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IV Bceepoccuiickas HayyHast KoH(epeHuusa «CTpouTe/ibHOe MaTepHAJIOBeieHHEe:
HacToOsilee u Oyayuiee»

IV All-Russian Scientific Conference "Construction Materials Science:
Present and Future"

13-14 nosopss B HUY MI'CY npouuia IV Beepoccuii-
cKasi Hay4yHasi KoH(epeHuusi «CTpouTebHOe MaTepua-
JIOBEIeHHe: HACTOosilee W Oyayllee», OpraHU30BAHHOE Ka-
(enpoii crpoutenbHOrO MarepuaioBeneHus. CoObiTHe co-
OpaJio IpeicTaBUTENeH HayYHOTO COOOIIECTBA N3 PA3TMYHBIX
roponoB Hamiedl crpasbl: benropoma, Braaumupa, Bopo-
Hexxa, Kazanu, Kanununrpan, Makeesku, Mocksbl, HoBocu-
oupcka, PocroBa-na-Jlony, Camapsi, Cankt-IletepOypra,
Cumdeponousi, TBepu, Ynan-Yns u UensOnHcka.

B mporpamme MepompusATHS, MPOXOMAIIETO KaKIble JBa
Toz1a, B 3TOT pa3 MPHUHSIIN ydacTue O6osee 150 yqacTHHKOB U3
30 oOpa3oBaTeNbHBIX, HAYYHBIX W IPOU3BOICTBEHHBIX Opra-
HU3alMiA. YuyacTHUKaMu U3 15 ropopoB Poccun B TedueHue
JIBYX HACHIIIEHHBIX JHEH ObLIO mpencTaBieHo Oonee 70 pe-
3yIBTATOB HAyYHOW NesATeNbHOCTH. HoBImecTBOM Tekyteit
KOH(EpEeHIMH COOBITUSI CTall MOCTepHbIH (opmar ydacTus
JUISL MOJIOZIBIX YUE€HBIX.

HALI,MOHAanhl@ Mcan.uosATEﬁb
MOCKOBGC™ N1 TOCYOAPCTBE
CTPOUT" "y ¢1bll YHUBEPCUT

& i

NPHOPUTET2030"

AvpEpamn cTanosaTes

npuc
AHASp!

v,

puopuTerid”

HAEpaMH CTanaeRTER

X

puopuTeT 2030"

MBERAMM CTANOBRTER

CozeprkaHne BBICTYIIGHUH OBLIIO HACTOJIBKO )K€ Pa3HO-
00pa3Ho, Kak reorpadus y4yacTHHKOB, M 3aTparuBajo Iepe-
JIOBBIE JIOCTWD)KCHHSI B HMCCIICIOBAaHUM W pa3paboTKe MUHe-
pPaJIBHBIX BSDKYIIMX BEIIECTB M MaTepHalioB HAa MX OCHOBE,
3¢ (PEKTUBHOCTH HCIOJIB30BaHHS B KaueCTBE MHMHEPAJIbHBIX
J00aBOK Uil IIEMEHTHBIX OETOHOB Pa3JIMYHOTO MECTHOTO

410

On November 13-14, the IV All-Russian Scientific
Conference "Construction Materials Science: Present and
Future" was held at the National Research University Mos-
cow State University of Civil Engineering (NRU MGSU), or-
ganized by the Department of Construction Materials Sci-
ence. The event brought together representatives of the scien-
tific community from various cities across our country: Bel-
gorod, Vladimir, Voronezh, Kazan, Kaliningrad, Makeyevka,
Moscow, Novosibirsk, Rostov-on-Don, Samara, St. Peters-
burg, Simferopol, Tver, Ulan-Ude, and Chelyabinsk.

The event, which takes place every two years, this time
featured more than 150 participants from 30 educational, sci-
entific, and industrial organizations. Participants from 15
Russian cities presented more than 70 scientific results over
the course of two intense days. A new feature of the current
conference was the poster format for participation by young
scientists.

The content of the presentations was as diverse as the ge-
ography of the participants, and touched on cutting-edge
achievements in the research and development of mineral
binders and materials based on them, and the effectiveness of
using various local raw materials, including construction, en-
ergy, and metallurgical waste, as mineral additives for cement
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CBIPBsI, BKJIFOYAs! OTXOIBI CTPOUTENLCTBA, SHEPIETHKU H Me-
TaJuTyprud. TeMy BTOPHYHOTO UCIIONB30BaHUS TEXHOTCHHBIX
OTXOJOB JJIsI IPOU3BOACTBA CTPOUTEIILHBIX MAaTEPHAJIOB, HO B
KOHTEKCTE IIOJIMMEPOB, 3aTPOHYIIM HPEICTABUTEIH IPOU3-
BOACTBEHHOU KoMmaHUM TeXHOHUKONb - CTPOHUTEIbHBIE CH-
cTeMbl. JIF0OOTIBITHBIM MPEACTaBUIICS B3IVISL 3TOH MPOU3BO/I-
CTBEHHOI1 KOMITAaHUY HA HECTAH/AAPTHBIC METO/IBI UCIIBITAHUI
KpOBEJBHBIX MaTepuanoB. Koiueru, B 4aCTHOCTH, IOJENTH-
JIMCH OTIBITOM MCIOJIb30BaHHS YCTPOWCTBA COOCTBEHHOI pa3-
paboTKH U1l MOJCTIMPOBAHMUS BO3/ICHCTBUS YeloBeKa (MMU-
Tarus 00yBH) Ha OKPBITHE IJI0CKON KPOBIIH.

HALLMQHAFP:HI:IL‘I WCCNEOQOBATENBLCKAA J
MOCKO| {#Mi i roCYOQAPCTBEHHbBIN
HbIA YHUBEPCUTET

CTPOM

TexHOMOTUsl yTHIM3ALUK TNHUINEBOTO Kaydyka (SKBAYKH)
JUIA IPOU3BOACTBA OPraHUYECKUX MAaTEpUaIOB TaKXKe Mpojie-
MOHCTPHpPOBaJia HEOOBIYHBIH HA0OP IKCIUTyaTallMOHHBIX Ka-
YeCTB, 8 UMEHHO apoMara (SIroJHOTO Win (ppyKTOBOIO), KOTO-
PBIii OHU IPHOOPETAIOT B 3aBUCMMOCTH OT BHUJIA OTXO/A.

JKuBoii auckyccueit MOXXHO OTMETHTH TeMY CaMOBOCCTa-
HaBJIMBAIOIINXCS ac(aIbTOOETOHOB, O CTPYKTYPHBIX 0COOEH-
HOCTSIX Karcysl ¢ MOTU(QHUKATOPOM, AJIsl KOTOPBIX MOJEITIHIIIChH
xoimeru nu3 HY MI'CVY. Oco0blii HHTepec BBI3BAIHN PE3YIb-
TaThl UCCIENOBaHMUH y4eHbIX n3 KpbIMckoro ¢enepanbHOTO
yHuBepcureTa uM. B.M. BepHaickoro, HOCBSIIIEHHBIE IPUHY-
JUTEIILHON KapOOHM3alueld OeCIeMEeHTHBIX MaTepHalioB C
BO3MOXKHOCTBIO IOCTHXKEHUs TTpouHocTu 6onee 100 MITa.

Kaxxpiii U3 BBICTYHAOMIMX CMOT HE TOJBKO MOACTUTHCS
CBOMMM DPE3YJIbTaTAMM TEKYIUX MCCIIEAOBAHUN U I03HAKO-
MUTBCA C MMOCIJIICIHUMHA HapaGOTKaMI/I KOJIJICT, 4YTO SABJISCTCSA
KJIIOYEBOW MLIENbI0 TMpOIIeAIIeld KOHpEepeHIUH. YYaCTHUKU
OTMCTHIIN BAXHOCTh 06MeHa OIIBITOM W JOTOBOPHUIIUCH O
JlanbHeHen Koonepauuu.

Mooepamop Kougpepenyuu, 0.m.n., doyenm xagheopvl
CmpoumenbHozo mamepuanoseoeHus

HUY MI'CY,

Hnozemues A.C.

Conference moderator, Doctor of Technical Sciences, Associate Professor

of the Department of Construction Materials Science

at the National Research University Moscow State University

of Civil Engineering,
A.S. Inozemtsev

concrete. Representatives of Technonicol - Construction Sys-
tems touched on the topic of recycling industrial waste for the
production of building materials, but in the context of poly-
mers. In particular, colleagues shared their experience using a
device of their own design to simulate human impact (imita-
tion footwear) on a flat roof covering. The technology of re-
cycling food-grade rubber (chewing gum) to produce organic
materials has also demonstrated an unusual set of perfor-
mance properties, namely the aroma (berry or fruity), which
they acquire depending on the type of waste.

CTPOUTENIb*

npuopure
AMpEDaMS CTaNO!

L

npUopuT
Anopatn cramosm:

|
.

npuopuTeT2050"

AmEEpasH CTEHOMTCE

——

| ynpuopurer20:0” 4
Aepasm CTENOETCY

The topic of self-healing asphalt concrete was a lively dis-
cussion, with colleagues from NRU MGSU sharing the struc-
tural features of capsules containing a modifier. Of particular
interest were the results of research conducted by scientists
from the Vernadsky Crimean Federal University, dedicated to
the forced carbonization of cementless materials with the po-
tential to achieve strengths exceeding 100 MPa.

Each speaker was able to not only share their current re-
search results but also learn about the latest developments of
their colleagues, which is the key goal of the conference. Par-
ticipants noted the importance of exchanging experiences and
agreed on further cooperation.
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K 95-1eTuio co nust poxaeHus
IOPUSA MUXAUJITOBUYA BA’)KEHOBA

HOpuii Muxaiinoeuu bascenoe (1930 — 2020)

25 mapra 2025 r. ucnonHuUIoCch 0b1 95 neT 3aciyskeH-
HOMY zesrento Hayku Poccuiickoit denepanuu, akaje-
MUKy Pocculickoil akazieMuy apXUTEKTypbl U CTPOUTENb-
HBIX HayK U MexIyHapoJHON MH)XEHEPHOU akaJeMuH,
naypeaty npemuii Cosera MunuctpoB CCCP u [IpaBu-
tenbcTBa Poccuiickoit denepannn 10KTOpy TEXHUYECKUX
HayK, mpodeccopy IOpuio Muxaiintosuuy baskenoBy.

1O. M. baxxeHOB mporien OONBIION IMyTh OT Mpopada
JI0 PYKOBOAUTEISI KPYTTHBIX HAYYHBIX U y4eOHBIX KOJIIEK-
TuBOB. [locne okoHyanus B 1954 r. BoeHHo-uHkXeHepHOI
akagemuu uM. B. B. KyiiObiieBa on ObUT HampaBiieH Ha
ctpoiiku Ceseproro ¢iota. B 1960-1970-¢ roxsr city-
KU1 B BOEGHHO-MH)KEHEPHOH aKaJeMUU Ha Pas3JIn4HbIX
HAYYHBIX M IeJarorn4eckux JopKHocTsaX. B 1960 r. 3a-
IIUTHI KaHJUAAaTCKyIo, a B 1965 1. — TOKTOpCKyIO TuC-
ceprarnuio. B 3T rosbl UM OBUT BEIIOJIHEH LUK padoT 1Mo
TEXHOJIOTUH OETOHOB CHENNAILHOTO Ha3HA4YEHUs, MOBe-
JICHNI0 OETOHOB ITPH Pa3IMYHBIX BUAX TEIUIOBOTO yapa,
JUHAMHYECKOTO W Ta30IMHAMHYECKOTO BO3JCHCTBHS,
TEXHOJIOTUH MEJIKO3EPHUCTOTO, BBICOKOIPOYHOTO U
ObICTpPOTBEpACIONIET0 OSTOHOB, KOMIIO3HIIMOHHBIX, TO-
JUMEPHBIX M APYTHUX MAaTepUalioB Ui CIEHUAIBLHOIO
CTPOHTENBCTBA. Pe3ynpTaTel 3THX paboT OBUTH HCTIONB30-
BaHBI TIPH BO3BEJCHWU OOBEKTOB Pa3IMYHOTO HA3HAYe-
HHUSL.

C 1975 r. }O. M. baxeHoB Bo3rinaBusn kadeapy Tex-
HOJIOTUW BSDKYIIMX BEMIECTB U 0€TOHOB MOCKOBCKOTO
TOCYZapCTBEHHOTO CTPOMTENILHOTO yHHUBEpCHUTETa (B TO
BpeMst MIICH). Ha kacdenpe Obut co3jaHbl ABE HayYHO-
HCCIIeI0BaTeIbCKIE J1a00paTOpuH, (GHITHANIBI B BETYIIHX
HAy4YHO-UCCIE0BATENbCKUX MHCTUTYTaX U OpraHusa-
LUSIX, OJTHOBPEMEHHO IPOXOAMIN MOATOTOBKY Ooiiee 30
aCIMPAHTOB U OOJBIIOE KOJIMYECTBO MHIKEHEPOB-HCCIIe-
noBateneil. bytyun nepssiM qupexkropoM LlenTpansHOro
ME)XBEJIOMCTBEHHOTO
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WHCTUTYTa TOBBIIICHNS KBaTHU()UKAIMHA PYKOBOASILIUX
PpabOTHHKOB ¥ CIIEIHAINCTOB CTPOUTENbCTBA, HOpuit Mu-
XalIoBHY BHEC OOJBIION BKJIAJI B IOCIEBY30BCKOE 00Y-
YeHHE CIIEUAINCTOB OTPACIIH.

Pa6orast 8 MI'CY, 0. M. baxxeHOB aKTHBHO pyKOBO-
IHJI CO3JaHMEM HOBBIX BHIOB OCTOHOB, MONYYEHHS HO-
BBIX YHUKAJBHBIX CBOMCTB 3TUX MaTepHaloB, Pa3BUBAI
TEOPHIO MIPOCKTUPOBAHUsI OETOHA C IPUMEHEHUEM MaTe-
MaTH4ecKUX MeTo/10B. OH O/IMH M3 aBTOPOB TEXHOJIOTUH
BSDKYILIMX BELIECTB HU3KOH BOJONOTPEOHOCTH U OETOHOB
Ha ux ocHoBe. lllupokoe npu3HaHUE UMEIOT pa3paboTaH-
HbBIC UM COBPEMCHHBIC MCTO/IbI UCIIBITAHUA 6CTOHOB.

HO.M. BaxenoBbiM omy0aukoBano 6omnee 400 meuar-
HBIX HAY9IHBIX TPYIOB, CpEIY KOTOPBIX TaKHE ITHUPOKO HC-
MOJTb3yeMbIe B y4eOHOM IIPOLECCE CTPOUTENHHBIX BY30B
y4eOHHKH U y4eOHbIe Tocobus, Kak « CTpOonuTEIbHBIE Ma-
Tepuaib, « TexHomorns OETOHHBIX M KeIe300€TOHHBIX
m3penniy, «TexHonorns 6eToHa» (M31aBajcs AT pas),
«TexHomorust 6E€TOHa, CTPOMTENBHBIX M3ICIHH M KOH-
CTPYKLMID» (M3/1aBaJICs TPUKIBI), «Menko3epHUCThIe Oe-
TOHBI», «beToHoBeneHue» u ap. KO.M. baxxeHoB sABnsSeTCA
aBTopoM 60 m3oOpereHuii u 28 monorpaduii. ITox ero
Hay4HBIM PyKOBOJCTBOM OBLIO MOJATOTOBIIEHO 18 MOKTO-
poB 1 82 KaHIUIaTa TEXHUUECKUX HaYK.

}O.M. BaxxeHoB ObLT HarpaxnéH opaeHamu «3Hak [1o-
uyéray u «VHxeHepHasl cllaBa», OJUHHAILATBIO MeJa-
JIIMH, MHOT'MMHM MOYETHBIMHM I'paMOTaMH U 3HAKaMH, SIB-
JISUICS TIpeliceaaTeNieM ClielUalu3upOBaHHOrO JuccepTa-
uunonHoro cosera HUY MI'CY no ctpoutenbHbIM MaTe-
puanaM, U3JENUsSIM U CTPOUTEIBHOMY MaTepuajoBejie-
HUIO, MPEe3UIeHTOM MexayHapoAHOW accoluanuu yué-
HBIX ¥ CHIEIUAJIMCTOB B 00JIACTH CTPOUTENHLHBIX MaTepHUa-
noB, Bure-npesugearom PHTO crpouteneii, I[TouéTHeiM
wieHoM Poccuiickoil nHxeHepHoil akanemuu, [1ou€THbIM
npodeccopom MI'CY u Benropoackoro TexHoIOTHYe-
ckoro yHuBepcutera um. B.I'. IlllyxoBa, [louérHbM OK-
TopoM BeliMapckoil BbICIIEH MIKONBI O apXUTEKTYpE U
ctpoutenbetBy (['epmanus), I[lod€THBEIM cTpouTeeM
Poccun, MockBel 1 MOCKOBCKOH 00J1aCTH, OBLIT YIEHOM
PEAKOJUIETUH BEAYIIMX OTEYECTBEHHBIX >KYypPHAJOB IO
CTPOUTENICTBY U CTPOUTEIHHOMY MaTepUaTIOBEICHHUIO.

Konanexkmue @I'60Y BO Hauuonanvhblii ucciedo-
eamenvckuii MocKo6cKuil 20cy0apcnmeeHHblil Cmpou-
menvHbLil yHUGEepcUumem,

Peotll('l{ll}l HCYpHaAla «Texnuka u mexnonozus cu-
JuKamoe»
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AHHOTAIIUA

Bospacmarowuii unmepec kK yemenmam Ha 0OCHOGE CYNb@OANOMUHAMHBIX U CYAbHOATIOMODEPPUMHBIX KIUNKEPOE, NOJYYEHHbIX
npu Oonee HUKUX MeMnepamypax, uem nopmiaHOyeMeHmHbslil KIUHKep, 00yCio8usaenm Heodxo0uMocmy U3yueHus npoyeccos auo-
pamayuu yemenmog Ha ux ocrose. Ilpu smom ocobulil unmepec 6bl3vieaenm nNoseoeHue dMUX YeMeHmos npu PasIuyHblX PeHCUMax
meepoenus u ycmauosneHue npooyKkmoeg ux 2uopamayuu, a 8 YacmHoCmu IMmpUHeUmMa u Jicene303ameujeHno2o smmpuneuma. Le-
JIbI0 OAHH020 UCCNIe008aHUs ObLIO U3YHeHUe KUHeMUKY 00pa306aHls SMMPUHSUMA U3 CYAbGOANIOMUHAMA KATbYUS U CYTbDOATIOMO-
Geppuma xanvyus npu pazIuLHbIX YCI08UAX MEEPOCHUS, MAKUX KAK 800d, GIANCHBII U CYXOU 8030VX, A MAKIiCe YCMAHOBLEHUE KO-
yecmea 06pazyIOue2ocs IMmpuHauma u cmenenu pacuupenus oopasyos. Iloxkasano, umo odpasysl, 3ameepoesaiowjue noo 60001
eudpamupylomcs ovicmpee, yem 06paszyvl, 3ameepoesaiowue Ha 61aNCHOM 6030yxe. [Ipu smom pasnuya 6 Koauvecmae 006pa308as-
we2ocs IMmMpuUHSUMa He cauwkom eenuxa. Hanpomues, npoyecc eudpamayuu 6 ucnubimamensHulx 00pasyax, meepoesuiux 6 cyxom
6030yxe, NPAKMU1ECKU OCMAHOBULCA @ eYeHUe HeCKOIbKUX OHell U3-3d NOMEPU 3HAYUMETbHOU Yacmu c80000HOU 600bl 8 IMUX YCO-
susx. Ycmanoeneno, ymo kunemuka oopazo8anus JMmpuHeuma 8 UCCie008aHHbX 00pasyax u3 cyibghoanomopeppuma Kaiyus 8
VCIIOBUAX MBEPOCHUSL 80 GIAICHOM B030YXe U 600€, 3aMEMHO MedaenHee, Yem npu udpamayuu cyrvgoanomunama xanvyus. Ilonu-
JiceHHOe pacuiupenue nacm u3 cyrbpoaniomopeppuma Kaibyus 00ycro61eHo MeOIeHHbIM 00PA3068anUueM dIMmMpUuHeuma npu meepoe-
nuu. Cpagnenue pacuupenus oopasyos, NPOUCX00AUe20 60 GLAACHOM 6030yXe U 8 600e, NOKA3AN0, YMO NPU OOUHAKOBLIX KOIUYe-
cmeax smmpunauma pacuupenue 6oavue y 0opasyos, meepoesuiux 8 600e, 4mo 00yclo61eHO NOGLIUEHHBIM B00ON02NI0WEHUCM 8
omux ycroguax. Takum o6pazom, yCmanogieno, ymo cmenenb paculupenus, CeA3aHH020 ¢ IMMPUHSUMOM, 3A6UCUM OM YCIO8UL
meepoeHusl.

KJIIOUYEBBIE CJOBA: smmpuneum, scene303ameujeHublil SMmmpuneum, cyib@oamnoMunam Kaiwyus, cyivgoamomodeppum-
HbL KIUHKED, KUHemuKa o0pasoeanis SMmpuneuma, 2uopamayus, pacuiupenue, yciosus meepoenus @ 800e, 60 GladCHOM U CYXOM
6030yxe.
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CEMENT EXPANSION ASSOCIATED WITH ETTRINGITE FORMATION

Truntov N.S.!, Shukshin F.B.!, Samchenko S.V.!
! Moscow State University of Civil Engineering (MGSU) National Research University

ABSTRACT

Interest in cements based on sulfoaluminate and sulfoaluminoferrite clinkers is growing. These clinkers are produced at lower
temperatures than Portland cement clinker, which reduces their carbon footprint. Therefore, there is a need to study the hydration
processes of cements based on them. Of particular interest is the behavior of these cements under various hardening conditions and
the identification of their hydration products, in particular ettringite and iron-substituted ettringite. The aim of this study was to
investigate the kinetics of ettringite formation from calcium sulfoaluminate and calcium sulfoaluminoferrite under different curing
conditions such as water, humid and dry air. The amount of ettringite formed and the degree of expansion of the samples were also
studied. It has been shown that samples hardening under water hydrate faster than samples hardening in humid air. However, the
difference in the amount of ettringite formed is not too great. In contrast, the hydration process in testing samples cured in dry air
virtually stopped within a few days. This is due to the loss of a significant portion of free water under these conditions. It was estab-
lished that the kinetics of ettringite formation in the studied calcium sulfoaluminoferrite samples under conditions of hardening in
humid air and water is noticeably slower than during the hydration of calcium sulfoaluminate. The reduced expansion of calcium
sulfoaluminoferrite pastes is due to the slow formation of ettringite during hardening. A comparison of the expansion of samp les
occurring in humid air and in water showed that, with the same amounts of ettringite, the expansion is greater in samples hardened
in water, which is due to increased water absorption under these conditions. Thus, it was established that the degree of expansion
associated with ettringite depends on the curing conditions of the samples.

KEY WORDS: ettringite, iron-substituted ettringite, calcium sulfoaluminate, sulfoaluminoferrite clinker, kinetics of ettringite
formation, hydration, expansion, hardening conditions in water, in humid and dry air.
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BBEJEHUE

Bospactaromue NOTpeOHOCTH NPUMEHEHHS CIEIHAIbHBIX
[IEMEHTOB O0YCIIOBIHMBAIOT HEOOXOAUMOCTh Pa3pabOTKH HOBBIX
BUJIOB IIEMEHTOB, COYCTAIONINX B ccO€ NMpEenMyINecTBa Cylle-
CTBYIOIIUX CIHEIMAaNbHBIX LIeMEHTOB. OTpaHUYEeHHOCTh ChIphE-
BOW 0a3bl ISl MPOU3BOCTBA PACHINPSIOMINXCS X HAIPSTAIOIINX
LIEMEHTOB 00YCIJIOBMIIa HEOOXOJUMOCTh Pa3padOTKH HOBBIX CO-
CTaBOB PACIIUPSIOIIUXCSI KOMIIOHEHTOB ¥ TEXHOJIOTHH MX TOJY-
4yeHus. B 5ToM ruiaHe nepcreKTUBHbI CyIb(aTupOBaHHbIE MIHE-
pamsr [1-4]. U3BectHBI cynbdoamoMHHAT U CyIb(odeppur
KaJIBIHs, MMEIOINE CBOM CIenn(HIECKHe CBOWCTBA, coYeTas
KOTOPBIE MOKHO ITOJIY49NTh IEMEHTHI C HOBBIMH, 3apaHee 3a/1aH-
HBIMH CBOWCTBaMH. Bce 3TH cBoiicTBa coderaioT B cebe Cyib-
(hoamomodeppuTh KambIws [5,6].

Cynb(hoamtoMIHATHBIN KIUHKEp IOy4aroT OO0KHTOM IIPH
temneparypax 1250 — 1350°C ceIpbeBoii cMecH, cocTosIme u3
W3BECTHSIKA, TIIMHO3EMCO IeprKalllero KOMIIOHEeHTa U rumca. Tem-
neparypa o0Kura ornpezessieTcsi B 3aBUCHMOCTH OT BU/IA TIIMHO-
3eMCO/IepIKaIllero ChIPhs, B KaueCTBe KOTOPOTO MOTYT BBICTY-
narthb Ae(UIHUTHbIE OOKCHTHI WM HPOMBINIICHHBIE OTX0bI. Da-
30BBII COCTaB CyJb(OATIOMUHATHOTO KIMHKEpa IMPEACTaBlICH
CyIb(pOATIOMIHATOM KaJbIUa (HEIUMUT), OCTUTOM, aFOMO-
(deppuTaMu KaJibMs U APYTHMH BTOPOCTEIICHHBIMH MHHEpa-
namu [6,7].

CynbhoamoMoDeppUTHEIA KIMHKEP MOMYYaroT OOKUTOM
npu temneparype 1300°C cblpbeBOl cMecH, COCTOALLIEH U3 U3-
BECTHSIKA, TIINHO3EMa M JKEJIC30CO 1P KAIINX OTXO00B MPOMBIIII-
JIEHHOCTH U Tunca. Pa3oBblil COCTaB KIMHKEpa IMpeACTaBIeH
anuToM, 0enuToM u cyibhoamomodeppuTamMu Kanbius [S].

B Hacrosiee BpeMsi BayKHOU ITPpOOIIEMOH SBIISIETCS yTOUHE-
HHE yCJIOBUI (pOpPMHUPOBaHMS U yCTOWYMBOCTH STTPHHTUTA MIPH
TBEPJICHUH 00Pa3LOB, COMEPKAIINX PA3TUUHBIC ATFOMHUHATHBIC
COE/IMHEHUsI KaJbLMs B CBOEM COCTaBE B BOJIE, BO BIAXHOM U
cyxoM Bozayxe. OcOOCHHO 3TO BaXKHO JUISl CYXHX CTPOUTEIBHBIX
CMecei, Tak KaKk OHM HaHOCSITCS Ha TIOBEPXHOCTh OETOHA TOHKHM
CJIOEM WIJIM HCHOJIB3YIOTCS B PECTaBpalMOHHBIX padoTrax. Ilo-
TepH 3HAYUTEIBHON YacTH CBOOOJHOW BOZBI B YCIOBHSIX TBEp-
JICHUSI B CyXOM BO3/yX€ MOKET IPHBECTH K Pa3JIOKECHHUIO T'HI-
paTHbIX (a3, CHIKEHUIO MMPOYHOCTH LIEMEHTHOTO KaMHS U €ro
CIIETIJICHHUSI C TOBEPXHOCTHIO PECTaBPUPYEMOTO0 OOBEKTa, U B
UTOT€ K CHIDKEHHIO JOJTOBEYHOCTH HAHECEHHOTO CIIOSI CMECH
[8].

OTTPUHTUT SBJSIETCS BBICOKOCYNb(ATHON (opMOH THIpO-
CyJb(hoaTIOMUHATA KAIIBIMS U CONEPIKUT A0 32 MOJIEKYJ BOJIBI
(3Ca0-Alb03-3CaS04-32H,0). 3TOT KpHCTAILIOTHAPAT OTHO-
curcs k AFt-dase, npencrasmsomnieii co0oi TBepble pacTBOPHI
W cMmeraHable kpuctaiuisl ot 3Ca0- Al,03-3CaS04-32H,0 no
3Ca0O-Fe;03-3CaS04-32H,0 [9,10].

OTTpUHTHUT 00pa3yercs MpH THApATAlM{ PA3INYHBIX HEOp-
TaHUYECKHX CBS3YIOIIUX, B TOM YHUCJIE U NPU THUAPATALUU H
TBEPJICHUH MMOPTIIAHALIEMEHTOB. [Ipu 3TOM 00pasyercs orpaHu-
YEeHHOE KOJIMYECTBO 3TOW (a3bl, KOTOPOE PEryIHpyeT CPOKH
cxBateiBaHus [3]. OgHAKO B HEKOTOPHIX IEMEHTaX KPHCTAIIIH-
3yeTcsl Ype3MepHOe KOJIMYECTBO O0pa3yIoIIerocs 3TTPHUHIHTA,
YTO MOJKET BBI3BaTh PACIIMPEHHE M JJa)K€ PACTPECKUBAHHE 3a-
TBepAeBILel nacTol [2,6]. O4eHb 4acTo pU KOPPO3UOHHOM BO3-
JIEWCTBUN Ha OETOH B TPEUIMHAX MOKHO HaOMIOaTh KPUCTAIUIU-
3allUI0 UTOJbUATHIX KPUCTAIIOB ITTPUHIHTA [6,8].

B MHOTOYHCIICHHBIX MCCIICIOBAHUX, TIOCBALIEHHBIX THIpa-
Taluy ATIOMO(EpPPUTOB KaJbLHUS U COCTaBY HOBOOOPAa3OBaHUM
THIpATHBIX (a3, OKa3aHo, YTO MPOLECC UJIET MEJICHHEE, YeM
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INTRODUCTION

The growing demand for the use of special cements ne-
cessitates the development of new types of cements that
combine the advantages of existing special cements. The
limited raw material base for the production of expanding
and stress-straining cements has necessitated the develop-
ment of new compositions of expanding components and
technologies for their production. In this regard, sulfated
minerals are promising [1-4]. Calcium sulfoaluminate and
calcium sulfoferrite are known, each having its own specific
properties, and by combining them it is possible to obtain
cements with new, predetermined properties. All these
properties are combined in calcium sulfoaluminoferrites
[5.6].

Sulfoaluminate clinker is obtained by firing a raw mix-
ture consisting of limestone, an alumina-containing compo-
nent and gypsum at temperatures of 1250—-1350°C. The fir-
ing temperature is determined depending on the type of alu-
mina-containing raw material, which may be scarce bauxite
or industrial waste. The phase composition of sulfoalumi-
nate clinker is represented by calcium sulfoaluminate (ye-
limite), belite, calcium aluminoferrites and other minor
minerals [6,7].

Sulfoaluminoferrite clinker is obtained by firing at a
temperature of 1300°C a raw mixture consisting of lime-
stone, alumina, iron-containing industrial waste and gyp-
sum. The phase composition of clinker is represented by
alite, belite and calcium sulfoaluminoferrites [5].

At present, an important problem is to clarify the condi-
tions of formation and stability of ettringite during the hard-
ening of samples containing various calcium aluminate
compounds in their composition in water, in humid and dry
air. This is especially important for dry building mixtures,
as they are applied to the concrete surface in a thin layer or
used in restoration work. The loss of a significant portion of
free water during hardening in dry air can lead to the de-
composition of hydrated phases, a decrease in the strength
of the cement stone and its adhesion to the surface of the
restored object, and ultimately to a decrease in the durability
of the applied layer of the mixture [8].

Ettringite is a highly sulfated form of calcium hydrosul-
foaluminate and contains up to 32 water molecules
(3Ca0-Alb03-3CaS04-32H,0). This crystal hydrate be-
longs to the AFt phase, which is a solid solution or mixed
crystals from 3Ca0-Al,03-:3CaS04-32H,0 to
3Ca0-Fe;03-3CaS04:32H,0 [9,10].

Ettringite is formed during the hydration of various in-
organic binders, including the hydration and hardening of
portland cements. In this case, a limited amount of this
phase is formed, which regulates the setting time [3]. How-
ever, in some cements, excessive amounts of the resulting
ettringite crystallize, which can cause expansion and even
cracking of the hardened paste [2,6]. Very often, during cor-
rosive action on concrete, crystallization of needle-shaped
ettringite crystals can be observed in cracks [6,8].

Numerous studies devoted to the hydration of calcium
aluminoferrites and the composition of newly formed hy-
drated phases have shown that the process is slower than the
hydration process of calcium aluminates, but much more
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IpoLece THAPaTaluy aTIOMUHATOB KaJIbLUs, HO Topa3io Ooiee
cinoxHo [11-14]. MHeHUs UcclieioBaTeIeii OTHOCUTEIILHO TH/I-
PaBIIMYECKON aKTUBHOCTH aTtOMO(EppPUTHBIX (a3 CBOIATCA K
TOMY, 9TO THIPATALIOHHAS aKTHBHOCTH B PsILy TBEPABIX pac-
TBOPOB aIOMO(EPPHUTOB KalbIMs CHIDKACTCS C YBEITHUCHHUEM
conepxanus Fe;O3 [5,11,13], a oTHOCUTENBHO MPOAYKTOB TH-
paranuu anoMopeppUTOB KajIbLuUs B IPUCYTCTBUH THIICA, MHE-
HUS BeCbMa NIPOTUBOPEUuBHI [ 14].

O0pazoBaHue KKeNe303aMeNeHHOr0 ATTPUHTUTA IPU THAPa-
Tauuu cyibdoanromodeppuro Ha ocHoBe C4AF Habmonaercs
B IIepBBIC CyTKH ruzaparanun. [Ippaem B nepsrie gack (1-12 ga-
coB) oOpa3zyercst MOHOCY/Ib(aTHast hopMa THAPOCYIb(oaToMo-
(eppura Kampius. ['ekcaroHaJmbHBIC THIPOATIOMO(EPPUTHI
kaipuus coctaBa Cs(AxFi«)Hi3 HaOrOmatoTCst B CyTKH U BO BCe
MOCJICIYOIINE CPOKH, a 3apPOIBIIIHN KyOHUECKUX THAPOATIOMO-
tdeppuroB C3(AxFix)Hs 0Opaszyrorcs B 28 cyToK, IpH 3TOM KO-
JIMYECTBO, 00pa30BaBLIErOCs B MIEPBbIE CYTKH THApOATtoModep-
putoB coctaBa Cs(AxFix)Hi3, ocTaercsa HemsmeHHbIM [9,14].

H3BecTHO, 4TO 00pa3oBaHUe ATTPUHTHTA IPOMCXOAUT C yBeE-
JUYeHHeM oO0beMa B 3 pasa OT epBOHAYaIbHOTO. DTO CBOMCTBO
OBUIO MCHOJB30BAHO AJISl CO3JaHUsl PACIIUPSIIOIIUXCS U HAMPSI-
raloUyX [IEMEHTOB, B OCHOBE KOTOPBIX JIEXKAaJI0 PaclIupeHHe Lie-
MEHTHOTO KaMHs, OCHOBaHHOE Ha 00pa30BaHWU ATTpUHTHUTA. B
HEKOTOPBIX PACIIMPSIONINXCS EMEHTax 00pa30BaHHWE ITTPHH-
THTa UCTIONB3YETCS U CO3MaHHUsA TPEOYEMbIX PacHIMpPSIONINX
HanpsbkeHud [5,6,8,15,16].

3arBepaeBIIas [IEMEHTHAs MacTa MOCTOSHHO HpeTepreBacT
M3MEHEHHS TOoA JeHCTBHEM psina (GpakTopoB u B Oousblmeii cre-
IICHU OT L[eﬁCTBH}I BJIard, 4YTO BbI3BIBACT UBMECHCHUS B CTPYKTYpPE
Y COCTaBe MaTepHaJIOB, U MOKET IPUBOAUTH K X pa3pyLICHUIO,
HN3MCHCHHIO BHCIIHCTO BHJA. HOE)TOMy AKTYAJIbHBIM ABJIACTCA
M3y4YEHUE BIUSHUS YCIIOBUI 00pa3oBaHus rHpaTHBIX (a3 B pas-
JIMYHBIX YCJIIOBUAX U UX yCTOIﬁ'—IHBOCTB.

Oco0eHHO 3TO OTHOCHTCSI K CyXHM CTPOUTEIILHBIM CMECSM,
TaK KaK BO MHOTUX CYXHMX CTPOMTEIbHBIX CMECSIX B COCTABE BSI-
JKYILETO MPUMEHSIOTCS PACIINPSAIOIINECS KOMIIOHSHTHI ATIOMH-
HAaTHOTO U CYJIb()OUTIOMHHATHOTO TBEPACHHUS, IPU THAPATALN
KOTOPBIX 00pa3yeTcst STTPHHIUT, MOP(OIIOTHSI KOTOPOT'O CyIIle-
CTBEHHO 3aBHCHT OT BHJa HICXOJHOTO KIIMHKEPHOTO MUHEpaIa, a
Takke OT ycloBUil oOpazoBanus [9,16,17].

Iesabl0 JaHHOTO McCIeA0BAaHNS ObUTO H3ydYeHHE KMHETHKH
00pa3oBaHKs JTTPUHTHTA U3 CYJIb(GOATIOMHHATA KalbIMA H
cynab(oanoModeppuTa KalbIUs [PH PA3TUYHBIX YCIOBHIX
TBEPACHUS, TAKUX KaK BOJIaA, BJIQXKHBIN U CyXOﬁ BO34YyX, a4 TAKKE
YCTaHOBIIEHHE KOJIMUECTBA 00Pa3yrOLIErocsl STTPUHTUTA U CTe-
TIEH! paclInpeHus 00pa3IoB.

Martepuajbl M1 MEeTOABI HUCCJIeJOBAHUIA

B pabore rcnonb3oBaics cyib(hOaTIOMIHATHBINA IEMEHT MHU-
HEepaJIOTHYeCKUI cocTaB, KOTOPOTO IIPEJCTaBIICH, OEIUTOM
(C2S) — 37 %, cynboamomunarom xanbius (C4A;S) — 56% u
npodne cocTapusiomue 7 %. XUMHYECKHH COCTaB IEMEHTa
mpencTaBieH B Tadumie 1.

B kagecTBe HCXOAHBIX MaTePHAIOB B pa0OTE MCIIOIB30BAJICS
cynsdoamomodepputHsiil KiauHKEp (CADK), BHIMTYIICHHBIA Ha
ITomonscKkOM 1IEeMEHTHOM 3aBojie. XUMHUUECKUH COCTAB U MUHE-
panoruueckuii coctaB CADK ximHKepa npeacTaBieH B Ta0m. 2.

complex [11-14]. The opinions of researchers regarding the
hydraulic activity of aluminoferrite phases boil down to the
fact that the hydration activity in a series of solid solutions
of calcium aluminoferrites decreases with an increase in the
content of Fe O3 [5,11,13], and regarding the hydration
products of calcium aluminoferrites in the presence of gyp-
sum, the opinions are very contradictory [14].

The formation of iron-substituted ettringite during the
hydration of sulfoaluminoferrites based on C4AF is ob-
served in the first day of hydration. Moreover, in the first
hours (1-12 hours) the monosulfate form of calcium hy-
drosulfoaluminoferrite is formed. Hexagonal calcium hy-
droalumoferrites of the composition C4(AxFix)His are ob-
served in 24 hours and at all subsequent times, and the nu-
clei of cubic hydroalumoferrites C3(AxF1-x)He are formed in
28 days, while the amount of hydroalumoferrites of the
composition C4(AxFix)Hi3 formed in the first day remains
unchanged [9,14].

It is known that the formation of ettringite occurs with
an increase in volume by 3 times from the original. This
property was used to create expansive and stress-resistant
cements, which were based on the expansion of cement
stone, based on the formation of ettringite. In some expan-
sive cements, the formation of ettringite is used to create the
required expansive stresses [5,6,8,15,16].

Hardened cement paste is constantly subject to change
under the influence of a number of factors, and to a greater
extent, moisture, which causes changes in the structure and
composition of materials and can lead to their destruction
and changes in appearance. Therefore, it is relevant to study
the influence of the conditions of formation of hydrate
phases under various conditions and their stability.

This is especially true for dry building mixtures, since in
many dry building mixtures, expanding components of alu-
minate and sulfoaluminate hardening are used in the binder
composition, the hydration of which forms ettringite, the
morphology of which significantly depends on the type of
the original clinker mineral, as well as on the conditions of
formation [9,16,17].

The aim of this study was to investigate the kinetics of
ettringite formation from calcium sulfoaluminate and cal-
cium sulfoaluminoferrite under different curing conditions
such as water, humid and dry air, and to determine the
amount of ettringite formed and the degree of expansion of
the samples.

Materials and research methods

The work used sulfoaluminate cement, the mineralogi-
cal composition of which is represented by belite (C,S) —
37%, calcium sulfoaluminate (C4A3S) — 56% and other
components — 7%. The chemical composition of the cement
is presented in Table 1.

The starting materials used in the work were sulfoalu-
minoferrite clinker (SAFC) produced at the Podolsk cement
plant. The chemical composition and mineralogical compo-
sition of SAFC clinker are presented in Table 2.
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TABJIALA 1 XUMAYECKHANA COCTAB CYJb®OATIOMAHATHOI'O IIEMEHTA

Table 1 Chemical composition of sulfoaluminate cement

Conep:xanne oKcuI0B, %
Martepuan Oxide content, %

Material Si0: ALO; | Fe:03 Ca0 MgO SO; R:0 e
CyIbhOAMOMHHATHBIH UCMEHT | ) 75 14,73 3,20 51,45 1,76 10,45 1,14 2,70
Sulfoaluminate cement
TIIII — TIOTEPH NIPH ITPOKATUBAHUH
ignition losses

TABJHMIA 2 XUMHYECKHA 1 MUHEPAJIOTUYECKHNIM COCTAB CA®K KJIUMHKEPA
Table 2 Chemical and mineralogical composition of SAFC clinker
Conep:xanue OKCHI0B, Macc. % Conep:kaHue MHHEPAJIOB, %o
Oxide content, wt.% Mineral content, %
SiO2 14,76 CyabsdoanomodeppurHas dasza 55.60
AlLO3 10,87 Sulfoaluminoferrite phase
Fe203 13,78 Agur 10-15
Ca0O 56,39 Alit
MgO 2,04 Bbeaunt
SO 2.39 Belit 25-30
R0 1,09
T 0,51

LemenT Ha ocHOBE cynb(hoamoMoPeppUTHOTO KINHKEPA 1
rurnca B konmuectBe 10 Macc.% moinydanu COBMECTHBIM MIOMO-
JIOM JI0 Y/IeJIbHOM noBepXxHOCTH 350 M2/KT.

LlemeHTHast macta M3 CyJb(QOATIOMHHATHOTO HIIH CYJIb-
(hoamoMoeppUTHOTO IIEMEHTa FTOTOBHUJIACH MIPU BOJOIIEMEHT-
HoM otHomienuu 0,40. M3 neMeHTHO# macTel opMoBaau 00-
pasubl A ucnbiTanuii pazmepom 10 x 10x 30 mm. [Mocne cxBa-
THIBAaHUS M U3BJICUCHHS U3 (OPMBI OHH XPAHIIIHCH JIO UCTIBITA-
Hull npu Temnepatype 20 °C B CyXoM BO3/lyXe B IKCUKAaTOpe
HAJl CHJIMKArelieM, B BO3/IyX€e, HACBHIIIICHHOM BOISTHBIM TApOM,
U B BOJIC, HACKHIIIICHHOI M3BECTHIO.

[Ipu TBepreHNH 00pa3IOB B MPOIIECCE THAPATAIIUH IIPOTE-
KaJa cleyromas XUMUYIecKas peakius:

Cement based on sulfoaluminoferrite clinker and gypsum
in an amount of 10% by weight was obtained by joint grind-
ing to a specific surface area of 350 m?/kg.

Cement paste from sulfoaluminate or sulfoaluminoferrite
cement was prepared with a water-cement ratio of 0.40. Test-
ing samples measuring 10 x 10 x 30 mm were formed from
cement paste. After setting and removal from the mould, they
were stored until testing at a temperature of 20 °C in dry air
in a desiccator over silica gel, in air saturated with water va-
pour, and in water saturated with lime.

During the hardening of the samples during the hydration
process, the following chemical reaction took place:

3Ca0-3A1,03-CaS0O4 + 8 CaS0O4-2H,0 + 6 Ca(OH); + 74H20 — 3Ca0-3A1,03-3CaS0O4 32H,0

M3MeHeHne reoMEeTPHIECKHX Pa3MEPOB U Macchl 00pa3oB
OTIPEICIISIIMCH OCNIE PAa3JIMYHOr0 BPEMEHHU THApATalMy WIIN
J0 TeX IIOp, II0Ka OHM HE Paclalich U3-3a YPEe3MEPHOro pac-
mmpeHus. ['uaparanuo o0pas3ioB OCTAaHABIMBAIY, BbIACPIKH-
Bast 00pasLbl B allETOHE, MOCIE Yero CyLIMIM Ha Bosayxe. Ko-
JMYECTBO 00pa30BaBIIErOCS STTPUHIHTA ONPEICTSIA METO-
oM auddepeHmanTsHoro TepMmdeckoro anammsa (I TA).

Pe3yabTaThl U 00cy:KIEHNE

JlanHble 0 paciMpeHuHn (CpeHIe 3HaYeHUs Tpex 00pas1oB
JUTSL UCTIBITAHKI ) JUTS T1ACT, U3TOTOBJIEHHBIX C UCIIOIb30BAaHUEM
C4A3S npencrasnensl Ha puc. 1.

CpaBHeHI/Ie PE3YIBTATOB, MMOJTYUYCHHBIX HAa UCTIBITATCIIbHBIX
o0pasiax, KOTopble TBEpJeld B BOJE, MOKa3blBaeT OOJIbIINE
pas3inurg Kak B OTHOIICHUN KHHCTUKH ITpoHecca paClIupCHUs,
Tak u obmiero pacmmperus. OOpasipl 04eHb OBICTPO PACIITH-
PHWIIHCH U pacnajiich MeHee 4eM 3a 1 MecsI] U3-3a Ype3MEpHOro
pacumpenus. OOpasupl, TBEpACBIIME BO BIAXXHOM BO3AYyXeE,
pacIIMpSIFOTCS TaK ke, KaK TBEpACKOLIME B BOJAE, HO MEJICH-
Hee. Bce 00pasisl 1Jist UCTIBITAHK PACainch MeHee YeM 3a |
TOJI U3-32 YPE3MEPHOTO PACIIHPEHUSL.

OO0pasiibl, TBEPCBIIKNE B CYyXOM BO3/yX€, MOKA3aIH OTYET-
JIMBOE, XOTS M MEHbIIIEE PACIIUPEHHUE.
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The changes in geometric dimensions and mass of the
samples were determined after different hydration times or
until they disintegrated due to excessive expansion. Hydra-
tion of the samples was stopped by soaking them in acetone
and then air-drying. The amount of ettringite formed was de-
termined by differential thermal analysis (DTA).

Results and discussion

Expansion data (average values of three testing samples)
for pastes made using C4A;S are shown in Fig. 1.

Comparison of the results obtained on testing samples
that were cured in water shows large differences both in terms
of the kinetics of the expansion process and the overall ex-
pansion. The samples expanded very rapidly and disinte-
grated in less than 1 month due to overexpansion.

The samples hardened in moist air expand in the same
way as those hardened in water, but more slowly. All testing
samples fell to pieces in less than 1 year due to excessive ex-
pansion.

Samples cured in dry air showed a distinct, albeit smaller,
expansion.
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PUCYHOK 1 250
PACIIUPEHUE OBPA3IIOB U3 CsA3S, 200
TBep/AeBIINX B BOJie, BO BJAKHOM M CYyXOM BO3IyXe =§
=
¢ 150 /
3
Figure 1 g 100 //‘
. g APM.
Expansion of water-cured CsA3S samples in humid & 50 ~— — TR
and dry air , L i’:::;*””"&/
0 7 14 21 28
Bpems TBepAeHHS, CYT.
=&~ BJIAKHBIN BO3AYX —®—CcyXoii BO3AyX —€—Bola

CremnieHp pacmmpeHus 00pasIoB U3 cyab(oanomMopeppuTa
KaJbLUs [IPEACTABICHBI Ha pHC.2.

Kak BHIHO U3 IIPEACTaBICHHBIX JAHHBIX 00pa3Iibl PacIlu-
pSUTHCH MEUICHHO, M 3aMETHOE TPEUIMHOOOPa30BaHUE CTAIO
OYEBHIHBIM TOJIBKO 4epe3 12 mecses.

PUCYHOK 2

The degree of expansion of calcium sulfoaluminoferrite
samples is shown in Fig. 2.

As seen from the presented data, the samples expanded
slowly, and noticeable cracking became evident only after 12
months.

70
KHUHETUKA PACHIMPEHHSI OBPA3IIOB U3 60
CYJIb®OATIOMO®EPPUTA KAJIBLUA = %
g 40

g
Figure 2 2 30
Kinetics of expansion of calcium sulfoalumino-fer- E 20
rite samples 10
0

0 1 2 3 4 5 6 7 8 9 10 11 12

Wzyuenne KMHETHKH 00pa30BaHUs STTPUHTHTA B HCCIIENO0-
BaHHBIX 00pa3lax M3 CyJIIO(OATOMUHATA KAJIBIHs, TBEPIEB-
[IMX B YCJIOBUSX BJIQXKHOTO BO3yXa M BOABI OKA3aJI0, YTO 3T-
TPUHTUT 00pa3yercs O4YeHb OBICTPO B TE€UYEHHHU TEPBBIX 7 Cy-
ToK. B cnenyromue 14 cyT Bmiots 10 21 cyT 0Opa3oBaHue 3T-
TPUHTHTA TPOJIOIDKACTCS, OJHAKO HE TaK MHTEHCUBHO H K 28

Bpems TBepaeHN, MecC,

—®—BJA:KHBIH BO3AYX —®—Boja

A study of the kinetics of ettringite formation in the stud-
ied calcium sulfoaluminate samples, hardened in conditions
of humid air and water, showed that ettringite forms very
quickly during the first 7 days. In the next 14 days up to the
21st day, the formation of ettringite continues, but not as in-
tensively, and by the 28th day its formation stabilizes (Fig.

CyTKaM ero obpas3oBanue crabunuzupyercs (puc.3). 3).
PUCYHOK 3 35
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30 28,529
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Figure 3 g 10
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Kinetics of ettringite formation in C4A3S samples §
hardened in water and moisture air 0
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CpaBHeHHE pacmUpeHus 0O0pa3IoB, MPOMCXOMANINX BO
BJI&)KHOM BO3JlyX€ M B BOJIE, [I0KA3aJI0, YTO MPU OJUHAKOBBIX
YPOBHSX 3TTPUHTUTA pacIIipeHue ObUIo OobIIe y 00pasos,
TBepIeBIINX B Boje (puc.4). MOXXHO 3aKIIOYHTH, YTO TIOBBI-
LIEHHOE BOJIOMOTJIOIICHHE B 3THX YCIOBHAX CTUMYJIUPYET pac-
NIMPCHUE 3aTBepleBInel macThl. [I0CKONBKY paciiupeHue B
000MX YCJOBHUSX CONPOBOXKIAIOCH IMOTJIOMICHUEM BOIBI U3
OKPY’KaIOMIEeH CpeIbl, MPECTABISICTCA BEPOSITHBIM, YTO B TIPO-
[[eCCe PACIIMPEHUS MPOUCXOIMIH SBJICHUS HAOYXaHUS.

PUCYHOK 4

W
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PACIIMPEHHUE B 3ABUCUMOCTHU OT
KOJIMYECTBA OBPA30OBABIIEIOCA

3TTPUHIUTA B OBPA3LIAX U3 C4AsS,
TBepAEeBIUHX B BO/Ie H BO BJIA’KHOM BO31yXe
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Figure 4

Expansion as a function of ettringite formation in
C4A3S samples hardened in water and moisture air

[
£

Conepsxanne >TTpHHraTa, %
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Ha puc.5 nokazaHa KnHeTHKa 0Opa30BaHUs STTPUHIUTA B
HCCIEeIOBAaHHBIX 00pa3iax u3 cynbdoanoMopeppuTa Kaablus
B YCJIOBHSIX TBEPACHHI BO BIAXKHOM BO3IyXe U Boje. Peakius
00pa3oBaHus ITTPUHTUTA 3aMETHO MEJUICHHEE, YeM MPH TUjl-
paranuu cyiab(oaaroMuHaTa KaabIus.

W3yyenue pacluupeHuss MCCIEAYEMbIX IAacT U3 CyJjb-
(hoamomodeppuTa KaIbKs B 3aBUCHMOCTH OT KOJIHYECTBA 00-
Pa30BaBIIErOCs] STTPUHTUTA MOKA3aJ0, YTO CHOCOOHOCTh IT-
TPUHTUTA BBI3bIBATH PACHIUPCHUEC JIA IMOJTYUYCHUA 3a}IaHHOﬁ
CTCTICHU paCHIMpEHUd B MacTax, TBEPACHOMIUX B BOJAC MU Ha
BJIQXKHOM BO3/Iyxe TpeOyeTcs pa3Hblie KOJMIECTBA ITTPHHTUTA.
[oHMKXEHHOE PaCIIMPEHUE MACT OOBSICHACTCSI MEJICHHBIM 00-
pa3oBaHUEM ITTPUHTUTA MPH TBEPACHHHU Cyibdoanomodep-
puta Kanpnus (puc.6).

PUCYHOK 5

A comparison of the expansion of samples occurring in
humid air and in water showed that, at the same levels of
ettringite, the expansion was greater in samples hardened in
water (Fig. 4). It can be concluded that increased water ab-
sorption under these conditions stimulates the expansion of
the hardened paste. Since the expansion in both conditions
was accompanied by the absorption of water from the sur-
rounding medium, it seems likely that swelling phenomena
occurred during the expansion process.
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W
=]

KHHETHUKA OBPA3OBAHUsI DOTTPUHI'UTA
INPU TUAPATALIUU CYJIbPOAJTIOMODEP-
PUTA KAJIbLIUSA

Figure 5

Kinetics of ettringite formation during hydration of
calcium sulfoaluminoferrite
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Figure 5 shows the kinetics of ettringite formation in the
studied calcium sulfoaluminoferrite samples under hardening
conditions in humid air and water. The reaction of ettringite
formation is noticeably slower than during the hydration of
calcium sulfoaluminate.

A study of the expansion of the investigated pastes made
of calcium sulfoaluminoferrite depending on the amount of
ettringite formed showed that the ability of ettringite to cause
expansion to obtain a given degree of expansion in pastes
hardening in water and in humid air requires different
amounts of ettringite. The reduced expansion of the pastes is
explained by the slow formation of ettringite during the hard-
ening of calcium sulfoaluminoferrite (Fig. 6).
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PUCYHOK 6
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PACIHLIMPEHUE OBPA3I1OB CYJIb®O-
AJTIOMO®EPPUTA KAJIbIIUSI B 3ABUCUMO-
CTHU OT KOJIMYECTBA OBPA30OBABIIEI'OCS
OTTPUHI'UTA, TBepAeBIIUX B BO/I€ U BO BJIAKHOM
BO3/yXxe
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Figure 6
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Expansion of calcium sulfoalumoferrite samples de-
pending on the amount of ettringite formed, hard-
ened in water and in humid air
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3akiaroueHue

B pesynbrare IpOBEAEHHBIX HCCIEAOBAaHMI MOXHO Clie-
JaTh CIEAYIOIINE BBIBOJIBI:

1. YcraHOBNIEHO, YTO CTENEHb PACIIUPEHHUS, CBSI3AHHOTO C
STTPUHTUTOM, 3aBUCHUT OT YCJIOBUil TBepAeHus oopasuos. I1o-
Ka3aHo, 4TO 00pas3libl, 3aTBEPAEBAIOIINE [10]] BOJOW THIPATH-
pyloTcs ObIcTpee, ueM 00pasiibl, 3aTBEP/ICBAIOIINE HA BIaXKHOM
Bo3nyxe. [Ipu 3TOM pa3HuUIIa B KOJMYECTBE 00Pa30BaBLIEIOCS
OTTPUHTUTA HC CJIMIIKOM BEJIMKA.

2. Ilpouecc rugpaTaIiy B HCTIBITATENbHBIX 00pa3nax, TBEp-
JIEBIINX B CyXOM BO3/yX€, IPAKTHUECKN OCTAHOBHJICS B TEUe-
HHE HECKOJBKHUX JHEH. DTO 00yCIOBIEHO ITOTEpEl 3HAUNTEIb-
HOH 4acTH CBOOOIHON BOABI B 3THUX YCJIOBHSX.

3. Uzyuenune oOpa3oBaHus ITTPUHTUTA B 00pasiax U3 CyJib-
(boaHIOMI/IHaTa KaJIbIUsA, TBEPJACBIINX B YCJIIOBHAX BJIAXKHOT'O
BO3ayXa U BOJBI IMOKa3aJ10, YTO OTTPUHTUT o6pa3yeTCﬂ O4YCHb
OBICTPO B TEUEHHM MEpBHIX 7 CyTOoK. B cienyrommme 14 cyt
BILIOTH 110 21 cyT oOpa3oBaHME STTPUHTUTA MPOJIOJDKACTCS,
OJIHAKO HE TaK WHTEHCHBHO U K 28 CyTkaM ero oOpa3oBaHHe
CTaOMIIN3HpYeTCS.

4. DTTPUHTHT TpH TUApATalUHU cylb(oamomMopeppuTa
KaJIbIUsE 00pa3yercs MeUICHHEe W B MEHbBIIEM KOJIHMYECTBE,
4TO 00yCIIOBIMBAET HEOOIBIIIOE pacIIMPEHHE 00Pa3IOB.

5. CpaBHEHHE pacHIMpeHHs: 00pa3loB KaK U3 CyJb(oalio-
MHHaTa KallblMs, TaK U U3 CynbhoaroModeppura KaibIus,
MPOUCXOIAIIETO BO BIAXKHOM BO3/yX€ U B BOJIE, I0Ka3ajo, 4TO
Ipyu OAWHAKOBBIX KOJIMYECTBAX OTTPUHIHUTA PACIIUPCHUC
Oomnpire y 00pasIoB, TBEPAEBIINX B BOJAE, YTO 0OYCIIOBICHO
TMMOBBIIIEHHBIM BOJOIOTJIONICHUEM B OTHUX YCJIIOBUAX.

Jlntepartypa:
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Conclusion

As a result of the research conducted, the following con-
clusions can be drawn:

1. It was found that the degree of expansion associated
with ettringite depends on the curing conditions of the sam-
ples. It has been shown that samples hardening under water
hydrate faster than samples hardening in humid air. However,
the difference in the amount of ettringite formed is not too
great.

2. The hydration process in test samples cured in dry air
practically stopped within a few days. This is due to the loss
of a significant portion of free water under these conditions.

3. A study of the formation of ettringite in calcium sul-
foaluminate samples hardened in humid air and water showed
that ettringite forms very quickly within the first 7 days. In
the next 14 days up to the 21st day, the formation of ettringite
continues, but not as intensively, and by the 28th day its for-
mation stabilizes.

4. During the hydration of calcium sulfoaluminoferrite,
ettringite is formed more slowly and in smaller quantities,
which causes a slight expansion of the samples.

5. A comparison of the expansion of both calcium sul-
foaluminate and calcium sulfoaluminoferrite samples in hu-
mid air and in water showed that, with the same amounts of
ettringite, the expansion was greater in samples hardened in
water, which was due to increased water absorption under
these conditions.
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PA3PABOTKA COCTABOB IITYKATYPHOM I'MAPOU3OJIAIIMOHHON CMECH
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AHHOTALUS

B oannoii pabome paccmompenvi ocobennocmu paspadbomku wimyKkamypHvix UOPOU3OIAYUOHHBIX cMecell ¢ UCHOTb308A -
Huem cynvgoanromunamuozo yemeruma (CAL]). Ocnoeroe sHumanue y0ensnocs noobopy KOMNOHEHMO8, 00ecneuu8aouux no-
8blUUEHUe NPOYHOCU, 8000OHENPOHUYAEMOCIU U HAOEXHCHO20 CYenaeHUs pacmeopa ¢ ocHoganueM. Ilpumenenue niacmugu-
yupyrowux oodasox Melflux 4930 u Melment F-10 cnocobcmeyem unmeHncugurxayuu 2uopamayuoHHuIX npoyeccos, opmu-
POBAHUI ONMUMATBHOU CIMPYKMYPbl YEMEHMHO20 KAMHS U YIVHUIeHUIO IKCIIYAMAYUOHHbIX ceoticms. Tlokaszano, umo peey-
nuposanue cooeprcanus CAL  komnosuyuu no3eonsem KOHMPOIUPOSAmy CPOKU CXEAMBIBAHUS U PAHHION NPOYHOCTb BANCY -
We20, 4mo 0COOEHHO BAXHCHO NPU BLINOIHEHUU PEMOHMHBIX U 80CCMAHOBUMENbHLIX pabom. Onmumusayus cocmasa cyxux
cmecell ¢ PpaKkyuoOHUPOBAHHBIM KEAPYEBLIM NECKOM U MOOUPUKAMOPAMU CHOCOOCMBYem NOBLIWEHUIO D0I208E4HOCINU NHOKPbI-
muil U COKpaujeHuio pemeny cmpoumenvHovlx onepayuii. Iloryuennvie pesyabmamsl Mo2ym Oblmb UCNOTL3068AHYL OIA PA3PA-
bomKu IhpexmueHvix 2UOPOUBOTAYUOHHBIX COCMABOS U COBEPULEHCTNBOBANHUA TNEXHOIOUT UX NPUMEHEHUS.
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DEVELOPMENT OF COMPOSITIONS OF PLASTER WATERPROOFING MIXTURE
USING SULFOALUMINATE CEMENT

Min Hein Htet!, Aung Kyaw Kyaw!, Potapova E.N.!
' D. I. Mendeleev Russian University of Chemical Technology (RSTU)

ABSTRACT

In this paper, the features of the development of plaster waterproofing mixtures using sufoaluminate cement (SAC) are
considered. The main attention was paid to the selection of components that increase the strength, water resistance and reliable
adhesion of the mortar to the substrate. The use of plasticizing additives Meflux 4930 and Melment F-10 contributes to the
intensification of hydration processes, the formation of the optimal structure of cement stone and the improvement of opera-
tional properties. It is shown that the regulation of the CAC content in the composition makes it possible to control the setting
time and early strength of the binder, which is especially important when performing repair and restoration work. Optimization
of the composition of dry mixes with fractionated quartz sand and modifiers helps to increase the durability of coatings and
reduce the time of construction operations. The results obtained can be used to develop effective waterproofing compounds
and improve their application technologies.

KEY WORDS: sufoaluminate cement, Portland cement, plaster waterproofing of mixtures, plasticizers, early strength,
water resistance, composition optimization
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BBEJEHUE

beToHHBIE KOHCTPYKIIUH ITOJBEP)KEHBI 00pPa30BaHMIO Tpe-
IMuH, (pparMeHTaluy U ApYyruM AedekraMm B mporecce -
TENbHOH 3KcIuTyaTanuu. Iyt peMOHTa OCTOHHBIX 3JIEMEHTOB
9acTO NMPUMEHSIOTCS MOJIMMEpHbIe MaTepuansl [1], monumep -
MOJIM(UIMPOBaHHBIE LIEMEHTHBIE Marepuaibl [2,3], a Takke
LIEMEHTHBIE MaTepHajbl. YUUTHIBasl HOJTOBEYHOCTh, MEXaHH-
YeCKHE CBOMCTBA, pa3MEPHYI0 CTaOMIIBHOCTD, INPOKYIO chepy
NPUMEHEHHUS, YJKOHOMHUYECKYIO 3((PEKTUBHOCTh U COBMECTH-
MOCTb C IEMEHTOOETOHHBIMU MaTepuaaaMu, IIEMEHTHBIE OBICT-
POTBEPACIONINE PEMOHTHBIE COCTABHI ABJISIOTCS] HANOOJIEe IIH-
POKO HCCIENYyEMBIMU M IPUMEHSIEMBIMH.

OOBIYHBIH MOPTIAHALIEMEHT B HACTOSIIEE BPEMS SBIISCTCS
Hanbosiee MHPOKO MPOU3BOAMMBIM BSDKYIIMM MaTEPHAJIOM,
o0yialalomuM TaKUMH MPEHMYINECTBAMH, KaK HHU3Kas CTOH-
MOCTh U IIUPOKHUH CHeKTp mpumeHeHus. OgHaKo B Ipolecce
MPOM3BOJCTBA OOBIYHOTO MOPTIAHALIEMEHTA BBIACISIETCS yTIle-
kucinbii raz (CO;z), Ha 10JIF0 KOTOPOTO MPUXOIUTCS OKOJIO 5 —
8% [4] ot obmiero oobéma ra06ambHBIX BEIOpOCcOB CO,, uTO
CYIIECTBEHHO 3aTPYIHsET JOCTIDKEHHUE Iieieil «yriaepogHOro
MUKa» U «YIJIEPOJHOU HEUTPAIbHOCTUY. B cpaBHEHMH C KIIMH-
KEepOM OOBIYHOTO TOPTIAHIEMEHTA, KIMHKEP CYIb(HOATIOMHU-
HAaTHOTO [IEeMEHTa TPeOyeT MEHBIIIEr0 Pacxo/ia U3BECTHAKA IIPH
MPOU3BOJICTBE, OOKUTaeTCsl IpH OoJiee HU3KNX TeMIlepaTypax
[5-7] m obnamaeT Oonee BRICOKON Pa3MOIBHOM CIIOCOOHOCTEIO
[8-11].

Cymepoamomunataeiii iemeHT (CAL]) xapaxrepusyercs
OBICTPBIM CXBaThIBAaHHEM, BBICOKOW paHHEH IMPOYHOCTHIO, CTa-
OMIBHOCTBIO JIMHEHHBIX pa3MepoB U JONTOBEYHOCTHIO [7,11-
13]. Ero rumparamysi mpoTekaeT 3HAYMTENHHO ObICTpee MO
cpaBHeHwMIo ¢ mopTianauementom (I111) [6, 7, 11, 14-15]. B cu-
CTeMe MOPTIaH/IIIEMEHT -CyJIb()OATIOMUHATHBIN IIEMEHT YCKO-
penHas runparanusi CALl conpoBokmaercss moTpebieHneM
BOJIbI U YMEPEHHBIM MOBBIIIEHHNEM TEMIEPATYPhbl, YTO HHTEH-
cuummpyer obmuii npouecc ruaparamuu. OOpasyromuecs
THIPATHl, B YACTHOCTHU 3TTPUHIHUT, CIy’KaT LIEHTPAMH 3apOJbI-
nreoOpa3oBaHus, akTuBHpYs ruapatammio [11] [16-24] u obec-
NEeYnBasl yCKOPEHHOE CXBAaThIBAaHHUE U Pa3BUTHE PaHHEH MPOd-
HocTH [25-27].

CocTaBbl AJIs THAPOU3OIISINH, XapaKTePHU3YIOIIHECs BBICO-
KO INTOTHOCTBIO ¥ IPOYHOCTHIO IEMEHTHOTO KaMHS, U3TOTaB-
JIMBAIOTCSA HAa OCHOBE MopTiaaHAleMenTa. OnHaKO JaHHBIN Bs-
JKYITMHA MaTeprall OTIMYaeTCs YBEJINYEHHBIMU CPOKaMH CXBa-
ThIBaHUS U HU3KOHM paHHEW IPOYHOCTBIO. B oTiimuMe oT Hero,
CyIb(OATIOMUHATHBI [EMEHT XapaKTepH3yeTcs KOPOTKHM
CPOKOM CXBaThIBaHHs ¥ MHTEHCHBHBIM HaOOPOM IIPOYHOCTH B
HEepBbIE CyTKH TBEPACHUS. YUHUThIBas pa3iIMude B CBOHCTBaxX
STHX BSDKYIUX, MOXHO MPEINOI0KHUTh, YUTO BAPbUPOBAHHUE UX
COOTHOILIEHHSI B KOMIIO3UIIUY NTO3BOJIHUT LEJIEHANPABIEHHO pe-
TYJIMPOBATH XapaKTEPHUCTHKH MTOJTy4aeMOT0 MaTeprania.

[TosToMy HebIo HccaeI0BaAHUS SBISIETCS pa3paboTka co-
CTaBOB IITYKaTYpHOH TUAPOU3POIISIIUOHHON CMECH C UCIIOJIb-
30BaHHEM CYJIb(OATIOMUHATHOTO IEMEHTA.

MaTepuanu U MeTOAbI UCCJICJOBAHUA

B pabote ncrnonb30BaHbl MOPTIAHAIIEMEHT U CyJIb(oaro-
MuHaTHBIN 1leMeHT npousBoacTBa AO «Ilononbck-LlemenT», a
TaKXke MIacTHGUIUpPYIOmre T00aBKH - THIIEPILIACTUPHKATOP
Melflux 4930 u cynepruactuduxarop Melment F-10.

Hopmainbhyto rycToTy ¥ CpOKHM CXBAaTbIBaHUSI LIEMEHTHOTO
TECTa OIPECIIIIN Ha MAJIBIX 00pasiax B cOOTBETCTBUU ¢ [28];

INTRODUCTION

Concrete structures are prone to cracking, fragmenta-
tion, and other defects during long-term operation. Poly-
mer materials [1], polymer-modified cement materials
[2,3], and cement materials are often used to repair con-
crete elements. Taking into account durability, mechanical
properties, dimensional stability, wide range of applica-
tions, economic efficiency and compatibility with cement-
concrete materials, cement fast-hardening repair com-
pounds are the most widely researched and used.

Conventional Portland cement is currently the most
widely produced binder material, with advantages such as
low cost and a wide range of applications. However, in the
production process of conventional Portland cement, car-
bon dioxide (CO,) is released, which accounts for about 5
— 8% [4] of total global CO; emissions, which signifi-
cantly complicates the achievement of the goals of "carbon
peak" and "carbon neutrality". In comparison with the
clinker of ordinary Portland cement, the clinker of sul-
foaluminate cement requires less limestone consumption
during production, burns at lower temperatures [5-7] and
has a higher grinding capacity [8-11].

Sulfoaluminate cement (SAC) is characterized by fast
setting, high early strength, linear dimensional stability
and durability [7,11-13]. Its hydration proceeds much
faster compared to Portland cement (PC) [6, 7, 11, 14-15].
In the Portland cement-sulfoaluminate cement system, ac-
celerated hydration of SAC is accompanied by water con-
sumption and a moderate increase in temperature, which
intensifies the overall hydration process. The resulting hy-
drates, in particular ettringite, serve as nucleation centers,
activating PC hydration [16-24] and providing accelerated
setting and early strength development [25-27].

Waterproofing compounds, characterized by high den-
sity and strength of cement stone, are made on the basis of
Portland cement. However, this binder is characterized by
extended setting times and low early strength. In contrast,
sulfoaluminate cement is characterized by a short setting
time and intensive strength gain on the first day of harden-
ing. Given the difference in the properties of these binders,
it can be assumed that varying their ratio in the composi-
tion will make it possible to purposefully adjust the char-
acteristics of the resulting material.

Therefore, the purpose of the study is to develop
compositions of plaster waterproofing mixtures using sul-
foaluminate cement.

Materials and methods of research

The work used Portland cement and sulfoaluminate ce-
ment produced by Podolsk-Cement JSC, as well as plasti-
cizing additives - Melflux 4930 hyperplasticizer and Mel-
ment F-10 superplasticizer.

The normal density and setting time of the cement
dough were determined on small samples in accordance
with [28]; flexural and compressive strength — on samples
of 1x1x3 cm according to [28] and on standard samples 40
x40 x160mm according to GOST 30744-2001!
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MPOYHOCTh MIPH M3THOE M C)KaTUU — Ha o0Opas3iax pa3zMepoM
Ix1x3 cMm mo [28] u Ha cTaHmapTHBIX 0Opa3max 40x40x160Mm
cormacao I'OCT 30744 — 2001!

Bspxymiee a1 IITyKaTypHOH THAPOU30ILMN JOJDKHO YIO-
BIICTBOPSTH POy TPeOOBaHUIL, ITOITOMY HCCIICIOBaHHUS CO-
CTaBa CyXOH CMECH MPOBOJWIN C MCIOJIb30BaHUEM (PPaKIIHO-
HUPOBAHHOTO KBapleBoro necka. Copep)kaHue MENKOTo 3a-
MOJHUTENA B cMecu cocTaBisno 50 u 60%.

Jis ITYKaTypHBIX THAPOM30JILHOHHBIX COCTaBOB OIpe-
JIeISUT TIOABIIKHOCTB 1O pacIuIbIBY KoHyca, cornacHo ['OCT
58277-2018% (m.4.4), BOHOYAEPKUBAIOIIYIO CIIOCOOHOCTE
(11.6), TIpenen MPOYHOCTH Ha PACTSHKEHHE TPH M3THOe W Ipu
cxarun (11.7) 00pa3moB-npu3M pazMepamu 160x40x40 mMm.

JKcNepuMeHThbI U Pe3yJIbTaThl 00CYK/IEHUS

OCOOEHHOCTHI0 KOMITO3UIIMOHHOTO BSDKYIIETO Ha OCHOBE
CyJ1b()OATIOMUHATHOTO LEMEHTa U TMOPTIAH/IIEMEHTA SIBIISI-
ercs croco6HOCTs MuHepana C3A;CS B3auMOAEHCTBOBATh C
MOPTIaHAUTOM, BBIACTIAOMIUMCS IPU THUAPATAllUN CUJIMKATHOM
¢da3pl moprnangieMenrta. [Ipu mocraTouHOM conepKaHHU
cyibdaTa Kaablys B CHCTEME 3TO CIIOCOOCTBYET 00pa30BaHUIO
MAaKCUMAJIBHOI'O KOJIMYECTBA OTTPUHIUTA.

C3A;CS + 8CaSO4+6Ca(OH)2 + 90H20 = 3(3Ca0-Al20s -3CaS04 -32H20)

[IponcxXoanT CHMXEHHE KOHLEHTPALUH HOHOB KaJbLHs B
KHAKOH (ha3e LEMEHTHOTO KaMHs, YTO HHTCHCHHIUPYET MPo-
1iecC ruApaTaliy CHIMKATHBIX (a3 OPTIaHILEMEHTa, a TAKKe
NPHUBOJNT K CHI)KCHUIO 3HaYeHus pH.

[IpoBeeHO HCCeI0BaHNE BIUSHUS KOMIIO3HIIHOHHOTO Lie-
MeHTa, B KoTopoM conepxkanue CAIl m3mensuocsk ot 10 no
90% (Tabnuma 1).

The binder for plaster waterproofing must meet a num-
ber of requirements, therefore, studies of the composition
of the dry mixture were carried out using fractionated
quartz sand. The content of fine aggregate in the mixture
was 50 and 60%.

For plaster waterproofing compositions, the cone
spreading mobility was determined in accordance with
GOST 58277 - 20182 (clause 4.4), water retention capacity
(clause 6), and tensile strength under bending and com-
pression (clause 7) of 160x40x40 mm prism samples.

Experiments and discussion

A special feature of the composite binder based on sul-
foaluminate cement and Portland cement is the ability of
the mineral C3A;CS to interact with portlandite released
during hydration of the silicate phase of Portland cement.
With a sufficient content of calcium sulfate in the system,
this contributes to the formation of the maximum amount
of ettringite

(1)

There is a decrease in the concentration of calcium ions
in the liquid phase of cement stone, which intensifies the
hydration process of the silicate phases of Portland ce-
ment, and also leads to a decrease in pH.

A study was conducted on the effect of composite ce-
ment, in which the content of SAC varied from 10 to 90%
(table 1).

TABJINIA 1 HOPMAJIBHAA TYCTOTA U CPOKH CXBATBIBAHUA KOMIIO3UITUOHHOI'O

HEMEHTA

Table 1 Normal density and setting time of composite cement

Ne Cpoxu cXBaTbIBaHHs, MUH
CocTaB KOMIO3NIMOHHOrO HeMeHTa | HopmaanHas rycrora, % Setting time, min
Composition of the composite of cement| Normal consistency, % HAYAJIO0 OKOHYAHME
initial final
1 100 % CAILL 62,5 25 40
2 90 % CAIT + 10 % IIL] 55,0 27 50
3 80 % CAILL + 20 % ITIT, 52,5 28 55
4 60 % CAIL + 40 % IIL] 45,0 29 57
5 50 % CAIL + 50 % IIL] 45,0 29 59
6 40 % CAIL + 60 % IIIT 40,0 29 59
7 20 % CAIL + 80 % IIIT 37,0 29 60
8 10 % CAIT + 90 % IIL] 36,0 34 60
9 100 % ITI] 30,0 40 250
BomonotpedHOCTD MOpTIaHIIEMEHTA COCTaBIISIET The water consumption of Portland cement is 30.0%,

30,0%, Torna Kak ajs CyJab(pOaTIOMUHATHOTO IIEMEHTA JaH-
HBII TIOKa3aTellb nocturaeT 62,5%. Y CcTaHOBIEHO, YTO yBe-
nmuaenne coaepxanus CALL B KOMITO3UITUU TTPUBOTUT K PO-
CTY HOPMAaJIBbHOM T'yCTOTBHI U COKPAICHHUIO CPOKOB CXBAThI-
BaHUA: Hadajo - ¢ 34 mo 25 muH, okoH4anue - ¢ 60 mo 40
MuH. Takoii  3(dekr 00yclIoBIEH  WHTEHCHBHBIM

while for sulfoaluminate cement this indicator reaches
62.5%. It was found that an increase in the SAC content in
the composition leads to an increase in normal density and a
reduction in setting time: the beginning is from 34 to 25
minutes, the end is from 60 to 40 minutes. This effect is due
to the intensive formation of ettringites in the early stages of

'TOCT 30744 - 2001. MeTobI HCIIBITAHHUI C HCIIOIb30BAHHEM nonudpakuonHoro necka. MHTKC. M.2002.
GOST 30744-2001. Test methods using polyfractional sand. MNTKS. M.2002.

2TOCT 58277 - 2018. Cmecu cyxue CTPOMTENbHBIE HA IIEMEHTHOM BsiKyleM. MeTon! ucnbitanuii - M.: Crannaprundopm, 2019 - 21c.
GOST 58277-2018. Dry construction mixtures based on cement binders. Test methods. Moscow: Standartinform, 2019, 21 p.
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00pa3oBaHNEM STTPUHTUTA HA PAHHUX CTaJUsIX THAPATAIHN.
PerymupoBanune momn CAILl mo3BomseT meneHamnpaBIeHHO
BapbUpPOBATh CPOKM CXBATHIBAHMS, BSDKYIIETO B COOTBET-
CTBHH C TpeOOBaHNAMH KOHKPETHBIX 001aCTel IPUMEHEHUSL.
Jns mcenenoBaHus MPOYHOCTHBIX XaPAKTEPUCTUKH KOMIIO-
3UIMOHHOTO BSDKYIEro ObLIH BEIOpaHb! cocTaBbl No 2-3 1 No
7-8, conepxamrue 10-20% CALL B couetaHuu ¢ MOPTIAHA-
EeMEeHTOM (Tabi.2).

hydration. Regulation of the proportion of SAC allows you
to purposefully vary the setting time of the binder in accord-
ance with the requirements of specific areas of application.
To study the strength characteristics of the composite binder,
formulations No. 2-3 and No. 7-8 containing 10-20% CAC
in combination with Portland cement were selected (Table
2).

TABJINIA 2 TIPOYHOCTHBIE ITIOKA3ATEJIN KOMIIO3UIIUOHHOI'O BAXKYHIEI'O

Table 2 Strength characteristics of composite binder

Ipounocts MIla, npu TBepaenun, cyt, Mlla
Strength MPa, during hardening, day, MPa
NeNe COCT?B, npu usruode NP COKATUH
Composition (in bending) (in compression)
1 3 7 28 1 3 7 28

Cocras 1 100% CALL 3,5 5,0 5,7 6,0 28,7 35,8 36,3 39,5
Cocras 2 90 % CAIT + 10 % IIL] 6,0 6,7 7 7,6 27,3 27,8 28,51 31,6
Cocras 3 80 % CAILL + 20 % ITI] 4,4 5,8 6,3 6,7 17,0 19,0 28,7 30,1
Cocras 7 20 % CAIT + 80 % IIL] 3,5 6,3 6,5 7,5 15,5 25,1 38,6 43,4
Cocras 8 10 % CAIL + 90 % IIL], 6,2 7,2 7,4 8,5 20,7 40,5 50,8 56,9

AHanu3 SKCIEPUMEHTANbHBIX JAHHBIX IIOKa3all, dYTO
HanOOoJIbIIas IPOYHOCTD NPH M3THOE Ha BCEX CPOKax TBEP-
JIeHUs 1OCTUraeTcs B coctase ¢ coaepxkanueM 10 % CALL u
90 % IILI. B panHue CpoKku TBEPACHHU MAKCUMANbHAS TPOY-
HOCTh Tpu cxatuu (27,3-28,7 MIla) 3adukcupoBana y co-
ctaBoB Ne 1 u Ne 2, conmepskanux 90 u 80 % CAILL cootBet-
CTBeHHO. B 28-cyToyHOM BO3pacTe HanOONbIINE 3HAUCHUS
MPOYHOCTH IPHU CKATUU IMPOJEMOHCTPUPOBAIN cocTaB Ne 7
(43,4 MIla) u coctaB Ne 8 (56,9 MIla).

Takum obpazom, coctaB Ne 8 (10 % CALL + 90 % IIIT)
XapakTepu3yeTcss yMepeHHOH BononoTrpedHOCThIO (36%)),
YIOBJICTBOPUTEIBHBIMH CPOKaMH CXBaThIBaHUSA (34-60 MUH)
¥ BBICOKMMH NPOYHOCTHBIMH ITOKA3aTeNIsIMH B Bo3pacTe 28
cyT (m3rud - 8,5 MIla, cxxatue - 56,9 MIla). Ha ero ocHoBe
pa3paboTaHbl COCTaBBI MITYKATYPHBIX THIPOU3OJISIIHOHHBIX
cMmecei.

K 28-m cyrkam TBepAeHHS KOMIIO3ULIMOHHOIO BSDKY-
mero (90 % ITI u 10 % CALL) dbopmupyercst mIoTHasE MUK-
POCTPYKTYypa IIEMEHTHOTO KaMH$, TJ¢ OCHOBHBIM (Da30BBIM
KOMIIOHEHTOM sIBJIsseTCsl Tuapocwiukar kaimbius (C-S-H),
o0pa3yrommii  pa3BETBIEHHYIO BOJOKHHUCTYIO CTPYKTYpPY
(puc.1 a, 6).

ITosrrmennoe conepxxanue CAILl cmocob6cTByeT MHTEH-
CUBHOMY 00pa3oBaHMIO STTPUHTUTA
(3Ca0-Alb03-3CaS04:32H,0), KpHCTALIM3YIOUIETOCS B
UTOJIbYaTOM WM cTOJ09aTON popMe 1 JIOKAIHU3YIOMErocs B
Hopax M MeX3epHOBBIX 30Hax (puc.1 B, T). K 28 cyTkam TBep-
JICHUS] OTMEYaeTCs ero YacTHYHas CTaOMIIN3anus 1 nepepac-
npezeNieHne, 9YT0 BeAET K YIIIOTHEHNUIO MUKPOCTPYKTYPHI U
CHIDKEHHIO KaITMIUIIPHOM OPUCTOCTH.

C 1enpio CHIDKEHHUSI BOAONOTPEOHOCTH KOMIIO3HMIIHOH-
HOTO BSDKYIETO W (OPMHPOBaHUS Oojee IUIOTHOM CTPYK-
TypHI IEMEHTHOTO KaMHSI B CHCTEMY BBOJIIIN TUIACTH(DUITH-
pyrormyto go6asky Melflux 4930 B konmuuectse 0,1-0,6 % ot
MAaccCHl IleMeHTa (Tadmuia 3).

BBenenue rumnepruracTuuKaToOpa MPUBOIAUT K CHIKE-
HUIO HOPMaJIbHOM T'yCTOTHI HEMEHTHOT o TecTa ¢ 36,0 10 28,0
% ¥ CONPOBO’K/AETCS YBEIIMUEHHEM CPOKOB CXBAaThIBAHHS

Analysis of experimental data has shown that the highest
bending strength at all periods of hardening is achieved in a
composition containing 10% SAC and 90% PC. In the early
stages of hardening, the maximum compressive strength
(27.3-28.7 MPa) was recorded for formulations No. 1 and
No. 2 containing 90 and 80% SAC, respectively. At the age
of 28 days, composition No. 7 (43.4 MPa) and composition
No. 8 (56.9 MPa) demonstrated the highest values of com-
pressive strength.

Thus, composition No. 8 (10% SAC + 90% PC) is char-
acterized by moderate water consumption (36%), satisfac-
tory setting time (34-60 minutes) and high strength indicators
at the age of 28 days (bending - 8.5 MPa, compression - 56.9
MPa). Based on it, the compositions of plaster waterproofing
mixtures have been developed.

By the 28th day of hardening of the composite binder
(90% PC and 10% SAC), a dense microstructure of cement
stone is formed, where the main phase component is calcium
hy- droxylicate (C-S-H), which forms a branched fibrous
structure (Fig.1 a,b).

The increased content of SAC contributes to the intensive
formation of ettringite (3CaO-Al,O3-3CaS04-32H,0), crys-
tallizing in a needle-like or columnar form and localized in
pores and intergranular zones (Fig.1 ¢, d). By the 28th day of
hardening, its partial stabilization and redistribution are
noted, which leads to a compaction of the microstructure and
a decrease in capillary porosity

In order to reduce the water consumption of the compo-
site binder and form a denser cement stone structure, Melflux
4930 plasticizing additive was introduced into the system in
an amount of 0.1-0.6% by weight of cement(tabl.3).

The introduction of a hyperplasticizer leads to a decrease
in the normal density of the cement dough from 36.0 to
28.0% and is accompanied by an increase in setting time (be-
ginning from 34 to 52 minutes, end from 60 to 80 minutes),
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PUCYHOK 1

CTPYKTYPA KOMIIO3UIIMOHHOTI' O
BAXKYUIETO, TBEPJAEBLIEI'O 28 cyT.
YBeanuenue: a, B — 5000 kpar;

0, r — 15000 xpar

Figure 1

Structure of composite binder hardened for
28 days.

Magnification: a, ¢ — x 5000;

b, d — x 15000

B (¢)

TABJIMIIA 3 CBOMCTBA HEMEHTHOI'O TECTA C JJOBABKOM Meflux 4930

Table 3 Properties of cement paste with the additive Meflux 4930

Cpoku cXBaTbIBaHUSI, MHH
CocrtaB Copep:xanue, mac. % |HopmaabHas rycrora, % Setting time (min)
Composition Content, wt% Normal consistency HAY2AJI0 OKOHYaHME
initial final

0 36,0 34 60

0,1 35,0 34 67

0,2 32,5 37 65

90 % TILI + 10 % CAILJ 0,3 31,5 41 65
0,4 30,0 50 67

0,5 29,0 50 68

0,6 28,0 52 80

(Hagano — c 34 o 52 muH, KoHenm — ¢ 60 10 80 MHH), YTO CBH-
JETeIbCTBYET O 3aMEIJICHHH THIPATAIOHHBIX IPOIECCOB U
VITy4IIEHUH PEOJIOTHYECKUX CBOMCTB cucTeMbl. CHIDKCHHE 3HA-
yenuit HI' nmpuBoauT K pOCTY MPOYHOCTH, KaK P U3ruoe, Tak 1
pu cxaTtuu (puc. 2).

OKcreprMeHTaJIbHbIE JaHHBIE MTOKA3ali, YTO ONTHMANbHEIC
MIPOYHOCTHBIE XapaKTEPUCTUKH MPH U3THOE M CXKATHH JTOCTUTA-
FOTCS TIPH cofiepkaHnu runepiuactudukaropa 0,2 — 0,3 mac. %.
K 28 cyrkam nmpouHocTs npu n3rude Bospacraer ¢ 8,5 go 13,7-
13,9 MIla, a npu cxxatuu — ¢ 56,9 1o 59,365,6 MIla. Ha ocHoBa-
HUU TOJYYCHHBIX PE3yJbTATOB I Pa3paOOTKU MITYKaTypHOH
THJPOU3O0JISIIIMOHHON CMECH BBIOpaHa JJ03UPOBKA THUIIEPILIACTH-
¢uxaropa Meflux 4930 B komuectse 0,25 mac. %.

K 28 cytkam tBepaenus cocrasa 90% IIL + 10% CAIL] ¢ no-
6asnenuem 0,3% runepmiactudukaropa (Melflux) B ctpykrype
[IEMEHTHOTO KaMHS MPUCYTCTBYIOT HU3KO- M BEICOKOOCHOBHBIE
THJPOCUIIMKATBI aMOp(HO# POpMBI, @ TAKKE MHIPOATIOMUHATHI
rexcaronaigbHol cuaronnu (CAHjo) B Buie pU3M U IIJIACTHHOK;
BO3MOJKHA (BHKCAIUSA MOHOTHIPOCYJIb(OATIOMUHATA KaIbIHS
MI'CAK (puc. 3).
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which indicates a slowdown in hydration processes and
an improvement in the rheological properties of the sys-
tem. A decrease in NC values leads to an increase in
strength, both during bending and compression (Fig. 2).

Experimental data have shown that optimal bending
and compression strength characteristics are achieved
with a hyperplasticizer content of 0.2 — 0.3% by weight.
By day 28, bending strength increases from 8.5 to 13.7-
13.9 MPa, and compression strength increases from 56.9
t0 59.3-65.6 MPa. Based on the results obtained, the dos-
age of the Meflux 4930 hyperplasticizer in the amount
of 0.25 wt. % was selected for the development of a plas-
ter waterproofing mixture.

By the 28th day of hardening of the composition of
90% PC + 10% AC with the addition of 0.3% hyperplas-
ticizer (Melflux), low- and high-base amorphous hydro-
silicates, as well as hexagonal syngony hydroaluminates
(CAHo) in the form of prisms and plates, are present in
the cement stone structure; fixation of calcium monohy-
drosulfoaluminate is possible (Fig. 3).
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PUCYHOK 2

BJIMAHUE COIEPXKAHHUSA THUIIEP-
INIACTU®UKATOPA Melflux 4930 HA
MMPOYHOCTHBIE NIOKA3ATEJIN
HEMEHTHOI'O KAMHS

npu usrude (a)

npu c:xatum (0).
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Figure 2

IMpounocTts npu n3rude (MIla)
%]

The effect of the content of Melflux 4930 hy-
perplasticizer on the bending strength (a) 0
and compression (b) of cement stone
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PUCYHOK 3

CTPYKTYPA KOMIIO3UIIMOHHOI'O
BSIKYIIETO C JOBABKOWM Melflux
4930, TBEPJEBLIET O 28 cyT:
YBeauuenue, a — 5000 kpar;

6 — 15000 xpat

Figure 3

SEIy“ 15kV WD12mm. 8830

The structure of the composite binder with
the addition of Melflux 4930, hardened for
28 days:

Magnification, a — x 5000; b — x 15000

AHaloTH4HBIE MCCIEIOBAHUS OBIIM BBIIOJHEHBI U JUIA CY-
nepriactudukaropa Melment F-10 ¢ 1enpro OLEHKH €ro BIIHs-
HUS HA CBOMCTBA KOMIIO3UITUOHHOTO BsDKyero (90% I1L + 10%
CALl). [lns cHMXKEHUs BOJOMOTPEOHOCTH W YIUIOTHEHHS IIe-
MEHTHOTO KaMHS B KOMIO3HWIMOHHOE BSDKYIIES BBOIMIIM ILIA-
crudurarop Melment F-10 B xomuuectse 0,1-0,6 % ot Macchl
nemMeHTa (Tabi. 4).

Jobasnenne cynepruiacTu@uKaTopa CHIDKACT HOPMAaIBHYIO
TycTOTy LeMeHTHoro Tecta ¢ 36,0 1o 31,0 %, omgHako MeHee Cy-
IIeCTBEHHO, YeM runepruiactuduxarop. Ilpu mcmons3oBaHuH
Melment F-10 Hawamo cxBaThIBaHHA OCTAETCSA MPAKTHUECKH
Hen3MeHHBIM (34-35 MuH), TOr/Ia Kak KOHell yBenuauBaeTcs ¢ 60

Blcyr E3cyr B7cyTr E28oyT

0.1 0.2 0.3 0.4 0.5 0.6
KoMnosuuuoHHee BAKyIIHe ¢ nodaskami I'TI%
a(a)
Wlcyr m3cyr m7cyr m28cyT
0.1 0.2 0.3 0.4 0.5 0.6

Kommnoznmornsie pakynne ¢ Jodaskamu [ TI%

6 (b)

x15,000 1um
34992

0 (b)

Similar studies were performed for the Melment F-
10 superplasticizer in order to evaluate its effect on the
properties of the composite binder (90% PC + 10%
SAC). To reduce water consumption and cement stone
compaction, Melment F-10 plasticizer was introduced
into the composite binder in an amount of 0.1-0.6% by
weight of cement (Table 4).

The addition of a superplasticizer reduces the normal
consistency of the cement paste from 36.0 to 31.0 wt.%,
although to a lesser extent than a hyperplasticizer. When
Mel- ment F-10 is used, the initial setting time remains
practically unchanged (34-35 min), whereas the final
setting time increases from 60 to 80 min. The decrease
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1o 80 mus. CHmxenne 3HadeHnit HI” mpuBoauT K pocTy IpodHO-

CTH, KaK TpU U3rude, Tak U npu cxatuu (puc.4).

strength, both in bending

in normal consistency values leads to an increase in

and in compression (Fig. 4).

TABJIMIA 4 CBOMCTBA IEMEHTHOI'O TECTA C JJIOGABKOM Melment F-10
Table 4 Properties of cement paste with the addition of Melment F-10

Cpoxu cXBaTbIBaHHs, MUH

CocrtaB Copep:xanue, mac. % |HopmaabsHas rycrora, % Setting time (min)
Composition Content, wt% Normal consistency, % HAYAJI0 OKOHYAHHeE

initial final

0 37,0 34 60

0,1 35,5 35 70

0,2 34,0 35 72

90 % I + 10 % CAI] 0,3 32,5 35 76

0,4 32,0 35 78

0,5 31,5 35 80

0,6 31,0 35 80

PUCYHOK 4
Blcyr ®3cyr mT7cyr W28cyr

BJIUSIHUE COJEPKAHUSA CYIIEP-
INTACTUD®UKATOPA Melment F-10 HA
ITPOYHOCTHBIE ITIOKA3ATEJIN

—
=

HEMEHTHOI'O KAMHSI
npu u3rude (a)
npu c:xatum (0).

Figure 4

IMpounocts npn wirnoe ( MIa)

The effect of the content of Melment F-10
superplasticizer on the bending strength (a)

and compression (b) of cement stone

IpounocTs npu cxatTun ( MlIla)

0 0.1 0.2 0.3 0.4 0.5 0.6
Komnosunnonuble BaRymue ¢ odbaskamu CII%

a(a)

Blcytr ®3cyr  WTcoyT 28 ¢yt

0 0.1 0.2 0.3 0.4 0.5 0.6
KoMmno3anuonusie pkymne ¢ 1ooapramu CI%

6 (b)

U3 puc. 4 cnenyer, uro nobaska Melment F-10 (0,1-0,6 As shown in Fig. 4, the addition of Melment F-10 (0.1-
Mac. %) CrocoOCTBYeT MOBbIIIEHHE NPOYHOCTH NpH n3rude Ha 0.6 wt.%) promotes an increase in flexural strength at all
BCexX craausix TBepaeHus. [IpouHocTs npu cxxatuu Bo3pacraer — stages of hardening. Compressive strength increases at
B paHHHe cpoku npu conaepxxanun 0,4 mac. % u Bbie, a k 28  early ages when the content is 0.4 wt.% or higher, while
CyTKaM TOJIOKHUTENbHBIN 3 dexrT coxpansercss Tojpko mpu by 28 days the positive effect is retained only at a concen-
koHueHrpauuu 0,5 mac. %. OnTuManeHBIM Npu3HaHO BBepe-  tration of 0.5 wt.%. The introduction of 0.5 wt.% Melment
nue 0,5 mac. % Melment F-10, oGecrieunBaroniee npounocts F-10 is considered optimal, providing a flexural strength
nipu uzrude 14,6 MIla u ipu cxxaruu 60,8 Mlla.
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K 28 cyTkam TBepIeHIS KOMITO3UIIMOHHEIH IIEeMEHTHBIH Ka-
menb (90 % I + 10 % CAL) ¢ 0,5 mac. % Melment F- 10
(hopMupyeT IUIOTHYIO0 MAIOIOPHUCTYIO CTPYKTYPY € Ipeodia-
maaneM C-S-H, cTaOMIM3npoBaHHBIM ITTPHUHTHUTOM U MUHH-
MaJbHBIM COJNIEPYKaHHEM HeTpopearnpoBaBmmx ¢a3(puc.S),
YTO 00ECIeunBaeT BHICOKUE IKCILTyaTallHOHHbIE CBOWCTBA.

PUCYHOK 5

CTPYKTYPA KOMIIO3MIIUOHHOI'O
BSIKYIIEIO C JOBABKOM Melment F-
10, TBEPAEBILIEI'O 28 cyT:
YBenunuenue, a — 5000 kpar;

6 — 15000 xpart

Figure 5

The structure of the composite binder with & s
the addition of Melment F-10, hardened for | it
28 days:

Magnification, a — x 5000; b — x 15000

Jl71s1 onTHMaNbHBIX COCTABOB C INTACTU(UINPYIONMMH J0-
O6aBkamu Meflux (4930) u cynepmiactudpukaropom Melment
F-10 onpeneneHsl MOABMKHOCTD M KUBYYECTh KOMITO3HIINOH-
HOro coctapa (Tabim. 5).

YBenuueHue coaep)kKaHus MEJKOTO 3amofHuTelNs (Tecka)
NPY UCII0JIb30BaHUH TUNEPILIACTH()UKATOPA CHIKAET BOIOTIO-
TpeOHOCTh pacTBOpHOI cMmecu ¢ 28,0 1o 25,0 %, omHAaKO Cco-
MPOBOKJIAETCA MOTEPE MOJABUKHOCTH U JKUBYUECTU. Y MEHb-
IICHHE JI0JIU BSDKYLIETO B IPUCYTCTBHH CyIiepIuIacTU(HKaTopa
TaKke yMeHbIIaeT BogonoTpedHocTs (¢ 35,0 mo 30,5 %), npu
3TOM HAOJIOAETCsl AaHAIOTUYHOE CHM)KEHHE MOJBHXHOCTH H
JKUBYYeCTH cMecH (Tabu. 5).

[IpouHOCTHBIE TTOKA3aTENN KOMITO3HUIMH ¢ goOaBkoi Mel-
ment HECKOJILKO HWDKE, Y€M B Cilydae NPHMEHEHUs 100aBKH
Melflux, HO TeHmeHIMH coxpaHsSrOTcs (Tadbn. 6). [IpoyHOCTH
KOMITO3HMI[HOHHOTO COCTaBa 3aBHCUT OT COOTHOILLIECHHUS BSKY-
1iee/ecok. BepostHo, B ipucyTCTBUM IUIacTU(UKATOPA B PaH-
HHE CPOKM MPOMCXOJUT HEKOTOPOE 3aMeUICHHE IPOIIECCOB
THIIpaTalliy ¥ TBEPACHUS, a 3aTeM K 28 CyT mporecc yCKopsi-
eTcsl 32 CUET MEHBLIET0 COJIEPKAaHMS BOJIbI B CUCTEME.

a(a)

By 28 days of curing, the composite cement stone
(90% PC + 10% SAC) with 0.5 wt.% Melment F-10 de-
velops a dense, low-porosity microstructure dominated by
C-S-H, stabilized ettringite, and a minimal number of un-
reacted phases (Fig. 5), which ensures high performance
characteristics

n

"
E

Wo1imm  SS30

it

SEl 15KV

6 (b)

For the optimal compositions containing the plasticiz-
ing additive Meflux (4930) and the superplasticizer Mel-
ment F- 10, the workability and cohesiveness of the com-
posite mixture were determined (table 5).

Increasing the content of fine aggregate (sand) when
using a hyperplasticizer reduces the water demand of the
mortar from 28.0 to 25.0%, but is accompanied by a loss
of workability and cohesiveness. A decrease in the binder
fraction in the presence of the superplasticizer also reduces
the water demand (from 35.0 to 30.5%), while a similar
decline in the mixture’s workability and cohesiveness is
observed (table 5).

The strength characteristics of the composition with
the addition of Melment are slightly lower than those ob-
served with the use of Meflux, but the overall trends are
maintained (table 6). The strength of the composite mix-
ture depends on the binder-to-sand ratio. In the presence
of a plasticizer, early-age hydration and hardening pro-
cesses are likely somewhat delayed, while by 28 days the
process accelerates due to the reduced water content in the
system.

TABJIMLA 5. PE3YJIBTATHI HOABUKHOCTHU U ) KUBYUYECTU KOMIIO3ULIUOHHOI'O COCTABA
Table 5. Results of mobility and survivability of composite composition

Conep:xanue, %
Cocras Content, % HI', % IMoaBM:KHOCTH (CM)
Composition Bstxymee TeCOK NC, % Flowability (sm)
binder sand

10% CAILL +90% I+ 0,25% 50 50 25,0 11,0
Melflux 4930 60 40 28,0 9,5

10% CAILL +90% ITL+ 0,5% 50 50 30,5 10,0
Melment F-10 60 40 35,0 9,0

Hanee, cornmacuo I'OCT 58277-2018, onpenensuid Kanui-
JSIpHOE BOJIOTIOTIIONIEH E (T1. §), IPOYHOCTH CLETUIeHHs (aare-
3M10) pacTBOpa C OCHOBaHUEM (11. 9), MOPO30CTOHKOCTH 3aTBep-
JeBuux pacTBopos (1. 10) n BoronenpoHunaemMocts B Tadi. 7
MIPUBE/ICHBI  TIOJIyYeHHbIE 3HA4YEHUS B CPaBHEHHH C

Furthermore, according to GOST 58277-2018, the ca-
pillary water absorption (clause 8), the bond strength (ad-
hesion) of the mortar to the substrate (clause 9), the frost
resistance of hardened mortars (clause 10), and the water
impermeability were determined. Tables 7 present the
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HOpMATUBHBIMU TIoKazateaamu 1o T'OCT 34669-2020° u
TI'OCT 34885-2022%.

obtained values in comparison with the standard require-
ments of GOST 34669-2020° and GOST 34885-2022*

TABJULA 6 TIPOYHOCTHBIE NIOKA3ATEJIHU KOMIIO3ULITMOHHOI'O COCTABA
Table 6 Strength parameters of the composite composition

Copep:xanue, % IIpounocts, cyt MIla
C Content, % Strength MPa, during hardening, day, MPa
ComocoT;fion npu u3ruode TPH CKATAH
P Bﬁ?;’;?:e I;cho(;( (in bending) (in compression)
1 cyt (day) |28 cyt (day) | 1 cyr(day) | 28 cyr(day)
10% CALL +90% I111+0,25% 50 50 8,3 17,5 60,1 93,1
Melflux 4930 40 60 5,9 15,1 41.1 100,1
10% CAILL +90% ITL+0,5% 50 50 5,1 13,7 445 82,0
Melment F-10 40 60 6,3 11,2 31,8 86,3
TABJMIIA 7 CBOMCTBA KOMIIO3UIIMOHHOT'O COCTABA
Table 7 Properties of the composite composition
3HayeHHe MOKa3aTest
The value of the indicator
TMokasaTens Monyuyennoe ¢| Ilonyuennoe ¢ | Ilo TOCT 34669- | Ilo TOCT 34885-
Indicator Melflux Melment 2020 2022
Received from | Received from According to According to
Melflux Melment GOST 34669-2020| GOST 34885-2022
TonsmwkHOCTS [PACTBOPHBIX CMeceH 11,0- 9,5 c™m 10,0-9,0 c™m He meHee [1k3
Flowability of mortar
CoxpaHIeMOCTh IIEPBOHAYATIHHOI ITOIBHKHO-
CTHU pacTBOPHBIX cMecei 35 muH 32 MuH He MeHee 30 MUH
Retention of the initial workability of mortar
BonoynepxuBatomniast ClocOOHOCTb
PacCTBOPHBIX CMecei 93% 91% He menee 90 %
Water retention of mortar
TpousocTs npu Cxati B Bospacte 28 CyT | o3 160 Mr1a | 82,0 - 82,3 MITa He MenHee 25 MITa
Compressive strength at the age of 28 days
Anresus x 6eToHy, 28 cyT
Adhesion to concrete, 28 days 2,6 Mlla 2,4 Mlla He mexee 2,0 Ml
. e menee 0,2 MM/M
Jluneiinast oTHOCHTENBbHAS TeOopMAaITHs
u He 6oiree 0,8 MM/M
pacIIpeHust 0,4 Mmm/M 0,4 mm/M
. . . . B Bo3pacte 14 u 28
Linear relative expansion strain
CyT
Mapka 1o BOJJOHETIPOHUIIAEMOCTH B BO3PACTe
28 cyT 0,78 0,78 He meHee W6
Brand for water resistance at the age of 28 days

3akiaouenue

Takum 006pa3oM CBOWCTBa pacTBOPHOM cMecH ¢ (pakuu-

OHHUPOBAHHBIM IECKOM 3aBUCAT OT COOTHOLICHUS BSXKYIIETO

U IIE€CKAa B KOMITIO3UIIUH. IloBEIeHHAS KOHIICHTpalus MeCKa

B COYCTaHUU C HJ'IaCTI/I(I)I/IKaTOpaMI/I CHOCOGCTByeT Ooiee

TUIOTHOM CTPYKType 3aTBEPIEBIIETO PACTBOPA, CHUKCHHIO

Conclusion

Thus, the properties of mortar with fractionated sand de-

pend on the binder-to-sand ratio in the composition. An in-
creased sand content in combination with plasticizers pro-
motes a denser microstructure of the hardened mortar, re-
duces porosity, and enhances mechanical strength. Test re-

3TOCT 34885-2022 CucTeMa CyXUX CTPOUTENBHBIX THIPOU3OJISIIMOHHBIX CMECEH Ha [IEMEHTHOM BSDKYIIEM JUISl TEPMETH3AIIMH CTATUIHBIX ITBOB
(TpeurH) B CTPOUTEIBbHBIX KOHCTPYKIUAX. TexHudeckue ycnosus. - M. Cranmaptundopm, 2022. - 16 c.
GOST 34885-2022. Dry construction waterproofing mixture system based on cement binder for sealing static joints (cracks) in building structures.

Technical conditions. - M. Standartinform, 2022. - 16 p.

4 TOCT 34669-2020 CMecH Cyxue CTpPOMTETbHbIE THAPOU3OIAIHOHHbIE MTPOHUKAIONINE HA [IEMEHTHOM BSKyIIeM. TeXHHUeCKHe YCIoBHs. - M.:

Crangaptundopm, 2020. - 22 c.

GOST 34669-2020 Dry construction waterproofing penetrating mixes based on cement binders. Specifications. - Moscow: Standartinform, 2020.

-22p.
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MMOPHUCTOCTH U YBEIMUYCHUIO MEXaHUYECKOW MpoYHOCTH. Pe-
3yJIbTATHl HCIIBITAHAHN ITOKA3aJIH, 9TO COCTAB C COAEPIKaHUEM
50 % Bspxymmero u 50 % mecka JEMOHCTPHPYET OoJiee BBICO-
KyI0 paHHIOIO IPOYHOCTH KaK MPH M3THOE U, TaK U IPH CxKa-
THH TI0 cpaBHEeHHUIO ¢ coctaBoM 40 % Bsxymero u 60 %
necka. Ha mepBbIe CyTKHM TBEpJCHUS NaHHBIN cOCTaB obec-
MICYMBACT MPOYHOCTH Tpu u3rude §,3 Mlla u npodHOCTh TpU
cxaruu 60,1 MIla. B Bo3pacte 28 cyT mpouHOCTH 3aTBep-
JeBuiero pactsopa kommnosunuu ¢ 0,25 % Melflux 4930 co-
crapinsetT 15,1-17,5 MIla npu usru6e u 93,1-100,0 MIla npu
cxatuu, a aiasa cocraBa ¢ 0,5 % Melment F-10 - 11,213,7
MITa u 82,0-86,3 MIla, cOOTBETCTBEHHO. Y YUTBIBAsI OTH I10-
Ka3aTelln, peKOMEHAYeTCS IPUMEHATh COCTaB ¢ COOTHOIIIE-
aueM 50 % Bsoxymiero u 50 % mecka U THAPOM30IIIHOH-
HBIX OITYKaTYPHBIX CMECeH.
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sults showed that the composition containing 50% binder and
50% sand exhibits higher early-age strength (both in bending
and compression) compared to the composition with 40%
binder and 60% sand. At one day of curing, this composition
provides a flexural strength of 8.3 MPa and a compressive
strength of 60.1 MPa. At 28 days, the hardened mortar of the
composition with 0.25% Meflux 4930 shows a flexural
strength of 15.1-17.5 MPa and a compressive strength of
93.1-100.0 MPa, whereas for the composition with 0.5%
Melment F-10, the values are 11.2-13.7 MPa and 82.0-86.3
MPa, respectively. Considering these results, it is recom-
mended to use a composition with a 50% binder and 50%
sand ratio for waterproofing plaster mortars.
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JIEKOPATUBHBII KOMIIO3UIIMOHHBLI MATEPUAJI HA OCHOBE PEIIUKJIMHT A
OTXOJ0B CHIUTOI'O MOJUITUIEHA U CTPOUTEJIbHOMU KEPAMUKHU

Bapysnun A.A.!, Bakpesckas JI.B.2, Jloopoxoros B.B.?

12 Bragumupcknii Cocynaperennsiii Yuusepcurer uM. Anexcanapa I'puropsesnua n Hukosnas puropbesnya CToJI€TOBBIX
3sIpocaasckuii Tocynapcreennblii Texuudeckuii yHuBepcuTeT

AHHOTALIUA

B cmamve npedcmasneno ucciedosanue IKCNIYAmayuoOHHbIX CEOUCME OeKOPAMUBHO20 KOMROZUYUOHHO20 MAMEPUANA HA OCHOBE OMXO0-
008 0051 KEpaMU1ecKo20 KUPRUYA U CLUUMO20 NOAUIMULEHA. YCMAHOBNIEHO, YMO BKIIOYEHUe 8 COCMAS 3aNOTHUMENs 8 8Ude OPODIEHbIX OM-
X0006 CUUMO20 NOIUIMUNEHA CHUJICAenm MeKy4ecmb U YOOO0YKIa0bleAeMOCHb CMECU, YMO CESI3AHO C YBEIUYEHHbIM MPEHUEM Yacmuy 6
cMecu U3-3a UX HenpasuibHol (hopmul U wepoxoeamoil nosepxnocmu. Onpeodeneno, umo e6edeHue 8 COCMas 3anOTHUMENsL U3 OMX0008 CUill-
M020 NOMUIMULCHA O CPAGHEHUIO C MUHEPANLHBIM 3ANOIHUMENEM NO360ISAEeN CHUZUMb NIomHOCMb uzdenuii (0o 1570 ka/m’). Buiseneno,
umo 06pazybl Mamepuala ¢ NOTUMEPHbIM 3anoaHumenem ooiaoaiom 6ojee HUKOU NPOYHOCMbIO NPU CHCAMULU, NPU IMOM XAPAKMED PA3py-
wienus obpasyos 6oiee NIACMUYHbII, 8 MOMEHN NUKOBOU HAZPY3KU 3aNOTHUMENb HEKOMOpOe 8peMs yOepiicueaem cmpykmypy obpasya om
nonnozo paspywenus. Ilokazano, umo o6pasyvl Mamepuana ¢ 3anoIHUmMeneM MoabKo U3 0Omx0008 CUUMO20 NOIUIMuUIeHa o61adarom 3Ha-
uumenvHoll ycaokou (boree 1,5 mm/m). Imo c653aHO ¢ NOHUNCEHHBIM MOOYIEM YRPY2OCMU MAKO20 3aNOIHUMENS, KOMOPblll U3-3d HUKOU
JHCECTKOCTU HE MOJICEM 8 NOIHOU Mepe COepICUBAmb YCaooutble dehopmayuu yeMeHmHo2o Kamus. B mo ace spems 6 obpasyax co cmecwio
NOTUMEPHO20 U MUHEPATLHO20 3aNOIHUMENA 8 PABHBIX 00JAX ycaoka 3HauumenvHo cHudxcaemcesa (0,8-0,9 mm/m). Buisgneno, umo obpasysi
Mamepuana ¢ 3anoiHUmMenemM U3 omxo008 CUUNO20 NOIUIMULEHA 0011a0arom 6blCOKUM conpomueieHuem Kk ucmupanuto. Taxoi s¢hghexm
00vACHAEMCA NPUPOOOTL CUUMO20 NOJUIMUTIEHA, KOMOPbILL 611a200aps CB0ell MpexmMepHoll CMpPYKmype U NONEPeYHbIM C8A3AM 8 MONEKYIaAX
noaumepa oobaadaem 6vlcoKol usHococmoukocmoro. C HOMOWBIO OULAMOMEMPULECKO20 MemMOo0d YCIMAHOBIEHO, Yo 00pa3ybl CUHME3UPO-
BAHHO20 Mamepuaia 0oaa0arm OOCMamoyHo 6blCOKOU Moposocmotikocmoto (mapka F300). Ha ochosanuu nposedenHbix ucciedosanuil
U320MOBIEHbL U NPEOCMABNEHbl 0eKOPAMUBHbIE U30eNUs C NOPDUPOBBIM PUCYHKOM, KOMOPbLe MO2yni 6blnb PeKOMEHO08AaHb 01l RPUMEHEHUs!
6 Kayecmee 0eKopamueHol HanoIbHOU, UHMEPbEPHOU UL MPOMYAPHOU NAUMKU.

KJIFOUYEBBIE CJIOBA: Peyuknune, cuiumviii ROIUIMUNIEH, CIPOUMENbHAS KEPAMUKA, OMX00bl, RPOYHOCHb, NIOMHOCHb, UCTHUpAe-
MoCmb, Ycaokda.
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DECORATIVE COMPOSITE MATERIAL BASED ON WASTE RECYCLING OF
CROSS-LINKED POLYETHYLENE AND BUILDING CERAMICS
Baruzdin A.A.!, Zakrevskaya L.V.%, Dobrokhotov V.B.?

1.2 Vladimir State University named after Alexander Grigoryevich and Nikolai Grigoryevich Stoletov
3 Yaroslavl State Technical University

ABSTRACT

The article presents a study of the operational properties of a decorative composite material based on waste from ceramic bricks and
crosslinked polyethylene. It was found that the inclusion of aggregate from waste of cross-linked polyethylene in mixture reduces the spread-
ability and workability of the paste, which is associated with increased friction of particles in the mixture due to their irregular shape and
rough surface. It was determined that the introduction of aggregate from waste of cross-linked polyethylene compared with mineral aggregate
makes it possible to reduce the density of products (up to 1,700 kg/m?). It has been revealed that samples of a material with a polymer
aggregate have significantly reduced compressive strength, while the destruction of the samples occurs more plastically, at the moment of
peak load, the aggregate keeps the sample structure from complete destruction for some time. It is shown that the samples of the material
with aggregate only from waste of crosslinked polyethylene have a significant shrinkage (more than 1.5 mm/m). This is due to the reduced
modulus of elasticity of such aggregate, which, due to its low rigidity, cannot fully restrain the shrinkage deformations of cement stone. At
the same time, in samples with a mixture of polymer and mineral aggregate in equal proportions, shrinkage is significantly reduced (0.8-0.9
mm/m). It was revealed that the samples of the material with aggregate from waste of crosslinked polyethylene have a high abrasion re-
sistance. This effect is explained by the nature of cross-linked polyethylene, which, due to its three-dimensional structure and cross-links in
polymer molecules, has high abrasion resistance. Using the dilatometric method, it was found that the samples of the synthesized material
have a sufficiently high frost resistance (grade F300). Based on the conducted research, decorative products with a porphyry patterns have
been produced and presented, which can be recommended for use as decorative floor, interior or paving tiles.

KEY WORDS: Recycling, crosslinked polyethylene, construction ceramics, waste, compressive strength, density, abrasion resistance,
shrinkage.
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BBEJEHUE

Ha py6exe XX-XXIB. oqHO# 13 podaeM, KOTOPHIE BRIXOIAT
Ha TTepeJHIIA TUIaH CTAHOBHTCS MpobiiemMa 3 GeKTUBHON yTHIH-
3aUu U TepepabdOTKH OTXOMOB. B TOM duciie CTpOUTENHHBIX U
TIPOMBIIIJICHHBIX OTXOI0B. B CBS3M ¢ 3THM MOSIBIISIETCS TAKOE TI0-
HATHE KaK PEHUKIIFHT — IIPOIIECC IepepabOoTKH, IPH KOTOPOM OT-
XOJBl BO3BpAlllalOT B HKOHOMHUYECKHI M MPOU3BOACTBEHHBIN
000pOT IS OJTYYCHUST HOBOW MPOJYKIIUU WA BTOPCHIPHS IS
€€ U3rOTOBJICHUS.

OpmHUM U3 paclpOCTPaHEHHBIX OTXOJ0B CTPOUTEIBHOH Ipo-
MBIIUJIEHHOCTH, KOTOPBIN 00JNafaeT 3HAUUTEIbHBIM MOTEHIINA-
JIOM 17151 BTOPUYHOTO MIPUMEHEHHUS SIBJISIETCA 00¥ CTpouTeIbHOU
KEePaMUKH.

JpyruM BUIOM CTPOHUTEIBHBIX U MPOMBIIUICHHBIX OTXOJIOB
SBIISTIOTCSI OTXOZIBI TOJTMMEPOB (Kaben, TpyObl, N30SI, OKHA,
JIBEPH, SJIEMEHTHI OTACIKH), B TOM YUCIIE CIIUTHIX. Takue mou-
MephbI OJ1aroaps TEXHOJIOTHH CITHBKH UMEIOT MOBHIIICHHBIE Me-
XaHWYECKHe, TUAIEKTpUYeCcKHe, TePMUUYECKHE CBOICTBA, HO IO
9TOM K€ MPUYUHE SBJISIIOTCS TPYAHO YTUIU3UPYEMBIMH TPaJu-
moHHbIME criocobamu[1,2]. Ha 2019 r. MupoBoe npou3BoACTBO
CIIMTOTO MOJUATUIIEHA NpeBbicuio 260 Thic. ToHH[3]. PocT mpo-
W3BOJICTBA CBA3aH C 3aMEHOM TPaJUIMOHHBIX ITOJIUMEPOB Ha 60-
nee croikue cmuthie. 1o TaHHBIM MUPOBOTO IPOU3BOANTEIIS Ka-
Oemeit «Prismian» eXerogHo TOJIBKO Yy HAX Ha MIPOU3BOJICTBE 00-
pasyercs mo 7500T oTxomoB cmmuroro monudTHieHa (wiu 80-
150t Ha omHO oTmempHOE mpeanpusTue). ComocTaBUMoOe KO-
YECTBO OTXOJIOB CIIUTOTO MOIHUATHIICHA 00pa3yeTcsl IPH MPOU3-
BozcTBe TPyO (80-150T/TOT HAa OTHO TPEATIPHSTHE).

Kak oTX0IBI CTPOUTENBHON KepaMHUKH, TaK W OTXOIBI CIIH-
TOTO MOJHMATHIICHA NPECTABIACTCS BO3MOXHBIM HCIOIb30BATh
MY NIPOU3BOJICTBE CTPOUTENIBHBIX KOMIIO3UTOB, OETOHOB, pac-
TBOPOB Ha HEOPTAHUIECKOM BSDKYILEM.

OTXO0/bI CTPOUTENBHON KEPAMHUKH BO3MOKHO HCIIOJIB30BAThH
B Kau€CTBE 3aIOJHUTEIS, aKTUBHON TOHKOAUCIIEPCHOMN T00aBKH,
HATIOJTHUTEIS, YACTUIHON 3aMEeHBI lIeMeHTa, murMeHTa [4—11].

OTXOIBI CIIUTOTO IOJNUATWICHA, KaK W JPyTHE MOJIUMEp-
HBIMH OTXOJBI BO3MOXXHO MPHUMEHATHh B KaUECTBE 3aITOIHUTEIS
MHUHEpaTBHBIX KOMITO3UIIHOHHBIX MaTepraiioB. Takoi 3amoHu-
TeJIb 3HAYUTEIFHO BIMSCT HA CBOHCTBA MOJIYYaeMOTO M3ICIHS:
CHIDKAeT IUIOTHOCTh, TEIUIONPOBOJHOCTh, MOXKET MOBHIIIATH
CTOMKOCTh K MCTHPAaHUIO, XMMCTOHKOCTb, CIIOCOOHOCTD IOTJIO-
IIaTh JHEPTHI0, MOPO30CTOHKOCTh, BO3MOXXHO YMEHBIICHHE
ycaJIku 1 00pa30BaHMUs MUKPOTpEInH. B To jxe Bpems Takoif 3a-
TOJTHUTENb CHIDKACT MPOYHOCTHh IIEMEHTHBIX KOMIIO3UIMH, 4TO
CBSI3aHO C €r0 CHIDKCHHBIM MOAYJEM YNPYTOCTH W afre3ueit ¢
neMeHTHBIM KamHeM[ 12-20].

B coBpemMeHHOM Mupe Bo3pacTaeT HHTEpeC K BHEIIHEMY 00-
JIMKY TOPOJICKOM Cpeibl U HHTEPhEepa MOMELEHUN. Y CTPOUTENb-
HBIX M3JENUHA 3a4acTyl0 MOMHUMO JOJTOBEYHOCTH BBICOKO lie-
HUTCS 3CTETUUYHBIM BHEMIHUNA BuA. Kak 0TX0Jbl CIIMTOTO IMOJIK-
STHJICHA, TAK ¥ OTXOMBI 0051 CTPOUTEIBHOIN KEPAMUKH IMEIOT I10-
TEHUHWaN AJsl UCIOJIb30BaHUS B IPOU3BOJICTBE JEKOPATUBHBIX
KOMITO3UIIMOHHBIX MaTepuaioB. TOHKOMOJOTHIH 00if cTpou-
TENBHOW KEPaMHUKH B CMECH C IIEMEHTOM (B 0cOOEHHOCTH ¢ Oe-
JBIM) TPUJAEeT EMEHTHOMY KaMHIO KPAacHWBBIA JEKOPATUBHBIN
OTTEHOK. B TO e Bpems moJnMMepHbIe OTXOBI 3a4acTyro o0a-
JAIOT SIPKUMHU OJHOPOAHBIMU [BeTaMH. [IpH NCTIONBb30BaHUH HX
B KA4eCTBE 3allOJIHUTENS Iociie Habopa M3AeNHeM IPOYHOCTH
MOKHO OOHA)KHUTh €T0 CTPYKTYPY U MOTYIHTh SCTETUIHYIO JEKO-
PaTUBHYIO IOBEPXHOCTb.

INTRODUCTION

One of the problems that come to the fore at the turn
of the XX-XXI centuries is the problem of effective
waste disposal and utilization. Including construction
and industrial waste. In this regard, there was such a
thing as recycling, a recycling process in which waste is
returned to economic and industrial circulation to obtain
new products or recyclables for their manufacture.

One of the common construction industry wastes,
which has a significant potential for reuse, is the con-
struction ceramics waste.

Another type of construction and industrial waste is
polymer waste (cables, pipes, insulation, windows,
doors, finishing elements), including crosslinked ones.
Such polymers have improved mechanical, dielectric,
and thermal properties due to crosslinking technology,
but for the same reason they are difficult to recycle using
traditional methods [1,2]. The global production of
cross-linked polyethylene exceeded 260 thousand tons at
2019[3]. The increase in production was due to the sub-
stitution of traditional polymers with more resistant
crosslinked ones. According to the global cable manu-
facturer "Prismian", up to 7500t of cross-linked polyeth-
ylene waste was generated annually in their production
alone (or 80-150t per individual factory). A comparable
amount of cross-linked polyethylene waste is generated
during pipe production (80-150 tons/year per factory).

Waste from construction ceramics and waste from
cross-linked polyethylene can be used in the production
of building composites, concretes, and mortars based on
inorganic binders.

Construction ceramic waste can be used as an aggre-
gate, an active fine-dispersed additive, filler, partial re-
placement of cement, and pigment [4-11].

Waste of crosslinked polyethylene, like other poly-
mer waste, can be used as an aggregate for mineral com-
posite materials. Such an aggregate significantly affects
the properties of the resulting product: density and ther-
mal conductivity decrease, may increase abrasion re-
sistance, chemical resistance, ability to absorb energy,
frost resistance, shrinkage and formation of microcracks
may decrease. At the same time, such an aggregate re-
duces the strength of cement compositions, which is as-
sociated with its reduced modulus of elasticity and adhe-
sion to cement stone [12-20].

In the modern world, there is an increasing interest
in the appearance of the urban environment and the inte-
rior of the premises. In addition to durability, aesthetic
appearance is often highly appreciated for construction
products. Both waste from cross-linked polyethylene
and waste from the scrap of construction ceramics have
the potential to be used in the production of decorative
composite materials. Finely ground construction ceram-
ics mixed with cement (especially white cement) gives
the cement stone a beautiful decorative shade. At the
same time, polymer waste often has bright, homogene-
ous colors. When using them as an aggregate, after the
product has gained strength, its structure can be exposed
and an aesthetic decorative surface can be obtained.
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Heabio 1aHHOI PadoOTHI SBISETCS HCCIIEI0BAHUE IKCILTya-
TAIlMOHHBIX CBOWCTB JEKOPATHBHOIO KOMITO3UI[HOHHOTO MaTe-
pHana ¢ MpUMEHEHHEM TOHKOMOIIOTBIX OTXOJOB CTPOUTENbHON
KEPaMHKH U 3alOJIHUTENS HA OCHOBE OTXOJOB CIIHUTOTO IMOJIH-
STHJICHA B CPABHEHUH C aHAJIOTMYHBIMHU 00pa3aMu ¢ MUHEPaJb-
HBIM 3aI0JTHUTETIEM.

MarepuaJjbl M1 METOABI

HccnenoBanms mpoBoguinch Ha 6a3e kadenper «CTponuTeins-
HOTO MPOU3BOJCTBa» Bramumupckoro 'ocymapcTBeHHOTO YHU-
BepcuTeTa MMEeHU AJjiekcanapa ['puropbeBuua u Hukonas ['pu-
ropseBrya CTONETOBBIX. B pamMkax McCIeI0BaHUS UCIOIb30BA-
JIMCh CTAHIAPTHBIC METOAMKH HCITBITAHHIA PETIIaMEHTHPOBAHHBIC
I'OCT u coBpeMeHHbBIC METO/IbI aHATN3a, 00CCIICUNBAIOIINC BbI-
COKYIO TOYHOCTh U BOCIIPOHM3BOTUMOCTH PE3YJIbTATOB.

B Tabnume | mpencraBieHB CBOMCTBA NCIIONB3YEMBIX MatTe-
pHAJIOB.

The purpose of this work is to study the operational
properties of a decorative composite material using
finely ground construction ceramic waste and an aggre-
gate based on cross-linked polyethylene waste in com-
parison with similar samples with a mineral aggregate.

Materials and methods

The research was conducted on the basis of the De-
partment of "Construction Production" of Vladimir State
University named after Alexander Grigoryevich and Ni-
kolai Grigoryevich Stoletov. The study used standard
test methods, regulated by GOST standards, and modern
analysis methods that ensure high accuracy and repro-
ducibility of the results.

Table 1 shows the properties of the used materials.

TABJIMIA 1 CBOMCTBA UCIIOJIb3YEMbBIX MATEPUAJIOB

Table 1 Properties of the used materials

Portland cement

MatepuaJbi CpoiicTBa
Materials Properties
Benprif nemenT 6e3 MuHEepanbHBIX 100aBOK Mapku 500,
M5B 1-500-10, Toprosoii Mmapku «Cemix ProWhitey,
Sya=5000 cm?/r; HI'=30-32%; Hauaso cxBarbiBanus 80-95 MuH;
IToptnannuement KoHel| cxBaTbiBaHus — 120-140 MuH;

White cement without mineral additives grade 500,
PCB 1-500-D0, trademark "Cemix ProWhite",
Specific surface of particles S5=5000 cm?/g; NG=30-32%;
the start of setting is 80-95 minutes; the end of setting is 120-140 MuH.;

Kupnnussriii 60it
Brick scrap

®pakuus 5-20 MM, puer=2650 kr/m>;

Fraction 5-20 mm, true density p=2650 kg/m’;

OTXO0/1bI CIIMTOrO MOJIMITHIIEHA
Crosslinked polyethylene waste

®pakuus 2,5-5 MM, mwiotHocth 0,90 T/cm3
Fraction 2.5-5 mm, density 0.90 g/cm?;

OrceB npobieHus
M3BECTHSAKOBOTO MIEOHS
Waste during limestone crushing

®pakuus 2,5-5 MM, mwiotHocTh 2,70 T/cMm3
Fraction 2.5-5 mm, density 2.70 g/cm?;

IMnacrudukarop makpomep I1-17

50% pacTBop, WIOTHOCTE >1,1 T/cM?
50% solution, density >1,1 g/cm?

TMonuBUHKIALIETATHAS TUCTIEPCHSI
Polyvinyl acetate dispersion

TV 2242-011-39778023-2015
TU 2242-011-39778023-2015

B kauecTBe BSKYIIErO MCIIOJIB30BANCS OBl MOpTIaHALe-
MeHT 0e3 MuHepalbHBIX 100aBok Mapku 500 ITLB 1-500-10 Top-
roBoit mapku «Cemix ProWhite» coorBercTByromuii TpeboBa-
M [OCT 965-89, TOCT 30515-2013.

B kauecTtBe 4yacTMYHOW 3aMEHBI LIEMEHTa HCIIOJIb30BAJIUCh
TOHKOMOJIOTBIE OTXOZBI CTPOWTEIBHOW KEPaMHKH C Sy,
6000...7000 cM?/r , KOTOpBIE 0OIANAIOT MYLIOJAHOBOM AKTHB-
HOCTBIO M MpPU B3aWMOACHUCTBUU C THUIPOKCHIOM KaJbLUs
(Ca(OH),), comepkanmMcs B IEMEHTHOM TeCTe, MOTYT 00pa3o-
BbIBaTh THJIPOCHJIMKATHI U THAPOATIOMHHATHI KAJbIIKS, YKper-
TSI CTPYKTYpPY LIEMEHTHOTO KaMHsI, CHHMXKasi BBICOJIO0Opa3oBa-
HHE W TIOBBIIIAsl CONMPOTHUBIIIEMOCTh BbINIeNadnBanuio. Kpome
TOTrO, NMPUMEHEHHE TOHKOMOJIOTOTO KEPaMHUYECKOTo IOPOIIKa
MO3BOJISIET JOOMBATHCS PA3IMYHBIX OTTEHKOB M3ZEIHH OT OJel-
HOH CHEHBI 10 CpeJHEe-KOPUIHEBOTO U 30JI0THCTO-KOPHIHEBOTO.
[ToMos 0TX0/10B KEPAMHUKH IPOU3BOJMICS C ITOMOIIBIO J1abopa-
TOPHOH MmapoBoi MeTbHHUIEI JIM-2.

B kauecTBe 3amoJHHUTENS WCIONB30BAIHNCH APOOJIEHBIE OT-
XOJIbI CIIUTOTO TIOJMATUIIEHA C pa3MepoM JacTull 2,5-5 mm. 13-
MeNIbYeHHE TTPOU3BOAMIIOCH C TIOMOIIBIO APOOWIKHM JJIS TJIacT-
Macc XFS-300. [Tpu 5TOM AJ1s1 HAMITYUIIeTo Pe3yJIbTaTa KaXKIyIo
NapTHIO0 TOJMATHWIEHA IIOJIBEPrajld H3MENbUCHHIO HECKOJIBKO
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White Portland cement without mineral additives of
the 500 PCB 1-500-D0 mark of the Cemix ProWhite
trademark was used as binder. It complies with the re-
quirements of GOST 965-89, GOST 30515-2013.

Finely ground construction ceramic waste with a spe-
cific surface area of 6000...7000 cm?/g was used as a par-
tial replacement for cement. It has pozzolan activity and
interacts with calcium hydroxide (Ca(OH),), contained
in cement paste, can form calcium hydrosilicates and hy-
droaluminates, strengthening the structure of cement
stone, reducing formation of efflorescence and increas-
ing leaching resistance. In addition, the use of finely
ground ceramic powder makes it possible to achieve var-
ious shades of products from pale siena to medium
brown and golden brown. Ceramic waste was ground us-
ing an LM-2 laboratory ball mill.

Crushed waste of cross-linked polyethylene with a
particle size of 2.5-5 mm was used as an aggregate. The
crushing was carried out using an XFS-300 plastic
crusher. At the same time, for the best result, each batch
of polyethylene was crushed several times. The smallest
fraction possible to obtain on the used equipment was
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pa3. B pabore ObuTa UCTIONB30BaHA HAMMEHBINAS (PAKITHS BO3-
MOJKHasi K TIOIYYEHHUIO Ha HCIONB3yeMOM obOopymoBaHuu. Ya-
CTHIIBI 60JIee 5 MM IOABEPTAIHCH TIOBTOPHOMY U3MENFYCHUIO.

Taroke OBIT UCTIONTE30BaH MUHEPAJIFHBIHN 3aIIOJTHUTENh B BUAC
OTCEBOB IpOOJEHUS HM3BECTHSAKOBOTO IeOHs (pakmueit 2,5-5
MM.

J71st i3BMEeHeHHs PeoJIOTHUYECKUX CBOMCTB CMECH, KOPPEKTH-
POBKH BOJOLEMEHTHOT'O COOTHOILIEHUSI M KaK CJIEJCTBUE MOBHI-
HICHUS POYHOCTH MCCICITYEMbIX KOMITO3UTOB ObLIa MCIIOJIB30-
BaHa MOJIMKapOOKCHIaTHAS TutacTHGUIUpyromas 100aBka Mak-
pomep I1-17 n nonuBraMNanerarHas qucrepcus (IIBA).

B mpomnecce nroroBneHust 00pa3noB ObLIa OllEHEHA KOHCH-
CTCHIUS IOJTy4YeHHOTO TecTa. KOHCHUCTEHINS OIIEHUBAJIACH IO
pacIuibIBY Ha BCTPSIXMBAIOIIEM CTOJHMKE KOHyca XarepMmasa.
CBeXenpUroTOBICHHYIO CMECh YKJIaIbIBaIl B KOHYC H BCTPSAXH-
Ban Ha croiuke 30 pa3 B Teuenne 30 ceKyH IOCIe YeTo n3Me-
psUIH TUaMeTp pacIjibiBa.

KoHTponb NPOYHOCTH CHHTE3MPOBAHHBIX OOPa3LOB OCY-
mectBisics B cooTBeTcTBHM ¢ [OCT-10180-2012. Mexanuue-
CKHM€ HUCTIBITaHUs MTPOBOJUIIUCH C HCHOJb30BaHueM npecca [1M-
2000-1T komnanun « METPOTECT) (narpy3ka mo 2000 xH, o1-
HOCHUTEJbHAs TIOTPEIIHOCTh cuionsmeputens +1%, nepemerie-
HHUE TOJBIKHOW IUTUTHI 10 360 MM, aOCONIOTHAs MOTPEUTHOCTD
U3MEpEHUs TepeMeIeHNs OABIKHON IUIMTHI TIPH TIepeMeltie-
HUAX 10 10 MM - £0,1 Mm).

Hcnpitanne 0o0pasloB HA MCTUPAEMOCTh MPOU3BOAMIOCH B
cootBercTBUU ¢ ['OCT-13087-2018 Ha kpyre ucTHUpaHus TUIa
JIKU-3M. HctupaeMocTh 00pa3loB XapakTepU3yeTcs: moTepeit
Macchl ¥ M3MEHEHHEM BBICOTHI OOpa3lOB, KOTOPHIE BBIUUCIIS-
10tcs 1o popmyram (1) u (2):

G

F
Al =1, -1

I'me G — moTtepst Macchl 00pa3oB MOCE YETHIPEX ITUKIIOB
ucneITanus (06wt myTh uctupanus 600 M), r/cm?;

m, —Macca o0pasia JI0 HCIBITaHMU, T;

m, — Macca o0pasia Imocje 4YeThIpeX MUKIOB UCIBITAHMUS, T

F — mwiomans ncTupaeMoii Tpany obpasia, cM;

Al — yMeHbIIIeHHEe BBICOTHI 00pasiia, MMm;

ly — cpenusis BeIcOTa 00pasia 0 UCIBITAHMS, MM;

| — cpenHss BrICOTA 0Opas3iia Mmocie HCIBITaHHS, MM;

Ornenky nedopManuil ycaJakyd y CHHTE3UpOBaHHBIX 00pas3-
1oB npousBoauiau coridacHo ['OCT 24544-2020 na mpubope,
mpescTaBiIeHHOM Ha puc.le. OOpa3isl pacnanyOauBamn Yepes
24 gaca mocne GOpMOBaHUSA U Cpa3y YCTaHABJIMBAIU B YCTPOii-
CTBO JJISI OTIPE/ICIICHUS YCaIKi M CHUMAaJIM HadaJIbHbIEe MTOKa3a-
HUS mpubopa. Janee mokasaHus TPUOOPOB CHUMATH dYepe3
1,2,3 7 cyT ¥ K&KIYIO0 HEJENIO 10 OKOHYAHUS DKCIIEPUMEHTA.

OICHKY MOpPO30CTOMKOCTH CHHTE3WPOBAHHBIX 0O0pa3IoB
MPOU3BOJMIIA YCKOPEHHBIM JHJIATOMETPHYECKUM METOJIOM.
[Ipu Takol METOMUKE Y M3TOTOBIICHHBIX 00pPa3llOB OIPEaeIsi-
€TCs1 HaYaJIbHBIN 00bEM, 3aTeM MX HachIarT Boaoi no 'OCT
10060-2012. HacpleHHbIH BOION 00pa3er] MoMenaT B Ka-
Mepy AWIaTOMETPa, BO BTOPYIO KaMepy MOMEIAI0T CTaHAapT-
HBIIA 00pazerl, KaMephbl 3aMOHIAIOT KEPOCHHOM U TePMETU3U-
pytoT. JJmiaToMeTp mOMEmaT B MOPO3WIBHYIO KaMepy, BbI-
JepxuBaroT 30 MUH ¥ HAUMHAIOT 3aMOPAXKUBATH CO CKOPOCTBIO
0,3 °C/mun 0 noctkenns Temneparypbl munyc (18+2) °C.
Ha rpadukax ¢uxcupytor abcomrorHsle 00bEMHBIE nedopma-
U UCTIBITYEMOTO M CTAHAaPTHOTO 00pa3iia BO BpeMs 3aMopa-
JKUBAHUS ¥ BBICISIFOT CKAYKOOOpa3HOe M3MEHEHHE Pa3HOCTU
00BEMHBIX eopMalnii, 00YCIIOBICHHOE MEPEXO0JOM BOJIBI B
nén. Jlanee mo TaONWYHBIM 3HAYCHUSIM 110 MAKCHUMAaJIbHOMY

m;—m;

used in the work. Particles larger than 5 mm were sub-
jected to repeated grinding.

A mineral aggregate in the form of limestone crush-
ing dropout with a fraction of 2.5-5 mm was also used.

Polycarboxylate plasticizing additive Macromer P-
17 and a polyvinyl acetate dispersion (PVA) were used
to change the rheological properties of the mixture, ad-
just the water-cement ratio and, as a result, increase the
strength of the studied composites.

During the sample manufacturing process, the con-
sistency of the resulting pastes was evaluated. The con-
sistency was assessed by the spreading on the shaking
table of the Hagerman cone. The freshly prepared mix-
ture was placed in a cone and shaken on a table 30 times
for 30 seconds, after which the diameter of the spread
was measured.

The strength control of the synthesized samples was
carried out in accordance with GOST-10180-2012. Me-
chanical tests were carried out using a PI-2000-II press
from "METROTEST" company (load up to 2000 kN,
relative error of the force meter + 1%, displacement of
the movable plate up to 360 mm, absolute measurement
error of displacement of the movable plate when moving
up to 10 mm - £ 0.1 mm).

The samples were tested for abrasion in accordance
with GOST-13087-2018 on an LKI-3M type abrasion
circle. The abrasion resistance of the samples is charac-
terized by a loss of mass and a change in the height of
the samples, which are calculated according to formulas
(1) and (2):

€y
(2)

Where G is the mass loss of the samples after four test
cycles (total abrasion distance 600 m), g/cm?2;

my is the mass of the sample before the test, g;

m, is the mass of the sample after four test cycles, g;

F is the area of the test face of the sample, cm2;

Al is a decrease in the height of the sample, mm;

ly is the average height of the sample before the test,
mm;

l is the average height of the sample after the test, mm;

The shrinkage deformations of the synthesized sam-
ples were evaluated according to GOST 24544-2020 on
the device shown in Fig.le. The samples were extracted
after 24 hours after molding and immediately installed in
a shrinkage detection device and the initial readings of the
device were taken. Further, the device readings were taken
after 1,2,3 7 days and every week until the end of the ex-
periment.

The frost resistance of the synthesized samples was as-
sessed using a dilatometric method. With this method, the
initial volume of the produced samples is determined, then
they are saturated with water according to GOST 10060-
2012. The sample saturated with water is placed in the dil-
atometer chamber, a standard sample is placed in the sec-
ond chamber, the chambers are filled with kerosene and
sealed. The dilatometer is placed in a freezer, held for 30
minutes and begins to freeze at a rate of 0.3 °C/min until a
temperature of minus (18 + 2) °C is reached. The graphs
record the absolute volumetric deformations of the test and
the standard sample during freezing and highlight the ab-
rupt change in the difference in volumetric deformations
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OTHOCHTEIIFHOMY YBEIMYECHHUIO Pa3HOCTH 00BeMHOI nedopma-
UM HCIBITYEMBIX M CTaHIAAPTHOTO OOPa3IOB ONpPEAEIICTCS
MapKa 110 MOPO30CTOHKOCTH.
Jln1s ucbITaHui Ha IPOYHOCTH U OTIPEEIICHNUS YCaJOIHBIX
nedopManuii UCTIOIB30BAINCE 00pa3mbl OAJOUYKH pa3MepaMu
40x40x160 mm. [Iyist ncnbITaHUS Ha KICTHPAEMOCTh OBUIN U3TO-
TOBJIEHBI 00pa3ipbl KyOsl pasmepamu 70x70x70 mm. OueHka
MOPO30CTOHKOCTH AMIATOMETPHYECKAM CIIOCOOOM OCYIIECTB-
msmack Ha oOpasmax pasmepamu 100x100x100 mm. HaGop
MPOYHOCTH 0OPa3LOB MPOUCXOAUI B TaOOPATOPHBIX YCIOBUAX
npu Temneparype 18-22 °C n Bnaxnoctn Boznyxa 50-70%.
Ha pucynke 1 mpezncraBieHo mcmoib3yeMoe o0OpyaoBa-

HHC.

B tabnure 2 npencTaBIeHb! COCTaBB HCIBITYEMBIX 00pas-

LIOB.

PUCYHOK 1

HCIIOJBb3YEMOE OBOPYIOBAHUE

U IIPUBOPBHI

a —J1abopaTopHas mapoBas MejJbHuna JIM-2;
0 — u3MeJIbunTeNb 1A miIacTmace XFS-300;

B — BCTPAXHBAIONINI CTOJIMK M KOHYC Xarep-

MaaHa;

r — npecc [THU-2000-11;
1 — aadopaTopHblii Kpyr ucrupanus JIKU-3M;
€ — YCTPOIicTBO /151 ONpe/iesIeHUsl YCATKH;

K — KaMepa ANWJIaTOMeTpa;

Figure 1

Equipment and devices used
a - laboratory ball mill LM-2;
b - plastic shredder XFS-300;
¢ - shaking table and Hagerman cone;
d - press PI-2000-11;
e - laboratory circle of abrasion test LKI-3M;
f - shrinkage detection device;
g - dilatometer camera;

TABJIMIA 2 COCTABBI UCHIBITYEMbIX OBPA311OB

Table 2 Compositions of the tested samples

caused by the transition of water to ice. Further, according
to the tabular values for the maximum relative increase in
the difference in volumetric deformation of the test and
standard samples, the frost resistance grade is determined.

For strength tests and the determination of shrinkage
deformations, beam samples of 40x40x160 mm were
used. For the abrasion test, cube samples with dimensions
of 70x70x70 mm were made. The assessment of frost re-
sistance by dilatometric method was carried out on sam-
ples measuring 100x100x100 mm. The samples were
hardened in laboratory conditions at a temperature of 18-
22 ° C and an air humidity of 50-70%.

Figure 1 shows the equipment used.

Table 2 shows the compositions of the tested samples.

KomnonenTsl, Kr/m?
Components, kg/m?
3anoaHuTENb U3 Hopraany DI OIOE LY MoauBuHMI-
Mapka 0TXO/I0B CIIN- D TIOPOIHOK 3 OT- aneraTHasi
oGpasua Toro OrceB ApobIeHnst OeJIblit XO0/10B CTPOH- e ——— T TaTe
Mark of MOJHITHIIEHA H3IBECTHAKOBOTO IDLLP Tecflb= O (HBI;&) Makpome l'[-117) Bona
th 1 Aggregate from O AL KEPAMMKH Polyvinyl Ace- Pl[;sticipzer WaIt[er
¢ sample wgags tego £ cross- Dropout from lime- White Port- Finely ground Y tatye Makromer P-17
linked stone crushing land cement powder from dispersion
olvethylene PCB 1-500- construction ce- (gV A)
polyethy DO ramics waste
ll;[g-_]](())(()) 385 - 810 350 125 20 205
N3B/MID-
50/50 193 577 810 350 125 20 205
LS/PE-50/50
I/IIJ?’SBilO%O - 1155 810 350 125 20 205
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Pe3y.]'leaTl>l HCCJICTOBAHUA H UX oﬁcyme}me

B Tabimme 3 mpuBeIeHBI CBOWCTBA HCHBITAHHBIX 00pa3IoB

KOMIIO3UTOB.

The results of the study and their discussion

Table 3 shows the properties of the tested compo-
site samples.

TABJIAIIA 3 CBOMCTBA UCIIBITAHHBIX OBPA3IIOB KOMIIO3UTOB

Table 3 Compositions of the tested samples

CpoiicTBa 00pa3noB
Properties of the samples
Hctupae-
IDhre Mopo30cToiiKOCTH Hctupae- MOCTbH 110
Mapka PacmuibiB cmecn NPOYHOCTH
Ycanounsle fedopmMa- | 110 AMJIATOMETPHYE- MOCTD 10 H3- H3MeHEeHHI0
oopaszua Ha BCTPSIXHBa- IPH CiKa-
pasu ‘omem ILnor- . MU BBO3pacTe ckomy merony F , MEHEHHI0 BbICOTBI
Mark of I HOCTH p, 60 cyt Al, MM/Mm IUKJIOB maccel G, ob6pa3ua A,
cromkeD, Mmm 3 Rex, MIla . . 2
the sam- Spreading of the KI/M Compres- Shrinkagedefor- Frost resistance ac- r\cm MM
ple p‘ 8 Density p, ‘p mations cording to the dilato- Abrasion re- Abrasion re-
mixture on the sive . . q
Shking kg/m3 i at the age of metric method F, cy- sistance by sistance by
table D. mm Reymp, MITa 60 days Al, mm/m cles weight change | changing the
’ omp? G, g\em? height of the
sample A, mm
1;,[1?__1188 110 1570 26,4 1,88 300 0,129 0,25
N3B/MID
I:SS%’SIS- 140 1875 43,0 0,82 300 0,065 0,20
50/50
N3B-
100 200 2195 83,8 0,75 300 0,349 1,75
LS-100

Ha pI/IC.2 NpEACTaBJICHbI PE3YyJIbTAaThl OIIPEACICHUS KOHCH-

CTCHIIMU CMecel, U3 KOTOPBIX OBUIM M3TOTOBIIEHBI 00pa3msl. U3
MIPEICTaBICHHBIX PE3YJIbTATOB BUAHO, YTO BKJIIOYEHHE B COCTAB
JIPOOJICHBIX OTXO/0B CITUTOTO MOJIMATHIICHA CHIKACT TEKy4eCTh 1
y1o00yKIIaIbIBAEMOCTh cMecH. Takoil 3 ekt oObscHsAeTCS He-
NpaBUIbHON (DOPMOI M IIEPOXOBATON MOBEPXHOCTHIO YACTHII
CIIIMTOTO MOJINATUIICHA. Y BEINYMBACTCS TPEHUE YACTHII C IIEMEHT-
HBIM TE€CTOM H APYT O JIpyTa, YBEINYUBACTCS KOJINIECTBO [[EMEHT-
HOTO TecTa HeOOXOAMMOTO I OOBOJIAKUBAHUS 3aIIOJTHUTEIIS.

PUCYHOK 2

PE3VYJIBTATbBI ONTPEJAEJEHUSA
KOHCHUCTELIMUA CMECEM

a — pacILIBbIB cMeceii;

6 — AMarpamMma paciibiBa cMeceii B 3aBUCHMOCTH OT

Figure 2 shows the results of determining the con-
sistency of the mixtures from which the samples were
made. It can be seen from the presented results that the
inclusion in mixture of aggregate from crushed cross-
linked polyethylene reduces its fluidity and workabil-
ity. This effect is explained by the irregular shape and
rough surface of the cross-linked polyethylene parti-
cles. The friction of the particles with the cement paste
and against each other increases, and the amount of

cement paste needed to coat the aggregate increases.
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CoracHO pe3yJsbTaTaM UCIBITAaHUN P YBEITUYSHHH CO-
JIep)KaHMsl 3aIOJHUTENS U3 JPOOJIEHBIX OTXO/OB CIIMTOTO
HOJIMITHIIEHA YMEHBIIAETCS IIOTHOCTh IOJy4aeMbIX 00pas-
1108 (¢ 2195 kr/m? 1o 1570 kr/m?), Takoii pe3ynbTaT 00BACHS-
€TCsl HU3KOH TUIOTHOCTBIO TIOJIMMEPHBIX OTXO/IOB.

[Ipu 3TOM IpHM yBETMYEHNH COAEPKAHNUS 3aMOTHUTENS U3
JpOOJICHBIX OTXOAOB CIIUTOTO IOJIMAITHIICHA 3HAYMTEIILHO
najgaer npoyHocts oOpasuoB npu cxatuu (Tabdmn.3). Takoi

According to the test results, with an increase in the con-
tent of aggregate from crushed waste of crosslinked poly-
ethylene, the density of the obtained samples decreases
(from 2195 kg/m3 to 1570 kg/m?), this result is explained
by the low density of aggregate from polymer waste.

At the same time, with an increase in the aggregate from
crushed waste of crosslinked polyethylene content, the
compressive strength of the samples significantly decreases
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3 dexT oObsIcHsIeTCS pa3HOW (PU3UKO-XUMUUIECKOW MPHUPO-
JOH EMEHTHOH MaTpHIBl M 3allONHHUTENS U3 MOJIUMEPHBIX
OTXOJIOB U HU3KHM MOJyJIeM YIPYTOCTH IocieaHero. B ciy-
Yae, KOrja MOIyJIb YIPYTOCTH 3aIll0HUTENS OOJIbIIe WK pa-
BEH MOJYJIIO yIIPYTOCTH IIEMEHTHOTO KaMHs (oOpa3zer N3B-
100) HampsbKeHUE mepenaeTcsl 4Yepe3 3aIloHUTeNb, 00pasyst
MyTH IIepellauyl HalPsDKeHUH, 3aTI0THUTEINb BBITIOHSET POJIb
Kapkaca. B ciydae c 3amoyiHUTENIEM M3 CIIMTOTO IOJIHITH-
nena (oopaszerr [13-100) ero MOAyb YIPYTOCTH HIDKE, YEM Y
LIEMEHTHOT0 KaMHsl, IO3TOMY TepeJiaua HanpspKeHUH Ipouc-
XOIUT IO OoJiee JKECTKHM Y4YacTKaM CTPOUTENBHOTO pac-
TBOpA.

Ilo mory4eHHBIM P UCIBITAHUH HA C)KaTHE JaHHbIM I10-
CTpOeHHI rpaduku HampspkeHus-nedpopmanmu (puc.3). Boc-
XOJAIIAsi BETBB Y Ipa)UKOB BCEX TpeX 00pa3lloB HaIIpaBIIeHA
O/ OJJHUM YTJIOM, TOTJa KaK HHUCIIQAIONIasl BETBb C yBEIH-
YEHHEM COJICPIKaHMs 3aM0OHUTENSI U3 CIIUTOTO MOJMATHIICHA
CTaHOBUTCS O0Jiee TOPU30HTAIBHOMN U TIHK TUarpaMMBl, COOT-
BETCTBYIOIINIT MOMEHTY pa3pyllIeHHs, CTAaHOBHTCS Ooliee
CIJIa)KEHHBIM. DTO MOJATBEPIKAALT TOT (DaKT, YTO pa3pyllIeHHE
00pa3IoB C 3aII0JIHUTENIEM U3 CLIMTOTO MOJIMATHIICHA IIPOHC-
X0AuT OoJiee IUIACTUYHO, B MOMEHT NHMKOBOW Harpy3KH 3a-
MOJIHUTENb HEKOTOPOE BPEMs YACPKUBACT CTPYKTYpy 00-
pasia OT IOJHOTO Pa3pyLIeHHs, B TO BpeMs B 00pa3Lax ¢ MH-

HEpaNbHBIM  3alOJHHUTENIEM  pa3pyIICHHE MPOUCXOTUT

xpymko (Puc.4).
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PUCYHOK 4

XAPAKTEP NOBEJEHUS OBPA3LIOB ITPU
PA3PYILIAIOIIENA HAT'PY3KE

(Table 3). This effect is explained by the different physical
and chemical nature of the cement matrix and polymer
waste and the low modulus of elasticity of this aggregate.
In the case when the modulus of elasticity of the aggregate
is greater than or equal to the modulus of elasticity of ce-
ment stone (sample LS-100), stress is transmitted through
the aggregate, forming stress transmission lines, the filler
acts as a frame. In the case of cross-linked polyethylene ag-
gregate (PE-100 sample), its modulus of elasticity is lower
than that of cement stone, so stress transfer occurs over
more rigid sections of the mortar.

Based on the data obtained during the compression test,
stress-strain graphs are constructed (Fig.3). The ascending
branch of the graphs of all three samples is directed at the
same angle, while the descending branch becomes more
horizontal with an increase in the content of crosslinked
polyethylene aggregate and the peak of the chart corre-
sponding to the moment of destruction becomes more
smoothed. This confirms the fact that the destruction of
samples with an aggregate made of cross-linked polyeth-
ylene occurs more plastically; at the moment of peak load,
the aggregate keeps the sample structure from complete de-
struction for some time, while in samples with a mineral
aggregate, destruction occurs fragile (Fig.4).
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0 — o0pasen, ¢ MMHepaJIbLHBIM 3alI0JTHUTEIEM U3 OTCe-
BOB /Jpod.JieHns u3BecTHsaka (U3B-100)

Figure 4

The nature of the destruction of samples

a - sample with aggregate from waste of crosslinked pol-
yethylene (PE-100);

b - sample with mineral aggregate from dropout from
limestone crushing (LS-100)

B MNpeACTABJICHHOM HUCCJICAOBAHUM IIPOBEACHA OLICHKA
yCaaK CHUHTC3UPOBAHHBIX KOMIIO3UIITMOHHBIX MAaTCpHUaiOB U
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In the presented study, the shrinkage of synthesized
composite materials was evaluated and graphs of
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ocTpoeHsl Tpadukn ycamounsix nepopmanuii (Puc. ). Hccme-
JIOBaHUE yCaIKH OBLIO IIPOBEICHO B IepBbie 60 CYTOK TBEpACHHUS
o0pa3moB. 1y cpaBHEHUS HA PUC.5 MpHBEICH TpaduK ycamod-
HBIX AedopMarmii meMeHTHOro KaMHs ¢ 20% 3aMeHOH IeMeHTa
Ha TOHKOMOJIOTHIM ITOPOIIOK M3 OTXOJOB KEPaMUYECKOTO KHP-
nuya.

W3 npencraBieHHBIX TpadUKOB BHIHO, YTO HAUOONBIICH
ycaaKoil 3aKOHOMEpPHO 00jajgaeT oOpasell LEMEHTHOTO KaMHs
(LIK). Taxxe HECKOJIbKO MEHbIEH, HO BCE eIlé 3HAUMTEIbHON
ycankoit o0nanaeT oOpasers ¢ 3aroJIHUTENIEM TOJIBKO U3 OTXO0J0B
cmmroro noymaTIwieHa (I19-100). DTo cBsI3aHO ¢ TOHMKECHHBIM
MOJyJIeM YTIPYTOCTH TaKOTO 3aIlOHUTENS, KOTOPHIA M3-3a HU3-
KOH JKECTKOCTH HE MOXKET B IIOJIHOM MEpE CAEPKUBATH yCalou-
HBIE AedopMariy IeMeHTHOTO KaMHs. B To e BpeMs oOpa3mbl
CO CMECHIO 3alIOJTHHUTEIS U3 M3BECTHSAKA M OTXOOB CIIIUTOTO TI0-
mmTiieHa (M3B/I19-50/50) mokas3plBalOT HAMHOTO MEHBIITYIO
yCaZKy Ha YpoBHE C 00pa3la Ha OCHOBE TOJBKO HaTypalbHOIO
MPUPOAHOTO U3BECTHIKOBOTO 3anonHuTens (M3B-100).

PUCYHOK 5
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Ha pwuc.6 mpencraBieHbl pe3yiabTaThl UCIBITAaHHUS 00pa3loB
CHUHTE3UPOBAaHHBIX MarepuasioB Ha wucrtupaemocts no ['OCT
13087-2018. W3 mpencTaBieHHBIX pPE3yJbTaTOB BUIHO, YTO 00-
pasisl ¢ coJep KaHUEeM 3alOJIHUTENS U3 OTXOJO0B CIIHUTOTO IOJIH-
stunena (I19-100 u U3B/I13-50/50) obnanaroT HaMHOTO 0OJIb-
IIMM COTIPOTHBIIEHHEM HCTHPAHMIO YeM 00pa3Ifsl ¢ HaTypalbHBIM
npupoubiM 3anonHutesneM (M3B-100). Takoit agdekr oObscHs-
eTcsl MPUPOAOH CIIMTOTO MOJHMITHIIEHA, KOTOPBIM Omaromaps
CBOEH TPEXMEpHOI CTPYKTYpE M IIOTEPEUYHBIM CBS3SIM B MOJIEKY-
Jax TMojuMepa B TOM 4YHCIIe 00JamaeT BBICOKOH M3HOCOCTOIKO-

CTBIO.
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a - diagram of the abrasion resistance of samples by
weight change;
b - diagram of the abrasion resistance of samples by

height change a (a)

shrinkage deformations were constructed (Fig.5). The
shrinkage was studied during the first 60 days of sample
hardening. For comparison, Fig.5 shows the graph of
shrinkage deformations of cement stone with 20% ce-
ment replacement by finely ground powder from ce-
ramic brick waste.

It can be seen from the presented graphs that the ce-
ment stone sample naturally has the greatest shrinkage.
A sample with an aggregate made only of cross-linked
polyethylene (PE-100) waste has a smaller, but still sig-
nificant shrinkage. This is due to the reduced modulus
of elasticity of such an aggregate, which, due to its low
rigidity, cannot fully restrain the shrinkage defor-
mations of cement stone. At the same time, samples
with a mixture of limestone aggregate and waste cross-
linked polyethylene (LS/PE-50/50) show a much lower
shrinkage at the same level as the sample based only on
natural limestone aggregate (LS-100).
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Fig.6 shows the results of testing samples of syn-
thesized materials for abrasion according to GOST
13087-2018. It can be seen from the presented results
that samples containing aggregate from waste cross-
linked polyethylene (PE-100 and LS/PE-50/50) have
a much higher abrasion resistance than samples with
natural aggregate (LS-100). This effect is explained
by the nature of crosslinked polyethylene, which, due
to its three-dimensional structure and transverse bonds
in polymer molecules has high abrasion resistance.
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IIpoBeneHa KOCcBeHHas OLIEHKa MOPO30CTOMKOCTH 00pasloB
Marepuana JujaToMeTpruieckuM criocobom. Ha puc.7 npuBeneHst
rpadMKy 3aBUCUMOCTH a0COJIIOTHBIX 00BEMHBIX JedopManuii npu
3aMOpPaKUBaHHHU HCIBITYEMbIX H CTAaHIAPTHOTO 0Opa3IoB OT Bpe-
MEHH.

PUCYHOK 7

An indirect assessment of the frost resistance of
the material samples was carried out using a dilato-
metric method. Fig.7 shows graphs of the dependence
of absolute volumetric deformations during freezing
of the subjects and standard samples on time.

3ABUCUMOCTH ABCOJIIOTHBIX
OBbEMHBIX JE®OPMAILUI ITPU
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Time dependencies of absolute volumetric
deformations during freezing of test and
standard samples

MakcumanabHOE OTHOCUTEIBHOE YBEINUEHHE Pa3HOCTH 00b-
emHbIX nedopmanuii cocraBmwio 0,00048 (obpasen M3B-100),
0,00035 (o6pazen M3B/I13-50/50), 0,00059 (obpazen I19-100).
B cootBerctBun I'OCT 10060.3-95 nanHble pe3yabTaThl MOXKHO
HWHTEPIPETUPOBATh KaK MapKy 1o Mmoposocrtoiikoctu F300 Bo
Bcex Tpex ciydasx. CTouT yuuTsiBaTh, uTo AaHHbli ['OCT B
HACTOSIIUII MOMEHT HE aKTyaJleH U JUI1 TOUHOTO YCTaHOBIICHUS
MapKH 10 MOPO30CTOMKOCTH HEOOXOIMMO HCIONb30BaTh CTaH-
JApTHYIO METOIUKY. TeM He MeHee MOTyUYeHHBIN pe3yIbTaT M03-
BOJISIET TOJAraTh YTO TOJy4YEeHHBIE KOMIIO3HIIMOHHBIE MaTepH-
aJIbl 00JIAJIAIOT JI0CTATOYHO BHICOKOW MOPO30CTOHKOCTBIO.

Ha ocHOBaHNM IpOBEIEHHBIX HCCIEIOBAHMIN U pa3paboTaH-
HBIX COCTaBOB OBUIM CHHTE3MPOBAaHBI 00pasIbl IEKOPATHBHOTO
MaTepHala C MO3audHBIM, TOPHHUPOBEIM PUCYHKOM. TexHoIOTHs
MIPOU3BOJICTBA BKIIIOYAJIa TAKKME 3TAlbl KaK JO3UPOBKA U IIepeMe-
[IMBaHWE KOMIIOHEHTOB, (DOPMOBKa M pacHaayOIMBaHUE H3JIe-
Wi, mI(OBKa HOBEPXHOCTH ISl BCKPBITUS CTPYKTYPBI MaTe-
pHana, ImaTieBKka Mop ¥ MUKPOAE(EKTOB, MOJNPOBKA U TIPH
HEOOXO/JIMMOCTH TOKPHITHE IMOBEPXHOCTH 3alMTHBIMH COCTa-
BamMH (Jlakamu, MPONMTKaMH, Tuapodobduzatopamu). JlaHHbIe
W3JIeNUs] MOTYT OBITH PEKOMEHIOBAHBI JIJIsl IPUMEHEHHS B Kade-
CTBE JICKOPAaTUBHOM HAIOJbHOW, MHTEPLEPHOU WM TPOTYapHOH
IVIUTKY. BHEIIHUI BUJ MOTYYEHHBIX U3/EIUN NPEACTABJICH Ha
puc.8.

PUCYHOK 8

BHEILHUM BUJI OJTYUYEHHBIX
JEKOPATUBHbBIX U3JEJIUNA

Figure 8

The appearance of the obtained decorative
products
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The maximum relative increase in the difference in
volume deformations was 0.00048 (sample LS-100),
0.00035 (sample LS/PE-50/50), 0.00059 (sample PE-
100). In accordance with GOST 10060.3-95, these re-
sults can be interpreted as the frost resistance mark F300
in all three cases. It should be borne in mind that this
GOST is currently not relevant, and to accurately estab-
lish the mark for frost resistance, it is necessary to use a
standard methodology. Nevertheless, the obtained result
suggests that the obtained composite materials have a
sufficiently high frost resistance.

Based on the conducted research and the developed
compositions, samples of decorative material with mo-
saic porphyry patterns were synthesized. The produc-
tion technology included such steps as dosing and mix-
ing of components, molding and demolding of products,
surface grinding to reveal the structure of the material,
filling of pores and microdefects, polishing and, if nec-
essary, coating the surface with protective compounds
(varnishes, impregnations, water repellents). These
products can be recommended for use as decorative
floor, interior or paving tiles. The appearance of the ob-
tained products is shown in Fig.8.
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3akJ/oueHue

PesynbTaThl IPOBENCHHBIX HCCIEJOBAaHUI MOXHO 0000-
IIUTH CIIETYIOIIUMI OCHOBHBIMH BBIBOJIAMH:

1. BxkimroueHue B COCTaB KOMIIO3MLIMOHHOIO Marepuaa
IPOOJICHBIX OTXO/IOB M3 CITUTOTO ITOJM3THIICHA CHIKAET TEKY-
94eCTh U yI000YKIaBIBAEMOCTh CMECH B CBSI3U C HEMPABUIIb-
HOHM (OpMOI M IIEPOXOBATON HMOBEPXHOCTHIO YACTHI] TAKOTO
3aMoJHUTENS. YBEIUUMBACTCS TPEHHE YACTHI[ C IEMCHTHBIM
TECTOM U JAPYT O JIPyra W MOBBIMIACTCS KOJIMYCCTBO I[CMCHT-
HOT'O TecTa He0OXOJMMOTO /sl 00BOJIAKMBAHMS 3ATI0JIHUTEIS.

2. O6pa3sIpl C 3aroHATEIEM U3 IPOOIICHBIX OTXO0B CIIH-
TOTO TOJIMATHIICHA 001aIal0T CHIDKEHHOM MIoTHOCTHIO (1570
Kr/M%), 9TO CBA3aHO C HU3KOM IUIOTHOCTBIO CAMHUX HOIHMMEP-
HBIX OTXOJIOB.

3.V o0pa3noB MaTepHuaia ¢ 3al0JIHUTEIIEM B BHJIE OTXOJJ0B
CIIMTOTO TOJHMATHICHA 3HAYUTEIHHO CHIYKCHBI TIPOYHOCTHBIC
MOKAa3aTeJH, YTO CBI3aHO C Pa3HOU (PM3MKO-XUMHUYECKOW MpH-
pOI[Oﬁ IleMeHTHOfI MaTpulbl U 3alIOJITHUTCIIA U3 MOJMMEPHBIX
OTXOJIOB U HU3KUM MOJIYJIEM YIPYTOCTH MOCJIEHETO.

4. Pa3pymenue o0pasioB C 3al0JIHUTENEM U3 CIIUTOTO T10-
JIMATHIICHA IPOUCXOIUT OO0JIee TUIACTUYHO, B MOMEHT ITUKOBOM
Harpy3KH 3arojHUTeNb HEKOTOPOE BPEMsI yIEPIKUBAET CTPYK-
Typy 00paslia OT IOJHOTO pa3pylIeHHs, B TO BpeMs Kak B 00-
pasmax ¢ MHHEPaJIbHBIM 3aIlOTHUTEIEM pa3pyIICHUE TPOUCXO-
IIIT XPYTIKO.

5. O0Opa3Isl ¢ 3aMoTHUTEIEM TOIBKO M3 OTXOAOB CIIHTOTO
MOJIMATHJICHA TTOKA3alld 3HAYUTENBHYIO ycaaKy B mepBbie 60
CYT TBEpIEHHs. DTO CBA3aHO C MMOHWXCHHBIM MOAYJIEM YIIPY-
TOCTH TaKOT'O 3aIOJHUTENS], KOTOPBIHA M3-32 HU3KOH )KECTKOCTH
HEe MOXET B IOJIHOH Mepe CIep)KUBaTh ycaqouHble nedopma-
MU LIEMEHTHOTO KaMHs. B To e BpemMss HAaMHOTO MEHbIIei
ycaJKoi 005aar0T 00pas3Ibl CO CMEChIO 3aMOJHUTENS U3 H3-
BECTHSKA U OTXO/0B CIIMTOTO MOJUATHUIICHA.

6. O0pa3iel MaTepualia ¢ 3aroIHUTEIEM U3 OTXO/I0B CIIH-
TOTO TOJMATHIIEHA 00Jalal0T BBICOKHM COIIPOTHBIICHHEM HC-
tupanuro. Takoi 3PeKT 00BICHICTCS IPUPOIOH CIIUTOTO IT0-
JIMSTUIICHA, KOTOPBIH OJaromaps CBOSH TpeXMEpHOU CTPYKTYpe
U TIOMICPEYHBIM CBS3SIM B MOJICKYJIAX ITOJUMEpPa B TOM YHUCIIC
o0aaeT BEICOKOW M3HOCOCTOMKOCTEIO.

7. Ha ocHOBaHUM NPOBEACHHOM OLIEHKH MOPO30CTOMKOCTH
JUIATOMETPHYECKUM CIIOCOOOM YCTAHOBJICHO, YTO IOJTy4YeH-
HBIE 00pa3IBl 00J1a/1aI0T TOCTATOYHO BEICOKOM MOPO30CTOMKO-
ctrio (Mapka F300).

8. Haunmyummmu cBO¥cTBaMu 1O pe3yjIbTaTaM HCCIea0Ba-
HUH 06721271 06pa3Ibl CO CMECHIO TOJUMEPHOTO U MUHEPATh-
HOTO 3arouHuTeNs. [Ipu J0CTaTOYHO BHICOKOI MPOYHOCTH Ta-
Kre 00pa3ibl 00JIaAal0T MOBBIIICHHBIM COMTPOTHBICHHEM UCTH-
paHuio, BHICOKOH MOPO30CTOHKOCTBIO, CHMIKEHHOH IUIOTHO-
CTBIO U YCaIKOM.

9. Ha ocHOBaHHMH TPOBEICHHBIX UCCICIOBAHUN H3TOTOB-
JICHBI U TIPEJICTABJICHBI ICKOPATUBHBIC U3 ACIHA C l'IOp(i)I/IpOBBIM
PHUCYHKOM, KOTOpPBIE MOTYT OBITH PEKOMEHIOBAHBI AJIS TIPUMeE-
HEHUS B KayecTBE JIEKOPATHBHOI HAIMOJIbHOM, WHTEPHEPHOU
WM TPOTYApHOU IIJIUTKHU.

Jluteparypa:

Conclusions

The results of the conducted research can be summa-
rized by the following main conclusions:

1. The inclusion of crushed waste from crosslinked
polyethylene in the composition of the composite material
reduces the fluidity and workability of the mixture due to
the irregular shape and rough surface of the particles of
such an aggregate. The friction of the particles with the
cement paste and against each other increases, and the
amount of cement paste needed to coat the aggregate in-
creases.

2. Samples with aggregate from crushed waste of
crosslinked polyethylene have a reduced density (1,570
kg/m?), which is due to the low density of the polymer
waste itself.

3. Samples of the material with an aggregate in the
form of crosslinked polyethylene waste have significantly
reduced strength indicators. This effect is explained by
the different physical and chemical nature of the cement
matrix and polymer waste and the low modulus of elas-
ticity of this aggregate.

4. The destruction of samples with an aggregate made
of crosslinked polyethylene occurs more plastically; at the
moment of peak load, the aggregate protects the sample
structure from complete destruction for some time, while
in samples with a mineral aggregate, destruction occurs
fragile.

5. The samples from only the crosslinked polyeth-
ylene waste aggregate showed significant shrinkage dur-
ing the first 60 days of hardening. This is due to the re-
duced modulus of elasticity of such an aggregate, which,
due to its low rigidity, cannot fully restrain the defor-
mation of cement stone. At the same time, samples with a
mixture of limestone aggregate and cross-linked polyeth-
ylene waste have much less shrinkage.

6. Material samples with aggregate from waste cross-
linked polyethylene have high abrasion resistance. This
effect is explained by the nature of cross-linked polyeth-
ylene, which, due to its three-dimensional structure and
cross-links in polymer molecules, also has high abrasion
resistance.

7. Based on the conducted assessment of frost re-
sistance by the dilatometric method, it was found that the
obtained samples have a sufficiently high frost resistance
(mark F300).

8.Samples with a mixture of polymer and mineral ag-
gregate had the best properties according to the results of
the studies. With sufficiently high strength, such samples
have increased abrasion resistance, high frost resistance,
reduced density and shrinkage.

9. Based on the conducted research, decorative prod-
ucts with a porphyry pattern have been produced and pre-
sented, which can be recommended for use as decorative
floor, interior or paving tiles.
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BJIMAHUE IBYBOJHOI'O I'NIICA U IINIACTHOUIIUPYIOIIUX JOBABOK HA
CBOHCTBA CYJIb®OATIOMUHATHBIX IEMEHTOB

Txer Haunr Mpunt!, Xter [launr Aynr', Kpuso6opoxos 10.P.?

'Poccuiicknii XUMUKO-TeXHOIOTMYeCKU il yHuBepcuTeT uvenn JI. . Menneneesa
HanuoHAJbHBII HCcTeA0BaTeIbcKHii MOCKOBCKHIA rOCyJapCTBECHHbIH CTPOUTEJIbHbINH YHUBEPCUTET

AHHOTALUS

B pamkax nposedennozo ucciedosanust 6vLia 6bINOIHEHA KOMWIEKCHASL OYEHKA GIUSHUSL XUMUYECKUX 000A680K-NAACMUpUKAMOPO8 pa3-
JIUYHOU NPUPOObL HA PEONOSUHECKUe U (DUBUKO-MEXAHUYECKUE CEOUCMBA CReYUATIbHbIX YeMEHMHbIX CUCIEM HA OCHOBE CYIbHOANIOMUHAN-
HO20 KMuHKepa. B rauecmee 06vexmoe ucciedosamusi 8iCmMynuiu CynepniacmuQuKkamop HA OCHO8E NOIUKAPOOKCUIAMHBIX IPUpos
MELMENT F10 u eunepnaacmughuxamop Hosoco nokonenus MELFLUX 4930F. Hccnedosanue 6Kmiouano 8apbuposanue 08yx KIUegbix
napamempos: uoa u 003uposKy niacmupuyupyiowei 000aexku, a makoice Koauvecmsa 08yeoonozo eunca (CaSO+2H>0), 8600umozo 6 co-
cmag ssicywe2o. Iunc uepaem Kpumu4eckylo poib 8 pecyiuposanuy KUHeMuKY meepoeHust U oopMupo8anus KOHeYHOU CMpYKmMypbl Cyb-
Goanomunamnozo yemenma. B pesynomame npogedennvix sxcnepumenmos 6viia yCmaHoB8IeHa YemKas 3a8UCUMOCb MeNcOy Npupooou
000a8KU U CIMPOUTNENbHO-MEXHUYECKUMU Xapakmepucmuxkamu komnosumos. I unepniacmuguxamop MELFLUX 4930F npodemoncmpupo-
8411 cyujecmeenHo boiee 8blCOKYI0 hdexmusnocms no cpasneruio ¢ cynepnaacmugurxamopom MELMENT F10. Eco npumenernue obecne-
YUBALO 3HAYUMENbHOE CHUJICEHUE 8000NOMPEeOHOCmU cMecell NPpu 0OHOBPEMEHHOM YIVHueHUuU y00O0YKIAObI6AeMOCHU, YMO NOL0NCU-
MENbHO CKA3AN0Ch HA NIOMHOCIU U NPOYHOCMU 3ameepoesuie2o Kamis. 110 co8OKYNHOCMU NOYYEHHbIX OAHHBIX (MPOYHOCMb HA CoCAmUe
U u32ub, HOPMAILHAS 2YCMOMA YEMEHNMHO20 Mecmd, CPOKU CX8AMbIEAHUs) ObLI onpedeien ONMUMAibHbll peyenmyphbli cocmas. Haunyu-
wiie pe3ynbmamaul 3apuKcUposanvl Osl KOMnosuyuu, cooepicauieii 5% 08y600Ho20 cunca om maccwl eaxcywezo u 0,5% eunepniacmughu-
xkamopa MELFLUX 4930F. Hmenno 0annoe couemarnue 0b6ecneyuno opmuposanie yeMeHmHo20 KaMHsl ¢ MAKCUMATbHbIMU HOKA3AMeNIMU
NPOYHOCMU HA PAHHUX U NO30HUX CPOKAX MBEPOEHUs], A MAKIICE C BbICOKOU NIOMHOCMbIO U 00JI208E€HHOCIBIO.

KIIKOUYEBBIE CJIOBA: cyropoantomunamusiii kniunkep, Rpupoomslii 2Uncosplii Kamens, niacmuguyupyouue 000a8Kku, Hop-
MAIbHASL 2YCMOMA, CPOKU CX8AMbLEAHUS
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pyrommx 100aBOK Ha CBOMCTBA CyJIb(OATIOMUHATHBIX IIeMEHTOB // TexHuKa U TexHoJorus cuiaukatoB. — 2025. — T. 32, Ne 5. — C. 446-455.
https://doi.org/10.62980/2076-0655-2026-446-455 , EDN yyoamn

Type of article - scientific article
OECD 2.04 Chemical engineering EDN yyoamn

IT ENGINEERING, CHEMICAL DOI 10.62980/2076-0655-2026-446-455

THE INFLUENCE OF GYPSUM DIHYDRATE AND PLASTICIZING ADDITIVES ON THE
PROPERTIES OF SULFOALUMINATE CEMENTS

Thet Naing Myint', Htet Paing Aung', Krivoborodov Yu.R.'?

! Mendeleev Russian University of Chemical Technology (RSTU)
2 Moscow State University of Civil Engineering (MGSU) National Research University

ABSTRACT

Within the framework of the conducted research, a comprehensive assessment of the influence of chemical plasticizing additives of dif-
ferent natures on the rheological and physico-mechanical properties of special cement systems based on calcium sulfoaluminate clinker was
performed. The objects of the study were the polycarboxylate ether-based superplasticizer MELMENT F10 and the new generation hyper-
plasticizer MELFLUX 4930F. The study involved varying two key parameters: the type and dosage of the plasticizing additive, and the
amount of dihydrate gypsum (CaSO42H:0) introduced into the binder composition. Gypsum plays a critical role in regulating the hardening
kinetics and the formation of the final structure of calcium sulfoaluminate cement. As a result of the experiments, a clear dependence between
the nature of the additive and the construction-technical characteristics of the composites was established. The hyperplasticizer MELFLUX
4930F demonstrated significantly higher efficiency compared to the superplasticizer MELMENT F'10. Its application provided a significant
reduction in the water demand of the mixtures while simultaneously improving workability, which positively affected the density and strength
of the hardened paste. Based on the totality of the obtained data (compressive and flexural strength, standard consistency of cement paste,
setting times), the optimal formulation composition was determined. The best results were recorded for the composition containing 5%
dihydrate gypsum by weight of the binder and 0.5% hyperplasticizer MELFLUX 4930F. This particular combination ensured the formation
of a cement paste with maximum strength indicators at early and late hardening ages, as well as high density and durability.

KEY WORDS: sulfoaluminate clinker, natural gypsum stone, plasticizing additives, standard consistency, setting times
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BBEJEHUE

B maHHBINA MIeproOa BpeMeHH, MHOTHX CHIIBHO 3a00THT TO-
JIO’)KEHUE OKPY KAIOIIEH cpenibl, B HEMEHTHON UHIYCTPUH OCO-
OCHHO HEMaJOBXKHO HAONIONaTh 3a BEIOpOCaMM, TaK Kak
CTpaHbI MOCTOSHHO HY)KIAIOTCSl B LIEMEHTE U €ro MpOU3BOA-
CTBO HHKOT/Ia HE IpepBeTcs. boiee moporocTosiuM KomIo-
HeHTOM B cocTaBe CAK sBIsiroTcst OOKCHTBI MITH JUISL IOJTHOTO
MOHUMAaHHMs — aJIFOMUHHUEBBIE PyAbl. OJTHAKO CYIIECTBYIOT allb-
TEpHATUBHbBIE HCTOYHUKH JAHHOTO CHIPBS (OTXOJbI METaJLTyp-
THH [IBETHBIX METAIIIOB, MIPUTOBEIE 30761). B cymnbdoamomu-
HATHBIX [IEeMEHTaxX JOIMYCTHUMO MPUMEHEHNE TEXHOTEHHBIX Ma-
TEPHAJIOB, YTO AACT BO3MOXKHOCTh PaIlIOHAIFHO HCIOIH30BATh
MPHUPOAHBIE PECYpPCHI, TAPAHTUPOBATH OOJIee JIEIMIeBOE MPOU3-
BOJICTBO, COKpaTHTh BEIOpockl CO, B aTMocdepy HaiiTu pere-
HHUE YTHIN3AIHAN IPOMBIIUIEHHBIX 0TX010B [1-7].

B OIMNPCACIICHHBIX ClIyYasdaX, MpHU HCIOJb30BAHUN BBICOKO-
IIOMHHATHBIX [IEMEHTOB IOTPEOJICHHE BOJIOPEIYLMPYIOIINX
J00aBOK yBEIMYHMBACTCS, @ MX PE3yJIbTATUBHOCTh YMEHbIIA-
C€TCA. BO3MO)KHO, BEpOATHAA MpUYUHA JaHHOTO ABJICHUA — IIPO-
HUKHOBEHHE U aJcopOLusi MOJIEKYJl BOAOpEAYyLUPYOLIeH J10-
6aBku B MexciioeBoe npoctpaHctBo AFm-(ha3, Kk KoTopsIM OT-
HOCATCS OOJBITMHCTBO THAPOATIOMAHATOB Kanbus [§-14].

B Hacrosmmii meproa BpeMEHH BOMIPOC COYETAEMOCTH BO-
JOPEeIyNUPYIOMHX J00aBOK CO CIICIUANBHBIMU IIEMEHTaAMH
MOKa HEHOCTaTOYHO HcciienoBaH. OJHAKO, OTTAKUBAsCh OT
(hakTa, 9YTO TIPH TUApPATALUU CYIH(PATHPOBAHHBIX IIEMEHTOB
TaKXke BO3MOKHO oOpa3oBanue AFy-das, ciemyer BHITOTHUTD
IIUPOKHUE UCCIe0BaHUs B 9TOM Hampasienuu [10, 15-17].

Takum 00pa3oMm, IEeTIbI0 JaHHOW paOOThl CTAHET U3YYCHUEC
CAK Ha 0CHOBE TEXHOT'€HHBIX MaT€pHaloB, a TAK)KE COBMECTH-
MOCTH pa3HBIX TI0 XUMUYecKoMy cocTaBy cMmeceid CAL] ¢ pas-
HOOOPa3HBIMHU IUIACTU(UKATOPAMHU U YCTaHOBJICHHE LIEJIECO00-
Pa3HOCTH 3THX METOJIOB YIIPOYHECHUS IIEMEHTHOH CMECH.

Lesb10 padoTHI SIBISETCS MCCICIOBAHNE BIMSHUS TIIACTH-
(hUKaTOPOB Pa3IUIHON MPHUPOABI HA HOPMAIBHYIO TYCTOTY U
CPOKH CXBATHIBAHUS CIICIIHATHHBIX [IEMEHTOB HA OCHOBE CYJIb-
(hoamOMHUHATHOTO KJIMHKEpa C pa3IMIHON JTO3MPOBKOU
JIBYBOJHOTO THIICA.

MaTtepuaiabl U MeTOABI

Jlyist cuHTE3a ONBITHBIX 00pa3loB IEMEHTOB ObliIa chOpMHU-
poBaHa ChIpheBas 0a3a, BKJIIOYAIOIIAs CIEXYIONHE KOMIIO-
HEHTHI:

Cyab}oanioMMHATHBI KJIUHKeP — SBJSUICS OCHOBHBIM
BSKYIIIMM KOMIIOHEHTOM. B paboTe npumeHsicst KIMHKep Ipo-
MBIIIEHHOTO IPOU3BOCTBA, NOIYYEHHBIA Ha MOITHOCTIX AO
"Tlogonbckuil ieMeHTHBIHN 3aBoa". Ero XMMUKo-MHUHEpaJIOTH-
YeCKUI COCTaB, XapaKTepU3yIOUIMCs NpeobdiaagaHnueM Oenu-
T0BOII (C2S) 1 cynbhoamomunarHoii (C:AsS) das, obecrneun-
BaeT 0a30BbIE CBOMCTBA CIIEIMAIBHBIX IEMEHTOB: PETYJIHpYe-
MYI0 KHHETHKY TBEPICHHS, BHICOKYIO PaHHIOI MPOYHOCTH U
CTOHKOCTB K CIIeIHU(UIESCKUM CpeiaM.

CyabpaTtocoaep:kanuii KOMIOHEHT — B Ka4eCTBE Pery-
JSITOpa CTPYKTYPBI M CPOKOB CXBATBIBAHHUS HCIIOJIB30BAJICS
npupoassiid aByBoaHbIH rumnc (CaSO4:2H20), oTobpaHHBIH Ha
HoBoMOCKOBCKOM MeCTOpOXXKICHHH. BBIOOp MaHHOTO CHIPBS
00YCJIOBJIEH €TI0 BBICOKOH YHCTOTOH M CTaOMIBHOCTBIO KpH-
CTAJUIOXUMHUUYECKUX XAPAKTEPUCTUK, YTO KPUTHUECKU BAKHO
JUISL BOCTIPOM3BOANMOCTH ITPOIIECCOB I'MpaTaLNH CyJIb(oalio-
MHHATHOH (a3bl 1 POPMHUPOBAHKS yCTOHUMUBOTO STTPHHIUTA.

Moaudunupyomme A00aBKU — Ui LieJeHANpaBieH-
HOTO PperyJUpOBaHMsS PEOJOTHUECKUX M TEXHOJIOIMYECKHX

INTRODUCTION

Currently, many are deeply concerned about the state
of the environment. In the cement industry, it is particu-
larly important to monitor emissions, as countries con-
stantly need cement and its production will never cease.
The more expensive component in the composition of cal-
cium sulfoaluminate clinker (CSA) is bauxite or, for a
complete understanding, aluminum ores. However, there
are alternative sources of this raw material (non-ferrous
metallurgy waste, pyrite cinders). The use of technogenic
materials in calcium sulfoaluminate cements is permissi-
ble, which will allow for the rational use of natural re-
sources, guarantee cheaper production, reduce CO» emis-
sions into the atmosphere, and provide a solution for the
disposal of industrial waste [1-7].

In certain cases, when using high-alumina cements, the
consumption of water-reducing additives increases, and
their effectiveness decreases. A probable reason for this
phenomenon is the penetration and adsorption of water-
reducing additive molecules into the interlayer space of
AFn, phases, which include most calcium hydroaluminates
[8-14].

At present, the issue of compatibility of water-reduc-
ing additives with special cements is still insufficiently re-
searched. However, based on the fact that the hydration of
sulfated cements can also lead to the formation of AFn,
phases, extensive research in this direction should be car-
ried out [10, 15-17].

Thus, the aim of this work is to study CSA cements
based on technogenic materials, as well as the compatibil-
ity of CSA mixtures of different chemical compositions
with various plasticizers and to establish the feasibility of
these methods for strengthening the cement mixture.

The aim of the work is to study the influence of plas-
ticizers of different natures on the standard consistency
and setting times of special cements based on calcium sul-
foaluminate clinker with different dosages of dihydrate

gypsum.

Materials and Methods

For the synthesis of experimental cement samples, a
raw material base was formed, including the following
components:

Calcium Sulfoaluminate Clinker - was the main
binding component. Industrially produced clinker from
JSC "Podolsk Cement Plant" was used. Its chemical and
mineralogical composition, characterized by the predomi-
nance of belite (C2S) and calcium sulfoaluminate (CsAsS)
phases, provides the basic properties of special cements:
controllable hardening kinetics, high early strength, and
resistance to specific environments.

Sulfate-containing component - natural dihydrate
gypsum (CaSO4-2H20) from the Novomoskovsk deposit
was used as a structure and setting time regulator. The
choice of this raw material is due to its high purity and
stability of crystallochemical characteristics, which is crit-
ical for the reproducibility of calcium sulfoaluminate
phase hydration processes and the formation of stable
ettringite.
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CBOMCTB IEMEHTHBIX CHCTEM BBOJHINCH BEICOKO3(p(heKTHBHBIE
TUTACTH(UKATOPHI:

Cynepmaacrupukarop «Melment F10» — mnonmxap-
ookcmmataeit 3¢up (IIKD) crammaptHON 3¢ dEeKTHBHOCTH,
CITy’Kall[Mii 3TAJIOHOM JUTS CPaBHUTEIHHOTO aHAJIN3a.

I'unepnnacrudguxarop «Melflux 4930F» — npencrasu-
TEJIb HOBOTO ITOKOJICHHS TIOJINKapOOKCHIIATHBIX 3()UPOB C KOM-
OMHHPOBAHHBIM JICHCTBHEM, 00ECIIEUHBAIOIINI HE TOJIBKO 3Ha-
YUTEIHHOE BOJOPEIYLHPOBAHUE, HO M KOHTPOJIb PEOJIorHYe-
CKHUX CBOWMCTB U KUHETHKH THAPATAlNH.

Modifying additives - to purposefully regulate the
rheological and technological properties of cement sys-
tems, high-efficiency plasticizers were introduced:

Superplasticizer "Melment F10" - a standard effi-
ciency polycarboxylate ether (PCE), serving as a reference
for comparative analysis.

Hyperplasticizer "Melflux 4930F" - a representative
of a new generation of polycarboxylate ethers with com-
bined action, providing not only significant water reduc-
tion but also control of rheological properties and hydra-
tion kinetics.

TABJIMIA 1 XUMHAYECKHI COCTAB UCXOJHbIX MATEPUAJIOB

Table 1 Chemical composition of raw materials

Coaep:xanue OKCHI0B, Macc. %
Marepuaibi Oxide Content, wt. %

Materials e Si0; ALO; Fe0s Ca0 MgO SO
CAK
Calcium Sulfoaluminate 0,50 10,50 26,10 5,53 51,30 1,30 4,60
Clinker
Tuncosbiii kamern 23,1 2,40 0,50 0,30 32,20 2,60 38,90
Gypsum

Ha mepBoM 3Tame paboThl MCCIENOBAIOCH BIMSIHUE JO-
6aBOK JIByBOJIHOTO THIICa HA HOPMAJIBHYIO TyCTOTY U CPOKH
CXBaThIBaHUS LIEMEHTa Ha OCHOBE CYJb()OATIOMUHATHOTO
knuHkepa AO «Ilomonbckuii LlemeHT».

IToaydyenne nemenToB Ha ocHoBe CAK ¢ pa3iu4HbIM
coJep:KaHHeM I'MIca

Bruto nomydeno 3 cocraBa CAK ams uccnenoBanuit Hop-
MaJIbHOM T'yCTOTBI 1 CPOKOB CXBAaThIBAHHS.

CocraBsl:

Uucteiit CAK

CAK+5% rurmca

CAK+15% runca

Kaxmoit cmecu 66110 Ioy4ero mo 2700 r, cMecu Merra-
JIMCh Ha CIeNUAIBHBIX BOJIKAX 10 30 MUHYT, IS TOJTyYeHHS
OJHOPOJHON MaccChl.

Janee cmecu Obutn pa3outsl Ha 9 vacteit mo 300 r:

Uucterit CAK

UYucterit CAK + 0,5% mnactudukaropa

Uucterit CAK +1% nmactuduxaropa

CAK +5% rumnca

CAK +5% rurca +0,5% nnactuduxaropa

CAK +5% runca +1% rutactudukaropa

CAK +15%runca

CAK +15% rumnca +0,5% munactuduxaropa

CAK +15% runca +1% mnactudukatopa

Tak xak B paboTe uccienyercs 2 miactudukaropa, To B
uTOore OBLTM M3y4YeHHI 18 cmecel.

Kaxmas cMecs ObLTa McciiejoBaHa Ha BBIABICHUE ONTH-
MaJIbHOTO BojiorieMeHTHOro cooTHomeHus (HI'), BeIsiBIeHNS
CPOKOB CXBaTBHIBAHUSI, TPOYHOCTHBIX XaPAKTEPUCTUK U CIe-
naH PDOA.

Onpegenenne HOPMAJIBLHOM IyCTOTBI M CPOKOB CXBa-

THIBAHHUSI LIeMEHTOB
OnpegeneHne HOPMAJIBHOM I'yCTOTBI

3a HOpMaJIbHYIO TYCTOTY LIEMEHTHOTO TECTa IPUHUMAIOT

KOJINYECTBO BOJBI 3aTBOPEHUS, BBIPAXKEHHOE B MPOLIEHTAX
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In the first stage of the work, the influence of dihydrate
gypsum additives on the standard consistency and setting
times of cement based on calcium sulfoaluminate clinker
from JSC "Podolsk Cement" was investigated.

Preparation of CSA-based cements with different
gypsum content

Three CSA compositions were prepared for studying
standard consistency and setting times.

Compositions:

Pure CSA Clinker

CSA + 5% gypsum

CSA + 15% gypsum

2700 g of each mixture was prepared; the mixtures were
mixed in special mills for 30 minutes to obtain a homogene-
ous mass.

Subsequently, the mixtures were divided into 9 parts of
300 g each:

Pure CSA Clinker

Pure CSA Clinker + 0.5% Melment F10

Pure CSA Clinker + 0.5% Melflux 4930F

CSA + 5% gypsum

CSA + 5% gypsum + 0.5% Melment F10

CSA + 5% gypsum + 0.5% Melflux 4930F

CSA + 15% gypsum

CSA + 15% gypsum + 0.5% Melment F10

CSA + 15% gypsum + 0.5% Melflux 4930F

Since the study examined two plasticizers, 18 mixtures
were ultimately studied.

Each mixture was tested to determine the optimal water-
cement ratio (WCR), setting time, strength characteristics,
and X-ray fluorescence analysis (XRF).

Determining the normal density and setting time of
cements
Determining the normal density

The normal consistency of cement paste is defined as the

amount of mixing water, expressed as a percentage of the
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OT MacChl IEMEHTA, TIPH KOTOPOM JIOCTHIaeTCs HOPMUPOBAH-
Has KOHCHCTCHLUS IEMEHTHOTO TECTA.

Hopwmanbsnyro rycroty ompenenstor mo ['OCT 310.3-76
Ha MajoM npubope Buka.

Mauabiii npudop Buka oriiM4aercss oT CTaHAAPTHOIO
Maccoil MoJABMXKHOHM wacTu, koropas cocraBuser 70 r, a
Taroke pasmepamu necrtuka (d = 4,5 MM u 1 = 20 MM) 1 UIJIBI
(d=0,5 mm u | = 25 mm). I1Ipu pabore ¢ ManbIM TIPHOOPOM
Buka ucrionb3yloT KOHUUECKYIO ()OPMY C HHOKHUM JTHaMeT-
pom 30 MM, BEpXHUM JAHUAMETPOM 25 MM U BBICOTOM 15 MMm.

st ompeneneHuss HOPMaJbHOM T'yCTOTBI LIEMEHTHOTO
TECTa OTBEIINBAIOT

20 r meMeHTa W TOMEMAIT HaBecKy B (apdopoByro
YanKy co c(hepuIecKHM JTHHUIIEM.

3areM OTMEpSIOT MEPHBIM IWIHHAPOM HE0OX0AUMOE KO-
JUYECTBO AUCTHIIMPOBAHHON BOAbL. IlmacTHHy ¢ KOnbIioM
Y IIEMEHTHBIM T€CTOM MOMEIIAI0T B pubop Buka.

[TecTHK MOABOJAT K MOBEPXHOCTU TeCTa U (DUKCHPYIOT
CTOIOPHBIM BUHTOM. 3aT€M OTITyCKalOT CTONOPHBIA BUHT U
JIAf0T MECTUKY CBOOOJTHO MOTPYKATHCSA B IEMEHTHOE TECTO B
Teuenue 10 c.

3a HOpMaJIbHYIO TYCTOTY IIEMEHTHOTO TecTa IPHHUMAIOT
TaKyl0 €ro KOHCHCTEHIHIO, IIPH KOTOPOI MECTHK HE JI0 XO-
JIUT OO0 JHA KOJbIa Ha 3-4 MM.

Ecmu nectuk morpyxkaercs Hike (BbIme) 3-4 M, 3aMe-
IIMBAOT HOBYIO IOPIMIO LEMEHTa M OMNBIT HOBTOPSIOT,
yMeHbIas (yBENMUUBast) KOMn4ecTBo Boxasl Ha 1-5 %. Ilo-
BEPXHOCTh TECTHKA, KOJIbIIA W IUIACTUHKH IOCIE Ka)KIOTO
OTIbITA IPOTUPAIOT BJIAXKHOI BETOIIBIO U CJIETKa CMa3bIBAIOT
MAaIIUHHBIM MacJoM.

Hopmansnyto rycrory (HT', B %) paccuutsiBatot o ¢op-
MyJe:

HT = % 100% , rme

W — KOnMM4eCTBO BOBI 3aTBOPEHUS, MIT;
m — HaBeCKa FHIPaBIMYECKOTO BSIXKYIIETO, T.

Onpenenenue CPOKOB CXBATHIBAHUS

HeoOparuMblii nporiecc MOTEpH MOJBIKHOCTH OETOHA
WIA [EMEHTHO-TIECYAaHOTO PacTBOpa HA3BIBACTCS — BpeMs
CXBaTBIBaHUS [IEMEHTA. JTO BaKHBIH, HOPMHPYEMBIH MOKa-
3areNb KadecTBa I BceX 00MeCTpOUTEIHHBIX [IEMEHTOB

[Ipu onpeneneHny CPOKOB CXBATHIBAHHS IIEMEHTHOTO Te-
CTa B HIDKHIOIO 9acTh CTEp)KHS mpubopa Buka BCTaBISOT
urny. [lecTuk nepeMenaoT B BEPXHIOW YacTh Mpudopa.

J1st onpeieneHust CPOKOB CXBATHIBAHUS UTITY TIOJIBOST
K TIOBEPXHOCTH TECTa U PUKCUPYIOT BUHTOM, TTOCJIE YETO OT-
MyCKAIOT CTOMOPHBIN BUHT W JAlOT WTJe CBOOOJHO MOTPY-
XKaThCsl B IIeMeHTHOe TecTo B Teuenue 10c. [Ipon3BoasT ot-
CYeT MIyOWHBI TIOTPYKESHHS UTJIBI B IIEMEHTHOE TecTo. Eciu
UTJa KacaeTcs JHa, TO MOBTOPSIFOT U3MEpPEHUE TITyOUHEI ee
MOTPYKEHUS Yepe3 5 MUH B IPYTOM MECTE, CJierka MOBEpHYB
koubIo. Ilocie Kakmoro m3MepeHus HEOOXOAUMO IMPOTH-
paTh UTdy OT LIEMEHTHOTrO TeCTa.

3a Hayalo CPOKOB CXBAThIBAHMS NMPUHUMAIOT BpPEMs OT
MOMEHTa 3aTBOPEHUS LIEMEHTA BOJIOM O TOr0O MOMEHTa, KO-
rAa uria He OyAeT JOXOIUTh 10 THa (GOpMBI Ha 1-2 MM.

3a KOHeI| CXBaThIBAHUS MPUHUMAIOT BPEMsI OT MOMEHTa
3aTBOPEHUS BOJOW, N0 MOMEHTa, Koriga wuria Oyjaer
MOTPY’KaThCs B [IEMEHTHOE TeCTO He Oojiee 4eM Ha 1-2 MMm.

cement mass, that achieves the specified consistency of the
cement paste.

Normal consistency is determined according to GOST
310.3-76 using a small Vicat apparatus.

The small Vicat apparatus differs from the standard one
in the mass of the moving part, which is 70 g, as well as the
dimensions of the plunger (d = 4.5 mm and 1 = 20 mm) and
the needle (d = 0.5 mm and | = 25 mm). When working with
the small Vicat apparatus, a conical ring with a bottom diam-
eter of 30 mm, a top diameter of 25 mm, and a height of 15
mm is used.

To determine the standard consistency of cement paste,
20 g of cement is weighed and placed in a porcelain bowl
with a spherical bottom.

Then the necessary amount of distilled water is measured
with a measuring cylinder. The plate with the ring and ce-
ment paste is placed in the Vicat apparatus.

The plunger is brought to the surface of the paste and
fixed with a locking screw. Then the locking screw is re-
leased, and the plunger is allowed to freely immerse into the
cement paste for 10 s.

The standard consistency of the cement paste is taken as
its consistency at which the plunger does not reach the bot-
tom of the ring by 3-4 mm.

If the plunger immerses below (above) 3-4 mm, a new
portion of cement is mixed, and the experiment is repeated,
decreasing (increasing) the amount of water by 1-5%. The
surface of the plunger, ring, and plate after each experiment
is wiped with a damp cloth and lightly lubricated with ma-
chine oil.

The standard consistency (SC, in %) is calculated by the
formula:

SC = g 100% , where

W — amount of mixing water, ml;
m - mass of hydraulic binder, g.
Determination of setting times

The irreversible process of loss of mobility of concrete or
cement-sand mortar is called the setting time of cement. This
is an important, standardized quality indicator for all general
construction cements.

When determining the setting times of cement paste, the
needle is inserted into the lower part of the Vicat apparatus
rod. The plunger is moved to the upper part of the apparatus.

To determine the setting times, the needle is brought to
the surface of the paste and fixed with a screw, after which
the locking screw is released, and the needle is allowed to
freely immerse into the cement paste for 10 s. The depth of
needle immersion into the cement paste is recorded. If the
needle touches the bottom, the measurement of its immersion
depth is repeated after 5 minutes in another place, slightly
turning the ring. After each measurement, the needle must be
wiped clean of cement paste.

The initial setting time is taken as the time from the mo-
ment of cement mixing with water until the moment when
the needle does not reach the bottom of the mold by 1-2 mm.

The final setting time is taken as the time from the mo-
ment of mixing with water until the moment when the needle
immerses into the cement paste by no more than 1-2 mm.
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Pe3yabTaThl H UX 00CyXKIeHHE

IlemeHTHI ¢ O6aBKaMH TUIICa TOTOBHINCH METOZOM IIe-
pememuBanus. OnpeneneHne HOPMAIBHOM T'yCTOTBI B CPO-
KOB CXBAaTBIBaHMUS IIEMEHTOB IPOBOAMIIHN C UCIIOIb30BaHHEM
Masioro npudopa Buka B cooTBeTCTBHE ¢ MeTOIUKaMu. Pe-
3yJbTaThl OMpEIENCHUS HOPMaJbHOM T'yCTOTHI LEMEHTOB,
M3MENBYEHHBIX JI0 yeIbHOM noBepxHocTH 400 M%/KT, npu
pazmuunbix cooTHomeHusx CAK u aByBomHOro rumca
CaS042H>0 npencrapiicHbl B TA0IHIE 2.

Results and Discussion

Cements with gypsum additives were prepared by mix-
ing. Determination of standard consistency and setting times
of cements was carried out using a small Vicat apparatus ac-
cording to standard methods. The results of determining the
standard consistency of cements, ground to a specific surface
area of 400 m?kg, at different ratios of CSA and dihydrate
gypsum CaSQO42H:0 are presented in Table 2.

TABJHULA 2 BJIUSHUE JOBABOK I'NHIICA HA HOPMAJIBHYIO I'YCTOTY U CPOKH CXBATBIBAHUS
CYJIb®OATIOMUHATHBIX HEMEHTOB
Table 2 Influence of gypsum additives on standard consistency and setting times of calcium sulfoaluminate cements

Cpoxu cXBaTbIBaHNS, MUH
Coaep:xanue rumnca B eMeHTe, HopmanbHhas rycrora, Setti . .
o o etting time, min
LG ) 0 HAYAJI0 KOHE
Gypsum content in cement, wt.% Normal density, % .. !

beginning end

0 40 10 15

5 35 20 35

15 30 30 70

Y CTaHOBIIEHO, YTO HOPMANBHAS TYCTOTA CYIh(pOaTFOMH-
HATHOTO [IEMECHTAa YMCHBIIIACTCS MIPH BBEACHUH B €T0 COCTaB
nmo6aBok nByBogHOTO THIca ¢ 40 % (0 macc.% rumca) go 35
1 30 % B ciyuyae BBeZleHUs B €ro cocTas 5 1 15 macc.% rurmca
COOTBETCTBCHHO. J/laHHOE SIBJICHHE MOXHO OOBSCHUTH TEM,
YTO B MPUCYTCTBUU TUIICA 00PA3YIOTCS KPYITHbIE KPUCTAILIBI
srrpunruta 3Ca0-Al,03-3CaS04-2H,0, aacopoOupyromue
MEHBIIIEe KOJUYECTBO BOJBI, YeM OOPa3yIOIIUecs: B OTCYT-
CTBHH runca Kkpuctamwisl AF,- ¢pa3 (ruapoanroMUHaTHI Kajlb-
IUST Pa3IMIHOTO COCTaBa).

YCTaHOBJIEHO, YTO CPOKH CXBAThIBAHHS CYJIb(OATIOMU-
HATHOTO IIEMEHTa YJIMHSIOTCS TIPY BBEJICHUU B €r0 COCTaB
n00aBOK ABYBOJHOTO THIICA: Hadajo cxBaTbiBaHus — ¢ 10
muH (0 macc.% runca) go 20 1 30 MUH B cilydae BBEJICHHS B
ero coctaB 5 u 15 macc.% rurca COOTBETCTBEHHO; KOHEI]
CXBaTBIBAHUS — COOTBETCTBEHHO ¢ 15 1o 35 — 70 mun. 3a-
Me/JICHAE CXBaTBIBaHUS IIEMEHTOB B IPHCYTCTBUU JT00aBOK
THIICA MOXHO OOBSICHUTh OOpa30BaHHEM IUIOTHBIX, MAJIO-
MIPOHUIIAEMBIX JIJIsI MOJIEKYJT BOJIBI 000I0YEK U3 KPUCTAIIOB
STTPUHTHTA, CHIDKAIOIIUX CKOPOCTh THIIpATallUU [IEMEHTA

Pe3ynpTatel  MCCIEOBaHHS COBMECTHOTO  BIIMSIHUS
JIBYBOJIHOTO THUIICA M IUIACTUGUIHPYIOMUX J00aBOK
Melment F10 u Melflux 4930F Ha HOpMajbHYIO TyCTOTY
Cynb()OATIOMIUHATHOTO  IIEMEHTa  TPEACTABJICHB  Ha
pucyHkax 1 u 2.

C pocTtoM conep)kaHus BYBOJHOI'O THIICa B IIEMEHTE
3¢ QeKTUBHOCT,  JeicTBUS  000MX  IUIACTU(HUKATOPOB
cHmwkaerca. Tak, g pactBopa ¢ 0,5 macc.%
wiactuuxaropa Melment F10 HopmanbHas TycroTa
nemenra ¢ 5 macc.% runca cocrasuser 23,5 %, a nmus
nemenTa ¢ 15 macc.% runca — 25,0 %. [ns pactBopa ¢ 0,5
Macc.% mnactudukatopa Melflux 4930F HopmanbHas
TrycToTa meMenrta ¢ 5 macc.% rurca cocraBisieT 17,5 %, a
s nementa ¢ 15 mace.% rumca — 20,0 %.

JlarHOE SIBIEHNE MOXKHO OOBSICHHUTH acopOuuneii yactu
miacTu(uKaTopa Ha YaCTHIIAX TUIICA: YeM OOJIbIle THIICa B
cucreMe, TeM OoJiblliee KOJMYECTBO IUIACTH(HKATOpA
ajicopOMpyercss Ha TUICE M TEM MCHbBIICE KOJIUYSCTBO
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It was found that the standard consistency of calcium sul-
foaluminate cement decreases when dihydrate gypsum addi-
tives are introduced into its composition from 40% (0 wt.%
gypsum) to 35% and 30% in the case of introducing 5 and 15
wt.% gypsum, respectively. This phenomenon can be ex-
plained by the fact that in the presence of gypsum, large crys-
tals of ettringite 3Ca0-Al203-3CaS04-32H20 are formed,
which adsorb less water than the AF, phase crystals (calcium
hydroaluminates of various compositions) formed in the ab-
sence of gypsum.

It was found that the setting times of calcium sulfoalumi-
nate cement are prolonged when dihydrate gypsum additives
are introduced into its composition: initial setting increases
from 10 min (0 wt.% gypsum) to 20 and 30 min in the case
of introducing 5 and 15 wt.% gypsum, respectively; final set-
ting increases from 15 min to 35 and 70 min, respectively.
The retardation of cement setting in the presence of gypsum
additives can be explained by the formation of dense, low-
permeability shells of ettringite crystals, which reduce the
rate of cement hydration.

The results of the study of the combined influence of di-
hydrate gypsum and plasticizing additives Melment F10 and
Melflux 4930F on the standard consistency of calcium sul-
foaluminate cement are presented in Figures 1 and 2.

With an increase in the dihydrate gypsum content in the
cement, the effectiveness of both plasticizers decreases.
Thus, for a mixture with 0.5 wt.% plasticizer Melment F10,
the standard consistency of cement with 5 wt.% gypsum is
23.5%, and for cement with 15 wt.% gypsum, it is 25.0%.
For a mixture with 0.5 wt.% plasticizer Melflux 4930F, the
standard consistency of cement with 5 wt.% gypsum is
17.5%, and for cement with 15 wt.% gypsum, it is 20.0%.

This phenomenon can be explained by the adsorption of
part of the plasticizer on gypsum particles: the more gypsum
in the system, the greater the amount of plasticizer adsorbed
on the gypsum and the lesser amount of plasticizer partici-
pates in the plasticization of the calcium sulfoaluminate mix-
ture.
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IUTaCTU(PHUKATOPAa YYaCTBYeT B IUTACTH(UKAIMN pPacTBOpa

CyIb(pOaTIOMHUHATA.
PesynbraThl HCCIEIOBaHHS COBMECTHOTO — BIHSIHUS
IBYBOAHOTO THWIICA W IUIACTUQHUIHPYIOMHX T0OABOK

Melment F10 m Melflux 4930F cpoku cxBaThIBaHHA
CyJ1b(OATIOMUHATHOTO LIEMEHTA MPE/ICTABICHBI Ha PUCYHKE
3.

The results of the study of the combined influence of di-

hydrate gypsum and plasticizing additives Melment F10 and
Melflux 4930F on the setting times of calcium sulfoalumi-
nate cement are presented in Figure 3.
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YCTaHOBIIEHO, YTO CPOKH CXBAaTHIBAHUS CYIb(})OATIOMIHAT-
HOTO IIEMEHTA yJUTHHAIOTCS IPU BBEJACHUH B €TO COCTaB J00a-
BOK JIBYBOJIHOTO THIICA: Hadano cxBateiBaHUs — ¢ 10 mun (0
macc.% rurnca) 1o 20 u 30 MUH B ciTydae BBEJCHUS B €70 COCTaB
5 u 15 macc.% rumnca cOOTBETCTBEHHO; KOHEI CXBATbIBAHUS —
COOTBETCTBEHHO ¢ 15 10 35 — 70 MuH.

3amMeyieHIe CXBATHIBAHUS IEMEHTOB B TIPUCYTCTBHH J100a-
BOK THIICA MOXKHO OOBSCHUTH 00pa30BaHUEM ILUIOTHBIX, MaJlo-
MIPOHHUIIAEMBIX TSI MOJIEKYJ BOABI 00OJIOYEK W3 KPHCTAJUIOB
STTPUHTUTA, CHIDKAIOMHWX CKOPOCTh THApATALMU IIEMEHTA.
ITepBuunOit MIPUYHUHOMN CHUXCHHS s dexTuBHOCTH

It was found that the setting times of calcium sulfoalu-
minate cement are prolonged when dihydrate gypsum ad-
ditives are introduced into its composition: initial setting
increases from 10 min (0 wt.% gypsum) to 20 and 30 min
in the case of introducing 5 and 15 wt.% gypsum, respec-
tively; final setting increases from 15 min to 35 and 70
min, respectively.

The retardation of cement setting in the presence of
gypsum additives can be explained by the formation of
dense, low-permeability shells of ettringite crystals, which
reduce the rate of cement hydration. The primary reason
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IUTaCTU(HUKATOPOB SABISIETCS KOHKYpPEHTHAs agcoponms. Moie-
Kynbl noiukapookcmnatHeix 3¢upos (IIKD) agcopbupyrores
HE TOJIBKO HA TMOBEPXHOCTAX KIMHKEPHBIX (a3 (CsAsS, CaS),
HO ¥ Ha BBICOKOPEAKIIMOHHBIX MTOBEPXHOCTSAX YACTHII TBYBOJI-
HOro Tumca. [Ipy NOBBINICHHOM CONEpKaHWW THIICA 3HAYH-
TeNbHAs 10JISl BBEICHHOTO TUIACTU(UKATOpa UMMOONIIN3YETCS
Ha €ro MOBEPXHOCTH, YTO CHIYKAET KOJIMYECTBO aKTHBHOTO Be-
LIECTBA, IOCTYITHOTO JIsl TUCTIEPrUpOBaHus KIIMHKepa. Takum
o0pa3oM, «pabouas» KOHICHTpANUs IIACTU(PUKATOPA B CH-
CTeMe NaJaeT, 4YTO ¥ NPUBOAUT K CHHYKEHHIO BOJOPEAYLIUPYIO-
mero g dexTa.

3amemsiomiee AeHCTBHE TUIca 00BsIcCHAETCS (popMupoBa-
HHEM Ha TOBEPXHOCTH 3€PEH KIMHKEpa ITIOTHOTO, HU3KOIIPO-
HUIIAEMOTO 0aphepHOTO CIIOSI U3 PAaHHUX 3TTPUHTHTOBEHIX (a3
(AFt). DToT croif 3KkpaHHpyeT MOBEPXHOCTh YACTHII IEMEHTA,
3arpynEas Auddy3uio BOIABI W MOHOB K HETPOpearrnpoBaB-
HIeMYy SIAPY, ¥ TEM CaMbIM 3HAYMTENHLHO TOPMO3MT AajbHEH-
IIKe MPOoLEecChl ruapaTanyy. YeM Bblllle KOHLIIEHTPAIS THIICA,
TeM OoJiee CIUIOLIHON U MJIOTHBIA 00pa3yeTcst STTPUHTHTOBBIH
Oaprep, YTO W MPHUBOAUT K OOJiee 3HAUYMUTEILHOW 3aICPiKKE
CXBaTBIBAHUSL.

BBenenue 106aBoK 1acTu(UKaTOPOB B PacTBOPHI HA OC-
HOBE CYIb(OATIOMHHATHOTO IIEMEHTa, HE COAEpKaIlero
THUIICA, TAKKE MPUBOANUT K Y/UIMHCHHUIO CPOKOB CXBATHIBAHUS
LIEMEHTA: HayaJlo cXBaTbiBaHus yBenuuusaercs ¢ 10 no 17 —20
muH 11t Melment F10 u no 14 — 20 mun ms Melflux 4930F.

for the decrease in the effectiveness of plasticizers is com-
petitive adsorption. The molecules of polycarboxylate
ethers (PCE) are adsorbed not only on the surfaces of
clinker phases (C4AsS, C2S) but also on the highly reactive
surfaces of dihydrate gypsum particles. With increased
gypsum content, a significant portion of the introduced
plasticizer is immobilized on its surface, which reduces
the amount of active substance available for dispersing the
clinker. Thus, the "working" concentration of the plasti-
cizer in the system drops, which leads to a decrease in the
water-reducing effect.

The retarding effect of gypsum is explained by the for-
mation of a dense, low-permeability barrier layer of early
ettringite phases (AF;) on the surface of the clinker grains.
This layer shields the surface of the cement particles, hin-
dering the diffusion of water and ions to the unreacted
core, and thereby significantly slows down further hydra-
tion processes. The higher the concentration of gypsum,
the more continuous and denser the ettringite barrier
formed, which leads to a more significant delay in setting.

The introduction of plasticizer additives into mixtures
based on calcium sulfoaluminate cement without gypsum
also leads to a prolongation of the cement setting times:
the initial setting time increases from 10 min to 17-20 min
for Melment F10 and to 14-20 min for Melflux 4930F.
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JlaHHOE SIBIICHNE MOXHO OOBSICHUTD TEM, YTO MOJICKYJIBI IJ1a-
cTudukaTopa, acopOUpysCh Ha YaCTULAX BSDKYILETO, OTTaIKH-
BAIOT MOJIEKYJIBI BOJBI M TEM CaMbIM HECKOJIBKO TOPMO3ST €T0
CKOPOCTb TH/IpATalUH.

[Tpwu BBeneHuM macTH(UKaTOPOB B COCTAB PACTBOPOB HA OC-
HOBE CYJIb()OUTIOMHHATHOTO IIEMEHTa ¢ 100aBKaMH JIByBOIHOTO
THIICa BpeMs Ha4aJlo CXBaThIBaHMUS LIEMEHTOB elle OoJiee yBein-
yuBaercs (Ha 2 — 6 MUH B CPaBHEHUH ¢ OE3TUIICOBBIM BSDKYIIHM),
a BpeMs KOHIIa CXBaTBIBAHMsI HE U3MEHSETCS MJIM HEMHOTO YBe-
JMYUBACTCS.
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This phenomenon can be explained by the fact that
the plasticizer molecules, adsorbing on the binder parti-
cles, repel water molecules and thereby somewhat slow
down its hydration rate.

When plasticizers are introduced into the composi-
tion of mixtures based on calcium sulfoaluminate ce-
ment with dihydrate gypsum additives, the initial setting
time of the cements increases even more (by 2-6 min
compared to the gypsum-free binder), and the final set-
ting time does not change or increases slightly.
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B nanHOM ciTydae yBeNIWYEeHHE CPOKOB CXBATHIBAHHS BSIKY-
IET0 MOXKHO OOBACHHUTH ABOHHBIM JIEHCTBHEM MaJIONPOHHIIAC-
MO 000JI0YKH KPUCTAIUIOB STTPHHTUTA U OTTAIKUBAaHHEM MOJIe-
KyJI BOABI aICOPOMPOBAHHBIM INTACTU(PUKATOPOM, TIPHUBOISIINM
K 3aMeJICHHIO TIPOIIECCOB THAPATAIIH [IEMCHTA.

BoiBoab1

IIpoBenicHHOE HCCIICAOBAHKE MO3BOJUIIO YCTAHOBUTH KOM-
TUICKCHOE BIIUSTHHUE BYBOJHOTO THIICA U TUTACTH(QHUIUPYIOIIAX
00aBOK Ha CBOMCTBA CYNb()OATIOMHHATHOTO IIEMEHTAa M BBI-
SIBUTH CJIEYIOIIHE 3aKOHOMEPHOCTH:

1. B orcyrcTBHM mmacTH(GHUKATOpOB H0OaBKa THIICA CHU-
KAET HOPMAIBbHYIO TYCTOTY CYJb(OATIOMHHATHOTO IEMEHTA;
CHIMKEHHE HOPMAJIbHOM T'YCTOTHI YBEIUUUBACTCS C POCTOM KOH-

In this case, the increase in the setting times of the
binder can be explained by the dual action of the low-
permeability shell of ettringite crystals and the repulsion
of water molecules by the adsorbed plasticizer, leading
to a slowdown in the cement hydration processes.

Conclusions

The conducted research allowed us to establish the
complex influence of dihydrate gypsum and plasticizing
additives on the properties of calcium sulfoaluminate ce-
ment and identify the following patterns:

1. In the absence of plasticizers, the addition of
gypsum reduces the standard consistency of calcium sul-
foaluminate cement; the reduction in standard con-

HEeHTpanuy 100aBKH TUTICA.

sistency increases with increasing concentration of the

2. JobaBku  1uacTH(UKATOPOB  pe3ko  CHmWkAWT gypsum additive.
HOpPMaJIbHYI0  TYCTOTY  IEMEHTOB,  0Oojee  BBICOKYIO 2. Additives of plasticizers sharply reduce the
3¢ (GeKTHBHOCTh MMEET MoJuKapOoKcuiIaTHei iactudukarop standard consistency of cements; the polycarboxylate
Melflux 4930F; plasticizer Melflux 4930F has higher efficiency;

3. C pocrtoM  KOHIEHTpanuud  jJ00aBKM  rurica 3. With an increase in the concentration of the

3¢ PEKTUBHOCTD JCHCTBUS IACTU(HUKATOPOB YMEHBIIIAETCS;

4. I[063BKI/I Trurca n HJ'IaCTI/ICI)I/IKaTOPOB, KaK BBCJICHHEBIC B
COCTaB HEMCHTA PAa3ACJIbHO, TAK U COBMCCTHO, YJIMHAIOT CPOKU 4.

Havajla 1 KOHIIa CXBAaTbIBaHUA ICMCHTA,

5. Dbonee cunbHOE 3ameassoLIee JEHCTBHE HA CPOKHU

gypsum additive, the effectiveness of the plasticizers
decreases;

Additives of gypsum and plasticizers, both
introduced into the cement composition separately and
jointly, prolong the initial and final setting times of the

CXBAaTBIBAHUS CyJNb(QOATIOMHHATHOIO LEMEHTa OKa3bIBAaIOT —cement;

JI0OABKH IBYBOJHOTO THIICA. 5. Additives of dihydrate gypsum have a stronger
retarding effect on the setting times of calcium
sulfoaluminate cement.
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MOJIEJINPOBAHME IIEJIOYHO-KPEMHE3EMHOM KOPPO3UM IIPETHATIPSI-
JKEHHBIX )KEJE30BETOHHBIX KOHCTPYKIIUM
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AHHOTALUS

B pabome npeodnooicena memoouxa oyenKu npoyHOCMHbIX XAPAKMEPUCUK NPEeOSaAPUMENbHO HANPANUCEHHBIX JHCeNe300emMOHHbIX
KOHCTPYKYUT, NOOBEPIACEHHBIX decpadayuul 8C1e0Cmaue WeaouHo-KpemMHe3emMHot Kopposuu. Memodoaoeus basupyemcs na npunyu-
nax unpopMayuUoOHHO20 MOOCTUPOBANUS, YMO NO360IAEM UHMESPUPOBAMb OaHHbIE O npoyecce 0ecpadayuul 8 YeroCmHyIo yu@dposyio
Moldenv obvekma. OcHogy MemoOuKu COCMAasaen MAaKpomMooenn, YCManagIusaowds nPAmMyIo KOppeiayuio Mexcoy npoyeccamu
HAOYXaHnus peakmusHo20 KPynHo20 3anOJTHUMeENs U Pe3yibmupyiouum HaAnpsdiceHHo-0eQopMupOSaAHHbIM COCIMOAHUEM KOHCMPYK-
MUGHOU CUCMEMB.

Kniouesbim uncmpymeHmom mMooenu A6a0mces 6gedeHHbvle KoIPpuyuenmsl Moougurayuy 0ia NPoYHOCIMHBIX XapaKmepucmux
u MOOys ynpyeocmu bemona. Jlannvie K0IQGuyuenmol n0360A510M AHUZOMPONHO PeOYYUPOBAMb MEXAHUYECKUE C8OUCMEA Mame-
puana 8 3a6UcumMocmu oOm GerUdUnbl deopmayull HadYXanus, YHumuléds pasHoOHANPAGIeHHbI Xapakxmep nogpexcoenui. B pamxax
UCCe008aNUs OYEHEHA KOPPENAYUS MENCOY CHUINCEHUEM 3HAUEHULl KOIDPuyuenmos Mooudurayuy u Xxapakmepom 6HeuHe20 CUuio-
6020 8030elicmeus (001208pemennoe cocamue uny pacmsaxicenue). Ha ocrnose nonyueHHvix 3a8ucumocmett cqpopmynuposansvl npax-
muuecKue pekomeHoayuy no CMpyKmypupoganuio u napamempu3ayuu UHGOPMayuoHHol Mooelu, HanpagieHHbvlie Ha NosbllueHue
aA0eK8amHoCmu OYeHKU Hecyujeli CnocoOHOCIU U 001208€4HOCHIU NOBPENHCOCHHBIX KOHCTNPYKYUII.
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MODELING OF ALKALI-SILICA CORROSION OF PRESTRESSED CONCRETE
STRUCTURES

Bakharev M.V.!, Kondrashchenko V.I.!

I Russian University of Transport (RUT(MIIT))

ABSTRACT

This paper proposes a method for assessing the strength characteristics of prestressed reinforced concrete structures. The struc-
tures were subject to degradation due to alkali-silica corrosion. The methodology is based on the principles of information modeling.
This allows for the integration of degradation process data into a comprehensive digital model of the facility. The methodology is
based on a macromodel. It establishes a direct correlation between the swelling processes of reactive coarse aggregate and the
resulting stress-strain state of the structural system.

The key tool of the model is the modification coefficients introduced for the strength characteristics and elastic modulus of con-
crete. These coefficients allow for anisotropic reduction of the material's mechanical properties depending on the magnitude of swell-
ing deformations. In this case, the multidirectional nature of the damage is taken into account. This study assessed the correlation
between the reduction in modification coefficient values and the nature of the external force applied. The external force applied was
either long-term compression or tension. Based on the obtained dependencies, practical recommendations for structuring and pa-
rameterizing the information model were formulated. The recommendations are aimed at improving the adequacy of assessing the
load-bearing capacity and durability of damaged structures.

KEY WORDS: alkali-silica corrosion, macromodeling, anisotropic degradation, concrete, stress-strain state.
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BBEJEHUE

Ha 6eronnbIe 1 xene300eTOHHBIE KOHCTPYKIIN M COOPYKe-
HUS, TAKHE KaK IIITaJIbl, JAMOBI, MOCTHI | JIp. 3HAUUTEIFHOE BITH-
STHUS OKa3bIBaeT BHEIIHSS arpecCUBHAs cpena. B uacTHOCTH, Ne-
CTPYKTHBHBIN 3 EKT MOTYT BBI3BIBATH ILEJIOYH TOPOBOTO Pac-
TBOpa B OETOHE MPU B3aUMOAEHCTBUHM C XUMUUECKH aKTHBHBIM
KpPEMHE3eMOM 3aIlOJIHUTENST M 00pa3oBaHUEM B MOCIEAYIONEM
CHJIMKATHOTO Teist. [IaHHBII THIT XUMUYEeCKOH KOPPO3UH Ha3bl-
BaeTcs 1ienoYHo-kpeMHeseMHas koppo3us (ILKK), mo koropoit
YK€ BBITIOJTHEHO OOJBIIOE KOTUIECTBO TEOPETHUECKUX M IKCIIE-
PUMEHTANBHBIX HcciienoBaHmii. [IpobieMa COCTOUT B TOM, YTO
XUMHYECKHe M (U3NYECKHe IIPOIECCH, JIeXKallie B OCHOBE
KK 10BOJBHO CIOXKHBI, 3aBUCAT OT OOJBIIOTO YHCIA Pa3HO-
00pa3HbIX (PaKTOPOB, MEXAaHU3M KOTOPBIX Ui KaXKAOTO CIIydast
JI0 CHIX TIOp eIIIe TIOTHOCTBIO He pacKphIT [1- 4].

Bo3HuKHOBeHHE B 30HE KOHTaKTa PEaKIMOHHOCIIOCOOHOTO
3aI0JHUTEJIS C IEMEHTHOW MaTpHLIei HanpsHKeHHOTo-Ae(hopMH-
poBanHoro coctostaus (HJIC) cBsizano ¢ oOpa3oBaHueM yBemH-
YEHHOr0 00beMa HOBOOOpa3zoBaHUU mpu TUPPY3UH MOJICKYIT
BOJIbl BHYTPb CHJIMKATHOT'O Telisi. B pe3ysbrare BOSHUKHOBEHHS
M30BITOYHOTO JABJICHUS OCTOH PACTPECKUBACTCS U TEPSACT CBOU
TIPOYHOCTHBIC M HKCILTyaTaI[HOHHBIE CBOICTRA.

Tak kak, W3ydeHHe OONBIIOTO KOJMYECTBA MapamMeTpPOB B
HATYPHOM JKCIIEPHMEHTE TPYAHO PEalii3yeMo M Jake ITOCTO-
BEPHO HEBO3MOJKHO, IIPEIaraeTCs BEIIIOIHUTD H3YUCHHE COCTO-
SHUS TIPeTHATPSHKCHHBIX Kele300€TOHHBIX KOHCTPYKIUA TpH
KK ¢ momMompio MHGOPMAMOHHOW MOJENH. 3a €e OCHOBY
B3sTa MaTeMaTh4eckas MaKpOMOJEelb, CBSA3bIBAOLIas Mpolecc
HaOyxaHust cumkatHoro resst 1 HJIC xonerpykiuu [S].

IIle/104HO-CHJIMKATHAS PeaKIus

ITponecc KK sBiseTcss MHOTOCTYNIEHYATHIM M IPOXOJIUT B
HECKOJIBKO 3TanoB. BHavane noBepXHOCTHBIN CIIOM KpEMHE3eMa
Si0; copbupyer anmorsl OH™. 3TOT KOHTaKT Ha TIEPBOM 3Tare
NPUBOAMT K aKTUBHOM peakiuy, B pe3ysibTaTe KOTOPOIl Iponc-
XOAWT JETOMMEpHU3als MOJIEKYJ KPEMHHs ¢ oOpa3oBaHHEM
c1aboi KPEeMHEBOH KUCIOTHI:

=Si-0-Si=F"+OH > Si-O-F+H-0-Si=,

rae F — KaTHoH 1eno4Horo MeTamia, B poJid KOTOporo 3a4a-
CTYI0 BbICTynaeT HaTpuii Na.

B nanpHeimem KuciaoTa IpoJo/pKaeT B3auMOJIEHCTBOBATD C
JPYTUMU TUAPOKCUIIBHBIMU MOHAMMU:

=Si-O-H+F"+OH —> Si-0 -F + H0,

Ob6pa3zoBaBmmiics KpeMHeBBIH cwimkar (1,2) mposBiseT
aMmop(dHbIE PU3HAKK U CBOMCTBA TMUTPOCKONMMYHOCTH. Ha BTO-
pOM 3Tarie NPOUCXOJHUT TMOTJIONIEHUE CHIMKATOM CBOOOHOM
BOJIbl B PACTBOPE U JIECTPYKTHBHOE PACHIMPEHHE IEI0YHO-CH-
JuKaTHOTo rens (puc.l):

=Si—O0-H+nH;O—=S8i-0" - (H0),+ F',

rae n — 4Yucjo ruapaTtainunu.

Juis mporexanust LIIKK HeoOXommuMo BRIIOTHEHUE TPEX 00s1-
3aTebHBIX YCJIOBHA: HAJIMYUE XUMHUYECKU aKTUBHOTO KpEeMHe-
3eMa B 3allOJIHUTEINE, BBICOKHH ypPOBEHb LIETOUYHOCTH IOPOBOrO
pacTBopa, a TakXKe BBICOKasl BIaXHOCTb. be3 coOimoneHuii ka-
Koro-1r00 u3 3TuX (pakropor IIIKK-peakius He mpoTekaeT.

INTRODUCTION

The external aggressive environment has a significant
impact on concrete and reinforced concrete structures and
buildings, such as sleepers, dams, bridges, etc. In particular,
the destructive effect can be caused by alkalis in the pore
solution in concrete when interacting with chemically active
silica filler and subsequently forming a silicate gel. This
type of chemical corrosion is called alkali-silica corrosion
(ASC). A large number of theoretical and experimental
studies have been carried out in this area. The chemical and
physical processes underlying the ASC are quite complex
and depend on a large number of different factors. The
mechanism of alkali-silica corrosion for each case has not
yet been fully elucidated [1-4].

The occurrence of a stress-strain state (SSS) in the con-
tact zone of the reactive filler with the cement matrix is as-
sociated with the formation of an increased volume of new
formations during the diffusion of water molecules into the
silicate gel. As a result of excess pressure, concrete cracks
and loses its strength and performance properties.

It is proposed to study the state of prestressed reinforced
concrete structures during alkali-silica corrosion using an
information model. This is due to the fact that studying a
large number of parameters in a natural experiment is diffi-
cult to implement and even reliably impossible. The infor-
mation model is based on a mathematical macromodel that
links the process of swelling of silicate gel and the stress-
strain state of the structure [5].

AlKkali-silicate reaction

The process of ASC is multi-stage and takes place in
several stages. Initially, the surface layer of silica SiO2 ab-
sorbs OH- anions. This initial contact leads to an active re-
action, resulting in the depolymerization of silicon mole-
cules, forming weak silicic acid:

)

where F is an alkali metal cation, often sodium Na.
The acid then continues to interact with other hydroxyl
ions:

2

The resulting siliceous silicate (1,2) exhibits amorphous
characteristics and hygroscopic properties. In the second
stage, the silicate absorbs free water in the solution and de-
structively expands the alkali-silicate gel (Fig. 1):

(©))
where n is the hydration number.

For alkali-silica corrosion to occur, three essential con-
ditions must be met: the presence of reactive silica in the
aggregate, a high alkalinity level in the pore solution, and
high humidity. Without any of these conditions, the alkali-
silicate reaction does not occur.
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PUCYHOK 1

YIOPOLIEHHASI CXEMA ITPOLIECCA
IEJIOYHO-KPEMHE3EMHOM
KOPPO3HWH [6]

K

-d;ll

Si0,
Si0,

Si0,  OH ;’

: - ‘

Figure 1

Ilenosmoii ueserr +
easTuBNMl sanommTe,

A simplified diagram of the alkali-silica cor-
rosion process [6]

OCHOBHBIM (haKTOPOM JIECTPYKIMH LIEMEHTHOT'O KaMHSI SIB-
JSIFOTCS] BHYTPEHHHE HAIPSDKEHHs, BBI3BIBAIOIINE TPELIMHOO00-
pa3oBaHME U MOCIEAYIOIIEE Pa3BUTHE CETH TPEIIMH IO BO3-
JelcTBUEM paclmpsomerocs rens. BrnepBele Xancen [7]
MPETOKIIT TEOPHI0 OCMOTHYECKOTO JABIICHUS, KOTOPast Mpe-
nomnaraet, yto npoxykTsl LIIKK peaknmonHocmocobHOTO 3a-
MOJIHUTENS BEAyT ceOs Kak MOJyHeNpoHHIaeMass MeMOpaHa,
Yyepe3 KOTOPYIO, B OTIMYHME OT MAaJbIX IO pa3Mepy MOJCKYI
BOJIbI, HE MOTYT AU(PPYHIUPOBATH B OKPYKAIOIIYIO CPEAY MO-
JIEKyJIBl IIOIUMEpA.

KuneTruka HadyxaHusi reJisi

B cootBercTBUU ¢ uccnenoBanusiMu Tanaku [8], momympo-
Hunaemas MemOpaHa SIBIISIETCS TIOJIBUXKHOW U OTIpe/ieTIsieT rpa-
HUIy 00pa30BaHHOTO reiis. [Ipu MPOHHMKHOBEHHH CBO3b HEE
BOJIBL, Telb HaOyxaeT. OmHaKo, cornacHo Teopun dnopu-Xar-
TUHCA, IPU IOCTAaTOYHOM JaBiieHuH BHenHel cpensl HAC Ha
MOBEPXHOCTH MeMOpaHsbI (J,,,-) YPAaBHOBEIINBACTCS:

Osur = Oext — Oosm »

I/I€ Gext— HAIIPSKEHUE, CO3/JaBAEMOE BHEIIIHEH cpe/1oii;
Gosm — TO JK€, CO3/IaBAEMOE€ OCMOTHYECKHUM BO3ICHCTBHEM
PaCIIUPSIONIETOCS TeJsl.

Jst ompeneneHus] BEIMYWHBI OCMOTHUYECKOTO JaBJICHUS
MoJTydyeHa MaTeMaTHIecKast MOJIEN b B YPAaBHEHUSIX, OTICHIBAIO-
IIasi yupyrue HanpsDKeHHS B MTOJUMEPHOM Telie B 30HE KOH-
TaKTa ¢ HEMEHTHOH Matpuueit [3]:

oosm=E-[

dopMipoRae +H,0

reas

Pacunmpemm citmamon rea

O6pazopaimie Tpeuum b
HAMOANIITEAE 1 HEMEITION KIMIC

The main factor in the destruction of cement stone is in-
ternal stress, which causes crack formation and subsequent
development of a network of cracks under the influence of
the expanding gel. Hansen [7] was the first to propose a the-
ory of osmotic pressure, which assumes that the ASC prod-
ucts of a reactive filler behave as a semi-impermeable mem-
brane through which, unlike small water molecules, polymer
molecules cannot diffuse into the surrounding environment.

Kinetics of gel swelling

According to Tanaka's research [8], the semipermeable
membrane is mobile and defines the boundary of the formed
gel. When water penetrates through it, the gel swells. How-
ever, according to the Flory-Huggins theory, under sufficient
pressure of the external environment, the stress-strain state on
the membrane surface (c,,) is balanced:

“)

where o,y is the stress created by the external environ-
ment;

oosm 18 the same, created by the osmotic effect of the ex-
panding gel.

To determine the value of osmotic pressure, a mathemat-
ical model in equations was obtained that describes the elastic
stresses in the polymer gel in the contact zone with the ce-
ment matrix [3]:

1
Vi L5,
Vo (t) 1] ’

©)

Va(® = - [(Ro +5)* — RJ;

Vo(®) =

rze, V; —o0beM rens B HaOyXIIIeM COCTOSHUH;

Vi — TO €, B UCXOAHOM COCTOSIHHH;

Ro— paauyc 3al0JHUTEIS] B HCXOTHOM COCTOSTHHH;

R;— moJBIKHas rpaHUIA relisi B HaOyXIeM COCTOsHUY;

s — ynpyrast gedpopmarnus chepbl Ipu HaOyxaHUH B OeTOHE;

E — 00beMHBI MOTYTTH e opManny.

Ioncranoskoit Vou V; B (5) Haxoaum ¢opmyity JUIs ompe-
JIETICHUS] OCMOTHYECKOTO JJaBJICHUS:

Oosm = E- [(R

O6pa30BaHMe TPCHIUH MPOUCXOAUT CCJIIK CYMMApHOC
Halps’)KEHUE B TMOBCPXHOCTHOM CJIOC CHJIMKATHOI'O TeiIsd
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4T
3

-[R§ — R3],

where V; is the volume of the gel in the swollen state;

Vo is the same, in the initial state;

Ry is the radius of the filler in the initial state;

R, is the mobile boundary of the gel in the swollen state;

s is the elastic deformation of the sphere during swelling
in concrete;

E is the bulk modulus.

By substituting V) and V; into (5) we find the formula for
determining the osmotic pressure:

1
1]E ,
Cracks form if the total stress in the surface layer of sili-
cate gel exceeds or is equal to the tensile strength of concrete:

0+s)3-R3 _
3_n3
Rg—-R1

(6)
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MIPEBBIMIACT MU PABEH MPOYHOCTH OETOHA HA PACTSIKCHHE: Ty
2> Ry;. CaemoBaTelIbHO, B CKATHIX 30HaX, 0COOCHHO Ha HaYaJIb-
HBIX dTalax, IPOILEecC PacTPeCKUBaHUA OETOHA MO IeHiCTBHEM
OCMOTHYECKHX CHJI MOXKET KyIHpOBaThCi. B pacTsHyTOM ke
30HE KeNne300eTOHHOH KOHCTPYKIIMH CKOPOCTh 00pa30BaHUs U
pa3BuTHa TpemnH, BbBBaHHBEIX IIIKK-peakmueit, Haobopot
YCHIIMBAETCS 10 MOMEHTA TIOJTHOTO MPEBPAIIECHIUs KpeMHE3eM-
HOTO ToJIuMepa B CUIMKAT HaTpus [9]. BBuay cnoxxsHoctu u
MHOT0 cTtaguifHocTH npotekanus npoueccoB KK mnsa Bce-
CTOPOHHETO UCCJIE0BAHMUS TIOBEICHHUS JKEIe300€TOHHBIX KOH-
cTpykimii pu pazarnaaoM HJIC HeoOXonuMo mocTpoeHe UH-
(hopMaIoHHOW MO/IeNH.

(DOPMHPOBaHl/Ie Moae/In

B paccMarpuBaemoil MOEIN aHU30TPONHUS MPOUYHOCTHBIX
CBOWCTB OeTOHa ompeAemnseTcs MOTEHIMAIOM PEeaKIHOHHON
cnocobHocTH 3anonauTenss u HAC koHcTpykuuu. [Ipumens-
JOTCSI IONpaBOYHbIE KO3(UIIHEHT MOaUMUKAINN [T KaXK-
JIOTO HAmpaBlICHUS JUIA NPOYHOCTH OCTOHAa Ha CxkaThe kp;,
MPOYHOCTH Ha PACTSDKEHUE kpi © MORYIIb YIIPYTOCTH kEi. Koag-
¢unneHTs MOAMGUKALUK OINPEICISIOTCS Ha OCHOBE IpOY-
HOCTHBIX CBOUCTB OeToHa 0e3 mopexxacHuit ot LIIKK. Jlis cy-
HIECTBYIOLIMX KOHCTPYKLMUI 3TH 3HAYCHUSI MOTYT OBITh OTIpe-
JIeJICHBl HAa OCHOBE MCIIBITAHUM MaTepuasia KepHOB, H3BJICUCH-
HBIX U3 HEMIOBPEKACHHON YacTu coopykeHus. Eciu 3To HeBo3-
MOXHO, OIICHKA NPOM3BOANTCS HA OCHOBE J1a0OPATOPHBIX HC-
IBITAaHUH 00pa3na 6eToHa, BBIIEP)KaHHOTO B TEUEHHUE 28 CYTOK
WIIY C YIETOM BO3PACTa KOHCTPYKIIHH.

OxcnepumenTsl Oepun u Bexkuo [10] mo3Bonunu co3nark
6a3y MaHHBIX TO CBOIicTBaM OCTOHA, TOBPEKACHHOTO IIe-
noyHo-kpeMHe3emHoi peakmueit (ILKK). B Hayunbix padoTtax
yalmie BCETO ONMCHIBAIOTCS MCIIBITAHWUS CTaHIApTHBIX OCTOH-
HBIX 00pa310B, KOTOPhIE HE IMOABEPTANINCEH HArPy3Ke BO BpeMs
peakuuu. B Takux obpasnax tpemussl oT LIIKK pacnonara-
I0TCs1 6€CIIOPSII0OUHO, CO3AaBast TaK HA3bIBAEMYIO Xa0THIECKYIO
«KapTy TPEIINHY.

Pesynpratel Obimu crpynmupoBans! [10] mo Tpem kpure-
pHsAM:

- YCIIOBUSIM Harpy»eHusi oOpasia BO BpeMsi peakin,

- BermmauHe Aedopmarun pacumperns ot KK

- HaIIPaBJICHHUIO N3MEPEHMS IPOYHOCTH OTHOCHTEIILHO IIPH-
JI0)KEHHOW paHee Harpy3KH.

BaxHo, 4TO B PacCMOTPEHHOM HCCIICIOBAHUM PEAKIIMOH-
HBII OETOH CPaBHHUBAJICS C KOHTPOJIBHBIMH 00pa3aMu, U3ro-
TOBJICHHBIMH 13 HHEPTHOT'O 3aTIOTHUTES.

Koaddurnuentsr monubukanuu (ky, ki, kgi), onpenensio-
e W3MEHEHHNE MPOYHOCTHRIX U Je(QOPMAIMOHHBIX XapaKTe-
pUCTHK OeTOHA, OBUIM BRIYUCIIEHHI [6] 10 ypaBHEHUIM (6 - 8).
Hx cyTh — B HOPMHPOBAHHOM OTHOIIEHUH MEXaHUUYECKUX
CBOMCTB pEaKkIIMOHHOTO OETOHA K CBOWCTBAM HEPEAKIIHOHHOTO
(KOHTpOJIEHOT0) 00pa3ia, C NONPaBKOH HA Ha4yaJIbHOE PACXOXK-
JICHHUE 3TUX CBOMCTB B Bo3pacte 28 cyTOK (Rpizs, Rpizs U Eizs).
Bbnaronapst koadduimentam MoauduKanyn, 3Has EPBUYHYIO
CTENEeHb MNOBPEXJEHUS KOHTPOJBHBIX 00pa3LoB, BO3MOXKHO
CIPOTHO3MPOBAThH JalbHEHINee YXyIIIEHHS CBOHCTB OeTOHa
noj neiictBuem kopposun. Camu ko3¢ UIHEHTH MoAu(pHKa-
IIUH OTIPENIEISIOTCS CIIEAYIOMNM 00pazoM:

osur > Ry Consequently, in compressed zones, especially in
the initial stages, the process of concrete cracking under the
influence of osmotic forces can be stopped. In the stretched
zone of a reinforced concrete structure, the rate of formation
and development of cracks caused by the Alkali-silicate re-
action, on the contrary, increases until the moment of com-
plete transformation of the silica polymer into sodium silicate
[9]. Due to the complexity and multi-stage nature of the al-
kali-silica corrosion processes, it is necessary to construct an
information model for a comprehensive study of the behavior
of reinforced concrete structures under various stress-strain
states.

Formation of the model

In the model under consideration, the anisotropy of the
strength properties of concrete is determined by the reactivity
potential of the filler and the stress-strain state of the struc-
ture. Modification correction factors are applied for each di-
rection for the concrete compressive strength k;, tensile
strength k,; and modulus of elasticity kz;. Modification coef-
ficients are determined based on the strength properties of
concrete without damage from the alkali-silica corrosion con-
crete. For existing structures, these values can be determined
based on testing of core material extracted from the undam-
aged portion of the structure. If this is not possible, the as-
sessment is made on the basis of laboratory tests of a concrete
sample aged for 28 days or taking into account the age of the
structure.

The experiments of Ferche and Vecchio [10] made it pos-
sible to create a database on the properties of concrete dam-
aged by alkali-silica reaction (ASC). Scientific papers most
often describe tests of standard concrete specimens that were
not subjected to stress during the reaction. In such specimens,
cracks from the ASC are randomly distributed, creating a so-
called chaotic "crack map."

The results were grouped [10] according to three criteria:

- loading conditions of the specimen during the reaction,

- the magnitude of the expansion deformation from the
ASC,

- the direction of strength measurement relative to the pre-
viously applied load.

It is important that in the study under consideration, reac-
tive concrete was compared with control samples made from
inert aggregate.

The modification coefficients (kpi, ks, kzi), which deter-
mine the change in the strength and deformation characteris-
tics of concrete, were calculated [6] using equations (6 - 8).
Their essence lies in the normalized ratio of the mechanical
properties of reactive concrete to the properties of a non-re-
active (control) sample, with an adjustment for the initial di-
vergence of these properties at the age of 28 days (Rpizs, Rpizs
and Eizs). Thanks to modification coefficients, knowing the
initial degree of damage of control samples, it is possible to
predict further deterioration of concrete properties under the
influence of corrosion. The modification coefficients are de-
termined as follows:

Rpir/RbiN
b = o2 (7
Rpiz2sr/RbizaN
Rptir/RbtiN__ .
Kpyj = —————=—— )

= 2
Rptizer/RbtizeN
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kg =

TJie MHAEKC i TPEJICTaBIsIeT OCHOBHOE HarpasieHue (i = X,
¥y, 2),

N — OTHOCHUTCA K HEpEaKIIMOHHOMY OETOHY,

7 — PEaKIIMOHHOCIIOCOOHEIH OETOH.

BeroHHBIE KOHCTPYKINH, KaK MPABUIIO, HCIIBITHIBAIOT JUTH-
TeNbHBIC HATPY3KH (B YaCTHOCTH, IpeAHATIpsDKeHNE). B HacTo-
AIIeM UCCIICIOBAHUN aHAIM3UPYETCS N3MEHEHHE CBOHCTB Oe-
TOHA B 3aBUCHMOCTH OT THUIIA HAMIPSDKEHHOTO COCTOSTHHUS.

Jns HanpaBiieHUH, cBOOOJHBIX OT C)KAaTHsl, MOIPaBOYHbIE
KO3 OUUNECHTSI (kpi fice, Kbiifice, KEifiee), TPUBEICHHBIE B ypaBHE-
Husax (10)-(11), 3amanbl kak QyHKIUHM apaMeTpa JIMHEHHOro
pacumpenust, Bei3BanHoro 11IKK. /lanHble QyHKIMOHATBEHBIE
3aBHCHMOCTH OBLIN OJTYYEHHI [6] Ha OCHOBE 3KCIIEPUMEHTAIb-
HBIX 3HaYeHUH, omyonukoBaHHEIX ®epun u Bekkwo [10]. dus
JOTTOBPEMEHHOTO HAIPSDKEHHOTO COCTOSHIS IPH OAHOOCHOM
PaCTSHKCHUU WCTIONB30BANICS IOIXOM, aHAJOTHYHBINA CITydaro
cBOOOTHOH nedopmanuu.

(
kbi,free = i

(1,00 — 475,9 . SU.[KK

ke _ 4 0,77 - 86,8 . ELL[KK

btifree 0,70 — 60,0 - £y
0,40

1,00 — 205,5 - ey
0,63 — 1,75 - ey
0,75 — 10,9 - ek
0,45

1,00 — 344,4 - £
0,42 — 21,9 - ek
0,19 — 4,35 £k
0,07

l(Ei,free =

B cnydae Hanu4usl CKUMAMOLINX HANPSDKEHUH B KOHCTPYK-
1MUY, TIPH OTIPE/ICIICHUN CHIKCHUS MEXaHMYEeCKHUX CBOMCTB Oe-
TOHa HEOOXOIMMO YYHUTHIBATh Kak K0d((UIHeHT Moauduka-
uH CBOOOTHBIX AehopMaruid (Ko free, Kbt free, KEifree), TAK H 3JTC-
MEHTapHYI0 JeGopManuio (es;) B HANPABICHUH CKUMAIOIINX

yeuwnuii. OHa  MO3BOJISIET  CKOPPEKTHUPOBATh  3HAYCHHE
pa3ynpodyHeHust OeToHa C y4eToM 00XaTOro COCTOSIHMM KOH-
CTPYKIIHH.

Jis pacdeTa syieMEHTapHOW OTHOCHUTENHHOH aedopMaIiun
€; UCTIOJIb3YETCSl CUMBOJI €, 2 He OOMICTIPUHATHIN £. DTO cle-
JIAHO YIS TOTO, YTOOBI TIOAYEPKHYTh, YTO B PACUYETE HCIOIB3Y-
eTcsl MO/LyJIb YIIPYTOCTH HEIOBPEXKICHHOTO OETOHA, YTO COOT-
BETCTBYET JIMHEHHON yIpyroi Mojenu.

DreMeHTapHas OTHOCUTEJbHAs AedopMaIys Ui COKAThIX
HaIpaBJIeHUH PacCUMTHIBACTCS KaK:

epi = Rpi/E,

rre Ry, — JIOJIrOBpeMEHHOE HANpSDKEHHWE IIPU CXKAaTHH B
TJIABHOM HampasieHuu i (i = x, y, z);

E — Monynp ynpyroctu 6eToHa IIpu TEKyIIEM BO3pacTe
KOHCTPYKILIMH.
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_ _Eir/Ein
Eizsr/Eizgn

13,2107 < gy < 27,0 - 1073
SLLIKK = 27,0 . 10_3

&)

where the index i represents the principal direction (i = x,
Y. 2),

N refers to non-reactive concrete,

r refers to reactive concrete.

Concrete structures are typically subjected to long-term
loads (particularly prestressing). This study analyzes how
concrete properties change depending on the type of stress
state.

For directions free from compression, the correction fac-
tors (kpifice, Kbiifices Keifiee) given in equations (10)-(11) are
given as functions of the linear expansion parameter caused
by the ASC. These functional dependencies were obtained
[6] based on experimental values published by Ferche and
Vecchio [10]. For the long-term stress state under uniaxial
tension, an approach similar to the free deformation case was
used.

SU.[KK < 1,8 . 10_3 ;

1,8-107° <gypg < 13,2-107%; 10
13,2103 < emgx < 27,0 1073, (19)
SU.[KK > 27,0 . 10_3 .
ELL[KK < 0,6 . 10_3
0,6 . 10_3 < ELLlKK < 2,5 . 10_3 1
2,5 ) 10_3 < ELL[KK < 5,0 - 10_3 ( )
ELLIKK > 5,0 . 10_3
ELL[KK < 1,8 - 10_3
1,8-103 <¢ <13,2-1073
HIKK (12)

In the case of the presence of compressive stresses in the
structure, when determining the reduction in the mechanical
properties of concrete, it is necessary to take into account
both the free deformation modification coefficient (kpifpice,
Kpiifree, KEifiee) and the elementary deformation (ep) in the di-
rection of compressive forces. It allows you to adjust the
value of concrete softening taking into account the com-
pressed state of the structure.

To calculate the elementary relative strain e;, the symbol
e is used, rather than the commonly used ¢. This is done to
emphasize that the calculation uses the elastic modulus of in-
tact concrete, which corresponds to the linear elastic model.

The elementary relative deformation for compressed di-
rections is calculated as:

(13)

where R, is the long-term compressive stress in the prin-
cipal direction i (i = x, y, 2);

E is the modulus of elasticity of concrete at the current
age of the structure.



Engineering and Technology of Silicates. Volume 32, No5 (special edition), 2025

Taxxe, clieyeT yaecTh, 4To Ipu HanpsukeHusx jo 0,3 MIla
ko3P unneHTs Mogudukanuu (k;) OCTAIOTCS TTOCTOSHHBIMH,
KaK U B cirydae 6e3 Harpy3ku. [Ipu mpeBbIMeHHH 3TOro mopora
K03 PUIMEHTH] HAYMHAIOT PACTH, YTO JEMOHCTPHUPYET I10JI0-
KHUTEIBHYIO POJIb CXKaTHS B 3aMEJICHHH pa3pyLIeHUs OT
HIKK. 3toT adQdekt yureH uepe3 3aeMeHTapHYyIO nedopma-
IO TIPH 3aJITaHHOM HamnpspkeHuu cxatus B 0,3 Mma. Han6ous-
1Iee BIMSHUE HANpPsDKEHWE OKa3bIBaeT Ha MPOYHOCTD IIPU pac-
TSDKEHHH, 3aTeM Ha MOAYJIb YIPYTOCTH, U B MEHBIIICH CTEIICHH
— Ha IPOYHOCTH IIPU CKATHH.

st cxxaroro 6eToHa CHI)KEHUE €r0 MEXaHHYECKHX Xapak-
TEPUCTUK OIUCHIBaeTca (yHKIWMeH ki(Rp), TpUBEICHHOW B
ypaBuennu (13) [6]:

1

It should also be taken into account that at stresses up to
0.3 MPa, the modification coefficients (k;) remain constant,
as in the case without load. When this threshold is exceeded,
the coefficients begin to increase, which demonstrates the
positive role of compression in slowing down the destruction
from alkali-silica corrosion. This effect is taken into account
through elementary deformation at a given compressive
stress of 0.3 MPa. Stress has the greatest influence on tensile
strength, then on elastic modulus, and to a lesser extent on
compressive strength.

For compressed concrete, the reduction in its mechanical
characteristics is described by the function ki(Rp), given in
equation (13) [6]:

1

ki = ki,free +

e;i(Rby)

rIe: i =X, y, z — TJaBHbIC HapaBJeHuUs (C)KaTue NpUHUMa-
eTCsl OTPUIIATEIHHBIM);

Ry — HanpsDKEHHE CKaTus B HATIPABICHUH i}

ki free — KO3 uIIIEHT MOAUUKAINN U1 cBOOOTHOTO pac-
HIMPEHHUs, pACCUUTAaHHBIN 110 ypaBHeHUsM (10-12);

&1kKk — BEIMYMHA OTHOCHTEIBHOU nedopMaryu IpH BO3-
neiicteum I1KK;

epi — DIIEMEHTapHas nedopmanus B HaNpaBJIEHUHU i, COOT-
BETCTBYIOIIAS HAIPSDKECHHIO CKAaTUS Ryi;

en(0) — osnemeHTapHas OTHOCHTEIbHAas aedopMalus B
HAaIpaBJIeHUH i, COOTBETCTBYIOIIAS TIOPOTOBOMY HAIPSHKEHHIO
cxarus 0,3 MITa.

Ha puc. 2 moka3ana 3aBuCHMMOCTh KOd(duIMEeHTOB k OT
YPOBHS CKMMAIOIIETO HAIPSHKEHUs! R JUIs NBYX BEJIMYHH pac-
mmpenus (0,510 u 2,01073).

PUCYHOK 2

I'padux 3aBucumMocTH K03QPHUMEHTOB MOAHPHUKALIUM
k oT Hanpspkenus ckaTust 1s E = 25¢10° Ta [6]

Figure 2

Graph of the dependence of modification coefficients k
on compressive stress for E = 25109 Pa [6]

B pamkax nccrnenoBanus [6] HE yIUTHIBAJIOCH BO3JCHCTBHE
MOCTOSIHHBIX PacTSATUBAIOLIMX HAMIPSIKEHUH, SBIISIOIICECS KPH-
THUYECKH 3HAYUMBIM (DaKTOPOM Uil IMHAMUKH TOMPABOYHBIX
K03((GULINEHTOB Ul TPEIBAPUTENHHO HAIPSHKEHHBIX KOH-
crpykuuid. Pabota [11] nemoHCcTpHpyeT, YTO pacTsAruBaromas
Harpyska MHTEHCU(HUIUPYET JIerpaaliio NPOYHOCTHBIX U Jie-
(hOpPMAITOHHBIX XapaKTEPUCTHUK (IIPOYHOCTH M MOJIYJISI YIIPY-
rocTu) 6eToHa, IO/IBEPKEHHOT0 MIEeJI0YHO-KpEMHE3eMHOIl pe-
akuu (LKP). Cnenyer oTMeTuTh, 4TO (M3UKO-XUMUYECKUH
MEXaHN3M JIaHHOTO SIBJICHUS HA TEKYIIMH MOMEHT HCCIIe/IOBaH
JMIIb HA TEOPETHYECKOM YpOBHE M TpeOyeT Bepu(HKanuu B
XOJIe TaNbHEHIINX SKCIIEPUMEHTOB. B KauecTBe rHIOTE3HI pac-
CMaTpHUBaeTCs CHHEpreTudeckuii dddexr, coderaromuit

0,09 —
(-t

(14)

s 0,09 »
()

where: i = x, y, z are the principal directions (compression
is assumed to be negative);

Ry is the compressive stress in the i-th direction;

kifree 1s the modification coefficient for free expansion,
calculated using equations (10-12);

&4sc 1s the relative strain under the action of the SCK;

ey 1 the elementary strain in the i-th direction, corre-
sponding to the compressive stress Rbi;

er(0) is the elementary relative strain in the i-th direction,
corresponding to the threshold compressive stress of 0.3
MPa.

Figure 2 shows the dependence of the coefficients £ on
the level of compressive stress R for two values of expansion
(0.5¢107* and 2.0°1072).

o | kb eukp — 0,5+ 107(-3) _ KE eukp — 0.5 - 10°(-3)
L V 0.5 - 107(-3)
o8 EFEI RS
2 7 =
506 B
E kR cmgp = 2.0 104(-3)
204
2
=
T o2
2 0.2

E=25-10"1la
0.0 . ) . .
0 2 4 6 8 10

Hanpasxenne ot cxatna (MIla)

The study [6] did not take into account the effect of con-
stant tensile stresses, which is a critical factor for the dynam-
ics of correction factors for prestressed structures. The work
[11] demonstrates that tensile loading intensifies the degra-
dation of strength and deformation characteristics (strength
and modulus of elasticity) of concrete subjected to alkali-sil-
ica reaction (ASR). It should be noted that the physicochem-
ical mechanism of this phenomenon has currently been stud-
ied only at a theoretical level and requires verification in the
course of further experiments. A synergistic effect is consid-
ered as a hypothesis, combining a mechanical component—a
superposition of external tensile and internal stresses from the
expansion of reaction products—and a potential chemical
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MEXaHNYECKYI0 COCTABIIAIONIYI0 — CYIICPHO3UIMIO BHEITHUX
PacTATMBAIONIINX M BHYTPCHHUX HANPSDKCHUH OT PacIIMpeHHs
NPOAYKTOB PEaKINH, — ¥ MOTCHIUAIBHYIO XHMHUYECKYIO CO-
CTaBJIAIONIYI0. BMecTe ¢ TeM, OCHOBBIBasICh Ha aHAJIOTHSIX C T10-
pucteiMu cpenamu [12-13], mormycTUMO TpeArionoKeHHe, 9To
pasBuTas CeTh MUKPOTPELIMH B IIEMEHTHOH MaTpuIe MOXXET
BBICTYNaTh B poiik Oydepa, mornomas MpoayKThl peaklul U
TEM CaMbIM HUBEIIUPYS BOSHUKHOBEHUE Pa3pyLIAIOIIEro BHYT-
PEHHETO HaINPSHKEHUS.

B nepBoM mnpuONMKEHHs MPEINOI0KHUM, YTO Kene300e-
TOHHAs KOHCTPYKLHUS HMMEET BBICOKHH MOIYNb YIIPYTOCTH
(> 20-10° I1a) ¥ mMpHHA PaCKPHITUS TPEIIWH, OIarogaps ap-
MHPYIOIINM 3JIEMEHTaM, He NIPEBBIIIAeT HOPMATUBHBIX 3HaUeE-
Huit. Torma onpexenseM srIeMeHTapHYTO 1eOPMALIHI0 KaK:

pti = Rpi/E,

rie Ry — NOJITOBPEMEHHOE HANpPsDKCHHUE NPHU PACTKCHUH
B IJIaBHOM HAIIpaBIeHUH i (I = X, ), 2);

E — Monyne ympyroctu 6eTOHa IIpU TEKYyIIEM BO3pacTe
KOHCTPYKLIH.

Koadpdpuument mogudukanuu k 1i1s pacTSHyTOH 30HBI OTIH-
CBIBACTCSI 110 aHAIOTHH ¢ (yHKIMEH ast cxxarus (14), onHako
MIOPOTOBOE 3HAYEHHS PACTATMBAIOIINI HANPSHKCHUH, KaK JUIs
cxarus R = 0,3 MIla, He yuuTsIBaeTCs:

ki = ki,free +

rne: i =X, y, z — TJaBHbIC HapaBJieHuUs (CKaTue NpUHUMa-
eTCsl OTPUIIATEIBHBIM);

Ry —TIOCTOSIHHOE HalpsHKEHHUE CXKaTUs B HANPABICHUH i}

kit free — K03 GUIMEHT MOAM(UKAINH AJISI CBOOOIHOTO pac-
IIMPEHHUs, pACCUUTAHHBIN 10 ypaBHeHUsM (10-12);

&mxk —BEJIMYMHA OTHOCUTENbHOU nedopmannu npu HIKK;

epi —DIIEeMEHTapHasi OTHOCUTEJbHas JjedopmManus B
HaIpaBJIeHUH 1, COOTBETCTBYIONIAs HANPSHKEHUIO PACTSHKECHHS
Ry

Onucanue MoaejIu

Jl1s mocTpoeHus pacyeTHOW MOJIENN TPEAToNaraeTcs uc-
MOJIb30BaHNE 0OBbEMHBIX KOHEYHBIX 3JIEMEHTOB C 4-8 y31aMmu.
B xauectBe 6a30BOro JOMyNICHUS IPUHUMAETCS YCIOBUE HIe-
AIBHOTO CIIETIJICHUS Ha TPaHMIE pa3fesia «0eToH—apMaTypay.
OpHako, B UTEPALIMOHHBIX pacueTax HeoOXOAMMO YUHTHIBAThH
oclablieHus] KOHTaKTa MEXTy OE€TOHOM U apMUPYIOIIUMU dJIe-
MeHTamu 10 30-70 % [14]. Taxke ycIOBHOCTBIO ABISETCA IPH-
MEHEHHE HOPMATUBHBIX 3HAUEHHH Mpejena TeKy4ecTH U MOo-
JyJb YIIPYTOCTH CTaJld, TaK KaK M0/ BO3JIeHICTBHEM COITyTCTBY-
roweit KK xopposuu [15], none3Has miomaas ce4eHus: Mo-
JKET YMEHBIINUTCS.

Bnusnue menouno-kpemuesemMHoit kopposuu (ILIKK) yuun-
TBHIBAETCSI BBEACHNEM MOHIKAIOMIIX KOA(PPHUIINEHTOB K OCHOB-
HBIM TIPOYHOCTHBIM U [1e(OPMAIIMOHHBIM XapaKTePUCTHKAM
6erona. BennamHa 3THX K03 GUIMEHTOB ABIAETCA QyHKIMEH
OT 3KCIIEPUMEHTAJIBHO MOJIYYCHHBIX AeGopMaruii KOHTPOIb-
HBIX 00pa3loB W BHJA HANPSIKEHHOTO COCTOSHUS. 3HAUCHHUS
Moyis [lyaccoHa mpuHUMAaeTcs: HOPMaTUBHBIM.

B pacuere HE0OX0AMMO yUYHUTHIBATh TPH Pa3IUYHBIX CIIy-
qasi:

1. 3aganue OeToHY (U3MKO-MEXaHUYECKUX CBOWCTB, COOTBET-
CTBYIOLIMX HOpMaTUBHBIM nokaszatensm CII 63.13330.2018;
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0,09 »
10 ()
epti(Rbt;))

component. At the same time, based on analogies with porous
media [12-13], it is permissible to assume that a developed
network of microcracks in the cement matrix can act as a
buffer, absorbing reaction products and thereby leveling the
occurrence of destructive internal stress.

As a first approximation, let's assume that the reinforced
concrete structure has a high modulus of elasticity (> 202109
Pa) and that the crack width, thanks to the reinforcing ele-
ments, does not exceed the standard values. Then we define
the elementary deformation as:

(15)

where Ry is the long-term tensile stress in the principal
direction i (i = x, y, z);

E is the modulus of elasticity of concrete at the current
age of the structure.

The modification coefficient £ for the stretched zone is
described by analogy with the function for compression (14),
however, the threshold value of tensile stress, as for compres-
sion R = 0.3 MPa, is not taken into account:

1
p— (16)
where: i = x, y, z are the principal directions (compression
is assumed to be negative);
Ry 1s the constant compressive stress in the i-th direction;
ki free 1s the modification coefficient for free expansion,
calculated using equations (10-12);
&sc 1s the relative strain during ASC;
ep; 18 the elementary relative strain in the i-th direction,
corresponding to the tensile stress Ryy.

Model description

To construct the calculation model, it is assumed that vol-
umetric finite elements with 4-8 nodes will be used. The basic
assumption is the condition of ideal adhesion at the concrete-
reinforcement interface. However, iterative calculations must
take into account weakening of the contact between concrete
and reinforcing elements by up to 30-70% [14]. The use of
standard values for the yield strength and elastic modulus of
steel is also arbitrary. This is due to the fact that, under the
influence of concomitant alkali-silica corrosion [15], the ef-
fective cross-sectional area may decrease.

The influence of alkali-silica corrosion (ASC) is taken
into account by introducing reduction factors to the main
strength and deformation characteristics of concrete. The
magnitude of these coefficients is a function of the experi-
mentally obtained deformations of the control specimens and
the type of stress state. The value of Poisson's modulus is ac-
cepted as standard.

Three different cases must be taken into account in the
calculation:

1. Assigning physical and mechanical properties to concrete
that correspond to the standard indicators of SP
63.13330.2018;
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2. TlpumeHeHHEe B MOJIENH DKCIIEPUMEHTAIHHBIX 3HAUYCHUN
MPOYHOCTH Ha PacTsHKEHHE, CKATHS U MOIYJNS yIPYyroctu Oe-
TOHa B Bo3pacte 28 cyTok 6e3 Bo3aeiicTeus LIIKK;

3. Mcnonp30BaHus NOHIKAIONNX K03 uitnerToB Moauduka-
i k; 101t Rpyi, Rpi, Ei ¢ y4eTOM SKCTIEpUMEHTAIBHBIX 3HAUCHUN
OTHOCHTEJIBHBIX JIe(OpMaIIMii 110 BCEM HaIrpaBICHUSIM.

Jy1sl KOJIMUEeCTBEHHOW OLEHKU BIUSIHUS JeopManuy, BbI-
3BaHHOM IIIKK, BO3M0OKHO NPUMEHATh KaK aHU30TPOIHYIO MO-
JleNb, TaK U U30TponHyt0. Yapnbe3ByT [16] B cBoei aHU30TpOII-
HOW MOJIENH paccMaTpHUBAET KaK JUI pacIIUPEHHs, TaK U CBOI-
CTBa MaTE€PHAJIOB HE3aBUCHUMO JUIS Ka)XKJOTO HAIIPABJICHUS, B TO
ke BpeMs Cayma u [leporT [17] yIuTHIBaIOT Ha MOAYIIb YIIPY-
TOCTH JaBJICHUS CHIMKATHOTO reins. Kak mokasano cpaBHeHHE
[6], ann30TpOITHOE 3a1aHUE TapaMETPOB MOJIEIIN TOYHEE COOT-
BETCTBYIOT 3KCHEPHMEHTANBHBIM 3HaUeHNEM (nedopmanuu n
MPOYHOCTH B 3aBUCHMOCTH OT HANPABJICHUSA).

Hawubounb1iee BiusiHNE HAa pacdeTHBIC XapaKTEPUCTHKU BHE-
LEHTPEHHO-PACTSIHYTOTO DJIEMEHTA OKa3bIBAET: PA3MBITOE/ANC-
KPETHOC 3aJaHUEC apMHUPOBaHUs, IPOYHOCTH CLUCTIVICHUA MEKITY
6EeTOHOM M apMaTypoil, KOPPO3Hsl CTANIH, BEIUYNHA U HAIIPaB-
nenue nedopmannii, Bei3BaHHbIX 1I{CP, KOppekTHOCTB TpaHny-
HBIX YCJIOBHH, TeOMeTpHUecKasi U (pu3udecKasi HeIMHEHHOCTh
MaTepuaoB.

BruiBoabI

1. JI7s OWarHOCTHKHM W TIPOTHO3HPOBAHUS COCTOSHUS KOH-
CTPYKIMH, TOJBEPKEHHBIX IIEJI0YHO-KPEMHE3EMHOI KOppo-
3MH, LEeJIECO00Pa3HO MPUMEHATH M0IX0/bI HHYOPMALOHHOTO
MoJieMpoBaHus. B ocHOBe mpeanaraeMoll METOAMKHU JIEKHUT
MaKpOMO/IeJIb, YCTaHABIMBAIOLIAS IPSAMYIO CBA3b MEXIY IpO-
reccamMy HabyxaHus (MHUIMMPOBAHHBIMH KOPPO3UEH MOBEPX-
HOCTH 3aIOJHUTENS) M PE3yNbTHUPYIOIIUM HampsHKeHHO-7e-
(OPMHPOBAHHBIM COCTOSHMEM KOHCTPYKIMHU KaK IEJIOCTHOU
cucteMbl. OCHOBHBIM MHCTPYMEHTOM /IS y4eTa Jierpajaliu
0eToHa B MOJIEIH SBIAIOTCSA KOA(PPUIUEHTH MoguduKanuu k;
JUISL TIPOYHOCTH Ha CXKaTHe, PACTSDKEHNE U MOJTYJISl yIIPYTOCTH.
OtH k03P HUIMEHTHI, OTyYeHHBIE HA OCHOBE OOMIMPHON HKC-
MepUMEHTAIBHOM 0a3bl JaHHBIX [ 10], TO3BOMAIOT aHU30TPOITHO
CHIMXaTh MEXaHUYECKNE XapaKTEPUCTUKN OETOHA B 3aBUCHMO-
cTH OT BemuuuHbI Aedopmaruii, Ber3BaHHbIX KK (emxk), Be-
JIMYHMHBI M XapaKTepa JUIMTEIbHBIX IKCIUTYyaTallHOHHBIX Harpy-
30K (CoKaTHe/pacTsSKEHUE).

2. KimroueBbIM MHCTPYMEHTOM [T OIIMCAHMS Jerpajanun Oe-
TOHA B MOJIEJIH SBISIIOTCS K03 duunenTsl Mogudukanmu (£),
NpUMEHSIEMbIE K XapaKTEPUCTHKaM MPOYHOCTH TNPH CHKATHU
(R»), pactsoxeHnu (Ry;) 1 Moayiio ynpyroctd (E). Yka3aHHbIe
K03($UINeHTH!, BepUPHUIIMPOBAaHHBIE HA OCHOBE OOIIMPHOTO
MaccHBa 3KCIEPUMEHTANIbHBIX JaHHBIX [10], Ho3BONAIOT aHU-
30TPOIHO PeyIMPOBATh MEXaHMYECKHE CBOMCTBA OETOHA B 3a-
BHUCHMOCTH OT JIBYX KJIFOUEBBIX (h)aKTOPOB:

- BEJTMYUHBI IehopMaIuii CBOOOJHOTO Ha0YXaHUS (€K )

- MTapaMeTPOB UTUTEFHOTO AKCIUTYaTAIIHOHHOTO HATPYKECHHUS.
3. Pe3ynpTaThl aHAIN3a IEMOHCTPUPYIOT CYIIIECTBEHHYIO 3aBH-
cumocTb BiusiHUSA LLIKP oT BHemHero Hanpsi»KeHHOTo COCTOSI-
HHS. Y CTaHOBJICHO, YTO CKUMAIOIINE HATPSDKEHHUS, IIPEBhIIIa-
tforue moporooe 3Hadenue B 0,3 MIla, oka3pIBatoT MHTHOH-
pyroliee BO3ACHCTBHE Ha IMPOIECC AErpajallii, YTO BBIpaXka-
eTcs B pocTe K03 PHUINECHTOB MOTUPHUKAIINY k; C YBETHYCHHEM
ypoBH# cxartus. HanpoTtus, pactsrusatomye HarpsokeHusl, co-
TJIACHO THIIOTE3€, IOJDKHBI MHTEHCH(UIIMPOBATh PAa3BUTHE Jie-
¢dopmarmii 1IKK, omHako naHHBIH Te3nuc TpedyeT AanbHEi-
IIEro SMIIMPUYECKOTO MOTBEPKACHHS.

2. Application of experimental values of tensile strength,
compressive strength and elastic modulus of concrete at the
age of 28 days without exposure to ASC in the model;

3. Using the reduction factors of modification 4; for Ry, Ry,
E; taking into account the experimental values of relative de-
formations in all directions. To quantitatively assess the in-
fluence of deformation caused by alkali-silica corrosion, it is
possible to use both anisotropic and isotropic models. Charl-
wood [16] in his anisotropic model considers both the expan-
sion and the properties of materials independently for each
direction, while Saouma and Perotti [17] take into account
the modulus of elasticity of the pressure of silicate gel. As the
comparison [6] showed, the anisotropic assignment of model
parameters more accurately corresponds to the experimental
values (deformations and strength depending on the direc-
tion).

The greatest influence on the design characteristics of an ec-
centrically tensioned element is exerted by: the diffuse/dis-
crete assignment of reinforcement, the strength of the bond
between concrete and reinforcement, steel corrosion, the
magnitude and direction of deformations caused by the al-
kali-silicate reaction, the correctness of the boundary condi-
tions, and the geometric and physical nonlinearity of materi-
als.

Conclusions

1. To diagnose and predict the condition of structures subject
to alkali-silica corrosion, it is advisable to use information
modeling approaches. The proposed method is based on a
macromodel that establishes a direct connection between
swelling processes (initiated by corrosion of the filler sur-
face) and the resulting stress-strain state of the structure as an
integral system. The main tool for taking into account the
degradation of concrete in the model are the modification fac-
tors k; for compressive strength, tensile strength and elastic
modulus. These coefficients, obtained on the basis of an ex-
tensive experimental database [10], make it possible to ani-
sotropically reduce the mechanical characteristics of concrete
depending on the magnitude of deformations caused by the
ASC (eusc), the magnitude and nature of long-term opera-
tional loads (compression/tension).

2. The key tool for describing concrete degradation in the
model is the modification factors (k) applied to the compres-
sive strength (Ry), tensile strength (R) and elastic modulus
(E) characteristics. The specified coefficients, verified on the
basis of a large array of experimental data [10], allow for an-
isotropic reduction of the mechanical properties of concrete
depending on two key factors:

- the magnitude of free swelling deformations (g4sc)

- the parameters of long-term operational loading.

3. The results of the analysis demonstrate a significant de-
pendence of the influence of the alkali-silicate reaction on the
external stress state. It has been established that compressive
stresses exceeding the threshold value of 0.3 MPa have an
inhibitory effect on the degradation process, which is ex-
pressed in an increase in the modification coefficients ; with
an increase in the compression level. On the contrary, tensile
stresses, according to the hypothesis, should intensify the de-
velopment of deformations of the joint, but this thesis re-
quires further empirical confirmation.
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4. Pa3paboTanHas MeTOIHUKa, Oa3UPYIOMIasIcs Ha MPUMEHEHUH
CHUCTEMBI MOIUPHUIUPYIOMHX KOI(PPUIHEHTOB, HHTETPHPO-
BaHHBIX B cpeay MHPOPMALOHHOI MOJEIH, IPEICTaBISET CO-
0011 3 PEeKTHBHBIN HHCTPYMEHTApUH IS OIICHKH OCTATOYHOTO
pecypca M ZOITOCPOYHOTO IIPOTHO3MPOBAHMS MOBEICHUS Oe-
TOHHBIX M JKeJIe300€TOHHBIX KOHCTPYKLHH, MOABEPKEHHBIX
IIEI0OYHO-KPEMHE3EMHOI KOPPO3HH.
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4. The developed methodology, based on the use of a system
of modifying coefficients integrated into the information
model environment, is an effective tool for assessing the re-
sidual life and long-term forecasting of the behavior of con-
crete and reinforced concrete structures subject to alkali-sil-
ica corrosion.
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JIE'KUE KEPAMUWYECKHUE U3JAEJ/IUA C IPUMEHEHHUEM APOBJEHOI'O
IHNEHOCTEKJIA

Huxkoaaes I.P.!, ’Kykos A.JI.'%, MenBenes A.A.'3

1@I'BOY BO HanuonaabHbI HecaeI0BaTe bcKuii MOCKOBCKHI rocy1apcTBeHHbIIi CTPOMTE/ILHbIN YHHBEPCHTET

2 Hay4Ho-ucCIe0BaATeNLCKHI HHCTHTYT CTPOUTENbHON (pu3uku Poccuiickoii akajeMnu apXuTeKTyphl U
crpouteabHbIX Hayk (HUMC® PAACH)

3 ®I'BOY BO "Poccniickuii rocy1apcTBEHHBII T€0J0ropasBe0unblii yausepeuter nmenn Cepro Opaxonnkuaze"

AHHOTALUS

Togviuenue s¢ghpexmugnocmu Kepamuyecko2o KUpnuia u KamMHel Ces3aH0 CO CHUdICEHUeM cpeoHell NIOMHOCIU U30eaull U co-
omeemcmesyiowen menionpogooHocmvio. OOHUM B03MOJCHBIX NyMell A6NAemC s NOPU3AYUSL CIPYKMYPbL KEPAMULECKO20 U0 C
NOMOWBIO 8bI2OPAIOWUX 00OABOK UMY B6EOCHUS CNEYUATLHBIX NEH NPU NPULOMOGIEHUU KepaMUYecKol cmecu. [pyaas 603MOACHOCHIb
CBA3aHA € 88e0eHUeM 8 CINPYKMYPY 0COO0Ne2KUX 3anoaHumenel u, 8 4acmmocmu, 0pobneno2o nenocmexia. B cmamove npusooamcs
pe3yibmamvl peanuzayuu OAHHOU MexXHOA02UU U YUDPOBbIX IKCNEPUMEHINOE, YCAHABTUBAIOWUX 83AUMOCEA3L MENHCOY peyenmyp-
HbIMU XAPAKMEPUCUKAMU U CEOUCMEAMU 000IICHCERNO020 Kepamuyecko2o mamepuana. Mchonbsosanue yughposwix memooux no3eo-
JIslem 3HAYUMeIbHO COKPAMUMy 8peMs U MamepuaibHvle pacxoobl Npu NPoeedeHuu HAMmypHbIX IKCNEPUMEHNO8, a TAKICe UCHOTb-
308amb MEMOOUKU OYeHKU OOCMOBEPHOCIU NONYUAEMbIX pe3yIbmamos. B pe3ynsmame sxcnepumenma u 00pabomxu e2o pe3yibma-
MO8 NOIYUEHA HOMOSPAMMA C NOMOWBIO, KOMOPOU CMAN0 803MOIICHBIM PeuleHUe KAK NPOSHOCMU4ecKol 3a0aqu (npocHo3upoBaHs
c80lCME u30enull), max u 3a0a4u no06opa coCmasa UCXo0OHbIX 2nunsAHbIX cmecell. Obpasyvl 0boicocennble npu memnepamype 1000—
1005 °C umenu cpeonioio nnommocms 1300 ke/m’; npeden npounocmu npu cocamuu 14,5 MIla; mennonposoonocms 0,16 Bm/(m °C).
Jleaxuii kupnuy moogicem Obims UCNONB308AH 8 MENN0IPPEKMUBHbIX KNAOKAX CMEHAX, HO NPUMEHEeHUe e20 8 QYHOAMEHMAx He PeKo-
MEHOVIOMCAL.
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ABSTRACT

Improving the efficiency of ceramic bricks and stones is associated with a reduction in the average density of the products and
their corresponding thermal conductivity. One possible approach is to create pores in the ceramic structure using burnout additives
or by introducing special foams during the preparation of the ceramic mixture. Another possibility involves introducing ultra-light-
weight aggregates, such as crushed foam glass, into the structure. The article presents the results of the implementation of this tech-
nology and digital experiments that establish the relationship between the recipe characteristics and the properties of the fired ceramic
material. The use of digital methods allows us to significantly reduce the time and material costs of conducting field experiments, as
well as to use methods for assessing the reliability of the results obtained. As a result of the experiment and processing of its results,
a nomogram was obtained with the help of which it became possible to solve both the prognostic problem (predicting the properties
of products) and the problem of selecting the composition of the initial clay mixtures. Samples fired at 1000-1005 °C had an average
density of 1300 kg/m?3; compressive strength of 14.5 MPa, thermal conductivity of 0.16 W/(m-°C). Lightweight brick can be used in
thermally efficient masonry walls, but its use in foundations is not recommended.
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BBEJEHUE

OOXHTOBBIC N3METHS HA OCHOBE TIIMH NIPUMEHSIOTCS B CTPO-
UTENBCTBE B TEUCHNH ThICsUeneTnid. B Poccutio Texnomorus o6-
JKUTOBBIX KEPAMUYECKUX MaTEPHAIOB M TEXHOJIOTHS CTPOUTEIb-
CTBa U3 HUX Npuuuiu u3 Busantun. J{o HacTodIero BpeMeHH! co-
XPaHWINCHh (ParMeHThl KepaMUUECKON Kiaiaku B JlecITHHHOM
LepkBHU u Aelictyromas ¢ VI Bexa nepkosb B Kepuu. TexHoo-
THH Pa3BUBAIKNCH U OJHOBPEMEHHO MPOUCXOIWIO PACUIMpEHUE
BO3MOXKHOCTEH NMPUMEHEHHUs1 KepaMuueckoro kupnuya. Hanbo-
Jiee 3HaYMMBbI€ MOCTPONKU — 3TO OpIEHCKU 3aMOK Mapuen-
Oypr u CTeHBI pOCCHICKIX TOPOJOB M KPEIIOCTEH, B TOM YHCIIE U
cteHsl MockoBckoro Kpemis. B xKUIUIIHOM CTpOUTENBCTBE Ke-
paMuYecKUi KUPIUY 3apEKOMEHA0BAN ce0s KaKk MPOYHBIN, 10JI-
TOBEYHBIM 1 MOPO30CTOMKHUII M HETOPIOUUI MaTepUa, MO3TOMY
yxe ¢ XIV Beka u 10 HammX THEH OH SBISAETCSA OHUM U3 HAaubo-
JICC MPUMCHACMBIX CTPOUTECIIbHBIX MaTCPUAJIOB.

CepbesHoil mpobiaeMoli kKepaMU4eCcKOro KUpIHya, KOTopast
cTaja 3aMEeTHOM Mocje NpUHATUSA B KOHIE XX BEKa HOBBIX TeI-
JIOTEXHUYECKUX HOPM CTaJla €r0 CPABHUTEIBHO BBICOKAS TEIUIO-
IMMPOBOJHOCTb U COOTBCTCTBYIOLIAsA en Cp€aHAA IIOTHOCTb. Or1-
METHM, 4TO KJIaJKa KUPIUYHON CTEHBI B 2-2,5 KUpIIHYa BIIOJHE
yZIOBIETBOpPsIa TpeOOBaHNH KOM(POPTHOCTH, HO C Y4E€TOM HO-
BBIX TpeOOBaHMII 1O TEPMHUYECKOMY CONPOTHBICHHUIO CTEH,
YCTaHOBJIEHHBIM HOPMBI OKa3alHCh HEJOCTHKUMBIMU [UIS CTEH
13 MOJIHOTENOoro Kupnuya [1, 2].

st perienust 310 mpoOIeMBl CyIECTBYIOT TPU BO3MOXKHO-
cTH. Bo-nepBhIX, 3TO MOBBIIEHUE yCTOTHOCTH U3AEIUI 1O HE-
KOTOPOTO TIpeJiesia ¥ He B yIepO MPOYHOCTHBIM XapaKTepUCTH-
KaM. Bo-BTOpBIX, 3TO IOpU3aLus MOJIHOTENIOr0 Kupnuya. B-tpe-
ThUX, KOMOUHHUPOBAHHBIN CIIOCO0, 00BETUHSIOIINH 1BA TICPBHIX.

YBenuyeHne MOPUCTOCTH KePaMHYECKOro KHPIUYa MOXKET
OCYIIECTBIISITHCSL HECKOJIBKUMH criocobamu. Knaccuueckum u3
HUX SIBJSIETCSI CHOCOO BBITOPAIOIINX H00aBOK, OCHOBaHHBIN Ha
BEJICHUU B IIMHSAHBIE CMECH KOMIIOHEHTOB, KOTOPBIE BHITOPAIOT
B rporiecce o0xkura. OCHOBHBIMH MOJU(HKAIIMSIMH 3TOTO CIIO-
coba cTanu MeToJbl BBEJCHHUS JIPEBECHBIX OIMJIOK MM OTCEBa
neHomnoucTrpona. [lepBoiii okazancss HedA)PEKTUBHBIM, B TOM
4HCcIIe U B BUAY BBICOKOI 30JIBHOCTH JpeBecHHBI. BTopoii crmo-
co0 okazajcst HepeHTaOeIbHBIM B CBA3H CO CHIDKEHHEM BBIXO0/1a
OTCEBA MO MPUYMHE BHECIAPCHHUA COBPEMCEHHBIX U 6630TXOI[HI)IX
TEXHOJIOTHH IpaHyIMPOBAHHOTO MOJIUCTHPOIIA.

BTOpI)IM [0 3HAYUMOCTH CIIOCOOOM SIBIIIETCS YBEJIMYCHUC
MOPHUCTOCTH KEPAMUYECKOTO KUPITHYA 33 CUET CO3/IaHHS SUeH-
cToii cTpykTyphl. [Topu3arus razoo0pa3zoBaHreM OKaszaaach Ma-
103 PeKTHBHOMN, a cMEeIIeHNe KePaMUUECKHX CMECeH CO CTOH-
KAMU NE€HAMHU MO3BOJIMIO MOIYYHUTh PsJ MOJO0XKHUTENBHBIX pe-
3ynbTaToB [3, 4]. OTO caenano BO3MOKHBIM MOTYyYEHHE TPYIIIBI
NEHOKEPaMUYECKUX MAaTEPHAIOB KaK TEIUIOM3O0SAIUOHHBIX, TaK
U TEIJIOU30JIALIUOHHO-KOHCTPYKIMOHHBIX. CI0XKHOCTU I Ma-
TEPHAJIOB ATOH IPYIIIEI 00YCIIaBIMBAIICH HEOOXOAUMOCTHIO CO-
3AaHUs CIICIIUAJIBHBIX TI€H, 4 TAKXKE MATKUX PEKUMOB CYIIKH, TO
€CTh IPH HEBBICOKMX TEMIIEpATypax M CKOPOCTSIX TEIUIOHOCH-
Tens [5, 6]. B mpoTuBHOM citydae cymiecTBoBajia OmacHOCTh He-
PaBHOMEPHON yCaaK! ¥ OCETAHUS WIIN PACTPECKNBAaHUE KepaMH-
YECKOTO ChIpLa. BBG}IGHI/IG B COCTaB TJIMHAHBIX IIECHOMACC JICT-
KUX HallOJIHUTEJICH, HallpuMep TOHKOIMCIIEPCHBIX CHEepHIECKUX
4acTUI] NO3BOMSIET KaK CHU3UTh BPEMsI CYIIKH, TaK U MOBBICHTh
NPOYHOCTh 3a cyeT apmupymouiero s¢dexra. dopmoBouHas
CMECh apMHUPOBANACh JOMNOJHUTEIBHO TOHKOJUCIIEPCHBIMH BO-
JoKHaMu. B kadecTBe MOJOOHBIX 3aIOJIHUTENEH HCIOIb30Ba-
JIMCH 30JIbHBIE MUKPOC(]EpBI, AUATOMUT U APYTUE NMOJOOHBIE UM

INTRODUCTION

Clay-based fired products have been used in construc-
tion for thousands of years. The technology of firing ce-
ramic materials and the technology of construction from
them came to Russia from Byzantium. Fragments of ce-
ramic masonry in the Church of the Tithes and a church in
Kerch, which has been in operation since the 6th century,
have survived to this day. Technologies have developed and
at the same time the possibilities for using ceramic bricks
have expanded. The most significant buildings are the Or-
der's castle of Marienburg and the walls of Russian cities
and fortresses, including the walls of the Moscow Kremlin.
In housing construction, ceramic brick has proven itself as
a strong, durable, frost-resistant and non-flammable mate-
rial, which is why, from the 14th century to the present day,
it has been one of the most widely used building materials.

A serious problem with ceramic bricks, which became
noticeable after the adoption of new thermal engineering
standards at the end of the 20th century, was their relatively
high thermal conductivity and corresponding average den-
sity. It should be noted that laying a brick wall of 2-2.5
bricks fully satisfied the requirements of comfort, but taking
into account the new requirements for the thermal resistance
of walls, the established standards turned out to be unattain-
able for walls made of solid brick [1, 2].

There are three possible solutions to this problem. First,
increasing the void content of the bricks to a certain limit
without compromising their strength. Second, porosity of
solid bricks. Third, a combined method combining the first
two.

Increasing the porosity of ceramic bricks can be accom-
plished in several ways. The classic of these is the method
of burnout additives, based on the introduction of compo-
nents into clay mixtures that burn out during the firing pro-
cess. The main modifications of this method were the meth-
ods of introducing wood sawdust or polystyrene foam
screenings. The first one turned out to be ineffective, includ-
ing due to the high ash content of the wood. The second
method turned out to be unprofitable due to the decrease in
the output of screenings due to the introduction of modern
and waste-free technologies of granulated polystyrene.

The second most important method is to increase the po-
rosity of ceramic bricks by creating a cellular structure.
Porization by gas formation turned out to be ineffective, and
mixing ceramic mixtures with stable foams made it possible
to obtain a number of positive results [3, 4]. This made it
possible to obtain a group of foam ceramic materials, both
thermal insulation and thermal insulation-structural. The
difficulties for materials in this group were caused by the
need to create special foams, as well as soft drying modes,
that is, at low temperatures and coolant speeds [5, 6]. Oth-
erwise, there was a risk of uneven shrinkage and subsidence
or cracking of the ceramic adobe. The introduction of light-
weight fillers, such as finely dispersed spherical particles,
into the composition of clay foams allows for both a reduc-
tion in drying time and an increase in strength due to the
reinforcing effect. The molding mixture was additionally re-
inforced with finely dispersed fibers. Ash microspheres, di-
atomite, and other similar substances were used as such fill-
ers. The products are fired for 26-28 hours at a maximum
temperature of 1100°C [7, §].
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BermecTBa. OOXKHT M3AETHHA OCYIICCTBISIETCS B TeUeHHE 26-28
4acoB IpU MakcuManbHoi Temmeparype 1100 °C [7, 8].
Ilony4yenue n3nenuii MOBBIIIEHHON ITyCTOTHOCTH OCYILECTB-
JSUIOCH MapajuIeNIbHO ¢ yBEIWYECHHEM nX oOobema. Bmecto onu-
HapHOI'0 KHpIIMYa JIE1ajd NOJyTOPHBIM WIH JBOMHOM, a Aajb-
Helilliee COBEPIICHCTBOBAHNE TEXHOIOTUH CIIENAI0 BO3MOKHBIM
M3TOTOBIICHHE KepaMHueckuX KamHed. Hemoxume pesynbrarsl
OBUTH TIOJTy4YeHBI B Pe3yJbTaTe OObEIUHEHHUS TEXHOJIOTUH MHO-
TOIMyCTOTHBIX KAMHEH ¢ IEHOBBIM criocoboM (puc. 1) [9, 10].

PUCYHOK 1

KEPAMUYECKHWE KAMHMH [9.10]:
a — NMyCTOTHBII;
0 — MyCTOTHO-MOPHCTHII

Figure 1

Ceramic stones [9.10]:
a — hollow;
b — hollow-porous

Jlerkue KepaMHUECKHE KAMHH 3apEKOMEHJOBAIIN ce0s Kak
MaTepuall, KOTOPbII MMEET MHOXKECTBO IOJNE3HBIX CBOMCTB.
OHM OuYeHb MPOYHBIE, SBJIAIOTCS XOPOILINM TETJION30JIATOPOM
Y MOTYT OBITh HCIIOJIB30BaHBl B CAMBIX Pa3HBIX cepax deno-
BEUECKO# aesrenbHOCTH. [IpobieMoit B 3TOM ciydae craia
TEXHOJIOTHSI MOHTa)ka CTeH. Bo-TepBBIX, BEC OJJTHOTO KepaMu-
YEeCcKOro KaMHs He MO3BOJISUI €ro pa3MemaTh B KIaJKe TakkKe
JIETKO KaK OAWHAPHBIM WM TOJYTOPHBIA OOJIETYeHHBIH KHp-
4. Bo-BTOPBIX, B MyCTOTBHI MOT NIPOBAIMBATHCS KIIaJOYHBINA
pacTBOp, 4TO ¢ OJHOM CTOPOHBI MPUBOAMIIO K €O MOBBIIIEH-
HOMY pacxojy, a ¢ Ipyroil — CHMXaJI0 TEPMHUYECKOE COMPO-
TUBJIEHUE KOHCTPYKIIMU 3a CYET YACTHUYHOTO 3aIOJIHEHHS ITy-
CTOT pacTBOPOM.

OpmHUM U3 HaIlpaBJIeHUH peIeHusI Ipo0IeM MoTydeHHs 13-
JIeNIUA OTHOCUTENBHO HU3KOW IJIOTHOCTBIO U TEILIOIPOBOIHO-
CTBIO TIPH COXPAHEHUH NPOYHOCTHBIX M 3KCIUIyaTallMOHHBIX
XapaKTEepUCTHK MOTJIO CTaTh BBEACHHUE JIETKUX 3aIllOJTHHUTENEH
B KepaMH4ecKHe cMecH. PaccmaTpuBanuch paszinyHbIE BapH-
AQHTHI ¥ IPUEMJIEMBIM CTaJIO IPUMEHEHHEM BCITyYEHHOTO Iep-
JMTOBOTO TIECKa, YTO TO3BOJIMIO c(hOPMOBATH €IIe OJHO TEX-
HOJIOTHYECKOE HANPABICHUE — TEXHOJIOTUIO NEPIUTOKEPAMU-
yeckux u3znenuil. [lepnuToBblil mecok o0nanaeT o4eHb BHICO-
KOH M OTKPBITON MOPUCTOCTBIO, YTO MPEIIONArajgo HCIoJIb30-
BaHUEM CMecell C MOBBIIIEHHBIM BOJOCOAEPKAIINM, a CIE0-
BaTEJIbHO, U JUIMTEIbHYIO CYHIKY chipua [11, 12].

ITowck anpTepHATUBHBIX BHOB 3aIOJIHUTENICH OCYIIECTB-
JISUICS KaK B HAIIPABJIICHUSAX WCIOIB30BAHUS IPUPOTHBIX MTOPH-
CTBIX MAaTEPHANIOB (YTO HE MIPHUBETIO K TOIOKUTEIEHBIM PE3yiIh-
TaTaM), TaKk U B HAIPABJICHUSIX HCIIOJIB30BAHUS ITPOMBIIIICH-
HBIX TPOAYKTOB WM IPOMBIIUICHHBIX OTXOAOB. B cBs3M ¢
9THM Ha HaIll B3TJIsL OBUIO N3yYeHNE BO3MOXKHOCTH HCIIOJIb30-
BaHMs JPOOIICHOTO EHOCTEKOIBLHOTO MIeOHs, IPUMEHEHUE KO-
TOPOTO B HACTOSIIIEE BPEMs aJalITHPYETCs] B KAUECTBE JIETKOTO
3aIOJHUTENS sl LIEMEHTHBIX WM OECIIEMEHTHBIX OETOHOB
[13].

IMopu3anyst CTpyKTyphl IIUPOKO NPUMEHSETCA IPH TOIy4de-
HHUH CTPOUTEIBHBIX MaTePHAJIOB Pa3IMIHOTO HAa3HA4YeHus [14-

18].
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a(a)

The production of products with increased emptiness
was carried out in parallel with the increase in their volume.
Instead of single bricks, they made one-and-a-half or double
bricks, and further improvements in technology made it
possible to produce ceramic stones. Good results were ob-
tained by combining the technology of hollow stones with
the foam method (Fig. 1) [9, 10].

Lightweight ceramic stones have proven themselves to be
a material with many beneficial properties. They are very du-
rable, are good thermal insulators and can be used in a wide
variety of areas of human activity. The problem in this case
was the technology of wall installation. Firstly, the weight of
one ceramic stone did not allow it to be placed in the masonry
as easily as a single or one and a half lightweight brick. Sec-
ondly, the mortar could fall into the voids, which, on the one
hand, led to its increased consumption, and on the other, re-
duced the thermal resistance of the structure due to the partial
filling of the voids with mortar.

One of the directions for solving the problem of obtaining
products with relatively low density and thermal conductivity
while maintaining strength and performance characteristics
could be the introduction of lightweight fillers into ceramic
mixtures. Various options were considered and the use of ex-
panded perlite sand became acceptable, which made it possi-
ble to form another technological direction — the technology
of perlite ceramic products. Perlite sand has a very high and
open porosity, which required the use of mixtures with in-
creased water content and, consequently, long-term drying of
the raw material [11, 12].

The search for alternative types of fillers was carried out
both in the areas of using natural porous materials (which did
not lead to positive results), and in the areas of using indus-
trial products or industrial waste. In this regard, in our opin-
ion, the possibility of using crushed foam glass aggregate, the
use of which is currently being adapted as a lightweight filler
for cement or cement-free concrete, was studied [13].

Porization of the structure is widely used in the produc-
tion of building materials for various purposes [14-18].

Thus, based on the results of the above review, a number
of conclusions can be drawn:

- firstly, building ceramic products retain their position as
one of the most widely used materials.
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TakuM o0pa3zom, O pe3ysibTaTaM TPUBEIEHHOTO 0030pa
MOJKHO CIIeJIaTh Psif 3aKIIFOYCHU]:

- BO-TICPBBIX, H3JIENINS CTPOUTEIFHOW KEPaMHUKH COXpa-
HSIOT CBOU ITOJIOKEHHWE KaK OTHOTO W3 Hamboyiee mpuUMeHse-
MBIX MaTEpHAIIOB.

- BO-BTOPBIX, B CJIy4ac UX MPUMCHEHHUS KaK CTCHOBOI'O Ma-
Tepuana HeOOXOJMMO CHU)KATh MX IUIOTHOCTH U TEIUIOIPOBO/I-
HOCTBH MPH COXPAHCHHUH IKCILTYyaTAI[MOHHBIX XapaKTCPUCTHUK.

- B-TPETBUX, HAaNOOJICe IEPCIICKTHUBHBIM SBJIICTCS HCIIOJb-
30BaHUE JICTKOTO 3aIIOJHUTEIIS, KOTOPHIH MO3BOJIUT COXPAHUTh
OCHOBHBIE XapaKTEPHCTHUK IPOM3BOJCTBEHHOTO IIpollecca U
MO3BOJIMT M3TOTABIIMBATh M3ENUS HA TOM e 000pyIOBaHUN
NPY YCIOBUH COXPAaHCHHS MAaTEepPHalIOM SKCIUTyaTallMOHHBIX
XapaKTepUCTHK MPH CHIHKEHUH TEIUIOIPOBOAHOCTD U CpeIHEN
IJIOTHOCTH.

Henbro nccaenoBanmii, N3J0KEHHBIX B CTaThe, CTAJIO MPO-
BEJICHUC KCCIICIOBAHUH MO pa3pabOTKe PEelenTyp U TEXHOJO-
THU TIICHOCTCKOJIBHBIX KepaMI/I‘IeCKI/IX MaTepI/IaJ'IOB.

MeToabl ucciaeT0BaHMI

OCHOBOI1 METOJOJIOTUHM HCCIIeNOBaHui ObUTM LU(pOBbIC
METOJIMKH TUIAHUPOBaHUS U 00pab0TKU pe3yIbTaTOB IKCIEPH-
MEHTa, a TaKXKe MEeTOJ aHAIUTHYECKOW ONTUMH3AIUHU, pa3pa-
ooranusii B HUY MI'CY. KoHuenuus aHaTUTUYECKONH OIITH-
Muzauuu [19,20] ocHoBaHa Ha ABYX MOJOXKEHUSAX. Bo-nepBbIX,
MOJTyYeHHAs] MaTeMaTH4YecKasi MOJeNb (B BUAE MOJIMHOMA) CO-
OTBETCTBYET pealbHOMY IPOLECCY, T.€. OIUCHIBAET €TO C OIpe-
JIETICHHOH TOYHOCTBIO. BO-BTOpBIX, MareMaTHYecKasi MOJEIb
ABIISICTCS anreOpandeckoil HeIMHEHHON (QyHKIMEH HECKOIh-
KHUX TIEPEeMEHHBIX, KOTOpass MOXKeT OBITh MCIOJb30BaHA IS
BBINOJIHEHHS BCEBO3MOKHBIX OIEpaluii ¢ anmnapaToM MaTema-
THYECKOTO aHAJIN3a.

Cremyromnye 3Tanbl BKIOYAIOT B ce0s1 HHTEPIPETALHIO 110-
JIy4eHHOTO ONTHMM3MPOBAHHOTO TOJHMHOMA (aHATUTHUYECKas,
¢usnueckas u rpaduueckas) ¢ IeNbio MPOBEPKU WM MTOTBEP-
JKIICHHUST PacyeTHBIX pe3ynbTaToB. Jlajee OCYIIeCTBISIETCS
(hopMHpOBaHUE AITOPUTMA TEXHOJIOTHIECKOTO ITPOIIecca C uc-
MOJIb30BaHNEM ONITUMU3UPOBAHHBIX (DYHKIUH 1 COCTABICHUEM
nporpamm i OBM.

[IpumeHeHne B KauecTBE HAMOJHHUTENS H3MEJIBLYEHHOTO
(npobnenoro) nmeHocTeKoIbHOTO meOHs. He Toapko u3MeHser
YCIIOBHSA TEIUIO- M MACCONIEPEHOCA MPH CYIIKE, HO U BIUSAET KaK
Ha CBOMCTBA MaTepHala, TaK U Ha PEKUMbI 00)KUTa JIETKUX Ke-
pamuyeckux u3nenuil. Kak mokaspiBaroT pe3ynbTaTsl IO ONTH-
MU3AIMX TapaMeTPOB MEPEMEHHOI0 PEKUMA CYIIKH, BBICOKOE
Ka4eCcTBO HM3AETHH IOy4YeHO NPH OrPAaHHYMBAIOIIMM CPOKE
cymikn 16 4. JIpoOieHblii MEHOCTEKOJIbHEIH IeOeHb MOIHO-
CTBIO COBMECTHM C KEPAMUYECKHM YEPENKOM (B TOM YHCIIE MO
MOKAa3aTessIM CIIEKaeMOCTH U TEMIIEPaTypHBIX Jedopmanuii) u
MIMEET HEBBICOKYIO CPEIHION MIIOTHOCTH (80 — 140 kr/m>).

TexHonornyeckue napamerpsl 00XKura JISTKOro Kepammude-
CKOTO CHIpIIa HETIOCPEACTBEHHO CBSA3aHBI C COCTABOM CHIpIA U
HCXOJHBIX KepaMHYECKHUX CMeced, 4TO W ObUI0 y4TeHO Ipu
(hopMHUpPOBaHMH IJIAHA HKCTIEPUMEHTA.

OnTuMu3aIys COCTaBa KepaMHUUECKOW CMECH C Y4EeTOM
CBOWCTB HAIOJIHHUTENS MPOBOIMIACH C MMOMOIIBIO IH(POBBIX
METOOB B Tpex(aKTOPHOM dKCIIepUMeHTe. B kauecTBe Bapbu-
pyeMbIX (paKTOpOB IPHHSATHI:

- CpeHss IIIOTHOCTh N3MENTbUEHHOTO neHocTeka (X);

- pacxoj U3MeJIbYEHHOT 0 NeHocTekna (X2);

- CpeIHUH pa3Mep JacTull neHocreka (X3).

B xauectBe QyHKUMIT OTKIMKA — IPOYHOCTH WU3AEIHS TPH
cxatuu (Y1) U ero cpequss mwioTHOCTh (VY2).

- secondly, if they are used as wall material, it is necessary
to reduce their density and thermal conductivity while main-
taining their performance characteristics.

- thirdly, the most promising is the use of lightweight
filler, which will preserve the main characteristics of the pro-
duction process and allow the manufacture of products on the
same equipment, provided that the material maintains its per-
formance characteristics while reducing thermal conductivity
and average density.

The aim of the research presented in the article was to
conduct research on the development of formulations and
technology for foam glass ceramic materials.

Research methods

The research methodology was based on digital methods
for planning and processing experimental results, as well as
the analytical optimization method developed at the Na-
tional Research University Moscow State University of
Civil Engineering. The concept of analytical optimization
[19,20] is based on two provisions. Firstly, the resulting
mathematical model (in the form of a polynomial) corre-
sponds to the real process, i.e. describes it with a certain ac-
curacy. Secondly, the mathematical model is an algebraic
nonlinear function of several variables, which can be used to
perform all kinds of operations with the apparatus of mathe-
matical analysis.

The next steps include the interpretation of the obtained
optimized polynomial (analytical, physical and graphical) in
order to verify or confirm the calculated results. Next, the
algorithm for the technological process is formed using opti-
mized functions and the creation of computer programs.

The use of crushed (crushed) foam glass aggregate as a
filler not only alters heat and mass transfer conditions dur-
ing drying but also influences both the material properties
and the firing conditions for lightweight ceramic products.
As the results of optimizing the parameters of the variable
drying mode show, high quality products were obtained
with a drying time limit of 16 hours. Crushed foam glass
rubble is completely compatible with ceramic shards (in-
cluding in terms of sintering properties and temperature de-
formations) and has a low average density (80—140 kg/m3).

The technological parameters for firing light ceramic
green bricks are directly related to the composition of the
green bricks and the initial ceramic mixtures, which was
taken into account when developing the experimental plan.

Optimization of the ceramic mixture composition, taking
into account the filler properties, was conducted using digi-
tal methods in a three-factor experiment. The following fac-
tors were used as variable factors:

- average density of crushed foam glass (X1);

- consumption of crushed foam glass (X>);

- average particle size of foam glass (X3).

The response functions are the compressive strength of
the product (U1) and its average density (U).

The adequacy of the models was tested using Fisher's
criterion; the significance of the coefficients of the regres-
sion equations was tested by comparison with the
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AJIEeKBaTHOCTh MOJeNIell TpoBepsulach Mo Kputeputo Du-
nrepa; 3Ha9UMOCTh KO3 (HUIIMEHTOB YpaBHEHUN PETPECCHH —
IyTEM CPaBHEHHMS C JOBEPHUTEIbHBIM HHTEPBAJIOM, OTIpEIesic-

confidence interval determined using Student's t-test and the
variance of parallel experiments.

Drying of 50x50x50 mm samples was carried out in a

MOM 110 KpuTeprio CThIOJICHTa U AUCIICPCHH TapaJlICIIbHBIX
OIIBITOB.

Cymka o6paszuoB 50x50x50 MM npoBouiack B CyIIMIIb-
HOM IKady 0 MOCTOSHHON Macchl npu Temmeparype 90 °C
HPU CKOPOCTH TETUIOHOCUTENS 4 M/C. JITUTENIEHOCTD CYIIKH CO-
craBisiia 6 yacoB. OOKHTr 00pa3IOB OCYIECTBISLICS B Jlabopa-
TopHOH nedu npu Temmeparype 1000-1005 °C. Ycnosus 3xc-
HEepUMEHTa MPEACTaBICHEI B Tabume 1.

drying oven to constant weight at a temperature of 90 °C
with a coolant velocity of 4 m/s. The drying time was 6
hours. The samples were fired in a laboratory furnace at a
temperature of 10001005 °C. The experimental conditions
are presented in Table 1.

TABJINIA 1 YCJIOBUSA TPEX®AKTOPHOI'O SKCIIEPUMEHTA

Table 1 Conditions of the three-factor experiment

Cpennee 3navenus paxropa Ha
3HAYeHUe HWuTepBan YPOBHSAX
Haumenosanue paxropa CumBoJI ¢akTopa, BapLI/IpOI?a- Factor values
Symbol Average Hus1, Varia- at levels
Name of the factor .
Xi value of the | tion interval
factor AX; -1 +1
Xi
Cpennss MIOTHOCTh W3MEJBYEHHOTO TIEHOCTEKIIA, KI/M3
Average density of crushed foam glass, kg/m? X 120 40 80 160
Pacxo H3MeIbUYEHHOTO TIEHOCTEKIIa, KI/M>
Consumption of crushed foam glass, kg/m? X 36 8 28 44
Cpennuit pa3Mep 4aCTHIl IEHOCTEKIA, MM X 0.5 0.2 0.3 0.7
Average particle size of foam glass, mm

Pe3yJ’leaTLl H UX 06cyﬂcz[e}me

Brutu nosydeHs! ypaBHeHUd perpeccu. [locie nposepku
3HAYMMOCTH KO3((UIIMEHTOB (C AOBEPUTEIBHBIM HHTEpBa-
som st ipounoctu 0,2 MIla u cpenneit mwiotnoct 9 kr/m?)
OBUTH MTOTyYEHBI CIEAYIOINEe MaTEMaTHIECKHE MOIEIIH:

Vi1=13,6 +0,8X; - 1,7X5 + 0,7X5 + 0,6 X2X3— 0,4X5?
V2 =1378 + 18X — 51X + 14X5 + 8XoX;3

MOHHUTOPHHT BBIYHCIICHUN PETPECCHH pa3pelaeT cAenaTh
ciietyroniie BoIBoAbl. Ha mpoyHOCTh IIpH cKaThu (TIOTMHOM
1) HanGompIIee BIUSHUE OKAa3bIBAET PacxXo]l M3MeIbYeHHOTO
ne"ocTexna (ko3 urpent mpu X»). Tak kak MPOYHOCTS Iie-
HOCTEKJIa HIKE TIPOYHOCTH KePaMHUYECKOro ueperka, To yBe-
JMYEHHE pacxoja IIEHOCTeKJIa OOYyCIOBIMBAeT CHUXKCHHUE
MPOYHOCTH. YBEJIMYEHHE IUIOTHOCTH MEHOCTEKIIA TpeJIoa-
raeT TaKKe yBEJIMYEHHE €T0 MPOYHOCTH, YTO MOJ0XKUTEIHHO
CKa3bIBaeTCsl Ha (YHKIMH OTKIMKA (KoadduiumeHT mpu X;).
BnusiHue cpenHero pasMepa yacTHIl IEHOCTEKJIA BJIMSET Ha
NPOYHOCTH 000XCKEHHOTO 00pasiia HeoHO3HauHO. [1pu yBe-
JUYEHUH Pa3MEPOB YaCTHIl 10 OIPEJEIICHHOTO 3HAYCHUS
NPOYHOCTH pacTeT (ko3¢ duuneHt npu Xsz), a IpH OONBIINX
3HAYEHMSAX HAYMHAET CHMXAThCA (kod(puuuenT mpu Xs2).
3TO MOXeET OBbITh CBS3aHO C INIOTHOCTHIO YNAKOBKH YaCTHII
MEHOCTEKIIa B KEPaMHUYECKOM MaTpuIie.

CpelHsisi IIIOTHOCTD JIETKOT0 KepaMUYeCKOro Marepuaia
(monmHOM 2) B HaNOONBIIEH CTETIEHH 3aBHCUT OT pacxojia u3-
MEJIBYEHHOTO TeHOCTekIa (Ko3dduiment npu X»), Tak Kak
TUIOTHOCTB TIEHOCTEKJIA HIDKE TUIOTHOCTH KepaMUYECKOH Mat-
pHLBL; NPU 3TOM NPH YBEJIMYEHHH IUIOTHOCTH IIEHOCTEKIIA
IUIOTHOCTh Marepuajia Bo3pacTaeT (KodpGHUUUEeHT mpu X»).
[Ipn yBenuyeHUM pa3MepoB YACTHIl MIEHOCTEKJIA IPOYHOCTD
HE3HA4YMTENIbHO, HO Bo3pactaeT (koaddurmeHt npu X3), 4ro
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Results and discussion
Regression equations were obtained. After checking the
significance of the coefficients (with a confidence interval for
strength of 0.2 MPa and an average density of 9 kg/m3), the
following mathematical models were obtained:

(M
2

Monitoring the regression calculations allows us to draw
the following conclusions. The consumption of crushed foam
glass (coefficient at X2) has the greatest influence on the com-
pressive strength (polynomial 1). Since the strength of foam
glass is lower than the strength of ceramic shards, an increase
in the consumption of foam glass leads to a decrease in
strength. An increase in the density of foam glass also implies
an increase in its strength, which has a positive effect on the
response function (coefficient at X1). The influence of the av-
erage particle size of foam glass on the strength of the fired
sample is ambiguous. As particle size increases to a certain
value, strength increases (coefficient at X3), but at larger val-
ues, it begins to decrease (coefficient at X3?). This may be due
to the packing density of the foam glass particles in the ceramic
matrix.

The average density of a lightweight ceramic material (pol-
ynomial 2) depends to the greatest extent on the consumption
of crushed foam glass (coefficient of X2), since the density of
foam glass is lower than the density of the ceramic matrix;
however, with an increase in the density of foam glass, the
density of the material increases (coefficient of X2). With an
increase in the size of foam glass particles, the strength in-
creases slightly (coefficient at X3), which is explained by the
higher density of highly crushed foam glass particles.
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00BsACHsETCS OOMNbIIEH MIOTHOCTHIO CHJIBHO M3MEITbYCHHBIX
YaCTHIl TIEHOCTEKIIA.

M3roToBneHHbIE IO IPOBEAECHHOMN TEXHOJIOTUU KEpaMHUYe-
CKHE KaMHHU MPUOOPETAIOT yCPEIHEHHBIE MTOKA3aTeN TEIIo-
npoBogHocTH He 6oree 0,16 B1/(M*K) 1 MoryT OBITH HCITIOIB-
30BaHBbI [IPY BHITIOITHEHUHN BBICOKO3((EKTUBHOMN KIIaKN KUP-
MUYHBIX CTEH.

AHaJIuTHYECKAN onTuMu3lanus pe3dyjabTaToB aKTUB-
HOI'0 JKCIIEPUMEHTA

KBanparnunsle 3aBucumoctu no dakropy X3 (cpemHuid
pa3Mep 4acTuIl IeHOCTeka). 3aBUCUMOCTH (1 U 2) SBISIOTCS
KaK MOJEISIMH, aJeKBaTHO ONHCBHIBAIOIIUMH (YHKIUH OT-
KIIMKA, TaK U aNre0pandecKuMH ITOJIMHOMAaMH, 4TO JieflaeT Iie-
JIeco00pa3HbIM TPHMEHEHHE METOJa aHAJUTHYECKOH OITH-
MU3aIHH.

Ontumusanus 1o GakTopy Xs
(cpenHuii pa3Mep YacTHUIl IEHOCTEKIIA)

1). Onpenensem 4acTHyIO Ipou3BoAHYI0 GyHKuu Y (X,
X», X3), mpupaBHUBaeM pe3ynsTaT 0 M ompenenseM ONTH-
MaJIbHOE 3HAYeHHE CPEeJHEro pa3Mepa 4acTHUI] MEHOCTeKIIa

(dn):

Ceramic stones produced using the technology developed
have average thermal conductivity values of no more than 0.16
W/(m'K) and can be used in highly efficient brickwork.

Analytical optimization of active experiment results
Quadratic dependencies for factor X3 (average particle size
of foam glass). Dependencies (1 and 2) are both models that
adequately describe the response functions and algebraic pol-
ynomials, making it appropriate to use the analytical optimi-
zation method.

Optimization by factor X3
(average particle size of foam glass)

1). We determine the partial derivative of the function
Y1(X1, X2, X3), equate the result to 0 and determine the opti-
mal value of the average particle size of foam glass (dm):

6Y1/6Y2= 0,7—0,8X3 — X3 =7/8= 0,88

HarypanbHyto BENTWYMHY ONTHUMAalbHOTO pa3Mepa 4acTh
MICHOCTEKIIa OTIpeAeIieM, UCTIONB3YS TaHHbIe TaOIHIb! 1:

The natural size of the optimal size of a piece of foam glass
is determined using the data in Table 1:

dn=0,5+0,88x0,2 = 0,68-0,69 mm

2). Tlomy4yaem MoO[elH, ONTHMH3MPOBAHHBIC 10 OITH-
MalbHOMY pa3Mepy YacTHI[ MEHOCTEKIa U [0 TeMIeparype
o0xKura:

Vi=14,9+0,8X; — 1,0X,
V,=1404 + 18X, — 41X,

I'padrueckast MHTEpPIIPETAIMSI ONTUMU3UPOBAHHBIX 3aBH-
cumoctelt (3 u 4) gana BO3MOXHOCTh COPMUPOBATH HOMO-
rpammy (puc. 2). [To3BosIOIIyI0 MPOTrHO3UPOBATh CBOMCTBA
U3JENNi, a TaKXKe OCYIIECTBIATE MOI00P COCTaBa KepaMmye-
CKHX CMECEH JUII N3TOTOBIICHHS JIETKAX KEPaMHYCCKUX U3]Ie-
.

2). We obtain models optimized for the optimal size of
foam glass particles and firing temperature:

3)
“

Graphical interpretation of the optimized dependencies (3
and 4) made it possible to generate a nomogram (Fig. 2), which
allows for predicting the properties of products, as well as se-
lecting the composition of ceramic mixtures for the production
of lightweight ceramic products.

L
s
S

i s\

sy

\

PUCYHOK 2
HOMOI'PAMMA JUIsI NPOTHO3UPOBAHUS 10 I
IMAPAMETPOB U IIOJBOP COCTABA 5
U3JEJUIA IIPA ONTUMAJIBHOM PA3BMEPE =
YACTHUII PABMEJBYEHHOIO MEHOCTEKJA 3., "Nz
(0,68-0,69 Mm) R
Cpeausisi ILIOTHOCTD, KI/M3: a — 13205 6 —1360; B — s
1400. MipounocTs npu ckaTun, MIMa: 1 —18;2—17; & 2 120
3-16;4—15;5-14; 613 gg

g

5 1004
Figure 2 :

(¥
Nomogram for predicting parameters and selecting 30:3

NN S

product composition with the optimal particle size of
crushed foam glass (0.68-0.69 mm).

Average density, kg/m3: a — 1320; b -1360; ¢ —1400.
Compressive strength, MPa: 1 —18; 2 - 17;3 - 16; 4
-15;5-14;6-13

— MATeMATHNCCKOE ORTIANITC

32 36 40 4428 32 36 40 44
Pacxoa wimeanaennore nenocTeita, krie
CPeseKRAIPATHYSCKOE OTIONeHN e
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Homorpamma cocrout us 1Byx cektopos. B cexrope I ycra-
HABJIMBAETCSI B3aMMOCBS3b MEXIY CpelHEeH IUIOTHOCTBIO 000-
JOKEHHBIX U3EIUN U CpelHEN IIIIOTHOCTHIO, a TAKXKE PaCX0J0M
M3MEJIBUYCHHOTO IEHOCTEKONbHOTO ImeOHs; B cekrope I —
YCTaHABJIMBAETCS B3aUMOCBSI3b MEXY IPOYHOCTBIO IIPH CXKa-
TUH 000XOKEHHBIX M3JISJIUI U CpeIHEell IUIOTHOCTBIO, a TaKXKe
PacxoioM U3MENbYEHHOTO EHOCTEKOIBHOrO HIEOHS.

Kepamuueckue 00pasiibl, H3rOTOBJIECHHBIE B COOTBETCTBUH
C OTIMCAHHBIM BBIIIE METOAOM (pHC. 3), UMEIOT CPETHIOK Tell-
nonpoBogHocTh Menee 0,16 Bt/(m-°C). Mapka mo mMopo3o-
CTOMKOCTU TIMHAHOro kupnuua ot F35. Jlerkuil xupnuu mo-
JKET OBITh MCIOJIB30BaH B TEIUIOI((EKTUBHBIX KIIAJKaX CTe-
HaX, HO IPUMEHEHHE eT0 B (PyHAAMEHTaxX HE PEKOMEHAYIOTCS.
M3roraBnuBaTbcs KEpAMUUECKUE U3AETTUI MOTYT KaK ITOJHOTE-
JIBIMHU, TaK U € IIyCTOTaMHU, BO3MOKHO M3TOTOBJIEHUE MOMYJIb-
HOTO KEepPaMHYECKOTO KHPITHYa, a Takke KPYMHO(OpMaTHBIX
KEpaMUYECKUX KAMHEM.

PUCYHOK 3

OBOX/KEHHBIE KEPAMUYECKHUE OBPA3IIBI
HA OCHOBE IEHOCTEKJIA.

Temmneparypa o0:xura 1000-1005 °C;

Cpennss niotsocts 1300 xr/m3;

IIpenen npoynocTu npu cxatuu 14,5 MIla.

Figure 3

Fired ceramic samples based on foam glass.
Firing temperature: 1000-1005 °C;
Average density: 1300 kg/m3;

Compressive strength: 14.5 MPa.

3akaouenue

Hcnons3oBanne IU(POBBIX METOIUK IO3BOJISIET 3HAYH-
TEJIBHO COKPAaTHTh BPEMsI 1 MaTepHaibHbIE PAcX0/Ibl IIPH MPO-
BE/ICHUM HATYPHBIX SKCIIEPHMEHTOB, a TaKXKe HCIIOIb30BaTh
METO/IMKH OLEHKH JIOCTOBEPHOCTH IOJIy4aeMBbIX PE3YJIbTaToB.
B pesynbrare skcrnepuMeHTa U 00pabOTKH €ro pe3ysbTaToB
MOJydeHa HOMOrpaMMa ¢ TOMOIIBI0 KOTOPOH CTaao BO3MOX-
HBIM pellleHHe KaK MPOrHOCTHYECKON 3a1aun (IIPOTHO3HPOBa-
HHS CBOMCTB M3JIeJNil), TaK M 33/1a4y 110100pa cocTaBa UCXO/I-
HBIX TJIMHSHBIX CMECeH.

O6pasiupl oboxokeHHbIe pu Temmepatype 1000—1005 °C
HMEJH CPEHION INIOTHOCTE 1300 Kr/M3; mpemen mpoYHOCTH
mpu cxatun 14,5 Mlla; termonpoBoxuocts 0,16 B1/(M - °C).

Jlerkuii KUpIMY MOKET OBITH UCIIOIB30BaH B TEII03(hpek-
TUBHBIX KJIAJIKaX CTEHAX, HO IIPUMEHEHHUE ero B pyHIaMeHTax
HE PEKOMEHYIOTCSI.
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The nomogram consists of two sectors. Sector I estab-
lishes the relationship between the average density of fired
products and the average density, as well as the consumption
of crushed foam glass aggregate; Sector II establishes the re-
lationship between the compressive strength of fired products
and the average density, as well as the consumption of
crushed foam glass aggregate.

Ceramic samples manufactured using the method de-
scribed above (Fig. 3) have an average thermal conductivity
of less than 0.16 W/(m °C). The frost resistance grade of clay
bricks starts from F35. Lightweight bricks can be used in
thermally efficient masonry walls, but their use in founda-
tions is not recommended. Ceramic products can be manu-
factured as solid or hollow bricks; modular ceramic bricks
and large-format ceramic stones are also possible.

Conclusion

The use of digital methods allows for a significant reduc-
tion in the time and material costs of conducting field exper-
iments, as well as the use of methods for assessing the relia-
bility of the results obtained. As a result of the experiment
and processing of its results, a nomogram was obtained, with
the help of which it became possible to solve both the prog-
nostic problem (predicting the properties of products) and the
problem of selecting the composition of the initial clay mix-
tures.

Samples fired at a temperature of 1000—1005 °C had an
average density of 1300 kg/m3; compressive strength of 14.5
MPa; thermal conductivity of 0.16 W/(m-°C).

Lightweight brick can be used in thermally efficient ma-
sonry walls, but its use in foundations is not recommended.

References

1. Rubtsov O.1., Bobrova E.Yu., Zhukov A.D., Zinovieva E.A.
Ceramic brick, stones and solid brick walls // Stroitel’'nyye ma-
terialy. 2019. No. 9. pp. 8—13. https://doi.org/10.31659/0585-
430X-2019-774-9-8-13

2. Korneyev A., Egorova E. Highly Efficient Glass Ceramic
Thermal Insulation / E3S Web of Conferences.
https://doi.org/10.1051/e3sconf/202126301017

3. Kiani S., Jafarzadeh M. Glass-Ceramic Foams from Alka-li-
Activated Vitrified Bottom Ash and Waste Glasses / MDPI Ap-
plied Sciences (2020). https://doi.org/10.3390/app10165714

4. Aleksej Zhukov; Andrej Ushakov; Olimdzhon Rasulov;



https://doi.org/10.31659/0585-430X-2019-774-9-8-13
https://doi.org/10.1051/e3sconf/202126301017
https://doi.org/10.3390/app10165714
https://doi.org/10.31659/0585-430X-2019-774-9-8-13
https://doi.org/10.31659/0585-430X-2019-774-9-8-13
https://doi.org/10.1051/e3sconf/202126301017
https://doi.org/10.3390/app10165714

Engineering and Technology of Silicates. Volume 32, No5 (special edition), 2025

4. Aleksej Zhukov; Andrej Ushakov; Olimdzhon Rasulov; Ekate-
rina Mihailik. A Heat-efficient ceramic products based on modi-
fied rice straw // AIP Conference Proceedings 2497, 040005
(2023) https://doi.org/10.1063/5.0110394

5. Mumunenko A.C., Kagno M.b., Acamatnunos M.O., Typran-
6aeB b.b. Temnast kepaMuka Ha OCHOBE MECTHOTO ChIpbsi Peciy0-
nuku Kapakannaxcran // CtpourtensHble MaTepuansl. 2022. Ne
11. C. 86-91. https://doi.org/10.31659/0585-430X-2022-808-11-

Ekaterina Mihailik. A Heat-efficient ceramic products based on
modified rice straw // AIP Conference Proceedings 2497,
040005 (2023) https://doi.org/10.1063/5.0110394

5. Pilipenko A.S., Kaddo M.B., Asamatdinov M.O., Tur-
ganbaev B.B. Warm ceramics based on local raw materials of
the Republic of Karakalpakstan // Stroitel'nyye materialy. 2022.
No. 11. P. 86-91. https://doi.org/10.31659/0585-430X-2022-
808-11-86-91

86-91

6. Miao, X., et al. 3D Printing of Porous Ceramics for Enhanced
Thermal Insulation Properties / PMC (2024).
https://doi.org/10.1002/advs.202412554

7. Kongomacosa 1.B., Kosnos A.B., Kakmorna A.B. KpymnHo-
pa3MepHbIe SUEHCThIe KepaMHUeCcKre MaTepHaibl C HCIOJIb30Ba-
HHEM aJIFOMOCHIIMKATHOTO MHUKPOC(HEPHUUECKOT0 HANOJIHUTEINS U
MHUHEpaJIbHBIX BOJIOKOH // «CtpoutenbctBo-2005»: Marepuaibt
MEXyHap. Hay4.-npakT. KoH}. - Pocros-n//1: Pocr. roc. crpour,
yH-T, 2005. -C. 9-10.

8. Cununun [.A., [lasxmeros Y.111., Paxumosa O.H., Xanukos
P.M., Henocexo 1.B. HanocTpykTyprpoBaHHas MeHOKepaMUKa
CTPOMTEJIHOTO HAa3HAYEHUS: TEXHOJIOTHS TPOU3BOJICTBA U TPHU-
MeHenus // HanorexHomoruu B crpoutenberse. —2021. — Tom 13,
Ne 4. — C. 213-221. — https://doi.org/10.15828/2075-8545-2021-
13-4-213-221 .

9. Kyapsisues IL.I". CocTaB U cTpyKTypa HOPUCTBIX TEPMOCTOII-
KHX HEOpPraHNYeCKUX KOMITO3HIIOHHBIX MaTepranos // Hanorex-
Hosoruu B crpoutenscrse. — 2018. — Tom 10, Ne 4. — C. 75-100.
— https://doi.org/10.15828/2075-8545-2018-10-4-75-100 .

10. Zhukov, A. D., Popov, 1. L., Bessonov, 1. V., & Chernukhin,
S. P. (2021). Filled Heat Efficient Ceramics // Key Engineering
Materials, May 2021 vol. 887, 493-498.
https://doi.org/10.4028/www.scientific.net/kem.887.493

11. 3aBaxckuii B.®., ITyrpo H.b. ITopusoBaHHasi cCTpouTebHas
kepamuka. — HoBocubupck: Cuberpus, 2005. — 100 c.

12. Camenos, Axmen Memxkun Orisl, Camenos, A. M. Ilepnuro-
KepaMU4eCKue U3/eus [Hayd. pell. kaHa. TexH. Hayk A. U. Tlo-
nmuHKOBCKas |. MockBa. Ctpoitmzaar. 1985 r. 195 C.

13. TTanuenko, A. 1. IleHocTexno6eToH ¢ MOAUGHUIIMPOBAHHBIM
THIICOBBIM BSDKYILIVIM: CBOICTBA, TEXHOJOTHS U IPUMEHEHHE / A.
W. ITanuenko, B. A. Muxaiinos // BeCTHUK Ipa)XJaHCKUX HHXe-
HepoB. 2024. Ne 3(104). C. 71 78.

14. MaTremMaTH4eckoe MOAEIUPOBaHUE HUIUKO-XUMUUECKUX IIPO-
LIECCOB B MOPHCTHIX CPeax MpU PEIICHUH 3a/1a4 CO3/IaHHsI HaHO-
KOMITIO3UIIMOHHBIX MaTepuasioB U BiaroHanonanenus / B. B. Ky-
suna, C. B. Camuenxo, U. B. Kosnosa, A. H. Komes // Hanorex-
HOJIOTUH B CTPOUTENILCTBE: HAyUHBIH MHTEpHET-KypHal. — 2023.
— T. 15, Ne 4. — C. 298-309. — https://doi.org/10.15828/2075-
8545-2023-15-5-298-309. — EDN NIOSQQ.

15. ABopHuukos, P. M. ®opmupoBanne SIEUCTON CTPYKTYPHI TO-
pusoBanHoro apbomuta / P. M. [IBopuukos, C. B. Camuenko //
Texnauka u TexHoJorus cuianukaroB. —2022. —T. 29, Ne 1. — C. 82-
91. — EDN KWNIQT.

16. HoBukoB H.B. Brusaue Gaput comepkamieil moOaBKH Ha
cBoiicTBa ssuencThix 0eTonoB / Camuenko C.B., Hosukos H.B. //
TexHuka u TexHOIOTHs cruKaToB. — 2022, — T. 29, Ne 4, C. 335-
341.

17. Xeupbexkos, P. A. HekoTopbie prU3NKO-XUMHIECKUE aCTIEKTHI
(hOopMHPOBaHUS CTPYKTYPbl KOMIIO3UIIMOHHOTO HIJIAKOCHIINKAT-
HOTO TIOPU30BaHHOTO apbonuToBoro Marepuana / P. A. XeupOe-
koB, C. B. Camuenko // TexHnka ¥ TEXHOJOTHS CHINKATOB. —
2022. - T. 29, Ne 4. — C. 379-390. — EDN JKBDQD.

18. Samchenko, S. V. Formation of Cellular Concrete Structures
Based on Waste Glass and Liquid Glass / S. V. Samchenko, A. V.
Korshunov // Buildings. — 2024. — Vol. 14, No. 1. — P. 17. —
https://doi.org/10.3390/buildings14010017 . — EDN WLXSWL.

6. Miao, X., et al. 3D Printing of Porous Ceramics for En-
hanced Thermal Insulation Properties / PMC (2024).
https://doi.org/10.1002/advs.202412554

7. Koldomasova 1.V., Kozlov A.V., Kaklyugin A.V. Large-
sized cellular ceramic materials using aluminosilicate micro-
spherical filler and mineral fibers // "Construction-2005": Proc.
of the international. scientific-practical. conf. - Rostov-on-Don:
Rostov state construction university, 2005. - P. 9-10.

8. Sinitsyn D.A., Shayakhmetov U.Sh., Rakhimova O.N., Kha-
likov R.M., Nedoseko 1.V. Nanostructured foam ceramics for
construction purposes: production and application technology
/I Nanotechnologies in Construction. - 2021. - Vol. 13, No. 4. -
P. 213-221. - https://doi.org/10.15828/2075-8545-2021-13-4-
213-221.

9. Kudryavtsev P.G. Composition and structure of porous heat-
resistant inorganic composite materials // Nanotechnology in
construction. - 2018. - Vol. 10, No. 4. - P. 75-100. -
https://doi.org/10.15828/2075-8545-2018-10-4-75-100.

10. Zhukov, A. D., Popov, L. I., Bessonov, I. V., & Chernukhin,
S. P. (2021). Filled Heat Efficient Ceramics // Key Engineering
Materials, May 2021 vol. 887, 493-498.
https://doi.org/10.4028/www.scientific.net/kem.887.493

11. Zavadskiy V.F., Putro N.B. Porous construction ceramics.
— Novosibirsk: Sibstrin, 2005. — 100 p.

12. Samedov, Akhmed Majid Ogly, Samedov, A. M. Perlitoc-
eramic products [scientific editor, Cand. of Technical Sciences
A. 1. Polinkovskaya]. Moscow. Stroyizdat. 1985. 195 p.

13. Panchenko, A. I. Foam glass concrete with modified gyp-
sum binder: properties, technology and application / A. 1. Pan-
chenko, V. A. Mikhailov // Vestnik grazhdanskikh inzhenerov.
2024. No. 3 (104). P. 71-78.

14. Mathematical modeling of physical and chemical processes
in porous media in solving the problems of nanocomposite ma-
terials and water-filling / V. V. Kuzina, S. V. Samchenko, I. V.
Kozlova, A. N. Koshev // Nanotechnologies in Construction: A
Scientific Internet-Journal. — 2023. — Vol. 15, No. 4. — P. 298-
309. — https://doi.org/10.15828/2075-8545-2023-15-4-298-
309. — EDN JROCSH.

15. Dvornikov, R. M. Formation of the cellular structure of po-
rous arbolite / R. M. Dvornikov, S. V. Samchenko // Engineer-
ing and technology of silicates. - 2022. - Vol. 29, No. 1. - Pp.
82-91. - EDN KWNIQT.

16. Novikov N.V. Influence of barite-containing additives on
the properties of cellular concrete / Samchenko S.V., Novikov
N.V. // Engineering and technology of silicates. - 2022. - Vol.
29, No. 4, Pp. 335-341.

17. Kheirbekov, R. A. Some physicochemical aspects of the
formation of the structure of composite slag-silicate porous ar-
bolite material / R. A. Kheirbekov, S. V. Samchenko // Engi-
neering and technology of silicates. - 2022. - Vol. 29, No. 4. -
P. 379-390. - EDN JKBDQD.

18. Samchenko, S. V. Formation of Cellular Concrete Struc-
tures Based on Waste Glass and Liquid Glass / S. V. Sam-
chenko, A. V. Korshunov // Buildings. — 2024. — Vol. 14, No.
1.—P. 17. - https://doi.org/10.3390/buildings14010017. — EDN
WLXSWL.

19. Mukhamad-Basir Kodzoev, Sergey Isachenko, Ekaterina
Bobrova, Boris Efimov and Igor Bessonov // Ceramic prod-

473



https://doi.org/10.1063/5.0110394
https://doi.org/10.31659/0585-430X-2022-808-11-86-91
https://doi.org/10.31659/0585-430X-2022-808-11-86-91
https://doi.org/10.1002/advs.202412554
https://doi.org/10.15828/2075-8545-2021-13-4-213-221
https://doi.org/10.15828/2075-8545-2021-13-4-213-221
https://doi.org/10.15828/2075-8545-2018-10-4-75-100
https://doi.org/10.4028/www.scientific.net/kem.887.493
https://doi.org/10.15828/2075-8545-2023-15-5-298-309
https://doi.org/10.15828/2075-8545-2023-15-5-298-309
https://doi.org/10.3390/buildings14010017
https://doi.org/10.1063/5.0110394
https://doi.org/10.31659/0585-430X-2022-808-11-86-91
https://doi.org/10.31659/0585-430X-2022-808-11-86-91
https://doi.org/10.1002/advs.202412554
https://doi.org/10.15828/2075-8545-2021-13-4-213-221
https://doi.org/10.15828/2075-8545-2021-13-4-213-221
https://doi.org/10.15828/2075-8545-2018-10-4-75-100
https://doi.org/10.4028/www.scientific.net/kem.887.493
https://doi.org/10.15828/2075-8545-2023-15-4-298-309
https://doi.org/10.15828/2075-8545-2023-15-4-298-309
https://doi.org/10.3390/buildings14010017

Texnuka u mexunonoeus cunuxamos. Tom 32, No5 (cneyuanvhuwiii evinyck), 2025

19. Mukhamad-Basir Kodzoev, Sergey Isachenko, Ekaterina
Bobrova, Boris Efimov and Igor Bessonov // Ceramic products
and energy-efficient systems 032006/ FORM-2020. C. 23-26.
https://doi.org/10.1088/1757-899X/869/3/032006

20. XKykoB A.Jl., booposa E.}O., Becconos U.B., Mensenes
A.A., lemucce b.A. [IpumeHeHne CTaTUCTHYIECKAX METOJIOB JUIS
pelIeHus 3a1a4d CTPOMTENBHOro MatepuanoBeneHus // «HawHo-
TEXHOJIOTHH B CTPOUTEILCTBE: HAYyYHBIH MHTEPHET-KypHAD». —
2020. - Tom 12, N 6. - C. 313-319.
https://doi.org/10.15828/2075-8545-2020-12-6-313-319 .

ucts and energy-efficient systems 032006// FORM-2020. C. 23-
26. https://doi.org/10.1088/1757-899X/869/3/032006

20. Zhukov A.D., Bobrova E.Yu., Bessonov 1.V., Medvedev
A.A., Demisse B.A. Application of statistical methods for solv-
ing problems of construction materials science // “Nanotechnol-
ogy in construction: scientific online journal”. - 2020. - Vol. 12,
No. 6. - P. 313-319. - https://doi.org/10.15828/2075-8545-
2020-12-6-313-319.

Huxkonae¢ /lanuun Pomanoeuy — acupaHT Kadeapbl CTPOUTENb-
HOro MarepuanoBefeHUus HalMoOHaNbHOrO HCCIIEI0BATENBCKOIO
MOCKOBCKOrO TrOCYJapCTBEHHOIO CTPOUTEIBHOTO YHUBEPCUTETA
(HUY MI'CY), ciennainct oT/ena ypasieHHs IPOEKTaMH, KOMITa-
Hun AO "IIYKO Unrepnaunonan Mocksa"

E-mail: nikolaev.daniil. 2002@yandex.ru (aBTop st CBsSI3H)

Kykoe Anexceit /Imumpueeuy — JOICHT, KaHIUIAT TEXHUYECKUX
HayK, JOLEHT Kadeapsl CTpOUTEeNbHOr0 MaTepranoseaeHus Harwo-
HaJIBHOTO HCCIEI0BATEILCKOT0 MOCKOBCKOTO TOCYJapCTBEHHOTO
cTpoutensHoro yausepcutrera (HUY MI'CY), Bemyuwmii HaydHBIN
coTpyaHuKk HayduHO-mccnenoBaTenbCcKoro HHCTUTYTA CTPOUTEILHON
¢usukn Poccuiickoit akaieMun apXUTEKTypBl U CTPOUTEIBHBIX HAYK
(HUMC® PAACH), unen-koppecnionneHT Poccuiickoil MHXKeHep-
Holt akagemun (PUA).

E-mail: [j21]@yandex.ru

Meoeedes Anopeit Anexcandpoguy — NOUEHT, KaHIUIAT TEXHUYE-
CKHX HayK, JOLEHT Kadeapbl BEICIICH MaTeMaTHky HarmoHasHOTo
HCCIEA0BATETHCKOTO0 MOCKOBCKOTO TOCYIAPCTBEHHOTO CTPOUTEINb-
Horo yHuBepcuteta (HUUY MI'CY), momeHT kxadenapsl reopusuku
Poccuiickoro  reonoropassemounoro yamsepcutera (PITPY-
MI'PW). E-mail: medvedev747@yandex.ru

Brutan aBTopoB: Huronaes /].P.— poBeIcHUE 3KCIIEPUMEHTOB, 00-
paboTka MaTepuala, HamMCaHue CTaThi, Measene A.A. — uzes, 00-
paboTka MaTepuana, HamucaHue craTeu, JKykoe A./[. — unesi, Hayd-
HOE PYKOBOJICTBO, PEIAaKTHPOBAHHE CTAThU.

Aemopul 3as61510m 06 0oMCymcmesu KOHPAUKMA UHMEPECO8.

474

Nikolaev Daniil Romanovich — postgraduate student of the Depart-
ment of Construction Materials Science of the National Research
Moscow State University of Civil Engineering (NRU MGSU), spe-
cialist of the project management department of the company JSC
SHUKO International Moscow

E-mail: nikolaev.daniil. 2002@yandex.ru (contact author)

Zhukov Aleksey Dmitrievich — Associate Professor, Candidate of
Technical Sciences, Associate Professor of the Department of Con-
struction Materials Science of the National Research Moscow State
University of Civil Engineering (NRU MGSU), Leading Researcher
of the Research Institute of Construction Physics of the Russian
Academy of Architecture and Construction Sciences (NIISF
RAASN), Corresponding Member of the Russian Engineering Acad-
emy (RIA).

E-mail: [j211(@yandex.ru

Medvedev Andrey Aleksandrovich — Associate Professor, Candidate
of Technical Sciences, Associate Professor of the Department of
Higher Mathematics of the National Research Moscow State Univer-
sity of Civil Engineering (NRU MGSU), Associate Professor of the
Department of Geophysics of the Russian Geological Prospecting
University (RGGRU-MGRI).

E-mail: medvedev747@yandex.ru

Contribution of the author: Nikolaev D.R. — conducting experi-
ments, processing material, writing the article, Medvedev A.A. — idea,
processing material, writing the article, Zhukov A.D. — idea, scientific
supervision, editing the article.

The authors declare that there is no conflict of interest.


https://doi.org/10.1088/1757-899X/869/3/032006
https://doi.org/10.15828/2075-8545-2020-12-6-313-319
https://doi.org/10.1088/1757-899X/869/3/032006
https://doi.org/10.15828/2075-8545-2020-12-6-313-319
https://doi.org/10.15828/2075-8545-2020-12-6-313-319
mailto:nikolaev.daniil.2002@yandex.ru
mailto:lj211@yandex.ru
mailto:medvedev747@yandex.ru
mailto:nikolaev.daniil.2002@yandex.ru
mailto:lj211@yandex.ru
mailto:medvedev747@yandex.ru

Engineering and Technology of Silicates. Volume 32, No5 (special edition), 2025

YK 666.972.165

Tun craTbu: HAYYHas CTAThSA EDN shtbmo

I'PHTH 67.15.39 DOI 10.62980/2076-0655-2026-475-484

Hayunas cnenuanbHocTh BAK: 2.6.14 TeXHOMOTHS CUJIMKATHBIX U TYTOIUIABKUX HEMETAUTMYECKUX MAaTEPHUAaIoB
(TEeXHUYECKUE HAYKH)

HOBBIINIEHUE DPPEKTUBHOCTU XAPAKTEPUCTHUK BETOHOB IIPU
NCIHOJb30BAHUHU JOBABOK MOJUPUKATOPOB

Ypo6anos A.B.!, [Toranosa E.H. !

TPoceniickuii XHMUKO-TEXHOJIOrHYecKuil ynusepcuter umenu JI.W. Menneneena

AHHOTAIIUA

B pabome usyueno enusnue 08yx 006a6ox moouguxamopos, omaudarowuxca xumuyeckum cocmagom (SE-75 na ocnose
KOMRO3UYUlU U3ONPONAHOLAMUHO8 U Kapbozudpamos u SE-25 na ocnoge KOMNO3UYuU aiKaHoAAMUHO8 U Kapbo2uopamos) Ha
xXapaxmepucmuxy 6emoHo8 HA OCHOBE PA3NUYHBIX YEeMEHMO8. YCmaHoseneHo, 4mo 6 3asUcUMocmy om mund npumMeHaemo2o
8AACYWE20 MaAmepuana xumuueckue 000asKy NO-pasHoMy IUAIOM HA NPOYHOCTHbIE XapaKmepucmuky demonos. Beedenue
SE-75 u SE-25 no3eoasiem ygenuuums cOXpanAemMocnms 6emoHHoll cmecu, Oe3 nomepu npoYHOCMHBIX XAPaAKMePUCMUK Ha pan-
HUX 2MAanax meepoeHus. YCcmanosneno, umo sameujerue Yacmu yemMeHma aKxmusHol MuHepantbioll 0o0agKoll, a maxice npu-
MeHeHue MOOUGUKAMOpa NO360IAEN CYWECMEEHHO YEeTUiUms NPOYHOCIHbIE XAPAKMePUcmuky 6emonos npu cpasgHeHuy ¢
cocmasamu Ha OCHOBe YUCIO20 YeMeHmA. Ycmanoeaeno, umo npumenenue 006asok 6 0osupogke 0,3—0,5 % obecneuusaem
nogvluenue npouyHocmu na cocamue 8 gospacme 28 cym 0o 20 %. AnomepnamugHvim nymem sA81Aemcs CHUNCEHUE KOIUYeCmaa
yemenma 6 cocmase bemona na 10 % 6e3 nomepu IKCRIYaMayUOHHBIX XAPAKMEPUCMUK, NO360AI0Ulee YMEHbUUUMb CeOeCmo-
umocmuv bemonnou cmecu Ha 200 py6., 4umo noioHCUMeNbHO GIUAEN HA IKOHOMUYECKVIO U IKOIOSUYECKYIO COCMABIAIOWYIO.

KJIIFOUYEBBIE CJIOBA: yemenm, bemonnas cmecsb, NpOUYHOCHb, 000A8KU MOOUPDUKAMOPYL, 2UOpamayus, pacmeope-
HUe, XapaKxmepucmuxu.

JJIS1 HUTUPOBAHMUSI: Yp6anos A.B., [Toranosa E.H. [ToBeimenue 3 QpeKTUBHOCTH XapaKTEPUCTUK OETOHOB PH HCIOIb30BAaHUU
no6aBok MoauduKaTopoB // TexHruka u TeXHONOTUs cumukaToB. — 2025. — T. 32, Ne 5. — C. 475-484. https://doi.org/10.62980/2076-0655-
2026-475-484 , EDN shtbmo
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IT ENGINEERING, CHEMICAL DOI 10.62980/2076-0655-2026-475-484
IMPROVING THE EFFICIENCY OF CONCRETE PROPERTIES USING MODIFIER
ADMIXTURES

Urbanov A.V.!, Potapova E.N.!
'D. Mendeleev University of Chemical Technology of Russia

ABSTRACT

The article studies the effect of two modifier admixtures with different chemical compositions (SE-75 based on a composi-
tion of isopropanolamines and carbohydrates, and SE-25 based on a composition of alkanolamines and carbohydrates) on the
properties of concrete based on different cements. It was found that the chemical additives have different effects on the strength
properties of concrete, depending on the type of binder used. The addition of SE-75 and SE-25 improves the durability of the
concrete mixture without compromising its strength in the early stages of hardening. It has been established that replacing part
of the cement with an active mineral additive, as well as using a modifier, significantly increases the strength characteristics
of concrete compared to those based on pure cement. It has been found that using additives at a dosage of 0.3-0.5% increases
compressive strength at 28 days by up to 20%. An alternative approach is to reduce the amount of cement in the concrete by
10% without compromising the performance.

KEY WORDS: cement, concrete mix, strength, modifier admixtures, hydration, dissolution, characteristics
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BBEJEHUE

OnHO¥ 13 OCHOBHBIX TeHICHIINH IEMEHTHON MTPOMBIIIICHHO-
CTH Ha CCTOTHSAIIHUH JCHB ABISETCS CHIDKeHHE BEIOpocoB CO»
MyTeM TIpUMEHEeHHs Oojee 3((EKTUBHBIX TEXHOJOTHHA MPOMU3-
BOJICTBA, WCIIOJIb30BaHHS AJIbTCPHATHBHOIO TOIUIMBA, & TaKKe
CHIDKEHHE coJlepKaHUs KJIMHKepa B IeMeHTte. MccnemoBaHus
MOCJITHUX AECATHIETHH HalpaBleHbl HA N3YUYCHUS PA3IMYHBIX
BUJIOB MHMHEPAJIbHBIX KOMIIOHEHTOB, BBOJMMBIX B COCTaB Iie-
MeHTa [1-3]. B nepByto ouepennb 3T0 AenaeTcs U CHUKECHUS ce-
06eCTOMMOCTH MPOAYKIINH, & TAKXKEe IJIs1 YMECHBIIECHHS BEIOPOCOB
B aTMOc(epy Tak Ha3bIBAEMOT0 MMAPHUKOBOTO rasa.

OCHOBHBIMH CHIPHEBBIMU MaTepUallaMH, HCIOJIb3yEMBIMH B
KadecTBE MUHEPAIbHBIX 100aBok (M/I), SBIAIOTCS METaILTypru-
YECKHUE IIIAKHU, 30JIbI-YHOCA, ITyI0IaHbl 1 MUKPOKPEMHE3EM [4-
8]. OcHoBHOI MexaHW3M aericTBus M/] HampaBiieH Ha B3aUMO-
JeicTBHE O00pa3ylolerocss B XOJe THApaTaluy IeMeHTa
Ca(OH); (B xuMuH LIeMEHTa IPUHATO HA3bIBATh MOPTIAHAUTOM)
u SiO; pas3nuyHbIX MOJU(DHUKAINN, SBISIOMIMXCS OCHOBHBIM
KOMIIOHCHTOB MHUHECpPaJIbHBIX JIO6aBOK. B X0€ TaKuX XHMHUYC-
CKUX peakluii o6pa3yercsi JOTOJHUTEIbHOE KOIUIECTBO IHIPO-
CHJINKATOB KaJbIIHUA, KOTOpbIe 001aat0T O0JIbIIeH IPOYHOCTHIO
B CpaBHEHUM C nopmiaHguToM [9-10]. Metamtypruyeckue
IIJTAKK SBJIAIOTCS OTXOAAMH TIPOU3BOACTBA METAJLTypPTrHUECKOM
MPOMBIIIICHHOCTH M, €CIIM paHee HX CTOMMOCTh Oblia Cyle-
CTBEHHO HIKE CE0ECTOMMOCTH KJIMHKEPA, TO B HACTOSIIIEE BPEMS
IICHa Ha TaKHe MaTEepPHaJIbl MOKET COCTABIATH OoJiee OTOBUHBI
€r0 CTOMMOCTH, YTO HETATUBHO CKa3bIBACTCSl HA YKOHOMHYECKOH
COCTaBJIAIOLLEN.

Taxke B KayecTBa MHUHEPAIbHBIX JA00ABOK MPH MPOHU3BOJI-
CTBC LCEMCHTA MPHUHATO HCIIOJb30BATh PA3JINMYHBIC U3BECCTHAKH
[11]. OnHako, B CBSI3M C TE€M, YTO OHHU SIBJISIFOTCSI KOMITOHEHTAMH,
HC Y4YaCTBYIOLIMMHU B IMPOIECCAX TuapaTtaluv, X NMpuMEHCHUC
OTPAaHWYEHO: JaHHBIC TUIIBI IEMEHTA HEJb3s UCIIOIb30BaTh B OT-
BETCTBEHHBIX KOHCTPYKIMAX, TAKUX KaK a3pOJIPOMHBIC ITOKPHI-
THSI, IOPOXKHBIE U MOCTOBBIE KOHCTPYKIIMH, THAPOTEXHIMUECKHE
COOpYKEHUsI, a Takke B kene300eToHHBIX m3penuax (IOCT P
55224-2020°.

Eme omHMM KOCBEHHBIM CIIOCOOOM CHWKEHHS BBHIOPOCOB
CO; B atmochepy sABIsIETCS MOBBIIIEHUE SKCILTyaTallMOHHBIX Xa-
PaKTepUCTHK OETOHOB (IIPOYHOCTH) ITyTEM CHMKEHHS BOJIO-BSI-
KyHiero OTHOIICHUA IMPU NPUMCHEHUU BBICOKOTCXHOJOTMYHBIX
IIacTH(GHUKATOPOB WJIM BBEJICHHE B COCTAaB OETOHHBIX cMeceil
0C00bIX 100aBOK MOAUGUKATOPOB, O3BOJISIONIHX YBEINIUBATE
MPOYHOCTHBIE TIOKA3aTeNn U3ieus Ha ocHOBe 6eToHOB [12]. Oc-
HOBHBIM IIPUHINIIOM JEHCTBHS TAKUX JOOABOK SIBIISETCS YBEIIH-
YEeHHUE CTEIICHN THAPATAllMY [IEMEHTa, YTO HE TOJIBKO MO3BOJISIET
B OoJiee paHHHME CPOKH IOJIyYUTh TpeOyeMyro NpOYHOCTh OeTo-
HOB, a TaKXe yBEJIMYHTh 000paunBaeMocTb GopM (TIpH Mpou3-
BOJICTBE )K€JI€300€TOHHBIX M3JICNINI) WM CHU3UTH KOJIMYECTBO
[IEeMEHTa B OETOHHOI cMecH 0e3 OTepH SKCIITyaTallHOHHBIX Xa-
pakTepuctuk [13,14].

VIMEeHHO TOATOMY 1eJIbI0 JaHHO| PadoThI SBISIETCS pas-
paboTka cOCTaBOB OSTOHHBIX CMECEH MPH UCTIOIB30BAHUU pPa3-
JIMYHBIX J00aBOK MOTU(PHUKATOPOB.

INTRODUCTION

One of the main trends in the cement industry today
is the reduction of CO; emissions using more efficient
production technologies, the use of alternative fuels, as
well as the reduction of clinker content in cement. Re-
search in recent decades has focused on studying various
types of mineral components introduced into cement [1-
3]. First, this is done to reduce the cost of production, as
well as to reduce emissions of so-called greenhouse gas
into the atmosphere.

The main raw materials used as mineral additives
(MA) are metallurgical slags, fly ash, pozzolans, and mi-
crosilica [4-8]. The main mechanism of action of MA is
aimed at the interaction of Ca(OH), formed during ce-
ment hydration (in cement chemistry it is commonly
called portlandite) and SiO, of various modifications,
which are the main components of mineral additives.
During such chemical reactions, an additional amount of
calcium hydrosilicates is formed, which have a higher
strength compared to portlandite [9-10]. Metallurgical
slags are waste products of the metallurgical industry
and, if previously their cost was significantly lower than
the cost of clinker, now the price of such materials may
be more than half of its cost, which negatively affects the
economic component.

It is also customary to use various minerals as min-
eral additives in cement production [11]. However, since
they are components that are not involved in hydration
processes, their use is limited: these types of cement can-
not be used in critical structures such as airfield surfaces,
road and bridge structures, hydraulic structures, as well
as in reinforced concrete products (GOST R 55224-
2020").

Another indirect way to reduce CO, emissions into
the atmosphere is to increase the operational character-
istics of concretes (strength) by reducing the water-bind-
ing ratio when using high-tech plasticizers or introduc-
ing special modifier additives into concrete mixtures that
increase the strength characteristics of concrete-based
products [12]. The main principle of action of such ad-
ditives is to increase the degree of cement hydration,
which not only allows obtaining the required concrete
strength at an earlier date, but also to increase the turno-
ver of molds (in the production of reinforced concrete
products) or reduce the amount of cement in the concrete
mixture without loss of operational characteristics
[13,14].

That is why the purpose of this work is to develop
compositions of concrete mixtures using various addi-
tives of modifiers.

S TOCT P 55224-2020 LleMeHTbI [T TPAHCIIOPTHOTO CTPOUTEILCTBA. TeXHIUeCKHe yCIJIOBHS.: HAIMOHAJIBHBIN cTanaapT Poccuiickoit
Oeneparmu: nara eeaeHns 2020-10-13. denepanpHoe areHTCTBO MO TEXHHYECKOMY peryinpoBanuio. M3a. opunuansHoe. Mocka: Cran-
nmaptuadopm. 2020. 15c¢.

GOST R 55224-2020 Cements for road buildings.: national standard of the Russian Federation: date of introduction 2020-10-13. Federal
Agency for Technical Regulation. Official edition. Moscow: Standartinform. 2020. 15p. (Russia)
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MaTepnanLI H METOAbI UCCTICI0OBAHUSA

B mannoit pabote OBLIO HCIIOTB30BAHO 5 Pa3IIIMYHBIX [IEMEH-
TOB, OTJIMYAIONINXCS MHHEpaloTHIeckuM coctaBoM: 00O
«Xatigens0epriuement» LIEM 1 52,5 H «HoBorypoBckuit» (na-
nee «Hosoryposckuiin), OO0 «Uemertym» LIEM II/A-U 42,5
H «Bombck» (manee «Bonbscky), OO0 «llementym» LIEM II/A-
" 42,5 H «®ep3ukoBo» (nanee «Dep3uxoBo»), AO «I['azme-
tannnpoekt» LIEM I 42,5 H «IIponerapuit» (nanee «IIponera-
puit») u AO «llempocy LIEM 1 42,5 H «Cepebpsinckuit» (nanee
«CepebpsiHckmii») (Tabm. 1). Takke B paboTe OBLT HCIIOIB30BAH
TOHKOMOJIOTBI METaJLTyprUUecKuii nuiak mnpomssozacta [TAO
«Hopommmernkunit MeTayuryprudeckiii komOomHaT (Hanee TMIL).
B kauecTBe WHEPTHBIX 3aMOJHUTENCH OBUIM BHIOPAHBI ITECOK
«boraeBckuit» u rpaHUTHBIN mebens dpaxmmn 5—20 MM «boib-
LIOH MacCHB».

Materials and research methods

In this work, 5 different cements were used: Heidel-
bergcement CEM 1 52,5 N Novogurovsky (hereinafter
"Novogurovsky"), Cementum CEM II/A-L 42,5 N
Volsk (hereinafter "Volsk"), CEM II/A-L 42,5 N Fer-
zikovo (hereinafter "Ferzikovo"), Gazmetallproekt CEM
142,5 N Proletariy (hereinafter "Proletariy") and Cemros
CEM I 42,5 N Serebryansky (hereinafter "Serebryan-
sky") (Table 1). Finely ground metallurgical slag pro-
duced by Novolipetsk Metallurgical Combine (hereinaf-
ter GGBS) was also used in the work. The "Bogaevsky"
sand and the "Large massiv" granite crushed stone of the
5-20 mm fraction were chosen as inert aggregates.

TABJIAIA 1 MUHEPAJIOTUYECKHAA COCTAB IEMEHTOB

Table 1 Mineralogical composition of cements

ey LR . Mnnep.anomqecm.nfl cocTaB, Mac. %

Ne Cement Mineralogical composition of cement, wt. %
CsS C:S CsA C4AF
1 «IIponerapuii» 65,3 13,2 5,0 13,4
2 «HoBorypoBckuii» 66,0 12,0 7,0 11,0
3 «Boabsck» 69,0 10,2 6,1 12,0
4 «Dep3uKoBO» 68,5 8,1 7.5 10,7
5 «CepeOpsiHCKHID 70,4 5,5 7,6 13,2

B kauecTBe mIacTU(UKATOPOB Ui NIPUTOTOBIICHUS OETOH-
HBIX CMeceil HCIOIb30BalH JIBE 00aBKM MPOU3BOJICTBA KOMIIa-
Huu Sika: SikaPlast-2089 LF u SikaViscoCrete-3300. Otu nse
J00aBKH, OCHOBOW KOTOPBIX SBJISIFOTCA PA3JIMYHBIC IMOJHKap-
6oKkcunaTHbIe AGHPHI, HAIIIIK CBOE HIIMPOKOE IPUMEHEHHUE B IIPO-
W3BOJICTBE TOBAPHOTO OETOHA.

J1s u3ydeHust BINSHAS XMMHUYECKHX J00OaBOK Ha 9KCILTyaTa-
IIMOHHBIE XapaKTePUCTHKH OETOHHBIX cMecell U OeTOHOB OBLTH
BBIOpaHEI /1Ba 00pasiia, pa3andaonnecs CBOMM XUMHUUECKHM CO-
craBoM. Tak, oOpazen SE-75 npencrasisier co60ii KOMOHHAIIIO
M30TIPOIIaHOJIAMUHOB M KapOOTHIpaToB, a oopasern; SE-25 — xom-
OuHanus 3TaHOJIAMMHOB M KapOoruaparos. CocTaB JaHHBIX JO-
6aBok ObLI pa3paboran aBTopamu YpOaHoBeIM A. B. u 1ip. panee
[15].

B xauecTBe BBIXOTHBIX JaHHBIX, OJTY4YEHHBIX B XOJI€ H3y4e-
HUS BIUSHUS J00aBOK MOAN(UKATOPOB, BEICTYIIATIH CIIETyIOIIHe
MapaMeTphl: COXPaHsAEeMOCTh CBOMCTB OETOHHOW CMecH BO Bpe-
menn 1o TOCT 30459-2008%,y1060yKnaqpIBaeMOCTh, CpeIHss
IUIOTHOCTh M MPOYHOCTh B Bo3pacte 1, 7 u 28 cytr mo 'OCT
10181-20187

Two admixtures manufactured by Sika were used as
plasticizers for the preparation of bulk mixtures: Si-
kaPlast-2089 LF and SikaViscoCrete-3300. These two
admixtures, based on various polycarboxylate esters, are
widely used in the production of ready-mixed concrete.

To study the effect of chemical admixtures on the op-
erational characteristics of concrete mixtures and con-
crete, two samples were selected that differ in their
chemical composition. Thus, the SE-75 sample is a com-
bination of isopropanolamines and carbohydrates, and
the SE-25 sample is a combination of ethanolamines and
carbohydrates. The composition of these admixtures was
developed by the authors Urbanov A.V. and others ear-
lier [15].

The output data obtained during the study of the ef-
fect of modifier admixtures were the following parame-
ters: the persistence of the properties of the concrete
mixture over time according to GOST 30459-20082,
workability, average density and strength over days 1, 7
and 28 according to GOST 10181-20183.

¢ TOCT P 30459-2008. [Jo6aBku [yt GETOHOB M CTPOUTENBHBIX PacTBOpoB. Onpeenenue u oueHka 3QGpeKTUBHOCTH. . HAIIMOHAILHBII
crannapt Poccuiickoii ®denepanun: nata BeeaeHus 2008-12-10. denepanbHoe areHTCTBO MO TEXHHYECKOMY peryiupoBanuio. M3a. Odurm-
anpHOe. Mocksa: Ctanmgaptungopm. 2008. 20c.

GOST R 30459-2008 Admixtures for concrete and mortar. Definition and evaluation of effectiveness.: national standard of the Russian
Federation: date of introduction 2008-12-10. Federal Agency for Technical Regulation. Official edition. Moscow: Standartinform. 2008. 20p.
(Russia)

7TOCT P 10181-2014.Cmecu GeTOHHBIE. MeTtoab! MCIBITAaHUN.: HaMOHANBHBIN cTanaapT Poccuiickoit denepanuu: 1ata BBEIACHUS
2014-11-14. ®enepanbHOe areHTCTBO 0 TEXHUIECKOMY peryiupoBanuro. M3a. Odummansaoe. Mocksa: Crangaptuadopm. 2014. 28c.

GOST R 10181-2014 Concrete mix. Measurements methods.: national standard of the Russian Federation: date of introduction 2014-11-
14. Federal Agency for Technical Regulation. Official edition. Moscow: Standartinform. 2014. 28p. (Russia)
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JKCNepPUMEHTHI U Pe3yJIbTaThl 00CYKIEHUS

Ha nepBom 3Tane aBTopaMu ObLTH IPOBEICHBI HCCIEAOBAHNS
MO BJIUSIHUIO 100aBOK MOAM(HMKATOPOB B PA3IMYHBIX TO3HPOB-
Kax Ha CBOMCTBA OETOHHBIX CMeceH U OETOHOB, OTIMYAOIINXCS
nementamu («HoBoryposckuity + TMIL, «IIponerapumit» +
TMUI u «IIponerapuii»). i naHHBIX UCTIBITAHWN OBUTH BBI-
OpaHsbI 1Ba cocTaBa OETOHHOM CMECH, pa3IMYaloIInecs Kolude-
crBoM niemenTa 1 TMII (Ta6u. 2). Bpun nmonmy4eHs! pe3yabTaThl
10 COXPAHSIEMOCTH U IJIOTHOCTH OETOHHOI cMecH (Tabu. 3—4).

Jis coctaBoB co nulakoM Ha nemeHre «IIpomerapuiiy
HaOJIoaeTCs YBEIMICHNE COXPaHIeMOCTH OETOHHO cMecH (Co-
ctaBel 1.1-1.10). DTO cBsI3aHO C TeM, YTO B €€ COCTaB BXOIST
KapOoruApatsl, KOTOPhIE 3aMEIISTIOT MPOLIECCH THAPATAINH IIe-
MEHTa, TEM CaMbIM YBeIH4YHBas BpeMs coxpanseMocTH. ITokasa-
TENU TUIOTHOCTH OETOHHOM CMECH M3MEHSAIOTCS B 3aBHCHMOCTH
OT JI03UPOBKH MOJU(PHUKATOPOB.

Experiments and discussion results

At the first stage, the authors conducted studies on
the effect of modifier admixtures in various dosages on
the properties of concrete mixtures and concrete that dif-
fer in cements (“Novogurovsky” + GGBS, “Proletariy”
+ GGBS and «Proletariy»). For these tests, two compo-
sitions of the concrete mixture were selected, differing
in the amount of cement and GGBS (Table 2). Results
were obtained on the preservation and density of the con-
crete mixture (Tables 3-4).

For compositions with slag on “Proletariy” cement,
an increase in the retention of the concrete mixture is ob-
served (compositions 1.1-1.10). This is because it con-
tains carbohydrates, which slow down the hydration pro-
cesses of cement, thereby increasing the shelf life. The
density of the concrete mix varies depending on the dos-
age of the modifiers.

TABJIAIIA 2 BA3OBBIE COCTABBI BETOHHOM CMECH HA 1 m?

Table 2 Basic composition of concrete mix per 1 m*

CocraB IlemeHT, KT TMIL, kr Boaa, kr IIle6enb, KT Ilecok, kr Inactuduxarop*, %
Composition Cement, kg GGBS, kg Water, kg Gravel, kg Sand, kg Plasticizer, %
«ITponerapwuii»
1 300 30 180 930 930 1,5
2 330 - 180 930 930 1,5
«HoBorypoBckuii»y
3 300 | 30 180 | 930 | 930 | 1,4

* SikaPlast-2089 LF. Pacuer konmdecTBa macTu(UKaTOpa MPOBOMIICSA OT Macchl IleMeHTa. Jlanee B paboTe 6a30BBIe cOCTaBBI OyIyT HyMEpPOBATHCS 110 T10-
psnky. JlpoOHast HymMepanus 03HaudaeT, 4To Opayii 6a30BBI COCTaB M BBOJMIM B HETO Pa3IMYHOE KOJNMYECTBO 100aBKH MOAM(UKATOPa, HAIPHMep: cocTas |
— 6a30BBIii cocTaB, cocTas 1.1 — 6a30BbIi cocTaB, k KoTopoMy Benu 0,02% no6aBku Nel (Tabm. 3) u T.14.

* SikaPlast-2089 LF. The amount of plasticizer was calculated based on the weight of cement. Further in the work, the basic compositions will be numbered
in order. Fractional numbering means that the base composition was taken and various amounts of the additive of the modifier were introduced into it, for
example: composition 1 - base composition, composition 1.1 —base composition, to which 0.02% of additive No. 1 was introduced (Table. 3) etc.

IMpn m3ydeHMn XapakTepHCTHK OETOHHBIX CMeced Ha Iie-
MmeHTe «[Iponerapmit» Oe3 mcmomp3oanus TMIL BugHO, YTO
BBE/ICHHE B COCTaB MOAM(HUKATOPOB HE BIMSACT Ha MOKA3aTEIN
COXpaHsSEMOCTH: 32 /IBa yaca OETOHHAS CMECh COXPAHSIET CBOIO
MapKy O MOJBMKHOCTHU. ITOTHOCTE cCMeCH M3y4YEeHHBIX COCTa-
BOB TaK)Xe NMPAKTUUECKH HE U3MEHSETCS NPH BBEJCHUH JJ0OaBOK
Y COCTABIIAIOT B cpenHeM 2355 kr/m3 (Taba. 3).

AHanu3upys NOoNTy4eHHBIE pe3yabTaThl o BiIusgHuio SE-75 n
SE-25 Ha cBoiicTBa 6€TOHHBIX cMeceii Ha ocHOBe eMeHTa «IIpo-
JIeTapuid» BUIHO, YTO BBEACHHE T0OABOK MTOJIOKUTEIHHO CKa3bI-
BaeTCd Ha COXpaHIeMOCTH OeTOHHOI cMmecH (Tabx. 4). Tak, s
cocraBos 3.1-3.5 ymaercs yBennuuTh ocaiky KoHyca c I14 mo I15
(Bpemst coxpanseMocTH 60 MHH), IpH 3TOM, MaKCHMaJIbHON
WIoTHOCTRIO 2370 Kr/M® XapakTepusyercs o0pasell, ColepKa-
muit 0,03 % moaudukaropa SE-75.

Beenenue no6aeku SE-25 B MeHbIIICH Mepe BIMSCT HA IOKa-
3aTeJIM COXPAHIEMOCTH OETOHHOI CMECH, HO TAK)KE YBEITMUMBACT
IUTOTHOCTD, YTO U NPH Ucnonb3oBaHuu SE-75.

[TosryueHB! IPOYHOCTHBIE XapaKTEPUCTUKN OSTOHOB MIPH HC-
TIOJIF30BAHNH BYX J100aBOK MOAN(UKATOPOB HA PA3TUUHBIX CH-
cremax Bsokymux (puc. 1). s ynoOcTBa, JaHHBIE pe3yIbTaThl
OBUTH MHTEPIIPETHPOBAHEI B BHJIE MTPOIIEHTHOTO IPUPOCTa IPOU-
HOCTH OTHOCHTENIBHO 0a30BBIX COCTaBOB (0e3 HMCIOIB30BAHUSA
MOJU(PHUKATOPOB).
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When studying the characteristics of concrete mixes
at the “Proletariy” cement without the use of GGBS, the
introduction of modifiers into the composition does not
affect the retention indicators: in two hours, the concrete
mix retains its mobility mark. The density of the mixture
of the studied compositions also practically does not
change with the introduction of additives and averages
2355 kg/m? (Table 3).

Analyzing the results obtained on the effect of SE-75
and SE-25 on the properties of concrete mixtures based
on the “Proletariy” cement, the introduction of additives
has a positive effect on the preservation of the concrete
mixture (Table 4). Thus, for compositions 3.1-3.5, it is
possible to increase the cone draft from P4 to P5 (reten-
tion time is 60 minutes), at the same time, a sample con-
taining 0,03% of the SE-75 modifier is characterized
with a maximum density of 2370 kg/m?.

The introduction of the admixture SE-25 has a lesser
effect on the retention of the concrete mixture, but also
increases the density, as with the use of SE-75.

The strength characteristics of concrete were ob-
tained using two modifies on different binder systems
(Fig. 1). For convenience, these results were interpreted
as a percentage increase in strength relative to the base
compositions (without the use of modifiers).




Engineering and Technology of Silicates. Volume 32, No5 (special edition), 2025

TABJIMIA 3 PEOJIOTMYECKHE XAPAKTEPUCTUKH BETOHHOM CMECH C UCITIOJIb30BAHUEM
JOBABOK MOJU®UKATOPOB HA IEMEHTE «ITPOJIETAPUN»
Table 3 Rheological properties of concrete mix using modifiers. Cement “Proletariy”

Cocras Monudukarop, % Ocajnka Konyca, Ocajaka KoHyca, I[InoTHOCTH 6eT0;-ll-l0171 cMecH,
Compasition Modifier, % 5 MHH., cM 120 MuH., cM KI/M
Slump, 5 min., sm Slump, 120 min., sm Density of concrete mix, kg/m3
Jlo6aBka SE-75
Admixture SE-75
1 0 19,5 15,5 2316
1.1 0,02 18,5 18,5 2316
1.2 0,03 17 18 2323
1.3 0,05 18 18,5 2330
1.4 0,10 17,5 17 2343
1.5 0,20 17,5 18,5 2327
Jlo6aBka SE-25
Admixture SE-25
1 0 18 14 2324
1.6 0,02 18 18,5 2323
1.7 0,03 19,5 18,5 2333
1.8 0,05 19,5 18 2344
1.9 0,10 19,5 18 2351
1.10 0,20 20 18,5 2342
Jlo6aBka SE-75
Admixture SE-75
2 0 17,5 18 2372
2.1 0,02 18 18,5 2357
2.2 0,03 18,5 18 2360
2.3 0,05 18 18 2370
2.4 0,10 18,5 19 2376
2.5 0,20 19 19 2372
Jlo6aBka SE-25
Admixture SE-25
2 0 18 18 2364
2.6 0,02 16,5 17,5 2340
2.7 0,03 17 17,5 2350
2.8 0,05 16,5 17,5 2360
2.9 0,10 17 17,5 2355
2.10 0,20 16,5 17 2350

TABJIUILIA 4. PEOJIOTUMYECKUE XAPAKTEPUCTUKH BETOHHOM CMECH C UCIIOJIb30OBAHUEM
JOBABOK MOJJU®UNKATOPOB HA IEMEHTE «HOBOI'YPOBCKHNIN»
Table 4. Rheological properties of concrete mix using modifiers. Cement “Novogurovsky”

Cocras Monudukarop, % Ocanka KoHyca, Ocajaka Konyca, IaoTHOCTH 6eT03HH0i71 cMecH,
Composition Modifier, % 5 MHH., M 60 MuH., cM KI/M
Slump S min., sm Slump, 60 min., sm Density of concrete mix, kg/m?3
Jo6aeka SE-75
Admixture SE-75
3 0 22,0 18,0 2350
3.1 0,02 22,5 19,5 2360
3.2 0,03 23,0 20,0 2370
33 0,05 23,0 20,0 2365
34 0,10 22,5 21,0 2355
3.5 0,20 21,5 21,0 2240
JHobGaBka SE-25
Admixture SE-25
1 0 23,0 18,0 2350
3.6 0,02 22,0 18,0 2345
3.7 0,03 22,5 18,0 2350
3.8 0,05 23,0 20,0 2365
3.9 0,10 23,0 20,0 2365
3.10 0,20 22,0 20,0 2360
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PUCYHOK 1

IPOYHOCTH BETOHHbIX CMECEMN
B MPUCYTCTBUU MOJUDPUKATO-
POB

SE-75 (a, 0) u SE-25 (B, 1).

II - «IIposerapuii»;

H - «HoBoryposckuii».

Bpewmst TBepaenus: 1 cyr —a, B; 28 cyr -0, T

Figure 1

Strength of concrete using modifiers
SE-75 (a, b) u SE-25 (c, d).

P — cement “Proletariy”,

N — cement “Novogurovsky”
Hardening time: 1 d —a, c: 28 d — b,d
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[Tomy4eHHbIE pe3yabTaThl MOKA3BIBAIOT, YTO XUMUYECKHUE
J00aBKH pabOTAIOT CXOXKHIM 00pa3oM B OETOHE C CHCTEMOH BsI-
xkyumx «Hosoryposckuity + TMII (puc. 1). Tak, Ha Hagasb-
HBIX dTanax TBepAeHus (1 cyr) BBeaenue SE-75 B auanasone
no3upoBok 0,02-0,1 % B cocTaB OCTOHHOI CMECH MO3BOJISCT
YBEJIMUUTh PaHHIOI NMpo4HOCTh cBhime 10 % (puc. la). Ha
MPOYHOCTHBIE XapaKTEPUCTHKU B Bo3pacTe 28 cyT Moanduka-
TOP TaK)Ke CKa3bIBACTCS MOJIOKUTEIHHO: NMPH BBEACHUH B KO-
mrgectBe 0,03—-0,1 % Rexos yBenmmuuBaercst Ha 14 % (puc. 10)
OTHOCHTEJIFHO KOHTPOJIBHOTO cocTaBa (0e3 BBEICHHS 0-
OaBKn).

Cxoxuil BKIaa B MIPUPOCT MIPOYHOCTH BHOCUT MOAN(HKA-
top SE-25 (puc. 1B). OnHaxo, B Bo3pacte | cyT TBepIeHHE MPH-
MeHeHue no6aBku cBbime 0,05 % MOXKET HOCHTh OTPaHUYCH-
HBIN XapakTep B CBA3U C 3(h(HeKToM 3aMeIeHHs 3a CUeT HaIH-
yust KapOboruapaToB B cocTase [16].

[lpu cMeHe cucTeMbl BSDKYLIIMX B OETOHHOW CMecH Ha
«IIponerapuit» + TMIII npumenenne 106aBOK MOAN(DUKATO-
POB HOCHUT aHAJIOTHMYHBIN XapaKTep, YTO U B MPEIbIIYIIEM CITy-
qae.

OnHako, Ipyu IPUMEHEHNH J00aBOK MOIU(PHUKATOPOB B Oe-
TOHHOHM CMecCH TOJIbKO Ha ocHOBe 1eMeHTa «[Iponerapuit» nx
BKJIJ] B IPOYHOCTHBIE XapaKTEPUCTHKH HOCUT HE TaKOH SIBHBIN
xapakrep. B pannue cpoxu tBepaenus seenenue SE-75 u SE-
25 mpakTHYECKH HE BIMSAET HAa YBEJINYEHHE TPOYHOCTH.
Hanpotus, mpu yBeIWYEHUH AO3UPOBOK JT00AaBOK MPOYHOCTH
pe3ko cHmKaeTcs. Tak ke, Kak ¥ B MPEABIAYIINX CIydasx, 3TO
MOJKHO CBSI3aTh C COJEP’KaHHEM B COCTaBaxX MOTU(PHUKATOPOB
KapOOTHIpaToB.

B Bo3pacte 28 cyT nmpupoCT MPOYHOCTH BapbUPyeETCs OT 4
J0 8 % B 3aBUCHUMOCTHU OT IPUMEHAEMON T03UPOBKHU.

JanHb1ii 3QPeKT MOKHO OOBICHUTD CICAYIOINM 00pa3oM.
Tak, mpuMeHeHHE H30NPONAHOJAMUHOB (OCHOBHOW KOMIIO-
HeHT 100aBku SE-75) B cocTaBe IieMEHTa CO IIJIaKOM T03BO-
JSIET TIOJIyYHUTh OoJiee TUIOTHYI0O MHUKPOCTPYKTYPY, MEHBIIYIO
HOPUCTOCTh U OoJiee paHHEe pa3BUTHE MPOYHOCTH 33 CYET
YITy4IIEHHOTO paclpeeNeHus] U B3auMOICHCTBHS THAPATHBIX
(a3 ¢ MuHEpalaMH IIJIAKOBOTO KOMIOHEHTa. B cmecu 6e3 Mu-
HEPATBHBIX 100aBOK 3P PEKT MEHEe BBIPAXKEH, TIOCKOJIBbKY 0a-
30Basl CHUCTEMa [EMEHTa 03 IIaka HWMEeT MEHbIIE
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The obtained results show that chemical admixtures
work in a similar way in concrete with the “Novogurov-
sky” + GGBS binder system (Fig. 1). Thus, at the initial
stages of hardening (1 day), the introduction of SE-75 in
the dosage range of 0.02-0.1% into the composition of the
concrete mixture makes it possible to increase the early
strength over 10% (Fig. 1a). The modifier also has a posi-
tive effect on strength characteristics at the age of 28 days:
when administered in an amount of 0.03—-0.1%, Rcs in-
creases by 14% (Fig. 1b) relative to the control composi-
tion (without the addition of an additive).

The SE-25 modifier makes a similar contribution to the
increase in strength (Fig. 1b). However, at the age of 1 day
of hardening, the use of an additive over 0,05% may be
limited due to the slowing effect due to the presence of
carbohydrates in the composition [16].

When changing the binder system in the concrete mix
to “Proletariy” + GGBS, the use of admixtures of modifi-
ers is of a similar nature as in the previous case.

However, when using modifier admixtures in a con-
crete mix based only on “Proletariy” cement, their contri-
bution to strength characteristics is not so obvious. In the
early stages of hardening, the introduction of SE-75 and
SE-25 has virtually no effect on the increase in strength.
On the contrary, when the dosages of admixtures are in-
creased, the strength decreases sharply. As in the previous
cases, this can be attributed to the content of carbohydrate
modifiers in the formulations.

At the age of 28 days, the strength gain varies from 4
to 8%, depending on the dosage used.

This effect can be explained as follows. Thus, the use
of isopropanolamines (the main component of the SE-75
admixture) in cement with slag makes it possible to obtain
a denser microstructure, lower porosity, and earlier
strength development due to improved distribution and in-
teraction of hydrate phases with the minerals of the slag
component. In a mixture without mineral additives, the ef-
fect is less pronounced, since the basic cement system
without slag has less favorable conditions for adsorption
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OGIaronpuUSTHBIX YCIIOBUH AT aACOPOLUH ¥ KOOPIUHALINN TH]-
paTHBIX (a3 o] BO3ACHCTBHEM aIKaHOJIAMHUHOB. Takxe B CH-
CTeMax CO IIJaKOM A00aBKM Ha OCHOBE M30IPOIIAHOJIAMHUHOB
MOTYT CTaOWIM3HPOBATh CHIMKATHl M aIFOMHHATHI KaJIbIHs B
paHHHE CTaJnu¥ THAPATAIUH, CHIXAas CKOPOCTh KPUCTAIIIN3a-
IIMH, HO I 3TOM (hopMUpyst 60JIee NPOYHYIO CBS3b MEXY (a-
3aMH, YTO B MTOre MOBBIIIAET MIPOUYHOCTh HA CXKATUE IO CpaB-
HEHUIO C TIOpTJIaH IIIEMEHTaMH 0€3 MHUHEPAJIbHBIX 100aBOK.

B cMmecsx co nutakoM sHeprusi, HeoOXoauMast Jisl repepac-
Hpe/ieNieHNs] THIPAaTUPOBAHHBIX MOHOB, HHMXKE I0J] BIMSHUEM
TEA (ocHOBHO# KoMITOHeHT no6aBku SE-25), uTo mo3Bossier
ObIcTpee JOCTUraTh INIOTHOCTH CTPYKTYPHI U TpeOyeMoi pod-
HOCTH. be3 MuHepanabpHBIX JOOABOK CHCTEMa MMEET MEHBIIHUE
BO3MOXKHOCTH JUIS TaKuX II€PEpacCHpesieNiCHH i, MO3TOMY -
¢exr TEA cnabee. Beenenne ankaHOIaMIHOB MOYKET CHU3HTH
pa3Mep Mop M yMEHBIINTh HX 00BEM B CHCTEME CO IIJIAKOM 3a
CU&T JIyUIIero 3anoHEeHNsI MEXK3EPHOBBIX POMEXKYTKOB H 00-
nee 3¢ PEeKTUBHON KPUCTAIUTU3ALNH, YTO MPSIMO KOPPEIUPYET
C MPOYHOCTHIO. B uncTom moptiananemeHte 6e3 100aBOK Ta-
KHe yJIy4IlleHUs] OrpaHHYEHBI H3-32 OTCYTCTBUS OJIAarompusT-
HBIX MTOBEPXHOCTHBIX U CTPYKTYPHBIX ycioBuil. IlonpoOHsbrit
MEXaHU3M BIMSHUS aJKaHOJIAMUHOB HA THAPATALUIO LIEMEH-
TOB aBTOpaMu OBUIH M3y4YeHHI paHee [17].

BropsIM 3Tanom paboTel ObLIO U3YUEHHUE BIHSIHUS 100aBOK
Ha IIPOYHOCTHBIE CBOIMCTBA OETOHHBIX CMecel Ha OCHOBE TPeX
pa3nmuuHbIX 1eMeHToB («CepebpsHckuiy, «Bombck» u «Dep-
3MKOBO»). BBUIM TpHUTOTOBNEHBI ABE pa3iIWdYHBIE OCTOHHBIC
cMecH Ha ocHOBe IeMeHTa «CepedpsHckuin» (puc. 2a) u «Ce-
peopstackuiiy + TMII (puc. 26). B mepBoM ciiydae KOJHUECTBO
nemMeHTa coctapisiio 300 Kr, 4TO COOTBETCTBYET Kiaccy Oe-
toHa B30. Bo BTopoM citydae ucnonb3oBanu S00 Kr nieMeHTa 1
40 xr TMII (knacc 6erona B60). [TonapHsie 6 TOHHBIE CMECH
OTJIMYAJIUCh TOJILKO MPUCYTCTBHEM A00aBKM Moau(HKaTtopa
SE-75 B nosuposke 0,05 % 0T Macchl BXKYIIUX MaTEPUAIIOB.

Kak BHAHO M3 MOSyYeHHBIX NaHHBIX, IPUMEHEHHUE MOJIH-
(uKaTopa TMO3BOJSIET YBEIWYUTh NPOYHOCTh OETOHA Ha BCEX
JTanax HApaTalyy ¥ TBEPICHMS, NpUUeM HanOOJIBIINI TpH-
poct B 15 % xapakrepeH i coctaBa 6eToHa kitacca B30 (puc.
2a).

I[Tpu cpaBHEeHUHM JeiicTBHS 100aBOK MOU(UKATOPOB HA Lie-
MeHTe «Bombck» (mo3upoBka no6aBok coctaBuma 0,05 %)
OBLIO OTMEYEHO, YTO HAaMOOJIBIINI BKJIAJ B THIPATAIHIO BHO-
cuT npuMeHenne n06asku SE-75 (puc. 3a), uTo cocraBiser +
14 % OTHOCUTENHHO KOHTPOIBHOTO cOCTaBa. Takke CTOHUT OT-
METHTh, YTO BBEACHHE H0OABOK MOJIOKUTEIHHO CKa3bIBAECTCA
Ha IapaMeTpax COXpaHsIeMOCTH OETOHHBIX cMeceil: MPOHUCXo-
IuT ee yBenuyeHue Ha 30 MuH.

[Ipn npoBeneHun ucnbITaHUE Ha HeMeHTe «Dep3uKoBO»
Obu1a BeIOpaHa nobaBka SE-25 (puc. 30), T. K. JaHHBIA IEMEHT
xapakrtepusyercs 0osee BBICOKUM cozepxkanieM C3A 1 MeHb-
M coepkanueMm C4AF MuHepasoB B cocTase.

Bl B34T KOHTPOJIBHBIA 0Opaser; 6eToHa ¢ coaep KaHueM
330 kr ieMeHTa, coctaB, K KoTopoMy fAobasmimm SE-25, a Takke
OeToHHAs CMECh, Iie OBIJIO CHIKEHO KOJMYECTBO [IEMEHTa Ha
30 xr (10 %) m mpumenern momupukatop. llodydeHHbIE
PE3yNbTaThI MMOKA3BIBAIOT, YTO NoOaBieHne SE-25 mpuBOIUT K
YBEJIMYECHUIO MTPOYHOCTH OETOHA Ha BCEX ATAlax TBEPACHHA
(Ipy  OAMHAKOBOM COJEP)KaHWU BSDKYILIETO MaTepHaia B
COCTaBE) WM OCTAaeTCs Ha YPOBHE C KOHTPOJIBHBIM 00paslioM
(Toe KoM9IecTBO BSKYIIETO CHIDKEHO Ha 10 %).

and coordination of hydrate phases under the influence of
alkanolamines.

Also, in systems with slag, admixtures based on iso-
propanolamines can stabilize calcium silicates and alumi-
nates in the early stages of hydration, reducing the rate of
crystallization, but at the same time forming a stronger
bond between the phases, which ultimately increases com-
pressive strength compared with Portland cements without
mineral additives.

In mixtures with slag, the energy required for the re-
distribution of hydrated ions is lower under the influence
of TEA (the main component of the additive SE-25),
which makes it possible to achieve the density of the struc-
ture and the required strength faster. Without mineral ad-
ditives, the system has fewer opportunities for such redis-
tributions, so the TEA effect is weaker. The introduction
of alkanolamines can reduce the pore size and reduce their
volume in a system with slag due to better filling of the
intergranular spaces and more efficient crystallization,
which directly correlates with strength. In pure Portland
cement without additives, such improvements are limited
due to the lack of favorable surface and structural condi-
tions. The detailed mechanism of the effect of alkanola-
mines on cement hydration was studied earlier by the au-
thors [17].

The second stage of the work was to study the effect of
admixtures on the strength properties of concrete mixtures
based on three different cements (“Serebryansky”,
“Volsk” and “Ferzikovo”). Two different cement-based
concrete mixes “Serebryansky” (Fig. 2a) and “Serebryan-
sky” + GGBS (Fig. 2b) were prepared. In the first case, the
amount of cement was 300 kg, which corresponds to the
concrete class B30. In the second case, 500 kg of cement
and 40 kg of GGBS (concrete class B60) were used. The
paired concrete mixes differed only in the presence of the
addition of the SE-75 modifier in a dosage of 0,05% by
weight of the binders.

As can be seen from the data obtained, the use of a
modifier makes it possible to increase the strength of con-
crete at all stages of hydration and hardening, with the
largest increase of 15% typical for the composition of con-
crete of class B30 (Fig. 2a).

When comparing the effect of modifier admixtures on
«Volsk» cement (the dosage of admixtures was 0,05%), it
was noted that the greatest contribution to hydration is
made by the use of the additive SE-75 (Fig. 3a), which is
+ 14 % relative to the control composition. It is also worth
noting that the introduction of additives has a positive ef-
fect on the retention parameters of concrete mixtures: it
increases by 30 minutes.

When testing “Ferzikovo”cement, the admixture SE-
25 was selected (Fig. 3b), because this cement is charac-
terized by a higher content of C3A and a lower content of
C4AF minerals in the composition.

A control sample of concrete containing 330 kg of ce-
ment was taken, the composition to which SE-25 was
added, as well as a concrete mixture, where the amount of
cement was reduced by 30 kg (10 %) and a modifier was
applied. The results show that the addition of SE-25 leads
to an increase in the strength of concrete at all stages of
hardening (with the same binder content in the composi-
tion) or remains at the same level as the control sample
(where the amount of binder is reduced by 10 %).
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PUCYHOK 2

IMPOYHOCTHBIE XAPAKTEPUCTUKHU
BETOHOB HA LIEMEHTE «CEPEBPSH-
CKHi» B IIPUCYTCTBUA MOJIUDHUKA-
TOPA SE-75:

a — KJjacc oerona B30;

0 — KJacc oerona B60

Figure 2

Strength characteristics of concrete on ce-
ment “Serebryanskiy” using SE-75 modifier:
a — B30 class of concrete;
b — B60 class of concrete

PUCYHOK 3

IMPOYHOCTHBIE XAPAKTEPUCTUKHU
BETOHOB B MPUCYTCTBHUU MOJIU-
OUKATOPOB:

a — Ha OCHOBe IleMeHTa «BoJbck»;

0 — Ha ocHOBe HeMeHTa «Dep3uKoBO»

Figure 3

Strength characteristics of concrete mix using
modifiers:

a — based on cement “Volsk”;

b — based on cement “Ferzikovo”

IIpu ycnoBun, uro nena 1 T uementa cocrasisiet 8500 pyo0.,
a croumocTs Monudukaropa mopsaka 350 py6., To mpu
CHIDKCHUH KOJIMYECTBA BsDKYILETO B COCTaBe OETOHHOI cMecH
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Provided that the price of 1 ton of cement is 8,500
rubles, and the cost of the modifier is about 350 rubles,
then if the amount of binder in the concrete mix is reduced



Engineering and Technology of Silicates. Volume 32, No5 (special edition), 2025

Ha 10 % DKOHOMHS TPH HPOM3BOACTBE 1 M> GETOHA MOXKET
cocTaBuTh mopsaka 200 py6./M>, 4TO SKBUBAIEHTHO SKOHOMHH
B 27 MIH. py0./To1 (TIpr IPON3BOAUTENEHOCTH 3aBoa 120 ThIC.
M> 6eTOHaA B rox).

3akjouenue

WzyueHo BiusiHKE ABYX pa3IMuHbIX 100aBOK MOAM(DHUKATO-
POB Ha CBOWCTBa OETOHHBIX CMECEi Ha OCHOBE IIEMEHTOB, OT-
JMYAIONINXCS MHHEPATOTHYECKHM COCTaBOM. Y CTaHOBIICHO,
YTO ONTUMAJbHAs JIO3UPOBKA JIBYX 100aBoK cocrasiser 0,03—
0,05 % ot maccel BspKymiero. VIMEHHO B TakoM JAMama3oHE
HabmromaeTcst OanaHc Mexay 3PpPEeKTHBHOCTHIO U IKOHOMHYE-
CKOM COCTaBJISFOIIEH (IIpH PEIICHUH CHIDKATh KOJIMYECTBO IIe-
MEHTA B COCTaBe).

OmnpezneneHo, 9To BBEACHUE J00aBOK MOIU(HUKATOPOB B
CHCTEMBI, COZIEPXKAIINEe B CBOEM COCTAaBE IIUIAKH, MO3BOJSET
HOJIYyYUTh OOJBUIMK MTPUPOCT 1O IPOYHOCTH 0 CPABHEHHUIO C
KIMHKEPHBIMH [IEMEHTaMU. OTO OOBACHIETCS CO34aHUEM
YIUIOTHEHHOM MUKPOCTPYKTYPOU LIEMEHTHOI'O KaMHsI, a TAKKe
(dhopMupoBanueM 0oJiee MPOUHBIX CBsI3CH MEXIY (hazamu.

Beezenne 106aBok Moau(UKaTOPOB MO3BOJISIET YBEIHYHUTh
NPOYHOCTH OeToHa B Bo3zpacTe 28 cyT Ha 15-20 % B 3aBHCUMO-
CTH OT IIPUMEHSAEMBIX BSDKYIIHX.

C moMOIIBIO HCTIONB30BAHHUSA 100aBOK MOIU(PHKATOPOB
YIAJIOCh CHHU3UTH KOJIWYECTBO IIEMEHTa B OCTOHHOW CMecH
knacca npoynoct B30 Ha 10 %, 4To mpH NPOU3BOAUTEIBHO-
ctu GeTOHHOTO 3aBoja mopsaka 120 Teic. M B TOz1, SKBHBa-
JEHTHO 27 MJIH. pyO0., 9TO MOJIOKUTEIHHO CKa3bIBACTCS Ha 3KO-
HOMMYECKOH COCTaBIISIIOIICH.
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by 10 %, savings in the production of 1 m? of concrete can
be about 200 rubles/m?, which is equivalent to savings of
27 million rubles/year (with a plant capacity of 120
thousand m? of concrete per year).

Conclusion

The effect of two different modifiers on the properties
of cement-based concrete mixtures with different miner-
alogical composition has been studied. It was found that
the optimal dosage of the two admixtures is 0,03—0,05%
of the binder weight. It is in this range that a balance is
observed between efficiency and the economic component
(when deciding to reduce the amount of cement in the
composition).

It is determined that the introduction of modifier ad-
mixtures into systems containing slags allows for a greater
increase in strength compared to clinker cements. This is
due to the creation of a compacted microstructure of ce-
ment stone, as well as the formation of stronger bonds be-
tween the phases.

The introduction of modifier admixtures makes it pos-
sible to increase the strength of concrete at the age of 28
days by 15-20 %, depending on the binders used.

By using modifier admixtures, it was possible to re-
duce the amount of cement in the concrete mix of strength
class B30 by 10 %, which, with a concrete plant capacity
of about 120 thousand m® per year, is equivalent to 27 mil-
lion rubles, which has a positive effect on the economic
component.
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BJAMSHUE IPUMEHEHUSI MUHEPAJIBHBIX TOBABOK HA HEUTPAJIM3AIIAIO
IEJIOYHO- KPEMHE3EMHOU PEAKIIUN

A0a AnBaxen ®upac', Kpusodopoaos I0.P.!

1 Ha[IHOHaJIbHBIﬁ I/ICCJIeIIOBaTeJIbCKl/Iﬁ MockoBcKHii FocyﬂapCTBEHHblﬁ CTPOHTeJIBHbIﬁ YHUBEPCUTET

AHHOTALUS

B oannoii pabome npedcmagnensl pesyibmansi IKCNEPUMEHMANLHO20 UCCIE008AHUS, HANPABIEHHO20 HA OYEHKY dhdexmusrnocmu mu-
HepanbHbiX 000a60K 8 NOO0ABIeHUU WerouHo-KpemHezemHol peakyuu (LL[KP) 6 bemomne, asnaroujelica 0OHOU U3 OCHOBHLIX NPUYUH GHYIMPEH-
Hell 0e2padayuul U CHUNCEHUs O0N208E€YHOCIU HCENE300EMOHHBIX KOHCMPYKYULL, IKCNIYAMUPYEMBIX B0 BIANCHBIX YCI08UAX. AKMYanbHOCMb
uccnedosanus 00yciosieHa HeooxoouMocmvio paspadomxu IQdeKmueHvIX MEeXHOL02UYECKUX peuleHUll, 0becneyusaruux cmabulbHOCMs
MUKPOCMPYKIMYPbl YEMEHMHO20 KAMHS U Y8enudeHue CpoKa CIyHcObl GEMOHHbIX COOPYICEHUl, OCOOEHHO MOCHO8, 2UOPOMEXHUYECKUX U
ungppacmpykmypnvix 06vexmos. Ilpu npuecomosienuu 6emona ucnonb3oeaics necok Xanakmeipekui (Kamuamexuii kpaii, Poccus), cooep-
AHCAUULL NOBLIULEHHOE KOUYECME0 AKMUBHO20 KpeMHe3eMd, CHOCOOH020 8CHYNAMb 8 PEaKyUio CO WeI04amu YyeMeHma, Ymo yKasvbleaem Ha
BbICOKYIO 8EDOAMHOCMb PA3BUMUSA WeN0YHO-KpemHesemHol peakyuu (LLIKP) npu omcymcemeuu koppekmupyrouux 006a6ox. [lns chudicenus
unmencugnocmu LLIKP ucciedosanoce giuanue 08yx nyyyoiaHoguix 006asok: mukpoxkpemueséma (MKY-85) u opeanomunepanvrozo moou-
¢uxamopa MB2-50C, npedcmasgnarowezo codoll KOMROSUYUIO MUKPOKPEMHe3eMd U 301bl-YHocd. cnvimanus npogoouniucy no yYCKOpeHHou
memoouxe, pecnamernmuposarnou I OCT 8269.0, ¢ usmepenuem omHocUmenbHuIxX TUHEUHbIX Oehopmayuil 06pa3yo8 MeIKO3epPHUCOZ0 De-
TOHA, BbIOEPIHCUBAEMBIX 8 ujenouHoU cpede npu memnepamype (80 £ 2) °C. Pe3yivsmamul nokasanu, 4mo MuUKpoKpemHesem obnadaem
Hauboabwum uneubupyrowum 3ggexmom: npu cooepaicanuu 15 % om maccol yemenma HabIOOAIOCH CHUMNCEHUE dehopMayull Huxce npe-
Oenvnozo ypoeus (0,1 %) u cmabunuzayus ux 3Ha4eHull, YMo no360Jsem OMHECMU CMeCh K Kame20puu HepeakyuoHHocnocoouvx. Moougu-
kamop MbE2-50C maxoice npo0eMOHCMPUpOo8an CHOCOOHOCIb CHUNCAMb UHIMEHCUBHOCIb DEAKYUL U NOSLIUAMb CIADUILHOCHb NOBEOEHUS.
bemona 60 épemenu, 0OHAKO €20 IPPeKMUSHOCIb OKA3ANACH HUMCE NO CPAGHEHUIO ¢ MUKPOKpeMHesemom. [Ipu smom yseauuenue cooep-
arcanusn MB2-50C ceviute 15 % mooicem cyujecmgeHHO Nogblcums e20 UHSUOUPYIOWYI0 AKMUBHOCHIb, YmMO Oendem OaHHYI0 000A6KY IKOHO-
MUYECKU ONpasOAHHOU ATbMEPHAMUBOL NPU KOPPEKMUPOSKE DO3UPOBKIL.

KJKOUYEBBIE CJIOBA: wenouno-kpemnezemnasn peaxyus (LL{KP), Muxpoxpemnezem, opeaHOMUHEPATbHbLIL MOOUDUKAMOP, NYYYO-
JIaH08ble 000ABKU, AKMUGHDLIL KpeMHe3eM, TUHeliHble depopmayuut, 001208e4HOCHb OemoHa.
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EFFECT OF MINERAL ADDITIVES ON THE NEUTRALIZATION OF THE ALKALI-
SILICA REACTION

Abd Alvahed Firas', Krivoborodov Yu.R.!
! Moscow State University of Civil Engineering (MGSU) National Research University

ABSTRACT

This paper presents the results of an experimental study aimed at evaluating the effectiveness of mineral admixtures in suppressing the
alkali-silica reaction (ASR) in concrete, which is one of the main causes of internal deterioration and reduced durability of reinforced
concrete structures operated under humid conditions. The relevance of the study is due to the need to develop effective technological solutions
that ensure the stability of the cement paste microstructure and extend the service life of concrete structures, particularly bridges, hydraulic
engineering facilities, and infrastructure objects. In the preparation of concrete, Khalaktyrsky sand (Kamchatka Krai, Russia) was used as
fine aggregate. This sand contains an increased amount of reactive silica capable of reacting with the alkalis of cement, indicating a high
probability of alkali—silica reaction (ASR) development in the absence of corrective admixtures. To reduce the intensity of ASR, the influence
of two pozzolanic admixtures was investigated: silica fume (MKU-85) and the organomineral modifier MB2-50S, which represents a com-
position of silica fume and fly ash. The tests were carried out using an accelerated method regulated by GOST 8269.0, involving measure-
ments of the relative linear expansion of fine-grained concrete specimens stored in an alkaline environment at a temperature of (80 + 2) °C.
The results showed that silica fume exhibited the strongest inhibiting effect: at a dosage of 15% by mass of cement, the measured expansions
decreased below the limiting level (0.1%) and stabilized, allowing the mixture to be classified as non-reactive. The MB2-50S modifier also
demonstrated the ability to reduce the reaction intensity and improve the long-term stability of concrete behavior, however, its effectiveness
was lower compared with silica fume. At the same time, increasing the content of MB2-50S above 15% may significantly enhance its inhibiting
activity, making this admixture an economically justified alternative when adjusting the dosage.

KEY WORDS: alkali-silica reaction (ASR), silica fume, organomineral modifier, pozzolanic admixtures, reactive silica, linear expan-
sion, concrete durability.
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BBEJEHHUE

OpHoit W3 Hambonee CephE3HBIX MPOOJIEM, ¢ KOTOPHIMHU
CTAJIKUBACTCS COBPEMEHHOE IIPOM3BOJCTBO OCTOHA, SBISETCA
menoyHo-kpemHe3émHas peakus (LLIKP), Bo3aukaromas mpu
WCIOJb30BaHUN HEKOTOPBIX BHUJOB 3aloJIHUTENeH. [laHHBIN
MPOIIECC SIBJISCTCS OJHUM U3 KIFOUEBBIX (PAKTOPOB BHYTpPCH-
Hell erpafanuu 6eToHa, NPUBOIIEH K CHIDKEHHUIO ero Mpoy-
HOCTHBIX XapaKTePUCTUK U jonroBednoctH [1-5]. LIIKP Obuta
3aUKCHpPOBaHA BO MHOTUX CTPaHAaX C Pa3IHYHBIMHU KIIUMATHU-
YECKHIMH YCJOBHSAMH, BKIIOYAs PETHOHBI C ITOBBIIICHHOW
BIAKHOCTBIO M arpeccUBHON cpemoit [6,7]. OmacHOCTh IaH-
HOTO TIpoIlecca 3aKI0YaeTcss B TOM, YTO OH pa3BUBACTCA
CKPBITHO, a €r0 MOCIICICTBHUS CTAHOBSITCS 3aMETHBI TOJIBKO Ye-
pe3 3HAYUTEIBHBIN MPOMEXYTOK BPEMEHH MOCJIE BBOJAA CO-
OpY’KEHHS B SKCILTyaTaIHIO.

Peakuus nHunuupyercs B3aMMOJCHCTBUEM LIEIIOYEH, CO-
nepxamiuxcs B neMeHte (Na20 u K20), ¢ peakiioHHOCIOC00-
HBIM KpEeMHE3EMOM, NMPHUCYTCTBYIOIUM B COCTaBE 3aIlOJIHU-
Tend. B mpucyTcTBuM Bnarm obpasyercsl LIeI0YHO-KpeMHe-
3émHbINA Tenb (ASR-gel), KOTOpBIii 00JaaeT BHICOKOW CIIO-
COOHOCTBIO K cOpOIMU BOABL. B pe3yibrare 3TOro nmpomcxo-
T TIOCTETICHHOE HA0yXaHWe Tellsl, YTO MPUBOJNUT K BO3IHUK-
HOBEHHUIO BHYTPCHHUX HAIPSDKCHUHA B IIEMEHTHON MaTpHIIC.
Co BpeMeHeM 3TO BEBI3BIBACT MOSBICHHUE CETYATHIX U KapToO-
rpad)M4ecKuX TPEUIHH, a TaKKe CHIDKCHHE IPOYHOCTH H JI0JI-
TOBEYHOCTH OCTOHHBIX KOHCTpPYKIHiA [8-10].

Oco0OeHHO MHTEHCHBHO JAaHHBIA MpPOIECC MPOTEKAEeT BO
BIIQXKHBIX KIMMATUYECKUX 30HAX, a TakKe B KOHCTPYKIIUSX,
SKCIUTyaTHPYEMBIX B YCIOBHSAX ITOCTOSIHHOTO YBIIQXKHEHUS,
HampuMep, B MOCTaX, THAPOTEXHUUECKUX COOPYKEHUSAX, TIPH-
OpexHbIX MIaThopMmax, a TaKKe Ha OOBEKTaX BOOIOIIO-
TOBKH. B Takux ycnoBusX co31aé€rcs onTUMalIbHAs cpena Jis
mmtensHoro nporekanus LIIKP, uTo mpuBoauT k mporpeccu-
pyrolen CKpeITOil nerpaganuu Mmarepuana [11-13].

Tak kak pa3BUTHE PEAKIUU HAYMHACTCS HA MHKPOCTPYK-
TypHOM YPOBHE, €€ paHHSISI TUarHOCTHKA MPEICTABISIET COOO0M
3HAYUTENBHYIO CIOXKHOCTH. Ha mpakTHKe BEpOSTHOCTH BO3-
aukHoBeHUs LIIKP ompenensercs myTtém mpoBeaeHus nabopa-
TOPHBIX UCIIBITAHWH 3aMOJHUTENICH J0 UX HCIOJIb30BaHUS, B
TOM YHCJIE€ C IPUMEHEHHEM CTaHIAPTHBIX METO/OB, OMMCAH-
HeIXx B ASTM C1260%, u TOCT 8269.0-97°,no3Bonstomux
OIICHUTH TIOTCHINANBHYIO PEAKIIMOHHYIO CIIOCOOHOCTH 3aM0J-
HUTEJA MyTEM U3MEpPEHUs INHEHHBIX nedopmarnuii mpu yCcKo-
PEHHBIX YCIOBUAX UCTIBITAHUM.

B coBpeMEHHBIX TEXHOJOTHAX MPOM3BOJACTBA OETOHA
npenorpauienue LLIKP sBisercs Bakneiien 3anadeil npo-
EKTUPOBAHUS JJOJITOBEYHBIX KOHCTPYKIMA. OIHIM U3 HauOo-
nee 3¢ ¢dexkTUBHBIX criocoOoB cHmxkeHus pucka LI[KP cuwnra-
€TCSI UCTOJIB30BaHUE MUHEPAIBHBIX 00ABOK C MYIIIOJaHO-
BBIMH CBOHCTBAaMH, CIIOCOOHBIX H3MEHSATH HISJIOYHYIO CPEIy B
nmopax OETOHa M CHIKATh JOCTYIMHOCTh KpeMHe3éMa IS pe-
akmuu [5, 14-17].

K umcny nHambomnee pacmpoCTpaHEHHBIX ITyNIIOIAHOBBIX
MaTepHaJoB, CIIOCOOHBIX CHUXKATh HHTEHCUBHOCTH [IIKP, oT-
HOCSATCSL:

- MUKPOKPEMHE3EM;

INTRODUCTION

One of the most serious problems faced by modern con-
crete production is the alkali—silica reaction (ASR), which oc-
curs when certain types of aggregates are used. This process is
one of the key factors of internal concrete deterioration, lead-
ing to a reduction in its strength characteristics and durability
[1-5]. ASR has been documented in many countries with dif-
ferent climatic conditions, including regions with high humid-
ity and aggressive environments [6,7]. The danger of this pro-
cess lies in the fact that it develops covertly, and its conse-
quences become noticeable only after a considerable period of
time following the commissioning of a structure.

The reaction is initiated by the interaction of alkalis con-
tained in cement (Na2O and K2O) with reactive silica present
in the aggregate. In the presence of moisture, an alkali—silica
gel (ASR gel) is formed, which has a high capacity for water
absorption. As a result, the gel gradually swells, leading to the
development of internal stresses within the cement matrix.
Over time, this results in the formation of network and map
cracking, as well as a reduction in the strength and durability
of concrete structures [8—10].

This process proceeds particularly intensively in humid cli-
matic zones, as well as in structures operated under conditions
of constant moisture exposure, such as bridges, hydraulic en-
gineering structures, coastal platforms, and water treatment fa-
cilities. Under such conditions, an optimal environment is cre-
ated for the long-term development of ASR, which leads to
progressive hidden degradation of the material [11-13].

Since the development of the reaction begins at the micro-
structural level, its early diagnosis is a significant challenge.
In practice, the probability of ASR occurrence is determined
by conducting laboratory tests of aggregates prior to their use,
including the application of standard methods described in
ASTM C1260' and GOST 8269.0-97%, which allow the poten-
tial reactivity of aggregates to be assessed by measuring linear
expansion under accelerated testing conditions.

In modern concrete technology, the prevention of ASR is
one of the key tasks in the design of durable structures. One of
the most effective ways to reduce the risk of ASR is the use of
mineral admixtures with pozzolanic properties, which are ca-
pable of modifying the alkaline environment in the pores of
concrete and reducing the availability of silica for the reaction
[5,14-17].

Among the most common pozzolanic materials capable of
reducing the intensity of alkali—silica reaction (ASR) are:

- silica fume;

- metakaolin;

- fly ash;

- granulated blast furnace slag.

These materials exhibit high pozzolanic activity and are ca-
pable of binding calcium hydroxide formed during cement hy-
dration, which leads to a reduction in the concentration of free
alkalis and a decrease in the alkalinity of the pore solution. As

8 ASTM C1260 — Standard Test Method for Potential Alkali Reactivity of Aggregates (Mortar-Bar Method). ASTM International.
*TOCT 8269.0-97 — I1]e6GeHb 1 rpaBHii U3 ILIOTHBIX TOPHBIX IIOPOJL ¥ OTXOIOB POMBIILIEHHOTO MPOU3BOACTBA IS CTPOMTENBHBIX

paboT. MeTons! pU3NKO-MEXaHNIECKNX HCIBITAaHHI

GOST 8269.0-97 — Crushed stone and gravel from dense rocks and industrial waste for construction work. Methods of physical

and mechanical testing
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- METaKaoJIMH;
- 30J1a-YHOC;
- TPaHyJIMPOBAaHHBIN JOMEHHBIN LIAK;

OTu MaTepuansl 00NagaroT BBICOKOW ITYIIONIAHOBOM ak-
THUBHOCTBIO U CIIOCOOHBI CBSA3BIBATH TMAPOKCHU] KaJIbLHs, 00-
pasyromuiics Ipy ruApaTaluy [IEMEHTa, YTO IPUBOANT K CHU-
JKCHUIO KOHIIEHTPaLUK CBOOOIHBIX LIEJI0UEH 1 yMEHBIICHUIO
MENTOYHOCTU HOPOBOrO pacTBopa. B pesympTate cos3parorcs
MeHee OJaronpusTHbIE YCIOBHS ISl HPOTEKaHUS IEIIOYHO-
KpeMHe3EMHOH peakiuu. Kpome Toro, npuMeHeHne Takux J0-
6aBOK CIIOCOOCTBYET YINIOTHEHHIO CTPYKTYpPBhI IEMEHTHOTO
KaMHS M CHIDKCHHIO €r0 IMPOHHIAEMOCTH, YTO OTPAHMIMBACT
JOCTYII BJIarm — BaxkHeHmiero ¢akropa mportexanms LI[KP
[14-17].

Iesb10 padoThI ABIIIOCH OIIEHUTH (P (PEKTUBHOCTH MIPH-
MCHEHHS MHUHEPAJIbHBIX 100aBOK B ITOJABJICHHU IIEIOYHO-
kpemHe3éMHoit peakuun (ILKP) B 6eToHe.

MaTepnan bl 1 ME€TOABI

B nanHOM HccnenoBanuu ucronb3oBaics nemMeHT LIEM 1
42,5 H, npousBenénnslii Ha 3aBoge «IIponerapuit» koMnaHuu
«HoBopocuemenT» B ropojae HoBopoccuiicke. 9To mopTiaH-
nemeHT tuna CEM I, xapakTtepusyomuiics cyMMapHbIM CO-
JIep’KaHueEM IeI0YHbIX OKcHI0B R2O B kimnkepe — 0,75 %.

B xadecTBe 3amonHUTENS B paboTe HCIOIH30BAJICS TECOK
KA XalaKTBIPCKUH, moObIThI B Kamuarckom kpae. s
OIICHKH €T0 MCXOIHBIX CBOWCTB M MPUTOTHOCTH K MPUMEHE-
HUIO B COCTaBe OCTOHHBIX CMeceii Oblila MpoBeAeHA cepus Pu-
3UKO-MEXaHHYECKIX HCIBITAHUHA B COOTBETCTBUU C TpeOoBa-
Hussmu ['OCT 8736, HampaBleHHBIX Ha MPOBEPKY COOTBET-
CTBHSI JaHHOTO IeCKa HOPMATHUBHBIM IOKa3aTelsIM KadecTBa
3aMOJIHUTEIS.

Pe3synbTathl MCHIBITAaHUIA:

- HaCBIMHAsI IVIOTHOCTD Py = 1536 Kkr/m>;

- COJeprKaHUEe MbUIEBUIHBIX U MHUCTHIX yacTull — 0,4 %;

- HICTHHHAS INIOTHOCTE — 2,75 1/cM3;

- OpraH9YecKrue NPUMECH — OTCYTCTBYIOT;

- TIMHA B KOMKaX He 0OHapy’)keHa, P HOpMaTHuBe He Oojee
0,25 % 1o macce (tabmauma 4 TOCT 8736-9317).

Ha ocHOBaHWHU TIONYYEHHBIX NAaHHBIX YCTAHOBJIECHO, UYTO
necok coorBercTByeT TpeboBanmsiv ['OCT 8736, uto mo3Bo-
JISIeT UCTIOIb30BaTh €T0 B KAYECTBE 3aIIOJTHUTENS B OETOHHBIX
CMecsX.

st onipeniesieHus peakIiMOHHOM aKTUBHOCTH TIeCKa ObLITH
HCIIOJIB30BaHBI JIB€ METOJIUKH, IIPEYyCMOTPEHHBIE ITyHKTaMHU
4.22.2-4.223TOCT 8269.0-97:

- XUMHUECKHH METOJl — PacTBOPEHHE PEaKIIMOHHOCIIOCO0-
Horo kpemHe3éMa (Si02) B pacTBOpe r'HIpOKCH/Ia HATPHS C TIO-
CJIEAYIOIIUM OTIPEJIEIIEHHEM €TI0 MACCHI;

- YCKOpEHHBII METO/1 — M3MEpPEHUE OTHOCUTENBHBIX Jedop-
Manuii 06pa3oB MEIKO3EPHUCTOrO OETOHA MPH BBIIEPKHUBa-
HUU B IEJIOUHOM cpefie.

CornacHoO pe3yiapTaTaM aHaIHM3a, COJACPKAHNUE PACTBOPH-
MOTO B IIENOYHM JHUOKCHAA KPEeMHHS coCTaBwio 2228
MMOJIB/JI, 9TO 3HAYUTEIHHO IPEBHIIIACT HOPMATHBHOE 3HAYE-
Hue 50 MMomw/n, ycraHoBneHHoe B mpuinokeHun A ['OCT
8736. D10 yKa3pIBaeT Ha BHICOKYIO MOTEHIMAIBHYIO PEAKIIH-
OHHYIO CITIOCOOHOCTBH JIaHHOTO 3aIlOJIHUTENST M BEPOSITHOCTD
passurus LLIKP npu ero ncronbs3oBaHuu B coctaBe O€TOHA.

a result, less favorable conditions are created for the develop-
ment of the alkali—silica reaction. In addition, the use of such
admixtures contributes to the densification of the cement paste
structure and reduces its permeability, thereby limiting the in-
gress of moisture—one of the key factors governing ASR de-
velopment [14—17].

The aim of this study was to evaluate the effectiveness of
mineral admixtures in suppressing the alkali—silica reaction
(ASR) in concrete.

Materials and Methods

In this study, CEM 1 42.5 N cement, produced at the Pro-
letary plant of the Novoroscement company in Novorossiysk,
was used. This is a portland cement of type CEM I, character-
ized by a total alkali oxide content (R:0) in the clinker of
0.75%.

As a fine aggregate, Khalaktyrsky beach sand extracted in
the Kamchatka Krai was used. To assess its initial properties
and suitability for use in concrete mixtures, a series of physical
and mechanical tests was carried out in accordance with the
requirements of GOST 8736, aimed at verifying compliance
with the standard quality indicators for aggregates.

Test results:

- bulk density p, = 1536 kg/m?;

- content of dust and clay particles — 0.4%;
- true density — 2.75 g/cm?;

- organic impurities — not detected;

- clay lumps — not detected, with a standard limit of not
more than 0.25% by mass (Table 4, GOST 8736-933).

Based on the obtained data, it was established that the sand
complies with the requirements of GOST 8736, which allows
it to be used as an aggregate in concrete mixtures.

To determine the reactivity of the sand, two methods spec-
ified in clauses 4.22.2-4.22.3 of GOST 8269.0-97 were used:

- Chemical method — dissolution of reactive silica (SiOz)
in a sodium hydroxide solution followed by determination of
its mass;

- Accelerated method — measurement of the relative ex-
pansion of fine-grained concrete specimens stored in an alka-
line environment.

According to the analysis results, the content of alkali-sol-
uble silicon dioxide was 222.8 mmol/L, which significantly
exceeds the regulatory value of 50 mmol/L established in Ap-
pendix A of GOST 8736. This indicates a high potential reac-
tivity of the aggregate and a high probability of ASR develop-
ment when it is used in concrete.

In order to reduce the risk of ASR, additional tests were
carried out on concrete mixtures with the use of inhibiting min-
eral admixtures, including:

10 TOCT 8736-93 ecok s CTpOUTENbHBIX PaGoT. TeXHUUECKHE YCIOBHL.

GOST 8736-93 Sand for construction work Specifications.
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C nenpro camkenns pucka [IIKP 6b1m1 ipoBeieHs! 10T0d1-
HHUTEJbHBIC HCIBITAaHUS OCTOHHBIX CMeceil ¢ NMpHMeHEeHHEeM
MHTUOHUPYIOMNX MUHEPAITBHBIX J00aBOK, BKITFOYAS:

- MukpokpeMHe3éM MKVY-85 — BrICOKOaKTHBHAs MHHEPAIb-
Has 100aBKa ¢ BBIPAXCHHBIMH ITYIIIOJIAHOBEIMH CBOWCTBAMH
[18];

- opranoMuHepaibHbId Moaudukarop MB2-50C [19] B coor-
sercTBuu ¢ TOCT P 56178-2014!! — kommekcHas 106aBKa Ha
OCHOBE MHUKPOKpEMHEe3EMa U 30I]bI-yHOCa, NMPeCTaBIAIOIAs
0oJiee SKOHOMUYHYIO ajlbTEPHATUBY YHCTOMY MUKPOKPEMHeE-
3éMy TIpH COXPAaHEHNH MHTHOMPYIOIINX CBOHCTB B OTHOIIE-
auu [IIKP [20].

Uzrorosnenne 00pa3oB MPOBOIMIOCE B COOTBETCTBHH C
tpeboBanusamu 1. 4.22.3 TOCT 8269.0-97. B tabmune 1 npen-
CTaBJICHBI COCTaBBI OOpa3lOB W OCHOBHBIC XapaKTEPUCTHKH
MEIIKO3EPHUCTOTO OETOHA, WCHOIB30BAHHOTO I YCKOPEH-
HBIX UCTIBITAHU.

- silica fume MKU-85 — a highly active mineral admixture
with pronounced pozzolanic properties [18];

- organomineral modifier MB2-50S [19], in accordance
with GOST R 56178-2014* — a complex admixture based on
silica fume and fly ash, representing a more economical alter-
native to pure silica fume while maintaining inhibitory prop-
erties with respect to ASR [20].

Specimen preparation was carried out in accordance with
the requirements of clause 4.22.3 of GOST 8269.0-97. Table
1 presents the compositions of the specimens and the main
characteristics of the fine-grained concrete used for the accel-
erated tests.

TABJIMIIA 1 COCTABBI 1 OCHOBHBIE XAPAKTEPUCTHUKHU MEJIKO3EPHUCTOI'O BETOHA
Table 1 Composition and main characteristics of fine-grained concrete

CocraB 6eToHa
Concrete composition (RO
NeNe COCTaBOB ME2-50C B/ KOHYyCa,
Composition No. IlemeHT MKY-85 Sl Iecox Bona Ww/C Cone spread
Cement Microsilica Sand Water (106-115mm)
supplement
1 400 - - 900 148 0.37 114
2 380 20 - 900 141 0.37 113
3 360 40 - 900 148 0,41 111
4 340 60 - 900 156 0,46 113
5 380 - 20 900 125 0,33 114
6 360 - 40 900 137 0,38 110
7 340 - 60 900 136 0.4 109

IToaroroBka 06[)331[0]3 U NMPOBEACHUE YCKOPEHHOT0 UC-
NbITAHUSA

[Toce mpuroTOBNEHUsS CMecei, MPeICTaBIeHHbIX B Ta0-
e 1, oOpasusl ObUM cHOPMOBAHBI U MPOMAPKHPOBAHBI C
yKa3aHHUEM HalpaBJIeHHs «BepX — HM3». Ilocne pacmamyOku
00pa3Ipl TOMEaI B KOHTEHHEPHI ¢ JUCTH/UIMPOBAHHOM BO-
JIOM TakUM 00pa3oM, YTOOBI YPOBEHb BOABI MPEBBIIAN BEpPX-
HIOIO TPpaHb o0pa3mna He MeHee yeM Ha (20 + 2) mm. KoHTeit-
Hepbl TEPMETUYHO 3aKphIBAJIM U IOMEIANd B TepPMOKamepy
npu temneparype (80 + 2) °C na npotsxenuu (24 + 1) g s
MIPOBEJICHUS TPEIBAPUTEIHLHON BOAHON 00pabOTKH.

ITo 3aBepmieHNM 3TOH cTaauu 00pa3lbl N3BIEKANHN, aKKY-
paTHO YJAJSUTH BJIAry ¢ TIOBEPXHOCTH BIAXHOH cal(heTKON u
M3MEPSIN HaYaJIbHYIO JUTMHY TPH MOMOIIH I(POBOTO M3Me-
puressHOro nmpudopa ¢ TouHocTho 0,05 MM.

Janee Boay B KOHTeIHepaxX 3aMEeHsUIU paCTBOPOM THAPOK-
CHJIa HAaTpHs KOHIEHTpauuyu 1 MoJb/1 (IPUrOTOBJIEHHBIM pac-
tBOopeHueM 40 r NaOH B 900 Ma AMCTHIIMPOBAaHHON BOABI €
HOCJIETyIOLIMM JIOBEZIeHHeM 00b&Ma 10 1 1), mpu 3TOM ypo-
BEHb pacTBopa Hajx oOpasmamu coctasisut (20 + 2) mm. [Tocie
3aMEHBI PAacTBOpa KOHTEWHEPHI BHOBH IJIOTHO 3aKPHIBAIU U
BO3BpALIAJIHN B KINMATHIECKYIO KaMepy ¢ TIOCTOSTHHOM TeMIe-
patypoii (80 £ 2) °C.

Preparation of Specimens and Accelerated Testing
Procedure

After the preparation of the mixtures presented in Table
1, the specimens were molded and labeled with an indication
of the «top—bottom» orientation. After demolding, the spec-
imens were placed in containers filled with distilled water
so that the water level exceeded the top surface of the spec-
imen by at least (20 + 2) mm. The containers were hermeti-
cally sealed and placed in a thermostatic chamber at a tem-
perature of (80 £ 2) °C for (24 = 1) h to carry out preliminary
water conditioning.

After this stage was completed, the specimens were re-
moved, surface moisture was carefully removed using a
damp cloth, and the initial length was measured using a dig-
ital measuring device with an accuracy of 0.05 mm.

Subsequently, the water in the containers was replaced
with a sodium hydroxide solution with a concentration of 1
mol/L (prepared by dissolving 40 g of NaOH in 900 mL of
distilled water followed by dilution to a final volume of 1
L). The solution level above the specimens was maintained
at (20 + 2) mm. After replacing the solution, the containers
were tightly sealed again and returned to the climatic cham-
ber maintained at a constant temperature of (80 = 2) °C.

"'TOCT P 56178-2014 MoauguKaTopsl OpraHo-MUHepanbHble THIa MB 115 6€TOHOB, CTPOUTENBHBIX PACTBOPOB H CYXHX CMECEIi.

Texuuueckue ycioBus

GOST R 56178-2014 Modifiers of organic-mineral origin of MB type for concretes, mortars and dry mixes. Specifications.
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3aTeM NPOBOJMIINCH €KECYTOUHBIC U3MEPEHUS TNHEHHBIX
nedopmanmit 00pa3noB ¢ uaTEepBasoM (24 + 0,5) 9. Mcmeita-
HUE MPOJOJKAIOCh A0 MoyydeHus He mMeHee 11 mocnenoa-
TENBHBIX U3MEPEHUH B COOTBETCTBUH C MOPSIIKOM U TpeOoBa-
HusMH, yetanoBieHHBIME ['OCT 8269.0-97.

[Tony4eHHbIe PKCIIEpUMEHTAIbHBIE JaHHBIE 00pabarhiBa-
JIMCH MyTEM MOCTPOSHHMSI KPUBBIX Pa3BUTHS JIMHEHHBIX Jedop-
Manuii BO BpeMEHHM W pacyéra OTHOCHUTEIBHOTO Y UIMHEHUS
JUISL KaXKI0# uccneyeMoll OeTOHHOM cMecu. DTH pe3yIbTaThl
UCIIOJIb30BAJIUCH JISl OLIGHKH PEaKIHMOHHOW aKTHBHOCTH 3a-
noJHATENS U 3P PEeKTHBHOCTH MHUHEpPANBHBIX T00aBOK-WHTHU-
OUTOPOB B CHIDKCHHM WHTEHCHBHOCTH Pa3BHUTHS IIEIOYHO-
kpemHe3éMHoU peakuun (LLIKP).

B coorBerctBuu ¢ TpeboBaHmsmu cranmapra ['OCT
8269.0-97, zanmonHHUTENH TMPHU3HAETCS HEPEAKIHOHHOCIIOCO0-
HBIM, €CJIM OTHOCHUTENbHAs NMHEHHas nedopmanns oOpasios,
BBIIEP)KAHHBIX B PacTBOpPE T'HAPOKCHIA HATpHs, HE IPEBBI-
maet 0,1 %, a mocnenHee u3MepeHune (OAUHHAIIATOE) OTKIIO-
HsieTcst He Oonee yeM Ha £15 % oT cpepHero 3HaueHUs TPEX
MpeABIAYIINX H3MEPEHUl (BOCBMOT0, AEBSTOTO U IECSATOIO).

B ciyugae, ecnu 3nauenue nedopmarnuu npessimaet 0,1 %
WX pa3dHyulla MEXAY IMOCJICIHNUM IMMOKa3aHUEM U CPCIHUM 3HaA-
YEeHHEM TPEX MPEeAbIIYIINX COCTaBIsIeT Oomnee 15 %, 3amomHu-
TENIb OTHOCUTCS K KaTErOpUH MOTEHINAIBHO PEAKIHOHHOCIIO-
COOHBIX.

B Takmx ciydasx AOIyCTUMOCTH €ro NPHUMEHEHHS B CO-
cTaBe OETOHAa NOJDKHA OBITh MOATBEPXKICHA JOIOJHHUTEIb-
HBIMH JJONTOBPEMEHHBIMH HCIBITAHUSIMU 00pa31oB OCTOHHOM
CMECH B TEUCHHE OJHOIO rojia C MOCIEAYIOUIMM KOHTPOJIEM
HU3MCHCHUA MJIMHBI U COCTOSIHUA MaTEpurala.

[Tocne 3aBepiieHHst BCeX ATANOB U3MEPEHUN ObUIM IMOJTY-
YeHbI Pe3yJIbTaThl, KOTOphIe 0TOOpaXKeHbI Ha rpaduke, Moka-
3aHHOM Ha pUCYHKE 1, Tie IPOJAEMOHCTPUPOBAHO U3MEHEHUE
JMHEHHBIX JleopMannii BO BpEMEHH ISl KaKIO0TO MCCIeLye-
MOT0 cocTaBa OeToHa.

Thereafter, daily measurements of the linear expansion
of the specimens were performed at intervals of (24 + 0.5)
h. The test continued until at least 11 consecutive measure-
ments were obtained in accordance with the procedure and
requirements established by GOST 8269.0-97.

The obtained experimental data were processed by con-
structing expansion—time curves and calculating the relative
expansion for each investigated concrete mixture. These re-
sults were used to assess the reactivity of the aggregate and
the effectiveness of mineral inhibiting admixtures in reduc-
ing the intensity of the alkali—silica reaction (ASR).

In accordance with the requirements of GOST 8269.0-
97, an aggregate is considered non-reactive if the relative
linear expansion of specimens stored in a sodium hydroxide
solution does not exceed 0.1%, and the final measurement
(the eleventh) deviates by no more than +15% from the av-
erage value of the three preceding measurements (the eighth,
ninth, and tenth).

If the deformation value exceeds 0.1%, or if the differ-
ence between the final measurement and the average of the
three preceding values exceeds 15%, the aggregate is classi-
fied as potentially reactive.

In such cases, the admissibility of its use in concrete
must be confirmed by additional long-term tests of concrete
specimens conducted over one year, followed by monitoring
of changes in specimen length and the condition of the ma-
terial.

After completing all measurement stages, the results
were obtained and are presented in the graph shown in Fig-
ure 1, which illustrates the change in linear expansion over
time for each investigated concrete composition.

HNwarpamma aecdopmauumih obpasuos
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AHamnu3 NOJTyYeHHBIX ITAHHBIX 110 OTHOCHTEJILHBIM JieopMa-
UM 00pa3loB CBUIETEIHCTBYET O 3aMETHON BapHaTUBHOCTH
TIOBEJICHNS HWCCIIEOBAaHHBIX COCTABOB B 3aBHCHMOCTH OT THIIA
NpUMEHEHHOW NOOAaBKH M € JONIM OT MacChl IeMeHTa. B KoH-
TPOJILHOM COCTaBE, HE COAEPIKAIEM KaKUX-TH00 MUHEPATIBHBIX

The analysis of the obtained data on the relative expan-
sion of the specimens indicates significant variability in
the behavior of the investigated compositions depending
on the type of admixture used and its proportion relative
to the mass of cement. In the control mixture, which did
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WM OpraHOMHUHEPATBHBIX MOTU(PHUKATOPOB, KOHEUHast Aedop-
marms (KJ) mocturia 0,375 %, npu cpexrem 3Hauennu (C/]) 3a
12—14-e cytkn Ha ypoBHE 0,340 % M OTHOCHTETHLHOM PacXOk-
neHun B 9,2 %. HecMoTpst Ha yJOBIETBOPUTEIBHYIO CTAOMIb-
HOCTh TIOKa3aTeliell Ha 3aKIIOYUTENHHOM 3Talle, caM ypOBEHB
Jnedopmanuy cynecTBeHHO MPEBbIIaeT HOPMATUBHBIH Mpesed,
9TO YKa3bIBAaeT Ha BBIPAXKEHHYIO CKJIOHHOCTb 3allOJHUTENS K
LIEJIOYHO-KPEMHE3EMHOM peakuy. Takoil cocTas cileyeT Ipu-
3HATh PEaKI[MIOHHOCIIOCOOHBIM.

Bo BTOpOM cocTaBe, cofepaxalieM MUKpOKpEMHE3EM B KOJIU-
gecTBe 5 % OT Macchl IIeMeHTa, KOHeuHas Ae(opMartus CHA3H-
mack g0 0,215 %, ogHako cpenHee 3HaueHHe 3a 12—14-e cyTKn
cocrasmio 0,177 %, a OTHOCHTENFHOE PACXOKICHUE TOCTUTIIO
17,7 %, 4T0 TIpeBBIIIAET IOMyCTUMYIO BennauHy. HecmoTpst Ha
HEKOTOpOE CHIDKEHHE YPOBHS edopManuii, moKa3aTel ocTa-
FOTCS BEIIIIE HOPMATHBHOTO TIpeziesa, a HeCTaOMIBbHOCTD B KOHIIE
HaOJIOCHUH TOATBEPKIAET COXPAHSIONIYIOCS aKTUBHOCTD XH-
MHMYECKOro B3aumojclkcTBusa. ClienoBaTeIbHO, TaHHBIA COCTaB
TaK)Ke OTHOCUTCS K PEaKIIMOHHOCIIOCOOHBIM.

B Tperbem coctaBe, MOaM(UIMPOBAHHOM MHKPOKpPEMHE3E-
MoM B koimuectBe 10 %, KOHEUHOE 3HAUeHUe nehopMaIuy Co-
ctaBuio 0,0806 %, uyTo yKiIaabIBaeTCsl B HOPMATUBHBIN TIpEIe.
Opnako cpennee 3HaueHue 3a 12—14-e cytku (0,0582 %) u BHI-
COKHil ypOBEHb OTHOCHUTEIHHOTO pacxoxaeHus (27,8 %) yka3bl-
BalOT Ha OTCYTCTBHE CTaOMIM3aliy IpoIiecca Ha MO3IHeH cTa-
Y HCTIBITaHui. HecMoTpst Ha CHIDKeHHE HHTEHCUBHOCTH PeaK-
Ui, pa3BuTHE XedopManuii MPOFOIDKAETCS, YTO IO3BOJISICT
KJIacCH(UIMPOBATH TAHHBII COCTAB KaK MOTCHIINAIBHO PEaKITH-
OHHOCIIOCOOHBIH.

Hawnbosnee GnaronpusTHBINA pe3ysbTaT MPOJEMOHCTPUPOBAH
94eTBEPTHIM COCTABOM, cojepkamuM 15 % MHuKpokpeMHe3EMa.
Koneunas nedopmarus cocrasuia 0,0654 %, cpennee 3HaueHHe
— 0,0562 %, a otHOcHuTenbHOE pacxoxnenue — 14,1 %, dto
HAXOIUTCS B TpeieNiax JOIYCTHMBIX 3HaueHWH. JlocTUTHYyTas
CTaOMILHOCTE TOKa3aTeliell W HHU3KWHA YPOBEHBb IedopMmanuii
CBUJICTENLCTBYIOT 00 3()()eKTUBHOM CHMKCHHUW KOHIICHTPAIUU
cBOOOTHBIX mIenouei 1 0 GopMupoBaHHU OOJIee IIIOTHOH CTPYK-
TypBI IEMEHTHOTO KaMHs. DTOT COCTaB MOXKHO OTHECTH K KaTe-
TOPHH HEPEAKIIMOHHOCTIOCOOHBIX IT0 OTHOIICHHIO K MIETI0YaM.

I'mcTorpamma KOHeUHBIX JedopManuii U UX CpeTHUX 3HaUe-
HUM 32 12—14-e cyTKH 00pa31ioB BIJICPKAHHBIX B PACTBOPE M-
pOKcHIa HAaTPUS B 3aBHCHMOCTH OT MHUKPOKpEMHE3eMa U €ro
JIOJIM OT MaccChl IIEMEHTa NPEACTaBICHBI Ha pUC. 2. YPOBEHb Jie-
(hopmaru 1 ero HOPMAaTUBHBIHN MPEes Ik 00Pa3loB CoepKa-
X MUKPOKPEMHE3eM IpEeACTaBIeH Ha pucC. 3.

Takum 00pa3oM, yBeIHUYHBAs B COCTaBE MEIKO3EPHHCTOTO
OeToHa cojep)kaHMe MHUKpPOKpeMHe3éMma 1o 15 % MoxkHO j0-
OWTBbCS CHIDKEHHS PEAKIMOHHOW CIIOCOOHOCTH ILIEMEHTHOTO
KaMHsI.

B mstom cocTaBe, conepikaleM opraHoMUHEPaIbHbIM MOAH-
¢duxarop MB2-50C B komuuectBe 5 %, KoHEeUHas nehopManus
nocturia 0,294 %, npu cpemnem 3nadennu 0,256 % u 0THOCH-
TeNbHOM pacxoxkaeHuu 12,9 %. HecmoTps Ha ymoBieTBOpH-
TEJNBHYIO0 CTaOMITBHOCTD 3aKIIIOUNTENFHBIX H3MEPEHUH, YPOBEHb
nedopManuii 0CTaéTcs 3HAYUTEIHLHO BBILIE HOPMATUBHOTO, YTO
yKa3bIBaeT Ha HEJIOCTATOYHYIO Y3 PEKTUBHOCTH JOOABKH IPH Ta-
KOM COJEp)KaHWH, T.€. COCTaB SIBJIETCSI PEaKIMOHHOCIOCO0-
HBIM.

B miectom cocrase konuuectso Mb2-50C yBenunueno no 10
%, 4TO TIPHUBEJIO K YaCTHYHOMY CHIKEHHIO JedopMaiui, of-
Hako koHeuHoe 3HadeHue 0,214 % u cpennee 3a 12—14-e cytku
0,184 %, npu oTHOCUTENBLHOM pacxoxkaeHuu 14 %, mo-mpex-
HEMY CBHICTECIBCTBYIOT O TPEBBIOICHAN HOPMAaTHBHOTO
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not contain any mineral or organomineral modifiers, the
final expansion (FE) reached 0.375%, with an average
value (AE) for days 12—14 of 0.340% and a relative devi-
ation of 9.2%. Despite the satisfactory stability of the re-
sults at the final stage, the deformation level itself signifi-
cantly exceeds the regulatory limit, indicating a pro-
nounced tendency of the aggregate toward alkali—silica re-
action (ASR). Such a mixture should therefore be classi-
fied as reactive.

In the second mixture, containing 5% silica fume by
mass of cement, the final expansion decreased to 0.215%.
However, the average value for days 12—14 was 0.177%,
and the relative deviation reached 17.7%, which exceeds
the permissible limit. Although a certain reduction in ex-
pansion was observed, the values remain above the regu-
latory threshold, and the instability at the end of the obser-
vation period confirms the continuing activity of chemical
interaction. Consequently, this mixture should also be
classified as reactive.

In the third mixture, modified with 10% silica fume,
the final expansion value was 0.0806%, which falls within
the regulatory limit. However, the average value for days
12—14 (0.0582%) and the high level of relative deviation
(27.8%) indicate a lack of stabilization of the process at
the late stage of testing. Despite the reduced intensity of
the reactions, the development of expansion continues,
which allows this mixture to be classified as potentially
reactive.

The most favorable result was demonstrated by the
fourth mixture, containing 15% silica fume. The final ex-
pansion was 0.0654%, the average value was 0.0562%,
and the relative deviation was 14.1%, which is within the
permissible limits. The achieved stability of the indicators
and the low level of expansion indicate an effective reduc-
tion in the concentration of free alkalis and the formation
of a denser cement paste structure. This mixture can there-
fore be classified as non-reactive with respect to alkalis.

A histogram of the final expansions and their average
values for days 12—14 of specimens stored in a sodium hy-
droxide solution, depending on the silica fume content and
its proportion relative to the mass of cement, is presented
in Figure 2. The expansion level and its regulatory limit
for specimens containing silica fume are shown in Figure
3.

Thus, increasing the silica fume content in fine-grained
concrete to 15% makes it possible to reduce the reactivity
of the cement paste.

In the fifth mixture, containing the organomineral
modifier MB2-50S in an amount of 5%, the final expan-
sion reached 0.294%, with an average value of 0.256% and
a relative deviation of 12.9%. Despite the satisfactory sta-
bility of the final measurements, the expansion level re-
mains significantly above the regulatory limit, indicating
insufficient effectiveness of the admixture at this dosage;
therefore, this mixture is classified as reactive.

In the sixth mixture, the content of MB2-50S was in-
creased to 10%, which led to a partial reduction in expan-
sion. However, the final expansion value of 0.214% and
the average value for days 12—14 of 0.184%, with a rela-
tive deviation of 14%, still indicate that the regulatory
limit is exceeded. This demonstrates the limited ability of



Engineering and Technology of Silicates. Volume 32, No5 (special edition), 2025

mpenena. JTO yKa3blBaeT HA OTPAHWYCHHYIO CIIOCOOHOCTH JI0-
0aBKM MOJABIAATH Pa3BUTHE IIENOYHO-KPEMHE3EMHOM pEaKITUH,
¥ TAaHHBII COCTaB TakKe CIEeIyeT CYUTATh PEaKIIHOHHOCIIOCO0-
HBIM.

PUCYHOK 2

THCTOI'PAMMA KOHEYHBIX ,Z[E(I)OPMAI_II/Iﬁ
U UX CPEJHHUX 3HAYEHUI OBPA3IIOB C
MUKPOKPEMHE3EMOM

K1 — xoHeuHas 1edpopmanms

CJI — cpenHee 3Ha4yeHue Jedopmanus 3a 12—14-e cyTkn

Figure 2

Histogram of final deformations and their average val-
ues for samples with microsilica

KD - final deformation

SD — average deformation value for the 12th—14th day

PUCYHOK 3
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YPOBEHb JE®OPMAIIUH U EI'O
HOPMATHUBHBIN ITPEJEJI JJIS1 OBPA3IIOB CO-
JEPXKAIIUX MUKPOKPEMHE3EM

[
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Figure 3

Hedopymanus odpasunos, %
—
>

The level of deformation and its standard limit for
samples containing microsilica

th

B cenpmom cocrase, conepskauiem 15 % MB2-50C, koneu-
Hast geopmarust ymensmiack 1o 0,0897 %, uro popmansHO
COOTBETCTBYET HOPMAaTHBHOMY orpaHndeHuto. OqHaKko cpen-
Hee 3HaueHue 3a 12—14-e cytku coctasmio 0,0667 %, a oTHO-
CUTEJIbHOE PacX0KJIeHUE JOCTUTIIO 25,6 %, UTO SIBIISIETCS CBU-
JIETeICTBOM HECTaOMIBHOCTH IIpoIlecca Ha 3aBepIIAroIeM
starne. HecMOTpst Ha CHM)KEHHE 001Iero YpoBHs AedopMariui,
COXpaHCHHE 3HAYUTEIBHOTO NPUPOCTa B KOHIIE HMCIBITAHHA
yKa3blBaeT Ha MPOJOIDKAIONIEECs Pa3BUTHE PEaKIMOHHBIX
npoueccoB. Takoil cocTaB cielyeT KiacCH(pHUIHPOBATh Kak
MOTEHIMAIIBHO PEaKIIHOHHOCIIOCOOHBIH.

I'mcrorpamma KoHEUYHbIX AeopMalid U UX CpPeHUX 3Ha-
4yeHuit 3a 12—14-e cyTku 00pa3oB BbAEPKaHHBIX B PACTBOpPE
THIPOKCHIA HATPHUS B 3aBHCHMOCTH OT COJEpIKaHUS OpraHo-
MuHepansHOro Moandukatopa MB2-50C mpencraBieHsl Ha
puc. 4. YpoBeHs neopManuy 1 €ro HOpMaTHBHBIHN IPeIe st
o6pasnoB coaepkammx Mb2-50C npencrasiieH Ha puc. 5.

BroiBoabI

IIpoBenéHHble HcceI0BaHUs MOKA3alld, YTO YBEIUYEHHUE
COJIepXKaHUsI MUKPOKpEMHEe3éMa — 0COOEHHO 110 YpOoBH: 15 %
— sBiIsIeTCs Hanbonee A(PPEKTUBHBIM CIIOCOOOM ITOIABICHUS
LIEJIOYHO-KPEMHE3EMHON peaklui W MPEAOTBpAILECHUs CBSI-
3aHHBIX ¢ Hed pedopmanmii. B nmaHHOM ciydae Obutn

the admixture to suppress the development of the alkali—
silica reaction, and therefore this mixture should also be
considered reactive.

17,7

14.1

9.2

0 3 10
Conep:xaHe MOKpOKpeMHezeMa, %0

E=Pacxoxknenne ==HopMaTuBHBIi npenea

In the seventh mixture, containing 15% MB2-50S, the
final expansion decreased to 0.0897%, which formally com-
plies with the regulatory limit. However, the average value
for days 12—14 was 0.0667%, and the relative deviation
reached 25.6%, indicating instability of the process at the
final stage. Despite the overall reduction in expansion, the
continued significant increase at the end of the test indicates
that reaction processes are still developing. Therefore, this
mixture should be classified as potentially reactive.

A histogram of the final expansions and their average
values for days 12—14 of specimens stored in a sodium hy-
droxide solution, depending on the content of the or-
ganomineral modifier MB2-50S, is presented in Figure 4.
The expansion level and its regulatory limit for specimens
containing MB2-50S are shown in Figure 5.

Conclusions

The conducted study demonstrated that increasing the
silica fume content, particularly up to 15%, is the most ef-
fective way to suppress the alkali—silica reaction (ASR) and
prevent the associated expansions. In this case, the require-
ments of GOST 8269.0-97 were fully satisfied both in terms
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MOJIHOCTHIO BBITIONTHEHBI TpeboBanus ' OCT 8269.0-97 kak mo
BEJIMYMHE KOHEYHOH e opMannu, Tak U 0 CTAOMIBHOCTH €€
3HAUEHUH Ha 3aKIIOYUTENbHBIX CTaJANUAX UCTIBITAHUHN. YKa3aH-
HBIH 3P QeKT 00yCIOBICH BRICOKOH MYIIIOIaHOBOH aKTHBHO-
CTBIO MUKPOKpPEMHE3EMa, ero COCOOHOCTRIO CBS3BIBATH THI-
POKCH]T KaJbIisi U MOAUDUIIMPOBATE MHUKPOCTPYKTYPY Iie-

of the final expansion value and the stability of the meas-
urements at the final stages of testing. This effect is at-
tributed to the high pozzolanic activity of silica fume, its
ability to bind calcium hydroxide, and to modify the micro-
structure of the cement paste, which results in a reduction in
the concentration of free alkalis and limits the formation of

MEHTHOTO KaMHS, YTO TPHUBOAUT K CHUKEHHIO KOHIIEHTPALIUH
CBOOO/IHBIX IEI0YEH U OTPAHUUCHUIO 0OPa30BaHUS PACIIUPSI-
FOILETOCs MENOYHO-KPEMHE3EMHOTO TeJIs.

PUCYHOK 4

THCTOI'PAMMA KOHEYHBIX I[E(I)OPMAI_II/Iﬁ
N UX CPEJHUX 3SHAYEHU OBPA311OB C MB2-
50C

K]l — koneunas nepopmanus

CJ1 - cpennee 3Hauenne gepopmanus 3a 12-14-e cyTku

Figure 4

Histogram of final deformations and their average val-
ues for samples with MB2-50C

KD - final deformation

SD — average deformation value for the 12th—14th day

PUCYHOK 5
YPOBEHb JE®OPMALIMU U ET'O

HOPMATHBHBII1 IPEJIEJI VIS OBPA3IIOB CO-
JNEPKAIIAX MB2-50C

Figure 5

Hedopymanns obpasnos, %

The level of deformation and its standard limit for
samples containing MB2-50C

HecMoTpst Ha BBICOKYIO TeXHHYECKYyHO 3(dexTHBHOCTH JaH-
HOTO TIOAX0/1a, €ro MPUMEHEHHE CBSI3aHO CO 3HAYUTEIbHBIMH KO-
HOMUYECKHMH 3aTpaTaMi. MHUKpOKpeMHE3EM OTHOCHUTCS K Marte-
puanaM ¢ OTHOCHUTENBHO BBICOKOM CTOMMOCTBIO, UTO JIE€NAeT €ro
UCIIOJIb30BaHKE B OOJIBIINX KOJIMYECTBAX SKOHOMHUYECKH Hellelie-
CO00pa3HBIM TMpH PeATU3alui KPYITHOMACIITAOHBIX CTPOUTEINb-
HBIX ITPOEKTOB — TaKHX, KAK MOCTOBBIE COOPYKEHHUS, I'HPOTEX-
HUYECKHE OOBEKTHI U HHPPACTPYKTYPHBIE KOMIIEKCEHL.

PesynbraTtel npumenenns mogudukaropa Mb2-50C moxa3si-
BAIOT, YTO YBEJIMUEHHE €TO0 JO3UPOBKHU B COCTaBEe OETOHHOW CMECH
CHOCOOCTBYET TOCTETIEHHOMY W 3aKOHOMEPHOMY ITOBBIIICHHIO
CTOMKOCTH OETOHA K IIEJI0YHO-KpeMHe3EMHOH peakiuu. C pocToM
coliepxaHus MoauduKaropa HabIromaeTCss yMEHbIICHHE aedop-
Manuii ¥ MOBbINIEHHE CTAOWJILHOCTH MX Pa3BUTHSI BO BPEMEHH,
YTO yKa3bIBaeT Ha criocodHocts MB2-50C perynmpoBath menou-
HOHM PeXHM IIOpPOBOTO NMPOCTPAHCTBA U CHHXKaTh MHTEHCHBHOCTH
npoTeKaHus peakuu. HecMoTpst Ha TO, YTO OT/JENbHBIE COCTaBbI
HE JIOCTHUIJIN YPOBHS ITOJTHOTO MHIMOMPOBAHMUS LIEJI0YHO-KPEMHe-
36MHOH peakuuu B COOTBETCTBMU C TPeOOBaHMSMH CTaHIApTa,
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Despite the high technical efficiency of this approach,
its application is associated with considerable economic
costs. Silica fume is a relatively expensive material, which
makes its use in large quantities economically impractical
for large-scale construction projects such as bridges, hy-
draulic engineering structures, and infrastructure com-
plexes.

The results obtained for the MB2-50S modifier show
that increasing its dosage in the concrete mixture leads to
a gradual and consistent improvement in the resistance of
concrete to the alkali—silica reaction. As the modifier con-
tent increases, a reduction in expansion and greater stabil-
ity of their development over time are observed, indicating
the ability of MB2-50S to regulate the alkaline conditions
of the pore solution and reduce the intensity of the reac-
tion. Although some mixtures did not achieve the level of
complete inhibition of ASR in accordance with the stand-
ard requirements, the overall trend of the results indicates
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00111ast TSHACHINS Pe3yIbTATOB CBUACTEIBCTBYET O TOM, UTO yBE-
JIYEHAUEe TON MOIM(HUKaTOpa MO3BOISIET CHU3UTH BO3IEHCTBHE
peaKknuy 10 MpaKTUIeCKH MPUEMIICMBIX 3HAUeHUH MPH coXpaHe-

HHUH 9KOHOMHYECKOM 11e71eCO00pa3HOCTH.

Takum 00pa3oM, MHKPOKpEMHE3EM CIeIyeT paccMaTpUBAaTh
Kak Hambosiee 3(QPEKTUBHBIA WHTHOUTOP IENOYHO-KPEMHE3EM-
HOM peakIMy ¢ TOYKH 3pEHHUs TEXHUUECKOro 3ddekra, 0HAKO ero
MIMPOKOE NPUMEHEHNE OIPAaHNYNBAETCSI SKOHOMHYECKUMH (DaKTo-
pamu. IloBsiienne coaepxanus moaudukaropa Mb2-50C obec-
neuuBaeT Oojee cOaTaHCUPOBAHHOE PEIICHNUE, COUETAIoLIee YI0-
BIICTBOPHUTEIIBHBII YPOBEHb MOJABJICHHS PEAKLMU C ONTHMAb-
HBIMH 3aTpaTaMy, 4TO JejlaeT MaHHBIH HOAXOI HPaKTHYECKU
OIIPaBIAHHBIM UL HHXKEHEPHBIX IPUMEHEHUH, 0COOCHHO B IPO-

that increasing the proportion of the modifier makes it pos-
sible to reduce the impact of the reaction to practically ac-
ceptable levels while maintaining economic feasibility.

Thus, silica fume should be considered the most effec-
tive ASR inhibitor from a technical perspective; however,
its widespread use is limited by economic factors. Increas-
ing the content of the MB2-50S modifier provides a more
balanced solution that combines a satisfactory level of re-
action suppression with optimized costs. This makes the
approach practically justified for engineering applications,
especially in large-scale projects where operational relia-
bility must be ensured while maintaining economic effi-
ciency.

eKTax KpymHOTo MacmTaba, rae Tpedyercss o0ecTednTs Hanex-
HOCTB SKCIUTyaTalllid TIPH COXPAaHCHWH 3KOHOMHYECKOH 3¢ dek-

THUBHOCTH.
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