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Abstract

Introduction. Studies of fire risks associated with overhead power lines (OHPLs) consider combustible materials, terrain,
and meteorological conditions. The mechanisms of fire occurrence and spread have been studied, and quantitative risk
modeling is being developed based on incident statistics. However, these scenarios rely on arbitrary or poorly defined sets
of initial factors, making it difficult to create unified risk management systems. This scientific work aims to fill this gap by
creating a unified classification of fire hazard factors for overhead power lines that takes into account the causes,
environment, and development of fires. A scenario-based risk matrix for OHPLs is built on this foundation.

Materials and Methods. The basis of the study was a method for assessing fire risk, which considers fire from overhead
power lines as a result of the interaction between three key components: the ignition source, combustible medium and
fire propagation conditions. Through an analysis of the relevant literature, these components were broken down,
classified, and the principles for systematizing them were identified.

Results. Ignition sources, combustible medium, and fire propagation conditions were presented as axes in the scenario
matrix of fire risk associated with overhead power lines. These factors were classified and structured using author-
created diagrams. The first one included the types of short circuits, heating, and ignition mechanisms. In the second,
four classes of materials were differentiated by their sensitivity to fire. The third one described three categories of fire
propagation conditions. The risk level and critical ignition energy were mathematically represented. The final matrix
aggregated four classes of material: high-sensitive, medium-sensitive, low-sensitive, and specific. Fire spread
conditions were divided into favorable, moderate, and unfavorable. Taking into account the ignition sources (interphase
and single-phase), the risk levels were determined: low, medium, high, and critical.

Discussion. The matrix combined 24 typical scenarios of the studied hazard (two groups of sources x four classes of
materials x three categories of propagation conditions). Five scenarios (approximately 21%) were critical. As a rule,
they occurred with a combination of high-energy emergency conditions, high- and medium-sensitive materials and
adverse weather conditions. The matrix can be used in the transition from a qualitative description of OHPLs to a
quantitative assessment of the probability of a fire and its consequences. This innovation will be beneficial for modeling
OHPL incidents, refining safety measures, and improving risk assessment. Scenarios can be ranked based on
importance, allowing for a more efficient allocation of resources for protective measures.

Conclusion. The new approach, in contrast to the traditional one, makes it possible to overcome the limitations of the
fragmented hazard assessment and systematically analyze fire scenarios related to overhead power lines. This allows us
to justify decisions on modernizing and strengthening the protection of individual network sections, i.e., to focus
investments on infrastructure elements and typical situations that fire risks depend on to a greater extent. Future
research in this area is expected to:

— supplement accident statistics and the amount of experimental data on the energy characteristics of ignition sources;

— provide a quantitative parameterization of the function that represents the risk level for each scenario;

— set numerical thresholds for four risk levels.

Keywords: overhead power line, OHPL, ignition source, flammable environment, fire propagation conditions, OHPL
fire risk matrix
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OPMZMHCUleOe meopemuiecKkoe uccnedosanue

Marpuua (pakTopoB NOKAPHOI ONMACHOCTH BO3AYUIHBIX JHHHI 31eKTponepeaaYd KaK 0CHOBA
AJISl MOAEJIMPOBAHMSA PHCKA

J.A. Orypuos

IOsxHO0-Ypansckuii rocyfapcTBeHHbIH yHuBepcuteT (HannonanbHEI HecaenoBaTeIbCKuil yHUBEPCUTET),
r. Yensbunck, Poccuiickas ®enepauns

X ogurtsovda@susu.ru

AHHOTaNUsA

Beeoenue. ViccnenoBanus NOXapHBIX PHCKOB, CBSI3aHHBIX C BO3YIIHBIMH JIMHUAMU dnekTporepenaun (BJIOII), yuu-
TBIBAIOT TOPIOYME MaTepHaibl, peiabed U METEOPOIOTHUECKHE YCIOBHS. M3ydeHbl MeXaHW3Mbl BOSHUKHOBEHUS U pac-
IpOCTpaHeHHs1 Nokapos. Ha 0a3e CTaTHCTHKM WHLIUAEHTOB pPa3BUBACTCA KOMMYECTBEHHOE MOJAEIHMPOBAHHE PHCKOB.
OnHaKo CLEHApHH ONHPAIOTCS Ha IIPOM3BOJILHBIE HIIH ci1abo GopMai30BaHHbIE HAOOPHI CXOAHBIX (PaKTOPOB, YTO 3a-
TpyaHseT (OPMUPOBAHUE €AMHBIX CHUCTEM yIpaBieHUs puckamu. IIpencraBieHHas HaydHas paboTa BOCIOJIHSET 3TOT
npobein. Ee mienb — co3manue equHoON KiaccuuKkanuu (GakTopoB mokapHoi omacHoctd BJIDII ¢ yderoM MpUYHHEL,
cpenbl B pa3BuTHs TopeHus. Ha 3Toit 6a3ze cTpouTcs crieHapHas Marpuiia pucka mis BJIDIL.

Mamepuanst u memoovt. OCHOBa HCCIEJOBAaHUS — METOJ OLEHKH IMOXApHOW ONacHOCTH, MPU KOTOPOM MOXKap OT
BJIOII paccMaTpuBaeTcs: Kak pe3ynbTaT B3aUMOJEHCTBUS TPEX KJIIOYEBBIX KOMIOHEHTOB: HCTOYHMKA 3a)KUTAHUS, TOPIO-
Yel cpelbl U yCIOBHH PacHpOCTPAHEHUS TOPEHUS. AHAIIN3 JINTEPATYPhI MTO3BOJIMII IPOBECTH JIEKOMIIO3UIIHIO 3THX 3JIe-
MEHTOB CHCTEMBI, KJIACCU(HUIINPOBATh UX U ONPEACIUTH IPUHINIBI CUCTEMaTH3alNH.

Pezynomamut uccnedoganun. VIcTOUHUKY 3aKUTaHUs, TOPIOYasl cpelia ¥ yCJIOBHsI paclpOCTPAHEHUs TOPEHUS TOKA3aHEI
KaK OCH CIIEHApHOW MaTpPHIIBI PUCKA MOKapoB, CBA3aHHBIX ¢ BJIDII. dakTopsl KiaccuGUIUPYIOTCS, CTPYKTYPHPYIOTCS
U TPUBOIATCA B BHUJE aBTOPCKUX cxeM. IlepBasi BKIFOYAaeT THIIBI 3aMBIKAHMI, HarpeBa M MEXaHH3MBI 3aKHraHus. Bo
BTOpPOH YeThIpe Kilacca MaTepraioB AU GepeHIUpYIOTCS 110 YyBCTBUTEIFHOCTH K BO3TOpaHUIo. B TpeTbeil XapakTepu-
3yIOTCSI TPU KaTerOPHU YCJIOBUI pacIpOCTpaHEHUsI OTHA. MaTeMaTHIeCKH IPE/CTaBIeHbl YPOBEHb PHUCKA U KPHUTHYE-
CKasl 3HEprus 3aXuraHus. MToroBas MaTpulia arpermpyeT d4eTblpe Kjlacca MaTepUalioB: BBICOKOUYBCTBHUTEIbHBIE,
CpeIHEeYyBCTBUTEIbHBIC, CIA00YyBCTBUTEIbHBIE U clielHU(UYHBIE. YCIOBUS PACHpPOCTPAHEHUS] TOPEHHUS IEJATCS Ha
OnaronpusTHbIE, yMEpeHHbIE M HeOnaronpusTHele. C y4eTOM HCTOYHMKOB 3aKHraHMs (Mex¢asHble U ogHO(a3HbIe)
ONpPENEISAIOTCS YPOBHU PUCKA: HU3KHUH, CPETHUMN, BICOKUN U KPUTUYECKHUH.

Oécyscoenue. Marpuiia o0beJUHIIIA 24 THITOBBIX CLIEHApHs MCCIIEyeMO OMAaCHOCTH (JIB€ IPYMITEI HICTOYHHKOB X de-
TBIPE KJIacCa MaTepHajioB X TPH KAaTeTOPUH YCJIOBHH pacmnpocTtpaHenus). [1sa1e ciuenapues (nmpumepHo 21%) — KpuTH-
geckne. Kak mpaBuio, OHM BO3HMKAIOT IMPH COYETAHWH BBICOKOIHEPTETHYECKHX aBApPUHHBIX PEKMMOB, BBICOKO- U
CPEIHETYBCTBUTEIBHBIX MAaTepUAIIOB W HEONATONPHUATHRIX METEOyCIOBUi. MaTpHily MOXKHO 3aeHCTBOBATh NpH Iepe-
X07Ie OT KauecTBEHHOTO onucanust o0cranoBkr Ha BJIDII k KonM4ecTBEHHOH OlEHKE BEPOSTHOCTH MOXKapa M €ro IHo-
ciencteuii. HoBamus OyneT monie3Ha npu MojedupoBaHuy WHIOHAEHTOB Ha BJIDII, mopaboTke Mep 0e30macHOCTH,
VAy4IIEHNH OIEHKH pUCKOB. ClieHapuu MOXXHO PaHXHPOBAThH MO 3HAYMMOCTH, YTO MO3BOJIUT 0OJIee parroHaIbHO pac-
IpeAensTh PECYPChI HA 3aILUTHBIE MEPOIPUATHSL.

3aknwuenue. HoBblil OX0A, B OTAMYHME OT TPAJULIMOHHOTO, MO3BOJISIET MPEOJOJICTh OrpaHnYeHHs (parMeHTapHOH
OIIGHKH ONACHOCTH M CHCTEMHO aHAJIM3MPOBATh CIICHAPHUHU TOXKapoB, cBs3aHHBIX ¢ BJIDII. braromaps stoMy MOXHO
000CHOBAThH peuIeHus 10 MOJCPHHU3AIMH U YCUIICHHIO 3alIUThl OTAEIBHBIX YYAaCTKOB CETH, TO €CTh OPUEHTHPOBATh UH-
BECTHLIMH Ha 3JIEMEHTHl HHPPACTPYKTYPHl M TUIIOBBIE CUTYyallMH, OT KOTOPHIX B OOJbLIEH CTENEHH 3aBHUCAT MOKapHBIE
pucku. B Oymymux uccieoBaHMAX 10 3TOH TeMe MPeInoIaraeTcs:

— JOTIOJIHUTH CTAaTHCTHKY aBapHi M 00bEeM SKCHEPUMEHTAJbHBIX JAaHHBIX IO SHEPreTHYECKHM XapaKTePUCTHKAM HC-
TOYHHUKOB 32)KHUTaHUS;

— MPECTaBUTH KOJIMYECTBEHHYO MTapaMeTpH3aLHIo (DYHKINH, KOTOpast IPEACTABIISIET YPOBEHb PHCKA TS KaXKIOTO CLICHAPHS;

— YCTaHOBUTH YHCIIEHHBIE IIOPOTH TS YEThIpeX YPOBHEH pHCKa.

KoaioueBble cioBa: Bo3aymiHas JIMHHA dnekTporiepenadn, BJIOII, MCTOUHMK 3akuraHus, roprodasl cpena, yCJIOBHS
pacnpocTpaHeHHs TOpeHUsl, MaTpuLa pucka Bozropanus BJIOIT

BaarogapHocTu. ABTOp BBIpaXKaeT 0J1aroJapHOCTh PENaKIUMK U PEIEH3EHTaM 3a BHUMATEIbHOE OTHOIIICHHE K CTaThe U
3aMedaHusl, KOTOPbIE MIO3BOJIMIIN TIOBBICUTH €€ KaueCTBO.

Josi mutupoBanusi. Orypuos JI.A. Marpuua (GpakropoB HOXapHOH OMACHOCTH BO3AYLIHBIX JMHHH AJIEKTpOIepenadn
KaK OCHOBa JJIsi MOJEIMPOBAHUS pUCKA. be3onachocmb mexHoeeHHbix u npupoouvix cucmem. 2026;10(1):7-18.
https://doi.org/10.23947/2541-9129-2026-10-1-7-18



https://bps-journal.ru/
https://doi.org/10.23947/2541-9129-2026-10-1-7-18
mailto:ogurtsovda@susu.ru
https://doi.org/10.23947/2541-9129-2026-10-1-7-18
https://orcid.org/0009-0002-7260-8210

Safety of Technogenic and Natural Systems. 2026;10(1):7-18. eISSN 2541-9129

Introduction. For a long time, the issues of assessing and reducing fire risk for long linear electric grid
infrastructure facilities, in particular overhead power lines (OHPLs), have been in the focus of researchers' attention.
The urgency of the problem is due to the frequency and scale of wildfires. In addition, violation of the integrity of
power lines is one of the basic vulnerabilities of power systems [1]. In this case, combustible materials, terrain, and
meteorological conditions form a complex of dangerous factors that should be considered in detail, separately from the
general models of landscape fires.

Abroad, in fire-prone regions, energy companies are forced to use preventive shutdowns [2] and other restrictions
(including PSPS"), as well as promptly modernize infrastructure to reduce the probabilities of fires [3].

According to the Federal Forestry Agency, 132 fires? broke out in Russia in 2019 due to linear-type facilities
(including power lines). In the first half of 2023, in the Far Eastern Federal District, the transition from linear-type
facilities was identified as an independent cause of 6.2% of the number of fires (3.4% by area)’.

During the fire-hazardous period (April — October) in 2018, 648 forest fires were registered in the Chelyabinsk
region. Of these, 19 (2.9%) were connected to power lines [4].

Landscape fires often occur due to short circuits on power lines and spread rapidly due to heat and strong winds.
Such a case was recorded by the Aerial Forest Protection in the Ust-Donetsk region of the Rostov region (a fire on
agricultural land on August 15, 2022%).

The issues of fire safety of overhead power lines are addressed from several angles. Firstly, the mechanisms of fire
initiation and propagation near power lines are actively studied. This includes considering the influence of tower design,
wire and insulator characteristics [5], as well as operating conditions [6]. Secondly, weather and climatic factors that
contribute to fire occurrence and intensity (high air temperatures, low humidity, strong winds, prolonged periods
without precipitation) are assessed [7], along with their interaction with topography and vegetation cover [8]. Thirdly,
quantitative risk assessment is developed, based on accident statistics [9]. This involves using probabilistic methods,
scenario analysis, and various approaches for ranking overhead line sections by risk level [10].

In the domestic and international literature, various groups of risk factors have been identified. Ignition sources near
overhead power lines have been classified and detailed, including:

— equipment defects,

— external mechanical influences,

— atmospheric phenomena,

— human factor.

Various approaches to fire hazard assessment of vegetation cover have been developed and applied. These include
the index of burnability, phytomass, and degree of desiccation, among others [11]. In addition, models have been
proposed that take into account the influence of terrain, woodlands, fire barrier lines, and distance to infrastructure
facilities and settlements [12]. However, these and other factors are usually considered separately within the framework
of specific tasks (for example, building fire hazard maps, predicting the spread of fire, or planning clearing measures),
without integration them into a single system “ignition source (or initiating action) — combustible environment —fire
spread conditions” (IS — CE — FSC).

A separate area of research relates to predicting the development of fire-hazardous situations along overhead power
lines [13]. In such studies, a limited number of typical scenarios are usually identified, for which the probabilities of
occurrence and possible consequences are analyzed. Examples include fires under wires when trees fall, fires from
sparking on towers in conditions of high vegetation dryness, the spread of crown fires through clearings, etc. Scenario
matrices, risk maps, and other visualization tools are used to aid management decisions in these cases. However, these
scenario descriptions are often based on arbitrary or poorly formalized initial factors, making it difficult to compare and
integrate them into unified risk management systems at the energy system or regional level.

! Public safety power shutoff.

2An Up-to-Date Summary of the Fire-Prone Period: 98 Percent of Forest Fires are Caused by Humans. (In Russ.) URL:
https://rosleshoz.gov.ru/news/federal/aktualnaya-svodka-pozharoopasnogo-perioda-98-protsentov-lesnykh-vozgoraniy-voznikayut-po-vine-
cheloveka-n4696 (accessed: 18.12.2025).

3 Analysis of the Causes of Forest Fires in the Far Eastern Federal District. (In Russ.) URL: https://rosleshoz.gov.ru/news/dfo/analiz-prichin-
vozniknoveniya-lesnykh-pozharov-na-territorii-dalnevostochnogo-federalnogo-okruga-dfo-22041 (accessed: 18.12.2025).

4 A Forest Fire in the Ust-Donetsk Region of the Rostov Region Arose from a Landscape Fire on Agricultural Land. (In Russ.) URL:
https://aviales.ru/popup.aspx?news=7474 (accessed: 18.12.2025).
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Thus, with a significant amount of empirical data, private classifications and models in the public domain, there is
no single systematic classification of the factors determining the fire hazard of overhead power lines. The relevance of
such a system, built in accordance with a three-component structure (IS — CE — FSC) and initially oriented towards the
use in scenario analysis, is evident. Additionally, a standardized approach to creating a risk matrix for scenarios has not
yet been established, in which IS, CE, and FSC would be presented as a set of typical factors reflecting the most likely
and hazardous situations. Meanwhile, elements of classification, scenario description, and quantitative modeling remain
fragmented and dispersed in the literature. The authors focus on, for example:

— ignition sources [14],

— characteristics of the combustible medium [15],

— fire spread conditions [16],

— methods of probabilistic assessment and ranking of OHPL sections [17].

At the same time, there is no holistic methodological framework that includes the classification of factors, the logic
behind their combination in a given scenario, and the relationship between scenarios and a quantitative risk assessment.
This scientific work aims to fill this gap by creating a unified classification of factors that affect the fire hazard of
overhead power lines. The classification is described in terms of the initiating effects, the combustible environment, and
the conditions for fire development. Another innovation of the proposed solution is the construction of a formalized
scenario risk matrix for power line sections. To achieve this goal, several tasks were completed:

— analysis of approaches to the description and classification of fire risk factors (mainly near overhead lines);

— classification of factors into three groups (IS, CE, FSC) with an indication of their interactions;

— identification of parameters and classification of the combustible environment in the area of potential exposure to
the ignition source;

— definition and classification of ignition and fire spread conditions (FSC);

— generalization of classification results into a limited number of representative states;

— creation of a scenario risk matrix.

Materials and Methods. The basis of this research is the method of fire hazard assessment. In this approach, the
occurrence of a fire caused by OHPLs is considered as a result of the interaction between three key components: IS, CE,
and FSC. This is a generally accepted approach to assessing complex threats. Thus, multi-criteria solutions are used to
determine the reliability of power lines under conditions of multiple natural disasters. For example, methods of
hierarchy analysis and entropy weighting coefficients (AHP> — EWMY) [18]. Another example of a complex
methodology is TOPSIS’. This approach is applied primarily to the ranking of risks that various types of natural
disasters pose to power transmission lines. Let us mention that the method is useful for resource management based on
statistics of consequences, rather than causes [9].

The methodology of the work consisted in the sequential decomposition and classification of the components
mentioned above. The key principles of systematization have been identified for groups of factors.

For ignition sources, the classification was based on the analysis of their physical nature, causes of occurrence, and
aggregated by key physical mechanisms of thermal effects on the combustible environment.

The classification for the combustible medium was based on its pyrological properties and location relative to the
structural elements of the overhead line.

The concept of the “fire behavior triangle”, recognized in world pyrology, was used to determine the conditions of
fire spread. This article focuses on weather, topography, and characteristics of combustible materials.

Results. To achieve the goal of the study, a literature review was conducted, which allowed us to organize and
present the findings in the form of author-created classification schemes for ignition sources, combustible
environments, and fire spread conditions. Each of these factors became the axis of the final scenario risk matrix.

Ignition sources classification. Let us mention the variety of causes of fires associated with overhead power lines.
These include violations of the rules of operation of electrical networks (wear and tear, human factors) and probabilistic
phenomena (climatic conditions). However, for quantitative risk modeling, the root causes of events (for example, a
falling tree or a breakdown of an insulator) are less important than the physical characteristics of the ignition process
itself. Therefore, from a scientific point of view, a system based on the dominance of physical heat transfer mechanisms
and the nature of energy effects is considered to be of better quality.

In the proposed classification, ignition sources belong to one of two classes corresponding to emergency modes of
operation. It concerns short circuits between phases (SCPs) and single-phase line-to-ground short circuits (LGSCs).
Other types of emergency modes of operation (overloads or unbalanced modes) usually lead to distributed heating of
conductors along their entire length, rather than concentrated and high-temperature energy release at one point, which is
sufficient to ignite combustible materials.

* analytical hierarchy process.
¢ entropy weighting coefficient method.
7 technique for order preference by similarity to ideal solution.
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This classification makes it possible to clearly distinguish ignition sources by type and heating mechanism (Fig. 1).

Classification of ignition sources
from OHPLs 6-35 kV (by physical

mechanism)
L. Short circuits between phases 1. Single-phase line-to-ground short
(SCPs) circuits (LGSCs)
Heating type: arc discharge Heating type: resistive (Joule)
Ignition mechanism: short-term Ignition mechanism: prolonged
high-energy thermal effect heating in the contact area

Fig. 1. Classification of fire hazard sources of overhead power lines

I. Short circuits between phases occur under the following circumstances:

— wires colliding due to wind,

— wires icing,

— trees and other objects falling on wires.

In such cases, intense heating is recorded up to 4,000-10,000°C and above. The current strength increases
dramatically by 10-100 times compared to the rated mode [7]. In this case, an electric arc is formed — a plasma
channel with high temperature and intense heat generation. A short-term but extremely powerful release of energy
generates secondary ignition sources — incandescent metal droplets. This circumstance causes a high probability of
ignition of dry forest floor or grass.

The risk of wire snapping in high winds can be quantified using models based on nonlinear equations of conductor
oscillations. Such systems make it possible to determine the probability of a dangerous phase convergence in real
time [8].

At the same time, the level of fire hazard directly depends on current strength and short circuit duration: low, medium
or high [5]. Experimental studies confirm that there are specific ranges of fire-hazardous short-circuit currents for
non-insulated aluminum wires. Thus, a wire with a cross-section of 25 mm? corresponds to a range of 120-180 A [13]. The
same class includes double line to ground faults (DLGFSs) that occur when wires of two or three different phases fall to the
ground. Despite the fact that the current goes through the ground, this mode is electrotechnically equivalent to a short
circuit between phases, as it is characterized by high short-circuit currents. The physics of ignition in this mode is identical
to SCP: powerful electric arcs occur at the points of contact of the wires with the ground. As a result, the metal melts, and
the red-hot droplets ignite combustible materials.

II. Line-to-ground short circuits cause a stable thermochemical effect on combustible materials. This is the most
common and main cause of fires. The emergency mode is characterized by prolonged and, as a rule, uncontrolled
release of thermal energy.

Technosphere Safety
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In 6-35 kV networks operating with an isulated neutral, the LGSC currents are insignificant (usually up to 10 A) [6].
They do not cause instant destruction of elements and equipment, which makes it possible to operate the network in
emergency mode for a long time (several hours) without power cuts. During this time, damage is detected and repaired.

This class combines all scenarios in which the conductor of an overhead power line (OHPL) comes into prolonged
contact with a grounded combustible object.

There are two types of ground faults in the literature [14]. The first one is metal. We are talking about cases of direct
connection of conductors to the ground with negligible resistance at the point of contact. For example:

— wire breakage and fall on the crossarm,

— fall on the transformer substation housing and other metal objects in the protected area of the power line.

Short circuits due to high transient resistance (second type) occur when wires fall on dry grass, as well as if a broken
wire touches a tree or wooden support. The same type includes contact through a damaged or contaminated insulator.

The mechanism of thermal action at the phase contact point is the same for both types of LGSCs. At the point of
contact with the ground, resistive (Joule) heating occurs due to the passage of a capacitive short-circuit current through
a transient resistance at the point of contact. This process is slower than in resistively compensated networks because
there is no high-energy arc discharge. Nevertheless, the resulting conductive heat transfer from the heated conductor to
the surrounding combustible materials ensures their gradual heating to the ignition temperature, i.e. causes the risk of
fire. The earth fault current near the damage site creates local heating zones, which also contributes to the occurrence of
a fire. In this case, heat dissipation is determined by the product of the square of the current and the resistance according
to the Joule-Lenz law.

For metal circuits, typical transient resistance values range from 0.1 to 10 ohms, whereas for high-resistance circuits,
such as when a wire falls on dry grass or contacts wood, the resistance can reach hundreds or even thousands of ohms.
With relatively small LGSC currents, the level of transient resistance becomes the main factor determining heat
dissipation. When the resistance increases by hundreds of times, the heating power also increases proportionally,
creating local zones of intense heat that can ignite combustible materials, even at moderate short-circuit currents.

Thus, the entire variety of root causes has been grouped into two typical physical mechanisms, which will become
the first dimension (axis) in the final scenario risk matrix.

Combustible environment (CE) classification. As it has been established earlier, one of the three mandatory fire
conditions during the operation of overhead power lines is a combustible environment (CE). This is a combination of:

— combustible materials of natural and anthropogenic nature within the protected overhead line zone;

— overhead line structural elements that can ignite from thermoelectric ignition sources.

When quantifying the probability of ignition, we take into account the key pyrological parameters that determine the
sensitivity to ignition. Thus, the minimum critical ignition energy Qi.,, which is determined by the heat balance
equation, directly depends on the type and moisture content of the combustible material:

Ogn =mC (Tign =T )+ Mingist* Lo (M
where m — mass of the heated material, kg; ¢, — heat capacity of combustible materials, kJ/(kg-K); Tign — ignition
temperature; 7o — initial temperature; m,,,i;; — moisture mass in the material, kg; L..., — heat of water evaporation.

As the moisture content increases, the ignition energy conditions increase significantly. Experimental studies show
that with an increase in the humidity of natural combustible materials (NCMs) from 10% to 30%, the required minimum
thermal load increases from 20 kW/m? to 35-40 kW/m?, which corresponds to an increase in the critical ignition energy
by about 1.75-2 times [15].

An additional factor contributing to the increase in the energy barrier is the energy expenditure on moisture
evaporation. The specific heat of evaporation for water is 2.26 MJ/kg. For living vegetation with moisture content of
100-300% relative to dry mass, ignition does not occur at heat fluxes below 35 kW/m?.

Thus, when compared to dry finely dispersed materials (moisture content 10-15%), the ignition energy barrier for
moistened and living NCMs increases approximately 3—10 times, which is consistent with experimental data on the
effect of moisture content on the flammability of plant materials [16].

Based on this information, a classification of the combustible medium can be proposed (Fig. 2).
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Fig. 2. Classification of combustible materials in OHPL area

Class A. Highly sensitive NCMs. This class is characterized by minimum moisture content (less than 15%) and, as a
result, low critical ignition energy (less than 1 kJ). This group includes the most fire-hazardous materials: dry grass and
needles (fallen this year), mosses during prolonged drought, as well as organic accumulations on insulators (droppings,
down) and materials from bird nests.

Class B. Medium sensitive NCMs. This class combines materials with a moderate moisture content (15-30%),
which increases the required ignition energy to 1-10 kJ. Examples: forest floor with moderate humidity, long-fallen
needles from previous years, dry branches up to 5 cm in diameter, and support wood with a humidity of 20-30%.

Class B. Low sensitive NCMs. They contain 30-60% moisture. According to equation (1), in this case, high energy
(10-50 kJ) is needed for ignition. Low sensitive NCMs are moist forest litter, live needles and foliage in tree crowns,
coniferous undergrowth and support wood with a humidity of 30-50%.

Class G. Specific combustible materials. The fire hazard of peat bogs, structural wood, and combustible debris is
determined not only by the moisture content (as in classes A, B, and C), but also by specific properties: structural
features, chemical composition, and the ability to self-sustaining combustion.

The elements of this class are qualitatively heterogeneous and demonstrate high susceptibility to thermal effects —
prolonged during LGSC and short-term from drops of red-hot metal. This is due either to the low ignition energy (flame
retardant-soaked wood, dry debris), or the ability to self-sustaining combustion after ignition (peat bogs). As a result,
despite the heterogeneity, such materials are taken together for the purposes of scenario risk modeling.

This classification, based on pyrological properties and sensitivity to thermoelectric influences, allows us to move
from the generalized concept of “combustible environment” to four classes. This is necessary to build a scenario risk
matrix and allows you to quantify the probability of ignition (Pi,) in various emergency modes, depending on the
current state of CE

Fire spread condition (FSC) classification. Let us consider the situation with such an initial event as the occurrence
of a fire from an overhead power line. The damage and the scale of the consequences are determined by the fire spread
from the source. The conditions that regulate this process form the third key component of the fire hazard system.
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In the framework of this study, the FSC is understood as a set of environmental factors that determine the speed,
intensity, trajectory of the fire front and the possibility of its transition between different tiers of the combustible
environment. It is important to note that the probability of ignition and spread of fire depends on a number of factors (for
example, wind, and humidity). However, in this section they are considered from the point of view of the impact on an
existing, developing fire. The FSC classification is necessary for modeling fire scenarios and assessing potential damage.

A model called the triangle of fire behavior is widely used in pyrology. Within the framework of the presented study,
the concept is adopted according to which the nature and dynamics of fire spread are determined by the interaction of
three groups of factors: weather conditions, topography and characteristics of combustible materials [11]. This takes
into account:

— wind speed and air humidity,

— ground form,

— volume of combustible material, its horizontal and vertical location (Fig. 3).

Material

Fig. 3. Fire behavior triangle

For a specific section of overhead line, the topography is taken into account during the design and does not require
inclusion in the scenario matrix as a variable. For critical areas (steep slopes), increasing risk factors are used. The
characteristics of the materials are also reflected in the classification of the combustible medium:

— Class A materials ensure a high rate of grass-roots fires,

— Class B materials form a “ladder” for crown fires.

Only the weather is changing dynamically, and it requires an operational assessment. Wind and humidity have the
maximum predictive potential and are easy to measure.

The fire hazard class (FHC) according to weather conditions is an integral indicator. In Russia, the Nesterov
complex indicator is used with a gradation from I (absence of danger) to V (extreme danger). FHC is directly related to
the moisture content of small combustible materials. Thus, with FHC V, humidity decreases to 10—15% (class A of the
combustible environment), with FHC 111, it is 20-30% (class B).

Wind speed of about 10 m:

— increases the probability of emergency modes (whipping of wires at SCP, contact with vegetation at LGSC);

— increases heat generation during ignition;

— determines the velocity of the front during propagation.

Wind speed is a consistently measured and predicted parameter. A threshold value of 5 m/s has been set for scenario
analysis. Below this indicator, the fire spreads due to radiation heating at a moderate rate. The higher velocity causes
convective heat transfer with flame tilt, spark transfer, and secondary foci [12].

Thus, the system of factors of the fire behavior triangle is reduced to two key dynamic parameters — FHC and wind
speed. This reduction is justified physically, statistically and practically.

The fire hazard class (FHC) according to weather conditions determines the pyrological readiness of natural
combustible materials. This integral characteristic reflects their ability to ignite and maintain fire. It depends on the type
of material, its moisture content and thermal properties.

The wind speed, in turn, determines the dynamics of flame propagation and the formation of secondary foci.

From a statistical point of view, both parameters are reliable indicators of fire danger, and from a practical point of

view, their use is justified by the high availability and predictive reliability of meteorological observations.
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The FHC and wind speed determine the nature of fie spread conditions (FSCs) for the scenario matrix (Fig. 4).

Conditions: FHC IV-V
and wind >5 m/s

— Category 1: unfavorable

NCM characteristics: moisture content
<15%

Conditions: FHC II-11I
and wind >5 m/s or FHC
IV-V and wind <5 m/s

Category 2: moderate

NCM characteristics: moisture content
20-30%

Fire spread conditions (FSC)

Conditions: FHC I

— Category 3: favorable

NCM characteristics moisture content
>40%

Fig. 4. Fire spread conditions

Fire spread conditions can be described as favorable, unfavorable, or moderate, and the level of threat can be low,
medium, or high.

Fire risk scenario matrix. A scale of risk levels is needed to quantify each fire hazard scenario for OHPLs. The
analysis of risk assessment methods became the basis for the proposed four-level classification.

Low risk (R1). The probability of ignition is minimal or there are no conditions for the development of a fire. It is typical
for combinations of: weak ignition sources + CE with high moisture content + unfavorable FSCs (FHC I-1I1, lack of wind).

Average risk (R2). Moderate risk of ignition and limited potential for fire spread. It is typical for combustible
materials with moderate pyrological readiness (class B), transitional weather conditions corresponding to FHC III, with
wind speeds up to 5 m/s.

High risk (R3). High probability of ignition and significant potential for fire spread. It is formed at FHC IV-V and
(or) wind speeds of more than 5 m/s in combination with combustible materials of high or moderate pyrological
readiness (classes A, B) and ignition sources of increased energy capacity.

Critical risk (R4). Maximum risk of ignition and rapid fire development. The risk is generated by powerful ignition sources
(SCP, LGSC arcs) in combination with dry fine materials under extreme weather conditions (FHC V, wind >5 m/s).

Risk level R for each scenario can be represented as function f. It determines qualitative correspondence of input
parameters and risk categories R1-R4 based on an expert assessment of two parameters:

R=[(Pu.Ty). 2

Here Py, — probability of catching fire, determined by a combination of IS type and CE class. 77 — severity of
consequences. It is determined by the CE class and the FSC category. The speed and scale of distribution are taken into
account.

In this paper, the risk levels are qualitatively determined by the characteristics established in the previous sections.
The quantitative parameterization of function (2) and the establishment of numerical thresholds for risk levels R1-R4
are the subject of further research.

The above analysis of the three key components (IS, CE and FSC) allows us to form a final scenario
matrix (Table 1).
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Table 1
Fire risk matrix
. Fire spread conditions
IS Material class
Favorable Moderate Unfavorable
A. Highly sensitive R2 — average R3 — high R4 — critical
9 B. Medium sensitive R1 — low R2 — average R3 — high
8 C. Low sensitive R1 —low R1 —low R2 — average
D. Specific R2 — average R2 — average R3 — high
A. Highly sensitive R3 — high R4 — critical R4 — critical
> B. Medium sensitive R2 — average R3 — high R4 — critical
2] C. Low sensitive R1 —low R2 — average R3 — high
D. Specific R2 — average R3 — high R4 — critical

Discussion. The matrix combined all 24 typical scenarios of fire hazard (two groups of ignition sources X four
classes of combustible materials x three categories of fire conditions). The principles of assigning risk levels in the
scenario matrix are provided below.

Class D of combustible materials in all scenarios is characterized by the minimum allowable risk level R2, even
under favorable conditions of fire spreading. Assigning the R1 level in this case is impractical for the following reasons:

— the specific properties of such materials, including the ability to smolder and low humidity of structural and flame
retardant-impregnated wood,

— the presence of combustible debris prone to sustained combustion.

SCPs with higher thermal impact energy tend to increase the risk level by one category compared to LGSCs with the
same class of combustible materials.

Unfavorable fire spread conditions (FHC IV-V at wind speeds of more than 5 m/s) in combination with Class A
combustible materials in all cases form critical R4 risk level regardless of the type of ignition source.

Approximately 21% of the total number of scenarios are critical (R4). They are formed mainly by the following
combinations:

— high-energy emergency modes (interphase faults and individual single—phase scenarios),

— highly sensitive and medium-sensitive combustible materials,

— adverse weather conditions.

As you can see, the matrix is a solution that provides a transition from a qualitative description of the situation on
the overhead line to a subsequent quantitative assessment of the probability of a fire and its consequences.

Let us list practical application options for this matrix:

— modeling the occurrence and spread of fires on OHPLs,

— refinement of safety measures for specific sections of the network,

— improvement of fire risk assessment in electrical networks.

The matrix allows you not only to identify the presence of increased danger, but also to rank scenarios by
importance, which opens up the possibility of a more rational allocation of resources for protective measures.

Conclusion. The main physical and spatial factors determining the fire hazard of overhead power lines are
highlighted. Based on them, classifications of ignition sources, combustible environment and fire spread conditions
have been developed, reflecting the features of the linear infrastructure and the surrounding area.

The key result of this study is the creation of a risk matrix of 24 scenarios for the occurrence and development of
fire on overhead power lines. Unlike the traditional approach focused on the analysis of individual factors, the proposed
solution takes into account the interaction of ignition sources, combustible environment and fire spread conditions. The
research results allow us to move from a fragmentary assessment of fire hazard to a systematic analysis of specific
scenarios. Thanks to this approach, it is possible to justify decisions to modernize and strengthen the protection of
individual sections of the network. This makes it possible to focus investments on infrastructure elements and typical
situations, on which fire risks depend to a greater extent [10].

Let us note that the results require further development. There are certain limitations associated with an expert
assessment of the relative importance of scenarios, which affect the objectivity of assigning risk levels. The lack of
accident statistics and experimental data on the energy characteristics of ignition sources prevent a full-fledged
quantitative parameterization of scenarios. Overcoming these limitations is a priority area for future research, including
the collection and analysis of incident statistics.
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In addition, in the future, we will need to develop function f that represents risk level R for each scenario.
Specifically, we plan to quantify the parameters of the function and set numerical thresholds for the four risk levels
discussed in this article

A separate area of development for overhead line fire safety systems is the rapid detection of fires. In this context, it
is promising to combine a scenario-based approach to risk assessment with neural network computer vision
technologies designed to detect smoke and flames in real time [19].
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Abstract

Introduction. Ensuring fire safety at oil and gas enterprises is a crucial aspect of occupational health and safety
management system. These facilities are known to have a high concentration of flammable and explosive materials.
According to statistics from the Federal Service for Environmental, Technological and Nuclear Supervision
(Rostechnadzor), approximately 38% of accidents at oil and gas facilities are related to fires and explosions. The
introduction of a new method for calculating fire risk values and requirements for the occupational safety and health
management system necessitates an integrated approach to fire risk management. The scientific problem is the lack of a
comprehensive methodology linking fire risk assessment procedures with occupational risk management processes
within a single system. The purpose of this research is to create an integrated fire risk management system that aims to
enhance the effectiveness of occupational safety in oil and gas industry.

Materials and Methods. The research methodology was based on a systematic approach to integrating fire risk
assessment procedures in accordance with Order No. 533 of the Ministry of Emergency Situations of Russia and
Occupational Health and Safety Management System (OHSMS) processes. The research base consisted of data from 12
oil and gas industry facilities: four gas treatment units, three compressor stations, three oil pumping stations, and two
gas distribution stations. The main facility was a gas treatment unit located in the Yamalo-Nenets Autonomous Okrug
(YNAO). Initial data were collected over a period of at least three years, and a group of experts, including fire safety
specialists, occupational safety engineers, and process specialists, was involved in determining the OHSMS correction
factors. Expert evaluation was conducted using the Delphi method, with consistency analysis using the Kendall's
coefficient of concordance (W =0.82). As part of the research, a mathematical model with correction factors and an
integrated hazard matrix was developed. At the first stage, identification and classification of hazards were carried out
in accordance with Article 9 of Federal Law No. 123-FZ “Technical Regulations on Fire Safety Requirements”, dated
July 22, 2008. At the second stage, logical event trees were built and integrated metrics were calculated using
JupyterNotebook (Python, Pandas, Scipy, NumPy libraries), and compared with traditional methods.

Results. An integrated fire risk management system was developed, which included five interrelated processes: hazard
identification, risk assessment, development of management measures, monitoring and continuous improvement. A
mathematical model for calculating potential fire risk was proposed, introducing the OHSMS integration coefficient,
which allows for the consideration of the impact of organizational and technical occupational safety measures on fire
likelihood and consequences. Within the integrated approach, 47 types of hazards were identified compared to 35 using
the traditional methods, indicating more detailed risk source identification. The fire risk was reduced by 22-26% when
using the integrated system compared to the baseline level.
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Discussion. The use of an integrated approach to occupational risk management can increase its efficiency by 25-30%,
due to a synergistic effect that has been confirmed by a comparative analysis of traditional and proposed risk
assessment methods at oil and gas facilities. This effect is achieved through the integrated consideration of OHSMS
measures, which affect the frequency and severity of fire-related incidents, while taking into account the limitations of
the methodology, such as dependence on the completeness and representativeness of accident data (at least three years
of observations) and focusing mainly on objects with continuous technological processes. The results obtained are
consistent with international research on safety system integration, which has shown that similar approaches can
improve hazard identification accuracy by 20—35% and enhance the quality of risk assessments.

Conclusion. The results of this study can be used to improve safety management systems at oil and gas enterprises. This
includes the introduction of a mathematical model with OHSMS coefficients to reduce fire risks by 22-26%. The
proposed integrated system contributes to the development of scientific foundations for risk management in industry. It
opens up prospects for further research on adapting this approach to marine facilities, as well as permafrost and other
extreme climates. It is recommended to use the model to optimize resource allocation in OHSMS. This should take into
account the results of expert evaluations and regular revisions of parameters as more statistical data becomes available.

Keywords: fire safety, oil and gas industry, occupational health and safety management system, occupational risks, fire
risk, hazard identification, mathematical modeling, integrated management system, industrial safety, OHSMS
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KomnuiekcHoe ynpasieHHe NOKapHBIMU U NPo¢ecCHOHATbHBIMY PUCKAMH HA NPeANPUATHAX
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AHHOTALMA

Beeoenue. Obecrieuenme noxxapHoi 0€30MacCHOCTH Ha MPENNPUATHSIX He(Tera3oBoW OTpaciiy sBISIETCSl OJHOW M3 ca-
MBIX BRXHBIX 33/1a4 B CHCTEME YNPABIICHHS OXPaHOH TpyZAa, MOCKOJBKY TaKHE OOBEKTBHI XapAKTEPU3YIOTCS BBICOKOH
KOHLIEHTpALel I0’KapOoIacHbIX M B3PBIBOOMACHHIX BellecTB. COrNacHO CTaTHCTHYECKMM JaHHbIM DenepanbHON
CITy>KOBI TI0 IKOJOTHUECKOMY, TEXHOJIOTHYECKOMY U aTOMHOMY Hanzopy (Poctexnamsop), okono 38 % aBapuii Ha 00b-
eKTax He(pTerazoBoro KOMIUIEKCA CBS3aHO C MOYKapaMy M B3phIBaMH. BCTyIuieHHne B crily HOBOW METOIMKH OIpezeie-
HUSI PaCUCTHBIX BEIIMYHH ITOKapHOTO PHCKA, a TAKXKe TPeOOBaHMI K CHCTEME YIPaBJICHHUS OXPAHOU Tpyna 0O0yCIIOBIH-
BaeT HEOOXOAMMOCTh (DOPMHPOBAHMSI MHTETPUPOBAHHOTO II0/IX0/a K YIIPABJICHHIO IMOXapHbIMU puckamu. Hayunas
mpo0JieMa COCTOUT B OTCYTCTBHH KOMIUICKCHOM METO/I0JIOTHH, KOTOpPasi OBl yBsI3bIBaJIa TIPOLELYPHI OLEHKU H0KapHOTO
pHCKa ¢ mpoleccaMy yIpaBlieHHs MPOo(ecCHOHaTbHBIMI PUCKaMHU B paMKax €IMHON cucTeMsbl. Llesbio qaHHOTO HCcie-
JIOBaHMS SIBIIIETCS pa3pab0TKa MHTETPUPOBAHHON CHCTEMBI YIPABICHUS MOKapHBIMUA PUCKAMH, OPHEHTHPOBAHHON HA
noBeILIeHUe dQPeKTUBHOCTH 0OecrieueH s 0e30acHOCTH TPyAa Ha IPEIIpHUITUSIX He(Tera3oBoi OTPaciy.
Mamepuanst u memodsl. MeTOROJIOTHS HCCICIOBAHUS OCHOBaHA HA CHCTEMHOM IIOIXOJ€ K MHTETPAIMH MPOLEIYD
OIIEHKH TOXapHOTO pucka corimacHo mpukazy MUC Poccum Ne 533 ¢ mporeccamu ympaBlieHHsT OXpaHOU Tpy-
nma (CYOT). basy uccnenoBanust COCTaBIIIM AaHHBIE ¢ 12 00beKTOB He(DTEra3oBoi OTPACIN: YEeTHIPE YCTAHOBKHU TOATO-
TOBKH I'a3a, TpH KOMIIPECCOPHBIE CTAHIIUMH, TPU He(TernepeKkaunBaroie CTAHIIMU U JIBE ra30pacipe/ie/INTeIbHbIE CTaH-
mun. OCHOBHOI 00BEKT — YCTaHOBKA MOJTOTOBKH ra3a B SImamo-Henenkom aBToHOMHOM OKpyre (IHAO). UcxomHbI-
MU JaHHBIMHU CJIYXKUJIM MaTCpUAJIbl 110 aBapUuAM 3a MEpuod HC MCHEC TPEX JICT. I[.Hf[ OIIPEACIICHU TONIPABOYHBIX K03(b-
¢unmentoB CYOT npusiedeHa rpymmna 3KCIEpTOB: CIEUUAINCTHI MO MOXKapHOI 0€30MacHOCTH, MHKEHEPHI 10 OXpaHe
TpyJla ¥ TEXHOJIOTH. DKCIIEpTHAs OIIEHKA MPOBOIMIach MeToZoM Jlenbdu ¢ aHaIM30M COTJIACOBAaHHOCTH 1O Kod(huiim-
enty koHkopaamuu Kennamna (W = 0,82). B pamkax uccienoBaHus pa3padaTelBUINCh MaTeMaTHUecKass MOJEIb C I10-
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MIPaBOYHBIMU KO3((UINEHTaMH M MHTETPHPOBAaHHAS MaTpHLa onacHocTei. Ha mepBom atamne OblM MpOBENCHBI HACH-
TUUKaLKs U Kiaaccudukanus omnacHoctei cornacHo cr. 9 dexepansHoro 3akona Ne 123-@3 ot 22.07.2008 «Texnuue-
CKHH periamMeHT o TpeOOBaHMUAX MOXKapHOH Oe3omacHOCTHY». Ha BTOpoM 3Tare mocTpoeHs! JOTHYECKHE JIEPEBbSI COOBI-
THi1, pacueT MHTErPUPOBAHHBIX MOKa3artelieil ¢ ucnoiabp3oBanueM JupyterNotebook (Python, 6bnbnunorexn Pandas, Scipy,
NumPy) u conocraBneHne ¢ TpaJUIUOHHBIMA METOJUKAMH.

Pesynemamut uccnedosanus. PazpaboraHa MHTEIpUPOBAaHHASI CUCTEMA YIPABIICHUS MTOXKAPHBIMU PHCKaMH, BKIIFOYAO-
masi B ce0sl MTh B3aMMOCBS3aHHBIX MPOLIECCOB: WACHTU(UKALNS ONACHOCTEH, OI[EHKa pHCKa, pa3paboTka Mep ympaB-
JICHWs,, MOHUTOPHHT U IIOCTOSHHOE yiydineHue. [Ipeanoxena MaTeMaTnieckast MOJEIb paciyeTa HOTCHIIHAIBHOTO I10-
KapHOTO pHcKa ¢ BBeneHHeM koddduimenta unrerpanun CYOT, KOTOphIi MO3BOJSIET YUECTh BIMSHHE OpPraHU3aIu-
OHHBIX M TEXHMYECKHX MEp OXpaHbl TpyJa Ha BEPOSTHOCTb M IOCIEACTBUS MOXapoB. B pamkax MHTErpHpOBaHHOTO
MOJX0/a BBIBIECHO 47 BUIOB ONMACHOCTEH MPOTHB 35 MpH MCHONB30BAHNH TPAAUIIMOHHOW METOAMKHU, YTO CBHUJICTEIb-
CTByET 0 0Oojee AeTaTM3MPOBAaHHON MICHTU(HKAMKN HCTOYHHKOB PUCKA. Y CTAHOBJICHO CHI)KEHHE MOXKAapHOTO PHCKa
Ha 22-26 % npu NpUMEHEHUH MHTETPUPOBAHHOI CUCTEMBI, II0 CPABHEHHIO C 0a30BBIM YPOBHEM.

Oécyacoenue. TlpuMeHeHHE WHTETPHPOBAHHOTO IOAXOAA OOecCHeYMBacT MOBBIMIEHHE 3(P(EKTHBHOCTH yNpPaBICHUS
npodeccrnoHanbHbIME pruckamu Ha 25-30 % 3a c4eT BBIPa)KCHHOTO CHHEPTETHYECKOro 3(QeKTa, MOATBEPKICHHOTO
CPaBHHUTENILHBIM aHAJIM30M TPAAMIMOHHBIX U IpEJlaraéMblX METOJOB OLIEHKH PHCKOB Ha HE(TEra3oBbIX OOBEKTaX.
VYxazanublil 3¢ et Gopmupyercs Onaromaps KoMmIuiekcHoMy ydery Meporpusituid CYOT, Biusiomumx Ha 4acToTy
BO3HUKHOBEHHS M TSDKECTh IOCIEACTBUI MOXAPOOIACHBIX CIIEHAPUEB, C OJHOBPEMEHHBIM yUETOM OTPaHWYEHHH NpH-
MEHEHHS METO/IMKH, TAKUX KaK 3aBUCHMOCTb OT ITOJIHOTHI M PENPE3eHTATUBHOCTH JaHHBIX MO aBapusM (He MeHee Tpex
JIeT HaOJIoIeHUH) U OPUEHTALUS [IPEUMYIIECTBEHHO Ha OOBEKTHI C HENPEPHIBHBIMKM TEXHOJIOTHYECKUMH MPOLIECCAMH.
IMomydeHHBIE Pe3yNbTaThl COTIACYIOTCS C MEXIYHApOJHBIMU UCCIIEJOBAaHUAMH IO MHTErPallii CHCTEM OE€30MacHOCTH,
I7Ie aHaJOTHYHBIE TOAXOIBl JEMOHCTPHPYIOT MOBBIIMIEHHE TOYHOCTH HACHTH(UKaruu omnacHoctedt Ha 20-35% u
yJIydIlleHue KauecTBa MOCIelyolIel OLIEHKH PUCKOB.

3aknouenue. Pe3ynpraThl MCCIEAOBaHUS MOTYT OBITH MCIIOJIB30BAHBI JUIS COBEPILCHCTBOBAHUS CHUCTEM YIPABICHHS
0€30MacHOCTBIO Ha MPEANPUATHAX HE(PTEra30BOM OTPACHIH, BKIIOYas BHEAPEHNE Pa3pabOTaHHON MaTeMaTHIECKOi Mo-
e ¢ koapduurentamn CYOT nnst cHWKEHHS MOKapHBIX pUCKOB Ha 22-26 %. [IpennoxeHHas WHTErpUpOBaHHAsS
cUcTeMa BHOCUT BKJIAJ B Pa3BUTHE HAY4HBIX OCHOB YIPABJICHUS] PUCKAMH B ITPOMBIIUICHHOCTH, OTKPBIBAsI EPCIIEKTH-
BBl JAIbHEHUIINX MCCIIEOBAaHMH O aJaNnTaliy JAHHOTO MOJX0/a K MOPCKUM OOBEKTaM, a TAKXKE K YCIOBUSIM BEYHOH
MEP3TOTHI ¥ APYTUX IKCTPEMATBHBIX IPUPOAHO-KIMMATHIECKUX 30H. PekoMeHIyeTcs IpruMeHeHNe MOJIENN AJIsl ONTH-
Mu3anuy pacrnpezaeienus pecypcos B CYOT ¢ yueTom pe3ysbTaToB 9KCHEPTHON BaJIMIALMU U PETYIISIPHOTO NEPECMOT-
pa mapaMeTpoB [0 MEpe HAKOTUICHHUS CTATUCTUYECKUX JTaHHBIX.

KnroueBble cioBa: mnoxapHas Oe3omacHOCTb, HedrerasoBas oOTpacib, CHCTEMa YIpaBJIeHHS OXpaHOH TpynHa,
npodecCHOHANBHBIE PUCKH, IOXAPHBIM PHUCK, HICHTU(UKALUS ONAacHOCTeH, MaTeMaTHYeCKOe MOJIeIMpOBaHKe,
MHTErpUPOBaHHAs CUCTEMa YIIPaBJIEHHs, IIPOU3BOJICTBeHHAs Oe3omacHocTh, CYOT

BaarogapHocTH. ABTOPBI BBIP2XAIOT 0JIATOAApPHOCTH 3aBefyromeld Kadeapoil MPOMBIIIICHHOW O€30MacHOCTH W
OXpaHbl OKpYXarllei cpenbl POCCHICKOr0 rocylnapCTBEHHOTO YHHUBEPCUTETa HETH W Ta3a (HAIIMOHAIHHOTO
HCCIICI0BATENbCKOrO yHIBepcuTeTa) uM. .M. ['yOkuHa, TOKTOPY TEXHUYECKUX HayK, npodeccopy Encne BuranbeBHe
I'ne6oBoii 32 MOMOIIb B TIOJYYSHUH JAHHbBIX, TO3BOJIMBIINX MPOBECTH UCCIIEIOBAHNUE.

Jna uurupoBanus. Pommues JLIO., Munaesa U.A., Cyxapckuii C.I1., Barmanos C.B., Kyzneros .M. KomriexcHoe
yIIpaBJICHHE TIOXKAPHBIMA W MPOPECCHOHAIBHBIMU PUCKAMU HA TPSIMIPHUATUSX. Be30nacHoCmb MEeXHOZEHHbIX U NPUPOOHBIX
cucmem. 2026;10(1):19-31. https://doi.org/10.23947/2541-9129-2026-10-1-19-3 1

Introduction. Ensuring fire safety at oil and gas industry enterprises is an important task, especially in light of
current global trends towards occupational safety and health. Many countries are adopting increasingly strict norms and
standards for environmental protection and worker safety, which presents additional challenges for the oil and gas
sector. The absence of adequate fire safety measures can lead not only to catastrophic consequences for the health of
employees, but also to significant financial losses, including compensation for victims, costs of facility restoration, and
fines for legal infringements. Ignoring fire safety issues can cause devastating environmental consequences with
massive leaks of hazardous substances. This, in turn, can lead to a negative perception of the industry as a whole. Thus,
the urgency of developing and implementing effective fire risk management systems in the oil and gas industry is
becoming indisputable, and the urgent need for an integrated approach to solving this problem in the context of global
change requires immediate action. An analysis of statistical data on oil and gas industry facilities for the period 2019—
2023 reveals that, despite the ongoing safety measures, significant losses from fires and explosions continue to be
reported. The implementation of a new methodology for calculating fire risk values and requirements for occupational
safety and health management necessitates an integrated approach to fire risk management. However, so far, no
comprehensive methodology has been developed to link fire risk assessment procedures with occupational risk
management processes within a single system.
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According to statistics from Rostechnadzor, between 2019 and 2023, approximately 38% of accidents at oil and gas
facilities involved fires and explosions. This emphasizes the urgency of developing effective fire risk management
systems. Figure 1 shows data on emergencies in the oil and gas industry for 2019-2023. Figure 2 shows the number of
accidents at oil and gas production facilities over the same period.
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Fig. 1. Number of emergencies at oil and gas production facilities in 2019-2023
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Fig. 2. Number of accidents at oil and gas production facilities in 2019-2023

The graphs show the dynamics of accidents and related consequences at oil and gas industry facilities in 2019-2023.
During this period, the share of emergencies among all incidents varied in the range from 25 to 60%, with an average of
38%. The minimum number of emergencies was recorded in 2023, which indicated the effectiveness of the measures
taken to manage industrial and fire safety. Similarly, the accident rate decreased from 25% in 2019 to 10% in 2023, and
the five-year average was 23%. The average proportion of accidents related to fires and explosions remained at about
24%, demonstrating a steady downward trend.
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Fatal accidents related to fires at the facilities under consideration remained at a relatively low level, which
confirmed the effectiveness of integrated industrial and fire safety management systems, as well as ongoing preventive
measures [1]. The identified trends emphasized the need for further improvement of approaches to ensuring integrated
safety at oil and gas industry enterprises and the urgency of continuing work to reduce risk levels, frequency of severe
and group incidents and scale of their consequences [2].

The new methodology for determining calculated fire risk values at production facilities, which entered into force on
January 1, 2025 (EMERCOM of Russia Order No. 533 dated June 26, 2024)! and the current Approximate Regulation
on the Occupational Health and Safety Management System (Ministry of Labor of Russia Order No. 776n dated
October 29, 2021)? require the development of an integrated approach to fire risk management within the framework of
the general occupational health and safety management system. The new methodology of the Russian Ministry of
Emergency Situations maintains a comprehensive list of fire hazards as defined in Article 9 of Federal Law No. 123-FZ,
while also clarifying criteria for human injuries and approaches to simulating fire scenarios and assessing associated
risks. Main changes relate to details of calculation procedures and requirements for analyzing initial events and
justifying initial data, rather than adding new hazardous factors. At the same time, the requirements of the occupational
health and safety management system include regular identification of hazards and assessment of occupational risks.
This forms the methodological basis for integrating fire risk assessment procedures into the overall occupational health
and safety management system [3].

An analysis of modern scientific research reveals that in most studies the issues of fire safety and occupational
safety are considered separately, without sufficient elaboration of their relationship [4]. However, the specific nature of
the oil and gas industry necessitates the implementation of an integrated approach [5], which focuses on recognizing the
mutual influence of different types of occupational and fire hazards, as well as their combined effect on the safety of
production [6].

The aim of this research is to develop an integrated fire risk management system based on the requirements of the
current methodology of the Russian Ministry of Emergency Situations, as well as the principles of occupational safety
management systems, in order to improve the efficiency of occupational safety at oil and gas industry enterprises and
reduce the probability of dangerous events.

Materials and Methods. The research methodology was based on a systematic approach to integrating fire risk
assessment procedures in accordance with Order of the Ministry of Emergency Situations of Russia No. 533 and
occupational risk management processes within the OHSMS in accordance with Order of the Ministry of Labor of
Russia No. 776n. The research included the development of an integrated hazard matrix that linked primary and
associated fire hazards (according to Federal Law No. 123-FZ) with occupational risks for various categories of
personnel. Experts in fire safety and labor protection participated in validating the methodology. Methods of expert
assessment and statistical analysis were used.

The research was conducted based on data from 12 oil and gas industry facilities located in the Yamalo-Nenets
Autonomous Okrug and part of a large joint-stock oil and gas production company. To ensure the representativeness of
the sample, we used the following criteria: the presence of a certified occupational health and safety management
system in accordance with GOST R ISO 45001; the availability of information on industrial accidents for at least the
last five years; the presence of data on inspections by regulatory bodies in the field of industrial safety and labor
protection; and the variety of technological processes and equipment used. The sample included four gas treatment units
with a capacity of 15 to 45 million m’/day and an operating pressure of up to 25 MPa, three step compression
compressor stations with a capacity of 40-80 million m3/day with a total capacity of 12-32 MW and an injection
pressure of up to 10 MPa, three oil pumping stations (oil pipeline) with a capacity of 8—25 million tons per year and
with a supply pressure of up to 6 MPa, two gas distribution stations with a reduction pressure of 2.5 to 1.2 MPa and a
capacity of up to 3.5 million m3/day. The following data was collected and analyzed for each facility: acts and protocols
of inspections of supervisory authorities in the field of industrial safety and labor protection for 2018-2023, registers of
industrial incidents, including cases of pipeline integrity violations, hydrocarbon leaks, equipment failures and
personnel injuries, results of hazard analysis conducted by the company (HAZOP, analysis of the types and
consequences of failures), equipment parameters from technical documentation and plant data sheets, data on fire
scenarios, calculated using models in software packages (PHAST, ALOHA or equivalent), information on occupational
safety and fire safety measures, incident reports and disability sheets related to occupational risks. The database on
violations of fire and industrial safety requirements was compiled on the basis of open registers of supervisory
authorities and internal registers of the company.

! On Approval of the Methodology for Determining Calculated Fire Risk Values at Production Facilities. Order of the Ministry of the Russian Federa-
tion for Civil Defense, Emergencies and Elimination of Consequences of Natural Disasters No. 533 dated 26.06.2024. (In Russ.) URL:
http://publication.pravo.gov.ru/document/0001202409030008 (accessed: 18.12.2025).

2O0n Approval of the Approximate Regulations on the Occupational Health and Safety Management System. (In Russ.) URL:
https:/normativ.kontur.ru/document?moduleld=1&documentld=409457 (accessed: 28.10.2025)
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The proposed integrated system included the following interrelated processes. The first process was the
identification of fire hazards as part of the overall process of identifying occupational risks according to OHSMS. The
second was the assessment of fire risk using Methodology of the Russian Ministry of Emergency Situations No. 533.
The third was the development of integrated risk management measures. The fourth was the monitoring and control of
the effectiveness of the measures taken. The fifth was the continuous improvement of the risk management system [7].

Mathematical model of integrated risk assessment contained a calculation of the potential fire risk within the
integrated system and was determined by the formula:

Py (@) = K opsus 'ijle -0y (a), (D)

where Konsus — coefficient of integration with OHSMS, which takes into account the effectiveness of the occupational
safety management system; J — number of fire scenarios; O; — frequency of implementation of the j-th fire scenario,
year™!; Qui(a) — conditional probability of human injury during implementation the j-¢4 scenario.

Coecfficient of integration with OHSMS is determined by the formula:

K onsmus = Kident * Kirain * K cont - K impr > (2)
where Kin: — coefficient of effectiveness of hazard identification (0.8—1.2); Ki.in — coefficient of effectiveness of
personnel training (0.7-1.1); Kcone — coefficient of effectiveness of control (0.8—1.3); K., — coefficient of continuous
improvement (0.9-1.1).

To determine the values of the coefficients and validate the model, a group of 15 experts was involved: five fire
safety specialists with work experience from 8 to 25 years, five occupational safety engineers with experience from 6 to
20 years, and five process specialists with experience from 10 to 30 years. The criteria for the selection of experts were
higher professional education, at least five years of work experience at oil and gas facilities, certificates in the field of
industrial safety, as well as the absence of a conflict of interest with the facilities. Expert evaluation of coefficients
Kigents Kirainy Keonts Kimpr Was conducted using the Delphi method in three rounds in the form of an anonymous
questionnaire: in the first round, experts gave individual estimates (within predefined acceptable values); in the second
round they were provided with an aggregative summary of the group (median and interquartile range for each
coefficient) with a suggestion to clarify the answers; in the third round, the confirmation of the agreed values was
performed. The consistency was controlled by the Kendall's concordance coefficient (W = 0.82). The final values of the
coefficients were determined as the medians of expert estimates, and the interval values (ranges) were set by the
boundaries of the interquartile range (25th and 75th percentiles), followed by rounding to values convenient for
practical use.

The values of the coefficients in formula (2) were determined based on an expert assessment using the Delphi
method and statistical analysis of Kendall's consistency. The ranges were selected taking into account data from similar
studies [6-10]: Kigen reflected the variability of hazard detection depending on the completeness of databases;
Kirain — impact of staff training on reducing the frequency of incidents; K., — effectiveness of monitoring equipment
based on historical accident data; K., — contribution of iterative improvements in OHSMS to long-term risk reduction.

The Kendall's concordance coefficient (W = 0.82) and ANOVA analysis were used to determine the significance of
differences between groups. Pearson correlation analysis was used to identify relationships between parameters as
statistical processing methods. The calculations were performed in the Jupyter Notebook development environment
using Python and the Matplotlib, Pandas, Scipy, and NumPy libraries.

Table 1 shows an integrated hazard matrix developed based on the analysis of the requirements of Order of the
Ministry of Labor of Russia No. 776n (Occupational Risk Management System) and Methodology of the Ministry of
Emergency Situations of Russia No. 533 (Fire Risk Assessment), taking into account the classification of fires
according to Art. 8 of Federal Law No. 123-FZ (classes A—F) and an exhaustive list of fire hazards according to
Art. 9 (primary factors: flames and sparks, heat flow, elevated temperature, toxic products, low oxygen concentration,
reduced visibility; collateral: fragments, radioactive/toxic substances, high voltage, explosion factors, exposure to
extinguishing agents). The matrix provides a comprehensive identification of hazards, linking them with occupational
risks for oil and gas facilities, where classes B (flammable liquids), C (gases) and E (live electrical installations) prevail.

When creating a matrix for each hazard, we recorded the corresponding fire hazard factor (primary or collateral), the
association with occupational risk, the criteria for assigning the risk level set through the probability range of the
scenario (year'), and the expected severity of the consequences for personnel (such as burns, poisoning, or electrical injury).

The matrix was used to qualitatively rank hazards and select priority management measures, as well as an input for
logical event trees. At the same time, the values of correction coefficients Kidenss Kirainy Keont, Kimpr Were determined
separately according to the expert procedure (Delphi method) and then substituted into formula (2).
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Table 1
Integrated hazard matrix at oil and gas facilities
H
Hazard grou exariz?zdf(gerlrihe Hazard Connection with
(Order Nog 77§n) oilz nd eas factor (Art. 9| Hazard type |occupational risk|Risk level Assignment concept
' rand g 123-FZ) (Order No.776h)
industry)
F t . .. o
o ragments Risk of injury Probability > 0.01 year™
. Depressurization  from . .
Mechanical of vas pipelines | equipment Collateral during High +
gaspp qwip . maintenance >50 staff
destruction
Igniti f |Fl
gnition o amesand | Burns and heat | . Probability > 0.001
Thermal hydrocarbon | sparks, heat | Primary o High -
injuries year' + severe burns
vapors flow
| T d ..
Release of toxic ncrease. L Probability —0.0001—
. . concentration . Poisoning/Occup. _ ..
Chemical gases in case of . Primary . Average | 0.001 year™ + toxicity
of toxic disease
fire zone
products
Explosion and | Gas-air m.ixture Explosion Collateral Shf)clk Wave, High Proliability >0.001
fire-hazardous explosion hazards injuries year ! + shock wave
Electri
Short circuit in slifcic Probability —0.0001—
Electric electrical L Collateral | Electric shock | Average | 0.001 year! + electrical
. . electric arc ..
installations . injury
injury
Reduced o
Smoke from the .e' 1.1c:.e . Probability > 0.01 year™
. . . visibility, . Suffocation, .
Toxicological burning of Primary . . High +
. i reduced O: disorientation . L .
insulation . suffocation/disorientation
concentration
Increased
. t ture i I d . Probability —0,0001—
Physical CHpCrAtUTe I | Terease Primary Heat stress | Average rooabt 17y
the compressor | temperature 0.001 year™ + heat stress
room

The expanded matrix took into account the classification characteristics of fire hazards according to Federal Law

No. 123-FZ, providing full coverage of primary and related manifestations. Integration with Order No. 776n made it
possible to systematically identify hazards in the OHSMS, minimizing occupational risks (injuries, diseases) at facilities
with a high fire risk. Validation of the integrated hazard matrix was performed by an expert group as part of an expert
procedure (Delphi method): The experts assessed 1) the completeness of coverage of fire hazards according to Art. 9 of
Federal Law No. 123 FZ (the presence of primary and collateral factors), 2) the correctness of assigning hazards to
groups by Order of the Ministry of Labor of the Russian Federation No.776n, 3) the wvalidity of the
“hazard — occupational risk” relationship for categories of personnel, 4) the unambiguity of the wording of the matrix
lines, and 5) the validity of assigning the risk level according to the criteria given in the corresponding column
“Assignment criteria”. Based on the results of the analysis of the experts' comments, the formulations of individual lines
and criteria for assigning risk levels were clarified, and the final version of the matrix was recognized as applicable to
oil and gas facilities within the framework of the proposed approach.

The logical event trees were constructed taking into account the impact of the occupational health and safety
management system on the development of fire-hazardous situations. The integrated risks were calculated using
correction factors reflecting the effectiveness of the occupational health and safety management system.

To account for the impact of OHSMS on the frequency of fire-hazardous situations, a modified formula was used:

Qj,mod :Qj,base'HZ:l(l_Ek 'Pk)v 3

where Q;pase — base frequency of the j-th scenario; £, — effectiveness of the k-th OHSMS event; P, — probability of
triggering k-th event; n — number of applicable OHSMS events [11].
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To quantify the potential fire risk on the territory of the gas treatment facility, five control points (A—E) were
selected, characterizing various zones of potential exposure to fire hazards. Point A corresponded to the compressor
equipment area (high pressure and high concentration of process equipment). Point B corresponded to the gas drying
unit area. Point C corresponded to the gas-handling equipment area. Point D corresponded to the administration and
amenity area. Point E corresponded to the border of the sanitary protection zone of the facility.

The initial data for the development of the integrated system were collected from 12 oil and gas industry facilities
that were included in the sample. At the same time, the gas treatment plant in the Yamalo-Nenets Autonomous District
was used as the basis for detailed testing and calibration of the calculation procedures. This facility included various
types of technological equipment for the full cycle of natural gas drying and purification. Based on the results of data
processing from these facilities, a database of violations of fire and industrial safety requirements was created [12].

Results. The integrated approach identified 47 types of hazards, of which 23 related to fire hazards, 18 — to general
occupational hazards, and 6 — to combined hazards requiring special consideration (Table 2).

Table 2
Results of integrated hazard identification
Hazard type Number of identified hazards Critical risk level Required management measures
Fire 23 8 Technical and organizational
Occupational 18 5 Mostly organizational
Combined 6 6 Comprehensive measures
Table 3 provides the results of comparing different approaches to risk management.
Table 3
Comparison of the effectiveness of different approaches to risk management
Indicator Traditional approach Integrated approach
Number of identified hazards 35 47
Accuracy of risk assessment 0.75 0.92

The results of calculating the potential fire risk based on control points (A—E) are presented in Figure 3. The analysis
of the potential fire risk values calculated using the traditional method and the proposed integrated approach showed
that the integrated method provided a more conservative assessment of risk at all control points in the facility. The
largest difference was observed at point A, where the integrated assessment exceeded the traditional one by 17%. This
was due to additional factors that affected the development of fire-hazardous situations. This difference in estimates
confirmed the need for an integrated approach to obtain a more accurate assessment of fire risks at oil and gas facilities.
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Fig. 3. Comparison of potential fire risk by control points
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Table 4 presents the calculation results for potential fire risk, considering integration with the OHSMS.

Table 4
Values of integrated potential fire risk
Point Traditional method, year™! Integrated approach, year™! Risk reduction, %
A 2.7x107* 2.1x107* 22
B 1.9x10 1.4x107 26
C 1.3x10 9.8x107 5
D 7.8x1075 5.9x107 24
E 4.7x107° 3.6x10° 23

A comparative analysis of the results confirmed that the integrated approach reduced the estimated values of
potential fire risk at all control points (A—E), compared to the traditional method. The greatest decrease was observed at
point B (26%), while the smallest decrease was at point C (5%), reflecting differences in the technological loads and
conditions that contribute to the formation of fire hazardous scenarios in the respective areas of the facility.

The comparative analysis of individual fire risk for different categories of workers is presented in Figure 4. The
graph clearly illustrates the differences in risk levels according to the traditional methodology and the proposed
integrated model for all categories of personnel. The highest risk values were typical for operators of technological
installations, due to their direct contact with fire-hazardous equipment and substances. The integrated model showed an
increase in estimated risk of 22-29% for all categories of employees, compared to the standard methodology. This
difference was especially important for operators and maintenance staff, since their risk was approaching the maximum
allowable value of 10* year!, established for production facilities with specific functioning of technological processes
in accordance with Order of the Ministry of Emergency Situations of Russia No. 533.
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installations
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Fig. 4. Individual fire risk by employee category

To assess the contribution of various OHSMS elements to reducing fire risk, an analysis of the effectiveness of
individual measures was conducted. The study found that monitoring the condition of equipment had the greatest
impact on reducing fire risk. This was due to the importance of maintaining the equipment's technical condition in order
to prevent depressurization and leaks. Training for staff was the second most effective measure (with an 18% reduction
in fire risk), and it had the best efficiency-to-cost ratio. By analyzing the efficiency and cost ratios, it was possible to
optimize resource allocation for OHSMS implementation.

The dynamics of changes in individual fire risk during the phased implementation of the integrated system is shown
in Figure 5. The graph demonstrates a gradual reduction in risk for all categories of employees as each OHSMS element
was implemented. The most significant decrease in risk occurred at the stage when the control system was
implemented, confirming the critical importance of monitoring equipment condition and compliance with safety
regulations. Operators of technological installations, who were most exposed to risk, showed the largest absolute
decrease in risk — from 1.1x10™* to 6.3x107 year™!. The full integration of all OHSMS elements ensured the
achievement of targeted risk levels for all employee categories.
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Fig. 5. Dynamics of reduction of individual fire risk when implementing an integrated system

Discussion. The integrated probabilistic statistical risk assessment model, which incorporates the elements of the
occupational health and safety management system (OHSMS), allows us to quantify the dynamics of risks during the
phased implementation of measures. Its use at oil and gas industry facilities has confirmed its suitability for analyzing
the impact of both technical and organizational solutions on fire and industrial safety levels. The results have shown that
the initial (baseline) risk values without the effects of OHSMS elements could be significantly higher than traditionally
accepted estimates due to the consideration of a large number of scenarios and failures, as well as the human factor.
However, the step-by-step implementation of measures provided by the management system has ensured a noticeable
reduction in both potential and individual fire risks, bringing them to acceptable targets. This emphasizes the
importance of transitioning from a purely formal approach to fulfilling requirements to a more quantitative-based
approach in management.

Of particular importance are the system for monitoring the technical condition of equipment, timely maintenance, and
staff training. Modeling has demonstrated that these elements have the greatest effect in reducing the frequency of
triggering events and erroneous actions, while being characterized by a favorable efficiency-cost ratio. Considering their
influence in the integrated model makes it possible to justify priorities in planning activities and allocating resources.

Comparison with international standards has shown that the proposed methodology largely meets modern
requirements in the field of industrial and occupational safety management. It can be considered a practical tool for
adapting existing management systems to current regulatory requirements and increasing the transparency of decisions.
The developed methodology is consistent with the requirements of GOST R ISO 45001-2020 and modern approaches
to risk-based safety management. The implemented approach ensures compliance with most of the provisions of the
standard than using the traditional approach. Integration with elements of HAZOP analysis improves the quality of
hazard identification compared to using standard procedures.

However, the developed methodology has some limitations in its application. It is designed for facilities with
continuous processes and requires a database of incidents for at least three years, as well as a specific set of
technological processes to ensure the accuracy of the assumptions. The effectiveness of this approach decreases when
there are fewer than 50 employees. Additionally, the methodology does not account for the unique characteristics of
offshore facilities or those located in permafrost conditions, which requires careful consideration when applying the
developed model to different operating environments.

According to the research results, the Federal Intellectual Property Service has registered the computer program
“Program for Analyzing the State of Industrial Safety” [13], which expands the possibilities of its use at various
production facilities. This includes automation of calculations and the generation of accounting documentation.
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Conclusion. The conducted research has shown that the integration of fire risk assessment procedures in accordance
with the EMERCOM of Russia Methodology No. 533 and occupational risk management processes into the
occupational safety management system (Order of the Ministry of Labor of the Russian Federation No. 776n) is an
effective means of improving occupational safety in the oil and gas industry. This integrated approach enables us to
consider fire safety and occupational safety as components of a unified risk management framework.

An integrated hazard matrix has been developed, taking into account the classification according to Federal Law
No. 123-FZ and linking it to the occupational risks of oil and gas facilities. This matrix has increased the number of
identified hazards from 35 to 47, including combined hazards that require special comprehensive measures. This
confirms a more comprehensive identification of risks.

A mathematical model of integrated fire risk assessment has been developed with an integration coefficient with the
OHSMS and a modified formula for the frequency of occurrence of fire-related scenarios, taking into account the
effectiveness of OHSMS measures. Validation using expert estimates and statistical methods (Kendall concordance
coefficient, ANOVA, correlation analysis), have shown that the coefficients are sufficiently consistent and valid.

Practical testing at oil and gas industry facilities has demonstrated an increase in the accuracy of risk assessment
from 0.75 to 0.92 and a reduction in fire risk levels with the step-by-step introduction of elements of the OHSMS,
especially systems for monitoring the technical condition of equipment and personnel training.

The prospects for future research include adapting the methodology for facilities with special operational modes and
increased risk, expanding the list of scenarios under consideration, as well as a more detailed integration of aspects of
the human factor and digitalization of monitoring: the use of online monitoring systems, intelligent diagnostics, and big
data analysis.

In general, the proposed approach forms the basis for improving fire and industrial safety management practices in

the oil and gas industry, ensuring more informed decision-making to reduce risks.
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Introduction. Ensuring the safety of lifting equipment is closely linked to the reliability of steel ropes operating under
variable loads and in aggressive environments. Increased design complexity, higher operational intensity, and larger
machine lifting capacities lead to increased human-made risks and economic losses. Traditional methods, such as static
safety factors and visual inspections, are ineffective in the face of digitalization and increased operational intensity.
According to regulatory authorities, 20% of accidents involving lifting equipment are caused by rope defects, with more
than 5,000 injury incidents recorded annually. The literature describes statistical defect analysis, tribological models of
wire wear that take into account friction and lubricant degradation, and hierarchical modeling of rope as a system.
However, there are still some serious systemic problems: models are not fully integrated into practice, theoretical
knowledge is not always applied in engineering methods, and predictive models do not allow for a comprehensive
analysis of operational factors. To address these issues, the aim of this work is to develop a predictive model for
assessing the reliability of steel ropes at the design stage. This model takes into account regulatory requirements in
order to prevent sudden failures and optimize operations.

Materials and Methods. The study was based on the proposed hierarchical decomposition of rope reliability by
degradation levels, which allowed for the algorithmic implementation of the “weakest link™ principle for sequential
systems. The modeling object was a 6x36 WS FC (two lay rope type) steel rope according to GOST 7668-80 used in
gantry crane mechanisms. RD ROSEK 012-97 standards were adapted to the design tasks using a polynomial
approximation method of discrete criteria into continuous limit state functions. To assess reliability at various
hierarchical levels, a combination of Kelvin-Voigt, Archard, and Weller models, as well as the Weibull, Poisson, and
normal distributions, was applied. Mathematical data processing and probability calculations were implemented in MS
Excel and Mathcad. The model was verified by comparing predicted curves with the estimated service life according to
the ISO 16625 methodology for M5 and M6 modes.

Results. Based on the RD ROSEK 012-97 rejection standards, generalized limit states for 6x36 WS FC rope
(GOST 7668) were determined. Analytical functions were derived for the relationship between the permissible number
of breaks, wear, and corrosion, as well as the dependence of cross-sectional area loss on accumulated defects for
M1-M8 modes. A comprehensive predictive reliability model was developed that integrates probabilistic processes of
wire breakage accumulation, wear kinetics, and rheological degradation of the core into a single calculation model.
Discussion. The proposed approach aims to bridge the gap between theoretical knowledge and operational practice, by
considering the synergy of degradation mechanisms. It resolves the contradiction between the parallel development of
defects and the sequential approach (“weakest link model”), using the principle of criticality in any limit state. Unlike
additive methods, this approach incorporates the concept of dynamically dependent parameters. The rheology of the
material alters the contact conditions between wires, accelerating fatigue damage accumulation. Using this approach as
an analytical tool during design ensures high accuracy in predictions. However, due to the heterogeneity of models, it is
necessary to develop a specific criterion for assessing overall error.

Conclusion. The model is designed to be used during the design phase of lifting equipment to predictively assess
reliability and minimize the risk of sudden rope failure in accordance with GOST 7668-80. It takes into account
regulatory requirements and provides a 37% more conservative forecast compared to ISO 16625. Future development
plans include extending the model to other rope design groups and integrating it into engineering practice.
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OpuzunanvHoe meopemuieckoe ucciedosanue
HpOFH03Hp0BaHHe HAJAC/KHOCTH CTAJbHBIX KAHATOB HaA 3TAalle¢ IPOCKTHPOBAHUA

A.A. Korteco
JloHCKOM rocy1apCcTBEHHbIN TEXHUUECKUI YHUBEPCUTET, T. PocToB-Ha-Jlony, Poccuiickas denepanus

X a.kotesov(@yandex.ru

AHHOTALUSA

Beeoenue. OGecrieueHrne 6€30MaCHOCTH IPy30IObEMHBIX MAIIMH TECHO CBS3aHO C HAJIe)KHOCTHIO CTAJILHBIX KaHATOB,
paboTaomyX MO/ IEPEMEHHBIMU HAarpy3KaMU U B arpeCCHBHBIX cpeliax. POCT CIIOKHOCTH KOHCTPYKIMH, BBICOKasI UH-
TEHCUBHOCTb SKCIUTyaTalludl ¥ YBEIWYEHUE TPY30M0JbEMHOCTH MAIINH NPUBOISAT K POCTY TEXHOT€HHBIX PUCKOB U KO-
HOMHYECKHM TOTepsM. TpaauiiioHHBIE METOABI — CTaTHYecKnue Kod(QuImeHTs! 3amaca U BU3yadbHBIH KOHTPOIb —
Hea(PEeKTHBHBI TIPH HU(POBU3AIMK U POCTE WHTEHCHBHOCTH AKCIUTyaranuu. [1o ITaHHBIM Haa30pHBIX opraHos, 20 %
aBapuii Ha IOABEMHBIX COOPYKEHUSIX BBI3BaHHBI Je(eKTaMH KaHATOB, a exkeTroaHo (ukcupyercs cpoime 5000 nHIUICH-
TOB C TpaBMaTH3MOM. B iuTeparype ommcaHbl CTaTUCTHYECKHH aHAIN3 A(EKTOB, TPUOOIOTHUECKHE MOJIENN M3HOCa
MIPOBOJIOK C Y4E€TOM TPEHHMS U AErpaslallii CMa3KH, HepapXUIecKoe MOJEINPOBaHNE KaHaTa Kak cucTeMbl. OHaKoO co-
XPaHSOTCS CephE3HBIE CUCTEMHBIE MPOOJIEMBI: MOJIENN cJ1ab0 HHTEIPUPOBAHbI B IPAKTUKY, TEOPUS OTIIENICHA OT UHXKE-
HEPHBIX METO/OB M NMPEIUKTHBHBIC MOAEIN HE MPETyCMaTPUBAIOT KOMIUIEKCHOTO aHAJIN3a JWMHAMUKHU SKCILTyaTaI[loOH-
HBIX (akTopoB. [loaTomMy 1enbio AaHHOI PaboTHl sSBMJIAch pa3paboTKa MPEAMKTUBHON MOZIENM OLIEHKH HaJle)KHOCTH
CTaJBHOTO KaHATa Ha JTare MPOEKTUPOBAHMSA C yU€TOM HOPMATHBHBIX TPeOOBaHHHI /ISl MCKIIFOUCHHS BHE3AITHBIX OTKa-
30B ¥ ONTUMU3AIMH HKCIUTyaTaIUH.

Mamepuanst u memoosi. B ocHOBe HCClle0BaHHS — TPEJIOKEHHAs HepapXUdecKas IEKOMITO3ULUS HaJIeKHOCTH Ka-
HaTa 10 YPOBHIM JAErPaJalliy, O3BOIMBIIAS ATOPUTMU3NPOBATh IPUHIIMII «CJIA00TO 3BEHA» IS MOCIIEI0BATEIbHBIX
cucteM. O0beKT MoenupoBaHus — cranbHOU KaHAT 6x36 JIK-PO o 'OCT 7668-80 B cocTaBe MEXaHU3MOB ITOPTAIb-
Horo kpaHa. Anantanusa HopMm PJI POCOK 012-97 k 3agauamM npoeKTHPOBAHUS BBITIOIHEHA METOIOM MTOJMHOMHUAIIBHON
ANMPOKCUMAIINN AUCKPETHBIX KPUTEPHEB B HEIIPEPbIBHBIC (DYHKIMH MPEACIBHBIX COCTOSHUMN. /15 OlleHKH 6e30TKa3HO-
CTH Ha Pa3IMYHBIX YPOBHIX HEepapXHM HCIOIb30BaH KoMiuiekc moneneit KembBuna—®oiirra, Apuapaa, Bemnepa, a
TaKke pacnpeneneHus BeiiOymia, [Tyaccona u HopManbHbIN 3akoH. Maremarndyeckass 00pab0TKa JaHHBIX M pacyeThl
BEPOATHOCTHBIX IMOKa3arenel peanm3oBaHsl B cpegax MS Excel m Mathcad. Bepudukanus monenn npoBeaeHa cormo-
CTaBJIEHUEM MPOTHO3HBIX KPUBBIX C pacueTHBIM pecypcoMm 1o Metoauke ISO 16625 mnda pexumoB M5 u M6.
Pezynomamot uccneoosanus. Ha ocaoe Hopm 6pakoBku PJI POCOK 012-97 onpeneneHsl 0000MEHHbBIE TIPE/IeTbHBIE
coctosiaust kaHara 6x36 JIK-PO (ITOCT 7668). ITomyueHbl aHaTMTHYECKHE 3aBUCUMOCTH JJOITYCTHMOT'O Ynciia 0OpHIBOB
OT U3HOCA ¥ KOPPO3UH, a TaKXKe (QYHKIMU CBSA3H NOTEPH IUIOMIAIN CEUEHHS C HAKOIUIEHHBIMHU Ae(EKTaMH IS PEXKUMOB
M1-M8. Pazpaborana KOMIUICKCHAsI TIPEIUKTHBHAS MOJEb HA/IC)KHOCTH, OOBEANHSIONIas BEPOSITHOCTHBIE TIPOIECCH
HaKOIUICHHSI OOPBIBOB MPOBOJIOK, KHHETHKY M3HOCA M PEOJIOTHYECKYIO JETPaJallii0 CEPACUYHUKA B €ANHYIO BBIUYUCIIH-
TENbHYI0 CXEMY.

Obcyscoenue. Tpensto>KeHHBIHN TOAX0] COKPAIIAeT pa3pblB MEKAY TCOpHEH M MPaKTHUKON SKCIUTyaTaIliH 3a CUET ydeTra
CHUHEPI'MH MEXaHU3MOB Jierpanauuu. [IpotuBopedne Mex 1y napajuielnbHbIM pa3BUTHEM Je(EeKTOB U MocieJ0BaTeIbHON
«MOJIEINBIO CI1a00T0 3BE€Ha) Pa3peIIeHo Yepe3 MPUHIUI KPUTUIHOCTH KaXI0T0 IPEIeNbHOTO COCTOSIHUS. B oTimame ot
aJUTUBHBIX METOJIOB pPealn30BaHa KOHIIECMIUSI JUHAMUYECKU 3aBUCUMBIX NapaMeTPOB — PEOJIOTMYeCKHe U3MEHEHU
CepACYHUKA TPAHC(HOPMHUPYIOT YCIOBHA KOHTaKTa IIPOBOJIOK M TEM CAMBIM YCKOPSIOT HAKOIUICHHE YCTAJIOCTHBIX II0-
BpexueHni. [Ipumenenne pa3paboTaHHOTO annapaTa B MIPOEKTHPOBAHUH MOBHIIIAET TOYHOCTh NPOrHO3a. B TO ke Bpe-
Ms T€TEepOTeHHOCTh MCHOJIB3yEeMBIX MOJENECH NUKTYyeT HEOOXOAMMOCTHh CO3IAaHUsI CIEHU(UIECKOro KPUTEpHUs IOCTO-
BEPHOCTH JAJIS OLIEHKH CYMMapHOi MOTPENIHOCTH.
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3aknrouenue. Moaens npeaHa3HAYCHA TS IPUMCHCHHS HA JTAle MPOCKTHPOBAHUS IPYy30I0IbEMHBIX MAIUH C IEIBI0
MIPEIUKTHBHON OLIEHKH 0€30TKa3HOCTH W MHHHMM3AI[MH PUCKOB BHE3amHBIX OTKa30B kaHaTtoB mo ['OCT 7668-80.
Mogens TO3BONIET YYeCTh HOPMATUBHEIC TpeOoBaHUA U oOecrieunBaeT Ha 37 % 0oJjiee KOHCEPBAaTHBHEINA MPOTHO3 IO
cpaBHeHMIo ¢ SO 16625. JlanpHeimee pa3BuTHE MPEATIOaraeT paclipoCcTpaHeHNE MOISTN Ha JPYTHE KOHCTPYKTHBHbIE
IPYIIbl KAHATOB M BHEAPEHHE B HH)KCHEPHYIO MTPAKTUKY .

KioueBble c¢jI0Ba: CTalbHOMU KaHaT, HaIACKHOCTb, 6630TKa3HOCTL, NpEeAUKTHUBHAA MOJCIb, HCpapXUicCKas
ACKOMITIO3UIIUS, UBHOC U KOPPO3UAd, pCOJOrniecKas aAerpaaanus cCpAcHHNKa

BaaronapHocTu. ABTOp BbIpakaeT OJarofapHOCTh PpEIEH3eHTaM, Ybsi KPHUTHYECKas OICHKa MPeICTaBICHHBIX
MaTepUaioB M KOHCTPYKTUBHBIC MPEAJIOKEHHUS IO KX COBEPIIEHCTBOBAHUIO CIOCOOCTBOBATIH CYIIECTBEHHOMY
MOBBIIICHUIO KAYEeCTBA U3JIOKECHUS PE3YIIbTATOB UCCIIEIOBAHHUS.

Jdasi uutupoBanus. KortecoB A.A. TIporHo3npoBaHre HAISKHOCTH CTAIBHBIX KaHATOB HA JTare TMPOSKTHPOBAHVISL
besonacnocmv mexnoeenmvix u npupoomvix cucmem. 2026;10(1):32-46. https://doi.org/10.23947/2541-9129-2026-10-1-32-46

Introduction. Steel ropes are critically important load-bearing elements of lifting machines that determine their
safety and operational efficiency. According to Rostechnadzor and global industry research, up to 20% of lifting
accidents are related to critical rope defects. Rope failure can lead to economic losses due to downtime and disruptions
of logistics cycles, as well as man-made consequences. Statistics show that over 5,000 incidents occur annually due to
broken traction and load-bearing elements, with approximately 30% having consequences for human life and health [1].

A steel rope is a complex mechanical and technical system that distributes the load between interconnected elements
that operate in different conditions and are subject to aging, corrosion, wear, and fatigue damage. This makes it difficult
to assess the reliability of the entire system. Existing design methods compensate for uncertainty through significant
safety factors. However, practice shows that this approach does not provide the required reliability for modern high-
power lifting machines with high work intensity —it does not exclude sudden failures and is economically inefficient.
In these conditions, in order to reduce man-made risks and improve operational efficiency, it is necessary to move from
the use of stock coefficients and visual control to predictive design and analytics that provide an estimated level of
reliability based on predictive failure models.

Research on steel ropes reliability has been conducted for decades and covers the stages of design, production and
operation. In 1963, with the support of OITAF and RILEM organizations, the international organization for the study of
rope fatigue, OIPEEC, was established.

Modern development of artificial intelligence and digital vision has significantly advanced the issues of predictive
analytics of steel ropes. The developed methods and automated digital control systems described in the works of
M.N. Khalfin [2, 3], A.A. Korotkov [4,5], A.V.Panfilov[6,7] and A.A.Kulchitskiy [8] are being actively
implemented in operational practice.

An important stage for the development of predictive design is the updating of ISO 16625, which involves
determining the margin coefficient and evaluating fatigue life, taking into account a variety of factors, which marks the
transition from simplified calculations to deep modeling of real-world operating conditions.

The complexity of distribution of mechanical properties and loads between the elements is a determining factor in
the reliability of a steel rope. The multilayer structure of the rope is hierarchical in nature: the internal elements serve as
a support for the external ones. The violation of these supporting links leads to degradation of the rope structure and
changes in the working conditions of its elements. Wahid A. [9, 10] designates this phenomenon as the effect of
“systemic wear” that occurs when core stability is lost.

The basis for the implementation of predictive design is the consideration of the rope as a system. Mouradi H. [11]
proposed a method for predicting durability using majority logic, where the key aspect is the mathematical relationship
between the probability of trouble-free operation and the degree of accumulated damage. Bassir Y. [12] notes that the
analysis of the hierarchical structure makes it possible to transform the failure statistics of the basic elements into an
accurate forecast of the reliability of the entire rope. Xia Y. [13] suggests conducting finite element analysis at three
hierarchical levels: at the micro level — wire contact, at the meso level — the interaction of strands, and at the macro
level — the behavior of the entire rope. This approach takes into account local friction and intermittent sliding during
bending, described in the Han Y. model [14], as well as the loss of cross-sectional area from wear over time, considered
by Salleh S. [15]. Studies by Peng Y. [16] and Xu C. [17] focus on the processes of internal friction and inter-wire wear,
confirming that the degradation rate directly depends on lay parameters and lubrication rate. V.P. Golovin [18]
demonstrates the effectiveness of synthetic thickeners of rope Iubricants, and Peng H. [19] emphasizes the need to take
into account the degradation of lubricant properties as a key factor in rope durability. V.Yu. Volokhovsky [20]
examines the effect of thermal cycles on the ropes of metallurgical cranes and suggests a transition from deterministic
calculations to risk assessment as the probability of a random event in which the diagnostic indicator of the rope
exceeds the established rejection level.
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The analysis of modern research shows that, despite the in-depth study of certain aspects of rope operation, the issue
of assessing their reliability as machine elements remains insufficiently studied. The gap between theoretical
degradation models and practical design methods prevents the full realization of the potential of the predictive
approach. As a result, reliability rationing becomes an urgent task, requiring the establishment of quantitative normative
values and the selection of adequate evaluation criteria. There is an objective need to create comprehensive reliability
forecasting models that take into account the design features of the rope, the expected operating conditions and the
requirements of regulatory and technical documentation.

The aim of this research is to develop a model for predicting the reliability of a steel rope, taking into account the
multicomponent structure, operating conditions and requirements of regulatory and technical documentation (using the
example of a two lay rope GOST 7668 as part of gantry crane mechanisms).

Research objectives:

— perform the analysis of the requirements of regulatory and technical documentation and determine the limits of the
steel rope's operability;

— determine boundary values of indicators corresponding to the transition of the system to the limiting state, taking
into account the dominant mechanisms of destruction;

— integrate regulatory criteria into the reliability forecasting model;

— develop a comprehensive mathematical model for reliability assessment.

Materials and Methods. The research was based on the proposed hierarchical decomposition of steel rope
reliability by degradation levels and algorithmization of the “weak link” principle for sequential systems according to
the principles of calculating the probability of trouble-free operation of elements of lifting cranes RTM 24.090.25-76.
The object of the simulation was a two lay steel rope with a diameter of 27 mm. 6x36(1+7+7/7+14)+1 WS FC
according to GOST 7668-80 as part of lifting mechanism of Kirovets gantry crane 16/20 (Fig. 1, Table 1).

/_\--_/“]'/_\\

i T -
AN O

Fig. 1. Cross section of a steel rope 6x36(1+7+7/7+14) +1 WS FC according to GOST 7668-80:
1 — strand; 2 — wire; 3 — fiber core
Table 1
Scheme of a strand of steel rope 27 mm 6x36 WS FC according to GOST 7668-80

1-st layer 2-nd layer B 3-d layer (outer)

Group of wire
strands

Number, pcs.

Wire diameter, mm 1.70 1.20 1.20 0.90
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Reliability was accepted as an indicator of the failure-free operation of a steel rope in accordance with
GOST R 27.102-2021". The choice of the indicator was due to the unmaintainability of the rope as a separate element
of the lifting machine and the continuous nature of the processes of corrosion of wires and aging (decomposition) of the
core, which could occur regardless of the intensity of operation.

To establish the limits of the working capacity of a steel rope, an analysis of RD ROSEC 012-972 rejection
standards was performed, which took into account defects caused by natural wear and aging of the rope
material (Table 2) and the acceptable number of wire breaks, taking into account the wear rate and the classification
group (operating mode) of the mechanism (Table 3). The analyzed defects were systematized by the nature of
degradation: A — wire breaks, B — wire wear, C — fiber core degradation. Taking into account the discrete nature of
the damage accumulation process, the calculated values of the number of breaks were rounded upward. Critical defects
that occurred instantly, such as creases, kinks, electric arc damage, lightning, fire, etc., were excluded from
consideration.

Table 2

Rejection standards of steel rope 6x36(1+7+7/7+14) +1 WS FC GOST 7668 when operating on lifting cranes according
to RD ROSEK 012-97

Defect designation Defect description Rejection standards Mechanism (cause) of the defect

External wire breaks in 6d Acceptab'le numbe.r of
Al breaks is shown in

section Table 3

External wire breaks in 30d Acceptab'le numbe.r of
A2 . breaks is shown in . .
section Table 3 (oxygen, electrochemical, chemical)

Fatigue wear, mechanical wear, corrosion

Local wire breaks
Three or more broken

A3 concentrated on a single rope .
wires
strand
Outer wires diameter Mechanical d ion (
. echanical wear and corrosion (oxygen,
b1 Surface wear of the rope reduction by 40% or Ve

electrochemical, chemical)
more

Loss of the metal part

Breakages, mechanical wear and corrosion
of the rope cross-

Loss of the metal part of the

B2 rope cross-section (loss of the . oxygen, electrochemical, chemical) of the
P . .( section by 17.5% or (oxyg . . )
inner section) wires of inner layers
more
Rope diameter . .
. . Mechanical wear, corrosion (oxygen,
b3 Surface wear and corrosion | reduction by 7% or . .
electrochemical, chemical)
more
Reduction of rope diameter as Rope diameter Wear, crumpling, tearing, aging of fibers or
Bl . .
a result of core damage reduction by 10%  |complete destruction (breakage) of the core

Exposure to moisture and low temperatures
Local increase in rope Rope diameter increase| leads to expansion (swelling) of the core.

diameter by 7 % Uneven redistribution of core fibers along
the length (rolling area)

B2

' GOST R 27.102-2021. Dependability in Technics. ~Dependabiity of Item. Terms and Definitions. (In Russ) URL:
https://rosgosts.ru/file/gost/21/020/gost r 27.102-2021.pdf (accessed: 20.10.2025)
2 RD ROSEC 012-97. Regulatory Document. Steel Ropes. Control and Rejection Standards. (In  Russ.) URL:
https:/files.stroyinf.ru/Data2/1/4293850/4293850134.pdf (accessed: 20.10.2025)
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Table 3
Number of wire breaks in the presence of which steel ropes of lifting cranes working with steel and cast-iron blocks of
6x36(1+7+7/7+14) +1 WS FC design are rejected according to GOST 7668 in accordance with RD ROSEC 012-97

Number of wire breaks N*
Reduction of wire diameter | Percentage of acceptable Mechanism Cross lay Long lay
as a result of surface wear or| wire breaks depending on | classification (mode)
corrosion, % wear and tear, % group In a section of length
6d 30d 6d 30d
M1 - M4 7 14 4 7
0 100
M5 — M8 14 29 7 14
M1 - M4 5 11 3 5
10 85
M5 — M8 11 24 5 11
M1 - M4 5 10 3 5
15 75
M5 — M8 10 21 5 10
M1 - M4 4 9 2 4
20 70
M5 — M8 9 20 4 9
M1 - M4 4 8 2 4
25 60
M5 — M8 8 17 4 8
M1 - M4 3 7 2 3
30 u 6onee 50
M5 — M8 7 14 3 7

Note: * N — number of wire breaks in the 3rd (outer) layer; d — rope diameter, mm

To synthesize the forecasting model, we decomposed the steel rope's reliability by degradation levels and determined
generalized limiting states for groups A, B, and C (Table 4). We implemented a hierarchical relationship between
degradation levels through a system of dynamically dependent parameters. In this system, the predicted values of wear and
deformation at the current time step acted as variable boundary conditions for evaluating the subsequent states of the
system. The method of calculating losses of metal cross-section was based on a combined consideration of mechanical
wear of wires and atmospheric corrosion. We introduced the parameters of medium aggressiveness into the model as an
additive degradation factor that determined the rate of decrease in wire diameter in the outer layer of the rope.

The methodology for substantiating the generalized limit state for group B was implemented through the calculation
of the total loss of metal section area as a function of surface wear of wires, taking into account the dynamic breakage
threshold Nj;,, which determined the point of joint achievement of the limit state according to criteria Bl (wear) and B2
(loss of cross-sectional area) (Fig. 2, 3).

The dynamically changing threshold for the acceptable number of N, breaks was determined based on the
approximation of discrete dependencies presented in Table 3 (Fig. 4, 5).

To verify the results, a comparative analysis of the predicted reliability curves with the calculated value of the
median service life for M6 operating mode according to ISO 16625 was applied. Mathematical data processing was
performed using MS Excel 14.0.4760.1000 and Mathcad 14.0.0.163. The dependencies were approximated by a
polynomial function of 3—4 orders of magnitude; the coefficient of determination was in the range 0.9425-0.9998.

Results. During the study, we obtained the dependencies of the total loss of cross-sectional area of the rope metal
part on the amount of surface wear of wires in the outer layer (Fig. 2, 3). Based on the curves obtained, we found that,
considering the contribution of the dynamic number of wire breaks Ny, and formal compliance with regulatory
requirements for wear (Table 2), a critical threshold of 17.5% (defect B2) was achieved with surface wear values less
than 40% (defect B1).
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Fig. 2. Dependence of the loss of cross-sectional area of the metal part of the rope on the number of breaks, surface wear or corrosion

of the wires of the 3rd (outer) layer for the classification group (mode) of M1-M4 mechanism: a — cross lay; b — long lay;
1 — in a section with a length of 6d; 2 — in a section with a length of 30d; d — rope diameter
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Fig. 3. Dependence of the loss of cross-sectional area of the metal part of the rope on the number of breaks, surface wear or corrosion
of the wires of the 3rd (outer) layer for the classification group (mode) of M5-M8 mechanism: a — cross lay; b — long lay;

As a result of hierarchical decomposition of rope reliability by degradation levels, a generalization of regulatory
defects was performed (Tables 2, 3) and a selection of mathematical models for predicting reliability was made. The
formulated generalized criteria for limit states and the corresponding calculation apparatus were systematized and
described in Table 4.
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Table 4

Generalized limiting conditions and models for predicting the reliability of 6x36(1+7+7/7+14)+1
WS FC steel rope by groups of defects according to GOST 7668

Group of
defects

Combined private defects

Generalized limit state of the
group

Reliability assessment model

Al, A2 (distributed
breaks), A3 (local breaks
on strands)

Reaching the threshold number of
Niim breaks, dynamically
dependent on current wear or the
presence of > 3 breaks in one
strand

Inhomogeneous Poisson process
combined with a “weak link”
model (estimates the probability
that a discrete number of breaks
will not exceed the safety
threshold)

B1 (wire wear), B2
(internal cross section),
B3 (nominal diameter)

Reduction of the metal cross-
sectional area below the
acceptable one (17.5%) as a result
of cumulative wear of external
and internal wires

Kinetic model of Archard
degradation with a corrosion
additive (determines the probability
of maintaining the bearing capacity
above a critical level)

C1 (shrinkage or
destruction of the core),
C2 (core swelling)

Nominal diameter of the rope
goes beyond the range [-10%;
+7%], leading to the loss of radial
support of the strands

Rheological model of Kelvin-Voigt
structure stability (estimates the
probability of non-destruction of
the core and maintenance of the

geometric shape of the rope)

Based on the data in Table 3, analytical dependencies of the acceptable number of N, wire breaks on the degree of
surface wear and corrosion of the outer layer of wires (expressed as a percentage of the nominal diameter of wires) were
obtained, determining the dynamically changing limits of rope operability in the reliability model (Fig. 4, 5).
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Fig. 4. Dependence of the acceptable number of breaks on wear and corrosion of wires of the outer layer for the classification group
(mode) of M1-M4 mechanism for 6x36(1+7+7/7+14) +1 WS FC GOST 7668 rope structure:

1 — long lay at section 6d (R> = 0.9617); 2 — cross lay in section 6d and long lay in section 30d (R? = 0.9959);

3 — cross lay in section 30d (R*> = 0.9866); d — rope diameter
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Fig. 5. Dependence of the acceptable number of breaks on wear and corrosion of wires of the outer layer for the classification group
of the mechanism M5-M8 for 6x36(1+7+7/7+14) +1 WS FC GOST 7668 rope structure: 1 — long lay in 6d section (R? = 0,9959);
2 — cross lay in section 6d and long lay in section 30d (R?> = 0,9617); 3 — cross lay in section 30d (R> = 0,9425); d — rope diameter

To determine the acceptable number of wire breaks Njn(x), we obtained the following expressions for ropes:
— long lay in sections 6d in M1-M4 mode and 30d in M5-M8 mode, as well as cross lay in section 6d in M5-M8 mode:

Nigw (¥) =(-3.0:107%)x* +(2.0-107 ) x* —0.18x+6.94; (1)
— cross lay in sections 64 in M1-M4 mode and 30d in M5-M8 mode, as well as long lay in in section 30d in M1-M4 mod:
Nipw () =(8.0-107) x* = (6.0-10 ) x> —0.28x+13.95; Q)

— cross lay in section 30d in M1-M4 mode:
N (%) =(3.0-107) x> =(1.28:102 ) x? — 0.37x+ 28.88; 3)
— long lay in section 6d in M5-M8 mode:
Nigw (%) =(-4.0-107 ) x* +(4.0-10* ) x* =(8.7:107 ) x? =(2.81:10? ) x +3.99. (4)

Based on reasonable criteria for limiting conditions (Table 4), an algorithm for predictive reliability modeling has
been developed, presented as a flowchart in Figure 6.

Steel rope
Rope strands Fiber core
—> Central wire -
—> 1-st layer of wires — Reliability assessment according
to Group B criteria (shrinkage,
—> 2-nd layer of wires — swelling, core breakage)
—> 3-d layer of wires —
v v y 4
Reliability assessment according to Group A |4 __ Reliability assessment according to
criteria (wire breaks) Group B criteria (wear and corrosion)
v v v
Pa(#B) Ps(#B) Px(?)

v
Pr(t) = Po(t) Ps(t|B) - Pa(1[B)

Fig. 6. Flowchart of a model for predicting the reliability of a steel rope structure 6x36(1+7+7/7+14) + 1 WS FC
according to GOST 7668
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Description of the model. The following is an analytical description of the reliability assessment models according
to criteria groups C, B, and A according to Table 4 and the flowchart in Figure 6.
I. Reliability assessment in accordance with the limiting condition of group C:

: Bs
Py (t) =exp —(T—j ) (%)

B

where 7 — fiber core characteristic resource, h; fg — parameter that determines the intensity of core aging;
- .1;{1— €imEp j
K per. q
where kyr. — constant of the core degradation process, h—1; EFg — core elasticity modulus, MPa; ¢ — radial pressure of
the strands, MPa.
Deformation of the core under load at time ¢z according to the Kelvin-Voigt model:

Eg
e(t)=L|1-¢em" |,
Ey
where 78 — dynamic viscosity of the rope lubricant, MPa-h; t — estimated time, h.

To account for changes in the structural stability of the core when assessing reliability according to the limiting state
of group B, it is proposed to determine the coefficient of wear intensification in case of structural instability of the core:

KCTp. =1+ & 5
Elim
where &;m — maximum acceptable deformation.
II. Reliability assessment in accordance with the limiting condition of group B:
kA 'AO _E AAz(t)
P (t)=0 [ ] ; (6)
Jp[ads (1]

where k4 — coefficient of acceptable loss of metal section of the rope; 4o — nominal cross-sectional area of the metal

part of the rope, mm?; Ady — cumulative loss of the cross-sectional area of wires of outer and inner layers, mm?
E[AA4y] and D[AAy] — mathematical expectation and variance of a random value of cumulative loss of cross-sectional
area of the metal part of the rope.

The mathematical expectation of the cumulative loss of cross-sectional area of the metal part of the rope is
determined by the expression:

E[ 45 ()] = E[ Aveu (1) ]+ E[ Auym (1) ],

where Adguen.(f) and Adgyr () — cumulative loss of cross-sectional area of outer and inner wires at time ¢.
AABHCHL (l) = ZBchL : fAA (E[hBHCHL (t)]) and AABHyr (l) = ZBHyTA : fAA (E[hBHyT. (t):|) >

where Zyuem. and Zyuyr. — number of wires in outer and inner layers; faa(/(f)) — function that determines the area loss
depending on the amount of wear A(%).

Mathematical expectations of the amount of wear on outer and inner wires are determined by the Archard model of
wear kinetics with a corrosion additive:

E<hBHem. (t)) = (% ' Kcrp. + Uxop.j't and E(hBHyT, (t)) = (Kf : KCTp. *Oon. o+ L)Kop. ) ‘1,

where K, — coefficient of wear rate (depends on the conditions of friction and lubrication); p — average contact
pressure in the “wire — block groove” pair, MPa; v — average relative sliding speed of the rope in the groove, mm/h;
Drop. — average corrosion rate for a specific category of medium, mm/h; H — hardness of the wire material, MPa;
Ky — coefficient of fretting wear of wires (determined from reference data); Kcrp. — coefficient of wear intensification
with structural instability of the core; own — contact stress between the wires inside the strand, MPa; 6 — amplitude of
wire slippage during bending, mm; /guen (f) — amount of wear on the outer wires, mm; /guyr.(f) — amount of wear on
the inner wires, mm; ¢ — estimated time, h.

The average corrosion rate for a specific category of medium is proposed to be determined according to
GOST ISO 92263,

3 GOST IS0 9226 — 2022. Corrosion of Metals and Alloys. Corrosivity of Atmospheres. Determinationof Corrosion Rate of Standard Specimens for
the Evaluation of Corrosivity, IDT). (In Russ.)
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The dispersion of the cumulative cross-sectional area losses of the metal part of the rope is determined by the
expression:
D[ Ady (1) ] = D[ Ayyens (£) |+ D[ Ayye (1) |+ 2€00[ Ay, (1), Ageyr. (1) .
Accordingly, the expression includes variances of the random value of the loss of the cross-sectional area of the
outer and inner wires:

2 2
D [AABHEHJ. (t):| = (E [AABHELLL (t):l ' VBHCLLI.) and D |:AABHyT, (t):l = <E |:AABHyT. (t):| . VBHyT,) s
where Vewew, — coefficient of variation of loss of the cross-sectional area of outer wires; veuyr. — coefficient of variation

of loss of the cross-sectional area of inner wires.
As well as the covariance matrix:

cov[ A, (1) A (1)] = D[ My, (1) D[ Ay (1)

where p — correlation coefficient.
III. Reliability assessment in accordance with the limiting condition of group A. The model assumes the use of
Poisson distribution, where the intensity of defects is modeled by Weibull's law and increases with wear:

Nijm =1 kA1) 2\ )"
3 (M) ¢ .e_Am{ng(r)} , -

P, (1) =
4 (0) L k! Ny 20y

where N, — safety threshold for the number of breaks (decreasing with wear); kK — accumulated number of breaks over
time; A(t) — mathematical expectation of the number of breaks at time #; 7y, — number of strands;  — estimated time, h.

To take into account the predicted wear when estimating the probability of trouble-free operation under limiting
conditions of group B, you should determine A(#) using function fa4(4(?)) (see part IT), and the maximum number of
breaks Ny, using dependencies 1 — 4, assuming x = 100 (4o — A(?)) / Ao.

The frequency of breaks, considering the accumulation of fatigue damage:

B
A(’)z[nu(rnj ’

where 4 — shape parameter that determines the wear rate; n(A4(t)) — scale parameter that determines the resource, h.
The scale parameter defines the following dependency:

(o) 2]

where m — indicator of sensitivity of the characteristic resource to overstress (indicator of the angle of inclination of the
fatigue curve); Mo — characteristic resource of the new rope with nominal cross-section Ao, h; 40 — nominal cross-

sectional area of the steel rope wire without wear, mm?; A(f) — cross-sectional area of the steel rope wire at time ¢, mm?.

The scale parameter assumes that the equivalent stress in the wire section increases as the wire cross-sectional area

decreases:

=2

S
t

where S — equivalent load on the wire, N.
It should be noted that this model uses the dependence of the resource on the cross-sectional area, which
corresponds to the Weller model:
S N o = CONSt .

Since stresses o(f) are inversely proportional to cross-sectional area of wire A(?), the following expression can be

1 m
[Zj N o = CONSE.

In this case, indicator of the inclination angle of fatigue curve m in this model is equivalent to the indicator of the
slope of the fatigue curve of the wire material.

derived:

N LUKIIOB

No = >
(’O'nG'kp

where Nuuios — number of cycles before cracks appear, ® — frequency of operation — the number of work cycles per
hour, #'; ns — number of blocks; &, — multiplicity of work per cycle.
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To predict the number of cycles before the appearance of cracks Nuuos, it is proposed to use the empirical formula
of Professor K. Feirer:

D S Ry D
LgN wcron =bo +| by +bs-Ig— |-| [g—-—0.41-1 +by-1g=,
. ’ (l ’ gdj(gdz g177oj 218

where D/d — ratio of the diameter of the carriage rollers to the diameter of the rope. S — rope tension, N;
Ro — marking group of wire strength, N/'mm?; bo, b1, b», b3 — empirical constants that take into account lay density and
the shape of wires (bo = 2.634; b1 = 4.375; b, =-1.72; b3 =—-0.4).

According to the proposed model, the predicted rope failure is a consequence of the parallel development of several
degradation mechanisms. Despite the fact that the processes of wear, corrosion and fatigue occur simultaneously in the
rope, the principle of sequential connection of the system elements is embedded in the structure of the model. The
model assumes that the system's performance stops when any of the three established failure criteria is reached — the
“weak link model”. The mutual influence of degradation processes in the proposed model is realized through dependent
parameters and coefficients. Therefore, the overall reliability of a steel rope is determined by the probability of trouble-
free operation of a sequential system with dynamically dependent parameters:

Ry (t)=Pg()-P5 (¢|B)-Pa(¢[B), ®)
where Pg(f) — probability of failure free operation within a given time interval ¢ according to the criteria of group C;
Py(#/B) — probability of failure free operation within a given time interval # according to the criteria of group B, taking
into account the coefficient obtained based on the forecast of the model of group C; Pa(#|b) — probability of failure free
operation within a specified time interval ¢ according to the criteria of group A, taking into account the forecast of the
dependent parameters of models of Group B.

Example of calculation and verification of the model. As an example, the calculation of the probability of
trouble-free operation of a steel rope was performed during operation as part of the lifting mechanism of the Kirovets
gantry crane 16/20 (operating mode group M6). The calculated parameters of the rope and operating modes are
presented in Table 5. Based on the calculation results, a graph of the dependence of the probability of trouble-free
operation on time is shown in Figure 7.

For verification, the graph shows the calculated value of the median service life of a steel rope according to
ISO 16625 — Twe = 3200 hours for a given operating mode M6.

Table 5
Initial data for assessing the reliability of a steel rope
Probability Of_f ailure Parameter designation Value Unit of measurement
free operation
Ps 3 —
q 68 MPa
Pu(t) M 0.36 MPj-h
keer. 0.0004 h
Es 110 MPa
Elim 0.25
) 0.05 -
H 5100 MPa
Oron. 850 MPa
Ps (¢B) ky 5.0-1077 -
ko 4.1-10°% -
ka 0.175 -
)4 7.0 MPa
Viap. 0.15 -
Pa 4 -
Mo 3200 h
P2 (tB) Ao 283.79 mm?
m 6 -
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Fig. 7. Comparison of the predictive reliability assessment of a steel rope of 6x36 WS FC GOST 7668-80 construction with the
calculated values of the median resource according to ISO 16625: 1 — assessment of reliability according to the criteria
of group A — dependence Pa(#b); 2 — assessment of reliability according to the criteria of group B — dependence Ps(#B);
3 — assessment of reliability according to the criteria of group C — dependence Pg(f); 4 — probability of failure of the rope Rk(?);
Twme — life of the steel rope in the M6 mode, h

Discussion. The analysis of the results shows that the proposed set of models consistently bridges the gap between
the theoretical assessment of reliability and operational documentation regulations. A key feature of the proposed
interpretation of failures is the consideration of the synergetic interaction of several degradation mechanisms that form
an integral picture of wear and damage. When modeling rope survivability, the central methodological issue is the
contradiction between the physical nature of the processes and the mathematical scheme used. Within the framework of
the proposed concept, the predicted rope failure is interpreted as the result of the parallel development of several
degradation mechanisms — wear, corrosion and fatigue — despite the fact that the mathematical model purposefully
includes the principle of sequential connection of elements (“weak link model”). Such a statement is justified by the fact
that achieving any of the limiting criteria leads to a loss of performance of the system as a whole.

An essential feature of the model is the realization of the mutual influence of degradation processes through a
system of dependent parameters and coefficients. Rheological degradation of the core and wear kinetics change the
stress-strain state of wires, thereby modifying the rate of accumulation of fatigue damage and the redistribution of local
loads. As a result, the overall reliability of the rope is determined by the probability of failure-free operation of a
sequential system with dynamically dependent parameters, which provides higher forecast accuracy compared to
additive approaches that ignore interprocess communications.

Unlike common studies, where degradation factors are treated as independent variables, this paper implements the
concept of dynamic parameter dependence, reflecting the actual connectivity of mechanisms. The applicability of the
developed apparatus as an analytical tool for design calculations of rope reliability in order to prevent critical defects
and optimize design solutions is shown. At the same time, the heterogeneity of the apparatus used complicates the
assessment of the total error by standard methods, which necessitates the development of a special reliability criterion
that takes into account the particular errors of each component of the model and their possible correlation.

Conclusion. In the course of the research, we developed a comprehensive predictive mathematical model for steel
rope reliability, which describes the combined effects of wire breaks, wear, atmospheric corrosion, and core rheological
degradation. The hierarchical decomposition of rope reliability allows us to justify the calculation scheme with
interdependent parameters and take into account synergistic effects of degradation, reducing the risk of sudden failure.
The proposed calculation apparatus incorporates regulatory requirements into the forecasting process. Verification
confirmed the consistency of predicted reliability curves with calculated values of median resource according to
ISO 16625. At the same time, estimated median resource turned out to be 37% more conservative compared to
traditional methods. The scope of applicability is limited to the assessment of the reliability of double lay ropes with an
organic core according to GOST 7668-80 at the design stage and assumes the availability of statistical parameters of
degradation models, as well as data on the strength and load of rope elements. Further research will focus on the
development and experimental verification of models for ropes of different design groups, taking into account the
specifics of operation, and their application in engineering practice for the reasonable selection of parameters and
optimization of maintenance regulations.
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Abstract

Introduction. Fatigue failure is one of the main causes of failure of metal structures subjected to variable loads. Initially,
this damage is not visible as cracks, but it leads to the accumulation of microdefects and the redistribution of internal
stresses. Currently, it is not possible to monitor the progression of these defects in large structures with a significant surface
area. To detect such processes in a timely manner, highly sensitive inspection methods are required that can identify
potential areas of failure with a high degree of accuracy during the early stages of structural operation. Such methods do
not currently exist, and our research aims to solve this problem to a certain extent. One promising approach is the
monitoring of changes in the strength of a permanent magnetic field, which reflects the evolution of material state. The
current study aims to investigate the potential of spatial analysis of magnetic response to identify instability zones during
fatigue loading, where the likelihood of failure is high, as well as to analyze changes in steel structure.

Materials and Methods. The study focused on samples made of 09G2S steel, subjected to loading to fracture on a
servohydraulic testing machine INSTRON-8801. Magnetic measurements were taken at 12 points along the sample using
an IKN-2M-8 instrument. Changes in the resulting strength of the permanent magnetic field were recorded at different
stages of fatigue loading. All measurements were repeated at least three times to ensure the reliability of the results.
Results. 1t has been found, that at the stage of relative operating time Ni/Np = 0.4-0.5, anomalous changes in the
magnetic field strength corresponding to the fracture nucleus were recorded at certain points. Additionally, a
characteristic area of signal stabilization was observed in the range Ni/Np = 0.8-0.9. This could be explained by the
temporary relaxation of stresses prior to destruction. The obtained data demonstrate the local variability of the magnetic
response and confirm the sensitivity of this method to the early stages of material degradation.

Discussion. The conducted research has shown that spatial analysis of changes in the strength of a permanent magnetic
field can be used to locate fracture nuclei in ferromagnetic steels. This dataset can be used as a basis for training
samples for intelligent monitoring systems, including neural network algorithms that focus on predicting the remaining
life and automatically assessing the technical condition of structures. This is particularly important for welded structures
with a high number of welds.

Conclusion. The introduction of energy into a system inevitably leads to a reorganization of the structure of the material
in order to adapt to external forces. This reorganization is accompanied by a change in the material's magnetic field. By
recording these changes, it is possible to interpret the measurement results in terms of possible destruction, as the most
efficient way for the system to utilize the supplied energy is through the formation of new surfaces, or cracks.

Keywords: magnetic test, fatigue damage, localization of fracture nucleus, ferromagnetic materials, distribution of
magnetic tension, near-surface layer, residual stresses, domain structure, degradation of the material, multifractals
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OPMZMHCUleOe IMnupuieckoe uccneodosanue

JIoKkaJIbHbIH rPaJUEHTHBIN HHANKATOP MATHUTHONH M3MEHYNBOCTH NP HMUKJINYECKOM
Harpy:KeHHH cTajiel
J.H. Hlepmato =, A.O. bopucos"~', B.A. I'npaposa" = <4, U.P. Ky3zeeB

VY dumckuii rocynapcTBeHHbII HEQTAHOM TEXHHUUYESCKUI yHUBEpCHTET, T. Y da, Poccuiickas Oeneparius
B4 gafarova.vika@bk.ru

AHHOTANNA

Beeoenue. YcranoctHoe paspylieHHE SIBISIETCS OJJHOM M3 OCHOBHBIX MPUYMH BBIXOJA M3 CTPOSI METAINIOKOHCTPYKIIUM,
pa0oTaroIIMX TOA BO3ACHCTBHEM IEPEMEHHBIX Harpy3ok. Ha paHHMX CTagusx Takue TIIOBPSXKACHHUS HE
COIIPOBOXKAAIOTCA BUANMBIMH TPEIIMHAMH, OJHAKO MPUBOAAT K HAKOIUICHHIO MHUKPOAE()EKTOB M NepepacnpeneIeHUI0
BHYTPEHHMX HamnpspkeHHH. IIpociaeanTs 3a pa3BUTHEM TakHX IEe(EKTOB B KOHCTPYKIHAX C OONMBIION MPOTSHKCHHOCTHIO
1 He0OXOAMMOCTBIO KOHTPOJIS OOJNBIION IJIOIA TN MOBEPXHOCTH B HACTOSAIIEE BPEMS HE MPEACTABIIACTCS BO3MOKHBIM.
JIJ1s1 cBOEBPEMEHHOTO BBISIBICHUS 3THX MPOLIECCOB HEOOXOIUMBI BEICOKOUYBCTBUTEIIBHBIE METO/BI KOHTPOJISl, KOTOPBIE
CHOCOOHBI Ha paHHUX CTaAMsAX (YHKIHMOHMPOBAHUS KOHCTPYKLHUH OIPEIEINTh C BHICOKOW J0Jel BEpOSTHOCTH
BO3MOXKHOE€ MECTO pa3pylleHus. Takue METOAbl HE pa3BUTHI, U IPEACTABICHHBIE HCCIENOBAaHHUS B ONpPEIEICHHON
CTENIeH! MOTYT PeIIUTh 3Ty npobieMy. OIHUM W3 NMEPCIEKTHBHBIX HANPABICHUH SBISETCS PErHCTpalys N3MEHEHHH
HaNpsHKEHHOCTH TTIOCTOSSHHOTO MAarHUTHOTO TIOJIS,, OTPaKAIOIIMX SBOJIIOIHUIO COCTOSHUS Martepuana. llens HacTosmen
paboTel — HCCIeNOoBaTh BO3MOXKHOCTH NMPOCTPAHCTBEHHOTO AaHAINM3a MAarHUTHOTO OTKIHMKA JUIA JIOKAJIH3alUU 30H
HECTaOMJIBHOCTH B TIPOIECCE YCTAIOCTHOTO HAarpy)KeHHs, B KOTOPBIX BBICOKA BEPOATHOCTh pa3pylIeHUs, H
OJHOBPEMEHHO IPOAHATN3UPOBATh N3MEHEHHS CTPYKTYPHI CTAIH.

Mamepuanst u memoost. OGBEKTOM HCCIIETOBAHUS SIBISUIHCH 00pa3isl u3 cramu 091'2C, moaBeprayThie Harpy>KeHHUIO
JI0 pa3pylieHusT Ha cepBoruiapaBindeckoi ucneitatenpbHold Mammae INSTRON-8801. MarHuTHble H3MeEpeHHs
MpOBOAMINCE B 12 TOWkax BHONB oOpasma ¢ wucmoib3oBaHueM npuoopa MKH-2M-8. ®ukcupoBamuch W3MEHEHUS
Pe3yIabTHPYIOIIEH HAPSPKEHHOCTH ITOCTOSHHOTO MAarHUTHOTO TIOJISt HA PA3IMYHBIX CTaANSAX YCTAJIOCTHOTO HarpyXeHHs.
Bce n3Mepenns MoBTOPSUIHCH HE MEeHee TPEX pa3 It HOBBILIEHHS JOCTOBEPHOCTH PE3YIIbTATOB.

Peszynomameut uccnedosanus. YCTaHOBJICHO, YTO Ha CTaIu OTHOCHTENbHOW Hapabotku Ni/Np = 0,4—0,5 B OTIeIbHBIX
TOYKaX PErHCTPHPOBAINCH AaHOMAIbHBIC W3MEHEHHS HANPSHKEHHOCTH MAarHUTHOTO IOJSL, COOTBETCTBYIOIINE 30HE
3apoXk/ieHus ouara paspylieHus. Kpome Ttoro, 3adukcupoBaH XapakTepHBI ydacTOK cCTaOWJIM3allMM CHUTHANa B
nuanazoHe Ni/Np = 0,8-0,9, 4ro MoxeT ObITh CBS3aHO C BPEMEHHOW pellakcaliell HalpspKeHUH Mepes pa3pyleHUeM.
IlomydyeHHble MAaHHBIE JAEMOHCTPHUPYIOT JIOKAJbHYIO BapHaTUBHOCTh MArHUTHOTO OTKIMKAa M TOATBEPKAAIOT
YyBCTBUTEIHHOCTh METO/Ia K PAHHUM CTaJAMAM JIerpajlalliil MaTepHaa.

Oobcyscoenue. TIlpoBen€HHOE HCCIIEOBAHKUE MMOKA3aJI0, YTO MPOCTPAHCTBEHHBIM aHAJIN3 W3MEHEHUS HANPSKEHHOCTH
MOCTOSTHHOTO MarHUTHOTO TIOJIST MOXKET OBITh MCIOJIB30BaH AJIS JIOKAJIM3ALUK 04aroB pa3pymeHus B peppoMarHUTHBIX
cramsix. IlpencraBisercss BOSMOXKHBIM HOJyYSHHBIH MAacCHB JAHHBIX MOJOXHTh B OCHOBY OOy4YalOIIMX BBIOOPOK JUISt
UHTEJUIEKTYaJIbHBIX ~ CHCTEM  MOHHTOPWHTrA, BKJIIOYash HEHPOCETEBBIE alTOPUTMBI, OPHUCHTHPOBAaHHBIE Ha
IIPOTHO3UPOBAaHNE OCTATOYHOTO pecypca M aBTOMATHUECKYIO OLEHKY TEXHHYECKOIO COCTOSHHS KOHCTPYKIMH.
Oco0eHHO 3TO Ba)KHO AJISI CBAPHBIX KOHCTPYKIHMH ¢ OONBIION MPOTSHKEHHOCTHIO CBAPHBIX IIBOB.

3aknwuenue. Beenenue B cUcTeMy SHEPIHH HEM30€)KHO MPUBOIUT K PEOPraHU3aLUK CTPYKTYPBl KOHCTPYKLIIMOHHOTO
Marepuaja ¢ IeJbI0 MPUCIIOCOOJIEHUsT K BHEIIHEMY BO3JEHCTBHIO. PeopraHuszanusi cONpoBOXKIAETCS M3MEHEHHEM
COOCTBEHHOTO MarHUTHOTO MOJIsl Marepuana. OUKcanys TaKUX W3MEHEHHH T03BOJISET MHTEPIPETUPOBATh PE3yNbTaThI
W3MEPEHUIl C TO3ULMU BO3MOXKHOTO pa3pylIeHMs, IOCKOJIBKY HauOoiee 3(PQeKkTUBHBIM crocoboM peann3aluu
MOCTYIHBIIEH B CUCTEMY SHEPIUH SIBJISIETCS 00pa30BaHUE HOBOM IMOBEPXHOCTH, TO €CTh 00pa30BaHUE TPEIINHBI.

KiioueBple cJjiOBa: MarHWTHBIH KOHTPOJIb, YCTaJOCTHBIC TOBPESKICHUSA, JIOKAIHM3AUS oOdara pa3pylIcHHUs,
(heppoMarHuTHBIE MaTepHabl, paclpeneicHne MarHUTHONW HanpsHKEHHOCTH, MPUIIOBEPXHOCTHBIA CIIOW, OCTaTOYHBIC
HanpspKEeHUs, JOMEHHAs CTPYKTypa, JeTpaganus MaTepraa, MyasTH(PPaKTaTbl
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BaaronapHocTu. ABTOpHI OnmarogapsT peAaKIHio KypHajia 3a ONEpPaTHBHYIO IOATOTOBKY CTaThH K IyOIHMKAaWH U 3a
LIEHHBIC 3aMEYaHUs, yCTPAaHEHNE KOTOPHIX ITO3BOJIIIIO YIIYUIIHUTh €€ coaepKaHue.

®unancupoBanmne. Pabora BeIMoONHEHa Mpy (GUHAHCOBOW MOAJCPKKE IpaHTa mpoekta Poccuiickoro HaygHoro ¢onma
mo conmamenuio Ne 25-29-00200 ot 28.12.2024 «IIporHo3upoBaHWe YPOBHSA JeTpajalid CBOWCTB CBapHBIX
COCIMHEHUIT C TOMOIIBIO UCKYCCTBEHHOTO MHTEJUICKTA JUIS BBISBIICHHS U [TPEAOTBPAIICHHS aBAPUUHBIX CHTYaIIU».

Joasi murupoBanusi. Ilepmaros JI.H., bopucos A.O., T'adaposa B.A., KyzeeB 1.P. JlokanpHbIli TpagueHTHBINA

WHIWKATOp MArHUTHOW W3MCHYMBOCTH MpPH NHKINYECKOM HATPY)KCHHH CTajeld. Be30nacHocmbv MmMexHOeHHbIX U
npupoonwix cucmem. 2026;10(1):47-60. https://doi.org/10.23947/2541-9129-2026-10-1-47-60

Introduction. The importance of accurately assessing the remaining lifespan of metal structures stems from the
need to balance industrial safety with operational costs. This issue is particularly relevant for extended welded shells,
tanks, and pipelines, which require monitoring a large surface area and substantial amounts of metal under conditions of
limited access and challenging loading conditions.

Traditional methods of non-destructive testing, such as ultrasound, radiography, and acoustic emission, are effective
at detecting formed defects like macrocracks and discontinuities. However, these methods have limitations when it
comes to an early detection of fatigue damage. They usually require careful surface preparation, significant labor costs,
and are not well-suited for rapid mapping of extended welds. Additionally, they often provide an integrated assessment
of the condition, without the ability to locate the initial areas of degradation or residual stress gradients. As a result, a
significant portion of the design effort is spent blindly, potentially leaving dangerous areas undetected until the stage
when macrocracks have developed.

In this context, here has been a growing interest in methods that rely on recording the material's own physical fields.
These methods are sensitive to changes in the internal state of the material without directly injecting energy into the
controlled volume. One of the most promising methods is the analysis of the intensity distribution of the permanent
(residual) magnetic field that forms in ferromagnetic steels as damage accumulates and residual stresses redistribute.
Magnetic methods have a number of important advantages: the possibility of remote measurements, high speed of
examination of large areas, and sensitivity to the early stages of stress and defect redistribution, when macrocracks have
not yet formed [1].

Reliable diagnosis of the remaining life of metal structures relies on a thorough analysis of microscopic changes that
occur in the material's structure as fatigue damage accumulates. One of the most sensitive and informative indicators of
these changes is the material's magnetic field, which forms as a result of changes in its domain structure. Changes in the
domain configuration integrally reflect a combination of microstructural transformations and the evolution of residual
stresses, making them a valuable basis for developing highly accurate diagnostic criteria.

In ferromagnetic materials, there are significant differences in the magnetic domain structure near the surface compared
to the interior. Experimental studies have shown that domain walls near the surface can be significantly wider than inside
the material. This leads to a decrease in magnetic energy density in the wall and, as a result, affects the mobility of domain
boundaries and their response to local mechanical stresses and defects [2]. Therefore, it is important to take into account
the special magnetic properties of surface layers when analyzing the overall magnetic texture of a material.

Direct visualization of internal domain structures within the volume of solid materials is still a challenging task due
to the limited spatial resolution of most magnetic imaging techniques. Techniques such as magneto-optical imaging and
magnetic force microscopy can only effectively record magnetic morphology on the surface of a sample. Instead,
indirect approaches are used to study the three-dimensional magnetic structure. Classical micromagnetic models and
multiscale numerical simulations allow us to predict domain configurations and their dynamics by taking into account
both the local magnetic fields and the crystallographic properties of the material. For example, the introduction of
dislocation stresses into micromagnetic simulation demonstrates how dislocations can serve as anchor points for domain
boundaries and influence the Barkhausen effect [2].

It is worth mentioning the latest methods for reconstructing magnetic structures based on machine learning. In [3], a
model based on a convolutional neural network (MagNet) is presented, which increases the accuracy of reconstructing
the three-dimensional configuration of magnetization from tomography data. This approach overcomes the limitations
of classical vector tomography algorithms, eliminating the artifacts of incomplete data and significantly improving the
quality of the reconstructed magnetic field.

A similar principle was applied in the study [4], where a neural network model is trained to transform images of an
external magnetic field (for example, leakage field maps) into the distribution of the magnetization vector inside the
material. This makes it possible to reconstruct complex domain textures with a variable direction of magnetization,
which are inaccessible to traditional inversion methods [4]. Such neural network approaches expand the possibilities of
interpreting experimental data and bring researchers closer to the direct reconstruction of the internal magnetic texture
by indirect measurements.
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The microstructure of the material, including the distribution of magnetization, changes as a result of plastic
deformation under cyclic loading conditions. Modern measurement methods do not directly track the movement of
individual magnetic domains within a material, but the cumulative magnetic response, such as a hysteresis loop, is
sensitive to these microstructural changes. The restructuring and reorganization of domain boundaries on a microscopic
level is manifested in measurable changes in magnetic permeability, coercive force, and other material parameters.
Thus, the analysis of the dynamics of magnetic characteristics under load makes it possible to judge changes in the
internal structure. By taking these effects into account, we can move from an overall assessment of the material's
condition to a more localized analysis aimed at detecting areas that are prone to damage.

The internal (volumetric) behavior of the material during fatigue deformation differs significantly from the
processes occurring near the surface. In the thickness of the material, plastic deformation is distributed more evenly and
the gradients of residual stresses are significantly lower than at the surface [5]. In a polycrystalline volume, dislocations
are generated and accumulate in groups, causing significant local stresses, which are difficult to remove due to the lack
of a free surface. Grain boundaries act as an internal "surface", however, for dislocations to escape through these
boundaries, an energy barrier must be overcome [6]. Only after reaching a critical level of accumulated stresses and
defect energy [7], it is possible for microcracks to form inside the material. These features are consistent with the Mura
concept of relaxation of internal stress fields [8], as well as with experimental data on the uneven distribution of
residual stresses (stress anisotropy) in steels [9].

Unlike the volume, the free surface of the material acts as an effective source for dislocations, requiring significantly
less energy for defects to form. This explains why fatigue cracks often initiate on the surface. As a result, changes
occurring in the subsurface layer during loading can serve as informative diagnostic indicators of developing
degradation.

One of these signs is the formation of self-similar (fractal) structures on the surface as defects develop. These
structures have the property of self-similarity at different scales, as noted by B. Mandelbrot [10]. The morphology of the
damaged metal surface often exhibits fractal characteristics, which can be quantified [11]. The analysis of relief
elements at various scales helps to establish a connection between surface fatigue and volume destruction
processes [12].

The heterogeneity and roughness of the surface can also affect the magnetic properties of the subsurface layer.
Research has shown that changes in the fractal structure of a deformed material correlate with its magnetic parameters,
such as saturated magnetization and magnetic permeability [11]. In other words, as damage increases, the distribution of
physical properties may exhibit multifractal features. Tracking the evolution of several such multifractal parameters
expands the possibilities of diagnostic interpretation, allowing for more reliable identification of the early stages of
material degradation.

Thus, the analysis of the literature confirms the need for an integrated approach to the diagnosis of damage in
ferromagnetic structural materials. Magnetic domain structures near the surface and in the volume react differently to
the presence of defects and mechanical stresses. Combining classic micromagnetic models with modern neural network
reconstruction methods [3, 4] allows for a deeper analysis of internal changes in the magnetic texture that cannot be
directly observed. At the same time, taking into account the features of damage accumulation (dislocation structures and
residual stresses) in the volume [5-9] and related fractal features on the surface [10—12] provides a more complete
control of the state of the material. The synthesis of magnetic and fractal degradation criteria, confirmed by literature
data, opens the way to the creation of highly sensitive methods of non-destructive testing for early detection of defects.

Magnetic diagnostic methods based on the distribution of strength of a permanent magnetic field are used to identify
stress concentration zones and local degradation sites in ferromagnetic steels. Their basis is the sensitivity of the
magnetic response to the redistribution of residual stresses and to defects that form local field inhomogeneities. At the
same time, known approaches often use integral indicators or one-dimensional profiles along a selected line and do not
strictly relate spatial field anomalies to (i) stage of fatigue loading and (i) parameters of the microstructure in terms of
material thickness.

However, to date, it has not been sufficiently investigated how local anomalies in the distribution of the resulting
constant magnetic field strength on the surface of structural steels are quantitatively consistent with changes in the
microstructure and its multifractal parameters in the subsurface layer and in the volume under cyclic loading. The absence
of such a connection limits the formation of a stable diagnostic feature space for early localization of fracture nucleus.

In this study, we aim to experimentally validate a diagnostic approach that compares spatially localized
measurements of the residual magnetic field during cyclic bending of 09G2S steel with multifractal microstructural
parameters calculated from micrographs taken in specific thickness zones.
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Materials and Methods. For the research, samples of 09G2S low-alloy structural steel were taken and subjected to
cyclic loading in order to simulate the operating conditions of elements under variable mechanical stresses (for
example, reservoirs, pipelines, and bearing elements of metal structures) (Fig. 1). To measure the strength of a
permanent magnetic field, an IKN-2M-8 device (stress concentration meter) was used.).
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Fig. 1. Test samples: @ — in the initial state; b — places of destruction of the samples; ¢ — tested samples

Magnetic measurements were taken at 12 different points, spaced 10 millimeters apart. At each level of loading, the
testing machine paused and the measurements were taken according to a consistent process at predetermined control
points, ensuring accurate data comparison between cycles. In order to assess reproducibility and statistical significance,
measurement results were collected from five identical samples that underwent the same cyclic loading regimen. This
allowed us to confirm the consistency of the magnetic response and minimize the influence of random factors related to
local microstructural variations. To further enhance the reliability of our analysis, all measurements were replicated at
least three times at each point.

After the cyclic tests were completed and the fracture was fixed, sections were cut out of the studied samples to
analyze microstructural changes.

Fractal microstructure analysis was used to establish the relationship between the structural heterogeneity of the
metal and local magnetic anomalies observed when measuring the resulting strength of permanent magnetic field Hr.
The microstructure was studied using micrographs obtained in the cross-section of the destroyed sample in three
characteristic zones:

— in the zone adjacent to the outer surface;

— in the central (volumetric) part;

— in the area adjacent to the fracture nucleus.

Additionally, microstructures of the initial state of the metal obtained before cyclic loading were used for
comparative analysis.

Micrographs of each studied zone were obtained at magnifications of x200, x500 and x1000, which provided an
analysis of the structure at various scale levels. Image processing was performed in the MFRDrom Fast program
developed by Professor G.V. Vstovsky [13, 14], in the Normalized By D: mode, with the Pseudo analysis type.

Parameters characterizing fractal dimension, latent periodicity, and degree of uniformity of the microstructure were
calculated for each zone [13]. Their comparison between the zones along the thickness of the sample and at different
scales allowed us to estimate spatial and scale variability of structural organization of the material. This approach made
it possible to compare the gradient of microstructural complexity with the distribution of magnetic response Hr
recorded on the corresponding sections of the sample surface.

Results. The results of measurements of the resultant strength of permanent magnetic field Hr on the surface of the
samples under cyclic loading, as well as the results of calculating the index of local change in magnetic characteristic
Gi, were obtained. The level of accumulated damage was determined by relative operating time Ni/Np, where
Ni — current number of cycles, Np — number of cycles before destruction. Measurements were performed on five
samples (n=75), three repetitions were performed at each measuring point at each Ni/Np level (m =3). For each
point — level Ni/Np combination, the average value and the standard deviation were calculated, and Figures 2 and 3
show the average values with error bars. The standard error of the measuring device did not exceed 10%.
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Figure 2 provides dependencies of Hr on Ni/Np for points 1, 11, and 12. In the entire Ni/Np range, Hr values at
point 1 remained at a significantly lower level compared to points 11 and 12. In the range Ni/Np =0.4-0.5, a
discrepancy in Hr behavior was recorded at points 11 and 12: at point 11, there was a decrease in Hr relative to
neighboring levels, while at point 12, there was an increase in Hr with the formation of a local maximum. The
differences between points 11 and 12 in the specified range exceeded the spread (+SD) and were reproduced from a
series of measurements (n = 5).

To quantify the variability of the magnetic response, indicator of local change G i was calculated, and its
dependencies on Ni/Np for points 1, 11, and 12 are shown in Figure 3. In the range Ni/Np = 0.2-0.6, Gi values at points
11 and 12 significantly exceeded the values obtained at point 1. The maximum values of G _i at points 11 and 12 were
observed at Ni/Np of the order of 0.35—-0.5, with a further increase in Ni/Np, a decrease in Gi was recorded. At point 1,
Gi values remained at a lower level, with no pronounced peaks comparable to points 11 and 12. Thus, the results of
magnetic measurements confirmed the spatial heterogeneity of Hr distribution and the localization of the largest
changes in the magnetic characteristic in the area of points 11, 12 in Ni/Np range of the order of 0.35-0.5 (Fig. 2-3).

1,600 20,000
g s wml IH
S 1200 \ g 160007 i iy
£9 " I e 1 o4 %4
2E g o X T g2 120007 gy NN
PES B 1 bk oA DEc oo e A
52 800 W W iE s ZE & s N .
o 2 % v A EY R o 25 80001 ¥ « &
EEs WAV S0 ] 5% 5
= £ S N S £ ] T =
(2 % (7 605) 0 T e e
o 4 |
°© 0 S
00 02 04 06 08 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Level of accumulated damage Level of accumulated damage
===l ---11 ---12 -=-1 ---11 ---12
Fig. 2. Dependence of the change in the resulting strength Fig. 3. Dependence of the local change in the resulting strength of
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damage

The maximum Gi values at points 11 and 12 were observed at Ni/Np of the order of 0.35-0.5, with a further increase
in Ni/Np, Gi values decreased, and at Ni/Np = 0.75, a distinct decrease in the indicator was recorded (Fig. 3). At point 1,
Gi values remained at a lower level, without pronounced peaks, comparable to points 11 and 12.

Discussion. The results obtained confirm the diagnostic potential of spatially localized measurements of the
resulting permanent magnetic field strength Hr under cyclic loading. The most pronounced magnetic variability was
observed in the range Ni/Np = 0.4-0.5, and the maximum local changes in parameters were recorded in the area where
the fracture occurred, which was consistent with the previously demonstrated sensitivity of magnetic characteristics to
damage accumulation in model elements of metal structures [1].

In the range Ni/Np = 0.8-0.9, a phase of relative stabilization of the magnetic response (a decrease in the variability
of Hr and/or derived indicators) was revealed, followed by a transition to a more unstable regime. A similar “lull —
abrupt change” type of dynamics was described for acoustic signals as a diagnostic sign of pre-collapse [15].
Comparable approaches to monitoring degradation by physical parameters under operating conditions were also
demonstrated by ultrasound monitoring [16].

The interpretation of the observed magnetic effects should consider the relationship between the magnetic response
and the defective structure, as well as the local stress state of the material. Micromagnetic modeling has shown that the
interaction of domain walls with dislocations and defects can lead to local changes in magnetic parameters [2].
Additionally, the informative value of magnetic methods sensitive to microstructural inhomogeneities at the grain and
boundary levels was confirmed by studies of Barkhausen magnetic noise with high spatial resolution [17].

The practical applicability of the technique for real metal structures was determined by the requirements for the
accuracy and reproducibility of measurements and the stability of the result to external factors. Critical conditions
included reproducible sensor positioning (sensor-surface orientation and clearance), repeatable scanning trajectory, and
magnetic background monitoring. The results could be influenced by the geometry of the object (curvature, thickness
variation, proximity of welds and cutouts), magnetic history (residual magnetization), and extraneous magnetic field
sources. Residual stresses were an essential factor in interpretation, as they were a component of the current state of the
material. This was emphasized in review papers on the topic [5].
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Figure 4 demonstrates the results of studying the changes in multifractal parameters in accordance with [13, 14].
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In the initial state (Fig. 4a), the dependencies of parameter Di—Dy on the magnification were smooth and did not show sharp
differences between the zones in the thickness of the sample, indicating the absence of signs of local degradation.

In the area away from the fracture zone (Fig. 4b), the dependencies of parameter D—Dy continued to increase, but
the difference between the zones in terms of thickness became more pronounced. At a magnification of x500, the
maximum difference in the curves was observed, which was linked to the transition from grain to sub-grain structure
organization, which was most sensitive to internal stresses. The inner region was characterized by a lower value of
parameter D1—Dy, indicating a partial loss of structural order.

The volume part, however, retained a high level of latent periodicity, which indicated its relative stability. Therefore, at
this stage of damage development, a gradient of microstructural organization was formed from a stable region (volume) to
an unstable region, which corresponded with the distribution of internal stresses in the cyclically loaded sample.

In the destruction zone (Fig. 4¢), the most dramatic change in the nature of D;—Dy = f (increase) dependence was
observed. For the inner surface adjacent to the fracture site, the parameter values became minimal (up to —0.6... =0.7),
which indicated a loss of latent periodicity and an increase in the random distribution of structural elements.

A comparison of the obtained dependencies demonstrated that as the transition from the initial state to the fracture zone
proceeded, there was a steady downward trend in the parameter D1—Dy, especially in the area adjacent to the fracture site.

Thus, multifractal parameter Di—Dy, characterizing the latent periodicity, could be considered as a sensitive indicator
of the transition of the structure from a stable state to an unstable one. Its spatial distribution correlated with the zone of
magnetic anomalies identified by changes in the resulting magnetic field strength Hr, which indicated the general nature
of microstructural and magnetic signs of degradation in the studied material.

A comparison of the dependencies of multifractal parameter of latent periodicity of Di—Dy structure for different
stages of the material's state (Fig. 4) showed that as the transition from the initial state to the fracture zone progressed,
there was a steady tendency for the parameter to decrease and the structural periodicity to disappear. In its initial state,
the structure of 09G2S steel exhibited a pronounced scale order and a weak technological gradient in thickness. Far
from the fracture site, there was a formation of a gradient in microstructural stability, with inner regions showing
a decrease in D—Dy due to local deformation, while the outer regions maintained the substructure regularity. However,
in the destruction zone, the correlation between structural elements was completely lost, the hidden periodicity
disappeared, and the microstructure became statistically chaotic. Thus, the change in Di—D, parameter reflected the
transition of the material from the state of structural equilibrium to the degradation phase and could be used as a
sensitive quantitative indicator of the degree of damage in ferromagnetic steels.

A comparison of the dependence of the degree of uniformity f¢o for different zones on the thickness of the
sample (Fig. 5) showed that during the transition from the initial state to the fracture zone, there was a steady tendency
to decrease the parameter and a disruption of uniform distribution of structural elements. In the initial state, the structure
of 09G2S steel was characterized by high uniformity and a weak technological gradient. In the zone away from the
fracture nucleus, there was an alignment of fso values, which indicated the beginning of destabilization of the structure
and a partial redistribution of internal stresses. In the destruction zone, there was a further decrease in the degree of
uniformity and a shift in the ratio between the zones: the outer surface retained a residual order, while the volume part
lost its structural consistency. Thus, the decrease in fso was a quantitative indicator of the increase in the uneven
distribution of the microstructure and corresponded to the fractal sign of material degradation, previously established by
Di—D, parameter.
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Analysis of changes in fractal dimension Dy for different zones of the sample showed a regular evolution of the

geometric complexity of the microstructure as it transitioned from the initial state to the fracture zone (Fig. 6).
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The most significant changes were observed in the destruction zone (Fig. 6¢). For the outer surface, the largest
decrease in fractal dimension Dy (up to 1.3) was recorded, while for the inner and volumetric parts the values remained
higher (1.6-1.7). This reflected the loss of structural complexity and the destruction of the self-similar organization of
the microstructure in the surface layers.

Thus, a decrease in fractal dimension Dy serves as an indicator of the loss of structural complexity and self-
organization of the material, reflecting the transition from a stable configuration of a granular and subgrain structure to
a fragmented and chaotic one. The minimum values of Dy on the outer surface corresponded to the zones of microcrack

origin shown in Figure 7.

Microcrack formation zone

/

i :

Destruction zone

a) )

Fig. 7. Macrostructure and microcracks in the cross-section of 09G2S steel sample near the fracture zone after cyclic bending:
a — general view of the cross-section with the identification of the fracture area and the area of microcrack formation;
b — micrography of microcracks in cross-section indicating the characteristic lengths of 1097 and 1316 um (x100)
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It should be noted that a decrease in fractal dimension Dy on the outer surface was accompanied by similar changes
in other multifractal parameters.

The local drop in all three parameters (Do, Di—Dy and fs0) was consistent with H, anomalies detected by magnetic
measurements, which confirmed the general nature of damage accumulation and microcrack origin.

To visually confirm the patterns identified by the multifractal and magnetic parameters, the microstructure of the
samples in the characteristic zones was analyzed. The images shown in Figure 8 demonstrate a gradual disruption of the
structure's order — from the inner part to the outer surface, where microcracks formed.

Fig. 8. Microstructure of parts of the cross-section of the sample wall in the fracture zone:
a — external; b — central; ¢ — internal

On the microstructure of the outer surface adjacent to the fracture zone, there was a high degree of fragmentation of
ferrite and perlite grains, as well as local areas with uneven contrast, indicating the development of plastic deformation.
Initial microcracks and submicroscopic fractures along the grain boundaries were visible, accompanied by a loss of
clarity of their outlines and local misorientation of substructural elements (Fig. 8).

The comparison of microstructures of the outer, central and inner parts of the sample in the fracture zone (Fig. 8)
showed a pronounced gradient in the degree of degradation of the structure in thickness. The inner part maintained
ordered ferrite-pearlite morphology, clear grain boundaries, and a uniform phase distribution, corresponding to high
values of fractal dimension Dy and uniformity parameter fso. The initial restructuring of the grain-subgrain structure was
observed in the central zone: small-angle sub-boundaries and local contrasts appeared, indicating an increase in internal
instability and a decrease in Di—Dy. parameter. Finally, maximum fragmentation and local microcracking occurred on
the outer surface, which was accompanied by a decrease in all three fractal indicators: Do, D1—Dy and feo.
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This distribution of microstructural features was fully consistent with the results of multifractal analysis and
magnetic measurements: the outer part, where the greatest loss of structural complexity occurred, coincided with the
area of magnetic anomalies H, and reflected the zone of maximum damage accumulation. Thus, a comparison of
microstructural, fractal and magnetic data confirmed that the degradation of the material had a pronounced gradient
character — from a stable internal structure to a destroyed surface, where a focus of fatigue failure was formed.

The resulting set of magnetic and multifractal features was considered as the basis for the subsequent construction of
models for assessing the technical condition and predicting the remaining resource. The generated array of parameters
can be used in the future as a training base for intelligent technical condition assessment systems, which opens up
opportunities for building more stable and adaptive methods of predictive monitoring.

Conclusion. A comprehensive study of 09G2S steel during cyclic bending has shown a uniform pattern of evolution
of magnetic, fractal and microstructural parameters reflecting the processes of damage accumulation and destruction.
Magnetic measurements of the distribution of the resulting field strength H, revealed local anomalies coinciding with
areas of increased residual stresses and localization of deformation near the outer surface.

The results of the multifractal analysis of micrographs performed in the MFRDrom Fast program confirmed the
connection of magnetic anomalies with microstructure degradation. There was a consistent decrease in fractal
dimension Dy, latent periodicity parameter Di—Dy, and degree of uniformity fso, indicating the destruction of the self-
similar organization and an increase in the randomness of the substructure.

Metallographic analysis revealed a clear degradation gradient in thickness: the inner part maintained a stable ferrite-
pearlite structure, the central part was characterized by partial fragmentation, and the outer part was most destroyed and
contained microcracks. A comparison of these three levels showed consistent behavior of the parameters H,, Do,
D1—Dy and fs0, which confirmed their interrelated nature.

Thus, the degradation of 09G2S steel during cyclic bending has a multilevel character: magnetic changes reflect the
accumulation of defects, fractal parameters reflect the destruction of a large-scale structure, and microstructural analysis
is the final stage of microcracking. The combination of these features can be used as a single diagnostic criterion for the
condition of the material and the basis for assessing the residual life of elements operating under variable loads.
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Abstract

Introduction. Modernization of production facilities, with increased automation and complexity of technological
processes, leads to a greater psychophysiological burden on workers and a higher likelihood of errors. This, in turn,
increases the risk of occupational injuries. The increasing number of workplace accidents underscores the economic and
social importance of accident prevention, as injuries reduce productivity and increase compensation costs. Modern
approaches to occupational risk management require a systematic assessment of not only the likelihood of an incident
and the severity of its consequences, but also the state of protective mechanisms — safety barriers that limit the impact
of hazardous factors. Haddon's methodology, originally developed for transportation safety, can be used to identify
weak links and analyze the sequence of incidents. Its barrier-oriented principles are theoretically applicable to industrial
environments. However, existing research on barrier models in industry is fragmented and does not provide a unified
tool for quantifying the effectiveness of barriers and their contribution to reducing injury risks. Therefore, the aim of
this study is to develop a method for applying a barrier-oriented approach based on the Haddon model for a
comprehensive quantitative assessment of personnel injury risks.

Materials and Methods. A barrier safety model was used to solve the problem of reducing occupational injuries. The
study consisted of three parts. The first was a comprehensive analysis of the requirements of Russian legislation in the
field of occupational risk assessment, as well as scientific publications on the use of a barrier-oriented approach. The
second was the description of the methodology for determining the likelihood of a hazard based on the results of an
assessment of the reliability of safety barriers. The assessment of safety barriers was conducted according to checklists
using the adapted Haddon model. Finally, an illustration of practical application of barrier approach using model
example was provided.

Results. A methodology for using a barrier-oriented approach to assess injury risks has been developed. A method for
quantifying the impact of current hazards has been defined, taking into account the reliability of safety barriers. Risk
levels for the hazard realization have been determined. Both the methodological principles proposed in this study and
those already applied have been considered, indicating their advantages and limitations. An example of calculating the
probability of hazards occurring when lifting and moving goods using hoisting devices has been given.

Discussion. The presented methodology for applying the barrier-oriented approach allows us to take into account the
influence of organizational factors and human factor on the safety of production processes and to obtain quantitative
estimates of the possibility of hazard occurrence. Additionally, this approach provides a comprehensive assessment of
safety barriers, considering not only their presence and effectiveness, but also reliability indicators — efficiency and
sustainability of operation. This creates a basis for simplifying the process of prioritizing injury prevention measures
and optimizing occupational risk management systems.

Conclusion. The main results of the research include a practical way to calculate the probability of hazardous
production factors, as well as recommendations for the gradual implementation of the developed methodology into the
practice of occupational safety and health management. The practical significance of this work lies in its potential for
integration of the proposed approach with operational monitoring tools in the field of occupational safety and health and
in its applicability to solving problems related to worker injury risk management in various production conditions.

Keywords: hazardous production factor, risk of injury, safety barrier, risk assessment, industrial injuries

© Gart VA, 2026

Technosphere Safety

61


https://doi.org/10.23947/2541-9129-2026-10-1-61-72
mailto:gart_v@mail.ru
https://creativecommons.org/licenses/by/4.0/
https://crossmark.crossref.org/dialog/?doi=https://doi.org/10.23947/2541-9129-2026-10-1-61-72&domain=pdf&date_stamp=2026-02-28
https://orcid.org/0009-0007-4559-3726

https://bps-journal.ru

62

Gart VA. Methodology for Implementing a Barrier-Oriented Approach to Risk Assessment ...

Acknowledgements. The author would like to thank the Head of the research project, E.P. Pototskii, the reviewer, and
the Editorial team of the journal for their competent expertise and valuable recommendations for improving the article.

For Citation. Gart VA. Methodology for Implementing a Barrier-Oriented Approach to Risk Assessment of Personnel
Injuries Based on the Haddon Model. Safety of Technogenic and Natural Systems. 2026;10(1):61-72.
https://doi.org/10.23947/2541-9129-2026-10-1-61-72

OpMZMHaJleOG amnupudeckoe ucciedosamie

MeTtonos0rusi npuMeHeHus1 0apbepPHO-OPUEHTHPOBAHHOIO MOAX0/1a /I OLIEHKH PUCKOB
TPAaBMHPOBAaHUS MEePCOHAJIA HA OCHOBE Mo/eH Xa/J10Ha

B.A. T'apT
HammonanbsHelit uccienoBarenbckuil Texnonorndeckuii yausepeuter « MUCHUC,
r. Mocksa, Poccuiickas ®@enepanus

>4 gart v@mail.ru

AHHOTALIAA

Beeoenue. MopepHu3anus HPOW3BOJACTB C POCTOM aBTOMATH3AIMM U YCIOKHCHHEM TEXHOJIOTHYCCKUX MPOIIECCOB
MOBBIIIAET TICUXO(PHU3NOIOTHYECKYI0 HAarpy3Ky Ha paOOTHHKOB M BEPOATHOCTh OIIMOOK, YTO YCHJIMBAET PHCK
MIPOU3BOJICTBEHHOTO TpaBMaTH3Ma. HaOmromaemsblii pocT d9ucia MOCTpagaBIIMX Ha paboumx MecTax MOJIepKHBAET
9KOHOMHYCCKYI0O M COIMAIBHYI0 3HAYMMOCTH IIPCIOTBPAIICHHUS HECYACTHBIX CIyYyacB: TpPAaBMATH3M CHHXKAET
MPOU3BOMUTEIHFHOCT M yBENIMYMBACT pacxonsl Ha KomreHcanud. COBpeMEHHBIE TOIXOABI  YIPABICHUSA
Mpo(eCCHOHATBHBIMA PHCKaMU TPEOYIOT CHCTEMHOW OIEHKHM HE TOJIBKO BEPOSTHOCTH HWHITUIEHTa M TSKECTH
MOCTICICTBHIA, HO M COCTOSIHUS 3alUTHBIX MEXaHH3MOB — 0OapbepoB 0E30IMaCHOCTH, OTPAaHHYHBAIOIINX BO3JCHCTBUE
omacHBIX (hakTopoB. MeTomonorus XaaaoHa, H3HAYAILHO pa3paboTaHHAas IS TPAHCIIOPTHON OE30MacHOCTH, MoKa3aa
CBOIO CIIOCOOHOCTH BBIABIATH ClIa0ble 3BEHBS W AHAIM3UPOBATH IIOCIEIOBATEIFHOCTH PAa3BUTHS HHITMICHTOB; €&
0apbepHO-OPUCHTUPOBAHHBIC — IMPHHIUIBI TCOPETUYCCKA NPUMCHHMBI B  INPOMBINUICHHOH cpeae. OmHAKO
CYIIECTBYIOIINE HUCCIICAOBAHUS OAPHEPHBIX MOJIENCH B MPOMBINUICHHOCTH (PparMEHTApHBI M HE JAIOT YHHBEPCATBHOTO
WHCTPYMEHTa IUI1 KOJIMYECTBEHHON OIEeHKH 3(dekTuBHOCTH OapbepoB W HMX BKIaJa B CHIDKCHHE PHCKOB
TPaBMHPOBaHUS. B CBS3M ¢ 3TUM I1eJIb HACTOSIIETO HCCIIe-T0BaHNS — pa3padoTaTh METOANKY IIPUMEHEHHS OapbepHO-
OpUEHTHPOBAHHOTO TIIOAXO0Ja Ha OCHOBE Mojenu XaIiaoHa Ui KOMIUICKCHOH KOJMYECTBCHHOW OIICGHKHA DPHCKOB
TPaBMHPOBAHUS IIEpPCOHATIA.

Mamepuanvt u memoowt. JIns penieHns 3aaddl CHIDKCHHS IPOM3BOJICTBEHHOTO TpPaBMaTH3Ma ObLIAa HCIIONB30BaHA
OaprepHas Mojedb obecrieueHUs Oe3omacHoCTH. MccienoBaHue BKIIOYANO TpU dYacTH. [lepBas — KOMILICKCHBIH
aHanmu3 TpeOOBaHMUH POCCHHCKOTO 3aKOHOJATENbCTBA B chepe OIEHKH MPO(EeCCHOHAIBHBIX PUCKOB, a TAKKE HAYYHBIX
My OITUKaIKi, TTOCBSIMEHHBIX TPUMEHEHHIO0 0aphepHO-OPHUEHTHPOBAHHOTO M0IX0/1a. BTopas — omurcanue MeToI0I0T I
OTIPE/ICIICHUST BEPOSATHOCTH pEANM3allii OMACHOCTH Ha OCHOBE pE3yJbTaTOB OICHKU IIOKa3aTeled HaJe)KHOCTH
O0aprepoB Oe3omacHocTH. OleHKa OaphepoB OC30MACHOCTH BBIMONHSIACH IO YEK-JHCTAM C HCIOJIb30BAHUEM
aaNTHPOBAHHOW MOJenu XaaaoHa. TpeThsi — WIUTIOCTPAIUs MPAaKTUYECKOTO MPHMEHEHHs 0apbepHOTO IMOJX0Aa Ha
MOJICIbHOM IIPUMEDE.

Pezynomamut uccnedosanus. PazpaboTaHa MeTONOJOTHS NPUMEHEHHUS OapbepHO-OPHUEHTHPOBAHHOTO IMOIXOAA IS
OIICHKH PUCKOB TpaBMHpoBaHUs. OmpenenéH crnocod KOIMYECTBEHHOW OICHKH BIMSHHS aKTYalbHBIX OMACHOCTEH C
y4€TOM TMOKa3zareneil HaJe)KHOCTH OaphepoB Oe3omacHocTH. CHopMHUpPOBaHBI YPOBHH PHUCKA peaiu3allid OMacHOCTH.
OTpaxXeHbl Kak MpeJlaracMble B paMKaxX JaHHOTO HCCIICOBAaHUS, TaK M YK€ IMPHMEHSICMBIC METOIOJIOTHYCCKUE
MPHUHIUIIEI C yKa3aHWEM WX NPEUMYIISCTB W orpaHuveHuil. [IpuBenéH mpumep pacuéra BEpOSITHOCTH peau3aliu
OHaCHOCTeﬁ, BO3HHUKAIOMIUX MIPH HO}I’béMe 1 NIEPEMEUICHUHN T'PY30B € UCIIOJB30BaAHUEM IMOABEMHBIX COOpy)KeHI/II\/'I.
Oécyacoenue. TlpencraBieHHass METOJOJIOTHSl TPUMEHEHHs] OapbepHO-OPUEHTHPOBAHHOTO IMOJXO0Ja IO3BOJISET
YYHUTBHIBATh BIIMSHUE OPraHU3AIUOHHBIX (DAKTOPOB M YEIOBEYECKOTO (pakTopa Ha OE30MacHOCTh MPOU3BOACTBEHHBIX
MPOIIECCOB M IMOJIydaTh KOJMYCCTBEHHBIC OIIEHKHA BO3MOXHOCTH pPEajHM3allMyd OMacHOCTH. Kpome TOro, moaxon
obecreunBaeT KOMIUIGKCHYIO OIIEHKY OapbepoB O€30MacHOCTH, YYWTHIBAIONIYI0 HE TOJIHKO WX HalUdWe |
Pe3yIBTaTUBHOCTh, HO W IIOKA3aTEeNId HAJE)KHOCTH — JI(PPEKTHBHOCTh U YCTOHYHMBOCTH (DYHKIMOHHUPOBAHHS. ITO
Cc03MaéT OCHOBY JUIA YHPOMICHUS NPOIEIYPHl OIPEICICHUs TNPHOPUTECTHOCTH pPEaTH3alud MEPOIPHATHH 110
HpO(bI/UIaKTI/IKe TpaBMaTu3Ma U ONTUMHU3AIIUN CUCTEMBI YIIPABJICHUA ]'[pO(i)eCCI/IOHaJ'[BHBIMI/I PUCKaMHU.

3aknrouenue. OCHOBHBIMH pe3yJIbTaTaMH MPOBEIAEHHOTO HCCIICOBAHUS SBILIIOTCS: OOOCHOBAHHBIA CHOCOO pacuéra
BEPOSATHOCTH pealU3alliil OMACHBIX MPOW3BOJCTBEHHBIX (DaKTOPOB W PEKOMEHIAIMH IO TO3TAMHOMY BHEIPECHUIO
pa3paboTaHHOW METOJOJIOTUHM B TIPAKTHKY YIOpaBlIeHUS OXxpaHod Ttpyna. I[lpaktuyeckas 3HAYMMOCTh pPabOTHI
3aKIII0Ya€TCA B BOBMOXXHOCTH UHTEIpallui MPCIJIOKEHHOI0 moaxoaa ¢ MHCTPYMECHTaMHU OINICPATUBHOIO MOHUTOPHHTA B
0o0JacTH OXpaHBl TpyJa M B €0 NPUMCHHMOCTH IS PCIICHUS 3a/Jad, CBS3aHHBIX C YIPABICHHEM PHCKOM
TpaBMHUPOBAHUA pa60THI/IKOB B Pa3JIMYHBIX IMTPOU3BOACTBCHHBIX YCIIOBUAX.
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KnaioueBble cioBa: onacHbli NPOM3BOJICTBEHHBIH (DAKTOp, PUCK TpaBMHpOBaHUS, Oapbep 0E30IaCHOCTH, OLEHKA
PHCKOB, IPOU3BOJCTBECHHBIN TPABMaTH3M

Baaronapuoctn. Arop Onaromaput pykoBojutens HaywHoro mpoekra E.IT. Iloromkoro, peneHzeHra u
PEIAKINOHHYIO KOMaHIY JKypHaa 3a KOMIIETCHTHYIO SKCIIEPTU3Y U LICHHBIE PEKOMEHJALNH 0 YIy4IIEHHIO CTAThH.

Jos mutupoBanus. I'apt B.A. Merononoruss npuMeHeHUs: 0apbepHO-OPHEHTHPOBAHHOTO MOJXO0Ja JUIS OLEHKH
PHCKOB TPaBMUPOBAHUS TIEPCOHANA HA OCHOBE MOJENHN XaJnoHa. be3onacnocms mexHo2enHblx U NPUPOOHbLIX CUCTEM.
2026;10(1):61-72. https://doi.org/10.23947/2541-9129-2026-10-1-61-72

Introduction. Currently, one of the main priorities of the industry is to modernize production facilities by
introducing modern equipment and cutting-edge technologies. However, the increasing level of automation and
complexity of technological processes have a negative impact on the safety of workers, leading to an increase in
employee errors and stress on psychophysiological functions.

These negative trends are supported by statistical data. According to[l] and the International Labor
Organization (ILO), approximately 340 million industrial accidents are registered worldwide every year, with about
2.3 million workers dying as a result of work injuries. Based on [1], 2.8 million industrial accidents were recorded in
the United States in 2022, and there were 5.19 thousand deaths in 2021. According to [1], in the UK in 2022-2023,
561 thousand workers were injured in the workplace. The analytical review “Occupational Injury Analysis”! of the
Federal State Budgetary Institution “All-Russian Research Institute of Labor” of the Ministry of Labor of the Russian
Federation, found that 21.4 thousand workers were injured and 1.04 thousand died in Russia in 2024. At the same time,
since 2021, the number of victims in the workplace has increased by 1.1 thousand people.

The analysis of statistical data reveals a consistent trend towards high levels of occupational injuries in various
countries. This circumstance determines the increasing importance of labor protection issues in industrial enterprises in
the context of accelerated technological development. Current global trends in reducing occupational injuries cover the
following areas: digitalization of safety procedures; use of artificial intelligence for monitoring working conditions and
employee health; the introduction of “smart” personal protective equipment; the use of virtual reality (VR) and
augmented reality (AR) to train employees in safe working methods; the formation of a sustainable safety culture; the
transition from a traditional, predominantly reactive approach based on post-incident analysis to proactive occupational
risk management.

The need to implement proactive risk management has been confirmed by Letter of the Ministry of Labor and Social
Protection of the Russian Federation dated July 14, 2025 No. 15-3/10/V-11850 “On the Increase in Occupational
Injuries”?. The document states that the main causes of industrial accidents are: poor organization of work, violations of
traffic regulations, deviations from the established technological processes, as well as non-compliance with labor
regulations and labor discipline by employees. It is also noted, that among the accidents with serious consequences that
occurred in the Russian Federation in 2024 due to unsatisfactory organization of work, events caused by poor work
organization were more prevalent due to a lack of control by managers and departmental specialists over the progress of
work and adherence to labor discipline. The combination of organizational factors and human behavior patterns in the
context of injuries highlights systemic deficiencies in occupational safety. These issues can be addressed by
implementing effective occupational risk management, such as identifying potential hazards, assessing the level of risk
associated with them, and implementing measures to minimize the risk of injury to employees.

Considering the above, assessing and reducing the risk of injury to employees is a crucial area of scientific research.

One of the key documents regulating approaches to risk assessment is the international standard
GOST RISO/IEC 31010 “National Standard of the Russian Federation. Risk Management. Risk Assessment
Methods™?. This standard describes a wide range of risk assessment methods, each of which has its own scope and
specifics of practical implementation. Table 1 presents some of these methods.

! Analysis of Occupational Injuries in Russia: Federal State Budgetary Institution “All-Russian Scientific Research Institute of Labor” of the Ministry
of Labor and Social Protection of the Russian Federation. 2025 Report. (In Russ.)

2 On the Increase in Occupational Injuries: Letter No. 15-3/10/V-11850 of the Ministry of Labor and Social Protection of the Russian Federation
dated July 14, 2025. (In Russ.)

3 National Standard of the Russian Federation. Risk Management. Risk Assessment Methods: GOST R ISO/IEC 31010. Order of the Federal Agency
for Technical Regulation and Metrology dated September 24, 2021 No. 1011-st. (In Russ.)
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Review of occupational risk assessment methods

Table 1

No. Method name

Description

Advantages

Disadvantages

1 Delphi method

A method of summarizing
expert opinions based on an
anonymous survey and a
multiple iterative process of
agreeing opinions

It is suitable for solving
complex issues where there
are no unambiguous
scientific approaches or
insufficient statistics. High
probability of getting an
objective assessment

Time length of the
procedure: conducting
multiple survey cycles takes
a significant amount of
time. High dependence of
the results on experts’
competence

2 Checklists

A form of identification and
analysis of potential
occupational risks by
compiling a list of questions
and verification criteria

Simplicity of
implementation and
accessibility of
understanding by
employees of different skill
levels. Ease of use as a
primary control tool

Complexity of developing
high-quality and complete
checklists, especially for
large enterprises with a
variety of workflows

3 Event tree analysis

Assessment of the
occurrence of undesirable
consequences by step-by-
step consideration of the
sequence of possible
outcomes of each event

Visibility, the possibility to
take into account a variety
of factors and conditions
that affect the development
of the situation

Dependence on data quality,
limited probability estimates
(presupposes the availability
of a statistical base for
calculating probabilities)

Failure modes and

It is used to identify
potential system

Improvement of the
reliability of equipment

It requires significant time
and efforts of qualified

assessing possible
deviations from the normal
operating mode

4 ffect lysi . d hi b L .
elieets anatysis malfunctions and analyze ?m rr.1ac' 1ner?/' " . specialists for a detailed
(FMEA) . identifying critical units .

possible causes of defects analysis
and components
An in-depth study of the
technological b .
eeAmoiogica’ process by a A clear analysis procedure
group of experts. The L . .
.. allows you to identify Labor-intensive; the method
Hazard and analysis is conducted . . .
.. . hidden threats, considers a | is difficult to apply to large

s Operability Study sequentially for each wide range of possible complex objects without

(HAZOP) element of the system, geolp p J

deviations and
consequences

simplifications

6 Bayesian method

It is used to estimate the
probability of occurrence of
undesirable events based on
available a priori
information and new
incoming data

Reduction of the degree of
subjectivity of the
assessment. The ability to
quickly respond to new
data and improve
prediction accuracy

Dependence on the quality
of a priori data. It is difficult
to accurately determine the
probability of rare events

The existing tools for occupational risks assessment are mainly limited by the traditional approach based on the

analysis of the probability of an accident and the severity of its consequences. However, the level of production safety is

determined by the degree to which the impact of hazardous production factors on workers is limited by consistently

placing “barriers” between the source of potential hazard and the object at risk. Therefore, when assessing the risks of

injury, it is important to consider the condition of these “barriers”, which minimize the impact of hazardous production

factors. An assessment of the risk of injury should be conducted at the source of its formation at a specific workplace,

taking into account the interaction of the employee with a specific hazard and the state of protective mechanisms.
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The Haddon methodology [2], developed in the field of transport safety, has been successfully used to identify
weaknesses in the safety system. The application of a similar approach in the industrial environments holds promise for
the development of injury risk assessment practices. However, available publications on barrier safety models are
limited to individual implementation examples — they do not offer a universal method for quantifying the effectiveness
of barriers in relation to industrial production. Therefore, the current practice of occupational risk assessment requires
the development of a new tool for comprehensive assessment of the effectiveness of safety barriers and their
management optimization. To address this gap, this research aims to develop a methodology for applying a barrier-
oriented approach based on the Haddon model for assessing injury risks to personnel.

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

— we analyzed modern methods of occupational risk assessment and determined their limitations;

— we proposed a method for calculating the probability of the realization of hazardous production factors, based on
the assessment of safety barriers reliability, determined in accordance with the Haddon model;

— we conducted an assessment of the probability of hazards associated with lifting and moving goods using lifting
facilities.

An overview of the existing barrier modeling methods. In Russian-language sources, one of the first mentions of
safety barriers can be found in the materials of the Russian-Norwegian Barents 2020 project®. This project aimed to
assess the impact of Arctic conditions on the effectiveness of protective barriers. The emergence and development of
the barrier concept was driven by the need to evaluate the efficiency of technical and organizational protection measures
used at the facility [3, 4].

Currently, Russian regulatory practice in the field of occupational risk assessment includes recommendations on the
use of a barrier safety model. Thus, the “Recommendations on the Choice of Methods for Assessing Occupational Risk
Levels and Reducing Such Risks”3, approved by Order No. 926 of the Ministry of Labor and Social Protection of the
Russian Federation dated December 28, 2021, contain the following approaches:

1. Bow Tie method, as described in [5, 6], allows for assessing the completeness of a protection system for an
analyzed object. Its advantage is visual representation of the relationships between potential hazard sources and
negative consequences through a central point (“undesirable event”). This method has become widespread due to its
clear presentation and versatility. However, it does not always provide the quantitative estimates necessary for
prioritizing preventive measures.

2. Layer of Protection Analysis, discussed in[7, 8], is a quantitative assessment of the reliability of protective
barriers based on their probabilistic failure characteristics. This method is recommended for justifying the need for
setting new barriers or upgrading the existing ones.

The described approaches form the methodological basis of the barrier protection concept aimed at reducing the risk
of injury. However, they have a number of limitations that reduce their effectiveness in production practice:

— they are focused on local objects and individual hazardous situations, which leads to a fragmented analysis and
does not allow identifying the interrelationships between the safety system elements;

— they rely on statistical data on the probability of negative events and the effectiveness of the existing barriers.
However, these assumptions can be inaccurate if the operating conditions of the equipment change. This requires
regular updates to the source data, adjustments to calculation models, and it complicates risk management;

— the influence of organizational and human factors on the safety of production can be not sufficiently considered.

4 Assessment of International Standards for the Safe Exploration, Production and Transportation of Oil and Gas in the Barents Sea: Barents 2020
Project Report. (In Russ.)

° Recommendations on the Choice of Methods for Assessing Occupational Risk Levels and for Reducing Such Risks: Order No. 926 of the Ministry of
Labor and Social Protection of the Russian Federation dated December 28, 2021. (In Russ.)
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The idea of considering the reliability of barriers when assessing injury risks, as developed in Russian
studies [9, 10], partially addresses these limitations. However, there is still a need to consider additional criteria,
such as:

— the dynamics of the condition of barriers due to natural wear and tear (technical barriers) and changes in
regulations (procedural and behavioral barriers);

—human factor as an indicator of the correct interaction between personnel and equipment and protective
equipment.

Thus, despite the advantages, the considered methods have disadvantages that prevent their full implementation in
the practice of injury risk management. This requires the development of a comprehensive methodology that combines
the advantages of quantitative analysis with adaptability to changing operating conditions and the ability to take into
account both engineering, organizational and psychological aspects of the safety system. The development of such
methods will create a solid foundation for effective risk management.

Materials and Methods. The proposed method was based on a single mechanism for the industrial accident
occurrence: a person in a production facility came into contact with an object (equipment, tools, materials) with enough
energy, making it hazardous for humans [11, 12]. In 80-90% of accidents, the triggering factor of hazardous situations
was the active (intentional or erroneous) actions of the victims themselves [13, 14]. Considering Article 209 of the
Labor Code of the Russian Federation®, we propose to determine the personal risk of injury during an accident at the
source of its occurrence (specific location), taking into account the hazards and the influence of the human factor as
follows:

R=XP,-W-F,, M

where P; — probability of occurrence the j-th hazardous production factor; W — employee's tendency to risk injury;
F; — severity of negative consequences when exposed to the j-th hazardous production factor.

The assessment of the probability of implementation of the j-th hazardous production factor was conducted using the
example of the operational personnel of the metallurgical industry enterprise according to the following algorithm. At
the first stage, the identification of hazardous production factors affecting the employee during labor operations was
carried out. The sources of identification information were:

— workplace examination;

— work supervision;

— staff survey;

— analysis of regulatory legal acts;

— analysis of local regulatory legal acts of the enterprise.

Identification was carried out for all objects of research — types of work, places of work, non-standard and
emergency situations.

At the second stage, an electronic checklist was developed for each identified factor that could potentially lead to an
accident (Table 4) using the MCForms online service. Column 2 of the checklist was formed in accordance with the
Haddon model and had a universal character for all hazardous production factors, regardless of the specifics of
production. Column 3 of the checklist contained the most important safety requirements stipulated by regulatory legal
acts and local acts of the production facility (standards, regulations, labor protection instructions, and technological
instructions) that could interfere with the transfer of energy from a source (equipment) to a person — failure to comply
with these requirements could lead to an accident at work. To implement the risk-based approach, such critical
requirements were selected and adapted to the specifics of a particular production facility, taking into account the
design features of the equipment and operating conditions using the Bow Tie method (Fig. 1). Column 4 of the checklist

contained the effectiveness of protective barriers determined in accordance with [15].

¢ Labor Code of the Russian Federation: Federal Law No. 197-FZ dated December 30, 2001. (In Russ.)
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Fig. 1. Bow Tie risk analysis: b1 — assessment of the rope condition by the crane operator before starting work; 52 — instrumental
control of rope wear; b3 — load limiter; 54 — overwinding switch; B5 — absence of people in the danger zone;
B6 — assessment of wear on the brake pads of the main hoist; 57 — zero blocking check; 58 — lifting the load to a safe height;

B9 — routine maintenance; 510 — protective fencing of hazardous areas; 511 — warning signal; 512 — use of PPE;
b13 — emergency response skills; 514 — first aid training; 515 — operational communication with the medical service;
b16 — first aid kit

At the third stage, the heads of production sites assessed the functioning of safety barriers according to a checklist as
part of monitoring the state of occupational safety using QR codes placed at risk sites, in accordance with the scale
presented in Table 2. The results of the production control of serviceability of the protective fences were entered into
the MCForms electronic system (column 5 of the checklist). As a model example, we considered a situation in which
the person responsible for maintaining a lifting structure evaluated safety devices together with the HD operator during
periodic inspections within the time limits set by the schedule. Value “0” in terms of efficiency was set in the absence
or malfunction of the device, value “1” — in the presence of technical comments without limiting performance (for
example, the HD hook lift limiter was triggered when the distance between the hook and the winch was 100 mm at a
speed of 200 mm or more). Value “3” was assigned with full technical serviceability in accordance with the technical
data sheet of the device. At the same time, when calculating the probability of hazard occurrence according to
formula (2), we did not use a specific expert assessment, but a generalized assessment based on the maximum possible
number of points.

At the fourth stage, the mathematical processing of the results of the assessment of the probability of hazard
realization was conducted and the values obtained were attributed to the levels of realization of hazardous production
factors using Excel.

Results. Probability indicator of the identified hazardous production factors (P;) from formula (1) was proposed to
be evaluated taking into account the criteria of the dynamic state of safety barriers as follows:

P =T0-E-N;-5)),
i-1 2

where E;, N, S; — effectiveness, efficiency and stability of the i-th safety barrier, respectively (i = 1, 2, ... n) during its
operation.

Effectiveness (E;), reflecting the importance of the barrier in the safety system of the production facility, was
determined in accordance with GOST 12.0.011-2017 “Methods for Assessment and Calculation Risks of Railway
Employees”, approved by Order of the Federal Agency for Technical Regulation and Metrology dated
December 22, 2017 No. 2065-st”.

The assessment of safety barrier efficiency (&V;), which was a factor of serviceability, was evaluated according to the
criteria in accordance with the scale and is presented in Table 2.

" Occupational Safety Standards System. Methods for Assessment and Calculation Risks of Railway Employees: GOST 12.0.011-2017. Order of the
Federal Agency for Technical Regulation and Metrology dated December 22, 2017 No. 2065-st. (In Russ.)

Technosphere Safety

67



https://bps-journal.ru

68

Gart VA. Methodology for Implementing a Barrier-Oriented Approach to Risk Assessment ...

Table 2
Criteria for safety barriers effectiveness
Level Description of the condition Value
Satisfactory Condition corresponds to the set level 3
Acceptable Condition does not fully correspond to the set level 1
Critical Safety barrier is not functioning 0

Stability (S;), which characterized the frequency of detected inconsistencies in the functioning of safety barriers, was
calculated using the formula:

S i =€7M , (3)
where A = b/B — coefficient of the frequency of nonconformities; » — total number of nonconformities; B — number
of performance checks (for a technical barrier)/the number of functional checks (for an organizational barrier);

t — analyzed period (¢ = 1, if the analyzed period was 1 year).
The prioritization of the implementation of occupational safety measures was conducted depending on the estimated

risk level of the hazard (Table 3).

Table 3
Realization level of hazardous production factors
Probability of

hazard Risk category of injury Urgency of measures

realization
0 No risk No measures are required

<0.24 Moderate Measures with deadlines for elimination are required
0.25-0.49 Significant Urgent measures are required

0.5-1.0 _ It is required to stop work before the implementation of measures

As an example of application of the proposed methodological approach, an assessment was made of the probability
of hazardous situations involving lifting and moving goods using hoisting devices. The assessment was conducted for
the hoisting device operator of a metallurgical enterprise that performed slinging and strapping of goods before their
subsequent movement by an overhead crane (hereinafter referred to as the HD operator). To analyze this hazardous

production factor, a checklist was developed, a fragment of which is presented in Table 4.
Table 4

A fragment of the checklist for checking the functioning of safety barriers for hazards associated with lifting and

moving goods using hoisting devices

Safety barrier group . Effectiveness | Efficiency| Sustainability
No. . Test object
function (E) (V) ()
1 2 3 4 5 6
. Prevention of energy 1.1 Condition of metal structures and 0.9 3 |
" | release tooling ’



https://bps-journal.ru/
https://bps-journal.ru/

Safety of Technogenic and Natural Systems. 2026;10(1):61-72. eISSN 2541-9129

2.1 A device that restricts the lifting of
the load-handling device above the 0.8 2 0.51
2 Condition of metal maximum permissible level
structures and tooling -
2.2 Emergency switch for HD de-
L o 0.8 3 0.71
energizing in emergency situations
. ) 3.1 Fences, other control systems that
Installation of protective . .
3. accidental sudden entry into the 0.7 1 0.36
structures
dangerous area
4.1 Sound signal 0.6 1 0.71
4. | Danger warning
4.2 Device indicating excess of
L . 0.6 3 1
weighting capacity
5.1 Working methods for crane
. 0.5 0 0.51
s Description of procedures | Operators and slingers
| for handling hazards 5.2 Meeting the schedule of 05 ; :
maintenance and control procedures ’
6.1 Crane operators and slingers are
Readiness to perform trained, have successfully completed 0.2 0 0.51
6. | official duties (training, an internship and knowledge test
medical examination) 6.2 No contraindications for health 0.2 3 !
reasons ’
7. | Provision of PPE Workwear suit 0.1 1 0.71

Column 6 of the checklist indicates the stability of safety barriers (S;). This is generated automatically based on the
results of ongoing assessments of safety barriers during the calendar year. For example, during the year, three health
checks were carried out on barrier 3.1 of the model example shown in Table 4. During two inspections, comments were
made about its serviceability. Thus, the stability coefficient (S;), calculated by formula (3), will be equal to

S;=e 7 1=0.51.

The probability of the realization of hazards associated with lifting and moving goods using hoisting devices,
calculated by formula (2), in this example is:

PHC=(1—0.9-1-1)-(1—0,8‘0.7'0.51)-(1—0.8-1-0.71)-(1—0.7-1-0.36)‘
-(1—0.6-0.3-0.71)-(1—0.6-1-1)-(1—0.5-0-0.51)-(1—0.5-l-l)-(1—0.2-0-0.51)-
-(1—0.2~1~1)-(1—0.1-0.3-0.71):0.025.

According to Table 3, this corresponds to a moderate risk of injury, which requires the planned development of
measures with a time frame for elimination.

Discussion. The proposed barrier-oriented approach to occupational risk assessment is fundamentally different from
traditional methods that focus primarily on the frequency and severity of accidents. The main advantage of the new
method is the assessment of the effectiveness, efficiency and sustainability of safety barriers in the workplace. The use
of a barrier model based on the Haddon concept involves the creation of a multi-level protection system, each level of
which is aimed at reducing the probability of exposure to a hazardous production factor. This concept integrates a

comprehensive injury prevention system combining technical, organizational, and behavioral measures.
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The literature review confirms the consistency of the presented conclusions with the results of studies [9, 10],
emphasizing the importance of barrier safety systems in the prevention of occupational injuries. At the same time, the
previously proposed methods focus on evaluating the effectiveness of individual barriers, while this study takes into
account the dynamics of changes in their functions. The dynamic nature of the model makes it possible to reflect
changing operating conditions that affect the reliability and stability of protective mechanisms, which increases the
effectiveness of preventive measures. Thus, the application of the proposed approach provides occupational safety
specialists and production managers with the opportunity:

— to obtain a more complete and accurate assessment of the level of workplace safety;

— to substantiate preventive measures aimed at preventing occupational injuries when addressing the expediency of
their implementation;

— implement preventive measures in a timely manner;

— predict possible undesirable events.

The advantage of the approach is its compatibility with operational monitoring tools, for example, with any forms of
production control operating at the facility in question. This improves the quality of production control, the lack of
which, in turn, caused 61.5% of injuries in the Russian Federation in 2024 due to poor organization of work.

Despite these advantages, the barrier-oriented approach has limitations in versatility and scalability. Adaptation to
the specifics of different industries and specific production conditions is required. The complexity of the
implementation is associated with the need to collect, accumulate and process a large amount of information on the
current state of barriers and the history of their failures. In order to obtain a reliable assessment of the probability of a
hazard, strict requirements are placed on the accuracy and completeness of data on the criteria of efficiency (N;) and
sustainability (S;) of safety barriers. At the same time, the human factor in the preparation of the initial data remains a
potential source of errors.

Overcoming these limitations can be achieved through the expansion of the amount of statistics collected, the
development of a software module that implements the proposed model, the introduction of modern technologies for
monitoring the technical condition of facilities and the use of machine learning methods. These measures will allow for
continuous monitoring of the state of safety barriers and increase the accuracy of hazard probability assessment.

Conclusion. As a result of the research, a barrier-oriented approach to assessing and managing the risk of injury to
personnel has been developed, based on the effectiveness and sustainability of safety barriers. It is shown that the
proposed model can be integrated with existing operational monitoring systems in the field of occupational safety,
which contributes to improving the quality of risk management.

It has been established that the practical application of the approach is constrained by the need for reliable data on
barrier conditions and failures, as well as human error in the collection of initial information. These constraints limit the
flexibility and scalability of the model, necessitating its adaptation to the specifics of individual industries and
production conditions.

The potential for future research is linked to expanding the statistical database, creating a software module based on
the proposed model, and utilizing modern technologies for monitoring the technical condition of facilities, and machine
learning methods to automate data collection and processing. This will ensure continuous monitoring of the state of
safety barriers and increase the accuracy of hazard probability assessment.

Thus, the proposed approach is of practical significance for managing the risk of injury to personnel and can help

reduce the level of occupational injuries.
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