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A.A. CEMEHOB, kaH. TexH. HayK, reHeparnbHblii aupektop (info@gs-expert.ru)
000 «[C-3BkcnepT» (125047, r. Mocksa, 1-i Teepckoit-AmMckoit nep., 18, odh. 207)

lepcnekTuBbl pa3BUTUS CTPOMTENLHOI0 KOMNNEKca
W NPOMBILLJIEHHOCTH CTPOMTENbHLIX MaTepuanoB B 2016 T.

[TpoaHanu3npoBaHo COCTOSHME POCCUNCKOI SKOHOMUKI 1 CTPOUTENTbHOrO KOMMeKca 3a NaTb ieT. OTMeYeHa TEHAEHLNS CHYKEHUS UHBECTULNIA B
OCHOBHOIA KanuTan, 4To BfeYeT 3a CO60M CHIKEHUE 06bemMa CTPOUTENbHBIX PaboT U YMeHbLUEHNe BBOAA XUNbS. [0Ka3aHO, 4TO OTHOCUTESIbHO BbICOKME
nokasartenu Beoja xunbs B 2014 r. u nepsoit nonosuHe 2015 r. 06yCnoBneHsl 3aBepLUEHEM CTPOUTENbCTBA 06bEKTOB, HA4aTbIX B NPeAbIAYLLNe roabl.
[To ntoram 2015 r. BBOA Xunbs cokpatuncs Ha 0,5% no cpasHexuto ¢ 2014 r. u coctasun 83,8 miH M2, PaccmMoTpeHo BAMAHME UNOTEYHOTO
KpeanuToBaHue, KaK NCTOYHNKA (DUHAHCUPOBAHNS XXMNNLLHOMO CTpouTeNbCTBA. Kak CneacTBue 3aMefieHIns TEMMOB CTPOUTENbCTBA 3a(MKCUPOBAHO
CYLLECTBEHHOE NajieHne NPOM3BOLCTBA OCHOBHbIX BUAOB CTPOUTENbHBIX MaTepuanos — 92,2% K ypoBHt0 2014 1., 4TO CYLLECTBEHHO XYXKe, 4eM B LiesIoM
no o6pabatbiBaioLLen NpomblLneHHocTn (94,6%). B 2016 r. nporHo3upyeTcs nageHue npomM3BoACTBa B NPOMbILLNEHHOCTU CTPOUTENbHBIX MaTepuanos
Ha 5-7%. B cnyyae peanusaumm neccUMMCTNHECKOTO CLEHAPUs PasBUTUS POCCUACKORA 3KOHOMUKN — HA 12—15%.

KntoveBble cnoBa: CTaTuCTUKa, MPOrH03, MHBECTULMN B OCHOBHOI KanuTan, XXUInLWHoe CTPOUTeNbCTBO, MPOU3BOACTBO CTPOUTESIbHbIX MaTepuaros.

A.A. SEMYONOQV, Candidate of Sciences (Engineering), General Manager (info@gs-expert.ru)
«GS-Expert», OO0 (18, office 207, the 1st Tverskoy-Yamskoy Lane, 125047, Moscow, Russian Federation)

Prospects of Development of Construction Complex and Building Materials Industry in 2016

The state of the Russian economy and construction complex is analyzed. The trend towards reduction of investments in the fixed capital that entails a reduction in the volume of con-
struction works and new housing supply is noted. It is shown that relatively high indicators of new housing supply in 2014 and the first half of 2015 are explained by the completion of
construction of objects started in previous years. By the results of 2015, the new housing supply reduced by 0.5% in comparison with 2014 and was 83.8 mil. m2. The influence of
mortgage lending, as a source of financing the housing construction, is considered. As a result of the slowdown in construction, a significant decline in production of basic types of
building materials — 92.2% compared to 2014 is fixed that significantly worse than in the whole manufacturing industry (94.6%). In 2016 it is predicted that the decline in production of
the building materials industry will be by 5-7%. And in case of realization of the pessimistic scenario of the Russian economy development, it will be by 12-15%.

Keywords: statistics, forecast, investments in fixed capital, housing construction, manufacture of building materials.

OlLIeHKa COCTOSTHUST CTPOUTELHOTO KOMITIIEKCa U TTPo-
MBIIIUIEHHOCTH CTPOMUTEIbHBIX MaTepHajIoB, TPUBEACHHAsS B
HacTosIIeN IMyOJrKalud, B OCHOBHOM 0a3upyeTcsl Ha aHa-
JIU3e NaHHBIX OpULIMATBbHON cTaTUCTUKKU. OIHaKO HEOOXO0-
MO OTMETUTD, YTO 3TU JaHHBIE He BCeTaa KOPPEKTHO OT-
paXkaroT IeWCTBUTEIBHYIO CUTYalIMIO B OTe4eCTBEHHOM 9KO0-
HOMMKE, YTO HEOTHOKPATHO OTMEUAJIOCH B psI/ie ITyOIMKAIIN I
U BbICTyIUIeHUi. Kak mpaBwio, naHHbBIe OGUIMATBHON
CTaTUCTMKM HOCAT 060Jiee ONTUMUCTUYHBII XapakTep.

Hauunast ¢ 2012 r. B skoHoMuke Poccum orMevanoch
YCTORUMBOE CHUKEHUE TEMITOB pa3BUTHsI, a B 2015 r. cTpaHa
MOJIHOCTBIO TIOTPy3WJIaCh B OUYEPEIHOM 3KOHOMUYECKUU
KPU3HC, YeMY CIIOCOOCTBOBAJIO COUETaHNE BHEITHUX U BHY-
TpeHHuX pakTopoB. I1o utoram 2015 r. poccuiickasi 5KOHO-
MuKa cokparuiach Ha 3,7% [1, 2]. MuHyBLINIA TO O3HAME-
HOBAJICS HapacTalolUM TMajeHueM MHBECTULIMI B OCHOB-
Hoit kamutan (-8,4% Kk ypoBHO 2014 T.), TpOIOIKHIICS
OTTOK KanuTaia (1o gaHHbeM L[B P®, yucThIil OTTOK Karu-
tana B 2015 1. coctaBui okojio 57 mupn noyn. CIIA), ipo-
MBIIIUIEHHOE TMPOW3BOICTBO CHU3WIOCH Ha 3,4%, B TOM
yuciae obpabaThIBaOIIME IPOM3BOACTBA — Ha 5,4%.
PeanbHas 3apaboTHas Ij1aTa B YCJIOBUSIX BHICOKOM MHMIISI-
MM CHU3MWIach Ha 9,5%, YTO CYyIIECTBEHHO IPEBBIIIACT
TEeMIIbl ee CHUXXeHUs B KpuznucHoM 2009 r.

Ecnu conmocraButh nanubie 2015 1. ¢ ZJaHHBIMU JOKPH -
s3ucHoro 2008 1., TO MOXHO YBHUAETh, UTO 3a MOCJICTHUE
IISITh JIET poccuiickasi 9KOHOMUKA MPaKTUYeCKU He poc-
Jla, HECMOTPSI Ha BBICOKME MUPOBBIE 1IeHbI Ha HedTh B
2011-2014 rr. CpenHerogoBble TemMnbl pocta BBII 3a
msATh JieT mocie kKpuszuca 2009 r. (6e3 yuyera maHHBIX 3a
kpusucHbiii 2015 1.) ObIM B 2,5 pa3a MeHbIIEe, YeM 3a
aHajornynyio 1atuieTky mo 2008 r. Ilpm sTom B coro-
CTaBUMBIX IleHax Imo utoram 2015 r. poccuiickas 3KOHO-
MUKa BBIPOCJIA BCEro Ha 2% IO CPaBHEHUIO C YPOBHEM
2008 r. AHajTOTMYHAasI CUTYallUsI CKJIaJbIBAETCS U C IPYTU-
MM MaKpO9KOHOMMYECKUMHU noKa3atesisiMu. Hanbombias

HAYYHO-MeXHU4ecKuil U NPoU3800CMBeH b HCYPHAN

pa3HMIIA B TEMIIaX POCTA MPOCIEKUBAETCS B MHBECTUII -
sIX B OCHOBHOM KaIlMTaJl 1 00beMax CTPOUTEIbHEBIX paboT
(taba. 1). bonee Toro, 3TM ABa mokasaTelssl IO UTOTaM
2015 1., B CONMOCTaBUMBIX 1IeHaX, TaK U HE TOCTUTJIU YPOB-
Hs1 2008 ., cTabuabHO cokpaiiasich, HaunHas ¢ 2013 r.

Kak u3BecTHO, 00beMbI CTPOUTETLCTBA TECHO B3aMMOC-
BsSI3aHBI C MHBECTUIIMOHHOW aKTUBHOCTBIO B CTpaHe (puc. 1).
AHaJIoTUYHas B3aMMOCBS3b, €CTECTBEHHO, XapaKTepHa M
IIJISl CETMEHTA XXKWJIMIITHOTO CTPOUTENBCTBA, YTO OTYETIMBO
MPOCJIEXKUBATIOCH BILIOTh 10 2012 .

OpHako, ¢ 2013 r. TeMITbl pocTa 00BEMOB BBOAA JKUJIbS
CTaJIM CYIIECTBEHHO MPEBBIIIATh TEMITHI POCTa MHBECTULIVIA
B OCHOBHOI KanuTai. DTO MOXHO ObLJIO Obl 00BSICHUTD, KaK
u B ciyyae kpusuca 2009 r., 1ocTpoiikoli paHee HayaTbIX
o0bekToB. OpHako B 2014 r., mo maHHbIM Poccrara m
MuHcTposi P@, TeMinbl pocTa BBOAA XKUIBIX JTOMOB BHIPOCIH
1o 18,4% K ypoBHIO MpenbIAyIIero roma, ObUT BBEICH pe-
KOPIHBIN 06beM XIUTbst — 84,5 MutH M2. TIp¥ 5TOM MHBECTH-

Taomuna 1
CpepnHeronosble A%
TeMnbl pocTa, % ) 70
MokazaTenb p 0 2015/2008
2004-2008 | 2010-2014
BBI 107,1 102,8 102
MNpombiwnerHoe 105,4 103,5 103,9
NpPOV3BOACTBO
O6pabaTbiBatoLas 107.5 104.9 1016
MPOMBILLIEHHOCTb
MiHsecTuLy 1154 103,4 93,5
B OCHOBHOW KanuTasn
0O6bem paboT no Buay
[eaTenbHoCTN 114,5 101,5 86,9
«CTPOUTENIbCTBO»
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LIMM B OCHOBHOI KaruTal U 00beMbl CTPOUTEIbHBIX paboT
COKpaIAJINCh YK€ Ha MPOTSIKEHUHU ABYX JIET, M JaXKe BXOX-
neHue B coctaB P® Pecnyonuku KpbIM He CMOIJIO CTOJIb
KapIWHaJbHBIM 00pa3oM MOBIMATL HA 00BEMBI CTPOUTEITb-
cTtBa. Bormpoc «Ha kakue cpenctBa CTPOMJIM» OCTaHETCH,
OYEeBMIHO, O3 OTBETa, PaBHO KaK W BOIIPOC «H3 YEeTO CTPO-
WIN», TaK KaK TEMITbI POCTa MOTPeOIeHUST 0a30BBIX CTPOU-
TeJbHBIX MaTepUaoB B CTPaHe OBLIM CYIIECTBEHHO HIXE
TEMITIOB POCTa BBOJIA XXWUJIbsl. be3ycloBHO, yacTh CTpoiiMaTe-
pYajIoB UCHOJB3YETCS U B IPYIMX CEIMEHTAX CTPOUTENb-
CTBa, HO MMEHHO Ha XWJIAIIHOE CTPOUTETLCTBO MPUXOANT-
cs1 0KoJ10 78% OT ob1Iei TuToman U 0Kosio 94% ot ob1ero
YKCia BBOOUMEIX B cTpaHe 3gaHuii. I1o uroram 2015 r. BBOI
SKUJTBS 1asKe 10 JaHHBIM O(UIIMATBHOM CTATUCTUKU COKpa-
tuiacss Ha 0,5% mno cpaBHeHuio ¢ 2014 r. u cocTaBuI
83,8 MutH M2. HeraTuBHas AMHAMMKA TaKKe HAOTIONASTCS 1
B CerMEHTe BBOJA 3MaHUN HEXWIOro Ha3HAYeHUs — B
2015 r. 06beM BBOA B 3TOM CErMEHTE COKpaTuiics Ha 2,2%.

B uenom 2015 1. ObLT 11T OTEUECTBEHHOTO CTPOMKOM-
TIJIeKca He TTPOCTHIM.

B cerMeHTe XUIMIHOTO CTPOMTENLCTBA MOC/E CYIIle-
CTBEHHOTO pocTa 00beMOB BBOIA XXWIbS B | KBapTaje, BO
2 KBapTaje CTajo HaOJoIaThCsl CYIIECTBEHHOE CHUXKEHUE
TEMITOB BBOJIA XXWJTbsl. Bojiee TOro, HaYMHasK ¢ MIOHS, BIIEP-
BBIE 3a ITOCJIeTHNE TOIbl, HAOJIIOMAeTCsT YCTOMYMBBINA CyIIle-
CTBEHHBII CIag 00beMOB BBOJA XWJIbsl M B HaTypaJbHbBIX
rokaszaTeJisix, K 1eKaOpro TEMIIbI BBOJIA XXWJIbs YIIaIu OoJiee
yem Ha 13% (puc. 2).

Hauapmmuiics B 2015 r. crmag 00beMOB CTPOUTEILCTBA BO
MHOTOM OBbLJT CBSI3aH C COOBITUSIMU KOHIIA 2014 T., a UMEHHO
neBajbBallell pyoIsi, pe3KMM MOAbEMOM KITIOUEBOI CTaBKU
b P® u cyliecTBeHHBIM yIOPOKaHUEM KPEAUTHBIX pecyp-
coB. Hecmotpst Ha cHuxxeHue ctaBku LIB B 2015 r., ee ypo-
BeHb — 11%, ocTaeTcst 04eHb BBICOKUM LTSI TIPEMITPUSTHI
CTpOUTENbHOro Komiuiekca. Ilo maHHbIM MuHctpos PO,
KPEeIUTOBaHUE CTPOUTEIIBHBIX KOMITAHMI 3a JEBATh MecCsI-
ueB 2015 r. cokpatunocs 6onee ueMm Ha 40%. Kak pesynabrart
— CYHIIECTBEHHOE CHIDKEHME 3aKJIaIKW HOBBIX CTPOUTEIb-
HBIX 00beKTOB B 2015 T.

OnHUM U3 BaxHEWIMX (hakTopoB, MOAAECPKUBABIINX
SKWIHIITHOE CTPOUTEIBCTBO B MOCJIENHUE FO/Ibl, ObLIO UTMOTEY-
Hoe kpenuToBaHue. B 2014 r. B Poccuu 6b110 BhiaHo Oosee
1 MJIH UITOTEUHBIX KpeauTa Ha oblryio cymmy 1,76 TpiH p.,
yTO B 1,23 pa3za npeBsiiiaeT ypoBeHb 2013 I. B KOJIUYECTBEH-
HOM U B 1,3 pa3a B JeHEXXHOM BbIpaxkeHUU. BbIIaHHBI 00b-
€M MMOTEUHbIX KPEAUTOB, MO IKCIIEPTHBIM OLIEHKaM, MO3BO-
JIWJT IPUOGPECTH OKOJIO 45—45,2 MJTH M2 KIS, B TOM UMCTIe
19—19,2 MJIH M? BHOBB IIOCTPOCHHOTO U CTPOSIIIIETOCHL.

Ilo nmannbiM banka Poccum 3a 2015 r. OGbLIO BbIIAHO
691,9 ThIC. UMOTEYHBIX XWIMIIHBIX KPEAUTOB Ha OOIIYIO
cymmy 1176,2 miapa p., uro Huke ypoBHs 2014 1. Ha 33% B
CTOMMOCTHOM M 32% B KOJMYECTBEHHOM BbIpaxkeHUHU. [Tpu
5TOM CYIIECTBEHHYIO TTOIIEPKKY PHIHKY UTTOTEUHOTO KpeIr-
TOBaHUST OKa3bIBaia TOCYIapCTBEHHAs IPOTpaMMa CyOCHIM-
POBAHUS TIPOLIEHTHBIX CTABOK T10 UTTOTEYHBIM KpeIuTaM Ha
MOKYIMKY XWJIbsI B HOBOCTPOMKaX, B paMKaxX KOTOpPOI ObLIO
BbITaHO Oonee 30% Bcero o0beMa MITOTEYHBIX KPEIWTOB B
2015 r., uro 1o oueHkaM MuHbuHa Poccuu mo3Bosmio npu-
06pecTH 0KoJI0 7,4 MITH M2 BHOBb IIOCTPOSHHOTO KUJIbSI.

Emnie ogHUM BaXXHBIM (haKTOPOM, OTPaHUIMBAIOIINM B
KPaTKOCPOYHOM MEPCIEKTUBE AKTUBHBIM POCT UITOTEUHOTO
KPeIuTOBaHUs, SABJISIETCS HabI01aeMoe TTaieHUe peaJbHbIX
IOX0J0B HacesjeHusl (Mo JaHHBIM Poccrara, mo uroram
2015 r. peanbHas 3apaboTHas TutaTa CHU3WiIach Ha 9,5%,
peabHO pacrioyiaraeMble TOXONbI HacelleHUs — Ha 4%),
KOTOpOE, COrJIacHO mporHozam MOP P®, nmpopomxurcs no
2017-2018 rr. [TaneHue nOXOA0OB HAaceJeHUs B LIEJIOM He-
raTUBHO CKa3bIBaeTCSl Ha PBIHKE XXWIOW HEIBMXXUMOCTH.
Ve B 2015 r., MO OlIeHKaM OTpacjeBbIX KCIEPTOB, CBHIIIE
40% HOBOCTPOCK B CTpaHe He HAXONWIM ITOKYNaTesls U
OCTaBaJIMCh Ha OajaHCe 3aCTPOUIIIMKOB.
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Puc. 1. IuHamvka n3ameHeHnsi MHBECTULMIA B OCHOBHOW Kanutan n CTpou-
TenbHoW akTnBHocT B Poccun B 2005-2015 rr. 1 — MHBECTULMN B OCHOB-
HoOW kanuTan; 2 — o6bem paboT No BUAY AEATENIbHOCTU «CTPOUTESNIbCTBO»;
3 — BBOJ, XXMJIbIX IOMOB
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Puc. 2. JuHamuka BBOAa Xunbix gomoB B 2015 .

Taxkum o6paszom, B 2015 r. citoxkuiIach HEraTUBHAS CUTY-
alus ¢ MpUBJIeYeHNEM (PMHAHCUPOBAHUS TSI CTPOUTEIb-
CTBa HOBEIX 00beKTOB. C yueToM (paKTMIECKOTO «IIpOBajia»
3aKJIagKyd HOBBIX 00beKTOB B 2015 r. M cpemHero cpoka
CTPOMTENILCTBA OKOJIO 1,5 JIET, a TaKXKe «3aMOPO3KW» psifia
MPOEKTOB Ha PA3JIMYHBIX CTAAUSIX CTPOUTEILCTBA, MOXHO
MPOrHO3MPOBATh CYIIECTBEHHOE IajieHue OObEeMOB BBOJA
xwibsd B 2016—2017 rr. OpHako B Hayajie TEKYIIEro roaa
Munctpoit PO oruuntancs, uto B 2015 r. ObLI0 BbIIAHO pa3-
pelLeHMIi Ha CTPOUTEILCTBO 112 MITH M2 XXutbst, uTo Ha 8%
MPEBBICWIIO TTOKAa3aTesb NPEABIAYILEro roja u, o cjioBam
M.A. MeHsI, «<HEMpoCTasi CUTyalllsl B 9KOHOMUKE He TpH-
BeJla K HETaTUBHBIM pe3yJibTaTaM I Halleil orpacin» [3].

Kpatko paccMOTpeB CUTYaInIO B CTPOUTEILCTBE, TIepeti-
JIeM K aHaJIU3y COCTOSIHUST TIPOMBIIIJIEHHOCTH CTPOUTENb-
HBIX MaTepPHUAJIOB.

B 2015 r. unmekc o6beMa IIPOU3BOACTBA B IIPOMBIIIICH-
HOCTHU CTPOMUTEJIbHBIX MaTepuaioB (ITPOU3BOACTBO MPOUYUX
HEMEeTaJNTMIECKNX MUHEPATBbHBIX MPOAYKTOB), BIEPBBIE C
2009 r., coctaBui 92,2% K ypOBHIO MPEALIIYILErO rofa, 4To
CYIIECTBEHHO XyXX€, YeM B 1IeJIOM IO 00pabdaThIBaIOIICi
MpoMBILLTIEHHOCTH (94,6%).

I[lo GOJBIIMHCTBY BUAOB CTPOUTEIbHBIX MaTepUaoOB
(bukcupyercs cHukeHue 06beM0oB TpousBoacTBa. [Tooxu-
TeJbHAs TMHAMUKA MO UTOraM Troja Bce elle XapaKTepHa
JUTSL BBITTYCKA KepaMHMUYECKOM TIUTKU TSI BHYTpeHHEH 006-
JIUIIOBKM CTEH.

IIpu sTOoM TemIibl IageHuss O00BEMOB IIPOM3BOICTBA B
2015 r. 10 GOJBIIMHCTBY TOBAPHBIX TPYIIT ObUIM HUXKE, YeM
B 2009 r. (Tabn. 2).

OO6BEMBI UMITOPTA GOJIBITMHCTBA BUIOB CTPOUTETbHBIX
MarepuasioB B 2015 1. cymiecTBeHHO cokpaTwinuch. OCHOB-
Hble (DaKTOpBI: CHIKEHUE Kypca pyosist U oblliee TajeHue
CIpoca Ha POCCUMCKOM pbIHKe. B yacTHOCTHM, UMIIOPT lie-
MeHTa cokpatuics Ha 40%, 1ie6Hst — Ha 47% (B TOM 4yuciie
3a CYeT BBEACHHS JULEH3UPOBaHUs UMIoOpTa), ¢ioar-
crekia — Ha 11%.

HayuHO-mexXHU4ecKuil U NPOU3800CMBEeHHbIIL HCYPHAN
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OTpacib B COBPEMEHHBIX YCIOBHAX

Tab6mmua 2
OObemMbl U AUHaMUKa NPOU3BOACTBA HEKOTOPbIX BUAOB CTPOUTENbHbLIX MaTepuanos B 2015r.
2015 Ar/r, % CnpaBoyHo, 2009, Ar/r, %
MaTepuarnbl CTPOUTESNbHBLIE HEPYAHbIE, MITH M® 392,4 90,1 61,9
B TOM YMCIIE NECKU, MAH M° 152,8 91
webeHb U rpasuii, MaH M3 209 89,6 69,7
CTeHoBble MaTepuanbl:
— KepaMuyeckue CTEHOBbIE MaTepwvarbl, MJIpA LUT. YCJ1. KUPII. 7,6 91,6 68
— CUSIMKaTHbIE CTEHOBbIE MaTepUasibl, MDA LUT. YCI1. KAPIT. 3,2 83,8 52,7
—aBTOKJIaBHbI ra306€TOH/ra30CUANKAT, MIH M3 12,5 97,7 72,7
JlncTosoe cTekno, MH M? 237,1 91,8 102,5
Bsxywime:
— UEMEHT, MJIH T 62,1 90,1 82,7
— TOBapHas U3BECTb, MJIH T 2,9 95,5 57
—rvnc, MJIH T 4 90,5 80,1
ToBapHbIit 6eToH, MH M° 25,5 82,4 70,2
XBW n K, max m® 21,8 80,9 60,7
AcbecToLeMeHTHbIEe N3aenus:
B TOM YMCIE INCThI BOSIHUCTbLIE (LUndEp), MJIH LUT. 403,1 83,7 86,4
TPYObI, ThIC. KM YT 4,7 75,6 70,8
KpoBesnbHble U rnIpoV30NSLVIOHHBIE PYSIOHHbIE MaTepuanbl, MIH M2 480 95,7 83,8
TennonsonsauMoHHbIe MaTepuansbi:
— MuHepanosaTHble TUM (KB+CB), msH m°® 37 93,9 88
MMC TUM (XPS+EPS), max m° 8,7 91
MAnTbl U NANTKK KEPaMUYeCKneE, ThiC. M 171,6 101,7 79,6
B TOM YMCSIE AJ1S BHYTPEHHEl 0BANLOBKM CTEH, ThiC. M2 76 106,3 72,3
— cdacagHble, Tbic. M? 3,1 98,2 64,2
— NS NONOB, ThIC. M? 92,5 99 86,9
McTouHuk: PoccTtart, oueHka «C-3kecnepT».

OnHOBPEMEHHO C 3TUM HaOJI0JAETCsI POCT SKCITOPTHBIX
MMOCTaBOK: leMeHTa — Ha 5%, 1mebHs — B 4,5 pa3sa, doar-
cTekia — Ha 27 %, KepaMUYECKKMX CTCHOBBIX MaTepPUaioB — B
2,3 paza.

B Hacrosiiiee BpeMsi TOBOPUTb O KaKUX-I1M0O ompese-
JICHHBIX TIEPCIIEKTUBAX BBIXO/Ia U3 3KOHOMUYECKOTO KPU3U-
ca He MpPEeNCTaBJIsIeTCs] BO3MOXHBIM, TeM 0OoJsiee, YTO BCe
HacToluMBee B pa3BUTHE IKOHOMUUYECKOW CUTyalluu BMe-
IIBAETCS TTOJIUTHKA.

Ha doHe npoaosmxkatoliiieiicst pelieccum pocCUiickoi 3Ko-
HOMUKU, OIOMKETHOro AeuirTa U HEOOXOMUMOCTU CEKBE-
cTpa denepaibHOro OI0KeTa, CHUKEHUU 00bEMOB UHBECTU-
LM ¥ IOXOIOB HACEJIEHUS, MANeHUN OOBEMOB CTPOUTENIbHBIX
paboT, Mbl CUUTAEM, YTO TOBOPUTH O POCTE B TIPOMBIIILIEHHO-
CTU CTPOUTENBHBIX MarepuasioB B 2016 T. HEBO3MOXKHO.
TMonoxuTeIbHYI0 POJIb B YBEJIMUEHUN 00BEMOB MPOM3BOACTBA
MOIJIO OBbI ChITpaTh CHIKEHME Kypca py0Jisi, YTO O3BOJIUIIO Obl
OTEYECTBEHHON NPOAYKIIMM YCIelllHee KOHKYPUPOBaTb Ha
MMPOBOM pbIHKe. OTHAKO TPamUIIMOHHO OTPacib ObLIa OpU-

E€HTHPOBaHA Ha BHYTPEHHUI PHIHOK. J10JIsI 9KCITopTa B CTPYK-
Type TIPOM3BOACTBA TIO0 OOJIBIIMHCTBY TOBAPHBIX TPYMIT CO-
cTapysieT He 6oee 1—3% (MCKITIoUeHUE — JIMCTOBOE CTEKIIO) 1
JlaxKe TOTeHIIMATbHOE HapalMBaHUe 3KCIOPTHBIX MOCTaBOK
He MOKPOET MaJeHUsI CIIpoca Ha BHYTPEHHEM PbIHKE.

OpHoBpeMeHHO ¢ 3TuM, B 2016 T., 04EBUAHO, MOXKHO
OXUIATh JaJIbHEMUIIIET0 CHIKEHUSI 00beMOB MMITOPTa CTPO-
uteabHbIX MaTepuanioB B Poccuto. [Ipexne Bcero, ato Mo-
JKET KOCHYThCS LIEMEHTa, IIeOHST, IITYYHBIX CTEHOBBIX Ma-
TepuanoB. OMHAKO MpUrpaHUIHas TOPTOBJIS, IPEXIE BCETO
¢ benopyccueii u KazaxcraHoMm, 04eBUAHO, COXPAaHUTCS U
ee 00beMbl He OYIYT CYIIECTBEHHO COKpAIlaThCsl.

IIpu peanuzauy ONTUMHUCTHYECKOTO CLIEHAPUS Pa3BHU-
THSI SKOHOMUYECKO# cutyanuu B Poccuu, o HaImmm mpo-
rHo3aM, 1o uroram 2016 r. majgeHue MPOU3BOJACTBA B TIPO-
MBIIIUIEHHOCTU CTPOUTENBHBIX MaTepuajoB COCTaBUT HeE
6osnee 5—7%. B ciyyae peanMsaluu MeCCUMUCTUYECKOTO
clieHapusi, Mbl TIPOTHO3UPYEM CHIUKEHUE 00BEMOB MPOU3-
BOJICTBA B OTpac/ii, KaK MUHUMYM, Ha 12—15%.
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Haunyu4iwimne focTynHblE TEXHONOTUM -
HOBALUA B TEXHUYECKOM PEerynupoBaHuu CTPOMMHAYCTPUM

[peacTaBneH aHann3 cTeneHn rapMoHN3aLmnm MHAHOPMaLMOHHO-TEXHNYeCKOro cnpasoyHnka HOT «Mpou3BoACcTBO KEPAMUYECKUX U3AENUIA»,
pa3pa6oTaHHOro B Poccuu n yTBepxaeHHoro Pocctangaptom B fiekabpe 2015 r., ¢ aHanoruyHbIM cnpaBoyHnkom EC. MpoBeaeHa OLeHKa He06X0AUMbIX
13MEHeHNiA B paboTe 3aBOJ0B MO NPON3BOLCTBY KEPAMUYECKOr0 KMpNMya B KPaTKOCPO4HOI 1 [JONTOCPOYHOIA nepcnekTuse. MNokasaHo, YT0 BO MHOMOM
CX0XXMe B OMNUCATeNIbHO YacTy, POCCUIACKMUIA N eBPOMECKUIA CNPABOYHNKI Pa3nuyHbl Mo CTaTycy, No nokasatensim BO3AENCTBUA HA OKPYXAIOLLYI0
cpeay, a TaKkxe no nocneAcTBMAM NPaKTUYeCKOro NPUMEHEHUs, BOSMOXHO ryOuTeNbHbIM AN paga npeanpusaTuit 0Tpacnm, KOTOpble eLle He NpoBenu
UM HAXOAATCA B COCTOSHUW NO3TANHON PEKOHCTPYKLMM NPOU3BOACTBA. [J0Ka3biBaeTCA HEOHOCHOBAHHOCTb OTHECEHUS NPEANPUATUIA KUPNUYHO
MPOMbILLSIEHHOCTM K NPOM3BOACTBAM | KaTeropuu onacHoCTy. [lenaeTcs BbIBOA, YTO HEOOXOAMMO BHECTW JONONHEHUS 1 YTOYHEHUS Kak B CpaBOYHUK
HAT «[Tpon3BOACTBO KEPAMUYECKUX U3AENNIT», TaK U B PAL HOPMATUBHBIX LOKYMEHTOB Pa3fIMyHOr0 YPOBHS, HENOCPELCTBEHHO CBA3AHHbIX C
HE06X04MMOCTbIO BbINOMHEHUS TPE6OBAHUIA, 3aN0XKEHHbIX B CPABOYHUK.

KnroueBble ¢noBa: aHeprocbepexxeHne, pecypcocbepexxeHne, NPOMbILLNEHHAS IKONOrus, 3arpsA3HAIOLLE BELLECTBA, BbIOPOCHI B aTMOCHEpy,
OKpYXatoLLas cpeaa, Haunyyiine LOCTYNHbIE TEXHOMOTNN.
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(Technical Committee) 465, A.A. SHCHERBAKOQOV, Technical Director, T.A. DOKUCHAEVA, Leading Specialist-Ecologist, A.A. POPOV, Director
Ceramic Materials Manufacturers Association (2a, Shchelkovskoe Highway, 105122 Moscow, Russian Federation)

Best Available Technologies - Innovation in Technical Regulation of Building Industry

An analysis of the degree of harmonization of the Information-Technical Handbook NDT “Manufacture of Ceramic Products” developed in Russia and approved by Rosstandart (Federal
Agency on Technical Regulation and Metrology) in December, 2015 with the analogous handbook of EU is presented. The assessment of necessary changes in the operation of factories
producing ceramic brick for short-term and long-term perspectives is made. It is shown that Russian and European handbooks, similar in many ways in descriptive parts, are different
on the status, indicators of impact on the environment as well as on consequences of the practical application which could be fatal for many enterprises of the industry which didn’t
carry out the reconstruction or are still in the state of stage-by-stage reconstruction of production. The groundlessness of assignment of enterprises of the brick industry as the produc-
tion of first degree of hazard is proved. It is concluded that it is necessary to make additions and corrections both in the NTD Handbook “Manufacture of Ceramic Products” and in the

series of normative documents of various levels which are directly connected with the necessity to meet the requirements laid down in the Handbook.

Keywords: energy saving, resource saving, industrial ecology, contaminants, atmospheric emissions, environment, best affordable technologies.

HUnadopmanmonHo-TexHndeckuit crpaBoyHuk HIAT
«[Ipon3BOACTBO KepaMUUECKUX HW3Ienauit» (mamee —
CnpaBo4YHUK) BBeIeH B aeiictBue ¢ 1 urons 2016 r. mpuxa-
30M Poccranmapra Ne 1574 ot 15.12.2015 r. JlaHHBI# cripa-
BOYHMK SIBUJICS TIPOJIOJKEHUEM pabOThl, HAYaTON KOJUIeK-
TBOM 3KcnepToB B 2002—2004 rr. 1 2007—2009 rr. B pam-
Kax MPOeKTOB rapMOHM3AIIMY IKOJIOTMYECKUX CTaHIApTOB
ECu PO I'DC-1u I'BC-II B.

IIpu noaroroBke CripaBouHMKa ACCOLIMALIUS ITPOU3BO-
nuTtenei kepamuueckux matepuanoB (AITKM) Bena akTuB-
HYI0 pabOTy He TOJIBKO MO cOOPY JaHHBIX VISl BKIIOUEHUS B
€ro COCTaB, HO U MpeoCcTaBuIa pa3paboTuukaM aKTyallb-
HbIe MaTepuabl, CBSI3aHHbIE C TEXHOJIOTHEN TTPOU3BOJICTRA,
OTPACJIeBOIM CTATUCTUKON 1 MePCITEKTUBHBIMU TEXHOIOTUSI-
mu. Tenepp, Korga CHpaBOYHUK YTBEPXKIEH, MOXHO OLie-
HUTb, HACKOJIbKO TOKYMEHT, pa3paboraHHbIii B Poccum,
rapMOHU3UPOBAH C aHAJOTUYHBIM cripaBoyHUKoM EC, u
Kakre M3MEHEeHHUsI B paboTe 3aBOJOB IO IMPOU3BOICTBY Ke-
PaMUYECKOTO KUPMUYA CIEAYET OXUIATh MOCJIE BCTYILIE-
HUS €TO B ICUCTBHE.

B 1ienioM Mo cTpyKType M comepXKaHUIO CIPaBOUHUKHU
cxoxu. Ho cienyer oTMETUTD M BaxKHbIE OTJIMYMSI.

Cnpasounux EC no HJT seasemcs cnpagovHbim 00KymeH-
moM, T. €. JIOKYMEHTOM Heo0s3amenvHo2o npumerenus. Ero
POCCHMIACKHI1 aHAJIOT MMEET CTATYC JOKYMEHTa HOPMATHUBHOIO,
BXOJISIIETO B TepeueHb JOKYMEHTOB IO CTaHIApTU3alNK
cormacHo M3 Ne 162 ot 29.06.2015 1., Ha OCHOBaHWU KOTO-
poro ycTaHaBJIMBAlOTCS TpeOOBaHUS, OOECIeYMBalOIIe
KOHTPOJIb 32 MX BbIMOJHEHMEM. Ha ocHOBaHUM AaHHOTO
CripaBoYHMKa COOTBETCTBYIOIIMMM BEIOMCTBAMU OyIeT

OCYUIECTBJISITbCSl HaJUIeXKallUuii KOHTPOJb 3a JAESITeNIbHO-
CThlO Hamux TmpeanpusaTuii. CrnpaBOYHUK JAOCTATOUHO
JKEeCTKO perjaMeHTUpPYeT MoKa3aTeau YAeJbHbIX BHIOPOCOB
U DHEeProIoTpedaeHus.

IToka3aTeu BHIOPOCOB 3arpsA3HAIONIMX BeHIECTB B €BPO-
reiickom u poccuiickoM CripaBOUHMKAaX HMEIOT pa3Hylo pa3-
MepHOCTb. (Tab. 1, Tabu. 2)

Crenyet OTMETUTD, UTO Memodoa02us 3amepa u onpeoene-
HUs nokasameneil 8blOPOCO8 6 Ke/Mm NPoOyKyUu noKa He onpe-
Oenena.

B CnpaBounuke EC ogHO3HAYHO yKa3aHO, YTO «COOT-
BercTBytome HAT ypoBHY He ONpenessitoT U He yCTaHaB-
JINBAIOT TIPENEJIbHO MOIYyCTUMBbIE BEJIUYUHBI BHIOPOCOB U
cOpOCOB», a TakKXXe «CHeAyeT ellle pa3 MOAYEPKHYTh, YTO
HACTOSIIIUNA JOKYMEHT HE pPerjaMeHTUPYeT TpejesibHble
BEJIMUMHBI YpoBHeil BbiOpocoB». B CnpaBounuke HJIT
«[Tpoun3BoACTBO KepaMuyecKux usneauit» PO stor MOMEHT
He oOo3HayeH. bosee Toro, mo MHeHUIO MUHOPUPOIBI
Poccun, 3HaueHUsT TEXHOJIOTUYECKUX HOPMATUBOB JIOJIKHBI
cTaTh TOW TpaHMIEH, 3a TIPEBBIIIEHUE KOTOPOUl ClemyeT
MHOTOKPAaTHO YBEJIMUUTH IJIATEXU 32 BBIOPOCHI 3aTPsI3HSI0-
LUX BEILIECTB, HEB3UPAsl Ha TO, YTO JAHHbIE BIOPOCHI YKJIa-
JIBIBAIOTCSI B HOPMATMBBI JONTYCTUMBIX BBIOPOCOB.

B CnpaBounuke P® ectb 00s13aTesIbHBIC TIPUIOXKEHYS B
n I'. Ilpumoxenue B saBmstercas mepeunem HAT, a
IMpunoxenune I' — nmepeuHeM TEXHOJOTMYECKUX MOKa3aTe-
neit, coorBercrByromux HJIT. Ilpu stom, Hampumep, B
IMpunoxenun I' pig HAT 9 ykazaHo 3HaueHUeE yaeJbHOTO
MOTpeOJIeHUsT SHEPTUM IMPU TMPOM3BOACTBE KUPIMYA, a B
IMpunoxenuun B nnst HAT 9 ykazaHo cHukeHue MoTpeodie-
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OTpacib B COBPEMEHHBIX YCIOBHAX

YpoBHM BbIOPOCOB ra3o006pa3HbiX HEOPraHU4YeCcKnUx BelecTB C AbIMOBbIMU
rasamm npv ooxwure, cooreetcteyiowme HAT B CnpaBoyHuke EC

Tabmmua 1 canuTapHO-3aIIMTHAS 30HA IO HOPMATUBAM
He npesbimaetr 300 M. M nmpuHyauTh 3aBoa K

CHWXXEHUIO YPOBHSI aMuccuu 3B BO3MOXHO

TOJIKO TIYTEM CHIDKEHUS TEXHOJOTMYESCKUX

Eavnnua YposeHb HOPM BbIOpoca 3B u yBeIMueHMsI CTaBOK I1j1a-

MapameTp M3MepeHua BBIOPOCOB, || reweit m wTpaoB 3a MX IPEBbIIICHUE.
(cpenHecyTo4Hoe COOTBeTCTB1yI0LLI,VII/I JIaHHDBIA MYyTh HE TMPUBOIUT K PEabHOMY,

3HaveHue) HAT OLIYTYMOMY YMEHBIIEHUIO BbIGpoca 3B, HO

®dTop, B nepecyeTe Ha HF 1-102 TI03BOJISIET UCKYCCTBEHHO CO31aTh CUTYyallMIO,
3 Korja 3aBoj OygeT He crocobeH coboaaTh

Xnop, & nepecuere Ha HCI 1730 TEXHOJIOTMYECKHE HOPMATUBBI BHIGPOCOB 3B
SO, , B nepecyete Ha SO, 3 M pacxoja SHepPruu M1 MOXKHO IMONbITATHCS BbI-
Comepxarme cepbl & chipbe < 0,25% Mr/m < 500 HYIUTb €T0 Pean30BaTh IPOTPAMMbI I10 CHIL-
JKEHMIO YIeJbHBIX BEIOPOCOB. JIaHHBIN 3aMbI-

SO, , B nepecyete Ha SO, cesl MUHKMCTEpCTBA MPUPOIHBIX PECYPCOB U
Conepxanue cepbl B Cbipbe < 0,25% 500-2000% skojornu Poccuiickoit Menepalivivi HaTISIIHO

MOBTOPHOMY MCMOJIb30BAHUIO CTOYHbIX BOA,.

copgep>kaHnem cepbl.

' MokasaTenu 3aBMCST OT COEPXaHMs 3arpASHAIOLLErO BELLECTBA (€ro UCTOHHMKA)
B CbIpbe, T. €. MPY 0BGXKMre KepamMuku ¢ ero masnbim cogepxaxnem HAT cooTBeTcTBYET
MeHbLLIee 3Ha4eHVe ayana3oHa, ¢ 6oMbLLMM copepxaHemM — GonbLuee.

2 BepxHuii npenen HAT MOXET GbiTb HUXE B 3aBUCUMOCTU OT XapaKTEPUCTUK ChipbS.

8 BepxHuii npegen HOT MoXeT BbiTb HUXE B 3aBUCUMOCTU OT XapakTepUCTUK
cblpbsi. BepxHsist rpaHvua yposHs BbiopocoB HAT He pomxHa npensTcTBOBaTb

4 BepxHuii npegen HOT oTHOGMTCA TOMLKO K Matepuanam C KpaiHe BbICOKUM

MpeJCTaBAeH B HWXEMPUBEJEHHON cXxeMe
(puc. 1).

OueBUIHO, YTO CXeMa HUMEET LUKIhYe-
CKUIf XapaKTep U OTCYTCTBYET MEXaHU3M, T10-
3BOJISIONINN €€ OCTAHOBUTD. A IJ11 (DYHKIIMO-
HUPOBaHMSI TaHHOM CXeMbl KaK (prUCKaJbHOTO
UHCTpyMeHTa Munnpupoasl Poccun npeana-
raeT NMpUMMEHEHUE CAaHKIUIl B cilyyae Helo-
CTUXXEHUSI TEXHOJIOTUYECKMX HOPMAaTUBOB
(puc. 2).

TexHonornyeckue nokasarenun HOT CHMKEHUS BbIOPOCOB 3arpa3HSAIOLLMX
BeLLEecCTB Npu o6Xxure kepamuyeckoro kupnuya (HAT 10) B CnpaBoyHuke PO

OIHMM U3 KIIOUEBBIX DJIEMEHTOB, 00€-
creynBaoIuX GyHKIIMOHUPOBaHWE AaHHOM
CXEMbI, CTAaHET KOMILIEKCHOE 9KOJIOTMYECKOe
paspeterre (KOP). [Ins ero monydyeHus 3a-

Ta0mnua 2

TexHonornyeckme nokasaTtenn: yaesnbHole EnnHnubl 3HaueHune BOJI I0JDKEH OYZeT 0DOPMHUTH 3aBKY M KOM-
BblOpoCkl 3B npu o6xure kupnuya n3mepeHus (ananasoH) TUIEKT TOKYMEHTOB, TIONTBECPXAAIOIINX COOT-

BeTcTBUE TpeboBaHusaM HT.
CcO Kr/T NpOAyKUMM <0,8 st Hayajia HeoO6XOAMMO ITOATBEPIMTD,
NO, (& nepecuete Ha NO,) <05 YTO TEXHOJOTMYECKHE ITOKa3aTelud COOTBET-
CTBYIOT  3HAuye€HUSIM, YKa3aHHBIM B

SO <0,2 I r c

2 PWIOXEHUN MpaBOYHUKA, & UMEHHO

HUS TOIUIMBA B MPOU3BOACTBE KMprnuya. To ecTb, i Bbl-
NOJIHEHHsA TPeOOBaHUI oHOro U Toro ke 3jaeMenta H/IT we-
00X0IMMO COOJTI0IEHHE ABYX MAPaMeTPoB. DTO O3HAYACT, UYTO
TIPEANPUSITIE JODKHO HE TOJNBKO YKJIAIbIBaThCSl B HOPMU-
pyeMBbIi AMaNa3oH 3HEPronoTpedJeHUs, HO M MOCTOSTHHO
(€xXeromgHo) IeMOHCTPUPOBATh CHIUKEHHUE YIEIbHOIO SHEp-
TOIOTPEOICHMSI.

Bo MHOTOM CXOXMe B ONMKCATeIbHON YaCTH, CIIPABOYHHU -
KH Pa3jIMYHbI M0 CTATyCy, MO MOKa3aTejaM BO3IEACTBUA HA
OKpyzxKaronIyio cpeay. IlocaeacTBus NpakTHIECKOTO MPUMEHE-
Hus cnpapounuka no HAT B P® 6yayr unbie, Hexkesm B EC.

B Hacrosiiiee BpeMst OTCYTCTBYET IMpolieaypa MpuMeHe-
HUS WHOOPMAIIMOHHO-TEXHUYECKOTO CIIPaBOYHUKA IO
HAWTY4IIUM JOCTYIHBIM TeXHOJIOTUSIM «[Tpon3BoaACTBO Ke-
paMU4ecKuX usaeauii». [TombITaeMcst OLIEHUTD, KAaKOE BIIH-
STHME OKaXXeT BBEJICHHWE B IEWCTBHUE TAHHOTO CITPaBOYHMKA
Ha CPEIHECTATUCTUYCCKMIT OTIECNBHO B3ATHI KUPIUYHBIN
3aBO/I.

Hanpumep, 3aBoa mpou3BoauT 30 MJIH LUT. YCJI. KUPIU-
ya/ron (uau 75 ThIC. T/TOM) MYCTOTEJNOrO KMpIUYa Maccoi
2,5 KT, YKJIaABpIBaeTCsl B TEXHOJOTMYECKIE TTOKAa3aTeI BbI-
OGpPOCOB M YIETbHBIX 3aTpart asiekTposHeprun. [oaHas cebe-
CTOMMOCTb TPOAYKIMHU 9 p./1UT., ieHa peanusaiuu 10 p. /1T,
CooTBeTcTBeHHO TpuoObLLTL — 30 MIH p./ToA. Takas mpu-
OBUILHOCTB 3aBOJIa UyTh 0OJIbIIIE TTOKa3aTe s MHQISLIUN, HO
BCe-TaKU 3aBOJI «Ha IJ1aBy», YTO B IEPUOJ SIKOHOMUYECKOTO
KpH3KCca XapaKTepHO JajJeKo He I BCeX KUPIUYHBIX 3a-
BonoB. ClioxkHee OOCTOSIT Jiesia y 3aBOJIOB, TPEOYIOIIUX pe-
KOHCTPYKIIMM WJIM OOpEMEHEHHBIX KPEAUTAMM TTOCNE yKe
MPOBENEHHON PEKOHCTPYKIIMU, a TaKkKe HOBBIX 3aBOJIOB,
MOCTPOEHHBIX C MPUBJICYCHUEM 3a€MHBIX CPEICTB.

YpoBeHb aMuccHU 3arpsi3Hstomux Beiects (3B) or ta-
KOTO MPOU3BOACTBA HU3KHUIA, YTO ITOATBEPXKIAAETCS TEM, UTO
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BoIMosiHATCS TpeboBanusi HIAT-3 (creneHb
yiaaBiauBaHMs Tk > 95%), HAT-9 (yaenbHoe moTpebie-
Hue sHepruu < 3 I'Ix/t), HAT-10 (ynenbHble BHIOPOCHI:
CO < 0,8 xr/1; NO, < 0,5 xr/T; SO, <0,2 kr/T). Hecmotps
Ha TO YTO METOJOJIOTHUS OTIpeAeICHUS JaHHBIX TToKa3aTeseit
elle He pa3paboTaHa, 3TO, 110 HallleMy MHEHUIO, OyIeT ca-
Masl pocTasi MpoLeaypa.

Hanee — cioxHee: HeobxoguMo OyIeT AoKa3aTb, YTO
MPOW3BOJICTBO COOTBETCTBYET TPEOOBAHMSIM, YKa3aHHBIM B
IMpunoxenuu B, a ”MeHHO Ha 3aBoJie €CTh CUCTEMA 3KOJIO-
rudeckoro MmeHemkmenTta (HIT-1). Kak npaBuiio, Ha cpea-
HECTAaTUCTUYECKUX KUPIUIHBIX 3aBOJAAX CUCTEMbI 9KOJIOTH-
YeCKOro MEeHeKMEHTa HeT U ee HeoOxoauMo OyaeT co3ia-
BaTh, MOAAEPXKUBATh U pa3BUBaTh. PazymeeTcs, caMOCTOSsI-
TeJIbHO pa3padboTaTbh CUCTEMY IKOJIOTMUECKOTO MEHEIXKMEH-
Ta U MEPOMPUSTUS TI0 CHUKEHUIO YPOBHS BO3JEHCTBUS Ha
OKPYKaIOIIYIO cpeay He Tak IpocTo. M 3aBoj OymeT BEIHYX-
JIeH 00paTUThCA K TIPUBIEYCHUIO CITeIIMATM3UPOBAHHBIX
OpraHM3alvii IJIs peleHus 3Toi 3amaun. BeposstHo, He0O-
XOOUMO OyaeT pa3paboTaTb M CHUCTEMY SHEPreTUYECKOIro
MeHemxMeHTa. CepTuduKaius CUCTEM SHEPreTUYecKoro u
9KO0JIOTUYECKOTO MEHEIXKMEHTA 3aKOHOAATEILHO TIPSIMO He
npenycmatpuBaetrcs. Ho 3aBoa OyneT BbIHYXAEH MTPOBECTH
TaKkylo ceprudukanmio. [IpocTo MOBTOPUTCS CUTYAIUS C HE-
o0s13aTeIbHON cepTrduKalueil mpou3BoacTBa. Benb B Ha-
cTosiIiee BpeMsi MPaKTUYEeCKU BCe MPOU3BOAUTEIN KUPITUYa
HUMEIOT cepTUdUKAT COOTBETCTBUS (ITPOU3BOICTBA), XOTS UX
MPOAYKIIMS HE TIOMIEKUT 00si3aTeIbHONM CepTU(UKALINN.
Jnst mostydeHust Takoro cepTudukaTa npearnpusiTie BbIHYXK-
JIEHO TaKXe TOJYYMTh (pasymeeTcsl TJIaTHO) CaHWUTapHO-
SIUIEMUOIOTUIIECKOE 3aKTIOUEHME.

CTOMMOCTb CO3[aHUSI CUCTEMbl JKOJOTMUYECKOTO Me-
HEIXXMEHTa B HACTOsIEee BPEMsI COCTABJSIET MPUMEPHO
1,5 MJIH p., CTOMMOCTb ee coaepkanust — 0,5 MJIH p./ro.
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Industry under present conditions
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Puc. 1

B xozne co3maHusi cMCTEMBI 3KOJOTMYECKOTO MEHEIX-
MEHTa 3aBOJ IOJLKEH OyneT pa3padboTaTh MEPOIPUSITUS I10
cHukeHMIo BbiOpocoB mbutn (HJIT-3), BEIOpOCOB 3arpsiz-
nsomux BemectB (HAT-10), cokpallieHUIO IyMOBOTO BO3-
neicreust (HAT-8), Munumuzanuu orxonos (HAT-7).

MepornpusTvsi IO CHUXEHUIO TMOTpeOJIeHUs TOTLIUBA
(HAT-9), BeposiTHO, BOUAYT B CUCTEMY IHEPTETUYECKOTO
MeHeKMeHTa. Kakue 3mech XIyT CIOPIpPU3bl MTOKa Heu3-
BecTHO. [Ipennosoxum, 4To CTOUMOCTb CO3IaHUST CUCTEMbI
SHEPreTUYeCcKOro MEHEIKMEHTa COXPAaHMTCS Ha YpPOBHE
1 MaH p., a ctouMocThb cofepxkanus — 0,5 miaH p. Takum
00pa3oM, TOJIbKO /151 MOATBEPKIEHMSI TOTO, UTO 3aBOJI IPU-
JlaraeT YCWIMSl K CHUXKEHUIO BBIODOCOB M TMOTPeOJICHUS
9HEPIruu, IOTpedyeTcs 3aTPaTUTh 2,5 MJIH P. €IMHOBPEMEH-
HO ¥ B JaJIbHE11IeM TPaTUTh Ha 3TO 1 MJIH P. €XXeroaHo.

Ho kpoMme noaTBepskaeHusI, 4TO 3aBOJ, MIpUJlaraeT ycu-
JINSL K CHUDKEHWIO BBIOPOCOB 1 TOTPEOJICHUSI 9HEPTUM, STU
YCUIMSI HEOOXOAMMO €llle U MPWIOXKUTb. M 3TO Takxke mo-
TpebyeT 3atpar. IlombiTaeMcs OLICHUTh 3TH 3aTpaThl.
YcTraHOBKaMU TMbLIEOYMCTKY OCHAIEHBI MTPAKTUYeCKU BCe
3aBOJIbl. DTO HEOOXOAUMO JUISI COOIIOACHUS TPEOOBAHUIM K
BO3IYXy paboyeil 30Hbl B COOTBETCTBMM C 3aKOHOIATEJb-
CTBOM 00 OxpaHe Tpyna. YieabHble SHepro3arparbl 3aBUCST
OT CBOWCTB ChIPbsI, BUJA BBIMYCKAEMOM MPOAYKIIMUA U TIPO-
€KTHOM TEXHOJIOTUIECKOM CXeMbI MPpOon3BoaACcTBa. CHIDKEHUS
BHepro3arpar MOXHO JOOUTHCS M3MEHEHWEM BHUIA BBIMY-
CcKaeMoi TMpOAYKLMU (3TO MOXKET ObITh OrpaHUYEHO KakK
DPBIHOYHON KOHBIOHKTYPOM, TaK U BO3MOXHOCTSIMU yCTa-
HOBJIEHHOTO O0OpYIOBaHMSI) U COCTaBa IIMXTHI (B JAHHOM
cJlyyae OrpaHUYEHMSI BBITEKAIOT U3 HEOOXOMUMOCTH 3aMEHbI
MECTHOTO CHIPbSI TPUBO3HBIM, UTO YIOPOXKAET MPOIYKIINIO).
JIn6o HeoO6XoaMMO NU3MEHUTD TEXHOJIOTUYECKYIO CXeMY IIPO-
MU3BOJCTBA, YTO, MO CYTH, MOXET O3HAYaTh PEKOHCTPYKIIUIO
MPOU3BOJICTBA, & [0 CTOMMOCTU ObITh COMTOCTABUMO CO CTPO-
UTEJIbCTBOM HOBOTO 3aBOjia, T. €. CHUXXEHUE YAETbHBIX 3a-
TpaT SHEPTUU UMEET CYIIECTBEHHBIE, a 3a4aCTYIO HEMTPUEM-
JIeMble IS TIPEATIPUSTAS OTpaHMYeHUsI. 3aKOHOIATETbHO
HE TPEeIyCMOTPEeHBI IIJIaTeXW 3a TPEBBIIICHUE YOSTbHBIX
3aTpar 9Hepruu B MPOU3BOACTBE Kupnuya. s npeanpus-
THSI 9TU 3aTpaThl U 0e3 ycTaHOBIeHUs TpeboBaHuii B HAT
obxonsaTes B 25% ot cebecToMMOocTH TpoaykKimu. Ho Bot
apryMEHTUPOBAHHOE J10KA3aTeIbCTBO OPraHy, BbLIAIOIIEMY
KBOP, uro manbHeliliee CHUXXEHWE 3aTpaT HEPTUM TIpell-
MpUATHE HE MOXET ceOe IMO3BOJIUTh, — OyIeT 3aBUCETh OT
«KaueCcTBa» apryMeHTallMy 3aBoja. B ueM OyaeT BbIpaXKkaThCst
B TaKOM cJlydyae 3Ta apryMeHTalusl 3aKOHOIATeTLCTBOM He
YTOUHSIETCS, BUTMMO, OCTaBJIEHO Ha YCMOTPEHUE JOTOBapH-
BaIOLIMXCSI CTOPOH.

Co CHUXXEHUEM YIEIbHBIX BBIOPOCOB CUTYALUsI OOCTOUT
Oosiee MOHATHO. B HacTos1Iee BpeMst HU OJMH 3aBOJI HE MC-
MOJIb3YET OUMCTKY JABIMOBBIX ra30B. B 3TOM MpocTo HET He-
ooxoauMoctu. CaHUTapHO-3alllUTHAsI 30HAa 3aBOJOB IO
MPOU3BOACTBY KUpIHUUa cocTapisieT He 6osee 300 M. U a0
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PocT nnatexen 40 pa3mepoB, CONOCTaBUMbIX C 3aTpaTami Ha
0YMCTKY BbIOPOCOB B CIy4ae HEAOCTVKEHNS TEXHONOMMYECKNX
HOPMaTNBOB.

YBennyeHne NoBbILAIOLLNX KOI(PMULMEHTOB NNaATbI:

— 33 BPEMEHHO pa3peLLeHHoe Bo3aencTane K=25;

— 3a BO3JENCTBKe, NpeBblLIaKoLLee paspelieHHoe, K=100
(c01.01.2020 r.)

LtpadhHble caHKumu:
— BBE/IEHME HOBbIX COCTABOB afiMUHUCTPATUBHbIX NPABOHAPYLLEHNIA;
— YBenn4eHne pa3mMepoB LWTPagoB.

Puc. 2

obecrnieynBaeT CHIKeHHe YpoBHSA 3B 1o momycTuMBIX 3Ha-
YeHMI KOHLIEHTpALWii B XXuJ10i 30He. OIHAKO IS TToJTyde-
Hust KOP Heo6X0aMMO BBIMOIHATh MEPOIIPUSTUS 1O CHU-
>keHU1o BbIOpocoB 3B. PeaqbHO 3TOro MOXHO AOOUTHCS
TeMHU e crnocodamMu, 4To M TPU CHIDKEHUM YOEIbHBIX
SHEpro3arpar, YTo B OOJIBIIMHCTBE CIy4aeB OKAaXETCsl He-
NpyeMJIeMbIM T 3aBoga. Ho ecTb m apyroit BapuaHT —
YCTaHOBKA ra3o04ucTHOro obopynoBaHus. [1pu croumoctu
takoro obopynoBaHust 500 Tbic. eBpo (~37,5 MJIH p.) U 3a-
Tpartax Ha 3KcrutyaTauuio S0 Teic. eBpo,/roa (~3,75 MJIH p./rom)
JUTS1 3aBOJIa TEPSIETCSl CMBIC B €0 YCTaHOBKE, Jlaxe eciiu
HOPMATHUBBI JOMYCTUMBIX BBIOPOCOB paBHBI HYJIO U TIpU-
MEHEeHBbI MaKCUMaJIbHble KO3(MMUIIMEHTHI 3a TPEeBhIIICHUE
5THUX HOPMAaTHUBOB.

B uenom nns cpeaHecTaTUCTUYECKOTO, B3SITOrO IS
MpYMepa 3aBojia, CTOUMOCTh BbITIOJHEHUST PUPOJOOXPAH-
HBIX MEPOTIPUSATHI 000HAETCS MUHUMYM B 4,75 MIIH p./TO1
0e3 yuyeTa 3aTpaT Ha NPUOOPETEHUE U YCTAHOBKY Ta3004MCT-
Horo o6opynoBaHus. PazymeeTcs, Takve 3aTpathl IS 3aBO-
Jla OYeHb BEJIMKM, a peaIbHbII IIPUPOIOOXpaHHBIN 3P deKkT
HUYTOXHO MaJl. [1ocKOJIbKY (hakTudecKue BEIOPOCH 3aBOIa
HE MPEeBBIIAIOT HOPMATUBOB AOIMYCTUMbBIX BBIOPOCOB, TO
BO3HUKAET HEOOXOAUMOCTb COINIACOBAHMSI MEXY 3aBOJIOM
u opraHoMm, BeigawoimmM KOP, nosuimmu 3aBona o HEBO3-
MOXHOCTH CHIXEHHUS yAEJbHBIX HOPMAaTHUBOB BBIOPOCOB.
CnpaBouynuk mo HAT npeaycmaTpuBaet, 4ToO y pa3audHbIX
3aBOJIOB, MPOU3BOSAIINX PA3TUIHYIO TMPOAYKIIMIO U3 pa3-
JIMYHOTO ChIPbsI, MOTYT CYIIECTBEHHO OTJIMYAThCS YETbHbIE
HOpMaTHUBbI BEIOpocoB. Ho yeTko onpeaennTs, KAKUMU OHU
JIOJDKHBI OBITh JUIS OTAENIbHO B3SITOTO TPOM3BONCTBA, M3
maHHoro CIripaBOYHMKAa HEBO3MOXHO. Takum oOpa3oM,
co3maeTcs CUTyalMsl, Korna MPUHATHE PellleHUsT O Bblaaue
KBOP ocHOBbIBaeTCSI B 3HAYUTEILHOM Mepe Ha IOHUMAHUU
MeXIy opraHoM, Boigaomum K9P, u 3aBonom.

Yro npuHeceT rapMOHU3aLHs IKOJIOTHYECKUX CTAHAAPTOB
KMPNUYHBIM 3aBoAam?
OaHO3HAYHO — IOSIBSITCSI HOBBIE pabouyune Mecta. Ho He
B MPOMBILUIEHHOCTH, a B MPUPOIOOXpaHHBIX opraHax. M
OIUIAYMBATh YCIYTU OTUX «TPYKEHUKOB» OyIyT KUPITUUHbIE
3aBOJIbl, @ B KOHEYHOM UTOTe MOKyNaTeau KUprnuya.

HAY4HO-MeXHU4eCcKUil U nPou3800CHEEHHbLI JCYPHAA
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OTpacib B COBPEMEHHBIX YCIOBHAX

CHU3UTCS M BO3IEMCTBME Ha OKPYXKAIOIIYIO Cpemy?
Cxopee n1a, X0Ts 1 He3HauuTeabHO. Ho He 3a cueT cHuxke-
HUSI BBIOPOCOB 3arpsI3HSIIONIMX BELIECTB ITPU TOM XK€ 00beMe
BBITTyCKA KUPITUYA, a 32 CYET TOTO, UYTO C YBEIMYEHUEM CTO-
MMOCTHU KUPITMYA CITPOC Ha HETO YIajeT, 3HAaUMTEIbHO yma-
JIET W TIPOU3BOJICTBO.

Pewenue o evidaue KDP 3aeucum 6 6oavuieil mepe om no-
3UUUU OpeaHa, 8vldaroueeo MU paspeulenus, Helceiu om
Gakmuuecko2o ypoeHs 6030eicmeus npeonpusmusi Ha OKpy-
acarowgyio cpedy. M amo Hogas, HeoceoeHHAs: U MH02000ewaio-
was obnacms 045 KOPPYRUUU.

O6ocHoBanue BBeneHus nouHsTvuss HAT mosiBunock ot-
HIOIb HE BYepa, Belb rOCYIapCTBeHHAs MOJUTHKA B chepe
KOHTPOJIS 33 9KOJIOTUIECKMMU aCTIEKTaMU TTPOMBIIILIEHHOTO
Mpou3BoacTBa B Poccuu mocTynareabHO pa3BUBAET CUCTEMY
HOPMAaTUBHOTO PETYJIMPOBAaHUSI BHE 3aBUCUMOCTU OT TEKY-
el 9KOHOMUYECKOIl KOHBIOHKTYPBI. B TTocieaHee Bpemst
3HAYMUTEIPHO aKTUBHM3MPOBaJach paboTa Mo rapMOHU3AIUN
crangaptoB EC u P®, 3akoHomare1bcTBa B 00J1aCTU OXPaHbI
OKpyXarolleil cpeabl. B pasBuTue maHHOTO HaIpaBICHMS
BHECEH PsIIl TOTMPaBOK B 3aKOHBI P, MPUHSITHI COOTBETCTBY-
follKe Moa3akoHHbIe akThl. Tak, B ®3 Ne 7 ot 10 sHBaps
2002 r. «O0 oxpaHe okpyxaromieit cpemasr» ¢ 01.01.2015 r.
JIOTIONTHUTEIbHO BHeceHa cT. 4.2. «Kareropum oOBEKTOB,
OKAa3bIBAIOIIMX HETaTUBHOE BO3ICUCTBHE HAa OKPYXKAIOIIYIO
cpeny». CornacHo 1. 1 JaHHOM CcTaTbu, «...00bEKThI, OKa3bI-
Balollle HETaTMBHOE BO3AEHCTBHE Ha OKPYXXAIOIIYIO Cpely,
B 3aBUCHMOCTHU OT YPOBHSI TAKOTO BO3JAEHCTBUS MOApA3Ie-
JISIIOTCS Ha YeThIpe Karteropuu». B 1. 3 cT. 4.2 cka3aHo, 4TO
«...KpUTEepUH, Ha OCHOBAHWUU KOTOPBIX OCYIIECTBIISIETCS OT-
HeceHMe 00bEKTOB, OKa3bIBAIOIINX HETATUBHOE BO3/ICHICTBIE
Ha oKpyxXamIyto cpeny, K oobekram I, 11, II1 u IV xatero-
puii, ycraHaBiuBawTcsa IlpaButenbcTBoM Poccuiickoi
deneparum».

Bo ucnonneHue nanHoro 3akoHa 28.09.2015 r. uznaHo
IMocranosnenue IpasutenbetBa PO Ne 1029 «O6 yTBepXK-
JNIEHUW KPUTEPUEB OTHECEHUs OOBEKTOB, OKAa3bIBAIOIIMX
HeraTMBHOE BO3ICICTBME Ha OKPYXAIOIIYl0 cpeny, K 00b-
extam I, 11, 111 u IV xaTteropuii». JlaHHBIM pacIopsKeHUEM
«...MPOU3BOJCTBO OTHEYMOPHBIX KePaMUUECKUX U3IACIUN U
CTPOMTEJIbHBIX KEPAMMYECKHX MATEpHaJIoOB (C TMPOCKTHOM
MOIIHOCTBIO | MJTH IITYK B rof 1 60Jee)...» OTHECEHO K 00b-
ekTaM I Kareropuu, T. €. K 00beKTaM, OKa3bIBAIOIIIUM 3HAYM -
TeJTbHOE HETATUBHOE BO3JEHCTBIE HAa OKPYKAIOIIYIO CpeNly U
OTHOCSIIUMCS K O0JIACTSIM MPUMEHEHUs] HAWIY4IIUX J0-
CTYITHBIX TEXHOJIOTUH.

IToyemy npeanpusATHsA MO NPOU3BOACTBY KUPIHYA
ObLTH OTHeceHbI K I KaTeropum.

CornacHo @3 Ne 7 «O6 oxpaHe OKpYXKalOILEi Cpeabl»
JOJIKEH OBITh YUTEH YPOBEHb BO3ACMCTBUS Ha OKpYXKalo-
myio cpeny. Ho aTtoro mbel He HaxoauM B IlocTaHOBIEHUU
IIpaButensctBa PO ot 28.09.15 Ne 1029. He Haxoaum mo-
TOMY, YTO 3aBOABI MO TPOM3BOACTBY KUpMHUYa (Ia W BCeW
KepaMUKH) He (PUTYPUPYIOT B TOCYTapCTBEHHBIX JOKJIAIaX O
COCTOSTHUM M 00 oXpaHe OKpyXarolieir cpeasl Poccuiickoit
®enepaliu Kak OTpaciib, BIUSIONIAs HA COCTOSTHUE OKpPY-
JKalOIIEH Cpeibl.

CornacHo @3 Ne 7 «O6 oxpaHe OKpyXKalollei cpembl»
TaKXe JOJKeH OBITh YUTEH «...ypOBEHb TOKCUYHOCTH, KaH-
IIEPOTEHHBIE U MyTareHHBIE CBOWCTBA 3arps3HSIONIMX Be-
IECTB, COAepKAIIMXCSI B BBHIOpOcax, cOpocax 3arpsi3HsIIO-
X BEIIECTB, a TaKKe KJIACChl ONMTACHOCTU OTXOIOB IMPOMU3-
BoacTBa u nortpebneHusi». Ho B IlocranomiaeHuu Ilpa-
ButeibcTBa PO ot 28.09.15 r. Ne 1029 npu oTHeceHUM 3a-
BOJIOB MO MPOM3BOACTBY KMpIMYa K | Kateropum o6 3TOM
TakKe He yrmoMmuHaeTcsa. He ymommHaeTcss moTomMy, 4To B
BBIOpOCAX HAIIMX 3aBOJOB HET 3arpsi3HSIONIMX BEIECTB
I vm 11 knacca onmacHocTH.

CornacHo @3 Ne 7 «O06 oxpaHe OKpyXKalolleil cpelbl»
TaKXe JOJIKHA ObITh YYTE€HA «...KJIacCUMUKALIMS TTPOMBIII-

HAY4HO-MexXHU4eCcKuil U npou3800CMEeHHbLI HCYPHAA

JICHHBIX OObEKTOB 1 MPOU3BOACTB». OO 3TOM TakKe HUUETO
He ckazaHo B IlocraHoBiaenuu IIpaBurenbctBa PP ot
28.09.15 r. Ne 1029, tak Kak corjacHo CaHUTapHO-
SMUIASMUOJOTUUECKUM ITpaBuiaM M HopMatuBaM (CanlIuH)
2.2.1/2.1.1.1200-03, mpeanpusTusi 1Mo MPOU3BOACTBY KMUP-
nuya otHocsTes K 111 kimaccy, 1ist KoToporo caHuTapHO-3a-
IMUTHas 30Ha cocTanJsieT Bcero 300 M (11. 7.1.4).

[MpennpusaTus Mo MPOM3BOACTBY KMPITMYA B COOTBET-
ctBuH ¢ «MetogmueckuM nmocoornem HUUM «Atmocdepar mo
pacyeTy, HOpPMUPOBAHUIO U KOHTPOJIIO BEIOPOCOB 3arpsi3Hsi-
JOIMX BEIIECTB B aTMOCHEPHBI BO3Myx» B MONABISIONIEM
6onbinHCTBE oTHOCATCS K 111 Kateropuu. Y H1 onuH 3aBon
He OTHOCHUTCS He TOJIbKO K | kaTteropuu, Ho naxe ko I kate-
TOPUH.

CornacHo Tomy xe ITocranosnenuto [1paBurenbcrBa PO
ot 28.09.15 Ne 1029 3aBombl MO MPOM3BOACTBY KHMPIUYa C
MPOEKTHOM MOIIHOCTBIO | MJTH IIIT. B oI M 60Jiee OTHOCSTCS
K obbekTaM I kateropun. Ho 3aBOmOB ¢ Takoli MajeHbKOM
MPOU3BOIUTENBHOCTBIO B PoccuM MpocTo He cyiiecTByer.

Kpome sToro, B yrBepKneHHyto Poccranmaprom pempak-
o MHGopManMoHHO-TEXHUYECKOTO CIIPABOYHHUKA 10
HAWIY4IIUM JTOCTYITHBIM TeXHOJOTUAM «[Ipou3BOACTBO Ke-
paMUUYeCcKuX U3AeIUi» 3aJ10KeHbl HEOOOCHOBaHHBIE 0000-
LLIEHHBIE OTPAHUYEHHUS], KaCalOLIMECs KaK YAEIbHbIX BEIOPO-
COB 3arpsI3HSIIOIIMX BEIIECTB, TaK M yIEIbHBIX 3HEProsa-
tpaT. KoHEYHO, HE CTOMT B 3TOM YIpeKaTh pa3paboTyuKa,
BeIb B OTCYTCTBHME JOCTATOYHOTO 00beMa JaHHBIX OT Tpei-
OpUSITUN TIpU pa3paboTke mpoekra CIpaBOYHMKA IIPUXO-
IUTCS obpalatbes K naHHbIM CripaBouHuka EC, Koropsie,
0e3yCJI0BHO, HE MOIYT IMpPEeTeHI0BaTh Ha UAEHTUYHOCTb C
MOKA3aTeAMU POCCUNCKUX MTPEATIPUATUAN.

[lepeuncneHHble BbIIIE HECOOTBETCTBUS TOJOXEHUI
TTocranosnenus I1paButensctBa P® ot 28.09.15 r. Ne 1029
tpeboBanusiM D3 No 7 «O6 oxpaHe OKpYXalollei Cpeabl»,
OTCYTCTBYE OOOCHOBAHHBIX TEXHOJOTUYECKUX HOPMATUBOB
U roKazareJsieil 1151 pa3auYHbIX BUAOB MPOAYKIIMU U ChIPbSI B
CnpaBouHnuke no HJIT BbI3BaaM 10CTaTOUHO KECTKYIO pe-
aKkUMIo oTpacieBoro coobdiuectBa. KoHeuHo, Haubosee
MPEATIOYTUTEIBHBIM B TaKOW CHUTyallMM CTaHET BapUaHT
CO3JaHUSI OTCHUIOYHOTO HOpPMAaTHBa, HANpUMep IPOEKT
CnpaBouHrKa «HOpMBI TeXHOJOTMYECKOTO MPOEKTUPOBA-
HUSl MPEANpPUSATUI TO MPOU3BOACTBY KUPIIMYaA», APYTUX
CIIPaBOYHUKOB, OTPEACISIONINX HOPMbI TEXHOJIOTUYECKOTO
MPOEKTUPOBAHUS MJIs1 KAKAOW U3 TPYMI MPOU3BOACTB CO-
rnacHo CrpaBounuky HJT.

OOpaTtuMcsa K BO3MOXHBIM MPUYMHAM TOTO, ITOYEMY
MPOM3BOJACTBA KUPIHMYA IPOU3BOAUTEIBLHOCTbIO OoJiee
1 MH WT./roa (Mau 0KoJjo 6,8 T/cyT) ObIIN MOCTaBIEHEI B
[ xaTteropuio HapsiLy ¢ MPEANPUITUSIMU IO TTPOU3BOACTBY
YyTyHa W CTaJIM TPOU3BOAUTENBHOCTBIO 60 T/CyT, 06paboT-
KU YePHBIX METAJUIOB C MCITOJIb30BAHWEM CTAHOB ropsueit
MPOKAaTKW MPOoUu3BoAuTENbHOCTRIO 480 T/CyT HepadhUHUPO-
BAaHHO CTaJIU, I10 IPOU3BOJICTBY CTEKJIA U U3JICJIUHA U3 CTEK-
JIa IPOM3BOAUTENIBHOCTBIO 20 T/CYT, LIEMEHTHOIO KJIMHKepa
npou3sBoauTebHOCTHIO 500 T/CyT, U3BECTH TPOU3BOINTEb-
HocTblo 50 T/CyT, a TakKe C MPEANPUATUSIMU TI0 J00bIYE U
o0oranieHHIO XeJIe3HbIX Py, TT0 TPOU3BOJACTBY KOKca, (ep-
POCIUTaBOB, XMMUYECKHUX BEIIECTB U T. II.

DenepanbHbpiM 3akoHOM Ne 7 ot 10 stuBaps 2002 r. «O6
OoXpaHe oKpyarolleil cpenbl» (ctaths 4.2. M. 2 BCTynujia B
cuiy c 1 ssuBaps 2015 r.) onpeneneHo: «I[Ipu ycTaHOBIEHUU
KpUTEpHUEB, Ha OCHOBAHWM KOTOPBIX OTHECEHHWE OOBEKTOB,
OKa3bIBAIOIIMX HETaTMBHOE BO3ACMCTBME Ha OKPYXKAIOIIYIO
cpeny, K COOTBETCTBYIOIICH KATeTOpUM, YIUTHIBAIOTCS:

— YPOBHM BO3IEUCTBUS Ha OKPYXKAIOIIYIO Cpeay BUIOB
XO3SIMCTBEHHON M (WJM) WHOU AesITeJbHOCTH (OTpacib,
YacTh OTPACu, TPOU3BOJCTBO);

— YPOGeHb MOKCUYHOCHU, KAHUEPO2EeHHble U MYMa2eHHble
CBOIICMBA 3A2PAZHAIOUWUX GEUECME, COOEPIHCAUUXCA 8 8bIOPO-
cax, copocax 3a2pA3HAIOUUX BeUlecme, a maKice KAaccol ONac-
HOCmU 0mx0008 npou3800cmea u nompebaeHus: ...»

SraonailsisE
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Industry under present conditions

Tabauna 3

BbiGpochbl BpeaHbIX (3arpsasHaowWwmx) BewecTs B atmocdepy passinyHbIMU NpeanpuaTuaSMm
| KaTeropuv onacHOCTU BO3AEMCTBUA HAa OKPYXKaIoLLLYIO cpeny

HanmeHoBaHue npeanpuaTus BanoBble BbIOPOCHI, ThiC. T/rog, YnenbHble BbIOPOCHI, KI/T IpoayKuumn

OAO «MarHutoropckui
9 55,1 20

MeTayprmyeckunii KomemHaT»
OAO «M3 3nekTpocTanb» 55
KpynHerniwas B Poccun n EBpone nuHus no
NPOM3BOACTBY MLEBOro KEPaMNYECKOrO 0,24 0,79
KMpnmya MoLHOCTb0 160 MAH LWIT. B o4,
Bce meTannyprudeckue npegnpustus PO 5500
Bce kupnuyHble npeanpuatus PO He 6onee 60

CpaBHUM pa3IMYHble TIPEANPUATUS, HAXOASIIUECS B
I xaTeropum, IO YpOBHIO BO3IEHCTBUSI Ha OKPYKAIOIIYIO
cpeny (tabm. 3).

W3 naHHBIX, IpUBEASHHBIX B Ta0J1. 3, ClIeayeT, YTO Bajlo-
BOIi BBIOPOC 3arpsI3HSIIOIIMX BEIIECTB BCeX KUPIMUYHBIX 3a-
BOJIOB COCTaBJISIET JIUIIb 1% OT BaJlOBBIX BHIOPOCOB BCEX
METaJUIypru4ecKux TMpeArnpusitTuii. BasoBble BbIOPOCHI
KpymnHeiimeir B EBpone TMHUM MO TTPOU3BOACTBY KUpIYa
cocTaBnsioT Juiib 0,4% OT BaJIOBBIX BEIOPOCOB MarHuro-
TOPCKOTO METAJLTYPruuyecKoro KoMOMHaTa, a Mo YIeIbHbIM
BbIOpOcaM — Bcero 4%.

OTU JaHHbIE CBUJETEILCTBYIOT O TOM, UYTO JaXe O4YeHb
KPYITHBbIE TIPOM3BOAWTEIN KUPIIMYAa HE MOTYT CPaBHUTHCS
1o o0beMaM BBIOPOCOB U, COOTBETCTBEHHO, 110 YPOBHIO BO3-
NEUCTBYSI Ha OKPYXAMOIIYIO CPeAy ¢ MeTaLTyprudecKUMU
MPeANpUITUSAMUA. TeM He MeHee OHU OTHOCATCA K OMHOM
KaTeropuu.

Ecnu xe cpaBHUBATb MPEANPUsITHSI, OTHECEHHBIE K | Ka-
TErOpUHU IO YPOBHIO TOKCUYHOCTH, KAHLIEPOT€HHBIX M MyTa-
TeHHBIX CBOWCTB, COJEPXKAIIMXCS B BbIOpOCAx 3arpsi3HsIIO-
X BEIIECTB, TO, HAIIPUMED, JJISI XMMUICCKON TTPOMBIIII-
JIEHHOCTU MBI YBUIIUM CJIEAYIOIIYIO KApTUHY:

— TIpU MPOU3BOJACTBE CEPHOI KUCIOTHI B aTMochepy B
00JIbIIIOM 00bEeMe MOCTYIAIOT CEPHUCTBIN ra3 U cepoyriie-
pon;

— TIPENNPUSATHS TI0 TIPOU3BOJICTBY a30THBIX YIOOPEeHWUIA
3arpsI3HAIOT aTMOocdepy OKCHIOM a30Ta, a30THON M a30TH-
CTOM KUCJIOTaMU;

— TIPOU3BOICTBA KpacuTesieil, BUCKO3bI, (DOTOTUIEHKH,
LIeJUTYJION]IA 3arPSI3HSIIOT BO3AYX OKCUAOM a30Ta;

— 3aBOJIbI 110 ITPOU3BOJCTBY MECTUIIMAOB, OPTAHUUECKUX
KpPAaCUTEJIEN, COMBI, COJMAHON KUCIOThI, YKCYCHOU KUCIOTBI
SIBJISTIOTCST ICTOYHMKOM BBIOpOCa XJ1opa;

— TPEANPUSATHUS 11O MMPOU3BOACTBY M BHIOPACHIBAIOT
coequHeHus propa;

— 3aBOJIbl, MPOU3BOIAIINE CUHTETUUECKUIN KaydyK, BbI-
OpachIBalOT B BO3YX U30IPEH, TOJIYOJI, alleTOH;

— TIPEANPUSATUS TIO TIPOU3BOJICTBY COMBI — aMMMaK, OK-
cuabl pocdopa, TUOKCU CEPHI;

— HedTenepepadbaThIBaOIIE TPEANPUSITUS SBISIIOTCS
HMCTOYHUKAMM 3arpsi3HEHHUsI BO3AyXa YIJIeBOAOPOAAMM, Ce-
DPOBOJIOPOIOM, OKCHIIOM YIJIEpoJa.

[TpeanpusTusi XMuMU4eCKOM MTPOMBIIIUIEHHOCTH JIOTUYHO
OTHOCATCS K | Kareropuu Kak 3arpsi3HUTENN aTMOC(HEPHOTo
BO3IyXa BelllecTBaMu 1-10 1 2-To Kitacca ormacHocT. Ho kak
B OITHOM KaTeropuM ¢ HUMU OKAa3aJIMCh 3aBOJBI IO TTPOM3-
BOJICTBY KMPITMYa, BhIOpachIBalolye B aTMochepy BellecTBa
He BbIIIE 3-TO KJIacca OmacHoCTu?

OTnenbHO caeayeT BbAEIUTh BbIOPOCHI MbLIM B aTMO-
chepy. M3 momorpacieit IpOMBIIIEHHOCTH CTPOUTEIBHBIX
MaTepUualioB «INIEPOM» SIBJISIETCS LIEMEHTHAasI POMBIIIJICH-
HOCTb, TIPSATIPUATHASI KOTOPOI €XErOMHO BHIOPACHIBAIOT B
OKpyKamlyio cpemay 6osee 27 MiaH T nbuii. [1o cpaBHeHMIO
C HUMM BBIOPOCHI KUPIUYHBIX MPOU3BOACTB HAXOISTCS
HMXE YPOBHSI CTaTUCTUYECKOMN MOTPEIIHOCTH.

Hcnoan3oBanue Bobl U cOPOC 3arps3HSIOMINX BelIeCTB
CO CTOYHBIMH BOJAMM.

Mertannyprudyeckue npearnpusiTis Ha MPOU3BOACTBO 1 T
npokara pacxonytor 180—200 m> Boabl. B 3aBucumocTts ot
BUIIa NMPOU3BOJCTBA, YIEJbHBII pacxXoa BOIbI B MeTajTyp-
UM MPOU3BOACTBE COCTaBIsAET OT 7,5 10 96 M3/T mpomyk-
1. Beero B MeTayyprudeckoit TPOMBILLLIEHHOCTH YII€J1b-
HBII PacXo.l BOAbI COCTaBJ'IHeT 240 M3/T IPOIYKIIMH, B TOM
ymcne cBexeit — 20 M3/T mpoxykuuu [1]. CyTouHsIit 060poT
BOIbI HA OTHEIBHBIX MPEANpPUITHAX JOCTUTAET 3 MJIH M3
u dosee.

CTouHBIC BOIBI METAJUTYPTMUECKUX TPEANPUATUN 3a-
TPSAI3HEHBI B3BEIIEHHBIMM YacTUIIAMM, OOpPa3yIOIIUMMCS
TIPY OYMCTKE OT 30JIbI, TIBUIU U IPYTUX TBEPABIX MaTEPUATIOB.
CTOYHBIE BOIBI TPOKATHOTO IPOM3BOACTBA 3arpsi3HEHBI
MacjaMu, SMYyJIbCUel U TPaBUIIbHBIM PACTBOPOM.

Ha momto xuMudecKoii oTpaciau MpuxoauTcs MeHee 5%
CyMMapHOTro obbemMa CBeXel BOMAbI, UCIOJb3YyeMON Mpo-
MbllIeHHOCThI0 Poccuu. bosee cyliecTBeHeH ee BKIan B
cOpoC 3arpsI3HEHHBIX CTOYHBIX BOI — 20% OOILIENpOMBIIII-
JIEHHOTrO cOpoca.

COpoc 3arpss3HeHHBIX CTOYHBIX BOJ TPEANTPUATHIN XUMU -
yecKOi MPOMBIILIEHHOCTH cocTaBisieT 1,5—1,7 km® B Tog.
HecMmoTpst Ha Hanuuue Ha TPEANPUSTUSIX CUCTEMbl OUUCT-
HBIX COOPYXEHHUI, 4epe3 MHOTOUMCIIEHHBbIE HAKOIMUTEIN
MPOIOJIKACTCS 3arpsi3HEHNE TIOA3eMHBIX BoA. CO CTOYHBIMU
BOIAMM TIPEONPUATAM XMMUYECKON TPOMBIIUIEHHOCTH B
runpocdepy MocTynarT: He(TenpoayKThl, B3BEIIICHHbIE Be-
11IeCTBa, a30T OOLIMI U aMMOHUIHBINA, HUTPAThl, HUTPUTHI,
XJIopubl, cyiabdarel, hocdop obIIMiA, IMAHUABI, POJAAHU-
IIbI, KaJMWii, KOoOajabT, MapraHell, Meib, HUKEIb, PTYTh,
CBUHEL, XpOM, LIMHK, CEPOBOAOPOI, cepoyriepoln, ¢op-
MaJbaerun, (eHOJbI, TTOBEPXHOCTHO-aKTUBHBIC BEIECTBA,
MEeCTULIVIBI U JIP.

HedrenepepabarbiBatoiiue 3aBoasl (HI13), oTHOCS M-
ecsl K KpYITHOTOHHAaXHbIM ITPOU3BOICTBAM, BBIIMTYCKAIOT I'O-
plourde M CMa304yHbIe MaTepualibl, OUTYMbI, DJIEKTPOIHbBII
KOKC, apoMaTuyeckue yrieBogopobl. Co CTOUYHbIMU BOMA-
My HIT3 B moBepXHOCTHBIE BOIBI TTOCTYMAET 3HAYUTEIbHOE
KOJIMYECTBO HEe(PTENPOAYKTOB, CYJIb(HATOB, XJIOPUIOB, CO-
eIMHEeHUI a30Ta, (DEHOJIOB, COJIeH TSKEIbIX METAJLJIOB.

KuprnuuHble npeanpusiTust Ha l'IpOI/I3BOZ[CTBO 1 T Kupnu-
4a renonb3yioT oT 0,077 1o 0,67 M BOIBL, a Ha MPEIIPUSITH-
SIX TIOJIyCYXOTO d)opMOBaHI/I;{ BO/Ia B TIPOMU3BONICTBE HE MC-
TTOJTb3YyeTCH.

CTOYHBIe MPOU3BOJACTBEHHbIE BOJBI MPU MPOU3BOACTBE
KMpIya BooOIle He MPEAyCMOTPEHbI CaMOii TEXHOJOTUEN.

Takum obpa3oM, 1o TokaszarejsiM cOpoca 3arpsi3HsI0-
IIMX BEIIECTB IMTPOU3BOICTBO KUPITMYA MOXET ObITh OTHECE-
Ho ToJsibKO K IV Kareropum.

IIpomMblmIeHHbIE OTXO/BI.
T'opHO-0bOOraTUTENbHBIE KOMOMHATHI MeTaJLIypruye-
CKO MPOMBIIIIJIEHHOCTH 3aHUMatoT okosio 1000 ra. [Tnomians
3eMeJIbHBIX YTOUii, HapYyIIEHHBIX TOPHBIMU paboTaMH, 3a-
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OTpacib B COBPEMEHHBIX YCIOBHAX

HSTas OTBaJaMu, 30JI0- 1 IIJIAMOHAKOTIUTEJISIMU, COCTaBJIs -
et npuMmepHo 130 TeiC. ra. B MeTayurypruuyeckom mpou3Boi-
cTBe 00Opa3zyeTcsi 0OJIbIIOe KOJUYECTBO TBEPABIX OTXOMAOB,
KOTOpBIE CKJIAIUPYIOTCST Ha OOJIBIIMX TIJIOIIAASIX U 3aHUMA-
0T THICSTYM TEKTApOB MOJIE3HBIX 3eMeJib. B HUX HaKoruieHO
500 MJTH T IUTAKOB U exeroaHo npubasisercs 80 muH T. Ha
METAJTyPru4ecKux TPEANpUsITASIX o0pa3yeTcss OKOJIO
3 MJIH T OTXO/IOB, U3 HUX yruusnupyetcs 34%. V13-3a BeTpoB
MPOUCXOIUT MOCTOSTHHOE TbUIEHWE OTBAJIOB, YTO MPUBOJIUT
K 3arpsi3HEHMIO BO3AYUIHOro OacceitHa. Ocaaku (10Xnu,
CHET) BBIMBIBAIOT U3 OTBAJIOB 3JIEMEHTBI U COEIMHEHUSI, UTO
MPUBOJMT K 3arpsi3HEHUIO MOYBLI. B nTore maxe ocBoOOX-
JIEHHBIE U3-TI0]T OTBAJIOB 3€MJIM CTAHOBATCS HETIPUTOIHBIMU
IUISl CEJIbCKOXO3SIMCTBEHHOTO MCIIOJAb30BaHMs, 00pa3yloTcs
TaK Ha3bIBa€Mble «MHIYCTPUATbHbBIE MMYCTHIHU».

B ropHomo6bIBaoleli MpOMBIILIEHHOCTH MOJHOTA U3-
BJICUEHUST U3 Hep TaKoBa: yroib — 60—70%, HedbThb U TIpU-
ponHblii Ta3 — 40—45%, pyabl BETHBIX U YEPHBIX MeTal-
noB — 70—75%. PasyboxuBaHue pym W yriaed JOCTUTAeT
25—30%, uto TpebyeT mociie ux 00oralieH s 3HAYUTETbHbBIX
IUTOLIAACH ISl pa3MellleHUs] XBOCTOXpaHWIUIIL [2].

KupnuuHele npeanpusitusi OObIYHO 3aHUMAIOT He-
oonpmne Tomanu (okoso 25 ra). Ilpu mpousBoacTBe
KUpNuYa He TpeOyeTcs CO3MaHusl XPaHWJUIL OTXOJO0B.
Bonee Toro, KupnuyHas MPOMBIILICHHOCTb OJHA W3 He-
MHOTHX CIIOCOOHA IepepadbaTbiBaTh MHOTOTOHHAXHBIE OT-
XOJbl TEIJIO9HEPTeTUKM, MOOBIBAIOIIMX OTpacieil Mpo-
MBILIJIEHHOCTHU B 9KOJIOTMYECKHU 6€30MacHYI0 MPOAYKIIUIO.
I1Ipu 3TOM OTXOmaMU TPOU3BOACTBA SIBISICTCS TOJIBKO OO
kuprnnda (98% Bcex 0Opa3yIOIIUXCST OTXOMOB), KOTOPBIM
SIBJIIETCST OTXOIOM 5-TO KJIacca OMTaCHOCTH W MCITOJIb3yeT-
Csl B OCHOBHOM [IJISI COOCTBEHHBIX HYKA MPEINMPUATUN —
IIJISI OTCHITIKY JOPOT.

OueBUIHO, YTO MO MPOMBILLIEHHBIM OTXOJaM KUPITHY-
HbI€ TIPOM3BOJCTBA HUKAK HEJIb3s CTaBUTb B OIUH DS C
METaJUTypTUYECKUMU I XUMUIYECKUMU KOMOMHATaMU.

CpaBHUB TIPEANIPUATHS Pa3IMUHBIX OTpacieii, OTHECEH-
Hble K | Kateropuu 1mo ypoBHIO BO3IEHCTBUSI Ha OKPYXKalo-
IIYIO Cpefy, KjaccaM OMacHOCTH OTXOIOB, BLIOPOCOB U CTO-
KOB, HaM He yIaJIOCh HATU apTyMEHTOB, MO3BOJISIIOIIUX OT-
HECTU 3aBOJbI IO TPOU3BOACTBY KUpnuya HU K I, Hu ko 11
KaTeropuu.

Hloszuuusa AITKM no caoxncuswetica cumyayuu:

1. MHbopMallMOHHO-TEXHUYECKUIN CIPAaBOYHUK I10
HAWJTYYIIUM JTOCTYITHBIM TeXHoJorusiM «[Ipon3BoaCcTBO Ke-
PaMUYECKUX U3AETUIi» SIBUJICS MEPBbIM 3HAYUTEIbHBIM Il1a-
TOM B TONBITKE aHaJM3a TeKYIIel CUTYalluy Ha MPeapus-
TUSIX TIO CTENEHU BO3JAEHCTBUS HAa OKPYXAIOLIYI0 Cpemy.
Pa3paboTunkoM TpoBeneHa 3HAYMTEIbHAS aHATUTUYECKas
pabota, B TOM 4mcJe ¢ ucnoab3oBanueM onbita EC.

2. K mpemnoxennsiMm AITKM mnokazartesnsam 1motpeoiie-
HUS BHEPTUU U TEKYLIENH SIMUCCUU 110 BHIOPOCAM HEOOXOAM -
MO J00aBUTb OTCBUIKY K HOPMaM TEXHOJOIMYECKOTo Mpo-
eKTUPOBaHUs TPEANpPUITHI (TTPOEKT WHOOPMAIIMOHHO-
TexHnueckoro CripaBoyHnKa «HOPMBI TEXHOJOTUIECKOTO
MMPOCKTUPOBAHUSI TIPEATIPUSITHI IO MPOU3BOIACTBY KUPIIHU-
ya») corjacHo kiaaccupukanuu CrpaBounuka HIT
«[Tpon3BOJACTBO Ke€paMUUECKUX M3AEIUii», KOTOPbIe OIpe-
NeJISIT abCOMIOTHBIE 3HAUYEHUSI MO 00beMaM JIOIMYCTUMBbIX
BBIOPOCOB, SHEPTOEMKOCTH U JIPYTMM BaXKHEWIIIMM XapaKTe-
PUCTUKAM B 3aBUCUMOCTH OT XapaKTepUCTUK TIPEATIPUSTUI
1o 06BEMY M BUIaM BBITTyCKAaeMOM TTPOAYKIINU, UCTIOb3ye-

Cnucok JuTepaTypbl

1. Boapmmua E.I1. DKonorus MeTamTypruaeckoro mpous-
Boacta. HoBotpouuk: HO HUTY «MUCuC», 2012.
155¢c.

2. TopuikoB C.I1. KoHuenTyaibHble OCHOBBI T'€03KOJO-
run. Cmonenck: CI'Y, 1998. 288 c.
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MOTO TOTUIMBA M KAYeCTBEHHBIM XapaKTEPUCTUKAM CHIPbHS.
3axkimagpiBacMble ceromHsi B Ipoekte CrpaBounmka HJT
TEXHUUYECKHUE U TEXHOJIOTMYECKHE MTapaMeTphl He UMEIOT J0-
CTaTOYHOTO OOOCHOBAHUS.

3. B IMocranoBnenue INpaButenscta PO ot 28.09.15 1.
Ne 1029 HeoOGX0oaMMO BHECTU NOTOJIHEHUS (KOPPEKTUPOB-
KM) B 4aCTH, Kacalolleics MPOU3BOICTBA KUPIUYA: Mpe-
MPUSATHUS TIO TIPOU3BOJCTBY KUPITUYA C TOMOBBIM 00BEMOM
MPOU3BOJICTBA MeHee 75 ThIC. T OJHO3HAYHO OTHECTU K
1II-1V kareropusiMm (B KauyecTBE 0O0OCHOBAHUsI MPUBEICH-
HOro o0beMa CTOUT 3aMETUTh, YTO aOCOJIOTHO HepeHTa-
OeJIbHbIM MPU3HAHO CTPOUTEIBCTBO 3aBOJJOB C TPOU3BOAM-
TeJIbHOCTBbIO MeHee 30 MJIH IUT. YCJI. KUpMUYa B TOM, 4TO
COOTHOCUTCSI C TIPUBEACHHBIMU 3HAYCHUSIMU O0OBbeMa BbI-
MycKa MPOAYKIIMY B TOHHAX), OCTAaBUB B | KaTeropuu TOJb-
KO Te MpenpusaTusi, KoTopsle B coctaBe 3B nmeloT Belie-
CTBa 10 1-My 1 2-My KJlaccaM OIMacHOCTH.

4. JIng pa3BUTUSI OTEUECTBEHHOIO MAIIMHOCTPOEHWUSI,
MPU3BAHHOTO YIOBJETBOPUTh ITOTPEOHOCTU POCCUNCKUX
TIPENTTPUSATUH TIPY pean3aliii Mep, HalpaBJIeHHBIX HA CHU-
JKEHUE CTeTIeHN BO3IENCTBUS Ha OKPYKAIOIIYIO CPEy B COOT-
BeTcTBUM ¢ TpeboBaHusiMu CrpaBounuka H/IT, Bo3aMoxkHO
MpeTyCMOTPETh MEPbl CTUMYJIMPYIOLLETO Xapakrepa B BUIE
cyocuaunii 1Ji 3aMMCTBOBaHHBIX CPEICTB, CHMKAIOIIMX TIPO-
IIEHTHYIO cTaBKY 10 0%. Takas Mepa orpeessieTcsi TeM, 4To
TIpeANpUsiTiEe, BHEAPSIOIee Ha CBOEM MTPOU3BOICTBE CUCTE-
my HAT, muib cHDKaeT CTereHb BO3IeICTBHS Ha OKPYKao-
1IYIO Cpey, UTO He BIMSIET HU Ha POCT IPOU3BOAUTENLHOCTH,
HU Ha KayeCTBEHHbIE XapaKTePUCTUKU BBIMYCKAEMOM IMpo-
nykiu. To ecTb 3aeMHbIE CPENCTBA, 3aTpaueHHbIE Ha pealu-
3alI0 MEPOTIPUSTUIL TIO COOTBETCTBUIO TpeboBaHusiM HJIT,
He MOTYT M He OyIyT co31aBaTh JUIsl IPEANPUSITUI JTOTIOTHY -
TEJIbHOM N00aBJIeHHONH CTOMMOCTH M KOHKYPEHTHBIX TIpe-
WMYILECTB HAa pPbIHKE CTPOUTENIbHBIX MaTepUAJIOB.

Bmecto mnociaecnoBuss. Ha pa3paboTKy aHaJOrMYHOIO
CrpaBounuka o HIAT Espocorosy morpeGoBaiochk GoJiee
10 net, ¥ TeM He MeHee, OH UMEET CTaTyC BCETO JIMILIb CIIPaBOY-
HOTo MaTepuaia, T. €. Heo0s13aTeIbHOrO JOKyMeHTa. B cooT-
BeTCTBUU €O CT. 2 11. 3 DepepanbHOro 3akoHa ot 29 uioHs 2015 1.
Ne 162-D3 «O cranmapruzauuu B Poccniickoit Denepanini»
«...MH(OPMALIMOHHO-TEXHUYECKUI1 CIIPABOYHUK — JTOKYMEHT
HallMOHAJILHOM CUCTEMbl CTAHAAPTU3ALMU...», BbITOJHEHUE
€ro TpeboBaHuiA sIBJIsieTCsT 00s13aTebHBIM. [10CKOMBKY 3a MH-
¢hopMalIMOHHO-TEXHUYECKUMU cripaBouHuKamu o HAT B
P® 3akperuieH cTaTyc TOKYMEHTOB HAIIMOHAILHOM CHUCTEMBI
CTaHIAPTM3AlMK, TO U 3aKJIaIblBaeMble B HETO HOPMAaTHUBBHI
JIOJDKHBI ObITH 000CHOBaHbI. OO0OCHOBaHME TAKMX HOPMATHBOB
AITIKM Buaut B pa3paboTke MHGOPMALMOHHO-TEXHUIECKHX
CIPaBOYHUKOB «HOPMBI TEXHOJIOTMUECKOTO TPOSKTUPOBAHMSI
TIPEATIPUSATHIA TIO TIPOU3BOCTBY. ..(KUPMUYA, TUIUTKYU U T. 11.)»,
YTO IMO3BOJIUT U30€3KaTh MHOTHX OIITMOOK ¥ HEIOpa3yMeHU i Ha
nytu rapmMoHu3anuu crangaptoB EC u P® u, camoe raBHoe
— He HaHeCTH BpeJl LIEJIOi OTpaciu MPOU3BOJICTBA CTPOUTEb-
HbBIX MaTepUasIoB.

AIIKM BbIpaxaeT ocoOyi MNPU3HATEIbHOCTH CBOUM
yJ4acCTHUKaM, KOTOPbIe aKTUBHO paboTaiu HaJ MOJIOKEHUSI-
MM nipoekta CripaBOYHMKA U TIPEIJIOKEHHBIMU 3aMeUaHUsI -
MM, a TaKXKe KOJIeKTMBY KazaHckoro rocymapcTBEHHOTO
apXUTeKTypHO-CcTpouTeabHoro yHuBepcutera (Kas['ACY),
KoTophblii coBMecTHO ¢ AITKM rotoBui 3ameyaHus K Ipo-
exkty CripaBOYHMKA B JUajiore ¢ MPOU3BOIUTEISIMU CTEHO-
Boil kKepamuku Pecniyonuku TaTtapcraH.
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E.N. FOMALLIEBA, H>XeHep-XMMUK-TeXHONOr (mail@rifsm.ru), 000 PU® «Crpoiimatepnansi» (127434, r. Mockea, [IMUTpoBCKoe ., 9, ¢Tp. 3, od. 225)

O6 onbiTe PEKOHCTPYKLUN AEUCTBYIOLLEro KUPrNM4YHOro
NPOU3BOACTBA B YC/IOBUAX 9KOHOMUYECKOro Kpusuca

B ycnosusx 3aT»KHOro 3KOHOMUYECKOro Kpu3nuca npegnaraemble POCCUACKUMY BaHKaMm YCNoBuS KPeLUTOBAHWUA CTanu ANs NpeanpusTuil HenpuemnemsiMu. 310
06ycnoBnueaet Bce 60/bLUEe BHUMAHWE K TEXHONOrMM NO3TaMHONA TEXHUYECKON PEKOHCTPYKLMM 6e3 0CTaHOBKM NPON3BOACTBA. Ha npumepe YaikoBCKoro
Kupnu4Horo 3asofa (Mepmckuii Kpait) nokasaHa BOSMOXHOCTb NPOBELEHUS PEKOHCTPYKLMW AeACTBYIOLLEro NpOM3BOACTBA NYTEM KOMOUHALLMM OTEYECTBEHHOMO U
3apy6exxHoro 060pynoBaHNs 6e3 NpuBNeYeHNss KPeLUTHbIX PECYpPCOoB. BaXKHON 0CO6EHHOCTbIO JAHHON CXEMbI ABMAETCA OLEeHKa 3)IeKTUBHOCTU (NOBbILIEHNE
Ka4ecTBa NPOAYKLMM, CHIXKEHWE Ce6eCTOMMOCTI, ONTUMU3ALIUS 3HEPronoTpebneHNs) KOXLOro aTana PeKOHCTPYKLMM U KOPPEKTUPOBKA CREAYIOLLNX 3TanoB.
Ocobyto ponb B MNaHMPOBaHUM PEKOHCTPYKLMM NPEANpUATUS MO JAHHOW CXEME MUrpaeT B3aMMOLENCTBIUE TEXHUYECKNX CIYXO6 3aBOfA 1 KOMNAHWIA —
NOCTaBLYNKOB 060PYAO0BaHUSA. 110 MHEHMIO COTPYAHMKOB NPEANPUATIAN, 3HAYUTENTbHYIO METOAMYECKYIO U OPraHi3aLMOHHYI0 NOMOLLbL B BONPOCAX 06MEHa OnbITOM
C Konneramu Apyrux KUPNuUYHbIX 3aBOLOB OKa3blBaOT MeponpusTus MexayHapoaHoro MHopMaLumMoHHo-aHanuTnyeckoro npoekta KEPAMTIKC.

KnioyeBble cnoBa: aHeproc6epexxeHune, pecypcocoeperkeHne, ONTUMU3aLns Npon3BoaCTBa,
aBTOMaTN3auns, MOLepHU3aLNA, NO3TANHAA PEKOHCTPYKLMA, KNPNNY Kepamuyeckui, HankoBcKui
KUPNUYHBIA 3aBOA.

Kpn3uc 3KoHOMUKN 3acTaBui PYKOBOACTBO MHOMUX KMPNMYHbIX 3aBOJ0B NEPECMOTPETb NiaHbl
PEKOHCTPYKLMM, KOTOPble 10 HEaBHEro BPEMEHU OCHOBbLIBANMCb B OCHOBHOM Ha MapTHEpPCTBE C
3apYOEXHbIMU MHXMHUPUHIOBBIMIA M MALLMHOCTPOMTENbHbIMU upMamu. B HacToswee Bpems,
Korga KpeauTHble Pecypebl CTann HefOCTYMHbI NPOMbILUAEHHbIM NPEANPUATUAM WU3-32 BbICOKON
KPeLMTHOW CTaBKK, a KYypec 4onnapa 1 espo CAenan eBponeickoe NPON3BOLCTBEHHOE 060pyL0BaHME
NPaKTUYECKN HEJOCTUXMMON MEYTON, PEKOHCTPYKUMA LENCTBYIOLUMX KUPMUYHbIX 3aBOLOB CTana
BeCbMa Npo6sIeMaTUYHOMN.

OfHaKo 3TO He 03Ha4aeT, YTO PEKOHCTPYKUMS AeACTBYHOLLMX KUPNMYHbIX MPOM3BOACTB OCTAHO-
BUNach. U 3Ha4MTeNbHYI0 MHOPMALMOHHYIO 1 OPraHM3aLMOHHYI0 POSib B 3TOM MPOLECCEe UrpaoT
meponpuatus MUAI KEPAMTIKC, HanpaBneHHble Ha BCEMEPHYH0 NOAAEPXKKY POCCUIACKUX NPOU3BO-
AnTenei Kepamm4eckinx CTEHOBbIX MaTepuanos.

[poBefieHNe Hay4HO-TEXHUYECKUX CEMUHAPOB B PErNOHAX, HAanpaBieHHbIX HA 06CYXAeHNe Ha-
CYLLUHbIX 3aday oTpacnu, ctano Tpaguuueir ¢ 2010 r. 17-18 Hosbpa 2015 r. B r. YaiikoBckom
Mepmckoro kpas no npurnawenuto gupektopa 000 «[pou3sopcTBeHHOe 06beanHeHne «KupnuyHbIi
3aBof» AJl. KocTiokoBMYa COCTOANCSA OYEPEAHOM HAY4HO-TEXHUYECKWA CeMUHap «OnbIT PeKoH-
CTPYKUMM AEACTBYIOLIEro KMPNMYHOro 3aBofia». CMOHCOPOM CeMMHapa BbiCTynuna (paHLysckas
komnanus CLEIA SAS. B ero paboTte NpuHSNM yyactue PyKOBOAMTENU W BeayLiMe CheuuanucTb
KnpnuyHblx 3aBofoB MockoBckoi, HoBocubupckoid, PocToBCKOW, YensbuHckoil obnacTe,
lMepmckoro u KpacHosipckoro kpaes, Pecny6nuku Yysaums.

B xone paboTbl y4aCTHNKM CEMUHApa NOCeTUNN YailkOBCKUIA KNPNNYHbIA 3aBOA, e 03HAKOMU-
NNCb C pe3ynibTaTamMmn PEKOHCTPYKLMM NPEANPUATIAS, KOTOPYIO NPOBOAUAMN 6€3 NPUBNEYEHNS KpeanT-
HbIX CPefCTB 1 63 OCTAHOBKU NPOU3BOACTBA. bonbLLOe BneyatieHne Ha cneynanucToB Npon3Bsena
po60TU3aLUMA CaLKW KMPNWUYA HA MEYHble BarOHETKMW, a TaKXe Pe3ynbrarbl ONTUMM3auun paboTbl
KaMepHOii neyu.

Ha nneHapHOM 3acefaHuy B 0CHOBHOM 6blnv NpeACTaBeHbl JOKNaAbl 0 BAPUAHTAX PEKOHCTPYK-
LU NPEANPUATIAIA, BOSMOXHOM COYETaHUM POCCUIACKOrO 1 3apy6exxHOro 060pynoBaHus, ONTUManb-
HOM MNaHMPOBAHNI PEKOHCTPYKLMM U OLEHKe 3GEKTMBHOCTM KOXAOr0 3Tana.

KoHe4Ho, nocne noceLeHns Npou3BOACTBA KOMJIEri C HeTepreHneM Xaanu LJOKNaaa TexHnye-
ckoro ampektopa Yaitkockoro kupnuyHoro 3asoga C.B. CepebpeHHMKoBa. BHayane oH KpaTko pac-
cKasan 06 ucTopumn 3aBoja, KOTopblid 6bi NocTpoeH B 1993 r. u MMen NpoM3BOLMTENIbHOCTb BCErO
10 MAH LWT. NONHOTENOro PSA0BOro kupnuya B rog. B 2009 r. 6bi1a NocTpoeHa BTOpas o4Yepedb, B
pesynbTaTe 4ero, NpeanpuATAe CTano OAHUM U3 KPYMHbIX NPOM3BOAMTENEN, NNAEPOB N0 aCCOPTH-
MEHTY M Ka4yecTBYy MOSIHOTENOr0 KMPNMYa Ha PbIHKE KepaMWU4ecKux CTPOUTEeNbHbIX MaTepuanos B
YpanbCkom pernoHe ¢ NpoM3BOANTENLHOCTLIO 65 MAH WT. YCNI. KUPMKUYa B FOA.

Ynop Ha Ka4ecTBO NPOAYKLMK 6bii CAENAH C CamMOro Hayana: Ha 40CTaTO4HO NPOCTOM 060pyao-
BaHUM y[anocb LOOWUTLCA BbIMYCKAa MOMHOTENIONO KUPMU4Ya C XOPOLWMUM Ka4yecTBOM. B Hactoswwee
Bpems 4aiKOBCKWUIA KUPMUYHBIA 3aBOJ ABNAETCA eAUHCTBEHHBIM HA Ypane, BbIMyCKAOLNM KUPMKUY
M200 ¢ MOp030CTORKOCTbIO B 75 LIMKMOB LIMPOKOW LIBETOBOM raMMbl, H4TO AAET KOHKYPEHTHbIE Npe-
MMYLLECTBA 1 NO3BONAET PACLUMPUTDL reorpacdmio NOCTaBOK.

Cepreit Bunbrensmosuy 06patiul BHUMaHUE KOJJer Ha To, YTO 3aBOA W3HA4albHO CTPOWACH C
npuuenom Ha fanbHenwee passuTue. Ha 3aBoge MMeETCA 3anac nioLlagm, YTo No3BoMseT MaHeBp
TEXHWUYECKNX PELLEHUI 1 KoMNeKTauu 060pynosanns. Kpome toro, 6b110 NPUATHO YCAbIWATb, YTO
3HAKOMCTBO C 6yAyLMMK NapTHepaMu N0 PEKOHCTPYKLMM COCTOSNOCh HA OLHOI U3 KOHChepeHumi
KEPAMT3KC.

Ha nepBom aTane 6b1110 NPUHATO PeLLEHEe aBTOMAT3MPOBATh NPOLIECC (POPMUPOBAHUS NaKETOB
1 CafiKN Ha NEYHble BarOHETKM, a TAKXe Pasrpy3Kiu NeyHbIX BaroHeToK. OfHUM U3 rNaBHbIX KPUTEPU-
eB Oblna GbICTPAs OKYyNaeMoCTb NPOeKTa. 3afada OCNOXHANACh HEeyAo6HO hOpPMOIA CyLIMbHON
Tenexku. Viget yctpoicTea Ans ee pasrpysku «MOLCMOTPENM» Ha OLHOM M3 3aBOLOB, HaLWWM
npeanpusThe, KOTOPOE ero U3roToBUIO, KOe-4To fopaboTanu ceoumu cunamu. U geno nowwno.

HAY4YHO-MexXHU4YeCKuu u I’lpOll3600Cl’n6€HHblu JHCYPHAN FII_J EJI !r I‘ J‘:LI I ':j F ]:‘ I q
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TexHuyeckoe npegnoxexne komnaHum CLEIA oTnuyanocb KOMNAKTHOCTbIO, OTHOCUTENBHO He-
60NbLUNM KOSIMYECTBOM MPUBOLOB M OPUrUHAMBHLIM PELLEHNEM COOPKW CPpasy [iBYX NakeTos, 06e-
CreymBaloLLMM Heo6X0AMMYI0 NPON3BoAMTENbHOCTL. OKynaemocTb NpoekTa coctasuna 2,5 ropa,
CHM3NNOCH KONMYECTBO 6paka npu nepeknagke KUpnuya.

B 2014 r. Haspena Heo6xoanMocCTb 3ameHbl npecca CMK-217. Bbibop 6bin caenaH B nonb3y
aKcTpyadepa Typeukoit komnaHum MAK-CAH. 3ameHa npecca 06ycnoBuna 3ameHy pesyuka. B pesynb-
TaTe BMECTO POTOPHOro pe3yuka CM-5m cumdepononbekoro 3asoa 6bin YCTaHOBNEH MHOTMOCTPYH-
Hblli Pe34nK komnaHun «PoccTpom». 3ameHy 3KCTpyaepa W pesyunka npoussenn 3a 20 gHeil 6e3
0CTaHOBKM NPOWN3BOACTBA.

Mocne 04epeAHOro aTana PeKOHCTPYKLMM NOSBIUAACH BOSMOXHOCTb HE MPOCTO YBEAUYNTL MOLL-
HOCTb NMPEANPUATMA, HO W Ha4aTb BbINYCK HOBOr0 BMAA NPOAYKUMW — KamHs ¢hopmara 2,1 HO.
[anbHeilwee ysenudeHue copmara TpebyeT 3ameHbl CYLUWIbHbIX BarOHETOK. ATy 3ajavy Takxe
NaHUPYETC peLaTb.

MpeactaButens komnanum GLEIA P. CBMHUMUKHIA pacckasan 06 onbiTe paboTbl ¢ YaikoBCKMM
KMPMUYHBIM 32BOAOM, @ TaKXE 0 NMPEANOXEHUAX ANS YaCTU4HOA WNWU NO3TAMHON PEKOHCTPYKLMM
KMPNUYHbIX 3aBOJ0B. KOMNaHMs rotoBa B3sTh Ha Ce65 PEKOHCTPYKLMIO Nt060ro y4acTka KUpNYHOro
NPOW3BOACTBA OT NOArOTOBKM CbIPbSA [0 YNAKOBKM NPOAYKLMN.

Buue-npe3ugent Typeukon komnaHun «MAK-CAH» A. TocyHorny BbICTYNUNI COBMECTHO CO CBOUM
NapTHepOM, NPEACTaBNAOLLIMM KOMNAH0 B POCCUM, FeH. AMPEKTOPOM KoMNaHuu «PocCTpoMABTOMATUKa»
11.0. ®puwko. OH paccka3an 0 BO3MOXHOCTAX KOMMaHMM N0 NOCTaBKe 060PyA0BaHUS, ero XapakTepu-
CTMKax W 0COOGEHHOCTAX 3Kcrnyarauun. Kpome npeccoBoro, KOMNaHWs BbIMYCKAET LUMPOKMIA CMEKTp
macconepepabartbiBaloLLero 060pyf0BaHMs Ha COOCTBEHHOM MALLMHOCTPOUTEbHOM NPOu3BOACTBE. OHa
ABNAETCA NMAEPOM MALUMHOCTPOEHUS ANA KUPNUYHONA NPOMBILINEHHOCTU B Typunn. KOHeYHo, cylue-
CTBEHHbIM MPEMMYLLECTBOM TYPELKOro 060pyA0BaHMA B NOCNeHee BpeMs CTana ero JOCTynHas no
CPABHEHMIO C EBPOMNENCKIM LigHa.

BOonbLLIOR MHTEPEC Y4aCTHUKOB CEMMHAPA BbI3BANN NPEANOXEHNS POCCUNCKUX NPON3BOAUTENEN
060pyn0BaHNA N UHKXUHUPUHIOBLIX YCryr. CBOE BUAEHWNE PEKOHCTPYKLMN AEACTBYIOLIMX KUPMUYHBIX
NPOW3BOACTB NPEACTaBUN BEAYLUMIA MHXEHED CTapenLLero 0Te4eCcTBEHHOr0 Hay4HO-UCCnefoBaTeNb-
ckoro uHeTuTyT HUMcTpommaw (r. Fat4mHa JeHnHrpagckoii 06:1.) B.M. ConoBbes.

Boictynnenve aupektopa T «MHTA-CTPO» B.db. ManbueBa 66110 NOCBALEHO 060PYLOBAHNIO,
pa3paboTaHHOMy VIHCTUTYTOM HOBbIX TEXHOOMMA U aBTOMATU3aLMN NPOMBILLIIEHHOCTW CTPOUTENb-
HbIX MaTepuanos, 1 YCMewWHo paboTatolemMy Ha KMPMWYHbIX 3aBojax (rnuHonepepabaTbiBaroLLMii
Komnnekc «Kackag», MenbHuua «Bbtora» n gp.).

TpaguumonHoe ans meponpuatuit MAAI KEPAMTIKC HechopmanbHoe 06LLEgHMe NO3BONUNO y4acT-
HUKam cemuHapa 06CcyanTb HaboNeBLLME BONPOCHI OTKPLITO M Pa3HOCTOPOHHE. MHOrMe 13 HuX 0TMeya-
K, 4TO (POpMAT CEMUHAPOB YAAYHO JOMOSHAET eXErofHYH0 KOH(EPEHLNIO, TaK KaK NO3BOMAET 3aBOLAM,
pacnonoXeHHbIM B PA3NMYHBIX PErMOHAX, OCOOEHHO HEGONbLIOA MOLLHOCTU, MPUHUMATL Y4acTue B
XKU3HW OTPAC/M W YCNELLHO NOJb30BaTbCA MHAIOPMALMEN 1 ONbITOM NPOGIECCUOHATILHOTO COOBLLECTBA.
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CTpykTypHas moaudukauua HoBoobpa3oBaHUi
B LUEMEHTHOM MaTpuLe aucnepcuaMu yrnepoaHbIX HaHOTPYOOK
W HAHOKpeMHe3emMoMm

KomnnekcHble HaHOAWUCNEPCHbIE CUCTEMbI C MCMONb30BAHMEM MHOTOCMONHbIX YINIEPOAHbIX HAHOTPYOOK 1 HAHOAMCNEPCHOTO KPEMHE3EMa 0Ka3blBaoT
CYLLLECTBEHHOE BNUSHWE HA NPOLECCHI ruaparauny, CXBaTbiBaHUS U TBEPAEHUS CTPOUTESbHbBIX KOMNO3UTOB, B fanbHeiLleM npeaonpenenss ux
[0/roBeYHOCTb. YCTAHOBNEHO, YTO OCHOBHOM 3DHeKT 0T MOAMMKALNN LIeMEHTHON MaTPULbI B Cyyae BBEAEHUS KOMMAEKCHbIX HAHOAMCNEPCHbIX
CMCTEM 06€eCrneYMBaeTCs 3a CHET HanpaBneHHOro BO3AENCTBUSA Ha NPOLECChl rMapaTaunuy u nocneaytoLei KpucTanan3awmm HoBoo6pasoBaHuii.
OTmeyaeTcs, 4TO Npyu BBEAEHWUN ANCNEPCUM YINIePOSHbIX HAHOTPYOOK COBMECTHO C HAHOANCNEPCHBIM KPEMHE3eMOM MPOUCXOANT CTPYKTYpUpOBaHme
BSKYLLIEN MaTpULLbl C 06pa30BaHMeM NOTHOI 6e3aedeKTHOR 060104KIN U3 KPMCTANNOrMapaTHbIX HOBOOBPA30BaHNIA MO NOBEPXHOCTM TBEPAbIX a3,
06€Cne4nBaroLLen JOCTUXEHNE NPOYHON BSXKYLLEA MAaTPULbl B LIEMEHTHOM GETOHe.

Kniouesble cNnoBa: yrnepofHble HaHOTPYGKM, HAHOKPEMHE3EM, LIEMEHTHAS MaTPULa, KPUCTANorapaTHbIE HOBOOGPA30BaAHNS.
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Structural Modification of New Formations in Cement Matrix Using Carbon Nanotube Dispersions and Nanosilica

Complex nanodispersed systems with multi-walled carbon nanotubes and nanodispersed silica have a significant impact on the processes of hydration, setting and hardening of construc-
tion composites predetermining their durability. Show that the main effect of the modification of cement matrix in the case of adding complex nanodispersed systems is provided by the
directed influence on the processes of hydration and subsequent crystallization of new formations. It is noted that, carbon nanotube dispersion and nanosized silica being added, the bind-
ing matrix is structured forming a prefect dense shell from crystalline hydrate new formations on the surface of solid phases that provides strong binding matrix in cement concrete.

Keywords: : carbon nanotubes, nanosilica, cement matrix, crystalline hydrate new formations.

VYrneponusie HaHOTPYOKU (YHT) BriepBbie ObLIM CUHTE-
3upoBaHbl B 1952 1. (puc. 1) corpynaukamu UPXD PAH
JI.B. PanymkeBuueM u B.M. JlykbsHoBuuem [1]. OcHOB-
Hele cBoiictBa YHT cucrematuuecku omnucanbl Cymuo
HNumxumoit, o0HapyXuBIIUM MX B 1991 r. Kak mOOOYHBIMI
MPONYKT cuHTe3a dysuiepeHa [2]. ABTopamu 1o OpuruHaib-
HOI1 3a1TaTeHTOBaHHOI [3] TeXHOJIOTMU ObLTM CUHTE3UPOBa-
HBI YIJIepOAHbIE HAHOTPYOKM (METOoIMKa OfucaHa B CTa-
The [4]). IlonmydeHHBIE HAHOCTPYKTYPHI HCIIOJIb30BAJINCh
1S MOIM(UKALIMKA CTPYKTYPBI SYEMCTOTO OETOHA HEaBTO-
KJIaBHOTO TBEPAEHMUSI, IpY 3TOM OBbLIO MoKa3aHo, uto YHT
TTOBBIIIAIOT TIPOYHOCTH Ta300eToHa Ha 70%, OMHOBPEeMEHHO
OTMeYeHa CTabuaM3alusl CTPYKTYphl TOp IO pa3MepaM |
CHIDKEHUE CpedHEel IUIOTHOCTU sYercToro OeroHa |[5].
B nmanbHelmmx paborax [6, 7] ycraHoBieHo: BBegeHne YHT
MEHSIET He TOJILKO CTPYKTYPY, HO U COCTaB TMAPOCHINKATOB
kaneuusi (I'CK), dopMupyoIIMxX OCHOBHbIE MOKAa3aTeIn
CBOMCTB LIEMEHTHbBIX OETOHOB MJIOTHOM CTPYKTYPBI.

I'mopocuMKaThl KaJIbLIMSI — OCHOBHBIE KOMITOHEHTHI 11e-
MEHTHOTO KaMHSI Ha HAaHOYPOBHE, XapaKTep CTPYKTYpbl KO-
TOPBIX SIBJISIETCST OTIPEACISIIOIINM TS TIOKa3aTeseii poYHo-
CTU U JOJITOBEYHOCTU LIEMEHTHOTO OeToHa. M3BeCTHRI pabo-
Thbl, B KOTOPBIX MPUBOIATCS Pe3yJbTaThl UCCIENOBAHUI MO
U3MEHEHUI0 MOPGdOJIOTUHY KPUCTAUIOTUAPATOB HAa OCHOBE
TUIPOCWIMKATOB KaJbIMsl 32 CUET BBEIEHUSI B COCTAB TBEP-
JIEIolel [IeMeHTHON MaTpUIlbl HAHOAMCIIEPCHBIX MOAUdU-
KaTopoB Ha OCHOBE YIJIEPOOHBIX HaHocucTeM [8—10].
Wcnonb3ysa HaHOAUCIIEPCHBIM MOIU(PUKATOP, MOXKHO YIIpaB-
JIATh KUHETUKOM B3aMMOJECCTBUS MEXIY LIEMEHTHBIMU MU-
HepaJlaMU U BOJIO 3aTBOPEHMUSI, BJIUSITh HA COCTaB U CTPYKTY-
py 'CK, moBbICUTB CTETNEHb MOJMKOHACHCALIMU KPEMHEKMC-

HAYYHO-MeXHU4ecKuil U NPoU3800CMBeH b HCYPHAN

Carbon nanotubes (CNT) were first synthesized in 1952
(Fig. 1) by the members of Institute of Physical chemistry and
Electrochemistry of Russian Academy of Sciences,
L.V. Radushkevich and V.M. Lukyanovich [1]. The main
properties of CNT were systematically described by
Sumiolijima who discovered them in 1991 as a by-product of
fullerene synthesis [2]. The authors of the given study have
synthesized carbon nanotubes using an original technology
presented in patent [3] the technique of which is described in
article [4]. The produced nano structures were used to modi-
fy the structure of non-autoclaved cellular concrete. It was
also shown that CNT increase the strength of aerated con-
crete by 70%, while the stabilization of the pore structure
with their size and the decrease of the average density of aer-
ated concrete are noted [5]. Further studies [6, 7] found that
adding CNT changes not only the structure but also the com-
position of calcium hydrosilicates (CHS) that form the main
values of the properties of dense cement concrete.

Calcium hydrosilicates are the main components of ce-
ment hydration at the nanoscale. The nature of their structure
determines the values of strength and durability of cement
concrete. There are some works which present the results of
the studies of the changes in the morphology of crystalline
hydrates based on calcium hydrosilicates due to adding nano-
dispersed modifiers based on carbon nanosystems to the hard-
ening cement matrix [8—10].Using a nanodispersed modifier
can control the kinetics of the interaction between cement
minerals and mixing water, influence the composition and
structure of CHS, increase the degree of polycondensation of
silicon-oxygen anions of calcium hydrosilicates. Thus, in the
process of modification of cement matrix with CNTs one of
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JIOPOAHBIX aHMOHOB TMIPOCUINKATOB KaJlblus. Takum 00-
pa3oM, npu Moaudukauuu nemMeHTHoit matpulibl YHT on-
HMM M3 OCHOBHBIX BOTIPOCOB SIBJISIETCS] HAIIPaBJIEHHOE Pery-
JINPOBaHUE MPOILIECCOB MOJMKOHIEHCAUUU KPEMHEKHUCIIO-
POIHBIX aHUOHOB C LIEJbIO YCWJICHUSI TpaHUL KOHTAKTHBIX
30H M, TAKUM 00pa3oM, obecrieueHre TTOBBIIIEHUS TTPOYHO-
CTH, BOJOHEITPOHUIIAEMOCTH Y MOPO30CTOMKOCTH OETOHA.

B 0630pe pabot B obactu ucnosab3zoBaHus YHT [11—13]
OTMEYaeTcsl, YTO OONBIIMHCTBO UCCIeA0BaTeNel pojib HAHO-
TPYOOK CBOJISIT K HAHOAPMUPOBAHUIO CTPYKTYPbI IEMEHTHO-
IO KaMH$I, TIPX 3TOM TTPUBOISITCSI MUKPOCTPYKTYPHBI, B KOTO-
PBIX TIPUCYTCTBYIOT YIJIEPOAHBIE HAHOTPYOKM, HAXOSAIIIUECS
B (DM3WYECKOM KOHTAKTe C TUAPOCUIIMKATAMU KaJbIIUsI
(I'CK) wimn pacnonaramouidecs: B MukporpemuHax. Komu-
4eCTBO MOAM(PULIMPYIOIINX HAHOTPYOOK mpeBbiiiraet 0,05%
OT MAacchl BSDKYIIIETO, YTO, MO-BUIMMOMY, CBSI3AHO C HEJO-
CTaTOYHOM AuCIiepraiueil ux, HECMOTPSI Ha UCTIOIb30BaHUE
Pa3IMYHBIX METOJOB AMCIIEPTALIMM U TIPUMEHEeHUE cypdak-
TaHTOB TP TIPUTOTOBJICHUY BOIHBIX TUCIIEPCHUIA.

MHorue paboThI IpearoaraloT MpuMeHeHUe IIST MO-
IudrKanuu LeMEHTHOro OeToHa IBYX M 0OoJjiee HaAaHOCH-
CTeM, NP ITOM Yallle BCero B KauecTBe BTOPOi J00aBKU MC-
MoJib3yeTcss HaHOKpeMmHe3eM [14—17], KOTopblii 3a cyeT
MPOSIBJICHUS] CUHEPTEeTUYECKOTo 3¢h(deKTa OT COBMECTHOTO
ucrojp3oBanus ¢ YHT mHTeHCHMduIupyet mmpomneccsl pop-
mupoBaHusl I'CK, yIioTHSISI CTpYKTypy LIEMEHTHOTO KaM-
Hs1. B TO ke BpeMs 3TU CUCTEMBbI CIIOCOOHBI CYILIECTBEHHO
U3MEHSTh CTPYKTYPY MeX(a3HbIX I'PaHUI] B 1LIEMEHTHBIX
KOMIIO3UTaX 3a CYET KPUCTAUIM3aLUM HOBOOOpa3OBaHMIt
I'CK mo moBepxHOCTH TBepaoi dasbl ¢ hopMUPOBaAHUEM
IJIOTHBIX 000JIOUEK, CBSI3BIBAIOIINX KOMITOHEHTHI IIEMEHT-
Horo OeroHa. IIpu 3TOM pe3Ko ycHIMBAaeTCsl pojb HaHO-
KpeMHe3eMa, KOTOPbIA CBSI3bIBAET TUAPOKCHUI KaJblvs C
o6pazoBanueM ['CK, cmocoOGCTBys HOIOJHUTEIbHOMY
VIUIOTHEHUIO MaJIOCBSI3aHHBIX HOBOOOPa30BaHUIA.

Takum o6pa3om, BBeneHUE B COCTaB OETOHA YaCTUIL Ha-
HOPa3MepHOTO YPOBHS TTO3BOJISIET YIPABIATH MPOIleCCaMu
rugpataivu M (HOPMUPOBAHUS CTPYKTYPHI TBEPICIONIETO
LIEMEHTHOTO KaMHsI Ha HAHOYPOBHE, obecTieurBasi Harpan-
JIeHHOe (popMUPOBAHUE MAKPOCTPYKTYPhI AJIs1 JOCTUKEHUS
HeoOXOAMMBIX MOKa3aTeieil CBOMCTB 6eToHa. B To ke BpeMst
HE COBCEM sICHA MPUPOJA CAMOOPraHMW3allMU MUKPOCTPYK-
TYpBI LIEMEHTHOTO GETOHA NMPU BBEIEHWM HAHOCUCTEM, B
ocobeHHoctu YHT, obecnieunBaronieii GopMrUpOBaHUE BhI-
COKOIIPOYHOTO 1LIEMEHTHOTO KaMHSI M3 MepBOHAYAJIbHO Ma-
JIOCBSI3aHHBIX MEXIY CO00i KPUCTAJUIOTMAPATHBIX HOBOOO-
pa3oBaHUN.

MHorocnoiiHble yrieponHbsie HaHOTpYyOKM (MYHT)
MPUMEHSINCh B BUAe BomHoW mucnepcun «Vulvek 100»
(OO0 «Hosniit mom», r. MXeBcK), MpUroTaBaIMuBaeMoil Ha
OCHOBE TIpeMMKCa Graphistrengtth Masterbatch CW2-45
dpanuysckoit pupmbl Arkema Group Co. Jucneprauust
MpeMUKca, coaepxaiero 55% KapOOKCHUIMETHIILETION0-
36l M 45% MYHT, npousBoamiach B BHICOKOCKOPOCTHOM
OMCepHOU MeJIbHUIIE-MeIIaIKe.

B kauecTBe BSIXYIEro HCMOJb30BAICS TMOPTJIaHMILIE-
MeHT mMapku LHEM 1 42,5H 3A0 «HeBbsIHCKMIi LIeMEHT-
HUK»; MEJIKUI 3aTTOJTHUTEIIb — ITeCOK OBPaXKHbI CeJTbIYMH-
CKOTO MECTOpOXIeHUsl (YIMypTusi), yIOBIETBOPSIOUIUI
tpeboBanussM ['OCT 8736; KpymHBIM 3allOJTHUTENh —
mebeHb U3 APOOJIEHOro peyHoro rpaBus dpaxkuuu 5/20
Kamckoro mecropoxaeHus, yaoBJIeTBOPSIOIIETO TpeboBa-
Husim TOCT 8267.

AMOpPGHBI BBICOKOAUCIIEPCHBIN KPEMHE3eM MPEICTaB-
JIsT co0Ooi cMech, BKIIouamwlInyo 90% MHUKpOKpeMHe3eMa
MK-85 (r. Tyna) co cpenHuM pazmepom uactull 300 HM
nu 10% cuHTeTMYEeCKOTO HaHOKpeMHe3ema Nanosilika
(r. Kaup) co cpegHuM pa3MepoMm JacTull 15 HM.

MuKpocTpyKTypa IIOJy4YeHHBIX 00pa3loB HCCeI0Ba-
JIach C TTOMOIIIbIO PACTPOBBIX BJIEKTPOHHBIX MUKPOCKOIIOB
JSM-7600F ¢pupmbr «JEOL» u PhenomG?2 Pure.

Puc. 1. YrnepoaHble HaHOTpy6kn, o6Ha-
pyxeHHble B 1952 r. coTpyaHukamm UPXD
N.B. Papgywkesuyem n B.M. JlykbsiHO-
Buyem [1]

Fig. 1. Carbon nanotubes found in 1952
by the members of Institute of Physical
chemistry and Electrochemistry of Russian
Academy of Sciences, L.V. Radushkevich
and V.M. Lukyanovich [1]

the main issues is the directed regulation of the processes of
polycondensation of silicon-oxygen anions in order to
strengthen the borders of the contact areas and provide the
increased strength, water- and frost-resistance of concrete.

In the review of the works about the use of CNTs [11—13] it
is noted that most researchers limit the role of nanotubes to the
nanoreinforcing of the hardened cement structure considering
the microstructures containing carbon nanotubes, which are in
physical contact with calcium hydrosilicates (CHS) or located
in microcracks. The amount of the modifying nanotubes ex-
ceeds 0.05% of weight of the binder, which is apparently caused
by their insufficient dispersing, despite using various dispersing
methods and applying surfactants for aqueous dispersions.

A lot of works suggest using two or more nanosystems for
the modification of cement concrete, nanosilica being used
as the second additive in most cases [14—17], which due to
the synergistic effect from being used with CNTs intensifies
the processes of CHSs forming, densifying the structure of
hardened cement. At the same time, these systems can sig-
nificantly change the structure of the interphase boundaries
in cement composites due to the crystallization of new CHS
formations on the surface of the solid phase with the forma-
tion of dense shells that connect the components of cement
concrete. This dramatically increases the role of nanosilica
which binds calcium hydroxide to form CHS contributing to
extra densifying of lowly cohesive new formations.

Thus, adding nano-sized particles to the concrete com-
position enables the control of the processes of hydration and
formation of the hardening cement structure at the na-
noscale, providing the directed formation of the required
macrostructure to achieve the required properties of con-
crete. At the same time the nature of self-organization of the
cement concrete microstructure is not clear, nanosystems
being added, especially CNT that provide the formation of
high-strength hardened cement from the originally lowly
cohesive new crystalline hydrate formations.

Multi-walled carbon nanotubes (MWCNTSs) were used as
an aqueous dispersion of Vulvek 100 (“Novyy Dom”, LLC
(Izhevsk)) prepared on the basis of Graphistrength™
Masterbatch CW2-45 premix produced by Arkema Group Co.
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Puc. 2. PacnpeneneHve MHOroCOonHbIX YrnepoaHbix HAHOTPYOOK B BOAHOM Ancnepcumn: a — nocne o6paboTky B BICOKOCKOPOCTHOM BMCEPHOI MefbHULIE;

b — nocne pononHUTeNbHOM 06pPaboTKN YNbTPa3BYKOM

Fig. 2. Distribution of multi-walled carbon nanotubes in aqueous dispersion: a — after processing in a high-speed bead mill, b — after additional ultrasound

processing

OCHOBHOI1 TIPOOJIEMOI, OT pellieHUs] KOTOPOl 3aBUCUT
JanxbHeIIee TPOABUKEHNE TEXHOJIOTHI MOTUGUKALIUN 11e-
MEHTHBIX OETOHOB YIJIEPOIHBIMUA HAHOTPYOKAMU, SIBJISIETCS
MoJyyeHHe YCTOMUMBOM AUCTIEPCUU, CITOCOOHOMN JINUTENb-
HOE BpeMsl He TIOJIBEPraThCsl paccJanBaHUIO 3a CUET Koary-
gsunu YHT. Ona peinaercs 3a cuet aucneprauvu YHT B
BOJHBIX PacCTBOPAx MOBEPXHOCTHO-AKTUBHBIX BEIIECTB O]
Bo3aeiicTBUEM yabTpa3Byka [9, 18]. [IpumeHeHUEe BbICOKO-
CKOPOCTHBIX OUCEPHBIX MEJbHUI] MO3BOJSET YJIYUYIIUTD
mucnepruposanue MYHT u ucnonb3oBaTh moydaeMbie
MUCIIEPCHUM B IPOMBIIIIEHHBIX MaciuTabax [7], B TO ke Bpe-
M$l B TaKOM JMCIIEpCUU OOBbEM TUCTIEPTMPOBAHHBIX HAHO-
TpyooK He mpeBbiaeT 20—25%, ocTaabHOI 00bEM YaCTHII
HaAXOMUTCSI B TIpelaefiax HECKOJIbKUX MUKPOMETPOB
(puc. 2, a). lonoaHuTteabHass o0paboTKa 3TO AUCHEpCUn
YJAbTPa3BYKOM TO3BOJISIET NUCIEPIrMPOBaTh HAHOTPYOKHU 10
HAHOMETPOBBIX Pa3MepoB (CPeIHUI pa3Mep YacTHUll COOT-
BercTByeT 25 HM). [Ipu aToM, cyns 1o cpenHeMy pasmepy
yactull (puc. 2, b), TPOUCXOAUT HE TOJIbKO pa3eieHne Ha-
HOTPYOOK, HO M MX pa3pylleHue, BO3MOXHO M pacCIOeHUE
MHOTOCJIOMHBIX HAHOTPYOOK.

AHaJu3 BIMSIHUS TUCTIEPCUY HAa MEXaHMYEeCKue MoKasa-
TEJIM LIEMEHTHOTO KaMHSI B COCTaBe OETOHA MOoKa3aj MOBbI-
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Puc. 3. MpoyHOCTb Npu cXaTun LLeMeHTHOro 6eToHa, MoandULMPOBaHHO-
ro aucnepcueit MYHT: [ — NpUroToBNEHHO Ha BbICOKOCKOPOCTHOM G1cep-
HoMm cmecuTene; [l — nocne OONONHUTENbHON 06paboTkM Aucnepcun B
TeyeHune 20 MVH ynbTpasBykoM

Fig. 3. Compressive strength of cement concrete modified with MWCNT:
— dispersion produced with high-speed bead mixer; [ll - after ultrasound
processing of the dispersion for 20 min

HAYYHO-MeXHU4ecKuil U NPoU3800CMBeH b HCYPHAN

French company. The premix containing 55% of carboxy-
methylcellulose and 45% of MWCNT was dispersed in a
high-speed bead mill mixer.

The binder used was Portland cement of CEM 1 42.5N
JSC “Nevyansky Cementnik”; the fine aggregate — ditch
sand from Selychinskoye deposit (Udmurtia) meeting the
requirements of GOST 8736; coarse aggregate — crushed
gravel from river gravel of 5/20 fraction meeting GOST 8267
from Kama deposit.

The amorphous finely-dispersed silica includes a mixture
comprising 90% of microsilica MK-85 (Tula) with an aver-
age particle size of 300 nm and 10% of synthetic nanosilica
Nanosilika (Cairo) with an average particle size of 15 nm.

The microstructure of the produced samples was studied
with a scanning electron microscope JSM-7600F of JEOL
and Phenom G2 Pure.

The main task, the solution of which determines further
development of technology of cement concrete modification
by means of carbon nanotubes, is to produce a stable disper-
sion that would not be broken down for a long time due to the
CNT coagulation. This task is solved by dispersing CNTs in
aqueous solutions of surfactants when exposed to ultra-
sound [9, 18]. Using high-speed bead mill can improve dis-
persing MWCNT and apply the produced dispersions on an
industrial scale [7]. At the same time, in such dispersion the
amount of nanotubes does not exceed 20—25%, the remaining
volume of the particles is located in the range of several mi-
crometers (Fig. 2, a). The additional processing of this disper-
sion with ultrasound provides dispersing nanotubes to nano-

1 a b c

) |
" s

Puc. 4. Cxema CTPYKTYypu3auum LLEMEHTHOrO KamHs npu Moaudukaumm
YHT: a — pacnpegenenne YHT B LEMEHTHOM KaMHE MOCNE 3aTBOPEHUS;
b — CTPYKTYpMpOBaHME rPaHNYHbIX CIIOEB; C — GOPMMPOBAHNE NPOCTPaH-
CTBeHHoOM ynakoBku n3 NCK. 7 — yacTuupl LEMEHTHOrO KNNHKEpa; 2 — yrne-
poaHble HaHOTPYOKKU, 3 — HOBOOGpasoBaHusa Ha ocHoBe MCK; 4 — cTpykTypu-
POBaHHbIE FPaHNYHbIE CI0OU

Fig. 4. Scheme of the structuring of the setcement modified with CNTs:
a — distribution of CNT in the setcement after tempering; b — structuring of
boundary layers; ¢ — forming of the special packing from CHS; 7 — particles
of cement clinker; 2 —carbon nanotubes; 3 — new formations based on CHS;
4 — structured boundary layers
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IIeHWe TTPOYHOCTH, KOTOPOE HAXOMIUT-
s B TIPSIMOIA 3aBUCUMOCTH OT BpEMEHU
VIBTPa3BYKOBO 00pabOTKU aucHep-
cum (puc. 3, b). [IpoBeneHHbIE UCCIE-
JIOBaHUSI TIOKA3bIBAIOT, YTO KOHIIEH-
Tpalusi HaHOTPYOOK B IIEMEHTHOM
KaMHe MOKeT ObITh OTpaHMYeHa 3Haue-
Husimu 0,00125% ot Macchl opTaaHI-
LIeMEHTa, TIPY 3TOM ToKa3aTeu Mpoy-
HOCTU 1IEMEHTHOIO KaMHsSI He OymyT
yCcTynaTh 3HAYeHUSIM, TPUBEICHHBIM
Ha puc. 3, a.

YuuteiBasg paspylieHue MHOTO-
cinoiriHbix YHT mpu Takoii coBMeIlIeH-
HOI TEXHOJOIMU AUCIepraiuu, Heoo-
XOAMMa WHTepIIpeTanysi MOBbIIIEHUS
MMPOYHOCTH LIEMEHTHON MAaTpHIIbI, TaK
KaK TpaaulIMOHHAs CChLJIKa Ha HAaHOAPMUPOBAaHME IIEMEHT-
HOI MaTPUIIBl YIJIEPOTHBIMU HAHOTPYOKAMU B TAHHOM CITy-
yae CTAHOBMUTCS HEOOCTAaTOYHO KOppeKTHo. OCHOBHOI
addexT oT MoaubUKaMK LIEMEHTHOTO KaMHSI B 3TOM CJTy-
yae obecreurBaeTcsl 3a CYET CTPYKTYpPU3allMU KPUCTaLIO-
rUApaTHBIX HOBooOpa3oBaHuit Ha ocHoBe I'CK. Ilpu stom
ITOCPEACTBOM KOHTAKTHBIX B3aMMOICHCTBUI CTPYKTYpUPO-
BaHHBIX TPAHUYHBIX CJI0€B (POPMUPYIOTCS TTPOCTPAHCTBEH-
Hble KapKacHble SIYEUKU B CTPYKTYpe MOIUMDUIIMPOBAHHOM
MaTpuiibl. BosblIoe YMCI0 TOYEUHBIX KOHTAKTOB O0eCTIeun-
BaeT (hopMuUpoBaHUE MPeAeSbHO HAMTOJIHEHHON CUCTEMBI, B
KOTOPOI KOJJIECKTUBHBIN MTEPEXOJ K CHETUICHUIO B OJIMKHEM
MOPSIIKE BBI3BIBAET YIIPOYHEHUE CTPYKTYPbl MOAUGUIIUPO-
BaHHOM BSIXYIIEH MaTpMIIBI 3a CUeT OOpa3oBaHUs TIPO-
crpancTBeHHoU yrmakoBku I'CK (puc. 4). Takum obpasom,
JIOCTUTAETCS TOJIyYeHUE TIOTHOM Y MPOYHOU MUHEPaJIbHOM
MaTpuilbl, 00ecreunBalolleil co3naHue 10JroBeYHOro KOM-
MO3UIMOHHOIO MaTepHaja CTPOUTEJbHOTO Ha3HaueHUS.

IMoaromy HeoOXoauMoO OOpaTUTh BHMMaHWE HAa MUKPO-
CTPYKTYpYy HOBOOOpa3oBaHUI B 3aTBEepACBIICH IIeMEHTHOMN
Marpulie, 1 mpexae Bcero Ha mopdonoruio u coctaB ['CK.
IIpu hopMrpoBaHMM LIEMEHTHOIO KaMHSI KpHCTaJUTOTUAPAThI
MOKPBIBAIOT MTOBEPXHOCTb TBEPAOH (ha3bl B COCTABE LIEMEHT-
Horo 6eroHa TOHKMM 3—10 MKM cjioeM HOBOOOpa3OBaHUit
IJIOTHOM CTPYKTYphI (pUC. 5, @), 0Opa3ysl BBHICOKOIPOYHbIE
000JI0YKH, KOTOpbIe OOBEIUHSIOT B KapKac COCTaBIISIONINE
6etoHa. B ciyuae «0OHaXXeHUsI» YIJIepOIHBIX HAHOTPYOOK ITpHr
00pa30BaHUM YCAIOUHBIX TPEIIMH MPOMCXOIUT MHTEHCUBHOE
3apacTaHie TOBEPXHOCTH HAHOTPYOOK T'MAPOCWJIMKATAMU
KanbLus (puc. 5, b). YriepoaHble HAHOTPYOKH, TaKUM o0Opa-
30M, B ONPEAEICHHBIX CyJasix CIIOCOOHBI 00eCIeYnBaTh «Ca-
MO3JIEYMBAaHUE» TPELIMH HOBOOOPA30BAHUSIMU, KPUCTAILIN-
3alMsI KOTOPBIX CTUMYJIMUPYETCS TIOBEPXHOCTHIO HAHOTPYOOK.

Wcnionbp3oBaHMe KOMIUIEKCHOM 100aBKM, BKIIOUAIOIIEH
Hapsiay ¢ aucrniepcueit MYHT mukpokpemHezem MK-85 co
cpenHuM pazmepoM vacTtuil 300 HM B cOYeTaHUM C HaHO-
kpemHe3emMoM Nanosilika co cpemHUM pasMepoM YacTUIL
15 HM, TPUBOIUT K YIJIOTHEHUIO CTPYKTYPHI IIEMEHTHOTO
KaMHsI THIPOCWJIMKATHBIMU HOBOOOPA30BaHUSIMU B IIPO-
CTPAaHCTBE MEXIY CTPYKTYPUPOBAaHHBIMU OOOJOYKAMH,
(opMupylomMucss B MPUCYTCTBUM MUKPOKpeMHe3eMa B
BUJE «Tpo3nei» (puc. 5, ¢) U JAOMOJIHUTENbHO YIJIOTHSIIO-
UMM BSDKYIIYIO MAaTPHUILy B COCTaBe LIEMEHTHOrO OEeTOHA.
dopmupoBaHUe TaKON CTPYKTYPHI IIPOBOANT K CYIIECTBEH-
HOMY TIOBBIIIIEHUIO TTPOYHOCTH LIEMEHTHOTO B COCTaBE MO-
nudunrpoBaHHoro 6etoHa [19].

Takum o0bpa3oM, IpUMEHEHNE KOMILIEKCHBIX J00aBOK,
BKJIIOYAIOIIMX MHOTOCJIOMHBIE YIepoaHble HAHOTPYOKU U
HAHOAMCIIEPCHBIN KPEMHE3eM, CYIIIECTBEHHBIM 00pa30M 13-
MEHSIET CTPYKTYPY LIEMEHTHOTO KaMHSI B MOAM(UIIMPOBAH-
HOM OETOHE 3a CYeT HaIlpaBJIEHHOM KPUCTAJTU3aIIMi HOBO-
00pa3oBaHUIf HA OCHOBE TMIPOCUINKATOB KaJIbIIUs, CTUMY-
JIUPYSl WX KPUCTAIU3ALIMIO TTOBEPXHOCTH TBEpAO(ha3HBIX
cocTaBJisifolrx 6eToHa. BhIsiBlI€HO, UTO NP BBEAEHUU THC-

Ol .
'_,.- e

Puc. 5. M1KpoCTpykTYypa LLleMEeHTHO MaTpuLbl, MOANDULMPOBAHHOW YrNepoaHbIMU HaHOTPyOKaMu B
LeMeHTHOM 6eToHe C HOBOOOPA30BaHWSMUN MAOTHOW CTPYKTYPbI: & — MO MOBEPXHOCTU KBapLEBOro
necka; b — yrnepogHble HaHOTPYOKM B yCaf04HOM TPELLUHE, NOKPbITbIE CI0EM MMAPOCUINKATOB Kaslb-
umnst; ¢ — GparMeHT MUKPOCTPYKTYPbI C YINOTHAOLMMY FrPO34enofo6HbIMM HOBOOOPa30BaHMAMU

Fig. 5. Microstructure of the cement matrix modified with carbon nanotubes in cement concrete with
dense new formations: a — on the surface of quartz sand; b — carbon nanotubes in a shrinkage crack
coated with calcium hydrosilicates; ¢ — fragment of microstructure with a particle of nanosilica

meter size (the average particle size is 25 nm). Thus, according
to the average particle size (Fig. 2, b), nanotubes do not only
separate, but also are destructed and possibly broken down.

The analysis of the influence of dispersion on mechanical
properties of set cement in the composition of fine concrete
shows the increase in strength, which is in direct proportion to
the duration of ultrasonic processing of dispersion (Fig. 3, b).
The conducted studies show that the concentration of nano-
tubes in the set cement matrix can be limited to 0.00125% from
the weight of Portland cement, and the strength values of the
hardened cement will not yield to the values shown in Fig. 3.

Taking into account the destruction of multi-walled
CNTs with such combined dispersing technology, it is neces-
sary to interpret the strength increase of the cement matrix as
in this case the traditional reference to nano-reinforcing of
the cement matrix by means of carbon nanotubes is not cor-
rect enough. The main effect of the modification of set ce-
ment in this case is provided by structuring the new crystal-
line hydrate formations based on CHS. At the same time due
to the contact interactions of the structured boundary layers
the spatial frame cells are formed in the structure of the
modified matrix. A large number of point contacts ensure the
formation of extremely filled system in which the collective
transfer to adhesion in a short-range order leads to the hard-
ening of the structure of the modified binding matrix due to
the formation of spatial packing of CHS (Fig. 4). This leads
to a dense and strong mineral matrix that provides durable
composite material for construction purposes.

Therefore it is necessary to pay attention to the micro-
structure of the new formations in the set cement matrix and,
above all, to the composition and morphology of CHS. In the
process of cement hydration crystalline hydrates cover the
surface of the solid phase in the composition of cement con-
crete with a thin layer of 3—10 microns of dense new forma-
tions (Fig. 5, a) forming high-strength shells that combine
the components of concrete in a frame. Carbon nanotubes
being denuded, in the case of formation of shrinkage cracks,
the nanotube surface is overgrown with calcium hydrosili-
cates (Fig. 5, b). In certain cases carbon nanotubes can pro-
vide “self-healing” of cracks with new formations, crystalli-
zation of which is stimulated with nanotube surface.

Using an complex additive comprising MWCNT disper-
sion along with nanosilica leads to the densification of the
structure of set cement in the space between the structured
shells, new hydrosilicate formations appearing as clusters in
the presence of silica fume (Fig. 5, ¢), and additionally den-
sifying the binding matrix in the composition of cement
concrete. Such structure leads to a significant increase in the
cement strength in the composition of the modified con-
crete [19].

The research has found that the main effect of the modi-
fication of mineral binding matrices using complex nano-
dispersed systems comprising MWCNT and nanosilica is
ensured with the directed influence on the hydration pro-
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TePCUY MHOTOCJIOMHBIX YIJIEPOIHBIX HAHOTPYOOK COBMECT-
HO C HAaHOIUCIEPCHBIM MUKPEMHE3eMOM O0ecreunBaeTCs
CTPYKTYPUPOBaHUE BSLXYIEH MaTpMIlbl ¢ 0Opa3oBaHUEM
IJIOTHOM 6e3aedeKTHOI 000I0UKU U3 TMAPATHBIX HOBOOO-
pa3oBaHMi1 TT0 TTOBEPXHOCTU TBepAbIX (ha3. CienoBaresbHO,
OCHOBHBIM (haKTOPOM, TIOBHITIIAIOIINM XapaKTePUCTUKH TIe-
MEHTHBIX 66 TOHOB, MOIU(MUIIMPOBAHHBIX YIJIEPOIHBIMU Ha-
HOTpYyOKaMU B COYETAaHWU C HAHOKPEMHE3eMOM, SIBJISIETCS
CTPYKTYpHasi MonuduKalus TUAPOCUINKATOB KalbIUs Kak
10 COCTaBY, TaK U Mo MOPGhOJIOrMY HOBOOOPA30BAHUIA.
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K Bonpocy npumeHeHus okcupaa rpadena
B LIEMEHTHbIX CUCTEMAX

[MpnBeaeH 0630p paboT, CBA3AHHbIX C MCCNEA0BAHMEM BO3MOXHOCTM NPUMEHEHNS OKCUAA rpadeHa B Ka4yecTBe NepBUYHOr0 HaHOMoAWMuKaTopa
LLEMEHTHbIX KOMMNO3MTHbIX MaTepManoBs. YCTaHOBMEHO, Y4TO BBEAEHWE OKCuAa rpadpeHa cnoco6CTBYET 3HAYMTENIbHOMY MOBbILLEHUI) MPOYHOCTHbIX
CBOWMCTB LIEMEHTHbIX KOMNO3UTOB (MPOYHOCTM NpU U3rM6e 1 CXKaTum), 4TO 06YCNOBNIEHO CO3AaHNeM 6MaronpuUATHLIX YCNOBWIA ANsi (hOPMMPOBaHNS
MUKPOCTPYKTYPbI LLEMEHTHOTO KamHs. MpefcTaBneHbl pe3ynbraTbl NPeABAPUTENbHbIX SKCMEPUMEHTOB MO U3YHYEHUI0 BNMAHWUS OKCWAa rpadeHa Ha
MPOYHOCTHbIE CBOIACTBA N MUKPOCTPYKTYPY LIeMEHTHOro pacTeopa Ha noptnanauemente ML 500 [10 OAO MO «fAkyTuemeHT». [ony4eHHble pe3ynbraThbl
YKa3bIBAKT Ha NePCNeKTMBHOCTL NPOBEEHNS MCCNef0BaHNiA OKCUAA rpadeHa B KavecTBe MOAMMUKATOPA LIEeMEHTHON MaTpuLbl B 60Nee WMPOKUX
mactutabax.

KntoyeBble cNoBa: LiEMeHT, HaHOMOAMMMKATOP, OKCUA rpacheHa, NPOYHOCTb, MUKPOCTPYKTYpA.

G.D. FEDOROVA, Candidate of Sciences (Engineering) (fedorovagd@mail.ru ), G.N. ALEXANDROV, Chemist-analyst,
S.A. SMAGULOVA Candidate of Sciences (Physics and Mathematics)
North-Eastern Federal University of M.K. Ammosova (58, Belinskogo Street, Yakutsk, 677000, Russian Federation)

The Study of Graphene Oxide use in Cement Systems

The review of foreign articles connected with research of graphene oxide use possibility as primary nanomodifier of cement composite materials is provided. It is established that intro-
duction of graphene oxide promotes substantial increase of strength properties of cement composites (durability on a bend and on compression) that is caused by creating favorable
conditions for formation of a microstructure of a cement stone. Results of preliminary experiments on graphene oxide influence studying on strength properties and microstructure of
cement grout on Portland cement of PC 500-D0 of JSC PO «Yakutsement» are presented. The received results indicate prospects of carrying out researches of graphene oxide as modi-

fier of cement matrix in wider scales.
Keywords: cement, nanomodifier, graphene oxide, durability, microstructure.

BripaxkeH1e «<HaHOTEXHOJIOTHS B CTPOUTEBCTBE» CETOI-
HSI TIPOYHO BXOIUT B HAIIY XXU3Hb, HO YTO CTOUT 33 3TUM —
JIOBOJILHO CJIOXHAasl KapThHa. HecoMHeHHO, 3TO mepcrek-
THBHOE HalpaBjieHWe Pa3BUTHsI CTPOUTEIHHOTO MaTepua-
JIOBEICHUsI, KOTOpO€ B Hallleii CTpaHe HaXOIMTCS B
HavyaJIbHO# CTaJuM CTAaHOBJICHUS. DTO yOEIUTEILHO MOKa-
3aHO0 B 003opHo#t crtathe E.B. KoponeBa, mupekrtopa
HayuHo-o6pa3oBatenpbHoro neHtpa «HaHomarepuansl u
HaHoTexHoJjoruu» nmpu MI'CY [1]. B paboTe TakxKe mokasa-
HO, 4TO HauOOJbIUUI UHTEPEC [UIS1 UCCIEAOBATENEH Mpe-
CTaBJISIET BONMPOC MPUMEHEHUSI HAHOTEXHOJIOT WU TS MO -
(urpoBaHUsS GETOHOB IMTOCPEACTBOM BBEICHUS B HUX TIep-
BMYHBIX CHMHTE3MPOBAHHBIX HaHoMartepuaynoB. [Ipu sToM
0ocoboe BHUMaHUE yAeNsaeTcs M3YyYeHUIO YIJIepOMHBIX Ha-
HOTPYOOK, QYyJJIEPEHOB U APYTUX 00BEKTOB (PYJLIIEPUOIHO-
IO THIA, KOTOPbIE BBOJSITCSI B MATPUILY B BUJIE CYCIIEH3UHU.
O0BeM paboT Mo MX MCCIEeAOBAaHUIO, TI0 JaHHBIM [1], co-
craBisieT 58,3% otT o6mero oobeMa OMyOJUKOBAHHBIX B
KypHayie «CTpouTebHblE MaTepuajbl» CTaTeil B TeueHUE
2006—2014 .

Hzyuenue nmurepaTyphl 10 pa3pad0TKe KOMITO3ULIMOHHBIX
MaTepuaioB C MPUMEHEHWEM YITIEPOAHBIX HAHOOOBEKTOB TO-
Ka3aJio, YTo 3a py0oexkoM TakKe IIMPOKO MPOBOASITCS MCCe-
JMIOBaHMS TIO MPUMEHEHUIO OKCcHIa TpadeHa B IIEMEHTHBIX
cucTeMax JUIsl TIOBBIIIEHUSI MPOYHOCTHBIX CBOMCTB [2—11].
Bonee rybokue ucciaenoBaHus 10 JaHHOW TTpobGJeMe Tpo-
Be/IeHbI B YHUBEPCUTETaX ABCTPAINM, B YaCTHOCTU B YHUBED-
cutete MomHaiira [2—6]. B ombiTax J03MPOBKY OKCHAA Tpa-
dena BappupoBas or 0 mo 0,3% OT Macchl IIeMeHTa Tpu
B/11=0,5. ITo ux gaHHBIM, ONITUMAJIBHBIM SIBJISIETCS IO3UPOB-
ka 0,05% or macchl LieMeHTa, MPH KOTOPOIl ITOBBIICHUE
MIPOYHOCTH GETOHA TIPM MU3rMbe U CXKATUM COCTABJISIET COOT-
BeTcTBeHHO 41—59 1 15—33% [2, 6]. ABTOPBI pabOT OOBSICHSI-
10T 3HAYMTEIbHOE MOBBILIIEHUE TTPOYHOCTH ITPU U3THOE XOPO-
1M CLIETUIEHUEM TUIEHKU OKCHUjIa rpadeHa ¢ IeMEHTOM, YTO
C YY4ETOM BBICOKMX MPOYHOCTHBIX CBOMCTB OKCHAA TpacdeHa

? PRI T E05Fl5]E  HayuHO-mMeXHUMeCKUll U nPOU3E00CMEEHHbLI HCYpHAN

Expression “Nanotechnology in construction” is strongly
included nowadays in our life. But what is behind it — it is
quite difficult picture. Undoubtedly, this perspective direc-
tion of construction materials science development which in
our country is in an initial stage of formation. It is convinc-
ingly shown in a review of Korolev E.V., Dr. Sci. (Eng.), di-
rector of Scientific and Educational Center “Nanomaterial&
and Nanotechnologies” at MGSU [1]. In article it is also
shown that the greatest interest for researchers represents a
question of nanotechnology application for concrete modify-
ing by means of primary synthesized nanomaterials introduc-
tion to them. Thus special attention is paid to studying of
carbon nanotubes, fullerene and other objects of fullerene
type which are entered into a matrix in the form of suspen-
sion. The amount of works on their research on data [1]
makes 58.3% of total amount of articles published in the
“Construction Materials” magazine during 2006—2014.

Studying of literature on development of composite ma-
terials with application of carbon nanoobjects showed that
researches on use of graphene oxide in cement systems for
increase of strength properties [2—11] are also widely con-
ducted abroad. More in-depth studies on this problem are
conducted at universities of Australia, particularly, at
Monash’s university [2—6]. In experiences the dosage of gra-
phene oxide was varied from 0 up to 0.3% of cement mass at
W/C=0.5. According to their data the dosage of 0.05% of
cement mass at which increase of concrete durability on a
bend and on compression makes respectively 41—59% and
15—-33% [2, 6] is optimum. Authors of works explain substan-
tial increase of durability on a bend with good coupling of
graphene oxide film with cement that taking into account
high strength properties of graphene oxide gives to GO-films
the reinforcing effect. According to authors GO films have
carboxyl group which can react with cement hydration prod-
ucts, namely, with C—S—H and Ca(OH),. For confirmation
of microreinforcing property of graphene oxide the morphol-
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npunaer OI'-rieHkam apmupyoommii a¢gdexr. 1o MmHeHHNIO
aBTOpPOB, IUIeHKU O uMeroT KapOOKCWIbHYIO TPYIIITY, KOTO-
past MOXXET pearupoBaTh ¢ MPOAYKTaMU TUIpATALIMY LIEMEHTa,
a uMeHHO ¢ C—S—H u Ca(OH),. [Ins nonreepxaeHuss Mu-
KpOapMHUPYIOILIETO CBOICTBA oKcua rpadeHa uzydyeHa Mop-
dosorust 1IeMEeHTHOTO KaMHSI, yAedbHas TOBEPXHOCTDH Ie-
MEHTHOM MAacTbl, IIPEACTABJICHHOU MNPEUMYILECTBEHHO
C—S—H, u ee nopoBasi CTpyKTypa. YCTaHOBJIEHO, UTO BBE/IE-
Hue OT B LIEeMEHTHYIO TTAacTy 3HAYUTEBHO TOBBIIIAET 0OObEM
TeJIEBBIX TTOP B KOMITO3UTE.

PaGoTbl o n3yyeHUIo IpUMEHEHUs OKcKaa rpadeHa B
LIEMEHTHBIX cCMcTeMax akTUBHO TipoBoasiTcst B CIIA (B yHu-
Bepcuterax KOxHoit u LlentpanbHoit ®nopunsr) [7, 8]. B
paborte [7] mpencraBiaeHbI pe3yIbTaThl 3KCIEPUMEHTATbHBIX
HCCAeNOBAHMI 1O U3YYEHNIO MUKPOCTPYKTYPhI IEMEHTHbBIX
nact ¢ OI', ux Mopdoaornyeckux, MEKTPUIECKUX U Tep-
MaJIbHBIX CBOWCTB B Mpoliecce TUapaTalliv 1LieMeHTa Mpu
paznuuHoi Temmeparype (23, 100, 400, 600 u 750°C).
Oxcun rpadpeHa B LIEMEHTHYIO I1aCTy BBOAWJIM IIPU BOIO-
TBepaoM oTHoueHuu 0,5 B cienyolmmx KkoaudecTtsax: 0, 1, 5
u 10% oT Macchl IleMeHTa. DKCIIEPUMEHTHI ITOKa3au, 4To
BBE/IEHME OKCHIa TpapeHa B LIEMEHT UTpaeT BaXKHYIO POJIb B
MUKPOCTPYKTYPOOOPA30BaHUM U CIOCOOCTBYET ITOBBIIIE-
HUIO ero aJjieKTpornpoBogHocTU. [IpencraBieHHsle B pabo-
Te [8] maHHBIE IO M3YYCHUIO KUHETUKHU TBEPACHUS TaKXKe
MOKa3bIBaloT 3¢ (EeKTUBHOCTh BBEIEHUS OKCcuaa rpadpeHa B
koimaecTBe 0,05% ot macchl ieMeHTa. [1py 3TOM ITOBBIIIE-
HUE MPOYHOCTU Ha cxkaTue B Bo3pacTe 28 CyT COCTaBWJIO
29%, 4TO corjacyercs ¢ pe3yJbraTaMu padot [2—6].

[MosnoxuTenbHbIE BHIBOJBI O IEPCIIEKTHBE TTPUMEHEHUST
okcuma rpadeHa B IIeMEHTHBIX KOMIIO3UTaX CAeJIalId U HC-
cnenoBarenu u3 [Monbiu [9]. OOGBEKTOM UX UCCIENOBAHUS
SIBJISITICSI LIEMEHTHBIN pacTBOp (LIEMEHT U MECOK B COOTHO-
menuu 1:3, B/11 = 0,6). BeimoHEHO CpaBHUTENBHOE HC-
MBITaHWEe 00pa3loB 6e3 mo6aBKu U ¢ mobaBkoit 3% OT ot
Macchl HeMeHTa. O0pasiibl XpaHWIKCh BO BJIAXHOI KaMepe
pu nocrostHHoi remneparype 20°C. ITonydeHHBIE aBTOpa-
MM Pe3yJIbTaThl yKa3blBalOT Ha 3(PGHEKTUBHOCTL MpPOBEe-
HUSI UCCJIEIOBAaHUI MO MPUMEHEHMIO OKcuiaa rpacdeHa B
Ka4yecTBe HaHOMOIM(PUKATOPA B LIEMEHTHBIX CUCTeMaX, Tak
KaK OHa CIIOCOOCTBYET yBeJIMYeHMUIO Momynas FOHra, sto
O3HayaeT TMOBHIIICHNE MeXaHUIECKUX CBOMCTB MaTepHara.
DTO TakKe MOATBepKAaeTcs (OPMUPOBAHUEM MEIKOKPH-
CTAIJINYECKOI CTPYKTYPhI LIEMEHTHOTO KaMHSI.

B pa6ore [10] kuTaiickue HcCCilIemOBaTed MPUBOIST
JIaHHbIE O 3HAYMTEbHOM MOBBIIIEHUM MPOYHOCTU LIEMEHT-
HOI1 MacThl ¥ IEMEHTHOTO PacTBOPa (COOTHOIICHUE LIEMEHT
u miecok 1:3) mpu BBenernun OI B kommuectBe 0,05% ot
Macchl lieMeHTa. Pe3ynabTaThl MccaemoBaHU TakKe ITOJI-
TBEPXKIAIOT JaHHbIE APYTUX MCCAenoBaTesiell 00 yMeHbIIe-
HUU MOPUCTOCTU, YCKOPEHUS TUApATAlMU LIEMEHTa, POCTY
MPOYHOCTU LIEMEHTHOI MacThl U 1IEMEHTHOTO pacTBopa.
Taxk, roBbIllIeHNE TPOYHOCTH LIEMEHTHOM MacThl U 1IEMEHT-
HOTO pacTBOpa B BO3pacTe 28 cyT COCTaBUJIO COOTBETCTBEH-
Ho 90,5 u 70,5% nipu usru6e, 40,4 u 24,4% npu cxkaTum.

Takum oOpa3oM, aHAJIM3 PaCCMOTPEHHBIX CTaTeil MOJ-
TBEPAWJI, YTO MPUMEHEHHEe oKcuaa rpaceHa B KauecTBe Ha-
HOMOAMGbUKATOPA B LIEMEHTHBIX CUCTEMaX MOXET ObITh OJI-
HUM U3 3(PPEKTUBHBIX METOMIOB YITpaBJIEHUSI MUKPOCTPYK-
TypoOOpa3oBaHMWEM LIEMEHTHOTO KaMHSI. XOTS 10 CUX TOp
MEXaHU3MBbI TUApATalluy IIeMeHTa HEeIO0CTaTOYHO SICHBI, B
CBSI3M C TIPOBEICHUEM MCCIIEIOBaHUI O pa3pabOTKe Ha-
HOTEXHOJIOTUI BCce 0OJIbIIIe BHUMAHUSI CTAJIO YAESATHCS Ha
uaeHTUdUKAIMU OCHOBHBIX (Da3 mpolecca ruapaTaluy Ha
MUKpOypoBHe, Hanpumep resist C—S—H, ot KoToporo rias-
HBIM 00pa30M 3aBUCAT (U3NUYECKUE U XMMHUUECKHUE CBOM-
CTBa LIEMEHTHOTO KaMHsl. [To-BUIMMOMY, €ClTi HaliTH CTIO-
co0bI (hOPpMUPOBAHUS XKeJTaeMbIX HAHOPa3MEPHBIX CTPYKTYP
TUIPOCWIMKATOB KaJblMsl, MOXHO MPUIATh LIEMEHTHOMY
KaMHIO M COOTBETCTBEHHO OETOHY HOBbIE YHUKaJIbHbIE
cBoiicTBa. K Takum MmartepuagaM OTHOCSTCSI TEepBUYHBIE

HAY4HO-MexXHU4eCcKuil U npou3800CMEeHHbLI HCYPHAA

ogy of a cement stone, a specific surface of cement paste
presented mainly to C—S—H and its pore structure is studied.
It is established that introduction of GO to cement paste
considerably increases the volume of gel pores in composite.

Works on studying of graphene oxide use in cement sys-
tems are actively carried out in the USA (at universities of
Southern and Central Florida) [7, 8]. In work [7] results of
pilot studies on studying of microstructure of cement pastes
with GO, their morphological, electric and thermal proper-
ties in the course of hydration of cement are presented at
various temperatures (23, 100, 400, 600 and 750°C).
Graphene oxide was put into cement paste at water firm rela-
tion 0.5 in following quantities: 0, 1, 5 and 10% of cement
mass. Experiments showed that graphene oxide introduction
into cement plays an important role in microstructurization
and promotes increase of its conductivity. Data on studying
of hardening kinetics presented in work [8] also show effi-
ciency of graphene oxide introduction at the rate of 0.05% of
cement mass. Thus durability increase on compression at
28-day age made 29% that will be coordinated with results of
works [2—6].

Positive conclusions on prospect of graphene oxide use in
cement composites were drawn also by researchers from
Poland [9]. Object of their research was cement grout (ce-
ment and sand in the ratio 1:3, W/C = 0.6). Comparative test
of samples without additive and with additive of GO 3% of
cement mass is executed. Samples were stored in damp cam-
era at a constant temperature 20°C. The results received by
authors indicate efficiency of carrying out researches on gra-
phene oxide use as nanomodifier in cement systems as it
promotes increase of Young’s modulus, it means increase of
mechanical properties of material. It is also confirmed by
formation of fine-crystalline structure of a cement stone.

Chinese researchers provide data on substantial increase
of durability of cement paste and cement grout in work [10]
(cement and sand ratio 1:3) at GO introduction at the rate of
0.05% of cement mass. Results of these researches also con-
firm data of other researchers on reduction of porosity, ce-
ment hydration acceleration, to growth of durability of ce-
ment paste and cement grout. So, increase of durability of
cement paste and cement grout at the 28th daily age made
respectively 90.5 and 70.5% for a bend, 40.4 and 24.4% for
compression.

Thus, by the review of articles it is established that gra-
phene oxide use as nanomodifier in cement systems can be
one of effective methods of management of microstructuriza-
tion of cement stone. Though mechanisms of cement hydra-
tion aren’t rather clear still, in connection with carrying out
researches on nanotechnologies development more and more
attention began to be given on identification of main phases of
hydration process at microlevel, for example, of C—S—H gel
on which physical and chemical properties of cement stone
mainly depend. Apparently, if to find formation ways of desir-
able nanodimensional structures of calcium hydrosilicates, it
is possible to give to cement stone, according to concrete new
unique properties. Primary synthesized carbon nanomateri-
als, including graphene oxide belong to such materials.

The purpose of the research is determination of prospects
of carrying out research work on modifying of fine-grained
cement concrete by graphene oxide.

At the first stage the following works were performed:

— the review of literature in the field of graphene oxide
influence research on properties of cement composites;

— an assessment of stability of graphene oxide water sus-
pension developed in laboratory “Graphene nanotechnolo-
gies”.

Results of these works were published in [11] where the
conclusion was drawn on prospects of carrying out researches
in the field of modification of cement matrix by graphene
oxide. However, considering lack of carrying out similar re-
searches in Russia and a methodological basis of carrying out

22

aneapy/esparv 2016



Reports of the VIII International conference «Nanotechnologies in construction»,

12—16 March, 2016, Sharm-el-Sheikh, Egypt

Ipadpur
Graphite

1. MepemelumBaHue B Te4eHne 3 Hefenb Npy Temnepatype 75°C
1. The stirring for 3 weeks at temperature of 75°C

2. H20, H202

3. NMpombiBaHue
3. Washing

4. YnbTpa3sykoBas 06paboTka
4. Ultrasonic treatment

5. Lentpudyruposasue
5. Centrifugation

Puc. 1. TexHonorunyeckasi cxema cuHTesa cycneHsum O
Fig. 1. Technological scheme of GO suspension synthesis

CUHTE3UPOBAaHHbIE YIJEPOAHbIE HAaHOMATepUabl, B TOM
yucie okeun rpadeHa.

Lenbto Hacrosiiieil paboThl SIBJSIETCS TTOATBEPXKACHUE
MePCIEeKTUBHOCTH Pa3paboTOK 1O MOAUDUIIMPOBAHUIO
MEJIKO3€pHUCTOrO IIEMEHTHOIO OETOHA OKCHAOM IpadeHa.

Ha nepBoM sTane ObLIM BBIITOJHEHDI:

— 0030p JIUTEepaTyphbl B 001aCTH UCCIIEAOBAHUS BIAMSHUS
okcua rpadeHa Ha CBOMCTBA LIEMEHTHBIX KOMIIO3UTOB;

— OIIEHKa YCTOWYMBOCTM BOJIHOI CYCIIEH3UM OKCHIa
rpacdeHa, paspaboraHHOU B Jylabopatopuu «I'pacdheHOBbIX
HaHOTEXHOJIOTUIA».

PesynbpraThl aTHX paboT ObLIM OITyOJMKOBaHBI B [11].
CrenaH BbIBOM O MEPCIIEKTUBHOCTH MPOBENEHMSI UCCIIEA0-
BaHUI B 00JaCTU MoaUdUKAIIMY IEMEHTHOM MaTpUIIbl OK-
cunoM rpacdeHa. OnHako, YYUThIBasi OTCYTCTBUE TTPOBE/IE-
HUs TTOAOOHBIX ucchenoBaHuil B Poccuu u Mmetogonornye-
CKOi1 OCHOBBI ITPOBEJCHUS MCCIIEIOBAaHUI B 00JIaCTH HaHO-
MOAMGUIIMPOBAHUST LIEMEHTHBIX KOMITO3UTHBIX MaTepua-
JIOB, OBUIO pEllIEHO MPOBECTU MPEABAPUTEIbHBIE IKCIIEPH-
MEHTBI 11 0OOCHOBAaHUSI MEPCIEKTUBHOCTU TPOBEASHUS
NaJIbHEMIINX MccliefoBaHME B 60Jiee IIMPOKOM MaciiTabe.

Hcnonszosansl moptiaananeMment mapku I11 500 10 H
(OAO MO kyruement») (C;A=6,98%, HI'LIT=26,25%,
aKTMBHOCTb lieMeHTa Ipu IponapuBaHuu 32,7 MIla) no
T'OCT 18175—85 u cTaHAapTHBI MOHO(MDPAKIIMOHHBII TTe-
cok (OAO «llemcoHA»), oTBevaOIIUii TPeOOBAHUSIM
T'OCT 6139—2003 «ITecok mIst KICIILITAHWI LIEMEHTa».

B kauectBe 106aBKM Mcnob30BaH okcua rpadena (OT)
B BHUJE BOOHOI CYCIIEH3UH, IIOJYyYEHHOU B J1abopaTopuu
«I'padpeHoBBIC HAaHOTexHOJIOrMM» CBDY MonuduumrpoBaH-
HBIM METOJIOM XaMMepca B COOTBETCTBUU C JaOOPATOPHBIM
TEXHOJIOTMYECKUM PErJIaMeHTOM CUHTe3a OKcua rpadeHa.
Texnonornueckast cxema cuHre3a cycnensnu Ol mpusene-
Ha Ha puc. 1. CpenHeB3BellIEHHBII JaTepalbHbII pa3Mep
"HaHommcToB OI Bapeupyercs ot 0,7 mo 1,3 MKM, MX TOJIIIN-
Ha — ot 1,5 1o 10 HM.

B niesisix onieHKY BAMSIHKS OKcKIa rpadpeHa Ha MPOYHOCT-
HblE CBOMCTBA MEJIKO3EpHUCTOro OETOHA B OMbITaX MJIACTU-
(unmpymome 106aBK1 He UCTIOJb30BaHbI. BIOOD 1031pOB-
ku OT 0,05 1 0,08% ot Macchl LieMeHTa ObLUT IPOM3BEICH C
y4eTOM JaHHBIX 3apyOexXHBIX ucciaemoBaTeneit [2—8, 10].
Okcun rpadpeHa B LIEMEHTHBIM pacTBOpP BBEIEH B BUIE CYy-
CTIEH3UM C KOHLIEHTpAlIMel 2 MT/MJ1.

B kayecTBe MCXOIHOTO COCTaBa MEJTKO3EPHUCTOIO OETO-
Ha TIPUHAT CTaHAAPTHBIA IEMEHTHBIN pacTBOp, TAE COOT-
HOLIEHUE LIEMEHTa U Tecka Mo Macce coctapisieT 1:3 mpu
B/11=0,45, obecrnieunBaroiiero pacrjibiB KOHyca Ha BCTpSI-
xuBaloiieM croiauke ot 105 mo 110 Mm. Bei6op maHHoOroO co-
cTaBa, 0 MHEHMIO aBTOPOB, SIBJISIETCS O0Jiee ONTUMATbHBIM
C TOYKU 3peHUs] (POPMUPOBAHMSI CTPYKTYPhl HA MUKPO- U
MaKpOYPOBHSIX.

s

researches in the field of nanomodifying of cement compos-
ite materials, it was decided to make preliminary experiments
for justification of prospects for carrying out further research-
es in wider scale.

Portland cement of PC 500 DO H brand released by JSC
PO “Yakuttsement” (C3;A=6.98%, NGCT = 26.25%, ce-
ment activity when steaming 32.7 MPa) in accordance with
GOST 18175—85 and standard uniform sand of JSC
“Tsemsend” production meeting the requirements of
GOST 6139-2003 “Sand for cement tests” are used in re-
searches.

As an additive the graphene oxide (GO) in the form of
water suspension received in “Graphene Nanotechnologies”
laboratory of NEFU by the modified Hammers’s method ac-
cording to laboratory production schedules of synthesis of
graphene oxide is used. The technological scheme of GO
suspension synthesis is given in fig. 1. The average lateral size
of GO nanosheets varies from 0.7 to 1.3 mcm, their thickness
— from 1.5 to 10 nm.

For graphene oxide influence assessment on strength
properties of fine-grained concrete, plasticizing additives
aren’t used in experiences. The dosage choice of GO 0.05 and
0.08% of cement mass was made taking into account data of
foreign researchers [2—8, 10]. Graphene oxide is put into ce-
ment grout in the form of suspension with concentration of
2 mg/ml.

As initial composition of fine-grained concrete standard
cement grout where the cement and sand ratio on weight
makes 1:3 at W/C=0,45, providing cone flow on the stirring-
up table from 105 to 110 mm is accepted. The choice of this
structure, in our opinion, is more optimum from the point of
view of structure formation on micro and macrolevels.

For definition of strength indicators samples were made
by the size 40x40x160 mm. Preparation of standard cement
grout is executed according to GOST 310.4—81 except for
storage of samples curing. Considering that conditions of
concrete curing considerably influence on formation of con-
crete structure on micro and macrolevels, in preliminary ex-
periences samples after demolding were stored in camera of
normal and moist storage for concrete samples (t=20+3°C;
W, =951£5%). Graphene oxide suspension was put previ-
ously into gauging water.

Samples were tested for a bend and for compression at the
age of 7 and 28 days in accordance with GOST 310.4—81.

Structural researches were conducted by method of scan-
ning electronic microscopy on Jeol F7500. Samples struc-
tures selected from tests after test of their strength properties
at the age of 7 and 28 days are investigated respectively at the
age of 19 and 51 days. Samples before microscopic researches
were stored in plastic bags at temperature of 25°C.

Production of samples and determination of strength
properties are executed on the basis of accredited Test Center
GUP “YakutPNIIS”. Microscopic researches were con-
ducted on the equipment of the Center of collective use of
NEFU.

Fig. 2 show graphene oxide influence on durability of ce-
ment grout at compression and a bend at the age of 7 and
28 days. Apparently from charts, graphene oxide promotes
increase of durability of cement grout both in 7 daily and at
the 28th daily age in comparison with structure without gra-
phene oxide. And the greatest gain of durability is character-
ised for 7 daily age and makes at a bend 20—23.6% that is
more than durability gain on compression, equal 6.4—8.5%.

At 28-day age at structures with GO additive at the rate of
0.05% and 0.08 durability on compression made respectively
31.3 MPa and 30.6 MPa, durability of structure without GO
— 30.6 MPa, i. e. practically increase of durability is absent.
Durability gain on a bend at the 28th daily age of samples due
to introduction of GO decreased and made only 8.3% and —
9.7% respectively at dosages of OG, equal 0.08 and 0.05% of
cement mass.
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Jlis1 onpenesieHusT IIPOYHOCTHBIX MMOKAa3aTeIeil ObUIM 13-
rOTOBJIEHBI 00pa3ibl pazmepoM 40x40x160 mm. ITpurotos-
JIEHWE CTaHIApTHOTO ILIEMEHTHOTO PacTBOpa BBHIMOJHEHO B
cootBetctBUU ¢ 'OCT 310.4—81, 32 UCKITIOUEHUEM XpaHe-
HMS OOpa3lOB NMpU TBEPACHUHW. YUWUTBIBAs, YTO YCIOBUS
TBEPIACHUS 3HAYUTENIHHO BIUSIOT Ha (DOPMUpPOBAHUE CTPYK-
TYpBI OETOHA Ha MUKPO- U MaKPOYPOBHSIX, B TIPEABAPUTEITb-
HBIX OIIbITax OOpa3lbl ITocae pachOPMOBKM XpaHUIUCh B
Kamepe HOpMaTbHO-BJIaXKHOCTHOTO XpaHEeHUsI 151 OETOHHBIX
obpaszioB (t=2013°C; W, =951+5%). CycneHsusi okcuna
rpadeHa peABapuUTeIbHO BBOAUIACH B BOIY 3aTBOPEHUSI.

OO6pa3ibl UCTIBITHIBAIM Ha M3TMO U CXKaThe B BO3pacTe
728 cyr o TOCT 310.4—81.

CTpyKTypHBIE HMCCIEIOBaHUS TPOBOAMINCH METOIOM
CKaHUpyYIolei anekTpoHHoi Mukpockonuu Ha JEOL F7500.
CTpyKTyphl 00pa3lioB, OTOOPAHHBIX U3 MPOO MOCTIE UCTbITA-
HUSI MX TIPOYHOCTHBIX CBOMCTB B Bo3pacTe 7 1 28 CyT, ucce-
JIOBaHBI COOTBETCTBEHHO B Bo3pacTe 19 m 51 cyr. O0pa3ibt 10
MUKPOCKOTTMYECKUX MCCISIOBAHUI XpaHWINCh B TIOJUAITH-
JICHOBBIX MaKeTax Mpu Temiepatype 25°C.

H3roroBneHue o6pa3LoB U onpeaeeHre MPOYHOCTHBIX
CBOWCTB BBITIOJIHEHBI Ha 6a3e aKKpeauToBaHHOTo Mcrbi-
tareiapHoro enrtpa I'YIT «SxkytT[THUUC». Mukpockornu-
YecKre WCCIeIOBaHUs TPOBOIWINCH Ha 00OpYyIOBaHUU
IlenTpa KosuteKTUBHOTO Tojib3oBaHus CBDY.

JlaHHbIe puc. 2 TIOKa3bIBAIOT BIMSIHUE OKCHIA IpadeHa
Ha MPOYHOCTh LIEMEHTHOTO PacTBOpa MpU CKATUU U U3THOE
B Bo3pacTte 7 u 28 cyt. Kak BUIHO U3 AuarpaMm, oKCUJ rpa-
(eHa crocoOGCTBYET MOBBIIEHUIO TPOYHOCTH IIEMEHTHOTO
pacTBopa Kak B Bo3pacTe 7 CyT, TaK M B Bo3pacTe 28 CyT 110
CpaBHEHHUIO C cocTaBoM 0e3 okcuma rpacdena. [Ipuaem
HauOOJBIINI MPUPOCT TPOYHOCTH XapaKTePeH ISl BO3pac-
Ta 7 cyT U cocTaBiseT npu usrnbe 20—23,6%, uyto Goblie
TIPUPOCTA TIPOYHOCTH TIPH CKATUU, paBHOTO 6,4—8,5%.

B Bo3pacre 28 cyt y coctaBoB ¢ nodaskoii OI' B konmue-
ctBe 0,05 1 0,08% MPOYHOCTH MPU CXKATUU COCTAaBUJIA COOT-
BerctBeHHO 31,3 u 30,6 MIla, npouHocTh coctaBa 6e3 OI'
— 30,6 MIla, T. €. MPaKTUYECKHU TOBBIIIEHAE TPOYHOCTH
OTCYTCTBYeT. I1pMpOCT MPOYHOCTU IIpU U3rMOE B BO3pacTe
28 cyT 00pa31oB 3a cueT BBeaeHUs1 O’ CHU3WIICS U COCTaBUI
Bcero 8,3 u 9,7% cOOTBETCTBEHHO IIpu go3uposkax OT,
paBHbIx 0,08 1 0,05% OT MacchI IileMeHTa.

CpaBHeHHE TIOJYYCHHBIX PE3yJIbTaTOB C OMyOJMKOBAH-
HBIMM JaHHBIMU [2—10] mokasano, 4To XapakTep BIMSHUS
OI' Ha TIPOYHOCTHBIE CBOMCTBa aHajgoruueH. CHUKEHUE
3HAUYEeHUsI MPUPOCTA MPOYHOCTHBIX CBONCTB, O-BUAUMOMY,
MOXHO OOBSICHUTh pa3HBIMU YCIOBUSIMM XpaHEHUs 0Opa3-
1I0B B 3KcniepuMeHTax. OOpasiibl B HAllIeM CJlydae TBepaean
B KaMepe HOPMaJIbHO-BJIaXKHOCTHOTO XpaHEHHUsI, TOT/Ia KaK
MPY UCIIBITAHUM IIeMEHTa 00pa3lbl JOKHBI TBEpAETb B
Boze. OT yclIoBUii XpaHeHUsI 3HAUUTETbHO 3aBUCUT (POPMU-
pOBaHME MaKpO- U MUKPOCTPYKTYPbI IEMEHTHOT'O pacTBOpa
u KamHs. Ha puc. 3 mokazaHa MakKpOCTPYKTypa LIEMEHTHOTO
pactBopa ¢ mo6askoii OI'. Ha cHMMKe 4eTKO BUIHO, YTO
paspylieHre 06pas3IoB MPONUCXOIUIIO YACTUIHO MO KOHTaK-
Ty MecKa ¢ KaMHeM U T10 KaMHI0. Pe3ysbTaTsl CpaBHUTEb-
HBIX MCTIBITAHUI MPOYHOCTU LIEMEHTHOTO pacTBopa C JO-
6aBkamu OI' B kommyectse 0,05 1 0,08% oT Macchl LieMeHTa
COTJIacyIOTCS ¢ JAaHHBIMU IPYTUX HMCCeaoBaTeeil U yKa3bl-
BaroT, 4To BBeAeHUEM Ol B IIeMEHTHBI KOMITO3UT MOXKHO
JIOOUTHCS TIOBBIIIEHMST TIPOYHOCTHBIX CBOMCTB. MexaHU3M
noBbilIeHus npoyHoctu OI'-kKoMmosuTa ele He sICeH, HO
BCE€ MCCJeI0BaTe/M, 3aHUMAIOIIMeCs JaHHOU MpoOJIeMOii,
OOBSCHSIIOT 3TO YHUKAJIbHBIMU CBOMCTBaMU HaHoJscTa OT,
KOTOpBIN 0OO0Janaer OONBbUION MOBEPXHOCTBIO M XKECTKO-
CThlO, OJ1aromapst YeMy OHa MOXeT paboTaTh B Ka4eCcTBe Ha-
HOapMaTyphl B IleMeHTHOM KamHe. Kpome Toro, medopmu-
poBaHHas noBepxHocTh HaHoaucTa OI' [11], HanmuKe peak-
LMY MeXTY KapOOKCUIIBHBIMM TPYIITIaMU OKcHa rpadeHa u
npoayktamu runparauuu uemenra (C—S—H u Ca(OH),)
CMOCOOCTBYIOT 00JIee CUIIbHOMY ClieTuieHrIo HaHosucTta O

HAY4HO-MexXHU4eCcKuil U npou3800CMEeHHbLI HCYPHAA

108,3% 109,7%

0,
I 123,6% 100%

120%
I 100%

N Wb OO N o ©
T

MpoyHoCTb Npu M3rnbe, MlMa
Flexural strength, MPa

0 .
Bospact 6eToHa, cyT
Concrete age, days

o

35
100% 102,3% 100%

30 106,4% 108,5%
sl 100%

20
15
101

MpoyHocTb Npu cxatumn, Mla
Compressive strength, MPa

0 1
Bo3pact 6eToHa, cyT
Concrete age, days

28

Puc. 2. MNpo4HOCTb UEMEHTHOIO pacTBopa npu n3rnbe (a) n npu cxatmu (b)
npu pasnunyHbix go3unposkax O: [ ]— 0%L; [7] - 0,05%LL; [l — 0,08%L],

Fig. 2. Durability of cement grout on a flexural (a) and on compression (b)
at various dosages of GO: [ |- 0%C; [[] - 0.05%C; ] - 0.08%C

Comparison of received results with the published data
[2—10] showed that nature of GO influence on strength prop-
erties is similar. Decrease of gain value of strength properties,
apparently, can be explained with different storage condi-
tions of samples in experiments. Samples in our case hard-
ened in the camera of normal and moist storage whereas at
cement test samples have to harden in water. Formation
macro- and microstructures of cement grout and stone con-
siderably depends on storage conditions. In fig. 3 the macro-
structure of cement grout with GO additive is shown. It is
accurately visible in the picture that destruction of samples
happened partially on contact of sand with stone and on
stone. Results of comparative tests of durability of cement
grout with GO additives at the rate of 0.05 and 0.08% of ce-
ment mass are coordinated with data of other researchers and
specify that introduction of GO to cement composite it is
possible to achieve increase of strength properties. The
mechanism of durability increase of GO-composite isn’t
clear yet, but all researchers dealing with this problem explain
it with unique properties of GO nanosheet which possesses a
large surface and rigidity due to what it can work as nanofit-
tings in cement stone. Besides the deformed surface of GO
nanosheet [11], existence of reaction between carboxyl
groups of graphene oxide and products of cement hydration
(C—S—H and Ca(OH),) promotes stronger coupling of GO
nanosheet with cement matrix and has considerable impact
on formation of microstructure of cement stone [3].

In fig. 4—6 micropictures received on the scanning elec-
tronic microscope of JEOL 7800F, cement grout without
additive (control sample) and with additives GO 0.05% and
GO 0.08% (studied samples) are presented. Comparison of
microstructure of cement stone of control sample (without
additive) with the studied samples with GO additive shows
some difference. Microstructure of cement stone without
additive (fig. 4) is characterized by larger porosity, than a
microstructure of studied samples (fig. 5and 6). Morphology
of new growths is also various and presented by more dense-
ly-packed permolecular structure at samples from GO
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Puc. 3. MakpocTpyktypa 6eToHHOIM npobbl B
Bo3pacTte 51 neHb

Fig. 3. Macrostructure of concrete test at the
age of 51 days

C LIEMEHTHOW MATpUIIEN M OKa3bIBAIOT
3HAYMTEJLHOE BIMSIHUE Ha (POpMUPO-
BaHWE MMKPOCTPYKTYPbI LIEMEHTHOTO
KaMmHs [4].

Ha puc. 4—6 npeacraBieHbl MUKPO-
CHUMKM, TIOJIydeHHBIE Ha CKaHUPYIO-
meM 3JeKTPOHHOM  MUKPOCKOIIe
JEOL 7800F, memeHTHOTO pacTBOpa
6e3 100aBKY (KOHTPOJIbHBII 06pasel) U
¢ no6askamu 0,05% OI' u 0,08% OI
(uccnenyemblie obpasibl). CpaBHeHUE
MHKPOCTPYKTYPBl LIEMEHTHOTO KaMHS
KOHTPOJIbHOTO 00pasiia (6e3 1o6aBKu)
C uCCcleayeMbIMHU 00pa3liaMu ¢ 100aB-
koit OI' moka3bIBaeT HEKOTOPOE OTIIM-
ype. MUKPOCTPYKTypa ILEMEHTHOIO
KaMHs 0e3 mobaBku (puc. 4) xapakre-
pusyeTcsl OObIIE MOPUCTOCTHIO, YeM
MHKPOCTPYKTYypa MCCIIeAyeMbIX 00pa3-
1oB (puc. 5, 6). Mopdoaoruss HoBOOG-
pa3oBaHUI TaKXe pa3jIuyHa W TIpei-
cTaBjeHa 0OoJjiee TUIOTHOYMAaKOBaHHOM
HaAMOJIEKYJISIPHOI CTPYKTYpoll y 00-
pastoB ¢ 0,05% OI 1o cpaBHEHUIO ¢
KOHTPOJIBHBIMU 00pa3aMu 1 o0pasia-
mu ¢ 0,08% OT.

[Ipu sTOM M1 U3ydeHUs MOpOJIo-

Puc. 4. C3M cHUMOK KOHTponbHOro o6pasua 6e3 OF B Bo3pacTte 19 (a) u 51 (b) cyT
Fig. 4. SEM picture of control sample without GO respectively at the age of 19 (a) and 51 (b) days

TMU U MMUKPOCTPYKTYPBI LIEMEHTHOTO
KaMHSI HeIOCTaTOYHO TMOJy4YeHUs
CHUMKOB C OOJbIIUM YBEJUYEHUEM.
Hnsa neranpHoit pacimdpoku COM

Puc. 5. COM cHumok nccnepyemoro obpasua c
0,05% Or B Bo3pacTte 19 (a) n 51 (b) cyt

Fig. 5. SEM picture of studied sample with GO
0.05% respectively at the age of 19 (a) and 51 (b)

Puc. 6. COM cHumok nccnenyemoro obpasua ¢
0,08% OFr B Bo3pacTe 19 (a) n 51 (b) cyt

Fig. 6. SEM picture of studied sample with OG
0.08% respectively at the age of 19 (a) and (b) 51

days
CHHUMKOB TpeOyeTcsl MCII0JIb30BaHUE

KOMILJIEKCa MeToAa uccienoBanuii. Hanpumep, onpemnese-
HUE 3JIEMEHTHOI'O COCTaBa METOIOM 9HEPrOIUCIIEPCHOHHO-
ro peHTreHoBcKoro mukpoaHanusa (Oxford Instruments),
MeTOI MH(MPPAKPACHON CITEKTPOCKOIMH U T. T1.

BeToH sIBNIsIeTCA CIOKHBIM KOMITO3UTHBIM MaTepUajioM,
CBOICTBO KOTOPOTO 3aBUCHUT HE TOJIBKO OT Ka4eCTBa NCXOI-
HBIX MaTepUAJIOB U €ro0 PEUEHTYPhl, HO U TEXHOJOTUH IIPU-
TOTOBJICHMSI OETOHHOM CMECH, TEXHOJOTMU M3TOTOBJICHMS
OGeTOHA KOHCTPYKIIMIA, YCJIOBMI €ro OSKCIUTyaTallu.
[TosTOMY ITpOBeicHYE UCCICIOBAHMI TSI TTOJTYIeHMST OeTO-
HOB C YHUKAJIBHBIMM 3KCTUTyaTallMOHHBIMM XapaKTepUCTH-
KaMU C TIpUMEHEeHUEM TIepBUYHBIX HAHOMATepHUAJIOB, Neii-
CTBYIOIIMX HA AaTOMHO-MOJIEKY/ISIPHOM YPOBHE Ha IIPOLIEC-
Chbl TUApaTallid M BIMSIOIKUX Ha (QOPMHUpPOBaHUE
MUKDPOCTPYKTYPHI, HEOOXOIMMO IIPOBOIUTH Ha TIEPBOIl cTa-
MU — IIEMEHTHBIX TacTaX WJIM CTaHIApTHBIX IIEMEHTHBIX
pactBopax. [Ipu 3TOM MeTOnMKa M3TOTOBJICHUS 0OpPa3IOB
TOJDKHA OBITH TTPOpaboTaHa TIATETBHO, TaK KaK JaXe CII0-
€00 TIPUTOTOBJICHUSI CMECHU, PEXUM YIUIOTHEHUS M XpaHe-
HMS O0pa3loB OyoyT MMETh 3HAYMTEIbHOE BIMSHUE Ha
(bopMmupoBaHue CTPYKTYPhl KOMITO3UTHOTO MaTepuaa, co-
OTBETCTBEHHO Ha €T0 IIPOYHOCTHBIC U IPYTHe CBOMCTBA.

days

0.05% in comparison with control samples and samples
from GO 0.08%.

Thus for studying of morphology and microstructure of
cement stone receiving pictures with big increase isn’t
enough. For detailed interpretation of SEM pictures requires
use a complex of researches method. For example, definition
of element structure by method of power dispersive x-ray
microanalysis (Oxford Instruments), method of infrared
spectroscopy, etc.

Concrete is difficult composite material which property
depends not only on quality of initial materials and its com-
pounding, but also technology of concrete mix preparation,
manufacturing techniques of concrete designs, conditions of
its operation. Therefore carrying out researches for receiving
concrete with unique operational characteristics with use of
primary nanomaterials operating at the nuclear and molecu-
lar level on processes of hydration and influencing formation
of microstructure it is necessary to carry out at the first stage
— cement pastes or standard cement grouts. Thus production
technique of samples has to be worked carefully as even a way
of mix preparation, the mode of consolidation and storage of
samples will have considerable influence on structure forma-
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3akmouenne.

B nmaHHOII cTaThe IpuBeOeH aHaIU3 3apyOexKHBIX PadoT B
001acT MPUMEHEHHUS OKCHIA TpaheHa B IEMEHTHBIX KOMITO3U-
Tax. I3 onmy0IMKOBaHHOIO MOXKHO CHIENIaTh BBIBOM, UYTO OKCHUJL
rpaceHa TIOJIOXKMUTESTbHO BIIMSIET Ha TPOYHOCTHBIE CBOKMCTBA
LIEMEHTHBIX KOMITO3UTHBIX MAaTePUATOB. BOBIITMHCTBO aBTOPOB
CUMTAIOT, YTO OH OJ1arofapsi BEICOKOM 3HEPTrMU MOBEPXHOCTU B
LIEMEHTHBIX (ha3ax JeUCTBYET KaK LIEHTP KPUCTALIU3ALIMU, CIIO-
COOCTBYIOIIMIA IaJbHEUIIEH THApaTallMKy [IEeMEHTa, YIUIOTHSIET
MUKPOCTPYKTYPY KaMHsI, PabOTaeT Kak apMaTypa B MUKPOTpe-
LIMHAX, YJIy4IlIaeT TErUIOBbIe CBOMCTBA LIEMEHTHOTO KaMHSI.

CpaBHUTENIbHbIE UCTIBITAHUSI TIPOYHOCTHBIX CBOMCTB lie-
MeHTHOro pactBopa ¢ gobaBkoii OI' B xommuecte 0,05 u
0,08% ot Macchl LIeMEHTa M U3y4eHUEe MUKDPOCTPYKTYPBI Lie-
MEHTHOTO KaMHSI TIOATBEPAWIM BbILLIEYKA3aHHBI BBIBOA W
OIpPAaBIBIBAIOT MEPCIEKTUBHOCTD MPOBEICHUS UCCIIENOBAHUI
B OoJjiee IMPOKOM MaciTade. Takue ucciieIoBaHUs TOJIKHBI
OBITH TTPOBEICHBI C COBMECTHBIM YJaCTUEM yUYEHBIX, 3aHUMa-
o1mmxcs GyHIaMeHTATbHBIMU U MIPUKJIATHBIMY HayKaMu.
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loBbIleHNe KOPPO3MOHHOW CTOMKOCTH
6a3anbTOBOro BOJIOKHA B LLEMEHTHbIX 6eTOHAX

0O6ecneynTb 3alwmTy 6a3anbTOBOr0 BOMIOKHA OT XMMMYECKON KOPPO3MM B LIEMEHTax BO3MOXHO MUCMONb3Ys YNbTPAANCNEPCHbIE aKTUBHbIE
MOAMULIMPYIOLLME KOMMOHEHTbI, CMOCO6HbIE CHU3UTb LLESTIOYHOCTb Cpeabl. [1py 3TOM MOXXHO MOBbICUTbL MAOTHOCTL LEMEHTHOI MATPULbl B 30HE
KOHTaKTa ¢ 6a3abTOBbIM BOJIOKHOM NYTEM NMPUMEHEHNS HAHOANCNEPCHBIX A06ABOK 3a CYET CTPYKTYPHOW MoAMdMKaumn cuctembl. B pabote
OLIEHMBAETCA COBMECTHOE BAUAHWNE METAKA0MMHA U AUCNEPCHN YINepOaHbIX HAHOTPYBOK Ha CTPYKTYPY M CBOICTBA 6a3anbTodpunopo6eToHa.
lpoBeaeHHbIe NCCNEA0BAHNSA A0Ka3bIBAKT 3()(IEKTMBHOCTb NPUMEHEHNS METaKaonMHa Ans 3aluTbl 6a3anbTOBOI0 BOMIOKHA OT LEMNOYHOR AeCTPYKLMM
B LIEMEHTHbIX GETOHAX, @ UCNONb30BaHNE YTNePOAHbIX HAHOTPYOOK 066CNEeYMBAET YNIOTHEHINE TPAHINYHBIX CIOEB CUCTEMbI 6a3aNbTOBOE BONOKHO —
LLEMEHTHbIif KAMEHb, YTO CMOCOBCTBYET NOBbILLIEHIO AONTOBEYHOCTM U MPOYHOCTHBIX XapaKTEPUCTUK KOMMO3MTA B LIESIOM.

KntoyeBble cnosa: 6a3anstombpo6eToH, KOPpo3Wns, METAKaOoMH, 3aLiuTa, HAHOTPYOKK, aaresns.
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The Corrosion Resistance Increase of Basalt Fibher Cement Concrete

Protect of basalt fiber by chemical corrosion in cements possible using of ultra-dispersed active modifiers. It can reduce alkaline of environment, in this case, it increase the density of
the cement matrix in the contact with basalt fiber by including nano-dispersed additives due to the structural modification of the system. The paper is assessed the combined influence
of metakaolin and the dispersion of carbon nanotubes on the basalt fiber concrete structure and properties. conducted researches demonstrate the effectiveness of metakaolin to protect
basalt fiber by alkaline degradation of cement concrete due to the formation of calcium hydroaluminosilicates, and the use of carbon nanotubes contributes to compaction the contact
zone of the basalt fiber — cement stone, thereby increasing the durability and strength characteristics of basalt fiber concrete in whole.

Keywords: basalt fiber concrete, corrosion, metakaolin, protect, nano-tubes, adgision.

JucnepcHO-apMUPOBaHHBIC OETOHBI B HACTOSAIIEE Bpe-
Msl SBJISIIOTCSI OMHUM M3 TEPCTIEKTUBHBIX KOHCTPYKIIMOH-
HBIX KOMITO3MIIMOHHBIX MaTepuaiioB. Kak oTMedaoT oTeye-
CTBEHHBIE U 3apyOeskHble ucciaenonareau [1—5], Haubosee
3G GEKTUBHBIM BapUaHTOM JUCIEPCHOTO apMMPOBaHUS
OETOHOB SIBJISIETCSI MCITOJIb30BaHNE 0a3aJIbTOBBIX BOJIOKOH,
KOTOpPBIE CITOCOOHBI 00ECTIEUNTh YJIyYllIeHUE TTPOYHOCTHBIX
XapaKTepUCTUK AUCIIEPCHO-apMUPOBAHHOTO OeTOHA TIpU
MOBBIIIEHUN TPEIIMHOCTONKOCTH.

OpHako MHOTMe MccieloBaTeIu Iojaralor, yto Oa-
3JIbTOBOE BOJIOKHO Pa3pylllaeTcsi B LIEMEHTHOM KaMHe B
TeYeHUe TpeX JieT [6, 7] BCaeaCTBUE eT0 XUMHUECKOM KO-
po3uu B IIEJIOYHOM cpene 6eToHa. BBeneHme 6a3aabToBOrO
BOJIOKHA B LIEMEHTHBII 0ETOH CITOCOOCTBYET 00pa30BaHUIO
TMIPOCUJIMKATOB, ATIOMUHATOB U (hepPUTOB KaJblUs KO-
poTkornpusMaTuueckoii opmbl. Takass ¢opma Kpucrai-
JIUTOB HEe O0ecIeyrBaeT MJIOTHOE MpujieraHue 000JOUYKU
U3 HOBOOOpAa30BaHUII K BOJIOKHY UM, KaK clieCTBUe, 0a-
3a7bTOBas (prubpa Kak apMUPYIOIIMI KOMIIOHEHT He pabo-
Taet [8].

Cutyanusi OCIOXHSETCS T€M, YTO IPOIliecC IMOosBe-
HUSI HOBOOOpPA30BaHUII Ha IMOBEPXHOCTU 0a3aJlbTOBOTO
BOJIOKHA MPU €ro B3aUMOAECHCTBUU C BSIKYLIMM KOMITO-
HEHTOM B IIEMEHTHOM OETOHEe MMeeT HEKOHTPOJUpye-
MBIl XxapakTep. PelieHuem naHHOW TIpOOJEMBI MOXET
CIYXUTh yIIpaBJIeHUE CTPYKTYPOOOpa3oBaHUEM IPOIYK-
TOB B3aMMOJIeCTBUS 6a3aIbTOBOIO BOJOKHA C LIEMEHT-
HOI MaTpUIIECH.

YnpasieHue CTpyKTypooOpa3oBaHUEM IIEMEHTHBIX CU-
CTeM MOXET OBITh 0O0ecredyeHO BBEAEHMEM HAaHOAMCIIEpC-

? PRI T E05Fl5]E  HayuHO-mMeXHUMeCKUll U nPOU3E00CMEEHHbLI HCYpHAN

Now dispersed concrete reinforcement is one of the pro-
spective structural composite material. According to many
domestic and foreign researchers [1—6] the most effective
option of dispersed concrete reinforcement is the use of ba-
salt fibers, which are able to provide improved strength char-
acteristics of fiber concrete with an increase of crack resis-
tance.

However, many researchers believe that the basalt fiber is
destroyed in the cement stone for 3 years [7, 8] due to chem-
ical corrosion in the interaction between CaO of cement and
basalt fiber components. The interaction of basalt fiber and
cement produced calcium hydrosilicates, hydroaluminates
and hydroferrites by short-prismatic form. This form of crys-
tallites doesn’t provide a snug fit of the shell to the fiber, as a
result the basalt fiber can’t work as the reinforcing compo-
nent.

The situation is complicated by the fact that the process of
formation of new products on the basalt fiber surface, its in-
teraction with the cement is uncontrollable. The solution of
this problem could serve as a management of structurization
of basalt fiber product interaction in cement matrix.

Management of structurization of cement systems can
be achieved by introducing nano-dispersed components
that confirmed by investigations of A.N. Ponomarev,
G.I. Yakovlev, Simone Musso, Thanongsak Nochaiya,
Monica J. Hanus et al. [9—13]. However, the effect of
their use in basalt fiber concrete (BFC) today has not been
studied [14].

Protect of basalt fiber by chemical corrosion in cements
possible using of ultra-dispersed active modifiers. It can re-
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Puc. 1. MuKpocTpyKTypa MeTakaonmHa
Fig. 1. The microstructure of metakaolin

HbIX KOMIIOHEHTOB, YTO MOJATBEPXKIAETCSI UCCIETOBAHMSI-
mu A.H. Tlonomapena, .M. SIkoBneBa, Simone Musso,
Thanongsak Nochaiya, Monica J. Hanus u np. [9—13].
OnHako 3¢ dexr ux npuMeHeHusI B 6a3aabTopudpodeTo-
Hax (b®B) Ha ceromHAIIHUI AeHb M3YYEH HEAOCTATOY-
Ho [14].

O0ecreunTh 3a1IUTy 6a3aJIbTOBOTO BOJIOKHA OT XMMUYe-
CKOI KOPPO3UU B IIEMEHTHBIX OETOHAX BO3MOXHO UCTIOJNIb-
30BaHUEM YIBTPAIUCTIEPCHBIX aKTWUBHBIX MOIU(PUIIUPYIO-
X KOMIIOHEHTOB, CTIOCOOHBIX CHU3MTD IIEJIOYHOCTD Cpe-
IIbI, TIPU 3TOM MOXKHO TOBBICUTH IJIOTHOCTb LIEMEHTHOM
MaTpUIIbl B 30He KOHTaKTa C 6a3aJIbTOBBIM BOJIOKHOM ITyTeM
MPUMEHEHUs HAHOMCIIEPCHBIX T0OABOK 3a CUET CTPYKTYP-
HOl Momudukauuum cuctemMbl. B KauecTBe KOMITOHEHTa,
00JIaIaI0IIETO BBICOKOM MyLIOJAHOBOW aKTMBHOCTBIO ITPU
MaJIOM PacXxojie, MOXET BBICTYIATh BBLICOKOAKTUBHBINM MeTa-
kaonuH (BMK), npeacrapasioniuii co6oii aMmopdHbIil cu-
JIMKAT amoMuHus (puc. 1).

B kayecTBe HaHOAMCHEPCHOTO KOMITOHEHTa ObLIa BbI-
OpaHa nucrniepcusi yriepoaHbix HaHOTpyOok FulVec, ad-
(beKTUBHOCTb BO3/ICMICTBUSI KOTOPOU HA CTPYKTYpPY LIEMEHT-
HOTO KaMHSI BO MHOTOM CBsI3aHa C M3MEHEeHUEeM (BpU3MKO-
XUMUYECKUX CBOWCTB BOABI 3aTBOPEHUs] IPU BBEICHUU
cBepxmaibix 103 MYHT (puc. 2).

HccrnenoBaHue Bojbl 3aTBOPEHUSI, COMEPXKaIleil Maible
koHHeHTpauuu MYHT, rpoBoanIiock ¢ MOMOIIIbIO METOAA
MOTEHIIMOMETPUHM, TIPU KOTOPOM C MTOMOIIBIO CTEKJISTHHOTO
anektpoga DKC-10603 u tepmopaturka TAJI-1000 mpu-
6opa pH-150MU onpenensuuchk BeaunuuHbl DJAC 1 cooT-
BeTCTByIOILIME 3HaueHus pH peakiuuii B3auMoaeicTBUS
pacTBOPOB, COAEPXKAIIMX pPa3JIUYHble KOHILIEHTpaLUU
MYHT, ¢ auctuinupoBaHHo# Boaoii. Kak BUIHO U3 npu-
BEIEHHBIX 3aBUCUMOCTEM (puC. 2), C yBeJIMUeHUEM KOHIIEH-
tparu MYHT B nucriepcun mporcXoauT He3HAYUTEILHOE
noBbIieHre pH 3aTBopsieMoii BOJbI, HO CYIIIECTBEHHO CHU-
xaetrcs DJIC, 4TO XOPOILIO COMOCTABISAETCS ¢ U3BMEHEHUEM
MPOYHOCTU LIeMeHTHOIro KaMHs1. PaHee aBropamu [15] Tak-
K€ TI0Ka3aHO CYIEeCTBEHHOE M3MEHEeHUE (PU3UKO-MeXaHU-
YEeCKHUX CBOMCTB IIEMEHTHOTO KaMHSI B COCTaBe OeTOoHa U
6azanbrohubpodeToHa, MOAUGUIIMPOBAHHBIX AUCIIEpCUECH
MVYHT.

JI7151 OLIeHKM COBMECTHOTO BJIMSIHUS MOA0OPAHHBIX MO-
nUbUKaTOPOB HA CBOMCTBA U CTPYKTYpY 0a3zanbTohuodpo-
0eToHa ObUI CTUIAHMPOBAH M MPOBEACH IMOJIHbBIN LIEHTPaJIb-
HBIII OPTOTOHAJBHBIN ABYX(hAKTOPHBIM 3KCIIEPUMEHT C
M3MEeHEHUeM Kaxmoro akTtopa Ha TpeX ypoBHsIX. B kaue-
CTBe U3MEHSEeMBIX (paKTOpoB MpUHITH pacxoasl MYHT u
MeTaKaoJIMHa MPY MTOCTOSIHHOM COJIep>KaHUU 0a3aIbTOBOM
(ubpH B KoMIto3uTe B Koaudectse 0,4% OT MacChl LIEeMEH-
Ta. Pacxonbl BapbupyeMmbiX (akKTOpPOB ObLIM MPUHSTHI

HAY4HO-MexXHU4eCcKuil U npou3800CMEeHHbLI HCYPHAA
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Fig. 2. Dependence of the content of MWCNTs on the pH ( 7) and the amount of EMF (2) of mixing water

duce alkaline of environment, in this case, it increase the
density of the cement matrix in the contact with basalt fiber
by including nano-dispersed additives due to the structural
modification of the system.

High activity metakaolin (HAM) is a component that has
high pozzolanic activity at low flow rate. It is an amorphous
aluminum silicate (Fig. 1).

Nano-dispersed component was chosen dispersion of
carbon nanotubes FulVec. The effectiveness of the impact on
the structure of cement stone is largely due to changes in
physical and chemical properties of mixing water with the
introduction of ultra-low doses of MWCNTs (Fig. 2).

Investigation of the mixing water containing a small con-
centration of MWCNT was conducted by the method of po-
tentiometry. It were determined values of EMF and the cor-
responding values of pH of the reactions of solutions contain-
ing different concentrations of MWNT with of distilled water
with using a glass electrode EX-10603 and thermode NCL-
1000 of instrument pH 150MI. As seen from the dependen-
cies (Fig. 2), with increasing concentrations of MWCNTs in
dispersion occurs in a slight increase of the pH of the mixing
water, but significantly reduced the EMF that is fine mapped
to the change of cement strength. Previously, the authors [15]
also shows a significant change in the physical and mechani-
cal properties of the cement stone in the concrete composi-
tion and basalt fiber concrete with modification of MWCNTSs
dispersion.

To assess the influence of selected co-modifiers on the
basalt fiber concrete properties and structure was planned
and carried out a full central orthogonal two-factor experi-
ment with the change of each factor on three levels. As vari-
able factors taken costs MWCNTs and metakaolin with
continuous basalt fiber content in the composite in an
amount of 0.4% by weight of cement. Costs varied factors
have been taken to 0.005% by weight of cement in variation
increments of 0.001% and 4% by weight of cement in varia-
tion increments of 1% for of MWCNTs and BFC, respec-
tively. Water/cement ratio is 0.4. Determination of the
mutual influence of selected modifiers include such indica-
tors as the resulting composite flexural strength and com-
pression a series of prototypes of each composition. As a
result of the experiment it was determined the optimal
composition of the composite with selected modifiers rela-
tively to a control composition of cement-sand mortar
GOST 310.4 and basalt fiber concrete without of additives
(Table).

The data obtained show the increase in flextural strength
up to 13% with the introduction of MWCNTs and metaka-
olin compared to that of the basalt fiber concrete without
modifications and it increase up to 20% compared to that of
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0,005% oT Macchl LIeMEHTa C IIIarom
BapbupoBanusi 0,001% u 4% ot macchl
LIEMEHTa ¢ IIIaroM BapbupoBaHus 1%
s MYHT u BMK coorBeTcTBEHHO.
IIpy TmpoBedeHUU SKCITEPUMEHTAJb-
HBIX UCCIIEIOBAHWIA TSI 00ecTiedeHUsI
TpebyeMoli MOIBUKHOCTU PacTBOP-
Hoii cmecu B/I1 aist kaxnoro coctasa
coctaBuiio 0,4. OnpeneneHue B3anM-
HOTO BJIMSIHUSI MOJAOOPAaHHBIX MOIM-
(prkaTOpOB MPOU3BOAUIOCH TTO TAKUM
rnokasareJsisiM MoJIy4eHHOTO KOMITO3M-
Ta, Kak Ipeaes MpOYHOCTU MPU U3TH-
0e U cKaTUM CepuUM OMBITHBIX 00pa3-
1I0B Kaxnaoro coctaBa. [lo pesynbra-
TaM dKCHEpUMEHTa OblT oIpeneseH
ONTUMAJIbHBIN COCTaB KOMITO3UTA C
MIpUMEHEeHUEeM TTOA0OpaHHBIX MOIU-
(brukaTOpOB OTHOCUTEIHLHO KOHTPOJIb-
HOTO COCTaBa M3 IIEeMEHTHO-TIeCYaHO-
ro pactBopa o 'OCT 310.4 u 6a3anb-
To(pubpodeToHA ©0e3 NpUMEHEHUS
J106aBOK (CM. TabIMILY).

AHaJIM3Upys TTPOYHOCTHBIE XapakK-
TEPUCTUKU KOHTPOJBHBIX U MOAUGU-
LIMPOBAaHHBIX 00pa3l0B, HEOOXOAMMO
OTMETUTb, UYTO TPUPOCT TPOYHOCTHU
npu usrude npu BBeaeHun MYHT u
MeTaKaoJMHa cocTaBisgeT mo 13% ot-
HOCUTENbHO 0Oa3anbTodubpodbeToHa
6e3 momudukaropoB u 10 20% B cpas-
HEHUM C KOHTPOJbHBIM IIEMEHTHO-
necyaHeIM pacTBopoM. [Ipu Momudu-
uupoBanuu b®b Habomaercs yBenu-
YeHUe MPOYHOCTHU TIpU cxkatuu 10 40%
OTHOCHUTEJIbHO HeMOAMMDUIIMPOBAHHO-
ro B®b u 10 50% B cpaBHEHUM C KOH-
TPOJBLHBIM cOCTaBOM. [Ipu 3TOM BHY-
TPpUCEPUMHBIN KO3 PUIIMeHT Bapua-
LIMM TIPU UCIBITAHUSIX OOpa3lloB Ha
MMPOYHOCTh TIPU M3THOEe U CXAaTUM He
npeBbIaet 5%.

IIpencraBieHHBIE  pe3yabTaThl
onpeesIeHsT POYHOCTHBIX TToKa3aTe-
Jieli 06pa31ioB TOKA3bIBAIOT 3HAUMTEb-
HbIi BKIIan nucnepcun MYHT u meta-
KaoJiMHa B (popMUpPOBaHUE BHICOKOKA-
YeCTBEHHOTO KOMITO3UIIUOHHOTO
Marepuana. Ins monrBepxkaeHUs 3¢-
(beKTMBHOCTM KOMILJIEKCHOTO MOIM-
¢uumrpoBaHusl 0a3zanbToPUOpPOOETOHA
U UM3YYeHUsl BIUSHUS TMOA0OPAHHBIX
KOMITOHEHTOB MPOBENEHbI UCCIIEI0Ba-
HUSI CTPYKTYPHI MOJTYYEHHOTO KOMIIO-
3UTAa.

Ha puc. 3, a HaG1i0maeTcs INIOTHOE
npujieranue 000J0YKU, COCTOSIIEH U3
MPOAYKTOB B3aMMOIEUCTBHUS, K IO-
BEPXHOCTU 0a3aJIbTOBOTO BOJIOKHA.
ITpn 3TOM HEOOXOAMMO OTMETUTH KY-
OrdecKkyo GopMy KpUCTAJIJIOB JaHHBIX
HoBooOpa3oBaHuii. Cyasl Mo Xumude-
CKOW peaklMy B3aMMOAEHCTBUS METa-
KaoJIMHA U TUAPOKCHUIA KaJbliusl, 00-
pasylollerocss Npu ruapaTaluuu lie-
MEeHTa, TPOAYKTAMM WX B3aUMOIEH-

CTBUSI SIBJISIIOTCS TUIPOATIOMOCUIIMKATBI Kablusl (TUAPO-
rpaHarsl). 71 TaHHBIX COeMMHEHUI, COTIIACHO MCCIIeToBa-
nusM B.C. T'opikosa [16], XxapakTepHBI O€CLIBETHBIE OKTa-
SIpUYECKHE KpPHUCTaIbl 0e3 craiiHOCTU (HpaBUIbLHEIE
KyObl W OKTadApbl), HaJWYME KOTOPBIX MOATBEPXKAAETCS

Puc. 3. MoBepxHOCTb 6a3anbTOBOrO BOJIOKHA MOC/E KOHTAKTa C LEMEHTOM, MOANdULMPOBAHHBIM
MeTakaonMHoM n MYHT: a — o6onoyka n3 HoBoobpasoBaHuii Ky6oBuaHoM Gdopmbl; b — dparMeHT Kpu-
CTasINIOB r’MAPOANIOMOCUIIMKATOB KasbLMsl Ha MOBEPXHOCTU 6a3a/IbTOBOrO BOSIOKHA

Fig. 3. The surface of basalt fiber after contact with cement by modification of metakaolin and MWCNT:
a — shell of new products of cubic form b — fragment of calcium hydroaluminosilicate crystals on the
basalt fiber surface

dakTopbl DyHKUMN oTKNnKA
Factors Response functions
Coctas
Composition MYHT, % L, BMK, % L
MWCNTSs, % mass | HAM, % mass of Rusr, Mra Rox, Mla
Rb, MPa Rcom, MPa
of cement cement
OnmvmansHbiii 0,005 3 6,1 51,8
Optimal
KOHTPOnbHbIN 0 0 4,95 28.13
Control
Bdb
BFC 0 0 5,45 32,41
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Puc. 4. lepuBaTtorpamma 6a3anstodpunbpobeToHa, MoandunLmpoBaHHOro MeTakaoiuHOM 1 gucnep-
cuen MYHT

Fig. 4. Derivation of basalt fiber concrete modified metakaolin and dispersion of MWNTs

the control sample. The compression strength of modifying
BFC increase up to 40% compared to that of unmodified
BFC and up to 50% compared to the control composition.
Thus the variation coefficient in testing samples for flexural
strength and compression does not more than 5%.

L= HaY4HO-MeXHU4ecKull U npou3eo0CMEeHHbLI JCYPHAA
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MpeACTaBIeHHBIM CHUMKOM MMKPO-
cTpykTyphl (puc. 3, b). Takum obpa-
30M, METaKaoJMH CBSI3bIBaeT 0Opasy-
IOIIMICS TUAPOKCUA KalbLMS B Lie-
MEHTHOM cHUCTeMe B TUAPOATIOMO-
CHJIMKATHI KaJbIUs, TEM CaMBIM CHU-
Kasl TIeJIOYHOCTh Cpelbl U 3alluliast
06a3aJIbTOBOE BOJOKHO OT pa3pylIeHHUSI.
JI7151 moATBePKIEHUS BHIABUHYTHIX TH-
rmore3 IMpoBelneH auddepeHLmaIbHO-
TepMHUYECKHUII aHaAIU3 KOMILIEKCHO-
MoaudUIIMPpOBaHHBIX 00pa3iioB bDB,
pe3ysnbTaThl KOTOPOTO TMPEACTaBICHBI
Ha puc. 4.

IIpu ananuse cnektpa audde-
peHUMATbHO-TEPMUUYECKOTO aHaau3a
00pa31loB KOMILUIEKCHO-MOAM(DUIIN-
poBaHHOro ©6a3zanbToUOpPOOETOHA
OTMeYaeTcs, 4TO MpU 00e3BOXMBaA-
HUU TUAPOKCHUIA KaJbLMS ITPOUCXO-
IUT 3HAYUTEJbHO MEHbIIAas MoTeps
Macchl 00pasila OTHOCUTEIbHO KOHTPOJBbHOIO COCTaBa,
cJIeIoBaTeIbHO, CBOOOIHOW WM3BECTH B NAaHHOU cpene
MeHbIe. [lpu 3TOM Aermapartausi TUAPOCHIUKATOB
KaJIbLIMS TPOUCXOIUT TIPU GOIBIIUX TeMIIepaTypax OTHO-
CUTEJIbHO KOHTPOJBHOI0 00pa3iia, YTO TOBOPUT 00 U3Me-
HeHuu cooTHolneHus CaO/SiO, B cucteme u obpa3oBa-
HUU TUAPOCUIIUKATOB APYroil OCHOBHOCTU. DTU JaHHBIE
COTJIaCyIOTCsI ¢ pe3ysbraTaMu nuddepeHIInaaTbHONM cKa-
HUpYIOIIeH KaJlopuMeTpuu 06a3aibTodubOpoOeToHa, MO-
ITUOUIMPOBAHHOTO KaXIbIM KOMIIOHEHTOM B OTAEJIbHO-
ctu [17].

Ha puc. 5 npencraBieHbl CHUMKM MUKPOCTPYKTYPbI
6azanbTo(pubpoOETOHA TP BBEACHUM MTOA0OPAHHBIX OIT-
TUMaJIbHBIX (PYHKIMOHAJIBHBIX MOAU(MUKATOPOB CTPYK-
TYDHI.

Ha paHHBIX CHMMKax OTYETIMBO BUIHO YIJIOTHEHUE
CTPYKTYphI IIpU KOMILUIEKCHOU MoaudpuKaluy 0a3alibTo-
¢udbpobetoHa. Ilpu 3TOM B 3aTBepaeBIIEM IIEMEHTHOM
KaMHe OTCYTCTBYIOT CTPYKTYpPbl, COOTBETCTBYIOIIWE TH-
JIPOKCUIY KaJbIIUsI, YTO TOBOPUT O CBSI3BIBAHUY CBOOOTHOM
M3BECTH METaKaoJWHOM. Hajnudue TIIOTHON CTPYKTYphI
yKa3blBaeT Ha BCTpavBaHHWE IPOMYKTOB B3aMMOJAEMCTBMS
MeTaKaoJduHa M TUAPOKCHUAA Kaablvs (THAPOATIOMOCHIIN-
KaTOB KaJIbIIMsI) B LIEMEHTHbII KaMeHb. [1pu 3TOM MioTHast
000JI0YKa BOKPYT apMUPYIOLIETO BOJIOKHA YKA3bIBAET Ha
Xopolilee ClielUIeHMe HOBOOOpa3oBaHUN W 0a3aibTOBOIO
BOJIOKHA, a Pe3yJbTaTbl MEXaHWYECKUX WCIBITAHUHN TTOJ-
TBepXaaioT 3¢ GEeKTUBHOCTh X COBMECTHOM paOOTEHL.

Takum oOpa3oM, IpoOBeAeHHbIE HCCAEAOBAaHUS JOKa-
3bIBAIOT 3G (GEKTUBHOCTh NMMPUMEHEHUST MeTaKaoJuHa ISt
3alIUThl 6a3a71bTOBOTO BOJOKHA OT IEJ0YHOM AeCTPYKIIMU
B IIEMEHTHBIX O€TOHaX BCJIEICTBHE OOpa30BaHUs THUOAPO-
aJTIOMOCHJIMKATOB KaJIbLIMS, a UCTIOJb30BaHUE YT POIHBIX
HAHOTPYOOK CIOCOOCTBYET YIUIOTHEHWIO KOHTAaKTHOM
30HBI CUCTEMBI 0a3aJIbTOBOE BOJOKHO — IIEMEHTHBIN Ka-
ME€Hb, YTO CIIOCOOCTBYET IMOBBILIEHUIO MOJTOBEYHOCTU U
MPOYHOCTHBIX XapaKTepUCTUK 0OazanbTodudpobdeToHa B
1IEJIOM.
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Puc. 5. CtpykTtypa 6a3zanstodmnbpobetoHa npu moandukaumm cuctemMbl MeTakaoamHom u MYHT
Fig. 5. Structure of basalt fiber concrete by modification of metakaolin and MWCNTs

A significant contribution of MWCNT dispersion and
metakaolin to the formation of a high quality composite is
clearly seen when studying the microstructure of the obtained
samples.

Fig. 3, a demonstrated a snug fit shell consisting of reac-
tion products to the basalt fiber surface. It should be noted
new products have a cubic crystalline form. Based on chemi-
cal reaction between metakaolin and calcium hydroxide the
products of their interactions are calcium hydroaluminosili-
cates (hydrogarnet). These compounds, according to re-
search Gorshkov V.S. [16] have colorless octahedral crystals
without cleavage (correct cubes and octahedra), their exis-
tence is confirmed by the presented pictures of the micro-
structure (Fig. 3, b). Thus, metakaolin connects formed cal-
cium hydroxide in the cement system in calcium hydroalu-
minosilicates, thereby it reduce alkalinity of the environment
and protect the basalt fiber from corrosion. Differential
thermal analysis of complex-modified samples BFC con-
ducted for confirmation of the hypotheses advanced, the re-
sults of which are shown in Fig. 4.

The analysis of the differential thermal spectrum of
complex-modified basalt fiber concrete shows that the dehy-
dration of calcium hydroxide is much smaller weight loss of
the sample relative to a control composition, therefore, free
lime in the environment is less. This dehydration calcium
hydrosilicates occurs at higher temperatures relative to a con-
trol sample. It indicate a change in the ratio CaO/SiO, sys-
tem and the formation of other basic Hydrosilicates. These
data corecponds with the results of differential scanning calo-
rimetry of basalt fiber concrete modified by each compo-
nent [17]. Fig. 5 shows images of the BFC microstructure
with the introduction of functional optimal modifiers of the
structure.

The image clearly shows compaction of complex-modi-
fied basalt fiber concrete structure. In this case, cement stone
structures don’t correspond to calcium hydroxide, which in-
dicates the binding of free lime by metakaolin. The presence
of a dense structure indicates the embedding of products of
interaction of metakaolin and calcium hydroxide (hydroalu-
minosilicates calcium) in the cement stone. In this dense
shell around the reinforcing fiber indicates a good adhesion
new products and basalt fiber and mechanical test results
confirm the effectiveness of their joint work.

Thus, conducted researches demonstrate the effective-
ness of metakaolin to protect basalt fiber by alkaline degrada-
tion of cement concrete due to the formation of calcium hy-
droaluminosilicates, and the use of carbon nanotubes con-
tributes to compaction the contact zone of the basalt fiber
— cement stone, thereby increasing the durability and strength
characteristics of basalt fiber concrete in whole.
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Wcnonb3oBanue diynnepeHcoaepxatien no6aBku
ANA YNyYlWeH1a CBOWCTB LieMeHTa U 6eToHa

[TpeacTaBneHbl pe3ynbTartbl UCCNEA0BAHUA N0 MOANCMLMPOBAHIIO LIEMEHTHOTO KaMHS U 6eTOHA (pynnepeHcofepxatLein J06aBKOM, Nony4eHHON B
Ka4yecTBe COMYTCTBYIOLLEr0 NPOAYKTA NpyW NNa3MeHHOI rasudomkauun yrns. PaccMoTpeHbl BONPOCh! PAaBHOMEPHOIO pacnpeaeneHmns
thynnepeHcopepxalleit [o6aBku B 06beme BOfbl 3aTBOPEHNS NYTEM (PYHKLMOHANN3aLMN NOBEPXHOCTY B Cpefe N30NponunoBoro cnupta. OnpeaeneHsi
(hu3nKo-MexaHU4ecKne 1 IKCnyaTaUMoHHbIe CBONCTBA 6ETOHOB NPy BBEAEHUM (hynnepeHcoaepaLLleil fo6aBku. BeeaeHue ynnepeHcogepxallen
N06aBKM NOBbILLIAET (OM3UKO-MEXaHNHECKIEe N IKCMNYyaTaLMOHHble CBONCTBA 6ETOHOB 3a CHET N3MeHeHMs (Da30BOro COCTaBa NOPTNAHALEMEHTA U

YNyyLlweHna MUKPOCTPYKTYPbI LIEMEHTHOIO KamMH1.
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Using the Fullerene Additive for Improve the Properties of Cement and Concrete*

The article presents the results of the modification of the cement stone and concrete with the fullerene additive produced as a by-product of the plasma gasification of coal. It deals with
the problem of even distribution of the fullerene additive in the volume of water by the surface functionalization in the medium of isopropanol. The physical-mechanical and performance
properties of the concrete with fullerene additive are determined. The introduction of fullerene additive enhances the physical and mechanical properties of concrete and its performance

by accelerating the processes of hydration and improving the microstructure of cement stone.

Keywords: Portland cement, electron microscopic analysis, modified concrete, fullerene additive

B xauecTBe MOIM(UKATOPOB IEMEHTHBIX KOMITO3UTOB
MEePCIEKTUBHBIMI CYMTAIOTCS YIJIEPOAHBIE HAHOCTPYKTY-
pbl: HAHOTPYOKU, (yJUIepeHbl, acTpajieHbl, HaHOAJIMa3bl U
np. Wcnonb3oBaHWe B COCTaBe KOMITO3UIIMU YIJIEPOMAHBIX
HAHOMATEPUAJIOB, B PE3yJbTaTe UX KOMIUIEKCHOTO (PU3UKO-
XMMMUYECKOTO BO3JICHCTBUS HA CTaAuK 0Opa30BaHMS U TBEP-
NIEHWST TIEMEHTHOTO BSIXKYIIIETO, TMPUBOAUT K TTOBBIIIICHUIO
MIPOYHOCTHBIX ITOKa3aTeleli KOHEYHOro Ipoaykra [1—4].
CTOUT OTMETUTD, UYTO JO3UPOBKHM YIJIEPOTHBIX HaAaHOMATe-
puanos coctapsaioT 10°—1072% oT Macchl BXYILETO Bellie-
CTBa M, HECMOTPSI Ha MX BBICOKYIO CTOMMOCTb, HE BHOCST
3HAYMTEJIbHBIX U3BMEHEHUI B CTPYKTYpPY MaTepUaIbHbIX 3a-
TpaT Ha TIPOM3BOICTBO GETOHA.

Illupokoe pa3BuUTHE M TPOMBIILICHHOE BHEApPEHUE
YIJIEPOJHBIX HAHOMATEPUAIOB TPeOyeT ONTUMU3ALUU CITIO-
co00B M ycioBUil ux moiydeHusi. Ocoboe MecTo B 2TOM
CBSI3M 3aHUMAIOT CMIOCOOBI, B KOTOPbIX 00pa3oBaHuUeE yriie-
pOIHBIX HAHOMATEepUaJiOB  IMPOUCXOAUT  TMOIYTHO.
YrneponHbie HAHOMaTepUAIbI, TTOJyUeHHbBIE JAHHBIMU CITO-
cobamu, HapsIoy C UX CTPYKTYPOOOpa3yIoIINM BO3IEHCTBH -
€M Ha MaTepuasl B MEHbIIIEH CTEeIeHU OyayT BIAMSATH Ha MO-
BbIIIIEHHE Ce0ECTOMMOCTH KOHEUYHOTO MPOAYKTA.

B npoBoauMbIX McciaeaoBaHUSIX TSI MOIM(DUKALIMM 11ie-
MEHTHOTO KaMHsl Obljla MCMOJIb30BaHa (yiepeHcoaepxka-
wast 1o0aBKa, MoJydYeHHasi Ha yCTAaHOBKE MPU T1a3MEHHOMN
obpabotke yrrst. Ilom meiicTBHEM 2JIEKTPOIYTOBOI ILIA3MbBI
13 MaTepuaia 3JIeKTPOJOB U YIJIsl, TOJaBaeMOro ISl ra3udu-
KallMu, B OJHON YCTaHOBKE 0Opa3yloTCsl CHUHTE3-Ta3
(CO+H,), akTMBUPOBaHHBII YroJib (COPOEHT) U yIIEPOAHBIA
HaHoMaTepua — ¢ymepeHconepxamas caxa (PCC) [5, 6].

Carbon nanostructures — nanotubes, fullerenes, as-
tralenes, nanodiamonds, and others — are considered as
promising modifiers of cement composites. The use of car-
bon nanomaterials leads to the increase of resistance charac-
teristics of the final product due to their complex physical and
chemical influence on the stage of formation and hardening
of the cement binder [1—4]. It should be noted that the dos-
age of carbon nanomaterials constitutes 10-5—10-2% by
weight of binder, and, despite their high costs, they do not
make significant contribution to the change in the structure
of material costs for the concrete production.

The extensive development and commercialization of
carbon nanomaterials requires the optimization of methods
and conditions of their production. In this regard, a special
attention is required by the methods which result in the for-
mation of carbon nanomaterials as one of by-products.
Carbon nanomaterials produced these ways, along with their
structure-forming effects on the material, won’t lead to the
cost increase of the final product.

The present research involved the use of fullerene-con-
taining additive (FCA) for the modification of cement stone;
FCA was produced during the treatment of coal plasma. The
plasma arc of electrode and coal fed for the gasification gen-
erates synthesis gas (CO+H,), activated carbon and carbon
nanomaterial (FCA) [5, 6]. The results of determining the
phase composition indicate that the main phase in FCA is
fullerene C60 — approximately 1.5—2%.

According to the electron microscopic analysis, the ob-
tained carbon nanomaterial has an average primary particle
size of less than 100 nm [5]. These carbon nanomaterials have

* PaboTa BBINOJHEHA B paMKax 0a30BOi YaCTH rOCYIapCTBEHHOTO 3a1aHusl B cepe HayuHou nesitesbHocTH Ne 1341 no teme «MccnenoBanue u
pa3paboTKa HEPro- 1 pecypcocheperarolinx TeXHOIOTUil ISl OOBEKTOB SHEPTETUKHU, CTPOMMHAYCTPUN U KIIUIHO-KOMMYHAJIBHOTO XO3SIACTBa»

BCTYTY.

* The work was carried out as a basic part of the government assignment of in the sphere of scientific work Ne1341 “Research and development of
energy-saving technologies for energy facilities, construction, housing and communal services” at East Siberia State University of Technology and

Management.
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I[To maHHBIM 3JEKTPOHHO-MUKPOCKOIMMYECKOTO aHa-
JiM3a, TNOJIYYEHHBIM YIJIepOAHbI HaHOMAaTepual HMEET
CpeIHUil pa3Mep NepBUYHBIX yacTull He 6osee 100 HM [5].
[TonydyeHHBIE YIJIEpOJHBIE HaHOMAaTepUalbl MMEIOT Kak
KOMITaKTHY!0, TaK U BOJIOKHUCTYIO YJIbTPaauCIIEpCHYIO
CTPYKTYpPY, UTO YKa3bIBaeT Ha HaJW4Yue B HUX TaKUX OC-
HOBHBIX (POPM HAHOYACTUII, KaK «JTYKOBUYHBIC YIJIEPOI-
HbI€ CTPYKTYpbl» (MHOIOCJIOMHBIE, runepdyUiepeHbl) U
«HUTEBUIHbIE YIJIEPOIHBIE CTPYKTYPhI» (HAHOTPYOKHM, Ha-
HOBOJIOKHA). XpoMmaTtorpadguueckoe uccieoBaHue yrie-
POIHOTO HaHOMAaTepuaja METOJAOM XHUIKOCTHOW XpoMa-
Torpaduu rmyTeM pacTBOPEHUS UCCIIEAYEMOTO BellleCcTBa B
ToJIyoJie 1 pasaeieHue Ha KoaoHke Cosmosil «Buckyprep
waters» ToKaszajJo BbIIeJeHUe M3 (YIIepeHOBO cMmecu
C60 u C70.

[TonoxuTenbHOE BIUSIHUE YIJIEPOJHBIX HaHOMaTepua-
JIOB Ha XapaKTEePUCTUKU 1IEMEHTHOTO KaMHS U1 OETOHOB B
IMOJTHOM 00beMe TIPOSIBJISIETCS TIPU YCJIOBUU UX PaBHOMEP-
HOTO pachpeiesieHus] 1o BceMy oObeMy KommosuTa. st
3TOTO MCIIOIb3YeTCsl KABUTALIMOHHO-UMITYJIbCHAsl 00paboT-
Ka (y1bTpa3ByKoBasi 00paboTKa, rMApoAMHaMUUYecKast Ka-
BUTALIMS1) BOAbI 3aTBOPEHUS C HAHOIUCTIEPCHBIMU 10OAaBKa-
MU. ABTOpaMu ObLIU MIPOBENEHBI UCCIIEAOBAHUS 1 YCTAHOB-
JIEHO, YTO YJIbTpa3ByKoBas oOpaboTKa BOIbI 3aTBOPEHUSI
obecnieunBaet pacripeneieHue @CC B He3HAUYUTETHLHOM
o0beMme Bombl 3atBopeHust. s pacnpeneneHuss ®CC B
o0beMax, HEOOXOAMMBIX ISl TTPOMBILIIEHHOTO TTPOU3BO/I-
CTBa, YJIbTPa3ByKoBasi oOpaboTKa TpeOyeT 3HAYUTEIbHbIX
3aTpaTt 3HEePruu, repeaaya KOTopoii MocpeacTBOM 3BYKOBO-
O TOoJISl 3aTpyaHUTENbHA. [I1s1 paBHOMEPHOTO pacrpesese-
Hust @CC, UCKITIOYeHUST BO3MOXKXHOCTH €€ arperaiuy U ce-
MMMEHTAlIMU TIpY BBEIEHWU B CMECh CBEPXMAJIbIX KOJM-
YecTB BOMY 3aTBopeHus npu gobapieHun @CC nonpepraiu
HarpeBy a0 TeMmrnepatypsl 50—60°C [7].

Kpome puznueckux MeToa0B BO3AEHCTBUS UCTIONIb3YIOT
Moau(UKaTOPhl, TaKhe KaK CyIlep- U rurepriactuduka-
TOPBHI, B Ka4deCTBE MAUCIIEPTUPYIOIIUX areHToB [2—4].
HccrenoBaHus o pacrpeneeHIo yIIepoIHbBIX HaHOMaTe-
pHUAJIOB COCPENOTOYEHBI HA METOaX, COBMECTUMBIX C XUMM-
eii TopTJIaHLIeMeHTa, U pUMeHeHUM 3(hDEKTUBHBIX pac-
TBOpUTEsel. B aTOl CBSI3M MpUMEHEHUE IS 3TOM LIeJIU
OpraHMYeCKMX pacTBOpUTEJIeid OymeT HeraTMBHO CKa3bl-
BaThCs Ha TIpolieccax TMApaTalluy [IEMEHTA.

[lepcneKTUBHBIM HaIlpaBICHUEM pPEILISHUSI MPOOJIEeMBbI
pacrpeaeiaeHus YrjiepogHoro HaHoMoaudukKaTopa B 00b-
€Me BOJIbl 3aTBOPEHUSI SIBJsIETCSl (DYHKIIMOHAIM3ALMS TO-
BEPXHOCTH €T0 YaCTUII ITyTeM MPUBUBAHUS K HUM (YHKIIH-
oHatbHBIX rpynm. PynkunoHanuzamuss CC opraHude-
CKUMM PACTBOPUTENSIMU TIPUBOJUT K PaBHOMEPHOMY
pacrpeeieHuI0 HaHOYaCTUIl B 00beMe BOIBI 3aTBOPEHUSI,
MOCKOJIbKY (DYHKIIMOHAJIbHBIE TPYMIbI CIIOCOOCTBYIOT TH-
npodwnuzanuu yactul, @CC, BBICOKOI ceaMMEeHTallMOH-
HOW YCTOMYMBOCTU MOJYYECHHBIX CYCIIEH3UMM M COKpalle-
HUIO0 00111eTO BpeMeHU 00paboTku. B uccienoBanusx pyHk-
nroHamm3anuio OCC MpoBOAMIN TyTEM YJIBTPa3ByKOBOI
00paboTKM B cpelie M3OIMPOIWIOBOTO CIIMPTAa B TEUYCHHUE
5 MUH € TIOCJIeIyIOIMM BBITTApMBaHUEM CIIUPTA.

DIIeKTPOHHO-MUKpOCKonuueckuii ananu3 yactuly @CC
(TESCAN VEGA3, Cankr-IletepOyprckuii rocynapcTBeH-
HbII apXUTEKTYPHO-CTPOUTEIbHBIN YHUBEPCUTET) TTOCTIE X
NUCTIEpraliii B BOJIE 3aTBOPEHUs IMOKa3aj, YTO YaCTHIIbI,
MOABEPTHYTHIE (DYHKIIMOHAIM3AIUK, 00Jice paBHOMEPHO
pacIpenessioTces 1o BceMmy 00beMy Boabl (puc. 1).

DTO CBI3aHO C TeM, YTO (DYHKIMOHAJIbHbIC TPYIMIIbI,
MPUBUTHIE K MOBEPXHOCTU YACTUII, MPUBOISIT K Halpas-
JICHHOMY OpMEHTallMOHHOMY B3aMMOICHCTBUIO C BOJIOM.
BBenenune HaHOYACTUI[ MPUBOAUT K CTaOMJIM3ALUU TIPO-
1IeCCOB CaMOOpPTaHU3allMM BOIHOW CHUCTEMBI, COIPOBO-
Xnalomielicsa oOpa3oBaHHeM (PpaKTaIbHOM CETKHU 3a CUET
COpOLIMM Ha WX MOBEPXHOCTU TUAPOKCWJIBHBIX TPy M
o0pa3oBaHus coJibBaTHBIX oboJiouek [1]. [TockonbKy mpu

s

both compact and ultra-disperse fibrous structures, which
indicates the presence of some basic forms of nanoparticles as
“onion carbon structures” (multiwall, hyperfullerens) and
“filamentous carbon structures” (nanotubes, nanofibers).
The chromatographic study of the carbon nanomaterial (lig-
uid chromatography by dissolving the test substance in tolu-
ene and the separation on the column Cosmosil “Buckyprep
waters”) showed the excretion of C60 and C70 from the
fullerene mixture [4]

The positive impact of carbon nanomaterials on the char-
acteristics of cement stone and concrete is fully manifested
(given that they are evenly distributed throughout the whole
volume of the composite). This is achieved by the pulse cavi-
tation treatment (sonication, hydrodynamic cavitation) of
the mixing water with nanodispersed additives. The authors
carried out the research and established that the ultrasonic
treatment of mixing water ensures the FCA distribution in a
small amount of mixing water. The distribution of FCA in the
volumes sufficient for the industrial production by the ultra-
sonic treatment requires significant amounts of energy which
are quite difficult to transmit through the sound field. The
even distribution of carbon nanomaterials in the total raw
mixture, excluding the possibility of aggregation and sedi-
mentation when introduced into a mixture of ultrasmall,
mixing water with addition of carbon nanomaterials was
heated to a temperature of 50—60°C [7]. The mixing water
was heated up to 50—60°C when FCA was added to eliminate
the risks of its aggregation and sedimentation under the intro-
duction of extra small quantities of FCA and to ensure the
FCA even distribution [7].

In addition to the physical methods of impact, some
modifiers are used: for instance, superplasticizers and hyper-
plasticizers can function as dispersing agents [2—4]. The
studies on the distribution of carbon nanomaterials are fo-
cused on the efficient use of solvents and the methods that are
compatible with the chemistry of Portland cement. In this
regard, the use of organic solvent will negatively affect the
process of cement hydration and doesn’t suit the mentioned
purpose.

One of the promising directions in the solution of the
carbon nanomodifiers distribution in the volume mixing wa-
ter is the functionalization of its particles surface by “graft-
ing” functional groups to them. The functionalization of
FCA by organic solvents leads to the even distribution of
nanoparticles in the volume of mixing water; it can be ex-
plained by the favorable influence of the functional groups on
the hydrophilization of FCA, the high sedimentation stability
of the suspensions and the reduction of the total processing
time. The FCA functionalization was carried out by sonica-
tion in the medium of isopropyl spirit for 5 minutes, followed
by the evaporation of spirit.

The electron microscopic analysis of FCA particles
(TESCAN VEGA 3, Saint-Petersburg State University of
Architecture and Civil Engineering) after their dispersion
in the mixing water showed that the functionalized parti-
cles were distributed more evenly in the volume of water
(Fig. 1).

This can be explained by the fact that the functional
groups grafted to the particle surface contribute to the direc-
tional orientation interaction with water. The introduction of
nanoparticles leads to the stabilization of self-organization
processes taking place the water system, accompanied by the
formation of fractal grid by the sorption at their surface of
hydroxyl groups and the formation of solvate shells [1]. Since
the functionalization of FCA exposes particles to the ultra-
sonic treatment, at this stage along with the “grafting” of
functional groups the globules of FCA particles are equalized.
The agglomerates of particles are not even in size in the
original FCA therefore they require stronger ultrasound im-
pact for the even distribution in comparison with the func-
tionalized FCA.
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Puc. 1. 9nekTpoHHO-MNKPOCKoNMyeckuii aHanma yacTuy, @CC: a — ncxogHble YacTuubl; b — nocne hyHKUMOHaNn3aLumm B U3onponuioBoM cnmpte
Fig. 1. Electron microscopic analysis of FCA particles: a — initial particles, b — after the functionalization in isopropyl alcohol

dynkunonanusanuu @CC noasepraercs yiabTpa3ByKOBOIt
00paboTKe, Ha JaHHOM O3Talle Hapsiay C IPUBHBAHUEM
(byHKUMOHANBbHBIX TPYMNI MPOUCXOAUT BbIPABHUBAHUE
o6y yactuy @CC 1o pasmepy. B ucxognoit @®CC ario-
MepaThbl YaCTUIL MO pa3Mepy HEOJHOPOJHbI, OITOMY ISl
WX PaBHOMEPHOTO paclipenesieHusi TpeOyeTcs: OoJibliiee
BpeMsI 00pabOTKM WM, BO3MOXHO, 00jiee MOIIHOE BO3-
NeiCTBUE YIbTpa3ByKa MO CPAaBHEHUIO ¢ (PYHKIIMOHATU3U -
poBanHoit ®CC.

C 1efbI0 BBISIBJICHUST XapaKTEepPUCTUK pacrlpeaeaeHUst
®OCC B Boze 3aTBOPEHUS OBLT MPOBEJAECH aHAIU3 pacipee-
JIGHUSI YaCTUII 10 pa3MepaM UccienoBaHHbIX Tpoo (Malvern
Zetasizer Nano ZSP). s storo ase npoosl PCC, ucxon-
HOI 1 QYHKIIMOHAIU3UPOBAHHOM B cpeie U30IPOITMIOBOIO
cnupTa, ObUIM MOABEPrHYTHI YJIBTPA3BYKOBOU 00pabOTKe B
teueHue 1,5 muH. [Tocne 06pabOTKU NTPOBEACHO CpaBHEHUE
XapakTepa pacrpeIejeHUsT YaCTUIL TTo pa3MepaM (puc. 2).

XapakTep pacrpeneaeHus] Kak UCXOTHOM, TaK U (PyHK-
nuoHanuzupoBaHHoit OCC sgBisIeTCd CXOXUM, OIHAKO Y
dynkunonaausupoanHoit ®CC npoucxoauT HeOOJbIIOE
CMellleHUe KPUBOW B CTOPOHY YMEHBIIEHUSI pa3MepoB
arperaroB yactull. Ha Ham B3rsm, cxoxXuii Xxapakrep pac-
MpeleeHus] arperaToB 4YacTUIl M JOCTaTOYHO BBICOKUI
IMaIa3oH pa3MepoB arperaToB CBS3aH C IMapaMeTpamMu
koHueHTpaunu GCC B Bolie 1 MOITHOCTH YJIBTPa3BYKOBO-
ro BosaeiicTBus. OcHoBHast gous arperatoB yactul OCC
HaxoguTcs B auana3oHe 80—120 HM. DTo, BO3MOXKHO, CBSI-
3aHO C T€M, YTO BO3HMKAIOIIUE MPU YJIbTPA3BYKOBOM BO3-
nerictBuM cuiibl (cuiibl beepkHeca, bepHynnu u ap.) mpu-
BOJSAT B OCHOBHOM K KOATYJISIIIUM TUCIIEPCHBIX (a3, a auc-
TeprupoBaHUE ITPOSIBIIACTCS BHEKOTOPBIX IOKATU30BaHHBIX
obbemax [8, 9].

IIpoBeneHHbIe UccaeOIOBaHUS 110 (PYHKIIMOHAIU3ALUN
DOCC ¢ uenplo yaydileHUus pacrpeneaeHUsT YacTULl B 00b-
eMe BObl 3aTBOPEHUSI JOJKHBI B KOHEYHOM CUETe TPUBO-
IUTh K YIYYIICHUIO XapaKTepUCTUK [IEMEHTHOTO KOMITO3U-
ta. OgHAKO 37IeCh BOBMOXHBI HeraTUBHBIC 3(DGhEKTHI, TO-
CKOJIbKY TIpUBUTBHIE (DYHKIIMOHAJbHBIC TPYIITbl MOTYT
aKTUBHO BJIMSITH Ha MPOIECChl TUAPATALINM.

HccnenoBanue GU3MKO-MEXaHUYECKMX CBOMCTB lie-
MEHTHOTO KaMH$ ¢ UCXOJAHOM U (PyHKIIMOHATN3UPOBAHHOI
®CC (puc. 3) mokaszajo, YTo HanboIbIINI 3(GHEKT YBETU-
YeHUsI TIPOYHOCTU HAOJIONAETCS Y COCTABOB C MCXOMHOU U
GYHKIIMOHATM3UPOBAaHHOM 100aBKOM IPU KOHIEHTPALIK
0,01%. Yactuupl yriepogHoro HaHoMoauduKaropa Ciy-
KaT B KaYeCTBe LIEHTPOB KPUCTALIU3AIMN TTPOIYKTOB TH-
JpaTaliuy IeMeHTa, YTO YCKOPSIET MPOLIECCHI TUAPATALIUN U

In order to identify the characteristics of FCA distribution
in the mixing water, the analysis of particle distribution by
their size was investigated (Malvern Zetasizer Nano ZSP).
For this purpose, the two samples of FCA — initial and func-
tionalized in the medium of isopropyl spirit, were subjected
to the ultrasonic treatment for 1.5 min. After the end of treat-
ment, the comparison of the distribution of particles was
carried out according to their sizes (Fig. 2).

The distribution characters of both the original and func-
tionalized FCA are similar; however, the functionalized FCA
has a slight shift of the curve towards the size reduction of
particle aggregates. In our opinion, a similar distribution pat-
tern and a relatively wide range of sizes of units is connected to
the parameters of FCA concentrations in water and sonication
power. The main share of FCA particles aggregates is in the
range of 80—120 nm. This is probably explained by the fact that
forces formed by sonication (forces of Bjerknes, Bernoulli, and
others) lead mainly to the coagulation of dispersed phases and
the dispersion taking place in some localized volumes [8, 9].

The study of FCA functionalization aimed at improving
the particles distribution in the volume of mixing water
should ultimately lead to the better performance characteris-
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Puc. 2. PacnpeneneHune pa3mMepoB: @ — UCX0AHbIX YacTul, PCC; b — dyHK-
LMOHann3anpoBaHHbix Yactuy, ACC; 1 — npoba 1, 2 - npoba 2; 3 — npoba 3

Fig. 2. The size distribution: a — initial particles of the FCA; b — functionalized
particles of the FCA; 17 — sample 1, 2 — sample 2; 3 — sample 3
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Puc. 3. ®u1snko-MexaHn4yeckme nokasarenm LeMeHTHOro KaMHs C UCX0A4HOW 1 dyHKumMoHanmamnpoBaHHoii @CC B Bo3pacTe 2 cyT (a) 1 28 cyT (6) npu pas-
nunyHoM coaepxaHun GCC n BpemeHn ynbTpasBykoBoi 06paboTku: []— ncxogHas GCC, 10 muH; ll - yHkumoHanmsmpoBaHHas PCC, 10 muH; [l - ncxogHas

®CC, 20 muH; [l - dyHKUMOoHann3auposaHHas PCC, 20 MuH

Fig. 3. Physical and mechanical properties of cement stone with original and functionalized FCA at 2 days (a) and 28 days (b) with different contents of FCA
and sonication time: [] — initial FCA, 10 minutes; [l - functionalized FCA, 10 minutes; [ - initial FCA, 20 minutes; [l — functionalized FCA, 20 minutes

TBEpAECHUS LIeMEHTa, 0COOEHHO B HavaJbHbIE CPOKH TBEP-
JICHMSL.

OntuManbHasa KoHneHTpamuss PCC B cocTaBe IMOPT-
nanauementa 0,001—0,01%; npu yBeIMYeHUN KOJMUECTBA
no6asku 10 0,1% HabmogaeTcsl CHYKEHUE MTPOYHOCTH Lie-
MEHTHBIX KOMIO3UTOB. JlaHHBIN (haKT CBSI3aH ¢ KOMILIEKC-
HBIM MeXaHU3MOM JieiicTBUsT HaHopa3MepHoit dCC, B Hau-
GoJIbIIIeil Mepe TPOSIBISIONIMMCS TP OYeHb MaJIbIX KOH-
LeHTpanusx. [Ipu yBenmWYeHUN BpeMEHU YJIBTPa3ByKOBOI
o6pabotku oT 10 10 20 MMH IPOYHOCTH LIEMEHTHOTO KaMHSI
€ UCXOIHOI1 1 hyHKuuoHanuzupoBaHHoit ®CC yBeanumnBa-
eTcst Ha 5—15%.

dyukuuoHanu3anus nmopepxHoctu yactu, ®CC npu-
BOAUT K JIy4llIeMy CMa4MBaHUIO BOIOI 3aTBOPEHUS, B TO
BpeMmst Kak ucxomgHag OCC o6namaeT OTHOCUTEIBHO TM-
npochoObHBIMU cBolicTBaMU. COCTaBBl IIEMEHTHBIX KOMITO-
3UTOB ¢ (pyHKIMOHanu3upoBaHHoit DCC BMecTe ¢ TeM He
HMMEIOT 3HAYMTEJbHOTO YIyUYllleHUs MoKa3aTeJieil TpoYHO-
CTH TIPU CXaTUU 110 cpaBHeHUIO ¢ ucxogHoiit ®CC. Bro
CBSI3aHO, Ha HAIll B3I, C TIPUCOEAMHEHUEM Pa3TUIHbIX
HeTaTUBHBIX (PYHKIIMOHAILHBIX TpyIn. HekoTopblie n3 HUX
HeTaTUBHBIM 00pPa30M CKa3bIBAIOTCS Ha Tpolleccax ruapa-
Talu LIeMeHTa, OJOKUPYS LIEMEHTHOE 36pHO OT B3aUMO-
neiictBust ¢ @CC. [l ycTpaHeHUs TaHHOTO (haKkTopa He-
00XOJMMbBIM BUAMTCSI OYMCTKA (PYHKIIMOHATM3UPOBAHHOM
®CC 0T TakuX TpyMIl, a TaKXe, BO3MOXHO, HaXOXIECHNE
pacTBOpUTEJIEH, COBMECTUMBIX C KOMITOHEHTAMM TOPT-
JIaHIIIeMEHTA.

MukpocTpyKTypa 00pa3loB ¢ UCIOJIb30BaHUEM UCXOI-
Hoi1 1 dpyHKunoHanuzupoBaHHoit @CC GoJiee MI0THAS 10
CPaBHEHUIO C KOHTPOJBbHBIM cocTaBoM (puc. 4). B koH-
TPOJILHOM COCTaBe HabJtoaaeTcst 60blilee KOJUYECTBO MOP,
KOTOPBIE B MPOLIeCCe TBEPACHUS 3arOTHSIOTCS KpUCTaJlIa-
mu usectu Ca(OH),. Beenenue @ynnepeHcoaepxanieit
caxu (cocTaBbl C MCXOAHON U (PYHKLUMOHAIM3UPOBAHHOM
®CC) npuBOIUT K CHUKEHUIO KAMMJUISIPHOI MOPUCTOCTH,
K YBEJIMYEHUIO KOJTMYECTBA MEJTbYAMIIINX TeJIEBBIX MOP, BXO-
JISAIIMX B COCTaB KaJIbLIMEBO-CUJIMKATHOTO ruapores. [Ipu
HaOMIOMEHNN KOHTAKTHOM 30HBI 0OPa30BaBIIETOCS ITOPT-
JIaHIUTa OTMEYaeTCs TYyCTOe MUKPOApMUPOBAHUE U CBSI3bI-
BaHWE €Tr0 B JOMOJHMTEIbHbIE TUAPOCWIMKATHI KaJbIlus,
YTO TMPHUBOAMT K TMOBBIIIEHUIO TUIOTHOCTU U TNPOYHOCTH
KoMIo3uTa. B oTmuure oT KOHTPOJBHOTO cOCTaBa KOJauye-
CTBO HOBOOOPA30BaHUI TMAPOCUIMKATOB KaJIbIIKsI B COCTA-
Be ¢ (ysnepeHcoaepxkallieid caxkeil 3HaAUUTENbHO OOJIbLIE
yXe B paHHEM Bo3pacTe TBepaeHUI (3 cyT). DTO CBUACTEIb-
CTBYET 00 YCKOPEHHOI ruapaTaliuy KJIMHKEPHbIX MUHepa-
JIOB MpM BBeAeHUM yiepeHcoaepxkalieil caxu U ero
CTPYKTYpPOOOpa3ylolieM B3aUMONEUCTBUM C 3€pHaAMU lie-
MeHTa. [1pu nanbHeimeM TBepaeHuu (28 cyt) B MonupuIia-

?r:"’_.-}l.*?;'.-'l-_.'r.':llf

tics of the cement composite. However, there are possible
negative effects as graft functional groups may actively influ-
ence the hydration process.

The study of physical and mechanical properties of the
cement stone with the original and functionalized FCA
(Fig. 3) showed that the largest effect of resistance increase
was observed in the compositions with original and function-
alized additives at the concentration of 0.01% by weight.
Nanomodified carbon particles act as nucleation centres of
cement hydration products, which accelerates the cement
hydration and hardening, especially in the initial period of
hardening.

The optimal concentration of FCA as a part of Portland
cement is 0.001—0.01%. There is a decrease of strength of
cement composites with the increase in the amount of addi-
tives to 0.1%. This fact is associated with a complex action
mechanism of nanosized FCA, manifested to the maximum
extent at very small concentrations. The increase of sonica-
tion time from 10 to 20 minutes results in the strength of ce-
ment stone with initial and functionalized FCA increased by
5—-15%.

The functionalization of the FCA particle surface leads to
better wetting with the mixing water, while the original FCA
is relatively hydrophobic. The compositions of cement com-
posites with functionalized FCA, however, have no signifi-
cant improvements in compressive strength compared to the
original FCA. In our opinion, this is connected to the addi-
tion of various negative functional groups. Some of them
have a negative effect on the hydration process of cement:
they may block cement grains from the interaction with the
FCA. In order to eliminate this factor it is necessary to clean
the functionalized FCA from such groups as well as search for
the solvents that are compatible with the components of
Portland cement.

The microstructure of the samples with original and func-
tionalized FCA is denser in comparison with the control
composition (Fig. 4). The control composition includes a
large amount of pores which are filled with crystals of
Ca(OH), during hardening. The introduction of FCA (initial
and functionalized) reduces capillary porosity, increases the
number of smallest gel pores which form the content of calci-
um-silica hydro-gel. The observation of the contact zone of
the form portlandite shows the dense structure and the mi-
cro-bonding of portlandite with additional CSH, which leads
to the increase in density and strength of the composite.
Unlike the control composition with FCA, there are signifi-
cantly more newly-formed CSH even in the early age of
hardening (3 days). This indicates the accelerated hydration
of clinker minerals with the introduction of FCA and interac-
tion with the cement grains. The further hardening (28 days)
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3 cyr /3 days

Puc. 4. MVKpPOCHMMKM CKOMa LIEMEHTHOro kaMHs (X1000): a — KOHTPOJbHLIN cocTas; b — ML, + ncxogHas PCC; ¢ - MU, + dyHkumoHanmauposaHHas PCC
Fig. 4. Micrographs of cleavage in cement stone (X1000): a — control composition; b — OPC + original FCA, ¢ — OPC + functionalized FCA

POBaHHBIX COCTaBax MPOCMATPUBAETCSA IpopacTaHue u
YTOJILLIEHUE UTOJbYATBIX CITUIIEO0OPA3HBIX KPUCTALIOB THA-
pocwiInKaToB Kanblusi. CTpyKTypa XapakTepu3yeTcsl OJHO-
POIHBIM TUIOTHBIM CTPOEHUEM, KOTOPbIE CKPEIUIEHBI CO
BCEX CTOPOH MPOJAYKTaMU TUApATAllMh, OTMEYaeTCsl HaJli-
Yyye TJIOTHBIX HOoBooOpaszoBanuii. Beenenne ®CC npuBo-
AT K CHKEHUIO TIOPUCTOCTU LIEMEHTHOTO KaMHSI 3a CYET
00pa3oBaHusl TeJIEBUIHBIX MPOAYKTOB MMApaTallMu, 3aIoJ-
HSIIOLIMX MEXITOPOBOE MPOCTpaHCTBO. Bce 310 Giaronpu-
SITHBIM 00pa30M CKa3bIBaeTCsl HA UBMEHEHUU (PU3UKO-Me-
XaHUYECKUX XapaKTEePUCTUK MOAM(PUIIMPOBAHHOTO Iie-
MEHTHOTO KaMHSI.

IMonoxwurenbHoe Bausinne MCC Ha cBOICTBa MOPT-
JIaHILIeMEeHTa MPUBOIUT K YJIYUIIEHUIO CBOMCTB MOAUDU-
nupoBaHHoro 6eroHa. IIpu mombope coctaBoB MoauduU-
LIMPOBAHHBIX OETOHOB MCIOJb30BaHA MCXOMHAs U (PYHK-
moHanusupoBaHHas ®CC BoNTUMATbHOM KOHIIEHTPALIMU
0,01% ot macchl BSxKyILero. buuin onpenesieHbl OCHOBHBIE
TEXHOJIOTUYECKUE,

leads to the germination and thickening of the needle-like
CSH crystals in the modified compositions. The structure is
characterized by a homogeneous dense structure, which is
fastened on all sides by the hydration products; the presence
of dense growths is observed. The introduction of FCA re-
duces the porosity of the cement stone due to the formation
of hydration gel-like products which fill the interporous
space. The mentioned factors have the favorable impact on
the change in physical and mechanical properties of the
modified cement stone.

The positive impact of FCA on the properties of Portland
cement improves the properties of the modified concrete.
The selection of modified concrete compositions involves the
optimal concentration of 0.01% by weight of original and
functionalized FCA. The main technological, physical, me-
chanical and performance properties of concrete and con-
crete mix were identified (Table). The introduction of FCA
increases the compressive strength of concrete by 15—20% in

(bu3MKOo-MexaHHUYe-
CKHMe M 3KCIUIyaTa-
IIMOHHBIC CBOMCTBA
OETOHHOW CMecu |
O6etoHa (cM. Tabmm-

uy). Beegenune ®CC
yBEJIMYMBAET IIPOY-
HOCTh TIPU CXaTUHU

GetoHa Ha 15-20%
M0 CpaBHEHUIO C
KOHTPOJIbHBIM 0€3-
100aBOYHBIM COCTa-
BoM. KommiaekcHoe
Bosaeiicteue POCC
Ha pasHBIX 3Tamnax
TBEpAEHUS OeToHa
CIIOCOOCTBYET CO31a-
HHUIO BBICOKOILIOT-
HOM CTpPYKTYyphbI, W3-
MEHSsl XapakTep II0-
PMCTOCTH U yJydliast

MNokasaTenun 6eToHOB
Concrete indicators
XapaktepucTtumka
Characteristics KoHTponbHblit | WicxooHas DCC q)yHKU'MOHgg%MpOBaHHaﬂ
Control Initial FCA Functionalized FCA
MoABMXHOCTb, CM
Flowability, cm 7 17,5 18
MpoyHoCTb Npy oxatumn, MIa, B BO3pacTe:
Compressive strength, MPa, at the:
3 cyt /3 days 8,9 10,6 9,7
7 cyt /7 days 17,7 18,9 18,4
28 cyT / 28 days 24,5 32,8 29,9
BopocToiikocTs, Kygy 0.86 0.91 0.9
Water resistance ’ ’ ’
Boponornowenne no macce, % 14 11 19
Water absorption by weight,% ’ ’ ’
MOpO030CTOMKOCTb, LUKIbI 100 150 125
Frost resistance, cycles
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rua-podusnyecke M SKCIUTyaTallMOHHBIE TOKa3aTesun
MOAMGULIMPOBAHHOTO OETOHA.

B uccnenyembix cocTaBax MOBBILIEHUE MOPO30CTONKO-
CTU HaOJIomaeTcs y 00pasioB, XapaKTepU3YIOIIUXCS Hau-
JIYYIIUMM  (PU3UKO-MEXaHUYECKUMM XapaKTepUCTUKAMU.
OnHaKo TIOBBIIIIEHNE MPOYHOCTH TIPY CXKAaTUKM GETOHOB He
SIBJISIETCS KITIOUEBBIM (haKTOPOM TIPH YJIyUIIEeHUH TTOKa3aTe-
JIsl MOPO30CTOMKOCTH. 3HAUMMYIO POJIb UTPAeT U3MEHEHME
CTPYKTYphI TIOPUCTOCTU MaTepuana. [Ipu BBeaeHUn B Oe-
ToHHY10 cMech DCC MPOUCXOJSAT U3MEHEHMSI B IIpolieccax
CTPYKTYPOOOpa30BaHUS BSIKYIIETO U YITydllIeHE XapaKTepa
ITOPUCTOCTH.

B pesynbraTe MpoBeneHHBIX UCCISIOBAHU MOXHO CJIe-
JIaTh CJIEMYIOIINe BHIBOIBI:

— ¢pynkunoHanuzupoBanHasas @CC nyuiie pacnpeensi-
eTcsl B 0ObeMe BOJbI ITPU YJIbTPa3BYKOBOI 00pabOTKe, HO HE
CITOCOOCTBYET CYIIECTBEHHOMY TMPUPOCTY MPOYHOCTH IO
cpaBHeHMIo ¢ ucxoaHoit @CC. BeposiTHO, 3T0 00YCIOBIH-
BaeTCsl MPUCYTCTBUEM B J00aBKEe HETaTUBHBIX (DYHKIIMO-
HaJIbHBIX TPYII, TIOSIBUBIIMXCS B Mpoliecce (YHKIIMOHAT-
3aluu;

— BBeneHue @CC nMpUBOAUT K YJIyYIIEHUIO (GPU3UKO-Me-
XaHWYECKUX, TUAPOGU3NYECKUX U OKCITyaTallHOHHBIX
CBOWCTB TSIeJIoro OeToHa.
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comparison to the control composition. The combined ef-
fects of FCA at different stages of concrete hardening helps to
create a high-density structure, changing the character of
porosity and improving hydro physical and performance
properties of modified concrete.

The increase of frost resistance is observed in composi-
tions characterized by the best physical and mechanical prop-
erties However, the increase in the compressive strength of
concrete is not a key factor in improving the frost resistance
indicator. The significant role is played by the change in the
structure of porous material. When FCA is introduced into
the concrete mix, changes in the process of structure forma-
tion of the binder occur and the character of porosity is im-
proved.

As the result of the research, the following conclusions
can be made:

— Functionalized FCA is better distributed in the volume
of water during sonication, but it does not lead to a signifi-
cant increase in strength compared to the original FCA. This
is probably caused by the presence of negative functional
groups that appeared in functionalization process;

— The introduction of FCA leads to the improvement of
physical-mechanical, hydro-physical and performance char-
acteristics of concrete.
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HaumoHanbHbI nccneaoBaTenbCKnii MoCKOBCKMIA rOCYAapCTBEHHbI CTROUTENBHBIA YHUBEPCUTET (129337, . MockBa, fpocnaBckoe L., 26)

AHaNWU3 KMHETUKK AeCTPYKLUUU HaHOMOAU(ULMPOBAHHDBIX
BbICOKOMPO4HbIX NErkux 6eToHOB MeToA0M
aKyCTU4eCcKOW IMUCCUU

lprUBOAATCA 3KCMEPUMEHTaNbHbIE AAHHBIE 1 aHANU3 3aBMCUMOCTEN 3HEPrumn akycTmyeckoin amuccum (A3) oT PU3NKO-MeXaHU4eCKMX CBOMCTB
BbICOKOMPOYHOr0 NErkoro 6eTOHa, HaMnosIHEHHOro NOMbIMU KepaMu4ecKuMn MUKpocdepamu. [10Ka3aHo, 4TO KMHETUKY 3HEPTUN aKyCTUHECKON IMUCCUM
uccnesyeMbix 66TOHOB MOXXHO 0XapakTepu3oBaTh TPeMs CTaAUAMM, OTAINHAIOLWMMUCA MO MHTEHCUBHOCTW WU NPOAOIHKUTENIbHOCTI. YCTAHOBIIEHO, YTO
BBELEHWE NOJbIX KePAMUYECKNX MUKPOCKEP B MESIKO3EPHUCTbIN NecyaHblit 6eTOH [0 onpeaenieHHoro npegena (He 6onee 18% no macce)
obecrne4mBaeT )OPMUPOBAHME CTPYKTYPbI KOMNO3UTA C 60Nee NPOSOMKUTENbHON «30HOI HALEKHOCTU» — CTafNeN, KOraa Npu YBENMYEHUU HArpy3Ku
3Heprus A3 N3MeHSETCA C HaMEHbLLEN MHTEHCMBHOCTBIO. [POAOMKMTENbHOCTb 3TO CTafuM 3aBUCUT OT MEXAHWYECKNX XapakTepuUCTUK Nerkoro
HaNoMHUTENS, LIeMEHTHO-MUHEPAbHOM MATPULbI U CUAbI X B3AUMHOTO cLenneHuns. CHKeHne fedeKTHOCTU CTPYKTYPbl BbICOKOMPOYHOIO IErKoro
6eTOHa C 60NLLUMM COAEPXKAHNEM NOAbLIX MUKPOCKHEP MOXET ObITb AOCTUTHYTO 32 CHET MOAMMULNPOBAHUA €ro CTPYKTYPbI, HANPaBAEHHOrO Ha
peLLeHne 3aa41 N0 CO3AaHNI0 NPOYHOrO Kapkaca LLeMEHTHOM0 KamMHs Mexay MUKPO4acTULAMU HANONHUTENS U YCUNEHWNO aare3nn Ha rpaHuLe pasgena
(as. AHanu3 AecTpyKLMM HAHOMOAN(ULMPOBAHHBIX BbICOKONPOYHbIX NErknx 66TOHOB METOA0M aKyCTU4ECKOW 3MMCCUN NO3BOMSET YCTAaHOBUTb
3aKOHOMEPHOCTU NPeo6pa3oBaHns CTPYKTYPbI NPU UCNOb30BAHNI HAHOPA3MEPHOT0 MOANMUKATOPA U ONPEAENUTb FPAHNYHbIE 3HAYEHNUA Ans
(POPMUPOBAHMS YCNOBMI HAUMEHbLLEN JeeKTHOCTU MaTepuana. MokasaHo, 4To HanboNbLLKA IGPEKT OT NPUMEHEHU HAHOMOAMMKATopa
HabnI0JaeTCa y COCTABOB CO CPe/Heil MNOTHOCTLIO MeHee 1500 Kr/M® 11 BbIPaXAeTCs Kak B YBENNYEHN OTHOCUTENLHOMO N3MEHEHUS Npedena
MPOYHOCTM NP CXATUW, TaK U B U3MEHEHUW XapaKTepa perncTpupyemblx napametpos A3. Metoa A9 aBnsetcs adh(PeKTUBHLIM ANA UCCNEeA0BaHNA
BNWUAHWSA HAHOPA3MEPHbIX L06ABOK HA CTPYKTYPY W CBOWCTBA CTPOUTENbHbIX KOMMO3WUTOB.

KnioyeBble cnoBa: akycTin4eckas amMuccus, BbICOKOMPOYHbIA NErKUi 6eTOoH, DECTPYKUUA, nosble MVIKpOCd,’)epr, nedekTbl CTPYKTYpbI.

A.S. INOZEMTCEV, Candidate of Sciences (Engineering) (InozemcevAS@mgsu.ru),
E.V. KOROLEV, Doctor of Sciences (Engineering), Director Research and Education Center «Nanomaterials and Nanotechnology», Advisor RAACS (korolev@nocnt.ru)
Moscow State University of Civil Engineering (National Research University) (26, Yaroslavskoe Highway, Moscow, 129337, Russian Federation)

Analysis of the Destruction Kinetics of Nanomodified High-Strength Lightweight Concrete by Acoustic Emission

The paper presents the experimental data and analysis of the dependence of energy of acoustic emission on the physical and mechanical properties of high-strength lightweight con-
crete filled hollow ceramic microspheres. Shown that the kinetics of acoustic emission energy of the studied concrete can be described in three stages with different intensity and dura-
tion. The introduction of hollow ceramic microspheres into fine-grained sand concrete up to some limit (not more than 18% by weight) allows the formation of composite structure with
longer «safety stage», when acoustic emission energy varies with the lowest intensity at increasing the load. The duration of this stage depends on the mechanical properties of light-
weight aggregate, cement-mineral matrix and strength of their mutual coupling. The hardening of the phase boundary between the filler and cement-mineral matrix will reduce the defec-
tiveness of the structure of high-strength lightweight concrete with high content of hollow microspheres. Analysis of the destruction of high-strength lightweight concrete by the acous-
tic emission method allows to determine the dependences of structure conversion when using nanoscale modifier and identify the limit of the formation the conditions for the smallest
defects in material. Shown that the greatest effect of the application of nanomodifier is observes for the compositions with average density less than 1500 kg/m®. It is expressed as an
increase in the relative change in the compressive strength and the changing the nature of the recorded parameters of acoustic emission. The acoustic emission method is an effective

method to study the influence of nanoscale additives on the structure and properties of construction materials.

Keywords: acoustic emission, high-strength lightweight concrete, destruction, hollow microspheres, structural defects.

[TIpy pa3paboTKe HOBBIX CTPOUTENBHBIX MaTepHAaJiOB
(hakTHUYECKME TTOKA3aTEIM IKCILIyaTaAlIMOHHBIX CBOMCTB He
JTAIOT TTOJTHOTO TPEACTABICHUSI O BHYTPEHHEM HaIpsKeH-
HOM COCTOSTHMM KOMIIO3UTa U KMHETHKE pa3pylIeHMs pa3-
pabotaHHoOro martepuana. BaxHeiilnee 3HayeHuUe IJIs CO-
XpaHEHUSI LEJOCTHOCTU CTPYKTYPhI M CBOMCTB KOMIO3UIIM-
OHHBIX MaTepUaJOB MMeeT MOHWMaHHEe MEXaHU3MOB €ro
paspyuieHus [ 1—3]. [IpencraBieHue o 1eCTPYKTUBHBIX TTPO-
Imeccax TpU BO3IACHCTBUM 3KCIUTyaTallMOHHBIX HAarpy3okK
MO3BOJISIET HE TOJBKO OTMPEACSATh 00JacTh MPUMEHEHUS
Marepualia, HoO U MPOrHO3MPOBATh €T0 JOJITOBEYHOCTb.

OfHUM M3 pacnpoCTPaHEHHBIX METOAOB JJIsI aHaIM3a
0COOEHHOCTEN BHYTPEHHETO HAMPSDKEHHOTO COCTOSIHUSI U
(bopMupoBaHus 1e(EKTOB MPU BO3ACHCTBUM BHEIHUX Ha-
IPYy30K SIBJISIETCSI METOJ, aKycThueckoil amuccuum (AD).
Pa6otbl [4—9] cBUAETENBCTBYIOT O PA3IMYHBIX MTOAXOAAX K
HCTOJIBb30BaHUIO 3TOTO METOAa, METOAMKaX €ro aHaju3a,

Average values of operational properties of new building
materials do not provide sufficient information about the in-
ternal state of stress in composite under development.
Nevertheless, kinetics of destruction and data concerning
destruction mechanisms of composite materials are essential
for maintaining the structural integrity and constant proper-
ties [1—3]. The notion of destructive processes under the in-
fluence of operational loads allows to define the application
area of the material and to predict service life.

The acoustic emission (AE) method is the well-known
method that can successfully be used for analysis both the
internal state of stress and formation of defects under the in-
fluence of external loads. Though, there are many ways to
apply acoustic emission method, and there are also several
techniques that can be utilized during analysis and interpre-
tation of device data [4—9]. It was shown [10—15] that the
acoustic emission method can be used to study the nature of

* PaboTa BhITIOJHEHA IpU Toanep:kke rpanTa [1pesunenta PO monoasim yuensim MK-5950.2015.8.
* The work was curried with the support by the grant of the President of the Russian Federation to young scientists MK-5950.2015.8.
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WHTEpIpeTal U 00JacTh MCCIenoBa-
Hus. ABropamu [10—15] mokazaHo, 4TO
METOJl aKyCTUYECKOW 3MUCCHU MOXKET
OBITh UCITOJIB30BAH KaK ISl MCCeNoBa-
HMSI XapakTepa paspyllieHus] Matepuaia,
TaK U 17151 IPOTHO3UPOBAHMSI €TO CBOCTB,
Hanpumep TPEIIMHOCTOMKOCTH.

Hcxonst U3 3TOro, METoi aKycTUue-
CKOI BMUCCUU SIBJISIETCS] MHGOPMAaTUB-
HbIM MHCTPYMEHTOM JIJIsl MCCJeNOBAHUS
KWHETUKU pPa3pylIeHUs] CTPOUTEIbHBIX
MaTepuajioB U MOXeT ObITh 3 (HEeKTUB-
HBIM IS aHaju3a OCOOEHHOCTeU me-
CTPYKIIMY BBICOKOITPOYHBIX JIETKUX OETO-
HOB Ha IOJIbIX KEPAMUUECKUX MUKpOChe-
pax, obJanaouX KOMIUIEKCOM CBOMCTB,
XapaKTepHbIX JJIs1 pa3HbIX BUIOB MaTepH -
QJIOB (JIETKUE U TSKeJIble OETOHBI).

Puc. 1. KomnnekcHas ncnoltatenbHas yCcTaHOB-
Ka: @ — 06paseL, ¢ gaTumkaMu; b — HUXKHSS nauTa
cepBorvapasnnyeckon cuctemsl Advantest 9 ¢
ycunuem 8o 250 kH; ¢ — akyCTUKO-3MUCCUOHHBIN
6110K; d — eanHbIV NyNbT yNpaBieHe yCTaHOBKOM

Fig. 1. Integrated test facility: a — sample with
sensors; b — the load plate of the servo-hydraulic
system with a force up to 250 kN; ¢ - acoustic

i

Puc. 2. Cxema mcnbiTaHus 06pasuoB Ha cxaTme
C pacrnosioXeHNeM AaTYNKOB CUTrHaNa akyctunye-
CcKOW amuccun: a — obpasel; b — BbICOKOYYB-
CTBUTENbHbIV JATYMK; C — BEPXHAS NAMTa UCMbl-
TaTenbHoro npecca c ycunuem ao 250 kH

Fig. 2. The scheme test of the samples for

compressive test: a — the sample; b — the highly
sensitive sensor; ¢ — the load plate

HcnbiTannst 06pas3iioB BBICOKOIIPOY-
HOTO JIETKOTO 0GETOHA OCYILECTBIISIIOCH C
TMOMOILIBIO  YHUKAIBHOU KOMILICKCHOM
YCTaHOBKU «YHUCOH» (MOIPOOHbIE MapaMeTpbl 000PYI0BaAHUS
JIOCTYITHBI Ha caiite www.nocnt.ru/oborudovanie) ¢ aBTOpCKUM
IpOrpaMMHBIM obecrieueHueM [ 16] Ha 6ase cepBoruapaBIde-
CKOI1 MCTIBITaTeIbHOM cucTeMbl Advantest 9 (puc. 1).

B cocraB ycTpoiicTBa BKIIOYEHBI MPUEMHUKH, TTpeIBa-
PUTENIbHBI U OCHOBHOU YCUJIMTENb, IOJOCOBOU (UILTP
(20 u 96 xI'm), aHamoro-umMbpoBoOIl IpeobGpa3oBaTeb
(192 xI'm) 1 cxema rogasiaeHKs momMeX. CxeMa UCTIBITAHUST U
paCITOIOXKEeHUS JaTYMKOB TIpeIcTaBlIeHa Ha puc. 2.

IMpenmeToMm McclienOBaHMS SIBJISIOTCS BBICOKOIIPOYHBIE
JIeTKHe OSTOHBI, IIPUTOTOBJIEHHBIE corjlacHo [17] u B cooT-
BeTctBUU ¢ EN 196-1. M3rotaBiuBanoch 1o IBe CEpUu 00-
pasuoB-6ano4yek 40x40x160 MM 13 JIerKoro 6eToHa CpeaHeER
wrotHocThio 1300, 1400, 1500, 1600, 1800 1 2000 Kr/™m>,
OITHA U3 KOTOPBIX OTJIMYajach HaJIU4YMeM HaHOpa3MepHO
JI00aBKY, TTPUBUTOM Ha TIOBEPXHOCTH TTOJIOTO HATIOJTHUTEIS.
Pacuer KonmuecTBa OCHOBHBIX KOMIIOHEHTOB JLJIST JOCTHXKE-
HMSI TpeOYyeMoli cpeHeil TUIOTHOCTH GeTOHA OCYIIeCTBISUICS
B cooTBeTCTBMM C [18, 19]. B KauecTBe BSKYIIETO BellleCcTBa
JUTSI TIPUTOTOBJIEHUST GETOHOB OB MCITOIB30BaH TTOPTIAHI -
uemeHT CEM 1 42,5. MuHepasibHast 4aCTh COCTOSLIIA U3 MU-
kpokpemHe3ema MK-85 ¢ pasamepom vactuir 1—100 MxM 1
MaccoBoii goneii SiO, He MeHee 85%, ppaKIIMOHUPOBAHHO-
ro KBapueBoro necka ¢p. 0,16—0,63 MM 1 KaAMEHHOI MYKH C
yIeAbHOM MoBepXHOCThIO 700—800 M2/KT. DYHKLMOHATLHBIM
HAIOJTHUTEJIEM SBJISTACH MOJIble KepaMUUYecKre MUKpocde-
PHI Tpon3BoaCcTBa «MMTHOT3K» CO CpeTHUM pPa3MepOM YacTHII
70 Mxm. Cyxrie KOMIIOHEHTHI O6TOHHOM CMECH 3aTBOPSUIMCH
Bomo#M ¢ rutactuduimpyoiein godaskoir Melflux 1641F.
AKTHUBHBIM HaHOPa3MepHBIM MOAMGMUKATOPOM, TTPUBUTHIM
K MOBEPXHOCTU TOJBIX MUKpPOCHEp, BHICTYIAT KOMITIEKC-
HbIii HaHoMoaupukaTop BisNanoActivus [20], cocrosimit
13 KOMIIOHEHTOB, B3aUMOJENUCTBYIOLIUX C LIEMEHTOM U MTPO-
JYKTaMM €T0 TUIpaTaliiH.

B paborte n1s1 aHanu3a rmapamMeTpoB aKyCTUUECKOM SIMMUC-
cuy 00pa3loB BEICOKOIIPOYHOIO JIETKOro O€TOHA MpU Mexa-
HUYECKOM HCIBITAHWU TIpefesa MPOYHOCTU MPU CXKATUU
HCCIIEIOBAIMCH OCHOBHBIE TIapaMeTphbl — KOJWYECTBO YITb-
TPa3BYKOBBIX MMITYJIbCOB aKyCTHUECKOI amuccuu N ¢ aM-
wmTynoi A. OOIIMii BUI ITOJydaeMbIX IIEPBUYHBIX JAHHBIX
AD mipeacrapiieH Ha puc. 3.

Ha puc. 3 BunHo, 4To XapakTep U3MEHEHHUs KOJIMYECTBa
CUTHaIOB AD U XapakTep CyMMapHOI BeJTMUMHbI aMIUIUTY-
IIbI UMeTOT cxoxuii Bun. Ha rpacduke kunetuku N u XA oT-
YETJIMBO MOXHO BBIACJUTH TPU Y4YACTKa, XapaKTepU3ylo-
IIUXCA Pa3IMIHON CKOPOCThIO M3MeHeHMs: Ha | craguu
HabI0MaeTCsl MHTEHCHBHOE TpUpallleHue 3HAaYeHU Tpu
HeboJbIIoN MpomosrkuTenbHocTH; 11 cTagus onuckiBaeTcs
MeIJIEHHBIM (OJIM3KUM K CTATUIECKOMY) M3MEHEHHEM 3Ha-
yeHuit B TeueHre 80—85% Bcero BpeMeHM MCIIbITAHMS; Ha

emission box; d — control panel

the destruction of the investigated materials and to predict
the properties such as fracture toughness.

Therefore, the acoustic emission method should be con-
sidered as an efficient and informative tool that allows to ex-
amine the kinetics of destruction, in particular — destruction
of high-strength lightweight concretes filled with hollow ce-
ramic microspheres. By means of acoustic emission method
it is possible to reveal new parameters of destruction for ma-
terials combining features that are typical for different types
of materials (light and heavy concretes).

The tests of samples of high-strength lightweight concrete
was carried out using a unique integrated platform
«Unison» [16] (Fig. 1) that is partially based on «Malachite»
(Russia) acoustic emission system and «Advantest 9» (Italy)
servo-hydraulic test system.

The apparatus includes receivers, preliminary and main
amplifier, a bandpass filter (20 and 96 kHz), an ADC
(192 kHz) and the noise suppression circuit. The scheme of
the test and location of the sensors is shown in Fig. 2.

The subject of research is a high-strength lightweight
concrete [17] prepared according to EN 196-1. Two series
of prism samples with dimensions of 40x40x160 mm and
average density 1300, 1400, 1500, 1600, 1800 and 2000 kg/m3
were produced. One of a series was made of nanomodified
material. The nanomodification was performed by means of
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Puc. 3. O6wWmii BUA, KUHETUKM M3MEHEHUS konndecTea curHanos A3 N (1),
CYMMapHOM BENUYMHBLI amnanTyn, XA (2) U BeNnYMHbLI Harpyxexus o (3)
06pasLoB Npu UCMbITAHWU Ha CXaTue

Fig. 3. The general form of the kinetics of changes in the number of AE

signals N (7), the total value of the amplitude 2A (2) and loading values 0 (3)
of the samples at the compressive test
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koHeyHoil III cragum mcnbiTaHUS yBeIWYeHUE 3HAYCHUI
KOHTPOJIMPYEMbIX TTApaMETPOB MMEET JJABUHHbBIU XapakTep.
OueBUIHO, YTO MTOMOOHBII BUI KPUBOM Kak Tt N, TaK 1 A
oTpaxaeT mpoliecchl popMupoBaHus 1ehEeKTOB B CTPYKTYpe
Marepualia U XapakTepu3yeT 0COOEHHOCTH ero pa3pylIeHust
MPU BO3AEWCTBUM TMpuaraeMbiX Harpy3ok. Jlis aHanusa
9TUX 0COOCHHOCTE! M YCTAHOBJICHUSI 3aKOHOMEPHOCTEM MX
M3MEHEHUSI HeOoOXOIMMO MCIOIb30BaTh IToKa3aTesb, 0000-
LIAIOIINIA ONMMCAHHBIE BbIIIE MapaMeTPhbl U MO3BOJISIOLINAI
OIepUpOBaTh KaK KaYeCTBEHHBIMU, TaK Y KOJIMYECTBEHHBI-
MM JaHHBIMU. TakuM rokazaTesieM MOXeT ObITh CyMMapHast
SHEpPrusl aKkycTUyeckKoir sMuccuu E,g, pacyer KOTOpoi
ocymuiecTBisieTcs o dopmyie [21]:

=2INA2,

rae N; — KOJIM4YecTBO CUTHAJIOB AD B i-ii MOMEHT BPEMEHMU;

A; — BeJIMYMHA aMIUTUTYIBI B i-ii MOMEHT BPEMEHU.
[lonyyeHsl maHHBIE O KWUHETUKE BHEpruu AD s

o0Opa3ioB GeTOHa pa3IuYHON CpeaHeil IUIOTHOCTBIO

1300—2400 xr/m> B cooTBeTCTBUM ¢ Tabnuueil. Tak Kak Ha-

rpykeHre o0pa3lioB MPY UCTBITAHUM MPOTEKAeT C paBHO-

MepHoit ckopocTthio 0,6 MIla/c, nenecoobpa3Ho MpeacTa-

BUTb 3aBUCUMOCTb 3Hepruu AD OT Tipejaesia BEJIUYUHBI,

XapaKTepu3yIolleil 9KCIUTyaTallMOHHOE BO3IEMCTBHE — Ha-

Ipy3Ku O (puc. 4).

W3 puc. 4 BUIHO, 4TO yBEJUYEHHME CONEPKAHUS MOJbIX
MUKpocdep B cocTaBe TsKeJoro 6eToHa, CHUXKAIOILEe ero
CPEIHIO TIJIOTHOCTh, MPUBOAUT K CMEIIEHUIO0 Tpaduka
E,5=/(0) B 30HY MEHBIINX 3HAYECHUI1: CHIDXAETCS TPOYHOCTD
O6eToHa 1 cymMapHasi 3Heprus AD. [1pu aToMm Takke HabJ0-
aeTcss M3MEHEHME BMIa 3ToM KpuBoil. Ecim comepxkaHue
MHUKpocdep (MaccoBast 10s1s1) B OeToHEe He npeBbimaeT 13%,
TO U3MEHEeHUEe dHEPTur AD UMeeT ONMCaHHbIA BbIIIE XapaK-
Tep ¢ SIPKO BhIpaXXKCHHBIMM TpeMsl yyacTkamu. HamonHeHue
OETOHHOI1 cMecH MUKpocdepamu z[o 22% (cpenmHsisl TUTOT-
HOCTb GeToHa cocTasisier 1300 Kr/M°) mpuBoOIHT K GOpMU-
pPOBaHUIO OJU3KOM K IMHEHHON 3aBUCMMOCTH MCCIIETYyEMBIX
napameTpoB. IIpuyem cymmapHasi sHeprust AD yBeIn4yrBa-
€TCsl MPY MEHbBIIUX 3HAYEHUSIX BHEIITHUX Harpy30K.

OnucaHHas BbIlle 3aKOHOMEPHOCTb OOBSICHSIETCS YBe-
JIMYEHUEM KOJIMYecTBa 0oJjiee CIadbiX DJIEMEHTOB CTPYKTY-
pBI (TTOJIBIX MUKpOcdep), KOTOPHIe MPU TOCTKEHUU KpH-
TUYECKOIO CoIepKaHUsS B 00beMe MaTepuajia (GOpMHUPYIOT
rpaHuIly pasfena (a3 ¢ LHeMeHTHO-MUHEpPaJIbHON MaTpu-
11eii, He CIIOCOOHYIO CONPOTUBISITHCS BO3AECUCTBUSIM, aHa-
JIOTUYHBIM T€M, KOTOpblE HE MPUBOIAT K (DOPMUPOBAHUIO
TPEILIMH B COCTaBaX ¢ OOJbLIEH JOJAEH MIOTHBIX KOMIIOHEH-
ToB. TO ecTb KepaMuueckue MUKpochepbl, SIBISISICh UCKYC-
CTBEHHO BBEJICHHBIMU B COCTaB OeTOoHa AeheKTaMu CTPYK-
TYpHI, TIpU coaepkaHuu 6osee 40 00. %, HOpMUPYIOT ITepe-
HACBILIEHHYIO CTPYKTYpY W TPU TMPUIOKEHUU MEHBIINX
Harpy3okK CIIOCOOCTBYIOT WHTEHCUBHOMY OOpa3OBaHUIO
TPEUIUH U UX Pa3BUTHIO B Tesie OETOHA.

AHanu3 rpacMKoB Ha pucC. 4 TIO3BOJISIET UAEHTUDULIN-
poBaTh cTamuy AehopMaliy MaTepraa o MHTCHCUBHOCTH
yBeJIMUEeHUS S3HepTuu AD B TOUKax pe3Koro Ieperuda Kpu-
Boii. TakuM 0o0pa3oMm, WISl KaxkAOTo M3 COCTaBOB HAallAEHbBI
TOYKH, XapaKTePU3YyIOLIMe TPAHULLY TpeX cTanuii aeopma-
Mt (cM. Tabaumy Ha c. 42).

Ha ocHoBe aHanm3a JaHHBIX TaOJIULIBI U PUC. 4 MOXHO
cienaTh CACIYIONINE TIPEITOIOXKCHUST:

* HavajbHas ctaaus I xapakrepusyeT repBUYHBIE HedOop-
MallMu MaTepuaiia, CBSI3aHHbIE C Pa3pylIeHUEM CJIa0ObIX
CBSI3eil B CTPYKType. DTO MOTYT ObITh pa3pyllleHUs] Kak
OTIEIbHBIX YaCTULl MUKpOCchEp, TaK U HapyIIEHUE CIIETI-
JIEHUsI LIEMEHTHOTO KaMHsI B 30HE KOHTaKTa C HUMU.
IIpu 5TOM TSI TSKEIOTO BHICOKOITPOYHOTO GETOHA 3Ta
cramusi uMeeT Oosiee ITOJorMii Bua (Touka Iieperuda
HaOII0gaeTCs MpU AOCTVKEeHUH 43% OT MapoyHOi
MPOYHOCTU U 47% OT cyMMapHO 3Hepruu AD), 4To
CBSI3aHO C OTCYTCTBUEM XPYITKUX YaCTHILIL TTOJIOTO HATOJI-

HAY4HO-MexXHU4eCcKuil U npou3800CMEeHHbLI HCYPHAA

surface processing of the hollow filler by the nanosized ad-
ditives.

The calculation of the main components was carried out
in accordance to [18, 19] to achieve the desired average den-
sity of the concrete. The Portland cement CEM 1-42.5 R
(«Mordovcement») was used for preparation of test concrete
samples. The mineral part of concrete mixture includes sili-
ceous materials with different dispersion: quartz sand (frac-
tion 0.16—0.63 mm) consists of fraction 0.16—0.315 mm —
20—30% and fraction 0.315—0.63 mm — 70—80%, stone
powder was produced b y grinding quartz sand (specific sur-
face area is 700—800 m /kg) and microsilica MK-85 (parti-
cles size is less than 10°® m) where silicon dioxide SiO, is
more than 85%. Alumina-silicate hollow microspheres
«Inotek» were chosen as functional filler for lightweight con-
crete. Plasticizer «Melflux 1641F» on the basis of polycar-
boxylate produced by BASF Construction Polymers was used
to decrease W/C ration and improve mobility of concrete
mixture. The nanoscale additive «BisNanoActivus» [20]
based on sol of iron hydroxide and silicic acid is offered as an
adhesive. The chemical interaction is intensified by the pro-
posed modifier and provides formation of additional prod-
ucts of cement hydration in the contact zone.

In this paper the number of ultrasound pulses (N) and the
amplitude (4) were studied for the analysis of acoustic emis-
sion parameters of the samples of high-lightweight concrete
at the mechanical testing of compressive strength. The gen-
eral view of obtained primary data of acoustic emission is
shown in Fig. 3.

Fig. 3 shows that the character of the change in the num-
ber of AE signals and the total value of the amplitude have a
similar appearance. Three parts with different intensity of the
changes can be identified in the graph of the kinetics of N and
2 A. Intensive increment of values at short duration is ob-
served in the stage I. The stage II is described by the slow
change (close to static) in values for 80—85% of the total time
of the test; the gain of values for controlled parameters (N and
2A) has avalanche character in the final stage I11. Obviously,
this type of the curve for the N and 2A reflects the processes
of formation of defects in the structure of the material and
describes features of destruction when the loads is applied.
The analysis of the features and determination of the laws of
their changes must be carried out by using the indicator
which generalizes these two parameters (N and XA). The to-
tal energy of the acoustic emission E, i calculated by [21] can
be used as indicator:
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Puc. 4. NameHeHne aHeprum A nccnenyembix 6ETOHOB OT BEIMHUHbBI MPU-
JIOXEHHOW Harpy3ku npu I/ICﬂbITaHI/II/l Ha cxatume: 1 — TSKenblil BbICOKOMPOY-
Hblii GETOH, Pgp=2400 kr/m%; 2 — BblCOKOI‘IpOHHbIVI nerkuii 6eToH (BJ'IE)
Pcp=2000 Kr/M5 3-TOXe, pcp—1800 kr/M%; 4 - T0 e, Pep=1600 kr/Mm%; 5 — To
Xe, Pg,=1500 kr/m%; 6 — TO Xe, Pep=1400 Kr/M 7 —TO Xe, Pg,=1300 Kr/M

Fig. 4. The dependencies between AE energy and compressive load:
1 — heavy high-strength concrete, pav 2400 kg/m?; 2 - hlgh strength
I|ghtwe|ghtconcrete P4=2000 kg/m?3; 3 - same, pav—1800 kg/m*; 4 — same,
P,=1600 kg/m5; 5 — same, 0,,~1500 kg/m3 Zsame, p,,~1400 kg/m®:
7 — same, P,,=1300 kg/m?®
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HUTEJIST U, OYEBUIHO, C JIYYIINM CIETUIEHUEM LIeMEeHT-
HO-MUWHEPAJIIbHOM MaTPUIIbI C 36pHAMU T1€CKA YIJIOBATOMU
(opmbl. Ha aT0i1 cTanuu MaTtepua UCTILITHIBAET 3HAUM -
TeJbHbIE JedopMaliii 3a KOPOTKUIA MEepuoll BPEMEHH,
CBSI3aHHBIE CO CMEIIEHUEM D3JIEMEHTOB CTPYKTYphl B
CBsI3M ¢ 00pa30BaHMEM MOJIOCTEN (MUKPOIIOP) Ha MeCTe
pa3pylIeHHBIX MUKpOcdep;

* cranus 11 xapakrepusyeTcss aCUMIITOTUYECKHUM U3MEHEe-
HUeM sHepruu AD, TaK Ha3bIBa€MOM «30HOM HallEXKHO-
CTW», KOTJA MpU YBEJWYEHUU HArpy3Ku MaTepuan ae-
dopMupyeTcs He3HauuTeJabHO. Hambomblmas mpomoii-
KUTEIBHOCTh 3TOTO Mepuojaa OyneT HaOiomaTbCs y
Martepuaa, Tae HaIpsskeHUs, HaKaruiuBaeMble BCIIEI-
CTBUE TIPWIOXEHUN Harpy3kKu, paBHOMEPHO pacrpese-
JIAIOTCSL TI0 00BEMY, UTO MPUBOJAUT K 3aMEAJIEHHOMY
(opMupoBaHuio 1edeKTOB U pazBuTUIo TpeuiuH. K Ta-
KHWM COCTaBaM OTHOCSITCSI BBICOKOTIPOUHbIE JieTKue Oe-
TOHBI CO CpefHeil TioTHocThIo 1600—2000 kr/M3. To
€CThb COCTaBbl TAKOTo OETOHA CONEPXKAT MOCTATOUHOE
KOJIMYECTBO MUKpocdep Kak i GOpMUPOBAHUS IIPOU-
HOI 1IeMEHTHO-MMHEPATIbHOI 000JJ0UYKH BOKPYT MOJIOTO
HAIOJIHUTEJIS, TaK U J1JIsI pPABHOMEPHOTO pacIipeacieHUs
HaNpsDKEHU 1o moBepXxHocTy vyacTtull. [lpu ymeHblie-
HUU CpeAHEN TUTOTHOCTHU ITOJIble MUKpocdephl 00pasy-
0T KapKac ¢ 6IM3KOPACIIOIOKEHHBIMUA YaCTUIIaMU, YTO
MPETNATCTBYET BETBJACHUIO TPEIIMH W yMEHbIIAeT TOJ-
IIMHY MPOCIONKYU BSIKYIIETO;

» cranus I xapakTepu3syeTcst pe3KuM U3MEHEHUEM K1UHe-
TUKU BhImesleHnsT AD. UHTeHCMBHOE YBeIMUEHNE SHEP-
ruu AD CBSI3aHO C JIABUHOOOpPa3HBIM (POPMUPOBAHUEM
neeKTOB W HapyIIeHWEM CIUIOITHOCTU CTPYKTYpPHI.
BunHo, 4To 1151 BHICOKOTIPOUHBIX JIETKUX OETOHOB C CO-
JIepxaHrueM MUKpocdep He Oonee 18 Mac. % aTa cramust
HaYMHAETCsT TP MpWIoxkeHnn 73—89% ot paspyriraro-
e Harpy3ku win 6osiee 40 MITa. Takas 3akoHOMep-
HOCTb OOBSICHSIETCS IPOYHOCTHBIMU XapaKTEPUCTUKAMU
TTOJIOTO HAIOJIHUTENA. B MicciienoBaHUM MCTTONB3YIOTCS
Kepamuueckue Mukpochepbl, 90% KOTOPBIX CIIOCOGHBI
CONPOTHUBIISATLCSA Pa3pyLIEHUIO MPU CKUMAaloIlel Ha-
rpy3ke 6osee 35 MIla. To ecTb ¢ yyeToM IpPOYHOCTHU
LIEMEHTHO-MUHEPAJIbHOW MATPULILI MPHU YBEIUYEHUU
Harpy3ku 6osiee 40 MIla koauyecTBO pa3pyIIarOIIXCs
MHKpochep B cOCTaBe 6eTOHA HAUMHAET PE3KO YBETNIM-
BaTbcs. [Ipy 3TOM CKOPOCTh U3MEHEHMST 3aBUCUMOCTHU
(TaHreHC yrja HakJIoHa KpMBOW) Ha 3TOM CTaguu SIBJISI-
€TCSl XapaKTEPUCTUKOM JUIsI OLIEHKU XPYMKOCTU Pa3py-
IIEHUsI MaTepuaa.

Takum 00pa3oM, YCTaHOBJICHO, YTO 3HAYCHUS SHEPTUN
aKyCTUYECKON 3MUCCHH, YIUTHIBAIOIINE CYMMapHYIO aM-
TJTUTYY ¥ KOJIMYECTBO CUTHAJIOB, UMEIOT XOPOIIYIO KOppe-
JIAIUIO C MEXaHUYECKUMU CBOMCTBAMU MaTepuaia (puc. 5 u
Tabauua).

Hanpumep, y BBICOKOIIPOYHOTO TsIXesIoro 6eToHa, oba-
JTAIOIIEro HauOOJbIIeH MPOYHOCTHIO M3 MCCIIeMyeMbIX Ma-
TepuajoB, cymMmMapHas sHeprus AD pocturaer 1285 MIx,
a CHUXXeHUe npovyHocTu ¢ 95,5 no 51 MIla (3a cuer BBene-
HUSI TOJBIX MUKpOcGep) COMPOBOXIAETCS IPOIOPLIO-
HanbHBIM cHXeHueM EAD. IIpu ucneiTaHuu GETOHOB CO
cpelHell IoTHOCThIo 1300 Kr/M> 3TOT MapameTtp GoJbIIE,
4eM y 6eTOHa co cpelHeil INIOTHOCThIo 1600 Kr/M> TIpu Tex
K€ 3HaYEHMSIX Harpy3Ku, YTO CBUIETEIbCTBYET O HAIMUUU
Oosiee fepeKTHOI CTPYKTYphI U, KaK CAeACTBUE, 00Jee UH-
TEHCUBHOM NECTPYKLIAU.

Jns opMUpoOBaHUS IPOYHOI CTPYKTYPHI JIEFKOTO 6ETO-
Ha, HAIOJHEHHOTO TOJbIMU MUKpOCchepamMu, HEOOXOAUMO
copMHUpoBaTh YCIOBUSI ¢ HAaMMEHBIIMM BIUSTHUEM Jie-
CTPYKTUBHBIX (haKTOpPOB. TO ecTh MOBBIIIIEHNE MEeXaHW4e-
CKHX CBOMCTB BBICOKOIIPOYHBIX JIETKUX OETOHOB MOXET
OBITH JOCTUTHYTO 3a CYET CO3JAaHMs NPOYHOIO Kapkaca
MEXIy MUKPOYACTULAMM HAIOJHUTENSI U YCWJIEHUS MX
CLIETJICHUS C LIEMEHTHO-MHWHEPAJbHOM MaTpulieit. Takum

? PRI T E05Fl5]E  HayuHO-mMeXHUMeCKUll U nPOU3E00CMEEHHbLI HCYpHAN

Exe= ZMAIZ )

where N, is a number of AE signals at the i-th period of time;

A; is a value of amplitude at the i-th period of time.

The kinetics of acoustic emission energy were obtained
for concrete samples with different average density (1300—
2400 kg/m?) according to Table. Because the loading of the
samples during tests proceeds with uniform speed (0.6 MPa/
sec), the dependences between AE energy and load are of
most interest (Fig. 4).

Fig. 4 shows that increasing the content of the hollow
microspheres in the composition of heavy concrete in order
to reduce the average density leads to shift of the graph to the
region of smaller values: the strength of concrete and the total
AE energy is decreased. In this case the change of the type of
the curve is observed also. If the microspheres content (mass
fraction) in the concrete does not exceed 13%, then the
change in AE energy is of the similar character with three
expressed stages. The filling concrete mixture up to 22% (av-
erage concrete density is 1300 kg/m?) leads to the almost
linear dependence between studied parameters. The total AE
energy is increased at lower values of external loads.

The above described pattern can be explained by an in-
crease in the number of the weaker elements (hollow micro-
spheres) in the structure. These elements form the interface
phase boundary to the cement and mineral matrix which is
not able to resist the operational loads when the critical con-
tent in the bulk material is achieved. That is, the ceramic
microspheres being artificially introduced defects into the
concrete promote intensive formation and growth of cracks
in a supersaturated structure.

Analysis of the graphs in Fig. 4 allows to identify the de-
formation stages of the material by the intensity of increasing
acoustic emission energy in the inflection points. Thus, the
points describing the boundary of the three stages of defor-
mation for each of the compositions were found (Table).

The following assumptions were made based on the data
analysis in the Table and Fig. 4:

» The first stage I characterizes the initial deformations of
the material associated with the destruction of the weak
bonds in the structure. It may be the destruction of indi-
vidual particles of microspheres and debonding of the
cement stone with hollow filler in the contact zone. This
stage for the heavy fine-grained concrete is described
more acclivous view of a curved line on a graph (the in-
flection point is observed at 43% of the compressive
strength and 47% of the total AE energy). It is due to the
absence of the fragile particles of the hollow filler and the
best adhesive the cement-mineral matrix to the sand
grains with angular shape. On this stage the material is
exposed to considerable deformation in a short period of
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Fig. 5. The dependence of the AE energy from the average density of the

concrete: 1 — the end of stage I; 2 — the end of stage Il; 2 - the end of
stage lll
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KoopauHaTtbl Touek, COOTBETCTBYIOLMX TOUKam nepernda Ha rpaduke E,5=f(0),
XapakTepu3yloLuX rpaHuLLbl Pa3IYHbIX CTaAuii UCNbITaHUSA 00pasLoB
The coordinates of points corresponding to the inflection points on the graph E,;=f(0)
characterizing the limits of the various stages of the test of the samples

YcnoBHasa cTaams UCMbITaHUS
CpepHsisi The conditional stage of the test
MAOTHOCTb, Kr/M3
Average density KoHew | cTagnn Koweu Il ctagmmn Koweu Il ctagun
kg/m? ’ The end of stage | The end of stage Il The end of stage llI
XI YI XII YII XIII YIII
1300 9,2 145 25,5 370 37 860
0,25 0,17 0,69 0,43 1 1
1400 3,7 45 17,5 330 47 840
0,08 0,05 0,37 0,39 1 1
98 19 230 51 750
1500 0,14 0,13 0,31 1 1
13 285 51 620
1600 0,26 0,29 0,89 0,46 1 1
1800 145 225 445 335 _60_ 800
0,24 0,28 0,74 0,42 1 1
16 255 51,5 385 71,5 1015
2000 0,23 0,25 0,38 i 1
41 605 , 95,5 1285
2400 0,43 0,47 0,79 0,63 1 1
MpumeyaHue. X; — koopauHatbl Todek Ha rpaduke E, 5=f(0) no ocm abcumcc, COOTBETCTBYIOLUMX BeNUYMHe Harpysku, MMa;
Y, — koopamHaThbl Touek Ha rpaduke Ej»=f(G) MO OCM OpaMHAT, COOTBETCTBYIOWMX BenuumnHe aHeprum A3, 108 Ix; B umcnutene
ykasaHbl pakTnieckme 3Ha4eHns, COOTBETCTBYIOLLME Touke nepernba, B 3HameHaTesne — OTHOCUTESIbHOE 3HaYeHNE K MakCUMasibHOMY.
Notes: X; - the coordinates of points on the graph E,g=f(0) on the abscissa, corresponding to the load, MPa; Y; — the coordinates of
points on the graph E,z=f(0) on the ordinate, corresponding to the AE energy, 10°% J; the actual values in the graph are shown in the
numerator, the relative values in the graph are shown in the denominator.

00pazoM, MonuGUIIMPOBAHUE UCCIETYEMbIX COCTaBOB, Ha-
MpaBJieHHOEe Ha pellleHKre TUX 3a/1ad, TO3BOJUT YIYUIINUTh
MEXaHUYeCKre CBOMCTBA M KaK CJIECACTBUE, CHUBUTH JIe-
(beKTHOCTb CTPYKTYpPBI, MAEHTUDULIUPYEMON IO IHEPrUu
AD Ha pa3IMYHbIX CTAAMSIX TSI JIETKUX OETOHOB Pa3TMYHOM
CpelHel IUIOTHOCTH.

CHuxeHue neeKTHOCTH JIETKOro 6eTOHAa Ha KepaMuye-
CKMX MUKpochepax MOXKET ObITh JOCTUTHYTO 32 CUET MOJIU-
unMpoBaHMsST TTOBEPXHOCTU IIOJIOTO HAITOJHUTENST HaHO-
pa3MepHoii nobaskoit [19, 22, 23]. TlosTomMy akTyajibHOMI
SIBJISIETCS 33]a4a M0 MOMCKY METO/IOB OLIEHKH BIMSIHUS Ha-
HOMOAMGMUKATOPOB Ha CTPYKTYPY M CBOICTBA CTPOUTEIb-
HBIX MaTepuajioB, U BBICOKOIIPOUYHBIX JIETKMX OCTOHOB Ha
MOJIbIX MUKpOChepax B YaCTHOCTH.

Anamu3 3(p@GeKTUBHOCTA HAHOMOIU(PUIIPOBAHUS
CTPOUTENBHBIX MaTepUaJoB OIIEHWBAETCS MO KOCBEHHBLIM
rapaMeTpaM U OCHOBBIBA€TCSl HA U3BMEHEHUN KOHTPOJbHbBIX
Makporiokasarejeil, XapakTepusyloluux pe3yabTaT Mpeod-
pa3oBaHUsI CTPYKTYPHbI, HAIIPUMEP TMOBBIIIEHUE TJIOTHOCTU
1 COMPOBOXK/AIOLIEE €r0 MOBBILIEHUE TPOYHOCTU, MOPO30-
cToiikocTu U T. 1. [Tpr 3TOM TOTIOJTHUTETbHBIM MHCTPYMEH-
TOM HETOCPENCTBEHHO LISl UCCIeNOBAHS CTPYKTYPHI MaTe-
puaja BbICTYIaeT MUKPOCKOIIHS pa3IMYHbIX BUIOB.

B pabote uM3yueHO BAMSIHME KOMIUIEKCHOTO HaHOpa3-
MepHoro MoarduKaTopa Ha 1e(PeKTHOCTb BBICOKOTIPOYHBIX
JIETKUX OETOHOB Pa3IMYHOM TJIOTHOCTH (puc. 6).

BumHo, 4TO B 3aBUCUMOCTH OT CpeIHEl MIIOTHOCTH Ma-
Tepuaja KpuBas SHepruu AD cOCTaBOB OETOHA Ha IOJIBIX
MUKpochepax ¢ HaHOpa3MepHbIM MOAU(MUKATOPOM H3MeE-
HSIETCS HE TOJILKO TIO MOJIOKEHUIO TOUeK Meperuda, Ho U Mo
Buny. Tak, Ha puc. 6, @ MOXKHO OTMETUTb, UTO JIJISI COCTABOB
€O cpeHeii MIOTHOCTHIO Gonee 1500 kr/M? BIMsSHME HAHO-
MoaubUKaTopa MPOSIBIISIETCSI B MEHBIIIEH CTeTIeH!, a 3aBH-
cuMocThb E,5=f(0) 151 BBICOKOIIPOYHOTO JIETKOTO OeTOHA €
Pep=2000 KT/M°® TIOKa3bIBaeT oTpuLaTebHbli 3ddekT. To
€CTb TOUKU Meperuda KpuBoii, rjae Habo1aeTcsl pe3Koe U3-
MEHEHUE HaIpaBJeHMS, PACTIONIOXEHBI BhIIIE, YTO CBUJE-

time due to the displacement of the structural elements

and formation of voids (micropores) at the place of the

destroyed microspheres;

* The stage II is characterized by the asymptotic change of
acoustic emission energy (so-called «safety zone») when
material is deformed slightly during load increase. The
maximum of duration of this period will be observed in the
material where accumulated stresses are distributed in the
volume uniformly, which results delayed formation of de-
fects and the growth of cracks. Among such compositions
are high-strength lightweight concrete with an average
density of 1600—2000 kg/m?. This concrete contains suffi-
cient amounts of the microspheres to form the solid ce-
ment-mineral shell around the hollow filler and to uniform
stress distribution across the surface of the dispersed phase;

» The stage III is characterized by the rapid change in the
kinetics of acoustic emission. The intensive increase of
the acoustic emission energy is due to avalanche forma-
tion of defects and discontinuities in the material’s struc-
ture. It is seen that the stage III for high-strength light-
weight concrete containing microspheres in amount not
more than 18% by weight is begun when 73—89% of the
breaking load or more than 40 MPa. This pattern is due to
the strength characteristics of the hollow filler (90% of the
used microspheres are not collapsed at the pressure more
than 35 MPa). That is, number of collapsing micro-
spheres within the matrix begins to increase together with
increasing of the load, especially when load is beyond the
40 MPa. The rate of change (tangent of the slope angle of
the curve) corresponding to this stage is a characteristic
allows to assess the fragility of material.

It was also found that the values of the acoustic emission
energy (taking into account the total number of signals) and
amplitude have a good correlation with the mechanical prop-
erties of the material (Fig. 5 and Table).

For example, the total AE energy for fine-grained sand
concrete of maximal strength reaches 1285 MJ and is reduced
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PI/IC 6. 3aBuCMMOCTb aHeprun A3 BbICOKOI'IpO‘-IHbIX nerknx 6eTOHOB OT BENNYMHbI Harpysku npm I/ICI'IbITaHl/II/I Ha cxatue:

- npu cpeaHeit nnoTHocTy 1600-2000 kr/mS:

b - npu cpeaHeit nnoTHocTM 1300-1500 Kkr/mS:

1 — BbICOKOMPOYHbIV NEerkum 6eTOH Pep=1600 kr/m3; 2 - 1o >Ke pcp—1800 kr/m3; 3 - To >Ke Pcp=2000 Kkr/m3;
4 — HaHOMOANDULMPOBAHHBIN BblCOKOﬂpOHHbIVI nerkuii 6eToH, pcp—1600 kr/m%; 5 =10 e, Ocp —1800 kr/mS;

- TO Xe, pcp—2000 Kkr/m;

1 —BbICOKOMPOYHbIA NIErKNIA GeTOH Pcp=1500 KI'/M 2-T0 >Ke pcp—14OO kr/m%; 3 =0 )Ke Pep=1300 kr/mS;

4 — HaHOMOANGDULMPOBAHHBIN BbICOKOMPOYHbIA Nerknii 6eToH, pcp—1500 kr/m3; 5 =10 xe, pcp—1400 kr/m3; 6 — TO Xe, pcp—1300 kr/m3
Fig. 6. The dependence between AE energy of the high-strength lightweight concrete and compresswe load (p,, — average densﬂy)

a - average density is 1600-2000 kg/m?:

1 — high-strength lightweight concrete 0a=1600 kg/m?; 2 - same, 0,,=1800 kg/m?; 3 —-same, 0,,=2000 kg/m?;

4 — nanomodified high-strength lightweight concrete, p,,=1600 kg/m?%; 5 —same, 04, ~=1800 kg/m 6 — same, p,,=2000 kg/m
b - average density is 1300-1500 kg/m3: 1 — high-strength lightweight concrete Pa=1500 kg/m*; 2"~ same, Pav=1400 kg/m3; 3 same, 0,,=1300 kg/m?;

4 — nanomodified high-strength lightweight concrete, p,,=1500 kg/m%; 5 — same, 0,,~=1400 kg/m?;

TEJBbCTBYET O BBHICOKMX 3HAUEHMSIX SHEPIUM AD, a 3HAYUT,
BBICOKOI Ie(heKTHOCTU OeTOHA YK€ Ha MepBOii CTaluU pa3-
pYLIEHUSI. DTO OOBSACHSETCS TEM, YTO TOJIbIe MUKPOCHEPHI
pacripelieieHbl TI0 00beMy Ha 3HAUUTEIBHOM PAaCcCTOSTHUU
JIPYT OT ApYyra W 3a CYeT UX MEHBIIEH M0 CpaBHEHUIO C Iie-
MEHTHBIM KaMHEeM TTPOYHOCTH M BBICOKOI XPYIKOCTHU CIIO-
COOCTBYIOT KOHUEHTpAIlMM HaNpsKeHUiT Ha TpaHUle pa3-
nena (asz. B Takux ycioBMSIX TpU HE3HAUUTENbHBIX HArpy3-
Kax, Aaxe B MPUCYTCTBUM HAHOPa3MepPHOro MoaudukaTopa,
MIPOMCXOIUT pa3pyllieHrue YacTUI] TOJIOTO HAITOJHUTENS,
KOTOpO€ MPUBOAUT K TEpepacrpene/ieHUI0 U pejlakcaluu
HanpsokK€HWIA M HE COMPOBOXIAETCS MOTEpei MPOYHOCTHU
(puc. 7), HO OTpaxkaeTcs Ha KpUBOM dHEPruu AD cMelleH -
€M I10 BEPTUKAJIbHOM OCH.

MOXHO 3aKJII0UMTb, UYTO BBENEHME MOJIbIX MUKpOCchep B
KosmdecTBe He OoJiee 13% 1o Macce npegonpenensier Gpop-
MHPOBAaHKME CTPYKTYPBI, TJ¢ YACTUIIHI TOJIOTO HATIOJTHUTEIISI
SIBJISTIOTCSI Ie(DeKTaMU CTPYKTYPBI M HECYT BKJIaIl B TPOTEKa-
HME IeCTPYKTUBHBIX ITPOLIECCOB OOJIBIIIE, YEM MOJTOKUTEb-
HbII 3(peKT OT nmepepacrpeaesieHus HAMPsDKeHU. A BIIA-
sIHUE HaHOpa3MepHoro moaudukaropa (puc. 8) o4eBUIHO
MIPONOPLIMOHANIEHO TUTOIIAAN TTOBEPXHOCTH YaCTULL MUKPO-
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m MEJIKO3EPHIUCTLIN NecyaHblii 6eTOH
fine-grained sand concrete
m BbICOKOMPOYHbIA nerkuid 6eToH
high-strength lightweight concrete
u HAHOMOANULIMPOBAHHbI BHICOKOMPOUHbIA Nerkuii 6eToH
nanomodified high-strength lightweight concrete
Puc. 7. BnangHne HaHoOpa3MepHOro mogndukatopa Ha npeaen npo4yHOCTU
NpW CXaTnK BbICOKONPOYHBIX NIErKnX 6ETOHOB

Fig. 7. The influence of the nanoscale modifier to the compressive strength of
high-strength lightweight concrete

3; 6 — same, p,,=1300 kg/m?

proportionally when the strength is reduced from 95.5 to
51.0 MPa (due to the introduction of hollow microspheres).
Same parameter for lightweight concrete with average den-
sity of 1300 kg/m? is higher than for lightweight concrete with
average density 1600 kg/m? under the same load values. The
latter is due to the defectiveness of structure and more intense
degradation of the material under the load.

Formation of the sound structure of lightweight concrete
with hollow microspheres is associated with the emerging
conditions for the least influence of destructive factors.
Improving the mechanical properties of high-strength light-
weight concrete can be achieved by creating a strong frame-
work between the filler microparticles and strengthening of
contact between microspheres and cement-mineral matrix.
Thus, modification of the studied compositions for this task
will improve mechanical properties and reduce structural
defects identified by the AE energy at different stages for
lightweight concrete with different average density.

Reduction of defects in lightweight concrete with ceramic
microspheres can be achieved by surface modification of the
hollow filler by nanoscale additive [19, 22, 23]. Therefore,
the actual task is to find methods to assess the impact of
nanomodifiers to the structure and properties of building
materials and, in particular, high-strength lightweight con-
crete with hollow microspheres.

For the building materials, the efficiency of nanomodifi-
cation can be estimated by indirect parameters based on the
changes of macro-scale indicators that characterize the net
result of structural transformations such as increasing the
density, strength or hardness. Microscopy of various kinds
was used as an additional tool during examination of materi-
al’s structure. In this paper the impact of complex nanoscale
modifier on the defectiveness of high-strength lightweight
concrete with different densities is studied (Fig. 6).

As it can be seen from the above figures, for the concretes
with nanomodified hollow microspheres both the general ap-
pearance of the AE energy curve and positions of the curvature
points are changing for the materials of different densities. It
can be noted (Fig. 6, a) that effect of the nanomodifier is ex-
pressed to the less extent for the concrete composition with
average density more than 1500 kg/m moreover, the rela-
tionship Eg fgo) for high-strength hghtwelght concrete with

=2000 kg/m- shows negative effect. This is due to the fact
that the hollow microspheres are distributed over the volume at
a considerable distance from each other. This leads to stress
concentrations at the boundary interface due to the lesser
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chep, K KOTOpOI/I OHU TIpuBHUTHL. Ilpm mioTHOCTM GeTOHA
Gonee 1600 kr/M> cyMMapHOil IIOIIAAM TOBEPXHOCTU MU-
Kpocdep sIBAsIeTCS] HEAOCTATOYHBIM sl (DOpMUPOBAHUS
MJIOTHOTO KOHTaKTa Ha rpaHulle pasjesa ¢ha3 u3 mpoaykToB
B3aUMOJIEHCTBUSI HAaHOMO M (UKATOpa C LIEMEHTOM U 00pa-
3YIOIIUXCST B TPOIIECCEe €r0 TMApaTallii COSTUHEHWIA: 13-
MEHeHUe Tpejiesia MPOYHOCTH MPHY CKATUU TI0 CPABHEHUIO C
KOHTPOJIbHBIMU COCTaBaMu 0e3 HaHoOMoaudpukKaTtopa co-
craBiseT He 6ojiee 8—10% (puc. 8).

[Ipu yBenuyeHUU conepKaHus MOJbIX MUKpochep 6o-
nee 15,6 mac. % nmis o6ecnequm{ CpeJHeil TUIOTHOCTH
nerkoro GetoHa MeHee 1500 kr/m® u3MeHeHWe KpHBOii
9Hepruu AD OT BEeIMYMHBI Harpy3kKu MMeeT Oojiee Cylie-
CTBEHHBIH xapakTep. Ha puc. 6, b BugHoO, 4T0 BUA rpaduka
ynk1Mu E,5=f(0) BHICOKOIIPOYHOTO JIETKOIO OETOHA 13-
MEHSIETCSI C MPSIMOJIMHEHHOTO 0e3 SPKO BbIpaKE€HHBIX TO-
yek nepernda Ha MpOTHUBOTIONIOXHbBIN C OTYETIMBO BbIIEIISI-
€MBIMU CTaausSIMU, XapaKTePHBIN UIsI 6ETOHOB, MPUTOTOB-
JICHHBIX C WCIIOJIb30BaHMEM HaHOMOIUGMUIIMPOBAHHBIX
mukpocdep. Hanbosnee mokazaTeIbHBIMM B 3TOM CJIyyae
SIBJISIIOTCSI COCTaBLI 0eToHa co cpenHeil mnoTHoCcThIo 1400 1
1500 kr/m>. BUIHO, UTO KMHETUKA 3HEPIUU AD KOHTPOb-
HBIX COCTABOB BHICOKOITPOYHOTO JIEFKOTO OETOHA OTJIMYAeT-
¢Sl MOHOTOHHBIM TeUEHHEM: MPOLIeCC BOSHUKHOBEHMUS Jie-
(GEKTOB, PETUCTPUPYEMBIX MO AD, IPOTEKAET IPOMOPIINO-
HaJIbHO CKOPOCTU HarpyxeHus. [1pu 3ToM OTAMYUMBIE TSI
HeMOIMGMULIMPOBAHHBIX COCTABOB OOJIbIIEH TJIOTHOCTH
TPU CTaAUU JeCTPYKLMU (puc. 6, @) Ha puc. 6, 6 He UIEHTH-
¢uimpyoTcss ogHO3HAYHO. TO €cTh TpU HAIOJHEHUU Oe-
TOHa MUKpocdepamu B KonmmdecTBe 15,6 m 18,5 mac. %
MPOUCXOIUT (hOPMUPOBAHNE CTPYKTYPHI, KOTOPAs MPH BO3-
NEWCTBMU AKCITTyaTallMOHHBIX HArPY30K HE MMEET TaK Ha-
3bIBAEMOI «30HBI HAAEXKHOCTH», YTO AaXe MPU HaIU4YUU
BBICOKOI MapOUYHOI TPOYHOCTU MOXKET CBUIETEILCTBOBATh
O HM3KOW COIPOTHUBISIEMOCTH OETOHA TMHAMUUYECKUM Ha-
rpy3KaMm MeHblliel BenunHbl. Pa3pyiiieHue Takoro 6eToHa
MMeeT JaBUHHBIN, B3PBIBHOM XapakTep, MPUCYIIUN XPYII-
KWUM MaTepuayiaM, 4To SIBJIIeTCS CYIIeCTBEHHBIM HelOCTaT-
KOM JIJ1s1 BOBMOKHOCTH paclIupeHust 00JacTy IPpUMeHEHUsT
Takoro GeToHa.

OmHako TIPOTUBOIIOJIOXHAS AUHAMMKA CKJIAIbIBAETCS
MPU aHAJIM3e TIOJIYYeHHBIX TAHHBIX O COCTaBaX HAHOMOIU-
(ULIMPOBAaHHOTO BBICOKOIIPOYHOTO JieTKoro OeroHa. Ha
puc. 8 BUAHO, YTO IPUMEHEHNE KOMITJIEKCHOTO HAaHOMOJIM -
¢uKkaTopa Ha MOBEPXHOCTU KepaMUUECKHX MUKpochep Mo-
3BOJISIET MMOBBICUTH MPOYHOCTh JIETKOT0 OETOHA MPOMOPLIMO-
HaJIbHO KOJIMYECTBY I0JI0TO HanojHuTess. [Ipupoct rpoy-
HOCTM Yy TakKuX cocTaBoB cocrtaBisier 11—19%, urto
OOBSICHSIETCSI YIIPOYHEHUEM 30HBI KOHTAKTa BSIKYIEee—
nucnepcHas ¢asa. B cocraBax BbICOKOHpO‘iHOFO JIETKOT'O
GeToHa cpenHel IoTHocThio 1300—1500 kr/M> MuKpocde-
Pl TIOMUMO TPSIMOTO (PYHKIIMOHAJIBLHOTO Ha3HAYEHUS IO
o0JieryeHn0 6€TOHA BHICTYMAIOT B BUJIE HOCUTEJISI XUMUYE-
CKU aKTHBHOTO areHTa, paBHOMEPHO pacIpeiesIeHHOTO TT0
00BbeMy. DTO MO3BOJISIET CO3aTh YCIOBUS IUISI MAKCUMAIThb-
HOTO B3aMMOJEHCTBUSI KOMIIOHEHTOB OETOHHON CMecU W
HaHOpa3MepHOro MoauduKaropa 1, Kak cjieACTBUE, YILIOT-
HUTb IpaHUILly pa3nena ¢a3, oopa3ysl MPOUHbIN KapKac Mo
Bcemy 00beMy. Takoe BiaussHue HAaHOMOIU(UKATOpa CKa3bl-
BaeTCd M Ha XapakTepe paspyllieHUs] MaTepuaia Ipu Mpu-
JIOXKEHUW BHENIHEeN Harpy3ku. Ha puc. 6, b BUmHO, 4TO Ha
rpa¢uke 3Heprum AD OTUETIMBO UIECHTU(PULUPYIOTCS
Y4YaCTKU C pa3IMuHOi (TpU CTamuu) KMHETUKOM. Tak, cra-
st [, korna MHTEHCUBHOMY, HO KOPOTKOMY TIO IMPOIOJIKM -
TeJIbHOCTU Pa3pyLIEHUIO MOJBEPraloTcsi HauboJsee ciadbie
3JIEMEHTHI CTPYKTYpPHI, cocTasisieT 10—13% ot ob1weit mpo-
nosskutelbHOCTH 1 20% oT 06111eii sHeprun AD. DTO CBUIE-
TEJIBCTBYET, C OMHOM CTOPOHBI, O HE3HAUUTEIBHOM KOJMYe-
CTBE CJIa0bIX 2JIEMEHTOB CTPYKTYPbI, CBSI3aHHOM B TEPBYIO
ouepenb CO CBOMCTBAMU TOJIOTO HAMOJHUTENS, a C APYyTroi
CTOPOHBI — 00 OIHOPOJHOCTU CTPYKTYPbl, U3BMEHEHUS B
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Fig. 8. The relative change in the compressive strength of high-strength
lightweight concrete with nanomodifier

strength and high friability of filler compared to the cement
stone. In these conditions at low loads the disruption of hollow
filler particles occures even in the presence of nanomodifier
that leads to the redistribution and relaxation of the stress and
preservation of the strength (Fig. 7), but still does not lead to
displacement of AE energy curve along the vertical axis.

It can be concluded that the introduction of hollow mi-
crospheres in an amount not more than 13% by mass pro-
motes to formation of structure where the hollow filler parti-
cles act as structural defects and contribute to the destructive
processes more than the to the positive effect of stress redis-
tribution. Obviously, the positive impact of nanoscale modi-
fier (Fig. 8) is proportional to the surface area of the micro-
sphere particles. The gain of the strength of nanomodified
high-strength hghtwelght concrete with average density more
than 1600 kg/m? does not exceed 8—10% (Fig. 8) due to
drawback of surface area of the microspheres to form a dense
contact at the interface by interaction the nanomodifier with
cement and hydration products.

Changing the character of curve of AE energy is more
significant for high- hghtwelght concrete with average density
less than 1500 kg/m? (content of hollow microspheres more
than 15.6% by weight). Fig. 6, b shows that the type of the
graph E,g=f(0) for these concretes is transformed from the
straight line (without expressed inflection points) to the cur-
vilinear type with clearly identifiable stages. The most signifi-
cant are concrete compositions with an average density 1400
and 1500 kg/m>. The kinetics of AE energy for the reference

compositions of high-strength lightweight concrete is char-
acterized by monotony when the processes of occurrence of
defects detected by AE proceed in proportion to the rate of
loading At the same time three stages of destruction are dis-
tinguishable for unmodified concrete composmons with av-
erage density more than 1600 kg/m? (Fig. 6, a), but it is not
identified clearly in Fig. 6, b where the dependences for
concretes with lower density are shown. That is, the concrete
containing the microspheres in an amount of 15.6 and 18.5%
by weight has a structure which is destroyed without so-called
“security zone” when exposed to operational loads. This is
indicative of a low resistance to dynamic loads in spite of the
high strength of concrete. The destruction of this concrete
has avalanche and explosive character inherent to fragile ma-
terials that is a significant disadvantage of such concrete.

However, the opposite dynamic is observed in the analy-
sis of the data obtained for compositions of the nanomodi-
fied high-strength lightweight concrete. Fig. 8§ shows that
the application of complex nanomodifier on the surface of
ceramic microspheres allows to increase the strength of
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koTopoit Ha 80% TmpoTeKaloT MO OOIIeMy TPUHIIUIY.
HcknoueHreM sIBasieTCss HAHOMOAMMDUIIMPOBAHHBIN BbICO-
KOHpO‘{HbII/I JIETKUIA OETOH €O CcpeAHell IJIOTHOCTBIO
1300 kr/m>. Cramus 11, NpoaoXuTeIbHOCTh KOTOPOi CO-
crapister 50—70% ot 06Luero BpeMEHU HarpyKeHUsl, CO-
TTPOBOXIAETCS aCUMITTOTMUECKUM XapaKTepOM BBIICICHUS
AD; cyMMapHast 9Heprus, BhIIEISIONIAsCcsa Ha 3TOU CTaauu,
cocrapisiet He Gonee 10—15%. To ecTb necTpyKiiust HAaHO-
MOAUGbUIIMPOBAHHBIX BLICOKOTIPOYHBIX JIETKUX OETOHOB Ha
9TON CTaJuu TPOTEeKaeT C HauMeHblleil sHeprueit AD.
MoXHO cenarb 3aKjIl0YeHre O TOM, YTO OCHOBHbIE HAKO-
mieHus AeheKTOB U pa3pylIeHUe MaTepuraia, COlpoBoXaa-
o1eecs BbiaeeHueM 65—70% sHeprun AD, IPOTEKaOT Ha
KoHeuyHoM ctaguu 111 mpu BBICOKMX 3HAUEHUSIX HArpy3Ku.
DTO XapakTepusyeT CTPYKTYpy Marepuaja KakK BbICOKO-
MPOYHYI0, CIIOCOOHYIO COMPOTUBIISITHCS KaK CTATUYECKOMY,
TaK U AMHAMUYECKOMY HarpyxxeHuto. Takum obpaszoM, npu-
MEHEHUE KOMILJIEKCHOTO HAaHOPa3MepHOro Moaudukaropa,
obecIeunBaIero GyHKIINIO IEPEXOTHOTO CJIOST, OKa3biBa-
€T BJUSHHWE HEe TOJBKO Ha KOJWYECTBEHHbIE 3HAUYCHUS
MPOYHOCTHBIX CBOMCTB, HO U U3MEHSIET XapaKTep AeCTPYK-
LIMM TIPU BO3AEMCTBUM BHEIIHEN Harpy3ku. DTo 00yC/IOB-
JIUBAET TIOBBIIIEHUE HAAEXKHOCTU HaHOMOAUGDUIIMPOBAH-
HOT'O BBICOKOMIPOYHOTO JIETKOTO OETOHA MO CPAaBHEHUIO C
cocTaBamMm 0e3 KOMITJIEKCHOTO HaHOPa3MEepHOTO MOIubu-
KaTopa M obOecreurBaeT BO3MOXHOCTh MOTEHIIMAIbHOIO
MCIMOJIb30BaHMS TAKOTO MaTepuaia JUisl OTBETCTBEHHBIX U3-
JICJIMIA 1 KOHCTPYKIIUMA.

3akmouenne. Ha ocHOBe mpoBeleHHBIX MCCIETOBAHWIA
MOXKHO CJIeJIaTh BBIBO/I, UYTO BEJIMUMHA SHEPTUU AD, YIUThI-
BaoIlasl CyMMapHOe KOJMYECTBO CHTHAJIOB W BEJIMYMHY
aMILIATYObL AD, IBIsIeTCS UH(POPMATUBHBIM TOTIOJTHUTEIb-
HBIM KPUTEPHUEM JUISI OLIEHKU CTPYKTYPhI BHICOKOITPOUYHBIX
JIETKUX OETOHOB Ha MOJBIX MUKpochepax, MO3BOISIOMNUM
aHaJIM3UPOBATh HE TOJbKO KOJMYECTBEHHbIE, HO U Kaue-
CTBEHHbIE xapakTepucTuku. [lokazaHO, YTO KUHETUKY
SHEPIUM aKyCTUYECKOM SMUCCUU HCCIIeTyeMbIX OSTOHOB
MOXHO OXapaKTepu30BaTh TPEMs CTAAMSIMU, OTIMYAIOIIN-
MHUCS TI0 MWHTEHCUBHOCTM U TPOAOJIKUTEIbHOCTH.
YcraHOBJIEHO, YTO BBEIEHUE MOJIBIX KEPAMUYECKUX MUKPO-
cdep B MEJIKO3epHUCTHIN TMecYaHblil OETOH A0 omnpeneeH-
Horo Tipenena (He 6onee 18 Mac. %) opMUPYET CTPYKTYPY
¢ 6oJ1ee TPOMOIIKUTENIEHON «30HOM HaIeXKHOCTU» — CTal-
eif, KoTa Ipy yBeJIMYEHUM Harpy3Ku sHeprus AD U3MeHsI-
€TCSl ¢ HaMMeHblell MHTEHCHMBHOCTHIO. IlpomoskuTenb-
HOCTb 3TOM CTaAuu 3aBUCUT OT MEXaHUYECKHX CBOMCTB ca-
MOTO JIETKOTO HAMOJHUTENSI, LIEMEHTHO-MUHEPaIbHOMI
MaTpHUIlbl U CWJIBI MX B3aMMHOTO cueruieHus. CHUXeHue
Ne(eKTHOCTY CTPYKTYPbI BBICOKOITPOUYHOTO JIETKOTO 6eTOHA
¢ OOJIBIIIMM CoAepXaHUEM IIOJIBIX MUKpOochep MOXET ObITh
JIOCTUTHYTO 3a CYeT MOAMGDUIIMPOBAHUS €T0 CTPYKTYPhI, Ha-
MpaBJIeHHOTO Ha pellleHUe 3aJa4u 10 CO3AaHUI0 TTPOYHOTO
Kapkaca MeXOy MUKPOYacCTULIAMU HAITOJTHUTENS U yCUIIe-
HMUIO aJire3uu Ha rpaHulle pasaesna das.

AHanu3 necTpyKlIMu HaHOMOAUGUIIMPOBAHHBIX BBICO-
KOTIPOYHBIX JIETKUX OETOHOB METOJIOM aKyCTUUECKOM IMUC-
CHM TIO3BOJISIET YCTAHOBUTh 3aKOHOMEPHOCTHU Tpeodpaso-
BaHUSI CTPYKTYpPbI NPU MCIOJb30BAHUM HAHOPA3MEPHOTO
MoaubuKaTopa U OMNpeNeJUTh TPaHUYHbIe 3HAYCHUS IS
(opMupoBaHus yca0BU HAUMeHbLIEH AeheKTHOCTUA MaTe-
puasa. YCTaHOBJIEHO, YTO UcciieyeMast MeToarKa Moaudu-
LIMPOBAaHMS TIOBEPXHOCTHU AUCIIEPCHOM (ha3bl HAaHOpa3Mep-
HOI1 100aBKOI1 CIOCOOCTBYET U3MEHEHUIO KMHETUKU SHEP-
run AD, xapakTepusylolleii 0Co0eHHOCTU (DOPMUPOBAHUS
nedexktoB B cTpykrype. [TokazaHo, 4To HaubONbIIMI -
(dexT or TIPUMEHEHHS Moam’anaTopa Ha6moz[aeTcsl B CO-
CTaBax Co cpesHeil MIOTHOCTLIO MeHee 1500 kr/M° 1 BbIpa-
JKaeTcsl Kak B YBEJIMYEHUM OTHOCHUTEIBHOTO M3MEHEHMS
npenaesa NpoOYHOCTH TIPU CKaTUM, TaK U TTapaMeTpoB AD.

[TapameTpbl AD MOTYT ObITh 3(HEKTUBHBIM METOJIOM JLJTISI
MCCIIE0BAHUS BIMSIHUSI HAHOPa3MEPHBIX 100aBOK Ha CTPYK-

]

lightweight concrete in proportion to the number of hollow
filler. The gain of strength in these compositions is 11—-19%
that is explained by hardening of the contact zone binder—
dispersed phase. Microspheres facilitating concrete compo-
sitions with average density of 1300—1500 kg/m? also per-
form the function of a carrier of reactive agent which is
uniformly distributed in volume. This makes it possible to
create the conditions for maximum interaction of the com-
ponents of the concrete mix with nanoscale modifier and to
seal the phase boundary for forming the solid framework in
the volume. Such influence of nanomodifier also affects the
character of the destruction of the material upon applica-
tion of an external load. Zone with different kinetics of AE
energy (three stages) is clearly identified on graphs for
nanomodified high strength lightweight concrete (Fig. 6, b).
Thus the stage I lasts for 10—13% of the total time and is
accompanied by the release of 20% of the total AE energy.
It evidences about the small amount of weak structural ele-
ments on one hand and the uniformity of structure which is
changed by the general principle on the other hand.
Nanomodified high-strength lightweight concrete with the
lowest average density (p,,=1300 kg/m?) is an exception.
Stage II is accompanied by asymptotic character of the
acoustic emission: the duration is 50—70% of the total load-
ing time and the energy is not more than 10—15% of the
total AE energy. That is, the destruction of the nanomodi-
fied high-strength lightweight concrete at this stage takes
place with the lowest AE energy. It can be concluded that
the main accumulation of defects and degradation of the
material occur at the end of stage 111 at high load and is ac-
companied by the release of 65—70% of energy AE. That is,
the structure of the material is of high strength and is able to
resist both static and dynamic loads. Using of complex na-
noscale modifier affects not only the strength properties but
also changes the character of degradation under the influ-
ence of external load. This causes an increase in the reli-
ability of nanomodified high-strength lightweight concrete
compared with compositions without complex nanoscale
modifier and provides the potential of use of such material
for critical structures.

Conclusion. The results of this study have shown that the
value of AE energy, including total number of signals and the
amplitude of acoustic emission, is an additional informative
criterion that helps evaluation of the qualitative and quantita-
tive structural characteristics of high-strength lightweight
concrete with hollow microspheres. Kinetics of acoustic
emission energy of the studied concrete is divided into three
stages with different intensity and duration. When content of
hollow microspheres in fine-grained sand concrete is not
more than 18% by weight, the structure with a longer “safety
stage” is formed and AE energy is changing with the lowest
intensity under increasing load. The duration of this stage
depends on the mechanical properties of lightweight aggre-
gate, cement and mineral matrix and also on cohesion forces
between them.

Analysis of the nanomodified high-strength lightweight
concrete destruction process by acoustic emission method
allows to determine the dependences of structural conversion
when nanoscale modifier is used and to find the limiting val-
ues that correspond to the emerging conditions for smallest
defectiveness of material. The studied modification method
of the filler surface by the nanoscale additive alters the kinet-
ics of AE energy; thus, alteration of the defects’ distribution
and material’s structure takes place. It was shown that the
greater effect is achleved for concrete with average density
less than 1500 kg/m? and it is expressed in an increase of the
relative changes of the compressive strength and the duration
of “safety stage”.

Parameters of acoustic emission can be effective indica-
tors during examination of the impact of nanoscale additives
on the structure and properties of construction materials. The
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W3yyeHue cTaTMCTUYECKON YCTOMYMBOCTU Pe3ynbTaToB
(ppakTanbHOro MOAENMPOBAHUA HA NpPUMEpPE CTPYKTYPbI
HaHoMmoauchULUUPOBaAHHOrO OETOHA

lpeAcTasneHbl pesynbraTbl MCCREA0BaHUIA NO BAUAHUIO YBENNYEHNS 3N1IEKTPOHHOrO MUKPOCKONA HA OCHOBHbIE OpaKTaNbHble XapakTepucTuKL
MUKPOCTPYKTYPbl HAHOMOAMMLUMPOBaHHOrO 6eToHa (HB). M13y4eHbl 06pa3Libl 6eTOHA C HAHOMOAMMUKATOPAMU, NONYYEHHbIMU YNLTPA3BYKOBbIM
naucnepruposaHnem B BoaHoi cpefe MAB. C nomoLLbto KOMNbIOTEPHOI NporpaMmbl ImageJ coBMecTHO ¢ nnaruHom FracLac onpefeneHsl qpakTanbHas
pa3mMepHOCTb W NakKyHapHOCTb. BbinonHeHa 06paboTka nonyyeHHbIX BbIGopok B MS EXCEL. AHanu3 nokasan MHBapUaHTHOCTb (DPaKTanbHoI
Pa3MePHOCTU W BbICOKYID N3MEHYMBOCTb JTAKYHAPHOCTY NO OTHOLLEHUIO K YBENTMYEHNIO POTOCHUMKOB CTPYKTYPbl HAHOMOAN(ULMPOBAHHOIO 6ETOHA.
CdhopmynupoBaH BbIBOZ 0 LieNIeco06pa3HoCT NPUMEHEHUA MYNIbTUCIPAKTANBHOIO aHau3a.
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Study of Statistical Stability of the Results of Fractal Modeling by the Example of Nano-Modified Concrete Structure

The paper describes the study of the effect of electron microscope magnification when photographing nano-modified material microstructure (NM) on the main fractal characteristics.
The NM samples with several nano-modifiers (metakaolin, biosiliphycated nanotubes, titanium dioxide) were investigated. The objective of the study is to estimate the main statistical
characteristics of the results of fractal modeling when changing the magnification of material microstructure images. The pictures of microstructures with different magnification, repre-
senting a wide range of values, were taken for the enumerated nano-modifiers. Then using the computer programme ImageJ and the plugin FracLac, the fractal dimension and lacunarity
were determined for each picture. After that the samples were processing in MS EXCEL. The spot means, variances, mean-square deviations and coefficients of variation were detected.

The analysis showed the invariance of fractal dimension and lacunarity of high variability regarding the magnification of material microstructure images.

Keywords: nano-modified material, microstructure, fractal characteristics.

B cratbe [1] ObLT mpemIoxXeH MOAXOd K IIPUMEHEHUIO
¢dpakTaJbHOTO MOJEIVMPOBAHUS JUISI TTapaMeTpUUeCKOi
ONTUMU3ALMKU HaHOMoaubuuupoBaHHoro 6eroHa (HB).
B kadecTBe 1eeBON (DYHKIIMKM TPUHUMAJICS TIPEAe]T IpoY-
HoCTU OeToHa mpu cxatuu. [lonck codyeTaHuss 3HaAYCHUI
YIPaBISIONIMX (HAaKTOPOB, COOTBETCTBYIOIIETO MAKCUMYMY
npenesa MPOYHOCTU, OCYILECTBIISIICSI METOAOM pPerpeccu-
OHHOIM KBaJpaTUYHOMN amIpOKCUMAIIUM, TPEUIOKEHHBIM
paHee omHUM U3 aBTOpOB [2, 3]. dpakTanbHBIE XapaKTepH-
CTUKM CTpyKTypsl HB mpum 3TOM BKIIOYanuch B COCTaB
yrpaBisommx (HakTopoB. B aTom ciydyae, corjmacHO KOH-
LIETIIMY METO/a, U3MEHYMBOCTh ITUX XapaKTePUCTUK JOJIK-
Ha ObITb 3HAYUTEJLHO HUXKE, YEM CTaTUCTUYeCKasi U3MEH-
YUBOCTH 1ieJIeBoii (hyHKIIMU. B HacTosiel cTaThe OCHOBHOE
BHUMaHME YIEISAIOCH YBeIMYeHUIO TIpu (ororpacdupoBa-
HUU, T. €. TIPEANPOLIECCOPHOMY MTapaMeTpy MO OTHOIIEHUIO
K ¢dpakTarbHOMY MoaeanpoBaHuio. OOBEKTOM MCClIeI0Ba-
HUS SBJISUICS OETOH C BKJIIOUEHHBIMU B €70 COCTaB Pa3jiny-
HbIMU HaHoMmomudukaTtopamu (HM). IIpenmerom mccie-
NIOBaHMSI BBICTYNAJIM HEKOTOPbIe hpakTalbHbIe XapaKTepH-
CTUKM M yBeJnueHUue Npu (poTtorpacdupoBaHUU CTPYKTYpHI
Marepualia 3JIeKTPOHHBIM MUKPOCKOIOM. MaccoBoe cooT-
HOIIIEHWE LIEMEHTa U TecKa, BOAOIIEMEHTHOE OTHOIICHME,
conepxanue HM u npyrue dusnyeckue BXOOAHbIE (DaKTOPBI
CHUCTEMbI MIPUHUMAJIMCh OJWHAKOBBIMU IJIs1 pasHbiX HM.
B kauecTBe (hU3MUECKOTO BHIXOJA CUCTEMBI pacCCMaTPUBAJI-
csl TIpefiel MPOYHOCTU TIPU CKaTUU U1 OETOHHOM cMecH,
TBepaeBiIeil B TeueHue 28 cyt. Ilo cpaBHeHMIO ¢ paboTa-
mu [4, 5], B KOTOPBIX pacCMaTPUBAIMCh BOIIPOCHI BIMSTHUS
Ha (ppaKTalbHBIC XapaKTepUCTUKM INIABHBIM 00pa30oM Iapa-
METPOB aJITOPUTMOB O0PabOTKM M300paxkeHuli, B HACTOS -
el cTaThbe ONMMCHIBAETCSI 3aBUCUMOCTD (PpaKTaIbHBIX Xa-
PaKTEPUCTHK OT YBEJIUUYEHUSI CHUMKOB.

HAY4HO-MexXHU4eCcKuil U npou3800CMEeHHbLI HCYPHAA

The article [1] proposed an approach to the use of fractal
modeling for parametric optimization nanomodified con-
crete. The objective function was the compressive strength of
concrete. The search of a combination of values of the con-
trol factors corresponding to the maximum compressive
strength was performed by regression quadratic approxima-
tion, earlier proposed by one of the authors [2, 3]. Fractal
characteristics of the NM structure were included in the
control factors. In this case, according to the concept of the
method, the variability of these characteristics should be sub-
stantially lower than the statistical variability of the objective
function. This article focuses on the image magnification,
that is preprocessing option with respect to fractal modeling.
The object of the study was the concrete with different nano-
modified additives. The subject of the study became some
fractal characteristics and electron microscope magnification
when taking images of material microstructure. The weight
ratio of cement and sand, water-cement ratio, the content of
NM and other physical input factors were believed the same
for different NM. The compressive strength for concrete mix
of 28 days was considered a physical output of the system.
Compared with the work [4, 5], describing mainly the effect
of the parameters of image processing algorithms on the frac-
tal characteristics, this article deals with the dependence of
fractal characteristics on image magnification.

Fig. 1 shows the sample pictures of nano-modified con-
crete microstructure, taken with different electron micro-
scope magnifications. Visually, these pictures differ greatly.

The samples separately for each nano-modifier are
formed from the fractal characteristics found in some pic-
tures. To determine the degree of image magnification influ-
ence, fractal dimension and lacunarity were chosen from a
wide variety of fractal characteristics. In the papers [1, 4] it

48

aneapy/esparv 2016



Reports of the VIII International conference «Nanotechnologies in construction»,

12—16 March, 2016, Sharm-el-Sheikh, Egypt

Ha puc. 1 npencraBiaeHs! IpuMepsl Go-
Torpaduii MUKPOCTPYKTYpbl HaHOMOIU-
(uumrpoBaHHOrO GETOHA, ClETaHHbIE TTPU
pPa3HbIX YBEJWYEHUSIX, NaBaeMbIX 3JEeK-
TPOHHBIM MUKpPOCKOTIOM. BusyanbHO 3T
(ororpaduu CUIIBHO Pa3IUYAIOTCS.

W3 HaiineHHBIX 1O psay doTorpaduit
(bpakTanbHBIX XapaKTepUCTUK (HOPMUPY-
IOTCSI BBIOOPKU Mo Kaxaomy Buny HM. B
pabotax [1, 4] mpemyarajioch CBA3aTh MH-
(opMaIlMOHHO KOHIIEHTPAllMM HAaHOMO-
NpUKATOPOB, TEXHOJOTMUYECKUE Mapame-
TPHl W JApYTUE SHAOTeHHBIE (haKTOPHI C
(bpakTasbHBIMM XapaKTEPUCTUKAMU U BbI-
XOJHBIMU TTPOYHOCTHBIMM BeIMUMHaMU. B
MPOBOIUBIIMXCSI B paMKax HACTOSILIEN pa-
0OThI pacueTax U3y4aJIUCh, MPEXIe BCETro,
IBe (bpaKTaJlbHbIe XapaKTEPUCTUKU MU-
KPOCTPYKTYPhl HaHOMOIM(DUIIMPOBAHHBIX
0eTOHOB: (PpaKTajbHasI pasMepHOCTb D u
JJaKyHapHOCTb L. JIs BbruMciaeHus mno ¢o-
TorpadusiM 3TUX XapaKTePUCTUK HCIOIb-
30Bajiacb nporpamma Image] (http://
imagej.net/Welcome) ¢ ruiarunom FracLac
(http://imagej.nih. gov/ij/plugins/fraclac/
FLHelp/Introd).

Janee ucnoab3oBajsiach (pakTajbHas
pa3MepHOCTb T0 MUHKOBCKOMY [6] — onuH
U3 crocoboB 3anaHusl GhpakTaabHON pas-
MEpPHOCTU OTPaHWYEHHOTO MHOXECTBa B
METPUYECKOM MPOCTPAHCTBE, OMPENESIET-
Csl CIeMyIOIIMM 00pa3oM:

Puc. 1. dotorpacdum mukpocTpykTypbl HB npu paznuyHom ysenunyeHumn
Fig. 1. Pictures of the microstructure with different magnification

plim ANE) _ o, InNE)
£-0 ln/g =0 —In g

rae N(€) — MMHMMaJBLHOE YMCIO MHOXECTB AMAMETPA &,
KOTOPBIMU MOXHO MOKPBITh UCXOTHOE MHOXECTBO.

Ecnu npenen He CylIeCcTBYET, TO pacCMAaTPUBAIOT BepX-
HUI 1 HUXKHUI Mpeiesibl M TOBOPSIT COOTBETCTBEHHO O BEPX-
Hell U HUXXKHEeH pa3MepHOCTM MUHKOBCKOTO.

B BbIIEyIOMSIHYTOM TIPOrpaMMHOM 00O€CIeYeHUH,
TIPUMEHSIBIIIEMCS aBTOpaMU ISl (PpaKTaabHOTO MOIEINPO-
BaHMsI, MIyTeM BBIOOpPA COOTBETCTBYIOIIMX HACTPOEK MOKHO
peayn30BaTh TOT WM WHOM aJITOPUTM BbIUMCIAEHUS (pak-
TaJlbHOI pa3MepHOCTU. B maHHOM cilyyae MCHOJb30BAJICs
QJITOPUTM oOMpeaefeHus] GppakTalbHBIX Pa3MEpPHOCTEN MO
box-count (BC) meTony, mpu KoTopoMm uzo0paxeHUe pas-
OuMBaeTCss CETKOM Ha S4YeHKM 3aJaHHBIX pPa3MepoB.
CkaHUpOBaHUE UM300paXeHUSI OCYILECTBISETCS 3a He-
CKOJIBKO IIMKJIOB, TIPY 3TOM Ha KaXKIOM MOCIeAYIOIIEM 11 -
KJIe pa3Mephl sSTYeeK CETKU YBETMUMBAIOTCS.

Bropas paccmarpuBaBiiasicss hpakTajlbHasl XapaKTepu-
CTUKA — JJAKYHAPHOCTbD SIBJIIETCSI MEPO HEOTHOPOTIHOCTHU
3aIIOJIHEHUST IIPOCTPAHCTBA 00BeKTOM. YeM BBIIIE JIaKy-
HapHOCTb, TEM 0OOJIbIIIE B U3y4aeMOM paclipefeieHUN uMe-
eTCsl MyCTBIX obyacteit [6]. Mepoit makyHapHoctu (L) B
HCMOJb30BAaHHOM MporpaMMe sIBJIsIeTCSl U3MEHEeHUe TII0T-
HOCTHU U300pakeHUsl MPU CKAHUPOBAHUU CETKOI C siuelika-
MM pa3iMyHbIX pa3MepoB. TakuM oOpa3oM, JIaAKyHApHOCTb
3aBUCHUT OT pa3Mepa STYeKU CETKU (€) U, OYEBUIHO, MO3U-
uuu cetku (g). s ee pacuera UCIONb3YeTCs Cieaytomast
dopmyna:

L=(s/w?, ()

I1e G — CTaHIapTHOE OTKJIOHEHUE Macchl (11 OMHApPHOTO
M300paXkeHUsT — KOJWYECTBO ITMKCelel) (ppaKTaaIbHOIO
arperara B siueiiKax CETKM 3aJaHHOTO pa3Mepa €; [l — cpeli-
Hee 3HaueHMe MaccChl arperara B siyeiikax 3alaHHOTO pas-
Mepa €. JlakyHapHOCTb omnpenessieTcs o HaKJIOHY perpec-
CUOHHOW JTMHUU B KoopauHatax (—Ing) — InL.

was proposed to connect concentration of nanomodifiers,
technological parameters and other endogenous factors with
the output strength values. To calculate the fractal dimension
and lacunarity from the pictures, the program ImageJ (http://
imagej.net/Welcome) with plugin FracLac (http://imagej.
nih.gov/ij/plugins/fraclac/FLHelp/Introd) was used.

Two fractal characteristics of the microstructure of nano-
modified concrete: the fractal dimension D and lacunarity L.
were primarily examined in the calculations in the framework
of the present study.

Further the fractal dimension of Minkowski [6] is used as
one of the ways to set fractal dimension of the bounded set in
a metric space which is determined as follows:

D lim 2NE) _j;,, In N(e) (1)
>0 In/e 0 —Ing
where N(€) is minimum number of sets of ¢ diameter, which
can cover the initial set.

If the limit does not exist, the upper and lower limits are
taken in mind, and the upper and lower dimensions of
Minkowski are spoken of.

A particular algorithm for calculating the fractal dimen-
sion can be implemented in the above-mentioned software
used in fractal modeling by selecting the appropriate settings.
In this case, the algorithm for the determination of fractal
dimensions was used by the box-count (BC) method, accord-
ing to which the image is divided into cells of the defined size.
Scanning an image is carried out for a few cycles, increasing
the cell sizes with each subsequent cycle.

The second fractal characteristics considered is lacunar-
ity, being a measure of heterogeneity of space filling with
the object. The higher lacunarity is, the more blank spaces
in the studied distribution there are [6]. The measure of
lacunarity (L) in the used program is the change in the im-
age density by net scanning with the cells of various sizes.
Thus, lacunarity depends on the size of the cell (¢) and,
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Puc. 2. MukpocTpyKTypa HaHOMOANPULMPOBAH-
Horo 6eToHa ¢ fo6aBneHeM ANOKCUMAA TUTaHa

Fig. 2. A picture of the concrete microstructure
with the titanium dioxide nano-additive

Ha puc. 2 mpenctaBieH CHUMOK MUKPOCTPYKTYPBI 6eTO-
Ha ¢ mo6aBkoit HM auokcuaa TuTaHa, MOJydeHHBIN 2J1eK-
TPOHHBIM MUKPOCKOTIOM.

B cooTBeTCcTBMM ¢ MPUMEHSIBIIEICS METOOUKOM, 10 aHa-
JmM3a CTPYKTYyphbl C Iomolnblo IutaruHa FraclLab, HyxHO
MPOM3BECTU OMHAPU3AIIMIO U300PAKEHMUS, T. €. CeNaTh ero
yepHO-0eJbIM. 7151 3TOro BOCTIONIBb3yeMCsI BCTPOCHHBIM MH-
crpyMeHToM Make Binary nporpammbl Imagel. Pesynbrar
OuHapu3aluy NpeacTaBieH Ha puc. 3.

Jlanee BBITIOTHSIIACH TPOLIEAYPa, BBIACISAIONIas] KOHTY-
pbl 3aKpallleHHBIX obyiacTeid. [JisT 3TOro MCIIOJb30BaICsS
uHctpyMeHT Outline. Pesynbrar npeacraBiieH Ha puc. 4.

B pesyibTare BoIUMCIEHUI ObLIY MOTyYeHbl (ppakTaib-
HbIE XapaKTepUCTUKU, TIPeICTaBIeHHbIE B Ta0M. 1.

B Ta611. 2 npeacraBieHbl pe3ybTaThl pacueTa OCHOBHBIX
CTAaTUCTMYECKUX XapaKTePUCTUK YKa3aHHBIX B TabJ. 1 BBI-
0OpOK: mMcTepcusi, CpeaHEKBaAPaTUYECKOe OTKIOHEHNE U
K03 (PULIMEHT BapyalLu.

AHanm3 pe3ynbTaToB, cofaepXaliuxcs B Tadiu. 1 u 2, mo-
Ka3bIBaeT, YTO YBEIMUEHME, IPU KOTOPOM MOJIYIEeHBI (hOTO-
CHUMKM CTPYKTYpBI, CJIab0 BIMSIET Ha (pakTaJbHYIO pa3-
MEPHOCTh U 3TO BJIUSHUE HEMOHOTOHHO. 1o BceM BBIGOD-
KaM Ko3¢pGUIKMEHT Bapyualuu (ppakTaabHON pa3MepHOCTU
He npeBbicwa 2%. 1o JaKyHapHOCTH W3MEHYMBOCTh IPU
BapbMPOBAHUU YBEJIMYEHHUsI OYEHb BbICOKA, SIBHOM TEHIEH-
MK (BHIA 3aBUCHMOCTH) He OOHapyXuBaeTcs. JJisT pasHbIX
HM 3HavyeHMs TaKyHapHOCTU TaKXe CHJIBHO pa3invaroTcs,
HO Ha (hoHe GOJIBIIIOTO pa3dpoca MPU BapbUPOBAHUH YBEJIH-
YeHUsI He TOJyJaeTcsl CeNaTh BBIBOA O 3HAUMMOCTH 3TOTO
paznuyus — TpeOyeTcsl MPOBECTU TUCTIEPCUOHHBIN aHAIU3
Ha OoJIbIIMX 00beMax JaHHBIX. B nmpeablayimx uccieaona-
Husx BBeneHue HM Bo MHOTMX ciiydasix (Harpumep, BoJuia-
CTOHUT, CEPIEHTUHMUT W NIp.) TMPUBOIMIO K YBEIMUECHHIO
(bpakTanbpHOI Pa3MEPHOCTH 1 YMEHBIIICHUIO JIAKYHAPHOCTH
II0 CPaBHEHUIO C KOHTPOJBHBIMU oOpaduamu 06e3 HM.
B 1ie10M Borpoc 1o J1aKyHapHOCTH HYXXIAeTcsl B OTOTHU-
TeJbHOM UcciiefoBaHUU. [Toka MOXKHO TOJIBKO KOHCTaTUPO-
BaTh BbICOKYIO YYBCTBUTEILHOCTh JJAKYHAPHOCTH U HU3KYIO
YYBCTBUTEIBHOCTh (PPAKTAIBHOM pa3MEepHOCTH, B YACTHO-
CTU K YBEJIMYECHUIO (POTOCHUMKOB CTPYKTYPBI MaTepuraa.

Jlanee ObLIO IMPOM3BEACHO COMOCTABICHME TTOTYyIEHHBIX
pE3yAbTaTOB C HalIEHHBIMM paHee U3 PeaibHbIX MCIIbITa-
HUI 1 3aMepoB (hU3UUECKUX XapaKTepUCTUK (Mpeaes Mpoy-
HOCTH MPU CXKAaTUM TOciIe 28 CYT M MOPUCTOCTh) HUCCIIEA0-
BaBIIUXCS HaHOMOAM(UIMPOBAHHBIX OeToHOB [7—10].
PesynbraTel mpuBeneHsl B Ta01. 3—9.

Kak BunHO u3 Tabi. 3—9, HeEMoOCpeaCTBEHHO MPSMYIO
CBSI3b, MHBAPUAHTHYIO OTHOCUTEJLHO YBEJIUUYEHUS] CHUM-
KOB, MEXIY IBYMsI paccMaTpUBaBIIMMUCS (hpaKTalbHBIMU
XapaKTEepUCTUKAMU U IBYMSI (U3NYECKUMM YCTAaHOBUTD

HAY4HO-MexXHU4eCcKuil U npou3800CMEeHHbLI HCYPHAA

Puc. 3. Bua MnkpocTpykTypbl nocne 6uHapmaa-
ummn B nporpamme Imaged

Fig. 3. The result of binarization in ImageJ

Puc. 4. Bua MUKPOCTPYKTYPbI NOC/E BblAENEHNS
KOHTYpOB (pe3ynbTtat npoueaypbl Outline)

Fig. 4. The result of Outline processing

obviously, on the cell location (g). The following formula is
used for its calculation:

L= (c/w>, 2

where o is the standard weight deviation (the number of pixels
are for binary images) of fractal aggregates in the cells of the
given size €; | is the average aggregate weight in the cells of
the given size €. Lacunarity is determined from the slope of
the regression line in the coordinates (—Ing) — InL.

Fig. 2 shows an electron microscope picture of the con-
crete microstructure with the titanium dioxide nano-additive.

In accordance with the methodology, before the structure
analysis with the plugin FracLab an image binarization
(monochrome image) should be made. In this case the built-
in tool Make Binary of ImageJ is used. The binarization result
is shown in Fig. 3.

Then the contours of the painted segments were en-
hanced with the tool Outline. The result is shown in Fig. 4.

As a result of the calculation, fractal characteristics were
obtained. They are shown in Table 1.

Table 2 shows the computed results of the basic statistical
characteristics of the samples specified in Table 1: variance,
mean-square deviation and coefficient of variation.

The analysis of the results in Tables 1 and 2 shows that the
magnification of these structure images has little effect on the
fractal dimension, and this influence is not monotonous. The
variation coefficient of fractal dimension did not exceed 2%
in all samples. By lacunarity, changeability by varying magni-
fication is very high; the distinct tendency (dependence) is
not detected. Lacunarity also varies greatly for different na-
no-modifiers. But it is impossible to make a conclusion con-
cerning the importance of this difference on the background
of the large spread at varying magnification. The variance
analysis on the basis of large data volumes is needed. In the
previous studies, the addition of nano-modifiers (e. g., wol-
lastonite, serpentinite and others) led in many cases to an
increase in the fractal dimension and decrease in lacunarity
as compared to control samples without nano-modifiers. In
general, the lacunarity problem needs further study. In par-
ticular, high sensitivity of lacunarity and low sensitivity of
fractal dimension to the magnification of the material struc-
ture images can be just only stated for the time being.

Then, the obtained results were compared with those
taken from the earlier actual tests and measurements of
physical characteristics of the investigated nano-modified
materials (the compressive strength in 28 days and porosity)
[6—15]. The results are shown in Tables 3—9.

As it can be seen from Tables 3—9, it is difficult to estab-
lish a direct link, invariant with respect to image magnifica-
tion, between the two fractal characteristics considered and

50

aneapy/esparv 2016



Reports of the VIII International conference «Nanotechnologies in construction»,
12—16 March, 2016, Sharm-el-Sheikh, Egypt

Ta6nuua 1
Table 1
HaHomonu- Macwrab (ysenuueHve @pakTanbHas NakyHap- CpepHee apudmeTnyeckoe CpepHee apudmeTnyeckoe
dukaTop doToCcHMMKa) pa3aMepHOCTb HOCTb dpakTanbHol pa3mMepHOCTM NaKyHapHOCTK
Nano-modifier | Scale (image magnification) | Fractal dimension | Lacunarity | Arithmetic mean of fractal dimension Arithmetic mean of lacunarity
100x 1,9087 0,0074
500x 1,8882 0,0106
= 1k 1,9108 -0,0093
o
% —;‘t 3KkX 1,9106 0,0043 1,889 -0,0013
3
o 5k 1,898 0,0095
10KX 1,8868 0,0014
50KX 1,8202 -0,033
100X 1,9072 0,018
2 500% 1,9076 0,0108
283
2% 3 1kX 1,9117 0,0028
5825
=55 3KkX 1,911 -0,0167 1,8987 -0,0002
2228
8z ge 5KkXx 1,9226 0,0117
S £ m
] 10Kk 1,8857 0,0074
50kX 1,8453 -0,0354
100x 1,898 0,0102
¢ 500x 1,8917 0,0183
€3 1k 1,8906 0,0001
O
g 3KkX 1,8976 0,0074 1,8844 -0,0589
g 3
S5 5KX 1,8858 -0,0029
S 10K 1,8735 -0,0422
50KXx 1,8597 -0,403
Ta6Gnuua 2
Table 2
[Iuncnepcus Oucnepcusi | CpenHee kBagpaTtuuHoe | CpefHee KBagpaTuyHoe KoadduumeHt KoadduumeHt
HaHomoau- ¢dpakTanbHoro nakyHap- OTKJ/IOHEHWEe OTKJ/IOHEHWe BapuaLmm BapuaLmm
dukatop pasmepa HOCTU ¢dpakTanLHoro pasmepa NaKyHapHOCTH dpakTanbHOro pasmepa NakKyHapHOCTU
Nano-modifier | Variance of fractal | Variance Mean-square deviation | Mean-square deviation | Variation coefficient of Variation coeffi-
dimension of lacunarity of fractal dimension of lacunarity fractal dimension cient of lacunarity
Meraaony 0,001 0,0002 0,032 0,0155 0,0169 11,923
Metakaolin
Buocnanduumpo-
BaHHbIE HAHO-
TpyOKM 0,0007 0,0004 0,026 0,019 0,0137 95,1293
Biosiliphycated
Nanotubes
Aviokeup TuTaria 0,0003 0,0234 0,0159 0,153 0,0084 2,5987
Titanium Dioxide
Ta6nuua 3
Table 3
Yeenuuenne 100X / Magnification 100X
HaHomoau- PdpakTanbHas JlakyHap- MpouHocTs, MMa | Mopucrocts, otH, e, MecTto MecTo (dpakTansHas
dukartop pPasMepHOCTb HOCTb Strength, MPa Porosity, relative units (nakyHapHOCTb) pPasMepHOCTb)
Nano-modifier Fractal dimension | Lacunarity ’ ’ Location (lacunarity) | Location (fractal dimension)
MeTakaonuH
Metakaolin 1,9087 0,0074 43,8(3) 0,041(3) 3 1
Buocnanduumpo-
BaHHble HAHOTPYOKK
Biosiliphycated 1,9072 0,018 59,1(1) 0,045(2) 1 2
Nanotubes
[vokeuna Tutaxa
Titanium Dioxide 1,898 0,0102 44.8(2) 0,048(1) 2 3
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Tabnuua 4
Table 4

Yeenuuexne 500X / Magnification 500X

Hanomoau- QpakTanbHas JakyHap- MpouHocTs, MMa | MopucTocTs, oH. e Mecto MecTo (dpakTansHas
dukaTtop pa3mMepHOCTb HOCTb Strength ’Mpa Porosity relétive Lmité (nakyHapHOCTb) pPa3MepHOCTb)
Nano-maodifier Fractal dimension | Lacunarity ’ ’ Location (lacunarity) | Location (fractal dimension)
MeTakaonuH
Metakaolin 1,8882 0,0106 43,8(3) 0,041(3) 3 3
Buocuanduumpo-
BaHHbIE HAHOTPYOKM
Biosilphycated 1,9076 0,0108 59,1(1) 0,045(2) 1 2
Nanotubes
[vokcmng Tutaxa
Titanium Dioxide 1.8917 0,0183 44,8(2) 0,048(1) 2 1
Tabnuua 5
Table 5
YBenuuenue 1kXx / Magnification 1kx
Hanomogau- QpakTanbHas INakyHap- MpouocTs, MMa | Mopcrocts, ot. en MecTo MecTo (dpakTansHas
dwkartop pa3mMepHOCTb HOCTb Strength iVIPa Porosity rele;tive Lmité (naKyHapHOCTb) pPa3MepHOCTb)
Nano-modifier Fractal dimension | Lacunarity ' ’ Location (lacunarity) | Location (fractal dimension)
MeTakaonuH
Metakaolin 1,9108 -0,0093 43,8(3) 0,041(3) 3 2
Buocuanduumpo-
BaHHbIE HAHOTPYOKM
Biosiliphycated 1,9117 0,0028 59,1(1) 0,045(2) 1 1
Nanotubes
[nokeng TutaHa
Titanium Dioxide 1,8906 0,0001 44,8(2) 0,048(1) 2 3
Ta6bnuua 6
Table 6
Yeenuyerne 3kx / Magnification 3kx
HaHomogu- (dpakTanbHas NakyHap- MpouHocTs, MMa | Mopcrocts, oth. e Mecto MecTo (dpakTansHas
dukaTop pa3MePHOCTb HOCTb Strength ’MPa Porosity rela;tive Lmit::; (nakyHapHOCTb) PasMepHOCTb)
Nano-modifier Fractal dimension | Lacunarity ' ’ Location (lacunarity) | Location (fractal dimension)
MeTakaonuH
Metakaolin 1,9106 0,0043 43,8(3) 0,041(3) 2 2
Brocnanduumpo-
BaHHbIE HAHOTPYOKM ]
Biosiliphycated 1,911 0,0167 59,1(1) 0,045(2) 3 1
Nanotubes
[nokeng TntaHa
Titanium Dioxide 18976 0,0074 44.8(2) 0,048(1) 1 3
Tabnuua 7
Table 7
YBenuuyenue 5kx / Magnification 5kx
HaHomoau- (dpakTanbHas JakyHap- MpouocTs, MMa | Mopuctocts, oTH. en MecTo MecTo (dpakTansHas
dvkatop pa3MepHoCTb HOCTb Strength i\/lPa Porosity rele;tive Lmité (nakyHapHOCTb) pPa3MepHOCTb)
Nano-modifier Fractal dimension | Lacunarity ’ ’ Location (lacunarity) | Location (fractal dimension)
MetakaonuH
Metakaolin 1,898 0,0095 43,8(3) 0,041(3) 2 2
Buocuonduumpo-
BaHHblE HAHOTPYOKK
Biosiliphycated 1,9226 0,0117 59,1(1) 0,045(2) 1 1
Nanotubes
[uokenp TutaHa )
Titanium Dioxide 18858 0,0029 44.8(2) 0,048(1) 3 3
HAYUHO-MeXHUHeCKULl U NPOoU3B00CMBEHHDbIIL HCYPHAN ?'_r_'_- AW (=N BHETE
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Ta6nuua 8
Table 8
Yeenuyenne 10kx / Magnification 10kx
Haxomoau- @pakTanbHas JakyHap- MpouHocTs, MMa | Mopucrocts, oTh. en, MecTo MecTo (dpakTansHas
dukatop pa3mMepHOCTb HOCTb Strenath. MPa Porosity. relative units (naKyHapHOCTb) pPa3MepHOCTb)
Nano-maodifier Fractal dimension | Lacunarity g, Y, Location (lacunarity) | Location (fractal dimension)
MeTtakaonuH
Metakaolin 1,8868 0,0014 43,8(3) 0,041(3) 2 ’
Brocnanduupmpo-
BaHHbIE HAHOTPYOKU
Biosiliphycated 1,8857 0,0074 59,1(1) 0,045(2) 1 5
Nanotubes
[Lnokenp TuTaHa
Titanium Dioxide 1,8735 -0,0422 44.8(2) 0,048(1) 3 3

Ta6nuua 9
Table 9
Yeenuuenue 50kx / Magnification 50kx
HaHomoau- PpakTanbHas JNakyHap- MpouHocTs, MMa | Mopuctocts, oT, en. MecTo MecTo (dpakTansHas
dukartop pasmMepHOCTb HOCTb Strenath. MPa Porosity. relative units (naKyHapHOCTb) pPa3MepHOCTb)
Nano-modifier Fractal dimension | Lacunarity gth, ¥ Location (lacunarity) | Location (fractal dimension)
MeTakaonuH
Metakaolin 1,8202 -0,033 43,8(3) 0,041(3) 1 3
Buocnandunumpo-
BaHHble HAHOTPYOKM )
Biosiliphycated 1,8453 0,0354 59,1(1) 0,045(2) 2 2
Nanotubes
[vokenp TnTaHa
Titanium Dioxide 1,8537 -0,0632 44.8(2) 0,048(1) 3 1

TpyaHo. Ilpencrasasiercs 1enecooOpa3HbIM MPOBECTH J0-
MOJIHATEJIFHOE MCCIIeIOBaHNE C YBEIMYEeHHBIM ynciom HM
1 0cob0e BHMUMAaHUE IIPU 3TOM OOpaTUTh HA CpaBHEHUE

PaHXUPOBOK.
3akmouenne. Ha ocHoBe mnonyyeHHBIX pe3yiabTaToB  general conclusions can be made.

MO2HO caejiaTh CICAYIOIIEC 0o0I1IMe BBIBOJBI. 1.
1.

VBenuueHue, ¢ KOTOPBIM c/ienaHbl (poTorpaduu MUKPO-
CTPYKTYPHI B3JIEKTPOHHBIM MUKPOCKOIIOM, BJIMSIET Ha
(dpakranpHbIe XapakTepucTuku. PpakKranabHas pa3Mep-

HOCTb UBMEHACTCA CPAaBHUTCJIbHO MaJIO, B TO BPEMS KaK 2.

pazbpoc 3HaUYEHU I JaKyHAPHOCTH BBICOK.

Y4uteiBas, 4To B IPEABIAYILMX UCCIIEN0BAHUSAX aBTOPA-
MU Obljla YCTAaHOBJIEHA BBICOKAsl CTeNIEHb MHBApUAHT-
HOCTH (ppaKTaJIbHON pa3MEpPHOCTU OTHOCUTEIHLHO BUIA
HM, mMoxHO caenaTh BBIBOJ, YTO Mapbl «(pakTajibHasI
pa3MepHOCTb — JIAKyHapHOCTb» OYIeT, CKopee BCero,
HEJ0CTaTOYHO IS ONTUMU3AlMU CBOMCTB Marepuaia

Ha OCHOBE PErpeCCUOHHBIX MOJEJIEH. OpHako 1ejeco- 3.

00pa3HO TPOBECTU JOTMOJHUTEIbHOE MCCIEeIOBaHUE,
OpPUMEHTHPOBAHHOE Ha CpaBHEHME PAHXHWPOBOK IpPU
OosbilieM ynciie pa3auaHbsix HM.

TpeOyeTcst BepHYThCA K MEepBOHAYAIbHOI KUOESpHETH-
YecKOM Mojenu, MpencTaBieHHOW B [1], U YTOYHUTH
BBIOOpP K30TE€HHBIX U 3HIOTEHHBIX (PAKTOPOB C y4YETOM
pe3y/NbTaTOB MPOBEACHHBIX UCCIECAOBAHUN U3MEHYMBO-
CTU OCHOBHBIX (ppakTajibHBIX XapakTepucTuk. Ocoboe

BHUMaHUE CJienyeT oOpaTUTh Ha MYJIbTU(pPaKTaIbHBI 4.

aHaJu3, TIepBasi MOIBITKA UCITOJIb30BAaTh KOTOPKIiA B pac-
cMmaTpuBaeMoii mpobiemMe onucaHa B [1]. Ilpeacrasisier-
cs 11eJ1eCO00Pa3HbIM MPOJOJIKUTh UCCIIEA0BAaTh MYJb-
TUdpaKTaTbHbIE XapaKTePUCTUKU CTPYKTYpbl HAHOMO-
IUUIMPOBAHHBIX MaTEPUAJIOB.

HOMY KHOCPHETHYECKOMY MOIEIMPOBAHUIO HAHOMOIM-
(bULIMPOBAaHHBIX MATEPUATIOB C COBMECTHBIM IIPUMEHEHHM -
€M KOJIMYECTBEeHHBIX, KAUeCTBCHHBIX, MOP(OIOTMUESCKUX,
(bpakTaTBHBIX M MYJBTUDPAKTATBHBIX [TAPAMETPOB.

s

l'[pe/:maraeTCH TIPOOOJKUTDb UCCIIEA0OBAHU S IIO MHOTOMED- 1.

the two physical ones. It seems rational to conduct a further
study with a larger number of nano-modifiers, special atten-
tion being paid to the ranging comparison.

Conclusion. On the basis of these results the following

The magnification of microstructure images made with
an electron microscope affects the fractal characteristics.
Fractal dimension varies relatively little, while spread in
lacunarity values is high.

Given that in the previous studies, a high degree of invari-
ance of fractal dimension with respect to the type of a
nano-modifier was established, it can be concluded that
the pair «fractal dimension — lacunarity» will not be
enough to optimize the properties of the material on the
basis of regression models. However, it is reasonable to
conduct an additional study aimed at the ranging com-
parison with a larger number of different nano-modifiers.
It is necessary to return to the initial cybernetic model
presented in the paper [1] and to specify the choice of
exogenous and endogenous factors, taking into account
the results of the studies of the variability of main fractal
characteristics. Particular attention should be paid to the
multifractal analysis; the first attempt to use it in the con-
sidered problem being described in the paper [1]. It seems
appropriate to continue the study of the multifractal char-
acteristics of the structure of nano-modified materials.

It is proposed to continue the research of multidimen-
sional cybernetic modeling of nanomodified materials
with the joint use of quantitative, qualitative, morpho-
logical, fractal and multifractal parameters.
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Kopnopauua TexxoHHKOMb nnaxMpyeT npou3BogcTBO KameHHoi BaThl ¢ uenonb3osanuem SIMATIC IT Preactor

I'pynna Komnanuit AitTuKoncanT 3asepLuuna npoekT no paspabotke nporpammuoro komnnekca SIMATIC IT Preactor ans nnauupoBaHus npous-
BO/ICTBA Ha 3aBopax Kopnopauun TexnoHWKOJ1b no Bbinycky Tennou3onsuum Ha 0CHOBE KaMEHHOIA BaTbl. BHeapeHne npoBoaMnoOCL OHOBpE-
MEHHO Ha LUECTW 3aBOJAX B Pa3HbIX ropogax, 4tobbl ycneTb 3anycTuTb CUCTEMY NEpef] Ha4anom CTPOUTENbHOMO Ce30Ha.

OCHOBHOI# LieNbio MPOEKTa ABAANOCL CO3AaHNE KOMMIEKCHON MHopMa-
LIMOHHOI CUCTEMBI, 06ECMeYNBAIOLLEN:

* ABTOMATWYECKMIA pacyeT ONMTUMANbHOTO MPOW3BOACTBEHHOrO MaHa ¢
Y4eTOM 3aJaHHbIX KPUTEPUEB;

 ABTOMATUYECKMIA PacyeT CPOKOB OTTPY3KM NPOAYKLMM C Y4ETOM MoXena-
HWA KNWEHTOB W peanbHbIX BO3MOXHOCTEN NPOM3BOACTBA.

SIMATIC IT Preactor 6bina WHTerpupoBaHa B cyulecTBytoulyto UT-
VHPACTPYKTYpy NPeanpuaATMs, TakK Kak UCXOAHbIE [aHHble HAXOAATCA B pas-
NUYHBIX cucTemax B pasHblx popmartax — 1C:0KC, 1C:3asog, Oracle SNO,
INFOR EAM.

BHegapeHHas cuctema SIMATIC IT Preactor no3sonser nony4arb B aBTOMaTu-
4eckoM pexkume 6onee KaieCTBEHHOE MPOM3BOACTBEHHOE PACMMCaHMe 3a CYeT
CNONb30BAHNSA CneLmManbHO paspaboTaHHOro anropuTMa, Y4UTbIBAIOLLEr0 0CO-
6EHHOCTM NPON3BOACTBA MPOLYKLNM HA KKAOM M3 3aBOJ0B KOpropawuuu, — co-
BMeLLiEH1e CNMBOB METANNa C Hanagkamu, nopsAoK NepexofoB C OAHON NpoayK-
LN Ha SPYTyH0, BAWSIHWUE M3HOCA NUHWIA 1 Jp.

Taroke 3Ha4MTENbHO COKPATUNIOCh BPEMS Ha POPMUPOBAHNE W aKTyanm3a-
LMo Npon3BOACTBEHHOrO pacnucadus. [lo BHeapeHus SIMATIC IT Preactor
MAAHNPOBLLMK 3aTpainBan eXefHEBHO 60ee 0AHOT0 Yaca pabo4ero BpeMeHN,
ceifqac npoueaypa pacyeta pacnucaHus ¢ MCrnonb30BaHNEM CUCTEMbI 3aHUMa-
€T HECKONIbKO MUHYT.

«Kpome pacyeta Ka4eCTBEHHOr0 MPOM3BOACTBEHHOrO PacnucaHuns ¢ y4e-
TOM ONTUMWU3ALNN NO HECKONbKUM KPUTEPUAM, CUCTEMA TaKXe NO3BONAET aB-
TOMaTn4eckn o6pabarbiBaTh 3aABKU KINEHTOB — COOBLLMNIA AMPEKTOP MO JIoru-
CTUKe Hanpasnenus «MuHepansHas usonsauus» Kopnopauus TexHoHUKOSb T.
beptoBa. — OTBeT Ny6nuKyeTCa B KabMHETe KNMEHTa Ha canTe npeanpusTus u

COMIEPXMT CPOK MOCTABKM MO KaXAO0A NO3uLMK. Npyu 9TOM Y4UTLIBAKOTCS TeKy-
LMe CKNaACKMe 3anachl, 3arpyska Npou3BOACTBEHHbIX MUHWIA, @ TAKXKEe aHann-
3UPYHOTCS M OTKNOHSIOTCA HENPaBUIIbHO O(HOPMIIEHHbIE 3aABKI C HAPYLLEHNEM
YCNOBUIA N0 MUHMMANbLHOMA NApTUM OTTPY3KM, KPaTHOCTW MOAMOHY W APYriM
napameTpam. Xo4eTcst OTMETUTb, YTO TEMEPb 3a MeHbLUee BPEMS Mbl [eNnaem
60nee KayeCTBEHHOE pacnucaHue».

Kpatko o Kopnopauuu TexHoHNKOJ1b.

Kopnopauus TexHoHWKOJb siBnseTcs kpynHendwum B Poccum 1 EBpone
NPON3BOAMUTENEM M NOCTABLUMKOM KPOBEbHbIX, MAPON30NALNOHHBIX U TEN0-
M30NALMOHHBIX MaTepuanos. bonee 200 MAH YenoBek BO BCEM MUPE XMBYT U
pa6oTalT B 3[aHUAX, MOCTPOEHHBIX C WCNONb30BAHWEM MaTepuanos
Kopnopauuun TexHoHKOJ1b. Ceitvac Kopnopauus TexHoHVKOJ1b — 310 6500
COTPYLHUKOB, pabotawowmx Ha 6onee 40 3asojax B Poccun, Ykpauue,
Benopyccum, Jlutse, Yexuu u Ntanum ¢ exxeroaHbim o6opotom 60onee 69 mnpa
p. Okono 20% NpOAYKUMM €XEeroAgHO peanu3yetcs Ha 3KCMopT. KnueHTamu
Kopnopauuun SBRtoTcs opraHu3aunn u usmyeckue nuua B Poccuu, ctpaHax
CHI, banTun, BocTouHoii n LieHtpansHoii EBponsi. hitp://www.tn.ru

Kpatko o I'pynne komnauuit AiTUKOHCanT.

[pynna AiTMKOHCANT ABAseTCA efMHCTBEHHbIM B Poccun 30/10TbiM
naptHepom PREACTOR (Gold Solution Provider of Preactor, http://preactor.
com/Partners/Find-A-Partner.aspx?country=Russian%20Federation#.
VpY1X8Tbx9s) n cneynannanpyertcs Ha KOMNNEKCHOW aBTOMATU3aLUmMn Npo-
M3BOACTBEHHbIX W CEPBMCHbLIX npeanpuatuii. bonee 650 npeanpuaTnii
Poccun ncnonb3yioT nocTasnsemsle pewenuns. http://www.gk-it-consult.ru
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T MHCTUTYT xummumn pacteopos uM. I".A. Kpectosa Poccuiickoi akagemumn Hayk (153045, r. MBaHoBo, yn. Akagemuyeckas, 1)
2 VIBaHOBCKMI FOCYAAPCTBEHHbIM NOAMTEXHUYECKUI yHuBepcuTeT (153037, r. MeaHoso, yn. 8 MapTta, 20)

AHanu3 BNMAHWS AMCNEPCHOCTH XJIOPMAA KanbLus
B MEXaHOAKTMBMPOBAHHOM PacTBOPE Ha CTPYKTYpY

W CBOWCTBA LLEMEHTHOr0 KaMHA’

MeToAa0OM AMHAMMYECKOr0 CBETOBOrO PacCcesHns MCCNef0BaHO BANSHWE POTOPHO-MMMYAbCHOMO BO3AECTBMA HA M3MEHEHUEe pasmepa 4acTul B
TMAPO30e XN0puaa Kanbuus, NPUMEHSeMOro B Ka4ecTBe CTPYKTYpUpytoLLen J06aBKM Npu 3aTBOPEHU 6ETOHOB. B pesynbrate MexaH0akyCcTM4eCcKom
06paboTkn 06ecneymBaeTCca AMCKPETU3aLMa AMCnepcHoii dasbl 1o Ppa3MepoB MeHee 1 HM, KoTopasi coxpaHseTcs 6onee cyTok. MexaHuam
YNPOYHSIOLLEro fencTBns A06aBKM, CBA3AHHbINA C NOSBIEHNEM MHOXECTBEHHbIX LIEHTPOB KPUCTANNN3aLUumu B LLEMEHTHON CUCTEME, YMCIO0 KOTOPbIX B
pesynbTate POTOPHO-MMNYNIbCHOIO BO3AENCTBUS BO3pacTaeT Ha AeBATb AECATUYHbIX NOPAAKOB, NPOACHAET Pe3yNbTaTbl OLEHKIU NapamMeTpoB NOPOBON
CTPYKTYPbI LLEMEHTHOTO KamHs, NPOBEAEHHO METOAOM HU3KOTEMMNepaTypHOii ancopbuun n aecopbumn napos a3oTa. YCTaHOBNEHO, YTO UCMONIb30BaHNE
MEXaHOaKTUBUPOBAHHbIX PACTBOPOB XNOPMAA KanbLus ANs 3aTBOPEHUS LIEMEHTHBIX NACT CHYKAET Ae(DEKTHOCTb LIEMEHTHOMO KaMHs 3a CYeT
YMEHbLLEHMS BENMYMHBI MAKCUMaNbHOMO AnameTpa nop B 1,8 pasa, a Takxe 3a CHeT BbIpaBHUBAHWA pacnpefeneHuns no paamepy nop nokasarteneii
yLenbHOI NOBEPXHOCTU 1 06bEMA NOPOBbIX MPOCTPAHCTB. ONTMMKU3aLMA NOPOBOr0 NPOCTPAHCTBA CMOCOBCTBYET MOBLILIEHNIO MEXaHUYECKON NPOYHOCTM
LIeMEHTHOr0 KaMH$ B 2,5 pa3a no CPaBHEHMIO C KOHTPOJIbHbIM 06pa3uom. MNpu aTOM HanbonbLLKA AMEKT OT MEXaHOAKYCTUYeCKOR 06paboTKn
XNLKOCTW 3aTBOPEHMS UMEET MeCTO B 06M1aCTh HU3KMUX KOHLEeHTpauui conu nopsaka 0,032 monb/n, 4to cootBeTcTBYeT 0,1% OT Macchl BSXKYLLEro.
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Analysis of the influence of the calcium chloride dispersity in mechanoactivated solution

on structure and characteristics of cement stone*

Using the method of dynamic light scattering we investigated the influence of the rotor and pulse impact on a dimensional change of particles in calcium chloride hydrosol used as tex-
turing additives in concrete mixing. Mechanoacoustic processing provides sampling of the disperse phase to the sizes less than 1 nanometer which is maintained for more than 24
hours. The mechanism of reinforcing action of the additive connected with the emergence in cement system the multiple centers of crystallization the number of which increases by 9
decimal orders due to the rotary-pulse impact, is proved by the results of evaluation the parameters of the pore structure of cement stone carried out by the method of low-temperature
adsorption and desorption of nitrogen vapors. It has been found that the use of mechanically activated calcium chloride solution for mixing cement pastes decreases defectiveness by
reducing the size of the maximum pore diameter in 1.8 times, and by aligning the distribution of specific surface parameters and the volume of pore spaces according to the pore size.
Optimizing the pore space enhances the mechanical strength of cement stone by 2.5 times in comparison with a control sample. The greatest effect from mechanoacoustic processing
of mixing liquid is obtained in the field of low salt concentrations of about 0.032 mol/l, that is 0.1% of the binder weight.

Keywords: nanotechnology, calcium chloride, mechanical activation, dynamic light scattering method, the pore structure.

B cBs3M Cc pa3zBUTMEM HAHOTEXHOJIOTMW B TOCIEAHUE
roJibl 0OJIbIIIOE BHUMAHUE YIEJSIeTCS TTepCIeKTUBHOMY Ha-
MPaBJICHUIO KOHCTPYMPOBAHMS TBEPAOGa3HBIX CTPOUTEIb-
HBIX MaTepuajoB 3a CYEeT BBelNeHUs N00aBOK B HaHOIU-
CIMEPCHOM COCTOSIHUM U CO3[laHME CUCTEM, BKJIIOYAIOIIMX
HaHOpa3MepHbIE JIEMEHTHI B KAUeCTBE YaCTU CBOEH CTPyK-
TypHI [1, 2]. BMecTe ¢ TeM caMOCTOSITEIbHBIM ITyTeM pa3BU-
THUSI HAHOTEXHOJIOTUM MOXHO CUMTATh OOBSICHEHUE U3BECT-
HBIX TIpolIecCOoB Ha HaHOYypoBHe [3]. Cpenn moJgoOHBIX IPO-
1IECCOB Ba)KHOE€ MECTO 3aHUMAaeT TUApaTalus IEeMEHTa,
HayaJIbHOM CTagMel KOTOPOM SBJSIETCS 3aTBOPEHHUE lie-
MeHTHOI macTel. [1o MHeHMIO [4], U3MEHEHUE CTPYKTYPhI
BO/Ibl C MOMOILIbIO A00ABOK OKa3bIBAeT 0OJIbILIOE BJIMSIHUE
Ha Mpollecc ruapaTaiuy 1 Mopdooruio KpUCTaUIMYECKUX
HOBOOOpPa30BaHUIA.

Due to the development of nanotechnology in recent
years much attention is paid to the perspective direction of
solid-phase constructioning of structural materials by using
additives in a nanodispersible state and creation of the
systems including nanodimensional elements as part of the
structure [1, 2]. At the same time an independent way of the
development of nanotechnology can be considered the
explanation of well known processes on a nanolevel [3].
Among similar processes an important place is taken by
cement hydration, the incipient state of which is the mixing
of cement paste. Because of the structural change of water by
means of additives, it has a great influence on the process of
hydration and morphology of new crystal growths [4].

Along with the chemical modification, the area of interest
are the methods of mixing water activation providing its

* WccnemoBaHuUs BBITIONHEHBI B paMKax rocyaapctBeHHoro 3aaaHus Ne 11.1898.2014/K Muno6pHayku P® B cdhepe HaydHOI AeATETBHOCTH C
HCTIOJIb30BaHUEM TPUOOPHOU 6a3bl LIeHTpa KOJUIEKTMBHOTO TOJIb30BAaHUSI HAYYHBIM 000OpYyTOBaHMEM «BepXHEBOJKCKUII PETMOHATBHBIIN IIEHTD

(h13UKO-XUMUYECKUX UCCIIELOBAHMIT».

* The researches have been carried out within the framework of state task No. 11.1898.2014/K of the Ministry of Education and Science of the
Russian Federation in the sphere of scientific activity with the use of the instrument base of the Center of collective use of the scientific equipment

“Upper Volga Regional Center of Physical and Chemical Researches”.
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Hapsiny ¢ xuMudeckoii MoguguKaluueil MpeacTaBiIsiOT
HMHTEPEC METOABI aKTUBALIMM BOJbI 3aTBOPEHMSI, 0Oecreyn-
BaloIlKe MEePEBO/l €€ B METACTAOMIbHOE COCTOSIHUE, OKAa3bl-
BaloIlME MOJIOXKUTEbHOE BJAMSHUE HA MPOLECCHl rUapara-
1IMM U CTPYKTYPOOOpa30BaHUS B MOJTy4aeMbIX MaTeprasax.
B nuteparype 10cTaTOYHO IIMPOKO MPEACTABICHO BIMSHIE
3JIEKTPOOOPabOTKY [5], 3JIeKTpOMArHUTHOM [6] U yabTpa-
3BYKOBOI [7] akTMBaLMX BOAbLI 3aTBOPEHMSI Ha CBOMCTBa
LIEMEHTHBIX KOMIIO3UTOB. BMecTe ¢ TeM cBelleHUsI O COCTO-
SIHUM CTPYKTYPUPYIOIIUX J0OABOK B MEXaHOAKTUBUPOBaH-
HBIX pacTBOpax, O CTEMEeHU IpeoOdpa3oBaHUs CTPYKTYphI
(opMHpyeMBbIX MaTepPUAIOB BO B3aUMOCBS3U C U3MEHEHMSI-
MM HX TIPOYHOCTHBIX XapaKTEPUCTUK KpailHe orpaHude-
HHI 8], 4TO 3aTpynHseT pa3pabOTKy HaydYHO 0OOCHOBAHHBIX
MOAXOA0B K MOCTHXXEHMIO 11eJIeBbIX 3(DGHEKTOB YIyullIeHUS
(huszuKo-MexaHNIeCcKMX CBOMCTB OETOHHbBIX U3IETUA.

Llenb paboThI COCTOSUIA B MPOBEIEHUY TTPEIIU3MOHHBIMU
METOJaM1 KOJIMYECTBEHHOM OLIEHKHU BIUSHUS MEXaHOaKy-
CTUYECKON 00pabOTKM TMAPO30JIsT XJopuaa KaJblMs, IIH-
POKO NMPUMEHSIEMOT0 B KayecTBe MOAM(MUKATOpA LIEMEHT-
HBIX PACTBOPOB U SIBJISIIOLIETOCS] CAMbIM MOITHBIM YCKOPH-
TeJeM TBepJeHUs, Ha H3MEHEeHUEe pa3Mepa YacTull
NAcTiepCHO (a3bl, MapaMeTPOB MOPUCTOCTU GOPMUPYEMO-
T'O IIEMEHTHOTO KaMHS M €70 IIPOYHOCTHBIX XapaKTePUCTHUK.

B uccienoBaHusIX MCTIOJIb30BAHBI XJIOPW KATbIUs 6e3-
Boaublii ('OCT 450-77), mopriaanguement MS00 10
(FOCT 10178-85).

OnpezeneHue pa3Mepa YacTUL B TUIPO30Jie XJI0pUIa Kajlb-
11151 TIPOBEIEHO METONIOM TUHAMWYECKOTO CBETOBOTO paccesi-
Hus [9, 10] Ha aHanu3arope Zetasizer Nano ZS (AHIAs).

MexaHoaKyCTUIECKYI0 00pabOTKy pacTBOPOB XJIOpHIA
KaJIbLIMSI OCYILECTBISUIM Ha J1abopaTOpHOM POTOPHO-UM-
nynabcHoit yctaHoBke A-1.00.00 IIC, oGecneuuBaloieit
KOMIUIEKCHOE BO3JIEHCTBUE Ha OOpabaThiBaAEMyI0 CUCTEMY
CABUTOBBIX Harpy3ok, KaBUTallMu U yJabTpa3Byka [11, 12].
B Hacrosiieit craTbe TpeACTaBICHBI Pe3yJIbTaThl OLEHKU
3G dHEeKTUBHOCTH TTPOBEICHNUS] MEXaHOAKTUBAIINU B PEXXIME
CO CKOPOCTBIO BpallleHHsT poTopa yctaHoBKY 4200 06./MUH
U IIPOIOJKUTENIbBHOCThIO 00padoTku 150 c.

IIpu mojyyeHUU cOMOCTaBJsIEMbIX OOPa3liOB 1IEMEHT-
HOTO KaMHSI TIPUTOTOBJIEHUE LIEMEHTHOM MAacChl OCYIIEeCT-
BJISUIM C MCITOJIb30BaHMEM JTUCTUJUIMPOBAHHOM BOABI U M€~
XaHOAKTUBUPOBAHHOTO B BHIIIIEYKA3aHHOM PEXHUME PACTBO-
paxyiopuia KajabLus ¢ KoHueHTpaueii 0,032—0,965 Mo/,
YTO COOTBETCTBYET comepkaHuio 106aBku 0,1—3% ot Macchbl
LIeMeHTa IIpy BopolieMeHTHOM oTHoueHuu 0,28. [Tpomon-
KUTEJIBbHOCTh OT MOMEHTa MeXaHOaKTHMBALIMM pPacTBOpa
CaCl, o ero npuMeHeHUs He npesblana 1,5 4.

O1eHKa MMOPUCTOCTU M YIASIbHON IMOBEPXHOCTUA 00pas-
1I0B LIEMEHTHOTO KaMHSI OCYIIECTBJeHAa METOAOM HU3KO-
teMriepaTypHoii (77 K) amcopbuuu v aecopOLMu MapoB
a30Ta Ha ra30BoM copO1imoHHoM aHanmn3atope NOVA Series
1200e. Tlnomanb yaeabHOW IMOBEPXHOCTH BBIYUCIISIIA 11O
ypaBHeHU0 BOT. O6muii o0beM Mop B aHAIU3UPYEMBIX
Marepuaiax ¥ pacrpeaesieHre rmop 1Mo pa3MepaM OTpeaesi-
Ju ¢ ipuMeHeHueM monenu BJH.

HcnbiTaHus: 00pa3lioB HA MPOYHOCTh MPOBOAUIU IO
CTaHIapTHOM METONUKE B COOTBETCTBUM C TPEOOBAHUSIMU
I'OCT 310.4 na rugpaBiaumueckux rnpeccax [1I-100 u
HIIC-200.

XJTopuI KaJabIUsI OTHOCUTCS K YUCITY OTPAaHMYEHHO JUC-
COLIMUPYIONIMX COSIMHEHMI, B pACTBOPaX KOTOPBIX B MCCIIe-
JIyeMoM nuara3oHe KoHueHTpaimii 0,032—0,965 mojb/i,
HECMOTpSI Ha WX OINTHUYECKYI0 MPO3PayHOCTb, METOIOM
DLS [13, 14] 3apeructpupoBaHO HaJau4yue IUCTIEPCHOI
(a3bl Ha BepxHel rpaHULIe HAHOMETPOBOTO IMANa30Ha, Kak
rmokazaHo Ha puc. 1. C moBbIllieHHEM KOHIIEHTPAIlUK COJTN
MOJIOXKEeHUE OTKJIMKA WHTEHCUBHOCTU CBeTOpaccesHus I,
MPOIIEHT CMEIAeTCsl B CTOPOHY MUKPOMETPOBOTO 1MAaIa3o-
Ha, JeMOHCTPUPYS MOJU(PaKIMOHHbBIA COCTaB CUCTEMbI U
MPUCYTCTBUE B HEH (DOPM C pa3HOI CTETEHbBIO arIOMEPALIUU.

transfer to a metastable state and having a positive impact on
the processes of hydration and structure formation in the
obtained materials that result in improvement of their
operational characteristics. Influence of electroprocessing [5],
electromagnetic [6] and ultrasonic [7] activations of water
mixing on properties of cement composites is widely
presented in literature. At the same time data on the condition
of texturing agents in the mechanically activated solutions,
on the extent of transformation of the structure of the formed
materials to interrelations with changes of their strength
characteristics are extremely limited [8], complicating the
development of scientifically based approaches to the
achievement of target effects of improvement of the physical
and mechanical properties of concrete structures.

The purpose of the work consisted in carrying out by
high-precision methods of the quantitative assessment of the
influence of mechanoacoustic processing calcium chloride
hydrosol widely applicable as the modifier of cement mortars
on a dimensional change of particles of a disperse phase,
parameters of porosity of the formed cement stone and its
strength characteristics.

In researches we used calcium chloride anhydrous
(GOST 450—77) purity class "Clean" (technical specifications
6-09-4711-81), Portland cement M500 DO (GOST 10178—85).

Determination of the particle size in calcium chloride
hydrosol is carried out by the method of dynamic light
scattering [9, 10] on the Zetasizer Nano ZS analyzer (England).

Mechanoacoustic processing of calcium chloride
solutions was carried out on the laboratory rotor and pulse
A-1.00.00 PS installation providing complex impact on the
processed system of shift loadings, cavitation and
ultrasound [11, 12]. Results of effectiveness of carrying out
mechanical activation in the mode: speed of rotation of a
rotor of installation 4200 rpm and processing time 150 seconds
are presented in the present article.

When receiving the compared exemplars of the cement
stone, preparation of the cement mass (a cement mixing) was
carried out with the use of distilled water and the mechanically
activated calcium chloride solution in the above mode with
the concentration from 0.032 up to 0.965 mol/l that
corresponds to the maintenance of an additive 0.1—3% of the
cement mass at water-cement ratio 0.28. Duration from the
moment of mechanical activation of CaCl, solution before its
application did not exceed 1.5 hours.

The assessment of porosity and the specific surface area of
the cement stone exemplars are carried out by the method of
low-temperature (77 K) adsorptions and desorption of vapors
of nitrogen on the NOVA Series 1200e gas analyzer. The area
of the specific surface area was calculated according to the
BET equation [13, 14]. The total pore volume in the analyzed
materials and pore distribution by the sizes was determined
with the application of the BJH model.

Tests of exemplars for durability where carried out by a
reference technique according to the requirements of
GOST 310.4—81 on the hydraulic presses PG-100 and IPS-200.

Chloride of calcium belongs to a number of restrictedly
dissociating connections, in this regard it is logical to expect
existence of a disperse phase in its solutions. At the same time
in the studied range of concentration 0.032—0.965 mol/1
solutions possess an optical transparence both at a direct
vision and at an assessment by the method of laser
diffractoscopy on the Analysette 22 Compact analyzer of
particle size which is widely used in studying conditions of
dispersions with the particle size in the micrometer range.

As shown in fig. 1, the DLS method allows recording
reliably the presence of the disperse phase in CaCl, solution
on the upper bound of nanometer range. With increasing salt
concentration the position of intensity response of light
scattering is displaced towards the micrometer range, showing
polyfractional composition of the system and the presence of
forms with varying degrees of agglomeration.
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Puc. 1. Pacnpegenexne no pasmepy vactui, (7,
HM) nokasaTenst OTHOCUTENIbHO NHTEHCUBHOCTUN
cBeTopaccesiHusa (I, %) B pacteopax CaCl,
(monb/n): 1-0,032; 2-0,48; 3 -0,965

Fig. 1. Particles size distribution (r, nanometer)
of the light scattering relative intensity indicator
(1, %) in CaCl, solutions (mol/l): 7 — 0.032; 2 -
0.48; 3 - 0.965
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Puc. 2. PacnpeneneHue no pa3mepy nokasare-
na oTHocuTensHoro obbema uyactuy (V, %) B
necxogHom (1) pacteope CaCl, (0,032 monb/n)
nocne MmexaHoakTueaumn (2) n LONONHUTENLHOMN
BblOEPXKN B TedeHune 1, 31 7 cyT (COOTBETCTBEH-
HO2',2"n2")

Fig. 2. Size distribution of the indicator of the
particles relative volume (¥, %) in initial (7) CaCl,
solution (0.032mol/I), after mechanoactivation (2)
and additional endurance within 1, 3 and 7 days
(corresponding 2, 2” and 2")

dVy, m3/g

02 04 06
P/Po

Puc. 3. 130Tepmbl HU3KOTEMMNEPATYPHOW aacop6-
ummn-gecopbumm asota Ha obpasue LEeMEHTHOro
kamHs Ne 1 (dVy — o6bem copTupyemoro 1 ecop-
6upyemoro asora, M3/r; P/P, — navenenuve pasne-
HWa NapoB asoTa): 1 — agcopbums; 2 — necopbums

Fig. 3. Isotherms of low-temperature adsorption-
desorption of nitrogen on a sample of a cement
stone No. 1 (dVy - the volume of the sorbing and
desorbing nitrogen, m®/g; P/P, - change of
nitrogen vapors pressure): 1 — adsorption;
2 — desorption

o

Hns pactBopa, conepxatiero 0,032 mMosb/a conu, B pe-
3yJIbTaTe MEXaHOAKTMBALIMU 3a(UKCUPOBAH OXHOTUITHBII
XapakTep M3MEHEHMsI TToKa3aTelisi OTHOCUTEIbHOTO 00beMa
nucnepcHoit dasbl (V, %), KOTOphIi MPOaeMOHCTPUPOBAH
Ha puc. 2 B BUie TpaHchopmauuu rpaduka pacnpeaeacHust
V= f(r) cpasy nociue npoBeaeHUs MEXaHOAKYCTUIECKOI 00-
pabOTKM U IIpH NTOCIEAYIONICH BBIIEPKKE B TeueHUe 1—7 CyT.
MoHoMOmaNbHBI TUII KPUBOU pacmpeneiaeHusT OTHOCH-
TeJIBHOTO 00bEeMa YACTHIL B MEXaHOAKTUBUPOBAHHOM CUCTe-
M€ JIEMOHCTPUPYET MOJHOTY MPOTEKAHUsI MPOLECCOB MC-
KpeTu3alnu. AHaJIU3 KPpUBOM 2 TIoKasall, 4To CBbIlIe 97%
o0bema IMCIepcHOM (a3bl COCTaBSAIOT (PpaKIIMK YacTUIL C
pasmepom 0,53—0,83 HM. CocTosiHME CHCTEMBI MeTacTa-
OWIbHOE, O YeM CBUIETEIbCTBYET CHIDKEHUE TTMKA JOMUHU-
pytoreit dpakiyu 0,62 HM Ha 5,6% 4epe3 CYyTKU IOCIe Ha-
JIOXKEHUST POTOPHO-UMITYJIbCHOTO BO3JEHCTBUS U yBEJIUYE-
HUE OTHOCUTEJIbHOTO 00beMa (hpakIiivii C pa3MepoM YacTHUIL
6onee 1 HM 1o 8,06%. Cnyctst 3 CyT CyMMapHBIii 00BbeM
dpakumit MmeHee 1 HM cocTtaBiseT auinb 20% 1 KpuBast pac-
TpenesieHrs MpruodpeTaeT NoJUuMOonaIbHbIi BUI. OueBUIHO,
YTO CUCTeMa He MPOCTO peJaKCUpPyeT B UCXOIHOE COCTOSI-
HMe, a oOpeTaeT HOBble CTPYKTYpHblE (POPMUPOBAHUSI, O
YyeM CBMJIETEILCTBYET HAJIMUME TIeYa Ha KPUBOKl 2 B UH-
TepBasie 1—2,6 MKM, a TakKe MOSIBJICHUE MOJIa B 00JIacTH
5 mxM. TTocne ceMUIHEBHOM BBIIEPXKKHA JOMUHUPYIOITUMU
CTaHOBATCA (pakIMU B OJMXKHEM MUKPOMETPOBOM Juaria-
30HE ¢ coxpaHeHueM 1,5%-i 1011 OTHOCUTEIBHOTO 00beMa
YACTUIL B 30HE 5 MKM.

Takum oGpa3zom, B pe3yibTaTe MeXaHOaKyCTHMYEeCKOM
00paboTKM obecrieunBaeTCsl UCKPEeTU3alUs TUCTIEPCHOM
da3sl 10 pazaMepoB MeHee | HM, KOTOpas CoOXpaHseTcs Ha
TEXHOJIOTMUECKU TTPUEMJIEMBI TIEPUOJT BPEMEHHM, COCTaB-
JISIONIINIA He MeHee 24 4. YIpouHsIollee NeiiCTBUe MUHE-
paJbHbIX 100aBOK, BBOIMMBIX B CTPOUTEIbHbIE KOMITO3U-
1IMU, CBSI3bIBAIOT, KAaK IPaBUJIO, C TOSBJICHUEM MHOXE-
CTBEHHBIX IIEHTPOB KPUCTAIIMU3AIUM B ILIEMEHTHBIX
pacTBOpax, CIOCOOCTBYIOIIUX TOBBIIMICHUIO CKOPOCTH M
pPaBHOMEPHOCTH (OPMUPOBAHUS TIPOCTPAHCTBEHHOM
CTPYKTYpHl OTBepxKImaeMoro marepuana [15]. YuurteiBas
XapakTep MPOMOPIMOHAIBHOCTA POCTa YMC/ia YacTull, 3a-
MOJIHSTIOIIUX €AUHUIY 00beMa, IMPU YMEHbBIIIEHUU UX pa3-
Mepa, JIOTMYHO OXUAATh, YTO HaOII0gaeMoe JIJ1sd KpUBOi 2
COKpalllecHWe pa3MEepHOTO TapaMeTpa COIPOBOXIACTCS
YBEJIMYEHUEM YHCJIa YACTHUIL B CUCTEME Ha JIeBATh NEeCITUY-
HBIX MTOPSIIKOB.

JlaBuHHOE 3apokIeHre HAaHOYACTHIL TBEpIO# a3kl Mo-
cJie HAJIOXKEHMST POTOPHO-MMITYJIbCHOTO BO3/IEMCTBUS CIIpa-

? PRI T E05Fl5]E  HayuHO-mMeXHUMeCKUll U nPOU3E00CMEEHHbLI HCYpHAN

For the solution containing 0.032 mol/I of salt as a result
of mechanical activation the same nature change of these
indexes of a condition of hydrosol which is shown in fig. 2 as
an example of transformation of the schedule of distribution
of V' = f(r) right after carrying out processing and at the
subsequent endurance within 1—7 days is recorded.

The monomodal type of the distribution curve of the
relative volume of particles shows completeness of the course
of sampling processes. The analysis of curve 2 showed that
over 97% of the volume of a disperse phase consists of
fractions of particles with the size of 0.53—0.83 nanometers.
The condition of the system is metastable to which decrease
in the peak of the dominating fraction of 0.62 nanometers by
5.6% a day after imposing of the rotor and pulse influence
and increase in the relative volume of fractions with particle
size more than 1 nanometer to 8.06% testifies. Three days
later the bulk volume of fractions less than 1 nanometer
makes only 20% and the distribution curve takes a polymodal
form. It is apparent that the system not simply runs down in
an initial state, and finds new structural formations to the
existence of a brachium on a curve 2” in the range of
1—2.6 microns and also emergence fashion in the range of
5 microns testifies. After seven-day endurance the fractions
in the near micrometer range with preservation of 1.5% —
shares of the relative volume of particles in the zone of
5 microns are dominating.

At the same time it can be considered proven that for
technologically acceptable period of time making not less
than 24 hours the sampling of a disperse phase to the sizes
less than 1 nanometer is provided as a result of
mechanoacoustic processing. The strengthening action of
the mineral additives entered into structural compositions is
connected, as a rule, with the emergence of multiple
crystallization centers in the cement mortars promoting
increase of speed and uniform of formation of the spatial
structure of the baked material [15]. Considering the nature
of proportionality growth of the particles number filling the
unit volume at decrease of their size, it is logical to expect
that the 2nd reduction of the dimensional parameter
observed is followed by the particles number increase in the
system 9 decimal orders.

The avalanche origin of nanoparticles of a solid phase
after imposing of rotor and pulse influence is fair to connect
with the course of the initiated hydrolysis sols with the
formation of the oxyhydroxide:

CaCl, + 2H,0 — Ca(OH),| + 2HCI.
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Ta6nuua 1 Its water solubility at a temperature

Table 1 of20°C is 465.6 times lower than for the

Mnowagb yaenbHoi NoBepXHOCTH, Sy, M2/r CyMMapHblit 06beM nop mother compound [16]. Rep lz'icement

Specific surface area, Squ, m2/g oo ' as a part of a molecule chloride ion,

OGpaseu SA > CM°/T possessing high electrophilic properties,

Exemplar Mo metony BT Mo metopy BJH Bulk volume gf pores, is the factor favoring the interaction the

BET method BJH method Vp, m°/g hydrosol particles with the low-polar

1 1,041 4.169 0,013 lf)orms t(“)f the ce;lcli.urlril silica‘[elsl — t'ltlﬁ
ases of a cement clinker, as well as wi

2 0,869 2,485 0,0083 the molecules of the knitting

Ta6nnua 2 portlandtsement components. .

Table 2 Validity of the made assumptions

confirm the results characterizing

Mpenen npourocTv, MMa change of the pore structure of the

KOHLLeHTngLglﬂ Ij/onwecmo poGaBky, | oo Ultimate strength, MPa cemen} stone when used for dis{illecli
acteopa CaCl,, 6 OT MacChl LigMeHTa water for mixing cement (exemplar

i MOE)1b/ﬂ * | Quantity of an additive, | 27834 | Mlpu oxaru, Mpw waruGe, control) and t%le mecha(noact?vated

Solution strength % of the mass of Meihaplcal Rex05 Ry$0.2 calcium chloride solution with

of CaCl,, mol/I cement activation | During (;)orﬂgrgs- Dunr})g_}l_)gnzdmg, concentration of 0.032 mol/l (test

Slon, Ter?. I item 2, the experimental). In fig. 3 the

B _ _ M7 53 course of adsorption isotherms and a

' ' desorption of nitrogen at change of

_ 446 6.1 vapors pressure P/P; nitrogen for

0,032 0,1 + 486 74 exemplar 1 is shown. Received for the

. . studied objects the adsorption isotherms

048 15 - 46,8 6,8 of ni.troge.n belong to the TV!" type on

' ' + 47,9 7 classification of IUPAC. Such type of

isotherms is characteristic for the solid

0,965 3 - 476 7 bodies having a mesopore according to

+ 48 72 Dubinin's classification [17]. The sharp

BCIJIMBO CBA3aTb C IMPOTCKAHUEM MHULIMUPYEMOIO I'mapo-
JIn3a 30JI11 C O6pa30BaHI/ICM THUAPpOKCHIA:

CaCl, + 2H,0 — Ca(OH),| + 2HCI.

Ero pactBopumocts B Bome npu temmeparype 20°C B
465,6 pa3a HUXe, YeM JII MCXOOHOIo coeauHeHus [16].
3aMmelnieHre B COCTaBe MOJIEKYJIbI XJIOpUI-UOHA, 0bJanato-
IIETO BBICOKUMM 3JIEKTPOHOAKUEITOPHBIMU CBOMCTBAMM,
siBJIsieTCsl (haKTOpPOM, OJIarONMpUSITCTBYIOIIMM B3aUMOJIEH-
CTBUIO YaCTHI] TUAPO30JS C MaJOMOJSIPHBIMU (hopMaMu
CUJIMKATOB KaJIbLIMS — OCHOBBI IIEMEHTHOTO KJIMHKepa, a
TaKxXe ¢ MOJIEKyJJaMU BSDKYIIIMX KOMITOHEHTOB MOPTIaHALIe-
MEHTa.

OO0OCHOBAHHOCTb CJEJaHHBIX MPENNOJ0XEHUN MOo-
TBEPXKIAIOT pe3yJbTaThl, XapaKTepu3ylollue H3MeHEHUe
TOPOBOM CTPYKTYPHI LIEMEHTHOTO KaMHSI TIPU MCITOJIb30Ba-
HUU JIJI51 3aTBOPEHUS LIeMeHTa TUCTU/UTMPOBAHOM BOIBI (00-
paseil 1, KOHTPOJIbHBINA) U MEeXaHOAKTMBUPOBAHHOIO pac-
TBOpa XJIOopuaa Kaiblius ¢ KoHueHTpauueil 0,032 Moib/n
(obpa3zelr 2, akcriepuMeHTanbHbIN). Ha puc. 3 npogemoH-
CTPUPOBAH XOJ MU30TEPM aacoOpOUUM U AecopOLUu a3ora
IIpY U3MEHEHNH JaBiieHUs napos a3zota P/P, nis obpasua 1,
otHocsammiica K IV tumy mo knaccuduxkaumu [UPAC.
Takoil BUI M30TEPM XapaKTepeH ISl TBEPAbIX TeJ, UMeEIo-
KX Me3onopbl no kiaccubukanuu dyoununa [17].
Hab6onaromuiicst mpyu 3TOM PE3KUA MOIBEM COPOLIMOHHOM
KpUBOW MpH 3HaYeHusx P/P,, 6113kux K enrHuIe, yKasbl-
BaeT Ha HAJIMYMe B 00pasile KPYITHBIX TI0pP.

IIpencraBnenHble B TaOa. 1 JaHHBIE aHAIM3a X0Ia BO3-
pacTaronieil (aacopOLMOHHOM) BETBU KPUBOU C IMpHUMEHE-
HueM Metona BOT u mo Hucnanarouei (1ecopOLIMOHHOIT)
BETBU ¢ moMolipio Mogeau BJH nemoHCcTpupytoT coriacy-
IOIIMIACS pe3yJbTaT MPUMEHEHUs] MeXaHOAKTUBMPOBAHHO-
ro pactBopa xjopuaa Kaibius. OH BbIpaxaeTcs B COKpa-
IIEHWM MOKa3aTeaei IUIOAau yAeJbHOM MOBEPXHOCTU B
1,7-2,1 pa3a u o6beMa MOPOBLIX IMPOCTPAHCTB B 1,6 pasa.

JlaHHble Tabja. 1 DOMOJHSIIOTCS MPEeACTaBISHHBIMU Ha
puc. 4 xapakTepUCTMKaMHU paclpeieieHus rnokasaTeneit
Sy u Vi no pasmepy nop (D, HM). Pe3ynbraTsl aHanusa

HAY4HO-MexXHU4eCcKuil U npou3800CMEeHHbLI HCYPHAA

raising of a sorption curve which is
therefore observed at P/P, values close to 1, indicates
existence of large pores in exemplars.

The data of the analysis of the course of the increasing
(adsorption) branch of the curve with application of the VET
method and on the falling (stripping) branch presented in
table 1 by means of the BJH model show consistent result of
the use of the mechanicaly activated calcium chloride
solution. It is expressed in the reduction of indexes of the area
of the specific surface area by 1.7—2.1 times and the volume
of pore spaces by 1.6 times.

Data shown in table 1 are supplemented with
characteristics of distribution of indexes of Sg, and Vp
presented in fig. 4 by the size of the pores (D, nanometer).
Results of the analysis confirm that the studied objects are
mesocellular bodies with a small contribution of micropores.
In the control specimen the range of the diameter makes
from 3 to 160 nanometers. In the experimental exemplar the
lower bound of the pore size did not change and the top
bound decreased to 90 nanometers. Thus distinctions of
indexes of porosity are shown more significantly in the
process of increase of the pore size.

The contribution of different pore diameters to porosity
indexes can be reflected by means of the differential
characteristics provided on fig. 5.

The dominant contribution in the control specimen is
provided by pores of 4 nm in diameter and also 7.0+1 and
11.5£1.5 nm. In the experimental exemplar emergence of a
padding strip of the dominant pore size 5+0.5 nanometer is
observed against decrease in amplitude of the specified
dimensional extremums.

Thus, use for obtaining cement mass of the mechanicaly
activated solutions of calcium chloride provides decrease in
integral indexes of porosity of the formed cement stone
reducing the size of the maximal diameter of pores by
1.8 times and leveling the distribution of pores size of indexes
of a specific surface area and the volume of pore spaces.
Decrease of the deficiency of the cement stone structure and
especially the amount of mosopores with large cross sectional
dimensions (up to 160 nm) has to reduce probability of a
stress concentration on the weakened structural places under
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TTOATBEPXKIAIOT, YTO UCCIIEAYeMbIe 00b-
€KThI SIBJISTIOTCS ME30TIOPUCTBIMU TeJla-
MM C MajbiM BKJIaAOM MUKPOIIOD.
B koHTposbHOM oO0Opa3le auanasoH
NlMaMeTpa Mop COCTaBjsieT OT 3 1o
160 HM. B skciepyMeHTaIBHOM 06pas3-
116 HIDKHSISI TpaHWIAa pa3Mepa Imop He
M3MEHWUJIACh, a BEPXHSS CHU3WIACH 0
90 uM. I1pu 3TOM pazauuus mokasare-
Jieii TIOPUCTOCTU TPOSIBISIIOTCST Gosiee
CYIIECTBEHHO I10 Mepe YBEJIMYEHUS
pasmepa nop.

Ha puc. 5 npencrasieH BKjIaa mop
pa3HOro IMaMeTpa B BEJIMUMHY IMOKa3a-
TeJaell MmopucTocTh. B KOHTpOJbHOM
obpaslie TOMUHUPYIOLIMI BKIag obec-
MeYnBaloT TMOpPbl TMaMeTpoM 4 HM, a
takke 7+1 u 11,5+1,5 am. B akcnepu-
MEHTaJIbHOM oOpa3siie Ha (POHE CHIKE-
HUST aMIUTUTYABl YKa3aHHBIX pa3Mep-
HBIX 9KCTPEMYMOB HaOJI01aeTCsI MOSIB-
JIeHWe JOTMOJHUTEJbHONW  TMOJOCHI
JMIOMMHAHTHOTO pa3Mepa mop 50,5 HM.

Takum oOpa3om, MCIOJb30BaHUE
JUTSL TIOJTYYeHUS LIEMEHTHOM MacChl Me-
XaHOAKTUBUPOBAaHHBIX PACTBOPOB XJIO-
puaa Kaablus obecriedynMBaeT CHUXe-
HUE WHTETpaJIbHBIX TOKa3aTesiell Io-
pUCTOCTU (DOPMUPYEMOTO LIEMEHTHOTO
KaMHsI, YMEHbIIIasl BEJIMUYMHY MaKCU-
MaJILHOTO AuameTpa mop B 1,8 pasza u
BBIpaBHUBAs pacrpenesieHue Io pas-
MEpy MOop IoKaszaTeje yAeJbHOMU ITO-
BEPXHOCTU U 00bEMa IMOPOBBLIX MPO-
CTPaHCTB. YMeHbllIeHUEe Ae(eKTHOCTU
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Puc. 4. Onarpammbl pacnpeneneHns no pasmepy nop (D, HM) BENVYUH YOENbHON MOBEPXHOCTM
(Sym, M M2/r) (a) n noposoro o6bema (Vy;, M3/r) (b) B 06pasLiax LEMEHTHOTO kKaMHa 1 1 2
Fig. 4. D|agram of the specific surface area (Sga, m 2/g) (a) pore size distribution (D, nm) and the pore
volume (Vp, cm 3/g) (b) in samples of cement stone 1 and 2

a

dSsa/dD+102, m2/nm /g b 4vp/dD-103, cmé/nm /g
50

1,5

.

i
L2 g

1]

I
o9ril . 1

n I\ /"“{
0,6 '” { N/ 2 N

w /! N

U SS
03FIl i R
0 i 1 1 1 1 1
3 6 9 12 15 18 21 24
D, nm

Puc. 5. }J,mcbci)epeHu,maanble KPVBbLIE pacrnpefeneHns no pasmepy nop g/,u,eanom NOBEPXHOCTU
(dSyp/dD, cm/Hm/r) n obbema noposbix npocTtpaHcTe (dVy/dD, cm®/Hm/r) B obpa3uax
LLeMEHTHOro KaMHsl 1 1 2

Fig. 5. Differential size curve distributions by the specific surface area (dSg,/dD, m?/nm/g) (a) and the
pore volume (dVp/dD, cm 3/nm/g) (b) in samples of cement stone 1 and 2

CTPYKTYpPBI LIEMEHTHOTO KaMHSI U OCO-
OEHHO KOJMYECTBAa ME30IOp C KPYMHBIMU IMOMEPEUYHBIMU
pasmepamu (oo 160 HM) HOJDKHO CHUXKAThb BEPOSITHOCTD
KOHIICHTpallUW HaMNpsKeHUH Ha OCIabJIEeHHBIX CTPYKTYp-
HBIX MECTax P BO3ACHUCTBUM BHELIHEW HArpy3KH, CIIOcO0-
CTBOBATh Iepepacrpeie/IeHUI0 YCUIN 1 MOBBIIICHUIO Me-
XaHUYECKOU YCTOMYUBOCTH MaTepualia.

CripaBelJIUBOCTD 3TOTO MPEATIONOXKEHUS TTOATBEPKAAIOT
MpeACTaBI€eHHbIE B Ta0JI. 2 JaHHbIE U3MEHEHUS MoKa3aresei
MpeAesioB MPOYHOCTU LIEMEHTHOIO KaMHS TpPU CXAaTUU U
MpU pacTsikeHu Ha u3rud. [lonydeHHbIe pe3yabTaThl CBU-
JIETEIbCTBYIOT OO0 OJHOHAIPABJICHHOM WM3MEHEHUM TMpPOY-
HOCTHBIX TIOKa3aTeJiell LIEMEHTHOTO KaMHSI B CTOPOHY WX
YBEJIMUEGHUSI B Cyyae TPUMEHEHUs IJIsl 3aTBOPEHUS 1ie-
MEHTHOT'O TeCTa MEXaHOAKTUBMPOBAHHOU BOJbBI, COMEpXKa-
et moo6asky. [Ipuuem B ciydae Majioii KOHLIEHTPALUU COJIU
(0,032 mounb/n) BAMsIHKE BTOpOro ¢aktopa B 2,4—2,6 pasza
npeobJiagaeT Hal OTHOCUTEIBbHOW BETMUMHON TPUPOCTa Mo-
KazareJjieil JJisl BapuaHTa MCIOJIb30BaHUSI HEAaKTUBHUPOBaH-
Horo pactBopa. OueBUIHO, B IAHHOW CHUCTEME YBEJIMUYECHUE
KOJINYECTBA LIEHTPOB KPUCTAIU3ALIMU B pe3yjIbTaTe Mexa-
HOAKTHUBUPYEMOTO YJIbTPaaUCIIeprupoBaHus MOAUPUUMPY-
fomeid 100aBKY IMPOSIBASIETCSI B MaKCUMAaJbHOU CTEIEeHMU.
OKBUBWIEHTHbIE U3MEHEHUSI TPOYHOCTHBIX XapaKTepPUCTUK
SKCTEHCUBHBIM ITyTEM JOCTUTAIOTCS TP MOBBIILIEHUN KOH-
LeHTpauuu coiau oyt B 30 pas.

ITpuMeuaTenbHO, YTO BKJIAJl MEXaHOAKYCTUUECKOTO BO3-
NECTBUS COKpAILlAaeTCsl C YBEJMYEHUEM COAEpPKaHUS 10-
6aBku. Bo3aMoxHO, 3T0 00yC/IOBIEHO KOHKYPEHTHBIM MpPO-
SIBJIEHUEM TOOOYHOTO BJIUSIHUSI BBICOKOKOHIIEHTPHUPOBAH-
HBIX PacTBOPOB MUHEPAJIBHOIO MomMpUKaTOpa, MoaBepr-
HYTBIX MEXaHOAKTUBAIIMU, CBSI3aHHOTO C TIOBBIIIIEHUEM UH-
TEHCUBHOCTH MPOTEKAHUS CTPYKTYPHBIX Pe0Opa30BaHMUii B
00beMe LIEMEHTHOIO TeCTa U MpeXAeBPeMEHHBIM UHULIMU-
poBaHMeM IpolleccoB TBepAaeHUs. CieayeT ocobo OTMe-
TUTb, YTO MOJyYEHHBIE PE3YJBTAThl COTJIACYIOTCS C JAHHBI-

the influence of an external loading up to 160 nanometers
promote redistribution of efforts and increase of the
mechanical stability of the material.

Validity of this assumption is confirmed by the changes of
indexes of the ultimate strength of exemplars of the cement
stone presented in table 2 during compression and stretching
on a bend. The received results testify that the presence of
additive in the liquid used for cement mixing and carrying out
its mechanical activation promote the unidirectional change
of strength indexes of the cement stone towards their increase.
In case of a small salt concentration (0.032 mol/l) the
influence of the second factor prevails over the relative size of
an increase of indexes for the option of non-activated solution
using in 2.4—2.6 times. Apparently the increase in quantity of
crystallization centers as a result of the mechanicaly activated
ultradispersion of the modifying additive in this system is
shown to maximal degree. The equivalent changes of strength
characteristics are reached by the extensive way when
strengthening salt concentration almost 30 times more.

It is interesting to note that the contribution of the
mechanoacoustic influence is reduced with increase in the
maintenance of an additive and strength characteristics of the
material are approximately the same. Perhaps this is due to the
competitive development of the side effect ofhighly concentrated
solutions of the mineral modifier subjected to mechanical
activation, bound to excessive distribution of structural
transformations in volume of cement dough and premature
initiation of processes of concreting. It should be emphasized
that the results received are consistent with those of the other
researchers, in particular [18], who have found that the greatest
technological impact of nano modification of building materials
is seen in the area of low concentrations of nano-additives.

The results of researches open relationship of cause and effect
of the serial changes generated by carrying out mechanical
activation ofsolution ofa mineral additive to cement compositions
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MU JPYTUX UCClemoBaTeneli, B yacTHOCTH [18] ycTaHOBUB-
IIKX, YTO HaWOOJBIIMIA TEXHOJOrMYyecKuii 3¢pEeKT oT
HaHOMOAMMUIMPOBAHUS CTPOUTETBHBIX MaTEPUAIOB MTPO-
SIBJISIETCS B O0JIACTU MaJIbIX KOHLIEHTpAIMii HAaHOZ00AaBOK.

Pesynbrarhl uccienoBaHUn BCKPIBAIOT MPUUUHHO-CJIE] -
CTBEHHYIO CBS3b TTOCJICIOBATEIEHBIX U3MEHEHMI, TTOPOXKIa-
€MBIX TIPOBE/IEHEM MEXaHOAKTUBAIIMY paCTBOPa MUHEPATb-
HOM M00aBKU K LIEMEHTHBIM KOMIIO3UIIUSIM, W TIO3BOJISIIOT
CO3/IaTh HAYYHBIN 3a/en I pa3pabOTKU TEXHOJIOTMYECKUX
MOIXOI0B COBEPUIEHCTBOBAHUSI CTPYKTYPhI M MPOYHOCTHBIX
CBOWCTB OETOHHBIX MaTepUaIOB U KOHCTPYKIIUIA.

B pesynbrare poTOpHO-UMIYJILCHOTO BO3/ICHCTBUS Ha
pPacTBOPHI XJIOpUAA KaJIbLIMS MPOUCXOMAT CIEAYIOIINe 13-
MEHEHUSI:

— pa3Mep 4YacTull AUCTIepCHOM (a3bl pacTBOpa YMEHb-
maercs ¢ 500—900 um mo 0,5—0,8 HM, yBeTMUMBast KOJIMYE-
CTBO TOTEHIIMAJIbHBIX IIEHTPOB KPUCTAIIM3ALMU 1IEMEHT-
HOW KOMITO3ULIUY;

— TJIOIIAAb YACTHLHON TTOBEPXHOCTU IIEMEHTHOTO KaMHSI
cHmxaetcsa B 1,7—2,1 pa3a, a 00beM IIOPOBBIX IIPOCTPAHCTB
—B 1,6 pa3a, 4T0 0OYCIOBIEHO MTPEUMYIIIECTBEHHBIM YMEHb-
IICHUEM CONEePKaHUSI TIOP C AMAMETPOM BBIIIe 6 HM U CHU-
SK€HHEM BepXHel TpaHuLIbl pa3Mepa mmop ¢ 160 1o 90 HM;

— BO3pacTaloT MPOYHOCTHBIC TMOKa3aTeJd 1eMEHTHOTO
KaMHsI, (hOpMHUPYEMOTO C UCTTOJIb30BaHNEM MEXaHOAKTUBH -
POBaHHBIX CUCTEM. YMeHbIIIeHHe Ne(PEKTHOCTU CTPYKTYPHI
1IEMEHTHOTO KaMHsl, TTOJy4eHHOTO Ha OCHOBE MeXaHOaKTH-
BUPOBAaHHBIX BOAHBIX pacTBopoB CaCl,, cornacyetcs ¢ 1aH-
HBIMU MpPUpPOCTa TlOKazaTeseil Tpesena MPOYHOCTU TP
cxatnu Ha 15—17% w nipu n3ru6e Ha 32—40% 1o cpaBHe-
HUIO C TPAAUIIMOHHBIM PEXMMOM 3aTBOPEHUS IIEeMEeHTa BO-
nmoi. MakcuMaibHoe pasnnuue (B 2,4—2,6 pa3a) ¢ pe3ysibra-
TaMU MCIOJIb30BaHMSI HEAKTUBUPOBAHHOIO PAaCcTBOpPA COJU
nojiydeHo st KonueHTpauuu 0,032 monb/J1; addekT cooT-
BETCTBYET pe3yJjibrataM 30-KpaTHOTO YBEIUYCHUS COJEpXKa-
Husa CaCl,.

Takum 006pa3zoM, MeXxaHOAKyCTHUIeCKasl aKTUBALIMSI BOIbI
3aTBOPEHUSI ¢ JOOABKOM XJIOpHIa KAJIbIUS MOXET ObITh HC-
M0JIb30BaHa B MPOU3BOACTBE OETOHHBIX U3AETUI A YIyd-
LIEHUS UX CTPYKTYPHI U CBOMCTB.
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and allow to create a scientific reserve for the development of
technological approaches of perfecting of structure and strength
properties of concrete materials and designs.

Conclusions

1. The interrelation is traced between changes in the
disperse phase condition as a result of the rotor-pulse impact
on solutions of calcium chloride, pore structure and strength
indexes of the cement stone formed with the use of the
mechanically activated systems.

2. With the use of the dynamic light scattering method it
is shown that in the activated CaCl, solution with
concentration of 0.032 mol/I the particles size decreases from
500—900 nanometers to 0.5—0.8 nanometers; it causes
increase of 9 decimal orders of the quantity of the potential
crystallization centers of cement composition.

3. By using the method of low-temperature adsorption-
desorption of nitrogen for the analysis of porosity of the
experimental samples of cement stone received with the use
of mechanically activated CaCl, solution, the decrease in
specific surface area of 1.7—2.1 times and the volume of pore
spaces of 1.6 times due to predominant decrease in the
content of pores with the diameter over 6 nanometers and
decrease in the upper bound of pore size from 160 to
90 nanometers is shown.

4. Decrease of defects in the structure of the cement stone
samples received with the use of mechanically activated
aqueous solutions of CaCl, for making cement paste is
consistent with growth rates ofcompressive strength limit of
15—17% and bending strength of 32—40% in comparison
with the traditional mode of cement water mixing. The
maximal difference (in 2.4—2.6 times) in the results with the
use of non activated salt solution is received for concentration
of 0.032 mol/1; the effect corresponding to the results of 30-
fold increase in the content of CaCl,.

Thus, mechanoacoustic activation of mixing water with
calcium chloride additive can be used in manufacturing of
concrete products in order to improve their structure and
properties.
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OcobeHHOCTH MEXaHW3Ma TBepAeHUs
HAHOCTPYKTYPUPOBAHHOIO BAXYLLEr0™

Llenbto paboTbl ABNANOCH YTOYHEHWE MEXaHW3Ma TBEPAEHNS HAHOCTPYKTYPUPOBAHHOIO BSXKYLLErO CUNIMKATHOrO cocTasa. MpoBefeHbl ncenefoBaHns no
U3Y4EHNI0 KNHETUKI CTPYKTYPOOOPa30BaHNS B CUCTEME HAHOCTPYKTYPUPOBAHHOIO BSKYLLIErO HA OCHOBE KBapLa. AHanM3 NpoLEeCCOoB, NPOTEKAOLLNX B
TeyeHne TBepaeHns HB Ha pasnuyHbIX CyTKax, OCYLLECTBAANCSA HA OCHOBAHMM [aHHbIX PEHTTeH0(HA30BOro aHan13a u MHPPAKPACHON CNEKTPOCKONUN.
113y4eHa KMHEeTMKA Habopa NPOYHOCTI HAHOCTPYKTYPUPOBAHHOMO BSXKyLLEro. OTMEYEHO yBenYeHne NPOYHOCTI 06PA3LI0B BSXKYLLIETO NPK COKpaLLEHUN
[0/ aMOPCHM30BAHHOI COCTABNAIOLLEN B CUCTEME. YTOUHEH MEXaHU3M CTPYKTYPOO0OPA30BaHNS HAHOCTPYKTYPUPOBAHHOIO BSXKYLLErO HA KBApLEBOIA
OCHOBE, 3aK/HOHAIOLLMIACA B MPOTEKAHWI HA NePBOM 3Tane NpoLecca NONUKOHABHCALMM C Y4acTMEM BOAHOI COCTABNAIOLLENA B CLUNBKE CUNOKCAHOBbIX
CBAA3EM 11 aBTOINUTAKCUANBbHON KpUCTANNN3aumeit amopthHONM COCTaBAAIOLLIEN HA KPUCTANIMYECKNX YacTULAaX Oi-KBapLa Ha BTOPOM aTane. [pu aTom gns
13y4aeMOI MUHEPanbHOM CUCTEMbI MCXOAHbIN KPEMHE3EM SIBMSETCSA KBApLEM NepBOM reHepauui, a HOBOOOPA30BaHHbIA B MPOLIECCE TBEPAEHNS — KBApPLEM

BTOPOW reHepauuu.

Knioyesble CNOBA: HAHOCTPYKTYPUPOBAHHOE BAXKYLLEE, KBapL, CTaauu (pa3oo6pasoBaHus, KpUCTANIU3ALMA, NONUKOHAGHCALNSA.
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Features of Hardening Mechanism of Nanostructured Binder*

Goal of this paper is more deep understanding of hardening mechanism of silica nanostructured binder. Study of kinetics of structure formation in silica nanostructured binder (NB) is
realized. Analysis of chemical processes in the NB system taking place during the time period from 4 hours to 7 days is accomplished on the base of data of X-ray analysis and
IR-spectroscopy. The strength development in NB system is studied. Improving of strength values of NB when reducing of amorphous component in the binding system is observed.
Mechanism of structure formation in silica based NB, consisting in two stages: polycondensation with involving of water component when assembling of siloxane bands; autoepitaxial
crystallization of amorphous component at surface of Qt-quartz crystals. For this mineral binding system the raw silica component is quartz of first stage of phase formation and a new

formation is quartz of second stage of phase formation.

Keywords: nanostructured binder, quartz, stage of phase formation, crystallization, polycondensation.

B HacTosiIee BpeMsl TEMITBI CTPOUTENbCTBA B Poccun
XapaKTepU3YIOTCS YCTOMYUBBIM €KETOIHBIM MPUPOCTOM.
DTO MIPUBOIUT K HEOOXOIMMOCTHU Pa3paboOTKU CTPOUTEIb-
HBIX KOMITO3UTOB, OTBEYAIOIINX COBPEMEHHBIM TpebOOBa-
HUSM IO 9KOJOTMYHOCTH, ITOJTOBEYHOCTH W SKOHOMMUY-
HOCTU. B 9TOi1 CBSI3U aKTyaIbHBIMU CTAHOBSITCS ajbTepHa-
TUBHBIE BUABI CBA3YIOIIMX, K YHUCIY KOTOPBIX MOXKHO
OTHECTH pa3paboTaHHOE aBTOPCKUM KOJUIEKTUBOM HaHO-
cTpyKTypupoBaHHoe Bsikyiee (HB) HernaparaiimonHoro
THUTIA TBEPIAEHMS C 9KOJOTUUECKH OE30MacHOM TeXHOJIOTH-
eii MoJIydeHUsT Ha OCHOBE ChbIpbSl PA3IMYHBIX TeHETUYe-
CKMX TUIIOB M cocTaBa [1—3], npuMeHsiemoe s MoJiyde-
HUS MaTepuaaoB pa3inyHOro yHKIMOHAILHOIO Ha3Ha-
yeHus [4—8].

CorniacHO OOIIENMPUHSTON KiacCUu(pUKAIIMUA BCE BSIXKY-
e BelecTBa MOAPA3AEIISTIOTCS B 3aBUCUMOCTH OT CPEIbI
TBepJACHUSI Ha JBa OCHOBHBIX THUIIA: T'MApPABIWYECKUE U
BO3AYIlIHbIE. B OTAEAbHYIO TPy TaKKe BBIAEISIOT BSIXY-
1€ aBTOKJIABHOI'O TBEPAECHUSI, HO IO CYIIECTBY OHU OT-
HOCSTCSI K TUApaBIMYeCcKUM. TakxKe BSDKYIIVME B 3aBUCH-
MOCTH OT ME€XaHW3Ma TBEPIACHUS TTOAPA3ACITIOTCS Ha TUI-
paTallMOHHBIE M HETUIpaTallMOHHEIE.

OCHOBHBIM TIPEACTaBUTENIEM TUAPABINYECKUX BSIKY-
WX SIBJISIETCSl LIEMEHT, MEXaHU3M TBEPAEHUsI KOTOPOTO
OCHOBAaH Ha XMMUYECKOM B3aUMOIEWCTBUU BOAHOU CO-
CTaBJIAIONIEH ¢ KIMHKEPHBIMU MUHEpAJIaMH U TIOCIIEAYIO-
el KpHucTalIM3allui HOBooOpa3oBaHmii. TakuMm oOpa-

At present time a stable annual growth of construction in-
dustry in Russia is observed. That leads to relevancy of devel-
opment of construction composites meeting update require-
ments in ecological compatibility, durability and efficiency. In
this context, the development of alternative binders, including
nanostructured binder (NB) of non-hydration type of harden-
ing, produced by environmentally friendly technology on the
base of raw materials with different genetic types and composi-
tion [1—3], and applicable for construction materials of differ-
ent purpose [4—8] is prospective.

According to standard classification all binders are divided
into two basic types (depending on setting environment): hy-
draulic and air-setting binders. Autoclave binders are referred
to separate group. However it is variation of hydraulic binders.
Taking into account mechanism of hardening the hydraulic
and non-hydraulic binders take place.

The most popular type of hydraulic binders is Portland ce-
ment. Its mechanism of hardening is based on chemical reac-
tion between water component and clinker minerals followed
by crystallization of new phase formation. So, Portland ce-
ment is hydraulic binder with crystallization mechanism of
hardening.

Among of air-setting binders the gypsum and lime binder
are widely used. These materials without structural modifica-
tion are characterized by low water resistance. At the same
time a NB with air-setting hardening type has a high water-
resistant property at stage of completed hardening process [9].

* PaboTa BbIMOJIHEHa IpyU (MHAHCOBOM noanepxke Poccuiickoro poHna pyHmaMmeHTalbHbIX HccaenoBaHmuit, noroop Ne 14-41-08024, a Takxe
B paMKax peaju3alliy mporpaMmbl ctparerudyeckoro pazsutusi BI'TY um. B.T'. lllyxoga.

* The research work is accomplished under the financial support from the Russian Foundation of Fundamental Research, agreement Ne14-41-
08024 and within the framework of the Program of Strategic Development of BSTU named after V.G. Shoukhov for 2012—2016 with using of the
equipment based on the High-Technology Center, BSTU named after V.G. Shoukhov.
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30M, LIEMEHT TPEACTaBIsIeT CO00I BSIKYyIlee TUApaBINYC-
CKOTO THUIIa M KPUCTATJIMU3ALMOHHOIO MeXaHu3Ma
TBEpPACHUSI.

Cpeay BO3AYIIHBIX BSIKYIIUX BEIISCTB paclpocTpaHe-
HBI TUTIC U U3BeCTh. JlaHHBIE MaTepUalbl 0€3 CYIIeCTBEH-
HOM CTPYKTYpPHOI MOAM(UKALIMKU TP TBEPACHUU XapakK-
TEpU3YIOTCS HU3KWMU TIOKa3aTeJsIMU BOIOCTOMKOCTH.
B TO xe BpeMsi HAaHOCTPYKTYPUPOBAHHOE BSIXYIIEe, OTHO-
csnieecs K BO3AYLUIHOMY THUITY, OTJIMYAETCs JHOCTaTOUYHOM
BOJOCTOMKOCTbIO TIPU YCJIOBUM TIOJHOTO 3aBEPILIECHUS
IIPOIIECCOB TBepAcHUSI [9].

Panee cuutanock [9, 10], yTo Tpu BBICHIXaHUU HAHO-
CTPYKTYPMPOBAHHOE BSIXKYIIIee XapaKTepU3yeTcs IMoTruMe-
PU3AIMOHHO-TIOJIMKOHAEHCAIMOHHBIM ~ MEeXaHU3MOM
TBepAeHuUs. [Ipu 3TOM pOCT MPOYHOCTU MaTepuaia B po-
1ecce Bo3aeicTBus TeMnepatypbl 10 100°C obyciioBinBa-
€TCH MOJUKOHIAECHCAIIMOHHONM CIIMBKOM C MEPEXOA0M CU-
JIAaHOJIBHOM CBSI3W B CUJIAKCAHOBYIO:

4

=Si—0 + HO—Si= > =Si—0—Si= + OH.

B TakoMm ciiyuae Bojia He y4acTBYeT B XUMUYECKOM B3a-
nMojeiictBuu u TBepaeHne HB He compoBoxkaaercst mpo-
lleccaMy KpUCTaJlJIM3allMi HOBoOOpasytomuxcs das.

B cBs3M ¢ HemocTaToOYHOII 3KCIEPUMEHTAIBLHON M3Yy-
YEeHHOCTbhIO BOIPOCA, Kacalolerocsi MexaHnu3Ma TBepACHUS
HB, nis yrouHeHust (IMOATBEPXKACHMS JIMOO OMIPOBEPKEHUS
JTAaHHOTO MEXaHW3Ma) B HACTOSLIEH paboTe MPOBEAEHBI UC-
CJIeIOBaHUS TI0 U3YUYEHUIO KUHETUKU CTPYKTYpooOpa3oBa-
HUS B CHCTeME HAHOCTPYKTYPMPOBAHHOIO BSLKYILIETO Ha
OCHOBE KBaplla KaKk HanboJiee U3yUeHHOTO C TOYKU 3PEHUS
CBOMCTB KOHEUHBIX TPOJYKTOB.

Maccy HB Ha kBaplieBOii OCHOBE B pe3yjibTaTe MOKpO-
ro TTOMOJIa COCTABJISIIOT MTOJUIUCIIEPCHBIE YaCTULIBI KBAp-
11a, obecrieunBaloIIe BHICOKYIO0 KOHILICHTPAIIUIO TBEPAOK
dasbr npu BaaxHoctu 14—20%, U KOJIOUIHBIA KOMIIO-
HEHT, MPeACTaBIeHHbIA HAHOPa3MEPHBIM KPEMHE3EMOM U
rejieM KpeMHUEBOU KUCIOTHl. B cBOIO ouepenb, YaCTUYHO
00€3BOXEHHOE HAHOCTPYKTYPUPOBAHHOE BSXYILlEE CO-
CTOUT W3: KPUCTAJIMYECKOTO KBaplia; peHTreHoaMopd-
HO# (a3wl, TIpeacTaBiIeHHONW aMOp(dU30BaHHON 00004~
KO MOJIMAMCTIEPCHBIX YaCTUIL KBaplia, c(hopMUpPOBaHHOM
B TIpollecce MeXaHOaKTUBaUMW; (pakiiuu KpeMHe3eMa
HAHOPa3MEPHOIo YPOBHSI U OCTATOYHOI'O KOJUYECTBA
SiO,-rens.

TeopetnueckuM 0OOCHOBAHHWEM TUIIOTE3bl O TOJU-
KOHJICHCAIMOHHO-KPUCTAIIN3allMOHHOM MeXaHu3Me
TBEPACHUSI HAHOCTPYKTYPUPOBAHHOTO BSIXKYIIETo KBaplie-
BOTO COCTaBa MOXET CIYXWUTb CJIeylollee MPearnoioxe-
Hue. Eciau ucxomuTh OT OoOpaTHOIO YTBEPXKIAECHMS, UTO
TBEPACHUE HE COMPOBOXIAETCS KPUCTAJUIM3ALMOHHBIMU
nmpoieccaMm M WAYT TOJBKO IOJUMEPU3aLMOHHO-KOH-
JIeHCAIlMOHHBIE, TO B 3aTBEPJEBIIEM MaTepuaje IO0JKHO
MMPUCYTCTBOBATh MCXOMAHOE KOJIUUYECTBO peHTreHoaMopd-
HOM (a3Hl.

s BBISIBIEHUS MPOLIECCOB, MPOUCXOISIINX B

Earlier [9, 10] it was assumed, when dry process a polym-
erization-polycondensation mechanism of hardening is typical
for NB. In this case strength growth of binder when curing at
100°C is associated with polycondensation assembling fol-
lowed by transformation of silanol band into silixane one:

=Si—0 + HO—Si= > =Si—0—Si= + OH

In this case water component does not participate in
chemical reaction of hardening of NB and the crystallization
of new phases in this system is absent.

Due to insufficient knowledge about mechanism of NB
hardening the results of study of kinetics of structure formation
in silica based NB are presented in this paper for refinement
(conformation or refutation) of suggested mechanism of hard-
ening. This binder was chosen as material with the most stud-
ied properties of final products on its basic.

Dominant part of silica based NB after wet grinding is
polydisperse quartz particles as solid phase with humidity of
14—20% as well as nanosize silica and silica gel as colloid com-
ponent. Partially dried NB consists of followings components:
crystal quartz, X-ray amorphous phase in form of amorphous
layer at disperse quartz particles obtained during mechanoac-
tivation; nanosize silica and silica gel.

Theoretical justification of hypothesis about polyconden-
sation-crystallization mechanism of the silica based NB hard-
ening can be following: polycondensation-crystallization pro-
cesses only (without crystallization process) explain a presence
of X-ray amorphous phase in hardened binder.

To analyze the processes taking place in NB during curing
period from 4 hours to 7 days a X-ray diffraction analysis, IR-
spectroscopy were accomplished taking into account a physi-
cal and mechanical characteristics of binding system. The
study was made with using of the equipment based on the
High-Technology Center, BSTU named after V.G. Shoukhov.

X-ray diffraction analysis was realized with diffractometer
ARL X’TRA (Thermo Fisher Scientific). Due to specific pro-
cess the sample preparation for X-ray diffraction analysis (dry-
ing process is necessary) it is impossible to study the NB in
natural state (suspension) by this method. For this reason for
more deep understanding of mechanism of silica based NB
hardening the NB samples at different curing time at 4 hours as
well as at 1, 2, 3, 4 and 7 days are studied.

In this case the sample preparation for X-ray diffraction
analysis is following: powdering of dried material followed by
mixing with dioxide titanium (TiO,) as standard material in
ratio of components TiO,: NB — 1:3 and finally, pattern for-
mation. Data of X-ray diffraction analysis was accomplished
with data base PDF-2, integrated in data retrieval system
Searth Match (Oxford Cryosystems). Full profile calculations
of qualitative characteristics were determined with DDM
v.1.95¢ program [11].

According to X-ray data (see a Table) the NB sample after
4 hours of hardening in ambient conditions consists of two fol-
lowing phases: crystal one in form of quartz (84%) and amor-

CHUCTEME TBEPACIOIIETO BSIKYILEro, ObLIM MPOBe/e-
HbI McclienoBaHMs ¢ momolibio POA, UK-cniekTpo-
CKOTIMU C yYeTOM M3MEHEHUs (PU3UKO-MEXaHU-
YeCKUX XapaKTepUCTUK.
OBbLIN BBHITIOJTHEHBI C MUCIIOJIb30BaHUEM 000PYI0-

BaHus lleHTpa BbIcOKUX TexHosoruii BITY
uM. B.I'. IllyxoBa.

PeHTreHorpaMmbl TOJYy4eHbl TPU MOMOIIM
nudpakromerpa cemeiictBa ARL X’TRA (Thermo

Fisher Scientific). Beumy ocobeHHocTteit mpobo-

MOArOTOBKU ISt npoBeaeHus: POA HeT Bo3MOX-
HocTHU uccienosatb HB B ecTecTBEeHHOM cocTos-

HUM (B BUIE CYCIIEH3MHU), TpeOyeTcs CyIlIKa.

B cBs3U ¢ 3TMM 111 YTOYHEHUSI OCOOEHHOCTEM
MexaHu3Ma TBepaenus HB xBapiieBoro cocrasa

s

i §®
= el S

KonuyecTtBeHHoOe cooTHoLeHne ¢as, %
Bpems TBepLeHNst, CyT Phase composition of NB, %
Bce wuccnemoBaHus Time of hardening, days KpvicTannmyeckas (ksapLy) AmopdHas
Crystal phase (quartz) Amorphous phase
0,17 (4 4/hours) 83,83 16,17
1 87,87 12,13
2 91,04 8,96
3 93,98 6,02
4 96,8 3,2
7 100 0
T‘ PRI T E05Fl5]E  HayuHO-mMeXHUMeCKUll U nPOU3E00CMEEHHbLI HCYpHAN
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OB M3YYeHBI TTPOOBI BSIKYIIETO Ha Pa3IUYHBIX BPEeMEH-
HBIX TIepUOoJax TBePACHUS: MUHUMaJIbHO BO3MOXHOE Bpe-
MsI BBICYLIMBaHUS Yyepe3 4 U U MOCYyTOUHO — yepes: 1; 2; 3;
4u7cyrt.

st chbeMKM 00pa3loB IIPeaBapUTEIbHO ITPOU3BOAU-
Jlach TIPOOOTIOATOTOBKA TyTeM M3MEbUeHUST BBICYIIEH-
HOTO MaTepuaja 10 COCTOSTHUS TOHKOAMCIIEPCHOTO TT0-
poI1lIKa, KOTOPHI B COOTHOLIEHUU 1:3 OMHOPOMHO mepe-
MEILIUBAJICSI C 3TAJOHHBIM BEIIECTBOM — IUOKCHUIOM
tutaHa (TiO,) u dopmoBancga B Buae Nnpood-TadIeTOK.
JwndpakiimoHHble CHEKTPbl aHAJU3UPOBAIUCH C TTOMO-
mbio 0a3el maHHBIX PDF-2, 060bennHeHHBIX B MHGOpMAa-
LIMOHHO-TIOMCKOBYI0 cuctemy Searth Match (Oxford
Cryosystems). I[losHompoduibHble pacyeThl KOJau4de-
CTBEHHBIX XapaKTEPUCTUK OMpPenesuIuCh ¢ MCIOJIb30Ba-
HueM nporpaMmbel DDM v.1.95¢ [11].

CorracHO MOJyYeHHBIM AaHHBIM, obpa3en; HB mocie
4 4 BBICYILIMBAHUS B €CTECTBEHHBIX YCIOBUSX TIPEACTABIICH
nByMsT ha3zaMu: KPUCTAJUIMYECKOM, KOTOPYIO COCTaBIISIET
KBapil B KOHIEHTpauu moutu 84%, u amopbHoit — 16%.
IIpu 3TOM M3BECTHO, YTO aMOpP(HOI cOoCTaBISIONICH Ha-
HOCTPYKTYPHUPOBAHHBIX BSIKYIIUX SABJISAETCS PEaKIIMOHHO-
aKTMBHas1 KpeMHUeBast kuciora. K 7 cyT TBepaeHust oobpa-
3ell XapaKTepu30BajCs MOHOMUHEPAIbHBIM COCTABOM IPU
MPAaKTUIECKN TIOJTHOM OTCYTCTBUM aMoOpdHOM Ga3bl
(cM. Tabauiy).

AHaJIU3 TPOYHOCTHBIX XapaKTEPUCTUK TBEPACIONINX
BSDKYIIMX MO3BOJISIET ceaaTh CEeAYIOIMi BbIBOI: B Teue-
HUe 7 CyT TBepIEHHUS TIPOUCXOAUT IBa B3aMMOCBSI3aHHBIX
npolecca: KoJM4ecTBo aMop(HOI cocTaBIsIIOLIEN CHUXA-
€TCS 10 HYJISI, ¥ TIPOMCXOINT HAOOP MPOYHOCTH 10 MaKCH-
MaJbHOIo 3HaueHus (puc. 1), Tak KakK B JaJbHEHIIEeM po-
cTa MPaKTUYeCKU He MPOUCXOIUT.

[MapannensHo ¢ POA npoBoauscs aHaaus npob ¢ mo-
Mouipio npubopa Vertex 70. I[IpobGormoaroroBka 3akito-
yajach B TabJIETUPOBAHUM UCCIENYEMOIro AUCTIEPCHOTO
MaTepuajga ¢ 3TaJOHHBIM BEIIECTBOM OPOMUIOM Kajus
(KBr).

HaHocTpyKTypupoBaHHOE BSIKYIlee B MCXOZHOM CO-
CTOSIHUU XapaKTePU3yeTCsl HATUUMUEM CYIIECTBEHHOTO KO-
JINYECTBa KOJUIOUIHOM (aMOp(dHOI) KOMIIOHEHTHI, 1O Be-
LIIECTBEHHOMY COCTaBY UACHTUYHOU KPEMHUEBOW KHUCIIO-
Te. B cBS3U ¢ 3TUM B paboTe MPOU3BOAUIOCH CPaBHEHUE
UK-cnekrpa HB mocne 4 4 TBepaeHus CO CIEKTpaMU 3Ta-
JIOHHBIX BEIIECTB, SBISIONIUXCS KOMIIOHeHTaMu HB —
KPEMHMEBON KUCIOThI U UCKYCCTBEHHOTO TMIPOTepMallb-
HOTO a-KBapiia (puc. 2).

HanoxeHue 3TUX CeKTpaJIbHBIX KPUBBIX 1a€T OCHOBA-
HHUe cumMTath, yto MK-crexkTp mcciaemyeMoro Marepuaia
SIBJISIETCS CYTIEPIIO3UIIMEH ABYX STAJOHHBIX CIIEKTPATbHBIX
KpuBbIX. CTouT otMeTuTh, uTo MK-cnexrp HB nocne 24 u
TBEpACHUSI UIEHTUYEH CIIEKTPY a-KBapua. DToT ¢akT 00-
YCJIOBJIEH MPOLECCOM KPUCTALIU3ALUUU KOJJIOUAHON CO-
crapisionieir HB ¢ mepexomoM B HU3KOTeMIMepaTypHbIit
0-KBapil.

Ha ocHoBaHUM TIOJyYeHHBIX NAHHBIX TOSIBUJIACH BO3-
MOXHOCTb YTOUHEHUSI MEXaHU3Ma CTPYKTypOOOpa3oBaHUS
HB, xoTopslii ocHOBaH Ha ABYX mpoiieccax. B repByto oue-
pelb — Ha MPOTEKaHUM Mpoliecca MOJIMKOHIeHCAlUM, KOT-
Jla BOJIHAsI COCTABJISIIONIAS yYACTBYET B CILIMBKE CUIOKCAHO-
BBIX CBsI3eli. Bropas cranus TBepaeHust 00yciioBeHa aBTO-
SIIMTAKCUAILHON KpHUCTaUIM3alueii aMop@pHOM COCTaB-
JISIOIEN Ha KPUCTAUIMYECKMX YacTUlax o-KBapla, U3
KOTOPOTO COCTOUT OCHOBHAasl Macca Bsikyiero. I[Ipu atom
MOBEPXHOCTh KpUcCTaTMUeckux yactull HB npexacrapnsier
€000i1 MOUTOXKY, Ha KOTOPOM 1 TIPOUCXOAUT aBTOSMUTAK-
CHaJIbHBIN POCT KBaplia, KOTOPbIA TPUBOAUT K OoOpa3oBa-
HUIO B3aUMOCBS3aHHBIX CTPYKTYP, MPEACTABIISIONINX COOO0M
KPUCTAJUIM3aLIMOHHbIE MHTep(EeNChl (CBSI3M) MEXIYy MHU-
Kpopa3sMepHbIMU YacTUllaMu KBapla. Takum oopazom, 1Ist
U3yvyaeMoll MUHepaIbHON CUCTEMbl UCXOJHbI KpEMHE3eM
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Fig. 1. Variation of content of amorphous phase (7) and compressive
strength (2) of NB in time
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Puc. 2. UK-cnektpbl HB 1 aTanoHHbIX BelwecTs: 1 — KpEMHUEBAs KUCNOTa;
2 — VICKYCCTBEHHbI rnapoTepMarnbHblii a-kBapL; 3 — HB nocne 4 4 TBepaeHus
Fig. 2. IR-spectra of: 1 — hydrated silica; 2 — artificial hydrothermal a-quartz;
3 — NB after of 4 hours of hardening

phous one in form of reactive hydrated silica — 16%. At the age
of 7 days of hardening the NB sample is characterized by
monomineral composition and almost complete absence of
amorphous phase.

Strength analysis of hardened NB samples allows conclud-
ing that during 7 days of hardening the two interrelated pro-
cesses take place: reduction of amorphous phase content to
zero as well as a strength growth to maximum (Fig. 1), fol-
lowed by zero variation of strength.

Also the IR-spectra with Vertex 70 machine were ob-
tained for NB samples. The sample preparation for IR-
spectroscopy consists of tableting of dried and powdered NB
with KBr as standard material. NB in natural state is charac-
terized by high content of amorphous component — hydrated
silica. Therefore, the IR-spectra for NB after 4 hours of hard-
ening as well as standard materials such as hydrated silica and
artificial hydrothermal a-quartz were analyzed separately
(Fig. 2).

Comparative analysis of IR-spectra (Fig. 2) allows sug-
gesting, an IR-spectrum of NB after 4 hours of hardening is
superposition of IR-spectra of two standard materials. It
should be noted the IR-spectrum of NB sample after 1 day of
hardening is similar to IR-spectrum of artificial hydrothermal
a-quartz. It is connected with crystallization of amorphous
phase of NB into a-quartz.

The data obtained allow suggesting the mechanism of NB
hardening consisting of two stages:

— polycondensation with involving of water component
when assembling of siloxane bands;

— autoepitaxial crystallization of amorphous component at
crystals of a-quartz.
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SIBJISIETCSl KBaplieM MepBOl reHepalyu, a HOBOOOpa3oBaH-
HBI! B IIPOLIECCE TBEPACHUS — KBApLIEM BTOPOU IreHepaliui.

Takum o6pa3om, B xoe NMPOBEACHUS aHAIU3a PEHTIE-
HonudpakiunoHHbIX 1 MK-crieKTpoB 3aTBepAeBILETO BsI-
KYI1IeTro ObLIO OMpeIesIeHO, YTO ITPU BhICBIXaHUM (UCIIape-
HUM BOABI) M majbHeimeM TtBepaeHnu HB mpoumcxomur
CHMKEHME KOJMYEeCTBAa peHTreHoamMopdHOil (as3sl o0 ee
IMOJIHOTO UCYE3HOBEHUS. B CBSI3M ¢ UeM MOXHO HENPOTH-
BOPEUMBO YTBepXaaTh, 4To TBepaeHue HB kBapuesoro
COCTaBa MPOUCXOAUT MO MOJIMKOHIEHCAUMOHHO-KPUCTAII-
JIN3AIIMOHHOMY MEXaHU3MY C II€peX0J0M PEHTIeHO-
aMop(dHOI KOJJIOMTHON COCTaBISIIONIEH (KPEeMHEKHCIIO-
Thl 1 HAHOAUCIIEPCHOTO KOMIIOHEHTA) B KPUCTAIM3ALU -
OHHYI0 a3y (HuU3KOTeMIepaTypHbIA o-KBapl), 4YTO
00YCJIOBJIEHO aBTOSMUTAKCUATBbHBIM POCTOM KBaplia BTO-
po¥i TeHEpaLuu.
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In this case a surface of crystal particles of NB plays a role
of a base for epitaxial growth of quartz leading to formation of
interrelated structures in form of crystallization bands be-
tween microsize quartz particles. So, for studied mineral
binding system a raw silica is quartz of first stage of phase
formation and a new formation is quartz of second stage of
phase formation.

Thus, analysis of data from X-ray diffraction diagrams and
IR-spectra of hardened NB shows a reduction of X-ray amor-
phous phase content until to its complete disappearing during
a drying process followed by a NB hardening. It allows con-
cluding a polycondensation-crystallization mechanism of NB
hardening with transformation of amorphous phase (hydrated
silica and nanosized component) into crystal phase (a-quartz)
associated with autoepitaxial growth of quartz of second stage
of phase formation.
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AHTAKDUSNCHOR peuenne - ApusoTon

Kak 13BecTHO, LLe6eHO4HO-MacTUYHbIA acdansT (LLLMA) obec-
NeYMBaeT BbICOKWE NOKa3aTenun CABUIOYCTONYMBOCTH, BOLOHENPO-
HULL2EMOCTW U ONTUMANbHYIO LLEPOXOBATOCTb LOPOXXHOr0 MOKPbI-
Tna. Takne cBOWCTBA 06YCNOBNMBAKOTCS MOBbILLIEHHBIM COAEPXa-
HUEM LUEOHA U BUTYMa B CMeCM, 4TO B CBOK 04epedb Tpebyert
BBEAEHUS CTABUNIM3NPYIOLLMX BOMOKHMCTLIX JO6ABOK [N1f yaepxa-
HUS HA MOBEPXHOCTK LIEOHA 6ONbLIOTO KONM4YecTBa CBOGOAHOMO
ouTyma.

B HacTosLLee Bpems CYLLECTBYHOT CTabunnuanpyoLLe fo6asku
Ha ocHoBe LenntonosHoro (L{B), xpusotunosoro BonokHa (XB) u
ap. B coctas LB BKNH04eHbI BONOKHA PACTUTENIbHOTO NPOUCX0X/e-
HUA (6ymara/kapToH), B 0OCHOBE XB — BONOKHA U3 NPUPOAHBIX Ka-
MEHHbIX MaTepuanos, LUNPOKO pacnpoCTPaHeHHbIX B NPUPOLe.

OcHoBHOW Lenbto BBeaeHus no6asku B LLIMA sBnsetcs ctabu-
nu3auus 6utyma B cMecu, Kpome Toro, XB ocyliectenser guc-
nepcHoe apmupoBaHue no Bceir cTpykType LLUMA, npoanesas
MEXPEMOHTHbIE CPOKM, YMeHbLLAs KoneeobpasoBaHue, UCKNoYas
nnactuyeckue pedpopmaumun. pumeHeHne p[ob6asku Xpuaoton
NPUBOAMT TakXe K YMEHbLLIEHUIO pacxofa butyma.

Temnepatypa Cyxoro CMelLuBaHus acqansTo6eTOHHON CMecK
coctasnset okono 180°C. Mpu He3HAYNUTENbHOM HapYLUEHUU TeX-
Honorum LB Bbiropaer ele 4O MOMEHTA CMELUMBAHUA C BUTYMOM
1 3a[01r0 40 MOMEHTA yKaTbiBaHMs. B nabopaTopHbIX YCNOBMAX
TEXHONOrui BBefeHus LIB HenpocTo cobntofath, 3TOT NpoLecc
TpebyeT BbICOKO/ KBanudmkauum nepcoHana. B peanmsx npous-
BOACTBA HA AB3 AaHHbIN NPOLECC CTAHOBUTCS CNIOXHbLIM W TPYAHO-
UCMNOSTHUMBIM.

Crabunuaupytowas go6aska Xpu3oTon BblAepXKMBaeT Temmne-
patypy 3Ha4nTenbHo Bbile 500°C. B npouecce cyxoro nepemeLui-
BaHWS OCHOBHOM 3ajadei ABJISAETCA PAaBHOMEPHOE pacnyLueHue n
pacnpefefieHne BONOKHA No cMecu. B npouecce nepemeLlMBaHns
CO LiebHemM 006aBKM ¢ MCNonb3oBaHMeM LIB moryT uctmparbcs u
M3MenbYaTbCs, Kak pesynbrat — B LLIMA nonagaet 3HayuTeNnbHoe
KONN4YecTBO MbineBuaHoi dpakuuu. OgHako gob6aBka XpusoTon,
ABNAACH, MO CYyTW, KAMEHHbIM MaTepuanom, B padbl NPEBOCXOANT
M0 NPOYHOCTN M YCTONYMBA K UCTUPAHNIO, A TaKXe npu aToMm, 6na-
rofiaps CTPOEHWIO MUHepasa NPekpacHo pacnyLwaeTcs.

JlopoXXHOE NOKPbLITIE NPKW 3KCNNyaTaLun NoABEpraeTcs UHTEH-
CUBHOMY BO3ZEWCTBUIO YNbTPAMONETOBOIO M3JTy4eHUs U BOZbI.
XB nokasblBaeT abCOMOTHYID YCTOMYMBOCTb K BIIUSHWIO HEraTms-
HOr0 BO3[1ENCTBUS HE TOMbKO CONTHEYHOr0 CBETA W1 BOAbI, HO M NPO-
TUBOrONONEAHbIX PEAareHToB W Apyrux (DakTOpOB SKCNyaTauuu
[IOPOXXHOI0 NMONOTHA.

XB 6narofnaps CBOeii YHUKANbHOW CKMOHHOCTKM K pacnyLunBa-
HUIO NMO3BONSAET COKPATUTL BPEMS NpoLecca Cyxoro nepemeLumnsa-
HUA, TEM CamblM YBeNM4MBas Npons3soauTenbHocTs AB3 ot 20 po

30%. B cerogHAwHen cutyaunu aHHoe npeumyLLecTBo ABNAETCA
KH04EBbIM.

OCHOBHbIMK NOTPEOMTENAMU YHUBEPCANLHON A06aBKM Xpu-
3oton aBnAoTCs AB3 M NPOEKTHO-TEXHONOTNYECKNe WHCTUTYTbI.
Ha AB3 3anHTepecoBaHHbIMW CTOPOHAMM, MMEHOLLIMMIA BIIMSHUE Ha
NPUHSATME PELIEHUE NpK BbIBOPE Chipbs, B JAHHOM Cly4yae 406aB-
Kin, ABNAKOTCS:

— COBCTBEHHUK UMM YNPaBNSIOLLNIA LUPEKTOP;

— naboparopus 1 NPOEKTHO-TEXHONOMNYECKNA UHCTUTYT;

— CHabXXeHWe UK YNpasnsoLWnia 3akynkamu.

Co6CTBEHHMKA W YNpaBRsIOLLEro AMPeKTopa MHTepecyeT Ao-
XOAHOCTb MPeAnpUATAS, CKNafblBatoLLasncs M3 Ka4ectsa maTtepua-
NOB W WX LieHbl. B CBOIO, 04epeab 3a Ka4eCTBO UCXOAHbIX MaTepu-
anoB 0TBeYaeT naboparopus, 3a LeHY — CHaBXEeHMe.

CHab)xeHue 1 ynpasnstoLLero 3akynkamu UHTEPECyoT Npexae
BCEro LieHa 1 CpOKU NOCTaBKK, NabopaTopumio WK NPOEKTHBINA NH-
CTUTYT — Ka4€CTBO, CBOICTBA MAaTEpManos, BIUAIOLLNX HA XapaKTe-
PUCTUKM KOHEYHOro npofykta AB3.

Pasbepem nHTepecytoLLme BONPOChI N0 rpynnam.

CHabxeHue.

Cpok nocTaBkM [o6aBkuM Xpu30TON COCTaBAsIET ABa AHS.
PasBuTas cuctema CknafoB NO3BONSET BblAEPXMBaTh 3T0 TPebo-
BaHMe.

Pacxopn po6asku B LLUIMAC go 3 kr/T.

CtonmocTb — 34 ThiC. p. 3a 1 T ¢ 4OCTABKOIA N0 BCEI LEHTPANbHON
yactn Poccun. CesepHee Mocksbl, CaHkT-MeTepbypra, ExatepuH-
6ypra u BOCTOYHee YensbuHCKa LieHa TOTMCTUKIA YBENMYNBAETCS.

Jlabopatopus W NPOEKTHbI UHCTUTYT.

Yalle BCero Ha4anbHUK 1abopaTopuiu, rMaBHbIA TEXHONOT N
Ha4anbHWK OTEeNa NPOEKTHOrO WHCTUTYTA UMEKOT camoe 60MbLuoe
BNUAHUE HA NPUHATUE PELUEHMs, TaK KaK HecyT OTBETCTBEHHOCTb
32 Ka4eCTBO KOHEYHOr0 Npojaykra.

Tpe6oBaHus no pabote ¢ [J06aBKOI XpU30TON ABAAKOTCA CTaH-
JApPTHBIMW 1 COOTBETCTBYHOT TPeOGOBAHMAM N0 PaboTe B 3amblNeH-
HbIX NOMeLLeHusX. BonokHO B f06aBKe CBAI3AHO YHWUKAMNbHbIM Be-
LLIECTBOM 1 HAaxoauTcsa B BMAE rpaHyn. Yautbias 1o, 4t0 BCe AB3
pacnonaratTcs Ha OTKPbITOM BO3ayxe, a fo6aBka m3 6ur-6ara
HanpAMyIo nonagaeT B CUNOC W Jarnee NoAaeTcs NHEBMOTPAHCNOP-
TOM, NONHOCTBI UCKITHOYAKTCA KOHTAKTbI C pabOTHUKAMN. HuKaknx
creumanbHbIX Tpe60BaHUA N0 NPUMEHEHUI0 XpU30TOna He CcyLue-
cTByeT. PaboTa ¢ fo6aBKkoi Xpu3oTon npedycMoTpeHa CTaHaapT-
HbiM GaHlMMHOM, rurmeHMyeckumn HopmMaTUBami A1 3anblieH-
HbIX MOMeLleHwnii. bonee Toro, XB pasnaraetca B opraHusme 3a
14 nHeit (nepuog NoNyBbIBEAEHUS), TAK KaK He ABSIAETCA KUCNOTO-
ycTon4mebIM. [nq cpasHeHus, LIB pasnaraeTca B opraHu3me 4eno-
Beka 3a 1000 gHeit.

1 ewie oanH 04eHb BaXKHbIA (DAKT B COBPEMEHHBIX YCMNOBUSAX —
umnopro3ametenune. [lobaska Xpu3oTon npom3seneHa B Poccuu,
Ha 060pyfoBaHuK, caenaHHom B Poccuun, no TexHonoruu, paspa-
O0TAHHOM POCCUMACKAMMW Y4YeHbiMK, ¢ ucnonb3oBaHnem 100%
KOMMOHEHTOB, cAenaHHbix B Poccumn. LleHa Ha npoaykT camas
HU3KaA cpeam Lo6aBoK. [0CynapCTBEHHbIN 3aKa34MK B COCTOSHMN
YMEHbLUNTb CTOMMOCTb KUIOMETpa JOPOrk, TEM CambiM YBENNYMB
UX NPOTSHKEHHOCTb. BO3MOXHasa 9KOHOMUA — 1 TPJIH p. B rof.

T. 8-800-200-53-10
www.HRIZOTOP.com
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D6pasoarenphoi festensiocTh KHAY® s Poccuu 2 0 JieT

JiBaguare net Ha3ag B Ha4ane y4e6Horo roga B KpacHoropcke MockoBckoii o6nactu, Ha Tepputopun A0 CIT «TUTN KHAY®», Tak Torga Ha3biBanoch
0AO «KHAY® TUIC», oTkpbinca y4ebHbii yeHTp. Mporpammpl 06y4eHns Gbinu paspaboTaHbl ANA ONbITHbIX W HAYUHAKOLYMX CTPOUTENEH, aPXHTEKTOPOB,
NpOeKTUPOBLYMKOB, NPOAABLIOB CTPOUTENbHbIX MaTepuanos. Torga komnanuss KHAY® ctana nnoHepom He TONbKO B NPOU3BOACTBE MHHOBALWOHHON, KaK
cenyac MOJHO roBOpHUTD, NPOAYKYHH, HO U B €€ NPOABHXEHUN U NIPUMEHEHNH.

3nanne y4eb6Horo yeHTpa 6b1n0 cneynanbHO cNPOEKTUPOBAHO M NOCTPOEHO C YYETOM OMbiTa CTPOMTENLCTBA aHanorMyHbiX YEHTpos B EBpone.
B npoekT 6binu 3an0XeHbl MaTepuanbl, BbIMYCKAEMbIE KOMNAHWEH, C LENbI0 HarnsgHoA [AEMOHCTPayuu MHOrOBapUaHTHOCTH MX MCMOJb30BaHUA.
Ha nnowapn Gonee 1200 m? Bce Gbino npeaycMOTPEHO ANA NPOGYECCHOHANLHOTO 06YYEHNS: 060PYA0BaHHbIE HOBEILLE!H yIEGHOI TEXHUKOI KNacchl n
mactepckue, 6bIToBbIE NOMELLEHNS. CyLwaTeny noayyanu TeopeTHYECKYI0 M NPaKTHYECKYH NOArOTOBKY, 06ecneynBaroLyyr0 KOMNaHNH NPaBUIbHOE NpH-
MEHEHHE TEXHONOrWi U MaTEPUANOB Ha CTPOUTENbHOM NAOLYaAKe, a PaGOTHUKAaM - BbICOKYH0 KOHKYPEHTOCNOCOGHOCTb HA PbIHKE TPYAa. B Te rogbl Ha
TaKoi Wwar Morna pewnTses TONbKO AECTBUTENbHO CHIIbHAA KOMNAHHS, CTPaTernyeckn HayeneHHas Ha passutne 6usHeca s Poccun.

.

Mpowegawwme 20 net nokasanu, 410 komnanus KHAY® octanach BepHa BbIGpaHHOW cTparte-
rv. B HacToswwee Bpemsa rpynna KHAY® CHI Bknto4aeT 22 HOBbIX UMK NOHOCTbIO PEKOHCTPYM-
POBaHHbIX NPOU3BOLACTBEHHbIX NPEANPUATUSA, BbINyCKaOWMX 150 HaMMeHOBaHWIA CTpoMaTepua-
NoB. B cTpouTenbHyto 0Tpacnb B 06LLUei CNOXHOCTI MHBECTUPOBAHO 0Kono 1,3 mnpg aonn. CLUA.
Ona pacnonaraet 11 co6CTBEHHbIMI Y4EOHBIMY LIeHTPaMu, 66 PECYPCHBIX U KOHCYNbTALMOHHBIX
LLEHTPOB ABNAIOTCA NOAPA3LENEHNAMY YIPEXLEHUI CPELHEr0 W BbICLLEro NPOeCcCUOHaNbHOIO
o6pasoBaHus. Beero ¢ 1995 r. 06y4eHmne no nporpammam KHAY® npownu okono 95 Tbic. 4eno-
BeK. K o6pasoBatenbHoii aeatenbHocTh KHAY®D 6e3 COMHEHMS MOXHO OTHECTM y4acTue B pas-
paboTke NpoHecCUOHaNbHbIX CTAHAAPTOB, BbINYCK Y4e6HOI 1 METOLNYECKON NNTepaTypbl.

K coxaneHwto, OLEHKOI NOTPe6HOCTW CTPOMTENbHOA OTpacnu B KBanM(UUMPOBAHHBIX
CTPONTENAX-0TAENOYHNKAX HUKTO He 3aHumaeTcs. Mo cobcTBeHHOM ouegHke KHAYD, B KoHue
2010-x rr. noTpe6HOCTb POCCUIACKOTO PbIHKA B NPOECCUOHANbHBIX CTPOUTENAX-0TAEN0YHUKAX,
creynanmucTax B 061acTi Cyxoro CTPOUTENbCTBA cOCTaBAsAna noytu 70 Thic. yenosek. G Tex nop
OHa TONbKO YBENMYNNAC.

OZHOM M3 NPUYKH, NO KOTOPOM NMLWb HEMHOTNE NPOU3BOAUTENN FOTOBLI MHBECTUPOBATDL
3Ha4NTENbHbIE CPEACTBA B Pa3BUTME NPOGECCMOHANLHOr0 06pa3oBaHNs 1 NOATOTOBKY KBa-
NNOULMPOBAHHbIX KAAPOB, ABMAETCA HECTUMYNUPYIOLLEE HANOr00610XeHNEe TaKO LeAaTeNb-
HOCTU.

Komnanua KHAY®, kak akTWBHbIA CYObEKT POCCUIACKOr0 CTPOMTENIbHOTO KOMIIEKC, Ha pas-
JINYHBIX YPOBHAX 0BOCHOBLIBAET, YTO 3aTparbl, KOTOPble HECceT 6W3HEC Ha 00pa3oBaTeNbHbIe
NPOEKTbI M COLManbHOE NapTHEPCTBO, HEO6XOAUMO BKHOYUTL B MEPeYeHb PACXOL0B, CBA3AHHbLIX
C NPOM3BOLCTBOM W peanu3aumei NpoLyKuuu. 3T0T BONPOC HEOAHOKPATHO NOAHUMANCA W Apy-
rMKU NPOM3BOAUTENAMM, NHBECTMPYIOLMMI B 06pa30BaTeNbHble NPOEKTbl 3HAYUTENbHbIE CPEA-
CTBa, B TOM 4iCie Ha nnoLagkax Poccuinckoro cor3a npoMbILLEHHUKOB W NPeAnpUHUMAaTene
B npucyTcTeun MpesngeHTta Poccum. K coxaneHmto, noka BnacTb riyxa.

06y4eHne B y4ebHbIX LeHTpax KHAY® moryT npoiiTi kak npodeccuoHanbHble CTpOUTenn,
APXWUTEKTOPbI, NPOEKTUPOBLUMKMN, AN3ANHEPbI, TaK N HE UMEIOLLME OTHOLIEHMS K OTPACcIu Moau,
WHTEPECYHOLLNECSH COBPEMEHHBIMM CTPOUTENbHBLIMU TEXHONOTMAMU. Y4e6HbIE NPOrpaMMbl OXBATbI-
BaIOT LUIMPOKMIA CNEKTP BOMPOCOB CyXOro CTPOMUTENLCTBA, LUTYKATYPHBIX PaboT, B TOM YUCNE Mexa-
HU3MPOBaHHbIX. OCOBEHHOCTbIO 06Y4eHUs ABAAETCH 6OMbLIOA 06bEM MPAKTUHECKUX 3aHATUMIA,
KOTOpbIM 0TBOANUTCS [0 70% Yy4e6HOro BpemMeHu.

06pasoBarenbHas AesaTenbHOCTb paccmarpusaetcs KHAY® kak HeoTbemnemas 4acTb nocTas-
NAEMbIX Ha PbIHOK PELIEHUA — KOMMNEKTHbIX cucteM KHAY®, KoTOpble NO3BONSKOT HE TONbKO
Hanbonee NONHO PacKpbITb NOTEHLMANbHbIE BO3MOXHOCTA NPOAYKLNN, HO M MONYYUTb MaKCu-
ManbHyH BbIFOAY OT WX NCNOMb30BAHUA.

1 KoHeyHo, aBafuatunetue y4ebHon aestenoHoctn B Poccum n CHI komnanmns KHAY® ot-
MeTUNa NPa3AHUYHbIMU MEPONPUATUAMU B NYHWINX TPagMUMAX KOPMOPATMBHOW KyNbTypbl.
9-10 nekabps 2015 r. Ha 6a3e y4yebHoro LeHTpa KHAY®D CHI B KpacHoropcke, Toro camoro, ot-
KpbiToro B 1995 r., NpoLUAu KPYrblid CTON, 3KCKYPCUK, MAacTep-Knacehl, NPe3eHTaunn CoBpeMeH-
HbIX 06pa30BaTeNbHbIX NPOrpamm.

3a kpyrnbim cTonom «06pasoBarenbHas 4esTeNbHOCTb NPON3BOAUTENEN KaK (hakTop NOBbl-
LLIEHMS Ka4ecTBa CTPOMTENbCTBA» COOPANMCL JKCNEPTbI B 06/1aCTU CTPOUTENLCTBA U NPOeccuo-
HanbHOro 06pa3oBaHUs — MHOrONETHIE NAPTHEPbI KOMMAHWW: PYKOBOAMTENMN W BEAYLUME Cheum-
QNNCTbI PErMOHANbHBIX Y4e6HbIX LEHTPOB, PYKOBOAUTENM M NPEenoAaBaTenn CTPOUTENbHbIX KO-
nepxei, Konnerm W3 NPOM3BOACTBEHHLIX KOMMAHWA, peanusylolnx CO6CTBEHHbIE
06pa3oBartenibHble NPOrpammbl, 3KCMNepTbl B 0611aCT 06pa30BaHNA U CTPOUTENbHbIX TEXHOMOTNA,
a Takke npezcTasuTenin HauvonansHoro o6beauHenus crpouteneit (HOCTPOI) u Poccuiickoro
coto3a crpoutenen (PCC). locteit npusetctBoBanu ynpasnswowmii rpynnsl KHAY® CHI Auuc
Kpaynuc, BeayLLmit Hay4Hblii COTPYAHWK LieHTpa npodbeccuoHanbHoro 06pasosanns Munuctepctsa
06pa3oBaHus 1 Haykn Poccun EkatepuHa EceHnHa, HaYanbHUK 0TAena Tpyaa, 34paB00XpaHeHus n
coumanbHoro obecneyeHns npu noconbctee fepmanun B Poceum Jlytap LLnx.

Konneru o6cyaunu coTpyaHNYeCTBO 6U3HECA, 0OLLECTBEHHBIX OpraHM3auuii U 0TpacnesbIx
06beAMHEHMI B LiENAX NOBbILLEHNS Ka4ecTBa NOArOTOBKW KafpoB, NPoheccMoHanbHble CTaHaap-
Tbl B Poccum, HE06X0AMMOCTb U BOSMOXHOCTb 06pa30BaTeNbHOI AeATENbHOCTM B1U3HECa B YCIIO-
BNAX MAAAIOLLEr0 PbiHKA. CneunanncTbl OTMETUAN, YTO BaXKHELLEi 3afaqeli ABNAETCA NOBbILLE-
HUMe NpecTika paboymx Npodeccuii, B YaCTHOCTM, OTAENOYHNKA. [IeACTBEHHbIM UHCTPYMEHTOM
peLLeHNs 3TOM 3afa4n MOTyT CTaTb KOHKYPCbI NPOGECCMOHANBHOMO MAcTePCTBA ANs BYAYLLNX 1
COCTOSAIBLUMXCSA CMELNanucToB.

A B 3aBepLueHMe Obln NPA3AHUK A8 BCEX — Npenofasateneil y4e6HbIX LIeHTPOB, AWepos,
MapTHEPOB W KOMMer, PyKOBOAUTENER W BeAYLLMX CNeLnanncToB NpeanpusTuii, y4acTByOLMX B
HEnpoCTOiA, TPYOHON, HO 04YeHb HYXHOI W 6arofapHoii paboTe — 06Y4EHUN MPUMEHEHNIO CO-
BPEMEHHbIX CTPOUTENbHbIX OTAENO04HbIX MaTepnasnos.



AO «LUIHUN3M xunuia — MHCTUTYT KOMMEKCHOrO NPOEKTUPOBaHMSA
IJH 3" XUNbIX U 06LECTBEHHbIX 3aaHnin» (AO «LJHUN3IM xunuwa») .
m
O6beanHeHHas pefakums Hay4YHO-TEXHUYECKMX XYPHasIoB
XunumiAa «KWUNULLIHOE CTPOUTENbCTBO» U «CTpouTeNbHble MaTepuanbl»® UTP“"TEJ“)UTB"
VI MexayHapoaHaa Hay4HO-NpakTudeckaa KoHepeHUNs
«Pa3BuTHe KpynHonaHenbHOro goMocTpoenus B Poccumn»

InterConPan-2016

International Conference of Large-panel Construction
18-20 maa 2016 r. KPACHOOAP

TEMATUKA KOH®EPEHLINM:
— Cocrosinme 6a3bl KPYIHONAHEILHOTo I0MOCTpoeHus B PO
— Moaepuu3anus npeanpusaTaii KITIT
— O0OopynoBaHue M TEXHOJOTHH
— CoBpemMeHHbIE 0€TOHBI, T00ABKH M MATMEHTDI
— ApPXHMTEKTYPHO-TJIAHNPOBOYHbIE PEHICHUS
— KauecTtBo 1 3Heproa(h(heKTMBHOCTH MOJTHOCOOPHBIX 3TAHMIA
— Pacuer u KoHCTpYHpOBaHue y3J10B COOPHBIX 3J1EMEHTOB
— Hosble pemenus acanos
— OnbIT CTPOUTEHCTBA KPYIHONIAHEJIBHOTO KHJIbSI

NMPOrPAMMA KOH®EPEHLUMUM:
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«APXUTEKTYpa U OCOBEHHOCTU MPOEKTHbIX PELLEHWUI
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3A0 «Ob»
OO0 NCK «BYOMAP»
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K npoBefieHn0 KOH(epeHLWN roTOBATCS TEMATUYECKINe HOMEPA XKYPHaNoB
«Kunuwxoe cTpoutenbcTBo» No 3-2016 r. u «CTponTenbhble matepuanbi»® Ne 3-2016 1.,
B KOTOPbIX BYAYT 0Ny6IMKOBaHbI OCHOBHbIE MMIEHAPHbIE U CEKUMOHHbIE AoKNaabl. MpeacTaBneque foknagos B Buae ctaten go 01.03.2016 r.

OpraHM3auMoHHbIA KOMMTET:
TenecdhoH/cpakc: +7 (499) 976-20-36, 976-22-08

kpd-conf@mail.ru; mail@rifsm.ru www.rifsm.ru
Apnpec ans koppecnoHgeHuuu: 127434, Mocksa, [iIMMTPOBCKOE L., A. 9, CTP. 3 peAakums XypHana «XXunuwiHoe CTPOMTENbCTBO»
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leHora3o6eToH ¢ HAHOCTPYKTYPUPOBAHHBIM MOAUIMKATOPOM”

TeopeTnyeckn 060CHOBAHA U KCTIEPUMEHTaNbHO MOATBEPXK/AEHA BO3MOXHOCTb MCMOMb30BAHNA HAHOCTPYKTYPUPOBAHHOTO BSKYLLErO B Ka4ecTBe
MOANCOULMPYIOLLErO KOMMOHEHTA NPX MONYYEHUI TENTON30NALMOHHBIX IHENCTbIX 66TOHOB. MOANGUKATOP CTPYKTYPUPYET BCE 3NIEMEHTbI AYENCTOrO
KOMMO3ITa: LIEMEHTHYH0 MaTpULly Kak HOCUTENs MPOYHOCTY, a TaKKe NEHOra30cUCTEMY Kak areHToB NOPOBOW CTPYKTYpbI. [lokadaHa 3dy(DeKTUBHOCTb
aKTMBMPOBAHHOTO aNOMUHMA KaK ra3006pa3yoLiero KOMMOHEHTA, a Takke 060CHOBaHA ero yNbTpa3ByKoBas rOMOreHu3alns B BOAHOM Cpefie B
NPUCYTCTBUM HAHOCTPYKTYPUPOBAHHOMO MOAUCHUKATOPA. ATO CNOCOBCTBYET MHTEHCUCIKALMI NPOLIECCOB PacnpefeneHInst AUCTepCHbIX KOMMOHEHTOB B
BO/ie 11 MOBBILLEHWNIO CTAGUIBHOCTI CUCTEMbI BO BPEMEHN. YKa3aHHbIE NPUEMbl MO3BOMSIOT OCYLLECTBUTL KOMMMEKCHYIO MOPU3aLMI0 CUCTEMBI, YTO
CcnocoGCTBYeT (hOPMUPOBAHMIO TETEPONOPUCTON CTPYKTYPbI KOMMO3UTA. BCe 3TO B COBOKYMHOCTY 06eCne nBaeT NoNyyeHne S4encTbiX KOMNO3NUTOB C
BbICOKUMU TEMOM30NSLUMOHHBIMU CBOACTBAaMI NPU COXPAHEHUI HEOOXOAMMbIX MPOYHOCTHBIX XapaKTEPUCTUK.

KntoueBble cnoBa: HaHOCTPYKTYPUPOBAHHOE BSXKYLLEE, AYENUCTbIN 6ETOH, NeHOra3o06eToH, ra3006pa3oBateslb, MEXaHUYeCK1e CBOMCTRA.

A.V. SUMIN, Engineer (artem2054@yandex.ru), V.V. STROKOVA, Doctor of Sciences (Engineering),
V.V. NELUBOVA, Candidate of Sciences (Engineering) (nelubova@list.ru), S.A. EREMENKO, Student
Belgorod State Technological University named after V.G. Shukhov(46, Kostyukov Street, Belgorod, 308012, Russian Federation)

Foam-Gas Concrete with Nanostructured Modifier*

In this study the opportunity of application of nanostructured binder as modifier when production of heat insulating cellular concretes is theoretically justified and experimentally con-
firmed. Modifier initiates structuring of all elements of cellular composites such as cement matrix, providing the strength of composite, as well as foam-gas system as source of pore
structure in composite. Also the efficiency of an activated aluminum application as gas forming agent as well as its ultrasonic distribution in water environment with nanostructured
modifier is established. It leads to acceleration of distribution of disperse components in water as well as system stabilization in time. These methods allow realization of complex pore
formation in binding system as well as formation of heteroporous structure of final composite. Totally, it provides a production of cellular composites with good thermal characteristics

and required strength properties.

Keywords: nanostructured binder, cellular concrete, foam-gas concrete, gas forming agent, strength, density.

YBenuueHre HOPMATUBHBIX TTOKa3aTeseid TerI03aimnT-
HBIX CBOMCTB OrpaxKaaroliMX KOHCTPYKLIMI 3MaHUI onpeae-
JISIeT BBICOKU 00BbEM MCMOJb30BaHUS STYEUCTHIX OETOHOB
MpY CTpOUTENbCTBE. VX 1IMpoKasi HOMEHKJIATypa MO3BOJIsI-
€T JOCTUYb COBPEMEHHBIX TPEOOBAHUIA IO TETJIOU3O0JISILIUN
B COBOKYITHOCTH C HEOOXOAMMBIMU TTPOUHOCTHBIMU XapaK-
tepuctukamu. [Ipu 3TOM ¢ MO3UIIMKU SKOHOMUYECKOH 3(h-
(beKTUBHOCTH T1eJIecO00pa3HBIM SIBJISIETCST MCIIOJb30BaHUE
HEaBTOKJIABHBIX STYEUCTHIX KOMITO3UTOB.

Hapsiny ¢ BBICOKMMHU TETJIOU30JSILIMOHHBIMUM CBOMCTBA-
MU HEaBTOKJIABHbI STYEUCTBIN OETOH, KaK MPaBUiIo, Xapak-
TEepU3YEeTCsl HEBBICOKOI TMPOYHOCThIO KapKaca U MOHOpa3-
MEpHOI MOPUCTON CTPYKTYPhl KOMITO3UTA. YKa3aHHbIC He-
JIOCTaTKX BO3MOXXHO KOMIIEHCHMPOBATh, C OMHON CTOPOHBI,
HCTOJb30BaHUEM AKTMBHBIX MOIUMDUIIMPYIONIMX KOMIIO-
HEHTOB, B TOM YUMCJIe HAHOCTPYKTYPUPOBAHHBIX, CIIOCOOHBIX
MOBBICUTh XapaKTePUCTUKU HECYIIE MaTpUILIbl KOMIIO3UTA,
a C JIpyroii — KOMIUIEKCHOI TopM3aliMeil CUCTEMBI, 4TO
obecrreunT (QoOpMUpPOBAHUE TETEPONOPUCTOM SICUCTOU
CTPYKTYpHI 6eTOHA C TOHUKEHHOM IJIOTHOCTHIO. Peanuzarmst
0001X MEXaHW3MOB IS ITOJyYyeHUs 3(G(GEKTUBHBIX SUCH-
CTBIX KOMITO3UTOB SIBJISIETCS 1I€JIbIO HACTOSIIIEN paOOThI.

IIpoBeas conocTaBUTeNbHbBIN aHATU3 COCTaBa, GPU3UKO-
MEXaHUYECKUX CBOMCTB (B YACTHOCTU, TUCIIEPCHOCTU, THU-
TPOCKOITMYHOCTU, CTENEeHU aKTUBHOCTM ITOBEPXHOCTH) W
MEXaHU3MOB BJIUSIHUS 100aBOK Pa3IMUHOM TTPUPOIBI, TIPH-
MEHSIEMBIX JUISI MOAMMDUKAIIMY LIEMEHTHBIX CUCTEM U sTUeH-
CTBIX KOMIIO3UTOB, a Takxke 001aaast nHdopmalmei mo co-
CTaBy U CBOMCTBaM HAHOCTPYKTYPMPOBAHHOTO BSIKYIIIETO,
ObUTO BBIIBUHYTO cliedylolllee mpennojgoxeHue. HaHo-
CTPYKTYPUPOBAHHOE BSIXYILIEE, MCITOJIb3yeMOe B KayecTBe

A large amount of application of cellular concrete in con-
struction leads to enhancement of standards for thermal
properties of envelops structures in buildings.

Wide range of these materials allows achievement the
update requirement to thermal characteristics providing de-
sirable strength properties. So, from the standpoint of eco-
nomical efficiency the usage of non-autoclave cellular com-
posites is reasonable.

Having good thermal properties a non-autoclave cellu-
lar concrete is characterized by low strength and monosize
pore structure. These disadvantages can be balanced by us-
ing of active modifiers including nanostructured compo-
nents, initiated enhancement of performance characteris-
tics of the composite matrix as well as by complex pore
formation of the composite that provides development of
heterogeneus cellular structure in concrete with reduced
density. Realization of the both mechanisms of modifica-
tion to produce an effective cellular composites is a goal of
this study.

On the base of comparative analysis of composition,
physical and mechanical properties such as dispersity, hygro-
scopicity, surface reactivity as well as operation principle of
modifiers (including nanostructured binder) applied in ce-
ment systems and cellular composites the following hypoth-
esis is suggested:

Nanostructured binder as component in cellular products
acts as modifier i. e. forms a structure of the such basic ele-
ments consisting of the final cellular composite as cement
matrix that responsible for strength properties as well as foam
and gas forming agents that responsible for pore structure
formation.

* PaboTa BbINOJIHEHA NpU hrHaHCOBOI nmomaepxke Poccuiickoro oHna hyHaaMeHTaIbHBIX UCCIIeNOBaHUIA, 1oroBop Ne14-43-08020, a Takxe
B paMkax peanusanuu [Iporpammel ctpaternueckoro pa3sutusi bI'TY um. B.T. lllyxosa.

* The research work is accomplished under the financial support from the Russian Foundation of Fundamental Research, agreement No14-43-
08020 and within the framework of the Program of Strategic Development of BSTU named after V.G. Shoukhov for 2012—2016 with using of the
equipment based on the High-Technology Center, BSTU named after V.G. Shoukhov
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At present time the efficiency of
silica nanostructured binder (NB)
application as modifier in autoclave
materials is confirmed by studies of
the scientists from the Belgorod
State Technological University
named after V.G. Shoukhov [1-5].
Also, the prospectivity of NB appli-
cation when production of cement
based modified binder is con-
firmed [6]. Using of nanostructured
modifier allows significant en-
hancement of the binder strength
characteristics as well as optimiza-
tion of its rheological properties.
Totally it allows production effec-
tive materials with varied structure
and different types of hardening on

MeHoo6pa3osarenb, %
Foam agent, %

Mpenen npoyHocT Npn cxatum, Ma
Yield compressive strength, MPa

0,07 .

the base of modified binder.

Now the one of the most effec-
tive ways of cellular products quality
improvement including the struc-
ture modification and density re-
duction is complex pore formation.
Particularly, the efficiency of foam-
gas concrete production is demon-
strated in earlier studies [7, 8].
However, production of these ma-
terials with optimal structure pro-
moting high thermal properties in
final products is difficult due to ex-

TennonpoBoaHOCTb, BT/(M-°C)
Conductivity coefficient, W/ m-°C)
MeHoobpa3osatenb, %
Foam agent, %
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Puc. 1. 3aBucMMOCTY HU3MKO-MEXAHUNHECKMX XapaKTEPUCTUK NeHorazobeToHa OT KonnyecTea nopoobpa-

3oBareneit: a, b — NNOTHOCTb; ¢, d — NPOYHOCTb; €, f — TEeNIoNPOBOAHOCTL

Fig. 1. Effect of content of pore agents on physical and mechanical characteristics of foam-gas concrete:

a, b — density; ¢, d — compressive strength; e, f — conductivity coefficient

KOMIIOHEHTA MPU TOJYYEHUU SIYEUCTbIX W3AEauii, OyaeT
BBITIOJIHATE POJib MoAUdUKATOpa, T. €. CTPYKTYpUPOBATh
BCE OCHOBHBIE 2JIEMEHTBI, (HOPMUPYIOLINE B COBOKYITHOCTH
STYEUCTHIN KOMITO3UT: LIEMEHTHYIO MaTPUILYy — KaK HOCUTEJb
MPOYHOCTH; MEHO- U ra3o00pa3oBareyd — KakK areHThbl Mo-
POBOWi CTPYKTYPBHI.

K HacrosiiueMy BpemeHuU paboTamu yueHbix BITY
umMm. B.I'. IllyxoBa nokazaHa 3(pheKTMBHOCTb MPUMEHEHMS
HAHOCTPYKTypupoBaHHOTO Bsky1iero (HB) cunukarHoro co-
CTaBa B KauecTBe MOIU(PUIIMPYIOLIETO KOMITOHEHTa MaTepura-
JIOB aBTOKJIaBHOro TBepaeHus [1—5]. Kpome Toro, B pabote
aBTOPOB [6] moKazaHa 3(PheKTUBHOCTL McIob3oBaHusT HB
JUTSI TIOJTy4eHUsT MOIM(PUIIMPOBAHHOTO BSIXKYIIETO HA OCHOBE
neMeHTa. Mcrnonb3oBaHUe HAHOCTPYKTYPUPOBAHHOTO MOJIU-

0,1 0,12 0,14 0,16 0,18 0,2 0,22 0,24 0,26

1::1;-_:":‘:5:- =
0,14 0,16 0,18 0,2 0,22 0,24 0,26

plosion-like gas evolution of update
aluminum pastes and powders.

Solution of the above problems
can be an application of alternative
aluminum components those are
able to gas formation, for example,
activated aluminum. Possibility of
its using as gas forming agent is pre-
sented in the paper [9].

In this study the followings raw
materials for foam-gas concrete
production are used: quartz sand
(Korochanskoe deposit) as base
component of nanosructured modi-
fier; Portland cement CEM 142.5 N
(Close Joint-Stock Company
«Belgorodsky cement»), foam agent
«Penostrom» (Limited Liability
Company «Shit»; activated alumi-
num AA-T/7 (Limited Liability
Company «Ecoenergotech»).

Design of foam-gas concrete is
realized on the base of available
methods. Using these methods the
design of 1 m? of cellular concrete
mix is calculated.

During the calculation the followings parameters were
used: average density of dry foam-gas concrete is 500 kg/m°,
experimentally determined real density of mortar mix is
1.21 kg/1; water-solid ratio is 0.5. Silica component was not
taken account when calculation process. After trial experi-
ment the mixture was corrected taking into account the fea-
tures of foam-gas concrete (Table 1).

To provide a good mixing of all components the following
sequence of procedures for foam-gas concrete production
was realized. First, the mixing of nanostructured modifier
(NM) with activated aluminum AA—T/7 and water was ac-
complished. Then, the obtained suspension was homoge-
nized under ultrasonic exposure leading to acceleration of
distribution process of disperse modifier and gas forming

l'a3006pa3oBatenb, %
Gas forming agent, %

a3006pa3oBarenb, %
Gas forming agent, %
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(ukaTopa MO3BOJISIET CYIIECTBEHHO TOBBICUTD
MPOYHOCTHBIE CBOMCTBA BSIXKYILETO C €r0 UCIIOIb30-
BaHMEM, a TaKxKe ONTUMM3UPOBATh PEOTEXHOJOTH-
YeCcKUe XapaKTepUCTUKU. Bce 3T0 B COBOKYMHOCTH
TTO3BOJIUT TOJTy4aTh 3(PGhEKTUBHBIE MaTepUasIbl pa3-
JIMYHOM CTPYKTYPHI M CITOCOOOB TBEPIEHUS Ha OC-
HOBE MOIUOUIIMPOBAHHOTO BSIKYIIETO.

Ha ceropnsiHuii neHb K yuciay 3¢ GeKTUBHBIX
CIocOOOB TOBBIIIEHUST KauecTBa SIMEUCTBHIX U3MIe-
JIU, HalEJeHHBbIX Ha YJYyYllleHUEe CTPYKTYpPhl U
CHUXXEHUS TUIOTHOCTH, OTHOCHUTCSI KOMILIEKCHAsI
nopuzanus. B yactHocTH, psimoM paboT 060CHOBA-
Ha 2(@EKTUBHOCTh IIOJYyYECHMSI II€HOra3o0oeTo-
HOB [7, 8]. OnHaKo nojiyueHue TAaKUX MaTepUajioB C
OINTUMAJIbHOM CTPYKTYpOUl KOMMO3UTa, O0ecneum-
BaloIllell BBICOKME TETUIOM3OJISILIMOHHBIE CBOMCTBA
TOTOBBIX M3/CJIUI, 3aTPYIHEHO B CBSI3U C B3PbIB-
HBIM XapaKTepOM Ta30BbIICJICHUSI COBPEMEHHBIX
rmact u mmyap. PelreHneM yka3aHHBIX IPOOJIeM MO-
JKET CTaTh UCTOJIb30BaHUE HETPATUIIMOHHBIX aJlio-
MUWHMEBBIX KOMITOHEHTOB, CIIOCOOHBIX K ra3000pa-
30BaHUIO, HANpUMep aKTUBUPOBAHHOTO aIlOMU-
HUSI, BO3MOXHOCTbh MCIIOJIb30BaHUSI KOTOPOTO B
KayecTBe ra3000pa3oBareis MoKa3aHa B padore [9].

B kadecTBe CHIPHEBBIX KOMITOHEHTOB JJIST T10-
JIydeHUs TIeHOTa300eTOHA WCITOJIb30BAIU: TECOK
KopouaHCKOTro MecTOpOXAeHHUs ISl TMoJyye-
HUSI HAHOCTPYKTYPUPOBAHHOTO MomubuKaropa,
unement LHEM 1 42,5 H npousBonctsa
3A0 «benropoackmii 1IeMeHT», IMeHOOOpa3oBa-
tenb «IleHoctpom» nmpousBoacTtea OO0 «Ilut» u
aKTUBHUPOBaHHBIN amoMuHuit AA—T/7 mpousBoa-
ctBa OO0 «DKO3HEProTeX».

IIpoekTpoBaHue cocTaBa IEeHOrazo0eToHa
MPOW3BOAMIM HA OCHOBAaHUU M3BECTHBIX METOJIUK.
Ilo mpuBeneHHOI METOMUKE PacCUMTHIBAETCSI CO-
CTaB SIYeUCTO-6eTOHHOI cMeck o0beMoM 1 M3, TTpu
pacueTtax B Ka4eCTBE UCXOMHBIX TaHHBIX UCTIOJIb30-
BaJIMCh: CPEHSIS TUIOTHOCTh MEHOra300eToHa B Cy-
XOM COCTOSIHMM, KOTOpasi NpUHUMAJach PaBHOM
500 xr/mM% dakTMuecKkas ILIOTHOCTb pPAacTBOPA,
YCTaHOBJIEHHAsl ONBITHBIM IIyTeM U paBHas
1,21 xr/n; BomoTBepmoe oTHommeHue — 0,5.
KpemHe3eMUCThIii KOMITIOHEHT TIPpU MPOBENEHUU
pacuetoB He yuuThiBascs. [Toce mpo6HOro 3aMeca
COCTaB ObLT CKOPPEKTUPOBAH C YUYETOM CITELIM(PUKHI
CBOWICTB MeHO- 1 Tazoo0pa3oBaress (Tad. 1).

Jnst obecrieueHNs Ka4YeCTBEHHOTO CMeEITNBa-
HUS BCeX KOMIIOHEHTOB B paboTe 00OCHOBaHa
cienyloas MocJen0BaTeIbHOCTb OIepauii Iist
nojydyeHus: mneHorazoberoHa. Ha mepBoHauaib-
HOM BTarne MPOUCXOIUT CMellleHue HAaHOCTPYKTY-
pUpOBaHHOTO Moau(puUKaTopa, aKTUBUPOBAHHOTO
aIIOMUHUS 1 Bobl. Jlasiee TolydeHHasi CyCTieH3UsI
TOMOTEHU3UPYETCS TION HETPOIOKUTEIBHBIM
NeiiCTBUEM YIbTpa3ByKa, UTO MPUBOJUT K MHTEH-
cuduKaly MPOLECCOB paclpenejeHus pa3Ho-
pa3MepHBIX AUCIEPCHBIX KOMITOHEHTOB MOAMDU-
KaTtopa M ra3oo0bpa3oBaTeiisi, a TakxKe, MOBBIIIe-
HUIO CTaOUJIBHOCTU CHUCTeMBl (OTCYTCTBME
paccioenust). ClenyoimmnM 3TarioM SIBIISICTCS Tie-
pemenuBanue cycnensuu AA—T/7 — HM — Bona
C LIEMEHTOM C TOC/eAYIONIMM A00aBJIeHUEM pac-
TBOpa NeHooOpa3oBaTeis. 3aBepliarolieil cTaauei
SIBJISIETCSI COBMECTHOE B30MBaHUE BCEX KOMITOHEH-
TOB JIO TIOJIYY€HUS CTAOMIIBHON TTIEHOMACCHI.

Jltst pa3paboTKK paliMOHAIBLHBIX COCTaBOB O¢-
TOHA MCITOJIb30BAHO MaTeMaTUYeCKOoe MJIaHUpOBa-
Hue oskcnepuMmeHTa. OIIEHKY ONTUMU3ALUU
CBOMCTB MPOU3BOAMIM HAa OCHOBAaHWM aHaau3a
HOMOTpaMM (PU3UKO-MEXaHUYECKUX XapaKTepu-

Ta6nuua 1
Table 1

Pacxop,
KOMMOHEHT!I Content in mixture for
Components Ha 1 m® Haln
1m® 1 litre
LiemeHT, kr
Cement, kg 400 04
HaHOCTPYKTYpMpPOBaHHbI MOAMpUKaTop, Kr 100 01
Nanostructured modifier, kg '
AKTUBMPOBAHHbIN aMIOMWUHUIA, KT
Activated aluminum, kg 1.4 0,0014
MeHoobpa3oBatenb, n 04 0.0004
Foam agent, | ' '
Bogaa, n
Water, | 240 0,24
Tabnuua 2
Table 2
O6pasey, 1 | O6pase, 2
Sample 1 Sample 2
Hewer 51,83 51,76
Cement
HaHoCTpyKTypupoBaHHOE BsXyLLEe
_=|nB 12,96 12,94
=
@ 2 | AKTBMPOBAHHBIN alOMUHNi
g S AA-T/T 0,18 0,27
© § MNeHoo6pa3oBaTenb
Foam agent 0,05 0,09
B/T
Water-solid ratio 0,54
MnoTHOCTb, kr/M®
Density, kg/m® 422 481
Mapka no nnoTHocTn D400 D500
Density quality
Mpenen Npo4HOCTM Npm cxatum, MMa 119 158
Yield compressive strength, MPa ' '
Knacc no npo4yHocTn B1 B1
Grade class
Knacc no npoyHoctu no MOCT 25485-89
Grade class according to Russian Standard 25485- | B0,5-B0,75 | B0,75-B1
89 at least
TennonpoBoaHoCTk, BT/(M-°C)
Conductivity coefficient, W/(m-°C) 0,08 0,085
w
8 o | TennonpoeoaocTs no FOCT 25485-89 He Gonee,
2 & | Br/(m°C)
§ g Conductivity coefficient according to Russian 0.1 0,12
& | Standard 25485-89, W/(m-°C), no more
MaponpoHuLaemMocTb, Mr/(m-y-Ma)
Water vapour transmission, mg/(m-h-Pa) 0,231 0,211
MaponpoHuuaemocTs no MOCT 25485-89,
mr/(m-4-Ta)
Water vapour transmission according to Russian 0.23 0.2
Standard 25485-89, mg/(m-h-Pa)
CopBUmMOoHHas BIaXHOCTb NPY BNAXHOCTH 75 71 75
BO3ayxa, %
Sorption humidity depending an air humidity 9% 10,5 1.3
Cop6LyoHHas BNaXHOCTb NPy BNAXHOCTM 75 8 8
Bo3ayxa no NOCT 25485-89, %
Sorption humidity depending an air humidity 95 12 12
according to Russian Standard 25485-89, %
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Puc. 2. MakpocTpyKkTypa S4enCTbiX KOMMNO3UTOB B 3aBMCUMOCTI OT crnoco6a nopusaumm CUCTEMbI: @ — ra300eTOH Ha antoMUHUEBO NacTe; b — ra3aob6eToH
Ha aKTUBMPOBAHHOM aNtOMUHUK; C — NEHOBOETOH; d — neHora3o6eToH ¢ AA-T/7

Fig. 2. Microstructure of cellular composites with different methods of pore formation: a — gas concrete based on aluminum paste; b — gas concrete based
on activated aluminum; ¢ — foam concrete; d — foam-gas concrete based on AA-T/7

CTHK TIEHOTa300€TOHA: TPOYHOCTHU TIPU CXKATUU, TTIOTHOCTH
1 Koa¢duireHTa TeronpoBogHocTy (puc. 1). B kauecTse
BapbMPYeMbIX TTapaMEeTPOB BBHICTYMAIM KOJIMYECTBA ra3o- 1
reHooOpa3oBareeil.

Ha ocHoBaHUU TTOJIydeHHBIX HOMOTpaMM ObLITA BbIOpa-
HbI ONITUMAaJIbHBIE COCTaBbl, MOJIHOCTHIO OTBEYAIOIINE BCEM
TpeOOBaHUSIM HOPMATUBHBIX JOKYMEHTOB (Ta0JI. 2).

HeobOxommMo oTMeTUTh, YTO II€HOTa300€TOH MapKH
D400 otnuyaeTcs CylIeCTBEHHBIM 3aIllacoOM IIPOYHOCTH.
Taxk, HUXKHel rpaHuLeld IPOYHOCTH IJIsI TAKUX U3NEJINIA SIB-
qsgercsa kiacc B0,5. Ipeanaraemble u3aenus MpeBbIIAIOT
yKa3aHHOE 3HauYeHue B JiBa pa3a. B ciyyae neHorazobetoHa
Mapku D500 kymacc mo MpPOYHOCTU paBEeH aHAJOTUYHOMY
IoKasaTeo s ssuercToro kommosurta Mapku D400. Tem
He MeHee 3HaueHUe peabHOM MPOYHOCTH KOMITO3UTa Tpe-
BBIIIAET KJIacc 110 IMIPOYHOCTH B 1,5 pasa.

Hcnonb3oBaHre KOMIUIEKCHOW MOPU3ALUU STYEUCTO-
OCTOHHOI CMECH B COBOKYITHOCTH C BBEJACHMEM aKTUBHOTO
MOAU(UIIMPYIOIIETr0o KOMIIOHEHTA, CTPYKTYPUPYIOIIETO BCe
3JIeMEHTBI (DOPMOBOYHOI cMecH (TTeHy, CYCITEH3UIO Ta30-
obpasoBarejis, IEeMEHTHYIO MaTPUILYy), CIIOCOOCTBYET CYIIIe-
CTBEHHOMY YBEJIMYEHUIO MPUPOCTa 00beMa FOTOBOM sueu-
cTo-6eToHHOI cMecu (Ha 30%) m, KaK CIIEICTBUE, CHIDKE-
HMIO TUIOTHOCTU TOTOBBIX U3EJIUIA.

CHXeHUe IIJIOTHOCTH M3ENINi OO0YCIOBIICHO, C OTHOM
CTOPOHBI, MCIIOIb30BaHMEM KOMILUIEKCA TTOPU3YIONINX ar¢H-
TOB, YTO TPUBOAMT K (DOPMHMPOBAHUIO TE€TEPOITOPUCTOM
CTPYKTYpPBI KOMIIO3UTa (PUC. 2) 3a CYET MPUCYTCTBUSL KPYII-
HbIX Ta30BbIX MOP, OKPYKEHHBIX METKOIUCTIEPCHBIMU TIEHO-
IopaMu, ¥ YMEHBIIEHUSI TOJIIIMH MEXKITOPOBBIX MIEPETOPOIOK
MeXIy ra3o- 1 rneHonopamu. C Ipyroit CTOPOHbBI, 3TO CBSI3aHO
C 3aMEHOI YacTH 1leMeHTa Ha HAHOCTPYKTYPHUPOBAHHBINA MO-
IUPUKATOP, XapaKTEePU3YIOIIUIACSI MEHBIIEH IUIOTHOCTHIO,
YTO CITOCOOCTBYET CHWXKEHUIO CpelHel TUIOTHOCTH MaTpuy-
HOM CTPYKTYPBHI, T. €. MEXITOPOBOi MEPETOPOIKHU.

Taxum o6pazom, B paboTe NpeaaoKeHbl TPUHIUIIBI 0=
JIy4eHMST TIeHOTa300€TOHA HEaBTOKJIABHOTO TBEPACHUSI C UC-
MOJIb30BaHNEM HAHOCTPYKTYPUPOBAHHOTO MoauduKaTopa
CUJIMKATHOTO COCTaBa M KOMIUIEKCHOM MOpM3alliy, 3aKJI0-
yalonieics B ONTUMU3ALMM TPOLECCOB (HOPMUPOBAHUS
Kapkaca siYeMcTO-0eTOHHOI CMeCcH, a TaKKe B MHTeHCUbU-
KallUM CTPYKTYpOOOpa3oBaHUsI LEMEHTUPYIOILETO Bellle-
crBa. IlpyuMeHeHVe KOMIUIEKCHOW TOpU3allMu CUCTEMBI,
peau30BaHHOM 3a CYET COBMECTHOTO MCTOb30BAHUS CUH-
TETUYECKOTO TIEHOOOPa30BaTe/Isl M aKTUBUPOBAHHOTO aJlio-
muHust AA—T/7 B KauecTBe ra3oobpa3oBaresisi, CIoCOOCTBY-
€T hOPMUPOBAHUIO TETEPOITIOPUCTON CTPYKTYPhI KOMITO3UTA.
HaHocTpyKTypupoBaHHBIIH MOIU(MUKATOP CTPYKTYpUPYET
IMOPOBOE TTPOCTPAHCTBO KOMITO3UTA 3a CUET CTAOMJIM3aLMuU
TEeHBbl U PABHOMEPHOTO paclipe/ieJIeHUsI Ta3000pa3oBaTesis B
obobeMe cmecu. Bee 3To B COBOKYITHOCTH 0OecCIIeunBaeT 1o-
JIydeHUe SIYEHCThIX KOMITO3UTOB C BHICOKUMM TETUIOM30JISI-
LIMOHHBIMM CBOMCTBAaMU TPU COXPAHEHUM HEOOXOMMMBbIX
MPOYHOCTHBIX XapakTepucTuk. [Ipy aToM BBeneHUE HAHO-

agent as well as enhancement of system stability (absence of
separation effect). Next is mixing of suspension «activated
aluminum AA—T/7 — NM — water» and cement followed by
introduction of foam agent water solution in the system.
Final stage is joint mixing of all components to achieve a
stable foam concrete paste.

To develop a rational concrete mixes a mathematic ex-
perimental design was applied. Property optimization of the
mixes was realized by analysis of monographs of the foam-gas
concrete physical and mechanical characteristics such as
compressive strength, density and thermal conductivity coef-
ficient (Fig. 1). As varied parameter was a content of foam
and gas forming agents.

On the basis of the presented monographs on Fig. 1 the
optimal mixes of foam-gas concrete meeting requirements of
all standards were chosen (Table 2).

It is need to note the foam-gas concrete D400 is charac-
terized by significantly high strength (B1) vs. standard re-
quirements (B0.5). Developed mixes provide improvement
of these parameters by two times. In case of foam-gas con-
crete D500, the grade class is equal to the same values for
foam-gas concrete D400. Never the less, real compressive
strength of final composite is higher by 1.5 times vs. standard
requirements.

Using the complex pore formation of cellular concrete
mixture jointly with active modifier, structuring all compo-
nent in the mixture such as foam, suspension, gas forming
agent, cement matrix leads to significant growth in volume of
cellular concrete mixture (increase of 30%) and, finally, re-
ducing in density of final products.

Density reducing in final cellular products is connected
with introduction of complex pore agent initiated formation
of heteroporous structure of composite (Fig. 2) due to large
gas pores, surrounded by foam fine pore as well as reducing
of thickness of interpore partition between gas and foam
pores. On the other hand, this effect is associated with re-
placement of some cement by nanostructured modifier with
lower density, initiating the reduction of average structure
density in matrix.

Thus, the principles of non-autoclave foam-gas concrete
production with silica nanostructured modifier as well as
complex pore formation including the optimization of struc-
ture formation of cellular concrete mixture and acceleration
of structure formation of cement matrix are suggested.

Complex pore formation consisting of joint usage of foam
agent and activated aluminum AA—T/7 as gas forming agent
initiates formation of heteroporous structure in composite.
Nanostructured modifier forms a pore space in composite
due to foam stabilization and homogeneous distribution of
gas forming agent in mixture. The effects above allow obtain-
ing the cellular composites with good thermal properties and
required strength characteristics.

Introduction of nanostructured modifier in mixture al-
lows reduction a cost of final products of 30% due to decreas-
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CTPYKTYPUPOBAaHHOTO MOAMGbUKATOPA TO3BOJISIET CHU3UTH
cebecronmocTh Ha 30% 3a cueT yMEHBIIeHMS JOJIM LIEMEHTa
B SIYEUCTOM OETOHE, a UCI0JIb30BaHUE KOMOMHUPOBAHHOTO
croco6a nopu3aluuy Mo3BoJsieT IPU UBMEHEHU U COOTHOIIIe-
HUSI TTIOPOOOPA3YIOIIMX KOMIIOHEHTOB IMOJy4aTh SYEUCTHII
OETOH pa3HbIX MapoK IO TJIOTHOCTH ¢ 0ojiee HUBKUMU KO-
3 PULIMEHTaAMHU TeTUIOIIPOBOIHOCTHU IT0 CPABHEHUIO C TIEHO-
OETOHOM TOl Xe IJIOTHOCTU JIMOO IPU COXPAHEHUM ILIOT-
HOCTH YBEJMYUTb O0BbEM BBIXOAA IYEUCTO-OETOHHOM CMECH.
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ing of cement concentration in cellular concrete. Complex
pore formation allow production a cellular concrete with dif-
ferent density quality as well as production of composites
with lower conductivity coefficient vs. traditional foam con-
crete parameter (according to Russian Standard 25485—89)
or increasing of volume of cellular concrete mixture due to
variation of pore agents ratio.

References

1. Nelyubova V.V., Buryachenko V.A., Cherevatova A.V.
Autoclave gas concrete with nanostructured modifier.
Vestnik  Belgorodskogo gosudarstvennogo tekhnologi-
cheskogo universiteta im. V.G. Shukhova. 2010. No. 1,
pp. 95-96. (In Russian).

2. Nelyubova V.V., Strokova V.V., Altynnik N.I. Cellular
autoclave composites with nanostructured modifier.
Stroitel’nye Materialy [Construction Materials]. 2014.
No. 5, pp. 44—47. (In Russian).

3. Nelyubova V.V, Strokova V.V., Altynnik N.I. Yacheistye
avtoklavnye materialy s nanostrukturirovannym modifi-
katorom. Tekhnologiya, svoistva i osobennosti: mono-
grafiya [Cellular autoclave materials with nanostructured
modifier. Technology, properties and features: monogra-
phy]. LAP LAMBERT Academic Publishing GmbH &
Co. KG, 2014. 113 p.

4. Nelyubova V.V, Altynnik N.I., Strokova V.V., Podgornyi
I.I. Rheological properties of cellular concrete mixture
with nanostructured modifier // Vestnik Belgorodskogo
gosudarstvennogo  tekhnologicheskogo  universiteta
im. V.G. Shukhova. 2014. No. 2, pp. 58—61. (In Russian).

5. Nelyubova V.V., Strokova V.V., Pavlenko N.V.,
Zhernovskiy 1.V. Construction composites with nano-
structured binder based on genetically different raw mate-
rials. Stroitel’nye Materialy [Construction Materials].
2013. No. 2, pp. 20—24. (In Russian).

6. Strokova V.V., Sumin A.V., Nelyubova V.V., Shapovalov
N.A. Modified binder with nanostructured mineral com-
ponent. Vestnik Belgorodskogo gosudarstvennogo tekhno-
logicheskogo universiteta im. V.G. Shukhova. 2015. No. 3,
pp. 36—39. (In Russian).

7. Deryabin P.P., Kosach A.F. Application of multifac-
toral experimental design when study of physical and
mechanical properties of foam-gas concrete. Izvestiya
vysshikh uchebnykh zavedenii. Stroitel stvo. 2003. No. 8,
pp. 55—58. (In Russian).

8. Strokova V.V., Bukhalo A.B. Foam-gas concrete with
nanocrystal pore agent. Stroitel’nye Materialy
[Construction Materials]. 2008. No. 1, pp. 38—39.
(In Russian).

9. Bukhalo A.B., Nelyubova V.V., Strokova V.V.,
Sumin A.V. Comparative assessment of gas forming
agents for cellular concrete production. Vestnik
Belgorodskogo gosudarstvennogo tekhnologicheskogo uni-
versiteta im. V.G. Shukhova. 2013. No. 2, pp. 42—45.
(In Russian).

®

Bbl MOXeTe, NpUciaB B NPOM3BOJIbHOW (hopme 3asBKy Ha agpec:

ooorifsm@yandex.ru; mail@rifsm.ru; rifsm@mail.ru
CtonmMmocTb ofgHOro Homepa XypHana coctasnsiet 1000 p.
Bonee noppo6HO O noanucke http://rifsm.ru/page/5

74

HAY4HO-MexXHU4eCcKuil U npou3800CMEeHHbLI HCYPHAA ?'r LM d=y | BRIBE

VI ETEPAEYBN

aneapy/esparv 2016



Information

renidakc B YenabuHcre:

CKB CTPORNPHBOP () S it s

NPHEOPLI HEPASPYLLAIOUIETD KOHTPOAR Sl suoyRDorEve seny. 0

MNC-Mr4.01/ANC-Mr4,03

AETOMATHYECKEA uﬁpﬂﬁnm
IS PHEH W

V& wacTora 60,70 Wy
Manaion 3...100 MMa . Avanaiod 10,2000 MKG |

Mpeccs: nenbITaTenbHbIe
‘manoraGapHTHele

I1I'M-1IJ'I.'II||HI HI'M-EWHH
I NrM-1000Mr4
€ MAGPAENHECKAN NPHBOO0M
ONA HCNETaHKA BaToHa,
mh'l'ﬂﬁi"ﬂ:lﬂl. EHpRAYN
B NpenankHan Harpyaka
100/ 500 [ 1000 kH
B macca 0/ 1207 180 kr

NMM-1Mr4 / NM-2MIr4 MmM-32Mr4
I NM-5MIr4 / NM-10MIC4

C py4HbIM | INEETPHYECKHMM MpMBOOOM
ONA MENLITAHWA YTENNWTENEA Ha MEME
W CeaTie npi 105 Moo .

« | BnpegencHan Harpyska 1/ 273/ 5/10xH %F

_ mmacca 20/ 25 ur ;
MIMEPHTENM MIMEPWTENM NAGTHOCTM
TTIONPORCEHOL T4 _ AHEMOMETPGI, MMIPOMETPbI TENNOBLIX NOTOKDE W TEMNEPATYPLI

I-I'I-l:'.:l'lvlﬁl'-l.‘ Hﬂﬂ-llﬂ.ﬂ'

CTAUHOHAPHLIA . [ - s :!5 il?ln.;ﬂ.n-u.unmu.b&_ .
M JOHACHLIA POXHMLI MReIcH .1, 2?31[1-1 f:ﬂ;".é | perMcTpaTophl i e
TrU-Mr4 / Tru-mr4.0

TEPMOTHIPOMET]

Amanasch 0999 % -30..485 *C WIMEPHTENW CHIbl HATAREHMKA

TEPMOMETPI APMATYPh

TMP-MI4 / TU3-MT4 | TL3-Mr4.01

| OManasoM KOHTpON
MOy NEHEME PETHCTRHPYHME 3
QMR IHMHED GeTOHMpOBaHMA | T CPHH 2.120 kH

(=10 T .

b ¥ NPONAPGYHBIX KAME[
s ke e B (no 20 monynen B komnnexte) | AMAMETR
awanazon 1..45 % IOHOOEEIE | KoHTaKTHEE | APMATYPE 3..12 MM

1. 2-KAHAN NG HWIMEPHMTENMH HANPRAEHMH
aanazoH-40..+100 [ 250 G B APMATYPE

i wacromunueron 4

= E'
CHATHA [ PACTAMEHHMA | apMaTyphl J...32 MM

Npanan:HaR Harpyika
1,000 kH @ Amanzaos 100, 1800 MMNa

NPOWIE0NHM: HIMEPWTENA EHEFN-lHH MOPO3IOCTOWKOCTH, TONIWMHOMEPS!, TMOPOCTATWYECKWE BECHI H OF.

AHAMETD KOHTRONMPYEMORA
apMarypid 3,40 s

f OMANEI0H HIkepaHHA

" aagMTHOre cnod 3. 140 mm

Peknama

i THEINT ___”_J,| )3 HAYYHO-MeXHUHeCKULl U nPOoU3B00CMEEHHDbLIL HCYPHAN
A{E RV BY] aneapuv/espanv 2016 75




Joxaaasl VIII Mexaynapoanoi kougepenuun «HaHOTEeXHOJIOrHH B CTPOHUTEILCTBE,
12—16 mapra, 2016, Illapm->3a6-1lleiix, Eruner

YOK 691.327.332

C.B. IEOHTBLEB', unrxeHep (n1306cl@yandex.ru), B.A. TONYBEB', kaHg. TexH. Hayk (Golubev_va@cems.pstu.ru),
B.A. LUAMAHOB, urxeHep, A.l. KYP3AHOB!, urxenep; .M. AKOBMEB?, o-p TexH. Hayk (jakowlew@udm.net),
[.P. XA3EEB?, urxerep (gism@istu.ru)

" MepMcKuii HaUMOHANbHBIV MCCenoBaTENbCKUIA MONUTEXHUYECKUN yHBepeuTeT (614010, . Mepmb, yn. Kyiibbiwesa, 109)
2 VKeBCKMI rOCYAAPCTBEHHbIN TEeXHUYECKUt yHrBepcuTeT uM. M.T. KanawwHukosa (426069, . Vixesck, yn. CTyaeHveckas, 7)

Moaudukauusa CTpykTypbl TENNOU30NALUMOHHOIO
aBTOKNIAaBHOro rasobeToHa gucnepcuen
MHOrOCNOWHBIX YrNepoAHbIX HAHOTPYO6OK

[MpencTaBneHbl pesynbTatbl MCCNELOBAHUS BMSHUS SUCNEPCUMUN MHOTOCTOAHbBIX YINEPOAHbIX HAHOTPYOOK Ha YAyULLIEHNe CTPYKTYPbI U (PU3NKO-
MEXaHWN4YeCKUX XapaKTepUCTUK TENS0M30NALNOHHOMO aBTOKNIABHOI0 ra306€TOHA. YCTaHOBIEHO, YTO UCMONb30BaHUE YITIePOSHbIX HAHOTPY6OK
CNOCOOCTBYET NOMYYEHWNIO ONTUMANbHbIX BA3KONMACTUYECKUX CBOICTB A4eUCTO-66TOHHOMO MaccuBa 1 CTabunusalum npoLecca nopusauum ¢
06pa3oBaHMeMm NOTHOW OHOPOLHOM reKcaroHanbHON CTPYKTYpbl NOp. AHaNM3 cocTasa U CTPYKTYPbl MOANKULMPOBAHHOIO TENNOU30NALUOHHOMO
ABTOK/1aBHOI0 ra306eTOHA NOKa3asl, YTO0 MHOTOC/OMHbIE YIepOHbIe HAHOTPYOKM BbIMOMHAT (OYHKLMIO LLEHTPOB HANPaBAeHHOI KpucTanamaauum
HU3KOOCHOBHbIX MMAPOCUIMKATOB KanbLns, 06pa3oBaHne KOTOPbIX CNOCOGCTBYET NOBbILLEHNIO (PU3NKO-MEXaHUYECKNX XapaKTEPUCTUK ra306eToHa.
B pesynbrate 66111 Nosly4eHbl 06pasLibl ra3ocunmkara ¢ Knaccom no npoyHoctu B0O,5, mapkoii no cpefHei nnotHoct D200 1 koadhduuymneHToM
TennonpoBogHocth 0,046 BT/(m-°C).
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Maodification of Lightweight Autoclaved Aerated Concrete Structure with Multi-Walled Carbon Nanotubes Dispersions

The results of research of the multi-walled carbon nanotubes dispersion influence on improvement of the thermal insulation autoclaved aerated concrete structure and physico-
mechanical characteristics are presented in this article. The studies found that the carbon nanotubes using contributes to obtaining the optimum viscoplastic properties of aerated
concrete massive and stabilization of pore formation with the structuring of a dense uniform hexagonal pore structure. The modified thermal insulation autoclaved aerated concrete
composition and structure analysis showed that multi-walled carbon nanotubes act as centers of calcium hydrosilicates directional crystallation, which contributes to the enhancement
of aerated concrete physico-mechanical properties. As a result, samples were obtained with strength class B0,5, with an average density grade D200 and thermal conductivity coeffi-

cient 0,046 W/m-°C.

Keywords: thermal insulation autoclaved aerated concrete (AAC), multi-walled carbon nanotubes, structure, modification, morphology of neoformations.

OpHuM 13 HauboJsee BaXKHBIX HAIMpaBIeHU TTO BOIIPO-
Cy NOTpeOJIEHUSI SHEPTUM NPU IKCIUTyaTalluy 3AaHUIN U CO-
OpYXXEHUI SIBJISIETCS CO3/1aHue HOBBIX 3(D(EKTUBHBIX TEIl-
JIOU3OJIAIIMOHHBIX MaTepHUaioB, B TOM YHCJIE M3 STIYCUCTBIX
o6eToHOB [1].

HawubGonee pacrnpocTpaHeHHBIM U IPEINOYTUTEIbHBIM
BUIIOM SIYEMCTOrO OETOHA SIBJISIETCSI Ta300€TOH aBTOKJIAB-
Horo TBepaeHuss (AI'B). Ilo coBokymHocTu (u3sMKO-
MEXaHUYECKUX XapaKTepUCTUK OH TPEBOCXOIUT MHOTHUE
CTPOUTEJIbHbIE MaTepHuasbl, UCIOJIb3yeMble NI BO3BEIE-
HUST OTPAXAAIONINX KOHCTPYKIINA. DTO OOYCIOBIEHO TEM,
YTO OH cOYeTaeT B cebe BHICOKUE MPOYHOCTHBIE MOKa3aTe-
JIM KayecTBa C XOPOILIMMM TEIUIOM30JUPYIOIIUMU CBOM-
cTBamu [2].

B cBs3u ¢ BBeneHUEM psila PETMOHAIBHBIX U Trocyaap-
CTBEHHBIX TTporpaMMm [ 3], HampaBJIeHHBIX Ha pecypcocoepe-
JKEeHHe B O0JIACTH CTPOMTENbCTBA, YXKECTOYAlOTCS HOpMa-
THUBHBIE TPEOOBAHUSI K TETUIOCOMPOTUBICHUIO OTPaKIaro-
IIUX KOHCTPYKLIMK 3naHuii. Mcxomst U3 3TOro akTyajlbHON
NnpoOJeMOil B MPOU3BOACTBE Tra300€TOHA aBTOKJIABHOTO
tBepaeHust (AI'b) siBaseTcs HEOOXOOUMOCTb CHUMXKEHMUS
cpefHel TUIOTHOCTM U TEIJIONMPOBOJAHOCTU BBIITYCKaeMbIX
W3Ieanii. YMeHblIeHre cpeaHeii mrotHocT AI'b Ha kax-
aple 50 Kr/M® MO3BOJNAET COKPATHTh pacxol TOILIMBA HA
o6orpeB 31aHuii Ha 1 KT yca0BHOTO ToruuBa ¢ 1 M2 Hapyx-
Hoil cteHbl B roa. [loBbilieHHE OOBEMOB IPOW3BOACTBA
msnemnit u3 ATB ¢ miotHocTbio 200—300 KT/M° BMecTo

HAY4HO-MexXHU4eCcKuil U npou3800CMEeHHbLI HCYPHAA

Development of new efficient thermal insulation materi-
als, including cellular concrete is one of the most important
areas on the energy consumption in buildings and construc-
tions [1].

Autoclaved aerated concrete (AAC) is the most popular
and preferred mode of cellular concrete. It outperform many
construction materials used for the construction of building
envelopes, on set of physical and mechanical properties. This
is due to the fact that AAC combines high strength character-
istics with good quality insulating properties [2].

Regulatory requirements for the thermal resistance of
building envelopes become tougher, due to the introduction of
regional and national programs [3], aimed at resource conser-
vation in construction. On this basis, the need to reduce the
average density and thermal conductivity of products is a press-
ing problem in the production of autoclaved aerated concrete.
Reducing the average density of the AAC to 50 kg/m?> reduces
the fuel consumption for heating buildings on 1 kg of fuel
equivalent with the outer wall 1 m~ per year. Increase in output
of products from the AAC with a density of 200—300 kg/m?
instead of 450—550 kg/m? provide a 20—30% reduction in con-
sumption of binder, a reduction of 30—40% of energy con-
sumption for grinding of raw materials, by reducing its specific
consumption reduction production costs and reducing the load
on the foundation construction [4].

Earlier studies [5] have shown that the formation of the
thermal insulation aerated concrete structure can be effec-
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450—550 xr/M> 06eCTIeUNT YMEHBILIEHHE PACXOa BIXKYILETO
Ha 20—30%, cokpallileH1e 3Hepro3arpar Ha [IOMOJI ChIPbsI Ha
30—40% 3a cueT CHYIXEHUS eTo YIeIbHOIO pacxojia, COKpa-
IIEeHUE MPOM3BOJACTBEHHBIX 3aTpaT U YMEHbIIICHUE HArpy3-
KU Ha (PyHIIAMEHT IPU CTPOUTEILCTBE [4].

IlpoBeneHHble paHee wmccieaoBaHUS [S] TOKazaau, 4TO
(opMHpoBaHMEM SIUEUCTOM CTPYKTYPBI TETUIOM3OJISIIMOHHO-
ro razo0eToHa MOXHO 3((EeKTUBHO YIPABISITH C ITIOMOIIBIO
HaITpaBJIeHHOTO PETYIMPOBaHMS PEOJIOTMIECKUX CBOMCTB, KU-
HETUKOI ra30BbIIEIEHUST, TEMIIEPATYPHBIM PEXMMOM, 33 CYET
HCTIOIb30BaHUSI B KAYeCTBE MOPOOOpa3oBateisl Crieuan3u-
poBaHHoro razoobpazosaresisi (CI'O) STAPA Alupor N905, a
TaKKe 6arogapst BBEIEHUIO B COCTaB CHIPhEBOI CMECH T0OaB-
KU cymepruiacTuduKaropa Ha OCHOBE ITOJIMKAPOOKCHIIATHBIX
s¢pupoB MELFLUX 5581F. B pe3synbrare ObUM TOJYYEHBI
00pasipl TETUIOU3OJISILIMOHHOIO aBTOKJIABHOTO ra3obeToHa
(TATB) cpenHeit wiotHOCTH 189 Kr/M°, NMPOYHOCTBIO IPH
cxatuu 0,4 MIla, ¢ ko3GULIMEHTOM TETUIONPOBOAHOCTH
0,049 Bt/(Mm-°C).

OpHako IMOJIyuYeHHBbIE B XOIE€ MCCAEAOBAHUSI 0Opa3LIbl
TAI'b oGnamaloT HeZOCTAaTOYHOM SKCIUIyaTallUOHHOU U
TPAaHCIIOPTUPOBOYHOM MPOYHOCTHIO (KJIACC IO MPOYHOCTHU
npu cxaTtuu He MeHee B0,5), uTo siBisieTcs orpaHMYMBalO-
UM (haKTOpoM i1 TabHEHIIEro UCIIOIb30BaAHUS TIOJTY-
YEeHHOTO Marepuaja B KauyecTBe 3(p(PeKTUBHOTO yTEIUINTE-
Jig. OTHUM U3 BapMAHTOB PellleHUsT JAHHOM MPOOJIeMbl SIB-
JISIETCST MCIOJIb30BaHWE MOIUGMULIUPYIOIIMX 100aBOK,
OKAa3bIBAIOUIMX BJIUSIHUE HA MIPOTEKaHUE MPOIIECCOB MUHE-
panooOpa3oBaHMsI, TTOBBIIIIEHUE KAYeCTBEHHBIX U KOJIUYe-
CTBEHHBIX TOKa3aTeyieil, HampaBJeHHbIX Ha YJydlleHue
CTPYKTYPHOI MPOYHOCTH MEXKITOPOBOTO MPOCTPAHCTBA aB-
TOKJIABHOTO Ta300€TOHA MMOHMKEHHOM MJIOTHOCTH.

B pesynbrate aHanuza pasiMyHbBIX CIIOCOOOB MOAUpU-
kauuu ctpykTypbl AI'b ycraHoBieHO, 4TO OMHUM U3 HaubO-
see 3¢hGEeKTUBHBIX METOJI0B YBEJIMYEHUS TPOYHOCTU U
VJIy4IIEHUST TETJIOU30JISIIIMOHHBIX CBOMCTB Ta300€TOHA SIB-
JIeTCs UCTIOJIb30BaHUE MHOTOCTIOMHBIX YIJIEPOIHBIX HAHO-
Tpyook (MYHT). [IpuMmeHeHMe yriiepogHBIX HAHOMAaTepHa-
JIOB JIJIS1 CTPYKTYPUPOBAHUS LIEMEHTHBIX MaTpUIL B OeTOHAxX
KakK TUIOTHOM, TaK U SIYEMCTOMN CTPYKTYpPbI MOKA3bIBAET BbI-
COKYI0 3(h(peKTUBHOCTh JaHHBIX MOAUDUKATOPOB, CBSI3aH-
HYIO C YJIydllleHMEM IToKa3aTesieil KauecTBa CTPOUTEIbHBIX
Marepuaos [6].

W3BecTHBI pe3yabTaThl pabOT OTEYECTBEHHBIX M 3apy-
OCXHBIX MccienoBaTeeil, B KOTOPBIX MpeacTaBieHa BO3-
MOXHOCTb 3HAYUTEJbHOTO M3MEHEHUS] MPOYHOCTHBIX Xa-
PaKTEpPUCTUK OETOHOB Pa3JIMYHOI TJIOTHOCTU HAHOMOM-
dukaropamu B cBepxmanbix go3ax (0,002—0,05% ot Macchl
BsLXy1Iero) [7, 8].

Vyenpimu UXI'TY um. M. T. KanamnaukoBa pa3pabo-
TaHa AUCIIePCUSI MHOTOCIOMHBIX YIJIEPOAHBIX HAHOTPYOOK
Fulvec [6]. JaHHBIA MOAUGUKATOP MPEACTABISIET COOOM
BoAHy10 nucnepcuto MYHT Masterbatch CW2-45 xoprio-
pamnu «Apkema» (®panums). Momubukanus AUCIEp-
cueit MYHT Fulvec KOHCTPYKIIMOHHO-TEIIONU30JISI-
IIMOHHOTO Ta300eTOHA aBTOKJIABHOTO TBEPACHUS MapKu
1o cpenHeit maoTHocTu D550 U BhIIIE CIIOCOOCTBYET yBe-
JIMYEHUIO TIPOYHOCTU U MOPO3OCTOMKOCTH, CHUXEHUIO
TETUIONPOBOAHOCTU W YCaJO4YHbIX naedopmanuit [9].
OnHako MaJou3y4YeHHBIM OCTAETCS BJIUSHUE TUCIIEPCUM
MYHT Ha ctpyktypy u cBoiictBa TAI'B mioTHOCThIO
250 xr/M> 1 HUXe.

TaxkuM 06pa3oM, aKTyaJIbHbIM SIBJISIETCSI MCCIeNOBaHKE
BiustHUs aucnepcut MYHT Ha nporiecchbl cTpykTypoobpa-
30BaHUS U (PU3UKO-MEXaHMUYECKUE XapaKTEPUCTUKU TETLI0-
M30JIIIIMOHHOTO aBTOKJIABHOTO Ta300€TOHA.

s monyaenust TAI'D ObLIM MCITOIBb30BaHbL: MMOPTIAHI-
uemeHt LHEM 1 xnaccoB 32,5—42,5 ('OCT 31108) npous-
BonctBa OAO «['opHO3aBOACKIIEMEHT»; KOMOBAsl M3BECThb
npousBonctBa OAO «I13CII» 2-ro copra (ITOCT 9179);
KBapueBblii Tiecok IIposieTapckoro MecTOpOXIEeHUS

tively controlled by the directional control of the rheological
properties, the kinetics of gas formation, temperature, due to
the use as a blowing agent specialized gasifier (SG) “STAPA
Alupor N905”, as well as through introduction of the raw mix
additives superplasticizer based on polycarboxylic ether
“MELFLUX 5581F”. As a result, samples of AAC were ob-
tained with strength 0.4 MPa, with an average density 189 kg/
m? and thermal conductivity coefficient 0.049 W/m-°C.

However, from the study samples of AAC, are not suffi-
ciently exploitation and the transport strength (class of com-
pressive strength >B0.5), which is a limiting factor for further
use of the material obtained as an effective thermal insula-
tion. The use of modifying additives that influence the flow of
the mineralization processes, improving quantitative and
qualitative indicators to improve the structural strength of the
lightweight autoclaved aerated concrete is one of the solu-
tions to this problem.

An analysis of the different ways to modify the structure of
the AAC found that the use of multi-walled carbon nano-
tubes (MWCNT) is one of the most effective methods of in-
creasing the strength and improving the thermal insulation
properties of cellular concrete. Structuring binding matrices
with carbon nanotubes in concretes both dense and porous
structure has shown the high efficiency of modifying con-
struction composites with nanostructured additives [6].

There are results of Russian and abroad researchers,
which is represented by the possibility of a significant change
in the strength characteristics of concrete different densities
by nanomodifiers in ultralow doses (0,002—0,05% of the
mass of the binder) [7, 8].

Dispersion of multi-walled carbon nanotubes «Fulvec»
was developed by scientists at the Kalashnikov I1zhevsk State
Technical University [6]. This modifier is an aqueous disper-
sion of MWNTs «Masterbatch CW2-45», production
«Arkema» corporation (France). Modifying constructional
autoclaved aerated concrete brand of medium density D550
and higher with multi-walled carbon nanotubes dispersion
«Fulvec», increases strength and frost resistance, thermal
conductivity and reduce shrinkage deformation [9]. However,
the impact of the MWNTs dispersion on the structure and
properties of thermal insulation autoclaved aerated concrete
with density of 250 kg/m? and below remains understudied.

Thus, the study of the influence MWNTs dispersion on
the processes of structure and stress-strain properties of ther-
mal insulation AAC is an actual scientific task.

Portland cement CEM 1 32.5—42.5 class (GOST 31108)
of 000 “Gornozavodskcement”; lime lump of OAO “PZSP”
2nd grade (GOST 9179); silica sand component (Perm, pro-
letarskoe field) containing unbound SiO, not less than 85%
(GOST 8736); water from a central source of water supply
(GOST 23732) were used to produce aerated concrete.
Specialized blowing Stapa Alupor N905™ production cor-
poration “Ekhart” (Germany) was used as a pore agent [10].
Superplasticizer made on the basis of ether polycarboxylates
MELFLUX 5581 F production of “Corporation BASF
Constraction Polymers” (Germany) was used to reduce the
amount of water and stabilizing properties of viscoplastic cel-
lular concrete mixture.

Consumption of raw materials of cellular concrete mixture
were selected on the basis of results obtained in previous stages
of the study [5, 10], and taking into account the requirements
of SN 277—80. The study of the influence nanotubes on the
processes of structure and final properties of cellular concrete
mixture the content of modifying multi-walled carbon nano-
tubes ranged 0.001—0.005% by weight of binder. At the same
time we take into account characteristics such as: plastic
strength of porous solid, strength, density, thermal conductiv-
ity, pore structure of aerated concrete after autoclaving pro-
cess. Also, qualitative and quantitative composition of miner-
alization has been identified. The uniform distribution of par-
ticles in the prepared cellular concrete mixture was due to the
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(r. Ilepmb) ¢ comepkaHWeM HECBSI3aH-

L, BT/MOC  p,kr/mM3  Rey, MMa
Horo SiO, He Menee 85% (FOCT 8736); i, w/mec pkgm® R MPa
BOIa M3 IIEHTPAJIBHOIO MCTOYHMKA BO- 005+ 200 + 1 a
nocHabxenust (TOCT 23732); B kaue- i
CTBE MOpOOOpa3oBaressi MPUMEHSICA 49 4 196 4 08 4 _
CITELMAIM3UPOBAHHBIA Ta3000pa30Ba- 1 Y.
Teap Stapa Alupor N905™ mpousson- F . .

0,048 « 1924 06 A

crBa kopnopauuu Ekhart (I'epma- | : 4 -
Hus) [10]. Ju1g CHYDKEHUST BOTOTBEPAOTO M . ——
COOTHOLLICHHS ¥ CTabWIM3aLmy Bsisko- 0047 ¢ 188 7 0.4 4 -
IIACTUYECKUX CBOMCTB ra300eTOHHOIA 1
cMecHU ObUI CTIONb30BaH TMIEPIUIACTH- 0,046 + 184 L 02
(dukarop Ha OCHOBE 3(UPOB IIO- 1
Jmkap6okecunaroB MELFLUX 5581F 45 180 1 "
npousBoAcTBa Koprnopauuun BASF Konp. 0,001 0,002 0,003 0,004 0’0'05

Constraction Polymers (I'epmanust).

Pacxon KOMITOHEHTOB sTYenCTO-0€-
TOHHOI cMecU Moadupayicsi Ha OCHO-
BaHUU PE3yJbTaTOB, MOJYYeHHBIX Ha
MPEeIbIIYIINX 3Tarnax HCCleI0BaHUs
[5, 10], a TakKe c yuyeToM TpeOOBaHUIA
CH 277-80. I1pu usyyeHnn BIAUSTHUS
nucriepcun MYHT Ha mipouiecc cTpyk-
TypooOpa3oBaHUsI U KOHEUHBbIE CBOWMCTBAa ra300e€TOHHOM
CMecHu pacxol HaHOTPYOOK BapbUpPOBAJICS B AMAIa3oHe
0,001-0,005% ot macchl ITLI. ITpu 3TOM yYUTBHIBAJIUCH Ta-
KW XapaKTepUCTUKM, KaK: MaacTuyeckasi MpOYHOCTh siue-
HUCTO-O0ETOHHOTO MaccKuBa, MPOYHOCTb, TVIOTHOCTD, TEIJIO-
MPOBOJHOCTh, CTPYKTYypa MOp ra3oCHJIMKaTa TOCJe aBTO-
KJ1aBHOW 00paboTku. Takxke ompenessuicss KaueCTBEHHBII
U KOJUYECTBEHHBIH COCTaB MHUHEpasIooOpa3oBaHUIA.
Beenenue HaHoMoauduUKaTOpa B COCTaB CHIPhEBOM CMECH
MPOU3BOJNUIOCH COBMECTHO C CYCIIEH3Uel aTlOMUHUEBOTO
razoobpasoBaresisi U BoAbl 3aTBOpeHUs1. DopMupoBaHuUE
00pa3IoB OCYIIECTRIISIACH B TIPOM3BOACTBEHHBIX YCIOBUSIX
Ha 6a3e nipennpusTuss OAO «I13CII» (r. [Tepmb) B MeTa-
Jmyaeckux ¢popmax-coyTHUKax pazMmepom 400x400x400 Mm.
B nanbHeimeM 1ist u3y4eHUsl CTPYKTYPHI U CBOMCTB KOM-
Mo3uTa U3 TMOJyYEHHBIX MAcCHUBOB BBICBEPJUBAIUCH 1IU-
suHapsl 100X100 MM.

B pesynbTaTe aHanuza MpoleccoB, MPOTEKAIOUIMX Ha
craguu (popMUPOBaHUS ITOPUCTON CTPYKTYpPhI ra300€TOHA,
YCTaHOBJICHO, 4TO BBemeHme B coctaB TAI'D mucmepcun
MVYHT cnocobcTByeT 60j1ee paBHOMEPHOMY BCITyYMBaHUIO
SIYeNCTO-O0ETOHHOM MacCchl M OKa3bIBaeT IMOJIOXUTEIbHOE
BJIMSIHUE Ha Mpoliecc Habopa T1acTUYecKoi MTPOYHOCTH Tra-
300eToHa: (hopMUpPOBAHUE TIIACTUYECKOI TPOUHOCTH MEX-
IMOPOBOT0 KapKaca MOIu(pUIIMPOBAHHBIX 00Pa3I0B MPOUC-
XonuT yxe B niepBbie 20—30 MUH TEIUIOBOM BBIAEPXKKM Mac-
cuBa, uyro Ha 20—30 MUH paHbIlIe IO CPAaBHEHUIO C KOH-
TPOJbHBIMU oOpa3uamu. Ilpu 3TOM HabIIOHAeTCs OTCYT-
CTBH€ KOAJIECUEHIIMYU 1 MEPKOJISILIMU TOP, YTO JOJIKHO MO-
JIOXKUTETBHO MOBJIMATH HA (PUBUKO-MEXaHUUECKHE U TETLI0-
TeXHUYECKMEe XapaKTepUCTUKHN ra300eToHa.

Pesynbratel omnpeneieHus (U3NKO-MEXaHMYECKUX Xa-
PaKTepUCTUK MOAUMDUIIMPOBAHHBIX M KOHTPOJIbHBIX 00pa3-
LIOB ra3ocujukaTa II0cJie aBTOKJIaBHON 0OpaOOTKU Ipend-
CTaBJIeHbI Ha puc. 1.

ITo nosy4eHHbIM pe3ysibTaTaM UCTIbITAHUIA, YIUTHIBAS TPE-
6osanus crangaproB (ITOCT 5742—76, TOCT 31359—-2007)
Ha OTHeJIbHbIe TPAHUYHBIE MOKA3aTeJIM 10 TTPOYHOCTU MPU
CXaThH, TUTOTHOCTU W TETJIOTIPOBOIHOCTH, CIeJaH BBIBOJ,
4yTO onTUMaibHoe cogepxanue MYHT mis Terton3onsaum-
OHHOTO aBTOKJIABHOTO ra300€TOHA HAXOMUTCS B HMAMa30He
0,001—0,003% oT Macchl mopTIaHAleMeHTa. B yKazaHHOM
JAana3oHe pacxona HabIoJaeTcsl HE3HAUYNUTEIbHOE CHUXE-
HUE TIJIOTHOCTU M TETUIONPOBOJHOCTU MaTepuaia Mpu mo-
BBIIIICHUM €T0 TIPOYHOCTH, T. €. MIPOMCXOIUT yBEJIUICHUE
Koa(ddulmeHTa KOHCTpyKTUBHOro KauectBsa TAI'B.

MUKpOCTPpYKTYpPHBIII aHaau3 pa3Mepa mop (MeToaoM
PTYTHOI MOPOMETPUU) TTOKA3aJ1, YTO BBECHUE B CMECh CIIe-
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Control.
Pacxop MYHT, % o1 macchl LiemeHTa

MWCNT dispersion content, % of the mass of the binder

Puc. 1. ®OusMKo-mMexaHUYeckme XxapakTepucTMku MoAUGUUMPOBAHHBLIX U KOHTPOJbHLIX 00pa3uoB
rasocuivkaTa nocne aeTokfiaBHoi ob6paboTku: 1 — koadbuUMeHT TennonposoaHoctn, BT/(m-°C);
2 — cpepHsa NNOTHOCTb, Kr/M3; 3 - npegen NpoyHoCTM Npu cxatmm, MlMNa

Fig. 1. Physical and mechanical properties of modified and control samples cellular concrete after
autoclaving process: 7 — thermal conductivity coefficient, W/m.°C; 2 — density, kg/m?3; 3 — strength, MPa

preliminary mixing of aluminium suspension and MWCNTs
dispersion. Formation of the samples was carried out in a pro-
duction environment on the basis of the plant “PZSP” (Perm)
in metal molds satellites size 400xX400x400 mm. In the future
to study the structure and properties of the resulting composite
massifs were drilled cylinders of size 100<100 mm.

During the analysis of the processes occurring at the stage of
formation porous structure of aerated concrete, it revealed that
the introduction in AAC of MWNTs dispersion promotes more
uniform swelling of porous mass and has a positive influence on
the increase of plastic strength of acrated concrete. Formation
of plastic strength interporous carcass modified samples occurs
in the first 20—30 minutes of heat exposure that 20—30 minutes
earlier compared to control samples. Thus connection of cells
is absent which should positively affect the physical, mechani-
cal and thermal properties of aerated concrete.

The results of determination of physical and mechanical
properties of modified and control samples cellular concrete
after autoclaving process are presented in Fig. 1.

According to the results of tests, taking into account the
requirements of standards (GOST 5742—76, GOST 31359—
2007) for individual parameters on the compressive strength,
density and thermal conductivity, concluded that the opti-
mum content of MWCNTs for thermal insulation of auto-
claved aerated concrete is in the range 0.001—0.003% of the
mass of the binder. The slight reduction in the density and
thermal conductivity of the material with increasing its
strength is observed in a specified range of flow rates. Thus
strength density ratio of AAC increases.

Microstructural analysis of pore size (by mercury poro-
simetry method) showed that the introduction of a mixture of
specialized SG “Stapa Alupor N905”, plasticizer
“MELFLUX 5581F” and dispersion of MWNTs “Fulvec”
improves the nature of the pore structure the solid phase of
cellular concrete: the number of micropores is reduced, the
content of the capillaries and the density interporous parti-
tions increased (Fig. 2.).

Also, the use of modifiers to stabilize the microstructure
of aerated concrete (Fig. 3), with greater uniformity of pore
size and shape can be traced, which has a positive effect on
the physical, mechanical and thermal characteristics of aer-
ated concrete.

Comparative analysis of the obtained data shows that the
optimization of vaporization process and accelerate the re-
cruitment strength plastic of AAC associated with the intensi-
fication of Portland cement minerals hydration processes
through active interaction with MWCNTSs, which provides the
required strength of cellular concrete on the step of blistering
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Puc. 2. Pacnpegenexuve nop no anameTpy B o6beme TBepaoii ¢pasbl 06pasuos raszobeToHa: a — o6pasel, MoanduumpoBaHHbiit MYHT; b — KOHTPONbHBbIN

obpaszey,

Fig. 2. Distribution of pore diameter in volume solids of samples aerated concrete: a — modified with carbon nanotubes; b — control sample

LIMAJIM3MPOBAaHHOIO ra3zoobpa3oBaresisl, ILIacTU(UKaTopa
MELFLUX 5581F u nucniepcun MYHT Fulvec ynydinaer
XapakKTep MOPOBOM CTPYKTYpPhI TBEPIOii (pa3bl ra30CHIMKa-
Ta: CHUXXAETCsl KOJIMYECTBO MUKPOIIOP, YBEJIMUMBAETCS CO-
nepXkaHWe KamujuIsIpoB, TMOBBIIIAETCS TIJIOTHOCTh MEXITO-
POBBIX IIEPErOPoOaOK (puc. 2).

Taxxe wucnonb3oBaHue MOAUGMUKATOPOB I103BOJISIET
CTaOMIIM3UPOBATh MAKPOCTPYKTYpy raszoberoHa (puc. 3),
MIPY 9TOM MPOCJIEKUBAETCS 00JIbIIAS OAHOPOAHOCTD MOP MO
(opme u pasmepy, uTO, B CBOIO O4Yepe/ib, OKa3bIBAET MOJIO-
JKUTEJIbHOE BJIMsSIHUE Ha (DUBMKO-MEXaHWYECKHe U Terio-
du3nIecKre XapaKTepUCTUKY ra300eToHa.

CpaBHUTEJbHBIN aHATU3 TTOJYYeHHBIX TaHHBIX TTOKAa3bI-
BaeT, YTO OMNTHMMM3AlMs Mpoliecca Mopoodpa3oBaHuUs U
yckopeHue Habopa miiactuieckoit mpouHoct AI'b cBsiza-
HbI C UHTEHCU((UKALIMEN TTPOLECCOB THIpaTallui MUHEpa-
JIOB TMOPTJIAH/ILEMEHTA 32 CUET UX aKTMBHOTO B3aUMOJIE-
ctBust ¢ MYHT, dro obecnieunBaeT TpeOyeMyio IPOIHOCTh
STYeMCTOro OeToHa Ha 3Talle BCIyyrBaHus MaccuBa. M3yyuB
pHuc. 3, MOXHO 3aKJIIOUMTh, YTO B CTPYKTYpE MOAUGUIIUPO-
BaHHOM LIEMEHTHON MaTpuilbl (POPMUPYIOTCS MPOCTPaH-
CTBEHHBIE KapKacHbIe ssueiiku. boJbilioe 4ncio ToYeuHbIX
KOHTAaKTOB obecrieunBaeT (hopMUpPOBaHUE STIYEUCTOM CTPYK-
TYpbl, B KOTOPOH TPYIIMNOBOI Tepexol K CIEIICHUIO B
OJIMKHEM TIOpSIIKE BBI3BIBAET YIIPOYHEHUE CTPYKTYPHI MO-
ITUUIMPOBAHHOM LIEMEHTHOM MaTpUIIbI 3a cUeT 0Opa3oBa-
HUS MPOCTPAHCTBEHHOM YMAaKOBKH.
B pe3synbTaTe 3TOr0 MpOUCXOanT MOBbI-
IIEHUE TJIACTUYECKOM BSIBKOCTH CMECH
U CHIKCHUE BEJWYWHBI TPENeTbHOTO
HanpsDKeHUST CIBUTA.

JIJ1s1 OLIeHKU CTPYKTYPHBIX U (ha3o-
BbIX MU3MeHeHUi1 B oopasuax AI'b, Mo-
nudunrpoBaHHbix MYHT, 6bu11 1ipo-
BeleHbl peHTreHoda3oBbii (PDA) u
nuddepeHIMaNTbHO-TEPMUYECKU T
anainusbl (JITA). Ha penrtreHorpamme
o6pasuoB AI'b (puc. 4) hukcupyrorcs
I PaKIIMOHHbIE OTpaXKeHUsI CIeayIo-
IIMX COCIMHEHUM: B-KBaplia, HU3KOOC-
HOBHBIX TUAPOCUJIUKATOB KaJIbIUsI
rpynmnsl CSH(I), To6epmopuTta, Kco-
HOTJIMTA, BOJIJIACTOHUTA, KaJbIIUTA
(CaCOs;), ruaporpaHaTOB.

Kak BUIHO M3 peHTreHOrpaMMBbI
(puc. 4, a), KOHTpPOJbHbIE OOpa3Ibl,

"
o B TR

b, ¥ .
s ol

massive. In the structure of the modified cement matrix
formed by the spatial framework of the cell, as shown in Fig. 3.
A large number of point contacts ensures the formation of a
cellular structure in which the group bonding to the transition
in the close procedure causes hardening of the cement matrix
structure modified due to the formation of the spatial packag-
ing. Increasing plastic viscosity of the mixture and to reduce
the limit of critical shear stress occurs as a result of this process.

X-ray diffraction (XRD) and differential thermal analysis
(DTA) were conducted to evaluate the structural and phase
changes in the samples of AAC modified MWCNTs disper-
sion. On radiographs heat-insulation aerated concrete sam-
ples (Fig. 4) are fixed diffraction reflections of the following
compounds: p-quartz, calcium hydrosilicates (CSH(I)
group), tobermorite, xonotlite, wollastonite, calcite (CaCOs;),
hydrogarnets.

As can be seen from the X-ray diffraction (Fig. 4, a), con-
trol samples were made on the basis of aluminum paste distin-
guished by a large number of reflections related to xonotlite
(peaks 4,2523A, 3,0818A, 1,6709A). The intensity of these
expressions in the 1.5—2 times greater than that of tober-
morite or other calcium hydrosilicates (HSC), indicating the
predominance of the hydrate phase xonotlite in the system.
The comparison X-ray diffraction samples of AAC density of
250—300 kg/m? produced with using aluminum powder [10]
with samples based on the SG, it can be noted that the content

Puc. 3. MakpocTpykTypa nop B obpasuax A6 (npu yBenuuyeHun 8X): a — KOHTPOJbHLIA COCTaB
(C MCcnonb30BaHMEM aJIlOMUHMEBOW NyApkl; b — cocTas, MoanduumpoBaHHblii MYHT (¢ ncnonb3osaHm-
em CIro n nnactudukaropa)

Fig. 3. Microstructure of the pores in the samples of AAC (spall fragment at the magnification of
8 times): a — control sample (with using aluminum powder), b - sample modified with carbon nanotubes
(with using SG and plasticizer)
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M3TOTOBJICHHBIE HA OCHOBE aJIIOMUHMEBOM TMACThI, OTIMYA-
I0TCS OOJBIIMM YUCJIOM OTPAKEHUM, OTHOCSIIUXCS K KCO-
HoTuty (rmuku 4,2523A, 3,0818A, 1,6709A). TTo MHTEHCHB-
HOCTH 3TU OTpaxkeHus B 1,5—2 pasa Gouibliie, 4eM y TOOEep-
MOpUTAa W JPYTMX HU3KOOCHOBHBIX THUIPOCUIMKATOB
kaneuus (I'CK), yTo cBUmeTeIbCTBYET O MpeobiajaHun B
NIAHHOM crcTeMe TIpaTHOM a3kl KcoHoTanTa. CpaBHUBAS
peHtreHorpaMmbl 00pa3oB AI'b Ha oCHOBe aTIOMUHUEBOM
nyzpel [10] motHocTbio 250—300 kT/M° ¢ 06pasuamu Ha
ocHoBe CI'O, MOXHO OTMETUTh, YTO COACpPKaHUE KCOHOT-
JUTa 1 apyrux HU3koocHoBHBIX ['CK yBenmuuuBaeTcsi, B TO
BpeMsI KaK MHTCHCHUBHOCTb NMHUKOB (-KBapiia CHUKAETCS.
DTO OOBSICHSIETCS T€M, YTO C YMEHbIIIEHUEM TUIOTHOCTU U
yBeJIMYEHWEM TOPUCTOCTH B 0Opas3liax BO3pacTaeT COmep-
JKaHWe U3BECTH, YTO CIIOCOOCTBYET OoJjiee MOJTHOMY MPOTe-
KaHMIO TeTePOTeHHBIX peakuuii B3anmoneiicteust Ca(OH),
C KPEMHE3eMUCTbIM KOMITOHEHTOM.

AHanM3 peHTeHOTpaMMBbl MOAMGMUIIMPOBAHHOTO IHC-
nepcueit MYHT o6pasua (puc. 4, b) nokasai, 4To o cpas-
HEHHIO ¢ 00pa3lioM Ha aJlOMUHMEBOU macte 0e3 BBeICHMS
HAHOCTPYKTYP Y MOAMGUIIMPOBAHHOTO ra300eToHa yBeJH-
YMBAETCS MHTEHCUBHOCTb IU(MPAKIIMOHHBIX OTPaXEHUI
HU3KOOCHOBHBIX TMIPOCUJIMKATOB KaJblIMsI, B TOM YHCJIE
TOOEpMOpUTA, KCOHOTIMTA, BOJUIACTOHUTA M TMApPOTpaHa-
toB. [locnenHue, Kak U3BECTHO, 00JIagast KyOM4eCcKO CUH-
TOHMEH, UTPAIOT CTPYKTYPHO-aKTUBHYIO POJIb B Ta300€TOH-
HbIX cMecsix. CofepkaHre B CMECH OCTaTOYHOTO KBaplia, He
MPUHUMAIOLIETO YYacTUusl B TIpoliecce MUHepaioodpa3oBa-
HUSI, CBUJIETEILCTBYET O HEOOXOAMMOCTU YBEJIUYEHUSI €r0o
TOHKOCTH TTOMOJIA.

[IpumeyaTenbHo, 4To y MomuduupoBaHHEIX MYHT
00pa3loB HaOMIOJAeTCsl CHUXXKEHUE MHTEHCUBHOCTU OTpa-
KeHUH, TMPUCYUIMX KCOHOTJIHUTY.

WzBectHo [11], 4yTOo obOpasyromuiica @

MPY aBTOKJIABHOW 0OpabOTKEe KCOHOT-
JINT TIpYU CHWKEHUM TeMIlepaTyphl 4a-
CTUYHO WJIM TIOJHOCTBIO MOXET Tpe-
BpatuThcs B Tobepmoputr 11,3A, uro
MPUBENET K YBEJIMYEHUIO 00beMa CU-
creMbl Bspkyliee — Bojaa. [logoOHbie
MPOLIECCHI MOTYT IMTOHU3UTH ITPOYHOCTh
CWJIMKATHOTO KaMHs. B momnduimpo-
BaHHBIX oOpasuax AI'b HabGmomaeTcsa
repepacnpeneseHue coaepkaHus KCo-
HOTJINTA U TOOEPMOPUTA B TOJIBb3Y IO-
CJIeIHEro, YTO MOXET CITOCOOCTBOBATh
MOBBIIIEHUIO KCIUTyaTallMOHHBIX Xa-
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of xonotlite and other GSK increases, while the intensity of
B-quartz peaks is reduced. This can be explained by the fact
that a decrease of density and an increase of porosity of the
samples increased lime content that enhances the heteroge-
neous reaction compounds Ca(OH), with silica component.

X-ray analysis of MWCNT dispersion modified sample
(Fig. 4, b) showed that, compared with the sample on the
aluminum paste without introducing nanostructures modi-
fied aerated concrete have increased the intensity of diffrac-
tion reflections of hydrosilicates calcium, including tober-
morite, xonotlite, wollastonite and hydrogarnets. The latter,
as we know, having a cubic system, perform structure-func-
tion active in aerated concrete mixtures. The content in
mixture of quartz residual, which does not participate in the
process of mineralization, demonstrates the need for an in-
crease in its fineness.

It is noteworthy that the intensity of the reflections inher-
ent xonotlite in samples modified with MWCNTs reduced. It
is known [11] that xonotlite formed by autoclave treatment,
while reducing the temperature can be partially or complete-
ly transformed into tobermorite 11,3A that will increase the
amount of «binder — water». Such processes may reduce the
strength of silicate rock. Redistribute the content of xonotlite
and tobermorite for the latter occurs in the modified samples
of AAC, which can help improve the performance of AAC.

Thus, it can be assumed that the function of MWCNT is
nucleation and hardening hydration products and provide a
qualitative change of AAC neoplasms that causes hardening
interporous partitions and increase the strength of aerated
concrete.

The content of calcium hydrosilicates identified in the
X-ray analysis confirms the results of differential thermal
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pakrepuctuk AI'B.

Takum o6pa3zoM, MOXHO IIPEIIIO-
noxutb, uyro MYHT BbelmosHsIOT b
(GYHKUMIO LEHTPOB KPUCTALIU3ALUU
MPOAYKTOB rMApPATALlMUA U TBEPAECHUS U
00ecreynBaloT KaYeCTBEHHOE U3MEHe-
HUE CTPYKTYpbl HOBOOOpPAa3OBaHUI
AT'B, 4T0 O00YyCOBIMBAET YIIPOYHEHUE
MEXIOPOBBIX MIEPETOPOJOK U TTOBBILIIE-
HU€ IPOYHOCTU ra3o0eToHa.

Hanuume HM3KOOCHOBHBIX THIPO-
CWJIMKATOB KaJIblLIUsI, ONPEIeICHHBIX B
X0JIe peHTreHO(a30BOro aHaau3a, Mo~
TBepXmaeTcs pesyiabratramu audde-
peHnuanbHo-TepMuaeckoro (ATA) u *

E

i

tepmorpaduueckoro (TT'A) ananusa,
MPEACTaBIEHHBIMU Ha pUC. S.

Ha navanbHoM 3Tane JATA mHTeH-
CUBHBI U IIMPOKUNA 3HIOTEpMUYE-
ckuii 3hGhEeKT ¢ MaKCUMyMOM IIpHU
T=90—100°C BbI3BaH ynmajieHueM aj-
COpPOLIMOHHOII M TUIPOCKOMUYECKOM
BJIATY 13 00Pa310B aBTOKJIABHOTO Ia30-
OeToHa. B manbHeiilem npu yBeauye-

1 - |
T, L o "':. A Boar S . L

1

-
LTI Y
L]

T |

Puc. 4. PeHtreHorpammbl AlB: @ — KOHTPOSbHbIA 06pasel; b — MoauduuMpoBaHHbI 06paseL,
(A - B-ksapu; [ - ruaporpanartsl; O — C-S-H(l); @ - To6epmoput 5Ca0-3Si0,-H,0; <>
CaCOg; B - BonnacToHuT; A — kcoHoTnnT 6Ca0-6Si0,-H,0)

Fig. 4. X-ray diffraction of AAC: a — control sample; b — sample modified with carbon nanotubes
(A - B-quartz; [ - hydrogarnets; O — C-S-H(l); @ — tobermorite 5Ca0-3Si0,-H,0; <> — calcite CaCOyg;
H - wollastonite; A - xonotlite 6Ca0-6Si0,-H,0)
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HUU Temrmeparypbl o 145—155°C u  a 1r/%
200—215°C ynansiercss (U3UKO-XUMU- TG, %
YECKM U XMMUYECKM CBSI3aHHasl Bjara |
COOTBETCTBEHHO. OYEBUIHO, UTO C YBE- 100 |7 =
JIMYEHUEM TIOPUCTOCTH MaTepuraa yBe-
JINYUBACTCS KOJMYECTBO OTCOPOMPO-
BaHHOI UM BOJIBI, T. €. YeM HUXKE TIJI0T-
HOCTb ra3o0eToHa, TeM IpoYyHee OH
yIepXUBAaET MOJIEKYJIbl BOAbI. JlaHHBI 96
dakT nmoaTBepxnaercsa kpuBbiMu TTA

n JITA. Y 06pa3iioB ra300eToHa, MOIN- g4
¢unmpoBa"HHoro mucrepcuein MYHT
(0=185 xr/M>), TONHAas DeTumpaTALUS %
HaOaomalach IpU  TeMmIeparype | -
214,3°C, a y KOHTpOJIbHBIX 00Opa3LIOB
ra300eTOHa, U3rOTOBJEHHBIX Ha OCHO- %0 -

98

e S

i

[CK / (MkB/mr)
DSK, mkV/mg
k30
Y Exothermic 2
reaction

— 1,5

0,5

Be CI'O (p=200 kr/Mm°), ripu 210,9°C. 0200

DHpoTepMuIeckre 3POEKTH MIPU
temnepatype 200—700°C o6ycaoBaeHbBI
neruaparauueis muHepanoB CSH(I). 16.%

Ounoaddexkr npu 579,1-581,3— 404
582,3°C BbI3BaH MOJUMOPGHBIM Tpe- e
BpallleHUeM (3-KBapiia B a-KBapil. Il :

DHI03(pPEeKT ¢ MUHUMYMOM IIpHU 100 |
temrepatype 738—747°C saBisgetcs
cyMMapHbIM 3G @eKToM nekapboHusa- 98
LIMM KaJIbLIUTa, BHOCUMOTO B CUCTEMY C
MU3BECTHbIO, W JEruapaTaliii HU3KOOC- 96
HOBHBIX TUIPOCWIMKATOB KaJIbLIMS TIe-
peMenHoro coctasa. Ilo notepe maccer g,
B BBICOKOTEMIIEpaTypHO objaacTu

b Tr/%

MO2KHO CYJIUTb O KOJIMYECTBE HU3KOOC- I -

HOBHBIX TMAPOCHUJIMKATOB KaJIblIUsd B 924

o6pasuax. Mcxoms uz manHbix TTA 1
YCTaHOBJIEHO, YTO IOTEPSI MACCHI B MH-

300 400 500 600 700 800 900
Temneparypa, °C

Temperature, °C [ICK / (MKB/mr)

DSK, mkV/mg
1 9k30
Exothermic 2
reaction |

TepBajie Temmeparypel 738—747°C B 100 200
KOHTPOJIBHOM 00pasile COCTaBJIsIeT
1,78 mac. %, a B HaHOMOIUGUILIMPO-
BaHHOM — 3,54 Mac. %, 4TO CBUIETEIb-
CTBYET O 60Jjiee BHICOKOM COJEepKaHUU
HU3KOOCHOBHBIX  TUAPOCUJIMKATOB
KaJIbIIHSI.

MHTEeHCUBHBIN 3K30TepMUIECKU 3P GEKT IIpU TEMIIe-
patype 840—860°C BbI3BaH MPUCYTCTBHEM TOOEPMOPUTA U
KCOHOTJIUTA, KOTOPBIE MPU ITOM TeMIIepaType OKOHYATEb-
HO JAETUIPATUPYIOTCS, TTOCJIE YEero Ha MX OCHOBE KpUCTaJl-
JIN3yeTcs BojutacToHUT. CunTaeTcs, 4To TeMIiepaTypa 3Toro
9K303¢(deKTa Bo3pacTaeT ¢ YBEIMIEHUEM OCHOBHOCTH TO-
OepMopHUTa M KCOHOTIMTA. Y HAHOMOIUMUIIMPOBAHHOIO
MYHT o6pa3ua naHHbii 93deKT UHTEeHCUBHEE, UTO CBUIS-
TEJIbCTBYET O 0OJiee BLICOKOM COJAEPKaHUM TOOEpPMOpUTA U
KCOHOTJIUTA, 00eCTIeYnBAIOIIEM BHICOKYIO MPOYHOCTb MEX-
ITOPOBBIX MEPETOPOIOK ABTOKJIABHOTO Ta300€TOHA.

DIIEKTPOHHO-MUKPOCKOTIMYECKHE MCCISIOBAaHUS HaM-
60Jiee TUTTMYHBIX YIaCTKOB MUKPOCTPYKTYPHI B CKOJIE MEXK-
TOPOBBIX MEPEropoIOK MOKa3aau, YTO XapaKTepHON 0COo-
OEHHOCTbI0O HAHOMOIM(MUILIMPOBAHHOIO STYEUCTOrO0 OeTOHA
SIBJISIETCSl HAJIMYME B COCTaBe KapKaca MaTepuraia 00JbIIoro
KOJIMYECTBA MEePETUIETEHHBIX TUTACTUHYATBIX M UTOJIbYAThIX
KPUCTAIJIOB HU3KOOCHOBHBIX THAPOCUJIMKATOB KaJbIIs,
CO3MAlOIMMNX TIPOYHBIA TIPOCTPAHCTBEHHBINM  KapKac
(puc. 6, b). MUKPOCTPYKTypa KOHTPOJIHHOTO 00pasiia, 13-
TOTOBJIEHHOTO Ha OCHOBE aJTIOMUHUEBOI MyIphl, OTINYAET-
Cs HaJauuyueM KOMOWHMPOBAHHON CTPYKTYphl, BKJIIOYalo-
IIEH WrojbyaTble KPUCTAJUIBI TMAPOCUIMKATOB Kajbllusl,
OKyTaHHBbIe aMOP(GHBIMA HOBOOOpa3oBaHUAMH (pHC. 6, a).

Takum obGpa3zoMm, TTPOBEJACHHBIE MCCIEIOBaHUS TTO3BO-
JIUJIX YCTAHOBUTH TTOJIOXKUTEIbHOE BIUSHUE YIJIEPOMTHBIX
HAHOTPYOOK Ha Ipoiiecc GOopMUPOBAHUS CTPYKTYPHI TEIl-
JIOU3OJISIIIMOHHOTO aBTOKJIABHOTO Ta300eTOHa MapKu IO
cpenneii mmotHocTu D200. KoMruiekcHoe BBeieHNEe B Ta30-

carbon nanotubes

300 400 500 600 700 800 900
Temneparypa, °C
Temperature, °C

Puc. 5. Kpueble anddepeHumanbHO-TEPMUYECKOro aHanm3a o06pa3uoB AMB: @ — KOHTPOSbHBIA Ha
OCHOBE aNtloMVHUEBOI NacTbl; b — MoandUUMPOBaHHbI o6pasel,

Fig. 5. The curves of differential thermal analysis of AAC samples: a — control sample; b — modified with

(DTA) and thermographic (TGA) analyzes are presented
in Fig. 5.

Intense and broad endothermic effect with the maximum
at T=90—100°C which is observed at the initial stage of the
DTA associated with the removal of the adsorption and hy-
groscopic moisture of autoclaved aerated concrete samples. In
the future, with increasing temperature up to 145—155°C and
200—215°C physico-chemically and bound water is removed.
It is obvious that with the increase in porosity increases the
amount of water adsorbed to them. Consequently, the lower
the density of aerated concrete, the stronger it retains water
molecules. This fact is confirmed by DTA and TGA curves. In
concrete samples modified MWCNT dispersion (p=185 kg/
m?), complete dehydration at 214,3°C observed, but test
samples of aerated concrete produced on the basis of special-
ized gasifier (p=200 kg/m?), at a temperature 210,9°C.

Endothermic effects at a temperature of 200—700°C due
to the dehydration of minerals CSH(I).

Endoeffect at 579,1—581,3—582,3°C called polymorphic
conversion of B-quartz in a-quartz.

Endoeffect with a minimum temperature of 738—747°C is
a total effect of calcite decarbonization contributed in lime
and dehydration of calcium hydrosilicates variable composi-
tion. An amount of calcium hydrosilicates in samples can be
measured by weight loss at high temperatures area. The
weight loss in the temperature range 738—747°C in the con-
trol sample is 1.78 wt. %, and in nanomodified — 3.54 wt. %,
which is set based on TGA data. This indicates a high content
of calcium hydrosilicates.
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Puc. 6. OnekTpOHHO-MMKPOCKOMUYECKME CHUMKM 0OpasLOoB Tennoun3oNnsauMOHHOrO aBTOK/IABHOIO
razo6eToHa: a — KOHTPOJIbHbIN COCTaB (C MCMNONb30BaHNEM aNlOMUHMEBO Nyapskl); b — cocTas, Moan-
duumpoaHHbin MYHT (¢ ncnonssoannem CIrO un nnactudukaTtopa)

Fig. 6. Microstructure of AAC: a — control sample with using aluminum powder; b — sample modified

with carbon nanotubes (with using specialized blowing agent and plasticizer)

6eTtoHHyIo cmech aucniepcnt MYHT Fulvec, cnenmanusn-
POBaHHOTO Tra3000pa3oBaTesis U TacTudukaropa odecre-
YUBAIOT MOJYYEHUE ONITUMAJIbHBIX BSI3KOTUTACTUYECKMX Xa-
PaKTEpUCTUK SYEeUCTO-O0ETOHHOII CMECH, CIIOCOOCTBYET
cTabuM3anuuy mpoiiecca Mopu3aluu ¢ o06pa3oBaHUeM O~
HAKOBBIX T€KCAarOHAJIbHBIX WIM MOJU3APUUECKHUX TOp pa3-
mepoM 0,1—0,5 MM 1 U3MEHEHMIO XapaKTepa Makpo- U MU-
KPOTIOPOBO# CTPYKTYPhI TBepAOi1 (ha3bl ra3ocuInKaTa.

Monmndpuxkanus ceipbeBoli cMecu gucnepcueit MYHT B
xonmyectBe 0,001—0,003% ot Maccel LieMeHTA TIPUBOIUT K
U3MEHEeHUI0 MOpGOJIOTMM HOBOOOpPa30BaHMM, OTJIMYAIO-
IIMXCS HAUTUYUEM TIEPeTIETeHHbBIX MIACTUHYATBIX U UTOJIb-
YaThIX KPUCTAJJIOB HU3KOOCHOBHBIX TUIPOCUINKATOB KaJlb-
111, CO3MAIONIMX MPOYHbBIN MPOCTPAHCTBEHHBI KPUCTaI-
JIMYECKUH KapKac, YTO CIIOCOOCTBYET MOBBIIIEHHIO SKCILTY-
aTallMOHHBIX xapakTepucTuk AI'b, a Takxke obecrieunBaeT
KauyeCTBEHHOE U3MEHEHUE CTPYKTYpbI ra3ocuiivkara. B pe-
3yJibTaTe ucciienoBanuit o1 nonyyeH TAI'D ¢ yaydiieHHbI-
MM XapaKTepucTHUKaMM: Kiacc o npouydoctu B0,5; mapka
o cpeaHei mmotoct D200; K03 PUIIMEHT TEIUIOTPOBOA-
noctu 0,046 Br/(M-°C).
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Intensive exotherm at temperature
840—860°C caused containing tober-
morite and xonotlite, which at this tem-
perature finally dehydrated, and then
based on these wollastonite crystallizes.
It is believed that the temperature of the
exothermic peak increases with increas-
ing tobermorite and xonotlite core. In
sample nanomodified with MWCNT
dispersion this effect is more intense,
which indicates a higher content of to-
bermorite and xonotlite, provides high
strength interporous partitions of AAC.

Electron microscopic study of the
most common areas of the microstruc-
ture in the cleavage of intersexual walls
showed that the characteristic feature
nanomodified aerated concrete is the
presence in the composition of a large
number of frame material bound plate
and needle-like crystals of calcium hy-
drosilicates that create a strong space
frame (Fig. 6, b). At the same time a composite structure ap-
pears which includes blocks of calcium hydroxide plates,
calcium hydrosilicate acicular crystals coated with amor-
phous neoformations (Fig. 6, a).

Thus, our studies revealed a positive effect of carbon
nanotubes on the formation of a heat-insulating AAC struc-
ture (grade of density D200). Comprehensive introduction of
the aerated concrete components such as: MWNTs disper-
sion «Fulvec», specialized blowing agent and a plasticizer,
provides optimal viscoplastic characteristics of mixture, con-
tributes to the stabilization porization process with form the
same cell has a size 0.1—0.5 mm and a change in the nature of
macro- and microporous structure of acrated concrete.

Modifying cellular concrete with multi-walled carbon
nanotubes dispersion in an amount of 0.001—0.003% of the
mass of the binder results in a change in the morphology of tu-
mors, which differ by the presence of interlocking lamellar and
acicular crystals of calcium hydrosilicate. Calcium hydrosili-
cate crystal spatial create a solid framework that improves the
performance of AAC, and provides a qualitative change in the
structure of cellular concrete. As a result, samples were ob-
tained with strength class B0.5, with an average density grade
D200 and thermal conductivity coefficient 0.046 W/m-°C.
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BnusHue komnnekca 106aB0OK Ha CBOWCTBA W CTPYKTYPY
rMncoBoro BAXYyLIEero

[pnBefeHbl pe3ynbraTbl UCCNef0BaHNS (PU3NKO-MEXAHNYECKNX CBOMCTB U CTPYKTYPbI TUNCOBbLIX 06pa3L0B, MOANMDULMPOBAHHbIX OAHOCIOAHBIMY
yrnepoaHbiMu HaHoTpy6kamu (OYHT) coBMECTHO C ApyruMu fo6aBKamu — NOPTNAHALEMEHTOM, MUKDOKPEMHE3EMOM W MeTakaonuHom (BMK). Ananna
pe3ynbTaToB MeXaHUYeCKUX CMbITaHWIA NOKa3an, YTo NPy UCMONMb30BaHUM KOMNEKca A06aBOK, BKKOHAIOLLEro YrnepoaHble HAHOTPYOKM 1
YNbTPAANCHEPCHYO A06aBKY, AOCTUrAIOTCA 60/16€ BbICOKUE MEXAHUYECKINE XapaKTepUCTUKI, YEM NpKU UCNONb30BaHMK NepBoro Tuna go6asok. K aHanus
MOANULIMPOBAHHbLIX 06pA3LI0B NMOKa3as, YTO NpKU UCMOMb30BAHMM KOM/EKCa [O6BOK NPOLECCHl rMaparauny U KpucTanan3aunn runcoBoro BXKYLLEro
MpoTeKaT 60nee MHTEHCMBHO, 0CO6eHHO B npucyTcTBUM OYHT ¢ nopTnaHaueMeHTOM 1 MUKPOKPEMHE3eMOM, a Npu [06aBneHnn MmeTakaonuHa ¢ OYHT
CO3/A0TCA XyALWKe YCNoBNa Ans ruapatauui i KpUcTanan3aunn BxkyLlero. AHanm3 MKpOCTPYKTYPbI KOHTPOSbHBIX U MOAUMULMPOBAHHbIX 06pa3LoB
MO3BOMNA BbISBUTb HANN4YMe HOBOOOPA30BaHMI B CTPYKType 06pasLoB 1 M3MEHEHUIA B MOPCHOOriy U pa3mepax KpucTannormaparos.

KntoyeBble cnosa: runcosoe BAXYLLEE, HaHOprﬁKI/I, ynbeTpagnucnepcHble no6asku, NK-aHanus, MUKpockonusa.
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Influence of Additive Complex onto the Properties and Structure of Gypsum Binder

The investigation results of physical and mechanical properties and structure of gypsum samples modified by single-wall carbon nanotubes (SCNT) together with other additives —

Portland cement, microsilica and metakaolin (HMK) are given. When analyzing the results of mechanical tests, it was demonstrated that when applying the additive complex containing
carbon nanotubes and ultrafine additive the improved mechanical characteristics are observed in opposition to the application of the 1st type of additives. IR analysis of modified sam-
ples showed that when applying the additive complex the hydration and crystallization processes become more intensive, especially in the presence of SCNT with Portland cement and

microsilica, and when metakaolin with SCNT is introduced - the worst conditions for binder hydration and crystallization are provided. The microstructure analysis of reference and
modified samples allowed revealing the availability of new formations in the sample structure and changes in the morphology and sizes of crystalline hydrates.

Keywords: gypsum binder, nanotubes, ultrafine additives, IR analysis, microscopy

OueBUIHO, YTO 6€3 PeryJIMpOBaHMs CTPYKTYPhl HA MUK-
PO- ¥ HAHOYPOBHSIX HEBO3MOXHO CO3/1aH1Ee TTPOYHBIX U BO-
JIOCTOMKHKX TUIICOBBIX MaTepuasoB. 3agaya Mo CO3JaHUI0
MPOYHBIX U BOJOCTOMKHUX TUIICOBBIX MaTepUAIIOB MOXKET
OBITH pellleHa 3a CUeT MCIOJIb30BAHUS TUIICOLEMEHTHO-
nyuuonaHoBoro Bsoxyiero (I'LIIIB) u koMno3uTHOro rum-
coBoro Bsixyiero (KI'B), ogHako ux npou3BOACTBO SIBJISI-
eTcs BHEPTOEMKHUM U TIpeIroJiaracT UCIOJIb30BaHUE 3HAUU-
TeJbHOro KoinyecTBa lLeMeHTa. O030p JuUTepaTyphl MO
Moau(UKalM MUHEPAJIbHBIX MaTPUIl TOKas3aja, 4YTo IS
VIYYIIEHUST CBOMCTB IIUPOKO MCIIOIBb3YIOTCS TUIacTU(DUKA-
TopH [ 1, 2], myLioaaHoBbIe 100aBKH [3], moaumepsl [4, 5] u
KOMIUIEKCHI 3THX 100aBOK [6—8]. OgHaKo MaJio UCCief0Ba-
HUI TOCBSILIEHO W3YYEHUIO BJIUSIHUSI HAHOCUCTEM (yriie-
POIHBIX HAHOTPYOOK) Ha CBOCTBA TMIICOBOTO BSIXKYIIIETO.

VYrnepogHbie HAHOTPYOKH 3a CYST M3OBLITOUHOM MOBEPX-
HOCTHOI1 SHEPTUM M YHUKAJIBbHEIX CBOMCTB CIIOCOOHBI OKa-
3bIBATh CYIIECTBEHHOE BIUSHUE HA TUAPATO- U CprKTypo—
obpaszoBaHue [9]. BoablMHCTBO HcC- : :
cienoBareseil MoJjarairoT, 4TO yrjie-
ponubie HaHOTPYOKU (YHT) siBasttoTcst
LeHTpamMu kKpucraumsamuu [10—12],
KOTOpbIE 00ECIeYnBalOT IOBLIIICHUE
IJIOTHOCTY YITAKOBKY YaCTHI] U TAKUM
o0pa3oM yIydIiialoT CTpykTypy. Kpome
TOT0, BIUSIHME HAHOPa3MEPHbIX MOAU-
(GUKATOPOB MOXET OBITH CBSI3aHO C
VIUIOTHEHUEM MeX(ha3HbIX TpaHUIl U
dopMupoBaHUEM OPTraHM30BaHHBIX
CTPYKTYp M3 KpucTautoruaparon [13].
HexoTtopble aBTOpbI TojaraloT, 4YTO
YHT wurpamoT pojib HAaHOAMCIEPCHOM

apmarypsi [14]. (X3000); ¢ — SCNT

HAY4HO-MexXHU4eCcKuil U npou3800CMEeHHbLI HCYPHAA

It is obviously impossible to produce durable and water-
resistant gypsum materials without the structure regulation
on micro- and nanolevel. The task of producing durable and
water-resistant gypsum materials can be completed with the
application of gypsum cement pozzolanic binder (GCPB)
and composite gypsum binder (CGB), however, their pro-
duction is energy-intensive and assumes the considerable use
of cement. The review of literature on modification of min-
eral matrixes demonstrated that plasticizers [1, 2], pozzolanic
additives [3], polymers [4, 5] and complexes of these addi-
tives [6—8] are widely used to improve the properties.
However, there are only a few investigations dedicated to the
examination of the influence of nanosystems (carbon nano-
tubes) on gypsum binder properties.

Due to excessive surface energy and unique properties
carbon nanotubes are able to significantly influence hydrate-
and structure-formation [9]. Most of the researchers assume
that carbon nanotubes (CNT) are “crystallization centers”

Puc. 1. MukpocTpykTypa ynbTpa- U HaHOAMCMNEPCHbIX A00aBOK: a — MUKpokpemHesdeM (X3000);
b — meTakaonuH (X3000); ¢ — OYHT
Fig. 1. Microstructure of ultra- and nanodispersed additives: a — microsilica (X3000); b — metakaolin
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Ta6amma 1
Table 1
SiO, Al,Oq4 Fe,04 Ca0 MgO SO, LLeno4n CI CaO,,
21,36 5,46 3,65 66,19 1,41 0,23 Jo1 0,015 0,39
Tabauma 2
Table 2
Si0, Al,O4 Fe,05 Ca0 MgO Na,O K,0 C s
90-92 0,68 0,69 0,85 1,01 0,61 1,23 0,98 0,26
20 [10—12], which provide the increase in particle packing and,
18 consequently, improve the structure. Besides, the modifying
‘g" g 16 influence of nanosized nanomodifiers can be connected with
R the compression of interphase boundaries and formation of
£5 organized structures from crystalline hydrates [13]. Some
Xg 12 o authors believe that CNTs play the part of nanodispersed re-
&g 1oﬂ.——!l/._'\!|—h!l inforcement [14]. )
22 5 ! To influence the structure on micro- and nanolevel, the
35 additive complexes containing micro- and nanosized fillers
ég 6 are required. When introducing fillers of optimal dispersity,
R we can control the processes of structure self-organization
2 and reach considerable improvement in mechanical charac-
o teristics. Thus, the mechanism of CNT action in matrixes,
0 0,001 0,002 0,003 0004 0005  ooos  including gypsum ones, is still not entirely clear. At the same

Copepxanune OYHT B % oT macchl runca
Content SCNT in % bv weiaht of avbsum
Puc. 2. 3aBMCMMOCTb NPOYHOCTW FUMNCOBOrO BSXKYLLErO OT coAepXaHus
OVYHT yepes 7 cyT 1BepaeHus: 1 —cML; 2 - c MK; 3 - ¢ BMK; 4 — 6e3 no6aBok
Fig. 2. Dependence of gypsum binder durability after 7 days on SCNT con-
tent: 17 — with PC; 2 — with MC; 3 — with HMK; 4 — without additives

Js BIMSHUS Ha CTPYKTYpPY HA MUKPO- MU HAHOYPOBHSIX
HEeo0X0AMMO HUCIOJIb30BaTh KOMILIEKCHI 100ABOK, BKJIIOYA-
I0llIMe MUKPO- M HaHOpa3MepHbie HamojHurteau. [lytem
BBEJICHUs HAIIOJHUTEIEH OINTUMAaJbHONW IUCIIEPCHOCTHU
MOXHO YIIPaBIISITh MPOIIeCCaMH CaMOOPTraHM3allui CTPYK-
Typ Y JOCTUTATh 3HAYUTEILHOIO YIIyUILIEHUS MEXaHUYECKUX
xapakTepucTuk. Takum o6pa3oM, A0 CUX MOpP He A0 KOHIIa
siceH MexaHu3M AerictBust YHT B MaTpuliax, BKJIro4ast rum-
coByo. BMecre ¢ Tem mist peryavMpoBaHuUsl CTPYKTYpPhHl Ha
MMKPO- M1 HAHOYPOBHSIX HEOOXOIMMO MPOAOJIKEHUE UCCIIe-
JIOBaHWIA, CBSI3aHHBIX C BIIMSIHUEM KOMILJIEKCA HAHOYJIbTpa-
JMUCIIEPCHBIX J0OABOK pa3IMYHOIO TUIIA Y AUCIIEPCHOCTU Ha
CTPYKTYPY TMIICOBOTO BSIKYILETO.

Llenapio pabGoOTHI CTaJO MUCCIEIOBAaHUE BIUSIHUSI KOM-
Iiekca 106aBOK, BKJIIOUYAIOIIETO YIJIEpOAHbIE HAHOTPYOKU
U YIbTpagucriepcHble J00aBKU, Ha CTPYKTYPY M CBOMCTBA
TUTICOBOTO BspKyIimero Mmerogamu MK ananmsa u pacTpoBoid
5JIEKTPOHHOM MUKPOCKOITUU.

J11s1 U3roToBIeHUsI 00pa3L0B MPUMEHSUICS TUIIC CTPOU-
TeJIbHbI HOpMaJIbHO TBepAetommii Mapku I'-5. B kauectBe
VJIbTPAIUCIIEPCHBIX TO00ABOK MPUHSTHI JO0OABKU C pa3iny-
HOI yaenbHOW TOBEPXHOCThIO — TMOPTJIAHILIEMEHT MapKu
LHEM I 42,5b (ITLl) npousBoacrBa OAO «['opHO3aBOICK-
nemeHT», coorBercTByromuit TOCT 31108-2003, Mukpo-

time, it is necessary to continue the investigations on the in-
fluence of different nano- and ultrafine additives and disper-
sity on gypsum binder structure to adjust the structure on
micro- and nanolevel.

Purpose of the work — to investigate the influence of ad-
ditive complex containing carbon nanotubes and ultrafine
additives on the structure and properties of gypsum binder
with IR analysis and raster electron microscopy methods.

Constructional normally hardening gypsum G-5 was used
to produce the samples. Additives with different specific sur-
faces were used as ultrafine additives — Portland cement
CEMI42,5B(PC)producedby OJSC“Gornozavodskcement”
according to GOST 31108-2003, microsilica (MC) (Fig. 1, a)
and highly-active metakaolin (HMK) (Fig. 1, ). The chem-
ical composition of cement clinker and microsilica is given in
Tables 1 and 2. Single-wall carbon nanotubes Tuball BATT
SDBS/H20 by OCSiAl (Russia) with the average diameter of
1.4 nm, length of not more than 5 mcm and full specific sur-
face of 450 m?/g were used as modifying nanodispersed addi-
tive (Fig. 1, ¢). The nanotubes were dispersed within
75 minutes with the help of hydrodynamic cavitation in the
medium of plasticizer “Relamix”.

Microsilica (MC) is a byproduct of ferroalloy manufac-
turing at Chelyabinsk Electrometallurgical Plant with spe-
cific surface of 20 m?/g and average particle size of 300 nm.
Microsilica contains the amorphous phase. Metakaolin
(HMK) is amorphous aluminum silicate (Al,0;x2Si0,)
composed of platelet-shaped crystals produced by Company
Group “Synergo”. Metakaolin is a pozzolanic additive with
maximum amorphization of aluminum silicate structure

kpemHeseM (MK) (puc. 1, a) n Ta6mmna 3
BBICOKOAKTUBHBIM MeTaKao- Table 3
quH  (BMK) (puc. 1, b). S —
XUMUIECKIi COCTAB LIEMEHT- COCTa_B_ Bo,u.onornou.l,eﬂme, % BO.ELOCTOI{IKOCTb
Composition Water absorption, % | Water-resistance
HOTO KJIMHKepa 1 MUKPOKPEM-
He3eMa IIpuBeAcH B Ta0bm. 1 1 2. KoHTponbHbIli 06pa3sel, / Reference sample 241 0,41
B xauectBe MOmmpuIMpyO- ML 3% / PC 3% 23.8 0,55
1€l HAaHOAWCIIEPCHOM n100aB- - -
KM MCIIOJIb30BaHbl ogHocteH- || MK 5% /MC 5% 23,1 0,51
HbI€ YIJIEPOAHBIE HAHOTPYO- [ BMK 1% / HMK 1% 25,7 0,49
kit Tuball BATT SDBS/H20 IFavir 6059, /' SCNT 0.002% 24,5 0,42
(puc. 1, ¢) mpou3BoaCTBA KOM-
nanun OCSiAl (Poccus) co My, 3% + OYHT 0,002% / PC 3% + SCNT 0.002% 22,7 0,61
CPCHHI{M6HI/13M€;_TPOM 1,4 HM, | MK 5% + OYHT 0,002% / MC 5% + SCNT 0.002% 23,2 0,51
IJIMHOM 6ojiee 5 MKM U IIOJI-
HOIl yIe/bHOMN TTOBEPXHOCTHIO BMK 1% + OYHT 0,002% / HMK 1% + SCNT 0.002% 25,9 0,52
? PRI T E05Fl5]E  HayuHO-mMeXHUMeCKUll U nPOU3E00CMEEHHbLI HCYpHAN
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Puc. 3. VIK-cnekTp: a — KOHTPONbHOrO cocTaea; b — o6pasua ¢ gobasneHnem ML, n 6YHT; ¢ — o6pasua c pobasneHnem MK n OYHT; d — o6pasua ¢ nobas-

nennem BMK n OYHT

Fig. 3. IR spectrum of: a — reference composition; b — sample with PC and SCNT added; ¢ —sample with MC and SCNT added; d —sample with HMK and SCNT added

450 m%/r. JucrieprupoBaHie HAaHOTPYOOK IIPOBOIHMIOCH B
TeueHue 75 MUH TIPU TTOMOIIM TUAPOAMHAMUIECKON KaBH-
Taluu B cpefe miactudukaropa «PeraMukces.

MukpokpemHeseM (MK) — 310 monyTHBIiA POIYKT ITPO-
U3BOACTBA (eppocIuIaBoB YeII0MHCKOTO 3JIEKTPOMETALTYp-
IMYeCKOro KOMGMHATA C yeIbHOi MoBepxHOCThIo 20 M2/T 1
cpemauM pasMepoM dactuil 300 HM. MUKpOKpeMHe3eM CO-
IEpXXUT B CBOEM cocTaBe amMopdHylo da3y. MerakaonmH —
amophHbIit cumukat amomunus (Al,O5-2Si0,), cocrosimuit
U3 KPUCTAIOB TUIaCTUHYATON (hopMbl, mpousBonumblii I'K
«CuHepro». MeTakaosuH sIBJIsIETCS TYLIII0IaHOBOI T0OaBKOM
€ MaKCUMAJIbHO aMmopdu3alineii CTpyKTyphbl aTIOMOCHIMKATA
(97—-99%). YnenbHast TTOBEpXHOCTh METAKAOJIMHA COCTABIISIET
1,6—1,8 M%/r. COBMECTHO C METAKAOJIMHOM HCIIOIb30BANIACH
MOPOIIKOBasl raiieHast u3BecTb rpousBoacta OO0 «/IuaHa»,
TMOJTyYe€HHasI MyTeM TallleHHUsI KOMOBOI U3BECTH.

Jns ornpenesnieHUs] MPOYHOCTHBIX XapaKTEPUCTUK U3TO-
TaBJIUBAJIACh CTaHJAPTHBLIC OOpa3lbI-0aJIOYKHA pa3MEepoOM
4x4x16 cM C TIOCHENYIOINM TIPOBEACHUEM MEXaHMUECKUX
HCTIBITAHUI, OTIpeeSIeHMeM BOJOTIOTJIOIICHUS U BOMOCTOM -
KOCTHU. MUKpOCTpyKTypa 00pa3lioB M3ydalach Ha BJIeK-
TpoHHOM MUKpockone Phenom G2 pure. UK -criekTpanbHbIi
aHanu3 npoBoauJcs ¢ momoinbio MK-®dypbe-criekrpomeTpa
IRAffinity-1 npousBoacTea Shimadzu.

AHaIM3 pe3ybTaTOB MEXaHMUYECKUX UCITHITAHM TTOKa3ajl
(puc. 2), 9T0 MeXaHNIECKHE XapaKTePUCTUKU 00pa3lioB yBe-
JIMYKUBAIOTCS 10 85% B 3aBUCHMOCTH OT BUIA H00ABKU IPU
onTuManbHbIX 3HaueHusx OYHT 0,001—0,003 %. I1pu sTom
HauJIyyllue pe3yJbTaThl JOCTUTAIOTCS TIPU MCMOIb30BAHUU
I (3%) n OYHT (0,002 %). BeposiTHO, 3TO CBSI3aHO C TEM,
YTO YACTUIIBI LIEMEHTA BBICTYIAIOT B KAUECTBE LIEHTPOB KPU-
CTAJINTM3AIMU, TIO TTOBEPXHOCTU KOTOPBIX (hOPMUPYIOTCS
KPMCTaJIJTbI IBYBOIHOTO TUIICA, a TAKXKE 3a CUET YIJIOTHEHUS
TUIICOBOM  MaTpMUbl  TUAPOCUIMKATAMM  KaJbLIus.
IMpenbimymumMu vcciaeaoBaHussMu [15] ycraHOBI€HO, 4TO
pu uctob3oBaHuM noptiaaHanemMeHTa 1 OYHT npouHocTh
BBILIE, YEM TIPU pas3iebHOM ucnojb3oBaHuu. [1pu ucronb-
3oBanuu OYHT ¢ MK u BMK, BBomMMBIX COBMECTHO U pa3-
NIEJIbHO, CYIIIECTBEHHbBIE PA3IMYMSI B MEXaHUUECKUX XapaKTe-
puctukax orcyrcTBytoT. OueBunHo, OYHT He okasbiBaioT
CYLIECTBEHHOTO BJIMSIHUSI Ha (DOPMUPOBAHUE CTPYKTYDHI.
Yactuupl MK Takke urpaior poJib IIEHTPOB KpUCTaJIA3a-

(97—99%). Metakaolin specific surface — 1.6—1.8 m?/g.
Powdered hydrated lime produced by LLC “Diana” ob-
tained by lump lime slacking was used together with
metakaolin.

To define the durability characteristics, 4x4x16-cm ref-
erence bar samples were produced with further mechanical
testing, water absorption and water-resistance determina-
tion. The sample microstructure was examined with electron
microscope Phenom G2 pure. IR spectral analysis was car-
ried out with the help of Shimadzu IR Fourier spectrometer
[RAffinity-1.

The analysis of mechanical testing results demonstrated
(Fig. 2) that mechanical characteristics of the samples in-
crease by up to 85 % depending on the additive type with
optimal SCNT values of 0.001—0.003 %. At the same time,
the best results are reached when applying PC (3%) and
SCNT (0.002%). This is probably caused by the cement
particles acting as “crystallization centers”, on the surface
of which the crystals of calcium sulfate dihydrate are
formed, as well as due to compressing the gypsum matrix by
calcium hydrosilicates. The previous investigations [135]
demonstrated that when Portland cement and SCNT are
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Puc. 4. 3aBrcuMOoCTb TemnepaTypbl ruapartaumm rurncoBoro BSXyLLEro oT
BpeMeHun ¢ nobasneHnem BMK: 7 — KOHTposbHbI 06pasel; 2 — obpasel, ¢
BMTK

Fig. 4. Temperature dependence of gypsum binder hydration on time with
HMK added: 7 — control sample; 2 — sample with HMK added
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LIMM, OTHAKO PEe3yJbTaThl MCITBITA-
HMI1 XYK€ B CDABHEHUM C LIEMEHTOM.
BeposiTHO, 3TO CBSI3aHO C arperupo-
BaHueM yactul, MK u norepeit umu
LIEHHBIX CBOMCTB. [1pu ucrnonbn3ona-
Huu BMK, nmeroniero 3Ha4uTeIbHO
OOJIBIIMIA pa3Mep YacTHUIl IO CpaB-
HeHuio ¢ MK, Takxe npoucxomut
MOBBIILIEHUE MPOYHOCTH TMPETIONO-
JKUATEJIbHO 3a cueT (hOpMUPOBAHUS
HOBBIX TTPOAYKTOB THApATALIVU, 00-
pasyronmxcs Mpy B3auMOJEHCTBUN
TMIICOBOTO BSTKYIIIETO, METaKaoJH-
Ha, U3BeCTU U Boabl. Takum obOpa-
30M, [OINOJHUTEIbLHOE BBEJICHUE
YHT coBmectHo ¢ MK 1 BMK He
OKa3bIBaeT CYIIECCTBEHHOIO BJIHSI-
HUSI HA MEXaHUYECKYe MoKa3aTeu B
OTJIMYME OT IMOPTIAHIIEMEHTA.

AHanu3 pe3yibTaToOB HUCIIBITA-
HUI Ha BOJLOCTOMKOCTb IOKa3all
(Tabj. 3), 4TO MpPU MCMOJb30BAaHUU
n00aBOK TIPOMCXOAUT He3HAYM-
TEJIbHOE TIOBBIIIIEHUE BOIOCTOMKO-
CTH. DTO MOXHO OOBSICHUTH (DOp-
MHUpOBaHueM OoJiee IUIOTHOM
CTPYKTYpPHI ¢ 00pa30BaHMEM Hepac-
TBOPUMBIX TUAPOCUJIMKATOB Kasb-
LM TIPA UCIIOJNB30BaHUN IIEeMEHTA
U YIUIOTHEHUEM CTPYKTYpPhI C 3a-
MOoJIHeHVeM TIop aMopdHoi dazoit
MPpY HCIOJIb30BAaHUU MUKPOKPEM-
He3eMa M MeTaKaoJuHa.

Anamm3 MK-criekTpoB mokasaii, 4To B CTPYKType obpa3-
1oB ¢ noo6apneHueM [, MK u OYHT (puc. 3, a, b, ¢) ume-
IOTCS CYIIECTBEHHBIE OTJINYMS. SHAYUTEIbHO YBETMIMBACTCS
MHTEHCHBHOCTD TIOJI0C B MHTepBaste 600—700 cm™!, cooTBeT-
CTBYIOLIMX CyJIb(haTaM U Ae(hOpMaLIMOHHBIX KOJIeOaHUI1 BOAbI
B uHTepBate 1600—1700 cM™!, uTO cBUIETENBLCTBYET O GOJb-
1IeM collep>KaHUU IBYBOJTHOTO TUIica B 00pasiiax ¢ 1obaBKa-
mu. B unTepsane yactor 3300—3600 cm™! mosiBsIOTCS HOBBIE
rmosockl, cBia3aHHble ¢ OH-rpynmaMu u aacopOuMpoBaHHOM
Bonoii (H,0), 4To CBUAETENBCTBYET O MOSIBJIEHUM HEOOJIBLLIO-
IO KOJIMYECTBA TMAPOCUIMKATOB KAJIbLMS B CTPYKTYPE TUTICO-
Boii MaTpulibl. [Tpy 5TOM 3HAUUTETHLHO U3MEHSIETCS YacToTa
nosioc B o6mactu 1100—1200 1 3300—3600 cM™!, uTo yKaskiBa-
€T Ha HaJIMuKMe UBMEHEHUI B CTPYKTYpe KPUCTAJLUIOTUIAPATOB.

Anamuz MK-cnekrpa ¢ gob6asrenueM BMK u OVYHT
(puc. 3, d) mokazaj, 4TO B IIPUCYTCTBUM 3TUX J0OABOK IIPO-
Liecc TUApaTo- U CTPYKTypooOpa3zoBaHus 3aMenisiercs. [1pu
9TOM HaOMI0NaeTCsl 3HAYUTENbHOE CMEellleHUe YacToT B 00-
nactu 1100—1200 cM™!, yTo 03HAYAET NOSBIEHUE B CTPYKTY-
pe MaTpUIbl KPUCTA/UIOB, 3HAYNUTEIbHO OTJIMYAIOIIUXCS OT
TPaAULIMOHHBIX. 3aMeUIeHre TIpollecca TUapaTalvu Tpu
nobasnenn BMK noarBepxnaercs pesyiabTatamu audde-
peHuManbHO# Kanopumerpuu (puc. 4). TemnepaTypa rumi-
paTaluy KOHTPOJBHOTO COCTaBa U 00paslia ¢ Jo0aBIeHuEM
BMK moutu He oTiMyaeTcs.

Ha cHuMKax MUKpPOCTPYKTYpbl KOHTPOJBHOIO oOpasiia
(puc. 5) mpeobiagaloT OpUEHTUPOBAHHBIC B PA3HBIX HATIPAB-
JIEHUSIX CKOTUICHUS TIIACTUHYATBIX KPUCTAJUIOB TUIICA JIJTU -
Hoit 10—15 MKM c mpeoOjagaHMEM TOYEUYHBIX KOHTAaKTOB
Mexay coboil. [IprcyTCTBYIOT HeIIpopearupoBaBIIIMe YaCTH -
LIbl MOJYBOJHOTO TMIICa, MO MOBEPXHOCTU KOTOPHIX OyaeT
MPOUCXOAUTD B MEPBYIO OUEPE/b pa3pyllieHue obpasiia.

[1pu aHanmM3e MUKPOCTPYKTYPHI 0Opa3iia ¢ J0OaBICHUEM
I11L » OYHT O6bpu1u naeHTUPUIMPOBaHbI TUIPOCIIMKATEI
KaJIbLIMS, YIUIOTHSIIOIIWE CTPYKTYpY (puc. 6, a), 1 IpoTs-
JKEHHbIE OPMEHTUPOBAHHbIE HOBOOOPA30BaHUsSI, KOTOPHIE
chopMuUpOBATUCH MPENNOJOXUTEIBHO IO TMOBEPXHOCTHU
YIJIEPOIHBIX HAHOTPYOOK (puc. 6, b, ¢).

Puc. 5. MukpocTpyKkTypa KOHTpoNbHOro o6pasua: a — (X1000); b — ckonneHre TPaanLMOHHBIX NiacTUHYa-
Thix kpucTtannos (X2000); ¢ — yacTuua nonyBogHoro runca (X1500)

Fig. 5. Microstructure of reference sample: a - X1000; b — aggregation of traditional platelet-shaped crys-
tals (X2000); ¢ — calcium sulfate semihydrate particle (x1500)

Puc. 6. MuikpocTpykTypa o6pasua c ML, OYHT (X2500): a — «3aneunBaHvie» nopbl rmapocuiMkaTaMmm kanbuys; b,
C — NPOTSBKEHHbIE OPUEHTUPOBAHHbLIE HOBOOOPA30BaHUS CO 3HAYUTENLHOW MIOLLAABI0 MeXda3HO NOBEPXHOCTN
Fig. 6. Microstructure of the sample with PC and SCNT (X2500): a — pore “healing” with calcium hydrosili-
cates; b and ¢ — extended oriented new-formations with the considerable area of interphase surface

used together, the durability is higher than with their sepa-
rate use. When SCNT is used with MC and HMK intro-
duced together or separately, there are not significant differ-
ences in mechanical characteristics. Obviously, SCNTs do
not significantly influence the structure formation. MC
particles also play the part of “crystallization centers”, how-
ever, the test results were worse if compared with cement.
This is probably connected with the aggregation of MC
particles and their loss of valuable properties. When apply-
ing HMK with considerably larger particle sizes in com-
parison with MC, the durability also increases, apparently,
due to the formation of new hydration products obtained in
the course of interaction between gypsum binder, metaka-
olin, lime and water. Thus, the additional introduction of
CNT together with MC and HMK does not significantly
influence the mechanical properties, in contrast with
Portland cement.

The analysis of water-resistance tests demonstrated
(Table 3) that when additives are used, the water-resistance
slightly increases. This can be probably explained by the for-
mation of more compact structure with the formation of in-
soluble calcium hydrosilicates — when cement is used; struc-
ture compressing with pore filling with amorphous phase —
when microsilica and metakaolin are used.

The analysis of IR spectra demonstrated that consider-
able differences arise in the sample structure with the intro-
duction of PC, MC and SCNT (Fig. 3, a, b, ¢). The inten-
sity of bands in the interval 600—700 cm'f corresponding to
sulfates and water deformation oscillations significantly in-
creases, thus indicating greater content of calcium sulfate
dihydrate in the samples with additives. New bands linked
with OH-groups and adsorbed water (H,0) appear in the
frequency interval 3300—3600 cm!, thus indicating the
presence of small quantity of calcium hydrosilicates in the
gypsum matrix structure. At the same time, the band fre-
quency in the ranges 1100—1200 and 3300—3600 cm!
changes considerably, thus indicating the changes in hydro-
silicate structure.
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Puc. 7. MukpocTpyktypa o6pasua ¢ MK n OYHT: a — amopdHas dasa Ha NOBEPXHOCTU KPUCTANOB, YNIO0T-
Heowas Matpuuy (X2500); b — nnoTHble HOBOOOGPa30BaHWA B CTPYKType runcosoi matpuubl (X5000);

C — arpermpoBaHue 4acTuL, MukpokpemHesema (X2500)

Fig. 7. Microstructure of the sample with MC and SCNT: a — amorphous phase on the surface of crystals
compressing the matrix (X2500); b - dense new-formations in the gypsum matrix structure (X5000);

¢ — aggregation of microsilica particles (X2500)

Puc. 8. MukpocTtpykTypa obpasua ¢ BMK 1 OYHT: a - amopdHasa ¢dasa Ha NOBEPXHOCTU KPUCTASIIOB,
ynnoTHsatowas matpuuy (X2500); b — ynnoTHeHWe CTPYKTYpbl B HYXHEN YacTn cHumka (X2500); ¢ — Hanuune
nedeKToB B rMncoBo MaTpuLe B LEHTPasbHOM YacTu cHumka (X1000)
Fig. 8. Microstructure of the sample with HMK and SCNT: a — amorphous phase on the surface of crystals
compressing the matrix (X2500); b — structure compression in the bottom part of the photo (X2500);
¢ — availability of defects in the gypsum matrix in the central part of the photo (X1000)

ITpu ucnonszoBanuu MK 1 OYHT moBepxHOCTh Kpu-
CTaJIJIOB JOIOJIHUTEILHO MOKPBIBACTCS aMOP(hHOI Maccoi
(puc. 7, a), 4To CocoOGCTBYET YIUIOTHEHUIO U JOPMUPOBa-
HUIO MEeHee BONOMPOHUIIAEMOI CTPYKTYPhl. AKTUBHBIE Ya-
ctuibl MK urparor posib aKTUBHBIX LIEHTPOB JJISI KPUCTAI-
JIOTU/IPATOB JBYBOJHOTO TUIICA, YTO CIIOCOOCTBYET YILIOT-
HEHUIO CTPYKTypbl MmaTpuubl (puc. 7, b). Bmecte ¢ Tem
MOXHO HabJI0IaTh arpeTipoBaHne YacTUIl MUKPOKpPEMHE-
3eMa, KOTOpOe MIPUBOIUT K MOTEPE UMU TTOJIE3HBIX CBONCTB.

AHanu3 MUKPOCTPYKTYpHI ¢ mobaBienieM BMK u OYHT
MO3BOJIMJ BBISIBUTh HaJTMuKe aMOPGHON Macchl MO MOBEPX-
HOCTH KPUCTAJIJIOB, HAJIMYME TUIOTHBIX Y4aCTKOB B CTPYKTYpe
u 1eheKTOB, pa3pylIalolX TUTICOBYIO MaTpuily (puc. 8).

BriBobI.

Takum ob6pa3oM, cCONOCTaBIeHUE Pe3yIbTaTOB MEXaHU-
YeCKMX MCIBITAaHUN C pe3yJbTaTaMU UCCIeI0BaHUS CTPYK-
TYpbl TO3BOJISIET cleaaThb BbIBOL 00 3(DGhEKTUBHOCTH CO-
BMECTHOTO HCIIOJIb30BaHUs TopTiaHauemeHta 1 OYHT,
mukpokpemHesema 1 OYHT. B nepBom citydae yiaydieHue
CBOICTB IOCTUTAETCS 3a CUYET MPOSBICHUS Pa3IMYHBIX Me-
XaHU3MOB MOAUMUIIMPOBAHUSA — YIYYIIEHUS CTPYKTYPHI
TUTICOBOI MaTpHIIbl 32 CUET MHTeHCU(UKaALMU Mpolecca
TUIpaTalvy ¢ YIJIOTHEHWEM TMAPOCWIMKATAMU KadblUs U
¢dopMUpOBaHUEM MPOTSKEHHBIX CTPYKTYP CO 3HAYUTENIb-
HO1 TUIOIIA/bI0 MexK(a3HO TTOBEPXHOCTH.

Bo BTOpoM cilydae yiydllieHWE CBOMCTB CBSI3aHO C
VIUTOTHEHUEM CTPYKTYDBI B pe3yJibTaTe 060jiee MHTEHCUBHO-
rO MPOTEKaHUs TUAPATO- U CTPYKTYpPOOOpa3oBaHus u ¢op-
MHUpOBaHHeM aMOpGdHOI (a3bl, TOMOJHUTEILHO YIUIOTHSI-
fouieit matpuily. BMecte ¢ TeM JUISt TOCTMIKEHUST JTyJIIUX
pe3ybTaTOB HEOOXOMUMO TIPOBEACHUE AMCIIEPTUPOBAHUS
YacTUIl MUKPOKPEMHE3eMa.

IIpu ucnonszoBanuu BMK ¢ OYHT Ttakxke nmocturaiorcst
0oJiee BHICOKME XapaKTepUCTUKM 110 CPABHEHUIO C KOHTPOJIb-
HbBIM COCTAaBOM 3a CYET YTUIOTHEHUST CTPYKTYPbl HOBOOOPa30-
BaHUSIMU U hopMUupoBaHUs amopdHoi (azbl. OnHAKO B AaH-

The analysis of IR spectrum with
the introduction of HMK and SCNT
(Fig. 3, d) demonstrated that the
process of hydrate- and structure-
formation slows down in the pres-
ence of these additives. At the same
time, the considerable shift of fre-
quencies in the range 1100—1200
cm™! is observed, thus indicating the
presence of crystals greatly different
from traditional ones, in the matrix
structure. The hydration process
slowdown with the introduction of
HMK is confirmed by the results of
differential calorimetry (Fig. 4). The
hydration temperature of the refer-
ence composition and sample with
the introduction of HMK remains
practically the same.

The aggregates of platelet-shaped
crystals 10—15 mcm long with the
prevalence of point contacts orient-
ed in different directions prevail on
the photographs of the reference
sample microstructure (Fig. 5).
Unreacted particles of calcium sul-
fate semihydrate, on the surface of
which the sample will decompose
first, are present.

When analyzing the sample mi-
crostructure with the introduction of
PC and SCNT, hydrosilicates com-
pressing the structure (Fig. 6, a) and
extended oriented new-formations
formed, presumably, on the surface
of carbon nanotubes (Fig. 6, b, ¢) were identified.

When MK and SCNT are applied, the crystal surface is
additionally covered with the amorphous mass (Fig. 7, a)
thus contributing to compressing and forming less water-
permeable structure. The active MC particles play the part
of “active centers” for crystals of calcium sulfate dihy-
drate, thus contributing to compressing the matrix struc-
ture (Fig. 7, b). At the same time, we can observe the ag-
gregation of microsilica particles resulting in their loss of
useful properties.

The microstructure analysis with the introduction of
HMK and SCNT allowed revealing the presence of amor-
phous mass on the crystal surface, availability of dense areas
in the structure and defects decomposing the gypsum matrix
(Fig. 8).

Conclusions

Thus, the comparison of the results of mechanical tests
with the results of structure examination allows making the
conclusion on the efficiency of joint application of Portland
cement and SCNT, microsilica and SCNT. In the first case,
the properties are improved due to the manifestation of dif-
ferent modification mechanisms — improvement of the gyp-
sum matrix structure caused by the intensification of hydra-
tion process with the compression by calcium hydrosilicates
and formation of extended structures with the considerable
area of interphase surface.

In the second case, the improvement of properties is con-
nected with the structure compression as a result of more in-
tensive hydrate- and structure-formation and amorphous
phase formation, additionally compressing the matrix. At the
same time, microsilica particles need to be dispersed to
achieve better results.

When HMK and SCNT are applied, more improved
characteristics against the reference composition are also
provided due to the structure compression by new-forma-
tions and amorphous phase formation. However, in this case,
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l'MncoBble KOMNO3NLWUKM C KOMNIEKCHbIMM
MoauhukaTopamu CTPYKTYpbI

[nsa nony4eHns BOAOCTOMKUX FMNCOBBIX KOMMNO3MLMIA HEOBX0AUMO UCMONb30BaHWe TOHKOAUCNEPCHbIX 406aBOK, CNOCOOCTBYOLNX 06Pa30BaHMIO
TPYAHOPACTBOPMMbIX COEANHEHMIA, NOKPbIBAIOLLMX KPUCTan bl JBYBOAHOMO runca 1 hOPMUPYHOLLIMX MPOYHYIO W NAOTHYIO MaTpuly mMaTtepuana.

B pa6ote uccnenosanoch BANSHNE KOMMMNEKCHOW TOHKOAUCNEPCHON A06ABKM, BKKOYAOLLEN METANAYPriMyecKyH Nblfib U MHOTOCHONHbIE YINEPOAHbIe
HAHOTPYOKM, HA CTPYKTYPY 1 CBOMCTBA FMMNCOBOr0 BSXKYLLEro. BeefeHne 06aBkM B COCTAaB KOMMNO3MLMNIA NO3BOMSET MOBbICUTb NPOYHOCTHbIE
XapakTepucTuku npu nsrube n cxatum Ha 70,5 n 138% COOTBETCTBEHHO, YBENNYMTL BOAOCTOMKOCTL MaTepuana 3a C4eT BO3HMKHOBEHNS
CUHEpPreTM4eckoro adydoekTa ot AeicTeus Mogudukatopos. KomninekcHoe MCNofb3oBaHne MeTanayprivvyeckoii Mbian u yriepofHbIX HAHOCUCTEM
NPUBOANT K ry60KUM Npeo6pa3oBaHusiM CTPYKTYPbI MATPULIbI: MEXAY NepBUYHbIMU KpUcTaniamun runca obpasyetcs amopdHas ¢asa, kotopas
CMOCOBCTBYET CBA3bLIBAHWIO KPUCTANNIOB rUNca Mexay co00ii B KpynHble 65104HbIE CPOCTKU U OrpaHnymUBAET K HUM AOCTYN BOAbI.

KnioyeBble CNOBa: rUncoBOe BSXYLLEE, METANNYpPruyeckas nbifb, YrnepoaHble HAHOTPYOKN, PEHTIEHOBCKMA MIUKPOAHAnN3, rMAPOCUNIMKATbI KanbLus,
BOA0OCTOKOCTb.
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Gypsum Compositions with Complex Modifiers of Structure

Producing water-resistant gypsum compositions requires the use of finely dispersed additives that foster the formation of slightly soluble compounds coating the calcium sulfate dihy-
drate crystals, linking them and forming a dense and solid matrix of the material. This study dealt with the influence of the complex fine additive which includes metallurgical dust and
multi-walled carbon nanotubes on structure and properties of gypsum binder. The adding additive to gypsum compositions will improve the bending and compressive strength charac-
teristics by 70.5% and 138%, respectively, increase the water resistance of the material due to the synergistic effect of the modifiers. The integrated use of metallurgical dust and car-
bon nanosystems leads to profound transformation of the matrix structure, i. e. between the primary gypsum crystals the amorphous phase is formed binding the gypsum crystals in

large block aggregates and protecting from water.

Keywords: gypsum binder, metallurgical dust, carbon nanotubes, X-ray microanalysis, low-basic calcium hydrosilicates, water-resistance.

PU3NKO-MeXaHUYECKUE XapaKTEPUCTUKU TUIICOBOTO
KaMHSI 3aBUCST OT MOP(MOJOruyM KpUCTAIOB JBYBOJHOIO
cyibdara Kajablys, a TAakKKe OMpenesiioTcs KOJTUYeCTBOM U
MPOYHOCTBIO MX KOHTakTOB. HemocraTouHasi MpOYHOCTD,
HU3Kasl BOIOCTOMKOCTD M BbICOKAsI ITOJI3y4eCThb IO/ HATPY3-
KO IpenorpeesieHbl CTPOEHUEM KPUCTAJIJIOB U TTOBBITIIEH-
HOI1 pacTBOPUMOCTHIO rurica (puc. 1).

BBeneHueM B cocTaB BSIKYIIETO TOHKOIUCIIEPCHBIX J0-
0aBOK BO3MOXHO BJIMSATH Ha MIPOLIECCHI TUApATAIIUU U PETY-
JIUPOBaTh MOPGOJIOTUIO M Pa3Mep KPUCTAUIOTMIPATHBIX
HoBooOpa3oBaHuii 1, 2], mpuBoOIs K yBeJIMUEHUIO MexXpaz-
HO1 TUIOIIA KOHTAKTOB B TBEPCIOIEM I'MIICOBOM KaMHe.
IIpu sTOM 3¢ PEKTUBHOCTD AEHCTBUS TOHKOIUCIIEPCHBIX
MOIM(dUKATOPOB OyIeT 3aBUCETh OT MX XUMHUYECKOIO CO-
CTaBa U CTEMEHU AUCTIEPCHOCTH.

TpaauuMOHHBIM CITOCOOOM TMOBBILIEHUS BOAOCTOUKO-
CTH TUTICOBBIX KOMITO3UIIUI SIBJIIETCS BBEIEHME B X COCTaB
MOPTJIAHALUEMEHTa WX MOJIOTHIX T'PaHYJIMPOBAaHHBIX J0-
MEHHBIX [IUTAKOB COBMECTHO C aKTUBHBIMU MUHEPaTbHBIMU
nobaBKaMM, coAepxKalluMuU aMop@HBIA KpeMHe3zeMm |[3].
[loBbllieHUE (PUIMKO-MEXaHUYECKUX XapaKTEPUCTUK BsI-
JKYIIETO CBSI3aHO ¢ (POPMUPOBAHUEM B CTPYKTYPE TMIICOBO-
ro KaMHS$ MaJIOpacTBOPUMBIX MEJIKOKPUCTAINTUYECKUX HU3-

The physical and mechanical characteristics of solid gyp-
sum depend on the crystal morphology of calcium sulfate
dihydrate, and are also determined by the number and
strength of their contacts. Insufficient strength, low water-
resistance and high creep at load are predetermined by the
crystal structure and the increased solubility of gypsum
(Fig. 1).

Puc. 1. VickaxeHuns CTPYKTYpbl KDUCTaNN0B ABYBOAHOIO rmrnca BCeaCcTBue
TEPMUYECKOro NOBPEXAEHUS (pacciioeHne, CBA3aHHOe C yaaneHnem Kpu-
cTannorngpaTtHon Boabl U3 rmnca)

Fig. 1. Distortions of the structure of calcium sulfate dihydrate crystals
caused by its thermal damage (segregation associated with the removal of
crystallohydrate water from gypsum)
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KOOCHOBHBIX THAPOCHJIMKATOB Kallb- 3
LMsl, KOTOPBIE CBSA3BIBAIOT KPUCTAIbI '
TUIIca MeXIy co00M, OJIOKMPYS UX TO- b
BEPXHOCTb OT BO3JAEHCTBUSI BOABI U g
npuBoasi K (DOPMUPOBAHUIO TUIOTHOW B
MaTpUIIbl, OOBEIMHSIOIIEH CTPYKTYpy
TUTICOBOTO KaMHSI B KOHTJIOMepar.

B Hacrosiiiee BpeMst GOJIbIIOE BHU-

MaHHUEC YyACIIAIOT MUCIIOJIb30BAHUIO TCX-
HOI'CHHBLIX MaTC€pUaJIOB IJId YJIy4dllc-
HUA (bI/ISI/IKO—TCXHI/I‘ICCKI/IX CBOWCTB

e 1 |
I |
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TPAAULIMOHHBIX BSIKYIIUX BEIIECTB. .
DTO MO3BOJISIET CIIOCOOCTBOBATH Pellle- # N
HUIO TIPpO0JIEM BHEPro- U pecypcocoe-
peXeHusl, YAY4IIUTb KOJOTUYECKYIO
curyanuio [4].

Psanom uccnenoBareneii [5, 6] Oblia IpeaioXeHa KOM-
IJIEKCHAsl TUApaBiInyeckas n1obaBka, coaepxkailias KepaM-
3UTOBYIO TIBUTB (20—30%), MOJIOTBIC TOMEHHbBIE IITaKK (10
30%), u3BecThb U CyMepIUIaCTU(hUKATOD, IPU BBEACHUU KO-
TOpoil gocturaercs (GopMUpOBAHUE IUIOTHOM, IMPOYHOU U
BOJIOCTOMKOM CTPYKTYphl UCKYCCTBEHHOTO KaMHSI Ha THII-
coBoM BskyiieM. [1pu aTom moBbIIeHUEe (PUMKO-MeXaHU-
YECKHUX XapaKTePUCTUK KOMITO3UIIMOHHOTO MaTepuaia mpu
ONTUMAJIbHOM BBeZICHUU 100AaBOK MTPUBOANT K (hOPMUPOBa-
HUIO TMIPATAlIMOHHON MaTPUIIbl, COCTOSIIEN 13 TIPOAYKTOB
B3aMMOJIENCTBUS OKCUAA KPEMHUSI, ATIOMUHUS U Kese3a.

luncoBas KoMmmnosuuusi, MonubUlIMpoBaHHas 00JOT-
HOI XeJIe3HOM pynoit, B cocTaBe KOTOPOI MpeodianaeT oK-
CHJI XXeJie3a, XapaKTepU3yeTcsl MOBbIIIeHUEM KO3 duimeH-
Ta pasMsardeHus no 0,55 v yBenmueHreM Tpeesna TpoIHO-
ctu 1ipu cxkatuu Ha 10% B CpaBHEHUM ¢ HU3KOMAaPOYHBIM
crpouTeNnbHbIM ruricoM I'-3 [7]. BBenenue momudpukaTo-
pa TO3BOJISIET HAIpaBJIeHHO BO3ACHCTBOBATH Ha MpoOLECC
rUapatalyvy MOJyBOIHOTO cyjbdaTa Kajablusl, IPUBOIS K
B3aMMOJIEWCTBUIO TBYBOJIHOTO TUTICA C KOMITOHEHTAMU J0-
6aBKM, 0 YeM CBUACTEILCTBYIOT MK -CieKTpbI KOMIIO3UTIMH
1 YTO B KOHEYHOM MTOTE ITPUBOIUT K U3MEHEHMIO CTPYKTY-
pbl TUIICOBOU MAaTPUIIBL.

Taxum o6pazom, IS MOJYYEHUS] BOAOCTOMKHUX THUIICO-
BBIX KOMITO3ULIMIT HEOOXOAMMO HMCIOJb30BaHUE TOHKOIU-
CIIEPCHBIX 100aBOK, CIIOCOOCTBYIOIIUX 0OpPa30BaAHUIO TPY/I-
HOPACTBOPUMBIX COCIWHEHMI1, TTOKPHIBAIOIIMX KPUCTAJUTBI
JIBYBOHOTO TMTICA U CBSI3BIBASI X MEXKTY COO0I 1 (hOpMUDPYS
MPOYHYIO U IJIOTHYIO MaTpuily Matepuana. [Tpu atom cyiie-
CTBYIOLIME Pa3pabOTKU — 3TO CJIOXHbIE MHOTOKOMITOHEHT-
HbIE CHUCTEMbI, BKJIIOYAIOIIUE JOPOrocTosIre MoauduKa-
TOPbI, B YAaCTHOCTU MOPTIAHALIEMEHT, MUKPOKPEMHE3EM.

ABTOpamMu pa3pabOTaHbl CITOCOOBI 3aIIUTHI CTPYKTYPBI
TUIICa OT HeOJArompUsATHHIX (PAKTOPOB OKPYKAIOIIEH cpe-
JIbI 32 CYET UCTOJIb30BAHUS YIJIEPOIHBIX HAHOTPYOOK B CO-
YeTaHUU C METATyPrMYecKoi MbUIbIO, BBEIEHUE KOTOPHIX
MPUBOAMT K MIyOOKUM Mpeodpa3oBaHUSIM B CTPYKType 3a-
TBepJEBIIEro rurncoBoro KamHs [8]. Moaudukanms Bsxy-
IMAX MaTPULl AUCIIEPCUSMU MHOTOCIONHBIX YIJIEPOIHBIX
HaHOTpyOOK (MYHT) nmo3Boimia mOBEICUTE (PU3UKO-MeEXa-
HUYECKUE XapaKTEPUCTUKU TUTICOBBIX KOMITO3UTOB 3a CUET
CTPYKTYpU3alluM HOBOOOpa3oBaHUU, MOP(OJIOrUs KOTO-
DBIX 3aBMCHUT TIpeXJe BCero OT CTENEHM PaBHOMEPHOCTU
pacrpenesieHus YIIepoIHbIX HAHOTPYOOK B 00beMe TBEpPIE-
OILIE# BSIKYILEH MaTpUILbI.

B vccnemoBaHMSIX B KAUECTBE BSIKYIIIETO UCITOTB30BANICS
HOPMAaJIbHO TBEPACIOIIMI TUIIC CPEIHEN CTeNEeHU IMOMOoJa
Mapku I'-4 npennpusitus OOO «IIpukamckasi rurcoBast
kommaHus» (1. [Tepms), coorBerctBytomuii TOCT 125—79.

B xauecTBe yJabTpaaMCIEpPCHON MT00aBKM MCIOJIb30-
BaJlach MeTaJlTypruueckasi (KOJOIITHUKOBAs) TbIIb, 00pa-
3ylolascsl TPU TPOU3BOACTBE CTadW Ha TIPEATNPUSATAUN
OAO «MxCranp» (r. UkeBck). AHaIN3 XUMUYECKOTO CO-
cTaBa METAJUIypruyeckoil KOJOIHMKOBOM MbLIA ObUT HpPO-
BEJIEH Ha PEHTTeHOBCKOM (DJIyOPECLIEHTHOM CIIEKTPOMETpE

0 T = - =

Puc. 2. Indpakrorpamma (a); MMKPOCTPYKTYpa MeTalyprtieckoi noiiu (b)
Fig. 2. Diffraction pattern (a); microstructure of flue dust (b)

Finely dispersed additives in the binder composition may
affect the hydration process and regulate the morphology and
size of new crystallohydrate formations [1, 2], increasing the
interfacial contact area in setting gypsum. The effectiveness
of finely dispersed modifiers will depend on their chemical
composition and dispersion degree.

Water resistance of gypsum composition is convention-
ally increased by the simultaneous adding of Portland ce-
ment or ground granulated blast furnace slag and the active
mineral additives comprising amorphous silica [3].
Improving the physical and mechanical characteristics of the
binder is connected with the formation of slightly soluble
fine-grained low-basic calcium hydrosilicates in the struc-
ture of solid gypsum that bind gypsum crystals protecting
their surface from water influence and leading to the forma-
tion of a dense matrix that conglomerates the structure of
solid gypsum.

Today, special attention is paid to the use of man-made
materials in order to improve physical and technical proper-
ties of conventional binders. This contributes to solving the
issues of saving energy and resources, and improving the
ecological situation [4].

A number of researchers [5, 6] suggested using a com-
plex hydraulic additive comprisinf ceramsite dust (20—
30%), ground blast furnace slag (up to 30%), lime and su-
perplasticizer. This additive provides a dense, durable and
water-resistant structure of artificial stone based on gypsum
binder. At that, improving the physical and mechanical
characteristics of the composite material at the optimum
amount of additives leads to the formation of hydration
matrix consisting of the products of interreaction of silica,
aluminum and iron.

The gypsum composition modified with bog iron ore
mainly comprising iron oxide has a higher softening coeffi-
cient of up to 0.55 and the compressive strength increased by
10% in comparison with the low-grade G-3 plaster [7].
Adding the modifier provides the directed control of the hy-
dration process of calcium sulfate hemihydrate which causes
interreaction of calcium sulfate dihydrate and the compo-
nents of the additive. This is confirmed by IR spectra of the
composition and ultimately causes changes in the gypsum
matrix structure.

Thus, producing water-resistant gypsum compositions
requires the use of finely dispersed additives that foster the
formation of slightly soluble compounds coating the calci-
um sulfate dihydrate crystals, linking them and forming a
dense and solid matrix of the material. At that, the devel-
oped solutions are complex multicomponent systems com-
prising expensive modifiers (such as Portland cement, mi-
crosilica).

The authors have developed the ways to protect gypsum
structure from the adverse environmental factors by means
of carbon nanotubes in combination with metallurgical dust.
Their adding leads to profound changes in the structure of
solid gypsum [8]. Modifying binding matrices with multi-
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maTpuupl B Bo3pate 7 aHen, Mla
Strength properites of gypsum matrix
aged, MPa

MPOYHOCTHbIE XapaKTEPUCTUKN FTMNCOBOM

10
8
6
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0
0 0,2 0,4 0,6

CopepxaHne MeTamypruieckon noiiun, %
Content of flue dust, %

D Mpepnen npoyHocTH Npu n3rnbe . Mpenen NPoOYHOCTM NPU CXaTUN
Ultimate bending strength Ultimate compressive strength

Puc. 3. MNpo4yHOCTb rMNCOBO MaTPULLbI MPY COBMECTHOM BBEAEHUN MeTa-
JYPruyeckoi nbiiv v yrnepoaHblx HAaHOTPYOOokK

Fig. 3. Strength of gypsum matrix, flue dust and carbon nanotubes being
added simultaneously

¢ BoJIHOBOW mgucnepcueir Axios mAX (oT (upMsr
PANalytical). B coctaB 106aBKu BXOAST CJIEOYIOIINE OKCH-
Ibl MeTaitoB (puc. 2): okeua xenesa (I111) (Fe,O5) — 54%;
oxcun Maraust (MgO) — 14%; okcun kanbuust (CaO) — 12%;
oxcun KpemHus (Si0,) — 6%. B xauectse npumeceit (1—2%)
comepxarcs okcunabl xpoma (III), amomuHwus, mapraHia
n umHKa. CpegHuii pa3Mep YacTHUIl O0O0aBKM COCTaBJISLI
20—30 mMkM, Tipu 3ToM GoJiee 50% vacTtuil 1006aBKU HaxXo-
JIATCS B TMarna3oHe pa3MepoB MeHee 18 MKM.

B sKcmeprMeHTax MCIOJIb30BaIaCh BOMHAS TUCTICPCHS
MHOTOCJIOMHBIX YIJIEPOAHBIX HAHOTPYOOK, TUCIIEPTUPOBaH-
HBIX B cpelie KapOOKCUMETWILIEIUTION03bl. MccnenoBaHue Ha
nazepHoM aHasim3aTope CILAS 1090 Liquid nucnepcuii, mo-
JIYYEHHBIX C UCTIOJIb30BAHNUEM BEICOKOCKOPOCTHBIX CMECUTE-
JIel, ToKa3ajo Haiuure (KpoMe YacTUll B MUKPOMETPOBOM
NMarna3oHe) YacTUll YIJIEPOJHBIX HAHOCTPYKTYP CO CPENHUM
pa3mepoM vactuil 230 HM 10 20% ot Bcero oobeMa [9].

MukpocTpykTypa 00pa3lioB OblIa M3ydyeHa Iocpe-
crBoM MukpockoroB JSM 7500 F ¢upmer «JEOL» u
ESEM XL-30 ¢ ucnoibp3oBaHHEM YCKOPSIOIIETO HaMpPsKe-
Hus 4 kB 1 MakcumanbHbIM yBenueHueMm 1o 20000 pas; aist
aHaJM3a 3JIEMEHTHOI0 COCTaBa Ha MOBEPXHOCTU HOBOOOpa-
30BaHUI MTPUMEHSIICS PEHTT€HOBCKMIT MUKPOAHAIN3aToP C
MOIIHOCTBIO 3JIEKTPOHHOTO myyka 15—25 kB.

PaboThI 110 M3yYEHUIO CBOMCTB M CTPYKTYPHI TUTICOBOTO
KaMHSI TIpY BBEICHUU METaJLUTyprUYecKOl KOJOUTHUKOBOM
bl [8, 10] mokaszanu 3(pheKTUBHOCTb JaHHOTO MOAUGU-
KaTopa, KOTOPbIil MPUBOAMUT K MOBBIIIEHUIO TEXHUYECKUX
XapaKTePUCTUK BSDKYIIIETO.

Bbutn TipoBeieHBI MCClIeAOBAaHUSI COBMECTHOTO BIIMSI-
HUST METATYPTUYECKON KOJIOITHUKOBOM TIBIIM U MHOTO-
CJIOMHBIX YTJIEPOAHBIX HAHOTPYOOK Ha CTPYKTYPY U CBOIi-
CTBa T'UIICOBOrO KaMHs. PaHee mpoBeneHHblE 3KCIEpH-
MeHTh! [10] MO3BOMUAM OMNpeneanuTb ONTUMAJIbHYIO KOH-
LIEHTPAIMI0 HAHOMUCIIEPCHOM MO0OABKU, COCTABJISIONIYIO
0,005%.

Hcnomb3oBaHue METALTYypPIrUUeCKO ITBUTHA U YTJIEPOIHBIX
HaHOTPYOOK B ONTUMAaJIbHBIX KOHLIeHTpauusx 0,2 u 0,005%
COOTBETCTBEHHO IPUBOAUT K TOBBILIEHUIO MPOYHOCTHBIX
roKasaresiell Mpu CXaTUu M U3rnbe obpaslioB B BO3pacTe
cemu nHeit Ha 70,5 1 138,3% cOOTBETCTBEHHO. 3HAYMTETEHOE
TTOBBIIIEHUE (PUBMKO-MEXaHUMIECKUX XapaKTepUCTUK CBsI3a-
HO C TIPOSIBJICHUEM CUHEPTeTUIeCKOTO 3 deKTa OT COBMECT-
HOTO BO3IEUCTBUS MOAMGDUKATOPOB, KOTOPBIE BHICTYIAIOT
KaK UEHTPbl KPUCTAUIM3AlMU, TI0 TOBEPXHOCTH KOTOPBIX
MPOUCXOAUT (HOPMUPOBAHUE VYIOPSIOYEHHON TIJIOTHOMN
CTPYKTYpBI C OJIOYHON YIMaKOBKOW KpUCTALIOB (puc. 4, b).

layer carbon nanotubes (MWCNTs) dispersion has im-
proved the physical and mechanical properties of gypsum
composites due to the structuring of new formations, the
morphology of which primarily depends on the uniformity of
carbon nanotubes distribution in the volume of setting bind-
ing matrix.

The research used as a binder normally setting gypsum of
the average fineness degree of G-4 grade produced by
Prikamskaya Gypsum Company, LTD (Perm) and meeting
GOST 125-79.

The ultrafine additive used was metallurgic flue dust from
steel production in Izhstal, JSC, Izhevsk. The analysis of the
chemical composition of metallurgical flue dust was con-
ducted with Axios mAX, an X-ray fluorescence spectrometer
with wavelength dispersion (produced by PANalytical). The
additive comprises the following metal oxides (Fig. 2): iron
oxide (I11) (Fe,03) 54%, magnesium oxide (MgO) 14%, cal-
cium oxide (CaO) 12%, silica (SiO,) 6%. The impurities
(1-2%) are chromium oxide (III), aluminum, manganese
and zinc oxides. The average particle size of the additive was
20—30 microns, more than 50% of the additive particles of
less than 18 microns.

The experiments used an aqueous dispersion of multilayer
carbon nanotubes dispersed in the medium of carboxymeth-
ylcellulose. The liquid dispersions produced with high-speed
mixers were studied with a laser analyzer CILAS 1090. The
analysis showed the presence of the particles of carbon nano-
structures of the average particle size of 230 nm up to 20% of
the total volume in the aqueous dispersion (except the parti-
cles in the micrometer range) [9].

The microstructure of the samples was analyzed with
JSM 7500 F and ESEM XL-30 microscopes (by JEOL) with
the accelerating voltage of 4 kV and the maximum magnifi-
cation of up to 20,000 times. The analysis of the elemental
composition on the surface of new formations was per-
formed using an X-ray microanalyzer with the electron
beam of 15—-25 kV.

The studies of the properties and the structure of solid
gypsum, metallurgic flue dust being added [8, 10], showed
the effectiveness of this modifier which increases the binder
properties.

The studies were conducted of the joint effect of metal-
lurgic flue dust and multi-walled carbon nanotubes on the
structure and properties of solid gypsum. The previous stud-
ies [10] determined the optimal concentration of a nano-
dispersed additive as 0.005%

Using metallurgical flue dust and carbon nanotubes in
optimal concentrations of 0.2% and 0.005%, respectively,
leads to the increase values of compressive and bending
strength of the 7-day samples by 70.5% and 138.3%, corre-
spondingly. A significant increase in the physical and me-
chanical characteristics is associated with the synergistic effect
of the joint action of the modifiers that act as crystallization
centers on the surface of which an ordered dense structure
with the block crystals packing is formed (Fig. 4, b). The pres-
ence of metal oxides in flue dust, of calcium and iron (I11), in
particular, leads to the formation of an amorphous phase on
the surface of gypsum crystals. For example, in [5, 12], the
authors created the conditions for such amorphous coatings of
gypsum crystallohydrates blocking the direct effect of water
on the structure of gypsum binding matrices.

It is assumed that the growth of calcium sulfate dihydrate
crystals is limited by forming an amorphous phase around
them, which leads to the increased interfacial surface area,
lower porosity, more durable contacts and improved physical
and mechanical parameters. The amorphous component on
the surface of gypsum crystals is likely to reduce the “wedg-
ing” effect of the water layers reducing the water resistance of
gypsum materials.

The conducted tests of the modified composite materials
determined the water absorption to range from 29.2 to
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Hanmuune B KOJOIIHMKOBOM TIBUTA OK-
CUIOB METAJIIOB, B YaCTHOCTU OKCHIOB
kanbiua u xenesa (III), mpuBomut x
(opmupoBaHuio amopdHoit dasbl Ha
TTOBEPXHOCTH KPUCTAJUTOB TUTIca. Tak, B
pabote [5, 12] aBTOpEI cO3maBalIA YCI0-
BUS 1151 DOPMHUPOBAHMST aMOP(HHBIX I10-
KPBITH1 TUTICOBBIX KPUCTAJUIOTUAPATOB,
OJIOKUPYIOLIMX TIPSIMOE BO3AEHCTBUE
BOJIbI HA CTPYKTYPY T'MIICOBBIX BSDKYILIMX
MaTpHuIlL.

[Mpenmonaraercss, 9T0 KPUCTAJLTBI
JIBYBOJHOTO THIICA MMEIOT OrpaHuye-
HMSI B pocTe 3a cueT (OpMUPOBAHUS
BOKPYT' HUX aMOp(dHOi1 ¢a3bl, KOTOpas
CIOCOOCTBYET YBEJIWYEHUIO TUIOLIAIN
MexX(a3HOI MOBEPXHOCTH, CHIKCHUIO
MOPUCTOCTU, (OPMUPOBAHUIO Oosiee
MMPOYHBIX KOHTAKTOB M ITOBBIIICHUIO
(buszMKo-MexaHMYeCKUX TOKa3aTesei.
BepositTHO, aMopdHasi cocrapisiolas
Ha TIOBEPXHOCTU KPHUCTAJIOB THIICA
YMEHBUIAET «PaCKJIMHUBAOIIMNI» -
(bexT OT BO3IEICTBUST BOMHBIX TIPOCTIO-
€K, KOTOPBIE CITOCOOCTBYIOT CHIDKEHUIO
BOIOCTOMKOCTH TUTICOBBIX MATEPUAJIOB.

Ha ocHoBaHMM NpOBENEHHBIX HC-
MbITAHUI MOAUDUIIMPOBAHHBIX KOMITO-
3WIIMOHHBIX MaTepUAIOB OBIIO OTIpeIe-
JICHO, YTO BOIOIIOTJIOIIEHUE U3MEHSIET-

[ —y

Py S i W = = 1 x

s

Puc. 4. M1kpoCTpyKTypa rmncoBOoi MaTpuLbl: KOHTPOJIbHBIV COCTaB npu yBennyeHnn 20000X (a); npu
COBMECTHOM BBEAEHUN MOANDUKATOPOB Npu yBenuyeHun 20000X (b)

Fig. 4. The microstructure of gypsum matrix: the check composition magnified 20000X (a); the
modifiers being added together, magnified 20000 (b)

¢ B mpenmenax 29,2—27,1%, uto
HE3HAYMTEJIbHO TIPEBbIIIaeT aHAJIOTHY-
HYIO XapaKTepUCTUKYy KOHTPOJBbHOTO
obpasma (25,9%). KoaddunmeHnr pas-
MSITYEHHSI TUTICOBOI MATPULIBI TP BBE-
nennu 0,2% Metayuryprideckoii e coBmectHo ¢ 0,005%
MHOTOCJIOMHBIX YIJIEPOIHBIX HAHOTPYOOK OT MacChl BSIXKY-
IIETO 3HAYMTENIBHO yBennuuBaeTcs ¢ 0,4 11 KOHTPOJIBHOTO
coctasa 10 0,85 m1st MoTu(pULIMPOBAHHOTO COCTABA.

Bbicokue mokaszateiau BOAOCTOMKOCTM TUIICa C MeTall-
JIYPTUYECKOM MBIIBIO CBSI3aHBI ¢ (POPMUPOBAHUEM JIOTION-
HUTEJbHBIX HOBOOOPA30BaHWIA Ha OCHOBE COSIMHEHUN Xe-
JIe3a, 00pa3oBaHNe KOTOPHIX MPOUCXOIUT MPU TUAPATAIIIA
KOMTIO3UIINH.

PeHTreHoBCcKMIT MUKpOaHAaJIM3 IOBEPXHOCTU HOBOOO-
pa3oBaHUl ObLI BHITOJIHEH Ha TUTICOBBIX KOMIO3ULIMSIX ITPU
ONTUMAJTbHBIX COMEPKAHUSIX MOIU(PUKATOPOB (pHC. 5).

IMpoBeneHHbIN aHANIN3 aMopdHOI a3kl Ha MOBEPXHO-
CTU KPUCTAJUIOTUIPATOB JBYBOAHOTO cCyjibdaTa KajlbLus
BBISIBWJI COIEpKaHWE COENMHEHUM KpeMHUs, KUCJIOpoa,
TIOMUHMS, MarHUSI U KaJIblvsl, KOTOPbIe BXOIAT B COCTAaB
(bopMupylOIIMX HA MOBEPXHOCTU KPUCTAILIOB IBYBOJHOIO
TUIICAa MaJIOPACTBOPUMBIX HU3KOOCHOBHBIX TMAPOCUIMKA-
TOB KaJIbIUsI U ATIOMUHMSL.

Takum 06pa3oM, MUKpOaHAIU3 MMOATBEPAI (POPMHUPO-
BaHME B CTPYKTYpe MaTeprajia MaJopacTBOPUMBIX COeIMHE-
HUI, KOTOpBIE CBSI3BIBAIOT KPUCTAJUIOTMAPATHI CyibdaTa
KaJIbLIMST MEXIY CO0O0M, OMHOBPEMEHHO MOBBIIIAS IO
MexX(ha3HOH OBEpXHOCTU, YTO B KOHEUHOM UTOTE MPUBO-
IUT K YBEJIMUECHHMIO (PUBMKO-MEXaHWYECKUX ITOKa3aTeseid
TUTICOBOM KOMITO3UIINN.

CoBMecTHOE BBeZICHUE YJIbTpa- U HAHOAUCIIEPCHBIX J0-
06aBOK B COCTaB TUIICOBBIX KOMITO3UIIUI MTO3BOJISIOT TIOBBI-
CUTb ITPOYHOCTHBIE XapaKTEPUCTUKU MTPU U3TMOE U CKaTUU
Ha 70,5 u 138% COOTBETCTBEHHO, YBEJIWYUTh BOIOCTOM-
KOCTh MaTepuaja 3a CYeT BO3HMKHOBEHUSI CHHEpreThde-
ckoro addexra ot aelictBus momudukaropoB. Kowmri-
JIEKCHOE UCITOJIb30BaHWE METAJLTyPTUIeCKOM IMBUTU U yTJie-
POIHBIX HAHOCHCTEM IIPUMBOAUT K TJIIYOOKHUM IIpeodOpa-
30BaHUSIM CTPYKTYPbI MAaTPUIIbL: MEXIY TIEPBUYHBIMU KPH-
cTaJlJlaMu rurica obpasyeTcs: aMmopdHas ¢dasza, cocTosiast

modified matrix (b)

Puc. 5. MukpocTpykTypa MoandULMPOBaAHHOM MMNCOBOM MaTpuULbl (a); pedynbTaTbl PEHTFEHOBCKOrO
MUKpOaHanm3a MognduumMpoBaHHON MaTpuupl (b)

Fig. 5. The microstructure of modified gypsum matrix (a); the results of X-ray microanalysis of the

27.1%, which is slightly higher than the one of the check
sample (25.9%). The softening coefficient of the gypsum
matrix with 0.2% of flue dust and 0.005% of multilayer car-
bon nanotubes from the mass of the binder, increases sig-
nificantly from 0.4 of the check sample to 0.85 of the modi-
fied composition.

The enhanced water-resistant properties of the gypsum
with metallurgical dust are associated with new formations
based on iron compounds formed in the hydration process.

X-ray microanalysis of the surface of new formations was
conducted at the gypsum compositions with the optimum
content of modifiers (Fig. 5).

The analysis of the amorphous phase on the surface of
calcium sulphate dihydrate crystallohydrates showed the
content of silicon, oxygen, aluminum, magnesium and cal-
cium compounds that occur in slightly soluble low-basic
calcium and aluminum hydrosilicates on the surface calcium
sulphate dihydrate crystals.

Thus, the conducted X-ray microanalysis confirmed the
formation of slightly soluble compounds in the structure of
the material that bind calcium sulphate crystallohydrates
while increasing the interfacial surface area, which ultimately
enhances the physical and mechanical properties of the gyp-
sum composition.

The simultaneous adding of ultra- and nano-dispersed
additives to gypsum compositions will improve the bending
and compressive strength characteristics by 70.5% and
138%, respectively, increase the water resistance of the ma-
terial due to the synergistic effect of the modifiers. The inte-
grated use of metallurgical dust and carbon nanosystems
leads to profound transformation of the matrix structure,
i.e. between the primary gypsum crystals the amorphous
phase is formed consisting of slightly soluble compounds
based on calcium and aluminum hydrosilicates binding the
gypsum crystals in large block aggregates and protecting
from water.
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13 MaJIOPACTBOPUMBIX COSTMHEHUI Ha OCHOBE I'MIPOCHIIN-
KaTOB KaJIbIIMS U aTIOMUHUS, KOTOPbIE CITOCOOCTBYIOT CBSI-
3bIBAHUIO KPUCTALJIOB TUICA MEXIY CO0O0il B KpYIHbIE
OJIOYHBIC CPOCTKM M OTPAHUYMBAIOT K HUM JIOCTYIT BOZBI.
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P €3y/AbTaTbl HAYYHBIX HccIe10BaHui

K ? H-neTuio
Briapumupa Heaxosnya KanawHuKoea

Bradumup Heanosuu Karawmnukoe — dokmop mexnuueckux Hayk, npogeccop, 3aeedyoujuil
Kaghedpoii « Texronoeuu cmpoumenvHbix Mamepuanos u depesoobpabomxu» Ilenzenckoeo eocyoap-
CMBEHHOR0 YHUBEpCUmMema apxXumexmypul U Cpoumenscmea — no OKOHYAHUU MeXHOA02UHeCK020
gaxyavmema Ilensencioeo unicenepHo-cmpoumenvio2o uncmumyma 6 1963 e. 6vin Hanpaeaen Ha
pabomy 6 gpopmosounsiii yex Ilenzencikoeo 3asooa sueucmoeo bemona. B 1965 . on eepnyacs 6
DOOHOU UHCMUMYM, U C MeX Nop e20 mpyoosas 0essmeabHOCmb 0blia NOAHOCMbIO NOCBSULEHA HA-
YuHoU U npenodasamenvckoii pabome. Ilocae 3auumot ¢ 1970 e. kanoudamckoii duccepmayuu nod
pykosodcmeom npogeccopa U.A. Heanosa (MU CH) Bradumup Heanosuu nocredosamenvHo npo-
wen nymo om cmapuieeo npenooasamensi 00 3agedyoujeco Kagedpoii mexronroeuu b6emornos, kepamuku u éancyuux (TbKuB),
Komopyto oH 6o3enasun 6 1988 e.

B 1986 e. 6bir Ha3HaYeH HAYAABHUKOM OMPACAesol aabopamopuu ymuauzayuu nobouHsix npodykmoe Munmedobuonpoma
CCCP, pezyavmamom pabomst Komopoii cmano cozoarue (coemecmuo ¢ HUHKB) HopmamueHbix 00KyMeHmos, 0asuiux 603mMouc-
HOCMb 8HeOpeHUs 8 POU3B0OCME0 NAACMUPUUUPYIOUUX 000a80K, ycKopumenell meepoenus, NPOMUEoMOPO3HbIX U OpyeUux Xumuye-
cKUx 006a80K U3 n060UHbIX NPOOYKMOE 80 MHO2UX 20podax Poccuu ¢ sxkonomuueckum sgpgpexmom oxono 20 man p. 6 yenax 1990 e.

B 1992 2. B.U. Kaarawnukosy npuceoero yuenoe 38anue npogeccopa. B 1996 e. on 3auumun 00KmMopcKyr ouccepmayuro 6
gopme nayuroeo doknada « OcHO8bL NAACMUGUUUPOBAHUS MUHEPAAbHBIX OUCNEPCHBIX CUCMEM 0451 NPOU3800CMBA CIPOUMENbHbIX
Mamepuanoe».

B.U. Karawnukog co3dan HayuHyo wkony no 08ym Hay4Hoim Hanpaeaenusm. Tlepgoe — HayuHble 0CHOGbI CO30AHUS MUHEPALb-
HO-ULNAKO0BBIX, 2e0ULNAKOBBIX U 2e0CUHMEMUHECKUX 8ANCYUUX HA OCHOBE MAAOUEA0UHBIX CMecell OUCNePCHbIX 20PHBIX NOPOd 8YAKA-
HUYeCK020 U 0Cad04HO20 NPOUCXONCOCHUS, 8 MOM YUCAe ANOMOCUAUKAMHO20 COCMABA, 0CA00UHO20-KAPOOHAMHO20 U CUAUUUMOBO-
20 cOCMAaga ¢ MatbimMu 0006asKamu MOA0MO20 ePAHYAUPOBAHHOL0 WAAKA.

Bmopoe — pazpabomka nayuno-npakmuuecKux 0CHO8 U NPUHUUNOE NOAYHEHUS NOPOUIK080-AKMUBUPOBAHHBIX CAMOPACMEKAI0-
WUXCS, CAMOYHAOMHAIOUUXCA OEMOHO8 HOB020 NOKOACHUSL, 8 MOM YUCAE C UCNOAb30BAHUEM KOMNOSUUUOHHBIX YEMEHMHO-301bHbIX
BANCYULUX C BHICOKUM COOEPIUCAHUECM MUKPOMEMPUYECKUX MUHEPANbHBIX KOMNOHEHMO08, MOHKUX NPUPOOHBIX NECK08 Uau OpoOAeHbIX
NecK06 U3 opHbIX NOPO0, HOPMUPYIOUUX 8 OEMOHHBIX CMECAX C CYNEPRAACMUPUKAMOPOM BbICOKOe 00B6eMHOe COOepICaHUe 800HO-
ducnepcHo-moHK03ePHUCMOLL, 8bICOKOKOHUEHMPUPOBAHHOIL, A2pecamusHO-yCmouUeoll CycneH3UoHHoi cocmaeastouell. OCHOBHOU
mesuc: «Yepe3 pauuonanvryo peosoeuro, ONMUMAALHYIO SPAHYAOMEMPUIO CYXUX KOMHOHEHMOo8 — & Oydyujee naacmuguyupogan-
HbIX OemoH08 — noomeepiicoer co30anuem camvix nPo4Hbix bemonoe 6 Poccuu ne moavko 6 nabopamopusx [lenzenckoeo I'VAC,
HO U Ha psde nPou3600CMa.
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Jsontouua pa3BuTMA COCTaBOB U U3MEHEHME NPOYHOCTH GETOHOB.
beToHbI HacTosAwWero u byayLiero

Yactb 1. i3meHeHKne cocTaBoB U NPOYHOCTH OETOHOB

AHanuaupyeTcs 3BOMOLNS Pa3BUTIAS COCTABOB BETOHOB OT 4-KOMMOHEHTHBIX CTAPOro MOKOJEHNS N03anpoLUSIOro CTONETUS 10 7—8-KOMMOHEHTHbIX,
CaMbIX 9KOHOMUYHBIX C TPAAULMOHHON NPOYHOCTLI0 A0 50-60 MIla, BbICOKONPOYHLIX M CBEPXBbICOKOMPOYHbLIX C NPOYHOCTLI0 A0 150 MMa u BbiLe.
[Tp1BOAATCA OTHOCUTENBHO KOPOTKIE PEBOMIOLMOHHbIE 3Tanbl HA ANUTENbHOM 3BOMOLMOHHOM Pa3BMTUW, B Pe3ynbTaTe KOTOPbIX NPOM30LLNIO
MOBbILLEHME NPOYHOCTN B 2—4 pa3a n 6onee. MoKa3aHo, 4TO Takoe NOBbILIEHWE MPOYHOCTM 06513aHO He CTONbKO [06ABNEHNO B NAACTUULNPOBAHHYIO
GETOHHYI0 CMECb MUKPOKPEMHE3EMa, CKOMbKO 0053aTeNbHOMY A06aBNEHMI0 AUCNEPCHbIX MOSTOTbIX MIOTHBIX FOPHBIX MOPOA B 3HAYNUTENbHO BOMbLIEM,
4yeM 20-30% 0T mMacchbl LLEMEHTa, KONIMYECTBE 1 TOHKOTO NPUPOAHOro unu Apo6aeHoro necka. Ha 0CHOBaHWUM MOMYYEHHbIX BbICOKUX 3HAYEHMN
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Results of scientific research

npo4HoCcT 6eTOHOB (120—140 MIa), B TOM YuCre CaMOyMIOTHAIOLWMXCA 663 BbICOKOPEAKLIMOHHbIX NyLLONaHNYeCK1X 4062BOK MUKPOKPEMHE3eMa,
NerMapaTNpoBaHHOr0 KAOMNHA U T. M. 1 UX NPOMbILLNEHHOI peanusaumuu, hopMynupyeTcs BbiBof, 4To XXI B. 6yaeT BEKOM MUKPOTEXHONOrUI C
BO3MOXHbIM COYETAHNEM (NMPU HEOOXOAMMOCTH) peanbHbIX, a He PanbCUULMPOBAHHbLIX HAHOTEXHOMOT A,

KnroueBble CNoBa: KOMMOHEHTHbI COCTaB GETOHOB, CynepniacTUUKaTop, MUKPOKPEMHE3EM, PEOSTOrMYECKNaKTIBHAS KaMeHHas MyKa,

MUKPOTEXHOJIOTUS, CYCMEH3UU, CaMOYNIIOTHSAIOLLUECSH GETOHbI.

V.A. KALASHNIKOV, Doctor of Sciences (Engineering)

Penza State University of Architecture and Civil Engineering ( 28 Germana Titova Street, 440028, Penza, Russian Federation)

Evolution of Development of Concretes Compositions and Change in Concrete Strength. Concretes of Present and Future

Part 1. Change in Compositions and Strength of Concretes

The evolution of development of concrete compositions from four-component of the old generation of the last century up to seven-eight components, the most efficient with traditional
strength of up to 50-60 MPa, high-strength and ultra-strength with the strength of up to 150 MPa and higher is analyzed. Relatively short-term revolution stages of the long evolution-
ary development, as a result of which the strength increased by 2—4 times and more, are presented. It is shown that this increase in strength is obliged not so much to addition of
micro-silica to the plasticized concrete mix, but to the obligatory addition of disperse grinded rocks of significantly larger amount than 20-30% of cement mass and fine natural or
grinded sand. On the basis of high values of concrete strength obtained (120-140 MPa), including self-compacting without highly reactive pozzolana additives of micro-silica, dehydrat-
ed kaolin etc and their industrial realization, it is concluded that the XXI century will be the century of micro-techologies with a possible combination (if necessary) of real, not falsified,

nano-technologies.

Keywords: component composition of concrete, superplasticizer, micro-silica, rheological-active stone flour, micro-technology, suspensions, self-compacting concretes.

ILlementHBIM 6eTOHaM Goiee 180 eT. [IpoaHann3npoBaTh
3BOJTIOLMIO0 U3MEHEHUS COCTABOB OETOHOB 3a 3TOT JJTUTEIb-
HBII TIEPUOJ 1O BUAAM Y KOJUYECTBY KOMIIOHEHTOB Upe3-
BbIYaitHO c0XHO. [T03TOMY B CTaThe aHAIU3UPYETCS] U3-
MEHEHUE COCTABOB B T€ PEBOJIIOLIMOHHBIE TIEPUO/IBI, KOTIa
MPOU30IIIO KapAWHAIbHOE YBEJIMUEHUE TPOYHOCTU OETOHA
B 2—4 pa3a u 6osiee. B mocineqnue 25 et yueHsle pa3pada-
THIBAJIM HOBBIE COCTaBbI, CIIOCOOHBIC U3BMEHUTh MUP OETO-
Ha, a MpeANPUHUMATEIN BKJIAJAbIBAJIM CPEAICTBA HA IMTOKYIKY
COBPEMEHHBIX 3apyOeXXHBIX LIEXOBBIX TEXHOJIOIHUH (HopMo-
BAaHUS U3EINNA U KOHCTPYKLHUM, UCTIOb3YsI OETOHBI CTApO-
r'O TMOKOJICHUSI, OTJIMYAIOIIMECS JIUILb J0OABJIEHUEM CyTrep-
actudpukaropoB (CII), a B oTAENbHBIX, PEIKUX CIIydasix
— mukpokpemuesema (MK). Mapku 6eronos ¢ CI1, mpous-
BOIMMBIX B cTpaHe Ha 3aBonax KB, kak rpaBuiio, He mpe-
BeilIaloT M400, B oTaenbHbBIX ciydasx — M500—M600.

Bce yuyeHble-0eTOHOBebI, BHE COMHEHUsI, 3HAIOT BO-
JIIOIIMOHHOE Pa3BUTHUE LIEMEHTHBIX OETOHOB IO U3MEHEHUIO
pocta npouyHocTH B 1835—1840 rr. mocie mosBICHUS IIEPBBIX
LIEMEHTHBIX MPOU3BOACTB. M3MeHeHue MpOoYHOCTH GeToHa
Ha MPOTSDKEHUH IIUTEIBHOrO BpeMeHu m0 1965—1970 rr.
CJIeJIOBaJIO 3a TMOBBbIIIEHMEM Mapok lieMeHTa. [IpoyHocThb
IJIOTHBIX M3BECTHSIKOBOTO IIEOHSI U 1IeOHel M3 MPOYHbIX
TOPHBIX BYJKAHMUYECKUX IOPOJ OCTaBajJlaCh HEM3MEHHOM,
KakK 1 TIPOYHOCTb KBapIIEBOTO IMecka (caMoil MpOYHOI Top-
Hoii moponbl). K coxkaneHuio, BBICOKHME KayecTBa WX He
yaaeTcs TIOJTHOCTBIO MCIOJIb30BaTh U B HACTOSIILEE BPEMSI.
Ilecku He (paKILIMOHUPYIOTCS B OOJBIIMHCTBE PETMOHOB,
HCTIONB3YIOTCSl C TJIMHUCTBIMU TpuMecsiMU. [Ipu HaMbiBe
IECKOB He MCTOJIb3YIOTCS TTIECKOMOIKMU, 111e0eHb ¢ OOJIBIINM
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KOJINYECTBOM JICIIaIHBIX U UTJIOBATHIX 36PEH, BCE 3TO BEIET
K Tepepacxony IIeMeHTa U BJIeYeT 3a COO0i CTPOMUTETHCTBO
HOBBIX IIEMEHTHBIX 3aBOIOB. TEXHOIOTHSI GETOHOB B IPOM3-
BOJICTBE HE CUUTAETCSI BHICOKOM XMMUYECKON TEXHOJIOTUEH,
KOTOPOW OHa NOJIKHA ObITh U CIMOCOOHOW M3MEHSTh MUP
6eToHa. Tpu cyxux KOMIIOHEHTa B IIIcOEHOUHBIX OETOHAX U
JIBa KOMITOHEHTAa TeCYaHbIX OETOHOB MPAKTUYECKU HE 13-
MeHWINCH ¢ 1885 .

ITo cocTaBy KOMITIOHEHTOB C Pa3INYHBIMU Pa3MEPHBIMU
MacIITaOHBIMU YPOBHSIMU IUCTIEPCHBIX U 3€PHUCTHIX CO-
CTaBJISIIOIIMX OETOHBI IBOIIOIIMOHUPOBAIU C HECKOIbKUMU
PEBOJIIOLIMOHHBIMY TIepuoaamMu (puc. 1).

OCHOBHBIE PEBOJIOILIMOHHBIC 3Tafbl B TOBBIIIEHUN
MTPOYHOCTU OETOHOB OBIIU CIICAYIOIINMMU:

1. N3o00pereHre BBICOKO3((GEKTUBHBIX CYNEPILIaCTH-
¢ukaropos (CIT) Ha HadTaNMH- U MeJIAMUHCYIb(OHATHBIX
OCHOBax ISl MPOM3BOJCTBA MJIACTU(DUIIMPOBAHHBIX OETO-
HOB B 1965—1970 1. BTOT Mepuoa MpoaoKaeTcs U Mo Ha-
crosiiee Bpems. [Tpaktuyecku 97—98% 6eTOHOB BBIITyCKa-
10TCS B OOJIBIITMHCTBE CTPaH C CynepruiacTUuduKaTopamu.

2. BeegeHue B cocTaB IJIacTU(PUIIMPOBAHHBIX OETOHOB,
peaKuMOHHO-aKTUBHOro MUKpokpemHe3zema (MK) — orxo-
Jla OT MPOU3BOACTBA (hePPOCUIUIIHS.

3. TosBneHue BbBICOKO3(DGEKTUBHBIX TUIEPILIACTH-
(ukaTOpPOB HOBOTO MOKOJIEHUST HA TTOJTMKapOOKCUIaTHOM
OCHOBE U MOJIyYeHUE PEaKIIMOHHO-TIOPOILIKOBBIX CaMOy-
TJIOTHSIIOIIUXCSI OETOHOB HOBOTO ITOKOJEHMSI C MHMKPO-
KpeMHe3eMOM. OTU OETOHBI TOCIYXUJIA OCHOBOI co3aa-
HUS 1IeOEHOYHBIX OETOHOB HOBOTO TTOKOJIEHUSI C MEJIKU-
MM KBaplLUEeBbBIMM IMeCKaMU M C MHUKPOKPEMHE3EMOM.
M3roroBiieHUe TaKuX 6ETOHOB OBIJIO OCBOE-
HO IIJIsl BO3BENEHUSI YHUKAIbHBIX 3MaHUN U
CO-OpYXEHU.

4. PeBOMIIOLIMOHHBIM 3TallOM B TEXHOJIO-

Wi mra S| IR 'Y 1IEOGEHOYHBIX U MECYaHbIX GETOHOB SABU-
JIUCh yIdauyHble IOMBITKA BBECTH B COCTaB
TPATUIIMOHHBEIX OGETOHOB TOBBIIIEHHOE CO-
[TrTre— Tr e [Trr—— o .
; fes, J€pXaHWE ITOPOIIKOBOW COCTABISIONIEH, B
Ryt gl r L T e i | emme | TOM umcsie MK ¢ yMeHbBIIIEHUEM CONEPKAHUSA
st Ut st [ECKA-3aITOJIHUTEIIS U IEeGHS.
; DT NepUOAbI CBI3aHBI C MCCIIEN0BAHUS-
e MU M BHEIPEHUEM PEaKIIMOHHO-ITOPOLIKO-
= Bbix GetoHoB (PIIb, RPC, RPB) [1-3], c
pa3paboTKaMU CaMOYTUTOTHSIOLINXCS Tiee-
€ 1835-1840 rr < HEGS-10P0 rr, c TE0-TI3 rr HOYHBIX U ITecyaHHbBIX 0eToHOB (CYD, SCC,

B ] A gy SfehlaE

Puc. 1. 3soniounsa Pa3BUTUA COCTaBOB LLEMEHTHbIX 6eToHOB

B S e e L F war
B TREMLERT CTRAENN

SVB) [4, 5], BBICOKO(GYHKIIMOHAJIbHBIX
(HPC) u cBepxBBICOKOGYHKIIMOHATBHBIX
(UHPC) [6, 7] BBICOKOKAUECTBEHHBIX U YJIb-
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TpaBbICOKOKauecTBeHHbIX OetoHoB (UHLB) [8, 9].
Hayunbie wucciaemoBaHusi, BBIIIOJTHEHHBbIE Ha Kadeape
TBKuB ¢ 1995 r., B HacTosiiee BpeMsi Ha 00beIMHEHHOM
kadenpe TCMu/l, ObLIM NOCBSILIEHBI pa3pabOTKaM OCHOB
MIACTU(DUIIMPOBAHUS MUHEPATBbHBIX TUCTIEPCHBIX CHUCTEM
JIIST TIPOM3BOJICTBA CTPOUTEIBHBIX MaTepPHAJIOB, TECTUPOBA-
HUIO IIEMEHTOB W TUTACTU(UKATOPOB IO PEOJOTUYECKUM
CBOIiCTBaM U Bomopeayuupyoomum a¢dekram [11], paspa-
0OTKaM ¥ UCIIBITAHUIO BBICOKOIPOYHBIX M CBEPXBBICOKO-
MPOYHBIX TMOPOIIKOBO-aKTUBUPOBAHHBIX OETOHOB U bu-
o6pobeToHoB ¢ MK, ¢ mpouHocteio 150—200 MIla u 6eTo-
HoB 0e3 MK [12—14], mopoiikoBo-aKTMBUPOBAHHBIX
necyaHbIX U IebeHouHbIXx OetoHOB [10, 15—20], B TOM
qucIie 151 32Tl OT Pagualiiy.

YuuTeiBas UCIOJIb30BaHUE TaKMX OETOHOB B MUPOBOM
MPaKTUKe U MePCIeKTUBbI pACUIIUPEHUS X TPOU3BOICTBA B
OymyieM, 1eaecoodpa3Ho, Ha Halll B3MJIsJ, UCMOJb30BaTh
HOBYIO KJIaCCU(UKAIINIO OETOHOB IO IPOYHOCTH:

— OETOHBI OOIIECTPOUTETLHOTO Ha3HAYCHUS C TPATUIIN-
OHHO ITPOYHOCTLIO OT 10 10 60 MI1a;

— OCETOHBI C MOBBIIIEHHONW MPOYHOCTBIO — OT 60 1o
100 MI1a;

— BBICOKOIpOYHbIe 6eToHBI — 6oJiee 100 mo 150 MIla;

— CBEpXBBICOKONPOUYHbIE OeToHbI — Oosiee 150 MITa.

AHajornyHast KJiacCu(uKaIus MOXeT OBbITh JaHa I10 CO-
OTBETCTBYIOIIMM KjlaccaM MpoYHOCTH OeToHa. OHa IOMO-
JKET UCKITIOYUTh Ha3BaHWE MHOTOUYMCIIEHHBIX CTaTel ¢ Tep-
MHMHOM «BbICOKOIIPOUHBI», KOTIa peub UIET 00 0ObIYHOM
npoyHocTr 6eToHOB Mapok 350—400. DTo MO3BOJUT TOJTY-
YUTh OOBEKTUBHYI0 NH(MOPMAIINIO O PEaTbHBIX TOCTHKEHM -
SIX, CYIIECTBEHHO OOJETYUT JIMTEPATyPHBIN MOWCK ITyOIH-
KallWii 0 HACTOSIIIMX BHICOKOIIPOYHBIX OETOHAX.

INosiBneHue 6eTOHOB HOBOTO MOKOJIEHUS ObLIO CBS3aHO
C Te€M, UTO MePBbIM PEBOJIOIIMOHHBIM MTPEOOpPa3oBaHUEM B
TEXHUKE Y TEXHOJIOTMY OETOHOB ObLIM CAMOYTUIOTHSIIOIIIME-
¢Sl IOPOIIKOBO-aKTUBHUpoBaHHBIE 6eToHbI (PBIT). MBI Ha-
3bIBa€M WX CYCIICH3MOHHBIMU, TaK KaK OHU, SABJSSICH Ha
100% cycrieH3usIMU, IPAaBUTALIMOHHO-PACTEKAIOTCS M CAMO-
VIUTOTHSII0TCS. TIepBoe coopykeHHe U3 CBEPXBLICOKOIPOY-
HOTO PeaKIIMOHHO-MOPOIIKOBOro ¢hubpobdeToHa ObLIO pea-
sm3oBaHo [TbepoM-Kinomom AiiunHom B 1997 r. — usBect-
HbIi TiemexoaHbiii MocT B LllepOpyke, mpoBuHin KBebek
[3]. B coBpemennsix PI1b makcumanbHbIl pa3Mep 4acTUIL
KBapleBoro recka He rpesbiiaer 0,5—0,6 MM 1 JOIOIHU-
TEJIbHO BXOJAUT MOJIOTBIV KBapLEBbIA MMECOK WA MOJIOTBIA
0azanbT, MMKpPOKpEMHe3eM U cylepruiacTudukarop.
HMIMeHHO y peaKIMOHHO-MOPOIIKOBBIX O6TOHOB HOBOTO MO-
KOJICHUSI ¢ MUKPOKpEMHE3eMaMU U CyNepruiacTuduKaTo-
POM B OTAEIBHBIX JabOPaTOPHAX TOCTUTHYTA MPOYHOCTH
pu HopMajabHoM TBepaeHuu 10 300 u 400—600 MIla — npu
IUIUTETLHOM TIPOMapuBaHUM W BBICOKOTEMITEpaTypPHOM
(200—300°C) aBTOKJIaBU3aALIUU.

B mpakrtuke mpou3BoacTBa HIEOEHOYHBIX U MECYAHbIX
OGETOHOB CTApOTO W TIEPEXOAHOTO TOKOJEHUI pelenTypa
OCHOBHBIX CyXMX KOMIIOHEHTOB OCTaBajach HEM3MEHHOM C
1835—1840 rr., e cuuras BBeaeHuss CII. C 1950—1965 rr.
HCMOJIb30BATUCH Cclla0dble M YMEepEeHHbIEe IMIacTU(hUKATOPHI
Ha OCHOBE OTXOJIOB IPOMU3BOJICTB: CYJIb(UTHO-IPOXKEBasI
opaxxka (CIAB), cynshpurHo-cniuproBas 6apaa (CCB), aur-
HocynbdhoHat TexHudyeckuii (JICT), nurHocynbdoHaT Tex-
Hudeckuii moguduurpoBaHHbiii (JICTM), HeKoTopEIe pac-
TBOPUMBIe ToauMepbl 1 ap. Haunnast ¢ 1965—1970 rr. pe-
LIETITypa CyXUX KOMITOHEHTOB 11160€HOUHBIX OETOHOB TaKXe
HE U3MEHWIACh U COCTOsUIa U3 LIEMEHTA, MecKa U LIeOHs,
HECMOTpPS Ha TosIBJieHHe 3()GEKTUBHBIX CYIMepIiacTUughu-
KaTopoB. TeM He MeHee C 3TOro nepuoaa, MOXXHO CUMTATh,
Hayvajachk 3pa 6osiee 3¢pGEeKTUBHBIX OETOHOB IIEPEXOIHOIO
TTOKOJIEHUSI.

CynepruiacTudukaTopbl Ha HagTaIMHCY/Ib(DOHATHOM,
MeJaMUHCYIbMOHATHON OCHOBaX, (GeHoJbHO-(hopMabie-
TUIHBIE CMOJIBI, aTU(OTUIECKUE CYMePIIacCTU(UKATOPHI U

HAYYHO-MeXHU4ecKuil U NPoU3800CMBeH b HCYPHAN

TTOSIBUBIINECS TTO3XKe TUIEePILIacCTU(OUKATOPHl HOBOTO TO-
KOJIEHMSI Ha TOJMKapOOKCUIATHON OCHOBE HE MOTJU CO-
BEPUINTh PEBOJIOLIMOHHBIE TTPEOOpa3oBaHUs TOMOJIOTHYE-
CKOI1 CTPYKTYPBI TsKeNIbIX 0eToHOB. Mosekynl CIT, ancop-
OMpYIOIIMXCST Ha ITOBEPXHOCTH TBepmoil (aspl, He B
COCTOSTHUM TIPeoOpa3oBaTh TOMOJOTUIECKYIO CTPYKTYPY
B3aMHOTO PaCITOJIOXKEHUS 3¢ PHUCTBIX KOMITOHEHTOB TTecKa
U 1e6Hs, colepKaHue KOTOPBIX OCTAIOCh MMPAaKTUUECKHU He-
U3MeHHbIM. B 6eToHHOI cMecH ¢ pacxoaom LemeHTa 200—
300 kr Ha 1 M? OCHOBHYIO JOJIIO COCTABJISIIOT 3€PHMCTBIMH
TIECOK W TPYOO3EePHUCTHIN 1eOeHb, ColepKaliuecs B KO-
yectBe 1900—2100 xr (750—780 11). CyneprnactTudukaTtopsbl
MOTYT ITpeobpa3oBaTh JUIIb arPETUPOBAHHYIO MUKPOCTPYK-
TYpY LIEMEHTHBIX YacTHUIl B CYCTIEH3MU B 00Jee OpraHu30-
BaHHYIO OECKJIACTepHYI0 MUKPOCTPYKTYPY YacTWIL C JHC-
KPETHBIM Je3arpeTMPOBAaHHBIM PACITOJIOXKEHUEM UX B CY-
criensun. OHM MOTYT co3faTh OoJyiee TUIOTHYIO HaHO-
CTPYKTYPY MPOIYKTOB IUIpaTAIIU IIEMEHTHOTO KaMHS TIpH
YMEHBIIICHUN COAePXKaHMS BOIBI 32 CUET BBEACHUS CYIep-
IUIacTU(UKATOPOB TOJLKO B 0oJjee «)[(I/IprlX» OGETOHHBIX
cMecsix ¢ pacxonoM LemenTta 400—500 xr/m>. Ho B «TOIIUX»
GeToHax ¢ pacxonoM LemeHTa 150—200 xr/m? ¢ CIT conep-
>kKaHWe BOJBI OCTAETCS TIOYTH HeM3MeHHo. U cTpyKTypa I1ie-
MEHTHOTO KaMHs U OeTOHA TIPU 3TOM COBEpIIEHHO He 13-
MEHSETCS BCJEICTBUE BBICOKON MEX3€PHOBOM ITyCTOTHO-
ctu. M Hu Kakue-1mbo «HaHoueMeHThl», HU BHB, B Takom
MaJloM KOJIMYEeCTBE HE COBeplIaT MPOpPbIBA B TEXHOJIOTMU
0eToHOB. Majioe KOJUYECTBO YACTHUI[ LIEMEHTa MUKPOME-
TPHUECKOTO YPOBHSI C YAETHHOM TTOBEPXHOCTHIO IIEMEHTA
3000—3500 cM?/T ¢ pasMepaMul qactull 1—100 MKM He T10-
3BOJISIET peajiM30BaTh pa3kukKeHWe OCTOHHBIX CMeceil C
MaJIbiIM KOJMYEeCTBOM CaMOpacTeKarolIeics] BhICOKOKOH-
LIEHTPUPOBAHHOI BOIHO-1IEMEHTHOM CYCTIEH3UU, TTPeIeb-
HO-pa3XIKeHHOH cymnepruiactudukatopoM. [IpoaHanmmsu-
pYeM 3TO pacCMOTPEeHUEM abCOIOTHBIX OOBEMHBIX COJEP-
KaHUH — KOMIOHEHTOB OGCTOHHOW CMECH C PacXomaoM
nemenTa (LI) 300 kr/m> ipu B/11 = 0,5; mecxka (IT) — 750 xT;
me6Hs (L) — 1250 kr. 06]>€MHOC couepx(aﬂne KOMITOHEH-
TOB MPU 3TOM COCTaBUT: = 96,8 1; V, = 150 1 (06BEM
BOITHO-IIEMEHTHOM cycneHslzm Vou = =150 + 96,8 = 246,8 m);
V, =277 n; V,, = 463 1 (puc. 2). PacquHaﬂ TeopeTUIeCcKast
Macca 6eToHHOI cMecu cocTaBUT Mg . = 2450 kr, abcomoT-
HBI 00beM ee Vi, = 989 s. Teopermueckas IUIOTHOCTb
cmecu 2477 Kr/M3C dakTnyeckass IJIOTHOCTh OETOHHOI
cMecu 2390 kr/m>. TIpouHocTs GeToHa Ha cxatue 28 MITa.
YJ:[CJTBHBII/I pacxonl IIeMEHTa Ha EIWHMILY IPOYHOCTHU
I_IRc /R, = 10,7 xr/MTIla.

"O6BEMHOE ITPOLIEHTHOE COIePKAHIE BOTHO-LIEMEHTHOI
CyCIIEH3MM OT oObeMa OETOHHOI cMecu cocTaBiseT 25%
(Vau/ Vo) 1100 %. Ecam HaCBITHYIO ITIOTHOCTB MTE€CYaHO- Lue-
OCHOYHOM CMeCH MPUHSITH BRICOKOM 1 paBHOi1 2000 Kr/M TO
MyCTOTHOCTb €€ MpU aBCOMIOTHOM MIOTHOCTH 2,7 r/cM? co-
craBut [y = 26%.

Takum o6pa3oM, o6beMa BOTHO-IIEMEHTHOM CYCIIEH3UM
HEIOCTAaTOYHO [JISI TTOJTHOTO 3arlOJIHEHUSI MeX3€PHOBBIX
IYCTOT B IE€CYaHO-11Ie0EHOUHOI CMeCH. A C yU4eTOM MOKPHI-
THSI YACTUII TIECKA U 3epeH IIEOHS LIEMEHTHBIM TECTOM U UX
Pa3IBIKKU GETOHHAS CMECh TaXe TP UACATBPHOM YIUIOT-
HEHMM OyIeT WUMETh IOTIOTHUTEIBHYIO MEX3epHOBYIO ITO-
PUCTOCTh, KOTOpasi BHITSCHUT JIMIIHUN 00beM OETOHHOM
cmecu cBepx 1000 1. C ygeToMm BOBJICUEHHUS BO3ayXa IIpU
NepeMeIIMBaHM TTOPUCTOCTh BO3PACTET IOMOJHUTEIBHO.
IIpu Gonee peabHOM HACHIITHOMU nnomocm necyaHo-Iie-
6eHouHoit cmeck 1800—1900 Kr/M3 MyCTOTHOCTb YBEIMUMT-
cs1, a TIOPUCTOCTh OETOHHOM cMecH OyeT Bo3pacTaTh Mpo-
MMOPIMOHATBHO IyCTOTHOCTHU TTeCYaHO-IIIeOeHOUHON cMecH
U COIEPKaHMIO ee.

Paccuutaem aHajornyHbIe MapaMeTphl WIS ILUIACTUDU -
LIMPOBaHHOTO 6eT0Ha € PacXollaMi KOMIOHEHTOB: LIEMEH-
Ta — 500 kr/M>; necka — 650 kr/m?; we6Hs — 1150 kr/m3;

BoOABI — 165 1.
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Puc. 2. O6bemMbl BOAHO-AMCNEPCHOM CYCNEeH3nn necka u webHs B 6eT0Hax
NepexoHOro NoKoIeHUs C pacxofiom LemeHTa 300 kr/m® (1) 1 500 kr/m® (2)

O0BeMHOE comepKaHre KOMIIOHEHTOB IIPU 3TOM COCTa-
BUT: V= 161 m; V, = 165 1; V, = 245 1; V,, = 425 1.
PacueTHast Macca GeTOHHOI cMecH COCTaBUT Mg, = 2465 KT,
abcooTHBIN 00beM ee Vg, = 996 1. O6GbeMHOE conepxka-
HUE BOJIHO-LIEMEHTHOM CYCIIEH3UU YBEJIMIIOCH 110 326 .
TeopeTuueckas MIOTHOCTL cMecH 2475 Kr/M>. q)aKTquCKaH
IUTOTHOCTB TaKoi GETOHHO} cMecH cocTaBma 2435 Kr/M>.
IIpouHocts GeToHa mpu cxkatuu 57 MIla. YoenbHbli pac-
X0l IeMEeHTa Ha eauHuly IpouyHoctu 8,8 kr/MIla.
N300pa3uM cxeMaTuyHO OOBEMHOE COAEepPXKAHUE KOMIIO-
HEHTOB B 3TUX JIBYX OETOHHBIX CMECSIX (pucC. 2)

B 6etone ¢ pacxomom uementa 500 kr/m°, umeromem
TTOBHIIIIEHHOE 00bEMHOE CcofiepKaHNe CYCIIEH3MOHHOM CO-
cTaBisiiolel, ynaaoch cHu3uTh B/11 otHomeHue 1o 0,35.

BaxHbIM MokazaTteseM OlIeHKH Ya000YKJIaablBAeMOCTH
SIBJISIETCSI PACCTOSIHUE MEXIY 3€pHaMU IIeOHs, nalolee
MpEACTaBJICHUE O CPENHEN TOMIIUHE [IEMEHTHO-I1ECYaHOTO
pactBopa. Mcnonbsyst dopmyny us [10] ais onpeneaeHust
YCJIOBHOTO CPETHETO PACCTOSTHUS S MEXXIy TTOBEPXHOCTSIMU
3epeH 1IeOHS, pacoI0XEeHHBIX B O6TOHHOI cMecH (B reo-
METpUU KyOrdecKoit ynaKOBKI/I), omnpeaenumM S s 6eToHa
¢ pacxonoM LemeHTa 300 kr/m>:

3 =0806-dg- - 1 "[-"I .r.l',“, )
rae d,,— cpeqHuii aMameTp 3epeH 1ebH:; C,, — oObeMHas
KOH].[CHTpa]_II/IH 1eOHS, B TOISAX €IMHULIBI (176 463 =2,16).

[MpuHumas dpakuuio medHss 5—10 MM, a cpenHUi pas-
Mep 3epeH 7,5 MM, pacueTHOE PacCTOSTHUE MEXITY TTOBEpX-
Hoctamu Oynet 0,3 mm. [Ipu cTonb MajoM paccTossHUM, a,
CJIEJOBATENIBHO, MAJIIOW TOJIIWHE MPOCIOWKU LIEMEHTHO-
MecYaHOTo pacTBOpa, B KOTOPYIO HE BMENIIAIOTCSI YaCTULIbI
necka kpyrnHee 0,3 MM, HEBO3MOXHO TOJYYUTh BBICOKO-
MJIACTUYHYIO OETOHHYIO CMECh M3-3a XKEeCTKOTO 3alleJIeHUsI
3€PHUCTBIX YaCTUI[ Tecka M 1IeOHsT MeXay CoOoil.
HeobxonuMo nobGaBieHre BOAbI ¢ HEU3O0EXKHBIM MOHMXE-
HUEM MPOYHOCTH.

J1y1s1 66TOHOB C MOYTHU IBYKPaTHBIM PAacXOAOM IIEMEHTa
pPacCTOSIHHE MEXIy TTOBEPXHOCTSMM 3epeH 11e0HsI BO3pOC-
J0 no 0,63 MM, HO GETOHHAsI CMeCh ITPH 3TOM He cTaja ca-
MOYIUIOTHSIIOLIEICSI, a uMesia 0cafKy KoHyca 12 cM. 9T0
06BACHSIETCS TEM, UTO C pacXonoM Hementa 400—500 xr/m3
colepKaHue BOAHO-LIEMEHTHOW CYCIIEH3MOHHOW COCTaB-
JIAIOIIE! BO3pacTaeT U TMOSIBASETCS BO3MOXHOCTD IOJIyYe-
HMSI TUTACTUYHBIX OETOHHBIX CMecell 3a CUeT yBeJIUUYEeHUS
MPOCITONKY TUCTIEPCHOM MaTPHUIIBI MEXAY YacTULAMU TTe-
CKa M TPOCJIOWKM pacTBOpa MeXIy 3epHaMu IIeOHS.
OnmHaKo TIOMYYUTh CaMOPACTEKAIOIINECsI, CAMOHUBEINPY-
IoIIKMecss M CaMOYIUIOTHSIONIUeCS OETOHHBIE CMeCH TI0
crangapty ASTM mapok SF-1, SF-2, SF-3 HeBO3MOXHO
6e3 paccioeHus cMecu U ocegaHus 1ebHsa. Ho mig momy-
YeHUSI BBICOKOIIPOYHBIX OCTOHOB MapOK M1000—M1400
pu pacxone eMeHTa 300—400 Kr/M> He06XOIMMO U3MEHE-

HHUE CTapoil pelienTypbl OETOHHOU CMeCHU IJISI KapaAuHAaIb-
HOTO MOBBILICHMS I1acTUduLMpyolieit criocooHoctu CII.
C mnogBineHueM 3(GGEKTUBHBIX CyNepIuiacTu(GUKaTOpPOB
yUeHbIe-0ETOHOBEIbI CTPEMMWIMCh B OCHOBHOM K SKOHOMMU
LIEMEHTA 3a CUeT 3aMEHBI €ro AUCIIEPCHBIMU HATTOJTHUTEISI-
MM M3 MOJIOTBIX TOPHBIX TIOpPOJA B KOJUYECTBE OT
10 no 30% mipu coxpaHEeHUU MTPOYHOCTU OETOHOB.

Hauunag ¢ 1970 r. orpoMHOE KOJWYECTBO UCCIIEI0BA-
HMI ObUTO HAIIpaBJIeHO HAa U3YYEeHUE BIUSIHUS TUCTIEPCHBIX
MUHEPAJIbHBIX 100aBOK K LIEMEHTY Ha (hU3UKO-TeXHUYe-
cKue cBolicTBa 6eToHOB. Ho 3amMeHa yacTu 1ieMeHTa Jauc-
MEepCHBIMA MUHEpPaJbHBIMU J00aBKaMU HE yBeJIMYMBaja
00BEMHOTO COIepXKaHUsI BOMHO-IWCIIEPCHON COCTaBJISIO-
meit. Jlaxke nccaemoBaHus YYeHBIX 10 3aMeHe YacTH LIeMeH-
Ta KAMEHHOI MyKOI He MOIJIU ObITh peajin30BaHbl B IPOKU3-
BOJICTBE U3-32 OTCYTCTBHUSI JOMOJHUTENbHBIX OYHKEPOB U
J103aTOPOB Ha OETOHOCMECUTENIbHBIX Y3J1axX ISl BBEICHUS
IMOPOIIKOOOpPa3HbIX 100aBOK. Tpanuiuy MpoeKTUPOBAHUS
OGCTOHOCMECUTENIBHBIX Y3JIOB HE U3MEHUJIUCH U TTOCHE T0-
sapineHus1 CI1 HoBoro nmokojenus. Jlaxe yctanHoBka Ha BCILL
OITHOTO JIOTIOJTHUTEJIbHOTO OYHKepa JJIs1 JO3UPOBAHUSI IMC-
MepcHOi 100aBKU MO3BOJIMIIA ObI C/IENOBAaTh PEKOMEH a1 -
SIM YYEHBIX U3MEHSTh PELENTYpy OETOHOB, YIydllaTh Peo-
JIOTUYECKUE CBOMCTBA OETOHHBIX CMecell TMpPU MEHbIIEM
KOJINYECTBE BOABI C IOBBIIIEHWEM IPOYHOCTH OETOHA.
[Toaromy He yueHbIe-MaTepUaJOBeIbl AMKTOBAIM KOHIIETI-
LIMIO IPOU3BOJCTBA OETOHOB C MUHEPAJbHBIMU T00aBKaAMM,
a IIEMEHTHBIC 3aBOIbI, MMOCTABIsIA eMeHTH ¢ 10—20% Tex
00aBOK U U3 TeX MOPOJI, KaKue ObLIM B HAJTMYUU B ChIPhE-
BOM acCOpTUMeEHTe peruoHa. Ho 4acTo ropHbie MOpomsI,
KOTOpPBIE OBLIM B PETMOHE PACIOJIOXEHUS IIEMEHTHBIX 3a-
BOMIOB, HE TO3BOJISIM TOJYYMUTh ILIACTU(DUIIMPOBAHHBIN
6eToH 0oJiee BBICOKOTO KauecTBa. DTO KacaeTcs LIeMEHTOB C
00aBKaMM NPUPOAHBIX MYLLIOJIAHOB — OIOK, TPENEJIOB,
JIMaTOMUTOB, TNIMEXel, BBeAeHHBIX B KonuuectBe 10—20%
OT MAacCHhl 1IeMEHTa, 0COOEHHO OETOHOB Ha MYIIII0JIAHOBBIX
eMeHTax. CynepriiacTuUKaTOPHI TEPSIIOT CBOE ACCTBUE
B 6eTOHAX, ecsii LieMeHThI comepxaT 10—20% u Gouee ripu-
POIHBIX BHICOKOTTOPUCTHIX MYI1110JaHOB. C OHOI CTOPOHHI,
NylLLoJaHuYecKrue A00aBKM pPelIaloT MOJIOXKUTEIbHYIO
(yHKIIMI0, CBSI3bIBAsI U3BECTh-ITOPTIAHAMUT B JIOTIOJTHUTEIIb-
HbIE LIEMEHTUPYIOIIUE TUAPOCUINKATBI, C IPYroil — He Mo-
3BOJISIOT CYIIECTBEHHO CHU3UTh CONIEPKaHUe BOMIBI, TIOPH-
CTOCTb GETOHA U MOBBICUTD €T0 TTPOYHOCTh. M HeraTUBHBII
3 deKkT CcyllecTBEeHHO IIpeobiagaeT Hal IO3UTUBHBIM.
IToatomy BciencTBre HEBOCTIPUMMYMBOCTH CYIEPILIACTH-
(UKaTOpOB K BBICOKOMOPUCTBIM U BBICOKOIUCIIEPCHBIM
MPUPOAHBIM TYIIII0JIaAHAM — JIMAaTOMUTaM, TpereaaM, Oro-
KaM, TJMexaM M T. . OHU BPSA Jiu OyayT B OyayIiem uc-
TTOJTb30BaThCsl B 6ETOHAX HOBOTO TIOKOJICHUSI.

Haubonee scpdekTuBHON MyILIIOJaHUYECKONH T100aBKOM
SIBJISIETCSI CTEKJIOBUAHBIM MMKPOKPEMHE3EM, HE3HAUUTE b~
HO YTHeTalouIui AeficTBUEe cCynepruiacTuhUKaTopoB B BO-
IIHBIX CYCIIEH3USIX B CMecU ¢ LieMeHToM. [Ipu mo3mpoBKax
15—20% ot Macchl LleMeHTa OH He3HAYMTEJbHO TOHMXKAET
pPacTeKaeMOCTb LIEMEHTHO-MUKPOKPEMHE3EMHUCTBIX CYCITeH-
3uii. OMHAKO TrOJOBOM BBIXOI MUKPOKpEeMHe3eMa, KaK OT-
Xo7a Mpou3BOACTBa (peppocunLimst coctaBisieT 150 ThiC. T B
roa. M ecnu ero UCHoJib30BaTh B YHUKAJIBHBIX T1aCTU(DUIIN-
pOBaHHBIX OeToHaX ¢ pouyHocThio 100—120 MIla, To 06BEM
TaKoTo OeTOHA He TPEBBICUT 3% OT TOMOBOTO BHIITycKa 6ETO-
Ha B Poccun. Besble caxu, HaHOMETpUYEeCKHE BHICOKOUM-
CThIe aMOp(dHBIE KPeMHE3EeMEI ¢ pa3MepaMM YacTuil oT 50 1o
100 HM Tak:Ke He coBeplIaT PEBOTIOLIMOHHBIX U3MEHEHUI B
MPOYHOCTU OETOHOB HOBOTO MOKOJIEHUsI, KaK U IPUPOIHbIE
mytrosiaHel. OHM TIPU TO3MPOBKe Gojiee 5% OT MacCH Iie-
MEHTa YTHETAIOT IECTBUE CyrnepruiacTuukaropoB. B atom
HEOOJIBIIIOM KOJIMYEeCTBE OHU OYIyT MOOABIATHCS JIJIsT HEKO-
TOPOTO TIOBBIIIEHUSI TIPOYHOCTU OETOHOB HOBOTO ITOKOJIE-
Hust. Ilhacmuguyuposanivie 6emonunle cmecu ¢ MK, memaxa-
onuHoM, Genoil cajxceli — 3mo 6onee s¢hghekmueHvie bemoHbl

HayuHO-mexXHU4ecKuil U NPOU3800CMBEeHHbIIL HCYPHAN

aneapuv/espanv 2016

99



P €3y/AbTaTbl HAYYHBIX HccIe10BaHui

nepexo0H020 NOKOAEHUsl C HeUBMEHHOU CIapoll peuenmypoii cy-
XUX KOMHOHEHMO8 YeMeHm—necoK—uje0eHbs.

M3 takux 6etonoB ¢ MK u CII ¢ pacxogom 1eMeHTa
500 xr/m> n npouHocThio 100 MITa 6111 COOPYKEHbI KOM-
ruiekcbl «MockBa-Cutr». beToHHbIE cMecu ObLITU BBICOKO-
IJIACTUIHBIMU, TIOJYJTUTBIMU, HO HE COOTBETCTBOBAIMA Ca-
mopacrtekawmumcs cMmecaM SF1, SF2, SF3 mo ASTM.
Bbicokas miaacTUYHOCTh M CAMOpAcTeKaeMoCTh obecreum-
BaeTCsl TMOBBIIIEHHBIM KOJMYECTBOM IIEMEHTHBIX MHUKPO-
METPUYECKMX YaCTHUIl C COOTBETCTBYIOIIMM MOBBIILIEHUEM
00BEMHOTO COZIEPXKAHUS BOJAHO-IIEMEHTHOM CYCTIEH3UU 110
35% ot obbema cMmecu. s moydeHUS CaMOYILJIOTHSIIO-
melicst 6ETOHHOI cMecu ¢ ocankoit koHyca 270—280 mMm
JIOCTATOYHO 100aBIEHUS K LIEMEHTY JIOTOTHUTEIHLHOTO 3HA-
YUTEJIbHOTO KOJIMYECTBA OOBIYHBIX MUKPOMETPUUECKHUX Ya-
CTHII U3 TOPHBIX TTOPOJ, KOTOPbIE MOCTaBJsIeT HaM Npupoja
B OTPOMHOM KOJIUYECTBE, U HE 00513aTeJIbHO PeaKIIMOHHO-
AKTUBHBIX.

Heob6xomumocTh Takoit MomuduUKaIum, Kak yCTaHOBJIE-
HO aBTOPOM C KOJUIETaMHU B 3KCIEPMMEHTAIBbHBIX paboTax
(Hamenmux orpaxkeHue 6ojee yeM B 300 myOauMKaLUsIX),
MOATBEPXKIaeTCs MPaKTUUecKoi peanusaiueit. [lucnepcHble
TOPHEBIE TIOPOJbI, HEe SABJSIOIINECS PEOJIOTMUECKU aKTUBHBI-
MM B CYCIIEH3USIX C CyMepIIacTU(UKATOpAMH, CTAHOBSITCS
PEOJIOTMYECKN-aKTUBHBIMU B IIEMEHTHBIX CYCITCH3USIX 3a
cyeT nepe3apsiiKy MMOBEPXHOCTH.

B cBs3u ¢ 3TUM 1IeOEHOYHBbIE U TTecyaHble 6ETOHBI HOBO-
IO MOKOJIEHUsI aBTOP Ha3bIBaeT MOPOUIKOBO-aKTHBUPOBaH-
HBIMH, TaK KaK COIEpXKaHMe AVCIIEPCHBIX HAITOJTHUTENEH B
Hux kosebnercsa oT 50 mo 110% ot Macchl LieMeHTa, 4eM
obecreunBaeTcsl BBICOKOE 0ObEMHOE COepXKaHUe CYCITeH-
3MOHHOI cocTaBsoleil, gocturamomein 50—55%. 3amaua
COCTOUT B TOM, YTOOBI AaTh BO3MOXHOCTh 3(p(eKTUBHO pa-
6otath CIT B GETOHHBIX CMECSIX C BBICOKMM COAEPXKAaHUEM
BOJHO-IMCIIEPCHOM CYCIIeH3UU, OJU3KO K TOi 3(PeKTUB-
HOCTHM IO pacTeKaeMOCTH, KOTOpasi CBOMCTBEHHa BOIHO-
NCTIEpHOU MUKpOMeTprudecKoit cycrien3u. Ecim takoe Ko-
JIMYECTBO JTUCIIEPCHBIX HAIIOJIHUTEEH BBeCTU B OETOH 6e3
CyIepIuIacTU(UKATOPOB, TO OETOHHAsI CMeCh OyIeT MOy-
Cyxoit U MoTpedyeT MOUTH ABYKPATHOTO MOBBIIIEHUST KOJIU-
YyecTBa BOBI ISl €€ IPaBUTALIMOHHOM pacTeKaeMOCTH.

EcTecTBeHHO, YTO IJIST TTOJYYeHUS] TTOPOIIKOBO-aKTH-
BUPOBAaHHBIX OETOHOB HOBOTO TIOKOJICHUSI HEOOXOIMMO
BOCITOJIb30BaThC  (DYHIAMEHTATbHBIMU TTOJIOXEHUSIMU
(bU3UKOXUMUN BOTHO-AUCIIEPCHBIX CUCTEM, MPEUMYIle-
CTBEHHO MUKPOMETPUUYECKUX (HO HE HAHAHOMETPUUYECKUX)
BOJIHBIX CYCTIEH3UIi U X peojioruu. Hanomempuueckue 6o-
Onble cycnensuu ¢ wacmuuamu pazmepom menee 100 um nu-
Ko020a He Mo2ym 0blmb 0CHOBOIl CO30AHUS HU UEMEHMHbIX, HU
2UNCOBBIX, HU WLAAKOGHIX OEMOHO6 H06020 NOKOAEHUS 6CAel-
cmeue HeGO3MONCHOCIU NOAYHEHUsL BbICOKOKOHUEHMPUPOBAH -
noix cycnensuii ¢ CII npu maaom B/I].

JlocTaTouHO MpoaHaIU3UPOBaTh HECKOJBKO 3KCIEpU-
MEHTAJIbHBIX TTPUMepPOB. lleMeHTHO-BOAHBIE CYCTICH3UU C
nonukapookcwnatHbiM CIT camopacTtekaioTcss U3 KOHyca
XarepMaHHa (OUaMETp BEPXHETO W HIDKHETO OCHOBAaHMS
koHyca 70 u 100 MM, BeicoTa 60 MMm) 10 pacruibiBa 300—350 Mm
npu B/11=0,18. TTpu mo6aBieHnu K LieMeHTy Bcero 4% mu-
pOTeHHOTO KpeMHe3eMa (aspocuia) ¢ 99%-M comepkaHueM
SiO, u ¢ pasMepamu HaHodacTUL 5—50 HM pacTeKaeMoOCTb
CyCIIeH3UM yMeHbIaeTcst 10 260 MM ripu yBenuueHun B/1]
no 0,5. BoomocoaepkaHue Bo3pacTaeT IIOYTH B TpU pasa u
NeiicTBUE 3aKOHA BBICOKOTO BOJOILIEMEHTHOI'O OTHOIIEHUS
MPOSIBJISIETCST B TIOHVKEHUH TTPOYHOCTH OETOHA.

ITpu nobapneHun K ueMeHty 10% Gesoit caxu ¢ pa3me-
paMu niepBUYHBIX YyacTull 5S—100 HM 1 BTOPUYHBIX YaCTUIL C
pasmepamu 3—100 mxm B/l Bo3pacrtaer no 0,3. O kakux
MpUOPUTETaX HAHOTEXHOJIOTUI C 100aBIEHUEM HAaHOYACTHIL
¢ MaciuTtabHbIM ypoBHeM 10—100 HM MOXHO TOBOPUTH?

JIuib MUKpOMETpUYECKUE CYCIEH3UM C YacTHULAMU
1—100 MKM, ¢ BO3MOXHBIM MPUCYTCTBMEM TOHKO3EpPHU-

HAYYHO-MeXHU4ecKuil U NPoU3800CMBeH b HCYPHAN

CTBIX MUKpoMeTpuuecKux yacTtuil 100—600 MxM 1 He6OIb-
1IOTO COAepKaHUs YaCTUIl BEpXHEro HaAaHOMETPUUYECKOTO
ypoBH# ¢ pazMepamu yactull ot 200 go 1000 HM, B yacTt-
HOCTU MUKPOKpEMHe3eMa, CIIOCOOHBI MO/ NeMCTBUEM Cy-
MepIuIacTU(MUKATOPOB MOHOTEHHOTO THUIIA MPEeBpaIIaThCs
B BBICOKOKOHIIEHTpUpOBaHHbBIe. [Ipu 3TOM OOGBEMHas
KOHIICHTpaIusI TBepaoi (a3bl B MOPOIIKOBO-aKTUBUPO-
BaHHBIX OeToHaX paBHa 65—70%, a B IOPOLIKOBBIX OETO-
Hax —78—80%. Takass KOHLIEHTpalMs MPH KOHTAKTHBIX
YCJIOBUSIX TBEPAEHUS 1IeMEHTa B CTECHEHHbIX YCIOBUSIX C
OMOHOJIMYMBAHUEM AUCIIEPCHBIX U TOHKO3EPHUCTHIX TOP-
HBIX TIOPOJ 00ecIeYnBaeT BHICOKYIO MPOYHOCTH OETOHA.
TTopoikoBbie 6ETOHHBIC CMECH TTPU TAKOM KOHIIEHTPpaLlu1
10 XapaKTepy TeYeHMST CTAHOBSITCS KBa3MHbIOTOHOBCKUMU
[11, 19]. DTO OCHOBHBIE 3aKOHOMEPHOCTU (HUUKOXUMUU
CTaOUJIM3UPOBAHHBIX BOJAHO-IMCIIEPCHBIX CUCTEM M UX
PEOJIOTUH B TIPUIIOXKEHUH K OETOHHBIM cMecaM. Hcnoabays
OanHble NoA0NCeHUsl, He0OX00UMO He MOAbKO NOAYHUND MU-
Kpomempuveckue cycneH3uu yeMenma u nopoulKos u3 20pHolx
nopoo, Ho u nepeeecmu uUx 8 6bICOKOKOHUEHMPUPOBGAHHbLE,
azpezamueHoO-ycmou4uesle npu MUHUMAALHOM KOau4ecmee
600bt. Jlasa 3moeo HeoOXx00umMo KapOuHAAbHO UIMEHUMDb pe-
yenmypy cyxux KOMNOHEHMO8 6 CIapuix Gemonax nepexoo-
HO20 NOKOAEHUA C HAAu4ueM 3HAYUMEAbH020 Koauvecmed
MUKDPOMempu4ecKkoli CycneH3uonHou cocmasasarouei. Ilo
00BEMHOMY COJEpPKaHUIO CYCIIEH3MOHHOW BOJHO-IUC-
MEePCHO-TOHKO3EPHUCTOM COCTaBJsOlIell B 00beMe Cy-
nepriacTUGUUUPOBAHHBIX CAMOYIIJIOTHSIOUIMXCSI OETOH-
HBIX cMeceil GETOHBI HOBOTO MOKOJEHUST MOXHO KJIACCH-
(uupoBate Ha Tpu Buaa [13]:

— TTIOPOITKOBBIE W PEaKIIMOHHO-TIOPOIITKOBBIE GETOHBI
M3 CYCIIEH3MOHHBIX OETOHHBIX cMeceii, cocrosiux Ha 100%
M3 BOTHO-IUCIIEPHO-TOHKO3EPHUCTOM CYNEeH3UH;

— TOPOIIKOBO-aKTUBUPOBAHHbIE TeCUaHble OETOHBI C
peaKkIMOHHO-aKTUBHBIMM IHCIIEpCHBIMU fo6aBKamMu (MK n
Ip. Wi 6e3 HUX), OETOHHBIE CMECH KOTOPBIX COCTOSIT W3
75—85% BOIHO-AUCTIEPCHO-TOHKO3EPHUCTOM CYCTIEH3UH;

— TIOPOIIKOBO-aKTUBMPOBAHHBIE IIeOCHOUHBIE OETOHBHI,
OEeTOHHBIE CMECU KOTOPBIX COCTOAT U3 45—50% BOmHO-IMC-
MEePCHO-TOHKO3EPHUCTOM CyCTIeH3UM.

C 2003—2004 r. aBTOpOM pa3BUBAJIOCh HAIlpaBJIEHUE CY-
CITEH3MOHHO-HAITOJIHEHHBIX Ie0eHOUHBIX U MeCYaHbIX MO-
POIIKOBO-aKTUBUPOBAHHBIX OETOHOB, OTTAJIKUBASICh OT pe-
aKIIMOHHO-TIOPOIIKOBOTO CYCITEH3MOHHOTO OeTOHA, UCKITIO-
YUB MHUKPOKpeMHe3eM. OTO TMO3BOJUJIO TPEBPATUTh
YaCTMYHO HAHOMUKPOMETPUYECKYIO CYCIIEH3MOHHYIO CO-
crapystionyto ¢ MK B MukpoMerpuueckyto (6e3 MK) ¢ mo-
HIDKEHUEM TTPOYHOCTH B IIeOEHOYHBIX OETOHAX, HCTIOIb3YS
nemeHt CEM 52,5 no 130—140 MIla, a B mecyaHbIX, HC-
nonb3ys uemeHT CEM 42,5, no 110—120 MIla. Cam cpaxm
noayvenus necuamolx OecuieOGeHOUHbIX OemMoH08 ¢ BbICOKOU
HNPOYHOCMbIO, MOPO30CIOUIKOCIbIO, 8000HENPOHUNACMOCHBIO
6e3 peaxuuonno-axmueHwvix 006asox MK, decudpamupoeanno-
20 Kaoauna, 6eaoli caxcu, kpemHezeqell u m. n. 3HAMeHyem
mopicecmeo MUKPOMUAIUMEMPUHECKUX MEXHOA02UIl necHd-
HbIX 6emoH08 ¢ yMeHbUleHueM 2emepo2eHHOCU 8 CMPYKmype
UX N0 CPaGHEHUIO C ueOeHOMHbIMU.

11 yBeIMYEHUsI CYCIIEH3MOHHOM COCTaBJISIIOLIEH TIpH-
HSUTM K KCTIOJIb30BaHUIO OYE€Hb TOHKO3EPHUCTbIE MPUPOA-
Hble KBaplieBble MECKU WU APOOJIEHBIE MTeCKU M3 TOPHBIX
nopon dpakiyu 0,16—0,63 MM, BBOAMMbBIE B 6ETOH B 60JTb-
IIOM KOJIMYECTBE, M CPeIHUE W KPYITHBbIC MeCKU (hpaKiun
0,16—2,5 mm. TTpuHATHIA pakioHHEIi coctas 0,16—0,63 MM
MpHU MOJYYEHUN TOHKMX MECKOB I 9KCIIEPUMEHTOB 00Yy-
cnosneH poccuiickum 'OCToM Ha pasmepbl CUT AJis Te-
ckoB. Takne TOHKO3ePHUCTBIE MECKU HEJb3sT UCIOJb30BaTh
B TPAIWIIMOHHBIX OETOHAX B CBS3U C OOJBIIUM TIEpepacxo-
JIOM TIeMeHTa. MeCTOpPOXKIEHUSIMU TOHKUX ¥ OYeHb MEJIKHX
MECKOB 00J1aat0T OOJIBITMHCTBO pernoHoB Poccuu. 'opHbIe
JIpOOJIeHbIE TIECKM MOTYT OBITh MOJy4eHbl U3 OTCEBOB KaM-
HeApOOJeHUS.
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Puc. 3. Makpo-, MUKpO-, HaHO- 1 NMKOMacLUTabHble KOMMOHEHTbI 6eToHa

BosBpaiiasich K 00beMHOMY COAEPXKAHUIO CYCITIEH3UOH-
HOM cocTaBiisifollell B 6€TOHAaX CTaporo MokoJieHus, pac-
CMOTPHMM COCTaB IUIACTU(DUIIUPOBAHHOTO Lue6eHquoro
GeTOHa HOBOTO TIOKOJIEHHSI C PACXOIOM LieMeHTa 319 kr/m>,

C COIEPXKAHUEM MOJOTOTO KBagueBoro HCCKa (ITyy) ¢
yIeNBHOI IOBEPXHOCTHIO 3300 cM?/T — 245 Kkr/M>; TOHKOTO
necka (I1y) dpakuauum 0,16—0,63 MM — 360 Kr/M Tlecka-
sanosHurens (I13) (bpaKuI/H/I O 63—5mm — 510 KI‘/M me6—
Hs1 auabazosoro (L) (bpaKm/m 5—10 mm — 1028 KI‘/M
BOIBI — 120 J1., cynepruiactudukatopa Melflux 5581 —
2,8 xr/M> (0, 9% oT uemeHTa). O0beMHOE coaep)aHue
KOMHOHCHTOB cocrasur: V, =102,9 n; V=924 o
V.. =135,8 m; VH3—192 4 1; Vy,=354,5 1. Macca GeToHHOIL
cMecu M6 .. = 2462 xr, 0ObeM CMECH = 998 11, TUIOTHOCTB
GeTOHHOI CMecH = 2460 Kr/mM3. OGbeMHOe comepxkaHue
BOTHO-IIEMEHTHOU CYCTIECH3WH B 3TOM OETOHE TTOBBICUIIOCH
He3HaYnTeNbHO 10 31,6% 1o CpaBHCHI/IIO ¢ 25% B GeTOHE C
pacxoIoM LieMeHTa 300 kr/m>. Ho o6beMHOE comepxaHue
BOJHO-1IEMEHTHO-TOHKO3EpPHUCTOM CyCTIEH31HU 3a CUET 10~
0aBJeHUS 3HAUUTESLHOTO KOJMUYECTBAa TOHKOTO Mecka BO3-
pociio 10 45,2%. [pu BEICOKOM CONEP>KaHUM CYCITEH3NOH-
HOM COCTaBIISIONIEl, JocTurarolei mouru 50% ot oo6bema
OGETOHHOI CMECH C MOHUKEHHBIM 00 bEMHBIM KOJIMIECTBOM
necka-3anonuutens (19,2%) u mebus (35,5%), 6eToHHas
CMeCh CTAaHOBUTCSI CAMOYTUIOTHSIIOLIENCSI C OCaAKOM KOHY-
ca 25,5 cM 1 pacmuibIBoM 66,2 ¢cM. DTO CBSI3aHO C yBeIUYe-
HHUEM CPETHETO PACcCTOSHUS MEXIy 3epHaMu IeOHS 1o
1,08 MM, a TakxKe MeXay rpyObIMM 4YacTUIlaMU TecKa.
TTonyyennas npoyHocTh 6eToHa Ha cxatue 131 MIla, 60-
Jiee yeM B YeThIpe pa3a MpeBbIIIAeT MPOYHOCTh TPAAUIIMOH -
HOTO 6ETOHA, PACCMOTPEHHOTIO BhIIIIE C PACXOIOM 1LIEMEHTA
300 kr/M>. HpquOCTL Ha pactspkeHue ripu u3rude 12,3 MIla.
VYcanka yepe3 180 cyr 0,28 MM/M; BOIOIOIJIOIICHUE 10

Grearr el

Macce 1,3%; mopo3zocToitkocTh 1000 IUKIIOB MOITEpeMeH -
Horo 3aMopaxuBaHus (pu -50°C) — oTrauBaHus 6e3 Mo-
Tepd MacChl M MPOYHOCTU. Bojiee BBICOKME pe3ysbTaThl
MMOJTYYeHbI TIPU UCTIOJIb30BaHUU BCeX KOMIIOHEHTOB U3 OT-
NeJIbHBIX TUIOTHBIX WM3BECTHSIKOB, 00J1aJalomunx, BO-
MePBbIX, BHICOKO COBMECTUMOCTHIO MouTH co Bcemu CIT,
a BO-BTOPBIX, CIYXKAIIMX XOPOIIUMU LIEHTpaMU KpUCTai-
JIN3allMy U3-3a OFPOMHOTO KOJIMYeCTBa rabMTYyCOB KpU-
crasuioB. Eme B. Tonpmmmunr mexay 1913—1928 rr. B
cBoeM 16-TOMHOM Tpyzae «ATiac (opM KpUCTAIOB» CO-
OOIIWII, YTO €My He YIaJoCh OINpPEAeUTh TOYHOE KOTrIe-
CTBO rabUTYCOB KPUCTAJJIOB Y KaJbIIUTA, TaK KaK UX IECSIT-
KU ThIcsIY. UpesBbluaiiHO MmokKa3aTesieH TOT (hakT, uTo Y U3-
TOTOBJIEHHBIX aBTOPOM CaMOYTUTOTHSIIOLIMXCST KApOOHATHBIX
GETOHOB, B KOTOPBIX BCE HATTOJTHSIONIE KOMITOHEHTHI TT0-
JIy4eHBI M3 OTCEBOB KaMHEAPOOIeHUS U3BECTHIKA (M3BECT-
HSIKOBas MyKa, U3BECTHIKOBEINA OpOOJIECHBINM MecoK (ppak-
uuu 0,63 MM, IpOOJIEHBIN MECOK-3aMOHUTEND (DPAKIIUN
0,63—2,5 MmM) ipu comepxkaHuu iemeHTa kitacca CEM 52,5
B KomudectBe 690—700 Kr/mM>, mojyyeHa HPOYHOCTD
145 MITa.

BaxkHo TO, UTO JT1 BHICOKOITPOYHBIX OETOHOB HE HYKHBI
BO3IIyXOBOBJIEKAMOIINEe N00aBKU, KOTOPbIE MCIOJb3YIOTCS
IIJ1S1 TIOBBILIEHUSI MOPO30CTOMKOCTH, KaK 3TO TpeOyeTCst JIst
TPaIUIIMOHHBIX OETOHOB. DTO JIMIIL OAWH M3 MPUMEPOB
MPEVMYILECTB MUKPOTEXHOJOTUI OETOHA M €ro BbICOKOM
(GYHKIMOHAJIBHOCTH.

BeToHBI 06I1IeCTPOUTETLHOTO Ha3HAYEHUS ¢ HEBBICOKOM
npovyHocThio oT 25 1o 40 MIla, U3roroBaeHHbIE IO MUKPO-
TEXHOJIOIUsIM 0e3 100aBIeHNSI MUKPOKPEMHe3eMa U KaKuX-
1160 HAHOA00ABOK TaKXke OTJIMYAIOTCSI HU3KUM BOJIOIOTIO-
LIEHUEM, BBICOKOW MOPO30CTOMKOCTbIO M BBICOKOW BOJO-
HETIPOHUIIAEMOCTBIO.

HayuHO-mexXHU4ecKuil U NPOU3800CMBEeHHbIIL HCYPHAN
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BeToHBI BCceX BUIOB, TTOJyYeHHBIE IO MUKPOTEXHOJIOTH-
sIM 0€3 MCIO0JIb30BaHUsI HAHOMETPUYECKUX J00AaBOK 1 peak-
LIMIOHHO-aKTUBHOTO MUKPOKPEMHe3eMa, 3HaMEeHYIOT TOp-
JK€CTBO MX HaJl HAaHOTEXHOJIOTMSIMU B OeToHe. B mpoiien-
mreii B Mae 2014 1. 111 Beepoccuiickoit (11 MexayHaponHoit)
KoHbepeH1MU «beToH 1 Xene300eToH — B3IJIsI B Oymyiiiee»
3ByYarT yTBepXKIeHMS yueHBIX: «XXI Bek OyneT BeKOM HaHO-
TEXHOJIOTUI B IPOM3BOACTBE OETOHOB». ABTOpP HE MOJHO-
CTBIO COTJIACEH C 3TUM MPOTHO30M. Ec/ii roBOpUTh O BBICO-
KUX JOCTUTHYTBIX 3HAYEHUSIX MPOYHOCTU, MOPO30CTONKO-
CTU, BOJOHENPOHUIIAEMOCTH, TPEIUIMHOCTONKOCTH,
Hecylllel CTOCOOHOCTU 0€3 UCIMOIb30BAHUSI HAHOTEXHOJI0-
Wi, MOXHO B aJIbTEPHATUBY 3TUM ITPOTHO3aM CKa3aTb, YTO
XXI B. OymeT mpexae BCero BEeKOM MUKPOTEXHOJIOTHIA, KO-
TOpPbIE Mbl HE OCBOWJIM B KOHIIE XX B. C MOSIBIEHUEM BbICO-
K02 GhEKTUBHBIX cynepriiacTudukaTopoB. PazpaboTaHHbIe
MUKPOTEXHOJIOTMU, KaK /IS 0ETOHOB TPaJAULIMOHHBIX MapOK
M100—M500, Tak 1 119 BBICOKOTIPOYHBIX OETOHOB MapoOK
1o M1500 OymyT pa3BUBaThCS U IIEPEXOIUTH B MUKPOHAHO-
TEXHOJOTUHU. PeaklMOHHO-aKTMBHBIE MUKPOKPEMHE3EMBbI,
NEeTUIPaTUPOBAHHbIE KAOJUHBI, BYyJKaHWYECKHE TMerUibl, a
Takxe OeJible CaXu, reJid KpeMHUEBON KUCIOThI OyAyT 10-
0aBJISATHCS IS TIOBBILICHUSI TIPOYHOCTHU B HEOOJIBIIINX KOJIM -
YyecTBax, He MOJAABJISIONIMX AeHCTBUE CyTepIiiacTiuhuKaTo-
POB M3-3a UX CBEPXBBICOKOM TMCTICPCHOCTH.

PazMepHble KOMIIOHEHTHI OGETOHOB, M3TOTABJIMBAEMBIX
10 MUKPO- U MUKPOHAHOTEXHOJIOTUSIM, MOXKHO MTPOCENUTD
OT MX MUKOMACIITAOHOTO YPOBHS 10 MWIIMMACUITaOHOTO
ypoBH4 (puc. 3).

Bricokue pe3ynbrarhl OyayT JOCTUTHYTHI C UCTIOJIb30Ba-
HueMm 3o0i-yHoca TOILI. Ilpu mcmomb3oBaHUM 30JI-yHOCA
KaHcko-A4rHCKOro yrojibHOro 6acceiiHa KOJJIEKTUBOM BO
[JlaBe C aBTOPOM ITOJIydeHbl KOMITO3UIIMOHHbIE LIEMEHTHO-
30JIbHbIE BSDKYILIME, MTO3BOJISIIONIME YMEHbIIATh PAcXo[ 1ie-
MeHTa B 6eToHax 10 150—200 kr Ha | M. TIpu coBMeCTHOM
JIOMoJIe TIOPTJIAHIIIEMEHTa 1 30JIbI-YHOCA ¢ ONTUMAaTbHBIM
conepKaHUeM PEryJIITopa CXBaTbIBAHUS — TUTICA IO YIETb-
Hoil moBepxHocTH 5000 cM2/T TIpH COOTHOLICHUM
3oma:eMeHT (70:30)% mosydeHsl TUIOTHBIE OE€TOHBI, U3r0-
TOBJIEHHbIE IO MUKPOTEXHOJIOTMY € TTpouHOoCcThio 90—100 MITa.
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YnenbHbIM pacxo lIeMeHTa Ha eIMHUILY IPOYHOCTU COCTaB-
nsteT 1,5—2 xkr/MIla [17].

ABTOPOM H€ OTPUILIAETCS CYILIECTBOBaHNE PeasIbHbIX Ha-
HOTEXHOJIOTUII B OETOHaX, CBSI3aHHBIX C J00aBJIieHUEM Ha-
HOMETPUYECKUX TUAPOCUIMKATOB KaJIbIWs, CHHTe3UPOBaH-
HbIX B [epmanuu. Ha mpakTuke OblM TTOTyd4eHBl MOAUDU-
IIMPOBaHHbIE HAHOMETPUYECKHWE TUAPOCUIUKATHI B
cycrnieH3uu [20], KOTopble SIBJSIOTCS LIEHTpaMU KPUCTaJLIM -
3alMU U CJYXKaT «pOJHON» MOMIOXKON JUISI KpUCTaLIn3a-
LIMM BTOPUYHBIX TUAPOCUIUKATOB, BBIACSIOIIMXCS U3 1le-
MeHTa. PeabHBIX HAHOTEXHOJIOTUI B OeTOHAX Oy/eT 3HaUYM-
TeJIbHOE KOJMYECTBO, €CJIM TIpo0jieMa KacaeTcs He
CYIIECTBEHHOTO YBEJMYEHUs IIPOYHOCTH, a IOJyYeHHE
MHBIX (PYHKIIMIN OETOHA, paHee HeU3BECTHBIX. DTO, HAIIPU-
Mep, «3eJIeHbIe» TEXHOJOTUHU MPU BBEJACHUU HAHOMETpUYe-
CKUX YacTUI] — KaTaJIu3aTOPOB, HAIIPUMeEP JTUOKCHUIA TUTA-
Ha, JUISI CAaMOOYUILAIOIIMXCS TMOBEPXHOCTEN WIJIM JIJIST TIpe-
BpallleHWs BPEIHBIX Ta30B, HalpuMep OKCUIOB a30Ta B
MOJIe3HBIE KUCIOPOA U a30T. DTO (pryopeclieHTHbIe HAaHO-
MeTpHUYeCcKre 1eKOPaTUBHbIE TOKPBITHSI, HAHOMETPUYECKHE
cTeapaThl METALIOB 11 TMAPOGOOU3aTOPOB U T. 1.

B nactosmiee BpeMss B EBpone Gonee 60% GetoHa Ha
3aBojgax KBK u JCK BbImycKkaloTcsi caMOYIUIOTHSIIOIIM-
mucsd. B cooTBeTcTBUMM ¢ HAllMMU BO33PEHUSIMU COBEP-
IIeHHAasl TPaBUTAlIMOHHAS PACTEKAaeMOCTh 0OeCIIeunBacTCs
MMCKPETHBIM PACITOJIOKEHUEM YaCTUIl TPEX-UYeThIpeX pa3-
MEPHBIX YPOBHEi. DTO JOKa3bIBaeTCs aHAJIM30M TpexX yc-
JIOBHBIX PEOJIOTUYECKUX KPUTEPUEB ISl TTOTYYEHUST ONITHU-
MU3UPOBAHHBIX PEOJIOTUYECKUX MaTpull. B oTimyume or
3apy0eKHBIX YYEHBIX aBTOPOM TEOPETUUYECKU, TT0 3HAUCHM -
SIM YCJIOBHBIX PEOJIOTUYECKUX KPUTEPUEB, TPOTHO3UPYETCS
CIOCOOHOCTh OETOHHBIX CMeceli K TpaBUTALIMOHHOMY pac-
TeKaHwuio [16].

TakuM ob6pa3oM, B 3aKJIIOUYEHUE MOXHO MOBTOPUTH pa-
Hee chopMyIUpOBaHHBIN Te3uc: «Yepe3 pallMOHAJIBbHYIO
peosoruio B Oymytee 6etoHoB» [18]. Ho peosorus, onpene-
JIAIONIAask CaMOPacTeKaeMOCTh OETOHHBIX CMeceil, He MOXET
OBbITH peajnu3oBaHa 0€3 ONTUMAJIbLHOIO COCTaBa U ONTUMU-
3UPOBAHHON TPaHYJIOMETPUU, COCTABJSIONINX €€ TBEPIbIX
KOMITOHEHTOB.
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OpeHbyprckmin rocyaapcTBEHHbIN yHMBepCUTET (460018, r. OpeHbypr, np. MNobeasl, 13)

Bnusxue aucnepcHoro apMUpoBaHus MoaMGULMPOBAHHBIM
6a3anbToBbIM MUKPOBONOKHOM Ha UCTUPAEMOCTD

LLEeMEHTHbIX pacTBOpPOB ANA YCTPOWUCTBA NOJIOB

B coBpemMeHHOM CTPOMTENbCTBE NPU YCTPORCTBE MOHOMUTHBIX NOKPLITUIA NOOB WMPOKO NPUMEHSIIOTCS PACTBOPbI HA OCHOBE MOPTNAHALEMEHTA.
CnctemMHbIM HEAOCTATKOM, NPeSONPeAeNAtOLMM CHUKEHNE UX IKCMYaTaLUNOHHbIX CBONCTB, ABMAETCS HN3KAsA CTOMKOCTb K UCTUPAHMIO LLEEMEHTHO-
necyYaHoro komMno3auTa. MpuBeAeHbl PeaynbTaTbl 9KCNePUMEHTaNbHBIX UCCNEA0BAHNIA BIUSAHNS AUCNEPCHOrO apMUPOBAHNS MOANKULIMPOBAHHBIM
6a3anbT0BbIM MUKPOBOSIOKHOM (MBM) Ha NCTMPaeMOCTb LIeMEHTHbIX PacTBOPOB, MPUMEHSIEMbIX ANf YCTPONCTBA MOHOMMUTHbIX N0N0B. 0Ka3aHo, Y10
yBenuyeHne cogepxxainus MBM B komno3aute Ha 0,5% 0T Macchl BSXKYLLErO MPUBOANT K CHUXKEHUIO BENIMYNHBI MCTUPAEMOCTW pacTBOpa B CPeJHEM Ha
46,9%. YBennyenune cogepxxaHus MBM B cocTaBe pacTBOPHOM CMECH NPUBOAMUT K CHUDKEHWIO UCTUPAEMOCT LIEMEHTHOIO pacTBOpPa. YCTAHOBMEHHbIN

peaynbTar No3BoseT NPOrHo3MPOBaTh NPUMEHEHMe AUCMEPCHO apMUPOBAHHOIO PacTBOPa ANs YCTPOACTBA MANONbIALNX NOKPbITUIA NONOB,
K KOTOPbIM NPebsBNAOTCS NOBbILLIEHHbIE TPEBOBAHNS K UCTUPAEMOCTH.

Kniouesble CNoBa: pecypcochepexenue, 0NroBEYHOCTb, LIEMEHTHbIE PACTBOPbI, MOHOMUTHBIE MONbI, AUCMEPCHOE apMUPOBaHIe, 6a3ansToBoe
MUKPOBOJIOKHO, UCTUPAEMOCTb, MbINeHKe.

V.A. GURIEVA, Doctor of Sciences (Engineering), T.K. BELOVA, Engineer (belova_tatyana_90@mail.ru)
Orenburg State University (13 Pobedy Avenue, Orenburg, 460018, Russian Federation)

Influence of Dispersed Reinforcement with Modified Basalt Micro-Fiber
on Dusting of Cement Mortars for Flooring

In modern construction when constructing the monolithic flooring, mortars on the basis of Portland cement are widely used. A system shortcoming, which predetermines the loss in
operating properties, is low resistance to the abrasion of cement-sand composite. Results of the experimental study of the influence of dispersed reinforcement with modified basalt
microfiber (MBM) on the dusting of cement mortars used for monolithic flooring are presented. It is shown that the increase in the content of MBM in the composite by 0.5% of the

weight of the binder leads to the reduction in the abradability value of the mortar by 46.9% on average. The increase in the content of MBM in the composition of mortar leads to the

reduction in the abradability of the cement mortar. The established result makes it possible to predict the use of the dispersed reinforced mortar for the little dusty floor covering to
which high requirements for abradability are set.

Keywords: resource saving, durability, cement mortars, monolithic floors, dispersed reinforcement, basalt microfiber, abradability, dusting.

IIpu ycTpoiicTBE MOHOJIMTHBIX TMOKPBITUI TOJOB Ha
00BeKTaxX pa3IMYHOIO Ha3HAYEHUS IIMPOKO MPUMEHSIOT-
Cs1 pacTBOPBI Ha OCHOBE MopTiaHalieMeHTa. OnHaKko B psije
cllyyaeB B IPOLIEcce IKCIUTyaTallMy 3aKa3uMK OCTAaeTCsl He-
JTIOBOJIEH 3KCIUTyaTallMOHHBIMU CBOMCTBAMMU JaHHBIX MaTe-
puanos [1, 2]. [ToBepXHOCTHBII €01 MOHOJIUTHBIX TTOJIOB
TMOIBEPraeTcs pa3IMYHbIM MEXaHUYECKUM Harpy3KaM, 4To
MPUBOIUT K 00Pa30BaHUIO MbIJIA U CHUXXKEHUIO CTOMKOCTH
K uctupaHuto. [1oJbl MPOMBIILIEHHBIX 00BEKTOB, K KOTO-
PBIM MIPEABSBISIIOTCS MOBBILIEHHbIE TPEOOBAHUS 110 CTOM-

KOCTH K UCTUPAHMUIO, 3a4ACTYIO0 HAXOASTCS B HEYJOBJIETBO-
putenbHoM coctosiHuM [3]. Takum oOpa3oM, BO3HUKaET
HEO0O0XOIMMOCTh B Pa3BUTHU CIIOCOOOB YCTPpAaHEHMS ITbLIC-
HUS1, OBBIILIEHUS N3HOCOCTOMKOCTH MOKPBITUI MOHOJIUT-
HBIX MOJIOB.

B nocnenHee Bpemsi B CTpPOUTEIBHOM KOMILUIEKCE OMHUM
U3 TIePCIIEKTUBHBIX HAIIPaBJIEHUI B YIIPOYHEHUM U CHUXKE-
HUU MbUIEHUs] OETOHOB U PACTBOPOB SIBJISIETCS TUCTIEPCHOE
apmupoBaHue [4, 5]. OnTuMaabHOI 00J1aCThIO IPUMEHEHMS
LIEMEHTHOTO KaMHsI, apMUPOBAaHHOTO BOJIOKHAMM, SIBJISIET-
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Puc. 1. 3aBMCMMOCTb WUCTUPAEMOCTU HEAPMMPOBAHHOIO pacTeopa OT Puc. 2. 3aBUCNMOCTb UCTMPAEMOCTU ONCNEPCHO aPMUPOBAHHOIO PacTBO-
KPYNHOCTM necka u pacxopa nobasku pa npwm kpynHocTu necka 1,25 mm oT coaepxanus MBM u pacxona no6asku
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Results of scientific research

CpaBHeHMe Pa3J/In4HbIX BUAOB apMUPYIOLLNX BOJIOKOH Ang ychoﬁcTBa MOHOJIUTHbIX NOJZI0OB

Pacxon | CrtommocTb YaopoxaHue 1 m2 CHwuxeHne
Bup apmMupytoLlero BosiokHa BOJIOKHA, 1kr NOKPbITMSA Nona nokasarens
Kkr/m3* BOJIOKOH, pP. | TonwmHom 50 mm**, p. | nctmpaemoctn**, %
CranbHoe (d=0,8-1,3 mm; [=50-60 Mm) 15-30 50 56,25 50
MonunponuneHosoe — BCM (d=0,8-1,3 mMkMm; 1=6; 12; 18 mMm) 0,9-1,2 165-200 9,33 65
basanbtoBOe TOHKOE (d=13-17 MKM; I=12; 18; 24 MMm) 0,9-2,7 135-160 13,27 63
MoanduumpoaHHoe 6a3anbTOBOE MUKPOBOJIOKHO — MBM _
(d=8-10 mKM: I=100~500 mkwm) 0,5-4,5 100 125 72

*

MpumeyaHus.
pPacTBOPOM.

— pacxog BonokHa B 1 kr Ha 1 mM® pacTBOPHOIA cMecH; ** — B CPaBHEHUU C HEAPMUPOBAHHBLIM LIEMEHTHO-NECYaHbIM

Cs1 YCTPOMCTBO TIOJIOB MOKPBITHIA [6]. BBemeHue BOJIOKOH B
PACTBOPHYIO CMECH YITPOUHSIET CTPYKTYPY LIEMEHTHOTO KaM-
H$I, COOTBETCTBEHHO MOXET 3HAUUTETbHO CHU3UTh UCTHPA-
€MOCTb U TTbUIEHUE MIOKPBITHS ITOJIOB Ha OCHOBE TaKUX pac-
TBOPOB. [1pu 3TOM yIIPOYHSIETCS HE TOIBKO MOBEPXHOCTHBIM
CJIOil KOHCTPYKLMM, HO U obecreurBaeTcsl MOBBIIIEHUE
BKCIUTyaTallMOHHBIX XapaKTepUCTUK I10 BCeMy 00beMy Iie-
MEHTHOTO KaMHSI.

Hapsiay ¢ TpanuiimoHHbIMu pubpamMu (CTaabHBIMU, Oa-
3aJIbTOBBIMU, CTEKJITHHBIMM U T. 1I.) HAXOIAT IIPUMEHEHME
BOJIOKHA, MOAMMDUIIMPOBAHHbIE YTJIEPOAHBIMU HAHOMOIM-
¢ukaropamu [7, 8]. OqHUM U3 BUAOB TAKUX BOJOKOH SIBJISI-
eTcss MoaubuIMpoBaHHas Oa3aibToBass MUKpodudpa
(MBM). lanHbIit MaTepuall mpeacTaBiseT COO0i MTPOMBIIII-
JICHHBIA OTXOJ M3MeJIbUeHHON 0a3aJbTOBOM (UOPHI
(I'OCT 4640—2011 «BaTta muHepanbHast. TexHUUeCKHE yC-
JIOBUSI»), MOAU(DUIIMPOBAHHON TMAPOKCUAOM HATPHUs B KO-
nuuectBe 0,05—0,1%, Bogoit B koiuuectBe 0,3—0,5% u
actpajeHoM B KojudectBe oT 0,0001 mo 0,01% ot macchl
(buOpHI B 3aBUCMMOCTH OT Ha3HAYCHUsI apMUPYEMOI KOH-
CTpyKLMU. BBeneHne Taknx HaHOMOAU(UIIMPOBAHHBIX BO-
JIOKOH B PaCTBOPHYIO CMECh CITOCOOCTBYET 3HAUUTEIBHOMY
VIIPOYHEHUIO CTPYKTYPHI LIeMEHTHOTro KamH4 [9, 10, 11].

Llenab uccienoBaHusi — YCTAHOBUTh BIUSHUE CTETNEHU
apMUPOBAHUsI IEMEHTHOTO pacTBOpa MOAUGDUIIMPOBAHHOMN
0azasbTOBOI MMKpOo(hUOpoil Ha ToKa3aTelb ero MCTUupae-
MOCTH.

st MOCTHKEHMS TIOCTAaBJICHHOM 3aauy 3alpOeKTUPO-
BaH Tpex(aKTOPHBIN SKCIEPUMEHT, B KOTOPOM B KauecTBe
3HaUMMBbIX (DaKTOpPOB BbIOpaHbl: X; — conepxanue MbM,
% oT Macchl IEeMEHTa, X, — Pacxoj 100aBKY CylepIiacTu-
¢dukaropa, % or Macchkl ieMeHTa, X; — KPYITHOCTb Tecka,
MM. OTkiukoM skcrnepuMeHTa (Y) sBUaCh UCTUPAEMOCTh
pacTBopa (1/cM?).

CoaepxaHue MUKpodUOpPbI BapbUPOBAJIOCh B Mpeaeiax
ot 0 1o 1% oT Macchl lieMeHTa, JO3MPOBKa CYITePILIaCTH(hM -
katopa — 0—1% oT Macchl LieMeHTa, KPYIMHOCTh TecKa 13-
MeHsutach ot 0,63 MM 10 2,5 MM. B KauecTBe MaTpUILIBI TIPH-
HSIT IEMEHTHBII PACTBOP COCTaBa: LIEMEHTHO-TIECUaHOe OT-
HomieHue 1:3; BOHOILIEMEHTHOE OTHOIIEHHUE ITOA0MPaIoCh
ONBITHBIM MYTEM 10 YCTAHOBJIEHUSI PAaBHOM TMOIBMXKHOCTH
mapku I13.

B xauecTBe MaTepuasioB /ISl TPUTOTOBJIEHUSI PACTBOPOB
npuMeHsuch: nopmiaHguemenTt ML 500 10 mpousBon-
crBa r. HoBorpounk, «HOxHo-ypanabckas ['opHo-Tiepe-
pabarsiBatomiasa Kommanus», mecok ApXUIIoOBCKOIo MeCTO-
poxaeHuss OpeHOyprckoil o0J1acTv, UCTUHHAS IIOTHOCTh
Oun= 2,69 r/cm*; HackimHag mioTHOCTh P, , = 1,26 r/cm?,
cyneprutactudukatop «Ilrtaitn6epr GROS-63MC» 1o
TY 5745-008-69867132—2011, momuduumpoBaHHas Oa-
3abToBasi Mukpodudpa npousBoactsa OO0 «HTL npu-
KJIAJHBIX HAHOTEXHOJIOTUI», CPEIHMIA JUaMETP BOJIOKOH
coctaBu 8—10 MkM, parHa 100—500 MKM.

[IpuroroBiaeHre IUCIEPCHO apMUPOBAHHON CMecHu
npoBoauioch Ha Tepputopuu 3aBona KBU «CrenHoit» ¢
HCIOJIb30BaHUEM TTPOMBILIJIEHHOTO PAacTBOPOCMECUTENSI.

CHauana ocylIeCTBJISIIM Cyx0e TOMOTEHHOE U TocJieoBa-
TeJbHOE TepeMelIMBaHUE 1IEMEHTa C MOAU(PUIIMPOBAHHOMN
MuKpoduobpoit He meHee 10 MUH. 3aTeM B paCTBOPOCMECHU-
TeJIb TIOJaBaJIM 3aITOJIHUTEJb U BOAY 3aTBOPEHMS, CMeIlIaH-
HyIO ¢ 1o0aBKoii cynepiuiactudukaropa. Ilocae atoro mpo-
M3BOAWIM OKOHYATeJIbHOE IepeMellMBaHue IUCTIEPCHO
apMMUPOBAHHOI pacTBOPHOI CMECH.

HctupaeMocTh pacTBOpPOB ofpesessiiack Ha oOpa3uax
Ky0ax ¢ peopom mmmHou 70,7 mm mo 'OCT 13087—81 Ha
ucneitareJbHOM Kpyre JIKM-3 ¢ ucnonp3oBanneM -
3epHa 16. ITo pe3yiabrataM MCIBITAHUI TTOJYYEHO ypaBHE-
HME Perpeccuu W IMOCTPOeHbI rpacuyeckre 3aBUCUMOCTH
(puc. 1, 2) BIusiHUSI paccMaTpUBaeMbIX (paKTOPOB HA UCTHU-
pPaeMoCTb PaCTBOPOB.

YpaBHeHUE perpeccuu:

Y = 0,3495+0,019X,2+0,01X,2+0,0645X42-0,1945X -
-0,1535X,-0,024X5+0,023X,-X,+0,0125X,-X5+0,0015X,-X;

AHanu3 pe3yiabTaTOB JKCIIEPUMEHTa MoKa3aa, 4TO
UCTUPAEMOCTh IIEMEHTHOTO pacTBOpa BapbUpPYETCS OT
0,852 r/cm? 1o 0,05 r/cM? M 3aBUCHT B GOJBIICH CTEIICHH
ot conepxanuss MBM, a Takxke pacxomaa cyrnepractTudu-
KaTopa, U B MEHbIIIE CTETeHN OT KPYITHOCTH TecKa.

B cocraBax 6e3 mucnepcHOro apMHpOBaHMsSI UCTUpae-
MOCTb 00pa3LioB u3MeHsetcs ot 0,852 r/ecm? 10 0,395 r/cm2.
CHMXeHMEe UCTUPAeMOCTH LIEMEHTHBIX PaCTBOPOB obecrie-
YUBAETCS MPEUMYIIECTBEHHO YBEJIMUYEHUEM JO3UPOBKHM J10-
b6aBku cynepruiactudukaropa (puc. 1). Kak BuaHo Ha
puc. 1, onTuMaIbHOE 3HAUYCHUE TOCTUTAETCS TPU KPYITHO-
ctu necka 1,25 MM 1 pacxone cynepruiactudukaropa 1% or
Macchl lieMeHTa. [Ipu KpymHOCTM 3amoJHUTENsl OoJiee
1,25 MM TIpY TTOCTOSTHHOM COJIEPXKaHUM 100aBKY BEJIMYMHA
HWCTUPAEMOCTH TTOBBIIIAETCSI.

IMpu pukcupoBaHHOU KpymHOCTH Tiecka 1,25 MM, CHU-
JKEHME UCTUPAeMOCTU TPOMCXOMUT TJIABHBIM OOpa3oM 3a
cueT yBenmueHMs1 comepxkaHus MBM B coctaBe pacTtBop-

0,8
H6e3 nobaBkun

M 0,5% no6aBku

1% po6aBku

o
[

S o
w B»

Wctvpae mocTb , r/cm

0 0,5 1
Copepxanve MBM, % ot maccei yemeHTa

Puc. 3. IcTnpaemocTb LEMEHTHOIO PacTBOPA B 3aBMCHMMOCTM OT COAEPXKaA-
Hus MEM 1 pacxoaa no6aeku
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HOI CMeCH M B MEHbILICH CTereH!u yBeJWYeHUEM pacxoja
cyneprutactudukartopa (puc. 2, 3). Haumensblnas BeuunHa
HCTUPAEMOCTH, KoTopast coctaBmia 0,05 r/cM?, HoCTUraeTcsl
B COCTaBax ¢ cojiepKaHUeM MUKPOMUOPHI U CyMepruiacTh-
(ukaTopa B konmuecTBe 1% OT Macchl IEeMEHTa M KPYITHO-
ctu recka 1,25 mm. Takum 00pa3oM, MOXHO CYIUTH O TOM,
YTO COBMECTHOE BIIUSIHUE YKa3aHHBIX (haKTOPOB (DOPMUPYET
HaunboJiee TUIOTHYIO CTPYKTYPY KOMIIO3MTA.

CornacHo CIT 29.13330.2011 (akTyanuzupoBaHHas pe-
nmakuuss CHull 2.03.13—88 «Ilombl»), HCTUpaeMOCTh MaJio
MBLISIIMX TTOKPBITUI TMOJIOB AOJKHA COCTaBJISITh He OoJiee
0,4 r/cM?, a GecTIBUTBHBIX — He Gotee 0,2 r/cM>.

Takum oOpa3oM, DUCIEPCHOE apMHpPOBaHUE MOAU(HU-
LIMPOBAHHOI 0a3aJIbTOBOI MUKPO(DUOPOIt LIEMEHTHOIO pac-
TBOpA MO3BOJISIET XapaKTepU30BaTh €ro IMo MoKa3aTelo 1uc-
THPAEMOCTH KaK U3HOCOYCTOMUMBBII MaTepUall TPUTOAHBII
JIJIS1 YCTPOMCTBA MaJIO MBUISIILAX MMOKPBITUIA TTOJIOB.

Hwuxe mnpuBeneHBI CpaBHUTEIbHBIE XapaKTePUCTUKU
pPa3IMIHBIX BUIOB apMUPYIOIIMX BOJOKOH IS YCTPOMCTBA
MOHOJIUTHBIX TIOJIOB HA OCHOBE 1IEeMEHTHO-TIECYaHOTO pac-
TBOpa (CM. TaGIuU1Ly).

Hcxonst u3 BhILLIEN3I0XKEHOTO, MOKPBITHE MOHOJIUTHBIX
1OJIOB, BBIMIOJIHEHHOE HAa OCHOBE IIEMEHTHBIX PacTBOPOB,
apMUPOBAaHHBIX MOAWGUIIMPOBAHHBIM 0a3aJIbTOBBIM MU-
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OETOHHI.

KPOBOJIOKHOM, SIBJIIETCSI 9KOHOMUUYECKU KOHKYPEHTHOCTIO-
COOHBIM MO CPaBHEHUIO C IPYIMMU BUAAMU MOKPBITUHA,
JIHUCIIEPCHO apMHPOBAHHBIX BOJIOKHaMuU. Takum obOpa3om,
LIEMEHTHBI PacTBOp, NUCIEPHO apMHUPOBaHHBIH MBM,
MOXET C YCIEXOM MPUMEHSTHCS TSI yCTPOMCTBA MOKPBITUMN
MOJIOB, K KOTOPBIM MPEIbIBISIOTCS MOBBIIIIEHHBIE TpeOOBa-
HUS K X U3HOCOYCTOMYMBOCTH.

BoiBoapl.

1. YcraHOBJIEHO, YTO AMCIIEPCHOE apMMpPOBaHUE 1ie-
MEHTHBIX PacTBOPOB MOIMMUIIMPOBAHHON 0a3abTOBOM
MUKpohuOpoit obecrieunBaeT TMOBBIIIEHUE TIJIOTHOCTHU
CTPYKTYpPBI MaTepuana 1, Kak CJIeJACTBUE, CHUKCHUE UCTH-
paeMoCTH.

2. TTokazaHo, 4TO yBenuueHue copepxkanuss MBM B
kommo3ute Ha 0,5% OT Macchl BSIKYIIIETO MTPUBOIUT K CHU-
SKEHUIO BEJIMYMHBI UCTUPAEMOCTU pacTBOpa B CpeAHEM Ha
46,9%.

3. MOHOIMTHOE TIOKPBITHE T10J1a, BHITTOJIHEHHOE Ha OC-
HOBE IIEMEHTHBIX PACTBOPOB, MMCIIEPHO apMUPOBAHHBIX
MoaudUIIpoBaHHOK 6a3aJIbTOBOI MUKPODUOPOIA, SIBIISIET-
Cs M3HOCOYCTOMYMBBIM W SKOHOMMYECKU BBITOJHBIM B
CPaBHEHMU C aHAJIOTMUYHBIMU JHMCIIEPCHO apMUPOBAHHBIMU
HAIOJbHBIMU MTOKPBITUSIMU.
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BbICOKOYACTOTHLIW AU3NIbKOMETPUYECKMH KOHTPOIb
npouecca TBepAeHusa LLeMEeHTHbIX MaTep1anos

OnpeaeneHo N3MeHeHNe AN3NEKTPUYECKMX CBOMCTB LIEMEHTHOTO KaMHs (AN3nekTpuyeckas NPOHNLAEMOCTb W AN3NEKTPUYECKME NOTEPM) HA YacToTe
1,5 MI'y B npouecce TBEpAEHUS B HOPMaNbHbIX YCIIOBUSAX U NOCNE TePMUYECKON 06paboTku. Mpu ruapaTaumoHHOM TBEPLAEHUM LIEMEHTHOrO KaMHS
HapsAy C NOBbILIEHNEM €ro MeXaHM4eCKON NPOYHOCTM NPOMCXOAUT YMEHbLLUEHE AN3NEKTPUYECKON NPOHMLIAEMOCTM U AN3NEKTPUYECKUX NOTEPD,
onpefenseMblx ynopsf04eHHOCTbI0 CTPYKTYPbI U CTEMEHbI0 GHEPreTUYECKNX CBA3EN B HEM NONAPHLIX MONeKyn BoAbl. Y 06pa3uoB, NpoLLeawnx
TeNNOBNAXHOCTHYI 06paboTKy, AMANEKTPUYECKAs NPOHULAEMOCTb M AN3NEeKTPUYECKNe NOTEPH BblIlLe, YeM y 06pa3LioB, TBEPAEBLUMX B HOPMasbHbIX
ycnoBusx. Hanbonbluee BNNAHUE HA AN3NEKTPUYECKME CBOIICTBA LIEMEHTHOrO KaMHS 0Ka3bIBaeT TemnepaTypa TennoBAaXHOCTHON 06paboTKu.
[IManbKOMETPUYECKNIA aHANN3 MOXET 6bITb YCNELHO UCNOMb30BaH Ans OnpeaeneHns ONTUMaNbHbIX PeXUMOB 00paboTKi 6eTOHA.

Kniouesble ¢noBa: nopTiaHALeMeHT, rTuapaTauMoHHOe TBEPAEHE, AN3NbKOMETPUS, AU3NEKTPUYEcKas NPOHNLAEMOCT.

G.l. BERDOV, Doctor of Sciences (Engineering), A.N. MASHKIN, Candidate of Sciences (Engineering),
S.A. VINOGRADOV, Engineer (semenvinogradov@yandex.ru)

Novosibirsk State University of Architecture and Civil Engineering (Sibstrin)

(113 Leningradskaya Street, 630008, Novosibirsk, Russian Federation)

High Frequency Dielcometric Control over the Process of Cement Materials Hardening

The change in dielectric properties of cement stone (dielectric permeability and dielectric losses) at the frequency of 1.5 MHz in the course of hardening under normal conditions and
after thermal treatment has been determined. In the process of hydration hardening of the cement stone, along with improving its mechanical strength, the reduction in dielectric perme-
ability and dielectric losses, which are determined by the crystallinity and level of energy ties of water polar molecules in it, takes place. The samples that underwent steam treatment,
the dielectric permeability and dielectric losses are higher than that of samples hardened under normal conditions. The temperature of steam treatment has the biggest influence on

dielectric properties of the cement stone. The dielcometric analysis can be successfully used for determining optimal regimes of concrete treatment.

Keywords: portland cement, hydration hardening, dielcometry, dielectric permeability.

JranabkoMeTpyst (MM IUBIEKTPOMETPUS) — METOJI UCCIIe-
JIOBAaHUST CTPYKTYPBI I CBOMCTB BEILIECTB ITyTEM ONpeaeIeHIs
UX IURJIEKTPUYECKUX CBOMCTB [1, 2]. M3 umcia 3THX CBOMCTB,
XapaKTepU3YIOLIUX CUCTEMY LIEMEHT — BoJa, OOBIYHO OIpeie-
JIIOT 3JICKTPUYECKOE COMPOTUBIICHHUE LIEMEHTHOTO KaMHST WJIN
LieMeHTHOro TecTa [ 3—9]. Mexty 271eKTpUdecKrUM CONPOTUBIIE-
HMEM LIEMEHTHOT'O TECTa Y TTPOYHOCTHIO TIPU CKATUM LIEMEHT-
HOTro KaMHsI HabmonaeTcst JinHeliHas cBsi3b. OHa He 3aBUCUT OT
TeMIIepaTypbl TBEPAESHMS U BOIOLIEMEHTHOTO OTHOIIEHU [ 3].

BMecte ¢ TeM BaxkHyl0 MHGOPMAIIUIO O MPoliecce Tapa-
TalMOHHOTO TBEPIEHUSI MOPTVIAHALIEMEHTA MOXET JaTh OTNpe-
JIEJICHUE €r0 URJIEKTPUYECKON TTPOHUIIAEMOCTH U JIN3JICK-
Tpuueckux noreps [10, 11].

JuanekTpudecKkast IPOHUIIAEMOCTDb XapaKTepu3yeT OIS
pU3AIMIO TURJIEKTPUKA TOJ ACMCTBMEM 3JIeKTPUUYECKOTO
T10J151, TAHTEHC YIJIa AMRJIEKTPUIECKUX MOTEPD (tg0) — MmoTepu
B HeM 3Hepruu noJsi. [Ipy BbICOKOYACTOTHOM AUDIbKOME-
TPUYECKOM aHAJIN3€ UCITOJIb3YIOTCS EMKOCTHBIE U3MEPUTEITb-
HbIE STYEHKU U U3MepuTean 100potHocTU. [Tpu aTom aKcne-
PUMEHTATILHO OOBIYHO OTPEIEIISIIOT SJICKTPUIECKYIO EMKOCTD
U JOOPOTHOCTD U3MEPUTEIHHOr0 KOHTypa. [1oopoTHOCTS (Q)
XapaKTepu3yeT MOTePu SHEPTUU, OHA TEM OOJIbIIIE, YEM MEHb-
1e IU2JIeKTpUYEeCKUe MOTEPU B UCCIIEAYEMOM MaTepuale.

B nanHoit paboTe IU3IbKOMETPUIO UCTIONB30BAIN TS UC-
CJIEIOBAHUS TIPOLIECCa TUAPATALIMOHHOTO TBEPACHHUS LIEMEH-
Ta. JInaneKTpuyeckre CBOMCTBA BOABI M3yYeHBI TIOAPOOHO. Y
LIEMEHTHBIX MaTepHajioB NUAJIEKTPUIECKUE CBOMCTBA, KakK
MPaBUJIO, HE OTHOCITCS K YMCIY IKCIUTyaTallMOHHBIX. OHU
MaJIO MCCJIeIOBaHbI JJIs1 MOPTJIaHALIEMEHTa KaK B UCXOIHOM,
TaK W B TUIPATHPOBAHHOM COCTOSTHMU. OO X YPOBHE MOXHO
CY/IMTD MO aHAJIOTUY C IPYTUMU CUJIMKATaMU Y TUIIPOCUITMKA-
TaMU, TAKUMU KaK BOJUTACTOHUT, (hOPCTEPUT, CITIONIA, TAJIbK.

ITpu B3aMOAEHCTBUM C MUHEPATaMU MOPTIAHIIIEMEHTa
BOJIa MIEPEXOIUT B CBS3aHHOE COCTOSTHUE B COCTaBe TMAPOCHU-
JIMKATOB U TuapoamoMuHaToB. [1o ypoBHIO nu3eKTpUye-
CKMX CBOHCTB MOXHO MCCJIENOBaTh U3MEHEHUE COCTOSTHMSI

BOIBI TIPY THIPATAIIMK LIEMEHTa U (hOPMUPOBAHUN CTPYKTY-
PBI ICKYCCTBEHHOTO KaMHSI.

B pabGore umccinemoBaH IMOPTJIAHOLIEMEHT IIPOM3BOICTBA
OAO «HckutumueMmeHT» (HoBocuGupckast 06j1.) Mapku
ITL[ 500 120. Ero MuHepajornyeckuii cocrtaB, mac. %:
C;S — 60—65; C,S — 16—20; C;A — 8—13; C,LAF — 10—13.
VienbHas nosepxHocTs 4100 cm?/r. XuMmuueckuii cocTaB
ueMeHTa, Mac. %: SiO, — 19,1; A1,0; — 6,3; Fe,05; — 4,4;
CaO — 68,2; MgO — 1,2; SO, — 0,4; TIITIT — 0,5.

O0pasLIbl LIEMEHTHOTO KaMHs uMesr pazmMepbl 20x20x20 M.
Mx TBepaeHUE MPOMCXOOMIO KaK B HOPMAJIbHBIX YCIIOBUSIX,
TaK M TMocJie TeIIoBIaxkHOCTHOM 00padboTku (TBO), Bomone-
MEHTHOE OTHOIlIeHue cocTarisiio 0,27.

OnpezeneHne AMAJICKTPUIECKUX CBOMCTB MPOBEACHO Ha
n3mepurese nooporaoctu Tesla BM-560 Ha yacrore 1,5 MTI'1g
npu temreparype 20°C. Takast yactoTa sIBJIsieTcsl Harbosee
MH(GOPMATUBHOW MPU MCCIEAOBAHUN TBEPABIX BEIIECTB, CO-
JIep>KalrX MOJISIpHbIE MOJIEKYJIbI BOIbI [12].

HcnbITaHb! 06pasiibl, TBEPACBINNE B PA3TUIHBIX YCJIOBU-
sx B TeueHue 3, 7, 14 u 28 cyr. B Bo3pacre 3 cyT 3T 06pas1ipbl,
B TOM YMCJIe TBEpAEBIINE B HOPMATbHBIX YCIOBUSIX, 00J1a1al0T
JIOCTAaTOYHO BBICOKOI MPOYHOCTBIO /UISI IPOBEICHUST U3MEpe-
HMii. Ha TopuieBble MOBEPXHOCTU 00pasiia HAHOCUIUCH Tpa-
(buTOBBIE BNMEKTPOIBI, MOAKITIOUEHNE K U3MEPUTEITIO TOOPOT-
HOCTH OCYIIECTBIISUIOCH TTOCPEACTBOM CTAJIbHBIX TUIACTHH,
IJIOTHO KOHTaKTUPYIOIIUX C TIpadUTOBBIMU 3JIEKTPOIAMMU.
Kaxxabiii o0pasell CIbITaH He MEHee YeThIpeX pa3, B KaKIoi
CepUM UCIBITHIBAIOCH HE MeHee Tpex obOpasioB. [lociae nu-
9JIEKTPUYECKUX UBMEPEHUI 3T 3Ke 00pa3Libl UCTIBITHIBATM Ha
MPOYHOCTh TIPM CXKATHU. DTO TO3BOJSIET KOPPEKTHO COIO-
CTaBJISATh 3HAYEHUS TIPOYHOCTH M AUIJIEKTPUUYECKUX CBOVICTB
LIEMEHTHOTO KaMHsI, KOTOPbIE OTPEAEISIOTCS B JAHHOM CITy-
yae, KaK M y IPYTUX KPUCTAIIOTUAPATOB, TIIaBHBIM 00pa3oM,
MOJIIPHBIMU  MOJIEKYJTaMU BOZbI, MPOYHOCTHIO MX CBSI3U B
CTPYKTYpe MaTepuasa, a TakKe CTeNeHbIO YIOPsSIOYeHHOCTH
3TOi1 CTPYKTYPHI [12].
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P €3y/AbTaTbl HAYYHBIX HccIe10BaHui

Ta6mmua 1 Taoimua 2
Bpems TBepaeHusi, cyT Bpems TBepaeHust, cyT
CeolicTBa CeolictBa

3 7 14 28 3 7 14 28
MpoyHocTb Npu cxaTtumn, MMa | 24,9 46,5 54,2 62,6 MpoyHocTe Npu cxatuum, MlMa | 54,3 57,1 58,3 60,1
AnanekTpuyeckas 34,3 34,8 28,2 24,5 AnanekTpuyeckas 29,2 26,8 25,9 25,4
NPOHNLAEMOCTb (£) NPOHNLAEMOCTb (£)
TaHreHc yrna ouanekTpu- 0746 | 0,721 | 0,731 | 0,665 TaHreHc yrna ouanekTpu- 0735 | 0.746 | 0.731 | 0,719
yeckmx noteps (tgd) yeckmx noteps (tgd)
Jo6poTHocTb (Q) 26 27 31 38 Jo6poTHocTb (Q) 29,2 31,4 | 32,9 34

'V 00pa31oB, TBepACBILINX B HOPMAJIbHBIX YCJIOBUSIX, 3HA-
YUTENIbHOE YBEJIMYEeHUE MPOYHOCTU (¢ 24,9 nmo 46,5 MIla)
MPOUCXOIUT B MHTEpBaIe OT 3 10 7 CyT TBepAeHusl. Bmecte ¢
TEM IUDJIEKTPUUECKHE CBOMCTBA IIEMEHTHOTO KaMHST U3MEHSI-
I0TCSI TIPY 3TOM MHOTO MeHbI1Ie (TabJ. 1).

To ecTb 3HEPreTUUECKOE COCTOSTHIE MOJIEKYJT BOJIBI, MX CITO-
COOHOCTb K OpMEHTAIIMM B BBICOKOYACTOTHOM TIOJIE OCTAeTCsl
MPaKTUYECKU HeM3MEeHHBIM. [To-BummMomy, Iipy 3TOM B OCHOB-
HOM TMPOTEKAIOT (PU3UUECKUE MPOLIECChI, TAKME KaK cpallliBa-
HU¢ KPUCTAUIOB, TEPEKPUCTAIUTU3AIMS HOBOOOPA30BAHMUIA,
TIPUBOJSINNME K TTOBBIIIEHUIO TTPOYHOCTU IIEMEHTHOTO KaMHSI.

Ot 7 no 14 cyTt TBepaeHUsI B HOPMAaJIBbHBIX YCIIOBHSIX IIPO-
UCXOAMT YBEJIMUEHUE MPOYHOCTH 00pa3LioB ¢ 34,9 no 48,3 MIla.
IIpy 5TOM OAHOBPEMEHHO CYILIECTBEHHO YMEHBIIIAETCS AUD-
JIEKTpUYECKasi MPOHUIIAEMOCTh U YBEJIMYMBAETCS J0OPOT-
HOCThb 00pasloB, YTO SBJISIETCS CIEACTBUEM CHVKECHMS JIH-
5JIEKTPUYECKUX MOTePD. T. €., mpolecc yIpouHeHus obpasua
COTIPOBOXKIACTCST YCWJICHUEM SHEPreTUIeCKOM CBSI3U BOIBI B
CTPYKTYpe 1IEMEHTHOTO KaMHsI.

Ot 14 no 28 cyT NMpOUCXOAUT JajlbHeilllee MOBbILLIEHKUE
npoyHocTu. [Ipu 5TOM ausieKTpuyecKasi MPOHMIIAEMOCTb
CHITXAeTCs, a TOOPOTHOCTh MOBBIIIAETCS, XOTS 3HAYUTEIHEHO
MEHbIIIe, YeM B MHTepBajie oT 7 10 14 cyT.

Crienmyet OTMETHTb, YTO MOTyYeHHOE 3HAYCHHE MAJICKTPUYC-
CKOI TPOHUIIAEMOCTH (€) ISl LIEMEHTHOIO KaMHsI B BO3pacTe
28 cyT (24,2) XapakTepHO I KpUCTA/UTMUECKUX BEILIECTB, COIep-
>KalMX MOJsSIpHbIe MOJIEKY/IbI BofIbl. Tak, B padote [12] wist Kpu-
CTAUTMYECKOTO TUIICa YKa3aHo 3HaYeHue € rpu yactore 1,5 M,
paBHOe 26, IUIT KpUCTAJUTMUECKOTro Tajbka — 18. Jlwanekr-
pUUECKHE TIOTePH Y TAKMX MaTepHasIOB IMOBBILLICHBI, TIPY OTpeIe-
JICHHBIX YaCcTOTe U TEMIIepaType OHU UMEIOT MaKCUMYyMBbI.

IIpy U3roToBaeHUM OETOHHBIX U XKeJI€300€TOHHBIX U3/Ie-
JIVIA B 3aBOACKUX YCJIOBUSIX ISl YCKOPEHUsT Habopa ITPOYHO-
ctu ucronbdyercss TBO B pa3nuyHBIX yCTaHOBKAX, MPEMMY-
IECTBEHHO B MPOMAPOYHBIX KaMepaX MepHOINnIecKOro Aeii-
ctBusl. [lpu mporpeBe M3AEIMil MOABEM TeMIlepaTypbl IO
80—90°C ocyiectsisieTcs B TeueHue 1,5—3 4, 3aTtem mpoBo-
JIUTCSI U30TePMUYECKast BbIIEPXKKA TP TTOCTOSIHHOM TeMIie-
patype 1 oxJiaxkIeHue B TeueHue 2—3 4. O0111ast JUIMTEeIbHOCTD
00paboTKU cocTapisieT 6—15 u.

B nanHo¥i paGore a5 UCClIeIOBaHUS BIIMSIHUSI TeMIIepa-
TYpPBl M JJIUTEIBHOCTH TIPOTpeBa Ha CBOMCTBA IIEMEHTHOTO
KaMHS$I UCTIOJIb30BaH IU3JIbKOMETPUIECKUI METOI.

Jnst otieHku BiusiHus pexkuMoB TBO LieMeHTHbIX 06pa3-
1I0B Ha MX CBOMCTBA MpU MOCJEAYIOIIEM TBEPACHUN U3MEHSI-
JIMCh TeMIieparypa oopabotku (T) M AIUTeIbHOCTh U30Tep-
MMUECKOI BbIIEPKKU (T). [1pr Bcex pexkxumax momrbeM Temrie-
paTyphl OCYIIECTBIISUICS B TeueHue 3 4, oxjIaxiaeHue — 2 4.
Hcnonb3oBaHbI CIEAyIONIUE PEKUMBI:

Pexum Ne 1: T=80°C; t=74.

Pexxum Ne 2: T = 80°C; 1 = 0 u (6e3 U30TepMUYECKOI BbI-
JIEPKKM).

Pexxum Ne 3: T=50°C; t=11u.

Y o6pasuos, npomeamux TBO mo pexumy Ne 1, mpu
JaJIbHEWIeM TBEPACHUU B HOPMAJIbHBIX YCIOBMSIX TPOY-
HOCTb YBEJUUYMBAETCSI, BO3pacTaeT NOOPOTHOCTh, & TAHTEHC
yIjla JUBJIEKTPUUYECKUX TTOTEPh U IU3IEKTpUYEcKas IPOHU-
11a€MOCTb CHUXAIOTCS (Tab1. 2).

Takoe n3MeHeHNe CBOMCTB IEMEHTHOI'O KaMHS 00YCJIOB-
JIEHO TMOBBILIEHUEM YITOPSIIOYEHHOCTH €r0 CTPYKTYPhI U yBe-
JIMYEHUEM CTETIEHU SHEPreTUYECKOM CBSI3U B HEM MOJISIPHBIX
MOJIEKYJT BOJIBI.

Bona B ieMeHTHOM KaMHe MOXET HaXOIUThCS B CIIEMyIO-
IIIUX COCTOSTHUSX:

1) B cocTaBe ruapaTHbBIX HOBOOOpPa30BaHUIA,

2) B aicopOMPOBaHHOM COCTOSTHUM Ha TTIOBEPXHOCTH TBEP-
JIbIX YACTHLI;

3) B cBOOOZHOM COCTOSIHMY B IOpax 1 Karnwusipax.

ITepexon Bozbl U3 CBOOOJHOTO COCTOSIHUS B CBSI3aHHOE (B
cocTaBe TUAPATHBIX HOBOOOPA30BaHUI) MTPUBOANT K YMEHb-
IIEHUIO CITOCOOHOCTU €€ MOJIEKYJT K OPMEHTAIMU B BHICOKO-
YaCTOTHOM 3JIEKTPUUYECKOM I10JIe, UTO TIPUBOAUT K CHIXKE-
HMIO 3HAYEHUH € U tgd.

ITocne 3 cyr TBepaeHUS 00pa3l0B, MOABESPIHYTHIX TEP-
MO000paboTKe o pexkumy Ne 1, UX MPOYHOCTD TIPY CKaTHH
Takas Xe, Kak rmocje 14 cyt TBepaeHsI B HOpMaJIbHBIX YCJIO-
BUSIX. BMecTe ¢ TeM nMasieKTpuyeckas MPOHUIAeMOCTb Y
00pa3loB, MPONIEAIINX TEPMOOOPAOOTKY, OOJIbIIE, a J0-
OpOTHOCTb MEHbIIIEe, YeM Y TBEPAEBILUX B TeueHue 14 cyT B
HOPMaJIbHBIX YCJIOBUSIX. TO €CTh ITpY ONMHAKOBOW MeXaHU-
YecKOi TTPOYHOCTH y 00pasloB, MPOIISAIINX TepMooOpa-
OOTKY, CTPYKTYpa SIBJISIETCSI MeHee YIOpSIOUYESHHOM, CBSA3b
MOJISIPHBIX MOJIEKYJT BOABI B CTPYKTYpe cladee.

IIpu nmanbHeiIeM TBepACHUM OOpas3lioB, MPOIIEAIINX
TepMOOOPabOTKY 110 pexkumy No 1, X IPOUYHOCTh YBEIUYM-
BaeTCsl, BO3PACTaeT JOOPOTHOCTb, YMEHbBIIAIOTCS AUDJIEK-
TpUYECKHE TIOTEPU W IUIJIEKTpUYECKasi MPOHUIIAEMOCTb.
To ecTb MPOUCXOOUT AaJbHElIee YCUJIEHUE SHEpPreTHIe-
CKUX CBSI3€i BOIBI B CTPYKTYpE LIEMEHTHOTO KaMHsI. OHaKo
K 28 cyT TBepleHUs paccMaTpyuBaeMble BEJIUYMHBI HE J0-
CTUTAIOT 3HAYEHU I, COOTBETCTBYIOIUX 28 CYT TBepACHUS B
HOPMAJIbHBIX YCJIOBUSIX.

ITocne TepmMooOpaboTKm 110 pexkrmy Ne 2 3HaueHUS ITPOoU-
HOCTH LIEMEHTHOTO KaMHsI HIKe, YeM TIpru 06paboTKe C M30-
TepMMYECKOM BBIIEPKKOI1 (Tab1. 3).

Oco0eHHO 3TO MPOSIBJISIETCS B PAHHUE CPOKW TBEPACHMS
(3, 7 cyT) nocJie TerIoBIaXKHOCTHOM 00pabOTKM.

Crenyer OTMETUTD, YTO TU3JIEKTPUUECKUE CBOMCTBA 00-
pasioB [IEMEHTHOTO KaMHST TIPU TBEPACHUH MOCIIe TEPMOO00-
paboTku 1o pexkumaM N 1 m 2 MpakTU4eCKu OTWHAKOBBHI,
T. €. TaKasl CTEeTIeHb CBA3BIBAHUS TIOJISIPHBIX MOJIEKYJT BOIIbI B
CTPYKTYpe LIEMEHTHOTO KaMHSI JOCTUTAeTCsl caMUM Harpe-
BoM 0 80°C. Paznuuue 3HaUeHMIT MEXaHUYECKOM MPOYHO-
CTU OOYCJIOBJIEHO, MO-BUAMMOMY, (PU3MUECKUMMU Mpoliecca-
MM, CITOCOOCTBYIOIIIMMU YIIPOYHEHUIO CTPYKTYPHI: CpallliBa-
HHME KPUCTAJIOB, TIEPEKPUCTAIIU3AIINS HOBOOOPa30BaHUIA.
ITpu 5TOM 3HAYEHMSI MEXaHNYECKOI MMPOYHOCTH LIEMEHTHOTO
KaMHsI, 00pabOTaHHOIO MO YKa3aHHBIM peXuMaM, I10CJIe
14 u 28 cyT TBepAeHUS OJIU3KU MEXIY COOOI.

CHIKeHYE TeMIiepaTypbl TEIUIOBIaKHOCTHON 00pabOTKU
LIEMEHTHOTO KaMHsl, IaxKe TMPU YBEJTMUEHUH JUTUTETbHOCTY U30-
TePMUIECKOM BBIIEPXKKY (peskiiM N 3), TpUBOAUT K 3HAYNTEb-
HOMY YMEHBIIIEHHIO IIPOYHOCTHY LIEMEHTHOTO KaMHsI (TaoI. 4).

IIpu 3TOM AMAIEKTpUYECKas IIPOHUIIAEMOCTb 00pa3LIoB
TMOBBILIEHA, T. €. BKJIAJ MOJISIPHBIX MOJIEKYJT BOAIbI B TOJISIpH3a-
LIMIO LIEMEHTHOTO KaMHSI B BBICOKOYACTOTHOM I10JIe BO3pac-
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Tabmmna 3 Taoumua 4
Bpemsa TBepaeHus, cyT Bpems TBepaeHusi, cyT
CeorictBa CeolicTBa
3 7 14 28 3 7 14 28

MpoyHocTbL Npun cxaTtumn, MlMa 38 45,6 51,6 57,9 MpoyHocTb Npu cxatun, MMa | 20,5 34,9 48,3 51,4
AnanekTpuyeckas 28,7 26,8 25,9 o5 Ananektpuyeckas 36,3 38,6 30,6 29,2
MPOHNLAEMOCTb (&) NPOHNLLAEMOCTbD (&)

TaHreHc yrna ouanekTpu- 0.824 | 0788 | 0,753 | 0,732 TaHreHc yrna ananekTpm- 0.81 0773 | 0751 | 0,723
yeckmx noteps (tgd) yeckunx noteps (tgd)

Jo6poTHocTb (Q) 27,5 30 32 33,7 Lo6poTHoCcTb (Q) 23,2 22,4 | 29,5 | 30,2

TaeT. DTO MOXKET ObITh 00YCJIOBIEHO MEHBIIEH CTEIEHbIO T1-
Jpataliiy MOPTJIAaHALUEMEHTA B PACCMATPUBAEMBIX YCJIOBUSIX
1 MEHee MPOYHOIA CBSI3bIO MOJIEKYJT BOJIbI B CTPYKTYpe 00pasy-
IOLIUXCSl KPUCTALIOTUAPATOB.

OKCMEPUMEHTAIBHO OMpPEAEISIeMble 3HAUEHUsT 10OPOT-
HOCTH LIEMEHTHOTO KaMHsI B 3TOM CJTy4yae TTOHWXKEHBI, a pac-
YETHBIC BEJTMYMHBI tg0 YBEINYEHBI.

C TeyeHUEM BpeMEHM TBEPACHUS MTPOYHOCTh 0OPa3lIOB,
00paboTaHHbIX MO pexkumy Ne 3, Bo3pacTaeT, TeM He MeHee
rocsie 28 cyT TBepACHUSI OHA HIKE, YeM TIPU IPYTHUX pexXrumax
TepMOOOPAOOTKH.

Takum oOpa3oM, Ipu TUAPATALIMOHHOM TBEPACHUU IlIie-
MEHTHOTO KaMH$I Hapsay C TOBBIIIIEHUEM X MEXaHMUYEeCKOM
MPOYHOCTU TPOUCXOAUT HW3MEHEHUE IUIJIEKTPUUECKUX
CBOICTB (IM2JIEKTPUYECKOI MTPOHUIIAEMOCTH, AUDJIEKTpUIEe-
CKUX TIOTEPb), OIPEL/ISIEMbIX YITOPSIIOYEHHOCTBIO CTPYKTY-
DBl Y CTETIEHU SHEPTETUYECKOM CBSI3U B HEH MOJISIPHBIX MOJIe-
Kyn1 Boabl. KoppessimoHHast CBA3b 3TMX IOKasaTelleil ¢
MPOYHOCTBIO MOXET SBJSATHCS OCHOBOM €€ Hepa3pyllaroliei
oLeHKU. Y 00pa3ioB, npoiueaiux TBO, nmpu paBHBIX 3Hade-
HUSIX IPOYHOCTH € 00pa3liaMu, TBEPAEBLUIMMY B HOPMAJIbHBIX
YCJIOBUSIX, YIIOPSIAOYEHHOCTh CTPYKTYPBI U CBSA3b B HEM T10-
JISIPHBIX MOJIEKYJT BOJIbI MEHBIIIE, YTO (PUKCUPYETCS 10 3HAUE-
HMSIM TURJICKTPUIECKUX CBocTB. Hanbonplliee BIMsAHIE Ha
NIUBJIEKTPUYECKHME CBOMCTBA OKa3bIBAaeT TeMIlepaTypa Terlio-
BJIAXKHOCTHOM 00paboTKu. JIMaaeKTpUIeCKUil aHaIu3 MOXET
ObITh YCMELIHO MCIOb30BaH JJIsl ONpPEeAeIeHUs] ONTUMAb-
HBIX peXXMMOB TaKoi 00paboTKM GeTOHa.
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Wicnonb30BaHue TEXHOrEHHbIX PacTBOPOB
0T nepepaéoTKu BaHaMHii-, MapraHeLcOAEPXKaLLEero cbipbs
B NPOW3BO/ICTBE CTPOMTENbHbIX MaTepHanos

iccnefoBaHo Ncnonb30BaHNe TEXHOTEHHbIX PACTBOPOB (CTOKOB) C BbICOKMM conecoaepxaHuem 50-150 r/n, o6pasyrownxcs npu nepepaboTke
BaHa[Wi- U MapraHeLCcoePKalLiero Cbipbsi B CTPOMMHAYCTPUN NPY NPOM3BOACTBE BETOHA U CTPOUTENbHBIX PAcTBOPOB. C MCMONb30BAHUEM METOAA
MaTeMaTU4eCcKoro NaH1PoBaHNs 3KCMEPUMEHTOB C NOC/eayioLLeil 06paGoTKOM Pe3ynbTaToB Ha KOMNbIOTEPE U3Y4eHO BNIUSHUE CONECOAEPXKAHNS B
TEXHOTEHHbIX CTOKAX NpU 3aMeHe BOJbl HA NPOYHOCTHbIE XapaKTepPUCTUKK 6eTOHa. [onyyeHHbIe peaynbTaThl NoKasanu adMeKTMBHOCTb UCMONb30BaHNS
6ETOHOB, U3rOTOBNEHHbIX C NPUMEHEHNEM TEXHOTEHHBIX CTOKOB: 663 TENNOBNAXHOCTHO 06PabOTKI OHM NPUTOAHbI B 663060rPEBHbIX YCNIOBUSX
TBEPJEHNS, HANPUMEP B OPOXKHOM CTPOUTENbCTBE, MPY N3rOTOBNEHMM CTPYKTYPHBIX PACTBOPOB U B APYTUX BapUaHTax UX NPUMEHEHNs. YTUnn3auuns
TEXHOrEeHHbIX CTOKOB C BbICOKIM COJECOJEPXKAHUEM B CTPOUMHAYCTPUM COKPATUT 3aTpaThl HA UX YTUNM3ALMIO, CHU3NT BOAONOTPEGNEHINE, SHEPro-

1 Tpyn03aTpaThl NPy 0TKA3e OT TEMNOBNAXKHOCTHON 06pabOTKM GETOHOB.

Kniouesble cnoBa: 3K0NOrusi, TEXHOTEHHbIE PACcTBOPLI, NepepaboTka BaHaANi-, MapraHeLiCoepXalLLero Chipbsl, XIUAKNE CTOKM, NPOM3BOACTBO
CTPOUTENbHBIX MATepuanos, BOAONOTPEENeHUE, MaTpULA NNaHNPOBAHWS, CONECoaepXKaHue.
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The Use of Anthropogenic Solutions from the Processing of Vanadium- Manganese-Containing Raw Materials

in Production of Building Materials

The use of anthropogenic solutions (discharge) with a high salt-content (50-150 g/1) generated in the course of the processing of vanadium- and manganese-containing raw materials in
construction industry when producing concrete and building mixes has been studied. The influence of salt content in anthropogenic discharges in case of water change on the strength
characteristics of concrete was studied with the use of the method of mathematical planning of experiments with the subsequent processing of data by computer. The results obtained
show the efficiency of using concretes produced with the use of anthropogenic discharges: without steam treatment they are suitable, when hardening without heating in road construc-

tion for example, for preparation of structural solutions and other variants of their application.

Keywords: anthropogenic solutions, processing of vanadium- and manganese-containing raw materials, liquid effluents, building materials production, water consumption.

IMocTuHaycTpraabHOE OOIIECTBO CTOJKHYJIOCH C OXM-
naeMoii MpoOJeMOll — yTWIM3aluel TBEPABIX W KUIKHUX
TEXHOTEHHBIX MaTep1aioB, HAKOTUICHHBIX B pe3yJbTaTe Je-
STEIBHOCTU PA3IUYHBIX OTpacjeil MPOMBIIIJIEHHOCTH.
B Hamieit ctpaHe HaKOTUIEHME TOJBKO TBEPABIX TEXHOTECH-
HbIx MaTepuanos (TTM) cocrasisier 6onee 10'° kr, u3 koto-
poix B Yenssounckoit obnactu Gonee 4 102 kr. Yuer TTM B
OCHOBHOM HaJlaXeH, TakXke pa3paboTaHO MHOXECTBO TeX-
HOJIOTMYECKUX MIPUEMOB MX YTUIM3ALIMU, a YUeT U YyTUIN3a-
1S KUIKUX TeXHOTeHHBIX MatepuanoB (ZKTM) orcraior, B
CBSI3U C YEM OHU 3a4acTylO HAKaIlJIMBAIOTCS B UCKYCCTBEH-
HBIX BOlOEMaAX, XuaKasi ¢aza OTCTauBaETCs B IILJTAMOHAKO-
TUTEJISIX, 3arps3HsISl TPYHTOBbIE BOABI U UCTOYHUKHU BOAO-
CHaOXXEHUSI.

JInst MHOTHMX OTpaciieil MpOMBIIIIJIEHHOCTH UCTIOJIb3YIOT-
csl 3HAUMTeNIbHbIE 00BEMBI BOZIbI. B HacTosiee Bpemst Boaa
CTaHOBUTCS Oe(UINTHBIM pecypcoM. Tak, B 120 crpaHax
mupa Ha 170 ThIC. 3aBOAOB IPOU3BOIUTCS OIIPECHEHNE MOP-
CKOW WJIY 3arpsi3HEHHOM BOJIBI.

I1pu u3BIEYUEHNN METAIIIOB U3 PYA, KOHLIEHTPATOB U OT-
XOIOB PA3JIMYHBIX MTPOU3BOACTB THAPOMETAILTYPTUIECKUMU

crocobaMu MCTONb3YIOTCS BOIA W BOAHbBIE PAaCTBOPHI pas-
JIMYHBIX PEAreHTOB C MOCJICAYIOIIUM BblIeJIeHueM 0ojiee Yu-
CTBIX COCTMHEHUII METAIJIOB U3 METAJUIOCOAEPXKalluX pac-
TBOpOB. [Ip1 3TOM 00pasyroTCst OTPabOTaHHBIE TEXHOTEHHbBIS
PACTBOPHI C BEICOKUM COJIECOEPKaHUEM, TPEOYIOIIe YTH-
smzanyu. Tak, rmocye BbIIeNeH!s 0cajka TEXHUUECKOTO OK-
cuna BaHagust (V) Bananus (85—90% V,0s5) U3 pacTBOpOB,
MOJTYyYEHHBIX Ha CTaIuM BbIIEIaYMBaHUS BaHAAUS 13 000-
JKCKEHHBIX KOHBEpTepHBIX HITakoB (14—25% V,0s), poso-
AT HEUTpaM3alio U3BECTKOBBIM MOJIOKOM KHCIIOTO Ma-
TOYHOIO pacTBopa (CAMBHAsI BOIA) U IYJIbITy, 00pa3yIoIIyio-
Ccsl MpU BTOM, OTGWILTPOBHIBAIOT WM COpachiBalOT B
ntamoHakonutesb. ITociae orcrauBanust (OAO «Bananumii-
Tyna») unu punerpanuu (OAO «YycoBcKoii MeTamypruye-
CKUI 3aBOJ») XUAKYIO (pa3zy 4aCTMUHO UCIOJB3YIOT B 000-
POTHOM LIMKJIE TipeanpusTuii [1, 2]. XapakrepucTuka TeXHO-
TeHHBIX PACTBOPOB, MMEIOIIUX BEICOKOE COJIECOAEPKAHUE OT
50 mo 125 xr/m”, mpuBeaeHa B Ta6I. 1.

IIpu NMpou3BOACTBE BHICOKOKAYECTBEHHOI'O MapraHiie-
Boro KoHueHTtpaTta (55—75% Mn) U3 HU3KOCOPTHBIX KapOo-
HaTHBIX MapraHueBbiX pya (19—23% Mn) win U3 KOHIEH-
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Ta6nuua 1
Ne Cocras, r/n
Bup pacteopa pH
pacTteopa Conecogepxanve, r/n V,05 Mn | Ca Na
1-1 dunbTpat nocne 10 50 0,005 He onpepensnocb
1-2 HENATPanM3aLnn KUCTbIX 10,4 125 0,005 He onpepensnock
CNMBHbIX BOJ, U3BECTKOBLIM
1-3 Mmosokom 8 OAQ «BaHaauii- 10,6 75 0,005 He onpepnenanock
1-4 Tyna» [1, 2] 10,5 65,4 0,022 0,008 65,4 He onpeaensanocs
2-1 10,2 55 0,005 He onpegnenanocb 20 14
2-2 | To>xe s OAO «Hycosckoii 10,2 75 0,005 ToXe He onpenensinock 15
METanNypruyeckuii 3aBoa»
2-3 1,2 10,45 125 0,005 TOXe 25 16
2-4 10,3 57,5 0,004 0,005 22,5 He onpenensinock
3-1 ®uabTpat nocne oTAeNeHns 10 100 Ocr. 0,005 36,1 OtcytcTayeT
3-2 BMK, nonyextoro no 10,1 150 Ocr. 0,021 54,2 OtcyTtcTayeT
COJISIHOKMCIIOTHOMY BapuaHTy
3-3 TexHonorum 10 136 Ocr. 0,015 49,1 OtcytcTByeT
Ta6bnuua 2
TennoenaxHocTHas 06paboTka
Ne | Bwpg matepuana, BapuaHThbl BLlIenKKa. | Moabvem Bbigepxka nocne
n/n | 3aTBOPEHUs 1 BLIAEPXKKM Aspxia, Temneparypel, y | M130TEpMIIECKas t oC OxnaxaeHue, u TBO, cyt
BbIAEPXKA, Y ' ’
LlemMeHTHO-NecyaHble pacTBopbI
1-1 ny, 3 4 2 80 3 28
1-2 wny, 3 4 2 90-95 3 28
Betox
2-1 BapuaHT 1 3 3 5 80 3 HET
2-2 BapuaHT 2 3 3 5 80 3 28

TpatoB Mx obGorameHus (28—32% Mn) @i U3BICYCHUS
MapraHiia B pacTBOp MPUMEHSIIOT PaCTBOPHI COJITHOM KHC-
JIOTHI [3—35] ¢ mocienylomuM ocaxIeHUeM MapraHia npu
nobaBKe M3BECTKOBOro Mojioka. [lociie otaeneHust ocajaka
BBICOKOKAYECTBEHHOTO MapraHIeBOro KOHIEHTpaTa
(BMK) MaTo4HBIii pacTBOP M PaCTBOP MOCJIE €r0 MPOMBIBKU
UMeIOT Bbicokoe coneconepxkanue oT 100 qo 150 r/n. Takue
PAcTBOPHI TaKXKe MCITOIb3YIOT YACTUUYHO B OOOPOTHOM LIM-
KJie, a U3 U30BITOYHOI YacTH MOCJIe YIIapyuBaHUsI MOJIy4YaloT
TOBapHBII MPOAYKT — XJIOPUI Kaiblus [3—5].

I[TpOMBILIIJIEHHOCTh CTPOUTEIbHBIX MaTepUayioB IIO-
TPeOJISIET 3HAUUTEJIbHOE KOJIMYECTBO BOJBI JIJISI TIPOU3BO/I-
cTBa rpyboil KepaMUKH, CTPOUTEITHLHBIX PACTBOPOB U GETO-
Ha, K KOTOPOI MPEeNbsBISIOTCS TaKUe Xe TpeOOBaHMS, Kak
K TIUTHEBOM.

B manHoIi paboTe mocTaBieHa 3amaya ONpeaeanuTb BO3-
MOXHOCTb MCMOJIb30BaHUSI TEXHOTEHHBIX PACTBOPOB C BbI-
COKMM COJIECOIEPXKAHUEM, O0Pa3yIOLIUXCS TPU MepepadoT-
Ke BaHaJuii- 1 MapraHelcoaepKaliero ChIpbs, IS TPOU3-
BOJICTBA CTPOUTEJILHBIX PACTBOPOB U OETOHA, ONTUMU3UPO-
BaTh MapaMeTpbl TEXHOJIOTMUECKUX OTepaluii ¢ onpeaese-
HMEM MPOYHOCTHBIX XapaKTePUCTUK TMOJyYaeMbIX U3IEIUIA.

Jns 3Toit 1IleM WMCIOJIb30BaHBl TPU BUAA TEXHOICH-
HBIX PacTBOPOB (Tabs. 1) C BBICOKMM COJieCOnepKaHUEM
(100—150 r/m), KOoTOpHIC BBOAWIM B3aMEeH BOIBI IJIST TIPH-
TOTOBJIEHUSI CTPOUTEIbHBIX PACcTBOPOB MWJIM O€TOHa.
PactBOophbl mepBoro 1 BTOPOro Buaa — 3TO COPOCHBIE pac-
TBOpPBI, MOJyYalolIrMecs Mocje HeATpau3aluu KHUCIbIX
ciauBHbIX Boa B OAO «Bananuii-Tyna» u OAO «HycoBckoit
MeTaJuTypruyeckuii 3aBoa» (tadma. 1). I1pu BeicokoM cose-
coaepxanuu a0 125—150 /1 B cBSI3U € TEM, YTO B TEXHOJIO-
MU TPOU3BOJICTBA BTOPOTO MPEANPUSITUS HA CTAANK O0XM-
ra MCIIOJIb3yIOT KapOoHAT HaTpus [2], B cocTaBe BTOpPOTO
BMJA PacTBOPOB INpUCYTCTBYIOT MoHbl Na'. Tperwit Bun
pactBopoB (100—150 Kr/M® cosei), KaK OMICAHO BBHILIE,

MOJIy4YaloT TpU TepepaboTKe MapraHercoaepKaIiero Chli-
pbs. JIJIsl TPUTOTOBJIEHUSI CTPOUTEbHBIX MaTepUaIoB MpH-
MeHsu noptiaaHanemMeHT M400 u (TTL[ 400) u miakonopt-
sanaueMent M300 (LLITILL 300) KopkruHCKOro 11eMeHTHOTO
3aBona (YensitouHckast o6u.). [lpu uccaenoBaHuuM Ha lie-
MEHTHO-TICCUaHBIX PACTBOPAX MCIIOIH30BATN CTAHAAPTHHIN
BOJILCKMII TEeCOK, Ha 6eToHax — mecok PenopoBCcKOro Ka-
pbepa, YIOBIETBOPSIONINI TPeOOBAaHUSIM CTaHIAPTa, a TaK-
ke 1mebeHb CmonuHckoro kapbepa (YenstomHcKoit 001.)
dpakumu 5—20 MM ¢ BopomorsomenreM 0,5—1,5% u nmpou-
HOCTBIO TIopoxs! (80—100) -10° ITa.

715t onipeieIeHus BIUSTHYSI COCTaBa M3y9aeMbIX PacTBO-
POB Ha CBOICTBA CTPOUTEILHBIX MaTePUAJIOB B XO/IE UCCIIe-
JIOBAaHUI KOHTPOJIUPOBAJIH CJEAYIOIIMe ITapaMeTphI:

— HOpMaJIbHasl TyCTOTa LieMeHTHOro Tecta (majaee HI);

— CPOK CXBaThIBaHUS IIeMEHTA 110 CTAaHIapTHOUW MeTO-
JTAKE;

— TIPOYHOCTHBIC XapaKTePUCTUKKU OOpPas3IOB, U3TOTOB-
JIECHHBIX C TIPUMEHEHUEM BOIbI (KOHTPOJIbHBIC OTIBITHI) U
pPacTBOPOB.

Memoduka uzeomoenenus u uchsimanus 06pa3yoe.

Hcnonb3oBanu cienyolilyio anmnaparypy: Melaika Jist
repeMelIMBaHus LIEMEHTHO-TIECUaHO pacTBOPHOIi cMecH,
IITBIKOBKA JUTSI YKJIAIKW PaCTBOPHOI cMecHu B (hopMy, BHO-
paluMoHHAas TUToLIanKa ISl YIUIOTHEHUS LIeMeHTHO-TIecya-
HOI1 pacTBOpPHOII cMecu B opMe C 4YacTOTOI KoJeOaHUst
3000 konebanuii B MunHyTy (50 I'it) 1 ammutymoii 0,0035 M,
KamMepa JUIsl TETJIOBIaXKHOCTHOM 00pabOoTKU ¢ aBTOMAaTU4Ye-
CKUM DPeTyJIMpoBaHUEM 3alaHHOTO pexkrnma. M3 ieMeHTHO-
TecYaHbIX PAaCTBOPOB M3TOTABIMBAIM 00pa3Ilbl pa3MepaMu
0,04x0,04x0,16 M B TpeXTHE3AHBIX (POPMaX.

7151 onpeiesieHrs] MPOYHOCTHBIX XapaKTepUCTUK OeTO-
Ha u3roTtaBiauBaiu obpasubl pazmepamu 0,1x0,1x0,1 M B
CTaHJAPTHBIX TPEXTHe3MHbIX (opmax. beToHHylO cMech
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Pe3yabTaTbl HAYYHbIX HCCIEA0BAHMI
Ta6nuua 3
o | Gomsopmens | Bueuee | Kommecrmoconel 1y o, H‘;ijLb'Ba“Kz‘:’e“u REo|  Rmo | gmows|  grow
1 Bona LLnaKo- 0 26,5 37 6,5 6,15 31,5 6,69 55,9
2 PacTBop 1-1* nopTnaHa- 1,7 26,5 3,8 6,5 5,49 32,5 6,84 55
3 | Pacreop2-3+ | uement. M300 1,57 2723 | 13 21 | 476 |39,3ma247% | 6,86 | 57,5ma2,9%
4 Bopa 0 23,5 0,75 2 6,15 37,5 He onpegensnocb
5 PacTBop 1-1* MopTnana- 1,88 2525 | 0,92 1,92 | 6,26 34,8 He onpepensnocs
6 |Pacteop2-3 | uement, M 400 1,64 255 [ 083 | 158 |665 38,4 He onpegensnock
7 Pactsop 3-2 2,81 25,75 0,58 1,92 5,55 38 He onpegensnocb
* Ne pacTBOpOB cornacHo Tabn. 1.
Ta6nuua 4
| S | B | Mo | rmpo, | | aermyoo, | @ | e
Kog, du3 Kog, du3 CMecn, M
1 -1 50 0 3 0,09 47,87 141,9 31,7 137,8 36,85 138,25
2 -0,5 75 0,866 2 0,07 40,62 122 22 99,1 30,4 133,3
3 0,5 125 0,866 2 0,07 40,12 119 22,3 97 23 85,5
4 1 150 0 3 0,05 42 96,1 18,8 158 37,3 126,8
5 0,5 125 -0,866 1 0,07 40,12 119 22,8 99,1 26 96.6
6 -0,5 75 -0,866 1 0,05 45,7 104 177 148.7 36,6 124,4
7 0 100 0 3 0,09 44,5 131 29,3 1274 33,1 123

MPUTOTABIUBAIA B J1aOOPATOPHON MEIIAJIKE C 3JIEKTpUYe-
ckuM TipuBonoM. Ilocie m3roroBiaeHus: GETOHHOUN cMecu
U3MepPSIach e YI000yKIaabIBAeMOCTh TIOCPEICTBOM CTaH-
JTAPTHOTO METAJTTUYECKOTO KOHYCa, a 3aTeM U3 Hee (hopMu-
poBau 00pa3lbl-KyOUKM, KOTOPbIE IIPOXOAWIN B JaIbHEH -
11IeM TEILIOBJIaKHOCTHYIO 00paboTKYy.

TennosnaxxHOCTHasT 00paboTKa U APYrue YCIOBUS TBEP-
JIEHUSI IEMEHTHO-TIECYAHOTO PACTBOPA U OETOHA Pa3IUUYHbI
(tabn. 2). O6pasipl M3 LEMEHTHO-TIECUaHBIX PAacTBOPOB
TIPEIBAPUTETHHO BBIIEPXUBAIN 3 U; MIOABEM TEMITEpaTyphl
4 4; u3oTepMuUecKasl BhIAEpXKKa — 2 4; oxXJIaxKaeHue — 3 4.
M3oTepMuueckuii mporpeB OCYIIECTBISICS MpPU TemIepa-
type 80°C mns moptnanauemenrta (ITTLH) u 90—95°C nnst
uakonoptiaanaiemenrta (LLTILL). [Inst 6eTroHHBIX oOpas-
1IOB TIpeIBapuTeNIbHas BBIACPKKA COCTABIIsLIA 3 U; TTOABEM
TeMITepaTyphl 3 4; U30TePMUUYECKUI TIPOTPEB TIPU TeMIIepa-
Type 80°C 5 4y m oxmaxaeHue 3 4. Kpome TeruioBiaxk-
HOCTHOI 00pab0TKM 006pa3Libl HabMpaii MPOYHOCTh B CTAH-
NApTHBIX YCIOBUSIX TpU TeMIiepaType 20+2°C u BaxkHOCTH
90—95% B cneLMaNIbLHOM Kamepe.

O06pa3nbI-6aJTI0YKM 13 IIEMEHTHO-TIECYaHOTO pacTBopa
MOBeprajii BHaUajie UCTIIBITAHUIO Ha M3TrM0, 3aTeM Ha cXa-
THE MO CTaHAAPTHBIM MeTonukaM. [TosydeHHbIe Tocie uc-
MBITAHWI Ha U3TMO 1IeCTh MTOJIOBUHOK-0a7109eK UCTIBITHIBA-
JIUCh Ha CXaThe Ha TMIPaBIMYECKOM Ipecce C MOMOIIbIO
CIeLIMAJIbHBIX CTAHAAPTHBIX TU1acTUH. [IpouyHOCTh TPU CXKa-
T (R,,) Onpenensim Kak cpeaHeapu(pMeTUUECKOe 3HaUe-
HUE YeThIpeX HauOOJIBIINX Pe3yJbTaTOB M3 IIECTU MCIIbI-
TaHHBIX 00pPA31I0B.

PesynbraThl MCTIBITAHM CBeleHBI B Ta0J1. 3. Jlanee B TeK-
cte, Tabauiiax ¥ pucyHKax MPpUHSTHI Cieaytole 0603Haue-
Hust: HT — HopMasibHast rycrora; RTBO, RIBO i RTBO — ripoy-
HOCTh Npu u3rude win cxaruu (MIla) mocne TermoBiax-
HOCTHO# 06pa6otku (TBO) wmm eme RIBOT28 y RIBO+28
JIOMOJTHUTEILHO BblAepXKaHHBIX 28 cyT. [1pu u3yyeHuu Biav-
SIHUS COoJIecOAepKaHuUsl UCCIeNyeMbIX PaCTBOPOB Ha MpPoY-
HOCTh CTPOMTEJIBHBIX MaTepuajioB MCIIOJb30BaHbI MTPOOBI
pactBopoB: Tipoba 1—1; 2—3; 3—2.

BrnusiHue cocTaBa MCMOJIb3yeMBIX PACTBOPOB Ha CBOM-
CTBa LIEMEHTHOTO TeCTa, MPOYHOCTHBIE XapaKTEPUCTUKU
M3IETNI TTOCIe TEIIOBIaXKHOCTHOM 00pabOTKHU 1 TIOCTIeTy-
IOIIel BBIAEPXKKU OOpa3loB B TeueHUe 28 CyT IMPUBEACHBI
B TabJ. 3.

st onibIToB 1 1 4 Mcnoib30BaHa BOJOMPOBOAHAS BOAA
— KOHTPOJIbHBIE OMbITHL. [Ipy 3aTBOPEHUU LIEMEHTHOTO Te-
cTa ¢ pacTBopaMu BBeJieHO ot 1,57 10 2,81% codeii mo oTHO-
IIEHUIO K Macce IeMeHTa, YTO TIPUBEJIO K HEKOTOPOMY T0-
BeiteHU0 HI mo cpaBHEHUIO ¢ OTBITAMU, 3aTBOPEHHBIMU
Ha BoJIe.

ITpuMeHeHMe pacTBOpa BTOPOro Buaa (OMbIT 3) MO3BO-
JIUJIO COKPATUTh CPOKU cXBaTbiBaHMs ¢ 3,7 4 (ombIT 1) 10
1,3 u (Havajo cxBaThIBaHUS) U ¢ 6,5 10 2,1 U (KOHeIl cXBa-
THIBAHUS ). DTO CBOMCTBO MO3BOJISIET COKPATUTh TTPOIOJIKM -
TEJBbHOCTb TETUIOBJIAXHOCTHON 00pabOTKM M YBEJIMYUTH
MPOM3BOAUTEILHOCTD TIpeanpusaTus. s pactBopa nepBo-
ro BUJAa CPOKM CXBATbIBAaHUSI OJMHAKOBBI C pe3yJbTaTaMu,
MOJyYEHHBIMU MTPU NMpUMeHeHuU Bobl. [Tocse TerioBiax-
HOCTHO#1 00pabdotku o6pasuos ¢ LIITLL 300 u ITL 400 un ¢
pacTBOpaMu MepBOro U BTOporo Buna (onbITel 3 u 4) RTEO
cHuxaercss, RIBO moBebllIaercsi, HampuMep Ui BTOPOTO
BUIa pacTBopa Ha 24,7% B cpaBHeHMHM C ombiToM | (Ha
Boze). [Ipu mocnenyronieii BeIiepkKe B Te4eHUe 28 CYT 3TU
MOKa3aTeJIM MPAKTHUECKN HAXOMSATCS Ha YPOBHE OIBITOB,
MPOBEIEHHBIX Ha BOIOMPOBOIHOM BOJE, T. €. IPOYHOCTHBIE
XapaKTepUCTUKU He CHUKAIOTCS.

IIpumenenue nnsa 3atBopenust 111 400 (ombiThl 4—7) 110-
Ka3ajio CHIDKEHME CPOKOB Hayasa CXBaThIBaHUS JJIs1 PACTBO-
pa tpetbero Buaa (omsIT 7) ¢ 0,75 mo 0,58 4, KOHell cXBaThIBa-
HMSI JJIS1 BCeX PaCTBOPOB MPAKTUUYECKU MAJIO OTIMYAETCS OT
ombITa 4 (Ha Bone). Jlst mokasareneit RTBO u RIBO ypenmye-
HMe TIPOYHOCTH TPOM3OIILIO Ha PACTBOPE BTOPOTO BUIA Ha
2,4 u 1,3%, coorBercTBeHHO. OIHAKO 3TH KOJIEOAHUS ITOKa-
3aresieil HaXOMsATCS B Mpenesiax, yaoBIeTBOPSIOIINX TpeOoBa-
HMSIM cTaHaapToB. CrenoBaTebHO, TEXHOT€HHbIE PACTBODHI,
HMMeIOIIE BEICOKOE COecoaepKaHe, MOXKHO MCIOIh30BaTh
JUTSI U3TOTOBJIEHHS LIEMEHTHO-TTECYaHBIX PACTBOPOB.

HAY4HO-MexXHU4eCcKuil U npou3800CMEeHHbLI HCYPHAA ? Feir
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Results of scientific research

Tabnuua 5
Ne n/nm OtKnnk By B, B, B, B,y By,
1 RTBO 29,3 -3,53 1,33 -4,05 -9,18 -3,23
2 (R™O/R)-100% 127,4 -1, 88 -14,92 20,5 -28,73 27,42
3 RTBO 33,1 -2,85 -2,66 3,97 -6,79 1,85
4 (R™BO*28/R )-100% 123 -16,42 -0,63 9,52 -20,57 -11,55
5 RS 44,5 -2,97 -1,47 0,43 -3,96 2,93
6 (R®/R)-100% 131 -13,27 5,2 -12 -16 -10,4
a xo 6 x2 B X2
PacTBop1' { ; 1: e "\
— N3 ™™= —---.._"_:' 100
Ny .- \
m—— 110
\\,_‘______‘120 135 '
PacTBop, 0 i ik _;,
s N0 2 3 S
\ 130 130 \ M‘“‘-x____,,/'
\'-._ 140 .‘I \\\
160 / 120 B
PacTeOp | i L1
—No 1 i | el S I
! 0 X1 4 0 +1 X1 -1 0 +1 X1
50 100 150 59 100 150 50 100 150

ConecopgepxaHue, Kr/m?

N3ameHeHune MPOYHOCTHbIX XapakKTepuUCcTnkK 6eToHa N0 OTHOLLEHMIO K KOHTPOJIbHbIM ONbITaM B 3aBUCMMOCTU OT BnAa U coneconep>xaHus TexXxHOreHHblxX pac-

TBOPOB (% OTH.): @ — R'%/R,; 6 - R™8°*%8/R ;. B — R?®/R,, % OTH.

Cyl1ecTBYIOT OrpaHUYEHUS 10 KOJUYECTBY COJIeid, BBO-
JIIUMBIX C PACTBOPAMU 110 OTHOILIEHUIO K Macce LIEeMEHTa JIJIsI
OGCTOHHBIX M3IEINI, apMUPOBAHHBIX CTAJTLHON apMaTypoit
1o 2%. TlpeBblllieHUe UX COmepKaHWs HUBEIMPYETCS J1O-
0aBKOII MHTMOUTOPOB KOPPO3UM B COCTaB OETOHA, HAIIpU-
Mep HUTpaTa HaTpusl.

OTa peKOMEHJALUSI MOXET ObITh NMPUMEHEeHAa TPU UC-
MOJIb30BAaHUU PACTBOPOB TPETHETO BUIA C CONECOAEPXKAHU-
eMm 1o 150 r/n (pactBopsl 3—2, Tabi. 1), Tpu BBEAEHUM KO-
TOPBIX ITOJYYeHO 2,81% coJieii 110 OTHOLICHUIO K MACCe Lie-
MeHTa (onbIT 7, Tabi. 3). KpoMe Toro, Bo3aM0oXHO, 3Hast CO-
JleconepXkaHue B TEXHOTE€HHOM pacTBOpE, paccyuTaTb W
OTrpaHUYUTh €0 A00aBKY, 3aMEHSsIs IPU ITOM YaCTh KUIKOI
¢a3bl BOAOIIPOBOIHOM BOHOM.

ITpu npoBeaeHNM HAIBHEHIIIUX UCCIEIOBAHUMN UCTIONb-
30BaJIi MaTeMaTHYECKUE METOIBI TUTAHUPOBAHUS IKCITePH -
MEHTOB U 00pabOTKU MX Pe3yJbTaTOB Ha KOMIIBIOTEpPE I10
CIeLIMAJIbHBIM TTPOrpaMMaM, KOTOpbIE IMO3BOJISIOT TOJTY-
YuTh OoJiee MOJHYI MHGOPMALMIO O TOBENEHUU M3ydae-
MBIX CHUCTEM II0 CPaBHEHHUIO C KJIACCUYECKUM METOIOM
l'aycca—3aiinens. B nanHoli paboTe MCIOIb30BaIM HEKOM-
MO3MIIMOHHBI 11aH 2-ro mopsaka (B.3. Bbpomckwmii,
JI.W. bponckuii, T.U. I'onukosa. Tabnulibl 1aHOB 2KCIIe-
pYMeHTa sl (aKTOPHBIX ¥ TTOJMHOMUHATBHBIX MOJAEJEH.
M.: Metamyprust, 1982. 752 c.) Ha lIECTUYTOJIbHUKE.

O6paboTKy pe3yJIbTaTOB UCCIeIOBAHUI, TTOJTYYEHHBIX C
ITOMOIIIbIO MaTPUIL TJIAHUPOBAHMSI, OCYILIECTBIISUIN C TIOMO-
B0 CIIEIUATBHBIX TIporpaMM. [IpoBoIMaNCEH Clieaytomme
MPOIIETYPHI: OIIEHKA BOCIIPOU3BOIUMOCTHU PE3YIbTAaTOB IO-
cpenctBoM Kputepusi KoxpeHa; BbIUMCIeHUE CPeIHEKBAI-
paTUYecKoi OIIMOKU IKCIIEPUMEHTA; MOCTPOEHUE YpaBHe-
HUIl perpeccuu; OlLICHKa 3HAYMMOCTH KO3(D(PUIUEHTOB
YpaBHEHUI PeTrpeccuu; OlieHKa afeKBaTHOCTU ypaBHEHMI
perpeccuu; TeXHOJOTHIecKass MHTePITPETalnsT YPaBHEHMIA;
IIOCTPOCHME CEeYEeHUM (DaKTOPHOM MOBEPXHOCTH; IIOCTPOE-
HUE TPOM3BOMHBIX YPaBHEHMI TMyTeM MOJCTAHOBKM KOH-
CTaHT B MCXOJHbIE YPaBHEHUSI; TOCTPOCHUE MO MTPOU3BOJI-
HBIM YpaBHEHUSIM YACTHBIX TpadMKoOB (3aBUCUMOCTEN BCEX

OTKJIMKOB OT COJIECOAepKaHUSI /IS TPEX BUIOB TEXHOJIOTH-
YeCKHX PaCTBOPOB).

B mporiecce 06paboTKy pUHSITA JOBEPUTEIbHASI BEpO-
atHocTh 0,95. Omunbka sKcrepuMeHTa He npesbiiaia 10%.
Bce monyueHHBIe ypaBHEHMSI BBIAEPXKaaud TPOBEPKY Ha
ajiekBaTHOCTD [6—10].

C nmoMoniblo ypaBHeHU, ceueHuit u rpacuKoB ornpee-
JIUJTA OTITUMAJTbHBIE YCIOBHSI M3TOTOBJIEHUST CTPOUTETHHBIX
pPacTBOPOB U OGETOHOB, 3aTBOPEHHBIX TEXHOTEHHBIMM pac-
TBOPaMM BCEX TPEX BUIOB.

[ns ompenenaeHus] BIWSIHUSA BUAA M COJIECOMEXKAHUS
pPacTBOPOB Ha MPOYHOCTHBIE XapaKTEPUCTUMKM OETOHA MC-
MOJIB30BAIM TIAH-MATPUILy Ha HIECTUyroJbHUKe. OcobeH-
HOCTBIO 3TOTO TUIaHa SIBJISIETCS TO, YTO ONUH U3 (aKTOPOB
BapbUpyeTCs Ha TpeX, a APYroi Ha ISITH YPOBHSIX. DTO MO-
3BOJISIET OoJiee TTOMPOOHO M3YINTh BIUSHUE Hauboiee WH-
TepecHOro akTopa Ha OOJIBIIIEM YKCJIe YPOBHEIL.

B xauectBe (hakTopoB mpuHATHL: X1-coyiecomepxaHue
pacTBOpoB, I/i1; X2 — BUI pacTBOpa, a B KAYECTBE YPOBHEM
— 0,866 — Bum pactBopa Ne 1; HyJieBoif YpOBEHb — BHI pac-
tBopa Ne 2, +0,866 — Buj pactBopa No 3.

Takum o6pa3oM, coecoaepxkaHue Kak Hauboiee NHTe-
pecHBI (DakTOp BapbUpyeTCs Ha TISATH YPOBHSX, a BUIL pac-
TBODA SIBJISIETCST KAYeCTBEHHBIM (DaKTOPOM 1 U3MEHSIETCS Ha
TpeX YPOBHSIX.

st mpoBeneHUsI 9KCMEePUMEHTOB COIIACHO MaTpulie
IUTaHUpoBaHUsT (Taba. 4) MCMOJb30BaHBI TakKXe BCE TPU
BU1a pacTBOpoB: BuI Ne 1 — 310 mpoba 1—3 ¢ conecoaepxka-
Huem 75 t/m; Bum Ne 2 — mpoba 2—2 ¢ coseconepkaHueM
75 r/n u 2—3 — c coneconepxanueM 125 r/x; Bug Ne 3 —
npoba 3—1 ¢ coneconepxanuem 100 r/x; mpoba 3—2 — ¢ co-
JeconepxxanueM 150 r/m u mpoba, uMeronias cojaecoaepxka-
Hue 50 1/, — 3T0 pa3baBicHHAsI B Ba pa3a BOJIOIPOBOJ-
Ho1 Bonoit mpo6a 3—1 (Tabax. 1).

715t cpaBHEHMS TIPOYHOCTH 06Pa31I0B, U3TOTOBICHHBIX C
HCTIOJIb30BAaHUEM TEXHOT€HHBIX PAcTBOPOB, IMPOBEACHBI
KOHTPOJIbHBIE 3aMePhl IPOYHOCTHBIX XapaKTEPUCTUK 0Opa3-
LOB OETOHA, M3rOTOBJIEHHBIX Ha BOLOMPOBONHOM Boze (R,).

HAY4HO-MeXHU4eCcKUil U nPou3800CHEEHHbLI JCYPHAA
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P €3y/AbTaTbl HAYYHBIX HccIe10BaHui

Bce onbITHI MPOBOIWIIN, [esIast 3aMeChI C IIeJIbIO TIoJTyJe-
Hus 6etoHa mapku 200 (k1acc B15), mpuMeHsis ciaenylolye
Marepuaibl: moptiaaHaleMeHT Mapku 400 ¢ pacxomom
350 r/m; denopoBckuit mecok — 600 r/71; CMOJMHCKUIA 11Ie-
o6eHb — 1200 r/n; Boga WM TEXHOTEHHBIE PACTBOPBHI —
0,185 M3/(1000-M3).

YcnoBus TBepaeHUS 00pa3lioB, IMPOBEICHUS IKCIEPH-
MEHTOB U Pe3yJIbTaThl ONpeneaeHus MPOYHOCTHBIX XapakK-
TEPUCTUK OE€TOHA B 3aBUCUMOCTU OT BUJA U COAEPKAHUS B
HCIOJIb3yeMBIX TTPo6Gax pPacTBOPOB MpHBEIEHBI B Tabi. 4.
Kpome RTBO  RTBO+28 y R28 mpuBeseHO M3MEHEHHE DTHX
BEJIMYMH T10 OTHOILIEHMIO K R, B % B CPaBHEHUU C OIBITAMH,
MPOBEIECHHBIMU Ha BOJIOIPOBOIHOM BOJIE.

PesynbraThl uccienoBaHui BAMSIHUSI BUAA pacTBOpa M
€ro coJjiecoiepXKaHusl Ha MPOYHOCTh 6eTOHA 0O0pabOTaHbI Ha
KOMITBIOTEPE M TIOJTYYeHbI YpaBHEHUSI, TIPUBEICHHBIE B KO-
NMPOBAHHOM BbIpaXXeHUM, MOoKa3aHbl B Tabi. 5. C UCIOb-
30BaHUEM 3THUX YPaBHEHUI TTOCTPOSHBI M TTPOAHATIN3UPOBa-
HBI TparuecKre XapakKTepUCTUKN BCEX OTKIIMKOB OT COJIe-
coNep>KaHMs ¥ BUJa TEXHOJOTUIECKHMX PACTBOPOB, KOTOPbIE
[MOKa3aJin, 4YTo MakcumyM RTBO 11 pacTBOpa mepBoro Buaa
nmojyyeH mipu cosiecopepxanuu 100 r/n. Jdna pacTtBopoB
BTOPOTO BHa MakcuMalibHoe 3HaueHue RTBO ompeneseHo
st coneconepxanust 50—75 v/, a ayist TpeTbero BUaa pac-
TBOPOB 1Ipu 85—90 r/i1. AHanu3 3aBucumocTeir R?8 or cone-
CONepXKaHUsI B TEXHOJOTMYECKUX pacTBOpax IOKa3bIBaeT,
YTO BCE BUJbI PACTBOPOB C YBEJIUUEHUEM COJIECONEPKAHUS
00eCTIeYnBalOT MAPOYHYIO IPOYHOCT 6 TOHA. 3aBUCUMOCTh
MPUPOCTa MTPOYHOCTU OETOHA TTO OTHOIICHUIO K KOHTPOJIb-
HBIM 00pa3iiaM, BBIpaXXEHHBIM B OTHOCUTEIbHBIX MPOIIEH-
Tax, IpUBeieHa Ha pUCYHKE. AHAJIU3 TTPUBEACHHBIX PE3YiTb-
TATOB TIOKAa3bIBaeT, YTO HAMOOJBIIYIO MPOYHOCTH IMpoma-
peHHble OETOHBI JOCTUTAIOT B pacTBOpax TPEThEro BHIA,
KOTOpbIE 00eCcreyrBaloT MapOYHYI0 TPOYHOCTh OETOHA Cpa-
3y TIOCJIe TETIOBJIaXXHOCTHOU 00pabOTKU. DTO ITO3BOJISET
JIM60 CHIKATBH PacXol LIEMEHTa Ha 1 M® GeToHa, JI6o co-
KpatuTh mmmTeabHocTh TBO, mim ke 0omMHOBPEMEHHO BBI-
TOJTHUTD U TIEPBOE U BTOPOE.

YpaBHeHUE perpeccuu o011ero Buaa 1isi AByX (pakTopos
BBITJISITUT CIIEAYIOIIAM 00pa3oM:

_ 2 2
y=byt+ bix; + byXy + b Xi + bX Xy + byX3.

Torna ypaBHeHue RTBO ¢ yyeTom BhIuMcieHns Koagpdu-
LIMEHTOB OYIET MPEACTABIEHO B BUIE:

RTBO =293 _ 3,53x, + 1,33x, — 4,05x} — 9,18x3 — 3,23x,x,.

AHaJIOTMYHO MOXHO TMPENCTABUTH YpPaBHEHUS U A
JIPYTUX OTKJIUKOB.

U3 nosyyeHHBIX Pe3yJIbTaTOB CIIEAYET, YTO OETOHBI, 110-
JlydaeMble ¢ TIPUMEHEHMEM TEXHOIEHHBIX PACTBOPOB BCEX
HCCIENOBAHHBIX BUIOB, HEIEJIECOOOpPa3HO ITOIBEPrarh
TBO, a cpasy mocie 3aTBOPEHHUS UCIIOIb30BATh ISl BO3BE-
JIEHUS MOHOJIUTHBLIX OETOHHBLIX U KEJE300ETOHHBIX KOH-
CTPYKUMI B JieTHee BpeMmsa. Mcronb3oBaHKe pacTBOPOB C
BBICOKMM COJIECOAEPKAHNEM B 3UMHEE BpEMs JIJISl BO3BEE-
HMSI MOHOJIMTHBIX KOHCTPYKIIMI IPUMEHSIIOT ITpU 6€3000-
IPEBHBIX METOIAX CTPOUTENILCTBA C LEJBI0 CHIDKEHUST TEM-
nepaTyphl 3amep3aHus Xuakoi ¢aser [11]. OmHako st
HCCIIENOBAHHBIX TPEX BUIOB TEXHOTEHHBIX PACTBOPOB TpE-
OyI0TCA IOMOJHUTENbHbIE UCTILITAHUS IS TOATBEPXKACHUS
BO3MOXHOCTH ITPUMEHEHNS 3TOr0 BApUAHTA.

Bornee o61ast WUTIOCTpaLvs BIMSTHUS TTPUMEHEHHMS VICCIIE-
JIyeMBIX pacTBOPOB Ha ITPOYHOCTHBIE XapaKTePUCTUKI OETOHOB
B 3aBUCHMOCTH OT COJIECOIEPKAHMS M BUIA PACTBOPOB IIPUBE-
JieHa Ha pucyHKe. MI30JIMHUM, NIPUBEJEHHBIE HA OTUX PUCYH-
Kax, TMOKa3bIBAIOT YBEJIMUEHNE MoKaszateneii RIBO, RIBO+28 i
R?8 Ha 10—40% B cpaBHEHMHU ¢ GETOHHBIMM 00PA3LIAMIU, M3I0-
TOBJIEHHBIMM C WCIIOJIb30BAHUEM BOIOIIPOBOIHON BOJIBI.
Hesnaunrenshoe cHikenne RTBO y RTBOT28 g pactsopa

BTOPOTO BUIA (PUCYHOK, d) CBSI3aHO, IIO-BUINMOMY, C IIPUCYT-
CTBHEM B PacTBOpax MOHOB HATPHSI.

Hecwmotpst Ha To YTO Ha pUCYHKe, @ HAabI0AaeTCs CHU-
XeHue TpoYHOoCTH Ha 10% 1Mo OTHOIIEHHIO K KOHTPOJIBHO-
My obpasny (R, =20 MIla) a1 pacTBOpoB BTOPOTrO BUJA, B
KOTOPBIX MMPUCYTCTBYIOT HaTpUiicoaepxaiue coau (tadai. 1)
cJeayeT OTMETUTDb, YTO BBEACHUE HATpHMiICOAepKAIIX CO-
neit (HarmpuMep, NaCl) mpuMeHsieTcsl B KaueCTBe MPOTUBO-
MOPO3HBIX 100aBOK B MPOU3BOJCTBE OETOHOB U CTPOUTEIb-
HBIX PacTBOPOB B 3MMHUI1 TIEPUOJ, YTO 0OeCTieurMBaeT He-
MPepbIBHOE MPOBEIEHUE CTPOUTEIBHBIX PAOOT.

OO6sacTh TPUMEHEHMs TMOJYYEHHBIX YpaBHEHUI
(Tabn. 5) orpaHnYeHa IIECTUYTOJIbHUKAMMU, 0003HAYEHHBI-
MU Ha pUCYHKax, a, 6, 6. KpoMe TOro, M30JMHUU MOXKHO
BOCIIPMHMMATh KaK BEPOSITHBII X0J U3MEHEHUSI OTKIMKOB,
Tak KakK B KauecTBe BTOPOro hakTopa MPUHST KaueCTBEH-
HBII — BUII TEXHOTEHHOTO pacTBopa. bosiee cTporo u TouHO
3aBUCUMOCTb MOXHO TTOCTPOUTH BAOJIb JIUHUM, YKa3aHHbIX
CTpeJKaMu 10 OCU OPIWHAT JJIsSI KaXIO0TO BUIIA PACTBOPOB.

Takum o0pa3oM, pe3yJbTaThl UCCAEAOBaHUN 1 UX 0Opa-
0oTKa IoKa3aju, 4YTo HauboJjiee OJarompusiTHbIE YCIOBMS
TBepAeHUS OETOHOB ISl BCeX TPeX BUIOB PacTBOPOB 0Oe3-
oborpesHbIe [12, 13]. DTo MO3BOISIET U3rOTaBIMBATH MOHO-
JINTHBIE KOHCTPYKIUU B TTIOCTPOCYHBIX YCJIOBUSIX UJIU MPU-
MEHSTh TEXHOTEHHBIE PACTBOPHI [IJIS1 YCTPOMCTBA OETOHHOTO
OCHOBaHMSI B JOPOXHOM CTPOMUTEJILCTBE C IMOCIEAYIONIUM
MOKpbITUEM acdabTobeToHOM. Kpome Toro, pekomeHmy-
€TCSl UCIOJIb30BaTh TaKKe PacTBOPHI B MPOU3BOACTBE IIITY-
KaTypHBIX PacTBOPOB, IPHM IOATOTOBKE OCHOBAHMU IO
TTOJIBI B XKWJIBIX U OOIIIECTBEHHBIX 3MaHMSIX, a TAKXKE B Kade-
CTBE CTSKKU B TIPOM3BOJICTBE PYJIOHHOM KPOBIIH.

IIpoBeneHHbIE HCCIEIOBaHMS, UX 00paOOTKA 1 MOJIyUeH-
HbI€ PE3YJIbTAaThl TO3BOJIMIIN CAEJIATh CACAYIOIINE BHIBOIBI:

1. TTokazaHa BO3MOXHOCTb MCMOJb30BaHUSI TEXHOTE€H-
HbIX PACTBOPOB C BBICOKMM cosiecoiepxaHueM oT 50 mo
150 r/n, obpasyoouuxcst B pe3yjibraTe mepepaboTKy BaHa-
NIA-, MapraHelcoaepXKaliero ChIpbs I TTPOU3BOACTBA
CTPOUTEBHBIX PACTBOPOB U OETOHA.

2. VI3ydyeHbl CBOMCTBA CTPOMUTENbHBIX MaTEpPUAJIOB Ha
LIeMEHTax MpU 3aTBOPEHUU U MOCeNYyIOIIEM TBEPIAEHU U 00-
pa3loB, U3TOTOBJIIEHHBIX C TIPUMEHEHUEM TPeX BUIOB TeX-
HOTEHHBIX pacTBOPOB c cojecoxepxanuem 50—150 r/m.
IToka3aHo, 9TO TOC/ie OKOHYAHUST BCETO TEXHOJIOTMUECKOTO
LIMKJIAa IPOYHOCTHBIE XapaKTepUCTUKHU 00pa31ioB Ha U3IU0 U
cXkaThe HaxomsITcs MPakKTUYeCKW Ha ypoBHE oOpaslioB, 3a-
TBOPEHHBIX Ha BOAOIPOBOIHOM BOJE.

3. I1pu u3yyeHUU BIMSIHUS COJIECOACPKAHUS B TEXHO-
TeHHBIX PACTBOPAX Ha IPOYHOCTHBIC XapaKTepUCTUKHU OETO-
HOB HCIIOJIb30BaHBl MaTeMaTHYeCKNEe METOIbI TUTAHUPOBa-
HUS 9KCIIEPMMEHTOB 1 00paboTKa MX pe3ybTaTOB II0 CIIe-
LIMAJIBHOM MporpaMMe Ha KOMIIbloTepe. DKCIIEPUMEHTHI 1
UX Tocieaytoniast oopaboTka mokKasaiu:

— HauOOJIbIIIYI0 MPOYHOCTh MPOIMAPEHHbIM OETOHAM
obecrieuynBaeT 3aTBOPEHUE UX Ha pacTBOpax TPEThero BUA,
MMOJTyYEHHBIX TTPY MepepaboTKe MapraHelCoAePKaIllero Chl-
Dbsl, UTO TIO3BOJISIET CHU3MTD PacXol LieMeHTa Ha | M3 6eTo-
Ha, WU CHU3UTb IJIUTEIbHOCTh TETUIOBIXKHOCTHON 00pa-
OOTKM, WJIU BBITIOJIHUTh U TO U APYTOE€ OJHOBPEMEHHO);

— TIOJlydeHHBIE Pe3y/bTaThl MO3BOJISIOT CHE/aTh OYEHb
BaXKHBII BBIBOJ — OETOHBI, M3TOTOBJICHHBIE C IIPUMEHEHUEM
TEXHOTEHHBIX PACTBOPOB C BEICOKUM coJjieconepxkanrem 50—
150 r/n1, He TPeOYIOT TEIUIOBIAXXHOCTHOI 00pabOTKU, YTO CO-
KpallaeT 3HEPro- U TPyAo3aTpaThl MPU BO3BEAEHUU OETOH-
HBIX U XeJI€300€TOHHBIX KOHCTPYKIIUI B JIETHEE BPEMSI;

— HaunboJiee pallMOHaIbHbIE YCIOBUS IPMEHEHUS TEXHO-
TeHHBIX PACTBOPOB — 3TO 0E3000TPEeBHBIE YCIOBUS TBEPAEC-
HUS OETOHOB, YTO TTO3BOJISIET PEKOMEHIOBATh UX UCITOJIB30-
BaHME B MIOCTPOEUYHBIX YCIOBUSIX IS yCTPOHUCTBA OETOHHOTO
OCHOBaHHUsI, B JOPOXKHOM CTPOUTENBCTBE C MOCIEAYIONIUM
MOKPbITUEM achalbTOOETOHOM, MPU TMOJArOTOBKE OCHOBA-
HUI TIO/ TIOJIbI B XXWIBIX M OOLIECTBEHHBIX 3MaHUSX, TIPU
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M3TOTOBJICHUU ILITYKATYPHBIX PacTBOPOB, a TakXke B Kade-

CTB!

€ CTSKKU B IPOU3BOICTBE PYJIOHHOIM KPOBJIH.
4. Vcnosib30BaHME TEXHOTEHHBIX PACTBOPOB C BLICOKUM

coJiecoiepXKaHUeM TMO3BOJISIET COKPATUTh 3aTpaThl Ha MX
YTUIU3ALMIO, COKPAaTUTh BOAOINOTPeOIeHUEe B MPOU3BOA-
CTBE CTPOUTEIbHBIX MaTepHajoB, a TakKXe COKpPaTUThb
SHEpPro-u TPyH03aTpaThl MPU M3TOTOBJICHWM OETOHOB 3a
CYeT 0TKAa3a OT TEIJIOBJIaXKHOCTHOU 00padOTKHU B IIPOU3BO/ -

CTB!
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CUNMKaTHLIW aHKEepPHbIA 3aKpenuTenb

[TpencTasnexsl peaynbTatbl pa3paboTK HOBOrO aHKEPHOI0 3aKPenuTens, KOTOPbIA UCMNONb3YETCSA B TOPHOW NPOMbILLIEHHOCTU B Ka4eCTBE CBSA3YHOLLEro
marepuana Ans 3akpernseHns aHKepHbIX CTEPXKHEN B LLNype NPu KPEnieHun ropHbIx BbIpaboToK. Ha 0CHOBaHWUN MCCIeA0BaHUA NPOYHOCTHBIX CBONCTB
LEMEHTHOr0 KaMHs B 3aBMCUMOCTW OT BPEMEHW TBEPAEHUA U TEMMEePaTypbl, MUKPOCKOMUYECKOr0 1 MUKPOPEHTIEHOCNEKTPanbHOro aHanusa paspaboTaH
CUNMKATHbII aHKepHbIiA 3aKpenuTenb, 3hPeKTUBHO paboTaroLwuid Npu HU3KOI Temnepatype (Ao -10°C). B cocTas 3akpenuTens BXOAUT pacLumpstoLLas
[n06aBka, cnoco6CTBytoLLas yBenuYeHnio 06bemMa CMecu o 5,5%, 4T0 B YCNOBMAX 3aMKHYTOrO NMPOCTPAHCTBA YNIOTHAET CTPYKTYPY CUIIMKATHOrO KaMHs
11 TEM CaMbIM MOBbILLIAET €ro NPO4YHOCTb. B 0TAIMYME OT OpraHuYecknx aHkepHbIxX 3aKpenuTeneil pa3paboTaHHbI COCTaB HETOKCUYEH U He
BOCMNaMeHsETCs. Hayarbl NPOMBbILLIIEHHbIE UCMbITAHUA CUIIMKATHOTO aHKEPHOTO 3aKpenuTens.

Knioyesble CNOBA: aHKEPHbII 3aKPENUTENb, PACLLMPAOLLAS J06ABKA, MUKPOPEHTTEHOCTIEKTPANbHBIN aHann3, STTPUHIUT.
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Silicate Anchor Fixer

Results of the development of a new anchor fixer which is used in the mining industry as bonding material for fixing rod stud in the hole when the mine support is executed. On the
basis of the study of strength properties of the cement stone depending on the hardening time and temperature, microscopic and X-ray microanalysis the silicate anchor fixer effectively
operating at low temperatures (up to 10°C) has been developed. The fixer composition includes an expansion agent facilitating the increase in the volume of mixture up to 5% that,
under conditions of the closed space, compacts the structure of silicate stone and thereby increases its strength. Unlike organic anchor fixer the developed composition is non-toxic

and non-flammable. Industrial testing of the silicate fixer started.

Keywords: anchor fixer, expansion agent, X-ray microanalysis, ettringite.

AHKepHOMY KpEIUIEHUIO TOpPHBIX mopon Oonee cTa JieT. B
HacTosIIee BpeMsl TPYAHO HAWTH IMOI3EMHBIN PYITHUK, TIe aH-
KepoBaHMe He sBIsgeTcsl HOpMoil. B MupoBoii mnpakTuke
HaKOIUICH 3HAYMTEITHHBIN OMBIT TPUMEHEHHSI aHKEPHOTO Kpe-
IUIEHUS B Pa3IMYHBIX TOPHO-TEOJIOTMIECKMX YCIOBUSAX ISt
BbIPAOOTOK Pa3IMYHOTO TEXHOJIOTMYECKOTO Ha3HAYEH U, B TOM
YuClie TIPU CTPOUTENIBCTBE TYHHeENei, MocToB U aopor [1, 2].

AHKepHbIe 3aKPEIUTEU UCIIOIB3YIOTCS B TOPHOI TTPO-
MBIIIUIEHHOCTU B KQU€CTBE CBS3YIOIEro MaTepuaa sl 3a-
KperJIeHUsI aHKEPHBIX CTePKHEH B IIType MPU KPeTieHUU
TOPHBIX BBEIPA00TOK. OCHOBHOUN MX (PYHKLMEN SIBISETCS
obecreyeHre MeXaHU3Ma Iepeayu Harpy3ku Mexiy Top-
HOIl Maccoil M YCWIMBAIOIIMM 3JIEMEHTOM (aHKEPHBIM
cTepxkHeM). B HacTosiliee BpeMsl UCIIONb3YIOTCSI aHKEPHbIE
3aKpETNUTEIN TTPEUMYIIIECTBEHHO Ha OCHOBE OpraHMYeCcKUX
MaTepuasioB, B OCHOBHOM MOJM3(PUPHBIX CMOJI, U pEXe CO-
CTaBHI Ha LIEMEHTHOM OCHOBE [3, 4].

0O0630p HAyYHO-TeXHUYECKOI1 MH(pOpMAIIMU ITI0KA3bIBaeT,
4TO 0OJIbIIIee BHUMAHUE YAEJSETCSl MCCAeNOBAaHUSIM HOBBIX
KOHCTPYKIWI aHKEPOB, CTEHIOBbIM U IPOMBILIIJIEHHBIM UC-
MBITAHUSIM U YUCJICHHOMY MOJIEJIMPOBAHUIO CUCTEMBI aHKED
— ropHas mMacca [3, 5, 6]. [IpakTuecKu OTCYTCTBYIOT ITyOJTH -
Kaluyu o (GpU3UKO-XUMUIECKUX UCCIICAOBAHMIX CBOMCTB aH-
KEepHBIX 3aKpernuteneil. M3 aHaniM3a TEXHOJOTUYECKUX Xa-
PaKTEPUCTUK Pa3IMYHBIX TUTIOB 3aKpenuTeneii [7—9] ciemy-
€T, YTO MPOYHOCTh aHKEPOB, 3aKPEIJICHHbIX COCTAaBOM Ha
LIEMEHTHOI OCHOBE, HECKOJIPKO BBIIIIE, YeM 3aKpPETUIEHHbIX
Ha 3M0KCUIHOMI cMoute. [Tpu 3TOM CTOMMOCTb MOCTEAHUX Ha
OIMH-/IBa TTOpsiIKa BhIIe. Ecam crmocobHOCTh 1IeMEHTHOTO
0OeToHa yCIelIHO paboTaTh B TeUeHUE OoJiee cTa JIeT JoKa3a-
Ha MpPaKTUKOW 3KCIUIyaTallud COOPYXEHMI, TO JAHHBIE O
COCTOSTHUU NoJU3(UPHBIX cMo yepe3 20—30 jieT B 6eToHe
OTCYTCTBYIOT. HeoctaTkaMu 3TUX 3aKpenuTeieid sIBISIOTCS
BBICOKAsI TOKCUYHOCTD 1 MOXXapOOMacHOCTh, CJIOXKHOCTh UX
TPAHCTIOPTUPOBKY U XpaHEHMUsI, a TAKXKe CHWDKEHUE BSIKY-
LIKAX CBOMCTB mpu Temneparype Huxe +10°C u noiaHoe ux
OTCYTCTBHME MIPU OTPULIATEIbHBIX TEMIIEPATYpax.

Llenbio aHHO# paboTHI SIBJsIIACH pa3paboTKa Gezomnac-
HOTO aHKEPHOTO 3aKpernuTesisi, JUUIEHHOTO MepeuyuncieH-

HBIX HEIOCTaTKOB M DPabOTAIOIIero Mpu OTPULATENIbHOM
TeMIiepaType; py 3TOM 3aTBEepAeBaHUE TAKOTO 3aKpernuTe-
JIST TOJKHO MPOMCXOIUTh B TeueHue 30—45 ¢, n yxe yepe3
10 MUH 3aKpenuTeNb JOJDKEH MMEeTh MPOYHOCTh Ha OJHO-
ocHoe cxaTtue He mMeHee 15 MIla. B kauecTBe MaTepuaaioB
ISl TAKOTO 3aKperuTesisi MOXKHO MCIOJIb30BaTh HEOPTaHU-
YecKHe BellleCTBa.

HccnenoBanne cBoiicTB meMeHTHOro kamus. [Ipu B3au-
MOJIEMCTBUYM NUIAKOTIOPTJIAHILIEMEHTa C PAcTBOPOM Ilie-
JIOYHOTO CWJIMKATA €ro YacTULIbl TUAPATUPYIOTCS, C APYTOit
CTOPOHBI, PACTBOP IIEJIOYHOTO CHJIMKATA, B3aUMOICUCTBYS
€O IIUTAKOM M 00pa3yoInMKCs OKCUAaAMU U THAPOKCUAAMUT
U IPYTMMM MajopacTBOPUMBIMU COJISIMM, CBSI3bIBA€T X,
00pasyst MpouHble coeAuHeHus1. s vccienoBaHuil ObLIU
MU3TOTOBJIEHBI 00pa3ilbl IEMEHTHOTO KaMHSl U OIpeJesie-
Ha KX MOPOYHOCTb HA OJHOOCHOE CXaThe COMIACHO
T'OCT 24941—81 ¢ nomotibto mpudopa-npooHuxka bY-39.

CxBaTbIBaHUE cMecH mpoucxonuT B TedeHue 30—40 c.
VYxe yepe3 10 MUH TTOCJIe CXBAaTbIBAHUSI IPOYHOCTb KAMHSI
nocturaet 17—19 MIla (puc. 1), a yepe3 Tpu yaca oHa COOT-
BETCTBYeT MAapOYHOM MpPOYHOCTH LeMeHTa O =40 MIla.
OnHako B TiepBbIe TOJITOpA Yaca HapacTaHUE MPOYHOCTH
IIEMEHTHOTO KaMHSI HECTaOMJIBHO M COTIPOBOXKIACTCS JaxKe
BPEMEHHBIM €€ CHIDKEHUEM. DTO CBSI3aHO C TPOTEKAHUEM B

50

2 40,28
§ <J
<40 7 10,24 &
= <
© -0,2 é
5 30 2 g
= -40,16 £
3 z
2 20 + -40,12 é
3 Jo,08 2
I L N
z 10 40,04 =
o
c 1 1 1 1 1 1 1 1 1 0

20 40 60 80 100 120 140 160 180 200

Bpewms, muH

Puc. 1. 3aBUCMMOCTb NPOYHOCTU Npu cxaTtum (1) n NNHEHOM ycaaku (2)
06pa3suoB OT BpeMeHn TBepaeHus!
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Puc. 2. PacwmpeHune o6pasLioB BO BpEMEHN B 3aBMCUMOCTU OT Temnepa-
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Puc. 3. 3aB1CMMOCTbL MPOYHOCTU MUHEPASTLHOIO KaMHs (T, ) OT Temnepa-
Typbl OKpyXatoLen cpeapl (t) yvepes 10 MMH nocne cxeaTbiBaHWS
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Puc. 4. IameHeHve NpoYyHOCTV 06pasLoB BO BpeMeHm npu temneparype 3°C

STOT TIEPUON TPOIIeCcca YCaaKH, COIPOBOXKIAIOIIETOCS yca-
JMIOYHBIMU TepopMaIusaMu, TOSBICHUEM MUKPOTPEINH,
TOp, CHIKEHUEM aare3uu u T. A. MI3MepeHue ycamouyHbIX
nedopMaluii MokKasajlo, YTO JIMHEeHas ycagka 3a TOT Xe
repuon (Tpu yaca) coctasusieT 0,2% (puc. 1).

JI1s1 KoMIIeHCallMW YCaIOYHbIX TeopMalinii U yBeIu-
YeHHMSI CKOPOCTU Habopa MPOYHOCTH HEOOXOAMMO, YTOOBI
OBICTPOTBepACIONIAA IIEMEHTHAsI CMeCh Oblla pacIIMpsIio-
melcs. DTo TMO3BOJSIET 3HAYUTENBHO YIYYIIUTh Kaue-
CTBEHHBIE XapaKTEePUCTUKU CMECH B HaYaJIbHBIM TEepHOJ
TBEpACHMUSI.

Hcxonst u3 pe3ysbTaToB MPOBEAESHHBIX WCCIEI0BaHUI
B KauecTBEe DACIIMPSIONIECTO MaTepuajia BhIOpaHa aTloMU-

HaTHO-Cy/b(darHass n06aBKa, obecreyrBaroas pacuimpe-
HMe KaK B TUTACTMYHOM, TaK U B 3aTBEPIEBIIIEM COCTOSIHUU.
PacimpeHue pacTBOpOB, COAepXKallMX aTlOMUHATHO-CYJb-
(batHbIe 7OOABKU, TPOUCXOAMT B Pe3yJIbTaTe B3aUMONEHCTBUS
amoMo- U cynbdarcoaepxkamx a3 ¢ oopa3oBaHUEM KpH-
crajurornzpaTos strpuHrura (3Ca0-Al,0;:3CaS0O,31H,0 —
ruapocyiabdoamomMuHaTa Kanbiys) [10].

Jlns1 uamMepeHus1 CBOOOIHOIr0 IMHEHHOTO pacIMpPEeHMST 00-
pasloOB U3 MUHEPATbHON CMECU MCIIOJIb30BAJICSI WHAUKATOD
4acOBOTO THIIA, 3aKPETUICHHBI Ha J1ab0paTOPHOM IITATHBE.
Lena nenenust nuaukaropa cocrasisuia 0,01 mm. MamepeHue
pacIIpeHust POU3BOAMIIOCH Ha 00pa3iax MIMHIPUIECKON
dopmer nnamerpoM 0,038 m u BeicoTolt 0,025 M. Ilpu TakoM
crocobe M3MepeHus: (UKCUPYETCsl JIMHEMHOe pacIIupeHue
(ycazmka) TOJbKO B 3aTBEPIEBILIEM COCTOSIHUMU; T. €. pacilipe-
HUeE, TPOMCXOISIIIEe B ellle He3aTBepAEBIIeM pacTBOpe, OCTa-
eTcs He3a(hUKCUPOBaHHBIM. Pe3ysIbTaThl TPOBEICHHBIX M3Me-
peHUIA TIpeACTaBIeHBI Ha puC. 2.

IIpoBeneHHBIE MCCICOOBAHUS TTOKA3BIBAIOT 3HAUYUTEb-
HOE BJIMSIHUE TeMIIepaTypbl CMECH Ha paclIMpeHue 1 Mpoy-
HOCTBb 00pa3uoB. [1pu Temneparype 22°C paciumpeHue mpo-
HUCXOAUT C 3aJepXKKOW W HAYMHAETCS MPUMEPHO 4Yepe3
60 MUH TOC/Ie M3roToBjIeHUs obpasua. OOlee JUHEHOE
pacImMpeHue yepe3 CyTKH cocTtanisier 3,1%. [Tpu cHukeHUN
TeMmnepatyphl 10 18°C cKOpoCTh pacIIMpeHUsl Pe3KO BO3pa-
craeT. PacivpeHre HauMHaeTCsl MPaKTUYECKM Cpasy Tocje
M3rOTOBJICHMsST 0o0Opa3ila M 4epe3 CYTKU cocTaBisteT 5,5%.
[Tpu cHwxkeHun Temnepatypbl a0 13°C mpakTuyecku Bce
paciiMpeHye MPOUCXOAUT B ellle He3aTBEePAEBIIEM COCTOSI-
HUM U (UKCHUpYyeMoe paciiupeHue He mpeBbimaer 0,5%.
IMpu nmanpHeiIIeM CHUXXEHUU TeMIIepaTypbl pacIIMpeHMe
o0pa3noB He Gukcupyercs. TakuMm oOpa3oM, MpU CHIXKE-
HMM Temriepatypsl 10 13°C nocTuraercs NpakTuyeckoe pas-
JeneHre (as3bl pacliMpeHuss W a3kl 3aTBepAeBaHUs, UTO
CITOCOOCTBYET MOBBIIIEHUIO MPOYHOCTH LIEMEHTHOTO KaMHSI.

BimstHure TeMItepatyphl Ha IPOYHOCTD IIEMEHTHOTO KaM-
HsI onipenesiachk yepe3 10 MuH nmociie cxBatbiBaHus. Pe3ynb-
TaThl TPOBEAEHHBIX UCCIEAOBAaHUI MOKa3aHbl Ha puC. 3.

IIpoaHanu3npoBaB puc. 3, MOXHO 3aKJIIOUMTh, YTO Hau-
GOJBIIYIO TIEPBOHAYATIBLHYIO TPOYHOCTh UMEIOT 0Opa3LbI TPH
TemMIiepatrype okpyxatoiueit cpeasl 2—4°C (10 35 MIla), Bo3-
pacras Ha 75% 110 CpaBHEHUIO ¢ TIPOYHOCTBIO TTPU TeMITepa-
type 20°C. IIpu otpuuatensHoii Temmeparype (ot 0 o -10°C)
LIEMEHTHBI/I KaMeHb TaKXe MMeeT BBICOKYIO MPOYHOCTH
(0=27—32 MIla), B cpenHeM B 1,5 paza BblllIe, YeM MpHU
KOMHaTHO TemniepaType. ClieyeT OTMETHUTD, YTO ISl 9KC-
TIEPYMEHTOB BCe 0Opa3libl U3TOTABIMBAINCH U XPaHWINCH B
CTIeLIMANTbHBIX 3aKpBIThIX (hopMax auamerpom 0,03 M, cnep-
JKMBAIOIIMX PaCcIIMPEeHNe U UIMUTUPYIOLIUX YCIOBUS IIIITypa.

ITockosbKyY NMPY YCKOPEHHOM TBEPIACHWUH YBEIUUMBAIOT-
Cs BHYTPEHHUE HaIpSDKEHMST B TBEPACIOIIEM LIEMEHTHOM
KaMHe, ObIJIN TIPOBEAECHBI CCIIeIOBAHNUS U3MEHEHMS ITPOY-
HOCTU LIEMEHTHOTO KaMHsI BO BpeMEHU TIpU TeMIlepaType
3°C, Tak Kak TIIpW 3TOM TeMIlepaType HaOogaeTcsl Hau-
6oJIbIIIast CKOPOCTh TBepACHUs. Pe3ynbTaTsl 3TUX MCCIIEa0-
BaHUI1 MOKa3aHbl Ha puc. 4.

YcTaHOBJIEHO, YTO HapacTaHUe MPOYHOCTU LIEMEHTHOTO
KaMHSI TIPOMCXOIUT OYeHb MHTEHCUBHO U 6e3 BPeMEHHOTO
MafieHus TIPOYHOCTH, B OTJIMYKE OT CMeCU 6e3 paciImpsio-
mei no6aBku. MapouHyto npoyHocTh (40 MIla) nemeHT-
HBIII KaMeHb HaOupaeT yxke uyepe3 40 MUH, a yepe3 Tpu Jaca
oHa mpesbimaeT 60 MIla.

Taxkum o6pa3oM, pe3yabTaThl MPOBENEHHBIX HCCIIeI0Ba-
HMI TIOKa3ajJu, 4TO BbIOpaHHBIN COCTaB cMecu 00JamaeT
BBICOKOW MOTEHLMAIBHOW MPOYHOCTBIO W YAOBJIETBOPSIET
BCEM TpEeIbsBICHHBIM TpeboBaHUSAM. IMama3oH Temrepa-
Typbl 3¢ (GEKTUBHOTO IIPUMEHEHHs pa3paboTaHHOUM CMeCU
cocTtasiset oT -10 mo 25°C. Ha coctaB JaHHOTO CUIMKATHO-
ro 3aKkpenuresis noaydeH EBpasuiickuii mateHt [11].

MMKpPOPEHTreHOCIEKTPAJIbHBIA AHAJIN3 IIEMEHTHOTO KaM-
HA. OOBEKTOM UCCIICIOBAHMS SIBIISUICS LIEMEHTHBIN KAMEHD,

L= HaY4HO-MeXHU4ecKull U npou3eo0CMEeHHbLI JCYPHAA
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Puc. 5. CTpyKTypa LEMEHTHOro kamMHsi: a — u3 cMmecu 6e3 paclumnpsiowlein nobasku (X50); 6 — N3 cMecu ¢ paclumpsiowein nob6aBkon, KpucTanornapaTbl
BHYTPM nopsbl (X200); B — N3 cmMecu ¢ paclumpsiioLleii obaekoi, kpuctannormapatsl B kanunnspe (X500)

e

L= F Y

Puc. 6. MukpocTpykTypa 06pasL0oB LEMEHTHOrO KaMHs C paclumpsiowein 0o6aBkol, M3roToBieHHbIX npu Temneparype: 20°C - a, 6 (obpaseu, 1);

5°C - B (06paseL 2)

3aTBOPEHHBIN IEJTOYHBIM CUJIMKATOM W TPUTOTOBICHHBII
npu Temmepatype 5 u 20°C. st ucciaenoBaHU UCIIOIb30-
BaHbI clieAyloline MpuoOopbl: MUKpockon Axiovert 200M
(I'epMaHus), 2JeKTPOHHO-30HIOBLII MUKPOAHAJIU3ATOP
JEOL (Anonust). 3rotosieHre aHIUTM(OB BHITTOJIHEHO Ha
I OBaIbHO-TIOJNUPOBAIBHBIX cTaHKax ¢upmbel LECO
(CHIA). KommaecTBeHHas1 OLICHKA CTPYKTYPHI MUHEPAab-
HBIX (pa3 IIpoBeneHa ¢ MOMOIIBIO IMporpaMmbl Bumeo-TecT-
Crpyktypa (Poccus, r. Cankr-IletepOypr). I1pu nepecuere
JNAHHBIX MUKPOPEHTI€HOCTIEKTPAJIbHOTO aHAaIM3a Ha MUHE-
pPaIbHBII COCTaB LIEMEHTHOTO KaMHSI MCIOJIb30BaH METO.
GOpMYILHBIX KOJTU4YecTB [12].

JloMeHHBIE IJIaKU 110 COCTaBY OJM3KU K LEMEHTHBIM
cmecsM [13]. M3-3a OBICTPOro oxJaxxaeHUs TpaHyInpPOBaH-
Hble TOMEHHBIE IIIJIAKU PUOOPETAIOT 3aMETHYIO TUAPABIIN-
YeCKyI0 aKTUBHOCTb M OTJIMYAIOTCS] BHICOKMM CONEP>KaHUEM
CTeKJI000pa3Hoit (a3bl, KOTopasl MOBBIIIAET XUMUUYECKYIO
aKTWUBHOCTb IIJ1aKOB [14].

MukpocKonuueckre MCCIeA0BaHusl MoKa3aiu, 4To lie-
MEHTHBIII KaMeHb U3 cCMecH 0e3 pacIIMpsionieil 106aBKu
MMeeT IYCThIe MOPbl U TpeluHbI (puc. 5, a). B ueMeHTHOM
KaMHe 13 CMECU C pacIlupsIoleii 100aBKOo mopkl (puc. 5, 6)
Y KanwuIsIpbl (pUC. 5, 6) 3aM0JIHEHbI KPUCTALJIAMU THAPATOB.

Ha puc. 6, a u 6 ipencrasieHsl Mukpodororpaduu 06-
pasua 1, m3rortoBieHHOro mpu Temmeparype 20°C; Ha
puc. 6, 6 — obpasiia 2, rmonxydeHHOro mpu 5°C, ¢ yKazaHueM
MO3UIIMI OTHENbHBIX (ha3, MUKPOPEHTIEHOCTIEKTPATbHBII
aHaJIM3 KOTOPBIX IpeAcTaBieH B Tabia. 1 (oOpasen 1) u
Tab. 2 (obpaselr 2). B aTux ke Tabiuiax npuBeaeHbl MAHE-
pajbHbIe COCTaBbl IIEMEHTHOTO KaMHsI, TTOJTydeHHbIE METO-
oM (bOPMYJIBHBIX KOTM4YecTB. [I1sh IpuBeIeHUST MacCOBOM
KOHIIeHTpaluu okcuaoB K 100% B tabxa. 1 (rpada 16) u
Tabj. 2 (rpacda 14) BBeAeHO pacueTHOE COAepXKaHUE BOMILI.
DTO 00YCJIOBIEHO T€M, YTO PeaklMy rMIpaTaluu MUHepa-
JIOB IOMEHHOTO 1IlJIaKa U LIEMEHTA SIBJISIIOTCSI BaKHBIM 2Ta-
IIOM CO3JaHusl IPOYHOCTU LIEMEHTHOTrO KaMHsI [15, 16].

BBeneHHBIC pacueTHbIe KOJMYECTBA BOABI BITOJIHE COOT-
BETCTBYIOT OOpa30BaHUSM TUAPOCWIMKATOB KaJbIUsI, TH-
JPaTUPOBAHHBIX TEJIEHUTOB M TUTICA, a TAKXKE STTPUHTUTA —
3Ca0-Al,05-:3CaS0,-32H,0, npencTaBiaeHHbIX B Tab1. 1 1 2.
DTTPUHTHUT 3aHUMAET MPUMEPHO BIBOE OONBIINI 0ObEM IO
CPaBHEHUIO C CYMMOI OOBEMOB pearMpylommx BeIIeCTB:

3Ca0-Al,O; u3 nementHoro kimHKepa u CaSO,2H,0 [17].
B gacTtHOCTH, TOATBEPXKICHNEM TIPUCYTCTBUSI B TIOpaxX KpH-
CTaJUIOTUAPATOB (pUC. 5, 0) SBISIIOTCS JaHHbIE MUKPOPEHT-
T€HOCTPYKTYPHOTO aHaIM3a (ITO3ULKs 8, pHc. 6, a), KOTOphIe
dukcupyror Hammuue 10 15% strpuHrUTa M 12% TUIpaTH-
POBaHHOTO aJIUTa B TIOPE, B TO BpeMsI KaK B IPYTUX MO3ULIU-
sIX obpasna 1 pacyeTHOe comep:KaHWe STTPUHIUATA HAXOIUT-
cs1 B nipenenax 4—6%. B obpasie 2, momrydeHHOM mpu 5°C,
pacueTHoe cofepKaHue STTPUHTUTA Ha OTAEIbHBIX MUHEPA-
Jax mocturaet 7—27%. YBennmdeHne conepKaHus STTPUHTH -
Ta B 00pasiie 2 MOXXHO OOBSICHUTb 3aMEJJIEHUEM CXBaTbIBa-
HMSI TUIICA, TIOBBIIIEHUEM PACTBOPUMOCTU THAPATUPOBAH-
HBIX MU3BECTH U TUTICA IPU HU3KOW TeMIIepaType.

CnenyeT OTMETUTH (PMKCALIMIO TUAPATUPOBAHHOIO
KpeMHe3eMa Tpu pacueTe MMHEPaJbHOIrO cocTaBa obpas-
11a 2. ABtopsl [18] monaraior, 4To IPUCYTCTBUE BHICOKOIM-
CIIEPCHBIX MUHEPAJIbHBIX YACTHULL, B TOM YMCJIE MUKPOKPEM-
He3ema, yiayuyuiaeT GU3nKo-MexaHuueckrue CBONCTBA KOM-
MO3UIIMOHHBIX MaTepUaaoB, UX MPOYHOCTHbIE CBOMCTBA U
CIOCOOCTBYET HAIlpaBJIeHHOMY (pPOPMMPOBAHUIO MaKpO- U
MUKPOCTPYKTYPHI LIEMEHTHOTO KaMHSI.

Takum 00pa3oM, Ha OCHOBAHMM MCCJIEIOBAHMSI MPOY-
HOCTHBIX CBOWCTB LIEMEHTHOIO KaMHSI B 3aBUCMMOCTH OT
BpPEMEHU TBEPIEHUS M TeMIlepaTypbl, MX MUKPOCKOIUYE-
CKOTO0 U MUKPOPEHTI€HOCHEKTPAJIbHOTO aHaIn3a pa3pado-
TaH CWJIMKATHBIA aHKEPHBIH 3aKpenuTeNb, 3(DGEKTUBHO
pabotaroniuii mpu HU3Koi temneparype (1o -10°C). B co-
CTaB 3TOTO 3aKPENUTENsl BXOAUT paclluMpsiionias nobaBka,
CITOCOOCTBYIOIIAST YBETUICHUIO 00beMa cMecH 10 5,5%, 910
B YCJIOBUSIX 3aMKHYTOTO MPOCTPAHCTBA YIUIOTHSIET CTPYKTY-
Py CWJIMKATHOTO KaMHSI M TEM CaMbIM TOBBIIIIAET €T0 MPOoY-
HOCTb. B oT/IMuMe ot opraHn4ecKrux aHKEPHBIX 3aKperuTe-
JIeil 3TOT 3aKpenuTeb HETOKCUYEH U He BOCTUIAMEHSIeTCS.
B HacTosiee BpeMsi MPOBOMISITCS CTEHIOBbIE M MPOMBIIII-
JIEHHbIE UCTIBITAHUSI CUJTMKATHOTO aHKEPHOTO 3aKPETUTEIS.
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