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AHHOTAIMUA

Beeoenue. Llemenmnas ompacis akmugHO COBEPUIEHCMBYEMCSl, 6HeOPsIS MHO2OKOMNOHEHMHblE YeMeHmbl U UC-
NOb3YsL RPOMbBIULIEHHbIE OMX00bl 8 Kauecmae 000a80K 01 RO8bIULEeHUS 3P HeKMUBHOCTNU U YMEHbUUEHUS 3AMPAam.
H3yuenue enusaHus moHKOOUCNEPCHBIX AKMUBHBIX 000ABOK HA COCMAB YEMEHMHO20 KAMHS ABJIAeMCA 8ANCHOU 3a-
daueti 011 nO8vlULEHUs Kayecmaa OemoHo8.

Mamepuanst u memoowl. /[11 npogedeHus uccied08anus ObLIU UCHOILI0BAHBL MEMOObL MepPMoSpasuMempuie-
ckoeo ananuza (TI'A) u penmeenoghazosozo ananusa (P@A). Ucnonvsys nopmaanoyemenm LIEM 1 52,5 H, mema-
kaonun (MK) u mexanoaxmugupogantvie 301y-yHoca (3Y) u 301y, nonyuennyio 8 pesyivmame Coucueanus GUHUKO-
svix kocmouex (3DK), bviiu uzeomosiernvt 00pa3ybl YyeMeHmHo2o KamHs 0 NPo8edeHUs UCHbIMAHUL 8 8Ude KOH-
mponvhoeo cocmasa, na 100% cocmoswezo usz nopmaanoyemenma, u mpex opy2ux cOCmagos8 ¢ pasiuyHviM code-
MaHuem YKa3aHHbIX MOHKOOUCHEPCHBIX AKMUBHBIX 000ABOK, YACMUYHO 3AMEHAOWUX NOPIMIAHOYEMEHN.

Pesynomamot. TI'A noxazan, ymo 4acmuunas 3ameHa NOpmMIaHOyeMenma mouKoOUChepCcHulMu 0obaskamu, 06-
aadarowumu nyyyoranuyecko akmusnocmoio (10% mac. MK uau cmecvio 6% MK, 1% 3V u 3% 3®DK no macce)
NPUBOOUM K CHUNICEHUIO codepoicanus c8oboonozo Ca(OH): (nopmaanouma) 6 yemenmuom kamue Ha 7—16% no
Mmacce nocie 28 cymox meepoeHus no CpasHeHuio ¢ KOHmpoabHoim cocmasom. Pezynomamer POA noomeepounu
cHudcenue unmencusHocmu nukog Ca(OH): u pocm nuxos HuzkoocHo8HbIX cudpocunuxkamos kaivyus (C-S-H) 6
COCMABAX C UCNONLIOBAHHBIMU MOHKOOUCNEPCHBIMU AKMUBHBIMU 000ABKAMU, YMO NOOmeepiIcoaem ux nyyyoia-
HUYECKYI0 AKMUBHOCMb.

Boi6oowl. Hcnonvsosanue yKa3aHHbIX AKMUBHBIX MUHEPAIbHbIX 000AB0K 0aem B03MONCHOCHb ONMUMUZUPO-
8amv (hazosvili COCMA8 YEMEHMHO20 KAMHS NYMeM CEA3bI8AHUS U3ObIMOYH020 SUOPOKCUOA KAbYUSL 8 OONOTHU-
menbHble 2UOPOCUIUKAMBL C HUSKOU OCHOBHOCHIbIO, YMO Oy0em cnocobOCcmeo8ams ROBbIUEHUIO NIOMHOCTU U NPOY-
HOCMU YEeMEeHMHO20 KAMHSL OEMOHA HA MHO2OKOMNOHEHMHOM B5JICYIeM, @ MAKIHce €20 CMOUKOCU K KOPPO3UU.
Tpu s3mom, naubonvuiy1o NYYYOIAHUYECKYIO AKIMUBHOCIb HPOOEMOHCMPUPOBATL COCMAE MHOZOKOMNOHEHMHO20 651~
JAHCYWe20, 8 KOMopom NOPMAAHOYEeMEHM ObLI YACMUYHO 3AMEHEH CMeCbio MeMAaKaoIund, 30Jbl-YHOCa U 307l (hu-
HUKOBbIX KOCTNOUYEK 8 YKA3AHHBIX KOIUYECHBAX.

KJIIOUYEBBIE CJIOBA: monxooucnepcHbie akmusHble 000a6KuU, NYYYOIAHULECKaAsk AKMUBHOCTb, MHO2OKOM-
NOHEHMHOe 8sicYee, C80000HbIL 2UOPOKCUO KaNbYus (NOPMIAHOUN), HUSKOOCHOBHbLE 2UOPOCUTUKAMbI KAIbYUS,
MEPMOSPABUMEMPUYECKUL AHATU3, PEHM2EHOPDA308bIIL AHATU3.

JJIA HUTUPOBAHMUA: Ansam @apax A., Maozemiies A.C., Bynrakos b.1., JIsnunesckas O.b. Brusuue komrmiekc-
HOW MUHEpalbHOU J00aBKH Ha CTPYKTYpooOpa3oBaHHE [IEMEHTHOTO KaMHsl // TeXHUKa U TeXHOJIOTHS CHIINKaTOB. — 2026. —
T. 33, Ne 1. — C. 81-93. https://doi.org/10.62980/2076-0655-2026-81-93 . EDN VPYOZQ

Ioctynuna B penakuuio: 21.01.2026 r
Onobpena k myOnukarmu: 22.02. 2026 T.

81


https://doi.org/10.62980/2076-0655-2026-81-93

Texuuxa u mexnonocus cunukamos. Tom 33, Nel, 2026

Type of article - scientific article
OECD 2.01 Civil engineering EDN VPYOZQ
FA CONSTRUCTION & BUILDING TECHNOLOGY DOI 10.62980/2076-0655-2026-81-93
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ABSTRACT

Introduction. The cement industry is rapidly improving, introducing multi-component cements and using indus-
trial waste as additives to increase efficiency and reduce costs. Studying the effect of finely dispersed active addi-
tives on the composition of cement paste is an important task for improving the quality of concrete.

Materials and methods. Thermogravimetric analysis (TGA) and X-ray diffraction (XRD) were used to conduct
the study. Using CEM 1 52.5 N Portland cement, metakaolin (MK), mechanically activated fly ash (FA) and date
kernel ash (DKA), cement stone samples were prepared for testing. These samples included a control composition
consisting of 100% Portland cement and three other compositions with varying combinations of the aforementioned
finely dispersed active additives, partially replacing Portland cement.

Results. TGA showed that partial replacement of Portland cement with finely dispersed additives possessing
pozzolanic activity (10% by weight of MK or a mixture of 6% MK, 1% FA, and 3% DKA by weight) leads to a
decrease in the content of free Ca(OH): (portlandite) in the cement stone by 7—16% by weight after 28 days of
hardening compared to the control sample. The X-ray diffraction results confirmed a decrease in the intensity of
the Ca(OH): peaks and an increase in the peaks of low-basic calcium hydrosilicates (C-S-H) in the compositions
with the used finely dispersed active additives, which confirms their pozzolanic activity.

Conclusions. The use of these active mineral additives allows for the optimization of the phase composition of
cement paste by binding excess calcium hydroxide into additional low-basicity hydrosilicates, which will contribute
to an increase in the density and strength of the cement paste in multi-component binder concrete, as well as its
corrosion resistance. Furthermore, the highest pozzolanic activity was demonstrated by a multi-component binder
composition in which Portland cement was partially replaced with a mixture of metakaolin, fly ash, and date kernel
ash in the specified quantities.

KEY WORDS: finely dispersed active additives, pozzolanic activity, multicomponent binder, free calcium
hydroxide (portlandite), low-basic calcium hydrosilicates, thermogravimetric analysis, X-ray phase analysis.
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BBEJEHUE

IlemeHTHasT WHAYCTPUS TPEICTABISET COOOH KITFOUEBYIO
chepy cTpouTenabHOro cekropa. OJJHUM U3 HANPABJICHUH LIS IO-
BBIIICHUS 3PPEKTUBHOCTH LIEMEHTHON OTPACIIH SBISCTCS Pa3BU-
THE IPOU3BOJICTB CMEIIAHHBIX IIEMEHTOB U PACHUIMPEHHUE UCIIOTb-
30BaHU TEXHOT'CHHBIX OTXOMBI B Ka4eCTBE CBHIPbs U 100aBoK. K
aKTyaJbHBIM MHPOBBIM TpPEHJaM B I[EMEHTHOM IPOU3BOJACTBE
OTHOCHTCS YBEJIMYEHUE BBIITyCKa MHOIOKOMIIOHEHTHBIX I[EMEH-
TOB. IIporHO3B!I yKa3bIBalOT, UTO B CKOPOM BPEMEHHU JIOJISI MHO-
TOKOMITOHEHTHBIX IIeMEHTOB gocTurHeT 75...80% ot Bcero 00b-
eMa MPOM3BOACTBA LIEMEHTa, TOrJa KaK LIEMEHTHI 0e3 100aBoK
OyayT NPUMEHSTHCS JIUIIb IS CIIeNHaNbHBIX 3a1a4 [1].

B HacTosmiee BpeMst uCTonb30BaHue 0€3700aBOYHOTO KITHH-
KEpPHOTO IIEMEHTa HE ONpaBJaHO 10 HMPUYMHE pPazHOOOpa3ms
YCIIOBHUH 9KCIUTyaTali OETOHHBIX M KEJIe300€TOHHBIX U3IEITHH
Y KOHCTPYKUUU. B 3T0M cBs3M co3/1aHn€e M UCCIIeIOBAaHUE HOBBIX
JI00aBOK, a TaK)K€ KOMIO3MIMOHHBIX BSDKYIIUX, ITOBBIIIAIOIINX
Ka4eCTBO BSDKYIIUX BEIIECTB M 3KCIITyaTallHUOHHBIE TOKa3aTeIn
MOJTy4aeMbIX Ha UX OCHOBE OETOHOB, MPEJCTABIISIOT COOOH Bax-
HYIO U aKTyaJbHYIO 33a4y. MI3BeCTHO, YTO MPUMEHEHHE MHOTO-
KOMITOHEHTHBIX [IEMEHTOB C BHICOKHM COJICpP>)KaHUEM MHHEPaIb-
HBIX 100aBOK ITO3BOJISIET CYIIECTBEHHO CHU3UTD OOIINE U PON3-
BOJICTBEHHBIE 3aTpaThl U YIJIEPOAHBIN cien, uro Oonee addek-
THUBHO B CPABHEHHH C NTEPEXO0]] K CyXOMY CII0CO0y IPON3BOJICTBA
HOPTJIAHALEMEHTA, KOTOPBIH 3KOHOMUT 35...40 % 3nexTposHep-
THH, HO TpeOyeT OONbIINX KalmuTaJIOBIOXXKEHHH. B HekoTOophIX
CTpaHax Mepexo/l OT UCHOIb30BaHNS TPAAUIIMOHHOTO MOPTIAHA-
[[EMEHTa K MHOTOKOMIIOHEHTHOMY LIEMEHTHOMY BSDKYILEMY yKe
3aBepuieH. Hanpumep, B Unauu, beabruu u oTAeNbHBIX CTpaHax
Hentpaneuoii u KOxxHON AMepHKH T0JS1 MHOTOKOMIIOHEHTHBIX
LIEMEHTOB C COJIep)KaHNEM aKTHBHBIX MUHEPAIBHBIX JI00aBOK HE
menee 30 % npessiaer 70 % ot oduiero npoussozcTaa [2].

Kak u3BecTHO, /U1 3aMEIIeHUs] YacTH LIeMEHTa B OETOHHOMH
CMECH UCHOJIb3YIOTCS BCIOMOTraTeIbHBIC IIEMEHTHPYIOLUE Ma-
TepHUaJIbl, IIPEJCTABIISIONINE COOOH 3TO TOHKOANCIIEPCHBIC MUHE-
pajbHbIE BEUIECTBA, KOTOPBIE MOTYT UMETh IPHUPOAHOE HITH TEX-
HOTEHHOE TIPOMCXOXJCHUE. TpajuIMOHHO B IEMEHTHOH IpO-
MBIIIIEHHOCTH IPUMEHSIOTCS] pa3HbIe BUIBI MyHIIOTAHOBBIX JI0-
6aBOK, KOTOpPBIE yIy4IIAt0T CBOWCTBA BXKYILETO, HAIIPHMED, Me-
TaKaoJIMH, IIJTaK W 3051a-yHoc. [Ipy 3aMeHe mopTiIaHAleMEeHTa
yKa3aHHbIE MUHEPAJbHbIE 100ABKH 3a CUET HAJINYUSA B COCTAaBE
KpeMHe3eMa CIIOCOOHBI B3aMMOJICHCTBOBATh T'MIAPATHON H3Be-
CTBIO B IIEMEHTHOM KaMHe, CBSI3bIBasi BOJOPACTBOPUMBIN IOPT-
JaHIUT B OoJiee IUIOTHBIE U MIPOYHbIE THAPOCUIMKATHI KalbLUs
(C-S-H) [3].

B paborte [4] moka3aHO BIUSHHE HAa CBOMCTBAa OETOHA METa-
KaoJIMHA, COJACpPkKAHUE KOTOPOTO BapbUPOBANOCh B JUANa30HE
5...15% ot maccel neMeHTa. ABTOpaMu ycTaHOBIEHO, uTo 10 %
MOPTIAHALEMEHTa MOXXHO 3(P(EeKTHBHO 3aMEHHTH METaKaoJH-
HOM C IIEJBIO YIYYIICHUsS] COPOIMOHHOM CITOCOOHOCTH U YCTOM-
YUBOCTH K KapOoHm3ammu OetoHa. [[ms Oonee riaybokoro aHa-
JIM3a CBOWCTB OBLIN OCYIIECTBIICHBI pa3HbIe aHATUTHYECKHE HC-
CIIeZIOBaHU, Takue Kak, Ha oOpa3max nemMenTHoi nactsl (¢ 10%
MeTakaonuHa U 6e3 Hero). McciienoBanue BIUSAHUS Ha CTPYKTY-
poobpa3oBaHUE IIEMEHTHOI'O KaMHS OOBSICHWIO MOJIYYCHHBIN
MOJIOKHUTEIbHBIHN 3()(HEeKT Ha CBOICTBA OT UCIOIB30BAHUSI METa-
KaoJInHa CBsi3bIBaHUEM nopTiaHauTa B C—S—H rens yepes myu-
L[OJJAHOBYIO PEAKILIMIO, CHIDKEHHEM IMOPHUCTOCTH KaMHS, CO3Ja-
HHUEM LIEHTPOB HyKJI€AINH [UIsl THAPATAllMH 1 H3MEHEHHEM COOT-
HoureHus pa3nnuHbiX ¢pa3 C—S—H rens. KomOuHuposanue meta-
KaoJIMHA C 30JI0H-YHOC TaK K€ MOKa3bIBaIOT 3P PEKTUBHOCTH IS
MogudumpoBanns OeTOHOB [5], KoTOpoe 3akmiodaercs B

INTRODUCTION

The cement industry is a key sector in the construc-
tion industry. One way to improve the industry's effi-
ciency is by developing mixed cement production and
expanding the use of industrial waste as raw materials
and additives. Current global trends in cement produc-
tion include an increase in the production of multicom-
ponent cements. Forecasts indicate that the share of mul-
ticomponent cements will soon reach 75-80% of total
cement production. Cements without additives will be
used only for special applications [1].

Currently, the use of pure clinker cement is not justi-
fied. Its service conditions in concrete and reinforced
concrete products and structures vary widely. In this re-
gard, the development and research of new additives and
composite binders is crucial. This allows for improving
the quality of binders and the performance of concretes
produced using them. It is known that the use of multi-
component cements with a high content of mineral addi-
tives can significantly reduce overall and production
costs and carbon footprint. Multicomponent cements are
more efficient than switching to the dry method of pro-
ducing Portland cement. This saves 35-40% of energy,
but requires greater capital investment. In some coun-
tries, the transition from traditional Portland cement to
multicomponent cement binders has already been com-
pleted. For example, in India, Belgium, and some coun-
tries in Central and South America, the share of multi-
component cements exceeds 70% of total production.
These cements contain at least 30% active mineral addi-
tives [2].

To replace some of the cement in a concrete mix,
auxiliary cementitious materials are used. These materi-
als are finely dispersed mineral substances. These min-
erals can be of natural or man-made origin. Tradition-
ally, the cement industry uses various types of poz-
zolanic admixtures. These admixtures improve the prop-
erties of the binder. Commonly known admixtures in-
clude metakaolin, slag, and fly ash. When replacing
Portland cement, the specified mineral additives, due to
the presence of silica in their composition, are capable
of interacting with hydrated lime in the cement stone,
binding water-soluble portlandite into denser and
stronger calcium hydrosilicates (C-S-H) [3].

The effect of metakaolin on the properties of con-
crete was demonstrated in [4]. The metakaolin content
varied in the range of 5-15% of the cement mass. The
authors found that 10% of Portland cement can be effec-
tively replaced with metakaolin. This improves the sorp-
tion capacity and resistance of concrete to carbonation.
For a more in-depth analysis of its properties, studies
were conducted on cement paste with and without 10%
metakaolin. A study examining the effect on the struc-
ture of cement paste explained the positive effect of me-
takaolin on its properties. This is due to the binding of
portlandite into the C—S—H gel through a pozzolanic re-
action. This creates nucleation sites for hydration and
changes the ratio of the various phases of the C—S—H gel.
This effect is accompanied by a decrease in the porosity
of the stone. Combining metakaolin with fly ash has also
proven effective for modifying concrete [5]. This effec-
tiveness lies in the ability to replace up to 30% of
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BO3MOXKHOCTH 3aMeHBbI nopTianuementa 1o 30 % npu obdecre-
YEHUH TPOEKTHOH MPOYHOCTH Kak B paHHHE (7 CYTOK) TaK H
no3Hue (28 cyTOK) CPOKU TBEPCHUSI.

KiroueBbM ycioBruem aist 3ppeKTHBHOTO IPUMEHEHHSI MH-
HepaJIbHbIX J00aBOK Pa3InYHON MPUPOJIBI U UX COYETAHHUH SBIIS-
€TCsl yCTAaHOBJICHHE 3aKOHOMEPHOCTEH MX BIMSHUS HA ITPOLIECCHI
CTPYKTYpOOOpa3oBaHMs [IEeMEHTHOTO KaMHs. [ aHanmM3a u Ko-
JIMYECTBEHHOTO ONpeseNeHns (OPMUPYIOUIUXCS MPOIYKTOB
THPATALUH B IEMEHTHOM KaMHsI, YCTaHOBJIEHHSI HOBOOOPa3yro-
IIMXCSl WM COOTHOIIEHUE THINYHBIX (a3 MCIONB3YIOTCS BBICO-
KOMH(OPMaTHBHBIE METOJBI, TAKHE KaK TEpMOTPaBUMETpUYIE-
ckuit anammu3 (TT'A). TepmorpaBumerpuyeckuii anamuz (TI'A)
LIEMEHTHOTO KaMHSI JIaeT BO3MOYKHOCTb KOJIMYECTBEHHO OLICHUTh
(ha3oBBIii cocTaB MPOIYKTOB THApATAIIMd MUHEPAJIbHOTO BSIKY-
Iero, U3Mepsis Maccy obpasiia mpu Harpese (00bruHO 710 1000
°C). Metox ocHOBaH Ha aHaJM3€ TEIUIOBBIX 3()h(EKTOB MpH Jie-
THIpaTallid W JAeKapOOHM3aIlMM KOMIIOHEHTOB IEMEHTHOTO
KaMHs B OTIPEIeNEHHBIX TeMIIepaTypHbIX AHana3oHax. JTo Mo3-
BOJISIET ONIPENENUTh cojieprkanne ruapokeua kansius Ca(OH)o,
ruapocmmkatoB kanbimsa (C-S-H), strpunrnta n kapOoHATOB.
B tepMuueckoM pa3nokeHNH IIEMEHTHOTO KaMHS TPaJUIIMOHHO
BBIJIEIISIIOT TPU KITIOYEBBIX TEMIIEPATYPHBIX HHTEpBaja: UCTIape-
HHE a7cOPOLIMOHHOM BOABI ¥ KPHCTAJUIOTUAPATHOM BOABI U3 THA-
pocynbdoamomunara kaiabius (1o 300 °C), neruapararius CBoO-
6omHOTO THIpOKCHAa Kanblus (moptianauta) (350...500 °C) u
nexkapoonusanus (500...750 °C) [7-9].

B nayunoM uccnenoBanuu [10] mpemioxkeH crnocod Kosmue-
CTBEHHOI'0 aHaJIM3a MUHEPAJbHBIX (a3 B THIPaTUPOBAHHBIX Lie-
MEHTHBIX [1aCTaX, KOTOPBIH COYETaeT KOJMUECTBEHHYIO PEHTIe-
HOBCKylo nudpakromerpuio (PDA) u TepMmorpaBUMeETpHUIO
(TT'A). DTOT METOI OTIAMYACTCS BO3MOXXHOCTBIO OIEHHTH YPO-
BEHb aMOpP(HOH (a3pl BHE 3aBUCHMOCTH OT HPEAIOIAraeMoro
CTEXMOMETPHUYECKOTO COOTHOIIECHHUS MEXIY OCHOBHBIMH IIPO-
IYKTaMU TUApATalny, KadpnueBbM Tuapokcuaom (CH) u rua-
parom cmimkara kaneius (C—S—H). IIpemioskeHHBII METO OKa-
3ancs 3gdexTuBHBM U uecnenoBanus cepsix (GOPC) u Ge-
aeix (WOPC) TpamuIMOHHBIX TOPTJIAHIAIEMEHTOB, KOTOPHIE
TBepZeIH B TeueHue 56 cyrtok. Pacnipenenenus a3, BbIBIICH-
HbIe ¢ TOMOIIBI0 POA/TT'A, NOTHOCTHIO COBITANIH C paclpe/esie-
HUSIMH, TIOJTyYE€HHBIMH C CIIOJIb30BAaHUEM CKaHUPYIOLIETO JJIeK-
TPOHHOT'O MHUKPOCKOIIa B pexknme obparHoro paccesiaus (BSEM)
METOJIOM aHaJli3a yPOBHEW ceporo Ha M300paKEHUX, TOT1a KaK
3JIEMEHTHBIA cocTaB aMOp(HOH (ha3bl XOPOIIO COOTBETCTBOBAI
COCTaBY, U3MEPEHHOMY C ITOMOIIbIO KOJMYECTBEHHON SHEPro-
JUCTIEPCHOHHOM peHTreHOBCKOU criekTpockornmu (EDS).

B pa6ore [11] ycTaHOBIICHO, YTO KOMILIEKCHAs! OpraHOMHHE-
panbHas 100aBKa Ha OCHOBE 30JIbI-yHOCA, MUKPOKpPEMHE3EMa U
CymnepIacTU(HUKaTOpa BIUIET Ha AedOpMaluy THAPOTEXHUYE-
ckoro 6eroHa B cynb(paTHO# cpene. Mcrons30BaHHEIN B 3TOH pa-
0oTe MUKpOKpeMHe3éM, coctosimuii Ha 91,65 % u3 amopdHOro
JIMOKCH]Ia KDEMHHUSI, CBSI3bIBAET CBOOOHBII TMPOKCH/T KAJIbIHS
B MEHEE pacTBOPHMbIC HH3KOOCHOBHBIE TMIIPOCHIINKATHI, B pe-
3yJIbTaTe YEero yIIOTHSETCS CTPYKTypa OETOHA U YMEHBIIAIOTCS
nedopmanunii 6eTOHHBIX 00pa3LoB, a TAK)KE MOBBIIAIOTCS €T
Cyb(aTOCTOMKOCTB.

HecMmoTpst Ha 3HaUNTENLHOE KOJIMYECTBO PadOT, HOCBSIIECH-
HBIX IPUMEHEHHUIO OTJCIbHBIX MUHEPAIBbHBIX J00ABOK, BIMSHNE
KOMILIEKCHBIX (KOMOMHHPOBAHHBIX) MUHEPAILHBIX T00OABOK Ha
(ha30BBIif COCTAB U, KaK CIEICTBUE, HA TOJITOBPEMEHHYIO yCTON-
YMBOCTB CTPYKTYPBI IEMEHTHOTO KAMHS H3y4€HO HEJIOCTATOYHO.
BonbMHCTBO MCcaen0BaHUN OTPAHUYUBAIOTCS OLIEHKON MeXa-
HUUYECKUX XapaKTEPUCTUK OETOHOB, OCTAaBISIsI 0€3 BHUMAHUS
TOHKHE MEXaHW3Mbl B3aMMOJICUCTBHS MHOT'OKOMIIOHEHTHBIX
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Portland cement with the additive. This ensures the
achievement of design strength both early (7 days) and
late (28 days) in the curing process.

The key condition for the effective use of mineral ad-
ditives of various natures and their combinations is the
establishment of patterns of their influence on the pro-
cesses of structure formation of cement stone. Highly in-
formative methods such as thermogravimetric analysis
(TGA) are used to analyze and quantify the hydration
products formed in cement stone, and to determine
newly formed phases or the ratio of typical phases. Ther-
mogravimetric analysis (TGA) of cement stone makes it
possible to quantitatively evaluate the phase composi-
tion of the hydration products of the mineral binder by
measuring the mass of the sample during heating (usu-
ally up to 1000 °C). The method is based on the analysis
of thermal effects during dehydration and decarboniza-
tion of cement stone components within specific temper-
ature ranges. This allows for the determination of cal-
cium hydroxide (Ca(OH),, calcium silicate hydroxides
(C-S-H), ettringite, and carbonate contents. In the ther-
mal decomposition of cement stone, three key tempera-
ture ranges are traditionally distinguished: evaporation
of adsorption water and crystal hydrate water from cal-
cium hydrosulfoaluminate (up to 300 °C), dehydration
of free calcium hydroxide (portlandite) (350...500 °C)
and decarbonization (500...750 °C) [7-9].

In a scientific study [10], a method for quantitative
analysis of mineral phases in hydrated cement pastes
was proposed, which combines quantitative X-ray dif-
fractometry (XRD) and thermogravimetry (TGA). This
method is distinguished by its ability to estimate the
level of the amorphous phase regardless of the assumed
stoichiometric ratio between the main hydration prod-
ucts, calcium hydroxide (CH) and calcium silicate hy-
drate (C—S—H). The proposed method proved effective
for studying gray (GOPC) and white (WOPC) conven-
tional Portland cements cured for 56 days. The phase
distributions revealed by X-ray diffraction/TGA were in
complete agreement with those obtained using a
backscatter scanning electron microscope (BSEM) using
gray-scale analysis. The elemental composition of the
amorphous phase was in good agreement with that meas-
ured by quantitative energy-dispersive X-ray spectros-
copy (EDS).

In the work [11] it was established that a complex
organomineral additive based on fly ash, microsilica and
superplasticizer affects the deformation of hydraulic
concrete in a sulfate environment. The microsilica used
in this study, which consists of 91.65% amorphous sili-
con dioxide, binds free calcium hydroxide into less sol-
uble, low-basicity hydrosilicates. This results in a com-
pacted concrete structure and reduced deformation of
concrete specimens. The use of microsilica in concrete
improves its sulfate resistance.

Despite the significant number of works devoted to
the use of individual mineral additives and complex
(combined) mineral additives, their influence on the
phase composition and long-term stability of the struc-
ture of cement stone has not been sufficiently studied.
Most studies are limited to assessing the mechanical
properties of concrete. However, the subtle mechanisms
of interaction between multicomponent additives and
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JI00aBOK C KIIMHKEPHBIMU (DazaMH, 4TO 3aTPyIHSET IPOTHO3UPO-
BaHUE JOJITOBEYHOCTH MAaTe€pHUalla B arpECCUBHBIX Cpeax.

C TOUKM 3peHUs] MHKEHEPHBIX XapaKTEePUCTHK, JaHHOE MC-
CJIeJIOBaHHUE HAMIPABJICHO HA MOBBIIIEHNE YCTOMYUBOCTU LIEMEHT-
HOTO Marepuajla K arpeccMBHBIM (pakTopaM OKpy»Karouien
Cpenbl, TaKUM Kak Cyib(aTHas KOppo3usi 1 MOpcKas BOna, 3a
CYeT TOYHOTO KOHTPOJIS €r0 (pa30BOT0 COCTaBa. DTO JOCTHTACTCS
MyTeM CTaOWMIM3alHy THAPOKCHIA KaJIbIUS M CBS3BIBAHHUS CBO-
0OIHOTO THAPOKCHIA KAITBITNS, a TAKXKE CHIDKCHUS COCPIKaHMU
TOKCHYHBIX ATFOMUHATHBIX (a3, TEM CaMbIM HOBBIIIAs JOJTOBPE-
MEHHYIO CTaOMIBHOCTH CBS3YIOIIMX MarepuanoB. lloHumanue
MEXaHU3MOB THIpATAIH U YCIOBUI 00pa30BaHNs HU3KOOCHOB-
HBIX THAPOCHIIMKATOB KalbIHs, KOTOpbIE OoJiee CTaOMJIbHBI U
MeHee IOJBEPIKEHbI PacTBOPEHHIO, CIIOCOOCTBYET MPOIJICHUIO
CpoKa CITy)Obl KPYIHBIX OCTOHHBIX KOHCTPYKLMH (TakuxX Kak
MOCTBI U IJIOTUHBI) HA AECATUIICTUS BIEPES,.

Taxum 06pa3om, Uccie0BaHNe BIMSHUS KOMIZIEKCHON TOH-
KOJIMCTIEPCHON MHHEpanbHON N00aBKM Ha ocoOeHHOCTH (ha3o-
BOTO COCTaBa M CTPYKTYypooOpa3oBaHHE IEMEHTHOTO KaMHS
MpeICTaBIeT COOOH aKTyallbHYI0 HAyYHO-TIPAKTHUECKYIO 3a-
nmady. [lonumanne o61iero MexaHu3Ma JeHCTBUS TaKUX JOOaBOK
mo3BoJseT 3(h(heKTUBHO HCITOTB30BATH B KAYECTBE KOMIIOHEHTOB
BSDKYILUX MHMHEPAIbHOE CBIPHE Pa3IMYHOIO IPOUCXOXKACHHUS,
pemias 3aa4l CHHKEHHS dHepronotpedneHus u Beiopocos CO:
IIPU IIPOM3BO/ICTBE LIEMEHTA 0€3 IOTepH KauecTBa MaTepHaa.

Heanb padoThI 3aKII0YAETCS B YCTAHOBICHUH 3aKOHOMEPHO-
CTel CTPyKTYypooOpa30BaHMsI IEMEHTHOTO KaMHS IIPU BBEACHUU
KOMILUIEKCHOW MHHEpaJbHON J100aBKH HA OCHOBE TEXHOT'CHHBIX
OTXO0JIOB U OLIEHKE W3MEHEHHH ero (ha30BOro COCTaBa C UCIOJb-
30BaHMEM METO/0B TEPMHUECKOTO aHAIH3a.

Marepuajbl 1 METOABI

OOBEKTOM HCCIICAOBAHHUS SIBISCTCS KOMIIO3UITHOHHOE BSIKY-
niee, NOJyuYeHHOE Ha ocHoBe noptrianaueMenta LIEM I 52,5 H
(1), MuHEpadbHBIX HOOABOK BHICOKOAKTUBHBIA METAaKAOIWH
(MK) (pux = 2550 kr/M® 1 puwc = 350 xr/m), 3oma-ynoc (3V),
00pa3oBaBIIascs B pe3yabTaTe COKUTaHUS TBEPIOTO TOIINBA IIPH
00xure KUpuaen (Sy; = 850 M%/KT, psy = 2420 Kr/M° 1 Py sy = 860
kr/M). DTy 3011y M0ABEPrajld MEXaHOAKTHBALIMH ITyTeM IOMOJIa
B IIapoBoi MenbpHHIE B TeueHne 20 MuH. Takke NMpuUMeHsIach
30I1a, MOJy4YEeHHAasl B pe3yJIbTaTre CKUraHusi (PUHUKOBBIX KOCTO-
yek (3DK), spusromuxcs B Mpake MHOTOTOHHa)KHBIM CETbCKO-
XO3SHCTBEHHBIM OTXO/IOM, TPEOYIOIIMM DPAIl[MOHANEHON YTHIIH-
3aIiM, KOTOPYIO TaK)Ke MOABEprajli MEXaHOAKTHBAIMU B IIapO-
BOW MEJNBHUIIE 10 TOJIyYEHHUS YACNBHOH IMOBEPXHOCTH Sy; =
1050...1100 m*/xr. COOTHONIEHNE KOMIIOHEHTOB B COCTABE Pa3-
paboTaHHOTO BSIKYIIETO BEMIECTB IPUHUMAIIACH B COOTBETCTBHU
¢ Tabnumei 1.

HccnenoBanne BIUSAHNS TOHKOIMCIIEPCHBIX aKTUBHBIX JT00a-
BOK Ha 0COOEHHOCTH ()a30BOT'O COCTaBa BBHITOJHEHO C TIOMOIIHIO
TEPMOTPABUMETPUIECKOTO aHAIHM3a LIEMEHTHOTO KaMHS, KOTO-
pbIil OCHOBBIBAaeTCSl Ha OLICHKE M3MEHEHHsI Macchl 00pasiua mpu
ero Harpese [12] u pentrenodaszosoro ananuza (POA).

Cornacio [13-14], TepmorpamMma MOPTIaHALIEMEHTHOTO
KaMHSI HOPMaJIbHOTO TBEPJCHMS XapaKTEepU3YIOTCS Tpems oc-
HOBHBIMH 3HJIOTepMHYECKUMH dPdekTamu, CBI3aHHBIX C yaaie-
HHUEM aJcOPOLIMOHHOM BOJBI U3 refie00pasHBIX NPOIYKTOB THA-
paTanuy B KPUCTAJUIOTHAPATHON BOABI M3 THAPOCYITH(HOATIOMU-
Hata kanblus npu temneparype 100...150 °C, nerunparauueit
nmoptnagauTa mpu 430...580 °C u mucconmanmeit CaCOs3 mpu
720...800 °C.

clinker phases are ignored. This makes it difficult to pre-
dict the durability of the material in aggressive environ-
ments.

From an engineering perspective, this study aims to
improve the resistance of cementitious materials to ag-
gressive environmental factors. Among the aggressive
factors considered are sulfate corrosion and seawater.
Improving the resistance of cementitious materials to ag-
gressive factors is achieved by stabilizing calcium hy-
droxide and binding free calcium hydroxide, as well as
reducing the content of aluminate phases. This improves
the long-term stability of binders. Low-basic calcium sil-
icate hydroxides are more stable and less susceptible to
dissolution. Understanding the hydration mechanisms
and conditions under which they form can help extend
the service life of large concrete structures (such as
bridges and dams) for decades to come.

Thus, the study of the influence of a complex finely
dispersed mineral additive on the features of the phase
composition and structure formation of cement stone is
a relevant scientific and practical task. Understanding
the general mechanism of action of such additives allows
for the effective use of mineral raw materials of various
origins as binder components. This addresses the chal-
lenges of reducing energy consumption and CO: emis-
sions during cement production without compromising
material quality.

The aim of the work is to establish the patterns of
structure formation of cement stone with the introduc-
tion of a complex mineral additive based on man-made
waste and to evaluate changes in its phase composition
using thermal analysis methods.

Materials and methods

The object of the study is a composite binder ob-
tained on the basis of Portland cement CEM I 52.5 N
(PC), mineral additives highly active metakaolin (MK)
(pmk = 2550 kg/m? and pnmk = 350 kg/m?), fly ash (FA)
formed as a result of combustion of solid fuel during fir-
ing of bricks (Ssp = 850 m?/kg, pra = 2420 kg/m? and p,
ra = 860 kg/m?). This ash was subjected to mechanical
activation by grinding in a ball mill for 20 min. Ash ob-
tained from burning date kernels (DPA) was also used.
In Iraq, this ash is a large-tonnage agricultural waste re-
quiring efficient disposal. The date kernel ash was me-
chanically activated in a ball mill to achieve a specific
surface area of 1050-1100 m?/kg. The ratio of compo-
nents in the composition of the developed binder was
taken in accordance with Table 1.

The study of the influence of finely dispersed active
additives on the features of the phase composition was
carried out using thermogravimetric analysis of cement
stone, which is based on the assessment of the change in
the mass of the sample during its heating [12] and X-ray
phase analysis (XPA).

According to [13-14], the thermogram of normally
hardened Portland cement stone is characterized by three
main endothermic effects. The first effect is associated
with the removal of adsorption water from gel-like hy-
dration products and crystal hydrate water from calcium
hydrosulfoaluminate at temperatures of 100-150 °C.
The second effect is due to the dehydration of portlandite
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Tab6auua 1. CocTaBbl BSUKYIIUX BelIeCTB
Table 1. Compositions of binders

at 430580 °C. The third effect occurs during the disso-
ciation of CaCO3 at 720-800 °C.

Bskyinee BeuniecTBo, % mac. /
CocraBbl / o p
Compositions LI 0G, Jo Dy ol

P iy / PC MK /MK 3Y /FA 3®K /DKA
Nel (KOHTPOJIBHBII) 100 - - -

No2 90 10 - -

Ne3 90 3 -

N4 90 6 1 3

[Ipu 5TOM PHAOTEPMUYECKOE PA3JIOKEHHE TTOPTIAHIUTA
LIEMEHTHOTO KaMHsI MIPU TEMIIEPAaTypHOM BO3JIEHCTBUU, KO-
TOpPOE COMNPOBOXKIAETCSI €r0 BBICYIIMBAHUEM U YMEHbLIE-
HHEM MAacCHl 3a CYET MCIApPEHUS BOIBI, IPOUCXOINT 10 H3-
BECTHOH cXeMe:

430..580 oC

In this case, the endothermic decomposition of portland-
ite cement stone under temperature influence, which is ac-
companied by its drying and reduction in mass due to the
evaporation of water, occurs according to a known scheme:

Ca(0H), ———— Ca0 + H,0 (1)

OmnpeneneHne copepXaHus MOPTIAaHIUTA B [IEMEHTHOM
KaMHe 00pa3IioB, YKa3aHHBIX B TAOIHUIIE |, BBIITOIHEHO C UC-
[10JIb30BAHUEM TEPMOTPABUMETPUUECKOr0 aHanu3aropa NE-
TZSCH DSC 404 C Pegasus (Benmnkobputanusi) Ha Kadeape
xumun Basunonckoro yHmBepcutera B T. barmax (Mpak)
(pucyHok 1 a).

PUCYHOK 1

IMPUBOPHBI AJ1 PU3UKO-XUMHUYECKOI'O
AHAJIN3A

a — TepMOrpaBUMeTPHYeCKHUIl aHAIN3aTOD

NETZSCH DSC 404 C Pegasus

0 - NOPOMIKOBBIN PEHTIeHOBCKHI

auppaxromerp XDA-D8 Advance

Figure 1

The determination of the portlandite content in the ce-
ment stone of the samples indicated in Table 1 was carried
out using a NETZSCH DSC 404 C Pegasus thermogravimet-
ric analyzer (UK) at the Department of Chemistry of the Bab-
ylon University in Baghdad (Iraq) (Figure 1 a).

Instruments for physical and chemical
analysis

a - thermogravimetric analyzer

NETZSCH DSC 404 C Pegasus

b — powder X-ray diffractometer

XDA-D8 Advance

ConeprxaHue MOPTIAHIUTA B ICMEHTHOM KaMHe Ompejie-
nsum 1o popmyde (2) [14]:

Mca(0m)2 = ™ amr(a,0)

TIe Meq(om), — Aonst Ca(OH), B o6pasue meMeHTHOTO
KamHsl, %; a — motepu Macchl, %, BCISICTBUE BBICICHUS
Bozbl npu pasznoxeHun Ca(OH),, ompenenéHHble METOJOM
TepMorpaBuMmerpuueckoro a"anuza; Mr(Ca(OH),) wu
Mr(H,O) — MonekynspHble MacChl NOPTIAHANWTA U BOJHI,
paBHbIe 74 U 18 COOTBETCTBEHHO.

Pentrenoa3zoBblii aHaIM3 BBITIOJIHEH C HCIIOJIb30BaHUEM
peHTreHoBckoro  aum¢pakromerpa XDA-D8  Advance
«OXFORD» (Anrmms) B HayqHO-TeXHHYECKOM LIEHTpE 3a-
IIATHI OKPYXKAIOIIEH Cpellbl BOAHBIX PECYPCOB U BO30OOHOB-
nsiemoit suepruu B T. bargan (Mpak) (pucynok 1 6). Pentre-
HO(a30BbI aHAIN3 TO3BOJSIET OCYIIECTBISATH KadeCTBEH-
HBI W KOJMYECTBEHHBIH aHAJIM3 KpHUCTAIMYecKux (a3,
yCTaHaBIHUBAaTh KPHUCTAJUTHIECKYIO CTPYKTYDPY
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a xMr(Ca(OH)3)

The content of portlandite in cement stone was deter-
mined using formula (2) [14]:

, 2

where mcacony: is the proportion of Ca(OH); in the cement
stone sample, %; a is the mass loss, %, due to the release of
water during the decomposition of Ca(OH),, determined by
thermogravimetric analysis; Mr(Ca(OH),) and Mr(H,O) are
the molecular masses of portlandite and water, equal to 74
and 18, respectively.

X-ray phase analysis was performed using an XDA-DS§
Advance "OX-FORD" X-ray diffractometer (England) at the
Scientific and Technical Center for Environmental Protec-
tion, Water Resources and Renewable Energy in Baghdad
(Iraq) (Figure 1 b). X-ray phase analysis allows for the qual-
itative and quantitative analysis of crystalline phases, the es-
tablishment of the crystalline structure of organic, inorganic
and organoelement compounds, and the study of the
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OpPraHUYECKUX, HCOPTaHUYECKUX U JIEMCHTOOPTaHHMYCCKIX
COCJIMHCHUH, HCCIIENOBATh COCTAB IMOJUKPHCTAILTHYUCCKUX
MaTepHaJiOB, YPOBEHb KPUCTAUTUYHOCTH KOMITO3UIIMOHHBIX
BSDKYIIMX ¥ MHOTOKOMIIOHEHTHBIX OeToHOB [16-17].

Pe3y.m,TaT1,1 HCCIeI0BaAHUA

O0pa3ubl IEMEHTHOTO KaMHsI, IIPUTOTOBJIEHHBIE C MHHE-
pajbHBIMU 0O0aBKaMM B COOTBETCTBHMU ¢ Tabmuiei 1, moa-
BEPraJIMCh TEIUIOBOMY BO3/ICHCTBHIO C IMHEHHBIM IIpHpare-
HueMm temneparypsl 1o 800 °C. JlaHHBIE HCCIICIOBaHHS C
MIPUMEHEHHEM TEPMOTPaBIMETPHUECKOTO aHAN3a BIIMSHUS
J00aBICHUS] METAKA0IMHA U MEXaHOAKTHBUPOBAHHBIX KHUC-
ne1x 3Y u 30K Kk BXKyIIeMy Ha OCHOBE MOPTIaHIIEMEHTa
Ha IOTepU MacChl PU HarpeBe LIEMEHTHOTO KaMHsI 00pa31ioB
coctaBoB Ne 1...4 B Bo3pacte 28 CyTOK TBEpACHUS MPE-
CTaBJICHBI Ha PUCYHKaX 2, 3.

composition of polycrystalline materials, the level of crystal-
linity of composite binders and multicomponent concretes
[16-17].

Research results

Samples of cement stone, prepared with mineral addi-
tives in accordance with Table 1, were subjected to thermal
action with a linear temperature increase up to 800 °C. The
data from a study using thermogravimetric analysis of the ef-
fect of adding metakaolin and mechanically activated acidic
FA and DPA to a binder based on Portland cement on the
mass loss during heating of cement stone samples of compo-
sitions No. 1...4 at the age of 28 days of hardening are pre-
sented in Figures 2 and 3.

PUCYHOK 2
- OTT, (%/MuUK)
KPUBBIE ITI' HEMEHTHOT O KAMHS '
HUCCIEAYEMbBIX COCTABOB %
g -014 %
E =]
(=%
@
Figure 2 S -0.2-
[H]
[~
DTG curves of cement stone of the studied §
compositions % -0,34
5
3
2 -0.4 4
=
=
&
"‘0.5 -
-0.6 T T T v T T T T T T T T T T T
100 200 300 400 500 600 700 800
TemnepaTypa, “C
PUCYHOK 3
100 LifE.
KPUBBIE TI' HEMEHTHOI'O KAMHS —— [Coer. Net
NCCJEJLYEMBIX COCTABOB = fedcr, a2
CocT, Ne3
Coct. Ned
98 4
Figure 3
TG curves of cement stone of the studied e 5
compositions 3 : '
94 4 \
92 4
L T T 1 T T "_‘_-h_l__ - _.[.
100 200 300 400 500 600 700 800

Ha ITT u TT xpuBsIxX (pucyHOK 3 1 4) Habr01aeTCst TpH
TUNWYHBIX 9HA03(p¢exra [18-21], xapakTepHBIX Ui HpO-
I[ECCOB JICTHIpATAIlMHA CIa00 CBSA3aHHOH aacopOInOHHON
BoAbl B Auamnazone temmeparyp 50...250 °C, pasznoxeHus
nmoptnagauTa B auanasoHe 300...400 °C u gmcconmarym

TemnepaTtypa, °C

On the DTG and TG curves (Figures 3 and 4), three typ-
ical endoeffects are observed [18-21], characteristic of the
processes of dehydration of weakly bound adsorption water
in the temperature range of 50...250 °C, decomposition of
portlandite in the range of 300...400 °C, and dissociation of
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kanpiuta mpu 490...650 °C. Takum oOpa3oM, Bce HeThIpe
o0pasia npoxoJsT TpU CTaANU TEPMUUECKOTO PA3IIOKEHHUS,
HO C YETKO BBIPQKEHHBIM CMEIIEHUEM TEMIIEPaTYPHBIX ITH-
KOB B paxy Nel < No3 < No2 < Ne4. DT0 cMmelleHue CBHIE-
TEJICTBYET O IOBBINICHUH TEPMHUYECKOH CTaOMIBHOCTH B
TOM ke ropsinke. Hanbomee cTaOMIBHBIM SIBIISICTCS COCTaB
Ne4, nanmenee crabunbHbiM — Nel. Paznuums B Tepmude-
CKOM IIOBE/ICHHH OOYCIIOBJICHBI, BEPOSTHO, PA3HBIM COCTa-
BOM (OpraHMYECKNX ¥ MUHEPAITBHBIX KOMIIOHCHTOB), CTPYK-
TypHBIMH OCOOCHHOCTAMH 00pa3noB. [lapaMeTpbl KpUBBIX

calcite at 490...650 °C. Thus, all four samples undergo three
stages of thermal decomposition, but with a clearly ex-
pressed shift of temperature peaks in the series No. 1 < No.
3 <No. 2 <No. 4. This shift indicates an increase in thermal
stability in the same order. Composition No. 4 is the most
stable, and No. 1 is the least stable. Differences in thermal
behavior are likely due to differences in composition (or-
ganic and mineral components) and structural features of the
samples. The parameters of the DTG and TG curves are pre-
sented in Table 2.

JTT u TT npencrasieHsl B Tabnwuie 2.

Tabauua 2. Pe3yabTaThl TEPMOrPABUMETPUYECKOI0 AHAJM3A: TeMIIEPATYPa U NOTEePsi Macchl
Table 2. Results of thermogravimetric analysis: temperature and mass loss

= Iepsbrii 5703 deKT / Bropoii 3H103¢ dekT / Tpernii 3103 PexT /

E g First endo effect Second endo effect Third endo effect

="
E g e Temmneparypa IloTeps Mmaccnl, Temmneparypa Iloreps maccsl, Temmneparypa IloTeps maccsl,
SO nuka,°C / % / nuka,’C / % / nuka,’°C / % /
Temperature, °C Mass loss, % Temperature, °C Mass loss, % Temperature, °C Mass loss, %
o] 115 4,72 378 0,62 491 3,74

Ne 132 4,56 402 0,53 546 2,79

Ne3 124 4,68 385 0,58 513 3,24

Neq 135 4,42 408 0,52 552 2,58

Amnanu3 napamerpoB JTT u TI', npencraBineHHbIx B Tab-
JuIe 2 MoKa3bIBaeT, YTo J00aBIeHHEe B MHOTOKOMIIOHEHTHOE
BSDKYIIIEe Ha OCHOBE MOPTJIAHALIEMEHTA TOHKOAUCIIEPCHBIX Ma-
TEPUAJIOB C BBICOKOH MyIII0TaHUYECKON aKTUBHOCTBIO B KOJIH-
gectBe 10 % Mac. MeTakaorHa WM KoMOUHauuu 6 % Mac. Me-
TakaonuHa ¢ 1 % Mac. mexaHoaktuBupoBaHHO# 3Y u 3 % Mac.
3®K crmocobcTByeT CHIKEHHUIO ITOTEPH MACCHI IS 2 SHI03¢-
(hexTa IO CpaBHEHHUIO C KOHTPOJIBLHBIM cocTaBoM Nel, HE co-
JIEpKaIlIM yKa3aHHbIE 100aBKH. DTO yKa3bIBacT HA CHIDKCHNE
JIOY TIOPTJIAHIUTA B COCTABE IIEMEHTHOTO KAMHSI B BO3pAcTe
28 cyTOK, 4TO NMOATBEPKAAETCS JAaHHBIMH MPEJCTaBICHHBIMU
Ha pUCYHKe 4.

BunaHo, 9TO CHM)KEHME TTOTEPH MACCHl HA PUCYHOK S5a, Kop-
penupyer ¢ Joied TMOpTIAHIUTA, KOTOPOE CHHU3WIOCH Ha
7...16 % mac. D10 MOXeT OOBACHATHCS OOpa3oBaHHMEM B
CTPYKTYpE LIEMEHTHOT'O KaMHSI HU3KOOCHOBHBIX THIPOCHIINKA-
TOB KalbIIMS 33 CYET MPOTEKAHUS IyIIOJAHOBOH pEeaKIHu.
Kpome Toro, ykazaHHOE COIJIACYyeTCsl CO CHHKEHHEM HOTEPH
Maccel Juig 3 3Hn03¢dekra (Tabnmia 2), 4To yKa3blBaeT Ha
MEHbIIIee COIep)KaHne KapOOHATHBIX (a3, KOTOpbIE SBISIOTCS
MPOAYKTOM KapOOHM3AINH TallleHOH H3BECTH.

Ha pucynke 5 npencrasiensl qudpakTorpaMMbl IEMEHT-
HOTO KaMHs B BO3pacTe 28 CyTOK TBEpJACHHUS JUIsI HCCIIELyEMBIX
COCTaBOB, MO3BOJISIOIINE OLEHUTHh KOIUYECTBEHHOE COOTHO-
meHue (a3 THAPaTHEIX HOBOOOPA30BaHMUH, B YACTHOCTH IOPT-
nanguta (Ca(OH),;, CH) n HU3KOOCHOBHBIX T'MIPOCHIIMKATOB
kameius (CSH).
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The analysis of the DTG and TG parameters presented
in Table 2 shows that the addition of finely dispersed ma-
terials in an amount of 10% by weight to a multi-compo-
nent binder based on Portland cement helps to reduce the
mass loss for the 2nd endoeffect compared to the control
composition No. 1, which does not contain additives.
Finely dispersed additives have high pozzolanic activity.
They contain metakaolin or a combination of 6% by
weight metakaolin with 1% by weight mechanically acti-
vated FA and 3% by weight DPA. This indicates a de-
crease in the proportion of portlandite in the composition
of the cement stone at the age of 28 days, which is con-
firmed by the data presented in Figure 4.

The decrease in mass loss in Figure 5a correlates with
the proportion of portlandite, which decreased by 7-16%
by weight. This can be explained by the formation of low-
basic calcium hydrosilicates in the cement stone structure
due to the pozzolanic reaction. The obtained data are con-
sistent with a decrease in mass loss for the 3rd endo effect
(Table 2). This indicates a lower content of carbonate
phases, which are a product of slaked lime carbonation.

Figure 5 shows the diffraction patterns of cement paste
after 28 days of curing for the studied compositions. They
allow us to evaluate the quantitative ratio of hydrate for-
mation phases, in particular portlandite (Ca(OH)2) and
low-basic calcium hydrosilicates (CSH).
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AHTeHeHBHOCTD, (MMN/cek)

PUCYHOK 4

MOTEPU MACCHI B UCCJEAYEMBIX
OBPA3IIAX

a — NMPH TEPMUYECKOM PA3JI0:KeHHH MOPT-
JIAHINTA;

0 — ypoBenb cBodoanoro Ca(OH): B mue-
MEHTHOM KaMHe

Figure 4
Mass loss during thermal decomposition of

portlandite and the content of free Ca(OH):
in cement stone

PUCYHOK 5

PEHTTEHOT'PAMMBI HEMEHTHOI'O KAMHAA

a—cocraB Nel; 6 — coctaB Ne2;
B — cocTaB Ne3; r — coctaB Ned

Figure 5
X-ray diffraction of composition

a — composition Nol; b — composition No2;
¢ — composition No3; d — composition No4
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CpaBHUTEIBHBIN aHANIN3 MOJTYYEHHBIX PE3yJIbTaTOB ITOKa-
3BIBACT HAYAJIO ITUKOB MpH yriiax (20 = 9,1°) misg >TTpuHTHTA U
(26 = 9,9°) st monocymbdara [22], uro mist coctaBa Ne 1 (pu-
CYHOK 5 a) HaOIIOal0TCs 3HAYMTEIBHO MEHBINAs 110 CpaBHe-
HUIO C JPYrMMHU 00pa3liaMi MHTEHCHBHOCTh IHUKOB (20 =~ 29°
[22]), xapakTepubix aiast CSH. IIpu aTom nuku, naeHTHdUIM-
pytomue Hanmruue nmoptianaura (20 = 18° [22]) umeroT Makcu-
MaJIbHYl0 MHTEHCHBHOCTb. JTO YKa3bIBaeT Ha OTHOCUTEJIHHO
BBICOKOE COJIEp)KaHHEe CBOOOIHOTO THIPOKCH/A KBS B Lie-
MEHTHOM KaMHe 0e3 aKTUBHBIX J0OABOK MJIM C UX MUHAMAJIb-
HBIM cozepkanueM. [t cocraBa Ne 2 (pucyHok 5 0) dukcu-
pyercsi CHW)KEHHE MHTEHCHBHOCTH IHKOB MOPTIAHIUTA HPU
OJTHOBPEMEHHOM BO3pacTaHWH HHTCHCUBHOCTH PE(IICKCOB, CO-
orBercTByrommx CSH-(azam, 9To CBHIETENBCTBYET O Hadayie
aKTHBHOTO CBSI3BIBAHMS M3BECTH B T'MAPOCHIIMKATBHI KaJIbIIHS
Gmaromapst BBeJeHHIO MeTakaonuHa. Ha pucynke 5 B (cocraB
Ne 3) ormMedeHo JanbHelIee CHIPKEHNE MHTEHCUBHOCTH IMHKOB
noptiaanauTa. [Tuku CSH cTaHOBSATCS TOMUHHUPYIOIIUMH, YTO
MOJTBEPXKIAET BBICOKYIO CTEIEHb MyHI0JIaHOBOH pEaKIUH H
3¢ dhexTuBHOE IOTpEOIcHHE CBOOOTHON M3BECTU 3a CUCT B3am-
MOJIEIICTBUSL C METAKaOJIMHOM U 305I0M-yHOC. Ha pucynke 5 r
(cocraB Ne 4 ¢ MOBBIIIEHHBIM COZIEPKAHWEM aKTHBHBIX 100a-
BOK) HHTEHCHBHOCTH Pe(IJIEKCOB OPTIaHINTa MUHUMAIIbHA B
XapakTepHbIX obnacTsx. IIpy 3TOM T'MAPOCHIMKATHI KaTbIIUSI
SBISIFOTCS. OCHOBHOW (pa3oi THAPATHBIX HOBOOOpa3OBaHMHA.
Opnrako HaOIIOHaeTCsi HEKOTOPOE CHIDKEHHE MHTEHCHBHOCTH
nmukoB CSH 1o cpaBHeHHIo ¢ coctaBoM Ned, 9To MOXeT OBITH
CBSI3aHO C COOTHOIICHHEM KOMIIOHEHTOB B YETBIPEXKOMIIO-
HEHTHOM BSDKYILEM.

Takum 00pa3oMm, TaHHbIE PEHTIeHO()A30BOr0 aHAIK3a, Jie-
MOHCTPHPYIOT 3aKOHOMEPHOE CHIIKEHHE CO/ICPXKaHUs TOpT-
nanauTa ¥ ypenuuenue gonn CSH-das npu BBeieHIN MEXaHO-
AKTHBHPOBAHHBIX MUHEPAIBHBIX JOOABOK, YTO KOPPEIHUPYET C
N3MEHEHHEM YIJIOB 20 M HMHTEHCHBHOCTH JU(PPaKINOHHBIX
MakcuMyMoB. Hamnbosee BoipaxxeHHBIH 3 heKxT 3adhuKcHupoBaH
Jutst coctaBa Ned, rae HaOmoaeTcst MaKCUMallbHast HHTEHCHB-
HocTh mukoB CSH u munnMmanbHas o1t CH.

[ToxydeHHbIE TaHHBIE TO3BOJISAIOT 3AKIFOYUTD, YTO UCTIOIb-
30BaHHBIC TOHKOJWMCIIEPCHBIC aKTUBHBIC NOOABKHM, TaKHE Kak
METaKaOoIMH U MEXaHOAKTHBUPOBAHHBIC KUCIIBIE 30JIbI-YHOCA U
(PMHMKOBBIX KOCTOUEK, ONAaronpHsITHO BIHSIOT HA CHUKEHHE
CoJIeprKaHusi CBOOOAHOTO THIPOKCHIA KalbLius (TIOPTIAHIUTA)
B IIEMEHTHOM KaMHe cocTaBoB Ne2, 3 1 4 3a CUET ero CBA3LIBA-
HUS B HU3KOOCHOBHBIE THIPOCUIIMKATHI KalubIus [23-26], uTo
Oyzmer cnocoOCTBOBATh YBEIMYEHHUIO IUIOTHOCTH, NMPOYHOCTH
0eTOHOB Ha MHOTOKOMIIOHEHTHBIX BSDKYIIMX U MX YCTOWYHBO-
CTH K Koppo3uu. B Bo3pacrte TBepaeHNs 28 CyTOK MaKCHMallb-
Hasi UHTeHCUBHOCTb NUKOB CSH u munumanesHas nukoB CH
(uKcupyeTcst y IeMEHTHOT0 KaMHsI cocTaBa Ned 4eThIpexKoM-
MOHEHTHOTO BSDKYILETO, cocTosimero u3 90% mac. mopTianm-
neMeHTta, 6% Mac. MEeTaKkaolWHa W MEXaHOAKTHBHPOBAHHBIX
1% wmac. 3ombI-yHOCa 1 3% Mac. 301161 (PMHUKOBBIX KOCTOYEK,
YTO MOKHO OOBSCHUTH BBICOKOW ITyLIIOTaHMYECKON aKTHBHO-
CTBIO HCIOJb30BaHHBIX TOHKOIMCIEPCHBIX aKTHBHBIX 100a-
BOK.

3akaouenue

UccnenoBanust coctaBa IIeMEHTHOTO KaMHSI, POBEICHHBIE
metonamu TT'A u PDA, nokaszanu, 4yTo 3aMeHa 4acTd MOPT-
JIAHALIEMEHTa B COCTAaBE BSIKYIIETO TOHKOJIUCIEPCHBIMH aK-
THBHBIMHU J100aBKaMU B BHJIE METAKaOJHWHA M MEXaHOAKTHBH-
POBaHHBIX KHCIBIX 30JIbI-yHOCA U 30JIbl, OJyYEHHOH MyTem
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A comparative analysis of the obtained results shows
the onset of peaks at angles (20 = 9.1°(for ettringite and
(26 = 9.9°(for monosulfate [22]. For composition No. 1
(Figure 5 a), a significantly lower intensity of peaks (20 =
29° [22]) characteristic of CSH is observed compared to
other samples. In this case, the peaks identifying the pres-
ence of portlandite (20 = 18° [22]) have the maximum in-
tensity. This indicates a relatively high content of free cal-
cium hydroxide in cement stone without active additives
or with a minimal content of them. For composition No. 2
(Figure 5 b), a decrease in the intensity of the portlandite
peaks is recorded with a simultaneous increase in the in-
tensity of the reflections corresponding to the CSH phases.
This indicates the beginning of active binding of lime into
calcium hydrosilicates due to the introduction of me-
takaolin. Figure 5¢ (composition No. 3) shows a further
decrease in the intensity of the portlandite peaks. The C-
S-H peaks become dominant, confirming a high degree of
pozzolanic reaction and effective binding of free lime
through interaction with metakaolin and fly ash. In Figure
5g (composition No. 4 with a higher content of active ad-
ditives), the intensity of portlandite reflections is minimal
in characteristic areas. Calcium hydrosilicates are the main
phase of the newly formed hydrates. However, there is
some decrease in the intensity of the CSH peaks compared
to composition No. 4, which may be due to the ratio of
components in the four-component binder.

Thus, the X-ray phase analysis data demonstrate a con-
sistent decrease in the content of portlandite and an in-
crease in the proportion of CSH phases with the introduc-
tion of mechanically activated mineral additives. This cor-
relates with changes in 20 angles and the intensity of dif-
fraction maxima. The most pronounced effect was ob-
served for composition No. 4, where the maximum inten-
sity of the C-S-H peaks and the minimum for CH are ob-
served.

The obtained data allow us to conclude that the used
finely dispersed active additives, such as metakaolin and
mechanically activated acidic fly ash and date pits, have a
beneficial effect on reducing the content of free calcium
hydroxide (portlandite). Due to the binding of calcium hy-
droxide into low-basic calcium hydrosilicates [23-26] in
cement stone compositions No. 2, 3 and 4 on multi-com-
ponent binders, an increase in the density, strength of con-
crete and its resistance to corrosion is predicted. At the age
of hardening of 28 days, the maximum intensity of CSH
peaks and the minimum intensity of CH peaks are rec-
orded in cement stone of composition No. 4 of the four-
component binder. This binder consists of 90% by weight
of Portland cement, 6% by weight of metakaolin and me-
chanically activated 1% by weight of fly ash and 3% by
weight of date kernel ash. The high parameters of compo-
sition 4 can be explained by the high pozzolanic activity
of the finely dispersed active additives used.

Conclusion

Studies of the composition of cement stone, carried out
using TGA and X-ray fluorescence methods, showed that
replacing part of the Portland cement in the composition
of the binder with finely dispersed active additives in the
form of metakaolin and mechanically activated acidic fly
ash and ash obtained by burning date pits, effectively
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CKUraHus (PMHUKOBBIX KOCTOYEK, 3P deKkTHBHO n3MeHsieT (a-
30BBIH COCTaB LIEMEHTHOI'O KaMHs, CHHKasl CoJiep)KaHHe B HEM
CBOOOJTHOT'O THIAPOKCHAA Kanblus (moprianauta) Ha 7-16%
Mac. Jleruaparaius B MOAH(DHUIIMPOBAHHBIX COCTaBaX IIEMCHT-
HOTO KaMHs TPOUCXOJWT IMpPH BBICOKHX TEMIIEpPaTypax, 4To
yKa3bIBaeT Ha 00pa30BaHUE YCTONYHMBEIX THAPATHBIX (a3. Ax-
JTUTHBHEIA () ()EKT NCTIONB30BaHuUS YKa3aHHBIX TOHKOIUCTIEPC-
HBIX aKTHBHBIX JT00AaBOK B COCTaBE UYETHIPEXKOMIIOHEHTHOTO
BSKYIIETO oOecreunBacT HanOoJblIee CBSI3BIBAHUE CBOOO-
Horo Ca(OH): n ¢popmMupoBaHre HU3KOOCHOBHBIX THAPOCHIIH-
KaToOB KaJIbI[US B COCTaBE LIEMEHTHOTO KaMHSA, YTO CII0CO0-
CTBYET YJIYYILEHHUIO €r0 CTPYKTYPBI U OKAXKET ITOJIOKUTEITBHOE
BJIMSTHUEC Ha MOBBIIICHUE IIJIOTHOCTH, IPOYHOCTU U SKCILTyaTa-
IIMOHHBIX IMOKa3aTelicii OETOHOB Ha OCHOBE pa3pabOTaHHOIO
BSDKYILETO.
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changes the phase composition of the cement stone, reduc-
ing the content of free calcium hydroxide (portlandite) in
it by 7-16% by weight. Dehydration in modified cement
stone compositions occurs at high temperatures, which in-
dicates the formation of stable hydrate phases. The addi-
tive effect of using the specified finely dispersed active
additives in the composition of a four-component binder
ensures the greatest binding of free Ca(OH). and the for-
mation of low-basic calcium hydrosilicates in the compo-
sition of cement stone. This will contribute to the improve-
ment of its structure and will have a positive effect on in-
creasing the density, strength and performance of concrete
based on the developed binder.
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