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0630p poccUICKOro pbiHKA LileMEHTa
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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 0Ob10 mpou3sBeneHo 45,4 MIH T 11e-
MeHTa (+4,9% K ypOBHIO aHAJIOIMYHOTO Iepuoaa Ipe-
npiaymiero roga). Ilo uroraM mecsiTd MeCSIEB TEMITbI
pocTa IPOM3BOACTBA YCKOPUINCH 10 5,5%. HauuHas ¢
U101 00beMbl MPOM3BOIACTBA LIEMEHTa B CTpaHe CTa-
OMIBHO MPEBBIIIAIOT YPOBEHD nonanaeMuitnoro 2019 r.

ITo utoram aeBsitu MecsiueB 2021 1. pocT 00bEMOB
MMPOM3BOJICTBA lIeMeHTa HaOJomaeTcsl BO Bcex (dene-
pajdbHBIX OKpyrax 3a uckioyeHueM Cepepo-Kaskas-
ckoro. Haubosee BbICOKME TEMIIbI pOCTa BBITyCcKa lie-
MeHTa oTMeueHbl B CuOMpcKoM (enepasbHOM OKpyTe
(+12,9% k aHaIOrMYHOMY TIEPUOY ITPEABIAYIIETO TO/1a).

Taxke ciemyeT OTMETUTh HEPABHOMEPHOE M3MEHE-
HUe OO0BEMOB BBIMyCKa IIEMEHTa IO peruoHam. Poct
00BbEeMOB TMPOU3BOACTBA B sSHBape—ceHTsa0pe 2021 .
OTMeYeH B 25 13 36 perMOHOB, II€ PACIIOJIOXEHBI Aeii-

MIHT
o = N W b~ OO N

aHB. GeBp. MapT anp. Maii  WMOHb WIONb aBr. CEHT. OKT. HOs0. [ek.

= 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 3aBOMABI (MJIM TTIOMOJIbHBIE TEP-
MuHaibel). Hambonpimme TeMmIlbl pocTa MPOM3BOACTBA
ObLTM XapaKTepHbl ST AjTalickoro kpas (pocT B
5,3 pasa 1o CpaBHEHHIO C aHAJOTUYHBLIM TMEPUOAOM
2020 r.); ITepmckoro kpast (poct Ha 51,1%); Omckoit
obsactu (poct Ha 42,7%) n Jluneukoii ob6iactu (pocT
Ha 33,4%). Haubonbillee mageHre 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.); YiabsiHoBckoi oonactu (-21,1%)
u EBpeiickoii aBToHOMHOI objactu (-14,3%). Beinyck
lieMeHTa B ApxaHreabckoii, Camapckoii, TioMeHCKOI,
CaxanuHcKkOoii M AMypcKoit 00yiacTsx, a TakXke B
Pecnyonuke Komu B 2021 r. He oCcylIecTBIISIICS.

[1pu 3TOM B TeKylLEM IOy OpraHbl FOCYAapCTBEHHOM
CTaTUCTUKU CTaJI 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 FC-3kcnept

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
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OTpﬂCJIb B COBPEMCECHHBIX JKOHOMHYECKHX YCIOBHAX
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nobaskamut
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Ly,
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MUHEpasbHbIX
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Puc. 3. ToBapHasi CTpykTypa Npon3BoACTBa LemeHTa B Poccun 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, T1e OTCYTCTBYIOT LIEMCHTHBIC 3aBOJIEI, B 9aCT-
Hoctu B Pecnybnuke Tatapcran u Bosoronckoit o6:1a-
CTH, UTO TIPUBEJIO K 3aBBILICHUIO JAHHBIX 00 0oObemMax
MPOM3BOJACTBA HE MeHee 4eM Ha 163 ThIC. T IO UTOraMm
neBat Mecsies 2021 1.

B cTpykType Tpom3BOACTBa IIeMEHTa COXPAHSETCS
TEHIECHLUS YBEJIUUEHUs OJM BbIITycKa 06€3100aBOYHbBIX
nopmiaHaieMeHToB. ITo uroram 9 mecsaues 2021 r. oHa
poctumia 61,7% or ob6iiero oobeMa IMPOU3BOACTBA 1IE-
MeHTa B Poccun, xots enie B 2013 1. 1o 6e3106aBOYHBIX
MOPTJIAHALEMEHTOB cocTaBisiia nopsiaka 46%. Bropoe
MECTO 1Mo 00beMaM IPOM3BOICTBA 3aHUMAIOT MOPTIAH/I-
LIEMEHTBI C MUHEPaJIbHBIMU J0OaBKaMK — O0K0JIO 33% oT
obuiero oobeMa IMPOU3BOJACTBA LieMeHTa B cTpaHe. Ha
TPETheM MeCTe LUIAKOIOPTIaHALEMEHT — MeHee 3%.

ITo nroram 9 mecstmieB 2021 . 00BEM OTTPY3KH LIEMEH-
Ta BCEMM BUAAMU TPAHCIIOPTa KPYMHBIMU U CPEIHUMU
MPEANPUITASIMH BBIPOC Ha 5,9% 10 CpaBHEHMIO C YPOB-
HEM aHaJOTWUYHOIro IiepuoAa MpPeablayliero rofa.
Ckutafackue 3arnachl TPOM3BOAUTEIICH IIEMEHTA IO COCTOS -
HUIO Ha KOHell ceHTs10pst 2021 r. cOKpaTUIIUCh MO CpaBHE-
HUIO ¢ HayayioM rona Ha 34% u cocraBuiiu 955 ThIC. T.
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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 OTIpY3KM IIeMEHTa XeJe3HOIOPOKHBIM
TPAHCIIOPTOM Ha BHYTPEHHUI PIHOK BBIPOC Ha 5,4% 110
CPaBHEHUIO C YPOBHEM aHAJIOIMYHOIO IePUOAa IPEIbl-
IYIIEeTO ToIa M cOoCcTaBMJI okojio 19,5 muH T. Ha momio
OTTPY3KHU XKeJIE3HOJIOPOKHBIM 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, COXpaHSIeTCsl CIOXUBIIAsICS B
MOCJIeTHUE TOJbI MPAKTUKA JTOKATU3AIIUY TTOCTABOK.

B auBape—cenTs16pe 2021 r. B Poccuio 6bu10 uMmop-
TUPOBAHO OKOJIO 1,2 MJIH T HleMeHTa, Ha 2,7% Oosblie,
yeM 3a aHastornaHbi iepuof 2020 r. [TocTaBky 11leMeHTa
B Poccuio ocyllecTBIsUINCh, M3 BOCBMHU CTpaH MMpA.
OCHOBHOI1 00b€M MTOCTABOK TPAIUIIMOHHO TIPUIIIEIICS Ha
momo Pecriyonmmkm  Bemapycs (70%) m Pecryonmkn
Kaszaxcran (17%).

O6beM skenopta 1emeHTa 3a 9 mecsauen 2021 r. co-
craBui okoso 1 MiH T, yto Ha 0,7% MeHbllle, yeM 3a
a"ajornunblii epron 2020 r. DKCMOPTHBIE MOCTABKU
POCCHIICKOrO IIeMEHTa OCYIIECTBISUIMCh B 16 cTpaH
MHUpa, OJHAKO OCHOBHBIMU pPBIHKAMHU COBITA OBUIN
Pecniyonuka Kaszaxcran u Pecny6nuka bemapych, Ha
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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

Puc. 6. JuHamuka cpeaHux LeH Npon3BoanTeNel 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 3HAUUTEIBHBIX 00beMax
1IeMeHT nocTaBisuics B @unnsaHanio, Ykpanny, FOxHyio
Ocetuio, AzepbarigxkaH, Adxa3uio, JIaTBuio.

[MoTpebnenne 1emeHTa MO wuTOoraM 9 MecsiieB
2021 roga, no ouenkam I'C-Dkcnepr, Beipociio Ha 6% 110
CPaBHEHUIO C aHAJOTMYHBIM TEPUOAOM IIPEIbIIYIIETO
rozaa, 10 45,4 MJIH T.

IMocne cHuxxeHus cripoca Ha 1LeMeHT B I kBapTtanie
2021 r. naumHas c anipesist B Poccum Habmomaercst ycToii-
YUBOE YBEJMUYEHUE 00bEMOB MOTPEOJICHMS TaHHOM TTPo-
nykmuu. ITo mroram 2021 r. IpOTHO3UPYETCST YBEIMYEC-
HKe 00beMOB ITOTPeOJICHHUSI LIEMEHTa B cTpaHe Ha 6—6,5%
10 CPAaBHEHMIO C YPOBHEM MPEIBIAYIIETO ToAa 10 YPOBHS
59,7—60,2 MJIH T.

IToTpebieHue lieMeHTa B pa3JMYHBIX PEruoHax
Poccun poBosbHO HepaBHOMepHO. Tak, 1Mo urtoram
sHBapsi—ceHTs0ps 2021 1. 0koJ10 28% OT 0611ero 06b-
ema norpedseHHoro B Poccum 1ieMeHTa mpuIioch Ha
nomo LleHtpanbHoro (hemepanbHOro okpyra (+1 mpo-
LIEHTHBIM MYHKT O CpaBHEHUIO ¢ aHAJOTUYHBIM Mepu-
onom 2020 r.). Ha BTopoM mecTe 1o o0beMam moTpeo-
JeHus1 HaxoauTcs IlpuBoskckuit deaepaabHbIN
OKpYI — 0K0J10 18% 00111epOCCUiiCKOTO MOTPebIeHUS
(-0,8 ). MuHUMAaNbHBIE O0OBEMBI TTOTPEOJICHMST Xa-
pakTepHbl 1is JaabHEBOCTOYHOTO (peaepaabHOro
OoKpyTa.

Cpemn cyonekToB Demepalilii OCHOBHBIM PHIHKOM
cObITa IIEMEHTa B paccMaTpuBaeMblil TTEpUOJ BPeMEHU
6bu1 MockoBckuii perrioH (MockBa 1 MocKoBcKast 00-
JIacTh), TAe mo utoraM 9 Mecsmes 2021 1. OBLIO peaan3o-
BaHO, no oueHkam I'C-Dkcnept, okono 7,3 MJIH T 1ie-
MeHTa, Wiau nopsiaka 15,9% ot obLIepoCcCHiicKoro Imo-
TpeOJICHUS PTOI MPOAYKIIUMU.

Bropoe MecTo 1o oobeMaM MoTpedIeHUS LIeMEHTa B
sHBape—ceHTs0pe 2021 r. 3ans1 KpacHomapckuii Kpaii —
3,1 MiH T (6,8% 00I1IEpPOCCUIICKOTO TOTPeOICHNST); Ha
TpeTheM MecTe — JleHmHrpaackuit permoH (CaHKT-
IletepOypr u JleHuHrpaackasi o06jacTb) — OKOJIO
2,9 MJTH T (6,4% 0011IepOCCUIICKOTO TTOTPEOICHUS).

IMocne crarHanuu HeH Ha uemMeHT B 2020 r. B 2021 r.
HaOJII0IaeTCsl UX YCTOMYUBBIN POCT. 3a 9 MecsIieB TeKy-
IIETO ToMa CPEIHsS 1ieHa TTPOU3BOJAUTENC HA 1IEMEHT
(6e3 yueta H/IC, cTOMMOCTH JOCTaBKU, COBITOBBIX U MO-
CpeIHMYEeCKMX PacXoa0B) Beipocia Ha 4,8% 1o cpaBHe-
HUI0 c ypoBHeM 9 wmecsaueB 2020 r. u cocrtaBuiIa
3927 pyO. 1. I1pu aToMm B 2021 1. He HAOIOMAETCS CE30H-
HOTO CHUXKEHMSI 1LIEeH B CEHTsI0pe—OoKTsI0pe.

Cpenu denepaabHbIX OKPYroB Hauboyiee BBICOKHE
LICHBI IIPOM3BOAUTEIICH HA IIEMEHT TPATULIMOHHO XapaK-
TepHbl 1151 nipeanpusaTuii CeBepo-3anagHoro, CeBepo-
Kaska3zckoro, Cubupckoro 1 JIaabHEeBOCTOYHOTO (pefe-
PaTBbHBIX OKPYTOB. MUHUMAJIBHBIC IIEHBI OTMEUAIOTCST B
IMpuBomkckoM U YpanbckoM (deaepalbHbIX OKpYrax.
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Hudopmanna

Komnatug «THC>: Brefpsem
COB[IEMEHHbIE HHIKEHEpHbIE
NBLEHHA, COXpaHAIOLME JKONOIHID

i 0630NACHOCTD OKPYMAIOWEH Cpefbl

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

Kananuzayuonnsie cucmemnt 0as eopooa kak KKT ons uenoeeka — om ux 6e30mkaznoil wimamuoi pabomsl 3a6UCUM
3d0posve 6ceeo opeanusma. B nocaednue 200wl uznoc cucmem XKKX, ux nepeepysjceHHocms u NOCMOSHHAA Yepo3a asapuii
cmanu 00HOI U3 2AA6HbIX NPoOAEM pazsumus 20podoe Poccuu. Imo ce:a3arno, ¢ 00HOI CMOPOHDBL, C ONEPeNCaArOUUMY MEMNAMU
DA38UMUSL ACUAUULHO0 U 2DANCOAHCK 020 CIPOUMENbCIEA N0 CPAGHEHUIO CO CIPOUMEAbCIMBOM U KANUMANbHbIM DEMOHMOM
Cyuecmaylouux cucmem 6000CHAOICEHUs U KAHAAU3AUUU, A C OpY20il — ¢ NPAKMUYECKU NOBCEMECHHbIM UCHOAb308AHUEM
ycmapesuiux mexHoaoeuil U Mamepuanos, Komopble yiice He 0meeuaom 8bi308aM 8PeMeHU.

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.

Poccuitickas  KomnaHus [TonumepHble NUCTbI

Hcmopwz KOMhaHuu Ha4aiacs, 6

«[MAPOU30NALMOHHBIE HMHXKE-
HepHble coopyxenus» (FTUC) n3
CaHkT-MeTepbypra npeanaraet
paunoHanbHoe W HafieXHoe
peLleHne ans ruapou3onsumm
1 3aWKUTbl MHXEHEPHbIX CO-
OPYXXEHWA, a CliefoBaTtenbHo,
NS NOBbILWEHN ux addhek-
TUBHOCTW W AONTOBEYHOCTMU.
CyTb npeu npocra: u3 no-

2013 e. Toeda epynna sumysuacmos
nod pykogsoocmeom E.C. Bvieosckoeo,
NPOAHANU3UPOBAE UMelouuecs Ha
DbIHKE UHJICCHEPHbe peuleHus: O0ns
CMpOUmensCcmea Cucmem KaHaAU3a-
yuu, 60000meedenus: u Opyeux coopy-
JICeHULL, NPedaoNcUAa npocmoe U 3¢-
(hekmugHoe peuleHue — coeouHUMb
npeumMyujecmea icene300emoHHbIX U
noaumephuix uzdeaui. Tax poduauce
noaumepOemoHHvle  KOHCMPYKUUU
TIEK DKOBOJIIL.

NINMEPHOro marepuana Bblkpa-
11BAETCA 11 CBAPMBAETCA 3aLLUT-

HbIil KOHTYP, KOTOPbIIA YCTaHaBNNBaeTCs B )OpMy, 3aTeM Npon3Bo-
IUTCS apMUPOBaHKME U 3anofiHeHne (hOpMbl GETOHHOW CMECHIO,
(bopmoBaHue, BbIAEpPXKKa, pacnanyoka. Ha mecte n3genns MoHTU-
pYHOTCS, NpW 3TOM LIBbI MeX/y OETOHHbIMU YACTAMM 3N1EMEHTOB
CKpennatoTcs 6ETOHHON CMEChI0, & COEANHEHMS NONUMEPHBIX Ya-
CTel CBapuBaAOTCA. BCA KOHCTPYKLMA NOy4aeTcs NPOYHON, BOLO-
HEMPOHNLIAEMOIA N XUMWNYECKN CTOMKON.

Kak 310 4yacTo 6bIBaeT B POCCMIACKOM GU3HECE, MEPBOHAYANBHO
KOMMaHMs MCMoNib30Bana UMMOPTHbIE MONMMEpHbIE MaTepuanbl C
T-06pazHbiM npodunem. OgHaKo B NPOLECCE NPON3BOACTBA U 3KC-
nnyarauyun GbI10 YCTAHOBIIEHO, YTO Takas opma npouns He
06€ecrneymBaeT rapaHTUPOBAHHOIO 3aM0IHEHNS (DOPMbI PACTBOPOM.
970 NPUBOAMNO K HENPOrHO3MPYeMOMY OC/ableHunto CLenseHns
3aLLMTHOTO NONMMEPHOTO CNI0S C 6ETOHHBIM OCHOBAHMEM.

Mouck poccuincKoro napTHepa no nNPou3BOLCTBY NOJIMMEPHOr0
martepuana ¢ 3aflaHHbIMI CBOIICTBAMMW NMPUBEN CMELUANNCTOB KOM-
nanun «NC» B Cubupb, rae B r. [uBHOropcke KpacHosipckoro
Kpas pacnosioxkeH OAWH U3 KPYNHENLWUX NPOU3BOAMNTESE re0CHH-
TETUYECKUX 1 NONMMEPHBIX MaTepuanos Poccun MK «Texnonumep».

V-lock (ToproBoe HasBaHue
«Texnonumep») TONLYNHON
4 MM NPOU3BOAATCA N3 NOSU-
3TWUNEHA BbICOKOrO [JaBJieHNs
METOAOM 3KCTPY3WUU 1 UMEOT
V-06pa3Hble aHKepbl, pacno-
NOXEHHbIE B LUIAXMATHOM Mo-
panke.

B MBK 3KOB3JIT nunct
V-lock nonyyun HasBaHue
9KOBAJ/1. ®opma u pacno-
NOXeHNe aHKepoB 06ecneyn-
BAOT rapaHTMPOBAHHOE 3anoiHeHe 6ETOHOM (DOPMbI 1 HALIEXKHOE
CKpenneHue nonuMepHoi rMapou3onsaLMoOHHON 060M04KN C 6e-
TOHHbIM OCHOBaHMEM.

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

— COOPHbIE 3MIEMEHTbI KPYIMbIX KaHAM3aLUNOHHbIX KONOALEB
C (hyTepoBKoii aHkepHbiMu naHensmu IKOBIJIT anamertpom
1,1,5n2m;

— COOpHbIE NOJY3NEeMEHTbI KPYIIbIX KaHaNM3auWoHHbIX KO-
nopLes ¢ pyTepoBKOI aHKepHbIMK naHensmu IKOBIAJT anamert-
pom 3,2 m;

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

— COOpHbIe 3NeMeHTbI pe3epByapos ¢ pyTeposkoin IKOBIJII
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 3aKa3yuka.
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Information

B AononHeHne K 0OCHOBHOM NPOAYKLMM BbINYCKAIOTCA CMYCKOBbIE CKOObI B NOMMEPHON 060-
noyke, cneumanbHble ato6enu firfix, NpyToK 1 aKCTPyLepbl Ans CBApKN NOAUMEPHBIX JINCTOB.

ATorom HeckonbKMX NeT NOUCKOBO 1 NPAKTUYECKON paboThbl CTanmn CTaHAAPTHBIE U YHUKANb-
Hble pPeLleHns Ans CTPOMTENbCTBA CETeN BOJOCHAGKEHNS 11 KaHANU3aLMN C BbICOKUMI TEXHUYE-
CKUMW XapakTepucTnKamu, NoBbILIEHHOW AOMTOBEYHOCTLIO 1 ONTUMANIbHON CTOUMOCTBIO.

Tak, nonumep6eTOHHblE KAaHANN3aLUMOHHbIE KOMOALbI — camas BOCTpe6oBaHHas NpomyKLus
KomnaHuu «IMGC» — co4eTaroT BbICOKYH NPOYHOCTb N MACCUBHOCTb Xene300eTOHa C KOPPO3MOH-
HOIA CTOKOCTbIO NONNMEPHOro matepuana. Kpome Toro, Ais »ene3o6eTOHHbIX N3Jennid paspa-
60TaHa 06LIMPHASA HOPMATMBHO-TEXHMYECKAs [OKYMEHTaLus, 3TOT MaTepuan NpuBbIYeH Ans
MPOEKTUPOBLLMKOB.

CvHepreTnyeckuii acpekT coyeTaHns »enesob6eToHa 1 NOAUMEPHOIA 3aLLUTHONR 060M04KM
naet cnepytoume npeumyuiectsa MbK 3KOBIJT:

— BO3MOXHOCTb CTPOUTb EMKOCTM 0GbemMoM Gonee 150 m3;

— BbICOKAs CENCMOYCTOI4MBOCTb 6€3 A0NOMHNUTENBHOMO YCUNEHMS;

— BbICOKAs KOPPO3NOHHASA 1 NEKTPOXMMUNYECKAs CTOKOCTD;

— FepPMETUYHOCTD;

— He TpebyeTcs pacyerta Ha BCNbITUE U MPUTPY3;

— BO3MOXHOCTb CTPOUTESIbCTBA B 06BOLHEHHbIX FPYHTAX 6€3 LOMNONHUTESIbHBIX MEPONPUATUIA;

— BO3MOXXHOCTb BPE3KU TPy6 Mo MecCTy;

— PEMOHTONPUrOAHOCTb NPY OTPULIATENBHON TEMMepaType.

Kak mHorue mHHosaumun, NMBK 3KOB3JI/1 BXxoaunu B NpakTUKy CTPOUTENbCTBA C TPYAOM.
Cneunanuctam Komnanum «[C» Npuwwnoch NPUNOXMTb MHOTO YCUMWIA, YTOObI A0KA3aTb BbICO-
KYK0 90D(heKTUBHOCTb 1 CTPATETNYECKYHO BbIFOAY NPUMEHEHUA UHHOBALMOHHBIX TEXHUHECKMX pe-
LUEHMIA. HacTo 3aKasynk npu BblI6GOPe NHXEHEPHOr0 peLleHns PyKOBOACTBYETCH e4UHCTBEHHBIM
KpuTepnem — LEHON M3ZeNUs U CTOMMOCTbIO MOHTaXHbIX PaboT. OfHaKo Mpu paccMOTPeHUu
XN3HEHHOTO UMKNa puHaHcoBble 3aTpathl Ha MBEK 3KOBJJJT okynatotcsa ctopuueit. U 410 He-
MasioBaXXHO B YCMOBWAX rOPOAa, NOANMEPOETOHbIE KOHCTPYKLMM FapaHTUpPyT 6e30TKa3HOCTb
paboTbl CETEN, [NIUTENbHbIE MEXXPEMOHTHbIE MEPMO/bl U HAIEXHOCTb SKCNIyaTaLuiu.

MepBbiMn 06beKTamu, rae 6binn npumeHeHbl MBK AKOB3J1JT, cTanu ctaanoH «[1eTpoBCKuMin»,
XKUNble KOMMJIEKChbl BeAyLMX 3acTpoiinkos CaHkT-leTepbypra. PaspaboTaHHble KoMMaHuen
«[NC» matepuanbl 41s NPOEKTUPOBAHMS NPOLUN COMMACOBAHUSA B BEAYLLMX MPOEKTHBIX UHCTUTY-
Tax u 'Y «Bogokanan CaHkT-leTepbypra». B HacTosLee BpeMs NPaKTUYECKN BCE HOBOE CTPOU-
TENbCTBO MHXXEHEPHbIX CETe BOJOCHAOXEHNS 1 KaHanu3auun B CeBepHOi CTONMLE BEAETCA C
npumeneHnem MBK 3KOBIJJT.

MpenctaBnTensCTBO KoMNaHun <G> yxxe pabotaeT B HoBOCMOMPCKE.

OTkpbIT 0chuc B Mockse. Co3naHo nponaBoacTo MEK 3KOBIAJJT B Kpbimy.

Cneuuanuctbl Komnanuu «FMC» pa3pabaTbiBalOT NPOEKTHbIE PELLEHNS PE3ePBYapOB U KaHa-
NI3ALNOHHBIX HACOCHbLIX CTaHLMMA, OCYLLECTBNAT Led-MoHTaX MBK 1 3KCTPY3UOHHYK CBapKy
M3 wn MBK, NpOBOAAT CaHaLMIO CYLLECTBYIOLNX CTPOUTENbHBIX KOHCTPYKLMIA M3 »Kene306eToHa
aHkepHbIMK naHenamu IKOBIJJT.

Tak Luar 3a Lwarom, Ha KoM 06bekTe J0Ka3biBas IKOHOMUYECKYHO 3 (EKTUBHOCTb 1 TEX-
HUYeCKMEe MPEMMYLLECTBA MHHOBALMOHHBIX MHXEHEPHbIX peleHui, Komnauus «[C» BHoCUT
CBOI1 BKNaf B cO3aaHMe KoMOPTHON 1 6630MaCHON FOPOACKOI Cpefbl.
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CBOMCTBA LIEMEHTHbIX MaTpuL
C NOBbILLEHHOI 3NEKTPONPOBOAHOCTbH)

Mogaudukaums cumKaTHbIX KOMNO3UTOB ABMAETCA aKTyasibHOI 33a4eil B CTPOUTESIbHOM MaTepuanoBefeHiu, B YaCTHOCTY NpuaaHue
marepuanam afieKTponpoBOAALLMX CBOCTB Yepe3 BBELEHNE B MATPULY TOKONPOBOAALLMX (DYHKLMOHANbHBIX J06aBOK. bbinu nosy4eHsl
06pasLbl 3NEKTPONPOBOAALLNX GETOHOB W UCCIIELOBAHbI UX MEXaHWYeCKNe CBOMNCTBA, ANEKTPONPOBOAHOCTb, @ TAKXE U3Y4eHa
MUKPOCTPYKTYpa C NPOBEAEHMEM PEHTIEHOBCKOr0 MUKpOaHanusa. B ka4ecTse 106aBOK BbICTYNAKT 3/1EKTPONPOBOAALLME HUKENb/
yrnepofHble (Ni/C) HaHOCTPYKTYPbI U LUCMEPTUPOBAHHbBIE XPU30TUN0BbIE HAHOBOIOKOHA B COYETAHUM C PACTBOPOM a30THOKUCIOr0
Kanbums (HK). OnucbiBatoTcs MeTOAbl M3rOTOBNEHMS U (DYHKLMOHanM3aun f06aBOK nepej BBEAEHUEM WX B LLEMEHTHYIO MaTpuLly.

B pesynbrare BBeaeHuns Ni/C HaHO406aBKWU OTMEYAETCS NOBbILLEHWE NPOYHOCTHBIX CBOMCTB MOAU(ULMPOBAHHOIO KOMNO3UTA Y
YMEHbLUEHUE 3NIEKTPUYECKOrO CONPOTUBNEHUS. [JOCTUTHYTbIE 3(MEKTbI 06BACHAOTCA CTPYKTYPHLIMU USMEHEHUAMM B LLEMEHTHO
martpuLe KOMno3uta. PeHTreHOBCKNIA MUKPOAHaNN3 yKasblBaeT Ha POPMUPOBAHNE HOBbIX CTPYKTYP B MOANMDULMPOBAHHOI LEEMEHTHOIA
marpuue. OfHaKo anekTponpoBogHOCTL kKomnoauTa ¢ Ni/C gucnepcusmm He NpoABNSAET CTaBUNBHOCTY U YMEHbLUIAETCS CO BPEMEHEM.
Mpu nccnegoBaHn BTOPOro TMa J06ABOK B LIEMEHTHYHO MAaTpuLy COBMECTHO C XpPU30TUIIOBLIMU HAHOBOSIOKHAMI BBOAUTCS PacTBOp
HK ¢ npefBapuTesibHbIM NPUrOTOBIEHNEM YIIBTPAAUCTIEPCHON CYCMEH3NN, KOTOPbIE NMO3BONAKT CTAOUIN3NPOBATL 3HAYEHUS YOENbHOMO
9N1EKTPNYECKOr0 CONPOTUBIEHNS B NPOLieCCe TBEPAEHUA LLEMEHTHOr0 KamHsi. [pegnonaraetcs, 4to coBmecTHoe BaegeHue Ni/C
HAaHOKOMMO3MTOB C PACTBOPOM XUMMUYECKIMX COME TakxKe NO3BONUT CTAbUNU3NPOBATL 3HAYEHUS YOENbHOM0 3N1eKTPUYHECKOr0
COMPOTUBIIEHNA.
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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 KOMIIO3UThI U3BECTHBI KaK CaMbl€ BbI-
TOIHBbIC MaTepHUaybl B CTPOUTEIBHOM IIPOM3BOACTBE B
COOTBETCTBUM C WX XapaKTepUCTHUKAMM, TAaKMMM KakK
MEXaHUYEeCKUEe CBOIMCTBA, MOJTOBEYHOCTh, SKOHOMMYE-
ckas 3(ppekTMBHOCTL. B TO Xe Bpems ISl TTOBBIIICHUS
KOHKYPEHTOCITOCOOHOCTU B YCJIOBUSIX OTKPBITOIO PHIH-
Ka, CUJIMKATHBIE KOMITO3UTHI TOJIKHBI TIPUOOPETaTh 10~
IMOJIHUTEIbHBIE CITeUaIbHbIe (DYHKIIMOHAIbHBIE BO3-
MOXHOCTH, HaIlpUMeEpP 3JIEKTPOIPOBOIHOCTh BSIKYILEH
MaTpUIIBl B COCTaBe KOMIIO3WTA, YTO TTO3BOJIUT MCTIOJb-
30BaThb MX, K MPUMEPY: B KayeCTBE BJEKTPUUYECKOIO
MIPOTUBOOOICACHUTCILHOTO 3alIUTHOIO ITOKPHITUS; B
KavyecTBe IMPOBOJISIIET0 KOMIIOHEHTA B COCTaBe KOHTYpa
3a3eMJICHMST WIM CUCTEMBbI KaTOMHOM 3aIlMThI; IIPU CO3-
JIAaHUU B3JIEKTPOMArHUTHOTO 3KpaHupylolero agdexra
JITSI 3alAThI OT TEXHOT€HHOTo u3nydyeHus [1, 2].

3HauuTeIbHAS POJIb IIPUA 3TOM OTBOIUTCST (PYHKIINO-
HaJIbHOMY TOKOITPOBOISIIEMY HAITOJTHUTEIO, KOTOPBIi
MOXXHO MCITOJIb30BAaTh IS IPUAAHUS LIEMEHTHOMY KOM-
TTO3UTY CBOMCTBA BBICOKON 3JIEKTPUUIECKOI ITPOBOIM-
MOCTHU. Bxomsiiue B cocTaB CMJIIMKATHOTO KOMIIO3UTa
(GYHKIMOHATbLHBIC HAIIOJHUTEIN TaKXKe MOTYT VIIyd-
IUTh (U3UKO-MEXaHUYECKHE CBOMCTBA MaTepUAaIOB:
JIOJITOBEYHOCTh, BOHOHEIIPOHMUIIAEMOCTh U MOPO30-
CTOMKOCTH |3, 4].

IIpu >TOM Ha 3JIEKTPONPOBOIHOCTh CHUJIMKATHBIX
KOMIIO3UILINI MOXET BIUSITH 3HAUNTEILHOE YHUCIIO (haK-
TOPOB, TAKMUX KaK MJIOTHOCTb YIIAKOBKU CTPYKTYPbI KOM-
MO3ULIMU, MUHEPAIOTUYECKUN COCTAB BSKYLIEH MaTpu-
bl 1 MopdoJorusi HoBoodbpazoBaHuii [S—7], reHe3uc
HUCITOJIb3YEeMbIX (DYHKIIMOHAJbHBIX HAMOJHUTEICH U
CTereHb UX AUCTiepcHOCTHU. JJIsT MOCTaTOYHOM 2JIEKTPU -
YeCKOU MPOBOAMMOCTH MPEXIe BCEro HEOOXOAUMO 00¢e-
CIEYUTHh MAKCUMAJIBHYIO TIJIOTHOCTh CTPYKTYPHI C OTHO-
BpeMEHHBIM HAITOJTHEHWEM BSDKYIIEH MaTPUIIBI TOKO-
MPOBOASIINMU (PYHKIIMOHANTBLHBIMU H00aBKaMu. Cpeau
MU3BECTHBIX TOKOTIPOBOISAIINX J00aBOK Ha OCHOBE YIJie-
pona MOTYT OBITb BbIIEJICHBI METasll/yIJIepoaHble Ha-
HOKOMITO3UTHI C UHTE PKAIMPOBAHHBIMU B X CTPYKTYPHI
MeTaJllTaMu, TAKUMM KakK XeJie30, HUKeJb, Meab 8, 9].
I[Ipr TOM OHM MOTYT OKa3bIBaTb CTPYKTYypHUPYIOIIce
BJIMSIHME Ha BSLKYLIyl0 maTtpuly. B padore mpoBeaeHO
KCCcaenoBaHue M0 MOAU(DUKAIIUY 1LIEMEHTHOM MaTPUIIbI
HUKEJIb/yIJIepPOIHBIMUA HAHOKOMITO3UTAMMU.

MerTann/yrineponHble HAaHOKOMITO3UTBI TIPECTABIISIIOT
c000If HAHOCTPYKTYPY, COAEPXKAIIYI YaCTHMIIbI MeETaa,
CTa0WJIM3UPOBAHHBIC B YIJIEPOIHON 000JI0UKE U aCCOLMM-
pOBaHHbBIE ¢ Hel. YTiiepoaHast 000109Ka MOXKET ObITh ITpe/I-
CTaBJieHa B BUE TJICHOYHBIX CTPYKTYP WM € BOJIOKOH.
YacTulibl MeTaL1/yIJIEpOIHbIX HAHOKOMITO3UTOB OJIM3KM K
chepuueckoit popme 1 MMEIOT pa3Mmepsl 15—35 am. B pe-
3yabrate (hOPMUPOBAHUST TTPOYHOTO KOMILJIEKCAa HaHOYA-
CTUII MeTaJlJIa ¥ MX CTAOMIM3aLU CO CTPYKTYPOU YIJIepo-
HOI (Da3bl XUMUYIECKM aKTUBHBIC YaCTUIIBI MeTalyla CTa-
OMJIbHBI KaK B BO3MYIITHOM cpefie, TaK U MPY Harpese.

Marepuajbl M METOAbI MCCJIEA0OBAHUI
B xauecTBe OCHOBHOT'O BSIKYILIETO OBLI MCIIOIb30BaH
nopwianaueMeHT Mapku LIEM 1 32,5 H. Xumuueckuii u

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 I 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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Puc. 1. Cxema npuroToBneHVsi HUKENbCOAEPXALLMX YrNEPOAHbIX HAHOCTPYKTYP

Fig. 1. A scheme of nickel-containing carbon nanostructures preparation

MMHEPAIIOTMYECKU COCTaB KIIMHKEPA TIPe/ICTaBIIeH Clie-
JIYIOIIMMU MUHepanaMu, %: TpeXKallbLIMEBbI CUJIMKAT
C3S — 64,6; aByxxkanbuueBblii cuaukar CrS — 10,7;
TpexKaablMeBblil amoMuHaT C3A — 7; yeTbIpeXKaabline-
BoIil amomodepput C4AF — 14,7; MgO — 1,4. B xaue-
CTBE MEJIKOTO 3aIllOJIHUTENs ObUI MCITOJIb30BaH CTaH-
JIapTHBIN MOJU(PaKIIMOHHBINA KBaplEBhIi MTECOK, COOT-
BerctByOIMI [TOCT 6139—2020 «ITecoK aj1s1 UCTIBITAH Ui
nemeHTa. TexHnueckue ycinous» 1 EN 196-1.

Huxens/yrnepomHsle HAHOKOMITO3UTHI, IIPUMEHSIE -
MBbI€ B MICCJICIOBAHNM, TIPUTOTOBJICHBI HA OCHOBE OpTa-
HUYECKOTO COCIMHEHMS B BUIAC ITOJMBUHUIOBOTO
criupta (ITBC) B mpucyTcTBUM cojieii MeTaIoB (XJI0-
pun Hukens NiClp) mpu temmeparype mo 300°C.
[TonpoOHOE omucaHue MeToJa CUHTE3a MeTaJlJICoIep-
JKallUX YIJePOIHBIX HAHOCTPYKTYP M3JI0XKEHO B IMaTeH-
te [10]. YopouieHHass cxeMa MPUTOTOBJICHUST METAILII-
CoIepKalliX YIJICPOAHBIX HAHOCTPYKTYp IpPUBEACHA
Ha puc. 1.

PeakummoHHyI0 cMeCh TOTOBIJIM MEXaHMIECKIM pac-
TUPAHUEM TMOPOIIKOBBIX KOMIIOHEHTOB WM CMeEIIMBa-
HUEM MX BOOHBIX PACTBOPOB C MOCJICAYIOIINM HarpeBOM
U BBICYIIIMBAHUEM CMECH A0 IOJYyYEHUs I'eJIeBOM MJIeH-
Ku. BeicyllleHHas cMech ToaBeprajgach KpaTKOBPEMEH-
HOMY MEXaHWUYECKOMY MCTUPAHUIO B TEUEHWE 5 MUH,
MOCJIC YEero MOJIYUeHHBIN MOPOIIOK 100aBIsIICS B CJIO-
OOKOHIICHTPUPOBAHHBII BOMHBINA PacTBOp ILTACTU(U-
katopa (C-3) u moaseprajcs yJabTpa3ByKpoii 00padoTKe
B TeueHue 30 muH. Takoe BpeMst 00pabOTKU SBISIETCS
OINTUMAJIBHBIM U COOTHOCHUTCS C aHAJIOTMIHBIMU MCCIIe-
noBanusimu [11]. Tlpu Gonee mnuTenbHO 0OpabOTKe
CYCIICH3WM 4YacTUIBI HAaHOKOMIIO3MTA KOaryJIHupyloT,
00pa3zysl KpyITHbIe arperaThl. Y BeJIMYeHNE BPEMEHHU YJib-
TPa3BYKOBOI'O BO3IEHCTBUS IPUBOAUT K PE3KOMY Taze-
HUIO COOTHONICHWH WHTEHCUBHOCTH NHNKOB B MK-
CHEKTPaxX AJIsl COOTBETCTBYIOLIUX TPYIIT MOJIEKYISIPHBIX
COCOUHEHUM CYCIIEH3UM, YTO MOXKET OBITh OOBSICHEHO
TOJIbKO HapylleHueM ($Ha30BOil KOTepEHTHOCTH C pa3py-
IIeHNeM OOpa30BaHHBIX MPU TMOJSIPU3ALMUN ME30CH-
crem [12, 13].

B xone skcriepuMeHTaIbHOM PabOTHI OBIJIA U3TOTOB-
JIeHbl 00pa3lbl M3 LIEMEHTHOTO pacTBopa cocTaBa 1:3
(LIeMEeHT:MeCcoK) B BUAE INPU3M 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
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Puc. 2. Cxema, nnnioctpupyrowiasi CTPYKTYpY XpU3oTUIOBbIX HAHOBO-
JIOKOH [14]: a — nonas cTpykTypa; b — ceyeHre HaHOBOMOKHA

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

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

B kauectBe MommpukaTopa IIEMEHTHOW MaTPUIIbI
ObLIM UCITOJIB30BAaHbI MUHEPAIbHbIE JOOABKM MPUPOIHO-
TO TIPOMCXOKICHUS, B TIEPBYIO OUepeIb YIBTPATOHKIE BO-
JIOKHa ruapocuinkaroB Mmaruust 3Mg0O-2Si07-2H50 [14],
MMOJIy4eHHBIC B IIPOIIECCE TUCIIEPTUPOBAHMS XPU30TUIICO-
JlepKalleid Mmopoabl B KaBUTAIlMOHHOM JHCIIEPraTope.
MuHepaJoruyecKrii CoCTaB XpU30THJIA COINOCTABUM C
COCTaBOM MUWHEPAJILHOTO BSDKYILETO, a TOJasi CTPYKTypa
HAHOBOJIOKOH (pHC. 2) MO3BOJISIET 3aNIOJHUTh UX KOHLIEH-
TPUPOBAHHBIM PACTBOPOM SJICKTPOITPOBOISIICH XUMIUE-
CKO¥ coyiu B TIpouiecce 00padoTku cycneH3uu. [TonoOHbIi
IMOAXOJ, HE TOJIBKO BIMSICT Ha MOBBIIICHNE MEXaHUUECKO
TMPOYHOCTA KOMITO3WTa, HO TakKKe MOXKET BBICTYIATh B
KayecTBe MTPOTHUBOMOPO3HOM 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
MpoBeJeH B wucchaenoBarebckoM 1eHTpe AdMAS
TexHuyeckKoro yHuUBEpcuUTeTa I. BpHO Ha pacTpoBOM
a5ekTpoHHOM MUKpockorie MIRA3 TESCAN.

DakTUYECKOE 3JIEKTPUIECKOE COIPOTUBICHUE 00-
PasloB OIpPEeAe/IsIOCh C TOMOIIbIO U3MEPUTENISI-UMMU-
tanca MHUIIN E7-20 (puc. 3) 1 mepecynThIBAJIOCH B
0osiee yYHUBEpCaJbHBIA IapaMeTp
VICIBHOTO 3JICKTPUICCKOIO COIPO-
THUBJICHUSI.

Puc. 3. OnpegeneHne a1ekTponpoBOAHOCTN 06pa3uUoB C MOMOLLLIO u3MepuTe-
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 06pas3LOB B BO3pacTe 7 CyT
Results of mechanical tests of samples at the age of 7 days

IMpunuun aeiicTBus mpudopa oc-

g CocTas Ruar, MMa Resx, MMa
HOBaH Ha MCTONC BOJIRTMCTpa-am Additive content Rflex, MPa Rcomp: MPa
nepmeTrpa. Hanpstkenue padoueii ya- =
CTOTBI OT reHepaTopa ojiaeTcs yepes | COCTaB 063 A00aBOK (KOHTPONbHbIiA) 1,52 16,7
. Content without additives (control sample)
U3MepsieMblii OOBEKT Ha Mpeodpa3o- c . o3
) _ OCTaB C MNJIaCTugpunukKkaTopom CL-

BarTesIb, GOPMUPYIOIIHI 1Ba CHHYCO Content with superplasticizer C-3 2,16 21,6
WIATbHBIX CHUTHaia (TpOTopIIAO- —
HaJIbHO TOKY, IPOTEKalIIeMy yepe3 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 o0bekTe). Hampstokenust || C-3 +0,001% Ni/C 2,92 21,2
npeoOpasyroTced B 1dpoByro GopMy. | C-3 +0,005% Ni/C 3,01 23

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

e3yJIbTAThI M 00CYKIeHHE C3+0,02% Ni/C 281 28 3
Pe3ynbTaThl MEXaHUYECKUX WC- —

MNbITAaHUI Ha 7-€ CyT TBEpAEHUS 00- C-3 +0,08% Ni/C 26 234
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Pa3IoB, COMEPXKAIIUX Pa3IMYHbBIE KO-
JIMYecTBAa MeTall/yJIepOIHbIX 4Ya-
CTUll, TIpMBeAeHBl B Tabmuie. Kak
BM/IHO, OIITHMAaJIbHBIM COIEPXKAHUEM
HUKEJTh/yTIePOTHBIX YACTHUII B CTPYK-
Type LIEMEHTHOI CHCTEMBI SIBJISIETCSI
nuarasod ot 0,01 o 0,02% B Macco-
BOM OTHOIIICHMHM OT KOJIMYECTBa BS-
Kyiiero. IIpupoct nmpoyHocTH TpuU
9TOM COCTaBJIsIeT 69% TIpu CxKaTuu U
84% Ha pacTsKeHUe Ipy U3ruoe.
MuHUMaJIBHOE YIEJIBHOE 3JIEK-
TPUYECKOE COIMPOTUBIICHUE TaKXKe
OBbUIO TTOJTYYeHO Ha o0pasliax, coaep-
JKaIUX HUKEeJb/yIJIePOIHbIE YaCTH-
LIkl B BBIIIEYKa3aHHOM JMalla30He;
VISIBHOE CONPOTUBIICHUE IIPU 3TOM
cocTaBujio B cpeaHem 4,7 KOM-¢cM ripu
3HAYEHUU KOHTPOJILHOIO 00pasua
14,1 xOm'cM (6e3 HAHOKOMITO3UTA).
IIpenmoaraercs, 4To Takas pas-
HUIIA B DJIEKTPOIIPOBOIHOCTH CBSI-
3aHa C MEHBIIECH CTEMeHbI0 TUIOT-
HOCTU YIIaKOBKM CTPYKTYphI Iie-
MCHTHOW MaTpHWIbLl 0e3 HHUKeIb/
yIJIEPOAHBIX  HAHOKOMIIO3UTOB
BCAenCTBUE (OPMHUPOBAHUS TIPH
KpucTaaau3auuu 0Oosiee KPYITHBIX
arjoMepaTtoB, He I[POBOASIINX
SJIEKTPUUYECKUI TOK, a TAKXKE OTCYT-

Puc. 4. MukpocTpykTypa LLeMEHTHON MaTpuLbl, MOAN(ULUMPOBAHHON HUKENb/YrNepoaHbIMN HAHO-
KOMMO3MTamMu: @ — 06LUMIA BUA, C LEHTPaMu KpucTannnsaumm; b — dparMeHT MaTpuLbl NPy yBEINYeHUU
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. PeHTreHoBCKuNin M1KpoaHan3 HoBoo6Gpa3oBaHuii C LLleHTpaMmn KpUCTanIn3aumm, BKoYaoLwm-
MW HUKENb/YrNEPOAHbIA HAHOKOMMO3UT (&), N BTOPUYHBIX KPUCTaNIOrmapaToB Ha OCHOBE rMApPOCUIIv-
KaTOB KaNbLMs B LEMEHTHOM MAaTPULE C HUKENb/YrNepPOAHbIMU 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 TOKOIPOBOMASIIINX T00aBOK,
CIOCOOHBIX 00€eCHeUYuTh IMEePEHOC
3JIEKTPUYECKOTO 3apsiia MeXIy KpUCTaJIUTaMU.
BBeneHue B cocTaB LEMEHTHOUW MaTPUIbl HUKEJb/
YTJIEPOIHBIX HAHOKOMITO3UTOB CIIOCOOCTBYET (DOpMU-
pPOBAHUIO TEJEBBIX CTPYKTYpP, MPENCTaBICHHBIX Ha
puc. 4, a, KOTOpble XOPOIIO YAEPXUBAIOT B TEJEBBIX
Mopax BOJHBIE PACTBOPHI M CHUXAIOT JIEKTPUUECKOE
conportuBieHne Marpuiibl. Kak BumHo u3 puc. 4, b,
reJIeBble CTPYKTYPBl COMPUKACAIOTCS JPYTr C JIPYTOM,
obecrieunBasi nepenavy 3JeKTPUUECKOrO TOKA BO BCEM
o0beMe BsXKyllel MaTpuiipl. TakuM oopa3oM, yaydiie-
HUE 3JEKTPOMPOBOASIINX CBOMCTB MaTepuaga MOXET
OBITH 0OOCHOBAHO TIPOIECCOM CTPYKTYPHOTO (hOpMU-
pOBaHMS KapKaca MaTPUIIbl, KOTOPBIY MOCTEMTEHHO 3a-
TOJIHSIETCS] TUAPOCUTIMKATAMU KaJIbI[USI TOOEPMOPUTO-
Boro psaa. OXHOBPEMEHHO C 3TUM OOECTIeYMBACTCS
TIPUPOCT MPOYHOCTU LIEMEHTHON MaTPULLBI.

Ut TIOATBEPXKIEHUST COCTaBa HOBOOOpPa30BaHUM
MPOBEJICH PEHTIEHOBCKUI MUKpPOAHAIU3 (IHEProauc-
TEePCUOHHBIN aHATU3) TeJIEBbIX CTPYKTYP B COCTaBe 1ie-
MEHTHOW MaTpulIbl, TOTTMPOBAHHON MeTajll/yTriaepo-
HBIMM HAHOKOMITO3UTaMu. Ha criekTpe peHTreHOBCKOTO
MUKpOaHanu3a (puc. 5, a) OTMEUYEHO HaJIu4yue aTOMOB
kanpuus Ca, kpeMHus Si, kuciaopoga O, Kotopslie pop-
MUPYIOT ToOepMOpuTOBbBIE Tenu. Hapsity ¢ nepeuuncieH-
HBIMM aTOMaMH oTMeueH yriiepon C U UMEIOTCs TMHWUH,
COOTBETCTBYIOIINE HUKEITIO, KOTOPBIE SIBJISIIOTCSI COCTAaB-
JISTIONIMMU  HUKEJIb/yTIAepOIHBIX 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 | a
cepnl S CBA3aHO ¢ (POPMUPOBAHUEM
Ha HAYaJIbHBIX 3TallaXx THApaTaun
MOPTJIAaHALIEMEHTa T'UAPOCYJIb(hO-
ATIOMUHATOB KaJIBIIHSI.
PeHTreHoBcKUiT MMKpoaHaIU3
KPYITHBIX KPUCTAJLJIOB, IIPOHU3bIBA-
FOIIMX CTPYKTYPY LIEMEHTHOM MaTpy-
bl (puc. 5, b), moATBepXKIaeT mepe-
XOJI TeJIEBBIX CTPYKTYP BO BTOPUIHEIC
KPUCTAJJIOTUAPATHl Ha OCHOBE THUJI-
POCWIMKATOB KajbLUs, KOTOPBIE C
YBEJIMUECHUEM BO3pacTa CUJIMKATHOM

KOMITO3UIIMM Ha4YHWHAIT npeo6na—

Puc. 6. CTpykTypa ac6ecToLeMeHTHOM KOMNO3ULUN B TPAAMLMOHHOM U3Aennn ons yCTpoicTBa Kpo-

IaTh B COCTaBe IIEMEHTHOTO KaMHSI,
HO IIpY 3TOM BCJICACTBHE OTCYTCTBUS
B HHUX TeJEBBIX ITOP MMEIOT 3HAUM-
TEJIbHOE 3JIEKTPUUYECKOE COIPOTHUB-
neHue. Takum oOGpa3oM, C TOBBIIIE-
HHMEM BO3pacTa LIEMEHTHOro KaMHsl
ero 3JIeKTpUYecKasi IPOBOAMMOCTD
CHITXAETCSI, UTO ITOATBEPKIACTCS MC-
CleOBaHUSIMU, TPUBEICHHBIMU B
paborax [15—17].

C nenblo crabuaM3aluy 3JieK-
TPOIPOBOIHOCTH B IIPOIIECCE TBEP-
IeHWs] I[EMEHTHOTO KaMHSI OBLIO
MPEIIOKEHO UCII0JIb30BaTh IPOLIEC-
Chbl MOHHOI MPOBOAMMOCTH 34 CUET
BBEIEHUS B COCTAaB CHJIMKATHBIX
KOMIIO3ULIMIA PacTBOPOB XUMHUUE-
ckmx coiseit. B pabore [18] momenm-

BEJIbHOIO MOKPLITUS (@); MUKPOCTPYKTYpa BOAHOM cycneH3unn acbecTta nocne o6paboTku B KaBUTaLLM-
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 CYCMEH3UEN XPU30TUII0BbIX
HaHOBONOKOH npun yBennyeHun 20000X (a); dparMeHT MUKPOCTPYKTYPbl U CMEKTP PEHTIEeHOBCKOro

MUKpOaHann3a Xxpu3oTUa0BOro BOJIOKHA, PACTIONOXEHHOTO B CTPYKTYPE LLEMEHTHOM MaTpuubl (b)

POBaHMEM C HMCIOJIb30BaHUEM METO-
JIOB MOJICKYJIIPHOU TMHAMUKHI HU3Y-
YeHO IBWKEHWE W paclipenesieHne
MOHOB B IIEMEHTHOW MaTpuile.
OTMedeHO BIMSHIE pa3Mepa Mop, CTeTICH! UX HaChIIIe-
HUSI, YyKCia U3rM0O0B MOp Iejisl Ha AMHAMUYECKUEe CBOM-
CTBa W paclipeaeicHIe NOHOB.

JI1s1 MpakTUYeCcKOM peaan3aliiy 3TOro MeToa B JaH-
HOI1 paboTe MpOBeIeH aHAIN3 U3MEHEHUS 3JIEKTPOIPO-
BOJHOCTH C MCTIOJIb30BAaHWEM PacTBOPA a30THOKMUCIIOTO
KaJblLusl, IIPU 3TOM B KayeCTBE CTPYKTYPHUPYIOIIEH 10-
0aBKM ObUIM HCITOJb30BaHbl MEJIKOIMCIIEPCHBIE COpTa
XPU30TUJIOBBIX YACTUII, TTPOM3BOACTBA TOPHOIOOBIBAIO-
mero npennpusatus [TAO «YpanAcbecr». Mcnonb3oBa-
HHEe acOECTOBBIX BOJIOKOH MMUTHPOBAJIO HAJIMYME B 1Ie-
MEHTHOI MaTpulle CTPYKTYPUPYIOLIUX YIbTpaaucIepc-
HBIX T00ABOK ¢ pa3MepaMM, COITOCTABUMBIMU ¢ HUKEIb/
YIJEPOIHBIMU HAHOKOMITO3UTAMM, U B TO XK€ BPEMsI UC-
KJII0YajJ0 UX BAWSHUE Ha BJIEKTPOIIPOBOIHOCTD.
M3BecTHO, YTO M3/IENNSI ¢ UCITOIb30BaHUEM acOecTole-
MEHTHBIX KOMIO3UILIMI IITMPOKO MPUMEHSIIOTCS B Kaue-
CTBE 2JIEKTPOU3OJIIIIMOHHBIX MaTepUAJIOB, TaK Kak acoe-
CTOBBIC BOJIOKHA, pacIpeAesisisiCh B LIEMEHTHON MaTpu-
1le, He TOJBKO YIYYIIAIOT MeXaHWYeCKUe ITOKa3aTeIn
acOeCTOLIEMEHTHBIX JIMCTOB, HO U TOBBIIIAIOT UX JIEK-
TPOU3OJISILIMOHHBIE CBOMCTBA. B TO ke Bpemst acbecTo-
BBIe BOJIOKHA (pUcC. 6, @) HEIOCTATOUHO JIE3UHTEIPUPY-

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
chrysotile fiber located in the structure of a cement matrix (5)

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, b) confirms the
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Puc. 8. IameHeHne anekTponpoBOAHOCTU CUIMKATHOrO KOMMNO3nTa B Mpo-
Lecce TBepaeHus ¢ fo6aBneHnem XpM3oTUIoBOiA cycrneHann: a — 6e3 a3oT-
HOKWCIOro Kanbuus; b — C MCMonb30BaHWEM pacTBopa a30THOKMCIIOro
KanbLuMs pasHol KOHLLeHTpaLum

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

IOTCSI BIOJIF BOJIOKOH B TPAIMIIMOHHO HCIIOIb3YeMBbIX
JUJIS paciyLIKY FOJJIEHAEPAaX U He SIBJISIIOTCS CTPYKTYpPU-
PYIOIIUMM [JIST LIEMEHTHOI MaTPUIIbI JOOaBKaAMMU.

s obecrieueHNsT HOHHOM IMPOBOAUMOCTHY U3TrOTaB-
JINBAjach CYCIIEH3MSI XPU30TUIIOBBIX BOJIOKOH B 3%-M
pacTBOpe a30THOKMCJIOTO Kalbliusg. IlpuroroBieHme
cycreHsuun ¢ coaepxkanueMm 30% XpU30TUIOBOIO BO-
JIOKHA OCYIIECTBJISUIOCh B KaBUTAlIMOHHOM JHMCIEpra-
TOpe, YCTPOMCTBO KOTOPOTO IIPEACTaBICHO B IAaTCH-
Te [19], ¢ obpaboTKkoit B TeueHre 20 MuH. B mporuecce
IUCIIEPTUPOBAHUS TIOJIOCTH XPU3OTHJIOBEIX HAHOTPY-
0OK HaMOJIHSIIMCh PAacTBOPOM a30THOKMCJOIO Kajb-
LIS, 9TO IIEPEBOIMIIO X B DJICKTPOIIPOBOIHBIIN KOMITO-
HEHT nobaBKM. BcilemcTBre BBICOKOI AMCIIEPCHOCTH
(puc. 6, b) U XMMMYECKOTO CPOACTBA XPU3OTHIOBBIX
BOJIOKOH C IEMEHTHOM MaTPULIEN OXUIATOCh TAKXKE UX
CTPYKTYypUpYIOlllee BO3ACHCTBUE IpU TUApaTalluu
MMOpTJIaHAILIEMEHTA.

Moanpukanus LIEeMESHTHOW MaTPUIBl CYCIICH3UEH
XPU30TWJIOBBIX HAHOBOJOKOH IPUBOIUT K M3MEHEHUIO

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-

HAayuHO-MeXHU4ecKUuil U NPOU3800CMBEeHHbLIL HCYPHAA

®

January—February 2022

17



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

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

Q
= = NN W Wb
o o o o o o o

Compressive strength, MPa

o

MpoyHOCTL KOMNO3uTa Npw cxatn, Mla

7 cyt /7 days 14 cyt / 14 days 28 cyt /28 days
KO 22,6 27,2 33
XA-1% 29,4 31 33,4
XA-3% 25,6 29,2 31,3
XA-5% 22,3 25,2 30,6
XA-7% 28,7 29,5 32,5

40
35
30
25
20
15
10
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Compressive strength, MPa

7 ¢yt /7 days 14 cyt / 14 days 28 cyt/ 28 days
KO 22,6 27,2 33
XA-7%+HK-2% 29,5 32,8 35,9
XA-7%+HK-3% 28,4 36,2 38,7
XA-7%+HK-4% 28 36,8 38,3
XA-7%+HK-5% 30 33,4 37,1

Puc. 9. MIameHeHve NPOYHOCTY NP CXaTnn Rey CUIMKATHOrO KOMMNO3uUTa B NMpoLecce TBepaeHus ¢ Ao6aBneHnem Xpu3oTUaoBoii cycrneHanmn: a — 6es3 a3oT-
HOKMCIOro Kanbuust; b — C MICNOMIb30BaHMEM PACTBOPA a30THOKMCIIONO KasbLus Pa3HOW KOHLEHTpaLmmn

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 TJTACTUHYATHIMU M BOJIOKHUCTBIMU HOBOOOpA-
30BaHUsAMU (puc. 7, a). PeHTreHOBCKMIT MUKpoaHaIu3
LIEeMEHTHOI MaTpulibl (puc. 7, b) mokazaj, 4To B XuMUUe-
CKOM COCTaBe Hapsily ¢ aTOMaMu KPeMHUsS Y KaJIbLIMs,
BXOISIIMMU B COCTaB TMAPOCWIMKATOB KaJbLMS, IIPU-
CYTCTBYIOT MarHW{I W aJIOMUHWI, XapaKTepHBIC IS
XPU30TUIOBBIX BOJIOKOH.

B nporiecce ruaparaivy iieMeHTHasE MaTpuUIia 3aIo-
HSIETCSI TUIOTHBIMU M TIPOYHBIMM HOBOOOPA30BaHUSMU,
00beM KOTOPBIX HAIPSIMYIO 3aBUCUT OT KOJIMYECTBA U
KadyecTBa pacrpefesieHus] XpU30TUJIOBBIX BOJOKOH B
obbeMe kKommnosuta. [Ipu 3ToM HEOOXOAMMO OTMETUTH
CTPYKTYpHBIE U3MEHEHUS MPOAYKTOB TUAPATALINYT U Xa-
pakTep ux (popMHpoBaHUsI, 0OeCIeUnBaIOIIe B KOHEU-
HOM MTOIe MOBBIIIEHUE 9KCIUIyaTalMOHHbBIX XapaKTepu -
CTHK MaTepuaa.

PesynabraTthl MCMBITAHUMM KOMIIO3UIIMI Ha 3JEKTPO-
MPOBOJHOCTD C MCIOIb30BaHUEM cycrieH3un 30% KoH-
LIEHTPALMU XPU3OTWIOBBIX BOJIOKOH, AMCIEPIMpPOBaH-
HBIX B pacTBope azoTHokwmcioro Kaneiusa (HK), mpuse-
NIeHbl B rpadukax Ha puc. 8.

Kak BumHO U3 mpenacTaBieHHBIX rpauKoB, B IPO-
1ecce TBEPIEHUST 1IEMEHTHOW MaTpUIIbl JOTIOJTHUTEIb-
HOE BBeJCHUE CYCIIEH3UM XPU3OTHJIOBBIX BOJOKOH CO-
BMECTHO C PAaCTBOPOM a30THOKMCJIOTO KaJIbIMsI CTIOCO0-
CTBYET 3HAYMTEJIbHOMY CHUKEHUIO YEIHHOTO 3JIEKTPH -
yeckoro compotusieHusa (puc. 8, b). I[Ipu atom onrtu-
MaJibHasi KOHIIEHTPAIIWST pacTBOpA HUTpATa KabIvs I
YJIYYILEHUSI CBOMCTB 3JI€KTPOIIPOBOIHOCTI CUIIMKATHBIX
KOMIIO3UIINIA cocTaBisieT oT 2 1o 4%.

Panee Obuto yctaHoBieHo [20], 4To BBedgeHUE CYy-
CIIEH3MM XPU30TUIOBBIX BOJOKOH CIIOCOOCTBYET YBEJIM-
YEHMIO MOTEHIMajda pocTa MPOYHOCTU TIPU CKATUU BO
BPEMEHMU 3a CYET CTPYKTYPUPOBAHUS LIEMEHTHOI MaTpu-
bl (puc. 9, a), TOTIOJTHUTELHOE BBEIEHUE B COCTAB CY-
CIICH3MHU pacTBOPa a30THOKMCJIOTO KaJbIUs 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 PEIYJIbTAThbl SKCIICPUMECHTA IO MCITOJIb-
30BaHUIO MOHHOUW MPOBOJAMMOCTM HAa OCHOBE HUTpAaTa
KaJIbIIMA ITO3BOJIAIOT ITPOrHO3MPOBATH JNaJbHENIIee YCTOﬁ—
YMUBOC CHMOKCHUEC YACIBbHOIO 2JICKTPUYCCKOIo COIMPOTUB-
JICHUA CUJIMKATHBIX KOMITIO3UTOB IIPpU JI00aBJIEHUU UX CO-
BMECTHO C MCTEUUI/YI‘J'[CDOI[HHMI/I HaHOKOMITO3UTaMHM.
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BnuaHue Q03MPOBKN U rPaHyIOMETPUM HANONHUTENEH
Ha noKa3arenu IKcTpyaupyemoctu cmecen gna 3D-neyatu

MpencTaBneHbl pe3ynbTaThbl UCCNEA0BaHNI PEONOTNYECKOr0 NOBEAEHNS U NNAacTUYHOCTM cmecein ana 3D-nevatn. 06cyxaatoTes
pe3ynbTaTbl BUAHNA BUAA, JO3UPOBKKA 1 FPaHYNOMETPUN HANOMHUTENEA HA PE0IOrNYecKoe NoBeAeHe CMECEN, YCTOMYMBOCTb MX
CTPYKTYPbI 1 MNACTU4HOCTbL NpK caasnueaHnuy. cenenosanoch Aga tuna cmecen ans 3D-neyatu: «LeMeHT — MUKPOHANOHUTENb —
nnacTMdmKaTop — BoAa», «LeMEHT — MefKUIA 3anonHNTenb — nnactudukarop — sofa». [na uccnefoBaHns peosornyeckoro noBeaeHus
11 OLIEHKM NNACTUYHOCTU B IKCMEPUMEHTAX UCMOSb30BaNN CAABMMBAKOLLMIA TECT C NOCTOSAHHON CKOPOCTLIO AePOPMUPOBAHMS 5 MM/C.
YCTaHOBNEHO, YTO HaUmy4LLei CNoCOBGHOCTbIO K 9KCTPY31UM 06/1afaK0T CMECH, OTIIMYAIOLLNECS BASKOMIACTUHECKUM TeYeHUeM npu
CLABNMBAHNY 63 pa3pyLleHns CTPYKTYpbl. [ns AaHHbIX CUCTEM NPEOSO0NEHNe NMOpora yCTONYNBOCTM U HA4a10 NIacTUYeCKOro Te4eHns
0e3 TPeLLMHO06pa30BaHMs COOTBETCTBYIOT AaBneHno F*~2,5-4 klla, paunoHanbHble 3Ha4eHns npegena tekyvectu Kj(l) coctasnsior
1,5-3,5 kMa. Mpy npuMeHeHM MOHOAUCTIEPCHbIX HAanoNHUTeNen cmecu ang 3D-nevyaT UMEKT HU3KYH YCTORYMBOCTb CTPYKTYPbI K
JENCTBUIO HArPY3KK, L1 HUX XapakTepHO HeobpaT!Moe paspyLLeHne CTPYKTYPbI NOC/e NPeososieHns nopora yCToM4YmBOoCTH.
[TpumeHeHne NONMANCNEPCHBIX HANOMTHUTENEN B pa3MepHOM Anana3oHe d=1-630 mm no3BonseT ahDEKTUBHO PerynmpoBarb
MNACTUYHOCTb W YCTORYNBOCTb CTPYKTYPbI CMeceil. bonee BbiCOKas MNACTUHHOCTb 1 arperaTMeHas yCTONYUBOCTb NpU [AeACTBUN
Harpy3ku 06ecneynBatoTCs ¢ NPUMEHEHMEM MUKPOHANONHNTENEN aMOpdHON CTPYKTYpbl. Cmecn ans 3D-neyatu obnagatot
CMOCOBHOCTBIO K BASKOMNACTUHECKOMY TE4YEHNIO 6€3 paspyLUeHUs CTPYKTYPbl U OCTATOMHON CTPYKTYPHON MPOYHOCTbIO NPU A03UPOBKE
MukpoHanonuutenent (d=1-55 mm) go 30%, menkux 3anonuuteneii (d=150-560 mm) — 100-125% oT Macch! LieMeHTa.

KntoueBble cnosa: ctpoutenbHas 3D-neyartb, CMecy, NNacTMYHOCTb, PEOSIornieckoe noBejeHne, CoCTas.

Insa uutuposanus: Cnasyesa I.C., bputsuHa E.A., Lisegosa M.A., HOpos M.t0. BnnsHne 0031MpoOBKM 1 rpaHyNOMETPUI HaNOTHUTENEN
Ha nokasartenu akcTpyaupyemoctn cmeceit ana 3D-nevatn // CtpouTesibHbie matepuansi. 2022. Ne 1-2. C. 21-29.
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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

DPHeKTUBHOCTH U TEXHOJIOTMYHOCTD O€30MaTy00uHO
cTpouTeibHOM 3D-1euaT 3aBUCAT OT BOBMOXKHOCTHU PeETy-
JIMPOBaHUS TOKa3aTeseld TEXHOJOTMYHOCTU CMeCcei Ha
BCeX CTaaMsIx nmpoliecca. Ha ocHoBaHMM MHOTOUYMCIEHHbIX
HCCIICIOBAHUIA B HACTOSIIIICE BpEeMsI CUMTACTCSI OMHO3HAY-
HO YCTaHOBJIEHHBIM [1—8], uTo 119 obecrneueHus Tpedye-
MOI'O KayecTBa CTPOMUTEIBHBIX OOBEKTOB HEOOXOIMMBL:

— nepekauuBaeMocThb (pumpability) mis a3¢bdeKkTruB-
HOI1 TPaHCIIOPTUPOBKU CMECU K MECTY YKJIAIKU;

— CTIIOCOOHOCTH K 3KCcTpy3uu (extrudability), ompeze-
JIIEMO TIJTACTUYHOCTBIO CMECH 11 (hOPMUPOBAHMST
6e3meeKTHOTO CJI0S IIPU IeYaTH;

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) 151 Bocrpu-
SITUSI HATPY3KHU YKJIaAbIBAEMBIX BBHIIIIE CJIOEB B MPOIIECCce
06e30nany0OuyHON MOCIOMHOW YKIANKWU U ompeneseMast
MPOYHOCTh CTPYKTYPHI BI3KOILIACTUYHOM CMECH.

OueBUIHO, YTO B YCIOBUSIX O€30TaTyO0UHON YKIIaI -
KU ITOKa3aTeJIM TEXHOJOTMYHOCTY cMeceit uis 3D-nevyatu
CYIIECTBEHHO OTJIMYAIOTCS OT MoKa3aTesell TEeXHOJIOT Y-
HOCTHU TPAIULIMOHHBIX CTPOUTEBHBIX CMECEI.

Jns peanuzanyu 3D-1neyaty B CTPOUTEIBCTBE UCTIONb-
3YIOT JIBE TPYTIITHI CMeCeil: rpyboanciepcHbie (pa3mep Ja-
ctul, d>100 MKM) M MUKpOAMCIIEPCHBIE (pa3Mep YacTHIL
d~1—-100 mxm) [9—13]. CornacHO MOJOXEHUSIM KJIACCH-
YECKOU CTPYKTYPHOI PEOJIOTMU JTUCTIEPCHBIX CUCTEM [14],
TaKde CMECH SIBJISIIOTCS BHICOKOKOHIIEHTPHUPOBAaHHBIMU
TeTePOTEHHBIMU JTMCIIEPCHBIMU CHUCTEMaMM C OJIVDKHEeH
Koaryysuueit yactuil. [1acTHYHOCTb M MPOYHOCTb CTPYK-
TypbI TAKMX CUCTEM 3aBUCSIT OT pa3Mepa YacTUII, IIPOIHO-
CTV WHIVWBUIYAJTbHBIX KOHTAKTOB M KOHIIEHTPALINYU JIHC-
nepcHOii (ha3bl B AUCIIEPCUOHHON cpefie, OINpeaeIsIoeit
YKUCJIO KOHTAaKTOB B €IMHUILIE OObeMa CTPYKTyphl. Jlo-
Ka3aHO, YTO KPUTMYECKME KOHLIEHTpallMU YacTUI[ AMC-
MepcHoil ¢ha3bl TpU 0OpPa30BAHUM KOATYJISIIIMOHHOMN
CTPYKTYPHI U €€ YIIPOUHEHUMU IS KaXKIOM Maphbl «AUCIIEPC-
Has ha3a — AUCIICPCUOHHAS Cpella» 3aBUCST OT XapaKTe-
PUICTUK YaCTHII TBEPOi (ha3bl M CBONCTB XUIKOCTH.

Wcxons u3 storo aBropaMu B padotax [15, 16] o6ocHO-
BaHbI CTPYKTYPHBIE (haKTOPHI YIIPABICHUST PEOTOTMIECKIM

— 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

XapakTepucTUKu COCTaBOB CUCTEM «LLeMEHT — MUKPOHaNoJIHUTe b — nnactudukaTop — soga»
Tested cement paste composition and specimen identification “cement — filler — plasticizer — water”

Cucrema Co,uepf)xaHme MUKPOHaMNoHUTEenNs ﬂ,oagposKa nnactudunkaTopa B/ Bufl MUKPOHANONHUTENS
Specimen ID (_A) OT MaccChbl 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 [panwTHbIe oTCeBbI
Granite crushing screening
GCS 0.4-P0.6 40 0,6 0,33
Tabnuua 2
Table 2

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

Cuctema CopepxaHne 3anonHnTens Josuposka nnactndukaropa B/LL Bup 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 NPOU3B00CMBEHHbIIL JHCYPHAN
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MOBEACHUEM AUCIIEPCHBIX CUCTEM U
COOTBETCTBEHHO IIOKA3aTeIsIMU TeX-
HOJIOTUYHOCTM CMECEU B YCJIOBUSIX
3D-neuaru. [TokazaHo, 4TO B COOTBET-
CTBUM C KPUTEPUEM TIPOYHOCTHU TeTe-
POTeHHBIX TUCIEPCHBIX CUCTEM OIpe-
JISIISTIONIMM (DaKTOPOM €€ YCTONYMBO-
CTU SIBJISIETCSI KOHLIEHTpALUsT TBePAOM
¢aspl. OnTuManbHble 3HAYEHUS KOH-
LICHTPALUU JUIST KQXIOWU KOHKPETHOU
JIMCTIEPCHOM CUCTEMbI OMPENEISIIOTCS
CBOICTBAMHU YaCTUIl M XapaKTepUCTH-
KaMM KMIKOCTU. [lo OTHOIIEHWIO K
TBepIOH (haze K HUM OTHECEHBI €€ KOH-
LIEHTpAIMs, pa3Mep YaCTUIL U UX MOP-
dosiorust, XUMUKO-MUHEpPAIOruye-
CKMA CcOCTaB, (PUBMKO-XUMHYCCKIIEC

CBOMCTBa ITOBEPXHOCTU HYaCTuUl.

[MpumeHnTeNHHO K JaHHBIM (paKTOpaM
00OCHOBAHBI TEXHOJIOTMUECKUE CpPeJl-
CTBa MX PETYJMPOBAHMSL: BUI U KOH-

LIEHTPALIAS CBSI3YIOIIETO; BUI, TPaHy-
JIOMETPHSI ¥ KOHIICHTpAIIMST HATIOJTHM-
Teneil u 3anonHuteneid. 1o oTHoIe-
HMIO K JWCIIEPCUOHHOM Ccpele CTPyK-

TYPHBIMU (DaKTOpaMU pPEryJIMpOBaHUS
CBOIICTB SIBIISTIOTCSI €¢ MOHHBIN COCTaB,
BSI3KOCTb, TJIOTHOCTb. K TeXHOJI0rMYe-

CKUM CpEICTBAM HMX PETYIMPOBAaHUS
OTHECEHBI BUIBI U JIO3UPOBKH T00aBOK
3JIEKTPOJIUTOB, TIaCTU(MUKATOPOB, 10-
06aBOK MOJIM(PUKATOPOB BIZKOCTH.

Ta6nuua 3
Table 3
XapaKkTepucTuKa CbipbeBbIX KOMMOHEHTOB
Characteristics of raw materials
XapaktepucTtuka
rpaHysIoOMeTpPUYeckoro
cocTaBa
KOMMNOHeHT Xapaktepuctuka coctasa Particle Size Range
Component Type Composition Characteristics
o vacTtuu, %
d, Hm
volume of size (d), um
particles, % M
MwuHepanornyeckmin cocTas: 31.9 50000
Lement CEM 1 42,5 Mineralogical composition: 23 30000
Cement CEM 1 42.5 o o
N _ o) — 0,
C3A-7,5%, C4AF - 11,5% 56 2000
CynepnnactudoukaTop
Sika® ViscoCrete®20HE MonukapbokcunaTHble 3dupsbl
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%, Ca0-2,3% 3,2 2000
1,4 1000
13,2 630000
KBapueBbIi necok )
Quartz sand Si02~95% 49,3 315000
37,5 160000
97,3 630000
KapO6oHaTHbIN necok
Carbonate sand CaCO3~95% 2 815000
0,7 160000

B pa6orax [17—19] skcnepuMeH-

TaJbHO YCTAaHOBJICHBI BO3MOXHOCTH M TPAHUIIBI PETYIIH -
POBaHUS TEXHOJOTMYECKUX XapaKTEPUCTUK CMecell mpu
BapbUPOBAHUHU CJASAYIOMMNX (DAKTOPOB:

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

— KOHIIEHTPAIHS IIaCTU(UKATOPOB, J0OABOK MOIM -
(GuUKaTOPOB BSI3KOCTH, OMpPEHE/sSIONINX CBOMCTBA AMC-
NEPCUOHHON CPElIbI;

— BUJ, Y TPaHyJIOMETPUsSI KapOOHATHBIX HAITOJTHUTE-
JIeli, onpeaensIolIMX CBOMCTBA AUCHIEPCHOM (ha3bl.

Llenblo TaHHOTO WUCCENOBAHUS SIBISJIOCH YCTAHOB-
JIEHV€ BIUSIHUS pa3Mepa, IpaHyJIOMETPUM U KOHLIEHTpa-
LIMY HATIOJHUTEJICH M OIpeaesieHre X pallMOHaJIbHBIX
JIO3UPOBOK TSI OOECrevyeHrus] HeoOXOAUMON TMIacTUy-
HOCTHU CMeCei ISt UX 9KCTPY3Uu B Ipoliecce 3D-meuaru.

Marepuajibl U METOIbI

UccnenoBanucy nBa tuna cMmeceir mwist 3D-neyatu.
IlepBBIii THIT — 3TO MUKPO3EPHUCTBIE CHCTEMBI <«IIe-
MEHT — MUKPOHAIIOJIHUTEJb — TIJIacCTU(UKATOP — BOAA»,
B KOTOPBIX BapbHPOBAJINCH BUA 1 JO3UPOBKA MMKpPOHA-
nojgHuTesei (tabda. 1). JlaHHbIE cUCTeMbl paccMaTpUBa-
JINCH B KaUeCTBE MaTpHIl 0eToHOB Wit 3D-neuat. Bropoii
TUI — 3TO MEJKO3EPHUCTBIE CUCTEMBbI «LIEMEHT — MEJIKUI
3aMOJTHUTEh — ITACTU(UKATOP — BOIa», B KOTOPBIX Baph-
UPOBAIMCh BUA U IO3UPOBKA 3amojHUTeNei (Tadma. 2).

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-
lyte 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 UCCIEAYEMbIX
cucteM (Taba. 3) MCIOJB30BalIM TOPTIAHALEMEHT
CEM 142.5 (EN 197-1:2011), mmactucdukatop TOproBoi
Mapku Sika Ha OCHOBe IMOJMKapOOKCUIATHBIX 3(UPOB,
TEXHUYECKYIO BOMy. JIJIsT Kak/1oro TUIa CUCTEM MCTIOJb-
30BaJjIy I10 IBa BUJa HAMOJHUTEIEH U 3aTTOJTHUTEICH:

1) Wit cUCTeM <«leMEHT — MMKDPOHAIIOJIHUTEIb —
riacTugukaTop — Bofa» — IOJOMMUTOBAsI MyKa 1 OTCEBbI
NpoOJIeHUsI TPaHUTa;

2) 1T CUCTEM «IIEMEHT — MEJIKIIA 3aITOJTHUTEh — TIJIa-
cTuduKaTOp — BOIa» KBapLEBbIi 1 KapOOHATHBIN MECOK.

J171s1 U3rOoTOBJICHNS 00Pa31I0B NCTIOIH30BAINCH CMECH
OIMHAKOBOW KOHCHCTEHIIMM, KOTOpash obecrieunBaiach
myTeMm perynupoBaHus B/1l u KoHIIeHTpaluy cyrepruia-
cTudurKaToOpa v OMpeAeIIsIach SMITUPUUIECKU TSI TOCTH -
KEHUS 3aJaHHOM KOHCUCTEHLIMU U CBSI3HOCTU CMECEH.

JI7sT OLIEHKM ITACTUYHOCTH CMECE, OIpemesisiio-
IIYI0 UX CIIOCOOHOCTh K 3KCTPY3WU, peaqu30BaH CIAaB-
JIMBAIOIIUI TECT C MOCTOSIHHOM CKOPOCThIO Je(hOpMU-
pOBaHUs B COOTBETCTBUU C METOJMKOM, pa3pabOTaHHOM
B [20, 21]. UcnbiTaHue TIPOBOAUIOCH Ha BSI3KO-TILIA-
CTUYHBIX 00pa3lax cMecell HEMOCPEeNCTBEHHO MOCTe UX
U3roToBJIeHUsI. Peann3oBaH coaBiavMBalOIIUN TECT CO
CKOpOCTBhIO 1e(DOPMUPOBAHUS V=5 MM/C, TaK KaK MIpu
JTaHHOW CKOPOCTU MPOBEIEHUs MCIbITAHUII HauboJiee
aIeKBaTHO MOIECIUPYETCS TMOBEICHUE CHCTEMBI B IIPO-
1ecce aKcTpy3uu. [lpu peanusaluy s3KCIepuMeHTa UC-
MMOJIb30BAIMCH MWIMHAPUIECKUE 00pa3lbl IIEMEHTHBIX
cMeceil, paanyc KOTOPBIX R paBeH UX BBICOTE /(=25 MM.
Jns mpoBedeHUs WCHOBITAHUS oOOpasell Mmomeliaacs
MEXIy ABYMS TJIADKUMU TUIACTUHAMM, THAMETpP KOTO-
PBIX COOTBETCTBOBAJ pa3Mepy 00paslia, U 3arpyxKajcsi B
YHHUBEPCAJIBHYIO HATIOJIBHYIO TUAPABINICCKYIO UCTIBITA-
teabHy1o cucteMy «INSTRON Sates 1500 HDS». ITony-
YeHHBIE B IPOIIECCe UCIIBITAHUI KpUBBIE «Harpy3ka N —
repeMeleHrne A» MHTePIPETUPOBATUCH B BUIE KPUBBIX
3aBUCUMOCTU TPUBEACHHON HArpy3Ku Mpu CIaBJIMBa-
HUU F* OT OTHOCUTEIBHOIO U3MEHEHUS BBICOTHI 00pas-
ua h;/R:

F=1h (1)
rne hi=(ho—A); hyp — HauyalbpHas BBICOTa O0Opa3sla;
A — mepemelieHre B i-ii MOMEHT BpeMEeHM; BeJTnunuHa R
MpUHUMAJIACh IIOCTOSIHHOM 1 paBHOM paauycy odpaslia B
Hayaje UCTIbITaHuSI.

ITo pe3yapTaTaM aHaIM3a MOJYYEHHBIX IKCITEPUMEH-
TaJbHBIX KPUBBIX UISI UCCIIEMTYeMBbIX CHUCTEM PACCUUTHI-
BaJIMCh BeJUYMHBI K;, Ha3BaHHbIe N. Roussel oneHKoi
npeneia Tekydectu (plastic yield value [20]):

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

AHaMM3 SKCIIEpUMEHTANBHBIX KpUBBIX F*=f(hi/R)
(puc. 1) mo3BoISIET BBIACIUTh HA HUX TpU ydyacTka. Ha
MepBOM yYacTKe MPU ACHCTBUM HU3KMX CXKUMAIOIINX Ha-
MpsDKeHUH B auamnaszoHe nedopmuposanus 0,85<4;/R<1
CTPYKTypa COXpaHsieT YCTONYMBOCTh («placing phase» 1o
N. Roussel [21]). C Touku 3peHUS CTPYKTYPHOU PeoJio-

(@)

— 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 IIOBEICHUE
cMecell MOXeT OBITh OXapaKTepH30BaHO
KaK BSI3KOIJIACTUYECKOE TEYEHME IHC-
IEPCHOM CHUCTEMBI C HEpPa3pyLIEHHON
cTpyKtypoit (Mozxens [lIBenosa), a Besn-
yuHa K;(I) B mepBoii TOUKe neperuda — ¢
OLICHKOIT mpemena TeKkydect. [Ipm BO3-
pacTaHUM HaNpsOKEHU Ha BTOPOM
yuactke rnpu A;/ R<0,85 cuctema miacTu-
yeckn medopmupyercs («perfect plase
response phase» mo N. Roussel [21]), a ee
CTPYKTypa TepsieT yCTOWIMBOCTh. [1oaTO-
MY BTOPOI y4acTOK KPUBOI MOXKET ObITh
COOTHECEH C BSI3KOIJIACTUUECKUM Teue-
HMEM TUCIIEPCHOM CUCTEMBI ¢ pa3pyliiae-
Moii cTpykTypoii. Pe3koe BospactaHue
HArpy3Ky Ha TPEThEM yJacTKe CBSI3bIBA-
e€TCsI C MHTEHCHUBHBIM pa3pylieHUeM
CTPYKTYPHI ITyTeM OOpa30BaHMS TPELINH
W C YaCTUYHBIM yHaJleHWeM BOIBI U
VIUIOTHEHUEM CTPYKTYPHI.

Ananus KpusblX F*=fhj/R) m03B0J-
€T 3aKJIIYUTh, UTO PEOJIOTMYECKOE IO0-
BeJICHUE WMCCJIETOBAHHBIX CUCTEM OTBE-
YyaeT TPeM TUIIaM JaHHBIX KPUBBIX.

J71s T1acTMIecKOro TUMa KPUBBIX He
GUKCUPYIOTCS SIPKO BBIPAXKEHHbBIE Mepe-
XOJbI MEXIY TIEPBBIM U BTOPHIM yJacTKa-
MM KpuBoii. Takue cuctembl o0iamaioT
HaWJIy4IIel CITOCOOHOCTBIO K 9KCTPY3UU
WMEHHO BCJIEACTBUE WX MTOCTATOYHOM
TUTACTUMHOCTU U CIIOCOOHOCTHU K BSI3KO-
IUTACTUYECKOMY TeUeHUIO 0e3 paspylie-
HUsI CTPYKTYphl. Bennuuna F~, cooTBeT-
CTBYIOIIIAasl Hayajly IUIACTUYECKOTO Teue-
HUST O3 TpeIrmHO0Opa30BaHUsI, COCTaB-
asiet ~2,5—4 klla; 3HaueHUsT OLEHKU
npenena tekydectn Kj(I) HaxomsaTcs B
nuanaszoHe 1,5—3,5 kIla. Heobpatumoe
pa3pylIieHnue CTPYKTYPBI, CBSI3aHHOE C
TOSIBJICHUEM TPEIIWH, (QUKCUPYETCS
TOJBKO Ha TPETbEeM YYacTKe KPUBBIX
(puc. 1, b). TakoMy THITY peOJIOTHUUECKO-
o TOBEIEHUSI OTBEYAIOT BCE CHCTEMBI
«IIEMEHT — TPaHUTHBIC OTCEBHI — ILIa-
ctugukaTop — Boja» (puc. 1, a), a Takxe
HEKOTOpPBIE M3 CUCTEM «IIEMEHT — KBap-
LIeBBII MTECOK — TIacTU(uUKaTOp — BOIa»
(Q1-P0.8, Q1.25-P0.8), «uuemeHT — Kap-
OOHATHBIN TIECOK — TIacTU(UKaTOp —
Bona» (C1-P0.7) (puc. 1, b).

KpuBble TOBBIIIICHHON TEKYYeCTH Xa-
PaKTEpHBI [UIST CUCTEM, CTPYKTYypa KOTOPBIX
Heo0paTUMO pa3pylIaeTcs B HaYaIbHbII MO-
MeHT HarpyxkeHus npu F*<1 kITa. B pe3yiib-
TaTe OHU TEPSIFOT YCTOMYMBOCTD, IIPHOOpETa-
€T TeKyJecTh. Takue CCTeMbl He 00J1anaoT
HEOOXONMMBIMU YIIPYTOBSA3KOILIACTUYECKU-
MU CBOMCTBAMU U YCTOMIMBOCTBIO TSI (hOp-

e (GCS0.2-P0.4
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Puc. 1. SkcnepumeHTanbHble kKpuBble F*=f{h;/R) pns cuctem: a — «UeMeHT — MUKPOHaMOoHM-
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

Dolomite powder

3,5 [~ ==@= Granite crushing screening

w

Ouenka npegena nnactuyHoctv Ki(1), kMa
Plastic yield value Ki(1), kPa
N
T

05 0,71

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

et 33 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
3anonHuTtenb / Macca LemeHnTa, %
Aggregate / mass cement, %

Puc. 2. OueHka npenena Teky4ecTn ojigd CUCTEM: ad — «UEeMEHT — MUKPOHaNONHUTESb — nnacmq)m-
KaTtop — BOAa»; b- «LIeMEHT — MeJIKUI 3anoNHUTENb — I'IJ'IaCTI/Iq)VIKaTOp — BOOa»

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

aggregate — plasticizer — water”

MMPOBaHUSI (POPMOYCTOMUMBOIO 0e31e(heKTHOrO CIosI TIpU
skcrpy3un. Beanuunbel Ki(I) He npebrmator 0,9 xIla.
JlaHHOMY TWITy KPWBBIX OTBEYAeT TMOBEICHUE BCEX CHCTEM
«IIEMEHT — J0JIOMUTOBAsI MyKa — IUIaCTU(UKATOP — BOIa».

XKecTkue cucteMbl XapaKTepHU3YIOTCS PE3KUM I1ajie-
HUEM Harpy3Ky Ha KpuBoii F*=f{h;/ R) nocne nepexona ot
(a3l YCTOMYMBOCTU K (Pa3e TUIacCTUYECKOrO TEYEHUS B
repBoii Touke repernda #;/R~0,85—0,9. ITocne npeomno-
JieHus nopora ycroitunBoctu Ki(I) B mepBoii Touke repe-
ruba hj/ R~0,85 nx nechopMUpOBaHUE OIIPEACIISICTCS TIPO-
leccaMu MMKpoTpeluHooopasoBaHus. Heobpatumoe
paspylleHue CTPYKTYPhI, CBSI3aHHOE C MOSIBJICHUEM Tpe-
IIWH, (QUKCUpyeTcsT Ha BTOPOM YyYaCTKE KPUBBIX
(puc. 1, b). BTO CBUAETEILCTBYET 00 OTCYTCTBUU CIIOCO0-
HOCTU JaHHBIX CHUCTEM K IUIACTUYECKOMY TEUYEHUIO.
BennunHa NpUBENEHHON Harpysku F*, COOTBETCTBYIO-
1ast PEOI0JICHNIO TTOPOTa YCTOMYMBOCTY M Havajly Jie-
dopmupoBaHus, cocTaBisieT ~4—9 klla; 3HaUeHUs OLleH-
ku mpenena Tekydectu K;(I) HaxomsTcss B Imara3oHe
3,5-8,5 kIla. Takum o6pa3om, JaHHbIE CUCTEMbI HE CITO-
COOHBI K JighopMaIvsiM 0e3 pa3pyleHUsT CTPYKTYPhI U He
00J1afaloT CITOCOOHOCTBIO K AKCTPY3UU € (POPMUPOBAHU-
eM 0e3nedeKTHOro CI0si B MOMEHT Ile4aTy BCJICACTBHE
HEJIO0CTATOYHOM MJIaCTUYHOCTU. TaKoMy TUITY peosioruye-

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.
K;(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;j/R) curve after the transition from

200
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CKOTO MOBEACHUST OTBEUAIOT CUCTEMbI «LIEMEHT — KBaplle-
BBII TTeCOK — TuiacTudukatop — 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 mo3mpoBKa MUKpPOHAITOTHUTENICH W 3aITOTHM -
TeJiel BIUSIOT Ha PEOJIOTMYECKOe MOBEACHUE U TIaCTUY -
HOCTb cMmecell mist 3D-rmedaTu clieayloluM oOpa3oM.
IMpenen texkydyectn Kj(I) mIsl MIaCTUYHBIX M KECTKMX
CHCTEM BO3pAacTaeT IpU YBEJIUMUCHUM JO3UPOBOK MUKPO-
HATOJIHUTEJIEH U 3aroiHuTeNnei (puc. 2). s TeKyunx
cucteM BennuuHa K;(I1), HampoTUB, CHIXKAETCS MPU MO~
BBIIIEHUW JTO3MPOBKU HAITOJTHUTEIICH.

CpaBHEHME PEOJIOTUIECKOTO MOBEACHUS CUCTEM «IIe-
MEHT — MUKPOHAIIOJTHUTEJb — IJIACTU(UKATOP — BOIA»
ITO3BOJISET MPEIIIOJOXKUTh, YTO TPAHYJIOMETPUST U KPU-
CTAJIJIOXMMHUUYECKOE CTPOCHME OKa3bIBAaIOT pellalollee
BIMSTHUE Ha IUIACTMYECKNE CBOMCTBA M arperaTUBHYIO
YCTOMYUBOCTb UCCIEAYEMbIX CUCTEM IpU ACHCTBUU Ha-
rpy3ku. [IppMeHeHne TOMMANCIIEPCHBIX TPAHUTHBIX OT-
CeBOB T03BOJIsIeT 9 GEKTUBHO PEryJIMpOBaTh IIAaCTUY-
HOCTb M arperaTuBHYIO YCTOMUMBOCTbL CMeceil. DTo 00y-
CJIOBJICHO TEM, 4YTO aJIOMOCHUJIUKATHBbIC TPaHUTHEIC
OTCEBBI OTJIMYAIOTCS aMOPGhHOI CTPYKTYPOl U MYJIbTH-
MOJAJTBHBIM pacrpeneieHueM YacTUIl. DTO CITOCOOCTBY-
€T CO3JaHUIO TUIOTHON YMaKOBKW YacCTHUI[ IMCIIEPCHOM
¢as3bl B cucteme. OMHOBPEMEHHO, B CHIIy aMOP(HOCTH
CTPOEHUSI, TPAHUTHBIE OTCEBBI 00Janal0T OOJbIlIel Mo-
BEPXHOCTHOI aKTMBHOCTbBIO U CITOCOOHBI K ()OpMHUPOBa-
HUIO TIOJMMOJICKYISIPHBIX CJIOCB aIcopOMpOBaHHON
BoAbl. B pe3ynbTaTe JaHHbBIE CUCTEMbI OTJIMYAIOTCS BbI-
COKOW YCTOMYUBOCTBIO CTPYKTYPHI K IEWCTBUIO HATPY3-
KA W OJHOBPEMEHHO JIOCTaTOYHOM IUIACTUYHOCTBIO B
auanasoHe a03upoBoK 10—40% oT Macchl LieMeHTA.
PammonanpHOM ciiemyeT CUMTaTh JO3UPOBKY TPAHUTHBIX
otceBoB 10 30% ot macchl ieMeHTa. C TaHHOI J03UPOB-
Kou cmecu g 3D-medaru 001aga0T IVIACTUYHOCTBIO 1
arperaTMBHOM YCTOMYMBOCTHIO B quariazoHe B/11=0,29—
0,33 u koHueHTpauuu 1uiacrudukaropa 0,4—0,6% ot
Macchl 1eMeHTa. [lpuMeHeHMe MOHOIMCIIEPCHBIX Ha-
MojHuTeNel (M3BECTHSIKOBOM MYKHM) CHUXKAeT arpera-
TUBHYIO YCTOMYMBOCTh IIEMEHTHBIX cucTeM. Bo Bcem
HCCJIEIOBAHHOM IMara3oHe TO3UPOBOK TSI CUCTEM «IIe-
MEHT — JIOJIOMUTOBAsI MyKa — IIJIacTU(UKATOp — BOJa»
XapaKTepHa TOoTeps] YCTOMYMBOCTH M HAaYaJIO TCUCHUS B
HavaJIbHBI MOMEHT HarpyxeHus rpu F*<1 kITa.

J11s1 cCUCTeM «IIEMEHT — MEJIKMIA 3all0JIHUTENb — TUIa-
cTuduUKaTop — BOIA» MaccoBasl A0 3allOJIHUTENIEN SIB-
JISIeTCSl TIPUOPUTETHBIM (PaKTOPOM PETYIIMPOBAHUS BSI3-
KOIUIACTUYECKMX CBOMCTB 1 arperaTMBHOM YCTOMYMBOCTHU
cMeceit. PanioHa bHOM ceayeT cuMTaTh JO3UPOBKY 3a-
nostHUTeNeH B kommdectBe 100—125% ot Macchl LIeMeHTa.
B mramasone maHHBIX 103upoBoK, pu B/11=0,28—0,3 n
KoHUeHTpauuu Iuiactudukaropa 0,7—0,8% or macchl
IIEeMEHTa CMeCH O0JIaJaloT CIIOCOOHOCTBIO K BSI3KOILIA-
CTUYECKOMY TeUeHMIO O3 pa3pyIeHUsT CTPYKTYPhI 10CTa-
TouHolt rmactuyHocThio (Ki(I)=3—3,5 kIla). I1Ipu stom
rpaHyJIOMeTPUSI 3aMOJTHUATEIIEH TaKKe OKa3bIBaeT pelaro-
1Iee BIMSIHUE Ha PEOJIOTMUECKOe MOBEACHUE U TIIacTUd-
HOCTB MCCJICMOBAHHBIX cucTeM. [1py mpuMeHeHU MOHO-

“placing phase” to “perfect place response phase” at the
first inflection point /4;/R=0.85—0.9. After overcoming
the stability threshold Kj(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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IUCIIEPCHOTO KapOOHATHOIO IeCKa YIaJ0Ch 00ECIIEYNTh
HEOOXOAUMYIO IS SKCTPY3UM IUIACTUYHOCTL CMECEH
TOJILKO TIPY €T0 TO3UPOBKe He Gosee 100% oT MaccH 1ie-
MeHTa. [IpyMeHeH e TOIMAUCIIEPCHOIO KBAPLEBOro IIe-
CKa TI03BOJISIET O0ECIIEYNTh TUIACTUYHOCTE U arperaTuB-
HYIO YCTOMYMBOCTB, CIIOCOOHOCTL CMECEN IUIACTUYECKU
neopMUPOBaThCs 0€3 pa3pyLeHUs CTPYKTYPBI [IPU Aeii-
CTBUM CKUMAIOIINX HAIIPSDKEHUIA B IMAIIa30He JO3MPO-
BoK Itecka 100—125% ot macchl LIeMeHTa.

BoiBoabt

1. I[Toka3aHo, 4YTO CAABJIMBAIOILLIMIA TECT C TIOCTOSTHHOM
CKOPOCTBIO 1e(hOPMUPOBAHUST TIO3BOJISIET MOICIMPOBATh
PEOJOTUYECKOE IMOBEACHUE M M3MEHEHME COCTOSIHUS
CTPYKTYPBI BSI3KOIUTACTUYHBIX cMeceit st 3D-1reuat B
npoliecce 3KcTpy3un. Hamyuiieit cmocoOHOCThIO K 9KC-
TPY3UH 00JIAMar0T CMECH, CTIOCOOHBIC K BSI3KOIIJIACTIUC-
CKOMY TE€UYEHMIO 0e3 pa3pylleHus CTPYKTyphl. s naH-
HBIX CHUCTEM IIPEOAOJIeHUE TTOpoTa YCTOMYMBOCTH M Ha-
YaJio TUIACTUIECKOTO TeUeHUsT 6e3 TPeIMHO00pa30BaHUS
COOTBETCTBYIOT HaBlieHHIo F*~2,5—4 xIla, pannoHaib-
HbIe 3HaUYEHUS OLIeHKHU mpenena Tekydectu Ki(I) cocraB-
jstot 1,5-3,5 kI1a.

2. CpaBHEHME PEOJIOTMYECKOTO TTOBEACHUS CMeceit
s 3D-nevaTtu ¢ pa3HbIMU BUIaMU MUKPOHAIIOJHUTE-
JIei 1 3aITOTHUTEJICH TOKA3bIBaeT, YTO TPAHYJIOMETPHS 1
KPUCTAIJIOXMMUYECKOE CTPOCHUE, OMpeaessionee ai-
COPOILIMOHHYIO aKTUBHOCTD UX TTOBEPXHOCTH, OKa3bIBACT
pelaloliee BIUSIHUE Ha TJIaCTUYeCKe CBOMCTBA U arpe-
TaTUBHYIO YCTOMUMBOCTDb MpU AeUCTBUM Harpysku. [Tpu
MMPUMEHCHNN KPUCTAJUTMICCKUX MOHOMMCIIEPCHBIX Ha-
MOJHUTENEeH (IOJOMUTOBOM MYKU, KapOOHATHOIO Iie-
CKa) He CO3MaloTCsl IIOTHBIE MPOCTPAHCTBEHHBIC YIla-
KOBKHM YaCTHI] TBEPIOU a3kl B CTPYKTYpPE AMCITEPCHBIX
CUCTEM, 4YTO OIpeaeysieT UX HU3KYI arperaTuBHYIO
YCTOMYIMBOCTH TIPU I€MCTBUM HArpy3Ku. B pesynbrare He
yaaercsi 006ecreyuTh palMoHaJbHOE COOTHOIIEHHWE Xa-
PAKTEPUCTUK TIACTUYHOCTU U CTPYKTYPHOU YCTOUYMUBO-
CTH CMeceil B JMama3oHe pa3MepoB MOHOIMCTIEPCHBIX
HamoaHuTenein d=0,1—630 MM, Tak Kak I HUX XapakK-
TEPHO HEOOPATUMOE pa3pyllieHNe CTPYKTYPhI TTOCIIE Tpe-
O/10JIEHUsI TOpOora YyCTOMYMBOCTH.

3. [IpuMeHeHNEe TOMUANCIICPCHBIX HAITOJHUTEICH
KPUCTAJNTMIECKOTO ¥ aMOP(HOTO CTPOCHUSI, HAIpUMep
KBaplIeBOro IeCKa M TPAaHUTHBIX OTCEBOB, B JAUAIla30HE
pa3MepoB ux yactuil d=1—630 MM mo3BosisieT 3P heKTUB-
HO PEeryauMpoBaTh IIACTUYHOCTb U YCTOMUMBOCTb CTPYK-
Typhl cMecelt it 3D-nevaru. [1pu aTom Gonee Bhicokast
TUTACTUYHOCTb U arperaTMBHasl YCTOWYMBOCTb MOM NEii-
CTBHMEM Harpy3ku o0ecIieurBaeTcsl IpUMEHEHUEM HaIloI-
HUTEJIeH ¢ aMOp(dHOI CTPYKTYpO# M3-3a NX CITOCOOHOCTH
K (bOpMUPOBAHMIO OOJIBILIETO YMCJIa MOJUMOJEKYISIPHBIX
CJI0eB aIcOpOMPOBAHHOI BOIBI Ha MOBEPXHOCTH. CMecH
st 3D-meyatn 06J1a1aI0T CIIOCOOHOCTBIO K BSI3KOILIA-
CTUYECKOMY TEUCHUIO 0e3 pa3pylIeHUs CTPYKTYPHI U 10~
CTATOYHOM CTPYKTYpHOU IIPOYHOCTBIO TIPU HTO3UPOBKE
MOJUANCIIEPCHBIX HAIIOJHUTENIC C pa3MepoM YacCTHIL
d=1-55 MM 110 30% oT Macchl LIeMeHTa, ¢ pa3MepoM Ya-
ctuil d=150—560 mm — 100—125% oT Macchl LieMEHTA.

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 IHEPrUM
0eCKNMHKEepHbIX KOMMNO3UTOB HA BAXYLLEM LUENOYHON aKTUBALWUK

113BecTeH (DaKT 3arpsA3HEHMA OKPYXXaoLLen NPUPOLHON Cpedbl U BO3AYLUHOIO 6acCeliHa YrieKMCbiM ra3om, LIEMEHTHOI NbiibHo,
LONOKCMHAMK, CEPOA 1 APYrMMU BPEAHBIMI 1 ONACHBIMMW BELLECTBAMU NPU NPOU3BOLCTBE TPAANLMOHHOIO NOPTIAHALEMEHTA.
Pa3BnTne 6eCKNNHKEPHbBIX BXYLLMX LLENOYHON aKTUBALMN TOHKOAMCNEPCHBIX NOPOLLKOB lIKOMOCUNKATHOM NMPUPOALI
(reononnmepoB) LOCTATOYHO aKTyasllbHO B HACTOSALLEE BPEMS, TAK KaK 3T0 NMO3BOJINT YACTUYHO 0TKa3aTbCs OT KapOOHATHOIA
TEXHOMOMNM N YMEHbLUUTL BbIGPOCH! B aTMOCc(epy. Peuentypbl 66CKIMHKEPHBIX BSXKYLLNX LLEIOYHON aKTUBALMN C UCMOSIb30BAHNEM
0TX0[0B LEMEHTHON NPOMbILUAEHHOCTY 1 MPUPOAHOTO ChbipbA aNHOMOCUANKATHOM NPUMPOALI M KOMNO3UTOB Ha MX OCHOBE MO3BONSAT
HaNTW NPAKTUYECKOE NPUMEHEHME 3TOI TEXHOOMMM HA CTPOUTENBHOM nonpuLle. B paboTe nccnefoBaHa cBO60HAA NOBEPXHOCTHAS
3HEPrus CNOXHOM MHOTOKOMMOHEHTHOI cucTembl MeTofoM OBPK. Pe3ynbrathl uccnenosaHuii 06pasuyoB «peakLnoHHbINA
KOMMOHeHT+3anonHuTeNb+NasSi03» BOAHOTO 1 BO3AYLIHO-CYXOr0 XpaHeH!s B Bo3pacTe 28 cyT 1 1 1. nokasanu, 410 nonspHas

11 IUCNEPCUOHHAs COCTABNALLE NOBEPXHOCTHOMO HATSXKEHNUA CBUAETENLCTBYIOT O MaIOPEakLMOHHOCNOCO6HOM M NN0X0
CMa41BaeMON NMOBEPXHOCTU; Pa3bpoc 3Ha4eHN A CBOGOHOI JHEPTrUM NOBEPXHOCTU rapaHTUPYET BbICOKYIO LOJITOBEYHOCTb U
MPOYHOCTb 6€TOHA. [ToNyYeHHble 3aKOHOMEPHOCTI NOATBEPXAANOT 30 (EKTUBHOCTb 6ECKIMHKEPHOM TEXHOMOMAM, a Pa3paboTKu
BSKYLLMX LLLENOYHOr0 3aTBOPEHNA BYAYT 3aHUMaTb KOHKYPEHTOCNOCOOHOE MOJI0XEHNE HA CTPOUTENIbHOM PbIHKE.
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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
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ITepcrieKTMBHOCTDL pa3BUTHSI OECKIMHKEPHOU TEXHO-
JIOTUU CTPOMUTEJIbHBIX KOMITO3UTOB J0Ka3aHa COBPEMEH-
HBIMU MHUPOBBIMU TEHIEHLMSIMU, Belb W3BECTEH (HaKT
3arpsI3HEHNST OKPY>KaKoIIe MPUPOTHOI CPEAbl Y BO3IYIII-
HOro OacceifHa yIiaeKUCI0TOl, TOHKOAUCIIEPCHOMI peak-
LIMOHHOM IIEMEHTHOW MNbUIbIO, AUOKCUHAMM, CEPOU M
JIPYTMMU BPEIHbIMUA U ONTACHBIMM BEILIECTBAMMU TIPU TTPO-
MU3BOJCTBE TPAIULIMOHHOIO mopTiaHauemMenTa [1—6]. Ha

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-
MpocC AeKapOOHU3ALMM 3KOHOMMKM 3a CUET CHUKCHMUS
SMMCCUM TTAPHUKOBBIX T'a30B, BBIICIISIONIMXCS TIPU pa3-
JIOXKEHUM KapOOHATHOIO ChIPbSl U BBI3bIBAIOIIMX ITOTEI-
JIeHWe KiMmara Ha raHete. B Poccuu takke ati mpo-
OsieMbl OCTPO OOCYXKIAIOTCS HA BCEX HAyYHBIX TUIOLIAI-
Kax, U CJIeAyeT OTMETUTD, YTO MPUHIIMITHATbHBIC HAIIPpaB-
JIEHMSI 3aIUThl OKPYKaIOIEei Cpeibl, HAIIPSIMYIO CBSI3aH-
HbIE C MPOM3BOICTBOM PECYPCO- U dHEprocoeperaroIieit
MPOAYKIMU, U3TOXKEHBI B «CTpaTeruyd pasBUTHSI IIPO-
MBILIJIEHHOCTU CTPOUTEIbHBIX MAaTePUAIOB Ha MTEPUO 10
2020 r. 1 manpHeiyto nepcrnekTusy 1o 2030 r.» [7—10].

Ilepexon K GECKIMHKEPHON TEXHOJIOTMU, OCHOBAH-
HOM Ha IIEJIOYHOW aKTUBALIMU TOHKOAUCIEPCHBIX MO-
POIIKOB aJTIOMOCUJIMKATHOM TTPUPOJIBI (T€OTIOJIMMEPOB),
JIOCTaTOYHO aKTyaJeH B HACTOsIIlIee BpeMsl, OCOOCHHO B
peTHoHaxX, OINYMIAIIIUX OeDUIUT U TOPOTOBU3HY
TPAHCTIOPTUPOBKM OTXOIOB IOMEHHBIX METaJLTypruye-
CKMX TIeUeil, ISl MOJyYeHUs HIIAKOIIEIOIHBIX BSIKY-
mwux. [TpoBeneHHwlie uccaenoBanusd [11—17] ceunerenb-
CTBYIOT, UTO 3(PDEeKTUBHBIE PELIENITYPbl 0€CKIMHKEPHBIX
BSDKYIIIMX Ha OCHOBE TTOPOIIKOB TEPMOAKTUBUPOBAHHO-
ro rpu 700°C ormoKoBUAHOTO MEPreisi, aCIMpalMOHHOMN
W KIWHKECPHOW TIBIJIA, aKTUBUPOBAHHBIX IICTOYHBIM
pactBopoMm (pH=12—13), mo3BoasIT HaWTU TpaKTU4e-
CKOE TIpPMMEHEHNE 3TOM TEXHOJIOTUM HA CTPOUTEIBHOM
MOMpHUILE.

HccnenoBaHue IIeJOYHOTO IIEMEHTHOIO KaMHSI Ha
BSDKYIIUX CBSI3KaX «PeaKIIMOHHBIN KOMIIOHEHT — MUHE-
PaJIbHBIM TIOPOIIOK — IIEJOYHOM PACTBOP» METOIAMU
9JIEKTPOHHO-30H0BOW MMKPOCKOIIUM U PEHTreHO(da-
30BOr0 CTPYKTYPHOTO aHaJM3a MOATBEPAMJIM MPUCYT-
CTBUE THUIPOATIOMOCUJIMKATHBIX IICOJIUTOBBIX (pa3
Mn+x/n[(AlOz)'X(SiOQ)]ZHQO MEPEMEHHOTO COCTaBa B
MPOAYKTaX CHHTe3a M TUApaTalliy, CIIOCOOCTBYIOIINX
(hopMUpOBaHMIO MPOYHOTO U AOJTOBEUHOTO KOHTJIOME-
pata. PU3MKO-MEXaHUYECKME M BKCIUIyaTallMOHHBIC
ToKa3aTeJId MOJIyYeHHBIX OETOHOB Ha BSIKYIIMX CBI3KAX
«aCIMUpaMoHHas/KIMHKEPHas MbLUIb — ITOPOIIOK OO0~
ku — NapSiO3» ¢ mo6aBkoil MUKpokpeMmHe3ema (5%)
COOTBETCTBYIOT KJlaccaM OeToHa 1o mpoyHoctu B30—
B40, o mopo3socroiikoctu F300 (I'OCT 10180—2012
«beTonbl. MeTonbl omnpeneseHusT MPOYHOCTU TI0 KOH-
TPOJIbHBIM OOpa3snam») [16, 17].

C 1enbio Gosiee TIy0OKOTO U3yYeHUs] CUHTE3UPOBaH-
HOM CTPYKTYpPbl M TEKCTYpbl LIEMEHTHOIO IIEJOYHOIO
KaMHS MCCJIeI0BaIach MIPOYHOCTb CTPYKTYPHBIX MEXKMO-
JIEKYJISIPHBIX CBsI3€ll HA MUKPOYPOBHE, BEIYIIYIO POJIb B
¢GopMHpPOBaHUU KOTOPBIX 3aHMMAET IMOBEPXHOCThb AUC-
TePCHBIX MAaTePUAJIOB, XapaKTEePU3YIOIIASICST COMTOCTABM -
MO C 00BEMOM KOMITO3ULIMM 00Jie€ BHICOKUM dHEPreTh-
YeCKUM TOTCHLUMAIOM. B CBSI3M ¢ 3THM KIIFOUEBBIM MO-
MEHTOM B ITpoIleccax CTPYKTYPOOOpa30oBaHUs U Ka4eCTBa
KOMITO3UTOB MOXHO CUMTAaThb CBOOOIHYIO ITOBEPXHOCT-
HYIO HEPIUIO CJI0KHOW MHOTOKOMITOHEHTHOM CUCTEMBI,
OIpelieIEeHUE KOTOPOM OCYIIECTBIISAIN HAa YHUKAIBHOM
crerge «OU3NKOXUMUSI IIOBEPXHOCTU HAHOMMCIIEPCHBIX
cucrem» metogom OBPK (OyHca—Benara—PabGens—
Kbensoie).

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'ty /nl(AlO2)x(Si02)],H20 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—Na»SiO3” 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
CHOHHA$ 4acTh ITOBEPXHOCTHOTO Ha- 5 ~ Table 1
TSDKEHUS COCTOUT W3 BHyTpeHHeP'I noaepxuocn-loe HaTS!)KeHI/Ie pa .O‘-II/IX )!(VIAKOCTEI/I

Surface tension of working fluids

9HEPruu MOJIEKYJ, COCTaBJISIOLINX
TMOBEPXHOCTHBIN CJIOM MaTepuaya, B Pabouas XuaKocTb Sz, MH/M o7, MH/m 67, MH/Mm
OCHOBE KOTOpOU JICKWUT AMcOaIaHC Working fluids oL, mN/m of, mN/m of, mN/m
MEXMOJIEKYJISIPHBIX CUJI. DTOT Mapa- | Bopa 708 5 18
METp BHOCUT OCHOBHOI BKJaz B ITO- || Aqua ’ '
BEPXHOCTHYIO 9HEPTUI0 MaTePUA- | Srunenrnvkons

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

[MonsipHast 4acTb MOBEPXHOCTHOM || feyan 036 0 236
SHEPruM MaTrepHaja BO3HMKACT 3a | Decan ’ ’

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

JISIpHbIE TPyIMbl, oOpa3yemble Ju-
IIMBIIMMUCS YaCTU aTOMOB MOJIEKYJISIDHBIMU CTPYKTY-
paMu ¥ 3a CYET XMMUYECKUX CBsI3eil (opmupyrolme
SJIEKTPUUYCCKN HeHTpabHbIe «IUTTONN» [11—13, 19—-24].

B xauecTBe OCHOBHOI MaTeMaTU4YeCKON 3aBUCHUMO-
CTU UCMOJIB3YETCH CIIEIYIONIee YPaBHEHNUE:

ou(cosOtl) _ o Vo | rop
2of Jo! ’

Ie 6; — MOBEPXHOCTHOE HATSLKEHUE pabouyux XKUAKO-
cTeit; 6P — nmucnepcuoHHasdg COCTABIAIOLIAA TTOBEPX-
HOCTHOTO HATSKEHUS pabodnX KUAKOCTEN; 6f — TOMsp-
Hasl COCTaBJISIONIasl MOBEPXHOCTHOIO HATSIKEHUsT pabo-
YUX KUAKOCTER; 62 — mucrmepcroHHas cocTaBaAoIas
MOBEPXHOCTHOTO HATSKEHMSI UCCIIelyeMOro MaTepuralia;
of — mongpHas cocrapisonas MOBEPXHOCTHOIO HATS-
KEHUS HCCIeIyeMOoro Marepuana; 6§ — KpaeBOW yroi
CMauyuBaHUS UCCIEAYEMOro MaTepuania.

dyHKIMOHAIbHAS 3aBUCUMOCTh OyHca—Benara
MMeEET JUHEHHBIN XapaKTep:

)]

cL(cose+1)= \/E ?)

YrioBoit KoaGUIIMEHT TPSIMOI MpeACTaBisieT Co-
00i1 TOJIIPHYIO YaCcTh IMOBEPXHOCTHOTO HATSIKEHUSI UC-

Puc. 1. MNoaroTtoBneHHbI o6pa3seL,-TabneTka acnmpaumoHHOM Nbinn
Fig. 1. Prepared sample-tablet of aspiration dust

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:

o (cosb+1) /ol o] 5
= +4/0 s
et g TV

where 6, — surface tension of working fluids; 6P — disper-
sion component of the surface tension of working fluids;
of — 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 (cosO+l) H
2Jsp Vo?
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:

ey

2

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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CJIelyeMOro Marepuasa, a ToOUukKa MepeceyeHust
OpSIMOI ¢ BEPTUKAIBHON OChIO XapaKTEPU3YET
JIUCTIEPCUOHHYIO YaCTh.

IToBepXHOCTHOE HATSIXKEHME UCCIEAYEMOIO
MaTepuaia oIpeeisieTcsl Kak cymma aucrnep-
CUOHHOM 1 MOJSIPHOI YacTe:

os=o5 1 oy. 3)

Jus pacuera mo monenu OBPK kpome mo-
BEPXHOCTHOTO HATSKEHMS KUIKOCTU M Kpae-
BOTO yrja cMayuMBaHUS HEOOXOAMMO 3HaTh
IHUCIIEPCUOHHBIC M TIOJSIPHBIC KOMITOHCHTBI
pabouux xuakocTeil. B kauecTBe paboumx
KUAKOCTEH MCITOJIB30BAIUCh: BOAA, ITUJICH-
[JIMKOJIb, JeKaH, MIMIEpUH. JlaHHbIe XUIKO-
CTU BBIOpaHBI MCXONSl U3 3HAUYCHUI MOBEpX-
HOCTHOTO HATSKEHUSI M Pa3IMYHOTO XUMUYe-
CKOro CcTpoeHMsI MoJieKyd. IloBepxHOCTHOe
HaTSDKEHHE pabOuMX KMAKOCTEM, a TakKe MX
TIOJISIPHBIE M JAUCIIEPCUOHHBIE COCTaBIISIONINE
MpUBeAeHbI B Ta0J. 1.

[1pu peanmzannu mMetona pabodyue pacTBO-
Dbl HAHOCSITCSI Ha ITOBEPXHOCTh 00pa3iia uccie-
myemoro Marepuana. OrmpenensieTcss KpaeBOU
yrojl CMayuMBaHUsI, TIOCJIE Yero BBIYUCIISETCS
Cos 0 u dyHkunoHanbHast 3aBUCUMOCTH (1)
aMMpOKCUMUPYETCS JUHEHHBIM ypaBHEHUEM.

B cnyyae ompeneneHus MOBEPXHOCTHOTO
HATSDKeHUsI Y TIOPOIITKOBBIX 00pa3IioB Ipe/IBa-
PUTEJIbHO BBINOJHSUIUCH OIEpaliy MO MOAro-
TOBKE aHaIu3upyembix mpob. M3 mopormikos
ObUIM M3rOTOBJIEHBI TaOJeTUPOBAHUEM 00pa3-
116l yTEM UX YIJIOTHEHU Ipu Harpy3ke 5 klla
B TeuyeHMe | MUH B MeTaUIMUYECKUX (opmax
nuametpoM 30 MM. B kauecTBe 0OBEKTOB MC-
clienoBaHusl ObUIM BbIOpaHbI KOMITO3ULIUKU Oe-
TOHOB Ha OECKJIMHKEPHOM BSDKYIIEM ILEI0Y-
HOTO 3aTBOPECHMSI, B TA0JI. 2 TIPUBOASITCS YCIOB-
Hble 0003HAYEHUST U COCTAB.

[Ipumep MOATOTOBIEHHOTO IJISI DKCIIEPU-
MEHTOB 00pa3la-TabieTKu acnupamuoHHON
MbLIY MpeaCcTaBIeH Ha puc. 1.

B Tabn. 3 mpuBemeHB 3KCIEPUMEHTATIBLHO
OIpe/ieICHHbIC 3HAaUYEHUsI KPaeBbIX YIJIOB CMa-
yuBaHusl (0) TTOBEPXHOCTU WCCIEAYEMBIX 00-
pa3loB pabOYMMM XKUAKOCTSIMM U PacCUMTaH-
HbI€ KOCUHYCHI JaHHBIX yTJI0B (Cos 0).

Ha puc. 2 npuseaeHsl poTorpadun Kamesb
pabouMx XKUAKOCTe# Ha obpasie 1 (acrupariu-
OHHasl TIbUTb+YepBIeHCKUI TiecoK+NajSiO3,
BOJHOTO XpaHEHMUs).

Ha puc. 3 mpuBeneHa yHKIMoHaIbHAS 3a-
BucumocTtbh OyHca—BeHnnra (2) nis ucciaenye-
MBIX 00pa311oB. CeayeT MoaIepKHYTh, YTO Me-
ton OBPK ngaet BO3MOXHOCTb OLEHUTb BKJIaJ
MOJIIPU3ALMOHHON (XMMUUYECKOM) U IUCIIep-
CHOHHOT ((pr3MIeCcKOoli) COCTABISIONINX B CYyM-
MapHOE 3HaUeHUE YDHEPreTUUECKOM XapaKTepu -
CTUKY TTIOBEPXHOCTH.

Tabnuua 2
Table 2

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

CocTtaB
Sample

BopaHoe xpaHeHne
Water storage

XpaHeHune H. y.
20+2°C
Storage 20+2°C

AcnupaumnoHHas
NblNb+4YepBAEHCKN
necok+NasSiO3

Aspiration
dust+Chervlensky
sand+NasSiO3

Meprenb
700°C+anarmpckuit
necok+NasSiO3

Marl 700°C+Alagir
sand+NasSiO3

AcnnpauyioHHas
Mblfb+anarnpckui
necok+NasSiO3

Aspiration dust+Alagir
sand+NasSiO3

Mepresnb 700°C +
YepBNEHCKNIN NECOK +
NasSiO3

Marl 700°C+Cherviensky
sand+NasSiO3

XpaHeHune 1 ropn / 1 year storage

Meprens 700°C +
YEepPBJIEHCKUI NEecoK +
NansSiO3

Marl 700°C+Cherviensky
sand+NasSiO3

Meprenb 700°C + Tyd +
YEepPBNIEHCKNIN NECOK +
NasSiO3

Marl
700°C+tuff+Cherviensky
sand+NasSiO3

KnnHkepHas nbinb +
YepBNIEHCKNIN NECOK +
NasSiO3

Clinker dust+Chervlensky
sand+Na2SiO3
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Ta6bnuua 3
Table 3
Kpaeeble yrnbl cMaYMBaHUs NOBEPXHOCTU UCCieAyeMbix 06pa3LoB a
paboumMMm XnagKocTamMmm
Contact angles of wetting the surface of the test samples with working fluids
HexaH OTUNEHTINKOSb FnnuepuH Bona
086933'9'4 Decan Ethylene glycol Glycerol Aqua
ample
P 0,° Cos 6 0,° Cos 6 0,° Cos 6 0,° Cos 6
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 |1 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 b
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-
60TaHHBbIN 12,8 | 0,975 | 22,8 | 0,922 | 27,7 | 0,885 | 20,5 | 0,937
mMepresnb 700°C
Acmpaunon- |45 3 | 9977 | 15 | 0,966 | 19,3 | 0,944 | 153 | 0,965
Has Nblib
E:I‘;E"ep”a" 8 0,99 | 30,2 | 0,864 | 39,8 | 0768 | 13,2 | 0,974
Ta6nuua 4 ¢
Table 4
PaccuMTaHHble 3Ha4YeHUsi MOBEPXHOCTHOrO HATSHXKeHUs (O,), ANCNEePCUOHHOI (0F)
1 nonsipHoi (67) yacTel ero COCTaBAKIOLWMX 4SS BCEX uccnepyembix 06pasuos
Calculated values of surface tension (o), dispersion (c¢) and polar (c}) parts
of its components, for all studied samples
MOBEPXHOCTHOE HaTsKeHne, M/ M2
O6paszeL, Surface tension, mJ/m?
Sample
oy od Oy
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 i
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
TepmooGpaboTaHHbIi Mepresib 700°C
Heat-treated marl 700°C 44,4 18,36 62,76
AcnvpaupnoHHas nblib Puc. 2. Kannu pabouymx xuokocTtei Ha obpasue
ASpirgti;Ln dust 46,64 18,8 65,44 1: a — kannsa Boabl; b — Kanns raMuepuHa; ¢ — kanns
nekaHa; d — kanna aTUNeHrnMMKons
KnnHkepHas nbinb Fig. 2. Photos of droplets of working fluids on the
Clinker dust 44,88 16,86 61,74 sample 1: a — water drop; b — a drop of glycerin;
¢ - dean drop; d - a drop of ethylene glycol
HAYMHO-MeXHUHeCKULl U NPOU3B00CMBEHHbIIL JHCYPHAN
34 Snsapv—ghespans 2022 °



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

Puc. 3. ®dyHkumoHanbHas 3asrucumocTb OyHca—-BeHaTa (2) ona nccnenyembix 06pasLoB
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 3HAUYEHUS T1O-
BEPXHOCTHOTO HAaTSKEHUS (Og), TUCTIEPCUOHHON (O'S) u
TMOJISIPHOIE (OF) yacTeil ero CoCTaBISIIOIMX [UTST BCEX MC-
clienyeMbIX 00pasiioB.

CpaBHUTENbHBIN aHaaU3 00pa3IoB «aCIMpaIlMOH-
Has mbUIb+uepBieHcKkuit tecok+NapSiO3» BogHoro (1)
U BO3AYLIHO-CcyXoro (la) xpaHeHus moxkasaj, 4To y 00-
pasua (la) mojsipHasi coCTaBJsIOIIasl TOBEPXHOCTHOIO
HATSDKEHMST MeHblle Ha 16%. DTO CBUAETENBCTBYET O
TOM, 4TO €r0 MOBEPXHOCTh MEHEE PEAKIIMOHHOCTIOCO0-
Hasl, XyXe CMayuBaeTcsl, CJIe0BaTeIbHO, MOXKHO TP/ -
MMOJIOKUTh, YTO AAaHHBII MaTtepual (B CpaBHEHUU C 00-
pasioM 1) saBasgeTcss 6ojiee TOJTOBEYHBIM U MPOYHBIM.
JucriepcoHHas COCTaBIISIIONIAs yMEeHbIIMIAach Ha 14%.
DTO CBUAETENIBCTBYET O TOM, UTO HA TTIOBEPXHOCTHU Mpe-
UMYIIECTBEHHO HAaXOMSTCSI KPYITHbIC YACTUIIBI 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+Na»SiO3”
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 MMOBEPXHOCTh obpa3sua (1a) 6osee Heom-
HOpPOIHASI.

AHanmu3  pe3yjbTaToB  00pas3lloB  «Mepreb
700°C+anarupckuii rmecok+NapSiO3» BomHoro (2) u
BO3AYIIHO-CYXOro (2a) XpaHEHMs; <«aclupalrOHHas
MbUTh+anarupckuii mecok+NaySiO3» BomHoro (3) 11 BO3-
IyIITHO-cyXoro (3a) xpaHeHus; «Mepreab 700°C+ueps-
JneHckuit mecok+NapSiO3» BogHOro (4) U BO3MYIIHO-
cyxoro (4a) xpaHeHUsI TTO3BOJISICT CACIaTh aHAJIOTUIHBIS
BBIBOJIEI.

CpaBHuBast oopasenr «Mepreib 700°C+uepBiIeHCKUIA
necok+NapSiO3» 1 roma xpaHeHus (5) ¢ oOpasua-
mu (1—4) u (la—4a), MOXXHO OTMETUTbH, YTO 3HAYCHUE
JMIMCTIEPCUOHHON COCTABJISIIONIEH ITOBEPXHOCTHOTO Ha-
TSIKEHMS BbIILE, TOBEPXHOCTh COCTOUT M3 00JIee METKUX
yactull. ITongpHasa cocraBnsgtomasgs COI1 3HaunTeIbHO
HICKe (HaMMeHBbIIlee 3HAUeHME M3 BCeX 00paslioB), ITO-
BEPXHOCTb MaJIOPEaKLIMOHHOCIIOCOOHAsI, TJIOX0 CMayr-
BaeTCsl BOMOI; MOXHO MPEANOJIOXUTb, YTO MaTepuasl
MMEET CaMyI0 BBICOKYIO ITPOYHOCTb M JOJTOBEUYHOCTD.
Hwuzkwuit pa3opoc 3Hauenuit COI1 roBoputr o TOM, 4TO
MMOBEPXHOCTh oOpasia «Mepreiab 700°C+uepBiieHCKHI
necok+NapSiO3» 1 roma xpaHeHus (5) omHOpomHas U
TLUTOTHAS.

CpaBHuBast obpazenr «Mepreab 700°C+ByakaHmde-
ckuit Ty(+ueppieHckuil mecok+NarSiO3» 1 roma xpa-
HeHus (6) ¢ obpasuamu (1—4) u (la—4a), MOKXHO OTMe-
TUTh, YTO ToyIsipHast cocrtapistionass COII BeIme, 310
CBUAETEJIBbCTBYET O TOM, UTO €ro MOBEPXHOCTh OoJiee pe-
aKIIMOHHOCIIOCOOHAsI, JydYllle CMauyuBaeTCs, CleaoBa-
TEJIbHO, MOXHO MPEIINOJIOKNTh, YTO JAaHHBII MaTepual
MeHee MOJITOBEUYHBbIA M MpouYHbI. Bbricokmii pazdbpoc
3HaueHuii COII roBOpUT O TOM, YTO MOBEPXHOCTh 00-
pasua (6) 6oJjiee HEOIHOPOIHAS.

CpaBHuBasi obpasell «KJIMHKepHasl MbUTb+YepBIICH-
ckuit mecok+NapSiO3» 1 roga xpanenus (7) ¢ obpasua-
mu (1—4) u (la—4a), MOXHO OTMETUTh, YTO TMOJSIpHas
cocTtapigionasg COI1 Huxe. DTO CBUACTEIBCTBYET, UYTO
€ro TIOBEPXHOCTh MEHee PeakIMOHHOCTIOCOOHAsI, XyXe
CMauyMBaeTCs, CJIEeI0BaTEbHO, MOXHO IPEANOJOXUTD,
YTO JaHHBI MaTepuas 6oJjiee JOJTrOBEYHbBIM 1 MPOYHBIA.
Bricokuit pazopoc 3HaueHnit COI1 roBopUT O TOM, UTO
MoBepXHOCTh obOpasia (7) 6ojiee HEOTHOPOAHAS.

CpaBHuBas o00pa3lbl MUCCAEAYEMbIX ITOPOIIKOB
(acrmMpallMOHHON BTN, TEPMOAKTUBUPOBAHHOTO Mep-
resist ipu 700°C 1 KIIMHKEPHOU TTHUTN ) MOXKHO OTMETHUTb,
YTO IJISI BCEX XapaKTepeH HU3KUII pa30opoc 3HAYEHUIt
CO3I1, cBUIETENBbCTBYIOLIMIA, UTO COCTAB MOPOIIKOB U
IIOBEPXHOCTh 00pa3IOB-3alIPECCOBOK OIHOPOIHEI.
[Monspueie coctaBsrontrne COII BEIIIE, YeM y 00pas-
HoB-6anouek (1—4, la—4a, 5—7), ciemoBaTebHO, MO-
POILIKM SBSIOTCS 0oJjiee peaKIIMOHHOCIIOCOOHBIMU;
HanOoJIbIIIee 3HAUCHNE 3a(DMKCUPOBAHO Y ACTIUPALINOH-
HOM TIbUTM. Y KJIIMHKEPHOM MbUTK 3a(DMKCUPOBAHO HAM-
MEHbIlIee 3HAUCHUE IMCIIEPCMOHHOMN COCTaBIISIOLIEH,
YTO CBUIETEIbCTBYET O HATUIMU 00JIee KPYITHBIX YACTUIL
10 CPABHEHUIO C APYTUMU 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 2042°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 XxapakTep
CTPYKTYPHBIX MEXKMOJICKYISIPHBIX CBSI3eil 1 CBOOOTHYIO
MTOBEPXHOCTHYIO SHEPIHUIO CIIOKHON MHOTOKOMITOHEHT-
HOW CUCTEMBI «PEAKLIIMOHHBIH MUHEPAJIbHBIA KOMIIO-
HEHT — IIEJIOYHOM 3aTBOpUTEIb». (DYHKIIMOHAIbHOE
ypaBHeHne OyHca—Benara (2) ucciaenyeMbIx 00pa3oB
MTO3BOJIMJIO TIPOCJICANTh U3MEHEHUE CTPYKTYPHI M TEK-
CTYpbI LIEMEHTHOTO KaMHsI B 3aBUCUMOCTHU OT BO3pacTa,
cocTaBa 1 yciaoBuii TBepaeHus. [ToBepxHocTh 00pa31ioB
OoJsiee IIMTEIBHOTO CpPOKa XpaHCHUS SIBJISIETCS ITOCTa-
TOYHO IIOTHOW M HECMayMBaeMOM, YTO TapaHTUPYET
BBICOKYIO [JIOJITOBEYHOCTb M IIPOYHOCTb O€TOoHa.
ITonydyeHHBIe 3aKOHOMEPHOCTU MOATBEPKAAIOT 3P PeK-
TUBHOCTh OCCKIMHKEPHOM TEXHOJIOTMHU, a pa3pabOTKU
BSLKYIINX IIEJIOYHOTO 3aTBOPEHUST OyAyT 3aHMMAaTh
JIOJIKHOE KOHKYPEHTOCITIOCOOHOE MOJIOKEHUE Ha CTPOU -
TEeJIbHOM PBIHKE.
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LleMeHTHbIN NeHo6eTOH HeaBTOKNABHOI0 TBepAEeHuS
¢ TepmomoauchuLMpoBaHHon TopdaHON [,06aBKOK

MpeacTasneHbl Pe3ynbTaThl MCCEA0BAHUS LEMEHTHOTO KOHCTPYKLIMOHHO-TENNOU30NALMOHHOTO NEHOBETOHA ANg UHAUBUAYANIbHOMO
XXUULLHOMO CTPOMTENbCTBA. [PEAN0XEHO B Ka4ecTBe MOANMDULMPYIOLLE LO6ABKM, NOBbILIAIOLLLEA 0AHOPOAHOCTb CTPYKTYPbI

11 Ka4eCTBO NeH06eTOHa, UCMONb30BaTh MUKPOMOPUCTYHD OPraHOMUHepanbHyo TopdaHyto fo6asky TMT600. MokasaHo, 4To npu
BBELEHNI B BOAHbIN PacTBOp CUHTETUYECKOro neHoobpasosarens TopdaHon po6asku TMT600 cTabunmsnpyeTcs CTOMKOCTb MEHbI, 4TO
MONOXMTESIbHO BIIUSET HAa CHUXKEHWUE paccnanBaemMoCTi NEHOBETOHHOM CMECH W MOBbILLIAET TEXHONOMMYHOCTb NPU MHANBMAYANBHOM
CTpONTENbCTBE. B pesynbrate npoBefeHHbIX UCCNeJ0BaAHMIA YCTAHOBIIEHO, YTO npumMeHeHune fobaskun TMT600 B neHo6eTOHe N03BONSAET
Nony4nuTb CTabUNbHYIO BBICOKYHO NMPOYHOCTb B2,5 npu cpeaHen nnoTtHocTn D700 3a c4eT 605166 NNOTHOMO 1 NPOYHOrO LEMEHTHOrO
KaMHsl 1 MUKPOMOPW30BaHHO CTPYKTYPE Neperopofok (NpakTnyecku 6e3 N3MeHeHUs CPeaHen NioTHOCTK); TenIoNpoBOAHOCTb —

0,1 Bt/(m-K); ycagky — 1,7 Mm/M 11 MOPO30CTOAKOCTb F — 50.
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Non-Autoclaved Cement Foam Concrete with Thermal Modified Peat Additive

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
TMT600 into the water solution of synthetic foaming agent stabilizes the resistance of positively influences the reduction of the delaminability of foam concrete mixture and increases
manufacturability at individual construction. As a result of conducted researches it was established, that the use of additive TMT600 in foamed concrete allows to get a stable high
strength B2,5 with average density D700 due to more dense and strong cement stone and microporous structure of partitions (practically without changing of average density); thermal

conductivity — 0,1 W/(m-K); shrinkage — 1,7 mm/m and freeze-resistance F50.

Keywords: foamed concrete, thermo-modified peat additive TMT600, foam multiplicity and resistance, structure formation, strength, density, thermal conductivity, shrinkage.
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B crpoutensHoM komiuiekce Poccum mpoucxomut
CYILLECTBEHHAs PECTPYKTYPU3ALIMUS KWIMIIHOIO CTPOM-
TEJECTBA C YBEJIMUCHUEM OOBEMOB WHIWBHUIYAIBHOTO
xwibst (M2KC) [1, 2]. Bo Bpemst mangemuu (¢ 2020 r.) y
HaceJICHUST TIOBBICHIIOCH JKEJIAHUE KUTh B OTHOCHUTEIThb-
HOM CaMOM3OJISIUU M OCYIIECTBISATh ITPOU3BOACTBEH-
HYIO IeSITeIbHOCTh TUCTAHIIMOHHO — HEITOCPEACTBEHHO
B MHIMBHIYaTbHOM X1JIbe. [IocTpOnTh MU MproGpecTn
WHIMBUAYAIbHBIN JOM B ISITUIETHEN IEPCIIEKTUBE XO-
Tenu ObI 0oJ1ee 3 MiTH ceMeii. B Poccun B 2020 1. BBeieHO
64,4 MiH M2 Xuiibst, B TOM uncie 34 vt m2 — MXKC.
Munctpoii Poccum paspaboTan mporpamMMy pasBUTHS
NXKC no 2024 r. ¢ yBeJIMUYEeHUEM TOJOBOTO 00beMa 10
40 mutH M2.

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 pELIeHUSI O CTPOMUTEIbCTBE COO-
CTBEHHOTO KWJIbSI OOJIBbIIIOC 3HAUYCHHE MMEeT BHI U
CTOMMOCTh CTEHOBOTO MaTepuana. Ha coBpeMeHHOM
9Tare pa3BUTUSI CTPOUTENHCTBA IHEProdP@OEKTUBHBIX
KWIBIX 3JaHUN C KOM(OPTHON Cpenoil TPOXKUBAHUS
IS YCTPOMCTBA OrpaXmaroluX KOHCTPYKIUN Majio-
STaXXHBIX TOMOB TIPUBJIEKATEIbHBIM SIBJISICTCS IIEMEHT-
HbIi MeHOOEeTOH HeaBTOKJAaBHOro TBepaeHus [3—35].
ITeHoGeToH Mapku IO cpenHeil 1mrorHoctu D600—
D700 obecrreunBaeT TpeOyeMyIO TEIIJIO3aIINATy, HECY-
LIYIO CIIOCOOHOCTh, OOJTOBEYHOCTb U MOXKapOCTOM-
KOCTh CTEHOBBIX KOHCTPYKIINI MaJIO3TaXKHOTO KWJIOTO
noMma [6—8].

IIpu ympaBieHUM TEXHOJIOTMYECKHMMU ITpolieccamMu
MPOM3BOJICTBA U3IEJINI NITW KOHCTPYKIIUI U3 TIEHOOETO-
Ha BO3HMKAIOT MPOOJIeMbl B 00ECEUeHUU OJIHOPOIHO-
CTH CTPYKTYPBI, TPOYHOCTA M TEIUIONPOBOIHOCTH.
OCHOBHBIMU TPUYMHAMU TTOSIBJICHUSI OTMEUEHHBIX TTPO-
OieM SIBIISIIOTCS: HEIOCTAaTOYHASl CTAaOWIBHOCTH IICHBI;
HEepaBHOMEPHOCTh paclipe/ieJieHHs TTop 1o 00beMy Ma-
Tepualia; paccjioeHue NMeHOOETOHHONW CMeCH M3-3a IOo-
BBIIICHUSI CPEeIHEI IIJIOTHOCTA M BOMOLIEMEHTHOTO OT-
HOIIEHUST UEMEHTHOU MaTpuilbl, (DOPMUPYIOLIEH MEX-
IMOPOBBIE TIEPErOPOAKHU; 3aMEIJICHHOE CTPYKTYpO-
oOpa3oBaHMe B paHHWE CPOKHW TBEpPACHUS. YKa3zaHHBIC
SIBJICHUSI TIPUBOJSIT K CHUXKEHUIO TIPOYHOCTU MEHOOETO-
Ha ¥ TeTUIO3AIIUTHBIX XapaKTEPUCTUK, a TAKKE K TTOBbI-
LIEHUIO yCaaouHbIX Aedopmauuii [9—11].

IToBbilIeHUE KayecTBa MeHOOETOHA HEABTOKJIABHO-
IO TBEPACHUS TPATAUIITMOHHO TOCTUTAETCS IyTeM BBEIE-
HUSI B ICHOOETOHHYIO CMECh B IpoIllecce MPUTrOTOBIIe-
HUS OUCIIEPCHBIX MUHEPATbHBIX WJIM OPTaHUYEeCKUX
J00AaBOK, HalpUMeEpP 30JIbl, LIJIAKOB, BOJOKOH U MUK-
pocdep [12—16]. OxHako yKa3aHHbIE IUCIIEPCHbBIE 10-
0aBKM YaCTUYHO pa3pyllaloT My3bIPbKU TEHBI B TIEHO-
OETOHHOM CMeCH, YTO NMPUBOAUT K CHUXKCHUIO TMOPHU-
CTOCTH M TEIIO3AIIMTHBIX CBOMCTB TeHobeToHa. [l
noafaepKaHusi CTaOMIbHOCTU MEHBI U TPOYHOCTU MEX-
MOPOBBIX MEPETOPOIOK HA 3aTaHHBIX YPOBHSIX UCIOJb-
3YIOTCSI TaKXe MUCIEPCHBbIE OpraHOMMWHEpPaJIbHbIE 10-
0aBKM, MOBBIIIAIOIINE CTOMKOCTH II€HBI, ITPOYHOCTH
IIEMEHTHOW MaTpuIlbl U (hOPMUPYIOIINE B MEXITOPO-
BBIX Teperopoakax neHodbetroHa Mukponopsl [11, 17].
OmHUM U3 TIPUMEPOB TAKUX OPTaHOMUHEPATBHBIX J0-
0aBOK, CYILIECTBEHHO YJIy4YIlIAIOIIUX KayeCTBO LIEMEHT-
HOro TeHOOeTOHa, SIBJISIETCS TEPMOMOIM(PUIIMPOBAH-
Hbiit Topd (TMT).

B pabotax [17, 18] oTMeueHO, YTO IIpU BBEACHUU B
IIEMEHTHOE TECTO TEePMOMOIMMPUIIMPOBAHHOTO TIPU
400—800°C Ttopda yBennmuuBaeTcss MPOYHOCTH TIPHU
CXKAaTUM LIEMEHTHOro KaMHsl. HauGoabluii mpupocT
MMPOYHOCTU OOECTeYnBaAETCs IPU MCIOJb30BAHUU
TOp(PpsIHOI M00aBKM, TEPMOMOAU(PULIMPOBAHHOU TIpU
600°C (TMT600). ITnoTHOCTh TEPMOMOAUPULKPO-
BaHHBIX TOP(SHBIX J00aBOK CYIIECTBEHHO MEHBIIE
IUIOTHOCTHU MOPTJIaHAIIEMEHTa U MEJIKOTO 3aITOJTHUTEe-
JIsl, TO3TOMY MOXKHO TIPEATIONI0XUTh, UTO UX BBEJACHUE
B INEHOOETOHHYIO CMECh MpPUBEIET K YMEHBIICHUIO
cpenHei MIOTHOCTH MEKITOPOBBIX IMEPETOPOIOK 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.
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0eToHa MpY COXpaHEHUU MPOYHOCTU. B 3TOM ciyuyae,
COTJIaCHO MPUBEACHHON TUIIOTe3€e, YBEIUUUTCS COIep-
JKaHWEe MUKPOIIOp B IIEMEHTHEIX IIepeTOpoOIKax, a 3Ha-
YUT, U TEIIOM30JUPYIOLIKE CBOICTBA MeHOoOeToHA. 13
BBIIIIEU3JIOKCHHOTO CIEAYET, YTO COBEPIICHCTBOBAHNE
TEXHOJIOTUM MPOU3BOACTBA MEHOOETOHOB IMOBBIIIEH-
HOTo KadecTBa C TEPMOMOIM(PUIIMPOBAHHOI m00aB-
KOl HEeBO3MOXHO 0€3 pamMoHaJIbHOTO BBIOOpA IMapa-
METPOB TEXHOJOTMYECKHUX IPOILIECCOB, YCTaHABIMBae-
MBIX Ha OCHOBE WCCICHOBAaHWI COOTBETCTBYIOIINX
MOPUCTBHIX CTPYKTYP U UX (PU3MKO-MEXaHUUYECKUX
CBOWCTB.

Hcxonnbie MaTeprabl

[Ipy mpoBeaeHWM HCCIAEAOBAHUN IO YCTaHOBJIE-
HUIO ONTHUMAJbHBIX CTPYKTYPHO-TEXHOJIOTUYECKMX Xa-
PaKTepUCTUK TIEHOOETOHA C TEPMOMOIM(PUIIMPOBAH-
HOIi m00aBKOW MCHOJB30BAIUCH: MOPTIAHALEMEHT
Tonkunckoro 3aBoga LIEM 142,5H (I'OCT 30515—2020
«lleMeHTBl OOlIECTpOUTENbHbIE. TeXHUYEeCKUe YCI0-
BuUsi»); mecok KympoBckoro mecropoxaeHusi TomcKoit
obsactu ¢ moayieM kpynHoctu 1,8 (TOCT 8736—2014
«Ilecok Mt CTpOUTENbHBIX paboT. TexHuvyeckue ycio-
BUsSI»); CHHTETHYECKHUI IIeHOoOpa3oBaTelb beHoTex
IIb-C (I'OCT 24211-2008 «/lo6aBku [j1s1 OETOHOB U
CTPOUTENBHBIX pacTBOpOB. OOIIME TeXHUYECKUE YCJIO-
BUSI»); TepMoMomubuiMpoBaHHas go6aBka TMT600,
M3rOTOBJICHHAS! TPU TEIIOBOM 00pabOTKe HM3UMHHOIO
Topda ['yceBckoro MmecTopoxxaeHusT TOMCKOi 001aCTH B
peakTope C OrpaHUYEeHHBIM JTOCTYIIOM BO3IyXa MPU TEM-
neparype 600°C u MOCIEAYIOIIUM U3MEIbYCHUEM.
VIenbHas TIOBEPXHOCTb TOpdsTHOM 106aBKK 600 M2/KT;
MICTMHHAS TUIOTHOCTB 2170 Kr/M3; pasmep IMCIEpPCHBIX
yactull 42+3 mxMm. TepmoMoaupuLiMpoBaHHas 1o0aBKa
COCTOUT M3 YIJICPOIHBIX U OPTaHOMUHEPATbHBIX COCIU-
HEHUI, 00eCIIeYNBAIONINX apPMUPYIOIIUIA U CTPYKTYPH-
pyto1uii 3¢ GeKThl MPU TBEPASHUN LIEMEHTHOTO KaMHSI
meHob6eToHa [18, 19].

MerToapl HCIbITAHUI IEHOOETOHOB

K oCHOBHEIM (hM3WKO-MEXaHMIECKUM ITapaMeTpam,
XapaKTepU3YIOIIUM KadyeCTBO IEHOOETOHA, OTHOCSTCS
CpeAHss TUIOTHOCTh M Mpenesl IIPOYHOCTH TIPU CKATHM.
OTMeUeHHbIe XapaKTEPUCTUKU MEHOOETOHA UCIIBIThIBA-
JINCh CTAHAAPTHBIMU METOIAMMU.

ITapameTpsl KadyecTBa ITEHOOETOHOB CYIIECTBEHHO
3aBUCAT OT pacIpeAesieHUs Top 0 pa3MepaM, a TakkKe
OT CTeTICH! OJHOPOTHOCTU IMTOPUCTOCTH (TIJIOTHOCTH) TIO
00BbeMy MeHoOeToHa. 31eCh MO CTeNeHbI0 OJHOPOIHO-
CTH TIOPUCTOCTU TOHUMAETCS pa3jndyre ee¢ ypOBHEU B
BUPTYAJTbHBIX CTPYKTYPHBIX 2JIEMEHTaX 00pa31l0B UCIIbI-
TyeMoro TieHoOeToHa. B KauecTBe BUpPTyalbHBIX CTPYK-
TYPHBIX 3JIEMEHTOB (JTOKAJbHBIX OOBEMOB) TECTOBBIX
00pa3LoB MOTYT ObITh UCITOJIb30BAaHbI, HATIPUMED, KYOHI.
JIOCTOMHCTBOM TaKWX 3JICMEHTOB SIBISIETCS BO3MOXK-
HOCTb 3aMOJHEHUST BUPTYaIbHOTO 00beMa UCTTBITYEMOIO
oOpasua 6e3 nepeKpbITUl U MEPTBBIX 30H. Pazmepnbl BUp-
TyaJIbHBIX CTPYKTYPHBIX 3JIEMEHTOB MOTYT BapbUPOBATh-
Csl OT TIOCTaBJIGHHOM 3amayd UM MeToda MCCIIeIOBaHUS

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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BHYTpPEHHEM CTPYKTYpbl eHOGeToHOB. [1pu ncciaeaona-
HHY TTIOPUCTOCTH, U3MEPEHUH pa3Mepa Iop U paBHOMEP-
HOCTH pacIipelie/IeHUs] UX B 00beMe TIeHOOETOHA B Ha-
CTOsIIIIee BPEMSI LIMPOKO MCITOIB3YIOTCS METOIbI DJIEK-
TPOHHON MUMKPOCKOINUU U PEHTTEHOBCKON KOMIIbIO-
TEPHOI TOMOTpaduH.

PesyabTaThi
M3BeCTHO, YTO TEXHOJOTMYECKUI IIPOLIECC ITPOM3-
BOJCTBA IIEHOOETOHA COCTOUT M3 HECKOJBKMX CTaIuil 1
Ka4eCTBO IEHOOETOHA OIpeAeIIeTCs MOTPEOUTEIbCKI-
MM pe3yJIbTaTaMM UCIIOJTHEHUS 3TUX CTAIUA.

Bausanue oo6aexu TMT ¢ 600nom pacmeope
neHooOpaszoeamens Ha Ka4ecmeo neHvl

KauecTBo neHbl onpeneaseTcss KpaTHOCTbIO U CTOM-
kocThio. Ha puc. 1 mpuBeneHbl 3aBUCUMOCTH KPATHOCTU
M CTOMKOCTU TIEHBI OT BeMMYUHBI H006aBku TMT600
(B %). V3 aHanu3a JaHHbBIX, IPEICTaBIeHHbBIX Ha puc. 1,
cienyet, 4to npu yBeaudeHuu nodasku TMT no 2% B
BOJHOM pacTBOpE ITIeHOOOpa3oBaTeisl HabIIoAaeTCs BO3-
pacTtaHue CTOMKOCTHU TICHBI.

HauGonbmuit 3¢ppekT mo crabuiabHOCTU (CTOMKO-
cTr) HabJogaeTcs y neHsl ¢ 1,5—2,5% TopdsiHoii nodas-
ku TMT600. Kak BUAHO M3 MUKPOCTPYKTYpPHI TEHBI
(puc. 2), mukpovacTtuibl 1o6aBku TMT600 Murpupyior
10 TpaHUIIaM paszesa (a3 meHbl ¢ 00pa3oBaHUEM arpe-
raToB JOCTaTOYHO KPYITHBIX pa3MepoOB, OCOOEHHO B y3-
Jax pebep Ilnaro.

M3 aHanuza pe3yabTaToB dKCIe-
PUMEHTANbHBIX [TaHHBIX CIELYET,
yTo no6aBka TMT600 KOHIIEHTpHU-
pyeTcsl Ha TpaHMlaxXx pasnena a3
reHoo0dpa3oBaresi, e COCpenoTo-
YyeHa HauboJblasi HECKOMIIEHCUPO-
BaHHAasl DHEPrusl CUJI ITOBEPXHOCT-
HOTO HaTSIKEHUSI.

Konuenrpauus no6asku TMT600
B y3JIaX U Ha TOBEPXHOCTU TPAHUIIBI
pasnena (a3 meHbl TPUBOAUT K ITOBbI- 0
IIEHUIO €€ YCTOMUMBOCTH, YTO XOPO-

110 COIJIacyeTCsl C JINTepaTypHBIMU

12

10

[e°]

KpaTHOCTb, OTH. ea.
Foam ratio, r.u.
(o))

0,5

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
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na"HHbIMM [9, 10]. MacconepeHoc 4a-
CTUI] OCYIIECTBJISIETCSI HE TOJBKO
IUPPY3MOHHBIM, HO U KOHBEKTUB-
HBIM ITyTeM. YCKOpPEHHOE nepeMellie-
HUE YaCTUI] MOXKET OCYIIECTBIISITHCS
TaKKe 3a CUeT DJEKTPOCTaTUYECKOIo
B3aMMOJIEUICTBUS 3apsIIOB Ha TTIOBEPX-
HOCTHU TIEHbI U TOpP(MSHON A00aBKU.
I'eoMeTpust CTPYKTYPHBIX STYCEK TTEHBI
UMeeT BUJ MHOTOYTOJIbHUKOB, COCTO-
SIIUX TIPEUMYIIECTBEHHO U3 1IECTH-
U ATAYTOJbHUKOB. C TeueHeM Bpe-
MEHU B pe3yabTaTe MpOsIBICHUS 3¢h-
(bexta cuHepesrca 1 B3aMOICCTBUS
AHMOHAKTUBHBIX TMEHOO0OPa3yIIINUX
[TAB mipoucxoauT yIJIOTHEHHUE TIPO-
CTPAHCTBEHHOW CTPYKTYPHOU CETKU

Puc. 1. BnusHne TopdsHoit pobaskn TMTE00 Ha KpaTHOCTb U CTOMKOCTb MeHbI: 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

a b

Puc. 2. Pacnpepenenue no6askm TMT 600 no kaHanam Mnato-I'm66ca: a — 5 MMH nocne npurotosne-
HUS NeHbl; b — 60 MUH Nocne NPUroTOBIEHNS 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

YcnoBus niaHMpoOBaHUS 3KCMEPUMEHTOR B MPOLLECCE U3rOTOBJIEHUs NeHoGeToHa ¢ go6aekoii TMT600
Conditions for planning experiments in the process of manufacturing foam concrete with the addition of TMT600

dakTopbl YpPOBHU BapbnUpPOBaHUSA
Factors Level sofvariation UHTepBan BapbUpOBaHUS
HatypanbHbli BUA, KoamposaHHbI 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

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

Bvi6op napamempoe mexno.aoeuueckozo npouecca
U320MO0BACHUA NeHOOemOona

IIpu pazpabdorke 3¢ PEeKTUBHOI TEXHOJOTUU MEHO-
6eToHOB ¢ f106aBkoit TMT600 GoJbllioe 3HAaUEHUE TTPH-
JlaeTcsl MpoLeCCy IPOCKTUPOBAHUS W ONTUMU3ALUU
coctaBoB. OmHUM M3 METOMOB obecrieueHUST 3 dheK-
TUBHOCTU IIPOBEICHUS HAyYHO-UCCIEA0BATEIbCKUX
paboOT U YCTaHOBJICHMSI 3aKOHOMEPHOCTEH M3MEHEHUSI
CBOWCTB OT CONepXaHWsI KOMIIOHEHTOB SIBJISIETCST MC-
M0JIb30BaHWE MaTeMaTMYeCKUX METOIOB ILIaHMPOBa-
HUSI OKCTIEPUMEHTOB, YTO MO3BOJISIET OOECIIEUUTh CHU -
XKE€HUE MPOMOIKUTEIbHOCTU UCCIENOBAaHUI M 3aTpar
MIPY OAHOBPEMEHHOM ITOBBIIICHUN KadeCTBa pe3ysIbTa-
TOB HUCCJICIOBAHUIA.

OlLIeHKY ONTUMU3ALIMU CBOMCTB IIEHOOETOHA ITPOBO-
AN HA OCHOBAaHWM aHam3a (U3NMKO-MeXaHNIeCKUX
XapaKTEepUCTUK: CpeaHel MIOTHOCTU U Mpeaena Mpoy-
HocTU TIpu cKaTuu. C IOBBIIIICHUEM IUIOTHOCTH BO3-
pacTraeTt IMMPOYHOCTh KapKaca MeHOOeTOHa, a TakKXe 10JI-
roBeYHOCTb u3nenuit. Ilpu yBeIMYeHUM MOPUCTOCTHU
CHUKAETCS CPelHsIs TUIOTHOCTh TIEHOOETOHA, YTO TPU-
BOJIMT K YMEHBIIEHUIO TEIUIONPOBOAHOCTH MaTepuaia
W TIOBBIIIEHUIO TETJIO3aLIMTBl OTPaXJAaroIMUX KOH-
CTPYKILIMA.

B xauecTBe BapbUpyeMBbIX ITAPAMETPOB IIPUHSITO: BO-
motBepnoe ortHomeHUe (B/T), koamdecTBO mOOaBKM
TMT600 u neHooGpasosatenst Ha 1 M3 menoGeToHa.
VYcaoBus BapbUpoBaHUsl BbIOpaHbI HA OCHOBAaHUM paHee
MMPOBEICHHBIX KCIIEPUMEHTAJIBHBIX JIAOOPATOPHBIX MC-
cienoBaHuii [20].

Ha ocHoBaHMU ycCIOBUII TIJIaHUPOBAHUS 3KCIIEPU-
MEHTa Obljla COCTaBjieHa MaTpulla TJIaHWPOBAaHUS, CO-
IJIACHO KOTOPOI M3rOTOBJEHBI CTaHAAPTHbBIE 00pa31ibl U
OIpeeIeHBl OCHOBHBIC (DM3MKO-MEXaHNIECKUEe XapaK-

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
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Tabnuua 2
Table 2

PaspaboTaHHble cOCTaBbl HEABTOKJIAaBHOIO NeHo6eToHa
Developed compositions of non-autoclaved foam concrete

HanmeHoBaHue
Name

LlemeHT, Kr/M3
Cement, kg/m3

Mecok kr/m3
Sand, kg/m3

TMT600, kr/m3
TMT600, kg/m3

MeHoo6pasosatesnb, n/m3
Foamingagent, I/m3

Bopa, n/m3
Water, kg/m3

MeHobGeToH 6e3 nobaBkn

Foam concrete 265

416

340 0,9

[MeHoGeToH ¢ nobaskoii TMT600

Foam concrete with TMT600 346

208

283 0,9 2,08

padkn No NpoyHoCTN
Strength graphs

IN)
~

Foaming agent, kg
Foaming agent, kg

=
oo
o
o

MeHooBpasosatens, kI
MeHooBpasosatens, kI

o
(2]
o
(2]

1 15 2 2,5 3 1 15

Konuyectso po6asku TMT600, k-
Amount of additive TMT600, kg

D ~
(<<} o
o o

D
(2]
o

Compressive strength, MPa
CpeaHsis NN0THOCTb, Kr/m3
Average density, kg/m?®

) SRR
CH00Gp, '

Mpepen npoyHocTn Npw cxatum, Mia

f7eH1’2 08 o6 e o“”ogo e
006, , 1 SIS
FOam' 308a7¢ " 0\\\” «\‘\ \0’\ ‘\(Q
ing agent, y K X Q '\%QQ

Puc. 3. 3aBMCUMOCTb CpeaHel NIOTHOCTU U NPOYHOCTM NneHobeToHa ¢ gobaskoit TMT600 oT ¢pakTopoB

BapbUpPOBaHUs

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

the variation factors

TEPUCTUKHU TIeHOOeToHAa (TIpelesl MMPOYHOCTH TIPU CXKa-
TUM U CPEIHSS ILIOTHOCTD).

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

Ha ocHOBe mony4eHHbBIX ypaBHEHU I perpeccum ObLIN
TTOCTPOEHBI HOMOTPAMMBI 3aBUCUMOCTE ! CpeTHEN TUTOT-
HOCTU U IIpejelia MPOYHOCTU IPU CKATUM, MPEACTaB-
JICHHBIC Ha puc. 3.

'padukn no NNOTHOCTH
Density graphs

Konunyectso po6asku TMT600, kr
Amount of additive TMT600, kg

Foam; S08ar,
Ming agen; Zb, Kr
119

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
the addition of TMT600. The re-
sults show that during 28 days of
hardening there is an increase in
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-
3 ed [18—20].

2 2,5 3

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 yyeToM BBITIOJIHEHHOTO aHaJIv-
3a YCTAHOBJICHBI OINTHUMAJIbHBIE CO-
CTaBBI TIEHOOCTOHOB, IIPEICTABIICH-
HbI€ B Ta0. 2.

Ha puc. 4 mpuBeneHbl pe3yibTa-
THl HCCJIENIOBAaHUN TI0 KUHETHUKE
CTPYKTypooOpa3oBaHusl eHOOETOHA
¢ nobaskoit TMT600. YcTaHoBIEHO,
YTO B TeueHUe 28 CyT TBEpACHUS Ha-
0JII0IaeTCsT TIPUPOCT TIPOYHOCTH TIe-
HobGeToHa 10 43%. TopdsiHas nodaB-
ka TMT600 noBbILLIAET CTENIEHD TUJI-
patauny ILeMEHTa, YBEIMYMBACTCS
colepXaHnue HU3KOOCHOBHBIX T'HJI-
POCUJINKATOB, TIOBBIIIACTCS KOH-
Tpakiys ILIEMEHTHOTO TecTa, obec-
nmeymBaeTcs (opMUpoBaHUE Ooee
IUIOTHOM CTPYKTYPHI IEMEHTHOTO
KaMHSI B MEXKITOPOBBIX IIEPEropoIKax
C TIOBBIIICHHOW TIIPOYHOCTBIO C
BKJIIOYCHUEM MEJIKKX IOp JAMCIIEPC-
HbIX TOpDsIHBIX YacTull [18—20].

OueHka BHyTpPeHHEl CTPYKTYPbI

neHo0eToHa

JI71s1 olleHKU BHYTPEHHEH CTpPYyK-
Typbl TleHOOeTOHa C J00aBKOU
TMT600 OblT MPOBEIEH SJIEKTPOH-
HO-MUKPOCKOIMUYECKU aHaJIu3 00-
pas3uoB B Bo3pacte 28 cyT. Ha puc. 5
MMPUBEACHBI 3JIEKTPOHHO-MUKPOCKO-
nyeckre M300paXxeHus CJI0eB Te-
HobOeToHa ¢ go6aBkoit TMT600 u
KOHTPOJIbHOTO 00pa3iia MeHOOeTOHa.
W3006paxkeHus1 MpuBeAeHbI AJIs1 IBYX
YPOBHEM IE€TAJIMPOBKHU.

W3 ananuza uzodpaxxeHuit, mpe-
CTaBJICHHBIX Ha PUC. 5, MOXHO cle-
JIaTh BBIBOJ O MPAKTHUIECKOIl CITOXK-
HOCTM OLIEHKW MOPUCTOCTU MO
JIOKQJIbHBIM 00beMaM TECTOBOTO 00-
pa3lia M OIIpeleeHUsT XapakTepa
pacmpezaeeHus Mop I0 pa3Mepam
JIAaHHBIM CTTOCOOOM.

TpexMepHass  peHTreHOBCKas
KOMIIBIOTepHAsI MUKPOTOMOTpacus B
MOCJIeIHUE TOMBI TIpUoOpesa cTaTyc
OCHOBHOTO METOIA HCCIEeNIOBAHUS
BHYTPEHHE CTPYKTYPhI pa3HOO0Opa3-
HBIX IEHOMAaTepUAJIOB, B TOM YKCJIe U
meHooeToHoB [21, 22].

BHYTpeHHSISI CTPYKTYpa UCITBITYE-
MBIX 00pa3110B ITeHOOeTOHA OblJIa BU-
3yaqu3upoBaHa METOJOM KOMIIbIO-
TepHOil Tomorpaduu. JIas Bcex 00-
pa3loB TIEHOOETOHA pasMep »dJie-
MEHTa MPOCTPAHCTBEHHOIO M300pa-
KeHUS (BOKCeIsI) 0Ka3ajcs 0JIM30K K
75 MkM. g aHanavM3a MNOPUCTOCTHU

3,5

25 T,

1,6

0,5 T

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

a b

Puc. 5. 9nekTpoHHO-MUKpOCKonuyecke n3obpaxeHus cnoes neHobeToHa ¢ gobaskoir TMTE00 n
KOHTPO/bHOrO 06pa3ua NeHob6eToHa NPU Pa3IMYHOM YBEIMYEHUUN: @ — 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. PeKkOHCTpympoBaHHble N300paXeHUss CeYeHuii UCMbITyeMbiX 00pasLoB: @ — NeHOOEeTOoH;
b — neHob6eToH ¢ TMT600

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

HAYYHO-MeXHU4eCKUll U npou3800CEeHHbLI JCYPHAA

46

Aneapv—aghespans 2022



To realization of the XIII International Conference “Sustainable Green Construction

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

Ta6nuua 3
Table 3

du3mnko-mexaHu4eckue nokasarenu neHo6eToHa ¢ po6aekoii TMT600
Physical and mechanical properties of foam concrete with the addition of TMT600

HanmeHoBaHve
MNokaszarenb Name
Indicator MeHo6GeToH MenobetoH ¢ TMT600
Foam concrete Foamconcrete with TMT600
Mapka no cpegHen NA0THOCTU D700 D700
Gradeforaveragedensity
KoadpduumeHT Bapuauum no nnoTHOCTU, % 55 0.62
Density variation coefficient, % ’ ’
Knacc no npoyHocTy npm cxaTtum
Compressive strength class B1,5 B2,5
KoaddurumneHT Bapmaumm no npoyHoCcTH, % 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 BbICbIXaHUW, MM/M 26 17
Drying shrinkage, mm/m ’ ’

IeHo0eToHa Ha puC. 6 MPUBEICHBI TUIIMYHBIC PEKOH-
CTPYMPOBAHHBIE M300paXKCHMUS CCYCHMI MCITBITYeMBIX
obpasuoB. Ilope cooTBeTcTBYyeT Oejblii LBET. Pasmep
n3o6pakeHuii 30x30 Mmm2.

Ha npuBeneHHBIX N300paskeHUSX OTICTIUBO WHTEP-
MPETUPYIOTCS: OTAEIbHBIC KPYITHBIC ITOPBI 3—5 MM; MOPHI
CpemHMX pa3MepoB 1—2 MM; MEIKOTIOPUCTHIC parMeH-
Tbl 0,5 MM U MeHee; LIETTOYKU 0P, KOTOPbIe MOIYT Mpe-
BPAaTUTBCS B TPELIMHBI;, KPYITHBIE (PparMeHTHl BHICOKOI
IUTOTHOCTH; YIUIOTHEHHBIE CTPYKTYphl. COBOKYITHBIN
aHaJIn3 U300paXKeHUI CEYEHMI MCTIBITAHHBIX 00pa31ioB
ITO3BOJIMJI CIIEJIATh BEIBOABI O TOBHIIIICHUN COOCPKAHUS
mop auamerpom 0,5 MM 10 60% U OTHOPOIHOCTU pac-
MIpeaeIeHNSI TIOp B 00beMe IICHOOSTOHA.

B pesynbrate aHanusza Bcell COBOKYMHOCTU PEKOH-
CTPYUPOBAHHBIX U300paKeHU CeYeHUIA MOXKHO CAeIaTh
BBIBO/I, YTO MAKCUMAJIbHBINA qraMeTp mop dmax B 00pa3-
1aX HeaBTOKJIABHOTO neHobOeToHa ¢ nobaskoit TMT600
He nipeBbImaet 4,5 mm. I[1pu 3TOM M3-3a U3MEHEHMUS TT0-
POBOIi CTPYKTYpPhI 00I11asi MIOPUCTOCTh YBEIUUMUBAETCS, a
MPOYHOCTD, OMpeeisieMas KapkacoMm MeHo0eToHa, BO3-
pacTaeT He3HAYUTEIbHO.

Du3nKo-MeXaHWYeCKHe CBOMCTBA
pa3padoTAHHOIO NeHO0ETOHA

711 KOHTPOJIbHBIX 00pa31l0B MEHOOETOHA U TTEHO0e-
ToHa ¢ go0aBkoii TMT600 GbuiM OLIEHEHBI HEKOTOPHIE
pU3UKO-MeXaHNMIECKIE CBOMCTBA. YKa3aHHBIC CBOMCTBA
CBelleHbI B Ta0. 3.

ITenobeton ¢ podaskoit TMT600 oGiamaer Gosee
BBICOKMM KJIACCOM IT10 ITpoyHOCTH B2,5, 0ojee HM3KNM
KO OULIMEHTOM Bapualuy CPeIHEW TUIOTHOCTU U
IMPOYHOCTH IIPH CKATHU, YTO TTOKA3BIBACT ITOBHIIICHHYIO
CTaOWJIbHOCTh TEXHMYECKUX XapaKTEePUCTUK pa3pabdbo-
TaHHOTO ITeHoOeToHa. [1pu ncmoIp30BaHUY B IPOM3BOI-

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% u ycagouyHble gedopma-
umu Ha 42%, TOBBIIIACTCS] MapKa 10 MOPO30CTOMKOCTH
1o F50, T. e. yBeTnuMBarOTCs TEMI03alUTHBIC TTOKA3aTe-
JIM, a TAK3KE TOBBIIIACTCS JOJTOBEYHOCTH OTPaKIATOIITNX
KOHCTPYKIIUI MHIWBUIYATbHBIX TOMOB.

3akioueHne

B pesynbTaTe TNpOBEeAEHHBIX HCCICIOBAHUI OBLIO
YCTaHOBJICHO:

— TepmMoMoauduuMpoBaHHass TopdsHasag ago0aBKa
TMT600 noBbiilIaeT KPaTHOCTh U CTOMKOCTb IEHEI, T. €.
CIOCOOCTBYET CTaOUIM3ALUU TTOPUCTOM CTPYKTYPhI Lie-
MEHTHOTO TIEHOOETOHA;

— TIp¥ BBeJieHUU TophstHoit no6aBku TMT600 yBe-
JIMYMBAETCSl CTENEeHb TUApaTallii LEeMEeHTa U coaepxka-
HIE HU3KOOCHOBHBIX THIPOCUIINKATOB, 00ECTICUMBACTCS
dopMupoBaHue 00siee MIOTHON CTPYKTYPhI LIEMEHTHOIO
KaMHsI B MEXITOPOBBIX II€pEeropoiakax ¢ ITOBBIIICHHOI
MPOYHOCTHIO C BKIIIOUEHUEM MEJKUX TIOp IHUCTIEPCHBIX
TOp(SIHBIX YACTUII;

— METOIaMM KOMITbIOTEpHOU ToMOTrpaduu yCTaHOB-
JIEHO B MEHOOETOHE ¢ TOP(PSIHOM 100aBKOI OoblIee CO-
IepKaHue MEJIKMX ITop pazMepoM 0,5 MM U ITOBBIIIICHHAS
OIHOPOIHOCTh MX pacripeleieHrus] B 00beMe CTEHOBOTO
MaTepuaa;

— TIpY BBeJICHUU B TIeHy TopdsiHoi 1o6aBku TMT600
MOBBIIIAETCS TEXHOJOTMYHOCTh U YCTOMYMBOCTb MEHO-
OETOHHOI cMeCHu TIPU OCYIIECTBICHUU PabOT MO MU3ro-
TOBJICHUIO M3IEIUi Wi (pOPMOBAHUM KOHCTPYKIIMI B
WHAVBUAYAIbHOM TOMOCTPOSHUH, TTIOBBIIIACTCSI SHEPrO-
93¢ (HEKTUBHOCTD U J0JITOBEYHOCTh OTPAXKIAIONINX KOH-
CTPYKILIUHA.

Cunucok jutepatypbl / References

1. Tretyachenko T., Pivovarova G., Sogomonyan S.
COVID-19: assessment and forecast of the develop-
ment of the residential real estate market of the
Russian Federation using the housing affordability
factor model. SHS Web of Conferences. — EDP
Sciences. 2021. Vol. 101. 02013. DOI: 10.1051/
shsconf/202110102013

2. Blokhin A.A., Sternik S.G., Teleshev G.V. Institutio-
nal Transformations of Russia’s Housing Construc-
tion Sector in 2020. Studies on Russian Economic
Development. 2021. Vol. 32. No. 2, pp. 147—154.
DOI: 10.1134/S1075700721020039

3. Shon C.S., Mukangali 1., Zhang D., Ulykbanov A.,
Kim J. Evaluation of non-autoclaved aerated concrete
for energy behaviors of a residential house in Nur-
Sultan Kazakhstan. Buildings. 2021. Vol. 11. No. 12.
610. DOI: 10.3390/buildings11120610

4. Kejkar R.B., Madhukar A., Agrawal R., Wanjari S.P.
Performance evaluation of cost-effective non-auto-
claved aerated geopolymer (NAAG) blocks. Arabian
Journal for Science and Engineering. 2020. Vol. 45.
No. 10, pp. 8027—8039. DOI: 10.1007/s13369-020-
04581-9.

Foam concrete with TMT600 additive has higher
strength class B2,5, lower coefficient of variation of aver-
age density and compressive strength, that characterizes
the higher stability of technical characteristics of the de-
veloped foam concrete. The use of TMT600 peat additive
in the production of foamed concrete reduces the thermal
conductivity by 33% and shrinkage deformations by 42%,
increases the frost resistance grade to F50, i. e. increases
the thermal protection characteristics, and also increases
the durability of the enclosure structures of individual
houses.

Conclusion

As a result of the research it was found that:

— thermo-modified peat additive TMT600 increases
multiplicity and durability of foam, i. e. promotes stabili-
zation of porous structure of cement foam concrete;

— a peat additive TMT600 increases the degree of ce-
ment hydration, increases the content of low-base hydro-
silicates, increases the contractility of cement, provides
the formation of a denser structure of cement stone in in-
ter-pore partitions with increased strength with the inclu-
sion of small pores of dispersed peat particles;

— computer tomography methods show that foam
concrete with peat additive has higher content of small
pores of 0,5 mm in size and higher homogeneity of their
distribution in the volume of the wall material;

— introduction of peat additive TMT600 into the foam
increases manufacturability and stability of foamed con-
crete mixture when making products or forming structures
in individual housing construction, increases energy effi-
ciency and durability of envelope structures.

5. Arzumanyan A. Technological peculiarities of non
autoclaved foam concrete production on the base of
volcanic pumice aggregates. Materials Science Forum.
Vol. 974, pp. 206—210. DOI: 10.4028 /www.scientific.
net/MSF.974.206

6. Mopryd B.H., Mopryu JI.B. O6ocHOBaHME OJHOIO
M3 METOAOB COBEPILIEHCTBOBAHMS CTPYKTYPhI IIEHO-
6etoHOB // Cmpoumensubvie mamepuanst. 2018. Ne 5.
C. 24-26. DOI: https://doi.org/10.31659/0585-
430X-2018-759-5-24-266.

6. Morgun V.N., Morgun L.V. Substantiation of one of the
methods for improving the structure of foam concretes.
Stroitel’nye Materialy [Construction Materials]. 2018.
No. 5, pp. 24—-26. (In Russian). DOI: https://doi.
org/10.31659/0585-430X-2018-759-5-24-26

7. MectHukoB A.E., KyngkoB A.W., Poxun B.K.
LlemMeHTHBIN TIeHOOETOH W3 MOPTIAHALIEMEHTHOTO
KJIUHKEepa W TIPUPOJHOTO MUHEPAJTBHOTO CBIPHS
Apktrueckoii 3oubl Poccuu // Ilemenm u e2o npume-
nerue. 2020. Ne 2. C. 2-5.

7. Mestnikov A.E., Kudyakov A.I., Rozhin V.K. Cement
foam concrete from Portland cement clinker and
natural mineral raw materials of the Arctic zone of

HAYYHO-MeXHU4eCKUll U npou3800CEeHHbLI JCYPHAA

48

Aneapv—aghespans 2022



To realization of the XIII International Conference “Sustainable Green Construction

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

Russia. Cement i ego primenenie. 2020. No. 2, pp. 2—35.
(In Russian).

8. ®enocoB C.B., T'onosanoB B.M., JlazapeB A.A.
O npo6eMe CoBEpLIEHCTBOBAHUSI CTPOUTEIbHBIX U3-
JIenii, 00ecreunBaloIINX MOXapHYI0 6€30MacHOCTh
MaJIOATAXHBIX 3naHuil // CmpoumenvHble mamepua-
v, 2021. Ne 3. C. 57—63. DOI: 10.31659/0585-430X-
2021-789-3-57-63

8. Fedosov S.V., Golovanov V.I., Lazarev A.A.,
Toropova M.V., Malichenko V.G. On the problem of
improving construction products that ensure fire safety
of low-rise buildings. Stroitel’nye Materialy
[Construction Materials]. 2021. No. 3, pp. 57—63.
(In Russian). DOI: https://doi.org/10.31659/0585-
430X-2021-789-3-57-63

9. Yuanliang X., Baoliang L., Chun C., Yamei Z. Properties
of foamed concrete with Ca (OH); as foam stabilizer.
Cement and Concrete Composites. 2021. Vol. 118. 103985.
DOI: 10.1016/j.cemconcomp.2021.103985

10. Hashim M., Tantray M. Comparative study on the
performance of protein and synthetic-based foaming
agents used in foamed concrete. Case Studies in
Construction Materials. 2021. Vol. 14. DOI: 10.1016/j.
csem.2021.e00524

11. Kudyakov A.I., Steshenko A.B. Cement foam concrete
with low shrinkage. Advanced Materials Research.
2015. Vol. 1085, pp. 245—-249. doi:10.4028 /www.
scientific.net/AMR.1085.245

12. ®egopos B.M., MectaukoB A.E. Momudukanus
TEXHUYECKOM TIEHBI JJISI MOHOJUTHOIO IEeHOOETOHA
BBEJCHMEM BTOPUYHON LIeJUIIOJIO3HONW (Uops //
Ilpombliunennoe u epaxcoanckoe cmpoumenbCmeo.
2018. Ne 1. C. 48—52.

12. Fedorov V.I., Mestnikov A.E. Modification of techni-
cal foam for monolithic foam concrete by introducing
secondary cellulose fiber. Promyshlennoe i grazhdan-
skoe stroitel stvo. 2018. No. 1, pp. 48—52. (In Russian).

13. Christina Kramer, Matthias Schauerte, Torsten L.
Kowald, Reinhard H.F. Trettin, Three-phase-foams
for foam concrete application. Materials Cha-
racterization. 2015. Vol. 102, pp. 173—179.

14. Steshenko A.B., Kudyakov A.I. Cement based foam
concrete with aluminosilicate microspheres for mono-
lithic construction. Magazine of Civil Engineering. 2018.
No. 8 (84), pp. 86—96. DOI: 10.18720/MCE.84.9

15.Pycuna B.B., IllectakoBa FO.A. beckinHkepHbie
BSDKYIIIME Ha OCHOBe Top(dsiHO# 30761 // Cmpou-
menvbHble mamepuans. 2019. Ne 10. C. 70—74.

15.Rusina V.V., Shestakova Yu.A. Clinkerless binders
based on peat ash. Stroitel 'nye Materialy [ Construction
Materials]. 2019. No. 10, pp. 70—74. (In Russian).
DOI: https://doi.org/10.31659/0585-430X-2019-
775-10-70-74

16.Kim D.V., Cong L.N., Van L.T., Bazhenova S.I.
Foamed concrete containing various amounts of
organic-mineral additives. Journal of Physics: Confe-
rence Series.
DOI: 10.1088/1742-6596/1425/1/012199

17. Konanuua H.O., KynakoB A.U., KopaneBa M.A.
TopdoapeBecHbIe TEMIONU3OISIIIMOHHBIE CTPOUTEb-
Hble MmaTepuanbl. Tomck: TTACY, 2009. 183 c.

17. Kopanitsa N.O., Kudyakov A.l., Kovaleva M.A.
Torfodrevesnyye teploizolyatsionnyye stroitel’nyye
materialy [Peat wood thermal insulation building
materials]. Tomsk: TGASU. 2009. 183 p.

18. LIBetrkoB H.A., Capkucos 10.C., TI'opaenko H.II.,
IMpumena M.A., 3yokoBa O.A. CrpykTypoobOpa3o-
BaHUE LIEMEHTHOTO KaMHS ¢ J00ABKOM TEPMOMOIM-
¢ummpoBanHoro Topda // Hzeecmus evicuiux yueo-
Hbix 3aeedenuil. Cmpoumenvcmeo. 2018. Ne 12 (720).
C. 52-61.

18.Tsvetkov N.A., Sarkisov Yu.S., Gorlenko N.P.,
Prishchepa I.A., Zubkova O.A. Structure formation of
cement stone with the addition of thermally modified
peat. Izvestiva vysshikh uchebnykh zavedeniy.
Stroitel’stvo. 2018. No. 12 (720), pp. 52-61.
(In Russian).

19. Kudyakov A.l., Kopanitsa N.O., Kasatkina A.V.,
Prischepa 1.A. Sarkisov J.S. Foam concrete of
increased strength with the thermomodified peat
additives. IOP Conference Series: Materials Science
and Engineering. Advanced Materials in Construction
and Engineering. Tomsk, TSUAB. 2015. 012012.
DOI: 10.1088/1757-899X/71/1/012012

20. IMpumena MU.A., Kyaskos A.M., Capkucos 10.C.,
l'opnenko H.II., XKypasneB B.A., Cycnse B.U.,
Yronenko [1.0. @opMupoBaHue CTPYKTYphI ITIEHOOE-
TOHA C TEPMOMOANDUITNPOBAHHOUN TOP(STHO T00aB-
KO B paHHME CPOKU TBepaeHust // Becmuuk Tomckoeo
eocydapcmeernnozo yuueepcumema. Xumus. 2020.
Ne 18. C. 35—46. DOI: 10/17223/24135542/18 /4

20. Prishchepa I1.A., Kudyakov A.l., Sarkisov Yu.S.,
Gorlenko N.P., Zhuravlev V.A., Suslyaev V.I.,
Ugodenko D.O. Formation of the structure of foam
concrete with thermally modified peat additive in the
early stages of hardening. Vestnik Tomskogo
gosudarstvennogo universiteta. Khimiya. 2020. No. 18,
pp. 35—46. DOI: 10/17223/24135542/18/4

21.Ocumno C.II., Ilpumena W.A., Yaxmos C.B.,
Ocunos O.C., Ycauén E.}O. Anropurmbl Mmonenupo-
BaHUSI M 00pabOTKM WHGpOPMAIlMU B PEHTTEHOB-
CKOM TOMoOTpaduu TeHoMarepuanoB // Jegpexmo-
ckonus. 2021. Ne 3. C. 53-65. DOI: 10.31857/
S0130308221030052

21.0sipov S.P., Prishchepa I.A., Chakhlov S.V.,
Osipov O.S., Usachyov E.Yu. Algorithms for modeling
and processing information in X-ray tomography of
foam materials. Defectoscopy. 2021. No. 3. S. 53—65.
DOI: 10.31857/S0130308221030052

22.Chung S.Y., Kim J.S., Han T.S., Stephan D.,
Kamm P.H., Abd Elrahman M. Characterization of
foamed concrete with different additives using multi-
scale micro-computed tomography. Construction and

®

2019. Vol. 1425. No. 1. 012199. Building Materials. 2022. Vol. 319. 125953.
DOI: 10.1016/j.conbuildmat.2021.125953
HaY4HO-MeXHUMeCKUll U NPOU3800CMEEHHbLIL HCYPHA
January—February 2022 49



K npoeeaennio XIII MexayHapoaHoii KoH(hepeHIHH «YCTOHIHBOE «3€J1€H0€» CTPOHTENbCTBO
H HAHO-TexXHoaornn». Mapr 2022, Xypraaa, Eruner

YOK 691.542
DOI: https://doi.org/10.31659/0585-430X-2022-799-1-2-50-56

N.A. YPXAHOBAT, O-p TexH. Hayk (urkhanova@mail.ru),
E.B. JOPXXMEBA', kaHa. TexH. Hayk (elizavetadorzhieva86@mail.ru),
E.B. TOHYMKOBAT, kana. TexH. Hayk (egonchikova @mail.ru); A.M. AKOBIIEBZ, urxerep (YakovievAP@inbox.ru)

1 BocTo4HO-CUBMPCKUI roCyapCTBEHHbIV YHYBEPCUTET TEXHOMOM 1 ynpasnerys (670013, r. YnaH-Yaa, yn. Knioyesckas, 40B)
2 Hay4HO-UCCneaoBaTenbCKui, MPOEKTHO-KOHCTPYKTOPCKMI 11 TEXHONOMMHYECKUI MHCTUTYT 6eTOHa 11 Xene3o6eToHa —
HUVKB nm. A.A. TBozpesa, AO «HVILL «CtpoutensctBo» (109428, r. Mocksa, yn. 2-a VIHcTUTyTCKas, 6, K. 5)

CuHTe3 KonnouaHou N06aBKW HAa OCHOBE aNIKOMOCUITUKATHbBIX
nopoa Ans MoauthUKaLMMN LLEMEHTHOr0 KaMHS

MpencTaBneHbl pesynbTaTbl MCCAEA0BAHNIA MO NOMAYHEHWIO KONNONAHON A06ABKM HA OCHOBE aNOMOCUKATHBIX MOPOA ANs
MOANUKALMN LLEMEHTHOTO KaMHS. YCTaHOBMEHO, YTO HA OCHOBE NepinToBbIX NOPOA Myxop-TanuHcKoro MectopoXaeHns Pecny6nuku
BypaTus MOXHO nony4atb KONNOWUAHbIA MOANDUKATOP, UCNONL3YS 30Mb-TeNlb TEXHOMOUW C COLlePXXaHueM Yactuy, pasmepom ot 70 o
100 HMm (o6LLee cofepxxanue okono 30%). B pesynsrare akcnepuMeHTanbHbIX UCCNEL0BaAHUIA, NPOBELEHHbIX C NPUMEHEHEM
COBPEMEHHBIX MPUOOPOB M 060PYAOBAHUS, U aHANN3A 3IEMEHTHOr0 COCTaBa, CTPYKTYPbl CTEKIIOBUAHOTO NEPNUTa U CTPYKTYPHbIX
0CO6EHHOCTEi MOBEPXHOCTU YaCTUL, JUCNEPCHBIX CUCTEM HA er0 OCHOBE YCTAHOBUIIN: CUHTE3UPOBAHHBIA KONMOUAHbI MOAMUKATOP
COCTOWT W3 30N KPEMHWEBOI KUCNOTbI U 3015 TMAPOOKCUAA antOMUHNSA; UMEET aMOPCIHYH0 CTPYKTYPY; NOBEPXHOCTb YacTuL
CWHTE3MPOBAaHHOMN [06aBKI COAEPXUT B OCHOBHOM CUJIaHOJIbHbIE TPYNMbl, aiCcOPOUPOBaHHYI0 BOLY. YCTAHOBIEHbI 3aBUCUMOCTM
(hM3NKO-MEXaHNYECKMX CBOCTB LIEMEHTHOMO KamMHS OT KOHLeHTpauun fo6asku u pH KonnougHoro pacteopa. [okazaHa BO3MOXHOCTb
NPUMEHEHUS CUHTE3MPOBAHHON KONNOUAHON A06aBKM A1 MOAUDUKALMM LEEMEHTHOTO KaMHS.

KnioueBble cnosa: NOPTNAaHALEMEHT, CTEKNOBUAHBIN nepnnT, KonnonaHas N106aBKa, MO)II,I/ICbI/IKaTOp, 30/1b-TeJ1b TEXHONI0T K,
MO)J.I/I(*)I/IKaLI,I/IFI LIEMEHTHOTO 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.
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[TpakTyeckn HEOTpaHUYEHHBIE 3aMachl TPUPOIHO-
o aJIOMOCWJIMKATHOTO CBIPbSI, K YUCIY KOTOPOTO OT-
HOCSITCS TTEPJIUTOBBIE TOPOJIBI, LIEOJUTHI U AP., ABJISIOT-
Cd MPEKPACHBIM CBIPbEM [UJI MPOU3BOACTBA MHOTUX
MaTepUaJoB U MPOJAYKTOB, IIMPOKO MCIOJb3YyeMBbIX B
PAa3JIMYHBIX OTPACIAX MPOMBILIJIEHHOCTHA, B TOM YUCJIE
JUJIST TPOU3BOJCTBA (D (PEKTUBHBIX CTPOUTEIIbHBIX MaTe-
pUaoB, ISl CEJIbCKOTO XO3SIMCTBAa U OXpaHbl OKPYXKalo-
LIEH Cpelbl.

Myxop-TalnHcKOe MECTOPOXKIEHUE TTEPIUTOB U LIE0-
JINTCOAEPKAIIUX TTOPOJ SIBISIETCSI KPYITHBIM, HauboJsee
WU3YYEHHBIM U €IMHCTBEHHBIM MPOMBIIIUIEHHO OCBOEH-

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 HaxomuTcsl B
3aurpaeBckoMm paiioHe Pecnyonuku bypsitus, mumeer
0JIaTOTIPUSITHOE PACITOJIOXKEHWE B DKOJOTMUYECKOM U
9KOHOMMUYECKOM OTHOIIEHUU, AOCTATOYHO Pa3BUTYIO
UHOPACTPYKTYPY U MpSIMOI BBIXOJ Ha TpaHccOUpPCKyIo
JKEJIE3HOMOPOXKHYI0 Marucrpaib — cT. HoBouabMHCK
OAO «PX]I» [1]. Ucrionb3ys IepaUTOBOE CHIPbE, a TaK-
K€ BCKPBIITHBIE W COIYTCTBYIOIIME TOPOABI, Ha CyIlle-
CTBYIOLLIMX MTPOM3BOACTBEHHBIX IUIOLIAASIX MOXHO Opra-
HU30BaTh MTPOU3BOACTBO MAJIOKIMHKEPHBIX W OECKIIMH-
KEPHBIX BSIKYIIUX BEUIECTB, CTEHOBBIX OJIOKOB W3
STYCUCTOrO OETOHA, JIEMEHTOB IIEPETOPOIOK IIJIST SKIITBIX
U OOIIECTBEHHBIX 3MaHMUi, 3 (MEKTUBHBIX TETION30JISI-
IIMOHHBIX MaTepuaJoB M W3ACIMI, arporepiuTa u
op. [1, 2]. 3a mocrmeguue 6ojee 40 JeT OBLIO ITOOBITO
OKOJIO 2 MJIH M MEpJIMTOBOTO CHIPbS, KOTOPOE UCIIONb-
30BajJIOCh B OCHOBHOM JIJISI TIPOM3BOACTBA JICTKOTO 3a-
MOJIHUTENSI — BCIIyYEHHOTO IIepjuTa, MPUMEHSIEMOIo
B KPYITHOITAHEJIFHOM JIOMOCTPOCHUM T. YJaH-YI3 U
HpkyTckoit o61acTv, 1 KaKk KOMIOHEHT Il POU3BO/I-
CTBa KepaMUYECKUX MaTepUAJIOB.

M3BecTHO, UTO MJIsT pETyJIMpOBaHUsI CBOMCTB OETOHA,
OCTOHHOI CMeCU U SKOHOMUMU 1LIEMEHTa IIPUMEHSIIOT 10~
0aBKM pa3IUYHOTO (HPYHKIMOHATBHOTO Ha3HAYEHMSI.
Hcnonb3oBaHre XUMUYECKUX J0OABOK SIBJISIETCS] OMHUM
U3 HamboJiee YHMBEPCAJIbHBIX, JOCTYIHBIX U THOKMX
crnoco0oB ymnpaBeHUsT TexHojoruen oetona [3]. B tex-
HOJIOT'MH TIPOM3BOACTBA ILIEMEHTAa M OETOHA CJIOXWIACh
TEHJEHIINST TIPUMEHEHUSI BBICOKOMCIIEPCHBIX T00ABOK,
MOJYYEHHBIX Pa3IMYHBIMU CIIOCOOAMU, B TOM YMCJIE U C
ITOMOIIIBIO 30JIb-TeJIb TEXHOJOTUI. M3BecTHA MpaKThKa
3¢ dHEeKTUBHOTO TTPUMEHEHHUS 30JIeii KpEMHUEBON KUC-
JIOTBI, TUAPOKCHUIA XKeJie3a U aTIOMUHUS ISl MOar(bUKa-
uun OetoHa [4]. Ocoboe BHUMaHHWE MCCIIENOBATEN
CTPYKTYPHI LIEeMEHTHOTO KaMHsI ¢ MOIU(bUKATOpaMU ye-
JISTIOT IpUMeHeHU10 106aBok Ha ocHoBe Si0-nH7O, aTo
00BSACHSIETCST TEM, UYTO CUHTE3UpYyeMbIe J00aBKU, UMes
CXOHYIO C TUAPOCUJIMKATAMU KaJbIIAsl KPUCTAIIIOXM-
MMYECKYIO MPUPOAY, MOIYT SIBISTHCS LIEHTPAMM KpHU-
CTaJUTM3AallMM TUAPOCUINKATHBIX (ha3 IIEMEHTHOIO KaM-
HSI, a TakKXe BCTpaMBaThCsl B €ro CTPYKTypy [5, 6].
[Iupokoe nmpuMeHeHUe TTOJOOHBIX 100ABOK CIEePXKMBa-
€TCSI BBICOKMMU PECYPCHBIMU 3aTpaTaMy W PHIHOYHOMU
CTOHMMOCTBIO.

HMHTepec mpencTaBiseT MCITOIb30BAHME IIEPINTO-
BBIX OPOJ IS IToJydeHUs1 3GhEKTUBHBIX 100aBOK IS
MoauduKanuu leMeHTa u 6eroHa. Hampumep, aBTO-
poM pabotsl [7] pa3paboTaHbl MPUHLUIBI TPOEKTUPO-
BaHUsI OBICTPOTBEPACIONIEIO KOMIIO3ULIMOHHOTO BSIKY-
IIETO C OPTAHOMUHEPAIBHOM 100aBKOI HA OCHOBE YJTb-
TPaAUCIIEPCHOTO MEXaHOAKTUBUPOBAHHOIO MEpJuTa C
M30BITKOM BHYTPEHHEW SHEpTUH, 3aKJII0Yaloluecs B
CO3IaHNK CAMOOPTaHU3YIOIIEHCS TIIOTHOYTaKOBAHHOM
CTPYKTYPbl IIEMEHTHOIO TecTa U (POpMHUPOBAHUU 3a
CYET aKTUBHOTO B3aUMOJIEUCTBUSI KOMITOHEHTOB CUCTE-
MbI 00Jiee TJIOTHBIX U MPOYHBIX CTPYKTYP KPUCTaLIO-
TUIPATOB.

Llenb uccnenoBaHus — pa3padoOTKa METOAMKU CUHTE-
3a CTAaOMJIBHOTO Y ONTUMAJBHOTO MO (DU3UKO-XUMUYE-

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/cm?);
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Ta6nuua 1

Table 1

YcpeaHeHHbIVi XMMUYeCKU COCTaB CTEKJIOBUAHOIO nepauTta
Average chemical composition of vitreous perlite

Tabnuua 2
Table 2
XapakTepucTtuka 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 | k00 | Fer0n | a0 MaO Mnn Density, kg/m® Hydrogen indicator of Dynamic viscosity,
P2 | Al2D3 | 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-
o KaMHSI, COCTOSIIIETO B OCHOBHOM M3 aMoOp(HOro
KpeMHe3eMa U TTOJIyYEHHOTO C MCTOJIb30BAHUEM TTEPITH-
TOBBIX Nopoa Pecny6oiuku bypsitust.

leonornueckoe M3ydyeHUE BYIKAHUUECKMX CTEKOJI
Myxop-TalMHCKOI0 MECTOPOXKACHUS KaK BO3MOXKHOM
CBIPBEBOIT 0a3bl CTpoiimHIycTpumn 3abaiikaibsi ObLIO
nposeacHo B 1957—1969 rr. Bruia moaTBepskaeHa Leje-
C000Pa3HOCTh BBIICJIEHUST CIIEAYIOIINX PA3HOBUIHOCTEHM
TePJIUTOB:

— TEIUIOU3OJISIIMOHHBIN (TJIOTHOCTh BCITyYEHHOTO
nepsuta B Kycke 10 0,5 r/cm3);

— CTPOUTENBbHBIN (TJIOTHOCTh BCITYYEHHOTO MEPJIUTa
B Kycke 0,5—0,9 r/cM3);

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

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

HcxomHbIM CBHIPpBEM IS TOJYYEHUS] KOJUIOMIHOTO
MoarbUKaTopa MOCTYXKWJI TEMIOU30ISIIIUOHHBIN U CTPO-
WUTETBHBIN TIepanT. BBIOOp MCXOMHOTO CHIPHST 00YCIIOB-
JIEH €r0 XMMWYECKUM COCTaBOM, CTPYKTYPOU U coepxka-
HUEM CcTeKIo(Ma3bl. YUUTHIBASI, UYTO IO XUMUUECKOMY CO-
CTaBy TIEPJMUT OTHOCUTCS K CYIIECTBEHHO KMCIIBIM
ATIOMOCWIMKATHBIM TIOPOJIaM COAEPXUT 6—9% mienou-
HBIX KOMITOHEHTOB, TIPEICTABIISIETCS, YTO OH MOXKET OBITh
MOTEHUUAJIbHBIM ChIPbEM JIJISI TIOyYEHUST KOJUTOUAHOTO
Moaudukaropa (tabn. 1). OCHOBHBIMU KOMITOHEHTAMU
MepJanTa SIBISIOTCS OKCUABI KpeMHUs SiO) ¥ alloMUHUS
Al»O3, HaxomsIuecss B aMOP(HOM COCTOSTHUM.

M3BecTHBI pa3nyHbIe CIOCOOBI MONYYEHUST TOHKO-
JIUCTIEPCHOTO aMOPGhHOro KpeMHe3eMa, OTJINYAIoIIuecs
CTETIEHBIO U3BJICUEHMST TMOKCUIA KPEMHMS, UCIIOJIb3Ye-
MbIM UCXOJTHBIM ChIPbEM WJIM XUMUUYECKUMU PeareHTaMu
U TeXHOJOoTUYeCcKuM obopynoBaHuem [10—12]. ABTOpsI
TPEATIONIOXWIN, YTO TP BO3IEHCTBUM OIPENETEHHBIX
¢aKkTOpOB IJII aKTUBALIMU TEPJINTa (TOHKOE M3MeIbue-
HUE B SHEProHAIPsDKEHHBIX allllapaTtax ¥ HarpeB B BOJIE)
MOXET ObITh MOJYyYeH HOBbIN KOJUTOWAHBIN MoauduKa-
TOP B BUJIE CMECH MHOTOKOMITOHEHTHOTO 30J151, COCTOSI-
LIETO U3 30J151 KPDEMHUEBOU KUCIOTHI U 30J1S1 TUAPOKCUAA
ATIOMUHUSI.

[T aKTMBalMM CTEKJIOBUIHOTO TiepjiuTa ObUT WC-
MOJIb30BaH aKTUBATOP HOBOTO TMOKOJIEHUSI — CTEpXKHE-
Boii BuGOpouctupareiab BM-4 X350, roe MexaHuveckue
BO3JIEMICTBUSI HA U3MEIBYAEMBII MaTepUas TPOUCXOJIST B
BUIE ynapa u Tpenusi. [TomydyeHue KowtonaHoi 1o6aBKu
3aKJIIOYAETCS B CJIEAYIOIIEM: TIEPJIUT-ChIPELl MpeaBapy-
TEJIbHO TOHKO U3MEJIbYAIOT B SHEPrOHAMPSIKEHHOM arl-

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

— 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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rnapare 10 YAEJbHON MOBEPXHOCTU
750—950 M2/KT, 3aTeM TOHKOM3-
MeJTBUYCHHBIN TTOPOIIIOK TTOIBEPTAIOT
KUMSYEeHUIO B TeyeHue 1—3 4 ¢ mo-
CJIETYIOIINM OXJTAXKICHUEM U OCaXK-
JIeHueM n00aBku u3 (uibTpaTa. B
XOJIe 9KCITEpUMEHTAJIBHBIX UCCIIEIO-
BaHW1 BBISIBJICHBI ONITUMAJTBHBIC YC-
JIOBUS TIOTYYEHUST KOJUIOMIHOMN H0-
0aBKM C YIETOM IIPOIOJIKUTEIIHHO-
CTU M3MeJIbYEHMS TepuTa U COOT-
BETCTBEHHO CTCIIEHU €Tr0 IUCIIEPC-
HOCTH W TIPOIOJLKUTEIIBHOCTH Tep-
MUYECKO 00pabOTKM B BOJIE.
M3BecTHO, UTO CTPYKTYpa UCXOI -
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 Tep-
JINTA SIBJIIETCST aHAJIOTOM CTPYKTYPHI
CJIOMCTO-KAapKACHBIX aJIFOMOCHUJIU -
KaTOB; €ro XUMUYecKasi aKTUBHOCTh
00ycJIOBJIeHA TIPUCYTCTBUEM CBSI3ei
Si—O—K, Si—O—Na, Si—O-OH.
DTamHOCTh (POPMUPOBAHUS KOJUIO-
UIHOI 100aBKM, MO HaOJIOACHUSIM
MeTogaMu  (U3UKO-XUMHUUIECKOTO

Puc. 1. 3aBMCMMOCTb BA3KOCTU KOIIIOMAHOIrO MoandurkaTopa oT BpEMEHN
Fig. 1. Time dependence of the colloidal modifier viscosity

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

aHammsa u pH-Metpun, ciemyroiasi.

I1epBrIii 3Tanm — TOHKOE U3MEJb-
YeHUE TIepJIUTa, COMIPOBOXK/IAIOIICE-
csl AeTIOJMMEpU3alueil ero CTpyKTy-
PBI, HApYIIEHUEM MOCTHUKOBEIX CBSI-
3eit Si—O—Si, Si—O—Al u obpazo-
BaHMEM JBYX PA3JIMYHO 3apsi>KeH-
HbIX pagukaioB =Si—0- u =Si+.
OOpa3yeMble paguKajbl IIPOSB-
JISIIOT OOJIBLIYIO PEAKIIMOHHYIO CIO-
COOHOCTb K MOJIEKYJIaM BOAbI, 00-
pasysa rpynmnsl OH- B cTpykType
nepaura [7].

BTopoii aTanm — MUTpaLms KaTHOHOB IIEJIOUYHBIX Me-
TaJUI0B, BXOASIIIMX B COCTaB MepJnTa, B BOAHBIN pacTBOP
¢ yBenmueHueM ero mejnouHocta (pH-metpus) u pac-
TBOPEHHE TOHKOM3MEJIbUYEHHOro TMepjuTa B Mpoliecce
KUTSTYCHUST B IIEJIOYHOM PACTBOpPE, MOCTEIIEHHOE €ro
pasioKeHre ¢ BbIIEJIEHIEM U3 cocTaBa KaTHoHOB AP,
Fe3™ 1 KpeMHEKHCIOTHI.

Tpetwnit aTan — B3aUMOIEHCTBIE STUX MOHHBIX KOM-
IUIEKCOB ¢ MOHAMM IIEJOYHBIX METAJUIOB U IPyIIamMu ¢
00pa3oBaHUEM COOTBETCTBYIOIIMX TUAPO30JIEH.

XapaKkTeprCcTHKa ¥ CBOMCTBA MTOJTYYEHHOTO KOJTOU/I -
HOro MoauduKaTopa puBeIeHBI B Ta0. 2.

Bricokast yaenbHasi 3J1€KTPOIPOBOIHOCTDL 30JIS
CBUICTEJBCTBYET 00 aKTUBHOI TOBEPXHOCTH HAaHOYa-
CTUII, YTO TPEATIOTOXUTEBHO CITOCOOCTBYET CO3/a-
HUIO JOMOJHUTEJbHOIO CTPYKTYPHOrO 3JIEMEHTa C
YacTUIIAMM IIEMEHTA MPU €ro TUApaTalluM, OTIPEIeIs-

D =~ ©
o o o
LI

55
40,3
33

MpoyHocTb npu cxatum R, MlMa
Compressive strength R, MPa
N
o

0K0HTpOJ‘IbeII7I coctaB KM 0,2%
Control composition

75
56 3 60,5 g 625
50 853,2 55~ 53,7 52,5

43,8
40,5 38 38,5

KM 1%
CM 1%

KM 0,4%
CM 0.4%

KM 0,6%
CM0.6%

KM 0,8%

CM0.2% CM0.8%

Puc. 3. ViccnepnoBaHue BAUSIHUS KOJSIIOMAHOIO MOAMGUKATOPA Ha CBOMCTBA LEMEHTHOMO KaMHS:
H-1cyr;l-3cyr;[J-7cyr;[1-28 ¢yt

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 AI>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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IOIIETO YJy4YlleHUue CBOMCTB TUI-
pPaTHOTO KaMHSI.

W3BecTeH ¢akT: YCTOMYMBOCTH
30jeil 3aBucuT or pH cpeabpl yem
BBIIIC TTOKa3aTenab pH cpembl, Tem
HUXE YCTOWUYMBOCTHL 3oyieid [13].
HccnenoBanne uHAMUYECKON BSI3-
KOCTH KOJUTOMIHOW CUCTEMBI, H3Me-
PEHHOU Ha POTALIMOHHOM BMCKO-
sauMeTpe Brookfield RVDV-3T

(LIKIT «ITporpecc» BCI'YTY) ¢ uc-

nosb3oBaHueM mmnuHaeass CPA-40Z, c
CKOpPOCTb BpaIleHUS IITTUHIACTS —
40 o6/MuH (puc. 1), mokasano, 4To
00pa3yeMbIii 30JIb OTHOCHUTEIHLHO
CTaOWIeH: ¢ YBeJIMYEHUEM BpPEMEHU
BSI3KOCTh PacTBOpPa OCTAETCS HEU3-
MeHHO#. Cienyer TPeaIooXNTh,
YTO IIEJOYHBIE 3011 HECYyT Ha I10-
BEPXHOCTH YaCTHUIl OTPULIATECIIHLHBIN
3apsg M TEeM CaMBbIM CTaOWIN3U-

pyIOTCSI.

O TOM, YTO TOJYYEHHBI MOIM-
dukaTop MpencTapiseT co00il KO-
JIOWIHYIO CUCTEMY C COIEpXKaHUEM
HAHOIMCIEPCHBIX Pa3MEPOB YACTHUII,
TTOATBEPKAAIOT Pe3yIbTaThl MCCIENOBAHUS TO0ABKU HA
Jla3epHOM aHaJm3aTtope 4vacTtul, «Mukpocaiizep 201»
(CIIoIrACY, r. Cankr-IletepOypr) (puc. 2). AHammu3
KPUBOI pacTpee/ieHusT YacTHIL TI0 pa3MepaM IToKa3all,
4yT0 27% 00BEeMa OUCIIEPCHOM (ha3bl COCTABISAIOT (hpaK-
muu gactull ¢ pasmepamu oT 70 mo 100 am. OcranbHOI
00beM cofepkaHus yacTull — 73% pacrpeselieH B IIpe-
nenax ot 100 go 1000 HM.

[ns onpenesieHUsT BIWSIHUS TOJIYYEHHOTO KOJLJIO-
UIHOTO MoAupUKaTopa Ha CBOKWCTBA ILIEMEHTHOTO
KaMHS TOTOBIJIMCH 00pa3Ilbl INIACTUIHOTO (DOPMOBa-
HUSI TPU HOPMAaJbHON TyCTOTE, COOTBETCTBYIOLIEH
28%, pasmepamu 2X2X2 cm. McciaegoBaHus Ipo-
BoauJIuch Ha mnopTihaHauemMeHte IHEM 1 42,5H
(00O «Tumnoiickuii IeMeHTHBIN 3aBo», Pecrrybnuka
Bypsitust), TOCT 31108—2016 «LlemeHTHI 061IECTPOU -
TeabHble. TexHuueckue ycloBusl». ST BbISIBICHUS
ONTUMAJIBHOM JO3UPOBKU KOJUIOMIHBIC MOTU(PUKATO-
pbl BBoawu B KojuuecTBe 0,2—1% oT Macchl ieMeHTa
B BOJY 3aTBOpeHUs. B TeueHMe mepBhIX CYyTOK 00pa3Ilbl
XpaHUJINCHh B (hOpMax BO BJIAXHBIX YCIOBMSIX, 3aTeM B
BOJI¢; MO MCTEYEHUU KOHTPOJBbHOTO BPEMEHM HCIIbI-
TBIBAJINCh HAa TIPOYHOCTH MIPH CKaTuu (puc. 3).

YcTaHOBIEHO, YTO ONTUMAIbHOE COAEPXKaHUE KOJI-
JIOUIHOTO MoauduKaropa Jiexxut B rpeaenax 0,6—0,8%
OT Macchl eMeHTta. OTMeTuM, 4To 3hdheKT Moaudu-
LIMPOBAaHMUSI HAOJIOJAaeTCs M MPU MMKPOIO3UPOBKAX
0,2—0,4%. I1pupocCT MPOYHOCTU MPU CXKATUU B BO3paC-
Te 28 cyt mocturaet 50% npu BBEAEHUU KOJLIOUIHOTO
MoaudukaTopa B KonndecTBe 0,8% OT MacChl LIEMEHTA.
DG GHEKTUBHOCTh AEUCTBUS 30J11 KPEMHUEBON KUCIO-
ThI CBSI3aHA C TeM (hakTOM, UTO HaHoYacTullbl Si0) 006-
JIaat0T OTPOMHOU KWHETUYECKOW SHEPTUEH U SBJISIOT-

TBEpPAEHUA

Puc. 4. MukpodoTorpadum CTpyKTypbl LLeMEHTHOrO kamMHs (10000X): a, b — KOHTPOJbHLIN 06pasew, Ha
1-e 1 28-e cyT TBepAEHUS COOTBETCTBEHHO; ¢, d — 06paseL, ¢ KONonaHon fobaskoli Ha 1-e 1 28-e cyT

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” (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
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Ccsl aKTUBHBIMM ILIEHTpaMM KpucTtamuiusanuu. Dop-
MUPOBaHUE KPUCTAUIMYECKUX CPOCTKOB HU3KOOCHOB-
HBIX THAPOCUJIMKATOB KaJIbLIMS CIIOCOOCTBYET MOBBI-
IIEHUIO TUIOTHOCTU M TIPOYHOCTHU 3a CUET 3aIlOJHEHUS
IIPOCTPAHCTBA MUKPOIOP KPUCTAJIUIECKUMU CPOCT-
kamu [14].

M3MeHeHne MUKPOCTPYKTYPHI LIEMEHTHOTO KaMHS C
KOJUTOUJIHBIM MOAM(UKATOPOM ObUIO MCCIENOBAaHO Ha
pacTpOBOM BJIEKTPOHHOM Mukpockorie JSM-6510LV
JEOL (IKITI «ITporpecc» BCI'YTY) (puc. 4). Ctpykrypa
LIEMEHTHOTO KaMHSI OIIPEACIISICTCS IPOIIECCOM €r0 THI-
paTamuy 1 3aBUCUAT OT MOP(OIOTUN M (DOPMBI TTOBEPX-
HOCTH PacTOIOKEHUSI KPUCTAIIIIOB, MEXXIIOPOBOTO TIPO-
CTpaHCTBa.

MUuUKpOCTpyKTypa LIEMEHTHOIO KaMHSI C KOJUIOWJ-
HBIM MOAU(PUKATOPOM OTJIMYAETCSI OT MUKPOCTPYKTY-
PBI [IEMEHTHOTO KaMHSI KOHTPOJIbHOTO COCTaBa. Y:Ke B
MepBbIe CYyTKU MOXHO HaOJIIoAaTh, YTO HA MOBEPXHO-
CTH MOIM(PUIIMPOBAHHOTO KaMHSI 00pa3yroTCsl UTOJIb-
yaTble 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. KOHCTpyKTMBHAasE OCOOEHHOCTb ATTPUHIUTA B
ero JCHIPUTOIIOMOOHBIX CIJICTCHUSIX, KOTOPBIC 3aII0JI-
HSTIOT TTOPOBOE MPOCTPAHCTBO M SBIISIFOTCS HEPAaCTBO-
puMbIMU B Boje. B Bo3pacTe 28 cyT TBepAeHMsI CpaBHE-
HUE CTPYKTYpP TOBOPUT O TOM, UTO TTOBEPXHOCTb MOAM-
GULIMPOBAHHOIO LIEMEHTHOIO KaMHsI 0ojiee poBHAs U
IJIaaKas MCKIYaeT MPUCYTCTBUE MEXKIIOPOBOIO IPO-
CTpaHCTBA.

Taxum obpazom, Myxop-TajluHCcKOe MECTOPOXKIE-
HUE TIEPJIUTOBOIO CHIPbS SBISIETCS CTPAaTerMUeCcKU
Ba>KHBIM MECTOPOXIECHUEM JIsI CTPOUTEIbHOMN OoTpac-
au Pecnyonuku bypsarusa. IlokazaHa BO3MOXHOCTh
HCITOJIb30BAHUS MEPJIUTOBBIX MOPOJ MJIsI CUHTE3a KOJI-
JougHoI nob6aBku. [TonydeHre KOIIOUAHOM 100aBKHU,
pa3mep gacTtui Kotopoit ot 70 mo 100 HM cocTaBiseT
25—27%, oTauyaeTcsi MCIOJb30BAHUEM HEIOPOroro
WCXOIHOTO aJTIOMOCUJIMKATHOTO CHIPhsI, 0€3 MpUMEeHe-
HUSI JOPOTOCTOSIIMX IIeJ0YecoaepXallux MaTepua-
JIOB U CJIOXHOTI'O TEXHOJIOTMYECKOTO 000pYyI0BaHusl, C
MUHUMAaJIbHBIMM 3HEPIreTUYCCKUMU U TEIIOBBIMU 3a-
TpaTaMu. ABTOpaMM ITOKa3aHa BO3MOXHOCTb MCITOJIb-
30BaHUS CUHTE3MPOBAHHOTO KOJUIOMTHOTO MOIUMU-
KaTtopa I TMoiydeHHUsT 3(GEHEKTUBHOIO IPEBECHOTO
KOMITO3UIIMOHHOI'O MaTepuasa — apbojuTa, uMeoe-
ro OMpeleJeHHbIe IEePCHEeKTUBBl B MaJl03TaXXHOM
cTpouTenbeTBe [14].

Cnncok aureparypbl

1. Vpxanosa JI.A., 3ybakuH Bb.A., CrtpyraHos B.H.
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CBIPbsI: BO3MOXHOCTH U TIEPCIIEKTUBBI €0 UCTIOIb30-
BaHUS B cTpoituHaycTpuu // CmpoumensHble mame-
puanst u uzdeaus. Kues. 2005. Ne 7. C. 78—85.

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
ynbTpaaucnepcHbIM NOPOLIKOM Auaba3a

113y4eHO BNMsHME YNbTPAANCNEPCHOMO NOPOLLKA Anabasa Ha NPOLECChl CTPYKTYPOOOPa30BaHNs 1 (PU3NKO-MEXaHNYecKne
XapakTepucTMKI (DTOPAHTNAPUTOBBIX BSXKYLLMX. YCTAHOBIIEHO, YTO BBELEHWE [11a6a30BOro NopoLLKa B KOIMYECTBE 7% B TEXHOTEHHOE
AHrMOPUTOBOE BAXKYLLIEE, CNIOCOOCTBYET NOBLILLEHUIO NPOYHOCTU HA 28%. Pe3ynstartbl MEXaHU4ECKMX UCTbITAHUIA CPABHUBANNCH C
KOHTPOJTbHbIM 06pa3LioM, B COCTaBe KOTOPOro OTCYTCTBOBANA MoauduumpytoLas Ao6aska. MoBbieHne NPOYHOCTH HABI0AAN0Ch Ha
paHHUX CpoKax TBEPAEHNSA, HTO 06BACHAETCA (POPMUPOBAHNEM MIOTHON YNAKOBKW KPUCTANIIOB pa3padarbiBaeMoil KOMMO3NLMN 3a CHeT
06pa3oBaHNa rugpocynboanoMIUHATOB KanbLnsa n aMopdHbIX rMAPOCUINKATOB KarbLing TO6EPMOPUTOBOr0 PAAA, 3anoHALMX
nopbl Mexay Kpuctannamu cynbgara kansums. OCHOBHbIM YCNOBUEM (DOPMUPOBAHUS NAOTHON CTPYKTYPbl (OTOPAHrMAPUTOBOI
MaTpuLbl ABNAETCH CO3AaHINE LLENIOYHOI CPeabl Npu akTueauumn gropanrnapura gocdarom Hatpus. PopMUpPOBaHNE HOBbIX NMPOAYKTOB
ruaparaynn B TEXHOTEHHOM aHrMAPUTOBOI KOMMO3NLUMI HA PAHHUX CPOKAX TBEPAEHWUS NOATBEPKAEHO MeToAaMu (PU3UKO-XMMUYECKOr0
aHanu3a, B TOM 4YUC/le PEHTreHO(Da30BbIM aHaNIM30M, PEHTTEHOBCKUM MUKPOAHANN30M 11 CKaHUpYIOLLEN MUKpOCKonuei. Viccnenosanune
NO3BOJIAET NONYYNUTH KOMMO3ULMIO C YIYHLLEHHbIMU (DU3NKO-MEXAHNYECKUMY CBOCTBAMM, NMPW 3TOM PELLAIOTCA NPO6NeMbI C
yTunusauuen hTopaHrnapmTa n UCTOLLEHeM 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.
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IMonydeHne HOBBIX CTPOMTEIBHBEIX MaTCPUAJIOB W3
IMOOOYHBIX OTXOAOB IIPOU3BOJCTBA SIBJIICTCS OQHOM U3
KJTIOUECBBIX 3a7a4 B Pa3BUTHM CTPOMTEIHLHOTO MaTepra-
JoBeieHUsI. Beab mprMeHeHre TOJIBKO TPUPOIHBIX Ma-
TepUAJIOB YMEHBIIIAeT MX IMOTeHINAI — 00beM HEBO300-
HOBJISIEMBIX PECYPCOB CHUKACTCS, YTO MPUBOIUT K MC-
TOLLIEHUIO MPUPOIHBIX 3aI1aCOB.

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

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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HOTO IMPOIyKTa ITPOM3BOJICTBA IJIaBU-
KOBO#1 KUCJIOTBI — (hTOpAHTUAPUTA.

PazpaboTka maTepuajaoB Ha OC-
HOBE TEXHOT€HHOTO aHTUAPUTOBOIO
BSDKYILIETO paccMaTpUBAaeTCs B CJIe-
nyromux paborax [2—8]. Ctout oT-
METHUTb, YTO OCHOBHBIE (PU3UKO-XHU-
MHUYEeCKUe W (PU3UKO-MeXaHUTIECKHE
XapaKTePUCTUKU IPUPOTHOIO aHTUI-
pHTa CYIICCTBYIOT M Y TEXHOTEHHOTO,
BKJII0YAsT KaK TOJIOXKUTEJIbHbIC, TaK 1
oTpuuaTebHbIe. J1JIs ToIydeH s Ma-
Teprayia ¢ YAYYIIEHHBIMHA XapakKTe-
PUCTUKAMU B COCTaB KOMITO3ULIMU
BBOISTCS YJIbTpa- W HAHOIUCIIEPC-
Hble 1o6aBku [9—11]. OnHoit u3 Ta-
KNX J00aBOK SIBIISICTCS YJIBTPAIM-
CHepHbIii MOpoLIOK auadasza. B uc-
cienoBaHugx [12] mokaszaHo, 4YTO
BBeleHMEe naMaba30BOro ITOPOIIKa

Puc. 1. JucnepcuoHHbIin aHann3 anaba3oBoro nopoLuka
Fig. 1. Dispersion analysis of diabase powder

XuMunueckuin coctaB anaba3soBoro nopoLuka

Chemical composition of diabase powder

oosee 10% mNpUBOIUT K CHIKEHUIO

SiOo AloO3 FeoO3 MgO CaO Mpoyee

IPOYHOCTHBLIX XapPaKTCPUCTUK LIC-

. Copepxanue, %
MEHTHOUN KOMITO3UILINHU. T10 TOBOPpUT

Content, %

56,74 13,93 10,86 8,31 6,22 3,94

0 TOM, 4TO LieJiecooOpa3Ho mobaBiie-
HUe quaba3oBoro nopoika a0 10%.

Llenblo HACTOSIIETO MCCIECAOBAHUS SIBIISICTCS YCTa-
HOBJIEHUE 3aKOHOMEPHOCTE! CTPYKTYpOOOpa30BaHUS 1
BJIMSIHUS Ha (PU3MKO-MeXaHMYeCKKre CBOMCTBA (hTOpaH-
TUIPUTOBOIO BSDKYILIETO JOOABKM — YJIBTPAaAUCIIEPCHOTO
MopolIka auadasa.

MarepuaJjbl B METOIBI HCCJIEAOBAHMIT

OCHOBHBIM MaTepuajaoM pa3padaTbIBa€MOil KOMIIO-
3ULUKN  SIBIISIETCS  (PTOpAHTUAPUT ITPOU3BOICTBA
OAO «I'anmoren» (r. Ilepmb). B kauecTBe Moauguuupy-
1olei 100aBKU MPUMEHSIJICS YAbTPAAUCIIEPCHBIN MOPO-
mokK auabasza npeanpusatust OO0 «/luabas» (r. HoBo-
cubupck). s aktuBaiyu GTopaHTUAPUTA TPUMEHSIICS
docdar narpus (NazPOy).

st ompeneneHUs pa3Mepa OIUaMETPOB YaCTHIL JO-
0aBKHM ObLI MPOBEIEeH AUCIIEPCUOHHBIN aHAIU3 Ha Jla3ep-
HOM aHanu3atope pasmepoB yactuil SALD-7500. Ananu3
pe3yabTaTOB MUCTIEPCMOHHOIO aHajiM3a Jauaba3oBOTO
nopoiuka (puc. 1) mokasaj, 4YTo CpeaAHUI pa3Mep YacTHI]
[100aBKM paBeH 3,94 MKM.

CoctaB 11a6a30Boif MyKM, COIIACHO JaHHBIM ITPOU3-
BOJIUTENSA, TIpeCcTaBieH B Tabnuie. s omnpeneneHus
(hakTyeckoro cocraBa M00aBKM W JUISI JajbHEUIIETO
omnpeaeeHUs] BAUSHUS N00aBKM Ha pa3pabaTbiBaeMylo
KOMIIO3MIIAIO OBLT MPOBEICH PEHTTeHO(hA30BEIN aHAIN3
nuabdazoBoro mnopoumka (puc. 2) Ha AuppaKTOMETpe
Rigaku Miniflex 600. PacincdpoBka crnekTpoB ObLia
npoBeneHa B mporpamme Match! 3 1 mo3Bosuna yctaHo-
BUTb, YTO B J100aBKe Mpeo0IagaloT OKCUAbI KPEMHUST U
ATIOMUHUS.

ConepxaHue 100aBKU B KOMITO3ULIMU OMPEEsIOCH
9KCIepUMeHTaNIbHBIM IyTeM oT 0 1o 10% mopolika gua-
0a3a 1o OTHOIIEHUIO K (hTopaHTUAPUTY. 17151 mccnemoBa-
HUSI 3aBUCUMOCTH IIPOYHOCTY KOMITO3UIIMU OT COAepKa-

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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Puc. 2. PeHTreHoda3oBbIli aHanm3 anabasoBoro NopoLuka
Fig. 2. X-ray analysis of diabase powder

25

20

e
)]

MpoyHOCTb Npu cxaTtuun, Mla
Compressive strength, MPa
)

Ref 0,5 1 3 5

CopepxaHve anabasoBoi Myku, %
Diabase powder content, %

Puc. 3. npO‘-IHOCTHbIe CBOWCTBa npu cxatun CbTOpaHFI/I,D,pI/ITOBOI'O BSAXYyLLEro npn sBegeHnmn nnabaso-

BOW MYKU Ha 7-€ CyT TBEpAEHUS

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

of 7 days

HUSI 100aBKM M3roTaBIMBaJMCh OO0pa3lbl-0aJIOYKU C
pasmepamu 40x40x160 MM, TBepieHHE KOTOPHIX ITPOXO-
JINJIO BO BJQXHBIX YCJIOBUSIX B TeUeHUE 7 CYT IO MOMEHTA
TPOBeICHUsS UCTIbITaHUSI. B KauecTBe KOHTPOJIBHBIX 00-
paslioB MCMOJb30BAIUCH COCTaBbl U3 (DTOPAHTUIPUTA,
3aTBOPEHHBIE pacTBOpoM (pocara HaTpust 6e3 nodasJe-
HUSI YIbTPAJIUCIIEPCHOTO TIOpOIITKa qruabasa.
[TpouHOCTHBIE XapaKTEPUCTUKN COCTABOB IPEICTAB-
JIeHBI Ha auarpamme (puc. 3). AHaau3 pe3yabTaTOB UC-
MbITAHUI 00Pa31oB B Bo3pacte 7 cyT, MOAUMDUIIMPOBaH-
HBIX YIBTPAAMCIIEPCHBIM ITOPOIIKOM Auabasa (puc. 3),

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-
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
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
powder content in the composition
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-
ditions for 7 days before the test. As
reference samples, compositions of
fluoroanhydrite mixed with a solution
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-
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-
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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MOKa3aJl, YTO HaWJIydIlKe IIPOYHOCT-
HbI€ XapaKTEePUCTUKH y COCTaBa C CO-
nepxkanveM 7% nuaba3oBOl MyKWH.
IIpu maHHOM conep:KaHUU J00aBKU
obecreunBaeTCsl MPUPOCT TPOYHO-
CTU TIpU CXXaTuW pa3pabaTbiBacMOM
KOMIO31LNK 10 28% B cpaBHEHUU C
KOHTPOJIbHBIM cocTaBoM. [loBbiiire-
HUE IIPOYHOCTH OOYCJIOBJICHO YILIOT-
HEHMEM CTPYKTYPBI THUAPOCYIb(HO-
aJlOMUHATaMM KajbLiusg (3TTPMH-
ruT), GOPMUPYIOIIMMUCS HAa PAaHHUX
9Tarax TBepACHUs MeXIy KpucTa-
JlaMM cyjbdaTa KajabLMsl, U COCTaB-
JISIOIUMU  1raba3oBoid Myku |[13].
[IpenrmonoxeHo, 4To IMPU aKTUBALIUT
¢ropanrugpura dochaToM HaATPUI
yCTaHaBJIMBAETCS 1IEJIOYHAs cpena, B
KOTOPOI JIBYBOAHBIN CyIb(aT Kalb-
1IWST B3aWMOJIEHCTBYET C OKCUAAMU
aJIOMUHUSI, TPUCYTCTBYIOIIMMH B
coCTaBe ITOpoITKa nruabda3a CoeauHe-
Hus (puc. 2). Tak, B pabdore [14] B
1meja04HoM pactBope npu pH 13
YCTaHOBJIEH CUHEPTeTUYECKUil 3-
¢eKT 3a CYET OAHOBPEMEHHOIO (pop-
MUPOBaHUs JBYBOJHOTO CyJbdara
KaJIbIIUsI M STTPUHTHUTA, KOTOPHIE 3a-
IOJIHSIIOT ITOPbI, ITOBBIILIAS [TOKA3aTe-
JIX TIPOYHOCTH (PTOPAHTUIAPUTOBOM
KOMITO3UIIHH.

OngHaKko CTOUT OTMETUTh, YTO
(opMUpOBaHUE KPUCTAJLIOB STTPUH-
ruTa B 3aTBepAEBLICH KOMIIO3ULIMU
OKa3bIBaeT OTPUIIATEIIbHOE BIUSTHUE
Ha CTPYKTYpY 3aTBepAEBILICi MaTpHU-
1Bl 3a cYeT oOpa3oBaHUsI BHYTPEH-
HUX HalpsDKeHU M TOCIeaylomieit
JeCTpYKIIMY Komrmosura [15, 16].

Jnst moaTBepxKAeHUsT (OPMUPO-
BaHUsI STTPUHIUTA IIPEABAPUTEIHLHO
ObUT TIpOBeACH peHTreHoMa30BbIN
aHanu3 (POA) KOHTPOJIBHOTO 00pa3-
11a (puc. 4), B KOTOPOM TpexKaJblne-
BBI TUIPOCYIb(OoaTIOMUHAT He ObLT
OOHapyXeH.

IMpu npoBenennu PDA ananuza
MoaubUIIMPOBAaHHOTO 00pasiia ¢ 100aBKoi 7% nuabazo-
BOTO TTOPOIIIKA YCTAHOBJIEHO 00pa30BaHNE STTPUHTUTA B
KosimuecTBe 36,8% OT Bceit MacChl KOMITO3ULIMU (pucC. ).
DTTPUHIUT SIBJISIETCS apMUPYIOLIUM 3JIEMEHTOM, KOTO-
pBIii YIUTOTHSIET CTPYKTYpPY M YJIy4IIaeT MPOYHOCTHBIE
XapaKTepUCTUKU pa3pabaThbiBAEMO KOMIIO3ULIUN.

YauTeIBas, 9TO KPUCTAIIBI STTPUHTUTA ITPU (DOPMU-
pOBaHUM YBEIUUMBAIOTCS B 00beMe A0 Tpex pa3 [17],
IEeCTPYKIUSI KOMITO3MIIMU BCIACACTBHE W30BITOYHBIX
00beMHBIX JAedopMalvii IMpeaoTBpallagach 3a CYeT
OrpaHMYEHUS KOJIM4ecTBa 11adba30Boil Myku 7%, CBBILLIE
KOTOPBIX HAOJIOIATIOCh CHIDKEHHE ITPOYHOCTH (pHUC. 3),

Puc. 4. PeHTreHoha30BbIn aHaNn3 KOHTPObLHOrO o6pasua
Fig. 4. X-ray analysis of the reference sample

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

HAYYHO-MeXHU4eCKUll U npou3800CEeHHbLI JCYPHAA

60

Aneapv—aghespans 2022



To realization of the XIII International Conference “Sustainable Green Construction

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

Puc. 6. M1KpoCTpyKTypa KOMNo3numm ¢ 7%-m cogepxxaHem anabasoBoit Myku: a — o6wmin Bug npu ysenuyennn 1000X; b — pparMeHT npu yBennyeHnmn

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

Puc. 7. PEHTreHOBCKMN MUKpOaHann3 MoanduLMpoBaHHOO TEXHOrEHHOro aHMMAPUTOBOIO BSIXYLLEr0: d — UIOJbYaThiX KPUCTaMIOB; b — 3epHUCTbLIX 06pa-

30BaHUn

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

MPU 3TOM KPUCTAJUTBI TUAPOCYTb(DOATIOMUHATA KAJIBIIUS
00pa3yloTcsl TOJIBKO B Hayajie TBEPACHUS, HE cO3[aBast
BHYTPEHHUX HAMNPSKEHUNA MPU NAJIbHEHMIIEN Tuapara-
LMK (TOPAHTUAPUTA C 0Opa30BaHUEM JABYBOJHOIO CYIb-
(ata xampuus [18—20]. Takoit addekT moaTBepxkIcH
aHaJJOrTMYHBIMU pabotamu [21, 22], roe mokaszaHo, 4TO
caMoapMUpyIomunii 3deKkT, KOTOPHIA AOCTUTACTCS 3a
CYEeT KPHCTAJUIOB TUAPOCYIb(hoaTioOMUHATa KaJbLKUSI U
MOJIUIIPONUICHOBBIX BOJOKOH, YJIy4lllaeT MeXaHuye-
CKHe CBOMCTBA pa3pabOTaHHBIX CMECEI.

[MapannenpHO MEXaHWYECKUM WCHBITAHUSIM ObLIU
MPOBEICHBI MCCIEAOBAHUS IO OIIEHKE BOJOCTONKOCTU
pa3pabaTbiBa€MOro COCTaBa, KOTOpPbIe TMOKa3ajau, 4YTO
KO3 PUUMEHT pa3MsITUeHUs] MOAU(PUIIMPOBAHHOIO
(ropanruapuroBoro Bsexyiero paseH 0,5. Tak, y rum-
coBOro coctaBa Ko3GhGUIUEHT pa3MsTyeHUus] paBeH
0,3 [23]. DTO rOBOPUT O TOM, UTO TUIOTHOCTH M TIPOY-
HOCTHBIE XapaKTEPUCTUKHU pa3pabaTbiBaeMOro odpasia
BbIIIE, YEM Y TIPUPOJHOTO AHTUAPUTOBOTO BSIXKYILIETO.

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.
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AHaM3 MUMKPOCTPYKTYPbl MOAU(PUIIMPOBAHHOTO
(hTOpPaHIMIPUTOBOIrO BSLKYILIEro (pUc. 6) moKa3al ILUIOT-
HYIO CUCTEMY 13 IUTACTUHYATHIX KPUCTAJJIOB IBYBOHOTO
cyibdara KaJbLMs, OPhl MEXIY KOTOPBIMU 3aII0JIHEHbI
aMop(hU3NPOBAaHHBIMU HOBOOOPa3oBaHUSIMU. OTMEUESHBI
YIUIMHEHHbIE KPUCTAJLIbI 3TTPUHTUTA.

B xome peHTreHOBCKOr0 MMKpOAHaau3a CTPYKTYPbI
HOBOOOpA30BaHUII YCTAHOBJIEHO, YTO IIJIACTUHYATHIC
KPUCTAJLIbI IBYBOJHOI'O TMIICA OKPYKEHbI TUAPOCUIINKA -
TaMM KaJblIMsl, HAIMYME KOTOPBIX CBS3aHO C JTMHUSIMU
KpemHusd Si Ha criekTpax (puc. 7, a).

AHanu3 aMopGhHU3UPOBAaHHBIX HOBOOOpPAa30BaHMI
(puc. 7, b) mokazaj CylieCTBEHHOe CHWXKEHUE JIMHUIA, CO-
OTBETCTBYIOIIMX IBYBOTHOMY cyibdaTy kambuusi (Ca,
S, O), mpu 3TOM BO3pOciIa MHTEHCUBHOCTD JIMHUIA, COOT-
BETCTBYIOLIMX KPEMHHUIO Si, YTO IO3BOJISIET TOBOPUTH O
rpeobagaHui B Iopax aMOP(QHbBIX THAPOCUIMKATOB KaJlb-
11T TOOEPMOPUTOBOTO Psiia. AMOpP(MHBIE THAPOCUIIUKATHI
KaJIbLIMST 3aIIOJIHSIOT ITOPhl MEXIy KPUCTaJUIAMU IBYBOJI-
HOT'O TUTICA, 0OBOJIAKUBAIOT UX, CIIOCOOCTBYSI YIUIOTHEHUIO
CTPYKTYPbI (PTOPAHTMIPUTOBOIO KOMIIO3MTA, YTO B KOHEU -
HOM UTOTe IPUBOIUT K TTOBBIIICHUIO IIPOYHOCTU MOIU(H-
LIMPOBAHHOM (DTOAHTMAPUTOBOI MATPUIIBL.

BoiBoabI

B pesynbpTaTe mpoBeACHHOIO UCCIEI0BaHUS U3YYEHO
BIMSHUE MOINMUIUpPYIOIMeHt H00aBKM — YIbTpagu-
CIEPCHOro IMopouika aradasa Ha MPOLECChl CTPYKTYPO-
00pa3oBaHMSI U (DM3UKO-MEXaHUIECKHE CBOMCTBA KOM-
TTO3UIINH.

[Tpu BBemeHMM MoaUGULIMPYIOIIEH T00aBKU B KOJIM-
yecTBe 7% IPOUCXOIUT IOBBILICHUE MPOYHOCTU IIPU
cxkaTuu Ha 28% 110 CpaBHEHUIO C KOHTPOJIbHBIM 00pa3-
LIOM; IIPUPOCT IIPOYHOCTU TOCTUTAETCS ITyTeM 00pa30Ba-
Hus 6oJiee TIOTHOI CTPYKTYPHI 3a CYET (POPMUPOBAHUS
KPHUCTAJIJIOB 3TTPUHIUTA Ha HaYaJIbHOM 3Talle Tuaparta-
MY KOMITO3UIINHY 1 3aTTOJTHEHUS TIOp MEXKITY KpUCTajlIa-
MM JIBYBOJHOIO TUICa aMOP(MHBIMU THAPOCUIMKATAMU
KaJIbLIUA.
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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.
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Moaudmkauma KOMNO3MLUOHHLIX BAXYLYUX YNbTPaaMcnepcHoM
[100aBKOK1, NONY4YEeHHOU NpuU r’MApPONKU3e NopTNaHaLeMeHTa

MpuBeneHbl pe3ynbTarbl UCCEL0BaHNIA BSXKYLLMX C MPUMEHEHNEM aJTFOMOCUINKATHBIX Nopoj — nepnutos Myxop-TanuHckoro
MecTopoXxaeHns Pecny6nuku bypatusa u ynsTpagncnepcHoin Jo0aBKu, NOMy4eHHON npy ruaponn3e noptnaHiuemMeHTa.
KoMno3nLmMoHHOE BSXYLLEE N3rOTOB/IEHO NMyTEM COBMECTHOIO NMOMOJA NOPT/IAHALEMEHTA, CTEKIIOBUAHOIO 1 3aKPUCTaNIN30BAHHOIO
nepnuta. [ng Moandukaumum KOMno3uLMOHHOro BSXYLLEro 6bina UCMnonb30BaHa ynsTpagucnepcHas Lo6aska, nony4eHHas npu
rMAponn3e noptnanguementa. MeTof4om na3epHon SUPaKLMN YCTAHOBIEH pa3mep YacTuy, yibTpagucnepcHomn fobaskn. OnpegesneHsl
noKa3aTesin NPOYHOCTI KOMMOSULMOHHBIX BSXKYLLMX C PA3SINYHBIM COLEPXKaHNEM CTEKJTOBUAHOMO M 3aKpUCTaNIN30BAHHOIO NepiunTa.
DU3NKO-MEXaHUYECKIe NOKa3aTenn paspaboTaHHbIX COCTABOB KOMMO3ULMOHHbIX BSXKYLLUX C 3aMEHON KITMHKEPHOW COCTaBNALLENA [0
30 mac. % He ycTynaroT nokasatensim 06bI4HOT0 NopTnaHaLuemeHTa. COBMECTHOE MCMOMb30BaHNE 3aKPUCTaNIM30BaHHOMO 1
CTEKJIOBUAHOrO NepsiuTa cnoco6CTBYET NOABIEHUI0 JOMONHUTENbHbIX LEHTPOB KPUCTANNN3aLmnm ruapocunnkaTos Kanbuus u
CBA3bIBAHWIO NOPTNAHANTA aMOpHbIM KpemHedemoM. [posefeH VK-cnekTpanbHbIi aHann3 KOMNo3ULMOHHBIX BAXKYLLKX,
MOLMCULMPOBAHHBIX YNbTPAAUCNEPCHON J06aBKON. YCTAHOBEHbI U3MEHeHUs 0a30BOro cocTaBa (DOPMUPYIOLLMXCSH TMAPOCUIIMKATOB
kanbuus. COBMECTHOE UCMONb30BaHNE NEPANTOB U YNbTPaAUCTEPCHOI JOOABKM B COCTaBe KOMMO3ULWIA COCOBCTBYET MOBbILLIEHMIO
CTeneHu ruaparawumu, 06pa3oBaHuI0 60sbLLIEr0 KOSIMYECTBA HU3KOOCHOBHbIX MMAPOCUINKATOB KasbLiA.
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Modification of Compaosite 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).
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AKTYaJIbHOCTb MPUMEHEHUSI KOMITO3UIMOHHBIX BSI-
KYIIMX 00YCJIOBJI€HA pa3HbIMU ITPUYMHAMM: BO3MOXHO-
CTbIO CHVXXEHUSI BbIOPOCOB YIVIEKMCJIOIO ra3a B aTMO-
cepy 3a cueT CoOKpalleHus IPOM3BOICTBA ITOPTIAHIIIE-
MEHTHOTO KJIMHKEPA, BOBJIEUEHUS B TIPOU3BOICTBO BTO-
PUYHOIO ChIPbSl M OTXOAOB MPOMBILIUIEHHOCTH, YJIy4lle-
HUST (DU3UKO-MEXAHUYECKUX CBOMCTB M JTOJTOBEYHOCTH
koMmmosura [1—10].

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

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 CTENEHU TMapaTaluu
KJIMHKEPHBIX MUHEPAJIOB, CO3MAHMIO TUIOTHOM CTPYKTY-
pbl Kommio3uTa [2—4]. MHOTUMM YYEHBIMU TTPOBEICHBI
HUCCIeNIOBaHUS U pa3paboTaHbl TEOPETUUYECKUE OCHOBBI
CO3MaHMST KOMITO3UITMOHHBIX BSIKYIIUX C TIPUMEHEHUEM
Pa3IMYHBIX aKTUBHBIX KPEMHE3eMCOIePKaIX J00aBOK
MMPUPOTHOTO M TEXHOTE€HHOTO MTPOMCXOKICHMUSI.

AHanM3 JUTEepaTypHbIX MCTOYHUKOB ITOKa3all, 4YTO
JIJIS TIPOM3BOJCTBA KOMIIO3UIIMOHHBIX BSDKYIIMX HE0O0-
XOAUMO TIPeyCMOTPETh KOMITJIEKCHOE MCITOTh30BaHUE
MUKpO- [1-3, 5] u yapTpagucnepcHsix [8, 9, 11] matepu-
anoB. Llenpro mpeacTaBIeHHOTO UCCIeI0BaHUS SIBIIACH
BO3MOXHOCTh TIOJTYYEHUS] KOMITO3UIIMOHHBIX BSIKYIIIMX
¢ IpUMEHEHUEM aIIOMOCUJIMKATHBIX mopo Pecryonmuku
BypsTus u yabTpaaucrepcHbIX MaTepUaioB.

J1s1 TToJIydeHUsT KOMITO3ULIMOHHBIX BSDKYIIIUX ObLIU
ucnonb3oBaHbl: mopmianauement (I1L) LIEM [ 42,5 H
I'OCT 31108—2016 «lleMeHTBI OOLIECTPOUTELHbIE.
TexHuueckue ycioBus», mepaut ctekaoBuaHbiii (CTII)
u 3akpucraum3oBanHbiil (311) Myxop-TanuHcKoro me-
cropoxneHus (Pecnyoiauka bBypsitus), yasTpaaucrepc-
Has no6aska (Y1), moaydeHHast Tpu TUAPOJIU3E TIOPT-
JIaHALIEMEHTA.

CymMapHble 3arachl nepiautoB Myxop-TanmHcKoro
MEeCTOPOKICHUST COCTABIISIIOT HECKOJILKO IECSITKOB MUJI-
JIMOHOB KyOMYECKUX METPOB. B CTEKJIOBUAHOM MEpaUTe
comepxkaHue crekaodasnl cocraniseT 60—80%, B 3akpu-
crajutm3oBaHHOM Ttepinte — 30—50%.

KoMmmo3uiimoHHbIe BSDKYIIHAE ITOJydald COBMECT-
HBIM ITOMOJIOM ITOPTJIAHAIIEMEHTa M CTEKJIOBUIHOTO
(20 mac. %) ¥ 3aKpUCTAJNIM30BAHHOIO IIEPJIMTA
(10 mac. %) B cTepXKHEBOM BUOpOUCTUpATEJIE A0 YACIb-
Hoii oBepxHOcTH 400—450 M2/KT.

YuurbiBasi akTyaJlbHOCTb M 10Ka3aHHYI0 3((hEeKTUB-
HOCTb TIPUMEHEHUSI yAbTpa- U HAHOAUCIIEPCHBIX H00a-
BOK IS MOMM(UKAIIMY TIEMEHTHBIX KOMITO3UTOB, CUH-
Te3 MoaudukaTtopa, 00JIaJaloNero KOMIIJIEKCOM
CBOWCTB, BAXKHEUIIIMMU U3 KOTOPBIX SIBISTIOTCS 9 hek-
TUBHOCTh MPUMEHEHMSI, YCTOMUYUBOCTbH BO BPEMEHM,
CXOIHASI C CHHTE3UPYEMbIM KaMHEM KPUCTaJUIOXUMMUYIC-
cKasl CTpyKTypa, OJIM30CTh pa3Mepa ee YacTHUIl K TaKo-
BBIM JJISI YACTUIL LIEMEHTHOT'O TeJIsl U TeJIeBbIX MOP, SIBJISI-
etcst uHTepecHbIM [11, 13—16]. TTockosbKy omHOI U3
npo0seM MPUMEHEHUs] HaHOPa3MEepPHbIX MOAUGbUKATO-
POB SIBJISIETCS MX paBHOMEPHOE PaCIIpeie]ICHUE 10 00b-
€My KOMITIO3UTa, MHTepeC MPEACTaBIsIeT CHHTE3 HaHOYa -
ctull B o0beMe Boabl 3aTBopeHus [11, 13, 14].

Jns1 TIoydeHusT YabTPaJIUCIIEpCHON T00aBKU TOTO-
BIM 2% pacTBOP NMOPTIAHALIEMEHTA B BOJIE 3aTBOPEHMUSI.
M3BecTHO, YTO HAYAJIBHOM CTamueil pacTBOPEHUS IIPU
TUApaTallid MUHEPAJIOB IOPTJIAHALIEMEHTA SIBIISIETCS
TOIMOXMMMYECKOE B3aMMOACHCTBUE MPOTOHA C MOHAMU
KHCJIOpO/ia B KPUCTAJUTMUECKON pelieTkKe ¢ 00pa3oBaHM-
eM tuapokcugHoro noHa OH™ wiam MOJEKYIBI BOMIBL.
I'moponus C3S B Bome MOXHO BBIpa3UTh ypaBHEHUEM
peaxiuu [12]: C38+3H,0=3Ca?"+H,Si04> +40H .

UccrenoBaHus Ha Ja3epHOM aHAIM3aTOPE YACTHIL
(Shimadzu SALD-7500, MxeBckuit rocymapcTBeHHBIN
TexHnyeckuit ynusepcutrer um M.T. KamanrHukosa)

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 [I12]:
C3S+3H,0=3Ca"+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

Puc. 1. PacnpeneneHve pasmepoB YacTul, ynbTpaamcnepcHol o6aBkm
Fig. 1. The particle size distribution of the ultrafine additive
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80

TIOKA3a/I1 HAJIMYHUE B CYCTICH3UM YlIb- & o e
TPAIMCIIEPCHBIX YACTUIL B AMANa3oHe =S 70 - 70
ot 100 1o 300 uM (puc. 1). S e0r 55
C npuMeHEHKEM YJIbTPagucIIepC- % g 50 48 » 48
HOI J00aBKU, MOJYYEHHON MpPU TUA- 32’: 40
posuse 2 mac. % NopTIaHILEMEHTa B ,53 g,%, 30 - 25 30 oo
BOJIE 3aTBOPEHUs, ObUIM MOIMbHUIM- S5 20 15 18 18
pPOBaHbl KOMITO3ULIMOHHBIC BSIXKY- ég 10 . l l
e (puc. 2). Jlobasky Gpam B Ko- =~ 0 ML (kokTp) nu+van ML 70%+CTM 20% ML, 70%+CTM 20%
mmyectBe 0,4% OT Macchl TIOPTIAH/I- PC PC+UA +3r110% 5 stgol/ Oi/;;,yfa‘i/
HemerTa. " 7+OC/FD>+1\£)F:%)20 ’ 1CP 10%+UA

PesynbraThl ompenenaeHust mpoy-

Puc. 2. Kunetuka Habopa NpOoYHOCTV KOMMO3ULIMOHHbIX BSXYLUMX C YNbTPaaMcrnepCcHol 106aBKoi:

HOCTU TIpM CXAaTUMW KOMIIO3MIIMOH- M- 1cyr;M-3cyr; -28cyr
HBIX BSIXKYIIMX TOKA3bIBAIOT, YTO MIPU Fig. 2. Kinetics of strength development of composite binders with ultrafine additive: ll — 1 day;
—3days; -28days

KOMIUIEKCHOM MCITOJIb30BAHUM TIEP-
JIMTa C Pas3JMYHBIM COAepKaHUEM

aMop(MHON U KpUCTAIINYECKON (ha3 KpemMHe3emMa BO3-
MOXHO yBeJIMUeHUE (PU3UKO-MEXaHNIEeCKUX IToKa3aTe-
nei. AMopdHas (asa KpemMHe3eMa, coaepKalasics B
OOJTBIIIOM KOJIMUECTBE B CTCKJIOBUIHOM TICPJINTE, B3au-
MOJEMUCTBYET C MOPTJAHAUTOM C 0Opa3oBaHUEM TMAPO-
CUJIVMKATOB BTOPOI TeHepalWM, a KPHUCTAJJIMJecKas
daza kpeMHe3eMa 3aKpUCTAIIM30BAaHHOTO MepJIniTa Bbl-
MMOJIHSIET POJIb LIEHTPOB KPUCTAJUIM3allMi HOBOOOpPa30-
BaHUM.

[1pu BBeaeHUM yIbTpagucIepCHOM 100aBKU B COCTaB
KOMIIO3UITMOHHBIX BSDKYIIIUX HAOMIOMACTCS 3HAUNTEIh-
Hoe (30—40%) ToBbIlIIEHWE TTPOYHOCTU TIPU CKATUU TI0
CPaBHEHUIO C KOHTPOJIbHBIMHM COCTaBaMH. DTO 00YCIIOB-
JICHO MHTEHCUBHBIM B3aMMOJIECTBHEM MTPOIYKTOB THI-
poju3a KakK ¢ KIMHKePHBIMM MUHEpajlaMu, TaK U ¢ Ya-
CTUIIaMM TOHKOMOJIOTOTO TIepjiuTa. BBemeHue ymbTpa-
JTUCIIEPCHON 100aBKU MPUBOAUT K UHTEHCUBHOMY Mepe-
XOIy B PacTBOP Hapsiay ¢ OOMEHHBIMU MOHAMU THApa-
tupoBaHHbIX noHoB Ca(OH)', (H»Si0O4)%", mpusons-
IIMX CHavayia K HACHIIEHUIO, a 3aTeM K ITePECHIIICHHUIO
BOJHOTO pacTBOpa COOTBETCTBYIOIIMMM MOHAMU, B pe-
3yJIbTaTe YeTO OCYIIECTBISICTCS KPUCTAITA3AIMs HOBOM
dasbl B 00beMe M Ha TTOBEPXHOCTU YaCTULL KOMIO3UIIM-
OHHOTO BsiKyIero [12].

M3mMmeHeHne ($a30BOro coctaBa LIEMEHTHOI'O KaMHS
noateepxknaercss MK-cnekrpanbHbiM aHanu3oM (MxkeB-
CKMU TOCYIapCTBEHHBIM TEXHUUYECKUI YHUBEPCHUTET
M. M.T. Kanamnukosa) (puc. 3).

a

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

b

Puc. 3. K-cnekTpbl KOMNO3ULMOHHOIO BsixXyLLero 6e3 (a) u ¢ ynbTpaamcnepcHoi nobaskoi (b)
Fig. 3. IR spectra of a composite binder without (a) and with an ultrafine additive (b)
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Ananus MK-cnekTpoB rmokasaj, 4To Ipu BBEACHUU
MnepiauTa U yJIbTPaAuCHEepPCHON A00AaBKU MPOMCXOIUT
U3MEHEeHNE UHTEHCHUBHOCTU IMKOB B 00JIaCTU YacCTOT
1647,21 cm™!, cBunmeTenbcTBYIOLIEE 06 U3MEHEHUH KO-
JIMYeCcTBa CBOOOMHOI BOIBI M 00pa30BaHUU OOJIBIIETO
KOJIMYeCTBA TUIPOCUIMKATOB Kaibliusa. O6 oOpa3oBa-
HUM HU3KOOCHOBHBIX TUAPOCUINKATOB KaJbIIUs CBU-
JeTeAbCTBYET U3MEHEHWE MHTEHCUBHOCTU M CMeEIlle-
HUe nuKa B o6aact yactor 970,19 cm™! 11 979,84 cm L.
DTO yKa3bpIBaeT Ha M3MEHEHHUE Ipollecca ruapaTaluu
MMOPTJIAaHAIIEMEHTA TIPY BBEACHMU IIePJINTA U YIbTpa-
JIUCIIEPCHOM MO0AaBKM M O0pa3oBaHUE MOTMOJHUTEb-
HOTO KOJIMYECTBAa THAPOCUJIMKATOB Kaibliusi. CMe-
LIEHUE YaCTOT I10JIOC MOIJIONIEHHUS, COOTBETCTBYIOLIUX
TUAPOCUIMKATAM KalblIMs, TAKXKE€ TOBOPUT O TOM, UTO
oOpasymwliuecss CTPYKTYpbl OTJIMYAIOTCS OT Tpaau-
LIUOHHBIX.

[IprMmeHeHMe IEPIUTOB C PA3TUIHBIM COIEPKaHNEM
aMop(dHON U KpUCTAUIMUECKO ha3 KpeMHe3ema CITo-
COOCTBYET TOBBIIIEHUIO (DU3MKO-MEXaHMUECKUX TTOKa-
3aTesiell KOMIO3ULIMOHHBIX BSDKYILIMX 3a CUET CO3MaHUs
LIEHTPOB KPHUCTAIM3aLMU TUAPATHBIX HOBOOOpa3oBa-
HUI 1 00pa30BaHUIO0 HU3KOOCHOBHBIX I'MAPOCUIMKATOB
KaJIbLIASI BTOPOM TeHepaluu.

BBeneHue ynbTpaaucnepcHo 106aBKu, MOJy4eHHOM
TIPY TUAPOJIN3E TOPTIIAHILIEMEeHTA, CITOCOOCTBYET POCTY
MPOYHOCTH KOMITO3ULIMOHHBIX BSDKYIIMX 34 CUET aKTHB-
HOTO B3aMMOJAEHCTBUSI TOIOJHUTEIBLHOIO KOJUYECTBa
CUHTE3MPOBAHHBIX IIPU TUIAPOJM3E TUIPATHUPOBAHHBIX
nonoB Ca(OH)™, (HSiO4)?" ¢ KOMIIOHEHTaMI KOMIIO-
3UIIMOHHOTO BSTXYIIETO.
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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) ™", (H2SiO4)%" with com-
posite binder components.
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liccnepoBanne cBOICTB rMNCOKEPAMUYECKOro MaTepuana
Ha OCHOBE TEXHOreHHOro aHrMApPUTa

MpuBeaeHbl pe3ynbTaTbl NCCEN0BAHNA CBOWCTB U CTPYKTYPbI TMNCOKEPAMUKLA HA OCHOBE (DTOPAHrMAPUTA, NOSTy4eHHO METOA0M
MoJTyCyX0ro npeccoBaHus. [ns ynyyweHns CBOCTB 060XKEHHbIX KOMNO3ULMIA B Ka4eCTBE BO/ibl 3aTBOPEHUS UCMOMIb30BaAH PacTBOP
Xnopuaa HaTpus, BbINONHAIOLNIA PONib NaBHs npu o6xure. Ha ocHoBe AnddepeHLmManbHO-TEPMIUYECKOro aHannaa 1 nokasaresnen
OCHOBHbIX (DU3NKO-TEXHUYECKNX XapaKTePUCTUK KOMMNO3NLWIA (MPOYHOCTb NPW CXXaTUK, YCaaKa, KO3 MULMEHT pa3msryeHns)
yCTaHOB/IEHa ONTMManbHas Temnepartypa obxura, pasHas 800°C. Takxe onpeaeneHa onTuManbHas KoHueHTpaums conn NaCl B
pacTBope. YCTaHOBJIEHO, 4TO MOJTY4EHHbIA TUNCOKePaMUYECKN MaTepuan B YCOBUAX MOBLILIEHHON BIaXHOCTM NPOS0SKaeT Habuparb

NPO4YHOCTb 3a CHET rnapartalun 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
obtained gypsum-ceramic material continues even after reaching its project value due to the hydration of anhydrite.
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B Hacrogiee BpeMsI CTpOMTEIbHASI ITPOMBIIIJICH-
HOCTb SIBJISICTCS OOHUM U3 KPYITHEUIIMX ITOTPEOUTEICH
MPUPOIHOTO ChIPhsI, HA Pa3pabOTKy KOTOPOTO TPeOyIOT-
cg 3HAUMTENbHBIC DHEpPro3arpaThl. YUMUTHIBAST TCHICH-
mun Poccuiickoit Peaepannm 1 EBpocoio3a B obmactn
9HEProaHEeKTUBHOCTH, aKTyaJIbHBIM BOIIPOCOM OCTa-
eTcd TIpUMEHEHHWE TEXHOTEHHBIX OTXONOB B KadecTBE
aJIbTePHATUBHBIX UCTOYHUKOB ChIPhSI TIPY ITPOM3BOACTBE
CTPOUTEIBbHBIX MaTepuayiosn [1].

OaoHUM U3 pacIpOCTPaHEHHBIX OTXOJ0B XMMUYECKOM
IIPOMBIIIICHHOCTH SIBIISICTCS (DTOPAHTUAPUT, KOTOPBIi
npeacTaBiisieT co0oil MoOOUYHBIN MPOAYKT MPOU3BOACTBA
¢ropuctoro Bomopona [2]. [To sKcrepTHBIM OLIEHKaM,
Ha pa3IMIHBIX npennpusatusx Poccuiickoit Mepepanum
exeroaHo obpasyetcs 10 350 ThIC. T TEXHOIT€HHOTO aHTH-
IpUTa, KOTOPBIM CKIAmMPYETCS B OTBAJbI, 3arpsi3HSS
okpyxatoliyto cpeay [3—5]. I[Ipu 3TOM B IpOU3BOACTBE
CTPOMTEIbHBIX MaTePHUAIOB MCITOJIb3YeTCs JUIb 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. JepuBaTtorpamma pTopaHrnaputa, 3aTBOPEHHOro Boaor 6e3 no6aBok

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

YUTEIbHAS YaCcTh 00Pa30BaBIINXCSI OTXOMOB, XOTS, KaK
MMOKAa3bIBAIOT MCCeI0BaHUs [6], (TOPAaHTUIAPUT MOKET
OBITh MCITOJIb30BAaH KaK B KAUeCTBE OCHOBHOTIO BSIKYIIIC-
TO BEIECTBA, TaK M B POJIM MOAM(PUKATOpa KOMITO3UII -
OHHBIX MaTepuaioB. [Ipu 3ToM ero nMpuMeHeHUe B PO-
WU3BOJICTBE CTPOUTEBHBIX U3 TTO3BOJIUT TTOBBICUTH
HUX 9KOHOMUYECKYIO 3 (HEKTUBHOCTh U CHU3UTh 3KOJIO-
TUYECKYIO0 HArpy3Ky [2].

3a pybexxoM (PTOpaHTUAPUT UCHOJIb3YIOT B OCHOBHOM
B COCTaBE CTPOMTEILHOTO TMIICa IS TTOTyUYEeHUS OTACIOU-
HbIX MaTepuaioB [7]. OmHako pe3yabTaThl MOCIESTHUX
HUCCIIEAOBAHUIM 1 OMBITHO-TIPOMBIIIUIEHHOTO MPOU3BOJI-
CTBa MOKA3BIBAIOT, YTO OH MOXKET OBITh IIPUMEHEH TaKKe
JUTSI TIPUTOTOBJIEHUS BSLKYIIMX THAPATALIMOHHOTO TBEPIE-
Hug [8]. IIpu aTOM HammeHee uccaeAOBaHHON cdepoil
TPUMEHEHUST TeXHOTEHHOTO aHTUIPUTA SIBJISIIOTCST Kepa-
MMUYECKME M3IeNMsl Ha ero ocHose [9—12], uro menaer
aKTyaJIbHBIM TIPOBEJICHUE HAyYHBIX HWCCICIOBAHUM TIO
pa3paboTKe TUIICOKEPAMUYECKOro KOMITO3ULIMOHHOTO
MaTepMajga C MCHOJb30BaHUEM (TOpaHTUAPHUTA.

Marepuanbl HccJie10BAHUIA

J7s ipoBeneHUs KCCIIeTOBaHMI UCITOIBb30BaH (PTOp-
AHTUIPUT — OTXOJ MPOU3BOACTBA IJIABUKOBOM KMCIOTHI
Ha npeanpustun OO0 «[anoren» (1. [TepMb).

Ha puc. | npuseaeHa aepuBarorpamMmma (hbTOpaHTUI-
puUTa, 3aTBOPEHHOTr0 Bo0I 0e3 1o6aBoK. [1epBrIil 2HI0-
sddekr (mpu Temmepatype 100—221,5°C) cooTBeTCTBY-
eT YIAJICHUIO KPUCTAJUIM3allMOHHOM BOIBI M3 MaTepra-
Jla; 3K30TepMuUuyecKuid 3¢hbheKT ¢ MUKOM MpuU
422°C — mepekpucTa/yM3aums cyiabdara KaabLivs; K-
30TepMHUUYeCKHil 3deKT ¢ mukoM npu 464°C — mepe-
KpHUCTaIM3alus KapooHarta Kajiblys. Bropoit sHnoa¢h-
dekT mpu Temmepatype 848°C cBUAETENBCTBYET O UYa-
CTUYHON IHMCCOUMALUMU CyibdaTa KaJblLus, a TaKXe O
pa3noxeHnu KapOoHaTa KaJlblLHUs, MTPUCYTCTBYIOILIETO B
cocTaBe (hTOpaHTUAPUTA.

C 1e/bI0 TOBBIIIEHUS] TTPOYHOCTU M BOAOCTOMKOCTHU
(GTOPaHTUAPUTOBBIX KOMITO3ULIMI MCIIOJIB30BaH XJIOPU/L
Hatpus NaCl B kauecTBe 11aBHsl. Ero npuMeHeHue cro-
CcOOCTBYeT XMIKO(PA3HOMY CIIEKAHUIO KOMIIO3HUIIUHM C

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-MEXAHNYECKMX CBOMCTB MMNCOKEPaMU4ECKO-
ro cocTtasa, 3aTBOPeHHOro 11%-m pacTBopoM xsiopuaa HaTpus, oT Temne-
paTtypbl 06xura: 1 — BogonornoweHune, %; 2 — orHesas ycagka, %; 3 — koad-
durupmeHT pasmsrdenus (Kp); 4 — npouHocTs 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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Fig. 3. TG/DTA spectrum of the gypsum-ceramic composition mixed with
11% sodium chloride solution

1000

320

870
905

560
580

170

14 42
/l 37
12
\4 a
10
27
8 ©
© 22 g
6 2\ 17
4 12
\s
2 3 7
0 /- 2
0 5 8 11 15 30

KoHueHTpaumsa conei B pacteope, %

Puc. 4. 3aBucnmMocTb PpU3NKO-MEXAHMYECKMX CBOMCTB FMMCOKEpaMmUye-
cKoro cocTtaea, 060xxeHHoro npu Temnepatype 800°C, oT KoHLEeHTpauum
NaCl B Bofe ons 3aTBopeHusi: 1 — BogonornolleHve, %; 2 — orHesas ycapn-
Ka, %; 3 — koadbPuumeHT pasmsrderus (Kp); 4 — NPOYHOCTbL MPU CXaTUn
(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: 1 — water absorption, %; 2 — fire shrink-
age, %; 3 — softening coefficient (Kp); 4 — compressive strength (Rcompr),
MPa; 5 - bending strength, MPa

nepekpuctaumanreit ncxogHoro cocrana [13]. Comep-
JKaHUE COJIM B KOMIIO3UIIUM PETYIMPOBAIOCh IO €€ KOH-
LIEHTPAllUM B TEXHOJIOTMYECKOW Bofe /Uil (DOPMOBAHUS.
Jlist mpoBeneHUsT UCCAeA0BaHUI U3roTaBIMBaInu 00pas-
1B B popMe HWIMHAPOB auameTpoM 60 MM U BBICOTOM
60 MM METOIOM TTOJIYCYXOT'O ITPECCOBAHMSI TTPU YACTBHOM
nasiienun 20 MIla u dpopmoBouHOiT BiaaxHocT 6—8%.

Pe3syabraThl Hccie10BaHui

Temmepatypa crieKaHus (TOPaAaHTUIPUTOBEIX KOMITO-
3ULIMI ompee/sulach aKcIepuMeHTaibHo. Ha puc. 2
MPUBEAEHbl 3aBUCUMOCTU (PU3UKO-MEXaHUYECKUX
CBOMCTB THUIICOKEPAMUYECKOTO COCTaBa, 3aTBOPEHHOTO
11%-M pacTBOpOM XJIOpHIa HATpMs, OT TEMIIEPaTyphl
o0xwura. B kauecTBe OCHOBHBIX KPUTEPHEB TIPU OTIPEIe-
JICHUU TeMIIEPaTyphl CIIEKaHUs MCIOJIb30BaHbI ITOKa3a-
TeJIb TIPOYHOCTU THIICOKEPAMMYIECKON KOMITO3ULINU U
KO3 PUIIMEHT pa3MsATYeHUs] CIEYCHHOTOo MaTepuaa
IIPY HACHIIIIEHUHU €r0 BOAOM (pUC. 2), KOTOPhIE TO3BOJIU-

a b c d

Puc. 5. PeHTreHorpammel propaHrngpura (a) n rmncokepaMmmyeckmnx Kom-
no3numin, 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: 5 — 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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JIU ONpPEACIUTh ONTUMATbHYIO TEM-
nepatypy crekanusi, pasHyio 800°C.

Hamuue xyopuma HaTpus Mo3BO-
JISIET HEWTpaauM30BaTh OCTAaTOYHYIO
CEpHYI0 KWCJIOTY BO (hTOpaHruapute
MPpY HarpeBaHUU ¢ 00pa3oBaHUEM Cep-
HOKWCJIOTO HATPHsI, KOTOPHIi1, B CBOIO
ouepenb, Ha 3Tane (GopMUPOBAHUS
CTPYKTYPbI TIPECCOBAHHON THUIICOKE-
paMUYECKO KOMITO3UIIMY CITYXKUT aK-
TUBATOPOM TBEPACHUSI aHTUApPUTA, a
Ha 2Tare OOXWra CIOYXXUT IUIaBHEM.

Ha puc. 3 npuBeneHa TepMorpam-
Ma (GTOPaAaHTMAPUTOBON KOMITO3U-

mnu, BKmrodatomeir NaCl, Koropast

MOATBEPXKAACT IOSIBJICHUE MEPBBIX
IMPU3HAKOB paciuiaBa Ha nuddepeH-
LAaJIbHO-TEPMUYECKOM KPUBOK TpHU
temieparype 560—580°C. IIporiecchl
MOJHOTO CIIEKaHUs C MepeKpucTa-
JIM3aIreil cocTaBa 3aBepIIAOTCS IIPU
temrniepatype 800°C. Ilpu manbHeii-
1IeM TIOBBIIICHUU TeMIlepaTyphl
MIPOSIBIIIETCS SHAOTEPMUICCKUMA 3(P-
¢eKT, CBSI3aHHBIN C AUCCOLMalUei
AHTUIPUTA OO OKCHUIA KaTbIIMSI.
M3MeHeHue ¢GusMKo-MexaHuye-
CKMX CBOMCTB MOJIy4aeMOT0 MaTepH-
ajla ¢ UBMEHEeHUEM MPOLIEHTHOTO CO-

Jiep>kKaHus cosiell B BOJE MPUBEICHO B
rpacduveckoit ¢opme Ha puc. 4.
OnTuManbHble pe3yabTaThl JOCTUIA-
1otcs npu koHueHTpauu NaCl, co-
oTBeTCTBYIOLIEH 15%, 4TO MOATBEPXKAAETCS CTAOMIM3A-
IIUE€W OTHEBOU YyCAAKU U JTOCTUXEHUEM MAKCUMAJbHBIX
MexaHu4YecKux mokazaresneit [14]. OmqHOBpeMeHHO Mpu
MTAaHHOU KOHILIEHTpaLMU COJM OOeCIeuyrBaeTCs MaKCH-
MaJIbHOTO 3HaUYeHUe KO3 PUIIMEHTA pa3MITIeHUSI.

O4YeBUIHO, YTO TIPU OOJBIIMX KOHIEHTPALUSIX W3-
OBITOK COJIU OCTaeTCsl B CBOOOAHOI (popMe, He YUacTBYS
B 00pa3oBaHWU HBTeKTUKU. [Ipu yBiaxHeHUu 000-
JKOKEHHOTO TMIICOKEPaMMYECKOro Marepuaja Cojib pac-
TBOpsieTCA Ha MeX(da3HBIX I'paHUIAX, OCJIA0JISIST B3aM-
MOCBSI3b OTIETbHBIX KPUCTAJIOB IPYT C IPYTOM.

Pentrenodasosblii aHanu3 (puc. 5) MO3BOJUI BBI-
ABUTb Ciledylollee: Hapsaay ¢ aHruapuToM (dg=3,5 A)
BBISIBJIEH ABYBOIHBIN cynbdar kambuus (dg=3,87;
dg=3,03; dy=2,84 A), HaTMYKMe KOTOPOTO TOATBEP3KaA-
eTcd Takxke aHHoaddexkToM npu Temneparype 170°C Ha
nIepuBaTorpamme (puc. 3).

M3yyeHre MMKPOCTPYKTYPbl TMIICOKEpPaMUYECKUX
KOMITO3UIINIA C UCTIOJIb30BAHUEM PACTPOBOTO 3JIEKTPOH-
HOro MHUKPOCKOIIa 1M0Ka3ajio, 4To Iocje ooxura Gprop-
aHTUApUTA 0e3 JT00aBOK IMPOUCXOIUT OIJIaBJICHUE TIO-
BEPXHOCTU TpaHyJ C TOCJIEAYIOIINM WX CIIeKaHWEM B
IOPUCTBII KOHIJIOMepaT (puc. 6, a).

[Tpu 3arBopeHum chipbsi pactBopoM NaCl ctpykTypa
KOMITO3ULIMI MPUOOpETaeT SIPKO BhIPAKEHHYIO KPUCTaI-
JIMYHOCTB. Pa3Mep KprCTalIoB 3aBUCUT OT KOHILICHTPAIIUN

Puc. 6. MyKpoCTpyKTypa runcokepammyeckmx komnosnumnii npu ysennyeHnm 3000X, npurotoBneH-
HbIX C KOHLIEHTpaumer pacTeopa xiopuaa 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 (d=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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pacTBopeHHOI cou. Ilpu ucnosb3o-
Banuu 30%-ro pacTBopa xJopuia Ha-
TPUST TIOBEPXHOCTH CKOJIa TpruodpeTa-
€T PAKOBUCTHIN U3JIOM, CBOMCTBEHHbII
aMOp(HBIM CTPYKTYpPaM, YTO MOXET
TOBOPUThL O CIUIaBJI€HUU (PTOpaHTU-
JIPUTOBOM KOMIIO3UIIMKU. DTO TOMI-
TBEPXKIAETCS TakKKe MWHUMAaTbHBIM
3HAYeHUEM BOIOMOIIOIICHHUSI, COOT-
BETCTBYIOIIETO JTaHHOW KOHIIEHTpa-
LIMM pacTBopa XJOpWAa HaTpusl, UC-
ITOJIb30BAHHOTO JUISI TIPUTOTOBJICHUS
kommo3uui. OmHAKO TIpUMEHEHME
30%-ro pacTBOpa XJIOpMIA HATPUsI
TIPUBOJUT K CYIIECTBEHHOMY CHUXe-
HUIO MEXaHUYECKHMX MoKa3aTresieil Ma-
Tepuana (puc. 4).

IIpoBeaeHHBINE peHTreHOoda30-
BBIN aHaIu3 (puc. 7, a, b) u ucciueno-
BaHWE€ MUKPOCTPYKTYpHI (puc. 7, c)
TUIICOKEepaMUUECKOro MaTrepuaia,
BBIICP>KAHHOTO B YCJIOBUSIX TIOBBIIIEHHOUW BIIAXKHOCTH,
MokKa3ajiy YIJIOTHEHUEe CTPYKTYPbl U3AEIUIA KpUCTaIio-
ruApaTaMyd Ha OCHOBE ABYBOJHOTO THIICA, OTPaKCHUS
koToporo (dg=7,6; 4,27 A) OTMeUeHbBI Ha PEHTTEHOTPaM-
Me. [ToBbINIeHNE TUIOTHOCTH CTPYKTYPBI ITOCIIC BBIACPXK-
KU BO BJIaXKHOM cpeJie MIPUBEIO K MOBBIIIEHUIO MPOYHO-
ctu Ha 20—25%.

BriBoapl

[IpoBeneHHBIC MCCICIOBAHMS TTOKA3BIBAIOT TIEPCITEK-
TUBHOCTb Pa3padOTKU ITMIICOKEPAMUUYECKUX MaTepUaloB
MOBBILIEHHOW MPOYHOCTA U AOCTATOYHOU BOAOCTOUKO-
CTM Ha OCHOBE TEXHOTeHHOTO aHTuapuTa. HepaBHO-
BECHOCTb OMCIEPCHBIX YacTUIl (DTOPAaHTUAPUTA, UMEIO-
IIMX TIOBBIIICHHBIN 3aItac CBOOOMHOI ITOBEPXHOCTHOM
SHEPIUU B COUETAHUU C KOMIIOHEHTaMU, o0ecreuynBaro-
MUY BO3MOXXHOCTB IOSIBJICHUS pacIljlaBa Py TeMIIepa-
Type BbIme 505°C, Mo3BOJISIET JOCTUTHYTH KUIKOCTHOTO
CIIEKAHUS C TIOIyIeHEeM HOBOTO MaTeprajia — TUIICOKEe-
pamuky. CTabMJIBHOCTb CBOICTB ITOJTyd€HHOTO THIICOKE-
pPaMMYECKOT0 MaTrepuajia JOCTUTACTCSI BO3MOXKHOCTHIO
TUApATALlY aHTUIPUTA TIPW BO3ACHCTBUY Ha MaTepra
BJIarM, B Pe3yJbTaTe KOTOPOTo (GopMUpYIOIIMECs KpU-
CTaJUIOTUAPATHI 3aIIOJHSIOT ITOPHI M TOBBIIIAIOT IIIOT-
HOCTb CTPYKTYpPhI MaTepuaia. [1py 3ToM UCTonb30BaHuE
MMPOMBIIIJICHHOTO OTXOAa B Ka4eCTBE CHIPbS ITO3BOJISICT
VIIYYIIATH SKOJOTUUECKYI0 OOCTAHOBKY B paiioHaX, IIPH-
MBIKAIOIIUX K aHTMIPUTCOACPKAILIIM OTBaJIaM.
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Fig. 7. Gypsum-ceramic composition: (a) 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 UCNoNb30BaHUEM HaHOAMCNEpCHbIX f06aBOK

MpuBeaeHbl pe3ynbTaThl UCCNEAOBAHMIA N0 ONPEAENEHNIO NPOYHOCTM NPK CKATUN KOMMOSULIMOHHOTO BSKYLLIErO /151 HANOMbHBIX CYXMX
CTPOUTENbHBLIX CMECeN, MO3BOMAIOLLME CYANTb 0 (IM3NKO-MEXaHUHECKUX CBOMCTBAX BSXKYLLEro Npy rufparauun uemeHTa 6e3 J06aBok

11 C BBEAEHMEM A06aBOK CynepnnacTupukaTopa i HaHOAUCNEPCHOrO AMOKCHAA KPEMHUS — HAHOKPEMHe3ema. KuHeTuky TBepaeHus
KOMMO3ULIMOHHBIX BSKYLLMX ONPEAENsiz ¢ MOMOLLbH TEPMUHECKOro aHanm3a MeToaoM AndhdepeHLnanbHON CKaHUPYHOLLIEI
kanopumetpun (LCK) Ha npubope Excellence Mettnep Tonefo ¢ MoLyNbHOR KOHCTPYKLMeN. [Tpu BBEAEHUM cynepniacTudgukaropa
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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 IPHU BHIOOPE CMECH ITOTPE- The main factors when choosing a mixture by the con-
OuTeseM BBICTYIAIOT LieHa, TEXHUUECKUEe XapaKTepucTu-  sumer are the price, technical characteristics, environ-
KU, 9KOJIOTUYHOCTh, TOProBasi Mapka, cTpaHa-mpousBo-  mental friendliness, trade mark, country of origin. The
nuTenb. CTOMMOCTB CYXUX CMeCeii B 3HAUMTEIbHOM cTe-  cost of dry mixes is largely determined by the cost of ingre-
neHu o0yCIoBIeHa CTOMMOCTBIO MHIpeAMeHTOB, 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 COCTAaBJISIOIIME MOTYT ObITh HEBBICOKUMU, a
XUMMYECKHE T00AaBKM CTAHOBSITCS LIEHOOIPEACISTIOIIM -
MU [1]. JobGaBKM [IJI1 CYyXUX CTPOUTEIBHBIX CMECEN IS
HAITOJIbHBIX MOKPBITUI JOJKHBI OrpaHUYMBATh yCamou-
HBIe dedopMallii, MOBHIIATE aATre3u0, PEryJINpPOBaTh
TEKy4YeCTb CMECH M €€ XM3HEeCOCOOHOCTh B Mpoliecce
VKJIAIKU.

ITprMeHsieMbIe pacTBOPHI HA OCHOBE MHHEPAJIbHBIX
KOMIIOHEHTOB [IJIs1 HAllOJIbHBIX MOKPBITUIA UMEIOT Orpa-
HUYCHHBIA TTOTEHIIMAI HapalliBaHUsI OCHOBHBIX ITOKa-
3aTesieif, B YaCTHOCTY MPOYHOCTU MpPU U3rHbe, CTONKO-
CTH K UCTHPAHMIO, YCaAKU. DTO CBSI3aHO C OOJIBIINM
KOJWYECTBOM HETaTUBHBIX ITOOOUHBIX SIBJICHWI, BBI3BI-
BacMbIX BBOIMMBIMU B HUX TOHKOIAMCIIEPCHBIMU KOM-
IMOHEHTaMH, TEePEKPHIBAIOIIMMHU OCHOBHOM TTOJOXM-
TelbHbIH 3¢ ¢ekT. Mcnonb3oBaHue MOJIUMMEPHBIX MO-
IN(PUKATOPOB, XOPOIIO MPOSBUBIIMX CEOS B CYXUX
CTPOUTENIBHBIX CMECSX PA3IMYHOIO Ha3HAYEeHUsI, HETO-
IMyJISIPHO BBUAY MOBBIIICHUSI CTOMMOCTH CTPOUTEIBHOTO
pactBopa [3].

HoBbiM pellieHUeM sIBJsIeTCS pa3paboTKa KOMIIO3M-
IIMOHHBIX BSDKYIIUX IJISI CYXUX CTPOMUTENIBHBIX CMECE,
HCIOb3YEMBbIX JIJIs1 HATIOJIbHBIX MTOKPBITUIA, C LIEbIO MO~
BBIIIEHUSI IIPOYHOCTH MIPU CXKAaTUM U M3THOe, aare3uu K
OCHOBaHUIO, CTOMKOCTH K UCTUPAHUIO, CHUKEHMS yca-
nouyHbIX aedopmauuii [4]. TTonyyeHue KOMITO3UMLIMOH-
HBIX BSDKYIIUX TO3BOJISIET 32 CUET M3MEHEHUST COOTHO-
IIEeHUsT MEeXAYy KJIMHKEPHON COCTaBJSIOIIEC W MHWHEe-
paJbHBIX T00ABOK, BapbUPOBAHMS COCTaBa ITOCJICIHUX,
BBEICHUST XMMHUIYECKUX MOAU(PUKATOPOB, B YaCTHOCTHU
HaHOPa3MEPHOrO YPOBHS, U M3MEHEHUs PEeKUMOB 00-
paboTKu mpuaaBaTb UM pa3HOOOpa3Hble CBOMCTBA, He-
00XoauMbIe [Jisl pellleHUus] KOHKPEeTHOM 3agauu [2].
[TpumeneHue It MOTUGUKALINN CYXUX CTPOUTEIBHBIX
cMeceit HaHOpa3MepHBIX 100aBOK HE TOJbKO aKTUBHO
BJIMSICT Ha IPOLECCHl CTPYKTYpOOOpa3oBaHUS TPU TH-
JpaTaliiy 1IeMEeHTa, HO W YJIy4YllaeT TEXHOJOTUYECKUE
cBolicTBa cmeceit [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 (SiO2) 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

MPOYHOCTB NpM CxXartnu, by joint grinding of PC, fly ash, super-
c Mrla, B BO3pacTe, CyT plasticizer and nanosilica to a specific
Comgg:‘tfons |_BV/\;BV 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
Wexoamsiin ML, 0.25| 1075 3124 | 4275 composite b1nders. 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% . 035 | 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% + CM 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 original
My, + 3ona-yHoca 30% + CIM 0,05% + HK 0,05% PC and those ground to the same spe-
Portland cement + fly ash 30% + SP 0,05% + 0,27 55,24 59,42 73,76 Ciﬁc Surface area as those of the multi_
NS 0,05% component compositions were tak-
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B uccienoBaHMsIX B KauyecTBe
CBIPBEBBIX MaTepHaJOB MCIOJb-
30BaJIUCh: MOPTJAaHIIEMEHT
HOHEM I 32,5H 31108-2016
(000 «TuMITOMCKUIA IIEeMEHTHBIN
3aBO/»); 30JIOLIJIAKOBbIE OTXOJbI
TOU-2 r. Ynan-Yns; nuporeHHbIN
HaHokpemHe3zeM (HK) <«HDK
Wacker»;  cynepruiactudukatop
(CI) Sika® ViscoCrete® 225 P B
BUJIE MOPOIIKA Ha OCHOBE MOJIMKap-
OOKCHUJIATOB.

3ona-yHoca TOL-2 r. Ynau-Yus
OTHOCUTCSI K HU3KOKAJIbLIUEBBIM 30-
JlaM, KOTOpbIE MMEIOT BBICOKOE CO-
nepxanue (70 mac. %) Kpucrauiiude-
ckoii ¢a3pl, B OCHOBHOM B BUJE
KpeMHe3eMa U rmmHo3eMa. Coaepxka-
HUEe cTeKsodas3sl B 30Je-yHOCA CO-
crasister 30 mac. % [9, 10].

ITuporeHHbIii HAHOKPEMHE3EM —
BBICOKOAKTUBHBIN, aMOpGhHBINA, MH-
pOTreHHbIN fuoKcua Kpemuus (Si0)),
ITOJTyYaeMbIil TNTAMECHHBIM THUIPOJIH-
30M YETHIPEXXJOPUCTOIO0 KPEeMHUS
(SiCly) Bbicokoit uuctoThl. HaHo-
KpeMHe3eM IpeacTaBisieT coboit
OYeHb YMCTBII aMOpP(HBIN HEMopu-
CTHIN TUOKCHI KPEMHUS C pa3MepoM
yactull ot 5 10 40 um [11].

KoMMmo3nimmoHHbIe BSKYIINAE T10-
Jlydanu coBMecTHbIM momMoJiom ITLI,
30JIBI YHOCA, CymepIruiacTugukKaropa
1 HaHOKpEMHe3eMa 110 YAEJIbHOM I10-
BepxHocTu 400—450 M2/Kr Ha CTepX-
HeBoM BuOpouctupatesne BM-4x350.

Bbbutn rccienoBaHbl KOMITO3UIIM -
OHHBIE BSIKYIIIME, COCTOSIIITNE U3 TIe-
MEHTa, 30JIbI-yHOCa, HAHOKPEMHE3e-
Ma W CylepIuiacTudukaropa B pas-
JIMIHBIX COYETAHUSX JUIST BBISIBJICHUS
HaMOOJIBIIETO BAUSHUS KOMIIOHEHTA
KOMITO3MIIMOHHOTO BSIKYIIETO Ha
MPOYHOCTb MpU cxkaTtuu (Tadma. 1).
s cpaBHeHUS1 ObLIM B3SITHI COCTA-
Bbl ucxoaHoro 1L, namenpuyeHHOTO
IO TaKON Xe€ YIEJIbHON IIOBEPXHO-
CTH, KaK ¥ Y MHOTOKOMITOHEHTHBIX
coctaBoB [5, 6]. JuddepeHIMaIbHYI0 CKaHUPYIOLIYIO
KaJJOPUMETPUIO 00pa3IloB KOMIIO3UIITMOHHOTO BSIKYIIIE-
ro npoBoaIK c momoiisio mpudopa TGA/DSC 1/1100SF
COBMEIIEHHOIO TEePMOTPaBUMETPUYCCKOTO aHalM3a
(M>xeBCcKMit TOCYIAPCTBEHHBIN TEXHUUECKII YHUBEPCH -
teT uM. M.T. KanamHukosa).

PesynbpTaTel onpeneeHUs IIPOYHOCTH TIPU CKATUU
HUCCIIEAYEeMbIX COCTaBOB IOKa3bIBalOT, YTO COBMECT-
HOE MCIOJb30BaHNE MUHEPaJbHBIX MUKPO- U YJIbTpa-
JIUCTIEPCHBIX KOMITOHEHTOB (30JIbI-yHOCAa W HaHO-
KpeMHe3eMa) U cylepIuiacTuduKkatopa MPUBOAUT K

and nanosilica)

/

Puc. 1. [lepuBatorpamma: 1 — KOHTPOJIbHOO LEMEHTA; 2 — KOMMO3ULMOHHOMO BAXYLLLEro, COCTOSALLE-
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

/~

Puc. 2. JepuBatorpaMmma KOMNO3NLMOHHbBIX BAXYLLMX: T — 6e3 4o6aBok; 2 — ¢ nobaskamu (nnactndu-
KaTop U HAHOKPEeMHe3eM)

Fig. 2. Derivatogram of composite binders: 1 — without additives; 2 — with additives (superplasticizer

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
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HauOOJbIIEMYy YBEIUIYCHHUIO ITPOY-
HOCTHU: Ha 72,5% 1o CpaBHEHMIO C
UCXOJAHBIM TMOPTJAHAIEMEHTOM.
JlanHbl#t 2(pheKT JocTUraeTcs Imy-

Tabnuua 2
Table 2

KunHeTuka HaGopa NPOYHOCTU CYXOi CTPOUTESIbHOW CMecUu

Dry mixes hardening kinetics

TeM aJAUTUBHOIO U CUHEpPTeTHUYE- Mpo4HOCTb Npu Cxatun, MMa,
CKOTO B3aMMOJEHCTBUSI KOMIIO- CocTaB B BO3pacTe, CyT
HEHTOB BSIXYIIEro, rae amopdHas Composition Compressive strength, MPa, days
4yacTb 30JIbI-yHOCA BBINTOJHIET 3 7 28
pOJIb CTPYKTYPUPYIOIIETO0 KOMIIO- ML, koHTP + necok 736 16.18 3176
HeHTa, NMPUBOISIIETO K 00pa3oBa- Portland cement control + sand ’ ’ ’
HUIO THUAPOCHUIMKATOB KaJblUA ML, n3amenbyeHHbI + necok 1044 18.03 35.88
BTOPOU TeHEepaluu, a KPUCTAIIU- Portland cement crushed + sand ’ ’ ’
YyecKasl 4acThb 30JIbI-yHOCa BBICTY- ML, + 3ona + necok 15.41 19.34 40.36
MnaeT B POJM MUKPOHAIOJHUTEIS Portland cement + fly ash + sand ' ’ ’
J1J1s1 TOBBIIIEHUST TJIOTHOCTU KOM- ML, + 3ona + CIM + necok 20.75 29 54 42 72
MO3UTAa U CHUXEHMUS YCaITOUYHBIX Portland cement + fly ash + SP + sand ’ ’ ’
medopmanuit [10]. CynepmiaacTu- ML, + sona + CM + HK + necok 37 82 3078 s s
¢ukatop Iloaunaact agcopobupy- Portland cement + fly ash + SP + NS + sand ’ ’ ’

€TCS Ha TMOBEPXHOCTU YACTUII BSI-
XyLIeTo U 6iaroaaps cujiaM OTTaJIKUBaHUS (3P dexT,
M3BECTHBIN KaK CTepUUYECKOEe MPEISITCTBUE) MO3BOJISI-
€T YacTullaM KOMITO3UIIMOHHOIO BSXyIIero a3ddek-
TUBHO IUCIEPTUPOBAThHCS B cMecU. Vcronb3oBaHuEe B
COCTaBe KOMITO3UIIMOHHOTO BSIKYIIIET0 HAHOKpPEMHE-
3eMa TPUBOAUT K HaIlpaBieHHOMY (hOPMUPOBAHUIO
CTPYKTYphl KOMIMO3HMTa, 00ECIeYrBaIOIIEero yaydlie-
HUE (PU3NKO-MEXaHUUECKUX M IKCITyaTallMOHHBIX
CBOMCTB HAMMOJIbHOTO MOKPHITHS.

H3meHeHne mMopdoornu 00pa3yroIIuXcsl MPOAyK-
TOB THIpaTalluy MOPTIaHIIIEMeHTa M KOMIIO3UIIMOHHO-
IO BSDKYIIETO MOATBEPKAACT YaydllleHUe (pru3nKo-mexa-
HUYeCKUX Toka3zareneit. s oleHKu $a3oBOro cocraBa
KOMMNO3MIIMOHHBIX BSKYIIUX ObUT ITpoBeaeH AuddepeH-
IMaJIbHO-TepMUYECKMi aHanu3. Ha Bcex ITOTy4eHHBIX
HCK- u TTA-cnekTpax (puc. 1, 2) HabIOAaIOTCS SHI0-
TepMuyeckue 3dekTol: mpu Temmeparype 160—170°C
CBSI3aHHBIN C yIaJ€HUEM KPUCTAUIM3ALMOHHOMN BObI,
490—520°C — oTBevarouii 3a OErUaApaTalnuio TUIPO-
kcuna kanpuusa (Ca(OH)jp), 750—780°C — cootBeT-
CTBYIOIINI OETUApPATAMU THAPOCUINKATOB KaJIbIIWS
(Ca0—-Si0p—H»0). Cnabbiii 3HAOTEPMUUYECKUI 2(P-
(bekT, MOSBASIOMIUICS Y KOMITO3ULIMOHHBIX BSIXKYIIUX
ripu Temnepatype 900—910°C, orpaxkaeT nepekpucTa-
Juzaumio cuiukatoB Kanbuus (CaSiO3). Ha xpuBbix
TTI'A oTpaxxeHO CHUXXKEHME MacChl 00pa31oB MpU Harpe-
BaHUU, OOYCJIOBJIEHHOE MOTepeil ancopOIIMOHHOMN BOIbI
U3 CTPYKTYpHI MaTepuaina [13, 14].

[Tpu cpaBHEHUM KPUBBIX TMTOPTIIAHAIIEMEHTA K KOM-
MO3UILIMOHHOIO BSIXYIIEro HaOJIomaeTcsl U3MEHEHUE
OCHOBHOCTH OOpa3ymoIIMXCsI TUIPOCUIMKATOB Kaslb-
1Msl: SHIOTepMUYeCcKuil apdeKT B 06JacTU TeMepaTy-
pb1 759—780°C y mopTiaHAlleMEHTa CMEIAeTCsl BITpa-
BO, Y KOMIIO3UILIMOHHBIX BSLKYIIMX — B CTOPOHY MOBbI-
meHus temmepaTtypsl mo 780°C. CwmelmeHue mnukKa
CBSI3aHO C TEM, YTO BBEJIEHHUE 30JIbI-YHOCA 1 HAHOKPEeM-
He3eMa IPUBOAUT K OOPa30BaHMIO JOMOJHUTEIbHOTO
KOJIMYECTBA THUIPOCWIMKATOB KaJIbIUsI, OTINYAIOIINX-
Csl OT TPAAUIIMOHHBIX. B KOMMO3UIIMOHHOM BSIKYILIEM
00pa3yTCs TOIOJHUTEIbHBIC HU3KOOCHOBHBIE THIPO-

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—H»0). 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, CTPYKTYPUPOBAHHbIE MO MOBEPX-
HOCTH TBep0i1 ha3kl, ¢ 0Opa3zoBaHUeM OoJiee TIJIOTHOTO
KOMIIO3UTa C YIYIIICHHBIMU (DM3UKO-MEeXaHMICCKUMU
cBoiictBamu [13, 14].

Ha ocHoBe 1oly4eHHOTO KOMITO3UIIMOHHOTO BSIXKY-
1Iero ObUT OMpeaeIeH COCTaB CYXOil HAmoJbHON CMECH.
OnTuMM3aIys cocTaBa CTPOUTEIBHONM CMECH TTPOBOIM-
Jlach IO ONPENEeICHUI0 TPaHYJIOMETPUIECKOrO COoCTaBa
necka. B tabj. 2 nipeacraBieHbl pe3yJbTaThl KOHTPOIb-
HOTO "W MOIN(PUIINPOBAHHBIX COCTABOB HAITOJIHHOM
CTPOUTEIBLHOUN CMECH.

AHanm3 UCIBITaHU 00pa3110B (TabJI. 2) MOATBEPKIa-
eT, 4To 3(P(PEeKT MOBBIIICHUS ITPOIHOCTH, TTOTYIeHHBII
MPU KCIIEpUMEHTaX Ha BSDKYIIMX, COXPaHSIETCS U B MO-
INOULIMPOBAHHBIX CTPOUTENBHBIX cMecax. Tak Ipu co-
BMECTHOM ITOMOJI€ MOPTIaHALIEMEHTa, 30J1bl U J00aBOK,
Oaromaps HaIpaBJIeHHOMY (DOPMUPOBAHUIO CTPYKTYPHI
Marepuaia, POMCXOIUT YJIydlleHne (PU3MKo-MexaHu-
YeCKUX CBOIMCTB CTpOUTENbHOM cMecu [17, 18].

B wuccnenoBaHWM yCTaHOBJIEHO, YTO COBMECTHOE
BBEJICHUE 30JIbI-yHOCA, CyMepruiacTudukKaropa U Ha-
HOKpeMHe3eMa IS TTOTYyYCeHUST KOMITO3UIITMOHHOTO BSI-
KYIIEro MPUBOAUT K MOBBIIIEHUIO (DU3UKO-MEXaHUYE-
CKHUX CBOMCTB. AHanM3 (pa30BOro COCTaBa KOMITO3UIIM -
OHHBIX BSDKYIINX ITOKa3aJl MOBBIIIEHNE OJHOPOTHOCTHU
U TUIOTHOCTU CTPYKTYpPhI, (P)OPMUPOBAHKE OMNTHMAasb-
HOTO COCTaBa HOBOOOpPA30BaHWI TBEPHACIOIIETO 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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Monumopchusm u mopdronorua KapboHaToB KanbLus
B TEXHONOrUAX CTPOMTENIbHbIX MaTepPHanos,
UCNoNb3yHLWKX 6akTepuanbHyo 6uoMuHepanu3auuio (063op)

CucTematnanpoBaHbl AaHHblIe 3apy6eXKHbIX U OTEYECTBEHHbIX YYEHbIX N0 NOAUMOPQU3My 1 MOPONOrni KpUCTanioB KapboHaToB
KanbLms (KanbLuuTa, aparoHuTa, BatepuTa), 06pasytoLnxcs B peynbrarte peanusauny npupoAonoLo6HbIX TEXHOOMMA NOJTYHEHUs 1
BOCCTAHOBJIEHNA CTPOUTENbHbLIX MaTepUasios C UCMONb30BaHNeM 6MOMUHEpAN3auny Nog AericTenem 6aktepnii. PaccmoTpeHo
BNUSHWE POAOBOI NPUHAANEXHOCTM NCMONb3YEMbIX 6AKTEPWiA, TUMA U KOHLEHTPALIMOHHBIX MapamMmeTPOB NPeKypcopoB, a TakxKe
cnoco6a BBeLeHNA 61OIOrMYECKNX areHTOB M NMPEKYPCOPOB B LIEMEHTHYI0 MaTpuuy. [poBefeH0 paHXupoBaHue no 4acrote
hopmMnpoBaHNA NONMMOPEHBIX MOANGDMKALMA N MOPGONOTNYECKINX CTPYKTYP KPUCTANIOB KApOOHATOB KanbLna U X CPOCTKOB B
3aBUCKMOCTU OT PELenTYPHBIX U TEXHOMOMMYECKMX (DaKTOPOB KapboHaTHOI GuomMuHepanuaaumi. ooXxeHo Ha4ano B CO3AaHuN
atnaca MoOpdoCTPYKTYp NPOLYKTOB KapbOHATHOW 6MOMUHEpaNn3aunm B 61OTEXHONOMUAX CTPOUTENBHOTO MaTepuanoBeaeHuns.
Mony4eHHble pe3ynbTaTbl MOXHO pacCcMaTpuBaTh Kak MepBble LWari K BbISBIIEHWIO (DAKTOPOB YNpaB/ieHns npoueccamu
CTPYKTYPOO6PA30BaAHMSA LIEMEHTHBIX CUCTEM W CO3LAHUI0 KOHTPOIMPYEMbIX TEXHOMOMNIA MPUMEHEHNA 6aKTepUabHO
OMOMUHEpaNu3aLny Ans noayveHns CTPOUTENbHbLIX MaTepUanos ¢ 3afaHHbIMU CBOMCTBAMMU.

Knioyesble cnoBa: kapboHaTHas 6GoMUHepanu3auuns, 6akTepun, NPeKypcopbl, TEXHONOTYECKNe YCIIoBUS, MOPONOrus KpUcTansos,
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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.
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ITpuponononodHble OUOTEXHOJIOTMKU IO CO3MAHUIO U
BOCCTaHOBJICHUIO (LIEMEHTAllMN) CTPOUTENIbHBIX MaTepra-
JIOB 0a3upyloTCs Ha MUKPOOHON (bakTepuaibHOI) OMO-
MMHEepaau3aluu — OaKTepUaJbHO WHAIYLMPOBAHHOM
OCaXIeHUM KapOOHATOB Kajblusl (B TIEPBYIO OYEpPEIb
KajJbuuTa) B 0eToHHOI Matpulie. D(GEKTUBHOCTh CTPYK-
TYPHBIX U3MEHEHUI B LIEMEHTHOI cHCTeMe OOyCIOBJICHA
BO3MOXKHOCTBIO YTUIOTHEHMSI OETOHHOI MaTpHIIbI 32 CUET
YMEHBIIIEHUS IIOPOBOT0 IIPOCTPAHCTBA 1 3aBUCUT OT YCJIO-
BUIA IPOTEKAHMST OMOTEXHOJIOTMUYECKIMX ITPOIIECCOB: COCTa-
Ba U CTPYKTYpbl OETOHA, MCIOIb3YEMbIX OaKTepUaIbHbIX
areHTOB U MPEKYypCcOpoB, crocoda ux BeeaeHus:, pH, tem-
nepatypsl U T. 1. [ 1—3]. Bce 3Tu TexHOIOrMYECKUE apame-
TPBI, B CBOIO OYepelb, BIMSIIOT Ha COCTaB 00pa3yIOIIMXCs
npu KapOOHATHON OMOMUHEpATU3ALUUA MOJIUMOPMOHBIX
¢opM 1 MOPDOTIOTHIO UX KPUCTALUIOB U CPOCTKOB.

Takum obOpa3zom, cTeneHb MOHOJUTU3ALUMU U, KaK
CJIeICTBUE, YIIPOUHEHHUSI LIEMEHTUPYIOIIEH CBSI3KM MaTe-
prajia KaK Mpu BBEACHUU OaKTepHaJIbHOIO areHTa (Win
accolMaliMi areHTOB) W TIPEKYpPCOpOB KapOOHATHOM
OrOMMHEpaIM3allMi B COCTaB OETOHHOM CMeCH, TaK U
MpU 3aKPBITUN Ie(PEKTOB TUTA TPEIIUH MPU JTIOKAJTbHOU
00paboTKe OETOHHBIX M3ACIUI pacTBOpaMU, COAEpXKa-
IIUMU OaKTepUU U TIPEKYPCOPHI, 3aBUCUT OT MOPGOII0-
MY KPUCTATU3YIONIMXCS TIOJ JAeHCTBUEM OaKTepuid
KapOOHATOB KaJIbLIUSI.

HecMoTpst Ha CylieCTBEHHBIN MHTEPEC UCCIeI0BaTe-
JIeil K MexaHu3MaM KapOoHaTHOW OMOMUHEepaIu3aluy U
HaJIM4Iue SMIMPUUYCCKMX NAHHBIX IO €€ BIUSHHUIO Ha
CBOICTBa CTPOUTEJBHBIX MaTepuanoB [4—77], 3aKOHO-
MEPHOCTU ToJumopdusMa U Bapuauuii Mop¢OJOruu
KPUCTAJIJIOB KapOOHATOB KaJbIMsl, 00Pa3yIoIIUXCs Mpu
OMOMUHEpATU3ALMU B CpEle LIEMEHTHOTO KaMHs, 0
KOHILIa He u3dydyeHbl. Lleapio HacTosel paboThl, KOTO-
past TIpOI0JIKAET IIMKJT 0030PHBIX CTaTe, IMOCBSIIEHHBIX
MUKpPOOHOII KapOOHATHOM OMOMUHEpalIu3aluu B OMO-
TEXHOJIOTUSIX TI0 CO3IaHWI0 U BOCCTAHOBJICHUIO CTPOM-
TeJbHBIX MaTepuayioB [78, 79], sBiasgeTcs cucremMaTu3a-
1T UMCIOIINXCS JIUTEPATYPHBIX TAHHBIX M YCTAHOBJIC-
HUE MCKOMBIX 3aKOHOMepHOCTel. OxXumaemble pe3yib-
TaThl JOJDKHBI MTOMOYb TPOABUHYTHCS B HAMpPaBICHUU
pa3paboOTKM 3KCOpeccHOro U 3¢h(GEKTUBHOTO METOAa
uaeHTUUKauMM KapOoHaTHBIX (a3, (OpMUPYEMbIX B
MOJUMUHEPAIbHONW OETOHHOW MaTpulle, a Takxke Ouo-
TEXHOJIOTUIA MOJyYeHUsI CTPOUTEIbHBIX MaTepUaJIOB 3a-
JTAHHOM CTUIOIITHOCTU B KOHTPOJIUPYEMBIX YCIIOBUSIX.

MeTomoiorusi aHAIM3a

st perieHus MOCTaBJICHHBIX 3a/1a4 MTPOBEIECH aHa-
JIU3 Hay4YHbIX cTaTeil [4—77], MOCBAIIEHHBIX OAKTEepU-
aJIbHOM KapOOHATHOW KpUCTAIM3aLUU, UHULIMUPOBAH -
HO# OaKTepusMU B MaTpHIle CTPOMTEIBLHBIX Marepua-
JIOB, OITyOJMKOBAHHBIX B BEAYIIMX PELECH3UPYEMBIX
3apyOeXKHBIX M3IaHUSIX, B KOTOPBIX COAEPKUTCSI MHPOP-
Malys 1Mo ONnpeaeaeHUI0 MOJUMOPMOHBIX MOAUGbUKALIMT
/1100 MOP(OIOTUM KPUCTAIIIIOB KApOOHATOB KaJIbIINS
(r1pu 00513aTEIbHOM MX BU3YyJIM3allMM — MPEICTaBICHUU
COM-u3obpaxenuii). TpakToBKa MOpPdOIOTHUECKUX
0COOEHHOCTE MpUBeIeHa B aBTOPCKOI pelaKIIny.

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 pPAa3JIMYHbIX OMOKYJIBTYP M IPEKYPCOPOB.
B aT0i1 CBSI3M pacyeT CTaTUCTUKY 110 Pa3TMIHBIM KPUTE-
PUSIM OCYILIECTBIISIICSI MO KOJWYECTBY YIIOMUHAHUIA B
KaXIOW OTAENbHO B34TOM paboTe ¢ MOCAEAYIOIIUM MX
CYMMHPOBAHHUEM.

IIpoananu3upoBaHoO BIMSHUE Ha oOpa3oBaHUE TIO-
JMMOPMHBIX MomUpUKaIINiT KapOoHaTa Kaablus (Kaib-
1IMTa, aparoHUTa W BaTepuTa) U MOPMOJOr1I0 UX KpU-
CTaJUIOB U CPOCTKOB CJICHYIOIINX OMOTEXHOJIOTHUCCKUX
¢axropoB (Tabu. 1, 2):

— pOmOBOI MPUHAMIEKHOCTH UCIIOJb3yeMbIX OaKTe-
puii (23 pona 1 Ux BUIbI);

— UCMOJb3YyEeMbIX IPEeKYypCcOpoB (HEOPraHMYECKUX
BEIIECTB, YIACTBYIOIINX B OMOXMMUUYECKMX PEAKIIUSIX).
bbL10 paccMoTpeHo 25 BUIOB MPEKYPCOPOB, MTPUMEHSsIe-
MBIX KaK B BUIE OTACIbHBIX BEIIECTB, TaK U B COUCTAHUU
IpPYT C IPYTOM;

— croco0a BBeIeHs 0aKTepUaabHBIX KYJIbTYp U Ipe-
KYPCOPOB: B cOCTaB OeTOHHOI cMecu (Tab:. 1) nubo my-
TeM JIOKaJIbHOM 00pabOTKM OETOHHBIX U3AEIUN pacTBO-
paMu, coaepXKalliMu 6aKTepUHU U IMIPEeKypCcopHI (TaoI. 2).

Heo6xoammMo oTMETUTB, YTO B psijie CTaTel IO OICH-
K€ BJIMSHUS OMOMHUHEpaau3allii Ha U3MEHEHUE MUK-
POCTPYKTYpPBl 00pa3IOB IIEMEHTHOTO KaMHSI aBTOPBI
OIMUCBIBAIOT MOPGOJIOTMI0 HOBOOOPA30BaHU, OIpene-
JISIEMY10 SIKOOBI BJIMSIHAEM Ha MMHeEpajlooOpa3oBaHuUe
TeX WA WHBIX KOMIIOHEHTOB (OaKTepwii, IPEeKypco-
POB), OIHAKO MAEMOHCTPUPYIOT Iipu 3ToM CHM-
M300pakeHUST UINOMOP(MHBIX KPUCTAJIJIOB, 3aKPUCTAI-
JIM30BAHHBIX IBHO B HEKUX MOJEJbHBIX YCIOBUSX BHE
cpelbl IIEMEHTHOrO KaMHS. B ciydyae BBISIBICHMS I10-
TOOHBIX HECOOTBETCTBHI 3TU pabOTHI MIPU CTATUCTHYIE-
CKOM aHaJIM3e PaCIpPOCTPAHEHHOCTU MOPDOCTPYKTYP
HE YYUTBIBAJIN.

HeMmanoBaxxHoe 3HaueHME Ha KpucCTaiooO0pa3oBa-
HHUE, KaK M3BECTHO, OKa3bIBaeT XUMUYECKasl cpema, OT
KOTOPOIl B TOM YMCJE 3aBUCIT COCTaB, MOJUMOpdHas
MoaubuKaus 1 Mopdoaorus hopMUPYEMBIX HOBOOO-
pazoBaHuii. Ilpun kapOGoHaTHO OMOMMHEpaaIU3alUun
OakTepuaabHble MUKPOOPTaHM3MBbI B TPUCYTCTBUU Kallb-
uiicoaepKaIlix IPeKypcopoB M MOUCBUHBI MHTCHCUB-
HO BBIACJSIOT (PepMEHT ypeasy, KaTaTu3upyoIui Tui-
POJIM3 MOYEBMHBI C 00pa30BaHNEM aMMUaKa U YIJIEKUC-
J0ThI [3]. B pe3yabTraTe XMMUUECKUX MPOLIECCOB aMMU-
aK oOpa3yeT MOHbI aMMOHMUSI ¥ TUAPOKCHUIA, B TO BpeMsI
Kak yTJIeKUCI0Ta AUCCOUMUPYET ¢ 0Opa3oBaHuEM Ou-
KapOoHaTa U BoAaopojAa B BoaHoil cpeae. OOpa3zoBaHue
TUAPOKCUI-UOHOB IPUBOINUT K JIOKAJBbHOMY yBEJIMUC-
Huto pH u caBury 6ukapOboHaTHOTO paBHOBECHUS, BbI-
3pIBalolero oOpa3oBaHue KapOOHAT-UOHOB. BBumy
TOTO, YTO Ha IMOBEPXHOCTH KJICTOK ITPOMCXOIUT CBI3bI-
Banue katuoHos Ca?t u (CO3)?~-moHOB, GakTepun
CTaHOBSITCS LIEHTPaMU HyKJIeallud KPUCTaJIOB Kapbo-
HaTa KaJblys, TonuMopdHast Moaudukaims u Mopgo-
JIOTHST KOTOPBIX 3aBUCUT OT BUAOBOM MPUHAMJIEKHOCTU
MHUKPOOPTaHNU3MOB.

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
Ca?™ 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
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BHe 3aBucHMMOCTM OT crocoba BBeOeHUSI OaKTepu-
aJbHBIX KYJIbTYP W TPEKYPCOPOB LIEMEHTHBIN (OeTOH-
HBII{) PacTBOpP M IIEMEHTHBIN (OETOHHBII) KaMeHb TIO
OMNpEeNeeHUIO COoiepKaT COeNUHEHMST KalbLMsl (KJIUH-
KEpHbIE MUHEPAIbl U MPOAYKTHl UX THApaTAlUU — TU-
JIPOCWIMKATHI Kasibliust). [ToMUMO 3TOTO, B HUX MOXET
coziepxkarbcsl KapOOHATHBIN 3aTTOJIHUTEb (MEeJT, U3BECT-
HSIK, MpaMop), T. €. IPUCYTCTBYET PEJIUKTOBBIN KAJIbIIUT.
B ciydae skcrutyaTupyemblx M3IeIUil — B Tpolecce
B3aMMOJICUCTBUS MOPTIAHAUTA C YIJIEKUACIBIM Fa30M — B
HUX 00pa3yeTcsl KanbUUT (OH OYyAET SIBISITbCS MEPBUY-
HBeIM). [Ipu moKaabHON 00paboTKe (LIEMEHTAIIUM) KC-
TUTyaTUPYEMbIX U3aeauii opMupyeMble TyTeM OMoMuU-
HepaJn3aluy KPUCTALIbI KapOoHaTa KaliblUsl OYAyT
BTOPUYHBIMU.

B mpouecce ruaparanuy 1ieMeHTa YBEJIUYUBAECTCS
pH-cpenbl, mosToMy mNpu BBeIeHUU OAKTEPUATBHBIX
KYJbTYpP B COCTaB OETOHHOI CMECU MPOUCXOIUT CIIOPO-
obpazoBaHue MukpoopraHusmoB. [locne 3aBepiiieHuUst
TUAPATALMM LIEJOYHOCTh CPelbl CHUXKAETCI W MPU Ha-
JINYUU AOCTATOYHOU KOHLIEHTPALIMU MUTATEbHBIX 3Je-
MEHTOB, KAJIbIIAICONEPKAIINX ITPEKYPCOPOB U MOYEBU-
HbI 0aKTepUU aKTUBU3UPYIOT (PEPMEHTATUBHYIO aKTHUB-
HOCTb C TIOCJEIYIOINM (hOPMUPOBAHNEM KPUCTAILIOB
KapOoHara Kanblus. [Tpu Takux yciaoBusl pocta Kapoo-
HATOB JIOBOJIHO CJIOXKHO PA3/EsATh UX HA MEPBUYHBIC U
BTOPUYHBIE.

ITosToMy Tipy BBeieHUU B OETOHHYIO CMECh, KaK U
MpU JOKAJbHOU 00pabOTKe CBEXXEIPUTOTOBICHHBIX
OETOHHBIX M3IEJUI, C OOJbIICH NOJel BEPOSITHOCTU
OMOMHIYLIMPOBAaHHbIE KPUCTAIIbl KapOOHATOB OyIyT
MEePBUYHBIMU MO0 HOPMUPYIOLIUMUCS OTHOBPEMEH-
HO C KaJbIIUTOM LIEMEHTHOU Marpuiibl. BBuay Toro,
YTO CBENCHUSI MO TEPBUYHOCTU JMUOO BTOPUYHOCTU
OMOMHAYLIMPOBAHHBIX KapOOHATOB B CTaThbSIX OOBIYHO
He MPUBOJSTCS, CTATUCTUYECKUI aHAIU3 110 JAHHOMY
KPUTEPHUIO B paMKax MpPeACTaBICHHOU pabOThI HE MPO-
BOJUJIU.

Pe3syabTaTbl M MX 00CyXKIeHHE
ITloaumoppustii cocmas
obpasyrowuxcsa KapboHamos Kaibyus
MHorouucieHHbIe HCCAeI0oBaHUsS KapOOHaTHOM
OMoMMHepann3aluy B MOJIETbHBIX crucTeMax (0e3 B3au-
MOJEMCTBUS OaKTepuil U MPEeKypCOPOB C LIEMEHTHBIMU
KOMITO3UTaMHU) TTOKA3BIBAIOT, UTO OMPEAC/ISIONIEe BIM-
ssHue Ha (GOpMUPOBaHNE TOW WJIM UHOU MoJuMopdHOMI
MoauduKaluuU B Tpolecce 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-

62

kap6oHaT kanbuums / calcium carbonate
KanbuuT / calcite

BatepuT / 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
KanbumT KanbumT KanbumT
calcite 85 calcite 88 calcite 63
BatepuT BarepuT 10 BatepuT 2-4 cnocob
waterite 12 waterite waterite [ 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 BBeAEeHUs (AaHHble Nno 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 KaJIbIMs OKa3bIBAET POAOBASI ITPU-
HaIJIeXKHOCTh liTaMMa 0akrtepuii [9, 15, 35, 36]. OnHako
B paboTax MaTepuaasoBeIuecKoro npobuist uaieHTUGr-
Kauus noauMopdHoil MoaudUKauuU 3aTpyAHSIETCS
WCXOIHON TOJIMMWHEPATbHOCTHIO 1IEMEHTHOW CHUCTE-
MBI, B TOM YHUCJie IPUCYTCTBUEM B LIEMEHTAaX PEJIUKTO-
BBIX U MEPBUYHBIX KPUCTAJUIOB KAJbIIUTA U TTIOATOMY €i
4acTo He yaessieTcs JoJKHOro BHMMaHus. Kak rnpasu-
JIO, peub UIET MPOCTO O KapOoHaTax Kaablus (Ioapas-
yMeBaeTCsl KaJblIUT, KOTOPhI HamboJyiee 4acTo BCTpe-
yaeTcs, Kak B IPUPOJIE, TaK U MPU OMOMUHEPATU3ALUN
CTPOUTE/IbHBIX MaTepuaaoB) [66, 68]). AparoHUT u Ba-
TEPUT aBTOPHI IMyOJUKAIMI OTMEUYarT 3HAYUTETbHO
pexe (puc. 1).

AHanM3 4acTOThl YIIOMUHAST PA3TUIHBIX TTOTMMOpPdh-
HbIX MOIMGUKALMI B 3aBUCUMOCTU OT BUJA OaKTepuit,
MPEKYPCOPOB, UCIIOIB3YEMOIO Criocoba GMOMUHEpAU-
3allMM CTPOMUTEILHBIX MaTePHUAJIOB TTOKa3ajl abCOIIOTHOE
JIOMAHUPOBAHUE KAJIbLIMUTA TIO BCEM OLICHUBAEMBIM (haK-
TopaM (puc. 2).

Mopdoaoras 00pa3ylomuxcs KapoOHATOB KAJIbIHS
Yacmoma ecmpeuaemocmu Kpucmaiios

U CpOCMK068 KapOOHAMO08 KaAAbYUsL PA3AUMHO0 004UKa

Mopdosiorust KpUCTaII0B B EPBYIO OYEPEb OIpPE-
JIeJISIeTCsl KJIaCCOM CUMMETPUM, HO 3aBUCUT U OT yCJIO-
BUI KpucTajmu3auuu. Tak, sk TPUTOHAIBHOTO Ka.ib-
yuma (Xjaacc CUMMETPUM 3m) — caMOTO pacIpocTpa-
HEHHOro OMOMMKHepaja — HauboJsiee XapaKTepHbI
poMOo3aprYecKre KpucTalibl. OMHaKO BBUAY HEKOH-
TPOJUPYEMON KPUCTAUIM3ALMU, BBICOKOW CKOPOCTU
pocTa, TIepecHIIeHWsT pacTBOpa, pacUIeTIeHUs |
IBOMHUKOBaHUS (HOPMUPYIOTCS TaHTeJeoO0pa3HbIe,
IICEBIOKYOMUECKUE, TIOOYISIpHBIC W IpyTrue (OPMHEL.
JO0BOIBHO 4YacTO aBTOPbI YKa3bIBalOT Ha WIOJbyaThie
oOpasoBaHus u chepuyeckue ¢opmbl Kanbuura. [Ipu
9TOM HEOOXOJAMMO OTMETHUTh, YTO MTOJbYaThie KpH-
CTaJUIBl M UX CPOCTKHU XapaKTEPHBI 11 POMOMYECKOTO
apazonuma (Ki1acc CUMMETPpUUA mmm), a cpepuaecKue
IJ100YJIbI, KOTOPbIE OOBIYHO COCTOST U3 OoJiee MEJTKUX
KPUCTAJZIUKOB, XapaKTEePHBI UISI TeKCaroHaJIbHOTO 6a-
mepuma (KJ1acc CUMMETpUU 6/mmm).

Kaavyum. be3 yuyeta noaumopdHoit Mogudukanum
YacToTa BCTPEUAEMOCTH KapOOHATOB KaJIbIIUS Pa3jiny-
HOro 06JiMKa MOBBIIIAETCS CASAYIOIIUM 00pa3oM: MpU3-
MaTHUYeCKUe — TUTACTUHYATBIC — C(epruIecKrue — TICeB-
JIoKyonuyeckue — pomoosapuueckue (puc. 3, a). B ciy-
yae KaJIbIIMTa 3Ta IOCAeA0BaTeIbHOCTh HE3HAUMTEIbHO
MEHSIETCSI: TICeBIOKYOMUeCcKre,/ IIacTUHIaThle — TaHTe-
JleoOpa3Hble — UroJjibyaThie/chepruueckue — pomMOo-
snapuueckue (puc. 3, b).

HomuHupywoiieit dhopmoii 6GMoreHHbIX obOpa3zoBa-
HUI SIBIISIIOTCS XapaKTepHbIE IS KajabIUTa poMOO-
BIPUYECKNE KPUCTAJIJIBI C YeTKO Pa3IMUUMbIMU TPAHSI-
mu (puc. 4).

Ckynbntypa TpaHeit (MopdojaoTusi MOBEPXHOCTH)
POMOO3APUYECKUX KPUCTAJIOB MOXET CYIIECTBEHHO
pasnuuartbes. st KpucraninoB, chOpMUPOBAHHBIX TTPU
yaactuu Oaktepuit Bacillus alkalinitrilicus, Bacillus

14

12 58

pom6oagpuyeckue / rhombohedral
cdepunyeckme / spherical
ncesaokybuyeckue / pseudo-cubic
nnactuH4yaTtble / plate
npuamartuyeckue / prismatic

b 31123

89

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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Puc. 4. Kpuctannbl kanbumta, obpasoBaBLunecs nog aeictenem 6aktepuii (cnesa Hanpaso): a — Bacillus pasteurii [17]; b — Bacillus sphaericus [39];

¢ — Sporosarcina pasteurii [61]

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, o6pas3oBaBlIMXCA Non, AeictevemM OGakTepuii (cnesa HanpaBo): 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]

Puc. 6. Mopdonorvs CpocTKOB KPUCTANNOB KaNibLinTa, CHOOPMUMPOBaHHbIX B pe3y/bTaTte Bo3aencTaus 6aktepuii: 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, Xapak-
TEPHBI MHOTOYPOBHEBBIE IIIarPEHEBbIC TMOBEPXHOCTU C
MHOXECTBOM OIPaHEHHBIX HApOCTOB (puc. 5).

B otnenbHBIX paboTax yKa3pIBaeTCsl Ha BOBMOXKHOCTD
(opMHUPOBaHUS CPOCTKOB KPUCTAIIOB KaJblATA pPa3-
JIMYHOTO O0JIMKA CO cliedaMy paciueruieHus (puc. 6, 7):
MPU3MaTUIECKUX — BBITSHYTBIX B OTHOM TUIOCKOCTH C
XapaKTepHBIM I'pyObIM pesibeoM (puc. 6, a, b); rantene-
BUIHBIX (pUC. 6, ¢) U MCEBIOKYOMUECKUX U3 TUTACTUHYA-
TBIX KpUCTAJLJIOB (pUc. 7).

Apazonum. O6619HO 00pasyeTcsi B BUIE UTOJbYATHIX
KPUCTAJIJIOB U UX arperatoB (puc. §).

Bamepum. ®opmupyeTtcsi B BUAEC BBICOKOTIOPUCTBIX
chepuyeckux oOpPa3oBaHUI MUKPOHHBIX U CyOMU-
KPOHHBIX Pa3MepOB C IIEPOXOBATON MOBEPXHOCTHIO
(puc. 9) u, aBussach MeTacTabUIbLHOU (hOpMOiL, TTyTEM
MepeKPUCTALIU3AINUN 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 nceBaokyGMYECKMX CPOCTKOB KPUCTaNIOB KasibLuuTa, CHOPMUPOBAHHLIX NOA,
neicterem b6aktepwii: 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]

a b c

Puc. 8. Uronbyatblie KpMUcTanibl aparoHMTa U Ux cpocTkn, obpal3oBasLuMecs nof, Aenctanem bakre-
puii (cnesa Hanpaeo): 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]

a b c

Puc. 9. Mopdonorus kpuctannmyeckmx obpasoBaHuii BaTeputa, ChOoOpMUPOBaHHbLIX Mo AEACTBUEM
pasnuyHbIX GakTepuii (cneBa 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 ITyOJMKa-
LI 110 POMOBOI MPUHAMICKHOCTU OakTepuit [79], uc-
TTOJTb3yEeMBIX B Mpolieccax OMoKapOOHU3AIMY, ITOKa3all,
YTO HanboJiee YacTo JJIs1 MOJyYeHUs] KapOOHATOB Kajlb-
LIMST UCTIONIb3YIOTCA OakTepuu pona Bacillus (14 BumoB),
KOTOpBIe 00JIafaloT MaKCUMaJIbHOW MPOAYyLMpPYIOIIei
CITIOCOOHOCTHIO 1 (hOPMUPYIOT HauboJIbIlIee pa3HOOOpa-
3ue MOpGOIOrnIecknx hopM KpHUCTaUIOB. Pe3yibraThl
pPaHKUPOBAaHUS 11O MOP(OJIOrMU KPUCTAZIOB U CPOCT-
KOB KaJIbIIUTa TIOJT IECTBUEM JaHHOTO poja OaKTepuii B
MOPSIAKE YBEIMYCHUSI MOXHO IPEICTABUTh CJICAYIOLINM
00pa3oM: UroJbvaThie/TaHTeIe00pa3Hble — TIaCTUHYA-
Thle — TICeBIOKyOMueckue — chepuyeckue — poMbo-
snpuueckue (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 06pa3oBaHusa KPUCTAIIOB U CPOCTKOB KasbLMTa pasnimy-
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%,
ocrasirecs 28,5% NpUXOAATCS Ha IE€BITH BUIOB OaKTe-
puii (puc. 11).

B psige paboT mokazaHO, YTO Takue OaKTepuu, Kak
Bacillus sp. [9], Bacillus cohnii |35], MOTYT BbI3bIBaTb OCaX-
JIEHUE UTOJIbYAThIX KPUCTAJUIOB aparoHuTa (puc. 12, a),
a MMKpoopraHuambl poaa Synechococcus [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 3aBUCHUMOCTU OT POIOBOI IIpH-
HAJUIEXKHOCTU I10 TOBBIIICHUIO YacTOThl YIOMWHAHUS
OakTepuu, MPONYIUPYIOIINE KaJIbLIMT, KaK HauboJjee
pPaCHpPOCTPAHEHHYIO MOJUMOPDOHYIO MOAUDUKALIUIO,
pacriojlaralotcsi B CJICAYIOIICH I10C/IeI0BATEIbHOCTHU:
Lysinibacillus/ Diaphorobacter/ Pseudomonas — Synecho-
cystis — Micrococcus — Deinococcus — Synechococcus —
Sporosarcina — Bacillus.

Bausanue npexypcopoé 6uomunepaauzauuu
Mopdoorusi aHaAIM3UPYEMbIX KPUCTAJUIOB TaKXkKe
3aBUCUT OT COCTaBa MPEKYPCOPOB, CTUMYJIUPYIOUIUX
mpo1ecc KapOOHATHOM OMOMMHE-
panu3zauuu. AHaau3 25 BUIOB Ipe-
KypCOPOB, HCTIOJIb3yEMbIX B OMO- @
TEXHOJIOTUSIX, TIPUMEHSIEMBIX KaK B
BUJI€ OTIEJbHBIX BEIIECTB, TAK U B
COYeTaHUU ApYr ¢ APYroMm, IOKa-
3aJ1, YTO Yallle BCETO UCIOIb3YeTCs
CaCly. Ha BTOpOM MecTe 1Mo 9acTo-
T€ TIpUMEHEHWUSI — MOYEBUHA
(NH?)7CO, sBnsiomasicsi akTuBa-
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Puc. 11. YacTtota o6pa3oBaHns KpUCTaNIOB KasibLMTa U X CPOCTKOB pas-
nnyHon mopdonorum (%) nop gencTevemM 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(CH3C0O0), C4H7NO4, (NH4)2SO4 are added both
in single-component use and in combination with each

TOpoM (hepMEHTATUBHOU aKTUBHO- -
CcTUu 0aKTepUaIbHBIX KyJIbTYp. Hale
BCEro Mpu BBEJECHUU XJIOPUIA KaJTb-
LU U MOYEBUHBI (HOPMUPYIOTCS
poMOO3ApHUYECKHE  KPUCTAJLIBI
KaJbpliUTa, a Takxke cdepuyeckue
CPOCTKM W3 TIJIACTUHYATBIX KPHU-

20 40

YacTtoTa BCTPEYaeMOCTU B INTEPATYPHbIX UCTOYHMKAX, %

Frequency of occurrence in literature, %

Puc. 12. YactoTta o6pa3oBaHus KpUCTanioB KapOoHATOB KasnbLMS U UX CPOCTKOB PasfivMiyHoOM Mopdo-
norun nop, aeictenem Gakrepuin (%): a — aparonuTa; 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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crajuioB KajeuuTa (puc. 13). [IceBnokyonueckue
U chepryeckue CpPOCTKU KpPUCTAJIU3YIOTCS
yaie Bcero npu godasnenuu CaCly, (NH7),CO,
Ca(NO3)2, NaCl, FeSO4, MgS0Oy4, ZnSOg4,
MnSO4, (C3H503)-Ca, Ca(CH3C0O)j,
C4H7NO4, (NH4)2S04, KaK npu OTHOKOMIIO-
HEHTHOM WCIIOJIb30BaHMWM, TaK M B cOYeTa-
Huu apyr c¢ apyrom. Ilpu BBeaenunm CaCly,
(NH»)>CO, NaCl, (C3H503)-Ca B 6akTepuaib-
HBIIy MHOKYJISIT MOTYT TakXe (hOpMUPOBATHCS
KPUCTAJUIbl aparoHUTa WrojbyaToil (OpMHBI.
CaClp, NaCl n (C3H503)-Ca, NaHCOj3 cmo-
COOCTBYIOT 3apOXACHUIO U POCTY NMPU3MaTHYE-
CKUX KPUCTAJUIOB U TAHTEJIEOOPAa3HBIX CPOCTKOB
KajgpuuTa. CrpynnupoBaHHBIE 110 TPUMEHSIe-
MBIM TIpeKypcopaM Mopdosaoruyeckue (GpopMbl
KPUCTALNIMYECKMX HOBOOOpA30BaHUU MpopaH-
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Puc. 13. BavsHue npekypcopoB 6akTepuanbHoi BruoMmnHepannsaumm B Cpeae LLeMeHT-
HOro KaMHsl Ha MOPdOIOrMi0 KPUCTANTOB KapOOHATOB KaNbLMS 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 IIOPSNIKE YBEJIWYEHUS] YaCTOThI
YIOMMHAHMSI B CIIEAYIOIICH ITOCIeI0BaTeIbHO-

CTU: TaHTeJeoOpa3Has/Ipu3MaTuiecKass — WrojIbva-
Tas — KyOMueckas/TuiacTUHYaTasg — cdepuyeckas —
poMboanpuyecKas.

Bausanue cnocoba esedenuss 6axmepuaibHoIxX Kyabmyp
U Npexypcopos

[Ipeobnaganre KpPUCTA/UIOB KaJbLIUTa POMOO3IpU-
yeckoil (hopMbI OTMEUaeTcsl MpU BCeX CIocobax BBe-
JleHUs1 OaKTepUalbHBIX KYJIbTYP M IIPEKypCOPOB
(puc. 14, a, b; Tabm. 1 1 2 COOTBETCTBEHHO).

Ecnu ygecTh 1 poioBYI0 IIPUHAIEKHOCTh OaKTepHiA,
IpUMEHsIEMbIE TIPEKYPCOPBI U CIIOCOO BBEIEHUST OaKTe-
PUATBHBIX KYJIbTYp M TIPEKypCOPOB, YacTOTa BCTpedae-
MOCTU KPUCTAJJIOB KapOOHATOB M MX CPOCTKOB B 1ie-
MEHTHOUM CHUCTEMe YBEJIMYMBAETCSI CJIEIyIOIMM o0pa-
30M: TaHTeJeoOpa3Has/IlacTUH4YaTass — MIoJbuaras/
npusMaThyeckass — IICeBIOKyOMYecKas/IiacTUHYa-
Tast — cpepuyeckasi — pomoosapruUecKas.

CpaBHeHue MOP(OJOTUU KPUCTAJIJIOB U KapOoHa-
TOB KaJIbIIMsSI M WX CPOCTKOB, OOpa30BaBIIMXCS ITPU
pPa3IMYHBIX CII0CO0aX BBEICHUS MHUIIMATOPOB OUO-
kpuctayu3anuu (tabda. 1 u 2), moka3pIBaeT, 4ToO MpU
BBEJICHUU OAKTepUii U IIPEKYPCOPOB B COCTAB PaCTBOP-
HOM CMECH 1O CpaBHEHMIO C JIOKAJbHOW 00padbOoTKOIM
yaiie HabJIoaal0TCs HOBOOOPAa30BaHUS HEMIPABUIBHOMN
U r1ooynsipHoii hopmsel [16, 28, 20, 61, 77]. DTO MOXKET
CBUETEILCTBOBATh B TOM 4uciie 00 amopdHOCTH Ya-
CTHII, a TAKXE O BBICOKOI CKOPOCTH KPUCTAJIN3ALINU.
[Ipu n1okanbHOI 00paboTke (Tabj. 2) TOTOBHIX (B 3a-
BOJICKUX YCJIOBUSIX) WJIM IKCIUTyaTUPYEMbIX (HaAIIpH-
Mep, TIPU PEeMOHTE JIMOO pecTaBpallMOHHBIX paboTax)
OCTOHHBIX M3ACIUI pacTBOPaAMU, COACPXKAIIUMU OaK-
TepUAIbHBIII areHT M IPEKYpPCOpbl, Ha ITOBEPXHOCTHU
00pasLoB yalie HabJIAATCS POMOO3IPUIYECKUE KPU-
CTaJUThl KaJIbIIUTA, T. €. UAMOMOP(HBIC KpUCTaJUTNIE-
ckue obpasoBanus [61, 67, 77], npuHUMaIOLIE CBOM-
CTBEHHBIC MM KpuUcTajgorpadudeckue odepTaHUs, U
ux arperathbl. [Ipy 3ToM HOBOOOpPa30BaHUS C XOPOIIEi
OrpaHKOi Ha0JIIOAAIOTCS U B IIOPOBOM IIPOCTPAHCTBE,
KaK P BBEJCHUY MHULIMATOPOB OMOKapOOHATOB B CO-

other. Needle-shaped aragonite crystals may also be
formed when CaCly, (NH»)>CO, NaCl, (C3H503)-Ca
are added to the bacterial inoculum. CaClp, 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 cCocTaB 6@ TOHHOM CMecK (a) U Npur NIokasbHOM 06paboTKe CBEXENPUrOTOBNIEHHbIX U

3KCnayaTpyembix 6ETOHHbIX U3aenuii 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 MpPU JIOKaJbHOI 00padboT-
K€ — Pa3JIMYHOI CTEIeHU IMPOMMUTKIA UMU TOTOBBIX U3-
JETTUIA.

3akmoyenue

IMpoBeneHa cucreMaTu3alusl JTUTEPATYPHBIX JAHHbBIX
1o TOIMMOPGU3My 1 0COOEHHOCTSIM MOP(hOTIOTUN KPU-
CTaJJIOB ¥ CPOCTKOB KapOOHATOB Kajiblusl, (GhopmMupye-
MBbIX MPU OaKTEpUATHHOU OMOMUHEPATU3ALUU B CPEIC
LIEMEHTHOTO KaMHSI MPU Pa3IUYHbIX OMOTEXHOJOTMYE-
CKUX YCJIOBUSIX. BbIsIBIEHBI OoTIMuusi B MOPGhOIOTUUN
KPHUCTAJIJIOB U CPOCTKOB KapOOHATOB KaJIbIIMS, CBSI3aH-
HbIE C BUJIOBBIM COCTAaBOM OaKTepUil, TUTIOM UCIOJIb3Ye-
MBIX ITPEKYPCOPOB U TEXHOJOTMYECKUMU YCIOBUSIMU UX
npuMmeHeHus. [looxeHoO Hayajgo B CO3JIaHWUU amiiaca
MOPGOCTPYKTYpP MPOAYKTOB KapOOHATHOI OMOMMHEpa-
JIN3alIMU B OMOTEXHOJIOTUSIX CTPOUTEIBHOTO MaTepUasio-
BEJICHUSI.

ITonyyeHHBIE pe3yJbTaThl MOXHO pacCMaTpUBATh
Kak TIepBbIC 111aru K BbISIBICHUIO (DaKTOPOB yIIPABICHUS
MPOLECCAMU CTPYKTYPOOOPa30BaHUS LIEMEHTHBIX CHU-
CTEM W CO3JAHUI0 KOHTPOJUPYEMBIX TEXHOJIOTUIA TIPU-
MEHEHUsI OaKTepuaabHON OMOMUHEpaTU3au ISl T10-
JIyYEHUS CTPOUTENIbHBIX MaTepUaoB C 3aJaHHBIMUA
CBOMCTBaAMU.

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 KOMMO3WULMOHHbBIX LIEMEHTOB HU3KOI BOJONOTPEGHOCTM AMs pelieHns npo6rem akonoruu,
pecypcoc6epeeHins 1 3HepronoTpe6neHns B CTPOUTENbHON 0Tpac. MOKa3aHo, YTO OHWN MOTYT U3TOTABIMBATLCA C HUSKUM
COAePXaHNeM KJIMHKepa — MaBHOr0 UCTOYHWKA YINEKUCNOro rasa, NpUBOAALLEro K NapHUKoBOMY 3(pekTy Ha nnaHeTe.
BAXyLLMe 0TBEYAKT KPUTEPUAM HAUMYHLLNX AOCTYNHbIX TEXHOMOMWA NPON3BOACTBA C MUHUMANbHbIM HEraTUBHLIM BO3/ENCTBINEM
Ha OKpYXatoLLyto cpefy. Mpu 3TOM N0 TEXHONOTMYECKUM 1 3KCMyaTalMOHHO-TEXHUYECKUM NMOKA3aTeNaM LIeMEHTbI HU3KOI
BOJONOTPEGHOCTM CYLLIECTBEHHO NMPEBOCXOAAT PSA0Bble 0GLLECTPOUTENbHbIE NOPTNAHALEMEHTbI KAK POCCUACKIX, TaK U
eBPONENCKIMX NPON3BOAMUTENEN. B 3aBUCUMOCTI OT TUNA U TBEPAOCTU MUHEPANbHbLIX KOMMOHEHTOB, XUMUYECKUX [06GABOK U
npoLeaypbl NOMONa paclunpeHbl BUAbI KOMNO3MLUOHHbIX LEMEHTOB HU3KOW BOAONOTPEGHOCTI Ha OCHOBE KapGoHATHbLIX NOPOJ,
30/-YHOCA W 30M10LLAKOBbIX 0TX0/10B, IOMEHHbIX 11 3M1eKTPOTEPMOCOCHOPHBIX LUNaKoB. MpeacTaBneH psaa CTPOUTENbHbIX
MaTepuManos, B KOTOPbIX OHU NPOsBASIOT ce6s Hanbonee 3PhEKTUBHO, TAKUX KaK ManoKNIMHKEPHbIE, NeCYaHble U
BbICOKOMPOYHbIE BETOHbI, NHbEKLIMOHHbBIE 1 CAMOBbIPABHUBAIOLLNECS CyXIe CMECU ANs PeMOHTHbIX pa6oT. B LieNom nokasaHo,
4YTO B GNUKANLLIEA NEPCMEKTUBE AaHHbIA TUN BAXKYLLUX [OMKEH CTaTh OCHOBHbIM MPOAYKTOM LIEMEHTHOI NPOMbILLINEHHOCTY

B Poccun n 3a py6exom.

KnioyeBble cnoBa: KOMMNO3WLMOHHbIE LLEMEHTbI HU3KOM BOAONOTPEOHOCTY, YrNepoHas HeNTpanbHOCTb, OTXOAbI MPOMBILLSIEHHOCTH,

3KONOrMYHOCTb, 3HEProathPeKTUBHOCTb, PECYPCOCEEPEXEHNE.

Ins yutuposanus: XoxpskoB 0.B. KomMno3numoHHbIE LEMEHTbI HIU3KOW BOJONOTPEOHOCTH.
B03MOXXHOCTM 1 NepcneKkTBbl NPUMEHEHNS B CTPOUTENbHBIX MaTepuanax // CtpoutenbHele matepuainsi. 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
Ipo0JIeMbI IIPU3HAIOTCS IPUOPUTETHBIMM ISl BCETO Ye-
smoBevectBa [1—3]. Iloucku myTteit ux perieHus eie C
80-X IT. mMpOULIJIOro CTOJIETUSI MPUBENIU K pa3paboTke
Konienmm ycTounBOTO pa3BUTHUs, IPUHSITON B UIOHE
1992 r. B 1. Puo-ne-Xaneiipo. B Hosiope 2016 1. BCTymu-
J10 B cuity Ilapuskckoe corjaiieHue o KJaMMary, paTh-
unmpoBanHoe 193 ctpanamu (P® npuHsiia ero B CeH-
T6pe 2019 r., HOo He patuduuuponana). Lleapb
CoraiieHus1 — He JOTYCTUTh POCTa CpeaHEel TeMIepa-
Typbl Ha 3emite K 2100 1. 6o7ee yeM Ha 2°C 1 10OUTHCS
YIJIEPOIHOM HEUTPATBHOCTH (OajlaHC MEXTY BHIOpOCaMU

U TIOTJIOLIEHUEM MapHUKOBbIX Ta30B) K 2050 r. [Tpu aTom
[JIABHBIM 13 IIECTH MMapHUKOBBIX ra3oB IpusHaH CO»,
o o0beMy BbIOpOCca KOToporo Poccust 3aHUMAaeT yeTBep-
Toe Mecto B mupe. 2 uronst 2021 r. IlpesumeHt PO
B.B. Ilytun nonmucan 3akoH Ne 296 «O cokpallleHun
BBIOPOCOB MApPHUKOBBIX I'a30B», BCTYIMUBIIUN B CHJTY C
1 auBaps 2022 r.

KiouoM K penieHuo IJIo0aJbHBIX 3KOJOTMYECKUX
npo0JieM SBISIETCSI HAMETUBILUICS TEPexXo] MUPOBOIA
9KOHOMWKHM OT JIMHEWHOU MOAETN TTPOU3BOJCTBA U TIO-
TpebjeHus1 (100bIBaeM—HUCII0Jb3yeM—BbIOPAChIBAEM) K
LIUPKYJISIPHOM, TJIaBHBIM IIPUHIIAIIOM KOTOPOIA SIBJISIETCS
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BO3BpaT MCIIOJb30BAHHOIO IPOAYKTA U OTXOJOB €ro
MPOU3BOJACTBA [JIsI BTOPUYHOU mepepabotku [4, 5].
HupkynsapHasi 5KOHOMUKA, 1EJIbI0 KOTOPOW SIBIISIETCS
BOCCTaHOBJICHUE IIPUPOJHOrO, MPOU3BOACTBEHHOIO U
YeJIOBEUECKOTO KamnuTaia, a TakXkKe BO30OHOBJIEHUE pe-
CYpPCOB, MO3BOJIUT €XErogHO B MMPOBOM MaclluTabe Ha
100 MJIH T CHU3UTh 3aXOPOHEHHME OTXOHOB, COKPATUTH
npoMmbiluieHHble BoiOpockl COy Ha 45—65%, nosydyaTh
npuobLIb 1 TpiH nos. CHIA. I'maBHBI ITyTh peann3anuu
MIPUHITATIOB 3KOHOMUKM 3aMKHYTOTO IIMKJIa — 3TO BHE-
JIpeHUe HAWTYYIIUX TOCTYITHBIX TEXHOJIOTUM TTPON3BOI-
ctBa u norpednenus (HAT), cyTb KOTOPBIX COCTOUT B
9HeprocoepekeHM U MUHUMaJIbHOM HEraTMBHOM BO3-
neiicTBuM Ha okpyxarolnyio cpeay (HBOC) — BeiopocoB
1 cOpPOCOB OTXOJOB B aTMOC(EPY, BOIOEMBI, Ha 36MJTIO B
pacyeTe Ha €IMHUILY BpEMEHU WU Ha eAMHUILY IPOU3-
BOIMMO¥ TIPOIYKIINM (TOBapa).

Ocobag pojb B MpenoTBpallieHUM BbIOPOCOB YIJie-
KHMCJIOTO ra3a OTBOAUTCS MUPOBOW LEMEHTHOU WHIY-
CTpUM, Mpou3Boadlleil Gomee 4,6 MIpa T/T. 3TOrO
BaxKHEWIIero MpoOAyKTa JIs CTpoOuTenbcTBa [6—8].
LleMeHT — OCHOBHOI KOMIIOHEHT OeTOHa, a OETOH —
IJIAaBHBII CTPOUTEIbHBIA MaTepuaal B MUPEe — OTHOCHU-
TEJIbHO HEJOPOTOii, YHUBEPCAJIbHbII B UCTIOJb30BAHUH,
MTOJTy9aeMBIii IT0 HU3KO3HEPro3aTPaTHBEIM TEXHOJIOTHSIM
U3 JIETKOIOCTYITHOIO ChIphbsi. HoO IiaBHOE — 3TO enMH-
CTBEHHBIM CTPOUTENbHBIM MaTepuall, CIIOCOOHBIN OT-
BeyaTh MOCTOSIHHO PACTYyIIUM MOTPEOHOCTSIM YeIoBe-
yecTBa MPU OrpaHMYEHHBIX pecypcax. [1pm aTom GeToH
HEOrpaHWYEH B COBEPIICHCTBOBAHUU W MPUMEHEHUU
MHHOBaLlM.

TexHoJIorMsT TPOM3BOCTBA IIEMEHTA SIBJISIETCST SHEP-
FeTUYECKM U 3KOJIOTUYeCKU yuiepoHoii. Pacxon ycios-
HOTO TOIUTMBA Ha 00XUT KiauHKepa nocturaet 200 Kr/T,
a 3aTpaThl JEKTPOIHEPTUM Ha pa3IUYHbIE MEPeaebl U
momoJ coctaBisitor 121 kBtu/T 6e3m00aBoYHOrO 1Ie-
meHTa LIEM 0. ITpu npousBoacTBe 1 T KiMHKepa odopa-
gyetcst cBbiiie 900 kr CO; npu aekapOOHM3AMU W3-
BECTHSIKA U CXWTaHWM TOILIMBA IJIs OOXUra IIUXTHI.
DHepro- M 3KOJOormIecKas yIepoOHOCTh ITPOM3BOJACTBA
MOPTIAHAIIEMEHTa BBIHYIMIA YCTAHOBUTHL IJISI HETO W
0eToHa KpUTEePUl KITMHKEPOEMKOCTH, T. €. YeM MEHbIIIE
KJIMHKepa B IIEMEHTe, a [leMeHTa B OETOHEe, TeM BBIIIIe
MmokasaTejb MX 3KOJOTMYECKOl pe3yJbTaTUBHOCTU B
CTPOUTEIIBCTBE.

Haubonee pacnpocTpaHeHHBIM (TpaaULMOHHBIM)
CIOCOOOM CHMXKEHUSI KIMHKEPOEMKOCTH B MHPOBOIt
LIEMEHTHOM IMTPOMBIIIVIEHHOCTH SIBJISIETCS IIPOM3BOACTBO
CMEIIaHHBIX (KOMIO3ULIMOHHBIX, MHOTOKOMIIOHEHT-
HBIX) IIEMEHTOB, «pa30aBJICHHBIX» TOHKOMOJOTBIMU 0~
0aBKaMM MPUPOIHOTO UM TEXHOT€HHOTO MPOUCXOXKIE-
Hus [9, 10]. OmHaKO OHM UMEIOT psII HEIOCTATKOB, Ta-
KNX KaK ITOBBIIICHHAs BOHOITOTPEOHOCTh, MEHbIIAS
aKTUBHOCTb IO CPaBHEHMIO ¢ 0€3100aBOYHBIMU BSIXKY-
IIUMH U JIP.

B HacTosiiee BpeMs U B TEPCNEKTUBE €IMHCTBEHHbI-
MU IIeMEHTaMM, B KOTOPHIX, C OMHOI CTOPOHBI, HAM0O-
siee 3(ppeKTUBHO peaTnu3yoTCsl BO3MOXHOCTHU KIMHKepa
U1 MUHEPaJIbHBIX 100aBOK, a C IPYroif — OHU OTBEYAIOT Ha

Cblpbe, pasHOBUAHOCTU 1 Mapkn LIHB
Raw materials, varieties and grades of LWDC

TJIOOATBHBIN SKOJIOTUICCKUM BBI3OB, SIBJISIIOTCS LIEMCH-
Thl HU3KOH BogonoTpedHocTr (LIHB). D10 oTeuecTBeH-
Has pa3padorka 80—90-xx IT. IPOILIOTO CTOJCTHUS, KO-
Topas TIOJyJaceTcs IyTeM coBMecTHoro momosa ITII-
KJIMHKepa i 0e3100aBOYHOr0 lieMeHTa C MUHEPaJIbHBIM
HAITOJTHUTEJIeM W BomopacTBopuMbIM [TAB (cymeprura-
ctupukatopom) [11, 12]. Bspkyiuue kinaccuuuupyoT
Ha LIHB-100, 70, 50, 30, roe yncao o3HavyaeT comepKa-
Hue (B %) 1ieMeHTa (M1 KIIMHKepa) o Macce. Mapka o
MPOYHOCTHU MPU CKATUU MOXKET BapbupoBaThes oT 300 1o
1100 (cM. puCYHOK).

JoctounctBoMm LIHB siBisiercst To, 4TO OHM:

— aHAJIOTWUYHBI MOPTIAAHALIEMEHTY IO MPOCTOTE TeX-
HOJIOTMH TIPUMEHEHMST B OETOHAX U APYTUX MaTepurajax;

— IO3BOJISIIOT «pa30aBUTh» (HAIIOJIHUTDH) IOPTIAHI-
IIEMEHT JIeIIeBEIMHA TIPUPOIHBIMIA TOPHBIMU TTOPOJAMU
WJIM KPYTTHOTOHHAXKHBIMU IMPOMBIIILIEHHBIMU OTXOJaMU
IO COOTHOIICHUI TOPTIaHAIeMeHT/HarmoaHuTe b 20:80
C TOJIyYeHHEM MapKW BSDKYILIEro Ha YPOBHE MPOMBIILII-
JICHHBIX IIEMEHTOB;

— II0 TEXHOJIOTMU TIPOM3BOACTBA — 3KOJOTMUYCCKU
YUCTHI, TaK KaK OTCYTCTBYIOT BBIOPOCH B OKPYKAIOIIYIO
cpeny KaKux-JIM0O ra30B VI ITBUIN;

— MPOU3BOACTBA MajoKJIMHKepHbIX IITHB (rmomons-
HbIE KOMIUIEKCHI) MOXXHO pa3MellaTh BOJIM3U MOTPEOU-
TeJIC-IIPON3BOANTENIEl OETOHA M Kejle300eToHa WU
BOJIM3U KPYITHBIX OTBAJIOB MOAXOSIIIMX IO COCTaBY MPO-
MBIIIJICHHBIX OTXO/IOB;

— 110 00JIaCTU MPUMEHEHUST MOTYT BBIITYCKAThCS HE
TOJBKO B BHJIE MAJIOKJIMHKEPHOTO BSIKYIIETO IS 00-
IIEeCTPOUTEIBHBIX PA0OT, HO W CITEIIMAJILHOTO Ha3Haue-
HUS (BBICOKOAKTHBHOE, OBICTPOTBEPACIOIIee, HAapsTa-
oliee 1 ap.).

K texunyeckum poctouHcTBam LIHB oTHOCSTCS BbI-
COKasl TeXHOJIOTMYHOCTD, CBSI3aHHASI ¢ HAJIMIMEM B €TO
cocTaBe cynepruiacTudukaTopa U (QYHKIMOHAIBHOTO
HAIIOJHUTEJIA, HepaccllauBaeMOCTh OCTOHHOI CMecH,
YCKOPEHHBII HAOOp TTPOYHOCTH, BO3MOKHOCThD ITOJTyJE-
HUsI BBICOKOIIPOUHBIX OETOHOB U TIp.

HecMoTpst Ha HaKOIJICHHBI 00BEM SKCIIEPUMEH-
TabHBIX JaHHBIX 1O IIHB 1 6eToHOB Ha MX OCHOBE, He
W3y4YeH Psii BaXKHEMIITNX BOIIPOCOB I10 TEXHOJIOTHU I10-
JIyICHUS, BIUSHUIO HAITIOJHUTENICH pa3IMIHON TIPUPO-
Ibl M MEXaHU3My IUIacTU(MUKALIMK LIEMEHTHO-BOIHBIX
cycnieHsnit. Crroco6 momyuenus IITHB orpanmumBaercs
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Results of scientific research

Ta6nuua 1
Table 1

CpaBHUTeNbHbIE CBOMCTBA KAap6GOHaTHbIX U KpeMHe3eMucTbix LLHB-50, npuroToBneHHbIX MO pa3HbIM TEXHOJIOTMSIM 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 N3BECTHSKE Ha KBapLUEBOM Nnecke 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 OTHOLEeHne 0,28 0,27 0,28 0,27
AKTUBHOCTb Npu n3rmube/cxaTnn B
YCNOBUSIX HOPMAJIbHOIO TBEPLAEHUS
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 XWMMYECKOTO
MoIrdUKaTOpa UCIOIL3YIOT TOJILKO CYIepIiacTuguKa-
TOP, TJIaBHBIM 00pa3oM Ha HaTaIMHGbOPMaIbAeTUIHON
OCHOBE, a JIJIsl HATIOJIHEHUST — KPEeMHE3eMCOoIepXKalliue
MUHEpaJIbHbIe 00aBKU (KBaplieBble Teckn). B cBs3m ¢
3TUM pa3pabOTKa HOBBIX KOMIO3UIIMOHHBIX LIEMEHTOB
HU3KOU BOIOMOTPEOHOCTU C PACHIUPEHHON ChIPHEBOM
0a30il 1 00JIACTbIO MPUMEHEHUS SIBJISIETCS aKTyaJIbHOM
3a/a4yeil B MaTepuaaoBe4ecKOM, IKOJIOTMYECKOM U 3KO-
HOMMYECKOM acIieKTax.

Paccmotrpum psia komno3unmoHHeix LTHB u ctpou-
TEJbHBIX MAaTePUAJIOB Ha UX OCHOBE, TPUTOTOBJIEHHBIX C
HCTOJIb30BAaHUEM Pa3IMIHOIO 110 MIPUPOJIE ChIPbSI.

Kapoonarusie IIHB

Becbma mpuBieKaTeNbHBIMU C TEXHUKO-3KOHOMMU-
yeckoit Touku 3peHus sapiasiorcs LIHB, nmonyyeHHbie ¢
HCITOJIb30BaHWEM KapOOHATHBIX mopo [13], mMOCKoIb-
Ky OHM (M3BECTHSIKH, JTOJIOMUTHI, JOTOMUTHU3NPOBAH-
HbIE M3BECTHSIKM) — CaMble PAacIpOCTPaHEHHBIE TOP-
HbIE MMOPOJIBI OCATOUHOTO IMPOUCXOXKICHMS B €BPOIIeii-
ckoii yactu P®, rie ”MeroTCs COTHU MECTOPOXKIEHUIA.
KapboHatHble mopoabl SIBIASIOTCS HauboJjiee AOCTYI-
HBIM U JEIICBBIM CBIPhEM, B YACTHOCTH 3TO KacaeTcs
BBICEBOK (MEJIOUN) IPOOUIBHO-COPTUPOBOYHBIX Y3JI0B,
KOTOpBIE, MO CYTHU, SBISIOTCA oTrxomamMu. OTaudum-
TeJIbHasi 0COOEHHOCTh 3TUX MOPOJl — BBICOKAs pa3Mo-
JIOCIIOCOOHOCTh B CPaBHEHUM C KpPeMHe3eMCOIepKa-
UM ChipbeM (B 2—3 pasza), 4To, OYEBUIHO, CHIXAET
MPOIOLKUTEIbHOCTh M3MEIbYECHUSI U DHEpPro3aTpaThbl
Ha npousBoactBo IIHB. Bonee 50 nmer Hasam Obuio
ycTaHOBJIeHO [14], uTo KapOOHATHBIE TTOPOIITKN YMEHb-
1IaI0T BOAOIOTPEOHOCTh, paccjianBaeMOCTh U BOIOOT-

nejieHrue OETOHHBIX CMeceil, MOBBIIIAIT UX MIACTUY-
HOCTB, IIJIOTHOCTb, OMHOPOTHOCTb, CHMXKAIOT YCAIKYy,
BOJIOMOIJIONICHUE U TEIIOBbIACACHNE TIPU TBEPACHUU
OETOHOB.

OpmHako TPAAUIIMOHHOE M3TOTOBJICHUE ITUX BSKY-
IIMX MYyTEM COBMECTHOIO IOMOJia OKa3bIBaeTCsl Hedd-
(eKTUBHBIM, TTOCKOJIBKY KapOOHATHBIC TTOPOIBI MMEIOT
nmo 1kajle Mooca HEBBICOKYIO TBepIOCTh (3—3,5)
B CPAaBHEHUU C TOPTJIAHALEMEHTHBIM KIMHKEPOM
(6—6,5). DTO MPUBOAUT K OIEpEeXKAIOLIEMY M3MEJIbYe-
HUIO 3aMeIIaI0IIero HAITOJHUTEISI U HEAOU3MEIbUeHUIO
kiauHKepa. B cBsa3u ¢ aTuM kapo6oHatHbeie LIHB teneco-
oOpasHee IojJydyaThb IO pa3fAeJbHON TEXHOJIOIUU
(Tab. 1), a UMEHHO MyTeM MEPBOHAYAIHLHOTO MU3METIhb-
YeHUs TOPTIaHILIEMEHTa C CyNepIIacTU(UKATOPOM
(IIHB-100) 1 mocienyolmmuM UX 10MOJIOM ¢ KapOOHaT-
HOW TTOPOIOH.

MHBbIMU 1OCTOMHCTBaMU, KOTOPBIMM 00JIaal0T Kap-
o6onatHbie LIHB, gaBnsitoTcs:

— BBICOKAsl TEKYYEeCTb M CBSI3HOCTb, IO3BOJISIONIAS
IOJy4yaTh CaMOHMBEIUPYIOLINECS OCTOHHBIC CMECH U
0TKa3aThCsT OT BUOPOYTUIOTHSIIONIETO 000PYIOBaHUS;

— MOBBIIIEHHAsI paHHSS MPOYHOCTh 3a cUeT 00pas3o-
BaHUS THIPOKAPOOATIOMUHATOB KaJIBIINSI, 9YTO TTO3BOJIUT
COKPaTUTh CPOKM pachaqyoOKu MOHOJIUTHOrO OeToHa U
CHU3UTD 3aTpaThl HA TEIJIOBIAXKHOCTHYIO 00pabOTKy Ha
3aBonax KbU;

— 3HAUMTEJIbHASI COXPAHSIEMOCTDb MOABMXKHOCTH, YTO
TTO3BOJIUT YBEJTMIUTH PAJINYC MTOCTABOK TOBAPHOTO OETO-
Ha 0ETOHOCMECHUTEIbHBIMU YCTAHOBKAMU U YMEHBIIUTh
3aBUCHUMOCTh OT aBTOMOOMJIBHBIX IPOOOK B KPYITHBIX
ropojax;

— MOBBIIIEHHbBIE 3alllUTHBIE CBONCTBA MO OTHOIIIE-
HUIO K CTAJIbHOM apMartype B 3Kejie300€TOHE, MTOCKOJIbKY
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Ta6nuua 2
Table 2
CpaBHuTeNbHble GU3NKo-MexaHudeckme ceovictea LLEM | 42,56 u LIHB Ha 3one-yHoca
Comparative mechanical-and-physical properties CEM | 42,5B and LWDC on fly ash
LIHB-30 LIHB-50
[MokasaTenb LEMI 42’5I§ c cogepxanmem Crl-1 (% ot LIHB)
MOPOOBCKUI
1 2 1 2
YpaenbHas NnoBEPXHOCTb, 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
HOPMabHOro TBepaeHus Yepes, Mlla:
1cyr 3/13 3/14 3/12 4/20 4/23
28 cyt 6/49 6/51 6/57 7/63 7/70
Mapka BsiXyLLEro no NPOYHOCTM NP CXaTun 500 500 550 600 700
Ta6nuua 3
Table 3

CpaBHuTenbHble cBovicTBa NMNL50040 u LLHB-50
Comparative properties of PC500D0 and LWDC-50

Mu500400 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 cxBaTblBaHUS, 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 yCIOBUSX
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 cxaTumn 500 600 600 800

KapOOHATHBIE HATOJHUTEIN HE B3aUMOIECHCTBYIOT C
TUIPaTHOM U3BECTHIO U He CHUKaloT pH.

ITHB Hna 30;1ax-yHoca 1 30JI0ILIAKOBBIX OTX0AAX

Okosio 80% 251eKTPOIHEPTUM, BbIpaOaThbIBACMOIl B
Poccuu, mpuxonutest Ha OO TETIIOBBIX JIEKTPOCTAH-
LM, CXKUTAIOLIMX TBEPAOE TOIIMBO [15, 16]. I3 MuHe-
panbHOM YacTH ITOCJICIHEro oO0pa3yrTCs MUJIIAOHBI
TOHH 30JI-yHOCa M 30JI0IIJIAKOBBIX OTXOIOB, KOTOPHIE
YIAJISIIOTCSI COOTBETCTBEHHO 4epe3 JIeKTPOPUIbTPEl U
1O cUcTeMaM THIpoyaaieH!s. DTU OTXOAbI HAIUTH TITH -
pOKO€ NMPUMEHEHME B MPOU3BOACTBE CTPOUTEIbHBIX Ma-
TepuaaoB. B oCHOBHOM ObLIM MTOJyY€Hbl UCKYCCTBEHHBIE

MMOPUCTBIC 3aMOJHUTEIN [JIS1 JITKUX O€TOHOB (aryiono-
PUTOBBI U 30JIbHBIN TpaBuii, 6€300KUTOBBINA TpaBUit
U T. 1I.), INIMHO30JbHBIM KMPIIWY, BSIKYIIME (3070M0PT-
JIAHJLIEMEHT, U3BECTKOBO-30JIbHbIN LieMeHT, T1L ¢ mu-
HepalbHbIMU gobaBkamu, [1LI — kiuHKep ¢ 30J0i1
WU T. I.) U Ap.

OpHako 0coO0eHHO 3(h(EKTUBHO 30JbI-yHOCA MpPO-
aBisiioT ce0s1 B coctaBe LIHB. HecMmoTpst Ha moBbILIeH-
HYIO JUCIECPCHOCTb 3TUX OTXOIOB, UTO HETaTUBHO OT-
paxaeTcsl Ha BOIOMOTPEOHOCTU OETOHHBIX CMeceil, MO-
ryT ObiThb monydeHsl [IHB ¢ Bbicokumu ¢usuko-
MeXaHUYeCKMMU nmokaszareasimu. B Tabii. 2 npeacrasie-
HBI pe3yabTaThl HCIBITAaHUI 30JBI-yHOCa [ycuHO-
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Ta6nuua 4
Table 4
CocTaBbl TSXeJbIX GETOHOB
Compositions of heavy concrete
Pacxon, MmaTepranos, Kr/m3
Cocras Bun uemenTa LLleGeHb 13 rpasus Mecok Cn-1 (% ot
LlemeHT _ Bopna
odp. 5-20 Mm Myp=2,5 Macchl LeMeHTa)
1 LIEM 142,56 2,1(0,5) 160
420 1180 680

2 Kap6oHaTHblii LIHB-50 - 115
Ta6nuua 5
Table 5

CpaBHUTesbHbIE CBOACTBA TAXebiXx 6€TOHOB
Comparative properties of heavy concrete
YpaenbHbi pacxop, Ha ef.
MnoTHOCTL MpourocTs npu cxatun, Mia npo4YHocTun, kr/Mrla
Coctas OK, cm BGETOHHOA
cmecu, kr/m3 nocne B BO3pacTe
NpONapuBaHMsA 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» (Pecryonnka
Bypstus, r. Ynan-¥Yns), odpasytoieiicsa npu cKuraHuu
yris TyrHyiickoro paspesa.

Kaxk BumHO 13 Tab1. 2, maxke Mpu COAep>KaHUU 30JTbI-
yHoca B KojuuectBe 70%, obecrneuuBaeTcsi BO3MOXK-
HocTh mosrydyeHust IITHB-30 mMapok mo mpoyHOCTH mpu
cxxatun Ha ypoBHe 500—550. ITpu 50%-M comepXaHUK
aToro orxona monydeH LIHB-50 ¢ mMapouyHoii nmpouyHo-
cThio Tipu cxkatum 10 700.

IIHB ¢ ucnoyib30BaHNEM 1OMEHHBIX
U j1eKTpoTepModochopHbIX HLIAKOB

Homennsbie nwtaku (1) u anexkTporepmodocdop-
Heie (DTOII), o cyTH, SIBISIOTCS BTOPBIMU ITO 00BEMY
KPYIMTHOTOHHAXXHBIMM KPEMHE3eMCOAEPXKAIIUMU OTXO-
IaMu, TIpobeMa YTHIN3allui KOTOPEIX OCTPO CTOUT BO
BceM mupe [17, 18]. B cTpoutenbcTBe, Kak Hauboliee
eMKOM OTpaciu IepepabOTKM OTXOMOB, 3TU ILJIAKHU
HaIIM TIPUMEHEHNE B KAayeCTBE KPYITHOTO M MEJIKOTO
3allOJIHUTENISI B ILIEMEHTHBIX OETOHAaxX, B JOPOXKHBIX
OZIeXXIaxX M HACBHITISIX, B KAUSCTBE CAMOCTOSI TEIbHBIX TOH-
KOMOJIOTBIX aKTUBHBIX KOMITOHEHTOB LIEMEHTHBIX O€TO-
HOB U ZIp.

Oka3zayioch, 4TO LIIaKU He MeHee 3((HEKTUBHO MPO-
apistioT ceds1 u B LIHB. Kak u B ciyyae ¢ 3o01amu-yHoca,
00a 11T1aKa 06ecreyrnBaloT BICOKHE (PU3UKO-MEeXaHUYe-
ckue nokaszareau LIHB u nuiibs He3HAUMTEIbHO 3aMe-
JISIIOT CPOKM CXBAaTBIBaHMSI LIEMEHTHOTO TecTa (Tab. 3).

M3 Tabu. 3 BULHO, YTO Ha OCHOBE YKa3aHHBIX OTXOIOB
obecneunBaetrcs noixydeHue LIHB-50 ¢ mapouHoii mpou-
HocThIO TIpu cxkatuu 600 mpu ucnonbzoBanur DTOL n
800 — Ha ocHose JI111.

Komnosunuonnsie IITHB
B CTPOUTEJIbHBIX MATEpUAIAX

B03MOXXHOCTb MCITOJIb30BaHUS B COCTaBE KOMITO3M-
umoHHBIX LIHB HOBBIX XMMHUUYecKUMX MOAM(PUKATOPOB
(kpoMe cyriepriiacTudukaTopa) U HaAIMOJHUTENEH, Kak
TEXHOT€HHOI0, TaK W MPUPOLHOTO MPOUCXOXKIEHUS, a
Takke BbIOOpa Hambojiee 3(h(GEeKTUBHBIX CXeM IIOMOJIa
TTO3BOJISIET BBIITYCKATh CTPOUTEIbHBIE MaTepHallbl pa3-
nuyHoro HasHaueHus. Ha ocHoBe ILIHB 6e3 orpanuue-
HUI, HATTPUMEP, MOXET OCYIIECTBIISATHCS TTPOU3BOACTBO
PSIOBBIX OETOHOB /U1 COOPHOI'O ¥ MOHOJIUTHOTO CTPOM-
TEJIbCTBA, CYXUX CTPOUTEIBHBIX CMECEi 001LIeCTPOUTEIb-
HOTO U CIeMaJbHOTO Ha3HAYECHUSsI, STYEUCTHIX, BHICOKO-
IIPOYHBIX, CAMOYIUIOTHSIOIIMXCSI, MEJIKO3CPHUCTBIX U
JIPYTUX BUIOB OETOHOB.

[IpencraBuM HEKOTOPBIE BUABI CTPOUTEIIBHBIX MaTe-
pHUAaIoB, B KOTOPbIX KoMo3uLroHHbie LIHB nposiBisior
cebs1 HauboJiee aPHEKTUBHO.

MaJIoKJIMHKePHbIE IIeMEHTHbIE 0E€TOHBI

Kak Ob1710 0TMEYeHO paHee, KIMHKEPOEeMKOCTh 1ie-
MEHTa CTajla OCHOBHBIM TTOKa3aTeJIeM B 9KOJOTUIECKOU
pe3yJbTaTUBHOCTH CTPOUTEJIbCTBA. bbUI  BBeIeH
EBpocranmapt EN197-1-2000 Ha 11eMeHT, KOTOPBIii pe-
IJIAaMEHTUPYET M CTUMYJIMPYET BBIITYCK U TPUMEHEHUE
MaJIOKJTUHKEPHBIX KOMMO3ULIMOHHBIX LIEMEHTOB, IO
CyTH, MHOTOKOMITOHEHTHBIX (Bcero 27 BunmoB). B Poccun
9Ta TEHICHIMS CETrOAHs OTpaxkeHa B OOHOBICHHOM
I'OCT 31108—2020, KoTOpbIli BCTYNUI B CUITY C STHBApSI
2022 r. OH gonyckaeT coiepKaHue 3JeKTpoTepModoc-
(OpHBIX U JOMEHHBIX IIUTAKOB 10 95%, cienoBaTebHO,
KJIMHKEpHasi 4acTh B COCTaBe IIEMEHTa HE IPEBBIIIACT
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Tabnuua 6
Table 6

CocTaBbl U CBOMCTBa nec4yaHoro 6etoHa Ha MNL50040 u LUHB-50
Compositions and properties of sand concrete for PC500D0 and LWDC-50

Pacxon, MaTepuanos, kr/m3 MoOBMXHOCTb MpoyHocTb Npu narnbe/cxatunn, 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
Tabnuua 7
Table 7
CocTaebl u cBoiicTBa 6eToHOB Ha LLHB-100
Compositions and properties of concrete on LWDC-100
Pacxopn matepunanos, |<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 rpymmbl LIEM 111), uTto cooTHOCHTCS € O-
3UPOBKOM XMMHUYECKUX T00aBOK.

HecMmotps Ha 3T0, TeKylasi CTpyKTypa CIIpoca OCHO-
BBIBACTCS Ha OOIIEeM CHIKCHUN KYJIbTYPBI MCIIOJIB30Ba-
HUS LIeMEHTa 110 Ha3HaueHuto. Hepenko BMecTo maio-
KJIMHKEPHBIX 1LIEMEHTOB HCIIOJb3YIOT 0e3100aBOYHbIE,
Hanpumep ITI50010, IEM 0 u IIEM I, anst npousBoa-
CTBa KJIAAOYHBIX U IITYKATYPHBIX PaCTBOPOB, XOTS MPU
BBIITYCKE MHOTHX CTPOUTEIBLHBIX MaTEePUAJIOB SKOHOMHU-
YECKU U TEXHUYECKU 11eJ1eCO00pa3HO MPUMEHSITh HU3KO-
MapoyHbIe W J00aBOYHBIC LIEeMEHTHI. [IpakTUKy yMeHb-
LIEHUs JOJU ILIAKOMOPTIAHALIEMEHTa U YBEJIUYCHUS
IO BBICOKOMAapPOYHBIX IIEMEHTOB 03 T00aBOK CIICAyeT
MMPU3HATH SKOHOMWYECKU U SKOJOTHUECKH OIIMOOUHOIA.
OHa NMPUBOIUT K YBEINUYEHUIO Ce0ECTOMMOCTH LIEMEHTa,
OeTOHA M CTPOUTEIILCTBA B IIEJIOM.

C apyroil CTOpPOHBI, 1IEHbl Ha LIEMEHT, CBSI3aHHBIE C
WHQISIIAOHHBIM aBIeHWEM M POCTOM TapudoB Ha
TPaAHCHOPTHBIE NIEPEBO3KU, DJEKTPOIHEPTHIO, a3 U BOLY,
€XEeroJHO BO3pacTaT Ha 5—7%. DT0 HEU30EXKHO IOI-
TOJIKHET TTPOM3BOIUTENICH 1IEeMEHTHEBIX MaTepHUaioB N3bI-
CKMBATh CITOCOOBI MOBBILIEHUSI KOHKYPEHTOCITOCOOHOCTHU
MIPOAYKIIMU, OTHUM M3 KOTOPBIX MOXET CTaTh IIMPOKO-
MacilTabHoe MPUMEHEeHNe MaJTOKJIMHKEPHBIX IIEMEHTOB.

OueBugHo, yto LIHB B HaubomblIeit cTereHn oTBe-
YaOT KPUTECPUIO KIMHKEPOECMKOCTH, MTOCKOJIBKY B HUX
nonHee U 3(P@eKTUBHEE peanu3yloTcsT BO3MOXKHOCTU
KJIMHKEpa M BTOPBIX 3aMEIIAroNINX KOMITOHEHTOB. [1o
sTomy Kputepuio LIHB cyecTBeHHO mpeBocxoasiT 00-
IIECTPOUTEIbHBIC IIEMEHTHI, B TOM YMCJIC ¥ €BPOIICHCKIX
npousBoauteneii [19]. Ilpu atom LIHB 1 6GeToHbI Ha KX
OCHOBE OTBEUYAIOT CAMBIM XKECTKHUM DKOJJOTMUYECKUM Tpe-
0OBaHUSM 10 yIeJbHBIM 00beMaM BbIOpOCA YIJIEKUCIO-
ro rasa B atMocepy.

B Tab1. 4 npencraBieHbl CPaBHUTEIbHBIE COCTABBI U
cBoiicTBa (Taby. 5) Tsxeynoro OeTOHAa Ha PsIOBOM
LHEM 1 42,5b u xap6oHatHom LIHB-50.

Kaxk BugHO 13 TabJ1. 5, yAEAbHBINM pacxol LieMeHTa U
KJIMHKepa Tskenoro 6erona Ha [ITHB-50 cymecTtBeHHO
HIXE B CPABHEHUU C PSITOBBIM OETOHOM, MTPUTOTOBJIEH-
HBIM C MCITOJIb30BAaHMEM OOIIECTPOUTETHLHOTO LIEMEeHTA
LHEM 142,5B.

ITecyaHbie MeJIKO3ePHUCTBIE OETOHDI

Bo MHorux pernoHax ctpaHbl MO0 BOOOIIE HE UME-
eTCSI MECTOPOXIECHMIA KPYITHOTO 3aIlOJTHUTEISI, 00
OHU MPEICTaBICHbI CJa0bIMU OCAaZOUYHBIMM MTOPOAAMU,
KaK, HalIpuMep, U3BECTHSIKM U JOJIOMUTHI B TaTapcTaHe,
MPaKTUISCKN HETPUTOMHEBIC IS TIPOM3BOICTBA KOH-
CTPYKLIMIA 13 Xene3o0eTtoHa. I[ToaTomy mosyyeHue Ka-
YEeCTBCHHOT'O OCTOHA C MCITOJIB30BAaHNEM MECTHOTO ChI-
pbsl, B YACTHOCTHM KBaplieBOIO Iecka, UMEeT ISl TUX
pernoHOB Oosbiioe 3HaueHMe. CBOWCTBA IECYAHOTO
OeToHa ompeAessloTcsl TeMU ke (akTopaMu, 4TO U
00b1yHOr0. OMHAKO IEMEHTHO-IIECUaHbII OETOH MUMEET
HEKOTOpBIe 0OCOOEHHOCTH, 00YCIIOBIEHHBIC CTPYKTYPO,
IIJIS KOTOPOI XapaKTepHbl OOJbIIas OTHOPOAHOCTb U
MEJIKO3€PHUCTOCTh, BBICOKOE CONIEpsKaHNE IIEMEHTHOTO
KaMH$I, OTCYTCTBUE KECTKOro KAMEHHOI'O CKeJleTa, Mo-
BBIIIICHHBIE TTOPUCTOCTh M yAeJlbHas MexkdasHas I10-
BEPXHOCTb.

B psine ciydaeB necyaHblii 6eTOH MMeeT 00Jiee BLICO-
Kre (PU3MKO-MEXaHUIECKNE XapaKTePUCTUKU M JTOJITO-
BEYHOCTb, YeM OETOH Ha KPYMHBIX 3aMOJHUTENSIX, YTO
IMO3BOJISIET CHU3UTHh MaTePUaJIOEMKOCTb M ITOBBICUTH
SKCIUTYaTallMOHHYIO HaIeXKHOCTh KOHCTPYKIMIA. [TOBBI-
IIEHHAasl TIPOYHOCTb IPU MU3rMOE M BOJOHEIPOHMIIAe-
MOCTBH ITO3BOJISTIOT MCITOJIb30BaTh IECUYaHBI OCTOH UIS
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Ta6nuua 8
Table 8
Knaccudukauusa cyxmx MHbeKLMOHHbIX CMeCen, NoJly4eHHbIX Ha OCHOBe pa3nu4Hbix 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 n3secTtkoBo- CyNbdOANIOMIHATHORO
kap6oHaTHbIX LIHB-50 (BbICOKOMPOX.) kapboHaTHoro LJHB-50 Y
LIHB-100
10 KPynHOCTK YacTUL, CMecu ToHkoAMcnepcHble
LlemeHTHbIe,
Mo BuAay BsXyLLErO LlemeHTHbIE M3BECTKOBO-LIEMEHTHbIE
cynbdoantoMMHaTHbIE

> MHBEKLMOHHbIE + + + +

S

2 2 | pemoHTHbIe + + + +

o S

83| o5
S 53 :ozsg:%-smenmue * * * *

5o

=

®

é T | KOHCTPYKLMOHHbIE - + - +

© rMaponN3oNnsLNOHHbIE - + - +
Mo cnocoby HaHeceHWs MexaHn3anpoBaHHOe
Mo ycnoBusim npumMmeHeHns Lns HApY>XHbIX N BHYTPEHHUX paboT
Mo ckopocTu TBEPAEHNS HopmanbHOTBEpPAEOLWME BeicTpoTBEpPAEOLLINE

MOPOXHBIX ITOKPHITUI B paiioHAaX, IZIe HET XOPOIIEro
meoHs u, o MHeHuIo [20], TpuMeHeHNe BhICOKOTIPOY-
HBIX TOPOKHBIX OETOHOB ¢ MEJIKO3EPHUCTOMN CTPYKTYPOt
HanboJiee 1eJiecoo0pa3Ho JJIs1 TOBBLIIIEHUS JOJITOBEY-
HOCTHU ITOKPBITUIA.

J1s1 cpaBHUTEIbHO OLICHKM OBLIM ITOA00paHbI U UC-
MbITaHbI JBa cocTaBa IlecyaHoro OetoHa Mapku 500
Ha Oe3mgobaBoyHoM mnopTiaaHauemente I[1L1500 10
OAO «BonbckiieMeHT» 1 Ha KapooHaTHOM LTHB-50 (mo-
nomuT BacunbeBckoro kapbepa Pecnybnuku Tartap-
CTaH M CyXOW MOJMKApOOKCUJIATHBIN cymepruiacTudu-
karop 1701, 0,5% ot maccel LIHB). B kauecTBe 3amonHu-
TeJs MCIIOJAb30BaH KBapLEBbI IeCOK ¢ Mg=2,65.
IMombupanu cocTaBbl paBHOIIOIBVKHEBIX OCTOHHBIX CME-
ceil. Pe3ysibTaThl IpeaCcTaBieHbI B Ta0I. 6.

Kak BumHO 13 Tabi1. 6, BOAONOTPEOHOCTh OETOHHOI
cmecu Ha LTHB-50 Hike Ha 70 J1 ipu ITOYTH paBHOM IO~
BIDKHOCTH (UTO OXXUIAEMO), HO IMIPOYHOCTH IIPH M3THOE
rmecyanoro 6eroxHa Ha LIHB-50 mocie TeruroBmaskHOCT-
HOU 00pabOTKM HECKOJIBKO MEHbIIE, 4eM y OeTOHa Ha
I111500 10, omHako oHa BhIIIe TTocae 1 1 28 cyT TBepae-
HUSI B HOpMaJIbHO-BJIaXXHOCTHBIX yCiIoBuUsiX. [IpouHOCTD
npu cxxatuu 6etoHa Ha LIHB-50 BeIlIe, 4eM y KOHTPOIb-
Horo, Ha 10% B Bo3pacte 28 CyT HOPMaJbHOI'O TBEPIC-
Hus. PaHHsa (CyTo4yHasl) NMIPOYHOCTH IPEBBIIIACT KOH-
TpOJIbHYIO Ha 27%.

Takum oOpa3oM, B mecyaHbIX OETOHAX TAKXKe 1LIEeJIeCO-
obOpa3Ha 3aMeHa 1iemeHTa Mmapku ITI500 J10 Ha LITHB-50.
ITpu aTOM BOIOMOTPEOHOCTH CMeceil TIpU paBHOM MO -
BUXKHOCTU YMEHBIIIAETCsI, a MPOYHOCTh OETOHA HE CHU-
xaetcs. Kpome Toro, agppexktuBHocts [LITHB-50 He 3a-
BUCUT OT MOIYJISI KPYITHOCTY U (bpaKIIMOHHOTO COCTaBa
IMPUMEHSIEMOTO TTecKa.

BricokonpouHble eMEHTHBIE OETOHBI

CoBpeMeHHBII TPEHJ B MUPOBOM CTPOUTEILCTBE —
BBICOKOTIPOYHEIC IIEMEHTHBIC OCTOHBI, KOTOPEIC IPU-
MEHSIOT JISI TPOM3BOACTBA HECYIIUMX KOHCTPYKIIMIA.
Hecmotps Ha 00JbIIION pacxomd IeMeHTa, BEICOKOIIPOY-
Hble OETOHBI TTO3BOJISIIOT CHU3UTH pabouyue CeYeHus He-
CYIIIMX 2JIEMEHTOB U COOTBETCTBEHHO UX O0BEM, PACXOI
apMaTypHOM CTaJIM M B 1IeJIOM MacCy KOHCTPYKIINI. DTO
MO3BOJISIET AOCTUTHYTh CYIIECTBEHHOTO TEXHUKO-3KO-
HOMUUYECcKOro 3(ddekTa 3a CUeT COKpalleHUs oObema
MaTepUaJoB U CTOMMOCTU CTPOMTEIbHO-MOHTAXKHBIX
pabor [21].

MexaHoxuMuueckasl aktuBalus uemeHta B LIHB u
HU3KHUE 3HaUYCHUS BOAOIIEMEHTHOI'O OTHOIIIEHUS TTO3BO-
JISTIOT MaKCHUMAaJIbHO WMCIIOIb30BaTh WX ITPOYHOCTHBIC
pecypchl. IX mpuMeHeHure, B CBOIO ouyepe/ib, JaeT BO3-
MOXKHOCTb ITOJTYICHMSI BHICOKOIIPOUHBIX OCTOHOB C KJ1ac-
camu 6osree B60.

ITogGop M ucneITaHME cocTaBa 3TUX OETOHOB OCY-
IIECTBIICH aBTOPOM IT0 OOBIYHBIM JIJIST TSKEJIBIX IIEMEHT-
HBIX OETOHOB METOAMKAM, HO C yYYETOM ITOBBIILIEHHOM
aktuBHoctu [IHB M uX HU3KON BOmOMOTPEOHOCTH.
MzrorasnuBanu o6pasubi-Kyosr 10xX10X10 cMm, TBepae-
HHUE KOTOPBIX MPOUCXOAWIO B HOPMAJIBHBIX YCJIOBUSIX
(1 m 28 cyt), a Takke ¢ mpumeHenreM TBO (3+6+3 4
rnpu Temieparype uzorepmuu +80°C) ¢ npenBapuTesib-
HoIi BeIAepkKoi 1ipu 20°C B HOpMaIBHBIX YCIIOBUSIX B
TeueHue 4 4.

WN3rorosneHbpl nBa cocTaBa OETOHOB Ha OCHOBE
IIHB-100 (¢  nonukapbokcuiaaTHoi  H00aBKOI
Stachement 2280) u3 hpaKIIMOHUPOBAHHOIO MeCKa OITHU-
MaJIbHOTO COCTaBa M M3 CMECH 3TOTO ITecKa CO IIeOHeM
(tabm. 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 xapakTepucTUKN UHbEKLMOHHOM cmecu Ha ocHoBe LUHB-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
CpenHuin pazmep vacTu, MKM 5-10
CopepxaHuve 4acTuL, HanbosbLLEN KPYMHOCTHU % 0,5
BnaxHocTb no macce, He 6onee % 0,05
HackInHasa nnoTHOCTbL Kr/m3 950+50
MCTUHHas NI0THOCTb Kkr/m3 305050
YnenbHas NOBEPXHOCTb, HE MeHee M2/kr 800
BopoTteepaoe oTHOLEHME - 0,3 0,4 0,5
YcnoBHas BA3KOCTb MO BOPOHKe Maplua (BbIxogHOe 0TBEpPCTUE T4,75 MM), c B 6542 29+
He MeHee
CepnmenTaums yeped 120 MuH % HeT 2+1 5+1
CoxpaHaeMOoCTb NepBOHAYaNbHOM NOABUXHOCTU, HE MEHee MWH 40 60 80
[MpoyHOCTL pacTBOpa NP cXaTuu (HopMasibHO-BNAXHOCTHOE 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 BugHO, 4yTo 00a cocTtaBa OeTOHA UMEIOT
BBICOKME 3HAUCHUS KaK paHHei (1 cyT), TaK 1 MapOUHOI
npouHocTH, a Takxke rpu TBO. I1pu 3TOM MeaKko3epHU-
CTHIH (ITecYaHblli) OETOH ONTUMAIBLHOTO (PPAKIIMOHHOTO
cocraBa 1pu 6osbiieM B/l 1 paBHOI TOABMXKHOCTH TIO
CPaBHEHUIO C KPYIMHO3EPHUCTBHIM IPEBOCXOIUT €0 IO
MMPOYHOCTH Ha BCEX 3Tarax TBepAeHUs, JOCTUTHYB Ma-
pouHoii mpouyHoctu 130 MITa.

Cyxue nHbeKIMOHHbIE CMeCH (MUKPOIIEMEHTHI)

MeTton MHBELIMPOBAHUS — OAWH U3 caMbIX 3P dek-
TUBHBIX CITOCOOOB BOCCTAHOBJIEHMSI HECYILEeH CIocob-
HOCTU U LIEJIOCTHOCTU OETOHHBIX M KaMEHHBIX CTPOHU-
TEJbHBIX KOHCTPYKIIMI IMyTeM HAarHETAaHWS B HUX KUI-
KoIi oTBepxKaaeMoil cmecu. OH MOXeT NMPUMEHSThCS Ha
JIFOOOM 3Tarle CTPOMTEIbCTBA M AKCIUTyaTalliM 30aHUN 1
COOPYKCHUI IJII OMOHOJIMYMBAHUS MUKpPO- M MaKpo-
TPELIMH U ITyCTOT B TeJI€ XKeJ1e3006 TOHHBIX KOHCTPYKLIUIA
¥ KUPIMIHBIX KJIAJ0K, YKPEIICHUS 1 00eCIIeYeHUS BO-
MOHEMPOHUIIAEMOCTH (DYHIAMEHTOB, OCHOBAaHUU U
rpyHTOB [22, 23].

st 3THX 1esIeil HanboJIblIee pacIpocTpaHeHUE 110~
JIyYMIIM pa30aBiieHHbIC BOJAON MHBEKIIMOHHBIE COCTABBI
Ha OCHOBE TOHKOIMCIICPCHBIX MITHEPATBHBIX BSIKYIIINX C
¢GyHKLMOHABbHBIMU H00aBKaMmu. Pexe (B cuily 10poro-
BU3HBI MaTEPUAJIOB M OCOOBIX TPeOOBAaHMIT) MHBCIIN-
pOBaHME OCYIIECTBISIETCS CHUHTCTUUCCKUMU SITOKCHUI-
HBIMU WJIY TTOJUYPETaHOBBIMU KOMIIO3UIIUSIMU, SMYJIb-
cusiMu Ha ocHoBe [IBA wium AMBUHUICTUPOJIBHOTO
JlaTekca, a TakKe CUIMKaTU3alei.

TpamnimoHHO MHBEKIIMOHHBIE COCTaBbI M3TOTABIIM -
BalOT B BUJIE CYXMX LIEMEHTHBIX CMECeil ITyTeM MeXaHU-
YEeCKOr0 CMEIICHMS Pa3JIMYHBIX TOHKOIMCIIEPCHBIX
KOMITOHEHTOB. WM BIoTHe 0YeBUAHO, YTO UYeM MEHBIIE
pa3Mep TBEPIbIX YAaCTUI[ MUHEPAJIbLHOTO BSDKYIIETO U

ero HaIMoJIHUTENICH, TeM OOJIbIIIe TPOHMKAOIIAsS CITO-
COOHOCTb BOIHO-MUHEPAJIbHON CYCIIEH3UU MpPU HarHe-
TaHWU B IOPUCTOE TeJIo (TPYHT, KaMeHb, OCTOH, KHMP-
1Y 1 ap.).

M3 HaKOIJIEHHOIO OIbITAa MPOU3BOACTBA MHBEKIIM-
OHHBEIX PabOT MOXHO 3aKJIFOUUTh, YTO KOMITO3UIIMOH-
HbI€ 1LIEMEHTbl HU3KOU BOIOMOTPEOHOCTH OKa3aauCh
BechbMa (M (GEKTUBHBIMU I 3TUX TexHojoruit. [Toiy-
YEHHbIE IMyTeM TOHKOIO M3MEJIbYEeHHUs, OHU 00JagaloT
MOBBIIIEHHON TIPOHUKAIONIEH CITOCOOHOCTBIO TIPU Ha-
THETAaHWH B T€JIO KOHCTPYKIINY WU B TPYHT.

B Ta6x. 8 mpeacraBieHbl pa3paboTaHHbIE BUABI CYXUX
WHBEKIIMOHHBIX CMECEH, IMOJyYaeMbIX IO TEXHOJIOTUH
IIHB u BcmomMoraTeabHbIX XUMHUYECKUX J100aBOK (CTa-
OMIM3aTOpP, AHTUBCIICHUBATENIb, YCKOPUTENIh TBEPACHUS
n 11p.). B cooTBeTCTBUYU ¢ 00JIaCTHIO TIPUMEHEHUS CMECH
paznesieHbl 1Mo KiacCUu(UKALMOHHBIM IPU3HAKAM.

Ha mpumepe WHBEKIIMOHHON CMECHM Ha OCHOBE
IIHB-100 (BbIcOKOIPOY.) B Taba. 9 mpeacTaBieHbl Hu-
3MKO-MEXaHUYECKNE XapaKTePUCTUKU IIPU pa3HOM BO-
nporBepaom otHoineHun. CormacHo I'OCT 33762—-2016
«Matepuabl 1 CUCTeMBI [UISl 3aIUThI 1 PEMOHTA OETOH-
HBIX KOHCTpYKUMi. TpeboBaHUS K WHBEKIIMOHHO-
VIUIOTHSIIOIIMM COCTaBaM M YIUIOTHEHMSIM TpellrH, M0-
JIOCTEHW M paCIIEJIUH», TTOKA3aTeJIM CBOMCTB 3TOM CMECH
MO3BOJISIOT OTHECTHU €€ K UHbEKIIMOHHO-YILJIOTHSIOIIUM
COCTaBaM C aJre3MOHHO-CUJIOBBIM 3aMbIKAHUEM TPEIIH
(rpyniia AC).

ITpombllIIeHHOE MNPOU3BOACTBO pa3pabOTaHHbBIX
WHBEKIIMOHHBIX CMeceli OBLJIO OCBOCHO Ha 3aBOMIC
00O «HITO «ITakoap» (r. Kazans) B 2018—2019 rr. 3a
3TOT IEPUOI HA TEXHOJIOTMYECKON JIMHUM, UMEIOLIECU B
KauyecTBE OCHOBHOI'O MEXaHMYECKOro 00OpyIOBaHUS
BUOPALIMOHHO-IIAPOBYIO MEJIbHUILY, ObLIO TPOU3BEACHO
cBoite 400 T Cyxux MHbEKIIMOHHBIX CMeCeil.

HAYYHO-MeXHU4ecKuil U NPoU3800CMEeH bl HCYPHAN

130

Aneapv—aghespans 2022
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Ta6nuua 10
Table 10

Knaccudukauusa cmecein cyxmx HanoJibHbIX CAaMOBbIPaBHUBAIOLLMXCS, MOJTyYE€HHbIX HA OCHOBE KOMMO3ULMOHHbIX LIHB
Classification of dry floor self-leveling mixtures obtained on the basis of composite LWDC

Cmecu cyxve HanoJsbHble, MPUMEHsIeEMbIe NPK TeMNnepaType oKpyxatoLLein cpeapl

3anoJiHnTens AncnepcHble

Csblwe +5°C Huxe +5°C Csbiwe +5°C Huxe +5°C
C mMapkow no NPo4YHOCTM NMPU CXaTum
Knaccudukaumsa no npusHakam © [+ © © ®
? " sl s |2 2 < | E B E
v 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 BsXyLLEro LlemMeHTHbIe

LlemMeHTHble, LlemeHTHbIE,
cynbdoanio- LlemeHTHble cynbdoanto-
MWHATHbIE MUHaTHblE

Mo dyHKLMOHaNBHOMY HAa3HA4YEeHMIO

PeMOHTHbIE NMOBEPXHOCTHO-BOCCTAHOBUTEJIbHbIE, KOHCTPYKLUMOHHbIE, HAMOJIbHbIE,

CcaMOBbIpaBHMBatlOLWMeECH

Mo cnocoby HaHeceHus

PyuyHoe

Mo ycnosuam npyuMeHeHns

[na Hapy>HbIX U BHYTPEHHMX paboT

Mo ckopocTn TBEPAEHUA™

CE | H 5

Mo Buay npumeHsiemoit Grnbpbl

MonumepHasi/cTanbHas

Mpumeuanue. * H — HopmanbHoTBEPAEoWwme, b — BbicTpoTBepaeiowme, Cb — cBepxObicTpoTBEPAEIOLLME.

CaMOBbBIPABHMBAIOIIMECS CYXHE CMECH
JUIsl PeMOHTA OETOHHBIX MOJIOB

IToJel TTIPOM3BOACTBEHHBIX, KAJIBIX M OOIIIECTBEHHBIX
00BEKTOB, KaK IPaBUJIO, M3TOTABIMBAIOT U3 LIEMEHTHOTO
6etoHa [24]. OHM UCTIBITHIBAIOT MHOXECTBO Pa3IMUHBIX
9KCIUTyaTallMOHHBIX BO3IEUCTBUM, CBSI3aHHBIX CO 3Ha-
KOITepeMEHHBIMU TEMIIEpAaTypaMu, YCaTOIHBIMU Aedop-
MaIASIMH, YBJIaXKHEHUEM -BBICYIITUBAHUEM, a TAKIKE BITH-
SIHUEM XMMUYECKU arpecCUBHBIX cped. [1py 3ToM mosibl
JIOJIKHBI BBIICPKMBATh Pa3IMUHbIE CTATUYECKUE U TMHA-
MMYECKUEe HAarpy3kKM OT MepeMelleHus JIoAeit U IBUXKe-
HUSI KOJIECHOTO TPaHCIIOPTa, MEXaHUIECKOTO 000PYIO-
BaHWS, CKJIIAIMPOBAHUS TTPOIYKIMK 1 ip. Bee 310 TIpn-
BOJUT K IMOCTETICHHOMY pa3pyIlIeHNIO OETOHHBIX MOJIOB,
KOTOPOE TPOSIBIISIETCS B BUIE OOPAa30BaHUSI CETKU MUK-
pPOTpEIIMH pPa3IMYHON MPOTSKEHHOCTU, OTIAEICHUS
BEPXHETO CJI0S (IeTaMUHAIINS ), TIOBEPXHOCTHOTO IIIEITy-
meHus u np. [IpakTuka nmokasblBaeT, YTO HauMboJIee Mpo-
CTBIM U 3((PEKTUBHBIM CITOCOOOM YCTpaHEHUST OTTMCAH-
HBIX NIe(EKTOB SIBIISICTCS WMCIIOJB30BAHUE PEMOHTHBIX
CaMOBBIPAaBHUBAIOIIMXCS MaTEPUaIoOB, KOTOPhIC BBIITY-
CKaroT B BUJIC CYXMX LIEMECHTHBIX cMeceit [25].

ITockosbKy K caMOBBIpaBHUBAIOIIMMCS MaTepuagam
MIPEIBSIBIISIIOTCS TTOBBIIIICHHBIE TPEOOBAHUS 1O MOIBIK-
HOCTM M pacTeKaeMOoCTH (MapKa IO pacIUIbIBY KOJIbIIA
P 6—P7), To LIHB, 06agast XOpoLInMu peoIoTnIeCKm-
MM TOKa3aTessIMU, OKa3bIBAlOTCSI Haubosiee TMpuemiie-
MBIMH JIJI HUX BSLKYIIMMU. KpoMe Toro, cyxue Hamob-
Hble cMecu Ha ocHoBe LTHB o06ianaoT u MHBIMM ToJ1e3-
HBIMM CBOMCTBAaMM MpPHU YCTPOMCTBE OETOHHBIX IOJIOB,
HaIlp¥Mep MOTYT BBIITYCKAThCS KaK OBICTPOTBEPACIONIN-
MU (¢ HopMupyemoii mpouHocThio 30—40 MIla B nipeae-
snax 1—4 4), TaK ¥ BBICOKOMPOYHBIMU (C KJIACCOM TIO

npoyHocTy Tnpu cxatur 1o B100); kak KpymHO3epHU-
cThiMU (ToIMHA 3aauBKM 10 300 MM), TaK U TOHKOIU-
CIIepCHBIMU (TOJIIIIMHA 3aJTMBKY 110 3 MM) 1 11ip. B tab. 10
MpeAcTaBieHa KiaaccudUKalUs CMeceil CyXuX HarmoJb-
HBIX CaMOBBIPAaBHUBAIOIINXCSI, KOTOPbIE OBUIM pa3pado-
TaHbl HAMU Ha OCHOBE KOMMNO3UIIMOHHbIX [THB.

CremyeT OTMETUTD, YTO JIJIS YKJIAIAKU CAMOBBIPABHM -
BalOIIMXCS PacTBOPHBIX cMmeceilr Ha ocHoBe LIHB He
TpeOyeTCs CJIOXHOIO O0OPYNOBaHMA W IIPUCIIOCOOIIE-
HUI, TEXHOJOTUS 3aJIMBKU IIPOCTAa MW HETPyTOEMKa.
Hcnonb3oBaHue B cMecsx pasnuuHbix [THB cokpanraer
MEXXPEMOHTHBIEC CPOKH, YTO B IIEJIOM IIPUBOIUT K 3KOHO-
MUY (PMHAHCOBBIX 3aTpaT MPU 3KCITyaTall OETOHHBIX
MOJIOB.

3akioueHne

OueBHUIHO, YTO B OJIVDKAMIIINE IECITUICTHS OKUIACT-
CsI TIOCTETIEHHOE BBITECHEHWE TPAAUIIMOHHBIX LIEMEHTOB
Ki1accoB 32,5—52,5 KOMIIO3UIIMOHHBIMU lIEeMEHTaMU
HU3KOM BOIOIIOTPEOHOCTH, KOTOPBIE B OOJIBIIICH CTETICHI
OTBEYaloT TPeOOBaHUSIM (DYHKIIMOHATbHOCTH, 9KOJIOT Y-
HOCTH, JOCTYITHOCTH, 9KCIUTyaTallUOHHO-TeXHIYECKOMI 1
9KOHOMUYECKOU I1iesecoobpa3HocT. [IpousBonutensm
0OeToHa, XKeJ1e300eTOHA U CyXUX cMeceli clielyeT 0OpaTUTh
0co00e BHUMaHWE Ha 3Ty TCHICHIINIO, a TAKXKE YIUTBI-
BaTh €KErOJHbBII POCT CTOMMOCTU Tapu(OB U CBSI3aHHOE
C 3TUM MHQIISIIIMOHHOE JaBJICHUE, KOTOPhIe HEM30eKHO
MOBBIIIAIOT CTOMMOCTb PSIIOBBIX 1LIeMeHTOB. CeromHs
MPOU3BOACTBO Kommo3uunoHHbix LIHB, 1o cytu, sBis-
folIeecs HEIPUXOTJIMBOM TEXHOJIOTUEN, — 3aJIOT KOHKY-
PEHTOCIIOCOOHOCTH 3aBOAOB MO MPOU3BOACTBY pa3Iny-
HBIX IIEMCHTHBIX MAaTepUaIOB U BEKMBAHUS UX B XKECT-
KUX PBIHOYHBIX YCIOBUSIX.
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Martemartuyeckoe moenupoBaHue

HecTaluoHapHOro MacconepeHoca B cucTeme
«lleMEHTHbIW 6eTOH — XuAKasa cpefa», NMMUTUPYEMOro
BHYTPeHHeH audchy3nen 1 BHELLHENW maccooTaavyen

060CHOBaHa aKTyanbHOCTb HOBbIX HAY4HbIX NCCNEA0BAHUIA, HAMPABIIEHHbIX HA MOLENMPOBAHNE (PU3NKO-XMMIUYECKIX MPOLECCOB,
MPOTEKAKOLLMX B LIEMEHTHBIX GETOHAX NPU UX JKCNyaTaLni N OKasbIBaOLLMX NMPAMOE BANAHWE HA UX AOSTOBEYHOCTb. OnucaHsl
OCHOBHbIE BUfbl KOPpo3un 6eToHOB. MaTemaTnyeckn cchopmynmnpoBaHa 3afaia MaccoobMeHHbIX MPOLLECCOB, NPOTEKAOLMX B NIOCKON
XKeN1e3006TOHHOM CTEHKE NPW XWULKOCTHON KOPPO3UN BETOHA, MMMUTUPYEMOr0 BHYTPEHHEN AMY3Nel 1 BHELLIHER MacCoOoTLa4Yen.
MpepacTasneHa matematnyeckas 3ajada MacconepeHoca B 6e3pasmMepHom BUAE 1 B 0611acTi n3obpaxeHnii no Jlannacy. MpuseneHsl
MOJTy4EeHHbIE PEeLIeHNs 3aia4K, ONUChIBAKOLLME GE3pa3MepHble KOHLEHTPALMKN NEPEHOCMOr0 KOMMOHEHTA MO TOJLLUUHE 6ETOHA,
MO3BONAIOLLME PaCcCCYNTLIBATL OUHAMUKY NpoLecca.
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B mporecce skcrmnyarauuu Jo0as KOHCTPYKIUST — OBITOBbIE CTOKM); MEPUOAUYECKA W MHOTOKPATHO ITO-
MOJIBEPKEHA BO3ACUCTBUIO OKPYXKAIOIIEH CPE/ibl, KOTO-  BTOPSIIONIMECS KOJIEOaHUS TeMIIepaTyphl (TOJOBBIE U CY-
pasi TIOpOXIaeT pa3UdHble KOPPO3MOHHBIE MPOIIECCH  TOYHBIE), TIOTIEPEMEHHOE 3aMep3aHhe W OTTauBaHWE,
B O6etoHe. Koppo3uio u paspyiieHue 6eToHa MOTYT Bbl-  HArpeB M OXJIaXXJAEHUE; MPOLECCHl YBIAXKHEHUS U BbICHI-
3Bath [l]: Boma (peuHasi, MOpCKasi, TPOMBIIIIEHHBIE U XaHUS (KoJjiebaHust aTMOC(hEpHON BIIAXKHOCTHU, CHEIH-
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duyeckue ycaoBUSI CIYKObl); MeXaHUYECKHE BO3Ieil-
cTBUs (yaaphsl BOJIH, BRIBETpUBaHNUE, UCTUPaHUeE); O1O-
JIOTMYECKU BpeIHbIE BO3MEUCTBUS Oakrepuit. OmxHAKO
KOPPO3HUI0 0eTOHA MHUILIMMPYET HE TOJBKO OKpYyXaro-
ast cpema, MOTYT OBITh M BHYTPEHHHE NMPUUMHBI TO-
BpeXIeHUSI OeTOHa, HalpuUMep BbICOKash BOAOIPOHU-
LIa€MOCTb, B3AUMOJICUCTBUE IIEJI0UYE LIEMEHTA C KPEeM-
HE3eMOM 3allOJIHUTENIsI, M3MeHeHue o0beMa u3-3a
pa3auuus TEeMIIepaTypHOTO pacCIIMpEeHHUs ILIEeMEeHTa U
3aTIOJIHUTEIIS U Ip. MeXIy TeM BHYTPeHHUE TTPUINHBI,
BBI3bIBAIOIIIME KOPPO3UIO OETOHA, MOXKHO HE TOMYCTUTh
B IIpoliecce MPOCKTUPOBAHUS U M3TOTOBJICHUS KOH-
CTPYKLIMM, a BO3JEiCTBHE BHEIIHEH Cpeabl MOXKHO
JIMIIb OTPAHUYUTD Pa3IMYHBIMU METOJaMU AHTUKOPPO-
3MOHHOI 3amuThl. 1T TOro 4TOOBI CMOIEIMPOBATH
MpoILeCcChl KOPPO3MU, BbI3BAHHBIE BHEIIHEH Cpeaoi,
HEO0OXOIMMO BBECTH KIAaCCU(PUKAIIMIO CTETICHU BIIMSI-
Hust cpeabl. CyliecTByeT HECKOJbKO KiaaccupuKaluii
MPOIIECCOB KOPPO3UHU, IIPUBEAEM CaMble pacIpocTpa-
HEHHEBIC.

CorjacHo HOPMATUBHOMY JTOKYMEHTY
CIT 28.13330.2017 (AxTyanu3aupoBaHHAsl peaaKIIns
CHulI 2.03.11-85) «3amuTa CTpOUTENbHBIX KOHCTPYK-
LUK OT KOPPO3UM», PErJaMEHTUPYIOIIEMY 3alluTy Oe-
TOHHBIX U XeJIe300e TOHHBIX KOHCTPYKIINI, OCTOH U IIe-
MEHTHBIII KaMeHb KaK €ro MaTpuUyHasl 4acTb DKCILIya-
THPYIOTCS B Pa3IMIHBIX arpeCCHBHBIX Cpelax: ra3o-
oOpa3Ho¥i (B BUAE BO3AyXa C 3arpsI3HSIIOIIMMU Belle-
CTBaMM); TBEPIO (B BUIE MBUIM U OCAaXKIEHHBIX HA IT0-
BEPXHOCTH KOHCTPYKIIMI 3arpsI3HSIONINX B3BEIICHHBIX
BEIIECTB); XKUAKOM (B BUIE IPUPOIHBIX WJIM 3arPsI3HEH-
HBIX TEXHUYECKUMHU TIPOLYKTAMU U OTXOJaMU TTOBEPX-
HOCTHBIX U TPYHTOBBIX BOJ); OMOJOTMYECKM aKTUBHOM
(B BUZE MUKPOOPTAaHU3MOB). B OOJBIIMHCTBE clydaeB
Ha KOHCTPYKLIMM AeicTBYeT MHorogasHas cpena. Taxk,
BO3AYX IIPOMBIILICHHBIX MPEANPUITUIN YaCTO COACPXKUT
B3BCIICHHYIO XUAKYIO (B BUIOC TyMaHa) W TBepaywoo (B
BUJE MUK, NbIMa) (ha3bl. Kaxkmoii cpene naetcs oleHKa
CTEIICHU arPECCMBHOCTH B 3aBUCUMOCTH OT KOHIICHTpa-
LIUM B HEW arpeCCUBHBIX BELLECTB U XapaKTEPUCTUK Oe-
TOHA II0 BOJIOHEIIPOHUIIAEMOCTH U BHUAY IIEMEHTA.
OmHako B OIIEHKE CTEIEeHW arpecCMBHOCTHM CpPEIbl He
perjJaMeHTUPOBAaHbl MPOAOJLKUTEIbHOCTh €€ BO3ICii-
CTBUS, XapaKTep M CTEICHBb ITOBPEXKICHWI, TIyOMHA
KOPPO3MOHHOTI0 NopaxeHus U apyrue paxropsl. Cpensl,
B 3aBUCHMOCTH OT COAEPKAHUS U KOHIICHTPALIUU KOM-
TTOHEHTOB, TI0 CTENEHU arpeCCUBHOCTH TTOAPA3ICIISIIOT-
Csl Ha HearpeccuBHbBIE, C1a00-, CpelHe- U CUJIbHOATrpec-
cuBHbIe. [Ipy 3TOM OHM pa3TUIHBI IJ1s1 OETOHA U JKeJle-
300eToHa [2].

M3BecTHO, UTO 32 CTAOMILHOCTD CYILIE€CTBOBAHUS BbI-
COKOOCHOBHBIX COEIMHEHUI 0eTOHA (auT, OSJIUT, TPeX-
KaJbLIMEBbIA AJIIOMUHAT, YETBIPEXKAJIBLUEBOU aAJTIOMO-
(epput) oTBEUaeT CBOOOMHBIN TMAPOKCHUJL KATBIIUS, CO-
nepxaluiics B mopax 0etoHa. MMMeHHO CBOOOAHBIN
TUAPOKCHUI KaJIbIUsI OIPEAeIIsieT MacCOIePEeHOC B CH-
CTEME€ «LIEMEHTHBI OeTOH — XXUOKas cpeia», U3MEeHe-
HUsI colepKaHUsI KOTOPOro B Tejie OeTOHa MPUBOMAIT K
KOppO3uM TepBoro Buma [3], a B KOHEYHOM MTOTe K He-

raTMBHBIM HEOOPATUMBbIM MOCJIEACTBUSIM JUJISI 10JrOBeY-
HOCTU KOHCTpYKUMIA. PaHee HaydyHOI 111KOJIO aBTOPOB
OB OMyOJMKOBAaHBI PabOTHI MO TEOPETUYECKOMY MC-
CJIeIOBAHUIO IIPOIIECCOB MAcCOIepeHoca Py KOPPO3UHU
IIEPBOrO BUIA IIEMEHTHBIX OCTOHOB, ONMCHIBAIOIINX
MpoLecC Ha HaYyaJbHOU cTaauu [4], yUUTHIBAIOLIUX Ha-
JINYre BHYTPEHHETO HCTOYHMKA MAaCCHl CBOOOIHOTIO
TUAPOKCHUIA KaJbLUs [S] U HEJTMHEMHOCTh KPUBOM paB-
HoBecusl [6]. B MHOToseTHUX MCCAEIOBAHUSIX CO3MaH
HAyYHBIM 3a/ie]l, KacalollWiicsl EeHTPaIbHOTO BOIIpOCa
JIOJITOBEUHOCTHU KeJIe300€ TOHHBIX KOHCTPYKIIMIT — KOp-
PO3MOHHOTO IIOBPEXICHUS B HUX CTPYKTYPHl OETO-
HOB M JAECTPYKTUBHON 3BOJIOLUMU (DYHKIIMOHATBHBIX
cBoiicTB [7]. IIpuBenenHble B pabotax [4—7] MmaTemaTu-
YecKue MOJIEJIM OCHOBaHbI Ha TEOPUM MaccorepeHoca
akanemuka A.B. JIpikoBa [8].

Ha puc. 1 moka3zaHa mntocTpaunst (GpU3NIeCKOR MO-
JIleJId Ipolecca MaccornepeHoca CBOOOIHOrO TUIPOKCH -
Jla KaJbIIisl M3 CTCHKHM pe3epByapa B XKMIKOCTh, 00y-
clioBieHHas1 augady3ueil mepeHOCUMOTo KOMIIOHEHTa
13 TBepoil a3wl B Xuakyto. [Tocie 3aBepiieHUsT MOH-
Taxa pe3epByapa, Iycka B OKCILTyaTalluio 1 3aIOJTHeHUSI
JKMAKOCTBhIO HAaUMHAETCSl B3auMoJeicTBUe (a3, xapak-
Tepu3zyeMoe HadayioM I @y3un THIPOKCHIA KaIbIINS
MO TOJIIIMHE KOHCTPYKIIMKA B HAIIPaBJICHUM KOOPAMHA-
ThI X K TpaHulle paszaena ¢da3z §, mepexogoM depe3 3Ty
IPaHUILYy U paclpenejeHueM B o0beMe XuakocTu. [1pu
3TOM IOTOK MEPEHOCUMOTO KOMITOHEHTA OY/IET OTpeie-
JISTHCS BEKTOPOM J,, (T).

IIpouecc TBepmeHUs OeTOHA HA ILIEMEHTHOM BSIKY-
IIEM COITPOBOXIACTCI XMMUUYECKUMU PEAKIIUSIMU TH]I-
patauu anuta (C3S) u 6enurta (C)S), NpUBOISIIUMU K
TOMY, YTO B O€TOHE 00pa3yeTcsi CBOOOAHBII TMAPOKCU/L
Kanplus. UMEeHHO ero Haauyue U SIBJSIETCS MepBONpPHU-
YUHOI KOPPO3UU MEPBOTO BUIA, TOCKOIbKY UMEHHO OH
BBIMBIBAeTCS M3 OETOHA JKUIKOM cpeaoif. DTOT Ipoliece
obycnoBneH nuddy3ueii CBOOOIHOrO r’MAPOKCUAA Kalb-
LIS M3 TOJIIIIM OETOHA K €r0 TIOBEPXHOCTU, TPAaHUYAIIEH

Puc. 1. OGwas cxema monenvpyemoro npouecca: | — BHeWwHs s cpena;
Il = 6eToH; lll — XnaKocTb

Fig. 1. General scheme of the simulated process: | — external environment;
Il — concrete; Ill - liquid
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CO CpeNloi, MePEeXo0M BELIECTBA Yepe3 TPAHUILy pas/e-
Ja (a3 TBepmoe TeJ0 — XMIKOCTb M PAaCTBOPEHMEM B
KUIKOWM cpefe.

CornacHo Teopuu MacconepeHoca A.B. JIbikoBa [8] B
o01IeM ciydae Uisi KOppO3UM TIEPBOTO M BTOPOTO BUAA
nud@y3usi CBOOOAHOTO TMAPOKCHUAA KaJbLiMsl B MOPU-
CTOI CTpPYKType O€TOHa OMNUCHIBAETCS HEJIMHEHHbBIM
nuddepeHIaTbHBIM ypaBHEHUEM MacCOTIPOBOIHOCTH
MapaboJMYECKOro TUIIA C UCTOYHUKOBBIM YWICHOM:

9T k(e Derad el g, (e pns (1)
e k(x,7) — koadduureHT MacconpoBoaHocTH (AUddy-
3un), M2/c; C(x,T) — KOHLEHTPALUSI CBOGOIHOTO THAPOK-
cuja Kajablinsl B OETOHE B MOMEHT BPEMEHU T B TIPOU3-
BOJIBHOIT TOoukKe ¢ KoopauHatoil x, kI CaO/Kr 0eToHa;
¢,(x,1) — MOIIHOCTH OOGBEMHOrO HCTOYHHMKA MAacChl
BCJICJICTBUE XMMUYECKMX WM (Da30BBIX MpEeBpalleHUI,
Kr CaO/(M3-C); Psem — IUIOTHOCTD OETOHA, KT/M>.

IIpu OTCYTCTBUM UCTOUYHMKA MAacChl (¢(x,1)=0) ypas-
HeHue (1) mepexoauT B ypaBHEHHE MacCCOIIPOBOIHOCTH,
KOTOPOE OITMCHIBAET MAaCCOIEPEHOC TIPU KUIKOCTHOM
KOppOo3uu O0eToHa IIEPBOTO BUA.

YpaBHEeHME MacCOTTPOBOIHOCTH B BUe (1) mo3Bossi-
€T IPOU3BOAUTH PACUYCThl IIPU U3MEHSIOIIMXCS 1O Bpe-
MEHU 1 KOOpIMHATE ITapaMeTPOB Iipolecca: KO3 hULu-
€HTOB MacCOITPOBOIHOCTA M MacCOOTIa4M, MOIIHOCTH
00BEMHOr0 MCTOYHMKA MAaCChl BCIEACTBHE (DA30BBIX U
XUMUYECKUX MPEBPAIEHNH, YTO OYEHb BAXKHO 7151 0OJTb-
IIMHCTBA MPaKTUYECKUX PacyeToB (pU3NIYECKONM KapTH-
HbI IIPOLIECCOB MACCOIEPEHOCAa M KOHEYHBIX PEe3yJibTa-
TOB pacueToB. [loayuuTh aHATUTUYECKOE pEIlIeHue He-
JIMHeHOTO IuddepeHIInaibHOIO0 YpaBHEHUST KpaliHe
3aTpyaHUTEIbHO. st pelreHust 3amad MaccorepeHoca
MoAOOHOIO poJa B TEUEHUE MHOIMX JIET IPUMEHSIETCS
YUCJIEHHO-aHAJIMTUUYECKU METOJ MUKPOTIPOIIeC-
coB [35, 9]. OcobeHHOCTh MeTO/Ia 3aKJII0YAETCS B TOM, UTO
BpeMsI BCEro Iipoliecca IMpeaCcTaBIsieTCs] HelPepPbIBHOM
LIETTbI0 MUKPOTIPOIIECCOB:

t=31, )

HayvanbHbIM ycIOBUEM IS KaXXKIO0TO MUKPOIPOLIEC-
ca HauMHasl CO BTOPOTO SIBJISIETCS] KOHEUHOE pacripe/iesie-
HHME KOHIIEHTPAaLWA, TTOJy4eHHOE 10 Pe3yabTaTaM pac-
yeTa MpeAblAyIero 3Tamna.

Takoit moaxos MO3BOJISIET MPOBOAUTH PACUETHI, TMO-
Jarasg Koa(g@uimeHTsl mepeHoca U (HU3UKO-XUMUYE-
CKHMe€ XapaKTePUCTUKU CUCTEMbI TOCTOSIHHBIMU JJIsI pac-
CMaTPUBAEMOTO MUKpPOIIpoliecca, HO CKa4KOOOpa3HO
U3MEHSIOIIUMUCS MIPU TIEPEXOe OT OJHOIO 3Tara K IMo-
CIIEAYIOLIEMY.

751 i-ro MUKpOTIpoliecca KpaeBasi 3ajadya Maccorie-
peHoca ¢ HayaJbHbBIMU U TPAHUYHBIMU YCIOBUSIMU MO-
KeT OBITH MPEJCTaBICHA B BUJIE:

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

9C(0,7)
ox

BlC@,1)-C, ()]=—k

0 (&)

dC(8,71)
=2, (©)

rae Cy(x) — pacnpenesieHUe KOHLIEHTPALMKW THIPOKCUaa
KaJbLiUsg B TIOPOBOM CTPyKType O€TOHa B Havaje i-To
MMKpOITpoIiecca B MOMEHT BpeMmeHHU, KT CaO/Kr 6eToHa;
C,(T) — paBHOBeCHasl KOHIICHTPAIUSl IIEPECHOCHUMOTO
KOMITOHEHTa Ha TTOBEPXHOCTH TBepoTo Tena, KT CaO/kr
0eToHa; B — KO3 PUIIMEHT MacCOOTAAYM B XKUAKOU cpe-
Iie, M/c; & — TOJIIMHA CTEHKU KOHCTPYKIINU, M; X — KO-
OopIvHaTa, M; T — BpeMsl, C.

HavampHoe ycinoBue (4) moKa3bpIBaeT, YTO B MOMEHT
BpEeMEHU, TIPUHUMAEMBbI 3a HA4Yajlo pacyeTa i-T0 MUK-
porpoiiecca, KOHIEHTPALUsI TEPeHOCUMOT0 KOMITOHEH-
Ta (TMIPOKCHUIA KaJbIUs) pacrpeiesieHa Mo TOJIINHE
KOHCTPYKIIMM HepaBHOMepHO. [Ipu sToM HauyasbHOE
pacripesiefieHre KOHIIEHTPAIlUU TePEHOCUMOTO KOMIIO-

Puc. 2. 'padunyeckas cxema onpeneneHns KOpHen xapakTepucTUYeckoro
ypaBHeHus (17)

Fig. 2. Graphic scheme for determining the roots of the characteristic
equation (17)

N o O N

Puc. 3. MnniocTpauysi CTENEHHO 3aBUCUMOCTY BUaa & npu pasnmnyHbIx
nokasatenax ctenenn n: 1-1;,2-2;3-3;4-4,5-5;6-6;7-10

Fig. 3. lllustration of a power dependence of the form i" for various
exponentsn: 1-1;2-2;3-3;4-4;,5-5;6-6;7-10
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Puc. 4. Mpodunnn 6e3pa3mepHbIX KOHLLEHTPALLMIA MO TOMLMHE KOHCTPYKLMN NPU HaYaslbHOM pacnpeneneHnmn KOHLEHTpauun LLenieBoro KOMNoHeHTa B BUaAe
3aBuCUMOCTY C,(&)=1- (kpnsas 1) n npu Foy,, pasHoii: 2 - 0,05; 3-0,1;4-0,2; 5-0,5; 6 - 1; a - Biy=1; b - Bi;,=5
Fig. 4. 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 - Bip=1;

a

b - Bip=5

b

Puc. 5. I'Ipod)vmm 6e3paamepr|x KOHLLeHTpaLI,I/II7I No TONLWMHE KOHCTPYKLUMKX NPy Ha4aNbHOM pacnpenesieHnn KOHUEeHTpaummn LLenesoro KOMnoHeHTa B Buae

3aBUCUMOCTY Cy(&)=1-E (kpuBasi 1) n npn Fop,, pasHon: 2 - 0,05; 3 - 0,1;4-0,2;5-0,5;6 - 1; a — Biy=1;

b - Biy=5

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-Ef (curve 1) and at Fo,, equal to: 2-0.05;3-0.1;4-0.2; 5-0.5;6 - 1; a — Bi,=1; b - Bi,,=5

HEHTa B TBepAoi ase MOKHO OBITH ONMKMCAHO KaKOii-
b0 MatemaTtndeckoi ¢pyHkuueii [10].

Ycnosue (5), Ha3pIBaeMOE YCIIOBHUEM HEIIPOHUIIA-
HUsI, TTOKa3bIBAET OTCYTCTBME MAcCCOIOTOKA 4yepe3 Irpa-
HUILYy KOHCTPYKIIMU, KOHTAKTUPYIOLIENA C OKPYKAIOIIEH
Cpenoi € JIEBOW CTOPOHBI HEOTPAHWYEHHON TUIACTUHBIL.

ITockonbKy Ha JIeBOIt rpaHUIIe TPOUCXOAUT B3aUMO-
JIECTBME TIO CXEME TBEPIIOE TEJIO — XKUIKOCTh, HEOOX0-
IMMO YYWUTHIBaTh KOHBEKTUMBHBINM IEPEHOC BeIEeCTBa,
T. €. TIPUMEHUTb TPAaHWUYHBIC YCJIOBHUS TPETHETO POa,
ONUCaHHbIE ypaBHEHMEM (6).

Jis ympolleHus pelleHuii BBeaeM Oe3pa3MepHbIe
TepeMeHHbIe U KPUTEPUU MOA00UsI, yIOOHbBIE I Kade-
CTBEHHOTO aHaj13a MPOLEeCCOB KOPPOZUU:

CO — C()C, T)
C—C

p

Fo -kt g B (7

C()_CyFom): ng’ m— >

, X=

X
85

rae C(x, Fo,,) — 6e3pa3MepHasi KOHLIEHTpaLWs THAPOKCHIa
KaJblMs B IOPOBOI CTPYKType OeTOHA; X — 6e3pa3MepHast
KOOpAWHATA; Fo,, — MAaCCOOOMEHHBII KPUTEPUIA TOAOOUS
®Dypre; Bi, — MacCOOOMEHHbII KpUTepuii moaobus buo.

Kpaesast 3agaua MacconmpoBOAHOCTUM B Oe3pa3mep-
HOM BUJE 3aMUILIETCS TaK:

dC(¥,Fo,) 9°C(%,Fo,
- 2

) _
oFo, ar o [on>0, 0s¥<l. (8)

Hawansnoe ycnosue:  C(X, 0)=CGy(X). )]
I'paHMYHbBIE YCITOBUS: % =0; (10)
QL) - i, (1, For) (11

X

Pemenue cuctembl ypaBHeHuii (8)—(11) mpoBeaeHo
METOIOM WHTECTPpaIbHOTO IIpeoOpa3zoBaHUs Jlamaca.
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Puc. 6. Mpodwnnun 6e3pasmMepHbIX KOHLEHTPALLMIA MO TONLWMHE KOHCTPYKLK NMPY HAYaIbHOM pPacrnpeneneHnn KOHLEHTPaUMK LLeNieBOro KOMMNOHEHTA B BUAE
3aBMCUMOCTU Co(g):l_i“’ (kpwBas 1) u npu Fo,,, pasHoi: 2 - 0,05;3-0,1;4-0,2;5-0,5;6 - 1; a - Biy,=1; b— Biy,=5

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

CyTb MeTOola pelieHUs] KpaeBbIX 3alad C ITOMOIIbIO
MHTEerpajbHOro mnpeodpa3oBaHus Jlamnaca 3akiioua-
€TCsl B OTOOpaXXeHUU UCXOAHOTO0 AU depeHIINATBHOTO
ypaBHEHUSI U KPaeBbIX YCIOBUI B KOMIUIEKCHYIO 00-
JIACTh, B BBIIOJTHECHUM MaTeMaTUUECKUX OTIepallnid I
MOJIy4YeHUsT pelieHusI B 00JacTU M300paKeHU U 1mo-
CJIEAYIOIIEro MepeBoia N300paxeHus B 00J1acTb OpU-
ruHanoB. [lepeBonst ypaBHeHMe (8) B 00J1acTh N300pa-
KeHui o Jlamaacy ¢ ydeToM HayaJlbHOTO ycJIoBUA (9),
ToJryyaem:

2 vy
XS ¢ 3,5+ CF) =0, (12)
dx
JI71s1 TpaHUYHBIX YCIOBUM OyaeM UMETh:
dC(0,s) .
dc(1,8) _ .
d)? - Blmc(la S). (14)

AHaJIOrMYHOE pellieHKe 3a1a4y IS CITydast TeTUIOIpO-
BOJHOCTM TojiydyeHo B [11]. 3anuiiem npeobpa3oBaHue:

[Bi, - sh(x/s)+/s -ch(¥/s )|ch(/5%) | )
\/_[Bl -chW3)+/5 - sh(/s)| E[Co(&) /’l(\/_a)dﬁ

—%[sh(ﬁf)j%@ch(@d§+0h(\/§f)fco(§)5h(\/;§)d§]- (15)

C(x,s)=

OueBUOHO, YTO BTOPOE cllaraéMoe IIpaBOM YacTu
ypaBHeHUS (15) oOparmaercst B HOJb, TIOCKOJIBKY JIST BBI-
MOJIHEHUSI YCIOBUM BTOPOM TEOPEMBI PA3JIOXEHUS €r0
HEOOXOOMMO YMHOXHUTH U Pa3lejMTh Ha (UTYPHYIO
CKOOKY 3HaMeHaresisl TepBOro cjaraéMoro. DTo He 4TO
MHOE, KaK XapaKTepUCTUUECKOe YpaBHEHUE BUIA:

(Vs - sh(/s )+ Bi,-ch(¥/5)] = 0 (16)

IlepeBenem ypaBHeHue (16) B 00JaCTh TPUTOHOME-

TPpUYECKUX DYHKIIUIA:

tg(um)=% WK ctg(um)=27’”. (17)

ITpoBenst psii CIOXKHBIX TPUTOHOMETPUUYECKUX TIpe-
00pa3oBaHMIl, TOJYyIMM OKOHYATCJIBHOE pPEIICHHE HC-
KOMOIi KpaeBoil 3agaun maccorpoBogHoctu (8)—(11) B
Oe3pa3MepHBIX IEPEMEHHBIX:

C(Y’ Fom):

~2 2
JC ©dE+2 zﬁcosmﬁ)'

~exp(—uiFom)~JCO(§)cos(um&>d§.
0

Bz +1}

(18)

PacueT noseii KOHIIEHTpAIIMi TEPEHOCUMOT'0 KOMIIO-
HeHTa 1o opmyiie (18) compoBokaaeTcst TOUCKOM KOp-
Hell xapakrepuctuyeckoro ypasHenus (17). I'pacduue-
CKasg WIIIOCTpalys K IIPOLENYPe ONpPEeIeHUs KOPHEN
XapaKTepUCTUIECKOTO ypaBHEHUsI MPUBEAeHA Ha puc. 2.

B kauecTBe mprMepa BO3MOXHOCTEN pacyera Mmpoje-
MOHCTPUPYEM DEe3YyJbTaThl MPOBEACHHOIO YMCIEHHOTO
9KCIIEPUMEHTA, TP KOTOPOM HadaJIbHOE pacIipeie/ieHIe
MPUHUMAIOCh MO CTereHHol 3aBucumocti: Co(E)=E".
N3meHenne rpadvka cTeneHHON (PYyHKIIMN MU pa3ind-
HBIX T[OKa3aTessiXx CTENeHW T[O0Ka3aHoO Ha puc. 3.
PesynbTaTel pacueToB Ipu IoKa3aTersix crernenu 1, 2 u 10
MpeACTaBIeHbI Ha puc. 4—6.

[MomyyeHHbIE B X0/e YMCIEHHOTO SKCIIEPUMEHTa rpa-
(bmyeckue 3aBUCMMOCTH XOPOIIIO COTJIaCcyIOTCs ¢ (pusu-
YECKUMHU TIPE/ICTABICHUSIMU O MPOLIECCe KOPPO3UOHHO-
ro MaccornepeHoca Mo MeXaHU3My IIepBOro Buaa |3, 6,

13]. 3amMeTuM Takke, YTO yKa3aHHbIE PACUEThl He
TOJIbKO KQU€CTBEHHBIX, HO U KOJTUYECTBEHHbBIX XapaKTe-
PUCTHUK TTPOIIECCOB BO3ZMOXKHBI TOJIBKO ITPU UMEIOIIeHCs
nHbOpMaLIMK O AMHAMUKE U KUHETUKE U3Yy4aeMbIX SIB-
JIEHWH, TIOJlydeHHOI Ha 0a3e OOIIMPHBIX IKCIIEPUMEH-
TaJbHBIX UCCIEAOBAHUI, YTO U OyAET MPEIMETOM AaJTb-
HEHMIIeTro N3y4YeHUs.
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IMonyuenHoe pemrenue (18) sBiasiercs MaremaTude- — IIpoliecca. DTO, B CBOIO OYepelb, ITO3BOJISICT OPraHU30-
CKOMl MOJEJIbI0 peaJibHOrO IIpoliecca MacCoIlepeHOca  BaTh MOHUTOPMHI M3MEHEHMSI MPOYHOCTH Marepuaja
IIPY KOPPO3KMM TIEPBOTO BHIIA IIEMEHTHBIX OCTOHOB, JTU-  K€Je300€TOHHON KOHCTPYKLMHU B TEUCHUE €€ XKU3HEH-
MUTHUPYEMOTO BHYTpeHHel nud@y3ueii 1 BHELIHEH Mac-  HOTO LMKJIA 9KCIUTyaTalllu.

cotmaueil. JlaHHOE pEIIeHNE TTO3BOJISICT TOIYIUTh TI0JI-
HYI0O KapTUHY pacIpeejeHus BelllecTBa C TeYeHUEeM
BPEMEHM U TPOAHATM3UPOBATh KUHETUKY U TUHAMMKY
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