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Pedepat. beToH — KBa3uXpyIKuil CTpOUTEIbHBINA MaTepya, KOTOPbIA UMEET HU3KYIO IIPOYHOCTH IpH pacTsbxkeHud. IIpouecc
€ro pa3pyIlIeHUs] NPH HArpy>XeHHH HOCHT HEOJHOPOAHBIN XapakTep, O0OyCIOBICHHBIH CYIIHOCTBIO CTPYKTYphl OETOHHOMN
Macchl, COCTOSIIEH U3 KOMIIOHEHTOB C Pa3MYHBIMH (U3HKO-MEXaHHYeCKMMHU cBoiicTBamu. I[locTenenHoe neopMupoBaHue
U pa3pyLIeHHe MOXHO 0XapaKTepu30BaTh KaK Mpolecc 00pa3oBaHMs U Pa3BUTUSI MUKpOTpelyH. Hammune B GeToHe pasHBIX
0 pa3Mepy KOMIOHEHTOB MTO3BOJISIET PACCMATPHBATh €T0 CTPOCHHE KaK MHOTOYPOBHEBYIO CHCTEMY. B 3T0i cucteme KaXkablit
YPOBEHb MPEACTABIAET COO0H MaTPHIly CO CBOUMHU CTPYKTYPHBIMU BKIFOUEHHUSIMH, KOTOPbIE MIPAIOT KaK CTPYKTYpooOpasy-
IOIYIO POJIb, TAK U POJIb KOHIIEHTPATOPOB HANPSHKEHUH MPU NEHCTBUM MEXaHMYeCKHX Harpy3ok. Kpurnueckuit koadduim-
€HT MHTCHCHUBHOCTH HAIPSDKEHUH SBISIETCS XOPOLINM IT0Ka3aTeIeM TPEIIMHOCTORKOCTH (BSI3KOCTH pa3pyIICHHs) MaTepuaa.
HanoGeToH, ¢ TOUKH 3peHUs] MHOTOYPOBHEBOH CHUCTEMBI, IIPEACTABISACT COO0H OETOHHBIN KOMIO3UT C MHTHOMTOpaMHU pac-
MPOCTPAHEHUS] TPEHIMH HA YPOBHE LEMEHTHPYIOIIETO BEIECTBA (B KAU€CTBE MHTMOMTOPOB PAacCMAaTPUBAIOTCS YTJIEPOIHbIE
HaHoTpyOKH). [IprcyTcTBre GUOPOBBIX BOJOKOH Ha ITOCIEAYIONIMX MACIITAOHBIX YPOBHSX IO3BOJISET pacCMAaTPUBATH OCTOH
KaK KOMITO3UT ¢ MHOTOYPOBHEBBIM IHCIIEPCHBIM apMHUpoBaHHEeM (HaHO(GHOpoOeToH). B cTaThe paccMOTpeHO H3MEHEHHE
TIOKa3aTelis BA3KOCTH Pa3pyIleHuUs! (TPEIIMHOCTORKOCTH) 6ETOHA MPH AMCIIEPCHOM apMHPOBAHUH MATPHUILBI HA PAa3HBIX CTPYK-
TYPHBIX YPOBHsIX. [IpHBeIeHBI pe3ysIbTaThl HCHBITAHUI HAa HOPMAJIBHBEIA OTPBIB 00pa3oB-KyOOB C HaJgpe3aMy IPU BHEILIEH-
TPEHHOM C)KaTHH C OIpe/esieHneM Kod(GHINeHTa HHTEHCUBHOCTH HAIPSDKEHUH Ul OeToHa, MOAU(UIUPOBAHHOTO yTIIe-
POAHBIMH HAaHOTPYOKaMH, BBICTYNAIONIMMH B Ka4eCTBE MHIMOUTOPOB PACTIPOCTPAHEHHS TPEIIHH Ha yPOBHE LEMEHTHPYIOIIE-
ro BellecTBa (HAaHOOETOH), a Takke Ul HaHOPUOPOOETOHOB C JUCIEPCHBIM aPMHPOBAHUEM HA YPOBHE MEJIKO3EPHHUCTOrO
Oerona. Ha ocHOBaHUM 3KCIIEpHMEHTAIIBHBIX NCCIEIOBAHMN HEPABHOBECHBIMH METOIAMH MEXaHUKH Pa3pyIICHUS MIPEAIoKe-
HBI KOMITIO3UIIMU HAaHOPHOPOOETOHa MaKCUMAaJIbHOW TPEIIMHOCTOMNKOCTH (BA3KOCTH Pa3pyLICHHUs) C Pa3IHMYHON KOHIEHTpa-
1uel GuOpPBl U HECKOJIBKUMH THIIAMU MaTpPHL, MOJU(UIPOBAHHBIX HAHOYTJIEPOJHBIMU JOOABKaAMH.
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Optimization of Composition of Nanofiber Concrete
in Terms of Fracture Toughness by Matrix Modification
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Abstract. Concrete is a quasi-brittle building material that has low tensile strength. The process of its destruction under loa-
ding is inhomogeneous, due to the nature of the concrete structure mass, consisting of components with different physical and
mechanical properties. Gradual deformation and destruction can be characterized as a process of formation and development
of microcracks. The presence of different-sized components in concrete makes it possible to consider its structure as a multi-
level system. In this system, each level is a matrix with its own structural inclusions, which play both a structure-forming role
and the role of stress concentrators under the action of mechanical loads. The critical stress intensity factor is a good indicator
of the crack resistance (fracture toughness) of a material. Nanoconcrete, from the point of view of a multilevel system,
is a concrete composite with crack propagation inhibitors at the level of the cementing substance (carbon nanotubes are consi-
dered as inhibitors). The presence of fiber fibers at subsequent scale levels allows us to consider concrete as a composite with
multi-level dispersed reinforcement (nanofiber concrete). The paper discusses the change of concrete fracture toughness indi-
cator (crack resistance) with dispersed reinforcement of the matrix at different structural levels. The results of tests are
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presented for normal separation of notched cubes under eccentric compression with the determination of the stress intensity
factor for concrete modified with carbon nanotubes acting as crack propagation inhibitors at the level of cementing substance
(nanoconcrete), as well as for nanofiber concrete with dispersed reinforcement at the level of fine-grained concrete. Based on
experimental studies by non-equilibrium methods of fracture mechanics, compositions of nanofiber-reinforced concrete
of maximum crack resistance (fracture toughness) with different fiber concentrations and several types of matrices modified

with nanocarbon additives are proposed in the paper.

Keywords: nanofibre concrete, crack resistance, fracture toughness, stress intensity factor, fiber, nanocarbon, direct separa-

tion, nanotubes, dispersed reinforcement
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BBenenune

beron mnpexacraBmser coboil cOamaHCHpOBaH-
HYI0 CMECh HAaroJHHUTENs (KPYMHOIO M MEJKOIO)
W BSOKYIIETO BEIIECTBA, 3aTBOPEHHOTO BOJOW.
Hamnune B GeToHE pa3HBIX MO pa3Mepy KOMIIO-
HEHTOB TIO3BOJISIET PAacCMaTPHUBATh €r0 CTPOCHUE
Kak MHOTOypoBHeByIo cucremy [1, 2]. CTpykTyp-
HYI0 MOZedb OeToHa MOXHO OTOOpa3uTh B BHIC
HECKOJILKUX MAaCIITa0HBIX YpPOBHEH: OTNEIBHOTO
KpHCTaJlIa, KPUCTAJUIMIECKOTO CPOCTKA, [IEMEHTH-
PYIOIIETO BEIECTBa, IEMEHTHOTO MHKpPOOETOHA,
MEITKO3epHUCTOTO OeTOHA, KPYIHO3EPHUCTOTO Oe-
ToHa. Kax1p1ii ypoBeHb MpencTaBisieT coboil Mat-
pUIly CO CBOMMH CTPYKTYPHBIMH JIIEMEHTaMU
(BxmroueHHsAMH). BiirodeHus: UrparoT Kak CTpyK-
TypooOpa3yIollyo pojib, TaK U pOJb KOHIEHTpa-
TOPOB HANPSDKEHUH MpU NEUCTBUU MEXaHUYECKHUX
Harpy3ok [3, 4].

PIT 22.02.12; stenka:

15,0kV x100k SE(U)

Hano0eToH, ¢ TOYKH 3peHHs] MHOTOYpPOBHEBOU
CHCTEMBI, TPEJCTaBIsET CO00 OSTOHHBII KOMITO-
3UT C MHTHOUTOpaMH PaclpOCTPAHEHUS! TPEIIUH
Ha YpOBHE LIEMEHTHPYIOILIEro BemiecTBa. B kaue-
CTBE MHTHOMTOPOB PAacCMAaTPUBAIOTCS YTIICPOIHEIC
HaHOTPYOKku [5-7]. YrmepomHbsle HaHOTPYOKH —
NPOTSHKEHHBIE CTPYKTYPBI, MPEACTABISIONIHE CO-
00l CBepHYTbIE B OJHO- MU MHOTOCIOWHYIO
TpyOKy rpadutoBsie ciou (puc. 1). IlpucyrcrBue
TOHYAMIINX BOJIOKOH B TBEPACIOIMIEM LEMEHTHOM
KaMHe cozfaet yciosus i 3¢ dekra «HaHOApMU-
pPOBaHHUS» CTPYKTYpHl HOBOOOpA30BaHHW B BHJIEC
CIIOHTaHHO ()OPMHUPYIOMIEHCST CHUCTEMBI THIIPO-
OKHCJIOB KJIMHKEpPHBIX MUHEpaJoB [8, 9].

B xaugectBe HMHIHOMTOPOB pPACHPOCTPAHEHHS
TPEIIMH Ha YPOBHE MEJIKO3EPHUCTOro OEeTOHA MO-
T'YyT paccMaTpHBaThCs pa3iMyHble (HOPOBHIE BO-
JIOKHA Makpopaszmepa (puc. 2).

y‘*\\

Puc. 1. Yranepoausie HaHOTPYOKH [8]

Fig. 1. Carbon nanotubes [8]

Puc. 2. dubpa: a — u3 nuctoBoii cranu BonHoBoro npoduist (OJIB-0,9-50); b — u3 cranpHoii npoBosoku ¢ ankepamu (OITA-1,0);
¢ — nonmumepHas BoaaucTas (PI1B-0,6-40); d — mukpodudpa npsmas u3 nposonoku (PCB-M-0,20/12); e — 6azanproBas (12 Mm)

Fig. 2. Fiber: a — from sheet steel of a wave profile (©JIB-0.9-50); b — made of steel wire with anchors (®I1A-1.0);
¢ — polymeric wavy (®IIB-0.6-40); d — straight microfiber from wire (PCB-M-0.20/12); e — basalt (12 mm)
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Llenpro McciaenoBaHUs SBISUICS MOAOOP HAaHO-
(huOpOOETOHHBIX COCTABOB C IMOBBINICHHBIMH T10-
Ka3aTeJsIMU TPEIIMHOCTOMKOCTH METOJIOM CPaBHU-
TEJILHOW OLIEHKM IOKa3aTelisl BA3KOCTH pa3pylle-
HUsl Kjc HaHO(UOpOOEeTOHA ¢ pa3HBIMU MaTPHILIAMH
1 TUIIOM AxcIiepcHoro apmuposanusd [10, 11].

MaTepl/laJ'lbI U METOAbI HCCJICAOBAHUA

Jns mpoBeneHHsT MCCIENOBaHUS HCIIOJB30Ba-
mu:  moptiaaaiement 500020 OAO «Kpacuo-
CENIbCKCTPOUMATEPHANbI», CTPOUTEIBbHBIH IECOK
I xnacca, rpanutHeii mebens 111 rpynmel, cyabsdo-
amoMuHaTHYIO n00aBky PCAM, KoHAeHCHpOBaH-
HBI YIUIOTHEHHBIH MUKpokpemHe3eM (MKY-85),
xuMuieckyro no6asky «Pemamukc I1K», Hanomo-
TUQHUIMPOBAHHYI0 XMUMUYECKyto no0aBky «APT-
Konxkput P» (BoaHasi cycneH3uss HaHOCTPYKTYpH-
poBanHoro yriepona (0,01-20,00 MkM) u 1IacTH-

¢ukaTopa), HaHOMOIU(PHULUPOBAHHYIO XHUMHUE-
ckyto 106aBky «Py®ukc-500by.

OO0Opa3Iel M3rOTaBIMBAN U3 COCTABOB OETOH-
HBIX CMeceil, Ipe/ICTaBlIeHHbIX B Ta0m. 1, ¢ mobaB-
JICHHEM Pa3JIMYHOrO THIAa M KOJIWYECTBa JHcIepC-
HbIX BoJiokoH: @1 (pubpa cranmbHas BOIHOBAS W3
mcra, 80 kxr); ®2 (¢pubpa cranbHas NPOBOIOYHAS
ankepHas, 80 kr); @3 (pudpa moarMepHas BOJIHH-
cras, 4 kr); ®4 (pubpa GazanbToBas, 2 Kr), MUK-
potdubper cranmpHOM mpamoit (20 kr), ¢GuUOPHI
ctanpHOM aHkKepHol (20 xr); 20 (P40, D60)
(pubpa cranpHas BomHOBas 3 nwmcta, 20, 40, 60 kr).

JJist ucnbITaHUH MCIOIB30BaIH 00Pa3IbI-Ky OB
pasmepamu 100x100x100 MM ¢ cHMMETpPHYHBIMU
Hazape3amu rimyOuHoit #/4 (h — BbicoTa Ky0a), BBI-
[OJTHEHHBIMH PEXYIIUMH HHCTPYMEHTaMHU C all-
Ma3HBIM HalbUIeHHEM. chelTaHusS TpPOBOAMIH
IIPY BHELICHTPEHHOM CKaTuu (puc. 3).

Tabnuya 1

PeuenTypu HCCJIeAyeMbIX COCTAaBOB

Formulations of the studied compositions

Coctan Lement, | PCAM/MKY-S$5, 1le6ens, kr, Gpakuun N XHM(I;I:;C’;(-Q.H n00aBka, Kr (% OT Macchl BSKYIIEro)
KT Kr 5-20mm | 5-10 MM ’ K P «Py®ukc-500b» | «Penamukc ITK»
OHKpHT P»
A-D0 400 - 1020 - 820 3,20 (0,80) - -
B-®0 445 — 1035 - 820 2,22 (0,50) - -
B-®0 460 — — 880 950 3,22 (0,70) — —
-0 485 40/45 — 825 800 4,65 (0,70) — —
J-®0 400 — 1020 — 800 — 1,70 (0,40) —
K-D0 445 — 1035 - 820 - 4,00 (0,90) -
N-D0 485 55/0 830 - 835 - 4,32 (0,80) -
K-®0 485 40/45 — 825 800 — 5,82 (1,00) —
C-®0 425 1070 750 — — 2,4 (0,5)

Puc. 3. VcnpiTanue Ha HOPMAJIBLHBINA OTPBIB IO Ky0aM ¢ Haape30oM: a — BHEITHUN BT HCIIBITAHUS;
b — moyioBHHKHM 00pasiia mOocJIe HCIBITAHUI; ¢ — UCITBITAHHBIA OCTOHHBIH 00pasel; d — HCIbITaHHBIN HaHO(UOPOOETOHHBII 00paserr

Fig. 3. Normal pull test on notched cubes: a — appearance of the test; b — sample halves after testing;
¢ — tested concrete sample; d — tested nanofiber concrete sample
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Harpykenue ocymecTBIsIIM 0 MOMEHTa pa3-
JenieHnss o0pasiia Ha JIBE YacTH WM 00pa30BaHUs
TPEIUHBI, PETUCTPUPOBAIM 3HAYCHUE pa3pylie-
Husi Fjc. Paccunraem kputudeckuit ko3dduim-
€HT UHTCHCUBHOCTH HAIPSDKCHHS HA HOPMAaJbHBIN
OTPBIB

F a 1/2 a 3/2
Ki=—"1183|=| -430/=| +
1C bhl/z ) ]’l h
a 5/2 a 7/2 a 9/2 (1)
+3445[—j —11076[—) +12967[—j ,
h h h

rne Fic — Harpyska, Ipu KOTOPOH NMPOUCXOIUT pas-
pyurenne, MH; b — mmpuna oOpasia, M; s — BRICOTa
o0pasia, M; a — TITyOrHa Hazpesa, M, a = h/4.

Pe3yabTaThl HCIBITAHUM

Ha puc. 4, 5 npuBeaeHs! pe3yabTaThl HCIBITAHUN
KO3 (QUIMEHTOB MHTEHCUBHOCTH HANpPSDKEHWH Ha-
HOOeToHa M OeToHa. BHJHO, YTO UX H3MCHEHHE

HaxomuTcs B penenax ot 0,68 no 1,66 MHa\/ﬁ .
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Puc. 4. Koo punmeHT THTEHCUBHOCTH HAIPSDKSHUH
HAHOOETOHA C Pa3HBIM THIIOM JHCHEPCHOTO apMHUPOBAHHS

Fig. 4. Stress intensity factor of nanoconcrete
with different types of dispersed reinforcement
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B HanoOeTOHHBIX MaTpunax ¢ nobaBkoi «Py-
Oukc-500b» (M, K, W, K) mokazarenp Bs3KO-
CTH pa3pymieHus B cpenHeM Ha 35 % OombIre, yem
B MaTpuiax ¢ mpobaBkoir «AptKoukput P» (A, b,
B, I'). B cocraBe A nambosbiiee 3HadeHHE K-
yAAN0oCh TOJYYUTh TPU HCIONB30BAHUU CTallb-

HBIX JAucriepcHbIX BomokoH @1 (3,37 MHa\/ﬁ —
Ha 390 %) u BOJOKOH U3 CTaJbHOM MPOBOJIO-

ku ©2 (2,60 MIlavM — Ha 280 %). B cocrase b
HAWIy4dIINH TOKa3aTellb BSI3KOCTH Pa3pyIIeHHs I10-
JydeH B CIy4yae NMPUMEHEHHs CTAIBHON IMPOBOJIOY-

Hoit pubps ®2 (2,24 MITav/M — ma 110 %). B co-
ctaBe B MakcuManbHOE 3HaUEHNE KIC TMOJIy4YCHO IpU

¢ubpoBom apmupoBanuu trma ®1 (2,05 MHa\/ﬁ -
Ha 110 %). ®ubpoBoe apMHpOBaHHE B COCTa-
Be [’ okazajlo HEMHOTO MEHbIIUN Hpupoct Kic,
gyeM B TMPENbIAyIMX cocTraBax. Hanbombmmii
MIPUPOCT TIOKA3aTeNs] TPEIIMHOCTOWKOCTH TOJY-

yeH ¢ pubpamu D2 (1,97 MHa\/i— Ha 74 %)

n @1 (1,61 MHa\/ﬁ— Ha 38 %). KommiekcHoe
¢ubpoBoe apmupoBanme D4 crmocoOCTBOBAIO
IIPUPOCTY IIOKa3aTens BSI3KOCTU pPa3pyLICHUS B
cocraBax /I, XK, U, K na 23, 36, 23, 27 % cooTBeT-
CTBEHHO.

Bennunaa koadduuUMEHTa HWHTEHCHUBHOCTU
HanpspkeHui Oetona Ha 32—137 % MeHblue, yeMm
HaHo¢puoOpoberona. IloBrimenne konmuecTBa Guod-
POBBIX BOJIOKOH B cocTaBe C crmocoOCTByeT yBenu-

yeHuro Ha 32 % 3nauenus Kic — g0 0,7 MHa\/ﬁ
pu ©40 u D60.

0,8 Tm———mm e m

@0 20 ©40 ©60

Puc. 5. KoaphunueHT MHTCHCUBHOCTH HANPsHKEHHA OeTOHA
(cocra C) ¢ pa3HOH KOHLIEHTpauue Guops

Fig. 5. Stress intensity factor of concrete (composition C)
with different fiber concentrations

BBIBOJI

Ha ocHOoBaHMM 3KCHEPUMEHTATIBHBIX HCCIICI0-
BaHUI HEPAaBHOBECHBIMH METOJIAMH MEXaHUKHU
paspyuieHus. MPeIJIOKESHBl KOMIIO3UIIUH HAHO-
(hubpobeToHa MaKCUMAIBHOW TPEIIHHOCTOMKOCTH
(BSI3KOCTH pa3pyIeHHs) C Pa3InIHON KOHIIEHTpa-
el GuOPHI M HECKOTBKUMH THITAMH MATPHII, MO-
T(QHUIUPOBAHHBIX HAHOYTIIEPOTHBIMHU JTOOABKAMH.
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