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0630p poccUICKOro pbiHKA LileMEHTa
(pesynbTatbl 32 9 mecsues 2021 r.)
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Overview of the Russian Cement Market (Results of 9 Months of 2020)

The information on the state and main trends of the cement market development in Russia in 2021 is given. Data on the volumes and dynamics of production, consumption and foreign

trade operations with cement are summarized.
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ITo utoram sitHBapsi—ceHTsiOpst 2021 T., 1O JaHHBIM
Poccrara, B Poccun 0Obl10 mpou3sBeneHo 45,4 MIH T 1ie-
MeHTa (+4,9% K ypOBHIO aHAJIOTMYHOTO IEpUoaa Ipe-
apinymero roga). Ilo uToram JecsiTU MeCSILIEB TEMITbI
pocTa IPOM3BOACTBA YCKOPUINUCH 10 5,5%. HauuHas ¢
HioJisi 00beMBbl IIPOM3BOACTBA 1LIEMEHTa B CTpaHE CTa-
OMIBHO MPEBBINIAIOT YPOBEHD nonanaeMuitnoro 2019 r.

ITo utoram aeBsitu MecsiueB 2021 1. pocT 00bEMOB
MMPOM3BOJICTBA lIeMEHTa HaOJomaeTcs BO Bcex (dene-
padbHBIX OKpyrax 3a uckiaroyeHueMm CeBepo-Kaskas-
ckoro. HauGoiee BbICOKME TEMIIbI pOCTa BBIITyCKa 1Ie-
MeHTa oTMeueHbl B CUOMpCKOM (enepasbHOM OKpyTe
(+12,9% k aHaIOrMYHOMY TIEPUOY ITPEABIAYIIIETO TO/1a).

Taxke ciemyeT OTMETUTh HEPABHOMEPHOE M3MEHE-
HUE O00BEMOB BBHIITyCKa IIEMEHTa IO permoHam. Poct
00BbEeMOB TMPOU3BOACTBA B sHBape—ceHTsa0pe 2021 .
OTMeYeH B 25 13 36 perMoHOB, Ti€ PACIIOJIOXEHBI Jeii-

MIHT
o = N W b~ OO N

AHB. (GeBp. MapT anp. Maii  WMOHb WIONb aBr. CEHT. OKT. HOs6. [Jek.

= 2019 2020 e 2021

Puc. 1. JuHamnka npomsBoacTea LemeHta B P, 2019-2021 rr.
Ucto4Huk: Pocctar

Fig. 1. Dynamics of cement production in the Russian Federation in 2019-2021.
Source: Rosstat

CTBYIOIIME IIEMEHTHBIE 3aBOMBI (MJIM TTIOMOJIbHBIE TEP-
MuHaibel). HambOonpimme TeMmIlbl pocTa MPOM3BOACTBA
ObLTM XapaKTepHbl ST AJnTalickoro kpas (pocT B
5,3 pasa 1o CpaBHEHHUIO C aHAJOTUYHBLIM TEPUOIOM
2020 r.); ITepmckoro kpast (poct Ha 51,1%); Omckoit
obmactu (poct Ha 42,7%) n Jluneukoii ob6ixactu (pocT
Ha 33,4%). Haubonbillee mageHue oObeMOB BBIITyCcKa
LIEMEHTa MO UToram AeBITU MecsieB 2021 r. oTMeueHOo
B MaragaHckoii objacTu (00beM MPOM3BOIACTBA CHU-
3uiicd Ha 53,6% 1o cpaBHEHUIO ¢ YPOBHEM aHaJOrU4-
Horo nepuoaa 2020 r.); YabsiHoBckoi oonactu (-21,1%)
u EBpeiickoii aBToHOMHOIM obactu (-14,3%). Beinyck
LieMeHTa B ApxaHreabckoii, Camapckoii, TioMeHCKOI,
CaxanuHcKkoii M AMypCcKOll o00JyiacTsx, a TakXke B
Pecnyonuke Komu B 2021 r. He oCcylIecTBIISIICS.

[1pu 3TOM B TeKyI1LEM IOy OpraHbl TOCYAapCTBEHHOM
CTaTUCTUKU CTaJIM YIUTHIBATH TIPOM3BOACTBO IIEMEHTA B

20
—— —— PO (+4,9%)
15 +12,9%

+7,3%

-8,2%

-10

U®0 C30d0 PO CKPO MNdO pjole] CoO0  [IB®O
Puc. 2. Temnbl pocTa NpoON3BOACTBA LEMEHTA B pa3pese denepasbHbiX
okpyros no ntoram 9 mecsaues 2021 r.
UcTto4Huk: PoccTar, oueHka TC-3kecnept

Fig. 2. Growth rates of cement production in the context of federal districts
based on the results of 9 months of 2021.

Source: Rosstat, GS-Expert estimate

scientific, technical and industrial journal

(CTERMENBHBIE
ﬁl-\rzmm_w

January—February 2022



OTpﬂCJIb B COBPEMCECHHBIX JKOHOMHYECKHX YCIOBHAX

ny
C MUHepasbHbIMM
nobaskamut
33%
45,4mMnu T
Ly,
ML, 6e3 2,7%
MUHEPabHbIX
n06aBoK
61,7% Mpoyne

2,6%

Puc. 3. ToBapHasa CTpyKTypa Npou3BOACTBA LleMeHTa B Poccum no ntoram
9 mecsues 2021 r.

UcTtoyHuk: PoccTart, oueHka C-Okcnept

Fig. 3. Commodity structure of cement production in Russia for 9 months of 2021.
Source: Rosstat, GS-Expert estimate

peruoHax, TJe OTCYTCTBYIOT LIEMCHTHBIC 3aBOJIEI, B 9aCT-
Hoctu B Pecnybnuke Tatapcran u Bojoronckoit o6:1a-
CTH, UTO TIPUBEJIO K 3aBBILICHUIO JAHHBIX 00 0oObemMax
MPOM3BOJICTBA HE MeHee 4eM Ha 163 ThIC. T IO UTOraMm
nessat Mecsies 2021 1.

B cTpykType Ipom3BOACTBa IIeMEHTa COXPAHSIECTCS
TEHIECHLUS YBEJIUUEHUs OJIM BbITycKa 06€3100aBOYHbBIX
nopmiaHaeMeHToB. ITo uroram 9 mecsaues 2021 r. oHa
pocturia 61,7% or obiiero oobeMa MPOU3BOACTBA 1IE-
meHTa B Poccun, xots enie B 2013 1. 1o 6e3106aBOYHBIX
MOPTJIAHALEMEHTOB cocTaBisia nopsiaka 46%. Bropoe
MECTO 1Mo 00beMaM IPOM3BOICTBA 3aHUMAIOT MOPTIAHI-
LIEMEHTBI C MUHEPAIbHBIMU J0OaBKaMK — O0K0JIO 33% oT
obuiero oobeMa IPOU3BOJACTBA LieMeHTa B cTpaHe. Ha
TPETheM MeCTe IUIAKOIOPTIaHALEMeHT — MeHee 3%.

ITo nroram 9 mecstieB 2021 . 00BEM OTTPY3KH LIEMEH-
Ta BCEMM BUAAMU TPAHCIIOPTa KPYMHBIMU U CPEIHUMU
MPEANPUSITASIMH BBIPOC Ha 5,9% 110 CpaBHEHMIO C YPOB-
HEM aHaJOTWUYHOIro IlepuoAa MpPeablayllero roja.
Ckitafckue 3arnachl TpOM3BOAUTEIICH IIEMEHTA 110 COCTOS-
HUIO Ha KOHell ceHTs10pst 2021 r. cOKpaTUJIMCh MO CpaBHE-
HUIO ¢ HayayioM rona Ha 34% u cocraBuiiu 955 ThIC. T.
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Puc. 5. CtpykTypa notpebneHus uemeHta B PO B paspese penepanbHbix
okpyroB 3a nepuog 9 mec 2020 r. n 9 mec 2021 r.

UcTtoyHuk: oueHka C-Okcnept

Fig. 5. Structure of cement consumption in the Russian Federation in the
context of federal districts for the period of 9 months. 2020 and 9 months 2021.
Source: GS-Expert estimate
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Uctounuk: oueHka 'C-Okcriept

Fig. 4. Quarterly growth rates of cement consumption in the Russian
Federation in 2020-2021

Source: GS-Expert estimate

O0BbeM OTIpYy3KM IeMEHTa XeJe3HOIOPOKHBIM
TPAHCIIOPTOM Ha BHYTPEHHMUI pIHOK BbIpOC Ha 5,4% 110
CPaBHEHUIO C YPOBHEM aHAJIOIMYHOTO II€PUO/a IPEIbl-
IYIIEeTO ToJa M COoCcTaBMJI okojo 19,5 muH T. Ha momio
OTTPY3KHU XKeJIE3HOJTOPOKHBIM TPAHCIIOPTOM B STHBape—
ceHtsiope 2021 r. mpunuioch 43,5% ot obiero oobema
OTIPYy3KHM 1leMeHTa NMpoTuB 43,7% 1o utoram 9 MecsieB
2020 r. Takum 0O6pa3oM, COXpaHSIETCS CIOXUBIIAsICS B
MOCJIeTHUE TOJBI MPAKTUKA TOKATU3AIIUY TTOCTABOK.

B auBape—ceHTs10pe 2021 r. B Poccuio 6610 uMmop-
TUPOBAHO OKOJIO 1,2 MJIH T HleMeHTa, Ha 2,7% Oosblie,
yeMm 3a aHasiornuHbli mepuoj 2020 r. IToctaBku LieMeHTa
B Poccuio ocyllecTBIsUINCh M3 BOCBMU CTpaH MMpA.
OCHOBHOI1 00bE€M TTOCTABOK TPAIUIIMOHHO TIPUIIIEIICS HA
momo Pecniyonmmkm Benmapycs (70%) m Pecnyonukn
Kaszaxcran (17%).

O6beM skenopTa 1emeHTa 3a 9 mecsauen 2021 r. co-
craBui okono 1 MaH T, yro Ha 0,7% MeHblle, yeM 3a
a"asornuHblii iepron 2020 r. DKCMOPTHBIE MOCTABKU
POCCHIICKOrO IIeMEHTa OCYIIECTBIISUIMCh B 16 cTpaH
MHUpa, OJHAKO OCHOBHBIMU PBIHKAMHU COBITA OBLIN
Pecnybnuka Kazaxcran u Pecnyonuka benapych, Ha
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Puc. 6. JuHamuka cpeaHux LeH Npon3BoanTeENel Ha uemMeHT B Poccuun B
2020-2021 rr.

UctoyHuk: Pocctat

Fig. 6. Dynamics of average producer prices for cement in Russia in 2020-2021
Source: Rosstat
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Industry under present economic conditions

JIOJII0 KOTOPBIX CYMMapHO MPUIIIOCh 0Kojio 90% poc-
CUIICKOTO 3KcropTa. Takxke B 3HAUYUTEIBHBIX 00beMax
1eMeHT nocTasiisuics B @unnsaHanio, Ykpanny, FOxHyio
Ocetuio, Azepbarigxkan, Adoxa3uio, JIaTBuio.

[MoTpebrenne 1emeHTa MO wuTOraM 9 MecsiieB
2021 roma, o oueHkam I'C-Dxkcnepr, BeIpocio Ha 6% 1o
CPaBHEHUIO C AHAJOTMYHBIM MEPHOIOM IIPEAbLIYILEro
rozaa, 10 45,4 MJIH T.

IMocne cHuxeHus cripoca Ha 1HeMeHT B I kBapTtanie
2021 r. HaunHag ¢ anpenst B Poccuu HabmoaaeTcst ycToii-
YUBOE YBEJIMYeHNE 00beMOB ITOTPEOICHUSI JaHHOM IPOo-
nykuuu. [To uroram 2021 r. mporHo3upyeTcs: yBeauue-
HHe 00beMOB ITOTPeOJICHHUSI LIEMEHTa B CTpaHe Ha 6—6,5%
10 CPAaBHEHUIO C YPOBHEM ITIPEIbIAYILEro Ioja 10 YPOBHS
59,7—60,2 MJIH T.

[MoTpebieHue IeMeHTa B pa3JMYHBIX perMoHax
Poccun poBosbHO HepaBHOMepHO. Tak, 1Mo urtoram
aHBapsg—ceHTsa0ps 2021 r. okosio 28% ot 0611ero 00b-
ema notpedyseHHoro B Poccum 1ieMeHTa mpuIiioch Ha
nomo LleHtpanbHoro denepanbHOro okpyra (+1 mpo-
LICHTHBII MYHKT 10 CPaBHEHUIO C aHAJIOTMYHBIM ITepU-
omoMm 2020 r.). Ha BTOpOM MecTe o oO6beMaM ITOTped-
JieHuss HaxonutTcs I[IpuBOJIKCKMIT  denepaabHbII
OKpYTr — 0K0J10 18% 00111epOCCUiiCKOTO MOTPebIeHUS
(-0,8 ). MuHUMAaNbHBIE O0OBEMBI TTOTPEOJICHMST Xa-
pakTepHbl 1is JaabHEBOCTOYHOTO (peaepaabHOro
OKpyTa.

Cpenu cyonekToB Denmepaniui OCHOBHBIM PBHIHKOM
cObITAa IIeMEHTa B pacCMaTpUBaeMblil TIEPUOJ BPEeMEHU
661 MockoBckuii peroH (MockBa 1 MocKoBcKast 00-
JIacTh), TAe mo utoraM 9 Mecsmes 2021 r. OBLIO peaan3o-
BaHO, 1o oneHkaM ['C-Bkcnept, okojao 7,3 MJIH T 1ie-
MeHTa, uin nopsiaka 15,9% oT o01epoccuiickoro Imo-
TPeOJCHMS ITOM MPOMLYKIIVN.

Bropoe MecTo 1o oobeMaM MoTpedIeHUS LIeMEHTa B
sHBape—ceHTs0pe 2021 r. 3aHs1 KpacHomapckuii Kpaii —
3,1 MiH T (6,8% 001IEPOCCUIICKOTO TOTPeOIeHNsT); Ha
TpeTbeM MecTte — JleHuHrpaackuii pernoH (CaHKT-
IMlerepOypr u JleHuHrpaackasi o0jacTb) — OKOJIO
2,9 MutH T (6,4% 0OLIEPOCCHUIICKOTO ITOTPEOICHHS ).

IMocne crarHanuu HeH Ha uemMeHT B 2020 r. B 2021 r.
HaOJTI0IAeTCsT MX YCTOMUYUBBIN pocT. 3a 9 MecsI1eB TEKY-
IIETO TO/a CPeaHsIST 1IeHa TTPOM3BOAMTENC HAa 1IEMEHT
(6e3 yueta HIAC, cTouMOCTH JOCTaBKM, COBITOBBIX U TTO-
CpeIHMYECKMX PacXoaoB) Beipocia Ha 4,8% 1o cpaBHe-
HU©O ¢ ypoBHeM 9 wmecsueB 2020 r. M cocTtaBWiIa
3927 pyO. 1. I1pu aToM B 2021 T. He HAOIOMAETCS CE30H-
HOTO CHUXKEHMUSI LIeH B CEHTs10pe—OoKTsI0pe.

Cpenu denepaabHbIX OKPYroB Hauboyiee BBICOKHE
IIEHBI IPOM3BOIUTENICH HA IIEMEHT TPAAUIIMOHHO XapaK-
TepHbl 1151 nipeanpusaTuii CeBepo-3anagHoro, CeBepo-
Kaska3sckoro, Cubupckoro 1 JIaabHEeBOCTOYHOTO (pefe-
PaJTBHBIX OKPYTOB. MUHUMAIIBHBIC IIEHBI OTMEUAIOTCST B
IMIpuBomkckoM U YpaiabckoM (deaepaibHbIX OKpYrax.
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Komnatug «THC>: Brefpsem
COB[IEMEHHbIE HHIKEHEpHbIE
NELEHHA, COXPaHAOLME JKONOIHID

i 6630NACHOCTD OKPYMAIOWEH Cpefbl

GIS Company: Introducing Modern Engineering Solutions that Preserve Ecology and Environmental Safety

Kananuzayuonnsie cucmemnt 0as eopooa kaxk KKT ons uenoeeka — om ux 6e30mxaznoil wimamuoi pabomsl 3a6UCUM
3doposbe 6ceeo opearnusma. B nocaednue 2o0or uznoc cucmem KKX, ux nepeepysceHHocms u nOCMOSHHAS Yepo3a agapuii
cmanu 00HOI U3 21a8HbIX NPobAeM pazsumust 20p00oe Poccuu. Imo ces3ano, ¢ 00HOI CMOPOHbL, C ONEPeNCAOUUMY MeMNaAMU
DA3BUMUSL ACUAUULHO20 U 2PANCOAHCK 020 CIPOUMEAbCIEA N0 CPAGHEHUIO CO CIPOUMEAbCIMBOM U KANUMANbHBIM DEMOHMOM
CYuecmeyouux cucmem 6000CHAONCEHUS U KAHAAU3AUUU, A C OpYeOll — ¢ NPAKMUYECKU NOBCEMECHIHbIM UCHOAb308AHUEM
YCmapesuux mexHoA0UIL U MAMEPUA08, KOMOPbIE YIice He OMEEUAION 8bI306AM 6PDEMEHU.

N )/

rmcC

Sewer systems for the city are like the digestive tract for a person — the health of the whole organism depends on their trouble-free regular work. In
recent years, the deterioration of housing and communal services systems, their congestion and the constant threat of accidents has become one of the
main problems of the development of Russian cities. This is due, on the one hand, to the faster pace of development of housing and civil construction
compared to the construction and overhaul of existing water supply and sewerage systems, and on the other, to the almost universal use of outdated
technologies and materials that no longer meet the challenges of the time.

Poccuitckas ~ komnaHus
«[MAPOU30NALMOHHBIE MHXKE-
HepHble coopyxenus» (FUC) n3
CaHkT-MeTepbypra npeanaraet
palUMoHanbHOe W HaleXHoe
peLleHne ans ruapou3onsaumm
1 3aWKUTbl MHXEHEPHbIX CO-
OPYXXEHWA, a CliefoBaTtenbHo,
NS NOBbIWEHN ux addoek-
TUBHOCTW W AONTOBEYHOCTM.

CyTb npen npocra: u3 no-

[TonnmepHble  NUCTLI
V-lock (ToproBoe HasBaHue
«Texnonumep») TONLYNHON
4 MM NpOU3BOAATCS U3 NONN-
9TUNEHA BbICOKOTO [aBfieHMs
METOJOM 3KCTPY3UU U UMEKT
V-06pa3Hble aHKepbl, pacno-
NOXEHHbIE B LIAXMATHOM MO-
panke.

B MBK 3KOB3JT nuct
V-lock nonyyun HasBaHue

Hcmopus  komnanuu Hauasace 6
2013 e. Toeda epynna sumysuacmos
noo pykosodcmeom E. C. Bvieosckoeo,
NPOAHANU3UPOBAE UMelouuecs Ha
DbIHKE UHJICCHEPHbe peuleHus: 0ns
CMpOUmensCmea Cucmem KaHaAUu3a-
yuu, 60000meedenus u Opyaux coopy-
JICeHULL, NPedaoNcUAa NPpocmoe U 3¢-
hekmueHoe peuieHue — COCOUHUMD
npeumMyujecmea icene300emoHHbIX U
noaumepHvix uzdeauii. Tak poduaucs
noaumepoemonnvie  KOHCMPYKyuu

1IBK 9KOBJIL
JIMMEPHOro martepuana BblKpa-

11BAETCA 11 CBAPMBAETCA 3aLLUT-
HbIil KOHTYP, KOTOPbIIA YCTaHaBNMBaeTCs B hOpMy, 3aTeM Npon3Bo-
IUTCS apMUPOBaHKME U 3anofiHeHne (hOpMbl GETOHHOW CMECHIO,
(bopmoBaHue, BbIAEpXKa, pacnanyoka. Ha mecte n3fenns MoHTU-
pYHOTCS, NpW 3TOM LIBbI MeX/y OETOHHbIMU YACTAMM 3NEMEHTOB
CKpennatoTcs 6ETOHHON CMEChIO, & COEANHEHMS NONUMEPHBIX Ya-
CTel cBapuBaAOTCA. BCA KOHCTPYKLMA NOy4aeTcs NPOYHON, BOLO-
HEMPOHNLIAEMOIA N XUMWUYECKN CTOMKONA.

Kak 310 4yacTo 6bIBaeT B POCCUMIACKOM BU3HECE, MEPBOHAYANBHO
KOMMaHMa MCMoNb30Bana UMMOPTHbIE MOMMMEpHbIE MaTepuanbl C
T-06pa3HbiM npodunem. OgHaKo B NPOLECCe NPON3BOACTBA U 3KC-
nnyarauyun 6bIN0 YCTAHOBIEHO, YTO Takas opma npouns He
06€ecreymBaeT rapaHTUPOBAHHOIO 3aM0IHEHNS (DOPMbI PACTBOPOM.
970 NPUBOAMNO K HENPOrHO3MPYeMOMY OC/abieHuno CLenseHns
3aLLMTHOTO NONIMMEPHOTO CN0S C 6ETOHHBIM OCHOBAHMEM.

Mouck poccuinckoro naptTHepa no nNPou3BOLCTBY NOJIMMEPHOr0
martepuana ¢ 3aflaHHbIMI CBOIICTBAMMW NPUBEN CMELUANCTOB KOM-
naHun «NC» B Cubupb, rae B r. [JuBHOropcke KpacHosipckoro
Kpas pacnosioxkeH OAWH U3 KPYMHENLWUX NPOU3BOANTESE re0CHH-
TETUYECKUX 1 NONMMEPHBIX MaTepuanos Poccun K «Texnonumep».

9KOBIJ/1. ®opma u pacno-
NOXeHNe aHKepoB 06ecneyn-
BAKOT rapaHTUPOBAHHOE 3arnosHeHe 6ETOHOM (hOPMbI U HAAEXKHOE
CKpenneHne nonuMepHoi rMapou3oNnsaLNoOHHON 060M04KN C 6e-
TOHHbIM OCHOBaHMEM.

Mo gaHHO TexHoNnornK Ha 3aBofe komnaxum «[MC» B CaHKT-
MeTepbypre Npou3BOAATCA:

— COOPHbIE 3MIEMEHTbI KPYIIbIX KaHAM3aLUMOoHHbIX KONOALEB
C (hyTepoBKoi aHkepHbiMu naHensmu IKOBIJIT anamertpom
1,1,5n2m;

— COOpHbIE NOJY3NEMEHTbI KPYIIbIX KaHaNM3aUWOHHbIX KO-
nopLes ¢ pyTepoBKOI aHKepHbIMK naHensmu IKOBIAJT anamert-
pom 3,2 m;

— COOPHbIE 3MEMEHTbI NPAMOYrONbHBIX Kamep C (PyTepoBKOiA
9KOBAJT pasmepom 1,8%X1,8 m; 2,6X2,6 ™;

— COOpHbIe 3NeMeHTbI pe3epByapos ¢ pyTeposkoi IKOBIJTII
M0 TEXHUYECKOMY 3a[jaHNI0 3aKa34MKa;

— NANTbI 06NMLIOBOYHbIE CTEHOBbIE C doyTepoBkoii IKOBIJI
pasmepom 1,8%X1,8X0,04 w;

— n3genus u3 xeneao6etoHa ¢ yteposkoit IKOBIJJT no uH-
ANBMAYanbHbIM YepTexXaM 3aKa34uka.

Hayuro-mexnuueckuil u npouseodcmeennviii xeypnan (G PP k|5 =
8 Aneapv—pespans 2022 ML‘U ERVIAYIC! S



Information

B AononHeHne K 0OCHOBHOM NPOAYKLMM BbINYCKAIOTCA CMYCKOBbIE CKOObI B NOMMEPHON 060-
noyke, cneumanbHble aro6enu firfix, NpyToK 1 aKCTPyAepbl Ans CBApKN NOAUMEPHBIX JINCTOB.

ATorom HeckonbKMX NeT NOUCKOBO 1 NPAKTUYECKON paboThbl CTanmn CTaHAAPTHBIE U YHUKANb-
Hble PeLUeHns Ans CTPOUTENbCTBA CETeN BOJOCHAGKEHNS 11 KaHANU3aLMN C BbICOKMMI TEXHUYE-
CKUMU XapaKTepuCTMKamMu, NOBbILUIEHHON JOTOBEYHOCTLH U ONTUMAIbHON CTOMMOCTBH).

Tak, nonumep6eTOHHblE KAaHANN3aLUMOHHbIE KOMOALbI — camas BOCTpe6oBaHHas NpomyKLus
KomnaHuu «IMGC» — co4eTaroT BbICOKYH MPOYHOCTb N MACCUBHOCTb Xene306eTOHA C KOPPO3MOH-
HOIA CTOKOCTBIO NONNMEPHOro Matepuana. Kpome Toro, Ais »ene3o6eTOHHbIX N3Jenunid paspa-
60TaHa 06LIMPHAA HOPMATUBHO-TEXHMYECKAs [OKYMEHTaUMs, 3TOT MaTepuan npuBbIYeH Ans
MPOEKTUPOBLLMKOB.

CvHepreTnyeckuii acpekT coyHeTaHns »enesob6eToHa 1 NOAUMEPHOIA 3aLUTHON 060M04KM
naet cnepytouue npeumyuiectsa MbK 3KOBIJT:

— BO3MOXHOCTb CTPOUTb EMKOCTM 0GbemMoM Gonee 150 m3;

— BbICOKAs CENCMOYCTO4MBOCTb 6€3 A0NOMHNUTENBHOMO YCUNEHMS;

— BbICOKAs KOPPO3NOHHASA 1 ANEKTPOXMMUNYECKAs CTOKOCTD;

— FePMETUYHOCTD;

— He TpebyeTcs pacyerta Ha BCNbITUE U MPUTPY3;

— BO3MOXHOCTb CTPOUTESIbCTBA B 0GBOAHEHHbIX FPYHTAX 6€3 LOMNOJHUTESIbHbIX MEPONPUSATUIA;

— BO3MOXXHOCTb BPE3KU Tpy6 Mo MecTy;

— PEMOHTONPUrOAHOCTb NPY OTPULIATENBHON TEMMepaType.

Kak mHorue mHHosaumu, MBK 3KOB3JI/1 BXxoaunu B NpakTUKy CTPOUTENbCTBA C TPYAOM.
Cneumanuctam Komnauum «[C» Npuwwnoch NPUNOXMTb MHOTO YCUMWIA, YTOObI A0KA3aTb BbICO-
KYK0 90D(heKTUBHOCTb 1 CTPATETNYECKYHO BbIFOAY NPUMEHEHUA UHHOBALMOHHBIX TEXHUHECKMX pe-
LUEHMIA. HacTo 3aKasynk npu BblI6OPe NHXEHEPHOr0 peLleHns PyKOBOACTBYETCH e4UHCTBEHHBIM
KpuTepnem — LEeHON M3ZeNns N CTOMMOCTbIO MOHTaXHbIX PaboT. OfHaKo Mpu paccMOTPeHuu
XKN3HEHHOTO LUMKNa puHaHcoBble 3aTpathl Ha MBK 3KOBJJT okynatotcsa ctopuuei. U 4o He-
MasioBaXXHO B YCMOBWAX rOPOAa, NOANMEPOETOHbIE KOHCTPYKLMM FapaHTUpPyT 6e30TKa3HOCTb
paboThbl CETEN, ANIUTENbHbIE MEXXPEMOHTHbIE MEPMO/bl M HAIEXHOCTb SKCNyaTaLuiu.

MepBbiMu 06beKTaMu, rae 6binn npuMeHeHbl MBK AKOB3JIJT, ctanu ctaanoH «[eTpoBCcKuMin»,
XKUMble KOMMNEKCbl BeAyWMX 3acTpoilimkoB CaHkT-MeTepbypra. PaspaboTaHHble KOMNaHWen
«[NC» matepwanbl 415 NPOEKTUPOBAHMS NPOLUN COTMACOBAHUSA B BEAYLLMX MPOEKTHBIX UHCTUTY-
Tax u 'Y «Bogokanan CaHkT-lMeTepbypra». B HacTosLEe BpeMs NPAKTUYECKN BCE HOBOE CTPOU-
TENbCTBO MHXXEHEPHbIX CETe BOAOCHAGXEHNS 1 KaHanu3auun B CeBepHOi CTONMLE BeAETCs C
npumerexuem NMBK 3KOBIJJT.

MpenctaBnTenscTBO KoMNaHun <G> yxxe pabotaeT B HoBOCMOMPCKE.

OTkpbIT 0chuc B Mockse. Co3naHo nponasoacTso MEK 3KOBAJJT B Kpbimy.

Cneuuanuctbl Komnanuu «FMC» pa3pabaTbiBatOT NPOEKTHbIE PELLEHNS PE3ePBYapOB U KaHa-
NI3ALNOHHBIX HACOCHbLIX CTAHLMMA, OCYLLECTBNANT LWed-MoHTaX MBK 1 3KCTPY3UOHHYK CBapKy
13 n MNEK, npoBOASAT caHauuMio CYLLECTBYIOLLAX CTPOUTESIbHBIX KOHCTPYKLMA N3 XXene306eToHa
aHkepHbIMK naHenamu IKOBIJJT.

Tak Luar 3a Lwarom, Ha KoM 06bekTe J0Ka3biBas IKOHOMUYECKYHO 3 (EKTUBHOCTb 1 TEX-
HUYeCKMe MPEUMYLLECTBA MHHOBALMOHHBIX MHXEHEPHbIX peleHui, Komnauus «[C» BHoCUT
CBOIA BKNaf B cO3aaHne KOMMOPTHOI 1 6630MacHOi ropoCcKON Cpeabl.

www.gisspb.ru

( HOLTE g5k |5ilE  scientific, technical and industrial journal

VI AYERVIAYIE! & January—February 2022



— EBPAS

ApmaTtypa Ay500CI1

ApmaTypHbiit npokaT Ay500CI1 — HoBbIM BMpA,
3chheKTMBHOro nepuoamyeckoro npocuns:

» YeThipexpsgHoe pacnonoxeHue » YmeHbLueHMe Ga30oBOW ANMHBI aHKEPOBKM
nonepeYHbIX CepnoBuaHbIX pebep apmatypesl B 6etoHe go 12%
ANs NOBLILLEHHOro cuenneHns ¢ 6eToHOM
= [apaHTUPOBAHHbIA MUHYCOBOMW JOMYCK
" YMeHbLUEeHMEe pacHeTHOM LLIMPUHDI no NOCT 34028-2016
packpbiTus TpewmH B 6etoHe go 20%

121353, r. Mockea,
+7 495 937-68-73 | evraz.com yn. Benosesxcxas, 4. 4
sales@evraz.com

Ilodpobuee 06 ucnoavzoeanuu dannozo suda npoxama cm. ¢ cmamve Tuxonoe H.H., Konvrioé H.B. Dpghexmusnocmov npous-

600cmea u npuMeHeHUs APMAMyPHO20 NPOKAMA ¢ HOBbIMU udamu nepuoduueckozo npoguas // Cmpoumeavnoie mamepuansl.
2021. Ne 12. C. 35—47. DOI: https://doi.org/10.31659/0585-430X-2021-798-12-35-47




To realization of the XIII International Conference “Sustainable Green Construction
and Nano-Technology” March, 2022, Hurghada, Egypt

YOK 691.3:539.2
DOI: https://doi.org/10.31659/0585-430X-2022-799-1-2-11-20

N, AKOBJIEB', g-p TexH. Hayk (gyakov@istu.ru);

But YEPHW2, g-p-urx. (cerny.v@fse.vutbr.cz);

N.A. MYOOB!, KaHA. TexH. Hayk (pudovia@ya.ru ),

N.C. MONAHCKIWIX!, kaHa. TexH. Hayk (irina_maeva@mail.ru),

3.C. CAMOOBA', unxeHep (acnupanT) (zarinsaidova@mail.ru),

E.B. BEFTYHOBA', unxenep (acnvpanT) (Ekb.18@mail.ru),

C.H. CEMEHOBA', uHxeHep (acnvpaHT) (semionovasvetlana@mail.ru)

T VIKeBCKMI rOCY[apCTBEHHbIN TEXHUYECKMI yHBepcuTeT UM. M.T. KanalwHukosa (426069, r. /xesck, yn. CTyaeHdeckas, 7)
2 TexHN4ecKUi yHBepcuTeT BpHO, thakynsTeT rpaxaaHckoro ctpouTtenscTsa (Veveri 95, CZ-6S1200 bpHo, Hexws)

CBOMCTBA LIEMEHTHbIX MaTpuL
C NOBbILLEHHOI 3NEKTPONPOBOAHOCTbH)

Mognudukaums cUnKaTHbIX KOMNO3UTOB ABMAETCA aKTyasibHO 3aa4eil B CTPOUTESIbHOM MaTepuanoBefeHiu, B YaCTHOCTY NpuaaHue
marepuanam afieKTponpoBOAALLMX CBOCTB Yepe3 BBELEHNE B MATPULY TOKONPOBOAALLMX (DYHKLMOHANbHBIX J06aBOK. bbinn nosy4eHsl
06pasLbl 3NEKTPONPOBOAALLNX GETOHOB 1 UCCIELOBAHbI UX MEXaHWYeCKNe CBONCTBA, ANEKTPONPOBOAHOCTL, @ TAKXE U3Y4eHa
MUKPOCTPYKTYpa C NPOBEAEHMEM PEHTIEHOBCKOr0 MUKpOaHanusa. B ka4ecTse 106aBOK BbICTYNAKT 3M1EKTPONPOBOAALLME HUKE/
yrnepofHble (Ni/C) HaHOCTPYKTYPbI U LUCMEPTUPOBAHHbBIE XPU30TUN0BbIE HAHOBOIOKOHA B COYETAHUM C PACTBOPOM a30THOKUCAOr0
Kanbums (HK). OnucbiBatoTcs MeTOAbl M3rOTOBNEHMS U (DYHKLMOHanM3aun 106aBOK nepej BBEAEHNEM WX B LLEMEHTHYIO MaTpuLly.

B pesynbrare BBeaeHuns Ni/C HaHO406aBKIU OTMEYAETCS NOBbILLEHWE NPOYHOCTHBIX CBOMCTB MOAUMULMPOBAHHOIO KOMNO3NTA Y
YMEHbLUEHUE 3NEKTPUYECKOrO CONPOTUBNEHUS. [JOCTUTHYTbIE 3QMEKTbI 06BACHAOTCA CTPYKTYPHLIMU USMEHEHUAMM B LLEMEHTHO
matpuLe KOMno3uTta. PeHTreHOBCKNIA MUKPOAHaNN3 yKasblBaeT Ha POPMUPOBAHNE HOBbIX CTPYKTYP B MOANMDULMPOBAHHOI LEeMEHTHOIA
matpuue. OfHaKo anekTponpoBogHOCTL komnosuTa ¢ Ni/C gucnepcusmm He NposBNSeT CTabUNbHOCTY U YMEHbLUIAETCA CO BPEMEHEM.
Mpu nccnegoBaHn BTOPOro TMa J06ABOK B LIEMEHTHYHO MAaTpuLy COBMECTHO C XpPU30TUIIOBLIMU HAHOBOSIOKHAMI BBOAUTCS pPacTBOp
HK ¢ npefBapuTesibHbIM NPUrOTOBNIEHNEM YIBTPAANCTIEPCHON CYCMEH3NN, KOTOPbIE MO3BONAKT CTAOUIN3NPOBATL 3HAYEHUS YOENbHOM0
3M1EKTPNYECKOr0 CONPOTUBIEHNS B NPOLiECCe TBEPAEHUS LLEMEHTHOr0 KamHsi. [pegnonaraercs, 4to coBmecTHoe BaegeHue Ni/C
HaHOKOMMO3MTOB C PACTBOPOM XUMMUYECKIMX COMEN TaKXKe NO3BONUT CTabUNU3NPOBATL 3HAYEHUS YOENbHOMO 3N1EKTPUYHECKOr0
CONPOTUBIIEHNA.
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Properties of Cement Matrices with Increased Electrical Conductivity

The modification of silicate composites is an urgent task in building materials science. There is a growing demand on the market for the materials with peculiar properties, suitable for
operation in specific conditions. Examples of such materials can be those that have electrically conductive properties, which can be obtained through the addition of conductive func-
tional additives. In this research, the composition of an electrically conductive concrete was developed and its mechanical properties, electrical conductivity, and the microstructure were
studied. X-ray microanalysis was also carried out in order to study the chemical composition of the hydration products and modifying additives in the hardened matrix. The additives
that were used for the modification of the composition included electrically conductive nickel/carbon nanostructures and dispersed chrysotile nanofibers in combination with a solution
of calcium nitrate. Methods for the manufacture and functionalization of additives before their introduction into the cement matrix are described. As a result of the Ni/C nanocomposite
introduction, an increase in the strength characteristics and a decrease in electrical resistance of the modified composite are noted, which are due to structural changes in the cement
matrix. X-ray microanalysis indicated the formation of new structures in the modified cement matrix. However, the electrical conductivity of the composite with Ni/C dispersions does
not show stability and decreases with time. The second part of the research shows the results of the cement matrix modification with a calcium nitrate solution added into the composi-
tion together with chrysotile nanofibers. In this case, an ultrafine suspension was preliminary prepared, which made it possible to stabilize the electrical resistivity values during the
hardening of the cement stone. It is assumed that the combined introduction of Ni/C nanocomposites with a solution of chemical salts will also allow the stabilization of the electrical
resistivity of the composition during hardening.

Keywords: silicate composites, metal/carbon nanocomposites, chrysotile nanofibers, electrical conductivity, calcium nitrate, strength, X-ray microanalysis.
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CunrkKaTHble KOMIIO3UThl U3BECTHBI KaK CaMbl€ BbI-
TOJIHBbIC MaTepUaylbl B CTPOUTEIHBHOM IIPOM3BOACTBE B
COOTBETCTBUM C WX XapaKTepPUCTHUKaAMM, TAKMMM KakK
MEXaHUYEeCKUEe CBOIMCTBA, MOJTOBEYHOCTh, IKOHOMMYE-
ckas 3(ppekTMBHOCTL. B TO Xe Bpems IS TTOBBIIICHUS
KOHKYPEHTOCIIOCOOHOCTU B YCJIOBUSIX OTKPBITOIO PHIH-
Ka, CUJIMKATHBIE KOMITO3UTHI TOJIKHBI IIPUOOPETaTh J0-
MMOJIHUTEIbHBIE CITeUabHbIe (DYHKIIMOHAIbHBIE BO3-
MOXHOCTH, HaIlpUMeEpP 3JEKTPOIPOBOIHOCTh BSIKYILEH
MATPHIIBI B COCTaBe KOMITO3UTA, YTO TTO3BOJIUT MCTIONb-
30BaThb MX, K MPUMEPY: B KayeCTBE DJEKTPUUYECKOIO
IIPOTUBOOOICACHUTSILHOTO 3aIIUTHOIO ITOKPHITUS; B
Ka4yecTBe MPOBOISIIETO KOMIIOHEHTA B COCTaBe KOHTYpa
3a3eMJICHMST WJIM CUCTEMBbI KaTOMHOM 3alllMThI; IIPU CO3-
IaHUM 3JIEKTPOMATHUTHOTO 3KpaHMpylomero 3gdekra
JIJISI 3alUThI OT TEXHOT€HHOTo u3nydyeHus [1, 2].

3HauuTeIbHAS POJIb IIPUA 3TOM OTBOIUTCST (PYHKIINO-
HaJIbHOMY TOKOITPOBOISIIEMY HAITOJTHUTEIO, KOTOPBIi
MOXHO MCITOJIb30BAaTh ISl IPUAAHUS LIEMEHTHOMY KOM-
MTO3UTY CBOMCTBA BBICOKON 3JIEKTPUICCKON ITPOBOIU-
MOCTHU. Bxomsiiue B cocTaB CMJIMKATHOTO KOMIIO3UTa
(GYHKIIMOHATbHBIC HAIIOJHUTEIU TaKXe MOTYT VIIyd-
IIUTh (PU3UKO-MEXaHUYECKHME CBOMCTBA MaTepUAaIOB:
JIOJITOBEYHOCTb, BOAOHEIIPOHMUIIAEMOCTh U MOPO30-
CTOMKOCTSH |3, 4].

IIpu >TOM Ha >JIEKTPONPOBOIHOCTh CHUJIMKATHBIX
KOMIIO3UILINI MOXET BIUSITH 3HAUNTEIHHOE YHUCIIO (haK-
TOPOB, TAKMUX KaK MJIOTHOCTb YIIAKOBKU CTPYKTYPbI KOM-
MO3ULIMU, MUHEPATOTUYECKUN COCTAB BSKYLIEH MaTpu-
bl 1 MopdoJorus HoBoodbpazoBaHuii [S—7], reHe3uc
HUCIIOJIb3YeMbIX (DYHKIIMOHAJbHBIX HAMOJHUTEICH U
CTEeTeHb WX AUCTIepCHOCTHU. JIJIsT MOCTAaTOYHOM 2JIEKTPU -
YeCKOU MPOBOAMMOCTH MPEXIe BCEro HEOOX0AUMO 00e-
CIEYUTHh MAKCUMAJIBHYIO TIJIOTHOCTh CTPYKTYPHI C OTHO-
BpeMEHHBIM HAITOJTHEHWEM BSDKYIIEH MaTPUIBI TOKO-
MPOBOASIINMU (PYHKIIMOHANTBLHBIMU f00aBKaMu. Cpeau
M3BECTHBIX TOKOIIPOBOASIINX J00aBOK Ha OCHOBE YIJIE-
pona MOTYT ObIThb BbIIEJICHBI METasll/yIraepoaHble Ha-
HOKOMITO3UTHI C UHTE PKATMPOBAHHBIMU B X CTPYKTYPHI
MeTajljlaMy, TaAKMMU Kak XKejie30, HUKedb, Meab [8, 9].
I[Ipy TOM OHM MOTYT OKa3bIBaTb CTPYKTYypUpPYIOIIce
BJIMSIHME Ha BSLKYLILyl0 maTtpuly. B padore mpoBeaeHO
HccaenoBaHue Mo MoAuGUKALIMU LIEMEHTHON MaTPpULIbI
HUKEJIb/yIIIepPOIHBIMUA HAHOKOMITO3UTAMMU.

MerTan/yrineponHble HAaHOKOMITO3UTBI TIPENCTABIISIIOT
Cco00If HAHOCTPYKTYPY, COAEPXKAIIyI YacTHUIIbI MeTaja,
CTa0WJIM3UPOBAHHBIE B YIJIEPOIHOI 000JI0UKE M aCCOLMM -
pOBaHHbBIE ¢ HEl. YTiiepoaHast 000109Ka MOXKET ObITh ITPe/I-
CTaBJICHA B BUIE TICHOYHBIX CTPYKTYP WJIA K€ BOJIOKOH.
YacTuiibl MeTaL1/yIIepOIHbIX HAHOKOMITO3UTOB OJIM3KK K
chepuueckoit opme 1 UMEIOT pa3Mmepsl 15—35 am. B pe-
3yJbTaTe (DOPMUPOBAHUS TIPOYHOTO KOMILUIEKCa HaHOYa-
CTUII MeTaJlJIa ¥ MX CTAOMIM3aLIK CO CTPYKTYPOU YIJIepoi-
HOI (Da3bl XUMUYECKM aKTWBHBIC YaCTUIIBI MeTalyla CTa-
OWJIbHBI KaK B BO3MYIITHOM cpefie, TaK U MPY Harpese.

Marepuajbl M METOABI MCCJIEAOBAHUI
B xauecTBe OCHOBHOT'O BSIKYILIETO OBLI MCIIOIb30BaH
noptiaanauemMeHT Mmapku LIEM 1 32,5 H. Xumumaeckuit n

HAYYHO-MeXHU4eCcKUll U npou3800CEeHHbLIL JHCYPHAN -g-r nie)!
\Y

Silicate composites are known to be one of the most
widely used materials in the construction industry due to
their outstanding properties such as high mechanical
strength, durability, and cost effectiveness. At the same
time, in order to retain its position at the ever growing
and developing construction market, silicate composites
must acquire additional characteristics. For example, an
increase in the electrical conductivity of the binder ma-
trix can allow us to use such materials as conductive com-
ponents for a grounding and cathodic system, or as a part
of an electric heater for melting snow and anti-icing
protection. Besides, a technology of this kind would
make it possible to protect people and equipment against
technogenic radiation by creating an electromagnetic
shield [1, 2].

In this case, a functional conductive filler, which can
be used to enhance the electrical conductivity of a cement
composite, is of a great importance. Sometimes, these
functional fillers can also improve the mechanical proper-
ties and water resistance of the silicate composites, which
positively effects the durability of the material and its re-
sistance to temperature changes [3, 4].

The electrical conductivity of silicate compositions
can be associated with the packing density of the materi-
al structure, the mineralogical composition of the binder
matrix and the morphology of hydration products [5—7].
These parameters can vary widely based on the nature of
the applied functional fillers and the level of their fine-
ness. This is why, in order to provide sufficient electrical
conductivity, it is necessary to ensure the maximum
density of the material structure with the simultaneous
filling of the binding matrix with conductive functional
additives. Among the most known electrically conduc-
tive fillers, carbon-based additives can be distinguished.
Other conductive additives can be in the form of metal/
carbon structures, in which metals, such as iron, nickel,
and copper, are intercalated into the carbon struc-
ture [8, 9]. These fillers can have a structuring effect on
the binder matrix.

The presented research was conducted with the pur-
pose of studying the structure and properties of the sili-
cate matrix modified with nickel/carbon nanocompos-
ites. Here, metal/carbon nanocomposites are represent-
ed by metal particles stabilized in a carbon shell and
associated with it. The carbon shell can be in the form of
film structures or fibers. Metal particles, which are orig-
inally chemically active, in this case are stabilized with a
carbon phase, which makes them stable in air and upon
heating due to the formation of a strong complex struc-
ture. The obtained metal/carbon nanocomposites are
close to a spherical shape with the dimensions not ex-
ceeding 15—35 nm.

Materials and methods
Portland cement CEM 1 42.5 N was used as the main
binder. The chemical and mineralogical composition of
the clinker is represented by the following minerals, %:
tricalcium silicate C3S—64.6, dicalcium silicate CpS—
10.7, tricalcium aluminate C3A—7, tetracalciumalumino-
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Fig. 1. A scheme of nickel-containing carbon nanostructures preparation

MMHEPAIIOTMYECKW COCTaB KIIMHKEPA TIPe/ICTaBIIeH Clie-
JIYIOIIMMU MUHepanaMu, %: TpeXKallbLIMEBbI CUJIMKAT
C3S — 64,6; aByxxambuueBblii cuaukar CrS — 10,7;
TpexKaablMeBblil amoMuHaT C3A — 7; yeTbIpeXKaabline-
BoIil amomodepput C4AF — 14,7; MgO — 1,4. B xaue-
CTBE MEJIKOTO 3aIllOJIHUTEJsT ObUI MCITOJIb30BaH CTaH-
JIapTHBIN MOJU(PaKIIMOHHBIN KBaplEBhIi MTECOK, COOT-
BerctByOIMI [OCT 6139—2020 «ITecok aj1s1 UCIIBITAH M A
nemeHTa. Texnnueckue ycious» 1 EN 196-1.

Huxens/yrnepomHble HAHOKOMITO3UTHI, IIPUMEHSIE -
MbI€ B CCJICIOBAaHWM, IIPUTOTOBJIEHBI HA OCHOBE Opra-
HUYECKOTO COCIMHEHMS B BUIAC ITOJMBUHUIOBOTO
criupta (ITBC) B mpucyTcTBUM Cojieli METaII0B (XJI0-
pun Hukenas NiCly) mpu temmepatype no 300°C.
[TonpoOHOE omucaHue MeToJa CUHTE3a MeTaJlJICoIep-
JKalIUX YIJePOIHBIX HAHOCTPYKTYP M3JI0XKEHO B IMaTeH-
te [10]. YopouieHHass cxeMa MPUTOTOBJICHUST METAILII-
COJepKalllMX YIIAEPOAHBIX HAHOCTPYKTYp IMpUBEAcHA
Ha puc. 1.

PeakiimoHHy10 cMeCh TOTOBWJIM MEXaHMYECKUM pac-
TUPAHUEM TOPOIIKOBBIX KOMIIOHEHTOB WM CMeEIIMBa-
HUEM WX BOJHBIX PACTBOPOB C MOCJIEAYIOIINM HAaTPEBOM
U BBICYIIIMBAHUEM CMECU A0 IOJYyYEHUs I'eJIeBOM MIeH-
Ku. BeicyllleHHas cMech ToaBeprajgach KpaTKOBpEMEH-
HOMY MEXaHWUYECKOMY MCTHUPAHUIO B TEUEHWE 5 MUH,
MOCJIC YEero MOJIYUeHHBIN MOPOIIOK T00aBISIICS B CJIO-
OOKOHIICHTPUPOBAHHBII BOMHBINA PacTBOp ILTACTU(U-
katopa (C-3) u nmoaBeprajcs yabTpa3ByKpoii 00padoTke
B TeueHue 30 muH. Takoe Bpemst 00pabOTKU SIBIISICTCS
OITUMAJIBHBIM U COOTHOCHUTCS C aHAJIOTMIHBIMU MCCITe-
noBaHusimu [11]. Tlpu Gonee mnuTenbHO 0OpabOTKe
CYCIICH3WM 4YacTUIIBI HAaHOKOMITO3MTA KOAaryJIupyloT,
00pa3sysl KpyITHbIe arperaThl. Y BeJIMYeHNEe BPEMEHHU YJib-
TPa3BYKOBOT'O BO3ICHCTBUS IIPUBOAUT K PE3KOMY Taze-
HUIO COOTHOIICHWH WHTEHCUBHOCTH NHUKOB B MK-
CHEKTPaxX AJIsl COOTBETCTBYIOLIUX TPYIIT MOJIEKYJISIPHBIX
COCOUHEHU CYCIIEH3UM, YTO MOXKET OBITh OOBSICHEHO
TOJIbKO HapylleHueM (Ha30BOil KOTePEHTHOCTH C pa3py-
IIeHneM OOpa30BaHHBIX MPU TOJSIPU3ALMUN ME30CH-
crem [12, 13].

B xone skcriepuMeHTaIbHOM PabOTHI OBIJIA U3TOTOB-
JIeHbl 00pa3lbl M3 LIEMEHTHOTO pacTBopa coctaBa 1:3
(LIeMEHT:MeCoK) B BUAE TNPU3M C pasMepaMu

ferrite C4AF—14.7, MgO—1.4. Chemical and mineralogi-
cal compositions of cement have been confirmed by
manufacturer’s product bulletin provided by Eurocement
Group. Polyfractional natural quartz sand conforming to
EN 196-1 was used as fine aggregate. The sand grains were
predominantly rounded. The silica dioxide amount in
sand was more than 98%.

Nickel/carbon nanocomposites used in the experi-
ments were prepared on the basis of an organic compound
in the presence of metal salts at temperatures up to 300°C.
The scheme for the preparation of metal-containing car-
bon nanostructures is shown in Fig. 1.

Polyvinyl alcohol (PVA) and nickel chloride NiCly
were used as organic compounds. The reaction mixture
was prepared by mechanical grinding of solid components
or mixing their aqueous solutions, followed by drying the
mixture to obtain a gel film. A detailed description of the
method for the synthesis of metal-containing carbon na-
nostructures is presented in the patent [10]. In the course
of the suspension preparation, the nickel particles interca-
lated into the carbon structure were mechanically ground
for 5 min in a small amount of a plasticizer. Later, they
were exposed to ultrasonic treatment, duration of which
was set to be 30 minutes in accordance with similar stud-
ies [11]. It should be noted that a longer treatment of the
suspension forced the particles of the nanocomposite to
coagulate, forming large aggregates. Besides, an increase
in the time of ultrasonic exposure lead to a sharp drop in
the ratio of the intensity of peaks in the IR spectra for the
corresponding groups in suspension molecules. This can
be explained only by the violation of phase coherence with
the destruction of mesosystems formed during polariza-
tion [12, 13].

In the course of the experimental work, beam samples
with dimensions of 40x40x160 mm were prepared. The
cement to sand ratio was equal to 1:3. A suspension of
nickel/carbon nanoparticles in an aqueous solution of
superplasticizer C-3 was used as a modifying additive.

Nanodispersed additives of natural origin, primarily
3Mg0-2Si07-2H»0O chrysotile nanotubes [14], obtained
through disintegration of the bundles of short-fiber
chrysotile, have a mineralogical composition similar to
mineral binders. The structure of chrysotile nanotubes

\ EVEESIBHBIE HAY4YHO-MexXHu4YecKkuu u npou3eoacmeeﬂﬂbm JHCYPHAN

VIBVERIRY/BIE January—February 2022

13



K npogeaennio XIII MexayHapoaHoii KoH(hepeHIHH «YCTOHIHBOE «3€J1€H0€» CTPOHTENbCTBO

H HAHO-TexHoaornn». Mapr 2022, Xypraaa, Eruner

aorb

Puc. 2. Cxema, nnnioctpupyrowas CTPYKTYpy XpU3oTUNOBbIX HAHOBO-
JIOKOH [14]: a — nonas cTpykTypa; b — ceyeHre HaHOBOOKHA

Fig. 2. A scheme illustrating the tubular shape of chrysotile fibers [14]:
a - tubular shape; b — cross-section of the tube

40x40x160 MM ¢ mobaBiaeHMEM CYCIIEH3UU HUKEJb/
YIJIEPOIHOM AUCIIEPCUM B BOTHOM pacTBOpE Cyrepruia-
ctuuxkartopa C-3.

B kauectBe MommpukaTopa IEMEHTHOW MaTPUIIbI
ObLIM UCITOJIB30BAaHbI MUHEPAIbHbIE JOOABKM MPUPOIHO-
TO TIPOMCXOKICHUS, B TIEPBYIO OUepeIb YIBTPATOHKIE BO-
JIOKHa ruapocuinkatoB Mmaruust 3Mg0O-2Si07-2H50 [14],
MMOJIy4EeHHBIE B IIPOIIECCE TUCIIEPTUPOBAHMS XPU30THIICO-
JlepKalleid Mmopoabl B KaBUTAllMOHHOM JIHCIIEPraTope.
MuHepaJoruyecKrii COCTaB XpU30THJIA COINOCTABUM C
COCTaBOM MUHEPAJILHOTO BSDKYILETO, a TOJasi CTPYKTypa
HAHOBOJIOKOH (pHC. 2) MO3BOJISIET 3aNIOJHUTh UX KOHLIEH-
TPUPOBAHHBIM PACTBOPOM SJICKTPOIIPOBOISIICH XUMIUE-
CKO¥ cosiM B TIpouiecce 00padoTku cycneH3uu. [TonoOHbIi
IMOAXO, HE TOJIBKO BIMSICT Ha MOBBIIICHNE MEXaHUUECKO
MPOYHOCTA KOMITO3UTa, HO TaKKe MOXKET BBICTYNAaTh B
KayecTBe IMPOTHUBOMOPO3HOM 100aBKMU.

AHanu3 MUKPOCTPYKTYpbl 00pa310B MPOBOAUIN C
MOMOIIbI0O CKAHUPYIOLIETO 3JEKTPOHHOIO MUKPOCKO-
ma Thermo Fisher Scientific Quattro S (Thermo Fisher
Scientific, Waltham, MA, USA).

AHanu3 MUKPOCTPYKTYPHl XPU30TUJIOBBIX BOJOKOH
MpoOBeJeH B wucchaenoBaresbckoM 1eHTpe AdMAS
TexHuyeckoro yHuBepcuteTra r. BpHO Ha pacTpoBOM
a5ekTpoHHOM MUKpockorie MIRA3 TESCAN.

DaKTUYECKOE 3JIEKTPUIECKOE COIPOTHBICHUE 00-
PasioB OIpPEeAeIsIOCh C TOMOIIBIO U3MEPUTEISI-UMMU-
tanca MHUIIN E7-20 (puc. 3) 1 nepecynThiBaJIOCH B
0osiee yYHUBEpPCaJbHBIA IapaMeTp
VIAEIBHOTO 3JIEKTPUUYECKOTO COIpPO-
THUBJICHUSI.

Puc. 3. OnpegeneHune a1eKTponpoBOAHOCTN 06pa3uUoB C MOMOLLLIO 3MepuTe-
na-ummutaHca E7-20

Fig. 3. Determination of electrical conductivity of the samples using the E7-20
immitance meter

(Fig. 2) has cavities, which can be filled with concentrated
solutions of electrically conductive chemical salts during
the process of dispersion preparation, based on the cavita-
tion effect. These salts can work as both hardening activa-
tors and antifrost additives.

The analysis of the microstructure of the samples
was conducted using scanning electron microscope
ThermoFisher Scientific Quattro S (Thermo Fisher
Scientific, Waltham, MA, USA).

The analysis of the microstructure of chrysotile fibers
was carried out using a MIRA3 TESCAN scanning elec-
tron microscope in AdMAS research center of the
Technical University of Brno.

The MNIPI E7-20 device was used to determine
changes in the electrical conductivity of layers and resis-
tivity (Fig. 3). The operating principle of the device is
based on the voltmeter-ammeter method. The voltage of
the operating frequency from the generator is feedthrough
the measured object to the converter that forms two sinu-
soidal voltages (proportional to the current flowing
through the object and proportional to the voltage on the
object). Voltages are converted into digital form.

Results and discussion
The results of mechanical tests at the age of 7 days of
hardening of samples containing various amounts of met-
al/carbon particles are shown in Table. As can be seen,
the optimal content of nickel/carbon particles in the

Pe3ynbTaTbl MEXaHUYECKUX UCTbITaHUII 06pa3LLOB B BO3pacTe 7 CyT
Results of mechanical tests of samples at the age of 7 days

IMpunuun geiicTBus mpudopa oc-

g CocTas Ruyar, MIMa Resx, MMa
HOBalH Ha MCTOLC BOHBTMeTpa,, am Additive content Rfjex, MPa Rcomp, MPa
nepmeTtpa. Hanpstkenue padoueii ya- =
CTOTBI OT reHepaTopa nojiaeTcs epes | COCTaB 063 A00aBOK (KOHTPONbHbIiA) 1,52 16,7
. Content without additives (control sample)
U3MepsieMblii OOBEKT Ha Mpeodpa3o- = . o3
o _ OCTaB C MNJIaCTugpunukKkaTopom CL-

BaTestb, GOPMUPYIOIIHI 1Ba CHHYCO Content with superplasticizer C-3 2,16 21,6
WIATBbHBIX CHUTHaja (TIPOTIOPIIMO- —
HaJIbHO TOKY, IPOTEKaIIIeMy uepe3 C-3 +0,0001% Ni/C 1,73 15,8
00BEKT, U TIPONOPLIMOHANLHO Hanps- || ©-3 +0,0005% Ni/C 2,12 23,3
>KeHWIo Ha 00bekTe). Hampstxkenust || C-3 +0,001% Ni/C 2,92 21,2
npeobpasyroTcd B 1udpoByro GopMy. | C-3 +0,005% Ni/C 3,01 23

P 5 C-3+0,01% Ni/C 2,72 27,5

e3yJIbTAThl M 00CYKIeHHe C.3+0,02% Ni/C 281 28 3
Pe3ynbTaThl MeXaHUYECKUX MC- —

MbBITAaHUI Ha 7-€ CyT TBepAeHUs 00- C-3 +0,03% Ni/C 26 234
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pa3IoB, COMEPXKAIIUX Pa3IMYHbIE KO-
JIMYeCcTBa MeTalUl/yJIepOIHbIX 4Ya-
CTHII, TIpMBeIeHBI B Tabnuie. Kak
BM/IHO, OIITMMAaJIbHBIM COIEPXKAHUEM
HUKEJTh/yTIePOTHBIX YACTHUIL B CTPYK-
Type LIEMEHTHOI CHCTEMBI SIBJISIETCSI
nuaras3od ot 0,01 o 0,02% B Macco-
BOM OTHOIIICHMHM OT KOJIMYECTBa BS-
Kyiero. IIpupocT MPOYHOCTU IIpU
9TOM COCTaBJIsIeT 69% TIpu CxKaTuu U
84% Ha pacTspKeHUe Ipy U3ruoe.
MuHUMaNbHOE YAEAbHOE 3JIEK-
TPUYECKOE COIMPOTUBICHUE TaKXKe
OBbUIO TTOTYYeHO Ha o0pasliax, coaep-
JKaIUX HUKEJb/YIIIEPOIHBIC YacTH-
LIkl B BBIIIEYKa3aHHOM JMalla30He;
yIeJbHOE COIPOTUBICHUE IIPU 3TOM
cocTaBuio B cpeaHeM 4,7 KOM-¢cM ripu
3HAYEHUU KOHTPOJIbHOIO 00pasua
14,1 xOm'cM (6e3 HAHOKOMITO3UTA).
IIpennosaraercs, 4To Takas pas-
HUIIA B DJIEKTPOIIPOBOIHOCTHU CBSI-
3aHa C MEHBIIEH CTENeHbI0 TUIOT-
HOCTU YIaKOBKM CTPYKTYphI Iie-
MEHTHOUW MaTpullbl 0e3 HHUKeJb/
yIJIEPOAHBIX  HAHOKOMIIO3UTOB
BCAenCTBUEC (OPMHUPOBAHUS TIPHU
KpUCTAJIU3aluu OoJiee KPYITHBIX
arjoMepaTtoB, He€ I[POBOASIINX
BJIEKTPUUYECKHI TOK, a TAKXKE OTCYT-

Puc. 4. MnkpoCTpykTypa LEeMEHTHON MaTpuubl, MOANDULMPOBAHHOW HWUKENb/YrnepoaHbIM1 HaHO-
KOMMO3MTamMu: @ — 06LLMIA BUA, C LEeHTPaMu KpucTannnsaumm; b — dparMeHT MaTpuLbl NPy yBEANYEHUN
30000x%

Fig. 4. Microstructure of a cement matrix modified with nickel/carbon nanocomposites: a — general
view with crystallization centers; b — a fragment of the matrix at 30000-fold magnification

-

Puc. 5. PeHTreHOBCKMNin M1KpoaHan3 HoBooGpa3oBaHuii C LeHTpaMmn KpUCTannn3aumm, BKoYaowm-
MW HUKENb/YrNEPOAHbIA HAHOKOMMO3UT (&), N BTOPUYHBIX KPUCTaNIOrnapaToB Ha OCHOBE rMAPOCUIIN-
KaTOB KanbLys B LEMEHTHOM MaTPULE C HUKENb/YrNepOAHbIMU HAHOKOMMNO3uTamu (b)

Fig. 5. X-ray microanalysis of hydration products formed around crystallization centers including
embedded nickel/carbon nanocomposites (a), of secondary crystalline structures based on calcium
silicate hydrates in a cement matrix with nickel/carbon nanocomposites (b)

CTBUSI TOKOIPOBOMASIIIUX T00aBOK,
CIOCOOHBIX 00EeCTeYuTh IMEePeHOC
3JIEKTPUYECKOTO 3apsiia MeXIy KpUCTaJIUTaAMU.
BBeneHue B cocTaB LEMEHTHOUW MaTPUIbl HUKEJb/
YIJIEPOIHBIX HAHOKOMITO3UTOB CIIOCOOCTBYET (DOpMU-
POBAaHUIO TENEBBIX CTPYKTYp, TMPEICTaBICHHBIX Ha
puc. 4, a, KOTOpble XOPOIIO YAEPXWBAIOT B TEJIEBBIX
Mopax BOJHBIE PACTBOPHI M CHUXAIOT JIEKTPUUECKOE
comnpoTtuBieHre Marpuilbl. Kak BumHo u3 puc. 4, b,
reJIeBble CTPYKTYPBI COTNPUKACAIOTCS JAPYT C JIPYTOM,
obecrieunBasl nepenavy 3JeKTPUIECKOro TOKa BO BCEM
o0beMe BsXKylllelt MaTpulipl. TakuM o6pa3oM, yayduie-
HUE 3JEKTPOMPOBOASIINX CBOMCTB MaTepuaga MOXET
OBITH 0OOCHOBAHO TIPOIECCOM CTPYKTYPHOTO (hOpMU-
pOBaHMS KapKaca MaTPUIIbl, KOTOPBIY MOCTEMEHHO 3a-
MOJIHSIETCS] TUAPOCUTIMKATAMU KaJIbIIUSI TOOEPMOPUTO-
Boro psiga. OXHOBPEMEHHO C 3TUM OOECTIeYMBAETCS
MPUPOCT MPOYHOCTU IEMEHTHON MaTpPUIIBI.

Ut TOATBEpXKIEHUST CcOoCTaBa HOBOOOpPa30BaHUM
MPOBEICH PEHTIEHOBCKUI MUKPOAHAIU3 (IHEProauc-
TePCUOHHBIN aHATU3) TeJEBbIX CTPYKTYP B COCTaBe 1ie-
MEHTHOW MaTpulibl, TOTMPOBAHHON MeTajll/yriaepo-
HBIMM HAHOKOMITO3UTaMu. Ha criekTpe peHTreHOBCKOTO
MMKpoaHaiau3a (puc. 5, a) OTMEYeHO HaJMuue aTOMOB
kanbuus Ca, kpemHus Si, kuciaopoaa O, KoTopsie (op-
MUPYIOT ToOepMOpUTOBbBIE Tenu. Hapsiiy ¢ nmepeuuncieH-
HBIMM aTOMaMH oTMeueH yriepon C U UMEIOTCs TUHWUH,
COOTBETCTBYIOIINE HUKEITIO, KOTOPBIE SIBJISIIOTCS COCTAaB-
JISTIONIMMU  HUKEJIb/yTAepOAHBIX HaHOKOMITO3UTOB.

structure of the cement system is a range from 0.01 to
0.02% in mass ratio of the amount of binder. The strength
gain in this case is 69% for compression and 84% for ten-
sile bending.

The minimum electrical resistivity was also obtained
on samples containing nickel/carbon particles in the
above range: the resistivity averaged 4.7 kQ-cm, with a
control sample value of 14.1 kQ-cm (without nanocom-
posite).

It is assumed that such difference in conductive prop-
erties of the material is associated with the high porosity
of the structure of the non-modified cement matrix
(without nickel/carbon nanocomposites). In the case of
the reference composition, the lower electrical conduc-
tivity is mainly caused by the matrix crystallization mode,
characterized by the formation of large crystals that do
not conduct electric current and the absence of conduc-
tive additives that provide its transfer between crystallites.
The introduction of nickel/carbon nanocomposites into
the composition of the cement matrix leads to the forma-
tion of gel structures such as those represented on
Fig. 4, a, which retain aqueous solutions in the gel pores,
thus contributing to a decrease in the electrical resistance
of the matrix.

As can be seen from Fig. 4, b, that gel structures cre-
ate an interconnected structure, which is capable of
transferring electric current through the volume of the
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Hanuuyue aromoB amoMuHust Al u
cepnl S CBA3aHO ¢ (POPMUPOBAHUEM
Ha HaYaJbHBIX 3TallaX THApaTaliuu
MOPTJIAaHALIEMEHTa T'UAPOCYJIb(pO-
ATIOMUHATOB KaJIBIIS.
PeHTreHoBcKUiI MMKpoaHaIU3
KPYIIHBIX KPUCTAJLJIOB, IIPOHU3bIBA-
FOIIMX CTPYKTYPY LIEMEHTHOM MaTpu-
bl (puc. 5, b), moATBepXKIaeT mepe-
XOJI TeJIEBBIX CTPYKTYP BO BTOPUIHEIC
KPUCTAJJIOTUAPATHl Ha OCHOBE THUII-
POCWIMKATOB KaJblLIUs, KOTOPHIC C
YBEJIMUCHUEM BO3pacTa CUJIMKATHOM
KOMIIO3MIIMM HAuYMHAIOT Ipeobiia-

Wifead FEECAN| Plifuas TESCAN|

ARias - FART VUT Bene AUMES - FAST JUT B

Puc. 6. CTpykTypa ac6eCcToLEeMEHTHOM KOMNO3ULUN B TPAAMLMOHHOM U3Aennn Ans yCTPoCcTBa KPo-

JIaTh B COCTaBe 1IEMEHTHOTO KaMH!I,
HO MPU 3TOM BCJIEACTBUE OTCYTCTBUS
B HHUX TeJICBBIX ITOP MMCIOT 3HAYM-
TEJbHOE 3JEKTPUYECKOE COMPOTUB-
neHue. TakuMm oOpa3oM, C TTOBBIIIE-
HMEM BO3pacTa IEMEHTHOTO KaMHS
ero 3JIeKTpuyeckasi MPOBOAUMOCTh
CHUXAETCSI, YTO TIOATBEPKIAACTCS UC-
clielOBaHUSIMU, MPUBEACHHBIMUA B
paborax [15—17].

C menblo crabuaM3aluy dJieK-
TPOIIPOBOIHOCTH B IIpoOliecce TBEp-
IeHWs] I[EMEHTHOTO KaMHSI OBLIO
MPeII0XKEHO UCIOJIb30BaTh MPOLIEeC-
CBl MOHHO# IIPOBOAMMOCTHU 3a CYET
BBEIEHUS B COCTAaB CHMJIMKATHBIX
KOMITO3ULIMIA PacTBOPOB XUMMYE-
ckux coiseit. B pabore [18] momemm-
POBaHMEM C HUCIIOJIb30BaHUEM METO-
JIOB MOJICKYJIIPHOU TMHAMUKHU M3Y-
YEeHO NBWXEHUE W paclpeiesieHue
MOHOB B IIEMCHTHON MaTpuile.
OTMedeHO BIMSTHUE pa3Mepa 1Mop, CTEMeHN UX HaChIIIIe-
HUSI, YyKCiia U3ru0O0B MOp Iefis Ha AMHAMUYEeCKUe CBOM-
CTBa U pacripejieJieHue MOHOB.

11 MpakTUYeCcKOM peaar3aliiy 3TOro MeToJa B JaH-
HOI1 paboTe MpOBeIeH aHAIN3 U3MEHEHUS 3JICKTPOIIPO-
BOJHOCTH C MCIOJb30BAHWEM PacTBOPa a30THOKMUCJIOTO
KaJblus, IIPU 3TOM B Ka4eCTBE CTPYKTYPHUPYIOIIEH 10-
0aBKM ObLIM HMCITOJb30BaHbl MEJIKOAMCIEPCHBIE COpTa
XPU30TUJIOBBIX YAaCTUII, TTPOM3BOACTBA TOPHOIOOBIBAIO-
mero npennpusatus [TAO «YpanAcbecr». Mcnonp3oBa-
HUE acOECTOBBIX BOJJOKOH MMUTHPOBAJIO HAJIMIUE B 1Ie-
MEHTHOI MaTpulle CTPYKTYPUPYIOIIUX YAbTpaaucIepc-
HBIX 100aBOK C pa3MepaMu, COITOCTaBUMBbIMU C HUKEIb/
YIJEPOIHBIMY HAHOKOMITO3UTAMM, U B TO XK€ BPEeMsI UC-
KJII0YaJ0 WX BAWSHUE Ha BJIEKTPOIIPOBOIHOCTD.
M3BecTHO, YTO M3/E/INSI C UCITOIb30BaHUEM acOecTole-
MEHTHBIX KOMIO3UIINI IITMPOKO MPUMEHSIIOTCS B Kaue-
CTBE 2JIEKTPOU3OJIIIIMOHHBIX MaTepUAJIOB, TaK Kak acoe-
CTOBBIEC BOJIOKHA, pacIpeAesisisiCh B LIEMEHTHON MaTpu-
11e, He TOJIbKO YJIy4YIIalOT MeXaHW4YeCKue ToKa3aTeln
acOeCTOLIEMEHTHBIX JIMCTOB, HO U TOBBIIIAIOT UX JIEK-
TPOU3OJISILIMOHHBIE CBOMCTBA. B TO ke Bpemst acbecTo-
BbIe BOJIOKHA (pUC. 6, @) HEIOCTATOUHO JAE3UHTEIPUPY-

BEJIbHOIO MOKPLITUS (@); MUKPOCTPYKTYpa BOAHOM cycneH3un acbecta nocne o6paboTku B KaBUTaLm-
OHHOM aucnepraTope (b)

Fig. 6. The structure of the asbestos-cement composition in a traditional roofing sheet (a), the
microstructure of an aqueous suspension of asbestos after treatment in a cavitation disperser (b)

Puc. 7. MuKpoCTpyKTypa LIEMEHTHON MaTpuLbl, MOANDULNPOBAHHOW CYCMEH3UEeN XpU30TUII0BbIX
HaHOBOJIOKOH Mpu yBenuyeHun 20000X (a); pparMeHT MUKPOCTPYKTYPbl U CMEKTP PEHTreHOBCKOro
MUKpOaHanun3a Xxpu3oT1aoBOro BOIOKHA, PACTONIOXKEHHOIO B CTPYKTYpPE LLIEeMEHTHOM MaTpuLbl (b)

Fig. 7. Microstructure of a cement matrix modified with a suspension of chrysotile nanofibers at
20,000-fold magnification (a), a fragment of the microstructure and an X-ray microanalysis spectrum of
chrysaotile fiber located in the structure of a cement matrix (b)

matrix. Thus, the process of the matrix framework devel-
opment, which is gradually filled with calcium silicate
hydrates of tobermorite type, can determine the im-
proved electrical characteristics of the composite. There
is an associated increase in the strength of the cement
matrix due to the creation of a dense network of hydra-
tion products.

To identify the composition of the hydration prod-
ucts, an X-ray microanalysis (energy dispersive analysis)
of gel structures in the composition of a cement matrix
modified with metal/carbon nanocomposites was carried
out. The X-ray microanalysis spectrum (Fig. 5) shows the
presence of calcium (Ca), silicon (Si) and oxygen (O)
atoms, which form tobermorite gels. Besides, lines corre-
sponding to carbon (C) atoms were noted, as well as the
ones characteristic of nickel (Ni). Both elements evi-
dence for the presence of nickel/carbon nanocomposites
in the tested area. The presence of aluminum (Al) and
sulfur (S) atoms is associated with the formation of calci-
um hydrosulfoaluminates at the initial stages of Portland
cement hydration.

X-ray microanalysis of large crystals penetrating the
structure of the cement matrix (Fig. 5, ) confirms the
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Puc. 8. I3meHeHne anekTponpoBOAHOCTU CUIMKATHOrO KOMMO3uUTa B Npo-
Lecce TBepeHus ¢ fobaBeHnemM XpU3oTUIOBO CycrneHann: a — 6e3 a3oT-
HOKWUCNOro Kanbuusi; b — C MCMonb30BaHWEM pacTBopa a30THOKMCIOro
KanbLysl pa3Hol KOHLEHTpaLmm

Fig. 8. Change in the electrical conductivity of the silicate composite during
hardening with the addition of chrysotile suspension: a — without calcium
nitrate; b — using a solution of calcium nitrate of various concentrations

I0TCSI BIOJIb BOJIOKOH B TPAIMIIMOHHO HCIIOIb3YeMBbIX
JUJIS paciyLIKY FOJJIEHAEPAX U He SIBJISIIOTCS CTPYKTYpPU-
PYIOIIUMH [IJIST LIEMEHTHOM MaTPUIIbI TOOaBKaMMU.

s obecrieueHUST HOHHOM IMPOBOAUMOCTHY U3TrOTaB-
JINBajach CYCIIEH3MSI XPU30TUJIOBBIX BOJIOKOH B 3%-M
pacTBOpe a30THOKMCJIOTO Kaibliusg. IlpuroroBieHme
cycreHsuun ¢ copepxkanueMm 30% XpU3OTUIOBOIO BO-
JIOKHA OCYIIECTBJISVIOCh B KaBUTALIMOHHOM JHMCIEpra-
TOpe, YCTPOMCTBO KOTOPOTO IIPEACTaBICHO B IMaTCH-
Te [19], ¢ obpaboTKkoit B TeueHre 20 MuH. B mporuecce
IUCIIEPTUPOBAHUS TIOJIOCTH XPU3OTHJIOBEIX HAHOTPY-
0OK HAaMOJIHSIIMCh PAacTBOPOM a30THOKMCJOIO Kajb-
LIS, 9TO IIEPEBOIMIIO X B BJICKTPOIPOBOIHBIN KOMITO-
HEHT no0aBKM. BcilemcTBre BBICOKOI AMCIIEPCHOCTH
(puc. 6, b) U XMMMYECKOTO CPOACTBA XPU3OTHUIIOBBIX
BOJIOKOH C IEMEHTHOM MAaTPULIEN OXMIATOCh TAKXKE UX
CTPYKTYypUpYIOlllee BO3AEHCTBUE TMpPU TUApaTalluu
MMOpTJIaHAILIEMEHTA.

Moaudukalus LeMEHTHOW MaTpUIlbl CyCIIEH3UEl
XPU30TUJIOBBIX HAHOBOJOKOH IPUBOIUT K M3MEHEHUIO

(S Y PV ESIBHBIE

transition of gel structures into secondary crystalline
hydrates based on calcium silicate hydrates C—S—H.
With an increase in the age of the silicate composition,
calcium silicate hydrates begin to prevail in the compo-
sition of the cement stone, however, due to the absence
of gel pores in their structure, C—S—H have significant
electrical resistance. Thus, in the course of the cement
matrix hydration, its electrical conductivity decreases,
which is repeatedly confirmed by the studies presented
in [15-17].

In order to prevent a decrease in the electrical conduc-
tivity of the cement stone during hardening, it was sug-
gested to use the principle of ionic conductivity, which
was implemented by modifying silicate compositions with
the solutions of chemical salts. The study [18] describes
the movement and distribution of ions in a cement matrix,
analyzed with the help of molecular dynamics modeling
methods. The dynamic properties and distribution of ions
in the composition were studied with respect to the gel
pore size, the degree of their saturation, and the number
of the pore bends.

In this research, the practical implementation of the
ionic conductivity principle was achieved by modifying a
silicate matrix with a solution of calcium nitrate together
with a structuring additive, represented by chrysotile as-
bestos fibers (UralAsbest mining enterprise) of the 7th
grade, which are poorly demanded in industry. Analyzed
were the changes in the electrical conductivity of the com-
positions. The use of asbestos fibers imitated the presence
of structuring ultradispersed additives with sizes compara-
ble to nickel/carbon nanocomposites in the cement ma-
trix, while at the same time excluding their effect on
electrical conductivity.

It is known that products based on asbestos-cement
compositions are widely used as electrical insulating ma-
terials, since asbestos fibers, being distributed in a cement
matrix, not only improve the mechanical properties of
asbestos-cement sheets, but also increase their insulating
properties. At the same time, traditional technologies for
the disintegration of asbestos fibers (Fig. 6, a) using hol-
lenders do not provide sufficient level of additive fineness,
therefore, such fibers cannot work as structural additives
in the cement matrix.

To ensure ionic conductivity, a suspension of chrysot-
ile fibers was mixed with a 3% solution of calcium nitrate.
After this, the suspension containing 30% chrysotile fiber
of grade 7 was treated in a cavitation disperser described in
the patent [19] for 20 minutes. In the process of disper-
sion, the cavities of chrysotile nanotubes were filled with a
solution of calcium nitrate due to the ultrasound impact,
which converted them into electrically conductive com-
ponents of the additive. It was expected that during the
hydration of Portland cement chrysotile fibers would have
a structuring effect on the cement matrix due to their high
dispersion (Fig. 6, b) and the ability of to interact chemi-
cally with the matrix.

The modification of the cement matrix with a suspen-
sion of chrysotile nanofibers lead to a change in the mech-
anism of hydration products formation with the develop-
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Puc. 9. MIameHeHve NPOYHOCTY NP CxXaTnn Rey CUIMKATHOrO KOMMNO3uTa B MpoLecce TBepaeHus ¢ fo6aBneHnem Xpu3oTUaoBoii cycrneHaunmn: a — 6es3 a3oT-
HOKMCIOro Kasnbuus; b — C MICNOMIb30BaHMEM PACTBOPA a30THOKMCIIONO KasbLus Pa3HOW KOHLEHTPpaLmn

Fig. 9. An increase in the strength characteristics during hardening of the silicate composite with the addition of chrysotile suspension: a — without calcium

nitrate; b — using a solution of calcium nitrate of various concentrations

MexaHu3Ma (hOpMUPOBAHUS TPOAYKTOB THUAPATALIMU C
¢opMupoBaHueM 0oJiee TUIOTHOrO Kapkaca, IpeacTaB-
JICHHOTO TUJTACTUHYATHIMU W BOJIOKHUCTBIMU HOBOOOpA-
30BaHUSIMU (puc. 7, a). PEeHTreHOBCKUIA MMKpOaHaau3
LIEeMEHTHOI MaTpulibl (puc. 7, b) mokazaj, YTo B XUuMUUe-
CKOM COCTaBe Hapsily ¢ aTOMaMu KpPeMHUsS W KaJIbLIKs,
BXOASILIMMU B COCTaB TMIPOCWIMKATOB KaJbLIMS, IIPU-
CYTCTBYIOT MarHW{I W aJIOMWUHWI, XapaKTepHBIC IS
XPU30TUIOBBIX BOJIOKOH.

B nporiecce ruaparaivy iieMeHTHasE MaTpuUIia 3aI1o-
HSIETCSI TUIOTHBIMU M TIPOYHBIMM HOBOOOPA30BaHUSMU,
00beM KOTOPBIX HAIPSMYIO 3aBUCUT OT KOJIMYECTBA U
KayecTBa pacrpefesieHus] XpU30TUJIOBBIX BOJOKOH B
obbeMe kKommnosuta. [Ipu 3ToM HEoOXOAUMO OTMETUTH
CTPYKTYpHBIE U3MEHEHUS MPOAYKTOB TUAPATALINY U Xa-
pakTep ux (popMHpoBaHUs, oOecreunBalolIe B KOHEeU-
HOM UTOIe MOBBIIIEHUE 9KCIUIyaTaLlMOHHbBIX XapaKTepu -
CTHK MaTepuaa.

PesynabraTthl MCIIBITAHMIM KOMIIO3UILIMI Ha 3JEKTPO-
MPOBOJAHOCTD C MCIOJIb30BaHUEM cycrieH3un 30% KoH-
LIECHTpaLMU XPU3OTWIOBBIX BOJIOKOH, AMCIEPIMpPOBaH-
HBIX B pacTBope azoTHokucioro kKaneuus (HK), mpuse-
NIeHbl B rpadukax Ha puc. 8.

Kak BuIHO U3 mpenacraBieHHBIX rpauKoB, B IPO-
11ecce TBEPIEHUST 1IEMEHTHOW MaTpUIIbl JOTIOJTHUTEIb-
HOE BBEJCHUE CYCIIEH3UM XPU3OTHJIOBBIX BOJOKOH CO-
BMECTHO C PAaCTBOPOM a30THOKUCJIOTO KaJIbIMsI CTIOCO0-
CTBYET 3HAYMTEIbHOMY CHUKCHUIO YIEIHHOTO 3JICKTPH -
yeckoro compotusieHusa (puc. 8, b). IIpu atom onrtu-
MaJibHasi KOHIIEHTPAIIMSI pacTBOpa HUTpATa KabIvsl ISt
YJIYYILEHUSI CBOMCTB 3JI€KTPOIIPOBOIHOCTI CYIIMKATHBIX
KOMIIO3UIINIA cocTaBisieT oT 2 1o 4%.

Panee Obuto yctaHosiaeHo [20], 4To BBedeHUE CYy-
CIIEH3MM XPU30TUIOBBIX BOJOKOH CIIOCOOCTBYET YBEJIM-
YEHMIO MOTEHIMajda pocTa IMIPOYHOCTU TIPU CKATUU BO
BpEMEHMU 3a CYET CTPYKTYPUPOBAaHUS LIEMEHTHOI MaTpu-
bl (puc. 9, a), TOTIOJTHUTEIEHOE BBEIEHUE B COCTAB CY-
CIIEH3MU PacTBOPAa a30THOKMCJIOTO KaJbIUsl YCKOPSIET
IMHAMUKY Habopa IpoyHocTH (puc. 9, b).

ment of a denser framework, represented by lamellar and
fibrous hydrates (Fig. 7, a).

X-ray microanalysis of the modified composite
(Fig. 7, b) showed that the chemical composition of the
matrix, along with the silicon and calcium atoms that
are part of the calcium silicate hydrates, contained mag-
nesium and aluminum, which are characteristic of
chrysotile fibers.

In the process of hydration, the cement matrix was
filled with dense and strong hydration products, the vol-
ume of which directly depended on the quantity of
chrysotile fibers and the quality of their distribution in the
composite. Ultimately, the described structural changes
of hydration products and the nature of their formation
ensured an increase in the operational characteristics of
the material.

The MNIPI E7-20 emittance meter was used to de-
termine changes in the electrical conductivity of the
samples. The electrical conductivity of the compositions
modified with a 30% suspension of chrysotile fibers dis-
persed in a solution of calcium nitrate are shown in the
graphs (Fig. 8).

As can be seen from the graphs presented, in the pro-
cess of the cement hydration the electrical resistance of
the matrix modified with chrysotile fibers suspension in-
creased monotonically (Fig. 8, @). When chrysotile sus-
pension was added to the cement matrix together with the
NC solution, a decrease in the electrical conductivity re-
sistance was achieved (Fig. 8, b). However, a further in-
crease in the concentration of the NC solution was re-
sponsible for an improvement in the electrical conductiv-
ity of the silicate compositions.

It was previously established [20] that chrysotile sus-
pension addition influences the formation of the cement
matrix structure, while also increasing its compressive
strength with time (Fig. 9, @). The addition of calcium
nitrate solution to the chrysotile suspension provided an
additional increase in strength of the composition
(Fig. 9, b).
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HOJ'Iy‘ICHHLIC PEIYJIbTAThl SKCIICPUMECHTA IO MCITOJIb-
30BaHMIO MOHHOUW MPOBOJAMMOCTM HAa OCHOBE HUTpATa
KaJIbIIMA ITO3BOJIAIOT ITPOrHO3MPOBATDH JNaJIbHENIIIee YCTOﬁ—
YMUBOC CHMKCHUEC YACTIBbHOIO 2JICKTPUYECKOIo COIMPOTUB-
JICHUA CUJIMKATHBIX KOMITIO3UTOB IIpU JI00aBJIEHUU UX CO-
BMECTHO C MCTEUUI/YI‘J'[CDOI[HHMI/I HaHOKOMITO3UTaMHM.
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B n3parenscTee «GTpoAMATEpMANDI» Bbl MOMETE NPMOGPECTH KHMIH:

Monorpadus «3awuta gepeBaHHbIX KOHCTPYKLMii»
AsTop — JTomakuH A.LI.

PaCCMOTpeHbI BOMPOCHI KOHCprKL|,I/IOHHOI7I 1 XMMUYECKON 3aLLuThI NEePEBAHHBIX KOHCprKLlI/H;I, ncnonb3ye-

: OPERHHREN
Sl Konc TpyYREMi

MbIX B MaJ103TXXHOM [JOMOCTPOEHUMN, NPU CTPOUTENLCTBE 3AaHUIA N COOPYXKEHUIA rPaXXAaHCKOr0 U MPOMbILLSIEH-
HOT0 Ha3Ha4YeHNs, B TOM YUCIIe, C XMMUYECKN arpecC1BHON CPeLOoN, a TAKXKE OTKPbITbIX COOPYXXEHWI (aBTOA0-
POXHbIX 1 MeLIexX0aHbIX MocToB, onop JI3M n ap.). OcBeLLleHbl BONPOCHI 3aLMThI OT JKCMyaTaLUNOHHbIX BO3-
[IleACTBNIA 1 BO3TOPaHUS HECYLLMX KOHCTPYKLWIA U3 KneeHoi apesBecuHbl 1 J1IBJT n npuseeHo KpaTkoe onmcaHue
Hanbonee 3aPMEKTUBHBIX CPEACTB U CNOCOO0B WX 3alynTbl. OnMCaHbl METOAbl OLEHKM 3aLUTHbIX CBOWCTB
MOKPbITWA AN APEBECKHBI, METOAMKA W PE3YNbTaThbl HATYPHbIX KNUMATUYECKUX UCTIbITAHWIA MOKPBLITU HA 06pas3-
Lax n oparmeHTax KOHCTPYKUUIA. [puBeaeHbl METOAMKA U Pe3yNbTaTbl MOHUTOPUHIA BIAXKHOCTHOTO COCTOSHMA
HEeCYLLMX KNEeeHbIX AepeBAHHbIX KOHCTPYKLUMUIA B MPOLECCe 3KCnyartaLui.

MoHorpadus «[lpon3BoAcTBO AEPEBAHHbIX KNEeHbIX KOHCTPYKLMA»

ABTOp — 3acny>XeHHbIN LesaTenb Haykn Poccun, o-p TexH. Hayk Kosanbuyk J1.M.

B KHure paccmoTpeHbl 0CHOBHbIE BONPOCHI TexHOMorMy u3rotosneduns KK, nokazanbl 06nactv ux npu-
MEHEHUS, OnucaHbl MaTepuanbl Ansg ux n3rotosneHns. 0coboe BHUMAaHME YAENeHO BONPOCaM OLEHKMN Kaye-
CTBa, METOLAM WCMbITAHWIA, MPUEMKe 1 CePTUCIMKALMMN KITEEHbIX KOHCTPYKLMA. B KHUre NpuBefeH NoHbIN
nepeyeHb OTEYECTBEHHbLIX U 3apyOeXKHbIX HOPMATUBHBLIX JOKYMEHTOB, PernameHTUpyoLwnx npons3BoLCcTBO
u npumeHeHne OKK.
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BnuaHue Q03MPOBKN U rPaHyIOMETPUM HANONHUTENEH
Ha noKa3arenu aKcTpyaupyemoctu cmecen ana 3D-neyatu

MpencTaBneHbl pe3ynbTaThbl UCCNEA0BaHNI PEONOTNYECKOr0 NOBEAEHNS U NNAacTUYHOCTM cmecein ang 3D-nevatn. 06cyxaatoTes
pe3ynbTaTbl BNUAHNA BUAA, JO3MPOBKYA 1 FPaHYNOMETPUN HANOMHUTENEA HA PE0NIOrNYecKoe NoBeAeHe CMECEN, YCTOMYMBOCTb MX
CTPYKTYPbI 1 MNACTU4HOCTbL NpK caasnueaHuy. icenenosanoch Aga tuna cmecen ans 3D-neyatu: «LeMeHT — MUKPOHANOHUTENb —
NnacTMdmnKaTop — BoAa», «LeMEHT — MeNKUIA 3anofHnTeNb — nnactudukarop — sofa». [ns uccnefoBaHns peosiornyeckoro noBeaeHus
11 OLIEHKM NNACTUYHOCTU B IKCMEPUMEHTAX UCMOSb30BaNN CAABMMBAKOLLMIA TECT C NOCTOSAHHON CKOPOCTLI0 AePOPMUPOBAHMS 5 MM/C.
YCTaHOBNEHO, YTO HaUy4LLei CNoCOOGHOCTbIO K 9KCTPY31UM 06/1afaK0T CMECH, OTIIMHAIOLLNECS BASKOMIACTUHECKUM TEYEHUEM Npu
CLABNMBAHNY 63 pa3pyLueHns CTPYKTYpbl. [ns AaHHbIX CUCTEM NPEOSO0NEHNe NMOpOora yCTONYNBOCTM M HA4a10 NIacTUYECKOro Te4eHNs
0e3 TpeLMHo06pa3nBaHMs COOTBETCTBYIOT AaBneHno F*~2,5-4 klla, paunoHanbHble 3Ha4eHNs npegena tekyvectu Kj(l) coctasnsaior
1,5-3,5 kMa. Mpy npuMeHeH MOHOAUCTIEPCHbIX HANONHUTEeNen cmeck ang 3D-nevyaT UMEKT HU3KYH YCTORYMBOCTb CTPYKTYPbI K
JECTBMIO Harpysku, Af1s HUX XapakTepHO HeoBpaTMMOoe pa3pyLUeHne CTPYKTYpPbl NOCAe NPeooneHIs nopora yCTon4nBoCTy.
[TpumeHeHne NONMANCNEPCHBIX HANOMTHUTENEN B Pa3MepHOM Anana3oHe d=1-630 mmM no3BonseT 3hEKTUBHO PerynmpoBarb
MNAcTUYHOCTb W YCTORYNBOCTb CTPYKTYPbI CMeceil. bonee BbiCOKas MNACTUHHOCTb 1 arperaTMeHas yCTONYUBOCTb NPU [AeACTBMN
Harpy3ku 06ecneynBatTCsA ¢ NPUMEHEHMEM MUKPOHANONHNTENEN amopdHON CTPYKTYpbl. Cmecn ang 3D-neyatu obnagatot
CMOCOBHOCTBIO K BASKOMNACTUHECKOMY TEYEHNIO 663 paspyLUeHUs CTPYKTYPbl U OCTATOMHON CTPYKTYPHOM NPOYHOCTbIO NPU A03UPOBKE
mMukpoHanonuutenen (d=1-55 mm) go 30%, menkux 3anonuuteneii (d=150-560 mm) — 100-125% 0T Macchl LieMeHTa.
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Effect of Filler and Aggregates Dosage and Particle Size Range on the 3D-Printable Mixture Extrudability

The article presents the results of studies of the rheological behaviour and plasticity of 3D-printable mixtures. The results of the influence of the type, dosage, and particle size range fillers,
and aggregates on the rheological behaviour of mixtures, the stability of their structure, and plasticity under compression are discussed. Two types of 3D-printable mixtures were investigated

» o«

“cement — filler — plasticizer — water”, “cement — aggregate — plasticizer — water”. A compression test with a constant strain rate of 5 mm/s was used in the experiments. It was found that
the best extrusion ability is possessed by mixtures capable of viscoplastic flow without destruction of the structure. For these systems, overcoming the stability threshold and the onset of
plastic flow without cracking corresponds to a pressure of 2.5-4 kPa, rational values of plastic yield value are 1.5-3.5 kPa. When fillers and aggregates with mono-particle size are applied,
3D-printable mixtures have low structural stability to the action of loading, they are characterized by irreversible destruction of the structure after overcoming the stability threshold. Fillers
and aggregates with multi-particle size range in their particle size range d=1-630 mm can effectively regulate the plasticity and stability of the structure of 3D-printable mixtures. Higher duc-
tility and aggregate stability under load are achieved when fillers with an amorphous structure are used. 3D-printable mixtures are capable of viscous-plastic flow without destruction of the
structure and sufficient structural strength at a dosage of fillers (d=1-55 mm) up to 30% of the cement mass, aggregates (d=150-560 mm) in an amount of 100-125% by weight of cement.

Keywords: 3D-build printing, 3D-printable mixtures, extrusion ability, rheological behaviour, mixture design.

For citation: Slavcheva G.S.. Britvina E.A., Shvedova M.A., Yurov P.Y. Effect of filler and aggregates dosage and particle size range on the 3d-printable mixture extrudability. Stroite/'nye
Materialy [Construction Materials]. 2022. No. 1-2, pp. 21-29. (In Russian). DOI: https:/doi.org/10.31659/0585-430X-2022-799-1-2-21-29

DPHeKTUBHOCTD U TEXHOJOTMYHOCTD O€30MaTy00uHOI
cTpouTeibHOM 3D-1euaTt 3aBUCAT OT BOBMOXKHOCTHU PETy-
JIMPOBaHUS TOKa3aTeIell TEXHOJOTMYHOCTU CMEeCcei Ha
BCeX CTaaMsIX nmpoliecca. Ha ocHoBaHMM MHOTOUYMCIEHHbIX
HCCIICIOBAHUIA B HACTOSIIIICE BpEeMsI CUMTACTCSI OMHO3HAY-
HO YCTaHOBJIEHHBIM [1—8], uTo 119 obecrnieueHus Tpedye-
MOI'O KayecTBa CTPOMUTEIBHBIX OOBEKTOB HEOOXOIVMBL:

— nepekauuBaeMocThb (pumpability) mias adbdekTruB-
HOI1 TPaHCIIOPTUPOBKU CMECU K MECTY YKJIAAKU;

— CTIOCOOHOCTH K 3KCcTpy3uu (extrudability), ompezne-
JIIEMOI TIJTACTUYHOCTBIO CMECH i1 (hOPMUPOBAHMST
0e3meeKTHOTO CJI0S IIPU IeYaTH;

(S Y PV ESIBHBIE

The efficiency and manufacturability of non-form-
work construction 3D printing depend on the possibility
of adjusting the indicators of the manufacturability of
mixtures at all stages of the process. Based on numerous
studies, today it is considered unequivocally estab-
lished [1—8] that to ensure the required quality of con-
struction projects, it is necessary to ensure:

— pumpability for efficient transport of the mixture to
the place of laying;

— extrudability for the formation of a defect-free layer
during printing and determined by the plasticity of the
mixture;
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— (opmoycToituuBocTh (shape stability) st Bocrpu-
SITUSI HATPY3KHU YKJIaAbIBAGMBIX BBHIIIIE CJIOEB B MPOIIECCe
6e30many0OuyHON MOCIOWHOW YKIANKW U onpeneseMast
MPOYHOCTh CTPYKTYPHI BI3KOILJIACTUYHOI CMECH.

O4eBUAHO, YTO B YCJIOBUSIX O€30MaTyOOUHOM YKIIaa-
KU ITOKa3aTeJIM TEXHOJOTMYHOCTY cMeceit uis 3D-nevyatu
CYIIECTBEHHO OTJIMYAIOTCS OT MoKa3aTeei TeXHOJIOT M-
HOCTHU TPAIULIMOHHBIX CTPOUTEIBHBIX CMECEI.

Jns peanuzanyu 3D-1neyaty B CTPOUTEIBCTBE UCTIONb-
3YIOT JIBE TPYTIITBI CMeCeil: rpyboanciepcHbIe (pa3mep Ja-
ctul, d>100 MKM) U1 MUKpPOAUCIIEPCHBIE (pa3Mep YacTHIl
d~1—-100 mxm) [9—13]. ComnacHO MOJOXEHUSIM KJIACCU-
YECKOU CTPYKTYPHOI pEOJIOTMU JTUCIIEPCHBIX CUCTEM [14],
TaKde CMECH SIBJISIIOTCS BHICOKOKOHIIEHTPHPOBAaHHBIMU
TeTePOTeHHBIMU JTMCIIEPCHBIMU CHUCTEMaMM C OJIVDKHEeH
Koarysiuueit yactuil. [1acTHYHOCTb M MPOYHOCTD CTPYK-
TYpBI TAKMX CUCTEM 3aBUCST OT pa3Mepa YacTUII, IIPOIHO-
CTU VHAMBUIYAJIbHBIX KOHTAKTOB M KOHIIGHTPAIIUU JIVC-
nepcHoii a3kl B AUCIIEPCUOHHOM cpefie, OIpeaeIsIoleit
YKUCJIO KOHTAaKTOB B €IUHUILIE OObeMa CTPYKTyphl. Jlo-
Ka3aHO, YTO KPUTMYECKME KOHLIEHTpallMU YacTUI[ AMC-
mepcHOM ha3bl TIpU OOpa30BaHMM KOATYJISIIMOHHOMN
CTPYKTYPHBI U €€ YIIPOUHEHUMU IS KAXKIOM Maphbl «AUCIIEPC-
Has (ha3a — AUCIICPCUOHHAS Cpella» 3aBUCST OT XapaKTe-
PUICTUK YaCTHII TBEPOi (ha3bl M CBONCTB XUIKOCTH.

Hcxons u3 storo aBropaMu B padotax [15, 16] o6ocHO-
BaHbI CTPYKTYPHBIE (haKTOPbI YIIPABICHUST PEOTIOTUIECKIM

— buildability (shape stability) for the perception of
the load of the layers stacked above in the multi-layer
casting process and determined by the strength of the fresh
paste structure.

Obviously, in conditions of non-formwork laying, the
manufacturability indicators of mixes for 3D printing dif-
fer significantly from the manufacturability indicators of
traditional building mixes.

To implement 3D-printing in construction, two groups
of mixtures are used: coarse (particle size d>100 um) and
microdisperse (particle size d~1—100 um) [9—13].
According to the provisions of the classical structural rheol-
ogy of dispersed systems, such mixtures are highly concen-
trated heterogeneous disperse systems with close coagula-
tion of particles. The plasticity and strength of the structure
of such systems depend on the size of the particles, the
strength of individual contacts, and the concentration of
the solid phase in the liquid phase, which determines the
number of contacts per unit volume of the structure. It is
proved that the critical concentrations of dispersed phase
particles during the formation of a coagulation structure
and its strengthening for each “solid phase — liquid phase”
pair depend on the characteristics of the solid phase parti-
cles and the properties of the liquid phase.

Proceeding from this, we in works [15, 16] substantiat-
ed the structural factors of controlling the rheological be-
havior of dispersed systems and, accordingly, indicators of

Ta6nuua 1
Table 1

XapaKTepMCTMKM COCTaBOB CUCTEM «LEMEHT — MUKPOHaMNOJIHUTENb — nﬂaCTMd)VIKaTOp — BoAa»
Tested cement paste composition and specimen identification “cement - filler — plasticizer — water”

Cucrema Co,uepf)xaHme MUKPOHaMNoHUTENs ﬂ,oagposKa nnactudunkaTopa B/ Bufl MUKPOHANONHUTENS
Specimen ID (_A) OT MacChbl LeMeHTa) (/c_) OT Macehl LemeHTa) W/C Type of filler
Filler/Mass Cement (%) Plasticizer/Mass Cement (%)
DP0.2-P0.2 20 0,2 0,26
DP 0.3-P0.2 30 0,2 0,28 Honomnrosas myka
Dolomite powder
DP 0.4-P0.4 40 0,4 0,28
GCS0.2-P0.4 20 0,4 0,29
GCS 0.3-P0.6 30 0,6 0,31 [paHwTHbIe oTCeBbI
Granite crushing screening
GCS 0.4-P0.6 40 0,6 0,33
Tabnuua 2
Table 2

XapakTepucTUKn COCTaBOB CUCTEM «LLeMEHT — MeJIKUiA 3anoniHuTenb — niactudukaTop — Boga»
Tested cement paste composition and specimen identification “cement — aggregate — plasticizer — water”

Cuctema CopaepxaHue 3anonHuTens Jo3sunposka nnactudukaTopa B/LL Bug sanonHuTens
Specimen ID (% oT macchl LLeMeHTa) (% oT macchl LLeMeHTa) w/C Tvpe of filler
P Aggregate/Mass Cement (%) Plasticizer/Mass Cement (%) yp
Q1-P0.8 100 0,8 0,28
Q1.25-P0.8 125 0,8 0,3
KBapueBbIii necok
Q1.5-P0.8 150 0,8 0,3 Quartz sand
Q1.75-P0.8 175 0,8 0,31
Q2-P0.8 200 0,8 0,31
C1-P0.7 100 0,7 0,28
C1.25-P0.7 125 0,7 0.3 Kap6oHaTHbI Necok
C1.5-P0.7 150 0,7 0,32 Carbonate sand
C1.75-P0.7 175 0,7 0,32
HAYMHO-MeXHUHeCKULl U NPOU3B00CMEEHHbIIL JHCYPHAN -G'r Helulr= s ral=
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MOBEACHUEM AUCIIEPCHBIX CUCTEM U
COOTBETCTBEHHO IIOKA3aTeISIMU TeX-
HOJIOTUYHOCTM CMECE B YCJIOBUSX
3D-neuatu. [TokazaHo, 4YTO B COOTBET-
CTBUM C KPUTEPUEM TIPOYHOCTHU TeTe-
POTeHHBIX TUCIIEPCHBIX CUCTEM OIpe-
JISIISTIONIMM (DaKTOPOM €€ YCTONIMBO-
CTU SIBJISIETCSI KOHLICHTpALUsST TBEPAOM
¢aspl. OnTuManbHble 3HAYEHUs KOH-
LICHTPALUU JUIST KQXIOU KOHKPETHOU
JIMCTIEPCHOM CUCTEMbI OMNPENEISIIOTCS
CBOICTBAMHU YaCTUIl M XapaKTepUCTH-
KaMM KMIKOCTU. [lo OTHOIIEHWIO K
TBepIOH (haze K HUM OTHECEHBI €€ KOH-
LIEHTpaIMs, pa3Mep YaCcTUIl U UX MOP-
dosiorust, XUMUKO-MUHEpAIOrUye-
CKHIA cOCTaB, (PUBMKO-XUMHUCCKIIC

CBOMCTBA MOBEPXHOCTU  YACTHUII.

[MpumeHnTeNBHO K JaHHBIM (paKTOpaM
00OCHOBAHBI TEXHOJIOTMUECKUE CpPell-
CTBAa UX PEryJMpPOBAaHMSI: BUA U KOH-

LICHTPALIMSI CBSI3YIOIIETO; BUJ, TPaHy-
JIOMETPHSI Y KOHIICHTpAIIMST HATIOJTHM-
Teneil n 3anonHuteneid. 1o oTHoIe-
HMIO K JWCIIEPCUOHHOM Ccpelie CTPyK-

TYPHBIMU (DaKTOpaMU pPEeryIMpOBaHUS
CBOIICTB SIBIISTIOTCST €¢ MOHHBII COCTaB,
BSI3KOCTb, IJIOTHOCTb. K TeXHOJI0rMYe-

CKUM CPENCTBAM WX PEryIUpOBaHUS
OTHECEHBI BUIBI U JIO3UPOBKH T00aBOK
3JIEKTPOJIUTOB, MIaCTU(hUKATOPOB, 10-
06aBOK MOJIM(PUKATOPOB BI3KOCTH.

Ta6nuua 3
Table 3
XapakTepucTuka CbipbeBbIX KOMMOHEHTOB
Characteristics of raw materials
XapaktepucTtuka
rpaHyIoMeTpPUYeCcKoro
cocTaBa
KOMMNOHeHT Xapaktepuctuka coctasa Particle Size Range
Component Type Composition Characteristics
o vacTtuu, %
d, Hm
volume of size (d), um
particles, % M
MwuHepanornyeckuin cocTas: 31.9 50000
Lement CEM 1 42,5 Mineralogical composition: 23 30000
Cement CEM | 42.5
(EN 197_12011) 038_62%1 CZS_ 13%: 39 12000
N _ o) — 0,
C3A-7,5%, C4AF - 11,5% 56 2000
Cynepnnactndunkatop
Sika® ViscoCrete®20HE MonukapbokcunaTHble 3dupbl
L @ Polycarboxylate esters - -
Plasticizer Sika®Visco 100%
Crete®20HE °
90 74600
Aonomwrosas myka MgCO3 — 75%, CaCO3 - 20%
Dolomite powder 10 70000
68 55000
gﬁ:;‘i‘;‘;”c"rfsf"ff"' SiO — 65,5%, AlgO3 — 14%, 7,4 10000
- 0, — 0,
screening Fe203-3,8%, CaO-2,3% 3,2 2000
1,4 1000
13,2 630000
KBapueBbIi necok )
Quartz sand Si02~95% 49,3 315000
37,5 160000
97,3 630000
Kap6oHaTHbIN necok
Carbonate sand CaC03~95% 2 315000
0,7 160000

B pa6orax [17—19] skcnepumMeH-

TaJIbHO YCTAaHOBJICHBI BO3MOXHOCTH M TPAHUIIBI PETYIIH -
POBaHUS TEXHOJIOTMYECKUX XapaKTEPUCTUK CMecell mpu
BapbMPOBAHUHU CIACAYIOMMNX (DAKTOPOB:

— B/T otHoiieHue, omnpenessioniee KOHIICHTPAIUIO
JIHUCIIEPCHO (ha3bl B CUCTEME;

— KOHIIEHTpaLWS IIaCcTU(PUKATOPOB, T0OOABOK MOIM-
(GUKaTOPOB BSI3KOCTH, OMpPEHe/sIONINX CBOMCTBA AUC-
MEPCUOHHON CPEIIbI;

— BUJ, Y TpaHyJIOMETPUsI KapOOHATHBIX HAIIOJHUTE-
JIeli, onpeaesIolIMX CBOMCTBA AUCIEPCHOM (ha3bl.

Llesbt0 TAaHHOTO MCCIENOBAHUS SIBJISUIOCH YCTAHOB-
JIEHV€ BIAUSIHUS pa3Mepa, IpaHyJOMETPUM U KOHLIEHTpa-
LIMY HATIOJHUTEICH M OIpeAesieHNe MX PallMOHAJIbHBIX
JIO3UPOBOK JUISI O0ecrevyeHrs] HeOOXOAUMON TMIacTUy-
HOCTHU CMeCei ISt UX 9KCTPY3UM B Ipoliecce 3D-meuarum.

Marepuaibl U MeTOAbI

HccnenoBanucy nBa tumna cmeceit mis 3D-medary.
IlepBBlii T — 3TO MUKPO3EPHUCTBIE CUCTEMBI <«Ile-
MEHT — MUKPOHAIOJIHUTEb — IIaCTU(UKATOP — BOAA»,
B KOTOPBIX BapbMPOBAJIMChH BU M TO3MPOBKA MUKPOHA-
nojgHutesei (tabda. 1). JlaHHbIe cUCTeMbl paccMaTpUBa-
JIMCh B KauecTBe MaTpuil 6eToHOB /17151 3D-meyatu. Bropoit
THUII — 3TO MEJTKO3EPHUCTBIE CUCTEMBI «[IEMEHT — MEJTKUI
3aMOJIHUTEIb — TUIACTU(UKATOP — BOJa», B KOTOPBHIX Bapb-
UPOBAIMCh BUA W TO3UPOBKA 3amnojHUTeNei (Tadni. 2).

(SN PONIESIBHBIE

the manufacturability of mixtures under 3D printing con-
ditions. It is shown that by the criterion of the strength of
heterogeneous disperse systems, the determining factor of
its stability is the concentration of the solid phase. Its opti-
mal values for each specific dispersed system are deter-
mined by both the properties of its particles and the char-
acteristics of the liquid phase. Concerning solid phase,
they include its concentration, particle size, and their
morphology, chemical and mineralogical composition,
physicochemical properties of the particle surface.
Concerning these factors, the substantiation of technolog-
ical means of their regulation: the type and concentration
of the binder, the type, particle size range, and concentra-
tion of fillers and aggregates. Concerning the liquid phase,
the structural factors for regulating properties are its ionic
composition, viscosity, density. The technological means
of their regulation include the types and dosages of electro-
Iyte additives, plasticizers, viscosity modifying additives.

In works [17—19] we have experimentally established
the possibilities and limits of regulation of technological
characteristics of mixtures by varying the following factors:

— W/C-ratio, which determines the concentration of
the dispersed phase in the system;

— concentration of plasticizers, viscosity modifying
additives, which determine the properties of a dispersion
medium;
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B kauecTBe MCXOAHBIX KOMIIOHEHTOB HMCCIEAYEMBIX
cucteM (Taba. 3) MCIOJb30BaIM TOPTIAHALEMEHT
CEM 142.5 (EN 197-1:2011), mmactucdukatop TOProBoi
Mapku Sika Ha OCHOBeE TMOJMKAapOOKCUIATHBIX 3(UPOB,
TEXHUYECKYIO BOMy. JIJIsT Kak/1oro TUIa CUCTEM UCTIOJb-
30BaJjIy IO IBa BUJa HAMOJHUTEEN U 3aITOTHUTEICH:

1) Wi cUCTeM <«lEMEHT — MMKpPOHAIIOJIHUTEIb —
riacTugukaTop — Bofa» — IOJOMMUTOBAsI MyKa M OTCEBbI
NpoOJIeHUSI TPaHUTa;

2) JUTSI CUCTEM «IIEMEHT — MEeJTKUIA 3aTTOJTHATEITb — TiJ1a-
cTuduKaTOp — BOIa» KBapLEBbI 1 KapOOHATHBIN MECOK.

J171s1 U3rOoTOBJICHNUS 00pa31I0B UCIIOIH30BAINCH CMeeH
OIIMHAKOBOW KOHCHUCTEHIIMM, KOTOpash obecrieunBaiach
myTeMm perynupoBaHus B/l u KoHIIeHTpaluy cyriepruia-
cTudurKaTopa v OMpeAeIIsIach SMITUPUIECKU TSI TOCTH -
JKEHUS 3aJaHHOM KOHCUCTEHLIMU U CBSI3HOCTU CMECEH.

JI7sT OLIEHKM IITACTUYHOCTH CMECE, OIpemesisiio-
IIYI0 X CIIOCOOHOCTh K 3KCTPY3WU, peaiu30BaH CIaB-
JIMBAIOIIUI TECT C MOCTOSIHHOM CKOPOCTHIO Je(hOpMU-
pOBaHUs B COOTBETCTBUU C METOMKOM, pa3pabOTaHHOM
B [20, 21]. UcnbiTaHue TIPOBOAMIOCH Ha BSI3KO-ILIa-
CTUYHBIX 00pa3liax cMeceit HeIoCpeaCTBEHHO TTOCIIe MX
U3roToByieHUs1. Peann3oBaH coaBiavMBalOIIUN TECT CO
CKOpOCTBhIO IeDOPMUPOBAHUS V=5 MM/C, TaK KaK Mpu
JTaHHOW CKOPOCTU MPOBEIEHUS MCIbITAHUI HauboJiee
aIeKBaTHO MOICIUPYETCS TOBEICHUE CHCTEMBI B IIPO-
1ecce aKcTpy3uu. [lpu peanusaluy s3KCIepMMeHTa UC-
MMOJIb30BAIMCH LMWIMHAPUIECKHE 00pa3lbl IIEMEHTHBIX
cMeceil, paanyc KOTOPBIX R paBeH MX BBICOTE /(=25 MM.
Jns mpoBedeHUs WCHOBITAHUS oOOpasell MmoMeliancs
MEXIy ABYMsSI TIQJKUMU TUIACTUHAMM, TUAMETP KOTO-
PBIX COOTBETCTBOBAJ pa3Mepy 00paslia, U 3arpyKajcsi B
YHHUBEPCAJIBHYIO HATIOJIBbHYIO TUAPABINICCKYIO UCTIBITA-
teabHyto cucteMy «INSTRON Sates 1500 HDS». ITony-
YEHHBIE B IPOIIECCE UCIIBITAHUI KpUBBIE «Harpy3ka N —
repeMeleHrue A» MHTEPIPETUPOBATUCH B BUIE KPUBBIX
3aBUCMMOCTU TPUBEACHHON HArpy3Ku Mpu CIaBJIMBa-
HUM F* OT OTHOCUTEIBHOIO U3MEHEHUS BBICOTBI 00pas-
ua h;/R:

F=1h (1)
rne hi=(ho—A); hyp — HauyalbHas BBICOTa O00Opa3sla;
A — mepeMenieHre B i-ii MOMEHT BpeMeHM; BeJnunHa R
MpUHUMAJIACh IIOCTOSIHHOM U paBHOM paauycy odpaslia B
Hauaje UCTIbITaHusI.

ITo pesyapTaTaM aHaIM3a MOJYYEHHBIX IKCITEPUMEH-
TaJIbHBIX KPUBBIX UISI UCCIIEMTYeMBbIX CHCTEM PACCUMTHI-
BaJIMCh BeJUYMHBI K;, Ha3BaHHbIe N. Roussel oneHKoi
npenena Tekydectu (plastic yield value [20]):

K (ﬁ) — ﬁ F*
R 27
Pesyabrarthl 1 00CyKIeHHE

AHaMM3 SKCIIEpUMEHTANBHBIX KpUBBIX F*=f{hi/R)
(puc. 1) mo3BoIsIeT BBIACIUTh HA HUX TpU ydyacTka. Ha
MepBOM yYacTKe MPU ACHCTBUN HU3KUX CXKUMAIOIINX Ha-
MpsDKeHUH B auamnaszoHe nedopmuposanus 0,85<4;/R<1
CTPYKTypa CoXpaHsieT YCTONYMBOCTh («placing phase» 1o
N. Roussel [21]). C Touku 3peHUs CTPYKTYPHOU Peoio-

(@)
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— the type and particle size distribution of carbonate
fillers, which determine the properties of the solid phase.

This study aimed to establish the influence of the size,
particle size range, and concentration of fillers and aggre-
gates and to determine their rational dosages to ensure the
plasticity required for extrusion of 3D-printable mixtures.

Materials and methods

Two types of 3D-printable mixtures were investigated.
The first type is “cement — filler — plasticizer — water”
systems, in which the type and dosage of fillers were varied
(Table 1). These systems were considered as 3D-printable
concrete matrices. The second type is “cement — aggre-
gate — plasticizer — water” systems, in which the type and
dosage of aggregates were varied (Table 2).

Portland cement CEM 142.5 (EN 197-1: 2011), plas-
ticizer of the Sika trademark based on polycarboxylate
esters, and industrial water were used as the initial compo-
nents of the systems (Table 3). For each type of system,
two types of fillers and aggregates were used:

1) for “cement — filler — plasticizer — water” — dolo-
mite powder and granite crushing screening,

2) for “cement — aggregate — plasticizer — water”
quartz and carbonate sand.

For the preparation of samples, mixtures of the same
consistency were used, which was provided by adjusting
the W/C and concentration of the superplasticizer, which
were determined empirically to achieve the required con-
sistency and cohesion of 3D-printable pastes.

To assess the plasticity of fresh mixtures, which deter-
mines their extrudability, the squeezing test with constant
plate speed was implemented by the methodology developed
in the works of N. Roussel [20, 21]. The test was carried out
on a fresh sample for all 3D-printable mixtures immediately
after their manufacture. A high compression speed test using
constant plate speed v=5 mm/s has been implemented since
at this test speed the behavior of the system during the extru-
sion process is most adequately modeled. When implement-
ing the experiment, cylindrical samples of fresh cement paste
were used, the radius of which R was equal to their height
hp=25 mm. To carry out the squeezing test, the sample was
placed between two smooth plates, the diameter of which
corresponded to the sample size, and loaded into the
INSTRON Sates 1500 HDS universal floor hydraulic testing
system. The curves “compression force N — displace-
ment A” obtained during the tests were interpreted in the
form of curves of the dependence of reduced compression
load F* on the relative change in the height of the sample ;.

F=22, (1)
where h; = (ho —A), hg — the initial height of the sample,
A — displacement at the i— moment, the value of R was
taken constant and equal to the radius of the sample at the
beginning of the test.

Based on the results of the analysis of the obtained
experimental curves for the systems under study, K; values
were calculated, called N. Roussel plastic yield value [20]:

k(=5 F @
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TMU JWCIIEPCHBIX CUCTEM IIOBEACHUE
cMeceil MOXeT OBITh OXapaKTepH30BaHO
KaK BSI3KOIJIACTUYECKOE TEYEHME HC-
IEPCHOM CUCTEMBI C HEpa3pylLIEeHHON
cTpyKktypoit (Mozxens [lIBenosa), a Besn-
yuHa K;(I) B mepBoii TOUKe neperuda — ¢
OLICHKOIT mpenmena Tekydect. [Ipm BO3-
pacTaHWM HAIMpPSDKEHWI Ha  BTOPOM
yuactke rnpu h;/ R<0,85 cucteMa miacTu-
yeckn medopmupyetrcs («perfect plase
response phase» mo N. Roussel [21]), a ee
CTPYKTypa TepsieT yCTOWIMBOCTh. [1oaTO-
MYy BTOPOI y4acTOK KpUBOI MOXET ObITh
COOTHECEH C BSI3KOIJIACTUUECKUM Teue-
HMEM JTUCIIEPCHOM CUCTEMBI ¢ pa3pyliiae-
Moii cTpykTypoii. Pe3koe BospactaHue
Harpy3Ky Ha TPEThEM yJacTKe CBSI3BIBa-
e€TCsI C MHTEHCHUBHBIM pa3pylleHUeM
CTPYKTYPHI ITyTeM 0Opa30BaHUS TPELINH
W C YaCTUYHBIM yHaJleHWEeM BOIBI U
VIUIOTHEHUEM CTPYKTYPHI.

Ananus KpusblX F*=fhj/R) m03B0-
€T 3aKJIIYUTh, UTO PEOJIOTMYECKOe IO-
BeJICHUE WMCCJICTOBAHHBIX CHCTEM OTBE-
YyaeT TPeM TUIIaM JaHHBIX KPUBBIX.

JI71s TTacTMIeCKOro TUTa KPUBBIX HE
GUKCUPYIOTCS SIPKO BBIPAXKEHHbBIE Mepe-
XOJIbI MEXIY TIEPBBIM U BTOPHIM yJYacTKa-
MM KpuBoii. Takue cuctemMbl o0agaioT
HaWJIy4IIel CIIOCOOHOCTBIO K 9KCTPY3UU
WMEHHO BCJIEACTBUE WX MTOCTAaTOUYHOM
TUTACTUMHOCTU U CIIOCOOHOCTHU K BSI3KO-
IUTACTUYECKOMY TeUCHUIO 0e3 paspylie-
HUs CTPYKTYphl. Beanuuna F~, cooTBeT-
CTBYIOIIIAasl Hayajly TUIACTUIECKOTO Teue-
HUST 63 TpeIrmHO00pa3oBaHUsI, COCTaB-
asiet ~2,5—4 xlla; 3HaueHUsT OLEHKU
npenena tekydectn Kj(I) Haxomsatcs B
nuanaszoHe 1,5—3,5 xIla. Heobpatumoe
pa3pylieHne CTPYKTYPBI, CBSI3aHHOE C
MOSIBICHUEM TpeUIuH, GUKCUpyeTcs
TOJBKO Ha TPETbEM YYacCTKe KPUBBIX
(puc. 1, b). TakoMy THITY peOJIOTHUUECKO-
ro TOBEIECHUSI OTBEYAIOT BCE CHCTEMBbI
«IIEMEHT — TPaHUTHBIC OTCEBHI — ILIa-
ctugukaTop — Boja» (puc. 1, a), a Takxe
HEKOTOpPBIE U3 CUCTEM «IIEMEHT — KBap-
LIEBBII TTIECOK — TIaCTU(UKATOP — BOIA»
(Q1-P0.8, Q1.25-P0.8), «1iemeHT — Kap-
OOHATHBIN TEeCOK — TIacTu@ukaTop —
Bona» (C1-P0.7) (puc. 1, b).

KpuBble TOBBIIICHHON TEKYYeCTH Xa-
PaKTEpHBI [UIST CUCTEM, CTPYKTypa KOTOPBIX
Heo0paTUMO pa3pylIaeTcsl B HaYaIbHbII MO-
MeHT HarpykeHus npu F*<1 kITa. B pe3yiib-
TaTe OHU TEPSIFOT YCTOMYMBOCTD, IIPHOOpETa-
€T TeKyJeCThb. Takue CUCTEMbI He 00J1aaatoT
HEOOXONMMBIMU YIIPYTOBSA3KOILIACTUYECKU-
MU CBOMCTBAMM 1 YCTOMUIMBOCTEIO ST (hOp-

(]

a F* klMa
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L) 1 30Ha BA3KOMIACTUYECKOTO TEYEHUS 30Ha, B KOTOpON 1
of - __ W o _ _ ' CVHTEHCMBHO pa3spyLiaemoi | CTPYKTYpa coxpaHsieT !
h \ T CTPYKTYpOi YCTOYNBOCTE |
' \ . “Perfect plastic response phase” - “Placing phase” -
8+---A--- Fg--=--- e ---- - r plastic fluid with intensively the structure 1
: \ damaged structure maintains stability :
74----\- i - "
| | i I
I I I I
[ E—— e e f
. | MAacTUYHbIE CUCTEMBI |
[1 S [, N S Wy S bo e e e Plastic systems
| "
4 g [ S D | B~
h '
I i
3 . :. _______ - - - :. ————---
I V
ol o [ L Cuctembl, =
30Ha nnacTuyeckoro TeveHus | NOABEPXEHHbIE
1 C paspyLIeHHOi CTpykTypoid | __Tedemio p~7 o s oo
“Plastic fluid” with Fluid systems
damaged structure :
0 T T
0,3 0,4 0,5 0,6
Havano ucnbitannsa KoHeL, ucnbitaHus
Testend - Test beginning
DP0.2-P0.2 DP0.3-P0.2 DP0.4-P0.4
e GCS0.2-P0.4 == == GCS 0.3-P0.6 == «=GCS 0.4-P0.6

Xectkue cuctemsl / Rigid systems

MnacTnyHble cucTemsl -
Plastic systems :

| /,lo
Bf------- vV Mnacturas ~ | Xectkme > ”,L..L‘ ””” !
) \ cuctema I cucTembl e i
T3 B o : ]
\‘ 1 1
6f------- r\*****‘i*r**\*
St 377‘\ 77777 \Y
afoo LNk
i A N\
3 N e
| \
2- 77777777 Fe===== S, \F(
14+------- e R T I
0 T
0,3 0,4 0,5
Cl1-P0.7 = e= Cl.25-P0.7 == «=(C1.5-P0.7 = == C1.75-P0.7

Puc. 1. OkcnepvMeHTanbHble kpuBble F*=fh;/R) ona cuctem: a — «UeMeHT — MUKPOHAMOJHU-
Tenb — nnacTuoukaTop — Boaa»; b — «LueMeHT — Mefikuii 3anofIHnTesNb — nnacTudukaTop — Boga»

Fig. 1. Tested 3D-printable pastes F*=f{h;/R) curves for systems: a — “cement —filler — plasticiz-
er — water”; b — “cement —aggregate — plasticizer — water”
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Result and discussion
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Analysis of the experimental curves
F*=fhj/R) (Fig. 1) allows us to distin-
guish three areas on them. In the first
section, under the action of low compres-
sive stresses in the deformation range
0.85<h;/R<1, the structure remains -
stable (“placing phase” according to
N. Roussel [21]). From the point of view
of the structural rheology of dispersed
systems, the behaviour of mixtures can be
0,65 characterized as a viscoplastic flow of a
dispersed system with an intact structure

0
20 30
Hanonuutens / macca LemeHTa, %
Filler / mass cement, %

>

40 (Shvedov’s model), and the K;(I) value at
the first inflection point — with plastic
yield value. With an increase in stresses

=@=— (Quartz sand 8,66
==@==_(Carbonate sand

ot 3,3 3,42

OueHka npegena nnactuiHoctv Ki(1), kla
Plastic yield value Ki(1), kPa
(621

0 | | |

in the second section at /;/R<0.85, the
system is plastically deformed (“perfect
place response phase” according to
N. Roussel [21]), and its structure loses its
stability. Therefore, the second section of
the curve can be correlated with the vis-
coplastic flow of a dispersed system with a
241  destructible structure. A sharp increase in
the load in the third section is associated
with intense destruction of the structure
through the formation of cracks, and with
partial removal of water and compaction

100 125 150 175
3anonHnTtenb / Macca LemeHnTa, %
Aggregate / mass cement, %

Puc. 2. OueHka npenena Teky4ecTtn onigd CUCTEM: ad — «UEeMEHT — MUKPOHaNONHUTESb — nnacmq)m-
KaTtop — BOAa»; b- «LIeMEHT — MENKWI 3anofHUTENb — I'IJ'IaCTVIq)VIKaTOp — BOOa»

Fig. 2. Plastic yield value for systems: a — “cement —filler — plasticizer — water”; b — “cement —

aggregate — plasticizer — water”

MMPOBaHUST (POPMOYCTOMUMBOIO 0e3Ae(heKTHOrO CIosI TIpU
skcrpy3un. Beamuunbel Ki(I) He npebrmator 0,9 xIla.
JlaHHOMY TWITy KPWBBIX OTBEYAeT TMOBEICHUE BCEX CHCTEM
«IIEMEHT — J0JIOMUTOBAsI MyKa — IUIACTU(UKATOP — BOIa».

XKecTkue cucteMbl XapaKTepHU3YIOTCS PE3KMM I1ajie-
HUEM Harpy3Ky Ha KpuBoii F*=f{h;/ R) nocne nepexona ot
¢a3bpl YCTOMYMBOCTU K (Pa3e TUIacCTUYECKOrO TEYEHUS B
repBoii Touke repernoda #;/R~0,85—0,9. ITocne npeomno-
JieHus nopora ycroitunBoctu Ki(I) B mepBoii Touke repe-
ruba hj/ R~0,85 ux nechopMUpOBaHUE OMIPEACIISICTCS TIPO-
leccaMu MMKpoTpeluHooopasoBaHus. Heobpatumoe
paspylieHue CTPYKTYPbI, CBSI3aHHOE C MOSIBJICHUEM Tpe-
IIWH, (QUKCUpyeTcsT Ha BTOPOM YyYaCTKE KPUBBIX
(puc. 1, b). BT0 CBUAETEILCTBYET 00 OTCYTCTBUU CIIOCO0-
HOCTM JaHHBIX CHUCTEM K TIUIACTUYECKOMY TEUYEHUIO.
BenmunHa NpuBENEHHON Harpysku F*, COOTBETCTBYIO-
1ast TPEOI0JICHNIO TTOPOTa YCTOMUYMBOCTY M Havasly Jie-
dopmupoBaHus, cocTaBisieT ~4—9 klla; 3HaUeHUs OLIEH-
ku mpenena Tekydectu K;(I) HaxomsTcss B mmara3oHe
3,5-8,5 kI1a. Takum o6pa3oMm, JaHHBIE CUCTEMbI HE CITO-
COOHBI K JiehopMaIvsIM 0e3 pa3pylIeHUsT CTPYKTYPhI U He
00JIafaloT CIIOCOOHOCTBIO K AKCTPY3UU € (POPMUPOBAHU-
eM 0e3nedeKTHOro CjI0os B MOMEHT IIe4aTy BCJICACTBHE
HEJIO0CTAaTOYHOM IIaCTUYHOCTU. TaKkoMy TUITY peosioruye-

HAYYHO-MexXHU4eCcKUil U npou3800CEeHHbLI JHCYPHAN

of the structure.

Analysis of the curves F*=f{h;/R) al-
lows us to conclude that the rheological
behavior of the studied systems corre-
sponds to 3 types of these curves.

For plastic-type curves do not show
pronounced transitions between the first
and second sections of the curve. Such systems have the
best extrusion ability precisely because of their sufficient
plasticity and ability to viscoplastic flow without destruc-
tion of the structure. The F* value corresponding to the
onset of plastic flow without cracking is 2.5—4 kPa, the
plastic yield value Kj(I) is in the range of 1.5—3.5 kPa.
Irreversible destruction of the structure, associated with
the appearance of cracks, is recorded only in the third
section of the curves (Fig. 1, b). All systems “cement —
granite crushing screening — plasticizer — water”
(Fig. 1, a), systems “cement — quartz sand — plasticizer —
water” (Q1-P0.8, Q1.25-P0.8 ), “cement — carbonate
sand — plasticizer — water” (C1-P0.7) (Fig. 1, b).

Fluid curves are typical for systems, the structure of
which is irreversibly destroyed at the initial moment of
loading at F*<1 kPa. As a result, they lose stability and
become fluid. Such systems do not possess the necessary
elastic-viscoplastic properties and stability for the forma-
tion of a form-stable defect-free layer during extrusion.
Ki(I) values do not exceed 0.9 kPa. This type of curve
corresponds to the behavior of all systems “cement — do-
lomite powder — plasticizer — water”.

Rigid systems are characterized by a sharp drop in the
load on the F*=f{h;/R) curve after the transition from

200
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CKOTO MOBEACHUST OTBEUAIOT CUCTEMbI «LIEMEHT — KBaplle-
BBII TTeCOK — TuiactTudukatop — Boma» (Q1.75-P0.8, Q2-
P0.8), «iieMeHT — KapOOHATHBIN TIeCOK — TIacTU(dUKa-
top — Boma» (C1.25-P0.7, C1.5-P0.7) (puc. 1, b).

Bun 1 mo3mupoBKa MUKpPOHAITOTHUTEICH W 3aITOTHM -
TeJiel BAUSIOT Ha PEOJIOTMYECKOe MOBEACHUE U TIaCTUY -
HOCTb cMmecell mist 3D-medaTu clieayioluM o0pa3oM.
IMpenen texkydyectn Kj(I) mIsl MIACTUYHBIX M XKECTKMX
CHCTEM BO3pacTaeT IpU YBEJIMUCHUM JO3UPOBOK MUKPO-
HATOJIHUTEJIEH U 3aroHuTeNnei (puc. 2). s TeKyunx
cucteM BennuuHa K;(I), HampoTUB, CHIXKAETCS MPU MO~
BBIIIEHUW JTO3MPOBKU HAITOJTHUTEIICH.

CpaBHEHME PEOJIOTUYECKOTO MOBEACHUS CUCTEM «IIe-
MEHT — MUKPOHAIIOJTHUTEJb — IIACTU(UKATOP — BOJdA»
ITO3BOJISET MPEIITOJOXKUTh, YTO TPAHYJIOMETPUS U KPU-
CTAJIJIOXMMHUUYECKOE CTPOCHME OKa3bIBAIOT pellalollee
BIMSTHUE Ha IUIACTMYECKNE CBOMCTBA M arperaTUBHYIO
YCTOMYUBOCTb UCCIEAYEMbIX CUCTEM IIpU ACHCTBUU Ha-
rpy3ku. [IppMeHeHne TOMMANCIIEPCHBIX TPAHUTHBIX OT-
CeBOB T03BOJIsIeT 9 GHEKTUBHO PEryJIMpOBaTh IJIaCTUY-
HOCTb M arperaTuBHYIO YCTOMUMBOCTbL CMeceil. DTo 00y-
CJIOBJICHO TEM, 4YTO aJIOMOCHUJIMUKATHBIC TPaHUTHEIC
OTCEBBI OTJIMYAIOTCS aMOPGhHOI CTPYKTYPOl U MYJbTH-
MOIAJIBHBIM pacrpeneieHueM YacTUIl. DTO CITOCOOCTBY-
€T CO3JaHUIO TUIOTHON YMaKOBKW YaCTHUI[ TMCIIEPCHOM
¢as3bl B cucteme. OMHOBPEMEHHO, B CHIIy aMOP(HOCTH
CTPOEHUSI, TPAHUTHBIE OTCEBBLI 00Janal0T OOJIbIlIel Mo-
BEPXHOCTHOI aKTMBHOCTbBIO U CITOCOOHBI K (h)OpMUPOBa-
HUIO TIOJMMOJIEKYISIPHBIX CJIOCB aIcopOMpOBaHHOM
BoIbl. B pe3ynbTaTe JaHHbBIE CUCTEMbI OTJIMYAIOTCS BbI-
COKOW YCTOMYUBOCTBIO CTPYKTYPHI K IEWCTBUIO HATpy3-
KA W OJHOBPEMEHHO JIOCTaTOYHOM IUIACTUYHOCTBIO B
nuarmasoHe no3upoBok 10—40% ot Macchl 1ieMeHTa.
PammmonanpHOM cliemyeT cCUMTaTh JO3UPOBKY TPAHUTHBIX
otceBoB 10 30% ot macchl ieMeHTa. C JaHHOI J03UPOB-
Kou cmecu g 3D-medaru 00anaoT IIaCTUYHOCTBIO 1
arperaTMBHOM YCTOMYMBOCTHIO B quariazoHe B/11=0,29—
0,33 u koHueHTpauuu riacrudukaropa 0,4—0,6% ot
Macchl 1ieMeHTa. [IpuMeHeHMe MOHOIMCITIEPCHBIX Ha-
MoJHUTeNel (M3BECTHSIKOBOM MYKHM) CHUXKAeT arpera-
TUBHYIO YCTOMYMBOCTh IIEMEHTHBIX cucTeM. Bo Bcem
KUCCJIEIOBAHHOM JYana30He J03UPOBOK ISl CUCTEM «1Ie-
MEHT — JIOJIOMUTOBAsI MyKa — IIJIacTU(UKATOp — BOIda»
XapaKTepHa MOoTeps] YCTOMYMBOCTH M HAYaJIO TCUCHUS B
HayaJIbHBIA MOMEHT Harpyxenus npu F*<1 xIla.

JI1s1 cCUCTeM «IIEMEHT — MEJIKMIA 3alI0JIHUTEIb — TUIa-
cTuUKaTOp — BOJA» MAccoBasl HOJISI 3aIlOJTHUTENCH SIB-
JISIeTCSl TIPUOPUTETHBIM (PAaKTOPOM PETYIMPOBAHUS BSI3-
KOIUIACTUYECKMX CBOMCTB 1 arperaTUBHON YCTOMYMBOCTU
cMeceit. PanioHa bHOM cieayeT cuMTaTh JO3UPOBKY 3a-
nostHUTeNeH B kommdyectBe 100—125% ot Macchl IIeMeHTa.
B mramazone maHHBIX 103upoBOK, mipu B/11=0,28—0,3 u
KOoHUeHTpauuu Iutactudukaropa 0,7—0,8% or macchl
IIEeMEHTa CMeCH O0JIaJaloT CIIOCOOHOCTBIO K BSI3KOILIA-
CTUYECKOMY TEUCHUIO 0€3 pa3pyIlIeHUST CTPYKTYPBI JOCTa-
TouHolt ractuyHocThio (Kj(I)=3—3,5 kIla). I1Ipu stom
TPaHYJIOMETPHsI 3aITOJTHUTEJICH TaKoKe OKA3bIBACT pEIIao-
1ee BIMSIHUE Ha PEOJIOTMUECKOe MOBEACHUE U TIIaCTUY-
HOCTB MCCJICMOBAHHBIX cucTeM. [1py mpuMeHeH MOHO-

(Y POV ENPRBIE

“placing phase” to “perfect place response phase” at the
first inflection point /4;/R=0.85—0.9. After overcoming
the stability threshold K;(I) at the first inflection point #4;/
R=0.85, their deformation is determined by the processes
of microcracking. The irreversible destruction of the
structure associated with the appearance of cracks is re-
corded in the second section of the curves (Fig. 1, b). This
indicates the absence of the ability of these systems to
plastic flow. The reduced load F* corresponding to over-
coming the stability threshold and the onset of deforma-
tion is F*=4—9 kPa, the plastic yield value Ki(I) is in the
range 3.5—8.5 kPa. Thus, these systems are not capable of
deformations without destruction of the structure and do
not possess extrudability due to insufficient plasticity. This
type of rheological behavior corresponds to the systems
“cement — quartzsand — plasticizer —water” (Q1.75-P0.8,
Q2-P0.8), “cement — carbonate sand — plasticizer — wa-
ter” (C1.25-P0.7 , C1.5-P0.7) (Fig. 1, b).

The type and dosage of fillers and aggregates affect the
rheological behavior and plasticity of 3D-printable mix-
tures as follows. The plastic yield value Kj(I) for plastic
and rigid systems increases with increasing fillers and ag-
gregates dosage (Fig. 2). In contrast, for fluid systems,
hj/ R decreases with increasing filler dosage.

Comparison of the rheological behaviour of the “ce-
ment — filler — plasticizer — water” systems suggests that
the particle size range and crystal-chemical structure
have a decisive effect on the plastic properties and aggre-
gate stability of the studied systems under load. The use of
multi-particle size range fillers (granite crushing screen-
ing) can effectively control the plasticity and aggregate
stability of 3D-printable mixtures. This is because granite
crushing screening is an aluminosilicate filler, amorphous
structure, and multi-particle size range. This contributes
to the creation of a dense packing of particles of the dis-
persed phase in the system. At the same time, due to the
amorphous structure, granite crushing screening has a
higher surface activity and is capable of forming polymo-
lecular layers of adsorbed water. As a result, systems with
granite crushing screening are distinguished by high
structural stability to the action of load and, at the same
time, sufficient plasticity in the dosage range of 10—40%
of the cement mass. The dosage of granite screenings up
to 30% of the mass of cement should be considered ra-
tional. With this dosage, 3D-printable mixtures have
plasticity and aggregate stability in the range of W/
C=0.29—-0.33 and a plasticizer concentration of 0.4—
0.6% of the cement mass. The use of mono-particle size
range fillers (dolomite powder) reduces the aggregate
stability of cement systems. In the entire investigated
range of dosages, the systems “cement — dolomite pow-
der — plasticizer — water” are characterized by loss of
stability and the beginning of flow at the initial moment
of loading at F*<1 kPa.

For “cement — aggregate — plasticizer — water” sys-
tems, the mass fraction of aggregates is a priority factor in
regulating the visco-plastic properties and aggregate sta-
bility of 3D-printable mixtures. The dosage of aggregates
in the amount of 100—125% of the cement mass should be
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JIUCIIEPCHOTO KapOOHATHOIO IeCKa YAaJI0Ch 00ECIIEYUTh
HEOOXOAUMYIO IS SKCTPY3UM IUIACTUYHOCTL CMECEH
TOJILKO TIPY €T0 T03UPOBKe He Gosee 100% oT MaccH 1ie-
MeHTa. [IpyMeHeH e TOIMAUCIIEPCHOIO KBAPLEBOro IIe-
CKa TI03BOJISIET O0ECIIEYNTh TUIACTUYHOCTE M arperaTus-
HYIO YCTOMYMBOCTB, CIIOCOOHOCTH CMECEN IUIACTUYECKU
nedhopMUPOBaThCs 0€3 pa3pyLUeHUs CTPYKTYPBI IIPU Aeii-
CTBUM CKUMAIOIINX HAIIPSDKEHUIA B IMAIIa30He JO3MPO-
BoK Itecka 100—125% ot macchl LIeMeHTa.

BoiBoabt

1. I[Toka3aHo, YTO CAABJIMBAIOLLIMIA TECT C TIOCTOSTHHOM
CKOPOCTBIO 1e(hOPMUPOBAHUST TIO3BOJISIET MOICIMPOBAThH
PEOJIOTUYECKOE IMOBEACHUE M M3MEHEHME COCTOSIHUS
CTPYKTYPBI BSI3KOIUIACTUYHBIX cMeceit st 3D-1reuaT B
npoliecce 3KCTpy3un. Hamnyuiieit cmocoOHOCThIO K 9KC-
TPy3UH 00JIATaI0T CMECH, CTIOCOOHBIC K BSI3KOIIJIACTHUC-
CKOMY TE€UYEHMIO 0e3 pa3pylleHus CTPYKTyphl. s naH-
HBIX CHUCTEM IIPEOAOJIeHUE TTOpOoTa YCTOMYMBOCTH M Ha-
YaJio TUIACTUIECKOTo TeUeHUsT 6€3 TPeIMHO00pa3oBaHUS
COOTBETCTBYIOT JaBlieHMIo F*~2,5—4 xIla, pannoHaib-
HbI€ 3HaUEHUS OlleHKHU mpenena Tekydectu Ki(I) cocras-
qsttot 1,5-3,5 kI1a.

2. CpaBHEHME PEOJIOTUYECKOTO TIOBEACHUSI CMecei
s 3D-nevaTtu ¢ pa3HbIMU BUIaMU MUKPOHAIIOJHUTE-
JIeH 1 3aITOTHUTEJICH TOKA3bIBaeT, YTO TPaHYJIOMETPHS 1
KPUCTAIJIOXMMUYECKOE CTPOCHUE, OMNpeaessionee ai-
COPOILIMOHHYIO aKTUBHOCTD UX TTIOBEPXHOCTH, OKa3bIBACT
pelialolee BIMSHUE Ha TIJIaCTUYeCKe CBOMCTBA U arpe-
raTUBHYIO YCTOMUMBOCTb MpU AeUCTBUM Harpysku. [pu
MMPUMEHCHUN KPUCTAJUTMICCKUX MOHOMMCIIEPCHBIX Ha-
MOJHUTENEeH (IOJOMUTOBOM MYKM, KapOOHATHOIO Iie-
CKa) He CO3MAal0TCs IIOTHBIE MPOCTPAHCTBEHHBIC YITa-
KOBKHM YaCTHI] TBEPIOU a3kl B CTPYKTYpPE AMCITEPCHBIX
CUCTEM, 4YTO OIpeaeysieT UX HU3KYI arperaTuBHYIO
YCTOMYIMBOCTH TIPU I€CTBUM HArPy3KH. B pesynbrare He
yaaercsi 00ecreyuTh palMoHaJbHOE COOTHOIIEHME Xa-
PAKTEPUCTHUK IUIACTUYHOCTHU U CTPYKTYPHOU YCTOMYUBO-
CTH CMeceil B IMama3oHe pa3MepoB MOHOIMCTIEPCHBIX
HamoaHuTenein d=0,1—630 MM, Tak Kak Il HUX XapakK-
TEPHO HEOOPATUMOE pa3pyllieHNe CTPYKTYPHI TTOCIIE Ipe-
O/I0JIEHUsI TOpOora YCTOMYMBOCTH.

3. [IpuMeHeHNE TONMMANCIICPCHBIX HAIIOJHUTEICH
KPUCTATMYECKOTO U aMOP(HOIro CTPOEHUsI, HaIIpuMep
KBaplIeBOrO IeCKa M TPAaHUTHBIX OTCEBOB, B JAUaIla30HE
pasmepoB ux yactuil d=1—630 MM mo3BosiseT 3P heKTUB-
HO PeryauMpoBaTh IJIACTUYHOCTb U YCTOMUMBOCTb CTPYK-
Typbl cMecelt it 3D-mevaru. [1pu aTom Gonee BricoKast
TUTACTUYHOCTb W arperaTMBHasl YCTOMYMBOCTDL TOM NIEii-
CTBHMEM Harpy3Kku obecIieuyrBaeTcs IpUMEHEHUEM HaIloI-
HUTEJIeH ¢ aMOp(dHOI CTPYKTYpOI M3-3a UX CITOCOOHOCTH
K (hOpMUPOBAHMIO OOJIBIIIETO YMCIIA MOJUMOJIEKYISIPHBIX
CJI0eB aICcOpOMPOBAHHOI BOIBI Ha MTOBEpPXHOCTU. CMecH
st 3D-meyatu 06J1a1al0T COCOOHOCTBIO K BSI3KOILIA-
CTUYECKOMY TCUCHUIO 0e3 pa3pylIeHHUs CTPYKTYPHI U J0-
CTaTOYHOM CTPYKTYpHOI IIPOYHOCTBIO TIPU TO3UPOBKE
MOJUANCIIEPCHBIX HAIIOJHUTENIC C pa3MepoM YacTHIL
d=1-55 MM 110 30% ot Macchl LieMeHTa, ¢ pa3MepoM Ya-
ctur d=150—560 MM — 100—125% oT Macchl LIeMEHTA.

HAYYHO-MexXHU4eCcKUil U npou3800CEeHHbLI JHCYPHAN

considered rational. In the range of these dosages, at
W/C=0.28—0.3 and a plasticizer concentration of
0.7—0.8% of the cement mass, 3D-printable mixtures are
capable of viscous-plastic flow without destruction of the
structure, sufficient plasticity (K;(I)=3—3.5 kPa). At the
same time, the particle size range of aggregates also has a
decisive influence on the rheological behavior and plas-
ticity of 3D-printable mixtures. When using mono-parti-
cle size range carbonate sand, it was possible to provide
the plasticity required for extrusion. 3D-printable mix-
tures were able to provide the required plasticity only at its
dosage of no more than 100% of the cement mass. The use
of quartz sand with a multi-particle size range provides the
plasticity and aggregate stability, the ability of mixtures to
deform without destruction under the action of compres-
sive stresses in the dosage range of 100—125%.

Conclusion

1. It is shown that the squeezing test with constant
plate speed makes it possible to simulate the rheological
behavior and change in the state of the structure of
3D-printable mixtures during extrusion. The best extru-
sion ability is possessed by mixtures capable of viscoplastic
flow without destruction of the structure. For these sys-
tems, overcoming the stability threshold and the onset of
plastic flow without cracking corresponds to a pressure of
F*=2.5—4 kPa, rational values of plastic yield value Ki(I)
are 1.5—3.5 kPa.

2. Comparison of the rheological behavior of
3D-printable mixtures with different types of fillers and
aggregates shows that the particle size range and crys-
tal-chemical structure, which determines the adsorption
activity of their surface, has a decisive effect on the plastic
properties and aggregate stability under load. When fillers
and aggregates with mono-particle size range (dolomite
powder, carbonate sand) are used, dense spatial packings
of solid-phase particles in the structure of dispersed sys-
tems are not created, which determines their low aggre-
gate stability under load. As a result, it is not possible to
provide a rational ratio of the characteristics of plasticity
and structural stability of 3D-printable mixtures with mo-
no-particle size range fillers and aggregates in the range of
their dispersion d=0.1—630 mm, since they are character-
ized by irreversible destruction of the structure after over-
coming the stability threshold.

3. Application of fillers and aggregates with multi-par-
ticle size range (quartz sand and granite crushing screen-
ing) in their particle size range d=1—630 mm allows you
to effectively regulate the plasticity and stability of the
structure of 3D-printable mixtures. At the same time, a
higher plasticity and aggregate stability under load is pro-
vided when fillers with an amorphous structure are used,
due to their ability to form a larger number of polymolec-
ular layers of adsorbed water on the surface. 3D-printable
mixtures are capable of viscous-plastic flow without de-
struction of the structure and sufficient structural strength
at a dosage of fillers (d=1-55 mm) up to 30% of the ce-
ment mass, aggregates (d=150—560 mm) in an amount of
100—125% from the mass of cement.
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Onpenenexue yaenbHoi cB060HON NOBEPXHOCTHOW IHEPrUu
0eCKNMHKEepHbIX KOMMNO3UTOB HA BAXYLLEM LENOYHON aKTUBALWUK

113BecTeH (haKT 3arpsA3HEHMS OKPYXXaoLLen NPUPOLHON Cpedbl U BO3AYLUHOIO 6acCeliHa YrieKMCbiM ra3om, LIEMEHTHOI NbiibHo,
LNOKCMHAMK, CEPOA U APYrMMU BPEAHBIMI 11 ONACHBIMMW BELLECTBAMU NPU NPOU3BOLCTBE TPAZNLMOHHOIO NOPTIAHALEMEHTA.
Pa3BnTne 6eCKNNHKEPHbBIX BAXYLLMX LLENOYHON aKTUBALMW TOHKOAMCNEPCHBIX NOPOLLKOB alIKOMOCUNKATHOWM NMPUPOALI
(reononnmepoB) LOCTATOYHO aKTyasllbHO B HACTOSALLEE BPEMS, TAK KaK 3T0 NMO3BOJINT YACTUYHO 0TKa3aTbCs OT KAPOOHATHOIA
TEXHOMOMM N YMEHbLUUTL BbIGPOCH! B aTMOCc(epy. Peuentypbl 66CKIMHKEPHBIX BSXKYLLNX LLEIOYHON aKTUBALMI C UCMOIb30BAHNEM
0TX0[0B LEMEHTHON NPOMbILUAEHHOCTY U MPUPOAHOTO ChbipbS aNHOMOCUANKATHOM NPUPOALI M KOMNO3UTOB Ha UX OCHOBE MO3BONSAT
HaNTW NPAKTUYECKOE NPUMEHEHME 3TOI TEXHOOMMM HA CTPOUTENBLHOM nonpuLle. B paboTe nccnefoBaHa cBO60HAA NOBEPXHOCTHAS
3HEPrusa CNOXHOM MHOTOKOMMOHEHTHOI cucTembl MeTofoM OBPK. Pesynbtathl nccnefosaHuii 06pasyoB «peakLnoHHbINA
KOMMOHeHT+3anonHuTeNb+NasSi03» BOAHOTO 1 BO3AYLIHO-CYXOr0 XpaHeH!s B Bo3pacTte 28 cyT 1 1 1. nokasanu, 410 nonspHas

11 IUCNEPCUOHHAS COCTABNALLE NOBEPXHOCTHOMO HATSXKEHWUA CBUAETENLCTBYIOT O MaIOPEakLMOHHOCNOCO6HOM 1 NN0X0
CMa41BaeMON NMOBEPXHOCTU; Pa3bpoc 3Ha4eHN CBOGOHOI JHEPTrUM MOBEPXHOCTM FrapaHTUPYET BbICOKYIO LOJITOBEYHOCTb U
NPOYHOCTb 6€TOHA. [ToNy4eHHble 3aKOHOMEPHOCTI NOATBEPXKAANT 30 (HEKTUBHOCTb 6ECKIMHKEPHON TEXHOMOMK, a Pa3paboTku
BSKYLLMX LLLEN0YHOr0 3aTBOPEHNA BYAYT 3aHUMaTb KOHKYPEHTOCNOCOOHOE MOSI0XEHNE HA CTPOUTENIBHOM PbIHKE.

KntoyeBble ¢noBa: Meprefb, acNpaLnoHHas Mblifb, KNTMHKEPHAs Mbifb, BPaLLAOLLAACs Neyb, CBOGOAHASA SHEPTUsl, MOBEPXHOCTHOE
HaTsHKeHne, (PYHKLMOHANbHAS 3aBUCUMOCTb, LIENOYHOI PacTBOP.
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Determination of the Specific Free Surface Energy of Clinker-Free Composites on an Alkaline Activation Binder

The fact of pollution of the environment and the air basin with carbon dioxide, cement dust, dioxins, sulfur and other harmful and hazardous substances in the production of traditional
Portland cement is known. The development of clinker-free binders of alkaline activation of fine aluminosilicate powders (geopolymers) is quite relevant at the present time, since this
will partially abandon the carbonate technology and reduce emissions into the atmosphere. Formulations of clinker-free binders of alkaline activation using wastes from the cement
industry and natural raw materials of aluminosilicate nature and composites based on them will make it possible to find practical application of this technology in the construction field.
The work investigated the free surface energy by the OVRK method, the results of studies of samples “reaction component+filler+NaoSiO3” water and air dry storage, 28 days and 1 year
of hardening showed that the polar and dispersive components of surface tension indicate a less reactive and poorly wetted surface; surface free energy values guarantee high durability
and strength of concrete. The obtained regularities confirm the efficiency of clinkerless technology, and the development of alkaline mixing binders will occupy a competitive position in
the construction market.

Keywords: marl, aspiration dust, clinker dust, rotary kiln, free energy. surface tension, functional dependence, alkaline solution.

For citation: Salamanova M.Sh., Nakhaev M.R. Determination of the specific free surface energy of clinker-free composites on an alkaline activation binder. Stroitel’nye Materialy
[Construction Materials]. 2022. No. 1-2, pp. 30-39. (In Russian). DOI: https://doi.org/10.31659/0585-430X-2022-799-1-2-30-39

[TepcrieKTMBHOCTDL pa3BUTHSI OECKIMHKEPHOU TEXHO-
JIOTUU CTPOUTEJIbHBIX KOMITO3UTOB J0Ka3aHa COBPEMEH-
HBIMU MHUPOBBIMM TEHIEHLMSIMU, Beldb W3BECTEH (HaKT
3arpsI3HEHNST OKPYKaKoIe MPUPOTHOIM CPEAbl Y BO3MYIII-
HOro OacceifHa yIieKUCIOTON, TOHKOAUCIIEPCHOI peak-
IMOHHOM ILEMEHTHOW NbUIbIO, AUOKCUHAMM, CEPOU U
JIPYTMMU BPEIHBbIMUA U ONACHBIMM BEILIECTBAMMU TIPU TTPO-
MU3BOJCTBE TPAIULIMOHHOTO mopTiaHauemMenTa [1—6]. Ha

HAYYHO-MexXHU4eCcKUil U npou3800CEeHHbLI JHCYPHAN

The prospects for the development of clinker-free
technology for building composites have been proven by
modern global trends, because the fact of pollution of the
environment and the air basin with carbon dioxide, finely
dispersed reaction cement dust, dioxins, sulfur and other
harmful and hazardous substances in the production of
traditional Portland cement is known [1—6]. And on the
agenda of many environmental forums is the issue of de-
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MOBECTKE MHOIMX 2KOJOTMYeCKUX (hOPyMOB CTOUT BO-
Mpoc AeKapOOHU3ALMK 3KOHOMMKM 3a CUET CHUKCHMUS
SMMCCUM TIAPHUKOBBIX Ta30B, BBIICIISIONIMXCS TIPU pa3-
JIOXKEHUM KapOOHATHOIO ChIPbSl U BBI3bIBAIOIIMX IMOTEI-
JIeHWe KiMmara Ha riaHete. B Poccuu takke ati mpo-
OsieMbl OCTPO OOCYXKIAIOTCS HA BCEX HAyYHBIX TUIOLIAI-
Kax, U CJIeAyeT OTMETUTD, YTO MPUHIIMITHATbHBIC HAIIPaB-
JIEHMSI 3aIUThl OKPYKaIOIEel Cpeibl, HAIPSIMYIO CBSI3aH-
HbIE C MPOM3BOICTBOM PECYPCO- U dHEprocoeperaroIiei
MPOAYKILUU, U3IOXKEeHbI B «CTpaTeruyd pasBUTHSI TIPO-
MBILIJICHHOCTU CTPOUTEIbHBIX MAaTePUAIOB Ha IIEPUO 10
2020 r. 1 manpHeiyto nepcrnekTusy 1o 2030 r.» [7—10].

Ilepexon K OECKIMHKEPHON TEXHOJIOTMU, OCHOBAH-
HOM Ha IIEJIOYHOM aKTUBALMU TOHKOAUCIEPCHBIX MO-
POIIKOB aJTIOMOCUJIMKATHOM TTPUPOJIBI (T€OTOJIMMEPOB),
JIOCTaTOYHO aKTyaJeH B HACTOsIIlIee BpeMsl, OCOOCHHO B
peTHoHaxX, OINYMIAIIINX OeDUIUT U TOPOTOBU3HY
TPAHCIMOPTUPOBKU OTXOAOB JTOMEHHBIX METaIypruye-
CKMX TIeUeil, ISl MOJyYeHUs HIIAKOIIEIOIHBIX BSIKY-
mwux. [IpoBeneHHwlie uccaenoBanus [11—17] ceunerenb-
CTBYIOT, UTO 3(p(eKTUBHBIE pelENTYpPhl 0CKIMHKEPHBIX
BSIXKYIIMX Ha OCHOBE TTOPOIIIKOB TEPMOAKTUBUPOBAHHO-
ro rmpu 700°C ormoKoBUIHOTO MEPreisi, aCIIMpaluOHHOMN
W KIWHKEPHOW TIBIJIA, aKTUBUPOBAHHBIX IICTOYHBIM
pactBopoMm (pH=12—13), mo3BoasAT HaWTU TpaKTU4e-
CKOE TIpPMMEHEHHNE 3TOM TEXHOJIOTUM HA CTPOUTEIHHOM
MOMpHUILE.

HccnenoBaHue IIeJOYHOTO IIEMEHTHOIO KaMHSI Ha
BSDKYIIUX CBSI3KaX «PEaKIIMOHHBIN KOMITIOHEHT — MIHE-
PaJibHBIM TIOPOIIOK — IUEJOYHOM PacTBOP» METOAAMU
9JIEKTPOHHO-30H0BOM MMKPOCKOIIUM U pPEHTreHO(da-
30BOr0 CTPYKTYPHOTO aHaJM3a MOATBEPAMJIM MPUCYT-
CTBHE THUIPOATIOMOCUJIMKATHBIX IICOIUTOBBIX (pa3
Mn'ty /n[(AlO2) x(Si02)];H20 nepemenHoro cocrasa B
MPOAYKTaX CHUHTe3a M TUApaTalliy, CIIOCOOCTBYIOLINX
(hopMUpPOBaHMIO TPOYHOTO U AOJTOBEUHOTO KOHTJIOME-
pata. PU3MKO-MEXaHUYECKME M BKCIUIyaTallMOHHBIE
ToKa3aTeJId MOJyYeHHBIX O0ETOHOB Ha BSIKYIIIUX CBI3KAX
«aCIUpalMoHHasl/KIMHKEPHasl bLUIb — ITOPOIIOK OI0-
ku — NapSiO3» ¢ pobaBkoii MuUKpokpemHesdema (5%)
COOTBETCTBYIOT KJlaccaM OeToHa 1o mpoyHoctu B30—
B40, o mopo3socroiikoctu F300 (I'OCT 10180—2012
«beToHbl. MeTonbl omnpeneseHus MPOYHOCTU TI0 KOH-
TPOJIbHBIM OOpa3suam») [16, 17].

C uenpio Gosee TIIy0OKOTO U3yYeHUs] CHHTE3UPOBaH-
HOM CTPYKTYpPbl M TEKCTYpbl LIEMEHTHOIO IIEJOYHOIO
KaMHS MCCJIeI0BAIach IIPOYHOCTb CTPYKTYPHBIX MEXKMO-
JIEKYJISIPHBIX CBsI3€ll HAa MUKPOYPOBHE, BEIYIIYIO POJIb B
¢GopMHpPOBaHUN KOTOPBIX 3aHMMAET MOBEPXHOCTh AWC-
TEPCHBIX MAaTePUAJIOB, XapaKTEPU3YIOIIAsICSI COMOCTABU -
MO C 00BEMOM KOMITO3ULIMM 00Jie€ BHICOKUM dHEPreTH-
YeCKUM TOTEHLUHMAJIOM. B CBSI3M ¢ 3THM KITFOUEBBIM MO-
MEHTOM B ITpoIleccax CTPYKTYPOOOpa30BaHUs M Ka4eCTBa
KOMITO3UTOB MOXHO CUMTAaTh CBOOOIHYIO ITOBEPXHOCT-
HYIO HEPIUIO CJIO)KHOW MHOTOKOMITOHEHTHOM CUCTEMBI,
OIpelieIEeHUE KOTOPOM OCYIIECTBISAIN Ha YHUKAIBHOM
creHne «PU3NKOXUMUS TTOBEPXHOCTH HAHOAMCIIEPCHBIX
cucrem» Mmetogom OBPK (OyHca—Benara—PabGens—
Kbennoie).

(ST POV S IBABIE

carbonization of the economy, by reducing the emission
of greenhouse gases released during the decomposition of
carbonate raw materials and causing a warming of the
planet’s climate. In our country, these problems are also
sharply discussed at all scientific sites, and it should be
noted that the fundamental directions of environmental
protection, directly related to the production of resource
and energy-saving products, are set out in the “Strategy
for the development of the building materials industry for
the period until 2020 and further perspective until
2030” [7—10].

The transition to a clinker-free technology based on
alkaline activation of fine aluminosilicate powders (geo-
polymers) is quite relevant at the present time, especially
in regions experiencing a shortage and high cost of trans-
porting waste from blast furnace metallurgical furnaces to
obtain slag-alkaline binders. Studies [11—17] indicate that
effective formulations of clinker-free binders based on
powders of opoka-like marl, thermally activated at 700°C,
aspiration and clinker dust, activated with an alkaline
solution (pH=12—13) will make it possible to find practi-
cal application of this technology in the construction field.

The study of alkaline cement stone on binders “reac-
tion—mineral powders—alkaline solution” by electron
probe microscopy and X-ray structural analysis confirmed
the presence of hydroaluminosilicate zeolite phases
Mn*x/n[(AlOz)'X(SiOQ)] 7H20O of variable composition
in products synthesis and hydration, contributing to the
formation of a strong and durable conglomerate. Physico-
mechanical and operational indicators of the obtained
concretes on binding bonds “aspiration—clinker dust—
flask powder—NaSiO3” with the addition of microsilica
(5%) correspond to concrete classes in terms of strength
B30—B40, frost resistance F300 (GOST 10180—2012
“Concrete. Methods of determination strength according
to control samples™) [16, 17].

With the aim of a deeper study of the synthesized
structure and texture of cement alkali stone, the strength
of structural intermolecular bonds at the microlevel was
investigated, the leading role in the formation of which is
occupied by the surface of dispersed materials, which is
characterized by a higher energy potential comparable to
the volume of the composition. In this regard, the key
point in the processes of structure formation and the qual-
ity of composites can be considered the free surface energy
of a complex multicomponent system, the determination
of which was carried out at the Unique stand
“Physicochemistry of the surface of nanodispersed sys-
tems” by the OWRK method (Ouns—Wendt—Rabel—
Kjellble).

According to the OWRK method, the dispersion part
of the surface tension consists of the internal energy of the
molecules that make up the surface layer of the material,
which is based on the imbalance of intermolecular forces.
This parameter makes the main contribution to the sur-
face energy of the material [18—22].

The polar part of the surface energy of a material arises
due to electrostatic forces, the source of which are polar
groups formed by molecular structures that have lost some
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CornacHo metony OBPK nucnep- Ta6nuua 1
CMOHHAs1 YacTb IIOBEPXHOCTHOIO Ha- 0 s 3 Table 1
TSDKEHUS COCTOUT U3 BHYTpeHHeﬁ OBEpPXHOCTHOE HaTSI.)KeHI/Ie pa .O"II/IX )S(VIAKOCTeI/I

Surface tension of working fluids

SHEPIUMU MOJIEKYJ, COCTaBJISIOIINX
IIOBEPXHOCTHBIN CJIOW Marepuana, B PaGouyast Xu1aKocTb G1, MH/M of, MH/m 67, MH/Mm
OCHOBE KOTOpPOU JIEKWUT AWcOaIaHC Working fluids oz, mMN/m o7, mN/m of, mN/m
MEXMOJIEKYISIPHBIX CUJI. DTOT Napa- | Bona 708 . 018
MeTp BHOCUT OCHOBHOI BKJIam B Mo- || Aqua ’ ’
BEPXHOCTHYIO JHEpPruio MaTepua- | grunenravkons

48,3 19 29,3
ma [18-22]. Ethylene glycol

[TonsipHast yacTh MOBEPXHOCTHOM [ feyan 236 o 236
SHEPrMM MaTepuaja BO3HHUKAET 3a | Decan ' ’

CYET DJMEKTPOCTATHYCCKUX CUJI, MC- | Fhuiepun 614 ot s o
TOYHUKOM KOTOPBIX SIBJISIIOTCS MO- | Glycerol , :

JIIpHBIC TPYIIIBI, OOpa3yeMbie JIH-
IIMBIIMMUCS YaCTH aTOMOB MOJICKYJISIDHBIMU CTPYKTY-
paMu ¥ 3a CUYET XMMUYCCKUX CBsI3eil (opmupyrolme
SJIEKTPUYCCKN HeHTpabHbIe «IUTTONN» [11—13, 19—-24].

B xauecTBe OCHOBHOI MaTeMaTU4YeCKON 3aBUCUMO-
CTH UCITOJIB3YETCS CIIeAyIolee ypaBHEHNE:

o (cos0+1) \/@\/@ D
= + o y
o e

Ie 6; — MOBEPXHOCTHOE HATSKEHUE paboyux XKUOAKO-
creil; 6P — IUCIIepCMOHHAs COCTABJISIONIAs ITOBEPX-
HOCTHOTO HATSDKEHMSI pabOUnX KUAKOCTE; 6§ — monsp-
Hasl COCTaBJISIONIasl MTOBEPXHOCTHOIO HATSIKEHUST pabo-
YUX KUIKOCTEH; 62 — nucrepcuoHHas cocTaBIsIoILas
MOBEPXHOCTHOTO HATSIKEHUST UCCIEAYEMOro MaTepuaia;
of — monspHas cocrapisonas MOBEPXHOCTHOIO HATsI-
KEHUS HCCIeyeMOoro Marepuana; 6 — KpaeBOW yroi
CMauyuBaHUS UCCIEAYEeMOro MaTepuania.

®yHKIMOHaNbHAsE 3aBUcuMOcTh OyHca—BeHnra
UMeEET JUHEMHBIN XapaKTep:

c,(cosf+1) p Jof
D - D/

2o} oL
Vri0Boil Ko3p@ULMEHT NPSIMOI MPEACTABISET CO-
00Ii TTOJISIPHYIO YaCTh ITOBEPXHOCTHOTO HATSKEHUS WC-

)]

(@)

Puc. 1. MNoaroTtosneHHbIn o6pasew-Tabnetka acnmpaumMoHHO’ Nblv
Fig. 1. Prepared sample-tablet of aspiration dust

HAYUHO-MeXHU4ecKuil U NPoU3800CMEeH bl HCYPHAN

of the atoms and, due to chemical bonds, forming electri-
cally neutral “dipoles” [11—13, 19—-24].
The following equation is used as the main mathemat-

ical relationship:
Vof o

csL(cose+1)= r LoD
N Jop Y

where 6, — surface tension of working fluids; 6P — disper-
sion component of the surface tension of working fluids;
o} — polar component of the surface tension of working
fluids; 6# — dispersion component of the surface tension
of the test material; 6£ — polar component of the surface
tension of the test material; 6 — contact angle of wetting of
the test material.
The Ouns-Wendt functional relationship is linear:

o,(cosf+1) _r \/E

The slope of the straight line is the polar part of the
surface tension of the test material, and the point of inter-
section of the straight line with the vertical axis character-
izes the dispersion part.

The surface tension of the test material is determined
as the sum of the dispersion and polar parts:

)]

()

og=cf+c?.

3)

To calculate by the OWRK model, in addition to the
surface tension of the liquid and the contact angle of wet-
ting, it is necessary to know the dispersion and polar com-
ponents of the working fluids. The following were used as
working fluids: water, ethylene glycol, decane, glycerin.
These liquids are selected based on the values of surface
tension and various chemical structures of molecules. The
surface tension of working fluids, as well as their polar and
dispersive components are shown in Table 1.

When implementing the method, working solutions
are applied to the surface of the sample of the material
under study. The contact angle of wetting is determined,
after which Cos 0 is calculated and the functional depend-
ence (1) is approximated by a linear equation.

In the case of determining the surface tension of pow-
der samples, preliminary operations were performed to
prepare the analyzed samples. Samples were prepared
from powders by tabletting by compaction at a load of
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CJIeJlyeMOro Marepuasa, a ToOUYKa MepeceyeHust
TMPSIMOM C BEPTUKAIBHOU OChIO XapaKTepPU3YeT
JTIUCIIEPCUOHHYIO 4acTh.

IToBepXHOCTHOE HATSIXKEHUE UCCEAYEMOIO
MaTepuaia OmpenessseTcss Kak cyMMa JUCIep-
CUOHHOM 1 MOJSIPHOI YacTe:

os=0§ * o§. (3)

Hns pacuera mo momenu OBPK xpome mo-
BEPXHOCTHOTO HATSIKEHMS XKUIKOCTA M Kpae-
BOTO yrja cMayuMBaHUS HEOOXOAMMO 3HaTh
JMUCTIEPCUOHHBIE W TIONSIPHBIE KOMITOHEHTHI
pabouux xuakocteil. B kauecTBe paboumx
KUAIKOCTEH MCITOJIB30BAIMCh: BOAA, STUJICH-
[JIMKOJIb, €KaH, MIMUEPUH. JlaHHbIE XUIKO-
CTU BBIOpaHBI MCXOMSl U3 3HAUYCHUI TOBEpX-
HOCTHOTO HATSKEHUSI U Pa3IMYHOTO XUMUYE-
CKOro CcTpoeHMus1 MoJieKyad. IloBepxHOCTHOe
HaTSDKeHUE pabouymuX XKUIKOCTEH, a TakkKe UX
MOJISIPHBIE U TUCIIEPCUOHHBIE COCTaBJISIONINE
MpUBeAeHbI B Ta0J. 1.

[Ipu peanuzanuy MeToaa paboure pacTBO-
Dbl HAHOCSITCSI Ha ITOBEPXHOCTh 00pa3iia uccie-
nqyeMoro Marepuana. OmpefensieTcs KpaeBoit
yIroJl CMayuBaHMS, TOCJE YEro BbIYMCISIETCS
Cos 0 u dyHkunoHanbHasT 3aBUCUMOCTH (1)
aMnMmpOKCUMUPYETCS JUHEHHBIM ypaBHEHUEM.

B cnyyae ompeneneHus MOBEPXHOCTHOTO
HaTSKEHUS y TTOPOLIKOBBIX 00pa3loB MpeaBa-
PUTEJIbHO BBIMOJHSUIUCH OIEepalyy MO MOAro-
TOBKE aHaau3upyembix 1mpob. M3 mopormikos
ObUIM M3rOTOBJIEHBI TaOJETUPOBAHMEM 00pa3-
116l TTyTEM UX YIJIOTHeHUs npu Harpyske S kl1a
B TeyeHUe | MMH B MeTauIM4ecKux (opmax
nuametpoM 30 mMM. B kKauecTBe 0OBEKTOB MC-
clienoBaHusl ObLIM BhIOpAaHbI KOMIO3ULIUU Oe-
TOHOB Ha OECKJIMHKEPHOM BSDKYIIEM ILEJ0Y-
HOTO 3aTBOPEHUS, B TA0J. 2 MPUBOISTCS YCIOB-
Hble 0003HAYEHMST U COCTaB.

[Ipumep MOOTOTOBIEHHOTO [IJISI SKCIIEPU-
MEHTOB 00pa3na-TabJeTKu aclupanuoHHON
MbLIY MpeaCTaBIeH Ha puc. 1.

B Tabn. 3 mpuBeaeHbI 3KCTIEPUMEHTATLHO
OIpe/ie/ICHHbIe 3HaUeHUsI KPaeBbIX YIJIOB CMa-
yuBaHus (0) MOBEPXHOCTU MCCIETYEMBIX 00-
pa3loB pabOYMMU XKUAKOCTSIMM M pacCUMTaH-
HbIE KOCUHYCH JaHHBIX yI10B (Cos 0).

Ha puc. 2 npuBeneHsl poTorpacdpuu Kareib
pabouux KUAKOCTel Ha obpa3siie 1 (acrmpanm-
OHHasl TIbUTb+YepBIIeHCKUI TiecoK+NajSiO3,
BOJIHOTO XpaHEHMUs).

Ha puc. 3 mpuBeneHa yHkImoHaibHast 3a-
Bucumoctb OyHca—Benara (2) mias uccienye-
MbIX 00pa31ioB. Crefyet Noq4epKHYTh, YTO Me-
ton OBPK maet BO3MOXHOCThH OLIEHUTh BKJIAJI
MOJIIPU3ALMOHHON (XMMHUUECKOM) U AUCIIep-
CHOHHO ((pM3MIECKOIT) COCTABISIONINX B CYyM-
MapHOe 3HaUYE€H1E YHEPTreTUYECKOM XapaKTepu-
CTUKU TTOBEPXHOCTH.

-

Tabnuua 2
Table 2

Komno3aunuumn 6eToHHbIX 06pa3L0B Ha BXKYLLEM LEJIOHYHOrO 3aTBOPEHUs
Composite samples on a binder of alkaline mixing

CocTaB
Sample

BopHoe xpaHeHne
Water storage

XpaHeHue H. y.
20+2°C
Storage 20+2°C

AcnupaumoHHas
Nblb+4epBAEHCKNA
necok+NasSiO3

Aspiration
dust+Chervlensky
sand+NasSiO3

Meprens
700°C+anarnpckuin
necok+NasSiO3

Marl 700°C+Alagir
sand+NasSiO3

AcnnpaumoHHas
nblib+anarnpckunin
necok+NasSiO3

Aspiration dust+Alagir
sand+NasSiO3

Mepresnb 700°C +
YEpPBIEHCKMWI NECOK +
NasSiO3

Marl 700°C+Cherviensky
sand+NasSiO3

XpaHeHune 1 ropn / 1 year storage

Meprens 700°C +
YepBNIEHCKNIN NECOK +
NansSiO3

Marl 700°C+Cherviensky
sand+NasSiO3

Meprens 700°C + Tyd +
YEepPBNIEHCKNIN NECOK +
NasSiO3

Marl
700°C+tuff+Cherviensky
sand+NasSiO3

KnnHkepHas nbinb +
YepBNIEHCKNIN NECOK +
NapSiO3

Clinker dust+Chervlensky
sand+NasSiO3
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Ta6nuua 3
Table 3

KpaeBblie yrnbl cMauMBaHUs NOBEPXHOCTU UCCriefyeMbiX 00pa3LuoB
paboumMMm XnaKkocTamMmm
Contact angles of wetting the surface of the test samples with working fluids

HekaH OTUNEHIINKONb FnnuepuH Bopa
08’6933?'4 Decan Ethylene glycol Glycerol Aqua
ample
P 0,° Cos 6 0,° Cos 6 0,° Cos 6 0,° Cos 0
1 9,9 0,985 30,1 0,865 27,6 0,886 28,6 0,878
2 11,6 0,98 27,7 0,885 31,3 0,854 26,9 0,892
3 14,7 0,967 19,9 0,94 24,5 0,910 25,2 0,905
4 17,2 0,955 25,3 0,904 26,2 0,897 15,3 0,965
1a 19,2 0,944 55,3 0,569 40,2 0,764 41 0,755
2a 13,5 0,972 34 0,829 35,2 0,817 31,4 0,854
3a 16,4 0,959 40,3 0,763 30,9 0,858 28,6 0,878
4a 12,9 0,975 41,8 0,745 46,6 0,687 39,1 0,776
5 11,8 0,979 42,7 0,735 59,3 0,511 69,3 0,353
6 12,2 0,977 13,9 0,971 25,7 0,901 20,6 0,936
7 11,8 0,979 25,1 0,906 63,8 0,442 45,2 0,705
Tepmoobpa-
6OTaHHbIM 12,8 0,975 22,8 0,922 27,7 0,885 20,5 0,937
mepresnb 700°C
Acmpaumon- | 453 | 9977 | 15 | 0,966 | 19,3 | 0,944 | 153 | 0,965
Hast NbiNb
Knwkkephas 8 0,99 | 30,2 | 0,864 | 39,8 | 0,768 | 13,2 | 0,974
Mblb
Ta6bnuua 4 ¢
Table 4

PaccunTaHHble 3Ha4YeHUs MOBEPXHOCTHOrO HaTSXKeHUs (O,), AMcnepcuoHHom (6¢)
1 nonsipHoi (67) yacTel ero COCTaBAKIOLWMX 4SS BCEX uccnepyembix 06pasuos
Calculated values of surface tension (5,), dispersion (c¢) and polar (cf) parts
of its components, for all studied samples

= > v 2
= ot rusiore 0 e bl ot e e .yt A A L4 ]
L smCe | Peabe] Thn teie) | Sl ek sl | S

- T i wan o [ — ]

:!.

Puc. 2. Kannu paboumx xuokocTtei Ha obpasue
1: a - kanns BoAbl; b — Kanns rAvuepuHa; ¢ — kanns
nekaHa; d — kanns aTUNEeHrnnKons

Fig. 2. Photos of droplets of working fluids on the
sample 1: a — water drop; b — a drop of glycerin;
¢ - dean drop; d - a drop of ethylene glycol

MOBEPXHOCTHOE HaTsxkeHne, M/ M2
O6pas3eL, Surface tension, mJ/m?
Sample o7 o o
1 41,11 18,69 59,81
2 41,46 18,5 59,96
3 42,96 19,03 61,99
4 46,78 17,48 64,26
1a 35,06 15,75 50,81
2a 39,24 18,07 57,31
3a 41,80 16,93 58,73
4a 33,75 17,62 51,37
5 14 23,11 37,11
6 44,27 19,08 63,35
7 26,54 19,5 46,04
i 0
éﬂﬂﬂ;?ﬁﬁi? st 44,88 16,86 61,74
HAYYHO-MexXHU4eCcKUil U npou3800CEeHHbLI JHCYPHAN g VIV BB E
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Fig. 3. Ouns-Wendt functional dependence (2) for the studied samples
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Puc. 3. OkoHuyaHve
Fig. 3. Ending

B tabn. 4 npuBeaeHbl pacCUMTaHHBIC 3HAUCHMUS T1O-
BEPXHOCTHOTO HATSKEHUS (Og), TUCTIEPCUOHHON (og) u
TMOJISIPHOIE (OF) yacTeil ero CoCTaBISIOIMX [UTsST BCEX MC-
CIIeAyeMBIX 00pa3IIoB.

CpaBHUTENbHBIN aHaaU3 00pas3IoB «aCIMpaIliOH-
Has mbLUIb+uepBieHcKMi Tecok+NapSiO3» BogHoro (1)
1 BO3MYIITHO-Cyxoro (la) xpaHeHus moKasaj, 4To y 00-
pasua (la) moysipHasi COCTaBJIsIIOIIAsl TTOBEPXHOCTHOIO
HATSDKEHUST MeHblle Ha 16%. DTO CBUIETEILCTBYET O
TOM, 4TO €0 MOBEPXHOCTh MEHEEe PeaKIIMOHHOCIIOCO0-
Hasi, XyXe CMa4yMBaeTcsl, CJIeA0BATEIbHO, MOXKHO MIPEe/-
MOJIOKUTh, YTO JAaHHBII MaTtepual (B CpaBHEHUU C 00-
pasioM 1) sBasieTcss 6ojiee TOJTOBEYHBIM U MTPOYHBIM.
JucniepcroHHast COCTaBJISIONIAs yMEHbIIIach Ha 14%.
DTO CBUAETEILCTBYET O TOM, UTO Ha ITOBEPXHOCTHU IIpe-
MMYLIECTBEHHO HAaXOMSITCS KPYIIHbIE YACTULIBI U arjio-

5 kPa for 1 minute in metal molds with a diameter of
30 mm. Compositions of concrete based on a clinker-free
binder of alkaline mixing were selected as objects of re-
search; in Table 2, the symbols and composition are given.

An example of an aspiration dust tablet sample pre-
pared for experiments is shown in Fig. 1.

Table 3 shows the experimentally determined values of
the contact angles of wetting (0) of the surface of the test
samples with working fluids and the calculated cosines of
these angles (Cos 0).

Fig. 2 shows photographs of droplets of working fluids
onsample 1 “aspiration dust+Chervlensky sand+NapSiO3”
water storage.

Fig. 3 shows the Ouns-Wendt functional depend-
ence (2) for the samples under study. It should be empha-
sized that the OWRK method makes it possible to esti-
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Mepathl. [ToBbllieHue pazdpoca 3HaueHuit COII roso-
PUT O TOM, UTO MOBEPXHOCTH obpa3sua (la) 6osee Heom-
HOpPOIHAsI.

AHanmu3  pe3yjbTaToB  00pas3lloB  «Mepreb
700°C+anarupckuii recok+NapSiO3» BomHoro (2) u
BO3AYIIHO-CYXOro (2a) XpaHEHHs; <«aclupalroOHHas
MbUTh+anarupckuii mecok+NaySiO3» BomHoro (3) 1 BO3-
IyIITHO-cyXoro (3a) xpaHeHus; «Mepreab 700°C+ueps-
JneHckuit 1ecok+NapSiO3» BogHOro (4) M BO3MYIIHO-
cyxoro (4a) xpaHeHUsI TTO3BOJISICT CACIaTh aHAJIOTUIHBIE
BBIBOJIEI.

CpasHuBast obpasenr «Mepreib 700°C+uepBiIeHCKIIA
nmecok+NapSiO3» 1 roma xpaHeHus (5) ¢ oOpasua-
mu (1—4) u (la—4a), MOXXHO OTMETUTbH, YTO 3HAYCHUE
JIMCTIEPCUOHHON COCTABJISIIONIEH ITOBEPXHOCTHOTO Ha-
TSIKEHMS BbILLE, TOBEPXHOCTh COCTOUT U3 00JIee METKUX
yactull. ITongpHasa cocraBnsgtomasgs COI1 3HaunTeIbHO
HIDKe (HaMMeHBbIIlee 3HAUeHME M3 BCeX 00paslioB), ITO-
BEPXHOCTh MaJIOPEaKLIMOHHOCTIOCOOHAsI, TIJI0X0 CMayr-
BaeTCsl BOMOI; MOXHO MPEANOJOXUTb, UTO MaTepuasl
MMEET CaMyIO0 BBICOKYIO ITPOYHOCTb M JTOJTOBEUYHOCTD.
Hwuszkwuit pa3opoc 3Hauenuii COI1 roBoputr o TOM, 4TO
MMOBEPXHOCTh OOpasua «Mepreab 700°C+uepBiieHCKHUI
necok+NapSiO3» 1 roga xpaHeHus (5) omHoOpomHas U
TUTOTHAS.

CpaBHuBast obpazenr «Mepreab 700°C+ByakaHnde-
ckuit Ty(+ueppieHckuil mecok+NarSiO3» 1 roma xpa-
HeHus (6) ¢ obpasuamu (1—4) u (la—4a), MOKXHO OTMe-
TUTh, YTO ToysipHast cocrtapistiomass COII Berme, 310
CBUAETEJIBCTBYET O TOM, UTO €ro MOBEPXHOCTh OoJiee pe-
aKIIMOHHOCIIOCOOHAsI, JydYllle CMauyuBaeTCs, CleaoBa-
TEJIbHO, MOXHO MPEINOJIOKNTh, YTO JAaHHBIN MaTepual
MeHee JOJITOBEUYHbI M MpouHbIil. Beicokuii pazdpoc
3HaueHuii COII roBOpUT O TOM, YTO MOBEPXHOCTh 00-
pasua (6) 6oJiee HEOIHOPOIHAS.

CpaBHuBasi obpasell «KJIMHKepHasl MbUIb+YepBIIeH-
ckuit mecok+NapSiO3» 1 roga xpanenus (7) ¢ obpasua-
mu (1—4) u (la—4a), MOXHO OTMETUTh, YTO TOJSIpHas
coctapigionasg COIT Huxke. DTO CBUAETEIBCTBYET, UYTO
€ro TIOBEPXHOCTh MEHEe PeaKIIMOHHOCTIOCOOHAsI, XYyXe
CMauyMBaeTCs, CJIeI0BaTEbHO, MOXHO IPEANOJOXUTD,
YTO JAHHBI MaTepual 6oJjiee JOJTOBEYHbBIM 1 MPOYHBIA.
Bricokuit pazopoc 3HaueHuit COI1 roBopUT 0 TOM, UTO
MoBepxXHOCTh oOpasia (7) 6ojee HEOTHOPOAHAS.

CpaBHuBas o00pa3lbl MCCAEAYEMbIX ITOPOIIKOB
(acrmMpallMOHHON IBLIM, TEPMOAKTUBUPOBAHHOTO Mep-
resist ipu 700°C 1 KIIMHKEPHOU TTHUTN ) MOXKHO OTMETHUTb,
YTO IS BCEX XapaKTepeH HU3KUII pa3dopoc 3HAYEHUit
C3I1, cBUAETENbCTBYIOLIMIA, UTO COCTAaB MOPOIIKOB U
IIOBEPXHOCTh 00pa3IOB-3alIPECCOBOK OIHOPOIHEI.
[Monspueie coctaBisronine COII BEIIIE, YeM y 00pas-
noB-6anouek (1—4, la—4a, 5—7), ciemoBaTebHO, MO-
POILIKM SBISIOTCS 0oJjiee peaKIIMOHHOCIIOCOOHBIMU;
HauOoJbIIee 3HaYeHNE 3a(PUKCUPOBAHO Y aCTTUPAIIMOH-
HOM TIBUTA. Y KJIIMHKEPHOM MBUTK 3aDMKCUPOBAHO HaM-
MEHbIlIee 3HAUY€HUE IMCIIEPCMOHHOMN COCTaBIISIOLIEH,
YTO CBUACTEIBCTBYET O HATUUMUM 00JIee KPYITHBIX YaCTHII
10 CPABHEHUIO C APYTMMU MOPOLIKAMMU.

mate the contribution of the polarization (chemical) and
dispersion (physical) components to the total value of the
energy characteristics of the surface.

Table 4 shows the calculated values of surface tension
(0g), dispersion (og) and polar (oF) parts of its compo-
nents, for all studied samples.

Comparative analysis of samples “aspiration
dust+Chervlensky sand+NapSiO3” (1) water and (1a) air
dry storage at 20+2°C showed that sample (1a) has a polar
component of surface tension less by 16%, which indi-
cates that that its surface is less reactive, worse wetted,
therefore, it can be assumed that this material (in compar-
ison with sample 1) is more durable and strong. The dis-
persion component decreased by 14%, which indicates
that large particles and agglomerates are predominantly
located on the surface. An increase in the scatter of the
surface free energy (SFE) values indicates that the surface
of the sample (1a) is more inhomogeneous.

Analysis of the results of the samples “marl
700°C+Alagirskiy sand+NapSiO3” (2) water and (2a) air dry
storage 2012°C; “aspiration dust+Alagir sand+Na)SiO3” (3)
water and (3a) air dry storage 20£2°C; “marl
700°C+Chervlensky sand+NapSiO3” (4) water and (4a) air
dry storage 204:2°C allows to draw similar conclusions.

Comparing the sample “marl 700°C+Chervlensky
sand+Na»SiO3” 1 year storage (5) with samples (1—4) and
(la—4a), it can be noted that the value of the dispersion
component of surface tension is higher, the surface con-
sists of smaller particles. The polar component of SFE is
much lower (the smallest value of all samples), the surface
is slightly reactive, poorly wetted with water, it can be as-
sumed that the material has the highest strength and dura-
bility. The low scatter of SFE values indicates that the
surface of the sample “marl 700°C+Chervlensky sand+-
NapSiO3” 1 year of storage (5) is homogeneous and dense.

Comparing the sample “marl 700°C+volcanic
tuff+Chervlensky sand+NajSiO3” 1 year storage (6) with
samples (1—4) and (1a—4a), it can be noted that the polar
component of SFE is higher, which indicates that its surface
is more reactive, better wetted, therefore, it can be assumed
that this material is less durable and strong. The high scatter
of SFE values indicates that the surface of the sample “marl
700°C+volcanic tuff+Chervlensky sand+NaSiO3” (6) is
more heterogeneous.

Comparing the sample “clinker dust+Chervlensky
sand+NajSiO3” 1 year of storage (7) with samples (1—4)
and (la—4a), it can be noted that the polar component of
the SFE is lower, which indicates that its surface is less
reactive, worse wetting, therefore, it can be assumed that
this material is more durable and strong. The high scatter
of the SFE values indicates that the surface of the sample
“clinker dust+Chervlensky sand+NapSiO3” 1 year of
storage (7) is more heterogeneous.

Comparing the samples of the studied powders (aspira-
tion dust, thermoactivated marl at 700°C, and clinker
dust), it can be noted that all are characterized by a low
scatter of the SFE values, which indicates that the compo-
sition of the powders and the surface of the pressed samples
are homogeneous. The polar components of the SFE are
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PesynbTaThl MpOBENEHHbBIX UCCIEI0BAHUI MOKA3aIH,
yro Mmetoa OBPK mno3Bonaun omnpeaeauTh XapakTep
CTPYKTYPHBIX MEXKMOJICKYISIPHBIX CBSI3eil 1 CBOOOTHYIO
MMOBEPXHOCTHYIO SHEPIHUIO CIIOKHON MHOTOKOMITOHCHT-
HOW CUCTEMBI «PEAKLIIMOHHBIH MUHEPAJIbHBIA KOMIIO-
HEHT — IIEJIOYHOM 3aTBOpUTEIb». (DYHKIIMOHAIbHOE
ypaBHeHne OyHca—Benara (2) ucciaenyeMbIx 00pa3oB
TTO3BOJIMJIO TIPOCJICAUTh U3MEHEHNE CTPYKTYPHI M TEK-
CTYpBbI LIEMEHTHOTO KaMHsI B 3aBUCUMOCTHU OT BO3pacTa,
cocTaBa 1 ycaoBuii TBepaeHus. [ToBepxHocTh 00pa31ioB
OoJiee IIMTEIBHOTO CpPOKa XpaHCHUS SIBJISIETCS ITOCTa-
TOYHO IIJIOTHOW M HECMayMBaeMOM, YTO TapaHTUPYET
BBICOKYIO JIOJITOBEYHOCTb M IIPOYHOCTh O€eToHa.
IMonydyeHHBIe 3aKOHOMEPHOCTU MOATBEPKAAIOT 2P PeK-
TUBHOCTh OCCKIMHKEPHOM TEXHOJOTMHU, a pa3pabOTKU
BSLKYIINX IIMEJIOYHOTO 3aTBOPECHUS OyAyT 3aHMMAaTh
JIOJIKHOE KOHKYPEHTOCITIOCOOHOE MOJIOKEHUE Ha CTPOU -
TEJIbHOM PBIHKE.
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Y4e6Hoe nocobue «[lpombilNEHHOE U rpaXaaHCKoe CTPOUTENbCTBO. BBeaeHue B npotheccuto»

Astopsl: Ipbiznos B.C., Bopox6sHos B.H., lengnuua H0.6., 3anunaesa 0.A., KanTiownna AT,
Mepnseaesa H.B., Metposckas A.A., Mosaposa 0.A., HYopHas T.H.

Hay4HbIli pegakTop — A-p TexH. Hayk, npod. B.C. Mpbianos
MockBa; Bonoraa: ViHdpa-Urxenepus, 2021. 276 c.

[aHa 0614 xapakTepucTuka npodeccuin cTpouTenb. MpuBeaeHbl CBEAGHUA U3 UCTOPUM Pa3BUTUS CTPOUTENLHON
oTpacnu. MpenoXeHo KpaTkoe ONucaHue BIU0B CTPOUTEbHOI NPOAYKLUM, 0COGEHHOCTEN NPOEKTUPOBAHNS CTPONTENbHbIX
06bEKTOB, TEXHONOMMM 1 MOPAAKa OPraHu3aLmMy BO3BEAEHUS 30aHUI U COOPYXKEHWIA; PaCKPbITbI BOMPOCHI MEHEMKMEHTa B
cTpouTenbcTBe. MoayepKHyTa BXKHOCTb CTPOUTENBHON HAayKU U LMCPOBM3ALMU CTPOUTENbHOM AeATeNbHOCTU. OTAeNbHas

C BbIMYCKHNKaMW LLIKOJ.

(Y POV ENPRBIE

NPOMEILLNEHHOE
N FRAMOAHCKOE

CTPOMTENLCTED
rnaBa MoCBsiLLleHa OCOOGEHHOCTAM OPraHu3auMn WHXEHEPHO-CTPOUTENIbHOro 00y4eHus. [ns CTyaeHTOB 6Gakanaspuara,
Ha4aBLLKMX 0By4eHUe Mo HanpasneHno «CTpouTenbcTBo». MOXET 6bITb UCMOMb30BAHO NS NPOOPUEHTALNOHHON PabOThI
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1 TomcKUit rocynapcTBeHHbI apXUTEKTYPHO-CTPOUTENBHBIN yHUBEpcuTeT (634003, r. Tomck, ConsaHas ni., 2)
2 HaLvoHanbHbIA UCCNeaoBaTeNnbCKM TOMCKUI MOAUTEXHUHECKUI yHUBEpCuTET (634050, r. Tomck, np. JeHunHa, 30)

LleMeHTHbIX NeHo6eTOH HeaBTOKNABHOI0 TBepAEeHus
¢ TepmomoauchuLMpoBaHHon ToptaHON [06aBKOM

MpeacTasneHbl Pe3ynbTaThl MCCNEA0BAHUS LEMEHTHOTO KOHCTPYKLIMOHHO-TENNOU30NALMOHHOTO NEHOBETOHA ANg UHANBUAYANIbHOMO
XUIULLHOMO CTPOMTENbCTBA. [PEAN0XEHO B Ka4ecTBe MOANULMPYIOLLE LO6ABKM, NOBbILIAIOLLLEA 0AHOPOAHOCTb CTPYKTYPbI

11 Ka4eCTBO NeHO6eTOHa, UCMONb30BaTh MUKPOMOPUCTYI0 OPraHOMUHepanbHyo TopdaHyto fo6asky TMT600. MokasaHo, 4To npu
BBELEHNI B BOAHbIN PacTBOp CUHTETUYECKOro neHoobpasosarens TopdaHon fo6asku TMT600 cTabunmsnpyeTcs CTOMKOCTb MEHbI, 4TO
MONOXMTESIbHO BIIUSAET HA CHUKEHWE paccnanBaemMoCTi NEHOBETOHHOM CMECH W MOBbILLIAET TEXHONOMMYHOCTb NPU MHANBMAYANBHOM
CTPONTENbCTBE. B pesynbrate nNpoBefeHHbIX UCCNef0BaAHMIA YCTAHOBIIEHO, YTO npumMeHeHune fobaskun TMT600 B neHo6eTOHe N03BONSAET
Nony4nuTb CTabUNbHYIO BICOKYIO NMPOYHOCTL B2,5 npu cpeaHen nnoTtHocT D700 3a c4eT 605166 NNOTHOMO 1 NPOYHOrO LEMEHTHOrO
KaMHsl 1 MUKPOMOPWU30BAHHO CTPYKTYPE Neperopofok (NpakTnyeckn 6e3 N3MeHeHUs CPeaHer NioTHOCTK); TenonpoBOAHOCTb —

0,1 Bt/(m-K); ycagky — 1,7 Mm/M 11 MOP030CTOAKOCTb F — 50.
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The results of research of cement-based structural and heat-insulating foam concrete for individual housing construction are presented. It has been suggested to use microporous orga-
nomineral peat additive TMT600 as a modifying additive increasing homogeneity of structure and quality of foam concrete. It has been shown that the introduction of the peat additive
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B crpoutensHoM komiuiekce Poccuu mpoucxomut
CYLLECTBEHHAsI PECTPYKTYPU3ALIMS KWIMIIHOIO CTPOM-
TEJBCTBA C YBEJIMUCHUEM OOBEMOB WHIWBHIYABHOTO
xwibst (M2KC) [1, 2]. Bo Bpemst mangemuu (¢ 2020 r.) y
HaceJICHMST TIOBBICHIIOCH JKEJIAHUE KUTh B OTHOCHUTEIIhb-
HOM CaMOM3OJISIIUU M OCYIIECTBIATh ITPOU3BOACTBEH-
HYIO IeSITeIbHOCTh TUCTAHIIMOHHO — HEITOCPEACTBEHHO
B MHIMBHIYaTbHOM X1JIbe. [IocTpOnTh MU MproGpecTn
WHIVBUAYAIbHBIN JOM B ISITUIETHEN IEPCIIEKTUBE XO-
Tesu ObI 0oJ1ee 3 MiTH ceMeii. B Poccum B 2020 1. BBeieHO
64,4 MitH M2 Xuiibst, B TOM umncie 34 vt m2 — MKC.
Munctpoii Poccum paspaboTan mporpamMMy pa3BUTHS
NXKC nmo 2024 r. ¢ yBeJIUYeHUEM TOJOBOTO 00beMa 110
40 mutH M2.

HAYYHO-MexXHU4eCcKUil U npou3800CEeHHbLI JHCYPHAN

The Russian construction complex is undergoing a
significant restructuring of housing construction with an
increase of individual housing [1, 2]. During the pandem-
ic, the human’s desire to live in relative self-isolation and
to carry out productive activities remotely — directly in
individual housing has increased. More than 3 million
families would like to build or purchase an individual
house in the five-year perspective. There will be 64.4 mil-
lion housing units commissioned in Russia in 2020, of
which 34 million square meters will be individual housing.
The Russian Ministry of Construction has developed a
program for the development of residential housing until
2024, with an increase in the annual volume of residential
housing up to 40 million m2.
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I[Ipy mpuHATUM pELIEHUST O CTPOMUTEILCTBE COO-
CTBEHHOTO KWJIbSI OOJIbIIIOC 3HAUCHME HMMEeT BUI U
CTOMMOCTh CTEHOBOTO MaTepuana. Ha coBpeMeHHOM
9Tare pa3BUTUSI CTPOUTEHCTBA IHEProdPOEKTUBHBIX
KWIBIX 3JaHUN C KOM(DOPTHON Cpenoi TPOXKUBAHUS
IS YCTPOMCTBA OrpaXmarolnX KOHCTPYKIUN Majo-
STaXKHBIX TOMOB TIPUBJIEKATEIbHBIM SIBJISICTCS IIEMEHT-
HbIi MeHOOEeTOH HeaBTOKJIAaBHOro TBepaeHus [3—35].
ITeHoGeToH Mapku IO cpenHeil 1mmorHoctu D600—
D700 obecrreunBaeT TpeOyeMyIO TEIIJIO3aIINATy, HECY-
LIYIO CIIOCOOHOCTh, OOJTOBEYHOCTb M MOXKapOCTOM-
KOCTh CTEHOBBIX KOHCTPYKIIMI MaJIO3TaXKHOTO KWJIOTO
noMma [6—8].

IIpu ympaBieHUM TEXHOJIOTMYECKHUMU IIpolieccamu
TPOM3BOJICTBA U3ACJINI NIW KOHCTPYKIIUI U3 TIEHOOETO-
Ha BO3HMKAIOT MPOOJIeMbl B 00ECEUEHUU OJIHOPOIHO-
CTH CTPYKTYPBI, TPOYHOCTA M TEIUIONIPOBOIHOCTH.
OCHOBHBIMU TTPUYMHAMU TTOSIBJICHUSI OTMEUEHHBIX TTPO-
OieM SIBJISIIOTCS: HEIOCTAaTOYHAsSl CTAaOWIBHOCTH IICHBI;
HEpaBHOMEPHOCTh pacIipe/ie/ieHHs TTop 1o 00beMy Ma-
Tepualia; paccjioeHue NMeHOOETOHHONW CMeCH M3-3a MO-
BBIIICHUSI CPEeIHEH IJIOTHOCTA M BOMOLIEMEHTHOTO OT-
HOILEHMST LEMEHTHOU MaTpuilbl, (DOPMUPYIOLIEH MEX-
IMOPOBBIE TIEPErOPOAKM; 3aMEIJICHHOE CTPYKTYpO-
oOpa3oBaHMWe B paHHWE CPOKHU TBEpACHUS. YKa3zaHHBIC
SIBJICHUSI TIPUBOJISIT K CHIXKEHUIO IIPOYHOCTH MEHOOETO-
Ha ¥ TeTUIO3AIIUTHBIX XapaKTEPUCTUK, a TAKKE K TTOBbI-
LIEHUIO YyCaaOUHbIX Aedopmauuii [9—11].

[ToBbilIeHUE KayecTBa MeHOOETOHA HEABTOKJIABHO-
IO TBEPACHUS TPATAUIIMOHHO TOCTUTAETCS IyTEM BBEIE-
HUSI B IEHOOETOHHYIO CMECh B IpoIlecce MPUTrOTOBIIe-
HUS OUCIIEPCHBIX MUHEPATbHBIX WM OPTaHUYECKUX
J00AaBOK, HalpUMep 30Jibl, LIJIAKOB, BOJOKOH U MUK-
pocdep [12—16]. OxHako yKa3aHHbIEe IUCIIEPCHbBIE [10-
0aBKM YaCTUYHO pa3pylialoT My3bIpbKU TEHBI B TIEHO-
OETOHHOM CMeCH, YTO NMPUBOAUT K CHUXKEHUIO MOPHU-
CTOCTH M TEIIO3AIIMTHBIX CBOMCTB TMeHoOeToHa. [l
noafaepKaHusi CTaOMIbHOCTU MEHBI U TPOYHOCTH MEX-
TMOPOBBIX MEPETOPOIOK HA 3aTaAHHBIX YPOBHSIX UCIOJb-
3YIOTCSI TaKXe MUCIEPCHbIE OpraHOMUHEpPaJIbHbIE 10-
0aBKM, MOBBIIIAIOIINE CTOMKOCTH II€HBI, IMPOYHOCTH
IIEMEHTHOW MaTpuilbl U (hOPMUPYIOIINE B MEXITOPO-
BBIX Teperopoakax neHobdbetroHa mMukponopsl [11, 17].
OgHUM U3 TIPUMEPOB TaKMX OPraHOMUHEPAJIBHBIX I0-
0aBOK, CYIIIECTBEHHO YJIy4YIlIaIOIIUX KayeCTBO LIEMEHT-
HOTro TeHOOeTOHA, SIBJISIETCS TEPMOMOIN(PUIIMPOBAH-
Hblit Topd (TMT).

B pabotax [17, 18] oTMeueHO, YTO IpU BBEACHUU B
IIEMEHTHOE TECTO TEePMOMOIMMPUIIMPOBAHHOTO TIPU
400—800°C Ttopda yBennuuBaeTCsI MPOYHOCTH TIPHU
CXKaTUM LIEMEHTHOro KaMHs. HauGonblmuii mpupocT
MMPOYHOCTU OOECTeUMBACTCS IPU UCIOJb30BAHUU
TOp(PpsiHOI M00aBKM, TEPMOMOAU(PULIMPOBAHHONU TIpU
600°C (TMT600). ITnotHOCTh TEepMOMOAUPULKPO-
BaHHBIX TOP(SIHBIX J00aBOK CYIIECTBEHHO MEHBIIE
IUIOTHOCTHU MOPTJaHAIIEMEHTa U MEJIKOTO 3aIlOJTHUTEe-
JIsl, TO3TOMY MOHO TIPEATIOI0XUTh, UTO UX BBEJICHUE
B INEHOOETOHHYIO CMECh MpPUBEIET K YMEHBIICHUIO
CcpenHel IOTHOCTH MEKITOPOBBIX IIEPETOPOIOK ITEHO-

The type and cost of the wall material plays the great
importance while deciding on the construction of one’s
own dwelling. At the modern stage of construction devel-
opment of energy-efficient residential buildings with
comfortable living environment for the device of enclos-
ing structures of low-rise houses, the most attractive is
cement foam concrete non-autoclave curing [3-—5].
Foam-concrete with grade of average density D600—
D700 provides required heat protection, load-carrying
ability, durability and fire resistance of wall structures of
low-rise apartment houses [6—8].

When managing the technological processes of foam
concrete products or structures, problems arise in ensur-
ing the uniformity of structure, strength and thermal con-
ductivity. The main causes of these problems are: insuffi-
cient stability of foam; uneven distribution of pores in the
volume of the material; delamination of foam concrete
mixture due to increasing average density and water-ce-
ment ratio of cement matrix, forming interstices; delayed
structure formation in the early terms of hardening. These
phenomena lead to a decrease in the strength of foam
concrete and thermal characteristics, as well as increasing
shrinkage [9—11].

Improving the quality of non-autoclaved foam con-
crete is traditionally achieved by the introduction of dis-
persed mineral or organic additives, such as ash, slag,
fibers and microspheres [12—16], into the foam concrete
mixture in the preparation process. However, these dis-
perse additives partially destroy the foam bubbles in the
foam concrete mixture, which leads to a reduction in
porosity and thermal properties of the foam concrete.
Dispersed organomineral additives which increase foam
stability, cement matrix strength and form micro pores in
interstitial partitions of foam concrete also serve to main-
tain foam stability and interstitial partition strength at
specified levels [11, 17]. One example of such orga-
nomineral additives which significantly improve the
quality of cement foam concrete is thermally modified
peat (TMT).

In works [17, 18] it is noted that the introduction of
peat thermomodified at 400—800°C in the cement dough
increases the strength of cement stone in compression.
The greatest increase in strength is provided when using
peat additive thermally modified at 600°C (TMT600).
The density of thermally modified peat additives is signif-
icantly lower than densities of Portland cement and fine
aggregate, so we can assume that the introduction of peat
additives in the foam concrete mixture will reduce the
average density of interstitial partitions of foam concrete
while maintaining the strength. In that case, according to
the above hypothesis, the content of micro pores in the
cement baffles would increase and consequently the heat
insulating properties of foam concrete would increase.
Based on the above it follows that the improvement of
technologies of foam concrete production with ther-
mo-modified additive is impossible without a rational
choice of parameters of technological processes, carried
out on the basis of research of corresponding porous struc-
tures and their physical and mechanical properties.

HAYYHO-MeXHU4eCcKUil U npou3800CHEEHHYLI JCYPHAA
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0eToHa Mpu COXpaHEHUU MPOYHOCTU. B 3TOM ciyuyae,
COTJIACHO MPUBEACHHOM T'MII0Te3€e, YBEIUUUTCS COaep-
JKaHNEe MUKPOIIOp B IIEMEHTHEIX IIepeTOpoIKax, a 3Ha-
YUT, U TEIIOM30JUPYIOLIKE CBOIICTBA MeHOoOeTOHA. 13
BBIIIIEU3JIOKCHHOTO CIEAYET, YTO COBEPIICHCTBOBAHNE
TEXHOJIOTUM MPOU3BOACTBA MEHOOETOHOB IMOBBIIICH-
HOTr0 KadecTBa C TEPMOMOIM(PUIIMPOBAHHOI m00aB-
KOIl HEeBO3MOXHO 0€3 palMoHaJIbHOTO BBIOOpaA IMmapa-
METPOB TEXHOJIOTMYECKUX IPOILIECCOB, YCTaHABIMBaC-
MBIX Ha OCHOBE WCCICHOBAaHMUI COOTBETCTBYIOIINX
MOPUCTBHIX CTPYKTYP U UX (PU3MKO-MEXaHUUYECKUX
CBOWCTB.

Hcxonnbie MaTeprabl

[Ipy mpoBeaeHUM WHCCIAEAOBAHUIN IO YCTaHOBJIE-
HUIO ONTUMAJbHBIX CTPYKTYPHO-TEXHOJOTUYECKMX Xa-
PaKTepUCTUK TIEHOOETOHA ¢ TEPMOMOIM(PUIIMPOBAH-
HOIi m00aBKOW MCHONB30BAIUCH: MOPTIAHALEMEHT
Tonkunckoro 3aBoga LIEM 142,5H (I'OCT 30515—2020
«IleMeHTBl OOIIEeCTpOUTENbHBIE. TeXHUYECKUEe YCI0-
BUsi»); mecok KympoBckoro mecropoxnaeHusi TomcKoit
obsactu ¢ moayieM kpynHoctu 1,8 (TOCT 8736—2014
«Ilecok msa cTpouTeNbHBIX paboT. TexHuueckue ycio-
BUSI»); CHHTETUYECKMI IeHOoOpa3oBaTelb beHoTex
IIb-C (I'OCT 24211-2008 «/lo6aBku 1j1s1 OETOHOB U
CTPOUTENBHBIX pacTBOpOB. OOIIME TeXHUYECKUE YCIIO-
BUSI»); TepMoMonubuiMpoBaHHas go6aBka TMT600,
M3TOTOBJICHHASI TIPU TEIIOBOM 00paboOTKe HU3UMHHOIO
Topda ['yceBckoro MmecTopoxxaeHusT TOMCKOi1 00J1aCTH B
peakTope C OrpaHMYEeHHBIM TOCTYIIOM BO3IyXa MPU TEM-
neparype 600°C u MOCIEAYIOIIUM U3MEIbYCHUEM.
VIenbHas TIOBEPXHOCTb TOpMsTHOI 106aBKK 600 M2/KT;
MICTMHHAS TUIOTHOCTB 2170 Kr/M3; pasmep IMCITEpPCHBIX
yacTtull 42+3 mxMm. TepmoMoauduLiMpoBaHHas 1o0aBKa
COCTOUT M3 YIJIEPOMHBIX U OPTaHOMUHEPATbHBIX COCIU-
HEHUI, 00eCIeYnBaIONIMX apPMUPYIOIIUIA U CTPYKTYPH-
pyto1uii 3¢ ¢GeKThl MPU TBEPASHUN LIEMEHTHOTO KaMHSI
meHob6eToHa [18, 19].

MeTo/pl HCTILITAHWII IEHOOETOHOB

K oCHOBHBIM (PU3MKO-MEXaHUYECKUM ITapaMeTpam,
XapaKTepU3YIOIIUM KadeCcTBO IIEHOOETOHA, OTHOCSTCS
CpenHsIsl TUIOTHOCTh U TIpe/ie]l IPOYHOCTHU TIPU COKATHU.
OTMeUeHHbIe XapaKTePUCTUKU MEHOOETOHA UCIIBIThIBA-
JINCh CTAHAAPTHBIMU METO/IAMMU.

ITapameTpsl KayecTBa MEHOOETOHOB CYIECTBEHHO
3aBUCAT OT pacIpeAesIieHUs TIop II0 pa3MepaM, a TakkKe
OT CTETNEHU OTHOPOAHOCTHU TTOPUCTOCTH (TUIOTHOCTH) TIO
00BbeMy neHoOeToHa. 31eCh MO CTeNeHbI0 OJHOPOIHO-
CTU TIOPUCTOCTU TIOHMMAETCS pa3inuue ¢ YPOBHEU B
BUPTYAJTbHBIX CTPYKTYPHBIX 2JIEMEHTaX 00pa310B UCITbI-
TyeMoro IeHo0eToHa. B KauecTBe BUPTYyaIbHBIX CTPYK-
TYPHBIX 3JE€MEHTOB (JIOKAJbHBIX OOBEMOB) TECTOBBIX
00pasLoB MOTYT ObITh UCITOJIb30BAaHbI, HATIPUMED, KYOHI.
JIOCTOMHCTBOM TaKWX 2JIEMEHTOB SIBJISIETCSI BO3MOX-
HOCTb 3aMOJHEHUST BUPTYaJIbHOIO 00beMa UCTIBITYEMOIO
o0paslia 6e3 nepeKpbITUil U MePTBLIX 30H. PazaMmepnl BUp-
TyaJIbHBIX CTPYKTYPHBIX 3JIEMEHTOB MOTYT BapbUPOBATh-
Csl OT TIOCTaBJIGHHOM 3amayd M MeToda MCCIIeIOBaHUS

HAYYHO-MexXHU4eCcKUil U npou3800CEeHHbLI JHCYPHAN

Raw Materials

During the research for improvement, the following
were used: Portland cement of Topki plant CEM 1 42,5H
(GOST 30515—-2020), sand of Kudrovsky deposit of
Tomsk region, grain modulus 1.8 (GOST 8736—2014),
synthetic blowing agent Benotech PB-S (GOST 24211—
2008), thermally modified additive TMT600, made by
heat treatment of lowland peat of Gusevsky deposit of
Tomsk region in reactor with limited air access at temper-
ature 600°C with subsequent crushing. Specific surface
area of the peat additive is 600 m?/kg, true density is
2170 kg/m3, size of dispersed particles is 42+3 microns.
The thermo-modified additive consists of carbon and or-
ganomineral compounds which provide reinforcing and
structuring effects during the hardening of the cement
stone of foam concrete [18, 19].

Test methods for foam concrete

The main physical and mechanical parameters that
characterise foam concrete are the average density and the
compressive strength. The above-mentioned characteris-
tics of foamed concrete were evaluated by means of stand-
ard test methods.

It was noted above, that the consumer properties of
foamed concrete, besides the above mentioned parame-
ters, are determined by the pore size distribution, as well
as by the degree of porosity (density) uniformity over the
volume of the foam concrete. Here, the degree of porosity
uniformity is understood as the difference in its levels in
the virtual structural elements of the samples of the tested
foam concrete. As virtual structural elements (local vol-
umes) of test samples can be used, for example, cubes.
The advantage of such elements is the ability to fill the
virtual volume of the test specimen without overlaps and
“dead” zones. The size of the virtual structural elements
may vary depending on the task at hand and the method of
investigating the internal structure of foamed concrete.
The methods of electron microscopy and X-ray computed
tomography are now widely used in the study of porosity,
measurement of pore size and uniformity of their distribu-
tion in the volume of foam concrete.

Results
It is known that the production process of foamed
concrete consists of several stages and the quality of the
foam concrete is determined by the consumption results
of these stages.

The effect of TMT additive in an aqueous solution
of a foaming agent on the quality of the foam

The quality of the foam is determined by the multiplic-
ity and resistance. Fig. 1 shows the dependencies of foam
consistency and durability on the amount of TMT600
(in %). The analysis of the data shown in Fig. 1 shows that
an increase in the addition of TMT up to 2% in an aque-
ous blowing agent solution leads to an increase in foam
firmness (Fig. 1).
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BHYTpPEHHEN CTPYKTYpbl eHOGeTOHOB. [1pu ncciaemona-
HHY TTIOPUCTOCTU, U3MEPEHUH pa3Mepa Iop U paBHOMEP-
HOCTU pacIipelie/IeHUs] UX B 00beMe TIeHOOeTOHA B Ha-
CTOsIIIIee BPEMSI LIMPOKO MCIIOJIB3YIOTCS METOIbI DJIEK-
TPOHHOI MUMKPOCKOINUU U PEHTTEHOBCKON KOMIIbIO-
TEPHOI TOMOTpadum.

Pe3ynbTaTnbi
M3BecTHO, UTO TEXHOJOTMYECKUI TMpoIlecc MPon3-
BOJICTBA ITEHOOETOHA COCTOUT U3 HECKOJIbKUX CTalUil U
KauyecTBO MEHOOETOHA OMpeaesisieTcsl MOTPEOUTETbCKM-
MU pe3yJbTaTaMU UCTIOTHEHUS ITUX CTATUN.

Bausanue oo6aexu TMT ¢ 600nom pacmeope
neHooOpaszoeamens Ha Ka4ecmeo neHol

KauecTBo neHbl onpeneaseTcss KpaTHOCTbIO U CTOM-
kocThio. Ha puc. 1 mpuBeneHbl 3aBUCUMOCTH KPATHOCTU
U CTOMKOCTM TIEHBI OT BeMMYUMHBI H06aBku TMT600
(B %). V13 aHanu3a JaHHbBIX, IPEACTaBIeHHbBIX Ha puc. 1,
cienyet, 4Tto npu yBeaudeHuu nodasku TMT no 2% B
BOJHOM pacTBOpE ITIeHOOOpa3oBaTeisl HabII0AaeTCs BO3-
pacTtaHue CTOMKOCTHU TI€HBI.

HaubGonbmuii a3¢ppekT mo crabuiabHOCTU (CTOMKO-
cTr) HabJogaeTcs y neHsl ¢ 1,5—2,5% TopdsiHoii nobas-
ku TMT600. Kak BUAHO M3 MUKPOCTPYKTYpPHI TEHBI
(puc. 2), mukpovacTtuubl 1o6aBku TMT600 murpupyior
10 TpaHUIIaM paszesa (a3 meHbl ¢ 00pa3oBaHUEM arpe-
raToB JOCTaTOYHO KPYITHBIX pa3MepoOB, OCOOEHHO B y3-
Jax pebep Ilnaro.

The greatest effect in terms of stability (resistance) is
observed in foam with 1.5—2.5% peat additive TMT600.
As can be seen from the foam microstructure (Fig. 2), the
microparticles of the TMT600 additive migrate along the
foam interfaces with the formation of rather large aggre-
gates, especially at the nodes of the Plato ribs.

From the analysis of the experimental data results, it
follows that the TMT600 additive is concentrated at the
foaming agent phase boundaries, where the largest un-
compensated energy of the surface tension forces is con-
centrated.

Concentrating TMT600 additive in the nodes and on
the surface of the interface of foam leads to increasing its
stability, which agrees well with the literature data [9, 10].
Mass transfer of particles is carried out not only by diffu-
sion but also by convection way. The accelerated move-
ment of particles can also be achieved by electrostatic
interaction of charges both on the surface of the foam
and the peat additive. The geometry of the structural
cells of the foam is polygonal, consisting predominantly
of hexagons and pentagons. Over time, as a result of the
syneresis effect and the interaction of anion-active sur-
factants, densification of the spatial structural grid of the
foam occurs, accompanied by separation of the liquid
through Plato-Hibbs channels. This is due to a decrease
in entropy, the collapse of more unstable bubbles and the
formation of new bonds between them. The addition of
TMT600 entrains the liquid and distributes it in the

N3 ananusa pe3yapTaToB KCIIE-
PUMEHTAJbHBIX MOAHHBIX CIEIYeT,
yTo no6aBka TMT600 KOHIIEHTpHU-

CTOVKOCTb, MUH
Durability, min

pyeTcsl Ha rpaHuuax paszgena ¢das 3
IeHoOOpa3oBaressi, I COCPenoTo- 5 5
yeHa HauOOoJIbIIAas HECKOMIIEHCUPO- § ‘g 6 |
BaHHAs SHEPTUS CUJI TMOBEPXHOCT- £ §
HOTO HATSIKEHUSI. g 4

Konnenrpaums nodasku TMT600

B y3JIaX U Ha TOBEPXHOCTHU TPAHUIIBI
pasnena (a3 neHbl IPUBOAUT K ITOBbI-
IIEHUIO €€ YCTOMUMBOCTH, YTO XOPO-
110 COTJIACYeTCs C JINTepaTypPHBIMU
naHHbIMHM [9, 10]. MacconepeHoc 4a-
CTUI] OCYIIECTBIISICTCSI HE TOJBKO
IUPPY3MOHHBIM, HO U KOHBEKTUB-
HBIM ITyTeM. YCKOpPEHHOE nepeMellie-
HUE YaCTULL MOXET OCYIIECTBISTHCS
TaKKe 3a CUeT DJCKTPOCTATUYECKOIO
B3aMMOJIEUICTBUS 3apsIIOB Ha TTOBEPX-
HOCTHU TIEHbI U TOP(PSHOI A00aBKHU.
I'eoMeTpHst CTPYKTYPHBIX STYCCK TTCHBI
HUMeET BUJ MHOTOYTOJIbHUKOB, COCTO-
SIIIAX TIPEUMYIIEeCTBEHHO M3 IIEeCTU-
U TISTUYTOJEHUKOB. C TedeHEeM Bpe-
MEHU B pe3yabTaTe MPOsIBICHUS 3¢-

0,5

1 1,5

[Lob6aska, %
Additive, %

2,5

Puc. 1. BnusHne TopdsHoit pobaskn TMTE00 Ha KpaTHOCTb U CTOMKOCTb MeHbl: 1 — KPaTHOCTb, OTH.
en; 2 — CTONKOCTb, MUH

Fig. 1. Influence of peat additive TMT600 on the expansion rate and foam stability: 7 — foam ratio,
relative units; 2 — durability, min

(dekTa cuHepe3uca u B3auMOIECTBUS
AHUOHAKTUBHBIX MEHOOOPA3YIOIINX
ITAB npoucxoauT yrjaoTHEHUE TPO-
CTPAHCTBEHHOW CTPYKTYPHOU CETKU

=

HUS neHbl; b — 60 MUH Nocne NPUroTOBNIEHMS NEHbI

Fig. 2. Distribution of the TMT 600 additive through the Plateau-Gibbs channels: @ — 5 minutes after the
preparation of the foam; b — 60 minutes after the preparation of the foam
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Ta6nuua 1
Table 1

YcnoBeus niaHUpPoOBaHUS 3KCMEPUMEHTOR B MPOLLECCE U3rOTOBJNIEHUS NeHoGeToHa ¢ po6aekoii TMT600
Conditions for planning experiments in the process of manufacturing foam concrete with the addition of TMT600

dakTopbl YpPOBHU BapbnUpPOBaHUSA
Factors Level sofvariation UHTepBan BapbUpOBaHMS
HaTtypanbHbli BUA, KoampoBaHHbI BUA, Variation interval
; ) -1 0 1
Natural view Coded view
B/T
W/T X1 0,45 0,5 0,55 0,05
TMT600, kr
TMT600, kg X2 1,04 2,08 3,12 1,04
ﬂeH096pasoBaTenb, Kr X3 0.45 0.9 1,35 0,45
Foamingagent, kg

MEeHBI, COMPOBOXAAEMOE OTIAEICHUEM KUIKOCTU 4Yepe3
kaHaibl [Tnato—I'u66ca. [1poucxoauT 3To U3-3a CHUXE-
HUS DHTPOIMU, CXJOMBbIBAHUSI MEHEe CTaOMJIbHBIX ITy-
3BIPHKOB M 00pa30BaHMEM HOBBIX CBSI3€il MEXKIYy HUMU.
Hob6aBka TMT600 yBiekaeTcst )XKUIKOCTbIO U pacipeie-
JISIETCSI B y3J1aX, YIIOTHSISI MUKPOCTPYKTYPY Y TOBBIIIAS
CTOWKOCTbD TI€HBI.

Bvi6op napamempoe mexno.aoeuueckozo npouecca
U320MO0BACHUA NeHOOemOona

IIpu pazpabdorke 3¢HEeKTUBHOI TEXHOJOTUU MEHO-
6eToHOB ¢ f106aBkoit TMT600 GoJbllioe 3HAaUEHUE TTIPH-
JlaeTcsl MPOLeCCy IPOCKTUPOBAHUS U ONTUMU3ALUU
coctaBoB. OmHUM M3 METOMOB obecrieueHUST 3hdheK-
TUBHOCTU IIPOBEICHUS HAyYHO-UCCIEA0BATEIbCKUX
paboOT U YCTaHOBJIEHMSI 3aKOHOMEPHOCTE M3MEHEHUS
CBOWCTB OT CoNepKaHWsI KOMIIOHEHTOB SIBJISIETCST MC-
MM0JIb30BaHWE MaTeMaTHMYeCKUX METOIOB ILIaHMPOBa-
HUSI OKCTIEPUMEHTOB, YTO MO3BOJISIET OOECIIEUUTh CHU -
XE€HHUE MPOMOLKUTEIbHOCTU UCCIENOBAaHUI M 3aTpar
IIPY OAHOBPEMEHHOM ITOBBIIICHUN KadeCcTBa pe3ysIbTa-
TOB HUCCJICIOBAHUIA.

Ol1IeHKY ONTUMU3ALIMU CBOMCTB IIEHOOETOHA ITPOBO-
AN HA OCHOBAaHWM aHam3a (U3NMKO-MeXaHUIeCKUX
XapaKTEePUCTUK: CpeaHel MIOTHOCTU U Mpeaena Mpoy-
HoCTHU TIpu cxKaTuu. C IOBBIIIICHUEM IUIOTHOCTH BO3-
pacTtaeTt IMMPOYHOCTh KapKaca MeHOOeToHa, a TakXe 10JI-
roBeYHOCTb u3naenuit. Ilpu yBeIWUeHUM MOPUCTOCTHU
CHUKAETCS CPelHsIs TUIOTHOCTh TIEHOOETOHA, UTO TPU-
BOJIMUT K YMEHBIIEHUIO TEIUIONPOBOAHOCTH MaTepuaia
A TOBBIIIEHUIO TETJIO3ALIMTBl OTPaXJAaroIMUX KOH-
CTPYKILIM.

B xauecTBe BapbUpyeMBbIX ITAPAMETPOB IIPUHSITO: BO-
motBepmoe ortHomeHUe (B/T), KoamdecTBO mOOaBKM
TMT600 1 meHooGpasoBatenss Ha 1 M3 meHoGeToHa.
YcaoBus BapbUpoBaHUsI BEIOPaHBI HA OCHOBAaHUM paHee
MIPOBEICHHBIX KCIIEPUMEHTAJIBHBIX JIA0OPATOPHBIX MC-
cinenoBaHuii [20].

Ha ocHoBaHMU yCIOBUII TIJITAaHMPOBAHUS 3KCIIEPU-
MEHTa Obljla COCTaBjieHa MaTpulla TJIAaHUPOBAHUS, CO-
IJIACHO KOTOPOI M3rOTOBJEHBI CTaHAAPTHbBIE 00pa31ibl U
OIIpeeIeHBl OCHOBHBIC (DM3MKO-MEXaHNIECKUEe XapaK-

HAYYHO-MexXHU4eCcKUil U npou3800CEeHHbLI JHCYPHAN

knots, compacting the microstructure and increasing the
durability of the foam.

The choice of parameters of the technological process
Jor the manufacture of foam concrete

When developing effective technology of foamed con-
crete with TMT600 additive great importance is given to
the process of design and optimization of compositions.
One of the methods to ensure the efficiency of research
work and to establish regularities of properties change
depending on components content is the use of mathe-
matical methods of experiments planning, which allows to
reduce the duration of research and costs while improving
the quality of research results.

The evaluation of the optimization of foam concrete
properties was carried out on the basis of the analysis of
physical and mechanical characteristics: average density
and compressive strength. As the density increases, the
strength of the foam concrete frame increases, as well as
the durability of the products. With the increase of poros-
ity, the average density of foam concrete decreases,
which leads to decrease of thermal conductivity of mate-
rial and increase of heat protection of enclosure con-
structions.

The following parameters were taken as varying ones:
water hardness ratio (W/T), amount of additive TMT600
and blowing agent per 1 m3 of foam concrete. Varying
conditions are taken on the basis of previously conducted
experimental laboratory research [20].

Based on experimental planning conditions a planning
matrix was made, according to which standard samples
were made and basic physical and mechanical character-
istics of foamed concrete (ultimate compressive strength
and average density) were determined.

On the basis of the experimental data the equations of
regression were received and nomograms of dependence
of compressive strength and average density on the con-
tent of additive TMT600 were made (Fig. 3).

On the basis of the obtained equations of regression
nomograms of dependences of density and the limit of
strength in compression presented in Fig. 3. On the
basis of the obtained regression equations, nomograms

(N POV BHBIE:
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Tabnuua 2
Table 2

PaspaboTaHHble COCTaBbl HEABTOKJIAaBHOIO NeHo6GeToHa
Developed compositions of non-autoclaved foam concrete

HaumeHoBaHue LlemeHT, kr/M3 | Mecokkr/m3 | Bopa, n/mM3 | Menoo6pasosatens, n/m3 | TMT600, kr/m3
Name Cement, kg/m3 | Sand, kg/m3 | Water, kg/m3 Foamingagent, I/m3 TMT600, kg/m3
[MeHoGeToH 6e3 fobaBkun 416 265 340 0.9
Foam concrete
MeHobeToH ¢ nobaskon TMTE00
Foam concrete with TMT600 346 208 283 0.9 2,08

padukn no npoyHoCTN

'padkn no NNOTHOCTH
Density graphs

of the dependences of the average
density and compressive strength
presented in Fig. 1 were con-
structed.

Taking into account the per-
formed analysis, the optimal com-
- positions of foam concretes are es-
tablished, presented in Table. 2.

Fig. 4 shows the results of stud-
ies on the kinetics of structure for-
- mation of foamed concrete with
1 the addition of TMT600. The re-
sults show that during 28 days of
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Puc. 3. 3aBMCUMOCTb CpeaHel NIOTHOCTU U NPOYHOCTM NeHobeToHa ¢ gobaskoit TMT600 oT ¢pakTopoB

BapbUPOBaHUs

Fig. 3. Dependence of the average density and strength of foam concrete with the addition of TMT600 on

the variation factors

TEPUCTUKHN TIeHOOeToHa (TIpeliesl TTPOYHOCTH TIPU CKa-
TUM U CPEIHSS ILIOTHOCTD).

Ha ocHoBe 3KCIepuMeHTaTbHBIX JaHHBIX ITOJTYICHBI
YPaBHEHMSI PErpPecCHM M IOCTPOSHBI HOMOIPAMMBbI 3a-
BMCUMOCTH IIPOYHOCTU IIPU CKATUU U CPEIHEN MIOTHO-
CTH OT comepxanus 1o6asku TMT600 (puc. 3).

Ha ocHOBe mony4eHHbBIX ypaBHEHU I perpeccum ObLIN
TTOCTPOEHBI HOMOTPAaMMBI 3aBUCUMOCTE ! CpeTHEN TUTOT-
HOCTU U Ipejelia IMPOYHOCTU IMPU CKATUU, MPEACTaB-
JICHHBIC Ha puc. 3.

(S Y PV ESIBHBIE

Konunyectso po6askn TMT600, k-
Amount of additive TMT600, kg

= hardening there is an increase in
2 25 s strength of foam concrete up to
43%. The peat additive TMT600
increases the degree of cement hy-
dration, the content of low-base
hydrosilicates increases, the ce-
ment contractility increases, the
formation of a denser structure of
cement stone in the interstitial par-
titions with increased strength with
the inclusion of small pores of dis-
persed peat particles is provid-
ed [18—20].

Assessment of the internal
structure of foam concrete

To assess the internal structure
of foam concrete with the addi-
tion of TMT600, an electron mi-
croscopic analysis of samples at
the age of 28 days was carried out.
On fig. 5 shows electron micro-
scopic images of layers of foam
concrete with the addition of TMT600 and a control
sample of foam concrete. Images are shown for two
levels of detail.

From the analysis of the images presented in Fig. 5, it
can be concluded that it is practically difficult to assess
porosity from local volumes of a test sample and deter-
mine the nature of the pore size distribution by this
method.

Three-dimensional X-ray computed micro-tomogra-
phy in recent years has acquired the status of the main
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C y4eToM BBITIOJIHEHHOTO aHaJI1-
3a YCTAHOBJICHBI OINTHUMAJIbHBIE CO-
CTaBbl TIEHOOETOHOB, IIPEICTaBIICH-
HbI€ B Ta0. 2.

Ha puc. 4 mpuBeneHb pe3ynbra-
Thl HCCJIEIOBAaHUN TI0 KWUHETHUKE
CTPYKTYpOoOOpa30oBaHUs TTIeHOOETOHA
¢ nodaskoit TMT600. YcraHoBieHO,
YTO B TeUeHUe 28 CyT TBEpACHUS Ha-
OromacTCsT MPUPOCT MPOYHOCTH TIe-
HoOeToHa 10 43%. TopdsHas 1o6aB-
ka TMT600 rmoBbILIaeT CTETIEHD TU -
paraluy IIeMEeHTa, YBEJIWYMBACTCS
colep>XaHue HU3KOOCHOBHBIX T'HJI-
POCWJIMKATOB, TIOBBIIIAETCS KOH-
Tpakiys ILIEMEHTHOTO TecTa, obec-
neuynBaeTcs ¢opmupoBaHue Oosiee
IUIOTHOW CTPYKTYPbl LIEMEHTHOIO
KaMHSI B MEXKITOPOBBIX IIEPEropoIKax
C TIOBBIIIEHHOW TPOYHOCTHIO C
BKJIIOYCHUEM MEJIKHX 0P JMCIIEPC-
HbIX TOpDsIHBIX yacTull [18—20].

OneHka BHYTPEHHE# CTPYKTYpPbI

neHo0eToHa

JI71s1 OLleHKM BHYTPEHHEI CTpyK-
Typsl TIeHOOETOHa ¢ N00aBKOU
TMT600 Gbl1 IPOBEAEH 3JIEKTPOH-
HO-MUKPOCKOIUYECKUI aHanu3 00-
pastoB B Bo3pacte 28 cyt. Ha puc. 5
MPUBEIEHbI 2JIEKTPOHHO-MUKPOCKO-
nuyeckre M300paXxeHus CJI0oeB Te-
HoOeToHa ¢ nob6askoit TMT600 u
KOHTPOJILHOTO 00pa3Lia eHoOeToHa.
W3o06paxkeHus1 MpUBeAeHbI A5 IBYX
YPOBHEW JI€TATUPOBKU.

W3 ananuza uzodpaxxeHuit, mpe-
CTaBJICHHBIX Ha pUC. 5, MOXHO Clie-
JIaTh BBIBOJ O MPAKTHUIECKOI CITOXK-
HOCTHM OLIEHKM TIOPUCTOCTU IIO
JIOKAJIbHBIM 00BbeMaM TeCTOBOTO 00-
pa3lia M OIpeleieHUs XapakrTepa
pacmopeneieHusT Iop II0 pa3Mepam
JTAaHHBIM CTTIOCOOOM.

TpexmepHasi  peHTTeHOBCKasl
KOMIIBIOTepHAsI MUKPOTOMOTpachus B
MOCJIeIHUE TOMBI TIpuodpesa craTyc
OCHOBHOTO METOJa HCCIIeIOBaHMS
BHYTPEHHE CTPYKTYPhI pa3HOO0Opa3-
HBIX TICHOMAaTePUAJIOB, B TOM YHCJIE U
meHooeToHoB [21, 22].

BHyTpeHHSISI CTPYKTypa UCTIBITye-
MBIX 00pa3110B ITIeHOOeTOHA OblJIa BU-
3yajqu3upoBaHa METOJOM KOMIIbIO-
TepHOil Tomorpaduu. JIas Bcex 00-
pa3loB TieHOOeTOHa pa3Mmep 3Je-
MEHTa MPOCTPAHCTBEHHOTO M300pa-
JKeHUs (BOKcesis) okazaiics 0J1M30K K
75 mMxM. s aHanmM3a TOPUCTOCTU

3,5

2,5 T,

16 M+

0 | | | | |
5 10 15 20 25

Bpewms TBepaexns, cyt
Hardening time, days

Mpenen npoyHocTn npu cxatuu, Mla
Compressive strength, MPa
N

Puc. 4. KuHeTuka ctpykTypoobpasoBaHus neHobeToHa: 1 — neHo6eToH; 2 — neHo6eToH ¢ TMT600

Fig. 4. Kinetics of structure formation of foam concrete: 7 — foam concrete; 2 — foam concrete with
TMT600

Puc. 5. 9nekTpoHHO-MUKpOCKonuyeckme n3obpaxeHuns cnoes neHobeTtoHa ¢ gobaskoir TMTE00 n
KOHTPO/bHOrO 06pa3ua NeHob6eToHa NpPU Pa3fIMYHOM YBEIMYEHUUN: a — NEHOOETOH; b — NeHOBETOH C
TMT600

Fig. 5. Electron microscopic images of layers of foam concrete with the addition of TMT600 and a
control sample of foam concrete: a — foam concrete; b — foam concrete with TMT600

Puc. 6. PeKOHCTPYMpOBaHHbIE M300PaXEHUss CEYEHWUI UCMbITYEMbIX 00pa3LOB: @ — MEHOOETOH;
b — neHob6eToH ¢ TMT600

Fig. 6. XCT reconstructions of foam concrete structure: a — foam concrete, b — foam concrete with
TMT600

(S PTVI EVIBHBIES
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Tabnuua 3
Table 3

dusmnko-mexaHu4eckue nokasarenu neHo6eToHa ¢ po6aekoii TMT600
Physical and mechanical properties of foam concrete with the addition of TMT600

HavnmeHoBaHve
MNokaszarenb Name
Indicator MeHo6GeToH MenobetoH ¢ TMT600
Foam concrete Foamconcrete with TMT600
Mapka no cpefHen NAoTHOCTU D700 D700
Gradeforaveragedensity
KoadpduumeHT Bapuauum no naoTHOCTU, % 55 0.62
Density variation coefficient, % ’ ’
Knacc no npoyHocTy npm cxaTtum
Compressive strength class B1,5 B2,5
KoaddurumneHT Bapmaumm no npoyHoCTH, % 553 0.59
Strength variation coefficient, % ’ ’
KoaddurumneHT TennonpoBoAHOCTM B CYyXOM COCTOSHUK, BT/(M-K) 0.15 0.1
Dry thermal conductivity, W/(m-K) ’ ’
Mapka no Mopo30CTONKOCTU
Frost resistance grade F20 F50
Ycagka npu BbICbIXaHWUW, MM/M 26 17
Drying shrinkage, mm/m ’ ’

IeHo0eToHa Ha pucC. 6 MPUBEICHBI TUIIMYHBIC PEKOH-
CTPYMPOBAHHBIE M300paXKCHUS CCYCHMI MCITBITYeMBIX
obpasuoB. Ilope cooTBeTcTByeT Oejblii LBEeT. Pasmep
n3o6pakeHuii 30x30 Mmm2.

Ha npuBeneHHBIX N300paskeHUSX OTICTIUBO MHTEP-
MPETUPYIOTCS: OTAEIbHBIC KPYITHBIC ITOPBI 3—5 MM; MOPHI
CpemHMNX pa3MepoB 1—2 MM; MEIKOTIOPUCTHIC parMeH-
Tbl 0,5 MM U MeHee; LIETIOYKU I1OP, KOTOPbIe MOIYT Mpe-
BPAaTUTHCS B TPEIIMHBI;, KPYITHBIC (PparMeHTHl BEICOKOM
IUTOTHOCTH; YIUIOTHEHHBIE CTPYKTYpHl. COBOKYITHBIN
aHaJIn3 U300paXKeHUI CEYEHMI MCTIBITAHHBIX 00pa31ioB
ITO3BOJIUJI CIIEJIATh BEIBOABI O TTOBHIIICHUN COACPKAHUS
rmop auamerpom 0,5 MM 10 60% U OTHOPOIHOCTU pac-
MIpeaeIeHNSI TIOp B 00beMe IIECHOOETOHA.

B pesynbrate aHanusza Bcell COBOKYMHOCTU PEKOH-
CTPYUPOBAHHBIX U300paKeHU CEYeHUIA MOXKHO CAeIaTh
BBIBOJI, YTO MAKCUMAJIbHBINA qraMeTp nop dmax B 00pa3-
[aX HEeaBTOKJIABHOTO neHobOeToHa ¢ nooaskoit TMT600
He nipeBbImaet 4,5 mm. I[Ipu 3TOM M3-3a U3MEHEHMUS TT0-
POBOIi CTPYKTYpPhI 00I11asi MIOPUCTOCTb YBEIUUMUBAETCS, a
MPOYHOCTD, OMpeaeisieMas KapkacoMm MeHo0eToHa, BO3-
pacTaeT He3HAYUTEIbHO.

Du3nKo-MexXaHWYeCKHe CBOCTBA
Pa3padoTAHHOIO NeHO0ETOHA

7151 KOHTPOJIbHBIX 00pa31LI0B MEHOOETOHA U TTEHOOe-
ToHa ¢ go0aBkoii TMT600 GbuM OLIEHEHBI HEKOTOPHIE
pU3UKO-MeXaHNIECKNE CBOMCTBA. YKa3aHHBIC CBOMCTBA
CBeleHbI B Ta0. 3.

ITenobGeton ¢ podaskoit TMT600 oGiamaer Gosee
BBICOKMM KJIACCOM ITI0 IIpoYHOCTH B2,5, 0ojee HM3KNM
KO ULIMEHTOM Bapualuy CPeIHEW TUIOTHOCTU U
IIPOYHOCTH IIPH CKATHU, YTO TTOKA3BIBACT ITOBBIIICHHYIO
CTaOWJIbHOCTh TEXHMYECKUX XapaKTEPUCTUK pa3pabdbo-
TaHHOTO ITeHoOeToHa. [1pu ncmoIp30BaHUY B IPOM3BO/I -

(SN PONIESIBHBIE

method for studying the internal structure of various foam
materials, including foam concrete [21, 22].

The internal structure of the tested foam concrete
samples was visualized by computed tomography. For all
the foam concrete samples, the size of the spatial image
element (voxel) was found to be close to 75 um. In order
to analyse the porosity of foamed concrete in Fig. 6 shows
typical reconstructed cross-sectional images of the tested
samples. The pore corresponds to the white colour. The
size of the images is 30X30 mm?.

The following images clearly interpret: individual
large pores 3—5 mm, pores of medium size 1—2 mm; fine-
ly porous fragments 0.5 mm or less; chains of pores that
can turn into cracks; large fragments of high density;
compacted structures. The cumulative analysis of images
of the sections of the tested samples made it possible to
draw conclusions about the increase in the content of
pores with a diameter of 0.5 mm to 60% and the uniform-
ity of the distribution of pores in the volume of foam
concrete.

As a result of the analysis of all reconstructed images
of cross-sections it can be concluded that the maximum
pore diameter dmax in the samples of non-autoclaved
foam concrete with the addition of TMT600 does not
exceed 4.5 mm. The total porosity increases due to the
change in the pore structure, while the strength deter-
mined by the foam concrete framework increases insig-
nificantly.

Physical and mechanical properties
of the developed foam concrete
For the control samples of foamed concrete and
foamed concrete with TMT600 additive some physical
and mechanical properties were evaluated. These proper-
ties are summarized in Table 3.
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cTBe NeHobeToHa TopdsaHoi 1o6aBku TMT600 cHuka-
€TCs1 TeILTIONPOBOAHOCTD Ha 33% 1 ycagouHble Aedopma-
umu Ha 42%, TOBBIIIACTCST MapKa 110 MOPO30CTOMKOCTH
no F50, T. e. yBemnuMBarOTCs TEMI03alIUTHBIC TTOKA3aTe-
JIM, a TAK3KE MOBBIIACTCS JOJTOBEYHOCTH OTPAsKIATOIITNX
KOHCTPYKIIUI MHIWBUIYaTbHBIX TOMOB.

3ak/oueHne

B pesynbTaTe TNpOBEeAEHHBIX HCCICIOBAHUI OBLIO
YCTaHOBJICHO:

— TepmMoMoauduupoBaHHas TopdsHasg gob0aBKa
TMT600 noBblilIaeT KPaTHOCTh U CTOMKOCTb IEHEI, T. €.
CIoCcOOCTBYeT CTAOUIM3ALUKU TTOPUCTOM CTPYKTYPhI Lie-
MEHTHOTO NIEHOOETOHA;

— TIp¥ BBeJieHUU TophstHoit no6aBku TMT600 yBe-
JIMYMBAETCSl CTEMEeHb TUApaTallii LIEMEeHTa U coaepxKa-
HIe HU3KOOCHOBHBIX THIPOCHIINKATOB, 00ECTICUMBACTCS
dopMmupoBaHue 00jiee MIIOTHON CTPYKTYPhI LIEMEHTHOIO
KaMHsI B MEXITOPOBBIX II€pEropoikax ¢ ITOBBIIICHHOI
MPOYHOCTHIO C BKIJIIOUEHUEM MEJKUX TIOp IHUCTIEPCHBIX
TOp(SIHBIX YACTUII;

— METOIaMM KOMITbIOTEpHOI TOMOTrpaduu yCTaHOB-
JIEHO B MEHOOETOHE ¢ TOP(PSIHOM 100aBKOI OoblIee CO-
JepKaHue MEJIKHMX ITop pazMepoM 0,5 MM U ITOBBIIIICHHAS
OIHOPOIHOCTh MX pacripeleieHrus] B 00beMe CTEHOBOTO
MaTepuaia;

— TIpY BBeJICHUU B TieHYy TopdsiHoi 1o6aBku TMT600
MOBBIIIAETCS TEXHOJOTMYHOCTh U YCTOMUYMBOCTD MEHO-
OETOHHOI CMECU IPU OCYLIECTBJIECHUU PabOT MO U3ro-
TOBJICHUIO M3IEIUi Wi (pOPMOBAHUM KOHCTPYKIIMI B
WHAVMBUAYATIbHOM TOMOCTPOSHUH, TTIOBBIIIACTCSI SHEPrO-
93¢ (HEKTUBHOCTD U JOJITOBEYHOCTH OTPAKIAIONINX KOH-
CTPYKIIU.
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CuHTe3 KonnouaHou Ao06aBKU Ha OCHOBE aNHOMOCUITMKATHbIX
nopoa Ans moanUKaLMM LIEMEHTHOr0 KaMHS

MpefcTaBneHbl pesynbTaTbl UCCNEA0BAHNA N0 NOAYYEHNIO KONNOWAHON A06AaBKM HA OCHOBE aNtOMOCUNIMKATHBIX NOPOA AN
MOANUKALMN LLEMEHTHOTO KaMHS. YCTaHOBMEHO, YTO HA OCHOBE NepnTOBbIX NOPOA Myxop-TanuHcKoro MectopoXaeHus Pecny6nuku
BypsaTus MOXHO NonyYaTh KOMNMOMAHbIA MOAMGUKATOP, MCNONb3YS 30Mb-Tefb TEXHONOMMU C COAEPXKAHNEM YacTuL, pasmepom 0T 70 Ao
100 Hm (06Lee cofepxxanue okono 30%). B pesynsrare akcnepuMeHTanbHbIX UCCNEL0BaAHUIA, NPOBELEHHBIX C NPUMEHEHEM
COBPEMEHHbBIX NMPUOOPOB M 060PYAOBAHUS, U aHANN3A 3NIEMEHTHOr0 COCTaBa, CTPYKTYPbl CTEKIIOBUAHOIO NEPNUTa U CTPYKTYPHbIX
0CO6EHHOCTEI NOBEPXHOCTYN YaCTUL, JUCMEPCHBIX CUCTEM HA €r0 OCHOBE YCTAHOBWIIN: CUHTE3UPOBAHHBIA KONMOUAHBI MOAMUKATOP
COCTOWT W3 30N KPEMHWEBOI KMUCNOTbI U 3015 rMOPOOKCUAA antOMUHNSA; UMEET aMOPCOHYH0 CTPYKTYPY; NOBEPXHOCTb YacTuL
CWHTE3MPOBaHHOM [J06aBKI COAEPXUT B OCHOBHOM CUJIaHOJIbHbIE TPYNMbl, a4COPOUPOBAHHYIO BOLY. YCTAHOBIEHbI 3aBUCUMOCTM
(DM3NKO-MEXAHNYECKMX CBOICTB LLEMEHTHOMO KaMHSA OT KOHLeHTpauun fo6asku 1 pH KonnougHoro pacteopa. lokazaHa BO3MOXHOCTb
NPUMEHEHUS CUHTE3MPOBAHHON KONNOWAHON A06aBKM A1 MOAUDUKALMM LLEEMEHTHOTO KaMHS.

KntoyeBbie cnoBa: nopTnaHaLeMeHT, CTEKITOBUAHbIA NEPRUT, KONNouaHas Ao6aBka, MOAUMUKATOP, 30/b-TeNb TEXHONOTNN,
MOAUMUKALMSA LEMEHTHOTO KaMHs.
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Synthesis of a Colloid Additive Based on Aluminosilicate Rocks for Cement Stone Modification

The article presents the results of the research on obtaining a colloidal additive based on aluminosilicate rocks for the modification of cement stone. It has been established that on the
basis of perlite rocks of the Mukhor-Talinsky deposit of the Republic of Buryatia, using sol-gel technologies, it is possible to obtain a colloidal modifier having particles ranging in size
from 70 to 100 nm and with their total content of about 30%. As a result of experimental studies carried out using modern instruments and equipment, and after having analyzed the
elemental composition, structure of vitreous perlite and the structural features of the particles surface of dispersed systems based on it, it was established that the synthesized colloidal
modifier consists of the sol of silicic acid and the sol of aluminum hydroxide; it has an amorphous structure; the surface of the particles of the synthesized additive contains mainly
silanol groups, adsorbed water. There have been established the dependences of the physical and mechanical properties of cement stone on the concentration of the additive and the pH

of the colloidal solution. The possibility of using the synthesized colloidal additive for the cement stone modification has been stated.

Keywords: portland cement, vitreous perlite, colloidal additive, modifier, sol-gel technology, cement stone modification.

For citation: Urkhanova L.A., Dozhieva E.V., Gonchikova E.V., Yakovlev A.P. Synthesis of a colloid additive based on aluminosilicate rocks for cement stone modification. Stroitel'nye
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[TpakTyeckn HEOTpaHUYEHHBIE 3aMachl TPUPOITHO-
o aJIOMOCWJIMKATHOTO CBIPbSI, K YUCIY KOTOPOTO OT-
HOCSTCS TTePJIUTOBBIE TOPOJBI, LIEOJUTHI U AP., ABJISIOT-
Cd MPEKPACHBIM CBIPbEM I MPOU3BOACTBA MHOTUX
MaTepUagoB U MPOJAYKTOB, IIMPOKO MCIOJb3YyEeMBbIX B
PAa3JIMYHBIX OTPACIAX MPOMBILIJIEHHOCTHA, B TOM YUCJIE
U1 TPOU3BOJCTBA (D (PEKTUBHBIX CTPOUTESIbHBIX MaTe-
pUanoB, ISl CEJIbCKOTO XO35IMCTBAa U OXpaHbl OKPYXKato-
LIEH Cpelbl.

Myxop-TalnHcKOe MECTOPOXKIEHUE TTEPIUTOB U 11€0-
JINTCOAEPKAIINX TTOPOJ SIBISIETCSI KPYITHBIM, HauboJsee
WU3YYEHHBIM U €IMHCTBEHHBIM MPOMBIIIUIEHHO OCBOEH-

HAYYHO-MexXHU4eCcKUil U npou3800CEeHHbLI JHCYPHAN

Practically unlimited reserves of natural aluminosili-
cate raw materials which include perlite rocks, zeolites
and others are excellent raw materials for the production
of many materials and products widely used in various
industries including the production of effective building
materials, in agriculture and environmental protection.

The Mukhor-Talinsky deposit of perlite and zeo-
lite-containing rocks is the largest, most studied and the
only one industrially developed in Russia. It is located in
the Zaigraevsky region of the Republic of Buryatia. It has
a favorable environmental and economic location, a
well-developed infrastructure and direct access to the
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HBIM U pa3padboTaHHbIM B Poccuu. OHO HaxomauTcs B
3aurpaeBckoMm paiioHe Pecnyonuku bypsitus, mmeer
0JIaTOTIPUSITHOE PACIIOJIOXKEHWE B JKOJOTMYECKOM U
9KOHOMUYECKOM OTHOIIEHUHU, AOCTATOYHO PA3BUTYIO
UHOPACTPYKTYPY M MpsIMOIT BBIXOJ Ha TpaHccOUpPCKyIo
JKEJIE3HOMOPOXKHYI0 Marucrpaib — cT. HoBouabMHCK
OAO «PX]l» [1]. Ucrionb3ys IepauTOBOE CHIPhE, a TaK-
K€ BCKPBIIITHBIE W COIYTCTBYIOIIME TOPOAbI, Ha CyIIe-
CTBYIOLIMX MTPOM3BOACTBEHHBIX IUIOLIAASIX MOXHO Opra-
HU30BaTh MTPOU3BOACTBO MAJOKIMHKEPHBIX W OECKIINH-
KEPHBIX BSIKYIIMX BEUIECTB, CTEHOBBIX OJIOKOB W3
STYCUCTOTrO OETOHA, JIEMEHTOB IIEPETOPOIOK MIJIST SKIITBIX
1 OOIIECTBEHHBIX 3MaHUi, 3 (MEKTUBHBIX TETION30JISI-
IIMOHHBIX MaTepuaJoB M W3ACIMI, arpormepiuTta u
op. [1, 2]. 3a mocmeguue 6ojee 40 JeT OBLIO ITOOBITO
OKOJIO 2 MJIH M MEpJIUTOBOTO CHIPbS, KOTOPOE UCIIONb-
30BajJIOCh B OCHOBHOM JIJISI TIPOM3BOACTBA JICTKOTO 3a-
MOJIHUTENSI — BCIIyYEHHOTO IIepjuTa, MPUMEHSIEMOTo
B KPYMHOIIAHEJIbHOM [OMOCTPOCHUM T. YNaH-YID2 U
HpkyTckoit 061acTi, 1 KaK KOMIOHEHT Il POU3BO/I-
CTBa KepaMUYECKUX MaTepUAJIOB.

M3BecTHO, YTO MJIsT pETyJIMpPOBaHUSI CBOMCTB OETOHA,
OCTOHHOI CMeCU U SKOHOMUMU 1LIEMEHTa IIPUMEHSIIOT 10~
0aBKM pa3IMYHOTO (HPYHKIMOHATBHOTO Ha3HAYEHMSI.
Hcnonb3oBaHre XUMUYECKUX J0OABOK SIBJISIETCS] OMHUM
U3 HamboJiee YHMBEPCAJIbHBIX, JOCTYIHBIX U THUOKMX
crnoco0OoB ynpaBeHUsT TexHojoruen oetona [3]. B tex-
HOJIOTMHU TIPOM3BOACTBA ILIEMEHTa U OETOHA CJIOXWIACh
TEHJEHIINST TTIPUMEHEHUSI BBICOKOIMCIIEPCHBIX T00ABOK,
MOJYYEHHBIX Pa3IMYHBIMU CIIOCOOAMU, B TOM UMCIIE U C
ITOMOIIIBIO 30JIb-TeJIb TEXHOJOTHI. M3BecTHA MpaKThKa
3¢ (HEeKTUBHOTO TTPUMEHEHHUS 30JIeii KpEMHUEBON KUC-
JIOTBI, TUAPOKCHUIA XKejie3a U aTIOMUHUS ISl MOaU(bUKa-
uun OetoHa [4]. Ocoboe BHUMaHHWE MCCIIEIOBATENN
CTPYKTYPHI LIEMEHTHOTO KaMHsI ¢ MOIU(pUKATOpaMU yie-
JISTIOT IpUMeHeHU10 106aBok Ha ocHoBe Si0-nH7O, aTo
00BSACHSIETCST TEM, UYTO CUHTE3UpYyeMble J00aBKU, UMes
CXOJIHYIO C TUAPOCUJIMKATAMU KaJblUsl KPUCTAIIOXM-
MMYECKYIO TMPUPOAY, MOIYT SIBISITHCS LICHTPAMM KpHU-
CTaJUTM3AallNU TUAPOCUINKATHBIX (ha3 IIEMEHTHOTO KaM-
HSI, a TakKXe BCTpaMBaThCsl B €ro CTPYKTypy [5, 6].
[Iupokoe nmpuMeHeHUe TTOJOOHBIX 100ABOK CIePXKMBa-
€TCSI BBICOKMMU PECYPCHBIMU 3aTpaTaMy YW PHIHOYHOMU
CTOHMMOCTBIO.

HMHTepec mpencTaBisieT MCITOIb30BAHME IIEPINTO-
BBIX OPOJ IS TToJydeHUsT 2 GhEKTUBHBIX J00ABOK IS
MonuduKanuu eMeHTa u 6erona. Hampumep, aBTO-
poM paboTsl [7] pa3paboTaHbl MPUHIUAMEI TPOEKTUPO-
BaHUsI OBICTPOTBEPACIONIEIO KOMIIO3ULIMOHHOTO BSIKY-
11IETO C OpraHOMUHEPaAJIbHOM 100aBKOI HA OCHOBE YJIb-
TPaAUCIIEPCHOTO MEXaHOAKTUBUPOBAHHOIO MEpJuTa C
M30BITKOM BHYTPCHHEM SHEpPTHH, 3aKJII0YaIoOIInecs B
CO3JIaHNK CAMOOPTaHU3YIOIIEHCS TUIOTHOYTaKOBAHHOM
CTPYKTYPbl IIEMEHTHOrO TecTa U (POpPMHUPOBAHUU 3a
CYET aKTUBHOTO B3aUMOJIEHCTBUSI KOMITOHEHTOB CUCTE-
MbI 00Jiee TJIOTHBIX U MPOYHBIX CTPYKTYP KPUCTaLIO-
TUOAPATOB.

Llenb uccnenoBaHus — pa3padoOTKa METOAUKU CUHTE-
3a CTAOMJIBHOTO Y ONTUMAJBHOTO IO (DM3UKO-XUMUYUE-

(@)
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Trans-Siberian Railway, the railway station Novo-
ilinsk,”Russian Railways” JSC [1]. Using perlite raw ma-
terials as well as overburden and concomitant rocks, it is
possible to start the production of low-clinker and clink-
er-free binders, wall blocks made of cellular concrete,
partition elements for residential and public buildings,
effective heat-insulating materials and products, agroper-
lite, etc. on the existing production areas [1, 2]. Over the
past 40 years about 2 million m? of perlite raw materials
have been mined. They have been used mainly for the
production of lightweight aggregate, expanded perlite as
well as in large-panel housing construction in Ulan-Ude
and the Irkutsk region and as a component for the produc-
tion of ceramic materials.

Additives of various functional purposes are known to
be used to regulate the properties of concrete, concrete
mixture and to save cement. The use of chemical additives
is one of the most universal, available and flexible ways to
control the technology of concrete and regulate its prop-
erties [3].

In the technology of cement and concrete produc-
tion there is a tendency to use highly dispersed additives
obtained in various ways including sol-gel technologies.
The effective application of silicic acid sols, iron hy-
droxide and aluminum for concrete modification is
known as well [4].

Researchers of the structure of cement stone with
modifiers pay special attention to the use of additives
based on SiO»-nH7O which is explained by the fact that
the synthesized additives having a crystallochemical na-
ture similar to calcium hydrosilicates can be centers of
crystallization of the hydrosilicate phases of cement stone
and also be embedded in its structure [5, 6]. The wide-
spread use of such additives is constrained by high re-
source costs and market value. Applying perlite rocks to
obtain effective additives for the cement and concrete
modification is of certain interest. For example, the au-
thor of [7] has developed the principles for designing a
fast-hardening composite binder with an organomineral
additive on the basis of the ultrafine mechanically activat-
ed perlite with an excess of internal energy. They imply
creating a self-organizing close-packed structure of ce-
ment paste and forming denser and stronger structures of
crystalline hydrates due to the active interaction of the
system components.

The purpose of this study is to develop a methodology
for the synthesis of a cement stone structure modifier,
stable and optimal in terms of physicochemical proper-
ties, consisting mainly of amorphous silica and obtained
using perlite rocks of the Republic of Buryatia.

The geological study of the volcanic glasses from the
Mukhor-Talinsky deposit as a possible raw material base
for the construction industry in Transbaikalia was carried
out in 1957—1969. There was stated the expediency of
distinguishing the following varieties of perlites:

— heat-insulating (density of expanded perlite in a
piece up to 0.5 g/cm3);

— construction (density of expanded perlite in a piece
0.5—0.9 g/cm3);
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Ta6nuua 1

Table 1

YcpeaHeHHbIVi XMMUYeCKU COCTaB CTEKJIOBUAHOIO nepamrta
Average chemical composition of vitreous perlite

Tabnuua 2
Table 2
XapakTtepucTtuka KosuiongHoro mogudukatopa
Colloidal modifier characteristics

Conepxarue okcuaos, mac. % BoaopogHbii nokasaress [uHamunyeckas
The content of oxides, wt. % MROTHOCT, Kr/M3 cpeapl, pH BA3KOCTb, C13
505 | Ab0s | Naso | ko0 | Feron | a0 MaO Mnn Density, kg/m® Hydrogen indicator of Dynamic viscosity,
P2 | A2D3 | Ragt| Kol ezt | La 99| Loss on ignition environment, pH cps
70-75|12-15| 3-4 | 3-5]0,5-2 |0,2-0,7]0,5-1,5 3-5 1023 8-9 1,06

CKHM CBOICTBaAM MOIU(UKATOPA CTPYKTYPhI LIEMEHTHO-
ro KaMHSI, COCTOSIIIETO B OCHOBHOM M3 aMop(HOro
KpeMHe3eMa U TTOJIyYEHHOTO C MCTOJIb30BAHUEM TTEPITH-
TOBBIX Nopoa Pecny6iuku bypsitust.

leonornueckoe M3ydyeHUE BYJIKAHUYECKMX CTEKOJI
Myxop-TaluHCKOIO MECTOPOXKACHUS KaK BO3MOXKHOI
CBHIPBEBOI 0a3bl CTpoMHIyCcTpuM 3abaifkaibsi OBLIO
nposeacHo B 1957—1969 rr. Bruta moaTBepskaeHa Leje-
C000Pa3HOCTh BBIICJECHUSI CIEAYIOIIUX PA3HOBUIHOCTEM
TePJIUTOB:

— TETUIOU3OJISIIMOHHBIN (TJIOTHOCTh BCITyYEHHOTO
nepsuta B Kycke 10 0,5 r/cm3);

— CTPOUTENBHBIN (TJIOTHOCTh BCITYYEHHOTO TEPJINTa
B Kycke 0,5—0,9 r/cm3);

— TSDKEJbIN (TUIOTHOCTh BCITYYEHHOTO TIEPJINTA B KYy-
cke 110 1,6 r/em?);

— COITyTCTBYIOIIIME TTOPObI, TPUTOTHBIE JJISI TIPOU3-
BoacTBa amtonoputnepautos I u Il kiraccos [1, 8, 9].

HcxomHbIM CBHIPpEM IS TOJYYEHUS] KOJUIOMIHOTO
MoaubUKaTOpa MOCTYXKWJI TEMIOU30ISIIIUOHHBIN U CTPO-
WUTETBHBIN TIepANT. BHIOOp MCXOMHOTO CHIPHST 00YCIIOB-
JIEH €r0 XMMWYECKUM COCTaBOM, CTPYKTYPO# U coiepxka-
HUEM CcTeKIo(Ma3bl. YUUTHIBASI, UYTO MO XUMUUECKOMY CO-
CTaBy TIEPJMUT OTHOCUTCS K CYIIECTBEHHO KMCIIBIM
ATIOMOCWIMKATHBIM TIOPOJIaM COAEPXUT 6—9% mienou-
HBIX KOMITOHEHTOB, TIPEICTABIISIETCS, YTO OH MOXKET ObITh
MOTEHUUAIbHBIM ChIPbEM JIJISI TIOyYEHUST KOJUTOUAHOTO
Moaudukaropa (tabn. 1). OCHOBHBIMU KOMITOHEHTAMU
MepJnTa SIBISIOTCS OKCUABI KpeMHUs SiO) ¥ alloMUHUS
Al»O3, HaxomsIuecss B aMOp(HOM COCTOSTHUM.

M3BecTHBI pa3inyHbIe COCOOBI MONYYEHUST TOHKO-
JIUCTIEPCHOTO aMOPGHOro KpeMHe3eMa, OTJINYaIoNInecs
CTETIEHBIO U3BJICUEHMS TUOKCUIA KPEMHMS, UCIIOJIb3Ye-
MbIM UCXOJTHBIM ChIPbEM WJIM XUMUUYECKUMU PeareHTaMu
U TeXHOJOTUYeCKUM obopynoBaHuem [10—12]. ABTOpsI
TPEATIONIOXWINA, YTO TP BO3IEHCTBUM OIPENETIEHHBIX
¢akTOpOB IJII aKTUBALIMU TEPINTa (TOHKOE M3MeIbue-
HUE B SHEProHaIpsDKEHHBIX allliapaTtax ¥ HarpeB B BOJIE)
MOXET ObITh MOJYyYeH HOBbIN KOJUTOWAHBIN MoaupuKa-
TOP B BUJIE CMECH MHOTOKOMITOHEHTHOTO 30J151, COCTOSI-
IIETO U3 30J151 KPDEMHUEBOU KUCIOTHI M 30J1S1 TUAPOKCUAA
ATIOMUHUSI.

Jns1 aKTMBalUM CTEKJIOBUIHOTO TIepJiuTa ObUT WC-
MOJIb30BaH aKTUBATOP HOBOTO TMOKOJIEHUSI — CTEpXKHE-
Boii BuOpouctupareiab BM-4 X350, roe MexaHudeckue
BO3JIEMICTBUST HA U3MEIBYAEMBII MaTepUas TPOUCXOIST B
BUE yaapa u TpeHus. [lonydyeHne KoanouaHon 106aBKu
3aKJIIOYAETCS B CJIEAYIOIIEM: TIEPJIUT-ChIPELl MpeaBapu-
TEJIbHO TOHKO U3MEJIbYAIOT B SHEPrOHAMPSIKEHHOM arl-

HAYYHO-MexXHU4eCcKUil U npou3800CEeHHbLI JHCYPHAN

— heavy (density of expanded perlite in a piece up to
1.6 g/cm?3);

— accompanying rocks suitable for the production of
class I and II agloporite perlite [1, 8, 9].

Heat-insulating and building perlite was used as a raw
material for obtaining a colloidal modifier. The choice of
feedstock is due to its chemical composition, structure
and glass phase content. Perlite, being a considerably
acidic aluminosilicate rocks in terms of its chemical com-
position and containing 6—9% of alkaline components,
seems to be a potential raw material for obtaining a colloi-
dal modifier (Table 1). The main components of pearlite
are oxides of silicon SiOp and aluminum AlpO3 in the
amorphous state.

There are various methods for obtaining finely dispersed
amorphous silica different in the degree of silicon dioxide
extraction, the feedstock used or chemical reagents and
technological equipment [10—12]. The authors suggested
that under the influence of certain factors to activate perlite
(fine grinding in energy-intensive apparatuses and heating
in water) a new colloidal modifier can be obtained in the
form of a mixture of a multicomponent sol consisting of a
silicic acid sol and an aluminum hydroxide sol.

To activate vitreous perlite, a new generation activator
was used. It was a rod vibration grinder VI-4 X350 where
mechanical effects on the crushed material were in the
form of impact and friction. The colloidal additive was
produced in the following way. Raw perlite was prelimi-
narily finely ground in an energy-intensive apparatus to a
specific surface of 750—950 m2/kg. Then the finely ground
powder was boiled for 1—3 hours followed by cooling and
precipitation of the additive from the filtrate. In the course
of experimental studies, the optimal conditions for ob-
taining a colloidal additive were identified taking into ac-
count the duration of perlite grinding and, accordingly,
the degree of its dispersion and the duration of heat treat-
ment in water.

It is known that the structure of the original pearlite is
represented by a disordered aluminum-silicon-oxygen
framework which combines the bonds Si—O—Si, Si—O—Al
[2, 13]. In terms of the degree of bonding, the disordered
structure of perlite is analogue to the structure of lay-
ered-framework aluminosilicates; its chemical activity is
due to the presence of Si—O—K, Si—O—Naand Si—O—OH
bonds. The stages of the colloidal additive forming accord-
ing to observations made by the methods of physicochemi-
cal analysis and pH-metry are as follows:

— the first stage is fine grinding of pearlite accompa-
nied by the depolymerization of the pearlite structure
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rmaparte 0 YACJTbHON MOBEPXHOCTU
750—950 M2/KT, 3aTeM TOHKOM3-

MEJTbYCHHBIN IIOPOIIOK IMOABCPraroT

KMIISTYEHUIO B TeyeHue 1—3 4 ¢ 1mo-
CTICAYIOIINM OXJIAXKICHUEM U OCaK-

JIeHueM n00aBku U3 (uibTpaTa. B

X0I€ SKCIIEPUMEHTAJIBbHBIX UCCIICO0-

BaHW1 BBISIBJICHBI ONITUMAJIEHBIC YC-
JIOBUSI MONMYYEHUSI KOJIJIOUAHOM J0-

0aBKU ¢ YYETOM IIPOAOJIKUTCIIbHO-

CTU U3MEJIBYCHMA TICPJINTA U COOT-

BETCTBEHHO CTCIIEHU €TI0 IUCIIEPC-
HOCTU M TIPOJOJDKUTELHOCTU Tep-
MUYECKOI 00pabOTKM B BOJIE.
N3BecTHO, 4TO CTPYKTYpa UCXOM -
HOTO MepJuTa MpeacTaBieHa HeyIo-
PSIIOYECHHBIM aJTIOMOKPEMHEKHCIIO-
POIHBIM KapKacoM, COYETAIOIIUM B
cebe cBsa3u Si—0O-Si, Si—0-Al
[2, 13]. Tlo cTemeHu CBSI3aHHOCTHU
HEYIOpsIIOUeHHasl CTPYKTypa Iep-
JINTA SIBJISIETCS] aHAJIOTOM CTPYKTYPBI
CJIOMCTO-KAapKACHBIX aJIFOMOCHUJIU -
KaTOB; €ro XUMUYecKasi aKTUBHOCTh
00ycJIOBJICHA TIPUCYTCTBUEM CBSI3Ei
Si—O—K, Si—O—Na, Si—O-OH.
DTamHOCTh (POPMUPOBAHUS KOJIIO-
UIHOI 100aBKM, IO HAOJIOACHUSIM
MeTogaMu  (DU3UKO-XUMHUIECKOTO
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Puc. 1. 3aBMCMMOCTb BA3KOCTU KOIIOMAHOI0 MoandrkaTopa oT BpEMEHN
Fig. 1. Time dependence of the colloidal modifier viscosity

Saze Dstribution by Number

10000
Size (dnm)

Puc. 2. Pacnpepenexune no paamepam 4acTul, 300
Fig. 2. Size distribution of sol particles

aHanmsa u pH-MeTpun, ciemyroias.

IlepBrIii 3Tanm — TOHKOE U3MEJTb-
YeHUE TIePJIUTa, COMMPOBOXK/IAIOIIEE-
Cs1 AeTIOIMMEpU3aliueil ero CTpyKTy-
PBI, HApYIIEHUEM MOCTUKOBEIX CBSI-
3eit Si—O—Si, Si—O—Al u obpazo-
BaHMEM JBYX PAa3JIMYHO 3apsi>KeH-
HbBIX paaukaioB =Si—0- u =Si+.
OOpa3yeMble paguKajbl IIPOSB-
JISIIOT OOJIBLIYIO PEAKIIMOHHYIO CIO-
COOHOCTb K MOJIEKYJIaM BOAbI, 00-
pasysa rpynnel OH- B cTpykType
nepaura [7].

BTopoii aTam — MUTpaLms KaTHOHOB IIEJIOUYHBIX Me-
TaJUIOB, BXOASIIMX B COCTaB MePJnTa, B BOAHBIN pacTBOP
¢ yBenmueHueM ero mejnouHocta (pH-meTpus) u pac-
TBOPEHHE TOHKOM3MEJIbUYEHHOro NepjuTa B Mpoliecce
KUTSTYCHUS] B IIEJIOYHOM PACTBOpPE, MOCTEIIEHHOE €ro
pasjioXeHye ¢ BhIIETEHIEM 13 CocTaBa KaTHOHOB AP,
Fe3™ 1 KpeMHEKHCIOTHI.

Tpetwnit 3Tan — B3aUMOIEHCTBIE 3TUX MOHHBIX KOM-
IUIEKCOB C MOHAMM ILEJOYHBIX METAJUIOB U IPyIIamMu ¢
00pa3oBaHUEM COOTBETCTBYIOIIMX TUAPO30JIEH.

XapaKkTeprCcTHKa M CBOMCTBA MTOJTYYEHHOTO KOJTOU/I -
HOro MoauduKaTopa pUBeIeHBI B Ta0. 2.

Bricokast ynenbHasi 3J1€KTPOIPOBOIHOCTDL 30JIs
CBUICTEIBCTBYET 00 aKTUBHOI TOBEPXHOCTU HAaHOYa-
CTUII, YTO TPEATIOTOXUTETBHO CITOCOOCTBYET CO3/a-
HUIO JOMOJHUTEJbHOIO CTPYKTYPHOrO 3JIeMEHTa C
YacTUILIAMU IIEMEHTA MPU €ro TUApaTalliM, OTIPEIeIs-

55
40,3
33

MpoyHocTb npu cxatum R, MlMa
Compressive strength R, MPa

P

0K0HTpOJ‘IbeII7I coctas KM 0,2%

Control composition

60,5
53,7

38,5

56,3
50.893:2 55

405 38

KM 1%
CM 1%

KM 0,4%
CM 0.4%

KM 0,6%
CM0.6%

KM 0,8%

CM0.2% CM0.8%

Puc. 3. ViccnepnoBaHve BAUSIHUS KOSIIOMAHOMO MOAMGUKATOPA Ha CBOMCTBA LEMEHTHOIMO KaMHS:
M- 1cyr;M-3cyr; - 7cyt; [J-28cyT

Fig. 3. Study of colloidal modifier influence on cement stone properties: ll - 1 day; [l - 3 days;
[J- 7 days; []1- 28 days

breaking Si—O—Si, Si—O—Al bridge bonds and forming
two differently charged radicals =Si—O— and =Si+. The
resulting radicals are highly reactive with water molecules
forming OH- groups in the pearlite structure [7];

— the second stage is the migration of alkali metal cat-
ions, being a perlite part, into an aqueous solution with an
increase in its alkalinity (pH-metry) and the dissolution of
finely ground perlite during boiling in an alkaline solution,
its gradual decomposition with the release of A>T;

— the third stage is the interaction of these ionic com-
plexes with alkali metal ions and groups to form the corre-
sponding hydrosols.

The characteristics and properties of the obtained col-
loidal modifier are shown in Table 2.

High electrical conductivity of the sol indicates the
active surface of the nanoparticles which is supposed to
create an additional structural element with cement parti-
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IOIIEr0 YJy4YllleHWEe CBOWCTB THUI-
pPaTHOTO KaMHSI.

M3BecTeH (akT: ycTOMYMBOCTH
3oJeil 3aBUCUT OT PH cpenbl uem
BBIIIe TMoKazaredb pH cpenbl, Tem
HUXE YCTOWYMBOCTHL 3oyieid [13].
HccnenoBanue nuHaMUYeCKOM BsI3-
KOCTU KOJJIOUJHOM CUCTEMbI, U3Me-
PEHHOM Ha POTAllMOHHOM BHCKO-
sumetrpe Brookfield RVDV-3T

(IKIT «ITporpecc» BCTYTY) ¢ nc-
nosnb3oBanueM mmnuHaeass CPA-40Z,
CKOPOCTb BpaIlleHWUs] IIMUHIACTST —
40 0o6/mMuH (puc. 1), mokazano, 4To
obpa3yeMblii 30J1b OTHOCHUTEJIBHO
CTabUJIEH: C yBEJIMYCHUEM BPEMEHU
BSI3BKOCTh PAacTBOpPA OCTAETCSl HEU3-
MeHHO#. CienyeT IpearnooXUTh,
YTO 1IIeJIOYHBIC 30JIM HECyT Ha I10-
BEPXHOCTH YaCTHUI[ OTPULIATECIbHBIN
3aps; M TeM CaMbIM CTaOWIU3U-
pYIOTCSI.

O TOM, YTO TIOJIy4EHHBI MOIM-
¢uxkarop TpeacTaBiasgeT coOOUM KO-
JIOUIHYIO CUCTEMY C COIEpXKaHUEM
HAHOIUCIEPCHBIX Pa3MEPOB YACTHII,
TMOATBEPKIAIOT PE3yIbTaThl MCCACHOBAHNSA TO0ABKU Ha
Jla3epHOM aHaluzatope 4vactul, «Mukpocaiizep 201»
(CITI6T'ACY, r. Cankr-Ilerepbypr) (puc. 2). Ananus
KPUBOI pacmpeeieHus YacTUIL TI0 pa3MepaM IToKa3all,
yTo 27% 00beMa IUCIEPCHOI (ha3bl COCTABISIOT (PpaK-
muy 9acTuil ¢ pasmepamu oT 70 mo 100 aM. OcranbHOi
00BeM cofepkaHus yacTuil — 73% pacrpeneseH B rpe-
nenax ot 100 mo 1000 HM.

s onpenesieHUs] BAWSIHUS MOJYYEHHOTO KOJLIO-
UIHOro MoauduKaTopa Ha CBOIICTBA LIEMEHTHOIO
KaMHS TOTOBIJIMCH 00pa3Ilbl TNIACTUIHOTO (DOpPMOBa-
HUS TIpM HOPMAaJbHOM TyCTOTE, COOTBETCTBYIOIIEH
28%, pasMmepamu 2x2xX2 cM. HccrmemoBaHust Tpo-
BoauJIuch Ha mnopTiaHauemeHte IHEM 1 42,5H
(00O «Tummoiickuii IeMeHTHBIH 3aBO», Pecriyomuka
Bypsitust), TOCT 31108—2016 «LlemeHTHI 061IECTPOU -
TeabHble. TexHuueckue ycloBusl». ST BBISIBICHUS
ONTUMAJIBHOM JO3UPOBKU KOJIOMIHBIE MOTU(PUKATO-
pbl BBoawu B KojudecTBe 0,2—1% OoT Macchl ieMeHTa
B BOJy 3aTBOpeHUs. B TeueHMe mepBhIX CYTOK 00pa31ibl
XpaHWINCHh B (popMax BO BIAXHBIX YCIOBUSX, 3aTeM B
BOJIE; MO MCTEYEHUU KOHTPOJIHLHOTO BPEMEHU MUCIIbI-
TBHIBAJINCh HAa TIPOYHOCTH IPH CKaTuu (puc. 3).

YCTaHOBJICHO, YTO ONTUMAJIbHOE COACPXKAHUE KOJI-
JIOUIHOTO MoauduKaropa Jiexkut B rpeaenax 0,6—0,8%
oT Macchl uemeHTta. OtMeTuMm, 4to 3¢hheKT MoaAUGU-
LMPOBaHMSI HAOJIOJAETCS M IPU MUKPOMO3UPOBKAX
0,2—0,4%. I1pupocCT MPOYHOCTU MPU CXKATUU B BO3paC-
Te 28 cyt mocturaet 50% Tipu BBEIEHUU KOJUIOMIHOTO
MoaudukaTopa B kosnuectse 0,8% OT Macchl LIEeMEHTA.
DG HEKTUBHOCTh AEUCTBUS 30J11 KPEMHUEBON KUCIO-
ThI CBSI3aHA C TeM (hakTOM, UTO HaHOYacCTHUIIbl Si0) 006-
JIaJaI0T OTPOMHOU KUHETUYECKON SHEPTUEN U SBJISIIOT-

]

TBEPAEHUA
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~ iy

Puc. 4. MukpodoTorpacdmm CTPyKTypbl LEMEHTHOro kamHsi (10000X): a, b — KOHTPONbHLIV 06pa3eL, Ha
1-e 1 28-e cyT TBepAEHNs COOTBETCTBEHHO; ¢, d — o6paseLl, ¢ konnonaHon nobaekoii Ha 1-e 1 28-e cyT

et il

Fig. 4. Micrographs of the structure of cement stone (10000X): a, b — control sample, respectively
1 and 28 days of hardening; ¢, d — with a colloidal additive, respectively 1 and 28 days of hardening

cles during its hydration improving the properties of the
hydrated stone.

The stability of sols is known to depend on the medium
pH: the higher the medium pH, the lower the stability of
the sols [14]. The study of the dynamic viscosity of the
colloidal system measured on a rotational viscometer
Brookfield RVDV-3T (Central Collective Use Center
“Progress” ESSUTU) while using a CPA-40Z spindle
with the spindle speed of 40 rpm (Fig. 1) showed that the
sol formed is relatively stable, i. e. the solution viscosity
remains unchanged with time. It can be assumed that al-
kali sols carry a negative charge on the surface of the par-
ticles and are thereby stabilized.

The fact that the resulting modifier is a colloidal sys-
tem containing nanosized particles is confirmed by the
study of the additive on the laser particle analyzer
“Microsizer 201”7 (Saint Petersburg State University of
Architecture and Civil Engineering, St. Petersburg)
(Fig. 2). The analysis of the particle size distribution curve
shows that 27% of the volume of the dispersed phase are
fractions of particles sizing from 70 to 100 nm. The rest of
the particles content , namely 73%, is distributed in the
range from 100 to 1000 nm.

To determine the effect of the obtained colloidal mod-
ifier on the properties of the cement stone, plastic molding
samples were prepared at normal density corresponding to
28% with dimensions of 2x2X2 cm. The studies were
carried out on the Portland cement CEM 1 42.5N
GOST 31108—2016 at the Timluy Cement Plant LLC,
Republic of Buryatia. To determine the optimal dosage,
colloidal modifiers were introduced into the mixing water
in the amount of 0.2—1% from the weight of the cement.
During the first 24 hours the samples were stored in molds

G rpourslslz
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Ccs aKTUBHBIMM ILIEHTpaMM Kpuctauiusanuu. Dop-
MUPOBaHUE KPUCTAUIMYECKUX CPOCTKOB HU3KOOCHOB-
HBIX THAPOCUJIMKATOB KaJIbLIMs CIIOCOOCTBYET MOBBI-
IIEHUIO TUIOTHOCTU M TIPOYHOCTHU 3a CUET 3aIlOJHEHUS
IIPOCTPAHCTBA MUKPOIOP KPUCTAJIUISCKUMU CPOCT-
kamu [14].

M3MeHeHne MUKPOCTPYKTYPHI LIEMEHTHOTO KaMHS C
KOJUTOUIHBIM MOAM(UKATOPOM ObUIO MCCIENOBAaHO Ha
pacTpOBOM BJIEKTPOHHOM Mukpockorie JSM-6510LV
JEOL (IKITI «ITporpecc» BCI'YTY) (puc. 4). CtpykTypa
LIEMEHTHOTO KaMHSI OIIPEACIISICTCS IMPOIIECCOM €r0 THI-
paTamuy 1 3aBUCUT OT MOP(OIOTUM M (DOPMBI TTOBEPX-
HOCTHU PACTIONIOXKEHUST KPUCTAIIIIOB, MEXKITOPOBOTO TTPO-
CTpPaHCTBa.

MUuUKpOCTpYKTypa LIEMEHTHOIO KaMHSI C KOJUIOWJ-
HBIM MOAU(PUKATOPOM OTJIMYAETCS OT MUKPOCTPYKTY-
PBI [IEMEHTHOTO KaMHSI KOHTPOJIbHOTO COCTaBa. Y:ke B
MepBble CYyTKM MOXHO HaOJII0AaTh, YTO HA MOBEPXHO-
CTU MOIMMUIIMPOBAHHOTO KaMHSI 00pa3yloTCsl UTOJIb-
yaThle HOBOOOpPA30BaHMSI — KPUCTAJIIBI STTPUHTUTA,
9TO MPEAIOJOXUTEIbHO TOBOPUT O TOM, UTO MpPOLIEeCC
ruapaTalliy LIeMeHTa B IMepBble CYTKU MPOXOAUT MH-
TEHCUBHEE, YeM B KOHTPOJbHOM 0€3100aBOYHOM CO-
craBe. KOHCTpyKTMBHAasS OCOOEHHOCTb ATTPUHTUTA B
€ro NEeHAPUTOTIONOOHBIX CIIJIETEHUSIX, KOTOPbIE 310 -
HSIIOT TTOPOBOE MPOCTPAHCTBO U SIBJISIIOTCSI HEPAaCTBO-
puMbIMU B BojJe. B Bo3pacTe 28 cyT TBepAeHMsI CpaBHE-
HUE CTPYKTYP TOBOPUT O TOM, UTO TTIOBEPXHOCTb MOAM-
(GULIMPOBAHHOIO LIEMEHTHOTO KaMHsI 0oJjiee pOBHasl U
IJIaaKass MCKIYaeT MPUCYTCTBUE MEXKIIOPOBOIO IPO-
CTpaHCTBA.

Taxkum obpazom, Myxop-TajluHCKOEe MECTOPOKIE-
HUE TIEPJIUTOBOIO CHIPbS SIBISIETCS CTPATeTrMUECKU
Ba>KHBIM MECTOPOXIECHUEM JIsI CTPOUTEIbHOMN oTpac-
au Pecnyonuku bypsarusa. IlokazaHa BO3MOXHOCTh
HCITOJIb30BAHUS TEPJIUTOBBIX MOPOJ JIsI CUHTE3a KOJI-
JouaHoM no6aBKku. IlomyueHre KOMJTOMIHON 100aBKH,
pa3mep gacTtui Kotopoit ot 70 mo 100 HM cocTaBiseT
25—27%, oTiau4yaeTcsi MCIOJb30BAHUEM HEIOPOroro
HMCXOTHOTO aJIIOMOCUIMKATHOTO CHIPhSI, 0€3 TPUMEHE -
HUSI JOPOTOCTOSIIMX IIeJ0o4YecoaepXaliux MaTepua-
JIOB U CJIOXHOTI'O TEXHOJIOTMYECKOTO 000pYyI0BaHUs, C
MUHUMAJIbHBIMM 3HEPIreTUYCCKUMU U TEIUIOBBIMU 3a-
TpaTaMu. ABTOpaMM ITOKa3aHa BO3MOXHOCTb MUCITOJIb-
30BaHUSl CUHTE3UPOBAHHOTO KOJIOMIAHOTO MOAMGU-
Katopa Jjd noaydyeHust 3(hEGEKTUBHOTO APEBECHOTO
KOMITO3UIIMOHHOI'0O MaTepuaia — apboyiuTa, uMerone-
ro OMmpelejeHHbIe IEePCIEeKTUBBl B MaJl03TaXXHOM
cTpouTenbeTBe [14].

Cnncok aureparypbl

1. VYpxanosa JI.A., 3ybakun Bb.A., CrtpyraHos B.H.
Myxop-TanuHcKoe MeCTOPOXIeHUE TMEPIUTOBOrO
CBIPbsI: BO3MOXHOCTU U TIEPCIIEKTUBBI €0 UCTIOIb30-
BaHUS B CTpoituHaycTpuu // CmpoumenbHslie mame-
puanst u uzdeaus. Kues. 2005. Ne 7. C. 78—85.
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under humid conditions. Then, after the control time,
they were tested for compressive strength in water (Fig. 3).

It has been established that the optimal colloidal mod-
ifier content lies within 0.6—0.8% of the cement mass. It
should be noted that the modification effect is also ob-
served at microdoses of 0.2—0.4%. The increase in com-
pressive strength at the age of 672 hours reaches 50% with
the introduction of a colloidal modifier in the amount of
0.8% from the cement weight. The effectiveness of the si-
licic acid sol is connected with the fact that SiO) nanopar-
ticles have a huge kinetic energy and are active centers of
crystallization. The formation of crystalline intergrowths
of low-basic calcium hydrosilicates contributes to an in-
crease in density and strength by filling the micropores
space with crystalline intergrowths [14].

The change in the microstructure of the cement stone
with a colloidal modifier was studied using a JSM-6510LV
JEOL scanning electron microscope (Central Collective
Use Center “Progress”, ESSUTU) (Fig. 4). The structure
of the cement stone is determined by the process of its
hydration and depends on the morphology and shape of
the crystals surface, the interpore space.

The microstructure of the cement stone with a colloi-
dal modifier differs from the microstructure of the cement
stone of the control composition. It can be observed that
needle-like neoplasms, ettringite crystals, are formed on
the surface of the modified stone within the first 24 hours.
That could indicate that the process of cement hydration
in the first 24 hours is more intense than in the control
composition without additives. The design feature of the
ettringite is that its dendritic plexuses fill the pore space.
They are insoluble in water. At the age of 28 days of hard-
ening, the comparison of structures suggests that the sur-
face of the modified cement stone has a more even and
smooth surface excluding the presence of interpore space.

Thus, the Mukhor-Talinskiy deposit of perlite raw
materials is a strategically important deposit for the con-
struction industry of the Republic of Buryatia. There has
been demonstrated the possibility of using perlite rocks for
the synthesis of colloidal additives. Obtaining a colloidal
additive with the particle size from 70 to 100 nm up to
25—27% is characterized by the use of inexpensive initial
aluminosilicate raw materials instead of expensive alka-
li-containing materials and complex technological equip-
ment with minimal energy and heat costs. The authors
have shown the possibility of using the synthesized colloi-
dal modifier to obtain an effective wood composite mate-
rial, wood concrete which is definitely promising in low-
rise construction [14].
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Mopaudukaumus hTopaHrupuToBbIX BAXYLLUX
yAbTpaaucnepcHbIM NOPOLIKOM Auaba3a

113y4eHO BNMsHWE YNbTPAANCNEPCHOMO NOPOLLKA Anabasa Ha NPOLECChl CTPYKTYPOOOPa30BaHNs 1 (PU3NKO-MEXaHNYecKne
XapakTepuCTMKI (DTOPAHTUAPUTOBBIX BSXKYLLMX. YCTAHOBIIEHO, YTO BBELEHWE [11a6a30BOro NMopoLLKa B KOIMYECTBE 7% B TEXHOTEHHOE
AHrMOpPUTOBOE BAXKYLLIEE, CNIOCOOCTBYET NOBLILLEHUIO NPOYHOCTY HA 28%. Pe3ynstartbl MEXaHU4EeCKMX UCTbITAHUIA CPABHWUBANNCH C
KOHTPOJIbHbIM 06pa3LioM, B COCTaBE KOTOPOro OTCYTCTBOBANA MoAnduLmpytoLas Ao6aska. MoBbiLeHne NPOYHOCTH HABI0AAN0Ch Ha
paHHUX CpoKax TBEPAEHNSA, HTO 06BACHAETCA (POPMUPOBAHNEM MIOTHON YNAKOBKW KPUCTANIIOB pa3padarbiBaeMoil KOMMO3NLMN 3a CHeT
06pa3oBaHNa rngpocynboanioMIUHATOB KanbLnsa n aMopdiHbIX rMAPOCUINKATOB KarlbLisg TOGEPMOPUTOBOrO PAAA, 3anoHALMNX
nopbl Mexay Kpuctannamu cynsgara kansums. OCHOBHbIM YCNOBUEM (DOPMUPOBAHUS NAOTHON CTPYKTYPbl (OTOPAHrMAPUTOBOI
MaTpuLbl ABMAETCH CO3AaHINE LLEOYHOI CPeabl NpU akTueauun dropanrnapura docdartom Hatpus. PopMUpOBaHNE HOBbIX NMPOAYKTOB
ruaparaynn B TEXHOTEHHOM aHrMAPUTOBOI KOMMO3NLUMY HA PAHHUX CPOKAX TBEPAEHWUS NOATBEPKAEHO MeTOAaMU (DU3UKO-XMMUYECKOr0
aHanu3a, B TOM 4Y1C/le PEHTIEHO(DA30BbIM aHaNIM30M, PEHTTEHOBCKUM MUKPOAHANN30M 11 CKaHUpYIOLLEN MUKpOCKonuei. Viccnenosanune
NO3BOJIAET NONYYNUTH KOMMO3ULMIO C YYHLLEHHbIMU (DU3NKO-MEXAHUYECKUMU CBOCTBAMU, NPW 3TOM PELLAIOTCSA NPO6Nembl ¢
yTunusauuen hTopaHrnapmTa n UCTOLLEHEeM 3anacoB NPUPOSHOT0 aHTMAPUTOBOIO BAXYLLETO.
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Modification of Fluorohydrite Binders with Ultrafine Diabase Powder

In this research, the influence of ultrafine diabase powder on the processes of fluoroanhydrite binder structure formation was studied. Assessed were the physical and mechanical char-
acteristics of the modified fluoroanhydrite composition. It has been established that introduction of diabase powder in an amount of 7% into the technogenic anhydrite binder contrib-
utes to an increase in compressive strength of the modified compositions by 28% compared to the reference composition, which did not contain a modifying additive. An increase in
strength was observed in the early stages of hardening. This can be explained by the creation of a dense crystalline structure in the developed composition due to the formation of calci-
um sulfoaluminate hydrates and amorphous calcium silicate hydrates of the tobermorite type, which fill the pores between calcium sulfate crystals. Here, in order to create conditions
for the formation of a dense structure of the fluoroanhydrite matrix, it is important to provide an alkaline environment during the activation of fluoroanhydrite by adding sodium phos-
phate. The formation of new hydration products in the technogenic anhydrite composition in the early stages of hardening is confirmed by the methods of physical and chemical analy-
sis, including X-ray phase analysis, X-ray microanalysis and scanning microscopy. The described technology makes it possible to obtain a composition with improved physical and
mechanical properties, while solving problems of fluoroanhydrite utilization and preventing depletion of natural anhydrite binder reserves.

Keywords: binders based on fluoroanhydrite, diabase flour, self-reinforcement, X-ray phase analysis, ettringite.
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IMonydeHne HOBBIX CTPOMTEIBHBIX MaTCPUAJIOB W3
IMOOOYHBIX OTXOAOB IPOU3BOJCTBA SIBJIICTCS OOHOM U3
KJTIOUECBBIX 3a7a4 B Pa3BUTHHM CTPOUTEIHLHOTO MaTepra-
JloBeieHUsI. Beab mprMeHeHre TOJIBKO TPUPOTHBIX Ma-
TepUAJIOB YMEHBIIIAeT UX IMOTCHIINAI — 00beM HEBO300-
HOBJISIEMBIX PECYPCOB CHUIKACTCSI, YTO MPUBOIUT K MC-
TOILEHHUIO IPUPOIHBIX 3aI1acOB.

OmHNM 13 TAKNX HEBO30OHOBIISIEMEIX PECYPCOB SIBIISI-
eTcsl MpupoAHbIii rumc. M3ectHo [1], 4yTO co3maHue
AHAJIOTOB I'MIICOBBIX MAaTepUaJOB BO3MOXKHO U3 I1000Y-

(ST POV ES DHRIE

Nowadays, one of the main targets of the construction
materials industry development is the creation of new
building materials based on by-products and industrial
wastes. This issue is becoming more and more vital as the
volume of non-renewable resources is constantly reduc-
ing, which leads to the depletion of natural reserves.

Natural gypsum is one of such non-renewable resourc-
es. However, recent researches show [1] that gypsum can
be replaced by analogues materials with a similar chemical
composition. For example, fluoroanhydrite, obtained as a
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HOTI'O MPOAYKTA ITPOU3BOACTBA ITJIaBU-
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PazpaboTka maTepuajaoB Ha OC-
HOBE TEXHOT€HHOro aHTHIPUTOBOTO
BSDKYILIETO paccMaTpUBAeTCs B CJic-
nyromux paborax [2—8]. Ctout oT-
METUTD, YTO OCHOBHBIE (DU3UKO-XU-

MHUYecKre M (hU3NKO-MeXaHUIECKUe
XapaKTePUCTUKU MPUPOTHOTO aHTUI-
puTa CYIIeCTBYIOT M Y TEXHOT€HHOTO,
BKJTI0YAs KaK MOJIOXKUTEbHbIE, TaK U
oTpuniatesnbubie. [t monyueHust Ma- 5|
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Mormalized Particle smownt

PUCTUKAMU B COCTaB KOMITO3ULIMU
BBOISTCS YJIbTpa- U HAHOIUCIICPC-
Hble 1o6aBku [9—11]. OnHoit U3 Ta-
KNX J00aBOK SIBIISICTCS YJIBTPaIM-
CHepHbIN MOpoLIOK auadasza. B uc-
cienoBaHugx [12] mokaszaHo, 4YTO
BBeJeHUE [1Maba30BOTO ITOPOIIKa

oo

]
|I||| O
g

oosiee 10% NpUBOIUT K CHUXEHUIO

IIPOYHOCTHBIX XAapPaKTCPUCTUK LIC-
MEHTHOM KOMIIO3ULIMU. DTO TOBOpUT

1 0.5 1 10 100
Particle Diamatar (um)]
Puc. 1. JucnepcuoHHbIin aHann3 amaba3oBoro nopoLuka
Fig. 1. Dispersion analysis of diabase powder
XuMuueckuin coctaB anaba3soBoro nopoLuka
Chemical composition of diabase powder
SiO2 AloO3 FeoO3 MgO CaO Mpouee
)
Conepxaume, % | gg 74 13,93 10,86 8,31 6,22 3,94
Content, %

0 TOM, YTO LieJIeco0Opa3Ho nobaBiIe-
Hue quaba3oBoro nopoika a0 10%.

Llenblo HaCTOsIIEr0 MCCIENOBAHUS SIBIISIETCS yCTa-
HOBJIEHUE 3aKOHOMEPHOCTE! CTPYKTYpOOOpa30BaHUS 1
BJIMSIHUS Ha (PU3UMKO-MeXaHM4eCKKre CBOMCTBA (hTOpaH-
CUIPUTOBOIO BSDKYILIETO J0OABKM — YJIBTPaAUCIIEPCHOTO
Mopolka auadasa.

MarepuaJjbl B METOABI HCCJIEAOBAHMIT

OCHOBHBIM MaTepuajgoM pa3padaTbIBa€MOil KOMIIO-
3ULUKN  SIBASIeTCS  (PTOpAHTUAPUT  ITPOMU3BOICTBA
OAO «I'anmoren» (r. Ilepmb). B kauecTBe Moauguuupy-
1ol1ei 100aBKU MPUMEHSIJICS YAbTPAAUCIIEPCHBIN MOPO-
ok nuabaza npeanpusatus OO0 «/luabasz» (r. HoBo-
cubupck). g aktuBanu (GTOpaHTUAPUTA TTIPUMEHSIICS
docdar narpus (NazPOy).

st ompeneneHUs pa3Mepa OIUaMETPOB YAaCTHIL JO-
0aBKM OBbLIT MPOBEACH AMCIEPCUOHHBIN aHAJIU3 Ha Ja3ep-
HOM aHanu3atope pasmepoB yactuil SALD-7500. Ananu3
pe3yIbTaTOB MUCTIEPCMOHHOIO aHaiM3a Jauaba3oBOTO
nopoika (puc. 1) mokasaj, 4YTo CpeaIHUI pa3Mep YacTHUI]
I00aBKM paBeH 3,94 MKM.

CoctaB 11a6a30Boif MyKM, COTJIACHO JaHHBIM ITPOU3-
BOIMTENSA, TIpeaCcTaBieH B Tabnuie. s onpeneneHus
(hakTMyeckoro cocraBa J00aBKM WM JUISI JajbHEMIIETo
omnpeaeeHus] BAUSHUS N00aBKM Ha pa3pabaTbiBaeMylo
KOMIIO3HIINIO OBLT MPOBEICH PEHTTeHO(hA30BEIN aHAIN3
nuabdazoBoro mnopoumka (puc. 2) Ha AuppaKTOMETpe
Rigaku Miniflex 600. PacincdpoBKa crnekTpoB ObLia
npoBeneHa B mporpamme Match! 3 1 mo3Bosua yctaHo-
BUTb, YTO B 100aBKe MPeo0IanaloT OKCUALI KDEMHUST U
ATIOMUHUS.

ConepxaHue 100aBKU B KOMITO3ULIMU OMPEEsIOCH
SKCIepUMeHTaIbHBIM IyTeM oT 0 1o 10% mopolika gua-
0aza 1o oTHOLIeHMIO K DTOopaHruapury. st uccienona-
HUSI 3aBUCUMOCTH TIPOYHOCTY KOMITO3ULIMU OT COAepKa-

HAYYHO-MexXHU4eCcKUil U npou3800CEeHHbLI JHCYPHAN

by-product of the hydrofluoric acid production, in some
cases can be used as a replacement for the natural gypsum.

The development of materials based on technogenic
anhydrite is considered in the following researches [2—8§].
However, it is important to understand that the main phys-
ical, chemical and mechanical properties of natural anhy-
drite, both positive and negative, are also characteristic of
the technogenic anhydrite. In this case, in order to obtain
high-quality materials, ultra- and nanodispersed additives
can be added into the composition [9—11]. An example of
such additives is diabase ultrafine powder. However, the
study [12] shows that the introduction of diabase powder in
the amount of more than 10% by the weight of binder leads
to a decrease in the strength characteristics of the compo-
sition. This suggests that the addition of diabase powder
will be most effective if its content does not exceed 10%.

The purpose of this study is to establish patterns of
fluoroanhydrite binder structure formation in the pres-
ence of diabase ultrafine powder and evaluate the influ-
ence of this additive on the physical and mechanical
properties of the matrix.

Materials and methods

The main material of the developed composition is
fluoroanhydrite obtained by OAO “Halogen” (Perm). As
a modifying additive, ultrafine diabase powder from
00O “Diabaz” enterprise (Novosibirsk) was used. So-
dium phosphate (Na3PO4) was introduced into the com-
position as a fluoroanhydrite activator.

To determine the diameters of the additive particles,
dispersion analysis was carried out on a SALD-7500 laser
particle size analyzer. The results of the analysis (Fig. 1)
showed that the average particle size of diabase powder
parcticles is 3.94 microns.
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I el

The composition of diabase pow-
der, provided by the manufacturer, is
presented in Table. To determine the
actual composition of the additive,
and to estimate the influence of the
additive on the structure and proper-
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ties of the developed composition, an
X-ray phase analysis of the diabase
powder was carried out (Fig. 2) on
X-ray diffractometer Rigaku Miniflex
600. The spectrum was interpretated
using in Match! 3 software.

The results of an X-ray phase

VI

analysis showed that silicon and alu-
minium oxides predominate in the
additive.

The optimal content of the addi-
tive in the composition was deter-
mined experimentally. The diabase

1000 -4

powder content in the composition
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Puc. 2. PeHTreHoda3oBbIli aHanm3 anabasoBoro nopoLuka
Fig. 2. X-ray analysis of diabase powder
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varied from 0 to 10% by the weight of
fluoroanhydrite. To evaluate the me-
chanical characteristics of the compo-
sition, 40x40x160 beam samples were
prepared, which hardened in wet con-

20

ditions for 7 days before the test. As
reference samples, compositions of
fluoroanhydrite mixed with a solution

e
)]
|

of sodium phosphate without the ad-
dition of ultrafine diabase powder
were used. The strength characteris-

tics of the compositions are presented
in the graph (Fig. 3).
Analysis of the test results of sam-

MpoyHOCTb Npu cxaTtuun, Mla
Compressive strength, MPa
)
|

ples at the age of 7 days, modified with
ultrafine diabase powder (Fig. 3)
showed that the addition of diabase
powder in the amount of 7% by the

weight of binder results in an increase
in the compressive strength of the de-
veloped composition up to 28%, com-

0+ T T | T
Ref 0,5 1 3

CopepxaHve anabasoBoi Myku, %
Diabase powder content, %
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BOW MYKU Ha 7-€ CyT TBEpAEHUS

Fig. 3. Compressive strength of fluoroanhydrite composition modified with diabase powder at the age

of 7 days

HUSI N00AaBKU M3TOTABJIMBAIUCh OOpa3lbl-0aJTOYKU C
pasmepamu 40x40x160 MM, TBepieHHE KOTOPHIX ITPOXO0-
JIMJIO BO BJQXHBIX YCJIOBUSIX B TeUeHUE 7 CYT IO MOMEHTA
TPOBeICHUs UCTIbITaHUsI. B KauecTBe KOHTPOJIBHBIX 00-
paslioB MCMOJb30BAIUCH COCTaBbl U3 (DTOPAHTUIPUTA,
3aTBOPEHHBIE pacTBOpOoM (pocara HaTpus 6e3 nobdasJe-
HUSI YIBTPAJIUCIIEPCHOTO TIOpOIITKa qruabasa.
[TpouHOCTHBIE XapaKTEePUCTUKN COCTABOB IMPEICTAB-
JIeHBI Ha auarpamme (puc. 3). AHaau3 pe3yabTaToB UC-
MbITAHUI 00Pa3IoB B Bo3pacte 7 cyT, MOAU(DUIIMPOBaH-
HBIX YJIBTPAIUCTIIEPCHBIM TIOPOIIKOM fauabdasa (puc. 3),

(&

5 7 10

pared to the reference composition.
The increase in strength can be ex-
plained by the compaction of the
structure with calcium sulfoaluminate
hydrates (ettringite) formed between
calcium sulfate crystals and compo-
nents of diabase powder at the early
stages of hardening [13]. It is assumed that alkaline medi-
um, established as a result of fluoroanhydrite activation
with sodium phosphate, creates condition for the interac-
tion of calcium sulfate dihydrate and aluminum oxides,
present in the composition of the diabase powder (Fig. 2).
A similar synergistic effect of calcium sulfate dihydrate
and ettringite simultaneous formation in an alkaline solu-
tion (pH 13) was also described in research [14]. In this
case, the additional amount of hydration products filled
the pores, increasing the strength of the fluoroanhydrite
composition.
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ToKasaJi, 4YTO HaWJIydIlnrue€ ImMpoOYHOCT-
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nepxkanvieM 7% nuaba3oBOl MYKWH.
IIpu maHHOM conep:KaHUU J00aBKU
obecreunBaeTCsl MPUPOCT TPOYHO-
CTU TIpU CXXaTuW pa3pabaTbiBacMOM
KOMMOo3uLuu 10 28% B cpaBHEHUU C
KOHTPOJIbHBIM cocTaBoM. [loBbiiire-
HUE IIPOYHOCTH O0YCJIOBJICHO YILIOT-
HEHMEM CTPYKTYPBI THUIPOCYIh(HO-
aJlOMUHATaMM KajbLiusg (3TTPMH-
ruT), GOPMUPYIOIIMMUCS HAa PAaHHUX
9Tarax TBepACHUs MeXIy KpucTa-
JlaMM cyjibdaTa KajabLMsl, U COCTaB-
JISIOIMU  1raba3oBoil Myku [13].
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aHanu3 (POA) KOHTPOJIBHOTO 00pa3- -
11a (puc. 4), B KOTOPOM TpexXKasbline-
BBI TUIPOCYIb(OaTIOMUHAT He ObLT
OOHapyXEeH.

IMpu npoBenennu PDA ananuza
MoauGULIMPOBAaHHOTO 00pasia ¢ 100aBKoi 7% nuabaszo-
BOTO TTOPOIIIKA YCTAHOBJIEHO 00pa30BaHKME STTPUHTUTA B
KosimuecTBe 36,8% OT Bceit MacChl KOMITO3ULIMU (pucC. ).
DTTPUHIUT SIBJISIETCS apMUPYIOLIUM 3JIEMEHTOM, KOTO-
PBII YIIOTHSIET CTPYKTYPY M YJIydIllaeT ITPOYHOCTHEIC
XapaKTepUCTUKU pa3pabaThbiBAEMO KOMIIO3ULIVN.

YuuThIBasl, YTO KPUCTAIIIBI STTPUHTUATA IPU (POpMU-
pOBaHUM YBEIUUMBAIOTCS B 00beMe A0 Tpex pa3 [17],
IEeCTPYKIUSI KOMITO3MIIMU BCJACACTBHE W30BITOYHBIX
00BbeMHBIX JIehopMalvii IMpeaoTBpallagach 3a CYET
OrpaHMYEHMSI KOJIM4ecTBa 11adba3oBoil Myku 7%, CBBILLIE
KOTOPBIX HAOJIOIAJIOCh CHIDKEHHE ITPOYHOCTH (pHUC. 3),

T
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Puc. 5. PeHTreHoda30BbIli aHanM3 KoMNo3uummn ¢ 7%-m copepxaHvem anabasoBoit Mykn
Fig. 5. X-ray analysis of compositions with diabase powder in the amount of 7% by the weight of binder

However, it should be noted that the formation of et-
tringite crystals in the hardened composition has a nega-
tive effect on the structure of the hardened matrix due to
the formation of internal stresses and subsequent destruc-
tion of the composite [15, 16].

To confirm the formation of ettringite, X-ray diffrac-
tion analysis (XRD) of the reference sample (Fig. 4) was
preliminarily carried out, in which tricalcium sulfoalumi-
nite hydrates were not detected.

The XRD analysis of the modified sample with the
addition of 7% of diabase powder revealed the formation
of ettrigite in the amount of 36.8% of the total mass of
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Puc. 6. MukpocTpyKkTypa KOMNo3vuum ¢ 7%-mM cogepxaHnemM anabasoBoi Myku: a — 06wwmii Bug npu ysenvuedun 1000X; b — dparMeHT npu yBennyeHum

5000X

Fig. 6. Microstructure of composition modified with diabase powder in the amount of 7% by the weight of binder: a — general view at 1000-fold magnification;

b - fragment at 5000-fold magnification
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30BaHUn

Fig. 7. X-ray microanalysis of modified technogenic anhydrite binder: a — needle-like crystals; b — granular hydrates

MPU 3TOM KPUCTAJUIbl TUAPOCYIb(POoaTIOMMHATA KATbLUS
00pa3yroTCs TOJBKO B Hayvalle TBEPICHUs, HE co3maBasi
BHYTPEHHUMX HAIPSDKEHWU TIPpU JajbHEWIIENW Tuapara-
11U pTopaHruaApUTa ¢ 00pa30BaHUEM JBYBOIHOIO CYJIb-
(ata xampuus [18—20]. Takoit addekT moaTBepxkIeH
aHaJJOrMYHBIMU pabotamu [21, 22], roe moxka3zaHo, 4TO
caMoapMUpPYIOIINi 3(h(GEKT, KOTOPHIA ITOCTUTAaeTCs 3a
CYEeT KPHCTAJUIOB TUAPOCYIb(hoaTioOMUHATa KaJbLIKUS U
MOJIMIIPONIMJICHOBBIX BOJIOKOH, YJyylllaeT MeXaHu4e-
CKUe CBOMCTBA pa3pabOTaHHBIX CMECEIA.

[MapannenbHO MeXaHWYECKUM MCIIBITAHUSIM ObLIU
TIPOBEICHBI MCCICIOBAHUS II0 OLIEHKE BOIOCTONKOCTHU
pa3pabaTbIBa€MOro COCTaBa, KOTOpPbIe MOKa3ajau, 4YTO
KO3 PUIUMEHT pa3MsITYeHUs] MOAU(PUIIMPOBAHHOIO
dropanTuapUTOBOrO BsXKYyIIero paeH 0,5. Tak, y rur-
COBOIo cocTaBa KO3(MD®OUIIMEHT pa3MsITd4eHus paBeH
0,3 [23]. DTO TOBOPHUT O TOM, UTO IIOTHOCTHh M IIPOY-
HOCTHBIE XapaKTepUCTUKU pa3padbaTbiBacMOro oodpasiia
BBIIIIC, YEM y IPUPOIHOIO aHTMIPUTOBOTO BSIXKYIIETO.

the composition (Fig. 5). Ettringite crystals can work as
reinforcing elements that densify the structure and im-
prove the strength characteristics of the developed com-
position.

Considering that the volume of ettringite increases up
to 3 times during formation [17], large amount of the crys-
tals can lead to the destruction of the composition due to
excessive volumetric deformations. Limitation of the dia-
base powder content to 7%, above which a decrease in
strength was observed, helped to prevent this effect
(Fig. 3). At the same time, calcium sulfoaluminate hy-
drate crystals, which are formed only at the beginning of
hardening, do not create internal stresses during further
hydration of fluoroanhydrite with the formation of calci-
um sulfate dihydrate [18—20]. A similar effect was con-
firmed by works [21, 22], where it was noted that crystals
of calcium sulfoaluminate hydrate and polypropylene
fibers improve the mechanical properties of the developed
mixtures due to the self-reinforcing effect.

HAYYHO-MexXHU4ecKUil U NPOU3800CMBEeHHbIIL HCYPHAN

AOUTEN RS

Gy
VIAVERRYIBTE January—February 2022

61



K npogeaennio XIII MexayHapoaHoii KoH(hepeHIHH «YCTOHIHBOE «3€J1€H0€» CTPOHTENbCTBO

H HAHO-TexHoaornn». Mapr 2022, Xypraaa, Eruner

AHalM3 MUMKPOCTPYKTYPbl MOAU(PUIIMPOBAHHOTO
(hTOpPaHrMIPUTOBOrO BSLKYILIEro (pUc. 6) moKa3al ILIOT-
HYIO CUCTEMY 13 IUTACTUHYATHIX KPUCTAJJIOB IBYBOHOTO
cyibdara KaJbLs, OPbl MEXIY KOTOPBIMU 3aI10JIHEHBI
aMop(hU3NPOBAaHHBIMU HOBOOOPa3oBaHUSIMU. OTMEUESHBI
VIUIMHEHHbIE KPUCTAJLIbI ATTPUHTUTA.

B xome peHTreHOBCKOrO0 MMKpOAHaau3a CTPYKTYPbI
HOBOOOpA30BaHWII YCTAHOBJIEHO, YTO IIJIACTUHYATHIC
KPUCTAJLIbI IBYBOJHOI'O TUIICA OKPYKEHbI TUAPOCUIINKA -
TaMM KaJblIUsl, HAJIMUME KOTOPBIX CBS3aHO C JTUHUSIMU
KpemHusd Si Ha criekTpax (puc. 7, a).

AHamu3 aMopGhHU3UPOBAHHBIX HOBOOOpPAa30BaHMI
(puc. 7, b) mokazaj CylieCTBEHHOE CHWXKEHUE JIMHUIA, CO-
OTBETCTBYIOIIMX IBYBOTHOMY cyibdaTy kambuusi (Ca,
S, O), mpu 3TOM BO3pOciaa MHTEHCUBHOCTD JIMHUI, COOT-
BETCTBYIOLIMX KPEMHHUIO Si, YTO IO3BOJISIET TOBOPUTH O
peobiagaHuu B IIOpax aMOP(MHbBIX THAPOCUIMKATOB KaJlb-
1MsT TOOEPMOPUTOBOTO Psiia. AMOP(MHBIE THAPOCUIIUKATHI
KaJIbLIMST 3aIIOJIHSIOT ITOPhl MEXIy KPUCTaJUIAMU JIBYBOI-
HOT'O TUTICA, 0OBOJIAKUBAIOT UX, CIIOCOOCTBYSI YTUIOTHEHUIO
CTPYKTYPbI (PTOPAHTUIPUTOBOIO KOMIIO3MTA, YTO B KOHEU -
HOM UTOT€ MPUBOAUT K MOBBIIIEHHUIO IIPOYHOCTH MOAU(U -
LIMPOBAHHOM (DTOAHTMAPUTOBOI MATPUIIBI.

BoiBoabl

B pesynbpTaTe mpoBeACHHOIO UCCIEI0BaHUS U3YYEHO
BIMSHUE MOIMMUIUpPYIOMeH H00aBKM — YIbTpagu-
CIIEPCHOTO TTOPOIITKa Arada3a Ha MPOLECChl CTPYKTYPO-
00pa3oBaHMSI U (U3NKO-MEXaHUICCKIE CBOMCTBA KOM-
TTO3UIINH.

[Tpu BBemeHMM MoaUGbULIUPYIOIIEH T00aBKU B KOJIM-
yecTBe 7% IPOUCXOIUT IOBBILICHUE MPOYHOCTU IIPU
cxkaTuu Ha 28% 110 CpaBHEHUIO C KOHTPOJIbHBIM 00pa3-
LIOM; IIPUPOCT IIPOYHOCTU TOCTUTAETCSI ITyTeM 00pa30Ba-
HUs 6oJiee TUIOTHOI CTPYKTYPHI 3a CYET (POPMUPOBAHUS
KPUCTAJIJIOB 3TTPUHIMTA Ha HaYaJIbHOM 3Talle ruaparta-
MY KOMITO3UIINHY 1 3ATTOJTHEHUS TIOp MEXKITY KpUCTajlIa-
MM JIBYBOJHOIO TUIICa aMOP(MHBIMU THAPOCUIMKATAMU
KaJbLIUS.
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Together with mechanical parameters, the water re-
sistance of the developed composition was evaluated,
which showed that the softening coefficient of the modi-
fied fluoroanhydrite binder is 0.5. For comparison, the
softening coefficient of a gypsum composition is 0.3 [23].
This suggests that the density and strength characteristics
of the developed sample are higher than those of the nat-
ural anhydrite binder.

Analysis of the microstructure of the modified fluoro-
anhydrite binder (Fig. 6) showed a dense system of lamel-
lar crystals of calcium sulfate dihydrate, the pores between
which are filled with amorphous hydration products.
Elongated crystals of ettringite are also noted.

X-ray microanalysis of the hydration products showed
that lamellar crystals of gypsum dihydrate are surrounded
by calcium silicate hydrates, the presence of which is asso-
ciated with silicon (Si) lines in the spectra (Fig. 7, a).

Analysis of the amorphous hydration products (Fig. 7, b)
shows a significant decrease in the lines corresponding to
dihydrate calcium sulfates (Ca, S, O), while the intensity of
the lines corresponding to silicon (Si) increased, which
suggests the predominance of amorphous calcium silicate
hydrates of the tobermorite type in the pores. Amorphous
calcium silicate hydrates fill the pores between the crystals
of gypsum dihydrate, growing around them and contribut-
ing to the compaction of the fluoroanhydrite composition
matrix. This ultimately leads to an increase in the strength
of the modified fluoroanhydrite composition.

Conclusions

As a result of the study, the effect of a modifying addi-
tive - ultradisperse diabase powder on the processes of
structure formation and the physical and mechanical
characteristics of the composition was studied.

It was established that when the modifying additive is
introduced into the fluoroanhydrite composition in an
amount of 7%, an increase in compressive strength by
28% is noted compared to the reference composition.
This increase in strength is achieved because of the devel-
opment of a denser structure due to the formation of et-
tringite crystals at the initial stages of composition hydra-
tion, and growth of amorphous calcium silicate hydrates
in the pores between the crystals of gypsum dihydrate.

References

1. Kudyakov A.lI., Anikanova L.A., Redlikh V.V.
Materials for building envelopes from composite fluo-
roanhydrite binders. Sukhie stroitel’nye smesi. 2013.
No. 3, pp. 12—14. (In Russian).

2. Yakovlev G.I., Kalabina D.A., Grakhov V.P., Bu-
ryanov A.F., Gordina A.F., Bazhenov K.A., Nikiti-
na S.V. Fluoro-anhydrite compositions with a light fill-
er based on expanded perlite sand. Stroitel nye Materialy
[Construction Materials]. 2019. No. 5, pp. 57—61.
(In Russian). DOI: https://doi.org/10.31659/0585-
430X-2019-770-5-57-61

3. Yakovlev G.I., Polyanskikh I.S., Kislyakov M.A.,
Gyrdymov D.A. Structural and heat-insulating mate-

(N POV BHBIE:

62

Sneapo—gpespans 2022 NV EEEVRVBI



To realization of the XIII International Conference “Sustainable Green Construction

and Nano-Technology” March, 2022, Hurghada, Egypt

4. Kanaobuna II.A., AxosneB I'.M1., Bacuipuenko H0.M.,
Kysbmuna H.B., l'opanna A.®@. Moaudukanmus yrie-
poncoaepXalyuMu 100aBKaMu (DTOPaHTUAPUTOBOM
KOMITO3UIIMH IJ151 yCTPOMUCTBA 110JI0B // CmpoumenvHole
mamepuanst. 2021. Ne 8. C. 27—31. DOI: https://doi.
org/10.31659/0585-430X-2021-794-8-27-31

5. Tymentok A.H., IToxsackux M.C., XonsipeBa M.A.,
lesuenko @.E., IMymos U.A., Ilepymun I'.H.,
Sxosnes [I'.M. KoMMNo3MLMOHHBIKN MaTepuan
Ha OCHOBe (TOpPAaHTUIPUTA W TEXHUYECKOW ce-
pbl // Cmpoumenvnvie mamepuanvt. 2021. Ne 8.
C. 4-10. DOI: https://doi.org/10.31659/0585-
430X-2021-794-8-4-10

6. Kypmanraaumesa A.M., Awnukanosa JI.A.,
Boakosa O.B., KynsgkoB A.N., Capxucos 10.C.,
Ab3aeB HO.A. AxTuBalusl MPOLIECCOB TBEPACHUS
(bTOPaHTMAPUTOBBIX KOMIO3ULUIA XUMUYECKUMHU
nobaBkamMu coJieit Hatpus // Hszeecmus 6y308.
Xumus u xumuueckas mexuonoeus. 2020. T. 63. Ne 8
C. 73-80.

7. Kamaobuna JI.A., Axosnes I'.W., JIpoxutka P.,
I'paxos B.II., IlepBymun I'.H., baxeno K.A.,
Tpoiukosa B.B. Peonornueckast akrupauust (propaH-
TUAPUTOBBIX KOMITO3ULINI 3(prpaMu TTOTUKApOOKCH -
nara // Cmpoumenvhoie mamepuanwi. 2020. No 1-2.
C. 38—47. DOI: https://doi.org/10.31659/0585-
430X-2020-778-1-2-38-47

8. dAxosnes I'.U., Tlepsymun I'.H., I'paxoB B.II.,
Kanaouna JI.A., I'opouna A.®., 'maunukas O.H.,
baxenoB K.A., Tpomkosa B.B., JIpoxutka P.,
Xo3uH B.I'. KOHCTpYKIIMOHHO-TEIIOU30ISLIMOHHBII
Marepuaja Ha OCHOBE BBICOKOIIPOYHOTO aHTHIPUTO-
BOro BsKylero // HnmeanekmyanvHvle cucmemvl 6
npouseodcmee. 2019. T. 17. Ne 1. C. 144—151.

9. bao6aiinona E.C., HoBukoBa B.A. Bo3amoxHocTu nc-
10JIb30BaHUsI KOMIIO3MLIMOHHOIO MaTepHalia Ha OC-
HOBE (DTOPAHTUIPUTA C TEXHOTEHHBIM MOIM(MUKATO-
POM IIpU MPOBEACHUN PEKOHCTPYKUMU. CoopHUK 00-
Kkaadog XII Mescdynapoonoil HayuHo-npakmu4eckoll
KOHGhepeHyuu cmyoeHmos, acnupaHmos u moao0bix
yuenvix «Monodexncs u HayuHo-mexHu4ecKull npozpeccs.
2019. C. 267-271.

10. Pysauna H.C., Jymnukosa E.C., Topmuna A.®.,
Monsguckux M.C. Dxonorndecku 3hGhEeKTUBHBIE
KOMIIO3UIIMOHHBIE MaTepralibl Ha OCHOBE (DTOPAHTHI -
puUTa C TeXHOTeHHBIMM MoauduKaropamu // Pecypco-
HepeoIPpexmusHvle MexHoA02UU 6 CHPOUMENbHOM
komnaekce peeuorna. 2018. Ne 10. C. 144—149.

11. AnukanoBa JI.A., KyasxkoB A.MU., Kosiaep K.
VYhpasiaeHue npoueccaMu CTPYKTypooOpa3oBaHUs
BSDKYILMX, CTEHOBBIX U OTAEJIOYHBIX MaTepUaIOB Ha
OCHOBE (PTOpaHTUAPUTOBOrO Chipbsi. CoopHuK
Hauyuonanvhoil nHayuno-mexnuueckoi Kougpepenyuu c
MexncoyHapoonuim yuacmuem «llosviuenue kavecmea u
apghexmuenocmu cmpoumenvHbiX U CNeyUanIbHbixX Ma-
mepuanoe». 2019. C. 106—110.

12. Korkmaz A.V., Mechanical activation of diabase and
its effect on the properties and microstructure of
Portland cement. Case Studies in Construction

©ruoun

rial based on fluoroanhydrite. In the collection: Fotin
Readings-2021 (spring meeting). Materials of the
VIII International Scientific and Practical Conference.
Izhevsk, 2021, pp. 193—198. (In Russian).

4. Kalabina D.A., Yakovlev G.I., Vasilchenko Yu.M.,
Kuzmina N.V., Gordina A.F. Modification of fluoroan-
hydrite composition for flooring with carbon-containing
additives. Stroitel ‘nye Materialy | Construction Materials].
2021. No. 8, pp. 27—-31. (In Russian). DOI: https://doi.
org/10.31659/0585-430X-2021-794-8-27-31

5. Gumeniuk A.N., Polyanskikh I.S., Khodyreva M.A.,
Shevchenko F.E., Pudov I.A., Pervushin G.N.,
Yakovlev G.1I. Composite materials based on fluoran-
hydrite and industrial sulfur. Stroitel/’nye Materialy
[Construction Materials]. 2021. No. 8, pp. 4—10.
(In Russian). DOI: https://doi.org/10.31659/0585-
430X-2021-794-8-4-10

6. Kurmangalieva A.I., Anikanova L.A., Volkova O.V.,
Kudyakov A.I., Sarkisov Yu.S., Abzaev Yu.A.
Activation of hardening processes of fluorogypsum
compositions by chemical additives of sodium salts.
Izvestiya Vysshikh Uchebnykh Zavedenii. Seriya
Khimiya i Khimicheskaya Tekhnologiya. 2020. Vol. 63.
Iss. 8, pp. 73—80. (In Russian).

7. Kalabina D.A., Yakovlev G. 1., Drochitka R.,
Grakhov V.P., Pervushin G.N., Bazhenov K.A.,
Troshkova V.V. Rheological activation of fluoroanhy-
drite compositions with polycarboxylate esters.
Stroitel ’nye Materialy [Construction Materials]. 2020.
No. 1-2, pp. 38—47. (In Russian). DOI: https://doi.
org/10.31659/0585-430X-2020-778-1-2-38-47

8. Yakovlev G.I., Pervushin G.N., Grakhov V.P., Kala-
bina D.A., Gordina A.F., Ginchitskaya Yu.N., Bazhe-
nov K.A., Troshkova V.V., Drohitka R., Khozin V.G.
Structural and heat-insulating material based on high-
strength anhydrite binder. Intellektual nye sistemy v proiz-
vodstve. 2019. Vol. 17. No. 1, pp. 144—151. (In Russian).

9. Babailova E.S., Novikova V.A. Possibilities of using a
composite material based on fluoroanhydrite with a
technogenic modifier during reconstruction. Collection
of reports of the XII international scientific-practical
conference of students, graduate students and young sci-
entists «Youth and scientific and technological progress».
2019, pp. 267—271. (In Russian).

10. Ruzina N.S., Lushnikova E.S., Gordina A.F.,
Polyanskikh I.S. Ecologically effective composite ma-
terials based on fluoroanhydrite with technogenic
modifiers. Resursoenergoeffektivnye tekhnologii v stroi-
tel’nom komplekse regiona. 2018. No. 10, pp. 144—149.
(In Russian).

11. Anikanova L.A., Kudyakov A.I., Kovler K. Control of
the processes of structure formation of binders, wall
and finishing materials based on fluoroanhydrite raw
materials. Collection of the National Scientific and
Technical Conference with International Participation
“Improving the quality and efficiency of building and
special materials”. 2019, pp. 106—110. (In Russian).

12. Korkmaz A.V., Mechanical activation of diabase and
its effect on the properties and microstructure of

=S _,rl L= HayuHo-mexHuMecKuil u npou3e00CMEeH bl JCYPHAN

u)
M\J" EEVIRYIDTN January—February 2022

63



K npogeaennio XIII MexayHapoaHoii KoH(hepeHIHH «YCTOHIHBOE «3€J1€H0€» CTPOHTENbCTBO

H HAHO-TexHoaornn». Mapr 2022, Xypraaa, Eruner

Materials. 2022. Vol. 16. e00868. https://doi.
org/10.1016/j.cscm.2021.e00868

13. Butakova M.D., Gorbunova S.P. Study of the
influence of complex additives on properties of the
gypsum-cement-puzzolan binder and concretes on its
basis. Procedia Engineering. 2016. No. 150, pp. 1461—
1467. https://doi.org/10.1016/j.proeng.2016.07.082

14.Li. H., Liu Y., Xu C., Guan X., Zou D., Jing G.
Synergy effect of synthetic ettringite modified by citric
acid on the properties of ultrafine sulfoaluminate
cement-based materials. Cement and Concrete
Composites. 2022. Vol. 125. 104312. https://doi.
org/10.1016/j.cemconcomp.2021.104312

15. Kanyctua @.JI. [IpuMeHeHne TIPOHUKAIONIIEH THI-
POMBOJISIIIUHY [IJIS1 TIOBBIIIEHUSI KOPPO3UMOHHOM CTOM-
KOCTU IIEMEHTHOro KamHs // Texnonoeuu 6emoHos.
2015. Ne 3—4. C. 44-47.

16.T'apkaBu M.C. Kunetuka ¢hopMUpOBaHUS KOHTAK-
TOB B HAHOMOAU(UITMPOBAHHBIX TUTICOBBIX MaTEPH-
anax // Cmpoumenvhoie mamepuansvi. 2013. No 2.
C. 38—40.

17. AnapeeB B.B., Cemukona C.I'. TepMoanHaMuueckue
HCCJIeIOBaHMs MPOLIecca Pa3jIokeHUSI U CylbdaTu-
poBaHus rugpokapoonara kanbnud. JI.. AH CCC.
Kypran npukaaduoii xumuu. 1985. 19 c.

18. XaeB T.D., Tkau E.B., Opemxwun /1.B. O6eraeHHbII
YIIPOYHEHHBIN TMIICOBBI KaMEHb IS pecTaBpallin
MMaMSATHUKOB apXUTeKTyphl // CmpoumenvHole mame-
puanst. 2018. Ne 5. C. 68—72.

19. Ierpomnasnosckuii K.C., bypbsinoB A.®D., Ilerpomnas-
soBckast B.b., HoBrmuenkosa T.b. O6nerdyeHHbBIe caMo-
apMUPOBAHHEIC TUTICOBEIC KOMITO3UTHI // Cmpoumens-
Hote mamepuansi. 2019. Ne 10. C. 40—45. DOI: https://
doi.org/10.31659/0585-430X-2019-775-10-40-45

20. Typuun B.B. IToBbllieHUE Cyab(haTOCTONKOCTU 1ie-

MEHTOCOAepXKAIIMX KOMIIO3ULIMI BCICICTBUE KPU-

crajum3aunu HaHodas // Humennekmyanvhole cucme-

Mol 6 npouszsodcmee. 2012. Ne 2 (20). C. 173—180.

.Hoang Nguyen, Malena Staudacher, Paivo Kinnunen,

Valter Carvelli, Mirja Illikainen. Multi-fiber

reinforced ettringite-based composites from industrial

side streams. Journal of Cleaner Production. 2019.

Vol. 211, pp. 1065—1077. https://doi.org/10.1016/].

jclepro.2018.11.241

22.Nguyen H., Kinnunen P., Carvelli V., Mastali M.,
Illikainen M. Strain hardening polypropylene fiber
reinforced composite from hydrated ladle slag and
gypsum. Composites Part B: Engineering. 2019.
Vol. 158, pp. 328-—338. https://doi.org/10.1016/].
compositesb.2018.09.056

23.bopucoB JI.K., IlleBuenko ®.E., I'opmmua A.D.
N3zydyeHue BAWSHUS MWHEPAJIbHBIX T00aBOK Ha
CTPYKTYpY M CBOMCTBa CTPOMTEJHLHOTO THUIICA.
Cooprux mamepuanoe XXVII Pecnybaukauckoii 6bi-
cmasKu-ceccuu CmyoeH4eckux UHHOBAUUOHHbIX NPOCK -
mog «Bvicmaska unnosayuii-2019» (6ecennss ceccus).
2019. C. 3-8.

2

[—

Portland cement. Case Studies in Construction
Materials. 2022. Vol. 16. ¢00868. https://doi.
org/10.1016/j.cscm.2021.e00868

13. Butakova M.D., Gorbunova S.P. Study of the influ-
ence of complex additives on properties of the gyp-
sum-cement-puzzolan binder and concretes on its
basis. Procedia Engineering. 2016. No. 150, pp. 1461—
1467. https://doi.org/10.1016/j.proeng.2016.07.082

14.Li. H., Liu Y., Xu C., Guan X., Zou D., Jing G.
Synergy effect of synthetic ettringite modified by citric
acid on the properties of ultrafine sulfoaluminate ce-
ment-based materials. Cement and Concrete
Composites. 2022. Vol. 125. 104312. https://doi.
org/10.1016/j.cemconcomp.2021.104312

15. Kapustin F.L., Spiridonova A.M., Pomazkin E.P. The
use of penetrating waterproofing to improve the corro-
sion resistance of cement stone. Tekhnologii betonov.
2015. No. 3—4. pp. 44—47. (In Russian).

16.Garkavi M.S., Nekrasova S.A., Troshkina E.A.
Kinetics of contact formation in nanomodified gyp-
sum materials. Stroitel'nye Materialy [Construction
Materials]. 2013. No. 2, pp. 38—40. (In Russian).

17. Andreev V.V., Semikova S.G. Thermodynamic stud-
ies of the process of decomposition and sulfation of
calcium bicarbonate. Leningrad: AN SSS. Journal of
Applied Chemistry. 1985. 19 p. (In Russian).

18.Haev T.Eh., Tkach E.V., Oreshkin D.V. Lightweight
strengthened gypsum stone for restoration of architec-
tural monuments. Stroitel ‘nye Materialy | Construction
Materials]. 2018. No. 5, pp. 68—72. (In Russian).

19. Petropavlovskii K.S., Buryanov A.F., Petropavlov-
skaya V.B., Novichenkova T.B. Lightened self-rein-
forced gypsum composites. Stroitel’nye Materialy
[Construction Materials]. 2019. No. 10, pp. 40—45.
(In Russian). DOI: https://doi.org/10.31659/0585-
430X-2019-775-10-40-45

20. Turchin V.V., Yudina L.V., Ibatullina A.R., Sattaro-
va A.R. Increasing the sulfate resistance of ce-
ment-containing compositions due to the crystalliza-
tion of nanophases. Intellektual’nye sistemy v proizvod-
stve. 2012. No. 2 (20), pp. 173—180. (In Russian).

21. Hoang Nguyen, Malena Staudacher, Paivo Kinnunen,
Valter Carvelli, Mirja Illikainen. Multi-fiber rein-
forced ettringite-based composites from industrial
side streams. Journal of Cleaner Production. 2019.
Vol. 211, pp. 1065—1077. https://doi.org/10.1016/j.
jclepro.2018.11.241

22.Nguyen H., Kinnunen P., Carvelli V., Mastali M.,
Illikainen M. Strain hardening polypropylene fiber
reinforced composite from hydrated ladle slag and
gypsum. Composites Part B: Engineering. 2019.
Vol. 158, pp. 328—338. https://doi.org/10.1016/j.
compositesb.2018.09.056

23. Borisov D.K., Shevchenko F.E., Gordina A.F. Study
of the effect of mineral additives on the structure and
properties of building gypsum. Collection of materials of
the XXVII Republican exhibition-session of student inno-
vation projects “Innovation Exhibition-2019” (spring
session). 2019, pp. 3—8. (In Russian).

HAYYHO-MeXHUYeCKUil U NpoU3600CMEEHHbLI HCYPHAN Gr ViV BB E

64

Sneapo—gpeapans 2022 MUSTERUAT L) ®



To realization of the XIII International Conference “Sustainable Green Construction
and Nano-Technology” March, 2022, Hurghada, Egypt

YK 666.96
DOI: https://doi.org/10.31659/0585-430X-2022-799-1-2-65-69

0.B. JAH3AHOB, nHxeHep (431419@mail.ru),

JLA. YPXAHOBA, o-p TexH. Hayk (urkhanova@mail.ru ),

C.A. IXACAPAHOB, kaHg. TexH. Hayk, (solbon230187@mail.ru ),
K. JAMBAEB, g-p TexH. Hayk (g.dambaev@rambler.ru)

BocTo4HO-CrbupcKnii rocyaapCTBEHHbIV YHUBEPCUTET TEXHONOIMIA 1 ynpasnerus (670013, r. Ynan-Yaa, yn. Knioyesckas, 40B)

Moaudmkauma KOMNO3MLUOHHBIX BAXYLYUX YNIbTPaaMcnepcHoM
[100aBKOH, NONTY4EHHOW NpU ruaponu3e NopTnaHaLeMeHTa

MpuBeneHbl pe3ynbTaTbl UCCIEL0BaHNIA BSXKYLLMX C MPUMEHEHWEM alTFOMOCUINKATHBIX Nopog — nepnutos Myxop-TanuHckoro
MeCcTopoXaeHns Pecny6nuku bypatusa u ynsTpagncrnepcHoin Jo0aBKu, NoMy4eHHON npy ruaponn3e noptnaHauemMeHTa.
KoMno3nLmMoHHOE BSXYLLEE N3rOTOB/IEHO NMyTEM COBMECTHOrO NMOMOJA NOPT/IAHALEMEHTA, CTEKIOBUAHOIO 1 3aKPUCTaNIN30BAHHOIO
nepnuta. [ng MoanduKaumum KOMno3uLMoHHOro BAXYLLEro 6bina UCMNonb30BaHa ynsTpagucnepcHas Lo6aska, nony4eHHas npu
rMAponn3e noptnanguementa. MeTof4om na3epHon SUPaKLMN YCTAHOBIEH pa3mep YacTuy, yibTpagucnepcHomn fobaskn. OnpegeneHsl
noKa3aTesin NPOYHOCTI KOMMOSULMOHHBIX BSXKYLLMX C PA3SINYHBIM COLEPXKAHNEM CTEKJIOBMAHOMO M 3aKpUCTaNN30BAHHOIO NepiunTa.
DN3NKO-MEXaHUYECKINe NOKa3aTenn paspaboTaHHbIX COCTABOB KOMMO3ULMOHHbIX BSXKYLLUX C 3aMEHON KITMHKEPHON COCTaBNALLENA [0
30 mac. % He ycTynaroT nokasarensim 06bI4HOT0 NopTnaHaLuemeHnTa. COBMECTHOE MCMOMb30BaHNE 3aKPUCTaNIM30BaHHOMO 1
CTEKJIOBUAHOrO NepsimTta cnoco6CTBYET NOABIEHUI0 JOMONHUTENbHbIX LEHTPOB KPUCTANNN3aLmm ruapocunnkaTos KanbLuus u
CBA3bIBAHWIO NOPTNAHANTA aMopHbIM KpemHedemoM. [posefeH VK-cnekTpanbHbIi aHann3 KOMMo3NLMOHHBIX BAXKYLLKX,
MOMCULMPOBAHHBIX YNbTPAAUCIEPCHON J06aBKON. YCTAHOBEHbI U3MEHEHUs (0a30BOro cocTaBa (DOPMUPYIOLLMXCSH TMAPOCUIIMKATOB
kanbuus. COBMECTHOE UCMONb30BaHNE NEPNTOB U YNbTPaAUCTEPCHOI JOOABKM B COCTaBe KOMMO3ULWIA COCOOCTBYET MOBbILLEHMIO
CTeneHu ruaparawuu, 06pa3oBaHui0 60sbLLIEr0 KOMIMYECTBA HU3KOOCHOBHbIX TMAPOCUINKATOB KasbLiAA.

Kniouesble cnosa: NnopTnaHaLuemMeHT, KOMNO3NLMOHHbIE BAXYLLINE, NEPIINT, YNbTpaanucnepcHasn [00aBKa, I/IHCbpaKpaCHaFI CNeKTpockonusa.
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Modification of Composite Binders with an Ultrafine Additive Obtained by Hydrolysis of Portland Cement

The article presents the results of studies on the production of binders using aluminosilicate rocks — perlites of the Mukhor-Tala deposit of the Republic of Buryatia and an ultrafine addi-
tive obtained by hydrolysis of Portland cement. Composite binder obtained by joint grinding of Portland cement, vitreous and crystallized perlite. To modify the composite binder, an
ultrafine additive obtained by the hydrolysis of Portland cement was used. The particle size of the ultrafine additive was determined by laser diffraction. The strength indicators of com-
posite binders with different contents of vitreous and crystallized perlite have been determined. Physical and mechanical parameters of the developed compositions of composite bind-
ers with the replacement of the clinker component up to 30 wt. %, are not inferior to those of ordinary Portland cement. The combined use of crystallized and vitreous perlite promotes
the appearance of additional centers of crystallization of calcium hydrosilicates and the binding of portlandite by amorphous silica. An IR spectral analysis of composite binders modified
with an ultrafine additive was carried out. Changes in the phase composition of the formed calcium hydrosilicates have been established. The combined use of perlites and ultrafine
additives in the composition of composite binders contributes to an increase in the degree of hydration, the formation of a larger amount of CSH(B).

Keywords: portland cement, composite binders, perlite, ultrafine additive, infrared spectroscopy.

For citation: Danzanov D.V., Urkhanova L.A., Lkhasaranov S.A., Dambaev Zh.G. Modification of composite binders with an ultrafine additive obtained by hydrolysis of Portland cement.
Stroitel'nye Materialy [Construction Materials]. 2022. No. 1-2, pp. 65-69. (In Russian). DOI: https://doi.org/10.31659/0585-430X-2022-799-1-2-65-69

AKTYaJIbHOCTb NPUMEHEHHUSI KOMITO3UIMOHHBIX BSI-
KYIIMX 00YCJIOBJI€HA pa3HBIMU ITPUYMHAMM: BO3MOXHO-
CTbIO CHMXXEHUSI BbIOPOCOB YIVIEKMCJIOIO rasa B aTMO-
cepy 3a cueT CoOKpalleHus MPOM3BOICTBA ITOPTIaHIIIE-
MEHTHOTO KJIMHKEPA, BOBJIEUEHUS B TIPOU3BOICTBO BTO-
PUYHOIO ChIPbSl M OTXOJOB MPOMBILIUIEHHOCTH, YJIy4lle-
HUST (DU3UKO-MEXAHUYECKUX CBOMCTB M JOJTOBEYHOCTH
koMmmo3ura [1—10].

Hcnonb3oBaHue peakiMOHHO-aKTUBHBIX MUHEPaIb-
HBIX KOMITOHEHTOB Pa3IMYHOTO IIPOUCXOXKICHUS ITPHUBO-

(S Y PV ESIBHBIE

The relevance of the use of composite binders is due to
various reasons: the possibility of reducing carbon dioxide
emissions into the atmosphere by reducing the production
of Portland cement clinker, involving secondary raw ma-
terials and industrial waste in the production, improving
the physical and mechanical properties and durability of
the composite [1—10].

The use of reactive mineral components of various ori-
gins leads to a change in the rate and degree of hydration of
clinker minerals and the creation of a dense structure of
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IUT K U3MEHEHUIO CKOPOCTU M CTENEeHU TMApaTaluu
KJIMHKEPHBIX MUHEPAJIOB, CO3AAHMIO TUIOTHOM CTPYKTY-
pbl Kommio3uta [2—4]. MHOTUMU YYeHBIMU TTPOBEICHBI
HUCCIeNIOBaHUS U pa3paboTaHbl TEOPETUUYECKUE OCHOBBI
CO3MaHMST KOMITO3UITMOHHBIX BSIKYIIUX C TIPUMEHEHUEM
Pa3IMYHBIX aKTUBHBIX KPEeMHE3eMCOIePKaIX J00aBOK
MIPUPOTHOTO M TEXHOTC€HHOTO ITPONCXOKICHMUSI.

AHanM3 JUTEepaTypHbIX MCTOYHUKOB ITOKa3all, 4YTO
JIJIS TIPOM3BOJCTBA KOMIIO3UIIMOHHBIX BSIKYIIIMX HE0O0-
XOIUMO TIPETyCMOTPETh KOMITJIEKCHOE MCITOTh30BaHUE
MUKpO- [1-3, 5] u yrpTpagucnepcHsix [8, 9, 11] matepu-
anoB. Llenpro mpeacTaBIeHHOTO UCCIIeI0BAaHUS SIBIIACH
BO3MOXHOCTh TIOJTYYeHUS] KOMITO3UIIMOHHBIX BSIKYIIIMX
¢ IpUMEHEHUEM aIIOMOCUJIMKATHBIX mopo Pecryonmku
BypsiTus u yabTpaaucrepcHbIX MaTepUaioB.

J1s1 TToJTydeHUsT KOMITO3ULIMOHHBIX BSDKYIIUX ObLIU
ucnonb3oBanbl: mopmianauement (ITL) LLIEM [ 42,5 H
I'OCT 31108—2016 «lleMeHTHI OOIIECTPOUTELHbIE.
TexHuueckue ycioBus», mepaut ctekaoBuaHbii (CTII)
u 3akpucraum3oBanHbiil (311) Myxop-TanuHcKoro me-
cropoxaeHus (Pecnybauka Bypsitus), yasTpaaucnepc-
Has no6aska (Y1), moiaydeHHast Ipu TUAPOJIU3E TIOPT-
JIaHALIEMEHTA.

CymMapHble 3arachl nepiautoB Myxop-TanmHcKoro
MECTOPOKICHUST COCTABIISIIOT HECKOJILKO I€CSITKOB MUJI-
JIMOHOB KyOMYECKUX METPOB. B CTEKJIOBUAHOM MEPIUTE
conmepxkaHue crekaodasnl cocraniseT 60—80%, B 3akpu-
crajutm3oBaHHOM Tepinte — 30—50%.

KoMIo3uiimoHHbIe BSDKYIIAE ITOJydald COBMECT-
HBIM TTIOMOJIOM ITOPTJIAHAIIEMEHTa M CTEKJIOBUIHOTO
(20 mac. %) ¥ 3aKpUCTAJNIM30BAHHOIO IIEpJIMTA
(10 mac. %) B cTepXKHEBOM BUOpoOUCTUpATEIE A0 YAEIb-
Hoii oBepxHOCTH 400—450 M2/KT.

YuurbiBasi akTyaJlbHOCTb M 10Ka3aHHYI0 3((hEeKTUB-
HOCTb TIPUMEHEHUSI yAbTpa- U HAHOAUCIIEPCHBIX H00a-
BOK IS MOIU(UKAIIMY TIEMEHTHBIX KOMITO3UTOB, CUH-
Te3 MoaudukaTtopa, 00JIaJaloNero KOMIIJIEKCOM
CBOWCTB, BAXKHEUIIIMMU U3 KOTOPBIX SIBISTIOTCS 9 hek-
TUBHOCTb TMPUMEHEHMSI, YCTOMUYUBOCTb BO BPEMEHM,
CXOIHASI C CHHTE3UPYEMbIM KaMHEM KPUCTAJUIOXUMMIYIC-
cKasl CTpyKTypa, OJIM30CTh pa3Mepa ee YacTHUIl K TaKo-
BBIM JJISI YACTUII LIEMEHTHOTO TeJIsl U TeJIeBbIX MOP, SIBJISI-
etcst uHTepecHbIM [11, 13—16]. TTockonbKy omHOI U3
npo0beM MPUMEHEHUsI HaHOPa3MEePHbIX MOAUGUKATO-
POB SIBJISIETCS MX paBHOMEPHOE pacIIpeeICHUE IO 00b-
€My KOMIIO3UTa, MHTePeC MPEACTaBIsIeT CHHTE3 HaHOYa -
cTull B o0beMe Boabl 3aTBopeHus [11, 13, 14].

st TIoydeHusT YabTPaJUCIIEpCHO T00aBKU TOTO-
BwIM 2% pacTBOP NMOPTIaHAILIEMEHTA B BOJIE 3aTBOPEHMUSI.
M3BecTHO, YTO HAYAJBHOM CTAagueil pacTBOPEHUS IIPU
rupaTallii MMHEpPaJOB MOPTJIAHALEMEHTa SIBJISIETCS
TOIMOXMMMYECKOE B3aMMOACHCTBUE MPOTOHA C MOHAMU
KUCJIOpO/ia B KPUCTAJUTMUECKON peleTKe ¢ 00pa3oBaHM-
eM tuapokcugHoro noHa OH™ wiam MOJEKYIBI BOMIBL.
T'unponus C3S B BoJe MOXHO BBIPa3UTh YpaBHEHUEM
peaximu [12]: C38+3H,0=3Ca?"+H,Si04> +40H".

HccrnenoBanus Ha Jla3epHOM aHAJIM3aTOpe YacTUII
(Shimadzu SALD-7500, MxeBckuii rocyaapCTBEHHBIN
TexHnyeckuit yausepcutrer um M.T. KamanrHukosa)
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the composite [2—4]. Many scientists have carried out re-
search and developed the theoretical foundations for the
creation of composite binders using various active sili-
ca-containing additives of natural and technogenic origin.

Analysis of literary sources showed that for the produc-
tion of composite binders, it is necessary to provide for the
integrated use of micro- [1-3, 5] and ultrafine [8, 9, 11]
materials. The aim of the research is the possibility of ob-
taining composite binders using aluminosilicate rocks of
the Republic of Buryatia and ultrafine materials.

In the study, to obtain composite binders, the follow-
ing were used: Portland cement (PC) CEM 1 42.5, vitre-
ous perlite (VP) and crystallized (CP) of the Mukhor-
Talinskoye deposit (Republic of Buryatia), ultrafine addi-
tive (UA) obtained hydrolysis of Portland cement.

The total perlite reserves of the Mukhor-Talinsky de-
posit amount to several tens of millions of cubic meters. In
vitreous perlite, the glass phase content is 60—80%, in
crystallized pearlite — 30—50%.

Composite binders were obtained by joint grinding of
Portland cement and vitreous (20 wt. %) and crystallized
perlite (10 wt. %) in a rod vibrating grinder to a specific
surface area of 400—450 m?2/kg.

Given the relevance and proven effectiveness of the
use of ultra- and nanodispersed additives for the modifi-
cation of cement composites, the synthesis of a modifier
that has a set of properties, the most important of which
are the efficiency of use, stability over time, a crystal
chemical structure similar to the synthesized stone, and
the proximity of its particle size to those of cement gel
particles and gel pores are interesting [11, 13—16]. Since
one of the problems with the use of nanosized modifiers is
their uniform distribution over the volume of the compos-
ite, the synthesis of nanoparticles in the volume of mixing
water is interesting [11, 13, 14].

To obtain an ultrafine additive, a 2% solution of
Portland cement was prepared in mixing water. It is
known that the initial stage of dissolution during the
hydration of Portland cement minerals is the topochem-
ical interaction of a proton with oxygen ions in the
crystal lattice with the formation of a hydroxide ion
OH’ or water molecules. The hydrolysis of C3S in water
can be expressed by the reaction equation [12]:
C3S+3H,0=3Ca2"+H,Si04>+40H".

Studies on a laser particle analyzer (Shimadzu SALD-
7500, Izhevsk State Technical University named after
M.T. Kalashnikov) showed the presence of ultrafine

am T o i & B = w om

i e
Puc. 1. PacnpeneneHve pasamepoB YacTul, ynbTpaamcnepcHol obaBkm
Fig. 1. The particle size distribution of the ultrafine additive
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nokKasajn HaJIM4ue€ B CYCIICH3UM YJIb-

S

TPaaUCIIEPCHBIX YACTUIL B IMATTA30HE §E§L 70 - 70 ”
ot 100 no 300 uM (puc. 1). S e0r 55

C npuMeHeHKUEM YJIbTPagucIIepC- % g 50 48 “ 48
HOI J00aBKM, MOJYYEHHON MPU TUA- 3?, 40 -
ponuse 2 Mac. % MOpTIaHALIEMEHTa B ,53 g,%, 30 - 25 30 oo
BOJIE 3aTBOPEHUs, ObUIM MOIMbUIM- S5 20 15 18 18
pPOBaHbl KOMITO3ULIMOHHBIC BSIXKY- ég 10 . l l
e (puc. 2). Jlobasky Gpam B Ko- =~ 0 ML (kowTp) nu+van ML 70%+CTM20% ML, 70%+CTM 20%
smudectBe 0,4% OT MacChl MOPTIAH/I- PC PC+UA +3110% 5 stgol/ Oi/;;,yfa‘i/

PesynbraThl ompenenaeHust mpoy-

Puc. 2. Kunetuka Habopa NpoYHOCTV KOMMO3ULIMOHHbIX BSXYLLUMX C YNbTPaaMcrnepcHol 006aBKoi:

HOCTU TIpM CXAaTUMW KOMIIO3MIIMOH- M- 1cyr;M-3cyr; -28cyr
HBIX BSXKYLIMX JTOKA3bIBAIOT, YTO IIPU Fig. 2. Kinetics of strength development of composite binders with ultrafine additive: ll — 1 day;
—3days; -28days

KOMIUIEKCHOM MCITOJIb30BaHUM TIEP-

JIMTa C Pas3iMYHBIM COAEpPKaHUEM

aMop(dHOI U KpUCTAIINYECKON (ha3 KpemMHe3emMa BO3-
MOXHO YBeJUYEeHUE (DU3UKO-MEXaHUUECKUX MoKa3aTe-
nei. AMopdHas (asa KpemMHe3eMa, coaepxKalasics B
OOJTBIIIOM KOJIMUECTBE B CTCKJIOBUIHOM TICPJINTE, B3au-
MOJEMCTBYET C MOPTJAHAUTOM C 0Opa3oBaHUEM T'MAPO-
CUJIVMKATOB BTOPOI TeHEepalWM, a KPHUCTAJJIMJecKast
daza kpeMHe3eMa 3aKPUCTAIIM30BAaHHOTO MepJInUTa Bbl-
IMOJIHSIET POJIb LIEHTPOB KPHMCTAUIM3allM HOBOOOpPa30-
BaHUM.

I1pu BBeaeHUM yIbTpaguciepCHOM 100aBKU B COCTaB
KOMIIO3UITMOHHBIX BSDKYIIIUX HAOIOMACTCS 3HAUNTEITh-
Hoe (30—40%) noBbIlIEHWE TTPOYHOCTU TIPU CKATUU 110
CPaBHEHUIO C KOHTPOJIbHBIMM COCTaBaMH. DTO 00YCIIOB-
JICHO MHTEHCUBHBIM B3aMMOIECTBHEM ITPOIYKTOB THI-
poiu3a KakK ¢ KIMHKePHBIMM MUHEpajlaMu, TaK U ¢ Ya-
CTUIIaMM TOHKOMOJIOTOTO TIepjiuTa. BBemeHue ymbTpa-
JTUCIIEPCHON 100aBKU MPUBOAUT K UHTEHCUBHOMY Mepe-
XOIy B PacTBOP HapsAay ¢ OOMEHHBIMU MOHAMU THApa-
tupoBanHbIx noHoB Ca(OH)', (H»SiO4)%", mpusons-
IIMX CHavayia K HACHIIIEHUIO, a 3aTeM K ITePECHIIICHHUIO
BOJHOTO pacTBOpa COOTBETCTBYIOIIMMM MOHAMH, B pe-
3yJIbTaTe 9eTO OCYIIECTBISICTCS KPUCTAIT3AIs HOBOM
daspl B 00beMe M Ha TTOBEPXHOCTU YaCTULL KOMIO3UIIM-
OHHOTO BsiKy1ero [12].

M3MeHeHMne ($a30BOro coctaBa LIEMEHTHOIO KaMHS
noateepxknaercss MK-crnekrpanbHbiM aHanu3oM (MxkeB-
CKMU TOCYIapCTBEHHBIM TEXHUUYCCKUI YHUBEPCHUTCT
M. M.T. Kanamnukosa) (puc. 3).

a

it o Sty e i | e Fiirm o ML v o v fani
3500 3000 2500 2000 1750 1500 1250 1000 50 S00
| 1iem

4000

particles in the suspension in the range from 100 to
300 nm (Fig. 1).

With the use of an ultrafine additive obtained by hy-
drolysis of 2 wt. % Portland cement in mixing water were
modified composite binders (Fig. 2). The additive was
taken in an amount of 0.4% by weight of Portland cement.
The results of determining the compressive strength of
composite binders prove that with the complex use of per-
lite with different contents of the amorphous and crystal-
line phases of silica, an increase in physical and mechani-
cal properties is possible. The amorphous phase of silica
contained in a large amount in vitreous perlite interacts
with portlandite to form hydrosilicates of the second gen-
eration, and the crystalline phase of silica of crystallized
perlite acts as the centers of crystallization of new forma-
tions.

With the introduction of an ultrafine additive, a signif-
icant (30—40%) increase in compressive strength is ob-
served in comparison with the control compositions. An
increase in the compressive strength of composite binder
compositions is due to the intense interaction of hydroly-
sis products with both clinker minerals and particles of
finely ground perlite. The introduction of an ultrafine
additive leads to an intensive transition into solution,
along with exchange ions, of hydrated ions Ca(OH)",
(H»Si04)?", leading first to saturation and then to super-
saturation of the aqueous solution with the corresponding
ions, resulting in the crystallization of the new phase in the

0.2+

WA e Fovom ronitor poar acfaa
1000

Pt v
750 s00
tem

N I R e
4000 3800 3000 2500 2000

Puc. 3. K-cnekTpbl KOMNO3ULMOHHOIO BsxXyLLero 6e3 (a) u ¢ ynbTpaamcnepcHoi nobaskoii (b)
Fig. 3. IR spectra of a composite binder without (a) and with an ultrafine additive (b)
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Ananu3 MK-cnekTpoB rmokasaj, 4To Ipu BBEACHUU
MnepauTa U yJIbTpaauCHEepPCHON A00aBKU MPOMCXOIUT
U3MEHEeHNEe MHTEHCHUBHOCTU IMKOB B 00JIaCTU YaCTOT
1647,21 cm™!, cBuneTenbcTBYIOLIEE 06 U3MEHEHUH KO-
JIMYeCcTBa CBOOOMHOI BOABI M 0Opa30BaHUU OOJIBIIETO
KOJIMYEeCTBA TUAPOCUIMKATOB Kaibliusa. O6 oOpa3oBa-
HUM HU3KOOCHOBHBIX TUAPOCUINKATOB KaJbIIUs CBU-
JeTeAbCTBYET U3MEHEHWE MHTEHCUBHOCTU M CMeEIlle-
HUe nuKa B o6aact yactor 970,19 v 11 979,84 cm L.
DTO yKa3bpIBaeT Ha M3MEHEHHUE Ipollecca ruapaTaluu
MOPTIAaHAIIEMEHTA TIPY BBEACHWU IIePJINTA U YIbTpa-
JIUCIIEPCHOU MOOAaBKM M O00pa3oBaHUE MOTMOJHUTEb-
HOTO KOJIMYECTBAa THAPOCUIJIMKATOB Kaiblinsi. CMe-
LIEHUE YaCTOT I10JIOC MOIJIONIEHUS, COOTBETCTBYIOLIUX
TUAPOCUIMKATAM KalblIMsl, TAKXK€ TOBOPUT O TOM, UTO
oOpasymwIinuecss CTPYKTYpPbl OTJIMYAIOTCS OT Tpaau-
LIUOHHBIX.

[IprMmeHeHMEe IEPIUTOB C PA3TUIHBIM COIEPKAHNEM
aMop(dHON U KpUCTAJUIMYECKO ha3 KpemMHe3ema CITo-
COOCTBYET TOBBIIIEHUIO (DU3MKO-MEXaHMUECKUX TTOKa-
3aTesiell KOMIO3ULIMOHHBIX BSDKYILIMX 33 CUET CO3MaHUs
LICHTPOB KPHUCTAIM3aLMU TUAPATHBIX HOBOOOpa3oBa-
HUI 1 00pa30BaHUIO0 HU3KOOCHOBHBIX I'MAPOCUIMKATOB
KaJIbLIASI BTOPOM TeHepaluu.

BBeaeHue yabTpaaucriepcHoO 100aBK1, MOJTYYEeHHOMN
TIPY TUAPOJIN3E TTOPTIIAHIIIEMEeHTA, CITOCOOCTBYET POCTY
MMPOYHOCTH KOMITO3UIIMOHHBIX BSLKYIIIMX 3@ CUET aKTHB-
HOTO B3aMMOMAEHCTBUSI TOIOJHUTEIbLHOIO KOJUYECTBa
CUHTE3MPOBAHHBIX IIPU TUAPOJM3E TUIPATUPOBAHHBIX
nonoB Ca(OH)™, (HSiO4)?" ¢ KOMIIOHEHTaMI KOMIIO-
3UIIMOHHOTO BSIKYIIETO.
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volume and on the surface of the particles of the compos-
ite binder [12].

The change in the phase composition of the cement
stone is confirmed by IR spectral analysis (Izhevsk State
Technical University named after M.T. Kalashnikov)
(Fig. 3).

An analysis of the IR spectra showed that the intro-
duction of perlite and an ultrafine additive lead to a
change in the intensity of the peaks in the frequency
range 1647,21 cm™!, indicating a change in the amount of
free water and the formation of a larger amount of calci-
um hydrosilicates. The formation of CSH (B) is evi-
denced by a change in intensity and a shift in the peak in
the frequency range 970,19 cm™! and 979,84 cm™!. This
indicates a change in the hydration process of Portland
cement with the introduction of perlite and an ultrafine
additive and the formation of an additional amount of
calcium hydrosilicates. The frequency shift of the absorp-
tion bands corresponding to calcium hydrosilicates also
indicates that the resulting structures differ from tradi-
tional ones. The use of perlites with different contents of
amorphous and crystalline phases of silica contributes to
an increase in the physical and mechanical properties of
composite binders by creating centers of crystallization of
hydration products and the formation of CSH (B) of the
second generation.

The introduction of an ultrafine additive obtained by
the hydrolysis of Portland cement promotes an increase in
the strength of composite binders due to the active inter-
action of an additional amount of hydrated ions synthe-
sized during hydrolysis Ca(OH) ™, (H2Si04)?" with com-
posite binder components.
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iccneoBanue cBOICTB rMNCOKEPAMUYECKOro MaTepuana
Ha OCHOBE TEXHOreHHOro aHrMapHUTa

MpuBeaeHbl pe3ynbTaTbl NCCNEN0BAHNA CBOWCTB U CTPYKTYPbI TMNCOKEPAMUKLA HA OCHOBE (DTOPAHrMApUTa, NOSTy4eHHO METOA0M
MoJTyCyXoro npeccoBaHus. [ns ynyyweHns CBOCTB 060XKEHHbIX KOMNO3ULMIA B Ka4eCTBE BO/ibl 3aTBOPEHUS UCMOIb30BAH PacTBOP
Xnopuaa HaTpus, BbINONHAIOLNIA PONib NNaBHs npu o6xure. Ha ocHoBe AnddepeHLmManbHO-TEPMIUYECKOro aHannaa 1 nokasaresnen
OCHOBHbIX (DU3NKO-TEXHUYECKNX XapaKTePUCTUK KOMMNO3NLWIA (MPOYHOCTb NPW CXKaTUK, YCaaKka, KO3 MULMEHT pa3msryeHns)
yCTaHOB/IEHa ONTMManbHas Temnepartypa obxura, pasHas 800°C. Takxe onpeaeneHa onTuManbHas KoHueHTpaums conn NaCl B
pacTBope. YCTaHOBIIEHO, 4TO MOJTY4EHHbIA TUNCOKePaMUYeCKNii MaTepuan B YCOBUAX MOBLILIEHHON BIaXHOCTM NPOS0JKaeT Habuparb

NPO4YHOCTb 3a CHET ruaparalun aHrnapuTa.
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Study on the Properties of a Gypsum-Ceramic Material Based on Technogenic Anhydrite

The article presents the results of a study on the properties and structure of gypsum ceramics based on fluoroanhydrite binder obtained by semi-dry pressing. To improve the properties
of the fired compositions, a solution of sodium chloride was used instead of mixing water, which acted as a flux during firing. Based on the results of the differential thermal analysis
and the main physical and technical characteristics of the compositions (compressive strength, shrinkage, softening coefficient), the optimal firing temperature was established, which
was equal to 800°C. The optimal concentration of the NaCl salt in the solution was also determined. It has been found out that under conditions of high humidity the strength gain of the
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B Hacrosiee BpeMs CTpOMTEIbHAS ITPOMBIIIICH-
HOCTb SIBJISICTCS OOHUM U3 KPYITHEUIIMX ITOTPEOUTEICH
MPUPOIHOTO ChIPhsSI, HA Pa3pabOTKy KOTOPOTO TPeOyIOT-
Cg 3HAUMTENIbHBIC DHEpPro3arpaThl. YUMUTHIBAST TCHICH-
mun Poccuiickoit Peaepannm 1 EBpocolo3a B obmactn
9HEProaHEeKTUBHOCTH, aKTyaJIbHBIM BOIIPOCOM OCTa-
eTcd TIpUMEHEHHNE TEXHOTEHHBIX OTXONOB B KadecTBE
aJIbTepPHATUBHBIX UCTOYHUKOB ChIPhSI TIPY ITPOM3BOACTBE
CTPOUTEIBbHBIX MaTepuayiosn [1].

OaHUM U3 pacIpOCTPaHEHHbBIX OTXOJ0B XUMUYECKOM
MIPOMBIIIICHHOCTH SIBIISICTCS (DTOPAHTUAPUT, KOTOPBIi
npeacTaBiisieT co0oil MoOOUYHBIN MPOAYKT MPOU3BOACTBA
¢ropuctoro Bomopona [2]. [To sKcrepTHBIM OLICHKaM,
Ha pa3IMIHbBIX npennpusatusx Poccuiickoit Meneparum
exeroaHo obpasyetcs 10 350 ThIC. T TEXHOIT€HHOTO aHTH-
IpUTa, KOTOPBIA CKIAmMPYETCS B OTBAJbI, 3arpsi3HSS
okpyxatoliyto cpeay [3—5]. I[Ipu 3TOM B IpOM3BOACTBE
CTPOMTEIBbHBIX MAaTEPHUAIOB MCITOJIb3YeTCs JUIIb HEe3HA-

Today, the construction industry is one of the largest
consumers of natural raw materials, the exploitation of
which requires significant energy costs. Taking into account
the trends of the Russian Federation and the European
Union in the field of energy efficiency, the use of industrial
waste as an alternative source of raw materials in the pro-
duction of building materials remains a crucial issue [1].

One of the most common waste products of the chem-
ical industry is fluoroanhydrite, which is a by-product of
the hydrogen fluoride production [2]. According to expert
estimates, up to 350 thousand tons of technogenic anhy-
drite are annually collected at various enterprises of the
Russian Federation, which are stored in dumps, polluting
the environment [3—5]. At the same time, only a small part
of the generated waste is used in the production of building
materials, although studies [6] show that fluoroanhydrite
can be used both as the main binder and as a modifier of
composite materials. Besides, the use of fluoroanhydrite in
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Puc. 1. epuBaTtorpamma pTopaHrnaputa, 3aTBOPEHHOro Boaor 6e3 1o6aBok

Fig. 1. TGA/DSC spectrum of fluoroanhydrite mixed with water without
additives

YUTEIbHAS YaCcTh 00Pa30BaBIIMXCSI OTXOMOB, XOTS, KaK
MMOKAa3bIBAIOT MCCeaI0BaHUs [6], (TOPAaHTUAPUT MOKET
OBITh MCITOJIb30BAaH KaK B KA4eCTBE OCHOBHOIO BSIKYIIIC-
TO BEIECTBA, TaK ¥ B POJIM MOAM(PUKATOPa KOMIIO3UII -
OHHBIX MaTepuaioB. [Ipu 3ToM ero nMpuMeHeHUe B PO-
WU3BOJICTBE CTPOUTEIBHBIX U3 TTO3BOJIUT TTOBBICUTH
HUX 9KOHOMUYECKYIO0 3G GhEKTUBHOCTh U CHU3UTh 3KOJIO-
TUYECKYI0 Harpy3Ky [2].

3a pybexxoM (PTOpaHTUAPUT UCHOJIb3YIOT B OCHOBHOM
B COCTaBE CTPOMTEILHOTO TUIICa IS TTOTyUYEeHUS OTACIOU-
HbIX MaTepuaioB [7]. OmHako pe3yabTaThl MOCIESTHUX
WUCCJICOBAHUI 1 OMBITHO-TIPOMBIIIUIEHHOTO MPOU3BOI-
CTBa MOKA3BIBAIOT, YTO OH MOXKET OBITh IIPUMEHEH TaKKe
JIJIS1 IPUTOTOBJICHUS BSDKYILIMX TUAPATAllMOHHOTO TBEpe-
Hug [8]. IIpu aTOoM HammeHee ucCaeAOBaAHHON cdepoil
TPUMEHEHUST TEXHOTEHHOTO aHTUIPUTA SIBJISIIOTCST Kepa-
MMUYECKME M3IEeNMsl Ha ero ocHose [9—12], uyro menaer
aKTyaJIbHBIM TIPOBEJICHUE HAyYHBIX HWCCICIOBAHUI TIO
pa3paboTKe TUIICOKEPAMUYECKOro KOMITO3ULIMOHHOTO
MaTepMaja C MCHOJb30BaHHMEM (TOpaHTUIAPHUTA.

Marepuajbl HccJie10BAHUIA

s ipoBeIeHUs NCCIIeTOBaHMI UCITOIBb30BaH (PTOp-
AHTUIPUT — OTXOJ MPOU3BOICTBA IJIABUKOBOW KMCIOTHI
Ha npeanpustun OO0 «[anoren» (1. [lepMb).

Ha puc. | npuseaeHa aepuBarorpamMmma (hbTOpPaHTUI-
pUTa, 3aTBOPEHHOTr0 BoI0I 0e3 100aBoK. [1epBrIil 3HI0-
sddekr (mpu Temmepatype 100—221,5°C) cooTBeTCTBY-
eT YIAJICHUIO KPUCTAJUIM3allMOHHONW BOIBI M3 MaTepra-
Jla; 3K30TepMuuyeckKuid 3¢hbheKT ¢ MUKOM MpuU
422°C — mepekpucTa/sM3aums cyiabdara KaabLivs; K-
30TepMUUeCKUil 3dekT ¢ mukoM npu 464°C — mepe-
KpHUCTaIM3alus KapooHarta Kaubliys. Bropoit sHnoa¢h-
dekT mpu Temmepatype 848°C cBUAETENBCTBYET O UYa-
CTUYHON NMCCOUMALMU CydbdaTa KaJblus, a TaKXe O
pa3ioxeHnu KapOoHaTa KaJlblLUs, MTPUCYTCTBYIOLIETO B
cocTaBe (bTOpaHTUAPUTA.

C 110 TIOBBIIIEHUS] TTIPOYHOCTU M BOAOCTOMKOCTHU
(GTOPaHTUAPUTOBBIX KOMITO3ULIMI MCIIOJIB30BaH XJIOPU/L,
HaTtpus NaCl B kauecTBe 11aBHsl. Ero npuMeHeHue cro-
CcOOCTBYeT XMIKO(PA3HOMY CIIEKAHWIO KOMIIO3WIIUHM C

T HONTE N rn]E

the production of building products can increase their eco-
nomic efficiency and reduce the environmental burden [2].

Abroad, fluoroanhydrite is mainly used together with
building gypsum in the production of finishing materi-
als [7]. Besides, the results of recent research and pilot
production show that it can also be used for the preparation
of hydration hardening binders [8]. Based on this, it can be
assumed that technogenic anhydrite can also be applied in
ceramic products [9—12], which makes it relevant to carry
out a research on the possibilities of a gypsum-ceramic
composite development using fluoroanhydrite.

Materials and methods

Fluoroanhydrite, a waste from the production of hy-
drofluoric acid at the «<OOO Halogen» enterprise (Perm),
was used in this research. Figure 1 shows a TGA/DSC
spectrum of fluoroanhydrite mixed with water without
additives. The endothermal effect at temperatures of
100—221.5°C corresponds to the removal of crystalliza-
tion water from the material. Exothermic effect with a
peak at 422°C characterizes recrystallization of calcium
sulfate and exothermic effect with a peak at 464°C evi-
dences for the recrystallization of calcium carbonate. The
second endothermal effect at a temperature of 848°C in-
dicates a partial dissociation of calcium sulfate, as well as
the decomposition of calcium carbonate present in the
composition of fluoroanhydrite.

In order to increase the strength and water resistance of
fluoroanhydrite compositions, sodium chloride NaCl was
used as a flux. It is assumed that the use of sodium chloride
promoted liquid-phase sintering of the composition, re-
sulting in the recrystallization of the hydration prod-
ucts [13]. The salt content in the composition was con-
trolled by changing its concentration in the water used for
molding. For the experimental research, samples were
prepared in the form of cylinders with a diameter of 60 mm
and a height of 60 mm by semi-dry pressing at a specific
pressure of 20 MPa and molding humidity of 6—8%.
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Puc. 2. 3aBMCUMOCTb PU3NKO-MEXaHNHYECKMX CBOMCTB MMNCOKEPamMmn4ecko-
ro cocTtasa, 3aTBOPeHHOro 11%-m pacTBopoM xsiopuaa Hatpus, oT Temne-
paTtypbl 06xura: 1 — BogonornoweHune, %; 2 — orHesas ycaaka, %; 3 — koad-
durupmeHT pasmsryenus (Kp); 4 — npoyHocTs npu cxatum (Rex), MMNa

Fig. 2. Dependence of the physical and mechanical properties of the gyp-
sum-ceramic composition, mixed with 11% sodium chloride solution, on the
firing temperature: 1 — water absorption, %; 2 — fire shrinkage, %; 3 — sof-
tening coefficient (Kp); 4 — compressive strength (Rcompr), MPa
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Puc. 3. [lepvBaTorpamma runcokepammyeckoro coctaBa, 3aTBOPEHHOIO
11%-m pacTBOPOM X0pnaa HaTpus

Fig. 3. TG/DTA spectrum of the gypsum-ceramic composition mixed with
11% sodium chloride solution
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Puc. 4. 3aBucnmMocTb PU3NKO-MEXAHMYECKMX CBOMCTB FMNCOKEpaMmye-
cKoro cocTtaea, 060xxxeHHoro npu Temnepartype 800°C, oT KoHLEeHTpauum
NaCl B Bofe ons 3aTBopeHusi: 1 — BogonornolleHve, %; 2 — orHesas ycapn-
Ka, %; 3 — koadbPuumeHT pasmsardenus (Kp); 4 — NPOYHOCTbL MpU CxXaTUn
(Rex), MMa; 5 — npoyHocTb Npu n3rnbe, MMa

Fig. 4. Dependence of the physical and mechanical properties of the gyp-
sum-ceramic composition, fired at a temperature of 800°C, on the NaCl
concentration in the mixing water: 7 — water absorption, %; 2 — fire shrink-
age, %; 3 — softening coefficient (Kp); 4 — compressive strength (Rcompr),
MPa; 5 - bending strength, MPa

nepekpuctauimanyeit ucxoaHoro cocrana [13]. Comep-
JKaHUE COJIM B KOMIIO3UIIUM PETYIMPOBAIOCh IO €€ KOH-
LIEHTPAllUM B TEXHOJOTMYECKOW Bofe /Uil (DOPMOBAHUS.
JIist mpoBeneHUsT UCCAeA0BaHUI U3roTaBIMBaIu 00pas-
1B B popMe HWIMHAPOB auameTpoMm 60 MM U BBICOTOM
60 MM METOIOM TTOJTYCYXOT'O IPECCOBAHMSI TIPU YACTBHOM
nmasiieHun 20 MIla u dpopmoBouHOiT BiaaxHocT 6—8%.

Pe3syabraThl Hcc/ie10BaHuil

Temmepatypa crieKaHus (TOPaHTUIPUTOBEIX KOMITO-
3ULIMI ompeesulach 3KcIepuMeHTanbHo. Ha puc. 2
MIPUBEAEHbl 3aBUCUMOCTU (PU3UKO-MEXaHUYECKUX
CBOMCTB THUIICOKEPAMUYECKOTO COCTaBa, 3aTBOPEHHOTO
11%-M pacTBOpOM XJIOpHIa HATpMs, OT TEMIIEPaTyphl
o0xwura. B KauecTBe OCHOBHBIX KPUTEPHEB TIPH OTIPEIe-
JICHUY TeMIIEPaTyphl CIIEKaHUs MCIOJIb30BaHbI ITOKa3a-
TeJIb TIPOYHOCTU THIICOKEPAMMIECKON KOMITO3ULINU U
KO3 PUIIMEHT pa3MsAT4eHUs] CIEeYCHHOTOo MaTepuaia
IIPY HACHIIIIEHUHU €r0 BOAOM (pUC. 2), KOTOPhIE ITO3BOJIH-

HAYYHO-MexXHU4eCcKUil U npou3800CEeHHbLI JHCYPHAN

= <t =T ~+
o - i o o o o o
< bis i
R o =
o g
<
=
o
s [ [ &
- o0 o0 o]
L] o o o
3
ooy T= [-] wy
"
|| e |l ]l
o =) G =1 1y o0 v ES
R, A A " )
L) ol loo )| Vo o
& [\
WA
a b c d

Puc. 5. PeHTreHorpammel propaHrngpura (a) n runcokepaMmmyeckmnx Kom-
Nno3nuMin, NPUroToBNIEHHbLIX C KOHUeHTpauueir NaCl B Boae 3aTBOpeHUs:
b-0%;c—11%;d- 15%

Fig. 5. X-ray patterns of fluoroanhydrite (a) and gypsum-ceramic
compositions prepared with NaCl concentration in mixing water: b — 0%;
c-11%; d-15%

Results and discussion

The sintering temperature of fluoroanhydrite com-
positions was determined experimentally. Fig. 2 shows
the dependence of the physical and mechanical proper-
ties of the gypsum-ceramic composition, mixed with
11% sodium chloride solution, on the firing tempera-
ture. The strength index of the gypsum-ceramic compo-
sition and the coefficient of softening of the sintered
material saturated with water (Fig. 2) were used as the
main criteria in determining the sintering temperature.
It was established that the optimal sintering temperature
is equal to 800°C.

The sodium chloride, which is present in the composi-
tion, neutralizes the residual sulfuric acid in fluoroanhy-
drite when heated. As a result of the reaction, sodium
sulfate is formed, which serves as an anhydrite hardening
activator at the stage of the structural formation of the
pressed gypsum-ceramic composition and works as a flux-
ing agent at the firing stage.

Fig. 3 shows a TG/DTA spectrum of the fluoroanhy-
drite composition containing NaCl. The analysis of a dif-
ferential thermal curve confirms that the first signs of
melting appear at temperatures around 560—580°C. A full
sintering of the composition with recrystallization of hy-
dration products is completed at a temperature of 800°C.
With a further increase in temperature, anhydrite tends to
dissociate to calcium oxide, which is indicated by an en-
dothermic effect on the curve.

A dependence of the physical and mechanical properties
of the resulting material on a change in the percentage of
salts in water is shown in graphical form in Fig. 4. Optimal
results are achieved at NaCl concentration of 15%, which is
confirmed by the stabilization of fire shrinkage and the
achievement of maximum mechanical strength [14]. At the
same time, at the given salt concentration, the maximum
value of the softening coefficient is provided.

At higher concentrations, a certain excessive amount
of the salt does not take part in the formation of eutectics
and remains in the free form. When the fired gypsum-ce-
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JI1 ONPEACTUTh ONTUMATbHYIO TeM-
neparypy crekaHusi, paBayio 800°C.

Haymuue xyopuma HaTpus MMo3BO-
JIIeT HeWTpau30BaThb OCTATOYHYIO
CEpHYI0 KHCJIOTY BO (pTOpaHruapute
NP HArpeBaHUU C 0OPa30BaHUEM CEp-
HOKWCJIOTO HATPUsl, KOTOPBIiA, B CBOIO
ouepesib, Ha 9Tane (GopMUPOBAHUS
CTPYKTYpPbI TPECCOBAHHOM TMIICOKE-
paMUYECKO KOMITO3UIIVY CITYXKUT aK-
TUBATOPOM TBEPAEHUSI aHTMIPUTA, a
Ha oTarne o0XWra CIYXWT TUIAaBHEM.

Ha puc. 3 npuBeneHa TepMorpam-
Ma (GTOPaHTUIPUTOBON KOMIIO3U-

i, BKmrodaromeir NaCl, Kotopast
MOATBEPXKAACT IOSIBJICHUE TMEPBBIX
IIPU3HAKOB paciuiaBa Ha nuddepeH-
LAaJIbHO-TEPMUYECKOM KPUBOI TpHU
temmeparype 560—580°C. ITporecch
MOJIHOTO CIIeKaHUS C TMepeKpucTal-
JIM3aIreil cocTaBa 3aBepIIalOTCs IPU
temmepatype 800°C. Ipu manbHeit-
1IeM TIOBBIIICHUU TeMIlepaTyphl
TIPOSIBJISIETCS] SHAOTEPMUUYECKUI 3¢h-
¢exT, CBSI3aHHBIN C AMCCOLMalMei
AHTUAPUTA 10 OKCUJA KAJTBIINSL.

HN3MeHeHue GusMKo-MexaHuye-
CKMX CBOMCTB MOJIy4aeMOTO MaTepH-
aja ¢ U3BMEeHeHNeM MPOLIEHTHOTO CO-
Jiep>KaHus cojiell B BOJE MPUBEICHO B
rpacduveckoit ¢opme Ha puc. 4.
OnTtuMasnbHble pe3yabTaThl JOCTUTA-
forcs nipu KoHueHTpauuu NaCl, co-
OTBeTCTBYIONIEH 15%, uTo TIOATBEpKIaeTCsT cTabuIM3a-
LIMell OTHEBOM yCaaKu U AOCTMXKEHMEM MaKCUMaJIbHBIX
MexaHn4yecKkux mokasatesieil [14]. OmHOBpeMeHHO Tpu
MaHHOU KOHLIEHTpaLUMU COJM OOecIeuyrBaeTCs MaKCH-
MaJIbHOTO 3HaYeHUE KO PUIIMEHTA pa3MsTICHUSI.

O4YeBUIHO, YTO TIPU OOJBIIMX KOHIEHTpALUSIX W3-
OBITOK COJIM OCTAeTCsl B CBOOOAHOI (popMe, He YUacTBYs
B 0o0Opa3oBaHWU HBTeKTUKU. [Ipu yBiaxHeHUU 0060-
JKOKEHHOTO TMIICOKEpaMMYECKOro MaTepuaja CoJjib pac-
TBOpSIETCST Ha MeX(ha3HBIX TPaHUIIAX, OCIA0JsIsT B3au-
MOCB3b OTAEJIbHBIX KPUCTAJIOB IPYT C IPYTOM.

PentreHodasoBelit aHanu3 (puc. 5) MO3BOJUI BBI-
ABUTH Cleylollee: Hapsay ¢ aHruaputoMm (dg=3,5 A)
BBISIBJIEH ABYBOIHBIN cynbdar kambuus (dg=3,87;
dg=3,03; dy=2,84 A), HalMYKMe KOTOPOTO TOATBEP3KIA-
eTcsl Takxke 3HmoahdexToM nmpu temnepartype 170°C Ha
nepuBaTorpamme (puc. 3).

M3yyeHre MMKPOCTPYKTYPhl TMIICOKEpPaMUYECKUX
KOMITO3UIINH C UCTIOTb30BAHNUEM PACTPOBOTO JIEKTPOH-
HOIro MMKPOCKOIa MoKa3ajlo, YTO Mocje ooxura ¢hTop-
aHTuIpura 0e3 M00aBOK MPOMCXOAUT OILIABJICHHUE IT0-
BEPXHOCTM TPaHyJ C IMOCACAYIOIIMM WX CIIEKaHUEM B
IMOPUCTHII KOHIJIOMepaT (puc. 6, a).

Ipu 3aTBopeHnu chipbsi pactBopoM NaCl cTpykrypa
KOMITO3UIIMIA MPUOOPETaeT SIPKO BBIPAXKEHHYIO KpUCTas-
JIMYHOCTh. PazMep KPUCTAIOB 3aBUCUT OT KOHIIEHTPAIUKU

Puc. 6. MukpocTpyKTypa rmncokepammyeckmx kKoMmnoauumin npu yeenmdeHnn 3000X, npuroToBneH-
HbIX C KOHL,EHTpaLumei pacteopa xnopuaa Hatpus: a — 0%; b — 11%; ¢ — 22%; d — 30%

Fig. 6. Microstructure of gypsum-ceramic compositions at 3000-fold magnification, prepared with a
concentration of sodium chloride solution: a — 0%; b — 11%; ¢ - 22%; d - 30%

ramic material is moistened, the salt dissolves at the inter-
faces, weakening the links between individual crystals.

Along with anhydrite (dg=3.5 A), X-ray phase analysis
(Fig. 5) revealed calcium sulfate dihydrate (dy=3.87;
dg=3.03; d=2.84 A). Its presence was also confirmed by
the endothermal effect at a temperature of 170°C on the
TG/DTA spectrum (Fig. 3).

A microstructural analysis of gypsum-ceramic compo-
sitions was carried out using a scanning electron micro-
scope. It can be seen on Fig. 6, a that when fluoroanhy-
drite is fired without additives, the surface of their gran-
ules melts, followed by their sintering into a porous
conglomerate.

When the raw material is mixed with a NaCl solution,
defined crystals are formed in the structure of the composi-
tions. The size of the crystals depends on the concentration
of the dissolved salt. When sodium chloride solution is add-
ed in the amount of 30%, the cleavage surface acquires a
conchoidal fracture, which is characteristic of amorphous
structures. This may indicate the fusion of the fluoroanhy-
drite composition. This is also confirmed by the fact that at
a given concentration of sodium chloride solution, the min-
imum value of water absorption of the composition is ob-
tained. However, the addition of sodium chloride solution
at such high concentrations can lead to a significant de-
crease in the mechanical properties of the material (Fig. 4).
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pactBopeHHOi1 conmu. [1pu Mcnosb3o-
Banuu 30%-ro pacTBopa xJIopuia Ha-
TPHUsI TIOBEPXHOCTH CKOJIa TIPHOOpeTa-
€T PAKOBUCTHII U3JIOM, CBOMCTBEHHbII 8
aMOpP(HBIM CTPYKTYPaM, UYTO MOXKET
TOBOPUTh O CITIaBJI€HUU (HTOPAHTH-
JIPUTOBOM KOMIIO3UIMU. DTO IOJI-
TBEPKIAETCS TAKKEe MUHUMAILHBIM
3HAYEHMEM BOIOIOIIOLIECHHS, COOT-
BETCTBYIOIIETO JaHHOW KOHIIEHTpa-
LMK PacTBOpa XJIOpUIA HATPHsI, UC- «I
TOJTE30BAHHOTO JIUIST TIPUTOTOBIICHUS
koMrtosumn. OIHAaKo TpUMEHEHNe
30%-ro pacTtBopa XJIOpUIA HATPUsI
MIPUBOIUT K CYIIECTBEHHOMY CHIIKE- J
HUIO MEXaHMYECKMX MOKa3aTesleil Ma-

2,85

233

3,35

35

T8

4,27

3,81
=347
,"_'_'_

-—

Tepuana (puc. 4).

IIpoBeneHHbIH peHTreHO(ha30-
BBIN aHaIu3 (puc. 7, a, b) u ucciueno-
BaHWE MUKPOCTPYKTYpHI (puc. 7, c)
TMIICOKEpaMUUEeCKOro marepuaia,
BBIICP>KAHHOTO B YCJIOBUSIX TTOBBIIIEHHOU BJIAXKHOCTH,
MokKa3ajay YIJIOTHEHUE CTPYKTYPbl U3AEIUIA KpUCTaIio-
ruapaTaMyd Ha OCHOBE JBYBOJHOTO THIICA, OTPaKCHUS
koToporo (dg=7,6; 4,27 A) OTMeUeHbBI Ha PEHTIEHOTPaM-
Me. [ToBbIllIeHNE TUIOTHOCTU CTPYKTYPBI TTOCTIE BBIACPK-
KU BO BJIaXKHOM cpejie TPUBEIO0 K MOBBIIIEHUIO MPOYHO-
ctu Ha 20—25%.

BriBoapl

[IpoBeneHHBIC UCCICIOBAHMS TTOKA3BIBAIOT TTEPCIIEK-
TUBHOCTb Pa3padOTKU TMIICOKEpAMUUYECKUX MaTepUaloB
TMOBBIIEHHOW MPOYHOCTA U AOCTATOYHOU BOAOCTOUKO-
CTM Ha OCHOBE TEXHOTeHHOTO aHTuapuTa. HepaBHO-
BECHOCTb OMCIEPCHBIX YacTUIl (DTOPAaHTUAPUTA, UMEIO-
IOMX TIOBBIIICHHBIN 3aItac CBOOOMHOI ITOBEPXHOCTHOM
SHEPIUU B COYETAHUU C KOMIIOHEHTaMU, o0ecreuynBaro-
MU BO3MOXXHOCTB MOSIBJICHUS pacIljiaBa Py TeMIIepa-
Type BbIme 505°C, o3BOISIET JOCTUTHYTH KMIKOCTHOTO
CIIeKAaHUS ¢ TIOIyIeHEeM HOBOTO MaTeprajia — TUIICOKEe-
pamuku. CTabMJIbHOCTb CBOMCTB MOJyY€HHOIO TMIICOKE-
paMHMYECKOT0 MaTepuajia JOCTUTACTCSI BO3MOXKHOCTHIO
TUApATAllY aHTHIPUTA TIPW BO3ACHCTBUM HA MaTepra
BJIard, B Pe3yJbTaTe KOTOPOTo (GopMUpYyIOLIMeCs KpU-
CTaJUIOTHAPATHI 3aIIOJHSIIOT ITOPHl M MOBBIIIAIOT IIIOT-
HOCTb CTPYKTYpPBI MaTepuaia. [1py 3ToM UCToIb30BaHME
MMPOMBIIIJICHHOTO OTXOAa B Ka4eCTBE CHIPbS ITO3BOJISICT
VIIYYIITATH KOJOTUUECKYI0 OOCTAHOBKY B pailoHaX, IIPH-
MBIKAIOIIMX K aHTMIPUTCOAEPKAIIM OTBaJIaM.
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Fig. 7. Gypsum-ceramic composition: (@) an X-ray spectrum of the composition after firing; b - same
of the composition kept in water; ¢ — microstructure of the composition after storage in water (3000x)

The X-ray phase analysis (Fig. 7, a, b) and the study of
the microstructure (Fig. 7, ¢) of the gypsum-ceramic ma-
terial, hardened in high humidity conditions, showed the
compaction of the matrix structure with the formation of
crystalline hydrates based on gypsum dihydrate, the re-
flections of which (dg=7.60; 4.27 A) were noted on the
X-ray spectrum. The related densification of the structure
after hydration in a humid environment led to an increase
in strength by 20—25%.

Conclusions

Thus, the conducted studies show the possibilities for
the development of gypsum-ceramic materials of in-
creased strength and sufficient water resistance based on
technogenic anhydrite. Highly dispersed fluoroanhydrite
particles, that have a significant surface energy, together
with components that melt at temperatures above 505°C,
provide conditions for liquid sintering of the material,
which allows the production of a new composite — gyp-
sum ceramics. Under exposure to moisture, the properties
of the obtained gypsum-ceramic material are stabilized, as
anhydrite hydrates with the formation of crystalline struc-
tures that fill the pores and increase the density of the
material structure. Besides, the use of this industrial waste
as a raw material makes it possible to improve the ecolog-
ical situation in areas of the fluoric acid production.
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Cyxue cTpoutenbHbie CMECH ANA HanoJbHbIX NOKPbLITUM
C Ucnonb30BaHWEM HaHOAMcCNEpPCHbIX f06aBOK

MpuBeaeHbl pe3ynbTaTbl UCCNEL0BAHIIA MO ONPEAENEHIN0 NPOYHOCTY NPU CKATUM KOMMNO3ULIMOHHOTO BSXKYLLETO 41 HANOJbHbIX
CYXWUX CTPOUTENbHBIX CMECEN, NO3BONAIOLLME CYANTb O (PU3NKO-MEXAHUYECKIX CBONCTBAX BSXKYLLEr0 Npu ruapataumm LemenTa 6e3
[062aBOK 1 C BBEAEHUEM J06aBOK CynepniacTucmkaropa 1 HAaHOAUCNEPCHOrO AMOKCMAA KPEMHMS — HAHOKpeMHe3eMa. KUHeTuKy
TBEPLEHUS KOMMOSULMNOHHBIX BSXKYLLMX ONPELensiv ¢ NOMOLLbI0 TEPMUYECKOT0 aHan3a MeToLoM A depeHLmansHoi
ckanupytowwen kanopumetpum (LCK) Ha npubope Excellence Mettnep Tonefo ¢ MOAYSIbHOM KOHCTPYKLUMEN. Mpu BBeLEHNN
cynepnnactudmkaTopa nosBnfeTCa CTepUHecKoe NPensiTCTeue, NO3BONALLEE YACTULAM KOMMO3ULMOHHOIO BSXYLLEro 9 (PeKTUBHO
AUCNeprnpoBathCs B cMech. Mpn BBEAEHNN HAHOKPEMHE3eMa B COCTaB KOMMO3WULMOHHOIO BSXKYLLEr0 YAy4LIaloTcs (hU3NKo-
MeXaHu4ecKue 1 aKCnyaTaLmoHHbIe CBONCTBA HAMOMbHOrO NOKPLITUA 6narofaps HanpasneHHOMY OPMUPOBAHNIO CTPYKTYPbI
Komno3uTa. [lokasaHo, 4To npu 3ameHe LiemMeHTa 30/10/-yHoca Ha 30% HabnoLaeTca COXpaHeHe NPOYHOCTHBIX XapakTepucTuk
LeMEHTHOr0 KamHsi. Mpu aHann3e ha3oBOro CoCTaBa 0TMEYEHO NOBbILIEHWE OAHOPOAHOCTY U MIOTHOCTU CTPYKTYPbI, (HOPMUPOBAHME
ONTUMANTbHOTO COCTaBa HOBOOOPA30BaHMI TBEPAEIOLLEr0 KOMNO3MUTA. YCTAHOBIEHO, YTO COBMECTHOE BBEJEHWE NOPTNAHALEMEHTA,
30/1bI-yHOCA, CynepniacTugmkaropa 1 HaHOKPEMHE3eMa B CyXYt0 CTPOMTESIbHYK0 CMECh A5 HAanoSbHbIX MOKPLITUIA NPUBOAUT

K MOBbILLEHNIO (DU3NKO-MEXAHUYECKMX CBOICTB.

KntoyeBble cnoBa: NOPTNaHALEMEHT, MUHEPanbHble JOGABKM, 30/1a-YHOCA, COBMECTHbII MOMOJ1, HAHOKPEMHE3EM, CynepnaacTudukatop,
AnchpepeHLNanbHO-CKaHNPYIOLLAs KanopuMeTpus, MUKPOCTPYKTYpPa LIEMEHTHOO KamMHsl, (PU3NKO-MexaHU4ecKie XapakTepucTuk,
MPOYHOCTb NMPYU CXKATUN.

ABTOpBI CTaThU BBIPAXKAIOT OJ1aroxapHocTh Buraiuio JloporasiieBy 3a MOMOIIb B BBIGOpE MaTepUasIoB sl HCCIEI0BAHUIA.

Ins untuposanms: bagvaesa 3.B., JxacapaHos C.A., YpxaHosa J1.A. Cyxue cTpouTenbHbIe CMECH L)1 HANOMbHbIX MOKPbITARA
C MCMOMb30BaHNEM HaHOAMCNEPCHbIX J06aBOK // CTpouTesibHble MaTepuansl. 2022. Ne 1-2. C. 76-81.
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Dry Building Mixtures for Floor Coverings Using Nanodispersted Additives

The article presents the results of studies on determining the compressive strength of a composite binder for floor dry building mixes, which makes it possible to judge the physical and
mechanical properties of the binder, when cement is hydrated without additives and with the addition of superplasticizer and nanodispersed silicon dioxide — nanosilica. The hardening
kinetics of composite binders was determined using thermal analysis by differential scanning calorimetry (DSC) on a Mettler Toledo Excellence instrument with a modular design. With
the introduction of superplasticizer, a steric hindrance appears, allowing the particles of the composite binder to be effectively dispersed in the mixture. With the introduction of
nanosilica into the composition of the composite binder, the physical, mechanical and operational properties of the floor covering are improved due to the directed formation of the
composite structure. It is proved that when replacing cement with fly ash by 30%, the preservation of the strength characteristics of the cement stone was determined. An increase in
the uniformity and density of the structure, the formation of the optimal composition of the new formations of the hardening composite, in the analysis of the phase composition, were
noted. It has been established that the joint introduction of Portland cement, fly ash, superplasticizer and nanosilica into a dry mortar for floor coverings leads to an increase in physical
and mechanical properties.

Keywords: portland cement, mineral additives, fly ash, joint grinding, nanosilica, superplasticizer, differential scanning calorimetry, microstructure of cement stone, physical and
mechanical characteristics, compressive strength.
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OcHOBHBIMU (DaKTOpaMu MPHU BHIOOPE CMECH TTOTPE- The main factors when choosing a mixture by the con-
OuTeseM BBICTYIAIOT LieHa, TEXHUUECKUEe XapaKTepucTu-  sumer are the price, technical characteristics, environ-
KM, 9KOJIOTUYHOCTh, TOProBasi Mapka, ctpaHa-mpousBo-  mental friendliness, trade mark, country of origin. The
nutenb. CTOMMOCTB CYXMX CMeCeii B 3HAUMTEIbHOM cTe-  cost of dry mixes is largely determined by the cost of ingre-
MneHu o0yCIoBIeHa CTOMMOCTBIO MHIpeAueHTOB, mpuyeM  dients, and at a high level of modification, the cost of
IIPY BEICOKOM YPOBHE MOIM(UKAILIMK 3aTpaThl HAa MUHe-  mineral components can be a small fraction, and chemi-
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pajibHbIE COCTABJISIOIIME MOTYT ObITh HEBBICOKUMU, a
XUMMYECKHEe T00AaBKU CTAHOBSITCS LIEHOOIPEACISIOIIM -
MU [1]. JobGaBKM IJI1 CYyXUX CTPOUTEIBHBIX CMECEW IS
HAITOJIbHBIX MOKPBITUI JOJKHBI OrpaHUYMBATh yCaao4u-
HBIe OedopMallii, MOBHIIATE aATre3u0, PEryINpPOBaTh
TEKy4YeCTb CMECU M €€ XKM3HEeCOCOOHOCTh B Mpoliecce
VKJIAIKU.

ITprMeHsieMbIe pacTBOPHI HA OCHOBE MHHEPAJIbHBIX
KOMIIOHEHTOB JIJIs1 HAIlOJIbHBIX MOKPBITUIL UMEIOT Orpa-
HUYCHHBIA TTOTEHIIMAI HapalliBaHUsI OCHOBHBIX ITOKa-
3aTesieit, B YaCTHOCTY MPOYHOCTU MpU U3rube, CTOMKO-
CTH K UCTMPAHMIO, YCaAKU. DTO CBSI3aHO C OOJIBIINM
KOJMYECTBOM HETATUBHBIX ITOOOUHBIX SIBJICHWI, BBI3BI-
BacMbIX BBOIMMBIMU B HUX TOHKOJAMCIIEPCHBIMU KOM-
IMOHEHTAMHU, TICPEKPHIBAIOIINMU OCHOBHOM ITOJOXKM-
TelbHbIH 3¢ ¢ekT. Mcnonb3oBaHue MOJIMMEPHBIX MO-
IN(PUKATOPOB, XOPOIIO MPOSBUBIIMX CEOSI B CYXUX
CTPOUTEJbHBIX CMECIX PA3IMYHOr0 Ha3HAYEHUS, HEIO-
ITyJISIPHO BBUIY MOBBILICHUSI CTOMMOCTU CTPOUTEIBHOTO
pactBopa [3].

HoBbiM pelieHueM sIBsieTCsl pa3paboTKa KOMITO3U-
IIMOHHBIX BSDKYIIUX IJISI CYXUX CTPOMUTENIBHBIX CMECEH,
HCITOB3YEMBbIX JIJIs1 HATTOJIbHBIX ITOKPBITUIA, C LIEJbIO MO~
BBIIICHUS] IIPOYHOCTH IIPU C3KaTUM U M3THOe, aAre3uu K
OCHOBaHUIO, CTOMKOCTH K UCTUPAHUIO, CHIKEHMST yca-
nouyHbIX aedopmauuii [4]. TTonyyeHue KOMITO3MLIMOH-
HBIX BSDKYIIUX TTO3BOJISIET 32 CUET M3MEHEHUST COOTHO-
IIEHUs] MEeXAYy KJIMHKEPHON COCTaBJSIOIIEe U MHHEe-
paIbHBIX 100AaBOK, BapbMPOBAHUS COCTaBa ITOCICIHMX,
BBEACHUST XUMHUYECKUX MOAM(PUKATOPOB, B YaCTHOCTHU
HaHOPa3MEPHOTO YPOBHS, U M3MEHEHUs PEeKUMOB 00-
paboTKu mpuaaBaTb UM pa3HOOOpa3HbIe CBOMCTBA, He-
00XoauMbIe [Jisl pellleHUs] KOHKPETHOM 3agauu [2].
[MpumeneHue mist MOTUGUKALINN CYXUX CTPOUTEIBHBIX
cMeceit HaHOpa3MepHBIX 100aBOK HE TOJbKO aKTUBHO
BJIMSICT Ha TPOLECCHl CTPYKTYpOOOpa30BaHUS TPU TH-
JpaTaliiy 1IeMEeHTa, HO W YJIy4YllaeT TeXHOJOTUIECKUE
cBolicTBa cMmeceit [7].

KuHeTuka HaGopa Npo4YHOCTU BSXKYLLEro
Binder curing kinetics

cal additives become price-determining [1]. Additives for
dry mixes for floor coverings should limit shrinkage defor-
mations, increase adhesion, regulate the fluidity of the
mixture and its viability during installation.

The applied solutions based on mineral components
for floor coverings have a limited potential for increasing
the main indicators, in particular, flexural strength, abra-
sion resistance, shrinkage. This is due to a large number of
negative side effects caused by finely dispersed compo-
nents introduced into them, overlapping the main positive
effect. The use of polymer modifiers, which have shown
themselves well in dry mixes for various purposes, is not
popular due to the increase in the cost of dry mixes [3].

A solution that has not been used before is the devel-
opment of composite binders for dry mixes used for floor-
ing in order to increase compressive and flexural strength,
adhesion to the base, abrasion resistance, and reduce
shrinkage deformations [4]. The production of composite
binders allows, by changing the ratio between the clinker
component and mineral additives, varying the composi-
tion, introducing chemical modifiers, in particular at the
nanoscale level, and changing processing modes, to give
them various properties necessary to solve a specific prob-
lem [2]. The use of nanoscale modifiers for the modifica-
tion of dry mixes not only actively influences the process-
es of structure formation during cement hydration, but
also improves the technological properties of mixes [7].

In the studies, the following raw materials were used:
Portland cement CEM 1 32.5N, fly ash from thermal power
plantof Ulan-Ude, pyrogenicnanosilica(NS) “HDK Wacker”,
superplasticizer (SP) Sika® ViscoCrete® 225 P powder based
on polycarboxylates.

Fly ash from thermal power plant is a low-calcium ash
that has a high content (70 wt.%) of the crystalline phase,
mainly in the form of silica and alumina. The content of
the glass phase in the fly ash is 30 wt. % [9, 10].

Pyrogenic nanosilica is a highly active, amorphous,
pyrogenic silicon dioxide (SiOp) obtained by flame hy-
drolysis of high purity silicon tetra-
chloride (SiCly). Nanosilica is a very
pure amorphous, non-porous silica
with a particle size of 5 to 40 nm [11].

Composite binders were obtained

Ta6nuua 1
Table 1

MPOYHOCTL NpY CXaTUK, by joint grinding of PC, fly ash, super-
c 5/B Mna, B BO3pacTe, CyT plasticizer and nanosilica to a specific
Comgg;ﬁfons H//W Compressive strength, MPa, || surface area of 400—450 m%/kg on a
in a days rod vibration grinder.
3 7 28 In the study, the compositions of
Wexoamsii ML, 0.25| 1075 3124 | 4275 composite b1nde_r§ consisting of ce-
Portland cement, control ment, ash, nanosilica and superplasti-
ML, n3MenbyYeHHbIi cizer in various combinations were
0,3 15,25 34,81 48,3 . . .
Portland cement, crushed considered to identify the effect of the
- - L
My, + 3ona-yHoca 30% . 0.35| 22,51 37.35 54,33 most s1gn1ﬁcant component of the
Portland cement + fly ash 30% composite binder that affects compres-
ML, + sona-yHoca 30% + CIM 0,05% 025! 303 4352 575 sive strength (Table 1). For compari-
Portland cement + fly ash 30% + SP 0,05% ’ ’ ’ ’ son, the Compositions of the Oﬂginal
My, + 3ona-yHoca 30% + CM 0,05% + HK 0,05% PC and those ground to the same spe-
Portland cement + fIy ash 30% + SP 0,05% + 0,27 55,24 59,42 73,76 Ciﬁc Surface area as those Of the multl_
NS 0,05% component compositions were tak-
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Aexo

B uccienoBaHMsIX B KauyecTBe

06.10.2021 13:33:116

CBIPbEBBIX MAaTepHUajOB MCIOJb-
30BaJIUCh: MOPTJAaHIIEMEHT
HOHEM I 32,5H 31108-2016
(000 «TuMIOMCKUIA IIEeMEHTHBIN
3aBOJ»); 30JIOIIJAKOBBIE OTXOJbI
TOU-2 r. Ynan-Yas; nuporeHHbIN
HaHokpemHezeM (HK) <«HDK
Wacker»;  cynepruiactudukatop
(CI) Sika® ViscoCrete® 225 P B
BMJIE TIOPOLIKA Ha OCHOBE IOJIMKApP-
OOKCHUJIATOB.

3ona-yHoca TOIL-2 r. Ynau-Yus
OTHOCUTCSI K HU3KOKAJIbLIUEBBIM 30-
JlaM, KOTOpblE MMEIOT BBICOKOE CO-
nepxanue (70 mac. %) Kpucrauiauye-
CKO#l (a3pl, B OCHOBHOM B BUIE

KpeMHe3eMa U rmHoseMa. Comnepxka- 170.50 €

6
DSC

517.50 C

HHe cTekyiodasbl B 30Je-yHOCA CO-
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crasnser 30 mac. % |9, 10]. Lab: METTLER

IMuporeHHbIiT HAHOKPEMHE3EM —

STAR" BW 16.20

Puc. 1. JepvBatorpamma: 1 — KOHTPOJILHOIO LleMeHTa; 2 — KOMMO3MUMOHHOIO BSXXYLL,Er0, COCTOSILLLE-

BBICOKOAKTUBHBIN, aMOpGhHBINA, MH-
pOreHHbIN fuoKcua Kpemuus (Si0)),
ITOJTyYaeMbIil TNTAMEHHBIM THUAPOJIH-
30M YETHIPEXXJOPUCTOIO0 KPEeMHUS
(SiCly) BbicokoO#t uuctoThl. HaHo-
KpeMHe3eM TpeAcTaBisieT coboit
OYeHb YMCTBII aMOp(HBINA HEIMopu-
CTBHIN TUOKCHI KPEMHUS C pa3MepoM
yactull ot 5 10 40 um [11].
KoMMmo3nimmoHHbIe BSKYIITNAE T10-
Jlydanu coBMeCTHBIM momMoJjiom ITLI,
30JIBI YHOCA, CyIepIruiacTugukKaropa
1 HaHOKpEMHe3eMa J10 yAEJIbHOM T10-
BepxHocTu 400—450 M2/Kr Ha CTepX-
HeBoM BuOpoucrtupatesne BM-4x350.
Bbrutu rccienoBaHbl KOMITO3UIIM -
OHHBIE BSIKYIIIUE, COCTOSIIIINE U3 TIe-
MEHTa, 30JIbI-yHOCa, HAHOKPEMHE3e-
Ma W CylepruiacTudukaropa B pas-
JIMIHBIX COYETAHUSX JUTST BBISIBJICHUS
HanOOJIBIIETO BAUSHUS KOMIIOHEHTA
KOMTIO3UIIMOHHOTO BSDKYIIETO Ha
MPOYHOCTb MpU cxkaTtuu (Tadna. 1).
s cpaBHEeHUS1 ObLIM B3SITHI COCTA-
BbI ucxoaHoro 1L, nameapuyeHHOTO
IO TaKON Xe€ YIEJIbHON ITIOBEPXHO-

ro 13 LemMeHTa, 30/bl-yHoca, nnactudrkaTopa 1 HaHoKpemHesema

Fig. 1. Derivatogram: 7 — control cement; 2 — composite binder consisting of cement, fly ash, super-

plasticizer and nanosilica
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Puc. 2. lepuBaTtorpaMmma KOMMO3MLIMOHHbIX BAxXyLUMX: 1 — 6e3 no6aBok; 2 — ¢ nob6askamu (nnactudu-

KaTop 1 HAHOKPEeMHe3eM)

Fig. 2. Derivatogram of composite binders: 17 — without additives; 2 — with additives (superplasticizer

and nanosilica)

CTH, KaK ¥ Y MHOTOKOMITOHEHTHBIX
cocTtaBoB [35, 6]. JuddepeHIIMANTbHYIO CKaHUPYIOLIYIO
KaJIOPUMETPHUIO 00pa3L0B KOMIIO3ULIMOHHOIO BSIKYIIE-
ro npoBoawK c momoiisio mpudopa TGA/DSC 1/1100SF
COBMEILEHHOTO TEPMOIPaBUMETPUUECKOTO aHalin3a
(M>xeBCcKMit TOCYIapCTBEHHBIN TEXHUUECKII YHUBEPCH -
teT uM. M.T. KanamHukonsa).

PesynbTaTsl onpeneseHUSI MIPOYHOCTH TIPU CXKATUU
HUCCEAYeMbIX COCTAaBOB ITOKAa3bIBAIOT, YTO COBMECT-
HOE MCII0JIb30BaHUEe MUHEPAIbHBIX MUKPO- U YJIbTPa-
JIUCTIEPCHBIX KOMITOHEHTOB (30JIbBI-yHOCAa W HaHO-
KpeMHe3eMa) U cylepIuiacTudukatopa MPUBOAUT K

HAYYHO-MexXHU4eCcKUil U npou3800CEeHHbLI JHCYPHAN

en [5, 6]. Differential scanning calorimetry of composite
bindersampleswas carried out usinga TGA/DSC 1/1100SF
instrument for combined thermogravimetric analysis
(Kalashnikov Izhevsk State Technical University).

The results of determining the compressive strength
of the studied compositions show that the combined use
of mineral micro- and ultrafine components (fly ash and
nanosilica) and a superplasticizer leads to the greatest
increase in strength: by 72.5% compared to the original
Portland cement. This effect is achieved by additive and
synergistic interaction of the binder components, where

(S PV EVIBHBIE:
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HauOOJbIIEMYy YBEIUIYCHHUIO ITPOY-
HOCTHU: Ha 72,5% 1o cpaBHEHMIO C
WCXOJAHBIM TMOPTJAHAIEMEHTOM.
JlanHbl#t 32(p(eKT JocTUraeTcs Imy-

Tabnuua 2
Table 2

KuHeTuka HaGopa NPOYHOCTU CYXOii CTPOUTENbHOI CMecun

Dry mixes hardening kinetics

TeM aJAUTUBHOIO U CUHEpTeTHUYe- MpPOYHOCTB Npu cxatvm, MMa,
CKOTO B3aMMOJEHCTBUSI KOMIIO- CocTaB B BO3pacTe, CyT
HEHTOB BSIXYUIETro, rae amopdHas Composition Compressive strength, MPa, days
4yacTb 30JIbI-yHOCa BBINTOJHIET 3 7 28
poJib CTPYKTYPUPYIOLIETrOo KOMIIO- ML, koHTP + necok 7 36 16.18 31.76
HeHTa, NMPUBOISIIETO K 00pa3oBa- Portland cement control + sand ’ ’ ’
HUIO TUAPOCHUIMKATOB KaJlblUA ML, namenbyeHHbI + necok 10.44 1803 35.88
BTOPOU reHepaluu, a KPUCTAIIU- Portland cement crushed + sand ’ ’ ’
YyecKasl 4acThb 30JIbI-yHOCa BBICTY- ML, + 3ona + necok 15.41 1934 40.36
MnaeT B POJM MUKPOHAIOJHUTEIS Portland cement + fly ash + sand ' ’ ’
JIJ1s1 TOBBIIIEHUST TJIOTHOCTU KOM- ML, + 3ona + CIM + necok 20.75 29 54 42 72
MO3UTAa U CHUXEHUS YCaITOUYHBIX Portland cement + fly ash + SP + sand ’ ’ ’
medopmanuii [10]. CynepmiaacTu- ML, + sona + CM + HK + necox 37 82 3078 548
¢ukatop Ilonunnact agcopobupy- Portland cement + fly ash + SP + NS + sand ' ’ ’

€TCS Ha MOBEPXHOCTU YACTUII BSI-
XyLIeTo U 6iaromaps cujiaM OTTaJIKUBaHUsS (3P dexT,
M3BECTHBIN KaK CTepUUYECKOE MPETSITCTBUE) MO3BOJISI-
€T YacTuIlaM KOMITO3UIIMOHHOIO BSXyIIero 3ddek-
TUBHO ITUCIEPTUPOBATHCS B cMecU. Vcronb3oBaHuE B
COCTaBe KOMITO3UIIMOHHOTO BSIXKYIIIET0 HAHOKPEMHE-
3eMa TPUBOAUT K HaIlpaBjIeHHOMY (hOPMUPOBAHUIO
CTPYKTYPbl KOMIMO3HUTa, 00ECIeUrBaIOIIEero yaydlie-
HUE (PU3NKO-MEXaHWUYECKMX W IKCITyaTallMOHHBIX
CBOMCTB HAMMOJIbHOTO MOKPHITUS.

H3meHeHne mMopdoornu 00pa3yroIIMXCsl MPOAYK-
TOB THIpaTalluy MOPTIAHIIIEMEeHTa M KOMIIO3UIIMOHHO-
TO BSDKYIIETO MOATBEPXKIAET yiaydllieHre hU3nKo-mexa-
HUYECKUX Toka3zareneit. s olieHKu (a30BOro cocraBa
KOMMNO3MIIMOHHBIX BSKYIIUX ObUI ITpoBeaeH AuddepeH-
HMaIbHO-TepMUYECKUil aHanu3. Ha Bcex mosrydeHHBIX
HCK- u TT'A-cnekTpax (puc. 1, 2) HabI0AaI0TCS SHI0-
TepMuyeckue 3dekTol: mpu Temmeparype 160—170°C
CBSI3aHHBIN C yIaJ€HUEM KPUCTAJUIM3ALMOHHOMN BOBI,
490—520°C — oTBevarouMii 3a OeruapaTaiuio TUIPO-
kcuna kanbuusa (Ca(OH)jp), 750—780°C — cootBeT-
CTBYIOIIMI AETUAPATAIIMU TUIPOCUINKATOB KaJbILIUS
(Ca0—-Si0p—H»0). Cnabbiii 3HAOTEpPMUUYECKUI 2(P-
(bekT, MOSABASIOMINICS Y KOMITO3ULIMOHHBIX BSIXKYIIUX
nipu temnepatype 900—910°C, orpaxkaeT nepekpucra-
Juzaumio cuiukatoB Kaibuus (CaSiO3). Ha xpuBbIx
TT'A oTpaxxeHO CHUXXKEHME MacChl 00pa31OB MpU Harpe-
BaHUU, OOYCJIOBJICHHOE MOTePeii aACOPOLIMOHHOM BOIbI
W3 CTPYKTYpHI MaTepuaina [13, 14].

[Tpu cpaBHEHUM KPUBBIX TMTOPTIIAHAIIEMEHTA U KOM-
MO3UILIMOHHOIO BSIXYIIEro HaOJIomaeTcsl U3MEHEHUE
OCHOBHOCTH OOpa3ymoIIMXCsI TUIPOCHIMKATOB Kaslb-
1Msl: SHIOTepMUYecKuil apdeKT B 00JacTu TeMrepary-
pb1 759—780°C y mopTiiaHAlIeMEHTa CMENAeTcsl BITpa-
BO, Y KOMIIO3UILIMOHHBIX BSLDKYIIMX — B CTOPOHY IOBbI-
meHust temnepatypsl no 780°C. CwmemieHue mnuka
CBSI3aHO C T€M, YTO BBEJIEHUE 30JIbI-YHOCA U HAHOKPEM-
He3eMa IPUBOAUT K OOPa30BaHMIO JOMOJHUTEILHOIO
KOJIMYECTBA THUAPOCWINKATOB KaJIbINsI, OTINYAIOIINX-
Csl OT TPAAUIIMOHHBIX. B KOMMO3UIIMOHHOM BSIKYILIEM
00pa3zyIoTCs IOTOJHUTETbHBIE HU3KOOCHOBHBIE TUIIPO-

the amorphous part of the fly ash plays the role of a
structuring component, leading to the formation of cal-
cium hydrosilicates of the second generation, and the
crystalline part of the fly ash acts as a microfiller to in-
crease the density of the composite and reduce shrink-
age deformations [10]. The superplasticizer adsorbs
onto the surface of the binder particles and, due to re-
pulsive forces from an effect known as steric hindrance,
allows the composite binder particles to be effectively
dispersed in the mixture. The use of nanosilica in the
composition of the composite binder leads to the direct-
ed formation of the composite structure, which im-
proves the physical, mechanical and operational prop-
erties of the floor covering.

The change in the morphology of the resulting hydra-
tion products of Portland cement and composite binder
confirms the improvement in physical and mechanical
properties. To assess the phase composition of composite
binders, a differential thermal analysis was carried out. All
DSC and TGA spectra (fig. 1, 2) show endothermic ef-
fects at temperatures of 160—170°C, associated with the
removal of crystallization water, 490—520°C — responsi-
ble for the dehydration of calcium hydroxide (Ca(OH)j),
750—780°C — corresponding to the dehydration of calci-
um hydrosilicates (CaO—SiO—H70O). The weak endo-
thermic effect that appears in composite binders at a
temperature of 900—910°C reflects the recrystallization of
calcium silicates (CaSiO3). The TGA curves reflect the
decrease in the weight of the samples upon heating, due to
the loss of adsorption water from the structure of the ma-
terial [13, 14].

When comparing the curves of Portland cement and
composite binder, a change in the basicity of the resulting
calcium hydrosilicates is observed: the endothermic ef-
fect in the temperature range of 759—780°C for Portland
cement shifts to the right for composite binders, towards
an increase in temperature to 780°C. The shift of the peak
is due to the fact that the introduction of fly ash, nanosil-
ica leads to the formation of an additional amount of
calcium hydrosilicates, which differ from traditional
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CWJIMKATBI KaJblMs, CTPYKTYPHMPOBAHHbIE MO MOBEPX-
HOCTH TBep0i1 pa3kl, ¢ 0Opa3zoBaHUeM OoJiee TIJIOTHOTO
KOMIIO3UTA C YIYIIICHHBIMU (DM3UKO-MEeXaHNMICCKUMU
cBoiictBamu [13, 14].

Ha ocHoBe 1oly4eHHOTO KOMITO3UIIMOHHOTO BSIXKY-
1Iero ObUT OMpEeNeIeH COCTaB CYXOl HAMmoJIbHON CMECH.
OnTuMM3aIys cocTaBa CTPOUTEIBHONM CMECH TTPOBOIM-
Jlach TI0 ONPENEeICHUI0 TPaHYJIOMETPUIECKOrO COoCTaBa
necka. B tabj. 2 npeacraBieHbl pe3yJbTaThl KOHTPOIb-
HOTO W MOIW(PUIINPOBAHHBIX COCTABOB HAITOJIBHOM
CTPOUTEIBLHOM CMECH.

AHanm3 UCIIBITaHU 00pa3110B (TabJI. 2) MOATBEPKIa-
eT, 4To 3(P(PEeKT MOBBIIIEHUS ITPOIHOCTH, TTOTYICHHBII
MPU KCIIEpUMEHTaX Ha BSDKYILIMX, COXPAHSIETCS U B MO-
IUOULIMPOBAHHBIX CTPOUTENBHBIX cMecax. Tak Ipu co-
BMECTHOM ITOMOJI€ MOPTIaHALIEMEHTa, 30J1bl U J00aBOK,
Oaromapst HaIpaBJIeHHOMY (DOPMUPOBAHUIO CTPYKTYPHI
MaTepuaia, MPOUCXOIUT yaydylleHue (pru3rnKo-MexaHU-
YeCKUX CBOIMCTB CTPOUTENbHOM cMecu [17, 18].

B wuccnenoBaHWM yCTaHOBJIEHO, YTO COBMECTHOE
BBEJICHUE 30JIbI-yHOCA, CymepruiacTudukKaropa U Ha-
HOKpeMHe3eMa IS TTOJTYyUYCHUST KOMITO3UIITMOHHOTO BSI-
KYIIEro MPUBOIUT K MOBBIIIEHUIO (DU3UKO-MEXaHUYE-
CKUX CBOMCTB. AHanM3 (pa30BOro cCocTaBa KOMITO3UIIM -
OHHBIX BSDKYIINX ITOKa3aJj IMOBBIIIEHNE OMHOPOIHOCTH
U TUIOTHOCTU CTPYKTYpPhI, (P)OPMUPOBAHUE ONTHUMAasb-
HOTO COCTaBa HOBOOOPA30BaHWI TBEPHAEIOIIETO KOM-
Mo3uTa.
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ones. In the composite binder, additional low-basic cal-
cium hydrosilicates are formed, structured over the sur-
face of the solid phase, with the formation of a denser
composite with improved physical and mechanical prop-
erties [13, 14].

Based on the obtained composite binder, the compo-
sition of the dry floor mixture was determined.
Optimization of the composition of the dry mixes was
carried out by determining the granulometric composi-
tion of sand. Table 2 shows the results of the control and
modified compositions of the floor mortar.

Analysis of the tests of the above samples proves that
the effect obtained in experiments on binders gives an in-
crease in strength in modified dry mixes. So, when grind-
ing Portland cement, fly ash and additives, due to the di-
rectional formation of the composite, the binder, point-
wise connecting with sand, has a positive effect on the
composition of the mixture [17, 18].

The study found that the combined introduction of
fly ash, superplasticizer and nanosilica to obtain a com-
posite binder leads to an increase in physical and me-
chanical properties. Analysis of the phase composition
of composite binders showed an increase in the uni-
formity and density of the structure, the formation of
the optimal composition of new formations of the hard-
ening composite.
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Monumopchuam u mopdronorua KapboHaToB KanbLus
B TEXHONOrUAX CTPOMTENIbHbIX MaTEepPHanos,
UCNoNb3yHoLWKX 6akTepuanbHyo 6uoMuHepanu3auuio (063op)

CucTtematnanpoBaHbl AaHHbIe 3apy6eXKHbIX U OTEYECTBEHHbIX YYEHbIX N0 NOAUMOPQU3My 1 MOPONOrni KpUCTanioB KapboHaToB
KanbLms (KanbLuuTa, aparoHuTa, BatepuTa), 06pasytoLnxcs B peynbrarte peanusauny npupoAonoLo6HbIX TEXHOOMMA NOSTYHEHUs 1
BOCCTAHOBJIEHNS CTPOUTENbHbLIX MaTepUasioB C UCMONb30BaHNeM 6MOMUHEpaN3auny nNog AerncTenem 6aktepnii. PaccmoTpeHo
BNUSHWNE POAOBOI NPUHAANEXHOCTM NCMONb3YEMbIX 6AKTEPWiA, TUMA U KOHLEHTPALIMOHHbIX MapamMmeTPOB NPeKypcopoB, a TakxKe
cnoco6a BBeLeHNA 6V1OOrMYECKNX areHTOB M NMPEKYPCOPOB B LIEMEHTHYIO MaTpuuy. [poBefeHO paHXupoBaHue no 4actote
hopmMnpoBaHNA NONMMOPEHBIX MOANMDMKALMA N MOPGONOTNYECKINX CTPYKTYP KPUCTANIOB KApOOHATOB KanbLna 1 X CPOCTKOB B
3aBUCKMOCTU OT PELenTYPHBIX U TEXHOMOMMYECKMX (DaKTOPOB KapboHaTHOI GuomMuHepanuaaumi. MosnoXxeHo Ha4ano B CO3AaHun
atnaca MopgoCTPYKTYp NPOAYKTOB KapboHaTHON 6UoMUHEpanm3auni B 6UOTEXHONOMMAX CTPOUTENILHOMO MaTepranoBeseHus.
Mony4eHHble pe3ynbTaTbl MOXHO pacCcMaTpuBaTh Kak MepBble LWari K BbISBIIEHWO (DAKTOPOB YNpaB/ieHns npoueccamu
CTPYKTYPOO6PA30BaAHMSA LIEMEHTHBIX CUCTEM W CO3LAHUI0 KOHTPOIMPYEMbIX TEXHOMOMNIA MPUMEHEHNA 6aKTepUanbHO
OMOMUHEpANU3aLnK Ans NosyveHns CTPOUTENbHbLIX MaTepUanos ¢ 3afaHHbIMU CBOMCTBAMMU.

Knioyesble cnoBa: kapboHaTHas 6oOMUHepanu3auus, 6akTepum, NPeKypcopbl, TEXHONOTYECKNe YCNOBUS, MOPONOrus KpUcTansos,
nonumopnam.
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Polymorphism and Morphology of Calcium Carbonates in Construction Materials Technologies
Using Microbial Biomineralization (Review)

The review systematizes the data of foreign and domestic scientists on polymorphism and morphology of calcium carbonate crystals (calcite, aragonite, waterite) formed using nature-
like technologies for the production and restoration of construction materials via microbia biominerallization. The paper considers the influence of genus specificity of used bacteria,
type and concentration parameters of precursors, as well as the method of introduction of biological agents and precursors into a concrete matrix. The frequency of formation of poly-
morphic modifications and morphological structures of calcium carbonate crystals and their clusters is ranked depending on formulation and technological factors of carbonate biomin-
eralization. The paper lays the foundation for the atlas of morphostructures of carbonate biomineralization products in construction materials science biotechnologies. The obtained
results may be considered as the first steps to identify the control factors of cement systems structurization and to create controlled technologies for using microbial biomineralization
to obtain construction materials with specified properties.

Keywords: carbonate biomineralization, bacteria, precursors, technological conditions, crystal morphology, polymorphism.
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ITpuponononodHble OUOTEXHOJIOTMU IO CO3MAHUIO U
BOCCTaHOBJICHUIO (LIEMEHTAllMN) CTPOUTEJIbHBIX MaTepra-
JIOB 0a3upyloTCs Ha MUKPOOHON (bakTepuaibHOI) OMO-
MUHepaau3aluu — OaKTepUaJbHO WHIYLIMPOBAHHOM
OCaXICHUM KapOOHATOB Kaiblusl (B TIEPBYIO OYEpEdb
KaJbuuTa) B 0eToHHON Matpulie. D(GEKTUBHOCTh CTPYK-
TYPHBIX U3MEHEHUI B LIEMEHTHOI cHCTeMe OOyCIOBJICHA
BO3MOXKHOCTBIO YTUIOTHEHMSI OETOHHOI MaTpHIIbI 32 CUET
YMEHBIIICHUS IIOPOBOI0 IMIPOCTPAHCTBA M 3aBUCUT OT YCJIO-
BUIA IPOTEKAHMST OMOTEXHOJIOTMUYECKIMX ITPOIIECCOB: COCTa-
Ba U CTPYKTYpbl OETOHA, MCIOIb3YEMbIX OaKTepUaIbHbIX
areHTOB U MPEKypCcoOpoB, crocoda ux BeeaeHus:, pH, tem-
nepatypsl U T. 1. [ 1—3]. Bce 3TK TexHOIOrMYECKUE apame-
TPhI, B CBOIO OYepelb, BIMSIOT Ha COCTaB 00pa3yIOIIMXCs
npu KapOOHATHOW OMOMUHEpATU3ALUUA MOJIUMOPMOHBIX
¢opM 1 MOPDOJIOTHIO UX KPUCTAIUIOB U CPOCTKOB.

Takum obOpa3zom, cTeneHb MOHOJWUTU3ALUMU U, KakK
CJIeICTBUE, YIIPOUHEHHUSI LIEMEHTUPYIOIIEH CBSI3KY MaTe-
prajia KaK Mpu BBEACHUU OaKTepHaJIbHOIO areHTa (Win
accollMaliMi areHTOB) M TIPEKYpPCOpOB KapOOHATHOM
OVOMMHEpaJIM3allMi B COCTaB OETOHHOM CMeCH, TaK U
IIPY 3aKPBITUH Ae(PEKTOB TUTIA TPEIIUH TIPH JIOKAJTBHOM
00paboTKe OCTOHHBIX M3ACIUNA pacTBOpaMU, COAEpXKa-
IIUMU OaKTepUU U TIPEKYPCOPHI, 3aBUCUT OT MOpPGOI0-
MY KPUCTATU3YIONIMXCS TIOJ JAeHCTBUEM OaKTepuii
KapOOHATOB KaJIbLIUSI.

HecMoTps Ha CylIeCTBEHHBIN MHTEPEC UCCIeI0BaTe-
JIeil K MexaHu3MaM KapOoHaTHOW OMOMUHEepaIu3aluy U
HaJIM4Yue SMIMPUUYCCKMX NAHHBIX IO €€ BIUSHHUIO Ha
CBOICTBa CTPOUTEJBHBIX MaTepuanoB [4—77], 3aKOHO-
MEPHOCTU ToJaumopdusMa U Bapuauuii Mop¢OJOruu
KPUCTAJJIOB KapOOHATOB KaJbIMsI, 00Pa3yIOIINXCs TTpU
OMOMUHEpATU3ALUU B CPENe LIEMEHTHOTO KaMHs, 10
KOHILIa He udydyeHbl. Lleapio HacTosel paboThl, KOTO-
past IpoI0JIKaeT IIMKJT 0030PHBIX CTaTe, IMOCBSIIEHHBIX
MUKpPOOHOII KapOOHATHOM OMOMUHEpaIu3aluu B OMO-
TEXHOJIOTHSIX TI0 CO3MAHWI0 U BOCCTAHOBJICHUIO CTPOM-
TeJbHBIX MaTepuayioB [78, 79], sBiaseTcs cucremMaTusa-
1T UMCIOIINXCS JIUTEPATYPHBIX TAaHHBIX M YCTAHOBJIC-
HUE MCKOMBIX 3aKOHOMepHOCTel. OxXumaemble pe3yib-
TaThl JOJDKHBI MTOMOYb IPOABUHYTHCS B HAMpPaBICHUU
pa3pabOTKM 3KCOpecCHOro U 3¢h(GEKTUBHOTO METOa
naeHTUUKauUMM KapOoHaTHBIX (a3, (OpMUPYEMbBIX B
MOJUMUHEPATbHONW OETOHHOW MaTpulle, a TaKxke Ouo-
TEXHOJIOTHIA MOJyYeHUsI CTPOUTEIbHBIX MaTepUAJIOB 3a-
JTAHHOM CIUIOIITHOCTU B KOHTPOJIUPYEMbBIX YCIOBUSIX.

MeTomoiorusi aHAIM3a

st perieHus TMOCTaBJICHHBIX 3a/1a4 MTPOBE/ICH aHa-
JIU3 Hay4YHbIX cTaTeil [4—77], MOCBAIIEHHBIX OaKTEpU-
aJIbHOM KapOOHATHOW KpUCTALIM3aLUU, UHULIMUPOBAH -
HO# OaKTepUsSMU B MaTpHIle CTPOMTEIBLHBIX MaTepua-
JIOB, OITyOJMKOBAHHBIX B BEAYIIMX PELEH3UPYEMbBIX
3apyOeXKHBIX M3IaHUSIX, B KOTOPBIX COAEPKUTCSI MHPOP-
Malys Mo ONnpeaeaeHUI0 NOJUMOPMOHBIX MOAUGbUKALIMI
/11100 MOP(OIOTUN KPUCTAIIIIOB KApOOHATOB KaJIbIINS
(r1pu 00513aTEIbHOM MX BU3YyAJIM3allMM — MPEACTaBICHUU
COM-u3obpaxenuii). TpakToBKa MOpPdOIOTHUUECKUX
0COOEHHOCTEH MpuBeIeHa B aBTOPCKOM pelaKIIny.

(SN PONIESIBHBIE

Nature-like biotechnologies for the creation and res-
toration (cementation) of construction materials are
based on microbial (bacterial) bio-mineralization — bac-
terially induced precipitation of calcium carbonates
(primarily calcite) in a concrete matrix. The efficiency of
structural changes in the cement system is caused by the
possibility of compacting the concrete matrix by reduc-
ing the pore space and depends on the conditions of bio-
technological processes: composition and structure of
concrete, bacterial agents and precursors, method of
their introduction, pH, temperature, etc. [1—3]. In turn,
all these technological parameters affect the composition
of polymorphic forms formed during carbonate biomin-
eralization and the morphology of their crystals and
clusters.

Thus, the degree of monolithization and, as a result,
the strengthening of the cementing bond of the material
both when introducing a bacterial agent (or an association
of agents) and carbonate biomineralization precursors
into the concrete mixture, and when closing crack-type
defects in the local treatment of concrete items with solu-
tions containing bacteria and precursors depends on the
morphology of calcium carbonates crystallizing under the
action of bacteria.

Despite the significant interest of researchers in the
mechanisms of carbonate biomineralization and the avail-
ability of empirical data on its impact on construction
materials properties [4—77], the regularities of polymor-
phism and variations in the morphology of calcium car-
bonate crystals formed during biomineralization in a ce-
ment stone medium have not been fully studied. The
purpose of this work, which continues the cycle of review
articles on microbial carbonate biomineralization in bio-
technology for the creation and restoration of construc-
tion materials [78, 79], is to systematize the available liter-
ature data and establish the necessary patterns. The ex-
pected results should help to advance the development of
an express and effective method for identifying carbonate
phases formed in a polymineral concrete matrix, as well as
biotechnologies to obtain the construction materials of a
given uniformity under controlled conditions.

Materials and methods

The scientific articles [4—77] on bacterial carbonate
crystallization initiated by bacteria in a matrix of con-
struction materials published in leading peer-reviewed
and foreign journals, which contain information on the
definition of polymorphic modifications and/or morphol-
ogy of calcium carbonate crystals (with their mandatory
visualization — SEM images) were analyzed to solve the
tasks of the study. The morphological features are inter-
preted by the authors.

A total of 74 articles from 2003 to 2022 were analyzed.
It should be kept in mind that variations in formulations
using various biocultures and precursors could be given
within the framework of one article. In this regard, the
statistics on different criteria were calculated according to
the number of references in each individual work, fol-
lowed by their summation.
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Bcero 6b110 ipoaHanu3upoBaHo 74 cratbu ¢ 2003 o
2022 r. CTouT y4UTHIBaTh, YTO B paMKax OJHOI CTaTbU
MOTJIM OBITh IPUBEICHBI BApUAIINN COCTABOB C MCIIONb-
30BaHMEM pPa3JIMYHBIX OMOKYJIBTYP M TMPEKYpCOPOB.
B aT0i1 CBSI3M pacyeT CTaTUCTUKM 110 Pa3TMIHBIM KpPUTE-
PUSIM OCYILIECTBIISIICSI MO KOJWYECTBY YIIOMWUHAHUIA B
KaXIOW OTHENbHO B34TOM paboTe ¢ MOCAEAYIOLIUM MX
CYMMMPOBAHHUEM.

IIpoananu3upoBaHO BIMSHUE Ha oOpa3oBaHUE IIO-
JMMOPMHBIX MOoTUpUKAIINiT KapOoHaTa Kaablus (Kalb-
1IMTa, aparoHUTa 1 BaTepuTa) U MOPMOJOr1I0 UX KpU-
CTaJUIOB U CPOCTKOB CJICHYIOIINX OMOTEXHOJIOTHUECKIX
¢axropoB (Tabu. 1, 2):

— pOIOBOI MPUHAMIEKHOCTH UCIIOJb3YyEeMbIX OaKTe-
puii (23 pona 1 Ux BUbI);

— UCHOJb3YEeMbIX IPEKYypCOpoB (HEOPraHMYECKUX
BEIIECTB, YYACTBYIOIINX B OMOXMMUUYECKMX PEaAKIIUSIX).
bbL10 paccMoTpeHo 25 BUIOB MPEKYPCOPOB, MTPUMEHSsIe-
MBIX KaK B BUIE OTACIbHBIX BEIIECTB, TaK U B COUCTAHUM
IPYT C IPYTOM;

— crnoco0a BBeIeHs 0aKTepUaIbHBIX KYJIbTYp U Ipe-
KYPCOPOB: B cOCTaB 6eToOHHOI cMmecu (Tab:. 1) nubo my-
TeM JIOKaJIbHOM 00pabOTKM OETOHHBIX U3AEIUN pacTBO-
paMu, coaepxXKalluMu 0aKTepUU U IMIPEeKypCcopHI (TaoI. 2).

Heo6xoamMo oTMETUTB, UTO B psijie CTaTel IO OIeH-
K€ BJIMSHUS OMOMHMHEepaau3allii Ha U3MEHEHUE MUK-
POCTPYKTYpPBl 00pa3IoB IIEMEHTHOTO KaMHSI aBTOPBI
OIMUCHIBAIOT MOPGOJIOTMI0 HOBOOOPAa30BaHU, OIpene-
JISIEMYI0 SIKOOBI BJIMSIHUEM Ha MMHeEpajlooOpa3oBaHuUeE
TeX WJIW WHBIX KOMIIOHEHTOB (OaKTepwii, IPEeKypco-
POB), OIHAKO HIEMOHCTPUPYIOT Iipu 3ToM CHM-
M300pakeHUST NINOMOP(MHBIX KPUCTAJIIIOB, 3aKPUCTAI-
JIM30BAHHBIX SIBHO B HEKUX MOJEJbHBIX YCIOBUSX BHE
cpelbl IIEMEHTHOrO KaMHs. B ciydyae BBISIBICHMS I10-
IOOHBIX HECOOTBETCTBHI 3TU pabOTHI MIPU CTATUCTHYIEC-
CKOM aHaJIu3e PaCIpOCTPAaHEHHOCTU MOPDOCTPYKTYP
HE YYUTBIBAJIN.

HeMmanoBaxxHoe 3HaueHME Ha KpuUCTaioo0pa3oBa-
HHUE, KaK M3BECTHO, OKa3bIBaeT XUMUYECKasl cpelma, OT
KOTOpPOIl B TOM YMCJIE 3aBUCIT COCTaB, MOJUMOpdHas
MoaubuKauus 1 Mopdoaorust hopMUPYEMbIX HOBOOO-
pazoBaHuii. Ilpu kapOGoHaTHOW OMOMMHEpaaIU3alUU
OakTepuaabHble MUKPOOPTaHM3MBbI B TPUCYTCTBUU Kalb-
UicoaepKaIlix IPeKypcopoB M1 MOUCBUHBI MHTCHCUB-
HO BBIIACJSIOT (PepMEHT ypeasy, KaTaTu3upyoIui Tui-
POJIM3 MOYEBMHBI C 00pa30BaHUEM aMMUaKa U YIJIeKUC-
J0ThI [3]. B pe3yabraTe XMMUUECKUX MPOLIECCOB aMMU-
aK o0pa3yeT MOHbI aMMOHMUS ¥ TUAPOKCHUIA, B TO BpeMsI
Kak yIJIeKUCI0Ta AUCCOUMUPYET ¢ 0Opa3oBaHueM Ou-
KapOoHaTa 1 BoaopojAa B BoaHoil cpeae. OOpa3zoBaHue
TUAPOKCUI-UOHOB IIPUBOINUT K JIOKAJbHOMY yBeJIMUC-
Huto pH u caBury 6ukapOboHATHOTO paBHOBECHSI, BbI-
3pIBalolero oOpa3oBaHue KapOOHaT-UOHOB. BBumy
TOTO, YTO Ha IMMOBEPXHOCTH KJICTOK ITPOMCXOIUT CBSI3bI-
panue KatuoHos Ca?t u (CO3)?~-moHOB, GakTepun
CTaHOBSITCS LIEHTPAMU HyKJIeallud KPUCTaJIOB Kapbo-
HaTa KaJblys, moauMopdHast Moaudukaims u Mopgo-
JIOTHST KOTOPBIX 3aBUCUT OT BUAOBOM MPUHAMIECXKHOCTU
MHUKPOOPTaHNU3MOB.

HAYYHO-MexXHU4eCcKUil U npou3800CEeHHbLI JHCYPHAN

The influence of the following biotechnological factors
on the formation of polymorphic modifications of calci-
um carbonate (calcite, aragonite and waterite) and the
morphology of their crystals and clusters was analyzed
(Table 1, 2):

— genus specificity of bacteria (23 genera and their
species);

— precursors (inorganic substances involved in bio-
chemical reactions). 25 types of precursors used both as
separate substances and in combination were considered;

— methods of introduction of bacterial cultures and
precursors into a concrete mixture (Table 1) or by local
treatment of concrete products with solutions containing
bacteria and precursors (Table 2).

It should be noted that in a number of articles assessing
the effect of biomineralization on the change in the mi-
crostructure of cement stone samples the authors describe
the morphology of neoplasms determined allegedly by the
influence of certain components (bacteria, precursors) on
the mineral formation, however, they demonstrate SEM
images of idiomorphic crystals crystallized clearly under
certain model conditions outside the cement stone medi-
um. In the case of such inconsistencies, these works were
not taken into account in the statistical analysis of the
prevalence of morphostructures.

It is known that the chemical medium, which the
composition, polymorphic modification and morphology
of the formed neoplasms also depend on, is particularly
important for crystal formation. In case of carbonate bi-
omineralization, bacterial microorganisms in the pres-
ence of calcium-containing precursors and urea actively
release the urease enzyme, which catalyzes the hydrolysis
of urea to form ammonia and carbon dioxide [3]. As a
result of chemical processes, ammonia forms ammonium
and hydroxide ions, while carbon dioxide dissociates to
form bicarbonate and hydrogen in an aqueous medium.
The formation of hydroxide ions leads to a local increase
in pH and a shift in bicarbonate equilibrium, which causes
the formation of carbonate ions. In view of the fact that
CaZ* u (CO3)?-ion bind on the cell surface, bacteria
become the nucleation centers for calcium carbonate
crystals, the polymorphic modification and morphology
of which depends on the genus specificity of microorgan-
isms.

Regardless of the method of introduction of bacterial
cultures and precursors, cement (concrete) mortar and
cement (concrete) stone by definition contain calcium
compounds (clinker minerals and their hydration prod-
ucts — hydrated calcium silicates). Besides, they may
contain carbonaceous aggregate (chalk, limestone, mar-
ble), i. e. relict calcite. In the case of field components,
calcite (primary calcite) is formed during the interaction
of portlandite with carbon dioxide. In case of the local
processing (cementation) of field components, the calci-
um carbonate crystals formed by biomineralization will be
secondary.

In the process of cement hydration, the pH medium
increases, therefore, the introduction of bacterial cultures
into the concrete mixture leads to the spore formation of

(N POV BHBIE:
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BHe 3aBHcHMMOCTM OT crocoba BBeIeHUs OaKTepu-
aJIbHBIX KYJIBTYP M IIPEKypCOpPOB ILIEMEHTHBIN (OETOH-
HBII{) pacTBOpP M IIEMEHTHBIN (OETOHHBII) KaMeHb TIO
OIPEIETICHUIO COMepKaT COCNMHEHUS Kalblus (KIUH-
KEpHbIe MUHEPAJIBI M MIPOAYKTHI UX TUAPATAIIUU — TH-
JIPOCUIMKAThI Kajblius). [ToMrMO 3TOro, B HUX MOXKET
comepKaThCsl KapOOHATHBIN 3aIIOJTHUTENb (MeJI, U3BEeCT-
HSIK, MpaMop), T. €. IPUCYTCTBYET PEJIUKTOBBIN KaJIBIIUT.
B ciyyae skcrutyaTupyeMbIX U3AEIMil — B Ipoliecce
B3aMMOJICUCTBUS MOPTJIAHAUTA C YIJIEKUACIBIM Fa30M — B
HUX oOpa3syeTcs KaJdbUMUT (OH OyIeT SIBJASTHCS MEPBUY-
HBIM). [Ipu mMokaabHOI 00paboTKe (LIEMEHTAIIUM) KC-
TUTyaTUPYEMBIX U3Ieauii opMupyeMble yTeM OMOoMU-
HepaJau3alluy KpUCTaUIbl KapOoHaTa Kajablius OYIyT
BTOPUYHBIMU.

B npouecce rumpataiMu LieMEHTa YBEJIUYMBAETCS
pH-cpenbl, mosToMy Mpu BBeICHUU OAKTEPUATBHBIX
KYJbTYp B COCTaB OETOHHOI CMECU MPOUCXOAUT CIIOPO-
obpa3oBaHue MukpoopraHusmoB. [lociie 3aBepieHus
TUAPATALMU LIEJOYHOCTh CPebl CHUXKAETCH U MPU Ha-
JIMYUY TOCTaTOYHOU KOHIEHTPALIMU MUTATeIbHbIX 3JIe-
MEHTOB, KJIbIIAICONEPKAIINX ITPEKYPCOPOB U MOYEBU-
Hbl OaKTEpUU aKTUBUZUPYIOT (DEPMEHTATUBHYIO aKTUB-
HOCTh C TIOCTeAYIOIINM (OPMUPOBAHUEM KPHUCTAJLIOB
KapOoHara kanblus. [Tpy Takux yciaoBusl pocta Kapoo-
HaTOB IOBOJIBHO CJIOXKHO pa3ae/isaTh UX Ha EPBUYHBIC U
BTOPUYHBIE.

ITosTOoMy Npu BBeAeHUU B OETOHHYIO CMECh, KaK 1
MpU JOKAJbHON 00pabOTKe CBEXEIPUTOTOBICHHBIX
OETOHHBIX M3IEJUIA, C OOJbIICH JOJel BEPOSITHOCTU
OMOMHIYLIMPOBAHHbIE KPUCTAIIbl KapOOHATOB OyIyT
TMePBUYHBIMU JTUOO (hOPMUPYIOIIMMUCS OJHOBPEMEH -
HO C KaJIbLIMTOM LIEMEHTHOW MaTpullbl. BBuay Toro,
YTO CBEIEHUS I10 IEePBUYHOCTU JIMOO BTOPUIHOCTHU
OMOMHAYLIMPOBAHHBIX KapOOHATOB B CTaThSIX OOBIYHO
HE TIPUBOJSITCS, CTATUCTUUYECKUM aHAIU3 TI0 TaHHOMY
KPUTEPUIO B paMKax MpPeACTABICHHOU pabOThI HE MTPO-
BOJIMJIU.

Pe3syabTaThbl M MX 00CyKIeHHE
ITloaumoppuotii cocmas
obpasyrowuxcsa KapboHamos Kaibuus
MHorouucieHHbIe HCCAeI0oBaHUs KapOOHaTHOM
OMoMMHepaan3aluy B MOJIEJbHBIX cucTeMax (0e3 B3au-
MOJEMCTBUS OaKTepuil U MPEeKypCcoOPOB C IEMEHTHBIMU
KOMITO3UTaMHU) TTOKA3BIBAIOT, UTO OMPEAC/ISIONIee BIM-
sHue Ha GOpMUPOBAHNE TOW WJIM UHOU MoauMopdHOM
MoauduKaluuu B TIpolecce 0aKTepualbHOTO KpUCTa-

microorganisms. After hydration is completed, the alka-
linity of the medium decreases and, if there is a sufficient
concentration of nutrients, calcium precursors and urea,
bacteria activate enzymatic activity with the subsequent
formation of calcium carbonate crystals. Under such con-
ditions of carbonate growth, it is quite difficult to divide
them into primary and secondary ones.

Therefore, when introduced into the concrete mix-
ture, similar to the local treatment of freshly prepared
concrete products, it is more likely that the bioinduced
carbonate crystals will be primary or forming simultane-
ously with the calcite of the cement matrix. In view of the
fact that information on the primary or secondary nature
of bioinduced carbonates is usually not given in the arti-
cles, the statistical analysis on this criterion was not car-
ried out as part of the proposed study.

Results and discussion
Polymorphic composition of calcium carbonates

Numerous studies of carbonate biomineralization in
model systems (without the interaction of bacteria and
precursors with cement composites) show that the genus
specificity of the bacteria strain [9, 15, 35, 36] has a de-
cisive effect on the formation of any polymorphic mod-
ification in the process of bacterial crystallogenesis of
calcium carbonate. However, in the works on the mate-
rial science, the identification of polymorphic modifica-
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kap6oHaT kanbuus / calcium carbonate
KanbuuT / calcite

BarepuT / waterite

aparoHuT /aragonite

Puc. 1. YacTtoTta BCTPE4YaemMoCTU B CTaTbAX PasfiMyHbIX KapOoHATOB Kaslb-
uma (%)

Fig. 1. Frequency of different calcium carbonates referred to in articles (%)

a b c
KanbunuT KanbunT KanbuuT
calcite 85 calcite 88 calcite 63
BatepuT BatepuT 10 BarepuT 2-4 cnocob
waterite 12 waterite waterite |8 5 method 2
m 1- cnoco6
aparonnt J 4 aparoHut fI 5 aparoHuT method 1
aragonite aragonite aragonite
T T T T T T T T
0 50 100 0 50 100 0 50 100

Puc. 2. YactoTa BCTPEYaEMOCTIN B CTaTbsAX Pa3fiMyHbIX NOAMMOPdHLIX Moandukaunin kapboHaTa Kanbums (%) B 3aBUCUMOCTM OT: & — BUAA NPUMEHSIEMbIX
6akTepuii; b — NPeKkypcopoB; ¢ — cnocoba nx BBeAeHUs (AaHHble No kapboHaTam KanbUUs 1 KanbLUTY CYMMUPOBaHbI)

Fig. 2. Frequency of various polymorphic modifications of calcium carbonate (%) referred to in articles depending on: a — species of used bacteria;
b — precursors; ¢ — method of their introduction (data on calcium carbonates and calcite are summarized)
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JloreHe3a KapOoHaTa KajbliMsl OKa3blBaeT poloBasi Mpu-
HaIJIeXKHOCTh liTaMMa 0akrtepuii [9, 15, 35, 36]. OnHako
B paboTax MaTepragoBeaIeCKOro MpodwIs UAeHTU(DU -
Kauus noauMopgHoit MoaudUKaUuU 3aTpydHSIETCS
WCXOHON TOJIMMUHEPATbHOCTHIO 1IEMEHTHOW CHUCTE-
MbI, B TOM YMCJIe TTPUCYTCTBUEM B LIEMEHTaX PEJIUKTO-
BBIX M TIEPBUYHBIX KPUCTAIIJIOB KAJIbIIUTA U TIO3TOMY €I
4acTo He yaessieTcs JoJKHOro BHMMaHus. Kak rpaBu-
JIO, peub UIET MPOCTO O KapOoHaTax Kaablus (Ioapas-
yMeBaeTCsl KaJblIUT, KOTOPhI HamboJyiee 4acTo BCTpe-
yaeTcs, Kak B MPUPOJe, TaK U MpU OMOMUHepaau3alum
CTPOUTEIBLHBIX MaTepuayioB) [66, 68]). AparoHUT U Ba-
TEPUT aBTOPHI IyOJUKAIMH OTMEUYarT 3HAYUTETbHO
pexe (puc. 1).

AHanM3 4acTOThl YIIOMUHAST PA3TUIHBIX MTOTMMOPdh-
HbIX MOAMGUKALIMI B 3aBUCUMOCTH OT BUJa OaKTepHii,
MPEKYPCOPOB, UCIOIB3YEMOT0 CIocoba OMOMUHEpaTn-
3allMM CTPOUTENbHBIX MATEPUAIOB MOKa3asl abCOIIOTHOE
JIOMUHHPOBAHUE KAJIbLIUTA ITO BCEM OLIEHUBaeMbIM (hak-
TopaM (puc. 2).

Mopdoaoras 00pa3ylomuxcs KapoOHATOB KAJIbIHS
Yacmoma ecmpeuaemocmu Kpucmaniios

U CPOCMK08 KapOOHAMO8 KAAbYUsL PA3AUMHO0 004UKa

MopdoJiorust KpUCTaJIOB B IEPBYIO OUEPEIb OIpe-
JIEJIIETCST KJIACCOM CUMMETPUM, HO 3aBUCUT U OT YCJIO-
BUI Kpuctaanuzauuu. Tak, sl TPUTOHAIBHOTO Kd.ib-
yuma (Kj1acc CUMMETpUU 3m) — caMOro pacIpocTpa-
HEHHOro OmoMHMHepana — Haumboyiee XapaKTCpPHBI
poMOo3aIprUYecKre KpucTalibl. OMHaKO BBUAY HEKOH-
TPOJUPYEMON KPUCTALJIM3ALMUA, BBICOKOM CKOPOCTU
pocTa, TIepechIllleHWsI pacTBOpa, paclleluieHUus |
JIBOMHMKOBaHUS (OPMUPYIOTCS TaHTeJeo0pas3HbIe,
TCEeBAOKYOMYECKUEe, TIOOYISIpHBIE U ApYyrue (HOPMBbI.
JIOBOJIBHO YacTO aBTOPHI YKa3bIBalOT Ha MIOJIbYaThie
oOpasoBaHusa u chepuyeckue ¢opmbl Kaabuuta. [Tpu
5TOM HEOOXOOWMO OTMETUTh, UTO WTOJbUaThie KpHU-
CTaJUIbl U UX CPOCTKU XapaKTEPHBI IJISI pOMOUYECKOTO
apazonuma (KjIacc CUMMETPUHN mmm), a chepruIccKue
IJIOOYJIbI, KOTOPBIE OOBIYHO COCTOSIT U3 00Jiee METKUX
KPUCTAJIIUKOB, XapaKTEPHBI JJISI TeKCAarOHAIBHOTO 8d-
mepuma (KJ1acc CUMMETpUU 6/mmm).

Kaavyum. be3 yuyeta monumopdHoit Mogupukanum
YacToTa BCTPEUAEMOCTH KapOOHATOB KaJbIUS Pa3jiny-
HOTO 00JIMKA MOBBIIIAETCS CACIYIOIIMM 00pa3oM: IpU3-
MaTU4YEeCKUe — IIacTUHYaThle — cpeprudecKkue — ICceB-
JIoKyonuyeckue — pomoosapuueckue (puc. 3, a). B ciy-
yae KajJblMTa 3Ta I1OCIeI0BAaTeIbHOCTh HE3HAYUTEIbHO
MEHSIETCSI: TICeBIOKYOMUeCcKre,/ TIIacTUHYAThle — TaHTe-
JleoOpa3Hble — UroJibyaThie/cheprueckue — pomMOo-
snapuueckue (puc. 3, b).

JoMuHupylomein popMoii OGMOreHHBIX 0Opa3oBa-
HUI SIBJISIIOTCS XapaKTepHbIe IS KajbLiUTa poMOO-
SIpUUECKHE KPUCTAIIIBI C YeTKO Pa3TUIMMBIMU TPaHsI-
MU (puc. 4).

Ckynbntypa TpaHeil (MopdoIoTUsi TTOBEPXHOCTH)
POMOORAPUIECKUX KPUCTAJUIOB MOXKET CYIIECTBEHHO
pasnuuarbes. st KpucrannoB, chOpMUPOBAHHBIX TTPU
yaactum Oaxkrepuit Bacillus alkalinitrilicus, Bacillus

(&

pomboagpuyeckme / rhombohedral
cdepunyeckme / spherical
ncesnoky6uyeckue / pseudo-cubic
nnactuHyaTble / plate
npuamMartuyeckue / prismatic

qoln=lamd

3

pomboagpuyeckme / rhombohedral
cpepuyeckune / spherical
ncesnokybuyeckne / pseudo-cubic
nnactuHyarble / plate
raHTeneobpasHbie / dumbbell-like
vrone4yaTtble / needle

Puc. 3. YacToTa BCTpeyaemMoCTu B CTaTbsix KapOOHATOB KasbLMs Pa3inyHO-
ro obnvka (%): a — nonumopdHas moandukaumsa He NOEHTUDULMPOBAHA;
b — kanbunT

Fig. 3. Frequency of occurrence of calcium carbonates of various
appearance (%): a — polymorphic modification is not identified; b — calcite
tion is hindered by the initial polyminerality of the ce-
ment system, including the presence of relict and prima-
ry calcite crystals in the cements and therefore, it is
often not given due attention. As a rule, the issue simply
refers to calcium carbonates (considering calcite, which
is most common both in nature and in the biominerali-
zation of construction materials) [66, 68]). The authors
of publications note aragonite and waterite much less
often (Fig. 1).

The frequency analysis referring to various polymor-
phic modifications depending on the species of bacteria,
precur-sorors, and the method of biomineralization of
construction materials showed the absolute dominance of
calcite for all the factors assessed (Fig. 2).

Morphology of formed calcium carbonates
Frequency of crystals and clusters of calcium carbonates
of different appearance

Crystal morphology is primarily determined by
the class of symmetry, but also depends on crystalli-
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¢ — Sporosarcina pasteurii [61]

Puc. 4. Kpuctannbl kanbumta, o6pasoBaBLUnecs nog, AeictBuem 6aktepuii (cnesa Hanpaso):

Fig. 4. Calcite crystals formed by bacteria (from left to right): a — Bacillus pasteurii [17]; b — Bacillus sphaericus [39]; ¢ — Sporosarcina pasteurii [61]

Puc. 5. Ckynbntypa rpaHeii pom60o3apuyeckmx KpUcTanioB Kanbuuta, o6pas3oBaBlUMXCA Non, AeictevemM OGakTepuii (cnesa HampaBo): a — Bacillus

alkalinitrilicus [36]; b — Bacillus pasteurii [17]; ¢ — Bacillus cohnii [42], d — Sporosarcina pasteurii [46]
Fig. 5. Sculpture of the faces of rhombohedral calcite crystals formed by bacteria (from left to right): a — Bacillus alkalinitrilicus [36]; b — Bacillus pasteurii [17];

¢ — Bacillus cohnii [42]; d — Sporosarcina pasteurii [46]

10.6 pm_
bl T
1 "‘ Vi Ny

/

CaCO, Crystals

Puc. 6. Mopdoorus CpocTKoB KPUCTAIOB KasibLmTa, CHOPMUPOBaHHBIX B pe3ynbTaTe Bo3aeicTBus 6aktepuit: a — Bacillus cohnii [35]; b — Synechococcus

sp. [72]; ¢ — Deinococcus radiodurans [20]

Fig. 6. Morphology of calcite crystal clusters formed by bacteria: a — Bacillus cohnii [35]; b — Synechococcus sp. [72]; ¢ — Deinococcus radiodurans [20]

pasteurii, Bacillus cohnii u Sporosarcina pasteurii, Xapaxk-
TEPHBI MHOTOYPOBHEBBIE IIIarPEHEBbIC MOBEPXHOCTU C
MHOXECTBOM OI'paHEHHBIX HApOCTOB (puc. 5).

B oTnenbHBIX paboTax yKa3bIBa€TCS HA BO3MOXHOCTD
GopMUPOBaHUSI CPOCTKOB KPUCTA/UIOB KaJlbIIMTa pa3-
JIMYHOTO OOJIMKA CO ClIelaMU pacileruieHus (puc. 6, 7):
MPU3MATUYECKUX — BBITSIHYTBIX B OJHOM IJIOCKOCTH C
XapaKTepHBIM I'pyObIM pesibeoM (puc. 6, a, b); raHtene-
BUIHBIX (pUC. 6, ¢) ¥ MCEBIOKYOMYECKUX U3 TUTACTUHYA-
TBIX KpUCTAJIJIOB (puc. 7).

Apazonum. OOBIIHO 00pa3yeTcsl B BUIAC UTOIbYATHIX
KPUCTAJIJIOB U UX arperatoB (puc. §).

Bamepum. ®opmupyeTcst B BUie BbICOKOIOPUCTBIX
chepryeckux oOpa3oBaHUIl MUKPOHHBIX U CyOMU-
KPOHHBIX PasMepoB C IIEPOXOBATON IOBEPXHOCTHIO
(puc. 9) u, IBASIACh MeTacTaOMILHOI (DOPMOIL, ITyTeM
MepeKPUCTALIU3ANNN TpaHCHOPMUPYETCS B Kallb-
uut |5, 6, 15].

zation conditions. So for trigonal calcite (symmetry
class 3m) — the most common biomineral — rhombo-
hedral crystals are most typical. However, dumb-
bell-like, pseudo-cubic, globular, and other forms of
crystals are formed due to uncontrolled crystalliza-
tion, high growth rate, solution supersaturation,
cleavage and twinning. Quite often, the authors point
to needle formations and spherical forms of calcite.
At the same time, it should be noted that needle crys-
tals and their clusters are characteristic of rhombic
aragonite (symmetry class mmm), and spherical glob-
ules, which usually consist of smaller crystals, are
characteristic of hexagonal waterite (symmetry class
6/mmm).

Calcite. Excluding polymorphic modification, the fre-
quency of occurrence of calcium carbonates of various
appearance increases as follows: prismatic — plate —
spherical — pseudo-cubic — rhombohedral (Fig. 3, a). In
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Puc. 7. Mopdonorus nceBookybuyecknx CpOCTKOB KPUCTANNIOB KanbumTa, COPMUPOBAHHbLIX MO,
neicterem baktepwii: a — Bacillus sphaericus [37]; b — Bacillus sp [44]; ¢ — Bacillus sphaericus [49]

Fig. 7. Morphology of pseudo-cubic clusters of calcite crystals formed by bacteria: a — Bacillus
sphaericus [37]; b — Bacillus sp [44]; ¢ — Bacillus sphaericus [49]

Puc. 8. Uronbyatble KpuUcTanibl aparoHMTa U Ux CpocTkn, obpas3oBasLuMecs nof, Aenctanem bakre-
pwvii (cneea Hanpago): a — Bacillus sp. [9]; b — Bacillus subtilis [45]; ¢ — Bacillus cohnii [35]

Fig. 8. Needle crystals of aragonite and their clusters formed by bacteria (from left to right): a — Bacillus
sp. [9]; b - Bacillus subtilis [45]; ¢ — Bacillus cohnii [35]

L
Chloride crystal

Qad | -
J £~ % Vaterite

e
Y N
Ca-rich products

' . X 5 L
Puc. 9. Mopdonorus kpuctannmyeckmux obpasoBaHuii BaTeputa, ChOoOpMUPOBaHHbLIX NOA, AEACTBUEM
pa3nunyHbiX GakTepuin (cneea Hanpaso): a — Sporosarcina pasteurii [6]; b — Bacillus subtilis [27];
¢ - Bacillus pasteurii [66]; d — Bacillus sphaericus [60]; e — Bacillus sphaericus [69]; f — Myxococcus
xanthus [68]

Fig. 9. Morphology of crystal formations of waterite formed by various bacteria (from left to right):
a - Sporosarcina pasteurii [6]; b — Bacillus subtilis [27]; ¢ — Bacillus pasteurii [66]; d — Bacillus

the case of calcite, this sequence var-
ies slightly: pseudo-cubic / plate —
dumbbell-like — needle / spherical —
rhombohedral (Fig. 3, b).

The dominant form of biogenic
formations is calcite-specific rhom-
bohedral crystals with distinct faces
(Fig. 4).

The sculpture (surface morpholo-
gy) of rhombohedral crystal faces can
differ significantly from each other.
Crystals formed by Bacillus alkalini-
trilicus, Bacillus pasteurii, Bacillus
cohnii u Sporosarcina pasteurii are
characterized by multilevel shagreen
surfaces with many edged clusters
(Fig. 5).

Some works indicate the possibil-
ity of forming clusters of calcite crys-
tals of different appearance with trac-
es of cleavage (Fig. 6, 7): prismatic —
elongated in one plane with a
characteristic coarse topography
(Fig. 6, a, b); dumbbell-like (Fig. 6, ¢)
and pseudo-cubic from plate crys-
tals (Fig. 7).

Aragonite. 1t is usually formed as
needle crystals and their aggregates
(Fig. 8).

Waterite. 1t is formed as porous
spherical formations of micron and
submicron dimensions with a rough
surface (Fig. 9) and, being a metasta-
ble form, is transformed into calcite
by recrystallization [5, 6, 15].

Effects of the generic composition
of bacteria
The analysis of earlier publica-
tions on the genus specificity of
bacteria [79] used in biocarboniza-
tion processes showed that Bacillus

sphaericus [60]; e — Bacillus sphaericus [69]; f — Myxococcus xanthus [68]

Bausanue podosozo cocmaea 6axmepuii

BhInosIHEHHBII paHee aBTOpaMy aHaIu3 ITyOJIMKa-
1IUii TI0 POAOBOI MPUHAMIEXKHOCTU OakTepuit [79], uc-
MOJIb3YEMBIX B TIpolieccax OMoKapOOHU3aIlUK, ITOKa3all,
YTO HamboJjee YacTo IJisl TOoJyYeHUs KapOOHATOB Kajlb-
LIMST UCTIONBb3YIOTCA OakTepuu pona Bacillus (14 BumoB),
KOTOpbIe 00JIaIaloT MaKCUMAaJIbHOM IPOMYLUPYIOIIEH
CITIOCOOHOCTBIO M (POPMUPYIOT HAMOOJIBIIIEE pa3HOOOpa-
3ue MOpGoIOrnIeckux hopM KpHUCTaUIOB. Pe3ynbraThl
PaHXUPOBAHUSI 110 MOPGOJIOrMU KPUCTALUIOB U CPOCT-
KOB KaJIBIIMTA TIOJT IECTBUEM TAaHHOTO pojia OaKTepuil B
MOPSIAKE YBEIMYCHUSI MOXHO IIPEICTABUTh CICAYIOLINM
00pa3oM: UTOIhbUAThIC/TaHTEIcO0pa3HbIC — TUIACTUHYA-
Thle — TCeBIOKyOMUecKkue — chepuyeckue — poMbo-
sapuyeckue (puc. 10).

bacilli (14 species) are most often

used for the production of calcium
carbonates, which have the maximum producing abil-
ity and form the largest variety of morphological
forms of crystals. The results of the ranking according
to the morphology of crystal and calcite clusters un-
der the action of these bacteria in an increasing order
may be represented as follows: needle / dumbbell —
plate — pseudo-cubic — spherical — rhombohedral
(Fig. 10).

A number of papers showed that such bacteria as
Bacillus sp. |9], Bacillus cohnii [35] may cause the deposi-
tion of aragonite needle crystals (Fig. 12, a), while the
microorganisms of Synechococcus [75], Sporosarcina |5,
6], Lysinibacillus [15], Bacillus [27, 55, 60, 66, 69, 73],
Mpyxococcus [15] — stimulate the deposition of spherical
forms of waterite (Fig. 12, b).
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Puc. 10. YactoTa 06pa3oBaHnsa KPUCTAINIOB U CPOCTKOB KaNbLMTa pasnmy-
Holi mopdonorun (%) noa Aevictenem baktepuin popa Bacillus

Fig. 10. Frequency of calcite crystals and their clusters of different
morphology (%) formed by Bacillus bacteria

Honst 6akrepuii poma Bacillus cocraBusier 72,5%,
ocrasimecs 28,5% NpUXOAATCS Ha IE€BITh BUIOB OaKTe-
puii (puc. 11).

B psge paboT mokazaHO, YTO Takue OaKTepuu, Kak
Bacillus sp. [9], Bacillus cohnii|35], MOTYT BbI3bIBaTb OCaX-
JIEHE WUTOJIbYATBhIX KPUCTAJUIOB aparoHuTa (puc. 12, a),
a MUKpoopraHusMmbl pomaa Symechococcus [75], Sporo-
sarcina |5, 6], Lysinibacillus [15], Bacillus [27, 55, 60, 66,
69, 73], Myxococcus [68] — cTUMYIMPOBATh OCaXKICHUE
chepuueckux popm Bateputa (puc. 12, b).

Takum 00pa3oM, B 3aBUCMMOCTH OT POIOBOU TIPH-
HAUIEXKHOCTU I10 TOBBIIICHUIO YacTOThl YIOMWHAHUS
OakTepuu, MPONYIUPYIOIINE KaJIbLMUT, KaK HauboJjee
PaCHpPOCTPAHEHHYIO MOJUMOPDOHYIO MOAUDUKALIUIO,
pacriojlaralotcsi B CJICAYIONIICH IT0CIeI0BaTeIbHOCTHU:
Lysinibacillus/ Diaphorobacter/ Pseudomonas — Synecho-
cystis — Micrococcus — Deinococcus — Synechococcus —
Sporosarcina — Bacillus.

Bausanue npexypcopoé 6uomunepaauzauuu

Mopdoorusi aHaAIM3UPYEMbIX KPUCTAJUIOB TaKXkKe
3aBUCUT OT COCTaBa MPEKYPCOPOB, CTUMYIUPYIOIIUX
Ipo1ecc KapOOHATHOM OMOMMHE-
panu3zanuu. AHaau3 25 BUIOB Ipe-
KypCOPOB, HCTIOJIb3YEMbIX B OMO- @
TEXHOJIOTUSIX, TIPUMEHSIEMBIX KaK B
BUJI€ OTIEJbHBIX BEIIECTB, TaK U B
COYeTaHUM ApYr ¢ APYroMm, IOKa-
3aJ1, YTO Yallle BCETO UCIOIb3YeTCs
CaCly. Ha BTOpOM MecTe 1Mo 9acTo-
T€ TIpUMEHEHUSI — MOYEBUHA
(NH?)2CO, sBnsiomasicsi akTuBa-
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Puc. 11. YacTtota o6pa3oBaHns KpUCTaIOB KasibLMTa U X CPOCTKOB pas-
nnyHo mopdonorum (%) non genctevem GakTepuii (3a UCKIOYEHUEM
6akTepuii poaa Bacillus)

Fig. 11. Frequency of calcite crystals and their clusters of various
morphology (%) formed by bacteria (except for Bacillus bacteria)

Thus, depending on genus specificity and in terms of
the frequency of occurrence the bacteria producing calcite
as the most widespread polymorphic modification may be
arranged in the following sequence: Lysinibacillus/
Diaphorobacter/ Pseudomonas — Synechocystis — Microco-
ccus — Deinococcus — Synechococcus — Sporosarcina —
Bacillus.

Effects of biomineralization precursors

The morphology of the analyzed crystals also depends
on the composition of the precursors that stimulate the
carbonate biomineralization process. The analysis of
25 types of precursors used in biotechnology both as sin-
gle substances and in combination showed that CaCly is
most commonly used. (NH»)>CO urea being the activa-
tor of enzymatic activity of bacterial cultures holds the
second place. Most often, when calcium chloride and
urea are introduced, rhombohedral calcite crystals are
formed, as well as spherical clusters of plate calcite crys-
tals (Fig. 13). Pseudo-cubic and spherical clusters crys-
tallize most often when CaCly, (NH7)2CO, Ca(NO3)2,
NaCl, FeSO4, MgS0y4, ZnSO4, MnSOy4, (C3H503)-Ca,
Ca(CH3CO0O0), C4H7NO4, (NH4)2SO4 are added both
in single-component use and in combination with each

Sporosarcina pasteurii
Bacillus sphaericus
Bacillus subtilis
Synechococeus
Myxococcus xanthus
Brevundimonas diminuta
Bacillus alcalophilus

TOpoM (hepMEHTATUBHOU aKTUBHO-
CcTUu 0aKTepUabHbIX KyJbTYp. Hale
BCEro Mpu BBEJECHUU XJIOPUIA KaJTb-
LU U MOYEBUHBI (HOPMUPYIOTCS
poMOO3apHUYECKHAE  KPUCTAJLIBI
KaJbpliUTa, a Takxke cdepuyeckue
CPOCTKM W3 TIJIACTUHYATBIX KPHU-

20 20 Lysinibacillus sp. ‘

0 20 40

YacTtoTa BCTPEYaeMOCTU B INTEPATYPHbIX UICTOYHMKAX, %

Frequency of occurrence in literature, %

Puc. 12. YactoTta o6pa3oBaHus KpUCTanioB KapOoOHATOB KasnbLMS U UX CPOCTKOB PasniviyHoM Mopdo-
noruv nop, aeictenem Gakrepuin (%): a — aparoHuTa; b — BatepuTa

Fig. 12. Frequency of calcium carbonate crystals and their clusters of different morphology formed by
bacteria (%): a — aragonite; b — waterite
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crajioB KajbuuTa (puc. 13). [IceBnokyomueckue
U cheprueckue CpPOCTKU KPUCTAJTU3YIOTCS
yaie Bcero npu godasnenuu CaCly, (NH7),CO,
Ca(NO3)2, NaCl, FeSO4, MgS0Oy4, ZnSOg4,
MnSO4, (C3H503)-Ca, Ca(CH3CO0OO)j,
C4H7NO4, (NH4)2S04, KaK npu OTHOKOMIIO-
HEHTHOM WCIIOJIb30BaHWM, TaK M B cOYeTa-
Huu apyr c apyrom. Ilpu BBeaenuum CaCly,
(NH3)>CO, NaCl, (C3H503)-Ca B bakTepuaib-
HBIIy MHOKYJISIT MOTYT TakXe (hOopMUPOBATHCS
KPUCTAJLUIbl aparoHUTa WrojbyaToil (OpMHBI.
CaClp, NaCl n (C3H503)-Ca, NaHCO3 cmo-
COOCTBYIOT 3apOXACHUIO U POCTY MpU3MaTUYe-
CKUX KPUCTAJUIOB U TAHTEJIEOOPa3HBIX CPOCTKOB
KajgpiuTa. CrpynnupoBaHHBIE 110 TPUMEHSIe-
MBIM TIpeKypcopaM Mopdoaoruyeckue (GpopMbl
KPUCTANIMYECKMX HOBOOOpPA30BaHUI MpopaH-

pomboagpuyeckmne -l |||
rhombohedral
o chepuyeckmne
= spherical = (NH:):C0 = CaCl:
s 2 B (CHsOs)Ca = NaCl
88 nceBﬂ%'g’Eé":_eC%KbMig = Ca(NOs): = Ca(CHCOO0):
g2 P = MgSO. = FeSO.
go nnacTuH4yaTtble " NaHCO» = MnSOs
g g plate B NH.CI " Na:CO»
[ = KCl = ZnSO.
s g ol MnCiz = CJHNO
& B (NHa):504 Ca(C:H:01)s
g0 npuamaTuyeckme CuSOw5H0 K:HPO.
s prismatic CaCaHwOs = CaCOs
ranTeneogpaztic NedPOCIHO
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YacToTa BCTpe4yaemMocTu B IMTepaTypHbIX UCTOYHUKAX, %
Frequency of occurrence in literature, %

Puc. 13. BavsHue npekypcopoB 6akTepuanbHOi BruoMmnHepannsaumm B Cpeae LLeMeHT-
HOro KaMHsl Ha MOPdOIOrMI0 KPUCTANIOB KapOOHATOB KaNbLIMS 1 UX CPOCTKOB (%)

Fig. 13. Effect of bacterial biomineralization precursors in cement stone medium on
the morphology of calcium carbonate crystals and their clusters (%)

KMPOBAaHbI B IIOPSIKE YBEJIWYEHUS] YaCTOThI
YIIOMWHAHWSI B CIIEAYIOIICH ITOC/IeIOBaTeIbHO-

CTU: TaHTeJeoOpa3Hasi/Ipu3MaTuieckKas — MIojabya-
Tas — KyOMuecKkas/TuilacTUHYaTas — cdepuyeckas —
pomMboanpuyecKas.

Bausanue cnocoba esedenuss 6axmepuaibHoIx Kyabmyp
U Npexypcopos

IIpeobGnagaHue KpUCTA/UIOB KajbliMTa poMOO3Ipu-
YecKoil (hopMbI OTMeEUaeTcs TpU BCeX CIocobax BBe-
JeHUs1 OaKTepUalbHBIX KYJIbTYp M IIPEKypCOpPOB
(puc. 14, a, b; Tabin. 1 1 2 COOTBETCTBEHHO).

Ecnu yyecTh 1 poioBYI0 IIPUHAICKHOCTh OaKTePUii,
IIpUMeHsIEMbIE TIPEKYPCOPBI U CIIOCOO BBEIEHUST OaKTe-
PUAJBHBIX KYJIbTYp M TIPEKYypCOPOB, YacTOTa BCTpeyae-
MOCTU KPUCTAJJIOB KapOOHATOB M MX CPOCTKOB B 1ie-
MEHTHOUW CHUCTeMe YBEJIMYMBAETCSI CJIEMyIoIMM olpa-
30M: TaHTeJeoOpa3Has/IlacTUH4YaTass — MroJibuaras/
rnpusMaTuuyeckass — IICeBIOKyOMYecKas/IiacTuHYa-
Tas — chepuyeckast — poM0Oo3AprUIecKasl.

CpaBHeHue MOP(OJOTUN KPUCTAJIJIOB U KapOoHa-
TOB KaJIbIIMsI M WX CPOCTKOB, 0Opa3oBaBIIMXCSI MPU
pa3IuUUHBIX cIocobax BBEACHUS MHULIMATOPOB OUO-
kpuctayu3anuu (tabdna. 1 u 2), moka3eIBaeT, 4TO MPU
BBEJICHUU OAKTepUil U IIPEKYPCOPOB B COCTAB PaCTBOP-
HOM CMECH IO CpaBHEHMIO C JIOKAJbHOW 00pabOoTKOI
yaiiie HabJIoaal0TCss HOBOOOPAa30BaHUS HENIPABUIBHOMN
U r1ooynsipHoit hopmel [16, 28, 20, 61, 77]. DT0o MOXKET
CBUJIETEILCTBOBATh B TOM 4uciie 00 amopdHOCTH Ya-
CTHUII, a TAKXKE O BHICOKOI CKOPOCTH KPUCTAIU3ALINU.
[Tpu nokanpHO# 0O6paboTKe (Tads. 2) TOTOBBIX (B 3a-
BOJCKUX YCJIOBUSIX) WJIM IKCIUTyaTUPYEMBIX (HAITpH-
Mep, TIPU PEeMOHTE JIMOO pecTaBpallMOHHBIX paboTax)
OCTOHHBIX M3ACIUIl pacTBOpPaMU, COACPXKAIIMMU OaK-
TepUAIbHBI areHT W IPEKypCOpbI, Ha IMOBEPXHOCTHU
00pa3LoB yallle HabJII0Jal0TCsI POMOO3ApUYECKUEe KPU-
CTaJUThl KaJIbIIUTA, T. €. UAMOMOP(HBIC KPUCTAJUINIE-
ckue obpasoBanus [61, 67, 77], npuHUMaIOIIE CBOM-
CTBEHHBIE MM KpuUCTajjorpadudeckue odepTaHUs, U
ux arperathbl. [1pu 3TOM HOBOOOpa30BaHUS C XOPOIIEH
OTpaHKOI HAOJIOMAIOTCA U B MTOPOBOM TPOCTPAHCTRBE,
KakK MpY BBEACHUU NUHUILIUATOPOB OMOKAPOOHATOB B CO-

'g I

other. Needle-shaped aragonite crystals may also be
formed when CaCly, (NH»)>CO, NaCl, (C3H503)-Ca
are added to the bacterial inoculum. CaCly, NaCl and
(C3H503)-Ca, NaHCO3 promote the emergence and
growth of prismatic crystals and dumbbell-like calcite
clusters. Morphological forms of crystalline neoplasms
grouped by the used precursors are arranged in the in-
creasing order of the frequency of occurrence in the fol-
lowing sequence: dumbbell/prismatic — needle — cubic/
plate — spherical — rhombohedral.

Effects of the method of introduction
of bacterial cultures and precursors

The predominance of rhombohedral calcite crystals is
observed in all methods of introduction of bacterial cul-
tures and precursors (Fig. 14, a, b; Tables 1 and 2, respec-
tively).

Taking into account the generality of bacteria, the
precursors and the method of introduction of bacterial
cultures and precursors, the frequency of carbonate crys-
tals and their clusters in the cement system increases as
follows: dumbbell/plate — needle/prismatic — pseudo-cu-
bic/plate — spherical — rhombohedral.

The comparison of the morphology of calcium crys-
tals and carbonates and their clusters formed by various
methods of introducing the biocrystallization initiators
(Tables 1 and 2) shows that unlike local treatment when
bacteria and precursors are introduced into the solution
mixture, neoplasms of irregular and globular form are
more common [16, 28, 20, 61, 77]. This may indicate,
among other things, the amorphous nature of particles,
as well as the high crystallization rate. In the local treat-
ment (Table 2) of ready-made (under factory condi-
tions) or used (for example, during repair or restora-
tion) concrete products with solutions containing a
bacterial agent and precursors, rhombohedral calcite
crystals are more often observed on the surface of the
samples, i.e. idiomorphic crystal formations [61, 67,
77] taking their characteristic crystallographic profile,
and their aggregates. At the same time, neoplasms with
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Puc. 14. YacToTta BCTpe4aeMoCTu KPUCTaNIOB 1 CPOCTKOB KapBoHaTOB KanbLms pa3nnyHoi mopdonorumn (%), Nnony4eHHbIX Npy BBEAEHUN NPEKYPCOPOB
kapboHaTHOM MUHEpan3auun 1 6akTepuanbLHOro areHTa/areHToB B CocTaB 6@ TOHHOM CMecK (a) U Npu NIoKasbHOM 06paboTKe CBEXENPUrOTOBNIEHHbIX U

aKCnayaTnpyembix 6ETOHHLIX N3aenuii pacteopamu (b)

Fig. 14. Frequency of occurrence of crystals and clusters of calcium carbonates of various morphology (%) obtained when introducing carbonate
mineralization precursors and bacterial agent/agents into the concrete mixture (a) and when locally treating freshly prepared or operated concrete products

with solutions (b)

cTaB OETOHHOI CMeCH, TaK U MpHU JIOKaJbHOI 00padboT-
K€ — Pa3JIMYHON CTEIeHU IMPOMMUTKIA UMU TOTOBBIX U3-
JCTTUIA.

3akioueHne

IIpoBeneHa cucteMaTu3alys JUTEPATYPHBIX JaHHBIX
10 TOJIMMOPDU3MY U OCOOCHHOCTIM MOPMOIIOTNU KpH-
CTaJIJIOB U CPOCTKOB KapOOHATOB KaJibLUsl, (POpMUPYE-
MBIX TIpU OaKTepuaabHON OMOMUHEpATIU3allui B Cpelie
LIEMEHTHOTO KaMHSI TIPW Pa3JIMIHBIX OMOTEXHOJIOTHYEC-
CKUX YCJIOBUSIX. BBIIBIECHBI OTIMYUS B MOP(OIOrUu
KPHUCTAJIJIOB I CPOCTKOB KapOOHATOB KaJIbIINsI, CBSI3aH-
HbIE C BUJOBBIM COCTaBOM OaKTepUii, TUTIOM MCIIOIb3Yye-
MBIX TIPEKYPCOPOB M TEXHOJOTMIECKUMU YCIOBUSIMU MX
npumeHeHus. [lonoxkeHo Hayajao B cO3JaHUM artjaca
MOPGOCTPYKTYpP MPOAYKTOB KapOOHATHOI OMOMMHEpa-
JIN3aIIUN B OMOTEXHOJIOTHSIX CTPOUTEIHHOTO MaTePHaJIo-
BeICHMUSI.

[TosyueHHBIE pe3yabTaThl MOXKHO pacCcMaTpPUBaTh
KaK TIepBbIe 1IaTU K BBISIBICHUIO (DAKTOPOB YIIpaBICHUS
IpoIeccaM CTPYKTYPOOOpa30BaHUS ILIEMEHTHBIX CH-
CTeM U CO3JIaHMI0 KOHTPOJUPYEMBIX TEXHOJIOTUIA TpU-
MeHeHUs OaKTepHraabHON OMOMMHEpaIU3auu ISl T10-
JIy9IEHUS] CTPOUTENBHBIX MaTepHajioB C 3aJaHHBIMUA
CBOMCTBAMM.

HAYYHO-MexXHU4eCcKUil U npou3800CEeHHbLI JHCYPHAN

good faceting are also observed in the pore space both
when introducing initiators of biocarbonates into the
composition of the concrete mixture and during local
treatment — with various coating ratio of finished prod-
ucts by them.

Conclusion

Literary data on polymorphism and peculiarities of
morphology of calcium carbonate crystals and clusters
formed during bacterial biomineralization in the medi-
um of cement stone under various biotechnological con-
ditions were systematized. Differences in the morpholo-
gy of calcium carbonates crystals and clusters associated
with the species composition of bacteria, the type of
precursors used and the technological conditions for
their use were revealed. The foundation for the atlas of
morphostructures of carbonate biomineralization prod-
ucts in construction materials science biotechnologies
was laid.

The obtained results may be considered as the first
steps to identify the control factors of cement systems
structurization and to create controlled technologies for
using microbial biomineralization to obtain construction
materials with specified properties.
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KoMno3uuuoHHble LLeMeHTbl HU3KOW BOAONOTPEOHOCTM.
BO3MOXHOCTU 1 nepcneKkTuBbl NPUMEHEHUS

B CTPOUTEJIbHbIX MaTEPUanax

PackpblBatOTCH BO3MOXHOCTU KOMMO3WULMOHHbIX LIEMEHTOB HU3KOI BOJONOTPEGHOCTM AMs peLieHns Npo6iem akonorum,
pecypcoc6epeeHins 1 3HepronoTpe6neHns B CTPOUTENbHON 0TPac. [OKa3aHo, YTO OHWU MOTYT U3TOTABIMBATLCA C HUSKUM
COAepPXaHNeM KJMHKepa — rMaBHOr0 UCTOYHNKA YINEKUCNOro ra3a, NpUBOAALLEro K NapHUKoBOMY 3(peKTy Ha nnaHeTe.
BAXyLLMe 0TBEYAKT KPUTEPUAM HAUMYHLLNX AOCTYNHbLIX TEXHOMOMWiA NPON3BOACTBA C MUHUMANbHbIM HEraTUBHLIM BO3/ENCTBUEM
Ha OKpYXatoLLyto cpefy. Mpn 3TOM N0 TEXHONOTMYECKUM 1 3KCNyaTalMOHHO-TEXHUYECKUM NMOKA3aTeNaM LIeMEHTbI HU3KOI
BOJONOTPEGHOCTM CYLLIECTBEHHO MPEBOCXOAAT PSA0Bble 0GLLECTPOUTENbHbIE NOPTNAHALEMEHTbI KAK POCCUACKIX, TaK U
eBPONECKIX NPON3BOAMUTENEN. B 3aBUCUMOCTI OT TNA U TBEPAOCTU MUHEPANbHbLIX KOMMOHEHTOB, XUMUYECKUX 106ABOK U
npoLeaypbl NOMONA paclunpeHbl BUAbI KOMNO3MLUOHHbIX LEMEHTOB HU3KOW BOLAONOTPEGHOCTI Ha OCHOBE KapGoHATHbIX NOPOJ,
30/-YHOCA W 30M10LLAKOBbIX 0TX0/10B, IOMEHHbIX 11 3NeKTPOTEPMOCOCHOPHBIX LUNaKoB. MpeacTaBieH psag CTPOUTENbHbIX
MaTepuManos, B KOTOPbIX OHU NPOsBASIOT ce6s Hanbonee 3PheEKTUBHO, TAKUX KaK ManOKNIMHKEPHbIE, MeCYaHble U
BbICOKOMPOYHbIE BETOHbI, UHbEKLIMOHHbBIE 1 CAMOBbIPABHUBAKOLLUECS CyXIe CMECU ANs PeMOHTHbIX pa6oT. B Lienom nokasawo,
4YTO B GNUKANLLIEA NEPCMEKTUBE AaHHbIA TUN BAXKYLLUX [OMKEH CTaTh OCHOBHbIM MPOAYKTOM LIEMEBHTHOI NPOMbILLINEHHOCTY

B Poccun n 3a py6exom.

KnioyeBble cnoBa: KOMNO3WLMOHHbIE LLEMEHTbI HU3KOM BOAONOTPEOHOCTH, YrNiepoHas HeNTpanbHOCTb, OTXOAbI MPOMBILLSIEHHOCTH,

3KONOrMYHOCTb, 3HEProathPeKTUBHOCTb, PECYPCOCEEPEXEHNE.

Ins yutuposanus: XoxpskoB 0.B. KoMNo3nLMOHHbIE LEMEHTbI HIU3KON BOJONOTPEOHOCTH.
B03MOXXHOCTM 1 NepcnexkTBbl NPUMEHEHNS B CTPOUTENbHBIX MaTepuanax // CtpoutenbHele matepuansi. 2022. Ne 1-2. C. 123-133.
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Composite Cements of Low Water Demand. Possibilities and Prospects of Application in Building Materials

The possibilities of composite cements of low water demand for solving environmental problems, resource conservation and energy consumption in the construction industry are
revealed. It is shown that they can be made with a low content of clinker — the main source of carbon dioxide, which leads to a greenhouse effect on the planet. Binders meet the criteria
of the best available production technologies with minimal negative impact on the environment. At the same time, in terms of technological and operational-technical indicators,
cements of low water demand are significantly superior to ordinary general-construction Portland cements of both Russian and European manufacturers. Depending on the type and
hardness of mineral components, chemical additives and grinding procedure, the types of composite cements of low water demand based on carbonate rocks, fly ash and ash slag
waste, blast furnace and electrothermophosphoric slags have been expanded. A number of building materials are presented in which they manifest themselves most effectively, such as
low-clinker, sand and high-strength concrete, injection and self-leveling dry mixes for repair work. In general, it is shown that in the near future this type of binders should become the

main product of the cement industry in Russia and abroad.

Keywords: composite cements of low water demand, carbon neutrality, industrial waste, environmental friendliness, energy efficiency, resource conservation.

For citation: Khokhryakov 0.V. Composite cements of low water demand. Possibilities and prospects of application in building materials. Name. Stroite/’nye Materialy [Construction
Materials]. 2022. No. 1-2, pp. 123-133. (In Russian). DOI: https://doi.org/10.31659/0585-430X-2022-799-1-2-00-00

B HacTosiiee BpeMsl TJIOOAJIbHBIE 3KOJIOTUYECKUE
po0JIeMbI IIPU3HAIOTCS IPUOPUTETHBIMM [UISI BCETO Ye-
noBevectBa [1—3]. Iloucku myTteit ux perieHus eie C
80-X IT. IMpOULIJIOro CTOJIETUSI MPUBEIU K pa3paboTke
KoHnienmu ycToiunBOTO pa3BUTHs, IPUHSITON B UIOHE
1992 r. B 1. Puo-nge-Xaneiipo. B Hosiope 2016 1. BCTymu-
J10 B cuity Ilapukckoe corjaiieHue Mo KJIMMary, paTh-
uumposanHoe 193 ctpanamu (P® npuHsiia ero B CeH-
T6pe 2019 r., HOo He patuduuuponana). Lleapb
CornaireHus1 — He JOTYCTUTh POCTa CpeaHEN TeMIepa-
Typbl Ha 3emite K 2100 1. 6osee yeM Ha 2°C 1 10OUTHCS
YIJIEPOIHOM HEUTPATBHOCTH (OaJTaHC MEXTY BHIOpOCaMU

U TIOTJIOLIEHUEM MTapHUKOBbIX Ta30B) K 2050 r. [Tpu aTom
[JIABHBIM 13 ILIEeCTH MapHUKOBBIX ra3oB IpusHaH CO»,
o 00beMy BbIOpOCca KoToporo Poccust 3aHUMAaeT yeTBep-
Toe MecTo B mupe. 2 uronst 2021 r. IlpesumeHt PP
B.B. Ilytun monmucan 3akoH Ne 296 «O cokpallleHun
BBIOPOCOB MApPHUKOBBIX Ia30B», BCTYIMUBIIUN B CHJTY C
1 auBaps 2022 r.

KirouoM K penieHuo IIo0aJbHBIX 3KOJOTMYECKUX
npodJieM SBISIETCSI HAMETUBILUICS TIEPEeXo] MUPOBOA
9KOHOMWKHM OT JIMHEWHOU MOAEIN TTPOU3BOJCTBA U TIO-
TpebjeHus: (100bIBaeM—HUCII0Jb3yeM—BbIOpPAChIBAEM) K
LIUPKYJISIPHOM, TJIaBHBIM IIPUHIIAIIOM KOTOPOIA SIBJISIETCS
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BO3BpaT MCIIOJb30BAHHOIO IPOAYKTA U OTXOJOB €ro
MPOU3BOJACTBA [JIsI BTOPUYHOU mepepabotku [4, 5].
HupkynsgpHasi 5KOHOMUKA, 1EJIbI0 KOTOPOW SIBIISIETCS
BOCCTAaHOBJICHHE IIPUPOJHOrO, MPOU3BOACTBEHHOIO U
YeJIOBEUECKOTO KamuTaia, a TakXkKe BO30OHOBJIEHUE pe-
CYpCOB, MO3BOJIUT €XErogHO B MMPOBOM MaclluTadbe Ha
100 MJIH T CHU3UTh 3aXOPOHEHME OTXOHOB, COKPATUTH
npoMmbliluieHHble BoiOpockl COy Ha 45—65%, nosydyaTh
npuobLIb 1 TpiH noy. CHIA. I'maBHBI ITyTh peann3anuu
MIPUHITATIOB 3KOHOMUKM 3aMKHYTOTO IIMKJIa — 3TO BHE-
JNpeHue HAWTY4YIIUX TOCTYITHBIX TEXHOJIOTUI TTPON3BOI-
crtBa u norpednenust (HAT), cyTb KOTOPBIX COCTOUT B
9HeprocoepekeHM U MUHUMaJIbHOM HEraTMBHOM BO3-
neiicTBuM Ha okpyxatolnyio cpeay (HBOC) — BeiOpocoB
1 cOpPOCOB OTXOMOB B aTMOC(EPY, BOIOEMBI, Ha 36MJTIO B
pacyeTe Ha €IMHUILY BpEMEHU WM Ha eAMHUILY IIPOU3-
BOIMMO¥ TIPOIYKIIUM (TOBapa).

Ocobag poab B MpeaoTBpalleHUM BbIOPOCOB YIJie-
KMCJIOTO ra3a OTBOAUTCS MUPOBOW LEMEHTHOW WHIY-
CTpUHM, Mpou3Boasdlleil Gomee 4,6 MIpA T/T. 3TOrO
BaxKHEWIIEero MpOAYyKTa JIs CTpouTenbcTBa [6—8].
LleMeHT — OCHOBHOI KOMIIOHEHT OeTOHa, a OETOH —
IJIaBHBII CTPOUTEIbHBIA MaTepual B MUPEe — OTHOCH-
TEJIbHO HEJOPOTOii, YHUBEPCAJIbHbII B UCTIOJb30BAHUH,
MOJTy9aeMBIii IT0 HU3KOZHEPro3aTPaTHBIM TEXHOJIOTHSIM
U3 JIETKOIOCTYITHOIO ChIphbsi. Ho riaBHOE — 3TO eaMH-
CTBEHHBIM CTPOUTENBHBIM MaTepuall, CIIOCOOHBIN OT-
BeyaTh MOCTOSIHHO PAaCTYyIIUM IMOTPEOHOCTSIM 4eIoBe-
yecTBa MPU OrpaHMYEHHBIX pecypcax. [1pm aTom 6eToH
HEOrpaHWYEH B COBEPIICHCTBOBAHUU W MPUMEHEHUU
MHHOBAaLIUM.

TexHoylornst MPOM3BOJCTBA IIEMEHTA SIBJISIETCS] IHEP-
TeTUYECKM U 3KOJIOTUUEeCKU yuiepOoHoii. Pacxon ycios-
HOTO TOTUTMBA Ha 00XUT KinHKepa nocturaet 200 Kr/T,
a 3aTpaThl JEKTPOIHEPTUU Ha pa3IUUHbIE MEepeaeibl U
momoJ coctaBisitor 121 kBtu/T 6e3m00aBOYHOrO 1Ie-
meHTa LIEM 0. ITpu npousBoacTBe 1 T KinHKepa odopa-
gyetcst cBbiie 900 kr CO; npu aekapOOHM3ALMU W3-
BECTHSIKA U CXXWTaHWM TOIIMBA IJIs OOXUTra IIUXTHI.
DHepro- M 3KOJOornMIecKas yIepOHOCTh ITPOM3BOJACTBA
MOPTJAAHALIEMEHTA BbIHYIMWJIA YCTAHOBUTbH AJISI HEro u
0eToHa KpUTEePU KITMHKEPOEMKOCTH, T. €. YeM MEHbIIIE
KJIMHKepa B IIEeMEHTe, a [leMeHTa B OETOHEe, TeM BBIIIIE
MmokasaTejb MX 3KOJOTMYECKOil pe3yJbTaTUBHOCTU B
CTPOUTEJIHCTBE.

Haubonee pacnpocTpaHeHHBIM (TpaaULMOHHBIM)
CIOCOOOM CHMXKEHUSI KIMHKEPOEMKOCTU B MUPOBOI
LIEMEHTHOM IMPOMBIIIVIEHHOCTH SIBJISIETCS ITPOM3BOACTBO
CMEIIaHHBIX (KOMIO3UIIMOHHBIX, MHOTOKOMIIOHEHT-
HBIX) IIEMEHTOB, «pa30aBICHHBIX» TOHKOMOJIOTBIMU 10~
0aBKaMM MPUPOIHOTO UM TEXHOT€HHOTO MPOUCXOXKIE-
Hus [9, 10]. OgHaKO OHM MMEIOT psII HEIOCTAaTKOB, Ta-
KNX KaK TTOBBIIICHHAs BOHOITOTPEOHOCTh, MEHbIIAs
aKTUBHOCTH IO CPaBHEHUIO C 0e3100aBOYHBIMU BSIXKY-
IIUMH U JIP.

B Hacrosiiiee BpeMs U B TePCNEeKTUBE €IMHCTBEHHbI-
MM IIeMEHTaMM, B KOTOPHIX, C OMHOM CTOPOHBI, HAM0O-
see 3(ppeKTUBHO peaTu3yoTCsl BO3MOXHOCTHU KIMHKepa
U1 MUHEPaJIbHBIX 100aBOK, a C IPYroif — OHU OTBEYAIOT Ha

HAYYHO-MeXHU4ecKuil U NPoU3800CMBeHHbII HCYPHAN

Nopr. e UHB-100
(“_"l'"""“m' %) A (meos-M1te0)
WHE-7D
== (MB0D-MBOD )
(70-30 mac. %)
{HB-50
(MADE-MT00)
Cynepnaacnsbrikarep ~ "
{1...4 % or I|HB) g §HE-30
(M300-81400 )

Cblpbe, pasHOBUAHOCTU 1 Mapku LIHB
Raw materials, varieties and grades of LWDC

TJIO0ATBHBIN 9KOJIOTUICCKUN BBI3OB, SIBIISIIOTCS LIEMCH-
Thl HU3KO# BogonoTpedHocTu (LIHB). D10 oTeuecTBeH-
Hast pazpaborka 8§0—90-xx IT. MPOIILIOTO CTOJETHSI, KO-
TOpas ToJyJaeTcss IyTeM coBMecTHoro rmomoja ITLI-
KJIMHKepa i 0e3100aBOYHOTr0 LIeMEHTa C MUHEPAJIbHBIM
HAITOJTHUTEJIEeM W BomopacTBopuMbIM ITAB (cymeprura-
ctupukatopom) [11, 12]. Bspkymme knaccuuuupyoT
Ha LIHB-100, 70, 50, 30, roe yncao o3HavyaeT comepKa-
Hue (B %) LieMeHTa (M1 KIIMHKepa) o Macce. Mapka rno
MIPOYHOCTHU IPU CKATUU MOXKET BapbupoBaThes oT 300 1o
1100 (cM. pCYHOK).

JoctounctBom LIHB sBisiercst To, 4TO OHM:

— aHAJIOTWUYHBI MOPTIAAHALEMEHTY IO IIPOCTOTE TEX-
HOJIOTMH TIPUMEHEHMST B OETOHAX U APYTUX MaTepurajax;

— IO3BOJISIIOT «pa30aBUTh» (HAIIOJIHUTDH) IOPTIAHI-
LIEMEHT JEIIeBBIMU MPUPOIHBIMUA TOPHBIMU ITOPOJAMU
WJIX KPYITHOTOHHAXKHBIMU MPOMBIIIJIEHHBIMU OTXOJaMU
IO COOTHOIICHUI TTOPTIaHAIeMeHT/HarmoaHuTe b 20:80
C TOJIyYeHHUEM MapKM BSDKYILIEro Ha YPOBHE MPOMBbILII-
JICHHBIX LIEMCHTOB;

— M0 TEXHOJIOTMY TIPOM3BOACTBA — BSKOJOTHMIECKU
YUCTHI, TaK KaK OTCYTCTBYIOT BHIOPOCH B OKPYKAIOIIYIO
cpeny KaKux-JIM00 ra3oB WM ITbUIN;

— MIPOU3BOACTBA MajoKJIMHKepHbIX IITHB (momons-
HBbIE KOMIUIEKCHI) MOXXHO pa3MellaTh BOJU3KU MOTPeOU-
TeJe-TIPOM3BOIUTENIC OeTOHAa M 3KeJIe300eTOHa WU
BOJIM3U KPYITHBIX OTBAJIOB MOAXOISIIIMX IO COCTaBY MPO-
MBIIIJICHHBIX OTXO/IOB;

— 110 00JIaCTU MPUMEHEHUSI MOTYT BBIITYCKAThCS HE
TOJBKO B BHJIE MAJIOKJIMHKEPHOTO BSIKYIIETO IS 00-
LIECTPOUTEIbHBIX PA0OT, HO U CIIELMAIbHOTO Ha3HayYe-
HUS (BBICOKOAKTHBHOE, OBICTPOTBEpACIOIIee, HAampsra-
fouiee u ap.).

K texnuyeckum gocrouHcrBaMm LIHB oTHOCsTCS BBI-
COKasl TeXHOJIOTMIHOCTD, CBSI3aHHAS ¢ HAJIMIMEM B €TO
cocTaBe cynepruiacTudukaTopa U (QYHKIMOHAIBHOTO
HAITOJIHUTEJIs, HepaccllauBaeMOCTh OCTOHHOI CMecH,
YCKOPEHHBII HAOOp TTPOYHOCTH, BO3MOKHOCThD ITOJTyJe-
HUsI BBICOKOITPOUHBIX OETOHOB U TIP.

HecMoTpst Ha HaKOIJICHHBIA 00BEM SKCIIEPUMEH-
TajbHBIX JaHHBIX 110 IIHB 1 6eToHOB Ha MX OCHOBE, HE
W3y4YeH PSiI BaXKHEMIITNMX BOIIPOCOB II0 TEXHOJIOTHU I10-
JIyIEeHWS, BIUSHUIO HAIIOJTHUTENICH pa3IMIHON TIPUPO-
Ibl U MEXaHU3MY IUIaCTU(MUKALIMK 1LIEMEHTHO-BOIHBIX
cycnieHsnit. Crioco6 monyyenust IIHB orpanmumBaercs

Gryourrin e
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Results of scientific research

Ta6nuua 1
Table 1

CpaBHUTeNbHbIE CBOMCTBA KAapGOHaTHbIX U kKpeMHe3eMucTbix LLHB-50, npuroToBneHHbIX Mo pa3HbIM TEXHOJIOTMSM MOMOa
Comparative properties of carbonate and silica LWDC-50, prepared by different grinding procedures

Mpouenypbl npurotoBneHms LIHB-50
MokazaTenb CoBmecTHas PaspenbHas
Ha KBapLEBOM Mnecke Ha N3BECTHSIKE Ha KBapLUEBOM Mnecke Ha N3BECTHSIKE

YpenbHasi NOBEPXHOCTb, M2/KF 500-550
OHeproaaTpaThl, KBT-u/kr 53 0,5 57 1,4
HopmanbHas ryctota, % 20,5 16,7 20,8 16,8
Cpoku CxBaTbIBAHUS, Y-MUH:

Hayano 1-25 2-00 2-00 2-10

KOHeL, 2-30 2-35 2-40 2-55
[MPOYHOCTb LLEMEHTHOIO KaMHS Npu 105 87 107 120
cxaTtum yepes 28 cyT, MlMa
BoaouemeHTHoe OTHOLEeHNne 0,28 0,27 0,28 0,27
AKTUBHOCTb Npu n3rube/cxaTnn B
YCNOBUSIX HOPMAJIbHOIO TBEPLAEHWS
yepes, MlMa:

1cyr 4/26 3/13 5/29 5/33

28 cyt 6/49 4/33 6/50 6/61

TOJIKO COBMECTHBIM ITOMOJIOM 0€3 yueTa TBepAOCTH MU-
HEpPaJbHBIX KOMIIOHEHTOB. B KadecTBe XWMHWYECKOTO
MoIMrdUKaTOpa UCIOIL3YIOT TOJLKO CYIIepIiacTuguKa-
TOP, TJIaBHBIM 00pa3oM Ha HaTaIMHGbOPMaIbAETUIHON
OCHOBE, a JIJIsSl HATIOJIHEHUSI — KPEeMHE3eMCOoIepKalllue
MUHepaJIbHbIe J00aBKM (KBaplieBble Teckn). B cBs3m ¢
5TUM pa3pabOTKa HOBBIX KOMIO3UIIMOHHBIX LIEMEHTOB
HU3KOU BOIOMOTPEOHOCTU C PACHIUPEHHON ChIPHEBOM
0a30il 1 00JIaCTbIO MPUMEHEHUS SIBJISIETCS aKTyaJbHOMN
3a/a4yeil B MaTepuaaoBe4ecKOM, IKOJIOTMYECKOM U 3KO-
HOMMYECKOM acIieKTax.

PaccmoTrpum psig komno3unmoHHeix LIHB u ctpou-
TEJTbHBIX MAaTePUAJIOB Ha UX OCHOBE, TPUTOTOBJIEHHBIX C
HCTOJIb30BAaHUEM Pa3IMIHOIO 110 MPUPOJIE ChIPbSI.

Kapoonarusie IIHB

Becbma mpuBieKaTeIbHBIMU C TEXHUKO-3KOHOMMU-
yeckoil Touku 3peHus sasisiorcs LIHB, nmonyyeHHble ¢
HCITOJIb30BaHWEM KapOOHATHBIX opo [13], mMOCcKob-
Ky OHM (M3BECTHSIKH, JTOJIOMUTHI, JOTOMUTHU3NPOBAH-
HbIE M3BECTHSIKM) — CaMble PAacIpOCTPaHEHHBIE TOP-
HbIE MMOPOJBI OCATOUHOTO IMPOUCXOXKICHMS B €BPOIICii-
ckoii yactu P®, rie ”MeroTCsI COTHU MECTOPOXKICHUIA.
KapboHatHble mopoabl SIBIASIOTCS HauboJjiee AOCTYI-
HBIM U JEIIeBBIM CBIPhEM, B YACTHOCTH 3TO KacaeTcs
BBICEBOK (MEJIOUN) IPOOUIBHO-COPTUPOBOUYHBIX Y3JI0B,
KOTOpBIE, MO CYTH, SBISIOTCA oTrxogamMu. OTaudum-
TeJIbHasi 0COOEHHOCTh 3TUX MOPOJl — BHICOKAsI pa3Mo-
JIOCIIOCOOHOCTh B CPaBHEHUM C KpeMHE3eMCOIepKa-
UM ChipbeM (B 2—3 pasza), 4To, OYEBUIHO, CHIXKAET
MPOIOJKUTEIbHOCTh M3MEIbYCHUSI U DHEpPro3aTpathbl
Ha mpousBoactBo LIHB. Bonee 50 nmer Hasam Obuio
ycTaHOBJIeHO [14], uTo KapOOHATHBIE TTOPOIITKN YMEHb-
1IaI0T BOAOIOTPEOHOCTD, paccjianBaeMOCTh U BOIOOT-

nesieHrue OETOHHBIX CMeCeil, MOBBIIIAIT UX MIACTHY-
HOCTb, TJIOTHOCTb, OJJHOPOAHOCTb, CHMXAIOT YCAAKYy,
BOJIOMOIJIONIEHUE W TEIUIOBbIACICHUE MPU TBEPACHUU
OETOHOB.

OpmHako TPAaAUIIMOHHOE M3TOTOBJICHUE ITUX BSKY-
IIMX MYyTEM COBMECTHOIO IOMOJia OKa3bIBaeTCsl Hedd-
(beKTUBHBIM, TOCKOJIbKY KapOOHATHBIE TTOPOIBI UMEIOT
no 1kajle Mooca HEBBICOKYIO TBepAOCTh (3—3,5)
B CPaBHEHMM C TOPTIAHALEMEHTHBIM KIWHKEPOM
(6—6,5). DTO MPUBOIUT K OIEpEXKAIOLIEMY M3MEJIbYe-
HUIO 3aMeIIAI0IIero HAITOJHUTEISI U HEAOU3MEIbUeHUIO
kiauHKepa. B cBsa3u ¢ aTuM kapo6oHatHbeie LIHB teneco-
oOpasHee IoJy4yaThb IO pa3fAeJbHON TEXHOJIOIUU
(Tabn. 1), a UMEHHO TyTeM MEePBOHAYAIBHOTO U3MEJb-
YeHUs TOPTIaHILIEMEHTa C CyNepIIacTU(UKATOPOM
(LIHB-100) 1 mocienyomuM UX 10MOJIOM ¢ KapOOHAaT-
HOW TTOPOIOH.

MHBIMU TOCTOMHCTBaMU, KOTOPBIMM 00JIafaloT Kap-
o6onatHbie LIHB, gaBnsitoTcs:

— BBICOKAsl TEKY4YeCTb M CBSI3HOCTb, IO3BOJISIOINIAS
MOJIy4yaTh CaMOHMBEJIUPYIOIINECS OCTOHHBIC CMECH U
0TKa3aThCsI OT BUOPOYTUIOTHSIIONIETO 000PYIOBaHMS;

— MOBBIIIEHHAs] paHHSS MPOYHOCTh 3a cUeT 00pas3o-
BaHUS TUIPOKAPOOAUTIOMUHATOB KaJIbIIMSI, UYTO TTO3BOJIUT
COKpPaTUTh CPOKMU pachaqyOKu MOHOJUTHOrO OeTOoHa U
CHU3UTD 3aTpaThl HA TEIJIOBIAXKHOCTHYIO 00pabOTKy Ha
3aBonax KbU;

— 3HAUMTEJIbHAsI COXPAHSIEMOCTDb MOABMXKHOCTH, YTO
TO3BOJIUT YBEJTMYUTH PAJINYC MOCTABOK TOBAPHOTO OETO-
Ha 0ETOHOCMECHUTEIbHBIMU YCTAHOBKAMU U YMEHBIIUTh
3aBHUCHUMOCTh OT aBTOMOOMJIBHBIX IPOOOK B KPYITHBIX
ropojax;

— MOBBIIIEHHBIE 3alllUTHBIE CBONCTBA MO OTHOIIIC-
HUIO K CTaJIbHOM apMartype B 3Kejie300eTOHE, TTOCKOJIbKY
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Ta6nuua 2
Table 2
CpaBHuTeNnbHble GU3NKo-MexaHudeckme ceovictea LLEM | 42,56 u LIHB Ha 3one-yHoca
Comparative mechanical-and-physical properties CEM |1 42,5B and LWDC on fly ash
LIHB-30 LIHB-50
[MokasaTenb LEMI 42’5I§ c cogepxanmem Crl-1 (% ot LIHB)
MOPAOBCKUIA
1 2 1 2
YpaenbHas NnoOBEPXHOCTb, M2/KF 350 470 470 460 467
HopmanbHas ryctoTta, % 26,5 27,3 26 26,2 25,1
Cpoku CxBaTbIBaHUS, Y-MUH:
Hayano 3-10 4-20 6-10 3-25 3-50
KOHeL, 4-20 8-50 11-40 6-10 5-50
BoooLemMeHTHOE OTHOLLEHNE 0,45 0,36 0,34 0,36 0,35
AKTVMBHOCTb NMpu n3rnbe/cxaTnn B yCI0BUSX
HOpPManbLHOro TBepaeHus Yepes, MlMa:
1cyt 3/13 3/14 3/12 4/20 4/23
28 cyt 6/49 6/51 6/57 7/63 7/70
Mapka BsXyLLEro no NPOYHOCTM NP CXaTumn 500 500 550 600 700
Ta6nuua 3
Table 3

CpaBHuTenbHble cBovicTBa NMNLU50040 u LLHB-50
Comparative properties of PC500D0 and LWDC-50

Mu50040 OAO «BonbCKUEMEHT» LIHB-50 Ha ocHoBe
Mokazatenb
6e3 C-3 cC-3 OTOLW ALl

YaenbHasi TOBEPXHOCTb BSXKYLLEro, M2/KF 320 320 480 465
Copepxxanue CI C-3 (% oT BaXyLLEero) - 1 1 1
HopmanbHas ryctota (HIM), % 25 20 22 22
CHwmxeHwue HIM, % - 20 12 12
Cpoku cxBaTbIBaHUS, Y-MUH:

Ha4ano 2-35 1-30 3-50 4-10

KoHeL, 3-50 5-35 7-50 5-30
BoaouemMeHTHoe OTHOLLEeHMe 0,44 0,35 0,33 0,31
AKTUBHOCTb Npu n3rnbe/cxatmm B yCIOBUSAX
HOpManbHOro TBepaeHus Yepes, Mlla:

1cyr 3/14 4/16 2/10 5/28

28 cyt 6/54 7/62 7/66 7/86
Mapka BsiXyLLEero rno npo4yHOCTM Npu cxaTum 500 600 600 800

KapOOHATHbIE HATOJHUTEIN HE B3aUMOIECHCTBYIOT C
TUIPaTHOM U3BECTHIO U He CHUKaloT pH.

ITHB Ha 30;1ax-yHoca 1 30JI0ILIAKOBBIX 0TX0AAX

Okosio 80% 5251eKTPOIHEPTUM, BbIpabaThbIBAEMOIl B
Poccuu, mpuxonurest Ha OO TETIIOBBIX JIEKTPOCTAH-
LM, CKUTAIOLIMX TBEPAOE TOIInBoO [15, 16]. VI3 MuHe-
panbHON YacTH ITOCJICIHEro O0pa3yrTCs MUJIIUOHBI
TOHH 30JI-yHOCa M 30JI0IIJIAKOBBIX OTXOIOB, KOTOPHIE
YIAJSIIOTCSI COOTBETCTBEHHO 4epe3 JIeKTPOPUIbTPE U
10 cYCTeMaM THIpOoyaaieH!s. DTU OTXOAbI HAIUIA TITH -
pOKO€ NMPUMEHEHME B MPOU3BOICTBE CTPOUTEIbHBIX Ma-
TepuaaoB. B oCHOBHOM ObLIM MOJyY€Hbl UCKYCCTBEHHbIE

HAYYHO-MeXHU4ecKuil U NPoU3800CMBeHHbII HCYPHAN

MMOPUCTBIC 3aMOJHUTEIN [JIs1 JITKUX O€TOHOB (aryiono-
PUTOBBI U 30JIbHBIN TpaBuii, 6€300KUTOBBIA TpaBUit
U T. 1I.), INIMHO30JbHBIA KMPIIWY, BSIKYILIME (3070MOPT-
JIAHJLIEMEHT, U3BECTKOBO-30JIbHbIN LieMeHT, TTL ¢ mu-
HepaibHbIMU AobaBkamu, I1Ll — kinuHKep ¢ 30J0i1
WU T. I.) U Op.

OnHako ocoO0eHHO 3((EKTUBHO 30JIbI-yHOCA MpPO-
aBisioT ceds1 B coctaBe LIHB. HecMmoTpst Ha moBbILIeH-
HYIO JUCIEPCHOCTh 3TUX OTXOIOB, UTO HETaTUBHO OT-
paxaeTcsl Ha BOIOMOTPEOHOCTH OETOHHBIX CMeCceil, MO-
ryT ObiThb monydeHsl [IHB ¢ Bbicokumu ¢usuko-
MeXxaHU4YeCKMMU nmokaszareasimu. B Tabu. 2 npeacrasie-
HBl pe3yabTaThl UCIBITAHUI 30JBI-yHOCAa ['ycuHO-

(&SR = BHBIE
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Ta6nuua 4
Table 4
CocTaBbl TSXeNbIX 6ETOHOB
Compositions of heavy concrete
Pacxon MmaTepranos, Kr/m3
Cocras Bun uemenTa LLleBeHb 13 rpasus Mecok Cn-1 (% ot
LlemeHT _ Bopna
odp. 5-20 Mm Mgp=2,5 Macchl LeMeHTa)
1 LIEM 142,56 2,1(0,5) 160
420 1180 680

2 Kap6oHaTHbiii LIHB-50 - 115
Ta6nuua 5
Table 5

CpaBHUTeNbHbIE CBOACTBA TAXebiXx 6€TOHOB
Comparative properties of heavy concrete
YpaenbHbi pacxop, Ha ef.
MnoTHOCTL MpourocTs npu cxatun, MMa npo4YHocTKn, kr/Mla
Coctas OK, cm BGETOHHOIA
cmecu, kr/m3 nocne B BO3pacTe
NpONapuBaHMs 28 cyT LemMeHTa KnMHKepa
1 17 2365 32 38 11,1 10,4
2 21 2400 60 75 5,6 2,7

ozepckoit [POC dwmwmana OAO «OI'K-3» (Pecryonuka
bypstus, r. Ynan-¥Yns), odpasytoieiicsa npu cKuraHuu
yris TyrHyiickoro pa3pesa.

Kaxk BumHO 13 Ta01. 2, maxke pu COAep>KaHUU 30JTbI-
yHoca B KojuuectBe 70%, obecrneyuBaeTcsi BO3MOXK-
HocTh moisrydyeHust IITHB-30 mMapok mo mpoyHOCTH mpu
cxxatun Ha ypoBHe 500—550. ITpu 50%-M comepXaHUU
aToro orxona nonydeH LIHB-50 ¢ mapouyHoii nmpouHo-
cThio Tipu cxkatuu 10 700.

IIHB ¢ ucnoyib30BaHNEM TOMEHHBIX
U j1eKTpoTepModochopHbIX HLIAKOB

Homennsie nwtaku (1) u a3nexkTporepmodocdop-
Heie (DTOII), 10 cyTH, SIBISIOTCS BTOPBIMU ITO 00BEMY
KPYIMHOTOHHAaXXHBIMM KPEMHE3eMCOAEPXKAIIUMU OTXO-
JaMu, IIpobaeMa YTUIN3aIllui KOTOPBIX OCTPO CTOUT BO
BceM Mmupe [17, 18]. B cTpoutenbcTBe, Kak Hauboliee
eMKOM OTpaciu IepepabOTKM OTXOMOB, 3TU ILJIAKHU
HaILTM TIPUMEHEHNE B KAa4eCTBE KPYITHOTO M MEJIKOTO
3allOJIHUTE/ISI B ILIEMEHTHBIX OETOHAaX, B JOPOXKHBIX
OMIeXXIaxX M HACBHITISIX, B KAUSCTBE CAMOCTOSI TEIbHBIX TOH-
KOMOJIOTBIX aKTUBHBIX KOMIIOHEHTOB LIEMEHTHBIX O€TO-
HOB U IIp.

Okazayioch, 4TO LIIaKU He MeHee 3((HEKTUBHO MPO-
apistioT ceds1 u B LIHB. Kak 1 B ciyyae ¢ 3o01amu-yHoca,
00a 111aKa 006ecIeuyrnBaloT BICOKHE PU3UKO-MEeXaHUYe-
ckue nokaszareau LIHB u nuiibs He3HaUMTEIbHO 3aMe-
JISIIOT CPOKM CXBAaTBIBaHMSI LIEMEHTHOTO TecTa (Tab. 3).

M3 T1abu. 3 BULHO, YTO Ha OCHOBE YKa3aHHBIX OTXOIOB
obecneunBaetrcs noixydeHue LIHB-50 ¢ mapouHoii mpoy-
HocThio TIpu cxkatnu 600 mpu ucnobzoBanur DTOL n
800 — Ha ocHose JI111.

Komnosunuonnsie ITHB
B CTPOUTEJIbHBIX MATEPHAIAX

B03MOXXHOCTb MCITOJIb30BaHUS B COCTaBE KOMITO3M-
umoHHBIX LIHB HOBBIX XMMHUUYecKHMX MOAM(PUKATOPOB
(kpoMe cyriepriiacTudukaTopa) U HaAIMOJHUTENeH, Kak
TEXHOT€HHOI0, TaK M MPUPOLHOTO IMPOUCXOXKIEHUS, a
TakxXe BbIOOpa Hambosiee 3(P(PEKTUBHBLIX CXeM ITOMOJa
ITO3BOJISIET BBIITYCKATh CTPOUTENBHBIE MaTEepUaJIbl pa3-
nuyHoro HasHaueHusi. Ha ocHoBe IIHB 6e3 orpanuue-
HUIA, HATIpUMep, MOXET OCYIIEeCTBISATHCS TIPOU3BOIACTBO
PSIOBBIX OETOHOB /I COOPHOI'O ¥ MOHOJIUTHOTO CTPOM-
TEJIbCTBA, CYXUX CTPOUTEIbHBIX CMECEi 0011IeCTPOUTEIb-
HOTO ¥ CITeIIMaJIbHOTO Ha3HAUYEeHUSI, TYCUCTHIX, BHICOKO-
IIPOYHBIX, CAMOYIUIOTHSIOIIMXCSI, MEIKO3ECPHUCTBIX U
JIPYTUX BUJIOB OETOHOB.

[IpencraBuM HEKOTOPBIE BUABI CTPOUTEIIBHBIX MaTe-
pUAaIoB, B KOTOPbIX KoMo3uLroHHbie IIHB nposiBisior
cebs1 HauboJiee a(PHEKTUBHO.

MaioKJIMHKEPHbIE IIEMEHTHbIE 0€TOHbI

Kaxk Ob1710 0TMEYeHO paHee, KIMHKEPOEeMKOCTh 1ie-
MEHTa CTajla OCHOBHBIM TTOKa3aTejieM B 9KOJOTUIECKOU
pe3yJbTaTUBHOCTU CTPOUTEIbCTBA. DblT  BBeleH
EBpocranmapt EN197-1-2000 Ha 11ieMeHT, KOTOPBIii pe-
[JIAMEHTUPYET M CTUMYJIHMPYET BBINYCK U MPUMEHEHUE
MaJIOKJTUHKEPHBIX KOMIO3ULIMOHHBIX LIEMEHTOB, IO
CyTH, MHOTOKOMITOHEHTHBIX (Bcero 27 BumoB). B Poccun
9Ta TEHJEHIIMSI CErOfHsI OTpaxkeHa B OOHOBJICHHOM
I'OCT 31108—2020, KoTOpbIii BCTYNUI B CUITY C STHBApSI
2022 r. OH gonyckaeT coiepKaHue 3JeKTpoTepModoc-
(G OpHBIX U JOMEHHBIX IIUIAKOB 10 95%, cienoBaTebHO,
KJIMHKEpHasi 4acTh B COCTaBe IIEMEHTa HE IPEBBIIIAET
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Tabnuua 6
Table 6

CocTaBbl U CBoOMcTBa NnecyaHoro 6etoHa Ha MNL50040 n LUHB-50
Compositions and properties of sand concrete for PC500D0 and LWDC-50

Pacxon, MaTepuanos, kr/m3 MOOBMXHOCTL MpoyHocTb Npu narnbe/cxatnn, MMa
CocraB (pacnnbis
nus500 4o LIHB-50 Mecok Bopna KOHyca), MM TBO 1cyr 28 cyT
1 418 - 1380 200 122 5/37 3/11 6/52
2 - 418 1380 130 124 4,5/36 4/14 7/57
Ta6nuua 7
Table 7
CocTaebl u cBoiicTBa 6eToHOB Ha LLHB-100
Compositions and properties of concrete on LWDC-100
Pacxopn matepuanos, |<r/M3 MpoyHocTb Npu cxatunn, MlMa
Mapka no
CocTtaB B/L,
) LLle6eHb NoABUXHOCTU
LIHB-100 Mecok kBapu,. ®p. 5-20 MM yepes 1 cyT nocne TBO yepes 28 cyT
1 590 1010 0,2 48 85 120
550 n3
2 1600 - 0,23 57 92 130

5% (uemenTsl rpymnmbl LIEM 111), uTto cooTHOCHTCS € O-
3UPOBKOM XMMUYECKUX T00aBOK.

HecMmotps Ha 3T0, TeKyliasi CTpyKTypa CIIpoca OCHO-
BBIBACTCS Ha OOIIEeM CHIKEHUN KYJIbTYPBI MCIIOJIB30Ba-
HUS LIeMEHTa 110 Ha3HauyeHuto. Hepenko BMecTo maio-
KJIMHKEPHBIX 1IEMEHTOB HCIIOJb3YIOT 0e3100aBOYHbIE,
Hanpumep [TI50010, [ITEM 0 u IIEM I, anst npousBoa-
CTBa KJIAJOYHBIX U IITYKATYPHBIX PaCTBOPOB, XOTS MPU
BBIITYCKE MHOTHMX CTPOUTEIBLHBIX MAaTEPUAJIOB SKOHOMHU-
YECKU ¥ TEXHUYECKU 11eJ1eCO00pa3HO MPUMEHSITh HU3KO-
MapoyHbIe W J100aBOYHBIC IIEeMEHTHI. [IpakTUKy yMeHb-
LIEHUS JOJY IIIAKOMOPTIAHALIEMEHTa U YBEJIUUCHUS
IO BBICOKOMAapPOYHBIX IIEMEHTOB 03 T00aBOK CIICAyeT
MMPU3HATH SKOHOMWYECKU U SKOJOTHYECKH OIIMOOUHOIA.
OHa NMpUBOJIUT K YBEINUYEHUIO Ce0ECTOMMOCTH LIEMEHTa,
OeTOHA U CTPOUTEIIHLCTBA B IIEJIOM.

C npyroit CTOPOHBI, 1IEHbl Ha LIEMEHT, CBSI3aHHBIE C
WHQISIIAOHHBIM TaBIeHHWEM MW POCTOM TapudoB Ha
TPaHCHOPTHBIE NEPEBO3KU, DJEKTPOIHEPTHIO, a3 U BOLY,
€XEeroJHO BO3pacTaT Ha 5—7%. DT0 HEU30EXKHO IO~
TOJIKHET ITPOM3BOIUTEICH LIEMEHTHBIX MaTepUaioB N3bI-
CKMBATh CITOCOOBI MOBBILIEHUST KOHKYPEHTOCITOCOOHOCTU
MMPOAYKIINU, OTHUM M3 KOTOPBIX MOXET CTaTh IIMPOKO-
MacilTabHoe MPpUMEHEeHNE MaJTOKJIMHKEPHBIX LIEMEHTOB.

OueBugHo, yto IIHB B HaubomblIeit cTereHu oTBe-
YaOT KPUTEPUIO KIIMHKEPOEMKOCTH, IMTOCKOJIBKY B HUX
noiaHee U 3(P@eKTUBHEE peanu3yloTCcsT BO3MOXKHOCTU
KJIMHKEpa M BTOPBIX 3aMEIIaroIINX KOMITOHEHTOB. [1o
aTomy Kputepuio LIHB cymecTBeHHO mpeBocxoasiT 00-
IIECTPOUTEIbHBIC IIEMEHTHI, B TOM YHCJIC U €BPOTICHCKIX
npousBoauteneii [19]. Ilpu atom LIHB 1 6GeToHbI Ha X
OCHOBE OTBEUYAIOT CAMBIM XKECTKHUM DKOJJOTMUYECKUM Tpe-
0OBaHUSM 10 yIEJbHBIM 00beMaM BbIOpOCA YIJIEKUCIO-
ro rasa B atMocepy.

HAYYHO-MeXHU4ecKuil U NPoU3800CMBeHHbII HCYPHAN

B 1abn. 4 npencraBieHbl CPABHUTEIBHBIE COCTABbI U
cBoiicTBa (Taby. 5) Tsxeynoro OeTOHAa Ha PSITOBOM
LHEM 1 42,5b u xap6onatHom LIHB-50.

Kaxk BugHO 13 TabJ1. 5, yAEAbHBIN pacxo LieMeHTa U
KJIMHKepa Tskenoro 6erona Ha [ITHB-50 cymecTtBeHHO
HUXE B CPABHEHUU C PSIIOBBIM OETOHOM, MPUTOTOBJICH-
HBIM C MCITOJIb30BAaHMEM OOIIECTPOUTETHLHOTO LIEMEeHTA
LHEM 142,55.

ITecuaHbie MeJIKO3ePHUCTHIE OETOHDBI

Bo MHorux pernoHax ctpaHbl MO0 BOOOIIE HE UME-
eTCS MECTOPOXIEHMIA KPYITHOTO 3aIlOJTHUTEIS, U000
OHU MPEICTaBICHbI CJa0bIMU OCaZOYHBIMM ITOPOAAMU,
KaK, HalIpuMep, U3BECTHSIKM U JOJIOMUTHI B TaTapcTaHe,
MPaKTUISCKN HETPUTOMHBIC JUIST TTPOM3BOJCTBA KOH-
CTPYKIIMI U3 Xeje300eToHa. [ToaToMy moiayyeHue Ka-
YeCTBEHHOTO OETOHA C MCITOJIB30BaHNEM MECTHOTO ChI-
pbsl, B YACTHOCTHU KBaplieBOIO Iecka, UMEeT IS 3TUX
pernoHOB Oosblioe 3HaueHMe. CBOWCTBa IIECYAHOTO
OeToHa ompeAensioTcsl TeMU Xe (akTopaMH, YTO U
00b1yHOTr0. OMHAKO [IEMEHTHO-IIECUaHBINI OETOH MUMEET
HEKOTOpbIe 0OCOOEHHOCTH, 00YCIIOBIEHHBIC CTPYKTYPO,
IIJIS KOTOPOI XapaKTepHbI OOJbIlas OJHOPOAHOCTh U
MEJIKO3EPHUCTOCTh, BBICOKOE CONIEp>KaHNE LIEMEHTHOTO
KaMH$I, OTCYTCTBUE KECTKOro KAMEHHOI'O CKeJleTa, IMo-
BBIIIICHHBIC TTOPUCTOCTh M YAeJIbHAs Mexkdas3Has I10-
BEPXHOCTb.

B psine ciydaeB necuaHbIii 6eTOH MMeeT 00Jiee BLICO-
Kre (PU3MKO-MeXaHUYECKNE XapaKTePUCTUKU WM JOJITO-
BEYHOCTb, YeM OETOH Ha KPYMHBIX 3alOJHUTENSIX, YTO
IMO3BOJISIET CHU3UTHh MaTePUaJTOCMKOCTbh M ITIOBBICHTH
SKCIUTYaTallMOHHYIO HAaIeXKHOCTh KOHCTPYKIMH. [TOBBI-
IIEHHAsl TIPOYHOCTb IPU M3rMOe M BOJOHEIIPOHMIIAC-
MOCThH TTO3BOJISTIOT MCIIOJIb30BaTh IeCUaHbIi OCTOH IS
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Ta6nuua 8
Table 8
Knaccudukauusa cyxmx MHbEeKLMOHHbIX CMeCen, NoJly4eHHbIX Ha OCHOBe pa3nun4Hbix LULHB
Classification of dry injection mixtures obtained on the basis of various LWDC
Buabl KOMNO3ULMOHHBIX LIHB
Ha ocHoBe
Knaccudukaums no npusHakam Ha ocHoBe Ha ocHose LIHB-100 | Ha ocHose nssecTtkoso- CyNbdOANIOMIHATHORO
kap6oHaTHbIX LIHB-50 (BbICOKOMPOX.) kapboHaTHoro LJHB-50 Y
LIHB-100
10 KPynHOCTK YacTUL, CMecu ToHKoAMCNepCHble
LlemeHTHbIe,
Mo BuAay BaXyLLErO LlemeHTHbIE MN3BECTKOBO-LIEMEHTHbIE
cynbdoantoMMHaTHbIE

> MHBEKLMOHHbIE + + + +

S

€ 2 | pemoHTHbIe + + + +

Y

83 |o5
S ] :ozsg:%-smenmue * * * *

5o

=

®

é T | KOHCTPYKLMOHHbIE - + - +

© rMaponN3oNsLNOHHbIE - + - +
Mo cnocoby HaHeceHs MexaHnaupoBaHHoe
Mo ycnoeusim npumMmeHeHuns Lns HApY>XHbIX N BHYTPEHHUX paboT
Mo ckopocTu TBEPAEHNS HopmanbHOTBEpPAEOLWME BeicTpoTBEpPAEOLLINE

TOPOXHBIX ITOKPHITUI B paiioHAaX, IIe HET XOPOIIEro
meoHs u, o MHeHuo [20], TpuMeHeHNe BBICOKOTIPOY-
HBIX TOPOKHBIX O€TOHOB ¢ MEJIKO3EPHUCTOMN CTPYKTYPOt
HauboJiee 1eJiecoo0pa3Ho JJIs1 TOBBLIIIEHUST JOJITOBEY-
HOCTHU ITOKPBITUIA.

711 cpaBHUTEIbHO OLICHKM OBLIN ITOA00paHbI U UC-
MbITaHbI JBa cocCTaBa IlecyaHoro OetoHa Mapku 500
Ha Oe3mgobaBoyHoM mnopTiaaHauemente I[1L1500 10
OAO «BonbckiieMeHT» 1 Ha KapooHaTHOM LTHB-50 (mo-
nomuT BacunbeBckoro kapbepa Pecnyonuku Tartap-
CTaH M CyXOW MOJMKapOOKCUJIATHBIN cynepruiacTudu-
katop 1701, 0,5% ot maccel LIHB). B kauecTBe 3amonHu-
TeJs MCIIOJAb30BaH KBaplLEBbI IeCOK ¢ Mg=2,65.
ITombupanu cocTaBbl paBHOIIOIBVKHEBIX OCTOHHBIX CME-
ceil. Pe3ysibTaThl IpeacTaBieHbI B Ta0I. 6.

Kak BumHO 13 Tabi1. 6, BOAONOTPEOHOCTh OETOHHOI
cmecu Ha LTHB-50 Hike Ha 70 J1 Ipu ITOYTH paBHOM TTOI-
BIDKHOCTH (UTO OXXMIAEMO), HO IMIPOYHOCTH IIPHU M3THOE
rmecyanoro 6eroxHa Ha LIHB-50 mocie TeruroBmaskHOCT-
HOU 00pabOTKM HECKOJIBKO MEHbIIE, 4eM y OeTOHa Ha
I111500 10, omHako oHa BEIIIe TIoce 1 1 28 cyT TBepae-
HUS B HOpMaJIbHO-BJIaXXHOCTHBIX yCIoBuUsiX. [IpouHOCTD
npu cxxatuu 6etoHa Ha LIHB-50 BeIlIe, 4eM y KOHTPOIb-
Horo, Ha 10% B Bo3pacTe 28 CyT HOpMaJbHOI'O TBEPIC-
Hus. PaHHsa (cyTouyHasl) TIPOYHOCTH IPEBBIIIACT KOH-
TpOJIbHYIO Ha 27%.

Takum 06pa3oM, B IecyaHbIX OETOHAX TaKXKe 1IeJIeCOo-
obOpa3Ha 3ameHa 1iemeHTa Mmapku ITI500 J10 na IITHB-50.
ITpu aTOM BOIOMOTPEOHOCTH CMecell TIpU paBHOM MO -
BUXKHOCTU YMEHBIIIAETCsI, a MPOYHOCTh OETOHA HE CHU-
xaetcs. Kpome Toro, agppexktuBHocts LITHB-50 He 3a-
BUCUT OT MOYJISI KPYITHOCTH U (bpaKIIMOHHOTO COCTaBa
MPUMEHSIEMOTO ITecKa.

BricokonpouHble eMEHTHbIE OETOHBI

CoBpeMeHHBII TPEHJ B MUPOBOM CTPOUTEILCTBE —
BBICOKOTIPOYHEIC IIEMEHTHBIC OCTOHBI, KOTOPEIC IIPU-
MEHSIOT JJISI TPOM3BOACTBA HECYIIUMX KOHCTPYKIIMIA.
Hecmotpst Ha 00JBIIION pacxomd IeMeHTa, BEICOKOIIPOY-
Hble OETOHBI TTO3BOJISIIOT CHU3UTH padouue CeYeHUsl He-
CYIIIMX 2JIEMEHTOB U COOTBETCTBEHHO UX O0BEM, PACXO
apMaTypHOM CTaJIM 1 B IIeJIOM MacCy KOHCTPYKIIUI. DTO
MO3BOJISIET AOCTUTHYTh CYIIECTBEHHOTO TEXHUKO-3KO-
HOMUUYECKOro 3(ddeKkTa 3a cUeT COKpalleHUs odObema
MaTepUaJioB U CTOMMOCTH CTPOMTEIbHO-MOHTAXKHBIX
pabor [21].

MexaHoxuMuueckasl aktuBaus uemeHta B LIHB u
HU3KHE 3HaYCHUS BOAOIIEMEHTHOI'O OTHOIIIEHUS TTO3BO-
JISIOT MaKCHUMAaJIbHO WMCIIOIB30BaTh WX ITPOYHOCTHBIC
pecypcol. IX mpuMeHeHue, B CBOIO ouyepe/ib, JaeT BO3-
MOXKHOCTb ITOJTYICHMSI BHICOKOTIPOUHBIX OCTOHOB C KJ1ac-
camu 6osree B60.

IMogGop M ucneITaHME cocTaBa 3TUX OETOHOB OCY-
IIECTBIICH aBTOPOM IT0 OOBIYHBIM JIJIST TSKEJTBIX IIEMEHT-
HBIX OETOHOB METOAMKAM, HO C yYYETOM ITOBBIIICHHOM
aktuBHoctu [IHB M uX HU3KON BOmOMOTPEOHOCTH.
MzrorasnuBanu o6pasubi-Kyosr 10xX10X10 cM, TBepae-
HHUE KOTOPBIX MPOUCXOAWIO B HOPMAJIBHBIX YCIOBUSIX
(1 u 28 cyt), a Takke ¢ nmpumeHenreM TBO (3+6+3 4
npu Temieparype uzorepmuu +80°C) ¢ mpenBapuTesib-
HOIi BeIgepkKoit mipu 20°C B HOpMaIBHBIX YCIIOBUSIX B
TeueHue 4 4.

WN3rorosineHpl nBa cocTaBa OETOHOB Ha OCHOBE
LIHB-100 (¢  nonukapbokcuiaaTHoi  H00aBKOI
Stachement 2280) u3 hpaKIIMOHUPOBAHHOIO MeCKa OITHU-
MaJbHOTO COCTaBa M M3 CMECH 3TOTrO ITecKa CO IIeOHeM
(tabn. 7). @pakiMOHMPOBAHHBIN TIECOK cocTosl u3 60%
dp.5—1,25Mm;20% dp. 1,25—0,315mM; 20% bp.<0,315 Mm.
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Ta6nuua 9
Table 9
®dunsmnko-mexaHM4Yeckue XxapakTepUCcTUKN UHbEKLMOHHOM cMecu Ha ocHoBe LLHB-100 (BbicoKomnpou.)
npu pa3HoM BOAOTBEPAOM OTHOLLUEHUU
Physical and mechanical characteristics of the injection mixture based on LWDC-100 (high strength)
at different water-solid ratios
Mokazatenb En. nam. 3HayeHue nokasartens
CpepnHuin pazmep vacTu, MKM 5-10
CopepxaHuve 4acTuL, HanbosbLLEN KPYMHOCTHU % 0,5
BnaxHocTb No macce, He 6onee % 0,05
HackInHasa nnoTHOCTbL Kr/m3 950+50
MCTUHHasA NA0THOCTb Kkr/m3 305050
YnenbHas NOBEPXHOCTb, HE MeHee M2/Kr 800
BopoTteepaoe oTHoLEHME - 0,3 0,4 0,5
YcnoBHas BA3KOCTb MO BOPOHKe MapLua (BbIxogHOe 0TBEPCTUE T4,75 MM), c B 6542 29+
He MeHee
CepnmenTaums yepes 120 MuH % HeT 2+1 5+1
CoxpaHaeMOoCTb NepPBOHAYaNbHOM NOABUXHOCTU, HE MEHee MWH 40 60 80
[MpoYHOCTL pacTBOpa NP CXaTuu (HopMasibHO-BAXHOCTHOE TBepAeHne
(t=20-22°C, W>98%) B Bo3pacTe 1/2/7/28 cyT, He MeHee Mria 20/30/60/80 [ 10/15/40/50 | 5/10/15/25

W3 tabn. 7 BugHoO, 4yTo 00a cocTtaBa OeTOHA UMEIOT
BBICOKME 3HAUCHUS KaK paHHei (1 cyT), TaK 1 MapOUHOI
npouHocTH, a Takxke ipu TBO. I1pu 3TOM MeaKko3epHU-
CTHIH (ITecYaHblli) OETOH ONTUMAIBLHOTO (hPAKIIMOHHOTO
cocraBa 1ipu 6osbiieM B/l 1 paBHOI TOABMXKHOCTH TIO
CPaBHEHUIO C KPYIMHO3EPHUCTBHIM IIPEBOCXOIUT €0 IO
MMPOYHOCTM Ha BCEX 3Tarax TBepAeHUs, JOCTUTHYB Ma-
pouHoii mpouHoctu 130 MITa.

Cyxue nHbeKIMOHHbIE CMecH (MUKPOIIEMEHTHI)

MeTton MHBELIMPOBAHUS — OAWMH U3 caMbIX 3P dek-
TUBHBIX CITOCOOOB BOCCTAHOBJIEHMSI HECYILEeH CIocob-
HOCTU U LIEJIOCTHOCTU OETOHHBIX M KaMEHHBIX CTPOHU-
TEJbHBIX KOHCTPYKIIMI ITyTeM HarHCTAaHWS B HUX KUI-
KoOIi oTBepxKaaeMoil cMecu. OH MOXeT NMPUMEHSThCS Ha
JIFOOOM 3Tarle CTPOUTEIbCTBA M AKCIUTyaTalliM 30aHUN 1
COOPYKCHUI TSI OMOHOJIMYMBAHUS MUKPO- M MaKpo-
TPELIMH U ITyCTOT B TeJIE XKeJ1e3006 TOHHBIX KOHCTPYKLIMIA
W KUPIMIHBIX KJIAJI0K, YKPEIICHUS 1 00eCIIeYeHUS BO-
MOHEMPOHUIIAEMOCTH (OYHIAMEHTOB, OCHOBAaHUN U
rpyHTOB [22, 23].

st 3THX 1IesIeil HanboJIblIee pacIpocTpaHeHUE 10~
JIyUMIIM pa30aBiieHHbIE BOAON MHBEKIIMOHHBIE COCTABBI
Ha OCHOBE TOHKOIWCTICPCHBIX MITHEPATBHBIX BSIKYIIINX C
¢GyHKIMOHAbHBIMU J00aBKaMmu. Pexe (B culy 10poro-
BU3HBI MaTEPUAJIOB MUJIN OCOOBIX TPeOOBAaHMIT) MHBCIIN-
pOBaHME OCYIIECTBISIETCS CHHTCTUUCCKUMU SITOKCHUI-
HBIMU WJIY TTOJNYPETaAHOBBIMU KOMIO3UIIUSIMU, SMYJIb-
cusiMu Ha ocHoBe [IBA wium AMBUHUICTUPOJIBHOTO
JlaTekca, a TakkKe CUJIMKaTh3alei.

TpamnimoHHO MHBEKIIMOHHBIE COCTABBI M3TOTABIIM -
BalOT B BUJIE CYXMX LIEMEHTHBIX CMECEi IyTeM MeXaHu-
YEeCKOI0 CMEIICHMS Pa3JIMYHBIX TOHKOIMCIIEPCHBIX
KOMITOHEHTOB. WM BIostHe 0YeBUAHO, YTO UYeM MEHBIIIE
pasMep TBEPAbIX YACTULl MUHEPAJIbHOTO BSIKYIIETO U

HAYYHO-MeXHU4ecKuil U NPoU3800CMBeHHbII HCYPHAN

ero HaIMoJIHUTENICH, TeM OOJIbIIe TPOHMKAIOIIAS CITO-
COOHOCTh BOTHO-MUHEPaJIbHOU CyCIIEH3UU MpPU HarHe-
TaHWU B IOPUCTOE TeJIo (TPYHT, KaMeHb, OCTOH, KHMP-
Mnu4 U ap.).

M3 HaKOIJIEHHOIO OIbITAa MPOU3BOIACTBA MHBEKIIM-
OHHBIX PabOT MOXHO 3aKJIFOUUTh, YTO KOMITO3UIIMOH-
HbI€ 1LIEMEHTbl HU3KOW BOIOMOTPEOHOCTH OKa3aaucCh
BechbMa 3G (GEKTUBHBIMU IJIg 3TUX TexHojoruit. [Toiry-
YEeHHbIE MyTeM TOHKOIO M3MeJIbYeHHUs, OHU 00JagaloT
MOBBILIEHHO! TIPOHUMKAIOIIEH CIIOCOOHOCTBIO MPU Ha-
THETAaHWH B TEJIO KOHCTPYKIINY WJIU B TPYHT.

B Ta6a. 8 mpeacTaBieHbl pa3paboTaHHbIE BUABI CYXUX
WHBEKIIMOHHBIX CMECEH, IOJyJYaeMbIX IO TEXHOJIOTUH
IIHB u BcmomMoraTeabHbIX XUMHUYECKUX J100aBOK (cCTa-
OMIM3aTOpP, AaHTUBCIICHUBATEIb, YCKOPUTEb TBEPACHUS
n 11p.). B cooTBeTCTBUH ¢ 00J1aCThIO TIPUMEHEHUS CMECH
pasnesieHbl 1Mo KiacCUu(UKALIMOHHBIM MTPU3HAKAM.

Ha mpumepe WMHBEKIIMOHHON CMECHM Ha OCHOBE
IIHB-100 (BbIcOKOIPOY.) B Taba. 9 mpeacTaBieHbl Hu-
3MKO-MEXaHUYECKNE XapaKTePUCTUKU IIPU pa3HOM BO-
nporBepaom otHoiueHun. CormacHo I'OCT 33762—-2016
«Martepuabl 1 CUCTeMBI JUISl 3aIMTHI U PEMOHTA OCTOH-
HBIX KOHCTpYKIMU. TpeboBaHUS K WHBEKIIMOHHO-
VIUIOTHSIIOIIMM COCTaBaM M YIUIOTHEHMSIM TPelIrH, M0-
JIOCTEHW M pacCIIEJIMH», TOKa3aTeJIM CBOMCTB 3TOM CMECH
MO3BOJISIIOT OTHECTH €€ K MHBEKIIMOHHO-YTIJIOTHSIIOIIUM
COCTaBaM C aAre3MOHHO-CUJIOBBIM 3aMbIKAaHUEM TPEIIH
(rpynimia AC).

IIpoMmbllIIeHHOE MPOU3BOACTBO pPa3pabOTaHHbBIX
WHBEKIIMOHHBIX CMecell OBIJI0 OCBOEHO Ha 3aBOJIE
00O «HITO «ITakoap» (r. Kazans) B 2018—2019 rr. 3a
3TOT IEPUOA HA TEXHOJIOTMYECKON JIMHUM, UMEIOLIECI B
KauyecTBE OCHOBHOI'O MEXaHMYECKOro 00OpyIOBaHUS
BUOPAIMOHHO-IIIaPOBYIO MEJIbHUILY, ObLIO TIPOU3BEACHO
cBbite 400 T CyXxux MHbEKIIMOHHBIX CMECeil.
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Ta6nuua 10
Table 10

Knaccudukauusa cmecein cyxmx HanoJibHbIX CAaMOBbIPaBHUBAIOLLMUXCS, MOJTy4YE€HHbIX HA OCHOBE KOMMNO3ULMOHHbIX LIHB
Classification of dry floor self-leveling mixtures obtained on the basis of composite LWDC

CmMecu cyxve HanoJsibHble, MPUMEHsIeEMble NPK TeMNepaType oKpyxatoLLein cpeapl

3anoJiHnTend AncnepcHble

Csblwe +5°C Huxe +5°C Csbiwe +5°C Huxe +5°C
C mMapkow no NPO4YHOCTM NPU CXaTum
Knaccudukaumsa no npusHakam © [+ © © ©
? " sl s |2 2 < | E B E
¥ v 4
8 S S ® ® 3 S S = ® ® 1G]
o S ¥ 4 ¥
0 < © 2 2 < © © 2 S S S
S S o S S
< © < © [¢3]
Mo HanbonbLuel KPYNHOCTU 3ePeH ToHKO- PacTtBopHble

Menko3epHucTble (M)

PacTtBopHble kpynHo3epHucTble (K)

Mo Bnay BsAXyLLEro LlemMeHTHbIe

LlemMeHTHble, LlemeHTHbIE,
cynbdoanio- LlemeHTHble cynbdoanto-
MWHATHbIE MUHaTHblE

Mo dyHKLMOHaNBHOMY Ha3HaA4YEeHMIO

PeMOHTHbIE NMOBEPXHOCTHO-BOCCTAHOBUTEJIbHbIE, KOHCTPYKLUMOHHbIE, HAMOJIbHbIE,

CcaMOBbIpaBHMBatlOLWMECH

Mo cnocoby HaHeceHus

PyuHoe

Mo ycnosuam npuMeHeHns

[na HapyXHbIX U BHYTPEHHMX paboT

Mo ckopocTn TBEPAEHUA™

CE | H 5

Mo Buay npumeHsiemoit Grnbpbl

MonumepHasi/cTanbHas

Mpumeuanue. * H — HopmanbHoTBEpPAeoWwme, b — BuicTpoTBepaeiowme, Cb — cBepxObicTpoTBEPAEIOLLME.

CaMOBbBIPABHMBAIOIIMECS CYXHE CMECH
JUIsi PEMOHTA OETOHHBIX MOJIOB

IToJeI TTIPOM3BOACTBEHHBIX, KAJIBIX M O0IIIECTBEHHBIX
00BEKTOB, KaK IIPaBUJIO, M3TOTABIMBAIOT U3 LIEMEHTHOTO
6etoHa [24]. OHM UCIIBITHIBAIOT MHOXECTBO Pa3IMUHBIX
9KCIUTyaTallMOHHBIX BO3IEUCTBUM, CBSI3aHHBIX CO 3Ha-
KOITepeMEHHBIMU TEMIIepaTypaMu, YCamOIHBIMU Aedop-
MaIASIMH, VBJIaXKHEHUEM -BBICYIITUBAHUEM, a TAKIKE BITH-
SIHUEM XMMUYECKU arpecCUBHBIX cped. [1py 3TomM mosibl
JTOJIKHBI BBIICPKMBATh Pa3IMUHbIC CTATUIECKUE U TMHA-
MMYECKUEe HAarpy3KM OT MepeMelleHus JoAeit U IBUXKe-
HUSI KOJIECHOTO TPaHCIIOPTa, MEXaHUIECKOTOo 000pymI0-
BaHWS, CKJIIAIMPOBAHUS TIPOLYKIIMK 1 ip. Bee 310 mipn-
BOJUT K IMOCTETICHHOMY pa3pyIllIeHNIO OETOHHBIX MOJIOB,
KOTOpPOE MPOSIBIISIETCS B BUIE O0OpPa30BaHUSI CETKU MUK-
pPOTpEIIMH pPa3IMYHON MPOTSKEHHOCTH, OTIAeJICHUS
BEPXHETO CJI0S (IeTaMUHAIINS ), TIOBEPXHOCTHOTO IIIEITy-
meHus u np. [IpakTuka nmokasblBaeT, YTO HauboJIee Mpo-
CTBIM U 3 (PEKTUBHBIM CITOCOOOM YCTpaHEHUST OTTMCAH-
HBIX JIe(EKTOB SIBIISICTCS WMCIIOJIB30BAaHUE PEMOHTHBIX
CaMOBBIPAaBHUBAIOIIMXCS MaTEpPUaIOB, KOTOPhIC BBIITY-
CKaroT B BUJIC CYXMX LIEMECHTHBIX cMeceit [25].

ITockonbKy K caMOBBIpaBHUBAIOIIMMCS MaTepuagam
MIPEIBSIBIISIIOTCS TTOBBIIIICHHBIC TPEOOBAHMUS 10 TTOIBIK-
HOCTM M pacTeKaeMoCTH (MapKa IO pacIUIbIBY KOJIbIIA
P 6—P7), To LIHB, 06agast XOpoLInMu peoIOTHIECKM -
MM TIOKa3aTessIMU, OKa3bIBAlOTCSI Haubosiee TMpuemiie-
MBIMH JIJI HUX BSLKyIIMMU. KpoMe Toro, cyxue Hamoib-
Hble cMecu Ha ocHoBe LTHB o06ianaoT u MHBIMM ToJIe3-
HBIMM CBOMCTBAaMM MpPHU YCTPOMCTBE OETOHHBIX IOJIOB,
HaIpMep MOTYT BBIITYCKATHCS KaK OBICTPOTBEPACIONIN-
MU (¢ HopMupyemoii mpouHocThio 30—40 MIla B nipeae-
Jnax 1—4 4), TaK ¥ BBICOKOMPOYHBIMU (C KJIACCOM TIO

(CTPONIEIIBHBIE:

npoyHocTy Tnpu cxatuu a0 B100); kak KpymHO3epHU-
cThiMU (ToIIMHA 3aauBKM 10 300 MM), TaK U TOHKOIU-
CITepCHBIMU (TOJIIIIMHA 3aJTMBKY 110 3 MM) 1 1ip. B tab. 10
NpeacTaBieHa KiaaccudUKalUs CMeCell CyxXuX HamoJb-
HBIX CAaMOBBIPAaBHUBAIOIINXCSI, KOTOPbIC OBUIM pa3pado-
TaHbl HAMU Ha OCHOBE KOMMO3ulIMOoHHbIX [THB.

CremyeT OTMETUTbD, YTO IJIS YKJIAIKU CAMOBBIPABHM -
BalOIIMXCSI PAacTBOPHBIX cMmeceilr Ha ocHoBe LIHB He
TpeOyeTCs CJIOXHOrO O00OPYNOBAHMA W IIPUCIIOCOOIIE-
HU, TEXHOJOTUs 3aJIMBKU IIPOCTAa U HETPYTOEMKa.
Hcnonb3oBaHue B cMecsx pasnuuHbix [ITHB cokpanraer
MEXPEMOHTHBIEC CPOKH, YTO B IIEJIOM IIPUBOIUT K 3KOHO-
MUY (PMHAHCOBBIX 3aTpaT MPU 3KCILIyaTalli OETOHHBIX
MOJIOB.

3akioueHne

OueBUIHO, YTO B OJIVDKAMIINE IECITUICTHS OKIIACT-
¢ TIOCTETIEHHOE BBEITECHEHWE TPATUIIMOHHBIX 1IEMEHTOB
Ki1accoB 32,5—52,5 KOMIIO3MIIMOHHBIMU lIeMEHTaMU
HU3KOM BOIOMIOTPEOHOCTH, KOTOPBIC B OOJIBIIICH CTETICHN
OTBEYaloT TPeOOBAHUSIM (DYHKIIMOHATbHOCTH, IKOJIOT Y-
HOCTH, JOCTYITHOCTH, 9KCIUTyaTallUOHHO-TeXHIYECKOMI 1
SKOHOMUYECKOU I1iesiecoobpa3HocT. [IpousBonutenssm
OeToHa, XKeJ1e300eTOHA U CYXUX CMeceli clielyeT OOpaTUTh
0co00e BHUMaHWE Ha 3Ty TCHICHIINIO, a TAKXKE YIUTBI-
BaTh €KErOJHbII POCT CTOMMOCTU Tapr(OB U CBSI3aHHOE
C 3TUM MHQIISIIIMOHHOE JaBJICHUE, KOTOPhIE HEM30eKHO
MOBBIIIAIOT CTOMMOCTh PSIOBBIX ILIeMEHTOB. CeromHs
MMPOU3BOACTBO KoMmIto3uimoHHbIX [IHB, o cytu, sBns-
IolIeecs HEIIPUXOTJIMBOM TEXHOJIOTUEN, — 3aJIOT KOHKY-
PEHTOCIOCOOHOCTH 3aBOAOB MO MPOU3BOACTBY Pa3Iny-
HBIX IIEMCHTHBIX MAaTepUAIOB U BEKMBAHUS UX B XKECT-
KHX PBIHOYHBIX YCIOBUSIX.
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The relevance of new scientific research aimed at modeling the physico-chemical processes occurring in cement concretes during their operation, which have a direct impact on their
durability, is substantiated. The main types of concrete corrosion are described. The problem of mass transfer processes occurring in a flat reinforced concrete wall with liquid corrosion
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B mporecce skcrmiyarauuu Jo0ass KOHCTPYKIMST — OBITOBbIE CTOKM); MEPUOAUYECKA W MHOTOKPATHO ITO-
MOJIBEPKEHA BO3ACUCTBUIO OKPYXKAIOWIEH CPE/ibl, KOTO-  BTOPSIIONIMECS KOJIeOaHUsI TeMIIepaTyphl (TOJOBBIE U CY-
pasi TIOpOXIaeT pa3TudHbIe KOPPO3MOHHBIE MPOIIECCH  TOYHBIE), TIOTIEPEMEHHOE 3aMep3aHhe W OTTauBaHWE,
B O0etoHe. Koppo3uio u paspyiieHue 6eToHa MOTYT Bbl-  HAarpeB M OXJIAXJAEHUE; MPOLECCHl YBIAXKHEHUS U BbICHI-
3Bath [l]: Boma (peuHasi, MOpCKasi, TPOMBINIUIEHHBIE U XaHUs (KojiebaHust aTMOC(hEpHON BIIAXKHOCTHU, CHEI-
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duyeckue ycaoBUST CIYKObl); MeXaHUYECKHE BO3IEi-
cTBU (yaaphsl BOJIH, BRIBETpUBaHNUE, UCTUPaHuUeE); O1O-
JIOTMYECKU BpeIHbIEe BO3MEUCTBUS Oakrepuil. OmxHaKO
KOPpO3HUI0 0eTOHA MHUILIMMPYET HE TOJBKO OKpYyXaro-
masi cpefa, MOTYT ObITh U BHYTPEHHUE MPUYMHBI T10-
BpeXIeHUsSI OeTOHa, HampuUMep BbICOKas BOAOIPOHU-
LIA€MOCTb, B3AUMOJICMCTBUE LICJIOYE LIEMEHTA C KPEM-
HE3eMOM 3allOJTHUTENIsI, M3MeHeHue o0beMa u3-3a
pas3auuus TEeMIIepaTypHOTO pacIIMpEeHUs IIeMEeHTa U
3aTOTHUATENIS U Ip. MexXny TeM BHYTpeHHUE TIPUYNHBI,
BBI3bIBAIOIIIME KOPPO3UIO OETOHA, MOXKHO HE TOMYCTUTh
B IIpoOllecCe MPOCKTUPOBAHUS U M3TOTOBJICHUS KOH-
CTPYKIIMM, a BO3IECTBUE BHEIIHEW Cpeabl MOXKHO
JIMIIb OTPAHUYUTD Pa3IMYHBIMU METOJAMU AHTUKOPPO-
3MOHHOI 3amuThl. 1T TOro 4TOOBI CMOIEIMPOBATH
MpoILeCChl KOPPO3MU, BbI3BAHHBIE BHEIIIHEH Cpeaoi,
HEOOXOMMMO BBECTH KJIACCU(PUKAIINIO CTETICHU BIIMSI-
Hus cpeabl. CyllecTBYeT HECKOJbKO Kiaccudukauui
MPOIIECCOB KOPPO3UHU, IIPUBEAEM CaMble pacIipocTpa-
HEHHBbIE.

CorjacHo HOPMAaTUBHOMY JOKYMEHTY
CIT 28.13330.2017 (AxTyanu3aupoBaHHAsI pemaKIus
CHulI 2.03.11-85) «3amuTa CTpOUTENbHBIX KOHCTPYK-
LUK OT KOPPO3UM», PErJaMEHTHUPYIOIIeMY 3alluTy Oe-
TOHHBIX U XKeJ1€3006 TOHHBIX KOHCTPYKIIUiA, OETOH U 11e-
MEHTHBIII KaMeHb KaK €ro MaTpUyHasl 4acTb DKCILIya-
TUPYIOTCS B Pa3JIMYHBIX arpecCMBHBIX Cpefax: raso-
obpa3Hoii (B BUAE BO3AyXa C 3arpsI3HSIIOIIMMU Belle-
CTBaMM); TBEPIOM (B BUIE MBUIM U OCAXKICHHBIX HA IT0-
BEPXHOCTH KOHCTPYKIII 3arpsI3HSIIONINX B3BEIIEHHBIX
BEIIECTB); XKUAKOU (B BUIE IPUPOIHBIX WJIM 3aTrPSI3HEH-
HBIX TEXHUYECKUMHU TTPOAYKTAMU M OTXOJaMU TTOBEPX-
HOCTHBIX U TPYHTOBBIX BOA); OMOJOTMYECKM aKTUBHOM
(B BUZE MUKPOOPTAaHU3MOB). B OOJBIIMHCTBE ciydaeB
Ha KOHCTPYKUMU AeUCTBYeT MHOrodasHas cpena. Tax,
BO3AYX IIPOMBIILICHHBIX MPEANPUSITUAN YaCTO COACPXKUT
B3BEIIEHHYIO XUIKYIO (B BUIE TymMaHa) W TBEpIylO (B
BUJE MUK, NbIMa) (ha3bl. Kaxkmoii cpene maetcst oleHKa
CTETEeHU arPECCUBHOCTU B 3aBUCUMOCTH OT KOHIIEHTpa-
LMY B HEW arpeCCUBHBIX BELLECTB U XapaKTEPUCTUK Oe-
TOHA II0 BOJIOHCIIPOHUIIAEMOCTH U BHUAY IIEMEHTA.
OmHako B OlIEHKE CTENEeHU arpecCMBHOCTHM CpPEIbl He
perjJaMeHTUPOBAaHbl MPOAOJLKUTEIBHOCTh €€ BO3MICii-
CTBUSI, XapakKTep W CTEIeHb TOBPEXICHUN, TIyOmHA
KOPPO3MOHHOI0 NopaxeHus U apyrue gakropsl. Cpensl,
B 3aBHCHMOCTH OT COAEPKAHMS U KOHIICHTPALIUU KOM-
ITOHEHTOB, TI0 CTENEHU arpeCcCUBHOCTH TTOAPA3ICIISIOT-
Csl Ha HearpecCcuBHbBIEe, C1a00-, CpeHe- U CUIbHOAarpec-
cuBHbIe. [Ipy 3TOM OHM pa3TUUHBI IJ1s1 OETOHA U XKeJle-
300eToHa [2].

M3BecTHO, UTO 32 CTAOMJILHOCTD CYILI€CTBOBAHUS BbI-
COKOOCHOBHBIX COEIMHEHUI O0eTOHa (aIuT, OeIUT, TpeX-
KaJbLMEBbIA AJIIOMUHAT, YETBIPEXKAIBLUEBOU aIOMO-
¢eppuT) oTBEUaET CBOOOMHBIN TUAPOKCU KAIbIUS, CO-
nepxalnuiics B mopax 0etoHa. MMMeHHO CBOOOAHBIN
TUIPOKCUIT KaJTbIMsI OMPEIEIISIeT MAacCOTepeHOC B CH-
CTEME€ «LIEMEHTHBI OETOH — XUOKas cpeia», U3MEHe-
HUsI colepsKaHUsI KOTOPOro B Tejie OeTOHa MPUBOMIIT K
KOPpPO3UU MepBoro Bujaa [3], a B KOHEYHOM UTOre K He-

TraTMBHBIM HEOOPATUMBbIM MOCJIEACTBUSIM JUJISI 10JrOBeY-
HOCTU KOHCTpYKUUI. PaHee Hay4yHOU LIKOJON aBTOPOB
ObUIM OIMYyOJMKOBaHbI PAaOOTHI MO TEOPETUUECKOMY MC-
CJIeIOBAHMIO TIPOIIECCOB MAcCOIepeHOca IIPU KOPPO3UU
MEepBOTO BUJA IIEMEHTHBIX OETOHOB, OTMMCHIBAIOIINX
MpoLEecC Ha HAaYaJbHOU cTaauu [4], yUUTHIBAIOLIUX Ha-
JIn4rie BHYTPEHHETO WCTOYHUKA MAacChl CBOOOIHOTO
TUAPOKCHUIA KaJbLUs [S] U HETMHEMHOCTh KPUBOM paB-
HoBecust [6]. B MHOroseTHMX MCCAEIOBAHUSIX CO3MaH
HayYHBIM 3a/ie)1, KacalollWiicsl LEHTPaIbHOIO BOIIpOCa
JIOJITOBEYHOCTHU 3KeJIe300€ TOHHBIX KOHCTPYKIIUIT — KOp-
PO3MOHHOTO TIOBPEXJACHUS B HUX CTPYKTYyphl O€TO-
HOB M AECTPYKTUBHOM 3BOJIOLUMU (HDYHKIIMOHAIbHBIX
cBoiictB [7]. [IpuBeneHHBIC B paboTax [4—7] MaTeMaTH-
YecKue MOJIeJIM OCHOBaHbI Ha TEOPUM MaccorepeHoca
akanemuka A.B. JIpikoBa [8].

Ha puc. 1 moka3zaHa mntocTpaunst (pU3NIeCKONR MO-
JIeJId Ipoliecca MaccornepeHoca CBOOOIHOrO TUIPOKCH -
Jla KaJbI1s M3 CTCHKHU pe3epByapa B XKMIKOCThb, 00y-
cloBjeHHass auddy3ueir NepeHOCMMOro KOMITOHEHTa
13 TBepaoil da3wl B Xuakyto. [Tocie 3aBepiieHUsT MOH-
Taxa pe3epByapa, Iycka B SKCITTyaTallnIo 1 3aTTOJTHEHUS
JKUAKOCTBhIO HAaUMHAETCSl B3auMoJecTBUE (a3, xapak-
TepusyeMoe HaudajaoMm nuddy3un TUAPOKCUIA KATbIUS
IO TOJIIIIMHE KOHCTPYKIIMK B HAIIPpaBJICHUM KOOPAMHA-
ThI X K TpaHulle paszzaena ¢da3 §, mepexogoM 4epe3 3Ty
IPpaHUILYy U paclpenejeHueM B o0beMe XuakocTu. [1pu
3TOM IOTOK MEPEHOCUMOTO KOMITOHEHTA OY/IET OTpeie-
JISTHCS BEKTOPOM J,, (T).

IIpouecc TBepmeHUs OeTOHA HA IIEMEHTHOM BSIKY-
IIEM COTIPOBOXKIAETCSI XUMWUECKUMU PEAKIIUSIMU THT-
patauu anuta (C3S) u 6enurta (C)S), NpUBOISIIUMU K
TOMY, YTO B O€TOHE 00pa3yeTcsi CBOOOAHBII TMAPOKCU/L
KanpLus. UMEeHHO ero Haauuyue U siBJSIETCS IepBONpPHU-
YUHOI KOPPO3UU IIEPBOTO BUIA, TOCKOIBKY UMEHHO OH
BBIMBIBAETCS M3 OETOHA JKUAKOM cpeoif. DTOT Ipoliece
obycnoBneH nuddy3ueii cBOOOIHOIO r’MAPOKCUAA KATb-
LIS U3 TOJIIIM OETOHA K €r0 TIOBEPXHOCTU, TPAaHUYAIIEH

Cxn)

A

Y

Puc. 1. OGwas cxema mopenvpyemoro npouecca: | — BHeWwHs s cpena;
Il = 6eToH; lll — X1aKocTb

Fig. 1. General scheme of the simulated process: | — external environment;
Il — concrete; Ill - liquid
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CO CpeNloi, MePEeXo0M BELIECTBA YePEe3 TPAHUILY pas/e-
Ja (a3 TBepmoe Tea0 — XMIKOCTb M PACTBOPEHMEM B
KUIKOWM cpefe.

CornacHo Teopuu MacconepeHoca A.B. JIbikoBa [8] B
o01IeM ciydae JUisi KOppO3UM TIEPBOTO ¥ BTOPOTO BUAA
nuddy3usi CBOOOAHOTO TMAPOKCHAA KaJbLiMsl B MOPU-
CTOI CTpPYKType O€eTOHa OMNUCHIBAETCS HEJIMHEHHbIM
nuddepeHIMaTbHBIM YPaBHEHUEM MacCOTIPOBOIHOCTH
MapaboJIMYECKOro TUIIA C UCTOYHUKOBBIM YWICHOM:

9T k(e Derad el g, (e pens (1)
e k(x,7) — koadduureHT MacconpoBoaHocTH (IMpdy-
3un), M2/c; C(x,T) — KOHLEHTPALSI CBOGOIHOTO TUAPOK-
cHja Kajablinsl B OETOHE B MOMEHT BPEMEHU T B TIPOU3-
BOJIBHOI TOouke ¢ KoopauHatoil x, kr CaO/Kr 0eToHa;
¢,(x,1) — MOIIHOCTH OOGBEMHOrO MCTOYHMKA MAacChl
BCJICJICTBUE XMMUYECKMX WM (Da30BBIX MpEeBpalleHUN,
kr CaO/(M3-C); Psem — IUIOTHOCTD OETOHA, KT/M>.

IIpu OTCYTCTBUM UCTOUYHMKA MAacChl (¢(x,1)=0) ypas-
HeHue (1) mepexoauT B ypaBHEHHE MacCOIIPOBOIHOCTH,
KOTOPOE OITMCHIBAET MACCOIEPEHOC TIPU KUIKOCTHOM
KOppOo3uu 0eToHA IIEPBOTO BUJA.

YpaBHEeHME MacCOTTPOBOAHOCTH B BUe (1) mo3Bosisi-
€T IPOU3BOAUTH PACUYCThl IIPU U3MEHSIIOIIMXCS 1O Bpe-
MEHU 1 KOOpIMHATE ITapaMeTPOB Iipoliecca: KO3 hULm-
€HTOB MacCOIPOBOMHOCTA M MacCOOTIa4YM, MOIIHOCTH
00BEMHOI0 MCTOYHMKA MAacCChl BCIEACTBHE (DA30BBIX U
XUMWYECKUX MPEBPAIEHUH, YTO OYSHb BAXKHO 7151 0OJTb-
IIMHCTBA MPAKTUYECKUX PacyeToB (GU3NIYECKONM KapTH-
HbI IIPOLIECCOB MACCOIEPEHOCAa M KOHEYHBIX Pe3yJibTa-
TOB pacueToB. [1oayyuTh aHATUTUYECKOE pEllleHue He-
JIMHEeHOTO IuddepeHIInanbHOIO0 YpaBHEHUST KpaliHe
3aTpyaHUTETbHO. ISt pelreHust 3amad MaccorepeHoca
MoAOOHOIO poJa B TEUEHUE MHOIMX JIET IPUMEHSIETCS
YUCJIEHHO-aHAJIMTUUYECKU METOJ MUKPOTPOIleC-
coB [3, 9]. OcobeHHOCTh MeTO/Ia 3aKJII0YAETCS B TOM, UTO
BpeMsl BCEro Iipoliecca IpeacTaBiIsieTCs] HelPepbIBHOM
1IETTbI0 MUKPOTIPOIIECCOB:

t=3, )

HayvanbHbIM yclIOBUEM TSI KaXXKIOTO MUKPOIPOLIEC-
ca HauMHasl CO BTOPOTO SIBJISIETCS] KOHEUHOE pacripe/iesie-
HHME KOHIIEHTPAaLWA, TTOJly4eHHOE 10 Pe3yabTaTaM pac-
yeTa MpeAblAylIero aTamna.

Takoit moaxos MO3BOJISIET MPOBOAUTH PACUETHI, TO-
Jarasg Koa(g@uimeHTsl mepeHoca U (HU3UKO-XUMUYE-
CKHe€ XapaKTEePUCTUKU CUCTEMbI TOCTOSIHHBIMU JJISI pac-
CMaTPUBAaEMOTO MUKpPOITIpoLiecca, HO CKa4KOOOpa3HO
U3MEHSIOIIUMUCS MIPU TIEPEXOe OT OJHOIO 3Tara K IMo-
CIIEAYIOLIEMY.

751 i-ro MUKpoOTIpoliecca KpaeBasi 3ajadya Maccorie-
peHoca ¢ HayaJbHbBIMU U TPAHUYHBIMU YCIOBUSIMU MO-
K€T OBITH MPEJCTaBICHA B BUIE:

aC(x,T) _ i 9°C(x,1)
ot ox?

C(x,7)| o= C(x,7) = Cy(x); “

, T>0,0<x<8; 3)

=0

HAYYHO-MexXHU4eCcKUil U npou3800CEeHHbLI JHCYPHAN

9C(0,7)
ox

BlC@,1)-C, ()]=—k

0; (&)

dC(8,71)
=2, (©)

rae C,(x) — pacnpeaejeHue KOHIIGHTPALMKA TUIPOKCUIA
KaJbLUs B TIOPOBOM CTPyKType O€TOHa B Havaje i-To
MMKpOITpoIiecca B MOMEHT BpeMeHH, KT CaO/Kr 6eToHa;
C,(T) — paBHOBeCHasi KOHIICHTPAIUSl IEPECHOCHUMOTO
KOMITOHEHTa Ha TTOBEPXHOCTH TBepaoro Tena, KT CaO/kr
0eToHa; B — KO3 PUIIMEHT MacCOOTAAYM B XKUAKOU cpe-
Jie, M/c; & — TOJIIMHA CTEHKU KOHCTPYKIINU, M; X — KO-
OopIvHaTa, M; T — BpeMsl, C.

HavampHoe ycinoBue (4) moKa3bpIBaeT, YTO B MOMEHT
BpeMEeHU, TIPUHUMAEMBbI 3a Ha4Yajlo pacyeTa i-To0 MUK-
porpoiiecca, KOHIEHTPALUsI TEPeHOCUMOT0 KOMITOHEH-
Ta (TMIPOKCHUIA KaJlbIUs) pacrpeaesieHa Mo TOJIINHE
KOHCTPYKIIMM HepaBHOMepHO. [Ipu sTOM HauvasbHOE
pacripesiefieHre KOHIIEHTPAIlUU MePEHOCUMOTO KOMIIO-

b

Puc. 2. N'padunyeckas cxema onpeneneHns KOpHen xapakTepucTMYeckoro
ypaBHeHus (17)

Fig. 2. Graphic scheme for determining the roots of the characteristic
equation (17)
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Fig. 4. Profiles of dimensionless concentrations over the thickness of the structure at the initial distribution of the concentration of the target component in
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Fig. 5. Profiles of dimensionless concentrations over the thickness of the structure at the initial distribution of the concentration of the target component in
the form of dependence ca(g):l_gf (curve 1) and at Fo,, equal to: 2-0.05;3-0.1;4-0.2; 5-0.5;6 - 1; a — Biy=1; b - Bi,,=5

HEeHTa B TBepAoil (ase MOKHO OBITH OMKMCAHO KaKOii-
b0 MatemaTtndeckoi pyHkuueii [10].

Ycaosue (5), Ha3pIBacMOe YCIIOBHEM HEIPOHMUIIA-
HUsI, TTOKa3bIBAaET OTCYTCTBME MAcCCOITOTOKA 4yepe3 Irpa-
HUILY KOHCTPYKIIMU, KOHTAKTUPYIOILIECH C OKPYXKAIOILIEH
Cpenoii C JIEBOW CTOPOHBI HEOTPAHWYEHHON TUIACTUHBIL.

ITockonbKy Ha JIeBOIi rpaHUIIe TPOUCXOAUT B3aUMO-
JIECTBME TIO CXEME TBEPMIOE TEJIO — XKUIKOCTh, HEOOX0-
IUMO YYWUTHIBaTh KOHBEKTUBHBIM IEPEHOC BeIlEeCTBa,
T. €. TIPUMEHUTh TPAaHWUYHBIC YCJIOBHUS TPETHETO POa,
ONnuCcaHHbIE ypaBHEHUEM (6).

Jis ympolleHus pelleHuii BBeneM Oe3pa3MepHbIe
TepeMeHHbIe U KPUTEPUU MO00UsI, yIOOHbBIE T Kade-
CTBEHHOTO aHajr3a MPOLEeCCOB KOPPOIUU:

CO_C(X,T) _E
G—C, %

P

Fo =K% g B3 (7

C()_CsFom): m 82’ m k ’

=V IEHG]

rae C(x, Fo,,) — 6e3pa3MepHasi KOHLIEHTpaLWs THAPOKCHIA
KaJbLIMs B IOPOBOI CTPYKType OeToHa; X — Oe3pa3MepHast
KOOpAWHATA; Fo,, — MaCCOOOMEHHBIN KPUTEPUIA TOA00US
®Dypre; Bi, — MacCOOOMEHHbII KpUTepuii moaobus buo.

KpaeBast 3amaua MaccompoBOZHOCTA B Oe3pa3mep-
HOM BUJE 3alUIIETCS TaK:

oC(x, Fom) 0’C(¥,Fo,,) _
9Fo, = , Fo,>0, 0<x<l. 8)
HauanbHoe ycioBne: C(x, 0)=Cy(x). 9)
I'paHuYHbBIE YCAOBUS: % =0; (10)
WPy coray (b
X

Pemienue cuctembl ypaBHeHuii (8)—(11) mpoBeaeHo
METOJOM MHTeTpaJbHOro IpeoOpaszoBaHus Jlarmiaca.
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Fig. 6. Profiles of dimensionless concentrations over the thickness of the structure at the initial distribution of the concentration of the target component in
the form of dependence C,(&)=1-£" (curve 1) and at Fo,, equal to: 2-0.05; 3-0.1;4-0.2;5-0.5; 6 — 1; a — Biy=1; b — Bip=5

CyTh MeTola pelieHUs] KpaeBbIX 3amad C ITOMOIIbIO
MHTEerpajbHOro Inpeodpa3oBaHus Jlamnaca 3akiioua-
€TCsl B 0OTOOpaxXeHUU UCXOAHOT0 AU depeHIINATBHOTO
yYpaBHEHUS U KPaeBbIX YCIOBUI B KOMIUIEKCHYIO 00-
JIaCTh, B BBINIOJTHEHUM MaTeMaTUUECKNUX OTIepalliid I
MOJIy4YeHUsT pelieHUsI B 00JacTU M300pakeHU U 1mo-
CJIEAYIOIIErO MepeBoia N300paxxeHus: B 00J1acTb OpU-
ruHanoB. [lepeBonst ypaBHeHMe (8) B 00J1acTh U300pa-
KeHui o Jlamaacy ¢ ydeToM HayaJlbHOTO YcJIoBuUs (9),
ToJryyaem:

2 vy
XS ¢ 3,5+ C(F) =0, (12)
dx
JI71s1 TpaHUYHBIX YCIOBUM OyaeM UMETh:
dC(0,s) .
dc(,8) _ .
d)? - Blmc(la S). (14)

AHaJIOrMYHOE pellieHNe 3a1a4y IS CITydast TeTUIONpO-
BOJHOCTM TojiydyeHo B [11]. 3anuiirem npeobpa3oBaHue:

[Bi, sh(/s)+/s -ch(¥/s )|ch(/5%) | )
\/_[Bl -chW3)+/5 - sh(/s)| J;Co(@ h(\/_a)dﬁ

- %[sh(\/}x)jfco (&) ch(W/58) d§+ch(«/3>‘c)fco(é)sh(«/§§)d &]- (15)

C(x,s)=

OueBUOHO, YTO BTOPOE cllaraéMoe IIpaBOM YacTu
ypaBHeHUS (15) oOparmaercst B HOJb, TIOCKOJIBKY JJIST BBI-
MOJIHEHUSI YCIOBUM BTOPOM TEOPEMBI PA3I0XEHUS €r0
HEOOXOAMMO YMHOXHUTH U Pa3lejuTh Ha (UTYPHYIO
CKOOKY 3HaMeHaresis MepBOro cjaraéMoro. DTo He 4TO
MHOE, KaK XapaKTepUCTUUECKOe YpaBHEHUE BUIA:

(V5 - sh(/s )+ Bi,-ch(¥/5)] = 0 (16)

IlepeBenem ypaBHeHue (16) B 00J1aCTh TPUTOHOME-

TPpUYECKUX DYHKIIUIA:

tg(um)=% Wiu ctg(um)=27’”. (17)

IMpoBenst psii CAOXKHBIX TPUTOHOMETPUUYECKUX TIpe-
00pa3oBaHMIl, TOJYIMM OKOHYATEJIBHOE PEIICHHE MC-
KOMOI1 KpaeBoil 3agaun mMaccorpoBogHoct (8)—(11) B
Oe3pa3MepHBIX IEPEMEHHBIX:

C(¥,Fo,)=

~2 2
JC ©dE+2 zﬁcosmﬁ)'

~exp(—uiFom)~JCO(§)cos(umé>d&.
0

Bz +1}

(18)

PacueT noseii KOHIIEHTpAIIMi TEPEHOCUMOT'0 KOMIIO-
HeHTa 1o gopmyiie (18) compoBokaaeTcst TOUCKOM KOp-
Hell xapakrepuctuyeckoro ypaBHeHus (17). I'paduue-
CKasg WIIIOCTpalys K IIPOLENYPe ONpPeeeHUs KOPHEN
XapaKTepUCTUIECKOT0 ypaBHEHUs MPUBEeHA Ha puc. 2.

B kauecTBe mprMepa BO3MOXHOCTEN pacyera Mmpoje-
MOHCTPUPYEM DEe3yJbTaThl MPOBEACHHOIO YKMCIEHHOTO
9KCIIEPUMEHTA, IIPU KOTOPOM HadaJIbHOE pacIipe/ie/ieHre
MPUHUMAIOCh MO CTereHHo 3aBucumocti: CoE)=E".
N3meHeHnne rpadvka cTeneHHON (PYyHKIIMN MpU pa3ind-
HBIX T[OKa3aTessiXx CTEeNeHW T[OoKa3aHO Ha puc. 3.
PesynbTaTel pacueToB Ipu IoKa3aTeisix crernenu 1, 2 u 10
MpeACTaBIeHbI Ha puc. 4—6.

[MomyyeHHbIE B X0O/e YMCIEHHOTO SKCIIEPUMEHTa rpa-
¢ryeckure 3aBUCUMOCTHU XOPOIIIO COMIacyloTes ¢ pusu-
YECKUMH TIPE/ICTABICHUSIMU O MPOLecce KOPPO3UOHHO-
ro MaccorepeHoca Mo MeXaHM3My IIepBOro Buaa [5, 6,

13]. 3aMeTuM Takke, YTO yKa3aHHbIE PACUEThl He
TOJIbKO KQU€CTBEHHBIX, HO U KOJTUYECTBEHHbIX XapaKTe-
PUCTHUK TTPOIIECCOB BO3ZMOXKHBI TOJIBKO ITPU UMEIOIIEHCS
nHbOpMaLIMK O AMHAMUKE U KUHETUKE U3YyYaeMbIX SIB-
JICHWH, TIOJlydeHHOI Ha 0a3e OOIIMPHBIX IKCIIEPUMEH-
TaJbHBIX UCCIEAOBAHU, YTO U OyAET MPEIMETOM AJTb-
HEHMIIeTro N3y4YeHMS.
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IMonyuenHoe pemrenue (18) sBiasiercs MaremaTude- — IIpoliecca. DTO, B CBOIO OYEepelb, IO3BOJISICT OPraHU30-
CKOMl MOJEJIbI0 peaJibHOTO IIpoliecca MacCoIlepeHOca  BaTh MOHUTOPMHI M3MEHEHMSI MPOYHOCTH Marepuaja
IIPY KOPPO3KUM TIEPBOTO BHIIA IIEMEHTHBIX OCTOHOB, JTU-  K€Je300€TOHHON KOHCTPYKILIMHU B TE€UCHUE €€ XKU3HEH-
MUTHUPYEMOTO BHYTpeHHe nuddy3ueii 1 BHELIHEH Mac-  HOTO LIMKJIA 9KCIUTyaTalllu.

cotmaueil. JlaHHOE peIIeHNE TTO3BOJISICT TTOIYIUTh TTOJI-
HYI0O KapTUHY paclpeIejeHus BelllecTBa C TeYeHUEM
BPEMEHM U TPOAHATM3UPOBATh KUHETUKY U TUHAMUKY
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TpeboBaHus K CTaTbaM, HanpasngeMbiM Ana nyonanKaLmy
B XypHan «CTponTenbHbie matepuanbi»®

YBaxaemblie aBTOpbI!
MMpucTynas K 0hopMAEHUIO CTaTbI ANs XYpHana BHUMATENbHO 03HAKOMBTECh C MPaBuUiaM1 1 PEKOMEHAALMSMM, PA3MELLEHHbIMI Ha CaiiTe 3faTensCTBa.
Kak noaroToBuTb K ny6nmKkaLmmu Hay4Ho-TeXHU4eckyto cTatbio cM. pasaen https://journal-cm.rufindex.php/ru/avtoram

Ctatbu, Hanpasnfemble Ans 0ny6nuKOBaHUS, [OMKHbI OGOPMAATLCA B
COOTBETCTBUN C TEXHUYECKUMU TPEBOBAHNAMN U3JAHUSA:

— TeKCT CTaTbyM A0KeH 6biTb HabpaH B pegakTope Microsoft Word u coxpaHeH B
thopmare *.doc uam *.rtf;

— rpachu4ecKuin Matepuan (rpadomki, CXeMbl, YEPTEXN, ArarpaMmmbl, IOTOTUMbI U T. M.)
NOMKeH ObITb BbINONMHEH B rpadnyeckux peaaktopax: CorelDraw, Adobe lllustrator u
coxpaHeH B cbopmarax *.cdr, *.ai, *.epS COOTBETCTBEHHO. CKaHMpoBaHue
rpachuyeckoro marepuana u UMNOPTUPOBAHME €ro B MEPeYUCNEHHbIe Bbllle
pefaKTopbl HeonyCcTUMO;

— WNMIOCTPaTUBHbIA MaTepuan (chotorpacumn, Konnaxu n T. m.) Heo6xoaumo
coxpaHaTb B popmare *.tif, *.psd, *.jpg (ka4ecTBO «8 — MakcumanbHoe») unu *.eps
¢ paspeweHnem He meHee 300 dpi, pasmepom He MeHee 115 MM no wwupuHe,
usetoBast Mogenb CMYK unu Grayscale.

Matepuan, nepefjaBaemblii B pefakunMtd B 31EKTPOHHOM BUAE, AOSKEH
CONPOBOXAATHCA:

— PEKOMEHAATENbHbIM MUCbMOM PYKOBOAUTENS NPeANpUATAS (MHCTUTYTA);

— NINLEH3NOHHbBIM JOrOBOPOM 0 Nepefjade npasa Ha ny6nunkaumio;

— pacneyarkoi, MMYHO noanucaHHon BCEMIA aBTopamm;

— pedhepatom 06bemMoMm He MeHee 150 CMOB Ha PYCCKOM M aHTIIMIACKOM A13blKax;

— NOATBEPXAEHNEM, YTO CTaTbs NpPeAHa3HadYeHa Ans nybaukauum B xypHane
«CTpouTeNbHbIe MaTepuanbi»®, paHee Hurde He nyGnMKoBanach M B HacToslee
BPEMSs He nepejaHa B Apyrue u3aanus;

— CBEJIEHNSIMI 06 aBTOPaXx C YKa3aHWEM MOSTHOCTbIO haMUIUK, UMEHM, OTHECTBA,
Y4eHOIi CTeneHu, JOMKHOCTM, KOHTAKTHbIX TeNeq)OHOB, NOYTOBOrO M 3NEKTPOHHOM0
a[ipecoB (3anosHeHHas MHOPMaLNoHHas KapTa).

Oco6oe BHUMaHNe 6ubnnorpaghnyeckum cnuckam!

HE PEKOMEHAYETCS:

1. BkntoyaTb CCbINKK Ha dhefiepanbHble 3aKOHbI, NOA3aKOHHbIe aKTbl, TOCTbI,
CHuMMbl v ap. HOpPMATMBHYO NuTEpaTypy. YNOMUHAHWE HOPMATUBHbIX JOKYMEHTOB,
Ha KOTOPble OMMPAETCs aBTOP B WCMbITAHWSX, PacyeTax Wiau aprymeHTauum, nyyile
[ienatb HenocpeAcTBEHHO MO TEKCTY CTaTby.

2. Ccbinatbcsi Ha y4ebHble M y4ebHO-MeTOAMYeckuMe nocobus; ctaTbi B
matepuanax KoHdepeHunii n c60pHMKax TPyaoB, KOTOPbIM He mpuceoeH ISBN u
KOTOpble He MonafjalT B Beayliue GUONNOTEKN CTPaHbl U He WHAEKCUPYHOTCS B
COOTBETCTBYHOLIMX 6a3ax.

3. Ccbinatbea Ha fuUccepTaumm 1 aBTopedepatbl AUCCepTaLmiA.

4. CaMoLMTVPOBAHME, T. €. CChINKN TOMbKO Ha COGCTBEHHbIE MyGNMKaLMK aBTopa.
Takas MPAKTNKa HEe TONTbKO HAPYLIAET 3TUYECKIe HOPMbI, HO N MPUBOAUT K CHUXEHWUIO
KONNYECTBEHHBIX MYONMKALMOHHBIX NOKa3aTeneit aBTopa.

OBA3ATENbLHO cnepyer:

1. Ccbinatbes Ha CTaTby, OMy6NMKOBaHHbIE 32 MOCNEAHME 2-5 NET B BeAyLUMX
HAY4YHO-TEXHUYECKNX N HAy4HbIX U3AAHNAX, HA KOTOPbIE ONNPAETCA aBTOP B MOCTPOEHUN
apryMeHTaUuM| NN NOCTaHOBKE 3afja4i UCCNEA0BaHNS.

2. Gebinatbest Ha MoHorpadoum, ony6nMKoBaHHbIe 3a nocneaHue 5 net. bonee
[laBHME WCTOYHMKWN Take HEraTMBHO BNUAKOT Ha MokazaTenn ny6nuKaLMOHHON
aKTUBHOCTM aBTOpa.

HeCcoMHEHHO, 4TO BO3MOXHbI CCbIMIKIA 1 Ha KIACCUYecKIe paboThl, 0/JHAKO He CriedyeT
3a0bIBaTb, YTO HayKa BCEra Pa3BMBAETCS MOCTYNaTeNbHO BrIEPef U HE3HaHWE aBTOPaMM
NOCNEAHUX [OCTWKEHMA B 06NacTU MCCNGAOBaHNIA MOXET NPUBECTI K Ay6NMUpOBaHMio
De3ynbTaToB, OLLINGKAM B MOCTAHOBKE 3afa4y UCCIENOBAHNA U UHTEPNPETALMIA [aHHbIX.

Caedyiime pexomeHnoauusam, u nyoauKauus
He 3acmasum ce6: 00420 ucoamp!

MopnucaHo B nevatb 24.02.2022
®dopmar 60x887/5
O6wwmin Tmpax 3000 aka.

M3paTenscko-nonurpaduyeckas ¢upma OO0 «AH-MPUHT»
yn. MpsHywHukosa a. 19a, ctp. 13

B po3HuLy LeHa AoroBopHas

Ha6paHo 1 ceepcTaHo
B PUD «CTpoitmaTepuansl»
Bepctka: H. MonokaHoBsa



IV MEXXOYHAPOOHAS HAYYHO-
[MPAKTUMECKAS KOHDEPEHLIMA

MHXXEHEPHAS| 3ALLUTA
TEPPUTOPUN, 3AHVHA
1 COOPY)XEHMI>

OpraHu3aTop KoH(hepeHUuu

10

INTERNATIONAL
ASSOCIATION OF
) FOUNDATION

CONTRACTORS

MEXAYHAPO[IHAS! ACCOLIMALINA
®YHOAMEHTOCTPOUTENEN

[eHepanbHbIi CNOHCOP

KOHchepeHuyuu CnoHcop KoHthepeHuum
r 4 TR Engineering
ZINKER
MOCKBA
XOHMD‘EM MHH CyLuEBCKMﬂ leHepanbHble VIH[I]O MaLUOHHbIE NapTHepbl
(HOLIDAY INN SUSCHEVSKY), P pHal prHep
Y. CYLLIEBCKWW BAJT, 74
QYHII.AMEHTbI
0] _|Wuu cmpoumenscmeo
HasvraTor

www.fc-union.com,
info@fc-union.com,
+7 (495) 66-55-014,
+] 925 57-57-810

TEXHONOTHH ETOHOR =




§ € KomuteT Toproso-npombiiLsieHHon nanatsl PO

N ‘? no NpeanpvHUMaTeNbCTBY B chepe CTpomUTeNbCTBa IJH 3”
l , AO «JHNWNIM xumnuwa — MHCTUTYT KOMMJIEKCHOrO NPOEKTUPOBaHMSA ANV A
. XUNbIX N 06LLEeCTBEHHbIX 3aaHnin» (AO «LIHGI xunuwa») —_—

O6beanHeHHas pefakums Hay4HO-TEXHUHECKUX XXYpHAoB
«KUNULLIHOE CTPOUTENLCTBO» U «CTpouTeNbHbIe MaTepuarsi»®

CTPONTEMEHBIE
MATEPHAM®

XIl MexayHapoaHaa HaydYHO-npakTu4yeckaa KoHMepeHUmns
«InterGonPan-2022: uuaycTpuanbHoe JoMOCTpOGHME
AN KOMNJICKCHOW 3ACTPOHKMK»
InterConPan—2022

International Conference of Large-panel Construction

5-6 Anpensa 2022 r. April 5-6, 2022
AMAKC KonHrpecc-oTenb AMAKS Congress Hotel
Benropon, np-t BaryrunHa, 2 2, Vatutin avenue, Belgorod
NMPOrPAMMA:

1-n neHb 2-h neHb

MneHapHoe 3acepaHue Bble3gHas ceccus

Cekumm: «ApxutekTypa nHgyctTpuanbHeix 3gaHmi  AO «3asog XXBK-1», Benropopg

U KOMITJIEKCHOE PasBuTUe TeppUTOPUIL»; O6beKTbI CTPOUTENLCTBA:

«VIHHOBaLMOHHasi TEXHOIOrNs NPeAnPUATAN KomnnekcHas 3actpoiika KK «Hosas 3aps»

WUHRYCTPNAaNbHOro JOMOCTPOEHMSI» KoTTepxHas 3acTponka

TEMATUKA:

— O0opynoBaHue U TEXHOJIOTUH 1JISl MOJEPHU3AINH NPeANPUsTHI
HMHIYCTPUAIBHOTO IOMOCTPOEHUS

— VlHHOBanMOHHbIE CTPOUTEIbHbIE CHCTEMbI

— BIM-TexHoJ0rUM B COOPHOM 1OMOCTPOEHHHI

— CoBpemeHHbIE 0€TOHBI, 100ABKH 1 MUTMEHTHI

— ApXHUTEKTYPHO-ILIAHUPOBOYHbIE PeIleHHsl

— ManosTaxHoe HHIYCTPHAIBHOE CTPOUTEIBCTBO

— Pemenus pacanoB 1 BHyTpeHHel OTAEIKH

— KavectBenHoe u 3HeproageKTMBHOE MHIYCTPUAIBLHOE CTPOUTELCTBO

— KommniekcHoe pa3BuTie TEPPUTOPHIA 3aCTPOIKHU

MocTOSAHHbLIV CNIOHCOP

daiolelzi=sis] GROUP

MocTosiHHBIN NapTHep

ALLBAU o5 PBS

SO0 f f ware DJ Petro Building Systems

MapTHepbI

greup

Schnell

REINFORCEMENT PROCESSING SOLUTIONS

SOMMER

PRECAST TECHNOLOGY

Hay4HbIV napTHep Mpon3BoACTBEHHbIW NapTHEP

wnm. B. I. [lTyxoBa

<= BI'TY Kall ZEnroron e WG rader

K npoBefieHn0 KOH(EPEHLIMM FOTOBATCA TeMaTUYeCKne HoMepa XXypHanoB «KunuiwHoe ctpoutenbeto» Ne 3 n «CTpouTenbHbie matepuansi» Ne 3,
B KOTOPbIX 6yAyT 0Ny6IMKOBaHbI OCHOBHbIE MIIEHAPHbIE 1 CEKLMOHHbIE [oKNaabl. MpeacTaBneHne A0Knaaos B Buae crateit go 01.03.2022 r.

www.interconpan.ru
OpraHm3auyMoHHbIA KOMMTET: +7 (499) 976-20-36, 976-22-08

kpd-conf@mail.ru; mail@rifsm.ru www.rifsm.ru
Appec ans koppecnongeHuuu: 127434, Mocksa, [iMMTpoBcKoe L., f. 9, cTp. 3, odh. 408, pepakumsa xypHana «XKunuwHoe cTpouTeNbCTBO»



