n=1.01-1.08(lg f)+0.64(lg f)* —0.15(Ig )’ +0.018(lgf )" 1.97-103
5 n=172-291(lg £)+1.98(lg 1)’ -0.81(Ig )’ +0.18(lgf )" ~0.0087 (Igf )’ 1.65:10°
; N=3.94-8.07(lg f)+7.61(lg 1)’ +3.85(Ig 1) + L7110
+1.1(lg £)* =0.17(lg f)’ +0.0075(Ig £)° '
; n=074-7.12(Ig f)+5.88(lg /)’ —2.35(lg 1)’ + ) 15.104
+0.41(Ig £)* —0.021(lg £)’ —0.011(lg £)° +0.001(lg f)’ '

n
0.075
0.060 4
0.045
0.030
0.015
0.000 T T T 1
31.5 125.0 500.0 2000.0 f,Hz
+«n =P2 =P5
PO - P3 - P6
Pl - P4 P7

Fig. 9. Approximation by polynomials

For the milling unit, the best matching was provided by a fifth-order polynomial

n=1.81-2.95(lg /)+1.98(lg /)’ —0.71(lg 1)’ +0.18(Igf)" - 0.0081(lgf )’ . (6)
Discussion. The analysis of the research results confirms that the dissipative properties of structural elements of the
machine are not constant and significantly depend on the type of technological operation and frequency range. The
revealed analytical dependencies make it possible to move from point estimates at fixed frequencies to continuous
prediction of energy losses, which is critically important for analyzing the dynamic behavior of the machine at natural
oscillation frequencies. This opens up opportunities for targeted design. Knowing the frequency spectrum of the most
hazardous vibration modes, it is possible to optimize damping in these areas. For example, we can choose materials
with increased internal friction or use composite vibration-absorbing coatings in specific areas of the structure.
Conclusion. The regression analysis allowed us to determine analytical dependencies of the vibrational energy loss
coefficients of noise and vibration sources during the operation of drilling-milling-boring machines. These
dependencies make it possible to determine the value of the loss coefficient not only at geometric mean frequencies of
the octave spectrum, but also at natural oscillation frequencies. Using the equations presented in this paper, we can
accurately estimate the amount of vibrational energy losses at various frequencies, which will make it possible to
purposefully apply vibration isolation and vibration damping methods. In particular, a more efficient design of damping
elements and the choice of optimal materials for the manufacture of mills and other load-bearing structures of machine
tools is possible [11]. The results can be useful in creating vibration control algorithms, which will significantly reduce

noise and vibration levels in the workplace.
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Abstract

Introduction. The relevance of this work stems from the need to move away from general decarbonization plans and
towards differentiated climate strategies, since countries that emit greenhouse gases (GHGs) differ in terms of their
energy balance, level of industrialization, population size, carbon intensity of their economy, and the export of fuel and
energy resources. The same emission reduction goals may require different technological, investment, and regulatory
solutions. Unification approaches are not effective in this context. The literature mainly focuses on analyzing carbon
intensity, low-carbon development scenarios, and individual energy indicators. The fragmentary nature of the known
approaches prevents the creation of a typology of GHG-emitting countries based on a combination of economic,
demographic, energy, and climatic characteristics. The presented scientific work fills this gap. The aim of this study was
to form and interpret the typology of key GHG-emitting countries based on a comprehensive analysis of economic,
demographic, energy, and climatic indicators. According to this typology, decarbonization conditions and transitional
climate risks within clusters were identified.

Materials and Methods. The research was based on a statistical database for more than 40 GHG-emitting countries. To
ensure comparability, data preprocessing, z-score normalization of features, clustering by Ward’s hierarchical method,
and the combined ¢-SNE? + k-means’ approach were used. The optimal number of clusters was determined using the
elbow method and the silhouette coefficient, and the clustering quality was determined by the Davies—Bouldin index.
Results. Significant cross-country differences in specific greenhouse gas emissions per capita, the carbon intensity of
GDP at PPP4, the structure of generation capacity, and specific emissions per unit of electricity produced have been
identified. Based on the results of hierarchical clustering and -SNE + k-means, four groups of states were identified:

— two largest emitters with large-scale and diversified energy production;

— four exporters of fuel and energy resources;

— eight carbon-intensive industrial and developing countries;

— 31 relatively energy-efficient and low-carbon economies.

Discussion. Cluster analysis suggested that the absolute amount of GHGs emissions was not the only factor to consider
when choosing a climate strategy. Countries with similar carbon footprints could differ significantly in terms of economic
scale, the proportion of coal generation, export orientation of the energy complex, industrialization level, energy
efficiency, and final energy consumption structure. Each formed cluster required different priorities and approaches for
adapting decarbonization strategies, namely: redu ction of coal generation and modernization of networks for the largest
emitters; reduction of emissions in mining and processing; CCUS? and export diversification for resource economies;
improvement of industrial energy efficiency and modernization of generation for industrial countries; elimination of
residual emissions and accounting for imported carbon footprint for low-carbon economies. The limitations of the study
were related to differences in national statistical reporting, incompleteness of some indicators, and sensitivity of
clustering to the choice of variables.

! Previously — Moscow Power Engineering Institute.

? Distributed stochastic neighbor embedding. This is a machine learning algorithm for dimensionality reduction and visualization of multidimensional data.
3 k-means method.

4 Gross domestic product at purchasing power parity.

* Carbon capture, utilization, and storage.
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Conclusion. The proposed cluster approach makes it possible to move from ranking countries based on emissions to
identifying groups with similar profiles of economic, demographic, energy, and climate indicators. The results of
clustering can be used in further analysis of key emitting countries to identify the most suitable technologies and
legislative measures for reducing greenhouse gas emissions. Additionally, the results can be used to assess the
effectiveness of implementing and adapting decarbonization strategies.

Keywords: decarbonization scenario, adaptation of decarbonization strategy, carbon load structure, carbon intensity of
the economy, carbon pollution of the country
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Beeoenue. AxTyanbHOCTH pabOTHl CBsI3aHAa C HEOOXOAMMOCTBIO IIepexofa OT OOmMX CXeM JAeKapOOHHW3AIMH K
T hepeHIMPOBaHHBIM ~ KIMMAaTHIECKUM CTPATerusiM, IIOCKOJBKY CTPaHBI-OMHTEHTH TMAapHUKOBBIX ra3oB (III)
pa3nMyYaroTCs 1O HEprodajaHCy, WHIYCTpUAIM3alMH, JEeMOrpaduy, YIJIEpPOJOEMKOCTH 3KOHOMHUKH, 3KCIOPTY
TOIUIMBHO-OHEPreTUYECKUX pecypcoB. OJMHAKOBBIE ILEJNW 10 CHIKEHUIO BBIOPOCOB MOTYT TpeOOBaTh pasHBIX
TEXHOJIOTMYECKHX, MHBECTHLIMOHHBIX U PETYJSTOPHBIX PEIIeHUH, odToMy yHH(UKams HedddexTnBHa. B mureparype
MPEUMYILECTBEHHO  aHAJIU3UPYIOTCA  YIJIEPOJOEMKOCTb, CLEHAPHUM  HU3KOYIJIEPOJHOTO  Pa3BUTHUs, OTAEIbHBIE
SHEpreTU4ecKue UHIUKATOpbl. (PparMEHTapHOCTh W3BECTHBIX MOAXOJOB MPEMATCTBYET CO3MAHHUIO THIOJIOIM3aIlU
SMUTEHTOB II0 COBOKYIHOCTHM 3KOHOMHKO-IEMOTrpaUueCKnX, OSHEPreTHYECKUX M KIUMATHYECKUX —IPU3HAKOB.
IpencraBnenHas Hay4dHAs: paboTa BOCHONHAET 3TOT mpoden. Llenp ncenenoBanus — (GopMupoBaHHE W MHTEPIPETALVS
THUIMOJIOTUH KIFOYEBBIX CTPaHBI-OMHUTEHTOB I[II' Ha OCHOBE KOMIIIEKCHOTO aHaIn3a 3KOHOMHKO-IEMOTpadHIeCKiX,
SHEPreTHYECKUX M KJINMATHYECKHX IOKasareneid. [0 3Toi THHONOTMM OMpEneisioTcs YCIOBHS JEKapOOHM3aIWH 1
MIepEXOIHbIE KIIMMAaTHIECKHE PUCKH B paMKax KIIACTEPOB.

Mamepuanst u memoost. ViccienoBanye 0CHOBaHO Ha ctaTucTHieckoi 6aze mo 6oisiee yem 40 crpanam-amutentam 117
Hﬂﬂ O6CCHC‘{CHI/IH CONNOCTaBUMOCTHU BbIIIOJITHCHBI npe)lo6pa60TKa JaHHBbIX, HOpMaIu3alus MPU3HAKOB MCETOJA0OM
z-1IpeoOpa3oBaHusl, KJIaCTEpU3aLUs UEPAPXUIECKIM METOI0M Y 0pia U KOMOMHUPOBAaHHBIM NoaAX0a0M -SNE + k-means.
OnTuMaabHOE YHCIIO KIACTEPOB ONPEIEICHO 110 METOY JIOKTS M KO QUIIMEeHTY CHITydTa, a KauecTBO KJIaCTepU3allni —
o uHjekcy Jpsuca-boiguna.

Peszynomamut uccnedosanus. OnpenencHbl CyIIECTBEHHBIE MEKCTPAHOBBIE DPA3IMYMA 10 YAENBHBIM BBIOpOCaM
MAapHUKOBBIX Ta30B Ha Ayuy HaceneHus, yriiepogoemkoctu BBII mo IIIIC, ctpykType yCTaHOBIEHHONW MOIIHOCTH
TeHEepalny, YyICNbHBIM BbIOpOCaM Ha EAWHHIYYy IPOW3BEACHHOHM 3nekTposHepruu. Ilo uroram wnepapxuieckon
Kknactepuzauun u t-SNE + k-means BbIIENEHBI Y€THIPE TPYTIITBI TOCY IapCTB:

— JIBa KPyIHEHIINX SMUTEHTa ¢ MaclITaOHON U IMBepCU(UIIMPOBAHHON SHEPTETHKO;

— YeThIpe IKCIOopTepa TOIUINBHO-IHEPTETHUECKUX PECYPCOB;

— BOCEMb YTJICPOAOCMKUX UHAYCTPUAJIBHBIX U Pa3BUBAIOIUXCS CTPaH;

— 31 oTHOCUTENBHO YHEPTrO3(P(PEKTUBHAS M HU3KOYTIICPOIHAS IKOHOMUKA.
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Oobcyrcoenue. AHan3 KIacTEpOB ITO3BOJISIET YTBEPXKIATh, YTO abOCONMOTHBIM 00BeM BbIOpocoB 1T He sBiseTcs
JIOCTATOYHBIM OCHOBAaHHEM JJIsl BBIOOpA KIIMMaTHYeCcKoit crpateruu. CTpaHbl ¢ OJIM3KOW yriIepoIHOM HAarpy3Koil MOryT
CYIIECTBEHHO pa3iuyaThCcs MO MAacmTady SKOHOMHUKH, JOJ€ YIOJbHOW TEHEepaluH, 3KCIOPTHOW OpHEHTAIUU
SHEPreTHYECKOro KOMIUIEKCa, YPOBHIO HWHIYCTpUANM3aluK, 3HEprodp(ekTHBHOCTH H CTPYKTYpe KOHEUHOIO
sHepronotpedaenus. [ Kaxaoro chopMHUPOBAHHOTO KiacTepa TPeOYIOTCS pa3Hble NMPHOPUTETHI U HAMPABICHUS
aJlanTaly CTPATerHil JeKapOOHU3AIMK, 2 UMCHHO: COKPAIICHUE YTOJBHOUM T'CHEpalud M MOJCPHU3AIMS CETCH s
KpYIMHEWITNX 3MHUTEHTOB; CHIDKEHHE BBHIOPOCOB B 0OBIYe U mepepaborke; CCUS m auBepcupukamms dKCropTa Juist
pPECYpCHBIX 3KOHOMHMK; MOBBIIICHUE IPOMBIIUICHHOW 3HEprodpQekTHBHOCTH M MOJIEPHU3AIMs TE€HEepaluu JUis
WHIYyCTPUATBHBIX CTPaH, YCTPAHCHHE OCTATOYHBIX BHIOPOCOB M yUYET HUMIIOPTUPOBAHHOTO YTIJIEPOJHOTO ciena s
HU3KOYTJICPOAHBIX SKOHOMUK. OTrpaHHYCHHS HCCICIOBAHUS CBS3aHBI C PA3IMYMsIMHA HAIMOHAIBHOW CTaTUCTHYCCKOMN
OTYETHOCTH, HETIOJTHOTON HEKOTOPBIX MOKa3aTeNeil i 4yBCTBUTEILHOCTBIO KIACTEPU3ALMH K BEIOOPY HEPEMEHHBIX.

3aknrouenue. TIpennoKEHHBIA KITACTESPHBIN TTOAXO/] IIO3BOJISCT MIEPEUTH OT PAHXKHPOBAHUS CTPaH MO 00hEMY BEIOPOCOB
K BBIJICIICHUIO TPYIII CO CXOXUM MPOQHIEM 3KOHOMHUKO-IEMOTPA(PHUCCKUX, YHEPIeTUYCCKAX W KIMMATHYCCKHX
noKa3areJiei. PeSyHBTaTBI KJ1aCT€pu3aliui MOXKXHO IPUMEHUTH B )Ia.HBHeﬁHJeM AaHAJIN3€ KIIFOYCBBIX CTPAH-OMUTCHTOB JJIA
BBISBJICHUSI HAanOOJIee MOIXOAANINX TEXHOJIOTHH W 3aKOHOJATEIBFHBIX MEpP CHIDKCHHS BBIOPOCOB ITAPHUKOBBIX I'a30B.
Kpome Ttoro, urtoru pabOTBl MOIXOAST s OHEHKHA 3(P(EeKTHBHOCTH peanu3aluyd W aJanTalydd KIAMaTHYCCKHX

cTpaTeruii JexapOOHU3aIHH.

KiaroueBble ciioBa: CIICHapI/Iﬁ ,HCKap6OHI/I3aHI/II/I, aganTanus CTpaTeruu IleKap6OHI/I3aIII/II/I, CTPYKTYypa yl"J'ICpOI[HOﬁ

Harpysku, yriecpoJoeMKOCTb 9KOHOMUKH, YIJIICPOA03arpA3HEHHOCTb CTPAHbI

PunaHcupoBaHue. MccienoBanue npoBoaWIOCh B paMKax MpoekTa «Pa3paboTka mudpoBOro MHCTPYMEHTA OLEHKU
MEPEeXOAHBIX KINMATHYECKHX PUCKOB M IOTEHIHANA JeKapOOHU3AIMHM >HEPTreTHYECKONH OTpacim» NpU TOAICPKKE
rpanta HY «M3W» Ha peanu3zanmio nporpaMmsl Hay4HbIX HccnenoBanuil «[Ipuopurer 2030: TexHosorun Oyayimero»
B 2024-2026 11.»

Jast umtupoBanus. Jlokrnonos O.A., Makcumos J1.0., 3abenun M.A., benommunxkas N.A. ®opMmupoBaHue KIaCTEPHBIX
TPYII KIIOYEBBIX CTPAH-IMHUTECHTOB ITAPHHUKOBBIX T'a30B B pa3pe3e 3KOHOMHUKO-IEMOTPAPUUCCKUX H IHECPTETHYCCKHIX
nokasaresieil. besonacnocmv mexuwocennvlx u npupoouwvix cucmem. 2026;10(3):206-218. https://doi.org/10.23947/
2541-9129-2026-10-3-206-218

Introduction. The central issue of this study is that while the global goals for decarbonization have been formulated
as general and universal, the actual conditions for achieving them vary significantly between countries. For some
countries, the carbon footprint is determined by factors such as the size of their economy and population, while for others
it is influenced by a high reliance on coal generation, export-oriented fuel and energy complexes, energy-intensive
industries, or insufficient technological modernization. As a result, simply ranking countries based on their GHG
emissions does not provide a reliable basis for determining the priorities for climate policy or the direction of
decarbonization strategies. The focus of the global discussion on reducing greenhouse gas emissions is shifting from
setting common goals to choosing decarbonization trajectories for countries with fundamentally different energy
structures. In the long term, the goal of the Paris Agreement is to limit the growth of the global average temperature. The
starting point in this case is the pre-industrial level. The goal is formulated as follows: “well below 2°C.” Solution to this
problem requires a serious transformation of the global energy system [1].

More than 130 countries have expressed their intention to achieve full carbon neutrality by 2050. These countries have
either already committed to ensuring a zero balance of greenhouse gas emissions or are considering achieving zero
emissions by the middle of this century [2].

The practical implementation of the adopted strategies depends not only on political commitments, but also on factors
such as the energy balance, level of industrialization, structure of final energy consumption, export role of the fuel and

energy complex, demographics, and initial carbon intensity of the economy [3].
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Modern research shows that the energy sector remains the main source of anthropogenic GHG emissions, and
decarbonization scenarios vary significantly in terms of the depth of technological transformation, the cost of transition, and
the degree of involvement of low-carbon energy sources [4]. Materials about the problem were published by REA® 7,
RANEPAS? IEF RAS®, CENEF'°, Energy Institute'!> 12, IEA '3 14,

Scenarios for achieving carbon neutrality, macroeconomic consequences of energy transition, potential of hydrogen
energy, the role of nuclear generation, renewable energy sources (RES), energy efficiency, and carbon capture technologies
have all been thoroughly discussed in Russian and international literature. Through a comparative analysis of these scenarios
based on macroeconomic modelling, we have identified three key pathways.

The first category includes inertial approaches. Experts from the REA, RANEPA and CENEF pointed to unjustified
adherence to established models and factors hindering development in the field of decarbonization. The authors noted that
infrastructure modernization focuses on fossil fuels. This leads to a moderate change in the structure of primary energy
resources, as well as stagnation or an increase in GHG emissions (up to 6.5 gigatons of carbon dioxide equivalent by 2050).

The second one combines moderately optimistic scenarios. The authors of IEF RAS refer to these as a “reasonable”
choice [5], and REA as a “rational technological” option. CENEF believes that reaching the so-called “carbon plateau”
would be a significant achievement. This refers to the gradual implementation of low-carbon technologies. The potential for
a gradual increase in energy efficiency and a partial diversification of the energy mix formed the basis for the goal: by 2050,
emissions should be reduced to 1.5-3.5 gigatons of carbon dioxide equivalent, or stabilized at that level.

Finally, the third group proposes radical approaches to solving the problem. They aim to achieve low [6] or zero carbon
footprints, acting actively or even aggressively in this direction [5]. The implementation of these solutions requires a deep
structural restructuring of the economy, large-scale introduction of renewable energy sources, nuclear generation, hydrogen
technologies, and carbon capture and storage systems. By 2050, emissions are expected to be reduced to 0.54-2 gigatons of
carbon dioxide equivalent. The total consumption of primary energy resources is forecast to decrease to 12.4 billion tons of
oil equivalent. These indicators are included in the “Net Zero” scenario of the REA of the Ministry of Energy of Russia.

In all the scenarios considered, the peak demand for coal, oil, and natural gas is projected to occur in 2030, after which it
is expected to decline, especially for coal. Factors critical to the implementation of these scenarios include balanced
modernization of energy-intensive industries, the development of regulatory mechanisms, including carbon pricing, and
ensuring the economic affordability of low-carbon solutions [7].

The published studies can be broadly divided into three groups. The first group includes work on modeling scenarios for
low-carbon development, with estimates of potential trajectories for changes in energy balances, emissions, and
consumption patterns for primary energy resources. The second category compares countries and regions based on
individual indicators, such as absolute GHG emissions, per capita emissions, the carbon intensity of GDP, the share of fossil
fuels, energy intensity of the economy or the pace of renewable energy introduction. The authors of the third group use
methods of multidimensional analysis and clustering. However, this work is often limited to specific groups of countries,
narrow sets of energy or emissions characteristics, or fails to relate the results to transition risks related to climate change and
practical trends towards decarbonization.

The solution in this case is to classify countries according to a set of features reflecting structural changes in the carbon
load [8]. Cluster analysis will help overcome the disadvantages of the standard ranking and identify groups of countries that
are similar in their carbon footprint, as well as in their economic, demographic, energy, and climate characteristics.

The analysis of scientific literature has shown that the comprehensive classification of GHG-emitting countries is
insufficiently developed, and the presented scientific work is intended to fill this gap. The proposed approach will make it
possible to determine which decarbonization measures can be replicated within a group of countries, and which require
targeted adaptation, taking into account the national structure of the energy balance and transitional climate risks. This is the
difference between this concept and others, which are limited to the analysis of individual energy or emission indicators.

¢ Russian Energy Agency.

7 REA of the Ministry of Energy of Russia. Scenarios of global energy development up to 2050. 2024. 130 p.
8 Russian Presidential Academy of National Economy and Public Administration.

° Institute of Economic Forecasting of the Russian Academy of Sciences.

10 Center for Efficient Energy Use.

1" Energy Institute

12 Energy Institute. Statistical Review of World Energy (73rd edition). 2024. 76 p. ISSN 2976-7857.

13 International Energy Agency.

14 IEA. World Energy Outlook 2024. Paris: IEA. 2024. 398 p.
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Thus, this research aims to form and interpret the typology of key greenhouse gas-emitting countries based on a
comprehensive analysis of economic, demographic, energy, and climatic indicators. The resulting classification can be
used to identify differences in the prerequisites for decarbonization and transitional climate risks for countries with
similar profiles.

To achieve the goal, the following tasks were set:

— formation, preprocessing, and normalization of economic, demographic, energy, and climate indicators for key
GHG-emitting countries to ensure cross-country comparability;

— establishing the most informative feature groups and performing clusterization of countries with an assessment of
the sustainability of the groups;

— interpretation of the profiles of the formed clusters and identification of priority areas for decarbonization strategies
adaptation.

Materials and Methods. The research project consisted of 10 stages.

. Collection of statistical data for more than 40 key greenhouse gas emitting countries between 2010 and 2022 [9].
. Selection of countries based on their contribution to global emissions and representativeness of the energy model.
. Creation of a system of economic, demographic, energy, resource, and climate characteristics.

. Unification of country names, measurement units, and data time periods.

. Clearing the data set and excluding indicators that do not provide cross-country comparability.

AN N AW =

. Standardization of quantitative features using z-transformation method.

7. Preliminary visual verification of the data structure with dimensionality reduction using the principal component
analysis (PCA) method.

8. Clustering of data using Ward’s method and the combined -SNE + k-means approach.

9. Selection of the optimal number of clusters using the elbow method and the silhouette coefficient. Evaluation of the
clustering quality using the Davies-Bouldin index.

10. Interpretation of clusters taking into account the energy profile, carbon load and transitional climate risks.

The study group included countries that meet one of two or two criteria. The first was the value for global GHG
emissions. The second was representativeness in terms of the energy model. In other words, not only large absolute
emissions were taken into account, but also a high proportion of fossil fuels, the export orientation of the fuel and energy
complex, advanced low-carbon generation, or a significant transformation of the energy balance.

The figures for 2022 were used to ensure comparability. This approach provided the most complete cross-section by
country. The time series for 2010-2022 was used to interpret the dynamics and verify the stability of the identified
differences.

The assessment was based on a system of indicators for two groups, or blocks, of data.

The first (economic and demographic) group included GDP, population, and the share of urban and rural populations.

The second (energy and resources) group included:

— installed generation capacity by type of sources;

— production and import of primary energy;

— production of heat and electricity by type of generation;

— energy consumption by economic sectors;

— recoverable coal, natural gas and oil;

— total reserves of energy resources.

The third (climate) block combined GHG emissions — general and across sectors of the economy (energy, industrial
processes, agriculture, waste).

The final matrix was created based only on the quantitative indicators that ensured comparability between countries.
For each feature, units of measurement, ranges of values, and omissions were verified. Indicators for which there was no
comparable data for a significant number of countries were only used in the descriptive analysis phase and were not
included in the final clustering matrix. Standardization was performed using the z-transformation formula: the average
value of a set of countries was subtracted from each attribute value, after which the result was divided by the standard
deviation. This allowed us to eliminate the influence of features with large absolute scales, such as GDP, population, and

installed generation capacity.
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In order to analyze the production and consumption of energy resources, assess the effectiveness of their use and the
impact of the emitters on the environment, the formation of cluster groups of key emitting countries by economic,
demographic and energy indicators was considered. More than 10 methods of statistical data processing for cluster
formation were considered [10]. Table 1 provides information on the most suitable methods.

Table 1
Comparative analysis of methods for processing statistical data to form cluster groups
Method Input data Output data Advantages Disadvantages
— does not require specifying .
. . — computational
— an array with the dendroeram — a the number of clusters, unlike complexity
. . .. - - Xity,
Hierarchical | characteristics of data | . . & the k-means method, P . .
. . hierarchy of nested . — sensitivity to outliers,
clustering | points, — easy to interpret, .
. . clusters L — inability to separate
— a proximity matrix — good visualization of the ;
overlapping clusters
results
— a set of clusters
) with the — does not require specifyin — dependence of the result
— an array with the . ; pectly 'g P . L
. distribution of the number of clusters, unlike | on the choice of initial
characteristics of data . .
. objects, the k-means method, cluster centers and their
k-means | points, .
) — set of clusters — easy to interpret, number,
— estimated number of | . e - .
lusters (k) with the — good visualization of the — sensitivity to outliers,
clusters C . :
distribution of results — inconsistency of results
objects
. . L — high computational
— an array of data with . ... | — effective for visualizing g ) P
— visualization with . complexity,
features . complex nonlinear structures,
t-SNE . . . preservation of . . — the result depends on the
(high-dimensional — preserves local relationships
local clusters, . parameters and the
data) between points well . .
number of iterations
— does not require specifying
— an array with the —aset of clusters | the number of clusters, .
.. . . .. — computational
characteristics of data | with the — insensitive to the order of )
ints distribution of oints complexity,
oints, , .
DBSCAN"® P . . P . — poor clustering when the
— the minimum objects across — can find clusters of arbitrary .
L. data is uniformly
number of points in a | clusters, shape, ..
. . . .| distributed
cluster — noise points — takes noise into account and is
robust to outliers

Cluster analysis involved classifying observational objects (cases) into groups (clusters) based on similarities of their

characteristics across a variety of variables [11]. Hierarchical clustering was performed using Ward’s method on a
standardized feature matrix using the Euclidean distance. Ward’s method was chosen because it minimized intracluster
variance and allowed obtaining an interpretable dendrogram of country similarity. Additionally, the combined #-SNE +
k-means approach was used. For the nonlinear mapping of a high-dimensional data structure into a two-dimensional
space, t-SNE was used, followed by clustering using the k-means method on the resulting representation.

To ensure the reproducibility of the calculations, the parameters of the algorithms were fixed in the software
implementation. The number of clusters was checked in the range & = 2—10 using the elbow method and the silhouette
coefficient. Additionally, we assessed the quality of the final solutions using the Davies-Bouldin index. The initial state of
the random number generator (random_state = 42) was recorded in the k-means procedures. When selecting the number
of clusters, initialization of k-means++ centroids was used. The n_init and max_iter parameters were not set separately
and were assumed to be equal to the default values of the used version of the scikit-learn library. For t-SNE,
n_components =2, perplexity = 30, random_state = 42 were set. The parameters learning rate, max_iter / n_iter, init
and metric were not set separately. After constructing the two-dimensional #-SNE representation, clustering was
performed using the k-means method at k = 4.

15 Density-based spatial clustering of applications with noise.
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Research Results. An analysis of statistics on the main GHG-emitting countries made it possible to obtain
cross-distributions of emissions per capita and per unit of GDP at PPP (Fig. 1). The first indicator characterized the
specific demographic carbon burden and allowed comparing countries based on their population size. The second
indicator was the carbon intensity of the economy, which was the amount of emissions produced per unit of economic
output. A joint analysis of these indicators made it possible to distinguish between countries with high absolute emissions,
countries with a high carbon intensity of production, and countries where a significant carbon burden was primarily
related to the scale of the economy and consumption. The size of the circles is related to the population in 2022 (in

millions of people).

0.8
Iran
by 0.7
(=3 84.7
S 0.7 1 RSA
Z 60.6
o
L
d\l' China
@] 14114
20 0.6
=¥
&
- Kazakhstan
N 19.9
-3
8 0.5 1 Russian Federation
. . 145.9
G India  Indonesia i i
o
= 1367.2 275.7 Saudi Arabia
= 0 322
=]
Yt
& 04 1 Belarus Australia
) 9.2 Estonia 27.0
1S 14 Canada
D Bulgaria 40.0
- o ®
=) Japan
— . 125.5 South Korea
o ()3 A Mexico  Poland : 517
£ 1300 3¢8° USA
= Turkey Czech Republic 335.1
2 Greece 86»00 10.9
L 10.4 Luxemb
@ . Slovakia uxembourg
5 02 Croatia 55 Latvia R 0.7
g 3.9 19 o Slovenia Finland
g Hungary P 2.1 Belgium 5.6
5} 9.7 Romania ' 11.7 Ireland
O 101 9, ¢ QW - Spain 5.11
as) Portugal S 482
O 014 104 : Y . Netherlands
17.7
France [ )
Germany
65.5 Sweden 230 Y Norway
Great Britain 10.5 ol Denmark LithSnia o 5.5
67.7 Switzerland taly 59 Austria
5.8 58.7 2.8 9.1
0.0 I. T T T T
0 5 10 15 20 25 30

GHG emissions (excluding land use, land-use change, and forestry) per capita, t CO,._cqperson.

Fig. 1. Cross-distribution of greenhouse gas emissions'®
per unit of GDP and per capita, 2022

Within the framework of the study, a comprehensive set of economic, demographic, energy, resource, and climatic
characteristics was clearly the most meaningful to interpret, as individual blocks of indicators only reflected specific
aspects of differences between countries. The economic and demographic blocks mainly divided countries according to
their economic scale and population size, while the climate block divided them according to the level of absolute and
specific emissions. The energy block divided countries based on the structure of energy generation and the role of fossil
fuels. Only by combining these groups of characteristics did we identify clusters that differed both in the amount of
emissions and the reasons for their formation.

1% In this case, the impact of the “Land use, land-use change and forestry” (LULUCF) sector was excluded from the total volume of anthropogenic
emissions of heat-trapping gases.
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Figure 2 shows the structure of electricity generation by installed capacity for the 15 largest emitters. The map
illustrates the total generation capacity in terawatts. The data on the shares of thermal, hydropower, nuclear power plants,
and renewable sources in the overall energy balance were visualized for each country. It was evident that traditional
energy with fossil fuels accounted for the largest share in all countries. However, there were exceptions, such as Canada
and Brazil, where hydroelectric power plants played a significant role in electricity production.

It was determined that approximately one in four tons of CO, emitted into the atmosphere was generated at thermal
power plants during the combustion of natural gas, coal, and fuel oil. This amounted to 12.5 billion tons of CO; per year.
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Fig. 2. Generation structure for the top 15 GHG-emitting countries
by type and installed capacity, 2022

The dendrogram in Figure 3 was the result of a hierarchical clustering analysis using Ward's method. After
normalizing the data, we took into account their variance and determined the distances between the closest similar
elements. This approach provided a detailed analysis of the production, consumption, and efficiency of energy resources,
as well as the impact of GHG-emitting countries on the environment based on all analyzed indicators.
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Fig. 3. Dendrogram of hierarchical clusterization of GHG-emitting countries
by economic, demographic and energy indicators

The dimensionality reduction algorithm (z-SNE, Fig. 4) was used as a tool for nonlinear dimensionality reduction and
visualization of the local data structure. The clusters were then interpreted based on the results of the hierarchical
clustering and quality metrics. The clusters are indicated by the same colors as in Figure 3.
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The stability of the resulting groups was assessed by comparing the results of the hierarchical clustering and -SNE +
k-means approach. The clusters were considered stable in a meaningful sense if countries with similar energy and
emission profiles remained in the same group when using different algorithms, or if they formed associations that were
comparable in interpretation. The consistency of the main cluster profiles between the two methods allowed us to
conclude that the result with four clusters was the most reasonable.

As you can see, the countries were divided into four clusters. This result was obtained using two approaches:

— the elbow method (optimum at k£ = 4, where kK — number of clusters);

— the silhouette coefficient (maximum 0.62 at k = 4).

From the point of view of assessing the quality of clustering results, the Davies—Bouldin index (DBI) took the
maximum values for k equal to 4 and 3, 0.92 and 0.89, respectively. This indicated a comparable quality of separation.
Since a lower DBI value corresponded to more compact and better separated clusters, this indicator alone did not provide
a clear advantage for the & = 4 option. However, the decision to use four clusters was based on a combination of factors,
including the maximum silhouette coefficient, the results of the elbow method, and the improved interpretability of the
clusters (Fig. 3, 4).

Figure 4 shows a two-dimensional -SNE representation of a multidimensional space of features characterizing
GHG-emitting countries in terms of economic, demographic, energy, and climate parameters. The -SNE 1 and ¢-SNE 2
components were conditional coordinates of a nonlinear mapping and did not have a direct independent economic or
energy interpretation. They served to visualize the local proximity of countries. The proximity of points indicated the
similarity of countries based on a set of normalized features, while the distance indicated their differences in profiles. The
distribution obtained confirmed the existence of four clusters, which was consistent with the clustering results and the
estimated optimal number of clusters.

The first cluster was represented by the largest GHG-emitting countries — China and the USA. They were united by
an exceptional scale of economy, energy consumption, and absolute emissions, as well as diversified generation.

The second cluster included fuel and energy exporters — Russia, Canada, Iran, and Saudi Arabia. Their common
features were the high role of extraction, production and (or) export of primary energy resources, a significant share of
fossil fuels in the energy mix, and increased sensitivity to climate transition risks.

The third cluster was a group of carbon-intensive industrial and developing economies. They were characterized by a
growing demand for energy, a significant share of industry, and the infrastructural inertia of the energy system.

The fourth cluster included countries with higher energy efficiency, a greater share of low-carbon generation, and/or
progressive climate policies.

Discussion. Thus, GHG emissions cannot be the sole factor in determining a country's climate strategy. Instead, it is a
complex combination of factors that determine a country's cluster affiliation. These factors include the size of the
economy, population, generation structure, share of fossil fuels, role of exported energy resources, level of energy
efficiency, and specific carbon load [12]. Therefore, countries with similar absolute emissions can belong to different
categories based on the types of decarbonization tasks. Examples include reducing coal dependence, decarbonization of
mining and processing, improving energy efficiency, and eliminating residual emissions from end-use sectors.


https://bps-journal.ru/

Loktionov OA, et al. Clustering of Groups of Key Greenhouse Gas-Emitting Countries Based on Economic ...

The interpretation of clusters in this study was based not on a normative assumption about the ‘“correct”
decarbonization strategy, but on the identified structural features of each group. If the cluster was characterized by a high
proportion of coal generation, the priority of reducing coal dependence was clear from the energy profile. Conversely, if
the cluster included countries with a significant role in the production and export of hydrocarbons, the key risks included
reduced external demand, carbon regulations on imports, and technological decarbonization of the extractive sector. If a
group of countries had a lower carbon intensity of generation, the focus shifted to residual emissions, final energy
consumption, and the imported carbon footprint.

The separation of China and the United States into a separate cluster can be explained by their significant role in global
energy and climate policies. These two countries account for a large portion of global energy demand and possess the
resources to implement low-carbon technologies. However, it is important to note that the two economies differ in terms
of their energy use [13]. Industrial coal emissions in China are higher than in the United States. The United States, on the
other hand, has a high energy intensity of the economy and high emissions per capita. Therefore, even within a cluster, it
is crucial to consider the differences in technological and behavioral sources of carbon emissions.

Table 2 summarizes the clusters and lists the most significant transitional climate risks, that is, the economic and
financial threats associated with the global transition to a low-carbon economy. Here are the directions of adaptation of
decarbonization strategies.

Table 2
Cluster profiles and directions for adapting decarbonization strategies

Priority decarbonization

Cluster Countries Key indicators Transition climate risks .
solutions
. — reduction of coal-fired
— the maximum scale of L o .
— high inertia in the generation;
the economy, energy ) .
) energy sector; — electrification and
) . consumption, and . . . .
1. Largest emitters |China, USA .. — socio-economic costs |modernization of grids;
absolute emissions;
: ) of an accelerated energy |— CCUS for
— diversified energy . .
transition hard-to-decarbonize
sector . .
industries
— high role of extraction
£ . — reduction of methane
and energy exports; — carbon regulation of leak
eaks;
2. Russia, Canada, |- significant share of importers;

. . . - . — decarbonization of
Resource-exporting|Iran, Saudi Arabia|fossil fuels; — declining demand for .
. production;
— dependence on external |primary energy resources . . .
— diversification of exports

demand for hydrocarbons

— entrenchment of a — phasing out of inefficient

Japan, Germany,

3. Carbon-intensive
industrial and

developing

United Kingdom,
South Korea,
France, India,
Brazil, Indonesia

— growth in energy
consumption;

— significant share of
industry

high-carbon development
trajectory;

— investment shortfall;

— technological
dependence

coal-fired generation;
— energy efficiency in
industry;
— financing of climate
programs

4. Energy-efficient
and relatively

low-carbon

EU (except
France,
Germany),
Australia,
Norway,
Switzerland,
South Africa,
Turkey, etc.

— low carbon intensity of
GDP;

— well-developed
institutional climate
policy;

— significant share of

low-carbon generation

—residual emissions from
transport, buildings, and
industry;

— high carbon footprint
associated with imports

— deep electrification of
final consumption;

— accounting for the
consumer carbon footprint;
— reduction of imported

emissions
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For Russia, Canada, Iran, and Saudi Arabia (a cluster of resource-exporting economies), decarbonization goes beyond
domestic emissions reduction. It impacts the structure of international trade, the stability of export revenue, and the ability
to comply with carbon regulations of trading partners [14]. Therefore, technologies that reduce emissions from mining
and processing, CCUS, and the formation of new export directions for low-carbon products are crucial for these countries.
All this is of particular importance in terms of transitional climate risks.

For industrial and developing economies (the third cluster), decarbonization should be consistent with energy demand
growth and the expansion of industrial capacity. Transfreral the approaches of developed countries to this cluster could
result in socio-economic costs and slow down development. Therefore, it is essential to continuously modernize power
generation, enhance industrial energy efficiency, and develop network infrastructure [15].

For developed and relatively low-carbon economies, the main challenge is to reduce residual and difficult-to-eliminate
emissions. Although these countries have an initially more advanced regulatory framework and rely heavily on
low-carbon energy sources, they still face the challenge of emissions from transportation, buildings, and consumer
products. In these countries, the importance of solutions such as end-use electrification, flexibility in the energy system,
and reduction of the carbon footprint of imported products is increasing [16].

The comparison of the results with available research on low-carbon development scenarios, global energy statistics,
and the assessment of the carbon intensity of the economy demonstrates that the cluster approach described in this article
does not replace, but complements scenario modeling.

Scenario studies are used to evaluate potential ways of achieving energy balance changes and reducing emissions.
Clustering allows us to identify countries with similar initial conditions, and therefore, similar or overlapping climate
risks during the transition. Unlike indicator rankings based on a single metric, multidimensional classification takes into
account the size of the economy, energy generation structure, resource base, and carbon intensity simultaneously.

The limitations of the study stemmed from several factors. Firstly, national statistical systems varied in their
completeness and methods for recording energy and climate indicators. Secondly, clustering results were influenced by
the composition of features included and how they were normalized. Thirdly, ~SNE was primarily used as a visualization
tool for non-linear data structures and should not be taken as an independent indicator of cluster stability. Therefore, to
interpret the results, we compared several clustering methods and conducted a meaningful analysis of the energy and
emissions profiles of countries.

From a practical perspective, the results made it possible to group countries in advance according to the similarities of
the prerequisites for decarbonization. So, for the largest emitters, the key factors were the scale of the energy system and
absolute emissions. For resource-exporting economies, it was dependence on the extraction, processing and export of
fossil energy resources. For industrial and developing countries, this was a combination of rising energy demand and the
high role of carbon-intensive generation. For relatively low-carbon economies, the main problems were related to residual
emissions and the carbon footprint of final consumption. Thus, the directions of decarbonization should be considered not
as general recommendations, but as measures determined by the profile of the relevant cluster.

Conclusion. A database of economic, demographic, energy, and climate indicators for key greenhouse gas-emitting
countries has been created. Hierarchical clustering using Ward's method and a combined #-SNE + k-means approach was
used to standardize the features and classify the countries. The four-cluster option was the most significant. In this case,
the differences between countries were reflected:

— the largest greenhouse gas-emitting countries;

— resource-export countries;

— carbon-intensive industrial and developing countries;

— relatively energy efficient and low carbon countries.

The scientific significance of the research lies in the transition from a one-dimensional ranking of countries based on
emissions to a multidimensional typology of emitters that takes into account economic, demographic, energy, and
climatic characteristics. In addition, the proposed clustering could be the basis for the preliminary selection of directions
for decarbonisation, assessment of transition climate risks, and this is the practical value of the study.

Clustering results should not be considered as a universal set of recommendations. Nevertheless, they can be used to further
analyze the similarities and differences between key emitting countries, identify optimal technologies and legislative measures
needed to reduce GHG emissions, and evaluate the effectiveness of climate decarbonization strategies.
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Abstract

Introduction. Inspecting the overhead crane runways in production workshops and warehouses is a challenging and
dangerous task. The risks for specialists are associated with the high altitude at which the runways are located and the
lack of walkways along them. At the same time, standard visual and dimensional inspection is characterized by a low
inspection speed. The scientific literature contains numerous studies on the potential of artificial intelligence (Al) to
ensure occupational safety: methods for monitoring occupational risks and preventing accidents, the relationship
between accident rates and the competencies of crane operators, the detection of defects in removable load-handling
devices using computer vision tools, as well as remote monitoring of crane safety based on video data from IP cameras.
However, these solutions do not address the inspection of crane runways, which have specific features, primarily their
considerable length (often up to 200 meters or more). The application of Al requires video-analytical monitoring along
the entire length of the runway and training a neural network to recognize local defects and geometric deviations, which
existing methods do not provide. Today, crane runway inspection is conducted through visual and dimensional control
methods, including direct inspection and surveying using total stations and theodolites. While these methods are
accurate, they are labor-intensive and time-consuming. Therefore, there is a need for the use of Al to improve safety
and speed while maintaining accuracy in identifying faults in crane runways. The aim of this research is to develop a
method for remote inspection of the overhead crane runways located at height in industrial facilities. This will help
minimize the exposure of workers to hazardous and harmful working conditions while maintaining accuracy, speed, and
reliability of the inspection results.

Materials and Methods. Data on crane runway defects collected during inspections at industrial facilities was used as
the basis for the study. The methodology for identifying defects in crane runways was based on GOST R 56944-2016".
Computer vision neural networks were trained using open libraries for Python language. A modernized pre-trained
YOLOVS neural network was used to detect defects.

Results. A method for remote detection of defects on overhead crane runways was developed using an unmanned aerial
vehicle designed by the authors (a quadcopter with a protective frame, equipped with a Livox MID-40 lidar, an Orbbec
Gemini 2 depth camera, a 4K RGB camera, and a DWM1000 positioning system supporting TWR and TDOA). Based
on survey data collected in 2024 from 352 overhead cranes with a total runway length of approximately 14 kilometers, a
modernized YOLOVS neural network for computer vision was trained. This resulted in the creation of a complete three-

dimensional point cloud that covered the runways, crane beams and supports, as well as reference to column lines and

' GOST R 56944-2016 “Lifting Cranes. Overhead Crane Rail Tracks. General Technical Requirements” (approved and put into effect by Order
No. 463-st  of  the  Federal  Agency  for  Technical  Regulation — and  Metrology  dated  1June  2016). URL:
https://ohranatruda.ru/upload/iblock/8fe/4293754222.pdf?ysclid=mnsm94qrk671517049 (accessed: 10.04.2026).
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centers. The three-dimensional model allowed for the automatic identification and classification of local defects, as well
as the estimation of their sizes with accuracy of one millimeter. Automated geometry assessment showed that the
deviations in the runway markings in the model in question did not exceed the permitted values according to
GOST R 56944-2016 (40 millimeters in one section and 10 millimeters on adjacent columns), which confirmed the
effectiveness of the method.

Discussion. The results obtained indicate that the authors’ goal has been achieved — the development of a method for
remote inspection of overhead crane runways. This was made possible by conducting a significant number of surveys,
which provided a diverse range of defects for training neural networks. A comparison with previous studies has shown the
uniqueness of the proposed approach to inspecting overhead crane runways. Methods based on artificial intelligence and
unmanned aerial vehicles (UAVs) have previously been used to monitor personnel, assess removable lifting attachments,
and inspect tower cranes outdoors. However, these methods were not suitable for detecting local defects in overhead crane
runways inside production facilities. The main limitation of the developed method was the flight time of the UAV (no
more than 20 minutes), which was due to the low battery capacity. This capacity could not be increased without increasing
the maximum size of the device (0.5 meters) in the confined conditions of enclosed spaces. The new method's results were
positive, as it enabled inspection of tracks along their entire length from a close distance. By building a 3D model using
photogrammetry, it was possible to assess the size of defects and reduce labor intensity and duration of the survey by at
least half. These benefits made its further development and practical implementation worthwhile.

Conclusion. The main outcome of the study was the development of a method for remote inspection of overhead crane
runways located at height in industrial facilities. During the research, neural networks were trained to detect defects,
and an algorithm was created for inspection. This involved creating a three-dimensional model that allowed for
automated assessment of geometric deviations in the runways in both longitudinal and transverse planes, as well as the
identification of local defects. The key benefit of this method was that it eliminated the need for experts to climb to
heights, ensuring their safety. Additionally, it allowed for the inspection of hard-to-reach areas and the detection of
previously invisible defects, reducing the likelihood of future emergency situations. Further research in this field will
focus on improving the system's ability to automatically identify the condition of load-bearing metal structures and
possible defects in cranes.

Keywords: overhead travelling crane, runway, neural network, safety monitoring, unmanned aerial vehicle
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AHHOTALMA

Beeoenue. O0cienoBanue KpaHOBBIX MyTEH MOCTOBBIX KPAaHOB B IMPOU3BOJICTBEHHBIX II€XaX U HA CKJIagaX — CIOXKHAs
u HeOe3omacHas 3a7a4a. PUCK sl CIeUaiucToOB CBsA3aH ¢ OOJBIION BBICOTOM, HA KOTOPOM PACIOJIOKCHBI ITyTH, a TaK-
KEe C TeM, YTO MPOXOAHBIE Tajleped BAOJNb HHUX YacTO OTCYTCTBYIOT. IIpM 3TOM cTaHZApTHBIA BH3yalbHO-
M3MEPUTENBHBIN KOHTPOJIh OTIMYAETCS HU3KOW CKOPOCTHIO 00CIeIoBaHUs. B HaydHOW UTEpaType MHUPOKO MPeCTaB-
JICHBI UCCIICIOBaHUS, B KOTOPBIX PACCMATPHUBAIOTCS BO3MOXHOCTH HMCKyccTBeHHOTrOo mHTeiutekta (W) mist obecreue-
HUS TIPOM3BOACTBEHHON O€30MaCHOCTH: METOIBI KOHTPOJS NMPOW3BOACTBEHHBIX PHCKOB M INPEIOTBPAIICHUS aBapHi,
B3aMMOCBSI3b aBAPUHHOCTH C KOMIICTCHIMSIMH MAIIMHICTOB KPAaHOB, Paclo3HaBaHUE Ae(PEeKTOB CHEMHBIX TPYy303aXBat-
HBIX TPUCTIOCOOJICHUI CPEICTBAMH KOMIBIOTCPHOTO 3PCHHS, a TaKKe NUCTAHIIMOHHBI MOHHUTOPHUHT OC30MacHOCTH

KpaHOB 1O JaHHBIM BHUACO C IP—KaMep. O,HHaKO OTHU PCHICHUSA HC KaCaroTCs O6CHCZ{OBaHI/IH CaMUX KPaHOBBLIX nyTeﬁ,
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KOTOpbIe 00J1a1al0T PAIOM CHEIMPUISCKIX 0COOSHHOCTEH — TPEXkKIE BCEro 3HAUUTEIHHONW MPOTSHKEHHOCTRIO (Hepe-
ko 1o 200 metpoB u 6oinee). [Ipumenenne MU 3xech TpeOyeT BUICOAHATUTHYECKOTO KOHTPOJIS 110 BCEH JUTMHE ITYyTH U
00y4eHUsI HEHpOCeTH paclo3HaBAaHMIO CIEHU(PUYECKUX MECTHBIX IE(EKTOB M OTKIOHEHHH I'€OMETPHH, YEero CyIle-
CTBYyIOIIIE METOIbl He obecneunBaroT. CeromHs Takoe o0OCIeOBaHWE BBIMOJHAECTCS B (OpME BU3YaIbHO-
N3MEPHUTENHEHOTO KOHTPOJISI C HEMOCPENICTBEHHBIM OCMOTPOM U IIJIaHOBO-BBICOTHOM CHEMKOHM TaxeoMeTpaMH U TeoJ0-
JUTAaMH. DT METOABI TOYHBI, HO TPYJOEMKH M MeIJICHHBI. TakuM 00pa3oM, CyIIeCTBYeT 3anpoc Ha npumeneHue MU
JUIS MICHTU(UKAIME HEUCIPABHOCTEH KPAHOBBIX IMyTEH C COXPaHEHHEM TOYHOCTH IPH INOBBIMICHUH OC30IIACHOCTH U
ckopocTH. Llens naHHOTO HMCcaenoBaHUA — pa3padOTKa METOAA JUCTAHIMOHHOTO 0OCIEAOBaHU KPAaHOBBIX ITyTEH MO-
CTOBBIX KPaHOB, PACIOJIOKCHHBIX Ha BBICOTE B MPOM3BOACTBEHHBIX ITOMEIICHHSX, MO3BOJIIONIETO MUHUMHU3UPOBATH
BO3/ICiiCTBUE ONACHBIX M BPEIHBIX PONU3BOJICTBEHHBIX (h)aKTOPOB Ha MEPCOHAI IIPH COXPAHEHUH TOYHOCTH, CKOPOCTH U
JIOCTOBEPHOCTH TIOJIy4aeMbIX PE3yIbTATOB.

Mamepuansl u memoodsi. B xauectBe 6a30B0i1 MH(OpMaLUK OBLIM MCIOJIB30BAHBI JAHHBIE O Ae(EKTaX KPAaHOBBIX ITy-
TEH, MOJy4eHHbIE B X0€ 00CIe0BaHU UX HA ITPOMBIIUICHHBIX IPEeINpUsITHsIX. MeToaudeckas 4acTh MO BBIIBICHUIO
nehekToB kpaHoBbIX myTeit ocHoBaHa Ha 'OCT P 56944-2016. HelipoHHBIE CETH KOMIIBIOTEPHOTO 3pEHUS 00ydJann Ha
OCHOBE OTKPBITBIX OnONmoTek i s3p1ka Python. [lns pacmoszHaBanus ne)eKTOB HCTIOIB30BANACh MOJCPHU3UPOBAHHAS
npenoOyyeHHast HelipoHHas cetb YOLOVS.

Peszynemamut uccneoosanus. Pazpaboran METo] NUCTaHIMOHHON JedeKTalnuy HaJA3eMHBIX KPaHOBBIX IyT€H MOCTO-
BBIX KPaHOB C NPHUMEHEHHEM OECIMIIOTHOTO JIETATENbHOTO allapara aBTOPCKON KOHCTPYKOWH (KBaJpOKONTEp C 3a-
IIATHBIM KapKacoM, ocHamEHHBIN mmaapom Livox MID-40, kamepoit riryounst Orbbec Gemini 2, RGB-kamepoit 4K u
cucremoii nozunuonuposanusit DWM1000 ¢ noxnepxkkoii TWR u TDOA). Ha ocHoBe nanHHbIX obcnenoBanust 352
HaJ3eMHBIX KPaHOBBIX MyTeH 00IIeH MpOTsHKEHHOCTRIO OKOJIO 14 KUIIOMETpOB, MoJydeHHbIX B 2024 roxy, Obuta 00y-
YeHa MOJICpPHU3UPOBAHHAS HEHPOHHAS ceTh KoMIbIoTepHOTO 3peHus YOLOVS. B pesynbpTare ObIJI0 CO3aHO ETOCTHOE
TpéXMepHOe 00JIAKO TOYEK, OXBATHIBAIOLIEE PEJIbCHI, TOAKPAHOBBIE OAJIKM M OINOPHI C MPHUBA3KOH K CTBOpaM M OCSIM
koisioHH. [locTpoeHHas TpéxMepHast MOJIENIb [IO3BOJIMIIA B aBTOMAaTH3UPOBAaHHOM PEXHMME BBISIBUTH U KIaCCH(UIMPO-
BaTb JIOKAJIbHbIE AE(EKTHI U OLEHNUTH UX Pa3MEPBI C TOYHOCTHIO 0 OAHOTO MUIJIITIMETPa. ABTOMAaTH3UPOBAHHASI OLIEHKA
TeOMETPHUH TOKa3aja, 9TO OTKJIOHEHHUSI OTMETOK PEJIbCOB B pacCMaTpUBAaEMOM MOJIETIM HE TPEBHIIIAIOT JOIMYCTUMBIE T10
I'OCT P 56944-2016 3nauenus (40 MIIIMMETPOB B OJHOM CeueHHH U 10 MUIIUMETPOB Ha COCETHUX KOJIIOHHAX), UYTO
TTOATBEPAMIIO pabOTOCTIOCOOHOCTh METOA.

Oécyacoenue. TlomyucHHBIE PE3YNIBTATH CBUICTEIBCTBYIOT O JOCTHKEHHH ITOCTABJICHHON aBTOpaMH LIEJIM — O pa3pa-
00TKEe MeToJa MUCTAHIMOHHOTO OOCIHeOBaHMS KPAHOBBIX ITyTE€Hl MOCTOBBIX KPaHOB. DTOMY CIIOCOOCTBOBaJl 3HAYH-
TEJILHBI 00BEM TNPOBENEHHBIX 0OCIEIOBAaHMH, 00ECHEYHBIIMH Pa3HOOOPa3HYI0 BBHIOOPKY He(EKTOB JUII OOydYCHHUS
HEWpOHHBIX ceTel. CpaBHEHME C paHee IPOBEACHHBIMU HCCIICAOBAHUSIMU ITOKA3aJ0 YHHKAIBHOCTH MPEIIOKEHHOTO
MOJX0/a K 00CIIeI0BaHNIO Ty Teld MOCTOBBIX KPAHOB: Y)K€ OITMCaHHbIE METO/IbI HA OCHOBE MCKYCCTBEHHOTO MHTEIUIEKTa
n BITJIA npuMeHsUTMCh JUIsi KOHTPOJIS TIepcoHaa, OIIEHKH ChbEMHBIX IPY303aXBaTHBIX NMPHUCIOCOOICHNUH, CTAIbHBIX Ka-
HATOB WX JUIA 0OCIeOBaHMs OAaIlIeHHBIX KPAaHOB HA OTKPHITOM BO3[AyX€, OZHAKO HM OJWH M3 HUX HE ObLI NPHUTOACH
JUISl BBISIBJICHUS JIOKQJIBHBIX JE€(EKTOB HAJ3E€MHBIX KPAHOBBIX MyTeH BHYTPH IMPOU3BOJACTBEHHBIX MoMemeHnil. OcHOB-
HBIM OIpaHHYeHHEM pa3paboTaHHOrO MeTona siBisieTcs Bpems moiéra BITJIA (me Gonee 20 MuHYT), 00yCIOBIEHHOE
MaJloll EMKOCTBIO aKKyMYJISITOPOB, KOTOPYIO 0€3 TOBBIIICHHS TpeaesbHOro pa3mepa anmnapata (0,5 MeTpa) HeBO3MOX-
HO YBEIMYHUTh B CTECHEHHBIX YCIOBHAX 3aKPBITHIX MOMELICHHH. Pe3yapTaThl pa3paboTKH HOBOTO METOJIa HHTEPIPETH-
PYIOTCS Kak IOJOXUTEIbHBIE: OH 00ecreyrBacT OCMOTp IyTeil 1Mo Bceil [uMHe ¢ OJIM3KOro paccTOSHHS, HOCTPOCHUE
3D-Monenu MeToioM (OTOrpaMMETPHH TTO3BOJISIET OLIEHUTH pa3Mephl Ae(EKTOB U CHU3UTH TPYIAOEMKOCTh M IIPOJOJI-
KUTEIHHOCTh 00CIIEIOBaHH HE MEHEE YeM B JIBa pas3a. Bce 3To AenaeT 1menecoo0pa3HbIM €ro JasibHEHIee pa3BUTHE U
BHEJ[PEHHE B NIPAKTHUKY.

3axntouenue. OCHOBHBIM HTOTOM HCCIIEAOBAHUS CTaJ pPa3pabOTaHHBIN METOJ JUCTaHIIMOHHOTO 00CIIeI0BaHMs KPaHO-
BBIX IyTeld MOCTOBBIX KPaHOB, PACHOJIOKEHHBIX Ha BBHICOTE B IPOW3BOJCTBEHHBIX MOMEIICHUAX. B Xo1e npoxenanHoi
paboThl ObLTH O0yUYEeHBI HEHPOHHBIC CETH MOUCKA ASPEKTOB M CO3/IaH ATOPUTM OOCIEAOBAHUS C TTOCTPOCHUEM TpPEX-
MEpHOH MozenH, odecrieunBaroniell aBTOMaTH3NPOBAHHYIO OLIEHKY T€OMETPUYECKUX OTKIOHEHUH PENbCOB B MPOJOIb-
HOH ¥ TIOTIEPEYHON TUIOCKOCTSIX M BBISIBIICHUE JIOKAIBHBIX e(ekToB. KiroueBoe J0CTOMHCTBO MeTo1a — o0ecrieyeHne

0e30I1aCHOCTH IKCIIEPTOB 3a CUET MCKIFOUEHUS MOIhEMa Ha BBICOTY, a TaK)Ke BO3MOXXHOCTH OOCIICIOBAHHS TPYIHOIO-
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CTYIIHBIX yYacTKOB M OOHApyKEHHs paHee He3aMETHBIX Ae(EeKTOB, UTO CHHKAECT BEPOSITHOCTH BOSHWKHOBEHHS BIIO-
CJIEICTBUY aBapUIHBIX cUTyanuil. [lampHeWnne uccieaoBaHus B 3TOM IUIaHe OyIyT HalpaBJICHBI Ha JOMOJHCHUE CH-
cTteMbl (DYHKIHCH aBTOMATHYCCKOW MACHTU(HUKAIIMUA COCTOSHHS METAJUIOKOHCTPYKIUI CaMHX TPY30MOJbEMHBIX Kpa-

HOB 1 UX BO3MOJKHBIX ,I[e(fl)eKTOB.

KioueBble cj0Ba: MOCTOBOI KpaH, peHLCOBHﬁ nyTh, HeﬁpOHHaﬂ CCTb, MOHUTOPUHT 6630HaCHOCTI/I, OCCIUIOTHEII

JIeTaTeIbHBIN amfrmapar

Jas mutupoBanus. Erensckuit B.B., Hukomaes H.H., Erensckas E.B., Kopotkuiit A.A., Teprosckoii JI.A. Cucrema
HACHTU(HUKAILIMA COCTOSIHUS PEIbCOBBIX IyTEH IPY30MOIbEMHBIX KPAHOB. Be30NACHOCHb MEXHOSEHHBIX U NPUPOOHBIX
cucmem. 2026;10(3):219-231. https://doi.org/10.23947/2541-9129-2026-10-3-219-231

Introduction. The inspection of overhead crane runways in production facilities and warehouses is a complex and
risky task for experts and professionals in the field of lifting equipment. Currently, the inspection of overhead crane
runways is conducted in accordance with Rostechnadzor Order No. 461 dated November 26, 2020 “On the Approval of
Federal Standards and Regulations in the Field of Industrial Safety “Safety Rules for Hazardous Production Facilities
with Lifting Facilities”2. The inspection involves visual and measuring control along the entire length of the crane run-
way, as well as geometric parameter control during the planned compilation survey using special devices such as total
stations and theodolites. The danger during this inspection arises from the fact that crane runways are located at a con-
siderable height, usually ranging from 3—5 meters, but in some cases exceeding 20 meters. Overhead cranes come in
two types, depending on how they are supported on the crane tracks. There are supported cranes and suspended cranes.
In the supported type, the runways are attached to the crane beam, which is most often an I-beam, by welding or bolt-
ing, and these joints are prone to wear. When heavy-lift cranes are installed, connecting passages may be arranged to
allow for inspection of the supporting crane runways. However, if the lifting capacity is less than 10 tons, connecting
passages may not be provided. With suspended cranes (where the crane runways are in the form of I-beams), connect-
ing passages are also typically not provided. In such cases, inspection is conducted from repair sites and using scaffold
towers, which greatly increases the difficulty and duration of the inspection, as well as the risk of falling from height.
Therefore, it is necessary to develop examination methods that do not require specialists and experts to be lifted to a
height, while ensuring the accuracy of detecting and evaluating defects. Additionally, there is a challenge in developing
faster and more efficient control methods than direct visual inspection.

The scientific literature has already discussed the potential of artificial intelligence for industrial safety. One well-
known platform is a digital video monitoring system [1], which provides round-the-clock monitoring of crane opera-
tions, loading and unloading activities. It also monitors the use of special clothing and personal protective equipment by
workers, the presence of workers in a dangerous area when moving goods, areas of rail tracks (absence or presence of
unauthorized persons, equipment), the condition of load-handling devices (LHDs), as well as the positioning of trans-
ported cargo, and compliance with warehousing regulations. The system uses video analytics from IP cameras, pro-
cessed by artificial intelligence, to provide this information to specialists and managers. The advantage of this approach
is that it allows for comprehensive control over crane operations and personnel actions and equipment. This method is
based on video data from permanently installed IP cameras. Each camera covers a fairly large area, although the exact
size is not specified [1]. This allows the method to perform its intended functions. However, it is not suitable for over-
head crane runways. To identify local defects, the video must cover the entire length of the runways and have high reso-
lution. Shooting must be done in stereo format, with data on the depth of the structure and defects.

A method for LHD assessment based on computer vision algorithms trained using the Roboflow platform has been
developed and applied [2]. The method allows for assessing the condition of LHDs located on a storage stand by pro-
cessing photo and video materials captured by a webcam. However, the limitation of this method is that it can only be
applied to LHDs as the webcam is permanently installed on a special stand for storing them, and it cannot receive data
from a significant distance. Additionally, the neural network used for training was focused on defects specific to LHDs
and therefore cannot be used for overhead crane runways.

2 Rostechnadzor Order No. 461 dated November 26, 2020 “On the Approval of Federal Standards and Regulations in the Field of Industrial Safety
“Safety Rules for Hazardous Production Facilities with Lifting Facilities”. (In Russ.) URL:
https://www.consultant.ru/document/cons doc LAW 373321/ (accessed: 14.07.2026).
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In foreign studies [3], computer vision neural networks based on the pre-trained YOLOvVS model [4] and complex
data analysis of the large GPT-3.5 Turbo language model [5] were used to ensure the safe operation of tower cranes.
The authors developed a specialized safety knowledge base, which was compared with GPT-3.5 to discuss safety in
context. The model proposed in [6] provides practical recommendations for improving safety during the operation of
tower cranes in high-risk construction. The authors of [7] claim that computer vision can provide real-time spatial
awareness, dynamically determining worker positions, equipment movement, and proximity to hazardous areas. A posi-
tive aspect of this study is its emphasis on staff safety and the recommendation of Al tools to further improve it. How-
ever, computer vision is unable to cover the entire working area of a crane, leaving out possible local structural defects.
This makes it impossible to use computer vision methods to identify defects in the tracks of overhead cranes.

It is known that unmanned aerial vehicles (UAVs) are used for visual inspection of hard-to-reach areas of tower
crane structures [8]. This allows for the identification of defects and damages, as well as the prevention of accidents.
While this survey method has many advantages, it should be noted that the UAVs used for this purpose are only intend-
ed for outdoor use, as their positioning is based on GPS navigation protocols. Overhead crane runways are typically
located inside buildings (workshops), so this method cannot be used to examine them.

The authors of [9] use computer vision methods to determine the degree of wear of parts, corrosion, and residual life
of machines.

There are studies on the integral assessment of the risk of operating steel ropes using computer vision technolo-
gies [10]. Based on the analysis of possible defects in steel ropes [11], a neural network computer vision model [12]
was trained and an intelligent decision support system (IDSS [13]) with artificial intelligence methods was developed.
This development has several advantages, and its principles can be applied to develop methods for inspecting overhead
crane runways. During this development, a database of rope defects was created by artificially applying them to 1,500
lengths of rope, followed by stretching them under the cameras on a horizontal milling machine. The result of this work
is a stationary device that includes elevator ropes (or one cable car rope) with three webcams and a light source inside
the device. The ropes move inside the device under the continuous all-round surveillance of the cameras. This principle
of operation is not suitable for the inspection of overhead crane runways.

There are several UAVs that are designed specifically for use indoors and in enclosed spaces [14]. These UAVs can
be equipped with cameras of various types and spectral ranges of operation, as well as lidars to create a point cloud of
the surveyed objects [15]. A positive feature of UAV data is its independence from GPS navigation. At the moment,
UAV-based methods are used to survey difficult-to-access enclosed spaces, such as blocked sections of mines or rubble
of destroyed buildings, to adjust rescue operations. While these studies do not involve the use of artificial intelligence
for the automated detection of defects in overhead crane runways, some ideas from these studies could be applied to the
development of a method for examining overhead crane runways.

An analysis of the published results of such studies has revealed a gap in scientific knowledge regarding the lack of
an effective survey method for crane runways located at a height inside industrial premises. This method should identify
defects in crane tracks with sufficiently high accuracy and inspection speed, while ensuring the safety of personnel.
This method could be developed by integrating the scientific knowledge presented in previous research, adding unique
and essential components.

This research aims to develop a method for remote inspection of overhead crane tracks located at a height in indus-
trial premises, which will minimize the impact of hazardous and harmful production factors on technical personnel and
ensure the accuracy, speed and reliability of the results.

To achieve this goal, it is necessary to solve the following tasks:

1. Create a three-dimensional point cloud for the rails, crane beams, supports, with reference to the locations of
crane beam supports along the axes of both rails (hereinafter referred to as the A-axis rail and the B-axis rail). The mod-
el should provide a complete picture of the relative positions of rail elements along these axes.

2. Add a three-dimensional cloud of high-density points for A-axis and B-axis rails to identify deviations of crane
runway elements from their design positions in plan and profile (planned high-altitude survey), as well as detect defects
in crane tracks.

3. Develop a three-dimensional model of the above-ground crane runways with automatic assessment (measurement) of

deviations in the geometry of crane runways, wear and local defects, and link them to column lines and sections.
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Materials and Methods. Data on defects on overhead crane runways was used as initial information. This data
was obtained during the inspection of overhead cranes as part of expert control of lifting cranes at machine-building
enterprises in 2024. A survey was conducted during which 352 overhead crane runways with a total length of
14 kilometers were examined. The methodological part of the study was based on GOST R 56944-20163. Computer
vision neural networks were trained using open libraries for the Python language. An upgraded YOLOvVS8 pre-trained
neural network was used to detect defects. Its architecture was a three-part system consisting of a feature extractor
(CSPDarknet53 software module), a feature combinator (C2f module) and an output predictive block (decoupled head
module). YOLOVS was developed by Ultralytics and had open source code available for further modernization to meet
the needs of a specific project.

The hardware basis of the platform was a flying mobile system with a modular architecture (Fig. 1)

Fig. 1. Industrial inspection FPV drone (quadcopter) with protective frame

The authors proposed their own design of an unmanned aerial vehicle (quadcopter), assembled from the components
manufactured in China and available for purchase from the distributors of such equipment.

To position UAVs relative to base stations and so-called anchors, the DWM1000 sensor was used — TWR position-
ing support (Two-Way Ranging, a method used to determine the distance between two devices using signal exchange)
and the TDOA sensor (Time Difference of Arrival, a positioning method that determines the location of an object by
measuring the difference in the time of arrival of its signal by several receiving stations (anchors) with known coordi-
nates).

The sensor complex included three key types of sensors:

— spatial sensing equipment (Livox MID-40 multi-lens lidar, Orbbec Gemini 2 depth camera);

— visual perception equipment (DJI O3 Air Unit— a digital FPV system that included a compact 4K RGB camera
and a transmitter);

— positioning and stabilization systems (DWM 1000 sensors, NAV40 inertial modules, short-range detection systems
based on ArduPilot firmware, backup navigation methods — visual odometry and optical navigation based on lidar and
cameras).

The computing subsystem was based on the Aocoda-RC F765 V2 processor module with graphics acceleration,
which supported the computer vision algorithms, neural network processing and data fusion.

The survey procedure for the above-ground crane runway of the supporting structure using an unmanned aerial ve-
hicle was conducted in accordance with the following algorithm (Fig. 2):

1. Checking the condition and installing the charged battery of the UAV.

2. Calibration of the means of spatial and visual perception.

3. Performing a test flight to verify the operation of the navigation systems and the systems for capturing and
transmitting point clouds of the 3d model.

3 GOST R 56944-2016 “Lifting Cranes. Overhead Crane Rail Tracks. General Technical Requirements” (approved and put into effect by Order
No. 463-st  of  the  Federal  Agency  for  Technical  Regulation  and  Metrology  dated — 1June  2016). URL:
https://ohranatruda.ru/upload/iblock/8fe/4293754222.pdf?ysclid=mnsrn94qrk671517049 (accessed: 10.04.2026).
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Install battery
¥
}{ Perform test flight ]

Troubleshoot

Testing successful?

Initial scan

¥
Precision scan
¥
3D model construction
¥

3D model processing

Dimensional deviation assessment and horizontal-vertical
survey of rail tracks

Y

Local defect detection

Fig. 2. Algorithm for using UAVs to inspect overhead crane runways

4. Performing the initial scan (Fig. 3, pos. 1) to create a complete three-dimensional point cloud covering runways,
crane beams, supports, with reference to the locations of the crane beam supports along the axes of both rails. At the
same time, to ensure the integrity of the model, the scan could cover the floor of the room or the structural element con-
necting the crane beams of the A and B axes. The span distance was about one meter from the scanned elements. The
speed was 5 m/s. The density of scan points was 2,000 pcs/m?.

5. Performing an accurate scan of the runways of A and B axes to add a three-dimensional cloud of high-density
points (Fig. 3, pos. 2). In this case, the flight was made at a distance of approximately 0.2 meters from the scanned ele-
ments. The speed was 1 m/s. The density of scanning points was 40,000 pcs/m?.

Fig. 3. Primary (1) and close scanning area (2)
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6. Creation of a 3D model from the captured point cloud in the Geomagic Wrap application.

7. 3D model processing using artificial intelligence. At the same time, the following elements of the model were
determined: rails, crane beams, supports, and lines locations. The processing was performed using a proprietary applica-
tion based on the upgraded YOLOv8 model.

8. Model determination of deviations in the size and planned height position of runways from the limit values of
GOST R 56944-2016 “Cranes. Overhead Crane Railways. General Specifications™?,

9. Identification of local defects of crane runways on the model.

In paragraphs 8 and 9 of the algorithm, the accuracy of the detected deviations and defects at the test stage of the
method was verified by comparison with the results of visual and measuring control. After completing the tests of the
method, the parameters of its accuracy would be indicated in the regulatory and technical documentation.

Research Results. A method of flaw detection of overhead crane runways using unmanned aerial vehicles has been
developed. Local defects of crane runways have been identified. The data were obtained during the survey of overhead
cranes as part of an expert survey of lifting cranes at machine-building enterprises.

In particular, the following tasks set by the authors were solved:

1. A three-dimensional point cloud was created (Fig. 4), which included rails, crane beams, supports, with reference
to the locations of the crane beam supports along the axes of both rails (A-axis rail and B-axis rail). At the same time,
the model provided a comprehensive view of the relative position of the path components along the A and B axes.

Fig. 4. Model of a beam crane with crane runways

Figure 4 demonstrates a model of an overhead beam crane with crane runways obtained from a three-dimensional point
cloud, the axes of A and B rails are indicated, as well as the line numbers — columns with a median line between them.

2. A three-dimensional cloud of high-density points was obtained for the rails of axis A and axis B in order to identi-
fy deviations of crane runway elements from the design position in plan and profile (compilation survey), as well as to
detect defects in the crane runways (Fig. 5-10).

The photographs of the defects shown in Figures 5-10 were taken in the workshops of an industrial company during
a real-life survey, using the available lighting and optical clarity of the air.

The defects were assessed using a trained computer vision neural network.

Figure 5 shows a defect in the joint of an [-beam with poor-quality welding of the fixing plate.

&

Fig. 5. Joint defect

4 GOST R 56944-2016 “Lifting Cranes. Overhead Crane Rail Tracks. General Technical Requirements” (approved and put into effect by Order
No. 463-st  of  the  Federal  Agency  for  Technical  Regulation  and  Metrology  dated  1June  2016). URL:
https://ohranatruda.ru/upload/iblock/8fe/4293754222.pdf?ysclid=mnsm94qrk671517049 (accessed: 10.04.2026).
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Figure 6 demonstrates a defect in the perforation of the I-beam of a suspended overhead crane (in the weld area).

Ir—

Fig. 6. I-beam perforation

Figure 7 shows an example of rail wear with chipping of the side edges and holes on the work surface.

Fig. 7. Wear of the rail with chipping and holes

Figure 8 provides the result of abrasion of the I-beam by the wheel of an overhead crane. The defect could occur as
a result of bending of the beam or malfunction of the crane structures.

—

Surface Abrasion

Technosphere Safety

Fig. 8. Abrasion of the side surface of the [-beam
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Figure 9 shows the wear of the rail as a result of wheel slipping of the support crane.

P

Fig. 9. Wear of the rail as a result of the crane wheel slipping

Figure 10 shows a defect in the thermic cut of the I-beam without a bottom plate.

| Joint Defect |

Fig. 10. Defect in the thermic cut area of the I-beam

3. The created three-dimensional model of crane runways allows for an automated assessment of deviations in the
geometry of crane runways, wear and local defects with reference to the column sections and axes (Fig. 4).

Evaluation of the geometry of crane runways, presented as a model in Figure 4, gave the following results, which
are shown on Figure 11.

Ha, mm 10
Hg, mm
-10 A
=30 B
=50
> 1 2 3 4 5

Target cross-section numbers / Station numbers

Fig. 11. Evaluation of the geometry of rails in the vertical plane
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The permissible difference in rail elevation within one cross-section along the axis of symmetry [P1] was 40 mm,
and the permissible difference between adjacent columns [P2] was 10 mm (according to GOST R 56944-2016%). By
comparing the data in Figure 11 to the allowable values, we could conclude that the geometry deviations in the crane
track under consideration were within tolerance.

This method of flaw detection allowed us to obtain photo and video data, which could be used to estimate the size of
defects with accuracy of one millimeter.

Discussion. The results obtained during the application of the method developed by the authors fully meet both the
research goals and the objectives of its implementation. Achieving accurate and precise indicators was made possible
by the large number of above-ground crane runway surveys, which allowed us to collect a variety of samples of defects
in the geometry of crane runways and local defects. Data processing made it possible to train neural networks for com-
puter vision and create fully functional three-dimensional models that can automatically identify and evaluate defects.

Comparison of the results obtained with literature data, theories, and other developments allows us to conclude that
this study is unique. No such method has been developed before for overhead crane runways.

At the moment, the main disadvantage of the developed method is the limited operation time of an unmanned aerial
vehicle due to a lack of battery power. It is not possible to install larger batteries, as this would require increasing the
size of the unmanned aerial vehicle. Therefore, the maximum size of a drone can be no more than 0.5 meters, due to the
limited space in enclosed areas, and the flight time can be no longer than 20 minutes (depending on the weight of the
equipment).

The results of the study should be interpreted as positive. The method should be developed and implemented to im-
prove the efficiency of inspection of overhead crane runways. In practice, the method allows you to:

— inspect crane runways from a close distance along their entire length;

— estimate the size of local defects using photo and video recordings and specialized software;

— create a 3D model of the crane runway using photogrammetry and assessing deviations from straightness in both
the longitudinal and transverse planes;

— reduce labor intensity and duration of inspections by at least two times.

Conclusion. In conclusion, it should be noted that the work done by the authors has produced significant results, the
most important of which is the development of a method for remote inspection of overhead crane runways. During the
study, neural networks were trained to detect defects and an algorithm was created for examining crane runways by
creating a three-dimensional model that allows for estimating geometric deviations in the rails in the longitudinal and
transverse planes. The main advantage of this method is that it ensures the safety of experts and specialists who inspect
lifting facilities. Additionally, the method enables the inspection of hard-to-access areas of crane runways and the iden-
tification of defects that may have gone unnoticed, reducing the likelihood of accidents.

Future research plans for lifting cranes involve the development of additional features to the system that will help
identify their condition. The system will automatically inspect the crane runways and analyze the condition of the metal
structures, identifying any defects.
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Abstract

Introduction. The new “Infrastructure for Life” project aims to renovate housing, public spaces, and develop
convenient public transportation routes. Along with chemical air pollution, motor vehicle traffic is becoming a
significant source of noise pollution that threatens public health. Special acoustic barriers and green spaces are used to
control noise. However, existing methods of noise protection for courtyard spaces are not always effective and/or
require significant material costs. To overcome these limitations, the use of small architectural forms (SAFs) has been
proposed. These forms can serve as noise reduction measures and also be elements of landscaping. The aim of this
research is to provide a calculated justification for the possibility of using engineering and technical landscaping
elements, namely SAFs, to reduce the noise from adjacent residential infrastructure, particularly motor vehicles, on
recreational and leisure areas in residential districts.

Materials and Methods. The empirical basis of the study consisted of data from regulatory documents, scientific
publications, and field observations. The research object was a small architectural form, a semi-enclosed gazebo with a
solid rear wall, which could be used for noise protection of adjacent courtyard spaces and landscaped areas. For
comparison, we also considered the following design solutions: no barrier, a standard noise barrier, a strip of green
space, and a small railway barrier. Acoustic calculations were performed in accordance with current standards using
specialized software, including Ecolog-Noise, Calculation of Sound Insulation, and Calculation of Traffic Flow Noise.
Results. Calculations of noise impact and airborne sound insulation were performed for various design options, and the
results were presented in tables and graphical materials. The frequency characteristic of airborne sound insulation for a
solid SAF wall was determined graphically in the form of a broken line. The airborne sound insulation index for the rear
wall of the SAF was 29 dB, which indicated its potential use as a local noise protection element under the considered
calculation conditions. Calculations of traffic noise characteristics showed that the equivalent sound level of the motor
traffic flow was 59.7 dBA, while the maximum permissible level for a residential recreation area was 45 dBA. The
graphical representation of the noise propagation calculation results was presented as isolines of acoustic discomfort
zones at the normalization height of 1.5 m. Additionally, a 3D graphical distribution of noise was prepared for
visualization purposes.

Discussion. The results showed that the calculated noise reduction was primarily determined by the presence of a solid
enclosing surface between the acoustic impact source and the protected area. In the conditions considered, a standard
noise-proof screen and a gazebo-type SAF proved to be the most effective, while green spaces, a small acoustic screen
and the absence of any protective measures did not provide the required level of noise protection.

Conclusions. The use of enclosing structures, including acoustic barriers and SAFs, can significantly reduce the noise
level and decrease the acoustic discomfort zone. The need to develop affordable and effective solutions for reducing
noise levels in residential areas is determined by sanitary and hygienic legislation. The calculated data demonstrate the
prospects of using semi-enclosed SAFs with solid enclosing elements as an additional means of local noise protection.
However, the final assessment of their effectiveness requires further verification for other structural solutions, planning
conditions, and noise load scenarios.
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AHHOTALINA

Beeoenue. Hoolii mpoekT «MHPpACTpYKTypa A )KU3HI» MPEAyCMaTpUBaeT OOHOBIIEHUE KIJIHITHOTO (OHIA, Pa3BH-
THE OOILIECTBEHHBIX NPOCTPAHCTB U (POPMHUPOBAHKE yNOOHBIX MapUIPYTOB OOIIECTBEHHOTo TpaHcnopra. Hapsiay ¢ xu-
MHUYECKHM 3arpsi3HEHUEM aTMOC(EPHOTO BO3AyXa aBTOTPAHCHOPT SBISIETCS 3HAYMMBIM MCTOYHHKOM IIyMOBOTO BO3-
JIEHCTBUS, MPENCTABIIIOLIET0 yrpo3y Ul 300pOBbsl HaceneHus. [l CHYKEHUsI ypOBHS IIyMa IPUMEHSIOTCS CIELH-
aJbHBIC aKyCTHYECKHE SKpaHBl M 3eJeHble HacaxaeHus. OIHAaKO CYIIECTBYIOIINE CIIOCOOBI IIyMO3AIIUTH BHYTPHUIBO-
POBBIX IIPOCTPAHCTB HE BCEraa o0JIalaloT O0CTaTOYHOM 3¢ (PEeKTHBHOCTBHIO W/MIH TPEOYIOT CYIIECTBEHHBIX MaTepuallb-
HbIX 3arpar. C Ienpl0 YCTpaHEHMs yKa3aHHBIX HEJOCTaTKOB MpPEJIaraeTcsi MCHOJIb30BaTh Mallble apXUTEKTypHbIE
¢dbopmbl (MAD), KOTOpBIE MOTYT BBICTYNATh Kak 3()PEKTUBHOE CPEICTBO CHIDKEHUS IIyMa W OJHOBPEMEHHO CITY>KHTb
3JIEMEHTOM OJlaroycTpoiictBa TeppuTopuu. Llenb HacTOSIIEro HcciaeloBaHusI — pacdyeTHOE 0OOCHOBAHUE BO3MOXKHO-
CTH TPUMCHEHUS WH)KCHCPHO-TEXHUYCCKUX 3JEMEHTOB OnaroyctpoiictBa (MA®) s CHUKECHUS IIYMOBOTO BO3ICH-
CTBHS IPUIOMOBON MH(PACTPYKTYPHI, B IEPBYIO OYEpeah aBTOTPAHCIIOPTA, HA IUIOMIAJAKHA OTABIXA M JOCYTOBBIC 30HBI
JKUJIBIX PailOHOB.

Mamepuanvt u memoosl. IMIUPUUECKYI0 OCHOBY HUCCIEIOBAHMS COCTABUIN JAHHbIE HOPMATUBHBIX JOKYMEHTOB U Hay4-
HBIX MyOJIMKAIWH, TOTIOJHEHHBIE Pe3yJIbTaTaMH HATYPHBIX HaOmoneHnii. O0bekToM m3ydeHus siBisuiach MA®D B BHUIE T10-
JIy3aKpBITOH Oecenku ¢ TIyXoi 3amHel cTeHKon. J{is comocTaBieHys: ObUTH pacCMOTPEHBI paCUETHBIC BAPHUAHTHI O€3 OTpax-
JIEHUs], CO CTAaHAAPTHBIM LITYMO3ALUTHBIM 3KPAHOM, C IOJIOCOM 3eJIEHBIX HACAKAECHUH, C MAJIBIM aKyCTHYECKHM 3KPAHOM U C
MA® Tuna «becenka». PacueTbl BBINONHEHBI ¢ IpUMEHEHHEM mporpamm «Jkosor-lllymy», «PacueT 3ByKOU3OMSIMI) U
«PacueT 11ymMa OT TpaHCIIOPTHBIX IOTOKOBY B COOTBETCTBUU C IEUCTBYIOIIMMYU HOPMAaTUBHBIMUA METOAUKAMMU.

Pezynomamut uccnedosanus. I1poBeaeHsl pacyeTsl IIyMOBOIO BO3ACUCTBHS U U30JIALUU BO3AYIIHOTO IIyMa Ui pas-
JUYHBIX BapUAHTOB, PE3yNBTATHl KOTOPBIX MPEACTABJICHBI B TAOMUIIAX M OTPa)XXCHHI B rpaduyecKux MaTepuanax. Ya-
CTOTHAsI XapaKTEPUCTUKA U3OJIAIMH BO3AYITHOTO IIyMa i crutonrHoi cteHkn MA®, n3obpakeHHas B BUAE JOMaHON
nuHUY, OblIa ompezeneHa rpadhudeckuM crocodboM. MHAEKC M30IMIIMK BO3AYITHOTO MIymMa Il 3aiaHel creHku MAD
coctaBu 29 n1b, 4To yka3plBaeT Ha MOTEHIMAJIbHYI BO3MOXHOCTh €€ NMPUMEHEHHs B KaueCTBE JIOKAJIBHOIO IIyMO3a-
IIMTHOTO 3JIEMEHTA MIPH PACCMATPUBAEMBIX PACUETHBIX yCIOBUAX. PacdeTsl MIyMOBOIl XapaKTEPUCTHKH TPAHCIIOPTHOTO
MOTOKA MMOKAa3allv, 9TO YKBUBAJIEHTHBIN yPOBEHb 3ByKa cocTaBisieT 59,7 nbA mpu npeaenbHo J0IMYyCTHMOM YPOBHE BO3-
JIEWCTBHS Ha 30HY OTIbIXa XWIOH Tepputopuu 45 nbA. I'padmueckoe oToOpaskeHHE pe3ysIbTaTOB pacueTa pacipo-
CTpaHEHHs LIyMa IPEJCTaBJICHO B BU/IE N30JIMHUI 30H aKyCTHYECKOT0 JUCKOM(OPTa Ha BBICOTE HOpMHUPOBaHUS 1,5 M.
g nononHUTENEHOW BU3yaln3alliy TaKKe BRIITOJIHEHO TpadudecKoe pacipeaeieHne myma B nepcrnekruse (3D).
Oécysrcoenue. TlomydeHHBIE pe3yNbTaThl TIOKA3BIBAIOT, YTO PACUETHOE CHIDKEHHE YPOBHS IIIyMa ONPEIeIIeTCs IpexIe
BCEr0 HAJIMYUEM CIUIOIIHOM OTpa)kAaoLiell MOBEPXHOCTU MEXKAY UCTOUHUKOM aKyCTUYECKOTrO BO3AEHCTBUS U 3alllMIIa-
eMoi IIomaaKkoi. B paccmaTpuBaeMbIX yCIOBHAX HanOoee pe3yIbTaTUBHBIMH OKa3aJiCh CTAHIAPTHBIN ITyMO3aIHT-
HbI 9Kkpad 1 MA® tuna «becekay, TOrIa Kak 3eJIeHble HACKIEHUS, MaJbli aKyCTHYECKUN dKPaH U OTCYTCTBHUE 3a-
IIMTHBIX MEPOIPUATHIA HE 00€CIIeUIH TPeOYyeMBbIi YPOBEHD ITyMO3AIIUTHI.

3aknrwuenue. Vcnionb30BaHUE Orpa)KIAOIIUX KOHCTPYKUUH, BKItoYas 3kpaHbl © MA®, 3HAUUTENbHO CHUXKAET YpO-
BEHb IIyMa M YMEHBIIAET 30HY aKyCTHYeCKOoro auckomdopra. HeobxoquMocTs pa3paboTKu JOCTYIHBIX U 3P QeKTrB-
HBIX PCUICHUH, HAIPABJICHHBIX Ha CHIDKCHHC IIYMOBOTO BO3JICHCTBHUS B JKWIBIX 30HaX, 00ycIOBICHa TPeOOBaHUAMU
CaHUTAPHO-TUTMEHUYECKOT0 3aKOHOAAaTeNbCTBa. [lonyueHHbIe pacueTHbIe JaHHBIE CBUJIETENBCTBYIOT O MEPCIEKTUBHO-
CTH IPUMEHEHHUS MOITy3aKphITEIX MA®D ¢ IIyXuMH OTPaKAAIONINMHU 3JIEMEHTAMH B KaueCTBE JOTIOIHUTEIFHOTO CPel-
CTBa JIOKAJFHOH IrymMo3amuTel. OKOHYaTe bHAs OLleHKA X AP PEKTUBHOCTH TpeOyeT nanbHeieil mpoBepKH ISl HHBIX
KOHCTPYKTHBHBIX PEILIEHUH, INTAHUPOBOUHBIX YCIOBUH U CLIEHAPUEB LTYMOBOM Harpy3KHu.
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KaroueBble ci1oBa: pusnueckoe BO3ACHUCTBUE, LIyM, XKUIIAs 30Ha, MaJble apXUTEKTYPHbIC ()OPMBI, 3BYKOU3OJISLHS

Bﬂarouapﬂocwl. ABTOpLI BbIpAXKAIOT 6J'Ial"0ﬂapHOCTI) peaakuun U pPCHCH3CHTAM 34 BHUMATCIBHOC OTHOLICHUC K

CTaTbC U YKa3aHHBIC 3aMCUaHMs, KOTOPBIC MTO3BOJINJIN MTOBBICUTL €€ Ka4CCTBO.

Jas uutupoBanusi. AprémoB A.B., Kypkun E.C., 3axapos I1.C., IlIte6a T.B. [IpumeHenre Majoit apXuTeKTypHOH (HOpMBI
Tuna «becenka» B KauecTBe IIyMO3AIIUTHON KOHCTPYKIMHK sl IUIOMIAJIOK OJaroyCTpOWCTBA JKUIBIX 30H. besonacrocmo
MexHOo2eHHbIX U npupooHsix cucmem. 2026;10(3):232-246. https://doi.org/10.23947/2541-9129-2026-10-3-232-246

Introduction. The implementation of national projects aimed at the development of transport and housing
infrastructure increases the requirements for the quality of urban environment, as well as for the safety and comfort of
courtyard spaces [1, 2]. In these circumstances, the noise generated by vehicles is considered not only as an engineering
challenge in road design, but also as sanitary and hygienic risk for the population.

It has been established in scientific literature that traffic noise is a significant component of physical pollution in
urban areas and has an adverse effect on the quality of life and health of residents [3]. Generalized studies have linked
prolonged exposure to noise to neurological disorders, cardiovascular diseases, anxiety, and other negative health
effects [4—-6]. Consequently, reducing the acoustic load in residential areas has a pronounced sanitary and hygienic, and
urban planning significance.

Existing approaches to noise pollution control in urban areas can be divided into several categories. The first
category includes engineering solutions, such as acoustic screens, enclosure structures, and sound insulation elements in
buildings [8—10]. The effectiveness of these measures depends on factors such as height, position in relation to the noise
source, geometric characteristics, material used, and the presence of sound-absorbing materials [11-13].

At the same time, engineering screens are not always the best solution for courtyard spaces. In reality, their use can be
limited by various factors such as architectural, operational, sanitary, and economic considerations. Additionally, the actual
condition of acoustic screens and the way they are placed can reduce their expected noise reduction effectiveness [14].

The second group of solutions involves the use of small and specialized acoustic screens [15, 16]. These structures
can reduce local noise, but their effectiveness depends on several factors, such as height, position relative to the noise
source and receiver, and the type of traffic. Therefore, the results obtained for railway or mainline noise cannot be
automatically transferred to courtyards and landscaping sites. Figure 1 provides a generalization of these screen

solutions.

Fig. 1. The use of noise fencing (acoustic) screens: a — attenuation during sound propagation;
b — loss of effectiveness of artificial noise-proof structures [14]; ¢ — small acoustic screens [16]
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The third group of solutions involves using green spaces to provide noise protection. These spaces can have a
sufficient width, density, and number of plants to perform this function [17, 18]. The most effective form of this is an
array of tall trees, complemented by shrubs. Vertical structure and density of the trees' crowns determine their ability to
attenuate noise.

Existing or specially designed green spaces can serve as natural noise barriers. Studies have shown that their
effectiveness depends not on the mere presence of landscaping, but on the structural parameters of the plants: height,
density, strip width, number of levels, and presence of a shrub layer [17, 18].

Consequently, green spaces have a significant ecological and urban planning potential. However, under conditions
of limited courtyard space, their noise reduction effectiveness may be insufficient. The main challenges are related to
the requirement for additional land, insufficient planting density, and the preservation of open canopy areas.

In practice, this can lead to a situation where landscaping enhances the appearance of a territory, but it does not
always guarantee the achievement of noise levels required by regulations at the borders of recreational and leisure areas.

When placing guest parking spaces and local driveways near children's and sports areas, additional local safety
measures are needed that are compatible with the architectural and planning design of the courtyard (Fig. 2).

This formulation of the problem allows us to consider SAFs as a potential element of the first line of defense against

noise in regulated residential areas.

Fig. 2. The use of green spaces as protective strips: a — attenuation during sound propagation;
b — landscaping sites with landscaping on the side of the object with negative impact (Yandex-maps open Internet source)

The analysis of these approaches shows that each of them has its limitations when used in high-density residential
development. Traditional screens can worsen the visual appeal of the courtyard area and require additional design and
construction costs. Green spaces require a significant amount of space and may not always provide adequate protection,
even with an open canopy. Small acoustic screens can be effective in certain geometric situations, but their applicability
is limited.

This issue is particularly significant for recreational and leisure areas that are located near local roads and parking
lots. Under these circumstances, a local noise reduction solution is needed, which not only decreases the acoustic
impact but also maintains the functionality and aesthetic appeal of the landscape area [7].

When it is difficult to install traditional screens or create full-fledged green or protective strips, design and
maintenance companies can utilize continuous landscaping features such as retaining walls, enclosing structures or
small architectural forms (SAFs) (Fig. 3). Their advantage lies in their ability to combine the protective function with

landscape design.
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Fig. 3. Gazebo-type small architectural form for residential landscaping areas

From these perspectives, the use of landscaping elements as part of a noise protection system is a promising
approach. Unlike special engineering screens, small architectural forms can simultaneously perform recreational, urban
planning, and protective functions, which is particularly significant for small courtyard spaces.

However, existing research focuses on traditional acoustic screens, green spaces, and engineering noise-proof
structures. The possibility of using small architectural forms with blind enclosing surfaces as local structures to protect
landscaping areas from noise has not been sufficiently studied.

Despite the availability of research on traditional acoustic screens, green spaces, and small noise-proof structures,
the potential of using functional landscaping elements combining recreational and protective functions as a means of
local noise reduction in courtyard areas has not been fully explored. The scientific novelty of this work consists in the
calculated assessment of a small architectural form with blind enclosing surfaces as a local noise protection element for
recreational areas in residential areas and in comparing its effectiveness with traditional noise protection options.

This work aimed to estimate the potential of using small architectural forms with blind enclosing surfaces as local
noise protection elements of landscaping (SAF) to reduce the noise impact of around the house infrastructure, primarily
vehicles, on recreation areas and leisure areas of residential areas.

To achieve this goal, we have solved the following tasks:

1. We have analyzed possible noise protection solutions for residential landscaping sites.

2. We have prepared calculated noise protection options, including the absence of fencing, a typical noise barrier,
green spaces, a small acoustic screen, and a gazebo-type SAF.

3. We have determined the initial parameters of traffic noise and the sound insulation characteristics of the SAF
enclosing structure.

4. We have simulated noise propagation in the landscaping area and compared the calculated levels with the
maximum permissible values.

5. We have conducted a comparative assessment of the options based on sanitary, ecological, urban planning, and
economic criteria.

Materials and Methods. Empirical Base and Data Sources. The research was based on the data from regulatory
documents, scientific publications, technical specifications of noise-resistant structures, as well as field route
observations conducted on the territory of residential buildings. This information was used to develop design scenarios,
define initial parameters of traffic flow, and establish criteria for assessing noise levels.

Specialized software, ecological Geographic Information System (GIS) “Ecolog-Shum” was used to conduct
computational and analytical work to assess the acoustic load. The software package is included in the Unified Register
of Russian Computer Programs and Databases, having been approved by the Ministry of Digital Development,
Communications and Mass Media of the Russian Federation.

There were also additional modules of the software package:

— “Noise from Highways” module. It was used to calculate the equivalent (LAeq) and maximum (LAFmax) sound
levels of the traffic flow. The methodological basis was provided by the relevant documents of the transport industry;

— “Sound Insulation Calculator” module. It was used to determine the air noise insulation index (Rw) of enclosing
structures. The calculation was performed in the one-third octave frequency bands of 100-3150 Hz, followed by
extrapolation to standard octave values. Additionally, when selecting criteria for evaluating the characteristics of materials,
reference information from the electronic catalog of the Research Institute of Building Physics (1988) was used.
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The rationale for the adopted acoustic models was based on current regulatory and technical documents of the
Russian Federation and reference materials (see notes throughout the text and references).

The parameters of planned residential development facilities were taken from the previously developed design
documentation.

Noise characteristics of vehicles were determined based on the traffic density recorded during field work in
July 2025 on the territory of the projected residential neighborhood in Yekaterinburg. These works were conducted as
part of engineering and environmental surveys for the pre-design study of project documentation and were aimed at
assessing the actual noise level at the boundary of the planned landscaping site.

When developing recommendations for noise reduction, we used the maximum permissible levels (MPLs) set by the
sanitary and hygienic standards for residential area facilities as a basis. We selected the characteristics of the proposed
noise shielding, including the panel material, sound absorption coefficient aw, surface density, and other parameters
based on the manufacturers' technical specifications, or taking into account proposed design solutions and background
information.

GIS graphical interface allowed simultaneous editing of the parameters of sources and obstacles, including specified
sound absorption coefficients and calculated points, both in tabular form and on a digital map. To create the noise map,
a substrate from the design documentation was used and adapted using open geodata, which was imported through the
GIS-Standard module in *.SHP format. The effectiveness of the measures was assessed by comparing “basic” and
“design” scenarios: the “basic” scenario was before the introduction of protection measures, and the “design” scenario
included the implementation of noise protection options that were considered.

Object of Research. A small architectural gazebo-type form with a solid back wall was chosen an object of
research to protect landscaping sites from noise from local traffic (Fig. 3, 4). This design was analyzed as a local
enclosing element that could partially perform the function of an acoustic screen.

Fig. 4. Gazebo-type SAF location in the landscaping of a residential area:
a — without SAF; b — with SAF from the side of the roadway
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Limits of Applicability of the Design Scheme. In this paper, we considered a special computational case involving
the use of a small architectural form (SAF) in the form of a semi-enclosed gazebo with a blank back wall. The results
were obtained based on the accepted planning diagram, the specified traffic flow parameters, and the selected
configuration of the enclosing structure. To extend these conclusions to other types of SAFs, building options, and noise
load scenarios, additional computational and field studies were required.

Calculation scenarios. To compare the effectiveness of noise protection solutions, five design options were set,
differing in the type of enclosing or protective structure:

— option 0 — absence of any enclosing structure;
— option 1 — the use of a typical combined noise-proof screen: a noise-reflecting panel + a noise-absorbing panel +

a noise-reflecting translucent panel, without a structural canopy; the sound insulation index of air noise was taken from

technical data;
— option 2 — the use of double-row deciduous tree and shrub plantings; the attenuation of sound in octave bands

when passing through dense foliage was determined by the length of the sound propagation path;
—option 3 — the use of a small noise shield; the effectiveness of a small acoustic shield, depending on the

frequency, was accepted according to [16];
— option 4 — the use of a gazebo-type SAF with a solid back wall made of wood laths; the air noise insulation index

was determined by calculation.
Table 1 presents brief initial data on the accepted options for enclosing structures.

Table 1
Accepted options for performing acoustic assessment

. Type of noise-protection L

Option Characteristic Note
structure
0 None - -
1 Noise screen Standard design, height 3 m Manufacturer's technical data
. o Attenuation in foliage according to
2 Green spaces Height 8 m, strip width 5 m
GOST 31295.2-2005"
3 Small acoustic screen Height 0.85 m [16]
Wood, height 2.5 m, thickness 20 . . .
4 SAF (gazebo-type) Sound insulation calculation
mm

Initial Sound Insulation Parameters of the Enclosing Structure. The calculation of airborne noise insulation for
a single-layer flat thin screen was performed according to the algorithm given in clause 9.2 of SP 275.1325800.20162.
The calculation was done using the “Sound Insulation Calculator” software (developed by Integral), which followed
this method.

The frequency response of the air noise insulation of the SAF solid wall, considered as a single-layer flat thin
enclosing structure, determined graphically and represented as a broken line, is shown in Figure 5.

Table 5 presents the calculation results of air noise insulation index RWR_w for the SAF back wall.

The data on the enclosing structure given in Table 2 was used as the initial data for the calculation.

' GOST 31295.2-2005 “Noise. Attenuation of sound during propagation outdoors. Part 2. General method of calculation”. (In Russ.) URL:

https://docs.cntd.ru/document/1200046351 (accessed 14.04.2026)
2 SP 275.1325800.2016. “Construction fencing of residential and public buildings. Rules of sound insulation design”. (In Russ.) URL:

https://docs.cntd.ru/document/456050583 (accessed 14.04.2026).
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Table 2
Initial data for calculating the sound protection of an enclosing structure
Parameter MU Value Note
a single-layer flat thin enclosing structure made of metal,
Type of structure - glass, asbestos-cement sheet, gypsum plasterboard (dry SP 275.1325800.20163
gypsum plaster) and similar materials
Type of material - chip board similar material®
Density of the
. kg/m? 650 SP 275.1325800.2016*
material
Thickness of the minimum recommended
mm 20 .
structure thickness

Note to Table 2: " Clause 9.2 of SP 275.1325800.2016° lists materials for calculating single-layer thin screens,
including metal, glass, and plasterboard. This clause indicates that the methodology can be applied to materials with
similar behavior. However, there is no direct reference to wood construction (board, rail, etc.) in clause 9.2 of
SP 275.13258.2016°, so the tabular values for chipboard as a material with similar acoustic properties (density,
structure) were used to calculate sound insulation of the single-layer part of the structure (wood laths). The wording
“etc.” normatively allows for the use of this calculation methodology for other materials as long as they have similar

acoustic properties to those listed.

Initial parameters of the traffic flow. To determine noise characteristics of the traffic flow, the calculation algorithm
described in clauses 6.2.8-6.12.8 of SP 276.1325800.2016” was used. The initial parameters included the estimated time of
day, traffic density, share of freight traffic, speed, roadway slope, pavement type, and the presence of other road factors.

Software tools for calculating traffic noise. The calculation of traffic noise was performed in the “Noise from
Highways 1.1” module (developed by Integral). This module allowed us to determine the equivalent sound level when
traffic flowed under specified road conditions, considering the individual characteristics of the flow.

The initial data for calculating noise characteristics of automobile traffic flows are presented in Table 3.

Table 3

Initial data for calculating noise from automobile traffic flow

Parameter MU Value Note Regulatory document

Use of landscaping areas primarily
Estimated time of day - day during daytime hours SanPiN 1.2.3685-218
(from 7:00 to 23:00)

Average annual traffic . Local street — a street in a residential
] unit/day 750 SP 396.1325800.2018°
density area

Freight transport is not permitted
% 0 in accordance SP 396.1325800.20181°
with the assigned category

Share of trucks in the
flow

3 SP 275.1325800.2016. “Construction fencing of residential and public buildings. Rules of sound insulation design”. (In Russ.) URL:
https://docs.cntd.ru/document/456050583 (accessed 14.04.2026).

* Ibid.

3 Ibid.

® Ibid.

7 Ibid.

8 SanPiN 1.2.3685-21 Hygienic Standards and Requirements for Ensuring the Safety and (or) Harmlessness of Environmental Factors for Humans.
(In Russ.) URL: https://www.consultant.ru/document/cons doc LAW_375839/fa69el5a74de57cbe09d347462434c¢1 Lfcfeeaca/ (accessed 14.04.2026).

% SP 396.1325800.2018 Streets and Roads of Settlements. Regulation of Urban Planning. (In Russ.) URL: https://docs.cntd.ru/

document/552304870 (accessed 14.04.2026).

10 1hid.
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Decree of the Government

Driving speed km/h 20 In residential areas, bicycle zones, | of the Russian Federation
and courtyard areas No. 1090 dated October

23,1993 1!

To ensure consistent speed and

traffic safety, as well as taking into SP 34.13330.202] 12

Slope of the roadwa % 3 o
P Y ° account the possibility of future road
reconstruction
Taking into account the traffic
Type of roadwa Asphalt
P way - P density on this section and the road |  SP 42.13330.2016"3
surface concrete
category
Width of th tral
' 0. ¢ C.en o - no Not considered in the work -
median strip
P f
resence ot an - no Not considered in the work -

intersection

Assessment Criteria. Software tools for noise propagation simulation. The simulation of noise propagation was
performed using “Ecolog-Shum 2.4” (developed by Integral), which had the recommendations of the Research Institute
of Building Physics (Certificate of Conformity ROSS RU.SP04. N00084 dated 05.03.2007). The complex allowed
calculating noise pressure levels at individual points and at sites, taking into account the diffraction and reflection of
sound from obstacles.

Calculated Assumptions. The assessment was based on the equivalent noise level (dBA), which took into account
temporary unevenness of the noise exposure. However, when performing the calculations, we did not take into account
the effects of sound absorption or shielding from reflected signals from nearby buildings, structures, and green spaces,
which allowed us to consider the values obtained as the result of the accepted calculation scheme.

Computing Chain. The research algorithm included: 1) setting the research object and design scenarios; 2)
determining the sound insulation characteristics of the enclosing structure; 3) calculating the noise characteristics of the
traffic flow; 4) modeling noise propagation for each option; 5) comparing the obtained levels with the maximum
permissible values; 6) comparative evaluation of the options according to the specified criteria.

Evaluation Criteria. Noise parameters characterizing the acoustic impact on the environment, the location of noise
sources and enclosing structures were used as initial data for the calculation. Sound pressure levels were calculated in
octave bands with geometric mean frequencies of 31.5-8000 Hz, as well as for equivalent LA sound levels.

The modeling took into account the following:

— Calculations were performed in a local coordinate system, with the OX axis oriented to the east and the OY axis
oriented to the north, assuming ground level as 0.0 and without considering terrain. The minimum dimensions of the
calculated rectangle were 70 x 70 m.

— The calculation considered the diffraction and reflection of sound waves by enclosing structures, taking into
account meteorological parameters such as temperature and humidity.

— Equivalent sound pressure levels Leq during exposure time T were calculated based on octave levels and
considering the duration of the time interval: daytime — from 7 to 23 hours, night — from 23 to 7 hours.

— The selected points were located directly on the territory of the adjacent residential area, in accordance with the
requirements of SP 51.13330.2011!%. For recreation areas of residential districts, groups of residential buildings,
sections of preschool institutions, schools, hospitals, and sanatoriums, the points were chosen at the boundaries of the
closest sites to the noise source, at a height of 1.5 meters above the ground.

' Decree of the Government of the Russian Federation No. 1090 dated October 23, 1993 “On the Rules of Road Traffic”. (In Russ.) URL:
https://www.consultant.ru/document/cons _doc LAW_2709/ (accessed 14.04.2026).

12.SP 34.13330.2021 SNiP 2.05.02-85* Automobile Roads. (In Russ.) URL: https://docs.cntd.ru/document/573818172 (accessed 14.04.2026).

13 'SP 42.13330.2016 Urban Development. Urban and Rural Planning and Development. Updated Version of SNiP 2.07.01-89*. (In Russ.) URL:
https://docs.cntd.ru/document/456050583 (accessed 14.04.2026).

4 SP 51.13330.2011. “Noise protection. Updated version of SNiP 23-03-2003 (with Amendment No. 1)”. URL: https:/clck.ru/3VQEPA (accessed

14.04.2026).
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The results were presented in tables and in the form of colored noise maps — isolines.
The normalized noise parameters for the considered territory — recreation areas and leisure areas of residential
areas — were adopted according to SanPiN 1.2.3685-21'5 (Table 4). The main criterion was the compliance with the

maximum permissible equivalent sound level of 45 dBA.

Table 4
Specified noise indicators
. For sources of fluctuating noise
. Time of . - - .
Purpose of rooms or premises d Equivalent noise Maximum noise levels
a
Y levels L(Aeq.), dBA L(Amax), dBA

Recreation areas allocated on the territory of residential 45 60
districts and groups of residential buildings ...

Research Results. According to the accepted assessment procedure, the required calculations were conducted, the
results of which are shown in the relevant tables and figures.

The frequency response of air noise isolation for the SAF solid wall as a single-layer, flat, thin enclosing structure is
shown graphically in Figure 5 as a broken line.

R, dBA

35 A
Ry =[Y Value] dBA

301 Rc=[Y Value
25 1 A
20 1

15 A

10 A

fB:630 Hz fB: 1250 Hz

0 500 1000 1500 2000 2500 3000 3500 1, Hz

Fig. 5. Broken line frequency characteristic of air noise isolation
(diagram made by “Sound Insulation Calculation™)
The calculation results of air noise insulation index (Rw) for the SAF back wall are presented in Table 5.

Table 5

Calculation of the air noise insulation index of a solid SAF wall

Octave bands with geometric mean frequencies, Hz
Indicator
31.5 63 125 250 500 1,000 | 2,000 | 4,000 | 8,000
Sound insulation, dB 11.1 | 156 20 24.5 29 27.5 31 38.5 46
Airborne noise insulation index, Rw: dB 29

Technosphere Safety

15 SanPiN 1.2.3685-21. “Hygienic standards and requirements for ensuring safety and (or) harmlessness to humans of environmental factors”. URL:
https://www.consultant.ru/document/cons_doc_ LAW_375839/fa69e15a74de57cbe09d347462434c1 L fefeeaca/ (accessed 14.04.2026).
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Table 6 provides the calculations results of transport noise characteristics.

Table 6
Calculation of noise from traffic flows
Indicator Result, dBA
Correction for the change in the number of trucks and buses in the traffic 3
flow compared to the estimated composition (Lrpys)
Correction for the change in the average speed compared to the calculated 65
value (L) ’
Correction for the longitudinal slope (Lyx) 0.75
Correction for the type of road surface (Lnox) 3
Correction for the presence of a median strip (Lpn) 0
Correction for the presence of an intersection (Lnepec) 0
Equivalent sound level of automobile traffic flow (L**" ), 59.7
Table 7 provides the results of the noise propagation calculations.
Table 7

Calculation results of noise levels on the territory of the considered landscaping area

No. Option Noise level at th'e border of the
specified area (maximum value), dBA

0 None 53
1 Noise protection screen 45
2 Green spaces 53
3 Small acoustic screen 53
4 Gazebo-type SAF 45

MPL 45

The areas of negative impact from noise are represented by the isolines of the acoustic discomfort zones at a height

of 1.5 meters (Fig. 6).

2 10 ) 10 0 E) “©

2 é w 8 B é
[03-11 mm [ox»u»nlm
0 and below dBA (5-10] dBA (10 - 15] dBA (15-20] dBA (20 - 251 dBA (25 -30] dBA
7] (30-35]dBA [] (35-40]dBA [£] (40 -45] dBA [Z] (45-50]dBA [] (50 - 55] dBA (55-60] dBA

(60-65]dBA [T] (65-701dBA [T] (70 - 75] dBA

a)

[](75-80]dBA [ | (80-85]dBA [ | (85-90] dBA

b)

Fig. 6. Calculated noise level distribution in the landscaping area at a height of 1.5 m: a — option No. 0 — no enclosing structure;
b — option No. 1 — typical noise screen (noise maps generated by the “Ecolog-Shum”)
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For visualization, a graphical distribution of noise in perspective (3D) was performed at a specified height
of 1.5 m (Fig. 7).

Fig. 7. Calculated noise level distribution in 3D for option No. 4 — Gazebo-type SAF with a blind back wall.
The calculation was performed for a height of 1.5 m

Discussion. The calculated results indicated that the key factor in reducing noise levels at the border of the specified
area was the presence of a solid enclosing surface between the noise source and the protected area. In this regard,
options with a typical noise-proof screen and a gazebo-type SAF ensured that the maximum permissible level was
achieved. However, without any enclosing structure, only green spaces and a small acoustic screen, in the current
design scheme, did not lead to a comparable reduction in noise levels.

This interpretation was consistent with the literature data, which suggested that the effectiveness of acoustic screens
was determined by their height, geometric parameters, position relative to the noise source and receiver, and the
presence of a continuous shielding surface [11-14]. For gazebo-type SAFs, the noise protection effect was not due to
landscaping itself, but rather to the presence of a blind back wall, which acted as a local barrier to sound wave
propagation.

It should be emphasized that the results were calculated. While the software tools and regulatory techniques used
allowed for a preliminary assessment of the acoustic effectiveness of the solutions analyzed, they could not replace
instrumental verification under field conditions. Therefore, the noise reduction achieved for the SAF option should be
regarded as a calculated and predicted value valid for the assumed geometry of the structure, the characteristics of the
traffic flow, and the conditions of sound propagation.

To interpret the practical applicability of the considered solutions, a comparative assessment was conducted
according to criteria reflecting not only the acoustic result, but also the possibility of using the appropriate measure in
residential conditions:

— “Ensuring sanitary and hygienic standards” — compliance of the calculated noise level with the maximum
permissible value for the normalized area;

— “Urban planning integration” — the possibility of including solutions in the architectural and planning structure of
the courtyard area without compromising its functionality and visual perception;

— “Ecological effect” — the potential reduction of the negative impact of noise on the environment and living
conditions of the population;

— “Material costs” — the estimated need for additional financial investments beyond the usual landscaping work.

This ranking indicates that the choice of noise protection measures should not be solely based on the magnitude of
estimated noise reduction. Urban compatibility, operational feasibility, and the possibility of implementing a solution
without creating a separate engineering structure are also important factors to consider for landscape sites.

Table 8 presents the comparative assessment results for the considered noise protection options.

Table 8
Comparative assessment results of noise protection options according to priority criteria
Option Prov1519n .Of sanitary and Urjban plat'lnlng Environmental effect Material costs
hygienic standards integration
0 _ _ _ _
1 + — + +
2 - + + %k
3 — - + +
4 + + + —*

Notes: " material costs only within the framework of the landscaping project
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The interpretation of the considered options demonstrated that a standard noise shield was the most obvious
engineering solution, with the highest priority for achieving sanitary and hygiene goals. However, its use in the outdoor
area could be constrained by aesthetic and planning considerations, as such a barrier would be perceived as a separate
technical structure.

The low efficiency of the green space solution was explained by the fact that a strip 5-10 meters wide and an
ordinary planting without a dense understory did not create a continuous acoustic barrier. This finding was consistent
with data suggesting that sufficient width, density, and layers of plantings were needed to achieve a significant noise
reduction effect [17, 18].

The low efficiency of a small acoustic screen was due to its limited height. At 0.85 meters, this design did not block
a significant portion of the sound path between the traffic flow and the design point at a height of 1.5 meters. Therefore,
in the planning scheme under consideration, it did not guarantee the achievement of MPL.

The gazebo-type SAF option differed from the standard screen in that it combined the noise protection function with
recreational and urban planning. This allowed us to consider such a structure not as a separate environmental protection
facility, but rather as an element of landscaping that simultaneously created a protected space while preserving the
functional purpose of the site.

The practical significance of the results obtained lies in the possibility of using a SAF with a blind back wall as a
local noise protection structure, where traditional screens are undesirable or difficult due to architectural and planning
constraints. However, further research is needed to fully assess the effectiveness of this solution for other geometric
configurations and noise loading conditions.

The limitations of this study include the computational nature of the results, the consideration of only one type of
SAF, one planning configuration, and one scenario for transport load. Additionally, the calculation method did not take
into account certain factors of the urban environment, such as reflections from neighboring buildings and variations in
actual traffic intensity.

Thus, the results should be interpreted as a calculated justification for the potential use of a gazebo-type SAF with a
blind back wall for local noise protection. To verify the practical effectiveness, it would be necessary to conduct full-
scale noise measurements before and after installing the structure, as well as perform a series of calculations at different
distances from the source, considering traffic intensity and various building options.

Conclusion. The paper provides a calculated assessment of the possibility of using a gazebo-type SAF with a blind
back wall as a local noise-proof structure for residential landscaping sites.

Based on the simulation results, it was found that with the specified parameters of the traffic flow, the option
without protective measures did not ensure compliance with the maximum permissible noise level at the border of the
specified territory. A typical noise shield and a gazebo-type SAF in the design scheme under consideration could reduce
the noise level to 45 dBA.

Green spaces and a small acoustic shield under the accepted initial conditions did not provide the required level of
noise protection, which was associated with insufficient length and/or height of the protective barrier.

The main conclusion of the research is that a semi-enclosed gazebo-type SAF with a blind back wall can be
considered as a promising local noise protection solution combining acoustic and urban planning functions.

The results obtained require further verification through instrumental confirmation in field conditions and analysis
of other types of SAFs and noise load scenarios to ensure accuracy.

References

1. Voroshilov NV. Trends, Problems, and Prospects for Implementing the Russian National Project “Safe and High-
Quality Roads”. Territorial Development Issues. 2022;10(2):3. (In Russ.) https://doi.org/10.15838/tdi.2022.2.62.3

2. Zaytsev OB, Artyomov AV. Green environmental standards in construction: reality and prospects. In: Forestry

Engineering Universities in the Implementation of the Concept of Reviving Engineering Education: Socio-Economic
and Environmental Problems of the Forest Complex: Proceedings of the X International Scientific and Technical
Conference, Yekaterinburg, May 18—19, 2015. Yekaterinburg: Ural State Forest Engineering University, 2015. P. 167—
169. (In Russ.) URL: https://elar.usfeu.ru/handle/123456789/5336%locale=en (accessed 14.04.2026).

3. May IV, Koshurnikov DN. Accounting the Noise Factor when Placing Residential Buildings as a Condition for

Ensuring a Favorable Urban Environment. Bulletin of Perm National Research Polytechnic University. Applied
Ecology. Urban Development. 2021;3(43):27-38. (In Russ.) URL: https://fcrisk.ru/node/2266 (accessed 14.04.2026).

4. Iliria Ibrahimi Asllani, Riaz Agahi. Impact of Residential Noise Exposure on Neurological Health: A Systematic
Scoping Review. Journal of Urban Health. 2025;102: 1175-1197. https://doi.org/10.1007/s11524-025-01026-2



https://bps-journal.ru/
https://doi.org/10.15838/tdi.2022.2.62.3
https://elar.usfeu.ru/handle/123456789/5336?locale=en
https://fcrisk.ru/node/2266
https://doi.org/10.1007/s11524-025-01026-2

Artyemov AV, et al. Gazebo-Type Small Architectural Form as a Noise Protection Structure ...

5. Xia Chen, Mingliang Liu, Lei Zuo, Xiaoyi Wu, Mengshi Chen, Xingli Li, et al. Environmental Noise Exposure
and Health Outcomes: An Umbrella Review of Systematic Reviews and Meta-Analysis. European Journal of Public
Health. 2023;33(4):725-731. https://doi.org/10.1093/eurpub/ckad044

6. Yuliang Lan, Roberts H, Mei-Po Kwan, Helbich M. Transportation Noise Exposure and Anxiety: A Systematic
Review and Meta-Analysis. Environmental Research. 2020;191:110118. https://doi.org/10.1016/j.envres.2020.110118

7. Ziyatdinova AR, Fahrutdinova IA. Design Approaches for Neighboring Spaces in a Context of Sociological
Theories of Creating a Friendly Urban Environment. News of the Kazan State University of Architecture and
Engineering. 2017;2(40):60—69. (In Russ.) URL: https://clck.ru/3VEJE (accessed 14.04.2026).

8. Kovyazin VF, Glushkova NA. Protection of the Residential Area of the Settlement from Noise Using Acoustic
Screens. Innovative Science. 2015;12-2:67-70. (In Russ.) URL: https://clck.ru/3VEK43 (accessed 14.04.2026).

9. Chermnykh VA, Utkina MS, Shutova OA. Analysis of the Application of Noise Screens to Reduce Traffic Noise
during the Construction of Residential Complex. Modern Technologies in Construction. Theory and Practice.
2018;2:107-115. (In Russ.)

10. Atkina LI, Efimova NA. Features of Planning Solutions for Educational Objects of Limited Use. Forests of
Russia and Economy in Them. 2023;4(87):78-87. (In Russ.) https://doi.org/10.51318/FRET.2023.87.4.008

11. Aistov VA, Shubin IL. Studies of the Influence of the Shape of the Noise Shield on Its Acoustic Efficiency. Academia.
Architecture and Construction. 2009;5:200-208. (In Russ.) URL: https://clck.ru/3VEKTw (accessed 14.04.2026).

12. Ivanov NI, Shashurin AE, Boiko IS. Influence of the Material on the Acoustic Efficiency of the Noise Barriers.
Noise Theory and Practice. 2016;2(4):24-28. (In Russ.)

13. Kondratev SA, Ivanov II, Tyurina NV. Influence of Noise Barrier Design Parameters on Its Acoustical Insertion
Loss. Noise Theory and Practice. 2025;11(3):121-132. (In Russ.) URL: https://clck.ru/3VEKKV (accessed 14.04.2026).

14. Tyurina NV. Actual Problems of Designing Acoustic Transport Screens. In: Protection from Increased Noise
and Vibration. Proceedings of the V All-Russian Scientific and Practical Conference with International Participation,
St. Petersburg, March 18-20, 2015. St. Petersburg: Aising Limited Liability Company; 2015. P. 685—693. (In Russ.)

15. Kalinichenko M.V. About the Possibility of Using Acoustic Screens, Made on the Basis of Helmholtz
Resonators, to Reduce Noise. Noise Theory and Practice. 2015;1(1):45-54. (In Russ.) URL: https:/clck.ru/3VEKx6
(accessed 14.08.2026).

16. Vasilev A, Li-Ko-Shin Y, Kudaev AV, Kuklin DA, Matveev PV. The Effectiveness of Small Noise Barriers for
Protection of Railway Noise. Noise Theory and Practice. 2016;2(3):45-49. (In Russ.)

17. Lukyanets AG. Decreasing of Noise Level Depending on Plantings Structure Parameters. Polythematic online
scientific journal of Kuban State Agrarian University. 2011;65(1):253-263. (In Russ.)

18. Gordeev YuA, Kulagin AA. Effect of Shade-Trees Plantations on the Noise Level of Urbanized Territories.
Izvestia Orenburg State Agrarian University. 2014;2(46):151-155. (In Russ.)

About the Authors:

Artyem V. Artyemov, Cand. Sci. (Eng.), Associate Professor of the Department Technology of Pulp and Paper
Production and Processing of Polymers, Ural State Forest Engineering University (37, Siberian Tract, Yekaterinburg,
620100, Russian Federation), SPIN-code, ORCID, artemovav(@m.usfeu.ru

Evgenii S. Kurkin, Head of the Federal State Institution “Uralupravtodor” (620026, Yekaterinburg, Lunacharsky
Street, 203), kurkines@inbox.ru

Pavel S. Zakharov, Cand. Sci. (Eng.), Assistant Lecturer of the Department Technology of Pulp and Paper
Production and Processing of Polymers, Ural State Forest Engineering University (37, Siberian Tract, Yekaterinburg,
620100, Russian Federation), SPIN-code, ORCID, zaharovps@m.usfeu.ru

Tat'yana V. Shteba, Cand. Sci. (Eng.), Associate Professor of Department of Fire Safety of Technological
Processes and Production, Ural Institute of State Fire Service of EMERCOM of Russia (22, Mira St., Yekaterinburg,
620062, Russian Federation), SPIN-code, ORCID, shtebatv@yandex.ru

Claimed Contributorship:

AV Artyemov: conceptualization, writing — review & editing.

ES Kurkin: methodology, data curation, validation.

PS Zakharov: investigation, formal analysis, writing — original draft preparation.
TV Shteba: visualization, writing — original draft preparation.

Technosphere Safety

Conflict of Interest Statement: the authors declare no conflict of interest.

All authors have read and approved the final version of manuscript.

245


https://doi.org/10.1093/eurpub/ckad044
https://doi.org/10.1016/j.envres.2020.110118
https://clck.ru/3VEJtE
https://clck.ru/3VEK43
https://doi.org/10.51318/FRET.2023.87.4.008
https://clck.ru/3VEKTw
https://clck.ru/3VEKkV
https://clck.ru/3VEKx6
https://elibrary.ru/author_profile.asp?id=608577
https://orcid.org/0000-0001-6994-0154
mailto:artemovav@m.usfeu.ru
mailto:kurkines@inbox.ru
https://elibrary.ru/author_profile.asp?id=1069505
https://orcid.org/0000-0003-4016-2269
mailto:zaharovps@m.usfeu.ru
https://elibrary.ru/author_profile.asp?id=483807
https://orcid.org/0000-0002-2243-290X
mailto:shtebatv@yandex.ru

https://bps-journal.ru

246

Safety of Technogenic and Natural Systems. 2026;10(3):232-246. eISSN 2541-9129

00 asmopax:
Aptém BadecsiaBoBiua ApTEMOB, KaHIUIAT TEXHUYECKHUX HAYK, JOICHT Kadeaphl « TeXHOMOrur IeILT0I03H0-0yMaKHBIX

MIPOM3BOJCTBE W TEPepadOTKH IIOJIMMEPOBY» YPalIbCKOTO TOCYAApCTBEHHOTO JIECOTEXHMUECKOro yHmBepcurera (620100,
Poccuiickas ®enepanws, r. Ekarepuntypr, Cubupckuii Tpakr, 1. 37), SPIN-kozx, ORCID, artemovav(@m.usfeu.ru

EBrenunii CepreeBuu Kypkun, nHagampauk DPKY «VYpamynpasromop» (620026, Poccuiickas ®Denepanus,
r. ExatepunOypr, yn. Jlynauapckoro, 1. 203), kurkines@inbox.ru

IMaBesa CepreeBud 3axapoB, KaHIUIAT TEXHUUECKUX HAYK, ACCUCTEHT Kadeapsl « TeXHOIOTHH [EIITIOI03HO-0yMaXKHBIX
NIPOM3BOJICTB M IepepabOTKU IOJIMMEPOB» YPaJIbCKOTO TOCY/IapCTBEHHOIO JIECOTEXHHYecKoro yHuBepcutera (620100,
Poccuiickas @eneparms, T. ExatepunoOypr, Cubupckuii Tpakr, a. 37), SPIN-kox, ORCID, zaharovps@m.usfeu.ru

TarbsHa BanepbeBHa IllTeda, kaHAMAAT TEXHUYECKUX HAyK, JOLUCHT KadeIpbl MOXapHOH 0e30MacHOCTH
TEXHOJIOTHIECKHX TIPOIIECCOB M MPOU3BOJCTB Y PATBECKOTO HHCTUTYTa 1 0CYAapCTBEHHON MPOTHBOIIOXKAPHOH iy k061 MUC
Poccun (620062, Poccniickas ®enepans, . EkarepunOypr, yi1. Mupa, 22), SPIN-kon, ORCID, shtebatv(@yandex.ru

3asnenenuslit 6K1A0 A6MOPOB:

A.B. ApTémoB: pa3paboTka KOHIICIII[UH, HAITMCAHKE PYKOIIMCH, BHECCHHE 3aMEYaHUIl U UCTIPABIICHHIA.
E.C. KypkuH: pa3paboTka METOIOJIOTHH, KypUPOBaHHUE JAaHHBIX, BAUAAINS PE3YJIHTATOB.

I1.C. 3axapoB: npoBeJcHUE HCCIIe0OBaHUS, (DOPMABHBINA aHAIN3, HATMCAHUE YCPHOBHUKA PYKOIIHCH.

T.B. llITe6a: Bu3yanu3anus, HaTUCAHUE YSPHOBUKA PYKOITHCH.
Kongpnukm unmepecog: aBTopsbl 3asiBIASAIOT 00 0TCYTCTBUH KOH(INKTA HHTEPECOB.
Bce asmopwit npouumanu u 0000puiu 0KOHYAmMeENbHbLI 6APUAHM PYKORUCHU.

Received / [Toctynuia B pexaxnmio 28.05.2026
Reviewed / [TocTynuiia nocJie peuenzupoBanus 22.06.2026
Accepted / [IpuasTa k myoaukanuu 10.07.2026


https://bps-journal.ru/
https://elibrary.ru/author_profile.asp?id=608577
https://orcid.org/0000-0001-6994-0154
mailto:artemovav@m.usfeu.ru
mailto:kurkines@inbox.ru
https://elibrary.ru/author_profile.asp?id=1069505
https://orcid.org/0000-0003-4016-2269
mailto:zaharovps@m.usfeu.ru
https://elibrary.ru/author_profile.asp?id=483807
https://orcid.org/0000-0002-2243-290X
mailto:shtebatv@yandex.ru

Safety of Technogenic and Natural Systems. 2026;10(3):247-255. eISSN 2541-9129

TECHNOSPHERE SAFETY
TEXHOC®EPHAS BE3OITACHOCTD

W) Check for updates
BY

UDC 504.064 Original Empirical Research
https://doi.org/10.23947/2541-9129-2026-10-3-247-255

Integration of Computer Vision and Hydrodynamic Modeling Methods E E
to Improve Environmental Safety by Identifying Sources of Negative - .
Impact on Water Bodies

Andrey V. Gusev'=' X E
Russian State Social University, Moscow, Russian Federation EDN: BRDTZS
4 gusevandre2015@yandex.ru

Abstract

Introduction. Traditional water body monitoring systems often demonstrate insufficient effectiveness in promptly
locating the source of an emergency or non-stationary discharge, which hinders timely management decisions. This
problem is further exacerbated by the rapid spread of pollutants in conditions where observational data is incomplete,
delayed, or fragmented. These circumstances emphasize the need for methods that can not only detect pollution but also
reconstruct the coordinates of its source based on its concentration field. The literature provides a wide range of
approaches based on advection-diffusion equations, numerical hydrodynamic modeling, and satellite data analysis.
However, the integration of computer vision methods with hydrodynamic models to solve the inverse problem of source
identification remains under-researched. Theoretically, such integration is justified by the possibility of automated
delineation of water area boundaries through semantic segmentation and a physically meaningful description of passive
impurities transport. However, there is a scientific gap due to the lack of verified computational schemes that combine
these two approaches. The aim of this study is to develop and verify an approach that integrates computer vision and
hydrodynamic modeling to accurately identify the source of a negative impact.

Materials and Methods. The methodology included two interconnected modules. The first computer vision module
performed semantic segmentation of satellite images or aerial photography data using convolutional neural networks.
The result was a binary mask of the water area; its external contours were extracted using OpenCV with morphological
post-processing. The second module implemented a two-dimensional numerical advection-diffusion model based on the
finite volume method with a steady velocity field. The inverse identification algorithm generated a set of virtual
candidate points along the perimeter of the water body. For each point, a direct calculation of the concentration field
was performed, after which a candidate was selected using the root-mean-square error, ensuring the best fit to the
observed distribution. Validation was carried out on three synthetic scenarios (pH, dissolved oxygen, free chlorine) in
300 computational experiments.

Results. Three hundred computational experiments were conducted using randomly assigned source coordinates. The
computer vision module accurately generated a water area mask in all trials. The inverse identification algorithm, which
iterated through candidates in 50-meter increments, identified the true source with absolute accuracy in 285 cases
(95%). It was found that 12 out of 15 erroneous cases were due to the source being located less than 1 m from the water
area boundary, where the influence of turbulent diffusion and boundary conditions led to the “blurring” of the pollution
trace. The key limitations of the method were identified: errors in the two-dimensional hydrodynamic approximation for
stratified water bodies, and a decrease in accuracy under sharply non-stationary hydrodynamics. Visualization of the
results confirmed the high quality of spatial localization of the source.

Discussion. The results obtained confirmed that the integration of these methods created a synergistic effect. Computer
vision ensured the speed and objectivity of spatial data processing, while hydrodynamic modeling provided physical
and mathematical validity for the analysis. This approach overcame the key limitation of traditional monitoring by
allowing us not only to detect pollution, but also to determine its causes. This is consistent with current trends in
predictive analytics.

© Gusev AV, 2026
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Conclusion. The developed concept forms the foundation for creating decision-support operational systems and “digital
twins” of water bodies. Its implementation in environmental monitoring practices creates the prerequisites for
transitioning from reactive response to proactive risk management, and can contribute to enhancing the validity and
effectiveness of measures to ensure environmental safety of water resources. Prospects for further research lie in
adapting methods for working with real-time online monitoring data and different types of water bodies.

Keywords: environmental safety, computer vision, hydrodynamic modeling, pollution source identification, digital
twin, environmental monitoring, water bodies, machine learning
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AHHOTALUSA

Beeoenue. TpaauMOHHBIE CHCTEMBI MOHUTOPHHTA BOJHBIX OOBEKTOB HEPEAKO JEMOHCTPUPYIOT HEJOCTATOYHYIO 3(-
(PEeKTHBHOCTD IIPH ONEPATHBHOM JIOKAIN3AIMN MCTOYHHMKA aBApPUHHBIX JINOO HECTALMOHAPHBIX COPOCOB, YTO MpEIST-
CTBYET CBOEBPEMECHHOMY INPHHSTHIO YIIPaBICHUECKHX pemeHud. [Ipobiema oGoCTpsieTcst B yCIOBHAX OBICTPOTO pac-
MIPOCTPAaHEHUsI 3arps3HUTENS IPU HEMOJHOTE, 3aMa3/iblBaHNN U (PparMeHTapHOCTH JaHHBIX HAOMIONCHUN. YKa3aHHBIC
00CTOSITENILCTBA aKTYaTU3UPYIOT pa3paboTKy METOJO0B, 00ECHEUNBAIOMINX HE TOJBKO (PMKcAalUio (akTa 3arps3HeHHs,
HO U PETPOCHEKTHBHOE BOCCTAHOBIICHHE KOOPAMHAT MCTOYHHUKA M0 MO0 KOHLEHTpanuu. B nureparype mocraTouHo
IIMPOKO MPEACTABICHBI TIOAXOABI, 0a3UPYIOIINECs Ha YPABHEHUAX aABEKIMU-IU((y3un, YUCICHHOM THIPOJUHAMUIC-
CKOM MOJEIHPOBAHUY U aHANH3€E CIIYTHUKOBBIX JaHHBIX. OHAKO MHTETrpaLus METOAOB KOMIIBIOTEPHOTO 3PEHUsS C TUI-
POIMHAMUYECKUMH MOJEIISIMU ISl PEIIeHHs 00paTHOH 3a/1a4y NACHTU(HUKAINN UCTOYHHUKA OCTAETCS MaIOM3Y4EHHOM.
TeopeTndecky Takasi MHTErpalys 0OOCHOBAHA BO3MOXXHOCTBIO aBTOMaTH3MPOBAHHOTO BBIACICHHS T'PAHUL] aKBATOPHUU
MOCPEACTBOM CEMAHTHUYECKOI cerMeHTanuu 1 (PU3NIECKH CONEPKATEIBHOTO ONUCAHUS NTEPEHOCa TACCUBHOM MpHUMecH.
CymecTByIoImuil HaydHBIH 1po0est 00yCIIOBIICH OTCYTCTBHEM BEpHU(HUIHMPOBAHHBIX BBHIYHUCIUTENBHBIX CXEM, 00beaH-
HSIOMMX 00a HampaieHus. Llenpio HACTOAIIEro UCcCIeI0BaHus ABIAETCS pa3paboTKka U Bepu(UKaAIKA TOJX0a, HHTE-
TPUPYIOIIET0 KOMIIBIOTEPHOE 3PCHUE U THAPOANHAMUYECKOE MOJECIUPOBAHHE AJSI TOYHOM PETPOCHEKTUBHON HICHTH-
(MK NCTOYHUKA HETATUBHOTO BO3/ICHCTBUSL.

Mamepuanvt u memoodst. MeTononorus BKIOYAET ABA B3aUMOCBSI3aHHBIX MOAYNA. IIepBblif MOAY/Ib KOMIBIOTEPHOTO
3pEHUSI BBINIOTHAET CEMaHTUUECKYIO CErMEHTAIMIO CITyTHUKOBBIX CHUMKOB MJIM JAHHBIX a3pO(POTOCHEMKH C IPHMEHE-
HHEM CBEPTOUYHBIX HEHPOHHBIX ceTeil. Pe3ynpraTom siBisieTcst OMHapHAs Macka akBaTOPHHM, €€ BHEIIHUE KOHTYPHI H3-
BiekaroTes cpeactBamu OpenCV ¢ Mopdonmorinueckoir moctoopadboTkoii. Bropoih Momys peamu3yer IByMEpHYIO YHC-
JICHHYI0 MOJIENb aaBEKIUU-TUPPY3UH HA OCHOBE METOAAa KOHEYHBIX OOBEMOB CO CTAIlMOHAPHBIM IOJIEM CKOPOCTEH.
Anroput™ 00paTHOHN MACHTHU(UKAIMY TeHEPUPYET MHOKECTBO BHUPTYAIBHBIX TOUEK-KaHAWIAATOB 110 MEPUMETPY BOJO-
éMa, JUI Ka)KJJ0rO BBIMOJHIETCS MPSAMON pacuéT Mol KOHLEHTPAIH, IOCNE Yero ¢ UCTIONb30BaHUEM CPEIHEKBAIPa-
THUYECKOH OMIMOKM OTOMpaeTcs KaHAWAAT, 0OecIIeunBaIONINi HaMIydllee COOTBETCTBHE HaOII0IaeMoOMy pacipeele-
Huro. Banmupanus mpoBeneHa Ha TpEX CHHTETHUYECKUX CIieHapuax (pH, pacTBOpEHHBIA KHCIOPOJ, CBOOOIHBIN XJIOp) B
300 BBIUMCIUTENBHBIX YKCIIEPHUMEHTAX.

Pezynomamut uccnedosanusa. Ilposeneno 300 BEIUUCIUTENBHBIX KCIIEPUMEHTOB CO CIy4YalHBIM 3aJlaHEM KOOpPAMHAT
HUCTOYHHKA. MOy b KOMIIBIOTEPHOTO 3peHHs 0e30mn009H0 (GOPMHUPOBAT MACKy aKBaTOPHU BO BCEX MCIBITAHUAX. AJl-
TOPUTM 00paTHOW MISHTU(UKAINU, OCYIIECTBISIOMMN nepebop kKanaumaToB ¢ maroM 50 M, B 285 cmydasx (95 %)
a0COJIFOTHO TOYHO OIPEAEIHI UCTUHHBIA UCTOYHUK. Y CTAHOBJIEHO, YTO 12 u3 15 ommboyHbBIX ciyd4aeB 00yCIOBIEHBI
pAacIoyIo’keHHEeM NCTOYHNKA Ha PACCTOSHUM MEHee 3 M OT TPaHMIIBl aKBaTOPHH, TJIE BIUSHIE TypOyIeHTHOH nuddy3un
U TPAaHWYHBIX YCIOBHM MPUBOIUT K «Pa3MBIBAHUIO» CIIEAA 3arps3HEHUs. BBIABICHBI KIIIOUEBBIE OTPAaHIMYCHHUS METOMA:
MOTPEIIHOCTH ABYMEPHOTO TMIPOANHAMHYECKOTO NPUOIMKEHHS B CTPaTH(GUIIMPOBAHHBIX BOJOEMAX M CHW)KEHHE TOY-
HOCTHU IIPH PE3KO HECTallMOHApHOHM ruapoavHamuke. Busyanusanus pe3yabTaToB MOATBEPHKAAET BBICOKOE KaueCTBO
IIPOCTPAHCTBEHHOH JIOKAJIN3AIINH HCTOYHHKA.
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Oécyacoenue. TlonydeHHble pe3yJIbTaThl MOATBEPIKAAIOT, YTO MHTErpallvsi METOJO0B CO3[aeT CHHEepreTHYecKuil 3¢-
(eKT: KOMITBIOTEPHOE 3peHUE 00ECIIEUYNBAET CKOPOCTh M OOBEKTHBHOCTh OOpabOTKHM MPOCTPAHCTBEHHBIX NaHHBIX, a
THIPOJAMHAMIYCCKOE MOJICIMPOBaHIEe — (DPU3UYECKYI0 U MAaTeMaTHYCCKYI0 OOOCHOBAaHHOCTh aHan3a. Takod Moaxon
MPEOJIONICBACT KIFOUEBOE OTPaHHMYCHHE TPAJAUIUOHHOIO MOHHUTOPHHTA, ITO3BOJISSL HE TOJNBKO KOHCTATUPOBATh (akT 3a-
IPS3HEHUS, HO U YCTAaHABIIMBATH Cr0 MPUYHHY, YTO COTIIACYETCS C COBPEMCHHBIMU TCHACHIIMSIMU Pa3BUTHS IPEICKa3a-
TEBHOW aHATUTHKH.

3aknrouenue. PazpaboTranHas KOHIEIUSA GOPMUPYET OCHOBY JUIS CO3JaHUS OMEPAIOHHBIX CHCTEM IMOIICPIKKH TPH-
HATHUA peH_IeHI/Iﬁ u ((HH(i)pOBBIX HBOﬁHHKOB» BOJHBIX O6'I)eKTOB. Ee BHCAPCHUC B MPAKTHUKY OKOJOTMYECKOI0O MOHUTO-
pHuHra co31aéT NPEAMOCHUIKH IS IEPEX0/ia OT PEAKTHBHOTO PEarMpOBaHUS K MPOAKTHBHOMY YIPABICHUIO PHCKAMHU H
MOXET CIOCOOCTBOBATH MOBBIMIEHUIO 000CHOBAHHOCTH M d()(PEKTUBHOCTH Mep MO OOECIEUYCHUIO0 IKOJIOTHIECKOH 0e3-
OTIACHOCTH BOJIHBIX pecypcoB. [lepcreKTUBhI NadbHEHIIIUX UCCIICIOBAHNA CBSI3aHBI C aJaNTallleld METOI0B IS paOOThI
C p€aJIbHbIMU JaHHBIMH OHHaﬁH-MOHHTOpHHFa 1 pas3siIndYHbIMU TUIIAaMHU BOJHBIX OG'};CKTOB.

KiaroueBble cjIoBa: 3KOJOrHYcCKas 6C3OHaCHOCTL, KOMIBIOTECPHOC 3PCHHUEC, TUAPOANHAMHYCCKOC MOACINPOBAHUC,
I/IZLGHTI/I(i)I/IKaI_II/IH HUCTOYHHKA 3arpsa3HCHUs, LIH(l)pOBOfI HBOﬁHHK, JKOJIOTHYCCKHMI MOHUTOPHUHI, BOJIHBIC O6’LGKTBI,
MAalIMHHOC 06y‘lCHI/I€

BJIaI‘OlIapHOCTﬂ. ABTOpLI 6nar0z[apﬂT PEAAKOUOHHYIO KOMAaHAY XKYypHaJla © aHOHUMHBIX PCIICH3CHTOB 3a BBICKa3aHHbIC
3aMCYaHud U HEHHbIC PCKOMCHAAUH, KOTOPBIC MMO3BOJINJIN MMOBBICUTH KaUC€CTBO CTATbHU.

Jna uutupoBanusi. I'ycee A.B. MHTrerpamust MeTOIOB KOMITBIOTEPHOTO 3peHHS W THIPOAMHAMHYECKOTO
MOJICTIMPOBAHHUS JUIsl MOBBIIICHUS] YKOJOTHYECKONH OE30MacCHOCTH 3a CUeT MICHTH(UKAIMKM HCTOYHMKOB HETaTHMBHOTO
BO3JICHCTBUS Ha BOJIHBIC OOBEKTBI. He30nACHOCMb MeXHO2eHHbIX U npupoouvix cucmem. 2026;10(3):247-255.
https://doi.org/10.23947/2541-9129-2026-10-3-247-255

Introduction. The task of promptly identifying the source of an emergency or discharge of pollutants into a water
body arises when the consequences of an incident are eliminated and those responsible are brought to justice.
Traditional monitoring, which relies on a network of stationary posts and sampling, records concentrations at individual
points [1]. However, such data does not allow specialists to quickly restore a complete spatial and temporal picture of
the spread of impurities. The processes of advection and turbulent diffusion quickly "blur" the trace of the source [2].

As the practice of implementing environmental control systems at industrial enterprises demonstrates, the gap
between two classes of methods remains.

The first group includes computer vision (CV) and deep learning, which analyze satellite images [3]. Semantic
segmentation distinguishes water areas [4]. Spectral indices (NDWTI) record anomalies in water color [5]. However, CV
only displays visible effects on the surface, leaving the dynamics of transport in the water column unexplained.

The second group consists of hydrodynamic modeling. Advection-diffusion equations predict impurity dispersion in
a physically reasonable way [6]. However, the model needs prior knowledge of the coordinates and strength of the
source, which are unknown in the classical formulation.

It would be beneficial to examine the limitations of current approaches in more detail.

Satellite monitoring and CV. Yusufet al. [1] generalized effect-oriented methods for the aquatic environment,
achieving high sensitivity to a wide range of substances. However, the authors did not propose any mechanisms for
restoring source parameters. Chen et al. [2] performed a review of remote sensing data, demonstrating the high speed of
obtaining spatial information. However, their study was limited to simply stating the fact of contamination without
addressing the inverse problem. Wang et al. [S5] analyzed surface water quality models, most of which operated in a
direct predictive mode rather than being intended for retrospective source identification.

Water area selection tools. Program registration certificates [3] and [4] described automated tools for morphometric
analysis and identification of water bodies. These tools solved the problem of identifying the water area, but they were
not integrated with hydrodynamic transport models.

Digital twins and artificial intelligence. Maksoud and Mohamed [6] analyzed the use of digital twins in the water
sector and concluded that the concept was promising, but required algorithms for automatic calibration based on
observational data. Frincu [7] reviewed the use of Al to assess water quality. The main disadvantage of the review was
the lack of physically sound transfer models. Only statistical methods were used.

Inverse identification of the source. Existing works [8] used hydrodynamic modeling and optimization
algorithms [9]. However, the geometry of the water area was set manually or derived from static maps in these works,
which prevented their operational use when new images were received.

The experience of processing more than a hundred Sentinel-2 images has shown that manually selecting the
boundaries of a reservoir can take from 20 to 60 minutes per object in an emergency situation. This time is
unacceptable.
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Therefore, there is a need for a method that can:

— automatically extract the geometry of a water area from satellite data using CV;,

— use this geometry in a hydrodynamic model to inverse identify the source;

— perform this in a time acceptable for rapid response (minutes, not hours).

The research aims to develop and validate an approach that combines computer vision (semantic segmentation of
satellite imagery and cartographic data) with hydrodynamic modeling (two-dimensional advection-diffusion equation)
to retrospectively identify the coordinates of an emergency discharge source using the observed concentration field.

Tasks:

— to implement the semantic segmentation module of water surface;

— to create a hydrodynamic model of passive impurity transfer;

— to develop a reverse identification algorithm by iterating through virtual sources and comparing the mean-square
error (MSE);

— to validate the approach using synthetic data with a controlled error.

Materials and Methods. Methodological basis of the study was a sequential data processing algorithm (Fig. 1), in
which information went from a raw image to a quantitative conclusion on the location of the source of pollution. The
architecture of the solution included two fundamental interconnected modules operating in a single geographic

information coordinate system.

Digital Ecosystem: End-to-End Technology Chain

Data Analysis and Modeling Results and Decision Making
« Satellite imagery » Computer Vision and AI * Visualization of current pollutant
* Schematic maps (water surface boundary concentration fields
« Environmental monitoring detection) * Pollution dispersion forecasting
station readings |:>  GIS analysis (monitoring :> * Discharge source identification
« Discharge source registries station placement) * Control recommendations

* Mathematical modeling

Y

Digital Twin of a Water Body
A virtual dynamic model analyzed in near real-time
based on incoming data and forecasts

Fig. 1. Integrated algorithm workflow

A module for intelligent spatial data processing based on computer vision. This module was responsible for
automated preparation of initial information for physical modeling and initial diagnostics. The system received an
image of the water area under study, obtained from medium-resolution satellite platforms, such as Sentinel-2 and
Landsat, using aerial photography from UAVs, or representing a digitized cartographic image. After the preprocessing
stage, which included geometric and radiometric correction, as well as conversion to a single coordinate system,
semantic segmentation of the water surface became a key task. To solve this problem, deep learning algorithms were
used. These algorithms were specially adapted for analyzing images of the Earth and were often based on convolutional
neural networks [10]. They were trained on mapped out sets of satellite images to accurately classify each pixel as
“water” or “non-water”. The use of modern frameworks and libraries made it possible to achieve high segmentation
accuracy even in difficult conditions such as cloud cover, glare on the water or a non-uniform coastline. The result of
the module was a binary mask of the water area, which served as the basis for constructing the computational domain of
the hydrodynamic model [11]. This stage completely eliminated subjective errors and significant time costs associated
with manually selecting the contours of the reservoir [12].

After receiving the binary mask of the water area (the result of semantic segmentation), the contours of water bodies
were highlighted. The cv2.findContours function from the OpenCV library (Python) was used for this. The
cv2.RETR_EXTERNAL parameter ensured that only the outer contours were extracted, ignoring the inner cavities (for
example, islands). The cv2.CHAIN_APPROX SIMPLE parameter was used to compress the contour: redundant points
lying on the same straight line were removed, which reduced the amount of data without losing the shape of the
contour. Before selecting the contours, the mask was morphologically processed: closing operations (filling small gaps
inside the water area) and opening operations (removing small noise fragments outside the reservoir) were performed
sequentially. A 5x5 pixel core was used, with 2 iterations for closing and 2 iterations for opening.
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Hydrodynamic modeling module and the inverse identification algorithm.

This module was the computing core of the system. A two-dimensional 2D model based on the advection-diffusion
equation was used to describe the transport of pollutants in a reservoir [13]. This choice was determined by a
compromise between computational efficiency, which was critical for multiple calculations when solving the inverse
problem, and the adequacy of the description for most reservoirs [14], where horizontal scales significantly prevailed
over vertical ones, and mixing could be considered quite intense. The transfer equation of the passive impurity
concentration [15] C is as follows:

2 2

a—C+Ka—C+Ua—C=Dh (a—f+a—§j+5(x,y,t),

ot ot ot ox oy
where k and v — components of the horizontal flow velocity vector (m/s); D, — horizontal turbulent diffusion
coefficient (m?%s); S(x, y ,f) — source function describing power, localization, and time mode of discharge. For the
numerical solution, the finite volume method was used, which guaranteed the conservation of mass [15]. Flow velocity
fields x and v could be set analytically for simple scenarios, read from the results files of a separate hydrodynamic
model, or reconstructed from measurement data. It should be noted that, depending on the scale of the water area, the
complexity of the currents, and the required accuracy, the system could use various numerical methods to solve
equation (1). For most scenarios, especially when working with large bodies of water, the finite volume method was
used to ensure mass conservation and stability of the solution. However, for problems with high dynamics or the need
for increased accuracy in areas of intense concentration gradients, adaptive methods such as Runge-Kutta methods or
finite-difference schemes of increased order could be used. This made it possible to optimize computational costs and
increase the accuracy of source identification in various hydrodynamic conditions.

The algorithm of inverse identification of the source formalized the search problem solution. When the
contamination zone was fixed (under the conditions of a synthetic experiment, simulated concentration field Cos(x, y) in
the area of possible location of sources (for example, along the entire perimeter of the reservoir specified by the
computer vision module), a set of N virtual candidate points was generated. For each i-th point with coordinates (x;), a
direct calculation was performed using equation (1), in which source function S (x, y, ) corresponded to the position of
this candidate. The result was model field of concentrations (Cyoqi(x, y)). The similarity measure was calculated for
quantitative comparison of each model with the observed field, for example, the mean square error (MSE):

1
MSE! = Z.[J. (Cmod,i (xry)_ Cobs (x’y))z dXdya

where @w — water body area; 4 — its area. The source of contamination was the virtual candidate for which the
proximity measure was minimal: (xs ys) = min (MSE;). Thus, the complex inverse problem was reduced to solving many
direct problems and choosing the best match, which ensured the visibility and stability of the result.

Research Results. To objectively verify operability and evaluate accuracy of the proposed approach, a series of
computational experiments were conducted using synthetic data. This allowed us to eliminate the influence of
uncertainties inherent in real-world measurements and focus on testing the algorithm's performance. An oval-shaped
water area with a stationary current field was modeled. Three independent scenarios were simulated, each representing
the discharge of different types of pollutants. Each scenario had its own background value, runoff concentration, and
maximum permissible concentration (MPC). The detailed parameters for each scenario are summarized in Table 1.

Table 1
Parameters of synthetic scenarios for validation of the identification algorithm
Scenario parameter Scenario 1 (pH) Scenario 2 (O2) Scenario 3 (CI)
Modeled indicator Hydrogen index Dissolved oxygen (O), | Free chlorine concentration (CI7),
(rH) mg/l mg/l
Background value 7.0 (neutral medium) 8.0 (normal) 0.01 (below the MPC)
The maximum value in the . . . .
discharge 3.0 (acid waste) 2.0 (O deficiency) 1.5 (high pollution)
MPC(Standard)! 6.0-9.0 6.0 0.5
Diffusion coefficient Dj, m*/s 0.5 0.5 0.5
Current velocity, m/s 0.01 0.01 0.01

! Sanitary Rules and Regulations of (as amended on 17 March, 2025) SanPiN 1.2.3685-21 “Hygienic Standards and Requirements for Ensuring the
Safety and (or) Harmlessness of Environmental Factors for Humans”. (In Russ.) URL:
https://www.consultant.ru/document/cons_doc_ LAW_375839/ (accessed: 20.01.2026).
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In each of the 300 tests, 100 for each parameter, the true source coordinate was randomly selected. The computer vi-
sion module accurately processed the input data, generating an accurate mask of the water area. The inverse identifica-
tion algorithm, sorting candidates in 50-meter increments, demonstrated high efficiency consistently. Statistical analysis
of the results revealed that in 285 cases (95%), the algorithm correctly identified the true source.

Despite the high efficiency of the proposed approach, there were several conditions that should be taken into
account when considering the accuracy of the method. Firstly, the analysis of 15 cases with inaccurate results showed
that most of the errors (12 out of 15) occurred when the source was located less than three meters from the water's edge.
Near the shoreline, turbulent diffusion and boundary conditions became comparable to advection, leading to a
“blurring” of the pollution trace and a decrease in the uniqueness of the inverse problem solution. Secondly, the method
relied on a two-dimensional hydrodynamic model, which was justified for reservoirs with a well-mixed water column
where horizontal scales dominated over vertical scales. However, in stratified bodies of water, for example, in deep
lakes with a pronounced thermocline, or in areas with intense vertical currents, two-dimensional approximation could
give significant errors. Thirdly, the developed algorithm required specifying a stationary or quasi-stationary field of
flow velocities. With sharply unstable hydrodynamics, for example in tidal estuaries or during floods, the accuracy of
identification could decrease without additional calibration of the model based on the hydrological data relevant to the
time of the incident. The validation of the method was performed only on synthetic data, which allowed us to judge
only its fundamental operability.

Visualization of the results clearly confirmed the high quality of the algorithm. Figures 2 and 3 show the final
simulation maps for some of the parameters under research.
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Fig. 2. Simulation map of discharge sources based on the hydrogen index parameter (pH)
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Fig. 3. Simulation map of discharge sources based on the free chlorine parameter (Cl)
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The color field shows the spatial distribution of the concentration (or deviation from the background), clearly
highlighting the area affected by the discharge. It is important to note that the algorithm not only created a field, but also
calculated a probable point of contamination. In all visualizations, the red marker accurately indicated the location
calculated by the inverse analysis algorithm. In most tests, this location coincided with the coordinates of the source
specified in the scenario. These graphs serve as convincing evidence that the system is able not only to detect
contamination, but also accurately indicate its origin.

Discussion. Computational experiments showed that the accuracy of source identification was 95% (285 out of 300
tests). However, 5% of errors (15 cases) were not random. Twelve of them were related to the location of the source at a
distance of less than 3 m from the water area boundary. Near the shore, diffusion and boundary conditions distorted the
pollution trace, which reduced the uniqueness of the solution to the inverse problem.

As the practice of preparing computational domains showed, discretization at 50-meter intervals was a compromise
between speed and accuracy. At 25-meter intervals, the computing time increased by 4 times, while the increase in
accuracy did not exceed 2% (tested in test scenarios). Therefore, to ensure efficiency, it was decided to use 50-meter
intervals. However, this was a potential source of error: a source shifted by 25-30 m could be attributed to a
neighboring grid node.

Comparison with the literature data confirmed the competitiveness of the approach. Jiang et al. [8] reported an
accuracy of above 90% for river spills, but their calculated area was created manually. Tao et al. [16] achieved high
efficiency on distributed systems, but the geometry of the water area was set a priori. This method fully automated the
selection of boundaries through semantic segmentation [4]. This reduced the pre-processing time from 20—60 minutes
for manual work to 1-2 minutes.

Automation had its price. The quality of segmentation depended on the resolution of the image, clouds, and glare.
Processing of more than a hundred Sentine 1-2 scenes showed that when cloudiness was more than 30%, the accuracy
of the binary mask dropped to 85-88%. Contour selection errors, expressed in a shift of 1-2 pixels, led to a
displacement of the calculated area and, as a result, to an identification error of up to 50 m. In the current
implementation, such distortions were not modeled. This is the task for the next stages.

The limits of the method's applicability were clearly defined by the assumptions made. (1) The two-dimensional
model was only suitable for reservoirs with intense vertical mixing. For stratified lakes deeper than 10 meters with a
thermocline, horizontal diffusion failed to describe the vertical concentration gradient, leading to errors exceeding
30%. (2) The passive impurity model ignored chemical transformations, which was incorrect for pH. Acid waste was
neutralized by water's buffering properties, but in synthetic scenarios, pH was treated as a conservative tracer. This
simplification reduced accuracy in real-world conditions. (3) The flow velocity field was assumed to be stationary. In
practice, hydrodynamics change during floods and tides within a few hours. Without current data-based calibration,
identification errors would increase.

In addition to the sources of error listed above, the choice of diffusion coefficient in all scenarios was also a source
of error. In a real water body, this coefficient could vary depending on wind and turbulence. At the same time, a 2-fold
increase in the diffusion coefficient shifted the source estimate by 30—-50 m downstream. However, the coefficient used
in the work was set as a constant, which was a weakness in the study. Adaptive assessment based on observational data
was outside the scope of this research.

Another limitation was the synthetic nature of validation. The observed concentration field Cops (¥, ¥) in the
experiments was free from measurement noise, data omissions, and ambiguity of spectral indices. In real conditions, the
satellite image gives an integral concentration in the surface layer, rather than over the entire depth. This is acceptable
for dissolved oxygen and chlorine, but not for pH. Thus, the stated accuracy of 95% is the top estimate. Based on real
data, it is expected to decrease to 70—85%, depending on hydrological conditions.

The reliability of the conclusions lies in the fact that the proposed method has proven its fundamental operability. It
is suitable for operational use in well-mixed water bodies, such as reservoirs, canals, and flat rivers, with a known or
measured current field. For stratified or dynamic systems, a transition to a three-dimensional model and consideration
of nonstationarity is required. The practical interpretation of the results is that the algorithm allows for the specification
of a probable source area with an uncertainty radius of approximately 50 meters in 10—15 minutes. This timeframe is
sufficient for on-site inspection and sampling.
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The development prospects are related to the replacement of synthetic data with real satellite images with
simultaneous field measurements. It is also necessary to calibrate the diffusion coefficient for the inverse problem.
Without these steps, the method remains a prototype.

Conclusion. An algorithm for the inverse identification of the source of emergency pollution discharge into a water
body has been developed and programmed. The algorithm consists of two modules: a computer vision module for
semantic segmentation of satellite images and a two-dimensional hydrodynamic model of passive impurity transfer.

The computer vision module automatically identifies the water area and reduces the preprocessing time from
20-60 minutes (manually) to 1-2 minutes. This eliminates human errors. The hydrodynamic modeling module solves
the advection-diffusion equation. The inverse identification algorithm iterates through virtual sources and selects the
one with the minimum mean squared error (MSE) between the modeled and observed concentration fields.

Verification was conducted on synthetic data (300 tests for pH, dissolved O: and Cl°). The algorithm correctly
determined the coordinates of the source in 285 cases. The accuracy was 95%.

The method is suitable for operational use in well-mixed water bodies (reservoirs, channels, flat rivers) with a
known field of currents. The prospects: adaptation to real satellite data and calibration of the diffusion coefficient for
the inverse problem.
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Abstract

Introduction. The 2020s have brought the issue of electromagnetic radiation (EMR) in video conferencing (VC) to the
forefront. Such services have become widespread due to pandemic-related self-isolation, falling smartphone prices, and
the increased mobility of students and workers. Human tissues heat up locally during conversations and video calls
because the device emits non-ionizing electromagnetic radio waves. Their effect on the body has been described in
several studies, but only the situation of audio calls is considered. There is no data on how harmful EMR is in VC.
Accordingly, it is impossible to substantiate recommendations for video communication safety, in particular for
“protection by distance”. This study aims to fill this gap by determining the level of EMR emitted by smartphones
during video conferences.

Materials and Methods. The radiation was measured using a PZ-41 device. The manufacturer was Special Design
Bureau PiTON, located in Nizhny Novgorod. The antenna recorded the maximum and average values of the energy flux
density (EFD). Conditions: EFD — 0.26-100,000 pW/cm?, frequency used to determine EFD — 2450 MHz, and the
averaging time for the parameter before it was displayed on the screen — 1 minute. Smartphones with iOS and Android
operating systems with and without Wi-Fi were tested. Measurements were taken at distances of 0 and 15 cm from the
top and bottom speakers. Five experiments were conducted in each case.

Results. During video calls, EMR was higher than during a conversation. For each device, the maximum and average
values of EFD in the video call mode with Wi-Fi enabled and disabled were summarized in tables. We obtained
40 indicators for each of the four cases (two devices and two modes), with minimum and maximum values: 0.365 and
9.732; 3.813 and 72.136; 0.01 and 0.633; 0.781 and 30.271. We noted the data with interference modeling and poor
Internet connection. For each experiment, we derived average values. EFD from iOS turned out to be higher than from
Android. EFD,,, excess with Wi-Fi was indistinguishable (0.6) in 0 cm from the top speaker and more than 85 in 15 cm
from the bottom one. The absolute values were low: 0.549 and 0.985 and 0.854 and 0.010, respectively.

Discussion. Protection by distance worked at a distance of 15 cm from the speaker with Wi-Fi (similar EFDpax and EFDayg
values were obtained). Interference both reduced and increased EFD. There was no pattern. Unstable Internet doubled the
average EFD. Wi-Fi reduced the EFD by a factor of 3.1-26.9 for iOS and by a factor of 3.8-167.5 for Android (due to the
router’s short range, the smartphone did not need a powerful transmitter). For i0S, high EFDs were recorded at the bottom
speaker; for Android — at the top one. Android demonstrated the maximum reduction in EFD,,,: with Wi-Fi 15 cm away
from the bottom speaker, the value decreased by a factor of 115; at the top speaker, by a factor of 167.

Conclusion. Device holders distance the smartphone from the user and enhance the VC safety. A failure in Internet
connection increases radiation. In the future, it would be advisable to study other smartphone models and work out the
regulation of EMF during calls.

Keywords: video conferencing via smartphone, energy flux density during video calls, electromagnetic radiation during
video calls, “protection by distance” during video calls
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OPMZMHCUleOe amnupudeckoe uccnedosamue

OuneHKka HHTEHCUBHOCTH 3JIEKTPOMATHUTHBIX U3JIy4YeHHU 0T CMapT(OHOB
B pesKMMe BH/IEOCBA3H
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AHHOTALINA

Beeoenue. 20-¢ rogpt XXI Beka akTyaau3HpoBallM MPOOJEMy 3JIEKTpOMarHuTHoro manydenus (OMU) mpu Buzaeo-
koH(pepeHn-cs3u (BKC). Takue cepBHCH pacrpocTpaHHINCh W3-3a MAaHAEMUHHONW CaMOM3OJISINH, CHIXEHUS IIeH
cMapT(OHOB, MOOMIIEHOCTH CTYJICHTOB M PaOOTHUKOB. TKaHM YeJIOBEKA JIOKAJIHHO HArpeBarOTCs IIPU pa3roBOpe W BH-
JIE0CBA3H, T.K. allapaTr U3Iy4yaeT HEMOHU3UPYIOIIHUE SIEKTPOMArHUTHBIE PaJHOBOIHBL. VX BIUsSHIE Ha OpraHU3M OIU-
CaHO B HECKOJBKMX paboTax, OAHAKO PAacCMATPHBAETCS TOJNBKO CUTyalMs ayInoCO3BOHA. HeT NMaHHBIX, HACKOJIBKO
Bpearno OMU npu BKC. CooTBeTCTBEHHO, HEBO3MOXHO 00OCHOBATH pEKOMEHIANNH MO0 0€30MacHOCTH BUICOCBS3H, B
YaCTHOCTH IO «3aIlHUTe paccTossHueM». IIpeacraBinenHas pabota BocmonHsAeT 3TH npobersl. Llens — onpenennuts ypo-
BeHs OMMU ot cmaptdonos mpu BKC.

Mamepuanvt u memoowt. N3nydenne wsmepsuioch npudopom I13-41. Ilpomssomutenr — OOO «CKBb TIuTOH»,
r. Hkauit HoBropoa. AHTeHHa (uKCHpoBaja MaKCHMAllbHBIC W CpPEIHUE 3HAUCHUS IUIOTHOCTH IOTOKa YHEPTUH
(TII13). Ycnorus: TITD — 0,26-100 000 mxB1/cm?, uactora nipu onpeaenernu 1D — 2450 MI 1, Bpems ycpeaHeHus
rapameTpa J10 BbIBoJia Ha Tabi0 — 1 MuHyTa. TecTupoBainch cMapTQOHbI ¢ ONlepallMOHHBIM cucTeMaMu «Aiocy (10S)
n «Aagponn» (Android) ¢ padoTaromum 1 oTKIIOYeHHBIM BaliaeM (Wi-Fi). 3Mepsiinch mokaszarenu Ha paccTosiHuu 0
u 15 cM OT BEepXHEro 1 HIKHETro NuHaMHuKa. [IpoBenu o nate 3KCepUMEHTOB.

Pezynomamut uccnedosanusa. Ilpu Buneo3Bonkax SMMU Brlie, 4eM mpu pasroBope. s Kaxmaoro ammapara 0000z B
TabauIax MakCUManbHbIe U cpeanue 3HadeHus [111D B pexrMe BHAEOCBA3N ¢ BKIIOUYECHHBIM M BBHIKIIOYCHHBIM Baiidaem.
[omyanmu mo 40 moka3areneii 11 KaXXI0ro U3 YETHIPEX CiIydaeB (ABa almapara M JBa peknMa) ¢ MUHIMYMaMH B MaK-
cumymami: 0,365 u 9,732; 3,813 n 72,136; 0,01 u 3,633; 0,781 u 30,371. OT™MeTHIIN TaHHBIE C MOACITMPOBAHUEM TTIOMEX U
IUTOXUM HHTEpHeT-coequHeHneM. [1o kaxxaoMmy ombITy BbIBeTM ycpemHeHHbIe 3HaueHus. 111D ot «Aiioca» oxaszamack
BbIIIE, 4eM OT «AHzaponnay. [Ipesbimenue 1o [I1Dcye ¢ Batihaem manopazmmuaumo (0,6) B 0 cM OT BEpXHEro AMHAMHKA U
oonee 85 — B 15 cM OT HIKHero. AOCoOTHBIE Moka3aTenu HeBeauku: 0,549 u 0,985 u 0,854 u 0,010 cOOTBETCTBEHHO.
O6cyrcoenue. 3ammra pacCTOSIHUEM cpabathiBaeT B 15 cM OoT muHamuka ¢ Baiidaem (momydeHbl cxomHble [MDyae U
M3 ¢penn). ITomexu n cHmxkarot, 1 nossimatoT 11113, 3akoHOMepHOCTH HE BhIsiBiICHa. HecTaOMIIbHBIN MHTEPHET BJBOE yBe-
mamn cpenutoto [I1D. Baiidaii causun 1D B 3,1-26,9 pasa s «Aiioca» u B 3,8-167,5 paza mns «Aagponna» (13-3a
MaJIOTO pajaryca JSUCTBUS poyTepa cMapTHOHy He HyKeH MOIIHBIN nepenarauk). Jlmst «Atioca» Beicokue 11D dukcupy-
I0TCS y HIDKHETO IMHAMUKA, U «AHApomaa» — y BepxHero. MakcumanbHoe cHIDKeHHE [T cpem MPOIEeMOHCTpHpOBAI
«Anapoumy: ¢ BaiipaeM B 15 cM OT HIDKHETO TUHAMHKA TIOKa3aTeNb COKkpaTuics B 115 pas, y Bepxaero — B 167 pas.
3axnouenue. JlepxaTenu I TaJDKETOB yAAISIOT cMapT(oH oT dernoBeka U MoBbImaT 6e3onacHocts BKC. C6oii B
MHTEPHET-CBS3U YCHINBAET U3IydeHHe. B mepcnekTrBe 1menecoo0pa3Ho W3yduTh APYTHE MOAETH CMapT(HOHOB U IIPO-
paborats HopMupoBanue DMU npu co3BoHAaX.

KiaoueBble cioBa: BI/IL[CO-KOH(l)epeHH-CBﬂSL no CMapT(i)OHy, IUIOTHOCTHL IIOTOKa JHCPIruu IpHU BHUIACO3BOHKAX,
SJICKTPOMArHuTHOC U3JTYyUYCHUC IMPU BUACO3BOHKAX, «3alllUTa pACCTOAHUEM» IIPU BUJACO3BOHKAX

BaaronapHocTu. ABTOPHI BBIPaXAIOT OJIaroapHOCTH 3aBeAyloleMy Kadeapoi MmoxapHOH 0e30macHOCTH AKaleMHUU
rpaxaanckoi 3amutel MUC Poccun, kaHaumaTy BOGHHBIX Hayk, AoleHTy Jlamenko Ceprero MuxaitnoBuuy 3a
MaTepraibHoe o0ecTieueHne IKCIEPHIMEHTa — MPEI0CTABICHUE H3MEPUTEIBHOTO 000Py JOBaHHS.

Jasi uutupoBanusi. bympiknHa T.A., brnoxun A.A. OleHka WHTEHCHBHOCTH JJICKTPOMArHWUTHBIX H3IyYeHUU OT
CMapTQOHOB B PEKHUME BHUICOCBI3H. bezonacHocmv mexHoceHHviX u npupoonvix cucmem. 2026;10(3):256-265.
https://doi.org/10.23947/2541-9129-2026-10-3-256-265
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Introduction. In the 2020s, the issue of participants' exposure to electromagnetic radiation during video
conferencing (VC) has become increasingly important. The widespread use of these services is primarily due to
coronavirus pandemic-related self-isolation. Other reasons include the mobility of students and employees, the
proliferation of remote and hybrid work arrangements, and lower prices for mobile devices with video capabilities. This
transformation can be demonstrated through the following example. Prior to the pandemic, a well-known free solution
existed. During the time of self-isolation, six new products with similar functionality were added to the market. Later,
two more appeared [1].

Since 2019, hardware and software terminals, server systems, cloud services, and smartphone applications have
been used to make video communication more accessible. Yandex Telemost, VK Calls, MTS Link, and Max are the
leaders in the Russian segment of online communication.

Non-ionizing electromagnetic radio waves that occur during VC can cause local heating of tissues. The question of
how harmful this is requires comprehensive research. The authors of this article found out, that publicly available
publications did not consider the massive use of video content on mobile devices, which led to the hypothesis that
electromagnetic radiation (EMR) from smartphones is amplified in modern VC scenarios. Considering this, it is
advisable to investigate the effect of Wi-Fi on the EMR values, as this particular issue has not been addressed in the
literature. However, there are studies that assess the effects of mobile phones on the human body during conversation,
that is, when using the device for its intended purpose. Nikitina V.N. and Vtornikova N.I. note the increased thermal
effect of electromagnetic radiation, which is unfavorable for humans [2]. First of all, the adverse effect affects the
brain [3], visual and auditory analyzers, and the thyroid gland [4]. According to some reports, direct contact of a mobile
phone with a person's head causes a risk of long-term consequences and increases the likelihood of brain tumors [5],
Alzheimer's disease, and early dementia [6].

Khorseva N.I. [7] notes fatigue, significant deterioration in performance indicators, sensorimotor reactions, fatigue, and
cognitive functions in children and adolescents due to the use of mobile communication devices. Belpomme D. and
Rakhmanin Yu.A. prove that mobile phones are the cause of changes in neurodevelopment and neurobiological behavior [8],
as well as memory disorders, learning difficulties, attention problems, and behavioral issues in children [9].

Direct contact of the device with the human head clearly explains the identified negative effects on the nervous
system and analyzers. However, there are other, non-obvious dependencies that require further study. Thus, the use of
mobile phones for more than four hours per day affects the reproductive performance of both men [10] and
women [11].

Thus, it can be argued that researchers' attention has been focused on studying the risks associated with using a
mobile phone while talking without headphones, with the device in contact or near contact with the head. However, the
situation where the user is engaged in video conferencing has not been considered, and the EMR has not been
determined for such cases. As part of this study, we have attempted to address this gap by conducting a survey for the
first time and subsequently proposing safety recommendations. To our knowledge, no similar surveys have been
conducted before. The aim of this research is to determine the level of electromagnetic radiation emitted by
smartphones during video communication sessions over the mobile internet and Wi-Fi networks.

To achieve this goal, we have set the following tasks:

— determination of the maximum and average values of electromagnetic radiation (energy flux density, EFD) at a
distance of 0 cm and 15 cm from the top and bottom speakers of two devices (smartphones) during video calls;

— assessment of the impact of Wi-Fi usage on the EMR value;

— identification of points with the highest electromagnetic radiation levels in smartphones.

Materials and Methods. The level of electromagnetic radiation emitted by smartphones was measured using a PZ-
41 device, which included three antenna converters: AC-1, AC-2, and AC-3. High-frequency electromagnetic field was
converted into a constant voltage that was then applied to a measuring device. This device processed information and
displayed the parameters of the electromagnetic field on a screen. The manufacturer of this device is Special Design
Bureau PiTON, located in Nizhny Novgorod.

Using the AP-1 antenna, the maximum and average values of the energy flux density (EFDmax, EFDayg, pW/cm?)
were recorded under the following conditions:

— averaging time of the measured parameter displayed on the instrument panel — 1 minute;

— range of measured frequencies — 0.3—40 GHz;

— energy flux density — 0.26-100,000 pW/cm?;

— frequency for EFD determination — 2450 MHz.

It should be noted that Russian mobile operators operate in subscriber ranges from 790 MHz to 2700 MHz.
4G (LTE) mobile data transmission standards use a frequency of 2600 MHz [12]. When using Wi-Fi technology, the
operating frequency is 5150-5850 MHz.
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Figure 1 illustrates the operation of the PZ-41 device for evaluating the EFD at frequencies of 2450 MHz and
5150 MHZ, measuring both maximum and average values during a 1-minute exposure.

EIN3-41c«

WEEELHHD
&  worau

4 niEg
< HBMEFE

¢
Fig. 1. PZ-41 device interface when measuring EFDmax and EFDavg at frequencies of 2450 MHz and 5150 MHZ

a — determination of EFDmax at a frequency of 2450 MHz; b — determination of EFDayg at a frequency of 2450 MHz;
¢ — determination of EFDmax at a frequency of 5150 MHz; d — determination of EFDayg at a frequency of 5150 MHz

EFD was measured at the Fire Safety Department of Civil Defense Academy of the Ministry of Emergency
Situations of Russia on a laboratory bench simulating a work surface with a scale-coordinate paper attached. The
smartphone was attached to a dielectric tripod in an upright position (MG 4.3.2501-09"), and the measuring device with
an antenna was attached to a special holder. The antenna of the PZ-41 was located at a distance of 0 and 15 cm from top
and bottom speakers of the smartphone (Fig. 2).

! Methodological Guidelines 4.3. Methods of Control. Physical Factors. Measurement of Electromagnetic Fields of Personal Mobile Cellular Com-
munication Systems. Date of introduction 2009-06-20. (In Russ.) URL: https://docs.cntd.ru/document/1200076309 (accessed: 13.07.2026).
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b)

Fig. 2. Experiments at 2450 MHz and 5150 MHz:
a — measurement of the top speaker, side view; b — same, top view

Two mobile devices of different telecom operators, of the same year of manufacture, were tested. Each of them was
in operation for 2.5 years.

Specifications of device No. 1:

— 108 operating system (iPhone 14 Pro);

—i0S version — 26.3.1(a);

— device memory capacity — 128 GB;

— telecom operator — Tele2.

Specifications of device No. 2:

— Android operating system (Samsung Galaxy A35 5G);

— version — Android 14;

— device memory capacity — 128 GB;

— telecom operator — MTS.

Smartphones were tested:

— without enabling Bluetooth and NFC modules (always);

— with the Wi-Fi module running (mentioned separately) and with Wi-Fi disabled.

The video was transmitted using the Yandex Telemost service. The product of the Russian company, Yandex, has
been operating on i0S and Android platforms since the summer of 2020.

To create a permanent live video conference, a training video with sound was played on tablet (device 3). The
content was transmitted from smartphone 1 to smartphone 2 using the internet. Devices 1 and 2 were located in
different rooms. During the experiment, we simulated the interference of people moving around and making gestures
near the phone. Such cases were marked with * in the table. Data received through a poor internet connection was
marked with #.

When using Wi-Fi, the distance from the router was not more than 10 meters, taking into account the obstacle in the
form of a reinforced concrete wall.

We considered the hypothesis of increased EMR during smartphone operation in video communication mode. To
assess its validity, we measured the EMR of devices in call mode without turning off Wi-Fi.

When measuring the EMR of device 1 in talk mode, we obtained the following average results:

— 0 cm from the bottom speaker — EFDax = 1.101 pW/cm?, EFDaye = 0.258 uW/cm?;

— 0 cm from the top speaker — EFDpax = 0.633 pW/cm?, EFDgye = 0.221 pW/cm?;

— 15 cm from the bottom speaker — EFDpmax = 0.396 pW/cm?, EFDgye = 0.014 pW/cm?;

— 15 cm from the top speaker — EFDpax = 0.276 pW/cm?, EFDgy = 0.027 pW/cm?.

There were small EFD values in the talk mode, especially at a distance of 15 cm. The data collected was important
for comparing EFD results with video call mode.

Research Results. Tables 1-4 show the results of measurements of EFDpax and EFD,y, in video call mode at two
control points — at a distance of 0 cm and 15 cm from the top and bottom speakers of smartphones at a frequency of
2450 MHz. The tables present five EMR values according to the order of measurements. Measurements 1-5 were
conducted on the same day and in the same order.
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Table 1

Maximum and average EFD values for device 1 in video communication mode using
the Yandex Telemost application with Wi-Fi or signal reception

Measured value,

Experiment no.

Averaged value for

uW/cm? 1 2 3 4 5 experiments 1-5
Measuring point — 0 cm from the top speaker
EFDmmax 4.133 4.881 9.732% 3.315 1.551* 4.722
EFDayg 0.570 0.548 0.548 0.568 0.514%* 0.549
Measuring point — 0 cm from the bottom speaker
EFDinax 8.197 6.877* 6.752 5.299 3.674 6.159
EFDayg 5.121 4.622%* 4.981 0.436 0.365 3.105
Measuring point — 15 cm from the top speaker
EFDmmax 2.186 1.696 2.049 1.794 2.293 2.004
EFDayg 0.638 0.927 0.952 1.130 1.262 0.982
Measuring point — 15 ¢cm from the bottom speaker
EFDinax 2.616 1.832 2.694 1.325 1.860 2.065
EFDayg 0.651 0.904 0.922 0.887 0.904 0.854
Table 2

Maximum and average EFD values for device 1 in video communication mode using
the Yandex Telemost application without Wi-Fi or signal reception

Measured value,

Experiment no.

Averaged value for

uW/cm? 1 2 3 4 5 experiments 1-5
Measuring point — 0 cm from the top speaker
EFDmmax 28.110 20.412 20.033 19.321 27.372 23.049
EFDay, 15.939 15.652 15.303 14.216 12.870 14.796
Measuring point — 0 cm from the bottom speaker
EFDmax 62.679 61.704 69.125 60.016 72.136 65.132
EFDay, 33.024 45.233 43.580 46.344 51.335 43.903
Measuring point — 15 cm from the top speaker
EFDmmax 5.317 5.548 6.002 7.201* 7.089 6.231
EFDay, 4.002 4.227 4.493 4.146* 4.169 4.207
Measuring point — 15 cm from the bottom speaker
EFDmax 7.767 5.735 6.532 5.866 7.252 6.630
EFDay, 4.180 3.813 4.459 4.444 4.015 4.182
Table 3

Maximum and average EFD values for device 2 in video communication mode using
the Yandex Telemost application with Wi-Fi or signal reception

Measured value,

Experiment no.

Averaged value for

uW/cm? 1 2 3 4 5 experiments 1-5
Measuring point — 0 cm from the top speaker
EFDmax 2.136 3.126 3.633 2.398 1.656 2.589
EFDay, 1.015 0.896 1.338 0.836 0.839 0.985
Measuring point — 0 cm from the bottom speaker
EFDinax 0.655 1.566 0.947 0.838 0.661 0.933
EFDay, 0.218 0.336 0.257 0.214 0.208 0.246
Measuring point — 15 cm from the top speaker
EFDumax 0.574 0.472 0.544 0.360 0.002 0.392
EFDay, 0.021 0.020 0.012 0.010 0.001 0.013
Measuring point — 15 cm from the bottom speaker
EFDinax 0.268 0.602 0.490 0.073 0.094 0.305
EFDay, 0.014 0.027 0.008 0.001 0.002 0.010
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Maximum and average EFD values for device 2 in video communication mode using

the Yandex Telemost application without Wi-Fi or signal reception

Table 4

Measured value, Experiment no. Averaged value for
uW/em? 1 2 3 4 5 experiments 1-5
Measuring point — 0 cm from the top speaker
EFDmax 25.587 30.371 19.764 17.900%* 15.520 21.828
EFDay, 14.640 14.718 11.432 9.015%* 11.296 12.220
Measuring point — 0 cm from the bottom speaker
EFDmmax 3.283 3.281 3.096 3.596 4.734%* 3.598
EFDay, 1.819 1.408 1.677 2.126 2.250% 1.856
Measuring point — 15 cm from the top speaker
EFDmmax 3.599 3.394 2.996 3.026 3.794 3.362
EFDay, 2.223 2.200 2.025 1.877 2.568 2.178
Measuring point — 15 cm from the bottom speaker
EFDmax 1.905 2.163 3.000 2.994 2.382 2.489
EFDay, 0.881 0.781 1.167 1.633 1.302 1.153

Table 5 summarizes the average values for the five measurements presented in Tables 14, as well as the difference

between the EFD values recorded for iOS smartphones and Android. This difference was defined as the quotient of

dividing a larger value by a smaller one. It is important to note that the iOS indicator was found to be higher in almost

all experiments compared to that of Android.

Table 5
Averaged EFD values for devices 1 and 2 in video communication mode using
the Yandex Telemost application with and without Wi-Fi
Excess of EFD
Measured Device 1 Device 2 ) 1nd1cator.s of10$
parameter, in compar1s<.)n with
Android
HW/em? Without Without Without
.. |With Wi-Fi Excess .. |With Wi-Fi Excess ... |With Wi-Fi
Wi-Fi Wi-Fi Wi-Fi
Measuring point — 0 cm from the top speaker
EFDmmax 23.049 4.722 4.9 21.828 2.589 8.4 1.1 1.8
EFDay, 14.796 0.549 26.9 12.220 0.985 12.4 1.2 0.6
Measuring point — 0 cm from the bottom speaker
EFDmmax 65.132 6.159 10.6 3.598 0.933 3.9 18.1 6.6
EFDay, 43.903 3.105 14.1 1.856 0.246 7.5 23.7 12.6
Measuring point — 15 cm from the top speaker
EFDmax 6.231 2.004 3.1 3.362 0.392 8.6 1.9 5.1
EFDay, 4.207 0.982 43 2.178 0.013 167.5 1.9 75.5
Measuring point — 15 cm from the bottom speaker
EFDmax 6.630 2.065 3.2 2.489 0.305 8.2 2.7 6.8
EFDay, 4.182 0.854 4.9 1.153 0.010 115.3 3.6 85.4

Discussion. The data in Tables 1-5 allow us to make ten reasonable conclusions.

1. For device 1, when measured at a distance of 0 cm from the speakers using Wi-Fi, higher EFD values were

recorded for the bottom speaker (6.159 pW/cm? and 3.105 pW/cm?). The corresponding indicators for the top speaker

were 4,722 uW/cm? and 0.549 uW/cm?. At a distance of 15 c¢m, there were no significant differences in the values of
EFDmax and EFDgye. The values for EFDmax were 2.004 and 2.065; for EFDayg, they were 0.982 and 0.854. This
confirmed the safety principle of “protection by distance”. Intense interference near smartphones did not significantly

affect EFD, in contrast to the unstable internet, which doubled the average value (Table 1).
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2. For device 1 without Wi-Fi, at a distance of 0 cm, extremely high values were obtained for the bottom speaker:
EFDpmax — 65.132 uW/cm?, EFDyye — 43.903 uW/cm?. The top one had figures of 23.049 and 14.796, respectively,
which were more than 10 times higher than those obtained with Wi-Fi enabled. At a distance of 15 cm, the values of
EFDmax and EFD.,, of the lower speaker decreased by 10 times. Interference had almost no effect on the
result (Table 2).

3. For device 2, at a distance of 0 cm with Wi-Fi, the values of 2.589 (maximum) and 0.985 (average) were recorded
at the top speaker. These values were higher than those for the bottom speaker (0.933 and 0.246, respectively). No
significant differences were found between the top and bottom speakers at a distance of 15 cm. For EFDpax — 0.392
and 0.305; for EFD4g — 0.013 and 0.010 (Table 3).

4. For device 2, without Wi-Fi, when measured at a distance of 0 cm, extremely high values were recorded for the
top speaker: 21.828 for EFDmax and 12.220 for EFDay,.. The corresponding measurement results for the bottom speaker
were 3.598 uW/cm? and 1,856. At a distance of 15 cm, the values of EFDmax and EFD,y, decreased by 5-7 times for the
top speaker and by approximately 1.5 times for the bottom speaker. Interference can both reduce and increase EFD, but
the pattern needs to be further investigated (Table 4).

5. The use of Wi-Fi technology for video communication mode could reduce EFDyax and EFDgyg by 3.1-26.9 times
for device 1 and 3.8-167.5 times for device 2 (Table 5).

6. The use of Wi-Fi technology for video communication mode reduced EFD,,, more significantly than EFDpax.
This was true for both devices (Table 5).

7. At a distance of 0 cm, higher EFD values were recorded for the bottom speaker of device 1 and for the top
speaker of device 2. This was due to their design features (Table 5).

8. In comparison with device 2, device 1 had a higher EFD, it reached 85 times. This result was obtained when
measuring the bottom speaker at a distance of 15 cm with Wi-Fi (Table 5).

9. The highest decrease in EFD,y, for device 2 was 115 times and 167 times for the bottom and top speakers,
respectively. Such indicators were recorded at a distance of 15 cm with Wi-Fi (Table 5).

10. In case of failures in the Internet network, the EFD values increased.

The results support the hypothesis that there is an increase in electromagnetic radiation during video calls on a
smartphone. This research fills a gap in our knowledge in this area. It opens up the possibility for further studies to
explore and understand more about EMR radiation while using smartphones for video conferencing, online gaming,
virtual and augmented reality, etc.

An important finding of the study is a significant reduction in electromagnetic radiation when using Wi-Fi
technology for video communication on a smartphone. This can be attributed to the characteristics of communication
via Wi-Fi, as the short range of the router means that the smartphone does not require a powerful transmitter.

Conclusion. The principle of “protection by distance” has been experimentally confirmed: when you move away from
a smartphone by 15 centimeters, electromagnetic radiation decreases. This means that there is a safe way to make video
calls. We recommend using gadget holders to create distance between the person and the device. Do not wear the device
on your body or lean against it during a video call, and make sure to remove it at least 15 centimeters from your body.

For different models of mobile devices, high EMR values were found at different points, which could be explained
by the design features of smartphones. For an i0S device, the bottom speaker was found to have high values, while the
top speaker was found to have high values on the Android platform. Users should study the design of the device to form
their own safety rules. Further research is needed to build the EMP fields of personal mobile communication systems.

It has been proven that, due to the characteristics of the transmitter, a failure in the internet connection can lead to an
increase in energy flux density. This should be communicated to users.

The results obtained are of practical importance and offer promising prospects for future research. They may include:

— construction of fields of spatial distribution of the energy flux density from a smartphone in video communication mode,

— conducting similar measurements with other smartphone models,

— development of recommendations for safe operation,

— introduction of EMR norms during remote communication using smartphones.
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3aneneHHblil 6K1A0 A6MOPOE:

T.A. ByapikmHa: (QOpMyJIHMpOBaHHE 3aMbICIa KCCICIOBAHMWS; BBHIMOJIHCHHE SKCIICPUMCHTA IO OIPEICICHHIO
IUIOTHOCTH MOTOKA HEPTUU OT cMapT(OHA; MPOBEPKa BOCIHPOHM3BOIMMOCTH PE3yJIbTATOB IKCIIEPHMEHTA;, CO3JaHHUC U
MOJITOTOBKA PYKOIIUCH CTAaThU; MOCTPOCHHE TAOJIMYHBIX 3aBHCHMOCTCH; BHECCHHEC 3aMCUaHHMH WM WCIPABICHUHA B
PYKOITHUCH.

A.A. BioX¥H: BRIIIOJHEHUE SKCIIEPUMEHTA 10 ONPEACTICHAIO INIOTHOCTH MTOTOKA YHEPTUH OT cCMapT(oHa; MpoBepKa
BOCIIPOM3BOANMOCTH PE3yJIbTATOB SKCIIEPUMEHTA; CO3JaHIE U IMOATOTOBKA YEePHOBHKA PYKOIHMCH CTaThH; MOCTPOCHUE
TaOJIMYHBIX 3aBUCHMOCTEH; BHECCHHE 3aMEUaHN U UCTIPABIICHUH B PYKOIIHUCH.

Kongnuxkm unmepecos: aBTopbl 3asiBJASIOT 00 0TCYTCTBHM KOH()IMKTA HHTEPECOB.
Bce asmoput npouumanu u 0000punu 0KOH4YamenbHblil 6APUAHM PYKONUCHU.
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Abstract

Introduction. Thousands of oil spills are recorded in Russia every year, many of which occur in remote regions such as
Western Siberia, the Arctic zone, and the Far East. Oil production at all stages has a negative impact on the lithosphere,
hydrological regime, and biodiversity. This impact increases with the scale of petrochemical and mining activities. An
analysis of the literature shows that various sorbents and mobile solutions are used to eliminate spills, but there are still
challenges with high transportation costs, limited shelf life, difficulty in selecting the right material for a specific type of
contamination, and a lack of technological modules that can be delivered to hard-to-reach areas. The aim of this research was
to transfer the previously developed technology for producing a composite sorbent to a mobile vehicle, and to determine the
design and technical parameters of a mobile technological module (MTM) for the prompt elimination of oil spills.

Materials and Methods. The study was based on a stationary scheme previously developed by the authors for
producing a composite sorbent from dichloroethane, cetylamine surfactant, vermiculite, and shredded polystyrene foam.
The process involved converting polystyrene foam to a viscous state with a solvent, adding mineral filler, and drying
the mixture. To design a mobile technological module, we calculated the production cycle time, the weight of the
complex, and the area occupied by the equipment. The calculations took into account elements made of PTFE-4
fluoroplastic according to TU 6-05-810-88!, a BYD NYP-3.6 gear pump, a Greenworks G24HG 24V heat gun, a
capacitor, containers, mixers, a drying chamber, chutes, and hydraulic fittings. UAZ 23632 was chosen as a mobile
vehicle because of its off-road capabilities, cargo capacity, and cargo platform dimensions.

Results. 1t was established that the composite sorbent could be produced in mobile conditions using a previously
developed technological process, which included dissolving polystyrene foam, adding a filler, and drying the formed
mass. The production cycle for a batch of 20 sorbent sheets measuring 210%297x5 mm took five hours when drying at a
temperature of 22°C, and was reduced to four hours by using a heat gun. The total mass of the main elements of the
mobile complex, excluding the sorbent components, amounted to 70 kg, and the working mass of the module with
precursors reached 78 kg. The area occupied by the main equipment elements was 8900 cm?, which corresponded to the
area of a EUR-pallet (approximately 0.9 m?). The calculations confirmed that it was possible to place all components of
the mobile technological module on a UAZ 23632 vehicle. During the study, it was also taken into account that the
mineral filler could be reused for up to three cycles, after which the loss of sorption properties amounted to 35%.
Discussion. The research results demonstrated that converting the stationary production process for a composite sorbent
into a mobile format was technically feasible and met the goal of providing a rapid response to emergency oil spills in
hard-to-reach areas. Unlike solutions focused on delivering ready-made sorbents, the proposed approach involved
transporting the components and producing the material directly near the spill site, which reduced the dependence on
logistics and storage conditions. The comparison with literature data confirmed the relevance of this approach. Mobile
technologies made it possible to customize the properties of the sorbent, reducing transportation costs and minimizing
waste through material recovery. However, the limitations of this study included its design-based nature: the
functionality of the module was assessed based on mathematical modeling and comparison with similar equipment. The
practical significance of the results was that they confirmed the possibility of installing a compact production complex
on an off-the-road vehicle without changing the basic process flow.

' TU 6-05-810-88. PTFE blanks. URL: https://ftoroplast.com.ru/tu-6-05-810-88/ (accessed 10.06.2026).
© Gaevskiy VV, Odinokova 1V, Isaeva IYu, Ostaeva GYu, 2026
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Conclusion. During the study, the key parameters of the mobile technological module were calculated: duration of the
production cycle, weight of the equipment, and the occupied area. It has been shown that a module weighing 78 kg and
with an area of approximately 0.9 m? can be mounted on a UAZ 23632 vehicle and used to produce a composite sorbent
directly at the site of an emergency spill. This solution makes it possible to increase the efficiency of pollution cleanup,
reduce logistics costs, and lower the environmental impact by reducing the number of transport trips and the amount of
recycled polystyrene foam waste. A mobile technological module can be recommended as a component of equipment
for eliminating emergency oil spills in hard-to-reach areas.

Keywords: mobile technological module, mobile production of sorbents, mobile complexes
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AHHOTALMA

Beeoenue. B Poccun exeromHo (QUKCHPYIOTCSI THICSYHM CIy4YaeB aBapHUHBIX Pa3IHMBOB HEPTEMPOMYKTOB, MPH ITOM
3HAYUTEJIbHAS UX YacTh IIPOUCXOJNUT B TPYAHOJOCTYIIHBIX PETHOHAX, BKIIovas 3amnannyo Cnoupb, ApKTHIECKYIO 30HY
n Jlanpauii BocTok. Hedremonb3oBanne Ha Beex dTamax COMPOBOXAAETCS HETATUBHBIM BO3JIEHCTBHEM Ha JIMTOCHEpY,
THIPOJIOTHYECKUH PEKUM B OnopazHooOpas3ue, a ero HHTEHCUBHOCTH BO3PACTAET C YBEIMUEHHEM MacIITaboOB AEATENb-
HOCTH HE()TEXMMHYECKOH 1 NOObIBatoLIel oTpaciieil. AHaIN3 HAYYHOH JIMTEPaTyphl MOKa3bIBAET, YTO JJISI JIMKBUIAILMN
TaKUX Pa3IMBOB HMCIHOJIB3YIOTCS PasHOOOpasHbIe COPOCHTHI, IPUMEHSIOTCS pa3InuHble MOOWIIBHBIE PEICHUS, OJTHAKO
IIPU 3TOM COXPAHSIOTCS NMPOOJIEMBI, CBA3aHHBIE C BBICOKOH CTOMMOCTBIO TPAHCIIOPTHPOBKH, OTPAHWICHHBIMU CPOKAMHU
XpaHeHHs1, CIOKHOCTSIMH B 1I0JI00pE MAaTEPHUAIIOB I10]] KOHKPETHBII THUIT 3arpsA3HEHUS] H OTCYTCTBUEM TE€XHOJIOTHYECKUX
MOJIyJeH, alanTUPOBAaHHBIX K JOCTaBKE B TPYAHOJAOCTYIHBIE paiioHbl. llenb NaHHOrO MCCIENOBaHMS 3aKIHOYaeTCs B
MepeHoce paHee pa3pabOTaHHOW TEXHOJIOTHYECKOW CXeMbl TIOTYUYEHHUS! KOMIIO3UTHOTO cOpOeHTa Ha MOOMIIBHBIH HOCH-
TeNb W B OINpPEICIEHHH KOHCTPYKTHBHO-TEXHOJOTHUECKHMX MapaMeTpoB MOOMIBHOTO TEXHOJIOTHYECKOTO MOJIY-
151 (MTM) juis oniepaTUBHOM JIMKBUAALMH Pa3IHBOB HEPTENPOIYKTOB.

Mamepuansl u memoodvl. B 0CHOBY HCCIIeIOBaHUS ITOJIOKEHA paHee pa3paboTaHHAs aBTOpAMH CTAaI[FIOHApHAs cxema
MOJTyYeHHSI KOMIIO3UTHOTO COpOeHTa M3 JMXJIOPITAHA, TOBEPXHOCTHO-AKTHBHOTO BEIIECTBA IIETUIAMIUHA, BEPMHUKYJIHTA
u mmMenpu€Haoro neHononuctupona (I1C). TexHomOrHYeCKui mporece BKIIFOYA B ce0s epeBO/I IEHOMOIUCTHPOIA B
BA3KOTEKyYee COCTOSHUE C IMMOMOIIBIO PACTBOPHTEIS, BBEJICHAC MUHEPAIHFHOI'O HATIOIHHUTENS U MOCICIYIOIIEe BBICY-
mrBaHue chopMUPOBAHHON cMecH. J[J1si TPOEKTUPOBaHHST MOOMIIBHOTO TEXHOJIOIMYECKOTO0 MOAYJISi OBUTH PACCUUTAHbBI
BpeMsI IPOM3BOACTBEHHOTO ITMKIIA, Macca KOMIUIEKCa M IUIONIab, 3aHIMaeMasi ooopyaoBanueM. [Ipu pacuérax yuuThI-
BauCh 31eMeHThl n3 Qroporuacta [ITPD mapku @-4 mo TV 6-05-810-88, mecrepénuarsiii Hacoc BYD NYP-3.6,
crpoutenbhblil pen Greenworks G24HG 24V, konaeHcaTtop, €MKOCTH, CMECHUTENH, CYIIMIbHAS Kamepa, >KEI00Bl U
THIpaBIHyYecKas apMarypa. B kadecTBe MOOMIBHOTO HOCHTENS NpemokeH aBTOMOOMIb Y A3 23632, BeIOpaHHSEI ¢
Y4ETOM TPOXOAUMOCTH, TPY30MOIEMHOCTH H Pa3MEPOB IPY30BO# ITAT(HOPMBL.

Pe3ynomamut uccnedosanusn. BbUio yCTaHOBICHO, YTO KOMIO3HTHBIA COPOCHT MOXKET OBITh MOJIYYCH B MOOMIIBHBIX
YCIIOBHSX IO paHee pa3paboTaHHON TEXHOJOTHMYECKOW CXeMe, BKIIoUaromiel B cebs pacTBOpEHHE MEHOOIUCTHPOIIA,
BBEJICHHC HAIIONHUTENS U CYIKY copMupoBaHHOI Macchl. [Ipon3BOACTBEHHBIH UK A mapTud u3 20 JIUCTOB cOp-
OeHra pazMepom 210%297x5 MM cOCTaBUII IATH YaCOB MU cyIIKe TpH Temreparype 22 °C U COKpaTHIICS IO YeTBIPEX
YacoB TPH HCIIOJIb30BAaHUU CTpoUTETIbHOrO Qena. OOIas Macca OCHOBHBIX 3JIEMEHTOB MOOMJIBHOIO KOMILIEKca Oe3
y4€Ta KOMIIOHEHTOB copbeHTa cocTtaBmia 70 kr, a pabodast Mmacca MOIYJA ¢ peKypcopamu gocturia 78 kr. [lnomans,
3aHUMaeMasi OCHOBHEIMH 3JIeMEeHTaMH 00opynoBanwms, coctasmia 8900 cM?, uto coorBeTcTBYyeT Iuioman EUR-naneTsr
(oxomo 0,9 mM?). Pacu€Tsl moATBEPAMIIN BO3MOXKHOCTh Pa3MeIEeHHUsI BCEX KOMIIOHEHTOB MOOMIIBHOTO TEXHOJIOTHIECKOTO
Moy Ha apTromobmiie YA3 23632. Takxke B mponecce UCCIEI0BaHUSA ObUIO YUTEHO, YTO MUHEPAIBHBIN HAIlOJIHUTEIh
MOJKET UCTOJIh30BaTHCS MOBTOPHO JI0 TPEX MUKJIOB, IIOCIIE YETo MOTepsl COPOIMOHHBIX CBOWCTB cocTaBiseT 35 %.
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Ooécyscoenue. TlonydeHHbIE pe3yJIbTAaThl MMOKA3BIBAIOT, YTO MEPEBOJ CTAITMOHAPHONW CXEMBI MPOM3BOJCTBA KOMITO3HUT-
HOTO cOpOeHTa B MOOWIBHBINH (hOpMAT TEXHUYECKU PEATM3yeM M COOTBETCTBYET 3aJadye OIECPATHBHOTO PeardpOBaHUS
Ha aBapHiHBIC Pa3IUBHl HEPTENPOAYKTOB B TPYJHOIOCTYIHBIX paiioHaX. B oTnmume oT pemieHui, OpHeHTHPOBAHHBIX
Ha JIOCTaBKY TOTOBBIX COPOEHTOB, MpeIaraeMblii OAXO0] MPEAyCMAaTPUBACT TPAHCIIOPTHPOBKY KOMITIOHEHTOB M HM3rO-
TOBJICHHE MaTepraia HEMOCPEICTBCHHO BOJIM3M MECTa MPUMEHECHHS, YTO CHIDKAET 3aBUCHMOCTD OT JIOTUCTHKH H YCIIO-
Buii xpaneHusi. ConocraBieHUe ¢ JUTEPATYPHBIMU JAHHBIMU MOATBEP)KIAET aKTyalbHOCTh TaKOTO HAIpPABIECHUS: MO-
OMITEHBIE TEXHOJIOTHH TI03BOJIAIOT PETYIHUPOBATh CBOHCTBa COPOEHTOB, COKpAIIaTh TPAHCIIOPTHBIC H3IEPKKUA U YMEHb-
math 00BEM OTXOMOB 3a CYET pereHepanuu MartepuanoB. OrpaHMYeHHEM HCCIEAOBAHUS SIBISETCS pPacu€THO-
MIPOEKTHBIN XapakTep BalHJAIUA: pabOTOCTIOCOOHOCTh MOIYJIS OIIEHUBAJIACh HA OCHOBE MaTEMaTHIECKOTO MOIEIHPO-
BaHUA U COIOCTABIIEHUS C aHAJOTHYHBIM 00OpyoBaHueM. [IpakTuueckoe 3HaUeHHE pe3ybTaTOB COCTOUT B MOJATBEP-
KJICHUH BO3MOXXHOCTH Pa3MEIICHUSI KOMIAKTHOTO MPOU3BOJICTBEHHOTO KOMILICKCA Ha TPAHCHIOPTHOM CPEACTBE BBICO-
KOl mpoxoauMocTu 6e3 n3MeHeHHs 6a30BOM TEXHOJIOTHUECKOH CXEMBI.

3aknrouenue. B xone nccnenoBaHus OBITH pacCUUTAHBI KIOUEBEIC TapaMeTPhl MOOMIBHOTO TEXHOJIOTHIECKOTO MOIY-
JIS: TIPOJIOJDKUTENBHOCTh MPOU3BOJCTBEHHOTO UK, Macca 000pyJ0BaHUs M 3aHMMaeMas miomajas. [lokazano, 4ro
MOJyTTb Maccoil 78 kr u mromaapio okoio 0,9 M?> MOKeT OBITH yCTaHOBJICH HAa aBTOMOOWIE Y A3 23632 1 ncnonp30BaH
JUTSI TIOJTy4YeHUST KOMIIO3UTHOTO COpOEHTa HEMOCPEICTBEHHO B 30HE aBAapUUHOTO pa3ivBa. Takoe perieHue MO3BOJISET
MOBBICUTH OTICPATHBHOCTH B JIMKBHUIAINHU 3arPsS3HEHUHA, COKPATUTH JIOTUCTHICCKHUE M3IICPKKHA U CHU3UTH YKOJIOTHYEC-
CKYIO Harpy3Ky 3a CU€T YMEHBIIIEHHS YUCia PEHCOB TPAHCIIOPTa U KOJMYECTBA MMepepadOTaHHBIX OTXOJ0B MEHOTIOIH-
ctupoiia. MOOWIBHBINA TEXHOIOTUIESCKUH MOIYIh MOXKET OBITh PEKOMEHIOBAaH KaK 3JE€MEHT 000pYIOBaHUS IS JINKBH-
Ty aBApUUHBIX Pa3IMBOB HE(TEMIPOIYKTOB B TPYIHOIOCTYTHBIX paiioHaX.

KiroueBble ¢j10Ba: MOOMIILHBIA TEXHOJIOTHUCCKHUI MOIyJIb, MOOHIBHOE MPOU3BOACTBO COp6CHTOB, MOOMJIbHBIC KOMILIEKCHI

BaarogapHocTH. ABTOpPHI BRIpa)KaloT MPU3HATENHFHOCTE 32 TIOMOITh B mpoBeneHnn uccnenoanuiit OAO «LJACDO» u
HIIIT «Apean».

Jasi nutupoBanms. [aeckuii B.B., Omunoxosa U.B., Mcaea N.1IO., OcrtaeBa I'.}JO. MoOHUIbHBIA TEXHUYECKUI

MOJyJb ISl TIPOM3BOJCTBA KOMIIO3UTHOrO copOeHTa HedTenmpomyKToB. bezonacHocms mexHo2eHHbIX U NPpUpoOHbIX
cucmem. 2026;10(3):266-276. https://doi.org/10.23947/2541-9129-2026-10-3-266-276

Introduction. Every year, thousands of oil and petroleum product spill incidents are recorded in the Russian
Federation [1], most of which occur in hard-to-reach regions of Western Siberia, the Arctic, and the Far East [2]. These
spills are difficult to clean up due to the remote location of these sites, poor transport accessibility, harsh natural
conditions, and high costs associated with delivering specialized materials and equipment. This makes it a significant
ecological, technological, and organizational challenge to respond quickly to oil spills.

Oil production at all stages of the life cycle, from geological exploration and the construction of drilling facilities to
well drilling, intensification of production, fluid lifting to the surface, and preparation of hydrocarbons for storage and
transportation, has a negative impact on the environment [3, 4]. The intensity of this impact depends on the scale of
production activities, characteristics of the technologies used, and resilience of natural ecosystems to anthropogenic
pressure. The main consequences of oil use on the environment include degradation of the lithosphere, disruption of
hydrological balance, and damage to biodiversity.

Degradation of the lithosphere is manifested in the mechanical disruption of the soil cover, soil compaction,
formation of anthropogenic landforms, creation of quarries, sinkholes, and overall transformation of the natural
landscape. This disruption of the hydrological balance leads to the pollution and depletion of aquifers, flooding of
territories with industrial wastewater, and deterioration of surface water quality due to increased mineralization and
higher content of dissolved impurities. Damage to biodiversity is evident in changes to the species composition of
ecosystems, decline in their productivity, shift in the ranges of individual species, and development of ecological
degradation processes.

Emergency spills of oil and petroleum products pose a particular danger, as they can create short-term but intense peaks
of anthropogenic impact, localized in the area of an incident. In remote areas, negative consequences of these accidents are
exacerbated by the difficulty in timely delivery of sorbents and specialized equipment to the site of pollution [5]. Under
these conditions, the traditional response scheme, which relies on transporting pre-made sorption materials from stationary
production facilities or warehouses, may not always ensure the necessary speed and cost-effectiveness.
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One promising approach to solving this problem is to produce sorbents close to the site of an accidental spill [6].
This allows for a faster response time, reduced logistics costs, and the possibility to adapt the sorbent’s properties to
specific contamination conditions. This approach is especially relevant for remote areas, where delivering pre-made
materials requires a significant amount of time and financial resources.

The scientific literature provides a detailed discussion on the development of various sorbent materials, including
biosorbents [7], modified polymer materials [8], composite sorbents, and materials for absorbing light hydrocarbons,
heavy oils, emulsions, and multicomponent wastewater [9]. However, the analysis of current methods for producing and
transporting finished sorbents reveals several limitations. These limitations include high transportation costs, which can
account for 60-80% of the total cost of the material in some cases, a limited shelf life for some sorbents, particularly
biosorbents and modified polymers, difficulty in selecting a suitable material for a particular type of contamination, and
the risk of secondary pollution during storage, transport, and handling of spent sorbents [10].

An alternative to the traditional approach is mobile sorbent production. Instead of delivering the finished material to
the site of application, the initial reagents or precursors are transported, from which the sorbent is produced directly on-
site. This method allows for a reduction in the volume of materials transported, increased flexibility in the technological
process, and the ability to produce material with specific characteristics based on the type of oil product, ambient
temperature, characteristics of the contaminated surface, and requirements for subsequent regeneration or disposal.

The authors of several studies propose technical solutions for producing sorbents in conditions close to those
encountered in the field. For example, L. Khimenko and co-authors describe a method for creating sorbent using thermally
expanded graphite in their work. This method involves a sorbent block consisting of two sealed, interconnected
containers [11]. One of them contains intercalated graphite and a heating mixture that ensures rapid heat release due to a
highly exothermic reaction and the subsequent expansion of the graphite. The other container contains an initiation element
connected to an independent or portable power source. This setup allows for the production of sorbent at the site of
application, which reduces the dependence of the spill response process on centralized supplies of the ready-made material.

The production of polyurethane sorbents is a promising area of research, as the initial liquid components used during
the foaming process result in a significant increase in the volume of the final product: 30-50 m? of polyurethane foam
can be produced from one ton of liquid ingredients [12]. In addition, the process of producing polyurethane sorbents
allows for the modification of their key properties, such as density, the ratio of open and closed pores, hydrophobicity,
oleophilicity, and mechanical strength. These characteristics can be customized by adjusting the formulation, including
varying the amount of water, catalyst, and by introducing organosilicon modifiers or fluorinated additives.

A similar approach was implemented in the work of A.V. Mukhamedshin and co-authors, who proposed a sorbent
based on a polyurethane matrix and vegetable filler [13]. The combination of these components provided high sorption
capacity of the material, the ability to rapidly absorb petroleum products and retain the absorbed volume for long
periods of time, ranging from 15 minutes to several days. This made it easier to transport the saturated sorbent to a
processing facility. Additionally, the increased mechanical strength of the material creates the potential for. The authors
also noted the possibility of organizing production not only at an enterprise, but also a mobile complex located at the
site of an accident, which reduced response times and logistical costs.

Therefore, the mobile process module can be used to produce sorbents with various physical, chemical, and
operational characteristics that are adapted to specific types of petroleum products and working conditions. The ability
to quickly change the formulation and technological parameters is a significant advantage of this approach compared to
using pre-manufactured and stored materials.

Practical feasibility of mobile sorbent production has been confirmed through studies on the production of sorption
material using a mobile generator [14]. According to the authors of these studies, this equipment can be used to clean up
oil and petroleum product spills, both on water surfaces and on land. In addition, mobile modules can be equipped with
sorbent regeneration units, including systems for mechanical extraction, centrifugation, cyclic steam desorption, and
drying of a sorbent [15].

The authors of article [16] propose an installation for the regeneration of oil-soaked sorbents such as zeolite and
silica gel. The installation consists of a sorbent with heating elements, a vacuum pump, a working fluid tank, an oil
storage tank, and a cooling radiator, all combined in a single metal casing. This design allows for the extraction of
petroleum products from the sorption material and creates conditions for its reuse. The use of such technical solutions
can reduce the amount of waste to be disposed of by up to 90%, which increases the environmental and economic
efficiency of liquidation measures.
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Despite the availability of advances in the field of mobile sorbent production and regeneration, their analysis shows
that the problem of developing an effective mobile complex for work in hard-to-reach areas remains understudied. In
particular, there is limited literature on transferring technological schemes for producing composite sorbents onto a
mobile platform, as well as on the design and technical parameters of these systems. Many existing solutions are
complex and difficult to manufacture, and do not involve the use of a passable wheelbase capable of transporting
equipment and materials to the site of a spilla.

Thus, it can be concluded that there is a lack of scientific knowledge regarding the development of constructive and
technological solutions for the mobile production of composite sorbents to quickly eliminate oil spills in hard-to-reach
areas. To address this gap, it is necessary to adapt existing technological schemes for mobile use, determine the
parameters of equipment and assess its feasibility in the field.

The aim of this research is to adapt the previously developed technology for producing composite sorbents into a mobile
vehicle, as well as to determine the design and technical specifications of a mobile unit for rapid elimination of oil spills.

To achieve this goal, it is necessary to solve the following tasks:

1. Analyze the previously developed technological process for the production of composite sorbents (dissolution of
expanded polystyrene, introduction of filler, drying), and adapt it for a mobile design — select optimal process
parameters (temperature, time of stages, component ratios), considering restrictions on energy consumption, equipment
size and field operating conditions.

2. Form the composition and layout of the mobile technological module — determine the list of equipment, its
placement, requirements for the support frame and fasteners, and ensure that the module's dimensions comply with the
standard EUR-pallet for ease of transportation and installation.

3. Determine the MTM design and technical parameters — calculate and justify the load distribution on the vehicle,
the maximum allowable weight of the module, the area for placement, as well as the requirements for the vehicle (using
UAZ 23632 as an example) for safe integration and operation of the equipment.

4. Validate the proposed solution through mathematical modeling and comparison with data from similar
installations in order to confirm the reproducibility of the technology on the equipment with similar characteristics, as
well as to evaluate the possibility of scaling and replicating the module for use by other research and operational teams.

Materials and Methods. In their previous studies, the authors developed an algorithm [17] and a stationary process
for producing a composite sorbent [18] (Fig. 1).

Surfactant 5 2
Y 3
6
4
EPS 1
L/ 2

Fig. 1. Process flow diagram for producing a composite sorbent:
1 — storage container for expanded polystyrene (EPS); 2 — valve regulating the supply; 3 — mixers (dichloroethane, expanded
polystyrene) and (surfactant, dichloroethane); 4 — solvent container; 5 — storage container for surfactants;
6 — pump for feeding the mixture; 7 — mixing container (surfactant solution, mineral filler and dichloroethane + expanded
polystyrene are alternately supplied); 8 — storage tank for mineral filler; 9 — composite sorbent billet;
10 — drying unit; 11 — composite sorbent plates; 12 — heat gun [18]
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The following components were used to produce the composite sorbent: dichloroethane, surfactant (cetylamine),
vermiculite, and crushed polystyrene foam. After the composite sorbent was disposed of, the mineral filler was reused.
The number of reuse cycles was three. It was established that after the third cycle, there was a significant loss of
sorption properties, amounting to 25 %.

To determine the area needed to accommodate the module's components, several calculations were performed. These
included the production cycle time, the total mass of the module, and the area occupied by the mobile technological module:

1. The production cycle time was calculated using formula 1. The formula for the sequential production method
(when operations were performed one after another) was chosen:

Ty=nx(ty+ty+ .41, )+ To50n +Tpocr.» (1

where n — batch size (number of products); #1, t, ...; t, — time to perform each operation, min; 7osc. — module maintenance
time, min.; Typoer — downtime, the time spent changing operating fluids, consumables (replacing filters and etc.).

Thus, 7, = 1%(20 + 20 + 40 + 180) + 20 + 20 = 300 min., or 5 hours.

The calculation was conducted for a batch of 20 sorbent sheets with dimensions of 210x297x5 mm. The duration of
the drying process was calculated at a temperature of 22°C. When a heat gun was used to dry the composite sorbent
sheets, the time required was reduced to four hours.

2. Calculation of the total mass of the module. Its components were assembled from fluoroplastic (PTFE) and plates
measuring 2x300%300 mm, grade F4, according to TU 6-05-810-88. Tables 1 and 2 list the characteristics of these
plates as provided by the manufacturer.

Table 1
Characteristics of plates used to produce containers up to five liters in volume and a trough
Technical specifications from the manufacturer's catalog
Thickness, mm 2
Width, mm 200
Length, mm 300
Weight, kg 0.45
GOST TU 6-05-810-88
Grade F4
Table 2
Characteristics of plates used to produce containers up to 20 liters
Technical specifications from the manufacturer's catalog
Thickness, mm 2
Width, mm 1000
Length, mm 1000
Weight, kg 2.5
GOST TU 6-05-810-88°
Grade F4
The number of sheets used in the MTM assembly is provided in Table 3
Table 3
Characteristics of the module elements assembled from PTFE plates
Element name Number of sheets Element weight, kg
1. EPS storage container 6 2.7
2. Solvent storage container 6 2.7
3. Mixer (dichloroethane, EPS) 6 2.7

2 TU 6-05-810-88. PTFE blanks. URL: hitps://ftoroplast.com.ru/tu-6-05-810-88/ (accessed 10.06.2026).
3 .
Ibid.
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4. Mixer (surfactant, dichloroethane) 6 2.7
5. Surfactant storage container 1 0.45
6. Container for mixing all components 6 15
7. Container for storing mineral filler 6 2.7
8. Drying chamber 8 20
Total weight of elements made from PTFE plates 49

In addition, the weight of pumps for supplying the mixture (BYD NYP-3.6 gear pump) and heat gun (Greenworks
G24HG, 24 V, without battery and charger) as well as the condenser were also taken into account. The total weight of
the main components of the mobile technological module excluding the composite sorbent was 65 kg.

The weight of composite sorbent components, based on the volume of a five-liter container: dichloroethane — 6.25 kg,
vermiculite — 0.6 kg, crushed polystyrene foam — 0.6 kg

Thus, the MTM working weight was 78 kg.

3. The area occupied by MTM was the sum of the areas of the individual module components (Table 4) plus the
tolerances for the positioning of the troughs and hydraulic fittings.

Table 4
Area occupied by the module elements assembled from PTFE plates

Element name Area, cm?

1. EPS storage container 450
2. Solvent storage container 900
3. Mixer (dichloroethane, EPS) 900
4. Mixer (surfactant, dichloroethane) 900
5. Surfactant storage container 56

6. Container for mixing all components 2500
7. Container for storing mineral filler 900
8. Drying chamber 1800
Total area 8450

In order to solve the problem of quickly localizing and eliminating oil spills in difficult-to-reach areas, it was crucial to
not only select an effective sorption material, but also to ensure its delivery. To this end, the authors considered using a
UAZ 23632 pickup truck as a mobile technological module. This type of vehicle was chosen as optimal due to its
combination of operational characteristics. Its increased off-road capability allowed it to navigate through areas with
difficult terrain and soil conditions typical of remote and hard-to-access territories. At the same time, its load capacity and
cargo area size made it possible to accommodate the necessary equipment for producing a composite sorbent on-site.

Research Results. During the experiments, we produced a composite sorbent in accordance with the previously
developed technological scheme. The process consisted of the following stages: converting expanded polystyrene into a
viscous-flow state by applying a solvent, adding mineral filler to the formed polymer gel, and then drying the resulting
mixture until the mass stabilized and the required physical-mechanical characteristics were achieved.

The production cycle for a batch of 20 sorbent sheets with a nominal size of 210 x 297 x 5 mm, took four hours
using a heat gun as a heating source. This time included the total time required for dissolving the expanded polystyrene,
evenly distributing the filler in the matrix, forming the sheets, and drying them. To ensure that the drying process was
complete, gravimetric analysis was used to monitor the samples' mass after holding them for 15 minutes until
stabilization.
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The mass of the mobile technological module, including structural elements, technological equipment, consumables,
and the precursors necessary for sorbent production, was 78 kilograms. This figure included the mass of the supporting
frame, heating devices, containers for solvent and precursors, and means for fixing and transporting equipment. The
weight distribution across the axles of the UAZ 23632 vehicle when MTM was placed on the cargo platform met the
permissible standards and did not exceed 30% of the vehicle's maximum load capacity.

The dimensions of MTM ensured its compact placement, allowing it to fit within the standard EUR-pallet size, occupying
an area of 0.9 m? (1200 x 800 mm). This layout allowed for efficient use of the cargo platform's working space and ensured
convenience in loading and unloading operations. It also enabled quick deployment of the module in field conditions, while
maintaining access to its main components for maintenance and monitoring of process parameters.

Additionally, several auxiliary parameters of the technological process were monitored: the heating temperature
during the drying process was maintained between 60 and 70°C, which prevented thermal degradation of the polymer
matrix and ensured uniform solvent removal. The degree of uniformity in the distribution of filler within the polymer
matrix was assessed both visually and using optical microscopy. No large agglomerates were observed, and the mineral
filler particles were evenly distributed across the cross-section of the sheet.

Discussion. The results obtained during the study confirmed the feasibility of the method proposed by the authors
for producing a composite sorbent in a mobile configuration, and also demonstrated that the characteristics of MTM
met the requirements for transportation and operation in conditions of limited space and complex road infrastructure.

The technical feasibility of installing all components of the sorption complex onto the platform of the chosen
vehicle (UAZ 23632) has been established. During the design process, not only were the overall dimensions of the
equipment taken into account, but also the requirements for stability during transport, load balancing on the vehicle's
axles, and ensuring accessibility for servicing units in a confined space. The calculations showed that the total weight of
the equipment, including consumables and fasteners, did not exceed the maximum load capacity of UAZ 23632, and the
distribution of weight met the requirements for safe operation.

An important aspect of the research was the validation of the MTM to ensure its reproducibility and scalability. We
verified the possibility of using the module in two stages. First, we used mathematical modeling to simulate the
equipment's operating modes. Then, we compared the results with data from similar equipment. The simulation allowed
us to assess the stability of technological parameters, including productivity and sorbent quality. This information will
help us consider various operational options for different climatic conditions and road surfaces in the future.

The comparison with experimental data on existing installations confirmed the reproducibility of key process
indicators when using the equipment with similar technical specifications.

The calculated data showed that to achieve the desired performance indicators of MTM, it was sufficient to replicate
the installation, while maintaining the specified technical parameters — productivity, energy consumption, temperature-
time regimes, and ratios of raw material components. At the same time, it was established that the technological process
for producing a composite sorbent was not critical to the design features of individual units that make up the module.
The determining factors here are the output parameters of the equipment, such as flow rate, temperature, pressure, and
phase contact time, rather than their specific implementation. This significantly expands the replication potential of the
proposed scheme, as researchers and operational teams can adapt the equipment composition to available resources, as
long as regulated technological modes are maintained.

The authors have proved that the choice of the UAZ 23632 platform, combined with the modular principle of equipment
layout and reproducibility of the technological process, provides high operational flexibility of MTM and confirms its
suitability for use in conditions where traditional spill response methods are ineffective or technically impossible.

Conclusion. In the course of our research, we have calculated the production time for the composite sorbent, the
total weight of the mobile module, and the area occupied by the technological equipment. The use of MTM in practice
will ensure mobility, eliminate the cost of sorbent delivery, reduce logistical costs, and minimize the environmental
burden by reducing the number of trips and associated CO; emissions. Recycling of polystyrene foam waste will further
reduce the negative impact on the environment. These conclusions confirm the result obtained: the mobile technological
module developed by the authors can be used to eliminate oil product spills in hard-to-reach areas and can be

recommended as equipment for emergency response.
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Abstract

Introduction. Increasing the ballistic resistance of armor materials is a pressing scientific and technical challenge driven
by the need to develop protective materials that can effectively resist high-speed impacts. Homogeneous isotropic
steels, which provide protection through a combination of hardness and toughness, have limited effectiveness under
high-speed stress of approximately 10° m/s. These materials typically undergo brittle fracture or complete penetration
without significant energy dissipation. A promising alternative approach is the use of heterogeneous and anisotropic
materials with a more complex, organized structure that can alter crack propagation trajectories and increase fracture
energy intensity. Natural ferrite-martensitic composites (NFMCs), formed in steels quenched from the intercritical
temperature range, are an example of such materials. NFMC steels, produced by quenching from the intercritical
temperature range, are currently being actively researched. It has been shown that changing the quenching temperature
affects the volume ratio of ductile ferrite and high-strength martensite layers, which in turn influences the mechanical
properties of the material. However, existing studies have been conducted primarily under static tension or bending
conditions. When subjected to ballistic loading with extremely high strain rates, the mechanisms of crack arrest may
differ significantly. In this context, the geometric parameters of the structure such as the orientation, length, and
thickness of the layers, as well as their ratios, become more important than the strength properties of individual phases.
Currently, there is a lack of systematic data on which specific structural characteristics of NFMC are crucial for ballistic
resistance, and what optimal values should be. Therefore, the aim of this research is to determine the geometric
parameters of NFMC steel structures that ensure effective use in armor protection systems.

Materials and Methods. The study was conducted on 14G2 steel samples measuring 140x70x7 mm. The NFMC
structure was obtained by quenching the steel from the intercritical temperature range with an initial banded ferrite-
pearlite structure. Bullet resistance tests were performed by shooting targets of this material at a distance of 50 m from a
Dragunov sniper rifle with 7.62 mm cartridges with a heat-strengthened core at a bullet velocity of approximately
10°m/s. The geometric parameters of the structure were assessed using a metallographic method on a
Neophot 21 microscope using ToupView software to obtain a quantitative assessment.

Results. The microstructure of the studied natural ferritic-martensitic composite, which was a composite material with
reinforcing fibers of discrete length, was shown. The results of determining the characteristic parameters of the steel
composite geometry in accordance with GOST R 54 570-2011! were presented. The misorientation angle in the
structure was 7+11°. The volume fraction of martensite was 28.37% when quenched from a temperature of 735°C.

! GOST R 54570-2011. Steel. Methods for assessing the degree of banding or orientation of microstructures. (In Russ.). URL: https://internet-
law.ru/gosts/gost/51810/ (Accessed: 17.05.2026).
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The average width of the plates of the strengthening phase 4 = 0.0051 mm and the average free path A, corresponding
to the width of ferrite plates ¢ = 0.0131 mm were measured. The ratio ¢/A was 2.57. The calculated critical length of the
martensite layer in NFMC from the condition of equilibrium of normal and shear stresses in it, in NFMC with a total
rolling reduction of 70% was 18.3 um. The data on the distribution of the size of martensite layers in 14G2 steel with
the NFMC structure were shown.

Discussion. The obtained data on geometric parameters of the structure of 14G2 steel, quenched from the intercritical
temperature range (735°C) and having NFMC organization, meet the requirements for the composite material. In a
layered composite with optimal geometry, as a crack propagates successively from one layer to another along the
interface and the crack tip approaches it, delamination can form, hindering the initial crack's propagation. Existing
ferrite-martensite interfaces with a length greater than the critical value act as an effective barrier to crack propagation.
Conclusion. 1t was found that high ballistic resistance of the natural ferrite-martensite composite was achieved with an
optimal combination of geometric parameters of the composite material structure. At the same time, achieving such an
NFMC optimum as armor protection can be ensured by the correct hot rolling technology (total reduction of 70% and
higher) and choosing the optimal quenching temperature in the intercritical range.
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AHHOTALINA

Beeoenue. TloBpnuieHne OAUTICTUYECKON CTOWKOCTH OpOHEBBIX MaTepHANIOB IPEICTABISIET COOOHM aKTyaJbHYIO HaydHO-
TEXHHYECKYIO 33]1ady, 00yCJIOBJIEHHYI0O HEOOXOMMOCTBIO pa3pabOTKH 3aIUTHBIX MaTepUaJOB, CIIOCOOHBIX 3((heKTHBHO co-
MPOTUBIIATECA BHICOKOCKOPOCTHOMY Y/IAPHOMY BO3IEMCTBHIO. [IpH BHICOKOCKOPOCTHOM HarpyskeHuu mopsiika 103 m/c romo-
T€HHbIE U30TPOITHBIE CTAIIH, 00ECTIeUMBAIOLIIE 3alUTHBIE CBOIMCTBA 32 CUET COUYETaHMs TBEPIOCTU U BSI3KOCTH, IEMOHCTPUPYIOT
OrpaHIYIEHHYIO AP ()EeKTHBHOCTB: KaK MPaBUIIO, HAOMIOAACTCS JIO0 XPYIKOE pa3pyIIeHne, INO0 CKBO3HOE MpoduTHe O3 cyTiie-
CTBEHHOTO paccestHHs SHepruu. I1epcreKTUBHBIM albTepHATHBHBIM TO/IXO/I0OM SIBIISIETCSI IPUMEHEHHE TeTEPOTeHHBIX U aHHU30-
TPOIHBIX MATEPUATIOB, HMEIONIMX 00JIee CIOKHYIO0 OPraHU30BaHHYIO CTPYKTYpY, CIIOCOOHYIO M3MEHATh TPACKTOPUIO PACTIPO-
CTpaHEeHMs! TPEIIMH M TOBBIIIATH SHEPrOEMKOCTh paspymeHns.. K TakuMm Mmartepuanam OTHOCSTCSI €CTECTBEHHBIE (DeppUTO-
MapTeHCHUTHBIC KOMITO3HTHI, (POPMUpYEMBIE B CTATLIX TIPH 3aKaIKe M3 MEKKpUTHIecKoro naTepBana temrepatyp (EOMK). B
HacTosIee BpeMsl akTUBHO uccneayrorcas EOMK-cramu, nomydaeMsle 3aKaikoid U3 MEXKPUTHYECKOTO TEMIIEpaTypHOTO HH-
TepBaia. [lokazaHo, 4To BapbHUpOBaHKE TEMIIEPaTyphl 3aKaJIKH U3MEHSET 00BEMHOE COOTHOIIIEHHE CIIOER IUIACTUIHOTO (hepputa
1 BBICOKOIPOYHOTO MapTEHCHTA, UTO, B CBOIO OUYEpellb, OKa3hIBACT BIMSIHNC HA MEXaHWUECKHE CBOMCTBA Mareprana. OqHako
CYIIECTBYIOIINE HCCIEIOBAHUSI BBIMOIHEHBI MPEUMYILIECTBEHHO B YCIIOBHSAX CTATHYECKOTO pacTskeHus win m3ruoda. [Ipu 6an-
JIMCTHYECKOM Harpy>KeHHH, XapaKTePU3yIOIEMCS SKCTPEMAIbHO BBICOKUMH CKOPOCTSMU JIe(hOpMAaIiH, MEXaHU3MBI TOPMOJKe-
HYsI TPELMHBI MOTYT IIPUHLUIHAAIBLHO OINYaThCs. [Ipy 3TOM Ha NEpBbIi IUIaH BBIXOAT HE CTOJIBKO IIPOYHOCTHBIE XapaKTepH-
CTHKH (ha3, CKOJIBKO T€OMETPHYECKUE MapaMeTphbl CTPYKTYPbIL: OPUEHTAIWS, JIMHA M TOJIIMHA CJIOEB, 4 TAKKE MX COOTHOIIIE-
Hue. B HacTosiiee BpeMs OTCYTCTBYIOT CUCTEMATHYECKHE JaHHBIE O TOM, KaKie UIMEHHO CTPYKTypHbIe Xapakrepuctika EOMK
SIBIISIFOTCSI OTIPETISIISTIOIIMMHA TS OaIIMCTHYECKOW CTOMKOCTH M KaKOBBI MX ONTHMANIbHBIC 3HAUCHUS. B cBS3W ¢ 3THM IIenb
HACTOSIIIEr0 MCCIIEI0BAHMS 3aKIIFOUACTCSI B ONPE/ICNICHUH T€OMETPHYECKHX TapameTpoB cTpykTypbl EOMK-craneii, obecrieun-
BaroIKX 3Q(eKTHBHOE MPUMEHEHHE TAHHOTO MaTepHalia B yCTPOHCTBaX OpPOHEBOH 3aIlIUTHL.
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Mamepuanot u memoodv. OOpa3naMu I HCCIACAOBAaHUS CIHYKWIM ITUTACTHHBI W3 cranmu 1412 pasmepom
140 x 70 x 7 mMm. @opmupoBanue cTpykTypbl EOMK ocymmecTBIsiigm mMyTéM 3aKalKd W3 MEXKPUTHIECKOTO TeMIiepa-
TYypHOTO MHTEPBAJA, IPU STOM UCXOJHOU SBIISUIACH CTPOUYCHHAS (EePPUTO-TICPIUTHAS CTPYKTypa. OLEHKY ITyJIECTOHKO-
CTH TPOBOJMIIM MIPpH 00CTpesie MUIICHEH M3 yKa3aHHOTO MaTepuaia ¢ auctaniuu 50 M n3 BuaToBKM CBJI matpoHamu
Kanuopa 7,62 MM (TepMOYIPOYHEHHBIN CEpAEYHHK, HadalbHas CKOPOCTh IyJIM cocTaBsua nopsaaka 10° m/c). T'eomer-
pHUYECKHE MapaMeTphl CTPYKTYPBI U3ydalnd MeTautorpadudeckuM MeToaoM Ha Mukpockore Neophot 21 ¢ konmue-
CTBCHHO# 00paboTKOil m300pakeHuit B mporpamme ToupView.

Pezynomamut uccnedosanus. Ilokazana MEKpOCTPYKTypa HCCIIEAOBAHHOTO €CTECTBEHHOTO (PeppUTHO-MAPTEHCUTHOTO
KOMIIO3UTA, IPEICTABIIONAs COO0H KOMITO3UIIMOHHBIA MaTepHal ¢ YIPOYHSIONUMHE BOJIOKAMH JUCKPETHOH JTHHBL.
[IpencraBneHbI pe3yIbTAThI ONPEICICHUS XapaKTEPHBIX MTAPAMETPOB TEOMETPHHU CTATHHOTO KOMIIO3HTAa B COOTBETCTBUU
¢ TOCT P 54570-20112. Yron pa3sopUEeHTHPOBKH B CTPYKType cocTaBui 7—11°. O6beMHas 10718 MapTEHCHTA NIPH 3a-
kanke ¢ temmepatypsl 735 °C cocraBmma 28,37 %. V3MepeHsl cpemHss INHPHWHA IDIACTHH yNpOYHSIOmEH (azbl
h=0,0051 MM ¥ cpeaHHMii CBOGOIHBIN TYTh A, , COOTBETCTBYIOIIMII MMpHHE heppuTHBIX MiacTHH ¢ = 0,0131 Mm; npu
3TOM COOTHoUIeHHE ¢/h cocTaBmio 2,57. PacuérHas kputHdeckas [uinHa MapTeHcutHoro ciost B EOMK, onpenenennas
13 yCIIOBUSI PaBHOBECHS HOPMAJBHBIX M KacaTeJIbHBIX HampspkeHui B HEM, 1 EOMK ¢ cymmapHBIM 00KaTHEM TP
mpokatke 70 % cocraBmina 18,3 mxm. [IpruBeneHs! DaHHBIE paclpeeleHHS BEIHYHMHBI MapTEHCHTHBIX CIOEB B CTa-
mu 1412 co ctpykrypoit EODMK.

Obcyscoenue. TlomydeHHbIE TaHHBIE O TEOMETPHUUESCKUX TTapaMeTpax CTPYKTYphl ctayi 14172, 3akan€HHOM N3 MEKKpPUTHYC-
ckoro uHTepBana Temmeparyp (735 °C) u xapakrepusyronieiicss GopMUpOBaHHEM €CTECTBEHHOTO (HeppUTO-MapTEHCUTHOTO
KOMITO3UTA, COOTBETCTBYIOT TPEOOBAHKSM, MPEABSIBIICMEIM K KOMITO3UIIMOHHBIM MaTepraiaM. B clioncToM KOMIO3HTE ¢
ONTHMAJIFHON TEOMETPUCH MPU MOCICIOBATCIFHOM MPOXOKIACHUN TPEIIMHBI U3 OJJHOTO CIIOS B JIPYTOM IO TMOBEPXHOCTH
pazzaena, a Taxoke IpH IPHOIIDKSHNH €€ BepIIMHbI K TaHHOH IPaHHILEe, BO3MOKHO 00pa30BaHUE PACcCIIOCHHS, 3aTPy IHAIOIIETO
JTANIBHEHIIIee PacpOCTpaHEeHIE UCXOMHOM TpelHbL. [10BepXHOCTH pa3ziena (eppuT-MapTeHCHT, JUTHHA KOTOPBIX MPEBbIIIa-
€T KPUTHAYECKOE 3HAUCHHE, SIBILTFOTCS 3()(DEKTUBHBIMU OaphepaMyl Ha IyTH €€ TBUKCHUS.

3akntouenue. YCTaHOBJICHO, YTO BBICOKAs OAJUIMCTHYECKAsi CTOMKOCTh €CTECTBEHHOTO (heppHUTO-MAPTEHCUTHOTO KOM-
MO3HUTA TOCTUTACTCS MIPH ONTUMAIHFHOM COYETAaHWH T'€OMETPHICCKHUX MAapaMEeTPOB CTPYKTYPHI JaHHOTO KOMIO3HIIMOH-
HOro Marepuaia. [Ipu 3TOM TONyYeHHEe ONTUMANbHBIX XapakTepucTuk EDOMK kak OpoHEBOW 3aIUTHI MOXKET OBITh
obecrieueHo 3a CUET parMoOHAIBHON TEXHOJOTHH TOpSYeH MPOKATKH — cyMMapHoro ooxartus 70 % u BeIIlE — W BBI-
06opa onTUMaTFHON TEMITEPaTypHI 3aKaJIKH B MEXKPUTHYECKOM HHTEpBAJIE.

KaroueBrble ciioBa: KOMIIO3UT, CTaJIb, MAPTCHCHT, q)eppI/IT, CTPOYCYHOCTD, OaJIMCTHYECKast CTOMKOCTh

BaarogapHocTH. ABTOpBI OnaromapsAT peakIMIO JKypHajda 3a IICHHBIC 3aMCUaHHWs W COTPYAHHUKOB Kadempsl
«MarepuanoBenenne u TexHosormn MmetamwioB» JI'TY: 3aBemyromero kadeapoit M.C. EropoBa m mpodeccopa
10.M. JToMOpOBCKOTO 3a TOMOIIH B MOJYYCHUH U 00CYKJICHUH PE3yIhTATOB.

Jdas uutuposanus. [lycrosoiit B.H., Honrayes 10.B., Bankos N.B. ['eomerpuueckue napameTpbl CTPYKTYphI CTallu
141"2 kak Marepualna ¢ BBHICOKOW OaJNTUCTUYECKOW CTOMKOCTBIO. he30nacHocms mexno2eHHblX i NPUPOOHbIX CUCHEM.
2026;10(3):277-284. https://doi.org/10.23947/2541-9129-2026-10-3-277-284

Introduction. Increasing the ballistic resistance of armor is a crucial issue in the design of modern military
equipment [1]. At high impact rates, in addition to the basic mechanical characteristics, strict requirements are imposed
on alloys regarding the specific geometric arrangement of their internal structure [2]. For homogeneous isotropic metal
barriers, one of the key factors is the formation of a finely dispersed structure. The main challenge is that traditional
homogeneous steels with an isotropic structure, such as tempered martensite, perform protective functions primarily
through hardness and toughness. However, at high-energy, dynamic loads (about 10° m/s), the effectiveness of such
barriers is significantly reduced: either brittle destruction or through-penetration of the target occurs without significant
dissipation of the kinetic energy of the indenter [3]. An alternative approach involves the use of heterogeneous,
anisotropic materials with a more complex structural arrangement [4]. This article examines in detail the microstructural
characteristics of steels with a natural ferrite-martensite composite structure (NFMC), which are considered a promising
material for armor protection.

Over the past few decades, extensive research has been conducted on materials with NFMC structure, formed by
heat treatment at temperatures in the intercritical range [S]. These materials are referred to as “composites” due to
significant differences in the properties between the two phase components that make up the material. Within this
composition, highly ductile and relatively soft ferritic layers alternate with high-strength martensitic plates, creating a
structure with a distinct texture that is oriented along the direction of rolling. The process of producing these multilayer
composites is described in detail in our patent [6]. These alloys exhibit the ability to effectively inhibit crack

2 GOST R 54570-2011. Steel. Methods for assessing the degree of banding or orientation of microstructures. (In Russ.). URL: https:/internet-
law.ru/gosts/gost/51810/ (Accessed: 17.05.2026).
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propagation by triggering interlayer delamination along interphase boundaries [7-9]. Earlier, the authors of
publications [10, 11] found that targeted control of the heating temperature for quenching directly changed the volume
proportions of soft and hard components, determining the final level of operational properties. However, most of the
tests were based on static stretching or bending methods [12—14]. In contrast, ballistic loading, characterized by
extremely high strain rates, has different mechanisms of crack braking: inertial effects and wave processes begin to
dominate [3, 15]. In this case, the determining role is played not by the absolute strength of individual phases, but rather
by the spatial parameters of the structure, such as orientation, length and thickness of the layers, their ratio, as well as
the maximum length of the reinforcing layer. To date, the scientific literature has not provided comprehensive
information on which structural parameters in the NFMC architecture are critical criteria for ensuring bullet resistance,
nor have their optimal ranges been determined.

The aim of this research is to conduct a comprehensive analysis of geometric parameters of NFMC steel structure,
including the grain-boundary angle, the dimensional proportions of cross-sectional layers, the critical length of
martensitic layer, and other relevant metrics. The optimization of these parameters is expected to maximize the
effectiveness of these steels in the design of armor protection systems. The relevance of the chosen factors is justified
based on the following considerations: the amount of misorientation directly influences the level of shear stress that can
cause the destruction of the high-strength phase; the ratio of the thicknesses of structural elements determines the
predisposition to interfacial stratification; the critical length of martensitic layer makes it possible to evaluate the
efficiency of load transfer from the matrix to the reinforcing phase. To successfully achieve this goal, it was necessary
to consistently solve the following tasks:

— to assess the degree of orientation of NFMC alloy structure;

— to measure the volume fraction of the phases, the average cross-sectional width of the plates, as well as the
average free path of the reinforcing phase in a soft ferritic base;

— to perform a theoretical calculation of the critical length of the martensitic layer;

—to analyze the ratio of the thicknesses of alternating ferritic and martensitic plates, which ensures the stable
implementation of the mechanism for extinguishing the kinetic energy of a growing crack due to local interlayer
stratification during intense high-speed impact.

Materials and Methods. The research was conducted on 14G2 steel samples with dimensions of 140x70x7 mm.
The NFMC structure was formed by heat treatment — quenching of steel from the intercritical temperature range that
initially had a banded ferrite-pearlite structure. The assessment of ballistic resistance was conducted using a
comparative method. The characteristics of steel samples with NFMC structure and the same steel with the
homogeneous structure of tempered martensite were compared.

Ballistic tests of targets made from these materials were performed from a distance of 50 m using a Dragunov sniper
rifle (SVD). 7.62 mm caliber ammunition with a thermally reinforced core was used for firing. The flight speed of the
damage agent was 103 m/s. Ten shots were fired at each type of obstacle.

As a result of the tests, we recorded a complete penetration of all targets with a homogeneous structure. However,
when bullets hit plates with NFMC structure, we observed a ricochet effect, with only deformation depressions (dents)
ranging from 1.5 to 2.0 millimeters remaining on the surface.

Geometric parameters of the structure were evaluated by a metallographic method using a Neophot 21 microscope
and ToupView software to obtain quantitative data. At the same time, standard image preparation functions were used
for subsequent analysis: framing, brightness adjustment, contrast adjustment, and other basic tools. In addition, built-in
algorithms for applying a measuring grid and a scale were used, while the true size of the microstructures was
determined by calibrating the micrometer object image. The automatic calculation of volume fractions of the structural
components was conducted using the KOI-1 System software package, where stereological operations were performed
based on setting brightness intervals. The study of the characteristics under consideration was performed on 15—
20 fields of view for each individual sample. Micrographs were captured using a 10Mp ToupCam UA1000CA digital
eyepiece camera with an optical resolution of 3584x2748 pixels. On the basis of the obtained microstructural data, the
characteristic geometric parameters of the steel composite material were established according to standardized methods
regulated by GOST R 54570-20113.

Research Results. According to the ballistic tests results, high bullet resistance of the material with the structure of
natural ferrite-martensitic composite (NFMC) was established. Only the ricochet of the striking elements was recorded.
This indicator compared favorably with the characteristics of metal with a similar chemical composition that had a
homogeneous tempered martensite structure, the samples of which penetrated. In this regard, the results of the research
are presented below (Fig. 1) on the microstructure of the specified NFMC composite material [7] reinforced with
discrete-length reinforcing fibers [8].

3 GOST R 54570-2011. Steel. Methods for assessing the degree of banding or orientation of microstructures. (In Russ.). URL: https:/internet-
law.ru/gosts/gost/51810/ (Accessed: 17.05.2026).
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Fig. 1. Microstructure of 14G2 steel, oriented as a natural ferrite-martensitic composite (quenching at 735°C)

Table 1 provides the results of determining the characteristic geometry parameters of the steel composite according
to GOST R 54570-2011%. Following the methodology of the mentioned standard, calculations were conducted based on
the data obtained by superimposing the grid (Fig. 1) and then calculating the number of points of intersection of its lines
with the studied phase.

Table 1
Calculation data for 14G2 steel according to Figure 1
NLl(mm’l) NLH(mm*I) AZ(NLJ_/NLH) Qi PLl(mm’l) PLH(mm’l) AI(PLJ_/PLH) Qpp
54.92 29.62 1.85 0.352 109.83 59.24 1.84 0.352

V'=28.37 S§B1=0.0182 mm AL=0.0131 mm

where N.. — number of intersections of particles per unit length of the line perpendicular to the deformation axis;
Npj — number of intersections of particles per unit length of the line parallel to the deformation axis; PL. — number of
boundary crossings per unit length of the line perpendicular to the deformation axis; P — number of boundary
crossings per unit length of the line parallel to the deformation axis; A4/ — anisotropy coefficient; Q;» — degree of
alignment of the linear elements of the structure; ' — volume fraction of martensite; SB1 — average distance (from the
center to the center) for the alignment phase; AL — average free path (from edge to edge) for the alignment phase.

The angle of misorientation of the strengthening phase (Fig. 1), determined by the method of superimposing secant
lines along the orientation axis of the martensitic strips, was 7—11°.

The volume fraction of martensite, calculated by stereological analysis of the microstructure using the KOI-1
System software, reached 28.37% after quenching at a temperature of 735°C.

In this work, we used the recommendations of GOST R 54 570-2011°, to evaluate parameters such as the average
distance between phase centers SB, and the average free path A. (the distance between the phase boundaries) in the
structure shown in Figure 1. After calculating these values, we found that the average thickness of the hardening phase
plates was 4 = 0.0051 mm, and the average free path A1, representing the width of ferritic plates, was ¢ =0.0131 mm.
Thus, the thickness ratio of the ferritic and martensitic phases was c/h = 2.57.

The most important factor in any composite material reinforced with discrete reinforcing fibers is the longitudinal
length of these fibers. This length must exceed a critical value /, in order to ensure full loading of the martensitic layers
of the composition under study. The critical length of the martensitic layer in naturally composite ferrite-martensitic
materials (NFMC) was calculated based on the equilibrium condition of normal and tangential stresses within the
material [11]:

op-h-b=1-l,(b+h), (1)
where /4, b — thickness and width of the reinforcing layer; T=or/2 — tangential stresses at the ferrite-martensite
interface. It follows:

I, =—2—"" ()

4 GOST R 54570-2011. Steel. Methods for assessing the degree of banding or orientation of microstructures. (In Russ.). URL: https:/internet-
law.ru/gosts/gost/51810/ (Accessed: 17.05.2026).
* Ibid.
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According to the calculation results using equation (2), considering the values of 4 and b measured in the NFMC
with a total compression of 70% during rolling, the value of /i, = 18.3 um was obtained. A histogram of the distribution
of value / in 14G2 steel with NFMC structure is shown in Figure 2.
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Fig. 2. A histogram of the length distribution of martensite plates in a 14G2 steel sample,
the structure of which is shown in Figure 1

Discussion. The obtained data on the geometric parameters of 14G2 steel structure, hardened from the intercritical
temperature range (735°C) and having NFMC organization, met modern requirements for composite materials. The
high degree of structure orientation, the length of the reinforcing plates was higher than their critical value, the ratio of
the thickness of the matrix and the reinforcing layer were within the optimal values.

Coincidence of the values of orientation degree Qi (Table 1), found by two different methods, confirmed the
reliability of the results. A high degree of structure orientation was indicated by the condition Q2 > 0. When the impact
was directed orthogonally to the rolling plane of steel composite, the misorientation of the reinforcing phase played a
significant role. This fact was due to the dependence of the shear stress magnitude required to break the “fiber” on the
misorientation angle. To achieve high impact resistance, it was important to minimize misorientation, which could be
achieved by a significant degree of compression during hot rolling (at least 70%). The maximum allowable
misorientation level [9] for these composites was 15°[10]. In the microstructure of the material studied, the
misorientation angle ranged from 7° to 11°

In the process of varying the quenching temperature, the ratio of volume fractions in the martensite-ferrite system
could change. In particular, during the heat treatment of steel heated to lower temperatures, the volume fraction of
martensitic component of the alloy decreased, but the carbon concentration increased at the same time. This presented
an opportunity to deliberately adjust the mechanical properties of the material.

In numerous scientific papers dedicated to the study of the reasons for the high strength of composite materials [11],
the importance of the critical volume (V) of the composite reinforcement component was convincingly
demonstrated [12]. The calculations of this parameter were conducted taking into account the strength limits of the
matrix and hardening phase. The absolute value of the critical volume was estimated at approximately 50% [13]. At the
same time, similar estimations were made for the conditions of static loading of composites under tension (along the
reinforcing fiber) or bending [14], as well as during dynamic bending during impact strength tests [16]. The ballistic
stability of NFMC was evaluated under conditions of orthogonal high-power impact upon impact at a speed of ~10° m/s.
It was shown [15] that at such speeds, the mechanical properties of composite components could not affect the dynamic
resistance at all. Instead, the role of inertial forces, paths and methods of shock wave propagation increased
dramatically [17]. In this case, the concept of Vi, lost its original physical meaning and the proportion of the volume
fractions of ferrite and martensite was assumed to be approximately 80/20. This unambiguously determined the
thickness ratio of ferritic (c) and martensitic () plates at the level of ¢/h > 3.

At this ratio, the growth of the crack was inhibited due to the stratification of the material within the ferritic matrix,
significantly increasing the overall ballistic resistance [5]. The measured ratio for the structure under study was 2.57,
which was slightly lower than the threshold value mentioned above. This naturally reduced the likelihood of
delamination during high-speed crack propagation and reduced the chance of ricochet during high-speed impact. To
achieve an optimal c/hratio in this scenario, it would be advisable to adjust the quenching temperature from the
intercritical range to below 735°C.
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When conducting ballistic tests on plates with a thickness of 7 mm, according to the previously described
methodology, a target sample with an isotropic tempered martensite structure broke through, whereas a projectile
invariably ricocheted from a target with the NFMC structure. This was due to the fact that the layered composite, with
optimal geometric characteristics in all parameters, was able to form local stratifications [5] as cracks propagated in
it [12] sequentially from one layer to another along the interface and as the crack tip approached it. As shown in
Figure 3, these stratifications created conditions for the initial crack to move to a new position, which did not contribute
to its further development. Thus, the ferrite-martensite phase interface with a length of / >/, could serve as an effective
barrier to crack propagation. Figure 3a illustrates how the trajectory of the crack in the NFMC sample changed when a
ricochet occurred. In this case, a bulge formed on the back of the target, and a crack could occur (Fig. 3b). However,
there was no material shift beyond the back side.
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Fig. 3. The trajectory of a crack in the composite during a high-speed impact (a) and a crack on the back of the target () [5]

Conclusion. It has been established that the structure of NFMC steel has a high degree of orientation (Q2 = 0.352),
and this circumstance plays an important role in the case of a powerful impact.

The ratio of the average widths of martensite and ferrite plates was 2.57. This suggests that it would be beneficial to
reduce the quenching temperature from the intercritical range below 735°C to ensure an optimal structural balance. The
data on the length distribution of martensitic plates showed a maximum that coincided with the calculated critical length
of the reinforcing fiber (18.3 um). This is a significant indicator, as the ferrite-martensite interfaces with lengths greater
than the critical value can act as an effective barrier to crack propagation.

It has been proven that the excellent ballistic resistance of a natural ferrite-martensitic composite is achieved
exclusively through the optimal combination of all geometric parameters in the microstructure of the composite
material. At the same time, the successful achievement of the described NFMC configuration optimum (as a specialized
armor protection) can only be guaranteed through the use of correct hot rolling techniques (total workpiece compression
of 70% or more), as well as careful selection of optimal quenching temperatures within the intercritical range.
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