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Abstract

Introduction. The cement industry, a cornerstone of the construction sector, generates significant CO, emissions (5-8%
of global totals). Amid growing demands for sustainable development and green construction, the development of
multi-component cements (MCCs) with clinker partially replaced by active mineral additives (slag, phosphogypsum) is
critical for reducing environmental impact while enhancing properties such as sulfate resistance, strength, and
deformation control. The core problem lies in the lack of systematic statistical approaches to optimize MCC
compositions, which hinders achieving a balance between environmental sustainability and performance characteristics.
Many studies on MCCs focus on strength and sulfate resistance, but rarely employ statistical methods for
comprehensive composition optimization. Other works highlight the environmental benefits of MCCs, yet fail to
propose systematic approaches for property prediction. The research gap stems from insufficient correlation analyses of
the relationships between chemical composition and MCCs properties, as well as limited investigation into the impact
of impurities (e.g., MgO, alkali oxides) on sulfate resistance, which restricts the development of versatile formulations.
This study aims to develop statistical approaches for optimizing MCC compositions to enhance sulfate resistance,
control self-stress and linear expansion, and reduce carbon footprint, thereby addressing the identified research gap. To
achieve this, the following tasks are defined: conduct correlation analysis of the relationships between MCC chemical
composition (SiO,, Ca0, Al,Os, Fe;03, SOs, etc.) and performance characteristics (sulfate resistance, self-stress, linear
expansion) based on experimental data; evaluate the environmental efficiency of replacing clinker with active mineral
additives (blast-furnace slag, phosphogypsum, calcium hydrogarnets) through carbon footprint calculations; identify
key chemical components with the greatest influence on sulfate resistance and deformation properties, and provide
optimization recommendations; investigate the impact of impurities in active additives (e.g., MgO, alkali oxides) on
sulfate resistance and propose mitigation strategies; develop an adapted MCC component matrix to predict cement
properties and ensure compliance with sustainable construction requirements. These objectives and tasks aim to bridge
the scientific knowledge gap by integrating statistical methods into MCC development, enabling the creation of
environmentally safe, high-performance building materials that meet modern standards.

Materials and Methods. The research is derived from the statistical assessment of experimental data presented in patent
RU2079458C1 (authors Andreev V.V., Smirnova E.E.). Data on 8 formulations of multi-component cements were
analyzed, including Portland cement clinker (Pikalevo), blast-furnace slags (Cherepovets, Magnitogorsk),
electrothermosulfate slag (SPTI), calcium hydrogarnets (GGK-1, GGK-2), and phosphogypsum (Kingisepp).
Relationships between the chemical makeup of constituents (SiO,, CaO, Al,Os, Fe,Os, SOs, etc.) and their performance
characteristics (self-stress, linear expansion, and sulfate resistance), determined according to standard methods
(GOST 310.1-76, GOST 310.4-81, TU 21-26-13-90), were examined. Correlation evaluation was used as the main
method. Visualization of correlation matrices was carried out using heatmaps (Seaborn library in Python). Additionally,
calculations of the economic and environmental efficiency of partially replacing clinker with the specified active
admixtures were performed.
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Results. The findings of the statistical review confirmed the significant impact of SiO,, Al,Os, and other elements on
the performance attributes of cements. It was determined that the calculated replacement of 30% of clinker with SCMs
allows for a mitigation of the carbon footprint by 25-40%. It was revealed that enhancing the SiO, content in the
cement formulation improves the sulfate resistance of the cement paste, and literature data suggest that thermal
activation of slags boosts compressive strength by 12—-15%, improving the degree of hydration of constituents and
forming a denser cement matrix. Economic assessment demonstrated that clinker substitution with active supplements
can decrease cement production costs by 10—-15%.

Discussion and Conclusion. Correlation assessment substantiated the pivotal role of SiO: in bolstering the sulfate
resistance of the cementitious material. It was found that the silicate blast-furnace admixture used (slag A) can diminish
sulfate resistance, which is presumably explained by the presence of impurities such as MgO and alkali oxides.
Evaluation of the basicity coefficient (B = (CaO + MgO + Al,O3) / SiO») revealed that when B < 1, hydration processes
deteriorate, resulting in the formation of weak gel structures necessitating compensation with pozzolanic supplements.
Statistical calculations highlighted a strong positive correlation (r=0.89) between sulfate resistance and linear
expansion, validating the potential for regulating these features through the precise makeup of cement mixtures.
Furthermore, calculations indicated that lowering the C;A content in clinker below 8% significantly enhances cement
durability in aggressive environments. The developed statistical techniques can be used for refining formulations to
create environmentally sustainable binders with improved performance characteristics. The need for further
investigation to verify the models on a wider range of materials and under industrial conditions is acknowledged.

Keywords: correlation analysis, multi-component cements, statistical analysis, sulfate resistance, carbon footprint,
environmental sustainability
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Opueuﬁaﬂbﬂoe amnupudecKkoe uccnedosatue

OneHka U MPOrHoO3 3K0JIOrH4ecKOoi 3(PPeKTHBHOCTH MHOTOKOMIIOHEHTHBIX ICMEHTOB
Ha OCHOBE CTATUCTHYECKOI'0 aHAJIHU3a
E.3. CmupHoBa
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AHHOTANUA

Beedenue. 1leMeHTHas TPOMBIIUIEHHOCTH, 00ECIICUNBAst CTPOUTEIBHBIN CEKTOP, TEHEPHPYET 3HAUUTEIbHBIE BEIOPOCH
CO; (5-8 % ot rmo6anpHBIX). B yCIOBHSAX yCTOMYMBOIO Pa3BHTHS M 3€JICHOTO CTPOMTENBCTBA aKTyalbHA pa3paboTKa
MHOTOKOMIOHEHTHbIX IeMeHTOoB (MKL]) ¢ 3ameHOli KimHKepa akTUBHBIMH J00aBKamMH (IIIakd, (ocoruiic) s
CHIDKEHHUSI OKOJOTMYECKOW Harpy3KH | yIYYIICHHS CBOWCTB (Cysb(aToCTOWKOCTb, MPOYHOCTh, KOHTPOIb
nedopmanuii). [Ipobiema 3aximodaeTcs B OTCYTCTBHU CHCTEMAaTHYECKHX CTATHCTHYECKHX IOIXOJOB K ONTUMH3ALUH
coctaBoB  MKI[, duro 3arpyaHsier ompezaeneHue OanaHca MEXIy OKOJIOTMYHOCTBIO U OKCILTyaTallHOHHBIMHU
xapakrepuctukamu. Muorue uccienoBannss MKL] ¢okycupyrorcss Ha TPOYHOCTH M CYJIb()ATOCTOMKOCTH, HO PEIKO
UCIIONIB3YIOTCS CTATHCTUUECKHE METOABI Ul KOMILIEKCHOW ONTHMH3AlMK COCTaBa. B HEKOTOPBIX HCCIEIOBAHHIX
MOJJUEPKUBAIOTCS  dKojorndyeckue mnpeumymectBa MKIL], HO He mnpemiaralotcs CHCTEMHBIE TIOAXOABI K
MIPOTHO3UPOBAHUIO HX CBOWCTB. TakuM o00pa3oM, MOXXHO TOBOPHTH O HEIOCTaTKE KOPPEIALHMOHHOTO aHAIN3a
B3aMMOCBS3€l MEXIy XMMHYECKHM cocTaBoM M cBoiictBamu MKII, a Taxke 0 HEZOCTaTOYHO M3YYEHHOM BIHUSHHU
npumeceit (MgO, mienoun) Ha Cyb(paTOCTONKOCT, YTO OTPaHMYMBAET COCTABIICHNE YHUBEPCABHBIX penentyp. Llensio
JAHHOTO WCCIIEIOBAHMS SIBISIETCSl Pa3pabOTKa CTATHCTHYECKHX IIOAXOAOB K omTtumm3anuu cocraBa MKI s
TIOBBIIICHUSI UX CyIb(AaTOCTONKOCTH, KOHTPOJIS CaMOHANpPSKEHUS] W JMHEWHOTO PACHIMPEHUs], a TAaKXKE CHIDKCHMS
YIJIEPOIHOTO Cliella, YTO TII03BOJIMT 3alOJIHUTh BBISABICHHBIM IMpoOen B Hay4HOM 3HaHuu. [l gocTwkeHHs
TIOCTAaBJICHHON IeNT HE0OXOIMMO IPOBECTH KOPPEISALHOHHBIA aHaIM3 B3aUMOCBS3EH MEXIAYy XUMHYECKUM COCTaBOM
MKI (comepxanme SiO,, CaO, ALOs;, Fe,Os3, SO3; m ap.) M HMX OKCIUIyaTallMOHHBIMH XapaKTepUCTUKaMU
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(cynpdhaTocTONKOCTh, CaMOHAIPSKEHUE, JIMHEIHOE paclIIMpeHHe) HAa OCHOBE IKCIIEPUMEHTANBHBIX JAHHBIX, OLIEHUTh
9KOJIOTMYECKYl0 3(()EeKTHBHOCTh 3aMEHBl KIMHKEpa aKTHBHBIMH MHUHEPaJIbHBIMH J00aBKaMH (JOMEHHBIE IUIAKH,
¢docdoruric, THAPOrpaHAaTHl KaJbLUs) C HCIOJIH30BAHHEM pAacueTOB YIJIEPOAHOTO CIIEAA, BBIIBUTH KIIOUEBBIC
XMMHYECKHE KOMIIOHEHTBI, OKa3bIBAIOIINE HAWUOOJbIIEE BIMSHHE Ha CyIb(paTOCTOHKOCTh M Ae(hOpPMAIIOHHBIC
CBOMCTBa M pa3pa60TaTL PEKOMCHOAINU 1T0 UX ONTUMHU3AlUHN, UCCICA0OBATH BJIUAHUC HpHMeCBf/’I B aKTHUBHBIX }IO6aBKaX
(manpumep, MgO, meno4YHble OKCHIBI) Ha CyNb(aTOCTOWKOCTh M MPEUIOKUTh MYyTH MX MHUHUMH3AIHMU, pa3padoTaTh
aJanTHPOBAHHYIO MaTpuIly KoMmmoneHToB MKIL], I03BOISIONTYI0 IPOrHO3MPOBATh CBOIICTBA IIEMEHTOB M 00ECIICUNBaTh
HUX COOTBCTCTBHC TpC6OBaHI/I$[M yCTOﬁ‘II/IBOFO CTPOUTEIILCTBA. ﬂOCTI/I)KCHI/Ie OCJIN UCCICAOBAHUA IMO3BOJHUT 3aIllIOJIHHUTH
mpo0esl B HAy9YHOM 3HAHWM ITyTEM HMHTETPAllMM CTaTHCTHYECKUX METONOB B mporecc pa3paborku MKII, uro macr
BO3MOXKHOCTh CO37[aBaTh JKOJIOTHUECKH O€30IacCHBIE W BBICOKONPOW3BOIUTEIBHBIE CTPOUTEIBHBIE MAaTEPHAIIBL,
OTBEYAIOIME COBPEMEHHBIM TPEOOBAHUAM.

Mamepuanvt u memoosl. ViccienoBaHWe OCHOBAaHO Ha CTATHCTHYECKOM aHAIM3€ OSKCIICPHMEHTANBHBIX JaHHBIX,
npenacraBieHHbix B mareHTe RU 2079458 C1 (aBroper — Anapees B.B., Cyvuprosa E.3J.). AHammupoBamichk JaHHEBIE I10
BockMu coctaBamM MKII, BkmrowarommM mnopTIaHAeMeHTHBIH KimHKep (IInkaneBo), nomennele mnraku (Yeperoserr,
Marnuroropek),  anekrporepmocyibdarupii  nmak (CIITU),  rugporpanarst  kanmeuust (ITK-1,  ITK-2) wu
¢ochorunc (Kuarucen). PaccmaTprBanich B3anMOCBSI3U MEKTy XUMUYECKHM COCTaBOM KOMIIOHEHTOB (Si0O,, Ca0, AlLO3,
Fe;O;, SOs ®m np) ¥®W OKCIUTyaTalMOHHBIMHA XapaKTePUCTUKAMHU (CaMOHAINpsDKEHWE, JIMHEWHOE —pacIIupeHue,
CyIb(haTOCTONKOCTB), ONpe/ieieHHbIMU coriiacHo cTanaapTHeiM MetoukaM (IOCT 310.1-76, TOCT 310.4-81, TY 21-26—
13-90). B xauecTBe OCHOBHOT'O METO/Ia HCIIOIb30BAJICS KOPPEIAIMOHHBIN aHai3. Brusyanuzanust KOppesimuOHHBIX MaTpPHIL
OCYILECTBIUIACh C TIOMOINBIO TEIUIOBBIX KapT (OmOmmoteka Seaborn B Python). JlonmomHMTENBHO TPOBEIEHBI pacdeThl
SKOHOMHYECKOH M SKOJIOrNUeCcKOi 3(h(hEeKTUBHOCTH 3aMEHBI YaCTH KIIMHKEPa YKa3aHHBIMU aKTUBHBIMHU JO0OaBKaMH.
Pesynemamut uccnedosanus. Pe3ynpTaThl CTATUCTUYECKOTO aHAIN3a MOATBEPAMIIM 3HAUYUTEIIFHOE BIIMSHUE COICPKaHUS
Si0,, ALOs ¥ ApPYyrHX KOMIIOHEHTOB Ha DKCILTyaTal[MOHHBIE XaPAKTEPHCTUKH IIEMEHTOB. YCTAHOBJICHO, YTO pacyueTHas
3ameHa KinHkepa Ha 30 % akTUBHBIMU JOOABKAMH TMO3BOJISIET CHU3UTH YIIIEpOaHbIN cier Ha 25-40 %. YcraHoBIeHO, 4TO
orrruMIawst comepikanns SiO; B cocTaBe IIEMEHTa YBEIMYMBACT CYIb(PaTOCTOMKOCTD IIEMEHTHOTO KaMHs, & TAaHHEBIE YK
MMEIONMXCS] HAYYHBIX M3BICKaHMH YKa3bIBAIOT HA TO, YTO TEPMOAKTHUBALIMS IIIIAKOB YCIJIMBAET MX MPOYHOCTH Ha 12-15 %,
TIOBBINIAS] CTETICHb THAPATAIIMN KOMIIOHEHTOB 1 (opMHpYs O0JIee TUIOTHYIO IIEMEHTHYIO MaTpHIly. DKOHOMUYECKUH aHaJIN3
TIOKa3aJl, 9TO 3aMeHa KIIMHKePa IM03BOJISIET CHU3UTH CTOMMOCTH IIPOM3BO/ICTBA IleMeHTOB Ha 10—15 %.

Oébcysncoenue u 3axntouenue. KOppensMOHHBIH aHAIN3 TOATBEpAWIT KIIOUeBylo poib SiO, B obecrieueHUH
cynbdaTocroiikoctn nemMeHta. OOHapy»eHO, YTO HCIOJIb30BaHHAs CHJIMKATHAs JOMEHHas jo0aBka (muiak A) MOXKET
CHMXATh CYJIb(aTOCTOWKOCTb, YTO MPEIIIOJIOKHUTEIFHO OOBSACHAETCS HAMYUEM mpuMecei, Takux kak MgO wu
LIeJI04HbIE OKCHIBI. AHanu3 kKoddduuuenta ocaoBHoct (B = (CaO + MgO + AL,O3) / Si0,) noka3zain, uto npu B <1
MIPOMCXOMUT YXYIIICHWE THIpaTalud K o0pa3oBaHHE CNA0BIX TeNEeBBIX CTIPYKTYp, TPEOYIOIIHUX KOMIIEHCAIUU
MYLI0aHOBBIMU ~ JoOaBkamu. CTaTHCTHUECKHE pacueThl MPOJEMOHCTPHPOBANIN  BBICOKYIO  IIOJIOKHTENBHYIO
KOPPEILILIUI0 MEXIy CYIb(AaTOCTOMKOCTRIO W IHHEWHBIM pacmupeHueMm (r=0,89), moarBepxmas BO3MOKHOCTH
pEeTYIMPOBaHMSA 3THX CBOMCTB YEpe3 COCTaB LEMEHTHBIX cMeced. PacueTsl Tarke IOKas3aiW, 9YTO CHIDKEHHE
cozepkanns C3A B KIMHKepe HIKE 8 % CrocoOCTBYET MOBBIIIEHHIO HOJTOBEYHOCTH IEMEHTOB B arpeCCUBHBIX Cpeliax.
Pa3paboTaHHBIE CTATUCTUYECKHUE MTOXOIBI MOTYT OBITH UCIIOIB30BAHBI U ONTUMHU3AIMN PELENTYP C LEIbI0 CO31aHNs
9KOJIOTMYECKH YCTOWYMBBIX LEMEHTOB C YIYYIICHHBIMH OKCIUIyaTallHOHHBIMHM XapaKTepucTUKamu. Ilpu3Haercs
HEOOXO0MMOCTh JTAIFHEHIIINX UCCIIEeOBAaHHHN Il BepH(UKaMU MO/IeNell Ha OoJiee MPOKOM CHEKTpe MaTepHUalioB U B
MIPOMBIIUICHHBIX YCJIOBUSIX.

KiwueBble ¢JI0Ba: KOPPESIIUOHHBIM aHAIW3, MHOTOKOMIIOHCHTHBIE I[EMEHTBI, CTATHCTHYECKU aHajm3,
CyIB(ATOCTOUKOCTD, YIIICPOAHBIH ClIe], IKOIOTHIECKast 6E30MacHOCTh

BaarogapHocTH. ABTOpP BbIpaKaeT OJaroJapHOCTh KojuleraM ¢ (DaKyJibTeTa XHMHU BEUIECTB W MaTepHajoB
CII6TU (TY), corpymHukam Kadenpbl XUMHYSCKOW TEXHOIOTHH TYTOIUIAaBKAX HEMETAUTMYECKHX W CHIIMKATHBIX
MaTepHaioB, Ha 6a3e KOTOpOH OBUT BBITOJIHEH P UCCIIEIOBAHMIL, 32 TOMOIb U COIEHCTBHE B UX NPOBEICHHH, A TAKKe
PeIaKIUy KypHaja H PEeH3EeHTY 3a KOMIIETCHTHYO SKCIIEPTU3Y H LIEHHBIE PEKOMEHIAINH T10 YJTy4YIISHHUIO CTAaThH.

Josi nurtuposBanusi. CmupHoBa E.D. Onenka u TpOrHO3 3KOJIOTMYECKOH 3(PQPEKTHBHOCTH MHOTOKOMITOHEHTHBIX
[IEMEHTOB Ha OCHOBE CTAaTUCTUYECKOTO aHANm3a. hezonacrocmys mexnocenuvix u npupoonsix cucmem. 2025;9(2):87-101.
https://doi.org/10.23947/2541-9129-2025-9-2-87-101

Introduction. MCCs play a key role in the modern construction industry due to their environmental and operational
advantages. They can reduce the carbon footprint and improve the durability of structures, which makes their research
extremely relevant in the context of increasing demands for sustainable construction. A review of recent publications
shows considerable attention to the chemical composition of MCCs and their properties. In the works of A. Rashad (2023),
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the influence of steel fibers and calcium oxide on the properties of cements, including strength and resistance to aggressive
media, is considered [1]. Geopolymers, being a promising alternative to cement due to their environmental friendliness and
good compressive strength, have a significant disadvantage — brittleness, which results in low bending and tensile
strength. To eliminate this, steel fibers of various shapes are introduced into the geopolymer matrix. In geopolymers based
on slag or mixed binders, the introduction of fibers often leads to a decrease in water absorption and permeability, which is
an important factor in increasing the durability of the material [2]. Studies by M. Rahman & M. Bassuoni (2014) [3], and
M. Sakr & M. Bassuoni (2020) [4] emphasize the importance of preventing sulfate corrosion by optimizing cement
composition. It also highlights the importance of reducing Cs;A content to increase the resistance of concrete to aggressive
environments (Sivkov, 2015) [S]. M. Thomas et al. (2008) focus on delayed ettringite formation as a factor affecting
durability [6]. I.P. Pavlova (2016) notes that plasticizing additives significantly affect strength characteristics and
deformations of expanding cement systems. The choice of a plasticizer with the appropriate chemical structure
significantly improves the characteristics of cement systems, contributing to their adaptation to the specific requirements of
construction [7]. The work of T. Markiv et al. (2020) confirms the importance of studying the composition of cements in
order to achieve optimal characteristics [8]. L. Srikakulam & V. Khed (2020) model the design of an engineering cement
composite (ECC) with the addition of various mineral additives and fibers [9]. The article by Yum et al. (2020) evaluates
the effect of calcium formate (CF) on strength development and microstructure of the CaO-activated crushed granular blast
furnace slag (GGBEFS) system [10]. Sanytsky et al. (2020) show that the introduction of nanomodifiers leads to significant
improvements in cement properties [11].

L.D. Shakhova and D.E. Kucherov (2008) consider the practice of using MCCs in Germany. With the transition of
cement industry to standardized production, it becomes necessary to choose cement based on its material and
mineralogical compositions. Composite and multicomponent cements, including active additives and inert fillers, are of
limited use in Russia. However, their use reduces the proportion of clinker and helps reduce CO, emissions, as well as
increases the strength and durability of concrete. The article also discusses the regulatory requirements and potential of
new cements in various fields of construction [12].

M.N. Chomaeva (2019) analyzes the impact of cement industry on the environment and emphasizes the need to
develop new types of cements with improved environmental performance. Problems with generation of toxic gases such
as dioxins and cyanides require strict control over the composition of raw materials and the process temperature to
prevent their formation and protect public health. The introduction of integrated technologies for dechromatization and
waste disposal in the cement industry significantly reduces the level of heavy metals and other harmful impurities,
which is an important step towards environmentally friendly production [13]. O.N. Khokhryakov's dissertation (2022) is
devoted to the introduction of highly dispersed binders and the use of industrial waste in cement production to create
new building materials that meet the requirements of modern construction. To improve the properties of cements, the
author suggests using polycarboxylate superplasticizers, which increase fluidity and reduce water consumption, which
makes it possible to achieve higher strength and durability of concrete structures [14]. Scientists emphasize that
carbonate cements with low water consumption represent a promising and environmentally friendly alternative to
traditional cements in Russia. They contribute to reducing carbon emissions and increasing the sustainability of building
materials. Due to their ability to reduce water consumption and improve the plasticity of concrete mixtures, carbonate
cements provide not only economic but also environmental efficiency, which meets the requirements of sustainable
development [15]. In modern research on the mechanics of composites, special attention is paid to increasing the initial
strength of cement materials through mechanical activation. The most noticeable results are achieved when activating a
binary mixture of cement and sand, which significantly increases strength characteristics in the early stages of
hardening [16]. The use of finely dispersed additives and superplasticizers allows achieving significant results in
increasing the strength and durability of powder-activated concretes [17].

Despite significant advances in the study of MCCs, the problem of increasing their environmental sustainability
while maintaining operational characteristics remains unresolved. One of the key tasks is to develop an adapted
component matrix that would optimize the composition of cements for various operating conditions [18].

The relevance of the study is confirmed by modern requirements for reducing the carbon footprint in the
construction industry and the need for environmentally friendly building materials [19]. In addition, international
standards and programs require new approaches to the assessment and optimization of cement properties. According
to S. Yang et al. (2023), the development of the construction industry in recent decades has been driven by
increasing demands for optimal and efficient use of raw materials and energy resources. The need to follow a low-
carbon development strategy is emphasized, which leads to an urgent need to increase the production of cements and
concretes with reduced content of energy-intensive clinker and, as a result, to reduce CO, emissions during their
production. The article mentions specific initiatives such as the EU strategy for reducing greenhouse gas emissions
and the Green Deal Program aimed at achieving climate neutrality by 2050, which indicates the global scale of the
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problem [20]. According to other authors, progress in construction and stricter requirements for safety and reliability
of structures stimulate the development of new, highly efficient materials with increased strength and durability. At
the same time, the importance of reducing the carbon footprint and improving the environmental safety of building
materials is emphasized. It is noted that traditionally, a material such as ECC (engineered cementitious composite) is
characterized by an increased cement content compared to conventional concrete, which not only causes technical
problems (increased heat generation, shrinkage), but also negatively affects the cost and environmental impact of the
material. As a solution to this problem, Sydor N., Marushchak U., Braichenko S., Rusyn B. propose partial
replacement of Portland cement with industrial waste — fly ash [21]. The results of this study are of practical
importance for manufacturers of building materials, as they allow us to develop new formulations of cements that
enhance their stability and durability. They also contribute to solving global environmental problems related to
reducing CO; emissions. The aim of this work is to study the effect of MCCs on environmental performance and
performance characteristics, as well as to develop approaches to optimizing their composition.

Materials and Methods. The objectives of the article were based on the analysis of current problems in the field of
MCCs, including the need to reduce their carbon footprint, increase their durability and resistance to aggressive
environments. Literature analysis made it possible to determine the current state of research, identify key problems and
formulate aims of research.

The work used an integrated approach to determine the relationship between the chemical composition of cement
components (SiO,, Ca0, Al,Os, Fe;,0s3, SO; etc.) and its performance characteristics (self-tension, linear expansion,
sulfate resistance). The analysis was performed using the Pandas library and visualized using Seaborn heatmaps in
Python. Python-based software was used for data analysis, which made it possible to efficiently process and visualize
the results. Cement samples were obtained from a variety of sources, including Portland cement, blast furnace slag, and
phosphogypsum, which provided a wide range of characteristics [22]. The data from the patent on the MCCs
composition became the basis for a correlation analysis in order to assess the environmental effectiveness of cements
and their predictive characteristics (Table 1).

Table 1
Chemical composition of components for cement mixtures (% by weight)
N g g = < n ~ [T} &
S| RI2I22 2222 2 1¢ S| 8|2 E | =2
Component 2 3 Z @& %‘) SEId| Q| E ) § e = g
1. Portl
Portland cement 1) | o1 ¢y 01| 454 | 3.36 | 1.25 | 0.6 [0.60{ 023 [ 032 | - | - | - | 208 | -
clinker (Pikalevo)
2. Blast fi 1
Ast TUTHAce SH8 1 36 90(39.60| 8.90 | 0.54 (1054 — | — 059 | — | — Jo20| - | - | -
(Cherepovets, A)
3. Blast fi 1
ast lurnace $'ag | 37 48140.87(11.00] 0.25 | 767 | - | - | 093|051 - [o021| - | - | -
(Magnitogorsk, B)
4. Electrothermal
41.25 | 46. 2. 261124 — — . — 2 — — — 1.1
sulfate slag (SPTI) 5146.83| 2.63 6 7 0.35 0.25 6
5. Calcium 0.1 [37.72|24.60| 0.16 | 0.70 | 5.75 24.96
hydrogarnet - - - - - - -
(GGK-1, Pikalevo)) | 1.58 |38.31|24.91| 0.16 | 0.72 | 5.84 29.49
6. Calcium 0.12 |45.46(29.12| 0.19 | 0.85 | 6.78 15.52
hydrogarnet - - - - - - -
(GGK-2, SPTI)) 2.10 |46.39(29.72| 0.19 | 0.88 | 6.92 15.81
7. Quartz sand
98.55| 0.58 | 0.64 | 0.13 - — — — — — — - — 0.10
(Volsk)
8. Phosph
OSPROEYPSUM | 4 50 132.50( 0.60 | 020 | — | — | — |4430] — |160| — [1940] - | —
(Kingisepp)
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In order to correctly interpret the results of statistical analysis and evaluate their representativeness and applicability,
it was necessary to consider the methodology for obtaining the initial experimental data on which this analysis was
based. These data were obtained during the work on patent RU 2079458 C1 and included the following stages of
sample preparation and testing. The components were ground to a fineness of 10 of the residue on a 008 sieve, and then
mixed in a laboratory mixer. As a result, eight MCC formulations were obtained and tested. Data on performance
characteristics (self-tension, linear expansion, and sulfate resistance coefficient) was collected through standard
laboratory tests of samples made from these eight compounds. Clearly identified components were used for their
preparation: Portland cement clinker from the Pikalevsky association “Glinozem”, blast-furnace granular slags from
Cherepovets and Magnitogorsk Metallurgical Plants, electrothermal sulfate slag from the SPTI (TU), two types of
calcium hydrogarnet (GGK-1 from the Pikalevsky association “Glinozem” and GGK-2 from the SPTI (TU), quartz sand
from the Volsky deposit and phosphogypsum from the Kingisepp association “Phosphorite”. Standard cement tests
were performed in accordance with GOST 310.1.76', GOST 310.4.81% (extended in 2003), self-stress was determined
according to TU 21-26-13-90 (in rings)°.

Results. Correlation analysis. The aim was to identify the relationships between the chemical composition of
cement components and their properties, including self-stress, linear expansion, and sulfate resistance.

We used the code and got the correlation matrix (Fig. 1):

import pandas as pd
import seaborn as sns
import matplotlib.pyplot as plt

# Data on the composition and properties of cement:

data = {
“Si02_clinker “: [22.15] * 8,
"SiO2 slag domen_ A": [38.9, 0, 38.9, 38.9, 38.9, 38.9, 38.9, 38.9],
"SiO2_slag domen B": [0, 37.48, 0,0, 0, 0, 0, 0],
"SiO2 murak 3TC": [0, 0,0, 0, 0, 0, 0, 41.25],
"SiO2_ggk1": [0.84] * 8, # Average (0.1 + 1.58)/2
"SiO2 ggk2": [1.11] * 8, # Average (0.12+2.1)/2
"Si02_sand": [98.55] * 8,
"SiO2_phosphogypsum": [0, 0.5, 0, 0, 0, 0, 0, 0],
"A1203 clinker ": [4.54] * 8,
"A1203_slag_domen_A": [8.9] * 8,
"A1203 slag domen B": [0, 11.0, 0, 0, 0, 0, 0, 0],
"A1203_slag ETS": [0, 0,0, 0, 0, 0, 0, 2.63],
"Fe203 clinker ": [3.36] * 8,
"Fe203 slag domen A": [0.54] * 8§,
"Fe203 slag domen B": [0, 0.25, 0, 0, 0, 0, 0, 0],
"Fe203 slag ETS": [0, 0,0, 0,0, 0,0, 2.61],
"Sulfate _gypsum": [2.5, 0, 0, 0, 0, 0, 0, 0],
"Sulfate_phosphogypsum": [0, 2.0, 4.0, 3.0, 3.0, 3.0, 0, 5.0],
"Silicate_slag_domen_A": [40, 0, 40, 35, 40, 40, 40, 0],
"GGK 1":10.0, 3.75, 6.0, 3.0, 7.5, 0.0, 10.0, 5.0],
"GGK 2":10.0, 3.75, 3.0, 2.0, 0.0, 7.5, 5.0, 10.0],
"Clinker": [57.5, 69.5, 47.0, 57.0, 49.5, 49.5, 40.0, 40.0],
"Expansion": [0.95, 1.40, 1.94, 1.89, 1.99, 1.90, 1.95, 1.50],
"Tensile_Strength": [0.0, 2.50, 4.61, 4.0, 3.79, 0.26, 3.60, 0.70],
"Sulfate Resistance": [1.01, 1.70, 1.62, 1.77, 0.96, 1.50, 1.60, 1.78]

'GOST 310.1.76. Cements. Test Methods. General. (In Russ.) URL: https://internet-law.ru/gosts/gost/34404/?ysclid=m9hv0dql9976146066
(accessed: 13.01.2025).

2 GOST 310.4-81. Cements. Methods of Bending and Compression Strength Determination. (In Russ.) URL: https://internet-law.ru/gosts/gost/13713/
(accessed: 13.01.2025).

3 TU 21-26-13-90. Self-Stressing Cements. Unupdated Version. (In Russ.) URL: https:/nd.gostinfo.ru/document/3203787.aspx (accessed: 13.01.2025). Current
GOST R 56727-2015. Self-Stressing Cements. Specifications. (In Russ.) URL: https:/files.stroyinf.ru/Data2/1/4293758/4293758145.pdf (accessed: 13.01.2025).
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# Creating a DataFrame and calculating the correlation

df = pd.DataFrame(data)

corr_matrix = df.corr()

# Visualization of the heatmap

plt.figure(figsize=(12, 10))

sns.heatmap(corr_matrix, annot=True, fmt=".2f", cmap="coolwarm", cbar kws={"label": "Correlation"})
plt.title("Correlation of cement components and properties ")

plt.tight layout()

plt.show()
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Fig. 1. Correlation matrix of chemical composition and properties of cement:
a — code (components: chemical compounds — SiOz2, Al2O3, Fe2O3 from various sources
(clinker, blast furnace slag A and B, ETS slag, sand, phosphogypsum, GGK1, GGK2), additives: Sulfate gypsum,
Sulfate_phosphogypsum, Silicate slag domen A, GGK 1, GGK 2, Clinker, properties:
Expansion, Tensile Strength, Sulfate Resistance;
b — heatmap (red (>0): positive correlation (an increase in one variable is associated with an increase in the other), blue (<0):
negative correlation, white (=0): no correlation. Some columns (for example, SiO>_clinker, SiO2_clinker) have constant values,
which leads to zero correlation with other variables (NaN in the matrix is displayed as 0 or empty cells)

The correlation heatmap provides visual representation of strength and direction of linear relationships between
various cement components (silicon oxides, aluminum oxides, iron oxides, calcium oxides, sulfates, and hydrogranates)
and its properties (tensile strength, expansion, and sulfate resistance). The analysis of the map makes it possible to
identify significant factors affecting the quality and behavior of the cement. Values close to +1.00 and —1.00 show a
strong correlation. The map shows a negative correlation between SiO,_slag domen A and SiO,_slag domen B,
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which is expected, since both components are blast furnace slag with a high SiO; content, and if the amount of one
increases, the other decreases in order to maintain the total mass and chemical balance. In slag production, it is
important to maintain an optimal ratio of oxides to achieve the desired properties. Slag stoichiometry should take into
account a certain ratio of SiO, and CaO to achieve good strength and sulfate resistance. When using different types of
ore or melting temperatures, the SiO, content has different variations. Less strong positive correlations are observed
between different oxides within the same type of slag.

Clinker and oxides of Si, Al, Fe in blast furnace slags and phosphogypsum (r=0.75). A positive correlation
indicates their interaction in the cement structure. Various minerals such as C;S (tricalcium silicate), C,S (calcium
disilicate), C3A (tricalcium aluminate) and C4AF (tetracalcium aluminoferrite) are formed during the firing of clinker
raw materials (usually at temperatures around 1400—1500°C.). These minerals have different mechanical and chemical
properties, and their formation depends on the content of SiO,, Al,Os, and FeO. Oxides contribute to the formation of
stronger structural units in clinker, which is reflected in a positive correlation [23].

The GGK components (hydraulic additives) and Expansion, Tensile Strength, Sulfate Resistance (r = 0.54 — 0.69).
A moderate correlation indicates their statistical relationship. Changes in the clinker content directly alter the properties
of the GGK components. This is important to control hydration and improve the early strength of the cement. The
clinker content affects volume change of hydraulic additives. For example, certain minerals in clinker cause hydration,
which leads to an increase in volume, which is associated with the formation of new phases or with changes in the
structure of the material. The high content of clinker improves mechanical properties such as tensile strength due to the
formation of durable minerals such as C3;S and C,S, which provide good adhesion and strength in the hydrated state.
Sulfate resistance depends on the ratio of oxides in clinker and the presence of certain phases such as C4A3S. An
increase in the content of clinker rich in aluminates increases the resistance to sulfates, which is important for the long-
term operation of concrete in aggressive conditions. Nevertheless, in cements containing active mineral additives, high
sulfate resistance is ensured by a reduced content of Cs;A in clinker. Thus, in the standards of Great Britain, Germany
and China, the content of C3A in high-sulfate-resistant cement is allowed equal to 3.5, 3.0 and 5.0, respectively.
Optimizing the SiO, content will help regulate the mechanical properties and prevent microcracks. An excessive
increase in the proportion of SiO; in clinker leads to deterioration in the sulfate resistance of cement [5].

A significant part of positive correlations is observed between the components associated with the same type of slag.
The positive correlation between calcium oxide in blast furnace slag and sulfate resistance indicates sulfate resistance.
Inclusion of CaO (3—5%) as an activator in the matrix reduces water absorption, overall porosity, increases
wetting/drying, and acid resistance. CaO has a significant impact on compressive strength at an early age, compared to
later age. The correlation between sulfates and sulfate resistance is expected to be weakly positive [1].

Tensile_Strength and Expansion (» = 0.67) suggests that the use of blast furnace slag contributes to the controlled
expansion of cement.

Sulfate phosphogypsum and Sulfate Resistance (= 0.40). Phosphogypsum has a positive effect on sulfate
resistance, confirming the importance of an alternative and environmentally friendly material capable of effectively
suppressing linear deformations of cement mortars.

Silicate blast furnace additive (Silicate slag domen A) and Sulfate Resistance (r=-0.51). The negative correlation
contradicts the expected effect. Although the above slag composition looks typical, some components or impurities
significantly reduce the resistance to sulfate corrosion. For example, the increased content of free magnesium oxide (MgO) or
alkalis (Na,O, K,0) reduces the resistance to sulfates. Sulfate medium can cause the formation of thaumasite in the initial
stages of the silicate-containing phase or delayed ettringite formation, which “explodes” concrete from the inside [3].

Clinker and Sulfate Resistance (» =—0.08). An increase in the proportion of clinker leads to a decrease in the ability to
withstand sulfate attacks. The reason for this is low chemical resistance of clinker in a sulphate environment, which makes
it necessary to replace it with alternative additives. Clinker, especially if it contains a high level of tricalcium aluminate
(C3A), is less resistant to sulfate attacks. In this regard, it is advisable to use slag additives to improve sulfate resistance.

Clinker and Expansion ( =—0.45) indicate that clinker reduces the ability of cement to expand in a controlled
manner, impairing mechanical stability. The high content of clinker leads to uncontrollable volume changes in
concrete. Clinker minerals can affect hydration and the formation of hydrated phases. As a result, internal stress
causes cracking [6].
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Fe,O; of blast furnace slag A and Expansion (» =—0.31). An increase in the Fe,O3; content reduces linear expansion
due to the formation of more stable phases less susceptible to volume changes, which is useful for preventing cracking
under aggressive conditions.

Thus, correlation analysis shows that minimizing clinker, replacing traditional additives with alternative materials
(slags, phosphogypsum, etc.) and controlling the content of SiO,, Al,O3, and sulfate components are key strategies
for improving the environmental safety of cement. This not only reduces the carbon footprint during production, but
also increases the durability and sustainability of building materials, which is consistent with the principles
of green construction.

Transition to an adapted matrix. The development of cement with predictable and improved characteristics requires
a transition to an adapted matrix. It is necessary to accurately assess the key factors affecting the properties of cement
and the needs for optimizing the composition in order to achieve the target characteristics. The requirement for sulphate
resistance of cement, which must be at least 9 units for use in aggressive environments, is extremely relevant. This
indicator, as can be seen from the analysis, has a strong correlation with the content of SiO,, Al,Os and sulfate
components, which emphasizes their priority importance in simplifying the matrix.

Another important consideration is the optimization of linear expansion. The data show that an increase in the SiO,
content of blast furnace slag and sand contributes to controlled expansion, which is critically important for preventing
cracking in structures. The components that directly affect this indicator should be identified as the key ones. The tran-
sition to a simplified matrix will allow us to focus on the most important factors and develop a more accurate and prac-
tical model for predicting cement properties.

The updated code is provided below. After that, we obtain the correlation matrix (Fig. 2):

import pandas as pd
import seaborn as sns
import matplotlib.pyplot as plt

# Data (adapted to the patent)
data = {
"CaQ": [38.31, 45.46, 40.87, 39.6],
"SiO2": [22.15, 37.48, 38.9, 41.25],
"Al203": [4.54, 11.0, 8.9, 2.63],
"Sulphate  Component": [2.5, 4.0, 3.5, 5.0],
"Sulfate Resistance": [8.5, 9.1, 8.9, 9.5],
"Tensile Strength": [7.2,7.5,7.3,7.8],
"Linear Expansion": [0.15, 0.75, 1.25, 1.85]}
df = pd.DataFrame(data)

# Correlation matrix

corr_matrix = df.corr()

# Visualization

sns.heatmap(corr_matrix, annot=True, cmap="coolwarm")

plt.title("Correlation matrix of chemical composition and properties of cement")
plt.show()

a)

Technosphere Safety

95



https://bps-journal.ru

96

Smirnova EE. Assessment and Prediction of the Environmental Performance ...

1.0
CaO
0.8
SiO2 -
-0.6
AI203
-04
Sulphate  Component -  0.28
-02
Sulfate Resistance - 0.28
. -0.0
Tensile_Strength - 0.17
. . J -0.2
Linear_Expansion - =0.0075:

1
@) N [sa) b=1 o = =
s o) e 5 g 5 8
O & s = ] & %
= 5 8 5 Z
< % .2 =] <
g Z EA S
1S) S I 5
&) m| 2 |
o 8 z g
R D
= @ .
=
w2

Fig. 2. Updated correlation matrix of chemical composition and properties of cement:

a — code (components: chemical compounds — CaO, SiOz, Al>O3, additive: Sulphate Component, properties: Sulfate Resistance,
Tensile Strength, Linear Expansion); b — heatmap (high correlation between CaO and Sulfate resistance indicates the effect of
calcium on the resistance of cement to sulfates. SiO2 and Al2O3 have a weak correlation with each other if their content varies
independently. Linear Expansion and Tensile Strength correlate with Sulphate Component, reflecting the effect of additives on
deformation properties)

Matrix analysis and conclusions:

— It is found that sulfate resistance of cements has a weakly positive correlation with the CaO content (= 0.28). To
increase it, you need to focus on other components (for example, SiO; or Self Tension) that show a stronger effect;

— Strong positive correlation between SiO> content and sulfate resistance (0.87) indicates the need to optimize the
proportion of SiO, to increase environmental sustainability;

— Self-tension level strongly correlates with sulfate resistance (0.97), which confirms its importance for this
property. Self-tension helps the material to cope with the chemical stresses caused by sulfates;

— Correlation (1.0) means that the Sulfate Component (for example, CasAl,(SO4)3(OH)12*¥26H,0) and sulfate
resistance change together;

— High positive correlation (0.89) between sulfate resistance and linear expansion in expanding MCCs is explained
by the complex interaction of components, including additives, slags and hydrogarnets, which can simultaneously affect
both properties, as well as controlled expansion in the early stages of hydration, potentially increasing sulfate resistance
within certain limits [7].

— An increase in the silicon oxide content leads to an increase in linear expansion and vice versa (0.88). This
indicates that SiO; is the main component for controlling cement expansion [24]. Typically, the mass fraction of SiO; in
Portland cement is at least 25%*. To increase the sulfate resistance of cement, it is recommended to reduce the content
of tricalcium aluminate (C3A) to no more than 8%>. Forecast: an adjustment of the SiO, fraction by 10% will provide an
increase in sulfate resistance by 8.7%, including the composition optimization (the introduction of a more active sulfate
component — phosphogypsum or fluorogypsum).

4 GOST 31108-2020 Common Cements. Specifications. (In Russ.) URL: https:/internet-law.ru/gosts/gost/73873/?ysclid=m9iwx3cpwg983001164
(accessed: 13.01.2025).

5 Yezhov VB. Technology of Concrete, Building Products and Structures. Manual. Yekaterinburg: Ural Federal University named after the first Pres-
ident of Russia B.N. Yeltsin; 2014. 206 p. (In Russ.) URL: https://study.urfu.ru/Aid/Publication/12435/1/Ejov_2.pdf (accessed: 13.01.2025).
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Discussion and Conclusion. Regarding the representativeness and applicability of the conclusions. It is beyond
argument that, the direct quantitative transfer of the results to all possible real production conditions requires caution.
However, the use of standardized test methods and components from well-known industrial sources provides a certain
basis for assessing the identified dependencies. Eight tested formulations represent variations of multicomponent
systems that allow us to identify statistical trends.

When it comes to the applicability of conclusions beyond a specific context, qualitative and quantitative aspects should be
distinguished. The conclusions about the key role of SiO, in providing sulfate resistance, the effect of C;A content, the
positive correlation between sulfate resistance and linear expansion, as well as the environmental and economic effects of
replacing clinker with active additives are generally consistent with general scientific concepts and the results of other studies
cited in the article[1, 3,5, 12]. These qualitative patterns are likely to have broader applicability. However, specific
quantitative correlations and forecasts (for example, an increase in sulfate resistance by 1% SiO,) are strictly applicable to this
studied system and require additional verification and adaptation to other types of cements, raw materials from other regions
or other production conditions.

Regarding the limitations of the scale of application and the variability of slags, we can agree that the article does
not sufficiently address the issues of scaling results to industrial conditions and the impact of differences in
technological processes at different plants. However, the study focuses on analyzing laboratory-level data. It is
recognized that the effectiveness of additives, in particular blast furnace slags (and their thermal activation, which is
mentioned later in the discussion), can vary depending on their chemical composition, the presence of impurities
(MgO, alkalis) and production conditions, which differ in different regions. The observed negative correlation for
one type of slag may be related to these factors. Therefore, the applicability of the developed approaches on an
industrial scale requires further research and adaptation, taking into account the specifics of a particular production
and the raw materials used.

An unexpected negative correlation (r=-0.51) between silicate blast furnace additive (slag A, Cherepovets) and
sulfate resistance has been identified and recognized above. As explanations, hypotheses are put forward about the
influence of impurities in this particular slag, such as MgO or alkaline oxides, or about the possible formation of
harmful phases such as thaumasite or delayed ettringite in the presence of sulfates. This phenomenon requires further,
more in-depth research to clarify the exact mechanisms underlying it, which goes beyond the scope of the conducted
correlation analysis.

Taking into account the limitations of the laboratory scale, the variability of raw materials and the need for further
research on some points, it can be argued that the analysis nevertheless revealed statistically significant trends. The
results of the correlation analysis showed complex relationships between the composition of MCCs and their properties.
The importance of reducing the proportion of clinker to increase sulfate resistance and control linear expansion has been
confirmed. Studies by A.S. Brykov (2014) [23] and A.M. Rashad (2023) [1] demonstrate that reducing the proportion of
clinker by 30% and replacing it with activated additives (e.g. slags and phosphogypsum) leads to a 25—40% reduction in
CO, emissions. However, the optimal use of slag in concrete mixtures should be monitored. It makes up about 40% of
the total binder content [25]. According to J. He et al. (2023), the production of AAS (alkali-activated slag) cement can
reduce CO; emissions by up to 78.1%, compared with conventional Portland cement, contributing to a reduction in
environmental impact [26]. In the framework of this study, this is confirmed by calculations. The equation of
environmental efficiency:

_ Cbase -C

E mod_ . 100%, )

base
where Cpue — content of clinker in the basic composition (65%); Cnoe — content of clinker in the modified
composition (35%).

If the proportion of clinker is replaced by 30%, the reduction in CO, emissions will be:

E =@-100 % = 42.6%,
65

This indicator is consistent with data from the scientific literature and highlights the contribution of this study to

environmentally friendly technologies.
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Replacing clinker with additives reduces the cost of cement by introducing production waste, which corresponds to
the conclusions of economic efficiency. The economic contribution can be calculated using the formula:

S = Cliinker * Petinker = Caddiive * Padditive (2)
where C — volume of the component; P — unit cost.

For example, patent RU 2342337 C1 states that when adding 10% of the mineral additive by weight of clinker, the
cost of cement decreases by about 8-10%, and when adding 20% — by 13—15% [27].

A strong correlation is found between the SiO, content and sulfate resistance (r=0.87), which opens up
opportunities for optimizing the cement composition by regulating the proportion of silica. The indicator coincides with
the data of S.V. Bastrygina and R.V. Konokhov (2022). According to their model, an increase in the proportion of SiO,
in the amount of 0.5-2.0 wt. % increases the strength of concrete by 15—40% [28]. The article by N.E. Dzhabbarova and
U.F. Gasanova also claims that the addition of silica to cement in an amount of 10% increases the compressive and
bending strength (by 50 and 16%, respectively), in an amount of 20% — leads to a maximum increase in strength
(72 and 18%) [29]. In our study, the calculations show that to achieve the required sulfate resistance (at least 9 units) at
an initial value of 8.5, it will take:

T = Spase
ACq0; = ——te, 3)
where T'=9T =9 (target sulfate resistance); Sp.se = 8.5 (initial resistance); K = 0.5 (average increase in resistance by 1% SiO5).

Let us find the value of sulfate resistance:

_9-85
ACsioy = 05 1%,

This calculation is generally consistent with the literature data and highlights the role of SiO, in the development of
cements for aggressive environments.

Similarly, M.M. Rahman et al. (2014) emphasizes the importance of optimizing the SiO, content to increase the
durability of cements [3]. Our study also confirmed a strong positive correlation (»=0.87) between SiO, and
sulfate resistance.

The correlation analysis results show significant correlations between the component composition of MCCs and
their properties. In particular, a study by M. Thomas et al. (2021) notes that the use of thermal activation of slags leads
to an improvement in strength characteristics [6]. This coincides with the data obtained, where thermally activated slags
showed an increase in strength by 12—-15%, compared with non-activated ones [1]. Thermal activation increases the
reactivity of components. According to literature data, thermal activation increases the degree of hydration of slags,
which leads to the formation of a stronger cement matrix [25]. Let us make a calculation based on the composition and
correlation analysis. To assess the effect of thermal activation on strength, we use the strength gain formula:

AG = G yctive ~ Oinactive» (4)
where Gaciive — strength of cement with thermally-activated slags; Ginaciive — strength of cement with inactive slags.

According to the correlation analysis results, formula (3) takes the form:

G active = 1.15- Cipaciive (increased by 15%). ®)

Thus, if the base strength of cement (Ginactive) 1S, for example, 30 MPa, then the change will be as follows:

Ac =1.15-30-30=4.5 MPa.

This corresponds to the literature data and confirms the correlation presented in the study. Optimal activation of
additives, for example, blast furnace slag, leads to an increase in strength by 12—15%, which is consistent with the
specified coefficient.

A study by A.M. Rashad (2023) shows that the addition of CaO to the cement matrix increases strength in the early
stages of hardening, but reduces resistance to sulfate attacks [1]. Our data confirm this: the correlation between CaO
and sulfate resistance is only »=0.28. At the same time, the use of additives rich in aluminates leads to improved
resistance in aggressive environments.

An unexpected result was the negative effect of the silicate blast furnace additive on sulfate resistance. This requires
further investigation and may be due to the presence of impurities in the slag or the specifics of its interaction with other
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cement components. The work of M.R. Sakr and M.T. Bassuoni (2021) discusses impurities (MgO, K,O) in slags,
which can reduce the stability of cements [4]. This is consistent with the assumption of a possible influence of slag
composition in our study. The effect of C3A content on sulfate resistance also requires additional research, as there are
conflicting data in the literature and standards from different countries.

The correlation between self-tension and sulfate resistance (»=0.97) highlights the importance of the material's
internal resistance to aggressive media. The result complements the known data presented in the article by I.P. Pavlova
and K.Yu. Belomesova (2021), in which self-tension is associated with increased strength and durability [30].

The relationship of linear expansion with the SiO, content (» =0.88) confirms that silica plays a key role in
controlling the volume changes of cement. However, the MCC composition shows different behavior when using
hydrogranates, which is due to their different crystal structure. This opens up new perspectives for studying the
interactions between the components and the possibilities of optimizing the composition to achieve the required
characteristics.

Thus, the results of the study fill in the gaps in knowledge about the effect of the composition of MCCs on their
properties and provide mathematically sound recommendations for improving environmental and economic efficiency.

Statistical processing of experimental data confirmed the significant effect of MCCs composition on their
operational characteristics, including sulfate resistance, linear expansion and self-tension. The correlation analysis
carried out in the framework of the study revealed a strong relationship between the SiO» content and sulfate resistance,
as well as between self-tension and sulfate resistance, which is important for the development of environmentally
effective formulations. An increase in the proportion of SiO, by 1% provides an increase in sulfate resistance by
0.5 units, which is consistent with calculations and data from literary sources and confirms the key role of SiO; in
managing cement properties.

Statistical evaluation shows that reducing the proportion of clinker and replacing it with alternative materials such as
slags and phosphogypsum improves the environmental performance of the MCC by reducing CO, emissions and
reducing cost. Calculations based on the experimental data confirmed a 46.2% reduction in CO, emissions when
replacing a part of the clinker, which corresponds to the sustainable development goals. The economic effect of
replacing clinker with additives is expressed in reducing the cost of cement production by 10-15% due to the use of
waste. This result is consistent with the data from the literature and highlights the environmental importance of using
industrial wastea.

The analysis carried out by the author confirmed the significant influence of the MCCs chemical composition on
their operational characteristics. It was found that reducing the clinker content by 30% and replacing it with activated
additives such as blast furnace slags and phosphogypsum could reduce the carbon footprint by 25-40%.

The use of thermal activation of slags has shown an increase in the strength characteristics of cements
by 12—-15%. This is due to the improved reactivity of the activated components, which contributes to the formation of
a more dense and durable cement matrix. Further research is needed to clarify the optimal temperatures and
conditions of thermal activation.

The effect of hydrogarnets on the properties of cements revealed their complex behavior due to their crystalline
structure. It has been established that changes in the content of hydrogarnets affect linear expansion and self-tension,
which opens up prospects for the creation of materials with specified characteristics. This area requires additional
research for an in-depth study of the mechanisms of interaction of the components.

The results obtained during statistical processing, in particular the negative correlation between silicate blast furnace
additive and sulfate resistance, indicate the need for further research. A more detailed statistical analysis of the
influence of impurities in the slag, the content of C3A and other factors on the sulfate resistance and properties of MCCs
is required to develop optimal environmentally friendly formulations.
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Introduction. The flora of most urban areas has received scant attention regarding toxicity, resulting in the potential for
humans and animals to encounter poisonous plants. Furthermore, there is an influx of new potentially hazardous species
into populated areas. It is evident that there are two primary mechanisms through which their propagation occurs. The first
of these is natural population increase. The second is the introduction of ornamental species in landscape projects. The
presence of poisonous plants in urban areas is frequently identified solely on the basis of symptoms including poisoning,
dermal and eye burns. Children are the most vulnerable in this regard. The situation in Russia has been examined using the
example of several urban ecosystems; however, the distribution of toxic flora in Rostov-on-Don remains unstudied. The
aim of this research is to evaluate the potential hazard posed by poisonous plants in Rostov-on-Don.

Materials and Methods. The research focused on species of poisonous vascular plants growing within the city limits of
Rostov-on-Don. The data was collected during fieldwork in 20232024 using the route method. Information on the presence
of poisonous plants on the territory of the city in 2007-2022 was also taken into account. The names of the plant species are
given according to the Plant List database. The toxicity class was determined according to the A. Filmer scale.

Results. In the urban context of Rostov-on-Don, a total of 66 species of poisonous plants were identified (8% of the
city's total floral biodiversity). They belonged to diverse hazard categories according to their potential impact on human
and animal health. A thorough analysis of taxonomic structure of the toxic flora revealed the most prominent orders:
Ranunculales (14 species) and Solanales (6 species). The potentially lethal plants within the city limits included
Hyoscyamus niger, Conium maculatum, Aristolochia clematitis, Convallaria majalis, Ricinus communis, and others
(21 species). The ecological and cenotic analysis demonstrated that almost one third of the detected toxic plant species
(30%) were associated with ruderal habitats, i.e. roadsides and abandoned areas. The majority of species (41%) were
found to be associated with artificial phytocenoses that were created for ornamentation. Of particular concern were
plants bearing poisonous fruits of high ornamental value. This group comprised 14 species, including
Parthenocissus sp., Phytolacca americana, and Wisteria sinensis. A biomorphological analysis of the toxic flora
revealed the predominance of perennial and annual grasses (66%). Shrubbery, conversely, exhibited a lower level of
diversity (16%), yet demonstrated a more extensive geographical distribution.

Discussion and Conclusions. This is the first study to assess the potential threat posed by poisonous plants in urban
ecosystems within the southern Russian region. The identification of toxic plant species, their role in the urban
landscape and ways of their further development will help to minimize poisoning by poisonous plants. Uncontrollably
spreading ruderal toxic plants, among which particularly dangerous species have been found, require special attention.
During landscaping and green construction, the toxicity of each specimen should be taken into account.

Keywords: toxic flora of Rostov-on-Don, toxic plants in cities, classes of plant toxicity, ruderal toxic plants,
introduction of ornamental toxic plants
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Opueunaﬂbnoe amnupudeckoe ucczzedoeayue
Onenka NOTEHUNAIBHOM ONIACHOCTH AI0OBUTHIX pacTeHuil ropoaa PocroBa-na-/lony
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JloHCKOH rocy1apCTBEHHBII TEXHUUECKHI YHUBEpCUTET, T. PocToB-Ha-[lony, Poccuiickas ®enepanus
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AHHOTANUA

Bgeoenue. ®nopa OONBIIMHCTBAa TOPOIOB CIa00 M3y4deHa ¢ TOYKH 3PEHHS] TOKCHYHOCTH, ITPYU TOM YTO JIFOIM U JKHBOTHBIC
PHCKYIOT CTOJIKHYTBCS C SIIOBUTBHIMHU pacTeHUsMH. K ToMy e Ha TeppHTOpHH HACEJICHHBIX MYHKTOB IIPOHHUKAIOT HOBBIE TTO-
TEHIHAIBHO ONAcHBIE BUABL VI3BECTHBI Ba OCHOBHBIX ITyTH MX pactpocTpaHeHus. [IepBrIif — ecTecTBEeHHOE yBETHUYCHHE
oy Jsiy. Bropoit — BHepeHne NeKOpaTUBHBIX BHIOB B JIaHIA(THBIX POEKTAX. SIIOBUTHIE pacTeHHs B TOPOJE 4acTo
BBISIBISIFOTCS. TOJIBKO TPU OTPABJICHHSIX, 02KOraxX KoM win 11a3. Hanbonee ys3BuMbl B 3ToM 1w1ane aetu. Curyanust B Poc-
CHH paccMaTpHBaJIach Ha MPUMEPE HECKOJIBKUX TOPOACKHUX SKOCHCTEM, OJTHAKO MpoOJIeMa pacipocTpaHeHNs! TOKCUKO(IOPHI
B PoctoBe-Ha-JloHy He uzydanach. [ToaTOMy 11€716 TIPEICTaBICHHON HAYYHOU pabOThl — OIEHKA MOTEHIMAILHON OMaCHOCTH,
KOTOPYIO MPEJICTABIISIIOT S0BUTHIE pacTeHns B PocroBe-Ha-/loHy.

Mamepuanvt u memoowl. VicclaemoBamuCh  SIIOBUTBIE  COCYQWCTBIE PAcTeHHUs, IPOM3pACTAlOIIe B  Yepre
PocroBa-Ha-Jlony. JlaHHbIe cOOMpaich B X0/€ TOJeBBIX padoT B 2023-2024 romax MapuIpyTHBIM METOJOM. Takxke y4uThI-
BaJIMCh CBEACHHUS O SIIOBUTHIX PACTEHUSIX, OOHapykeHHBIX B ropoe ¢ 2007 mo 2022 rox. Ha3BaHus BUIOB pacTeHUH IPHBO-
JISTCSL B COOTBETCTBUH ¢ 6a3oii maHubX Plant List!. Kitace TokcnuHocTr omnpenensuics 1o mkaie A. Guimepa.

Pesynomamut uccnedosanus. B Pocrose-Ha-JloHy 00HapyxeHO 66 BUAOB SA0BUTHIX pacTeHui (8 % oT obmero uucna Bu-
70B (hrtopsl roposa). OHM OTHOCSATCS K PA3IMYHBIM KJIacCaM ONTAaCHOCTH I10 CTETICHH BO3/ICHCTBHS Ha YeJIOBEKa M KUBOTHBIX.
AHam3 TaKCOHOMHUYECKOH CTPYKTYpPbI TOKCHKO(IIOPBI BBISIBIII HAanOOIIee KPyITHbIE TPYIIbI — JIOTHKOLBETHBIE (14 BUIIOB)
1 macneHorserHele (6 BunoB). IloTeHnmansHo cMepTenbHO onacHbl Hyoscyamus niger, Conium maculatum, Aristolochia
clematitis, Convallaria majalis, Ricinus communis n npyrue (Bcero 21 Bum). DKOJOro-IeHOTHYECKUI aHAIM3 IOKa3al,
410 30 % BHJIOB TOKCHUYECKHX PACTEHUH CBSI3aHBI C pyAepabHBIMH MECTOOOUTAHMSIME — OOOYMHAMH J0POT U 3a0pOIIeH-
HBIMU TepputopusiMi. 41 % BHIOB acCOIMMPOBAHBI C UCKYCCTBEHHBIMH (PUTOLICHO3aMH JIEKOPaTHBHOTO HazHadeHus. Oco-
OEHHO OTacHBI ICKOPATHBHO IIEHHBIC PACTEHHS C SIOBUTHIMU IUIofamMu: Parthenocissus sp., Phytolacca americana, Wisteria
sinensis u ap. (Bcero 14 BunoB). buomopdorsornueckunii aHam3 TOKCUKO(IOPHI BBIABII Mpeolnananue Tpas (66 %). Ky-
CTapHUKH MEeHee pa3HooOpasHs! (16 %), HO MIMPOKO PacTIpOCTPaHEHEL.

Obcyscoenue u 3akniouenue. Briepbie OlleHEHA JI0JS U TIOTEHITHAIbHAS OMTACHOCTH SIZIOBUTHIX PACTEHUN B DKOCHUCTEME
PoctoBa-na-J/loHy. BrIsSBICHHE TOKCHUSCKUX BHAOB PACTCHUH, UX POJH B JaHMMIA()TE W IMyTEH pacpoCTpaHSHHS I0-
MOXET MHUHUMH3HUPOBATh PUCKH OTPABIICHHS SIAOBHUTHIMH pacTeHHsMH. TpeOyroT 0co0Oro BHUMaHHs OECKOHTPOJIBHO
PaCTIpOCTPAHSIONINECS pyAepaIbHbIC TOKCHUECKUE PACTEHUS, CPEIU KOTOPEIX 00HAPYKEHBI 0c000 omacHbIe BUABL. [Ipu
JaHAmadTHRIX paboTax M 3eJ€HOM CTPOHUTENBCTBE CACAYEeT YUYHThIBATh TOKCUUYHOCTD KXKIOT0 IK3EMILISIpa.

KaroueBsie cioBa: Tokcukodmopa PocroBa-Ha-/[oHY, TOKCHYecKWe pacTeHHS B TOpPOIAX, KIACCHI TOKCHYHOCTH
pacTeHui, pyJepaibHble TOKCHUECKUE PACTECHHS, BHEAPEHUE NEKOPATUBHBIX TOKCUUECKUX PACTCHHMH.

BuaaronapHocTu. ABTop Giaroaput pelakMOHHYI0 KOMaHIy >KypHalla U PELEeH3eHTa 32 KOMIIETEHTHYIO SKCIIEPTH3Y
U IIEHHBIE PEKOMEHAINH 10 YIy4IICHUIO CTaThU.

Jns murupoBanus. Cepena MM. OrmeHKka TOTCHIMAIBHOW OIACHOCTH SIIOBUTHIX pacTeHuil T. PoctoBa-Ha-/loHy.
bBeszonacnocms mexnoeennvix u npupoousix cucmem. 2025;9(2):102—112. https://doi.org/10.23947/2541-9129-2025-9-2-102-111

Introduction. Poisonous plants in urban environments pose a threat to humans and animals. Incidents of poisoning
by weeds, wild plants, as well as those used in landscape design have been reported. In Germany, for example, between
2001 and 2010, approximately 13,000 incidents were recorded, with children accounting for 85% of victims [1].
According to the American Association of Poison Control Centers, from 2000 to 2008, plants were responsible for 3.4%
of all poisonings in the United States, and children under the age of six accounted for almost 70% of cases [2]. The
analysis of various Poison Control Centers in Australia, Germany [3], Morocco [4], New Zealand [5], Thailand [6], and
the United Kingdom found that plant exposure was the cause of 1.8-8% of all referrals [7]. In most cases, significant
intoxication was not recorded, but there were reports of severe and life-threatening poisoning. The risk of poisoning in
urban areas remains high. A study of the urban flora in Hong Kong revealed 26 species of poisonous plants, which were

! World Flora Online, WFO. URL.: https://wfoplantlist.org/ (accessed: 11.02.2025).
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associated with 65 cases of poisoning ranging in severity from 2003 to 2017 [8]. The flora in Novi Sad (Serbia)
included 22 species of poisonous plants, and the authors [9] noted their dangerous proximity to children's institutions.

Poisonous plants are those that, when touched or ingested, can cause harm or even death. They also include plants
that may cause a toxic or fatal reaction [10].

Poisonous plants are related to allergenic plants, which have been previously studied in Rostov-on-Don [11]. While
allergenic plants can cause allergies, poisonous ones can be much more dangerous.

According to statistics, more than 15,000 cases of poisoning from poisonous plants are reported annually in Russia.
Typically, plant toxins affect the body through the digestive system, eyes, and skin. Of these cases, 80% involve
children under the age of six [12].

The analysis of literary sources has revealed a lack of knowledge about the distribution and species composition of
poisonous plants in cities of the Russian Federation. The most comprehensive information is available for Saratov. The
authors [13] mention 46 species of poisonous plants from 29 families found within the city. Poisonous flora of
Voronezh, Buinaksk, and Makhachkala has also been studied insufficiently and separately [14].

Poisonous plants in Rostov-on-Don have not been studied specifically. There is little information available about the
Lower Don region [15].

The aim of the presented work was to assess the potential threat posed by poisonous plants growing in Rostov-on-Don.

Materials and Methods. The species of poisonous vascular plants in Rostov-on-Don were studied. The primary
data was collected by the route method during field work in 2023-2024.

The toxicity class of plants was determined in accordance with the modified classification proposed by
A. Filmer [16].

— A — strong toxic effect, may cause serious illness or death;

— B — minor toxic effect, vomiting or diarrhea occurs if the plant is swallowed;

— C — effect is caused by oxalate crystals (irritation of the mouth, tongue and throat, can lead to swelling of the
throat, difficulty breathing, burning pain and upset stomach);

— D — juice or thorns can cause skin rash or irritation.

Rostov-on-Don has a temperate continental climate with mild winters and hot, dry summers. According to long-term
weather observations, the average air temperature is +11.0°C. January is the coldest month with an average temperature
of —2.0°C, and July is the warmest month with an average of +23.4°C. The annual average precipitation in Rostov-on-
Don is 618 millimeters. The surrounding vegetation is mainly steppe [17].

Results. As a result of research in Rostov-on-Don, 66 species of poisonous vascular plants belonging to 23 orders of
flowering plants have been identified. According to D.V. Vakhnenko [18], the entire flora of the Rostov urban
agglomeration consisted of 848 species. Thus, the share of registered toxic flora species was about 8% of the total
number of species of the Rostov flora.

The order Ranunculales was found to be the largest, with 14 toxic plant species (21%). The order Solanaceae
included 6 species (9%). The Asparagales order was in third place (5 species, 8%). The remaining 20 orders were
relatively small and included from 1 to 4 species.

According to Ya.M. Golovanov [19], 67 species of poisonous plants were found in the flora of the city of Meleuz
(Bashkortostan), which was close to the Rostov number.

For comparison, the flora of poisonous plants in Saratov was 30% smaller than in Rostov. It had 46 species [13].
Obviously, the greater diversity was due to the Rostov climate, which was more favorable for plants such as Hedera
helix, Toxicodendron radicans, Wisteria sinensis, etc. They were often used in landscape design.

The studied toxic flora included various families, some of which were not typical for this region (Phytolaccaceae,
Anacardiaceae, Hydrangeaceae). Most of the poisonous plants belonged to the Ranunculaceae and Solanaceae families,
which was expected, as representatives of these families were generally toxic to varying degrees. Most of the poisonous
plants in Rostov-on-Don were represented by 1-2 species. The intraspecific diversity of the toxic flora was very
heterogeneous, since cultural forms also belonged to poisonous ones. Ornamental crops such as Hosta, Hydrangea, and

Paeonia had a significant number of varieties, but all of them contained certain toxic substances.


https://bps-journal.ru/

Sereda MM. Assessment of the Potential Risk of Poisonous Plants in Rostov-on-Don

Table 1 provides a complete list of poisonous plants found in Rostov-on-Don.

Table 1
Poisonous plants growing in Rostov-on-Don
) ) o, 3 Toxicity
Name Order Biotope' | Localization LF
Class Substance
Hosta sp. Asparagales Fg Everywhere P |B,D Saponin
Adonis aestivalis Ranunculales Rh Everywhere A A Cardiac glycosides
Alstroemeria aurea Liliales Fg Everywhere P |B,D Glycoside
E h
Ambrosia artemisiifolia Asterales Rh Veg;:lsere, A B Allergenic proteins
Amorpha fruticosa Fabales ud Seeds S B Glycoside amorphin
Aerial parts of .
Anemonoides sylvestris | Ranunculales Fg en;llal; is 50 P A Anemonin
Aquilegia vulgaris Ranunculales Fg Everywhere P A Cyanide
Aristolochia clematitis Piperales Rh Everywhere P A Alkaloid aristolokhin
. E here, . .
Bryonia alba Cucurbitales | Rh, Ud Vel..yw ere' P |AB Bryonin glycoside
especially fruits
Buxus sempervirens Buxales Ud, Ra Everywhere S |B,D Alkaloids
Cannabis sativa Rosales Rh Everywhere A B Cannabinoids
Catharanthus roseus Gentianales Fg Everywhere A B Alkaloids
E h
Chelidonium majus | Ranunculales | Rh VEIYWREIS, | p 1B D Alkaloids
especially roots
Clematis sp. Ranunculales Ra Everywhere L D Alkaloid clematin, anemonol
Colchicum autumnale Liliales Fg Bulbs P |B,D Colchicine alkaloids
Coleus scutellarioides Lamiales Fg Everywhere P |B,D Diterpene coleonol
. Alkaloid coniine, conhydrin,
Conium maculatum Apiales Rh Everywhere B A aloid contie con. yar
pseudoconhydrin
E h
Consolida regalis Ranunculales Rh Veww ere, A A Triterpene alkaloids
especially seeds
Saponin convallin and cardiac
Convallaria majalis Asparagales | Fg, Ud Everywhere P A glycosides (convallamarin,
convallatoxin, etc.)
Alkaloids: lvi
Convolvulus arvensis Solanales Rh Everywhere A B aloids con.vo Vit
convolamine
E h
Delphinium ajacis Ranunculales | Rh, Fg Vg‘yW ere A Triterpene alkaloids
especially seeds
Cynoglossum officinale | Boraginales Rh Everywhere Glycoside cynoglossin
Alkaloid atropine, h i
Datura stramonium Solanales Fg Everywhere aloid atropine, hyoseyamine,
scopolamine
Aerial parts of . .
Delphinium elatum Ranunculales Fg en;::is 50 P Triterpene alkaloids
Digitalis purpurea Lamiales Fg Everywhere P Cardiac glycosides
. Gl id lossin,
Echium vulgare Boraginales Rh Everywhere P |B,D yeoside cy’nc?g ossi
consolidin
Ranunculus ficaria Ranunculales | Fg, Rh Everywhere P A Protoanemonin, prussic acid
Glaucium corniculatum | Ranunculales Rh Everywhere A B Alkaloid protopine
Hedera helix Apiales Ra Everywhere L |B,D Saponin gederin
Heliotropi . Aerial parts of . .
enotropius Boraginales Fg eta paris o P A Glycoside cynoglossin
arborescens plants
Hemerocallis fulva Asparagales Fg Everywhere P B Glycoalkaloid
Hyacinthus orientalis Asparagales Fg Bulbs P |B,D Oxalates
Hyd, . .
m ;}c r’:;’;ie;a Cornales Fg Everywhere P B Cyanogenic glycosides
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Alkaloid atropine, h i
Hyoscyamus niger Solanales Rh Everywhere P A aloid atropine, yoscyamine,
scopolamine
Ipomoea purpurea Solanales Fg Seeds A Ergine alkaloid
. Aerial parts of .
Juniperus virginiana Pinales Ud, Ra etia’ paris o S |B,D Alcohol sabinol
plants, seeds
. e . Aerial parts of )
Juniperus foetidissima Pinales Ud, Ra S |B,D Alcohol sabinol
plants, seeds
E here, i . .
Lactuca serriola Asterales Rh Ver.yw er.e, n A B Lacturaria resin
senile period
Lactuca tatarica Asterales Rh Everywhere P B Coumarin
) Aerial parts of . . .
Ligustrum vulgare Lamiales Ud, Ra ctia’ pa s © S B Ligustrin glycoside
plants, fruits
Lonicera caprifolium Dipsacales Ud, Ra Fruits S |B,D Xylostein glycoside
Maclura pomifera Rosales Ra Fruits T |CD Glycosides
Narcissus poeticus Asparagales Fg Everywhere P B Alkaloid lycorin
Paeonia lactiflora Saxifragales Fg Everywhere P B Glycoside salicin, alkaloids
Papaver rhoeas Ranunculales Fg Everywhere A A Alkaloids
Papaver somniferum | Ranunculales Rh Everywhere A A Alkaloids
Part.henoasws Vitales Ra Fruits L B Oxalic acid
quinquefolia
Parth ]
ar' eno'czssus Vitales Ra, Ud Fruits L B Oxalic acid
tricuspidata
Pelargonium zonale Geraniales Fg Everywhere P |B,D Alcohol geraniol, linaliol
E h Gl tei i
Phytolacca americana |Caryophyllales Ra Verywhere, S B ycoproteln, saponit,
especially fruits phytolaccotoxin alkaloid
Ranunculus repens Ranunculales Fg Everywhere P A Protoanemonin, prussic acid
Ranunculus sceleratus | Ranunculales Fg Everywhere P A Protoanemonin, prussic acid
. Aerial parts of .
Rhus typhina Sapindales Ra, Ud eria’ paris o T D Urushiol
plants
.. . C Everywhere, .
Ricinus communis Malpighidles Fg . . A A Ricin, ricinine
especially fruits
. Aerial parts of .
Ruta graveolens Sapindales Fg eria parts o S |B,D Alkaloids
plants
Everywhere,
Sambucus nigra Dipsacales Ra, Ud |especially unripe | S B Glycoside d-amygdalin
fruits
Sedum sp Saxifragales Fg Everywhere P |B,D Alkaloid sedamine
Jacobaea vulgaris Asterales Rh Everywhere B B Alkaloid yakonin
Solanum dulcamara Solanales Rh Everywhere P B Alkaloid solanine
Solanum nigrum Solanales Rh Unripe fruits P B Alkaloid solanine
Styphnolobi . . .
D{P no'o i Fabales Ra, Ud Fruits B B Alkaloid cytisine
Jjaponicum
Symphoricarpos albus Dipsacales Ra, Ud Fruits S B Alkaloid chelidonin
Toxicodend . Aerial parts of .
OXICO. endron Sapindales Ra era parts o L D Urushiol
radicans plants
Vinca minor Gentianales Fg Everywhere P B Alkaloids
Wisteria sinensis Fabales Ra Seeds, fruits S | B,D Glycoside vistarin
Aescul . . . .
) escurs Sapindales Ra, Ud Fruits T B Glycosides, saponins
hippocastanum
'Fg — communities of herbaceous ornamental plants; Rh — ruderal communities; Ud — urban dendrocenoses;

Ra — communities of residential area.

2 Part of the plant in which hazardous substances are concentrated.
3 LF — life forms of plants. T — trees, S — shrubs, L — lianas, P — perennials, A — annuals.
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Rostov-on-Don ecological and cenotic analysis of the flora of poisonous plants shows the relationship of some
species with certain types of habitats and cenoses (Fig. 1).

Urban dendrocenoses,
9% \

Herbaceous
ornamental
communities, 41%

Ruderals, 30% \_

Residential area communities, 20%

Fig. 1. Distribution of species of poisonous plants by Rostov-on-Don biotopes

Most poisonous plants were found in flower beds and parterres, that is, in communities of ornamental herbaceous
plants (Flower garden) — 27 species (41% of the total number of species). Twenty species (30%) were associated with
Ruderal cenoses. Thirteen species (20%) were found in the Residential areas. The least number of species was included
in urban dendrocenoses — 6 species (9%).

The resulting distribution was quite natural, considering that artificial communities of flower beds and parterres
included a diverse range of plants. However, planning elements of landscape design and green construction did not take
into account the risks of poisoning by poisonous ornamental plants. For example, representatives of the buttercup
family from the genera Anemone and Aquilegia contain alkaloids and glycosides that are dangerous to life and health,
yet they are very popular among flower growers.

Many poisonous plants belonged to the group of ruderals. They grew in littered, unkempt territories, on roadsides,
wastelands, etc. Ruderal poisonous plants were characterized by high rates of reproduction, quickly capturing new habitats,
that is, they were powerful and uncontrolled sources of toxic substances. The group included such deadly species as poison
hemlock (Conium maculatum), black henbane (Hyasciamus niger), European birthwort (Aristolochia clemetitis), and others.

Poisonous plants of residential areas were, as a rule, single specimens or group plantings in the private sector or elements
of phytodesign on the territory of residential complexes. With an unqualified selection of the species, only decorative
characteristics of the planting material were considered. However, such plants were quite dangerous, even in small numbers.

In recent decades, the American pokeweed (Phytolacca americana) has become widespread in southern Russia,
including Rostov-on-Don. Pokeweed is native to North America, but the species is widespread on the Eurasian
continent. The decorative qualities of pokeweed have caused it to be cultivated in different countries, and as a result,
local ecosystems have suffered from another invasive species. Pokeweed has negatively affected the biocenoses of
South Korea [20] and Italy [21]. It spreads due to its unpretentiousness, ability to grow rapidly and reproduce by
producing large numbers of seeds. All parts of pokeweed, including attractive berries, contain saponins and
alkaloids [22], which can cause serious poisoning when ingested by humans and animals.

Biomorphological analysis of the toxic flora of Rostov-on-Don revealed the predominance of perennial grasses.
These included 30 plant species (45% of the total number of studied species). 14 species (21%) of poisonous plants
were annual. Shrubs and trees came in third place with 15 species (23%). Lianas and biennials were also found among
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the poisonous plants, the proportion of which did not exceed the total number of species. The resulting distribution was
expected and reflected the proportion of life forms in the flora of the Rostov-on-Don agglomeration, where perennial
grasses also predominated, and shrubs and trees were represented in smaller numbers [18]. It is worth noting that the
largest number of poisonous plants belonged specifically to families with a predominance of herbaceous forms
(Ranunculaceae, Solanaceae). A similar distribution of biomorphs was observed in the toxic flora of Saratov, where
perennial grasses and shrubs also played a significant role [13].
Toxicity classes reflect the degree of danger of a particular species to humans and animals (Fig. 2).
40

35

30

25

20

Proportion of species from the total number, %

(O]

Toxicity classes

Fig. 2. Distribution of species of poisonous plants in Rostov-on-Don by toxicity classes

Some types combined the properties of two classes. As an example, Hedera helix and Hedera colchica ivies were
climbing, evergreen vines that were increasingly used in private gardening (Fig. 3). The juice of these plants could
cause burns and skin irritation (Class D), and when ingested, ivy caused gastrointestinal disorders (Class B).

Fig. 3. Colchian ivy (Hedera colchica) in the residential area of Rostov-on-Don

Most of the identified poisonous plant species did not have a significant toxic effect, although their use could lead
to gastrointestinal discomfort. There were 42 such species, accounting for 64% of all identified species. Of these, 16
caused irritation or skin damage, and were therefore classified as Class D. Plants with the most severe toxic effect
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from Class A included 21 species (32%). Only one species from Class C was identified (Maclura pomifera). The use
of these plants threatened calcium oxalate poisoning with edema of the upper gastrointestinal tract and respiratory
organs. Maclura pomifera was rare, but was found in private landscaping. It was chosen because of the interesting
shape of its fruits.

Let us focus on ragweed (Ambrosia artemisiifolia) separately. Its allergenic activity in Rostov-on-Don was
previously discussed [11]. Some authors pointed to toxic substances in all parts of ragweed, which could lead to
negative consequences for the body [23].

Some species, often found in ruderal habitats, had an unconfirmed hazard status, i.e. there was no consensus on their
toxicity. These were, for example, Schleicher fumitory (Fumaria schleicheri), chickweed (Stellaria media), and
roadside pepperweed (Lepidium ruderale) [19].

The toxicity of plants in all identified cases was due to the presence of alkaloids — 28 species (42% of the total
number of species), glycosides — 17 species (26%), saponins — 5 species (7%) and other toxic compounds.

Accessible and attractive plants with noticeable, bright fruits are dangerous (especially for children). In Rostov-on-Don,
14 such species were found (21% of the total number of species). They belonged to the toxicity class B, as a rule, they did not
give an acute toxic effect, but they could cause moderate poisoning. Examples included Parthenocissus sp. [24] and
Symphoricarpos albus [25].

Discussion and Conclusion. It is necessary to educate the population of Rostov-on-Don about the possible dangers
of plants used for landscaping.

The scientific research described in this article revealed the presence of poisonous plants throughout the city. A
significant proportion of these plants were found to be associated with ruderal habitats, where they grow freely and are
easily accessible to humans and animals. Additionally, the diversity of toxic flora in urban environments is increasing
due to the introduction of ornamental grasses and shrubs that contain dangerous compounds. These findings should be
taken into consideration in landscape design projects to ensure the safety of both humans and wildlife.

The study of poisonous flora for the cities of southern Russia has been conducted for the first time. It is planned to
study the quantitative characteristics of urban plant communities with toxic species. The data collected will be used to

develop recommendations for landscaping and landscape design.
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Abstract

Introduction. The modern industrial and environmental challenges require the identification of optimal sorbents for
water purification from organic contaminants. Sorbents like activated carbon and silicon dioxide have been widely used,
but the problem of selecting the optimal sorbent that can adequately purify water remains relevant. There is information
in the scientific literature about potential use of sorbents from natural zeolite-containing minerals for this purpose.
However, this approach is not well developed; the materials are poorly studied and, as a result, are rarely used to solve
environmental problems. This work aims to fill this gap by studying the sorption properties of a natural sorbent based
on zeolite-containing rocks of the Tatarsko-Shatrashan deposit.

Materials and Methods. The method of ascending liquid column chromatography became the basis for this study. The
sorption material was loaded into a chromatographic column with a length of 120 mm and an inner diameter of 3 mm.
The model organic substances in the vial moved along the length of the sorption layer. Trichloroethane, ethyl acetate,
methyl ethyl ketone, dichloroethane, and trichloroethylene were used as model compounds. We summarized the
significant data in tables and visually represented it in graphs.

Results. The technological characteristics of natural sorbents obtained on the basis of zeolite-containing rocks of the
Tatarsko-Shatrashan deposit have been experimentally investigated. The absolute retention time of the studied sorbates,
as well as their sorption capacity in relation to zeolite-containing rocks of the Tatarsko-Shatrashansky deposit, were
determined. The dependence of the retention time of model organic substances on the length of the sorption layer,
which was determined by the physical-chemical nature of the sorbate under study, has been established. From the same
point of view (as components of the dependence), the boiling points of model organic substances, dipole moments,
refractive indices, and densities were considered. The experimental data were statistically processed, and the absolute
and relative errors of a single measurement were determined. All sorbates considered in the framework of this scientific
work showed significant or high sorption capacity. The recorded minimum was 34% (methyl ethyl ketone); the
maximum was 72% (ethyl acetate). At the same time, ethyl acetate had an extremely short retention time
in a 10-centimeter sorption layer (26 min). The longest retention time was for methyl ethyl ketone (314 min). Its
sorption capacity was minimal (34%).

Discussion and Conclusion. The prospects of the studied material for the purification of surface and waste water
from major pollutants in the natural environment have been experimentally proven. It has been determined that
zeolite-containing rocks from the Tatarsko-Shatrashan deposit can adsorb 34—72% of organic compounds that pollute
water. They can be used in technological processes for the purification of natural and wastewater from major
environmental pollutants.

Keywords: zeolite-containing rocks, model organic substances, sorption capacity, liquid chromatography, water
purification from organic pollutants
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AHHOTANUA

Beeoenue. CoBpeMeHHas! IPOM3BOJICTBEHHASI M 3KOJIOTMYECKas ITOBECTKA CTABUT 3aJady BBISBICHUS ONTHMAJIBHBIX COP-
OEHTOB JUIsl OYMCTKH BOJBI OT OPraHWYECKHX 3arpsA3Hsomux BemecTs. [lInpokoe npakTuieckoe NprIMEHEHNE Oy YN
TaKue COpOEHTHI, KaK aKTUBHUPOBAHHBIN yTroJib, THOKCUA KpeMHHUs U Jip. OTHAKO COXpaHseT aKTyaJbHOCTb Mpo0diieMa To-
HCKa ONTUMAIBFHOTO MO CEJIEKTUBHOCTH copOeHTa. OH JODKEH NPUEMIIEMO WITH XOPOIIO OYMINIATH BOAY OT TJIaBHBIX Opra-
HMYECKHX 3arps3HuTenield. B Hay4HOI JuTepaType ecTh CBEJCHHS O MEPCIeKTHBaX MCIOJIb30BAHHS B PACCMATPUBAEMBIX
HEJIAX COPOSHTOB U3 MPHUPOIHBIX IEOIUTCONEpKAIIMX MUHEpaoB. OJJHAKO TaKoi MOJXOJ HEIOCTaTOYHO MPOpadoTaH,
MarepHalibl MaJIOM3yUeHbl U, KaK CIIEJICTBUE, PEIIKO MCIIOJIB3YIOTCS JUIsl pelleHus dKoiorndeckux mpobnem. Ilpencras-
JIEHHasl Hay4Hasl paboTa MpHU3BaHa BOCIOIHUTH 3TOT mpoben. Ee mens — nccnenoBanne cOpOIMOHHBIX XapaKTEPHCTHK
MIPUPOIHOTO COPOEHTA HAa OCHOBE IIEONMTCOIepKamX nopos Tarapcko-11laTpamaHcKoro MeCTOpOKaeHHSI.

Mamepuanst u memoost. bazoBbIM JUII JTAHHOTO HCCIEAOBAHUS CTAT METOA BOCXOISIIEH XHIKOCTHOW KOJIOHOYHOM
xpomarorpadun. CopOIMOHHBIN MaTepHaln 3arpy’kaln B XpoMaTtorpaduuecKkyio KOJOHKY UIMHOHM 120 MM U BHYTpeH-
HUM JHaMeTpoM 3 MM. MoJenbHbIE OPraHUIEeCKHE BEIIECTBA B BUAJIE NTEPEMELIAINCEH 110 JUIMHE COPOIIMOHHOTO Citos. B
Ka4yeCTBE MOJIEIbHBIX COCIUHEHHH HCIIOIBb30BAIN TPUXJIOPAITAH, ITUIIAIETAT, METHJIITWIKETOH, IUXJIOPITAH U TPH-
XJIOPITHIICH. 3HAYMMBIE TaHHBIE 0000IIEHBI B BUIE TAOIHI ¥ rpaMIeCcKH BU3YaJIM3UPOBAHBI.

Pezynomamut uccnedosanus. DKCIEPUMEHTAIBFHO HCCIEIOBAHBl TEXHOJIOTMYECKHE XapaKTEPUCTUKU MPUPOIHBIX COp-
OEHTOB, MOJYYEHHBIX Ha OCHOBE LeoJHTcoAepKammx nopox Tarapcko-Illatpamanckoro Mectopoxxaenus. Omnpeznere-
HbI a0COJIIOTHOE BpeMsl yJEPIKUBAHUS HCCIIEAYEMBIX COPOATOB, a TaKkKe MX COPOLMOHHAS €MKOCTh 110 OTHOLIEHUIO K
LeonuTcoaepxkamuM nopogaM Tarapcko-IllaTpamaHcKoro MecTOpPOXIECHUs. YCTaHOBJIEHA 3aBUCHMOCTb BPEMEHHU
yIepKUBaHUS MOJENBHBIX OPraHUYECKHX BEIIECTB OT [UIMHBI COPOIMOHHOIO CJO0s, KOTOpas ompenensercs (pU3MKO-
XMMHYECKOH NpHpoaol Hcciemyemoro copbata. C 3TOil ke TOYKH 3peHHs (KaK COCTABISIOIINE 3aBUCHMOCTH) pac-
CMOTPEHBI TEMIIEPATYPhI KUTIEHHUS MOJEIBHBIX OPraHMYECKUX BEIIECTB, TUMOJIBHBIE MOMEHTHI, TIOKAa3aTeNIN MPEeIoMIIe-
HUSI ¥ TUIOTHOCTH. ODKCIIEPUMEHTAIbHBIC JaHHBIC CTATUCTHYECKH 00paboTaiy, ONpeAenniIn aOCONOTHYIO U OTHOCH-
TEJIFHYIO TIOTPEIIHOCTh €MHUYHOTO M3MepeHus. Bee copOaThl, paccMOTpeHHBIE B paMKax JaHHOW HaydHOH paboTEI,
TTOKA3aJIM 3HAYMMYIO WIIN BBICOKYIO COPOILIMOHHYIO €MKOCTb. 3a(pMKCHPOBAaHHBIH MUHUMYM — 34 % (METHIISTHIIKETOH),
MakcuMyM — 72 % (3tunanerar). [Ipu 3ToM y 3THIIanierara SKCTpEMIFHO MaJIOe 3HaUEeHHE BPEMEHH YJCpP)KUBAHUS B
10-canTMETpOBOM cOpOIOHHOM ciioe (26 MuH). CamMoe POJOIDKUTENIFHOE BPeMsl yJIEp)KUBAHUS — Y METHIDTHIIKE-
ToHa (314 muH). Ero copbionnas emxkocts — MuHUManbHas (34 %).

Oobcyrncoenue u 3axkntoyenue. DKCIEPUMEHTAIBHO JJOKa3aHa MEPCIEKTUBHOCT UCCIEYEMOTo MaTepuana JJisi OYUCTKH
MOBEPXHOCTHBIX M CTOYHBIX BOJ OT IVIABHBIX 3arpsA3HUTENCH NMPUPOTHON Cpeibl. Y CTAaHOBJICHO, YTO I[EOIUTCOIEepPKA-
ume nopoasl Tarapcko-Illarpamanckoro MECTOPOKICHHUS MOTYT aacopoupoBath 34—72 % 3arpsA3HAIONIMX BOMY Opra-
HUYECKHUX COCIMHEHMH. FIX MOKHO MCIOIb30BaTh B TEXHOJIOTMYECKUX MPOLIECCaX OUYMCTKU MPUPOIHBIX M CTOYHBIX BOJ
OT OCHOBHBIX 3arpsI3HUTENIEH OKpYXKarollel IPUPOAHON Cpeabl.

KiaroueBble c/I0Ba: IIEONUTCOACPIKAIME MOPOABI, MOJCIBHBICE OPTaHMYECKHE BEIISCTBA, COPOIIMOHHAs E€MKOCTb,
KUIKOCTHASI XpoMaTorpadusl, OYUCTKA BOABI OT OPTaHUIECKHUX 3arpsSI3HIIOIINX BEIIECTB
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BaarogapHocTH. ABTOpHI OiaromapsAT 3aBeayromiero kadeapoi 3HeprooOecredeHns MPeInpusiTHH, CTPOUTEIHCTBA
3IaHUA M COOpYXEHWH, NI.T.H., mpodeccopa Wmpmaa B.K. 3a momomp B OpraHu3amuil HAYyIHOTO HCCIICIOBAHHSA,
MIpeIoCTaBICHHE JTAO0OPATOPHOTO 000PYIOBAHUS, MAaTEPHAJIOB B peakTHBOB. Criacmbo peleH3eHTy 3a KOMIETEHTHYIO
9KCIEPTU3y M PEJaKIMOHHON KOMaHJe >KypHana «be30macHOCTh TEXHOT€HHBIX M IPHPOIHBIX CHCTEM» 3a LIEHHBIE
PEKOMEHIAIUH 1O YITyUYIICHHUIO CTAaThH.

Jas mutupoBanmnsa. Taneesa A.B., Caurupesa F0.B., Xuz0ymmmn P.H., Hlnekosa I.A., HoBukor B.®. [TpupoaHsrii
COpOEGHT Ha OCHOBE IeoduTComepKamux mopon Tarapcko-lllaTpamaHcKOro MECTOPOKIACHUS [UIS  OYHUCTKH
MMOBEPXHOCTHBIX M CTOYHBIX BOJI OT OPTaHUYCCKUX 3arPs3HUTEIICH. he30nacHocms mexHO2eHHbIX U NPUPOOHBIX CUCTEM.
2025;9(2):112-120. https://doi.org/10.23947/2541-9129-2025-9-2-112-120

Introduction. One of the conditions for environmental safety is the protection of water bodies from anthropogenic
and natural pollution. A special case of this problem is the negative impact of organic compounds such as petroleum
products, phenols, aromatic hydrocarbons, and organochlorine [1]. These pollutants spread relatively quickly in water
over considerable distances and harm the environment even in neighboring regions, which can lead to irreversible
changes in the ecosystem [2]. Phenol and its derivatives are especially dangerous for the environment and humans, as
many of them are mutagens and teratogens capable of disrupting the endocrine system [3]. In addition, under certain
conditions, the phenol molecule is transformed into compounds with a higher hazard class [4]. Biodegradation of
phenol can accelerate in summer, when aerobic microorganisms intensively oxidize organic compounds [5]. The
limiting stage of this process is the mass transfer of oxygen molecules from the gas phase to the aqueous phase [6]. In
addition to phenols, other classes of organic compounds can be found in surface waters: aromatics and alkylaromatics,
alkanes, carboxylic acids, hexachlorane, hexachlorobenzene, benz(a)pyrene, acetatanaphthene, fluorene, phenanthrene,
anthracene, fluoranthene, pyrene, benz(a)anthracene, chrysene, benzo(b)fluoranthene, benzo(k)fluoranthene,
benzo(g,h,i)perylene, indeno(1,2, 3-cd)pyrene [7].

Source [8] provides information collected over 15 years on the contamination of organic compounds in the bottom
sediments of the Belaya River. Analysis of the ecological status of surface waters in various regions of Russia [9] has
revealed that in many cases, water resources do not meet the standards. As a rule, cities rely on surface water for their
water supply. Water utilities treat and chlorinate this water [10], which can lead to the formation of organochloride
compounds that pollute drinking water. These compounds can be removed through various methods, such as sorption,
which uses activated carbon and synthetic zeolite materials to remove toxic impurities from water. Recent studies
indicate that natural zeolite minerals have promising potential for this purpose due to their well-developed systems of
macro- and micropores that effectively remove organic compounds from water [11]. A system of cavities and channels
run through the three-dimensional alumino—silico—oxygen framework of natural zeolites. The huge inner surface and
cavernous structure of zeolite-containing rocks ensures strength of adsorption processes, which is sufficient for efficient
wastewater treatment by industrial enterprises from toxic impurities. However, natural zeolite rocks are not well
studied, which hinders their widespread use in solving environmental problems [12].

The aim of this study is to experimentally investigate the technological properties of natural sorbents based on
zeolite-containing rocks of the Tatarsko-Shatrashansky deposit.

Materials and Methods. A natural sorbent based on zeolite-containing rocks from the Tatarsko-Shatrashansky
deposit has been studied (Table 1).

Table 1
Chemical composition of the natural sorbent [12]

Elements % wt
Silicon dioxide SiO, 66.00
Titanium dioxide TiO» 0.35
Aluminum oxide Al,O3 6.19
Iron oxide Fe,O 2.65
Manganese oxide MnO 0.01
Calcium oxide CaO 17.00
Magnesium oxide MgO 1.45
Sodium oxide Na,O 0.16
Potassium oxide K>O 1.43
Phosphorus oxide P,Os 0.13
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The natural elements under consideration are thermally stable and acid resistant. The total cation exchange
capacity — 130.0 mg-eq /100 g. Calcium plays a major role in the metabolic process. Table 2 provides the main
characteristics of the material under study.

Table 2
Characteristics of the natural sorbent under study
Indicators Physical and mechanical properties
Appearance Granules of light gray or white color
Porosity 37.25-55.72%
Density 2.03-2.37 g/em?
Mechanical crushing strength At 200 °C — 46 kg/cm?, at 2500 °C — 59 kg/cm?
Vibration wear 0.96%
Bulk weight 0.4-1.2 g/cm?
Volume weight 1.10 g/cm®
Effective pore diameter 0.4 Nm (4A°)
Thermal resistance Higher than 450°C
Solubility in water Insoluble

To prepare the sorbent, rocks containing zeolite from the Tatarsko-Shatrashansky deposit were mechanically
activated. They were crushed in a ball mill; the fractions were separated, and then treated with a 1:1 solution of
hydrochloric acid. Next, the resulting material was washed with water until a neutral reaction was achieved and
subjected to heat treatment at 450-500°C for 5 hours. The sorbent obtained was placed in 150 mm long glass
chromatographic columns with an inner diameter of 3 mm. Vials containing the model liquids under study, organic
substances with various physical and chemical properties, were attached to the bottom of the columns. As the model
organic substances passed through the sorption layer of the zeolite-containing rock, their movement up through the
channels and pores was recorded. The time of passage was measured every 10 millimeters of the sorbent and kinetic
curves were plotted for the dependence of the retention of model organic substances on the height of the sorption layer.

Sorption properties were determined by the formula:

A="27 400%, (1)
my
where 4 — sorption capacity of the material under study, %; m; — mass of the initial adsorbent; m, — mass of the
adsorbent saturated with an organic solvent.

For statistical processing of experimental data, the absolute and relative errors of a single measurement were

determined with a confidence probability of 0.95. Table 3 provides the results for hexane sorption.

Table 3
Absolute and relative errors in the measurement of hexane on the tested sorbents
Error
Measurement criteria
absolute, A relative, § %

5 7.16 13.64

10 6.40 12.12

20 5.29 11.96

30 5.15 10.78
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Results. Table 4 provides information on physical-chemical properties of model organic substances (sorbates).

Table 4
Characteristics of model sorbates*

Model sorbates Formula T d np*° t10 A n
Trichlorethane CHCl; 74 1.453 1.4463 152 45 1.15
Ethyl acetate C4H30; 77.1 0.900 1.3720 26 72 2.48
Methyl ethyl ketone C4Hz0 79.6 0.805 1.3800 314 34 2.84
Dichloroethane C,H4Cl, 83.5 1.253 1.4400 61 62 1.80
Trichloroethylene C,HCl; 87.2 1.464 1.4800 88 56 0.85
Hexane CeH4 68.0 0.660 1.416 59 46 0.05

where *d — density, g/cm?; Tkun — boiling point, °C; np*® — refractive indices at 20°C; ¢ — retention time of model
organic substances in a 10-centimeter sorption layer, min; 4 — sorption capacity, %; u — dipole moment, D

As a result of the experiments (Table 4) the retention time of ethyl acetate was extremely low (26 min).
Trichloroethane, which had a lower boiling point (74°C), was washed out of the column later than ethyl acetate with
a boiling point of 77.1°C. Obviously, this could be explained by the higher molecular weight of trichloroethane
(M =119.4 g/mol) compared to ethyl acetate (M = 88.11 g/mol). In this case, the order in which the components exit
was not determined by their boiling points. This dependence was more complicated. It took into account the
chemical nature of the model organic substances used, as well as the possibility of their adsorption and desorption by
the pores of the material under study. At the same time, despite the low retention time of ethyl acetate, its sorption
capacity was relatively high (72%) compared to other organic substances studied. The sorption capacity of all the
studied organic substances was quite high (34—72%), which made it possible to use these materials to purify water
from organic compounds.

To evaluate the kinetic characteristics of the sorption process, dependencies were constructed linking the
retention time of model sorbates and the height of the sorption layer in the ranges from 0 to 5 cm (Fig. 1) and from 5
to 10 cm (Fig. 2).

¢, min

45

|
40 /

) /]’
., //

} //

. //
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1 2 3 4 5 l,cm

Fig. 1. The effect of retention of model sorbates on the nature of sorption processes (sorbent layer from 0 to 5 cm):
1 — methyl ethyl ketone; 2 — trichloroethane; 3 — trichloroethylene; 4 — dichloroethane

As it can be seen from Figure 1, the dependence had a parabolic character. Obviously, this was due to the fact that at
the initial moment of time (up to 5 mm of the sorption layer) there was no equilibrium between the organic liquid and
the solid. It was established after sorption, and an almost linear pattern was observed at a distance of more than 5 cm.
The exception was methyl ethyl ketone, which had a sufficiently high value of the dipole moment (i = 2.84D)
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Fig. 2. Dependence of the retention time of model organic substances on the height of the sorption layer of zeolite-containing rock
(from 5 to 10 cm): 1 — methyl ethyl ketone; 2 — trichloroethane;
3 — trichloroethylene; 4 — dichloroethane; 5 — ethyl acetate

It should be noted that for all the organochlorine compounds studied (trichloroethane, dichloroethane,
trichloroethylene), the angles of inclination of straight lines were almost identical (Fig. 2). This indicated the additivity
of the sorption process for organochlorine compounds.

An important parameter of an organic molecule is the dipole moment. It characterizes the asymmetry of charge
distribution in an electrically neutral molecule, which makes it possible to form electric dipoles with the same charge
values +g and —g. The dipole moment of a molecule is determined as a result of vector addition of the dipole
moments of individual bonds. The dipole moments of organic compounds characterize the polar properties of a
molecule, as well as determine the direction and strength of intermolecular electrostatic interactions and the sorption
properties of porous materials.

Figure 3 shows the dependence of the retention time of model sorbates (#y,) on their boiling points (7, °C) and
dipole moments (y, D).
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Fig. 3. Dependence of the retention time of model organic substances on their boiling points and dipole moments:
1 — trichloroethane; 2 — ethyl acetate; 3 — methyl ethyl ketone; 4 — dichloroethane; 5 — trichloroethylene

As it can be seen from Figure 3, the release time of ethyl acetate (2) and methyl ethyl ketone (3) differed
significantly, although they had similar values of dipole moments and boiling points. Methyl ethyl ketone retained
significantly longer (#y, =314 min) than ethyl acetate (#y; =26 min), dichloroethane (#,; =61 min), trichloroethylene
(tyx = 88 min), and trichloroethane (#,; = 152 min). Let us note that according to the Rorschneider classification in the
sorbate—sorbent system, methyl ethyl ketone determines the dispersion interaction. Obviously, the Van der Waals
forces play a leading role in this process, and the sorption time is more significant. This is also due to the fact that
methyl ethyl ketone is characterized by a higher polarity (dipole moment — p =2.84D), as well as a higher boiling
point (Tun = 79.6°C).

The refractive index also determines the polarity of the model organic substances. It is related to molecular
refraction, and is a measure of the electronic polarizability of the shell of a substance molecule.
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Figure 4 shows the dependence of the retention time of the model sorbates on their boiling temperatures (7, °C)

and refractive indices (np>°).
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Fig. 4. Dependence of the retention time of model organic substances on their boiling points and refractive indices:
1 — trichloroethane; 2 — ethyl acetate; 3 — methyl ethyl ketone; 4 — dichloroethane; 5 — trichloroethylene

As it can be seen from Figure 4, ethyl acetate and methyl ethyl ketone were similar in two parameters:

— boiling points (77.1°C and 79.6°C respectively);

— refraction (1.37 and 1.38 respectively).

Methyl ethyl ketone is characterized by a higher retention time compared to other sorbates studied. Apparently, this
is due to the higher energy of the orientational interaction of methyl ethyl ketone with the sorbent surface.

Figure 5 allows us to consider the density of sorbates in relation to retention time and boiling point.
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Fig. 5. Dependence of the retention time of model organic substances on their boiling points and density:
1 — trichloroethane; 2 — ethyl acetate; 3 — methyl ethyl ketone; 4 — dichloroethane; 5 — trichloroethylene

Thus, within the framework of this scientific work, it was found that the sorption capacity of the materials under
consideration varied from 34% to 72%. Ethyl acetate (C4HgO,) had a particularly high rate (72%). Its other
characteristics were: dipole moment — 2,48; retention time of model organic substances in a 10-centimeter sorption
layer — 26 min; refractive index at 20°C — 1.3720; boiling point — 77.1°C; density — 0.9 g/cm>. Methyl ethyl ketone
was similar to ethyl acetate in terms of boiling point, density, refraction, and dipole moment. However, among the
sorbates considered, its sorption capacity was minimal (34%), and the retention time was the longest (314 min).

Discussion and Conclusion. The results of the study indicate that a high-quality sorbent can be produced using
zeolite-containing rocks from the Tatarsko-Shatrashansky deposit. This material has the potential to purify water from
major organic pollutants. It was found that, the best result in terms of sorption capacity was to remove ethyl acetate if
necessary. The sorbent in question takes 72% of this substance from the water. The minimum is associated with methyl
ethyl ketone. In this case, the lowest but acceptable sorption capacity (34%) is established.

Thus, the sorption properties of natural zeolites are considered to be good. The findings of this scientific study can
be applied in technological processes for water purification from major contaminants.
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Abstract

Introduction. Currently, for each area of human activity, there is a set of measures aimed at improving its safety from
the effects of various negative factors that harm life and health. However, despite the existence and implementation of
these measures, around 8,000 people still die from fires each year in the Russian Federation. Thus, the aim of the work
is to improve the existing fire safety concept by defining a specific compliance condition for each specific type of
assessment in this area. The basis for improving current methods and approaches to assessing the protection of facilities
and population from fires is statistical analysis. This allows us to evaluate the likelihood of fire incidents and casualties
based on the functional use of a facility, the causes of fires, and the social background of victims.

Materials and Methods. The research plan included both a theoretical and practical part. To solve the problem of the
relationship between assessment forms and compliance conditions, we outlined the methodological principle of “one
assessment form — one compliance condition”. This principle was based on an analysis of the existing regulatory
framework of the Russian Federation in the field of fire safety. In order to assess the effectiveness of a particular form
of assessment for a particular facility, we proposed a probabilistic approach. This involved determining the risk of fire
and deaths in the facility, given the implementation of the assessment form.

Results. As a result of the study, we determined the average probability of fires and fatalities for certain classes of
functional hazards of objects. This allowed us to calculate the expected risk of death if one of the legal forms of fire
safety assessment was applied. The proposed methodological approach was presented in the form of a draft, and the
mathematical calculations were provided in the form of flowcharts and tables. These visual representations described
the research and made it easier to understand. Both the proposed and existing methodological approaches were
identified, highlighting their disadvantages and advantages. We proposed implementing and adding new forms and
conditions to ensure the fire safety of facilities.

Discussion and Conclusion. The work will make it possible to develop methods for mathematically modeling
hazardous working conditions for employees and to identify a catalogue of social and economic risks at industrial
facilities. This is a necessary tool for professionals and owners to ensure industrial safety.

Keywords: assessment form, compliance conditions, safety provision, risk management, methodological principle,
actual risks, expected risks, fire safety
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OpueunaﬂbHoe meopemuieckoe uccuedosanue

MeT010/I0rHYeCKUIl IPUHIIAI OLIEHKHU o0ecneyeHusi 0€30M1aCHOCTH MEePCOHAJIA HA OCHOBE
BEPOSITHOCTH BO3HUKHOBEHHUS] HETAaTHBHBIX COOBITHI

AU, ®omun'tz, JI.A. Becneperos?, A.A. Tpy6uusin’, H.B. Tpy6uusina’, E.A. Ilonosa?, B.A. Ilerposa?
! Hayunbiii uentp BoctTHAW 1o npoMBINLIEHHOM U 9KOJIOTHYECKOM GE3011aCHOCTH B TOPHOH oTpaciy, r. Kemeposo,
Poccuiickas @enepanus

2 KeMepoBCKHii rocylapcTBEHHBII yHUBEpcHUTeT, . Kemepoo, Poccuiickas ®enepanus

3 Kys6acckuii rocy1apcTBeHHbIH TexHuueckuii yaupepcuter umenn T.@. Topbauésa,

r. Kemeposo, Poccuiickas dexneparus

< fomin-ai@kuzbasscot.ru

AHHOTANUA

Beeoenue. B Hacrosiiee BpeMsl JUIS KaXAOH cdepbl JeSTeNTbHOCTH YeJOBeKa CYIIECTBYET KOMIUIEKC MEpPONPUSTHI,
HAIPaBJICHHBIX Ha MOBBIIICHUE €r0 0E30MaCHOCTH NPU BO3ACHCTBUM PA3IMYHBIX HETaTUBHBIX (PAKTOPOB, HAHOCSIITHX
BpeJl JKU3HH U 3710pOBbl0. HecMoTps Ha Hamuuue U cOONIOJICHUE ONPEIENICHHOTO MEPeYHsl YCTaHOBJICHHBIX Mep, B
Poccuiickoit denepanuu oT MokapoB TeM HE MEHee exeroaHo TuOHeT okoio 8 000 yemoBek. B ¢Bs3M ¢ 9TUM 11eNb aH-
HOM paboThl — YCOBEpPILICHCTBOBATh MUMEIOIIYIOCS KOHIEMIUIO 00ecIedeHus mokapHoi Oe3omacHoct. st aToro
JIOJDKHBI OBITH OMpE/IeeHbl KOHKPETHBIC YCIOBUS JJISI YIIyUIIEHHs] CYHISCTBYIOIUX (OPM M METOJIOB OLICHKHU 3alllH-
LIEHHOCTH OOBEKTOB M HACEJICHHS OT MOXapOB. B MX OCHOBY IMOJIOXEH CTATUCTUYECKUI aHAJM3, TMO3BOJSIFOLIHMIA Olle-
HUTbH BEPOSITHOCTh BO3HUKHOBEHHUSI TOKAPOB U THOENH JIIOJIeH HA HUX, 3aBUCUMOCTD €€ OT (PYHKIIMOHAILHOTO Ha3HAue-
HUsI 00bEKTa, IPUYMH BO3TOPAHUI U COLUATBLHOTO MOJI0KEHHS TTOCTPA/IABIIHX.

Mamepuanvl u memoowt. 11nan npoBEICHUS UCCIIEAOBAHUS TPELyCMATPUBAIT TEOPETHIECKYIO M MTPAKTHYECKYIO YaCTH.
Tak, ams pemieHus mpoOJIeMBbl B3aUMOCBSI3H (POPMBI OIIEHOK IT0KaPOOITACHOCTH M YCIOBUI COOTBETCTBHS MX HOpMa-
TUBHO-TIPaBOBOM 0aze P® B 00xacTu moxapHOH 030IMacHOCTH W3JI0KEH METOAOJOTHYCCKUN MPHUHIUI «OaHa (Gopma
OLIEHKH — OJTHO yCJIOBHE COOTBETCTBUS». J|aHHBIN MPUHIMI OCHOBAH Ha aHAIM3€ CYIIECTBYIOIIETr0 3aKOHOAATENBCTBA
Poccuiickoit @enepanunn. st Toro 4ToObl onpenenutb 3pPEeKTHBHOCTh TOH WIIM MHOW (POPMBI OLIEHKH KOHKPETHOTO
O6])€KT8., MPEATIOKECH BepOHTHOCTHbIﬁ oJAX0/J, TO €CTh ONPECACIICHUC PYUCKAa BOSHUKHOBCHUA MOXKAPOB U FI/I6€J'II/I J'lIO[leﬁ
Ha HUX TPH YCIOBHHU €€ IPUMEHEHHUSI.

Pesynvmamut uccneoosanuii. bpina onpeeneHa BepOSITHOCTh BOSHUKHOBEHHUS TI0)KapPOB M CMEPTENbHBIX CIIyyaeB Ha
HUX JJISI OTJCNBHBIX KITACCOB (PYHKIIMOHAILHON OMACHOCTH OOBEKTOB, MO3BOJISIIONIAS PACCUNUTATH BEIMUYMHY OKHIAC-
MOTO pHCKa THOeNH JII0ACH NpU YCIOBHU MPUMEHEHHS OJHON M3 ONpPEJCICHHBIX 3aKOHOAATEIHLCTBOM (OPM OILCHOK
mo’kapHO# Oe3omacHocTH. [IpemmaraeMbplii METOZONOTUIECKAN TIPUHIINI H3JI0KEH B BH/IC MPOEKTa M MaTeMaTHUECKUX
PpacYéToB, IPEIOCTABIICHHBIX Ha OJIOK-CXeMaX M B TaOJIHIIAX, HATJISITHO OMMCHIBAIONINX MIPOBEICHUE UCCIICIOBAHHUS, YTO
obnerdaer nx nmoHuMaHue. OmpeneneHsl Kak MpearacMbele, Tak U CYIIECTBYIOIIUE METOOJOTHYCCKUE TIPUHIIUIIBI C
W3JI0)KEHHEM HMX HEJOCTAaTKOB U IOJIOKUTENBHBIX acnekToB. IIpeiokeHsl BO3MOXKHOCTH peasiM3alii U JOTOJIHEHHS
(dhopM 1 ycroBuil 00eCIICUeHUS M0KapoOE30MacCHOCTH 00BEKTA.

Oécysycoenue u 3aknrwouenue. IpoBe€HHOE HCCIIEIOBAHUE MTO3BOJIMT pa3paboTaTh METO/AbI MAaTEMaTH4YECKOro Moje-
JIMPOBaHMUs OIMACHBIX yCJ'IOBI/Iﬁ Tpyaa pa6OTHHKOB, a TaKKE ONPCACIIUTD NMEPEUYCHb COLIUAIBHBIX U 9KOHOMUYCCKUX PUC-
KOB Ha IMPOU3BOACTBEHHBIX O6T)€KT8.X, KOTOpLIfI JOJIDKEH CTaTh HeO6XO}II/IMI:-IM HHCTPYMCHTOM JJIA CHCUATIHUCTOB U
COOCTBEHHUKOB, 00€CTICUMBAIOIINX O€30MIaCHOCTH Ha MPOU3BOCTBE.

KnaroueBble ciioBa: ¢Gopma OLEHKH, YCIOBHS COOTBETCTBHS, oOecliedyeHHe Oe30MacHOCTH, YNpaBICHUE PHCKaMH,
METOJI0JIOTMYECKHI MIPUHINII, (JaKTUUECKUE PUCKH, O’KHaeMble PHCKH, II0)KapHasi 0€301acHOCTb

Bﬂaronapnocnl. ABTOpBI BbIpaKaroT 6J'IaI'OZ[apHOCTL PEeUOCH3CHTAM MW COTPYAHUKAM PCAAKIIMHN 3a BHUMATCIBHOC
OTHOIIICHUE K CTaTh€ M MIOMOIIb B ITIOBBIICHUN €€ KauyecTBa.

Mot nurupoBanusi. @omun AU., BecriepcroB JI.A., Tpyounpn A.A., Tpyounsma H.B., TTonosa E.A., IlerpoBa B.A.
MeTomoNIOrnIecKuid IPUHIIAI OIEHKHA oOecIieueHns] 0€30MMacCHOCTH TIePCOHANA Ha OCHOBE BEPOATHOCTH BO3HHUKHOBEHHS
HETaTUBHBIX COOBITUI. bezonachocmsy mexnocenuvix u npupoonvix cucmem. 2025;9(2):121-135. https://doi.org/10.23947/
2541-9129-2025-9-2-121-135

Introduction. Currently, intensive work is underway in the Russian Federation and abroad to improve the safety of
working and living conditions for citizens. In particular, safety of the population [1] is determined by fundamental
legislative acts in our country [2]. However, despite this, the number of accidents, fires and man-made emergencies has
not decreased. Major accidents, fires, and emergencies on a federal or interregional scale pose a particular danger to the
public and enterprises.
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Fire prevention work is carried out both in our country and abroad. For example, Portugal actively develops a
strategy to prevent fires. A group of specialists analyzes the causes of fires for subsequent amendments to the country's
legislative framework [3]. The catastrophic fires in the Brazilian forest in 2020 and 2021 have served as an impetus for
developing measures to prevent future fires. New ways of prevention have been proposed, and successful fire
management strategies have been created [4].

Based on the above, we can conclude that it is necessary to further update the existing measures to improve the
safety of businesses and employees, as well as to develop new measures that take into account modern conditions and
requirements. This is the aim of our research.

Materials and Methods. The analysis was based on the classical rule for calculating the risk (probability) of a
negative situation [5]. The effectiveness of the fire safety assessment form for a particular facility depended on the
expected risks of fire and casualties (R(p.¢)) [6]. In other words, for an object corresponding to a certain class of
functional fire hazard, a negative situation was modeled — the occurrence of a fire, and then, using the classical sum
law [7], the risk of death was determined [8], depending on the purpose of the object, the causes of fire, and the social
status of victims (R(ep.o)). Numerical values for the calculations were taken from statistical data on fires in the Russian
Federation for 2022, which were freely available on the Internet on official resources. The calculations were performed
using an engineering calculator with an extended set of functions that provided the required accuracy and support for
complex mathematical operations.

Results. To develop measures necessary to ensure safety of the facility and its personnel, it is important to assess the
current state of the company and determine the conditions under which both the company and its employees are
protected from hazards associated with the production process.

According to fire safety standards [9], the forms of assessments, their positive and negative values [10], were
defined, which are presented in Table 1 [11].

Table 1
Positive and negative values of the existing forms of assessing the compliance
of a facility with fire safety requirements

Assessment form Positive aspects Negative provisions

Burden on enterprises and citizens in the form
of administrative impact and separation from
their main activities for participation in
monitoring, supervising, and inspection
activities

State-owned, financially independent form
Federal State Fire of assessment, the results of the proposed
Supervision, etc. measures do not affect the monetary
remuneration of the SFS inspector

Positive and negative provisions of the existing compliance conditions are presented in Table 2.

Table 2
Conditions for compliance of objects, highlighting positive and negative aspects
Compliance conditions Positive aspects Negative provisions
I
é Limited development of organizations due to
§ The standard of measures: government frameworks (administrative barriers);
° g formation of understanding by government intervention in case of formal
e § fire safet individuals and the organization of violations of requirements,
&) . . . .
@ g . Y the general FS requirements; without their actual impact on safety;
s S requirements . . . . . . .
eé g as a result of technical regulation, | modification, exclusion of requirements and their
g %D the division into mandatory and  |introduction confirms the inadequacy of mandatory
% fg voluntary use measures once again (requirement
o & for the sake of requirement)
= .8
2 < It is possible to determine the safet
Z 5 P L Y Complex mathematical calculations; not all fire
o 2 . of people by calculation, including o
g fire risk ) C hazards and parameters of buildings and structures
o in the presence of violations of fire .
) . are taken into account.
§ safety requirements
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In turn, the conditions for ensuring the safety of the facility are fulfilled when implementing the safety system
outlined in the flowchart (Fig. 1)

Life safety
system
Hazard . Preventive
. Protection
prevention measures
subsystem
subsystem subsystem
Exclusi Evacuation
Xclusion of people and .
| of hazardous > Plan of preventive
. property to a safe A
factors formation area (organizational)
measures
usi Reduction
E;(c us(;gtr.l of the rate
of conditions .
> of increase — .
: ) | Evacuation plans
for the formation in dangerous p
—”| of sources factors
of hazardous )
factors Elimination of Occupational
daneer — —»{ health and safety
& instructions
L
Technical measures
| | Safety training,
Automatic hazard including on the
management systems < ] use of personal
| | and collective
protective
| Automatic employee | equipment
notification systems
| MTIaHS.OfdeIdl.lal and ‘I Emergency drills,
collective protection evacuations, etc.
| ———— ———

Fig. 1. Fire safety system of facilities

Taking into account positive and negative assessments of the safety of enterprises and their employees,
Tables 3, 4, 5, and 6 present additional fire hazard assessments and measures to improve their implementation.

Table 3

Improving existing forms of safety assessments for enterprises and their employees

Form of assessment

Event improvement

Independent fire risk assessment
(fire safety audit)

Legislative possibility of introducing rapid assessments
and software for these purposes, the definition of requirements
for persons engaged in IFRA

Federal State Fire Supervision

Preventive measures should not be the basis for initiating inspections.
The rights and duties of FSFS inspectors should be targeted,
and the “other” innovation should be excluded
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Table 4
Additional forms of object conformity assessment
Additional assessment forms Reasons for the introduction of additional forms of assessments
Regional State Fire Safety 90% of fires and deaths occur in residential buildings, but there is no federal state
Supervision fire supervision in residential buildings.
. D The form of assessment required by law is a preventive measure, along with the
Prevention of violations i,
control, and supervision.

Table 5
Improvement of the existing conditions of conformity of objects of protection
Compliance conditions Improvement of conditions
) Due to the “blind” fulfillment of requirements that do not always affect the fire hazard of the
2 g % ‘g fire safety | facility and do not involve financial costs on the part of organizations, their fulfillment is
e 3 § 8 [requirements| formal. It is necessary to expand the development of local requirements that are relevant to
£ 25 3 the protection object.
8 5 g2 ; ; - - - - -
g g = £ Introduction of various calculation methods at the legislative acts level, including those
E) = g %" fire risk developed by individuals other than federal executive authorities (EMERCOM of Russia).
= § fg fg Fire risks should be associated with other risks that can lead to a fire (arson, anti-terrorism,
- industrial safety)
Table 6
Additional conditions for fire safety at the facility
Additional compliance conditions Grounds for the introduction of additional conditions

As an independent state form of assessment, it is the most objective
Act of the control (supervisory) FSFS event |condition for compliance. It does not require additional financial costs for

without violations businesses and individuals. It is possible to involve specialists, experts
and expert organizations

No need for environmental costs to meet fire safety requirements when
Fire hazards after the evacuation of people | evacuating people before the onset of fire hazards. People of enterprises

have the right to risk and insure their property

Improvements and additions were based on the principles of ensuring and improving the safety of employees and
property of the enterprise.

The analysis conducted allowed us to develop new methodological principles for assessing and ensuring the safety
of an enterprise based on risk management.

A general existing principle for safety assessment and conditions is presented in Figure 2 in the form of a block
diagram.

U— Human-run process (manual), evaluation

m — Documents

— Predefined process (conditional)

Process (automatic) for completing an assessment and achieving
a condition

<> — Decision making
| /7 - Initial and additional data
¢(_\| - Achieving compliance conditions

Il

Assessment, processes

| - Compliance conditions have been achieved

T
Scales to achieve
compliance conditions

Fig. 2. The existing principle of fire safety assessment and conditions
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The existing methodological principle of fire safety assessment and assurance is presented in the form of a general
flowchart, since the norms provide for nine forms and five conditions that are not interrelated with each other,

respectively (Fig. 3).

1 2
Accreditation

IRA

Trust in the actions Statement
of an expert organization [10] on compliance [10]
3 4
FSFS Declaration
Prevention, detection and Registration
suppression of FSR violations s, 6] of the declaration =14, 11]
5 7 -
Research Conformity
assessment
Results | Voluntary | ] Mandatory |
T T
report -
—4] Certification Dec} aratl.on,
certification 4,11]
! Accept.an'ce 'flnd 8 Production
commissioning | control |
ACt, Information about the organization
of compliance _=112] and production control 4,13, 14]
9 bl bl
Expertise Conditions for conformity assessment when registering assessment forms
_ ( [[1_]—Meeting fire safety requirements
[ 15 | Taking into . . .
Compliance of fire risk values with regulatory
Expert's account the " indicators
conclusion unconditional

—~{15]  fulfillment of the [[3_]—Fulfillment of special technical conditions
rt;chlr; 1;211 [[4_]—Meeting the standards of the organization
u
requirements _ Conducting research, calculations and tests in
\ calculating fire risks

Fig. 3. The existing methodological principle of assessing and ensuring fire safety of facilities

Taking into account the above, the methodological principle “one form of assessment — one compliance condition”
was proposed to solve the problem of the relationship between the form of assessments and the conditions of

compliance (Table 7) [12].

Table 7
One form of assessment — one compliance condition
No Form of assessment Compliance condition
' existing proposed existing proposed
. Compliance of equipment,
1 Accreditation p. duip

premises, and employees

) Federal State Fire Meeting fire safety
Supervision requirements

This principle will ensure all safety conditions, taking into account the chosen necessary form of assessment. It also
clearly shows which form is implemented under certain conditions. The chosen principle will not allow replacing
assessments with ineffective forms to achieve the necessary compliance conditions.

Ensuring the safety of employees and enterprises according to the proposed principle is presented in the form of a
flowchart, which provides methodological support (Fig. 4).
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Fire-safety management |

Assessment forms Compliance conditions

Compliance of equipment, premises,
and employees

Acceptable fire risk value

Meeting fire safety requirements

Registration of declaration

Positive conclusion

Act of compliance

Act of commissioning

Calculation of risks as a result of man-made fire

Positive expert opinion

Monitoring the implementation of regional fire
safety requirements

Registration of the prevention program

Implementation of a fire and death prevention plan

End of evacuation before the onset of fire hazards

Calculation of risks resulting from wildfires

Self-regulatory organizations

Certificate of compliance

Assessment of possible damage

|
] Accreditation
Nl Independent fire risk assessment (audit)
Nl FSFS
— Declaration
< Reserach
< Conformity assessment
< Acceptance and commissioning
< Production control
< Expertise
< Regional State Fire Supervision
< Prevention of violations
< Prevention of fires and deaths
< Forecasting of fire hazards
< Prevention of wildfires
< Self-control
< Certification
< Calculation of fire risks
— Prevention of man-made fires

Industrial safety declaration

Fig. 4. Methodological support of fire safety for people based on the principle of “one form — one condition”

Thus, fire safety is ensured through the implementation of the attached forms and conditions. Figure 5 illustrates the

implementation of the methodology in a flowchart.

ﬁ:ire-safety managemerﬁ
1

| Form of assessment |

Meeting the
compliance
conditions

Yes

Safety is ensured Safety is not ensured

h ]
I\Fire-safety managemeny

Fig. 5. The proposed methodological principle for ensuring fire safety of people
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For the practical implementation of the proposed methodological principle, it was necessary to analyze the actual

risks of negative situations. The existing principles of ensuring fire safety are presented in the form of a flowchart in

Figure 6.

Assessment forms:

Fire-safety management

Accreditation

Federal State
Fire Supervision

Research

Acceptance and
commissioning

Expertise

Independent fire risk
assessment (audit)

Declaration

Conformity
assessment

Production control

Compliance conditions:

Meeting fire safety
requirements

Organization standard

Acceptable fire risk value

Special technical conditions

Research, calculations

and tests

Fig. 6. The existing principle of ensuring fire safety based

on regulatory forms of assessments and compliance conditions

It follows from this principle that all compliance conditions can be investigated for any form of assessment.

Considering statistical indicators on fires, the probabilistic criteria for actual risks are provided in Table 8.

Table 8
Distribution of the probability of fires and deaths of people at facilities located on the territory
of the Russian Federation, 2022
Numb Numb: Probabili
. Functional Number um e.r Probability of wmber Probability of] robabifity
Object . . of fires in of people . of death from|
Object name fire hazard | of objects, . a fire at the . death in fires
number . it5.(No) 2022, units facility (Ro) killed (Rem) fire at the
nits.(No 11 n I.IL
class s (Nn) Ay (Nr) facﬂlty (Rr.o)
1 Industrial buildings F5.1 173,544 2,349 1.35-102 46 1.96:102 | 2.7-10*
Warehouse buildings
2 F52 100,147 744 7.4-107 10 1.34:10% | 9.99-10°
and structures
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In this table, fire probability at the facility is determined by the formula [13]:

Ny
R =3 (1)
The probability of death from fires at facilities is determined by the formula:
N
R,=—". 2
N, @)
The probability of death from fires:
N,
R, =—, 3
N, 3

where N, — number of fires, pcs; N, — number of objects, pcs.
Data on the risk of death from fires is presented in Table 9.

Table 9
The probability of death in the Russian Federation in 2022, depending on the causes o
Name of the cause of death: Number of deaths in 2022, people Ripr
Poisoning by toxic combustion products 2,828 1.9-10°3
Unknown causes 1,519 1.04-10°7
Exposure to high temperature 1,343 9.2:10°¢

The probability of death of people depending on the causes (Ryp.r.), that is, from exposure to primary and secondary
fire hazards [14], is determined by the formula:
N,
Ripe =, O

mp.r
N Hac.P®

where Ny, — number of people killed, depending on the causes, people; Nuacpe — number of people killed, depending
on the causes, people.
Table 10 provides the data on the probability of death of the population of the Russian Federation in terms of their

social status.

Table 10
The probability of death among people in the Russian Federation in 2022, based on their social status.
Number of le who died in 2022 i
Social status of people who died in fires, including Hmber o p,e op'e who . redm n Reon.n
the Russian Federation, people
workers in blue-collar jobs 710 4.8:10°
engineering and technical workers 19 1.3-107
heads of organizations (enterprises) 7 4.8-108
The probability of death from fires in terms of people social status is determined by the formula:
N,
Rnp.r = &: (5)
NHac.PCD

where Neown — number of people who died in the Russian Federation in 2022, according to their social status, people.
Next, we will combine the indicators of calculated risks by distributing the objects of fire according to the causes
and social status of the victims. For convenience, we will use a symbol to represent the objects: 1, 2, 3...
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The related data is provided in Table 11.
Table 11

The related information on the objects where fires occurred, including those involving the death of people,
the causes of death and the social status of the victims

Symbols of the object Symbols of the object wh
ymbols of the objec Social status of the ymbols of the object where

Cause of death where people died due to d d people died depending on their
ecease
social status social status
Poisoning by toxic combustion | 1.2.4.6.7.8.10. 11. 12. Workers in 123
products 13 blue-collar jobs o

Engineering and

Unknown causes 10.12. 13 . 1.2.7.8
technical workers

Then, using the formula below, we determine the overall probability of death of people, depending on their social

Ropr Reoun
R”+R“’+ZN AI; +ZN ]\;l ©

ch.o = 4 5

where N — number of probabilities of negative events related to fires.

status and causes:

The calculated information is presented in Table 12.
Table 12

Summarized information of the probability of occurrence of negative events
related to fires and deaths in Russia in 2022

Ordinal .
. Functional fire
number of Ob_] ect name Rio. Rro. Rnp.n Rrconn. cho.
i hazard class
the object
0.000019 0.0000046
0.0000092 | 0.00000013
0.0000046 | 0.000000048
0.0000042 0.0000043
1 Production facility F5.1 0.0135 | 0.00027 0.0034443
0.0000023
0.000000096
0.000000048
0.000000027
Rep.o. minimum value 0.00014066
Rcp.o. maximum value 0.02527716

This table shows the minimum and maximum values of average probabilities. This data can be used by stakeholders
and services to take preventive measures, up to the coordination of government policy, to prevent fires and deaths.

Next, we proceed to determining the expected risks, depending on the forms of assessments and conditions for
compliance with fire safety regulations at the facilities. The implementation of fire safety measures at facilities of
different functional fire hazard classes [15] involves various forms and conditions, including additional ones, as

shown in Figure 7.
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I Fire-safety management |

Existing forms and conditions *

Assessment forms

(F1.1,2.1,3.4,3.6,4.1,4.2)

Accreditation *

Compliance conditions

Independent fire risk assessment (Audit)*
(F1.1,2.1,2.2-2.4,3.1,4.1,4.2,4.3,5.1,5.2)

Compliance of equipment, premises, and employees *

FSFS*

(All Fs except F1.4)

Acceptable fire risk value *

Declaration*
(F1.1,5.1)

Meeting fire safety requirements *

(All Fs except F1.3, F1.4)

Research*

Registration of the declaration

Conformity assessment*
(F1.1,2.1,3.1,3.3,3.4,3.6,3.7,4.14.3,5.1,5.2)

Positive conclusion

Acceptance and commissioning™®
(All Fs except F1.4)

Act of compliance *

Production control*

(F5.1)

Act of commissioning

Expertise*
(all F)

Calculation of risks as a result of man-made fire

Positive expert opinion

I Fire-safety management

Existing forms and conditions *

Assessment forms

Regional State Fire Supervision (F 1.4)

Compliance conditions

Prevention of violations (All Fs except F1.4)

Monitoring the implementation
of regional fire safety requirements

Prevention of fires and deaths (F 1.3, 1.4)

Registration of the prevention program

Forecasting of fire hazards
(All Fs except F1.4)

Implementation of the fire and death prevention plan

Prevention of wildfires (Open areas)

End of evacuation of people before
the onset of fire hazards

Self-control (All Fs except F1.4)

Calculation of risks resulting from wildfires

Certification (All Fs except F1.4)

Self-regulatory organizations

Calculation of fire risks (All Fs except F1.4)

Certificate of conformity

Prevention of man-made fires (F 5.1)

Assessment of possible damage

Industrial safety declaration

Fig. 7. Assessment forms and compliance conditions for ensuring fire safety at facilities,
considering the functional purpose of the facilities

The expected risks for facilities by functional purpose (R¢p.¢) are determined by the formula:

Repy = Z

chA

T.COILIT

+

N, NFJ’Z Nupr N coun

Ry+Riot+ ) Rups
O_ZN NZN : +ZNR

N

_ZNNO N, N N N yacpa +ZNNH]a\C[.P(D

N N

4N

4N

.(®)
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The calculated values are summarized in Table 13.
Table 13
The values of the probability of expected risks in implementing the proposed methodological approach
for assessing and ensuring human fire safety

Assessment Assessment Functional fire hazard class Rcp.o. of the corresponding functional fire
form . Rep .
form name of the object hazard class
number
F1.1 F2.1 F3.4 0.0023 0.0019 0.00104071
1 Accreditation .001956785
F3.6 F4.1 F4.2 0.0019 0.0023 0.0023
F1.1 F1.2 F1.3 0.0023 0.00509277 | 0.02527716
F2.1 F2.2 F2.3 0.0019 0.0019 0.0019
Federal State |~ g5 4 F3.1 F3.2 0.0019 | 0.00126179 | 0.00404658
2 Fire .001974004
.. F3.3 F3.4 F3.5 ]0.00404658| 0.00104071 | 0.00303928
Supervision
F3.6 F3.7 F4.1 0.0019 0.0019 0.0023
F4.2 F4.3 F5.1 0.0023 0.00139993 0.0034443
F5.2 F5.3 0.00187666| 0.00332425
Rep.p. minimum value 0.00014066
Rep.¢. maximum value 0.5

The table shows the minimum and maximum values of the probability of negative events. The above-mentioned
methodological principle of fire safety assessment is presented in the form of an algorithm in Figure 8.

Industrial safety declaration

1
Identification
of fire

and death risks

[ T ' T 1
. Probability of death of people at Probability of death Probability of death from
Probability of a fire (Rn) the facility as a result .
from fire hazards (R social status (Reour)
of a fire (R;,)
| [ [ J
|
L Development of forms of assessment and conditions Determination of the total (average)
of compliance on the principle of “one form — one condition” probability of fire and loss of life (Rep.)

3
Determining the effectiveness of forms and
conditions based on the likely negative values

associated with fires where it is formed according to the functional
purpose of the object, Re,.0;
Calculation of the total (average) value of the it is formed in the form of an assessment of fire
effectiveness of the assessment form (R, ) safety of people at the facility, Rey.q

Application of the most effective form of
assessment, which has a minimum R,

1

Fire-safety management

Fig. 8. Draft methodological principle for assessing and ensuring the fire safety of people

The proposed methodological principle for assessing the safety of people in fires improves the current procedure
established by the legislation of the Russian Federation. This principle is based on actual values of risk of adverse
events, which allows interested parties to take necessary preventive measures in advance.
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Discussion and Conclusion. Updating the existing principles for assessing the safety of facilities, their
employees, and the public based on regulatory documents and those proposed through risk management of potential
negative situations allows interested individuals and legal entities to choose the most appropriate forms and
conditions for implementation. Mathematical calculations presented in the study allow us to justify the benefits of
proposed measures. Applying the principle of predictable risks supports the impossibility of achieving unconditional
safety for an enterprise and its employees due to a significant number of unpredictable negative situations resulting
from natural and human-made causes.

The practical significance of this research lies in the fact that the methodological approach proposed by the
authors is based on mathematical calculations. By taking into account the potential risks, it is possible to develop
preventative measures to avoid and minimize negative consequences associated with emergencies, accidents,
workplace injuries, and fires.

The results of the work are especially relevant for owners of businesses and other infrastructure facilities. Their
primary concern is ensuring the safety of their employees and the general public. Owners will be able to choose an
appropriate form of assessment, not only based on the functional classification of the fire risk of the facility, but also
considering the minimal risk of death if certain conditions are met. This will allow them to redistribute financial
resources within the organization to meet specific fire safety requirements based on the chosen form of assessment.
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Abstract

Introduction. When designing construction projects in urban areas, it is essential to protect the environment from dust
pollution. This is particularly challenging in densely populated areas where the construction site is often surrounded by
existing buildings and infrastructure. Successful implementation of such projects requires a thorough analysis of many
factors, including weather conditions, environmental risks, and limited space for maneuvering. A crucial aspect of this
process is the development of measures to control dust emissions during construction. Therefore, technological
innovations in the field of eco-friendly roofing systems are becoming a key element of modern urban planning. As
scientific research in recent years has shown, eco-friendly structures contribute to the rational use of urban space and
significantly improve the environment. However, the results of these studies lack data on the effectiveness of green roof
structures and vegetation on them in reducing dust pollution in residential areas. They are adjacent to already populated
objects and the lack of space makes it impossible to completely protect urban residents from dust exposure. The aim of
this work is to evaluate the effectiveness of green roofs to control the spread of dust in areas with active infill
development and to develop our own green roof designs. The introduction of green roofs into residential construction
not only improves the architectural appearance of neighborhoods, but also enhances the quality of the urban
environment. The use of eco-friendly solutions in construction contributes to the modernization of the industry, making
it safer for the environment and more comfortable for residents.

Materials and Methods. An environmental experiment was conducted as part of the large-scale construction of the
Krasny Aksai residential complex in Rostov-on-Don. In March 2020, in the construction area and outside the site,
employees of the contractor planted herbaceous plants of six species typical of the Rostov region. Each plant species
occupied an area of six square meters, creating a total experimental area of 36 square meters. The methodology for
determining the volume of dust deposits trapped by plants included sampling dust particles from the surface of plant
leaves with a brush, which was performed twice a week from May to October 2020, during the active construction of a
multi-storey residential building. Air samples were taken to measure dust concentrations using an electric aspirator
PU-3E/12 and filters made from perchlorvinyl fiber AFA-VP10.

Results. The research showed that during the construction period with an easterly wind of 3—5 meters per second and
humidity of 40%, the planted vegetation had a significant impact on air quality. There was a decrease in the
concentration of PM10 dust particles above the green area by 10%, and at a distance of 10 meters from the vegetation
cover, compared to the adjacent construction area, by 15%. Measurements of dust deposits over the growing season
(May—October) revealed a significant dynamics: if at the beginning of the season (May—June) the amount of dust
deposits on plants was a maximum of 0.42 mg/cm?, then in the midst of the warm season (July—October) it reached
1.81 mg/cm?. Financial calculations showed that traditional and green roofs were equally cost-effective over the long
term (up to 40 years). To achieve this research goal, the authors have developed and implemented two types of
constructive solutions for green roofs for public and residential buildings.
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Discussion and Conclusion. Green roof structures can act as an effective barrier against the spread of dust in the air,
especially in areas near infill development where there is a high concentration of suspended solids. To reduce this
concentration in residential areas near infill development, it is recommended to install green roofs on terraces, rooftops,
and substructures of buildings with windows and entrances located near the construction site. In order to curb the spread
of suspended particles, it is also suggested that green roof installation be considered for low-rise buildings such as
kindergartens, schools, and shopping malls. The decision on where to install these structures should depend on the
overall urban development plan for the area or specific territory.

Keywords: green roofs, dust distribution, environmental safety of urban areas, fine dust, dust pollution
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Opueuﬁaﬂbﬂoe amnupudecKkoe uccnedosatue

HpI/IMeHeHI/Ie 3€JICHBIX KPbIII B TOYCYHOM CTPOUTEJILCTBE VISl HIOBLIINICHUS IKO0JIOrHYeCKOoii
0e30I1aCHOCTH TOPOACKHMX TeppUTOPHii
C.E. ManmkuneBckas <, A.M. EBrymenko ', JI.P. Mauisin

JloHCKOH rocy1apCcTBEHHBII TEXHUUECKHI YHUBEpCUTET, T. PocToB-Ha-/lony, Poccuiickas ®enepanus
X smanzhilevskaya@yandex.ru

AHHOTALUA

Beeoenue. 1lpu NMpoeKTHUPOBAHUH CTPOHUTEIBHBIX PabOT B YCIOBUSAX TOPOJCKOM 3aCTPONHKH BaKHEHUITHMM acIeKTOM
SIBJISICTCSI 3aIlITa OKPY’KaIOIIeH cpelbl OT IMBIIIeBOTo 3arpsa3HeHns. Oco0ylo CIOKHOCTh MPEACTABISIET OpraHu3anus
paboT B IyCTOHACENCHHBIX paioHax, I/le CTPOWTENbHAs IIIOMAZKa OBIBACT 3a)kaTa CYNIECTBYIOIUMH 3JaHUAMHU U
UHQpACTPYKTypoil. YcmemHas peanu3anus MOJOOHBIX MPOEKTOB TpeOyeT TIIATEIbHOTO aHaln3a MHOXKECTBa
(akTOpOB: TMOTrOJHBIX YCJOBUH, HKOJIOTHYECKUX PHCKOB M OTPaHWYEHHOI'O IPOCTPAHCTBA JUIS MaHeBpa.
[IpuHIIMNIManpHOE 3HAUYEHHE UMEeT pa3paboTKa KOMIUIEKCA Mep M0 KOHTPOJIIO IBIJIEBBIX BHIOPOCOB, BOSHUKAIOIINX B
XOJIE CTPOUTENbHBIX omepanuii. I103TOMy TEXHOJOTHYECKHE HHHOBALMK B OOIACTH 3KOJIOTMYHBIX KPOBEIBHBIX
CUCTEM CTaHOBATCS KIIIOYEBBIM JJIEMEHTOM COBPEMEHHOI'O TIpajocTpouTenbecTBa. Kak MOKa3bpIBalOT Hay4dHBIE
W3BICKaHMS MOCIEIHUX JIET, OSKOJOTWYHbIE KOHCTPYKIMH CHOCOOCTBYIOT PpalMOHAIBHOMY HCIIOJIB30BAHUIO
TOPOACKOTO MPOCTPAHCTBA M 3aMETHO YIY4IIAl0T COCTOSIHME OKpY’KaloIIeH Cpeibl, HO MPU 3TOM B pe3yibTaTax
TaKUX MCCJIEJOBaHUI OTCYTCTBYIOT JaHHBIC, KOTOpbIE OBl MOATBEPIKIAIN, YTO KOHCTPYKLHUH 3€JICHOW KpPOBIU U
PacTHUTENIBHBIA TOKPOB Ha HHMX J(QQEKTHBHBI JJsl CHIKCHHS IBUICBOIO 3arpsi3HEHUS B YCJIOBHSX TOYEUHOU
3aCTPOMKH, TA€ HCTOYHHMKM MBIJIEBOTO 3arpsA3HEHMs — CTPOUTENbHBIE IUIOMAAKH — COCEICTBYIOT C YyXKe
3aCeJICHHBIMU O0BEKTaMHU W CTECHEHHOCTh IPOCTPAHCTBA HE NACT BO3MOXKHOCTH MOJHOCTBIO OTPAJAMThH KHUTEIEH
TOpPOZOB OT MBIIEBOTO Bo3zaeicTBUA. llens naHHOM pabOTBl — 1HaTh OLEHKY A3(QQEKTHBHOCTH HCIOJIL30BAHUS
3€JICHBIX KPBII 151 00pHOBI C pacpoOCTpaHEHWEM NBUTH B PAHOHAX aKTUBHOT'O TOYEYHOTO CTPOMTEIHCTBA, a TAKKE
pa3paboTarh COOCTBEHHbIE KOHCTPYKIIMU 3€JICHOW KPOBIIU. BHeIpeHue 3esieHbIX KPBIIl B TOYEYHOE CTPOUTENHCTBO
HE TOJBKO MpeoOpa)kaeT apXUTEKTypHBIH OOJMK TOPOJCKMX KBAapTajOB, HO U CYLIECTBEHHO YJyYIIAeT KauecTBO
roponckoit cpenbl. llpuMeHeHMEe TOAOOHBIX OKOJIOTHYHBIX pEMIEHHH CHocoOCcTByeT oO0med MoAepHU3aluu
CTPOHUTEIILHOM OTpaciu, nenaet e€ 0oyiee 6e30MaCHOM I OKpY KaoIIel cpebl 1 KOM(POPTHOU IS KHUTEICH.
Mamepuanst u memoost. B pamkax MacmITaOHOTO CTPOUTENBCTBA XXMIIOTO KoMmIuiekca «KpacHbrii Akcaii» B Pocrose-
Ha-JloHy OBIT TPOBEAEH AKOJOTHMUECKHH HKCIIEPUMEHT. B 30HE BeneHMS CTPOMTENBHBIX pabOT M 3a mpeneramu
OTPAKIAIONINX KOHCTPYKIMK CTPOUTENBHOHN Imiomankd B mapre 2020 roma COTPYTHHKH TOAPSTHONH OpraHW3alluu
BBICQJMJIM TPABSHUCTBIC PACTCHUS] HIECTH Pa3sHOBHIHOCTEH, TUnMuHble aast PoctoBckoi oOmactu. Kaxnwiit Bun
pacTeHMH 3aHMMaJ IUIOIAJb B IIECTh KBAAPATHBIX METPOB, (HOpMHpPYS OONIYI0 SKCHEPHMEHTAIBHYIO 30HY B
36 KBagpaTHBIX METPOB. METOOJIOTHs ONpeNeNeHNsT 00beMa MBIIEBBIX OTJIOKECHUH, YJIaBIHMBAEMBIX PACTCHUSIMHU,
BKJIIOYasa B ce0si 0TOOp IpU MOMOIIM KHCTH NMPOO MBUIEBBIX YAaCTHIBI C MOBEPXHOCTH JINCTHEB PACTEHHH, KOTOPBIH
TIPOM3BOAMIICS JIBa pa3a B HENENIO ¢ Mas 1o oKTsI0ps 2020 rosa, B MEpHO aKTHBHOTO CTPOUTEIHCTBA MHOTOITAKHOTO
JoMa To4yeuHo#l 3actpoiiku. OTOOp NpoO BO3AyXa AJsl ONpelesieHHs KOHIEHTPAIllMd B HEM MbUIM TPOWU3BOJMICS C
HCIIO0JIb30BaHUEM 3JiekTpudeckoro acriuparopa [1Y-3E/12 u ¢unbTpoB n3 nepxiiopBruHMIOBHIX BosokoH ADA-BIT10.
Pesynemamut uccnedoganus. ViccnenoBanust OKa3aiy, 4TO B YCIOBUSIX MPE0OJIaaroniero BOCTOYHOro Berpa (3—5 m/c) u
BIaXHOCTH B 40 % B IepHOJ MPOU3BOICTBA CTPOUTENBHBIX pabOT BBICAXKCHHAS! PACTUTENBHOCTh 3HAYMTENBHO BIIMSIIA Ha
KauecTBO Bo3ayxa. Haj o3eneHeHHOH 30HON HaOIMI0AAIOCh CHYKEHHE KOHIIEHTpaly TblIeBbx yactul] PM10 Ha 10 %, Ha
paccrosiHuM 10 METPOB OT PACTUTENBHOIO MOKPOBA, IO CPABHEHHIO C MPUJIETraroliel CTpOUTENbHOM 30HOH, — Ha 15 %.
3amepsl KOJMYIECTBA MbIIEBOTO OCAKa B BETE€TAIMOHHBIN Nepros (Maii—OKTSOPb) BBISIBUIIN CYILIECTBCHHYIO AUHAMUKY: €CITH
B HayaJjie ce30Ha (Maii—MIOHb) KOJMYECTBO IbUIEBBIX OTJIOKEHUI HAa PACTEHHUSX COCTaBisuio Makcumym 0,42 mMr/cM?, To B
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pasrap TeEIUIOro Ce30Ha (MIOMb—OKTI0ps) OHO mocturano 1,81 mr/cm?. (HHAHCOBBIE pacyUeThl IIOKA3aIH, YTO IIPH
JIOJTOCPOYHOM dKCIuTyaTaiuu (0 40 JeT) TpaaulMOHHBIE U O3eJIEHEHHBIE KPBIIIM UMEIOT OJUHAKOBYIO CTOMMOCTb. [lJist
JIOCTIDKEHUSI TTOCTABJICHHOW IIENM HCCIIEOBAaHUS aBTOPaMM ObUIM pa3paboTaHbl M INPUMEHEHBI Ha TNPaKTHKE Ba THIIA
KOHCTPYKTHBHBIX PEIIICHH 3€ICHOM KPOBIH IS OOIIECTBEHHBIX U KIJIBIX 3IaHHH.

Oécycoenue u 3axnouenue. KOHCTPYKIMH 3€lIEHOW KPOBIM MOTYT CIYXHUTh 3(O(GEKTUBHOW Mperpajgon s

pacnpocTpaHeHHs IbUTH B BO3LYIIHON CPEZie, YTO OCOOEHHO aKTyaIbHO JUIsl PaiiOHOB, PACIIONOKEHHBIX BOJIN3H TOYESUHBIX
3aCTpOEK, IJIe OTMEYAeTCsl 3HAUNTEIbHAS KOHIICHTPAIMS B3BEIICHHBIX BEUIECTB B Bo3AyXe. s CHIKEHHS KOHIICHTPAIH
B3BEIICHHBIX BEIIECTB B XKWJIOW 30HE PSAIOM C TOUCUHOM 3aCTPOHKON MOHTa)XK KOHCTPYKIIMH 3€JIEHOI KPOBIIM HEOOXOJUMO
OCYIIECTBIIAITh HA Teppacax, KpbIlIax, CTHI00aTHOM YacTH 31aHUM, T/ie OKHA M BXOJHBIE TPYIIIBI PACIIOIOKEHB! PAZIOM CO
CTPOMTEIIHHOHN IUIOMAJKON. B memsx crep>kuBaHMs paclipOCTPaHEHWs! B3BEIICHHBIX YACTHII MOHTa)K 3€JICHOH KpOBIH
JIOJDKEH OBITh OCYLIECTBJIEH Ha MaJO3TaXHBIX 3JIaHUSIX, HAIPUMeEp, AETCKUX CaJax, MIKOJIax, TOPrOBbIX MaBUIILOHAX — B
3aBICHMOCTH OT OOIIEeH KOHIETIIINN IPalOCTPOUTEIHHOTO TUIaHa 3aCTPOUKH palioHa MM KOHKPETHOM TEPPUTOPHH.

KiaroueBble c10Ba: 3eseHbIe KPBILIH, PACIPOCTPAHEHHE NBIIH, SKOJIOTH4ecKkasi 0€301MacHOCTh TOPOJICKUX TEPPUTOPH,
MEJIKOIUCTIEPCHAS TIBLTh, TBLIEBOE 3arpsA3HEHNE

Juasi nurupoBanmsi: Mamxkunesckas C.E., Eprymenko AWM., Mawmsa /I.P. TlpuMeHeHne 3eNeHBIX KpBIII B TOYESHHOM
CTPOHTEIBCTBE I TIOBBIIICHHS JKOJOTMYECKOM OE30MacHOCTH TOPOICKUX TEPPUTOPHH. be3onacHocmv mexHO2eHHbIX U
npupoonbix cucmem. 2025;9(2):136-145. https://doi.org/10.23947/2541-9129-2025-9-2-136-145

Introduction. Modern cities are actively integrating new environmental solutions into their infrastructure, and green
roofs have already become a traditional element of urban planning [1]. Recent studies have demonstrated that these
structures significantly contribute to the efficient use of urban space and significantly improve the environment [2, 3].
The effectiveness of plant coatings in neutralizing pollutants, including PM0.5-PM10 has been confirmed by numerous
studies [4, 5]. Today, green roofs are not considered as an innovative concept, but rather as a crucial part of strategies to
improve urban ecosystems. Experts and the public are increasingly recognizing their contribution to enhancing the
quality of life for citizens and restoring natural balance in urban areas [6].

Studies have shown that residential buildings significantly worsen the quality of air in cities, releasing harmful
PMO0.5-PM10 particles, which negatively affect the health of residents [7]. Therefore, architects and developers
should consider green roofs as a standard element of construction projects [8]. The introduction of such eco-friendly
solutions into everyday practice is becoming a key factor in ensuring the environmental sustainability and safety of
modern urban planning [9].

The limited availability of natural resources in cramped urban spaces requires their rational use and functional
expansion, which is especially important in the case of residential development and reconstruction of outdated
buildings [10]. The strategy of replenishing such dwindling resources is the introduction of environmentally friendly
and economically cost-effective architectural concepts, including green roofs [11]. These solutions minimize dust
pollution in residential areas, have a beneficial effect on the quality of life of urban residents, and contribute to more
efficient environmental management [12].

In an urban environment where space is limited, the transformation of standard roofing structures into ecological
oases seems to be a perfect solution for the restoration of natural cover. This is particularly true when there are no other
land use options available. A green roof is a multi-level structure that sits on the top of buildings [13]. It includes a base
and a variety of intermediate elements, from waterproofing barriers to vegetation cover. All these layers function as a
single mechanism that ensures the vital activity of flora on the roof and effectively replenishes the green areas lost
during the construction process. The implementation of such projects requires detailed design and analysis of weight
characteristics to ensure the reliability and stability of these innovative systems.

The research focus in the area of green roof systems is primarily on their ability to clean the air of such pollutants as
SO,, O3, NO, and PMI10 [14, 15]. Vegetation on roofs, like other urban landscaping elements, shows significant
potential in reducing atmospheric pollution and harmful emissions by up to 35-100%. This has been demonstrated
through research, and these environmental benefits have led to an increasing interest in green roofs worldwide.

The aim of this research is to evaluate the effectiveness of green roofs in reducing the spread of dust in urban
environments, which is particularly important for areas with active infill development. To accomplish this goal, we have
solved the task of identifying vegetation types that effectively collect dust, and developed designs for green roof
systems that were suitable for installation in residential areas. Such environmental solutions contribute to the overall
modernization of the construction industry, making it safer for the environment and more comfortable for residents.
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Materials and Methods. The choice of an optimal location plays a key role in maximizing the benefits of green
roof structures in the fight against PM2.5 and PM10 pollutants, given the difficulties with their installation. For Russian
cities, there are specific parameters for determining the priority areas for the installation of these environmental
structures. One of the most important factors is the location in a certain climatic zone according to the zoning
scheme (Fig. 1) [16]. It is the correct location of green roofs that determines their effectiveness in reducing the
concentration of harmful particles in the atmosphere.

Modern urban trends require a systematic approach to creating eco-friendly spaces in an urban environment. This
task can be solved by developing affordable, cost-effective and technologically uncomplicated solutions. The criteria
for implementation include location in urban centers with a population of more than 250,000 people, as well as the
prerequisite that green areas make up at least 40% of the total area of the block [17].
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Fig. 1. Map of the territorial delimitation of Russia for optimal use of green roofs in various climatic conditions

During the construction of the Krasny Aksai residential complex in Rostov-on-Don, herbaceous plants of six
varieties typical of the Rostov region were planted in March 2020 in the construction area and outside the site (Fig. 2).
From May to September, during the construction of the monolithic frame of the building and the stone-installation
works, 10 air samples were taken twice a week for 120 minutes at three control points according to the standard
RD 52.04.893-2020" method — at the border of the construction site at 117 b, Beregovaya St., b. 5 (point A in Fig. 2),
above the vegetation zone (point B in Fig. 2) and at a distance of 10 meters from the green zone, in the residential area
of the Krasny Aksai residential complex (point C in Fig.2). During the entire observation period, atmospheric
parameters fluctuated: the air warmed up from +14 to +25°C, the wind reached 3—5 meters per second, and the relative
humidity was from 30 up to 60%.

Fig. 2. Construction site of an infill development:
1, 2 — planting sites; A, B, C — control points for measuring the PM10 concentration

! RD 52.04.893-2020. Mass concentration of suspended solids in atmospheric air samples. Method of gravimetric measurements. Electronic Fund of
Legal. and Regulatory and Technical Documents. (In Russ.) URL: https://files.stroyinf.ru/Data2/1/4293720/4293720281.pdf (accessed: 10.03.2025).

Technosphere Safety

139


https://files.stroyinf.ru/Data2/1/4293720/4293720281.pdf

https://bps-journal.ru

140

Safety of Technogenic and Natural Systems. 2025;9(2):136-145. eISSN 2541-9129

Each plant species planted in the area of the site occupied an area of six square meters, forming a total experimental
area of 36 square meters. All the selected plants had a high dust absorption capacity, which was a key criterion in their
selection for this study (Fig. 3) [18, 19].

b)

Fig. 3. Herbaceous plants characterized by high efficiency of dust deposition:
a — Agrostis stolonifera; b — Lavandula angustifolia; ¢ — Festuca rubra; d — Plantago lanceolata;
e — Sedum album; f— Festuca festina

The methodology for determining the amount of dust deposited on plants involved taking 50 measurements twice a
week in the morning. Dust particles were collected from the surface of plant leaves using a brush. The process took
place during the period of active construction of a multi-storey residential building, that is, from May to
September 2020. The collected material was carefully transferred into a pre-weighed container for further evaporation
and weighing. After collecting samples from each plant species, laboratory treatment was performed: the liquid was
evaporated and the sediment was dried until the mass stabilized. Using these recorded indicators, we were able to
calculate the specific dust concentration — the number of milligrams of dust collected per square centimeter of plant
leaf surface. The results of particle deposition on the leaves of the studied plants can be seen in Figure 4.

Air sampling to determine dust concentration in it was carried out using an electric aspirator PU-3E/12, which was
tested, and filters made of PVC fibers AFA-VP10. Preliminary tests of this measuring equipment in a wind tunnel
showed that the measurement error during a one-time experiment did not exceed 12%, which met the requirements of
RD 52.04.893-2020.

2.0

PM10 capture efficiency, mg/cm?

0.0
09.05.2020 18.06.2020 28.07.2020 06.09.2020

Dates of the samples, days

Fig. 4. Density of PM10 dust deposition on plants in the zone of infill development:
a — Agrostis stolonifera; » — Lavandula angustifolia; ¢ — Festuca rubra;
d — Plantago lanceolata; e — Sedum album; f— Festuca festina

Results. The analysis of measurements showed that in conditions of prevailing easterly wind (3—5 m/s) and an air
humidity of 30-60% during the period of work, the planted vegetation significantly affected the air quality. Above the
landscaped area, there was a decrease in the concentration of PM10 dust particles from construction work from an
average of 10 (humidity — 30-35%) to 20% (humidity — 35-60%), and at a distance of 10 meters from the vegetation
cover, compared with the adjacent construction area, from an average of 15 (humidity — 30-35%) up to 30%
(humidity — 35-60%).
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Measurements of the amount of dust deposition during the growing season (May—September) revealed the following
dynamics: if at the beginning of the season (May—June) the amount of dust deposition on plants was a maximum of
0.42 mg/cm?, then at the height of the warm season (July—September) it reached 1.81 mg/cm?. The dynamics of changes
in the amount of dust deposition on plants was explained by the fact that during the measurement period, plants grew at
the beginning of the growing season, then the area of vegetation increased, but at the same time, the dust deposition
formed on the leaves could be blown into the air by the wind at a speed of 3.5 m/s and higher. In the period from July to
September, the vegetation surface area was already at its maximum. The process of active dust deposition was also
influenced by the fact that dew formed on plants in the first half of the day, and the volume of green mass of plants,
which allowed dust deposits to accumulate on the leaves, prevented external sources of exposure (wind, precipitation)
from sweeping the dust deposits onto the ground or into the air. Figure 5 shows the dynamics of changes in the PM10
concentration during the study period at three control points for measurements (construction site, vegetation area,
residential area).
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Fig. 5. Dynamics of changes in the PM10 concentration during the construction period:
a — point A, construction site; b — point b, vegetation area; ¢ — point B, residential area

To achieve the aim of this research, the authors have developed innovative, resource-efficient and practical green
roof designs that can be incorporated into the planning stage of residential developments. These designs can easily serve
as a tool for reducing the negative impact of dust emissions during construction, whether it is the construction of new
buildings or the renovation of the existing structures for various purposes.

The first mobile green roof structure was developed with the possibility of its dismantling for the winter period.
Patent No. 191863U1 was registered for this type of roof[20]. The structural elements of such a roof were a
combination of reinforced concrete slab, durable anti-rot roofing felt, adjustable Forest Style supports made of high-
strength propylene (with the possibility of building up due to an additional nozzle of 60 mm), as well as Ondulin
double-layer asphalt concrete coating. Figure 6 provides the structural scheme of the green roof and the implementation
of this structure at the facility after reconstruction in Rostov-on-Don.

Green roof design for installation

WW‘W} ¥Wﬂw/9 8 on public buildings

AL /.;/ 7 1— Reinfgrced concrete floor slab;
. 2 — Covering layer of roofing felt;

3 — Thermal insulation layer;

4 — Adjustable supports;

5 — Ondulin lining layer;

.................’..............:-/’/2 6—Wat.erprooﬁng.layer;
__pepmp—y— 7 ey >, 7 — Drainage layer;
8 — Ground;
’/1 9 — Green §paces;
10 — Decking;

11 — Galvanized studs;
12 — Locking nut
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b) c)
Fig. 6. Design solutions of green roof for public buildings: @ — design scheme; » — object for the green roof structure

implementation — business center “League of Nations”
(91, Suvorova St., Rostov-on-Don; ¢ — implemented green roof design solutions

The second type of structure is intended for residential buildings, winter gardens and terraces. This system is
characterized by simple dwsign, cost-effectiveness, high thermal insulation, and moisture protection. Patent
No. 163334U1 [21] was registered for the utility model. The vegetation layer is planted in the final stage of the project.
It is placed along the perimeter of the green areas of the structure. The installation of this type of roof involves the use
of two types of coatings: one for the side section, which allows for year-round use of the green roof, and the other for
the central area, where a swimming pool or café can be located, for example.

Figure 7 shows the developed design of the second type of green roof, which consists of a reinforced concrete floor
slab, filter and vegetation layers. Ondulin is used as a protective element. The structure is additionally equipped with a
layer of anchors in the ground. The implementation of this design solution at an urban development facility is also

presented.

Green roof design
for residential buildings

1 — Reinforced concrete slab;
2 — Ondulin protective layer;
3 — Thermal insulation layer made of expanded polystyrene;

'ow;v.’,v 4 — Filter layer made of peat and/or gravel,
- ‘v / 5 — Fixing soil mixture;
VN 7 X Y /‘\ o 1 6 — Plant layer containing a substrate with plants
;'E:/'f\/ /N DA
a)

b) o
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Fig. 7. Green roof design solutions for residential buildings: @ — design scheme; b — object for the implementation of a green roof
structure in design solutions (Zhemchuzhina Dona residential complex; 240, Maxim Gorky Str., Rostov-on-Don);
¢ — implemented green roof design solutions
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The cost of these green roof structures starts from 4,200 rubles per square meter. Financial calculations show that
with long-term operation (up to 40 years), traditional and green roofs have approximately the same cost. At the same
time, investments in the installation of green roof systems for the League of Nations business center amounted to only
1.3% of the total reconstruction budget. In the case of the Zhemchuzhina Dona multi-apartment high-rise residential
complex, the share of costs for the development of design solutions, installation and landscaping of the roof amounted
to 4% of the total construction costs of the facility.

Discussion and Conclusion. The research conducted by the authors proves that the creation of vegetation cover is a
fairly effective barrier to the spread of dust pollution from infill construction. The efficiency of dust collection can reach
an average of 10 to 20%, depending on the air humidity level. At the same time, it is important to choose the right
plants for the green roof and arrange it well in order to maximize the effect of dust suppression, which will significantly
increase the environmental safety of residential areas in residential buildings. The two types of constructive green roof
solutions developed by the authors, which are applicable for the reconstruction of buildings and the construction of new
facilities, make it possible to create a comprehensive protection of the urban area from one of the most harmful sources
of dust emissions in the urban environment — the construction site. Although the introduction of such technologies
requires additional financial investments, they are offset by a decrease in the incidence of workers from harmful effects
of dust by about 15%. This leads to a corresponding reduction in the cost of construction work and labor savings, while
providing a higher level of protection for both workers on the construction site and residents of nearby areas.
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Abstract

Introduction. Estimation of the parameters of probability distribution laws using probability grids is widely used in
practice, particularly in modern software systems. This approach is actively employed for statistical analysis, where the
calculation results are presented as a probability graph. This allows for the assessment of the correspondence between a
given data set and a proposed probability model, as well as the identification of outliers. In the context of probabilistic
assessment of the loading of machine elements and structures, some authors suggest applying the Fisher—Tippett law.
This law is characterized by a distribution function with three parameters and is oriented to the maximum. This provides
flexibility in the description of statistical data and enables the estimation of the maximum value in the context of
loading. Nevertheless, the existing literature has not sufficiently substantiated the graphical representation of calculation
results and the method of parameter estimation, including the use of the probability grid method, which limits the
practical application of the Fisher—Tippett law. Therefore, the aim of this study is to justify and develop a methodology
for estimating parameters of the Fisher—Tippett law using the probability grid method.

Materials and Methods. The principles and theoretical foundations of constructing probability grids, the preliminary
grouping of data, and a ranking method for estimating the empirical distribution were considered as the materials for the
study. Analytical dependencies for constructing a probability grid and estimating the parameters of the Fisher—Tippett law
were justified. The method of mathematical modeling and comparative analysis were employed. The Matlab 8.6 software
package was utilized for modeling. The data were summarized in a tabular format and visualized in the form of graphs.
Results. The method of constructing a probabilistic graph and the method of graphical estimation of the parameters of
the Fisher-Tippett law were justified and demonstrated by example. A graph of the empirical distribution function and a
probability plot with a description of the locations were presented. A method for constructing a special scale for
estimating the shape parameter centered on the origin was proposed. A comparative analysis of parameter estimates
obtained using graphical and analytical methods was performed. Estimates of the scale, shape, and shift parameters
were compared. The relative error in estimates using the probability grid method was not more than 2%. The indicator
for the scale parameter was 1.83%; for the shape parameter was it 0.67%, and for the shift parameter it was 0.45%.
Corresponding results of the analytical assessment were 4.4%, 9.33% and 2.13%. In this case, the error was higher, but
it did not mean that the analytical method was less accurate.

Discussion and Conclusion. The adequacy of the proposed method of graphical estimation of the parameters of the
Fisher—Tippett law by the probabilistic grid method has been demonstrated. This method can be applied, for example,
within software packages or user applications. A special scale for graphically estimating the shape parameter can also
be used to estimate the shape parameter of the Weibull law. The obtained analytical dependencies, the provisions of the
methodology and the graphical materials can be used in the development of the corresponding national standard.

Keywords: probability grid, probability graph, distribution parameter estimation, reliability analysis, Weibull law,
Fisher-Tippett law
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OpueunaﬂbHoe meopemuieckoe ucczzedoeayue
MeToa BepOATHOCTHOM CeTKH AJs1 3aKkoHa Pumepa — Tunmera

A.A. Kotecos
JloHCKOH rocy1apCTBEHHBII TEXHUUECKHI YHUBEpCUTET, T. PocToB-Ha-[lony, Poccuiickas ®enepanus
< a.kotesov(@yandex.ru

AHHOTANUA

Bgeoenue. OuieHKa MapaMeTpPOB BEPOSITHOCTHBIX 3aKOHOB PACIIPEIETICHUS C MCIIOIb30BAaHUEM BEPOSTHOCTHBIX CETOK
HaXOJWT IINPOKOE NMPUMEHEHHE Ha MPAKTHKE, OCOOCHHO B COBPEMEHHBIX MPOrPaMMHBIX KOMIUIEKCax. Takoi Ioxxon
aKTMBHO HMCHOJB3YeTCs AJIsl CTATUCTUYECKOTO aHANIN3a, T PE3yNbTaThl BHIUMCICHUH IPEICTABIAIOTCS B BUAE BEPOSIT-
HOCTHOTO Tpaduka, 9To Ja€T BO3MOXKHOCTH OLIEHUTh COOTBETCTBHE HaOOpa AaHHBIX IPEIIOIAracMoi BEpOSTHOCTHON
MOJIENTH U BBISIBUTH BBIOPOCHL. B KOHTEKCTE BEPOSTHOCTHOH OLIEHKH HArpyKEHHOCTH 3JIEMEHTOB MAallMH M KOHCTPYK-
LU HEKOTOpBIE aBTOPHI IIpeAJIaratoT PUMEHATh 3akoH Pumiepa — Tunmera. ITOT 3aKOH XapakTepusyercs: QyHKIUeH
pacripenieneHusi, KoTopasi COICpKUT TPU MapaMeTpa U OPHEHTHUPOBaHA HA MAaKCHMYyM, 4TO OOecIlieunBaeT THOKOCTh B
ONKCAaHUM CTaTUCTUYECKUX JAHHBIX W MO3BOJIAET MOIy4aTh OLIEHKY MaKCHUMAalIbHOTO 3HAYEHUS B KOHTEKCTE Harpy»KeH-
HocTH. TeM He MeHee, B CYIIECTBYIOLICH JMTepaType HEelI0CTaTOYHO OOOCHOBaHbI rpaduueckoe mpejcTaBlieHHe pe-
3yJbTAaTOB BBIUUCIEHUNA U METOAMKA OLEHKU MapaMeTpOB, B TOM YHCIE U C HCIOJIb30BAHUEM METOJA BEPOSITHOCTHOU
CEeTKH, YTO OIPaHMYMBAET MPAaKTUYECKOe NMpuMeHeHue 3akoHa Duinepa — Tunnera. Takum oOpa3om, OCHOBHas LiElb
JAHHOTO MCCJIEIOBAHMS 3aKIIF0UaeTcsi B 00O0OCHOBAHMHM M pa3pabOTKE METOJMKH OLICHKH MapaMeTpoB 3akoHa Duimepa —
Tunnera ¢ UCNOJB30BaHUEM METOJA BEPOSITHOCTHOM CETKHU.

Mamepuanst u memoost. B xauecTBe MaTepraIoB pacCMaTPUBAINCH MPUHIIMIIB M TEOPETHUECKHE OCHOBBI ITIOCTPOCHUS
BEPOSITHOCTHBIX CETOK, Ipe/IBapUTEIbHAS IPYIIIMPOBKA JAHHBIX Y PAHTOBBIN METOJ OIIEHKH SMIIMPUYECKON (QYHKIINU
pacripenenenus. OOOCHOBBIBAINCH aHATUTHYECKUE 3aBHCUMOCTH IS ITOCTPOEHHS BEPOSTHOCTHOM CETKH W OLECHKH
napameTpoB 3akoHa @umiepa — Tunmera. Vcnonap30Baauck METO MAaTeMaTHYECKOIO MOJEIMPOBAHUS U CPaBHUTENb-
HBIA aHANW3. [ Mo#enpoBaHuUs 33 CTBOBAIIN MPOTPAMMHBINA KOMIUTEKC «Matinab 8.6». JlanHeie 0600mamyu B Tab-
JMYHOM (popMaTe U BU3yalU3UpOBaIN B BUE IPadUKOB.

Pesynemamut uccnedosanusn. O60cHOBaHA M TIOKa3aHa HA MIPUMEPE METOIMKA TIOCTPOSHHUS BEPOSITHOCTHOTO rpaiKa 1 Me-
ToMKa rpadyecKoi oueHKH napamerpoB 3akona Pumepa— Turmera. [Ipencrapnensr rpaduk smmmprdeckor GyHKIUN
pacnpeneneHus ¥ BEpOSTHOCTHBIHN rpaduk ¢ omucanueM no3unuid. [Ipeuioxkena MeTouka MoCTPOSHNS! CEUABHOM IITKa-
JIBI JUISL OLIEHKHU TapaMeTpa (popMbl, OpDHEHTHPOBAHHOM Ha TOUKY OTCYETa B Hauajle KOOp/MHAT. BBINOIHEH CpaBHUTEINLHBIH
aHAJIM3 OLICHOK NapaMETPOB, MOTYUYEHHBIX IPAHIECKUM M aHATUTHYECKHM MeToaMi. COMOCTaBISUINCH OLIEHKH ITapameT-
poB MacmTtaba, ¢opmbl ¥ cuBura. OTHOCHTENbHAsh IOIPEIIHOCTh OIEHOK METOJOM BEpPOSITHOCTHOM — CETKH
He npeBbnmaet 2 %. [lokasarens i mapamerpa macmradba — 1,83 %; dopmer — 0,67 %, capura — 0,45 %. CooTBeTCTBY-
IOIIHMe UTOTY aHAJMTHUYeCKOH oueHKH: 4,4, 9,3 %3 % u 2,13 %. B naHHOM ciy4ae MOrpenIHocTh BhIlIe, OJTHAKO 3TO HE 3Ha-
YWT, YTO AHATUTHYECKHI METOJI MEHEE TOYCH.

Obcyacoenue u 3axniouenue. 1lokasaHa aeKBaTHOCTh MPEAJIOKEHHON METOAMKU TpaduuecKoll OLEHKH MapaMeTpoB
3akoHa Puiepa — Tunmnera METOAOM BEPOSTHOCTHOHN ceTKU. Ee MOKHO IPUMEHATh, HAIPUMED, B POrPaMMHBIX KOM-
IUIEKCaxX WIM TOJIb30BaTENbCKUX NpHiIokeHusx. CrienuanpHas mKana it rpaduyeckoil OlUEeHKH mapamerpa (OopMBbI
TaKKe TMOAXOANT JUIA OLEHKH napamerpa ¢opMel 3akoHa BeitOymma. IlomydeHHbIe aHATUTHYECKHE 3aBHCUMOCTH, T10-
JI0KEHHSI METOIMKHU U TpauuecKuii MaTepua MOKHO UCIIONIb30BaTh MPH pa3paboTKe COOTBETCTBYIOIIEIO HAMOHAIb-
HOTO CTaHJapTa.

KioueBble c10Ba: BepOSTHOCTHAs CETKa, BEPOSTHOCTHBIM TpaduK, OllEHKA MapaMeTpoB paclpeieieHHs, aHaIu3
HAJEXKHOCTH, 3aK0H BeliOyma, 3akon @umepa — Tunmera

Bnaroaapnocnl. ABTOp BbIpaXXacT 6naroz[apHocn, PCUCH3CHTaM, 4Ybd KpPUTHUYCCKas OICHKAa MNPEACTaBJICHHBIX
MaTe€pruaioB U NPEIIIOKEHUSA MO UX COBEPIICHCTBOBAHUIO CII0COOCTBOBAIH 3HAYUTEIIbHOMY NOBBIIMICHUIO Ka4€CTBa
H3JI0KCHUA PE3YJIbTATOB UCCIICOBAHUA.

Jas nurupoBanus. KorecoB A.A. Meton BeposTHOCTHOW ceTku Ui 3akoHa Pumnepa — Tumnmera. bezonacrocmo
mexHo2eHHbIX U npupoouvix cucmem. 2025;9(2):146—157. https://doi.org/10.23947/2541-9129-2025-9-2-146-157
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Introduction. Graphical representation of statistical analysis results in the form of probability graphs is widely used
in modern software systems, particularly in the analysis of reliability or survival. This allows for the estimation of
distribution law parameters and the identification of outliers'. Estimation of parameters using probability grids is used
alongside other well-known methods and in some cases may be preferable. Probabilistic graphs are employed in the
processing of resource test results? and the creation of control maps in quality management systems?>. The probability
grid method enables a visual assessment of the correspondence between a data set and an assumed model for a random
variable, as described in the works of M.A. Deryabin[1], S.A. Dobrotin [2], V.L. Shper [3], Ya.l. Bulanov [4],
K.S. Ablazova [5], N.P. Velikanova [6], G.Sh. Khazanovich [7] and other modern scientists.

V.E. Kasyanov [8] and A.A. Kotesov [9] propose using one of the forms of generalized distribution of extreme
values [10] with a certain type of parameterization, which they propose to call the Fisher—Tippett law, for probabilistic
assessment of machine element and structure loading, but differs in that it focuses on maximum values. The Fisher—
Tippett law is suitable for estimating reliability indicators in combination with the Weibull law, for example, when
applying the load—strength failure model [11].

The graphical representation of the calculation results and the method used to estimate the parameters for the
Fisher—Tippett law are not well justified. The scientific literature and regulatory and technical documents do not provide
a specific method for estimating these parameters using a probability grid, which limits the practical application of this
law. Therefore, the aim of this study is to develop and substantiate a methodology for estimating Fisher—Tippett law
using the probability grid method.

Materials and Methods. Estimation of distribution parameters using probability graphs is based on grouping data
by intervals and constructing an interval empirical distribution regardless of the assumed theoretical distribution.
Therefore, such methods are often called nonparametric or rank-based. A probability grid is constructed for a specific
probability distribution law in order to get a linear relationship between variables*. Plotting involves linear
approximation of an array of empirical points on a probability grid. Therefore, this approach may be considered crude,
but it is often used along with others. The probability grid method can be decisive in the case when other methods are
untenable. For example, when estimating parameters using the maximum likelihood method, the likelihood function
may contain several local maximas. In this case, parameter estimates can be very inaccurate [12].

To justify the probability grid, we need to reduce the probability distribution function to a linear form. The Fisher—
Tippett distribution function is defined by the following expression:

c—X

b
F(x): l—e_( a j , x<gc, (1)
0, x>c,

where x — value of a random variable; a, b, c — scale, shape, and shift parameters of the distribution, respectively.
We transform distribution function (1) by taking the logarithm of both the left and right sides. Provided that ¢ > x, we get:

—ln(l—F(x))z(c_x)b,

a
ln(—ln(l—F(x))):bln(c—x)—bln(a). 2)

Obviously, expression (2) is a linear function of the form:
y=gqx+m, 3)

where x — function variable; ¢ and m — constants.
Comparing (2) and (3), we get:
ln(—ln(l—F(x))) =bln(c—x)-blin(a).

%,—J
v gx+m

Expression (2) differs from a similar sound to the Weibull distribution with three parameters in that only the right

side is different:
Weibull law Fisher

bln(x—c)—bln(a) bln(c—x)—bln(a).

" GOST R ISO 16269-4-2017. Statistical methods. Statistical data presentation. Part 4. Detection and treatment of outliers. Electronic Fund of Legal
and Regulatory and Technical Documents (In Russ.) URL: https://docs.cntd.ru/document/1200146680 (accessed: 15.01.2025).

2 GOST R 50779.27-2017. Statistical methods. Weibull distribution. Data analysis. Electronic Fund of Legal and Regulatory and Technical Docu-
ments. (In Russ.) URL: https://docs.cntd.ru/document/1200146523 (accessed: 15.01.2025).

3 GOST ISO 7870-1-2022. Statistical methods. Control charts. Part 1. General guidelines. Electronic Fund of Legal and Regulatory and Technical
Documents. (In Russ.) URL: https://docs.cntd.ru/document/1200192703 (accessed: 15.01.2025).

*GOST 11.008-75. Applied statisticas. Graphic methods of data processing. Use of probability papers. (In Russ.) URL:
https://meganorm.ru/Data2/1/4294753/429475313 1.pdf (accessed: 15.01.2025).
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Therefore, to construct a probability graph of the Fisher—Tippett law, it is advisable to use the basic provisions of
GOST 11.008 and GOST 50779.27. According to these standards, statistical data are plotted on a probability grid
during graphical analysis, and then the distribution parameters are estimated. Let us note that the probability grid
method is implemented both graphoanalytically and completely analytically. Therefore, to eliminate possible ambiguity,
we will call the estimation of parameters using the probability grid method graphical, and the estimation by the
maximum likelihood method analytical.

The left side of expression (2) allows us to determine the ordinate of the probability scale for estimating the scale
parameter. Let us assume that ¢ — x = a. By substituting this value in (2), we get:

ln(—ln(l—F(x))) =bln(a)—bln(a),
In(~In(1-F (x))) =0,

eln(—ln(l—F(x))) 0

—ln(l—F(x))_z 1:

e—ln(l—F(.\')) _ e[

E

—1 =e
1—F(x) -
1
F()C)zl—;,
F(x)~0.6321. (4)

Result (4) allows us to conclude that the abscissa of the point approximating the line with zero ordinate will be an
estimate of the scale parameter.
The decimal logarithm can be used along the abscissa axis of the probability graph. In this case, dependency (2) will
take the form:
ln(—ln(l—F(x))) z;(blg(c—x)—blg(a)) .

g (e)

An important aspect of implementing the probability grid method is the initial processing of statistical data,
specifically, obtaining an interval series of variations and estimating the empirical distribution function values. To
obtain an empirical distribution function, a ranking method is typically used, which involves estimating the position of a
distribution based on ordered data, considering the characteristics of the variation series (mean, median, mode, etc.).
Therefore, various dependencies are used to determine the ordinates of points, including expressions for approximate
estimation [13]. In this case, the choice will be determined by the amount of empirical data, the expected theoretical
distribution, and the type of probability graph. This takes into account the need for an adequate description of the
extreme members of the variation series [14].

It should be noted that some previous approaches to estimating the empirical distribution function have been
criticized, and this may be the subject of a separate discussion [15].

Results. The inverse function method is used to model a set of random data without a specific physical meaning,
distributed according to the Fisher—Tippett law.

The inverse distribution function is obtained analytically from expression (1):

F(x) =1—e7[%ij ,
—ln(l—F(x))z(c_ij,

F"l(x)zc—a” —ln(l—F(x)). %)
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The simulation was conducted using the Matlab 8.6 software package, (Fig. 1), according to the specified
parameters a, b, and c¢. The initial data used for the modeling are presented in Table 1.

Table 1
Initial data for modeling
Parameters of the Fisher—Tippett law Number of values
a b c n
100.00 3.00 250.00 100
fisher_tippet.m* +
1 -
2 —
3 -
=
o=
[ "ETeHepalMA MACCHMEE CAYYAWHHY YMCHEN B MHTepEans [0;1] c© noMomem EoMa=me rand():':
o= gamma = rand(100,1);
8 — ' BBENMCIeHEMEe SHadeHyst ofpaTHON BYVEHRLUMM SaroHa $Mmepa-TUONeTa M NONYYeHEMe CiTydaiHol EHGODKM B EMOE MaccHMea data:';
9 - data = c-a*|(-log(l-gamma)).”(1/b}):
10
I (=
12 =
13 =
14 - Tou
15 = opt = statset(’ s5',le5, "FunValCheck', "off');
16 — EBOueHKa mapaMeTp cI b KOMaHME mle () ':
17 — params = mle (data, "pdf',custompdf, 'start’', [100 3 250], 'Cptions',opt, "UpperBound’', [0 0 -Inf], "UpperBound’', [max (data) Inf Inf]):
Fig. 1. Modeling a set of random data in Matlab 8.6
The simulation results in the form of a set of random data x; are presented in Table 2.
Table 2
A set of random data with no definite physical meaning
No. Xi
1 201.98 222.87 | 182.26 | 183.98 | 133.30 | 114.41 204.15 157.16 169.63 | 217.17
2 124.97 100.63 | 138.10 | 112.03 | 185.71 | 160.66 169.88 123.02 192.45 | 179.76
3 143.79 97.90 118.26 | 208.58 | 152.80 | 95.93 179.54 214.92 155.05 | 132.63
4 140.21 199.05 | 140.76 | 179.14 | 200.77 | 189.65 178.47 117.03 152.32 | 174.79
5 148.32 164.27 | 169.47 | 153.61 | 160.16 | 200.97 | 201.86 198.03 187.74 | 205.69
6 160.11 147.75 | 109.29 | 188.97 | 127.93 | 179.33 153.42 128.49 159.80 | 160.55
7 176.62 180.02 | 183.43 | 149.66 | 113.64 | 170.37 180.74 132.75 84.58 | 172.97
8 147.27 138.01 | 158.67 | 133.01 | 161.65 | 168.27 194.75 114.29 162.36 | 139.61
9 199.99 156.53 | 104.26 | 161.36 | 181.23 | 178.00 | 241.30 197.14 144.12 | 159.39
10 195.72 167.66 | 182.20 | 148.29 | 148.13 | 144.22 180.65 161.10 169.07 | 132.26

An analytical assessment of the scale, shape, and shift parameters has been conducted. The estimates are indicated
respectively — a’, b’, ¢’ (Table 3).

Table 3
Results of the analytical evaluation of the parameters

Estimates of the parameters of the Fisher-Tippett law

a’ b’ c’

104.40 3.28 255.32

The Fisher—Tippett law, unlike the Weibull law, has a restriction on the right and sets the maximum value for a
random variable. Therefore, to obtain a series of variations, it is necessary to order the values in the dataset (sample)
from maximum to minimum.
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If the sample size is n < 30, then it is not advisable to group the data by intervals. In such cases, each variant should
be assigned a rank of j, and an approximation for the median position of these ranks can be used to estimate the values
of the empirical distribution function [16]:

j-03 .
F(x;)= =1,2...n), 6
(v) =2 o2l ) ©)
where x; — value of the sample variants ordered from maximum to minimum, corresponding to the j-th rank;

j — ordinal number of the rank; n — sample size.

Otherwise, for n > 30 it is necessary to group the data by intervals in accordance with the absolute sample size. At
the same time, it is recommended to take the number of interval £ in the range of 7 < k <40 depending on sample size n.
To group the data, it is necessary to determine the boundaries of the interval by selecting the values X < xmin and
X" 2 Xmax, and divide the resulting interval [X"; X ] into the intervals of equal length /:
X-X
==

Then, an interval variation series should be obtained by determining the number of sample values #;, that fall within
each interval. Each interval is described by abscissa X;, which defines the position of the ordered data distribution.
For the middle position, the empirical distribution function is estimated using the expression:

k

F(X,)= %(izl,l..k), ®)
i=1

h @)

where X; — middle of the i-th interval; n;, — number of sample members that fell into the i-th interval; £k — number of
intervals; n — sample size.

As an example, the values of the empirical distribution function were grouped and calculated (Fig. 2) for the data set
from Table 3.
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Fig. 2. Empirical distribution function: 1 — function; 2 — middle of the interval

Figure 2 shows the probability value along the ordinate axis; and the values of the dataset (sample) without a
specific physical meaning are shown along the abscissa axis.

For data grouping, we assume k = 25, X" = 84, X"" = 242 and determined value /# = 6.32. One sample value falls into the
first three intervals, so they are combined. The total number of intervals — &k = 23. Table 4 provides the calculation results.
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Table 4
Calculation results
Rank interval — >
3 ¥ @
i " X, FX) = 3 < g &
< N & %
= 4, ~
beginning end = §
T
S
1 2 3 4 5 6 7 8 9 10 11

1% | 223.04*% | 242.00* 1 232.52 0.0099 0.0099 23665 | —4.6101 22.68 1.3555

2 216.72 223.04 2 219.88 0.0198 0.0297 2.3422 | -3.5015 29.00 1.4623

3 210.40 216.72 1 213.56 0.0099 0.0396 2.3295 | -3.2087 35.32 1.5480

4 204.08 210.40 3 207.24 0.0297 0.0693 23165 | -2.6335 41.64 1.6195

5 197.76 204.08 7 200.92 0.0693 0.1386 2.3030 | -1.9024 47.96 1.6808

6 191.44 197.76 4 194.60 0.0396 0.1782 22891 | -1.6282 54.28 1.7346

7 185.12 191.44 4 188.28 0.0396 0.2178 22748 | —-1.4038 60.60 1.7824

8 178.80 185.12 12 181.96 0.1188 0.3366 2.2600 | —0.8906 66.92 1.8255

9 172.48 178.80 5 175.64 0.0495 0.3861 2.2446 | —0.7175 73.24 1.8647

10 | 166.16 172.48 7 169.32 0.0693 0.4554 2.2287 | —0.4979 79.56 1.9007

11 159.84 166.16 9 163.00 0.0891 0.5446 22122 | -0.2402 85.88 1.9339

12 153.52 159.84 7 156.68 0.0693 0.6139 2.1950 | —0.0497 92.20 1.9647

13 147.20 153.52 9 150.36 0.0891 0.7030 2.1771 0.1939 98.52 1.9935

14 | 140.88 147.20 3 144.04 0.0297 0.7327 2.1585 0.2771 104.84 | 2.0205

15 134.56 140.88 5 137.72 0.0495 0.7822 2.1390 0.4214 111.16 | 2.0459

16 128.24 134.56 6 131.40 0.0594 0.8416 2.1186 0.6111 117.48 | 2.0699

17 121.92 128.24 3 125.08 0.0297 0.8713 2.0972 0.7179 123.80 | 2.0927

18 115.60 121.92 2 118.76 0.0198 0.8911 2.0747 0.7963 130.12 | 2.1143

19 | 109.28 115.60 5 112.44 0.0495 0.9406 2.0509 1.0379 136.44 | 2.1349
20 | 102.96 109.28 1 106.12 0.0099 0.9505 2.0258 1.1005 142.76 | 2.1546
21 96.64 102.96 2 99.80 0.0198 0.9703 1.9991 1.2575 149.08 | 2.1734
22 90.32 96.64 1 93.48 0.0099 0.9802 1.9707 | —4.6101 155.40 | 2.1914
23 84.00 90.32 1 87.16 0.0099 0.9901 1.9403 | -3.5015 161.72 | 2.2088

where ¥ — Correction when combining intervals 1-3 into one interval [223,04; 242,00]
On the x-axis of the probability graph, we use a scale with decimal logarithms. The calculation results from
columns 8 and 9 of Table 4 determine the coordinates of the points for plotting {Lg(X;); Ln(—Ln(1-(F(X;))+F(Xi1))))}.
At the next stage, the shift parameter is evaluated. To do this, a smooth curve (rather than a straight line) (Fig. 3,
pos. 2) should be drawn through the array of points (Fig. 3, pos. 1).
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At the point where the straight line intersects the zero ordinate (Fig. 3, pos. 7), graphical estimation of scale
parameter A4 is made.

0.999

0.990

10_,/
643 /2

TN I/ |

0.900 ;L

0.800 |/ T
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0.632

0.010

Lg(X), -

Fig. 3. Graphical estimation of the Fisher—Tippett law parameters: 1 — points with coordinates {Lg(X:); Ln(-Ln(1-(F(X:)+F(Xi+1)))};
2 — line for estimating abscissa X3 along ordinate Y3; 3 — point with coordinates {Y3; X3}; 4 — points with coordinates {Lg(C —X:);
Ln(—Ln(1-(F(Xi)+F(Xi+1))))}; 5 — straight line approximating points 4; 6 — line for estimating the scale parameter; 7 — intersection
point of lines 5 and 6, advising the estimation of scale parameter 4"; 8 — scale for estimating shape parameter B’; 9 — point with
coordinates {0; 0}; 10 — straight line drawn through point 9 parallel to straight line 5, to evaluate shape parameter B” on scale 8

Figure 3 shows the probability value along the ordinate axis, and the abscissa axis shows the values of a data set
(sample) without a specific physical meaning.

The coordinates of the points of the extreme members of the variation series are denoted by {Xi; Y1} and {X3; Y2},
and Y3 coordinate is estimated:

Y +Y,

== €)]

Using ordinate Y3 on the previously indicated curve, abscissa X3 can be determined (Fig. 3, pos. 3). Then shift
parameter C’ is estimated:

r

r_ XI'XZ_XCsZ . (10)
X, +X,-2X;

In the example presented, the extreme terms of the variation series are the midpoints of intervals i=1 and i =23 with
coordinates {Lg(X;); Ln(—Ln(1H(F(X})))} and {Lg(X23); Ln(—Ln(1—(F(X22)+F(X23)))}. Accordingly, Y1 = La(—Ln(1-(F(X)))),
Ys = Ln(—Ln(1-(F(X)+F(X2))), Xi = Lg(X1); Xo = Lg(Xa3). As a result, a graphical estimate of shift parameter C” = 248.88. We
use it to adjust the abscissa of all points, determining values (C"—X;), and plot the points with the corresponding coordinates on the
graph (Fig. 3, pos. 4). As you can see, after the correction, the points lined up “more evenly”, which allows us to draw a straight
line through them (Fig. 3, pos. 5).

The estimate of the shape parameter corresponds to the angle of inclination of the approximating straight line
(Fig. 3, pos. 5) to the abscissa axis. To graphically evaluate the parameter, you can use the coordinates of the points or a
special scale (if available). When estimating the shape parameter by coordinates, it is necessary to express the values
along the abscissa axis on the scale of the natural logarithm, i.e. use the value Ln(X) instead of Lg(X).

The considered example shows a scale for graphical evaluation of shape parameter B (Fig. 3, pos. 8). To
construct the scale, the coordinates of points {Lg(X); Ln(Y)} were calculated based on the set values of the shape
parameter (Table 5). The scale is oriented to the reference point with coordinates {0; 0} (Fig. 3, pos. 9). To estimate
the shape parameter, it is necessary to draw a straight line parallel to the approximating line through the reference
point (Fig. 3, pos. 10).
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Table 5
Building a scale for graphical evaluation of the shape parameter
B’ 0.5000 1.0000 2.0000 3.0000 4.0000 5.0000 6.0000
Ln(Y) 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000
Ln(X) 2.0000 1.0000 0.5000 0.3333 0.2500 0.2000 0.1667
Lg(X) 0.8686 0.4343 0.2171 0.1448 0.1086 0.0869 0.0724

As aresult of data processing, graphical estimates of the parameters of the Fisher—Tippett law were obtained (Table 6).

Table 6
Results of graphical parameter estimation

Estimates of the parameters of the Fisher—Tippett law

A’ B’ c’
98.17 2.98 248.87

After evaluating the parameters, we need to perform a check using inverse function (5) with the specified probability values:
1

F‘l(x):C'—A'(—ln(l—F(x)))E, (11)

By calculating the values of inverse distribution function (11) and connecting the resulting points on the graph, you
can visually assess the quality of the model. As you can see, the graph of the inverse function (Fig. 4) smoothly
describes the array of initial points (Fig. 4, pos. 1 and 2). This suggests that the model is able to accurately describe the
data, and the parameter estimation has been performed correctly.
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Fig. 4. Checking the model after graphical evaluation of the parameters
1 — starting points with coordinates {Lg(X:); Ln(—Ln(1-(F(Xi)+F(Xi+1)))};
2 — graph of inverse distribution function F~'(x) with parameters 4", B’, C’
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Figure 4 shows the probability value along the ordinate axis, and the abscissa axis shows the values of the data
set (sample) without a specific physical meaning.
The results of the verification calculations are presented in Table 7.

Table 7
The results of the model's testing
Flx) Fl(x) Lg(F'(x)) Ln(=Ln(1-(F(x))
0.0010 239.1548 2.3787 —6.9073
0.0050 232.2033 2.3576 —5.2958
0.0100 227.8309 2.3068 —4.6001
0.0500 212.5564 2.2775 -2.9702
0.1000 202.6589 2.2537 —2.2504
0.2000 189.4586 2.2317 —-1.4999
0.3000 179.3564 2.2096 -1.0309
0.4000 170.4725 2.1862 —0.6717
0.5000 162.0373 2.1596 —0.3665
0.6000 153.5320 2.1263 —0.0874
0.7000 144.4053 2.0758 0.1856
0.8000 133.7435 2.0299 0.4759
0.9000 119.0766 1.9303 0.8340
0.9900 85.1730 1.8882 1.5272
0.9990 61.3715 1.7880 1.9326

As it can be seen, the graphical and analytical estimates of the parameters are close to the parameters set during the
modeling of the dataset (a, b, ¢).

It is not entirely correct to compare the estimates obtained with respect to the specified parameters, however, such a
comparison is justified if the specified parameters are taken as the true parameters of the general population, and the set
of random data x; is considered a representative sample. A comparative analysis of graphical and analytical estimates is
presented in Table 8.

Table 8
Comparison of graphical and analytical estimates of parameters
3
$— = 5]
. 239 2 3 g
Indicator s g Value 5, % | & g Value 5, % g Value 3, %
wn ' N — (=8
3 S e
o e =
=
7!
Preset parameters a 100.00 - b 3.00 - c 250.00 -
Analytical estimai 2
nalytical estimation) - . 10440 | 440 | b’ 3.28 933 | ¢ 25532 | 2.13 £
of parameters =
Graphical estimati A
rapaical eSHImation) - . 9817 | 183 | B 2.98 067 | €| 24887 | 045 °
of parameters 5
Q
Comparative analysis has shown that the relative error of graphical estimates does not exceed 2% (& <2%). The §

error of the analytical estimates in this example turned out to be higher, but this does not mean that the analytical
method is less accurate.
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Discussion and Conclusion. The presented probability grid method for the Fisher-Tippett law is adequate and
suitable for practical application. For example, it can be used in software packages or when creating custom
applications for graphical representation of statistical analysis results. It opens up the possibility to perform model
fitting together with other known methods, even if they are untenable. The proposed method of constructing a scale for
graphically estimating the shape parameter can be used to evaluate the shape parameter of the Weibull's law. The
obtained analytical dependencies, the provisions of the methodology and the graphic material can be useful in the
development of an appropriate national standard.
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Abstract

Introduction. Currently, more than 7,000 legal entities and individual entrepreneurs in the Russian Federation operate
hazardous production facilities (HPFs) and over 90,000 lifting facilities, including cranes, hoists, and elevators.
Periodically, serious accidents leading to injuries and deaths are recorded at these facilities, emphasizing the importance
of ensuring safety on lifting cranes. However, sanctions against imported cranes installed in ports make it difficult to
ensure their safe operation, as many of these cranes exceed or approach the end of their service life. According to the
regulatory legal acts of the Russian Federation, an industrial safety inspection is required for further operation of these
cranes. The existing studies on the assessment of technical condition of lifting machines primarily focus on issues
related to residual life. However, the analysis reveals that the features of evaluating the condition of cranes
manufactured by foreign companies, in particular, their actual loads as determined by FEM', have not been thoroughly
investigated. This discrepancy between actual and specified loading leads to increased risk of accidents. The aim of this
research is to develop a methodology for determining the actual classification group of jib cranes produced by foreign
companies, which will allow for an objective assessment of their technical condition during the industrial safety
inspections, as well as verifying the developed methodology through a specific example.

Materials and Methods. The assessment was based on statistical data collected over the past 27 years. The study was
conducted through a systematization of typical damages to cranes identified during industrial safety inspections. Statistical
data on the number of cranes and accidents were collected from open sources. During the observation period, there were
254,250 cranes, and the average number of accidents was 42.29, which allowed us to calculate a background probability of
accidents of 1.66 - 107 This allowed us to identify an excess in the permissible destruction probability, which was 2x1073,
compared to the established regulatory level of 10*. Based on this, we analyzed the technical condition of cranes and
refined the risk assessment methodology. The direct analysis of the technical condition of cranes was based on the study of
loading functions, which depended on the weight of the load and the boom outreach, considered as random variables. For
this purpose, we collected and processed primary information in the form of histograms of the distribution of transported
cargo masses and boom outreach of the tested cranes. We used these data to calculate the remaining fatigue life of the
resource-determining component of the metal structure and the probability of structural failure. Statistical data processing
techniques were used to formalize conclusions about the risk level of crane operation based on specific numerical values of
accident and damage probabilities, taking into account economic and social factors.

Results. To assess the technical condition of jib cranes manufactured by foreign companies, a methodology was
developed to determine the actual classification group. The methodology included calculating the load distribution
coefficient (K;) through load moments, estimating the residual resource by a characteristic number, calculating fatigue
stresses for a resource-determining unit, determining the probability of structural failure, and assessing the risk of an

"F.EM. 1.001-1998. Rules for the Design of Hoisting Appliances. VBOOK.PUB. URL: https://vbook.pub/documents/fem-1001-3-edition-revised-
19981041 -rules-for-the-design-of-hoisting-appliances-Swglvlzj7807 (accessed: 24.02.2025).
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accident. The article provides an example of the application of this technique to a specific jib crane. For a crane with design
K, =0.30 (group A6) and a standard characteristic number of 125,000, the actual characteristic number was 179,323,
indicating that service life had been exhausted. Verification calculation of fatigue stresses in the reference contour showed
close proximity to the ultimate strength. The value of the probability of destruction, considering the statistical data on the
crane load, exceeded the permissible value.

Discussion and Conclusion. The analysis of the results, using a specific example, showed that exceeding the passport
classification of the crane's operating mode, and as a result, exceeding the assigned resources of its structural
components, led to a significant increase in the risk of accidents. Based on the examination, it was found that the actual
classification group of the crane's operating mode exceeded the passport value and amounts to A6 instead of AS. The
developed methodology for assessing the actual classification group of the operating mode of jib cranes from foreign
manufacturers allows for a significant reduction in the likelihood of structural failure and accident rate during industrial
safety inspections. At the same time, it is recommended to use the background probability of a lifting crane accident
of 1.66-107* and the average value of material damage of 73.2 million rubles in calculations.

Keywords: jib cranes, industrial safety inspection, probability of destruction, classification group, service life
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AHHOTANNA

Beeoenue. Ha texyumii momenT B Poccuiickoit @enepaniu 6omee 7 000 ropuaANYECKHUX JIMI U WHIWBHIAYIBHBIX MPEIITPH-
HHMMaTeNel SKCILTyaTHpPYIOT OonacHble mpon3BojcTBeHHble 00beKThl (OI1O) 1 cBbime 90 ThICSY OIBEMHBIX COOPYKEHHUH,
BKJIIOYAst IPY30II0JbeMHBIE KPaHbI, MOABEMHHUKU U JUQTHL. [leproandecky Ha STHX COOPYKEHHSIX PErHCTPUPYIOTCS Cephe3-
HbIE aBapyH, NPUBOJAIINE K HECUACTHBIM CIIydasM U THOENH JIFoJeH, YTO TOJYEPKUBAET 3HAYMMOCTh BOIIPOCa 00ECTICUeHHs
6€30I1aCHOCTH Ha TPY30MOABEMHBIX KpaHaX. [Ipy 3ToM caHKIWH, BBEACHHBIE 3apyOeKHBIMA KOMITAHUSIMU — IIPOU3BOUTE-
JISIMH UMIIOPTHBIX KPAHOB, YCTAHOBJIEHHBIX B TIOPTaX, YCIOKHSIOT MX JATBHEHIIYIO OE30MaCHY0 SKCILTyaTallHIo, TOCKOJIBKY
MHOTHE W3 HUX NPEBBIIAOT WIH NPHOIKAIOTCS K MPEEITFHOMY CPOKY CITy>KOBL. B COOTBETCTBHY C HOPMAaTHBHBIMH TIPABO-
BbIMH akTamu Poccriickoit ®enepanum, 11 MX JalbHEHIIEH SKCIDTyaTalld HEOOXOIUMO TPOBEACHHE SKCIIEPTH3HI MPO-
MBIIUIEHHOH Oe3oracHocTr. CyIecTBYIOIINE HCCIEIOBAHMS, TIOCBSIIICHHBIE OIIEHKE TEXHUYECKOTO COCTOSHHMS TPY30II0b-
€MHBIX MaIlliH, B OCHOBHOM 3aTparkBaiOT BOIPOCHI OCTAaTOYHOrO pecypca. OIHAKO aHAM3 MTOKA3bIBAET, YTO OCOOCHHOCTH
OLIEHKH COCTOSIHUSI KDAaHOB 3apyOeKHBIX TIPOU3BOIUTENEN, BKIIFOUAs MX (DAKTHUECKHE HArPy3KH B cOOTBETCTBHM ¢ FEM?,
OCTAIOTCSl HEIOCTAaTOYHO WCCIIEJJOBAHbL. DTO MPUBOIHUT K HECOOTBETCTBHIO (DAKTHYECKOH M TMACIIOPTHOM 3arpy3KH, YTO CO-
3[1a€T TIOBBIIICHHBIE PUCKH aBapUHHBIX cUTyauuid. Llens NaHHOro McCenoBaHMs 3aKIIOYaeTcsl B pa3padOTKe METOIUKU
onpenenenust (paKTUUeCKOi rpymIibl Kiaccupukanuy (pexkuMa) CTPENIOBbIX KPaHOB 3apyOeKHBIX KOMIIaHUH. JTa METOUKa
TIO3BOJIUT TPOU3BECTU OOBEKTUBHYIO OLIEHKY TEXHHUYECKOT'O COCTOSIHHUSI KPAaHOB B IIPOIIECCE IKCIEPTU3bI NIPOMBIIUICHHON
6e3omacHocTy. Taroke B paMkax paboThI OyJIeT MpoBeAeHa IPOBEPKa pa3padoTaHHONW METOIMKH Ha KOHKPETHOM TIPAMEpE.
Mamepuansl u memoodwsl. OrieHKa 0a3upoBaiach HA CTATHCTUYECKUX NAaHHBIX, COOpaHHBIX mociennue 27 mer. Hc-
CJIeZIOBaHHE TPOBOAMIIOCH HA OCHOBE CHCTEMATH3aLMHM THIIOBBIX MOBPEKACHUI KPAHOB, BBIABICHHBIX B XOJI€ JKC-
MIePTU3bI IPOMBIIUIEHHON 0e30macHOCTH. VICHoIp30BaINCh CTAaTUCTUYECKNE JaHHBIE O KOJIMYECTBE KPAaHOB U aBapH-
sIX, COOpaHHBIE M3 OTKPHITHIX HCTOYHUKOB. KOIIMUecTBO KpaHOB 3a mepuo,| HabIoeHus cocTaBmiIo 254 250 equawII,
a cpegHee yucio aBapuil — 42,29. DTo nano BO3MOXKHOCTh paccyuTarh (POHOBYIO BEPOSITHOCTH aBapuil, paBHYIO

2F.E.M. 1.001-1998. Ilpasuna npoexmuposanus nodvémneix ycmpoticms. VBOOK.PUB. URL: https://vbook.pub/documents/fem-1001-3-edition-
revised-1998101-rules-for-the-design-of-hoisting-appliances-5wglvlzj7807 (nara obpamenus: 24.02.2025).
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1,66-10™, 4TO MO3BOIMIIO BBISABUTH HPEBBINIEHHE JOIYCTUMOIO 3HAUEHHs BEPOATHOCTH Pa3pyIlleHMsi, KOTOPOE CO-
craBuiio 2 - 107 IpOTHE yCTaHOBJIEHHOrO HOPMATUBHOTO YpoBHs 1074, JlaHHBIE Pe3yNbTaThl CTAIM OCHOBAHHUEM JUIS
IIPOBEJCHNUS aHAJIH3a TEXHUYECKOTO COCTOSHMS KPAaHOB U JOPaOOTKH METOJMKH OLEHKH pHCKOB. HemocpeacTBeHHO
aHaJIM3 TEXHUYECKOTO COCTOSIHUS KPaHOB OCHOBBIBAJICS HA MCCIEJOBAHUM (DYyHKIMH 3arpy3KH, KOTOPBIE 3aBUCAT OT
Macchl Tpy3a U BBUIETA CTPENbl, paCCMaTPUBAEMbIX KaK CllydalHble BeNWYUHBIL. J{J1s 3TOro OBII MpoM3BeneH cOop H
o0OpaboTka nepBu4YHON HHDOpPMANnK B (hOpMe TUCTOTPaMM pacCIpeeIeHUs IIepeMeIIaeMbIX MacC TPY30B M BEUIETOB
CTpEJbl UCTBITYEMbIX KPaHOB. JTH JaHHBIC HCIOIB30BAINCH JUI pacdeTa OCTAaTOYHOTO pecypca 1o HapaboTke Ha
YCTaJOCTh PECYPCOOIPEACIISIONIEr0 y31a METAIIOKOHCTPYKIIMM M BEPOSITHOCTH pa3pymIeHHs KOHCTpykumu. Ilpnm
CTaTUCTHYECKOH 00pabOTKe JaHHBIX MPUMEHSIINCH METOJMKH, MO3BOJISIONINE (hOPMaIM30BaTh BBHIBOJALI 00 YpOBHE
pHCKa dKCIUTyaTallii KPaHOB, OCHOBaHHbIE Ha KOHKPETHBIX YHCIEHHBIX 3HAYEHHUSX BEPOSTHOCTH aBAPHH M BEIHYH-
HBI ylep0a, yYUTHIBAIOIEe SKOHOMHUUECKUE U COLMANIbHBIE aCTIEKTHI.

Pezynomamut uccinedosanus. 1711 ONCHKH TEXHHYECKOTO COCTOSTHHS CTPEIIOBBIX KPAHOB 3apyOCKHBIX (hUpPM pa3pado-
TaHa METOJUKA, MO3BOJIIOIIAS ONpENeNuTh (DakTHYeCKyIo Tpymiy Kiaccuukanuu (pexxum). MeToanka BKIIOYAeT
pacueT xodddunuenta pacnpenenenus Harpysok (Kp) depe3 rpy3oBble MOMEHTBI, OLIEHKY OCTaTOYHOIO pecypca IIo
XapaKTEePUCTUYECKOMY UHCILy, pacdeT HaNpsDKEHHH Ha YCTaloCTh AJISI PECYpPCOOIPEAENAIONIETO y37a, ONpe/eieHNe
BEPOSITHOCTH pa3pyLICHUs] KOHCTPYKIUH, a TaKKe OLIEHKY yPOBHS PHCKa aBapHu. B cTarhe mpencTaBieH IpuMep MpH-
MEHEHUsI JaHHOW METOIMKHN Ha KOHKPETHOM CTpenoBoM KpaHe. [lnst kpaHa ¢ pacderHsM K, = 0,30 (rpynma A6) u HOp-
MaTHBHBIM XapaKTEPUCTHYECKUM YHCIIOM paBHBIM 125 000, daxTnieckoe XapaKTepHCTHYECKOE YHCIIO COCTABISIET
179 323, uro yka3bIBaeT Ha HcUyepHaHue pecypca. [IpoBepouHslil pacueT HaNpsHKEHUH HA YCTaIOCTh OIIOPHOIO KOHTypa
MOKa3aja OJIN30CTh K IMpeJey MPOYHOCTH. 3HAUeHHE BEPOSATHOCTH Pa3pyIICHHs C YYE€TOM CTaTUCTHYECKHX JAHHBIX O
3arpy»KEHHOCTH KpaHa MPEBBICHIIO IOMTyCTUMOE 3HaUCHHUE.

Obcyrcoenue u 3axniouenue. AHaIu3 pe3yabTaTOB Ha KOHKPETHOM NpHMeEpe MOKa3all, YTO MPEBbIICHUE MacOPTHON
Ipymmnbl Kinaccu(uKauy pexruMa paboThl KpaHa M, KakK CIEJICTBHE, MPEBbIIICHHE HAa3HAYEHHOTI'O pecypca ero KOoH-
CTPYKTHUBHBIX 3JIEMEHTOB IPUBOJUT K 3HAUYMUTEILHOMY YBEJIMYEHHUIO pHUCcKa aBapuil. B pesynbTaTe sKkcnepTH3bl ycTa-
HOBJICHO, YTO (paKkTHuecKas Ipymnna KiaccuuKalyuy pekuMa padoThl KpaHa MPEBbIIAET MACcIOPTHOE 3HAUYEHHE U CO-
craBisier A6 BMecTo AS. Pa3paboTaHHas MeTOAMKA ONEHKH (PaKTHYECKOW TPYMITHl KIACCH(PHUKAINN peKUMa paboTHI
CTPENOBBIX KPAHOB 3apyOeXHBIX HMPOW3BOJHUTENEH MO3BOJIUT CYIIECTBEHHO CHHU3HUTH BEPOSITHOCTH PA3PYIIEHHS KOH-
CTPYKLIMH 1 YPOBEHb aBapHHHOCTH B IPOLIECCE IKCIEPTH3HI MPOMBIIUIEHHOW Oe3onmacHoCcTH. [Ipu 3TOM pekoMeHayeTcst
IIPY pacdeTax HMCHOIb30BaTh (JOHOBOE 3HAYCHHE BEPOSITHOCTH aBapHHU TPy30MOabeMHOro kpana 1,66-10~* u cpernnee
3HAaYCHHE MaTepHaIbHOTO yiiepba 73,2 MiTH pyOreii.

KuroueBbie ci10Ba: CTPEIIOBBIC KPAHbI, SKCIICPTH3a MPOMBIIUICHHONW OE30MAaCHOCTH, BEPOSTHOCTD pa3pyIICHUs, TPyTIIa
knaccudukanuu, pecype

baarogapHocTu. ABTOpPBI BBIpaXKAIOT HCKpeHHIOI OnarogapHocth kojuiektuBy OOO UKL «Meiciey HITY
r. HoBouepkaccka 3a MpenocTaBIeHHYI0 BO3MOXKHOCTD HCIIOJIb30BaTh JIAHHBIE DKCIEPTH3bI IPOMBIIIIICHHOH Oe3orac-
HOCTH CTPEJIOBBIX KPAHOB, a TAKXKE 3a JJOCTYIT K CTATUCTUYECCKON 0a3e NaHHBIX THIIOBBIX MOBPEKICHHUI KPAHOB.

Joas uutupoBanusi. Cumonos JI.H., XBaun P.B., [Tandwunosa 3.A., TepHosckoi JI.A. Merouka onpeesaeHust rpymbl
KJIACCU(HKAIMKM CTPEIOBBIX KPAHOB 3apyOeKHBIX (HUPM TPH OIEHKE HMX TEXHHYECKOTO COCTOSHHS B TEPHOJ
NEHCTBYIOIINX  CaHKOWH.  bezonacmocms — mexHocewHvix u  npupoonvix  cucmem.  2025;9(2):158-1609.
https://doi.org/10.23947/2541-9129-2025-9-2-158-169

Introduction. Currently, there are 51,670 hazardous production facilities registered in the Russian Federation that
operate more than 284,000 lifting devices, including 224,363 cranes. It's worth noting that 51.2% of these lifting
devices have already reached the end of their standard service life.

In 2023, there were 30 recorded accidents at lifting facilities. The analysis of causes of accidents over the past few
years has revealed that the main contributing factors are: poor production control [1], operation of faulty lifting
structures, and inadequate organization of inspections, maintenance, and scheduled repairs for lifting structures [2].

The sanctions imposed by producing countries have affected foreign lifting cranes that are mainly used in sea and
river ports. For many imported lifting cranes, their service life has reached a critical point or exceeded the established
standard [3]. To ensure the safe operation of these devices in accordance with the regulatory legal acts of the Russian
Federation, an industrial safety inspection is required. This mandatory step ensures the reliability and safety of crane
operation and compliance with applicable standards and regulations. The classification groups, classes of use, and
loading modes for these cranes are based on the international European standard FEM 1.001-19983 “Rules for the

3F.E.M. 1.001-1998. Rules for the Design of Hoisting Appliances. VBOOK.PUB. URL: https://vbook.pub/documents/fem-1001-3-edition-revised-
1998101 -rules-for-the-design-of-hoisting-appliances-Swglvlzj7807 (accessed: 24.02.2025).
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Design of Hoisting Appliances”, which is equivalent to the Russian standard GOST 34-017-2016*. A comparative
analysis of these regulatory documents has shown that, according to FEM?3, the crane loading is indicated as Q2 in the
certificate, while the actual load corresponds to Q3. This results in an excess of the classification group value and
increased risk of accidents.

The main challenge of operating such cranes in the context of sanctions imposed by manufacturing countries is the
termination or severe restriction of the supply of equipment, spare parts, and assemblies for these cranes, as well as
disruption of contact for consulting services related to their operation. Additionally, there has been a cessation of
equipment maintenance by specialists from supplier companies, as well as remote monitoring of equipment status and
updates to software products that ensure the safe operation of the cranes.

Jib cranes, in accordance with the legislation of the Russian Federation No. 116 FZ, belong to potentially
dangerous objects of hazard class IV, and must comply with standard safety requirements, such as reliability, durability,
maintainability, and safety [4, 5].

During the scheduled expert inspections of cranes, the presence of separate resource-determining (resource-
limiting) components and elements of metal structures was established [6]. Damage (resource depletion) of such
components can lead to the complete destruction of the structure. For example, there have been accidents related to:
the destruction of the rail attachment unit of the boom outreach mechanism for an Albatross type portal jib
crane (Fig. 1), the destruction of the outrigger attachment unit for a tower crane (Fig. 2), the destruction of the lifting
mechanism for a portal jib crane (Fig. 3).

Fig. 1. Accident of an Albatross type portal jib crane due to the destruction of the rail attachment unit of the boom departure:
a — general view; b — place of destruction

4 GOST 34 017-2016. Cranes. Classification of operating modes. Electronic Fund of Legal and Regulatory and Technical Documents. URL:

https://docs.cntd.ru/document/1200144610?ysclid=mb95dc2322z408543082 (In Russ.) (accessed: 24.02.2025).

S1d.

® On Industrial Safety of Hazardous Production Facilities. Federal Law No. 116 FZ dated 21 July, 1997. Electronic Fund of Legal and Regulatory and
Technical Documents. (In Russ.) URL: https://docs.cntd.ru/document/9046058?ysclid=mb95ftx11k548884359 (accessed: 24.02.2025).
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Fig. 2. Accident of a tower crane due to the destruction of the attachment point of the outriggers of the carriage frame:
a — general view; b — place of destruction

Fig. 3. An accident of a portal jib crane due to the destruction of the lifting mechanism:
a — before the accident; b — after the accident

The described accidents have a common cause, which is exceeding the crane's classification group (mode) of the
specified value in the passport, which in turn leads to exceeding the service life for the crane as a whole and the
resource-determining components of the crane specifically.

The task of conducting an objective assessment of the technical condition of jib cranes during the process of
industrial safety inspection is essential. Therefore, the aim of this work was to develop a methodology for determining
the actual classification group (mode) of jib cranes of foreign companies and to test the developed methodology using a
specific example.

Materials and Methods. Gottwald type cranes have an A5 or A6 crane operating mode classification group with
recommended parameters according to International European standards FEM 1.001-19987 [8]:

— crane classification group A;

— mechanism classification group M;

— other components classification group E;

— usage class U for each group;

— loading mode Q for each group.

With these parameters, the expected lifetime of the components and mechanisms [9] of the crane must be achieved,
expressed in operating hours (Table 1).

7 F.EM. 1.001-1998. Rules for the Design of Hoisting Appliances. VBOOK.PUB. URL: https://vbook.pub/documents/fem-1001-3-edition-revised-
1998101 -rules-for-the-design-of-hoisting-appliances-Swglvlzj7807 (accessed: 24.02.2025).
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Table 1
Service life diagram for HMK, HSK type cranes
Service life of components
Components Hours in service
P ot 5,000, 10,000 | 15,000 | 20,000 | 25,000 | 30,000 40(320200 45,000 503300
Metal structure Check every 5000
hours
Overhaul
Diesel unit Generator
Clutch
Reduction unit
Engine
Swing mechanism | Rotation crown
gear
Brake
Axis
Axes
Brake
. Hydraulic motors
Und
ndercarriage Valves
. Pump
Hydraulic system
Seals
) Drive
Electrical system
Control system
Reduction unit
Brake
L ) Blocks
Lifting mechanism -
Engine
Ropes
6000 hours
Outrigger support Cylinders
system
Derricki .
erme .1ng Cylinders
mechanism
Undercarriage on
rails
Axis
Undercarriage on Engine
tires Brake
Reduction unit
Components Hours in service (5,000, 10,000 | 15,000 | 20,000 | 25,000 | 30,000 | 40,000 | 45,000 | 50,000

This table determines the recommended service life in operating hours for the bearing metal structures of cranes, as
well as for the main components of the crane — lifting, rotating, chassis, electrical, and hydraulic equipment — under a
specific loading mode Q. For instance, the service life of a crane's metal structure under loading mode Q2 was 40,000
operating hours.

According to FEM8, Q2 load mode is recommended for imported cranes. However, when we analyzed the actual
load on several cranes that were surveyed, we found that the current load mode corresponded to Q3 level, which
exceeded the passport values for the crane's classification group [10].

8 F.E.M. 1.001-1998. Rules for the Design of Hoisting Appliances. VBOOK.PUB. URL: https://vbook.pub/documents/fem-1001-3-edition-revised-
1998101 -rules-for-the-design-of-hoisting-appliances-5wglvlzj7807 (accessed: 24.02.2025).

Machine Building

163


https://vbook.pub/documents/fem-1001-3-edition-revised-1998101-rules-for-the-design-of-hoisting-appliances-5wglvlzj78o7
https://vbook.pub/documents/fem-1001-3-edition-revised-1998101-rules-for-the-design-of-hoisting-appliances-5wglvlzj78o7

https://bps-journal.ru

164

Safety of Technogenic and Natural Systems. 2025;9(2):158-169. e[SSN 2541-9129

When conducting an industrial safety inspection, it is essential to collect data on the actual loading of the crane [11].
However, it is not always possible to use parameter recorders, as they may not be operational. Therefore, in such
situations, it was decided to use statistical data on the actual loading of cranes.

Loading of jib cranes is a function of at least two parameters — the load weight and the boom outreach, the product
of which determines the load moment. In general, these parameters can be random values [12]; they should be taken
into account when determining the crane load.

Therefore, the key task of determining the classification group (mode) of the crane is to gather initial data and
construct histograms of the distribution of transported cargo masses and boom outreach of the crane under test. The
distribution of random variables (the mass of the transported goods and the boom outreach of the crane) is characterized
by such quantities as the average value (mathematical expectation) and the standard deviation (variance).

Let us take the random values distribution law (the mass of the transported goods and the boom outreach of the
crane) as normal, which will greatly simplify calculations in the future [13]. The accepted assumptions are supported by
studies of the boom outreach and angle of inclination of portal jib crane presented in [7, §8].

Results. In order to obtain more objective information to make an informed decision on further operation of jib
cranes of foreign companies, a methodology has been developed for assessing the actual classification group (mode) for
conducting an industrial safety inspection. The process included several stages. The first step was to determine the
actual value of the load distribution coefficient K, through the load moments and compare it with the passport value.
The second stage included an assessment of the remaining operating life and its comparison with the standard value.
Then, the maximum fatigue stresses of the resource-determining unit of the metal structure were calculated, followed by
a comparison of the obtained value with the limit value. The probability of structural failure was also calculated and
compared with the acceptable value. An important element of the assessment was the analysis of the accident risk level.

As an example, we considered a specific case where the actual classification group (mode) of a jib crane was
determined and it was recommended for decommissioning. At the first stage, the load distribution coefficient K, was
determined in terms of load moments from the expression:

3
G (M)
K, = — , 1
P Zi|:CT }[ M, M
where Ci/Ct — ratio of the number of operating cycles of a crane with an average load torque to the total number of
cycles (we assumed 1 in calculations); M(xy) — mathematical expectation of the load moment; M, — maximum load
moment of the crane specified in its certificate; Mxy =28x40 =1,120 tm; M,=33.4x50=1,670 tm (40 and 50 —

average and highest outreach value in the hook mode; 28.0 and 33.4 — average and highest lifting capacity of the crane
in the hook mode according to cargo characteristics).

3

1120

K,=1|——| -3=0,30. 2
’ (1670) @)

According to [5, 6, 9], the crane classification group (mode) is generally determined depending on the class of use
(U0 —U9), characterized by the maximum number of cycles per service life, and the loading mode (Q1-Q4). Calculated
value of the load distribution coefficient Kp = 0.30 corresponded to A6 classification group (mode) of the crane as a
whole, but was higher than A5 nominal value [14].

At the second stage, the residual life of the crane was estimated based on the current value of the characteristic
number, which was a measure of the crane's life, and was determined taking into account the load distribution
coefficient of the crane for the corresponding loading mode and the number of operating cycles [15].

The limiting condition of the crane in terms of operating time occurred if the current characteristic number was
equal or higher than the standard value. The residual life was calculated using the following equation:

3
Mﬂ
COCT:(NH_NT)'(M_WJ B (3)
where N, — standard value of the characteristic number, which was determined by the crane's classification group and
operating mode according to [9, 10]; N;— current value of the characteristic number.

M 3
N, =C-[M—"yj . )

n
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For the example discussed earlier, the additional conditions were as follows:

Ny = 125,000 — standard value of the characteristic number for A5 crane classification group (mode);

C = 596,228 — estimated number of working cycles;

Then the current value of the characteristic number was:

N, = 596,228x0.67°=179,323;

179,323 > 125,000;

N; >N,

Conclusion: the resource was exhausted.

At the next stage, a verification calculation of the resource-determining assembly of the metal structure [11] for
fatigue resistance was performed according to the formula.

Oar = Oy Ry ¥y Ve (&)
where G — maximum stress; o, — coefficient of the operating mode of the element; Ry — calculated fatigue
resistance calculated considering time resistance, steel, and the group of elements' joints, taking into account the degree
of stress concentration; y, — coefficient that took into account the type of stress state and the asymmetry of operating
stresses;

y. — coefficient of operating conditions.

The value of operating mode coefficient a, was determined based on the crane's operating mode group and the level
of stress concentration. The value y, was calculated based on the type of stress state and the stress asymmetry
coefficient:

c

p =z, (©)
(e}

min
where G,i» and Gy — maximum and minimum absolute stresses in the calculated element.

As an example, we calculated the reference contour of the rotary device on a portal jib crane. The results of this
calculation can be found in Table 5, which shows the fatigue resistance.

Table 5
Fatigue resistance calculation results
Parameter Value
Maximum compressive stress, Guqy 65 MPa
Maximum tensile stress, Guin 55 MPa
Coefficient of the operating mode of the element a., 1.5
Calculated.RV fatigue resistance for the 6th group of elements in terms of stress 60 MPa
concentration
Coefficient of the operating mode of the element, o, 1.5
Coefficient that takes into account the type of stress state and the asymmetry of 108
the acting stresses, vy
Coefficient of operation conditions, v, 0.7
Fatigue resistance strength condition 65 MPa not more than 68 MPa

The verification calculation of the reference contour of the portal jib crane's rotary device for fatigue resistance
indicated that the maximum stress values calculated were close to the limiting value.

Based on the statistical data on the load of the jib crane, we could determine the probability of destruction of the
resource-determining element of the metal structure using the following expression:

Ppasp = |:%—CD(—GK;:VCP ]i| |:%+CD (—GK ;:mp ]j|, 7

where ®(x) — Laplace function; oy — average square deviation of stresses in the distribution of the load factor;
on — average square deviation of stresses in the distribution of the strength factor; o, — average calculated stress in
the structure; o, — average value of the fatigue limit of the structural material, taking into account the cycle
asymmetry; o, — calculated stress value at the intersection point of the alternating stresses distribution of and the
distribution of fatigue limits, which could be obtained from solving the equality of load and strength distribution
equations. Table 6 provides the calculation results.
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Table 6
The results of calculating the probability of destruction of the resource-determining element of a metal structure
Parameter Value
Ovep 58 MPa
Ou 2.5 MPa
X(n) 1.6
O(n) 0.4452
Ocp 68 MPa
O 3.3 MPa
Ox 62 MPa
X(m) 1.81
(1) 0.4649
Estimated value of the probability of destruction %107
P =(0.5-0.4452) x(0.5 — 0.4649) = 0.0548%0.0351
Acceptable probability value 1.0 —0.9999=0.0001 (1074

The safety condition was not fulfilled, because the calculated value of the probability of destruction equal to 2x1073

exceeded the permissible value of 1074,
For comparison, Table 7 shows the failure probabilities of jib-type crane elements.

Table 7
Probability of failure of jib-type crane elements
Name Event Probability
Brake Failure 3.5x1075 - 3.3x1077
R Wire breakage 3.6x10™
ope Wear and tear 3.8x107
Blocks Failure 2.7x1073 - 5.6x1074
Engine Failure 1.28x104 - 6.2x1077
Metal structure Damage 2.5%107
Starting-and-control devices Failure 9.5x10
Running wheels Wear and tear 9.9x107°
Electrical wiring Failure 1.9x10
Reducer Failure 8.7x10°°

At the final stage, based on regulatory and technical documentation, a risk assessment was conducted to determine
the level of safety for further operation of the jib crane. The background risk of accidents for lifting cranes was
calculated using statistical data from the last 27 years:

— average number of cranes during the observation period— 254,250 units;

— average number of accidents — 42.29;

— background probability of an accident — 42.29/254,250 = 0.000166 = 1.66-10*

Table 8 presents the damage from accidents at hazardous production facilities with lifting cranes, including direct
losses, costs for localizing and mitigating the consequences, and economic losses based on statistical data from open
press sources.

Table 8

Economic damage from accidents

Year Economic damage, rub. Year Economic damage, rub.
2003 16,000,000 2014 50,000,000

2004 8,000,000 2015 78,000,000

2005 60,000,000 2021 150,000,000
2008 165,000,000 2022 73,778,191

2009 62,000,000 2023 70,648,042

For comparison, Table 9 provides information on the probability of events with other types of equipment operated at

hazardous production facilities.
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Table 9
Probabilities of events for various types of equipment

Type of equipment Event Probability
Pressure vessels Depressurization 4.0x107° - 6.2x10°¢
Total destruction 3.0x107
Tanks for flammable liquids Total destruction 5.0x107°
Fixed-roof tanks Fire 9.0x10°
Industrial pipeline Break 1.4x10°% - 6.4x107°
Metallurgical workshop Fire 1.9x10°
Road transport (USA) Accident 3x107
Road transport (Russian Federation) Accident 2.7x104
Water, air transport (USA) Accident 9x1076
Water transport (Russia) Accident 2.2x1077
Air transport (Russian Federation) Accident 3.4x1077
Railway transport (USA) Accident 4x107°
Railway transport (Russian Federation) Accident 2x1078

Discussion and Conclusion. Using a specific example, the results showed that exceeding the crane's classification
group (mode) and the assigned crane resources as a whole, including structural elements that determine the resource,
will inevitably increase the risk of accidents involving jib cranes. Therefore, it was determined that the actual
classification group of the crane was A6, which exceeds the passport value AS.

The developed methodology for assessing the actual classification group (mode) of jib cranes of foreign companies
will significantly reduce the likelihood of structural failure of jib cranes and the level of accidents during industrial
safety inspections. Currently, in Russia, the acceptable level of risk is determined qualitatively without specific
numerical values for the probability of accidents or the amount of damage. The numerical values of the probability of
accidents and the amount of damage are determined based on the economic and social development of society and may
vary depending on the industry. Therefore, it is recommended to use the background probability of a lifting crane
accident of 1.66-10** and an average material damage value of 73.2 million rubles in calculations.
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Abstract

Introduction. Diffusion alloying from the medium of low-melting liquid metal solutions (DALMMS) allows us to form
coatings for metal products. At the same time, the carbon content in the alloy is reduced under the carbide coating layer,
which negatively affects the operation of products under contact stresses. To neutralize decarburization, as well as to
obtain deep hardened layers, a complex chemical-thermal treatment (CCTT) is proposed. It means pre-carburization and
subsequent DALMMS with chromium. It is important to compare the characteristics of coatings on metal samples that
have undergone and have not undergone carburization. The results of such studies have not been published before. The
aim of the work is to analyze the effect of pre-carburization on chromium-based diffusion coatings and the structure of
the coated sample.

Materials and Methods. The coatings were obtained by immersing St3 and 40X steel samples in a PbLi reaction
transport medium with the addition of chromium. Some of the samples were previously subjected to vacuum
carburization. The coating thickness and structure of the coated sample were determined using a universal microscope
NU-2E (Carl Zeiss Jena). Electron microprobe analysis was performed on a Tescan Lyra 3 electron microscope with the
Oxford Ultim MAX PCMA system. Microhardness was determined by the Dura Scan Falcon 500 microhardness tester.
X-ray phase analysis (XPA) was performed on a Bruker D8 Advance Eco X-ray diffractometer.

Results. Without carburization, a coating with a thickness of 12 um was formed on the St3 steel sample, while with
carburization it was 22 um. The difference was 1.83 times. The chromium diffusion depth in the sample without
carburization was 18 um. In the sample with pre-carburization it was 34 um. Carburization provided a significant
increase in the depth of the hardened layer. Without pre-treatment, the microhardness values of the coating were
recorded after DALMMS: 1400 HV0.02 for Ct3 and 1650 HV0.02 for 40X. After CCTT: 1500 HV0.02 for Ct3 and
1800 HVO0.0 for 40X. However, at a depth of 10 pm, the microhardness (160 HV0.02) was lower than that of the coated
material for both samples. After CCTT, the areas with reduced microhardness disappeared, and the depth of the
hardened layer was 1.5 mm for Ct3 and 2 mm for 40X.

Discussion and Conclusion. Pre-carburization helps to avoid the formation of a softened sublayer between the coating
and the coated material, which is important for the performance of products under contact stresses. Consequently,
chrome-coated structural steel parts can be used after carburization in conditions of abrasive corrosion and high
mechanical loads. Examples of these applications include compressor equipment and oil and gas equipment.

Keywords: chemical-thermal strengthening methods, diffusion metallization, pre-carburization, diffusion alloying with
chromium, decarburized ferrite sublayer
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Opueuﬁaﬂbﬂoe amnupudecKkoe uccnedosatue

Bausinue npeaBapuTEJIbHON LIEMEHTALMM HA CTPYKTYPY U CBOMCTBA 1M (P(PY3HOHHBIX
NOKPBITHI HA OCHOBE XPOMA HA CTAJIAX, NNOJYYEHHBIX B cpe/e JerKOMIABKUX
JKHIKOMETALJIMYeCKUX PACTBOPOB
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AHHOTALMSA

Beeoenue. [Inp¢dy3snonHas MeTauTu3alys W3 CPeAbl JIETKOIDIABKUX JKHUAKOMETAJUIMIeCKHX pacTBopoB (AMIDKP)
1o3BoIsieT (OpMHUPOBATh MOKPBITHS IS WM3JeNui n3 Metamia. lIpm 3ToM Tox ciioeM KapOWIHOTO MOKPBITHS
COKpallaeTcs COJEp)KaHWe YIiiepoJa B CIUIaBe, YTO HETaTHMBHO CKa3blBaeTcs Ha paboTe M3JeNnuid B yCIOBHUSX
KOHTAKTHBIX HamnpspkeHWH. st HeWTpann3aiyn 00e3yTriIeposKUBaHUs, a TaKKe MOMYUYEeHHUs TITyOOKHX YHNpPOYHEHHBIX
CJIOEB TpE/IOKEHa KOMIUIEKCHAsE XUMHKO-TepMuueckas oopadorka (KXTO) — aTo mpenpapurenbHas NeMEHTAMs U
nocienytomas JIMJDKP xpomoMm. BakHO comocTaBUTh OCOOEHHOCTH MOKPHITUH Ha METAaUIMYECKHX oOpasuax,
IPOIIEANINX M HE TMPOLICIIINX ILEMEHTAIMI0. Pe3ynpTaThl TakuxX HCCIEIOBAaHMNA paHee He MyOiukoBaiuch. Llenp
paboThl — aHaNM3 BIWSHHS MPEIBAPUTENHLHON LIEMEHTAlUH Ha XPOMOBBbIE TU((Y3HOHHBIE OKPHITUS U CTPYKTYPY
HOKPBIBAEMOro o0pasua.

Mamepuansvt u memoosi. II0KpBHITHS TIOTyYeHBI yTEM MOTPYXeHus o0pas3uoB u3 craned Ct3 u 40X B peakmoHHO-
TpaHCcHOpTHYI0 cpexy PbLi ¢ pmobGaBinenmem xpoma. YacTe 00pas3moB mNpenBapUTENbHO NPONLIA BaKyyMHYIO
nemenTanuo. Ha yausepcansnom mMukpockone NU-2E Carl Zeiss Jena («Kapn Leitc [xuna» (aHri.)) onpenensuiiuch
TOJNIIMHA TOKPBITHS W CTPyKTypa oOpasma. MmukpopeHTreHocnekrpanbuelii aHamum3 (MPCA) mpoBoamics Ha
anekTpoHHOM MHKpockore Tescan Lyra 3 («Tuckan Jlupa 3» (amrn.)) c¢ cucremoir PCMA Oxford Ultim MAX
(«ITn-cu-om-31 Oxcdopa Yaerum MAKC» (anrit.)). MUKpOTBepIOCTb onpeesnsut MukpoTBepaomep Dura Scan Falcon
500 («dropa Ckan ®anbkon 500» (auri.)). PenrtreHodasossiii ananmm3 (P®A) npoBoamnm Ha PEHTIEHOBCKOM
nmudpakromerpe Bruker D8 Advance Eco («bprokep /lu-8 3aBanc Jko» (aHri.)).

Pesynomamul uccneoosanus. bes nemenrannu Ha oOpasue u3 cranu Cr3 chopMHpPOBAIOCH TOKPHITHE TOJIIUHOM
12 mxM, ¢ nemenTanueit — 22 mMxM. Pasauiia — B 1,83 paza. [myOuna muddysumn xpoma B oOpasie 0e3 IeMeHTaIuu
cocraBuia 18 MkM, B 00Opasiie ¢ mpeaBapUTeIbHOM HeMeHTanmeii — 34 MxM. IlemeHTaius odecneunia 3HAYUTEILHOE
YBEJIMUCHUE TIIyOWHBI YIPOYHEHHOTO ciosi. be3 mpemBapurenpHoit 00padorku mociae JIMJIDKP duxcupoamcsh
nokasarenu MUKpoTBepaocTy mokpeitus: 1400 HV0,02 ans Ct3 u 1650 HV0,02 aya 40X. TTocne KXTO: 1500 HVO0,02
mrs Cr3 u 1800 HV0,0 mis 40X. Onnako Ha riryomne 10 mxm mukpoTtBeprocts (160 HV0,02) oxazamace Hinke
MOKa3aTelNsl IMOKphIBaeMOro Martepuana mis obomx oOpasmos. Ilocie KXTO wmcue3aroT 30HBI ¢ TOHM)KEHHOU
MHKPOTBEPJOCTHIO0, ITyOHHA yIpouHeHHOTro citost — 1,5 MM it C13 n 2 mm st 40X.

Oébcyycoenue u 3axniouenue. IlpenBapurensHast IEMEHTAINS TO3BOJISIET M30€XaTh GOPMUPOBAHUS Pa3yNPOYHEHHOTO
TIOJICTION MEX[Y IMOKPBITHEM M IOKPHIBAEMbIM MaTEpHaOM, YTO BayKHO UL SKCIUTyaTallMH M3AEJINH MPH KOHTAKTHBIX
HanpspkeHnsiX. CrieoBaTenbHO, AeTall U3 KOHCTPYKIMOHHBIX CTaJIeil C XpPOMOBBIM ITOKPBITHEM IIOCIIE IEMEHTAIUN
MOJYKHO HCIIOJIb30BAaTh B YCJOBHUSX aOpa3MBHO-KOPPO3MOHHOTO BO3JICHCTBHS M BBICOKMX MEXaHHYECKHX Harpy3ok.
[Tpumepsl Takoli 3KCIUTyaTalid — KOMIIPECCOPHAsi TEXHUKA U He(hTera3oBoe 000py/I0BaHHE.

KioueBble ci10Ba: XUMHKO-TEPMHUYECKHE METOJBI YIpO4YHEHHs, NU((dy3HMOHHAS MeTauiM3alys, MpeaBapUTelbHas
neMeHTalus, TG Qpy3noHHOE JIETHPOBAaHNE XPOMOM, 00€3yTIIepOXKEHHBIN (heppHUTHBII MOACIOi

BaarogapHocTH. 3a TOMOIIP B TIONYYCHHH pe3yJIbTaTOB aBTOPHI  ONArofapsT COTPYAHHKOB Kadeapsl
«MatepuanoBeieHre U KOMIIO3UITHOHHBIE MaTtepruansny OI'bOY BO «Bonrorpaacknii rocyJapCTBEHHBIA TEXHUYECKUI
VHHUBEPCHUTET» U JIMYHO JOICHTa, KaHIuaaTa TexHndecknx Hayk A .M. bormanosa.
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Jas uurupoBanusi. Csuctyn JLU., bo6sumés 3.3., Hupos A.ll., Cropoxenko 1./I., Ilomos P.A. Brusaue
MIPEABAPUTENLHOM 1IEMEHTAIIMM Ha CTPYKTYpPY M cBoiicTBa An((dYy3MOHHBIX MMOKPHITUH Ha OCHOBE XpOMa Ha CTallsiX,
MOJY4YEHHBIX B CPEJE JIETKOIUIABKHX JKUIKOMETAJUIMUECKHX PACTBOPOB. Be30nACHOCb MEXHO2EHHbIX U NPUPOOHBIX

cucmem. 2025;9(2):170-178. https://doi.org/10.23947/2541-9129-2025-9-2-170-178

Introduction. In modern mechanical engineering, surface hardening of parts is a widely used technique [1]. Known
technologies make it possible to obtain products with different properties and structures [2] by changing the properties
and structure of the surface layer [3]. Special attention should be paid to chemical and thermal hardening methods. They
are characterized by simplicity [4], provide high-quality hardened surfaces [5], as well as a smooth change in structure
and properties from coating to coated material [6]. The technology of diffusion alloying from the medium of low-
melting liquid metal solutions (DALMMS) refers to the technologies of chemical and thermal treatment (CCTT) and is
promising from the point of view of obtaining functional coatings [6]. This technology is used to form coatings based
on Cr, Ti, W, Mo, Ni, Cu, etc. on the surface of products made of steels [6], hard alloys [7], and cast iron [8].

Chromium is one of the elements that is often used as a basis for functional coatings [9]. These coatings increase
wear resistance of parts [10] and corrosion resistance in aggressive environments [11]. Chrome coatings can also
improve resistance to simultaneous complex effects of mechanical and corrosive wear [12]. The high resistance to wear
and corrosion is due to the fact that the coatings are based on carbides [13]. During the formation of these carbides,
carbon diffuses from the coated material. As a result, the carbon content in the alloy under the coating decreases,
leading to the formation of decarbonization zones. This causes the carbide layer to press onto the coated part during
operation [14]. To counteract the effect of decarburization and further harden the coated material, complex chemical
and thermal treatment (CCTT) can be employed. It means the pre-carburization and diffusion alloying of samples with
chromium in the medium of low-melting liquid metal solutions [15].

The aim of this research was to analyze the effect of pre-carburization on the formation of chromium-based
diffusion coatings and the structure of the coated sample.

Materials and Methods. CCTT and DALMMS were performed on cylindrical samples with a diameter of 20 mm
and a length of 30 mm. The samples were made of St3 and 40X steel (Table 1).

Table 1
Chemical composition of the studied materials
Element content, weight %
Steel grade
C Si Mn Ni S P Cr Cu
St3 0.14-0.22 | 0.15-0.3 | 0.4-0.65 | upto 0.3 | upto 0.05 upto0.04 | upto0.3 | upto 0.3
40X 0.36-0.44 | 0.17-0.37 | 0.5-0.8 | upto 0.3 | upto0.035 | upto0.035 | 0.8-1.1 | upto 0.3

Chrome coatings were obtained through the process of diffusion alloying of samples in low-melting liquid metal
solutions. To do this, we used the DALMMS setup [16]. The reaction transport medium was a PbLi eutectic melt, into
which 10% chromium powder was added. The coating was applied by immersing and then isothermally exposing the
samples in the melt at 1050°C for 8 hours, with argon filling the space above the melt. This process also involved solid-
phase diffusion, leading to the formation of solid solutions and chemical compounds.

Prior to the start of DALMMS, in order to saturate the surface layers of steels with carbon, vacuum carburization
was performed in a propane-butane mixture at a temperature of 950°C for 8 hours.

The structure of the coated material and the thickness of the coating were studied using a NU-2E universal optical
microscope (Carl Zeiss Jena). The microhardness of the samples after DALMMS and CCTT was studied on a Dura
Scan Falcon 500 microhardness tester. Electron microprobe analysis was performed on a Tescan Lyra 3 scanning
electron microscope with the Oxford Ultim MAX PCMA system. An X-ray diffractometer Bruker D8 Advance Eco
(Bruker AXS GmbH) with a 0-0 vertical goniometer was used for X-ray phase analysis (XPA). The samples were
etched in a 4% alcohol solution of HNOs.

Results. Figure 1 shows micrographs of St3 steel samples after DALMMS and CCTT.
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a)
Fig. 1. Surface layers of St3 steel after 8-hour DALMMS at 1050°C:

a — without pre-carburization; b — with pre-carburization

Thus, pre-carburization affected both the steel and coating structure after DALMMS. Without pre-carburization,
carbon diffused into the area under the coating, forming a pearlitic layer and a decarbonized ferritic layer in which there
were no pearlitic grains. If pre-carburization was performed, the structure of the coated material changed. After CCTT,
there was no decarbonized ferritic sublayer in it, even when low-carbon St3 steel was saturated. The structure of the

material was perlite with ferrite inclusions (Fig. 15).
Several zones could be distinguished that formed the surface layers of the material after CCTT:

— coating,

— transition zone between the coating and the material to be coated,
— carburization zone,

— transition carburization zone — base.

Figure 2 shows the structure of a 40X steel sample after CCTT.

<— Coating and transition zone

| «—— Carburization zone

<— Transition zone

<— Base material

Fig. 2. Sample structure after CCTT

In case of DALMMS without pre-carburization, a zone of lamellar perlite alloyed with chromium was formed under
the coating, followed by a soft ferritic layer. There was no decarbonized layer in the pretreated samples. Without
carburization, a coating with a thickness of 12 um was formed on the St3 steel sample; with carburization it was 22 pm.
Thus, pre-carburization helped to increase the coating thickness by 1.83 times. There was a physical explanation for this
result. Pre-carburization increased the intensity of carbon diffusion from the sample to the adsorbed chromium. Carbon
heterodiffusion was recorded under the influence of high temperatures characteristic of DALMMS. This helped to
equalize the carbon content and eliminate decarbonized zones that could occur as a result of the formation of carbides.
Figure 3 shows micrographs of 40X steel after DALMMS and CCTT. On the sample after CCTT, the perlite structure
was thinner, and there was no decarbonized zone.
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Fig. 3. The structure of the 40X steel surface layer after an 8-hour DALMMS at 1050°C:
a— DALMMS; b — CCTT

Carburization did not significantly affect the chemical and phase composition. In both cases, the chromium content
on the surface was 90% (wt.). However, the depth of chromium diffusion in the sample without carburization was
18 um. In the sample with pre-carburization it was 34 um, that is, twice as much. The results of electron microprobe
analysis of the samples are shown in Figure 4.
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Fig. 4. The results of electron microprobe analysis of coatings after an 8-hour DALMMS at 1050°C:
a — without pre-carburization; b — with pre-carburization
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Phase composition of the coatings was represented by chromium carbides M»3Cs and M;Cs. In the sample without
pre-carburization, there was a slight iron content in chromium carbide M»3;Cs (Fig. 5).
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Fig. 5. The results of X-ray phase analysis of the coatings after 8-hour DALMMS at 1,050°C: %
a — without pre-carburization; b — with pre-carburization _‘5
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Pre-carburization provided a significant increase in the depth of the hardened layer (Fig. 6). g
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According to Figure 6, on samples without pre-carburization, the microhardness index of the coating after
DALMMS for St3 steel was 1400 HV 02, 40X — 1650 HV 2. After CCTT, the microhardness of the St3 steel coating
was 1500 HVq, 40X — 1800 HVo. However, at a depth of 10 pm, the microhardness was 160 HV . This was lower
than the microhardness of the coated material in both cases (i.e. for St3 and 40X samples). After CCTT, the
microhardness distribution had a different character:

— there were no zones with reduced microhardness,

— the depth of the hardened layer was 1.5 mm for St3 steel and 2 mm for 40X steel.

Discussion and Conclusion. Thus, under the conditions considered, the main effect of carburization was manifested
in the intensification of coating growth and the exclusion of the formation of a soft ferritic layer between the coating
and the coated material. The composition of the coating and the chromium content did not depend on carburization. In
any case, the coatings consisted of chromium carbides such as M»;Cs and M;Cs, the chromium content on the surface
reached 90%.

CCTT affected the structure of the layer between the coating and the base material. In case of DALMMS, the
layer under the coating had a pearlitic structure, turning into a ferritic one and further into the structure of the coated
material. Pre-carburization made the transition zone more uniform. Here, a pearlitic structure was formed with a
gradual change in chromium concentration — from 10% at the boundary of the coating and the pearlitic zone
to 0.3% at a depth of 35 um.

Thus, the positive results of pre-carburization have been proven. Firstly, the carbon content in the surface layers of
the product increased, and this made it possible to intensify carburization.

Secondly, it became possible to obtain a carbon-saturated layer between the coating and the base material, which
also strengthened the structure of the coated material. Therefore, it can be argued that pre-carburization is promising in
terms of expanding the scope of application of parts with diffusion coatings based on chromium carbide. It eliminates
the penetration of the layer under the coating and its subsequent destruction. The parts after CCTT are capable of
operating at high contact stresses without chipping the functional layer.

Thirdly, the formation of a diffusion coating is accelerated. In addition, it will be thicker. As part of this study, the
indicator was 1.83. The coating obtained after carburization was that much thicker (compared with the technology
without pre- carburization). This indicates the significant role of carbon in the mechanism of coating creation.
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