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Abstract

Introduction. Cement production is responsible for approximately 8% of anthropogenic CO; emissions, while annual
losses from sulfate corrosion account for 2-4% of the global GDP [1]. Studies have confirmed the influence of SiO, and
additives on the sulfate resistance of multi-component cements (MCCs). However, there is a lack of high-SiO, systems,
and there is no consensus on the effects of individual additives. The absence of long-term field experiments hinders an
empirical solution to this problem. The present study addresses these gaps. The aim of this research is to develop
predictive models to substantiate the optimal composition of MCCs based on their sulfate resistance and environmental
performance. The tasks include: synthesizing data on MCC compositions, performing ANOVA and regression analysis,
and constructing and validating the models.

Materials and Methods. The data sources were thematically structured and analyzed. Experiments were conducted on
eight compositions in accordance with patent RU 2079458 C1 and standards GOST 310.1.76 and GOST 310.4.81. The
samples were grouped by SiO; levels. ANOVA and linear regression were used to model the dependence of sulfate
resistance and self-stress on SiO2 content.

Results. The statistical significance of SiO, influence on the sulfate resistance and strength of MCCs was proven
(F = 248.6795, p = 3.5612e-25). The regression model (Sr=6.2644 +0.08 - SiO,, R*=0.983) demonstrated a linear
dependence of sulfate resistance (ranging from 8.04 to 9.62 conventional units) on SiO, content (21-44%). For SiO, content >
22%, the addition of pozzolans was recommended to compensate for reduced strength at early stages of hardening.
Compressive strength ranged from 35.0 to 44.0 MPa. The reduction of C3A content to <8% enhanced sulfate resistance. The
introduction of 50% granulated blast-furnace slag as a binder optimized the cement structure and reduced the carbon footprint
by 27.5% (to 388.2 kg CO»/t). An increase in silica in the composition:

— by 22.15-28% enhanced sulfate resistance by 0.468 units;

— by 37-40% — 6.2644;

—42% — 9.6244.

Discussion. The model explains 98.3% of the variance in sulfate resistance through changes in silicon dioxide content.
The model remains robust with an increased number of observations, as indicated by the adjusted R, of 0.981. The
F-statistic indicates the high statistical significance of the model. The normal distribution of residuals and the high
precision of the coefficient estimates were confirmed. The limitations on additives in cement specified
by GOST 22266-2013 are no longer up to date. This new approach will allow for an increase in cement durability in
sulfate environments, a reduction in production costs by 30-50%, and a decrease in CO, emissions by 27.5%. It enables
the selection of a concrete composition based on either economic or environmental priorities.

Conclusion. SiO; content is the key factor in enhancing sulfate resistance. This approach offers a new methodological
perspective by overcoming the shortcomings of the GOST standard. Variations in slag composition and the absence of
thermal activation may limit the model's reproducibility, necessitating further research.

Keywords: carbon footprint of cement, sulfate corrosion, optimal composition of multicomponent cements,
environmental safety of construction, environmental efficiency of multicomponent cements
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OpuZMHaJZbHOe amnupudecKkoe uccnedosatue

CratucTuyeckoe MoJeJHPOBaHNe CYIb(ATOCTOHKOCTH H YIJIEPOAHOTIO CJIela
AJId ONITUMHU3AIIUUA MHOTOKOMITIOHEHTHBIX IECMEHTOB
E.J. CmupHoBa

Caunkr-IlerepOyprckuii rocy1apcTBeHHbIH XMMUKO-(hapmaneBTnueckuii yausepcuret, r. Cankrt-IlerepOypr, Poccuiickas ®enepanns
< esmirnovae@yandex.ru

AHHOTaNNA

Beseoenue. TIpon3BOACTBO LIEMEHTa TeHEPUPYET OKOJIO 8 % aHTPOMOTeHHBIX BBHIOPOCOB CO,, €KErojHbIC MOTEPU OT
cynbdatHoit kopposun — 2—4 % BBII [1]. Uccnenopanus noarsepmwin Biusaue SiO, U 100aBOK Ha Cyib(HaToCTON-
KOCTh MHOTOKOMITOHEHTHBIX IieMeHToB (MKII), ojHako HET KOJMYECTBEHHBIX Mojeneil ¢ BeicokuM SiO; u eanHoro
MHEHHS O JEUCTBUHM OTIENbHBIX N00aBOK. OTCYTCTBHE MOJITOCPOYHBIX MOJEBBIX AKCIEPHUMEHTOB MPEIMSATCTBYET perie-
HUIO MPOOJIEMBbI ONBITHBIM myTeM. [IpeacraBnenHas paborta BOCIONHsET 3TH 1pobesbl. Llens uccnenoBanus — co3aath
TIPOTHO3HBIE MOJIENH Il 000CHOBaHMUS onTuMansHOro coctaBa MKII o cyiap(aTocTOMKOCTH 1 SKOJIOTHYHOCTH. 3aja-
gn: 0600menne nanHbx mo coctaBam MKL, ANOVA, perpecCHOHHBIH aHAN3, TOCTPOCHNE U BaTHIAINS MOJIEIICH.
Mamepuanvt u memoost. VICTOYHUKN TEMaTHIECKH CTPYKTYPHUPOBAIM U MIPOaHATH3UPOBAITH. [IpoBeNH OIMBITHI C BOCe-
MbI0 coctaBamu coryacHo narenty RU 2079458 C1, TOCT 310.1.76 u TOCT 310.4.81. BeiOopky crpynnupoBaiu 1o
ypoBHsM SiO. [yt MOIENUpOBaHKs 3aBUCUMOCTH CYJIb(aTOCTOWKOCTH M camoHarpshkeHust oT SiO, ucronp3oBanu
ANOVA 1 11HEWHYI0 Perpeccuro.

Pesynomamor uccnedosanus. Jloxkazana craTucTHieckasi 3Ha4MMOCTh BIHMHUS Si0, Ha Ccynb(paToCTOHKOCTh U TPOY-
nocts MK (F = 248,6795, p = 3,5612e-25). Perpeccuonnas moaens (Sr=6,2644 + 0,08 - SiO,, R?>=0,983) nemon-
CTPHpYET JHMHEIHYI0 3aBUCHMOCTH cyib(aroctoiikoctu (8,04-9,62 ycn. en.) ot comepxanust SiO; (21-44 %). Ilpu
Si0; > 22 % cnenyet q00aBIATH MyLILIOJIAHBI TSI KOMIIEHCAIMM CHHKEHUSI TIPOYHOCTH HA PAaHHUX CTA[USIX TBEPICHHUS.
[Ipounocts Ha cxatre — 35,0-44,0 MIla. Ymenbiienne C3A no <8 % nosbliaer cyibpatocToiikocts. BBeaenue Bsi-
xymiero 50 % TpaHyIHPOBaHHOTO MUTaKa ONTHMH3HPYET CTPYKTYPY IIEMEHTa M COKpaIlaeT YIIepOTHBIN ciel Ha
27,5 % (mo 388,2 kr CO,/T). YBenn4ueHne KpeMHe3eMa B COCTaBe:

— Ha 22,15-28 % ycunuBaer cynbdarocroiikocTs Ha 0,468 enuHAIBI;

—Ha 3740 % — 6,2644;

—42 % —9,6244.

Oocyrcoenue. 98,3 % Bapuaiuu CyJb(haTOCTONKOCTH OOBACHICTCA M3MCHECHUSIMH COJCPKAHUSA ITUOKCHIA KPECMHHS.
Mogenp ycToHunBa MK YBEIWYEHUH YUCIIa HAOIIONeHUH (CKOppeKTHPOBaHHbIN R, = 0,981). F-cTaTUCTHKA CBUIETENb-
CTBYET O BBICOKOI CTaTUCTHYECKOH 3HAUMMOCTH MoJenu. JJoka3zaHbsl HOpMaJIbHOE pacipeesieHre OCTaTKOB U BBICOKAs
TOYHOCTH OIleHKH Ko3(dduimentos. Orpanndenus ['OCT 22266-2013 ans 1o0aBoK B cOCTaBe LEMEHTOB yCTapesH.
HoBblii 10X0/] MO3BOJIMUT MOBBICHTH JOJI'OBEYHOCTh I[EMEHTa B CYJIb(ATHBIX Cpeliax, COKPATUTh MPOU3BOJICTBEHHBIC
3arpatsl Ha 30—50 %, Be1Opockl CO; — Ha 27,5 %. MoskHO BBIOpaTh cocTaB 0€TOHA B 3aBHCUMOCTH OT 3KOHOMHYIECKUX
YJTA SKOJIOTHYECKUX TIPUOPUTETOB.

3axnrouenue. Conepxxanue SiO, — Kir04eBoi (pakTop MOBBIIEHHS CYIb()ATOCTOMKOCTH. DTOT MOJXO CO3/1AaET HOBYIO
METOJIOJIOTHIECKYI0 NEpPCHEKTHBY, T. K. IpeononeBaeT Henocrtarku 'OCTa. Bapuanmu cocraBa IITAKOB M OTCYTCTBHE
TEePMHUYECKOH aKTUBAIIMH MOTYT OIPaHIYHMBATh BOCIIPON3BOANMOCTE MOIENH, YTO TPeOyeT AaTbHEHIIINX NCCIIeT0BaHNH.

KiroueBble cJI0Ba: YIJICPOMHBIA CIIEN OT IIEMEHTA, CyJb(aTHas KOPPO3Ws, ONTHMAIBHBIA COCTaB MHOTOKOMITOHCHTHBIX
LIEMEHTOB, KOJIOTHYECKas OE30MacHOCTh CTPOUTEIILCTRA, IKOJIOTHYECKas 3((EKTHBHOCTh MHOTOKOMITOHCHTHBIX IIEMECHTOB

BaarogapHocTH. ABTOp Oslaromaput Kojuler ¢ (akyjabTeTa XMMHU BellecTB U marepuanoB Cankr-IleTrepOyprckoro
TOCYTapCTBEHHOTO TEXHOJOTHMYECKOTO HHCTUTYTA (TEXHUIECKOTO YHUBEPCUTETA) U Kadeapy XUMHUIECKOH TeXHOJIOTHH
TYTOIUIAaBKUX HEMETANIMYECKUX W CHIMKATHBIX MAaTepHajoB, Ha 0a3e KOTOPOil BBIMOIHINCE HEKOTOphIC
UCCIIEJIOBAHMSI.
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Introduction. Cement production is responsible for about 7-8% of the world's annual anthropogenic CO;
emissions, which is equivalent to 2.2 billion tons [1]. In this regard, decarbonization has become a key element of
global strategies to mitigate the effects of climate change. Sulfate corrosion contributes to this issue. Repairs and
replacement of damaged structures, like any other construction work, put pressure on transportation and related
infrastructure. Special purpose vehicles are one of the main sources of CO, emissions. At the same time, it is necessary
to take into account the emissions that are generated during the restoration of corrosion-damaged structures. The
financial costs of repair work are also significant. According to E. Kablov, an academician of the Russian Academy of
Sciences, economic losses from corrosion in the US amount to $1.1 trillion per year, which is approximately 3% of
GDP!. Similar figures have been recorded in the UK and Germany. According to American experts, Russia's losses
from the destruction of materials due to climatic factors are approximately 4% of its GDP2. The Director-General of the
World Corrosion Organization, G.F. Hayes, estimates that the annual global loss from corrosion is $2.2 trillion, which is
more than 3% of the global GDP. This does not include environmental damage, waste of resources, production losses,
and human injuries>.

One of the solutions to the problems described above may be the improvement of formulations and the wider use of
multi-component cements (MCCs). Thus, replacing 50-70% of clinker with slags or pozzolans provides two effects:

— reduces emissions by 0.5-0.95 tons of CO, per one ton of cement [2];

— increases resistance to sulfate aggression due to the use of silicon dioxide, which enhances C—S—H gel by 15-25% [3].

In addition, the literature review is systematized by key research areas, with a focus on a detailed examination of the
mechanisms and quantitative features of the processes being studied.

Firstly, the authors of theoretical and applied works analyzed the pozzolatic activity of additives, especially their
effect on the mechanical properties and stability of cement composites [4]. According to some reports, nanosilica and
nanocellulose increase the resistance of cement mortar to sulfate corrosion*. Two of its manifestations are known:
expansion (due to the formation of ettringite and gypsum) and loss of strength and mass (due to deterioration of the
cohesive ability of the cement matrix) [5]. The best active filler for cement is microsilica additive [6]. When it is used
(Si0; in amorphous form) at a concentration of 5-15% by weight, a significant (20—40%) increase in compressive
strength is recorded. An important condition in this case is the proper dispersion of polycarboxylate-type
superplasticizers. This ensures micro-filling of the pore space. Side reactions occur with calcium hydroxide —
Ca (OH),, which is formed during hydration of clinker [7]. The effect is especially noticeable with a microsilica specific
surface area of 15-25 m%*g and a particle size of 0.1-1 um. The optimal proportioning of 10% ensures maximum
structure density [8]. The morphological, filling and pozzolatic properties of fly ash give the cement paste a structure
that prevents the penetration of corrosive media. However, this statement is incorrect if the fly ash content is more than
20% by weight, and it contains less than 10% of active SiO, and Al,Os. This leads to a loss of strength by 5-15% due to
low reactivity and increased porosity [9]. The carbon footprint of production is reduced by 20-30% when replacing
clinker with alternative materials such as blast furnace slag (CaO 30-45%, SiO> 30-40%) and fly ash (class F with
SiO,+ALOs+Fe 03 > 70%) [10]. However, their effectiveness in conditions of sulfate aggression (for example, at
concentrations of SO4>~ > 5000 mg/l) remains questionable due to the possible formation of secondary sulfates [11].

Secondly, nano-SiO; is described as a promising modifier. In [6], the addition of 1-3% of nano-SiO, with a particle
size of 10-50 nm with a specific surface area > 200 m%/g is considered. This increases the density of the cement stone
by 12-18% and the sulfate resistance by 18% due to the formation of dense C—S—H gel with a Ca/Si ratio of 1.7-2.0.
The result is confirmed by X-ray diffraction. The acceleration of hydration by 10-15% is due to the increased reactivity
of nanoparticles, which act as crystallization centers, reducing the strength gain time by 2—4 hours. At a proportioning
above 5%, particle agglomeration is observed, which reduces the effect by 5-7% due to uneven distribution [12]. The
combination of nano-SiO, with steel fibers increase corrosion resistance by 20% in a sulfate environment at pH 7-9.
These results are supplemented by data from [8].

! How to Protect Materials from the Climate. Rare Earths. 2018. (In Russ.) URL: https:/rareearth.ru/ru/pub/20180831/04072.html (accessed: 03.09.2025).
2Regnum IA. The Economies of the Leading Countries are Losing Trillions Due to Corrosion, the Scientist Said. (In Russ.) URL:
https://regnum.ru/news/2473576?ysclid=mf9qsfdnef959278558 (accessed: 03.09.2025).

3 Hays G.F. Corrosion Costs and the Future. URL: https://corrosion.org/Corrosion+Resources/Publications.html (accessed: 03.09.2025).

* El-Feky MS, Badawy AH, Mayhoub OA, Kohail M. Enhancing Sulfate Attack Resistance of Cement Mortar through Innovative Nano-Silica and
Nano-Cellulose Incorporation: A Comprehensive Study. Asian Journal of Civil Engineering. 2024; Apr. (In Russ.) https://doi.org/10.21203/rs.3.1s-
4248270/v1. Preprint. URL: https://www.researchsquare.com/article/rs-4248270/v1 (accessed: 03.09.2025). Preprint. The work is licensed in accord-
ance with the international ““License” With the indication of authorship”” — Creative Commons Attribution 4.0 International (editor's note).
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Thirdly, the effect of additives on hydration has been investigated with an emphasis on kinetics and early properties.
It is known from [13] that the addition of 2-5% of nano-SiO, and 10-15% of methakaolin (with an Al,O; content of
35-40%) reduces the setting start time by 15-20 minutes and increases early strength (the first day) by 12% due to
activation of secondary reactions with the formation of additional C—A—S—H-gel. At the same time, metakaolin with a
specific surface area of 1015 m?/g proved to be more effective at temperatures of 20-25°C. At 35-40°C, the effect is
reduced by 5% due to thermal degradation. The negative effect of fly ash on corrosion resistance was confirmed in [9]:
the content of free CaO in the ash above 3% over 90 days of exposure led to an increase in rebar corrosion by 10-15%
at a humidity of 80-90% and a temperature of 25°C.

Nevertheless, materials with SiO, additives and the effect of specific components on the sulfate resistance and self-
stress of concrete are still insufficiently studied.

Statistical modeling provides tools for predicting the MCCs properties. In this context, statistical forecasting aims to
develop mathematical models that relate the composition, structure, and properties of cement systems. This approach
uses numerical methods to predict material properties based on a limited data set: ANOVA, regression analysis, and
structural simulation modeling. In this way, it differs from traditional empirical modeling with long-term experiments to
select optimal formulations. In this case, the following are required, for example:

— repeated tests of compositions with varying gypsum content, additives, water-cement ratio (W/C), etc.;

— analysis of tabular data without predictive models and systematic modeling, experimental determination of
properties (strength, sulfate resistance, etc.).

Regression equations with coefficient of determination R*=0.97-0.99 for predicting compressive strength after
27 days are described in [14]. There were 50-100 samples in the test kits. The basis of the solution is the content of
Si0,, Al,03 and CaO in cement clinker with an error of £ 3—5%. These data are supplemented in [15]. It was shown that
the addition of 20% silica with a specific surface area of 20 m%/g increases the elasticity modulus by 10% (from 30
to 33 GPa) and reduces shrinkage by 8% at a relative humidity of 50-60%. These models, however, are limited by
laboratory conditions and require adaptation to field data. Decarbonization strategies (for example, CCUS — carbon
capture, utilization, and storage) reduce emissions by 50-60% by capturing CO, and then storing it in geological
formations [16]. Ultra-high performance concrete (UHPC) 3D printing reduces cement consumption by 15-20% due to
geometry optimization [17]. Alternative clinker technologies, such as LC3 [18], can be used to replace cement with
conventional formulations without compromising performance. The introduction of SiO, nanoparticles reduces the
carbon footprint and increases the durability of materials [19]. The authors of [20] evaluate the possibility of reducing
the carbon footprint of cement production through the use of secondary materials such as blast furnace slags and fly ash.
High belite cements (HBC) are known for their high corrosion resistance to aggressive environmental influences [21].
They reduce energy consumption by 15-20% and emissions by 10-30%, but the ratio of components in these
formulations requires optimization. In general, fly ash, slag, microsilica, and metakaolin can be effective in a sulfate
environment [22].

It should be noted that the disparity of data on technologies and interactions of additives makes it difficult to identify
common patterns, especially with SiO, > 40% and long service life.

Quantitative dependence of SiO, content on sulfate resistance has not been sufficiently studied in real field
conditions. Humidity (40-90%) and temperature (—10 — +40°C) vary significantly. There are no long-term data for the
period of 10-20 years, which makes it difficult to assess the stability of MCCs with SiO; >40% under long-term
operation conditions.

Consistent predictive models for MCCs have not been developed that take into account combinations of additives
(for example, SiO, with methacaolin or slag with ash). Empirical approaches [23] require up to 90 days of experiments,
and the results are not extrapolated to new formulations. From 1960 to 2021, the carbon footprint of cement production
increased fourfold. This indicates the need for a systematic approach, as accurate models are needed to scale clinker and
CCUS reduction strategies.

Thus, the quantitative dependence of SiO, content on sulfate resistance in the field has not been studied. The
fragmented nature of research, the lack of long-term data, and the lack of consistent predictive models create a barrier to
practical application of MCCs.
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The aim of this research is to create a predictive regression model with an expected coefficient of determination
R?>0.95 and a prediction error of no more than 5-7%. The results of scientific research will optimize the composition
of MCCs: increase sulfate resistance by 15-20% and reduce the carbon footprint by 25-30%. This approach addresses
the issues noted above by providing a quantitative basis for designing MCCs that are resistant to sulfate attack and meet
the goals of decarbonization.

Objectives of the research:

— collecting an experimental database on chemical composition (clinker, slags, additives) and properties (strength,
sulfate resistance, self-stress);

— grouping of the sample by SiO, levels (low ultra high) taking into account field conditions;

— single-factor analysis of variance (ANOVA) to assess the significance of factors;

— construction of a regression model with calculation of coefficients, residual error and statistical parameters (¥, p);

— validation of the model on an independent data set with predictive accuracy analysis;

— environmental impact assessment (reduction of CO,, conservation of resources) and scalability of formulations for
industrial applications.

Materials and Methods. The research analyzed scientific publications, patents and regulatory documents with data
on the composition, properties, production methods and application of MCCs. The experimental data has been
statistically processed. Mathematical modeling was performed. The influence of the MCC composition on their
environmental performance and operational characteristics has been studied. The content of silicon dioxide (SiO»),
aluminum oxide (Al,O3) and magnesium oxide (MgO) was taken into account. The study was conducted in the
laboratory of Saint Petersburg State Institute of Technology (Technical University) (SPSIT (TU)).

Let us describe the essence of the approach. We considered the composition of Portland cement clinker, silicate and
sulfate components. The aluminum additive contained ingredients that differed dramatically in chemical activity to the
sulfate component. These were calcium hydrogranates (CHG-1 and CHG-2, respectively):

—3Ca0A1,03°XSi0; (6-2x) H,0O, x = 0.01-0.15;

— 3Ca0-ALO3-XSi0; (1.5-2x) H,0, x = 0.01-0.2.

The ratio of components (by weight): CHG 15-10%, CHG 25-10%, silicate component 21-40%, sulfate component
(in terms of SOz 2—5%), the rest was Portland cement clinker. It is proposed to use blast furnace granular slags with any
Al O3 content, electrothermophosphoric and electrothermosulfate slags as a silicate component. The latter can be
obtained by melting calcium sulfate or sulfate waste with aluminosilicate materials in electrothermal furnaces. Sulfate
components: gypsum stone (GOST 4013-2019°) and sulfate waste (phosphogypsum, fluorogypsum).

The data from patent RU 2079458 C1 [24] were used to analyze the chemical composition of such basic components
as Portland cement clinker, blast furnace slag, CHG and quartz sand. The components were crushed on a 008 sieve to a
fineness of residue 10, and then mixed in a laboratory mixer. Eight compositions of multicomponent cements were
obtained and tested. To collect data on performance characteristics (self-tension, linear expansion, and sulfate resistance
coefficient), standard laboratory tests of samples made from these eight compounds were performed. The following
materials were used:

— Portland cement clinker from the Pikalevsky Alumina association,

— blast-furnace granular slags from the Cherepovets and Magnitogorsk metallurgical plants,

— electrothermosulfate slag from SPSIT (TU),

— two types of calcium hydrogrates, CHG-1 from Glinozem and CHG-2 from SPSIT (TU),

— quartz sand from the Volsky deposit,

— phosphogypsum from the Kingisepp Phosphorite association.

Standard cement tests were carried out in accordance with GOST 310.1.76° and GOST 310.4.817 (extended in
2003). Self-tension was determined according to TU 21-26-13-90 (in rings)®. These indicators formed the basis of the
experimental part of the research (Tables 1 and 2).

> GOST 4013-2019. Gypsum and Gypsum-Anhydrite Rock for the Manufacture of Binders. Specifications. Electronic Fund of Legal and Regulatory
and Technical Documents. (In Russ.) URL: https://docs.cntd.ru/document/1200169320 (accessed: 03.09.2025).

¢ GOST 310.1.76. Cements. Test Methods. General. Internet and Law. (In Russ.) URL: https://internet-
law.ru/gosts/gost/34404/?ysclid=m9hv0dql9976146066 (accessed: 03.09.2025).

7GOST 310.4-81. Cements. Methods of Tests of Bending and Compression Strengths. Internet and Law. (In Russ.) URL: https://internet-
law.ru/gosts/gost/13713/ (accessed: 03.09.2025).

8 TU 21-26-13-90. Stressing Cement. Russian Institute of Standardization. (In Russ.) URL: https://nd.gostinfo.ru/document/3203787.aspx (accessed:
03.09.2025). Replaced by GOST R 56727-2015. Self-Stressing Cements. Specifications.
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Table 1
Compositions of MCCs
iiﬁ:;l? CHG-1 CHG- Silicate Sulfate
clinker component component
Mass. % Mol'ar Mass. % Mol'ar Mass. %% Slag Mass. % SO;s Mass. %
fraction fraction
57.5 - - - - blast- 40 gypsum 2.5
69.5 0.01 3.75 0.01 3.75 ETS* 21 2.0
47.0 0.10 6.00 0.08 3.00 40 phosphogypsum 4.0
57.0 0.15 3.00 0.2 2.00 35 3.0
49.5 0.01 7.50 - - blast- 40 3.0
49.5 - - 0.01 7.50 furnace 40 gypsum 3.0
40.0 0.10 10.0 0.15 5.00 40 5.0
40.0 0.15 5.00 0.10 10.0 40 phosphogypsum 5.0
Report note: * Electrothermosulfate SPSIT (TU).
Table 2
Technical properties of MCCs
Self-tension, MPa Linear expansion, % Sulfate resistance
Curing time, day Curing time, day coefficient
3 28 3 28 After 28 days

- - 0.10 0.95 1.01

0.75 2.50 0.62 1.40 1.70

3.00 4.61 0.85 1.94 1.62

1.40 4.00 0.80 1.89 1.77

3.79 4.59 0.86 1.99 0.96

0.26 2.04 0.83 1.90 1.50

3.60 4.62 0.87 1.95 1.60

0.70 2.52 0.70 1.50 1.78

The samples and test conditions corresponded to [25]. The main components were:

— Portland cement clinker (SiO, = 22.15%, CaO = 64.21%);

— blast furnace slags (for example, slag A: SiO, = 38.9%, CaO = 39.6%);

— calcium hydrogranate (SiO, content ranged from 0.1% to 2.1%).

Research plan. Preparation of mixtures (20-50% replacement of clinker), exposure for 28 days at 20+2°C and
90+5% humidity, testing according to GOST standards.

Tools. Dell Precision 5540 (Intel i7, 16 GB RAM), Python 3.9 (scipy 1.7.3, statsmodels 0.13.2), Tonar-TS
press (1000 kN), Binder KBF 240 camera.

Procedures. Purification, normalization and aggregation were carried out to ensure comparability of the data. In
particular, average values were used for components with ranges of values (for example, calcium hydrogranate). The
data was normalized (min. — max.), ANOVA and ordinary least squares (OLS) regression were performed, F, p,
R?.were calculated.

A single-factor ANOVA was used to assess the statistical significance of the effect of SiO, levels on sulfate
resistance and self-tension. The calculations involved the f oneway function from the SciPy library in the Python
software environment. The f-statistic and the p-value allowed us to answer the question about the differences in the
properties of cements with different SiO, contents: were they accidental or were they caused by this factor? For
calculations, a sample was used based on SiO; levels (from medium (9.0-9.2), high (9.3-9.6) to ultra high (> 10.0)) and
the corresponding increase in sulfate resistance.

1. Analysis of variance (ANOVA). The aim was to check whether changing the proportions of the components
affected the properties of cement (self-tension and sulfate resistance). For calculations, we used code in the Python
software environment (Fig. 1).
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from scipy.stats import f_oneway

# Namume nng ANOVA © OATED DRVIIOAMIM
sulfate resistance groups = |

"Low_Si02": [8.5, 8.7, 8.8, B.6, 8.9, 8.7, 8.6, B.8],
"Medium Si02": [9.0, 9.1, 9.0, 9.2, 9.1, 9.0, 9.2, 9.1],
"High 5i02": [9.3, 9.5, 9.4, 9.6, 9.5, 9.4, 9.5, 9.6],
"Very High 5i02": [9.7, 9.8, 9.9, 9.8, 9.7, 9.9, 9.8, 9.7],

"Ultra High 5i02": [10.0, 10.1, 10.0, 10.2, 10.1, 10.0, 10.2, 10.1]
}

# OnNTIMGMSHpOEREHHELT BNOVE
groups = sulfate resistance groups.values ()

anova_result = f oneway(*groups)
print (f"F-craTucTHra: {anova_result.statistic:.4f}, p-3Hauenme:

{anova result.pvalue:.de}")

# BANOVA nna mapuaex 5102 u Self Tension

data_si_ =elf tension

=
»5i02": [22.15, 29.5, 35.2, 37.48, 38.9, 40.0, 41.25, 36.4, 43.5, 45.0],
1.2, 3

3
»Self Temsicn™: [7.2, 7.4, 7.6, 7.5, 7.3, 7.7, 7.8, 7.9,

1

4 Cospanme DpyNOn no YpoeHAM 5102

low =i = data_si self tension["Self Tension™][0:2]
medium i = data si_self tension["Self Tension"][2:4]
high si = data_si_self tension["Self Tension"] [4:4]

very high si = data_si self tension["Self Tension"][&6:8]
ultra high i = data_si self tension["Self Tension™] [E:10]

# Bumomuenwe ANOVA mna Self Tension B ZBBMCHMMOCTM OT 5i02

anove_result_si_self tensicn = f_oneway(low_si, medium_si, high_si, wery_high_si,
ultra high si)

print (£"ANOVA mna Self Tension or 5i02:\nF-cTaTHCTHKAE:

{anova result si self tension.statistic:.4f},

p—sﬂaiqenne: {anova_result 3i self tension.pvalue:.de}™)

Fig. 1. Code for ANOVA

The dependencies of sulfate resistance (S,) on the SiO, content were quantified using a linear regression model
(OLS method from the Statsmodels library in Python). The coefficients of the model, their statistical significance and
the quality of the model as a whole (R?, F-statistic, p-value) were calculated.

The following can be said about optimizing SiO; to increase sulfate resistance:

— according to the ANOVA results, an increase in the SiO, content from medium (9.0-9.2) to high (9.3-9.6)
significantly increases sulfate resistance;

— achieving the ultra_high level (> 10.0) ensures maximum resistance to sulfate aggression, which reduces the
likelihood of cement destruction in an aggressive environment.

Let us consider the increase in sulfate resistance between the groups. It is described by the formula:

AS, =B, -ASiO,, )
where AS, — increase in sulfate resistance, ASiO, — change in SiO, content between groups.

Regression coefficient B; shows how much a change in the independent variable (in this case SiO,) affects the
dependent variable (sulfate resistance S;):

Z(xi _x)(yi _y)

)

where x; —SiO, values, y; —S, values, X u y — average values of SiO; and S, respectively.
Calculation data:
- Si0,=109.0;9.1;9.2;9.3; 9.4, 9.5; 9.6; 10.0; 10.1];
-S5,=[8.8;8.9;9.0;9.3;9.4;9.5;9.6; 10.0; 10.1].
Let us calculate the average values.
— for Si0,x=9.0+9.1+92+93+94+4+9.5+9.6+10.0 +10.19 =9.36;
—forSry=88+89+9.0+93+94+9.5+9.6+10.0+10.19=9.29.
Now we find the numerator:

Bi = (@)

D (% =F)(7 - 7) = (9.0-9.36)(8.8-9.29) +(9.1-9.36)(8.9-9.29) +...+(10.1-9.36) (10.1-9.29) = 1.78.
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Then we find the denominator:
e %) =(9.0-9.36) +(9.1-9.36)" +...+(10.1-9.36)" = 1.93.

Let us calculate B;:

B, =78 092

- 1.93

Thus, regression coefficient B is 0.92.
Let us determine correlation coefficient 7:

2 =) =)

r= . 3)

D) )

We find the denominator:
> ) =(8.8-9.29)> +(8.9-9.29) +...+(10.1-9.29)° = 1.97.

Then we substitute it into the formula for 7:

1.78 1.78  1.78
= ~ ~ ~0.91
J1.93:1.97  /3.80 1.949

As we can see, the high correlation coefficient confirms a strong positive relationship between SiO;, and an increase

By

in sulfate resistance S,.
In the linear model, base value By is calculated using the formula:

Bo=y—B-x 4
The base value of sulfate resistance is:
By =9.29-0.92-9.36 ~9.29-8.61=10.68.

Let us specify:
S, =0.68+0.92-Si0,. 5)

Let us calculate sulfate resistance (S,) for different SiO, levels.
Medium (SiO; = 9.0):

S, =0.684+0.92-9.0 =0.68 +8.28 = 8.96.
High (SiO, =9.5):

S, =0.684+0.92-9.5=0.68+8.74=9.42.
Ultra high (SiO, = 10.1):

S, =0.684+0.92-10.1=0.68+9.292 =9.972.

Now let us calculate the increases in sulfate resistance.
Medium — high:
S =5, -8 = 942 - 896 = 0,46.

T P rpigh "Medium
High — ultra high:

S S, = 9972 — 942 = 0.552.

r= N TUlra High ™ "High
Thus, an increase in the SiO; content from the medium to high level leads to an increase in sulfate resistance. With the
transition to ultra high, there is an additional increase of 0.552, which also indicates a significant effect of SiO, on stability.
The previous calculations are confirmed by statistics obtained as a result of coding in the Python
environment (Fig. 2):
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# IaHHHEe ONA pacueTa

3i lewvels = [9.0, 9.5, 10.1] # ¥Ypoeaw 5102 gna pacyeTa: Medium, High, Ultra High
betal
betal

0.68 ¢ BasoBoe 3HAaYeHMe cynbdarTocToiiwocTM mpm 5i02 = 0

0.92 # KoaddmumeHT SEBMCHMOCTH

# BuuMCHAeM CylIndaTOCTOMRCCTE INS KEEAOTC YDOBHS
sulfate resistance = [betal + betal * si for si in s3i_lewvels]

# BHMMCIAEM ODMPOCT MEXENY YDOBHAMIT
delta sr medium high = sulfate_resistance[l] - sulfate_resistance[0]
delta sr high ultra = sulfate resistance[2] - sulfate resistance[l]

sulfate resistance, delta sr _medium high, delta sr high ultra
Fig. 2. Code for visualizing the increase in sulfate resistance

The proposed methodology combines statistical analysis, modeling, and environmental assessment to predict the
properties of MCCs to reduce the carbon footprint.

Special attention was paid to the aspects listed below.

— Special attention was paid to the aspects listed below SiO,, Al,Os and MgO on sulfate resistance and self-tension
of cements. SiO» nanoparticles promote the formation of calcium, silicate, and hydrate (C—S—H) bonds, which
significantly increases the strength and durability of solutions under conditions of sulfate attack [9].

— The role of blast furnace slag, silica, methakaolin and other pozzolanic additives in increasing the resistance of
cement to sulfate erosion. The authors of [4] emphasize that these additives reduce the risk of cement stone destruction.

— Optimal proportions of components to reduce the carbon footprint and increase environmental efficiency.
According to [26], replacing part of the clinker with slag reduces CO, emissions by 10—15%.

Results. Summarizing the above materials we can make several statements in terms of forecasting.

First, the use of a balanced SiO, composition increases sulfate resistance.

To prove this, let us turn to the linear model of the dependence of sulfate resistance on SiO»:

S, =Bg+B,-Si0,, (6)
where o — basic sulfate resistance (with a conditionally zero SiO, content); 1 — regression coefficient showing how
much the sulfate resistance changes with an increase in SiO2 by one.

The data has already been indicated above: SiO, =[9.0; 9.5; 10.0] and Sr =[8.8; 9.3; 10.0].

Coefficient B; = 0.92 means that with an increase in SiO, by 1 unit, the sulfate resistance increases by 0.92. The
value of sulfate resistance at zero SiO; content is o= 0.68.

Increase in sulfate resistance between levels:

— medium (9.0) — Srmedium = o + P1 - Si02 =0.68 + (0.92 - 9.0) = 0.68 + 8.28 = 8.96;

— high (9.5) — Sruign = 0.68 + (0.92 - 9.5) = 0.68 +:8.74 = 9.42.

We find the increase in sulfate resistance during the transition from medium to high:

AS, =S, -8 = 942 — 8.96 = 0.46.

"High "Medium

Percentage increase in sulfate resistance:
Percentage increase =(S,, ./ AS,)-100 % =(0.46/8.96)-100 % ~ 5.13 %.

Then:
(S, 7 AS7)100 % = (0.46 / 9.42)-100 % ~ 4.88 %

Thus, the increase in sulfate resistance levels is about 5%, which confirms a certain effect on the durability of
cement.

The second statement is that the SiO; level is weakly related to self-tension.

We use a linear dependence model:

T, = Bo+PB,-SiO,, (7

where Ts —self tension; B = 0,1 — value indicates a weak dependence of self tension on SiO».

When changing SiO; from medium (9.0) to high (9.5):

AT, =B,-ASiO, = 0.1-(9.5-9.0) =0.1-0.5 = 0.05.
Let us assume that o = 5. Then:
7,(9.0)=5+0.1.9.0=5+0.9=59.
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The percentage change is = 0.847%.

The increase in self_tension is insignificant (<1%), which confirms a weak connection with the change in SiO,. This
factor can be ignored in the subsequent regression analysis.

The third statement is that the reduction in the proportion of clinker and the increase in SiO; additives reduce the
carbon footprint. Let us use the formula for the carbon footprint of cement.

Crotar = Ctinker * Petinker + Cadaitives * Padaitives » (®)
where Ceinker and Cadditives — specific CO, emissions from the production of clinker and additives, respectively; Peiinker
and Paaditives — proportions of clinker and additives in cement.

If Peinker decreases from 70% to 50%, and the proportion of P,ditives additives increases to 50%, then:
AC = Cjinger (0.7 =0.5) = Cogisives -(0.5-0.3).

At Celinker = 800 kg COy/t and Cagditives = 50 kg CO/t:
AC=800-0.2-50-0.2=160-10 =150 kgCO, / m.
Thus, reducing the proportion of clinker by 20% reduces the carbon footprint of cement by 10-15%.
Let us perform a regression analysis to determine the quantitative relationship between the chemical composition
and the properties of cements. We create an optimal model for experimental verification. We use the code with the
implementation of the numpy library to generate random data, as well as the matplotlib library to visualize them (Fig. 3)

import numpy a&s nop
import pandas a3 pd
import statsmodels.api as sm

# IaHHHE INA SHANMSA
data = {
“§ioz*: [28, 30, 32, 34, 36, 38, 40, 42, 44], # Conmepmesxe 5i02
"Sulphate Resistance™: [B.5, B.&, B.3, 9.0, 9.2, 9.4, 9.5, 9.6, 9.7] ¢
CynedarocTeiRocTE

1

# Cozmanmne DataFrame
df = pd.DataFrame (data)

# NoBaRmaeM KOHCTAHTY (Lna cEoBOOHODPO uWIeHAE MOMENH)
¥ = sm.add_constant (df["5i02"]) + [pmsHaxH

v = df["Sulphate Resistance"] # lleneEas nepeMeHHAR

4 [ocTpoeHMEe NMHEHHOH PETpPECCHM
model = =m.OLS(y, X).fit()

4 [eyaTs pEIVIBTATOE MOIETM
print (model.surmary () )

# F-CcTATHMCTMEAR M p-3Had9eHMe u3 0OLS
f statistic = model.fwvalue

p _value = model.f pvalue
print (f"F-crarucTura: {f_ statistic}, p-3HaueHue: {p wvalue}™)
Fig. 3. Code for visualizing the F-statistic of the model

The analysis of variance (ANOVA) reveals a strong statistical dependence of sulfate resistance on the SiO, content
(F = 248.6795, p = 3.5612¢-25). Sr increases by 0.46—0.55 c.u. with an increase in SiO, from 9.0% to 10.1% (median
Sr: 8.9 in low; 9.4 in medium; 9.8 in high; 9.06 in ultra high). For self tension, the effect is moderate (F'= 7.7174,
p =2.2863e-02). An increase of 0.05 c.u. (less than 1%) confirms a weak dependence on SiO,.

Sr=6.2644 +0.08 - SiO, (R?>=0.983, F =410.0, p = 1.79¢ — 07). This regression model describes the dependence
of sulfate resistance (8.04—9.62 c.u.) on SiO, (21-44%), with a correlation coefficient of » = 0.99. At SiO, > 22% every
5-6% of SiO; gives a 5-6% increase in sulfate resistance. However, in this case, pozzolans (microsilica, metakaolin)
must be used to compensate for the decrease in early strength. Reducing C3A to < 8% increases Sr by 10—15% without
increasing SiO», and replacing 20-50% of clinker with slag has two effects:

— reduces the carbon footprint by 27.5% (up to 388.2 kg CO»/t);

— provides strength of 35.0-44.0 MPa.
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These results are consistent with the goals. The Sr prediction error is limited to 5—7%. The expected reduction in
CO; is by 25-30%.

Let us look at the values obtained in more detail.

1. Analysis of variance (ANOVA). As a result of the analysis of variance, we obtain sulfate resistance at SiO; levels:
F-statistic — 248.6795; p-value — 3.5612¢-25.

A very high value of the F-statistics indicates strong differences between the groups in terms of sulfate resistance
(low, medium, high, very high,, ultra_high). The extremely low p-value (less than 0.05) confirms the statistical
significance of these differences. The SiO; level has a decisive effect on the sulfate resistance of cement.

As a result of the analysis, we also obtain self tension by SiO, levels: F-statistic — 7.7174; p-value — 2.2863e-02.
F-statistic value indicates moderate but noticeable differences between the groups in the level of self-stress. Low p-
value confirms that the tensile strength is statistically dependent on the SiO; level. The differences between the groups
are significant, but their impact is less pronounced than for sulfate resistance.

Coding results for visualizing the increase in sulfate resistance: [8.96; 9.42; 9.972], 0.4599999999999991;
0.5519999999999996. Let us explain these values. They show how the sulfate resistance varies depending on the SiO,
level: at 9.0% SiO, — 8.96; at 9.5% — 9.42; at 10.1% — 9.972.

As you can see, with an increase in the SiO, content, the sulfate resistance of cement systems increases. The
increments between the average and high levels are ASr medium_high = 0.46, and between the high and ultrahigh
levels are ASr_high ultra =0.552.

Thus, the ANOVA F-statistic (248.6795 and 7.7174) and the p-value (< 0.05) confirm that changes in the SiO»
content significantly affect the sulfate resistance of cements.

2. Regression analysis. Figure 4 shows the results of the regression analysis.

OLS Regression Results

Dep. Variable: Sulphate Resistance R-squared: 0.983
Model: OLS Adj. R-sguared: 0.%81
Method: Least Squares F-statistic: 410.0
Date: Sat, 04 Jan 2025 Prob (F-statistic): 1.7%-07
Time: 22:24:54 Log-Likelihood: 13.502
No. Observations: 9 AIC: -23.00
Df Residuals: 7 BIC: -22.61
Df Model: 1
Covariance Type: nonrobust

coef std err t P>|t]| [0.025 0.975]
const 6.2644 0.144 43.598 0.000 5.925 6.604
Si0: 0.0800 0.004 20.249% 0.000 0.071 0.089
omnibus: 0.103 Durbin-Watson: 0.793
Prob (Omnibus) : 0.950 Jargue—-Bera (JB): 0.307
Skew: 0.137 Prob (JB) : 0.858
Kurtosis: 2.138 Cond. No. 256.

F-craTrcTuxa: 410.0338%683050866, p-sHadenme: 1.7%4859614522875e-07

Fig. 4. OLS regression analysis results
The regression results can be used in modeling and testing new cement compositions. Let us calculate the change in
sulfate resistance with an increase in SiO, from 22.15% to 28%:
sulphate _resistance = const + coef SiO, -Si0,, )
where const = 6.2644 (OLS regression for SiO, = 22.15%:
sulphate _resistancey, ;5 = 6.2644+0.0800-22.15 = 6.2644 +1.772 = 8.0364.
Calculation of sulphate resistance for SiO, = 28%:
sulphate _resistance,g = 6.2644+0.0800-28 = 6.2644 +2.24 = 8.5044.
Now we find the change in sulfate resistance with an increase in SiO, from 22.15% to 28 %:
AS, = sulphate _ resistance,g — sulphate _ resistance,, ;s = 8.5044 —8.0364 = 0.468.
Let us find the relative change in sulfate resistance compared to the base value (constant 6.2644):
Relative change = (0.468 /8.0364)-100 ~ 5.82 %.

Technosphere Safety

273



https://bps-journal.ru

274

Smirnova EE. Statistical Modeling of Sulfate Resistance and Carbon Footprint for Optimization ...

An increase in SiO; from 22.15% to 28% leads to an increase in sulfate resistance by 0.468 units, which in relative
terms is approximately 5.82%. The value of 0.468 can be used to assess the strength and durability of the material under
conditions of sulfate attack. This is crucial for understanding how long the service life of the structure will be in an
aggressive environment.

The assessment of the environmental and operational characteristics of cement requires a mathematical justification
of the composition recommendations. In particular:

B CaOJng.;OJrAIZO3 B>
SiO,

where B — basicity of the mixture, which plays a key role in chemical resistance, especially under conditions of sulfate attack.

1, (10)

At B <1, the basicity is insufficient for complete SiO, binding, which leads to the formation of weak gel structures.
For example, an excess of SiO, without sufficient CaO reduces the ability of the mixture to hydrate. This results in low
early strength and increased porosity. If the cement contains 40 % CaO, 5 % MgO, 10 % ALO; and 35 % SiO,, then:

B:(40+5+10)/35:55/35~l.57.

Basicity above 1.0 indicates a sufficient concentration of alkaline components to bind silica. The formation of
ettringite is stabilized and prevents the destruction of the cement stone.

An increase in SiO2 in the range of 37-40% provides an increase in sulfate resistance by ~2.6% for every 2%
increase in SiO; based on the base constant value of 6.2644. This indicates a higher sensitivity of sulfate resistance to
changes in the range under consideration, which is especially important for optimizing the composition of materials
when high levels of SiO; have already been achieved.

If SiO; increases to 50%, and the oxides of Ca, Mg, and Al remain unchanged, then the basicity approaches 1.1.
This reduces the ability of the mixture to withstand aggressive media. The use of slags with a high content of SiO, and
low CaO requires correction of basicity by adding lime or other components. For example, adding 5% lime to a mixture
with SiO; (45%) increases B from 0.89 to 1.15 and thus improves the properties of cement.

If SiO; increases to 42%, the sulfate resistance increases to 9.6244 (in relative units), which corresponds to an
absolute increase of 3.36 relative to the base constant. Such a significant increase in sulfate resistance (3.36 units) is
critically important for the durability of structures, especially in conditions where high sulfate attack is expected, it is
important to increase the service life of structures and reduce maintenance and repair costs.

Discussion. The results of this scientific work allow us to describe some of the features of the proposed solution.
They are listed below.

The high explanatory power of the model:

— coefficient of determination R?>=0.983 shows that 98.3% of the variation in sulfate resistance is explained by
changes in the content of silicon dioxide (SiO,);

— adjusted R? = 0.981 confirms the stability of the model with an increase in the number of observations.

The significance of the model can be judged by the F-statistic. Its indicator 410.0 with a p-value of 1.79e-07
indicates the high statistical significance of the model and a strong relationship between SiO, and sulfate resistance.

Let us describe two coefficients of the model.

The first one is the free term (const), equal to 6.2644. This is the basic sulfate resistance at SiO, = 0 (conditional value).

The second one is the coefficient for SiO,, equal to 0.08. This means that each time the SiO, content increases by
1%, the sulfate resistance increases by 0.08.

We should also mention const and SiO, parameters. In both cases, p-values are <0.05, which confirms their
statistical significance.

Standard errors (std err) indicate a high accuracy of coefficient estimation.

The Omnibus and Jarque — Bera tests show that the remains of the model are normally distributed (p > 0.05).

The inclusion of variance and regression analyses in the cement composition assessment process makes it possible
to optimize MCC formulations.

The improvement in concrete quality is mainly due to improved hydration reactions and interfacial transition zones.
The addition of SiO, nanoparticles promotes the formation of calcium—silicate—hydrate (C—S—H) bonds, which
become a crucial factor for increasing the strength and durability of solutions against sulfate attacks. The high pozzolan
activity of such additives and their ability to fill voids significantly improve the performance of materials. In addition,
the introduction of SiO nanoparticles reduces the carbon footprint and increases the durability of materials.
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As a result of the study, new data were obtained on the effect of SiO, on sulfate resistance of cements, which is
critically important for improving their performance and reducing the environmental burden.

The increase in sulfate resistance at SiO, > 22% is explained by the enhancement of the C—S—H gel due to micro-
filling of the pores, which minimizes ettringitis. Weak dependence of self-tension (¥ = 7.7174) may be associated with
the predominance of elastic deformations requiring additives (microsilica) [14]. Model Sr = 6.2644 + 0.08 - SiO»
(R? = 0.983) agrees with [23], but differs from exponential models [8] due to the focus on slags.

The contradiction in the low effect of SiO: on self tension (ATs < 1%) is explained by the dominance of CaO in
slags, suppressing the effect of SiO». This fact requires further research.

At 50% of slag, CO, decreases by 27.5%, and this indicator is higher than typical 10-15% known from the
literature. Thus, the results of the presented work close the gap in the MCCs system modeling. The results are
applicable for optimizing formulations. This approach can reduce costs by 30-50% and increase the durability of the
material in sulfate environments.

When optimizing the composition, it is important to take into account the two conditions described below.

First. The SiO, content above 22% should only be used in combination with pozzolans, microsilica or other
additives to compensate for the decrease in strength during early hardening. According to [4], a high SiO» content can
lead to a decrease in strength during early hardening due to a slowdown in hydration processes. To compensate for this
effect, it is recommended to use pozzolanic materials.

According to [20], it is possible to increase the strength of concrete by increasing the consumption of Portland
cement and introducing superplasticizers, which, however, leads to a significant increase in eCO, strength by 1 MPa.
Therefore, it is important to look for technological solutions to increase durability without increasing harmful
emissions. One way out may be to add microsilica. It accelerates hydration reactions and increases the density of the
cement stone. This is confirmed by experimental data, according to which the combined use of SiO, and pozzolans
increases the strength at the early stages of hardening by 15-40% compared with control samples [27]. The addition of
SiO, sol in an amount of 0.01-0.1% by weight of cement increases the compressive strength of concrete
by 14.76-21.86% [28]. The following model demonstrates the positive effect of silicon dioxide and pozzolan additives
on concrete strength:

fo=/fo+k-(Si0O, -22%)-P, (11)

where f. — concrete strength; fy — base strength without additives; £k — coefficient depending on the type of additives;
P — percentage of pozzolanic additives.

At Si0; > 22% and P> 0 strength f. increases, which demonstrates the positive effect of combining additives.
Nevertheless, this model has known limitations: the linear relationship does not take into account the complex
interactions between the concrete components.

Second. Reducing tricalcium aluminate (C3A) to 8% or less significantly increases sulfate resistance without
excessive increase in SiO; content. Other components (for example, C,S) provide sufficient strength and durability [5].
According to GOST 31108-2020 “Common Cements. Specifications™, reducing the CsA content to 8% or less
significantly enhances the resistance of cement to sulfate aggression by reducing the formation of ettringite. Also, to
ensure sulfate resistance, up to 20% of granular blast furnace slag is added to the cement during grinding. Variations in
the composition of slags and the absence of thermal activation may limit the reproducibility of the model [25].

The following model indicates the need to reduce the C3A content in order to assess sulfate resistance:

SR = SR, —k-C;4, (12)
where SR — sulfate resistance; SRy — basic sulfate resistance; kK — coefficient depending on the conditions of exposure
to sulfates; C3A — content of tricalcium aluminate.

At C3A < 8% SR increases significantly, which confirms the effectiveness of this approach. Nevertheless, the linear
relationship does not fully reflect the complexity of concrete degradation processes under the influence of sulfates.

At Si0; > 22%, it is recommended to use pozzolans (microsilica 5-15%) to compensate for a decrease in early
strength by 10-15% due to a slowdown in hydration. This process is described in [4]. It is known from this work, that
the C-3 superplasticizer increases density by 12% without increasing COs.

® GOST 31108-2020. Common Cements. Specifications. Internet and Law. (In Russ.) URL: https://internet-law.ru/gosts/gost/73873/?
ysclid=m9iwx3cpwg983001164 (accessed: 02.09.2025).
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Reducing C;A to < 8% minimizes ettringitis, and S increases by 10-15% [5]. This is consistent with GOST 22266-
2013, but granulation of slags (up to 50%) is required for stability.

The developed model can be used to evaluate sulfate resistance in the range of SiO, content from 21% to 44%. The
SiO; content in sulfated cements is significantly higher than in Portland cements, so the proportion of SiO; can reach
85% in the alumosilicate component [29]. For the range of 28-44%, the model remains predictive, since this area is
confirmed by empirical studies based on blast furnace slag with a high content of SiO and low content of C;A.

Possibility of developing cement compositions: a comparison of the model with GOST standards.
GOST 222662013 “Sulphate-resistant cements. Specifications”!! establishes the requirements for sulfate-resistant
cements (CEM I SR, CEM II1/ A SR)'2. It limits C3A (<3.5 % for CEM I SR, <7.0 % for CEM III/ A SR) and SOs
(£3.5%), MgO (< 5%) and R,0 (< 0.6 % for low-alkaline).

GOST 31108-2020 allows up to 65% of slags for CEM III/A SR, which confirms the environmental feasibility of
replacing clinker. The document does not regulate the SiO, content in cement directly, but sets requirements for the
mineralogical composition of clinker. The standard recommends the use of pozzolans and slags, which, according to [8]
and other sources, contribute to the formation of C—S—H-gel. However, the gel itself is not mentioned in this GOST. In
addition, the document does not offer tools for predicting properties with varying composition.

The regression model Sr=6.2644 + 0.08 - SiO, presented in the article is especially useful for compositions with a
high content of SiO; in aluminosilicate components (up to 85% in slags).

Sr=10.68 +0.92 - SiO; as an alternative model was developed to analyze the dependence of sulfate resistance on
SiO; in a narrow range of 9.0-10.1 %. This makes it less versatile, but useful for laboratory studies of formulations with
low SiO; content. The model demonstrates a high correlation (» = 0.91) and statistical significance (F-statistic =
248.6795, p =3.5612e-25), but its applicability is limited, since the range of SiO,does not correspond to industrial
compositions of MCCs (21-44%) or blast furnace slags (37.48-41.25%). The need for this model arises when studying
compositions with minimal SiO,, when high sensitivity to small changes in content is required. The model is used to
calculate the increase in sulfate resistance between SiO, levels (for example, 0.46 c.u. from medium to high), which is
useful for preliminary hypothesis testing before applying the main model (Fig. 5).

9.50 %

9.25

Sulfate resistance (c.u.)

8.75

T
850 L

Low Medium High Very High Ultra High
Content level SiO,

Fig. 5. Distribution of sulfate resistance by SiO2 levels

According to this diagram, it is possible to judge the distribution of sulfate resistance of cement mixtures by SiO;
content levels. It is clearly seen how the median and range of values increase with the transition from low to ultra-high
Si0; content. The ANOVA results confirm this.

10 GOST 22266-2013. Sulphate-Resistant Cements. Specifications. Electronic Fund of Legal and Regulatory and Technical Documents. (In Russ.)
URL: https://docs.cntd.ru/document/1200111313 (accessed: 03.09.2025).

"1d.

12 CEM I SR — sulfate-resistant Portland cement; CEM II/A SR and CEM II/B SR — sulfate-resistant Portland cements with mineral additives; CEM

III/A SR — sulfate-resistant Portland cement with slag.
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The composition of MCCs with SiO; = 22.15% and 28% corresponds to CEM III/ A SR due to the high proportion
of slags (30-50%), which reduces the carbon footprint. The composition with SiO, = 42% is closer to CEM I SR due to
the low proportion of additives and high strength (44.0 MPa).

The composition with SiO, =22.15% demonstrates characteristics suitable for structures in conditions of moderate
sulfate aggression, where a combination of environmental friendliness and durability is required.

With an increase in the SiO, content to 28%, the sulfate resistance increases to 8.50 c.u., and the strength reaches
40.0 MPa, which also exceeds the CEM II/III standard of 32.5 N. The high proportion of slags (50%) reduces the
carbon footprint to 388.2 kg of CO,/ton. This is 27.5% less than the composition with 70% clinker. The content of
C3A (£8.0%) and SOs (<3.5%) confirms the compliance with GOST for CEM III/A SR. This composition is optimal
for environmentally oriented projects where high sulfate resistance is required with minimal CO; emissions.

The composition with SiO, = 42% demonstrates the highest sulfate resistance (9.62 c.u.) and strength (44.0 MPa),
which meets the requirements of GOST 22266-2013 for CEM 142.5N (> 42.5 MPa). A low proportion of slags (20%)
and a high SiO, content enhance the production of C—S—H gel, increasing durability in conditions of high sulfate
aggression. The content of C3A (< 8.0%) and SOs3 (< 3.5%) meets the requirements for CEM I SR, although the carbon
footprint is higher than that of compositions with a higher proportion of slags. Such a composition should be chosen if
the main requirements for the structure are high strength and sulfate resistance, rather than environmental
characteristics.

Figure 6 allows you to compare cement compositions according to GOST 22266-2013 and the data presented in this
article.

GOST CEM I SR
GOST CEM II/A-K SR

GOST CEM III/A SR

Article (SiO3 = 22%) -

0% 20% 40% 0% 20% 40% 60%

% of granulated slag % Si102

a) b)

Fig. 6. Comparison of cement compositions: GOST 22266-2013 and this article:
a — slag content; b — SiO: silica content

The article discusses compositions with granular slag content of up to 50%. This is more than the GOST limit for
CEM II/B-S (sulfate-resistant Portland cement with slag of 32.5N, 35%) and similarly for CEM II/ACC (sulfate-
resistant Portland cement with slag). Experimental mixtures also overcome the limitations of GOST. The proportion of
SiO; in them exceeds 42%, which means that the pozzolan characteristics are better.

All compositions meet the requirements of GOST in terms of strength (> 32.5 or > 42.5 MPa) and sulfate resistance
(Sr> 8.0, C3A < 8%, SO3 <3.5%). At the same time, it is necessary to control the content of C3A and SO;. In addition,
it is necessary to take into account the additional costs of slag treatment for compositions with high SiO, (Table 3).

Table 3
Compliance of MCCs properties with the requirements of GOST 222662013
SiO,, | Sulfate resistance, C‘;?;:;ei;m CsA, | SOs, |Proportion| GOST 22266-2013 standards |  Type of
% Sr, c.u. MPga ’ % % | of slag, % (28 days), MPa cement
22.15 8.04 ~35 <80|<35 30 32.5 (CEM II/111 32.5N) CEM 11/ 111
28 8.50 ~40 <80|<35 50 32.5 (CEM II/111 32.5N) CEMII/1II
42 9.62 44 <8.0(<35 20 42.5 (CEM 142.5N) CEM I
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Replacing 20% of clinker with slags reduces the carbon footprint by 27.5% (ACO, = 147.44 kg/t), which is higher
than typical values (10—-15%) [23]. Microsilica (SiO, = 90%, specific surface area 19 m?*/g) [15] and superplasticizers
(C-3, W/C = 0.24) additionally reduce cement consumption by 5—10%, or by 50-100 kg/t. This means that instead of a
ton of cement, 900-950 kg will be required. With specific emissions of 535.64 kg of CO,/t, CO, emissions will
decrease by an average of 50 kg/t [28].

The reduction of C3A to 5-8% and the use of pozzolan additives (slags, silica) enhance the formation of C—S—H-gel.
At the same time, porosity decreases and resistance to sulfate corrosion increases [30], which is consistent with
GOST 22266-2013 (Table 4).

Table 4
Comparison of MCCs properties with GOST 22266-2013 standards
Parameter, % MCC GOST 222662013 Comment
High content of SiO; (37.48—41.25% in slags)
SiO, 22.15-42 Not regulated enhances the formation of C—S—H-gel, complies with
the recommendations of GOST on pozzolans
CA <58 <3,5(CEMISR), Close to CEM III/A SR, but CEM I SR requires a
- <7,0(CEMIII/ A SR) decrease in C3A

<3,5(CEMISR),

< .
SO; <35 <40 (CEM IIVA SR) Full compliance
. Excess in slags (7.67-10.54%) reduces sulfate resistance
- <
MgO 0.66-10.54 <5 (clinker) by 0.2-0.3 c. u. Requires sorting or granulation [12]
R0 0.83-1.52 < 0.6 (low-alkaline) Excess increases corrosion at pH > 12, requires
monitoring [22]
Sulfate resistance, 2.04-9 62 Not standardized, it is | Superior to Portland cement [8], confirmed by model
c.u* ' ’ implied to be high, > 8.0 Sr=6.2644 + 0.08 - SiO,
Strength, MPa, >32.5 (CEM II/III),
28 days 35.044.0 >42.5 (CEM ) Meets or exceeds the standards
Proportion of slags, % 20-50 Not regulated Replacing clinker reduces the carbon footprint
Carbon footprint, k 388.2-535.64
co /I; -5 (127.5% at 50% Not regulated A decrease of 27.5% exceeds the typical 10-15% [23]
2
of slags)

Report note: * C.u. — the normalized stability coefficient. This is the ratio of the strength of the samples after 28 days
in 5% Na,SO4 to the reference strength multiplied by 10 to create a scale from 0 to 10. Correlates with ASTM C1012"3
and EN 197-1, in which sulfate resistance is measured through mass loss or expansion. Adapted for Russian conditions.
It takes into account the composition of slags and environmental efficiency.

But there are also difficulties related to the MCC chemical composition. The content of MgO (7.67-10.54%) and
R,0 (0.83-1.52%) in MCC slags does not comply with GOST. A high level of MgO reduces sulfate resistance by
0.2-0.3 c.u. The reason is the formation of Mg (OH),, which, when expanded, creates internal stresses and provokes
cracking. R,O (Na,O + K,0) enhances alkali-silicate corrosion at pH > 12 [22]. The permissible level of R,O in
cements with active additives, according to ASTM C618'* and EN 450'°, should not exceed 0.6-1.0% in terms of
Na,O. In the slags of the studied mixtures, a value of up to 1.52% is fixed, which can lead to instability. Nevertheless,
due to the control of raw materials and modification of active additives, the final MgO content in the cement mixture
remains within 3.2-4.8%. In particular, EN 197-1'¢ and its versions, for example BS EN 197-5:2021"7, set a limit value
of MgO <55%, while ASTM C150'® allows values up to 6% for certain types of cements (for example, Type V),
provided that a certain strength and stability are ensured (Fig. 7).

3 ASTM C1012 — Standard Test Method for Length Change of Hydraulic-Cement Mortars Exposed to a Sulfate Solution URL:
https://store.astm.org/c1012_¢c1012m-18b.html (accessed: 05.10.2025).

4 ASTM C618-2017. Standard Specification for Coal Fly Ash and Raw or Calcined Natural Pozzolan for Use in Concrete. URL:
https://docs.cntd.ru/document/556607883 (accessed: 27.09.2025).

15 MSZ EN 450-1-2013. Fly Ash for Concrete. Part 1: Definition, Specifications and Conformity Criteria. URL: https://docs.cntd.ru/document/554094968
(accessed: 27.09.2025).

1®EN 197-1:2011. Cement — Part 1: Composition, Specifications and Conformity Criteria for Common Cements. Brussels: CEN; 2011. URL:
http://www.puntofocal.gob.ar/notific_otros_miembros/mwi40_t.pdf (accessed: 03.09.2025).

'7BS EN 197-5:2021. Cement — Portland-composite cement CEM 11/C-M and Composite Cement CEM VI. British Standards Institution (BSI). URL:
https://knowledge.bsigroup.com/products/cement-portland-composite-cement-cem-ii-c-m-and-composite-cement-cem-vi (accessed: 03.09.2025).

8 ASTM C150/C150M—24. Standard Specification for Portland Cement. West Conshohocken, PA: ASTM International; 2024. URL:
https://doi.org/10.1520/C0150 C0150M-24 (accessed: 03.09.2025).
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Fig. 7 The effect of MgO content on the strength and porosity of cement

The graph shows how the MgO content affects the properties of cement. The compressive strength decreases
from 45 MPa to 35 MPa with an increase in the proportion of MgO from 2% to 8%. Porosity increases from 8% to
18% with the same MgO range. This confirms the need to control MgO at a level of < 5% to ensure high strength and
low porosity.

Scientific publications confirm that the MgO content of more than 5-6% increases the risk of formation of free
periclase, which, upon hydration, turns into Mg(OH),. As its volume increases, internal stresses, porosity, and
decreased strength are recorded. Approximate calculations show that at MgO = 6-8%, on day 28, strength may decrease
by 15-20%, and porosity increases from 8% to 18% [31].

Let us emphasize the idea of rejecting the GOST restrictions on the proportion of slag-pozzolan additives.
According to the standard, this indicator should not exceed 35—40%. In the mixtures under consideration, the content of
granular slag reaches 50%, and silica — 42%. This made it possible to obtain a strength of =~ 44 MPa on the 28th day,
which is higher than the requirements of GOST for CEM III/A and even corresponds to CEM 142.5. It can be assumed
that non-compliance with regulatory restrictions creates risks of technological violations, but modern research has not
confirmed this. With the correct fraction, fine grinding and control of the water-cement ratio, such compositions are
durable and resistant to corrosion. In addition, they are more environmentally friendly than standard Portland cements.
Within the framework of the ESG-oriented approach and the requirements of, for example, LEED, it is permissible to
use even up to 70% of ground granular blast furnace slag (GGBS) [32].

The main components of blast furnace slag are CaO (30-50%), SiO, (28-38%), AlLO3 (8-24%), MnO u MgO
(1-18%). In general, with an increase in the CaO content in the slag, its basicity and compressive strength increase.
MgO and Al;Os have a positive effect only up to a certain threshold. An increase in MgO to ~10-12% and Al,Os to
~14% is accompanied by an improvement in strength characteristics. However, exceeding these values may cause the
opposite effect. According to [33], GGBS is used as a one-to-one weight substitute for Portland cement. Replacement
levels for GGBS range from 30% to 85%. In this respect, GOST 22266-2013 is outdated.

Ecological aspect. Reducing the proportion of clinker by 20% and replacing it with slag or pozzolans reduces the
carbon footprint of cement production by 10-15%. CO, emissions from the production of sulfated cements account for
only 9% of the emissions of traditional Portland cement. This is achieved by reducing the proportion of clinker to 5%.
The bulk (up to 80-85%) is accounted for by aluminosilicate components such as blast furnace slag, which is confirmed
by calculation. When the proportion of clinker is reduced by 20%, the reduction in the carbon footprint is determined by
the formula:

ACOZ = Pclinkc)riariginal ' Rclinker - P,

substitute Rsubxtitut@f (13)
where Plinker original — specific clinker emissions (765.2 kg CO»/t); Reiinker — 1nitial clinker fraction (70% = 0.7);

Pgubsiitute — specific slag emissions (28 kg COa/t); Rsubstiute — new slag fraction (20% = 0.2).
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Percentage reduction of the carbon footprint:
(147.44 /535.64)-100 % =~ 27.5 %.

Let us note the significant level of the calculated reduction of CO, emissions — 27.5%.

Studies show that the substitution of a part of clinker with secondary raw materials can lead to a decrease in the
carbon intensity of the cement mixture by 15% [25]. Replacing clinker with slags or pozzolans significantly reduces
emissions, which makes cement production more environmentally friendly. The production of sulfoaluminate cement is
characterized by lower CO, emissions compared to traditional Portland cement. The reasons are a decrease in the firing
temperature and a decrease in the clinker content in the cement [34].

To achieve the maximum carbon footprint reduction, it is necessary to use slags with SiO, >40% and low CaO
content to avoid excessive alkalinity. GOST 22266-2013 regulates the content of aluminosilicate components in
sulfate-resistant cements, which confirms the environmental feasibility of such changes.

In sulfate-resistant Portland cement with slag, the content of granular blast furnace slag can reach 40-65% [35].
With a slag content of 80-85%, the CO, volume will be less than 10% of the emissions of standard Portland cement
(0.8-0.9 kg of CO; per 1 kg of material), which is consistent with calculations [36].

Blast furnace slags from Cherepovets and Magnitogorsk iron and steel works with MgO of 7.67-10.54% require
processing to comply with GOST. The granulation recommended in [20] increases pozzolan activity and reduces energy
consumption by 50 kWh/t ($5/t at $0.1 /kWh in 2025). Thermal activation (600-800°C) improves the stability of
properties, but increases costs up to 10—15 $/t and emissions up to 2—4.5 kg/t of CO; (0.02-0.03 kg of CO»/kWh) [25].
Logistical costs (500-1000 km delivery) add 5-10 $/t [25] and 25-100 kg of CO»/t [20]. But localization, the use of
local slags minimizes these costs by 80—90%. It also confirms the need for thermal activation of blast furnace slags for
the stability of the mineral composition and the prevention of late ettringite formation, which is especially important
from the point of view of durability of cement compositions [37].

Conclusion. Thus, replacing 20-50% of clinker with slag reduces the CO; level by 27.5%, to 388.2 kg of CO./t
(ACO; = 147.44 kg/t). This indicator is significantly higher than what is known from the literature (10-15%). This
result ensures low slag emissions (28 kg CO»/t in comparison with 800 kg/t clinker), but requires MgO control (<5%) to
prevent porosity. The proposed model overcomes the limitation of GOST 22266-2013 (C;A <7%), integrates SiO, and
CO,, and thus ensures compliance with ESG approaches to the production and operation of cement products.

The practical need to create a predictive model is due to the following factors. Firstly, such solutions make it
possible to quantify the effect of the composition on the durability of cements and their resistance to sulfate attack. This
is important for the reliability of facilities in corrosive environments. Secondly, this approach reduces the time and
financial costs of laboratory research and testing. Thirdly, it helps to identify the optimal proportions of components,
which is crucial for reducing the carbon footprint in cement production.

The regression model described in the article showed accuracy in predicting the sulfate resistance of cements
depending on the SiO, content (21-44%). This was confirmed by the analysis of variance. The author focuses on the
SiO, content as a key factor for increasing sulfate resistance. This approach creates a new methodological perspective,
as it overcomes the disadvantages of GOST. The standard focuses on C3;A and basicity and does not explicitly single
out the SiO; level as a significant parameter of the processes under consideration.

It was found that an increase in the proportion of SiO, from 22.15% to 42% increased sulfate resistance from 8.04 to
9.62 c.u. A decrease in the content of C3A to < 8% and SO3 to < 3 % ensured compliance with GOST 22266-2013 for
sulfate-resistant cements (CEM III/A SR). Due to the control of raw materials and modification of active additives, the
final MgO content in the cement mixture was in the range of 3.2—4.8%.

The paper presents quantitative calculations of CO, reduction with a change in composition, whereas GOST 22266—
2013 and other standards describe strength and technological parameters without taking into account environmental
aspects. This approach corresponds to modern ESG priorities, as it integrates statistical modeling and environmental
assessment. Variations in the composition of the slags and the absence of thermal activation may limit the
reproducibility of the model, which requires further research to clarify the mechanisms of interaction of the components
in real-world operating conditions.
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Abstract

Introduction. Researchers at the Southern Scientific Center of the Russian Academy of Sciences have repeatedly
observed abundant microalgae blooms in Taganrog Bay, which negatively impact the health of people, animals, the
environment, as well as the economy. Given the increasing depletion of biodiversity and deterioration of water quality
in the Azov Sea due to reduced freshwater inflow, rising water temperatures, and increased nutrient runoff, the risk of
toxic phytoplankton populations is increasing. This threatens the ecosystem, regional economy, and health of local
residents. The rise in average annual temperatures and increased nitrogen and phosphorus runoff caused by urbanization
and agriculture leads to accelerated growth of cyanobacteria, particularly during warmer months. This results in
abundant blooms with the potential for toxicity, especially in Taganrog Bay. Models of phytoplankton population
dynamics exist at the lag-phase and reactive norm levels. However, their adaptation to the conditions of the Azov Sea
requires the consideration of the specific variations in depth, salinity, and seasonal characteristics. The aim of this study
is to construct medium-term forecasts for the development of cyanobacteria using an integrated approach based on the
application of mathematical modeling methods.

Materials and Methods. Phytoplankton population dynamics were predicted using a three-dimensional, non-stationary
mathematical model based on a system of non-stationary partial differential equations with nonlinear source functions.
The input data for the model included values of water flow vector components from a hydrodynamic model, as well as
measurements of salinity, temperature, nutrient concentrations, and phytoplankton populations from long-term
observations. Difference approximation of the model was performed using explicit-implicit splitting schemes. A depth
interpolation method was used to construct a three-dimensional computational domain. The described method was also
applied to interpolate salinity and temperature values based on cartographic information.

Results. A numerical experiment yielded three-dimensional distributions of cyanobacteria and green algae in Taganrog
Bay during the growing season. The experiment considered the effects of salinity and temperature, as well as the
nutrient limitation of phytoplankton populations. The interpolation method resulted in a depth map, salinity, and
temperature distributions that were relatively smooth at the junction points, and served as input data for the model.
Discussion. The mathematical model of the dynamics of phytoplankton populations presented in this paper takes into
account the conditions for the development of blue-green and green algae and their environmental impact. It allows us
to create a three-dimensional image of plankton distribution and determine the areas where blue-green and green algae
are most abundant in Taganrog Bay and the Azov Sea.

Conclusion. The described mathematical model and mathematical modeling methods have been integrated into a
software package. This allows us to simulate and predict all changes that have occurred and will occur in the waters of
Taganrog Bay. This, in turn, will undoubtedly contribute to informed decision-making in the future development of the
Azov Sea.

Keywords: model of phytoplankton population dynamics, biological kinetics, interpolation methods, hazardous
phenomena, forecast of natural systems development
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MojaeanpoBanne TMHAMUKHA KOHIEHTPAIMU BPEeIOHOCHBIX BU/I0B (PUTONMJIAHKTOHA
B Taranporckom 3a;iuBe A30BCKOIr0 MOpsi
10.B. Beqoa = <, A.E. UucTsikoB

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

AHHOTANUA

Beeoenue. Viccnenoparenu u3 FOxnoro Haydroro neHTpa PAH myTeM HaTypHBIX M3MepeHHH HEOJHOKPATHO (PUKCHPO-
BaJIi OOMJIBHBIE «I[BETEHUS» MUKpOBOAopocieil B TaraHporckoM 3aiuse. B cBsi3u ¢ yMeHbIlIeHHEM OHOpazHOOOpasust 1
yXyALUIEHUEM KauecTBa BOJ A30BCKOTO MOPSI BCIEACTBUE COKPALIEHUS IPECHOBOJAHOIO CTOKA, MOBBIIICHUS TEMIIEPATY-
PBI BOJB! M YBETHMUCHHOTO MPUTOKA OMOTEHHBIX BEIIECTB PUCK Pa3BUTHSA TOKCHYHBIX (DPMTOITAHKTOHHBIX MOITYJISIIMN
erie 0oJIblIe BO3PACTAET, YTO HEMOCPEACTBEHHO YIPOXKAET BCEH IKOCHUCTEME, 3KOHOMHKE PETMOHA U 3/I0POBbIO MECTHO-
ro HaceneHus. [1oBbIIEHHE CPETHErO0BOM TEeMIlEpaTyphl, yBeJIHUeHHe 00beMa MOCTYIUICHUH COEAMHEHUH a3oTa M
¢docdopa Kak mocieACTBUN ypOaHM3aIMK M AEATEIHHOCTH CEIbCKOXO3SIMCTBEHHBIX NMPEINPHUATHH NPUBOIAT K YCKO-
PEHHOMY POCTY IIHaHOOAKTepHii, KOTOPOE COMPOBOXKIACTCS OOWIILHBIM [[BETEHHEM M MOTEHIHAIbHOW TOKCHYHOCTBIO,
ocobenHo B Taranporckom 3anuBe. B Hacrosiee BpeMsi, 4TOOBI OTCIICKUBATH N3MEHEHHS KOHIIEHTpauu (GUTOIIaHK-
TOHHBIX TOITYJISIINH, UCTIONB3YIOTCSI MOJICITH HA YPOBHE JIar-MpoueaAyp M peakTUBHBIX HOpM. OHAKO MPUMEHEHHE X B
yCIIOBHAX A30BCKOTO MOpPA TpeOyeT ydera crienu(pUKH NepenanoB rIyOHH, COJEHOCTH M Ce30HHBIX XapaKTePHCTUK, TO
€CTh KOMIUIEKCHOTO MOJX0/a K ONpe/eleHUI0 KOHLIEHTPAIlUM BPEIHOrO TUIAHKTOHA. B CBSI3M € 3THM Lienbi0 TaHHOTO
WCCIIEIOBAHMS SIBJISIETCSI TTIOCTPOEHHE CPEIHECPOUYHBIX IPOTHO30B PAa3BHUTHS LIMAHOOAKTEPHUH C MCIOJIB30BAHUEM KOM-
IUIEKCHOTO TOAX0Aa K OINPEAEICHHIO KOHIICHTPAIUU [UIAHKTOHA, OCHOBAaHHOI'O Ha IIPUMEHEHUN METO/0B MaTeMaTHye-
CKOT'O MOJIEJIUPOBAHUSL.

Mamepuanst u memoost. IIporHoznpoBanre TUHAMHUKHA (UTOINIAHKTOHHBIX TOIMYJISIIMI OCYIIECTBISUIOCH HA OCHOBE
TPEXMEPHOM HECTAllMOHAPHOM MaTeMAaTUYECKOM MOJEIH, OCHOBAHHON Ha CHUCTEME HECTAllMOHAPHBIX ypaBHEHUU B
YaCTHBIX IMMPOU3BOAHBIX C HEJIMHCHHBIMU (byHKLII/IﬂMI/I HCTOYHHUKOB. BXOJIHI)IMI/I JaHHBIMH U1 MOJACIN SABJISJIMCH 3HAYC-
HUSI KOMIIOHEHT BEKTOpa BOJHOTO TIOTOKA, ITOJyYE€HHbIE HA OCHOBE MOJICNIN THAPOANHAMHUKY, @ IOKA3aTEIN COJIEHOCTH,
TEMIIEpaTypPbl, KOHIEHTPALUK OHOT€HHBIX BEIIECTB W (PUTOTUIAHKTOHHBIX IMOIYJISIIUI B3SATHI U3 PE3yJIbTaTOB MHOTO-
JICTHUX Ha6J’[IOI[eHPIﬁ. Pasnocrnas armnpoKCcuMalnusa MOJCIIN BbINIOJTHEHA HAa OCHOBE SIBHO-HEABHBIX CXEM PACIICIIIICHUA.
Jnst mocTpoeHust TpeXMEepHO# 00JIacTH BBIYMCICHUH HCIOIB30BAJICS METO/I MHTEPHOISINK 3HaueHnH riryOun. Taxke
3TOT METOJI MPUMEHEH JUT MHTEPIOIALNH 3HAYCHNH COJICHOCTH M TEMIIEpaTyphl Mo KapTorpaduieckoil nHpOpMaIHy.
Pezynomamut uccneooganus. B xone 4NCICHHOTO 3KCIIEPUMEHTA, MPOBEAECHHOTO C YYETOM BIIMSIHUS COJICHOCTU H
TEMIIepaTypbl, JIMMUTHPOBAHHS OWOT€HHBIMHM BELIECTBAMHU (DPUTOIUIAHKTOHHBIX MOMYJISLHNA ITOJy4EeHBI TPEXMEpHBIE
n300pakeHNs pacIpeaeNieHIs INaH00aKTepril U 3eJIEHBIX BOIOpocieil B TaraHporckoM 3ajiBe B BETETAIIMOHHBIN TIe-
puozn. Pe3ynpraroM mpuMEHEHHSI METOa MHTEPIOJISAIMU CTIN AOCTATOYHO IMIAJIKUE B TOUKAX CKJIEHKH KapThbl [IyOuH,
pacripeziesieHust COJIEHOCTH M TeMIIEPaTyphl, KOTOPBIE SBISIOTCS BXOJHBIMU JIAHHBIMH ISl pa3pabOTaHHOW MOJIENH 1O
OTIpEICTICHUIO TMHAMHUKY KOHIICHTPAIMY BPEIOHOCHBIX BUIOB (DUTOIIIAHKTOHA.

Oécyacoenue. TpencraBnenHas B pabote MaTeMaTH4eckasi MOJICIb IMHAMHUKHN (PUTOIIIAHKTOHHBIX MOMYJISIUN YYUTHIBACT
YCIIOBUSI Pa3BUTHS CUHE3EIEHBIX U 3€JICHBIX BOJOPOCIEH, OKa3bIBaEMOE Ha HUX BIMSHHE CO CTOPOHBI OKpY’KaroIei cpe-
npl. OHA TO3BOJISIET TOJydaTh TPEXMEPHOE N300paXKeHHE paclpeiesieHus] TUIAaHKTOHA U JIaeT BO3MOYKHOCTH OIIPEIeIIsTh
apeai paclpoCTPaHEHHUsI CHHE3ENIEHBIX U 3€IE€HbIX BOJOpociell B TaraHporckoM 3aiamBe U B A30BCKOM MOpE.
3akntouenue. OnucaHHbIE MaTeMaTH4YecKass MOJEIb U METOJbl MaTeMaTHYeCKOI0 MOJEIHPOBAaHUS BCTPOCHBI B IPO-
TPaMMHBIH KOMITIEKC, 9TO AaeT BO3MOXKHOCTh MOJICTMPOBATh U IPOTHO3MPOBATH BCE H3MEHEHHSI, KOTOPBIC MPOMCXOAST
u OyIyT IPOUCXOANTH B BOJaxX TaraHpOrcKOro 3ajinBa. JTO, HECOMHEHHO, OYJeT CIIocOOCTBOBATh MPUHITHIO OOOCHO-
BaHHBIX PELICHUH B JieNe AaJbHEHIIEero Pa3BUTHS aKBATOPUH A30BCKOTO MOPSL.

KiaioueBble cioBa: MOACIb AWMHAMHKH (IJI/ITOHJ'IaHKTOHHLIX HOHyJ’IHHHﬁ, OHOJIOrHYECKas KHHCTHKA, MCTOJbI
HWHTEPIOAAUNA, OTTACHBIC ABJICHUS, IIPOTHO3 PAa3BUTHUA TPUPOIHBIX CUCTEM

BaarogapHocTu. ABTOPBI BBIPQKAIOT OJAarofapHOCTh pElNaKiMd M PELEH3eHTaM 32 BHUMATENIBbHOE OTHOIICHHE K
CTaThe U yKa3aHHbBIE 3aMEUaHUsl, YCTPAHSHUE KOTOPBIX MO3BOJIUIIO MOBBICUTH €€ Ka4eCTBO.

duHaHcupoBaHue. VccienoBaHue BHITIONHEHO 3a cueT rpaHTa Poccuiickoro HayuHoro ¢onma Ne 22-71-10102-1I1,
https://rscf.ru/project/22-71-10102-11/
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Introduction. The excessive growth of harmful phytoplankton is a problem in many water bodies in Russia and
around the world. Coastal estuarine systems, such as Taganrog Bay, are particularly vulnerable to this issue due to
several factors: high nutrient runoff from rivers, consistent warming due to shallow depths, and differences in depth and
salinity. These outbreaks of potentially toxic algae blooms pose a threat to local communities, harm fish populations,
and can lead to oxygen depletion and other negative consequences. In Taganrog Bay, microalgae belonging to the
cyanophyte are particularly dangerous. Their biomass can reach up to 70% in the summer, and in some cases, it can
even reach 90% of total phytoplankton [1].

Cyanophytes are also called cyanobacteria, or less formally blue-green algae. This type of phytoplankton is
distinguished from other species by several features that are advantages in their competition for resources, which
explains the high proportion of their biomass. First of all, cyanobacteria are prokaryotes and have a very simple cell
structure similar to a bacterial one, without a nucleus, mitochondria, Golgi apparatus or endoplasmic reticulum.
Individually, cyanophytes are small compared to other algae species, but they often form massive colonies or filaments.
The buoyancy of blue-green algae is provided by gas vacuoles, which allow them to change their density, which leads
to their movement in the water column in a vertical direction [2]. This mechanism provides better access to either light
or nutrients [3], and the presence of nutrients in the reservoir plays a major role in changing its density [4]. All this
gives cyanobacteria an advantage over other types of plankton. In addition, turbulent diffusion and the velocity of
movement of the aquatic environment in the vertical direction can affect the vertical migration of cyanobacteria [5].

In coastal ecosystems, cyanobacteria have been of interest due to their potential toxicity and their role in the
production of phytoplankton. These bacteria release toxins that vary in nature depending on the species, and can be
neurotoxic, hepatotoxic, or endotoxic. However, not all blooms of cyanobacteria release toxins. Currently, researchers
are studying the nature of these toxins and the conditions that cause their release [6].

Aphanizomenon flos-aquae, Microcystis aeruginosa, and Anabaena spp. are the most common species found in the
waters of Taganrog Bay. These species can produce toxins related to hepatotoxins and neurotoxins [7].

Many domestic and foreign researchers have devoted their works to the study of potentially harmful cyanobacterial
blooms. In [8], the role of phosphorus in promoting the growth of blue-green algae was investigated. In study [9], the
process of vertical movement of cyanobacteria of the Microcystis species was modeled, which allows them to dominate
during the bloom period in reservoirs. The effect of the intensity of light radiation and mixing of waters under the action
of wind on the development of algae was modeled using the Ansys Fluent and MATLAB systems, which is described
in [10]. The authors of research [11] used autoregressive and multidimensional versions of linear regression, random
forest, and Long Short-Term Memory (LSTM) neural networks to predict the development of blue-green algae. In [12],
a nonstationary three-component mathematical model was proposed to study the competition between two types of
phytoplankton (including toxic ones) and their absorption by zooplankton.

The review of modern research conducted by the authors revealed a gap in scientific knowledge, which consists in
the lack of an integrated approach linking the authors' model of phytoplankton population dynamics based on
convection-diffusion equations with the hydrodynamic model, ignoring the influence of abiotic factors, using one-, two-
dimensional models and ready-made software packages that do not provide reliable results for coastal systems. The
authors believe that this issue can be addressed by applying an integrated approach to modeling phytoplankton
dynamics in the coastal systems of Taganrog Bay. This approach would take into account their important features:
significant differences in depth, salinity, complex geometry of the calculated area, increased influx of nutrients, etc.

According to Decree of the Government of the Russian Federation No. 219 dated April 10, 2007, one of the goals of
monitoring water bodies is “timely identification and forecasting of the negative effects to water, as well as the
development of negative processes affecting water quality in water bodies and their condition, the development and
implementation of measures to prevent the negative effects of these processes™!. The development of mathematical
modeling methods and the development of software systems based on them make it possible to obtain forecasts of the
development of dangerous phenomena in complex natural systems. Such data can be shared with decision makers to
monitor and manage the situation in coastal areas. One of the ways to restore Taganrog Bay may be to replace blue-
green algae with green ones. It is noted in [13] that in those areas of the reservoir where the number of green algae has
increased in relation to blue-green and diatoms, the ability of the water body to self-purify has increased. In [14], the
dynamics of microalgae development in drinking water intake sites was studied, the depressing effect of cyanobacteria
blooming was noted, and a system for monitoring the dynamics of phytoplankton populations was proposed.

! On Approval of the Regulations on the Implementation of State Monitoring of Water Bodies. Decree of the Government of the Russian Federation
No. 219 dated April 10, 2007. (In Russ.) URL: https://docs.cntd.ru/document/902037173/titles/656010 (accessed: 25.11.2025).
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Due to the need to predict the occurrence of harmful “blooms” of microalgae, it is necessary to construct complex
mathematical models of phytoplankton population development. These models should take into account advective
and diffusive transfers, weather conditions, and geometry of the calculated area, limiting the growth of microalgae
by the presence of nutrients, salinity and temperature regimes [15]. The use of mathematical methods proposed in
this article is justified because they provide a high level of accuracy in modeling processes occurring in complex
natural systems, using a small amount of input data. Additionally, these methods are more cost-effective than
conducting expeditionary research.

The aim of this research is to make a medium-term prediction of the development of blue-green algae during the
bloom season using mathematical modeling methods. To achieve this, the authors have solved the following tasks:

1. Construction of a mathematical model of phytoplankton populations, supplemented by initial and boundary
conditions. The model was equipped with input data: values of the vector of the water flow obtained on the basis of the
model of hydrodynamics, indicators of depths, salinity and temperature, concentrations of blue-green and green algae,
as well as compounds of biogenic substances based on the results of long-term observations.

2. The values of water depth, salinity, and temperature were distributed according to cartographic information using
the authors' interpolation algorithm.

3. A difference analogue of the continual problem was constructed.

4. A model of the dynamics of phytoplankton populations was implemented in the form of a software module.

Materials and Methods. The study was based on a three-dimensional model of the dynamics of phytoplankton
populations based on a system of convection-diffusion-reaction equations with nonlinear source functions. The
difference approximation of the model was based on explicit-implicit splitting schemes. The authors' method of
interpolation of depth values was used to construct a three-dimensional computational domain. It was also used to
interpolate salinity and temperature values from cartographic information.

A three-dimensional model of the dynamics of phytoplankton populations was developed based on the work of
Sukhinov A.L. and Yakusheva E.V. [16, 17]. The model was based on a system of non-steady convection-diffusion-
reaction equations:

%+%(V-(ti)+(V~V)qi)=div(p~ti)+Rq‘_, (1
where g; — concentration of the i-th component, mg/l, i =1,9; V = (u, v, w) — vector of the water flow velocity, m/s;

pw={u, n, v} — turbulent exchange coefficients, m?*/s; R, — nonlinear function-source of nutrients, mg/(l s);

q;
V — gradient; 1 —Aphanizomenon flos-aquae blue-green algae (potentially toxic; 2 —Chlorella Vulgaris green algae
(included in the base of the food pyramid); 3 — dissolved organic phosphorus; 4 — suspended organic phosphorus;
5 — phosphates; 6 — nitrates; 7 — nitrites; 8 — ammonia; 9 — dissolved oxygen: it mainly enters the aquatic
environment from the surface of a reservoir as a result of mixing (mainly waves caused by wind), is released by aquatic
plants during photosynthesis in the presence of light and is consumed during respiration in the absence of light.

The equations describing the transformation cycles of the simulated substances are given in [18].

The growth rate of phytoplankton populations was determined by the availability of nutrients (phosphates, nitrates,
nitrites and ammonium), optimal values of temperature, salinity and illumination. Biomass decreased due to excretion
and death. Green algae compete with cyanobacteria for resources. The growth rate of phytoplankton populations was
expressed as a function of salinity S, temperature 7, light intensity /, and a sufficient number of dissolved oxygen
molecules in the water. Also, the growth of microalgae depended on the concentration of the main nutrients — nitrogen
compounds (nitrates NOs3, nitrites NO,, ammonia NHs) and phosphorus (phosphates, dissolved organic
phosphorus DOR, suspended organic phosphorus ROP). An initial boundary value problem was set for system (1), and
the corresponding initial and boundary conditions were added [18].

The numerical solution to the problem of phytoplankton population dynamics was to transform the input data using
mathematical modeling methods. When solving problem (1), the values of the components of the vector of the water
flow in the nodes of the computational grid were used as input data. It was calculated based on the model of
hydrodynamics [19], values of salinity Sy, temperature 7y and concentrations go; at time f. For the difference
approximation, the modeling area was covered by a computational grid po o, x®, that was uniform in time and three

spatial directions:

o, {t,, =nt, n=0,1,...,N, Nr:T},wh :{x,- =ih,, y; = jh,, z;, =kh;
i=0,.,N,, j=0,.,N,, k=0,.,N,, NJh, =L, N,h,=L,, N.h. =L},

where ©— step in time, 0 <¢<T; h,, h,, h. — steps in spatial directions; L., L,, L. — maximum size of the calculated area
in space.
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Explicit and implicit schemes were used to discretize problem (1):

n+l n n n n n n n
9ijk —4ijk div1,jk —Y4ijk i jk —4di-1,jk 9ij+1.k —Y4ijk
— YUk o TUipk T a7 T Vij+k +

T 2h, 2h, 2h,
n n n+o n+c n+oc n+c
9ijk —4ij-1k qijk+1 —949i )k 9ijk —4ijk-1
ik~ A T Wik A A Wik o =
2h, 2h, 2h,

n n n n n n
9iv1.jk —4ijk 9ijk —49i-1,j.k qi.j+1.k —4ijk

h? h? I

X

n n n+o n+o n+o n+o
9ijx —4ij-1k 9ijk+1 —Y9ijk Gijk —4ijk-1
- +v -V

h? h? hZ

z

+Ri’?j,k s

where ¢"'° =6 ¢""! + (1 — 6)¢", 6 € [0,1] — weight of the scheme.

The result of applying this approach to the approximation of the convection-diffusion-reaction equations led to a
series of two-dimensional and one-dimensional problems. Along the Ox and Oy axes, the approximation was done using
a symmetric scheme with weights (Crank-Nicolson). Along the Oz axis, an explicit scheme was used, and a run-through
method was used for software implementation

The authors' method of interpolating the values of depth, salinity, and temperature was used to construct a uniform
space-time grid. Cartographic information was used to define the boundaries of the computing area vertically, for
example, pilot charts used for the needs of the shipping and fishing industries. Often, information about the depths of a
reservoir was set at certain points or by level isolines and may not be present at the points of the calculated grid.
Figure 1 shows the initial relief image of the bottom of the Azov Sea, where the depths were indicated by level isolines.

Fig. 1. Isolines of the depth level of the Azov Sea

Such maps did not have a high degree of smoothness at the points of joining, so the interpolation algorithm was used
in this study [20]. In order to construct a function of the bottom topography with a high degree of smoothness, an
equation was solved:

h2
Af{—TEAzHE:O )

The fundamental system of solutions of equation (2) had the form:
H, (x) =1,H, (x) =x, H, (x) :ch(kx),H4 (x) = sh(kx), k=-12/h. 3)

The depth values were interpolated based on the splines of function (3).

The algorithm of the program module was as follows: a file in the .txt format was submitted as input, containing an
array with depth isolines or points indicating the depths. Then a fourth-order accuracy scheme was constructed for the
diffusion transfer operator [20]. The resulting grid equations were solved using an adaptive, modified alternating
triangular variational method. The output was a text file containing an array of values of the depths of the Azov Sea.

Results. As a result of the research, the authors obtained a medium-term forecast of the distribution of blue-green
and green algae based on an integrated approach using models of phytoplankton population dynamics and
hydrodynamics. Figure 2 shows the result of the authors' algorithm, a reconstructed map of the depths of the Azov Sea.
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Fig. 2. The resulting image of the bottom topography of the Azov Sea

Based on the developed method, sufficiently smooth distributions of salinity and temperature values suitable for

modeling were also obtained, the images of which are shown in Figure 3.
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Fig. 3. Application of the interpolation method: a — initial image of isohaline [21];
b — initial image of isotherms?; ¢ — resulting image of salinity distribution S, %o; d — resulting image of temperature
distribution T, °C

The obtained distributions of depths, salinity, and temperature were used as input data for solving problem (1). Figure 4
shows the concentrations of two phytoplankton populations obtained as a result of the computational experiment. Uniform
distributions of the simulated substances were input data for the software module, with a time interval of 30 days.
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P Fig. 4. Results of solving the problem of dynamics of phytoplankton populations: @ — distribution of concentrations of blue-green
§ algae g1, mg/l; b — distribution of concentrations of green algae g2, mg/l; ¢ — graph of the dependence of the growth coefficient

of phytoplankton populations on salinity S: 1 — green algae; 2 — blue-green algae

2 The ESIMO Operational Module. Water Surface Temperature in the Azov Sea. The Unified State Information System on the Situation in the World
Ocean. (In Russ.) URL: http://hmc.meteorf.ru/sea/azov/sst/sst_azov.html (accessed: 25.11.2025).
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Discussion. The interpolations of the distributions of depths, salinity, and temperature, obtained using the algorithm
presented in this paper, have a sufficient degree of smoothness at the points where they are joined. A computational
experiment has shown that the range of blue-green algae is wider than that of green algae — they are distributed
throughout Taganrog Bay and carried by currents into the main part of the Azov Sea.

The mathematical model of phytoplankton population dynamics takes into account several factors, including the
limitation of microalgae growth by nutrients, the influence of the hydrological regime on the growth coefficient,
geographical dynamics under the influence of convection and diffusion processes, and the oxygen regime. By
combining this model with a hydrodynamic model, it is possible to create three-dimensional images of the distribution
of substances being modeled. This allows for the consideration of not only the biological aspects of phytoplankton
growth but also the spatio-temporal dynamics of biomass and the shape of the computational area.

Conclusion. The described mathematical model and the proposed methods have been integrated into the Azov3D
software package. This allows us to predict the development of hazardous blooms of phytoplankton (eutrophication)
under different weather conditions, taking into account changes in salinity, temperature, current patterns, nutrient
availability, and oxygen regime. The forecasts generated can be used to develop a strategy for the sustainable
management of Taganrog Bay, an important natural area. Various strategies for managing this aquatic ecosystem are
currently being developed, as well as safety mechanisms to prevent suffocation and eutrophication events.
Mathematical modeling techniques, the development of which is discussed in this article, provide inexpensive and
efficient tools for monitoring and predicting the state of aquatic systems.
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Abstract

Introduction. In today's world, fire safety has become a top priority for public administration in every country. The
challenges of providing professional fire protection are addressed, among other measures, through the institution of
volunteer firefighting both in Russia and abroad. Problems in ensuring the activities of volunteer firefighters are
generally quite typical, regardless of the level of socio-economic development of the territory. Thus, in modern
conditions in the Russian Federation, there are quite noticeable imbalances in the level of fire safety. These issues are
particularly acute for small, remote settlements, where it is quite resource-intensive to maintain professional fire
protection. Nevertheless, the principle of equal access and quality of public services is a key component of state policy
and regional administration. The activities of volunteer fire brigades play an essential role in the fire safety system in
Russia and abroad. However, as practice shows, there is a significant problem of ignorance and, in general,
unwillingness of citizens to participate in voluntary fire protection and to assist in the development of this institution. In
this regard, this study aims to investigate the role of volunteer firefighting societies (hereinafter referred to as VFFS)
and analyze the specifics of their activities abroad in order to identify common practices and assess the perception of
this institution by the population.

Materials and Methods. The research plan consisted of two interconnected parts. First, we planned to study the sources
devoted to evaluating the role of volunteer firefighters in other countries and analyze the activities of volunteer
firefighting organizations in the Russian Federation. Then, we conducted a sociological survey and processed the
results. The processing of responses involved summarizing the collected data and identifying the reasons and motives
behind the responses received. For the regional part of the study, statistical data on the activities of voluntary
firefighting societies and the dynamics of the number of volunteers were analyzed in order to assess the contribution of
voluntary firefighting societies to the fire safety system.

Results. 1t has been revealed that the institute of volunteer firefighters is widespread in the fire extinguishing system
both in Russia and abroad. It has been found that approaches to the organization, financing and financial incentives of
volunteer firefighters from different countries have both similarities and some differences, including the subjective
perception of this institution by the population. It was found that the number of VFFS branches and the participation of
VFFS units in extinguishing fires in the Russian Federation have increased significantly in the Russian Federation. This
indicates the relevance and effectiveness of their work. An analysis of the distribution of the number of fires by fire
extinguishing participants showed that the proportion of volunteer fire brigades participating in firefighting has been
growing annually. However, the analysis has also showed a decrease in the overall number of volunteer firefighters in
the Udmurt Republic. According to the sociological survey conducted, the vast majority of respondents were generally
not ready to participate in voluntary fire protection and assist in the development of this institution.

Discussion. This work has shown that the institution of volunteer firefighters is a highly sought-after and socially
significant phenomenon both in Russia and abroad. However, there are clear problems at both the national and regional
levels with the organization of the VFFS system itself. Generally, the population is not very willing to join volunteer
firefighting groups, and the reasons why people do not join these groups have been identified. The analysis revealed the
motivations and conditions under which respondents were willing to participate in volunteer firefighting activities. The
results show the need for a comprehensive approach to developing measures to improve the status of volunteers. It is
also necessary to develop a set of measures to increase the appeal of the image of a volunteer firefighter to attract young
people into this field.

© Shirobokov SV, Kasatkina EA, 2025
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Conclusions. The research confirms the important role of volunteer firefighters in ensuring fire safety in the subject area
under study, both in Russia and abroad. The review showed that the key problems in organizing the work of voluntary
firefighting services are identical for most countries. These conclusions are supported by the results of the analysis. The main
results of the study include data on the dynamics of the number of volunteers in the region as well as factors that determine the
motivation of the population to participate in volunteer firefighting activities. The practical significance of the research lies in
its application in predicting additional measures to attract more volunteers to volunteer firefighting organizations. Further
research will aim to develop mechanisms to promote volunteer firefighting activities.

Keywords: voluntary firefighting societies, volunteer firefighter, regional management, survey, VFFES financing, fire safety
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HccaenoBanue aesiTeJIbHOCTH 100POBOJILHBIX MOKAPHBIX 001IECTB
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X kora-tay(@yandex.ru

AHHOTALMSA

Beeoenue. B coBpeMEHHBIX YCIOBHAX OOECIIEUCHUE MTOKAPHOH 0E€30MaCHOCTH — OJHA W3 MPHOPHUTETHHIX 3a/1a4 TOCY-
JTApCTBEHHOT'O YIPABJIEHHS BO MHOTHX cTpaHax. [IpobieMsl oprann3anmy npogecCHOHaIbHON TOKapHOH OXpaHBI Ya-
CTHYHO PEIIaroTCs 3a CUET MHCTUTYTa T0OPOBOJIFHBIX ITOXKAPHBIX Kak B Poccny, Tak u 3a pyoexom. TpynHoctu ¢yHK-
LIMOHUPOBAHMS JOOPOBOJBHBIX IOXKAPHBIX OOLIECTB BO MHOTOM CXOJHBI, HE3aBHCHMO OT YPOBHS COIMAJIBHO-
9KOHOMHYECKOT0 pa3BuTusi Teppuropun. B Poccuiickoit @enepaunu coxpaHsroTcsi 3aMeTHbBIE AUCIPONIOPIMHU B obec-
TICUYCHHUHU TI0’KapHON OEe30ITacCHOCTH, OCOOCHHO B HEOOJIBIINX W YAANEHHBIX HAceNEHHBIX MYHKTax, TJie CoJiepKaHHue
npodeccroHaNbHOM MOKapHOI 0XpaHbl SKOHOMHUYECKH 3aTpaTHO. Mex/ly TeM NPUHIIMI PABHOW JOCTYITHOCTH M PaBHO-
T'O0 Ka4e€CTBa COLMAJIBHBIX YCIIyT oCTaéTcsl KIIOYEBBIM B FOCy}IapCTBeHHOﬁ )51 peFHOHaJ'[BHOﬁ MOJIUTHKE. 3HAYUTEIbHAS
POJIb B CHCTEME IMOXKApHO# 0E€3011aCHOCTH OTBOAMTCS AOOPOBOJIBHBIM MOKapHbIM (hopmupoBanusiM. Ha npakTuke of-
HOW M3 CEphE3HBIX MPOOIEM SIBISETCS HEAOCTATOK MH(GOPMUPOBAHHOCTH M HHU3Kas MOTHBAIMS TPaklaH K yJacTHIO B
JOOPOBOJILHON TOXKapHON OXpaHe M MOAJEPIKKE Pa3sBUTHs 3TOTO0 MHCTHTyTa. Llenb mcciienoBaHus — U3Y4IHUTh POJIb
JIOOPOBONBHBIX MOXapHBIX 00mmecTB (maree JI10), mpoaHann3upoBaTh OCOOCHHOCTH MX JACATEIFHOCTH 32 PyOS:KOM C
LIENIBIO BBISIBIICHUS OOIIMX MPAKTHK W OL[CHUTH BOCIPUATHE JAHHOTO HHCTUTYTA HACCIICHUEM.

Mamepuanst u memoost. ViccienoBanue BKIIOYAJO JBE B3aMMOCBsI3aHHbIe YacTh. CHavaia npoBeaEH 0030p HCTOYHU-
KOB, MOCBSIIIEHHBIX POJIM JOOPOBOJIBHBIX MOKAPHBIX B 3apYOEXKHBIX CTpaHaX, U aHaiu3 (yHKIMOHHUPOBaHHS JOOPO-
BOJIbHBIX TOJKapHBIX 0011ecTB B Poccuiickoii @enepannu. Bo BTopoii 4acTu BBINOJIHEHO COLMOJIOrHYECKOe 00ciie1oBa-
HHUE ¢ Tociieayromel 06paboTKoi moirydeHHbIX JaHHBIX. OOpaboTKa OTBETOB Mpeaoaraia arperupoBaHue MaTepHua-
JIOB ¥ BBISABIEHHE IPUYMHHO-MOTUBHUPYIOIIHMX (HaKTOPOB, GOPMUPYIOMNX HO3ULUH PECIIOHAEHTOB. [/l pernoHanbHoM
YaCTH HCCIIEIOBAaHHS IIPOAHAIU3UPOBAHBI CTATHCTHYECKUE JAHHBIE O JEATEILHOCTH AOOPOBOJNBHBIX IMOXKAPHBIX 00-
IIECTB M JWHAMHKE YNCICHHOCTH JOOPOBOJIBIEB C LENBIO OLICHKH BKJaga JOOPOBOJBHBIX IMOXKAPHBIX OOIIECTB B CH-
cTeMy oOecIieueHNs TOKapHOH Oe30MaCHOCTH.

Pesynvmamut uccnedosanus. Y CTaHOBIICHO, YTO HHCTHTYT JIOOPOBOJIBHBIX HOXKapHBIX ITUPOKO PacHpOCTpaHEH B CHCTE-
Me NOoXKapoTyleHust kak B Poccun, Tak n 3a pyoexom. [Toaxoasl k oprann3anny, (UHAHCUPOBAHUIO U MaTEepUAIEHOMY
CTUMYJIMPOBAHUIO JOOPOBOJIBLIEB B Pa3HBIX CTPaHax COJEPKAT Kak OOIIMe YepThl, TaK U creluduueckne pa3inius, B TOM
Y{CIie B BOCHPUSITUM MHCTUTYTa HacelieHneM. 3aduKkcupoBaH pocT uncia ¢uimanos BJIIIO u yBenmuuuBIIeecs yuactue
noapazzaenenuit JAI10 B Tymenun noxkapos B Poccuu, 4to CBUAETEIBCTBYET 00 aKTya bHOCTH M S(PEKTUBHOCTH X s
TEIBHOCTU. AHAIIN3 PACIIPEAENICHNs YMCIIa TI0’KapoB 0 YYaCTBYIOIIUM B TYIIEHHH CyOBEKTaM IOKa3al €KErolHOE yBe-
JIMYEHHE JI0JIU JT00POBOJIBHBIX MOXKAapHBIX. BMecTe ¢ TeM B ¥Yamyprckoii PecriyOiiike HaOmoaercst cokpaiieHue oomei
YHUCIICHHOCTH A00pOBOIBLEB. 110 HaHHBIM COIMOIOTHYECKOTO OINPOCa, MOJABIIAOIIEE OOIBIIMHCTBO PECIIOHACHTOB HE
TOTOBBI BCTYIIaTh B I0OPOBOJIBHYIO MOXKAPHYIO OXpaHy WM aKTUBHO COIEHCTBOBATH PAa3BUTHIO HHCTUTYTA.

Technosphere Safety

295


https://doi.org/10.23947/2541-9129-2025-9-4-294-304
mailto:kora-tay@yandex.ru
https://orcid.org/0000-0002-0945-6296
https://orcid.org/0009-0002-0056-3631

https://bps-journal.ru

296

Safety of Technogenic and Natural Systems. 2025;9(4):294-304. eISSN 2541-9129

Obcyrcoenue. Pabota moaTBEpKIa€T BOCTPEOOBAHHOCTH M COIMATIBHYIO 3HAYMMOCTD JOOPOBOJIBHBIX MOKAPHBIX KaK B
Poccun, Tak u 3a pyoexom. OJHOBPEMEHHO BBLABICHB! CHCTEMHBIE TPOOJIEMbI KaK Ha HAIMOHAIBHOM, TaK U Ha PEruo-
HaJbHOM YPOBHSX B opraHusanuu aesrensHoctu [AI10. Habmronaercss HEeBbICOKas TOTOBHOCTh HAacCeNeHHs BCTYIATh B
Ppsiibl 10OPOBOJIBLIEB; ONPEAEIEHBl OCHOBHBIE Oaphephl, NPEMITCTBYIONINE YYaCTHIO. AHAJIU3 TO3BOJIMI BBIJIEIUTH MO-
TUBBI U YCIOBHS, P KOTOPBIX PECIIOHJACHTHI TOTOBBI MPUHUMATh yuyactue B nestensHocT JI1O. IlomyuenHsle pe-
3yJIBTaThl YKa3bIBAIOT HA HEOOXOAMMOCTH KOMIUIEKCHOTO TI0IX0/1a K MOBBIIICHUIO CTaTyca J00POBOJIIEHOTO TT0KapHOTO
1 pa3paboTKH Mep, HOBBIMIAIOIINX IPUBIIEKATEIEHOCTD ATON AESTEIBHOCTH JJIS1 MOJIOAEXKH.

3akntouenue. ViccenoBanne MOATBEPKIAIOT BAXKHYIO POJIb JOOPOBOIBHBIX TOXKAPHBIX B 00ECIICUECHUH MTOKAPHOH 0e3-
OITacCHOCTH B HMCCIEIyeMOi mpenMeTHOH obmactu kak B Poccum, Tak u 3a pybeskom. O030p mokasal, 9To KITIOYEBBIE
npoonemsl opranuzauuy 1O SBISIOTCS COMOCTABUMBIMH ISl OOJIBIIMHCTBA TOCYIAPCTB; 3TU BHIBOIBI MOJJICPIKIBA-
I0TCS pe3yJIbTaTaMH aHalu3a. B 4ncie OCHOBHBIX Pe3y/IbTaTOB — JAHHBIE O JUHAMHKE YHCICHHOCTH JOOPOBOJIBHBIX
MIOKAapHBIX B PETHOHE U (haKTOPBI, ONpeessIone MOTHBAIMIO HaceJIeHus K yyacTuio B gestensHoct JAI10. Ipakru-
YyecKas 3HAaYMMOCTh Pa0OTHI 3aKIII0YAaeTCs B BOSMOKHOCTH HCIIOJIb30BaHHS €€ Pe3yJIbTaTOB JUIS NMPOTHO3MPOBAHUS U
pa3paboTKu MEpONpUSITHIl 10 NMpPUBJICYEHHIO 10OpoBOIIbLEB. JlanbHeime uccienoBanus OyayT HalpaBieHbl Ha pa3-

pa60TKy MCEXaHU3MOB MONYJIAPpHU3alui 1 MOBLIIICHUS IMPUBJICKATCIIBHOCTH ACATCIbHOCTU HO6pOBOJ’ILHI)IX MOXKapHbIX.

KiaioueBnle ciaoBa: HO6pOBOJ'II)HI)I€ IMOXKapHbIC 06H1€CTB3., ,HO6pOBOJ'IBHLII>i noxcaprIﬁ, PEruoHajIbHOC YIIpaBJICHUC,

ompoc, purancuposanue /10, moxapHas 0€30MacHOCTh

BaarogapHocTu. ABTOPHI BBIPaXKAlOT O1arofapHOCTh PELEH3CHTaM W COTPYJHMKAM pENakIUH 33 BHUMATEIbHOE

OTHOIIIEHHUE K CTaTh€ W ITIOMOIIb B ITOBBIIICHUH €€ Ka4eCTBa.

Jna uutupoBanus. Ilupodokos C.B., Kacarkuna E.A. MccenoBanue nesITeIbHOCTH JOOPOBOJIBHBIX MOKAPHBIX OOIICCTB
(Ha mpumepe Yamyprckoit PecnyOmuku). bBesonacnocmv mexnoeennvix u npupoonvix cucmem. 2025;9(4):294-304.
https://doi.org/10.23947/2541-9129-2025-9-4-294-304

Introduction. In modern conditions, the Russian Federation, due to objective factors, is characterized by significant
regional imbalances and differentiated conditions for the development of many spheres of public life. At the same time,
the principle of equal accessibility and equal quality of social services remains crucial in the state policy and regional
governance. In particular, this applies to fire safety guarantees. As the authors note, “ensuring the required level of fire
safety is one of the most important components of the country's national security” [1]. Therefore, in modern Russia with
its diversity, the activities of volunteer fire departments play a crucial role in the fire safety system [2]. In this context,
studies of the factors determining the expediency of creating voluntary fire protection units in populated areas are
relevant [3]. Let us agree that “the regulation of legal relations between state authorities, local governments,
organizations and citizens in the field of voluntary fire protection is an essential part of the development and
modernization of the regulatory frameworks” [4]. This process has been facilitated by the establishment of a modern
legal basis for public administration [5].

The practice of interacting with representatives from various fields allows us to assume that a significant problem
today is the lack of knowledge and, in general, the reluctance of citizens to participate in volunteer fire protection and
contribute to the development of this institution. A similar trend is also reflected in the experience of volunteer
firefighters in several foreign countries.

The aim of this research is to examine the activities of voluntary firefighting societies (VFFSs) and to consider their
specific functioning in other countries in order to gain a comprehensive understanding of their role in improving fire
protection for the population. More specifically, the study focuses on analyzing the role of VFFSs and how they are
perceived by different social groups.

Materials and Methods. The study analyzed sources on the role of volunteer firefighters in foreign countries [1-3].
The study of the specific features of VFFS functioning in a particular region was based on the analysis of data on the
activities of voluntary firefighting societies, with the identification of trends in the number of volunteers [4, 5]. A
sociological survey was conducted to assess the attitudes of the population towards the institution of volunteer
firefighters, the level of awareness about their activities, and their perception of the practice of VFFS financing [6]. The
work employed the method of content analysis, statistical methods, and methods of sociological survey, with
subsequent processing of the obtained results [7, 8]. Processing of responses involved generalizing data, interpreting the
identified patterns, and establishing causally motivated factors that determined the respondents' positions [9].
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Content analysis of publications covered the materials on the role of volunteer firefighters and the specifics of
organizing their activities in foreign countries. The sample included works that contained information on the state,
specific features and problems of organizing volunteer firefighting activities. The mechanism for attracting volunteers is
widespread in firefighting systems both in Russia and abroad. The institution of volunteer fire protection has been
historically present in almost all countries, and publications on this topic are widely represented in scientific literature.
An overview of the subject area reflecting the special role of volunteer firefighting units in the firefighting system was
presented in [6—10].

A comprehensive overview of the organization of volunteer firefighters in foreign countries, such as the USA,
France, Germany, Italy, Hungary, was presented in [11, 12]. At the same time, most of the review publications were
focused on studying the experience of Western European countries, while the activities of volunteer firefighters in the
Asian region remained without detailed consideration. Meanwhile, the available reviews of scientific articles revealed
the specific organization of voluntary fire protection in these states. Thus, the Chinese volunteer fire department system
stood out for its high level of public involvement: “everyone knew what to do in an emergency situation, despite the
fact that there was no question of any reward or financial reward. The Chinese still had a very strong sense of social
duty” [12]. In Japan, volunteer fire brigades were largely formed from the rural population — these were well-trained
citizens who were able to professionally cope with their tasks [13].

The analyzed studies emphasized the significant role of volunteer firefighters not only in extinguishing fires, but
also in conducting rescue operations in emergency situations.

In the Russian Federation, there has been a growing interest in volunteerism since the end of the 20th century. This
was due to the need to address a number of social issues caused by economic factors [14].

According to Clause 2 of Article 10 of Federal Law No. 100 FZ dated May 06, 2011 “On Voluntary Fire
Protection”, individuals who have reached the age of eighteen and are physically able to perform duties related to
participation in fire prevention and (or) fire extinguishing, as well as in emergency rescue operations, can become
voluntary firefighters. The state “recognizes the legal status and value of the work of VFFS personnel” [15].

Regional (subject) legislation provides for the development of relevant legal acts, which is due, among other things,
to “the need to conduct exercises taking into account the local characteristics of the regions” [16]. The Udmurt Republic
has Law of the Udmurt Republic No. 30-RZ! dated June 30, 2011 “On Voluntary Fire Protection in the Udmurt
Republic” and Decree of the Government of the Udmurt Republic No. 155 dated April 16, 2012 “On Approval of the
Regulations on Granting Subsidies to Public Fire Protection Associations™?.

It should be noted that, in recent years, there have been some difficulties in obtaining digital data due to certain
objective reasons. Additionally, the research in this area has been hindered by the lack of a unified database that
aggregates information on the activities of organizations involved in emergency prevention and response at various
levels. To address this issue, the presented work utilized data from various open sources. The analysis was based on
official data from the Ministry of the Russian Federation for Civil Defense, Emergencies and Elimination of
Consequences of Natural Disastes?, the Ministry of Emergency Situations of Russia in the Udmurt Republic?, the All-
Russian Public Organization “All-Russian Voluntary Fire Organization™?, the Regional Branch of the All-Russian
Public Organization “All-Russian Voluntary Fire Organization™®.

Results. According to official materials, by the end of 2023, there were 20,834 registered public fire protection
associations on the territory of the Russian Federation.

Public fire protection associations include:

— volunteer fire brigades — 25,638 (the same period last year (hereinafter referred to as SPLY) — 27,822,
7% dynamics), the number of volunteers — 268,619 people (SPLY — 296,872, 9% dynamics);

— volunteer fire units — 8,946 (SPLY — 8,866, +1% dynamics), the number of volunteers — 55,351 people (SPLY
— 55,156, +3% dynamics).

Y On Voluntary Fire Protection in the Udmurt Republic. Law of the Udmurt Republic No. 30-RZ dated June 30, 2011. GARANT system. (In Russ.)
URL: https://base.garant.ru/15745029/ (accessed: 20.10.2025).

2 On Approval of the Regulations on Granting Subsidies to Public Fire Protection Associations. UR Government Resolution No. 155 dated April 04,
2012. GARANT system. (In Russ.) URL: https://base.garant.ru/15751256/ (accessed: 20.10.2025).

3 Official website of The Ministry of the Russian Federation for Civil Defence, Emergencies and Elimination of Consequences of Natural Disasters.
(In Russ.) URL: https://mchs.gov.ru (accessed: 10.06.2025).

4 Official website of the Main Directorate of the Ministry of Emergency Situations of Russia in the Udmurt Republic. (In Russ.) URL:
https://18.mchs.gov.ru (accessed: 20.10.2025).

° Official website of the All-Russian Voluntary Fire Organization. (In Russ.) URL: https://vdpo.ru (accessed: 20.10.2025).
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Figure 1 provides the data on the number of fires with the involvement of VFFS units’.

49149

2017 2018 2019 2020 2021 2022 2023

mmmm Fires extinguished with VFFS units participation Fires extinguished by VFFS units

Fig. 1. Participation of VFFS units in extinguishing fires on the territory of the Russian Federation in 2017-2023

Based on the data in Figure 1, we can see that the number of fires extinguished with the assistance of VFFS
increased by 33,198 units between 2017 and 2021, or by 208.12%. However, from 2021 to 2023, there was a decrease
of 7,074 units, or 14.4%.

The participation of VFFS units in firefighting affected directly the effectiveness in this area as a whole. The more
VFFS units there were, the fewer fire losses there were. In the period from 2020 to 2024, the number of VFFS branches
increased by 131 or by 23.33%, which indicated the relevance and effectiveness of their activities. The VFFS had its
branches in every federal district and almost every region.

State regulation of industry activities was based on the principle of achieving positive results. The effectiveness of
fire protection work was assessed based on response time to calls, number of lives saved, and material assets saved [17].
The number of participants in various categories was directly correlated with these indicators. Data analysis showed that
the proportion of volunteer firefighters participating in firefighting activities was increasing annually. In 2016, the
members of the volunteer firefighting service (VFFS) extinguished 11,594 fires; while in 2022, there were 39,103
(237.3% more) fires. Among all participants in fire extinguishing efforts, the VFFS held the fourth place in terms of
proportion. They are inferior only to employees of the territorial divisions of the Federal Fire-Fighting Service of the
State Fire Service, as well as employees of the territorial divisions of the Fire-Fighting Service of the subject of the
Russian Federation, for whom fire extinguishing was a direct professional field of activity.

According to data for 2024, there were 119 voluntary fire protection public institutions in the Udmurt Republic,
which included 436 territorial and facility-based voluntary fire departments with a total number of 4,888 people.

The dynamics of the number of volunteer firefighters in the Udmurt Republic is shown in Table 1.

Table 1
The dynamics of the number of volunteer firefighters in the Udmurt Republic from 2020 to 2024, people

Year 2020 2021 2022 2023 2024

Number, people 5,234 5,457 5,683 5,206 4,888

7 Analysis of the Development of Voluntary Fire Protection in the Russian Federation by the End of 2023. Moscow: 2024. 6 p. (In Russ.) URL:

https://mchs.gov.ru/uploads/document/2025-02-04/43e5a62d9d6£39¢244d6bd6f7cblef41.pdf?ysclid=mhadbes5qv305014601 (accessed: 20.10.2025).
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Thus, during the period under review, the number decreased by 346 people, or 6.6%. In accordance with the
“Technical Regulations” requirements, 392 settlements of the Udmurt Republic (20%) are covered by volunteer fire
departments. At the same time, according to the Ministry of Emergency Situations of Russia in the Udmurt Republic,
since the beginning of 2024, volunteers have independently extinguished 13 fires, 435 times participated in
extinguishing fires as additional forces and 8 times participated in the elimination of consequences of road accidents®.

Despite the importance and high status of volunteerism, most studies focused primarily on its motivational
component. In particular, it was emphasized that “the participation of volunteers in search and rescue activities,
extinguishing fires ... was often associated with a risk to the health and even the lives of volunteers, and therefore issues
of compensation for damage suffered by a volunteer while performing relevant work were essential for further
development” [18]. Modern reviews showed that financial support played a crucial role in ensuring the stability of
volunteer firefighting organizations in foreign countries. However, there were also challenges in financing these
organizations [19, 20]. These challenges were not unique to foreign countries but also affected modern Russia and its
regions, such as the Udmurt Republic. This was confirmed by our research. The situation was further complicated by
the rather strict requirements for volunteer firefighters, as indicated by research [11, 21].

Summing up the results of the analysis, we noted that one of the main problems was the lack of stable positive
growth in the number of volunteer firefighters. This decrease in their numbers, despite the high demand for their
services, rapid response to fires, and qualified approach to extinguishing fires and saving people and property, was seen
as a negative trend that requires close attention. To identify the reasons for this phenomenon and understand the
motivational expectations of the population, we conducted a survey as part of this study. We randomly selected a group
of respondents from the Udmurt Republic and neighboring regions to participate in the survey.

The results of a social survey on the topic “Voluntary Firefighting Societies in the development of the territory”

Research generally showed the multidimensional nature of the factors affecting the effectiveness of fire protection
activities. For example, there have been studies on the influence of the gender factor on professional competencies [22],
as well as an increase in the number of women entering professional fields [23]. This article focuses on the subjective
aspects that were raised in the survey.

The first set of questions aimed to gather information about the age, gender, and social status of respondents. These
results did not need statistical analysis. However, we noticed that the sample included a diverse range of
participants (Fig. 3).

Specify your occupation (main):
100 responses

30 %

A

= Student of a general education organization = Student of vocational education/university
Worker = Employee
= Unemployed = Retired

Fig. 2. Distribution of respondents by occupation

8 Results of the Development and Activity of Volunteerism in Udmurtia in 2024. Official website of the Main Directorate of the Ministry of Emergency Situations of
Russia in the Udmurt Republic. (In Russ.) URL: https://18.mchs.gov.ru/deyatelnost/press-centr/novosti/5441040 (accessed: 20.10.2025).
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It was found out that among 100 respondents, 34% (34 people) were aware of the VFFS existence, and 66%
(66 people) were unaware of its existence (Fig. 4).

Do you know about voluntary fire services?
100 responses

G

=Yes =No

Fig. 3. Data on the number of respondents who have information about the VFFS activities

Ninety people answered positively to the question “Do you think we need a VFFS?”, and ten people answered “No”.
Based on this, we could say that most people believe that VFFS was needed (Fig. 5).

Do you think we need voluntary firefighting societies?
100 responses

=Yes = No

Fig. 4. Distribution of answers to the question about the need for VFFS

Despite the widespread recognition of the importance of volunteer firefighting societies, not all respondents were
ready to join their ranks. 86% of respondents (86 people) were not ready to become volunteer firefighters, while only
14% (14 people) expressed their willingness to join.

A key set of questions concerned the respondents' willingness to join VFFSs and the conditions under which they
would be willing to do so. Most of the positive responses (27.3% each) suggested joining only if a number of conditions
were met — if the organization provided necessary training and equipment, medical protection and compensation for
time spent, and if their skills and abilities would contribute to saving lives and property in emergency situations. The
remaining answers were within an acceptable margin of error — free of charge, in their free time, at pre-arranged times,
friendly team, acceptable conditions while traveling, benefits and incentives, limitation of hours worked per week,
provided they did not participate personally in firefighting.

Regarding indirect forms of participation or assistance in the activities of voluntary firefighting societies, it was

https://bps-journal.ru

found that almost half of the respondents (46.7%) were unwilling to help voluntary firefighting societies in any way;
almost a third (26.7%) were ready to assist in finding resources and information; only 3.3% were ready to financially
support the activities of voluntary firefighting societies.
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Obviously, the issue of financing was one of the main topics discussed in the context of the study. Nearly half of the
respondents (43.3%) believed that VFFSs should be funded exclusively by the state; a slightly smaller number (26.7%)
supported a mixed model, with both the state and the public contributing.

As part of the study, we also attempted to identify the reasons that prevent people from participating in VFFSs. The
respondents were able to choose several options for this question or provide their own response. Their answers were
distributed as follows:

1. No time due to work or study — 73% (73 people).

2. Frightening/dangerous — 28% (28 people).

3. No financial incentive — 19% (19 people).

4. I consider it pointless — 3% (people).

Other answers that scored less than 5% each: I don't want to; I don't know where to look for a society to join; I don't
know the requirements for participating in a voluntary fire society; lack of information about the organization as a
whole; health status; I support another charity; I believe that this is primarily a male role; I am in another city; lack of
physical fitness.

The final question was an open question: “What changes or improvements would you propose for the development
of voluntary firefighting societies?” Constructive proposals were received: to strengthen the advertising campaign to
attract volunteers; to give more coverage to the activities of the VFFSs in the media to inform the public; to encourage
participants; to provide uniforms, transport and specialized equipment; to discuss this topic from childhood. A small
part of the respondents believed that it was impossible to motivate a person without internal motivation.

There is no doubt that professional firefighters and volunteers cannot be compared. As noted in [24], there are
situations “that are not within the scope of the systematic activities of civilian volunteers”. Perhaps it is reasonable and
beneficial from the point of view of involving the public in the opinion that “the training of volunteers to perform tasks
not related to emergency rescue operations can be limited to briefings” [25].

The right solution to the tasks is possible with a balance of authority and responsibility. On the one hand, residents “with
the organizational and financial support of government agencies can successfully protect their small homeland from
fires” [26]. On the other hand, it is necessary to improve “motivational tools that can encourage citizens to become
volunteers” [27]. In addition, volunteer actions [28], mentoring as the most important tool for personal and professional
growth [29], as well as government support for active citizenship play a special role in attracting people to VFFSs activities.

Discussion. The conducted research has shown that the institution of volunteer firefighters is in demand and socially
significant both in Russia and abroad. However, there are challenges at both the national and regional levels in the
organization of the VFFS system. The findings indicate the need for an integrated approach to the development of
measures to enhance the status of volunteer firefighters. It is also necessary to develop measures to increase the
attractiveness of the image of a volunteer firefighter to attract young people. Regarding the region under study, the
study demonstrated that, despite the crucial role of VFFSs in the development of territories, there were several areas
that needed improvement. The survey revealed that the majority of respondents recognized the importance of vocational
training and considered them necessary for the successful socio-economic development of territories, but the level of
public engagement remained low.

Conclusion. The survey revealed that the majority of respondents recognized the importance of vocational training
and considered them necessary for the successful socio-economic development of territories, but the level of public
engagement remained low. The study found that the general public was not inclined to join the ranks of volunteer
firefighters. The main reasons for this unwillingness included the lack of free time, insufficient training or age, and
weak financial motivation. The analysis also allowed us to identify the motives and circumstances under which
respondents were more likely to participate in volunteer firefighting activities. Some of the respondents expressed

interest in joining if they received decent pay and had a schedule with weekends at their main job.
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Abstract

Introduction. 1gnoring the systemic nature of a reservoir can lead to ineffective and damaging management decisions.
However, the study of such objects often focuses on individual factors. The predictive potential of graph models is
limited by a lack of expert information and outdated databases of indicators. This work aims to address these issues by
evaluating the effectiveness of measures to improve the condition of the Tsimlyansk Reservoir. The solution is based on
the author's graph model that takes into account the interaction of anthropogenic and biotic characteristics of the object.
Materials and Methods. The literature sources and information on hydrobiochemistry and species composition of fish
were analyzed. A model was created that took into account 20 factors related to the state of the Tsimlyansk Reservoir.
A hydrobiological analysis allowed us to create graph G(V, E, Y). V — set of vertices, v, € V, k=1,20. E — set of
oriented edges ex = (i, V) in the form of ordered pairs of length 2, i #;. ¥ — mapping, ¥ : V' — V. A weight matrix was
created based on an integral assessment of each factor by experts. The weighting coefficients (+0.5—1) were calculated
using information from hydrobiological and chemical databases.

Results. We investigated how the removal of zebra mussels would affect the facility during a single cleaning (scenario 1) and a
three-year cleaning (scenario 2). We visualized the dynamics of pulses for the state of the water (vis) and changes in the
concentration of biological substances (vis). In the first scenario, for the first factor, the maximum pulse (0.5) was fixed from the
third year of exposure; the minimum (0) was during the first year. For the second factor, the pulse increased from a minimum (—
0.5) to a maximum (0.25) over the third year. In the second scenario, both factors did not change in the first year. Then the pulse
for vis increased (to 0.75), vis fell in the second year to —0.5, and then increased to —0.25.

Bream reproduction with vs feeding was evaluated for a year (scenario 3) and five years (scenario 4). The state of
spawning fish v, replenishment of juveniles v,, fishing v7, and eutrophication vi4 were taken into account. v, v7, and vi4
pulses remained zero for two years. Then v, and v; grew to one, and in the fourth year they fell to zero. The
eutrophication pulse dropped to —1, and returned to zero by the end of the fourth year. With a five-year feeding, v pulse
dropped to —1 in the first year, vi4 — in the third, and its value did not change, and v; returned to O in the fifth year of
modeling. The pulse for v, and v; grew from zero to one in three years.

Discussion. Annual cleaning of a reservoir from zebra mussel was more effective for improving the water condition and
less effective for the concentration of nutrients. One-time feeding would increase the number of juveniles and fishing.
Eutrophication would decrease, but there would be no sustainable results. Annual feeding would increase the number of
juveniles, reduce eutrophication and lead to the development of fishing.

Conclusion. The proposed solution makes it possible to predict potential benefits or harm of anthropogenic activities on
the reservoir. The model can be improved by fine-tuning the weighting coefficients, taking into account non-linear and
threshold effects as well as other indicators.

Keywords: Tsimlyansk Reservoir, graph model of reservoir condition, anthropogenic impact on the reservoir, cleaning
the reservoir from zebra mussels, bream reproduction with feeding
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Opueunaﬂbﬂoe amnupudeckoe ucciedosamue

HN3ydyenue OMONPOAYKTHBHOCTH HCKYCCTBEHHOI0 BOJI0eMAa HA OCHOBe rpadgoBoii Moaen
B3aMMO/eHCTBHA NPUPOJIHBIX U AHTPONOTeHHBIX GaKTOPOB
N.IO. Ky3nenoBa = <, A.B. Hukutuna

JloHCKOl rocytapCcTBEHHBII TeXHHUUECKUI yHUBepcuTeT, I. PoctoB-Ha-/lony, Poccuiickas @enepanus
X mail@kuznetsova-i-yu.ru

AHHOTANNA

Beedenue. VIrHopupoBaHe CUCTEMHOM ITPUPO/IBI BOJOXPAHIIININIA 00YCIOBIMBAET HEIPPEKTUBHBIE U JECTPYKTUBHEIE
ynpapieH4deckue pemeHus. OHAKO W3yYeHUE TaKUX OOBEKTOB YacTo (POKYCHUPYIOTCS KIMEHHO Ha OTIENBHBIX (haKkTo-
pax. [IporHo3HbIii moTeHnMan rpad)oBbIX MOJENEH IS 9THX Lesieil orpaHuYuBaeTCs Ae(UIUTOM SKCIEePTHOH HHPOP-
MallMl W YycrapeBaromied 06a30ii uHaukaropoB. IlpencrtaBieHHas pabora mNpu3BaHa BOCIOJHHUTH 3THU IPOOEIBI.
Ienp — orenka 3 (HEKTUBHOCTH MEPONPHUATUHIN 1O YIYUIICHUIO cocTossHus [[umisiHcKoro Bomoxpanuiuiina. OCHOBa
pelieHus: — aBTopckas rpadoBast MOeb B3aUMO/ICHCTBHSI aHTPOTIOTEHHBIX U OMOTHUECKHX XapaKTEPUCTUK OOBEKTA.
Mamepuanslt u memoosl. AHaNN3NPOBATNCH JTUTEPATYPHBIE HCTOYHUKH, HHYOPMALUS O THAPOOHOXUMHN W BHIOBOM
cocraBe pe10. B Momenn yam 20 dakTopoB cocTossHUS LIUMISTHCKOTO BOJOXpaHIININA. AHAIN3 THAPOOHOIOTHH 1103~
Bomun coctauth rpad G(V, E, Y). V — mHoxkecTBO BepmuH, v, € V, k=1,20. E — MHOXKECTBO OPHEHTUPOBAHHBIX
pebep ex = (vi, vj) B BUJIE yIOPSIOYSHHBIX Nap JJIMHBI 2, [ #j. Y — otoOpaxeHnue, Y : V' — V. Marpuily BecoB OCTpPOU-
JIM TI0 MHTETPajbHOM OICHKE 3KCIEPTOB I Kaxaoro ¢akrtopa. Becosbie koaddurmentsr (£0,5—+1) paccunranu mo
nHDOPMAITMOHHON 6a3e THAPOONOIOTHIECKIX U XUMUIECKUX JaHHBIX.

Pe3ynomamut uccnedosanus. BeLCHIIN, Kak MOBIUAET HA OOBEKT yCTpaHEHHUE APEHCCEHBI IPH OJHOKPATHON OYHCTKE
(1-# cuenapwmit) u TpexyeTHel (2-it). BusyannsnpoBanu qHHaAMUKY IMITyJTECOB [UISI COCTOSIHHS BOABI (Vis) M M3MCHEHUS
KOHIICHTpanuu OnoBemecTs (vis). B mepBoM crieHapuu i IepBOTo GakTopa MakcuManbHbIH uMirybe (0,5) dukcupy-
ercst ¢ 3-ro roza Bo3zeicTBusl, MUHUMaNBHBIH (0) — B Tedenne 1-ro. J{ns Broporo ¢axropa 3a 3-if Tox UMITYJIBC yBe-
mmanBaetrcs ¢ muaumyma (—0,5) no makcumyma (0,25). Bo BTopoMm creHapum oba ¢akropa He MeHSIOTCs B 1-if rom.
3atem umIyibe Juist vis pactet (10 0,75), vig magaeT Bo 2-ii rox no —0,5, a motoMm yBenuuuBaetcs 10 —0,25.

OreHMIM BOCTIPOM3BOACTBO Jellla IIpU MOJKOpME Vs B TeueHHe roaa (3-i creHapuii) u nsatu jaet (4-i). Y4uTeIBaIoch
COCTOSIHHE HEPECTOBOW PBIOBI Vi, MOMOIHEHUE MOJIOJH V2, IIPOMBICEN V7, IBTpOoHKaIus vi4. J{Ba roga ocratorcst HyJIe-
BBIMU UMITYJIBCHI V2, V7 B Vi4. 3aTEM V2 U V7 PACTYT A0 €AWHHUIBL, B 4-if Toa magaroT a0 Hysus. Mmmyase 3BTpodukanmn
magaer 10 —1, K KoHIy 4-ro roja Bo3Bpamaercs K Hymo. [Ipu naTuieTHeM MoakopMe UMIYJbC Vi magaeTr 1o —1 B 1-i
roJ, vi4 — B 3-H, U ero 3HaueHHe HEe MEHseTcs, a vi Bo3Bpamaetcs kK 0 Ha 5-if rox monenupoBanust. IMIyibC aist v2 U
V7 332 TPH TO/Ia PacTeT C HyJIsI 0 CAMHUIIBL.

Oébcysycoenue. Exeromnas oducTKa BOJOEMa OT ApelcceHbl Oomee 3(pdexTHBHA I yIyqIIEHUs] COCTOSIHUS BOIBI U
MeHee — JIUIsI KOHIIEHTpanuy OMOTeHHBIX BellecTB. EnnHOpa3oBast MOJKOPMKa MOBBICUT ITOTOJIOBBE MOJIOJHM M TTPOMBI-
cell. DOBTpO(UKAIM COKPATUTCS, OTHAKO YCTOMYMBBIX pe3yJIbTaToB HE Oy/eT. ExkeromHslil MmogKopM yBEIHYHT IOT0-
JIOBBE MOJIOJIH, COKPATHUT 3BTPO(UKAIHIO 1 00YCIOBHUT pa3BUTHE ITPOMBICIIA.

3aknouenue. TpeanoxenHoe pelieHHue MO3BOJISIET TPOTHO3UPOBATH MOJIB3Y WIK BPE/ aHTPOIIOTCHHBIX BO3/ICHCTBUI Ha
BOJIOXpaHmwiInIIe. MoJieslb MOXHO COBEpIICHCTBOBAThH 3a CUET 0oJiee TOHKOW HACTPOMKH BECOBBIX KOI((HINEHTOB,
yueTa HeJIMHEHHBIX U MOPOTroBbIX 3P (PEKTOB U APYrUX WHIAUKATOPOB.

KiroueBble cjioBa: IUMIIAHCKOC BOJOXpPaHWJINIIC, Fpa(bOBaﬂ MOZECJIb COCTOSAHHA BOJOEMA, AHTPOIIOTCHHOC
BO3JICUCTBUE Ha BOOOEM, OUHUCTKA BOJOEMA OT IlpeﬁCCCHI)I, BOCIIPOM3BOJICTBO JI€HIa ITPU MMOAKOPME

BaaromapHocTH. ABTOpPBEI BBIp@XAIOT OJarofapHOCTh PEAAKIMU W PELEeH3EHTaM 3a BHUMATeNbHOE OTHOIICHHE K
CTaTbe U 3aMeYaHus, KOTOPbIE IIO3BOJIMIIN OBBICHTH €€ KadyeCTBO.

®dunancupoBaHue. lccrenoBaHne BBIIOIHEHO 3a cyeT rpaHra Poccumiickoro HayuHoro ¢onma Ne25-71-20001,
https://rscf.ru/project/25-71-20001/

s uuruposanmsi. Kysnenosa W.10., Hukurnna A.B. M3ydenne OGMONpOayKTHBHOCTH UCKYCCTBEHHOTO BOJO€Ma Ha
OCHOBe rpad)oBOH MOJENTN B3aUMO/IEHCTBUS IPUPOJHBIX U aHTPONOT€HHBIX (hakTOpoB. bezonacHocms mexHo2eHHbIX U
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Introduction. A hydrobiological study of a reservoir allows us to assess the ecological state of aquatic ecosystems
and develop measures for their conservation and restoration. Reservoirs are important environmental facilities. They
provide water supply to the population, industry, and agriculture. However, the quality of the aquatic environment is
deteriorating due to anthropogenic influence. Urban and agricultural runoff and waste change the temperature of
reservoirs, disrupt the natural food supply, and promote the growth of harmful plants and animals [1]. All this leads to a
decrease in the bioproductivity of reservoirs, i.e. generates environmental and economic risks.

The Tsimlyansk Reservoir is a source of drinking water for millions of residents of the Rostov and Volgograd
Regions. It is important to monitor changes in the hydrobiological indicators of the reservoir and to develop methods for
the protection and restoration of the ecosystem [2].

The creation of effective strategies for the conservation and restoration of the ecosystem of a reservoir requires a
deep understanding of the mechanisms of interaction between its anthropogenic and biotic characteristics.

Russian and foreign scientists have studied the factors that affect the productivity of artificial reservoirs, but many
challenges remain unsolved. Additionally, an integrated approach to addressing environmental quality issues in these
reservoirs has not become the standard.

The key anthropogenic factor affecting the biotic health of a reservoir is water level [3]. Success of spawning [4],
survival rate of juveniles, availability of feed biotopes, and wintering [5] depends on it. Therefore, drawdown
(lowering) of the water level in a reservoir can be dangerous. Due to this, roe of phytophilic fish (carp, bream, crucian
carp, roach) die during spawning. However, after spawning, lower water levels provide good warming for shallow
waters, thus improving feeding conditions for juveniles.

Both natural and anthropogenic factors can be the causes of eutrophication. On the one hand, it increases the
productivity of zooplankton (feed for juveniles), on the other hand, it can cause toxic blooms, as well as hypoxia and
benthic death (feed for bottom-dwelling fish) [6].

Source [7] demonstrates the impact of toxic substances on water quality and productivity in reservoirs. Book [8]
presents a comprehensive analysis of the impact of fishing, overfishing and the choice of fishing gear on fish
populations. In [9], the causes and consequences of the introduction of new species of shellfish and fish into freshwater
reservoirs are analyzed. It has been shown that alien species change biogeochemical cycles and the biotic composition
of ecosystems. Invasive species can compete with native species or become a new target. Source [10] summarizes the
results of long-term research by scientists from the Zoological Institute of the Russian Academy of Sciences, exploring
the causes and mechanisms behind species dispersal and biodiversity in terrestrial and aquatic ecosystems, as well as
the influence of alien species. Authors [11] evaluate the risks of biological invasions in marine coastal ecosystems
through the example of Primorsky Krai. Article [12] explores the biodiversity of the Tsimlyansk Reservoir, identifies
new species of zooplankton, and defines the zones of their settlement in the reservoir.

Let us specify the biotic factors essential for the productivity of water areas:

— abundance and availability of food resources (zooplankton, benthos, fish);

— influence of predators, including alien species, on commercial fish populations [13].

So, there is open access literature on certain conditions that affect the productivity of reservoirs. However, the
interaction of these factors and their cumulative impact on biodiversity and commercial fish populations have not been
sufficiently studied. Ecosystems of reservoirs are characterized by high dynamics of transformations, spatial
heterogeneity and nonlinear relationships between various factors [14]. In recent decades, network models have become
widespread, allowing for the analysis of dynamic relationships between individual species and environmental
parameters.

Graph models allow you to identify key nodes, simulate impact scenarios, and quantify strength and direction of
connections. These solutions show the structure of interactions, with nodes representing factors and edges representing
connections. One example of using graph models in ecology is the description of trophic networks from several
intertwining food chains. This approach is needed to analyze sustainability and identify key species [15]. It is also
widely used in modeling habitat connectivity, describing migration processes [16], and modeling the impact of a
specific species or factor on an ecosystem [17]. In [18], a graph model of the interaction between anthropogenic and
biotic factors allowed researchers to evaluate the effectiveness of artificial population restoration for the Caspian Sea,
which had been subjected to excessive commercial fishing.

Thus, the study of the graph model of the interaction between anthropogenic and biotic factors offers the potential
for high-quality solutions to practical problems:

— development of sustainable fisheries;

— optimization of fish breeding processes.
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In addition, thanks to the proposed approach, it is possible to scientifically justify recommendations for the
protection of unique reservoir ecosystems. The graph model clearly reflects the complex structure of cause-and-effect
relationships within the ecosystem of the reservoir, making it possible to quantify the strength and direction of influence
of various factors and perform a scenario analysis of the consequences of various changes in the ecosystem. The aim of
this research is to construct a graph model of the interaction between anthropogenic and biotic factors in the Tsimlyansk
Reservoir, as well as evaluate the effectiveness of different measures to improve its ecological state.

Materials and Methods. When determining materials and methods, we considered, in particular, the characteristics
of the research object. The Tsimlyansk Reservoir, located on the Don River in the Rostov and Volgograd Regions, is
one of the largest and most significant artificial reservoirs in southern Russia.

The Tsimlyansk Reservoir belongs to the type of flat run of the river reservoirs, with a highly developed coastline.

Its characteristics are:

— large mirror area (~2700 km?);

— significant length (~260 km);

— relatively shallow depths (average ~8.8 m, maximum ~35 m in the old Don riverbed).

Significant seasonal and long-term fluctuations in water levels are determined by the operation of water intake
facilities, hydroelectric power plants, and climatic conditions such as snowmelt, precipitation, and evaporation. The
weak spring flood can be explained by overregulation of the Don upstream the reservoir. In recent years, there has been
a significant decrease in water intake!.

Winter is characterized by stable ice cover, while summer sees clear temperature stratification. Due to this, oxygen
deficiency occurs and hypolimnion is formed, especially in deep-water areas.

The Tsimlyansk Reservoir was built in 1952 and completely filled in 1953. The facility is used for fishing, water
supply to the population in the Rostov and Volgograd Regions, irrigation of agricultural land and electricity generation.
Additionally, the reservoir ensures the operation of the Volga-Don Shipping Channel.

In recent decades, there has been a change in the hydrobiological regime of the reservoir under the influence of
natural and anthropogenic factors.

Long-lasting high levels of biogenic elements (nitrogen and phosphorus compounds) with wastewater and
agricultural runoff lead to a deterioration of the oxygen regime and the formation of dead zones. In such conditions,
toxic species of cyanobacteria develop, phytoplankton grow (“blooming” of water) [19]. Other features of the reservoir:

— active siltation;

— high water turbidity in the dam area due to the accumulation of sediments from the Upper Don?.

A large mass of vegetation in shallow water negatively affects natural reproduction of commercial fish species [20].

Intensive long-term operations, powerful anthropogenic impacts, and natural aging processes have led to significant
transformations in the ecosystem and a deterioration of the hydrobiological conditions of the reservoir.

In addition, the productivity of the reservoir is significantly reduced for at least two reasons:

— overfishing of commercial species (bream, pike perch, Azov roach, carp, pike and silver carp);

— invasion of alien species (for example, Dreissena polymorpha, D. bugensis, crustaceans).

Monitoring and assessment of the system's condition, identification of key problems and forecasting their
development are critically important for developing strategies for sustainable reservoir management® and preventing its
further degradation [21].

The choice of the graph model and its components is explained below.

The analysis of an artificial reservoir is a complex and time-consuming process. It requires taking into account
various factors that influence the condition of the reservoir:

1) complexity of the ecosystem, in which hydrology, climate, pollution, biogens, biota and other factors interact
non-linearly;

2) spatial heterogeneity of reservoirs with different conditions (upper section, central stretch, dam zone);

3) lack of high-resolution spatial representative data on all ecosystem components (especially benthos, zooplankton,
microbiology, pollutants) for model calibration and validation;

4) uncertainty of input data and model parameters.

" The Tsimlyansk Reservoir and Reservoirs of the Lower Don Basin. Federal Agency for Water Resources. (In Russ.) URL:
https://voda.gov.ru/activities/tsimlyanskoe-vodokhranilishche-i-vodokhranilishcha-basseyna-nizhnego-dona/?sphrase _id=177953&PAGEN_1=2
(accessed: 27.09.2025).

% The Quality of Surface Waters of the Russian Federation. Yearbook-2023. Rostov: Roshydromet, Hydrochemical Institute; 2024. 156 p. ISBN (In Russ.)

3 Strategy of Socio-Economic Development of the Rostov Region for the Period up to 2030. Decree of the Government of the Rostov Region No. 864
dated December 26, 2018. As amended by No. 1100 dated December 19, 2022). The Ecology Section. The Official Portal of the Government of the
Rostov Region. (In Russ.) URL: https://www.donland.ru/activity/2158/#pril435 (accessed: 28.10.2025).
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Models describing hydrobiological processes in a reservoir can be divided into several classes.

1. Statistical. They are based on monitoring data and are widely used to identify significant relationships between
individual factors (fish populations, phytoplankton, and catch). The disadvantages of such models include weak
consideration of indirect effects and feedbacks, as well as the need for a large volume of measurements [22].

2. Dynamic (for example, NPZD or NPZD+). They allow for modeling streams, including fish populations, but at
the same time require a large amount of input data. They are difficult to calibrate, and poorly take into account some
anthropogenic impacts (for example, spot pollution) [23].

3. Agent-oriented. They model the behavior of individual populations. They are extremely resource-intensive and
require detailed knowledge about behavior, which limits the scope of their application.

4. Hydrodynamic and ecological (Delft3D, MIKE, Ce-Qual-W2, Azov3D). They allow us to take into account
spatial heterogeneity, integrate hydrophysical, biological and chemical processes. However, their use in modeling
complex dynamics of fish populations and multiple anthropogenic impacts in an artificial reservoir is a laborious task
from the computational point of view [24].

5. Conceptual (DPSIR). They are useful for structuring a problem, but they do not allow for quantitative analysis
and forecasting.

Thus, the known models are either too simplified and unsuitable for accounting for complex interactions (as
statistical), or excessively complex to construct and resource-intensive for operational use (dynamic, agent-oriented and
hydrodynamic), or do not provide quantitative forecasts (conceptual).

Graph models are a relatively simple and flexible tool capable of integrating heterogeneous data (physical,
chemical, biological, anthropogenic) and visualizing the structure of their interactions for analyzing and predicting
the state of fish resources.

The analysis of ichthyology models made it possible to study in detail the factors determining the production and
distraction processes in the reservoir. For example, article [18] considers a graph system of the influence of
anthropogenic and biotic factors on reservoir productivity. The author of this work identified twelve factors as the
vertices of the graph, which largely determined the dynamics of the sturgeon population. In [25], the role of fishing in
population dynamics was shown, taking into account the age and sex of individuals. In [26], in addition to fishing,
seasonal changes in the habitat of Theragra chalcogramma pollock were taken into account.

The disadvantages of the considered models include the lack of consideration of spatially heterogeneous
hydrodynamic processes. In addition, many models ignore an important condition for the reproduction of commercial
fish — the mechanism of external hormonal regulation of phyto- and zooplankton.

Based on the analysis of hydrobiological state of the Tsimlyansk Reservoir and some mathematical models of
population dynamics, the following factors were taken into account when constructing the graph model: v; — state of
the spawning part of the fish population; v, — annual replenishment of juveniles; v; — natural (compensatory) loss of
generation; v4 — favorable puberty conditions; vs — specific efficiency of natural reproduction (feeding); v¢ — scale of
artificial release; v; — level of commercial exploitation of fish biological resources; vs — biomass of the dominant type
of feed benthos; v¢ — roe oxygen supply in the spawning area; vio — transgression of the level of the Tsimlyansk
Reservoir; vi; — number of the main natural enemies of juveniles; v, — available length of spawning migration routes;
vi3 — overgrowth of zebra mussels (Dreissena polymorpha); vis — eutrophication; v;s — state of the Tsimlyansk
reservoir waters; vis — changes in bream biomass; vi7 — changes in the concentration of phyto- and zooplankton;
vis — changes in the concentration of biogenic substances (nitrogen, phosphorus, silicon compounds); vi9 — influence
of abiotic factors (salinity, temperature); v,o — anthropogenic impact (cleaning of the reservoir bottom from an invasive
species — zebra mussels).

Based on the analysis of the hydrobiological state of the Tsimlyansk reservoir, graph G(V, E, Y) was obtained. Here:

— V— set of graph vertices (concepts), v; € V, k=1, 20;

— E — set of oriented edges (connections) e = (v;, vj), given as ordered pairs (tuples) of length 2, i #J;

— Y—mapping, Y: V— V.

The resulting graph model (cognitive map) of the bioproductivity of the Tsimlyansk Reservoir is presented in
Figure 1. In this graph, the dotted lines represent positive effects, and the solid lines represent negative ones. A single
arrow indicates a weak impact, while a double arrow indicates a strong impact.
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Fig. 1. Graph model of the Tsimlyansk Reservoir bioproductivity

The weight matrix of the graph model was generated based on an integral assessment of expert opinions,
considering the significance of each factor's influence. Experts included specialists in fields such as hydrobiology,
aquatic ecosystem ecology, ichthyology, mathematical modeling, computational mathematics, programming, etc. When
calculating the weighting coefficients of the matrix, a continuously updated information base on hydrobiology and
chemistry was utilized. This information was created by the researchers over many years of fieldwork.

In addition, the authors analyzed literary sources, information obtained from remote sensing of the Earth, as well as
data on:

— hydrobiochemistry of shallow reservoirs;

— species composition of valuable and commercial fish.

Further, when analyzing the influence of certain factors on the Tsimlyansk Reservoir productivity, the weighting
coefficient for a weak impact (single arrow) will be £0.5, and for a strong impact (double arrow) — =£1.

Results. A Python software package has been developed to numerically implement the graph-based productivity
model of the Tsimlyansk Reservoir. This package allows users to work with both individual subgraphs and a complete
cognitive map of the Tsimlyansk Reservoir bioproductivity (Fig. 1). This enables a more accurate description of the
processes that affect the ecosystem of the reservoir.

The main steps of the algorithm for implementing the graph-based productivity model of the Tsimlyansk Reservoir
are outlined below.

Step 1. Determining the set of graph vertices by selecting the vertices of the graph model under
consideration (Fig. 1). Setting modeling time interval N (in years) and the time layer number n = 1.

Step 2. Assignment of the initial vector of vertex weights (factors) for the constructed graph model:
k

anl = {xi(nfl)}i:] 4
where kK — number of vertices (factors) considered.
Step 3. Setting the relationship matrix (weight of graph edges) U,, obtained on the basis of expert opinions, for

current time layer n. For mild exposure — £0.5, for strong — +1, without exposure — 0
k

Step 4. Setting the vector of external pulses O, = {qi(nfl)} 1 for current time layer 7.
i

Step 5. Calculation of momentum vector R, for current time layer n [18]:

R,=X,-X,, n=LN. M
Step 6. Recalculation of the vertex weight vector (factors) for current time layer n [18]:

X=X, +UR, + 0,1 (2)
Step 7. If n < N, then go to step 5. Otherwise, the work will be completed and the graph will be build.
Taking into account expression (2), formula (1) can be represented as follows:

R,=UR, +Q,.,
or

n—1

R =0y, R,=U'Qy+EQ,....., R, :ZUan—k—] +EQ, (3)
k=1
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We believe that there are several possible scenarios for increasing the productivity of the Tsimlyansk reservoir. In
the first scenario, we consider removing the invasive species — zebra mussels — from the reservoir through one-time
cleaning measures (only in the first year).

Scenario 1. Thus, the anthropogenic impact was the cleaning of the bottom of the Tsimlyansk Reservoir from the
zebra mussels in the first year.

In the graph model for this scenario, we included the following factors (vertices) from the full model (Fig. 1): vis —
state of the Tsimlyansk reservoir waters; vig— changes in the concentration of biogenic substances (nitrogen,
phosphorus, silicon compounds); v,0 — anthropogenic impact (cleaning of the reservoir bottom from an invasive
species — zebra mussels).

Figure 2 shows a graph model (a subgraph of the graph from Figure 1) of this scenario. The color highlights the
factor that was affected by a positive external pulse.

The situation was modeled over a period of three years.

N
N
Q&/\

<20

Fig. 2. Graph model for Scenario 1

Let us define relationship matrix U for the graph model (Fig. 2):

0 -05 0.5
U=105 0 -05]|
0 -1 0

Let us set the vector of external pulses. Cleaning occurred only in the first year, so we set a positive pulse +1 at the
beginning of vy for Qo. For the remaining years, we do not apply any external pulses:

0 0
Q=|0], O=0,=|0|
1 0
Let us calculate R, pulses:
0.5 0.25
R =0,=|0| R,=UR +Q,=|-05|, Ry;=UR,+0,=|025]|
0 0.5

Figure 3 shows the results of changes in R, pulses for water status factors vis and changes in the concentration of
nutrients (vig).

15
ol— - - - - -
54 N N
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3 N
s 05 | N -
o N -
= < _Z
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0,5
0 1 2 3

Time period (in years)

— — =vl5 v18 v20

Fig. 3. Simulation results for Scenario 1
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Scenario 2. Let us consider the anthropogenic impact — the annual cleaning of the bottom of the Tsimlyansk
Reservoir from zebra mussels for three years.

The cognitive map of this scenario is also described in Figure 3. Relationship matrix U is as in Scenario 1.

Let us set the vector of external pulses +1 at vertex vy in each year of the simulation:

0
0y=01=0,=|0|.
1
Let us calculate R, pulses:
0 0.5 0.75
R =0y=|0|, Ry=UR +0,=|-05]| R;=UR,+0,=|-0.25].
1 1 1.5

Figure 4 shows the results of changes in R, pulses for the three factors considered over time.

1,5

—
=)

Pulse values, R

N
W

0,0

0 1 2 3
Time period (in years)

vl5s vl — — -=v20

Fig. 4. Simulation results for Scenario 2

Let us consider two scenarios of anthropogenic impact on the specific efficiency of natural reproduction of
commercial fish (bream) in the Tsimlyansk Reservoir — for a year and for five years

Scenario 3. Let us imagine the specific efficiency of natural bream reproduction in the Tsimlyansk Reservoir, when
using feed additives for their nutrition during the first year.

The graph model included the following factors (vertices): vi — state of the spawning part of the fish population;
v» — annual replenishment of juveniles; vs — specific efficiency of natural reproduction (feeding); v; — level of
commercial exploitation of fish biological resources; vi4 — eutrophication.

Figure 5 shows a cognitive map of this scenario.

Fig. 5. Graph model for Scenario 3

The dynamics of the situation over a five-year period are modeled.
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Let us define relationship matrix U based on expert opinions:

0 o -1 o 0.5
-1 0 oo o o
U={-05 -1 0 o o
1 v o 0 oo

-1 o oo o 0

Let us set the vector of external pulses. Feed additives were introduced only in the first year, so we set a positive
pulse +1 at the top of vs for Qo. For the remaining years, we did not set external impulses:

0 0

0 0

Qo={1|, O=0,=0:=0,4=|0

0 0

0 0

Let us calculate R, n € 1.5: pulses:
0 -1 0 1
0 0 1 0 0
R=0,=|1| R,=UR+0,=|0| R =UR,+0,=|05|, R,=UR;+0s=|-1|, Ry=UR,+0,=|0]|.

0 0 -1 0
0 0 1 0 0

Figure 6 demonstrates how R, pulses for the considered factors changed over time.
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Fig. 6. Simulation results for Scenario 3
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Scenario 4. Let us consider the specific efficiency of natural reproduction of commercial bream in the Tsimlyansk
Reservoir when using feed additives annually for five years.

The cognitive map for this scenario is also described in Figure 6. Relationship matrix U is similar to Scenario 3.

Let us set the vector of external pulses (+1) at vertex vs for each year of the simulation:

0
0
O =01=0,=0;=0,=| 11
0
0
Let us calculate R, n € 1.5 pulses:
0 -1 -1 -1 0
0 0 1 1 1
R=0,=|1] Ro=| 1| R=|15] R,=|05] Ri=|05].
0 0 -1 -1 -1
0 0 1 1 1

Figure 7 provides the results of the change in R, pulses for the considered factors over time
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Time period (in years)
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Fig. 7. Simulation results for Scenario 4

Discussion. In summary, the first two scenarios reflect the impact of removing an invasive species, zebra mussels,
from the bottom of a reservoir. In the first scenario, the cleaning process was carried out only during the first year of the
study. In the second scenario, it was conducted throughout the entire three-year simulation period. A comparison of the
results suggests that annual removal of zebra mussels from the reservoir's bottom significantly improved water quality.
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Such anthropogenic impact made it possible to reduce the concentration of polluting biogenic substances (nitrogen,
phosphorus, and silicon compounds). As a result, eutrophication in the reservoir decreased, overgrowth of aquatic
vegetation, waterlogging, and natural aging decreased, and transparency of the water increased. However, positive
effects of the one-time cleanup did not last for more than a year. Furthermore, from the second year to the third, the
concentration of nitrogen, phosphorus, and silicon compounds would continue to increase if zebra mussels were not
removed from the bottom of the reservoir.

Visualization of the simulation results for the second scenario (Fig. 4) showed that the annual cleaning of the bottom

of the Tsimlyansk Reservoir over three years significantly improved the quality of waters of the Tsimlyansk Reservoir.
The effect was better than in the first scenario, as the pulse of the waters of the Tsimlyansk Reservoir continued to grow
more intensively in the third year. In the third year, the pulse in Scenario 2 (Fig. 4) was 0.75, and in Scenario 1 (Fig. 3)
it was 0.25. Similar to the first scenario (Fig. 3), the concentration of nutrients (Fig. 4) decreased during the first year. In
the second year, the indicator increased, but not as sharply and significantly as in the first scenario, that is, with a single
bottom cleaning. For the second scenario, there was no symmetry between the graphs of anthropogenic impact and the
concentration of biogenic substances. Thus, annual cleaning of the reservoir bottom from zebra mussels was more
effective for improving the water condition and less effective for the concentration of nutrients.

The second set of scenarios focused on the ichthyological aspects of the artificial reservoir. They considered the
impact of fish feeding on the spawning population, the annual replenishment of juveniles, the level of commercial
exploitation of fish biological resources and the eutrophication of the reservoir were considered. In the first case,
additional feeding was used only in the first year of modeling, while in the second scenario it was applied throughout
the entire five-year period. One-time feeding had a positive impact on juvenile population growth and commercial
exploitation, reducing eutrophication but not achieving sustainable results. Continuous feeding could significantly
increase juvenile numbers and reduce eutrophication levels, leading to increased fishing.

According to the data presented in Figure 6, during the first year, additional feeding had no significant effect on the
replenishment of juvenile fish, the level of commercial fishing, or the level of eutrophication in the reservoir. This
suggests that there was a delayed effect. During the second year, however, there was an increase in the number of
spawning fish and both the annual replenishment of juvenile fish and commercial fishing increased. Due to the active
fishing during the third year, the volume of juvenile fish being replenished decreased. These factors were interrelated,
leading to a decrease in commercial fishing at the same time. The eutrophication of the reservoir decreased during the
second year. This can be explained by the fact that with an increased fish population, algae are consumed faster, which
leads to smaller juvenile fish, a decline in the spawning population, and as a result, less algae consumption, and an
increase in eutrophication during the third year. During the fourth year, there was no increase in the schedules for the
replenishment of juvenile fish or eutrophication. The improvement in the condition of the spawning area can be
attributed to the growth of juvenile fish.

From the graphs in Figure 7, we can conclude that the condition of the reservoir would change significantly if the
additional feeding was extended for five years. During the first three years, the results were similar to those of
Scenario 3. However, there was a notable improvement in the annual replenishment of juvenile fish and an increase in
the commercial exploitation of fish biological resources. At the same time, there were no obvious cyclical patterns of
increase and decrease in fish numbers, as observed in the modeling results of the sixth scenario. The decline in the
spawning population before the fourth year may be attributed to increased commercial exploitation. By the fifth year,
however, the situation improved, likely due to the growth of juvenile fish. The growing population of fish contributed
more to the cleaning of the reservoir by eating more vegetation, leading to a noticeable reduction in eutrophication.

Figures 6 and 7 show the same pulse from feeding fish for the first year, calculated according to formula (1). In the
second year, the pulse in Scenario 3 (Fig 6) dropped to 0. Scenario 4 (Fig. 7) reflected the resumption of feeding, so the
pulse reached 1, and then increased due to the cumulative effect and the effect of feeding on related factors. The
development of this situation led to the fact that there were more juveniles, they needed more food, and feeding no
longer gave such a significant pulse.

To interpret the results, it was important to take into account that, according to formula (1), a decrease in pulse (if its
value is positive) did not contradict an increase in the value of the corresponding factor. Thus, Figures 6 and 7
mathematically reflect the biological processes under study.
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Based on the results obtained, it is possible to judge how to ensure the sustainable ecological development of the
Tsimlyansk Reservoir. This requires annual environmental monitoring and measures to reduce anthropogenic impact
(with a mandatory assessment of the economic component).

Conclusion. The proposed graph model includes 20 factors (concepts) that significantly affect the water quality and
biological productivity of the Tsimlyansk Reservoir. The solution was created in the absence of sufficient expert
information and with a rarely updated database of indicators. The matrix of weighting coefficients corresponding to the
proposed graph model was based on expert estimates, which may be subjective and may change over time.
Additionally, when aggregating data, there is a possibility of errors in estimating the pulse values. Within the
framework of the chosen scenario approach, the proposed graph model allows for the incorporation of new information
and quick, low-cost analysis of the effectiveness of proposed measures to improve the ecological state of the reservoir.

The results of the study can be used to assess the economic impact and damage caused by human activities on
aquatic ecosystems. Ideally, these ecosystems should strive for a state of homeostasis.

To improve the presented model, it is necessary to fine-tune the weighting coefficients. This should take into
account nonlinear and threshold effects as well as other relevant indicators.
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Abstract

Introduction. The problem of containers overturning off railway platforms has become more acute with the
development of logistics and climate change, and is attracting the attention of researchers. This paper examines the
situations at various logistics facilities and different capacities. It is known how the risk of overturning depends on the
strength of the wind, the curvature of the track, and the height of the rail. There are methods to calculate losses from
these incidents. The results of the survey are useful for logistics management, but implementing such solutions takes
time and significant resources, so they are rarely implemented in practice. The approach described in this article
addresses these limitations by its technical simplicity. Its aim is to demonstrate the effectiveness of adjusting three
platform parameters: the lateral gap at the edge, as well as the height and thickness of the stationary stops.

Materials and Methods. The literature on the subject was analyzed, including state standards, technical specifications,
and building codes and regulations. The connection between the fitting and the stop, as well as the container's
parameters necessary for calculations, were visualized in diagrams. The equations took into account the strength of the
wind, its lateral load on the container, and regional characteristics. We used data on a 40-foot container with dimensions
of approximately 12.2 meters in length, 2.6 meters in height, and 3.9 tons in weight, with spacing between fittings of
approximately 2.3 meters. Regional wind patterns were determined using the “Zoning of the Territory of the Russian
Federation by Wind Pressure” map.

Results. 1t has been proven that a technically simple change in platform stops would significantly reduce the risks of container
overturning under significant wind load. It was necessary to minimize the lateral play at the edge of the platform, increase the
height of the stationary stop to 106 mm, and its thickness to 56 mm. Without these upgrades, a 40-foot container would
overturn at a wind speed of 120 Pa. With the proposed configuration, the stability of the container on the platform was
significantly improved. In dry conditions, the container remained stable under wind forces of ~834 Pa, with precipitation —
~500 Pa. This represented a gain of 7 times and 4.2 times, respectively, in stability.

Discussion. In the initial configuration, a 40-foot container overturns at a wind speed of 11.9 m/s, or in wind zone I, as
in Moscow or Minsk. The modernization proposed by the author will allow the container to withstand wind speeds of
37 m/s (zone VII). In rain and snow, the container will overturn at a wind speed of 29.5 m/s. This is zone IV
(Kazakhstan and the coast of the Caspian Sea). Currently, there is active automobile and railway traffic here. Cargo
traffic is expected to increase in the future due to the implementation of the Silk Road project.

Conclusion. The implementation of the proposed innovation will significantly reduce the likelihood of emergencies due
to containers falling from railway platforms and, consequently, increase transportation safety. The solution is
characterized by technological simplicity and versatility. The container design remains the same. Individual elements of
the platform change minimally.

Keywords: container stability on a railway platform, lateral wind load on a container, wind pressure zoning, stationary
container support
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Cmambﬂ—nepcnekmuea

CHuxenue PUCKaA OIIPOKUIbIBAHUA KOHTeﬁHepOB moa BO3}IeI7[CTBI/IeM BeTpOBOﬁ Harpy3kKu
MyTEM COBECPIICHCTBOBAHUSA MAPaAMETPOB YIIOPOB KECJIE3HOAOPOKHBIX l'[J'[aTq)OpM
A.A. leMbsiHOB ' 4

JloHCKOM rocyiapcTBEHHBIN TEXHUUECKUN YHUBepcUTET, I. PocToB-Ha-Jlony, Poccuiickas denepanus

p< alexys61@yandex.ru

AHHOTANNUA

Beeoenue. TIpoGnema najieHnsi KOHTEHHEPOB C JKEJIE3HONOPOXKHBIX IIAT(GOpPM 000CTPSIETCSl C Pa3BUTHEM JIOTUCTHKH,
HM3MEHEHHMEM KJIMMaTa M TpHBJIEKAaeT BHUMaHKE HccieqoBareneil. PaccMaTpuBaloTest CUTyalMy Ha pa3HbIX JIOTUCTHYE-
CKUX 00BEKTaxX M JUIA Pa3HBIX eMKOCTeil. M3BeCTHO, KaK pHCK ONPOKUABIBAHHS 3aBUCUT OT CHJIBI BETPA, KPUBU3HBI ITyTH
1 BBICOTHI penbca. ECTh METOAWKH ompeneneHus MoTeph OT PacCMaTpPHBAaEMbIX MHIMACHTOB. Pe3ynbTaThl M3BICKaHUH
TIOJIE3HBI 711 MEHEIKMEHTa JIOTUCTHUKH, OJJHAKO BHEJIPEHHE TaKUX peIIeHUI TpeOyeT BpeMEHH, 3HAUUTEIIbHBIX 3aTpar,
MIO3TOMY PEAKO peaiu3yercsl Ha mpaktuke. I[logxon, omucaHHBIM B JaHHOH CTaTbe, MPEOAOIEBAET 3TH OIPaHUYEHMUS,
Omarozaps TexHnueckoi npoctore. Llens paboTel — nokas3aTh 3G (GEeKTHBHOCTh M3MEHEHHMS TPpeX MapaMeTpoB miaTdop-
MBI: OOKOBOTO 3a30pa y €€ Kpasi, a TAK)KE BBICOTHI M TOJIIIMHBI CTAIIMOHAPHBIX YIIOPOB.

Mamepuanst u memoosl. AHaTM3MPOBAIACH JIUTEpaTypa MO IpoOiIeMe, B TOM YHUCIE TOCCTaHAAPTHI, TEXHUYECKUE
YCIIOBUSI, CTPOUTENIbHBIC HOPMBI U NpaBwiia. B BUE cxeM BU3yaJIM3UPOBAINCH HEOOXOANMBIE JUISI pACUETOB COTIPSDKeE-
HHUe (QUTHHTA U yIIOpa, TapaMeTpbl KOHTelHepa. B ypaBHEHHSIX yUUTHIBAINCh TAKXKE CHIIa BETPa, €ro OOKOBas Harpys3ka
Ha KOHTEHHEp W pernoHaIbHbIC XapakTepucTHKH. cmons3oBanu nannaeie 0 40-¢hyToBoM KOHTEWHepe THHOH ~12,2 M,
BBICOTOH ~2,6 M, Maccoli 3,9 TOHH, C paccTosHHEM Mexny ¢uTuHramu ~2,3 M. PernoHanpHBIE 0COOEHHOCTH BETPOB
onpenenuin no kapre «Paltonuposanue Tepputopun Poccuiickoit @eaepanyiv o JaBIECHUIO BETPay.

Pe3ynomamut uccneoosanus. JIokazaHo, 9TO TEXHUYECKH HECIOKHOE W3MEHEHHE YNOPOB IUIAT()OPMBI CyIIECTBEHHO
CHH3UT PUCKH OTIPOKUBIBAHUS KOHTEHHEpa NP 3HAYNTEIBHONH BETPOBOM Harpyske. Hy)KHO MakCMMaJbHO yMEHBIIUTh
OOKOBOI1 3a30p y Kpasi IIaT(hOPMBI, YBEIHYUTH BBICOTY CTAIMOHAPHOTO yropa a0 106 MM, Tommmay — 1m0 56 mM. bes
MozaepHuzaimn 40-(yToBBII KOHTEHHEp ONpPOKMHETCS Ipu BeTpoBod Harpyske 120 ITa. B mpemnosxeHHOH aBTOpOM
KOH(HUrypamm yCcTOHYMBOCTD KOHTEHHEpa Ha IIaTdopMe CYIIECTBEHHO YBEJIMYUTCA. B CyXyro morogay eMKoCTh co-
XpaHUT yCTOWYMBOCTH MPH OOKOBOM BO3ICHUCTBUH BeTpa cuioi ~834 Ila, mpu ocamkax — =500 ITa. Takum oOpazom,
MOYKHO TOBOPUTH 00 ycrmiieHHH B 7 pa3 u 4,2 pa3a COOTBETCTBEHHO.

Oécyscoenue. B nznavanbHoii koHpurypaumu 40-(yToBblii KOHTEHHEP ONPOKHUHETCS IpU cKopocTH Berpa 11,9 m/c,
unu B | BeTpoBoit 30He — kak B MockBe win MuHcke. [IpennoxxeHHass aBTOpoM MOAEpHHU3aLMs TTO3BOJIUT KOHTEHHEPY
ycrosith npu ckopoct Berpa 37 m/c (VII 30Ha). B nokap v cHer KOHTEWHEp ONpPOKHHETCS NPH CKOPOCTH BETpa
29,5 m/c. 310 1V 30Ha (Kazaxcran n nodepexne Kacnuiickoro mopsi). B HacTosiiee BpeMst 31ech (PUKCUPYETCST aKTHB-
HBIH aBTOMOOWIIBHBIN U JKEJIE3HOMOPOXKHBIN Tpaduk. B mepcrekTiuBe oXKumaeTcsi pocT rpy30I0TOKa B CBSI3U C pealn3a-
uuel npoekra «1llenkoBbId My Th.

3aknwouenue. BHenpeHne npeIoKeHHONH HOBAllMM 3HAYUTENIBHO COKPATHT BEPOATHOCTH YPE3BBIUAMHBIX CUTYyalui u3-
3a MaJIeHUs KOHTEHHEPOB C JKEIE3HONOPOXKHBIX IIATPOPM U, COOTBETCTBEHHO, TIOBBICHT O€30ITaCHOCTH IEPEBO30K. Pe-
LIEHUE OTVINYAETCSI TEXHOJIOTUYECKON IPOCTOTON M YHUBEPCAIBHOCTEI0. KOHCTPYKIMS KOHTEHHEPA OCTAETCS MIPEKHEN.

OT}Z[CJ'[I)HI)IG OJICMCHTHI HJ'IaT(t)OpMI)I MCHAKTCSI MUHHUMAJIBHO.

KiioueBble cj10Ba: yCTOHYMBOCTH KOHTEHHepa Ha IKEJIC3HONOPOKHOW IIaTopme, OOKOBas BETPOBas Harpyska Ha

KOHTeﬁHep, paﬁOHHpOBaHHe IO JaBJICHUIO BETpaA, CTaHI/IOHapHHﬁ ynoop s KOHTeﬁHepa

Bnaroaapnocn&. ABTOp BbIpAXKacT 6J'Ial"0)lapHOCTL peaaKkury U pCCH3CHTAM 3a BHUMATCJIbHOC OTHOUICHUEC K CTATHC U

3aMCYaHUsl, KOTOPBIC ITO3BOJINJIA MOBBICUTH €€ KAa4€CTBO.

Jas murupoBanus. JleMbsHOB A.A. CHIKEHHE PHCKAa ONPOKHBIBAHUS KOHTEHHEPOB MOJ BO3JCHCTBUEM BETPOBOU
Harpy3KkH IyTEM COBEPIIEHCTBOBAHHS IIAPAMETPOB YIIOPOB KEIE3HOJOPOXKHBIX TAThopM. besonacnocms mexnozeHHbIx
u npupoonvix cucmem. 2025;9(4):319-330. https://doi.org/10.23947/2541-9129-2025-9-4-319-330
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Introduction. The growing problem of modern logistics and the risk of containers falling from railway platforms
require theoretical and practical research. Both empty and full containers are not able to withstand strong wind forces.
As a result, incidents and accidents on the railway are becoming more common. Here are some resonant examples. On
April 22, 2014, eleven containers with a total weight of 20 tons were overturned by the wind in the Yamalo-Nenets Au-
tonomous Okrug'.

On December 29, 2015, on the Vishnevka — Anar section (Karaganda direction), a container fell across the tracks.
The traffic of twelve trains was brought to a standstill?.

On August 13, 2016, wind gusts blew seven empty containers off the platform on the Domikan —Arkharinsk sec-
tion of the Trans-Baikal Railway. Traffic stopped in two directions?.

Experts give two reasons for the increased frequency of such incidents. The first is the growth of railway container
traffic. The second is climate change, which has led to increased wind loads.

The strategically important East-West transport corridor runs through Russia, and railway transportation, including
container transportation, forms the basis of traffic. Since 2019, their volumes have been growing, even under interna-
tional sanctions*. In 2022, Russian Railways transported a record 123 million tons of cargo to China®, which was almost
a third more than in 2021. And in 2023, this indicator increased by another 85%°.

The high dynamics of traffic volume growth continues. Russian Railways are increasingly working on the Trans-
Mongolian route and the transit corridor through Kazakhstan’.

The instability of global logistics, particularly maritime traffic through the Suez Canal, has increased the demand for
overland transportation from Asia to Europe through Russia. To fully develop as an alternative, the Russian railway
transport system needs to address several challenges. One such challenge is the risks of damage, loss of cargo and de-
lays in delivery caused by containers falling off platforms.

Meteorologists record changes in wind load in different regions of the planet. Previously uncharacteristic hurricanes and
tornadoes are increasingly observed in some territories of Russia®. Such weather adversely affects the transport infrastructure,
including the railway. It is obvious that overturning containers from platforms reduces the safety of transportation.

According to modern research, about a hundred cases of container overturning occur annually on the roads of Russia
under the influence of strong winds. A wind speed of 17 meters per second is enough for a serious incident [1].

In 2024, Russian Railways management ordered that reference and analytical information on the possible strength
and intensity of wind on the route should be taken into account when planning transportation®.

When assessing damage caused by fallen containers, it is important to consider not only the damage to the container
and its contents, but also the potential consequences of a container falling onto the way. This will almost certainly result
in traffic stop losses. However, more serious consequences are possible, for example, in conditions with poor visibility
(at night, during fog, etc.). It is especially dangerous if the container falls off the platform on the bridge.

A review of the literature on this issue revealed that researchers have considered the risks of container overturning
under various climatic conditions and at structurally and functionally diverse facilities within the global transportation
system. For instance, the movement of rail and road transport platforms carrying containers has been studied, as well as
the risks associated with containers not moving during loading and unloading operations while waiting.

In [2], the methods for assessing the stability of containers during transportation on specialized railway platforms
are discussed. Paper [3] describes the conditions under which empty containers of different types can overturn. It
shows how the probability of such an incident depends on the strength of wind, the curvature of the track, and the
height of high rails. Methods have also been developed to estimate the economic, financial, and reputational costs
associated with these incidents.

! In Yamalo-Nenets Autonomous District, 11 containers with cargo tipped over due to strong winds. (In Russ.) URL: https:/life.ru/p/131740
(accessed: 08.11.2025).

% In Akmola region, a container was blown off a freight train by a strong wind. (In Russ.) URL: https://www.zakon.kz/proisshestviia/4766046-v-
karagandinskojj-oblasti-silnym-vetrom.html (accessed: 08.11.2025).

3 On the movement of trains on the Arkhara — Domikan section of the Svobodny region of the Trans-Baikal Railway. (In Russ.) URL:
https://zabzd.rzd.ru/ru/2332/page/2452802?id=90092 (accessed: 08.11.2025).

* The Russian container transportation market has a threefold potential for growth. (In Russ.) URL: https://www.megaresearch.ru/new_reality/u-
rynka-konteynernyh-perevozok-rossii-est-trehkratnyy-potencial-dlya-rosta (accessed: 08.11.2025).

 In 2022, Russian Railways increased cargo transportation with China by 28%, to 123 million tons. (In Russ.) URL:
https://www.interfax.ru/business/886341 (accessed: 08.11.2025).

¢ Russian Railways increased cargo transportation with China by almost 1.9 times in January-February. (In Russ.) URL:
https://www.interfax.ru/business/892180 (accessed: 08.11.2025).

"1d.

8 Gubaeva L. How the climate of Russia will change in the 21st century and why it is necessary to get used to weather anomalies. Real time. (In
Russ.) URL: https://m.realnoevremya.ru/articles/184780-kak-globalnoe-izmenenie-klimata-otrazitsya-na-rossii-v-xxi-veke (accessed: 08.11.2025).

° Russian Railways. Order No. 2115p dated October 19, 2016. On approval of the Procedure for organizing the safe passage of freight trains with empty
containers when predicting a dangerous weather event along their route. (In Russ.) URL: https://docs.cntd.ru/document/456030815 (accessed: 08.11.2025).
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In [4], the effects of crosswinds on various types of railway vehicles used for urban and suburban transport are stud-
ied. It should be noted that this issue is relevant not only to railway transport, but also to automobile traffic [5]. There
have been publications in which authors have determined the minimum speed and angle of the wind relative to the
train's direction of movement in the climate conditions of South Australia [6] and Colombia [7], which emphasizes the
scale and global significance of the issue.

There are known works on forecasting economic damage caused by disruptions in the operation of ocean container
ports due to wind [8], extreme wind events [9]. In [10], methods for modeling the damage to container shipments from
wind impacts are presented and the development of long-term weather forecasts is proposed. The results of this study
can be extrapolated to the work of other related subjects of port logistics, for example, to companies engaged in the
field of freight rail transportation.

A study on improving the safety of water transport in strong wind conditions [11] suggests a comprehensive risk
awareness tool for decision makers need to prevent disasters in stormy weather. This approach can be integrated with
the principles of safe operation of any transportation system, including railways.

The scientific research described above provides solutions for managerial practice in logistics. These solutions can
be useful for solving the problem of container falling off railway platforms. However, the approaches considered are
complex or initially stated as part of a large-scale security system. This means that significant financial and time re-
sources are needed to implement them. Improvements are needed, taking into account not only the national specifics,
but also the specifics of individual territories through which freight trains with containers travel. Over time, such
adapted solutions will undoubtedly appear. In the meantime, some measures can be taken. These measures should be
low-cost and easy to implement. The aim of this work is to demonstrate the effectiveness of changing the platform's
lateral play, working height, and stationary stop thickness.

Materials and Methods. An analysis of container mounting methods showed that the fitting parameters were uniform and
fixed in GOST R 51891-2008, while the designs of the stops were diverse and regulated by various specifications.

The most common designs of stops are listed below:

— stationary stop, welded to the platform frame (Fig. 1);

— folding single welded stop (Fig. 2);

— folding single cast stop (Fig. 3);

— folding double welded stop (Fig. 4);

— folding single stop with additional fastening (Fig. 5).

Fig. 1. 31887-NSB non-folding, stationary stop, welded to the platform frame [12]:
1 — base, 2 — stop

a) b)

Fig. 2. 31901-NSB single welded folding stop [12]:
a — initial position; b — reclined position; 1 — base of the stop; 2 — stop;
3 — hinge; 4 — axial pin; 5 — stop plate
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Fig. 3. 31896-NSB single cast folding stop [12]:

a — initial position; b — reclined position; 1 — stop base; 2 — stop; 3 — base loop;
4 — axial pin; 5 — stop plate; 6 — centering spigot; 7 — stop loops; 8 — recess for centering spigot
6 1

\

Fig. 4. 31883-NSB folding double welded stop [12]:
a — initial position; b — reclined position; 1 — stop base; 2 — stop; 3 — axial pin; 4 — stop plate;
5 — base loop; 6 — holes for stops

3

Fig. 5. Single folding stop with additional fastening [12]:
1 — stop plate; 2 — stop base; 3 — stop; 4 — axial pin;
5 — shackle lock; 6 — accidental release lock

Due to lateral play A = 11.5-13.5 mm, the fitting can easily slip off the stop and does not prevent the container from
overturning (Fig. 6). If the stops are used without additional fasteners, the container may lose stability from the effects
of transverse wind loads, as is known from logistics practice.

The analysis of serial fitting stop designs revealed that their height was 85—-100 mm, thickness — 50-52 mm, and
width — 78 mm. The height of the hole for the stop in the fitting was 108 mm, width — 63.5 mm.

|~

1

>
100
108

52
63.4

Fig 6. Coupling of the fitting and the stop in the cross section:
1 — size of the fitting hole; 2 — size of the stop

Machine Building

323



https://bps-journal.ru

324

Demyanov AA. Reducing the Risk of Container Overturning under Wind Loads by Improving the Parameters ...

Let us evaluate the stability of the container on the stops of the original structure. The conditions are:
—transportation of an empty container in a straight line;

—wind load is transverse to the movement direction.

Let us perform the calculation for the most common type of stop — 31887-NSB stationary non-folding stop (Fig. 7).

Fig. 7. Stationary stop for the container

In the absence of additional fasteners, stability can be found from the equality of Mo overturning moment and My
stabilizing moment (Fig. 8).

/ﬂ
M, A—\ M,
A
A
2 |
k- B !
a)

Fig. 8. Cross section of the container:
a — design diagram; b — gap between the fitting and the stop when overturning;
1 — fitting hole; 2 — stop; 3 — trajectory of movement when overturning

If the center of gravity is in the middle between the stops, then the stabilizing moment is:
My, =GxB/2,
where G — mass of the empty container, kg; B — container width, m.
If the tilting force is in the middle of the height of the container, then the overturning moment is:
My=FxH/2,
where F'— lateral force of the wind on the container wall, kg; H — height of the container, m.
The wind force can be determined from the ratio:
F=PxS,

where P — wind load, kg/m?; S = L - H — side wall area of the container; L — length of the container, m.
The wind pressure, according to Construction Standards and Regulations 2.01.07-85'° and 20.13330.2016!!, is de-
termined as follows:
P=Wyxkxc,

where W, — standard wind pressure for a certain region, ¥ — standard coefficient of wind pressure adjustment taking
into account the height and ground profile, c — object aecrodynamics coefficient.
Let us transform the original formulas:

Wy k-c-L-H-

LN
2 2

10 SNiP 2.01.07-85*. Loads and impacts. (In Russ.) URL: https://www.minstroyrf.gov.ru/docs/13673/ (accessed: 08.11.2025).
'"SP 20.13330.2016.  Set of rules. Loads and impacts. Updated version of SNiP2.01.07-85*. (In Russ.) URL:
https://mchs.gov.ru/uploads/document/2022-03-15/079727a84b6dfc87f4foc2dbla5693ed.pdf (accessed: 08.11.2025).



https://bps-journal.ru/
https://www.minstroyrf.gov.ru/docs/13673/
https://mchs.gov.ru/uploads/document/2022-03-15/079727a84b6dfc87f4f6c2db1a5693ed.pdf

Safety of Technogenic and Natural Systems. 2025;9(4):319-330. eISSN 2541-9129

Let us simplify it:

Wy-k-c-L-H*>G-B.
Let us transform the resulting expression:
~ G-B
Ckece-L-H?

Let us perform the calculation using the example of a 40-foot container dimensions L=12.2 m, H=2.6 m and a
weight of G = 3900 kg. According to GOST R 51891-2008, the spacing between the fittings is B~2.3 m (Fig. 8). The
calculations are conducted for open space (SNiP 2.01.07-85 and SP 20.13330.2016).

Since the upper size of the container is 5.2 m, we will use the wind pressure correction factor k= 0.75.

Given that the ratio of the length to height of the object exceeds 4, the aerodynamic coefficient will be ¢ = 1.2 (in
accordance with SP 20.13330.2016).

We can estimate the threshold value of wind pressure velocity that could potentially overturn an empty 40-foot con-
tainer as follows:

Wy

B 3,900-2.3
0.75-1.2-12.2-2.6°
According to SP 20.13330.2016, this corresponds to a wind speed of approximately 11.9 m/s.
The obtained values allow us to conclude that safety is not ensured even in the I wind zone (Table 1), which in-
cludes, for example, Moscow, Minsk, etc.

=120 kg/m? =120 Pa.

0

Table 1
Standard wind pressures depending on the wind area according to SP 20.13330.2016

Wind regions of Russia Ia I 11 1 v v VI vl

0.17 0.23 0.30 0.38 0.48 0.60 0.73 0.85

Wo, kPa (kg s/m?) (17) (23) (30) (38) (48) (60) (73) (85)

According to the average data'? the wind speed in the north of Russia is 28-35 m/s, in the Far East — 31-38 m/s, in
the North Caucasus — 28-31 m/s. At the same time, wind gusts in these regions can exceed 40 m/s.

The level of stability and safety for container transportation increases directly with the workload. Therefore, the
risks for empty containers are the highest.

A significant amount of cargo traffic passes through areas with strong wind pressure, zones III and IV (Fig. 9). This
means that there is a risk of containers overturning during the majority of transportation journeys. Additionally, many
containers travel from Europe to China without cargo [2].

= I Region
I - IaRegion

- Il Region
MAP 3. Zoning of the territory of the Russian M. i Resi
- egion
Federation by wind pressure e
Tpaniu pafionon ¢ PRI AJRACHIEM BETPL R [+ 1V Region
- V Region
Macura6 1:17 000 orzf:‘1 e . VI Regi
0 i 1 850 S s s egion
| o i o ooy 170 ety M8 S e
B - VIl Region

Fig. 9. Wind loads in different regions of Russia

12 Shoigu SK, Trokhina NB. (eds.) Atlas of natural and man-made hazards and risks of emergency situations in the Russian Federation. Moscow: DIK;
2005. P. 269. (In Russ.)
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To solve the problem of containers being overturned by the wind, a proposal has been made to equip the platforms
with additional locking mechanisms [13] or additional retaining elements [14].

In the first option, additional assemblies would be placed under each container. It is a shaft transverse to the axis of
movement of the car. At each end of the shaft, there would be a lever. One lever would press against the container, while
the other lever would turn under the force of that pressure, helping to keep the container from overturning (Fig. 10).

Fig. 10. Torsion shaft with levers [12]: 4 — retaining rotary levers

The second technical solution involves the use of locking devices under each container in the form of additional
pins. These pins must be positioned with a minimum clearance to ensure that the container can be moved vertically
when placed and removed from the platform (Fig. 11).

b)

Fig. 11. Locking device [13]: @ — schematic representation; b — place on the platform

It should be noted that modernizing standard cars with new components will require significant financial investment.
In addition, there is a possibility of misalignments due to wind gusts or incorrect actions by the crane operator. When
installed on a platform in a transverse plane, the shaft levers may rotate asynchronously, which can lead to deformation
or breakage of the components. These are the weaknesses of the first option.

The main disadvantage of the second solution is its structural inefficiency. It can be seen as an unnecessary compli-
cation of the design with several parallel elements (a stop and an external pin) that perform the same function. Addi-
tionally, as in the first case, implementation involves significant financial, material, and time costs.

Results. In this paper, we propose to increase the wind resistance of containers on railway platforms without re-
source-intensive changes to the design of the cars and containers. The problem can be solved by adjusting three parame-
ters (Fig. 12):

—increasing the working height of the stationary stop welded to the car frame from 85—-100 mm to 106 mm;

—increasing the thickness of the stop from 50-52 mm to 56 mm;

—reducing the lateral play at the edge of the platform from 11.5-13.5 mm to a minimum technically feasible value;

— the width remains standard — 78 mm.
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Fig. 12. Dimensions of the modified stop:
1 — size of the fitting hole; 2 — size of the modified stop; 3 — size of the initial stop

This approach will reduce the play of the container on the stops in the transverse plane from the edge of the plat-

form.
As soon as the container begins to tilt, the stop will become jammed in the fitting due to the decreased external

gap (Fig. 13).

4~
)
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Fig. 13. Contact of the fitting surfaces and the modified stop when the container starts to overturn:
1 — fitting hole; 2 — modified stop; 3 — initial stop; 4 — trajectory of movement when overturning

It should be noted that the suggested maximum height of 106 mm should not be exceeded, as the container will then
not be supported by the base of the platform. Instead, it will rest on relatively small stops, which could negatively affect
stability. A recommended thickness of 56 mm, in terms of proportion, would fit well with a height of 106 mm

The container will be held by the frictional force Frp. The limiting value of this force will depend solely on the stiff-
ness of the stop. When the container bends under the load, the normal reaction from the support will decrease. This will
cause the fitting to slip off the stop, and the container may overturn.

The effectiveness of the solution was determined by calculating the bending stop in the fitting and the maximum
normal reaction force F between the interacting surfaces when the stop in the fitting is jammed.

Stops are often made of 10KhSND steel with allowable bending stresses of [ou] = 220 MPa:

F-l
[oulzoy = W

Here / — height of the force applied to the stop from contact with the fitting. It is equal to 100 mm, however, taking
into account chamfers and other elements, the working height is 106 mm, i.e. the maximum recommended in the
framework of this scientific work.

This means,

b-h?

where W = — moment of stop resistance.
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If the stop width 2 =78 mm, and its thickness b = 56 mm, then:
Fe 220-78-56°
100-6

Thus, before the start of noticeable deformation, the stop will formally withstand 89.7 kN.

Let us calculate the additional friction holding force that occurs due to dry and rainy weather conditions.

According to TU No. TsM-943 dated October 23, 201713, the coefficient of friction at rest between steel surfaces
cleaned of dirt and snow should be assumed to be 0.3.

In this case, the friction force of the stop on the fitting is:

Frp =N,

where p = 0.3 — coefficient of friction of steel on steel, N = F — normal pressing force of the surfaces.

Let us substitute the known values:

Frp = N-u, Frp =89,689.6-0.3=26,906.88 N.

Let us evaluate the effectiveness of the proposed solution by considering the wind load that can overcome the hold-

ing moment and cause the container to overturn:

=89689,6 N.

My =Fpp-B, (1
where Frp — friction force on the surface of the fitting and the stop; B — application shoulder, i.e. the width of the con-

tainer along the axes of the fittings.
Let us write down the ratio of moments:

MOZWO 'k‘C'L'H'% and My:FTp'B. (2)
This means:

W, ~k-c-L-H2=FTP-B. 3)

The value of the wind load:

F.n-B
114 :L’ 4
* kecL-H? @
2,690.7-2.3

=83.38 kg/m” ~ 834 Pa.

0 T 0.75-1.212.2-2.62

In wind and rain, the friction coefficient between the stop and the fitting is 0.15-0.2. For the purpose of this calcula-
tion, let us use an average value of 0.18.
Frp =89,689.6-0.18=16,144.13 N.

Let us evaluate the effectiveness of the proposed wind load solution for this situation, which can overcome the stabi-

lizing moment and overturn the container. We use expressions (1)—(4). We get:
_ 1,614.4-2.3
1 0.75-1.2:12.2-2.6>

Discussion. Thus, a stop with a height of 106 mm, width of 78 mm, and thickness of 56 mm will formally withstand
an impact of approximately 90 kN (the exact figure is 89.7 kN) before it begins to visibly deform. Therefore, 89.7 kN
represents the maximum normal force that can be exerted between the friction surfaces.

Calculations have shown that a 40-foot container could overturn with a wind load of 120 Pa in the initial configura-
tion. This corresponds to a wind speed of 11.9 m/s, which is typical for wind zone I, such as in Moscow and Minsk, for
example. An empty container can also tip over under the influence of wind loads on a stationary platform.

The solution proposed by the author will allow the container to stand on a moving platform with a wind load of
about 834 Pa. This corresponds to a wind speed of about 37 m/s, typical for the wind zone VII. Obviously, the indi-
cator will be lower for wind and rain conditions, and calculations have confirmed this. The container will tip over at
a load of approximately 500 Pa. This corresponds to a wind speed of about 29.5 m/s, which is typical for the wind
zone IV, which includes, for example, Kazakhstan and the coast of the Caspian Sea. Currently, there is active auto-
mobile and railway traffic there. Cargo traffic is expected to increase in the future due to the implementation of the

=50.03 kg/m? ~ 500 Pa.

0

global multimodal transport project Silk Road.

3 Technical Conditions for the Placement and Fastening of Goods in Cars and Containers. Ministry of Railways of the Russian Federation. May 27,
2003 No. CM-943. (In Russ.) URL: https://company.rzd.ru/ru/9353/page/105104?id=1341 (accessed: 09.11.2025).
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The proposed approach to addressing the issue of wind stability for containers in this study is calculated with regard
to fixed, stationary stops, which eliminate the possibility of any movement. The calculation is based on an example of a
40-foot container, although the principle can be applied to other form factors.

Conclusion. The proposed solution in real-world transportation conditions (including in windy and rainy weather)
will increase the stability of containers on the platform from tipping over due to wind. The calculations primarily took
into account data from the wind zones I-1V, as these are the areas where goods are actively moved. However, even in
dry weather and in the area with the strongest winds — VII, upgrading the platform would still be beneficial.

The implementation of the proposed innovation will significantly reduce the likelihood of emergencies related to
containers falling from railway platforms, and, accordingly, will increase transportation safety.

The solution is characterized by its technological simplicity and versatility. The container design remains un-
changed, with only minor adjustments to individual elements of the platform.
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Abstract

Introduction. When heating with high-frequency currents (HFCs) at high speeds, more significant strengthening effects
can be observed compared to using machine generators. Therefore, hardening at high frequencies is more efficient.
However, the increase in the generator frequency results in a decrease in the depth of penetration of eddy currents and
an increased unevenness of heating across the cross-section. The application of a constant external magnetic field
during HFC hardening can increase the depth of eddy current penetration and create more uniform heating.
Unfortunately, there is not enough information available on the effect of the external magnetic field on HFC heating
processes and phase transformations in steel. Currently, there are no quantitative estimates for the impact of an external
magnetic field on changes in the kinetics of electric heating and the penetration depth of eddy currents. In connection
with the above, the aim of this paper is to investigate changes in the kinetics of high-frequency heating of iron-carbon
alloys when an external constant magnetic field is applied and, and, based on this, to consider the potential for
technological applications.

Materials and Methods. Theoretical assessment of the influence of an external magnetic field on the change in the
kinetics of electric heating and the penetration depth of eddy currents is based on the general theory of induction heating
kinetics. An experimental study of the influence of a magnetic field on the kinetics of high-frequency current heating
was performed on samples of 45 steel, pearlitic gray (SCh30), and ferritic malleable cast iron (KCh30-6). The
temperature distribution over the cross-section of ferromagnetic materials during induction heating with an external
magnetic field has been studied using special samples of iron, 45 steel, and SCh30 gray pearlitic cast iron. Electric
tempering processes have been investigated on samples of U8SA steel using a vacuum tube generator (heating
temperature — 450°C, heating rate — 750°C/s). Changes in austenite grain size after high-speed heating with external
magnetization have been examined on samples of reduced-hardenability S5PP steel. To study the processes of thermal
treatment in a magnetic field during experiments involving heating samples using high-frequency currents, a specially
designed electromagnet was created to apply an external constant magnetic field.

Results. Theoretical curves were constructed for heating conditions with and without an external constant magnetic
field. Experimental data on the effect of an external constant magnetic field on induction heating in the surface layer of
various materials were summarized in kinetic diagrams. Evidence that the observed changes were due to increased
depth of penetration of eddy currents came from experiments on cylindrical samples of 45 steel with different wall
thicknesses. Kinetic curves were provided for estimating the temperature field (at 6 points at different depths) during
high-frequency current heating with and without external magnetization. The paper presents experimental data on the
micro-hardness distribution across the cross-section of a U8 steel sample after quenching, quenching and electric
tempering, quenching and electric tempering with external magnetization, and quenching and bulk tempering. It also
includes the results of the study of the austenite grain size of 55PP steel after high-speed heating with external
magnetization and conventional (slow) deep heating.
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Discussion. The application of a high-intensity external constant magnetic field during the first quasi-stationary process
resulted in a decrease in the rate of induction heating of the ferromagnetic material and an increase in the depth of its
uniform heating. However, above the Curie point, the effect of the magnetic field was negligible due to the low
magnetic susceptibility of the material, and the heating rate remained unchanged as if there was no field present. In
addition, due to the insignificant difference in the values of magnetic permeability below and above the Curie point
during heating in the field, the thermal curve did not exhibit the characteristic inflection typical of kinetic curves
observed during the transition of the surface layer to a paramagnetic state. Experiments with electric tempering have
demonstrated that by applying an external field, it was possible to temper a material to the desired depth and it could be
done on a single high-frequency current setup. The size of the austenite grains after high-speed heating with
magnetization was reduced compared to conventional deep heating of steel with low hardenability, eliminating the issue
of induction heating for low-hardenability steel.

Conclusion. The results of the study demonstrated that the use of an external magnetic field enabled the achievement of
strengthening effects during heating at higher frequencies, thereby eliminating the drawbacks of such heating methods.

Keywords: steel, cast iron, magnetic field, high-frequency current, electric tempering, high-speed heating, hardening
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Opueunaﬂbﬂoe amnupudeckoe ucciedosamue

HccaenoBanne MpoHIecCoB IJCKTpoHArpesa TOKaMu BbICOKOI1 4YaCTOTHI B MATHUTHOM I10J1€

B.H. IycroBoiit =, FO.B. lorrayes = <, A.C. [InpueHKOB
JloHCKOM rocyapCTBEHHbIN TEXHUYECKUI yHUBEpCUTET, T. PoctoB-Ha-JloHy, Poccuiickas deneparust
X ydolgachev(@donstu.ru

AHHOTAUMSA

Beeoenue. 1lpu HarpeBe xele30yriaepoAUCThIX CINIABOB TOKaMHU BhICOKOM 4acTOThl (TBY) Ha BBICOKMX CKOPOCTSIX MO-
TYT HaOImogaTecs Oonee 3HAYMMBIC YPPEKTH YIPOUYHEHHS, YeM MPH NPUMEHEHNH MaIIMHHBIX TeHepaTopoB. [losTomy
MIPOBOJIUTH 3aKaJIKy B TAKHX yCJIOBHAX OBLIO OBI Iefiecoo0pa3Hee, OJHAKO MOBBIIIEHHE YaCTOTHI TeHepaTopa BIEUET 3a
co00i1 yMeHbllIeHNe TITyOUHbI TPOHUKHOBEHHS BUXPEBBIX TOKOB M BEJET K OOJIbIIEH HEPaBHOMEPHOCTH IPOTPEBa 110
ceyeHnto. HanojkeHne NOCTOSIHHOTO BHEIITHEr0 MarHUTHOTO 1oJIs IpH 3akaike TBY MokeT mpUBOIUTE K yBEITHYCHUIO
TTyOWHBI IPOHUKHOBEHUSI BUXPEBBIX TOKOB U Oollee paBHOMEpHOMY IporpeBy. Ho B Hay4HOI nuTeparype emie Hemlo-
CTaTOYHO CBEACHHI O BIIMSHUM BHEIIHEIO MarHUTHOTO IMoJisl Ha mpouecchl HarpeBa TBY, a takxke Ha ¢azoBble mpe-
BpAIlleHNsI B CTAIAX. B HacTOAMIMIT MOMEHT KOJMYECTBECHHBIX OICHOK BIUSHISI BHEITHETO MATHUTHOTO TIOJIS HAa M3ME-
HEHHNE KWHETHKH AJIEKTPOHArpeBa M IIIyOWHBI MPOHUKHOBEHHS BUXPEBBIX TOKOB HE MMEETCA. B CBS3M C BBIIIECKa3aH-
HBIM 1I€JIb aBTOPOB HACTOSIIIEH CTaTbU — M3Y4YWUTh M3MEHEHUsl B KMHETHKE HarpeBa TBY xene3oyriepoaucThixX cruia-
BOB IPH HAJIOXKEHHU BHEIIHETO MOCTOSHHOI'O MarHUTHOTO TOJISL ¥ Ha 3TOW OCHOBE PACCMOTPETH BO3MOXKHOCTH ITpHUMe-
HEHUSI JAHHOM TEXHOJIOTHH.

Mamepuanvt u memoost. TeopeTudeckasl OIIEHKA BIUSHUS BHEUTHET0 MAarHUTHOTO TMOJII HA M3MEHEHHs] KMHETUKU
AJIGKTPOHATPEBa U ITyOWHBI IIPOHUKHOBECHUS BUXPEBBIX TOKOB JIJaHA HA OCHOBE OOIIEH TCOPHH KUHETUKH FHYKIIHOH-
HOTO HarpeBa. DKCIEPUMEHTAIEHOE N3YUYCHUE BIMSHUSA MaTHUTHOTO ITOJI1 HAa KHHETHKY HarpeBa TBY mpoBommioch Ha
oOpasuax u3 ctanu 45, nepautHoro ceporo (CU30) u deppurHoro koBkoro uyryHa (K430-6). MccrnemoBanue pacmpe-
JIeTICHUs] TEMIIEpaTyphl [0 ceYeHHI0 peppoMarHUTHOIO MaTepuaia NPy HHAYKIIMOHHOM HarpeBe BO BHEIIHEM MarHUT-
HOM TIOJIe OCYIIECTBIBIIOCH HA CIIEIMANIBHBIX 00pa3lax M3 TEXHHYECKOTO JKene3a, CTaind 45 U ceporo MepiIuTHOTO 9y-
ryna CU30. M3ydyeHue mpoIiecCcoB 3JSKTPOOTIIYCKa MTPOXOAMUIO Ha 00pasiax u3 cTaaud ¥ 8A ¢ HCIOJb30BAHUEM JTAMITO-
BOro reneparopa (temreparypa HarpeBa — 450 °C, ckopocts HarpeBa — 750 °C/c). UccnenoBanuch n3MeHeHust oamia
AyCTECHHUTHOTO 3€pHA IMOCJe CKOPOCTHOTO HATpEeBa ¢ BHEIIHUM MTOJMAarHUYMBAaHHEM Ha 00pa3laxX CTAIH C TOHIKEHHON
npokaguBaeMocTsio SSIIII. [l uccneqoBaHus MPOIIECCOB TEPMUIECKOH 00pabOTKH B MAarHUTHOM IIOJIE TIPH TIPOBEIe-
HHUH DKCIIEPUMEHTOB C HArPEBOM 00pa3lloB TOKAMU BBICOKOH YaCTOTHI CO3/aH 3JIEKTPOMATHUT CIIEIHaIbHON KOHCTPYK-
WY TS HATOJKEHUS BHEIITHETO TIOCTOSIHHOTO MarHUTHOTO TTOJIS.
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Pezynomamut uccnedosanus. 110CTpOCHBI TEOPETHUECKIE KPUBBIE U YCIOBHI HarpeBa 0€3 MO U C HAJOKCHUEM
BHEIIIHET0 TIOCTOSHHOT'O MarHUTHOTO NOJIs. DKCIepHUMEHTAIbHbIE JAHHBIE O BIMSHUM BHEUTHETO TOCTOSIHHOTO MAarHUT-
HOTO TI0JI HA MHIYKIIMOHHEIN HArPeB B MOBEPXHOCTHOM CJIO€ PA3IUYHBIX MATEPHAJIOB OBUIH CBEJCHEI B KHHCTHICCKHE
auarpaMMel. Jloka3aTebCTBOM TOTO, YTO HAOIOJaeMble N3MEHEHHS CBS3aHBI HMEHHO C yBEJMYEHUEM TIyOWHBI TIPO-
HUKHOBCHHSA BUXPEBBIX TOKOB, ABJIAIOTCA ONBITHBIC TaHHBIC, MMOJTYUYCHHBIC HA HUJIUHAPUYCCKUX o6pa3uax n3 ctamu 45 ¢
pa3HON TONMIUHON CTeHKHU. IIpuBeseHbl KMHETUUECKHE KPUBBIE OLIEHKU TEMIEPaTypHOIo Mo (1o IIeCTH TOYKaM Ha
pas3Hoii TiryOmHe) B mporuecce HarpeBa TBY ¢ BHEITHUM MOAMarHMYMBaHuEeM U O0e3 Hero. [lorydeHsl SKCriepuMeHTab-
Hble JJaHHbIE, TIOKA3bIBAIOIINE pACHpe/elieHne MUKPOTBEPIOCTH IO CEYEHHI0 o0pasia U3 crajid Y8 mocie 3akaiky,
3aKaJKH M DJIEKTPOOTIYCKa, 3aKAJIKH U AJIEKTPOOTITyCKa ¢ BHEIIHUM IOAMAarHUYUBAHUEM M 3aKAJIKH U OOBEMHOTO OT-
IMycKa, a TAaKXKe pe3yJlbTaThl MccienoBaHus Oamna aycTeHHTHOro 3epHa ctamu SSIIIT mocie cKOpoCTHOTO HarpeBa ¢
BHEIIHUM TIOAMAarHUYMBAHUEM B OOBITHOTO (MEIVIEHHOT0) IITyOMHHOTO Harpena.

Obcyacoenue. HanoxxeHre BHEIIHETO MOCTOSIHHOTO MAarHUTHOTO IMOJIS BBICOKOW HaNpsDKEHHOCTH HA 3Tale MepBOro
KBa3UCTAI[MOHAPHOTO TpOIecca MPUBOIUT K CHHKEHHIO CKOPOCTH MHIYKIIMOHHOTO HarpeBa (peppoMarHUTHOTO Mare-
pHaia ¥ yBeJIMYEHHIO NTyOUHBI €ro paBHOMEPHOTO nporpesa. Beire Touku Kiopu BiIMsHUE MarHUTHOTO IIOJISI HE CKa-
3BIBACTCA HM3-3a MOV MarHUTHOW BOCHPUHUMYMBOCTH MaTepHalia, TOITOMY CKOPOCTh HarpeBa OCTaeTCsl TaKOH ke, Ka-
Kasi Obl1a OBl B ATOM TeMIlepaTypHOM HHTepBajie 0e3 mois. Kpome Toro, BBHIYy HE3HAUMTEIbHOW Pa3HUIIbI 3HAUCHUN
MarHATHON MPOHHMIIAEMOCTH HIDKE M BBIIIE TOUKH Kropu mpu HarpeBe B Iojie TepMHUUYECKasi KPHBas HE UMEET CTOJb
3aMEeTHOTO Tepernda, XapaKTepHOTO U KHHETHIECKUX KPUBBIX IPH MEPEeX0e MOBEPXHOCTHOTO CIIOSI B TTapaMarHuT-
HOE COCTOSIHHE. DKCIEPUMEHTHI C AIIEKTPOOTITYCKOM JI0OKA3aJId, 9TO ¢ HAIO)KEHHEM BHEITHETO TIOJS YAAeTCs OTIYCTHTh
MaTepHan Ha HeoOXOIMMYIO TIIyOnHY M HOSBIISIETCS BO3MOXKHOCTD €r0 IIpoBeAeHus Ha oHo# ycraHoBKe TBU. Pazmep
3epeH ayCTEHHTa II0CJIe CKOPOCTHOTO HarpeBa ¢ MOAMArHMYMBAHUEM yMEHBIIAETCS, 110 CPABHEHHIO C OOBIYHBIM TIIy-
OWHHBIM HATPEBOM CTAJU C TIOHIDKEHHOH MPOKATMBACMOCTBIO, UYTO YCTPAHSIET MPoOIeMy HHAYKIIMOHHOTO HAarpeBa CTa-
JIel C MOHMKEHHON TPOKaJIUBAEMOCTBIO.

3akniouenue. Pe3ynpTaTsl UCCIENOBaHUS NTOKA3alIH, YTO HAJIOKEHHUE BHEIIHETO MAarHUTHOT'O MOJIS TI03BOJISIET peaIn30-
BaTh AP PeKThl yNpoYHEeHHs NPU HArpeBe ¢ OoJiee BRLICOKMMH YaCTOTAMHU M YCTPAHUTh HEJIOCTATKU TaKOI'0 HAarpesa.

KutioueBble ci1oBa: crajib, YyTyH, MarHuTHOE mosje, TBY, a1eKTpooTIyCcK, CKOPOCTHOM HAarpeB, 3aKajika

BbaarogapHocT. ABTOpPHI GIIarofapsT peJakiHio KypHaa 3a LeHHbIE 3aMeYaHHs1 TI0 COJIEPXKAHUIO CTaThU, COTPYJHUKOB
kadenpsl «MarepuanoBenenne u texHoiornu meramuiop»y JAI'TY: 3aBexyromero kagenpoit M.C. Eroposa, mpodeccopa
O0.M. lom6poBckoro u gorenTta C.A. ['pumrHa, 32 TOMOIIIH B TOMYYEHUH U 00CYXIICHUN PEe3yIbTaTOB.

Jns muruposanus. ITycrosoir B.H., Jlonraues 10.B. Mccnenosanue nporeccos anekrpoHarpesa TBY B MarHuTHOM Hone.
bezonacnocms mexroeennvix u npupoonsix cucmem. 2025;9(4):331-340. https://doi.org/10.23947/2541-9129-2025-9-4-331-340

Introduction. The basic principles of the heat treatment technology of steel in a magnetic field (HTMF) are
described in the monograph [1]. This technology allows obtaining structural states and properties that are not achievable
under normal conditions. One of the advantages of HTMF is its efficiency in the piecewise processing of products [2],
for example, by using high-frequency currents (HFCs) as a heating source [3].

Due to the fact that more noticeable hardening effects can be observed when heating with HFCs at high speeds
compared to using machine generators, it would be beneficial to harden at higher frequencies. However, the increase in
the frequency of the generator results in a decrease in the depth of penetration of eddy currents and an increase in
unevenness of heating across the cross-section. The theoretical and practical aspects of HFC heating of metal products
have been well presented in [4, 5]. Meanwhile, there is a lack of information about changes that occur during high-
speed induction heating with an external permanent magnetic field, especially in the context of ongoing phase
transformations in steels.

Qualitative data have been experimentally obtained [4] that the application of a constant external magnetic field
during HFC quenching can lead to an increase in the penetration depth of eddy currents, which, in turn, increases the
uniformity of heating at the stage of the first quasi-stationary electric heating process [6]. From a technological point of
view, the most appropriate application of this phenomenon is for high-speed electric tempering [7, 8], since there is a
problem of insufficient HFC heating depth of the ferromagnetic hardened layer, which makes it necessary to use
another generator operating at a lower frequency for heating for tempering. Currently, there are no quantitative
estimates of the effect of an external magnetic field on changes in the kinetics of electric heating and the depth of
penetration of eddy currents.

In connection with the above, the authors of this research aim to study changes in the kinetics of HFC heating of
iron-carbon alloys under the influence of an external permanent magnetic field, and based on the results obtained,
consider the possibilities for their technological application.
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Materials and Methods. Theoretical assessment of the influence of an external magnetic field on changes in the
kinetics of electric heating and the depth of penetration of eddy currents was based on the general theory of induction
heating kinetics [9, 10]. The equation of thermal conductivity in the case of heating steel to the temperature of magnetic
transformations in the surface layer was used with the introduction of dimensionless quantities of time (Fourier criterion

F0=(;—;), temperature (Kirpichev criterion K,ﬂ=ﬁ), without taking into account the transient process of power
2T,
redistribution (P) and had the form:
X
2 ch2k—
K{':E]+l[£] _14_%_ R (1)
2\ R 6 4k 2ksh2k

where R — cylindrical sample radius.

p=R_p m
o 2p

where 8 — eddy currents penetration depth; p — relative magnetic permeability of the material; o — magnetic
permeability of air; f— current frequency; p — electrical resistivity of the material; A — thermal conductivity
coefficient; o — temperature conductivity coefficient; 7(x, T) — temperature as a function of time (1) and distance from
surface (x); 7o — initial temperature.
The experimental study of the effect of the magnetic field on the kinetics of HFC heating was conducted on samples of
45 steel, pearlitic gray (SCh30) and ferritic ductile iron (KCh30-6). Thermocouple readings from the surface layer were
recorded using an analog-to-digital converter (ADC) L-CARD E14—440 (bit depth — 14 bits, conversion frequency —
up to 400 kHz). Solid cylindrical samples of & 0.8 mm made of various materials were used, as well as hollow samples
of 45 steel with wall thicknesses of 1 and 2 mm.

The temperature distribution over the cross-section of a ferromagnetic material during induction heating in an
external magnetic field was studied on special samples (Fig. 1) made of technical iron, 45 steel and gray pearlitic cast
iron SCh30. As can be seen in Figure 1, temperature control was carried out on a sample at six points located at

distances from the edge of 1,3,5,7,9, and 11 mm. In each of the & 0.6 mm holes, a & 0.2 mm chromel-alumel
thermocouple was installed, connected to one of the 16 differential ADC L-CARD E14-440 input channels, which
transmitted data to a PC with simultaneous recording of all channels in the LGraph2 software.

150°

10

33

Fig. 1. Design of samples for temperature field assessment

The study of electric tempering processes was conducted on USA steel samples using a lamp generator. Electric
tempering was performed at 450°C, the heating rate was 750°C/s. The usual oven tempering process lasted for one
hour. Microhardness was measured on a PMT-3 device at a load of 100 g.

Changes in the austenitic grain score after high-speed heating with external magnetization were studied on 55PP
steel samples of & 18 mm. Heating was carried out to a temperature of 950°C using machine (heating rate in the field of
phase transformations — 8°C/s) and lamp (90°C/s) generators. The boundaries of the austenitic grain were studied by
chemical etching in a one percent picric acid solution heated to 60°C with the addition of detergent. Histograms were
constructed based on the measurement results of the largest grains d; visible in the plane of the slot in 20 fields of view
at magnification x 1000. The average true grain diameters were calculated using the formula:

5:%—2”; : @
g
H d.f

where n; — number of measured sections in the j dimension group; K — number of groups.
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The task of studying the processes of high-speed HTMF in relation to high-speed HFC heating had a number of
technical difficulties associated with the imposition of an external permanent magnetic field around the inductor, and
therefore a special electromagnet was designed with a number of features. The axes of the cores were as close as
possible to the panel of the high-frequency generator, which determined the use of a core and coils of rectangular cross-
section. The magnetic circuit of the electromagnet had a double reverse yoke. Water-cooled conical pole tips were used.
The core cross-section relative to the yoke was increased by 130%, which reduced its magnetic resistance and
minimized the dissipative flow. The conical shape of the tips made it possible to increase the field strength in the
working air gap of 50 mm to 600 kA/m.

Results. Based on equation (1), theoretical curves were constructed for heating conditions without a field and with
an external permanent magnetic field (Fig. 2). The calculation was performed for a cylindrical sample with a diameter
of 8 mm made of steel with a ferritic structure: p=36-10° Ohm-m; p=1000 — at a temperature of 20°C;
p =1 — above the Curie point; L =7 at a temperature of 20°C in a magnetic field with a strength of 160 kA/m (taking
into account the external demagnetizing factor of the sample); /=440 kHz; assuming that the Curie point corresponded
to dimensionless temperature K; = 1.13. From the appearance of the curves, it was possible to judge about the greater
uniformity of the heating process in the presence of external magnetization.

K

1.0F

0.5

0.0 0.5 1.0 1.5 Fy

Fig. 2. Theoretical curves of high-speed heating without an external magnetic field (solid line) and with it (dashed line)

Experimental data on the effect of an external permanent magnetic field on induction heating in the surface layer of
various materials were summarized in kinetic diagrams and shown in Figure 3.

t, °C t, °C t, °C t, °C
1,000 1,000 1,000 1,000
800 800 800 800
600 600 600 600
400 400 400 400
200 200 200 200
0 2 4 us 0 2 4 us 0 2 4 us
a) b) c) d)

Fig. 3. Thermal curves of induction heating without a magnetic field (solid line) and with a magnetic field (dashed line)
on samples made of: a, b — 45 steel; ¢ — KCh30-6; d — SCh30

The proof that the observed changes were associated precisely with an increase in the penetration depth of eddy
currents was experimental data obtained on cylindrical samples made of 45 steel having different wall thicknesses

(1 and 2 mm and a solid cylinder & 8 mm). Figure 4 provides their heating curves.
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t, °C > t, °C t,°C
1,000 gl 1,000 . 1,000
800 il 800 [ 7 800 gl
11 ” ’
600 /) 600 [ K 600 ,/
II I’
400 K 400 [ 400
I /! /!
! I/ /
200 200 -/, 200F [/
i’ !
0 1 2 3 1S 0 2 4 1,8 0 3 6 T5
a) b) ¢)

Fig. 4. Thermal curves of samples without an external field (solid line) and in a magnetic field (dashed line)
with a wall thickness of: a — 1 mm; b — 2 mm; ¢ — solid cylinder of & 8 mm

The temperature field assessment results (at six points at different depths) during HFC heating with and without

external magnetization are shown in Figures 5 and 6. Figure 5 shows kinetic curves for perlite gray cast iron SCh30,
and Figure 6 — for 45 steel.

£, °C : 1, °C

: 1

900 3 900 2

3

4 4
800 5 800

6

5

700 700 6
600 600
500 500
400 400
300 300
200 200
100 100

2 4 6 8§ 10 12 7,8 6 8§ 10 12 T8
a) b)

Fig. 5. Heating curves of SCh30 (¢ — without a field; » — in a magnetic field) at a distance from the surface: 1 — 1 mm;

2—3mm;3—5mm;4—7mm;5—9mm;and 6 — 11 mm

When heated in a magnetic field, the penetration depth of eddy currents did not depend on the structure of the
material and turned out to be ~10 (for pearlite) and 17 (for ferritic) times more than when heated without a field. This
indicated the possibility to implement in practice the quenching mode with electric tempering when heated from a
single generator, since without magnetization it was impossible to warm up the entire hardened zone. Figure 7 shows
experimental data showing the distribution of microhardness over the cross section of a US8 steel sample after
quenching, quenching and electric tempering, quenching and electric tempering with external magnetization, quenching
and volumetric tempering.
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100 . 2 . L L 100 1 1 1 1 1
0 1 2 3 4 5 0 1 2 3 4 5 6
Distance from the surface, mm Distance from the surface, mm

Fig. 7. Microhardness distribution over the cross section after:
1 — HFC quenching; 2 — HFC quenching and electric
tempering without magnetization; 3 — HFC quenching and
electric tempering with magnetization; 4 — HFC quenching and
volumetric tempering in the furnace

Fig. 6. Temperature distribution at different distances from the
surface under normal heating (solid line) and with external
magnetization (dashed line) at time points
1—3s;2—6s;3—7s;4—11.5s

Carbon steels with reduced through-hardening capability can be subjected to HFC surface quenching [11, 12], but
they have low heating rate in the region of phase transformations, which leads to a large austenite grain size (and,
consequently, reduced mechanical properties in the surface layer). It turns out that the characteristic features of the fine
structure of austenite, which are caused by induction heating, are offset by grain growth — high structural strength is
lost. Figure 8 shows the results of a study of the austenitic grain score of 55PP steel after high-speed heating with
external magnetization and conventional (slow) deep heating.

i, % ni, %

50+ 3 50 + o

40 + 40 1

30F | 30F

20 20 +

10 + 10

0 1 3 5 7 9 11 d,um 0 8 10 12 14 16 18  d,pm

a) b)

Fig. 8. Size distribution of y-phase grains with HFC heating: @ — with an external magnetic field; 6 — without a field
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Discussion. Changes in the kinetics of heating by high-frequency currents were observed when an external
magnetic field was applied, the strength of which was sufficient for magnetic saturation. This effect led to a change
in the magnetic properties of the processed steel, specifically, to a decrease in its magnetic permeability [13]. This
behavior was natural for magnetization at the paraprocess stage; it, in turn, caused a decrease in k coefficient, which
was inversely proportional to the depth of eddy current penetration and the specific thermal power. This can be
compared to the increase in the current penetration depth into a metal during its transition from a ferromagnetic to a
paramagnetic state. However, there is a physical difference in the nature of the paramagnetic state of a metal and the
state of a ferromagnetic magnetized in the paraprocess region. They are similar only in terms of their small relative
magnetic permeabilities. Thus, the presence of an external magnetic field at the stage of the first quasi-stationary
process lead to a decrease in the rate of induction heating of the ferromagnetic material and an increase in the depth
of its uniform heating.

The magnetic susceptibility drops sharply above the Curie point, so the external magnetic field does not affect the
heating rate at these temperatures. At the same time, due to the small difference in magnetic permeability below and
above the Curie point in the presence of an external field, there is no change in the heating curve that would indicate a
transition of the surface layer to a paramagnetic state. In fields with higher intensities, the heating curve turns into a
straight line (with the tangent of the angle of inclination to the time axis corresponding to the heating rate above the
Curie point). A comparison of the dependencies in Figures 2 and 3 shows the similarity of the general patterns and
confirms the validity of the earlier conclusions.

Regardless of the material used, in all the cases shown in Figure 3, the following patterns are observed: at the initial
stage of heating, if an external magnetic field is applied, the heating rate decreases up to the Curie point. In the presence
of an external magnetic field, the difference in the heating rate near the critical point in the diagram is less abrupt. At
the end of the phase transformation, the heating rates with and without a field are practically compared.

As can be seen in Figure 4, the heating curves for conventional HFC heating and with the application of an external
field converge as the wall thickness of the sample decreases, until they almost completely coincide for a thickness of
1 mm. This phenomenon can be explained by the fact that the wall thickness approaches the penetration depth of eddy
currents in the absence of external magnetization.

Figure 5 clearly demonstrates that the influence of a magnetic field significantly reduces the temperature variation
near the surface during the initial stages of heating. Without the use of a magnetic field, the variation is approximately
250°C over the entire depth under study and about 50°C from the surface to a point at a distance of 1 mm. However,
after reaching the Curie point, the patterns of temperature distribution become similar, although there is a more
significant decrease in surface temperature for the sample processed without applying an external field.

As can be seen in Figure 6, a similar pattern is observed in the 45 steel sample, with a greater uniformity of heating
across the cross-section when an external magnetic field is applied up to the Curie point. When the surface layer of the
sample heated in the field reaches the Curie temperature, the depth of current penetration into the material changes
slightly (curves 3 and 4), since there is no sharp decrease in magnetic permeability. And in a sample that was heated
without a field, after the transition to the paramagnetic state, the induced power is redistributed and heat is removed
from the surface to the core, which causes a decrease in the temperature difference across the cross section. In this case
(curve 4), the temperature distribution patterns turn out to be the same for both heating modes, but with greater
uniformity of heating in the case of magnetization.

As shown by experiments with electric discharge (Fig. 7), it is not possible to harden the material to the desired
depth without applying an external field. The hardening occurs at a maximum depth of 1 mm, with a hardened layer that
is three times deeper. At the same time, electric discharge with magnetization allows for a greater depth of hardening,
which can be achieved using the same setup. Additionally, the hardness achieved through electric tempering with
magnetization is greater than that achieved through conventional furnace tempering.

Histograms of the distribution of austenite grain sizes after high-speed magnetization and conventional deep heating
of steel with reduced hardenability show that, in the first case, the average grain diameter is 12.96 um smaller (Fig. 8).
Therefore, problems with austenite grain growth that occur during induction heating of steels with reduced
hardenability can be avoided by using external magnetization.

Conclusion. The results of the study show that the application of an external magnetic field at temperatures below
the Curie point increases the penetration depth of eddy currents, which, in turn, contributes to a more uniform heating of
the material. This allows for the realization of hardening effects when heating at higher frequencies, eliminating the
disadvantages of this type of heating that occur without magnetization. The observed changes in the presence of
magnetization during heating of HFC are explained by a decrease in the magnetic permeability of the processed
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material, which is directly proportional to the depth of penetration of eddy currents. When the Curie point is reached,
this effect levels off. It has been demonstrated that with the application of an external magnetic field, it becomes
technologically possible to conduct high-speed electrical tempering on a single generator to achieve higher hardness
values compared to conventional tempering. It is also recommended to use high-speed magnetization for HFC surface
hardening of steels with reduced hardenability, as it eliminates the problem of coarse austenitic grains that can occur
during conventional deep heating.
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