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AHHOTALUMNA

BBeaeHue. B coBpeMeHHOM CTpOUTENLCTBE aKTUBHO NMPUMMEHSIIOTCA TEXHOMOMMM CaMoynsoTHsIoLLerocs 6eToHa, pa3BuBa-
IOLLMECS B HAMpaBreHMM TEXHOMOMMK nerkux camoynnoTHsowmxes 6etoHoB (JICYB). OcHoBHoe npeumylectso JICYB —
yMeHbLUeHne Beca OETOHHbIX U Kene300EeTOHHbIX KOHCTPYKLMA MpU COXPaHEHUU CTPYKTYPHOW LIENOCTHOCTW, Hecyluen
CMNOCOBHOCTM 1 BBICOKOW MOABWXKHOCTU. Llenb nccnegoBaHns — OLEHKa peornorum TeYeHus UCCreayeMbiX CMecei B 3a-
BMCMMOCTV OT BapbypyeMbix daktopos B/LL 1 koHueHTpauum nnactudukatopa C, 1 COOTHOLLEHMS 3an0onHUTENs (chpakum-
OHMPOBaHHOTO MecKa W KBapLIeBOW MYKW).

Matepuansi 1 MeTogbl. O6BLEKTOM MCCNenoBaHMSA ABNATCS 6ETOHHbIE CMeCU Ha NomnbiX MUKpocdepax. [poekTHas cpen-
HS8 NNoTHOCTbo G6eToHa 1400 kr/m®. MNpeacTaBneH criedyolmMin CocTaB: NOPTNaHALEMEHT, KepaMuyeckne Mukpocdepbl,
KOMMnekcHas KpemHedemMucTas gobaeka, ppakLMOHHbIN NECOK, KBapLieBas Myka, runepnnactudumkarop u Boga. lony4yeHbl
pesyneTaTtbl UCCreaoBaHust peonornyecknx xapakrepuctuk JICYB. KntoueBbiMy peonornyeckumm napameTpaMmu nNpuHsThbl
HanpsbkeHue caBura u BA3KOCTb.

Pesynbrartbl. CHkeHve B/LL oTHOWweHMS yBennunBaeT BA3KOCTb U HanpsikeHue casura 6€TOHHOM cMecu BHE 3aBUCUMOCTU
ot C,. MNoxoxas 3aBNCUMOCTb HabMIoAAETCs Y COCTABOB C Bapbupyemoit C, yBENNUYEHe KOTOPOil CHUKAET ryCTOTY CMECH,
yMeHbLUasi BA3KOCTb W HanpsbkeHne casura. OTMeueHo npefenbHoe 3Haderne C, Npy NpeoaoneHni KoToporo peonoruye-
CKve nokasaTenu CMecel CTPEMSTCS K Hymio Mo Mepe yBenuyeHus obbema fobasku. OueHka peonornm cMeceii no ypas-
HeHuto OcTBanbaa — Belinsa nokaseiBaeT HanbornbLUyto 3Ha4MMOCTb B/LL OTHOLIEHNS Ha ryCTOTY U BO3MOXXHOCTb U3MEHEHUSI
XapakTepa Te4yeHust CMecel C NCeBAoNIacTUYeCcKoro Ha AUnaTaHTHbIV NPy BapbUPOBaHUM Nccnegyemblx hakTopoB. 3ame-
Ha gonu dpakunoHMpoBaHHoro necka mykon co 100 go 0 % yBenuunBaeT rycToTy cMecu no4tu B 3 pasa.

BbiBogbl. [peacTtaBneHbl pedynbraThl, onpeaensiowme BO3MOXHOCTb U3MEHEHNUSI PEONIOrMYECKOro xapakrepa TedeHust
JICYB Ha nonbix Mykpocdepax npu BapbupoBaHuu nccrneayembix akTopoB. BbINONHeH CpaBHUTENbHbBIN aHanmn3 nonyyeH-
HbIX PEOOrMYEeCKMX KPUBBIX C UCMOMb3oBaHWeM ypaBHeHuss OcTBanbaa — Benns onsa Tsbkenbix u nerknx 6eToHoB ¢ nonbl-
MU MUKpocdepamun cmecelt. PaccMoTpeHa porb AMCNEPCHOCTM 3anofiHUTENS B yNpaBleHUn peonormyeckumMmm CBOMCTBaMm
nccnegyembix JICYB.

KINKOYEBBLIE CITOBA: camoynnoTHsioWMecs rerkue GeTOHbl, peoriorusi, norble MUkpocdepbl, ypaBHeHne OcTarb-
na — Beiings, HanpsbxeHve caura, BOAOLEMEHTHOE OTHOLLEHWE, KOHLEHTpaLUms nnactudmkatopa
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ABSTRACT

Introduction. Self-compacting concrete (SCC) technologies are actively used in modern construction, which are developing
in the direction of lightweight self-compacting concrete (LWSCC) technology. The main advantage of LWSCC is to reduce
the weight of concrete and reinforced concrete structures while maintaining structural integrity, load-bearing capacity and
high mobility. The purpose of the study is to evaluate the rheology of the flow of the studied mixtures depending on the vary-
ing factors of W/C and the concentration of plasticizer Cpl and the ratio of filler (fractionated sand and quartz flour).
Materials and methods. The object of the study is concrete mixtures on hollow microspheres. The design average concrete
density is 1,400 kg/m?®. The following composition is presented: Portland cement, ceramic microspheres, complex silica
additive, fractional sand, quartz flour, hyperplasticizer and water. The results of studies of the rheological characteristics
of LWSCC were obtained. The key rheological parameters are shear stress and viscosity.

Results. Reducing the W/C increases the viscosity and shear stress of the concrete mix, regardless of the Cp/. A similar
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dependence is observed in compositions with variable Cp,. An increase in Cp, reduces the density of the mixture, reducing
viscosity and shear stress. The limiting value of Cp, is noted, when this value is overcome by rheological parameters of mix-
tures tend to zero as the volume of the additive increases. The evaluation of the rheology of mixtures using the Ostwald de
Waele equation shows the greatest importance of the W/C ratio for density and the possibility of changing the flow pattern
of mixtures from pseudoplastic to dilatant with varying studied factors. Replacing the fraction of fractionated sand with flour
from 100 to 0 % increases the density of the mixture by almost three times.

Conclusions. The results determining the possibility of changing the rheological nature of the LWSCC flow on hollow micro-
spheres with varying studied factors are presented. A comparative analysis of the obtained rheological curves is performed
using the Ostwald de Waele equation for heavy and light mixtures with hollow microspheres. The role of filler dispersion in
controlling the rheological properties of the studied LWSCC is considered.

KEYWORDS: self-compacting lightweight concretes, rheology, hollow microspheres, Ostwald de Waele equation, shear
stresses, water-cement ratio, plasticizer concentration
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BBEJEHUE

beToHHBIE TEXHOIOTHU B HACTOAIIEE BPEMSI 3aCITy-
KEHHO SIBIISTIOTCSI ONHUMH U3 IIPUOPUTETHBIX HAIlpaB-
JICHUH Pa3BUTHS CTPOUTEIHHOTO MAaTEPHAIIOBEICHHS.
Bosnbiryio monmynspHOCTh MOyYHIH CaMOYIUIOTHSIIO-
mmecst 6etons! (CYB) [1-3], uto 00ycioBieHo crrocoo-
HOCTBIO K CAMOCTOATEILHOMY PaBHOMEPHOMY 3aIlOJIHE-
HUIO IPOCTPAHCTBA B OnaryOke 6e3 JOTOTHUTEIEHOTO
BHEIITHETO BO3/I€HCTBUS U COXPAHEHUEM OZHOPOIHOTO
pacmpesneneHus: KOMITOHEHTOB BHYTpH (HopMEI [4, 5].

B mocnennue roxasl HaOMOmaeTcs TEHACHIUS
[0 CHIKCHHIO BeCa KOHCTPYKIMH B LENAX COKpaIe-
HUSI Harpy3KH Ha ee HecyIue 3JIeMeHThl. s 3Toro
YUCHBIMU-CTPOUTENIIMH aKTUBHO Pa3paldaThIBAIOTCA
TEXHOJIOTUH KOHCTPYKIIMOHHBIX JETKHUX OETOHOB, 00b-
SMHSIONINX B ce0e MPOTHBOPEUUBBIC CBOMCTBA, TAKHE
Kak: BBICOKAsl IPOYHOCTh M HU3KAasl MIIOTHOCTh. B nme-
OIIEMCSI MHPOBOM OITIBITE MOTY4EHHS TOJBHKHBIX JIET-
KHX OETOHHBIX CMECEH, Kak MpaBHIIO, MPUMEHSIIOTCS
BCITYYCHHBIC JIETKHE 3aM0JIHUTEIH, CBOWCTBA KOTOPBIX
OTPaHUYMBAIOT ITOKA3aTeH KauecTBa OeToHa [6—9].

Jlnst 6eToHHBIX cMecei, B ocobenHnoctu st CYB,
KITFOYEBBIMU TIOKA3aTeNIIMHU Ka4eCTBa ABJISIOTCS UX pe-
OJIOTUYECKNE U TEXHOJIOTHYECKHE XapPaKTEPUCTUKH,
a TaKkke 0OCOOCHHOCTH NMPOU3BOACTBA. TPagUIIIOHHO
i orrcanus peonormu CYD ncnons3yioT mpenen te-
KY4YECTH TIPU CABHIE T, M TUIACTHIECKYIO BA3KOCTD L.
[IpoBeneno MHOXECTBO mccuenoBaHuid [2, 10-15],
B KOTOPBIX JE€MOHCTPUPYETCSl BIMSHUE TaKuX (ak-
TOpPOB, KaK BHJbI IEMEHTA, 3aMOJHUTENCH, 100aBOK
1 BOJIOKOH Ha PEOJIOTHIO OETOHHOM cMecH, TaKKe ycTa-
HOBJICHBI OCHOBHBIE TapaMmeTpsl kadecTBa 111 CYb.
B paGore [2] moka3aHo, 9TO BTOPHYHOE HCITOTH30BAHNUE
nepepaboTaHHOTO 3aMOTHUTENS B OETOHE CITOCOOCTBYET
KaK YBEJIMUEHHIO TIpeJieia TeKyIeCTH, TaK 1 TIacTHUe-
CKOM BSI3KOCTH. Mcrionb30BaHKE 3051b YHOCA C HU3KUM
conepxanneM Kaipnus (Mmeree 10 %) 1 H3METBFICHHO-
TO TPaHyJIMPOBAHHOTO JIOMEHHOTO IIJIAKa CIIOCOOCTBYET
CHIDKECHUIO YKa3aHHBIX [TOKa3aTelIeH, 4TO 00BSICHAETCS
3¢ HEKTOM MIAPUKOTOANIUITHIKA YaCTHII C(hepruecKoi
(hOpMBI M MEHBIIEH XUMHYSCKONH aKTUBHOCTH IJIaIKOH
MOBEPXHOCTH 3EPEH 10 CPABHEHUIO C MOPTIIAH/IIIEMEH-
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TOM cooTBeTcTBeHHO. OOpatHIii 3 dekT HabmomaeTcs
IIPU TIPIMEHEHUH 30J1bI YHOCA C BBICOKHM COZIEPKAHU-
€M OKCHJA KaJbIHs, YTO CBSI3aHO C HEPETYISIPHBIMU
pasMepamu U STYeUCTON CTPYKTypoil yactull. Beenenue
Pa3IUYHBIX BUOB BOJIOKOH, Pa3MepoB, (OPMBI M KOITH-
YecTBa CIIOCOOCTBYET yBEIMUCHHUIO IPEJieia TEKyUeCTH
U TTACTUYECKOM BA3KOCTHU. VIcIonp30BaHUEe TUTACTH(H-
UPYIONNX 100aBOK 3aKOHOMEPHO YMEHBIIAET BEIIH-
YUHY PeoNOTHYecKuX mokasareneit [15]. Ocobas ponb
MOJTMKapOOKCHUIIATHBIX TUTACTH(UKATOPOB B XapaKTepe
TEUYEHHUs LIEMEHTHO-MUHEPAIBHBIX CMECEH MOKa3aHa
B myOnukanusax [16, 17].

B pabote [18] uccrenoBanu peorornyeckue xa-
PaKTepUCTHKH OETOHHOW CMECH MPH YaCTUIHOH 3aMme-
HE IIEMEHTa IOJBIMU CTEKISIHHBIMH MUKpochepamu.
'YcraHOBIIEHO, UTO OETOHHASI CMECh, COAEPIKAILast TOJIbIC
CTEKJIIHHBIE MUKpOC(hEpHI B KonudecTBe 5 % OT Macchl
BSDKYIILIETO, UMEET OoIree BRICOKHI CTaTUUECKUI 1 AWHA-
MHYECKHUH MPesielT TEKyUEeCTH U 00Jiee HU3KYIO BSI3KOCTb,
4yeM KOHTpOIIbHas cMech (6e3 mukpocdep). Hagamo te-
YeHHUS TaKoH OSTOHHON CMECH U eT0 TIO/AepKaHNe TIPO-
HCXOANT TIpH 00J1€€ BEICOKUX HANPSKEHNSAX CABUTA.

HecmoTpst Ha CylIeCTBYIOIIMI ONBIT IOIYYEHHUS
CaMOYIUTOTHSIIOLINXCS JIETKUX OETOHOB, TOJIOKUTEIb-
HBIC PE3YNbTaThl CBOHCTBEHHBI, KaK IIPABIIIO, COCTABAM
CO CpeIHeH TIOTHOCTRIO He Himke 1800 kr/m?. TTpu atom
PEONIOrNIeCcKHE XapaKTEPUCTHUKH CaMOYILIOTHSFOIIUXCS
OGETOHHBIX cMecelf BO MHOTOM OCTAalOTCS HEM3YyUEHHBI-
MH, 0COOCHHO JJIsl COCTABOB C OOJBIINM COZIEpKaHNE
JIETKOTO 3alOJTHUTENS. B CBSI3M C 3THM BO3HUKACET 3a-
KOHOMEpHas 3a/1a4a M0 YCTaHOBJICHHUIO PEOTOTHUECKIX
MapaMeTpoOB CaMOYIUIOTHSIIOIINUXCS JIETKUX OETOHOB
C HU3KOH CpeaHel IUIOTHOCTHIO (BEICOKOHAITOTHEHHBIX
JIETKUM 3aTIOJTHUTEIIEM ).

MATEPHWAJIBI U METO/JAbI

OOBeKT uccaenoBaHnus — JeTKue OETOHHBIE CMe-
CH Ha MOJIbIX MUKPOC(epax, BKIIOUAIOIIIE CICAYIOIHe
KOMITOHEHTHI [3, 19, 20]:

» noptnanauement LIEM I 42,5 (TIL]), cooTBet-
ctBytomuid Tpedoanusm 'OCT 10178-85 (xumuko-
MUHEPATOTUYECKUAN COCTAB MpeACTaBiieH B Tabm. 1);
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* KOMILIEKCHasi KpeMHe3eMucTast jobaBka Frem-
Silica-2 (MKM), cootBerctBytomas TY BY 190669631.
001-2011MK-85';

* kepammueckue Mukpochepsr (MC) ForeSphere?,
CBOMCTBa KOTOPBIX NIPUBECHEI B Ta0M. 2;

* (paxmmonssIii mecok (I1 q)) ¢p. 0,16-0,63 mm;

* kBapuesas myka Il , koTopas mpencraBiseT
€000 TOHKHI TIECOK, MOIYYCHHBIH ITyTeM IMOMOIIa
bi (o) Syﬂ =700 £ 20 m?*/kT;

* nosimkapOokcuIaTHbI ractudukarop Melflux
2651F°;

* BOJA.

CooTHoIIEHHE KOMIIOHEHTOB CMECH COOTBETCTBO-
BAJIO MPOEKTHOI cpeHelt moTHocTH OetoHa 1400 kr/mv?®.

B kauecTBe IPOTOTUIIOB AJISI CPAaBHUTEIBHOMN
OIICHKH CBOMCTB UCCIICYEMBIX JIETKUX OCTOHOB HC-

! FremSilica. URL: http://www.frem-corp.ru/produktsiya/
dobavki-v-beton/modifikatory/frem-silica/

2 ForeSphere. URL: https://foresphere.com/catalog/alyumos-
ilikatnye-mikrosfery/

3 EBPOXUM-1 ®YHKIMOHAJIbHBIE JJOBABKU.
URL: https://www.eurohim.ru/catalog/dobavki-dlya-suhih-
stroitelnyh-smesej/dobavki-dlya-suhih-stroitelnyh-smesej/
superplastifikatory/melflux

Taou. 1. XuMIuecKuii 1 MUHEPaJIOTHYECKUH COCTaB KIIMHKEpa

M0JIb30BaHbI COCTaBbl CaMOYILIOTHSIOIETOCS TSHKENO-
ro 0eTOHa, OTIIMYAIOIINECS COJePKaHUEM BOJIbI U TlIa-
crudukaropa: npororun / — B/I1 = 0,5, C = 1,4 %;
npororun 2 — B/I1 = 0,45, C = 1,2 %. CootHouieHne
KOMITOHEHTOB B UCCJIEyeMbIX OETOHHBIX CMECSIX yCTa-
HaBJIMBAJIOCh B COOTBETCTBHU C TalI. 3.

Hccnenyemblii cocTaB JIETKUX OETOHOB BKJIIOYAET
MUHepalibHYI0 (asy pa3IuIHON JUCIIEPCHOCTH — KBap-
LEBBII MECOK: (PPaKIMOHNPOBAHHBIA U TOHKUH (MYKa).
BapbupoBaHue COOTHOIICHUS] TOHKOW U (hPaKIIUHOHUPO-
BaHHOI yacTuIl (Tabi. 4) mecka Mmo3BOJISET MPOCICIUTh
BKJIaJl KOMITOHEHTOB MJICHTHYHOTO MUHEPAIBLHOTO CO-
CTaBa B paclpeseieHue BOJbl B IUCIIEPCHON cHCTEME
NPY [TOCTOSIHHOM PAacXojIe BCEX COCTABIISIFOLINX JIETKOTO
Oerona (tadu. 3), B/L1=0,5u C = 1. OGwee obbemHOE
coziep)KaHne KBapIeBbIX KOMIIOHEHTOB B CMECH JIETKOTO
Gerona cocrapyser [T+ 11 0= const = 8,7 %.

Juist uccne1oBaHus PEOIOTHYECKUX CBOMCTB JIer-
KHX caMmoyIuioTHstonmxcs 0etonos (JICYB) paccmo-
TPEHO BJIMSHHE B paMKaXx JBYX(aKTOPHOTO KOMITO3HIIHU-
OHHOTO IUIaHa YKCIIEPUMEHTOB, I7Ie B KA4Y€CTBE BapbH-
pyeMmbIX (GakTopoB BHIOpaHbI X| — KOJMYECTBO BOJIBI
(B/IT) n X, — ronuenTpanus muactuduraropa (CI, %
0T Macchl eMeHTa). OCHOBHBIC YPOBHHM COCTaBHIIN

Oxcnpl MuHepaib
CaO SiO, AlLO, Fe,O, MgO SO, Na O CS CS CA CAF
66,0 21,2 5,1 4,1 0,75 0,56 0,58 68,2 8,2 6,4 12,6
Ta6u1. 2. CoiicTBa NoNbIX Kepamuuecknx Mukpocdep ForeSphere
CgoiicTBO 3Hauenue
HacpInHas IOTHOCTB, KI/M? 320-370
HcTrHHAS IOTHOCTE, KI/M3 580-690
CpenHuii pa3mMep 4acTHUll, MKM 100
TonmHa cTeHOK MHKpOChEpb, MKM 2-10
TT0THOCTH MaTepuaa CTCHKH, Kr/m 2500
IIpenen mpounoctu Ha cxxatue, MIla 15,0-28.,0
TeepmocTs mo mkaixe Mooca 5-6
Taou. 3. CooTHOIIEHNE KOMIIOHEHTOB HCCIIEAYEMBIX cMecei
Oo6bemHOE comepxanue, %
Cocras
TI1IT MKM I, I, MC
Jlerkuii 6eton 20,0 3,1 2,2 6,5 46,4
Iporotun / (TsoKENBIH GETOH) 20,0 3,1 14,1 41,0 0,0
IIpototun 2 (TspKenbiii 6eTOH) 20,0 3,1 14,1 41,0 0,0

Tatu1. 4. O6beMHOE COnePKaHHE KOMITOHEHTOB MUHEPAITBHOH (pasbl B HCCIEAYEMBIX CMECSX MPH pasinaHoM coorHomenwn [T /T,

OobemHoe conepxanue [1 , %
M

KommonenT
0/100 25/75 50/50 75/25 100/0
Ksapuesas myka Sp 0,0 2,2 435 6,5 8,7
DpaKkIMOHUPOBAHHBIN M1ECOK S /. 8,7 6,5 4,35 2,2 0,0
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sHadenus 0,5 u 1,4, uarepBans! BapsupoBanus — 0, 1
n 0,4 % COOTBETCTBEHHO.

Juist u3ydeHusi CBOMCTB HCCIEAYEMbIX OETOH-
HBIX CMECEH MPUMEHSIICSI METOJ MaTEMaTUYECKOTro I1a-
HUPOBAHMS 3KCIIepuMeHTa. Vcronp30Bana cieyiomas
CTaHAapTHas ABYyX(aKTOpHAast MOJIEIb!

Y:f(X,,XZ)ZBO+Bl-X1+Bz~X2+
+B,-X,,+B,- X +B,,-X].

1x2

[Touck ko3(p(ULHEHTOB ypaBHEHUs MO3BOJHII
YCTQHOBUTH 3aBHCHUMOCTH IIapaMeTpoOB KauecTBa Y
OT TIEpEMEHHBIX (pakTOpoB (X, M X)), 4TO TMO3BONIAET
3HAUYNUTEIFHO COKPATUTH KOJMYECTBO IKCIIEPHMEHTOB.

HccnenoBanue peoslornyeckux CBOMCTB BBIMON-
HSJIOCH TI0 BSA3KOCTH M HANPSKEHUIO CIBUTA OCTOH-
HOM cMecH ¢ MPUMEHEHHEM POTAIIMOHHOTO BHCKO3H-
merpa MCR 101 (puc. 1). Metoguka onpeaeneHus
PEOJIOTHYECKUX MapaMeTpPoB 3aKIIYaeTCs B U3Me-
PEHHHM MOMEHTA CONPOTHBIICHHS HCIBITHIBAEMOH Oe-
TOHHOH CMECH MEePEMEIEHUI0 N3MEPUTEIbHON CUCTE-
MBI, TIOTPY>KEHHOH B cMecCh. 3MepuTenpHas cucrema
MIPEACTaBISACT cO00I METATMYECKUN TIap AUaMETPOM
8 MM, coBepmIarOmuil OpOUTaNIbHOE TEepeMelIeHue
C IMHEHHBIM MPUPALICHAEM CKOPOCTHU CIBUTA JI0 BEJIH-
unHel 1 ¢! B Teuenue 60 c.

VcnpITaHus OCYIIECTBISUINCH COIVIACHO CIIC/TYTO-
IIeMy alropuTMy: 1) TOMOTCHH3AIMSI CyXHX KOMITOHCH-
TOB cMecH; 2) T00aBJICHNE BOIBI C PACTBOPCHHBIM ILIA-
ctupukaTopom; 3) mepeMennBanue OETOHHON cMecH
cormacao ['OCT 30744; 4) 3amonHeHne UCTIBITATETBHON
YalIi BUCKO3UMETPa, MO3UIIHOHUPOBAHIE NU3MEPUTEIb-
HOW CHUCTEMBI B HYJIEBOE IIOJIOKEHHE, CTAOMIM3aLNs
CUCTEMBI (TIPOJOJDKUTEIBHOCTh 9 MHH); 5) U3MEpCHHE.
[TonHoe BpeMst IpOBEICHUSI UCTIBITAHUSI OETOHHOW CMe-
CH TIOCJIE €€ MPUTOTOBJICHUS COCTaBIAET 22 + 2 MUH.
W3mepeHus: poOBOAMIINCH B JIBa TIOBTOPEHUS C ITPOMeE-
JKyTOYHBIM 3TAIlOM TOMOTeHu3armu. [lociie ucrpITanus
0eTOHHAsI CMECh ITOJBEPraIach MOBTOPHONW TOMOT€HHU3a-
LMK ¥ yKJIaJKe B ()OPMBI O€3 YIUIOTHEHHMSI JIJIsS U3TOTOB-
JICHUS CTaHAapTHBIX 00pa3uoB-npusM 40 x 40 x 160 Mm.

PE3VYJIBTATHI HCCJIEJOBAHUA

Jlyis KaJI0r0 COCTaBa B COOTBETCTBUU C BBIIIC-
YKa3aHHBIM [UIAHOM JKCIIEPUMEHTOB IMOJIyYEHBI pe-
OJIOTUYECKHE KPUBbIE, OMUCHIBAIOIINE 3aBUCHMOCTD
BSI3KOCTH M HAIPSDKEHHsI CABUTA OT CKOPOCTH CIIBUTA
(puc. 2).

B coorBeTCTBMM ¢ MHOIOTOYEYHBIM IIAHOM JKC-
MICPUMEHTA MOJTYYCHHBIC IPAQHUKHA PEOIOTHICCKUAX KPH-
BBIX MOXKHO CTPYIITAPOBATh IO TUAMA30HAM BSI3KOCTH,
B KOTOPBIX MPOHMCXOAUT U3MEHEHHE IPU YBEIHUCHUN
ckopoctr capura. Hanbomsiryto Bs3kocts (1> 100 [Ta-c)
nmerot coctassl ¢ B/L < 0,4, mpu B B/L] = 0,5 Bsi3KOCTH
n3Mensiercs: B nuanasone ot 40 mgo 90 Ila-c, a Tperbro
rpyriy (GOpPMUPYIOT COCTaBbI, BI3KOCTh KOTOPBIX HE IIpe-
Beimaet 25 Ia-c (puc. 2, a).
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Puc. 1. OnpeneneHue BA3KOCTH U HATIPSDKEHUS CIBUTA OETOH-
HO# cMecH Ha MOJIBIX MUKpoc(epax ¢ IMOMOIIBI0 POTAHOH-
Horo Buckozumerpa MCR 101

Cocrassl niepBoit rpymmsl (B/1] < 0,4) xapakrepu-
3yI0TCSI HAaMOOJIbIIIeH TYCTOTON ¢ pa3KMKEeHUE IIPU yBe-
JUYEHUH CKOPOCTH caBura 110 Bsazkoctu 400-800 Ila-c
(puc. 2, a). dna cmeceit ¢ B/ = 0,36 u C}1 =14%
u B/I1 = 0,4 u C = 1,0 % npu HavanbHBIX CKOPOCTAX
CIBHUTa HAOIIONAETCsl HHTCHCUBHOE PAa3KMIKEHHE —
BA3KOCTh MHTCHCHUBHO yYMCHBIIAETCS, CMEHAACH CO-
MOCTAaBUMBIM yBenunueHueM. [lomoOHoe mosenenune
JIMCIIEPCHON CHCTEMBI CBSI3aHO C BBICTPAMBAHUEM
CTPYKTYPHBIX JIEMEHTOB O/ ICHCTBUEM CJIBUTAOIIIE-
TO YCHJIUS ¥ TIOCIIEAYIOIIUM UX YIUIOTHEHUEM B CBS3U
C YMCHBUICHHUEM PACCTOAHHUA MEKAY 3€pHAMU JUC-
nepcHoit ¢aspl. Tlociae 10CTUKEHUS CKOPOCTH CABHIra
6omee 0,1-0,15 ¢! BA3KOCTHh CHUKACTCS, YTO CBA3AHO
C MPEOAOJICHUEM IMOPOra CONPOTUBICHHS TEUEHHIO.
Bounpimit 00beM cMecH B 3TOT MOMEHT BPEMEHH TIpH-
oOpeTtaet aBKeHue. Takke JJIsi ’TUX COCTAaBOB MOXKHO
BUJICTh Y4aCTKHU ITPOTUBOIIOIIOKHOTO U3MEHEHUS BSI3KO-
CTHU U HAIPSHHKECHUA CABUTa NIPHU YBEJINMYCHUUN CKOPOCTHU
caBWra npu 3Ha4eHusx okoio 0,3 u 0,6 ¢'. D10 00B-
SCHSIETCSA HAPYIICHUEM CIUIONTHOCTH BCIIEICTBHE CO3-
JIaHUS MyCTOT BHYTPH 00bEMa cMecH, 00pa30BaBIINXCS
13-32 BBICOKOH T'YCTOTHI U, KaK CIIEJICTBHE, HU3KOH ee
CIIOCOOHOCTH K 3aIlOJIHEHHIO CBOOOJHOTO NMPOCTpaH-
CTBa, KOTOpasi pOpPMUPYETCS MPH ABMIKEHUH HU3MEPH-
TENBbHOM CUCTEMBI («IIIap» BUCKO3UMETPA).

3aKOHOMepHI)IM ABJIACTCA YBCIIMUCHUC BA3KOCTHU
1 HaIIPSDKEHUS CIIBUTa IPpH cHIDkeHun B/L] oTHOmIEHNS
BHE 3aBHCHUMOCTH OT KOHLEHTPALUHU TIACTH(HUKATO-
pa. AHAJIOTHYHYO 3aKOHOMEPHOCTh MOJKHO OTMETHTh
JUIsSL COCTABOB C BapbupyeMoii C , yBelnueHre KOTOpOi
MPUBOJUT K CHUKCHHIO T'YCTOTBI CMECH, BBIPAXKCH-
HO MEHBIIEH BEJIMYUHON BA3KOCTU U HAIPSKEHUS
casura. [Ipu sToM HabmOmaeTcs mpenei A KOHIICH-
Tpalyy IIACTU(HUKATOPA, KOT/J]A €r0 KOJIUIECTBO Mepe-
CTAeT OKA3bIBATh BIMSHHE HAa UCCIIETyEMbIC PEOTOTHYE-
ckue rokasarenu. Tak, Ha cocraBax ¢ B/Ll oTHomeHnnem
0,5 BUIHO, 4TO M3MEHEHUE KOHIIEHTPALUH T00aBKH 60-
nee C > 1,4 % He oTpakkaercs Ha rpaduKax 3aBUCHMO-
CTH BA3KOCTHU U HAIIPSXKEHUA CABUT'Aa OT CKOPOCTU CABU-
ra (puc. 2, b). To ecTb U3MEHUTH PACIIPEIETICHUE BOIBI
B CHCTEME yBEINYCHHEM KOJIMYECTBA IUIACTH(HUKATOPA
Oonee HeBO3MOKHO. CpaBHEHHUE TPAPHUKOB I OCTOH-
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Puc. 2. I'paduk 3aBucUMOCTH BS3KOCTH (@) M HaNpspKeHUs caBura (b) OT CKOpPOCTH CABUTA JUIS JIETKMX OGTOHHBIX cMeceit

Ha I1OJIBIX MPIKpOC(i)ean U TSDKEITBIX OETOHHBIX CMECSX 1IpyU BapbUPOBAHUHU B/H OTHOLICHUA U KOHIICHTpaun HJIaCTI/I(i)I/IKaTOpa

HbIX emeceit ¢ B/LL=0,5u C, = 1,4 %, Ho pa3Ho#l mioT-
HOCTH TTOKA3bIBACT, YTO COCTAB 0€3 MOJIBIX MUKpOCHEp
(mporoTHIl /) UMEET MEHBIIYIO BI3KOCTh U HAIIPSKCHHE
C/IBUTA, a TAKXKE XapaKTepU3yeTCsl pPABHOMEPHBIM UX U3~
MEHEHHUEM, UTO CBUJICTENILCTBYET O JyUlllel TeKy4eCcTH
U CIUIOIIHOCTH CHCTEMBI. DTO MOXKET OBITH CBSI3aHO
C BIIUSTHUEM JICTKOM JUCTICPCHOM (ha3bl (TIOJIBIX MHKPO-
ctep), KOTOpasi IMEET MCHBIIUI pa3Mep U IIOTHOCTh
[0 CPAaBHEHHIO C 3aMEHSIEMbIM KBapIleBbIM MECKOM.
Takum 00pa3oM, TOHKHE YaCTHUIIBI JICTKOTO 3AIIOJIHUTE-
751 TpeOYIOT OOJBIIEC BOJBI, @ UHTCHCUBHOCTD TCUCHHUS
YMEHBIIIAETCSl MPONOPIUOHATBHO TPABUTALIUOHHOMY
BO3/ICHCTBHIO, 3aBUCSIIEMY OT INIOTHOCTU. OIHAKO CO-
CTaB TSDKEIIOTro OCTOHA ¢ YKa3aHHBIM COOTHOIICHHEM
B/l u C}1 CKJIOHEH K OTJICJICHUIO BOJIbI, YTO CBUJIECTEIIb-
CTByeT 0 c¢e n30bITKe. CHIKCHUE BEIIUYUHBI BApbUPYE-
MbIX (akropos 10 B/L[ = 0,45 u C = 1,2 % nossoanno
MOJYYHUTh MPOTOTHIT OTHOPOIHOM CMECH TSHKEIIOTo Oc-
ToHa. O4YeBUAHO, YTO BSI3KOCTh U HANPSKEHUE CIIBUTA
TAaKOTrO COCTaBa BBIIIE U MOTYT BBICTYIIAaTh B KaueCTBE

OPHEHTHPOBOYHBIX AUATIA30HOB IS TIOJyYESHHUST OHO-
pOIHOM cMecH.

I'pynmy OeTOHHBIX cMecell ¢ BSI3KOCTHIO MEHEe
25 Tla-c ¢popmupytot cocrasl ¢ B/I] = 0,6. I'padukn
BSI3KOCTH M HANPSDKEHUS CIBUTA HE MMEIOT Pa3InyH-
MBIX OTIIMYHH TIPH BAPHUPOBAHWN KOHIIEHTPAIINH TITa-
cTuduKaTopa.

CpaBHUTEJBHBIIN aHAIN3 IOy YEHHBIX PEOJIOTHYIE-
CKUX KPUBBIX HAMPSKEHUS CIIBUTA OT CKOPOCTH C/IBUTA
(puc. 2, b) MOXXHO BBITIOITHUTH C UCTIOIE30BAHUEM yPaB-
geuanst OcTBanbaa — Beis:

=k,

IJe T — HanpspKeHUe cIIBUTa; k — IoKa3areib KOH-
CHCTEHIINH; Y — CKOPOCTH CIBHIa; /I — IIOKa3aTelb,
XapaKTepU3YIOMUi TUI TedeHus (n < 1 — mncepaoma-
CTHYECKOE T€UCHHE, 71 > | — IUiIaTaHTHOE TEUCHNE).
[NomyueHHBIE peoNOTrHYeCcKHe yPAaBHEHNUS TSI KaXK-
JIOTO COCTaBa, COMIACHO IJIaHy 3KCIEPHUMEHTa, HC-
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C.[4. EnuxuH, A.C. UHo3emuees

I10JIb30BaHBI JUIsl YCTAHOBIIEHUS! YPABHEHUHN PErpeccuu
Y=fX;X):

Y, =47,0-390,9-X, -37,0- X, +

+64,6- X, X, +294.3- X} +7,4-X3;
Y, =0,966-0,077- X, + 0,029- X, —0,063- X, X,,

rae Y, — xoopduunent k u3 ypapuenns OcTBasb-
na — Beiins; Y, — xo3QpQuuHEHT n U3 ypaBHEHHS
OcrtBanbaa — Betis.

AHanu3 NOJIy4eHHBIX YpPaBHEHHUH MOKa3bIBACT,
49T0 KOA(PPUIMEHT TYCTOTH k mMeeT Ooiee 3HAYH-
TelIbHOE M3MEHeHue oT BapbupoBanus B/I] oTHo-
IICHNUs, YeM KOHIeHTpauus nobdasku. [lpn sTtom oba
3THX (aKTopa CrocOoOCTBYIOT YMEHBIICHUIO BEINYH-
HBI 3TOr0 KpuTepust. OTMETHM TOJIOKUTEIbHBIN 3HAK
ko3ppunuen-tos B, B | u B,, ypaBHenus Y,. 910 cBu-
JIETEJILCTBYET 00 M3MEHEHUH XapaKkTepa Kak B3auMHOTO
BIMsiHUS X| U X, TaK U TIPU CYIIECTBEHHOM yBeJnYe-
HUM WX 3HaueHus. To ecTh Kak M30BITOK KOJMYECTBA
BOJIbI M TUTACTH(HUKATOPA, TAK U B3AaUMHOE UX BINSHHE
MPUBOJIUT K YBEJIHUYEHHUIO I'yCTOTHI OETOHHON CMECH.
[Togo6HOE MOXKHO OOBSICHUTH HapYLIEHUEM OJHOPOI-
HOCTH JHCIIEPCHBIX CHCTEM, KOTAa MPEBBIIIEHNE MO-
POTOBOTO KOJIMYECTBA BAPbUPYEMBIX (PaKTOPOB IPH-
BOJIUT K HapyIIeHHIo OanmaHca Boabl. B Takom ciydae
HaOJoaeTest OTAEICHUE BOJIBI U, KaK CIIEJICTBHE, pac-
CJIOEHUE CMECH, YTO MOXKET OBITH CBS3aHO C YMEHbIIIC-
HUEM TOJIIMHBI BOJHOW MPOCIONKN M yBEJINICHUEM
TPEHUSI MEKAY TBEPABIMU YaCTUIIAMH.

VpasHenue Y, 1eMOHCTPUpPYET BEIUIUHY K03(pdHu-
muenTa n < | pu 3HaYeHUsIX BapbUPYEMBIX (DaKTOpOB,
COOTBETCTBYIOIINX OCHOBHBIM YPOBHSAM BapbUPOBAHUS

(B, = 0,966). To ecTh Takas quCrepCHas CHCTEMA Xa-
paKTepU3yeTCsl ICEBAOIIACTUYECKUM TeUEeHHEM, KOIa
OeToHHAast cMeCh HaYMHAET TE€Yb NMPU MUHUMAaJbHBIX
3HAYEHUAX CIBHUTOBBIX HArpy3oK, a ¢ yBEJIMYEHUEM
CKOPOCTH CJIBHTa HAIPSDKCHNE C/IBUTa U3MEHSIETCSI C 3a-
TyXaroLEed HHTEHCUBHOCTBIO. YCUJIEHHE 3TOMY PEOJIO-
rudeckoMy rnosezeHuro npuaaet B/I] otHomenue u ero
COBOKYITHOE€ BJIMSIHHE C TIACTU(QHUKATOPOM, O YEM CBU-
NETENBCTBYET 3HAK «—» Mepesl kKodppuuuenTamu B,
u B ,. B 10 e BpeMs k03 QUIHUEHTHI ypaBHEHHUS, OT-
pakarolye BIUSHUE HCCIIeTyeMbIX (PaKTOPOB, IIOKa3bI-
BAIOT BO3MOKHOCTb H3MEHEHHS KpUTEPHS Y, B 00MacTh
n > 1. To ecTh Xapaktep Te4eHUs OCTOHHOW CMecH
B 3aBUCHUMOCTHU OT BenuuHbl B/L] OTHOIICHUS U KOH-
LEHTPAIMHU IJIacTU(PUKATOPA MOKET MEHSTHCS Ha M-
JaTaHTHBIA. B Takoll cucteme 1eMEHTHO-MUHEpalb-
HOe TecTo (OpPMHUPYET MPOCIONKY MEXKAY YaCTUIIAMU
JIUCTIEPCHOH (a3bl, CIOCOOCTBYS CHIDKEHHIO TPCHHUS,
a C yBEIIMYEHUEM CKOPOCTH CIIBUTa HAIPSHKEHNUE CIIBH-
ra U3MEHAETCA C PAacTyIlel HHTeHCUBHOCTHIO. Kak Bua-
HO U3 ypaBHenus Y, = fiX; X)), kio4eBbiM (paKkTopoM,
CHOCOOCTBYIOLIMM CTPEMIICHHIO K TAKOMY TTOBEJICHHIO
HCCIIElyeMOH TUCIIEPCHOM CHCTEMBI, SIBISIETCS] KOHIIEH-
Tpanms miactTudukaropa (kodduiment B,).

Taknum 06pa3om, MOTy4IEHHBIE MOAEITH MTOKA3bIBA-
0T CIIOKHBIN XapakTep BIMSHUS UCCIETyeMbIX (haKTo-
POB Ha PEOJIOTHIO JIETKMX OCTOHHBIX CMECEeH, KOTopast
TpeOyeT KOMIUIEKCHOH ONTHUMHU3AIMH 110 TI0Ka3aTelIsiM-
aHTaroHucram. Ilpu 3ToM B KauecTBe LEJIEBOrO aHAJIO-
ra Mo XapakTepy TeUCHHUs] cMecelf 000CHOBAHO CUMTATh
CaMOYTUTOTHSTIOIITUICS] METTKO3EPHUCTHIN TSHKEIBIN Oe-
ToH. Tak Kak Te4eHHe CMecei ompenensieTcs ocoOeH-
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Puc. 3. Peonoruueckne KpuBbIe TEUECHHS JETKUX OCTOHHBIX CMecei C BapbUPOBAHIEM COOTHOUICHHUS (PPAKIMOHHOTO MECKa

u kBapueBoil myku (B/LL=0,5u C, = 1,4 %) n Tsixenbix 6eTOHHBIX cMeceit

140



Peonormueckue ceorictea CaMOYINAOTHARLLMXCA NAerKnxX OETOHHBIX cMeceH

C. 135-148
Ha MoAbIX MUKpOChepax

Taou. 5. [Tapamerps! ypaBHeHui OcTBasIbAa — Beiinis, OnuChIBalOIUX PEOIOrHYeCKrUe KPUBbIE TEUCHNUS JIETKUX OCTOHHBIX CMe-

cell ¢ BapbUPOBaHUEM COOTHOLIEHHS (DPAKIIMOHHOTO MecKa 1 KBAPLEBOH MyKH

Koadpunmentsr /L
ypaBHeHus: OcTBanbaa — IIpororun / IIpororun 2
Beiins 0/100 25/75 50/50 75/ 25 100/0
k 35,4 49,9 57,7 62,0 102,9 31,2 71,7
n 0,94 0,97 0,94 0,97 1,07 0,68 0,63

HOCTSIMHU pacIipe/iesieHus BOoJbl (IIPU MPOYHUX PABHBIX
PELENTYPHBIX YCIIOBHSX), TO, IOMUMO €€ KOJIN4YeCTBa,
BaXHEHIINM (pakTOpOM SIBIISIETCS] CyMMapHasi II0IIa1b
MMOBEPXHOCTH CYXHX KOMIIOHEHTOB. Poib mucmepcHo-
CTH B yNPABICHUH PEOJOTHYECKUMH CBOMCTBAMH HIC-
CIeIyeMbIX OCTOHHBIX CMECeH MPOJeMOHCTPHUPOBaHa
Ha puc. 3 u B Ta0m. 5.

Ha puc. 3 3akoHOMEpHO HAOIIFOMACTCS YBEITMUCHHE
TYCTOTHI OCTOHHOW CMECH TIPH YBEITHMYCHUH IO KBap-
LIEBOM MYKH, YTO OTPaXKaeTCsi B MPOIOPIMOHAIBHO OOIIb-
IIMX 3HAYEHMSIX HATIPSHKCHUS CIBUTa. DTO TAKKE 3aMETHO
0 U3MCHCHUIO KO3 hHIeHTa k B ypaBHEeHUsIX OCTBAITb-
na — Beins, nomyyeHHbIX 1715 KaX /101 U3 KpUBbIX. Bua-
HO, YTO 3aMeHa 10NN (PPAKIMOHUPOBAHHOTO TIECKa MYKOM
co 100 1o 0 % crocoOCTBYET yBEIMUICHHIO KO PHITHEH-
TaTyCTOTHI TOUTH B 3 paza — ¢ 35,4 o 102,9. VkazaHHBIH
JTana3oH 0OBACHIETCS 3aTpadrBaHUEM BOIBI HA CMavH-
BaHWE OOJNBINEH CyMMapHON IUTOIMIAIN MOBEPXHOCTH
KBapIieBOif YyacTu. V3MeHeHre BeMMIUHbI KO3((HUIIHEeHTa
1 CBUJICTEIILCTBYET 00 M3MEHEHUH XapakTepa TCUCHUS
OT TceBomIacTHIeckoro (n < 1) k aunmarantHomy (n > 1)
TIPH YBEJIMHYEHHH JI0J TOHKOTO KoMroHeHnTa I1 , uto 00nb-
SICHSIETCS 3aMEHOM KBapIEBOTO TECKa, SBISIFOIETOCS
JTUCTICPCHOM (pa30ii, Ha KBapIICBYIO MYKY — COCTaBHYIO
9acTh [IEMEHTHO-MHHEPAILHOTO TECTA.

3AK/IIOYEHHUE U OBCYXKJIEHHUE

[Mony4eHHble pe3ynbTaThl HO3BOJSIOT CHOPMyITH-
POBaTh CIIEAYIOIINE BBIBOJIBL:

* OICHKA PEOJIOTHUH TEUECHUs MCCIEIYEMbIX CMe-
ceil ¢ momorpio kodddurmenToB ypapaeHns OcTBab-
na — Beiinsg nokassiBaet, uto B/L] oTHOIIICHHE SIBIISIETCS
Goree 3HAYNMBIM (DAKTOPOM Ha TYCTOTY OETOHHOI cMe-
cH k, 9eM KOHLIeHTparus Iactudukaropa. [Tpu sTom 3axo-
HOMEPHO HaOJIONAETCsI CHIYKEHHUE TYCTOTHI MCCIIETYEeMBIX
JIMCTIEPCHBIX CUCTEM ITpH yBe4yeHun kak B/Ll, Tax u CH;

* TIOJTydEHHbIE YPAaBHEHUsI PETPECCHH JUIsl TOKa3a-
Tens n B ypaBHeHUH OcTBanbaa — Beiins neMoHcTpupy-
10T BO3MOXKHOCTh M3MEHEHHMS XapaKTepa TEUCHHsI CMe-
ceif ¢ nmeesnorutactTuyeckoro (n < 1) Ha AMIATaHTHBINA
(n> 1) Ipu BapbUPOBAHUHU HCCIIETYyEMBIX (hPaKTOPOB;

* 3aMeHa JI0JM (PaKIMOHUPOBAHHOTO TeCKa MyKOH
co 100 10 0 % crocoOCTBYeT YBEIMUCHHIO T'YCTOTBI TOYTH
B 3 paza, 4To 3aKOHOMEPHO OOBSICHSETCSI OONBIIEH CyMMap-
HOM IUIOLIA/IBIO TOBEPXHOCTH KBAapLIEBOH YaCTH B CMECH.

IlepcriekTnBOM pa3BUTHSI TEMBI ABISIETCS YCTAHOB-
JICHNE BIMSHUS MCCIEAyeMbIX (PakTOpOB Ha OJHOPOI-
HOCTB CMecel U IPOYHOCTHBIE CBOWCTBA 3aTBEP/ICBIIIETO
0eToHa, MONCK M YCTAaHOBJICHUE NTapaMETPOB U TPaHHY-
HBIX 3HAYEHUH pacclOeHUs MOCIe BHEIIHEro BO3/ei-
CTBUSI HA OETOHHYIO CMECh Nepesl (POPMOBAHHEM.
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INTRODUCTION

Concrete technologies are now deservedly one
of the priority areas of development of construction
material science. Self-compacting concrete (SCC) has
become very popular [1-3], which is due to the ability to
fill the space in the formwork uniformly without additional
external influence and maintaining a homogeneous
distribution of components inside the mould [4, 5].
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In recent years, there has been a tendency to re-
duce the weight of structures in order to reduce the load
on its load-bearing elements. For this purpose, con-
struction scientists are actively developing technologies
of structural lightweight concrete combining contradic-
tory properties such as high strength and low density.
In the available world experience of obtaining mobile
lightweight concrete mixtures, as a rule, foamed light-
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weight aggregates are used, the properties of which
limit the quality indicators of concrete [6-9].

For concrete mixtures, especially for SCC, the key
quality indicators are their rheological and techno-
logical characteristics, as well as production chara-
cteristics. Traditionally, the shear yield strength t, and
plastic viscosity p are used to describe the rheology
of SCC. Many studies have been carried out [2, 10—15],
which demonstrates the influence of factors such as types
of cement, aggregates, additives and fibres on
the rheology of concrete mixes, also established the basic
quality parameters for SCC. In the publication [2]
it is shown that the recycling of recycled aggregate
in concrete favours both yield strength and plastic
viscosity. The use of fly ash with low calcium
content (less than 10 %) and crushed granulated blast
furnace slag contributes to the reduction of the above
indices, which is explained by the ball bearing effect
of spherical shaped particles and lower chemical
activity of the smooth surface of grains compared to
Portland cement, respectively. The opposite effect is
observed when using fly ash with high calcium oxide
content, which is due to the irregular size and cellular
structure of the particles. The introduction of different
types of fibres, size, shape and quantity helps to
increase the yield strength and plastic viscosity. The use
of plasticizing additi-ves naturally decreases the value
of rheological para-meters [15]. The special role
of polycarboxylate pla-sticizers in the character of flow
of cement-mineral mixtures is shown in publications
[16, 17].

In the publication [18] investigated the rheological
characteristics of concrete mixture at partial replacement
of cement with hollow glass microspheres. It was
found that the concrete mixture containing hollow
glass microspheres in the amount of 5 % of the binder
weight has higher static and dynamic yield strength
and lower viscosity than the control mixture (without
microspheres). The flow of such a concrete mix starts

Despite the existing experience in the production
of self-compacting lightweight concrete, the positive
results are usually characteristic of compositions with
an average density of at least 1,800 kg/m>. However,
the rheological characteristics of self-compacting
concrete mixtures remain largely unexplored, especially
for compositions with a high content of lightweight
aggregate. In this connection, there is a natural task to
establish the rheological parameters of self-compacting
lightweight concrete with low average density (highly
filled with lightweight aggregate).

MATERIALS AND METHODS

The object of research — lightweight concrete
mixtures on hollow microspheres, including the follow-
ing components [3, 19, 20]:

 portland cement CEM I 42.5 (PC), complying
with the requirements of GOST 10178-85 (chemical
and mineralogical composition is presented in Table 1);

» complex silica additive FremSilica-2 (MCM),
conforming to TY BY 190669631.001-2011MK-85";

* ForeSphere? ceramic microspheres (MS), the pro-
perties of which are given in Table 2;

* fractional sand (S) fr. 0.16-0.63 mm;

+ Silica flour P , which is a fine sand obtained by
grinding to S, =700 + 20 m*/kg;

» Melflux 2651F polycarboxylate plasticizer’;

* water.

The ratio of mix components corresponded to
the designed average density of concrete of 1,400 kg/m?.

! FremSilica. URL: http://www.frem-corp.ru/produktsiya/
dobavki-v-beton/modifikatory/frem-silica/

2 ForeSphere. URL: https://foresphere.com/catalog/alyu-
mosilikatnye-mikrosfery/

3 Burochem-1 functional additives. URL: https://
www.eurohim.ru/catalog/dobavki-dlya-ssuhih-stroitelnyh-
smesej/dobavki-dlya-suhih-stroitelnyh-smesej/superplastifi-

and is maintained at higher shear stresses. katory/melflux
Table 1. Chemical and mineralogical composition of clinker
Oxides Minerals
CaO SiO, ALO,, Fe,0,, MgO SO, Na,O, CS, CS, | CA, | CAF
66.0 21.2 5.1 4.1 0.75 0.56 0.58 68.2 8.2 6.4 12.6

Table 2. Properties of ForeSphere hollow ceramic microspheres

Property Value
Bulk density, kg/m? 320-370
True density, kg/m? 580-690
Average particle size, pm 100
Microsphere wall thickness, pm 2-10
Wall material density, kg/m? 2,500
Compressive strength, MPa 15.0-28.0
Mohs hardness 5-6
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Table 3. Ratio of components of the tested mixtures

o Volume content, %
Composition

PC SA S S, MS
Lightweight concrete 20.0 3.1 2.2 6.5 46.4
Prototype / (heavy concrete) 20.0 3.1 14.1 41.0 0.0
Prototype 2 (heavy concrete) 20.0 3.1 14.1 41.0 0.0

Table 4. Volumetric content of mineral phase components in the studied mixtures at different ratio Sp/S /
Volume content of S /S, %
Component
0/100 25/75 50/50 75/25 100/0

Quartz flour S 0.0 2.2 4.35 6.5 8.7
Fractionated sand S/ 8.7 6.5 4.35 22 0.0

The compositions of self-compacting heavy
concrete differing in water and plasticizer content
were used as prototypes for comparative evaluation
of properties of the investigated lightweight concrete:
prototype / — W/C = 0.5, Cp[ = 1.4 %; prototype 2 —
W/C = 0.45, sz = 1.2 %. The ratio of components in
the investigated concrete mixtures was established in
accordance with Table 3.

The investigated composition of lightweight
concrete includes a mineral phase of different
dispersity — quartz sand: fractionated and fine (flour).
Varying the ratio of fine and fractionated particles
(Table 4) of sand allows us to trace the contribution
of components of identical mineral composition to
the distribution of water in the disperse system at
a constant flow rate of all components of lightweight
concrete (Table 3), W/C = 0.5 and Cp[ = 1. The total
volume content of quartz components in the lightweight
concrete mix is S + .5 = const = 8.7 %.

To investigate the rheological properties of light-
weight self-compacting concrete (LSCC), the effects
were considered within a two-factor composite plan
of experiments, where X, — water quantity (W/C) and
X, — plasticizer concentration (Cpl, % of cement mass)
were selected as the varying factors. The basic levels
were values of 0.5 and 1.4 and the variation intervals
were 0.1 and 0.4 %, respectively.

The method of mathematical planning of
the experiment was used to study the properties
of the investigated concrete mixtures. The following
standard two-factor model was used:

Y:f()(l,)(z):BO+Bl ‘X, +B,- X, +
+ Blz 'Xlxz +Bn 'Xlz +Bzz 'Xzz-

The search for the coefficients of the equation
allowed us to establish the dependence of quality
parameters Y on variable factors (X, and X)), which
allows us to significantly reduce the number of expe-
riments.

The study of rheological properties was carried out
by viscosity and shear stress of the concrete mixture using
a rotary viscometer MCR 101 (Fig. 1). The technique
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Fig. 1. Determination of viscosity and shear stress of concrete
mixture on hollow microspheres using MCR 101 rotational
viscometer

of rheological parameters determination consists in
measuring the moment of resistance of the tested
concrete mixture to the movement of the measuring
system immersed in the mixture. The measuring system
is a metal ball with a diameter of eight mm, making an
orbital movement with a linear increment of shear rate to
the value of 1 s™ for 60 seconds.

The tests were carried out according to the follo-
wing algorithm: 1) homogenization of dry components
of the mixture; 2) addition of water with dissolved
plasticizer; 3) mixing of the concrete mixture according
to GOST 30744, 4) filling of the viscometer test
bowl, positioning of the measuring system to the zero
position, stabilization of the system (duration nine min);
5) measurement. The total test time of the concrete
mixture after its preparation is 22 + 2 min. Measurements
were performed in two repetitions with an intermediate
homogenization step. After the test, the concrete mixture
was re-homogenized and placed in uncompacted moulds
to make 40 x 40 x 160 mm standard prism specimens.

RESEARCH RESULTS

Rheological curves describing the dependence
of viscosity and shear stress on shear rate were obtained
for each composition according to the above plan
of experiments (Fig. 2).
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Fig. 2. Graph of viscosity (a) and shear stress () versus shear rate for lightweight concrete mixtures on hollow microspheres

and heavyweight concrete mixtures at varying W/C ratio and plasticizer concentration

In accordance with the multipoint experiment plan,
the obtained rheological curve plots can be grouped
according to the viscosity ranges in which the change
occurs with increasing shear rate. The highest viscosity
(n > 100 Pa-s) has compositions with W/C < 0.4, at
W/C = 0.5 the viscosity varies in the range from 40 to
90 Pa-s, and the third group is formed by compositions
whose viscosity does not exceed 25 Pa-s (Fig. 2, a).

Compositions of the first group (W/C < 0.4) are
characterized by the highest density with liquefaction
with increasing shear rate up to viscosity 400—800 Pa‘s
(Fig. 2, @). For mixtures with W/C =0.36 and C,=14%
and W/C = 0.4 and sz = 1.0 %, intense liquefaction is
observed at initial shear rates — viscosity decreases
intensively, followed by a comparable increase. Such
behaviour of the dispersed system is associated with
the formation of structural elements under the action
of shear force and their subsequent compaction due
to the reduction of the distance between the grains
of the dispersed phase. After reaching the shear rate
of more than 0.1-0.15 s™' viscosity decreases, which is

associated with overcoming the threshold of resistance
to flow. A larger volume of the mixture acquires motion
at this point in time. Also for these formulations, areas
of opposite change in viscosity and shear stress can be
seen with increasing shear rate at values around 0.3 and
0.6 s7'. This is explained by the violation of continuity
due to the creation of voids inside the volume
of the mixture, formed due to its high density and, as
a consequence, its low ability to fill the free space,
which is formed by the movement of the measuring
system (“ball” of the viscometer).

The increase in viscosity and shear stress with de-
creasing W/C ratio is regular, irrespective of the plasti-
cizer concentration. A similar pattern can be observed
for formulations with varying Cpl, an increase in which
leads to a decrease in mixture density, expressed by
a lower value of viscosity and shear stress. At the same
time, a limit for the concentration of plasticizer is ob-
served, when its amount ceases to influence the in-
vestigated rheological parameters. Thus, on formula-
tions with W/C ratio 0.5 it can be seen that changing
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the concentration of additive more than C,>14%
is not reflected in the graphs of viscosity and shear
stress dependence on shear rate (Fig. 2, b). That is,
it is no longer possible to change the water distribu-
tion in the system by increasing the amount of plasti-
cizer. Comparison of graphs for concrete mixtures with
W/C=0.5and C, = 1.4 % but different densities shows
that the composition without hollow microspheres (pro-
totype /) has lower viscosity and shear stress, and is
characterized by their uniform change, which indicates
better fluidity and cohesion of the system. This may be
due to the influence of the light dispersed phase (hol-
low microspheres), which has a smaller size and den-
sity compared to the silica sand being replaced. Thus,
the fine particles of the lightweight aggregate require
more water and the flow intensity decreases in propor-
tion to the gravitational effect, which is density depen-
dent. However, the composition of heavy concrete with
the specified ratio of W/C and C,, is prone to water
separation, indicating excess water. Reducing the value
of the varying factors to W/C = 0.45 and C,=12% al-
lowed the prototype of a homogeneous heavy concrete
mix to be obtained. Obviously, the viscosity and shear
stress of such a composition are higher and can act as
indicative ranges for obtaining a homogeneous mixture.

The group of concrete mixtures with viscosity
less than 25 Pa-s is formed by compositions with
W/C = 0.6. The plots of viscosity and shear stress
have no discernible differences when the plasticizer
concentration is varied.

A comparative analysis of the obtained rheological
curves of shear stress versus shear rate (Fig. 2, b) can be
performed using the Ostwald de Waele equation:

T=k-y",
where T — shear stress; k — consistency index; ¥ —
shear rate; n — index characterizing the type of flow
(n <1 — pseudoplastic flow, n > 1 — dilatant flow).
The rheological equations obtained for each
composition, according to the experiment plan, were
used to establish the regression equations ¥ = f{X; X):

Y, =47.0-390.9- X, -37.0- X, +

+64.6-X,X,+294.3- X +7.4-X;;

Y, =0.966-0.077- X, +0.029- X, - 0.063- X, X,
where Y, is the coefficient k from the Ostwald de Waele
equation; Y, is the coefficient n from the Ostwald de
Waele equation.

The analysis of the obtained equations shows that
the density coefficient k£ has a more significant change
from varying the W/C ratio than the additive concentra-
tion. At the same time, both of these factors contribute to
the reduction of the value of this criterion. Note the pos-
itive sign of the coefficients B , B, and B, of equation
Y.. This indicates a change in the nature of both the mu-
tual influence of X, and X, and a significant increase in
their value. That is, both excessive amount of water and
plasticizer and their mutual influence leads to increase
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in the density of concrete mix. This can be explained
by the violation of homogeneity of dispersed systems,
when exceeding the threshold amount of varying fac-
tors leads to a violation of the water balance. In such
a case, water separation is observed and, as a conse-
quence, stratification of the mixture, which may be due
to a decrease in the thickness of the water layer and an
increase in friction between solid particles.

The equation Y, demonstrates the value of the co-
efficient n < 1 at values of the varying factors corre-
sponding to the main levels of variation (B, = 0.966).
That is, such a dispersed system is characterized by
pseudoplastic flow, where the concrete mixture starts
to flow at minimum values of shear stresses, and as
the shear rate increases, the shear stress changes with
a damped intensity. Reinforcing this rheological behav-
iour is the W/C ratio and its combined effect with plas-
ticizer, as indicated by the “—” sign in front of the coef-
ficients B, and B,,. At the same time, the coefficients
of the equation reflecting the influence of the studied
factors show the possibility of changing the criterion Y,
in the region n > 1. That is, the character of the concrete
mixture flow depending on the value of W/C ratio and
plasticizer concentration can change to dilatant. In such
a system, the cement-mineral batter forms a layer be-
tween the dispersed phase particles, contributing to fric-
tion reduction, and with increasing shear rate, the shear
stress changes with increasing intensity. As can be seen
from the equation Y, = f{X,; X)), the key factor contrib-
uting to the desire for this behaviour of the studied dis-
perse system is the concentration of plasticizer (coef-
ficient B,).

Thus, the obtained models show the complex
nature of the influence of the investigated factors
on the rheology of lightweight concrete mixtures, which
requires complex optimization by antagonist indicators.
In this case, it is reasonable to consider self-compacting
fine-grained heavy concrete as a target analogue for
the nature of the flow of mixtures. Since the flow
of mixtures is determined by the peculiarities of water
distribution (with other equal formulation conditions),
in addition to its quantity, the most important factor
is the total surface area of dry components. The role
of dispersibility in controlling the rheological properties
of the investigated concrete mixtures is demonstrated in
Fig. 3 and Table 5.

In Fig. 3, there is a regular increase in the den-
sification of the concrete mixture with increasing pro-
portion of silica flour, which is reflected in proportion-
ally higher values of shear stress. This is also evident
from the change in the coefficient k& in the Ostwald de
Waele equations obtained for each of the curves. It can
be seen that replacing the fraction of fractionated sand
with flour from 100 to 0 % contributes to an increase
in the densification factor by almost three times, from
35.4t0 102.9. The specified range is explained by the ex-
penditure of water on wetting a larger total surface area
of the quartz part. The change in the value of the coef-
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Fig. 3. Rheological flow curves of light concrete mixtures with varying fractional sand to silica flour ratio (W/C = 0.5

and C,=1.4%) and heavy concrete mixtures

Table 5. Parameters of the Ostwald de Wacele equations describing the rheological flow curves of lightweight concrete mixtures

with varying the ratio of fractional sand and silica flour

Coefficients equations SJ/S,
Prototype / Prototype 2
Ostwald de Wacle 0/100 25/75 50/50 75/ 25 100/0 P P
k 354 49.9 57.7 62.0 102.9 31.2 77.7
n 0.94 0.97 0.94 0.97 1.07 0.68 0.63

ficient n indicates a change in the character of flow from
pseudoplastic (n < 1) to dilatant (n > 1) with an increase
in the proportion of the fine component Sp, which is ex-
plained by the replacement of quartz sand, which is a dis-
persed phase, with quartz flour — a component of the ce-
ment-mineral dough.

CONCLUSION AND DISCUSSION

The results obtained allow us to formulate the fol-
lowing conclusions:

+ evaluation of the flow rheology of the investi-
gated mixtures using the coefficients of the Ostwald de
Waele equation shows that the W/C ratio is a more sig-
nificant factor on the concrete mixture density k than
the plasticizer concentration. At the same time, there is
a regular decrease in the density of the investigated dis-
perse systems with increasing both W/C and C ;

* the obtained regression equations for the index
n in the Ostwald de Waele equation demonstrate
the possibility of changing the character of mixtures
flow from pseudoplastic (n < 1) to dilatant (n > 1) when
varying the studied factors;

* replacing the fraction of fractionated sand with
flour from 100 to 0 % increases the density almost three
times, which is naturally explained by the larger total
surface area of the quartz part in the mixture.

The prospect of the topic development is to estab-
lish the influence of the investigated factors on the ho-
mogeneity of mixtures and strength properties of hard-
ened concrete, search and establishment of parameters
and boundary values of delamination after external in-
fluence on the concrete mixture before moulding pro-
cess.
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