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AHHOTAIIUA

Paccmompenvi npobnemvl pecypcoemkocmu npou3so0Ccmed yemenma u 6emona, Komopuvle Mo2ym npueecmu K Henonpaeu-
MbIM Kaumamuyeckum usmenenusam. Ilokasana Heobxo0umocms UCnoib306aHUsL YCMOUHUBHIX U IPPHEeKMUBHBIX MEMO0008 Oisl
cHudicenust sblopocos CO; 6 yeMenmHoU NPOMBIUIEHHOCIU U Nepex00d K MeHee Yeaepodoemkomy npouzeoocmey. Obcyacoena
cmpamezus cokpaujerust 6b1opocog COz, 6 Mom 4ucie 4acmudHas 3amena NopPMmiIaHOYEMEeHMHO20 KIUHKEPA OONOTHUMENb-
Hotmu esoicyuumu mamepuaramu (SCM), komopas na ce2o0ms siensiemces Hauboee neekodocmudicumoil. IIpoyeccwt noayuenus
u ucnoavsosaruss SCM noopobHo npoanaru3uposarvl ¢ MouKu 3peHusi ux eausHus Ha eviopocel CO,, snepeonompebienue u
CMPYKmMypy YyeMeHmHo20 KamHus. B cmamove 6 xauecmee OONOIHUMENHBIX GANCYWUX MAMEPUATOSE Ol 3AMEHbL YACMU KIUH-
Kepa paccmampueaencs RpUMeHeHue mepmooopabomantblx 2iuH, Mep2eisl, PUCOBOU WeLYXU U OMX0008 OYUCIKU CIOYHBIX
600. [Ipedcmagnennvle pe3yibmanivl UCCIEO08AHULL HOOMEEPICOAIOM, UMO YEMEHMbL C UCTIONb308AHUEM MAKUX MAMEPUALO8
MO2ym CHU3UMb codepicanue Kiunkepa 8 yemenme 0o 50 % be3 nomepu npounocmusix xapakmepucmuk. Hcnoavsosarue
HEKOHOUYUOHHbIX 2IUH, MepP2eisl, PUCOBOU WeYXU U OMX0008 OUUCTHKY CIOYHBIX 800 OyOem cnocoocmeosams CO30AHUI0 KO-
HOMUKe 3aMKHYymoz2o yukia. O6cydcoaemcst 8aiCHOCMb OANbHEUUUX UCCIEO08AHUL NO MOPO30CHOUKOCMU, KOPPO3UOHHOU
CMOUKOCMU U CEPMUPUKAYUU YEMEHMO8 U HEMOHO8 HA OCHOBE OONOIHUMENbHBLX BIICYUUX MATNEPUATLOB.
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ABSTRACT

The article discusses the resource-intensive problems of cement and concrete production, which can lead to irreparable
climate change. The authors show the need for sustainable and efficient methods to reduce CO; emissions in the cement industry
and move towards less carbon-intensive production. The article discusses a strategy for reducing CO; emissions. The authors
show that partial replacement of Portland cement clinker with Supplementary cementitious materials (SCMs) is currently the
most easily achievable. The processes for the production and use of SCMs are analyzed in detail in terms of their impact on
CO; emissions, energy consumption and cement stone structure. In the paper, the use of heat-treated clays, marl, rice husks
and wastewater treatment wastes are considered as supplementary binding materials to replace part of the clinker. The pre-
sented research results confirm that cements using such materials can reduce clinker content in cement up to 50% without loss
of strength properties. The use of substandard clays, marl, rice husks and wastewater treatment waste will contribute to a
closed-loop economy. The authors discuss the importance of further research on frost resistance, corrosion resistance and
certification of cements and concretes based on Supplementary cementitious materials.
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BBEJEHHUE

3a mocierHIe HECKOIBKO THICAY JIET OETOH 3apEeKOMEHIO0BAI
ce0s1 B KauecTBE IOYTH HICATBHOTO CTPOUTEIHFHOTO MaTepuana
U NPaKTHUUECKU NOBCEMECTHO BCTpEUaeTcs B Halllel pyKOTBOp-
HOM cpene — ot [laHTeoHa B PuMe 10 caMbIX BRICOKHX HEOOCKpe-
60B B Mupe. beToH ucnosb3yeTcs yaiile, 4eM 0ol 1pyroi ma-
Tepuaji Ha 3emile, 32 UCKIIOUEHHUEM BOJIbI, OATOMY 00BEM €ro
NPUMEHEHHUS] UMEET OrpoMHBIe MaciITaOkl. K coxkanenuto, To sxe
caMoe MOXHO CKa3aTb M O €ro KIMMaTH4YecKoMm ciexe. M3-3a
60JIBIIOrO KOJMMYECTBA TEIUIA M XUMUIECKUX PEaKIUi IpH Ipo-
M3BOJICTBE IIEMEHTA €KETOJHO BBIACIACTCS OKOIO 4 MIpA. MET-
prdeckux ToHH CO;, 9TO cocTaBiseT MpuMepHO § % oT obmie-
MHPOBOTO TTOTOKA aHTPOIOTEHHBIX BBIOpocoB CO; [1-3]. Poct
YHICIEHHOCTH HACENCHUS U ypOaHU3alUl B MUPE B COUCTAHHUH C
NOTPEOHOCTSIMU B Pa3BUTHH MHPPACTPYKTYpPhI OyIEeT U Jasblie
YBEJIMYMBATH CIIPOC Ha LIeMeHT U 6eToH. Oxwunaercs, uyto k 2050
ToJly MHPOBOE ITPOU3BOJICTBO IIEMEHTa BeIpacTeT Ha 12-23 % mo
CPaBHEHHIO C TEKYIIIUM YPOBHEM.

H3meHeHHe KIMMaTa — 3TO INI00ajIbHas Ype3BbIYaiiHasl CUTY-
aIyst, KOTOpasi BEIXOIUT 32 paMKHU HAI[MOHAJIBHBIX TPaHUIl U Tpe-
OyeT MexayHapomHoro coTpyaHumdectBa. B 2015 romy OOH
Obua puHATa PaMo4yHas KOHBEHINS MO KIMMaTy ¥ M3MEHEHHUE
[Mapwxckoro cornamieHus, HalpaBJICHHOTO HA OTPaHUYCHHE T10-
BBIIIICHUS CpeHeH rimobanbpHo# Temmeparypsr o 1,5 °C [4]. He-
CMOTps Ha 00s3aTenbeTBa 1o [lapiskcKoMy corameHuio, orpa-
HHYEHHE TJI00aIbHOro norermieHus 10 1,5 °C Hexoctmxkumo 0e3
HEMEUIEHHOTO M 3HAYUTEIBHOTO COKpAIIEHUS BHIOPOCOB BO
BCEX OTPacCIIiX MPOMBIIUIEHHOCTH — BEIOpOCkl CO; JOMKHBI CO-
kpatuTh K 2030 rogy moutu BABOE M OBITH CBEJECHBI K HYNIO K
2050 roay. Io cocrostuuio Ha HOsIOpb 2022 roma okosio 140
CTpaH 3asBUJIM HJIN PAaCCMaTPUBAIN BO3MOXKHOCTB JOCTIIKEHHS
IeJIEBBIX MTOKa3aTesIel YUCTOro HyJIEBOTO YPOBHS BEIOPOCOB, UTO
cocraBiseT 0koio 90 % riao0anbHBIX BEIOPOCOB [5].

LleMeHTHBIH CEKTOp SABISETCS TPETHUM IO BEJIWYMHE IPO-
MBIIIIEHHBIM TIOTPEOUTENIEM SHEPTHH, Ha €T0 JIOJI0 IPUXOUTCS
7 % MHUpOBOTO NMPOMBIIUIEHHOTO NOoTpeOnenus 3nepruu (10,7
skcamkoyiert [D1x]) [6]. i mpousBoacTBa meMeHTa TpeOy-
eTcst 0OJIBIIOE KOJTHMYECTBO IHEPTUH: ouTH 83 % Bcel sHeprun
UCTIONB3YeTCS A HEMETAJUIMYECKHX ITOJIE3HBIX HCKOMAEMBIX
[7], uto cocrarmser npumepro 90 % oOIIel SHEPTrHM, 3aTpadn-
BaeMo#l Ha mpou3BoAcTBO OeToHa [8]. IIpu 3TOM, Haubonbiee
KOJINYECTBO PHEPTHH PAacXOAyeTcs Ha CTaJuH HoiydeHus (o0-
JKUTa) KIIMHKEPA; 3TOT K€ 3TAll SIBJISIETCS CAMBIM YIIIEPOIOEMKHUM
[9-10].

OOBIYHBIN TOPTIIAHIIEMEHT coaepxuT Oonee 90 % KiuH-
Kepa, MOoJy4aeMoro IyTeM 00)Kura IJIMHBI U U3BECTHSKA, KOTO-
PBIi cpa3zy ke rmocie 00XHra U3MeNb4aeTcs: B HOPOIIOK ¢ 100aB-
nenueM 3-5 % runca. Otot npouecc reHepupyet 842 kr CO; Ha
TOHHY KJMHKepa [11], To ecTp Ha KaXIyi0 TOHHY IIPOU3BEICH-
HOTO 1IeMeHTa puxoauTcs npuMepHo 0,8 ToHHBI BEIOpocoB CO»
[12]. U3 sTOTO KOJIMYECTBA HA CKUT'AHHWE MCKOTIAeMOT'0 TOTUIMBA
npuxoautcs npuMepHo 40 % CO,, a ocTanpHas 9aCTh — 3TO pas-
noxxeHue u3BectHska npu ooxwure (CaCOs— CaO + CO»). Ilo
JTaHHBIM MeXyHapOoHOTO SHEepTeTHIeckoro areHTcTBa (MDA),
60 % >THX BEIOPOCOB MPUXOJIUTCS HA MPOIECC 00XKHTa NP pas-
JI0)KEHUH U3BeCTHsIKa, a 40 % — Ha morpednenne snepruu. Cie-
JIOBATENIbHO, IMPOU3BOJCTBO IIEMEHTA CONPOBOXKIAETCS OIPOM-
HbIMH BbIOpocaMu CO», 4TO 3aTpyJHSAET AOCTHXKEHHE YIIIEepo/-
HOW HeHTpambHOCTH B 3TOH oTpacnu. IlosToMy KpuTHYECKH
HE00X0NMO 00ECHEeYnTh BHEIPEHHUE YCTOMYMBBIX METOJOB U

INTRODUCTION

Over the past few thousand years, concrete has es-
tablished itself as a near-perfect building material and is
almost ubiquitous in our built environment, from the
Pantheon in Rome to the tallest skyscrapers in the world.
Concrete is used more often than any other material on
Earth, with the exception of water, so the scope of its use
is enormous. Unfortunately, the same can be said for its
climate footprint. Due to the large amount of heat and
chemical reactions, cement production emits about 4 bil-
lion metric tons of CO; annually, which is about 8% of
the global anthropogenic CO emissions [1-3]. Global
population growth and urbanization coupled with infra-
structure development needs will further increase the de-
mand for cement and concrete. It is expected that by
2050, global cement production will grow by 12-23%
compared to the current level.

Climate change is a global emergency that trans-
cends national boundaries and requires international co-
operation. In 2015, the United Nations adopted the
Framework Convention on Climate Change and a mod-
ification of the Paris Agreement aimed at limiting the in-
crease in global average temperature to 1.5 °C [4]. De-
spite commitments under the Paris Agreement, limiting
global warming to 1.5 °C is unachievable without imme-
diate and significant emission reductions across all in-
dustries - CO; emissions must be nearly halved by 2030
and reduced to zero by 2050. As of November 2022,
about 140 countries have stated or were considering net
zero emission targets, representing about 90% of global
emissions [5].

The cement sector is the third largest industrial en-
ergy consumer, accounting for 7% of the world's indus-
trial energy consumption (10.7 exajoules [EJ]) [6]. Ce-
ment production requires a large amount of energy: al-
most 83% of the total energy used for non-metallic min-
erals [7], which is about 90% of the total energy used for
concrete production [8]. At the same time, the largest
amount of energy is consumed at the clinker production
(roasting) stage, which is the most carbon-intensive
stage [9-10].

Conventional Portland cement contains more than
90% clinker, which is produced by firing clay and lime-
stone, which is ground into powder immediately after
firing with 3-5% gypsum. This process generates 842 kg
of CO; per ton of clinker [11], which means that for
every ton of cement produced, approximately 0.8 tons of
CO; emissions are generated [12]. Of this amount, the
combustion of fossil fuels accounts for about 40 % of
CO; and the rest is the decomposition of limestone dur-
ing firing (CaCO3— CaO + CO,). According to the In-
ternational Energy Agency (IEA), 60 % of these emis-
sions come from the roasting process of limestone de-
composition and 40 % from energy consumption. Con-
sequently, cement production involves huge CO, emis-
sions, making it difficult to achieve carbon neutrality in
the industry. Therefore, it is critical to ensure the imple-
mentation of sustainable methods and measures to re-
duce CO; emissions from cement production [9].

17


https://www.sciencedirect.com/topics/materials-science/portland-cement
https://www.sciencedirect.com/topics/materials-science/fossil-fuel
https://www.sciencedirect.com/topics/materials-science/calcination

Texunurka u mexuoaocus curuxkamos. Tom 32, Nel, 2025

Mep IO COKpamieHuio BbIOpocoB CO, mpu NMPOHM3BOJCTBE IIe-
MeHTa [9].

Jnst ka0l cTpaHbl XapakTEpEeH CBOM NyTh pPa3BUTHUS U
CTpaTeruy Mo CHUKEHHIO BEIOPOCOB MAPHUKOBBIX ra30B. OHAKO
OOIUM SIBJISIETCS TO, YTO JUISL JOCTHXKEHHSI HYJEBOTO YpPOBHS
HeTTo-BBIOpocoB CO; k 2050 roxy BBIOPOCH HEOOXOAUMO CO-
KpallaTh, TEHCTBYS Ha KaKIOM dTare HEernoYKH CO3AaHus CTOU-
MOCTH, BKJIFOYas KIIMHKEP, IIEMEHT, OETOHHOE CTPOUTENILCTBO U
MOBTOPHYIO KapOoHu3arwmo [13-15].

st coxpamienus BeiopocoB CO; Ha CEeroHSLIIHNN I€Hb CY-
MIECTBYET PAA CTpaTeTHH, 3aTparuBaroOIMX >HEProd3¢hdexTus-
HOCTb B TIPOIECCE MPOM3BOACTBA; CMEHY TOILUIMBA MPU OOXKHIeE
KJIMHKEPa, UCMOb30BaHUE TEXHOJOTHI YJIABIMBAHUS M XpaHe-
uus yriepoaa (CCS) u ynaBnuBaHUS U HCIIONB30BaHUA yTIepoIa
(CCU), 3ameHy 9acTu KIMHKEpa MHUHEPATBHBIMH T00aBKaMHU
WK  JIOTIONHUTEIbHBIMH  [EMEHTUPYIOLIMMH MaTepUajaMu
(SCM), 3¢dpdekTrBHOE UCIIOTH30BAHUE IIEMEHTA U HCIIOJIb30Ba-
uue nepepadborannoro 6erona (FRC) [6, 16]. [Ipu 3ToM 3KOHO-
MHKa 3aMKHYTOTO IIMKJIA JO0JDKHA OBITh MPUOPUTETOM B JOPOK-
HOM KapTe, MOCKOJIbKY OHa SIBJISIETCA HAUMEHEee 3aTPaTHOU U MO-
ket obecrieunth 6onee 30 % cokpaienus BeiopocoB CO; [17].
Ha pucynke 1 mokaszaH BKJIaJ OTIEIbHBIX MEPOIIPUATUIN B COKpa-
mieane BeIopocoB COx.

PUCYHOK 1

Each country has its own development pathway and
strategies for reducing greenhouse gas emissions. How-
ever, what is common is that in order to achieve zero net
CO; emissions by 2050, emissions must be reduced at
every stage of the value chain, including clinker, cement,
concrete construction and re-carbonization [13-15].

To reduce CO; emissions, there are a number of strat-
egies available today that address energy efficiency in
the production process; fuel switching during clinker fir-
ing, use of carbon capture and storage (CCS) and carbon
capture and utilization (CCU) technologies, replacement
of part of the clinker with mineral additives or supple-
mentary cementitious materials (SCM), efficient use of
cement and use of recycled concrete (FRC) [6, 16]. At
the same time, the closed-loop economy should be pri-
oritized in the roadmap as it is the least costly and can
achieve more than 30% CO; emission reductions [17].
Figure 1 shows the contribution of individual measures
to the reduction of CO, emissions.

VIHHOB3UMOHHEIE TeXHONOTMK (B T.4.

YN3enNueaHue yrnepoaa)

CHUXKXEHHUE BBIBPOCOB CO: IIPHU
IMPOU3BOACTBE HEMEHTA 3A CHET
PA3JUYHBIX MEPOITPHUSITHIA

no [6]

LUEMEHT

Tennoeon 3Heprun

Figure 1

Reduction of CO2 emissions from cement
production through various measures by

[6]

Kak BuaHO U3 pucyHka 1, 32 MHHOBAIIMOHHBIMH TEXHOJIOTH-
svmu CCS u CCU, KoTopble Ha CErOHs emie He pa3paboTaHBI B
MPOMBIIIICHHBIX MacIITab0B, CTOAT TEXHOJIOTHHU IO CHHKEHHIO
COJIep’KaHus KIIMHKEpa B IleMeHTe. LleMeHTHBIN KIMHKep SBIIS-
€TCsl OCHOBHBIM KOMIIOHEHTOM OOJIBIIMHCTBA BU/IOB IEMEHTa, OH
CIOCOOCTBYET TBEPACHHUIO IEMEHTA NPH B3aUMOJICHICTBUH C BO-
J10il. MaccoBast 10J1s1 KJIMHKEPA B LIEMEHTE OIPEAEIISETCS KaK OT-
HOIIIEHUE KJIMHKePa K IEeMEHTY (KIHMHKEP-(PaKTop).

[To pernoHaILHBIM JJAHHBIM U OlleHKaM MDA, cOOTHOIIeHNE
KJIMHKepa K 1ieMeHTy B 2014 rogy BapbUpOBajo B HHTEpBAJE OT
0,57 (Kurait) no 0,87 (EBpasusi) u cocraBmio 0,65 mo Bcemy
mupy. [Ipennonaraercs, uto k 2050 roxy COOTHOIIEHUE KIIMH-
Kepa K neMeHTy cocraBurt 0,60 3a cueT OoJiee IHPOKOTO HCIOIb-
30BaHHUs] MHOTOKOMITIOHEHTHBIX 1IeMeHTOB. IIpu sToM. conepxa-
Hust CO2 B IeMeHTe 3a 3TOT nepuoj cHusutcst Ha 30 %, gocTur-
HyB B cpeaseM 1o mupy 0,24 T CO; Ha TOHHY LIeMeHTa [6].

CooTHOIIEHNE KIMHKEPAa W IIEMEHTa ONpPEeNeNseTcs] Peruo-
HAJIHBIMHU CTaHIapPTaMH, KOTOPBIE OIIPEAEIISIOT KOJTUIECTBO Iie-
MEHTa, KOTOPOE JIOJDKHO OBITh OOABICHO B OETOHHBIC M3AEIUS
Ut obecriedeHus TpeOyeMbIX MEXaHNIECKUX CBOHCTB M JIOJITO-
BEYHOCTH TIPH PA3TUYHBIX KOHEYHBIX NpUMEHEHUAX. OOBIYHBIN
LEMEHT 00bIMHO conepxut Oonee 90 % kimHkepa. CmeceBble
MHOTOKOMITOHEHTHBIE LIEMEHTHI C 60JIee HU3KUM COOTHOIICHHEM
KIIMHKEpa K EMEHTY TpeOyIOT MEHBIIETO KOJINYECTBa KIMHKEpa
U, CI€0BaTENIbHO, IPU MPOU3BOACTBE BBIAEIAIOT MeHbIe CO».

D¢ dexTrBHas cTpaTerus cHKeHus BoiopocoB CO; —3ameHa
yacTU KJIMHKEpa JOMOJHUTENbHBIMU BSDKYIIUMM MaTepUanaMu
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As shown in Figure 1, the innovative CCS and CCU
technologies, which have not yet been developed on an
industrial scale, are behind the innovative technologies
to reduce the clinker content of cement. Cement clinker
is the main component of most cements and contributes
to cement hardening when it interacts with water. The
mass fraction of clinker in cement is defined as the ratio
of clinker to cement (clinker factor).

According to regional data and IEA estimates, the
clinker-to-cement ratio in 2014 ranged from 0.57
(China) to 0.87 (Eurasia) and was 0.65 globally. The
clinker-to-cement ratio is expected to reach 0.60 by 2050
due to the increased use of multi-component cements. At
the same time, the CO; content in cement will decrease
by 30% during this period, reaching a global average of
0.24 tons of CO» per ton of cement [6].

The ratio of clinker to cement is determined by re-
gional standards that specify the amount of cement that
should be added to concrete products to ensure the re-
quired mechanical properties and durability for various
end-uses. Conventional cement usually contains more
than 90 % clinker. Blended multi-component cements
with lower clinker-to-cement ratios require less clinker
and therefore emit less CO; during production.
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(SCM) [18-20]. [lomoTHUTENbHBIE BOKYIIAE MaTEPHAIbl SBIIS-
FOTCSI KJIFOYEBBIMH KOMIIOHEHTAMH 3KOJIOTHYECKH YHCTBIX IIe-
MEHTOB C HU3KUM COJEp)KaHHEM yriepona. JlomoNHUTENbHbIE
BSDKYII[IE MaTEpHabl, HCIIOIb3yEMbIE B IIEMEHTHON MPOMBIII-
JICHHOCTH, OOBIYHO BKJIIOYAIOT B CE0S MPOMBIIUIEHHBIE OTXO/bI,
NPUPOJHBIE ITyLLOJIaHbl U aKTUBUPOBAHHBIE MUHEPANbI, KOTO-
pBIe TPOSBISIIOT JUOO T'MIAPABIWYECKHUE, JIMOO IMyLIOJIaHOBEIE
CBOMCTBA.

Bynyuu oTaenbHBIME MaTepuallaMi U KOHTaKTUPYsI C BOJIOH,
6ospiiHCTBO SCM HeE MPOSIBIISIOT 3HAYNTEIBHBIX THpaBINYe-
CKUX peaKumil eMeHTHoro 3HadeHus. OHaKo, KaK MEJIKOHC-
MIEPCHBIE TIOPOIIKH, TAaK ¥ B IEIIOYHBIX BOAHBIX YCIOBHSAX MU B
KOHTAaKT€ C TMIPOKCHAOM KalbIHs OHM BCTYMAIOT B XUMHUCE-
CKYIO PEAKIIHIO, T. €. ITYIII0JIAHOBYIO PEAKIIHIO», IOCKOIIBKY BCE
SCM copnepkaT B CBOEM COCTaBe aMOp(HBIN KpeMHE3eM WIH
ctexioobpasusie (aspl, 6oratsie SiO; w/umn Al,Os. ITosTomy B
KOMOHMHAIIMU C MOPTJIAaH/IEMEHTHBIM KIMHKEPOM B Tpolecce
THIpaTali MOTYT 00Pa30BBIBATh JIOMOJHHUTEIHLHOE KOJTHYECTBO
runpocunukaToB (I'CK) u ruapoamomunatoB (I'AK) xanbuus,
KOTOpBIE YIUIOTHSIIOT U YIPOYHSIOT TBEPJACIOIINE CUCTEMBI, MO-
BBILIAs IOJITOBEYHOCTh KOHCTPYKIMH U3 IIEeMEHTa U OETOHA.

Ceronust SCM HIMpOKO UCTIONB3YIOTCS B O€TOHE, TMOO0 B CMe-
IIaHHBIX LEMEHTaX, 00 100aBIAIOTCSA OTACIHHO B OETOHOME-
manKky. Vlcrnonb30BaHue TaKuX JOMOJTHUTEIBHBIX BSDKYIIMX Ma-
TEpHaJIOB, KaK JOMEHHBIH IITAK, ITOO0YHBIA POIYKT IIPOU3BOA-
CTBa YyTyHa, WM 30JIa-yHOC OT CIKHUTaHHMS YITI, IPEACTABIIET
c000i1 )KN3HECTIOCOOHOE PeIICHNE ISl YACTHIHON 3aMEHBI OPT-
JAHALEMEHTA, TIOCKOJIBKY 3TO IIPUBOIUT K 3HAUYUTEIbHOMY CHH-
xkernto CO,. BoiOpockl Ha ToHHY ementa ¢ SCM (u3Mmenbue-
HHE, CMEIIMBaHUe M TPAHCIIOPTHUPOBKA OETOHA) TOPa3i0 HUXKeE
SHEPIruu M0 CPaBHEHHUIO C MPOIECCOM KIMHKEPOOOPa30BaHUS).
IIpu 3Tom wacto SCM Takxke SBIAIOTCS MOOOYHBIMHU MPOAYK-
TaMHM MPOMBIIICHHBIX IPOU3BOJICTBEHHBIX IIPOIIECCOB, ¥ YTHIIH-
3alMsl JaHHBIX MaTepualioB OueHb BaxxHa [21].

Haubonee vacto mpuMeHseMBIMH MaTepHalIaMH SIBISIOTCS
JIOMEHHBIN T'paHyJIMPOBAHHBIN IIUIaK, 00pa3yoMHUics IpH Ipo-
M3BOJICTBE UyT'yHA, U 30JIa-yHOC, ITOJIydaeMasl B pe3yJIbTaTe OT-
JIeTICHUS] YaCTHIL ITBLIH OT ABIMOBBIX ra30B, 00pa3yroNUXcs B Ie-
gax TOC, paboTaromux Ha yriie. MOJIOTHIH JOMEHHBIN TpaHyIIH-
POBaHHBIH 1IUIAK U 30J1a-yHOC MOMOTAOT YJIy4lInTh Kodddum-
€HT NMPOYHOCTH OETOHA, 0COOEHHO MIETOYHO-KPEMHE3EMHYIO pe-
aKIHIO U SIBJISIOTCSI OCHOBHBIMM MUHEPAIBbHBIMH I00aBKaMH, KO-
TOPBIE IOBOJILHO JUTUTEIILHOE BPEMsI UCTIOJIb3YIOT B OOJIBILINX KO-
JMYECTBax B lleMeHTaX U OeToHax. [109TOMy HEOOIBIIIOE MOBBI-
IIEHUE COAEP KaHUs 3THUX 100aBOK B I[EMEHTE HE OKaXeT CyIle-
CTBEHHOTO BIIMSIHUS Ha CHIDKeHHe BbIOpocoB CO,. Kpome Toro,
KOJIMYECTBO 30JIbI-yHOC YMEHBIIAETCS, IIOCKOJIBKY YTOJbHBIE
JJIEKTPOCTAHIMY B LIENISX 3aIIUTHI OKPYXKAIOIIEH cpeabl mocTe-
TIEHHO BBIBOJISITCS] M3 DKCILTyaTaluy.

Oxwupaercs, uro k 2050 rogy JOCTYHMHOCTb JOMEHHOIO Tpa-
HYJIHMPOBAaHHOTO [IUIAKa U 30JI6I-YHOC CHU3UTCA 00JIee YeM BIBOE,
YTO YCHIIUT KOHKYPEHIIMIO MEXAY HPOMBIIIJICHHBIMH MPEITPH-
ATHSIMH 32 9TH TOOOYHBIE MPOIYKTHI. DTO yBEIMYHBAET MOTPEO-
HOCTh B HW3y4YCHUH AalbTEPHATUBHBIX KOMIOHEHTOB LEMEHTA,
4TOOBI M30€XKaTh YBEJIMYCHHsS] COOTHOILICHUS! KIMHKepa U Iie-
MEHTA U JIaKe CTIOCOOCTBOBATH €ro CHIDKEeHUI0. Takum o00paszom,
CYIIECTBYET OCTpast HE0OX0MUMOCTh B pa3paboTke HOBBIX SCM,
COIOCTABUMBIX HJIM MPEBOCXOISIINX 301y-YHOC 1 IIUIAKH.

BMmecTo yacTu KIMHKEpa MOKHO HMCIOJIB30BATh NMPHPOAHBIC
MYII0JIAHOBBIE MaTepHaJIbl, IIOJyYeHHbIE U3 BYJIKAaHHIECKUX CO-
€/IMHEHUH WM 0Ca/I0YHBIX ITOPOJ] COOTBETCTBYIOIIETO COCTABA.
WX nocTynHOCTh M XMMHYECKasi aKTHBHOCTb CHWJIBHO BapbUpy-
I0TCS B 3aBUCHMOCTH OT pernoHa. OHaKO UX MCHOIB30BAHUE B

An effective strategy to reduce CO, emissions is to
replace part of the clinker with supplementary binding
materials (SCM) [18-20]. Complementary binders are
key components of environmentally friendly, low-car-
bon cements. Complementary binders used in the ce-
ment industry typically include industrial wastes, natural
pozzolans and activated minerals that exhibit either hy-
draulic or pozzolanic properties.

As single materials and in contact with water, most
SCMs do not exhibit significant hydraulic reactions of
cemental significance. However, as fine powders, under
alkaline aqueous conditions or in contact with calcium
hydroxide, they will react chemically, i.e. “pozzolanic
reaction”, since all SCMs contain amorphous silica or
glassy phases rich in SiO; and/or Al,Os. Therefore, in
combination with Portland cement clinker during hydra-
tion, they can form additional amounts of calcium hy-
drosilicates (HSC) and calcium hydrate aluminates
(CHA), which thicken and strengthen the curing sys-
tems, increasing the durability of cement and concrete
structures.

Today, SCMs are widely used in concrete, either in
blended cements or added separately to the concrete
mixer. The use of additional binding materials such as
blast furnace slag, a by-product of pig iron production,
or coal fly ash is a viable solution to partially replace
Portland cement as it results in a significant reduction of
CO,. The emissions per ton of cement with SCM (con-
crete grinding, mixing and conveying) are much lower
in energy compared to the clinker process.) However,
SCMs are often also by-products of industrial production
processes and the utilization of these materials is very
important [21].

The most commonly used materials are blast furnace
granulated slag from pig iron production and fly ash
from the separation of dust particles from the flue gases
produced in coal-fired furnaces of thermal power plants.
Ground blast furnace granulated slag and fly ash help to
improve the coefficient of strength of concrete, espe-
cially the alkaline-silica reaction and are the main min-
eral additives that have been used in large quantities in
cement and concrete for quite a long time. Therefore, a
small increase in the content of these additives in cement
will not have a significant effect on the reduction of CO»
emissions. In addition, the amount of fly ash is decreas-
ing as coal-fired power plants are being phased out in
order to protect the environment.

The availability of blast furnace granulated slag and
fly ash is expected to more than halve by 2050, increas-
ing competition between industries for these by-prod-
ucts. This increases the need to explore alternative ce-
ment components to avoid increasing the clinker/cement
ratio and even help in reducing it. Thus, there is an ur-
gent need to develop new SCMs comparable or superior
to fly ash and slag.

Natural pozzolanic materials derived from volcanic
compounds or sedimentary rocks of suitable composi-
tion can be used instead of part of the clinker. Their
availability and chemical activity vary greatly from re-
gion to region. However, their use in cement production
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TIPOM3BOJICTBE IIEMEHTA B 3HAYUTEIIHHOM CTETIEHH 3aBHUCHUT OT Ta-
KrX ()aKTOPOB, KaK IepeMeHHast JOCTYITHOCTh Ha MECTaX, CE30H-
HOCTh M KOHKYPEHIHS C JPYTUMH BHOAMH IPOMBIIIIICHHOTO
TIPUMEHEHUSI.

M3BecTHIK Takke MOXHO HCIIONB30BATh B IIEMEHTE BMECTO
gacTu KIuHKepa. V3BecTHAK-coJeprKaliue HEMEHTHI, KaK Ipa-
BWJIO, TPEOYIOT MEHBINIE BOJBI, YTO YJydlIaeT oOpabaThiBac-
MoOCTh OeToHa. IS JOCTHOKCHHS TaKOW K€ MPOYHOCTH, KaK y
MOPTIAHIIEMEHTa, €r0 HEOOXO0AUMO U3MEIBYHThH 00JIee TOHKO,
HO M3MEJIhbYaeMOCTh M3BECTHSKAa HAMHOTO BBIIIE, YeM Y MOPT-
JaHaIeMeHTHOTO KnHKepa [40,41].

Ho nanbonpummii mHTEpEC B Ka4eCTBE JOMOTHUTEIHHOTO BS-
JKYIIETO MaTepruansa MOTYT TPEACTaBIATH OO0XOKCHHBIC WIIN
KaJbIIMHUPOBAHHBIC TIMHEL. O00XKCHHAS TIIMHA YKe JaBHO HC-
TOJIB3YETCsl B TIPOM3BOACTBE IIeMEHTa. [IpOYHOCTh IleMeHTa Ha
cKaThe Ha PaHHMUX CTAaOUsSX CHIDKACTCS NPH HCHOJIb30BAHUU
60MBIIOr0 KOJIMYECTBAa 000XOKEHHOH IMTMHBI M3-3a Ooliee Mea-
JIEHHOW KWHETHKU PEaKIUu 3TOT0 KOMIIOHEHTa IIEMEHTa IO
CPaBHEHHIO ¢ KIHHKepoM [22]. OnHako IpU UCTIOIB30BaHUH OII-
TUMH3UPOBAHHBIX KOMOWHAIUN 000X KCHHON TJIMHBI U MOJIO-
TOTO M3BECTHSKA B KaUe€CTBE KOMIIOHEHTOB IIEMEHTa BO3MOXKHO
MOTEHIIMAIBHO TIO3BOJISIET BBITECHATh KiIuHKep Ha 50 % 06e3
ymep0Oa [t cBOMCTB meMenTa [23].

B 3TOM KOHTEKCTE W3BECTHSK U TIMHA MPEICTABILIIOT cO00it
Ba)KHBIC THITHI MaTEPHAJIOB, TOCTYIHBIX B KPYIMHBIX MECTOPOXK-
JIeHUAX 1Mo Bcemy mupy. [1o 3To# npuamHe pa3paboTKa TPOHHBIX
[EMEHTHBIX CMecell C HCIOJh30BaHMEM KOMOWHAIIMK W3BECT-
HsKa U Ooratoro amoMmocmiukataMu SCM, Takoro Kak MaTepu-
anbl U3 O00O0MXOKCHHOMN/KaTbIIMHUPOBAHHOW TJIMHBI, BBI3BIBACT
3HAYUTEIBHBIA HMCCIIeNOBaTeIbLCKUN uHTepec. Hambonee usy-
YeHbl KaJbIMHUPOBAHHBIC KAOJMHHUTOBBIC TIUHBI [24]. Cpenu
Pa3IUYHBIX BHUJOB TJIMH KAOJMHUTOBBIE TIWHBI MPOSBISIOT
HanOOJIBIIYIO ITyNIIOJAHOBYIO aKTUBHOCTH ITOCJIE TPOKATMBAHUS
Omaromapss OOpa30BaHHUIO BBICOKOPEAKIIMOHHO  CIIOCOOHOM
aMop(HOH MeTaKaoIMHOBOH (a3sl [25-30]. Panee Obuto mpoBe-
JICHO MHOKECTBO HCCIICIOBAaHUI 10 HCIIOJE30BAHHIO YHUCTOTO
METaKaoJIMHa, HO TJIIMHBI C MEHBIIUM COJICpPKaHHEM KaOJIHHUTA
ropaszo OoJiee MepCIeKTUBHEI ISl MACCOBOTO MCITOF30BAHHUS B
[EMEHTE M3-3a UX MIAPOKOH JOCTYIHOCTH, U HU3KOH CTOMMOCTH.
OcoOblIil HHTEpEC MPEJICTABISIET COBMECTHOE 3aMeIleHUe KIIMH-
Kepa KaJbIIMHUPOBAHHOM INTIMHON U U3BECTHSAKOM, KaK B U3BECT-
HAKOBBIX KalbIMHAPOBAHHLIX MMHUCTLIX nemenTax (LCY) [31-

34].
MaTepna.m,I U METOAbI

B pabore B xauecTBe alTIOMOCHIMKATHBIX MaTEpPHAJOB HC-
nosb3oBaiy 6osee 20 TIIMH pa3IMYHOTO MUHEPAJIOTHIECKOT0 CO-
CTaBa, OTXOJIbl OYNCTKH CTOUYHBIX BOJ, OTXO/IbI PHCOBOM LIEITyXH;
B KayecTBe KapOOHATHOTO KOMIIOHEHTa — M3BECTHSK, JIOJIOMHT,
Mmeprensb. [1yloaaHoBy0 aKTHBHOCTb MaTe€pHalIOB ONPEEIISTN
MO0 KJIACCHYECKOMY METOJIy TOTJIONIEHHUS 100aBKOIl N3BECTH M3
n3BecTKOBOTO pactBopa B Tederue 30 cyt (meton 1) u mo T'OCT
P 56593-2015 npu Harpese cmecu npu Temnepatype 85-90 °C B
teyenue § 4 (meTox 2).

Munepanoruueckuii cocTaB MaTepuasoB ONpPEAEIIsIA METO-
mamu POA na IPOH-3M u [ITA na nepuBarorpada Q-1500D
MOM. CtpyKTypy MaTepHaioB HCCIEIOBATH C IIOMOIIBIO CKa-
HUPYIOLIEH 3IEKTPOHHOM MHUKpocKkonuH B LIeHTpe KOJIeKTHB-
Horo nonb3oBanust PXTY um. /.. Mengeneesa. IIpounocTHbIe
XapaKTEePUCTUKU NOPTIAHALEMEHTa C I00aBKaMH OIPEACISIINCH
Ha MaJIbIX 00pa3nax [eMEeHTHOTo KaMHs (00pa3IbI-0aI0uKy pas-
MepoM 10x10%30 MM, IPUTOTOBIEHHBIE U3 IEMEHTHOTO TECTA) C
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is highly dependent on factors such as variable local
availability, seasonality and competition with other in-
dustrial applications.

Limestone can also be used in cement instead of part
of the clinker. Limestone-containing cements generally
require less water, which improves the workability of
concrete. It must be ground finer to achieve the same
strength as Portland cement, but the grindability of lime-
stone is much higher than that of Portland cement clinker
[40, 41].

However, fired or calcined clays may be of greatest
interest as a supplementary binding material. Fired clay
has long been used in cement production. The early com-
pressive strength of cement is reduced when large quan-
tities of fired clay are used due to the slower reaction
kinetics of this cement component compared to clinker
[22]. However, when using optimized combinations of
fired clay and ground limestone as cement components,
it is possible to potentially displace clinker by up to 50%
without compromising cement properties [23].

In this context, limestone and clay represent im-
portant material types available in large deposits world-
wide. For this reason, the development of ternary cement
blends using a combination of limestone and aluminosil-
icate-rich SCMs such as fired/calcined clay materials is
of considerable research interest. Calcined kaolinite
clays are the most studied [24]. Among different types
of clays, kaolinite clays show the highest pozzolanic ac-
tivity after calcination due to the formation of highly re-
active amorphous metakaolin phase [25-30]. Previously,
many studies have been conducted on the use of pure
metakaolin, but clays with a lower kaolinite content are
much more promising for mass use in cement because of
their wide availability and low cost. Of particular inter-
est is the joint replacement of clinker with calcined clay
and limestone, as in limestone calcined clay cements
(LC3) [31-34].

Materials and methods

More than 20 clays of different mineralogical com-
position, wastewater treatment wastes, rice husk wastes
were used as aluminosilicate materials; limestone, dolo-
mite, marl were used as carbonate component. Poz-
zolanic activity of materials was determined according
to the classical method of absorption by adding lime
from lime solution during 30 days (method 1) and ac-
cording to GOST R 56593-2015 by heating the mixture
at a temperature of 85-90 °C for 8 h (method 2).

Mineralogical composition of materials was deter-
mined by XRD-3M XRD and DTA on a Q-1500D MOM
derivatograph. The structure of materials was investi-
gated by scanning electron microscopy in the Center of
collective use of D.I. Mendeleev Russian Chemical
Technology University. The strength characteristics of
Portland cement with additives were determined on
small cement stone samples (10x10x30 mm beams pre-
pared from cement dough) using a PG-05 breaking
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MOMOIIIBIO pa3pbiBHOM MamuHbI [11-05 (mpodHOCTs Ha M3rUb) U
THIIPABINYECKOTO Tpecca (IPOYHOCTh Ha CKATHE).

Pe3yabTaTsl M UX 00CyxKIeHHE

Haunbonee m3ydeHHBIMM Ha CETONHAIIHWUH [IE€HD SIBISIOTCS
TJIMHACTBIE MaTepuaibl. VccnenoBaHue MyIOIaHOBOM aKTHB-
HOCTH TepMO0OpabOTaHHBIX TJIMH M0Ka3aJlo, YTO 3HaYCHHUE ITyII-
1[OJJAHOBOM aKTUBHOCTH U3MEHSETCS B 3aBUCUMOCTH OT AUCIIEpC-
HOCTH TJIMHBI, TEMIIEPATYphl U BPEMEHH TEPMOOOPabOTKU U OT
XUMMKO-MHUHEPAJIOrHYeCKOro COCTaBa CaMMX IJIHH.

Temneparypa TepmMuyeckoii 00paboTKH BbIOMpaiach Ha OC-
HOBaHMH JaHHBIX AU((epeHINATbHO-TEPMUIECKOTO aHanu3a. B
Tabmuie | Moka3aHO M3MEHEHHE IYLIIOJIAHOBOW AKTUBHOCTH
TJIMH B 3aBHCUMOCTH OT TEMIIEPaTypbl U BpeMeHH oOxkwura. Jis
BCEX M3YYEHHBIX ITIMH BPeMsI 00KHra Uil MOITydeHHs HanOOIb-
IIeif aKTUBHOCTH cocTaBisio 60 MUH, a ONTUMabHAs TEMIIEpa-
Typa o0XXura Temmneparypa W3MEHSIACh B 3aBUCUMOCTH OT XH-
MHUKO-MUHEPAIOTHYECKOT0 COCTaBa MaTepHAJIOB.

machine (flexural strength) and a hydraulic press (com-
pressive strength).

Results and discussion

The most studied clay materials to date are clay ma-
terials. The study of pozzolanic activity of heat-treated
clays has shown that the value of pozzolanic activity var-
ies depending on the dispersity of clay, temperature and
time of heat treatment and on the chemical and miner-
alogical composition of the clays themselves.

The temperature of thermal treatment was selected
based on the data of differential thermal analysis. Table
1 shows the change of pozzolanic activity of clays de-
pending on temperature and firing time. For all studied
clays the firing time for obtaining the highest activity
was 60 min, and the optimal firing temperature varied
depending on the chemical and mineralogical composi-
tion of materials.

TABJINIA 1 BIUAHUE HAPAMETPOB TEPMOOBPABOTKH HA ITYHIIOJIAHOBYIO

AKTUBHOCTbD I'VIMH

Table 1 Effect of heat treatment parameters on pozzolanic activity of clays

KoanuectBo CaO, noriomenHoe 1 KoanuecrBo CaO, noriomenHoe 1
Temmneparypa
Homep oGHra. °C I 100aBKH, M Bpems o0:xura, I 100aBKH, MI
o0pasna .. > Amount of CaO absorbed by 1 g of MHH Amount of CaO absorbed by 1 g of
Firing temper- " B q -
Sample ature. °C additive, mg Firing time, min additive, mg
number (=60 ’M“H) no meroay 1 1o mMetoay 2 (T = const, °C) mo meroxay 1 no Meroay 2
by method 1 by method 2 by method 1 by method 2
600 411 61,3 15 215 33,5
650 427 72,6 30 300 49,2
I'muna 1 700 415 70,8 650 45 400 64,6
Clay 1 800 400 64,8 60 427 72,6
900 385 61,6 90 380 59,9
950 210 32,2 120 320 49,6
600 350 58,5 15 280 42,1
650 364 61,9 30 340 56,4
I'uaa 2 700 390 68,6 700 45 375 64,3
Clay 2 800 356 58,3 60 390 68,6
900 320 51,0 90 350 58,8
950 278 36,1 120 310 49,3

[Mony4eHHbIe Pe3yabTAThI OMPEICIICHHs MYIIIO0JIAHOBON
AKTUBHOCTH 10 YCKOPCHHOMY METOIY 2 XOPOIIO KOPPEesH-
PYIOT C pe3yibTaTaMu, MOJYYCHHBIMU IO KIACCUICCKOMY
merony 1. [Toatomy naniee myIoJaHOBYIO aKTHBHOCTB Olle-
HUBAJH TOJBKO MO METOAY 2.

JIMCTIepCHOCTD TJIMHBI BIKSET Ha MyIII0JAHOBYHO aKTHB-

HOCTH (Tabmuia 2). 2)

The results obtained for the determination of pozzolanic
activity by the accelerated method 2 correlate well with the
results obtained by the classical method 1. Therefore, the
pozzolanic activity was further evaluated only by method 2.

Clay dispersibility affects the pozzolanic activity (Table

TABJINIIA 2 BJIUSHUE JUCIHEPCHOCTH I'VIMH HA X MYIIIIOJIAHOBYIO AKTUBHOCTbH
Table 2 Effect of clay dispersibility on their pozzolanic activity

JlucnepcHOCTh TVIMHBI 110 0CTATKY HA I'iuna 1 Tauna 2

cuTe Clay 1 Clay 2

Clay dispersibility by residue on the sieve Ro,16 Ro,08 Ro,063 Ro,16 Ro,08 Ro,063
AKTHBHOCTS, Mr/r 43,0 57,0 69,8 36,0 51,0 68,5
Activity, mg/g

C yMeHbIICHHEM pa3Mepa YacTHIl TIIMHBI OBICTpee MpoTe-
KaloT MPOIECChl B3aUMOAEHCTBHS aKTUBHBIX OKCHJOB alIOMHU-
Hus 1 kpeMHus ¢ Ca(OH),, 4To ¥ npUBOIUT K POCTY MyLII0Na-
HOBOI akTuBHOCTH. OIHAKO, BBICOKAs JAWCHEPCHOCTH TJIMHBI
MOXET B JalbHEHIIEM MPUBOAWTH K  ITOBBIMICHUIO

With decreasing clay particle size, the processes of in-

teraction of active aluminum and silicon oxides with
Ca(OH), occur faster, which leads to an increase in poz-
zolanic activity. However, high dispersibility of clay can
further lead to an increase in the water demand of cement

dough and, consequently, to a lack of strength.
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BOJOMOTPEOHOCTH LEMEHTHOTO TECTa M, CJIEIOBATENbHO, K
HeoOopy MPOYHOCTH.

[Ipn 3amene 5-25 % mopTIaHAIEMEHTHOTO KIMHKEPa Tep-
M000OpabOTaHHBIMH TNIMHAMH HAaOJIFOaeTCS OBBIIIIEHIE BOIO-
MOTPeOHOCTH IeMeHTHOTo Tecta ¢ 28 mo 35 %, ogHako maxe
IPU TaKUX 3HaYeHUsIX HopMajbHOU ryctoTsl (HI') mpouHocTs
IPY CXKATUHU NMOBBIIAeTCs 0T 25 10 65 % B 3aBUCUMOCTH OT CO-
CTaBa TJIMH U YCIOBUIl UX TepMooOpadoTku [35-37].

Cumute HI' no3BossieT BBEJEHUE B CUCTEMY «KJIMHKEp —
TEpMOAKTHBUPOBAaHHAs TJIMHa» KapOOHATHBIX KOMIIOHEHTOB,
npu 100aBICHUN KOTOPHIX, BOIOMOTPEOHOCTH HA0OOPOT CHH-
xaerca. Hanbosee M3ydeHHBIM SABISAIOTCS M3BECTHAKH. lIpm
TBEPACHUH CHCTEMBI «KIIMHKED TEpPMOAKTHBHUPOBAHHAS
TJINHA — W3BECTHIKY» HAOMIOMAeTCS CHHEPTeTHICCKUH YD eKT,
YTO BEJEeT K MOBBIMICHUIO MPOYHOCTH (pUCYHOK 2). Hanboms-
et npounocteio 75,1 MIla xapakrepusyercst cocTaB, COLEP-
sxkamuit 25 % rnuaet (TT) u 15 % usBectHska (M). OgHaxo
npo4yHocTh coctaBa 25T +25U cocrapnsiet 56,8 Mlla, uto He-
MHOTI'O HIDKE MNPOYHOCTH Oe3nobaBouHOro InemeHTta (58,6
MIlIa). CiaenoBaTenbHO, MOXKHO HOJTYy4aTh LEMEHT, B KOTOPOM
1o 50 % ximHkepa OyaeT 3aMEeHEHO JTOTIOTHUTEILHBIMU BSXKY-
IUMHU MaTepUuaIaMi, Kak U3BCCTHAK U TCPMOAKTUBUPOBAHHLIC
TJIMHEL.

PUCYHOK 2

N3MEHEHUE HNPOYHOCTHBIX IIOKA3A- 75 |

TEJENA B CHCTEME KJIUHKEP — TEPMO- =
AKTUBUPOBAHHAS TJIMHA — W3BECT- e el
HSIK ,f 55
£ a5 |
s
g 35
Figure 2 =

Variation of strength parameters in the system
clinker - thermoactivated clay — limestone

Wutepec npencrasiseT n1o0aBleHne K IIEMEHTY B Kade-
CTBE JIONOJTHUTENIBHBIX BSDKYIIIMX MaTepHaIoB TepMooOpabo-
TaHHBIX Meprenei. I1o cocraBy Meprens npecrasiseT co0on
NPUPOJHYIO CMECh KapOOHATA KaJIbIMS M PA3IMYHBIX TJIMHHU-
CTBIX MHUHEPAJIOB, IIPH OOKUTe KOTOPBIX IPH TeMIIepaTypax
650-750 °C rauHHUCTBIE MUHEpasbl pa3iaraloTcs Ha aKTHB-
HBIE OKCHIBI KPEMHHUS M aJIOMHHHUS, U B CHCTEME OCTaeTcs
CaCOs. To ectb cpa3y npu odxure hopMHpyeTcsi cuctema
«amop¢uere SiO+ALO3 — CaCOs». D10 OBIIO TOATBEp-
KIIEHO OTPEICICHNEM IIyII[OJaHOBOH aKTUBHOCTH O00XK-
KEHHBIX MepreJieil. B 3aBUCHMOCTH OT XUMHKO-MHUHEPAIOTH-
YECKOT0 COCTaBa MepreJisi, akTUBHOCTh cocTaBmia 55,5-69,3
MI/T, YTO CONOCTABUMO C ITyIIIOJIAHOBOI aKTHBHOCTBIO Tep-
MOAKTHBHUPOBAHHBIX TJIHH.

[IpoBeneHsl Mccne0BaHUS 110 BIMSHHIO 000XIKEHHOTO
Meprens B konuuecTse 5—35 % Ha pa3nuuHble CBOWCTBA Iie-
MeHTHOTO KaMHs. Kak 1 Bce 000K KEeHHBIE alTFOMOCHIIMKATHI,
TepMOOOpabOTaHHBIH Mepreih CHIBHO TOBBIIIAET BOJOIO-
TpeOHOCTH IIEMEHTHOTO TecTa. [103ToMy aJIsi CHUKEHUS 3Ha-
yenniit HI' momomHUTEISHO BBOAWIN TUIACTHPHUITUPYIONIYIO
nobaBky (Melflux). ITomydeHHbIe pe3yabTaThl TOKA3bIBAIOT,
YTO BBEICHHE TEPMOAKTHBHPOBAHHOTO MEPrens B KOJHYe-
ctBe 25-35 % He NPUBOAUT K CHUXKEHUIO paHHE! IPOYHOCTH
LIEMEHTA U MOBBIIIAET MPOYHOCTH B Bo3pacTe 28 CyT (pucy-
HOK 3). IlnmactudukaTop HEMHOro 3ameyIsieT MPOLECCHI
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When replacing 5-25 % of Portland cement clinker
with heat-treated clays, an increase in the water content of
cement dough from 28 to 35 % is observed; however, even
at such values of normal density (ND), the compressive
strength increases from 25 to 65 % depending on the com-
position of clays and conditions of their heat treatment
[35-37].

The introduction of carbonate components into the sys-
tem “clinker - thermoactivated clay” allows to reduce the
normal density. The most studied are limestone. During
the hardening of the system “clinker - thermoactivated
clay (TC) — limestone (L)” synergetic effect is observed,
which leads to an increase in strength (Figure 2). The high-
est strength of 75.1 MPa is characterized by the composi-
tion containing 25 % of clay (TC) and 15 % of limestone
(L). However, the strength of the composition 25TC+25L
is 56.8 MPa, which is slightly lower than the strength of
unblended cement (58.6 MPa). Consequently, it is possi-
ble to produce cement in which up to 50 % of clinker is
replaced by additional binding materials such as limestone
and thermoactivated clays.

& Coxarme

B Harub

5
A5

B\ 15

CocTaBkl

The addition of heat-treated marl to cement as an addi-
tional binding material is of interest. By composition, marl
is a natural mixture of calcium carbonate and various clay
minerals, during the firing of which at temperatures of 650-
750 °C clay minerals decompose into active oxides of sili-
con and aluminum, and in the system remains CaCO3. That
is, immediately at firing the system “amorphous
Si0,+AL,O3 - CaCOs” is formed. This was confirmed by de-
termination of pozzolanic activity of the fired marls. De-
pending on the chemical and mineralogical composition of
marl, the activity amounted to 55.5-69.3 mg/g, which is
comparable to the pozzolanic activity of thermoactivated
clays.

Studies on the effect of burnt marl in the amount of 5-
35% on various properties of cement stone have been car-
ried out. Like all burnt aluminosilicates, heat-treated marl
strongly increases the water demand of cement dough.
Therefore, a plasticizing additive (Melflux) was additionally
introduced to reduce the normal density values. The results
show that the introduction of thermally activated marl in the
amount of 25-35 % does not reduce the early strength of ce-
ment and increases the strength at the age of 28 days (Figure
3). The plasticizer slightly slows down the setting and hard-
ening of the system in the initial period, but by 28 days the
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CXBATBIBAHUS U TBEPICHUS CUCTEMBI B Ha4aJIbHbIE CPOKH, HO
K 28 CyT IPOYHOCTH HEMHOTO ITOBBIIIAETCS, IO CPAaBHEHHIO C

strength slightly increases compared to the unadded formu-
lation.

0e3100aBOYHBIM COCTaBOM.

PUCYHOK 3 60
KWHETHKA TBEPJIEHHUS IEMEHTOB g "
C TEPMOAKTHBHPOBAHHBIMU 2w
MEPTEJISIMH x
E-‘ 40
E 35
Figure 3 E 2
=)

Hardening kinetics of cements with thermo-
activated marls

Takum 00pa3oM, Ha IEMEHTHBIX 3aBOaX, KOTOPHIE B Kade-
CTBE CHIPhS UCTOJNB3YIOT MEpreiib, MOKHO TTOPEKOMEHIOBATh
MPOBOIUTH TEPMHUUECKYIO aKTUBAIIIO MEPTeIs, B TOM YHCIIE U
HE KOHAWIHOHHOTO, AOOABIATh OO0XOKCHHBIA MPOAYKT K IIe-
MEHTY ¥ COOTBETCTBCHHO YMCHBIIATH COJACPIKAHKE MOPTIAH/I-
[IEMEHTHOT0 KIIMHKepa B lleMeHTe Ha 25-35 %.

Jlysra/mienyxa Hapy>KHBIX 000JI0UCK 3epEH, KOTOPBIC MMOJTY-
YalTCsAd B pe3yJbTaTe OOPYIIMBAHUS MM JYHICHUS 3EPCH
mpoca, TPEYUXH, CEMSIH TOJICOIHECYHUKA, PUCA U JAP., CETOIHS
WCIIONB3YETCS B psfie OTpacieil Kak aJlbTepHATUBHOE TOTUIMBO,
MOCKOJIBKY TI0 XHMHYECKOMY COCTaBy ONM3Ka K JPEBECHHE U
BKITIOYAeT B ce0s memmtonosy (28—48 %), muraus (12-16 %)
remunesnTono3y (23—-28 %) [38]. Ho B oTimdme oT IpeBecHHBI
IIeayxa CONCPKHUTCSA 3HAYUTENBFHOE KOJMYECTBO JHOKCHIIA
kpemHUs (Si07), 9T0 0OecneunBaeT eil MOBBIICHHYIO TEPMO-
CTOMKOCTb. PucoBas menyxa coaepKuT B CBOEH MUHEPAIbHOU
gactd 10 20 % nuoxcuaa KpeMHHs, KOTOPBI HaXOOWTCS B
aMOp(HOM COCTOSIHUH, COJCPKHUT MEHBIIIEE KOJTHMYSCTBO MPH-
Mecel METaJUIOB U SIBJISIETCSI XUMUYECKH 00Jiee aKTUBHBIM.

W3yyenue mynoJ1aHOBOW aKTUBHOCTU PUCOBOM LIETYXH B
HCXOJIHOM BH/IE U MTOJIBEPTHYTON O0XKHUTY MPU PA3TUUHBIX TEM-
nepaTypax ImoKa3aio, 9YTO JaHHBIH MaTeprall XapaKTepru3yeTcs
aKTUBHOCTBIO 35,2-50,4 MI/T, 9TO HEMHOTO MEHBIIE, YeM Y
TepMOOOpabOTaHHBIX MHH (Tabmuma 3). OgHaKo, Takas MmyIl-
[[OJIAHOBas aKTUBHOCTh MaTepHalia IO3BOJIIET HCIOIh30BATh
€ro Kak KOMITOHEHT K [IEMCHTY.

5 10 15 20 2 30
Cyrsn
In cement plants that use marl as raw material, it can
be recommended to thermally activate marl, including un-
conditioned marl, add the burnt product to cement and, ac-
cordingly, reduce the content of Portland cement clinker
in cement by 25-35%.

The husks of the outer shells of grains, which are ob-
tained as a result of collapsing or husking of millet, buck-
wheat, sunflower seeds, rice, etc., are now used in a num-
ber of industries as an alternative fuel, since their chemical
composition is close to wood and includes cellulose (28-
48 %), lignin (12-16 %) and hemicellulose (23-28 %) [38].
But unlike wood, husk contains a significant amount of
silicon dioxide (SiO»), which provides it with increased
heat resistance. Rice husk contains in its mineral part up
to 20 % of silicon dioxide, which is in an amorphous state,
contains fewer metal impurities and is chemically more
active.

The study of pozzolanic activity of rice husk in its orig-
inal form and subjected to firing at different temperatures
showed that this material is characterized by activity of
35.2-50.4 mg/g, which is slightly less than that of heat-
treated clay (Table 3). However, such pozzolanic activity
of the material allows to use it as a component of cement.

TABJIAIIA 3 IYHIIOJIAHOBASI AKTUBHOCTH PUCOBOM HIEJYXHU

Table 3 Pozzolanic activity of rice husks

Marepuan Hcxonnast pucoBasi meayxa | 30,1a pucoBO# HIEJTyXH I[IpoaykT nupoJim3a
Material Original rice husk Rice husk ash Product of pyrolysis
HyuuonaHOBgﬂ aKTHBHOCTB, Mr/T 352 50.4 465
Pozzolanic activity, mg/g

Menee N3YYCHHBIMU MaT€puajlaMu ABJIAIOTCA OTXOIbI
ounctku crouHbIX BoJ (OOCB). B Poccunt OOCB ucnons3yror
Ha psJic IEMEHTHBIX 3aBOJIOB, KaK OMOTOILTHRO (aJIbTepHATHB-
HOE TOIUINBO). B cocTaB OTXOZ0B OYMCTKM CTOYHBIX BOJI, CO-
TJIACHO PCHTTCHO(A30BOMY aHAIU3y, BXOAAT AHOPTHT
(Ca0-AL03:2810;) — 25,43 %, myckoButr (KAl(AlSi3010)
(OH)») — 10,75 %, muxpoxiuH (K(AlSi30s)) — 10,19 %, xais-
uT (CaCO3) — 7,18 %, xBapi (SiO2) — 30,0 %. B HeGonbmom
konmuecTBe cogepxatcst anruaput (CaSO4) — 5,91 %, poroBas
obmanka ((Ca,Na)(Mg,Fe)sAl(SizAl)O2(OH,F)) — 5,16 %, no-
aomut (CaMg(CO3),) — 4,26 % u remarut (Fe,03) — 1,12 %.
To ectb OOCB npeacTaBiieH pa3IUnIHBIMHU ATIOMOCHIINKATAMU

Less studied materials are wastewater treatment wastes
(WWTW). In Russia, WWTW is used at a number of ce-
ment plants as biofuel (alternative fuel). The composition
of wastewater treatment waste, according to X-ray phase
analysis, includes anorthite (CaO-Al1203-28i02) - 25,43
%, muscovite (KAI2(A1Si3010) (OH)2) - 10,75 %, micro-
cline (K(AISi308)) - 10.19 %, calcite (CaCO3) - 7.18 %,
quartz (Si02) - 30.0 %. Small amounts of anhydrite
(CaS04) - 5.91 %, hornblende
((Ca,Na)2(Mg,Fe)sAl(Si;Al)O2(OH,F)) - 5.16 %, dolo-
mite (CaMg(CO3),) - 4.26 % and hematite (Fe;03) - 1.12
%. That is, WWTW is represented by various
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1 KapOOHATHBIMH TMopoaamu. Ilpu TepMooOpPabOTKE TIIMHHU-
CTbIe MHHEpAJIbl Pa3NararTcs, U IPOIYKThl 00XKHUra XapakTe-
PHU3YIOTCS MYIIOJIAHOBOW aKTUBHOCTHIO (Tabmma 4).

aluminosilicates and carbonate rocks. During heat treat-
ment, clay minerals decompose, and the firing products
are characterized by pozzolanic activity (Table 4).

TABJNILA 4 BJIUSHUE TEMIIEPATYPBI TEPMOOBPABOTKH HA TYHIIOJIAHOBYIO

AKTHUBHOCTDB OOCB
Table 4 Effect of heat treatment temperature on pozzolanic activity of WWTW
Temmnepatypa 00xkura, °C (7= 60 mun)
Firing temperature, °C (7 = 60 Mu#n) 630 700 750 800 850
KoauuectBo CaO, norjiomeHHoro 1 r 106aBku, Mr 723 70.1 65.1 60.3 58.5
Koauuecto CaQO, norJjomennoe 1 r 106aBku, Mr

MaxkcumansHOH akTHBHOCTBIO (72,3 MI/T) XapakTepusy-
ercst OOCB, oboxokernstit npu T = 650 °C. [Ipu nanpHeimem
YBEIMYCHUHN TEMIIEPaTyPbl aKTUBHOCTh HAYMHACT CHHKATHCS
(mo 58,5 mr/r mpu T obxwura = 850 °C). Ilpu mcciaenoBaHuu
MPOYHOCTHBIX MTOKa3aTeJeH yCTaHOBICHO, YTO MAKCUMAIBHOH
MIPOYHOCTHIO Ha 28 CYT XapaKTepU3yeTCs COCTaB, COAEepKAIIUN
20 % OOCB, tepmoobpadotannoro nmpu T = 650 °C (mpou-
HOCTh IpH cxatuu — 75,6 MIla) (pucyHok 4). Ilpu atom co-
ctaBbl, copepxkarue OOCB, obosxoxenusie mpu 700-850 °C,
HUMEIOT MPOYHOCTh 59,3-68,2 MIla, urto BhIllle, yeM y Oe3100a-
BOYHOT'O COCTAaBa.

PUCYHOK 4 85
IIPOYHOCTDH LIEMEHTA, COJEPAKAIIET020 % &
TEPMOOBPABOTAHHOI'O ITPU PA3ZHOM = 65
TEMIIEPATYPE OOCB, E I
rae BJI — 6e3100aBoYHbIi cOCTaB; K 22
650-850 — TemnepaTypa TepM000padOTKHU é 45
=
£ 35 |
=
Figure 4 he
15 &

Strength of cement containing 20% heat-treated
cement at different WWTW temperature,
where AFC - additive-free composition;

650-850 - heat-treatment temperature

[omyueHHBIE pe3yNbTaTHl MMOKA3BIBAIOT, YTO MOXKHO 3aMe-
HUTH B COCTaBe IleMeHTa He MeHee 20 % KIMHKepa Ha TepMO-
00pabOoTaHHEII 0CAJOK OYUCTKU CTOYHBIX BOA. DTO 0COOECHHO
HHTEPECHO VI TeX MPEIAIPUATHIA IEMEHTHON POMBIIIIICHHO-
cTH, KoTophle ucnoinp3yioT OOCB B kauecTBe albTEpPHATHB-
HOTO TOIUINBA.

Jl1s Bcex pacCMOTPEHHBIX CHCTEM M3y4YeHa CTPYKTypa 3a-
TBEpPJICBIIETO IIEMEHTHOro KaMmHs. IlokasaHo, 4TO B MpHCYT-
CTBHH T€PMOOOPAaOOTAHHBIX TIMHUCTHIX MaTepuasoB GOpMH-
pyercsl MIOTHas CTPYKTypa, B KOTOPOH OTCYTCTBYIOT KpH-
CTaJUTBI MOpTIaHauTa (puUc. 5).

Jns 0e3100aBOYHOTO ILIEMEHTHOTO KaMHS XapaKTepHO
HaJIM4yKe 30H nopmianaura (puc. 5, a). B npucyrcTBun repmo-
00paboTaHHBIX TJIMH TOPTJIAHIUT HAYMHACT pa3pyIIaThCs,
uzrer o0pa3oBaHME TUAPOCHIMKATOB M T'MIPOATIOMHHATOB
kanpuus (puc. 5, 0). [Ipu mobasnenun OOCB dhopmupyercs
IUTOTHAs CTPYKTYypa U3 THAPATHBIX HOBOOOpa3oBaHuii (puc. 5,
B), a B Cllydae J00aBIeHUS 000MOKEHHOTO MEpPrelis — HapsLy C
THIPOCHIIMKATAMH ¥ THAPOATIOMIHATAMHE KaJTBIIUS TPOCIEKH-
BAIOTCSI HUTEBHUIHBIE KPUCTAJUTBI IIECTHKAIBIIEBOTO TPEXKap-
OGoHATHOTO THApOATIOMUHATA (pHC.S, T).

24

The maximum activity (72.3 mg/g) is characterized by
WWTW, fired at T = 650 °C. With further increase in tem-
perature, the activity begins to decrease (up to 58.5 mg/g
at T = 850 °C). In the study of strength parameters, it was
found that the maximum strength at 28 days is character-
ized by the composition containing 20% WWTW, heat-
treated at T = 650 °C (compressive strength - 75.6 MPa)
(Figure 4). At the same time, the compositions containing
WWTW, fired at 700-850 °C, have a strength of 59.3-68.2
MPa, which is higher than that of the additive-free com-
position.

% Cxkatne

P IIsrnd

700 750

CocraBsl

The results show that it is possible to replace at least
20 % of clinker in the cement composition with heat-
treated sewage sludge. This is especially interesting for
those cement industry enterprises that use WWTW as an
alternative fuel.

The structure of hardened cement stone was studied for
all the systems considered. It is shown that in the presence
of heat-treated clay materials a dense structure is formed
in which portlandite crystals are absent (Figure 5).

The presence of portlandite zones is characteristic of
the unbaked cement stone (Figure 5, a). In the presence of
heat-treated clays, portlandite begins to break down, and
there is formation of hydrosilicates and calcium hydroalu-
minates (Figure 5, b). In case of addition of WWTW a
dense structure of hydrate neoplasms is formed (Figure 5,
¢), and in case of addition of burnt marl - along with hy-
drosilicates and calcium hydroaluminates, crystals of
sixcalcium threecarbonate hydroaluminate are traced (Fig-
ure 5, d).
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PUCYHOK 5

CTPYKTYPA HEMEHTHOI'O KAMHAI, 28 cyT.

CocraBbl: a — IIII 6e3 modaBox; 6 — III[ + T/0
rauna; B — I + /0 OOCB; r — I + 1/0 Meprean

Y
Figure S sE
Cement stone structure, 28 days.

Compositions: a - PC without additives; b - PC +
heat-treated clay; ¢ - PC + heat-treated WWTW; d
- PC + heat-treated marl.
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CrpemiieHHe K HU3KOYTJIEPOJHOMY Pa3BHTHIO, YKpEILJICHUE
MO3UIMI 3€JIEHOTO CTPOUTENBCTBA TPEOYIOT Iepexo/1a K UCIIOJb-
30BaHUIO IPU CTPOUTENILCTBE MAaTEPUAIIOB, XaPAKTEPU3YIOLINXCS
BBICOKOI1 3HEPro- u pecypcodpeKTHBHOCTBIO M HU3KOH yIiiepo-
JOEMKOCTBI0. J[OTIONHHUTENbHBIC BSDKYIINE MaTepPHANBI SIBIIS-
I0TCS KIIFOYEBBIMH KOMIIOHEHTAMH HH3KOYIJIEPOJHBIX IIEMEH-
TOB; Ha CETOJIHS 3TO HAaHOOJIee MPOCTON M JOCTYIHBIH LIar K 3e-
JIeHOi TpaHC(OpMAIMU IEMEHTHOH NPOMBIIIICHHOCTH.

[IpoBeeHHbIE HCCIECIOBAHMS MMOKA3aIH, YTO EMEHTHI C JI0-
MOJIHUTENBHBIME BSDKYLIIMMU MaTepuaiaMy, TAKUMH KaK H3BECT-
HSK C TEpMOAKTHBUPOBAHHBIMH IIIMHAMH, TEPMOOOPAOOTaHHbIE
Mepreb U 0TXO0J] OYMCTKH CTOYHBIX BOJI, TO3BOJISIOT CHU3HUTD CO-
Jiep>kaHue TOPTIIaHAIIEMEHTHOTO KITMHKepa B ieMente 10 50 %.
[Ipumenenne pa3paOOTaHHBIX IEMEHTOB IIO3BOJIUT CyIIe-
CTBEHHO CHH3HThH BBIOPOCHI YIJIEKHCIIOrO ra3a HpH MPOMU3BOJI-
CTBE KJIMHKEPAa, YTO IIOJIOKUTEIBHO CKAXETCS Ha KIMMaTHde-
CKHX ycloBUAX. ONHAKO JUI MIMPOKOTO HUCIIOIB30BaHMS B MPO-
MBIIUICHHOCTH TaKHX MaTepHalioB HEOOXOJMMO MPOBECTH JO-
MOJTHUTEbHBIE UCCIIEIOBAHMS 10 ONPEACICHUIO MOPO30CTOHKO-
CTH M KOPPO3HOHHOM CTOWKOCTH IIEMEHTOB U OSTOHOB Ha UX OC-
HOBE, a 3aTeM aKTyaJu3UpOBaTh HOPMATHBHO-TEXHUYCCKYIO J10-
KyMEHTAIHIO.

B nepcriekTrBe, NpUMEHSsI ONMCAHHbBIC PEIICHHUs Ha MPaK-
THUKE, MWJIOTHBIE IPEIIPHUSITHS IEMEHTHON OTPACIIN MOTYT TIOJTY-
YHUTH JOCTYIl K MepaM HOJAJCPIKKH, IPEILyCMOTPEHHBIM JUIsl TaK
Ha3bIBAEMBIM IIPOEKTAM YCTOHYHMBOTO (B TOM YHCIIE 3€JIEHOTO)
passurus B Poccuiickoit ®enepanuu [39].

Jluteparypa:
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Conclusion

The pursuit of low-carbon development, strengthen-
ing the position of green building requires a transition to
the use of materials characterized by high energy and re-
source efficiency and low carbon intensity in construc-
tion. Complementary binders are key components of
low-carbon cements, and are currently the easiest and
most affordable step towards the green transformation of
the cement industry.

The studies have shown that cements with additional
binding materials such as limestone with thermoacti-
vated clays, thermally treated marl and waste water treat-
ment waste can reduce the content of Portland cement
clinker in cement up to 50 %. The use of the developed
cements will significantly reduce carbon dioxide emis-
sions during clinker production, which will have a posi-
tive impact on climatic conditions. However, for wide
use of such materials in the industry it is necessary to
conduct additional studies to determine the frost re-
sistance and corrosion resistance of cements and con-
cretes based on them, and then to update the regulatory
and technical documentation.

In the future, by applying the described solutions in
practice, pilot enterprises of the cement industry can get
access to support measures provided for the so-called
sustainable (including green) development projects in
the Russian Federation [39].
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