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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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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()
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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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