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Abstract

Introduction. One of the health-saving resources for the working population is the improvement of the occupational
safety system and prevention of occupational injuries (OI). Systematic scientific research in this field remains relevant
as it helps to understand the interrelationships between the causes and consequences of OI in different sectors of
economic activity. In recent years, there has been a lack of research on the structure and dynamics of OI in the Republic
of Crimea (RC), and its indicators have not been compared. The aim of this study was to conduct a comparative
analysis of Crimean and all-Russian dynamics of occupational injuries over a five-year period from 2017 to 2021 in
order to identify trends and develop strategies for improving production safety.

Materials and Methods. Methods of systematization of scientific literature on the issue of OI were employed. Statistical
data on the state of OI in the Republic of Crimea and the Russian Federation were analyzed and compared. The results
were graphically presented in the form of histograms. Additionally, the positions of the republic in the official ratings
on compliance with labor legislation were taken into consideration.

Results. The analysis of statistics has made it possible to compare the structure and dynamics of OI indicators in the
Republic of Crimea with similar data on the national average. Regional differences in occupational injury rates have
been identified. In 2017-2021, the number of fatal injuries per 1 000 workers increased in the country, and in Crimea
the problem was more acute than in the average for Russia. According to the results for 2021, construction was the
most hazardous type of activity in the Crimean region, while mining was the most dangerous one in the Russian
Federation. The relative rates of occupational injuries (per 1 000 employees) in the region were lower than the
national average. At the same time, the proportion of fatal injuries in Crimea was 1.5-2 times higher than the
national average. The highest level of fatal injuries in Crimea was recorded in 2018-2019, likely due to increased
construction activity. Injury rates were increasing, while the costs of occupational safety measures were also rising.
At the same time, in 2021, the amount of funds allocated to labor protection in Crimea was approximately 1.7 times
lower than the similar national average (per employee).

Discussion and Conclusion. 1t is advisable to use data on occupational injuries in the Republic of Crimea to develop
scientifically grounded recommendations for improving the regional occupational safety system. These results are
partially influenced by the integration of Crimea and are presented in comparison with all-Russian indicators.
Therefore, the findings of this scientific work can be applied more broadly when developing a strategy for labor
protection in other regions of the Russian Federation.

Keywords: occupational injuries in the Republic of Crimea, the number of workers injured and killed at work, funding
for labor protection measures
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AHHOTANUA

Beeoenue. OnHNM 13 pecypcoB 3710poBbecOepeKeHNsT pabOTAIONIEro HACENEHHs! SBISIETCS] COBEPILICHCTBOBAHNE CHUCTEMBI
OXpaHbl Tpyia ¥ NpoHIaKTUKK pon3BoicTBeHHOro TpaBMaruaMa (I1T). Cucremarideckne Hay9IHbIE UCCIEIO0BAHMS B 3TON
00JIaCTH COXPaHSIOT aKTyaJIbHOCTB, IIOCKOJIBKY TMOSICHSIOT B3aUMOCBSI3U NpryrH U nocieactsuid [1T B pasnudHbIX chepax
SKOHOMHYECKOH JesTenbHocTu. B mocnennue roasl B Pecyoinrike Kpsim (PK) He n3ydanuce crpykrypa u aunamuka I1T, He
COIOCTABISUINCH ero Tokasarenad. Llenb mnpencTaBieHHONW Hay4HO pabOThl — CpPAaBHHUTENbHBIA aHaIN3 KPBIMCKOM M
00IIEPOCCUIICKON JMHAMHUKH TIPOU3BOJICTBEHHOTO TpaBMaTu3Ma 3a math JieT, B 2017-2021 rr. HoBble 1aHHbIC TOMHKHBI CTATh
0a301 IS TOBBIIICHHS OE30TIACHOCTH TTPOU3BO/ICTBA.

Mamepuanvt u memoodsl. VICTIONB30BAIMCH METONBI CHUCTEMATH3AIMK HAYYHOH JmTeparypel mo mpobmeme IIT.
AHanu3upoBaIUCh U CpaBHUBAIMCH cratucthuueckue naHHble o coctosHuu IIT B PK u Poccuiickoit denepaunu.
PesynbpraTsl rpaduyeckn NpencTaBIeHbl B BHAE THcTOrpaMM. Kpome TOro, ydTeHBl TO3HIMH PECIyONUKH B
ounmanbHBIX PERTHHTAX T0 COOMIOCHUIO TPYIOBOTO 3aKOHOIATEIbCTBA.

Pezynvmamut uccnedosanusn. AHanu3 CTaTUCTUKU MO3BOJIMII CPABHUTH CTPYKTYPY U JuHaMuKy nokasareneit IIT B PK
C aHAJIOTMYHBIMHU JIaHHBIMU B CpeJIHEM IO cTpaHe. BrisiBiieHbl pernonanbHbie ocooennoctu [1T. B 2017-2021 B crpane
POCIIO YKCIIO MOCTPaAaBIINX CO CMEPTENBHBIM HCX0/I0M B pacyere Ha 1 000 paboraromux, mpuiyem B Kpsimy npoGiema
cTosta octpee, ueM B cpenHeMm mo Poccuu. [lo mroram 2021 roga camMbIM TPaBMOOIIACHBIM BHIIOM JESATEILHOCTH B
Pecniy6mmke Kpeim 6but0 cTpomTenseTBO, a B PO — m06pda mone3HpIx uckomaeMblx. OTHOCHTENBHBIE TOKa3aTenn
MIPOM3BOICTBEHHOTO TpaBMaTu3Ma (B pacuere Ha 1 000 paboTarouinx) B pernoHe HIDKE, YeM B CpEIHEM 10 cTpaHe. B To
JKe BpeMst O TPaBM CO CMEpTEeNbHBIM HcxoaoM B Kpeimy B 1,52 paza BeIme cpemHepoccuiickoil. CamMblii BRICOKHI
YpOBEHb JIeTabHOTO TpaBMatm3mMa B Kpeimy 3aduxcupoBamm B 2018-2019 rr., 9t0 MOXeET OBITH CBA3aHO C
aKTHBH3aIMEed cTpouTenbeTBa. [lokazaTenn TpaBMaTH3Ma pacTyT Ha (JOHE YBEIWYEHHs 3aTpaT Ha MEPONPUSTHS I10
oxpane Tpyna. [Ipu sTom B 2021 roxy 00beM cpe/cTB, HANpaBICHHBIX Ha OXpaHy Tpyda B KpbiMy, OblI mpuMepHO B
1,7 pa3a HIKE aHAJTOTUYHOTO CPEJHEPOCCUIICKOTO MOKazaTels (B pacyere Ha 0JIHOr0 paboTaromIero).

Oécyscoenue u 3akniouenue. JJanHpie 0 IPOU3BOACTBEHHOM TpaBMaTH3Me B PK 1enecooOpasHo 3aneiicTBOBaTh st
COCTaBJICHUs] HAYYHO OOOCHOBAHHBIX PEKOMEHJAIMH 110 COBEPUICHCTBOBAHUIO PETHOHAJIBHOW CHCTEMBI 0€3011aCHOCTH
Tpyzna. Pesynbrarel oTdacTH cBs3aHbl c HHTerpanuei Kpbima, naHbl B CONOCTaBIEHHH C OOLIEPOCCHUACKUMHU
MOKa3aTesIMU. OTO 3HAYMT, YTO HUTOTH IPEICTABICHHOW Hay4HOH pPabOThI MOXKHO HCIIOJIb30BaTh LIMpPE — IPHU
(OopMHPOBAHUY CTPATETUH PA3BUTHSI OXPAHbI TPY/a B HOBBIX CyOBekTax PO.

KiroueBble cj10Ba: Ipon3BOJICTBEHHBIN TpaBMaTH3M B PecryOnuike KpbiM, YMCIEHHOCTS MOCTPafaBIINX U MOTHOIINX
Ha MPOM3BOACTBE, (PMHAHCHPOBAHUE MEPOIIPUSTHH 10 OXpaHe TPyJa

Baaronapuoctun. ABTopbl Onaromapsr pykoBomutens Ymnpasinenuss @DenepaibHON Ciry>KObl TOCYIapCTBEHHOU
cratuctuku 1o PecnyOmuke Kpemv u r. CeBacromomo bammuay O.M. 3a momomp B MOATOTOBKE CTaThbH. ABTOPHI
BBIPXAIOT OJIArOapPHOCTh PEIAKIMKM U PEIICH3CHTaM 32 BHUMATEJIbHOE OTHOIICHHE K CTaThe U 3aMCUaHusi, KOTOPhIC
MTO3BOJIMJIN TIOBBICHTh €€ Ka4eCTBO.

Jas nurupoBanusi. MakapuyeBa A.A., Edumoa B.M. CpaBHUTENbHBIA aHANN3 KPBIMCKOM U 0O0ILEpOCCHICKON
JTUHAMUKY MTPOU3BOJICTBEHHOTO TpaBMaTu3Ma B 2017-2021 ronmax. bezonacrHocms mexHo2eHHbIX U NPUPOOHBIX CUCEM.
2024;8(2):7-16. https://doi.org/10.23947/2541-9129-2024-8-2-7-16

Introduction. In order to preserve the country's labor potential, it is necessary to maintain a high level of
occupational safety (OS) and to improve preventive measures aimed at reducing the risk of occupational injuries (OI).
Systematic scientific research in this area can help to better understand the causes and consequences of OI in various
sectors of the economy.
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Since 2014, when Crimea reunited with Russia, there have been significant changes in the region's economy. A new
need has arisen for research on OI indicators as an element of the all-Russian OS system. Materials on OS issues
published before 2014 were fragmentary, which proves the relevance of analyzing and introducing OI indicators into
the scientific discourse in the Republic of Crimea (RC). These indicators are essential for the development of both
theory and practice of industrial safety, as they reflect the processes of integration of the region's industries into the
Russian OS system based on a modern regulatory framework.

Many studies are devoted to the analysis of individual OI indicators in the most traumatic industries — construction [1],
agriculture [2], mining [3]. Key factors that lead to industrial accidents are determined [4]; measures to reduce occupational
risks are discussed [5]. At the same time, many researchers note the problem of distorted statistics on OI and occupational
diseases in Russia. A significant number of minor and moderate injuries are not reported and are not included in official
statistics [6], which makes it difficult to accurately assess the socio-economic impact of such incidents [7]. Comparative OI
studies across industry sectors worldwide emphasize the universal nature of risk factors and the underestimation of the
number of accidents (AC) and the severity of their consequences [8]. Researchers agree that the OI complex nature, combined
with changing working conditions and new occupational risks, requires constant monitoring and analysis of occupational
safety indicators.

Comparative Ol studies in new, developing regions of Russia, in particular in the Republic of Crimea, are of
particular interest. In the first years after the republic became part of the Russian Federation, D.U. Abdulgazis [9] and
E.N. Abiltarova [10] studied individual OI indicators at enterprises and organizations in Crimea. However, from 2017
to the present, the dynamics of indicators has not been studied, and no comparative analysis has been carried out. At the
same time, such research is especially relevant in the context of a noticeable increase in economic activity, changes in
the structure of the manufacturing sector and the domestic market. The significant increase in the rate of production
activity in the region necessitates an examination of data regarding accident investigations, the specifics of injuries
(including fatalities). It is crucial to analyze and interpret the facts, identify recurring patterns, and develop new
strategies to prevent occupational health issues.

It is worth noting that there is insufficient knowledge of a wide range of issues, from the analysis of OI dynamics in
the Republic of Crimea to innovative approaches to improving the system of prevention and training of specialists. This
indicates the relevance and significance of the presented research.

The aim of the work was to conduct a comparative analysis of occupational injury rates in Crimea and Russia over a
period of five years.

Main tasks:

— analysis of the regional OI structure and dynamics in 2017-2021;

— comparison of OI indicators in the Republic of Crimea with the average Russian;

— discussion of the possibility of using the results of the analysis to improve the OS system.

Materials and Methods. Methods of systematization of scientific literature on OI issues, as well as analysis and
comparison of statistical data on occupational injury indicators in the Russian Federation and the Republic of Crimea
were used. The statistical reports of the Federal State Statistics Service of Russia (Rosstat) and the Department of the
Federal State Statistics Service (UFSGS) for the Republic of Crimea and Sevastopol for the period from 2017 to 2021
served as the basis for the analysis. The results were graphically presented in the form of histograms. In addition, two
ratings of the Ministry of Labor of the Russian Federation were taken into account. The first one ranked the relevant
regional executive authorities in terms of activities in the field of public administration of occupational safety and
health. The second defined the positions of Crimea in terms of compliance with labor legislation.

Results

1. Current state of occupational injuries in the Russian Federation and the Republic of Crimea.

From the perspective of the research topic under discussion, the period from 2017 to 2021 was of particular
interest. During this time, several important transformations occurred due to the increase in economic activity.
Since 2020, there has been a slight decrease in it, which was associated with the pandemic of coronavirus infection
and other circumstances.

Let us note a number of methodological limitations that need to be considered when conducting this and similar
research. Firstly, Rosstat, the Federal Service for Labor and Employment (Rostrud) and the Social Insurance
Fund (FSS) use various methods of accounting for industrial accidents. As a result, some generalized data do not match.
Secondly, during this period in the region, private entrepreneurs did not take into account all cases of OI.

Thus, the Crimean and all-Russian indicators for 2017-2021 from the reports of Rosstat and the UFSGS for the
Republic of Crimea and Sevastopol were studied. The analysis took into account direct data on the average number of
employees, the number of victims of occupational accidents, including fatal ones. In addition, relative coefficient of the
number of victims of occupational accidents (per 1000 employees), including fatal ones, was taken into account.

Technosphere Safety
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Information on the financing of OS measures at enterprises of the Republic of Crimea reflected the trends in the
development of preventive measures in various industries.

At the first stage of the study, the Crimean and Russian average OI indicators for 2021 were compared. In 2021, in
the Russian Federation, Rosstat recorded! 19,977,000 people employed at 158,264 enterprises from various fields of
economic activity. By the end of the year, 93% of enterprises (147,630) reported no accidents. 21,609 people suffered
injuries with disabilities (including fatalities), of which 30% were women (6,483). 1,210 people lost their lives as a
result of serious accidents. Most of those who were fatally injured at work were men (93%).

According to the UFSGS data for the Republic of Crimea and Sevastopol?, in 2021, 1,475 enterprises in the
Republic of Crimea were subject to statistical accounting. Out of these, 1,400 (95%) did not have any accidents at the
end of the year. The average number of employees of these enterprises was 181,773 people (9% of all those employed
in production in the Russian Federation). 124 people were injured in work-related accidents with disabilities and fatal
outcomes. Of these, 42 were women (34%). Fatal injuries were reported in nine cases, all of which were men.

In 2021, 93% of registered enterprises in the country and 95% in the Republic of Crimea did not record accidents.
With regard to the total number of employees (in ppm of all employees in the Republic of Crimea), 0.68% suffered
from disability in the Republic of Crimea, while the corresponding figure for the country as a whole was 1.08%.

The number of registered fatal accidents in the region accounted for 7.26% of the total number of work-related
injuries. This figure was higher than the national average of 5.60%. The integral indicators for occupational injuries in
the Republic of Crimea and Russia differed only slightly, so within the scope of this study, a separate analysis was
conducted on occupational diseases by major economic activity.

Rosstat data® allowed us to identify the types of economic activity that were most affected by the number of fatal
accidents in 2021. The table below shows the percentage of fatal accidents:

— manufacturing (22.6%);

— transportation and storage (16.5%);

— construction (15.9%);

— mining (14.8%);

— agriculture, forestry, hunting, fishing and fish farming (10.2%).

The number of people employed in various types of economic activity varied significantly, therefore, for a
comparative Ol analysis, it was advisable to use relative indicators per 1,000 people employed in a particular field. It
was important to note that manufacturing employed about 25% of the average number of workers across the country,
while mining employed only 5%, and this affected absolute OI indicators.

Mining was the leader among the types of economic activities recognized as injurious in Russia in 2021. Here,
the number of victims with disability for one working day or more and with a fatal outcome amounted to
1.71 per 1,000 employees with an average of 1.08. Agriculture and forestry were in the second place (1.61).
Activities in the field of culture, sports, leisure and entertainment took the third place (1.47). Construction was on the
fourth place (1.35).

In the Russian Federation, the highest number of deaths due to work-related accidents was recorded in
mining (0.18 per 1,000 workers with an average coefficient of 0.06), which was significantly higher than in
construction (0.15) and agriculture (0.11).

In 2021, the Republic of Crimea reported the highest number of work-related injuries as a result of accident in
construction. The OI coefficient for this sector was 2.72 per 1,000 employees and four times higher than the regional
average (0.68). There were many injured persons in the field of water supply, waste collection and disposal (0.94),
agriculture and forestry (0.88), mining (0.86) and manufacturing (0.79). The largest number of fatal injuries was
recorded in construction and agriculture.

In Russia and Crimea, organizational problems were in the first place among the causes of accidents with serious
consequences. This was evidenced by the results of labor protection monitoring*. Poor organization of production
processes was the cause of every third accident with severe consequences, while the proportion of such incidents was
constantly increasing.

! Russian Statistical Yearbook. 2022. Moscow: Federal State Statistics Service; 2023. 696 p. URL:
https://rosstat.gov.ru/storage/mediabank/Ejegodnik 2022.pdf (accessed: 24.12.2023). (In Russ.).

2 Industrial Injuries at Enterprises and Organizations of the Republic of Crimea. Department of the Federal State Statistics Service for the Republic of Crimea
and Simferopol. Sevastopol. URL: https://82.rosstat.gov.ru/folder/27542 (accessed: 24.12.2023). (In Russ.).

3 Occupational Injuries in the Russian Federation in 2021. Federal State Statistics Service. URL: https://rosstat.gov.ru/working_conditions
(accessed: 24.12.2023). (In Russ.).

* Results of Monitoring of Labor Conditions and Safety in the Russian Federation in 2021. All-Russian Scientific Research Institute of Labor of the Ministry of
Labor of Russia. URL: https:/vnii-truda.ru/uploads/researches_file/659e¢9020a8e7075635856.pdf (accessed: 24.12.2023). (In Russ.).
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Minor but significant factors that contributed to occupational injuries include violations of traffic rules, poor labor
discipline, and non-compliance with workplace safety standards. Approximately 7% of accidents with serious
consequences were caused by deviations from the established technological process. Other reasons included
shortcomings in the management and training of labor protection personnel, unsatisfactory condition and shortcomings
in the organization of workplaces, refusal to use personal protective equipment. About a quarter of all accidents with
serious consequences were difficult to classify unambiguously, as they were caused by circumstances that were not
directly related to human error.

Thus, the comparison of OI indicators in the Republic of Crimea for 2021 revealed differences. When analyzing the
basic integrated data, it appeared that the situation was fairly prosperous. However, a diversification of the Crimean
indicators, in particular the distribution of victims per 1,000 employees in specific economic activities, indicated
problems with ensuring security and the need for OS improvement.

Given the size of Russia, in order to correctly compare the average indicators for the country and the subject of
the federation, many factors must be taken into account, including nature, climate, and technological development of
the region. Comparable OI indicators made it possible to identify areas of increased risk and prioritize occupational
safety measures.

2. Analysis of the dynamics of occupational injury rates in the Russian Federation and the Republic of Crimea from
2017 to 2021.

Figure 1 provides the dynamics of the number of injuries and deaths at enterprises in the Republic of Crimea and the
Russian Federation from 2017 to 2021.
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Figure 1 shows how the main OI indicators have changed over the studied period. In the Republic of Crimea, the
maximum number of victims of accidents was recorded at manufacturing enterprises in 2017 — 149 people. In 2018 it
was 110 people, in 2019 it was 134. The minimum was recorded in 2020 (71 people), but in 2021 the figure almost
doubled to 124.

The dynamics of fatal accidents was similar. The number of fatal injuries had been growing for two years, peaking
in 2019, sharply decreasing in 2020 and increasing again in 2021 (Fig. 1 a).

In the whole country, the number of recorded occupational injuries had steadily decreased since
2017 (25,445 people), fell to a minimum in 2020 (20,503 people) and increased in 2021 (21,609 people). At the same
time, the number of fatalities increased from 1,140 in 2017 to 1,210 in 2021. In 2020, the lowest number of deaths as a
result of industrial accidents was noted (910, Fig. 1 b).

In 2017-2021, the proportion of fatal injuries in the Republic of Crimea significantly exceeded the average
statistical indicators (Fig. 2).

12
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Fig. 2. Share of fatal injuries in Russia and the Republic of Crimea in 2017-2021, % of the total number of injuries

In 2018-2019, this indicator in Crimea was the highest and exceeded the national average by 2.2 times. This fact
was probably related to the growth in construction volumes — this was the most traumatic type of economic activity in
the region.

In the Russian Federation and Crimea, the situation regarding occupational injuries worsened in 2021 (compared
to 2020) by three indicators:

— the total number of injuries at industrial enterprises increased (by 5% in the Russian Federation and by 75% in the
Republic of Crimea);

— there were more fatal injuries (by 33% in the Russian Federation and by 50% in the Republic of Crimea);

— the share of fatal injuries increased by 27% in the Russian Federation and decreased by 14% in Crimea (a sharp
increase in the total number of victims was accompanied by a decrease in the proportion of fatal victims).

The high growth rates in the number of accidents in 2021 could be explained by the low base of 2020. Due to
pandemic restrictions, injuries decreased significantly in 2020, leading to an unprecedented decrease in economic
activity. Many industries saw businesses operating at reduced or partial capacity.

In general, in Russia in 2017-2021, the absolute number of victims with disability and death decreased by 18%.
However, the number of deaths increased by 6% during this period. In Crimea, the number of people injured with
disability also decreased by 18%. In 2021 (compared to 2017), the number of work-related deaths increased by 22%.

Let us consider relative Crimean indicators for victims with disability and death (per 1,000 employees). In this case,
we used information on the types of economic activity included in the Rosstat sample. So, in 2017 and 2021, the same
indicator was recorded — 0.7 people per one thousand employees (Fig. 3 a). However, the number of deaths per one
thousand people employed in Crimea increased by 20%, and in Russia as a whole — only by 6% (Fig. 3 b).
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Fig. 3. Dynamics of injury rates per 1000 employees in the Republic of Crimea and in Russia in 2017-2021:
a — victims with disability for one working day or more and with fatal outcome; b — victims with fatal outcome

Thus, the dynamics of the total number of occupational injuries in the Republic of Crimea corresponded to the
all-Russian dynamics. However, a comparison of relative indicators showed that in fact the level of occupational
injuries in Crimea remained unchanged over the years, and the level of fatal injuries increased more than in the whole
country (Fig. 3). At the same time, funding for occupational safety measures in both the Russian Federation and in the
Republic of Crimea increased (Fig. 4).
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Fig. 4. Dynamics of the volume of financing for occupational safety measures per employee from 2017 to 2021, thousand rubles

As it can be seen from Figure 4, occupational safety costs in Crimea increased by 70%, from 7 thousand rubles per
employee in 2017 to 12 thousand rubles in 2021. In general, an increase of 58% was recorded in Russia, from
13 thousand rubles to 20.5 thousand rubles.

It is easy to see that the amount of funds allocated to occupational safety in Crimea in 2021 was about 1.7 times
lower than the national average. The highest values of fatal injuries in Crimea were recorded in 2018 and 2019. In the
same years, the difference between the regional and Russian levels of financing for occupational safety measures was
maximum. In Crimea, 2.2 times less was spent per employee than the national average. One possible explanation was
the lack of resources to provide occupational safety.

Relative OI indicators (per 1 000 employees) in the region were noticeably lower than the average for the Russian
Federation. So, in 2021, per 1,000 employees, the number of injured in the industries of the Republic of Crimea turned
out to be 36% lower, and the number of fatalities was 20% lower (Fig. 3). However, we believe that this was not due to
the effectiveness of occupational safety measures, but rather to the regional structure of industrial injuries by type of
economic activity. The low number of victims was generally characteristic of the Southern Federal District. This is due
to the lower number of people employed in industry, mining, and manufacturing enterprises. A significant part of the
population of the southern regions worked in the service sector.

Discussion and Conclusion. In the period from 2017 to 2021, funding for occupational safety measures at
enterprises in Crimea and Russia as a whole increased. At the same time, the rates of fatal Ol increased, and in Crimea
this trend was more pronounced than the national average. Apparently, the field of management needs more advanced
methods for evaluating the effectiveness of measures. In the annual ranking of the subjects of the Russian Federation in
terms of compliance with labor legislation® the Republic of Crimea moved from the third place in 2017 to the 42nd
place in 2018. In 2019, the region took the 20th place. The list was compiled by the Federal Ministry of Labor. It also
ranked the activities of the relevant regional executive authorities. According to the results of 2021, Crimea was ranked
60th out of 85 subjects of the Russian Federation in this list.

It is certainly necessary to thoroughly study and analyze the issues of OI prevention at construction sites in Crimea.
This is evidenced by the almost twofold excess of the number of victims of accidents in the construction industry in the
Republic of Crimea compared to the national average.

The highest number of fatalities is recorded in the construction and agricultural sectors of the republic. Therefore,
these sectors require more effective environmental protection measures, improved methods for preventing workplace
accidents, and adequate indicators to assess the dynamics of occupational safety and health [11].

In general, the results of the presented work indicate positive changes in ensuring industrial safety in the Republic of
Crimea. This opens up prospects for further research and the application of the data obtained. The data can be used to
develop indicators of industrial safety, tools for forecasting and analyzing occupational safety at the regional and
national levels. An interdisciplinary approach to the problem of occupational injuries opens up prospects for the
promotion of new methods for preventing accidents at work.

5 Rating of Executive Authorities on Labor of the Subjects of the Russian Federation on the Implementation of State Management of Labor Protection.
Ministry of Labor of Russia. URL: https:/eisot.rosmintrud.ru/formirovanie-rejtinga-sub-ektov-rossijskoj-federatsii-po-urovnyu-soblyudeniya-
trudovogo-zakonodatelstva-i-bazy-obraztsov-luchshej-praktikil (accessed: 24.12.2023). (In Russ.).
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One of the ways to improve the prevention of occupational injuries in the region is through the development of
continuous education in the field of occupational safety. This includes training and retraining of specialists in
secondary vocational and higher educational institutions [12]. The information collected on injury rates in
different sectors of the regional economy could be incorporated into training programs in subjects such
as “Life Safety” and “Occupational Safety”.

Current dynamics are partly related to the integration of Crimea after 2014. Indicators are given in comparison with
the national ones. It is logical to assume that the results of this scientific work can be used more widely when forming a
strategy for the development of occupational safety in new regions of the Russian Federation.
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Assessment of the Allergenic Potential of Urban Woody Flora
of Rostov-on-Don
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Don State Technical University, Rostov-on-Don, Russian Federation
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Abstract

Introduction. Plant pollen causes various allergic reactions in humans, including respiratory diseases, immune system
disorders, bronchitis, conjunctivitis, dermatitis, and hay fever. These diseases affect up to 30% of the world's
population. In large cities, trees and shrubs used in landscaping are significant sources of allergenic dust. Despite this,
the greening of cities worldwide often occurs without considering the allergenic properties of plants. With the
development of proteomics, it has become possible to assess the degree of allergenicity of proteins that make up plant
pollen in detail. Based on this information, a scale of potential allergenicity for woody plants has been developed. The
aim of this study is to assess the allergenic potential of woody plants in the urban flora of Rostov-on-Don.

Materials and Methods. The object of the study was trees and shrubs used in the landscaping of Rostov-on-Don. The
analysis of floristic data was based on the materials obtained during field work in 2023 on the territory of Rostov-on-Don.
The author also used the lists of the city's dendroflora compiled between 2007 and 2022. The assessment of the
potential allergenicity of woody plant species was conducted on a five-point scale, with 0 indicating plants that did not
pose an allergic hazard, 1 indicating a low allergenicity level, 2 indicating a medium class, 3 indicating a high level,
and 4 indicating a very high level of allergenicity.

Results. In the flora of woody plants in Rostov-on-Don, 61 species of potentially allergenic plants were identified,
posing varying levels of danger to human health. The share of all types of potentially allergenic woody plants was 30%
of the total number of urban woody flora species in the city. The most powerful sources of allergenic pollen included
nine species (Fraxinus Excelsior, Betula Pendula, B. Verrucosa, Platycladus Orientalis, etc.), which posed the greatest
threat of hay fever and other allergic reactions. As a rule, these were typically wind-pollinated plants that produced
maximum amounts of pollen. The list of potentially allergenic species included a significant number of adventitious
species (24 species), which made it difficult to control their spread. A taxonomic analysis of potentially allergenic
species was carried out at the order level, for which specific protein reactions were identified and detailed approaches to
the prevention and treatment of hay fever were developed. The orders Pinales and Fagales form the bulk of allergenic
pollen in the winter-spring period.

Discussion and Conclusion. For the first time, studies were conducted on the allergenic activity of urban woody flora
in the southern regions of Russia. An assessment of their allergenic potential allowed us to determine the level of threat
of allergic reactions in humans. The greatest danger comes from both allergenic and invasive species that can spread
actively and increase in numbers. Representatives of the Pinales and Fagales orders have proven to be significant
sources of allergenic pollen, as they often have high ornamental qualities and play a prominent role in design projects.
In some cases, it may be possible to replace these cultures with less allergenic alternatives, such as representatives of
the Rosales order, to reduce the risk of allergic reactions.

Keywords: pollen of woody plants, allergies to pollen, urban flora, flora of Rostov-on-Don, adventive species
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Hayunas cmamos
Ouenka ajliepreHHOro NOTeHIuAaaa apeBecHoi ypoanodaopsl ropoaa Pocroa-na-/{ony

M.M. Cepena
JloHCKOM rocyaapcTBEHHbIN TEXHUYECKUI yHUBEPCUTET, T. PoctoB-Ha-JloHy, Poccuiickas deneparust
P4 seredam@yandex.ru

AHHOTALMSA

Beeoenue. Ilpinpna pacTeHHil BBI3BIBACT y 4YeJOBEKAa DPa3sHOOOpA3HBbIE ajUIeprUYecKHe peakiMd, B TOM YHCIE
pecrnupaTopHble 3a00JIeBaHMS, HapyLIeHHs HMMYHHOW CHCTEMBI, OpPOHXHT, KOHBIOHKTHBHUT, IEPMaTUT, CEHHYIO
muxopanky. Mmu ctpagaer no 30 % nHaceneHust Mupa. B KpynHBIX Topojax MOIIHBIMH HCTOYHHKAMH aJIepreHHON
MBUIBIBI SBISIOTCSA JEPEBBbS M KYCTapHHUKH, HUCIOJIb3yeMble B 3€J€HOM CTPOHUTEIbCTBE. €M He MeHee, O3elIeHEHHE
OOJIBIIMHCTBA TOPOAOB B MHpPE IPOBOAMUTCS O€3 ydera ajuIepreHHOCTH NpHMEHseMbIX KynbTyp. C pa3BuTHEM
MIPOTEOMHUKH TIOSIBIJIACH BO3MOXKHOCTH JICTATHHO OIEHUTH CTENICHb AJUIEPIeHHOCTH Pa3IMYHBIX OENKOB, BXOJSIINX B
COCTaB MBUIBLBL. Ha 3THX cBeAEHMUSX COPMHUPOBAHBI IIKAIBI MOTEHINAIBHON aJNIEPreéHHOCTH JAPEBECHBIX PACTEHHM.
[lenpo maHHOTO WCCIENOBAaHMS SBHJIACH OLEHKA AJIEPIeHHOrO MOTEHIMAla APEBECHBIX PACTCHUH ypOaHO(DIOpHI
ropoaa PocroBa-Ha-/{ony.

Mamepuanvt u menoowvt. OGBEKTOM HCCIIETOBAHUS TTOCIYKHIN JEPEBbA U KyCTApPHHUKH, UCTIOIB3YEMbIC B O3E€JICHCHUHT
JIOHCKOH cTONHIbL. AHAINM3 (PIOPUCTUYECKUX JAHHBIX OCHOBAaH Ha MaTepHaax, MOJyUYeHHBIX B XOJIe TIOJIEBBIX paboT B
2023 romy Ha TeppuTOpHH ropoja. Takke aBTOPOM HCIIOJIB30BAIUCH CIUCKH AeAPOQIIOPHI TOPOIa, COCTABICHHBIC B
nepuon ¢ 2007 mo 2022 roa. OueHka NOTEHIMANBHON aJUIEPreHHOCTH BUJOB JPEBECHBIX PACTEHUI MPOBOJIMWIACH IO
nsaTHOaUIbHOM mikane, rae 0 — pacTeHuWs, He NPENCTaBISIONIME aJUIEPIeHHOM OomacHoCTH; | — HU3KWIl Kilacc
aJNIEPreHHOCTH; 2 — CPeAHMUMN KI1acC; 3 — BBICOKHM Kilacc; 4 — OY€Hb BBICOKHI KJIacC aJlJIepreHHOCTH.

Pe3ynomamut uccnedosanusa. B cocraBe (iopsl apeBecHBIX pacteHnit PocroBa-Ha-/{oHy BBISBICH 61 BUI pacTeHHIA,
MIPEACTABIAIOIMX pPa3Hble YPOBHM AJUIEPIE€HHOW OIACHOCTH JUIS 370pOBBS deloBeKa. Jloyisl HCCleayeMbIX BHIOB
coctaisieT 30 % oT obiero uncna apeBecHol ypoarodaopsl ropoaa. CaMbIMU MOLTHBIMU HCTOYHUKAMH JIIIEPTCHHON
MIBUTBIIBI SIBIISIFOTCS 1eBATh BUAOB (Fraxinus Excelsior, Betula Pendula, B. Verrucosa, Platycladus Orientalis n np.),
OHHU MPEACTABISIIOT HAHUOOJBIIYI0 Yrpo3y BO3HHKHOBEHHWS! MOJUIMHO30B W JpPYTHX ajlepruueckux peakmmid. Kak
MIPaBWIO, 3TO BETPOOMBUIAEMBIE PACTEHUS, INPOAYLMPYIOIME MaKCHUMaJIbHOE KOIMYeCTBO MbUIbIBL. Cpean
MOTEHLIMAIbHO AJUIEPICHHBIX BHJOB OTMEYAeTCs 3HAYUTEIHHOE KOJIMYECTBO aJBEHTHBHBIX BHIOB (24 BHIa), 4YTO
3aTpyAHseT KOHTPOIb Haja UX pacnpocTpaHeHueM. IIpoBeneH TakCOHOMUUYECKUIT aHANN3 MOTEHIHAIBHO ajlIepreHHbIX
BUJIOB pacTEHHH Ha ypOBHE IOPSIKOB, JUIi KOTOPBIX BBISBJICHBI CELM(UYECKHEe peakuuu OeKOB U pa3padOTaHbI
JeTAIBHBIE TTOIX0/bI K NMPOQIIAKTHKE U JieueHHIo moutnHo30B. Ilopsanku Pinales n Fagales ¢popmupyior ocHOBHYIO
Maccy alyIepreHHON MBUTBIIBI B 3MMHE-BECEHHUH MEPHOI.

Obcyrncoenue u 3arknwoyenue. ViccnenoBaHns alIepreHHOW aKTHBHOCTH JApeBecHOH ypOaHodiopsl Ha fore Poccum
npoBeeHb! BrepBble. OIEHKA €€ auIepreHHOro MOTEHIINANIA MTO3BOJIMIIA OTIPEAEIUTh CTENEHb YIPO3bl BOSHUKHOBEHHUS
QUIEPTHUECKUX peaknuit y umopell. HamOonplylo OMACHOCTH MPEACTaBISAIOT OJHOBPEMEHHO AJIEPICHHBIE U
WHBa3MOHHbBIE BH[IbI, CIIOCOOHBIC K aKTUBHOMY PACIPOCTPAHEHMIO U YBEJIMYEHHIO CBOEH YUCICHHOCTH. MOIIHBIMU
UCTOYHHMKaMH aJUICPreHHOM MbUIBLBI OKA3aJIHCh NpeacTaButeny nopsakos Pinales u Fagales. Onu ke, kak mpaBuio,
00J1a/1al0T BBHICOKUMH JEKOPATHBHBIMH KaueCTBAMHM M WTPAIOT BEAYLIYIO POJIb B IM3aHEPCKHUX INpOeKTax. B psme
CJIy4yaeB 3TH KyJIbTYPbl MOXHO 3aMelllaTh MEHee aJUIepIeHHBIMH, HallpUMep, IPEeICTaBUTEIsIMU ropsiika Rosales.

KiroueBble ca0Ba: mbUTbIA JAPEBECHBIX PACTCHU, aJUleprus HA MBUIBIYY pacTeHWid, ypOaHoduopa, ¢uopa ropoaa
PocroBa-na-J{oHy, aIBEeHTUBHBIC BUIEI

BaarogapuocTu. ABTop Giraroaput pefakMOHHYI0 KOMaHIy JKypHala U peleH3eHTa 32 KOMIIETCHTHYIO KCIIEPTH3Y
1 IEHHbIE PEKOMEH/IAIMH 110 YIYUIIEHUIO COJICPKaHNs CTAaThH.

Jnsa nurupoBanus. Cepena M.M. OrieHka aimiepreHHOro TIOTeHIHaa IpeBecHoi ypoanohmops! ropoaa PocroBa-na-/{oHy.
Besonacnocms mexnozennvix u npupoonsix cucmem. 2024;8(2):17-25. https://doi.org/10.23947/2541-9129-2024-8-2-17-25
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Introduction. Respiratory diseases associated with atmospheric plant pollen are currently a global public health
problem, as they affect about 30% of the world's population [1]. In Russia, allergic rhinitis, as the most common
allergic disease, affects from 11 to 24% of the population, depending on the region [2, 3]. Allergic reactions can
affect the human immune system and disrupt its work [4]. Pollen allergy can also cause a number of other diseases
(bronchitis, conjunctivitis, dermatitis, hay fever). Prolonged exposure to its high concentrations can lead to chronic
bronchitis and bronchial asthma [5].

Quite often, pollen allergy is associated only with the flowering of ambrosia (Ambrosia sp.) and some types of
cereal plants (oats, wheat, corn). However, there are many more sources of allergenic pollen. It is necessary to add to
this list cultivated plants (sugar beet, clover, sorrel, sunflower), weeds (dandelion, plantain, nettle, sagebrush, orach)
and various types of woody plants. Pollen containing simple alkaloids, amines, saponins, and essential oils most
often causes various grass pollen allergies [6]. There is disagreement among scientists about the allergenicity of
pollen from coniferous plants such as cypress, yew and pine. Some authors [7] are of the opinion that pollen of
coniferous plants has the least pronounced allergenic properties. Other experts [8] note that coniferous species have
very high allergenic activity. It is obvious that the landscape and the nature of vegetation play a crucial role in the set
of allergenic factors. Undoubtedly, in the conditions of large cities, the allergenic situation will be formed mainly
due to woody plants.

There are few studies of urban vegetation as a source of allergens [9, 10]. In some countries of the world, there
are aerobic stations that collect data on the content of allergens in the atmosphere. This allows a systematic approach
to the study of the problem of identifying allergenic species and determining their level of danger.

One of the first initiatives in the field of determining the allergenicity of garden plant species is the study of
T. Ogren [11], who developed the Ogren Plant Allergy Scale (OPALs), a system for measuring the ability of a plant
to cause allergic reactions in humans. K. Hruska [12] established the phytoallergenic potential of various plant
species present in urban ecosystems of Italy, based on their biological and phenological characteristics. More recent
projects are [8, 13] with lists of characteristics and signs of allergenicity of the 100 most used types of urban
landscaping. They were compiled in order to identify allergenicity problems in the population. Based on the
above-mentioned works, as well as with the involvement of molecular studies of protein compounds in pollen [14], a
list of 150 common trees and shrubs of Mediterranean cities was developed with an assessment of their potential
allergenicity on a scale from 0 to 4 (VPA).

With the development of molecular biology, in particular proteomics, it was possible to approach the molecular
mechanisms of human allergic reactions to pollen particles [15]. It has been established that the most powerful
sources of allergens were representatives of the orders Fagales, Lamiales, Proteales and Pinales. The aim of the study
presented today is to characterize the allergenicity of woody plants that make up the urban flora of Rostov-on-Don.

Materials and Methods. The object of the study was trees and shrubs that were in a stable and continuous urban
landscaping culture. The analysis of floral data was based on materials obtained during field work in 2023 in the city.
In addition, during the assessment of urban flora, the authors used the works of Ogorodnikova T.K., Pokhilko L.O.,
Fedorinova O.1. [16], Kozlovskii B.L., Kuropyatnikov M.V. [17], Berezin V.V. [18]. Invasiveness of plant species
was determined in accordance with the data collected by Vinogradova Yu.K., Maiorov S.R., Khorun L.V. [19]. The
assessment of the potential allergenicity of woody plant species was carried out on a scale [14], where 0 indicated
that the plants did not present an allergenic risk, 1 represented a low allergenic class, 2 was a medium allergenic
class, 3 was a high allergenic class, and 4 was a very high allergenic class.

Rostov-on-Don is located in a temperate continental climate zone with mild winters and hot, dry summers. The
average air temperature, according to long-term observations, is +11.0°C. The coldest month is January (with an
average temperature of —2.0°C). The warmest month is July (with an average temperature of +23.4°C). The average
annual precipitation in Rostov-on-Don is 618 mm. The zonal type of vegetation surrounding the urban landscape
are steppes [20].

Results. 61 species of potentially allergenic plants representing different levels of danger to human health have
been identified in the flora of woody plants of Rostov-on-Don. According to [17], the so-called real assortment of
woody plants in the city included 200 species of gymnosperms and angiosperms belonging to 97 genera from
43 families. The species that were in a stable and continuous urban gardening culture were taken into account. Thus,
the proportion of all potentially allergenic woody plant species (VPA species) was 30% of the total urban woody
flora (Table 1).
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ble 1
Potentially allergenic species of woody plants in the urban flora of Rostov-on-Don o
Number
Genus (species) of species Adventitious Invasive VPA Order
in the genus
Acer (except A. negundo) 4 2 2 Sapindales
Acer negundo North America Transformers 2+ Sapindales
Aesculus hippocastanum Central Europe 1 Sapindales
Ailanthus altissima Asia Transformers 3 Sapindales
Betula 2 4 Fagales
Campsis radicans North America 1 Lamiales
Catalpa bignonioides North America 1 Lamiales
Cercis siliquastrum Asia 1 Fabales
Corylus avellana 4 Fagales
Cotoneaster 3 1 Rosales
Crataegus
4 1 Rosales
(except C. monogyna)
Crataegus monogyna Invasive plants Rosales
Elaeagnus angustifolia Naturalized plants 1 Rosales
Fraxinus excelsior 4 Lamiales
Ginkgo biloba China 3 Ginkgoales
Gleditsia triacanthos North America 1 Fabales
Hibiscus syriacus Asia 1 Malvales
Juglans nigra North America 3 Fagales
Juniperus 2 1 4 Pinales
Ligustrum vulgare 2 Pinales
Malus domestica 1 Rosales
Morus alba Asia 3 Rosales
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Morus nigra Asia Rosales
Paulownia tomentosa China Lamiales
Picea pungens North America Pinales
Pinus sylvestris Pinales
Platanus x acerifolia Asia Proteales
Platycladus orientalis China Pinales
Populus alba Transformers Malpighiales
Populus deltoides Malpighiales
Prunus Rosales
Pseudotsuga menziesii North America Pinales
Pyrus comminis Rosales
Quercus robur Fagales
Rhus typhina Africa Sapindales
Robinia pseudoacacia North America Fabales
Rosa canina Rosales
Salix alba Malpighiales
Sambucus nigra Dipsacales
Sophora japonica Asia Fabales
Sorbus aucuparia Rosales
Spiraea x vanhouttei Rosales
Tamarix tetrandra Caryophyllales
Thuja occidentalis North America Pinales
Tilia cordata Malvales
Ulmus Rosales
Viburnum lantana Dipsacales
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It should be noted that the list of VPA species was rather heterogeneous in terms of allergenicity (Fig. 1).
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Fig. 1. Distribution of VPA species of urban woody flora of Rostov-on-Don by allergenicity levels

Group No. 1 turned out to be the most numerous, with 31 species, which was 51.6% of the total number of VPA
species. They carried a minimal risk of allergic reactions. Nevertheless, this group included quite common breeds in the
city, such as Aesculus hippocastanum, Catalpa bignonioides, Gledicia triacanthos, Robinia pseudoacacia, etc. These
species were entomophilic and produced significantly less pollen than wind-pollinated plants. In some species of this
group, only pollen showed allergenic activity, other parts of the plant might have the opposite effect. According to the
authors [21], extracts of the fruits of Gleditsia triacanthos exhibited pronounced anti-allergenic properties.

Ten species (16.7%) were assigned to the second class of allergenicity. In particular, these were Acer, Tilia cordata,
Pinus sylvestris, etc. By the nature of pollination, these were mixed species, i.e. insects were used to transfer pollen, but
small portions of pollen entered the air in an anemophilic way to attract them [14].

The third category also included ten species (16.7%), which were characterized by a high degree of allergenicity.
Among them were Ulmus, Morus alba, Populus alba, Ailanthus altissima, etc. When determining the allergenicity of
Ailanthus altissima, experts could not come to a consensus, since the strategy of its pollination has not yet been
clarified, namely whether it is pollinated amphiphilically or anemophilically. In the latter case, there was every reason
to place it in the third category of VPA species.

The fourth category included nine species (15%) that posed the greatest potential threat of the occurrence of
pollinosis and other allergic reactions. Among them Fraxinus excelsior, Betula pendula, B. verrucosa, Platycladus
orientalis were well known and widespread, i.e. typically wind-pollinated plants, therefore producing maximum
amounts of pollen.

The analysis of the identified potentially allergenic species showed a fairly high percentage of adventitious (alien to
local communities) species. It was obvious that pollen from such plants caused more acute and less predictable
reactions of the human body, and this happened for at least two reasons. Firstly, it was the lack of immune mechanisms
to combat new proteins in the pollen of foreign plants [15], and secondly, some adventitious species aggressively
captured new habitats, which led to a sharp increase in their numbers and, consequently, to an increase in pollen mass in
the atmosphere. Thus, the proportion of adventitious species in the list of VPA species might carry additional
information about the potential allergenic danger of urban flora (Table 1). 24 adventitious potentially allergenic species
were found in the urban flora of Rostov-on-Don, which was 12% of their total number. Almost half of these
species (45.8%) were from North America, the rest were from Asia or Africa. In addition, allergenic species included
five invasive species with different invasive statuses. These species could be introduced into natural cenosises and
transform natural ecosystems. It was necessary to control the spread of these species by urban flora monitoring.
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Taxonomic analysis of VPA species showed the distribution of potentially allergenic species in orders for which
specific protein reactions were identified and detailed approaches to the prevention and treatment of pollinosis were
developed (Fig. 2).

Fagales
Other 8%

15%

Lamiales
8%

Proteales

2%
Pinales
13%
Rosales
34%
Sapindales

13%

Fabales
7%

Fig. 2. Distribution of VPA species of urban woody flora of Rostov-on-Don in taxa at the level of orders

Pinales (13.1%) and Sapindales (13.1%) were the leaders in the spectrum of orders. The Pinales order included
Juniperus virginiana, J. sabina widespread in green construction, which, according to the VPA scale, belonged to a
class with a very high content of allergens. According to [22], the allergens Cry j 1 and Cup a 1, which belonged to the
family of pectatliase proteins and demonstrated high levels of cross-reactivity, were found in juniper pollen. Pectatliase
allergens were identified as major allergens not only in the pollen of Cupressaceae trees, but also in Asteraceae weeds,
which brought them closer to ambrosia from this point of view.

The second place in the number of species was shared by the orders Lamiales (8.2%) and Fagales (8.2%). Pollen
from Fagales trees was the main cause of winter-spring pollinosis in the temperate climatic zone of the Northern
Hemisphere [23]. The order included the families Betulaceae, Juglandaceae, and Fagaceae, which most often caused
allergies. A recent study has revealed the similarity of proteins in birch pollen with proteins of the lipocalin family, to
which most allergens of animal origin belonged.

In the Lamiales order, only the Oleaceae family included species with allergenic activity. Thus, Fraxinus excelsior
was a fairly powerful source of allergens. Its pollen productivity could reach the same level as that of birch, while the
flowering seasons of both trees overlaped significantly. Syringa vulgaris and Ligustrum vulgare were two
representatives of the Oleaceae family that caused allergies and asthma. Both plants were widely introduced into the
culture of green spaces in Rostov-on-Don. Interestingly, Ligustrum vulgare was a tree pollinated by insects, so the
concentrations of its pollen in the environment were usually very low. Nevertheless, there was evidence that Ligustrum
vulgare could act as a sensibilizer for allergies to all Lamiales [24].

The Proteales order included only one species, Platanus x acerifolia. Platanus was a common species in southern
cities, including Rostov-on-Don. The breed had high pollen productivity. For example, in Spain, during the flowering
season, the released pollen could reach a level of 14% of the total amount of pollen [25, 26].

The Rosales order included 21 species (34.4%) of woody potentially allergenic plants from the families Rosaceae,
Moraceae, Ulmaceae, etc. In this series, the most powerful sources of allergens were representatives of the Moraceae
and Ulmaceae, and these were plants with either a mixed type of pollination, such as mulberry, or exclusively
anemophilic — elm.

In the other orders, which accounted for 14.8%, only the Malpighiales deserved attention, which included Populus
and Salix. These cultures had moderate allergenic activity.
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Discussion and Conclusion. The assessment of the allergenic potential of woody plants of urban flora of Rostov-on-Don
allowed us to establish the degree of threat of allergic phenomena among citizens. Determining the level of allergenic activity of
each type of arboreal urban flora opens up new opportunities for further design of landscaping facilities that exert minimal stress
on the respiratory organs and the human immune system. The greatest danger is posed by both allergenic and invasive species
capable of active distribution and an increase in their numbers. The use of such species in the landscape design of the city, as well
as the introduction of new similar species in landscaping should be under the control of arborists. The most powerful sources of
allergenic pollen were representatives of the Pinales and Fagales orders. They, as a rule, have high decorative qualities and play a
leading role in design projects. In some cases, these cultures can be replaced with less allergenic ones, for example,
representatives of the Rosales order.

In the future, it is necessary to develop clear recommendations for urban landscape architects to limit the spread of
allergenic tree species.

The study of the allergenic activity of arboreal urban flora for the cities of southern Russia was conducted for the
first time. Further research will be related to the arboreal urban flora of cities in neighboring regions in order to conduct
a comparative analysis.
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Abstract

Introduction. Currently, there is a problem with the accumulation of large amounts of production waste. One type of
this waste is excess activated sludge, which is a waste product from biological wastewater treatment that has a high
moisture content. When excess activated sludge is deposited in beds, problems can arise related to changes
in the gas-air environment, the release of unpleasant odors, as well as the contamination of groundwater and soil.
Prolonged presence of sediment in sludge beds in oxygen-free conditions leads to its decay and deterioration of
moisture-yielding properties. For these reasons, the development of new methods for disposing of large volumes of
waste generated during wastewater treatment is essential. The aim of this research is to develop a technique for
preliminary neutralization and thermal treatment of excess activated sludge using energy waste.

Materials and Methods. The work used excess activated sludge with a moisture content of 98.2% (waste of hazard
class 1V). Water treatment sludge (waste of hazard class V) was used as a reagent to increase moisture yield. For
experimental studies on dehydration, a laboratory centrifuge Elmi CM-6M.01 was used. Tests were conducted under
various conditions (500, 1,000, and 1,500 revolutions per second for 1, 2, and 3 minutes), and the value of
centrifugation was determined as a criterion for moisture yield in the sludge. Fuel pellets were produced by rolling
with technical lignosulfonate as a binding agent. Elemental analysis of the samples was conducted to study the
possibility of thermal treatment using an EA 3,000 Euro Vector Analyzer.

Results. A comprehensive technology has been developed to clean the resulting gas emissions from solid particles
formed during the combustion of fuel pellets and remove them from the furnace in the form of fly ash along with the
outgoing gases. This technology also removed sulfur oxides, nitrogen oxides, and polychlorinated dibenzodioxins and
dibenzofurans, while beneficially utilizing flue gas heat by reducing its temperature from 900—1,200°C to 140°C.
Discussion and Conclusion. The approach proposed in this article for the processing and disposal of large volumes of
waste allows for the reduction of moisture content of excess activated sludge and the use of this waste as a secondary
energy source. This method is environmentally friendly and addresses both technical and environmental challenges,
such as the effective recycling of industrial waste and reducing the anthropogenic impact on soil, air, and groundwater.
It also provides an opportunity to generate additional electrical and thermal energy through thermal utilization of waste.
The results of this work indicate that it is possible to integrate the use of various types of industrial waste (sewage
sludge, water treatment waste, and pulp and paper industry waste) as secondary energy sources. These findings have
practical implications for enterprises in both the municipal and industrial sectors with wastewater treatment facilities.

Keywords: waste, excess activated sludge, neutralization, thermal disposal, fuel pellets, environmentally safe technology
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O0e3B0XKHBaHHE U IKOJOTHYECKH 0e30MacHasi TepMHuUYecKas nmepepadoTka U30bLITOYHOI 0
AKTHBHOI'0 WJIa

P.S1. UcxakoBa = D4, A.. Hypraiues

Kazanckuil rocyaapcTBeHHbIH 3HEpreTU4ecKuil yHuBepcureT, . Kasanp, Pocculickas @enepanus

P4l imreginaiskh@gmail.com

AHHOTANUA
Beeoenue. B HacTosmiee BpeMs CylIecTByeT Mpo0ieMa HaKOIUIEHUS! MHOTOTOHHAXKHBIX OTXOJIOB IPOH3BOoACTBa. OTHUM
U3 TaKUX OTXOJOB SBISETCS H30LITOYHBLIM AKTMBHBIM WA — OTXOJ OMOJOTMYECKOM OYMCTKH CTOYHBIX BOJ,

XapaKTepU3YIOUIUICS BBICOKOH BIIAXXHOCTBIO. [Ipu nemnoHupoBaHMM HM30BITOYHOIO aKTHBHOTO WJIa Ha Kaprax
BO3HHUKAKOT l'IpO6J'IeMI)I, CBA3aHHBIC C UBMEHCHUECM T'a30BO3YHIHOI'O (bOHa, BBIACJICHUEM HCHPUATHBIX 3al1aX0B, a TAKKE
3arpsAi3HEHUEM I'PYHTOBBIX BOA U M04B. [IpogosmkuTensHOE HaX0XKICHHE OCaKa Ha MIIOBBIX KapTax B OECKHCIOPOIHBIX
YCIIOBHAX MPUBOAUT K €r0 3aTHUBAHUIO, YXYILIEHHIO BIarooTAalomux cBoicTB. [1o aToi mpuunHe pa3paboTka HOBBIX
MOJXOJ0B K YTWJIM3aIWHd MHOTOTOHHA)XHOTO OTXO0Ja, OOpa3yromlerocsi NMpH OYHCTKE CTOYHBIX BOX, SIBIISETCS
akTyanpHOH. llenplo naHHOrO wWCCiiemOBaHUS CTala pa3paboTka crocoda MpPeABAPUTEIHHOTO O0E3BPEKHBAHUS U
TEepMHUYECKOH NepepaboTKN H30BITOYHOTO AKTUBHOTO MJIA C IPUMEHEHNEM OTX0/1a SHEPTETHKH.

Mamepuanvt u memoodst. B paboTe HCNOIH30BaTN N30BITOYHBIN aKTHBHBINA WII C BIAXHOCTEIO 98,2 % (oTxon IV kiacca
oracHOCTH). B kadecTBe peareHTa ISl MOBBIICHHS BJIarOOTAaYH MPUMEHSUIN IIIJIaM BOJONOATOTOBKHU (0TX0[ V Kilacca
onacHocTH). [t SKCIeprMEHTANBHBIX HCCIIeIOBaHUH 10 00€3BOKUBAHUIO MCIIOIB30BATH JIAOOPATOPHYIO HEHTPUDYTY
Elmi CM-6M.01, Ha KOTOpOl IPOBOIMIIM HCIIBITAHUS IIPH pa3iuuHbIX yciaoBusx (500, 1 000 u 1 500 ob/cex B TeueHue
1,2, 3 MUHYT) ¥ ONIpEeIsUTH 3HaYeHHE HHIEeKCa HeHTPU(YTHPOBaHHS KaK KPUTEPUS BIAroOTAa4yu ocajka. TOoIUTMBHbIE
rpaHysibl ObIM pPa3pabOTaHbl METOJOM OKAaTbIBAHUS C IPUMEHEHHEM B KaueCTBE CBSA3YIOIIETO TEXHUYECKOTO
IUrHOCYJIb(OHAaTa. DJEMEHTHBI aHauu3 OoOpa3loB C LEJBI0 HM3YYCHHS BO3MOXKHOCTH TEPMHYECKOH YTHINM3aLUH
MIPOBOAMIICA C IprMeHeHneM ananm3aropa EA 3 000 Euro Vector.

Peszynomamut uccnedosanun. PazpaboTaHa KOMIUIEKCHASI TEXHOIOTHSI OYHCTKH 00pa3yIOIUXCs Ta30BbIX BEIOPOCOB OT
TBEPABIX YACTHI], 0OPA3yIOIUXCS PH CKUT'AHUH TOIUIMBHBIX I'PaHyJ M BBIHOCHMBIX M3 TONKH B BHAE 30JIBI-YHOCA C
yXommuMu Tazamu. I[Ipm 3TOM OJHOBpPEMEHHO TaKKe YHAJSIOTCS OKCHABI CEpbl, a30Ta, IOJUXJIOPHPOBAHHEIE
JIMOCH30/IMOKCUHBI M MOEH30(ypaHbl MPU YCIOBUM IIOJIE3HOTO HCIOJNB30BaHUS TEIUIA IBIMOBBIX Ta30B 3a CYET
cHIDKeHHs ux temneparypsl ¢ 900—-1 200 °C go 140 °C.

Obcyacoenue u 3axniouenue. llpearaemplii B cTaThe MOAXOA K IepepabOTKe M yTHIM3AlMM MHOTOTOHHAXKHBIX
OTXO/IOB TI03BOJISIET CHU3HUTh BIAYKHOCTh U30BITOYHOTO aKTHBHOTO WJIA U UCIIOJb30BATh OTXOJ] B KAYECTBE BTOPUYHOTO
SHEpreTudeckoro pecypca. Takol cmoco® SBISETCS DKOJOTHMUECKH O€30MacHBIM W TO3BOJSIET PEIIUTh JBOWHYIO
TEXHUKO-IKOJIOTHYECKYI0 3a1auy — 3(h(GEeKTUBHYIO MepepadoTKy OTXOIOB MPOM3BOACTB, CHHKEHUE aHTPOIIOT€HHOW
Harpy3kd Ha IOYBBI, BO3yX, IIOA3EMHBIE BOJBI, & TAKKE MOJIYUIECHHE MOMOJHUTEIBHON 3IEKTPHUECKON M TETIIOBON
SHEPruM IMyTeM TEPMUYECKOH yTHIM3auuu. Pe3ymbTaThl paOOThI CBHAETEIBCTBYIOT O BO3MOXKHOCTH KOMIUIEKCHOTO
HCIIOJIb30BAHUSI KOMOMHAIIMY OTXOJO0B Pa3IMIHBIX NPOU3BOACTB (OCAAKOB CTOYHBIX BOJ, OTXOJOB BOAOIOATOTOBKH U
LIEJUTION03HO-0yMa)KHOH TIPOMBIIUIEHHOCTH) B KadeCTBE BTOPHYHBIX JHEPreTHYECKHX pecypcoB. IlomydeHHbIe
Ppe3yIbTaThl MPEACTABISAIOT NPAKTHYECKNI HHTEPEC TS NPEANPUSITHI KOMMYHAIBHOTO M IPOMBIIINICHHOTO CEKTOpa, Ha
KOTOPBIX UMEIOTCSI COOPYKEHHSI OUUCTKN CTOYHBIX BOJI.

KiaroueBble ciioBa: OTXObI, HM30BITOYHBIN AKTHBHBIN ui, O6€3Bp€)KI/IBaHI/Ie, TCPMHUYCCKAsA YTWIN3allys, TOIJIMBHBIC
T'paHyJibl, 5KOJOTUYCCKHU 0e30IacHast TEXHOJIOTUs

BbaarogapHocTu. ABTOpPBI BBIpaXarOT MPU3HATEIHHOCTh PYKOBOACTBY M Kosuieram PI'BOY BO «KI'DV», a Takxke
OyaroapsT aHOHUMHBIX PELICH3CHTORB 3a MOMOIIb, OKa3aHHYO B MPOIECCE TOATOTOBKU CTATHH.

®duHaHcupoBaHue. lccienoBaHre BBIOJHEHO 3a cyeT rpaHTa Poccuiickoro HaywgHoro ¢onma Ne 21-79-10406,
https://rscf.ru/project/21-79-10406/

Jas uutupoBanus. Vcxakxosa P.f., Hyprammes A.J1. O0e3BokuBaHNE W SKOJOTHYECKHA Oe30macHas TepMHYecKas
nepepaboTka M30BITOYHOTO AKTUBHOTO Wia. besonachocmv mexnocenuvix u npupoousix cucmem. 2024;8(2):26-36.
https://doi.org/10.23947/2541-9129-2024-8-2-26-36
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Introduction. Ensuring environmental safety and reducing the environmental impact on the environment by
developing and implementing integrated approaches to waste management is a key goal in the field of sustainable
development. However, a significant amount of waste is still disposed of due to a lack of efficient waste processing and
disposal facilities. The intensive growth in the volume of various categories of waste leads to an increase in the
environmental burden on landfills and storage facilities every year. This results in environmental pollution problems
due to improper landfill operations and the need for territorial expansion. A significant portion of the waste currently
being disposed of could be recycled and reused, significantly reducing the load on landfills and providing a ready-made
secondary resource for further use in the production cycle.

One of these wastes is excess activated sludge, a type of sediment formed in the process of biological wastewater treatment,
which is diverted to sludge pits for drying in natural conditions. At the same time, about 100 million tons of such sediment are
produced in the Russian Federation each year. The storage of excess activated sludge leads to a change in the gas-air background,
the spread of unpleasant odors and bacterial contamination of soils.

Another large volume of waste product is sludge from water treatment of thermal power plants (TPP), which is
generated in clarifying filters during liming and coagulation processes of natural make-up water. This sludge is
discharged as a pulp into sludge reservoirs. During its storage, there is a risk of soil alkalization and increased
mineralization of groundwater.

A common problem that is typical of the storage of large volumes of waste is the alienation of agricultural lands and
territories, as well as an increase in anthropogenic load on the environment.

To reduce the anthropogenic load, various methods of the disposal of waste are used, including excess activated
sludge [1]. For example, activated sludge is processed to obtain an adsorption material for the sorption of oil and
petroleum products [2], as well as to extract phosphates and other pollutants from urban wastewater [3]. Another way to
recycle activated sludge is its use as an additive to organic mineral fertilizers [4], in construction in the manufacture of
concrete mix [5], as well as in the process of anaerobic fermentation to produce biogas and to use the solid phase (cake)
as a fertilizer and recultivant [6]. There are works by foreign and modern authors on the use of the energy potential of
excess activated sludge. For example, in [7] it is proposed to obtain hydrogen from waste activated sludge using a
microbial electrolytic cell in which organic compounds can be used as a substrate. Pyrolysis of activated sludge is
another way to use the energy potential and obtain additional energy during thermal decomposition of excess sludge of
pre-pyrolysis gas, semi-coke and liquid fraction [8].

The aim of this work was to study and develop a method for preliminary neutralization and thermal processing of
excess activated sludge using large-tonnage energy waste.

Materials and Methods. Experimental laboratory studies were conducted using excess activated sludge, which was
obtained from biological wastewater treatment. The species composition of the sludge included protozoa, amoebas,
rotifers, infusoria, nematodes, and actinomycetes, as well as other microorganisms.

Activated sludge had a flake-like structure that was brown in color and was a heterogeneous system with fine
suspensions. Its granulometric composition was determined, with particles less than 1 mm accounting for 98% of the
total, particles between 1 and 3 mm accounting for 1.5-1.8%, and particles larger than 3 mm accounting for only
0.4-0.6% of the overall composition. The density of this material was 1.11 g/cm®. Main organic components of the
sludge were proteins, fats, and carbohydrates, which made up 75-85% of its ash-free (organic) matter. The
remaining 15-20% was accounted for by a lignin-humus complex [9]. Table 1 shows the component composition of
excess activated sludge. Protein substances were mainly present in raw sludge, while humic compounds were present
in fermented sludge [10].

Table 1
Component composition of excess sludge
. Proteins, Total
Parameter Ash content | a-cellulose Hemicellulose rotems Fats . o Phosphorus
humates nitrogen
% 12.00-15.00 | 0.80-2.00 2.20-2.60 30.00-35.00|7.11-14.00| 6.80-7.30 5.40

Humidity of the activated sludge used after secondary settling tanks was 98.2%, after settling under the influence
of gravity it decreased to 94%. Ash content of activated sludge was 12.2%. Excess activated sludge belonged to
hazard class I'V.

Chemical composition of the mineral part of the excess activated sludge included (wt. %): SiO, — 35.7; ALO; — 12.3;
Fe,03— 7.8; CaO — 14.2; MgO — 9.4; K,O — 0.8; Na,O — 2.1; ZnO — 0.22; CuO — 0.12; NiO — 0.28; Cr,03 — 0.23.
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Excess activated sludge belongs to the group of hygrophilic organic substrates that easily rot and. For this reason, it was
treated [11]. The organic part of the excess activated sludge was subject to rapid rotting with the release of an unpleasant odor,
while the number of colloidal and fine particles increased, as a result of which sediment moisture yield decreased [12].

Moisture of activated sludge included free, colloid-bound and hygroscopic forms. Free moisture was not associated
with solid particles and was easily removed by drying on sludge beds, filtration or extraction at low pressures, and
dehydration [13]. Colloid-bound moisture was extracted from sediment with higher energy consumption, could be
removed by filtration and centrifugation during coagulation. Complete removal of colloid-bound moisture was possible
only by drying at elevated temperatures. Hygroscopic (or chemically bound) moisture made up to 8-10% of the total
mass of water and was not removed even during thermal drying, but only by sludge combustion [14].

In addition to high humidity, activated sludge was characterized by low moisture loss, which was due to the
presence of colloid-bound and hygroscopic moisture in it. Colloid-bound moisture was present in the activated sludge
due to the processes of rotting of its organic part, since rotting was characterized by increased formation of fine,
colloidal particles.

In the study, it was proposed to extract colloid-bound moisture by pretreating excess activated sludge with sludge
from thermal power plant water treatment and further their joint centrifugation.

It was proposed to use TPP water treatment sludge as a reagent, which was a waste of hazard class V, formed during
the preparation of make-up water at TPP. In this case, the slurry pulp was sent to sludge accumulators for its placement
and storage. Chemical composition of carbonate sludge of Kazan TPP-1 (% by weight): Ca** — 87; Mg** — 9.7,
COs> — 71.7; OH  — 10.03; SO4* — 5.7.

During the experimental studies, the moisture content of the slurry pulp was reduced from 87% to 3% by dewatering the
waste in the heat drying shop. Humic substances in the amount of up to 11% of the total mass of the sample were present in
the sludge, which was determined by gas chromatography-mass spectrometry [15]. The physical-chemical characteristics of
the sludge were determined: bulk density — 572 kg/m?, ash content of the sludge — 89%, moisture capacity — 56% (wt.),
pH of the medium — 8.54. Granulometric analysis conducted by the sieve analysis method showed that the main fraction of
the sludge (about 96%) was 0.09-0.50 mm.

During dosing, the water treatment sludge was evenly distributed among the large fibers and solid particles present
in the excess activated sludge, and the sediments were thoroughly mixed.

In experimental studies, an EImi SM-6M.01 laboratory centrifuge was used to dewater excess activated sludge. The
waste pre-mixed in various proportions (activated sludge and sludge) was separated in a centrifuge at speeds of 500,
1,000 and 1,500 1/s for 1, 2, 3 minutes.

Further, the centrifugation index was determined as a criterion for sludge water yielding capacity [16].

The assessment of moisture yield and sedimentation properties of activated sludge was carried out according to the
value of the centrifugation index / (cm?/g), calculated according to formula:

_V
V,-C’
where V, and V) — volume of compacted and initial sediment, cm?; C — concentration of initial sediment, g/cm?.

Centrifugation index, as a parameter as a criterion, allowed an assessment of the increase in the efficiency of dry matter
retention during the pretreatment of excess activated sludge with water treatment sludge. After dehydration, the sediment was
sent for thermal disposal. For the convenience of dosing by the rolling method, fuel pellets of 5—7 mm in size were developed.
Technical powdered lignosulfonate and technical corn starch were used as a binder. Lignosulfonate was a powder from light
yellow to brown in color, which was a by-product of cooking pulp. Technical corn starch was a homogeneous powdery
material from white to light yellow in color and acted as one of the most multifunctional raw materials.

The choice of binders was due to their availability, low cost, low humidity (no more than 8% and 10%, respectively)
and high heat of combustion (the lowest heat of combustion was 17.2 and 16.8 MJ/kg, respectively) [17]. The selected
binders were explosion- and fire-proof.

Next, general technical characteristics of the obtained granules were determined: humidity, ash content, abrasion
resistance, bulk density, as well as the heat of combustion of the granules. The elemental analysis of the samples was
carried out using an EA 3,000 EuroVector analyzer. Based on the conducted research, a suitable scheme for gas
emissions treatment was selected.

To obtain reliable data, all experimental studies were conducted at least three times.

Results. Experimental studies have shown that activated sludge was characterized by high humidity — 98.2%. For
effective dewatering, centrifugation of excess activated sludge and sludge of water treatment was carried out. Figure 1
provides the results of experimental studies.

1
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According to the results of the study, it could be seen that with an increase in the dosed sludge, the centrifugation
index decreased. The most optimal choice was centrifugation of excess sludge during pretreatment with sludge in the
amount of 0.6 g/dm? for 1 minute at a speed of 1,000 t/s.

I, cm’/g

18

16

14

12

T -—e-__
- -

- - -

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Fig. 1. Dependence of the centrifugation index value (I) on the dose of sludge (D):
— (black) — 500 rpm; — (orange) — 1 000 rpm; — (blue) — 1 500 rpm;
—— — 1 min; === — 2 min; =*= — 3 min

1.0

1.1 D, g/dm?
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During centrifugation, solid particles of water treatment sludge contributed to the rupture of colloidal systems and
an increased yield of hydrate-bound moisture. The aggregative stability of excess activated sludge was disrupted, which
contributed to increased moisture yield.

In addition, activated sludge particles were an amphoteric colloid and, like most microorganisms, had a negative
charge at values of pH=4-9 [18]. The introduction of sludge created pH=8.54, which corresponded to the presented
range of values. Activated sludge flakes were negatively charged, since the charge of polymeric substances and
microorganisms was close to neutral or slightly negative. In this case, the adsorption of extracellular polymers on
microorganisms occurred due to neutral groups and was not associated with a change in charge.

Positively charged Ca’* cations were present on the sludge surface. The extraction of colloid-bound moisture
occurred with high efficiency, since when treated with a water treatment sludge acting as a coagulant, charge
neutralization and particle enlargement occurred and, as a result, there was an increase in moisture yield properties and
a decrease in sediment resistivity.

As a result of pretreatment with sludge and further centrifugation, the structure of the sediment of excess
activated sludge changed. Without pretreatment with sludge, the activated sludge firmly retained moisture and was
characterized by low moisture yield, while colloid-bound moisture was extracted from the excess activated sludge
when the sludge was introduced. As a result, a solid phase was formed, which was easily separated from the
centrifuge centrate after centrifugation.

Hygroscopic or chemically bound moisture, which made up about 3—8% of the total moisture present in excess
activated sludge, was extracted only during thermal utilization.

Next, the mixed sediment, having a humidity of no more than 60-64%, was sent to the molding of fuel pellets with a
diameter of 5—7 mm using binders of technical lignosulfonate and technical starch. Pellets of this size were designed for
convenient movement by pneumatic conveying systems, as well as to improve the accuracy of fuel dosing. As binders,
preference was given to environmentally friendly substances with good heating value and bonding properties.

Important characteristics of the obtained granules, which affected the efficiency of thermal processing, were the
technical and thermal properties, which are presented in Table 2.

According to the research results, the main energy indicator characterizing fuel pellets was the heat of combustion.
For this reason, granules with technical lignosulfonate were selected for thermal processing, since they had higher
heating value. The resulting value of the heat of combustion of the developed granules was comparable to the heating
value of peat.

Table 2
Technical characteristics of fuel pellets
Samples with binders Industrial starch (22% weight) Indusgi;(l’/iifvréci);ﬁi)fonate

Moisture content, % 4.8+0.1 3.1+0.1
Bulk density, kg/m? 828 788
Ash content, % 29.2 27.9

Ash color light grey light brown

Abrasion resistance, % 0.5 0.1

Heat of combustion, MJ/kg 9,672.6 10,345.5

Heat of combustion of fuel pellets, in addition to humidity and ash content (external fuel ballast), was determined
by the ratio of the main elements (C, H, N, S) and depended on the content of combustible elements (carbon,
hydrogen and sulfur) [13].
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Elemental composition of fuel pellets using technical lignosulfonate showed the following values: C? = 30.1%; HP = 2.9%;
SP=1.1%; NP =1.24%. The main combustible elements included carbon (34.1 MJ/kg) and hydrogen (120.5 MJ/kg). Sulfur
and nitrogen in fuel pellets formed toxic oxides of sulfur and nitrogen, which must be extracted from gas emissions after
thermal disposal. At the same time, sulfur had a lower heating value (9.3 MJ/kg), and nitrogen was present in fuel granules in
the form of organic compounds and reduced the heating value of the fuel.

The technology of sediment utilization based on preliminary dewatering and their thermal processing in a circulating fluidized
bed with heat recovery of waste gases formed after the process of activated sludge burning and exhaust gases cleaning was

proposed (Fig. 2).

Returning SW to the cycle

|

)
==

Flue gas
recirculation

X =
Natural gas

_—

e

19

l For disposal

\—> For recycling in construction

Fig. 2. Process flow diagram of thermal processing of sewage sludge:
1 — sludge storage hopper; 2 — excess activated sludge storage tank;
3 — sludge mixing hopper; 4 — decanter; 5 — granulator (extruder);
6 — fuel pellet storage hopper; 7 — inert material storage hopper; 8 — boiler with circulating fluidized bed,
9 — flue gas heat recovery boiler; 10 — steam turbine;
11 — electric generator; 12 — cyclone; 13 — spraying absorber;
14 — suspended mixture preparation hopper; 15 — activated carbon injection unit;
16 — bag filter; 17 — activated carbon storage hopper; 18 — chimney; 19 — ash and reaction products collection hopper;
20 — slag collection hopper
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Combustion of granules from storage hopper 6 took place in boiler with circulating fluidized bed 8, which was
characterized by the effect of fluidization or “boiling” due to an ascending gas flow and intensive mixing of particles (with
the participation of an inert material from hopper 7 — sand (silicon oxide), which had a high specific heat capacity
(0.835 kl/(kg K)), stabilizing the temperature of the process with qualitative or quantitative fluctuations of fuel pellets
based on activated sludge). Intense boiling of the layer contributed to the mixing of fuel granules, oxidizer, and combustion
products. Therefore, there was no need for additional mechanical mixing of the granules. Natural gas was supplied for
ignition during the start-up of the installation.

After combustion, gases with a temperature of about 900—-1,200°C passed through heat recovery boiler 9, in which
chemically desalinated water was heated to a vapor state. Steam was directed to turbine 10, and electric energy was
generated using electric generator 11. Part of the steam from the heating selections was directed to the enterprise’s own
needs. Gases cooled to a temperature of 200-250°C were sent for purification to a filter unit consisting of mechanical
cleaning and equipment for cleaning gas emissions by absorption and adsorption methods. Capture of solid dispersed
particles was carried out by cyclones and bag filters. Cooled gases entered cyclones 12 to extract fly ash, as well as inert
material carried out with flue gases. Next, the flue gases were sent to spraying adsorber 13, in which they were
completely refined from hydrogen chloride, sulfur dioxide, nitrogen oxides, as well as partially from polychlorinated
dibenzodioxins and dibenzofurans. To do this, the waste of water treatment from hopper 1 was dosed as a sorption
material. After spraying adsorber 13, the temperature of the exhaust gases was 140°C. Aftertreatment from
polychlorinated dibenzodioxins and dibenzofurans was carried out by spraying activated carbon from hopper 17 in
unit 15 in front of the bag filters. The remaining fly ash, as well as unreacted sludge and chemical reaction products,
were captured using bag filter 16 and collected in ash and reaction products collection hopper 19. After cleaning the
flue gases using bag filters 16, a flue gas recirculation method was used to purify emissions into the atmosphere from
nitrogen oxides by taking 20-30% of the gas media from the flue and feeding them into the active combustion zone of
boiler with a circulating fluidized bed 8. After complete purification, the exhaust gases were sent to chimney 18.

Discussion and Conclusion. The research results obtained indicate the presence of an energy potential in the
developed granules that can be converted into thermal and electric energy while ensuring environmental safety and
minimizing negative impacts on the environment.

The choice of a circulating fluidized bed boiler is the optimal solution for this technology compared to other existing
options, as the intense boiling in the bed contributes to the mixing of fuel granules, oxidizer, and combustion products,
eliminating the need for additional mechanical mixing. Natural gas is used to ignite the granules during start-up.

When using fuel pellets made from activated sludge in a boiler with a fluidized bed, thermal decomposition of
calcium carbonate takes place at a temperature of 900—1,200°C and then further binding of sulfur oxide to produce
gypsum, followed by its removal. The following reactions occur in the bed:

CaCO; — CaO+CO, +178.8 kJ/mol,;
Ca0+S0, +1/20, — CaSO, — 500 kJ/mol.

Chlorine and fluorine compounds are also present in the organic part of the activated sludge. In the fluidized bed,
chlorine and fluorine compounds undergo high-temperature decomposition (pyrohydrolysis) with conversion to
hydrogen chloride and fluoride, which further interact with calcium oxides by the following reactions:

CaO+2HCI — CaCl, + H,0;
CaO + 2HF — CaF, + H,O0.

However, when using this solution, additional purification of gas emissions generated in a boiler with a circulating
fluidized bed is required, namely: extraction of solid particles formed during combustion of fuel pellets and removed
from the furnace in the form of fly ash with outgoing gases, as well as removal of residual sulfur oxides, nitrogen,
polychlorinated dibenzodioxins and dibenzofurans.

The advantage of the approach proposed in the article is the possibility of neutralizing toxic combustion products
that are formed during combustion.

Sulfur oxides, hydrogen chloride and fluoride, as well as polychlorinated dibenzodioxins and dibenzofurans are extracted
using a spraying adsorber and adsorption aftertreatment of flue gases with activated carbon. Limestone suspension is
traditionally dosed in a spray adsorber for aftertreatment. Since calcium carbonate is one of the main components of the water
treatment sludge, its use as a waste reagent of thermal energy is realized. An important condition is good mixing of the
suspension droplets with the exhaust gases, as well as ensuring fine spraying of the suspension.
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When SO is absorbed by the sludge of thermal power engineering, chemical reactions occur:
H,SO; <> SO, +H,0;
H,S0; +CaCO; + H,0 — CaSO, -H,04 +CO, T.

The removal of polychlorinated dibenzodioxins and dibenzofurans partially occurs in a spraying adsorber by the
following reactions:

C,H,Cls_, -0, +(9+0.5n)0, - (n—4)H,0+12CO, +(8—n)HCI
C,,H,Cls_, -O+(9.54+0.5n)0, > (n—-4)H,0+12CO, + (8 —n)HCI

This approach has shown its effectiveness in the incineration of municipal solid waste [19] and can also be
implemented in practice of thermal disposal of sewage sludge.

For complete purification of flue gases from nitrogen oxides to the values of permissible emission standards, partial
recirculation of flue gases is carried out by supplying them to the active combustion zone of the boiler. This approach
makes it possible to reduce the concentration of NOy to the required values. This method is widely used in the
combustion processes of power boilers and can also be used for boilers with a circulating fluidized bed.

The application of the proposed method of thermal neutralization of industrial waste — excess activated sludge and sludge
of thermal power engineering — by various industries allows us to preserve natural types of organic fuels and reduces the
anthropogenic load on the environment. At the same time, a double technical and environmental task is solved: effective
recycling of industrial waste, elimination of sludge pits, sludge collectors and related problems associated with the storage of
multi-tonnage waste and alienation of territories, as well as obtaining additional energy using an environmentally safe method
of thermal neutralization.

Thus, the proposed approach allows for the implementation of an environmentally friendly method of waste disposal
while implementing environmental protection measures. It effectively recycles multi-tonne waste and implements the
principle of energy conservation at industrial and municipal facilities that have a wastewater treatment system.
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Abstract

Introduction. The increasing anthropogenic impact on water bodies necessitates integrated solutions to assess
environmental risks. Literature describes the stages of risk assessment, the possibilities of environmental management,
and expert analysis, while risk modeling in this field is being investigated. However, the potential for predicting risks to
water quality and biodiversity during frequently performed hydraulic engineering works such as dredging has not been
fully explored. The relevance and practical significance of such an approach are evident. This study aims to develop a
mathematical model and software package that can assess risks to species diversity of the ecosystem of a shallow
reservoir ecosystem during work in its water area.

Materials and Methods. The starting point for the simulation was a description of the movement of water masses based
on the Navier-Stokes equations and the continuity equation at variable density. We used the diffusion-convection
equation to predict the transfer of suspended and dissolved particles, as well as to assess the impact of impurities during
eutrophication. To create the algorithm, we utilized the terms and definitions defined by the state standard for risk
management in emergency situations.

Results. To test the solution, we took data on hydro-mechanical work in the port area of Arkhangelsk. We visualized
the concentration fields of suspended particles 0, 15, 30 and 45 minutes after the soil was unloaded. It was found that
during the settling of the suspension, the area of its distribution expanded significantly, and this was fully consistent
with the data of field experiments during dredging. We calculated and tabulated the volumes of contaminated water at
soil dumps in three sites (with a single discharge and in total). To assess the risks to the Sea of Azov, we used the
maximum concentrations of pollutant (copper) obtained through measurements, modeling and remote sensing of the
Earth. In tests to determine the potential danger of the substance, we assumed that its concentration caused a reaction in
50% of organisms. For fish, the potentially dangerous concentration was 4 mg/l with a duration of 96 hours of exposure.
For zooplankton — 50 mg/l and 48 hours. For microalgae, 20 mg/l and 72 hours. The normalized risk value R, = 0.52
was obtained. The risk of copper concentration of 80 pg/l in the waters of the Azov Sea was recognized as significant.
A tendency towards increasing salinity and stratification of water masses in terms of oxygen content has been
identified, consistent with the findings of expeditionary research.

Discussion and Conclusion. The developed approach has allowed us to assess the change in the quality of the waters of
the Azov Sea and describe some transformations of the water area. Specifically, we are talking about the distribution of
suspended particles and areas of their deposition. These processes can lead to changes in the bottom topography, which
in turn can reduce the species diversity of the ecosystem.

Keywords: hydrochemical parameters of the water area, forecasting the spread and deposition of suspended particles,
modeling the spread of pollutants, reducing the species diversity of the aquatic ecosystem
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Hayunas cmamos

OueHka 3KOJI0THYEeCKHX PHCKOB MEJKOBOJIHOI0 BOJ0€Ma NPHU NMPOBeAeHUH
JHOYTJIyOUTEJbHBIX PadoT

A.E. Yucrsikos =, I.1O. Ky3Henosa = <

JloHCKOl rocytapCcTBEHHBII TeXHHUUECKHI yHUBepcUuTeT, I. PocToB-Ha-/lony, Poccuiickas @enepanus

P4 inna.yu.kuznetsova@gmail.com

AHHOTANUA

Beedenue. Ycunenue aHTPOIIOT€HHOTO BO3JICHCTBISI Ha BOJIHBIE 00BEKTHI TPEOYeT KOMITJIEKCHBIX PEIICHHUH /sl OLIEHKH
9KOJIOTUYECKHUX PHCKOB. B nuTepaType oOmUCaHbl 3Tamlbl OLEHKH, BO3MOXHOCTH HKOJIOTHUECKOTO MEHEIKMEHTa U
9KCIEPTHOTO aHaim3a. Mcciemyercss MoAeIMpoBaHWE PHUCKOB B JaHHOW cdepe. [Ipu 3TOM He M3ydyeH MOTEHIHAI
MIPOTHO3UPOBAHUS PUCKOB JJIsI COCTOSHHS BOABI M OMOPa3HOOOpa3usi B X0JI€ YaCTO BBIMOIHIEMBIX THAPOTEXHUYECKUX
paboT, HarpuMmep JHOYTIyOneHusl. OueBHIHBI aKTYaIBHOCTh M BOXKHOE MPUKIAIHOE 3HAYCHUE Takoro noaxoja. Llens
UCCIICIOBAaHUS — OMHCAHHE MaTEeMAaTHYeCKOH MOJEeNH M MPOrpaMMHOTO KOMIUIEKCA, KOTOPHIE MO3BOJAT OIICHHWBATh
PHCKH TSI BUZIOBOTO Pa3HOOOPA3Hs 3KOCHCTEMBI MEIKOBOJHOTO BOJIOEMA IIPH MTPOBEACHNH PA0OT B aKBATOPHH.
Mamepuanst u memoodpt. VICXOOHOH TOUKON MOAETMPOBAaHMSA OBLIO OIMCAHHE MpoLEecca ABMKEHHUS BOJHBIX MAaccC IO
ypaBHeHusIM HaBbe — CTOKCa M HEpa3pbIBHOCTH NPH NEPEMEHHOM IUIOTHOCTH. YpaBHEHHE IU(QPy3UN-KOHBEKINN
WCIIOJIB30BAIM JJIsI TPOTHO3MPOBAHUS MTEPEHOCa B3BEIICHHBIX M PACTBOPEHHBIX YaCTHUIl M OICHKU BIMSHUS TpHMeEcer
npu 3BTpodukammu. Co3maBas anropuTM, 33A€HCTBOBAIM TEPMHUHBI M ONpENeNeHus], IpHHATEe PoccTanmaproM uis
yIIpaBJICHUS] PUCKaMH B UpE3BbIUAHON CUTYaIHH.

Peszynomamut uccnedosanusn. JIjisi TECTUPOBAHUS PEIICHHS B3SUIM JaHHBIE O THAPOMEXaHUUYECKHX paborax B paioHe
nopta ApxaHrenbcka. Busyanusupopany 1nosisi KOHIEHTPAUK B3BEIIEHHBIX yacTul, yepes 0, 15, 30 u 45 MunyT nocne
BBITPY3KH TPyHTa. YCTaHOBJIEHO, YTO B MpOILECCE OCElaHMs B3BECHM 00JIAaCTh €€ PacHpOCTpaHEHHs 3HAYUTEIILHO
pacimupsercs, ¥ 3TO MOJHOCTbIO COIVIACYeTCsl C JaHHBIMH HATYpPHBIX 3KCIEPUMEHTOB TMpH IPOBEIECHHU
JHOYTITyOUTENbHBIX paboT. PaccunTanu n cBenu B TabIMIly 0ObeMbl 3arpA3HEHHOM BOJBI IPH OTBaJIaX IPyHTa HA TPeX
ydacTkax (TIpH OTHOKpaTHOM cOpoce M B cymme). [[msd omeHkH pHCKOB A30BCKOTO MOps Opaju MaKCHMallbHBIe
KOHLIEHTPALUH 3arpsI3HSIOLIECTO BellecTBa (MEIM), MOTyUYeHHbIE B XOZ€ 3aMEPOB, MOJECINPOBAHUS U AUCTAHIIMOHHOTO
30HIMpOBaHKNA 3eMi. B TecTax Uit ompeneneHus MOTCHIMAIbHON ONACHOCTH BEIIECTBA MCXOIMIIM U3 TOTO, YTO €T0
KOHIIEHTPALUs BBI3bIBACT peakuuio y 50 % opranusmoB. s ppIO MOTEHIMANBHO OMacHast KOHIEHTpanus — 4 Mr/i
TP ATUTEIBHOCTH BIUSHUS 96 4. J{ns 3oormurankrona — 50 mr/m u 48 4. s mukpoBopopocineit 20 mr/m u 72 .
[Momy4eHo 3HaueHNE HOPMAIM30BAaHHOTO prcka — R, =~ 0,52. [Ipu3HaH 3HaYUMBIM PUCK KOHIIEHTpauuu meau 80 MKr/i
B BOIaXx A30BCKOTO MOpsi. BbIsiBieHa TEHIEHIMS YBEINYEHHSI COJIEHOCTH A30BCKOTO MODPS M CTPaTU(QHKAIS BOJHBIX
Macc IO COJIePKaHHIO KUCIOPOAA, UYTO COTJIACYETCs C pe3yIbTaTaMH SKCIEJUIIUOHHbBIX HCCIIEIOBAHUM.

Obcyxcoenue u 3aknrouenue. PazpaboTaHHBINH 0IX0/1 O3BOIMI OIICHUTH H3MEHEHHE KadecTBa BOJ A30BCKOTO MOPS U
OIMCATh HEKOTOPBIE TpaHC(HOPMAINY aKBaTOPUH. Peds HIIET, B YACTHOCTH, O PaclpOCTPaHEHUH B3BEUIICHHBIX YaCTHI] U
0 paiioHax X oceJaHus. YKa3aHHBIE MPOLECCHl 00YCIOBIMBAIOT U3MEHEHHE penbeda THa, KOTOpOe, B CBOIO OYepesb,
MOJKET IIPUBECTH K COKPAIICHHUIO BUIOBOTO COCTaBa BOAOEMA.

KiroueBble ciioBa: TUAPOXUMHUYCCKUC IMapaMCTPhbl aKBATOPUH, TPOTHO3 PACIIPOCTPAHCHUS U OCAXKICHUSA B3BCIICHHBIX
JacTul, MOACINPOBAHUC PACHPOCTPAHCHUA 3arpA3HAIOMINX BCHICCTB, COKPAIICHUEC BUAOBOI'O pa3H006pa3H${ BO,Z[HOﬁ
3KOCHCTCMbI

Bﬂarouapnocw[. ABTOpLI BbIpaKaroT 6naroaapHocn) peaakuu MU pPCUHCH3CHTaM 3a BHHUMATCJIBHOC OTHOLICHUE K
CTaTbh€ U 3aMCYaHUsI, KOTOPLIC ITO3BOJIMIIN TOBBICUTH €€ Ka4€CTBO.

duHaHcupoBaHue. lccienoBanue BBHINONHEHO Npu (UHAHCOBOH moanepkke PH® B pamkax HayqHOro mpoekTa
Ne 21-71-20050.

Jas uutupoBanus. YuctakoB A.E., Ky3nerosa N.}O. Ouenka 3KOJOrHYecKUX PHUCKOB MEIKOBOAHOTO BOZOEMA IIPH
MIPOBEICHUN JHOYTITyOMTENBHBIX paboT. bezonacnocms mexHozeHHuIXx U npupoousix cucmem. 2024;8(2):37-46.
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Introduction. The development of the economy is accompanied by large-scale works on the territory of water bodies.
The examples include the construction of the Golden, Russian and Crimean bridges, dredging in order to expand water
areas for navigation, laying underwater gas and oil pipelines, and much more. Fundamental part of such projects is the
assessment of potential environmental impacts and risk forecasting. In Russia, these issues are regulated by the
Requirements for Environmental Impact Assessment Materials'. Additionally, GOST R ISO 14001-2016, which is the
official translation of the international standard ISO 14001:2015, is used to define the activities of enterprises and their
environmental management systems when forming applications and implementing projects. It is worth noting that the
current version of the standard is focused on preventing emergency situations, rather than eliminating their consequences.

The authors of [1] identify three stages of environmental risk assessment, while work [2] describes five stages.
Paper [3] focuses on the risks of oil and gas companies. It also discusses positive aspects of the implementation of an
environmental management system.

A significant part of the materials is devoted to the development of corporate environmental management systems to
ensure international or national security in the field of ecology [4]. In[5], the correlation of the company's
environmental responsibility and the value of its shares on the stock market are studied. A similar problem is considered
in [6]. The point is that the environmental responsibility of the French company has affected the growth of its market
value. The impact on the capitalization of the Green Company Awards was assessed, which recognizes the best
facilities and enterprises from the point of view of ecology [7]. In many cases, an expert approach to assessing
environmental risks of companies is taken into account [8]. However, it has significant drawbacks related to the
subjectivity of conclusions and the complexity of processing a large amount of information in conditions of
uncertainty [9]. Therefore, mathematical methods of risk assessment are more preferable.

Paper [10] describes popular approaches to risk assessment with an emphasis on the index approach. In [11], the
authors consider a model for assessing environmental risks using the Dempster-Schafer evidence theory, which has
proven itself well in solving problems under conditions of uncertainty. Nevertheless, its practical application is
complicated by the need for many complex calculations, including combined ones. Article [12] describes a
mathematical model based on a probabilistic approach and the determination of the integral value of risk assessment.
The literature does not consider the possibility of predicting a set of risks for the state of water and biodiversity when
performing hydraulic engineering works. However, it is precisely this approach that should be recognized as relevant,
having obvious practical significance at the present stage of economic development.

The aim of the presented study was to describe a mathematical model and a software package that allowed assessing
vulnerabilities and risks for the hydrochemical parameters of water area and species diversity of the ecosystem of a
reservoir when deepening the bottom of a shallow reservoir. First of all, it concerned forecasting the propagation and
deposition of suspended particles. These processes significantly affect the relief of the bottom surface. In addition,
zones of distribution of pollutants were modeled. Their toxicity can become a factor in reducing the species diversity of
aquatic ecosystems.

Materials and Methods. To predict the results of anthropogenic impact on a reservoir ecosystem (for example,
during dredging), a comprehensive mathematical model of suspended particles movement in the water environment was
proposed. It took into account wind currents, the movement of the aquatic environment and river flows, water body
geometry, turbulent exchange, and variable density of the aquatic environment, which could be influenced by factors
such as salinity or suspended matter. The model also considered the deposition rate of each particle fraction, determined
by its size and shape. In addition, it could be supplemented by a model for reservoir eutrophication, which would take
into account nutrient levels and their impact on processes within the reservoir.

Problem statement

A model of water movement. To describe the movement of water masses in a water body, we used a hydrodynamic
model [13]. This model included the following expressions:

1. Navier—Stokes equations of motion:
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' On approval of requirements for environmental impact assessment materials. Order of the Ministry of Natural Resources and Ecology of the
Russian Federation. URL: https://docs.cntd.ru/document/573339130 (accessed: 26.02.2024). (In Russ.).
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Here V= {u,v,w} — velocity vector of the water medium [m/s]; P — pressure [Pa]; p— density [kg/m’];
1, v— horizontal and vertical components of turbulent exchange coefficient [m?/s]; g — acceleration of gravity [m/s?].
2. Continuity equation in the of variable density:
op O(pu) 0(pv) Olpw)
ot ox oy oz
The initial and boundary conditions for the system of equations (1) and (2) were described in detail in [13].
A model for suspended particles propagation. To predict the transport of both suspended and dissolved particles,
we used a diffusion-convection equation [14]:
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where ¢, — concentration of the r-th fraction of suspension [mg/l]; w,, — rate of gravitational deposition of the r-th
fraction of suspension [m/s]; F. — intensity function of the sources of the r-th fraction of suspension [mg/(1-s)].

System of equations (3) was considered under the initial and boundary conditions described in detail in [14].

Based on system (1)—(3), it was possible to simulate the processes of movement and deposition of suspended
particles during dredging, as well as consider the possibility of optimizing the areas of soil dumps. It was advisable to
use these models to reduce harm to the ecosystem of a reservoir.

An eutrophication model. To assess the effect of impurities, let us consider a model of eutrophication of waters

based on diffusion-convection equation [15]:
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where S, — concentration of the r-th impurity [mg/1]; w,, — rate of gravitational deposition of the r-th impurity [m/s];
F, — function describing the intensity of a chemical-biological source of the r-th impurity [mg/(1-s)].

System of equations (4) was considered under the initial and boundary conditions, which were given in [15].

You can use (4), in particular, to describe:

— the influence of impurities entering the reservoir as a result of anthropogenic impact, for example, in an
emergency situation or wastewater discharge;

— processes of oxidation and reduction of manganese;

— oxidation of hydrogen sulfide;

— calculation of the concentration of dissolved oxygen in water.

Data on the location of sources can be obtained using remote sensing of the Earth.

An algorithm for assessing the risk of anthropogenic impact. Known approaches to risk understanding were
systematized in [16]. This paper used the definition of risk according to GOST R 55059-20122. Risk is the probability
of an emergency or the expected amount of damage associated with the realization of an adverse events. Let us consider
an example when impurities enter the water that negatively affects the ecosystem:

R=Efs E;. (5)
Here R — risk factor; Efs — potential danger or toxicity of the impurity; Es — exposure factor or the amount of
impurity in terms of one biological target. For a reservoir, the exposure factor could be calculated using formula:

Eg =8P kg, (6)
where S — impurity concentration specified or calculated based on model (4); Ps — hydrolysis rate index;
kg4 — bioaccumulation® or accumulation factor (for example, heavy metals) [17].

In world practice, it is customary to use a set of standardized tests* to determine the potential danger of an impurity
or a contaminant Efs. In the European Union countries, quantitative assessments of the toxicity of the substance
described below are distinguished.

— NOEC — no observed effect concentration, the maximum inactive concentration of the substance. As a rule, this
concentration, compared with the control one, does not cause a statistically significant negative effect (the probability of
its occurrence does not exceed 0.05) during a given exposure time.

2 GOST R 55059-2012. Safety in emergencies. Emergency risk management. Terms and definitions. Moscow: Standartinform, 2018. 8 P. (In Russ.)

3 Methods for Measuring the Toxicity and Bioaccumulation of Sediment-Associated Contaminants with Freshwater Invertebrates. Second edition.
Washington: United States Environmental protection agency; 1994. 148 p.

* Guidance on information requirements and chemical safety assessment. Appendix R10-2 Recommendations for nanomaterials applicable to Chapter
R.10 Characterisation of dose [concentration] — response for environment. European Chemicals Agency. URL: https://echa.europa.eu/guidance-
documents/guidance-on-information-requirements-and-chemical-safety-assessment (accessed: 26.02.2024).
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— LOEC — lowest observed effect concentration. Its action causes a response from the tested organisms. These can be
metabolic disorders, as well as disorders of growth, development, reproduction, and even death. LOEC values are higher
than NOEC values. If the effect (percentage of effect) of LOEC is known, you can roughly determine
NOEC: NOEC =LOEC /2 (at 10% < LOEC < 20%). That is, if LOEC affects 10-20% of the study population, then the
NOEC value can be roughly defined as half of LOEC.

— MATC — maximal acceptable toxicant concentration. This is a calculated parameter defined as the geometric
mean of NOEC and LOEC;

— EC, — effect concentration (concentration of the effect at which x% of the effect is observed compared to the
control group). That is, it is the concentration of a substance at which a response is observed in x% of the tested
organisms. For example, at ECso concentration, 50% of organisms react. A statistical method (for example,
regression analysis) is often used to calculate this criterion. At the same time, it is necessary to use a sufficient
number of concentration groups (doses), since the accuracy of the assessment depends on the number and range of
concentrations, and not on the sample size for each concentration. Along with the abbreviation EC, abbreviations
LC; or L(E)C,are used.

Within the framework of this study, three sets of tests applicable to natural water bodies were considered.

Results. Based on the considered models and approaches to risk assessment, the five-step algorithm described
below was formed.

Step 1. Study of the characteristics of the water area (geographical, climatic, hydrological). This step also meant
considering potential sources of suspension and impurities, such as work on the expansion and cleaning of the water
area, river runoff, industrial discharges, shipping, etc. It was also necessary to determine the volume of suspended
material that could be present.

Step 2. Modeling scenarios for the propagation of suspensions and impurities based on equations (1)—(4).

Step 3. Assessment of toxic effect Efs according to three selected tests.

Step 4. Assessment of risk factor for each substance based on (5)—(6) and calculation of normalized risk factor
R, € [0, 1]. For normalization, we used formula (S — Snin)/(Smax — Smin), Where Spin and Spax — minimum and maximum
concentrations of the substance in question.

Step 5. Formulation of preliminary conclusions. We considered the risk to be high at R,>0.55, significant at
0.3 <R,<0.55 and absent at R, <0.3.

Steps 2—4 can be repeated if you need to determine the best way to carry out the work. For example, during
dredging, it was possible to simulate the distribution of suspended solids for various soil discharge points and assess the
damage caused to the ecosystem.

A software package in C++ has been developed for the numerical implementation of models (1)—(4) and the above-
described risk assessment algorithm for anthropogenic impact. It combined four software modules. The purpose of each
of them is described below.

1. Calculation of the three-dimensional velocity vector of the aqueous medium based on the system of
equations (1)—(2). Complex geometry of the computational domain was taken into account.

2. Calculation based on the system of equations (3) of the transfer of suspended particles and their settling. In this
case, we mean a multicomponent suspension.

3. Modeling of eutrophication of a reservoir based on system of equations (4). Phyto-, zooplankton, as well as
13 chemical elements and their compounds, which significantly affected the hydrobiological processes of the reservoir,
were taken into account. These were dissolved oxygen, iron, sulfur, hydrogen sulfide, sulfates, sulfites, nitrogen,
ammonium nitrogen, nitrites, nitrates, phosphates, silicates, silicic acid.

4. Assessment of risks of anthropogenic impact based on the algorithm described above.

Modeling of the processes of movement and sedimentation of suspension during soil dumping. The developed
software package simulated siltation processes of navigable channels of the Don. In addition, it allowed us to study the
transport of suspended particles and the reshaping of the bottom surface in the Azov Sea. Special attention was paid to
the coastal and estuarine zones. In addition, the software was used to assess the environmental condition of water areas
during dredging operations in the Dvina Bay of the White Sea.

As an example, let us consider modeling the processes of movement and deposition of suspended matter during
work on expanding the water area [18]. To this end, we used data on work in the Arkhangelsk port area. To simulate the
propagation and deposition of suspended particles, a 3 km long section along the flow direction was taken as the studied
area of the reservoir. Its width was 1.4 km, its depth was 10 m.

Physical parameters of the aqueous medium and suspended matter:

— flow velocity — 0.2 m/s;

— suspended matter density — 1,600 kg/m>;

— suspended matter deposition rate — 2.042 mm/s;
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— content of particles with a diameter of less than 0.05 mm in the soil — 26.83%;

— volume of the discharged bulk material — 741 m3,

Parameters of the calculated area:

— step along horizontal spatial coordinates — 20 m;

— height step — 1 m;

— estimated interval — 2 hours;

— time step — 1 minute.
Figure 1 shows the concentration fields of suspended particles (in mg/l) corresponding to different time intervals. A
three-dimensional slice shows a section of the calculated area with a plane that passes through the discharge point and is

formed by vectors directed vertically and along the flow (from left to right).

z, m z, m
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Fig. 1. Fields of concentration of suspended particles (in the “depth — width” section of the reservoir) at different time intervals from
the moment of soil unloading: a — 7'=0; b— T'= 15 min; ¢ — 7'=30 min; d — T = 45 min.
The color scale indicates the concentration of the suspension. The horizontal axis represents data on the width of the reservoir, while
the vertical axis represents data on depth
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Based on the results obtained, the volume of polluted water was calculated at soil dumps at three discharge
sites (Table 1).

Table 1
Volumes of polluted water during soil discharge at three sites, million m?
Volume of polluted water at one Total volume of polluted water
discharge, taking into account
the concentratiQn of suspended matter taking into account the concentration
. in water Volume of suspended matter in water
Site .
of discharges
from 0.25 | from 20 from 0.25 from 20 Total
more than more than
100 mg/1 100 mg/1
to 20 mg/1 | to 100 mg/l to 20 mg/l |to 100 mg/1
1 0.890 0.245 0.150 124 110.36 30.38 18.6 159.34
2 0.813 0.202 0.105 50 40.65 10.10 5.25 56.00
3 0.889 0.240 0.150 45 40.01 10.80 6.75 57.56

It can be seen from the table that when the soil was discharged, a high concentration of suspension was fixed in a
relatively small volume of water (this is, for example, part of the water that was mixed with the soil). A larger
amount of water had a lower concentration (such as water in the immediate vicinity of dumped soil). Significant
amounts of water were polluted with a lower concentration of suspension during the discharge of soil, its
sedimentation and transfer by current.

The areas of soil discharge and the number of discharges were determined according to the terms of reference for
work on deepening the port's water area. The areas of the reservoir in which the death of phyto- and zooplankton was
possible were identified. The areas of these areas were calculated.

Assessment of the ecological state of the Azov Sea water area. The ecological state of a shallow water body, such
as the Azov Sea, was assessed using two different approaches. The first approach involved analyzing databases
containing constantly updated data, which were the results of expedition surveys conducted by the authors of this study
in the Azov-Black Sea region. The second approach involved the use of software that simulated the hydrodynamics,
hydrobiology, and transport of particles in a reservoir. Based on these comparisons, mathematical models were
calibrated and validated in order to obtain more accurate risk assessments.

The software package allowed us to assess the risks associated with such phenomena as:

— exceeding the maximum permissible concentrations of dangerous pollutants;

— rapid growth in the process of eutrophication of harmful and toxic algae (also known as “water blooming”).

Thus, by using the new software, it was possible to reduce the costs of expeditions for water sampling.

It should also be noted that data from remote sensing of the Earth were used to monitor the ecological state of the
studied water body.

Here is an example of how the measurement data from an expedition was processed. Let us take the process of
copper discharge from metallurgical plants and its flow into the Azov Sea through the Don River. Copper is a heavy
metal that can accumulate in living organisms to dangerous levels.

When assessing the risks associated with a shallow reservoir, such as the Azov Sea, maximum values of pollutant
concentrations obtained from measurements, mathematical models, and remote sensing data were used. At a specific
point in the reservoir, a measured or calculated concentration value of the pollutant was selected. Let us assume that the
measurements revealed an actual concentration of suspended matter in the water to be 80 micrograms per liter.
Depending on the location and depth of sampling, copper concentrations in the waters of the Azov Sea ranged from
0.001 to 100 micrograms per liter.

Hydrolysis rate index for copper was assumed to be equal Ps= 1.5, bioaccumulation factor (accumulation
of matter) — kzs = 2. Then according to (6) exposure factor Es =240 mcg/L.

As noted above, three tests were considered to determine the potential danger of substance Efs:

— LCs for 96 hours for fish (sander) — 4 mg/l;

— LCs for 48 hours for zooplankton (daphnia) — 50 mg/l;

— LCso for 72 hours for inhibition of microalgae growth — 20 mg/1.
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Let us take into account (5) and the algorithm described above. We get normalized risk value R, =~ 0.52. Thus, the
risk of the presence of copper at a concentration of 80 micrograms per liter in the waters of the Azov Sea can be
characterized as potentially significant.

It is also worth noting that the model (1)—(4) made it possible to track the trend of increasing salinity of the
Azov Sea and the stratification of water masses by oxygen content. This was consistent with the results of earlier
expedition studies [19].

Let us focus on the implementation of the 4th step of the algorithm, that is, on the assessment of the risk factor for
each pollutant. Using the system (5)—(6), the calculation of normalized risk factor R, € [0, 1] and the developed
software package, the maximum concentrations of the main pollutants characteristic of the Azov Sea were calculated.

The final risk analysis was carried out based on the results of processing the expedition data and the results of
mathematical modeling. Judging by the water pollution index, the ecological condition of the Azov Sea was improving.
Previously, water had been defined as “significantly polluted”, then as “moderately polluted” [19].

Discussion and Conclusion. The proposed software solution allows us to predict the effects of human activity on
the water quality of the Sea of Azov. The developed software package enables us to simulate the movement of
suspended particles within the water body, and identify areas where they may settle. These processes can alter the
bottom topography, potentially leading to a decrease in species diversity in the areas where sedimentation occurs. Based
on the results of our simulations, we can take steps to reduce the area of soil dumped during dredging, thus limiting the
damage to the reservoir's ecosystem. By analyzing the data generated by the software, we can assess the potential
negative impacts associated with economic losses and risks to human health.
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Abstract

Introduction. Timber export plays a significant role in the budget of the Irkutsk region. To ensure the continued and
sustainable use of forest resources, it is essential to implement preventive measures for forest conservation. One such
measure is the analysis of phytosanitary risk, which helps to identify potentially harmful insects and determine the
likelihood of their introduction and spread, as well as the potential economic consequences. From the perspective of
applied riskology, it is necessary to carry out a predictive assessment, calculate the acceptability of risks and develop
methods for managing them, combining economic and monitoring approaches. The aim of the presented work was to
assess and predict phytosanitary risks in the Irkutsk region and potential damage to forestry and the economy, as well as
to develop measures to reduce them.

Materials and Methods. For this analysis, we used the results of forest surveys conducted in the Irkutsk region
in 2021-2023 with the participation of the authors of this article. These surveys included the identification and detection
of harmful insects, as well as the determination of their distribution areas according to GOST 34 309-2017 and the
methodology approved by the phytosanitary control authority. Additionally, data from official statistics from the
Federal Customs Service of Russia for 2021-2023 were used.

Results. We found populations of quarantine pests listed in the Unified List of Quarantine Objects of the Eurasian
Economic Union in the forests of Ust-Ilimsky district, such as Monochamus sutor, Monochamus sartor, Monochamus
galloprovincialis, Dendrolimus superans. We calculated the phytosanitary risk and assessed the quarantine
phytosanitary zone, taking into account the buffer zone.

Discussion and Conclusion. The results of the analysis suggest an unfavorable phytosanitary situation in the studied
areas. The high infestation of the detected harmful insects in the Ust-Ilimsky district compared to the reference areas
indicates the potential for quarantine zones and losses for loggers. To manage phytosanitary risks, it is important to
select options that are effective in reducing the spread of quarantine organisms and minimizing risks to an acceptable
level. Sanitary logging with timely removal of wind-damaged and fire-affected trees, as well as the use of pheromone
traps and biological products, are environmentally friendly options for managing phytosanitary risks.

Keywords: coniferous trees, pests, insects, death, forest diseases, lesions, phytosanitary risk, quarantine zone
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AHHOTALMSA

Beeoenue. DxcriopT OpeBECHHBI BHOCUT CYIIIECTBEHHBIHN BKIIaJ B OromkeT UpkyTckoii o6macTy, 9to Tpedyer obecredeHus
COXpaHEeHMs] M BOCIPOM3BOJCTBAa jeca. OIHUM W3 Ba)XHEWIINX HANpPaBICHWH NPO(WIAKTHUECKOW AESITENBHOCTH TI0
COXpaHEHMIO JIECOB SIBISICTCSl aHAINM3 (HuTOCAaHUTAapHOrO0 pucka. C ero IMOMOIIBIO YCTaHAaBIMBAIOT, SBISIOTCS JIH
OECKOHTPOJIFHO Pa3MHOXKAIOIINECS! HACEKOMBIC BPEIHBIMH, KAKOBA BEPOSITHOCTh MX WHTPOIYKIMH, PACIIPOCTPAaHEHHUS, a
TaKKe BEJIMYMHA SKOHOMHYECKUX MocyencTBUi. C MO3MLMKM COBPEMEHHOH NPHKIAAHONW TEXHOC(HEPHOW PHCKOJIOTHH
HEOOXOJIMIMO OCYILIECTBIISITH TIPOTHO3HYIO OLICHKY, IPOCYHMTHIBATH IMPUEMIIEMOCTh PHUCKOB M pa3palbaThiBaTh METOJIBI
YIOpaBJICHUS] UMM, COYETAIOIMMH SKOHOMHUYECKHE M MOHMTOPHMHTOBBIE MOAXoxabl. lLlempio mpencraBieHHOW pabOTHI
SIBUJIACH OLIEHKA U MPOTHO3MPOBaHKHE (PUTOCAHUTAPHBIX PHCKOB Ha TeppuTOopuu VIPKYTCKOM 00JaCTH M MOTEHIMAIBHOTO
yiep0a JIECHOMY X035HCTBY U 9KOHOMHKE, a TaKXKe pa3paboTKa MEPOIIPUSITHIA 10 X CHIDKEHHIO.

Mamepuanvt u memoowsl. {1 aHAMM3a WCIONB30BAIN PE3yNIETATHl OOCIECIOBAHUN JIECHBIX MaccHBOB MpKyTckoit
obmacty, mpoBeaeHHBIX B 2021-2023 romax, MpoBeAEHHBIX C y4aCTHEM aBTOPOB NaHHOH cTaThi. OHH BKITIOYATH B ce0s
BBISIBJICHHWE M WACHTH(UKAIMIO BPEJOHOCHBIX HACEKOMBIX, a TaK)Ke OINpEAEICHHE IUIOMaI X PACIpPOCTPAHEHHUS IO
I'OCT 34309-2017 wm MeTOAMKE, COIJIACOBAaHHOM OpraHoM (HUTOCAaHUTAPHOTO KOHTpossi. IlommuMmo 3TOTO,
UCIIONb30BaHbI JIaHHbIE OQUIMANBHON cTaTncTHKN DenepalibHON TaMOKEHHOM ity k0b1 Poccun 3a 2021-2023 1.
Pesynomamor  uccnedosanus. B necHnmuectBax Ycrb-MnmMckoro pailioHa ObutM  OOHapyKeHbl MOIYJISILHU
KapaHTUHHBIX BPEJHBIX OpPraHW3MOB, BKJIIOYEHHbIE B ENWHBIA mepedeHb KapaHTHHHBIX 00BbekToB EBpasmiickoro
SKOHOMHYECKOTO COI03a, TAKHME KaK: MaJbli YEPHBIN eNOBBIN ycad, OO0 YE€pHBINA €JI0BBIA ycad, YEPHBI COCHOBBIN
ycad, CHOMpCKHH menkonpsan. Paccuntan GpuTOCaHUTapHBI PUCK M OLICHEHAa KapaHTHHHAs (UTOCAHWTApHAs 30HA C
y4eToM OyhepHOi 30HbI.

Oébcyycoenue u 3akniouenue. Pe3ynbTaTsl TPOBEICHHOTO aHAN3a CBUACTENBCTBYIOT O HEOIAarompHsTHON
¢uTocaHUTAapHON OOCTAaHOBKE HA M3YyYEHHBIX TEPPUTOPHMSX. BEIpaskeHHasl 3apaXKEHHOCThH 10 BBISIBICHHBIM BPEIHBIM
HaceKoOMbIM B YcTh-MnmmMckoM paiioHe, 10 CpaBHEHHMIO C TEPPUTOPHSMH, B3STBHIMU JUISI CPAaBHEHUS, IIO3BOJISIET
CIIPOTHO3MPOBATh KAapaHTHHHBIE 30HBI M BO3MOXKHBIE MOTEpH Jieco3arotoBuTenei. BapumanTel ynpaBieHus
(UTOCAaHUTAPHBIMH PHUCKaMU CJEAyeT BBIOMpaTh, HCXOIs W3 WX J(PQPEKTUBHOCTH B YMEHBUIEHHH CKOPOCTH
pacrpocTpaHeHus] KapaHTUHHBIX OPraHU3MOB U CHIXKEHUH PHCKOB JI0 TIpreMiieMoro ypoBHs. Hanbonee skonormnueckn
Lesiecoo0pa3sHpIM — BapUAaHTOM  yNpaBieHUs (UTOCAaHUTApHBIMH pPUCKAMHU  SIBJISAIOTCSI CaHUTApHBIE pYOKH CO
CBOEBPEMCHHON yOOpKOW BeTpoBajia W IOBPEKACHHBIX I10JKAapOM JIEPEBbEB, YCTAaHOBKA (DEPOMOHHBIX JIOBYIIEK,
00paboTKa OHuompenaparamu.

KiroueBble cJjIoBa: XBOWHBIC JEPEBbs, BPEIAWTEIHM, HACEKOMBIC, T'MOCIb, OOJC3HH Jieca, OYard IOPaKCHHS,
(uTOCAaHUTAPHBINA PHUCK, KAPAaHTHHHAS 30HA

BbaarogapHocTi. ABTOPBHI BBIPaKarOT MPU3HATENBFHOCTh COTPYJHHUKAM (PUTOCAHUTAPHOTO KOHTPOJS M TaMOKCHHON
CITy>kOBI 3a TIPOSIBIIGHHBIM HMHTEpec K 00cykmaeMoil TemMe M OJaromapsT peJakIHOHHYIO KOJUIETHIO JXypHala
peneH3eHTa 3a npodecCHOHANBHBIN aHATIN3 U PEKOMEHIANH 11 KOPPEKTUPOBKH CTATHH.

Jost nutuposanusi. Tumogeesa C.C., Tenunkos C.B., Tumogees C.C. Onenka u nporHo3upoBaHie (GpUTOCAHUTAPHBIX
puckoB B Jecax Hpkyrckoit oOmactu. bezonachocme mexHoeeHHbX U npupoonvix cucmem. 2024;8(2):47-56.
https://doi.org/10.23947/2541-9129-2024-8-2-47-56

Introduction. The condition of forest vegetation in the Irkutsk Region is negatively affected by the presence of
needle-eating insects and other harmful pests. Their reproduction can lead to the death and desiccation of trees, causing
significant economic losses for forest users. These losses depend on various factors, including species composition of
forests, physiological state of trees, the area where the pests are reproducing, their species, population density, and
weather conditions. Factors that can negatively impact forests include economically dangerous insects, phytopathogenic
viruses and fungi, fires, windfall, droughts, floods, industrial emissions, recreational activities, and others [1].

! Customs statistics. Federal Customs Service. URL: hitps://customs.gov.ru/statistic (accessed: 20.02.2024). (In Russ.).
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Earlier, the authors have analyzed the environmental risks associated with forest fires in the Baikal region and proposed
measures to manage them [2, 3]. They have also addressed the risks of flooding in the region [4]. In addition to fires and
floods, significant damage to forests in the region is also caused by the emergence, uncontrolled reproduction, and
spread of harmful organisms. It is essential to carry out a quantitative assessment of risks and threats to forest health in
these areas, as well as develop and implement measures to manage these phytosanitary risks.

The procedure for analyzing phytosanitary risks, in accordance with international and Russian standards, is the
process of determining the level of penetration and spread of harmful organisms in the Russian Federation and related
possible consequences [5, 6]. The list of quarantined harmful organisms is determined by federal law, specifically the
“On Plant Quarantine” law?, which came into effect on January 1, 2019. (GOST 34 309-2017%).

Regulatory legal acts, including sectoral ones*, regulate the requirements for the procedure and criteria for assessing
phytosanitary risks. These risks are based on a point assessment of the probability of penetration, acclimatization, and
the introduction of temporary restrictions on the export of forest products. They also consider potential economic
damage and establish ways to manage and prevent such risks, as well as protective measures aimed at monitoring and
preventing the spread of harmful organisms. The main goal in identifying harmful organisms is to isolate and destroy
them. The list of quarantine organisms includes pests [7], plant pathogens [8], and weed plants [9]. It is important to
conduct phytosanitary surveillance at the border during import and export of plant products [10]. Phytosanitary zones,
territories where quarantine organisms have been found, should be monitored and timely measures taken to isolate and
eliminate them. This is extremely important for the main logging areas of Russia, specifically the Irkutsk Region, where
coniferous forests are primarily located and pulp and paper mills that require high-quality raw material are operating.
Long-term contracts have been concluded for the export of wood.

A comprehensive assessment of the phytosanitary risks and potential economic losses from exports in the Irkutsk
region was conducted previously. Therefore, the aim of this study was to assess and forecast the phytosanitary risks in
this region, as well as the potential damage to the forestry industry and the economy. Additionally, measures were
developed to reduce these risks.

Materials and Methods. The work is based on materials from surveys conducted by the authors between 2020 and
2023 to identify harmful insects in forests in the Irkutsk region. Pest distribution areas were evaluated in accordance
with GOST 34 309-2017 and phytosanitary monitoring methods. Initial data for estimating economic losses was
obtained from statistical data from the Federal Customs Service of Russia® and the administration of the Irkutsk region
for 20202022657,

Phytosanitary risk assessment was carried out according to GOST 34 309-2017 and the methodology agreed upon
by the phytosanitary control authority according to the algorithm below? (Fig. 1).

For the analysis, we used the results of a survey conducted in the Irkutsk region between 2021 and 2023, which was
carried out with the participation of the authors. The survey included the identification of harmful insects and the
determination of their distribution areas according to GOST 34 309-2017, as well as the methodology agreed upon by
the phytosanitary control authorities. In addition, we used data from official statistics from the Federal Customs Service
of Russia covering the period 2021 to 2023°.

20n Plant Quarantine. Federal Law No. 206-FZ dated 21.07.2014. Consultant plus. URL:
https://www.consultant.ru/document/cons_doc_ LAW_ 165795/ (accessed: 08.02.2024). (In Russ.).

3GOST R 57973-2017. Sanitary Safety in Forests. Terms and Definitions. Electronic fund of legal and regulatory documents. URL:
https://docs.cntd.ru/document/1200157752 (accessed: 08.02.2024). (In Russ.).

4 On Approval of the Methodology for the Implementation of Phytosanitary Risk Analysis. Order of the Ministry of Agriculture of the Russian
Federation No.46 dated 05.02.2018. Electronic fund of legal and regulatory documents. URL: https:/docs.cntd.ru/document/542618212
(accessed: 08.02.2024). (In Russ.).

° Russia’s Exports of the Most Important Goods. Tables. Customs statistics. Federal Customs Service. URL: https://customs.gov.ru/statistic/eksport-
rossii-vazhnejshix-tovarov (accessed: 20.02.2024). (In Russ.).

® Russian Statistical Yearbook. Moscow: Federal State Statistics Service; 2022. 691 p. URL: https:/rosstat.gov.ru/storage/mediabank/Ejegodnik 2022 pdf
(accessed: 20.02.24). (In Russ.).

" Department of Information and Statistical Services. The territorial body of the Federal State Statistics Service for the Irkutsk region. URL:
https://38.rosstat.gov.ru/inform uslugi (accessed: 20.02.24). (In Russ.).

8GOST R 57973-2017. Sanitary Safety in Forests. Terms and Definitions. Electronic fund of legal and regulatory documents. URL:
https://docs.cntd.ru/document/1200157752 (accessed: 08.02.2024). (In Russ.).

® Customs Statistics. Federal Customs Service. URL: https://customs.gov.ru/statistic (accessed:08.02.24). (In Russ.).

Technosphere Safety

49


https://www.consultant.ru/document/cons_doc_LAW_165795/
https://docs.cntd.ru/document/1200157752
https://docs.cntd.ru/document/542618212
https://customs.gov.ru/statistic/eksport-rossii-vazhnejshix-tovarov
https://customs.gov.ru/statistic/eksport-rossii-vazhnejshix-tovarov
https://rosstat.gov.ru/storage/mediabank/Ejegodnik_2022.pdf
https://38.rosstat.gov.ru/inform_uslugi
https://docs.cntd.ru/document/1200157752
https://customs.gov.ru/statistic

https://bps-journal.ru

50

Timofeeva SS, et al. Assessment and Forecasting of Phytosanitary Risks in the Forests of the Irkutsk Region

Stage 1 (preparation)

Identification of a harmful organism and ways of its spread
in a certain zone (territory) of phytosanitary risk

I

Stage 2 (risk assessment)

Assessment of the probability of penetration, acclimatization
and spread of harmful organisms and potential economic
and environmental consequences

I

Stage 3 (risk management assessment)

Identification of methods for managing the phytosanitary risk
identified in stage 2 to reduce or prevent it, as well
as an assessment of potential effectiveness

Fig. 1. Algorithm for phytosanitary risk assessment

The objects of research were:

— Monochamus galloprovicialis Oliv., which causes a disease known as “blue timber”. The presence of pests was
assessed by the presence of holes and beaten flour in August;

— Dendrolimus sibiricus, which is a needle-eating insect and destroys coniferous forests. The appearance of 300
needle-eating 500 insect individuals on one tree was enough for its complete desiccation. The appearance of caterpillars
was assessed in late July and early August!?;

— Polygraphus proximus Blandford, relates to bark beetles, leading to damage to the bark of coniferous trees,
accompanied by redness and shrinkage, is able to survive at low temperatures up to —50°C.

The number of beetles on one infected tree in the foci of invasion could range from several hundred to several
thousand individuals'!. The presence of pests was recorded by the presence of gnawed channels on weakened and
shrinking trees [5].

The assessment of potential damage (PD) for a given period of time was determined by the following formula:

PD = VP-VA-PEV;
100
where VP — indicator of the probability of invasion; VA — indicator of the probability of acclimatization;

PEV — indicator of potential economic harmfulness [11].

Determination of the density of infestation of timber with harmful insects was performed according to a well-known
technique'?. The number and method of sampling were determined in accordance with GOST 12 430-2019"3,

The results were processed using mathematical methods based on correlation and regression estimation.

Results. When conducting monitoring studies with the authors' participation in the Irkutsk region, several sites were
identified where certain harmful insects, such as Dendrolimus sibiricus, Polygraphus proximus, Monochamus sutor,
Monochamus sartor, Monochamus, Monochamus impluviatus were actively multiplying. The largest area of damage
was caused by foci of Dendrolimus sibiricus (up to 92%).

1% All-Russian Plant Quarantine Center STO 2.016-2016. Dendrolimus Sibiricus Tschetverikov. Rules for Conducting Quarantine Phytosanitary
Inspections of Quarantined Facilities and Establishing a Quarantine Phytosanitary Zone and Quarantine Phytosanitary Regime. URL:
https://0i25.vniikr.ru/documents (accessed: 08.02.2024). (In Russ.).

" All-Russian Plant Quarantine Center STO 2.054—2017. Polygraphus Proximus Blandford. Rules for Conducting Quarantine Phytosanitary
Inspections of Quarantined Facilities and Establishing a Quarantine Phytosanitary Zone and Quarantine Phytosanitary Regime. URL:
https://0i25.vniikr.ru/documents (accessed: 08.02.2024). (In Russ.).

12.0n the Approval of Methodological Guidelines for the Implementation of Forest Protection Zoning. Order of the Federal Forestry Agency No. 179
dated 25.04.2017. Consultant Plus. URL: https://base.garant.ru/71723350/ (accessed: 08.02.2024). (In Russ.).

13 GOST 12 430-2019. Plant Quarantine. Sampling Methods and Rates for Regulated Products during Quarantine Phytosanitary Inspection
and Laboratory Analysis. Electronic fund of legal and regulatory documents. URL: https://docs.cntd.ru/document/1200168062
(accessed: 08.02.2024). (In Russ.).
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During the surveys, Abies sibirica lesions were recorded by Polygraphus proximus, an invasive organism in this
area. Outbreaks of mass reproduction of this organism can cause serious damage to Abies sibirica, which is one of the
most important species of coniferous trees and is widely in demand in the international timber market, occupying a
small area in the Irkutsk region. During a detailed examination of fir trees and their assessment based on the scale of
damage caused by Polygraphus proximus, only 20% were found to be healthy, 40% weakened, and 15% severely
weakened in the surveyed area. Figure 2 shows the distribution of Abies sibirica trees according to categories of
condition based on damage caused by Polygraphus proximus'. The calculation was done using a well-known
method . It was established that there was up to 10% of dead wood on the surveyed territory.

I Healthy
54%
36%
VI Old 1T
dead wood Weakened
18%
0%
V Fresh Se Igel
dead wood verely
weakened
v
Shrinking

Fig. 2. Categories of condition of Abies sibirica trees damaged by Polygraphus proximus

During monitoring studies in the summer-autumn period of 2023 in the Ust-Ilimsky district of the Northern forestry
region, populations of the quarantine insect pest Dendrolimus Sibiricus Tschetverikov were identified in the following
locations: Tubinsky district forestry: center area — 758.13 hectares; Sosnovsky district forestry: center area — 811.01
hectares Phytosanitary risk areas have been calculated for each site, as shown in Figure 3 and Table 1.

4 The Ussuri Polygraph in the Forests of Siberia (Distribution, Biology, Ecology, Identification and Inspection of Damaged Plantations). Methodical
manual. Tomsk-Krasnoyarsk: UMIUM; 2015. 48 p. (In Russ.).
51d. P. 3-46.
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Fig. 3. Phytosanitary risk zone in the forest areas of the Northern forestry on Dendrolimus Sibiricus Tschetverikov:
a — Northern forestry, Tubinsky district forestry, Kedrovskaya dacha, 43 quarter-center;
b — Northern forestry, Tubinsky district forestry, Tubinskaya dacha, 116 quarter-center;
¢ — Northern forestry, Tubinsky district forestry, Kedrovskaya dacha, 303 quarter-center
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Fig. 4. Phytosanitary risk zone in the forest areas of the Northern forestry on Monochamus sartor:

a — Northern forestry, Tubinsky district forestry, Kedrovskaya dacha;
b — Northern forestry, Sosnovsky district forestry, Karapchanskaya dacha;
¢ — Northern forestry, Tubinsky district forestry, Tubinskaya dacha
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Table 1
Phytosanitary risk zones in the Northern forestry of Ust-Ilimsky district on Dendrolimus Sibiricus
Risk location Phytosanitary risk zone, ha
43 quarters of the Northern forestry, Tubinsky district forestry 56,951.66
116 quarters of the Northern forestry, Tubinsky district forestry 57,180.09
303 quarters of the Northern forestry, Tubinsky district forestry 57,353.26

Lesions of Monochamus urussovi Fisch and Monochamus galloprovincialis Oliv. were found on the territory of the
same forestry. Figure 4 and Table 2 provide phytosanitary risk zones for these insects.

Table 2
Phytosanitary risk zones in the Northern forestry of the Ust-Ilimsky district on Monochamus urussovi Fisch

Phytosanitary risk zone on Phytosanitary risk zone on

Risk location
\Monochamus galloprovincialis Oliv., ha| Monochamus urussovi Fisch, ha

INorthern forestry, Tubinsky district forestry,

1 4 1,343.1
Kedrovskaya dacha 379.43 ,343.18
Nor‘Fhern forestry, Tubinsky district forestry, 1.706.38 1 266.66
Tubinsky dacha
Northern forestry, Sosnovsky district 1.821.96 126373

forestry, Karapchanskaya dacha

The area of quarantine pest foci that were in the Irkutsk region in 2023 was 76,752.4 hectares. Of this area, foci of
Dendrolimus Sibiricus Tschetverikov accounted for 92%.

During the customs inspection of wood prepared for export from these forest areas, larvae of Monochamus
galloprovincialis Oliv., Dendrolimus Sibiricus Tschetverikov, and Polygraphus proximus Blandford were found.
Calculations have established that the density of distribution of live larvae could reach 540 m® of quarantined products,
which went beyond the entire volume of production, i.e. the spread of the pest would move to neighboring areas located
near logging facilities.

Within the phytosanitary risk zones, the activities of loggers and the export of wood outside the established
zone were limited.

Economic losses from the under-supply of wood and the implementation of phytosanitary risks within the studied
forestry amounted to 1,276 thousand dollars when exported to China at an average price of 220 dollars per 1 m?® of
coniferous wood.

Discussion and Conclusion. It has been shown that in 2023, on the territory of the Irkutsk region, an unfavorable
situation has developed and high phytosanitary risks have been recorded for several pests, including Dendrolimus
sibiricus, Monochamus galloprovicialis Oliv., Monochamus sartor and Polygraphus proximus Blandford.

Ust-Ilimsky district ranked first among the surveyed territories in terms of the total area affected. The largest
breeding sites of Dendrolimus sibiricus were recorded in the Tubinsky forestry district. The phytosanitary risk areas for
Monochamus galloprovicialis Oliv. accounted for 2.7% of the total affected area and were mainly concentrated in the
Sosnovsky forestry district. The area affected by Monochamus sartor reached 2.1% of the total and was recorded in
Tubinsky forestry and Kedrovskaya dacha. In Tubinsky forestry, there were foci of an invasive and highly aggressive
species — Polygraphus proximus Blandford — affecting fir trees over an area of 0.8%. Therefore, special attention
must be paid to preventive measures against this pest.

Considering that forestry enterprises in the Ust-Ilimsky district are the suppliers of raw materials for the timber
industry and exporters of wood products, the establishment of significant quarantine zones and restrictions on the export
of timber causes significant damage to the budget of the Irkutsk region. Pine is the most popular type of wood for
export, accounting for an average of 75% of the total volume, followed by Siberian fir at 7%. In this regard, it is
essential to monitor fir trees in three categories: operational — for the detection of shrinking trees during forestry
rounds; regime — at stationary sites in damaged areas; and local — in areas with the highest incidence of shrinkage.
If more than 10% of Category IV trees are identified, sanitary felling should be conducted to prevent the outbreak of
pest infestation. Category V and VI trees should be felled for firefighting purposes.


https://bps-journal.ru/

Safety of Technogenic and Natural Systems. 2024;8(2):47-56. eISSN 2541-9129

To combat Dendrolimus sibiricus, which can be found in coniferous forests, we recommend using a biological
preparation called “Lepidocide®”, which is based on the Bacillus thuringiensis var.kurstaki strain. This preparation
contains spores and cells from Bacillus thuringiensis var. kurstaki culture producer, as well as delta-endotoxins in the
form of protein crystals and inert fillers to ensure the safety and stability of the product. The drug is safe for humans and
warm-blooded animals, and the death of insects occurs only after the drug enters their intestines. The recommended
dosage of “Lepidocide®” is 3 liters per hectare. It can be applied as a suspension during aerial treatment of forests using
low-volume or ultra-low-volume spraying methods, or through aerosol sprayers using adjustable dispersion generators.

The experience of combating Dendrolimus sibiricus in the Irkutsk region during 2016-2017 using new insecticides
“Clonrin CE” and “Clipper CE” has shown that the processing of timber harvested for export in warehouses, although
ensuring its safety, can lead to unpredictable environmental consequences.

Given the unfortunate experience of widespread and careless use in the 1960s and 1970s of DDD — 1,1,1-trichloro-
2,2-bis(4-chlorophenyl)ethane, a persistent organic pesticide that is still present in biota and accumulates in trophic
chains, and is found in Antarctic penguin fat tissue, it is important to avoid using “Clonrin CE”, despite the
recommendations of relevant authorities'.

For preventive purposes, it is recommended to install pheromone traps to monitor for pests. The traps should be
placed at a height of 1.5-2 meters above the ground in the early summer and checked periodically.

The current situation regarding the spread of quarantine insects in the forests of the Irkutsk region is considered
unfavorable and requires the compliance with preventive and response measures in the event of an increase in numbers
or the emergence of new outbreaks. The most environmentally friendly option for managing these risks is to conduct
sanitary logging, which includes timely removal of wind- and fire-damaged trees and the installation of pheromone
traps. Additionally, treatment with biological products can help control the spread of pests.
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Abstract

Introduction. The malfunction of removable load-handling devices (RLHD) poses significant production risks. That is
why research in this field is relevant. The problem has often become a topic of scientific investigation. The authors
propose using artificial intelligence more extensively to monitor the state of RLHD. This paper presents a study on how
to improve the machine vision model to better identify the absence of locks on RLHD hooks. A probable occurrence of
such an issue in production is noted. A storage and monitoring system for RLHD condition is proposed. The aim of this
study is to demonstrate the potential for further training of neural networks to significantly enhance the efficiency of
RLHD monitoring, ensuring their safe use.

Materials and Methods. The work is based on the results of a survey conducted at the LLC “KZ Rostselmash” plant
from 2022 to 2023, involving 144 RLHD. Mathematical statistics methods were used to process the data. A neural
network model previously trained using the YOLO computer vision algorithm was studied. It was retrained taking into
account the norms of the rejection of RLHD, specified in federal rules and standards. Images of RLHD with defects and
missing parts were collected from these sources and used to create a training database. The database was expanded by
augmentation. The Roboflow platform was used for work.

Results. The array of images used for further training of the neural network was divided into three samples:
training (88%), validation (8%) and test (4%). These samples were used to train and validate its results. The training
was completed after 260 epochs, with a steady increase in accuracy. The neural network model of computer vision
obtained in this way automatically detected a common defect in the RLHD hook — the absence of a lock. Its
performance was assessed using three indicators: average accuracy (94%), prediction accuracy (88.8%) and
response (89.2%). The neural network could receive images from a video camera in real-time and recognize hook
defects. During the RLHD inspection at the Rostselmash plant, a grab for lifting engines was found to have all three
hooks defective — without locks. To avoid such situations, at the end of work, it was recommended to place the RLHD
on a special stand equipped with a microcontroller device that could monitor for a number of potential issues using
radio frequency identification.

Discussion and Conclusion. The main goal of this proposed solution is to detect and address signs of non-compliance
with the established standards. This task can be implemented in facilities that use lifting equipment. In this case, the
timely noticed RLHD defects will allow preventing production incidents. As a result, material damage can be reduced
and injury statistics improved.

Keywords: monitoring the condition of removable load-handling devices, rejection of load-handling devices, defects
of hooks for cargo work
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Hcnoab3oBanne HCKYCCTBEHHOI0 HHTEJLIEKTA ISl KOHTPOJIS HA1eKHOCTH ChbeMHbIX
rPy303aXBAaTHBIX MPUCIOCO0JICeHUIT

B.B. Ereasckuii =, H.H. Hukosaes"™', E.B. Ereabckas = D<), A.A. Koporkuii
JloHCKOM rocyAapCTBEHHBIN TEXHUYECKUI yHUBEpcUTeT, Poccuiickas denepanus

D4 egelskaya72@mail.ru

AHHOTaNUs

Beeoenue. HencrpaBHOCTh CHEMHBIX Tpy303axBaTHBIX npucriocobnennii (CI'TI) co3maer 3HAaYUMBIE PON3BOACTBEHHEBIE
pHUCKH. DTHM 00YCIIOBJICHA aKTyaJbHOCTh MCCIIEIOBaHUI B TJaHHOM HarpasjieHuH. [Ipobiiema 4acTo CTaHOBUTCS TEMOU
HayYHBIX W3BICKAaHWH. ABTOpPHI MpEATaraloT MIMPE HCIOIb30BaTh WCKYCCTBEHHBIH HHTEIUIEKT Ui MOHHWTOPHHTA
cocrostuust CI'TI. B mpexacraBieHHON paboTe MOKa3aHO, KaK yCOBEPUICHCTBOBATH MOJEIb MAIIMHHOTO 3PEHHsS IS
JYYIIETO BBIABICHHUS OTCYTCTBHA 3aMKOB Ha kpiokax CITI. OTMedeHa BEpOATHOCTH WIMPOKOTO PACIPOCTPAHEHHS
mpo0iemMbl B IPON3BOJICTBEHHOM npakTuke. [Ipemnoxkena cxema creHaa xpaHeHus: U kKoutpoist coctostaust CI'TL. ens
HCCIIEIOBAaHUA — IPOJEMOHCTPUPOBATH BO3MOKHOCTH IOOOYYEHHsS HEHpOCeTH Ui CYIIECTBEHHOTO ITOBBIIICHHMS
s dexruBHOCTH KOHTpOst CI'TI, oOecrieunBaromnero 6€30MacHOCTh UX MPUMEHEHHSI.

Mamepuanst u memoost. Pabora 6azupyercs Ha aktax obcienoanus 144 CI'TI Ha 3aBoge OO0 «K3 «Pocrcempmanm»y»
B 2022-2023 rr. Marepuansl 06pabaTbBaINCh METOAaMH MaTeMaTHYeCKON CTaTHCTHKH. MccenoBanack HelipoceTeBas
MOJIeNb, IPEIBAPUTEIHHO O0yUCHHAS MO alropuTMy KoMmmbioTepHOro 3perns YOLO. Ee mooOyunnm ¢ yuyeTrom HOpM
opakoBkn CITI, 3adukcupoBaHHBIX B (QelnepalibHBIX IpaBWIaX M CcTaHAaprax. M3 3THX HMCTOYHUKOB B3SUIH
m3ob6pakenus CI'TI ¢ gedekramut 1 OTCYTCTBYIOIIMMU dIIEMEHTaMH U cpopMupoBanu 6a3y st nooOydeHus cet. basy
pacuIMpHiIM METOIOM ayrMeHTauun. [ paboTel ncrons3oBany miardpopmy Roboflow.

Pe3ynomamul uccnedoeanus. MaccuB M300paxeHHH g JTOOOYYeHHS HEHPOCETH pa3feliyii Ha TPHU BBIOOPKH:
oOyugaronryro (88 %), mposepounyto (8 %) u tectoByio (4 %). [lo HUM npoBoAMIM 00yUYEHHE U BEPUPHUIIUPOBATH €TO
pe3ynbpratel. O0ydeHne 3aBepmmiioch 3a 260 3mox mpu cTaOWIBPHOM YBEIHYCHHH TOYHOCTH paboThl. [lomyuennas
TaKUM 00pa3oM HeipoceTeBast MOJIENIb KOMIIBIOTEPHOTO 3pEHUsI aBTOMAaTHYECKH OOHAPY>KMUBAET YacTO BCTPEYAIOIIUICsS
nedpexr kproka CITI — otcyrctBue 3amka. KadecTBOo ee pabOTHl ONEHWIM 1O TpPeM IOKa3aTeNsAM: CpEemHssA
To4yHOCTh (94 %), TouHOCTH TMpenackasanus (88,8 %) m orkmmk (89,2 %). HelipoceTb MOXeT B pexHMe peabHOTO
BpPEMEHH NOIy4aTh N300pakeHre ¢ BUACOKaMephl M pacto3HaBaTh aAedekT kproka. Ilpu obcnenoBanmu CI'TI Ha 3aBose
«Pocrcenpmarn» OOHApYKMIM SKCIUTyaTHPYeMbId 3axBaT JUIs IMOJbeMa JBUrareied, y KOTOpPOTrO Bce TPH KpIOKa
OKa3anch NePEeKTHBIMH — 0e3 3aMKOB. J[I MCKITIOYCHHS TaKMX CHUTYaIlldil M0 OKOHYAaHUHM PabOTHI Iesecoo0pa3Ho
pasmemiars CI'TI Ha crienuanbHOM CTEHZIE C MHKPOKOHTPOJUICPHBIM YCTPOHCTBOM, KOTOPOE OTCIIEAWT HAIWYUE pPsaa
npo0JIeM ¢ IIOMOIIBIO PaIHOYaCTOTHOM NICHTH()UKALIIH.

Obcyrycoenue u 3axntouenue. OCHOBHOE NpEAHA3HAYCHHE OIMCAHHOTO pEIICHHS — BBUIBICHHE W (DUKCArus
npusHakoB HecoorBeTcTBUs CITI TpeOyembiM HOpMaTuBaMm. 3ajada MOXKET OBITh pealn3oBaHa Ha OOBEKTaXx,
9KCIUTYaTHPYIOIIUX MOIBEMHBIE COOpYXeHHs. B aTom cimydae cBoeBpeMeHHO 3ameueHHBIe M3bsiHBI CI'TI mo3BomsT
IpeAynpexaaTh HNPOU3BOJICTBEHHbIE HHLUAEHTHL. B HMTOre MOXHO pPacCUMTHIBATH HA CHIDKCHHE MaTepHUalbHOTO
yiep6a 1 yiayqlieHHe CTATHCTHKY M0 TPaBMaTH3MY.

Ki1roueBble €j10Ba: KOHTPOJb COCTOSHUSI ChEMHBIX I'PYy303aXBAaTHBIX NPHCIOCOOJEHUH, OpakoBKa Ipy303aXBaTHBIX
TIPUCTIOCOOJICHUH, 1e(eKThI KPIOKOB JUII TPY30BBIX padoT

BuiaronapHocTu. ABTOpBI BBIPXXAIOT NPH3HATEIBHOCTh KOJUIETAaM — CIEHHUANACTaM Kadeapsl «OKCIUTyaTarys
TPAHCHOPTHBIX cUCTEM U noructuka» JI'TY 3a moMolp npu NOAr0TOBKE MaTEPUAIOB UCCIIEOBAHUS.

Juasn  uurupoBanusi. FErensckuit B.B., Huxonaes H.H., Erensckas E.B., Kopotkuit A.A. Hcnons3oBanue

HCKYCCTBEHHOI'O MHTEIUIEKTa AJIS KOHTPOJIS HAJEKHOCTH CheMHBIX I'PY303aXBaTHBIX NPUCTIOCOOICHUH. besonacrocmy
mexHo2eHHbIX U npupoonvix cucmem. 2024;8(2):57-67. https://doi.org/10.23947/2541-9129-2024-8-2-57-67
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Introduction. The sites where lifting cranes and other types of cranes are used are considered hazardous production
facilities (HPF)! and must comply with strict safety regulations. This includes safe operation of the equipment complex
and its elements, such as removable load-handling devices (RLHD). The health of this system depends to some extent
on human factors [1], and the risks associated with these operations can be reduced by introducing automation and
digital solutions.

HPF activities are under the supervision of the Federal Service for Environmental, Technological and Nuclear
Supervision (Rostechnadzor). At the same time, lifting structures and their associated equipment are exempt from regular
inspections?, and the condition of the equipment is monitored by relevant services within the operating enterprises [2].

Rostechnadzor publishes annual statistics on accidents and incidents, as well as conclusions based on the results of
its investigations®. These materials help us identify the main causes of accidents, particularly those related to the
monitoring of the condition of lifting devices. Some of the main causes include:

— absence of designated specialists responsible for the safe operation of lifting devices;

— admittance to work of personnel without appropriate qualifications;

— absence of job descriptions and production instructions at the facility;

—untimely scheduled inspections, repairs and technical inspections of lifting devices and equipment working in
conjunction with them.

Slingers use removable devices to hang loads from the hooks of lifting cranes or crane manipulators. The trouble-free
operation of the facility depends on the accuracy of these procedures.

Lifting structures should only be used in work projects or with technological maps, which include a mandatory
element — a cargo slinging scheme®. Before starting work, slingers, crane operators, and specialists responsible for safe
work production get familiar with the technological maps with provision of signature upon familiarization. The slinging
systems are posted at the work site.

The second important safety factor is the condition of the RLHD equipment. RLHD malfunctioning can lead to
falling of goods, lifting devices, or their components. Additionally, the stability of the lifting structure can be
compromised, which can result in material losses and injury to personnel.

Regulatory legal acts and job descriptions specify the requirements for continuous monitoring of the RLHD
condition. According to these documents:

— the slinger is responsible for daily monitoring of the RLHD condition, for which they are given time prior to
starting work>;

— at least once every 10 days, the specialist responsible for the safe operation of lifting structures monitors the
condition of slings. At least once a month, they also monitor grabs and traverses.

The results of the inspections are recorded in the logbook of periodic inspections of removable lifting devices and containers.

The fulfillment of these requirements should exclude the possibility of using faulty, defective RLHD.

It is known from statistics and literature [2] that the accident rate at HPF depends on the qualifications of managers
and responsible specialists. Personnel with insufficient competencies [3] may neglect control, skip some stages, and
violate the rules of RLHD inspections and documentation of their results.

The correct use of artificial intelligence greatly enhances the effectiveness of RLHD control.

This article explores the potential of further training neural networks [4] in order to improve the accuracy of
monitoring the RLHD operational state. We propose introducing neural network-based computer vision
technologies [5] for monitoring the operability of hooks on removable load-handling devices.

This approach is in line with the National Strategy for the Development of Artificial Intelligence for the period up to 2030°.

The aim of this study is to explore the potential for further training of a neural network in order to enhance the capabilities
of machine vision for determining the RLHD suitability. The practical application of this proposed solution has the potential
to improve the efficiency of monitoring the RLHD status and, consequently, enhance the safety of their usage.

"On Industrial Safety of Hazardous Production Facilities. Federal Law No. 116-FZ dated 21.08.1997. Consultant Plus. URL:
http://www.consultant.ru/document/cons_doc LAW_15234/ (accessed: 18.03.2024). (In Russ.).

21d.

3 Rostechnadzor. Report on the Activities of the Federal Service for Environmental, Technological and Nuclear Supervision in 2022. URL:
https://www.gosnadzor.ru/public/annual_reports (accessed: 10.03.2024). (In Russ.).

* On the Approval of Federal Norms and Rules in the Field of Industrial Safety "Safety Rules for Hazardous Production Facilities where Lifting Structures
are Used". Rostechnadzor Order No. 461 dated 26.11.2020. Garant. URL: https://base.garant.ru/400165076/ (accessed: 10.03.2024). (In Russ.).

5 Standard  Instruction for Slingers on the Safe Production of Work by Lifting Machines (RD 10-107-96). Garant. URL:
https://base.garant.ru/3924623/ (accessed: 10.03.2024). (In Russ.).

® National ~Strategy for the Development of Artificial Intelligence for the Period up to 2030. Consultant Plus. URL:

https://www.consultant.ru/document/cons_doc LAW_335184/ (accessed: 10.03.2024). (In Russ.).
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Materials and Methods. Slings are designed to hook, strap and hold cargo on the hook of a lifting device [6].
Different methods of sling rejection are used, depending on the design of the sling and the material it is made from. The
standards for sling rejection are defined in relevant documents. The test methods are described in the state standards’.

Each sling must have a marking tag indicating the manufacturer, serial number, load capacity and test date. The
absence of a tag is unacceptable and is an indication of a defect. An important element of the RLHD and slings is a
hook with a mandatory locking device (hook lock) [7].

In preparing this article, we used mathematical statistics to analyze the results of a mass RLHD survey conducted at
the LLC “KZ “Rostselmash” plant in Novocherkassk in 2022 and 2023. The survey was conducted by specialists from
the engineering consulting center “Mys!””, which was affiliated with Novocherkassk State Technical University. The
results of the survey were compiled in the form acts — mandatory appendices to the passports of each RLHD. These
documents were the source materials of the presented scientific work (Fig. 1, 2).

= With violations

= Serviceable

Fig. 1. Ratio of serviceable and non-serviceable RLHD

= Frame (beam) defect
= Defect of slings and chains

= Hook defect
= Absence of a passport

= Other defects

Fig. 2. Proportion of RLHD with inconsistencies and defects

7GOST 33715-2015. Cranes. Non-Fixed Load-Lifting Attachments and Tare. Exploitation. Garant. URL: https://base.garant.ru/71684432/
(accessed: 10.03.2024). (In Russ.).
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According to the survey of 144 RLHD, three quarters of the devices did not meet the requirements of regulatory
documentation® (Fig. 1).

The analysis of the distribution of defects and inconsistencies in regulatory documentation showed that the absence
of an RLHD passport was most common (more than 40% of cases). The most common technical flaw was a hook defect
(22% of cases). Defects in chains and slings accounted for 17% of recorded cases, and other defects accounted for 15%.
Structural defects amounted to 5%. These were flaws in special grips, pins, clamps, frames, beams, and traverses.

It is advisable to start the study with questions of monitoring the condition of hooks. In almost 100% of cases, their
defects were the absence or breakdown of the sling retainer (lock).

In [8], the possibilities of integrated risk assessment in the diagnosis of steel ropes using computer vision are
explored. This approach has become the basic one in the development of methods for quickly identifying
nonconformities and malfunctions of the RLHD. Devices that do not meet the required standards should not be
permitted to operate. To this end, technical control must be strengthened through a digital monitoring system equipped
with computer vision that can automatically detect visually identifiable malfunctions.

Based on the results of the comparative analysis, one of the computer vision algorithms was chosen — the pre-trained
YOLOVS open access neural network®. This was the latest version of a well-known model for real-time object detection
and image segmentation. It was based on the latest advances in deep learning and computer vision and had high
performance in terms of speed and accuracy. Due to its design features, it was suitable for various applications and adapted
easily to different hardware platforms. YOLOvVS identified many real-world objects: people, cars, computers, pieces of
furniture, etc. However, YOLOVS8 needed additional training to detect RLHD [9]. It was performed using the open online
service Roboflow?, which provided the user with tools to create a database of annotated images necessary for training the
YOLOv8 model. The service allowed you to upload and annotate images by specified classes, assign them to train,
validation and test samples [10].

Results. To retrain the network, unannotated images of hooks of different types, sizes and shapes with and without a
lock (Fig. 3) were used. These images were collected from various sources, including during the RLHD examination.

Fig. 3. Images of hooks without locks uploaded to the Roboflow service

The variety of hook images improved the quality of learning and subsequent recognition, significantly reduced the
number of errors of the pre-trained model [11].

At the next stage, the contours of the recognition objects were selected using the smart polygon tool and annotated
according to the hookWithLock (for hooks with a lock) and noLock (for hooks without a lock) classes (Fig. 4).

8 Introducing Ultralytics YOLOvS. Ultralytics. URL: https:/docs.ultralytics.com/ (accessed: 10.03.2024).
® Everything You Need to Build and Deploy Computer Vision Models. Roboflow. URL: https://roboflow.com/ (accessed: 10.03.2024).
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Annotation Editor

[ hookWithLock

Delete Save (Enter) I

1 hookWithLock -

Fig.

4. Annotating the image

The next stage in the additional training process for the neural network in Roboflow was augmentation, i.e.
increasing the sample size by converting images. Perspective, noises, turns, etc. were used for this purpose. As a result,

401 annotated images were obtained (Fig. 5)

401 Total Images

Dataset Split

TRAIN SET D

351 Images

View All Images =

VALID SET o TEST SET

33 Images 17 Images

Fig. 5. The result of annotation and augmentation

The resulting array of images was divided into train set, valid set and test set in the ratio of 88%, 8% and 4%,

respectively. Samples were used for network training and verification of learning outcomes [12].
The network trained and compared the results with a valid sample. At the same time, the accuracy of its work
steadily increased, and the training was completed in 260 epochs (Fig. 6).
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Fig. 6. Changes in the accuracy of computer vision neural network in the learning process

As a result, we obtained a neural network model of computer vision, which automatically detected a common
defect of the RLHD hook — the absence of a lock. The quality of its work was assessed by three indicators described
below (Fig. 7)

hook_lock/1 More Metrics Visualize
Model Type: Roboflow 3.0 Object Detection (Fast) mAP @ Precision @ Recall ®
Checkpoint: COCO 94.0% 88.8% | 89.2%

Fig. 7. Indicators of the quality of training of the resulting neural network
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1. Average precision value (mAP), equal to the average value of the average accuracy index for all classes in the
model. In this case, it was 94%.

2. Precision of prediction — showed how often the model's predictions turned out to be correct. The fixed level was 88.8%.

3. Recall — the percentage of successfully identified tags. It was 89.2%.

Such a neural network could receive a real-time image from any video camera and recognize a hook defect (Fig. 8)

Fig. 8. Work of a pre-trained neural network to detect hooks: a — with a lock; b — without a lock

This neural network was easily embedded in the program code in any programming language. This made it possible
to create a software product for automated assessment of the presence of RLHD defects and implement it into a
production digital system for monitoring the RLHD condition [13].

During the RLHD inspection at the LLC “KZ “Rostselmash™” plant, a PM-001501 grab was found. The device was
manufactured by the production company “Pod’em-master” and was designed for lifting engines of the Yaroslavl Motor
Plant. It could serve as an example of the operation of a faulty RLHD (Fig. 9).

Fig. 9. PM-001501 grab without locks on hooks
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As you can see, there were no mandatory locks on all three hooks. Nevertheless, the device was operated, which
posed risks to the life and health of personnel, as well as endangered the integrity of technical facilities. It was logical to
assume that such elements were in operation at many enterprises in Russia. To avoid such situations, the authors of this
article proposed to place the RLHD on a special stand at the end of the work (Fig. 10).

482 1,050

300 -
. 189
2 3
|oo

924

439

350 L350

241
5 _ 511
520

Fig. 10. Stand for storage and monitoring of the RLHD condition: 1 — stand; 2 — bracket with camera; 3 — box for RLHD
passport; 4 — electronic unit; 5 — base; 6 — hook pin; 7 — insulator; 8 — hanger; 9 — removable load-handling device

The stand was equipped with a microcontroller device that monitored the availability of the RLHD passport using an
RFID tag (radio frequency identification). In addition, it was used to determine the correct placement of hooks on the stand.
The tactile pins of the ESP32 controller were used for this purpose. When the hooks were positioned correctly, their condition
was recorded by a camera [14] mounted on the stand bracket. The resulting image was interpreted by a trained neural network
model of computer vision and a preliminary conclusion was drawn on the presence or absence of a defect [15].

Discussion and Conclusion. The proposed software and hardware solution is designed for automated assessment of
the condition of RLHD elements of operated lifting cranes. Using the potential of artificial intelligence improves the
quality and efficiency of monitoring. In particular, it allows timely identification of the lack of necessary elements and
defective indicators of the RLHD. This opens up the possibility of a significant reduction in accidents. Adequate
implementation of the proposed approach in production practice will also ensure informed decision-making regarding
extending the service life, admission to further operation or rejection of the RLHD.
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Konghnuxm unmepecos: aBTOpHI 3asBIISIOT 00 OTCYTCTBHU KOH(IIUKTa HHTEPECOB.
Bce asmopul npouumanu u 0006punu OKOHYAMeENbHBLIL BAPUAHM PYKONUCU.
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Abstract

Introduction. Currently, artificial neural networks (ANN) are successfully used for technical diagnostics of steel ropes.
Expensive software products with an adapted neural network implementation environment, such as STATISTICA,
Amygdala, MatLab Simulink, are often used for this purpose. The most affordable way to build and train an ANN, from
a financial point of view, is to write your own program code using interactive libraries such as TensorFlow, PyTorch,
Scikit-learn. However, such libraries are not fully adapted for building an ANN, and to use them you need to have basic
programming skills. As a result, the quality of an ANN depends not only on its architecture, training data, and
composition, but also on the environment in which it is built. The aim of the work was to compare the quality of the ANN,
built and trained by various methods according to the criterion of test network performance, confidence levels for
assessing the technical condition of the rope, as well as the complexity and speed of training. For this purpose, new
software has been developed to solve the problem of assessing the technical condition of a steel rope using a combination
of various rejection indicators.

Materials and Methods. The basis for an ANN training was a statistical database of typical damages of steel ropes and,
an expert assessment of the technical condition of steel ropes. The software was written in the Python programming
language. Various methods of programming a neural network were presented: an ANN built on the basis of the
STATISTICA software package and an ANN built using the interactive Scikit-learn library. Ten test samples were
prepared to verify the operation of the ANN. The ANN quality was assessed based on the test network performance and
confidence probabilities (activation levels of the “winning” neuron) of determining the technical condition of the rope.
Results. The construction of the ANN using the interactive library Scikit-learn showed a relatively high complexity of
construction and a relatively low learning rate of the ANN. Test performance of the network, with a test sample size of
ten, turned out to be the same for both built ANNs. At the same time, there was a difference in the indicator of the average
confidence level for determining the technical condition of a steel rope between the results of the ANN built on the basis
of the STATISTICA software package and the ANN built using the Scikit-learn interactive library.

Discussion and Conclusion. The results showed that the ANN built using the STATISTICA software package with
the same architecture and network learning parameters had more optimal software algorithms according to the criteria
of confidence probability and network learning speed in comparison with the ANN built using the free Skicit-learn
library. However, the indicator of the ANN test performance turned out to be the same for both ANNs. This result
justified the use of TensorFlow, PyTorch, and Skicit-learn libraries by the world's leading research and commercial
centers in the field of artificial intelligence. The obtained scientific result allows us to numerically evaluate and
compare the quality of an ANN having the same architecture and learning parameters, but built using different methods.
This will be useful for future scientific research in the field and for selecting the optimal environment for constructing
ANN s in industrial applications.

Keywords: steel rope, artificial neural networks, technical condition assessment, Python, Skicit-learn, STATISTICA,
rejection indicators
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Hayunas cmamos

CpaBHI/ITeJ'lI)HI)Iﬁ aHaJINn3 KadeCcrBa paﬁDTbl HCKYCCTBCHHBIX HeﬁPOHHbIX ceTen OJIAA OIICHKH
TEXHHUYECCKOI'O COCTOSAHMUA CTAJIBHOI'O KaHaTa
P.B. XBan

JloHCKOH rocy1apCcTBEHHBII TEXHUUECKHI YHUBEpCUTET, T. PocToB-Ha-[lony, Poccuiickas ®enepanus
> khvanroman@yandex.ru

AHHOTALMSA

Beeoenue. B Hacrositiee Bpemsi uckyccrBeHHble HelpoHHble cet (MHC) ycnemHo npuMeHsoTest Ui TEXHUYeCKOro
JMarHOCTUPOBAHMS CTAIBHBIX KAHATOB. 3a9aCTYIO NIPH 3TOM HCIOJB3YIOT JOPOTOCTOSIINE TPOTPAMMHBIE TIPOIYKTHI C
aJIanTUPOBAHHOM cpeloi peanm3anuu HeWpoHHBIX cerell, Takue kak STATISTICA, Amygdala, MATLAB Simulink.
Haubomnee noctymasiM criocobom moctpoerus u o0ydenns MHC ¢ ¢uHAHCOBOI TOYKM 3peHHS SBISICTCS HAIMCAHHE
COOCTBEHHOTO ITPOTPAMMHOI'0 KOJia C UCIIOJIb30BAaHUEM MHTEPAaKTHBHBIX OMOMMOTEK, Takux kak TensorFlow, PyTorch,
Scikit-learn. Ogaako Takue OMOMTMOTEKN HE SBIAIOTCS MOTHOIECHHBIMH aJanTHPOBAaHHEIME cpenamu noctpoerus MHC,
U JUTSL X UCTIONb30BaHMsI HEOOX0AMMO BJIAJICTh NEPBUYHBIMH HaBbIKaMu MporpaMmupoBanus. [loatomy kauectBo MHC
3aBHCUT HE TOJHKO OT apXHTEKTYpHI, 00beMa M COCTaBa OOYJaIOIINX BHIOOPOK, HO M OT METOAA (Cpembl) MOCTPOCHUS
WHC. llenpto gaHHOTO HCCIENOBaHMs SIBISieTCsl cpaBHeHMe KauecTBa paborel MHC, mocTpoeHHBIX M 00Y4YEeHHBIX
pa3NMYHBIME METOJAMH, IO KPHUTEPUIO TECTOBOW NPOM3BOJUTEILHOCTH CETH, IOBEPUTEIBHBIM YPOBHSIM OLECHKH
TEXHUYECKOTO COCTOSHMSI KaHaTa, a TaKkKe TPYJOEMKOCTH M CKOpocTH oOydeHus. B cBsi3m ¢ 3TMM co3gaHO HOBOE
MIPOTrPaMMHOE 00ECTICUCHNE YIS PEIICHHS 33/1a41 OLEHKH TEXHUYIECKOTO COCTOSIHUS CTAJIbHOTO KaHATa 110 KOMOMHAINN
pa3MYHBIX OPaKOBOYHBIX ITOKa3aTelei.

Mamepuanvt u memoowvt. OcHoBori it obydenuss MHC mocayxuinm craTUcTHdeckas 0a3a ITaHHBIX THIIOBBIX
TIOBPEXK/IEHUH CTAJIbHBIX KaHATOB, HKCIEPTHas OLIEHKa MX TEXHHUYECKOro cocTosHus. [IporpamMmuoe oOecrieueHne
HaIMCaHO Ha S3bIKe IporpaMmmupoBanus Python. [IpuBeneHs! pa3nnaHbie METOBI IPOTPaMMHUPOBAHNS HEHPOHHOM CETH:
HNHC, mocrpoennoit Ha 06aze mporpammuoro komruiekca STATISTICA, u MHC, mocTpoeHHOH C HCIOJNBE30BaHHEM
nHTepakTUBHON Ombimotexu Scikit-learn. J{ist mpoBepku pabotst MHC Oputo moarorosieHo 10 TECTOBBIX BBIOOPOK.
Ouenka kauectsa paborsl MHC npoBoamiack 1o TeCTOBOH MPOM3BOANTEIHHOCTH CETH U JIOBEPUTEIILHBIM BEPOSTHOCTSIM
(YpOBHSIM aKTHBAaLUH «IIOOEIUBILETO» HEHPOHA) OMpPEIEICHHS TEXHNIECKOTO COCTOSIHUSI KaHaTa.

Pezynomamut uccnedosanusn. locrpoenne MHC ¢ ncnonp3oBaHueM HHTEPAKTUBHOM OnbmuoTeku Scikit-learn moka3zano
CPaBHHUTEIBLHO OOJNBIIYI0 TPYJOEMKOCTb IOCTPOCHHUS M CPaBHUTEIBHO HEOOJBIIYI0 CKOPOCTh OOydeHHs. TecroBas
MIPON3BOIUTENFHOCT CETH TP 00beMe TecTOBO BEIOOpkH 10 okazanmack oanHaKoBOH 1 00enx moctpoeHHbx MHC.
[Ipu sTOoM oOHapyxujach pa3sHMIA B ITIOKa3aTele CPEJHEro JIOBEPUTEIBHOTO YPOBHS OIPEAETICHUs TEXHUYECKOTO
COCTOSIHMSI CTaJBHOTO KaHaTa Mo pesynbratam padorsl MHC, moctpoeHHoi Ha 0a3ze HMpOrpaMMHOTO KOMIUIEKCA
STATISTICA, u MUHC, mocTpoeHHO# ¢ UCTIOIb30BaHHEM HHTEPaKTHBHOM OnbnmuoTekn Scikit-learn.

Obcyrncoenue u 3axniouenue. llomydeHHsle pe3ynbrarsl mokaszanmw, yto MHC, mocTpoeHHas ¢ HCIOIB30BAHUEM
nporpammuoro kommuiekca STATISTICA, npu oquMHAKOBOW apXWTEKType U MapamMeTpax oOydeHHUs CeTH MMeeT Oolee
ONITHMAJIbHBIE IPOTPAaMMHBIE aITOPUTMBI IO KPUTEPHSAM JOBEPUTEIBHON BEPOSTHOCTH M CKOPOCTH OOYUYCHHS CETH 110
cpaBHeHnio ¢ MHC, mocTpoeHHOHN ¢ uWcmoib3oBaHHeM OecrutatHoW OmOmuoreku Skicit-learn. OnHako moka3aTenb
tectoBoi mpomsBogurensHOocTH WHC okazancs oxmuakoBeiM miusi obemx WHC. Takod pe3yipraT 0OOCHOBBIBACT
WCIIOJIb30BaHUE BEIYLIIMMH MHUPOBBIMH HAy4YHO-MCCIEIOBATEIbCKUMH M KOMMEPYECKMMH IIGHTpaMH B oOnactu
HUCKyccTBeHHOTo wuHTeluiekra Ombmmorex TensorFlow, PyTorch, Scikit-learn. IlomydueHHBIH Hayd4HBIA pe3yabTar
MIO3BOJINT YUCJICHHO OLICGHHTh W CPaBHHUTh KaueCTBO HMCKYCCTBEHHBIX HEHPOHHBIX CeTel, MMEIOLIMX OJMHAKOBbIC
apXHUTEKTYPY H ITapaMeTpbl 00yHIEHUsI, HO IOCTPOCHHBIX PA3IMIHBIMU METOJIaMH, OH OYyJIET MOJIE3HBIM KaK AJIs Oy TyIux
HaYYHBIX HCCIIEIOBaHUI B 3TOM 00JIaCTH, TaK W JUIs BEIOOpa oNTHUMabHOM cpebl nocrpoennss THC B nmpoMblnuieHHON
cdepe AeATeIbHOCTH.
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KnrodeBble ci10Ba: CTaIBHOW KaHAT, HCKYCCTBEHHbIE HEHPOHHBIC CETH, OLIEHKAa TEXHHYECKOro cocTosHus, Python,
Scikit-learn, STATISTICA, 6pakoBO4HBIE ITOKa3aTeNnn

Baarogapuoctu. ABTOp BEIpakaeT OmarogapHocTh KoymiekTuBy OO0 «UKIL «Msicas»» HI'TY 1. HoBouepkaccka 3a
NIPEIOCTABICHHYIO BO3MOXKHOCTh MCIIOIb30BATh JaHHbIE KCIUTYaTalluU CTAIbHBIX KAHATOB, 8 UMEHHO CTaTHCTUYECKYIO
0a3y JTaHHBIX THITOBBIX ITOBPEKAECHUN CTAIEHBIX KAaHATOB.

Jns uutupoBanus. XeaH P.B. CpaBHUTEIbHBIN aHAIN3 KadecTBa PadOTHI HCKYCCTBEHHBIX HEHPOHHBIX CETEH IS OLIEHKH
TEXHUYECKOTO COCTOSIHHSI CTAILHOTO KaHaTa. be3onacHocmbv mexHo2eHHuix U npupoouvix cucmem. 2024;8(2):68-77.
https://doi.org/10.23947/2541-9129-2024-8-2-68-77

Introduction. Currently, methods for assessing the technical condition of engineering facilities using artificial neural
networks (ANN) are becoming more widely used. This is due to the ease of identifying dependencies between the output
data, which in this case is the technical condition of steel ropes, and the input data, which are various combinations of
indicators that indicate defects in the steel ropes. To establish the correlation between the technical condition of a steel
rope and various combinations of ten defective indicators expressed as a percentage of the permissible level of damage,
a significant amount of analytical work and solving a multifactorial regression problem is required. Software that uses a
neural network as its core can help experts and beginners in making decisions about the future operation of steel ropes
based on different combinations of defect indicators.

Scientists from various fields of expertise are addressing the issues of reliability and safety in technical systems by
employing modern artificial intelligence tools. Examples include the works of V.A. Vorontsov, E.A.Fedorov,
A.A. Korotky, A.V.Panfilov, N.N.Nikolaev, A.R.Yusupov, S.V.Zhernakov, T.I. Goreva, N.N. Portyagin,
G.A. Pyukke, B.Ch. Meskhi, A.N. Beskopylny, S.A. Stelmakh, I.F. Razveeva et al. [1-8]. These researchers successfully
employ neural network modeling techniques to achieve various research and industrial objectives, such as evaluating the
technical condition of aircraft engines and spacecraft systems, as well as detecting and classifying defects in steel ropes.
At the same time, various architectures, ANN training parameters, software packages and artificial neural network
development environments are used, such as Alyuda NeuroIntelligence, STATISTICA, Amygdala, and MatLab Simulink.
It is also common practice to write your own program code using free (open-source) interactive libraries, such as
TensorFlow, PyTorch, and Sikit-learn. However, it is worth noting that none of these works compare the quality of ANNs
work, which have the same architecture, training parameters, volume and sample size, but are built using different
methods, i.e. in different software development environments.

Often, the use of artificial neural networks on an industrial scale is associated with the use of expensive specialized
software systems. These systems have an environment adapted for the implementation of ANNs and do not require users
to have programming skills. A more affordable way to build and train a neural network from a financial point of view is
to write your own software code using free interactive open source libraries. However, this method requires the user to
have basic programming skills. The Scikit-learn library is open source, while the annual license for the STATISTICA
software program costs about $25,000.

The aim of this work was to conduct a comparative analysis of the ANN quality in order to assess the technical
condition of steel ropes by a combination of defective indicators built and trained by various methods, according to the
criteria of test network performance, labor intensity and speed of network training, the average activation level of the
“winning” neurons of the network and taking into account the financial costs of implementing and using the built artificial
neural networks. In this regard, the task was set to create a new software tool for assessing the technical condition of steel
ropes based on a combination of rejection criteria using two different types of ANNs: those built on the STATISTICA
software package and those developed using the Scikit-learn interactive library.

Materials and Methods. The basis for ANNs training was the experience gained from operating steel ropes. This
included a statistical database of typical damage to steel ropes and an expert assessment of their technical condition [9-12].
Figure 1 shows a neural network diagram that was used to assess the technical condition of a steel rope in all the methods
described below.
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Fig. 1. ANN scheme for assessing the technical condition of a steel rope

Below are the parameters used in both methods of building the ANNs:

1. The so-called hyperparameters were set — parameters that did not change during network training. They included:

— 10 neurons of the input layer, equal to the number of defective parameters of the steel rope (x1—xio);

— the number of output parameters (neurons), three possible states of the steel rope: 1 — operable, operation was
allowed (y1), 2 — defects within acceptable limits, operation was allowed with restrictions (y2), 3 — the limit state had
been reached, operation was prohibited (y3);

— the number of intermediate layers, as well as the number of neurons in each intermediate layer.

Thus, the architecture of the neural network was defined [13].

2. The trainable parameters were set — parameters that were changed (optimized) in the process of network training:
the values of synaptic weights w (the strength of the connection between neurons) and biases b. First, these values were
set randomly, and then in the process of training the neural network, they were optimally configured.

3. The forward propagation algorithm was implemented by calculating a neural network based on randomly generated
parameters w and b. To do this, training data was required, which consisted of samples of input parameters along with
their corresponding known output parameters. These samples are shown in Table 1.

Table 1
Data for neural network training
No. X1 X2 X3 X4 X5 X6 X7 Xg X9 X10 y
1 75 0 18 0 0 0 44 0 0 0 3
2 21 0 34 0 0 18 0 0 0 0 1
3 0 89 0 66 0 0 0 0 74 0 3
4 78 0 12 0 0 0 0 0 0 0 2
5 55 90 0 0 0 10 0 0 7 0 3
6 0 43 24 0 0 0 0 0 0 34 1
7 0 65 90 0 57 13 0 100 81 0 3
8 19 0 0 0 13 3 0 0 0 0 1
9 0 56 0 30 0 0 0 0 0 0 1
10 0 61 0 0 0 0 0 83 0 0 2
...... 0 0 71 0 87 0 0 41 0 0 2
300 0 0 28 14 0 0 28 100 0 0 3
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In Table 1, ten input parameters (x1—X10) represented the rejection values for steel ropes, expressed as a percentage of
their limit values. This took into account a combination of various defects, which could be identified by expert means
using a 3d model of the stress-strain state of the rope. Each combination corresponded to a specific technical condition of
the rope. The volume of the training sample was 300 samples, while the control sample consisted of 30 samples. Ten test
samples were also prepared for testing the ANN, but these were not included in the training process.

4. The activation function ' was defined. This function was necessary to introduce non-linearity and a certain
threshold value at the output of each neuron. We used the Relu activation function for this purpose. The formula below
determined the level of neuron activation [14, 15]:

y= F(xlwl + Xy Wy + X3Wy +b),

where y — level of neuron activation; x;—x3 — levels of activation of neurons of the previous layer; w,—w3; — synoptic
weights; b — function offset.
Figure 2 shows a diagram of the formation of the activation level of one neuron.

\Wl

Relu
w2 activation
function

/ :

Fig. 2. Scheme of formation of the activation level of one neuron

5. A normalizing transformation of the activation values of the neurons in the last layer of the resulting network was
performed using the softmax function, so that their values ranged from 0 to 1 and the sum of these values equaled 1. This
transformation allowed for the interpretation of the activation levels of the neurons in a probabilistic sense. As a result, a
prediction was made by the neural network — the state of the steel rope with a certain level of confidence for the current
values of the synaptic weights (connections between neurons), w, and biases, b.

6. Calculation of error £ between the calculated activation levels of neurons of output layer yq., and the target
activation values of neurons of output layer y,., using the MSE (Euclidean distance) function or cross-entropy functions
(used to determine the distance between probability distributions). It was important to remember that a neural network
was trained with a teacher, which meant it used examples with known inputs and outputs. These examples were called
training samples.

7. Implementation of the backpropagation algorithm, the purpose of which was to solve the problem of minimizing
error function £ depending on synaptic weights (connections between neurons) w and biases b. The gradient descent
method was used for this purpose.

8. Repeating the entire learning algorithm on the next training sample (or group of samples) in order to minimize the
error of the neural network by updating the connections (weights) between neurons. Each such repetition was called an
epoch of learning. We set 2000 epochs of learning. The learning rate was 0.0001. The Adam error function. After
completing a set number of training epochs, the neural network with all settings was saved and could be used to predict
output parameters (the state of the steel rope) based on input parameters (combinations of defective indicators) that were
not previously used in the network training process.
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STATISTICA contains two built-in programming languages: STATISTICA BASIC and SCL (command language).
The method of building a neural network in STATISTICA began with the launch of the “Neural Networks” module in
the “Data Mining” tab on the main working panel of the program. The interface of the STATISTICA program practically
did not differ from the well-known interface of the MS Office program. To build an ANN in STATISTICA, we set the
network architecture and learning parameters specified in the above algorithm by pressing the appropriate keys using the
adapted program interface.

The direct training of the neural network was activated by pressing the “Train” key in the STATISTICA working
window, after which the ANN was checked on pre-determined control samples. The size of the control sample was 30.
The condition for stopping the training process was when a benchmark network performance of at least 95% was achieved.
The learning process of the neural network took about 20 seconds.

A step-by-step algorithm for writing the program code of a neural network using the interactive library Scikit-learn in
the Python programming language was provided [4-7]:

1. In the first step, additional interactive libraries were installed. A library in this context meant a set of pre-written
routines that made the programming process easier. To install a library, you need to enter the following code: (The
explanations of the code or the commands being executed are provided in parentheses):

Ipython -m pip install pandas (data processing and analysis library);

Ipython -m pip install sklearn (machine learning library);

!python -m pip install openpyx! (library for working with Excel files).

2. In the second block, modules were imported by entering the following code:

import pandas as pd (data processing and analysis module);

from sklearn.neural network import MLPClassifier (module for working with neural networks);

from sklearn.metrics import confusion_matrix, classification_report (additional module for working with neural networks);

import pickle (module used to save a trained neural network);

import joblib (module used to save a trained neural network).

3. Loading a database, i.e. a set of training data. It was necessary to prepare an Excel file with training data in advance,
arranged in the format shown in Table 1 (a more simplified view is recommended — only columns of input and output
parameters with their headers). To do this, we entered the following program code:

ds = pd.read_excel('book1.xlsx"), where book1.xlsx — an Excel file that should be located in the same folder as the
file of the program being created,

ds.head(10) (code for visually displaying the first 10 rows of the table).

4. Next, values were assigned to the variables X and Y by writing the following program code:

X = ds.drop('Rope condition',axis=1) (all columns were assigned to variable X, except for column “Rope condition”
(the literal name of the column was indicated);

y = ds['Rope condition'] (for variable Y, column “Rope condition” was assigned).

5. Building and training a neural network by writing the following code (this two-line program code replaced writing
the neural network program code “manually” from the previous algorithm):

nn=MLPClassifier(hidden layer sizes=(8,8,8), max_iter=2000) (the architecture of the neural network was set, as
well as the parameters of its training; in this case, 3 hidden layers, each with 8 neurons; the number of training epochs
was 2000; by default, the Relu activation function was selected (code: activation="relu'), Adam error function (code:
solver="adam’), learning rate 0.0001 (code: alpha=0.0001). It was possible to select various parameters of neural network
training by writing the appropriate program codes separated by commas. All kinds of activation functions, error functions
and other network parameters, their codes can be found on the official website of the interactive library Scikit-learn;

nn.fit(X, y) (introduction into the neural network of previously set parameters X — input variables (rejection indicators
of steel ropes) and Y — output target variable (technical condition of steel ropes).

After launching this block, the neural network was built according to a given architecture and trained according to the
specified learning parameters on training data (samples) uploaded via an Excel file table. The condition for stopping the
training process was when a benchmark network performance of 95% was achieved. The learning process took
approximately 1.5 minutes.

The following were the steps to save and use the ANN using the Scikit-learn interactive library:

1. Saving the trained neural network to a separate file by writing the following program code:

joblib_file = “joblib_model.pkl” (creating a joblib_model.pkl file);

joblib.dump(nn, joblib_file) (saving the nn neural network in the joblib_model.pkl file).

After running this block, the program created a joblib_model.pkl file in the same folder where the program file itself
was located.
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2. Creating a new file in PyCharm with py permission or in Jupyter with ipynb permission (the file in Jupyter was
created for convenience, then the file would have to be saved in py format)).

3. Importing (to a new file) interactive libraries by writing the following program code:

import joblib (library for saving and embedding individual fragments of the program code);

import PySimpleGUI as sg (library for graphic design of the program).

4. Uploading a trained neural network to a new file via the joblib_model.pkl file, writing the following program code:

joblib_file = “D:\Python\PycharmProjects/joblib_model.pkl” (specifying the full path to the joblib_model.pkl file
(individually for each user).

joblib_nn = joblib.load(joblib_file) (loading program code with a trained neural network).

5. Developing the graphical design of the program by writing the following program code:

sg.theme('DarkAmber")

layout = [ [sg.Text('Determination of the condition of the steel rope")];

[sg.Text('Enter 10 numbers separated by a space'), sg.InputText()];

[sg.Button('Ok’"), sg.Button('Cancel')]

window = sg. Window('Window Title', layout)

while True:

event, values = window.read()

if event == sg. WIN_CLOSED or event == 'Cancel"

break

#Neural network

Xnew = [list(map(int, values[0].split()))]

y = joblib_nn.predict(Xnew)

#Popup window

if event =="'0Ok":

window.disappear()

sg.popup('Rope condition ', y)

window.reappear()

print("Rope condition ', y)

window.close()

After starting this block, the program displayed the following working window (Fig. 3).

2 Window Title - oIiEN

Determination of the condition of the steel rope

Enter 10 numbers separated by a space

(0 crce

Fig. 3. Working window of the written program

In the working window of the program there was a line for entering 10 numbers separated by a space. In this line,
the actual percentages of ten different defects of steel ropes from their permissible values were entered. After entering,
for example, the following values [20 030 00 10 0 0 0 0] and pressing the “Ok” key, the program took the user to the
next working window.

In the working window (Fig. 4), the program displayed the information message “Rope condition [1]”, which
corresponded to the rope condition “serviceable, operation is allowed”.

? Cociosn.. — =] x |

Fig. 4. Working window of the program with a determined rope condition
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Results. Thus, two ANNs have been developed that have the same architecture, training parameters, composition,
number and volume of training, control and test samples, but built using different methods. The results of work of the

ANN, built in the STATISTICA software package, are presented in Table 2.

Results of work of the ANN built in STATISTICA

Table 2

Sampling Target Network Rope condition-1 Rope condition-2 Rope condition-3
(test) output (confidence level) (confidence level) (confidence level)
1 1 1 0.64 0.18 0.18
2 2 2 0.15 0.73 0.12
3 2 2 0.24 0.69 0.15
4 3 3 0.03 0.28 0.69
5 3 3 0.15 0.21 0.64
6 1 1 0.55 0.31 0.14
7 3 3 0.03 0.21 0.76
8 | | 0.68 0.21 0.11
9 2 2 0.26 0.61 0.13
10 2 2 0.14 0.53 0.33

The column “Rope condition — Target” shows the previously known state of the rope, in the column “Rope
condition — Output” — the result of the neural network; subsequent columns indicate the confidence probabilities
of determining a particular condition of the rope, which correspond to the activation levels of the output neurons of
the network.

According to Table 2, it can be seen that the neural network correctly determined the condition of the steel rope
according to the defective indicators in 10 out of 10 cases, i.c. the test performance was 100%. At the same time, the
average value of the confidence levels for determining the condition of the ropes was 0.65.

The results of work of the ANN, built using the interactive library Scikit-learn, are presented in Table 3.

Table 3
Results of work of the ANN built using Scikit-learn
Sampling Target Network Rope condition-1 Rope condition-2 Rope condition-3
(test) output (confidence level) (confidence level) (confidence level))
1 1 1 0.58 0.13 0.29
2 2 2 0.19 0.51 0.19
3 2 2 0.22 0.56 0.30
4 3 3 0.29 0.25 0.46
5 3 3 0.21 0.22 0.57
6 1 1 0.57 0.22 0.21
7 3 3 0.21 0.22 0.57
8 1 1 0.63 0.22 0.15
9 2 2 0.22 0.57 0.21
10 2 2 0.33 0.45 0.21
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According to Table 3, it can be seen that the neural network correctly determined the condition of the steel rope
according to the defective indicators in 10 out of 10 cases, i.e. the test performance was 100%. At the same time, the
average value of the confidence levels for determining the condition of the ropes was 0.55.

Comparisons of test performance of neural networks with the same architecture and learning parameters, but built
using different methods, showed that the ANN built on the basis of the STATISTICA software package and the ANN
built using the Scikit-learn interactive library had a test performance of 100% with a test sample size of 10. However, the
average confidence level (activation level of the “winning” neuron) for determining the state of the steel rope of the ANN
built on the basis of the STATISTICA software package was 0.65, whereas the same indicator of the ANN built using the
interactive library Scikit-learn was 0.55, which is 15% less.

Discussion and Conclusion. The results obtained showed that the ANN built using the STATISTICA software
package, with the same architecture and network learning parameters, had more optimal software algorithms according
to the criteria of confidence in assessing the technical condition of the steel rope and the speed of network learning, in
comparison with the ANN built using the free Scikit-learn library. This can be explained by the fact that when
developing algorithms for software complexes such as STATISTICA, specialized hardware complexes are used,
including vector and tensor processors, which go far beyond the capabilities of the average application developer and
require the involvement of highly qualified specialists. However, the indicator of the test performance of the ANN
turned out to be the same for both ANNSs. It is important to note that when evaluating this indicator, the test sample
size was 10. If the test sample is increased, this indicator will be more accurate. At the same time, the achieved result
justifies the use of TensorFlow, PyTorch, and Scikit-learn libraries by the world's leading research and commercial
centers in the field of artificial intelligence.

In addition, the obtained scientific conclusion will allow us to numerically evaluate and compare the quality of ANNs
having the same architecture and learning parameters, but built using different methods, and may be useful both for future
scientific research in this field and for choosing the optimal environment for building ANNSs in the industrial sphere. The
developed programs can be used by specialists and experts as intelligent decision support systems for diagnosing the
technical condition of steel ropes.
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Abstract

Introduction. The production of alloyed powder steels continues to be one of the most promising areas in domestic
powder metallurgy. This is due to the high level of performance characteristics and the wide range of products that can
be produced. Creating materials with desired properties is a complex process that involves various phenomena. One of
these phenomena is the diffusion alloying of iron-based powder steels, which plays a special role in this process. The
creation of alloyed powder steels in the Fe-NiO and Fe-Ni systems is important for metallurgy and metalworking, as
they are used for coating and sintering to obtain materials with specific properties. In addition, the diffusion of nickel in
iron during heat treatment is considered to improve material properties. Recent advances in the study of mutual
diffusion are associated with the investigation of homogeneous systems. However, mutual diffusion even in single
crystals always occurs under spatially inhomogeneous conditions. The modern literature has not sufficiently studied the
mutual diffusion in two- and multi-component powder systems. Therefore, the aim of this work is to determine the
effect of diffusion alloying with nickel and nickel oxide of iron-based powder steel on the processes of obtaining
powder materials. Within the framework of this goal, the following tasks were set: to investigate the diffusion processes
of interactions between pairs in the Fe-NiO and Fe-Ni systems, as well as to study technological modes of sintering and
reducing annealing of samples in order to achieve maximum mechanical properties that would ensure the formation of a
high-quality product.

Materials and Methods. The work used iron powder of the PZHRV 2.200.26 brand manufactured by PJSC Severstal
(Cherepovet) and carbonyl nickel powder PNK-UT3, obtained by the electrolytic method or splitting nickel salt with an
aqueous solution, according to GOST 97922-97. Before use, the powders were tested using a universal laser particle
size measuring device model FRITSCH ANALYSETTE 22 MicroTecplus and a Beckman COULTER No. 5 submicron
particle analyzer. A two-cone mixer RT-NMO5S (Taiwan) was used to prepare the charge. Pressing was carried out on a
hydraulic press model TS0500—6 (China) in laboratory molds. Samples were obtained by pressing pre-hardened 3 mm
diameter powder pins into a carbonyl nickel or NiO charge with a dispersion of 5-10 microns. Recovery annealing was
carried out in a SNOL 6.7/1300 laboratory muffle furnace at 700°C, followed by annealing-sintering at temperatures of
1,050, 1,150 and 1,250°C in a hydrogen atmosphere for 9 hours.

Microstructural analysis was performed using a NEOPHOT-21 optical microscope. A Hitachi S-3400N scanning
electron microscope was used to study the fine structure of the material. The distribution of element concentrations in
the Fe-Ni diffusion zone was studied by local X-ray spectral analysis using the Kamebaks installation.

Results. The studies showed that the porosity of the powder component after pressing was 12%. Diffusion
in the iron-nickel powder system was 5—10 times higher when using carbonyl nickel compared to oxide. It was also
found that high diffusion rates of reduced nickel led to faster and more uniform penetration of alloying elements into the
material. The dependences of the distribution of nickel concentration and its oxide content after sintering were

© Egorov MS, Egorova RV, Eremeeva ZhV, 2024


https://bps-journal.ru/
https://doi.org/10.23947/2541-9129-2024-8-2-78-89
mailto:aquavdonsk@mail.ru
https://creativecommons.org/licenses/by/4.0/
https://crossmark.crossref.org/dialog/?doi=https://doi.org/10.23947/2541-9129-2024-8-1-82-87&domain=pdf&date_stamp=2024-02-29
https://orcid.org/0000-0002-4289-1601
https://orcid.org/0000-0002-1082-3970
https://orcid.org/0000-0002-1790-5004

Egorov MS, et al. Diffusion Processes in the Formation of the Structure of Alloyed Powder Steels

determined, as well as the indicators of diffusion interaction between iron, nickel, and nickel oxide during annealing,
where nickel oxide was reduced and sintering occurred at different temperatures.

Discussion and Conclusion. The analysis of the results obtained indicates a different intensity of diffusion processes in
powder-alloyed steels. This can be explained by both the distortion of the crystal lattice of the starting materials and the
increased segregation of defects, such as defective zones, that are formed during compaction of the material. This
approach to studying two-component diffusion allowed us to compare the intensity of element diffusion redistribution
depending on chemical composition and temperature, and to estimate the effective activation energy of diffusion. As a
result of our studies, we have established quantitative parameters for the distribution of nickel concentration in the iron
matrix, depending on sintering temperature, which affects the formation of high-quality materials. The research results
obtained are of interest to specialists in powder metallurgy and heat treatment, as they can be used in the development
of new multicomponent alloys.

Keywords: powder steels, nickel oxide, nickel, diffusion, structure formation, sintering, splicing, contact section,
mechanical properties
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AHHOTAIUSA

Beeoenue. TIpon3BOACTBO JIETHPOBAHHBIX ITOPOLIKOBBIX CTalleil OCTaeTCss OJHMM W3 MEPCIEKTHBHBIX HAaIpaBICHUN
OTEYECTBEHHOHW IOPOIIKOBOM METaJUIypIUd, YTO OOBSACHAETCS BBICOKMM YPOBHEM JKCIUTYaTallHOHHBIX CBOICTB U
IIMPOKOH HOMEHKJIATYpOH ModydaeMbIx u3fenuii. dopMHUpOBaHHE TaKMX MaTepUaIOB ¢ TpeOyeMBIMH CBOHCTBaMHU
SIBIISIETCS] CIIOXKHBIM ITPOIIECCOM, CONPOBOXKIAIOIIMMCS MHOTOOOPA3HBIMHU SIBJICHHSAMH, 0CO00€ MECTO Cpely KOTOPBIX
3aHUMaeT AUGQY3MOHHOE JIETHPOBAHME JKEJIE3HOH OCHOBBI TOPOMIKOBBIX craneil. Co3gaHue JeTHpOBAHHBIX
mopomkoBeIX craneii B cucteme Fe-NiO u Fe-Ni umeer BaxHOe 3HaYCHHE B METAJUTyprHd M MeTaimiooOpaboTke mpu
IIpoIleccax HaHECEHMs MOKPHITHH M CIICKaHWs ISl MMOJyUYeHHUs] MaTepHaloB ¢ TpeOyeMbIMH CBOMCTBaMH. B mpomnecce
TEepMHYECKOH 00pabOTKM AJIsl yIydIICHUS! CBOMCTB MaTepHaoB paccMarpuBaercss u Any3nOHHOE B3aMMOJIEHCTBHE
HUKeNs B JKeneze. B mocnenHee Bpems ycnexu B HM3yYeHHH B3auMHOM anpQy3uu CBsA3aHBI C HCCIIENOBaHUEM
OJTHOPOIHBIX cucTeM. OxHako B3auMHas TUQdy3us qake B MOHOKPHCTaUIaX BCETla NMPOTEKaeT B IPOCTPAHCTBEHHO-
HEOJHOPOIHBIX YCIOBHSX. B coBpeMeHHOI JMTepaType HelOoCTaTOYHO MCCieoBaHa B3auMHas MU((y3us B IBYX- U
MHOTOKOMIIOHCHTHBIX ITOPOINKOBBIX CHCTEMAaX. HO3TOMy OCIBO pa6OTI)I ABJACTCA  ONPCACICHUC  BJIUAHUA
11 y3HOHHOTO JIETHPOBAHMSI HUKENEM M OKCHJIOM HUKENs MOPOIIKOBOH CTalM Ha OCHOBE JKelle3a Ha IPOIECCHI
MOTY4EHHUs IOPOLIKOBBIX MaTepuasioB. B paMkax 00O3Hau€HHOW ILENM MOCTaBWIM 33Jadd — HCCIEA0BaTh
g dy3noHHEBIE ITporecchl B3anMoaencTeus map B cucreme Fe-NiO u Fe-Ni, TexHomornueckue pekuMbl CIICKaHUA U
BOCCTAaHOBMTEIHBIH OTXKHI 00pa3LoB I JOCTHKECHUSI MAaKCHMAIbHBIX MEXaHHYECKUX XapPAKTEPUCTUK, KOTOPbIE OBl
obecrieunBany GopMHUpPOBaHNE KaU4eCTBEHHOTO MaTepHaa.

Mamepuanst u memoost. B pabote ncnonp3oBaics xene3nsrii mopomok Mapku [DKPB 2.200.26 mpoussoxctea [TAO
«Cesepcramb» (1. Uepenoser) u kapOoHmibHBIH mopomok HukeneBblit [THK-YT3 T'OCT 97922-97, momrygaemsrit
JIEKTPOJIUTHYECKUM METOJOM WM IYTeM pacIieIVICHHs HHUKEJIeBOM CcolM  BOAHBIM pacTBOpoM. Ilepen
WCIIOJIb30BAHUEM TTOPOIIKH MPOXOJIMIN KOHTPOJIb Ha YHUBEPCAIBHOM JIa3€pPHOM IPHOOpE M3MEPEHHsI pa3Mepa JacTHI
mojenu FRITSCH ANALYSETTE 22 MicroTecplus n ananuzarope cyomukponHbix yacturl Beckman COULTER NeS.
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J1st IpUrOTOBIEHUS MIUXTHI KUCIOJIB30BANIM JIBYXKOHYCHBIH cMmecutenb Mapku RT-NMOSS (TaiiBans). IIpeccoBanue
OCYIIECTBIISUIOCh Ha ruapaBindeckoM npecce mozaeian TS0500-6 (Kurait) B nmaboparophbix npecc-popmax. O6pasiibt
MOJTyYaJIl 3alPEeCcCOBKOM 3apaHee YIPOYHEHHOTO MOPOIIKOBOTO MTH(TA @ 3 MM B IIUXTY KapOOHUIBHOTO HUKEINS WA
NiO ¢ gucnepcHoctbio 5—10 MkM. BoccTaHOBUTENBHBIN OTXKUT 00pa3LoB OCYLIECTBISUIM B My(enbHON JabopaTopHOn
meun SNOL 6,7/1300 mpu temnepatype 700 °C u omxur-criekanue npu 1 050, 1 150, 1 250 °C B atmocdepe Bogoponaa
B TeUEHHUE 9 4acoB.

ODUKCUPOBAHUE MUKPOCTPYKTYpPBI BBINONHANOCH Ha onrtudeckoM Mukpockone «NEOPHOT-21». ToHkoe cTpoeHue
CTPYKTYpPBI U3ydYald Ha CKaHUPYIOIIEeM 31eKTpoHHOM Mukpockore Hitachi S-3400N. PacnpenencHue KOHIICHTPALUU
aneMeHTOB B au(¢dy3noHHOH 30He Fe-Ni M3ydannm MeToJOM JIOKAaJIbHOTO PEHTTEHOCHEKTPAbHOTO aHaji3a Ha
ycraHoBke «Kamebakcy.

Pesynomamut uccnedosanus. I1oprucTocTh NOPOIIKOBOTO KOMIIOHEHTA TIOCHIE MpeccoBaHmst cocTaBisiia 12 %. Auddysnst B
CHCTEME JKeJIe30-IIOPOIIOK HHKEIS, BOCCTAHOBJICHHOM U3 OKcHIa, B 5—10 pa3 BbIIIe, YeM MU HCIONB30BAaHUH TOPOIIIKA
KapOOHIJIEHOTO HUKETA. Y CTaHOBIICHO, YTO BBICOKAsi CKOPOCTh AU(QY3HHA BOCCTAaHOBIEHHOTO HUKENS MPHUBOIUT K Oolee
OBICTPOMY H PaBHOMEPHOMY IIPOHHMKHOBEHHMIO JICTHPYIONIMX 53JEMEHTOB B Marepuan. OmpeneneHsl 3aBHCHMOCTH
pacripe/iesieHrs] KOHIIEHTPAIMK HUKEJISl U ero OKCHJIa TI0Cie CIIEKaHHsl, a TaKkKe PAaCcCUMTaHbI MoKazaTesn An(Qy3noHHOro
B3aMMOJICHCTBHSI MEXIY JKEJIe30M, HUKEIEeM M OKCHIOM HHKENs IOCIe ONEpalldd OTXKUra, IPH KOTOPOM HPOHCXOAUT
BOCCTaHOBJICHHE OKCHJIa HUKEIS U CIIEKaHHE TIPH Pa3INIHBIX TeMIIepaTypax.

Obcyscoenue u 3aknioueHue. AHAIN3 TONYyYEHHBIX PE3yJbTAaTOB CBUIETENBCTBYET O PA3IHMYHON HMHTEHCHBHOCTH
T GY3MOHHBIX TPOIECCOB B  TOPOIIKOBBIX JIETHPOBAHHBIX CTamsiX. OOBsCHAETCS 3TO KaK HCKaKEHHOCTHIO
KPHUCTAJUIMIECKONW PEIIeTKA HMCXOAHBIX MAaTepualioB, TaK M YyBEIMYCHHOH cerperamuell nedeKkToB (comepaHueMm
neeKkTHBIX 30H), KOTOpPBbIC O0pa3yroTCs B IPOIECCe YIUIOTHEHHS MaTepuana. JIaHHBIA MOAXOA K HCCIICIOBAHUIO
JIBYXKOMIIOHEHTHOH A Py31H TTO3BOJIUIT COITOCTaBUTh MHTEHCUBHOCTH TU((y3MOHHOTO TIepepacIipe/ielieHus! JIEMEHTOB
B 3aBHCHMOCTH OT XHMHYECKOTO COCTaBa W TEMIIEPATyphl, a TaKkkKe OICHUTh 3(P(PEKTUBHYIO SHEPTHUIO AKTHBAIHH
mdoy3un. B pesynbraTe BBIIOMHEHHBIX HCCIENOBAHUIN YCTAHOBIICHBI KOJMYECTBEHHBIC MapaMeTphl pacipeeeHHs
KOHIEHTpauuu Ni B JKEJIE3HYI0 OCHOBY B 3aBUCHMOCTH OT TEMIIEpPATyphl CIIEKaHWs, BIMSIONIME Ha (OpPMHpOBaHHE
Ka4eCTBCHHOTO Marepuaina. [loydeHHbIe pe3yIbTaThl HCCICIOBAHUN WHTEPECHBI CIICIIAINCTaM B 00JIaCTH MOPOIITKOBOM
METaJUTypTHH ¥ TePMHUIECKON 00paboTKK mpH pa3pabOTKe HOBBIX MHOTOKOMITOHEHTHBIX CIIIIaBOB.

KaioueBble ci10Ba: MOPOIIKOBBIE CTallM, OKCHJ HHKENA, HUKENb, TUQQy3us, cTpyKTpooOpa3oBaHHUe, CIIEKaHHE,
CpallMBaHNe, KOHTAKTHOE CEYEHHNE, MEXaHMIECKHIE CBOMCTBA

baarogapHocTn. 3a TOMOIIP B TONYyYCHHH M OOCYXIEHMH pE3yJbTaTOB aBTOPHl BBIPAXKAIOT HCKPEHHIOKO
npusHaresbHOCTh cotpynHukaMm Kadeapst HUTY MUCHUC «[IMu®Il» u nmuno B.IO. JlonatunHy; cotpyaHukam
kadenper «MarepuanoBeneHne u TexHomoruu MeramwioBy JAITY: mt.H., mpodeccopy B.H. Ilycromoiity, m.T.H.,
mpocgeccopy HO.M. [lomOpoBckomy; coTpymHukam Kadeapsl «TeXHOIOTHS MAaITUHOCTPOCHHUS, TEXHOJIOTHIECKHEe
MaiuHbl 1 o6opynosanue» IOPT'TY (HIIN) nmenn M.A. Ilnarosa u tnuno B.1O. [lopodeeny.

Jas muruposanmsi. Eropos M.C., Eroposa P.B., Epemeena JXK.B. [luddysronnsie mnporeccel B (HOpMUPOBaHUA
CTPYKTYPBl U CBOMCTB JIETHPOBAHHBIX IMOPOIIKOBBIX CTalICH. besonacHocmb mMexHO2eHHBIX U NPUPOOHBIX CUCHIEM.
2024;8(2):78-89. https://doi.org/10.23947/2541-9129-2024-8-2-78-89

Introduction. The performance characteristics of the material, both in its compact and powder forms, are primarily
determined by its chemical composition and structural state [1, 2]. Depending on the purpose, specific requirements are
imposed on the microstructure [3]. The formation of a specific structure of powder steel during sintering also depends
on the processes that occur during sintering and subsequent heat treatment [4]. Many factors influence the process of
structure formation in powder materials [5]. According to [6], the main factors are the methods of their production,
granulometric composition, compacting pressure, sintering medium and time, temperature of deformation action. The
introduction of alloying elements that affect the processes in the surface layers of particles during solid-phase sintering,
and additives forming the liquid phase, is the most effective way to increase the level of operational properties [7]. Each
of the factors has its advantages and disadvantages.

Powder alloyed steels have a high level of performance properties. They are characterized by a homogeneous
structure and a homogeneous distribution of alloying elements throughout the steel structure [8]. When impregnated
with liquid metals, for example, when using the cementation or carbonitration process, the alloying elements are
absorbed by the surface layers of the material. This may lead to the formation of a surface layer with a high
concentration of alloying elements, but deeper layers may be less saturated. Therefore, in such cases, impregnation with
liquid metals is most effective for creating a surface layer with the desired properties [9]. Diffusion saturation can also
lead to an uneven distribution of alloying elements. Diffusion can be limited only by surface layers of the material or
internal defects, which limits the uniformity of saturation over the entire volume of the part. The choice of alloying


https://bps-journal.ru/
https://doi.org/10.23947/2541-9129-2024-8-2-78-89

Egorov MS, et al. Diffusion Processes in the Formation of the Structure of Alloyed Powder Steels

method depends on the purpose, required properties, size and shape of the part, available resources and other factors. It
is important to carefully consider all these factors when selecting a method to ensure optimal results.

The method of introducing nickel into powder structural steels in the form of additives of dispersed nickel oxides
has proven itself well [10]. The recovery annealing of an iron-based charge with NiO particles evenly distributed in it
leads to the recovery and fixation of the reduced nickel particles on iron particles by surface and grain boundary
diffusion. The use of such a partially alloyed powder makes it possible to obtain parts with a homogeneous structure
and a high complex of mechanical properties at a lower temperature. Activation of homogenization process of powder
steels using oxides of alloying elements in the literature is explained only at a qualitative level [11]. Therefore, the aim
of this work was to study the processes of diffusion interaction in Fe-Ni and Fe-NiO systems to determine the
quantitative parameters of diffusion in them. The main task within the framework of this goal was to study the influence
of technological modes of sintering and diffusion annealing during diffusion interaction in a system of Fe-Ni and Fe-
NiO pairs on the formation of high-quality powder steel.

Materials and Methods. In the work, powder PZHRV 2.200.26, produced by Severstal PJSC (Cherepovets) and
nickel carbonyl powder PNK-UT3 GOST 97922-97, obtained by electrolytic method or by splitting nickel salt with an
aqueous solution, were used [12]. Data on the total chemical composition are presented in Table 1.

Table 1
Chemical composition of PZHRV 2.200.26 powder
Mass content of components, %
Powder grade
Mo Ni C (¢} H Cu Si Mn P S
PZHRV 2.200.26 - - 0.090 | 0.140 - - 0.014 0.087 0.012 0.005

Technological properties of PZHRV 2.200.26 powder: bulk density — from 2.4 to 3.0 g/cm?; fluidity — no more
than 37 sec/50 g; density at P=700 MPa — 7.0-7.05 g/cm?; strength at a density of 6.5 g/cm® — more than
14 N/mm?. The analog is powders from the Swedish company Hoganids: AHC 100.29, NC 100.24, SC 100.26,
ASC100.29. Scope of application: shock absorption group parts, transmission parts, body parts, gears, connecting
rods, couplings, bushings, etc. Main qualities of PNK-UT3 nickel powder include high corrosion resistance and
resistance to aggressive environments.

Powder compositions are characterized by a high intensity of boundary and surface processes, which, during
diffusion, can lead to an intensification of mass transfer [13]. The regularity of the structure formation of powder
materials has been studied. The processes of diffusion interaction of alloying components were modeled using the
diffusion pair method [14].

Granulometric composition of PZHRV 2.200.26 iron powder was determined using a universal laser particle size
measuring device of a FRITSCH ANALYSETTE 22 MicroTecplus model (Germany) and a Beckman COULTER
submicron particle analyzer No. 5 (USA).

Diftfusion processes were considered on model pairs of powders of the grades PZHRV 2.200.26 (powder) — Ni (carbonyl);
PZHRYV 2.200.26 (powder) — NiO, which were manufactured by pressing a rod from the PZHRV 2.200.26 material with a
diameter of 3 mm into a powder of carbonyl Ni or NiO with a dispersion of 5—10 microns. Recovery annealing of steam samples
was performed at a temperature of 700°C and annealing-sintering at 1,050°C, 1,150°C, and 1,250°C in a hydrogen atmosphere
for 9 hours [15].

Fe-Ni pair refers to systems with unlimited solubility of components. Iron and nickel at the temperature of diffusion
annealing possess FCC lattices with similar parameters and form solid substitution solutions. Upon cooling, iron alloys
containing less than 6% of nickel recrystallize into a ferritic phase with a BCC lattice. Metallographic studies were
carried out after annealing with preliminary preparation of the sections in a plane perpendicular to the initial boundary
between the components of the pair.

The distribution of concentration of elements in the Fe-Ni diffusion zone was studied by local X-ray spectral
analysis at a Camebax installation manufactured by Cameca (France). The survey was carried out in the plane of the
section in the direction perpendicular to the initial boundary between the components of the pair (along the axis of the
primary cylindrical iron sample). Four concentration curves of distribution of relative intensities of K,; line of iron and
nickel were recorded from each section along the cross section of the diffusion zone in increments of 1 pm. The nickel
and iron contents were determined at each point of the concentration curve under study. The formation of the diffusion
zone increased 1.6-2.2 times due to the presence of nickel oxide paired with iron compared to pure nickel [16]. The

coefficients of mutual diffusion D during sintering in the ranges of 1,050°C—1,250°C were determined depending on
the content of alloying elements [17, 18].
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Microstructure was fixed using an optical microscope “NEOPHOT-21" by Carl Zeiss Jena (Germany). The fine
structure of the sample was studied using a Hitachi S-3400N scanning electron microscope (Taiwan).
The calculations were performed using mathematical methods based on the Matano method [16].
Results. The porosity of the powder component after pressing was 12%. Granulometric composition of
PZHRYV 2.200.26 iron powder was determined on the histogram: there was a single peak indicating that the powder was
monofractive (Fig. 1). The average particle size was 98.5 microns. The results are presented in Table 2.
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Fig. 1. Granulometric composition of PZHRYV 2.200.26 iron powder
Table 2
Granulometric composition of PZHRV 2.200.26 iron powder
Quantitative share, % 5 10 25 50 75 90 95 99
Dimension, microns 26.5 37.0 60.7 98.5 149.8 206.4 244.0 317.4
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Figures 2 a and b present a general view of the iron powder of the PZHRV 2.200.28 grade. Figures 2 ¢, d, e, f, g, h
show the morphology of iron powder particles obtained using a Hitachi S-3400N scanning electron microscope.
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Fig. 2. SEM image of PZHRYV 2.200.28 iron powder shooting in:
a, ¢, e, g — reflected electrons; b, d, f, h — in secondary electrons
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The structure of the diffusion zones consisted of ferritic and austenitic phases separated by a boundary. At a
sintering temperature of 1,050°C, a porous austenitic phase was observed (especially in samples containing NiO oxide),
due to high negative volumetric effects during the recovery of NiO. Sintering led to more intensive compaction when
the temperature rose to 1,150°C and 1,250°C. Intensification was observed in samples reduced from Ni oxide. A
significant increase in the volumetric fluidity of the material after the recovery of nickel oxide particles was explained
by increased structural unevenness and incorrect arrangement of dislocations, in comparison with the structure of a
powder material with nickel particles. The latter were characterized by a uniform arrangement of dislocations, which
were less susceptible to annihilation during pre-annealing. The recovery of nickel oxide was accompanied by movement
of the interparticle surface of the fusion, which led to the formation of a defective structure. In the process of NiO
recovery, a complicated structure was formed in the volume of the migrating NiO-Ni boundary due to disoriented
dislocations that did not disappear even at high sintering temperatures (Fig. 3).
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sy
X

¢ » X
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¢ d)
Fig. 3. Microstructures of an alloy made of PZHRV 2.200.26 powder

when Ni was introduced into the initial charge in the amount of:
a, b—20%; ¢, d — 40% at a sintering temperature of 1,150°C

The diffusion of nickel into powdered iron was most active along grain boundaries with a deviation deep into the
grain. This was due to the lower activation energy of the grain boundary diffusion process compared to the bulk one.
The high diffusion permeability of grain boundaries was due to their defective structure. The predominant dissolution of
nickel along the boundaries of iron grains was more pronounced at a low sintering temperature (1,050°C), when
volumetric diffusion was difficult (Fig. 4, 5).
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Fig. 4. Distribution of Ni concentration in the diffusion zone of Fe-Ni pairs (solid line 1, 2, 3) and Fe-NiO (dotted line 1 a, 2 a, 3 a)

after sintering in a hydrogen atmosphere at temperatures:
1,1a—1,050°C; 2,2 a—1,150°C; 3,3 a — 1,250°C
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Fig. 5. Dependencies of the coefficients of mutual diffusion of Fe-Ni (line 1
and Fe-Ni (line 2) after annealing and sintering at temperatures:
a—1,050°C; b — 1,150°C; ¢ — 1,250°C
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On all curves, the mutual diffusion coefficient had a maximum at a nickel concentration of more than 60%. These
data coincided with the results of the work in which the coefficients of mutual diffusion were analyzed by finite element
modeling of a simple model. At sintering temperatures of 1,050°C and 1,150°C in this concentration range, the mutual
diffusion coefficient in the Fe-NiO pair was about 10 times higher than in the Fe-Ni pair [19]. With an increase in the
sintering temperature to 1,250°C, this difference existed throughout the concentration range, which was also confirmed
by the results of [18] and was shown in Figure 6.

Active diffusion energy £ and pre-exponential multiplier D_O were determined based on the temperature
dependencies of the mutual diffusion coefficients in accordance with the Arrhenius formula [6]:

- - E
D=Dyexp —— 1
o exp RT (1

The diffusion energy in all the cases considered was found to be lower than the values reported in the literature for
compact materials [19].
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a) b)

Fig. 6. Temperature dependencies of mutual diffusion coefficients:
a — Fe-Ni systems; b — Fe-Ni systems on NiO concentration:
1 —90%; 2 — 80%; 3 — 70%; 4 — 50%;
5 —40%; 6 — 30%; 7—20%; 8 — 10%

The porosity and structural activity of the nickel powder component influenced the increase in the processes of
surface and grain boundary diffusion, which were realized by mechanisms with low activation energies, as well as
diffusion by defects. The activation energy (Fig. 7) and the pre-exponential multiplier had a minimum in the
concentration range of 50-70% Ni (Fig. 8). E values were suitable for Fe-NiO and NiO systems. Pre-exponential
multiplier D_O in the Fe-NiO system was significantly greater than in the iron-nickel system, and increased the

coefficient of mutual diffusion of elements during recovery annealing and sintering. Under thermomechanical action, as
well as during the diffusion of carbon into the iron crystal lattice, the interparticle surface of the fusion was displaced,
which could serve as the beginning of crack development [19]. This was due to an increased defect in the nickel
structure after recovery, which was confirmed by X-ray analysis data [19]. The dislocation density of nickel powder
recovered from oxide at a temperature of 700°C was 1.8:1,010. For carbonyl nickel it was 1.0-10% cm™.
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Fig. 7. Activation energy of mutual diffusion E in Fe-Ni systems (dotted line) and Fe-NiO systems (solid line)
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Fig. 8. Pre-exponential multiplier D_O (m?/s) in Fe-Ni (dotted line) and Fe-Ni (solid line) systems

Discussion and Conclusion. The process of diffusion annealing of samples obtained from PZHRV 2.200.26 iron powder
is accompanied by the so-called “Frenkel effect”, when atoms, ions or defects in a crystalline material can move or diffuse at
elevated temperatures. During diffusion annealing, diffusion and recombination of defects such as vacancies (absence of an
atom in the crystal lattice) and vacancy defects (atoms in the wrong places in the crystal lattice) are possible. As a result, the
crystal can transform or get rid of these defects. When a vacancy and a vacancy defect are in close proximity, a Frenkel pair is
formed. These pairs can move through the crystal via diffusion. If a Frenkel pair comes into contact with one of the vacancies,
it can eliminate two defects and thereby purify the crystal of defects.

During the sintering process of alloyed powder steel, atoms diffuse between the powder particles, forming bonds at
the interface. The diffusion of alloying elements in the powder steel leads to the formation of intermetallic compounds,
as well as the creation of dispersed and basic phases. These diffusion processes can be accelerated by increasing the
sintering temperature.

As a result of the studies performed, the quantitative parameters of Ni concentration distribution in the iron base
were determined depending on the sintering temperature. The minimum distance over which nickel is distributed is
70 microns at a sintering temperature of 1,050°C. When sintered at 1,250°C, the distribution zone of pure nickel
increases to 165 microns. However, when using nickel oxide, this zone increases above 360 microns at the same
temperature. This indicates that the diffusion in a system with nickel powder recovered from oxide is 5—-10 times higher
than when carbonyl nickel powder is used. This may be important in the processes of alloying or saturating materials.
The high rate of diffusion of recovered nickel can lead to faster and more uniform penetration of alloying elements into
the material. This can be useful when creating a surface layer with certain properties or increasing the strength and other
mechanical properties of the material.

The analysis of the results obtained indicates a different intensity of diffusion processes in powder alloyed steels.
This is associated not only with the distortion of the crystal lattice of the starting materials, but also with an increased
concentration of defects formed during the pressing of blanks. An understanding of diffusion processes and their
influence on the formation of the structure of alloyed powder steels makes it possible to optimize sintering processes
and obtain materials with desired properties and microstructure. Thus, the choice between nickel powder recovered
from oxide and carbonyl nickel powder should be based on specific requirements and process conditions. Further
research and experimentation can help to fully explore the potential of these options and determine the most effective
approach for a given application.
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Abstract

Introduction. Failure of equipment, specifically pipes in the oilfield complex, due to the development of corrosion
processes leads to numerous losses, destruction of expensive components, disruption of technological processes and, as
a result, environmental damage. The use of anticorrosive coatings as an internal protection of oilfield pipes offers many
advantages and can significantly reduce the rate of corrosion, but does not provide a complete solution to this problem.
Destruction of internal anticorrosive polymer coatings (IACPC) occurs for numerous reasons. The causes and
mechanisms of destruction are insufficiently investigated. Therefore, the aim of this work was to analyze the destruction
of internal anticorrosive polymer coatings using practical examples, which made it possible to form and identify the
main causes of damage and degradation of coatings during operation.

Materials and Methods. A complex of laboratory studies was carried out to study the damage to internal polymer
anticorrosive coatings during operation and to establish the main causes of destruction. The initial phase of the
investigation involved a detailed examination of the materials related to the accident circumstances, including the
operating conditions of the coated pipeline (composition of the operating medium, temperature, pressure, and presence
of mechanical impurities), operation time, and type of polymeric material used. The second phase involved laboratory
testing of the coating, which included the determination of layer thickness, dielectric continuity, adhesive strength
(by the normal separation method), investigation of thermokinetic properties by means of differential scanning
callometry (DSC), study of the coating structure using scanning electron microscopy.

Results. Practical examples of the destruction of internal anticorrosive coatings of oilfield pipes were analyzed. For
each case, characteristic signs of degradation of the anti-corrosive coating were identified. Changes in the
microstructure of the coatings, as well as the formation of corrosion products, were observed depending on the type of
destruction. The focus was on studying the degree of polymerization of the coating, both using the traditional method of
determining the ATg parameter using DSC, and based on indirect signs detected during microscopic studies.

Discussion and Conclusion. The practical cases of damage to the internal anticorrosion coating of pipes of the oil and
gas complex considered in the article allowed us to divide the causes of destruction into three groups: operational,
technological and defects during transportation, storage and construction and installation works. Based on these
findings, we have formulated recommendations for manufacturers to ensure maximum performance from their coatings.
It is noted that the compliance with the presented recommendations makes it possible to obtain internal anticorrosive
polymer coatings with a minimum guaranteed lifespan of 15 years, as demonstrated by the successful operations of
pipelines in Western Siberia, such as those operated by Surgutneftegaz PJSC and LUKOIL — Western Siberia LLC.

Keywords: internal anticorrosive polymer coating, destruction of the coating, adhesive strength, operational defects,
peeling of the coating, corrosion products, cracking, blistering
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AHHOTALMSA

Beedenue. Otka3 060opynoBanusi — TpyO HE(PTENPOMBICIOBOTO KOMIUIEKCa — I10 MPUYMHE Pa3BUTHS KOPPO3HOHHBIX
MIPOIIECCOB MPHBOANUT K MHOTOYHCIEHHBIM yOBITKaM, pa3pyIICHHIO IOPOTOCTOSIIUX KOMIUIEKTYIOIINX, HAPYIICHHIO
paboThI TEXHOJIOTMYECKUX IPOLECCOB M, KaK CIEACTBHUE, SKOJIOrHYeCKoMy ymiepOy. [IpiMeHeHrne aHTUKOPPO3UOHHBIX
MOKPBITHH B KaueCTBE BHYTPEHHEW 3alUThl HE(TENPOMBICIOBBIX TPYO HMMEET MHOTO IPEUMYILECTB M IO3BOJIIET
3HAYUTEIbHO CHHU3UTh CKOPOCTH KOpPpPO3MH, HO He oOOecleudBaeT IOJHOTO pelleHus AaHHoi npoGnemsl. Ilo
MHOTOYHCJIEHHBIM IIPUYHMHAM IIPOUCXOIAT pa3pyLICHUs] BHYTPEHHUX AHTUKOPPO3HOHHBIX IIOJUMEPHBIX IOKPBITHH
(BAKTIIT). HegocraTouHo Mccae0BaHHBIMHE SIBJISTFOTCS] IPUYMHBI U MEXaHU3MBI paspytieHus. [1o3ToMy 1enbio TaHHOM
pa0oTBl CTalO MPOBEIEHHWE AaHAIN3a Pa3pyLlICHWH BHYTPEHHWX AHTHKOPPO3HOHHBIX ITOJMMEPHBIX IOKPBHITHH Ha
MIPAaKTHYECKUX TPHUMEpax, 4YTO TO3BOJIHMIO C(OPMHPOBATH W BBIIECIUTh OCHOBHBIC MPUYMHBI IMOBPEXKICHUS H
JeTpaialliy TIOKPBITHH MPU SKCILTyaTaluH.

Mamepuanst u memoost. J{nst N3ydeHNUs MOBPEKACHUH BHYTPEHHUX IOJIMMEPHBIX aHTHKOPPO3HOHHBIX MOKPHITHH B
TIporiecce 3KCITyaTallid M yCTAHOBJICHUS OCHOBHBIX NPHYUH Pa3pyIICHHS MPOBOIMICS KOMIUIEKC J1IAOOPaTOPHBIX
uccienoBaHnii. [lepBoHayalbHBIM  3TAallOM  MCCIIEOBAaHUS  SBISIOCH  MOJAPOOHOE HM3y4YEeHHE MaTepHaloB
0OCTOSITENILCTBA ABApHHU: YCJIOBHUS OKCIUTyaTallik TpPYyObl C IIOKPBITHEM (COCTaB OJKCILIyaTHPYEMOW Cpenpbl,
TEeMIlepaTrypa, [aBleHHE, Haludne MEXaHWYEeCKHX IpHuMeceid), HapaOdOTKa, THUI MPHMEHSIEMOTO IOJUMEPHOTO
Mmarepuaia. Bropoil ostanm — nabopaTropHble UCCIENOBaHMS TOKPBITHS: OIpEAEJICHUE TOJLIMHBI  CIIOS,
JU3JIEKTPUYECKOH CIUIOIIHOCTH, aJre3MOHHOW IpOYHOCTH (METOJOM HOPMAalbHOTO OTpbIBAa), HCCIEJI0BaHNE
TEPMOKHHETUYECKHUX CBOMCTB TOCpeACTBOM nuddepeHnnaibHo-ckanupytomeil kamwiomerpun (JCK), usyuenue
CTPYKTYPBI TOKPBITHS IIPU IIOMOIIN CKaHUPYIOLIEH 3JIEKTPOHHONH MUKPOCKOIIHH.

Pesynomamut uccnedosanus. VI3yueHbl TNPAaKTUUECKHE INPHUMEPBI pa3pyLIEHUs] BHYTPEHHHX AHTUKOPPO3HOHHBIX
TIOKPBITHHA HE(PTETIPOMBICIOBEIX TPyO. IS KaXIOro HCCIEAyeMOro Cirydasl BBISIBICHBI XapaKTEpPHbIE NPHU3HAKA
JETpafiallid aHTUKOPPO3MOHHOTO TOKPHITHA. IloKa3aHbI H3MEHEHHS MHUKPOCTPYKTYpBl TOKPBITHH, a Takxke
o0pa3oBaHNe NMPOAYKTOB KOPPO3UH B 3aBUCHMOCTH OT XapakTepa paspylieHus. Jlemaercst akIeHT Ha HCCIe0BaHUU
CTENCHN ITOJIMMEPU3AIMN TOKPBITHA Kak ¢ IOMOLIBIO TPaJUIMOHHOTO MeToja ompezaeneHus napamerpa ATg c
nomonipio JICK, Tak 1 Ha OCHOBE KOCBEHHBIX ITPU3HAKOB, OOHAPY>KEHHBIX B X016 MUKPOCTPYKTYPHBIX HCCIICTOBAHUM.

Obcyscoenue u 3axnoueHue. PacCMOTpeHHbIE B CTaThe IPAKTHYECKHE CIydad MOBPEXKACHUS BHYTPEHHETO
AQHTHKOPPO3MUIHOTO TOKPHITUS TPYO HE(TEra3oBOro KOMIUIEKCA IMO3BOJIMIM Pa3[eiuTh NMPUYMHBI Pa3pylIeHUs] Ha TpU
TPYIIIBI: OKCITyaTallMOHHBIC, TCXHOJIOTMYCCKUE U I[C(I)CKTLI B XOA€ TPaHCHOPTHUPOBKH, XPaHCHUA N CTPOUTCIIHLHO-
MOHTaXHBIX padoT. ChopMynupoBaHbl pPEKOMEHAAIMKM IIPOU3BOMUTENSAM, TO3BOJIIIONIME TIOJydYaTh TIOKPBITHI C
MaKCHUMaJIbHBIMH  XapaKTePUCTHUKAaMH, TPHUCYIMMH HCIOJIb3yEMOMY JIAKOKpacOYHOMY Matepuany. OTMEdYeHO, 4TO
COOJIOJICHHE TIPEACTABICHHBIX PEKOMEHIAIMA IIO3BOJIIET IMONMydYaTh B YCIOBHAX 3amanHoii CuOWpH BHYTpEHHHE
AHTUKOPPO3HMOHHBIE TIOJIMMEPHBIC TIOKPBITHS C TAPAaHTHPOBAHHBIM PECYPCOM HE MeHee 15 J1eT (4To NOATBEp)KAAETCs ONBITOM
YCIIEITHOI SKCITyaTalMH Takux Tpy6orpoBoaoB B [TAO «Cyprytaedrerasy 1 000 «JTYKOWMII — 3amamnas CuGups»).

KiroueBble cji0Ba: BHYTpEHHEE aHTHKOPPO3HMOHHOE MOIMMEPHOE MOKPBITHE, pa3pylIeHHE MOKPBITHSA, aIre3UOHHas
MIPOYHOCTD, SKCILTyaTallMOHHbIE AE()EKTHI, OTCIIOCHUE MOKPHITHS, IPOLYKTHI KOPPO3HH, PACTPECKUBAHUS, B3AYTHSA

BaaronapuocTu. ABTOpHI BEIpaXkaroT OsarogapHocTsb Beaymemy umkenepy OOO «HIILL «Camapa»» [I.M. JlaBbinoBy
3a MOMOILb B IPOBEJCHUU HCCIEI0BAHUN MMOKPBITHI Ha PACTPOBOM AIEKTPOHHOM MHUKPOCKOIIE.
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Jas murupoanmsa. Cypraesa E.C., IOaun ILLE., Amocos A.Il. Paspymenne BHYTpEHHHX aHTHUKOPPO3HOHHBIX

MTOTUMEPHBIX MOKPHITUH HE()TENPOMBICIOBBIX TPYO MpU IKCIUTyaTalMu. bezonacnocms mexHo2eHHbIX U NPUPOOHBIX
cucmem. 2024;8(2):90-100. https://doi.org/10.23947/2541-9129-2024-8-2-90-100

Introduction. Failures of oilfield pipelines due to internal corrosion cause significant losses [1]. The main damage
is caused by the destruction of essential components, leading to disruption of operational processes and high levels of
economic and environmental harm [2]. To address this issue, various methods for protecting the inner surfaces of pipes
have been developed. These include the use of corrosion inhibitors, corrosion-resistant steels, non-metallic materials,
and internal anticorrosive coatings [3]. All these methods aim to reduce the rate of corrosion under specific operating
conditions [4]. The most promising method to protect metal from corrosion is the use of anticorrosive polymer coatings,
which prevent the impact of aggressive components of the transported medium on the inner surface of the pipe [5]. As a
result, the destruction of metal caused by corrosion is significantly reduced, ensuring long-term, trouble-free operation
of equipment [6]. Liquid and powder-based polymer coatings are two of the most reliable and versatile methods of
protecting the inner surfaces of oilfield pipes [7]. Powder coatings based on epoxy resins are preferred due to their
excellent performance and durability [8].

One of the main advantages of using anticorrosive polymer coatings is the possibility to use materials that are
relatively inexpensive instead of more expensive options. For example, carbon steel pipes with a corrosion-resistant
coating can be used instead of high-alloy steel pipes. In addition, due to the low roughness of the polymer coating, the
flow rate of pipes increases[9], the formation of salt[10], asphalt-resinous and paraffin deposits decreases
significantly [11]. Compared to the chemical method of protecting pipes (through the use of corrosion inhibitors),
internal polymer-based coatings have several advantages. These include:

1. Internal anticorrosive polymer coatings are more effective, as they form a physical barrier between the aggressive
environment and the metal. Inhibitors affect the corrosion process only in direct contact with the metal surface.

2. Polymer coatings have a longer service life, while the action of the inhibitor may cease when its concentration in
solution is depleted.

3. In compliance with the technical regulations, anticorrosive coatings are easily applied to the inner surface of the
metal. When using corrosion inhibitors, it is necessary to carefully calculate the concentration and method of
introducing them into the working environment.

Given that corrosion inhibitors are acidic chemical solutions, their use can adversely affect the properties of
tubing materials. When an inhibitor comes in contact with a metal surface of a pipe, as well as when it penetrates
a threaded connection of a “tubing nipple — coupling”, metal destruction through the mechanism of hydrogen
cracking may occur [12].

Nevertheless, polymer anticorrosive coatings also have a number of disadvantages, which include: aging of the
polymer base, diffusion of the transported medium through the coating, and relatively low impact strength [5].

The effectiveness and durability of an anticorrosive coating depend on a variety of factors that influence its
protective ability. One of the most significant indicators of a coating's quality is the adhesion strength between the
polymer and the metal substrate, which depends on the application technology. The quality of the materials used,
compliance with correct preparation techniques for the metal surface, and the coloring process play a crucial role in
determining the adhesive strength. Additionally, temperature drying conditions are essential [13]. Along with the above
requirements, the stability of the protective properties of the polymer coating does not always depend on the coating
itself, but is also determined by the operating conditions and parameters [9]. The main technological factors
contributing to the IACPC degradation and premature destruction can include: disruption of well operation due to a
sharp drop in the temperature of the pumped product or pumping of the product at a temperature higher than the design
temperature; excess pressure; the presence of high corrosion activity of the extracted products; incorrectly selected type
of coating for specific operating conditions.

There are frequent cases of damage to the polymer coating during scraping (cleaning) of the borehole from the
formed asphalt-resin-paraffin deposits. The use of an improperly designed scraper contributes to the violation of the
integrity of the surface layer of the coating. Scratches and protruding burrs are formed, which reduce the barrier
properties of the polymer coating during further operation.

The existing literature [14] on the issues of internal protection of oilfield equipment using polymer coatings
only considers a small part of the problem and does not reflect the full picture of the IACPC destruction. It is
important to note that depending on changing factors such as operating conditions, the type of polymer material
used, technological operations of preparation and coating, the destruction of the anticorrosive coating may have a
different character. Thus, due to the complexity of the kinetics of the coating destruction process and the lack of a
practical basis, it is not always reliably possible to determine the true cause of coating damage. Numerous studies
conducted by the authors on oilfield pipes allowed us to consider some new specific examples of TACPC
destruction during operation and identify the main causes leading to degradation and failure of internal
anticorrosive coatings, taking into account new factors.
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Materials and Methods. The following samples with damage to the internal anticorrosive coating were selected as
samples for the study:

1. A fragment of tubing ¥73x5.5 mm with damage to the coating in the form of blisters along the entire length of
the sample. The tubing failed after 934 days of operation (Fig. 1 a, b).

2. A fragment of tubing @73%5.5 mm with the destruction of the coating in the form of extensive areas with
detachments and blisters localized mainly in the nipple part of the tubing. The time to failure was 146 days (Fig. 2 a, b).

3. A fragment of tubing J73x5.5 mm with a different color of the inner coating (Fig. 3 a, b).

4. A fragment of the pipeline @325%8 mm, with the coating destroyed, exposing the metal substrate, and a through
defect in the pipe (Fig. 4 a, D).

5. A fragment of the pipeline ¥159x8 mm with the formation of numerous blisters of the coating and its
destruction (Fig. 5).

Fig. 1. Damage to the internal anticorrosive coating:
a, b — coating blistering

a) b)

Fig. 2. Destruction of the internal anticorrosive polymer coating:
a — blistering of the coating; b — cracking of the coating

Fig. 3. Different shades of the internal anticorrosive coating of the tubing:
a — light brown shade of the coating; b — dark brown shade of the coating
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b)

Fig. 4. Damage to the internal anticorrosive coating of the pipeline @325%8 mm:
a — general view of the destruction of the coating; & — burns of the coating

Fig. 5. Destruction of the internal anticorrosive coating of the pipeline @159%8 mm

In order to identify the reasons for IACPC failure, a comprehensive analysis of the study was conducted in two
stages. The first stage was a detailed study of the operating conditions of the coated pipe (composition of the operated
medium, temperature, pressure, presence of mechanical impurities), operating time and type of polymer material used.
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The second stage included laboratory studies of the coating: visual inspection, determination of the thickness of the
inner coating according to GOST 31 993-2013, control of dielectric continuity according to ASTM G62, determination
of adhesive strength by the pull-off adhesion strength method according to GOST 32 299-2013, investigation of
thermokinetic properties by means of differential scanning callometry (DSC). Microstructural studies were carried out
using a scanning electron microscope “TESCAN VEGA3 SBH” equipped with a detachable device for energy
dispersion analysis.

Results. Microstructural studies of the anticorrosive coating of the tubing (sample No. 1) revealed complete
detachment of the coating from the metal with the development of corrosion processes. This indicated that the
formation of a corrosion layer with a thickness of approximately 122 microns was due to the prolonged penetration of
aggressive components of the transported medium into the metal substrate (Fig. 6). Studies have not revealed any
significant deviations or imperfections in the coating, such as local areas with reduced thickness or the presence of shot
particles underneath the coating layer. These findings were consistent with the common occurrence of such phenomena
during the shot blasting process of the metal surface prior to applying an anti-corrosion system. Based on these results,
it could be concluded that the destruction of the coating through this mechanism was not the cause of the observed
corrosion processes in this particular case [16]. These signs indicate damage to the anticorrosive coating caused by the
operational impact due to the downhole work carried out to remove impurities and plugs in the tubing trunk using
chemical reagents — hydrochloric acid treatments. It was also impossible to exclude an overpressure in the system, as a
result of which gas penetrated into the coating volume as a result of diffusion permeability and its sharp expansion,
which contributed to the destruction of the coating by decompression mechanism with the formation of blisters [1].

Coating

Corrosion
products

SEM HV: 20.0 kV WD: 16.62 mm VEGA3 TESCAN

SEM MAG: 100 x Det: BSE 500 pm
Bl: 16.00 Date(midiy): 04/24/23 Performance in nanospace

Fig. 6. Microstructural studies of the anticorrosive coating in the area of its damage

According to the results of the study of the tubing fragment (sample No. 2), no deviations were found in areas where
the coating remained intact. However, there was a two-fold decrease in the adhesive strength of the coating in the nipple
area compared to the central part of the tube. The thermokinetic characteristics were determined by differential scanning
spectroscopy (DSC) with determination of the glass transition temperature (Tg) of the coating along the entire length of
the tubing. The results of the analysis did not reveal a significant variation in Tg values of the studied areas, which may
indicate uniform heating during the polymerization of the coating.

Microstructural analysis of the anticorrosive system has established that the peeling of the coating occurred along the
primer layer and was characterized by a cohesive nature of destruction. In addition, oxide particles were present on the surface
of the metal of the pipe and the detached part of the coating (Fig. 7, Table 1). In this case, inclusions of iron oxides on the
inner surface of the pipe may have formed due to inadequate cleaning and surface preparation prior to coating.

The considered example was a frequent case of destruction of the polymer coating associated with a violation of the
technological processes of preparing the inner surface of the pipe before painting.
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SEM HV: 20.0 kV WD: 14.30 mm
SEM MAG: 500 x Det: BSE
BI: 13.00 Date(m/dly): 11/02/22 Performance in nanospace

Oxides

SEM HV: 20.0 kV WD: 14.31 mm
SEM MAG: 100 x Det: BSE 500 um
BI: 15.00 Date(m/dly): 11/02/22 Performance in nanospace

SEM HV: 20.0 kV WD: 14.29 mm VEGA3 TESCAN|

SEM MAG: 500 x Det: BSE 100 ym
BI: 14.00 Date(m/dly): 11/02/22 Performance in nanospace

Fig. 7. Microstructural studies of the coating in the area of its destruction:
a — peeling of the coating from the metal;
b — presence of a layer of oxides; ¢ — chemical composition of oxides

Table 1
Chemical composition of the oxide layer, weight %
Element/Area C (0] Si Mn Fe
1 19.10 27.31 0.83 0.24 50.78
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Upon visual inspection of the inner surface of the tubing (sample No. 3), it was found that the anticorrosive coating
had a different shade. No visible coating defects, such as blisters, separations, or cracks, were found. However, when
determining the dielectric continuity in the area with the dark brown coating (Fig. 3b), numerous breakdowns were
detected, indicating a possible violation of the polymer's integrity due to the presence of microcracks. Taking into
account the results of the conducted research, it could be concluded that the heterogeneity in the shade of the
anticorrosive coating was likely due to under-polymerization during the drying process. Polymerization is achieved
through exposure to high temperatures in specialized ovens, where chemical reactions between polymer chains take
place. To ensure uniform heating of the coating during the curing process, it is essential to maintain a constant
temperature. Any violation of the temperature-time polymerization regime directly affects the rate of chemical
reactions, and as a result, can lead to the destruction of the polymer.

Quite often, there are cases of damage to the anticorrosive coating caused by human error. The formation of coating
damage occurs accidentally and it is impossible to predict their occurrence in advance. These defects can occur at
different stages, from the production of pipes to their transportation to the consumer. Specifically, the following factors
can contribute to the occurrence of these defects: improper selection of coating material for operating conditions,
mechanical damage due to lifting and lowering operations or scraping, violations of regulations during transportation
and storage of coated pipe products, and the influence of human error.

As an example, we can consider damage to the powder-based inner coating caused by repair work on ¥J325x8 mm
pipeline (sample No. 4). The damage to the coating was severe, leading to the exposure of the metal substrate and the
formation of a through defect in the pipe. External signs, such as the presence of blisters and a change in the color of the
coating to black, indicated an additional temperature effect on the pipe at temperatures above 250°C (Fig. 4 a). In this
case, welding work carried out during repair of the pipeline resulted in the formation of burns and burnouts in the
coating (Fig. 4 b), due to violation of integrity and continuity of the coating. As a result, the transported medium could
easily penetrate through the polymer layer to the metal of the pipe, activating corrosion processes. The intensity of
corrosion in a pipeline could be increased by the presence of corrosive substances in the transported fluid, such as
dissolved gases like CO, and H,S. It could also be influenced by factors such as the velocity of the fluid flow,
temperature, and pressure within the pipeline.

There are often cases where the destruction of an anticorrosive coating can have a complex mechanism and be
accompanied by a combination of several factors. Microstructural studies of the @325%8 pipeline showed that the
destruction of the coating occurred through the mechanism of decompressive peeling, which happened under the
influence of a sudden pressure drop [1]. The penetration of gases through the coating reduced the barrier properties of
the anticorrosive coating, leading to the development of corrosion on the pipe metal and the formation of corrosion
products (Fig. 8). In addition, given the scale and nature of the destruction of the anticorrosive coating layer, it could be
established that the main cause of damage to the pipeline was a local thermal effect applied from the inner surface of the
pipe. In this case, high-temperature heating led to overheating of the internal anticorrosive coating and its destruction.

SEM HV: 20.0 kV WD: 15.00 mm SEM HV: 20.0 kV WD: 15.35 mm VEGA3 TESCAN
SEM MAG: 70 x Det: BSE 1 mm SEM MAG: 200 x Det: BSE 200 pm
Bl: 14.00 Date{m/d/y): 05/19/21 Performance in nanospace Bl: 14.00 Date(m/d/y): 06/16/21 Performance in nanospace

a) b)

Fig. 8 Microstructural studies of anticorrosive coating in the field of destruction: a — peeling of the coating;
b — destruction of the polymer coating
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Discussion and Conclusion. Having studied practical examples of damage to internal anticorrosive coatings, it is
possible to divide the causes of their destruction into three groups: operational, technological and defects formed during
transportation, storage and construction and installation works.

Operational defects can be associated with various external influences, such as the use of hydrochloric acid
treatments and the presence of mechanical impurities. The most common is exceeding the maximum permissible
temperature for this type of coating (usually 20-30°C below the glass transition temperature) or high partial pressures
of hydrogen sulfide (H»S) and carbon dioxide (CO).

A comprehensive assessment of the coating's ability to withstand operational impacts in the conditions of oil
production and transportation can be conducted in accordance with GOST 58 346-2019' and regulatory documents
developed on its basis> > *. Despite discrepancies in the methods of autoclave testing, all the presented documents can
adequately assess the IACPC quality. However, predicting the resource of trouble-free operation based on them is
impossible. The development of a model for accident-free resource forecasting is the most urgent task. It, in turn, is
based on the accumulation, description and systematization of the causes of the IACPC destruction.

Technological defects include all defects and imperfections formed during the preparation of the pipe surface before
painting and applying (polymerization) of internal coatings. Obtaining the necessary properties for a specific coating
system is possible if the preparation requirements specified in Table 2 are met. For powder thermohardening coatings,
criterion ATg<3°C must be met. It is possible to control the degree of hardening of liquid coatings only by indirect
methods, for example, by comparing the Buchholz hardness of the controlled coating with the reference one.

Table 2
Requirements for the inner surface
Parameter Indicator Standard Test method
Degree of degreasing No more than 1 GOST 9.402
Presence of oxides Degree of purification, Sa2.5 GOST RISO 8 501-1

not less than

Amount of dust,

2 points
no more than
Dustiness ISO 8 502-3

Size of the dust particles,

2 class
no more than
Average height
Roughness of microroughness Rz, 40-100 ISO 8 5032
microns, within
Salt content mg/m?, ISO 8 502-6
Presence of water-soluble salts 10 more than 20 ISO 8 5029

Defects that may occur during transportation, storage, construction, and installation can be minimized only with an
increased focus on production quality and/or the implementation of inspection and construction control.

The compliance with the presented recommendations makes it possible to obtain IACPC with a guaranteed lifespan
of at least 15 years under the conditions of Western Siberia, as confirmed by the successful operation of similar
pipelines at Surgutneftegaz PJSC and LUKOIL — Western Siberia LLC.
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