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MNpuBeaeHbl pesynbTaTbl UCCIE[OBaHUA  PU3MKO-MEXAHMYECKUX XapaKTepUCTUK AUCMepCHO-
ApPMUPOBAHHbIX Me/IKO3epPHUCTbIX 6eTOHOB, COoAepXaluX yriepoAHble HaHOMOAUGDUKATOPSI.
B pe3synbTaTe 3KCMNEPUMEHTA/IbHbIX WCC/Ie[0BAaHUA MNpou3BeAeHa ONTMMMU3auus  peuenTypbl
MOAUDULMPOBAHHBIX  MEJIKO3ePHUCTbIX  AUCNEPCHO-apMUPOBAHHbIX 6ETOHOB, MO3BOASAKOLWASA
onpefenuTb pauuoHa/ibHble COCTaBbl LL@MEHTHbIX KOMMO3MUTOB Ha MOJISAX OCHOBHbIX NMPOYHOCTHbIX
CBOWCTB — MpepesioB MPOYHOCTM MPU OKaTUM U Ha pacTseHue npu wmsrube. Mo pesynbTaTtam
MHOFOKpUTEPUA/IbHOMA ONTUMU3ALMUN YCTAHOBJ/IEHbl 30HbI MepeceyeHUs obnacTten A[OMNYCTUMbBIX
3HAYeHM Npegena NPoOYHOCTU NPU COKATUU U Ha pacTsXkeHue Npu n3rube, xapakrepusylowme o6nactm
ONTUMaJIbHbIX BeJINYUH UcCiefyeMbiX PaKTOPOB U NMPOYHOCTHbIX XapaKTePUCTUK.

Results of investigation of physical and mechanical characteristics of fiber fine-grained concretes
containing carbon nanomodifiers are presented. The experimental studies allowed optimizing the
formulations of modified fine-grained fiber concretes, which makes it possible to determine the rational
compositions of cement composites in the margins of the main strength properties (the compressive
strength and tensile strength in bending). The results of multicriteria optimization allowed identifying
the zones of intersection of tolerance ranges of the compressive strength and tension in bending,
which characterize the preferable regions of the factors and strength characteristics investigated.

mocjaefHHe NeCSTHUIeTHS IPU CO3JaHUU BbICO-

KOQYHKIIMOHATBHBIX CTPOUTENBHBIX KOMIIO-

3UTOB BCe bosbllee 3HAaUeHHE OTBOAUTCSI METO-
JaM yIIpaB/eHUs UX CTPYKTYPOH Ha Pa3/IMYHbIX yPOB-
HSIX: MaKpo-, Me30-, MHKpPO-, BIIJIOTh [0 HAaHOPa3-
MepHOI'0 YPOBHS OPTaHH3aIUK CTPOEHUS MaTepHUH.
HaHOTexXHONIOTUH ~ MeTOf bl (TEXHOTIOTHH) IPOK3BOA-
CTBa, OCHOBaHHBIe HA MCII0/Ib30BAaHUU QU3NYECKUX,
XUMHUYECKHUX U OHOIOrMYeCcKUX SIBJTeHUH 1 HaHOpa3-
MePHBIX 06eKTOB [I/151 CO3/ITaHH I MaTepHaJoB U U3Jle-
TN, CBOMCTBA KOTOPBIX OIIpefe/siloTCs UX CTPYKTY-
POl B HAHOMeTPOBOM AHara3oHe [1]. OgHoM U3 3afa4

HAHOTeXHOJIOTHUH B CTPOUTE/ILCTBE SBJISIeTCS CUHTe3

M MCIIOJIb30BaHMe HAaHOYACTHL, KaK MHCTPYMEHTOB

pPeryJiupoBaHKA H YIydIIeHHS 3KCIINIYaTallHOHHBIX

CBOMCTB U XapaKTePHUCTHK CTPOUTE/IbHBIX MaTepHaJIoB.

HepCHEKTI/IBHbIMI/I [J1s eJIeHaIlpaB/JI€HHOTO H3MeHe-

HMUSI CBOMCTB LIeMeHTHBIX CUCTeM (IIPOYHOCTH, JOJITO-

BEUHOCTH U AP.) CYUTAIOTCS CIeyIolrie HAHOMOAUHU-

KaTopHl [2]:

* HAHOYACTHIIBL SiO2 C y,aenLHoﬁ IIOBEPXHOCTBIO He
MeHee 180 M?/T, cr10cO6CTBYIOIIHE JOCTHKEHHIO Kap-
OUHAIBHO HOBBIX IIPOYHOCTEH U CTPYKTYP LieMeH-
THOTO KaMHS 3a C4YeT Yy/Jy4IIeHHOHN YIaKOBKH

MTY um. H.M.Orapesa (CapaHck) / Ogarev Mordovia State University.

HAHO UHAVCTPUA #7/78/2017



NANOMATERIALS

Y IIOHUKEHHOM IIOPUCTOCTH, a TAK>Ke II03BOJIS 0N
KOHTPOJIMPOBATh peakKIIUu 06pa3oBaHUS U MPEB-
palleHus FUAPOCHIHNKATOB Kanbusa C-S-H, oTBetT-
CTBEHHBIX 3a /I0JITOBEYHOCTh KOMIIO3UTOB, U PSJ,
3KCIUIYaTaLlHOHHBIX XapaKTePUCTHUK (II0JI3y4eCTs,
ycanxy U Ip.);

HaHoOYacTHUIbl Fe,0;, MOBHINAIINE IPOYHOCTD
beToHa Ha CKaTHe U PACTSIKeHUe, a TaKXKe MIPU-
HaoIhe CBOMCTBO 'CaAaMO3OHAMPOBAaHUSL',
3aK/I0Yaneecs B BO3SMOKHOCTH PeTHCTpPalUHU
COOCTBEHHBIX CKUMAIOIIUX HAIPSIKEHUH IleMeH-
THBIX CUCTEM 4Yepe3 HM3MeHeHUe 06eMHOr0 3JIeK-
TPUYECKOTO COIIPOTHUBJIEHUS PAaCTBOPOB C JAHHBIMU
HaHOYaCTHULIAMHU;

HaHo4yacTUIbl Al,O; ¥ ITUH (ATIOMOCHIUKATOB),
II03BOJISIIOIIME 3HAUYUTENBHO YBEJIHUYUTDh MOLYIb
YIIPYTOCTH, IIOBBICHTD COIIPOTHBIIEHHE IPOHUKHOBe-

» HaHoudacTulsl TiO,, siBAgIomKecs poToOKaTaIM3a-
TOPaMH NpH GOPMUPOBAHUH CAaMOOYHIIAIOIHXCS
MOBepPXHOCTel 6eTOHa 3a CYeT SIBJIeHUS TUAPOPUIID-
HOCTH (Bbl/le/IeHH I aTOMapPHOI0 KHC/IOPOZa 13 IIapoB
BOJIBI UJIHM aTMOCPepHOIo KHUCIOPOAA), UTO M103BO-
J151eT MOAIeP>KUBATh U COXPAHSITh 3CTeTHYeCKUI BUJ
MIOCTPOEHHBIX 06eKTOB Ha TpebyeMOM ypOBHe B Teue-
HHe IIPOfIOJIKKTe/IbHOIO BpeMeH .
JlomoNTHUTeIbHBIE BO3MOKHOCTH IIPH CHTe3€e KOM-

MO3ULIMOHHBIX MAaTepPHaJIOB C ITOBBIIIEHHOM IIPOYHO-

CTBIO, KECTKOCTBIO U JI0JITOBEYHOCTBIO IIPeJOCTABISIOT

MPOKM3BOJHMBIE B HAacTosilllee BpeMs B IIPOMBIIIJIEH-

HBIX MacIITabax yrineponHble HaHOYACTULIBL. K romo6-

HBIM HaHOYACTHUIIAM MOXHO OTHECTH BBICOKOYIIO-

psifoYeHHBIe KJIACTePHl yIepoja, TakKe Kak Qyie-

PeHbI, HAaHOTPYOKHU 1 HAHOBOJIOKHA, aCTPajIeHbl, CBO-

bonHBle HAHOPa3MepHBIe IUIEHKHU — rpadeHsl U T.[.

HHIO XJIOPUA0B, CHU3UTD YCaKY 6ETOHOB;

n recent decades, when creat-

ing highly functional composites

for building, the methods of con-
trolling the structure of the organi-
zation of the matter at various lev-
els - macro, meso, micro, up to the
nanoscale level - are increasingly
important. Nanotechnologies are
the methods (technologies) of pro-
duction, based on the use of physi-
cal, chemical and biological phe-
nomena and nanoscale objects to
create materials and products whose
properties are determined by their
structure in the nanometer range

[1]. One of the tasks of nanotechnol-

ogy in construction is the synthesis

and use of nanoparticles as tools for
regulating and improving the opera-
tional properties and characteristics
of building materials. The following
nanomodifiers are considered prom-
ising for a purposeful change in the
properties (strength, durability, etc.)

of cement systems [2]:

* SiO, nanoparticles with a specific
surface area of at least 180 m?/g,
contributing to the achievement
of cardinally new strengths and
structures of cement stone due to
improved packaging and reduced
porosity, and also allowing to con-
trol the formation and conversion

of calcium hydrosilicates C-S-
H, which are responsible for the
durability of composites and a
number of operational character-
istics (creep, shrinkage, etc.);

« Fe,0; nanoparticles, which
increase the compressive strength
and tensile strength of concrete,
and also add the property of "self-
sounding", consisting in the pos-
sibility of registering the own
compressive stresses of cement
systems through the change
in the volume electrical resis-
tance of solutions with the given
nanoparticles;

« nanoparticles of AL,O; and clays
(aluminosilicates), which sig-
nificantly increase the modulus
of elasticity, increase resistance
to chlorides penetration, reduce
shrinkage of concretes;

« TiO, nanoparticles that are photo-
catalysts in the formation of self-
cleaning concrete surfaces due to
the phenomenon of hydrophilic-
ity (separation of atomic oxygen
from water vapor or atmospheric
oxygen), which allows maintain-
ing and preserving the aesthetic
appearance of the constructed
objects at the required level for a
long time.

[2-5]. C LenpIo CHHKeHHUS TPYAOeMKOCTH CHHTe3a H,

Additional opportunities for
the synthesis of composite materi-
als with increased strength, stiff-
ness and durability provide carbon
nanoparticles that are currently
produced on an industrial scale.
Such nanoparticles include highly
ordered carbon clusters such as
fullerenes, nanotubes and nano-
fibres, astralenes, free nano-sized
films (graphenes), etc. [2-5]. In
order to reduce the complexity of
synthesis and, as a consequence,
the cost of nanomodifiers, Russian
scientists have obtained a whole
group of carbon nanoclusters called
"fulleroids” [5, 6].

In recent years, there has been
a significant complication of the
composition of concrete, consist-
ing of six, seven or more compo-
nents. Numerous additives in con-
crete are a kind of "key" to solv-
ing many technological problems.
The multifunctionality and mul-
ticomponent nature of the modifi-
ers allows to effectively control the
processes of structure formation at
various stages of the preparation of
concrete and to obtain composites
with high performance character-
istics [7-12]. Therefore, a critical task
in planning experimental studies
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KaK CIe[ICTBHe, cebeCTOMMOCTH HAaHOMOLUPUIIH PYIO-
IIMX BeIeCTB POCCHICKMMHU y4eHbIMH ObL1a 0Ty 4eHa
LieJlasi TPyIIIa YI/IEPOAHBIX HAHOK/IACTEPOB, HAa3BaH-
HBIX "dystepoupst” (5, 6].

B mocienHMe oAbl HabnomaeTCs CyleCTBeHHOe
YCJIOKHEHHe COCTaBa KOMIIO3UIIMOHHBIX 6eTOHOB,
COCTOSIIIMX M3 LIeCTU-CeMH U 6oee KOMIIOHEHTOB.
MHorouucneHHble f06aBKU B 6eTOHE SIBIISIOTCS CBOE-
06pa3HbBIM "KJIF0YOM" K pelleHHI0 MHOTHUX TeXHOIOTH-
YeCKUX 3a7a4. [1oTupyHKIIMOHATBHOCTD 1 MHOTOKOM-
IIOHEeHTHOCTb IIPUMeHIeMbIX MOTUPUKATOPOB I103BO-
nsieT 3¢ PeKTUBHO YIIPAB/ISTH IIPOLIECCAMHU CTPYKTYPO-
06pa3oBaHMs HA PA3IUYHBIX 3TallaX [IPUTOTOBIEHHUS
GeTOHa U IOTy4aTh KOMIIO3UTHI C BBICOKKMMH 3KCILIya-
TaI[MOHHBIMH XapaKTePUCTUKAMHU [7-12]. [To3TOMy Bask-
HeMIeH 3afjavell IPH COCTaBIeHUH II/IaHOB 3KCIIepU-
MEHTAJIbHBIX UCCIeJOBAHUH, IIPOBOJUMBIX C LI€JIbIO
IOJTy4YeHHU s OIITHMAJIbHBIX COCTABOB CTPOUTE/BHBIX
MaTepHaJIoB, SBISEeTCSI MHOTOKPHUTEPHAIbHAS OIITH-
MH3aLUsI C BBIsIBIeHHeM Hauboee LienecoobpasHoro
comepsKaHUS BSKYLIUX, HATIOTHUTE/IE U 3aII0/IHUTe-
e, MOTUPUIIMPYIOMIMX T00aBOK H T.,.

YBenHYeHUe YHCJIa KOMIIOHEHTOB U pocT obmiero
YHCIa pelLelTypPHO-TeXHOJIOTHYeCKUX GAKTOPOB
LIeMeHTHBIX KOMITO3U LM IIPUBOJST K He06X0mHUMO-
CTH [IPeOfIONIeHH I TPYAHOCTEH, BbI3BAHHBIX TaK Ha3bl-
BaeMBIM 'TIPOKJISITHEM pa3smepHocTH" [13]. Kpome Toro,
IIPY OIITUMM3ALUH COCTABOB JOJIKHBI OBITh FAPAHTH-
PoBaHEHI TpebyeMble yPOBHH 6OJIBIIOr0 YHC/IA 3KCILTya-
TAaLlUOHHBIX U TeXHOJOTHYEeCKHUX CBOMCTB MarTe-
pHaa, BKIOYas KPUTEPUH pecypcocbepeskeHHUs.
KoopAHHATHL OITUMYMOB HCC/IeAYeMBIX KPUTEepHEB

KaydeCTBa CUCTEMBI ITPU 3TOM, KaK [IPaBUJIO, He COB-
majaoT. PeneHre OK0OHBIX MHOTOKPUTEPHUATIBHBIX
3a[ja4 BO3MOXKHO IIPU KOMIIJIEKCHOM peanr3aliuu
PALIHOHAJIBHAIX (KaK I10 TEOPeTUYeCKUM IIPeIIOChIT-
KaM, TaK U 10 UCIIOJIHEeHHI0) QU3UUECKUX U BBHIUU-
CIIUTENBHBIX 3KCIIEPUMEHTOB, a TaKKe OINTHMHU3A-
LU UX Pe3y/IbTaTOB C IPUHSTHEM KOMIIPOMHUCCHBIX
pelleHuH.

[Ipy 3TOM CYINEeCTBYIOT CJIOKHOCTH, CBSI3AHHBIE,
B OCHOBHOM, C BOITPOCOM COBMECTHMOCTH "I|eMeHT-
nobaBka" u mob6aBok Mexkay cobort [9, 14], KOTOpBIE
SIBJISIeTCS TPeIMEeTOM MHOTOYHCIEHHBIX HUCCIeI0Ba-
HUU U 06CYy>KOeHUH, JUCKYCCHH MHPOBBIX GOPYMOB.
B 4acTHOCTH, Ha aBTOPUTeTHHIX popymax Canmet
3aJaya KOJIMYEeCTBeHHOM OLIeHKHM COBMECTHMOCTH
KOMIIOHEHTOB KOMIIIEKCHBIX 06aBOK MesKay co60¥
1 106aBOK C LIeMeHTaMH BblJle/IeHa B KaueCcTBe I1epBo-
cTerieHHOM [14]. IIpu olleHKe COBMECTUMOCTH Ba>KHBI
Bce aKTOphl, 0COBEHHO BUJ U cofepskaHue 106aBKU
B cMecH. OfHa U Ta ke 106aBKa B Pa3/IMYHBIX JO3UPOB-
KaX, [10 aHAJIOTHH C BBICKAa3bIBAHUEM BeJIMKOI0 HeMell-
Koro Bpaya [Taparienbca o JeKapCTBEHHBIX ITperapaTax,
MOXeT OBITh U 'TleKapcTBoM', U "sioM". IIpu 3ToM yBe-
JIMUeHHe YKCJIa KOMIIOHEHTOB 6@ TOHHEBIX CMeCeH BhIBO-
IOUT IPUHIIUII "He HaBpeOU' Ha IIepelHUM IIJIaH.

MHOroKpUTepHaabHasl ONTHMHU3ALIUI COCTA-
BOB U CBOMCTB AUCIIEPCHO-aPMHUPOBAHHBIX MOJH-
GULIMPOBAHHBIX MEJIKO3ePHUCTHIX O@TOHOB, HECOM-
HeHHO, SIB/I4eTCsI aKTyaJIbHOM 3afaveH, A1 KadecT-
BEHHOI'0 pelIeHUs] KOTOPOX HeobX0LHMMO HCII0NIb30-
BaHMe MEeTOI0B MaTeMaTHYeCKOr0 MOJeINPOBAHU S
Y aHanu3a. [Ipu 3ToM HauboNbIINI HHTepec, Ha Halll

to obtain optimal compositions of
building materials is multicrite-
ria optimization with the identifi-
cation of the most appropriate con-
tent of binders, fillers, modifying
additives, etc.

An increase in the number of
components and technological fac-
tors of cement compositions lead to
the need to overcome the difficul-
ties caused by the so-called "curse
of dimensionality” [13]. In addition,
when optimizing the formulations,
the required levels of a large num-
ber of operational and technological
properties of the material, includ-
ing resource-saving criteria, must be
guaranteed. The coordinates of the
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optimums of the investigated qual-
ity criteria of the system, as a rule,
do not coincide. The solution of such
multi-criteria problems is possible
with the complex implementation
of rational (from the point of view
of theoretical prerequisites and exe-
cution) physical and computational
experiments, as well as optimiza-
tion of their results with the adop-
tion of compromise solutions.

At the same time, there are
difficulties associated mainly
with the issue of compatibility
of "cement-additive" and addi-
tives among themselves [9, 14],
which is the subject of numer-
ous studies and discussions on

international forums. In partic-
ular, according to the authorita-
tive Canmet forums, the task of
quantifying the compatibility of
the components of complex addi-
tives among themselves and addi-
tives with cements is primary
[14]. When assessing compati-
bility, all factors are important,
especially the type and content
of the additive in the mixture.
The same additive in various dos-
ages, by analogy with the state-
ment of the great German physi-
cian Paracelsus about medicinal
preparations, can be both a "med-
icine" and a "poison". At the same
time, an increase in the number
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YposHU 8apbUp0o8aHUS UCCAedyembiX Gakmopos

Levels of variation of factors studied

YpOBHMY BapbUpOBaHUS

dakTopbI Levels of variation
Factors
0,333
MKY, % oT Macchbl uemeHTa
Vi MCP, % by weight of cement o By 1 20
?;:fle'u'waBKM . BMK, % OT MaccChbl LleMeHTa 0 5 3 6
2 o i
of additive HMK, % by weight of cement
"AAMUKC", % OT MaCChl LLeMeHTa
Vs Admix, % by weight of cement v 2 D =
MMH, % oT maccobl LlemeHTa
Wi PP, % by weight of cement o 0:E22 e [
Bua ¢pubpeol MAH, % OT Maccbl LemeHTa
Type of fiber W2 PAN,% of cement mass o 0.2 0 b
MBM, % OT Macchl LLeMeHTa
W3 MBM, % by weight of cement o 1587 42 .

B3IJISIZT, IIPE/ICTABIIsIeT MeTO, IKCIIepHMeHTaIbHO-CTa-
TUcTH4ecKoro (3C) MofeTUPOBaAHUS, IIPe/l/IOKeHHBIH
B.A.Bo3HeceHCKUM [15, 16] 1 aKTHBHO pa3BUBaeMBbIH
B HacTosillee BpeMs (17, 18].

3KCMEPUMEHTAJIbHBIE UCCNIE[LOBAHUA

Lenpto JaHHOK PaboTHI SIB/ISIIACH OIITUMHU3AI[HS COCTA-
BOB MeJIKO3epHHUCTHIX Gr6po6eTOHOB, apMHPOBAHHBIX
Ha Pa3sHBIX MACIITaOHBIX YPOBHSIX. OCHOBHBIMH KPHUTe-
PHUAMH OIITUMHU3ALIUHY SIB/ISITUC IIPOYHOCTHBIE XapaK-
TEPUCTUKH — [IpeJie/l [IPOYHOCTH IIPH C’KaTHM 1 Ha pac-
TsDReHUe Tpu u3rube (TOCT 310.4) B Bo3pacTe 28 CYTOK.

OCHOBHBIe 3TaIlbl IJIAHUPOBAHUS U MPOBefeHUS
3KCIIepHMEeHTAJIbHOTO UCC/Ie/IOBAaHHU A IIPe/ICTaBIeHE
B paboTax [19-23]. [Ipu mprMeHeHUH D-0ITHMAa/IbHOTO
IIJIaHA, Coflep>Kallero 15 OMBITHBIX TOYeK, BAPbUPO-
BaJIOCh [iBe TPYHIIBl GaKTOPOB ~ BUJ U COAepsKaHUe
HICIIONB3yeMBIX 06aBOK (V;), a TAK>Ke BUJ, U COIEP>KaHHe
IIpUMeHsieMoH GUOPBI (W;).

Hcr0/1b30Ba/IKCh C/IelyIolIHe aKTUBHBIe MHHEPa/Ib-
Hble 706aBKU:

* MHKPOKpeMHe3eM KOHJeHCHUPOBAHHBIM YIIJIOTHEH-

HBIH npou3sBozacTBa OAO "Ky3Helkue GpeppocIiiaBel’

(v;, MKY);

of components of concrete mixes
leads the principle of "do no
harm" to the fore.

Multicriteria optimization of
the compositions and properties
of dispersed-reinforced modified
fine-grained concretes is undoubt-
edly an actual task, for the quali-
tative solution of which it is nec-
essary to use methods of math-
ematical modeling and analy-
sis. At the same time, the most
interesting, in our opinion, is the
method of experimental statistical
(ES) modeling, proposed by V.A.
Voznesensky [15, 16] that is actively
developed at the present time [17,
18].

EXPERIMENTAL STUDIES

The purpose of this work was
to optimize the compositions
of fine-grained fibrous con-
crete reinforced at different lev-
els. The main optimization cri-
teria were the strength charac-
teristics - compressive strength
and tensile strength at bend-
ing (GOST 310.4) at the age of 28
days.

The main stages of planning
and conducting an experimental
study are presented in [19-23].
When applying the D-optimal
plan containing 15 experimen-
tal points, two groups of fac-
tors were varied: the type and

content of the additives used

(v;), and the type and content of

the applied fiber (w;).

The following active mineral
additives were used:

« condensed microsilica
produced by Kuznetskie
Ferrosplavy (v;, MCP);

« highly active white metaka-
olin produced by Meta-D LLC
(v,, HMK);

« waterproofing additive for the
concrete Penetron Admix) (vs,
Admix).

The following materials were
used as dispersed fibers:

+ polypropylene multifilament
fiber with a cutting length of
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* BBICOKOAKTHBHBIN MeTAaKAa0IHH Oe/bIi IPOH3BOJ-
ctBa 000 "Merta-[I" (v,, BMK);

e TUAPOU3OIALMOHHAs fo6aBKa B OETOHHYIO CMeCh
"TleneTpoH AnMHUKC" (v;, "ABMHKC").

B KayecTBe SUCIEPCHBIX BOJTOKOH IPUMEHSIIUCH
cllefyomye MaTepyalbl:

e NOJHUINPONHUIEHOBOE MYJIbTHUOHIAMEHTHOE
BOJIOKHO C IJIMHON pe3kH 12 MM, THaMeTPOM
25-35 MKM, TJI0THOCTHIO 0,91 r/cm3 (wy, TTITIH);

* MOJHUAKPHUIOHUTPUIbBHOE CHHTETHYECKOE
BOJIOKHO CIlellHaIbHON 06paboTKU A1t 6eTOHOB
FibARM Fiber WB ¢ gjiuHOM pe3Ku 12 MM, fHUaMe-
TpoMm 14-31 MKM, MJIOTHOCTBIO 1,17+0,03 r/cm3 (w,,
ITAH);

e MoAMPUIIMPOBAaHHAS acTpajeHaMHu 6a3anbTo-
Basg MUKpodubpa mos pupMeHHBIM Ha3BaHHEM
"AcTpodrerc-MBM" nnuHoi 100-500 MKM, cpen-
HUM guaMeTpoMm 8-10 MKM, HaCBIIIHOM IIJIOT-
HOCTbI0 800 KIr/M3, c collepskaHHeM acTpasieHOB
0,0001-0,01% oT maccel dpubpsr (w;, MEM).

YPOBHU BapbUPOBAHMUS UCC/IeAyeMBbIX GaKTOPOB
npuBefeHsl B Tabnuue. [IpU coCTaBIeHUH IJIAaHA
IKCIEePUMEHTA 06eCIIeYnBanoCh BEIIIOJIHEHHUE Clle-
AYIOMIMX YCTOBHH:

;Zvi=1;1=1, 2, 3; O

B xome sKCIlepuMeHTaIbHBIX HCCIeL0BAaHUU H3I0-
TaBJIMBAJIUCh CepUH 006pa31oB-TIpr3M 40x40x160 MM
13 PaBHOIOABUKHBIX GUOPOOETOHHBIX CMecel,
B pelLenType KOTOPHIX HAPAAY C NpHUBeJAeHHBIMHU

12mm, a diameter of 25-35 pm,
a density of 0.91 g/cm? (w;, PP);
« polyacrylonitrile synthetic fiber
of special treatment for concrete
FibARM Fiber WB with a cut-
ting length of 12 mm, a diame-

tions were met:

experiments, the following condi-

O<vis<l; Xvi=1;i=1, 2, 3; 1)
Oswizl; Iwi=1;i=1, 2, 3.

Bbllle MOAUQHUKATOPAMU HCIOIb30BATIUCh: IIOP-
TIaHALeMeHT Kjiacca IHEM I 42,55; MenKo3epHU-
CTBIM 3aMOJTHUTENb - NPUPOAHBIN KBapLleBBIU
necok HoBocTernmaHoBCKOro kKapeepa (. CMOJBHBIH,
M4anKOBCKUM parioH, Pecriybinrka MopmoBHsi) € pas-
MepoM 3epHa MeHee 5 MM (65% oT Maccel TBepAOH
dassr); cyneprnactupurarop Melflux 1641 F (0,5%
OT MAaCChI BSIKYIEro).

TexHOIOTUS U3rOTOBJIEHUS JUCIIEPCHO-apMHPO-
BaHHON 6eTOHHON CMeCH BKJIIOUaia HeCKOJIBKO 3Ta-
noB. Ha mepBom 3Tame oCyIIeCTBJISIOCh BBeleHHe
U [lepeMellHBaHUe B CyXOM COCTOSIHHUU TpebyeMoro
KOJIMYeCTBa BSIKYIEro 3all0IHUTENSS U MOAUGUIIH-
pyromux 1o6aBoK; Ha BTOPOM — BBOAHIIKCH AHCIIEP-
CHBble BOJIOKHA C IIepBOM ITopliHer Boakel (B/1=0,2);
Ha TpeTbheM — IIPOM3BOAHM/IACh KOPPeKTHPOBKa BOAOU
[T TIOJTyYeHH S1 PABHOIIOABHSKHBIX COCTaBOB.

ITo pe3ynbTaTaM HCCAeLOBAHUS ObIIK IIOCTPOEHBI
3KCIIepUMEHTAIbHO-CTAaTUCTUYeCKHe MOJeNu 3aBU-
CUMOCTHU HCCIelyeMBIX GU3HUKO-MeXxaHHUUYECKUX
II0Ka3aTeser KayeCTBa MeJIKO3ePHUCTHIX ubpobe-
TOHOB OT BH/Ja U COAEPKaHUS MOAUOUIIHMPYOMUX
no6aBok (cMech I) U fucmepcHBIX BOMIOKOH (cMech 1),
O606menHbIe DC-MOJeIH IPOYHOCTHBIX ITIOKa3aTe-
Jen 3a/laBajiuCh B BHU/Jle IPHUBeJeHHOIO0 IIOJIMHOMA
M;M;,Q "cmecs I, cmecs I - cBoHCTBO" BHA:
e N7 Npefesia NPOYHOCTH Ha pPacTskKeHHe NPHU

usrube -
Opu3=0,05"V"V,=3,28:v;° V371,02V, V342,16 W, - W, +
+1,02-wy-w3+3,03-w, W3 +4,70-v; - Wy + 3,69 v, Wy + @
+4,73-v3-w;+4,92-v;-W,+5,88-v, W, +4,82-v3- W, +
+3,68-v; W3 +5,59-v, w3 +5,13-v;- wy;

size less than 5 mm (65% of the mass
of the solid phase); superplasticizer,
Melflux 1641 F (0.5% of the weight of
the binder).

The technology of manufactur-
ing a dispersed-reinforced concrete

ter of 14-31 pm, a density of 1.17 +
0.03 g/cm3 (w,, PAN);

« astralene-modified basaltic micro-
fiber Astroflex-MBM with a length
0f 100-500 pm, an average diam-
eter of 8-10 pm, a bulk density of
800 kg/m?3, with an astralene con-
tent of 0.0001-0.01% of the weight
of the fiber (w;, MBM).

The levels of variation of the
factors studied are shown in the
table. During the design of the
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In the experimental stud-
ies, series of prism samples
40x40x160 mm were made using
fiber-reinforced concrete mixtures,
in the recipe of which, along with
the mentioned above modifiers,
the following were used: Portland
cement of EM I 42.5 B class; fine-
grained aggregate - natural quartz
sand of the Novostepanovsky quarry
(Smolny, Ichalkovsky district,
Republic of Mordovia) with grain

mix included several stages. In the
first stage, the required amount of
binder, aggregate and modifying
additives was mixed in a dry state;
on the second stage, dispersed fibers
were introduced with the first por-
tion of water (W/C = 0.2); on the third
stage the water was adjusted for
obtaining optimal compositions.
Based on the results of the
study, experimental statistical
models of the dependence of the
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30HbI nepeceyeHus obaacmell 0onycmuMblX 3HAYeHUl U onmuManbHbie 06Aacmu npedeAoé NPOYHOCMU NpU CXAMUU U HA pacmsi-
XKeHue npu u3zube ducnepcHO-apMupO8aHHbIX MeAKO3epHUCMbIX 6EMOHKO08 C y4emom co0epXKaHus 8 cocmasax moouduLupyrLLuX
do6asok (a, c, e) u ducnepcHbix 8onokoH (b, d, f)

Areas of intersection of regions of acceptable values and optimal areas of compressive strength and tensile strength at bending of dis-
persed-reinforced fine-grained concrete, taking into account the content of modifying additives (a, c, e) and dispersed fibers (b, d, f)
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* IS IIpefesia IIPOYHOCTH IIPH CKATHH —
Ocx =12,65 - v;-v,=25,24-v;-v3-2,98 v, v; +
+24,16-wy-w, +29,04-wy- w3 +11,09 - w, - w3 +
+29,17-v;-w; +31,09-v,-W; +36,32- v3- Wy + (3)
+28,21-v;*W,+53,36v," W, +40,76 - v;- W, +
+24,12-vy- W3 +42,26-v,- W3+ 38,29 v;- w;,
MHOroKpHTepHaabHasg OIITHMHU3ALIMSA 10 KasKIOMY
$aKTOpy B OTHE/IBHOCTH IIPU IIPeAbsB/IeHUH COBMECT-
HBIX Tpe6OBAHU I10 IIpefieslaM IPOYHOCTH IIPH CKa-
THH U Ha PAaCcTsOKeHHe IPU U3rube ocyIecTBISIACH
C IIOMOIIbIO HAIOKeHU S 06/1aCTer JOMyCTUMBIX 3Ha-
YeHUI YKa3aHHBIX IPOYHOCTHBIX XapaKTePUCTHK
U ollpefie/IeHH I 30H UX [IepecedyeHHs C BhIIBIeHHUEM
OIITHMAJIbHOM 007acTH (CM. PUCYHOK, 3aIITPH-
XOBaHHYI0 006/1acTh). YCTAaHOBJIEHO, YTO IIOBBIIIE-
HUe 0K MeTaKaoJHHa B 00IIell Macce aKTUBHBIX
MUHepaJbHBIX 100aBOK (PUC., C) IPUBOLUT K POCTY
TPAaHUYHBIX 3HAaUYeHUN IIPOYHOCTHBIX IIoKa3aTe-
JIel B OIITUMAaJIbHOM obsacTu. [Ipy MaKCHUMaJlb-
HOM cogepkaHuud BMK (6% oT Macchl IOpTAaHgLe-
MeHTa) BO3MOXKHO IIOTY4YUTh GuOPo6ETOHEI C MU PO-
KUM JHAMa30HOM IIPOYHOCTHBIX XapaKTePUCTUK
B OIITHMAaJIPHOM 30He — 0T 31 g0 53 MIla npu c>KaTUH
u ot 4,1 1o 6,3 MIla Ha pacTs>KeHHe IIpU U3rube,
BBemeHue B 6eTOHHBle CMeCH MUKPOKpeMHe-
3eMa KOHAEHCHPOBaHHOIO yIIJIOTHEHHOIO (pHuc.,
a) IPUBOAXT K CHU)KEHHUIO AHUAIIa30HA HCCIenye-
MBIX IIPOYHOCTHBIX IT0Ka3aTenen ¢ubpobeToHOB,
a TaKk>ke ero TpaHHUYHBIX 3HAUYEHHUH, UTO CBHe-
TeJIbCTBYeT O HETAaTUBHOM BIUSHUHU MKY Ha mpo-
LlecChl CTPYKTYpooOpa30BaHHUS LIeMeHTHBIX KOM-
IIO3HMTOB II0 CPpaBHEHHIO C APYTHMHU BHUIOAMHU

NpUMeHSBIIUXCS 106aBOoK. COCTaBbl C MAKCHMaJlb-
HBIM cofmepkaHueM MKY XxapaKkTepu3yOTCsS HEBBICO-
KUMHU 3Ha4eHHUIMH I1Pefie/IoB [IPOUHOCTH IIPH CKa-
TUH U Ha PaCTsKeHHe ITPU U3THOe B OIITUMAaIbHOM
obynactu - 27-35 MIla u 3,7-4,5 MIla COOTBeTCTBEHHO.

O¢pPpexTuBHOCT, BMK mo cpaBHeHHI0 ¢ MKY
MO>KHO OOBSICHUTBD CJIeAyIOMUMU GaKTopaMu: 60ib-
el (mpuMepHO B 2,0-2,5 pa3a) NyLI[0JIaHUYeCKOHN
aKTHBHOCTBHIO MeTaKao/JIHHA; Pa3HOU XUMHUYeCKON
IpUPOIOH N06aBOK (CUIHUKATHOM - Y MKY, anoMo-
CHJIHUKATHOM - y BMK); ycKopeHHeM IpOTeKaHUS
peakuuu BMK c u3BecThI0 10 CpaBHeHHIO ¢ MKY,
4yTo obecrieurBaeT ee HaJlesKHOE CBSI3bIBAHUE B I1eP-
Bble CYTKU TBepJeHUs; 60jee BBICOKOM IJIaCTUYHO-
CTBIO U TeXHOJIOTUYHOCTBIO OETOHHBIX U PacTBOP-
HBIX CMeCeH, OTCYTCTBHEM II0BePXHOCTHOM JIMIIKO-
cTu 6eToHa ¢ mobaBKkor BMK, nmpucymux 6eToHaM
¢ MKY; MeHbIes BomonoTpebHoCcThIO cMecelt ¢ BMK,
a TeM CaMbIM U MeHBIIUM TpebyeMBIM pacxoioM
CyIepIlIacCTUGHUKATOPOB /IS JOCTHU KEHU S OLHMHAKO-
BOM IOJIBUKHOCTH 6@ TOHHBIX CMecel.

IIpu yBeIMYEeHHU COLEP;KaHHUS B COCTaBe MHUHe-
panbpHOM N06aBKU "AGMHKC" MaKCHMaJbHBIe 3HA-
YeHH S [IPOUHOCTHBIX II0Ka3aTesell B OIITUMaIbHOM
06/1acTH HECKOIbKO CHHUKAIOTCS, & MUHHUMAJIBHO
BO3MOJKHBIE — IIOBBIIIAKTCS; IIPHU 3TOM Cy’KaeTcs
061aCTh LONYCTUMBIX pelleHUH (pPuC., e) - 0T 27-53
Iio 37-45 MIla mmpu C>KaTHH U 0T 3,7-6,3 1o 4,7-5,5 MIla
Ha pacTsiKeHHUe IMpH u3rube. O6BsICHEHHUS ITpUBe-
JeHHOTro 3¢ peKTa JiexxaT B GOPMUPYIOIIUXCS HOBO-
06pa3oBaHUAX TUAPOCYIbGOATIOMHUHATOB U TUAPO-
Kapb0a/loMHHATOB Ka/blIUs IPU B3aUMOJENCTBUHU

physical-mechanical quality indi-
cators of fine-grained fibrous con-
crete on the type and content of
modifying additives (mixture I)
and dispersed fibers (mixture II)
were build. Ceneralized ES-models
of strength indicators were speci-
fied in the form of the reduced poly-
nomial M;M;Q "mixture I, mixture
II - property":

« for tensile strength at bending -
Op.u3=0,65V"V,= 3,28V, V3~
=1,02:v,-v3+2,16- Wy W, +
+1,02-w; w3 +3,03-w, - w; +

+4,70-v; W, +3,69-v,-w; + @
+4,73-v3 Wy +4,92- v W, +
+5,88-v, W, +4,82-v; W, +
+3,68-v;*W3+5,59-v, W3 +5,13-v5-w;.
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« for compressive strength -

Ocs =12,65 - v;*V,=25,24-V; V5~
=2,98:v,-v3+24,16-wy W, +
+29,04-w;-w;+11,09-w, W3+
+29,17-v;w; +31,09-v, W +
+36,32-v;-w;+28,21-v;- W, + 3
+53,36v,°W,+40,76-v;* W, +
+28,12-V, W5 +42,26-V, Wy +
+38,29-v;3-Ws.

Multi-criteria optimization for
each factor separately with joint
requirements for the compressive
strength and tensile strength in
bending, was carried out by overlap-
ping the allowable values of these
strength characteristics and deter-
mining the zones of their intersec-
tion with the identification of the

optimal region (shaded area in Fig.).
It was found that an increase in the
proportion of metakaolin in the
total mass of active mineral addi-
tives (Fig.c) leads to an increase in
the boundary values of the strength
parameters in the optimal region.
At the maximum content of HMK
(6% of Portland cement) it is possi-
ble to obtain fiber-reinforced con-
crete with a wide range of strength
characteristics in the optimal
zone - from 31 to 53 MPa at com-
pression and from 4.1 to 6.3 MPa for
bending tensile.

The introduction of condensed
microsilica into concrete mixes
(Fig.a) leads to a reduction in the
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KOMITOHEeHTOB J00aBKH "[leHeTPOH AIMHUKC" C IIPO-
OYKTaMH THAPAaTallMK LleMeHTa. JJaHHble HOBOO-
bpasoBaHUs, obpasylomuecs C yBelndeHHeM 00b-
eMa, HapsAy C mepBOHAaYa/JIbHBIM YIIOTHEHHEM
CTPYKTYPBHI, IIPH HEONTUMAJIbHOM HCII0JIb30BAHUH
MOTYT BBI3BaTh CYIleCTBEHHOE IIOBLIIIeHHEe BHYTPeH-
HUX HalpsokeHUM. TakUM 06pa3oM, yIHUTBIBas 3TO,
Heo6X0A MO TIIaTeabHBIM 06pa3om BeIOUPATH 103H-
POBKY H06aBKH C LieJIbI0 PALIMOHAIBHOTO yIIPaBJIe-
HHM A KPUCTAJIZIM3ALMOHHOTO IIporecca ¥ OpMHUPO-
BaHUS CTPYKTYPHI LIeMeHTHBIX KOMIIO3UTOB.
BBenmenue gucrepcHbIX BojoKkoH IIITH B cocTaBel
LIeMEeHTHBIX KOMIIO3UTOB IPHUBOJUT K 3HAYUTE/Ib"
HOMY CHH>K@HHIO MaKCHUMaJ/IbHBIX 3HaUeHUH IIpefe-
JIOB IIPOYHOCTH IPH CKATHHU K Ha PACTSKeHHeE IPH
n3rube U Cy>keHUIO OIITUMAJIBHOM 06/1aCTH AOIYCTH-
MBIX pellleHHH JaHHBIX IPOYHOCTHBIX [IOKa3aTe/len
(puc., b) - oT 25-53 o 27-37 MIla IpH CRKAaTHHU U OT
3,5-6,3 mo 3,7-4,7 MIla Ha pacTsi>keHHe IIpU usrube.
AHaJIM3UPYs ONITUMasbHbIe 06JIaCTH JOMYCTHUMBIX
pelleHM I IIPY UCC/IeJOBAHUH BIMSHHU S AHUCIIEPCHBIX
BOJIOKOH Ha ITpeJeJibl IIPOYHOCTH IIPH C’KATHH K HA
pacTsikeHHe IIpU U3rube, MOKHO CHeIaTh BBIBOJ,
06 3¢ deKTUBHOCTH apMHUPOBAHUS MeIKO3epHHU-
cTeiX 6eToHOB IIAH-BoloKHOM U MBM (puc., d u f).
IIpu 3TOM, IIPU UCII0/Ib30BAaHHU U KOMIIIekca Gubp
[TAH+MBM c cooTHoLeHUeM comepkaHusa ITAH
K MBM B nuanasone ot 50/50 o 90/10 macc. 4. BO3-
MO>KHO IIOJTy4YHTh LleMeHTHBIe KOMITO3UTHI C Haubo-
Jlee BBICOKMMM 3HAaYeHHUSIMH IIPOYHOCTHBIX IOKa~
3aTesled - Ipefesa NPOYHOCTH IPH CKATHUH 51-53
MIla, mpepgena NpOYHOCTH Ha pacTsKeHHUe IIPHU

usrube 6,1-6,3 MIla. 3To CBHIETEeJIbCTBYET O LeJie-
coo6pa3HOCTH U 30 PeKTHBHOCTH MHOTOYPOBHEBOI'0
ApMHUPOBAHHUS MeIKO3ePHUCTHIX 6@ TOHOB C HUCIIONb-
30BaHHEM YT/IePOLHBIX HAHOCTPYKTYP (IpHUMeHe-
HUe IIOTMAKPUTOHUTPUIBHOTO BOJIOKHA ~ apMUPO-
BaHHe Ha MaKpoMacIITabHOM ypoBHe CTPYKTYPBI;
MOIUPUIIMPOBAHHOMN acTpajleHaMu 6a3anbpToBOM
MHUKPOPUOPHL - Ha BepXxHeM MUKpoMacmrTabHom
ypOBHe).

3AKNIOMEHUE

TakuM ob6pa3oM, IONyUdeHBI CleyIoIe Pe3yb-

TaThl SKCIIePUMeHTa/JIbHBIX HUCCIeIOBAaHUM:

* IIpOM3BeJeHa ONTHUMHM3ALIHs PeLlelTyPsl MOJH-
GUIMPOBAHHBIX MEJIKO3ePHHUCTHIX JUCIEPCHO-
APMHPOBAHHBIX 6eTOHOB, II03BOJISIOIAS OIIpe-
IeMIUTh pallHOHAJIbHBIE COCTABhl LIEMEHTHBIX
KOMIIO3HTOB Ha I10JISIX OCHOBHBIX IIPOYHOCTHBIX
CBOICTB (IIpe/leJIOB IIPOYHOCTH IIPU CKAaTHHU U Ha
pacTsiKeHHe IIPU HU3rube), ONIHMCAaHHBIX CTPYKTY-
pupoBaHHEIMU IC-MOLEISAMU,

* YCTaHOBJIEHO, YTO [IPU JAHHOH peLieNType U TeXHOJIO-
THH IIOTYYeHU S MeJIKO3epPHUCTHIX JUCIIePCHO-apMHU-
POBAaHHBIX OETOHOB JOIYCTHUMBII AHAIA30H IIpe-
Iieia IPOYHOCTH Ha PacTsisKeHHe TP K3rube cocTas-
nset 3,5-6,5 MIla, a rpefena IMpOYHOCTH IIPH CKa-
THUHU - 24-54 MI1a;

* IO pe3yabTaTaM MHOTOKPUTePHUATbHOH ONTH-
MU3ALUHU OIlpeJeieHbl 30HbI IlepeceyeHus obna-
CTel JOMYCTHMBIX 3HaUeHUHU [Ipe/lesIoB IIPOYHO-
CTH IIPU CKATHHU U Ha PacTskKeHUe IIPU U3Tube,
XapaKTepusyoimue o6JacTH ONTHUMAJbHBIX

range of strength parameters of fiber-
concrete as well as its boundary val-
ues, which indicates the negative
influence of MCP on the processes of
structure formation of cement com-
posites in comparison with other
types of additives. Compositions
with the maximum content of MCP
are characterized by low values of
compressive strength and tensile
strength in the optimal range of 27-35
MPa and 3.7-4.5 MPa, respectively.
The effectiveness of HMK in com-
parison with MCP can be explained
by the following factors: greater
(approximately 2.0-2.5 times) poz-
zolanic activity of metakaolin; dif-
ferent chemical nature of additives

(silicate in MCP, aluminosilicate in
HMK); acceleration of the reaction
of HMK with lime in comparison
with MCP, which ensures its reliable
binding on the first day of harden-
ing; higher plasticity and manufac-
turability of concrete mixes, absence
of surface stickiness of concrete with
the addition of HMK inherent in con-
cretes with MCP; lower water con-
sumption of mixtures with HMK,
and thus the smaller required con-
sumption of superplasticizers to
achieve the same mobility of con-
crete mixtures.

With the increase in the con-
tent of the mineral additive Admix,
the maximum values of strength

indicators in the optimal area are
somewhat reduced, and the min-
imum possible - increases; at the
same time, the range of feasible
solutions is narrowing (Fig.e) from
27-53 MPa to 37-45 MPa under com-
pression and from 3.7-6.3 MPa to
4.7-5.5 MPa for bending tension.
Explanations of this effect lie in the
emerging new formations of hydro-
sulfoaluminates and calcium hydro-
gen carbonates when the compo-
nents of the Penetron Admix additive
interact with the products of cement
hydration. These new formations,
formed with an increase in volume,
along with the initial compaction of
the structure, with non-optimal use
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BeJIMYMH HUCCIeAYeMBIX GAKTOPOB U IIPOYHOCTHBIX
IIOKa3aTeJIeH;

MEHHOH TexHOJIOTUU 6eToHoB // BectTHUK MICY.
2012.Ne12.C. 125-133.

M3 aHA/IM3a OIITHMAaJIbHBIX 06/1aCTeN NOMyCTUMBIX 3. BoritoBu4d B.A. HaHoHayka. HaHOTeXHOIOTHS.
PelleHHUH NPH HCC/IeJOBAHHUHU BIHUSHUSI MOOUDH- HaHob6eToHs!l // Jkcmosunusi. beroHel & Cyxue
LUPYIOUIHUX J06aBOK HAa ITPOUHOCTHBIE XapaKTepH- cmecu. 2009. 2/b (85).C. 5-7.
CTUKH YCTaHOBJIEHA 3P PeKTUBHOCTh MOTUPUILIHPO- 4, ®uroBckun O.J1., bewnun [.A., IloHOMa-
BaHUSI MeJIKO3ePHHUCTBIX 6eTOHOB Oe/IbIM BBICOKOAK- peB A.H. VYcmexu npuMeHeHHs HaHOTeXHO-
THBHBIM MeTaKaolHHOM (BMK), 4To0 [103BOJIKJIO IIPU JIOTUM B CTPOMTeNBHBIX MaTepHanax // HaHo-
MaKCHUMaJlIbHOM cofep>kaHHUHU BMK (6% oT Macchl TeXHOJIOTUM B  CTPOMTEJIBCTBE:  HAy4HBIH
MOpPT/IAaHALleMeHTa) IMONy4YUTh GUObpobeTOHBI HurepHer-KypHana. 2012. T. 4. Ne 3. C. 6-21.
C LIMPOKUM AUATIA30HOM IIPOYHOCTHBIX XapAKTEPH- URL: http://nanobuild.ru/ru_RU/ (maTa obpamie-
CTHK B ONITHMaJ/IbHOM 30He - 31-53 MIla nipu cxkaTUU HHs: 16.08.17).
u 4,1-6,3 MIla Ha pacTs>KeHHe ITpU u3rube; 5. TloHomapeB A.H. BbiCOKOKauecTBeHHbIe HETOHBI.
aHaIU3UPYs 0671aCTH NOMYCTHMBIX PellleHU I IIPU AHaIM3 BO3MOXKHOCTEH M IIPaKTHKa HCII0NIb30Ba-
MCCIeL0BAHUM BIMAHUS OUCIEPCHBIX BOJOKOH HMSI MeTOJI0OB HaHOTeXHOJIOTHMH // HH>KeHepHO-
Ha IPOYHOCTHBIE XapaKTePUCTHKH, YCTAaHOBJIEHA CTPOMTEIBHBIM KypHaI. 2009, N2 6. C. 25-33.
3QPeKTHBHOCTh MHOTOyPOBHEBOI'O apMUpOBaHUs 6. BowmToBH4Y B.A. CTpoHTenbHBle HaHOMaTe-
MeJIKO3epHHUCTHIX OeToHOB [IAH-BolOKHOM 1 MBM. puael // PykoBoAUTe/lb CTPOMTE/IBHOL OpraHM3a-
I[Ipu MCI0Nb30BaHUM KoMILIeKca ubp [IAH+MEM nuu. 2011. Ne 2. C. 49,
C cCOOTHoIIleHHeM cofep>kaHus ITAH 1 MEM B nuaria- 7. KamamHukoB B.HM. DBolOLMA PasBUTHS COCTa~
30He oT 50/50 mo 90/10 Macc. 4. BO3MOYKHO IIOJIy4YUTh BOB U HM3MeHeHHe MPOYHOCTH 6eToHOB. BeToHBI
LleMeHTHbIe KOMIIO3UTHI C Hanbosee BBICOKMMU 3Ha- HacTosmero u 6yaymero // CTpouTenbHbIe MaTe-
YeHHSIMH IIPOYHOCTHBIX ITIOKA3aTesIel — Ipefie/laMuy puansl. 2016. Ne 1-2. C. 96-103.
[IPOYHOCTH IIPU C’KaTUHU 51-53 MIla v Ha pacTsbkeHre 8. ®anmukmaH B.P. HoBble 3pdeKkTHBHBIE BBICOKO-
opu u3rube - 6,1-6,3 MIla. GYHKUHOHAIbHEIE 6etoHbl // BeToH U >Kkene3obe-
TOH. 2011. Ne 2. C. 78-84.
JINTEPATYPA 9. Vmepos-Mapmak A.B. GeTOHb HOBOTO IIOKOJIe-
Censies B.II., Ocunos A.K., ITucapesa A.C. HaHo- HUsA - 6eToHHI ¢ JobaBkaMHu // BeToH U >Keje3obe-
YaCTUIBI, -TIOPOIIKM, ~CTPYKTYPhI, -T@XHOJIOIHH: ToH. 2011. Ne 1. C. 78-81.
AaHATUTHUYECKHH 0630p. - CapaHcK, 2010. 84 c. 10. Kanpuenos C.C., Illeiindennn A.B., Kapay-

bakeHoB I0.M., ®anukman B.P., bBynrakos b.H.
HanomaTepHansl M HaHOTeXHOJIOTHMH B COBpe-

msiH I'.C. HoBble MogudUIIpOBaHHbIe O@TOHBI. —
M.: Tunorpadus "Ilapagu3z”, 2010. 258 c.

can cause a significant increase of
internal stresses. Thus, taking this
into account, it is necessary to care-
fully select the dosage of the addi-
tive in order to rationally control the
crystallization process and form the
structure of cement composites.

The introduction of dispersed
fibers of PP into cement compos-
ites leads to a significant decrease
in the maximum values of compres-
sive strength and tensile strengths in
bending and narrowing the optimal
range of acceptable solutions of these
strength parameters (Fig.b) from
25-53 MPa to 27-37 MPa under com-
pression and from 3.5-6.3 MPa to 3.7-
4.7 MPa for bending strain.
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Analyzing the optimal areas of
admissible solutions when investi-
gating the effect of disperse fibers
on compressive strength and tensile
strength in bending, we can con-
clude that the reinforcement of fine-
grained concrete with PAN-fiber
and MBM is effective (Fig.d and f).
In this case, when using the PAN +
MBM complex with the ratio of PAN
to MBM in the range from 50/50 to
90/10 wt. it is possible to produce
cement composites with the high-
est values of strength indexes - with
compressive strength of 51-53 MPa,
tensile strength at bending of 6.1-
6.3 MPa. This indicates the expedi-
ency and effectiveness of multi-level

reinforcement of fine-grained con-
crete with the use of carbon nano-
structures (the use of polyacryloni-
trile fiber - reinforcement at the mac-
roscale level of the structure; modi-
fied by astralenes of basaltic micro-
fiber - at the upper microscale level).

CONCLUSION

Thus, the following results of experi-

mental studies were obtained:

« optimization of the formulation of
modified fine-grained dispersed-
reinforced concrete has been per-
formed, which makes it possible
to determine the rational compo-
sitions of cement composites on
the fields of the main strength
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properties (compressive strength
and tensile strength in bending)
described by structured ES models;
it has been determined that with
this recipe and the technology of
obtaining fine-grained dispersed-
reinforced concrete, the permis-
sible range of tensile strength
at bending is 3.5-6.5 MPa, and
the compressive strength limit is
24-54 MPa;

based on the results of multicri-
teria optimization, the zones
of intersection of the regions of
admissible values of the compres-
sive strength and bending tensile
strengths are determined, char-
acterizing the regions of optimal

values of the investigated factors
and strength indicators;

from the analysis of optimal areas
of admissible solutions, the
effectiveness of modifying fine-
grained concrete with white
highly active meta-kaolin (HMK)
was established in the study of
the effect of modifying addi-
tives on strength characteristics,
which allowed to obtain fibrous
concrete with a wide range of
strength characteristics in the
optimal zone at the maximum
content of HMK (6% of weight
of Portland cement) - 31-53 MPa
under compression and 4.1-
6.3 MPa for bending tension;

« analyzing the areas of admissi-

ble solutions when investigat-
ing the effect of dispersed fibers
on strength characteristics, the
effectiveness of multilevel rein-
forcement of fine-grained con-
crete using PAN-fiber and MBM
has been established. When
using the PAN+MBM com-
plex with the ratio of PAN to
MBM in the range from 50/50
to 90/10 wt. it is possible to pro-
duce cement composites with
the highest values of strength
indexes - with compressive
strength limits of 51-53 MPa
and bending tensile strength
of 6.1-6.3 MPa. [ ]
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