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0 KOHCTPYKLUMOHHOM NMOTEHLUMaNe CTPYKTYpbl
BbICOKOTEXHONOrMYHbIX GETOHOB C Y4YETOM TEMMNEpaTypHO-
BNAXHOCTHBIX 3KCMNYaTaLUUOHHbIX COCTOAHMNA

MpeacTasneHa 0606LLEHHANA UHTEPNPETALMA MEXaH3Ma B3aMMOCBSI3N NPOYHOCTY, 3aKOHOMEPHOCTEN BNAXXHOCTHOrO A6 OPMUPOBAHUS I
MOPO30CTOKOCTU GETOHOB C X TeMNepaTypHO-BNaXHOCTHBIM COCTOSHMEM. [1peficTaBNeHa CMCTEMA CTPYKTYPHbIX XapaKTepUCTUK, BAMAKOLLAX Ha
NPOSIBNEHME W PEaNN3aLmMIo KOHCTPYKLMOHHOMO NoTeHunana matepiana. 0606LLeH1e pe3ynbTaToB UCCef0BaHNiA NO3BOMNIO BbISBATL B3aMOCBS3b
MEXZy napameTpamin COCTaBa U CTPYKTYPOil BbICOKOTEXHOMOTMYHbIX GETOHOB M peanu3aumei ux KOHCTPYKLMOHHOO NOTEHLMANA B Pa3fINyHOM
TeMnepaTypHO-BNaXHOCTHOM COCTOSIHUN.
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About Constructional Potential of High Performans Concretes Structures with Due Regard for Temperature-Humidity Operational Conditions

A generalized interpretation of the mechanism of interrelation of strength, regularities of humidity deformation and frost-resistance of concretes with their temperature-humidity state is
presented. The system of structural characteristics influencing on the manifestation and realization of the structural potential of the material is also presented. The generalization of the
study results makes it possible to reveal the interrelation between parameters of composition and structure of high performans concretes and the realization of their structural potential

under various temperature-humidity conditions.

Keywords: high performans concretes, structure, strength, humidity deformations, frost-resistance.

K obcyxnenuio mpenjiaraercss MaTepuajoBeguecKas
npobJieMa 3aKOHOMEPHOCTEN IOBEJAEHMSI COBPEMEHHBIX
BBICOKOTEXHOJIOTUYHBIX OETOHOB B 9KCILTyaTallMOHHOM 11~
KJIe, ¢ KOTOPOi1 MPsSIMO CBSI3aHbI BOMIPOCH! pean3aliu 1Mmo-
TeHIIMaJIa CONTPOTUBJICHUS UX CTPYKTYPbI pa3pyIIeHUIO TIpU
NECTBUM TEMIIEPATypHO-BIaXKHOCTHBIX (PAaKTOPOB CPe/Ibl B
BO3HUKAIONIMX BapuWaHTax COCTOSIHUI MaTepuaja B KOH-
CTPYKILIMSIX.

AKTyaJIbHOCTb IPOOJIEMBI

Ha rrepBblii B3WIs11 Ha3BaHUE MyOIMKAIIMUY U €€ KITIOYeBbIe
CJIOBa HE HECYT B cebe HUUEro HOBOTO ¥ OPUTMHAJILHOIO U He
SIBJISIIOTCSI Y€M-TO JIOCTATOYHO aKTYaJIbHBIM U 3HAUMMbIM.
JleiicTBUTENBHO, ITpo0JeMa KOHCTPYKIIMOHHOIO MOTeHIMala
0eTOHOB Kak (hYHKIIMU UX TEMIIEPaTyPHO-BIKHOCTHOTO CO-
CTOSTHUS ©oJiee TOTyBeKa SIBJISIETCS TIPEAMETOM PaccMOTpe-
HUI, UCCIIeNOBaHUI 1 pa3paboTok. OOOOIIEHHO 3TO OTpaXKe-
HO B (pyHZaMEHTAJIbHBIX TPYJaxX CICLUAIMCTOB IO TEOPUU
pacyera, MPOCKTUPOBAHUS U IMPUMEHEHUS CTPOUTEIIBHBIX
koHcTpykuuit (tpyasl C.B. Anekcanmposckoro, O.5. bep-
ra, B.M. bonmapenko, K.3. Tl'anycroBa, E.A. Ty3eera,
I0.B. 3aiineBa, B.M. WHnpuHckoro, H.MU. Kapnenko,
B.J. Komormnkuna, B.M. Komaynosa, B.M. Mopo3ona,
B.M. Mocksuna, K.A. INupamoBa, N.E. IIpokomoBuua,
B.C. ®enoposa u ap. [1-9]) 1 moaydmsio perjaMeHTaIuio B
CTPOUTEJIBHBIX HOPMaX.

IMpuHuMas UMeroLIMecs: JOCTUXKEHUSI B KauecTBe 6a3o-
BBIX, BMECTE C TeM aKIEHTHPYeM BHUMaHKe Ha HeOOXOIU-
MOCTHU DPa3BUTUSA U aKTyaJbHOCTH (POPMHMPOBAHMSA HOBBIX
MOIXOI0B K 0003HaueHHOU mpobieme. OOOCHOBAaHHOCTH
5TOrO JUKTYETCS CIEAYIOIIMMU 00CTOSTEIbCTBAMU U COOT-
BETCTBYIOLLIUMU UM IOJIOXEHUSIMU.

IlepBoe U omnpenensiolee U3 HUX KacaeTcsl MOHSATUS
«BBICOKOTEXHOJIOTMUHbBIE OETOHBI», K KOTOPBIM OTHOCSITCSI

(Y PONIEIIBHBIE

It is proposed to discuss the material science issue of be-
havior regularities of modern high performans concretes
(HPC) during their operating cycle; problems of the realiza-
tion of resistance potential of their structures to deterioration
under the effect of temperature-humidity factors of environ-
ment in arising variants of the material condition in struc-
tures are directly connected with this issue.

Problem Statement and its actuality

At first glance, the title of the publication and its key
words don’t contain anything new and original and are not
sufficiently actual and meaningful. Truly, the issue of struc-
tural potential of concretes, as a function of their tempera-
ture-humidity conditions, is the subject of consideration, re-
search and development more than half a century. Generally,
this has been reflected in the fundamental works of specialists
on the theory of computation, design, and application
of building structures (works by S.V. Alexandrovsky,
0.Ya. Berg, V.M. Bondarenko, K.Z. Galustov, E.A. Guzeev,
Yu.V. Zaytsev, V.I. II’insky, N.I. Karpenko, B.D. Kolotilkin,
V.I. Kolchunov, V.I. Morozov, V.M. Moskvin, K.A. Piradov,
I.LE. Prokopovich, V.S. Fedorov et. al. [1-9]) and got the
reglamentation in building codes.

Taking the existing achievements as basic ones, along
with it, we focus attention on the need for development and
the relevance of the formation of new approaches to this
problem. The validity of this is dictated by the following fac-
tors and regulations corresponding to them.

The first and defining of them is a term “high performans
concretes”. They are concretes on the basis of binders of low
water demand, filled and fine-ground cements, fast harden-
ing and especially fast hardening cements as well as super and
hyper-plasticized, hyper-pressed, porous, superfine (pow-
der), fiber-reinforced concretes and concretes of last genera-

HAayuHO-MeXHU4ecKuil U NPOU3800CMBEeHHbILL HCYPHAN

I AVEBVIAVIBIN cenmsabpy 2015
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OCTOHBI Ha OCHOBE BSIKYIIUX HU3KOM
BOJOINOTPEOHOCTH, HAMOJTHEHHBIX U
TOHKOMOJIOTBIX IIEMEHTOB, OBICTPO-
TBEPACIONIMX U 0CO00 OBICTPOTBEpIL-
IOIIMX LIEMEHTOB, a TakXe OETOHBI Cy-

Tabnuua 1
Table 1

yposeub KOHCTPYKLUOHHbIX CBOWCTB TPaAULUOHHBIX U BbICOKOTEXHOJIOMN4YHbIX

LLleMEeHTHbIX 0eTOHOB [4]

Level of Structural Properties of Traditional and High Performans Cement Concretes [4]

nep- ¥ TUIepIUIacTU(GUIIMPOBaHHBIE,
TUTIEPIIPeCCOBaHHbBIE, TTOPU30BaHHbIE,
BBICOKOAMCIIEPCHBIE (IOPOIIKOBBIE),
NHUCIIEPCHO-apMUPOBaHHbIE, OETOHBI
MOCJIeTHUX MOKOJIEHUH, TToJlydaeMble C

BBCJICHNUEM B UX COCTaB MUKPO- U Ha-
HOPAa3MEPHBLIX CTPYKTYPHBIX COCTaBJIA-

omux. OcoOeHHOCTBIO BCeX 3TUX Oe-
TOHOB ABJISIETCSI TO, YTO JOCTUTAEMBbII

Ha MOMEHT U3TrOTOBJIEHUS CYLLIECTBEH-
HO OoJiee BBICOKMIA ypOBEHB MOKa3aTe-
Jel  KOHCTPYKIIMOHHBIX CBOWCTB

(tabn. 1) ompenenseTcs MPUHIATINA-
aJbHO OTJIMYHOI OT TPamTUIIMOHHBIX

0eTOHOB CTpyKTypoii (Tabi. 2). Bra
CTPYKTypa, hopMupyeMasi Ha IPUHIIU -
nax MexaHo(H3UKO-XMMUYECKONH U

HAHOXMMHMYECKON TEXHOJOTMYECKUX
rutatopm [10], xapakTepusyeTcs apy-

TMM MaciliTaOHO-pa3MepPHBIM THUIIOM,
0oJiee BBICOKOI 2HEpPreTMYeCKO He-

PaBHOBCCHOCTBIO M, KaK CJICACTBHUE,
AKTUBHBIM €€ ITPOABJICHUEM B SKCILITY-
aTallMOHHBIX YCJIIOBUAX, B TOM 4YHCJIC

U TIpeXIe BCEro TpU JAEHCTBUU
TEeMIIePaTypPHO-BIAaXXHOCTHBIX (haKTO-
poB cpensl [11—13].

IToBbIllIEHHAas. aKTUBHOCTb CTPYK-
TYp CBsI3aHa C Pa3BUTOM IIOMIAIBIO TTO-
BEPXHOCTH pazneyia ¢a3 B HaHO-, MU-

3HayeHus anst 6eToHOB
KOHCTPYKLMOHHbIE CBOMCTBA Values for concretes
Structural Properties TPAOMLMOHHBLIX | BbICOKOTEXHOMOTMYHBIX
traditional high performans
CpepaHas nnoTHOCTb, Kr/M3 9950-2300 24002450
Average density, kg/m®
Mpenen npoyHocTy Npu cxatum, MMa . .
Ultimate compressive strength, MPa 40-60 R0 125-150
Mogaynb ynpyroctu, MMa Ay .103 _£0).103
Modulus of elasticity, MPa (32-35)-10 (45-50)-10
Mpenen NpoYHOCTM Ha pacTsxeHne npu narnbe, MiMa -~ 5
Ultimate tensile strength in bending, MPa 4,7-49 105-11.5
OtHowenue R, /Ry
. 0,13-0,14 0,08-0,09
Ratio Ryena/Acomp
KoadduupmeHT MyaccoHa 0.20-0 21 014-0.15
Poisson’s Ratio ’ ’ ’ '
Mpenen TpewwmHoobpa3oBaHus ~ -
Limit of cracking 0.5-06 0.85-09
MpepenbHas pacTaxmMMocTb, MM/M 11-12 0.7-0.8
Ultimate elongation, mm/m Y T
Kpuntuyeckuii kKoapPpULUMEHT MHTEHCUBHOCTMN
HanpsxeHuit K, MH/m3/2 0,85-0,95 0,7-0,8
Critical stress intensity factor, K, MN/m®/2
YnenbHast aHepriist paspyLuenusi, Ix/m? . i
Specific crushing energy, Joule/m? 75-80 280-300

KpPO- M Me30MacIITaOHOM Iuarta3oHe

CTpOoeHMST O6eTOHA, OCOOEHHOCTSIMU pPa3MEPHO-TEOMETPH-
YeCKMX ITapaMeTPOB MOPUCTOCTU C BBICOKOI 0O0BEMHOI 10~
JIeli B Held HaHO- U MUKpoIiop. Bce 3To CUIIBHO MEHSIET K-
HETUYECKME U SHEPreTUUYeCcKre mapaMeTpbl TMTPOMEXaHUKHU
B3aMMOJIEUCTBHUS MaTepuaia ¢ BOASHBIM MTapoM U BOIOM B
npolieccax aacopOm-aecopOLy, KamMUIIPHON KOHIEH-
caluu, BOJAOHACKIIeHNSI-00e3BoXBaHus [7—9, 13]. B ue-
JIOM co3faeTcs Apyras KapTuHa 6ajxaHca CUJI MpU U3MeHe-
HUM TEMIIepaTypHO-BIXKHOCTHBIX MapaMeTpOB MaTepuasa
U COOTBETCTBEHHO Ipyras KapTHHa HamlpsKeHHO-Aedop-
MHMPOBAHHOTO COCTOSTHHMSI CTPYKTYPBI BHICOKOTEXHOJIOTHY-
HBIX OETOHOB B CpaBHEHUU C TPATUIIMOHHBIMM KJlaccCHde-
CKUMU OETOHAMMU.

YuuTbiBas BBIIIIEU3IOXKEHHOE, HayKa U MPaKTUKa MaTe-
pyaoBeeHUSI JOKHBI OBITh TOTOBBI K MMPO0OJeMaM MpuMe-
HeHUs (MPUMEHUMOCTH ) BBICOKOTEXHOJOTUYHBIX OETOHOB B
HeCTaHIAPTHBIX U 9KCTPEMAIbHbBIX YCIOBUSIX OKCIUTyaTalluiu
KOHCTPYKIWI U3 HUX, JIJISI 4eT0 HEOOXOIMMO 3HATh OCOOEH-
HOCTM W 3aKOHOMEPHOCTH MEXaHWKHW peaju3allid KOH-
CTPYKIIMOHHOTO IMOTEHIIMAJIA MX CIIeIIM(MUIHON CTPYKTYPHI.

B konTekcTte oOcyxkaeHus IpoOJeMbl ClemayeT oOpa-
TUTBCSI KO BTOPOMY TTOJIOXKEHUIO B €€ TOCTAHOBKE M 000CHO-
BaHHOCTH aKTyaJIbHOCTH.

DTO BTOpOE MOJIOKEHME KacaeTcsl TOTO, YTO OCYIIEeCT-
BJICHHBIE PaHee UCCIICIOBAHUST KOHCTPYKIIMOHHOTO TIOTEH-
raja 6eTOHOB 06a3UPYIOTCS MPEUMYIIECTBEHHO Ha (heHOo-
MEHOJIOTUYECKOM TIONIXOJe, MpEeCIeayIonieM 1eib MoTyde-
HUS KOJIMYECTBEHHOMI MH(OpMauK o Mepe, CTETeHU BIUSI-
HUS U KOG puMeHTax UBMEHEeHUs MeXaHUYeCKUX CBOMCTB
0GeToHA B pa3IMYHBIX TEMIIEPATYPHO-BIAXKHOCTHBIX €TO CO-
CTOSTHMSIX KaK KBa3MOJIHOPOIHOI crcTeMbl. DeHOMEHOJI0-
TMYECKUI TOAXOM ¢ TIPAKTUIECKON TOUKU 3PEHMS BITOJTHE
VIOBJIETBOPSIET CIEIIUATIMCTOB 10 PacUeTy U MPOEKTUPOBA-
HUIO KOHCTPYKIIMA U CEroiHsl, TaK KaK MO3BOJISIET YIUThI-
BaTb U HOPMUPOBAThb BJWSHUE TeMIIEPaTypHO-BIAXHOCT-

HAYYHO-MeXHU4ecKuil U NPOU3800CMBeH b HCYPHAN

tions produced by introducing micro- and nano-sized struc-
tural components into their compositions.

The peculiarity of all these concretes is a higher level of
their structural properties (Table 1) achieved by the moment
of production which is characterized by the structure funda-
mentally different from traditional concretes (Table 2). This
structure, formed on the principles of mechanical-physical-
chemical and nano-chemical technological platforms [10], is
characterized by a different scale- dimensional type, higher
energy non-equilibrium and, as a consequence, by its active
manifestation under operational conditions, including pri-
marily under the effect of temperature-humidity environ-
mental factors [11—13].

The increased activity of structures is associated with the
developed area of the phase interface within the nano-, mi-
cro- and meso-scale range of the concrete structure, pecu-
liarities of dimension-geometric parameters of porosity with
a high volume fraction of nano- and micro-pores in it.

All this strongly changes the kinetic and energetic pa-
rameters of hygromechanics of interaction of the material
with water steam and water in the processes of adsorption
and desorption, capillary condensation, water saturation-
dehydration [7—9, 13]. In general, there is a different pic-
ture of the force balance when changing the temperature-
humidity parameters of the material and, correspondingly,
a different picture of the stress-strain state of structures of
high performans concretes in comparison with traditional
classical concretes.

Having in mind above mentioned, the science and practice
of the materiology should be ready for problems of the applica-
tion (applicability) of high performans concretes under non-
standard and extreme conditions of operation of structures
made of these concretes, for this, it is necessary to know pecu-
liarities and regularities of the mechanics of implementation of
the structural potential of their specific structures.

(CIEONIEIIBHBIE
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HOTo (haKTOpa Cpebl, BBOIUTH KOPPEK-
TUPOBKMU I10 IMOKA3aTCJIsIM pean3alinin
KOHCTPYKLIMOHHOTO MOTeHIMana 6eTo-
HOB B 3KCILTyaTallMOHHOM IIUKIJIC. Ho
OH HE€ BIIOJIHE OTBEYACT BO3MOXKHOCTAM
COBPCMCHHOI'0O MaTCpUaJIOBCACHUA U

Tabnuua 2
Table 2

OCHOBHbIE OT/IMYUTENbHbIE XapakTepUCTUKU CoOCTaBa U CTPYKTYPbl TRAAULMOHHBIX

W BbICOKOTEXHOJIOMNYHbIX LLEMEHTHbIX 6eToHOB

Main Distinguishing Characteristics of Composition and Structure of Traditional

and High Performans Cement Concretes

COBPEMEHHBIX BBICOKUX TEXHOJIOTHIA
0 KOHCTPYMPOBAaHUIO OETOHOB KakK
KOMITO3UTHBIX CUCTEM C HOBBIM YPOB-
HEM KayecTBa, HOBBIM MOTEHUIMAIOM
COIPOTHUBJIEHUS Pa3pyLICHUIO.
PeanibHO GETOH sABISIETCS CTPYKTY-
PUPOBAHHOM CHUCTEMOU, MO3TOMY

NPAKTUYCCKOEC OOCTMKCHUE HOBBIX
BO3MOXHOCTEWN JTOJKHO OCHOBBIBATHCS

Ha IPYroM IIOOXOJ€ B OILIEHKE KOH-
CTPYKIIMOHHOIO TOTEHIIMAIa MaTepua-
Jla — Ha KOHLEMUUAX U METOAOJIOTUA

CHCTEeMHO-CTPYKTYPHOTO MaTepualio-
BeZIcHUs. DTOT IOAXOJ IMO3BOJISIET Tie-
PENTHU K CYIIITHOCTHOMY PACCMOTPEHUIO
MPUYMHHO-CJIEACTBEHHbBIX OTHOLIEHUI

CBOICTB C COCTaBOM, CTPYKTYPO# U CO-
CTOSIHUEM Marepuasa; OH CIocobeH
obecreunTh penieHUe 3amad dPdek-

TUBHOW pealn3allid TOTeHIMana Oe-

TOHOB HOBOTO ITOKOJICHUSI B pa3HOBa-
PUAHTHBIX MOJESIX HAaIpPSKeHHO-
ne(OpMHUPOBAHHOTO WX COCTOSIHUS B
KOHCTPYKILIMSIX, padoTaloINIUX B TOM
YyUCie B 9KCTPEMAJIbHBIX TEMIIepaTyp-
HO-BJIAXKHOCTHbBIX PEXXUMaX.

MMeHHO ¢ y4eTOM H3JI0XEHHOIO
aBTOPBI O0OpaIlAIOTCs B JaHHOM My0Iu-
KallMU K aHaJIM3y HayYHbIX MaTepualo-
BeIUECKMX OCHOBAHMIA ITPOOJIEMEI pea-
JIN3allMM KOHCTPYKIIMOHHOTO ITOTEH-
LMajga CTPYKTYP BBICOKOTEXHOJIOTHY-
HBIX OETOHOB.

KoHuenTyaabHO-MeTO10/10THYeCKIe
M0JIOKEHHUS] CHCTEMHO-CTPYKTYPHOTO
MaTepUAJIOBEIEHUS U TEXHOJIOTUN
CTPOUTEJILHBIX KOMIIO3UTOB
IlonoxeHuss COBPEMEHHOIO CHC-

3HaueHus ans 6eTOHOB
Values for concretes
OTnn4nTeNbHbIE XapakTepUCTUKM TPaOWLMOHHbIX BbICOKOTEXHONOTNYHBIX
Distinguishing Characteristics R=40-60 MMa R>80-100 MMa
Traditional High performans
R=40-60 MPa R>80-100 MPa
KonanyecTBo KOMMNOHEHTOB CMECH 4-5 6-8
The number of mix components
Haunbonbluas KpynHOCTb 3€PHUCTBIX HaCTULL, MM 920-70 1-5
The largest size of grain particles, mm
06wwmit MacwTabHO-pasMepPHbI TUM CTPYKTYPbI KpynHO3epHUCTbI Menko3epHUCTLIN,
Overall scale-dimension type of structure Coarse MVKPO3EPHUCTLIN
Fine-grained,
micro-grained

CymMMapHoe KOJIMYECTBO 3€PHUCTBIX YacTuL, . 5
B eAMHULE o6bema, WT./m° ,il(())((22_22,22)) 11(())6 (0,8-1)-10?1
Total number of grain particles in a volume unit, pc/m?® ’
CymMMapHOe KONMYEeCTBO BHOCUMOW 3EPHUCTLIMU
4acTMLAMY NOBEPXHOCTHOM 3HepriM, KIx/M® B i
Total quantity of surface energy introduced by grain 18-20 2000-2500
particles, kJ/m®
Pacxop LieMeHTa (BSXXYLLEro BeLecTsa), kr/m® 300-400 400-600
Cement consumption (binding agent), kg/m®
CpefHsist NI0THOCTb LIEMEHTHOMO KaMHs!
(MikpoGeTora), kr/m’ 1650-1800 2300-2350
Average density of cement stone (micro-concrete),
kg/m®
O6beM TBepOi passl MUKpoBeToHa, M%/m® : -
Volume of micro-concrete hard phase, m3/m? 0,57-0,65 0,75-0,79
O6bem nop MUKpoBeToHa, M3/M3
Volume of micro-concrete pores, m3/m? 0,35-0,43 0,21-0,25
OTHOCUTENBHOE COLEPXAHNE NOP PafMyCOM MeHee
20 HMm B 06L1eM 06beme nop, % ~
Relative content of pores of radius less than 20 nmin 25-30 >40
the total volume of pores, %

TEMHO-CTPYKTYPHOT'O MaTepuajoBeie-
HUSI CTPOUTENIbHBIX KOMITO3UTOB U UX
TEXHOJIOTUW OIPEIEISIOT PacCMOTPeHUE O0OCyxXmaeMoit
po0JIeMBbI B paMKaX CJIEAYIONIe COBOKYITHOCTH ITPEICTaB-
JIEHW1, OTBEYAIOIINX KOHLICTIIIUSIM:

1. ®opmyna «4C»: «cocTaB — CTPYKTypa — COCTOSIHHE —

CBOMCTBa».

2. Cucrema «maTepuag — KOHCTPYKIIUS — Cpeaar.
3. Kareropusi «<XM3HEHOTO LIMKJIa MaTepuasia U KOHCTPYK-

LU».

4. MexaHMKa NPOSIBIICHUS U pean3allii KOHCTPYKIIMOH-

HBIX CBOMCTB MaTepUaioB.

LleHTpadbHBIM MOMEHTOM METOMOJIOTMU YIIPaBJIEHUS
KayeCTBOM CTPOMUTEIbHBIX MATEPUAIOB U KOHCTPYKIIMIA Cie-
IIyeT CUUTATD .102UHECKYI0 C8A3b «COCINAE — CIPYKMypa — Co-
cmosinue — ceoticmea» (¢hopmyaa «4C»), OTBEHAIOULYIO MPEJI-
METy U3y4eHUsT U (PyHIAaMEeHTaIbHOMY 3aKOHY MaTepuaso-
BEICHUST O 3aBUCUMOCTH CBOMCTB MaTepualia OT CTPOCHMSI.

B oTHOIIIEHMY KOHTJIOMEPATHBIX CTPOUTETBHBIX KOMITO-
3UTOB, KAKOBBIMU SIBJISTIOTCSI O TOHBI, KOHIIeTHUsI «4C» mo-
JIydujia CUCTEMHYIO TOCTAaHOBKY UM CIIELIMAJIbHOE PaccMO-
TpeHue [ 14], B CBSI3U ¢ YeM Ha JaHHOM BOITIPOCE JACTAJIbHO He
OCTaHaBJIMBACMCSI.

OnpenessommnM OCTYJIATOM METOAOJOTUN CTPYKTYP-
HOTO MaTepUaOBeNeHUsI TIPUHUMAETCSI cucmema «mame-
puai — KoHcmpykuus — cpeda». CucteMa XxapakTepu3yeTcst

(Y PONIEIIBHBIE

In the context of the discussion of the problem it is neces-
sary to refer to the second position in its definition and justi-
fication of relevance.

This second position concerns the fact that the research in
structural potential of concretes carried out earlier is based
mainly on the phenomenological approach aimed at obtain-
ing the quantitative information on the measure, influence
degree and coefficients of changing mechanical properties of
concrete at its various temperature-humidity states as a qua-
si-homogeneous system. The phenomenological approach
quite satisfies the specialists in calculation and design of
structures from practical point of view even today, as makes
it possible to take into account and standardize the influence
of the temperature-humidity factor of environment, to enter
the adjustment according to indicators of the implementation
of the structural potential of concretes during the operational
cycle. But it does not quite correspond to the potential of
modern materials science and modern high technologies of
concretes designing as composite systems with a new level of
quality, with the new potential of fracture resistance

Actually, concrete is a structured system, so the practical
achievement of new possibilities should be based on a differ-
ent approach to the assessment of structural potential of the
material, on the concepts and methodology of the system-
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(Taba. 3) KaK OTKpHITas TepMOIMHAMMYECKasi, B KOTOPOI
cpela BO3IECHMCTBYET C Pa3IMUHOW WHTEHCUBHOCTBIO Ha
MOJACUCTEMY «MaTepUaT—KOHCTPYKUUS» KOMIUIEKCOM Me-
XaHMYECKUX HArpy30K U (pU3MKO-KIMMaTUIYEeCKUX (PaKTo-
POB, TIPOSIBJISIIOIINX Ce0s1 B KAUECTBE ABMKYIIIMX CUJT U3ME-
HEHMI 1 MaTepuayia U KOHCTpyKIuu. [Ipoliecchl nameHe-
HUS COCTOSIHUSI, CTPYKTYPbI U CBOMCTB MaTepuasia pa3BuBa-
I0TCS1 BO BPEMEHU MO/1 BO3/IEMCTBUEM BHEIIIHUX U BHYTPEH-
HUX IBUXYIIMX cWI. BHelIHWe IBUXYIIME CUJTbl OKa3bIBa-
0TCS OOYCJIOBJIEHHBIMU HaJW4YMEM HEPABHOBECHOIO CO
Cpeloit TEMaoBOTO U BEIIECTBEHHOIO COCTOSIHUSI MaTepura-
Jla, @ X BeJIMUMHBI OTIPECIISIIOTCS TTapaMeTpaMu 3KCIUTya-
TallMOHHOW cpenbl. BbI3BaHHbBIE BHEIIHUMU BO3JAEWCTBUS -
MU TIpOLIECChl U3MEHEHUSI MOTYT MPOAOJIKATHCS 10 Ha-
CTYIJIEHUS KBa3UPABHOBECHOTO COCTOSIHUSI «Marepual
— cpela» C MEPUOAUNYECKUM TOBTOPEHMEM (LIMKIMYHO-
CTBhIO) MTPU CMEHE YCJIOBUI Cpeibl, MPUBOJISIIEH K HapyIlle-
HUIO TaKOTO PAaBHOBECHUSI.

B KoH1ENIMu 1 METOIOJIOTUU CTPYKTYPHOT'O MaTepu-
aJloBeIeHUSI U TEXHOJIOTMU B KATETOPUU <«KU3HEHHOTO
LIMKJIa MaTepualla U KOHCTPYKLMI», BKJIIOYAIOIIETo MX
MPOU3BOACTBO U NMPUMEHEHUE, BBIACISIOTCS HIEXHO102U-
yeckuil u Ixcnayamauuonnsti yuravt. CpeicTBOM yIpaBJe-
HUS CBOMCTBAMU MOJIy4aeMOU MPOAYKIIUU TTPUHUMAETCS
BapbUpOBaHUE MapaMeTpaMu MPOLIECCOB CTPYKTypooOpa-
30BaHU B TEXHOJOTMYeCKOM 1HuKIIe. Bo3aelicTBue pakTo-
POB cpedvt Ha MaTepual, pabOTalOLIMiA B CTPOUTEIbHOM
KOHCTPYKIIMU B 3KCIJIyaTAUMOHHOM LMKJIE, aHAIU3UPY-
eTCs yepe3 UBMEHEHUE ero COCTaBa, CTPYKTYPhl U COCTOSI-
Hus. MMeHHO B CBSI3U C 9TUM yIpaBJIeHUE KAaYeCTBOM Ma-
Tepuaja UCXOIUT U3 PACCMOTPEHUS €T0 COCTaBa, CTPYKTY-
Dbl, COCTOSIHUSI U CBOUCTB KaK Ha MOMEHM U320MO06AeHUs,
TaK U «pazeepHymuix 60 epemenw». [locnenHee Kak pa3 u
COCTAaBJISIET CYILIECTBO U COJepKaHUe TPOOIeMbl peann3a-
IIUM KOHCTPYKIIMOHHOrO IIOTEHIIMaja CTPYKTYpbl IpU
SKCIUTyaTalWu.

HM3meHeHus B maTepuajie BO BPEMEHU IO BIUSHUEM
9KCIUTyaTallMOHHBIX (haKTOPOB, CBSI3AHHBIE C HAKOTUJIEHUEM
KOHCTPYKTMBHBIX U JECTPYKTUBHBIX MPEBPAILCHUN, TOHU-
MaroTcs B (popMe MpoLeccoB, OMUCHIBAEMbIX BEPOSITHOCTHO-
CTaTUCTUYECKUMU METOIAMU, a Mepa JOMYCTUMBIX U3MEHE-
HUIi CBOMCTB BBOAUTCS C YYETOM BEPOSITHOCTU O€30TKA3HOI
paboThl CTPOUTENBHBIX KOHCTPYKIIMI, YTO OCHOBBIBAETCS
Ha MOJIOXKEHUSIX O MPEAETbHBIX UX COCTOSTHUSIX.

DyHKIMS U3HOCA MaTepralla B 9KCILTyaTallMOHHOM 111~
KJIe IPUHUMAETCS B BULIE:

R, (=R, e (1)

rae Ry, — UCXONHBIIA ypOBEeHb KauecTBa MaTepuala, JOCTU-
raeMbIi B TEXHOJIOTMYECKOM LIUKJIE; 6 — KOI(DPUIIMEHT NH-
TEHCUBHOCTHM U3HOCA MaTepuasa B 9KCILTyaTAlMOHHOM LIU-
KJie; T — JJIUTENbHOCTb AeUCTBUSI (haKTOPOB M3HOCA B IKC-
TUTyaTallMOHHOM ITUKJIE.

KoadhdunmenT MHTEHCUBHOCTH M3HOCAa MaTepuana 0
OIIpeIeIIsIeTCsI €r0 COCTaBOM, CTPYKTypoit C U Mepoit HepaB-
HOBECHOCTHU SHEPIeTUYECKOT0 COCTOSIHMSA, CBSI3AHHOIO € K :

6=/(C, K, 2)

rae C — crpykrypa; K. — KoadduuueHT (KpuTtepuit) 3aBep-
IIEHHOCTH MPOLIECCOB CTPYKTYPOOOPA30BaHUS MaTepuaia B
TEXHOJOTMYECKOM LIMKJIE.

B Takoil noctaHoBKe KpuTepuil K,, oKa3bIBaeTCs MEpHU-
JIOM BO3MOXHBIX M3MEHEHU KOHCTPYKIIMOHHOTO MOTEH-
1Mana CTpyKTypbl 6€TOHA BO BpEeMEHU.

Tpuana «mamepuas — KoHcmpykyus — cpeda» B COBpe-
MEHHOM MaTepuajoBeIeHUM pacCMaTpUBaeTCsl KakK ycJo-
BUE€ WHTEIPUPOBAHUSI MHTEPECOB «KOHCTPYKTOPOB KOH-
CTPYKLMiT» U «<KOHCTPYKTOPOB CTPYKTYp MaTepuanio». [1pu
9TOM MaTepUaIOBEICHUE M TEXHOJIOTUSI CTPOUTEIbHBIX
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structural materials science. This approach makes it possible
to proceed to the essential consideration of cause-and-effect
relations of properties with the composition, structure and
state of the material; it is able to ensure the solution of tasks
of efficient implementation of the potential of a new genera-
tion of concretes in multi-variant models of their stress-strain
state including the structures operating under extreme tem-
perature-humidity conditions.

That’s why in view of foregoing, in this publication the
authors address to the analysis of scientific materiological
grounds of the problem of realizing the structural potential of
high performans concretes structures.

About conceptual-methodological provisions
of system-structural materials science
and technology of building composites

Provisions of the modern system-structural materials sci-
ence of building composites and their technology define the
consideration of the discussed problem within the frame of
the following combination of ideas corresponding to the con-
cepts:

1. the formula “composition-structure-condition-proper-
ties”;

2. system “material-design-environment”;

3. the category “life cycle of material and structures”;

4. mechanics of manifestation and implementation of struc-
tural properties of materials.

The central moment of the methodology of quality con-
trol of building materials and structures is a logical link
“composition-structure-condition-properties”  (formula
“CSCP”), which meets the subject matter and the funda-
mental law of materials science about the dependence of
material properties on the structure.

In respect of conglomerate building composites, such as
concretes, the concept of “composition-structure-condi-
tion-properties” has received a system setting and special
consideration [14], therefore at this issue we don’t stop in
detail.

The system “material-design-environment” is accepted as
the defining postulate of the methodology of structural mate-
rial science. This system is characterized (Table 3) as an
open, thermodynamic, in which the environment impacts
with different intensity on the sub-system “material—design”
with the complex of mechanical loads and physical-climatic
factors manifesting themselves as driving forces of changes
both of material and design.

The processes of changes in the state, structure and prop-
erties of the material develop in time under the impact of
external and internal driving forces. External driving forces
are due to the presence of thermal and real state of the mate-
rial non-equilibrium with the environment, and their values
are determined by parameters of the operational environ-
ment. Processes of changes, caused by external impacts, may
continue until the occurrence of the quasi-equilibrium state
“material—environment” with periodical repetition (cyclici-
ty) when changing environmental conditions, leading to the
disruption of this balance.

Technological and operational cycles are marked out in the
concept and methodology of structural materials science and
technology in the category “life cycle of material and struc-
tures” which includes their manufacture and application.
The variation of parameters of structure formation processes
in the technological cycle is adopted as a means of control
over the properties of products obtained. The effect of envi-
ronmental factors on the material working in the building
structure during the operational cycle is analyzed through the
change in its composition, structure, and condition. Just in
this regard, the control over the material quality proceeds
from the consideration of its composition, structure and
properties both at the moment of manufacturing and “deployed
in time”. The last one just is the essence and the content of the
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Ta6nuua 3
Table 3

[BuXyLuue cunbl U NpoLecchl, onpeaensiowue GopmmupoBaHue HanpsXKeHHO-AePOPMUPOBAHHOIO COCTOSIHUS MaTepUana B KOHCTPYKLMSX*
Driving Forces and Processes Determining the Formation of Stress-Strain State of the Material in Structures*

Mepunoasl TEXHONOrMYECKOro

TexHONorn4eckuin LnKn
Technological cycle

SKCnyaTaLMOHHBIA LUKA
Operational cycle

11 3KCMyaTaUMOHHOTO LMKNOB T 5 ”
Periods of technological BepAeHme M%Tepmana E cnany Ilia Ha6op mapouHoit npouHocTn | 3arpyxenve | Pabota nog Harpyskoii
and operational cycles _ Bonanyoke ormwor Gain in “grade” strength Loading Operation under load
Material hardening in formwork removal
Tun cuctemsl
«MaTepvan - cpeaa» 3akpbiTas OtkpbiTas
Type of “material-environ- Closed Open
ment” system

BHyTpeHHne HepasHoBecHoe TepMoaNHaMN4eCcKoe COCTOSIHNE CUCTEMbI TBEDAEHUS
3 Internal Non-equilibrium thermodynamic state of hardening system
;‘: % aci’ 5 HepaBHoBeCHOE CO Cpenoit TennoBoe COCTOsIHME MaTepuana
= OS% 55 Thermal state of material non-equilibrium with environment
§ g E § HepaBHOBECHOE CO Cpefoii BELLECTBEHHOE COCTOSIHVE MaTeprana
Sz8s Real state of material non-equilibrium with environment
©:5% BrelwHue
3 § ofF External HepasHosecHoe Hal'lpﬂ>KeHHEJe
85 < - COCTOSHVE MaTepuana oT BO3AENCTBUS
S°o - MEXaHU4eCKON Harpysku
=

Non-equilibrium stress state of material
as a result of mechanical load

OT BHYTPEHHUX
DBUXYLLWX CUA
Due internal
driving forces

lwapatauws v TBepaeHne
Hydration and hardening

TennosbliaenexHne
Heat emission

OT BHeLHUX
LBVXYLLWX CUA
Due external
driving forces

MpoLecchl U3MEHEHWS COCTOAHMS
marepvana
Processes of change in material state

TennooBMeH Co cpefioit (HarpeBaHue-oxnaxneHue)
Heat exchange with environment (heating-cooling)

MaccoobmeH Co Cpeaoii (BbiChiXxaHue, YBaXHEHNE-BbICYLLIMBAHNE)
Mass exchange with environment (drying-out, damping-drying)

XuMuueckas Kopposus
Chemical corrosion

Cxatune-pacTsxeHue
Compression-tension

CoctosiHue matepuana B
CTPOUTENBHOW KOHCTPYKLIMM
Condition of material in build-
ing structure

FpanmeHTHoe Mo CTeneHn rmgpataumn n TeepaeHns
Gradient according to hydration and hardening degree

[pagmeHTHOe No Temnepatype
Gradient according to temperature

[pagneHTHOE N0 BNAXHOCTK
Gradient according to humidity

[pagmeHTHOEe NO CTENEHN XUMUYECKO KOPPO3UK
Gradient according to chemical corrosion degree

'paameHTHOE MO YPOBHIO HANPsXKEHMI
Gradient according to stress level

CocTaBnsioLLme HanpsxeHui

1 fjepopmaumii B matepuane

Components of stresses and
deformations in material

OT pa3BnTVIS NPOLIECCOB CTPYKTYPOOOPA30BaHNS 1 TBEPAEHMS
Due to development of processes of structure formation and hardening

TemnepaTtypHble
Temperature

BnaxHoCTHbIE
Humidity

OT XMMUYECKOIA KOPPO3nK
Due to chemical corrosion

OT peincTBMS MexaHW4YeCcKOM Harpy3km
Due to mechanical load effect

MrHOBEHHbIE
Momentary

LnvTtenbHble
Long-duration

*PaccmatprBaeTCst BApMaHT MOHOMTHOMO MCMOJIHEHWS KOHCTPYKLMIA, KOrAa SKCMyaTaLlMoOHHAs Cpefa OkasbiBaeT BAUsSHIUE Ha GOPMUPOBAHNE HAMPSXEHHO-
LedOPMMPOBAHHOrO COCTOSIHUS B TEXHOMOMMYECKOM W 9KCTNyaTaLMOHHOM LMKaX.

*A variant of monolithic execution of structures, when the operational environment influences on the formation of the stress-strain state in technological and
operational cycles, is considered.
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KOMIIO3UTOB OINMPAIOTCS HAa KOHUEMNUMU W OCHOBaHUS
GU3UKO-XMMUYECKON MeXaHUKHU MPOsIBIeHUsI CBOMCTB [13]
B KOHCTPYKUMSX B 3KCILTyaTallMOHHOM LukJiie. [Tonaraercs,
YTO IPU MOBBIIIEHUY WX MOHWKEHUW TeMITepaTypbl MaTe-
puasia HanpsKeHHO-1e(OPMUPOBAHHOE COCTOSIHUE CTPYK-
TYPBI 3aBUCUT OT MEPbI aKTUBALIMY TePMOGDITYKTYallMOHHBIX
aKTOB pa3pbiBa MEXATOMHEIX CBSI3eil C(OPMUPOBAHHON
TBepaoii pa3el Mmatepuana. [1pu nuameHeHun coaepkaHus U
COOTHOIIEHUSI pa3JIMYHbIX BUIOB BOIIBI B CTPYKTYpe (TabJ1. 4)
HanpsKeHHO-Ie(OPMUPOBAHHOE COCTOSIHME Martepuala
3aBUCUT OT CKJIA[bIBAOIIETOCS OanaHca CUJI KalWUISIPHO-
CTU, TTOBEPXHOCTHOTO HATSKEHWSI, KOTE3UOHHOTO U aJIre-
3MOHHOTO B3aMMOJIEUCTBUS B KOHTAKTaX AMCIIEPCHBIX 4Ya-
CTUILI TBepAOI (a3bl, CUJI BHYTPEHHUX CBSI3EU B KpUCTAJLIaX
HOBOOOpPa30BaHUI LIEMEHTHOTO KaMHsl, CWJI YIIPYTroro npo-
TUBOJEUCTBUSL TBeplaoi (as3wl ee neopMUpPOBAHUIO Ha
¢oHe OTHOBpEMEHHOIO MPOTEKaHUsI B HEil peslakcallioH-
HBIX TTPOLIECCOB.

Mepa Bcex 3TUX CUJT 3aBUCUT OT COCTaBa U CTPYKTYPBI
Marepuaia, a posIBIeHUE UX NIEUCTBUS — KaK OT CTeNIEHU
BOJIOHACHIILIEHUS WK 00€3BOKMBAHUS MaTepraa, Tak U OT
BUJIOB BObl, YYaCTBYIOLIMX B 3TUX Mpoueccax. B pamkax
MPENCTABICHUI O MEXaHW3M€ BJIMSHWS BUIAOB BOIBLI B
CTPYKType OETOHOB TIpUHMUMAETCsI, 4YTO XUMHUYecKas,
busuko-xumuueckas u (Hu3MKo-MexaHuuyeckass (Gopmbl
CBSI31 BOJIbl PEAIN3YIOTCS 110 MACILITAOHBIM YPOBHSIM CTPO-
€HUs GETOHOB B XapaKTePHBIX U Pa3IMYAIOLIMXCS U1 HUX
BEJIMYMHAX SHEPIUU B3aUMOIEWCTBUSA BUIOB CBA3U BOIBI
CO CTPYKTYpOW — KamWJUISIpDHO#, amcopOLMOHHOM, MeX-
CJIOEBOM MOJIEKYJISIDHOW M TUAPOKCUJIBHOM B KPUCTAJUIU-
YeCcKOW pelieTke HOBOOOpa3oBaHUI 1LIEMEHTHOTO KaMHSI.

problem of implementing the structural potential of struc-
tures during operation.

Changes in the material with time under the influence of
operational factors connected with accumulation of con-
structive and destructive transformations are understood in
the form of processes described by probabilistic-statistic
methods, and a valid measure of property changes is intro-
duced with due regard for the possibility of non-failure op-
eration of building structures that is based on the provisions
of their limit states.

The function of material wear during the operational cy-
cle is adopted in the form

Ry®)=R, e, (1)

where R;, — is an initial level of the material quality achieved
during the technological cycle; 6 — coefficient of wear inten-
sity of the material during the operational cycle; T — duration
of action of wear factors during the operational cycle.

The coefficient of wear intensity of the material 0 is deter-
mined by its composition, structure C and the measure of
non-equilibrium of the energetic state connected with K,

0=1(C. Kppno). @

where Cis a structure, K, — coefficient (criterion) of the
completeness of processes of material structure formation
during the technological cycle.

In this formulation, the criterion K, becomes a mea-
sure of possible changes in the structural potential of concrete

structures during the time.

Tabnuua 4
Table 4

Cunbl 1 3HEprua cBA3u BOAbI CO CTPYKTYpPOi MaTepuana
Forces and Energy of Water Relationship with Structure of Material

SHeprvis cBa3v BOAb!
YpoBHU Aanuavpyemas Cocrasnsiolume 6anaHca cun cesaun CO CTPYKTYpOWA,
CTPYKTYPbI cvcTema Bup Boabl TBEpAoii Basbl 1 Nop ¢ BOAON kIx/Monb
Levels of Analyzed system Type of water Components of force balance of relationship | Energy of water rela-
structure of solid phase and pores with water tionship with struc-
ture, kd/mole
MAKPO BeToH Ceob6oaHas Boga Cunbl cMaumBaHus <005
MACRO Concrete Free water Wetting forces '
ME30 MukpobeToH KanunnspHo-HacblLeHHas Boga KanuanspHeie G, Cuilel OBEPXHOCTHOTO 0.05-0 5
MESO Micro-concrete Capillary-saturated water . HATAXEHMA TS
Capillary forces, surface tension forces
MWKPO Hewextvpyiouiee KanunnspHo-KoHAeHCMPOBaHHas BOAA
MICRO Be.”“eCTBO Capillary-condensated water 0,5-40
Cementing substance KanunnsipHble cunbl, packnmHusaioLee
- [laBneHve ancopOLMOHHBIX MAEHOK, CUbI
::(()):(())Ica J:l(;? ((11;11 :g g :r'\:\)) MEXMOMEKyNIPHOr0 B3aMMOE/CTBMS 40-80
AncopbLyoHHas . NOBEPXHOCTM TBEPLAOI dasbl C BOAOW
HoBoobGpa3oBaHus Boda Capillary forces wedging the pressure of
CYBMUKPO LeMeHTUpytoLLero Adsorption nonucinoes adsorption films, forces of intermolecular
SUBMICRO BeLLecTBa water (=2,5-81m) interaction of solid phase surface with water ~40
New growths of multilayer (/=2.5-8 nm)
cementing substance
Cunbl MEXMONEKYNSPHOTO B3aMMOLECTBYS
Kpuctann, MIOCKOCTEN KPUCTANN0B C MONIEKYNaMn
CYBMUKPOKPUCTAN, BOnA MEXCIIOEBAS MONEKyHHAS BOZbI; CUJbl MIOHHOM CB?SVI OH"-rpynn B
HacTLa aMopHOIt Interlayer, molecular water KPUCTANNIHECKON PELLIETIE 20-80
(asbl ’ Forces of intermolecular interaction of crys-
HAHO HOBOOGpa30BaHuii tals planes with water molecules; forces of
NANO Crystal, sub-, micro- ionic linkage of OH™-group in crystal lattice
crystal, particle of Boga KpUCTaIMYECKOM PeLLeTki
amorphous phase of B Buge OH -rpynn
new growths Water of crystal lattice in the form 400-600
of OH™-group
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Cuna v 3Heprusl CBSI3M BUIOB BOABI CYIIECTBEHHO U 3aKO-
HOMEpHO YOBIBAIOT OT MaKpO- K MUKPO- U HAHOYPOBHSIM
(Tabm. 4).

CuyuraeTcs, YTO OMpENeSIONINi BKIal B M3MEHEHUE
CBOWCTB MaTepuaja B pas3jUYHOM TeMIlepaTypHO-
BJIAXXHOCTHOM COCTOSIHUM BHOCSIT CTPYKTYpPHBI€ COCTaBJIsI-
I01LLME€ MUKPO-, CYOMUKPO- U HAHOYPOBHEI, UTO OCOOEHHO
HEOOXOAMMO YYUTHIBATH ISl BHICOKOTEXHOJIOTUYHBIX OETO-
HOB. OOOCHOBaHHOE M3MEHEHME U PErYJIMPOBAHUE COAEP-
JKaHUST U COOTHOILIEHMS 3TUX CTPYKTYPHBIX COCTaBISIONINX
SIBJISIIOTCSI CPEICTBOM YITpaBJIeHUsT OAJTaHCOM CUJI B CTPYK-
Type U, KaK CJISACTBUE, MEPOIi peain3aliui KOHCTPYKIIMOH-
HOTO MoTeHIMala OETOHA B pa3HOBAPUAHTHBIX COCTOSIHUSIX
B DKCIUTyaTallMOHHOM ITUKJIE.

Moaeau TeMIepaTypHO-BIAKHOCTHBIX COCTOSHUIA
MaTepHualia B KOHCTPYKIUH

MonenupoBaHue KCIUTyaTallMOHHBIX COCTOSIHUI MaTe-
puajia B KOHCTPYKIIUSIX SIBJISIETCSI HETIPEMEHHBIM YCJIIOBUEM
IIUISI pacCCMOTPEHUsI 3aKOHOMEPHOCTE peajn3aliui KOH-
CTPYKLIMOHHOTO TIOTeHIIMAa CTPYKTYPBI BHICOKOTEXHOJIO-
TMYHBIX OETOHOB B pPaMKax UX PeaKIIMU Ha 3TU COCTOSTHMSI.
Takoe MonenMpoBaHUe MpearoaaraeT yuyeT XapakTepuCcTUK
nrana3zoHa (GU3MKO-KIMMaTUUYeCKUX BO3NEUCTBUI, CYyTOU-
HOW M CE30HHOU LUKIMYHOCTU IapaMETPOB CPEIbl, OCO-
O6eHHOCTEel (hopMUPOBaHUS TeMIIepaTypHO-BIaXXHOCTHOM
IpaIeHTHOCTH MaTepralla B CEUYCHUSIX KOHCTPYKIIMU U JIP.

O0001IeHHO IISI BO3MOXHOIO Auara3oHa IapaMeTpoB
SKCITyaTallMOHHON Cpelibl MOXHO MPEeNoXUTh CAeaylo-
1Me BapuaHThl MoJieJieli TeMIepaTypHO-BAaXHOCTHOTO CO-
CTOSIHUSI MaTepHasia B KOHCTPYKIIMSIX:

MaKcuMaibHo 00e360%ceHHoe B BO3IYITHOW Cpele (xa—

PaKTEePHO TSI OKCILTYyaTallMOHHBIX CPEJI C TIOBBIIEHHOM

TeMIIepaTypoii 1 MOHIKEHHOM BJIaXKHOCTHIO);

—  MaKcuMaabHo yeaajxcHeHHoe B BO3IYIITHON cpefie (xapak-
TEPHO JJISI CPEIbl C MOBBIIIEHHOM BIXKHOCTHIO BO3/1YXa);

— MAaKcuUMaabHO Hazpemoe B BO3IYIIHON cpere (MOXET
WMETHh MECTO TIpY TPSIMOI IJTUTETbHON COTHEYHOM 3KC-
MMO3UILINN);

—  MaKcumaabHo oxaadxcoernoe B BO3NYIIHOM cpene (MOXET
UMETh MECTO MIPY MUHUMAIBHON COJTHEYHOM SKCITO3U-
L1H);

— MAKCUMAAbHO 6000HacbiwieHHoe (MOXET HaOJI0IaTh-
Csl TIpY TIOCTOSIHHOM 3KCIUTyaTalluu O0eToHa B BOIHOM
cpene);

—  3amMopoiicernoe B CyXOM Y BOJIOHACBIIIIEHHOM COCTOSTHUM
(MoxxeT HaOJIIoAaThCS IPU IJIUTEIbHOM JeMCTBUU OTPU-
LIATEJIbHBIX TEMIIEPATYP SKCILTyaTalIMOHHON CPEIbl);

—  WUKAUMECKU Y6AaNCHEeHHOe-00e360)ceHHoe B BO3IYIIHOM
cpene (MOXET UMETb MECTO B YCJIOBUSIX CYTOYHOM IU-
KJIMIHOCTU TIapaMeTPOB TEeMIIepaTypbl W BIAXXHOCTHU
cpengbl);

—  WUKAUMECKU 3aMOpPOdNCeHHOe-ommaseuiee B BO3AYIIHOMN
cpene (MOXeT HaOMIONAThCSl B YCIOBUSIX CYTOUHOM LIM-
KJIMYHOCTH TTapaMeTPOB TeMITEpaTypPhl CPEIbI).

OTU MOJEIU COCTOSSHUI MOTYT OBITh COOTHECEHBI C
OTpeieJIeHHBIMU KITMMaTUUeCKUMUY 30HaMU, HalTpuMep ap-
KTUYECKUMHM, CyOapKTUISCKUMU, 30HAMU MTYCThIHb U TTOJTY-
MyCTbIHb Y T. M., U COOTBETCTBYIOIIMMU UM OOBIYHBIMU U
9KCTpeMaJbHBIMM BO3AEHCTBUSIMM Ha OeTOHBI. [l BO3-
MOXHBIX KJIMMaTUYECKUX BapMaHTOB NMAMa3oH Temrepa-
TYpHBIX TTapaMeTPOB SKCITyaTallMOHHOM BO3MYIIHOM cpe-
IIBL OTBeYaeT 3HaueHusaAM ot -60°C go +60°C, a BiIaxXHOCT-
HBIX — OT 15—20 mo 100%; 4uciio TeMIiepaTypHBIX TTEPeXo-
noB 4yepe3 0°C B CyTOUHOM IIMKJIE MOXET COCTAaBJISITh He-
CKOJIBKO JIECSITKOB; YBJIaXKHEHHNE TIOBEPXHOCTHBIX CIIOEB Oe-
TOHA B KOHCTPYKIIUSX TIPSIMBIMM OCaIKaMU MOXET TOCTH-
raTh IpeaebHbIX 3HAU€HUI1 BOTOHACHILIEHHUS.

B ykazaHHOM nuana3oHe 2KCILTyaTallMOHHBIX BO3IEi-
CTBUI 1 OYIIyT CKJIaAbIBATHCS T€ UJIU MHBIE MOACIIM COCTOSI-
HUI ¥ MPOTEKaTh MPOLIECChl pealu3alui KOHCTPYKIIMOH-

The triad “material-structure-environment” is consid-
ered in the modern materials science as a condition of the
integration of interests of “designers of designs” and “design-
ers of materials structures”. At that, the material science and
technology of building composites relies on the concepts and
bases of the physical-chemical mechanics of display of proper-
ties [13] in the structures during the operational cycle.

It is believed that in the course of raising or lowering the
material temperature, the stress-strain state of the structure
depends on the level of activation of thermo-fluctuation acts
of the rupture of interatomic bonds of the formed solid phase
of the material. When the content and ratio of different types
of water change in the structure (Table 4), the stress-strain
state of the material is considered as depending on the form-
ing force balance of capillarity, surface tension, cohesion and
adhesion interaction in the contacts of disperse particles of
the solid phase, forces of internal ties in crystals of new
growths of the cement stone, forces of the elastic resistance of
the solid phase to its deformation on the background of si-
multaneous passing of relaxation processes in it.

The measure of all these forces depends on the composi-
tion and structure of the material, and the manifestation of
their actions depends both on the degree of water saturation
or dewatering of the material and the types of water partici-
pating in these processes. Within the framework of ideas
about the mechanism of influence of water types in the struc-
ture of concretes, it is accepted that chemical, physical-
chemical, and physical-mechanical forms of the water rela-
tionship are realized, according to the scale levels of concrete
structures, in characteristic and distinctive for them values of
the energy of interaction of water relationship types with the
structure — capillary, adsorption, molecular interlayer and
hydroxyl — in the crystalline lattice of new growths of the ce-
ment stone. The power and energy of the connection of water
types significantly and naturally increase from macro- to
micro- and nano-levels (see Table 4).

It is considered that structural components of micro-,
submicro- and nano-levels make a decisive contribution to
changing properties of the material being in different temper-
ature-humidity conditions, this should be taken into account
for high performans concretes. A substantiated change and
regulation of the content and the ratio of these structural
components is a means of control over the force balance in
the structure and, as a consequence, a measure for realizing
the structural potential of concrete under multi-variant con-
ditions during the operational cycle.

About models of temperature-humidity conditions
of material in structure

The simulation of operational conditions of the material
in structures is an indispensible condition for considering
regularities of the implementation of structural potential of
high performans concrete structures within the frame of their
reaction to these conditions. This simulation assumes the ac-
count of characteristics of the range of physical-climatic im-
pacts, daily and seasonal cyclicity of environmental parame-
ters, features of the formation of the temperature-humidity
gradient-mode of the material in structures sections et. al.
Generally, for the possible range of parameters of the opera-
tional environment, the following options of models of tem-
perature-humidity conditions of the material in structures
can be offered:

maximal dewatered in air environment (characteristic for

operatlonal environments with high temperatures and

low humidity);
— maximal moistened in air environment (characteristic for

environment with high humidity of the air);
— maximal heated in air environment (may take place at

direct prolonged sun exposure);
— maximal cooled in air environment (may take place at

minimal sun exposure);
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HOTO TOTEHUMala BbICOKOTEXHOJOIMYHBIX OETOHOB.
IMosTomy aig 3TUX MoJeieil BaXKHO MPOTHO3UPOBAaTh 3aKO-
HOMEPHOCTHU Pa3BUTHUS TMPOLIECCOB UBMEHEHUI B CTPYKTY-
pax BBICOKOTEXHOJIOTUYHBIX OETOHOB U BBISIBISITb KPUTEPU-
aJibHbIe CTPYKTYPHBIE (paKTOPHl TMHAMUKU MTPOLIECCOB U UX
MOCJICICTBUIA.

K nmpumepy, B 00;1aCTH BBICOKMX TTOJIOXUTEJIbHBIX TEM-
reparyp M HU3KMX 3HAYEHUI BIAXKHOCTHU BO3ayXa (MOIEsb
KJIMMAaTUYECKUX 30H MOJYMYCThIHb U MYCTbIHb) OCOOEHHO-
CTU CTPYKTYP BBICOKOTEXHOJOTMYHBIX OETOHOB U UX COCTO-
SIHUW MOTYT MPENOIpeaeIIsITh CaMble HETaTUBHBIE MOCJIEI-
CTBUSI JUTSI TOJITOBEYHOCTH KOHCTPYKIIMI M3-3a TOBBIIIEH-
HOM yIeqbHOU BIAXKHOCTHOM ycaaku CTPYKTypbl. MMeHHO
BeJIMYMHA BIIAXXHOCTHOM yCaK1 B pacyeTe Ha MPOLEHT yaa-
JICHHOTO BUJA BJaru M3 MOPOBOU CTPYKTYypbl OETOHA OKa-
XKETCSI KPUTePUATbHBIM (DAKTOPOM M3MEHEHHUSI €ro KOH-
CTPYKLIMOHHOTIO MOTEHIIMANA.

B obnacTtu sKcTpeMallbHOI OTpULIATEIbHON TeMIlepary-
pbl (MOJeTh KIMMAaTUYECKUX apKTUYECKUX U CyOapKThye-
CKHUX 30H) creiu@uka CTpyKTYpbl BHICOKOTEXHOJIOTUYHBIX
OETOHOB HE MCKJII0YAaeT KApTUHY HECBOMCTBEHHBIX VIS Tpa-
IULMOHHBIX OETOHOB HETaTUBHBLIX 3¢¢eKTOB Ipu obpa-
30BaHUM Kpuodasbl U IUIATOMETPUUECKUX MPOSIBICHUSIX.
B naHHOM cilydae KpuUTepUaIbHbIM (PAKTOPOM MOXKET SIB-
JIATBCS 3aBUCUMOCTb TEMITEPATypbl 00pa3oBaHust Kpuodaszbl
B CTPYKType OeTOHa OT XapaKTepUCTUK €ro IMOPUCTOCTH,
B TIEpBYIO Oouepeb OT paclpelesieHus Mop Mo pa3Mepam.

B o6nacTu HUKIMYECKON CMEHBI TeMIlepaTypHO-
BJIQXKHOCTHBIX MApaMETPOB KCILTyaTallMOHHOM Cpeibl (MO-
JIeJIb pe3KO KOHTMHEHTAJIbHBIX, MOPCKUX U TIPUMOPCKHUX
KJIMMAaTUYECKUX 30H U T. T.) KPUTUUYECKUM MOXET OKa3aTh-
cs1 (BBUIy MHOTOKPATHOCTY CMEHBI COCTOSIHUY CTPYKTYPbI)
BJIUSIHUE (PaKTOpa MaKpoO- U MUKPOTPaAMEeHTHOCTH Hampsi-
XeHuil U gedopMaluii TOBEPXHOCTHBIX CJIO€B KOHCTPYK-
LI, U KaK CJIEACTBUE 3TOT0, BKIOUEHKE B paboTy Mpolec-
COB MOPO3HOM JECTPYKUMU U TEPMUYECKOTO MOCIOWHOTO
paspylueHusl.

Bo Bcex aTux u Apyrux BapuaHTax, OINpeaesseMbIX TeH-
NIEeHIMel pacTyieili BOCTpeOOBAaHHOCTU IO TPUMEHEHUIO
COBPEMEHHbBIX OETOHOB HE TOJILKO B OOBIUHBIX, HO U B 9KC-
TPEMaJIbHBIX YCJIOBUSIX, ONPENESIOIIMM OKa3bIBAETCS 3HA-
YeHUEe HX CTPYKTYPHI [UIST «pa3BEPHYTHIX BO BpeMeHU»
(B BKCIUTyaTallMOHHOM ILIUKJIE) KOHCTPYKIIMOHHBIX CBOMCTB
— Tpelesia MPOYHOCTH, Mpelesna TPeUMHOOOpa3oBaHus,
KPUTHUYECKOTO KO3((UIIMEeHTa MHTEHCUBHOCTU HAaIpsiKe-
HUM (BSI3BKOCTU pa3pylleHus ), TPeIIMHOCTONKOCTH, BJIaX-
HOCTHOI ycanku U HaOyXxaHusl, LUKIUYECKON CTOMKOCTHU
MPU YBJIAXHEHUU — BBICBIXaHUU, MPU 3aMOPAKUBAHUU —
OTTauBaHUM U .

Peamnzanyn KOHCTPYKIMOHHOTO MOTEHIMAJIA CTPYKTYPBI
BbICOKOTEXHOJJOTHYHbIX 0€TOHOB B IHANA30HE
3KCILTYaTAIIMOHHBIX TEMIIEPATYPHO-BIAKHOCTHBIX
COCTOSIHUM

Mepa peanuzaiiuu KOHCTPYKIIMOHHBIX CBOMCTB OeTOHA
B 3KCILJTyaTallAOHHOM LIMKJIE MOJaraeTcsl, Kak OTMeJYaoch
paHee, 3aBUCSAIICH OT BKJIaJa COCTaBIISIIONIMX OalaHca CUII B
€ro HampsKeHHO-Ie(OPMUPOBAHHOE COCTOSIHME TIPU U3-
MEHEHMU TeMIlepaTypbl M BJIaXXHOCTU MaTepuaja. Takoi
BKJIAl TIPEIONPENALISIETCS Pa3MEPHO-TEOMETPUUYECKUMU U
SHEPreTHYECKMMU XapaKTepruCTUKAMU TBEPIOK a3kl U Mo-
POBOTO MPOCTPAHCTBA C YYETOM BXOISIIUX B CTPYKTYPY Ma-
Tepuaja XUIKOW U Ta30Boi (a3, 00pa3ylolnX ¢ HUMU CH-
CTEMHOE €IMHCTBO.

3aKOHOMEPHOCTH pealn3aliy KOHCTPYKLIIMOHHOTO I10-
TeHIIMajaa 6eToHa U MeXaHU3MbI 3TOT0 HYXXIal0TCS B CHIELIM -
aJIbHOM PaCCMOTPEHUM, KOTOPOE TOJIKHO KacaThCsl U MHIM -
BUyaJbHOIO U COBMECTHOIO BJIMSIHUSI TEMIIEPATypPHOrO U
BJIAXKHOCTHOTO (PaKTOPOB B IHMAITa30HE WX 3HAYCHUIT U CO-
YeTaHWH B BKCIUIyaTallMOHHOM LIMKJIE (B COOTBETCTBUM C
MPeII0KEHHBIMU MOJEISIMUA COCTOSIHUIA).

HAYYHO-MeXHU4ecKuil U NPOU3800CMBeH b HCYPHAN

— maximal water saturated (can be observed at permanent
operation of concrete in water environment);

— frozen in dry and water saturated state (can be observed
under the prolonged effect of negative temperatures of the
operational environment);

— cyclically watered-dewatered in air environment (may
take place under conditions of daily cyclicity of parame-
ters of environmental temperature and humidity);

— cyclically frozen-thawed in air environment (can be ob-
served under conditions of the daily cyclicity of parame-
ters of environmental temperature).

These models of states can be correlated with certain cli-
matic zones (arctic, subarctic, desert and semi-desert etc.)
and conventional and extreme impacts on concretes corre-
sponding to them. For possible climatic variants the range of
temperature parameters of operating air environment can
meet the values from -60°C up to +60°C and for humidity —
from 15—20% up to 100%; the number of temperature transi-
tion via 0°C during the daily cycle can be several tens; moist-
ening of surface coats of concrete in structures with direct
precipitation can reach maximum values of water saturation.

Within this range of operational impacts, certain state
models will be formed and processes of the realization of the
structural potential of high performans concretes will pro-
ceed. Therefore for these models it is important to predict
regularities of development of changing processes in the struc-
tures of high performans concretes and reveal criterion struc-
tural factors of the processes dynamic and their consequences.

For example, in the area of high positive temperatures
and low values of air humidity (a model of desert and semi-
desert climatic zones), the features of high performans con-
crete structures and their states can predetermine the most
negative sequences for structures durability due to the high
specific humidity shrinkage. The value of humidity shrinkage
in the calculation of the percentage of moisture removed
from the porous structure of concrete will become the crite-
rion factor of the change in its structural potential.

In the area of extreme negative temperatures (model of
arctic and subarctic climatic zones), the specificity of high
performans concrete structure does not exclude the picture of
unusual for traditional concretes negative factors at the for-
mation of a cryo-phase and dilatometric manifestasions. In
this case, the criterion factor is the dependence of the tem-
perature of cryo-phase in the concrete structure on the char-
acteristic of its porosity, in the first place, on the distribution
of pores according to sizes.

In the areas of the cyclic changes in temperature-humid-
ity operational environment (model of sharply continental,
marine and seaside climatic zones etc.), the influence of the
factor of micro- and macro-gradient stresses and strains of
surface layers of structures can be critical and, as a result,
initiation of processes of frost destruction and thermal layer-
by-layer destruction.

In all these and other variants determined by the tendency
of growing demand for using modern concretes under not
only normal, but extreme conditions also, the determinative
moment is the importance of their structures for “deployed in
time” (during the operational cycle) structural properties:
strength limit, crack formation limit, critical coefficient of
stresses intensity (fracture viscosity), crack resistance, hu-
midity shrinkage and swelling, cyclic resistance to watering-
drying, freezing-thawing etc.

About realization of structural potential
of high performans concrete structures within the range
of their operational temperature-humidity states

Measure of implementing structural properties of con-
crete during the operational cycle, as it was noted earlier,
depends on the contribution of components of the force bal-
ance to its stress-strain state when the temperature and mois-
ture content of the material are changing. Such a contribu-

(CIEONIEIIBHBIE

10

cenmadps 2015 WLATERUA1S)°



To Holding the 19" International Congress on Building Materials ibausil

Bausanue usmenenuii memnepamyput 6emona na e2o npou-
HOCmb pacCMaTPUBAETCs, KaK yXe yKa3blBaJloCh, B paMKax
TepMOGIYKTYallMOHHOM TeOpUU pa3pylIeHUs TBEPIbIX TeJl.
CuyuraeTcs, YTO B OKCIUTyaTallMOHHOM TeMIepaTypHOM -
ara3oHe ot -60 1o +60°C u3MeHeHUe SHEPTUU aKTUBALIMKU
nst cBs13eii MeO u SiO, xapaKTepHBIX TSI IEMEHTHBIX U CH-
JINKATHBIX CUCTeM TBEpACHMS, He3HauuTeJbHO. B Hammx
HCCIIeOBAHMSIX YCTAaHOBJIEHO, YTO U3MEHEHHE MPOYHOCTHU B
CYXOM COCTOSIHUM JJISI TUIOTHBIX Y MaKpOIOPUCTHIX CTPYK-
Typ GeToHOB He TipeBbImmaeT 10% Bo BceM paccMaTpuBac-
MOM TEMIIepaTypHOM Jrarna3oHe.

3HaYeHWe paccMaTpPUBAeMOTO SKCITyaTallMOHHOTO
(akTopa Ha KOHCTPYKIIMOHHBINM MOTEHIIMAT HEOOXOIUMO
aHaJIM3UPOBaTh, UMesI B BUIY BEJIUUMHBI TEMIIEPATypPHBIX
nedopmaluii MaTepraia u UX rpaiMeHT B pabounx ceueHu-
sIX KOHCTPYKLMEI. C yueToM MOMYJIsl YIPYTOCTH BBICOKOTEX-
HOJIOTUYHBIX OETOHOB TeMIIEpaTypHbIe HATIPSIKEHUs (TSt
YCJIOBUI CTECHEHHOCTH Ie(POPMUPOBAHUS KOHCTPYKIIWMA 1
IPaIMeHTHOCTH TeMIIEpaTypHOTO AehOpMUPOBAHUS OeTOHA
B paboumux CeueHMsIX) IMoKa3aTeJu HaIpsKeHHO-Ae(popMu-
POBAaHHOTO COCTOSIHMSI MOTYT CYLLIECTBEHHO OTJIMYATBCS 10
CPaBHEHMIO C TPAIUIMOHHBIMU CTPYKTypaMH OETOHOB.
MOXHO CYMTaTh, YTO B MOJENISIX MAKCMMAJIbHO HarpeToro
WA MaKCUMaJIbHO OXJIAXKIEHHOTO MacCcuBa KOHCTPYKIIWA,
HaXOASIINXCS B MAKPOTPATMEHTHOM HAIPSKEHHOM COCTO-
STHUM, OoJiee BEPOSATHBI CUTYAIlUU NECTPYKLIMU (TPEeIMHO-
o0pa3oBaHusl).

Bauanue usmenenus 64axcHOCmMHO20 COCMOAHUA HA NO-
meHyuaa conpomueaenuss 6emonos pazpyuenuro R(P) coot-
HOCHUTCS C pe3yJIbTaTOM JEUCTBHS, BO-TIEPBBIX, KPUCTAJLIN-
YeCKMX CHJI CBsI3ed B TBepHoil (hase Py, Mepa M3MEHEHMSI
KOTOPbIX APyg- B NPUCYTCTBUM MOJIEKYJ aJCOPOLIMOHHO-
AKTHUBHOU cpebl (BOJbI) 3aBUCUT OT ee Konudectsa (W), u
SHEPIUM B3aMMOIEMCTBUS C TTOBEPXHOCTBIO TBEPION (ha3bl
(MHaye, OT y/ENbHOM MOBEPXHOCTHOM SHEPTUM G4 4); BO-
BTOPBIX, OT CWJI KAMWUIAPHOTO CTSDKEHUSA Py, TPOSBICHUE
KOTOPBIX OIpeaesisieTCsl HaTMIreM B 00beMe TIOpOBOTO TPO-
CTPaHCTBA BOAHBIX MEHUCKOB:

R(P) = Pxc — APyc t Pyyp, (3)

TIPY TOM 4TO BeIMUMHA Py ; 3aBUCUT OT paanyca 1mop u cTe-
TIEHU 3aM0JIHEHUS nop BOIIOM (OTHOIIEHMSI 00beMa KUIKOM
dasbl k 06bemy 110D V5 / Vo)

IIposiBneHye AeHCTBUS STUX CIJI B MX GalaHCe 3aBUCUT
OT M3MEHEHUsI BJarocojiepxKaHusi MaTepuaia M, COOTBET-
CTBEHHO, OT TIPOSIBJICHUsI NEMCTBUS (hOPM CBSI3U BOJIBI CO
cTpykTypoii. Takoe IposiBJieHNE B TUAMTa30He OT UCXOTHOTO
CYXOTO 10 BOOOHACKIIIIEHHOTO COCTOSIHUS (1 HA000pOT) He-
OTHO3HAYHO BJIMsET HA UBMEHEHUE TTPOYHOCTH.

ITo pesynabTaTaM 3KCHEPUMEHTAIBHBIX MCCIETOBAHMUIA,
MPOBENEHHBIX MJIs1 TUIOTHBIX U MaKpOIMOPHUCThIX OETOHOB
MpU IIMPOKOM BapbMpPOBAaHUM IMapaMeTPOB MX CTPOEHUS,
Ha0JII0JaTMCh U BBISIBJIEHBI TPU TUTIA 3aBUCMMOCTEN (puc. 1)
M3MEHEHUS TPOYHOCTH OETOHA TTPU YBIAKHEHUU.

XapakTep 3aBUCHMOCTEN OMpenessieTcss U3MEeHEeHUeM
BKJ1aJa aicCOPOLIMOHHBIX U KAMWJUISIPHBIX CUJT B TOTEHILIMAT
CONPOTHUBJIEHUS OETOHA Pa3pYIIEHUIO.

HaubGonbiiiee cHUXXeHUE MTPOUHOCTH OOYCIOBIMBACTCS
MpOSIBJICHWEM JIEHCTBUS ajCcOpPOIIMOHHON BOIbI (Xapak-
TepHas KpuBas | Tuma); mpu 3ToM UKCUPYETCS BEIMIMHA
Koa(lxpnuneﬂra pa3MsTrdyeHus II0 IIPOYHOCTU OeToHa

=0,7-0,75.

HauMeHLmee CHUXXEHHUE TTPOYHOCTHU (XapaKTepHasi Kpu-
Bag Il Tumna) numeer Mecto, Korma paciieruisitonee ruapoii-
TUYEeCKOe IeUCTBYE, paCKIMHUBAIOIIEE TaBJIcHUE BOIBI afl-
COPOIIMOHHBIX CJIOEB B 3HAYMTEIHHOM Mepe KOMITEHCUPY-
I0TCSI CUJIaMU KalWJUTSIPHOTO CTSDKEHUS; B 9TOM BapuaHTe
BIIZXHOCTHOTO COCTOsIHMSA OeToHA K, = 0 85—0,95.

PaccMoTpeHHBIE TUTIBI 3aBUCHMOCTeIT MPUCYIIHA BBICO-
KOIPOYHBIM MOAUMPUIIMPOBAHHBIM OETOHAM, CTPYKTypa

(Y POV EIIBHBIE

tion is predetermined by dimensional-geometric and energy
characteristics of the solid phase and void space with due re-
gard for liquid and gas phases which are parts of the material
structure and form the system unity with them.

Regularities of the realization of the structural potential of
the concrete and mechanisms of this are needed for special
consideration which should concern both individual and
joint impact of temperature and humidity factors within the
range of their values and combinations during the opera-
tional cycle (in accordance with proposed models of states).

The effect of temperature changes in concrete on its strength
is considered, as it is already indicated, within the frames of
the thermo-fluctuation theory of failure of solids. It is consid-
ered that in the operational temperature range from -60°C to
+60°C, the change in the activation energy for bonds MeO
and SiO, characteristic for cement and silicate systems of
hardening, is insignificant. It is established by our studies that
the change in dry state for dense and macro-porous structures
of concretes does not exceed 10% for the whole temperature
range considered.

The importance of impact of the operational factor on the
structural potential is necessary to analyze bearing in mind
the values of temperature deformations of the material and
their gradient in working cross-sections of the structures.
With due regard for the elasticity module of high performans
concretes, the temperature stresses (for conditions of tight-
ness of structures deformation and gradients of concrete
temperature deformation in working cross-sections) and in-
dicators of the stress-strain state may significantly differ in
comparison with the traditional structures of concretes. It
can be considered that in models of maximum heated and
maximum cooled massifs of structures, which are in the
macro-gradient stress state, destruction situations (crack
formation) are more probable.

The effect of the change in the humidity state on the potential
of concrete resistance to fracture R(P) is correlated with the
result of actions, firstly, of crystal forces of bonds in the solid
phase Pp, measure of which changes AP in the presence of
molecules of the adsorption-active medium (water) depends
on its quantity (W),) and the energy of interaction with the
solid phase surface (otherwise, on the specific surface energy
gy, secondly, on forces of capillary contraction P¢, mani-
festatlon of which is determined by availability of water me-
niscuses in the volume of porous space:

R(P) = Pcp— APcp + Peg, (3)

while: the value P, depends on the radius of pores and the
degree of pore filling with water (relationship of the volume
of the liquid phase to the volume of pores V, /V,).

The manifestation of these forces in tﬂelr balance de-
pends on the change in moisture content of the material and,
respectively, on the manifestation of action of forms of water
connection with the structure. Such manifestation in the
range from the initial dry state up to water saturated (and vice
versa) ambiguously influences on the change in strength.

According to the results of experimental studies con-
ducted for dense and macro-porous concretes at the wide
variation of parameters of their structure, three dependences
(Pic. 1) of the change in the concrete strength at damping are
observed and revealed.

The character of dependences is determined by the
change in the contribution of adsorption and capillary forces
to the potential of concrete resistance to deterioration.

The maximum reducing of strength is determined by the
manifestation of the adsorption water action (representative
curve of I type); at that, the value of the coefficient of soften-
ing of concrete strength K,=0.7-0.75 is fixed.

The minimal reducing of strength (representative curve of
IT type) takes place, when the splitting hydrolytic action
wedging the water pressure of adsorption layers is signifi-
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Ta6nuua 5
Table 5
Mepa CHUXeHMs NPOYHOCTU GETOHOB Ha Pa3NIMYHBIX AUanasoHax BlarocoAepXaHus
The Measure of Concrete Strength Reduction at Different Humidity Ranges
KoadpduumeHT pasmsirieqns K,
Softening coefficient K,
T Bg]ﬂof6§;:§;te B amanasoHax Bnarocogepxaxus, Mac. % Mpu Temnepatype, °C
P In humidity ranges At temperature, °C
1-1,5 2,5-5 >5 -(60-40) 0 +20 +60

TPaANLVOKHGI 0,95:0,05 0,92+0,05 0,90£0,05 1,23+0,05 1,0£0,05 0,94£0,05 0,9740,05
Traditional
BycomTeXHonorqubm 0,88+0,05 0,82+0,05 0,70+0,05 0,98+0,05 0,84+0,05 0,75%0,05 0,75+0,05
High performans

KOTOPBIX OTJIMYAETCS Pa3BUTOM IOBEPXHOCTHIO pasjesia
MeK3ePeHHBIX U MeX(ba3HBIX TpaHMI] U TIpeobiafaHueM B
CTPYKTYpe HaHOPa3MEPHBIX TIOP.

Kpusas 111 Tuna oranyaeTcss MOHUXKEHHOM BBIPAaXKEH-
HOCTBIO 2 (HEKTOB ASHUCTBUS aICOPOLIMOHHBIX U KaNUJUISp-
HBIX CUJI, B pe3ysibTaTe 4ero BejmuunHa K,~0,9. 3aBucumMoctu
MMPOYHOCTU OT BJIAXXHOCTU JTaHHOTO THUIIA XapaKTEPHBI TSI
TJIOTHBIX K MAaKPOITOPUCTHIX OETOHOB C TPAIUIIMOHHON (He-
MOIM(MULIMPOBAHHOI) CTPYKTYPOil MUKPOOETOHA.

Bausnue éaancnocmnozo paxmopa MOXeT IPOUCXOAUTH 8
yeaosuax menatoulelicss memnepamypot. J1jisi BIaXXHOTO MaTe-
puasia TOBBIIIEHUE €T0 TeMIIepaTypbl YCUIMBaeT 3(PdexT
TTOHVKEHMS TIPOYHOCTH. DTO TIPOUCXOINT BCIICACTBHE CHU-
JKEHUST BSI3KOCTHU BOJBI U OOJIETYEHUS YCIIOBUI CMauUBaHUS
MOBEPXHOCTU TBepAOoil ha3bl; Boda OBICTPO MPOHMKAET K
MOBEPXHOCTU pa3pyllieHUsI UIMEHHO B MOMEHT 00pa30BaHUsI
TPEIMH.

> 5

Tun |
Type |

AR,

I B D X 20

R(Winay)

KH max

cantly compensated by forces of capillary contraction; in this
variant, humidity conditions of concrete K, = 0.85-0.95.

The types of dependences considered inherent high-
strength modified concretes which structure has a developed
surface of the partition of intra-grain and intra-phase bound-
aries and prevails in the structure of nano-size pores.

The curve of 111 type is characterized by reduced manifes-
tation of effects of the action of adsorption and capillary
forces, as a result the value K, = 0.9. The strength depen-
dences on the humidity of this type are characteristic for
dense and macro-porous concretes with traditional (non-
modified) structure of micro-concrete.

The impact of the humidity factor can take place under
conditions of changing temperature. For wet material the in-
crease in its temperature intensifies the effect of strength re-
duction. This takes place due to the reduction in water vis-
cosity and facilitating the wetting of the solid phase surface;

ARy

Tun 1
Type ll

H max

S

ARy < ARy < AR,

Tun 1
Type llI

Puc. 1. Tunusauma 3aBMCUMOCTEN NPOYHOCTM GETOHOB
oT BnaxHoctn: R(W,) — npo4HOCTL maTtepuana B Cyxom
coctosiHuM; R(W,) — npoYHOCTL MaTepuana npv cogepxa-
HWW aaCcopBLUMOHHO-CBA3aHHOM Boabl; R(W,,) — NpoYHOCTb
marepuana npu coaepxXaHun KanuinspHO-KOHOEHCU-
posaHHoM BoApl; R(W,,,,,) — NPO4HOCTL MaTepuana B BOAO-
HACbILEHHOM COCTOSHMM (MPU COAEPXaHUN KanunnspHo-
HacbILLEHHON 1 cBobogHoi Boapl); W, — conmepxaHune
ancopOuUMOHHO-CBSA3aHHOM BoAapl; W,, — copepxaHue
KanuinsapHo-KOHAEHCMPOBaHHOM Boapl; W,,, — copepxa-
HVe KanunnspHO-HaCbILLEHHON BOAb!

Fig. 1. Typification of concrete strength dependences on
humidity: R(W,) - strength of material in dry state;
R(W,) - strength of material containing adsorption-bound
water; R(W,,) — strength of material containing capillary-
condensed water; R(W,,) - strength of material,

S

S >
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v

containing capillary-condensed and free water, in water-
saturated state; W, - adsorption-bound water content;
W, - capillary-condensed water content; W, — capillary-
saturated water content

max
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Jns BBICOKOTEXHOJIOTUYHBIX OETOHOB BO BJIAXXHOM HX
COCTOSIHUU BJIMSIHUE BOIBI BCeX (DOPM CBSI3U HACTOJIBKO
3HAYUTEIBHO, YTO KOIGM@MUIIMEHT pa3MsATYeHUs OKa3bIBaeT-
Cs CYUIECTBEHHEe, YeM JUTS TPAAULIMOHHBIX 0eToHOB. [1pu
9TOM BelMYMHA K, NMeeT 3HAYCHUE MEHBIIE SAUHUIIBI He
TOJIBKO TIPY TIOJIOXUTEIBHOM, HO W TIPU OTPpULIATEIHHOMN
Temiieparype (Tadi. 5).

Bnusinue TemiepaTypHO-BIaXKHOCTHOIO COCTOSIHUS Oe-
TOHA Ha €r0 KOHCTPYKIIMOHHBIN MOTeHUMa TpeOyeTcs aHa-
JIN3UPOBATh, UMES B BUIY 3aBUCUMOCTb BEJIMYMH KO3(DDU-
IIMEHTOB JIMHEWHOTO TEeMIIEPaTypHOTO pacIIUpeHus u
BJIAXKHOCTHBIX JiehbopManiiii OT CTpyKTyphl MaTepuana. Jas
61AXHCHOCMHBIX deghopmaunuil B 3aBUCUMOCTHU OT c(HOpMUPO-
BaBILIeIiCSI CTPYKTYphl OeToHa, 000OCHOBaHHO BBeCTH [15]
Mozeau ero aehopMUpOBaHUS MPU OOE3BOXUBAHUMU WU
TUIIBI KPUBBIX BJIAXKHOCTHOM ycanku (puc. 2).

Twumn I KpUBBIX ycagku PUCYIIL MaTeprazaM co CTPYKTY-
po¥i, OTJaMYalolIeiicsl TMOBBIIIEHHBIMU BEJIWYMHAMU JTUC-
MEePCHOCTH YaCTU1l TBepAoH (ha3bl, CyMMapHOM TUIOILAIN X
IMOBEPXHOCTHU U 3araca U30bITOYHON ITOBEPXHOCTHOM 3HEP-
MY U OAHOBPEMEHHO C 3TUM MUHUMAJIbHBIMU 3HAYEHUSIMU
pasMepa mop. MIMEHHO 3TO ompenenseT MaKCUMalbHbIE
3HAYEHUST BEJIMYMHBI YCAKM Ha BCeX 3Tarax o0e3BOXMBa-
Hus. Tum 111 cBolicTBeH MaTepuanty co CTPYKTypOii, XapaK-
TEPUCTUKU COCTABJISIIOIINX TBEPAO (pa3bl KOTOPOI OTIMYa-
IOTCSI OTHOCUTEIbHO OOJIbllieii Mepol 3aKpUCTAIM30BaH-
HOCTM, a 3amac M30bITOYHOI IMOBEPXHOCTHOM DHEPIUU
CTPYKTYpPBI OKa3biBaeTcsi MUHUMaibHbIM. Tum II xapakre-
PEH IIJISI MAaTepUAaJIOB C IIPOMEXKYTOUYHBIMU 3HAYCHUSIMU Xa-
PaKTEPUCTUK CTPYKTYPHI.

CylecTBo yrnpaBJieHUS TOKa3aTeIsIMU BJIaXKHOCTHOM
ycallky MaTepuaia 3aKJI04eHO B BO3MOXKHOCTSIX U3MEHEHUS
XapakTepa M CUJIbl CBSI3U €ro TBepHoi (as3bl M MOPOBOTO
MPOCTPAHCTBA C BOJIOM MTOCPENCTBOM YMEHBILIEHUS OTHOCU-
TEJILHOTO CONIepKaHUsI B MaTepuajie o0beMa LIeMEHTUPYIO-
IIETO BEIIECTBA U MOpP, YBEJIMYEHMS 3aKPUCTAUIM30BAaHHO-
CTM HOBOOOPA30BaHWII ¢ TTOHMXKEHHOW YyHeJbHOH TUIOIa-
JIbI0 TIOBEPXHOCTU U YAECJIbHOU MOBEPXHOCTHOM aKTUMBHO-
CThIO, YBEJIMYEHUS CpenHero 3(pdeKTUBHOro paauyca Iop.

water quickly penetrates to the fracture surface exactly at the
moment of crack formation.

For high performans concretes in their wet state, the in-
fluence of water of all connection forms is so significant that
the softening coefficient is more substantial than for tradi-
tional concretes. At that, the value K, is less than one not only
at positive temperatures but also at negative ones (Table 5).

The impact of temperature-humidity conditions of the
concrete on its structural potential is needed to be analyzed,
keeping in mind the dependence of values of coefficients of
linear temperature expansion and humidity deformations on
the structure of material. For humidity deformations, depend-
ing on the formed structure of concrete, it is reasonable to
introduce [15] the models of its deformation in case of dewa-
tering or types of the curves of humidity shrinkage (Pic. 2)

Type I of shrinkage curves is inherent to materials with the
structure notable for increased values of dispersion of solid
phase particles, total area of their surface and reserve of the
excess surface energy and, simultaneously, minimal values of
pore sizes. This determines maximal values of the shrinkage
at all the stages of dewatering. Type III is inherent to the
material, characteristics of components of the solid phase of
which are notable for the relatively larger measure of crystal-
lineness, and the reserve of excess surface energy of the struc-
ture is minimal.

Type 11 is typical for materials with intermediate values of
structure characteristics.

The essence of control over indicators of moist shrinkage
is a possibility to change the character and bonding forces of
its solid phase and porous space with water by means of re-
ducing the relative content of the cementing substance vol-
ume and pores in the material, increasing the crystallineness
of new formations with reduced specific surface area and
specific surface activity, increasing the average efficient ra-
dius of pores. This directed modification of the composition
and structure of the material is characterized by the change of
the deformation model and, accordingly, possibility to cardi-
nally reduce (by half order-order) the values of its specific
and complete shrinkage (Table 6).
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Puc. 2. Mogenu BnaxHocTHol ycagku: W,,, — conepxaHve ancopOLUmOHHON 1 MEXCIOEBOW BOAbI; £, — ycaaka
OT yAaneHus KanunnspHo-KOHAEHCMPOBAHHOM BOABbI; £, — YcaaKa OT yAaleHNs KanuinspHO-HaCbILLEHHON BOAbI;
€am — YCaAKa OT yaaneHns aacopOLMOHHOM 1 MEXCNIOEBOW BOAbI; £y — YCaaka OT yaaneHus Bceli Boabl
AN Tun | Fig. 2. Models of moisture shrinkage: W, — adsorption and interlayer water content; &, — shrinkage due to
max Type | removal of capillary-condensed water; €. — shrinkage due to removal of capillary-saturated water; €,; — shrinkage
due to removal of adsorption and interlayer water; €, — shrinkage due to removal of all the water
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Takoe HamnpaBiaeHHOE MOAU(DUIIMPOBA-
HUE CcOCTaBa M CTPYKTYphl Marepuaia
XapakTepusyeTcsl UBMEHEHUEM MOJIETU
nechopMUPOBAaHUS U COOTBETCTBEHHO

Ta6nuua 6
Table 6

BenuuuHa ycaaku LeMeHTHbIX 6ETOHOB Ha Pa3NUYHbIX CTaAUsX YBAaXHEHNS-06e3B0XNBaHUS
Value of shrinkage of cement concretes at different stages of watering and dewatering

BO3MOXHOCTBIO KapAWHaJIbHOTO (Ha
TTOJITIOPSIKA-TIOPSAIOK) CHUKCHUS Be-
JIMYMHBI YAEJIbHOMN 1 MOJHOM €ro ycai-
Ku (Tabi. 6).

YMecTHO 31eCch IPUBECTU JTaHHbIC,
MOJIydYeHHBIE M0 pe3ybTaTaM OLIEHKH
nedopMalii aBTOKJIAaBHOTO MUKpPOOe-

TOHA B rurpocrarax c paSJ’[PI‘-IHOﬁ BCJIN-
YUHOU InapuuaJbHOI'O JaBJICHUA BOIA-

Horo napa. Takasg MeToAuKa MCIbITa-
HUM TO3BOJIAJIA MOJYYUTh JAHHBIE IO Il
YOEJIBHOM ycanKe OT YAAJIEHUS CBO-

OOIHOM, KaIMLISAPHO-HACBIIIEHHOM, "
KaMWUTSIPHO-KOHICHCUPOBAHHOMU, aJi-

COPOIIMOHHON M MEXCJIOEBOI BOMBI.
Iloka3zaHo, YTO BEJIWYUHBI YAEIbHOMI

BenunumHa ycazku B MM/M Npy yaaneHun pasamyHbix BULOB BOLbI
Value of shrinkage in mm/m at removal of different type of water
Mogenb ycagku KaMUASOHO- AncopOLUMOHHOI 1
Shrinkage model Bceit Macchbl BOAbI PHC MEXCJI0eBOM
CBSI3aHHOW . .
Whole mass of water ) Adsorption and inter-
Capillary-bound
layer
| 2,31 1,38 0,93
0,085 0,053 0,77
1.5 06 0,95
0,031 0,013 0,22
1,6 , 1,07
0,021 0,007 0,22
Mpumeyanue. Hag yeptor — nonHasl, NOA 4epTON — yaenbHas ycaaka.
Note. Above the line - complete, below the line - specific shrinkage.

ycalky Marepuayia OT ydajeHus Ka-

MUJUISIPHO-HACBIIIEHHOW W KaIlui-

JISIPHO-KOHJIEHCUPOBAHHOM BOJIbI COMTOCTABUMBI, OHAKO B

npeaenax OJHOro BM/a BOJIbl, B3aUMOJICUCTBYIOIIENA C MaTe-

pUaioM, B 3aBUCMMOCTHU OT €r0 COCTaBa M CTPYKTYPbI TTOKa-
3aTeJIM MOTYT OTJIMYAThCS TTOUYTU Ha TopsiaoK. Bo3neiictBue
aacopOLIMOHHOM 1 MEXCI0€BOM BOABI HAa YCAOKYy MO YAe/Ib-

HOI ee BeJWYMHE HAa OJAWH-IBAa MOpSAKA CUJbHEE, YeM

KanusipHO-HACHIIIEHHON M KalmWIISPHO-KOHAESHCUPO-

BaHHO [15].

AHau3 U CUCTEMATU3ALIUS MEXAHU3 MO8 HAKONACHUS NO-
epexcoenuii 6 mamepuaaie om Mopo3Hozo paspyuenus [1—6]
JIal0T OCHOBAaHUSI K BBIAECJIEHUIO IBYX IJIaBHbIX (haKTOPOB
YIpaBJIEHUST MOPO30CTOMKOCThIO 6TOHOB [16]:

1. ®akTop TemmepaTtypbl 3aMep3aHUsI BOABLI B IOPOBOIL
CTPYKTYpC.

2. dakTOp MacCONpOBOTHOCTH MaTepuajia B TepMOTpaI-
€HTHBIX YCJIOBUSIX €r0 3KCIUTyaTallud B KOHCTPYKIIUU.
IlepBoiit paxkToOp SIBASIETCS KPUTEPUATBLHBIM TSI pa3BU-

Ths AedopMaliuidi U HANPSXKEHU BCIEICTBUE MPOLIECCOB

JIbA00Opa30BaHusI; BTOPOil (hakTop MpeaornpenessieT Bo3-

MOXHOCTb 1 MHTEHCUBHOCTb HAKOILJICHUS] BJIaTM B OXJIaX-

JTaeMbIX 30HaX BCJEACTBUE €€ MUTPALIMY M3 TETUTBIX 30H.
IIposiBneHne geiicTBUsI 3TUX (PAKTOPOB 3aBUCUT OT CHUJIBI

CBSI3U BOJIbI CO CTPYKTYpOil MaTepuaia, v o3TomMy obecrieve-

HUE MOPO30CTOMKOCTH OETOHA CBA3BIBAETCS CO CIEAYIOLICH

CHUCTEMOM €ro CTPYKTYPHBIX XapaKTEPUCTUK: OOBEMOM TOP U

UX pa3MepaMu, yIeJIbHOM ITOBEPXHOCTHOM SHEPIUEN TBEPAOI

¢azbl 1 Mepoil ee CMaUMBAEMOCTH BOJIOM. Y CIIOBUE MOBBIIIIE-

HUSI MOPO30CTOMKOCTHU, Pa3yMEETCsl, COOTHOCUTCS C HATTUUM-

€M pe3epBHOIO, HE 3allOJIHEHHOTO XUAKOW (ha3oii oobeMa

TMOPUCTOCTU B MaTtepuajie, B KOTOPbI OHa MOXET OTXKUMaTh-

s TIpH JIbA00OPa30BaHNUM B 3alIOJIHEHHBIX BOAOW MTOpax.
JleiicTBe pacCMOTpPeHHBIX (haKTOPOB HEOJHO3HAUYHO U

NUAJIEKTUYHO BJIMSIET HA MOPO30CTOMKOCTh OETOHOB.
OmgHUM U3 BO3MOXHBIX HAIpaBJICHUIN BIUSHUS Ha MO-

PO3HYIO ECTPYKLUMIO M TOBBIIIEHUE MOPO30CTOUKOCTHU

CTPOUTENIbHBIX MAaTEPUAIOB CUMTAETCS TpueM (hopMUpPOBa-

HUSI MUKPOIIOPUCTBIX UX CTPYKTYP. 31eCh KpUTepUaTbHbIM

DI pa3BUTHUSI MOPO3HOTO pa3pylleHUs SIBISIETCST (haKTop

BO3MOXHOCTH Tiepexo/ia XXKUaKkoi ¢assl B Kprodasy (Temrie-

patypy 3amep3aHusi BOIIbl B Marepuaje), KoTopasi 3aBUCUT

OT CHUJIbI CBSI3U BOJIBI CO CTPYKTYpOi MaTepuana. B 3aBucu-

MOCTU OT CTPYKTYpbl Marepuajia 3HauY€HUE TeMIepaTypbl

3aMep3aHus BOJbl B HEM MOXET HaXOAUTBLCS B UHTEPBAJIE OT

0 mo -70°C, a mepa necdhopMUPOBaHUS MaTepraia IIpyu 3aMo-

paxuBaHuu (puc. 3, a, b), ABISIOLIASICS CASACTBUEM U «Te-

CTOM» BO3MOXHOTO MPOSIBJIEHUS] KPUCTAUTU3ALMOHHOTO

NaBJIEHUs TIpU JIbAOOOpPa30BAaHUM, MOXET OTJIWYATbCAd Ha

JIBa TIOpSIiIKA TIPU M3MEHEHUM CPEIHET0 SKBMBAJCHTHOTO

panmyca mmop ot 10 1o 70 HM.

HAYYHO-MeXHU4ecKuil U NPOU3800CMBeH b HCYPHAN

It is appropriate to present the data obtained as a result of
the assessment of autoclaved micro-concrete deformations in
the hydrostats with different values of partial pressure of wa-
ter steam. This methodology of testing makes it possible to
obtain the data on the specific shrinkage after removing free,
capillary-saturated, capillary-condensed, adsorption and in-
terlayer water. It is shown that the value of the material spe-
cific shrinkage after removing capillary-saturated and capil-
lary-condensed water are comparable, but within the limits of
one type of water interacting with the material, depending on
its composition and structure the indicators may differ by an
order of magnitude. The effect of adsorption and interlayer
water on the shrinkage according to its specific value is stron-
ger by one-two orders of magnitude than capillary-saturated
and capillary-condensed [15].

The analysis and systematization of mechanisms of dam-
age accumulation in the material from the frost fracturing
[1—6] give basis to allocate two basic factors of control over
frost-resistance of concretes [16]:

1. Factor of water freezing temperature in the porous struc-
ture.

2. Factor of mass conductivity of the material under thermo-
gradient conditions of its operation in the construction.
The first factor is criterial for development of deforma-

tions and stresses due to the process of ice formation; the

second factor predetermines the possibility and intensity of
moisture accumulation in cooled zones due to its migration
from warm zones.

The manifestation of these factors action depends on the
coupling strength of the water with the material structure and
therefore the achievement of concrete frost resistance is as-
sociated with the following system of its structural character-
istics: volume and sizes of pores, specific surface energy of the
solid phase and the measure of its water wetting. A condition
of increasing the frost-resistance, of course, is correlated with
the presence of reserve, not filled with the liquid phase, vol-
ume of porosity in the material, in which it can be squeezed n
the course of ice formation in pores filled with water.

The effect of the factors considered is ambiguous and dia-
lectically effects on frost resistance of concrete.

One of possible ways of the influence on the frost destruc-
tion and increase in frost-resistance of building materials is a
method for forming their micro-porous structures. Here, the
factor of possibility of transition of the liquid phase to cryo-
phase (temperature of water freezing in the material), which
depends on the coupling strength of water with the structure
of material, is criterial for development of frost destruction.
Depending on the structure of material, the value of water
freezing temperature can be within the limits from 0°C to

(CIEONIEIIBHBIE
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Puc. 3. JunatomeTtpuryeckne apdekTbl Npu 3aMopaxmnBaHnm Cyxmux 1 BOAOHACHILLEHHBIX 6ETOHOB: -X- — Cyxve 06pasLbl; -0- — BOAOHACHILLEHHbIe 06pas3Lbl;
a — HeMoAMOULMPOBaHHBIA MUKPOBETOH Iy, = 25 HM; b — HeMOANPULIMPOBAHHLIA MUKPOBETOH Iy, = 70 HM; ¢ — MOAMDULMPOBAHHBI MUKPOOETOH

Foe = D HM

Fig. 3. Dilatometric effects during freezing of dry and water-saturated concretes: -x- — dry samples; -o- — water-saturated samples; a — unmodified micro-
concrete Rgq iy, = 25 Nnm; b — unmodified micro-concrete Rqq,. = 70 nm; ¢ — modified micro-concrete Req,. = 5 nm

Bricokuii moTeH1IMaa MOPO30CTORKOCTH OETOHOB HOBO-
ro nokoJieHus [17], co3maBaeMbIX Ha OCHOBE CHCTEMHOTO
MOAU(UIIMPOBAHUSI UX CTPYKTYp, B TOM YMCJIe ¥ HA HAaHO-
YPOBHE, TIPEAONPENeIseTCs CAeAyIOIMMHU yCIoBusMu. B
CTPYKTYpE LIEMEHTHPYIOIIETO BelleCTBA JaHHBIX OETOHOB
IMOPOBOE MPOCTPAHCTBO XapaKTEepU3YETCsl MpeodyiagaHrueM
mop ¢ padmepoM 1—5 M. O6paszoBaHus Kprodasbl B HUX B
SKCIUTyaTallMOHHOM JMalia3oHe TeMIepaTypbl BOOOIIEe He
npoucxogut (puc. 3, ¢). DTo OOBICHSIECTCSI TEM, UTO Jeii-
CTBUE CUJI KPUCTAIA3AIWM IS Tepexoia <«CTPYKTYPbI
BOIbI» B «CTPYKTYPY JIbla» OKa3bIBAETCS HEIOCTATOUHBIM
IUUISI COOTBETCTBYIOLIEH MEPEOPUEHTALIMU MOJIEKYJ BOIbBI B
o0beMe MOp M Ha TpaHULe C TBepHoil (ha30ii, MOCKOIbKY
BOJa HAXOJOUTCH B MOJie AEHUCTBUS CUJI SHEPTOHACHIIIIEHHO-
ro o0beMa MopoBOTo MPOCTPAHCTBA.

BoiBoapl

1. Peanuzanus KOHCTPYKIMOHHOIO MOTeHIIMAIa CTPYK-
Typbl BBICOKOTEXHOJIOTUYHBIX OETOHOB B JMAaIla3oHE 3KC-
TUTyaTallMOHHBIX TEMIEPATYPHO-BIAXXHOCTHBIX UX COCTOSI-
HUN OMNpEAESIeTCS XapaKTepoM U CUJION CBS3U TBEPIOM
¢a3bl ¥ ITOPOBOTO IIPOCTPAHCTBA C BOIOM.

2. PaccmoTpeHme MexaHUKO-(DU3UKO-XUMUUIECKON
MPUPOABI Y 3aKOHOMEPHOCTE B3aMMOCBSI3U MEPhl U3MEHE-
HUSI CBOMCTB OETOHOB C €T0 TeMIEePaTypPHO-BIAXKHOCTHBIM
COCTOSTHUEM TTO3BOJIMJIO 0003HAYUTh CUCTEMY CTPYKTYPHBIX
XapaKTEePUCTUK, BIUSIIONINX Ha MPOSIBJICHUE U pean3alinio
KOHCTPYKIIMOHHOTO MOTEHIIMaa Matepuaia. B aToMm cMmbic-
Jie yIpaBjieHne MepOi U3MEHEHUsI KOHCTPYKIIMOHHOTO T10-
TeHLIMajla CTPYKTypoil OETOHOB B 3KCIJIyaTallUOHHOM
LIMKJIE TOJDKHO OCHOBBIBAThCSI HA PETyJIMpOBaHUM OanaHca
CWJI B COOTHECEHUH CO CJIEAYIOIIMMHU MTapaMeTpaMU CTpoe-
HUS: Vg 0 Spis.gr Ame.p — OOBEMOM, TUIOMIAIBIO TOBEPXHO-

-70°C, and the measure of material deformation at freezing
(Pic. 3, a, b), which is a result and “test” of possible manifes-
tation of crystallization pressure in the course of ice forma-
tion, may differ by two orders of magnitude at the change in
the average equivalent radius of pores from 10 to 20 nm.

High potential of frost-resistance of concrete of a new
generation [17] generated on the basis of systematic modifi-
cation of their structures, including at the nano-level, is pre-
determined by the following conditions. In the structure of
cementing substance of these concretes, the porous space is
characterized by the predominance of pores of 1—5 nm size.
The formation of the cryophase in them, within the opera-
tional range of temperatures does not take place at all
(Pic. 3, ¢). It is explained by the fact that the effect of crystal-
lization forces for transition of “water structure” to “ice
structure” is not enough for the appropriate reorientation of
water molecules in the pores volume and at the boundary
with the solid phase since the water is in the area of action of
forces of energy-saturated volume of the porous space.

Conclusions

1. The implementation of the structural potential of high
performans concretes structures in the range of their opera-
tional temperature and humidity states is determined by the
character and bonding strength of the solid phase and porous
space with water.

2. The consideration of mechanical-physical-chemical
nature and regularities of interrelation of the measure of con-
crete properties changing with its temperature-humidity state
makes it possible to outline the system of structural charac-
teristics impacting on the manifestation and implementation
of the material structural potential. In this respect, the con-
trol over the measure of changing the structural potential by
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CTHM W yIAEJIbHOI ITOBEPXHOCTHOM dHEprueil TBepaoul ¢askbl;
¥, — Pa3MEPOM CTPYKTYPHBIX 3JIEMEHTOB; V,,, — 00beMHOI
noJielt nop u dr,,,/dV,,, — pacnpeneseHueM UX Mo pasMme-
paMm; 6 — KpaeBbIM YIJIOM CMauMBaHUs XUIKOCThIO MTOBEPX-
HOCTH TBepAOii (ha3bl.

3. TTapaMeTpbl CTPYKTYPBI BHICOKOTEXHOJOTUIHBIX Oe-
TOHOB MPEAOTIPEAEISIOT OTHOCUTEIBHO HEOOJIBIIION T1ana-
30H U3MEHEHUS MX 9KCIUTyaTallMOHHOTO BJIarocoaep:kaHust
— He 6osee 4—5%. OmHaKoO TIOBBIIICHHAS] CUJIa CBSI3M WX
CTPYKTYPBI C BOJIOM TTPpU MEHBIIIEM 00beMe IOp U UX paany-
ce, MPU MOBBIIIEHHON TUIOIIAAM TTOBEPXHOCTU U TTOBEPX-
HOCTHOM 3HEpTrvMu TBepAol (a3bl 0OYCIOBIMUBAET B LIEJIOM
Bo3pacTtaHue B 1,5—2,5 pa3a BeIWUMHBI YyOEJIbHBIX BJIaX-
HOCTHBIX AeopMaLnii ycagku-Habyxanus Ha 1% n3meHe-
HUSI BJIQKHOCTU (B CPAaBHEHUHU C TPAAULIMOHHBIMU TJIOTHBI-
Mu 6etoHamu). C Apyroil CTOpOHBI, OCOOEHHOCTHU CTPYKTY-
PbI BBICOKOTEXHOJIOTUYHBIX OETOHOB TMPEMSATCTBYIOT pa3BU-
TUIO TIPOLIECCOB JIBAOOOPA30BaHUSI MPU 3aMOPaXXKUBAHUU
BOIOHACHIIIIEHHOTO MaTepuajia B IUara3oHe TeMITepaTyphl
0 — -60°C. D10 OKa3bIBAETCS MIPEATOCHIIKON 1 YCIOBUEM UX
TOBBILLIEHHON MOPO30CTOMKOCTH.

4. VI3aMeHeHUe TeMIIepaTypHO-BIaXXHOCTHOTO COCTOSI-
HUS BBICOKOTEXHOJIOTMUHBIX OETOHOB B B3KCIUIyaTal[MOH-
HOM LIMKJIE MOXET COTPOBOXIATHCS 00Jiee CYIIeCTBEHHBIM
10 CPaBHEHUIO C TPAAUIIMOHHBIMU OETOHAMM, U3MEHEHUEM
MPOYHOCTU. Bojee MHTEHCHMBHOE pa3BUTHE BIAXKHOCTHBIX
nedopMannii MoXeT COMpPOBOXIATHCS BHICOKMM YPOBHEM
HamnpsDKEHUN B KOHCTPYKIMSX Jaxe MPY HE3HAYUTEJIbHOM
M3MEHEHUU 3KCITyaTallMOHHOTO BJIATOCOIEPXKAHUS BBICO-
KOTEXHOJIOTUYHBIX OETOHOB. /11 BHICOKOIIPOYHBIX MOIU-
(uMpoBaHHBIX OETOHOB MX pa3MsTYeHUE TTPU BOJOHACHI-
IIEHUM O0Ka3bIBAETCS CYIIECTBEHHO BBIIIE, YeM ISl Tpalu-
LIMOHHBIX OETOHOB, HE TOJILKO MPY TOJOXUTEIbHBIX, HO U
MpY OTpUIIATEJbHBIX TeMmIrepaTypax. Bce 3To HeobxoaumMo
YUMTBIBATh TIPY OMPEIEICHUM UX PACUYETHBIX XapaKTepu-
CTHUK.
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the structure of concretes during the operational cycle should
be based on regulating the balance of forces in correlation
with the following parameters of the composition: Vy,, S, ¢y,
— volume, area of surface and specific surface energy of the
solid phase, r,, — sizes of structural elements, V, — volumetric
proportion of pores, and dr,/dV, — their distribution accord-
ing to sizes, 6 — nterfacial angle of wetting of the solid phase
surface with liquid.

3. Parameters of high performans concretes structure pre-
determine a relatively small range of change in their opera-
tional moisture content — not over 4—5%. But increased
strength of relationship of their structure with water at less
volume of pores and their radius, at increased area of surface
and surface energy of the solid phase causes the growth of the
value of specific moisture deformations of shrinkage-swelling
by 1.5—2 times, change in humidity by 1% (in comparison with
traditional dense concretes). From other side, features of the
high performans concretes structure prevent the development
of ice formation processes at freezing of water-saturated mate-
rial in he temperature range +0 — -60°C. This is a prerequisite
and condition of their improved frost resistance.

4. Changing the temperature-humidity conditions of high
performans concretes during the operational cycle can be ac-
companied by more substantial change in the strength in
comparison with traditional concretes. More intensive devel-
opment of humid deformations may be followed by high
level of stresses in structures even at the insignificant change
in operational water content of high performans concretes.
For high-strength modified concretes their softening at water
saturation is significantly higher than for traditional con-
cretes not only at positive temperatures but at negative tem-
peratures also. All this should be taken into account at deter-
mining their calculated characteristics.
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CpoacTBo CTPYKTYP KaK TeOpeTuyeckas 0CHOBA
NPOeKTMPOBaHUA KOMNO3UTOB OyayLLero

Peannsauus 3akoHa cpoficTBa CTPYKTYp N03BONSET Co3/aBaTh 3DMEKTUBHbIE aHN3OTPOMHBIE CUCTEMbI TBEPAGIOLLEr0 KOMMO3WUTa, B KOTOPOM 3an0XeHbl
OCHOBbI PearnpoBaHus Ha U3MEHSIIOLLIMECS YCNOBUSA CUHTE3a W 3KCMNyaTaLuu. YCTaHOBMEHO U I0Ka3aHO, YTO B 06Pa3yIoLIMXCs CUCTEMaX
CUHTE3NpYI0TCA HOBOOGPA30BaHNs U CO3[AeTCs HAaHO-, MIAKDO- 11 MaKpOCTPYKTYpbI, 06nafatoLuie cnoco6HOCTbI0 caMmo3aneynsath AeddeKTbl,
BO3HMKAIOLLME B ONPEfeNeHHOM A1anasoHe 3KCMyaTalMoHHbIX Harpy3oK. [pu NpoeKTUPOBaHMN KOMMNO3UTOB GyayLLEro UenecoobpasHo
1CNONb30BaHME NONOXEHNA 3aKOHA CPOAICTBA C CO3JaHNEM HaIeXKHON BHYTPEHHEI BbICOKOOPraHW30BaHHOM CTPYKTYPbl KOMNO3nTa. TeopeTuyeckiue u
NPaKTUYeCK1e NOAX0/bl NOMKHbI SBUTLCSA NPEANOCKLINKOA A5 CO3AAHIUS HOBOTO KNAcca «UHTENNEKTYaNbHbIX» CTPOUTENbHLIX MaTepUanos U30TPOMHOIA

CTPYKTYPbI € 9 (DEKTUBHBIMU CBONCTBAMM.

KnioueBble cnoBa: 3akoH CpojAcTBa CTPYKTYp, MaTepuanoBeaeHne, KOMMNo3nThbl, (pyHKUMOHANbHbIE CBOCTBA Marepuanos.
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Affinity of structures as a theoretical basis for designing composites of the future

Implementation of the law of the affinity of structures allows to create effective systems with anisotropic hardening of the composite, which includes the foundations for responding to
the changing conditions of synthesis and service. It has been established and proved that within the system new fomations are synthesized and nano-, micro- and macrostructure is cre-
ated, possessing self-healing ability in mending defects, caused by a particular range of operating loads. When designing the composites of the future it is advisable to use the provi-
sions of the law of the affinity with the creation of highly reliable internal structure of the composite. Theoretical and practical approaches should be the prerequisite for the creation of a

new class of “smart” construction materials with isotropic structure and effective properties.
Keywords: law of affinity structures, materials, composites, functional properties of materials.

BriepBble 0 MIPUHLIMIIE CPOJCTBA CTPYKTYP, KOTOPHIiA 3a-
KJIto4aeTcss B (PYyHKIIMOHAJIBbHOW CTPYKTYPHON HepapXuu,
yIoMUuHaJlIoCch B pabore [1].

3aKOH CPOACTBA CTPYKTYP B MaTepuaJIoBeAeHUMN CHOPMY-
JIMPOBaH [2] u npeaycMaTpuBaeT IMPOSKTUPOBAHUE 1 CUHTE3
CJIOVICTBIX KOMITO3UTOB M PEMOHTHBIX CUCTEM Ha HaHO-, MU-
KpO- ¥ MaKpOypOBHE, aHaJIOTUYHBIX 0a30BOI MaTpHIie, YTO
TPUBOIUT K CYILIECTBEHHOMY IMOBBIIIEHUIO aATE3UM U JI0JITO-
BeYyHOCTH MartepuayioB. [logoOHBIN TOAX0A OCHOBaH Ha
MPUHIUIIE TPUYUHHO-CIENICTBEHHON CBSI3M IPOIIECCOB,
MPOMCXOMASIINUX MPU KOHTAKTE Pa3IUYHBIX MaTepUalioB B
KOMITO3UTE, U 3aKJI0YAETCs B UX TIOAO0OMU MO KPUCTAJIOTpa-
(buueckoit, rpaHyJIOMETPUYECKON MUKPOCTPYKTYpE, MUHE-
paTbHOMY, XMMUYECKOMY cocTaBaM M KO3Gh@UIIUEHTY Tep-
MMUYECKOTO paCIIMPEeHUsi. DTO OOYCIOBIMBAET BCJIECICTBUE
nrdGy3Ur 1 TOHHOTO 00MEHA X B3aUMOJICHCTBIE ¢ 00pa3o-
BaHUWEM HOBBIX (a3 U CUJI CUEIJIEHHUs, oOecreunBaronInux
MPOYHOCTb U DKCIUTyaTallMOHHbIE CBOMCTBA KOHTaKTHOIO
CJI0S1 ¥ KOMITO3MTA B 11eJIoM [3—5].

Jl1s1 co3maHusi TPOYHOTO M HAJEXKHOTO KOHTaKTa MEXIY
3JIeMEHTaM1 KOMIIO3UTa HEOOXOAMMO CO3/1aTh BHYTPEHHIOIO
YCTOMYMBYIO CBSI3b (KOHTAKTHYIO 30HY), TPU3BaHHYIO 00ecIie-
YUTb ONpeneieHHbIe (PM3UKO-MEeXaHUUECKHE M IKCILTyaTalM-
OHHbIe TpeOOBaHUSI MaTepuaia B LeJoM. Takas KOHTaKTHasi
30Ha JI0JIKHA UMETh CXOICTBO, OJM30CTh, @ TOUHEE CPOICTBO
10 OCHOBHBIM CBOMCTBAM 1 OOIITHOCTH FT€HETUIECKOTO IMPOUC-
XOXJIEHUSI ¢ MaTpuliei MaTteprana. M HakoHell, Ij1sT obecrie-
YeHUS TAKOTO CPOJCTBA HEOOXOMMMO CO3MaHMe TaKOil CTPYK-
TypHbI, KOTOpast Ok 00ecIIeyria B3auMOPACIIOIOXKEHHE 1 COOT-
BETCTBYIOILYIO CBSI3b COCTABHBIX YaCTeil U B UTOTE TapaHTUPO-
Bajla COBMECTHYIO PabOTy 3TON 30HBI C 2J€MEHTAMU ABYX, a
BO3MOXHO, M HECKOJIBKMX CMEXXHBIX MaT€pUAJIOB.

HAYUHO-MeXHU4ecKuil U NPOU3800CMBeH b HCYPHAN

The principle of the affinity of structures, which con-
sists in a functional structural hierarchy was first men-
tioned in paper [1].

The law of the affinity of structures in materials science
was formulated in [2] and assumes the design and synthesis
of layer composite and repair systems at nano-, micro- and
macro-level, similar to the base matrix, which leads to a
significant increase in adhesion and durability of materials.
This approach is based on the principle of cause-and-effect
relation between the processes occurring at the contact of
different materials in the composite and consists in the
similarity of their crystallographic, grain microstructure,
mineral, chemical composition and thermal expansion co-
efficient. Due to diffusion and ion exchange this causes,
their interaction with the formation of new phases and co-
hesive forces that provide strength and service characteris-
tics of the contact layer and the composite as a whole [3—5].

To create a lasting and reliable contact between the ele-
ments of a composite it is necessary to create a stable inter-
nal conjunction (contact zone), designed to provide a
specific physico-mechanical and operational requirements
of the material as a whole. This contact zone should have a
similarity, proximity, to be more exact — affinity by basic
properties and common genetic origin with the matrix ma-
terial. Finally, to ensure that such affinity is necessary to
create a such a structure so that it could provide relative
positions and sufficient connection between the constitu-
ent parts and would eventually guarantee joint work of this
zone with the elements of two, and possibly more adjoining
materials.

Considering practical implementation of the proposed
law of the affinity of structures in building materials sci-
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Tab6nuua 1
Table 1
Ha kpynHo3epHUCTbIX Neckax Ha mMenko3epHUCTbIX neckax
On coarse grain sands On fine grain sands
HanmeHoBaHve nokasartens TexHnyeckue PesynbTathl MCnbITaHui TexHuyeckme PesynbTathl ucnbiTaHuin
Name of the characteristic Tpe6oBaHMs Test results TpeGoBaHus Test results
Technical KB KOMM Technical KB KOMM
requirements CB COMM requirements CB COMM
HanbonbLumit pa3amep 3epeH 3anonHuTens, Mm, He bonee 195 195 195 0.63 0.63 0.63
Maxim grain size of the aggregate, mm, no more ' ’ ' ' ' '
BnaxHocTtb cmecu, %, He 6onee
Moisture content in the mix, %, no more 03 0.2 0.2 03 0.2 0.2
MoaBMXHOCTb, MK Mk1 Mk1 Mk1 Mk3 Mk3 Mk3
Movement, Pa Pa1 Pa 1 Pa1 Pa3 Pa3 Pa3
CoxpaHaeMoCTb NOABMXHOCTH, MUH, HE MEHEE
Keeping movement, min, no less than 45 45 45 45 45 45
MpoyHOCTL Npu cxaTum, MMa, yepes:
Compression strength, MPa, in:
1cyt/1day - - - 10 13 19
3¢yt /3 days 20 37 42 30 35 47
28 cyt / 28 days 40 52 64 45 58 68
MpoyHocTb npu n3rube Yepes 28 cyt, MMa, He MeHee
Bending strength in 28 days, MPa, no less than 5 6.5 7.2 5 73 79
MpOYHOCTb CLENNEHUst C BETOHHBIM OCHOBAHWEM YEPE3
28 cyt, Ma, He meHee
Cohesion strength with the concrete base in 28 days, MPa, no ! 1.7 23 ! 1.9 28
less than
Ledopmauum B Bo3pacTe 28 cyT, %, He Bonee (ycaaka) 01 0 0 01 0 0
Deformations 28 days of age, %, no more than (shrinkage) ' '
MoposocroiikocTs, uknel He meHee 50 60 75 He metee 50 60 75
Frost resistance, cycles
KoadduupmeHT TepMmnyeckoro paclumpeHmns
Thermal expansion coefficient Her 6.1 6.7 Her 6.3 6.9

PaccMaTpuBasi MpakTUYECKYI0 peau3aluio MpeaioXeH-
HOTO 3aKOHa CPOJICTBA CTPYKTYpP B CTPOMTEJIbBHOM MaTepua-
JIOBEICHUY, MOXHO TPUBECTU PSIJI TIPUMEPOB MO CO3AAHUIO
LI€JIEBBIX CTPOUTEIBHBIX KOMITO3UTOB Pa3IMUHOTO (DyHKIIMO-
HaJIBHOTO Ha3HayeHus1 [6—9].

IIpoBeneHHBIMM HCCIEAOBAHUSIMU C YYETOM 3aKOHA
CPOJICTBA CTPYKTYP JI0Ka3aHa BO3MOXHOCTh HaIlpaBJICHHOTO
M3MEHEHUST KalWIISIPHO-TIOPUCTON CTPYKTYPhI U YIIpaBie-
HUST BJIarONIEPEHOCOM B M3BECTKOBOM U IIEMEHTHOM KaMHE
MPpY COBMECTHOM TPUMEHEHUH A00aBOK cynepriacTuduka-
TOPOB U MUHEPAJIbHbBIX HAMIOJIHUTEJICH € ONPENeIEeHHOM rpa-
HYJIOMETPUE, UTO MTO3BOJIUIIO 3aITPOEKTUPOBATH KOMITO3UThI
Ha OCHOBE BSIXYIIMX BEILIECTB ISl PECTaBPALIMKU MAMSITHUKOB
crapuHbl. [laHHasg MeTomMKa arpoOrpoBaHa MpU pecTaBpa-
uuu aHcam6eit apuisiHo u PoctoBa Benukoro, apxurtek-
TYPHBIX, WCTOPUYECKUX M KYJIbTYPHBIX MaMSTHUKOB B
Cubupu (cM. pucyHok) u boiarapuu.

INprumeHeHne MPUHLIMIIOB 3aKOHA CPOJICTBA CTPYKTYP MpHU
MMPOEKTUPOBAHUU PEMOHTHBIX CMECEU MO3BOJIAJIO MOJTYYUTh
pacTBOpbl ¢ 3aJaHHBIMU TEXHOJOTMYECKUMU, (PU3UKO-
MEXaHUUYECKUMU U SKCIUTyaTallUOHHBIMY CBOMCTBAMU 33 CYET
(hopMupOBaHUS CUCTEMBI U3 COCTABJISIIONINX €TI0 3JIEMEHTOB:
3arOJTHUATES, HAMTOJHUTENS, 3(PGhEKTUBHOTO KOMIO3UILIMOH-
HOTO BSDXYLIEro M (OyHKIIMOHAJIBHBIX 100aBOK, MPU TBEpIE-
HUU KOTOPOM CHHTE3UPYETCS KOMIIO3UT, MIEHTUYHBIA Ha
HaHO-, MUKPO- ¥ MAKPOYPOBHE PEMOHTUPYEMOI MaTpuIIe.

C y4yeToM 3akoHa CPOJCTBA CTPYKTYp pa3paboTaH KOM-
IUIEKCHBII OpraHo-MuHepalbHbI Momudukarop (KOMM)
Ha OCHOBE ChIpbeBhIX pecypcoB KMA 1 0TeuecTBEHHBIX KOM-
noHeHToB. Mukpoctpykrypa KOMM xapaktepusyercs Iy-
CTO MUKPOAPMUPOBAHHOW MATPULICH, IPUBOASIICH K I10-
BBIIICHUIO a[ire3Ul K BOCCTAaHABJIMBAEMOMY OCHOBAaHMIO JIO

(CYPONIENIBHIBIE

ence, a number of examples may be given to create targeted
building composites of various functional purpose [6—9].
The research with the account of the law of affinity of
structures has proved possible targeted changes of capil-
lary-porous structure and water transfer control in lime
and cement stone with combined use of superplasticizer
additives and mineral admixtures with a specific particle
size, which made it possible to design composite based
binders for the restoration of monuments of antiquity. This
methodology was tested in the restoration of ensembles of
Tsaritsyno and Rostov the Great, architectural, historical
and cultural monuments in Siberia (Figure), and Bulgaria.
Application of the principles of the law of the affinity of
structures in designing repair mixes allowed to obtain solu-
tions with predetermined technological, physical, me-
chanical and performance properties due to formation of
the system of its constituent elements: an admixture, ag-
gregate, an effective composite binder and functional addi-
tives, during the hardening of which a composite is synthe-
sized, which is identical to nano-, micro- and macro-level
matrix to be repaired. With the account of the law of the
affinity of structures a complex organic-mineral modifier
(COMM) was developed based on raw materials of Kursk
Magnetic Anomaly and locally made components. COMM
microstructure is characterized by micro-reinforced ma-
trix, resulting in increased adhesion to the base being re-
stored up to 50%, reduction of shrinkage and increase in
the frost resistance. Based on comprehensive research dry
mixes were obtained for surface repair compositions on
coarse and fine-grained sands, quartzite sand crushing
screenings. The main indicators of the quality of repair
solutions prepared for composites and binders COMM are
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50%, CHUXXEHUIO yCaTOYHBIX SIBJICHMIA 1 TOBBILIEHUIO MOPO-
3ocToiikocT. Ha ocCHOBaHMM KOMITJIEKCHBIX UCCeIOBAHUI
pa3paboTaHbl CyXue CTPOUTEIbHbIE CMECH JJISI TOBEPXHOCT-
HBIX PEMOHTHBIX COCTaBOB Ha KPYITHO3EPHUCTBIX U MEJIKO-
3epPHUCTBIX TECKaXx-0TCeBax IpOoOJIeHUs KBapIUTONeCUyaHu-
KoB. OCHOBHBIE TIOKa3aTeJIM KaueCcTBa 3TUX PaCTBOPOB, TIPH-
TOTOBJIEHHBIX HAa KOMIIO3MIIMOHHBIX BXymmx 1 KOMM,
MpeacTaBieHbl B Ta0a. 1. YcTaHOBIEHBI JOIYCTUMBIE BEJIM-
YUHBI pa3inyuii KoahGUIUEHTOB TEPMUYECKOTO pacllupe-
Hus (He 60s1ee 8%) OCHOBHOTO 6a30BOTO CJIOST 1 PEMOHTHBIX
pacTBOPOB, HE TPUBOISIIMX K pa3pylIEHUIO, YTO 00ecIeyn-
BaeT BBICOKME OKCILTyaTallMOHHbBIE XapaKTePUCTUKU OTpe-
MOHTHPOBAHHBIX 3[aHMI M coOpyxkeHU. PeMOHTHBIE pac-
TBODBI, CIIPOCKTUPOBAHHBIE C YYETOM 3aKOHA CPOACTBA
CTPYKTYP, MO3BOJISIIOT YBEJIMYUTD CLEIIEHUE C OCHOBAaHUEM
B 2,8 pa3a, TOBBICUTh MOPO30CTOMKOCTE Ha 50% [4—6].

Hcnonb3oBaHre 3aKOHA CPOJACTBA CTPYKTYP TMO3BOJIMJIO
co3naTh HOBBIN 3(POEKTUBHBIN TEMIOU3OISIIMOHHO-KOHC-
TPYKLIMOHHBIN CHJIMKATHBIN MaTepral Ha OCHOBE aKTUBHBIX
TPaHYJIMPOBAHHBIX 3alOJHUTENICH C BBICOKOPA3BUTOM IIO-
BEPXHOCTBIO, CO CTAOMIBLHO BBICOKMMM TETLIOU30ISIIIUOHHBI-
mu cBoiictBamu 0,2 Bt/(K:M) ¥ CHM3UTb Maccy CTEHOBBIX
KOHCTPYKLIMI. YBeJIUYeHUe anre3uud pa3paboTaHHBIX Kia-
JIOYHBIX PACTBOPOB K CTEHOBOMY MaTepHualy ¢ BbICOKOPa3BU-
TOY TTIOBEPXHOCTHIO TTO CPABHEHMUIO C KITAAKOM U3 CUJTMKATHO-
TO KMPIMYa U TPAAUIIMOHHBIX PACTBOPOB ITO3BOJIMJIO YBEJIH-
YUTb MPOYHOCTb KJIAAKK Ha cpe3 B 25—30 pa3, 4To 0COOCHHO
BaXXHO B CEMICMOOMACHBIX PETMOHAX W MOBbIIIEHUEM TPeOO-
BaHUI K celicCMUYeCKUM pacTtBopam [7, §].

C y4eToM CpOACTBa CTPYKTYP ITOJYyYEHBI BHICOKOI(h(hEK-
TUBHBIE KJIaMOYHbIE PACTBOPHI HA OCHOBE CIEIIMAIbHBIX KOM-
MMO3MIIMOHHBIX BSDKYIIUX, CIMOCOOHBIX aKKyMyJMpOBaTb M
yAEPXXMBaTh HEOOXOAUMYIO BJAry ISl TUAPATALIUK B YCJIOBU-
SIX KJIJKW, TIO3BOJISIIONIME MONY4YaTh KIaA0YHbIE PACTBODHI,
110 COBOKYITHOCTH 3HAUMMBbIX TTOKa3aTeseil B 2—3 pasa mpe-
BOCXOJSIIIINE TPAAUIIMOHHBIE U JICIIEBJIE IO CTOMMOCTH CYy-
XX CTPOMUTENIBHBIX CMeCeil aHAJIOTUYHOTO Ha3HAYCHUST.

Ha ocHoBe npetoKeHHBIX TPUHIIAIIOB MOBBIILIEHUS (-
(beKTUBHOCTH CyXMX TETUIOM3OJISLIMOHHBIX CMECei ¢ yueToM
3aKOHa CPOJCTBA CTPYKTYpP MPEAyCMOTPEHO IMPOEKTUPOBA-
HUE CJIOUCTHIX KOMITO3UTOB Ha HAHO-, MUKPO- U MaKPOYPOB-
He, TIOJIYYeHHBIX 3a CYET MCIOJIb30BaHUSI KOMITO3UIIMOHHBIX
BSDKYIINX, CHHTE3WPOBAHHBIX ITPU COBMECTHOM TTOMOJIE TIe-
MEHTa, TIacTU(DUKATOPOB-MOANGDUKATOPOB U MUHEPATBHBIX
HaIOJHUTEJEl OTpeaeIeHHOTO TeHe31ca, COCTaBa, TpaHyJI0-
METpUU 1 MOP(OJIOTUM YACTUL, YTO MPUBOAUT K caMOopra-
HU3AalMM CUCTEMBl U CO3MAHUI0 TOMOTEHHOMN CTPYKTYpbI
B 3aBUCHMOCTHU OT XapaKTEPUCTUK 0a30BOI MOBEPXHOCTU U
obecrieurBaeT mosydyeHue 3G OeKTUBHBIX KOMITO3UTOB C BbI-
COKMMHU TeIUIO3aLIUTHBIMU XapaKTepucTuKaMu (Tadi. 2).

[NonyyeHue BrICOKOA(P(HEKTUBHBIX TEILIOU3OISILIMOHHBIX
PacTBOPOB HOBOTO MTOKOJIEHUSI CETOIHS COMPOBOXKIAETCS UC-
MOJIb30BAHUEM CJIOXHBIX C XMMHUYECKOW U MUHEpaTIbHOMN
TOYKHU 3PEHMSI COCTABOB KOMIIOHEHTOB C 1IEJIbIO TTOJTYUYEHUS
BBICOKOKAYE€CTBEHHBIX CTPOMTEIbHBIX MATepPUaOB pasiny-
HOTO (DYHKIIMOHATLHOTO Ha3HAYEHMS C YIYYIICHHBIMM, a
MHOTAA C MPUHLMIUAILHO HOBBIMM CBOMCTBaMHU M OIpeze-
JICHHOM, 3apaHee 3aJaHHOU CTPYKTYPOX.

Takum 06pa3zom, peanusaiiusi 3aKOHa CPOACTBA CTPYKTYP
TO3BOJISIET CO3/1aBaTh 3(P(HEeKTUBHBIC CUCTEMBI TBEPIEIOIIETO
KOMIIO3UTa, B KOTOPOM 3aJI0KEHBI OCHOBBI pearpoOBaHMs Ha
M3MEHSIONINECS YCJIOBUSI CMHTE3a M JKCIUTyaTalluM. YcCTa-
HOBJIEHO 1 IOKa3aHO, YTO B 00Pa3yIOIIMXCs CUCTEMaX CUHTe-
3UPYIOTCS HOBOOOPA30BaHUS M CO3MAETCsSl HAHO-, MUKPO- U
MaKpOCTPYKTypa, 006;1a1ato11ast CIOCOOHOCThIO caMOo3aJleun-
BaTh Ae(EeKThl, BO3HUKAIOIIME B OIMpeIeIeHHOM IMara3oHe
SKCILTyaTallMOHHBIX HAarpy30K.

Bce paccMOTpeHHBIE BhIIIIE CTPOUTEIbHBIC KOMITO3UIINH,
CO3/IaHHBIE C YYETOM CPOJACTBA CTPYKTYP, OTHOCSTCS K pac-
TBOPHBIM TOHKOCJOWHBIM KOMIO3ULMOHHBIM CHUCTEMaM,
T. €. 9T0 aHU30TPOIHbIE KOMITO3UTHI.

HAYYHO-MeXHU4ecKuil U NPOU3800CMBeH b HCYPHAN

MNMpumep peannsaumm 3akoHa CPOACTBA CTPYKTYP Npu pecTaspaummn CTaBku
Konuyaka B OMcke

Example of realization of the law of the affinity of structures during Kolchak’s
General Headquarters in the city of Omsk

shown in Table. 1. Allowable values were determined for
the difference in coefficients of thermal expansion (not
exceeding 8%) of the base layer and repair mortars which
do not result in the destruction, thus providing high service
characteristics of renovated buildings. Repair solutions
obtained taking into account the law of the affinity of
structures can increase adhesion to the base by 2.8 times as
well as increase frost resistance [4—6].

Using the law of the affinity of structures has created
new effective thermal insulation, structural silicate mate-
rial on the basis of active granular aggregates with highly
developed surface, with consistently high insulation prop-
erties 0.2 W/(m-K), and reduce the weight of wall con-
struction. Increased adhesion of mortars to the wall mate-
rials with highly developed surface compared with the
masonry of silicate brick and traditional solutions has in-
creased the strength of the masonry by 25—30 times, which
is especially important in seismic regions and stronger re-
quirements to seismic mortars [7, 8].

Given the affinity of structures highly efficient masonry
mortars based on special composite binders have been ob-
tained, able to accumulate and retain required moisture for
hydration in conditions of masonry, allowing to obtain
masonry mortars, which, by total significant indicators are
superior to conventional ones by 2—3 times and cheaper
compared to dry mixes of similar purpose.

On the basis of the proposed principles to improve the
efficiency of thermal insulation dry mixes with the account
of the law of the affinity of structures it is assumed to design
layered composites at nano, micro and macro levels, ob-
tained through the use of composite binders synthesized at
the joint grinding of cement, plasticizers, modifiers and
mineral admixtures of particular genesis, composition,
particle size and morphology of the particles; which results
in self-regulation of the system and creating homogeneous
structure, depending on the characteristics of the base sur-
face and ensures obtaining of efficient composites with
high heat-insulating characteristics (Table 2).

Obtaining high-performance thermal insulation solu-
tions of the new generation today is accompanied by the
use of sophisticated chemical and mineral composition
from point of view of the components in order to obtain
high-quality construction materials for various purposes
with the improved, sometimes with radically new proper-
ties and certain predetermined structure.

Thus, the implementation of the law of the affinity of
structures allows to create effective systems of hardening of
the composite, which laid the foundation for responding to
the changing conditions of synthesis and use, it has been
found and proven that in the system new formations are
formed, including neoplasms and nano-, micro- and mac-
rostructure possessing self-healing ability to mend defects,
caused by a certain range of operating loads.

All the above construction compositions, created with
the account of the affinity of structures are related to thin
layer mortar composition system, i.e. they are anisotropic
composites.

(N PONIEIIBTBIE

20

cenmatps 2015 WLATERUA1S)°



To Holding the 19" International Congress on Building Materials ibausil

Tabnuua 2
Table 2
" PeaynbTathl ucnbITaHWin
HaumeHoBaHve nokasarens OPMATUBHbIE Test results
L 3HaYeHust
Name of the indicator Standard values Cocras 1 Cocra 2 Thermover (Typuws)
Composition 1 Composition 2 | Thermover (Turkey)
3
CpepHsis MAOTHOCT TEMNIOM3ONALMOHHOrO paCTSBopa, Kr/m°, He Bonee 500 085 305 470
Average density of heat insulating mortar, kg/m®, no more than
0,
Bon,oynepwn_aanomaq cpocg)ﬁHOCTb, %, HE MeHee 90 93.9 9138 87
Water -retaining capacity, %, no less than
MPOYHOCTL CLUENNEHNS C OCHOBaHMEM, MIMa, He MeHee
Cohesion strength to the base, MPa, no less than 0.2 0,26 0,28 0.1
2
Bop,onornome_Hme NPV KanWAIAPHOM MoACOCe, 2|<r/M _ 4,82 4,44 73
Water absorption during capillary suction, kg/m
KoadduumeHT naponpoHulaemocty, mr/(M-4-Ma), He mexee
Coefficient of vapor permeability, mg/(m-h-Pa), no less than 0,02 0,08 0,06 0,07
Ycazika noKpbITWS (OTCYTCTBUE TPELLWH B CNOE NPOEKTHON TONLLUMHBI) TpeLwwH HeT TpeLumH HeT _
Shrinkage of coating (absence of cracks in the layer) No cracks No cracks
ﬂquHocn_a npu cxatuu, MrMa, He MeHee 1 1,05 122 5
Compression strength, MPa, no less than
KoadduumeHT TennonposoaHocTu, BT/(M-°C), He Gonee
heat conduction coefficient, W/(m-°C), no more than 0.2 0,06 0,07 0.1
MODOSOC.TOI/IKOCTb, LIMKNOB, HE MeHee 50 73 75 60
Frost resistance, cycles, no less than

CoBpeMeHHOe MaTepuaIoBeICHUE TIepeXXUBAET CEPbe3HbBIN
3Tar pa3BUTUS, TIPY 3TOM B TIOCJICIHNE IECATUIETHS B TEXHOJIO-
MM O€TOHA MPOCTIEKMBACTCS DBOJIIOLMS BHITECHEHMSI OETOHOB C
KPYIMHBIMU 3aMOJHUTEISIMU MEJIKUMHU, TaKUM 00pa3oM, UIET
nepexon: 6yToO0eTOHbI — OETOHBI HAa KPYITHOM 3arlOJIHUTENE —
MEJIKO3EPHMCThIE OETOHBI — MTOPOIIKOBbIE OETOHBI — HaHODE-
TOHBI. DTa TEHIEHIMST HallpaBieHa Ha MOCTENEHHOE BhITECHE-
HYE 1 3aMellieHre KPYITHOTO 3aTOJTHUTENST MEJIKMM, UTO TTPUBO-
JIUT K YMEHBIIIEHUIO pa3MEPOB YacTHIl, CIararolmux KOMIIO3UT,
T. €. K COIeP>KaHMIO TOHKO- ¥ MEJIKOAVCIIEPCHBIX CTPYKTYP.

Kaxnplii 2BOJTIOUMOHHBIA TUI OETOHOB MMEET CBOM
(bu3MKo-MexaHUYECKME CBOMCTBA U OCOOEHHOCTHU MPOEKTU-
pOBaHMS B 3aBUCUMOCTHU OT (DYHKIIMOHAJIBHOTO Ha3HAUYEHMSI
IO MICTIOJTb3YEMBIX MAaTepUAIOB — BSKYIIMX U 3aITOJIHUTEINEH,
WX TPaHYJOMETPUIECKOTO COCTaBa.

IIpu co3naHuy MOPOIIKOBLIX U HAHOOETOHOB BCE KOMIIO-
HEHTbI UMEIOT BBICOKYIO YIEJIbHYIO TOBEPXHOCT, MTPH MOBBI-
IIEHHOM MOBEPXHOCTU B3aMMOJICHCTBUS CO3MAI0TCST HAUTYY-
1€ YCJIOBUSI IUIsI TUIpaTallui U 00pa3oBaHUsI TOMOT€HHOM
pPaBHOMEPHO paclpeieIeHHOM CTPYKTYPHI.

Taxoii nmogxon mpenrnojaraeT TIIATeJIbHBII MOA00p ChI-
DPBEBBIX KOMITOHEHTOB — LIEMEHTA, MUHEPATbHBIX COCTaBJISI-
IOlIMX, OpraHuveckux n06aBok. Kpome Toro, Heobxomuma
BBICOKAS KYJIBTYpa IIpy peanusaiui 3¢ (PeKTUBHBIX TEXHOJIO0-
TMYECKUX TTPUEMOB.

BuiGop 1eMeHTa U 3aITOJIHUTENICH U UX XapaKTepPUCTUKHI
MIPEIOTIPENENSIOT CYIIECTBEHHOE MOBBILIIEHUE UX IKCTUTyaTa-
LIMOHHBIX XapaKTePUCTHUK.

B coBpeMeHHbIX KOMITO3UTAX, YYUThIBasE BHICOKYIO JMC-
MEPCHOCTD MX COCTABJISIIOLINX MaTepHaIoB, OTKPHIBACTCSI BO3-
MOXHOCTb CO31aTh U30TPOITHYIO CTPYKTYpY, KOTOpasi Obl 00e-
crieunia KOMIO3UTY BBICOKYIO MpouYHOCTbh. [IpencraBnsercs
HEOOXOAMMBIM MCIOJIb30BaTh MPUHIIMITBI 3aKOHA CPOJCTBA
CTPYKTYP, YTO MO3BOJIMT CO3AaTh BHICOKOA(D(HEKTUBHBIE KOM-
no3uThl Oyayuiero. st opMupoBaHus MIOTHONH U30TPOII-
HOW CTPYKTYpbl HEOOXOAMMO IPU IMTPOEKTUPOBAHUY KOMITO3M~
Ta 3aJI0XKUTh CUCTEMY B3aUMOJEHCTBUS C OKPYXaIOIei cpe-
JIOH, TIO3BOJISIIONIEN MaTepraiaM pearupoBaTh Ha BHEIIHME
BOBNIENCTBUS U TOJIOKUTENILHO BIUSATh HA TPUALy YeJTOBEK—
Martepuai—cpena ooutaHus. I1pu npoekTupoBaHUM U30TPOII-
HBIX CUCTEM HEOOXOIMMO YUUTHIBATH KOIMDDUIIMEHThI TEPMHU-
YECKOro pacUIMPEeHUs! CIaraollux KOMIOHEHTOB, TaK KakK MX

(CYPONIENIBHIBIE

Modern materials science is experiencing a serious
stage of development, while in the last decades the tech-
nology of concrete is characterized by the evolution of
substituting of concrete with coarse aggregate by small
grain ones, so there is a following transition: stone concrete
— concrete on coarse aggregate — fine-grained concrete
— powder concrete — nano concrete. This tendency is
aimed at gradual replacement of the coarse aggregate by
fine aggregate, which reduces the particle size forming the
composite i. e. to the composition of fine and finely divided
structures.

Each evolutionary type of concrete has its physical and
mechanical properties and project features, depending on
the functional purpose and the materials used — binders
and fillers, their particle size distribution.

When creating nano concrete or powder concrete all
the components have a high specific surface area at in-
creased surface interaction, which creates the best condi-
tions for hydration and formation of a homogeneous uni-
form distributed structure.

This approach involves careful selection of raw materi-
als — cement, mineral components and organic additives.
In addition, high culture is needed in the implementation
of efficient production methods. Selection of cement and
aggregates as well as their characteristics determine signifi-
cant increase in their service characteristics. Modern com-
posites, given high dispersion of their constituent materi-
als, offer the possibility to create an isotropic structure,
which would provide a high strength composite. It seems
necessary to use the principles of the law of affinity of
structures that will create high-performance composites of
the future. In order to form a dense isotropic structure it is
necessary at the project stage to lay a system of interaction
with the environment, allowing the material to react to
external influences and have a positive impact on the triad
of “man-material-habitat”. When designing isotropic sys-
tems it must be taken into account thermal expansion coef-
ficients of the constituent components, as their different
values result in defects, consequent weakening and de-
struction, evidenced by the analysis of rock destruction.

Thus, for example, frost resistance of granite com-
posed of quartz, orthoclase, plagioclase, biotite, musco-
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pa3MYHbIE BEJIMYUHBI MPUBOAST K BOSHUKHOBEHUIO Nedek-
TOB, MOCJIEAYIOLIEMY DPa3yNMpPOYHEHUIO U pa3pylleHUlo, 00
5TOM CBUJETENBCTBYET aHAJIN3 Pa3pylIEHUs] TOPHBIX MOPO..

Tak, HaripuMep, MOPO30CTOMKOCTb TPAHUTA, COCTOSILIETO
13 KBapla, opTokiasa, Iiaruokiasa, OMOTUTa, MYCKOBMTA,
pOTroBoOit 0OMaHKH1, MEHbIIIE, YeM MOPO30CTOMKOCTH OoJiee O~
HOPOIHBIX 0a3aJIbTOB. YUeT 3TUX (paKTOPOB IMO3BOJIUT CHOP-
MUPOBATh MPOYHYIO U HAIEXKHYIO CTPYKTYPY KOMIIO3UTA.

B TOHKO3€pHUCTBIX KOMMO3UTaX OYAYIIEro CO3MaeTCs
OrpOMHas TUIOLIAAb ISl B3AaUMOACUCTBUS BSDKYLIETO C Ha-
TTOJTHUTENISIMU U 3aTIOJTHUTEJISIMU, B IECATKU U COTHU THICSY
pa3 MpeBOCXOSAIIMMU TUIOILAAb COTPUKOCHOBEHUST KOMIIO-
HEHTOB KPYMHO3EPHUCTBIX OeTOHOB. IS co3maHusi M30-
TPOMHBIX CUCTEM, KOTOPbIE COOTBETCTBYIOT MOPOIIKOBBIM
BBICOKOIIPOYHBIM O€TOHAM, B KAU€CTBE MEJIKOTO HAITOJIHUTE-
JIS 11eJ1IeCO00Pa3HO UCIOJIb30BaTh CHIPbEBbIE KOMITOHEHTHI,
OJIM3KHKE 110 CBOMM MUHEPAJbHBIM XapaKTepUCTUKAM Koad-
(puumeHTaM TepMUUECKOTO PACIIMPEHUSI.

B nnaHe pa3BuTHS 3TUX MPEACTABICHUU MPU MPOEKTUPO-
BaHUYM KOMITO3UTOB OYIYIIETO 1ie1ecO00pa3HO UCIIOIb30BaHKE
MOJIOXEHUIM 3aKOHA CPOACTBA C CO3JAHMEM HAIEXHOW BHY-
TPEHHE BBICOKOOPIraHU30BAHHOW CTPYKTYPOIl KOMITO3UTA.

TakuMm obpa3zoM, peanusalivsi 3aKOHa CPOJCTBA CTPYKTYP
MIPEATNOJIAraeT CO3[aHUe CUCTEMbI TBEPICIOLIETO KOMIO3UTA,
MPpU MPOEKTUPOBAHUU KOTOPOTO HEOOXOAMMO HCIOJIb30BATh
BSDKyIIlee ¥ MUHEPaIbHbIE COCTABIISIIONINE C OJU3KUMU KO3(]-
(puumeHTaM1 TEpMUYECKOTO pacIliUPeHUs: U BBICOKOU aire3u-
€if, B KOTOPOM 3aJI0>KEHbI OCHOBBI PEaripOBaHMS HA U3MEHSII0-
1IMecsl yCIOBUSI CUHTE3a U SKCIUTyaTalluy; LieJieHanpaBIeHHO
CUHTE3UPYIOTCSI HOBOOOPA30BaHUSI U CO30A€TCS HAaHO-, MU-
KpPO- U MaKpOCTPYKTYpa, 00J1a1aro111ast ClTOCOOHOCTHIO 3a1eYu-
BaTh NeEeKThl, BOZHUKAIOIIME B OMPENEJIEHHOM JAMana3oHe
SKCIUTyaTallMOHHBIX Harpy3ok. TeopeTuyeckue W MpakThye-
CKM€ TOAXO/bI TOJKHBI IBUTHCS MPEANOCHUTKON TSI CO3IaHUS
HOBOTO KJIacca «MHTEJIIEKTYaIbHBIX» CTPOUTEIbHBIX MaTepra-
JIOB U30TPOITHOM CTPYKTYPHI € 3((HEKTUBHBIMU CBONCTBAMM.
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vite, hornblende is less than frost resistance of more ho-
mogenous basalts. Taking these factors into consider-
ation will create a solid and reliable structure of the
composite.

In the fine-grained composites of the future a huge arca
for interaction between a binder and aggregates is being
created, tens or hundreds of thousands of times exceeding
the area of contact of coarse aggregate concrete. To create
isotropic systems, which correspond to high strength pow-
der concrete, it is recommended to use raw material com-
ponents which are close in their mineral characteristics,
the coefficients of thermal expansion as fine grain con-
crete.

In terms of the development of these concepts in the
design of the future of composites it is advisable to use the
provisions of the law of the affinity of structures with the
creation of highly reliable internal structure of the com-
posite.

Thus, the implementation of the law of the affinity of
structures involves the creation of composite hardening,
in the process of obtaining of which it is necessary to use
a binder and mineral components with similar coeffi-
cients of thermal expansion and high adhesion, which
have the foundations for responding to changing condi-
tions of synthesis and operation; neoplasms are intention-
ally synthesized and nano-, micro- and macrostructure
are created, which has the ability to heal the defects which
appear within a certain range of operating loads.
Theoretical and practical approaches should be the pre-
requisite for the creation of a new class of “smart” con-
struction materials with isotropic structure and effective
properties.
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LlechopmaLiun BbICOKONPOUHbIX NErKkuxX 6eToHOB
Ha NoJbIX MUKpocdiepax U cnoco6 UX CHMKEHUA

[MpeacTaBneHbl pe3ynbTaTbl UCCEA0BAHUS AeDOPMALMOHHBIX CBOMCTB BbICOKOMPOYHbIX NIErKUX GETOHOB Ha NOMbIX MUKpocdepax. MpeanoxeHa
METO[MKA NOBbILUEHUS TPELLMHOCTORKOCTM BbICOKOMPOYHbIX NIErkux 6ETOHOB HA antOMOCUIMKATHBIX MUKPOCHepax, 3aKnoyatoLlascs B CO3AaHNM Ha
MOBEPXHOCTM MOSIOT0 3an0NHUTENN aKTUBHOM XXeNe3nCTo-KpeMHE3EMUCTO 0605104KK, BCTyNatoLLeid BO B3aMMOLENCTBIE C OCHOBHLIMW KOMMOHEHTaMm
11 NPOAYKTaMM ruapataumm LeMeHTa, yNpoyHas rpaHnuy pasgena ¢as. Mokasao, 4To nosble MUKPOCAEPbI ABNAKTCS NEPCNEKTUBHBIM 3aN0NHATENEM
[Ns NONy4eHNs N1erkux 6eTOHOB C NMOBbILIEHHLIMU 3KCMJyaTaLUMOHHBIMU CBOCTBAMU. YCTAHOBIEHO, YTO KO3(MULNEHT TPELLUHOCTONKOCTN TaknX
6€TOHOB, OLiEHMBAEMbIii N0 OTHOLLEHMIO Npefena NPOYHOCTN Npu U3rnbe K npefeny NPOYHOCTU NpM CXaTu, CONOCTaBUM C NoKasaTenem
MeSIKO3EPHUCTbIX BbICOKOMPOYHbIX TSHXKENbIX 66TOHOB 1 cocTasnset 6onee 0,1. MoguduumposaHme noBepxHOCTH NOMbIX MUKPOCHEP HAHOPA3MEPHbIM
MOLMNKATOPOM Ha OCHOBE KOMJIOMAHbIX PACTBOPOB MMAPOKCMAR XKene3a u KpeMHWEBOW KNCIOTbI AN1S1 YBENMYEHUS aAre3nn Ha rpaHuue pasgena gas
NPUBOANT K CHKEHUIO NPOAOSIbHBIX U MONepeyHbIX fedhopmaLi BbICOKONPOYHbIX nerkux 6eToHoB Ha 7-12% un 8,5-16,5% cooTteeTcTBeHHO. Moaynb
YMpyrocTn HAaHOMOANMULMPOBAHHOIO BbICOKONPOYHOTO NIerkoro 6eToHa coctasnser 6-8,5 [Ma, a koadppuumeHt lMyaccona — 0,08-0,14.
VIHTE@HCMBHOCTb TPELLMHOO06PA30BaHNA BLICOKOMPOYHOIO Nerkoro 6eToHa npu BO3AECTBMN YCA[04HbIX HANPSHXKEHNIA CHKaeTCa Ha 56,9% npu
1CNONb30BAHNN NONbIX MUKPOCKEP, aNNPETUPOBAHHbIX aKTUBHBLIM HAHOMOANUKATOPOM.

KntoyeBble cnosa: BbICOKONPOYHbIA NErkui 6ETOoH, KOHCTPYKLMOHHBIN NErkuii 6€TOH, nonble MI/IKpOCCbebI, HaHOMOﬂVId)VIKaTOp, HaHOTEXHOOrnn.

A.S. INOZEMTCEV, Candidate of Sciences (Engineering) (InozemcevAS@mgsu.ru),
E.V. KOROLEV, Doctor of Sciences (Engineering), director, research and educational center «Nanomaterials and Nanotechnology»
Moscow State University of Civil Engineering (26, Yaroslavskoe Highway, Moscow, 129337, Russian Federation)

Deformations of High-Strength Lightweight Concrete Having Hollow Microspheres and Method of Reduce Them*

The paper presents the researching results of deformation properties of the high-strength lightweight concrete with hollow microspheres. The method of increasing the fracture tough-
ness of high-strength lightweight concrete with aluminosilicate microspheres by using the modifier as a coupling agent on the surface of the microparticles of aggregate is proposed.
The hollow microspheres are perspective filler for lightweight concrete with high performance characteristics; the increasing of content of the spherical microparticles in the concrete
composition promotes to forming close-packed structure with low deformations. The coefficient of fracture toughness of the high-strength lightweight concrete is comparable with the
same parameter for fine-grained high-strength heavy concrete (more than 0.1) and is limited by strength characteristics of micrometric particles of aggregate. It is to create the active
iron-silica shell on the surface of the hollow filler, which interacts with the major components and products of the cement hydration and reinforces the phase boundary. The proposed
method of modifying allows to reduce the longitudinal and transverse deformations of the high-strength lightweight concrete at 7-12% and 8.5-16.5% respectively. The elastic modulus
of the high-strength lightweight concrete is 6-8.5 GPa, and Poisson’s ratio is 0.08-0.14. The nanomodifier reduces the intensity of the cracking under the influence of shrinkage stress-
es of high-strength lightweight concrete by 56.9%.

Keywords: high-strength lightweight concrete, structural lightweight concrete, hollow microspheres, nanoscale modifier, nanotechnology.

B Hactosiiee Bpemsi 0OLIENTPU3HAHHON MUPOBOM TEH-
NIEHIIMEeN ABISIeTCS pellieHre 3a1a4u 110 KOMOMHUPOBAHUIO
MOJIOXKUTEJIbHBIX KAueCTB TSKEJbIX M JIETKUX LIEMEHTHBIX
6etoHOB [1—5]. HakoruteH Goratblit onmbIT [6—9] cozmaHust
KOHTPYKIIMOHHO-TETUIOU3OJISILIMOHHBIX MaTepUaioB, TMpU-
MEHEHUE KOTOPbIX MO3BOJUT CHU3UTh 3aTPAThl CTPOUTEIb-
CTBa 00BEKTOB MPOMBIILJIEHHOTO U T'PaXXIaHCKOTO Ha3Hayve-
Hus. B Poccun wist co3naHus Takux 6€TOHOB IMPEIIOXEHO
HCIIOJIB30BAaTh IOJIbIe CTEKJISTHHbIC WJIM aJTIOMOCUJIMKATHbBIE
mukpocoepbl [10—13]. CymiecTByeT mpakTuka MpUMeHe-
HUS JIETKUX OETOHOB Ha IIOJIBIX MHMKpocdepax B JOPOXK-
HBIX IUIMTax IPU PeKOHCTPYKIIUKU MocTa yepe3 Boary [14].
B [15, 16] moka3aHo, 4TO YBEJIMYEHUE JOJIU

Currently, the task of combining the positive qualities
of light and heavy cement concrete is a recognized global
trend [1—5]. Extensive experience [6—9] in establishing
constructional and thermal insulation materials is accu-
mulated around the world. In Russia [10—13] the using of
the hollow glass and alumina-silicate microspheres is sug-
gested for creating the such concrete. There are practical
applications of lightweight concrete with microspheres for
road plates in the reconstruction of the bridge over the
Volga-river [14]. Authors [15, 16] shown that increasing
the volume fraction of the hollow microspheres promotes
to forming the close-packed structure where microsized

MOJIBIX MUKPOCdEp B cOcTaBe GETOHA MIPU- Tabnuua 1
BOAUT K (POPMHUPOBAHMIO IJIOTHOYMAKO- Table 1
BAHHOM CTPYKTYPBHI, B KOTOPOIi GJIM3KO pac- Conepxarive, %

MOJIOXEHHEIE TONble MUKpOCQEpHl CITO- Content, %

COBCTBYIOT BETBJICHUIO TPELMH U MOBBILLE-

HUIO YIEIbHOI MPOYHOCTH (paHee YKA3aH- | CoeavHeHve CsS C,S CsA C,AF

HOE CBOICTBO MMeJo HazBaHue «kKo3(hdu- | Compound 615 16.1 6.2 6.2
LMEHT KOHCTPYKLIMOHHOTO KadyecTBa») 3a i i ' '

CYET MEHBLIEN CKOPOCTU CHUXXEHUS TIPeLie- BeuecTeo SiO, | Al,O; | Fe,05 | CaO | MgO | SO; | CIT | CaSO, | R,O | MAM/LOI
JIa TIPOYHOCTH TIPU CXKATUU, YEM CKOPOCTb

CHWXXEHMS CpelHell IUIOTHOCTH. To ecTh Substance 2341 s 4 [604] 11 ]28 [0008] 54 |O75] 17

* Tleyataetcst mpu rmomnepxkke rpanrta [pesunenta P® mononsiM yauernsim MK-5950.2015.8.
* Supported of the grant of the President RF for young scientists MK-5950.2015.8.
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Ta6nuua 2
Table 2
MpoeKTHas NAOTHOCTb, CopnepxaHue KOMMOHeHTa, % Mac.
Cocras X10° kr/m3 Content, % mas.
Composition ) . —
label PVOJeC;f den3|3ty, LlemeHTt Mukpocdepsl KBapLieBbIii necok MunepanbHble fo6asku Bopa* s
X10° kg/m CementC | Microspheres MS Quartz sand QS Mineral additives MA Water W*
0 24 29,7 - 43,2 17,8 9,3
1; 4
1 4m 1,3 48 21,8 2,8 9,9 17,5
2;5" 100
0. 5 1,4 44,6 18,5 9.2 14 16,2
3; 6"
3. M 1,5 41,6 15,6 14,9 12,8 15,2

Mpumeyanus: CocTas 0 — MENKO3EPHUCTBIN BbICOKOMPOYHbIV TsXenbii 6eTOH; cocTaB 1-6 — BbICOKONPOYHbIA Nerkuin 6eToH; rae MHAEKC «M» 0603Ha4YeHbI CocTa-
Bbl, MPUrOTOBNEHHBIE HA MOAMUDULMPOBaHHBIX MKpochepax; * ¢ y4eToM pacxofa nnactuduumpytowein nobasku Melflux 1641F 0,8% oT macchl LiemeHTa.

Notes: Composition 0 — composition of the fine-grained high-strength heavy concrete; Composition 1-6 — composition of the high-strength lightweight concrete,
where index m - composition with modified microspheres; * There is taken into account the content of the plasticizer (Melflux 1641F) 0,8% by weight of cement.

Ta6nuua 3
Table 3
O6bemHas nons CpepaHsas nnoTHOCTb Mpepen npoyHoCTM Koadpuupent
CocTaB nonbIX MUKpocdep vy Dcp, X108 kr/m® npuv n3rnbe Rysr, MMa fpenen NPOIHOCTY MpU CXATYM TPELLMHOCTONKOCTY Ky
. ) . (kybukoBasi NPOYHOCTB) Rex, MMa .
Composition | Volume fraction of the | Average density Ocp, | Flexural strength Ry, Compressive strength (cube) Reom, MPa Coefficient of fracture
hollow microspheres vy x10% kg/m® MPa P 9 o toughness
0 0 2,32 19,1 115,1 0,166
1 0,532 1,25 4,9 45,3 0,108
2 0,485 1,35 6,6 47,6 0,139
3 0,438 1,46 7,8 54 0,145
4M
4m 0,532 1,28 5 49,7 0,101
5M
5 0,485 1,37 57 51,4 0,11
6M
el 0,438 1,48 7,3 62,1 0,116

HCTOJIb30BaHME MUKpochep MpaBUIbHON TeOMETPUIECKOit
dopMBI B cocTaBe GeToHa 00OeCITeYMBAET IKCTPEMABHYIO
3aBUCUMOCTb U3MEHEHUS YIEJIbHOM MPOYHOCTU OT CpeIHEH
maoTHocTy. OaHAKO, HECMOTPS Ha MePCIeKTUBHOE coveTa-
HUe HU3KOM CpeiHel MIOTHOCTHU 1 BBICOKO TPOYHOCTH Ta-
KHX BBICOKOMPOYHBIX Jerkux 6eroHoB (BITJIB), mis nx pe-
aJM3aliy B Harpy>KaeMbIX KOHCTPYKIIUSIX HEOOXOAMMO yjie-
JISITh 0c000€ BHUMaHUEe nehopMaTUBHBIM CBOWCTBaM TpU
BO3JEHCTBUY SKCIUTyaTallMOHHBIX HATPY30K.

UccnenoBanue nedpopMaTUBHBIX CBOMCTB BHICOKOIIPOY-
HOTO JIETKOTO OeTOHa OCYIIECTBJSJIOCh Ha cOCTaBax, Mpu-
TOTOBJIEHHBIX C MCIOJb30BaHUEM TMOpPTJaHIlleMEeHTa
CEM 1-42.5 R npousBoactesa OAO «MoppoBlLeMeHT»
(I'OCT 31108—2003 «IlemeHTBI OOIIECTpOUTEIbHEIE. Tex-
HUYECKUE YCIIOBUSI»); XUMUKO-MUHEPATIOTUIECKUI COCTaB
KJIMHKepa IpeacTaBieH B Ta0. 1.

MuHepaiibHasl 4acTh INpeACTaB/ieHa KPEeMHE3EMUCTHIMU
(bpakimsiMy pa3IUYHON AUCTIEPCHOCTH: KBaplEeBbIi MECOK
(¢ppaxkuuu 0,16—0,63 MM), KamMeHHass Myka (yHoeiabHas TO-
BepxHocTh 700—800 M?/KT) M MUKpoKpeMHe3eM. Jucrepc-
HBII COCTaB BHIOMPAJICS UCXOIs U3 TPeOOBaHUS 00eCIICUSHMS
(bopMuUpoOBaHMS TUIOTHOTO KapKaca 3a CUeT 3aIllOJIHeHMST Ya-
CTULIAMU MEJIKUX (DPaKIMi MyCTOT MEXIy YaCTULIAMU KpYTI-
HbIX (ppakiuii. B kauecTBe yHKIIMOHAIBHOTO HATTOJTHUTEIIS
ObLTM BBIOpPAHBI TIOJIbIE ATIOMOCWJIMKATHBIE MMKpPOCHepbl
(cpennuit nuametp vactul 70 MKM) ¢ cogepxanueM SiO, u
Al,O; B xonuuectBe 58—62 1 32—38% COOTBETCTBEHHO.

OnpeneneHre pu3NKoO-MeXaHUIECKHX CBOMCTB OCYILECT-
Bistu 1o FOCT 10180—90 «betoHbl. MeTombl onpeneaecHUst
MPOYHOCTHU TIPU CKATUM U M3THUOE 1O KOHTPOJbHBIM 00pas-
am» (or ASTM C39/C39M «Test Method for Compressive

HAYMHO-MeXHU4eCKUil U npou3800CEeHHbLIL HCYPHAN g POVIIED]
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Puc. 1. CnekTpbl KOMOMHALMOHHOIO paccenBaHns, AeMOHCTPUpYoLmne
MNOBbILLEHWNE OTHOCUTENIbHOM MHTEHCMBHOCTM NUKOB Npu 278, 989 n 185 cm!
Ha rpaHuvue pasfena LeEMEHTHbIV KaMeHb/MUKpocdepbl, XapakTePHbIX Ans
BHYTpeHHMX aedopmaumii cesaseit Si-O n O-Si-0, 4To cBnaeTenLcTeyeT 06
o6pas3oBaHnM JOMNONHUTENbHLIX CUNKATHLIX coeanHeHuin: 1 — KP-cnekTp
LLeMEHTHOro kamHs; 2 — KP-cnekTp rpaHuLbl pa3aena LeMEHTHbI KaMeHb/
Mukpocdepa; 3 — KP-cnekTp rpaHuupl pasaena LeMeHTHbI kKaMeHb/Moaun-
drumnpoBaHHas mmkpocdepa

Fig. 1. Raman spectra which demonstrate the increase of the peaks
intensity at 278, 989 and 185 cm™' on the interface of cement stone/
microspheres for internal deformation of the Si-O and O-Si-O bonds that
indicates the formation of the additional silicate compounds: 7 — Raman
spectra of cement stone; 2 — Raman spectra of the interface boundary
between cement stone and microsphere; 3 — Raman spectra of the interface
boundary between cement stone and nanomodified microsphere

particles of filler provide to branching the cracks and in-
creasing the specific strength. However, implementation
of such a combination of low average density and high
strength of the high-strength lightweight concrete (HSLW)
in practice requires a special attention to the structure and

arl=)E
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Strength of Cylindrical Concrete Specimens») Ha oOpa3iax-
Ky0ax 70 MM 1 6anoukax 40x40x160 MM COOTBETCTBEHHO, Ha
cepBoruapaBiInyeckoM mpecce «Advantest 9» ¢ mporpamm-
HBIM yrpaBieHueM. MoIyib YIPYrocTd v KO3(h(MUIUEHT
Ilyaccona onpeaensiiu B coorBetctBuM ¢ 'OCT 24452—80
«beroHbl. MeTompl onpeneeHns] TPU3MEHHON TTPOYHOCTH,
Momyis yrpyrocty u Koadgduimenta Ilyaccona» (or ASTM
C469/C469M — 14 «Standard Test Method for Static Modulus
of Elasticity and Poisson’s Ratio of Concrete in Compression»)
Ha oOpa3iax-rpusmax pazmepom 70x70x280 mm. UcnibiTaHust
MPOBOIMIUCH Ha Tpecce «Advantest 9» ¢ JaTymKamMu BHICOKOM
TOYHOCTH (YHMBEPCAIBbHBIN B3IEKTPOHHBINA 3KCTEH30METP)
yyBcTBUATENBHOCTEIO 10 0,02 MkM (ASTM C469, 1SO 6784,
DIN 1048, UNI 6556)".

KoadbdulMeHT TpeliMHOCTORKOCTA OLEHUBAIA METO-
moMm MUUT [17, 18]. JdBe cepum oOpa3loB B BO3paCTe
28 cyT BBIIEP>KUBAIUCH B BOZIE B TeUeHUE 6 cyT. OTnipenetsiics
Tpenes MPOYHOCTY TIPU CKAaTUU M M3rube IJIsT TIepBOii ce-
pumr 00pa3LoB B BOAOHACHILICHHOM cocTosHUU (R'), st
BTOpPOM cepuu — IIOCJIe BhIAEPXKMBAHUS B TeueHHe 24 4 B
BO3IYIITHO-CYXUX YCJIOBUSIX NMPU OTHOCUTEIBHOM BIaKHO-
ctu Bo3myxa oT 40 mo 60% u temreparype 30—40°C (R").
Tak Kak o1 JeiCTBUEM YCaIKU U IPYTUX (PaKTOPOB ITPOMC-
XOIWUT 00pa3oBaHNe Pa3IMIYHOTO POJIa JOKAIBHBIX TPEIIHH,
TPEIIMHOCTOHKOCTh OLIEHMBACTCSI 1O dbopmyre:

ko= R

B mpoliecce aKcITyaTaliii Matepual UCIbITHIBAET BO3-
JIECTBHE PA3TUIHBIX 3KCITTyaTallMOHHBIX (DaKTOPOB, KOTO-
pBIe TIPUBOIST K 00pa30BaHUIO TPEIIMH U pa3pyIIeHUIO MaTe-
puana. [ToaToMy IUISI OLIEHKU TPEIMHOCTOMKOCTH BBICOKO-
MPOYHBIX JIETKUX OETOHOB MCHOJIb30BAIU KOA(PPULIMEHT Tpe-
IIMHOCTOMKOCTH, XapaKTepU3YIOIIMiI OTHOLIeHUE Mpeaea
MPOYHOCTH TPU U3TMOE K MpeIey MPOYHOCTU MPU CKATUU.
HccrenoBaHue oCylIECTBISUIOCh HA COCTaBaX BbICOKOIIPOY-
HOTO JIETKOTO 6eToHa (TabJ1. 2) Ha TTOJIBIX aTIOMOCHIMKATHBIX
mukpocdepax. Tak kak 1pu (pOpMHPOBAHUM TIPOYHOM
LIEMEHTHO-MUHEPAJIbHON MaTPULIbl, 00BOJAKMBAIOLIEH MM-
KPOYACTULIbl HATIOJIHUTEJIS, IPOLIECCHI PA3pyLIEHUsI MaTepHU-
ajia OyayT 3aBUCETh OT XapaKTePUCTUK CLETUICHUS LIEMEHTHO-
T'O KaMHSI M HANOTHUTESI. 115 TOBBIILIEHUST COMIPOTUBIISIEMO-
CTU K (hOPMUPOBAHUIO W PA3BUTHIO TPEUIWH 1IEIeCO00pa3HO
HCITOJTb30BaTh METOJIbI, MOBHIIIAIONINE aAre3uio Ha TpaHulle
pasnena da3. B kauectBe MoaugurKaTopa npemiokeHa HaHO-
pa3MmepHas nobaBka «BisNanoActivus» Ha OCHOBE 30JIs1 THU-
JIPOKCHIIA XKeje3a U KpeMHUEeBOoi Kuciaotel [19, 20], npume-
HEeHUE KOTOPOil OCHOBBIBAETCSI Ha €€ HAHECEHUU Ha TOBEPX-
HOCTb MUKpOchep. XUMUUECKOe B3aUMOACHCTBUE, MHTEHCU-
uupyemoe mpemaraeMbIM MOIU(MUKATOPOM, OOECTIeUnT
(bopMupoBaHue AOMOJHUTEIBHBIX MPOAYKTOB THApATALIUN B
30HE KOHTaKTa (puc. 1) ¥ YIpOYHUT IpaHULly pazaena (as.
AHaJIM3 UccIeayeMbIX CBOMCTB OCYIIECTBIISUICS B CPABHEHUU
C TTOKa3aTeJIsSIMU BBICOKOIIPOYHOTO MEJIKO3EPHUCTOTO TSIKe-
Jioro 6etoHa. Pe3ynbraThl MCciie[oBaHU ITOKa3aHbI B Ta0. 3.

IIpencraBneHHble B Tab. 3 SKCIIEpUMEHTATbHBIC TaH-
HBbIE CBUIETEIBCTBYIOT O TOM, YTO pa3pabOTaHHbIE BBICOKO-
MPOYHBbIE JIETKHE OETOHBI 00J1a1al0T COMTOCTABUMBIMU C BbI-
COKOIIPOYHBIM TSIKEJIbIM MEJKO3ePHUCTBIM OETOHOM TTOKa-
3aTeJIeM TPEIIMHOCTOMKOCTH, pACCUUTAHHBIM KaK OTHOIIIE-
HUe TIpeiesia MPOYHOCTU TIPU U3TUOE K TIpeaeTy TTPOYHOCTH
npu cxatuu. [IpM 3TOM CHMXKEHHME CpemHel TUIOTHOCTH
JIETKOTO GETOHA 3a CYeT YBEJIMUYEHMSI COACPKAHUS TTOJIBIX
MUKpochep NMPUBOAUT K CHUXKEHUIO YKa3aHHOTO TToKa3aTe-
Jisl, 4TO OOBSICHSIETCSI YMEHbBILIEHUEM TOJIIMHBI TTPOCTONKU
LIEMEHTHOTO KaMHs. BUIHO, 4TO cocTaBbl HEMOAU(DUIINPO-
BaHHOTO BHICOKOIIPOYHOTO JIETKOTO 6€TOHA 001agatoT 00JIb-
muM Ha 6—20% (B 3aBUCUMOCTH OT CpPeIHEe! TIJIOTHOCTH)
K02 PULIMEHTOM TPEIIMHOCTOMKOCTH IO CPAaBHEHUIO C 00-

deformations of this material under the influence of oper-
ating loads.

The Portlandcement CEM I-42.5R («<Mordovcement»)
was used for preparation the test samples of the concrete
with the next chemical composition:

The mineral part of concrete mixture includes siliceous
materials different dispersion: quartz sand (fraction —
0.16—0.63 mm), stone powder (specific surface area —
700—800 m?/kg) and microsilica (particle size — less than
10 mkm). The hollow alumina-silicate hollow micro-
spheres was chosen as a functional filler with SiO, and
Al,O5 content in the amount 58—62% and 32—38% re-
spectively.

The physical and mechanical properties was deter-
mined using by the samples of the cubes 70 mm and prisms
40x40x160 mm according to ASTM C39/C39M «Test
Method for Compressive Strength of Cylindrical Concrete
Specimens». ASTM C469/C469M — 14 «Standard Test
Method for Static Modulus of Elasticity and Poisson’s
Ratio of Concrete in Compression» was used for determi-
nation of Elastic modulus and Poisson’s ratio by the
prisms 70x70x280 mm".

The coefficient of fracture toughness was evaluated by
the MIIT method [17, 18] according to formula:

R"

et}

R

where R' — flexural or compressive strength of the water-
saturated samples for 6 days, MPa; R" — flexural or com-
pressive strength of the dried samples in condition at the
relative humidity from 40 to 60% and temperature 30—
40°C, MPa.

The different operational factors lead to the formation of
cracks and destruction of the material when it is operated in
constructions. That is why relation of tensile and compres-
sive strength as a coefficient of fracture toughness is impor-
tant characteristics for structural concrete. In this research
the composition of high-strength lightweight concrete
(Table 2) was used. The processes of destruction depend on
adhesion properties of the cement stone to filler particles.
For increasing the resistance to forming and development of
the cracks need to use the methods which improve strength
in the interface boundary. The nanoscale additive
«BisNanoActivus» [19] based on sol of iron hydroxide and
silicic acid is offered as a adhesive. The chemical interaction
intensified by the proposed modifier will provide to forming
additional products of cement hydration in the contact zone
(Fig. 1) and will strengthen the phase boundary.

The analysis of the examined properties was carried out
in comparison with the high-strength fine-grained heavy
concrete. The results of studies are shown in Table 3.

The experimental data in Table 3 show that developed
high-strength lightweight concrete has fracture toughness
comparable with heavy concrete. It can be seen that the
increasing the content of the hollow microspheres leads to
a decrease of this parameter. It is explained by smaller
thickness of layer of cement paste at low average density of
concrete. The compositions of the unmodified high-
strength lightweight concrete have more fracture tough-
ness comparable at 6—20% (depending on the average
density) than composition with nanomodifier.

The reason for this decreasing of the fracture toughness
is exclusively arithmetic:

kf!:

— Rfs
ft_ Rcom ’
where Ry 1 R, — flexural and compressive strength, re-
spectively.

k

* [TompoOHast nH(oOpMaLMs 0 TEXHUYECKUX XapaKTepUCTUKAX UCIOIb3yeMOTro 000pyIoBaHUs Ha cailTe www.nocnt.ru/oborudovanie.
* Detailed information on the specifications of the equipment used on the site www.nocnt.ru/oborudovanie
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Ta6nuua 4
Table 4
CocTaB Ocp, %103 |<r/M3 Rex, MMa YpaensHas npoyHoCTb Ry, MMa MprameHHas Npo4HoCTb Ryp, MMa
Composition Dcp, X10% kg/m® Reom, MPa Specific strength Ry, MPa Prism strength Ry, MPa
1 1,29 45,3 35,1 41,8
2 1,38 49,4 35,8 44,2
3 1,48 54,9 37 47
M
2m 1,29 52,2 +15,2%* 40,5 +15,5% 474 +13,4%
5M
5m 1,39 55,2 +11,7% 39,7 +11,1% 49,7 +12,4%
6M
el 1,5 65,8 +19,9% 43,9 +18,7% 56,5 +20,2%
0 2,34 122,2 52,3 93,4

Mpumeyanue: * N3mMeHeHVs nokasatens Ans HaHOMOANMMULMPOBAHHOIO BbICOKOMPOYHOTO IErkoro 6eToHa N0 OTHOLLEHMIO K COCTaBY C aHalorM4HOI cpes-
He NNoTHOCTbIO 6e3 HaHoMoaMdMKaTopa.
Notes: * changes for nanomodified high-strength lightweight concrete in relation to the composition with the same average density without nanomodifier.

Ta6bnuua 5
Table 5
OTHOCUTENbHBIE NPOAONBHLIE . 5 Mogaynb ynpyroctu KoadduupeHt
Cocras N 6 OTHOCUTENbHbIE NONepeyHble Aepopmaumn® €, X10
Composition Aeopmauuw” £, x10 Transverse deformation (respectively)* €5, X106 E IMa rlyaccora
Relative longitudinal* ¢,, X108 2 Elastic modulus E, GPa | Poisson’s ratio u
1 2163 279 5,55 0,129
2 2210 314 7,25 0,142
3 2678 214 7,47 0,08
M
jm 2002 -7,4% 233 -16,4% 6 +8% 0,116 | -9,7%
5M
5m 2053 -7,1% 278 -11,5% 7,8 +7,6% 0,136 | -4,7%
M
gm 2347 -12,3% 195 -8,6% 8,52 +14,1% 0,083 | +4,2%
0 1669 142 19,2 0,085

Mpumeyanne: * €, 1 &, — Npu BennumHe Harpysku 30% OT paspyLualoLLei.
Notes: * ¢, and ¢, — at 30% load from breaking value.

pasiiamu, U3roTOBJIEHHBIMM ¢ KOMITJIEKCHBIM HaHOPa3Mep-
HbIM MoaudukaTopoMm. IlpuumHa MOJOOHOTO CHIKEHMS
TPEUIMHOCTOMKOCTU HUCKIIOYUTENbHO apubMeTrnyeckas:
MMeeT MECTO YBeJIMUEHUE Mpeesa MTPOYHOCTU MPU CKATUU
HaHOMOAU(PUIIMPOBAHHOTO BBICOKOIIPOYHOTO JIETKOTO Oe-
TOHA 3a CUET B3aMMOJCIICTBUS KOMITOHEHTOB HAHOMOAN(DH -
KaTopa ¢ IEeMEHTOM U IIPOAYKTaMU ero ruaparauuu (puc. 1)
MPY COXPAaHEHWM WJIM HE3HAYWTEJbHOM YBEJIWYEHUM TIpe-
Jiesia MpOYHOCTU Mpu u3rude. [1oaToMy 0UeBHIHO, YTO TO-
NIOOHas! OlIeHKA HE MOXKET MCUEPITbIBAIOIIUM 1 aIeKBATHBIM
00pa3oM XapaKTepu3oBaTh KaK TPEUIMHOCTOMKOCTh, TaK U
3 HEKTUBHOCTD MPEITOKEHHON METOIUKHY €€ VIIyJIIeHMSI.

Kak moka3zano B Tabi. 4, mpemioKeHHBIM KOMILIEKC-
HBII MOITMGbUKATOP, HAHECEHHBII Ha TTOBEPXHOCTh TOJIBIX
MUKpochep, BHIMOMHSS (DYHKIIMIO aAre3uBa, yBeJIMYUBaeT
MPOYHOCTHBIE MOKAa3aTeJu BbICOKOIPOYHOTO JIeTKoro oe-
ToHa Ha 12—20% He3aBUCUMO OT €r0 CpeIHel TIIOTHOCTH,
YTO CBSI3aHO C YBEJIMUEHUEM COMPOTUBIISIEMOCTU CTPYKTY-
pbI 6eTOHA K (hOPMUPOBAHUIO 1 PA3BUTHUIO TPEIIMH.

JI7151 OLIEHKM XapaKTepUCTUK pa3pylIeHHs] BBICOKOIIPOY-
HOTO JIETKOTO OeTOHA M BJIMSIHUSI HA HUX MPEIJIOKEeHHOIO
MoaubUKaToOpa BHIMOJHEHbI UCCIE0OBAHUST BEIUUUHBI Jie-
opmanmit ipu Bosaeiicteuu 30% paspymiaronieit Harpys-
K. Pe3ynbTaThl 3KCIepUMEHTAIbHBIX UCCIIETOBAHU TIPEI-
CTaBJICHBI Ha pUC. 2 ¥ B Ta0JI. 5, TA¢ TTOKa3aHbl rpadpuKy n3-
MEHEHUST OTHOCUTEIBHBIX TTPOAOJIbHBIX U TIOTIEPEUHBIX JIe-
dopManuit OT NPUIOKEHHOU HArpy3Ku.

M3 Taba. 5 BuaHO, yTo medopMalii B TIPOJOJIHHOM U
MOTIEPEeYHOM HAIpaBJIEHUSIX Y BBICOKOIIPOYHOTO JIETKOTO

HAY4HO-MeXHU4eCcKUil U npou3800CMEeHHbLIL HCYPHAA g POVIIED]

The interaction of the nanomodifier components with
cement and hydration products (Fig. 1) provides to in-
creasing of compressive strength at the constant of the
flexural strength. Therefore this parameter can not ex-
haustively and adequately to characterize the fracture
toughness and efficiency of the proposed method to im-
prove it.

The table 4 shows that the proposed complex nano-
modifier on the surface of microspheres performing the
function of the adhesive increases strength values of high-
strength lightweight concrete by 12—20% regardless of its
average density. These are due to the increase in resis-
tance of the concrete structure to forming and develop of
cracks.

For evaluation of the destruction characteristics of the
high-strength lightweight concrete and influence modifier
on these properties was performed the research of the de-
formation values at 30% of the breaking load. The results
of experimental research are presented in Fig. 2 and
Table 5 where diagrams of the longitudinal and transverse
deformations of high-strength lightweight concrete and
nanomodified high-strength lightweight concrete are
shown.

It can be seen that relative longitudinal and transverse
deformations of the high-strength lightweight concrete
more than deformations of the fine-grained high-strength
heavy concrete at 17—42% and 1.37—2.21 times. This is
because the presence of microspheres with low elastic
modulus in the structure. The hollow particles destroy

arl=)=E
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6erona Ha 17—42% u B 1,37—2,21 pa3a 60jb- Ta6nuua 6
1Ie, ueM AecOpMaLd MEJIKO3ePHUCTOTO BbI- Table 6
COKOIIPOYHOTO TsLKeJIoro 6eroHa. O4eBUIHO, Coctas | Ry, MMa | Rex, MMa | R'yors MMa | R'ex, MMa | kup 10 Rexe | kip 10 Rie
9TO HAJIMINE MEHEE IUIOTHBIX KOMIIOHEHTOB C |l composition | R's, MPa | R'com, MPa | R, MPa | Rcom, MPa | ki from Reom | k& from R
MEHBIIMM MOJIYJIEM YIIPYTOCTH, TAKHUX KaK I10-
JIble MUKPOC(EpsI, IIpH BOSHUKHOBEHMM Ha- 1 4.92 44.6 1,42 A1 0,919 0,289
IPYy30K OyIeT COIpOBOXIATHCSI MX paspylle- 2 6,5 48,4 1,75 44,7 0,924 0,269
HUEM, YEM U 00BsICHSIETCS CYLICCTBEHHOC OT- 3 7,04 53,7 1,87 49,3 0,918 0,266
JIMYKe BeTUIMHBI AeopMaliii BEICOKOIIPOY- -
HBIX JIeTKuX 6eToHOB. [IpM 3TOM BUIHO, 4TO 4m 5,28 50,2 2,13 457 0,911 0,403
COCTaBBI 13 n 4" co cpenHell MIOTHOCTHIO 4

o o M
1290 xr/M’ 0o6nagalT MeHbLIER BETMYMHON 5m 6,07 52,1 256 472 0.906 0,422
MIPOJOJBHEIX M IOMEPEYHBIX ae(opMalmii, 5
4yeM cocTaBbl 2, 3, 5™, 6™ ¢ GosbliIell IUIOTHO- 6"
CTBI0. DTO MOATBEPXKIAET TUIIOTE3Y O TOM, UTO P 731 60,3 3,22 56 0,928 0,44
MOJTble MUKPOCGhEPHI, SIBISSICH €CTECTBEHHbI-
MU JedeKTaMy CTPYKTYphI, TIPU YBEJIMYEHUU UX KOJIWYe- @ 25

CTBa TIPUBOIST K MHTEHCUBHOMY BETBJICHUIO TPEIMH, pa3-
BUTHE KOTOPBIX B MAarvCTPAJbHYIO TPEIIMHY MPOUCXOIUT
pu OOJIBIIMX Harpy3Kax.

CpaBHUTEJbHBIN aHAIU3 TaHHBIX PUC. 2 1 TabJ. S TToKa-
3bIBAET, YTO COCTABbl BLICOKOMPOYHOTO JIETKOTO 6€TOHA 00-
JIaIatf0T MEHBIIUM I10 CPABHEHUIO C TSAXKEJTbIM GETOHOM MO-
IyJIeM YIIPYrocTH, a OoJjbllee 3HaueHHe Kod(hdulMeHTa
ITyaccona st Takoro 6eToHa CBUAETENIBCTBYET O MEHbIIIEH
XPYIKOCTH pa3pylIeH’sI BBICOKOIIPOUHBIX JIETKUX OETOHOB
[0 CPAaBHEHMIO C KOHTPOJIbHBIMU cocTaBamu. O6paboTka
MOBEPXHOCTU MUKpOChep MOAMDUKATOPOM Ha OCHOBE 30JI5I
TMIPOKCHIA 3KeJle3a U KPEMHUEBON KUCJIOTHI 1Tl TIPUTO-
TOBJICHUST BBICOKOTIPOYHBIX JIETKMX OETOHOB TaKXe TOJIO-
JKUTETHHO BIIMSIET Ha CHUXKEeHUE NedopMalinii. YIpouHeHHe
30HBI KOHTaKTa IEMEHTHO-MUHEPAIbHOM MaTPUIIBI U MOJIO-
ro HamoJiHuTens (Taba. 3) CrocoOCTBYET YJAYYIIEHUIO CO-
MPOTUBJISIEMOCTH CHOPMUPOBAHHON CTPYKTYPHI K Aedop-
MammsaM. CocrtaBbl 4%, 5™ 11 6™, IPUTOTOBJIEHHBIE C TIPUMeE-
HeHUEeM HaHOMOAMMUIMPOBAHHBIX ITOJBIX MHKpochep,
umMeroT Ha 7—12 u 8,5—-16,5% wmeHbiue aedopmanuu B
MPOIOJbHOM M TOMEePEeYHOM HaIpaBICHUSX K MPUIIOXKEH-
HOI Harpy3ke COOTBETCTBEHHO. DTO yKa3blBaeT Ha MOBbI-
IIEHUE MOIYJIST YIIPYTOCTH BEICOKOITPOYHOTO JIETKOTO GETO-
Ha Ha 7,5—14% 3a cueT yIUIOTHEHUsI CTPYKTYPhI BCIEACTBUE
B3aUMOJNIEHCTBAS HaHOMOAMMUKATOpA ¢ TPOAYKTAMU TH-
JpaTalivy [ieMeHTa U 00pa30BaHMS TOTIOJHUTEIbHBIX CBSI-
3eil B BUAe TMAPOCUIMKATOB KaJbliMs Ha TpaHMIIe pa3iesa
da3z (puc. 1). ITpu aTOM 3a cueT O60JIee UHTEHCUBHOTO CHU-
JKEHMSI TToNepeyHbIX JedopMalinii HabI01aeTCsl CHUXXEHNE
koapuumenTa ITyaccona Ha 5—10% st cOCTaBOB cpeni-
Heit motHocT! 1300 1 1400 xr/m>.

OO0pa3oBaHKe Pa3IMYHOTO poia JOKAJbHBIX TPEIUH B
Mpoliecce dKCITyaTalluu, TPUBOIAIIEe K CHUXKEHUIO MPOY-
HOCTH, MMPOUCXOIUT TOJ NeWCTBUEM YCAIKU U MHOTHUX ApY-
I'MX BHEITHUX (PaKTOPOB, MTO3TOMY JOMOJTHUTEBHBIM KpPH-
TepreM JJIsT aieKBaTHOM OLIEHKY KO3 (PHUIIMeHTa TPEIMHO-
CTOMKOCTU BBICOKOTIPOYHOTO JIETKOTO GETOHA BBHIOpAaH Me-
ton MUUT [17, 18]. DKcriepuMeHTaIbHEIE UCCIeIOBAHMS
TPEIIMHOCTOMKOCTH 110 TOMY METOMY OCYIIECTBISIUCD 110
1oKa3aTeJsisiM MTPOYHOCTU TP CXKATUM U U3THOE, pe3ysibTa-
THI KOTOPBIX TIPEICTABIICHHI B Ta0JI. 6.

AHanmu3 TabJ1. 6 TOKa3bIBaeT, YTO BO3SHUKHOBEHUE BHY-
TPEHHUX HaIpsDKeHU (BCISICTBHE 3KCTPEMATbHOTO M3-
MEHEeHUs IKCIUTyaTallMOHHBIX YCJIOBUIA: TOMEPEMEHHOTO
VBJIAXXHEHUST W BBICYLIMBAHUSI), IPOLIECCH 00pa30BaHUs U
pPa3BUTHUS TPELIMH B cOCTaBaX HAHOMOAUGUIIMPOBAHHOTO
BBICOKOIPOYHOTO JIETKOro 6eTOHA MPOTEKAIOT ¢ MEHbIIIei
MHTEHCUBHOCTBIO. M crob30BaHMe TpeaiaraeMoro HaHo-
Moau@uKaTopa CHOCOOCTBYET MOBBIIICHUIO TPEIIMHO-
croiikocti Ha 39,4—65,4% mpu pacueTe MO0 M3MEHEHMIO
MpoYyHocTU npu u3rude. IlokazaTenab TPeIIMHOCTOMKOCTU
MpY pacyeTe Mo U3MEHEHUIO MPOYHOCTU MTPU CXKATUU SIBJISI-
eTcsl HeMHGOPMATUBHBIM: U3MEHEHUE He MPEBbIIIAeT cTa-
TUCTUYECKON ITOrpelrHoCcTH 1 coctapisgeT 0,8—1,9%.

(CYPONIENIBHIBIE

Harpyska 6, MfMa
Load ¢, MPa

0 1 1 1 1 1 1 1 1

300 600 900 1200 1500 1800 2100

OTHOCUTENbHbIE MPOAObHLIE AedopmaLn, €106
Relative longitudinal deformation, €106

2400 2700

<>

25

20

Harpyska 6, Mla
Load G, MPa

1 1 1 1 1
50 100 150 200 250 300

OTHOCHTENbHBIE NoMNepeyHsie aedopmauum, €-106
Relative transverse deformation, €106

350

Puc. 2. lnarpammbl 4eOpMUPOBaHNS B MPOSONBLHOM (&) 1 nonepeyHom (b)
HanpaBsfieHMsix 00pasLIOB BbICOKOMPOYHbIX Jlerknx GeToHOB 1 06pasLoB
HaHOMOAMPUUNPOBAHHBIX BLICOKOMPOYHLIX nerkux 6etoHos: 1 — CocTtaB 1;
2 — CocrtaB 2; 3 — Cocras 3; 4 — CoctaB 4"; 5 — Coctas 5"; 6 — CocTas 6™
Fig. 2. The diagrams of the longitudinal (a) and transverse (b) deformations
of high-strength lightweight concrete and nanomodified high-strength
lightweight concrete: 7 — composition 1; 2 — composition 2; 3 — composi-
tion 3; 4 — composition 4™; 5 — composition 5™; 6 — composition 6™

when exposed to more low loads. But Composotion 1 and
Composotion 4™ with average density 1290 kg/m?> have a
less value of longitudinal and transverse deformations than
other composition with higher density. This supports the
hypothesis that hollow microspheres are natural structural
defects and the increasing of their number provides to in-
tensive branching of the cracks that allows to more resis-
tance to cracking.

The Fig. 2 and Table 5 show that compositions of
HSLWC have less elastic modulus than heavy concrete
but more values of Poisson’s ration. The modifying of the
microspheres surface using by nanoscale additive has a
positive effect to reduce deformations and fragility frac-
ture of this concrete. The Composotion 4™, 5™ and 6™
prepared with nanomodifier have less relative longitudi-
nal and transverse deformation at 7—12 and 8.5—16.5%
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Takum o6pa3oM, mpeaIoKeHHasI MeTOAUKA MOINPUII-
pOBaHMS TTOBEPXHOCTU MMOJBIX MUKPOCGhEP aKTUBHBIM IO
OTHOILIEHUIO K IEMEHTY U MPOAYKTaM ruapaTaluy leMeHTa
HaHOMOAM(PUKATOPOM Ha OCHOBE KOJIJIOMAHBIX PACTBOPOB
TUAPOKCUIA XKejle3a 1 KPEMHUEBOM KUCIIOTHI SIBJISIETCST 3¢~
(beKTUBHON IJIST CHUDKEHUST BEIWYMHBI nedopMannii pu
BO3JEHCTBUM CKMMAIOIIMX HArpy30K 3a CUET YIIPOYHEHUS
rpaHMIIbl pa3nena (a3 1eMEeHTHBIM KaMeHb — IOJIble MU-
Kkpochepbl. OnHaKO, KaK MOKa3aHO BbIlIE, HEJOCTATOUHbIE
10 CPAaBHEHUIO C MEJKO3EPHUCTHIMU BLICOKOTIPOYHBIMU TSI~
JKeJIbIMU 0€TOHAMU MOKa3aTeIM MOAYJISl YIIPYTOCTH U KO3(D-
¢unmenra IlyaccoHa HaHOMOAM(PUIIMPOBAHHBIX BBICOKO-
MIPOYHKIX JIETKMX OETOHOB TPeOYIOT morcKa KOMOMHMPO-
BaHHBIX pelleHUI, 00eCIIeYNBAIOLLINX apMUPYIOLLIWI U/ WIn
neMipupyomui 3¢¢exT, 111 CHUXKEHUS BEIUYUHBI BHY-
TPEHHMX HAMPSIKeHUI MPU BO3ACHCTBUU DKCILTyaTallMOH-
HBIX Harpy30K.

Ha ocHoBaHMM TOJY4EeHHBIX PE3YJbTATOB 3KCIIEPU-
MEHTAJIbHBIX HCCICMOBAaHWI MOXHO CAeaTh CICAyIOIIne
BBIBOJIBI:

— ToJible MUKpOCGhEpPHI SBJISIIOTCS MEPCIEeKTUBHBIM Ha-
MOJTHUTEJIEM JUISI TTOJIyYEHUSI JIeTKUX OETOHOB C MOBBILIEH-
HBIMU 3KCIUTyaTallMUOHHBIMU CBOMCTBAMMU; YBEJIMYCHUE
00BbeMHOM 1011 chepruuecKrMX MUKpPOJACTUIL B COCTaBe Oe-
TOHA CITOCOOCTBYET (POPMUPOBAHUIO TUIOTHOYITAKOBAHHOM
CTPYKTYpBI, TIPUBOASIICH K CHUKEHUIO BETUUYMHBI Aedop-
MallMii, BBI3BAaHHBIX WHTEHCHUBHBIM BETBJEHHUEM TpPEILMH
MpY yBeJIUYeHUU Harpy3ku. KoadbuiimeHT TpenmHocTo-
KOCTHU BBICOKOITPOYHBIX JIETKUX OETOHOB Ha TOJIBIX MUKPO-
cepax, OlIeCHUBAEMbIN TTO OTHOIIEHMIO Tpesesia TPOYHO-
CTU TIpY M3THOE K TIpeliesTy TPOYHOCTH TIPU CXKATHUU, COTIO-
CTaBUM C TTOKa3aTeJieM MEJIKO3€PHUCTBIX BHICOKOITPOUYHBIX
TsKeJIbIX 0eTOHOB U cocTaBiiseT 6osiee 0,1 1 orpaHMYMBaET-
Csl MPOYHOCTHBIMU XapaKTepUCTUKAMU MUKPOMETPUUECKUX
YacTUI] HATIOJTHUTEJIS;

— TMpeIoKeHa METOAMKA TOBBIIIEHUST TPEIIMHOCTOM -
KOCTH BBICOKOITPOYHBIX JIETKUX OCTOHOB Ha aJFOMOCHJIN-
KaTHBIX MUKpocdepax, 3aKtovaronascs B CO31aH1HU Ha Mo-
BEPXHOCTH TIOJIOTO 3arlOJHUTENS] aKTUBHOM XEeJIe3MCTO-
KPEMHE3eMUCTO 000JI0UKM, BCTYIAIOLIEH BO B3aMMOEH-
CTBHE C OCHOBHBIMM KOMITOHEHTAMM M MPOIYKTaMU THApa-
TallMM LIEeMEHTa, YIIPOYHSIs TpaHMILy pasaena as;

— YCTaHOBJICHBI 3aKOHOMEPHOCTU U3MEHEHMS echopma-
LI BEICOKOIIPOYHOTO JIETKOrO 0€TOHA OT 00bEMHOI'O COIEP-
JKaHMSI TIOJIBIX MUKpocdep, MoKa3zaHo BIMUSHUE HaHOpa3Mep-
Horo MonucUKaToOpa Ha MOAYJb YIIPYTOCTH U KO3(DGULIUEHT
[TyaccoHa ucciemyeMblx cOCTaBOB. MoauduirpoBaHue Mo-
BEPXHOCTH TIOJIBIX MUKpPOC(hEP aKTUBHBIM HaHOPa3MEPHBIM
MoAM(UKATOPOM Ha OCHOBE 30J151 TMIPOKCHUIA Keje3a |
KPEMHMEBOW KUCOTHI JJIST YBEIMICHUS aare3u Ha TpaHulle
paszaena a3 CriocoOCTBYET CHIDKEHUIO IMPOAOJIBHBIX U MOIIe-
PEeYHBbIX nedopMaliMii BBICOKOITPOUYHBIX JIETKMX OETOHOB Ha
7—12 u 8,5—16,5% cootBeTcTBeHHO. MIHTEHCUBHOCTH Tpe-
IMMHOOOPa30BaHUS BBICOKOIIPOYHOTIO JIETKOTO OeTOHa IIpU
BO3ICMCTBUN YCaIOYHBIX HAMIPSDKEHUH CHIDKaeTcs Ha 56,9%
TIPY UCTTOIB30BaHMU TTOJIBIX MUKPOCGhED, armpeTUPOBAHHBIX
MpeUIOXXEHHBIM HAaHOMOANGUKATOPOM;

— MOBBILLIEHME TTOKa3aTeselt MOAYJIsl YIIPYTOCTU U KO-
(unmenta Ilyaccona HaHOMOIU(PUUMPOBAHHBIX BBICOKO-
MPOYHBIX JIETKMX OETOHOB J0 3HAYEHMI, OJIM3KUX K BBICO-
KOITPOYHBIM TSIKEJIbIM OeTOHAM, TpeOyeT Imorcka KOMOMHU-
POBaHHBIX PEILIEHU, 00eCTIeUNBAIOIINX aPMUPYIOIIUIA 1/
WIN IeMIIUPYIOIii 3(pPeKT.
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than without it. It allows to increase a elastic modulus at
7.5—14.1% due to compaction the structure because of
the forming additional bonds of calcium hydrosilicates in
the phase boundary (Fig. 1). The due to intensive reduc-
ing of the transverse deformation than longitudinal de-
formation the reducing of the Poisson’s ration at 5—10%
is observed for compositions with average density 1300
and 1400 kg/m?>.

The forming the various kinds of local cracks in-service
occurs under the effect of shrinkage and many other exter-
nal factors therefore additional criteria for evaluation of
the coefficient of fracture toughness was chosen method
MIIT. The results of experiments presented in the table 6
characterize the fracture toughness by the flexure and
compressive strength.

The analysis of the table 6 show that the occurrence
of internal stresses (due to extreme changes in operating
conditions: variable wetting and drying), processes of
forming and growth of the cracks into the nanomodified
high-strength lightweight concrete occur with less in-
tensity.

The using proposed nanomodifier allows to increase
the fracture toughness at 39.4—65.4% through the calcula-
tion of flexure strength. The coefficient of fracture tough-
ness through the calculation of compressive strength is not
informative — changing of the values is not more of the
statistical error (0.8—1.9%).

Thus, the proposed modification method of the surface
of the hollow microspheres using by the active to cement
and hydration products modifier based on the colloidal
solutions of iron hydroxide and silicic acid is effective to
reduce of the deformations due to the hardening of the
interface boundary cement stone/hollow filler.

However the improvement of the deformation proper-
ties by using the nanosized adhesive is inadequate as com-
pared with the values of elastic modulus and Poisson’s ra-
tio of the fine-grained high-strength heavy concrete. It
takes to find out combined solutions provides to the rein-
forcement and/or damping effect.

The results of researches in this paper allow to make a
follow conclusions: The method of increasing the fracture
toughness of high-strength lightweight concrete with alu-
minosilicate microspheres is proposed. It is to create the
active iron-silica shell on the surface of the hollow filler,
which interacts with the major components and products
of the cement hydration and reinforces the phase bound-
ary. The patterns of changing the deformations of the
high-strength lightweight concrete on volume content of
the hollow microspheres are researched. The influence of
the nanomodifier on the elastic modulus and Poisson’s
ratio for the studied concrete is shown. The proposed
method of modifying allows to reduce the longitudinal and
transverse deformations of the high-strength lightweight
concrete at 7—12% and 8.5—16.5% respectively. The
nanomodifier reduces the intensity of the cracking under
the influence of shrinkage stresses of high-strength light-
weight concrete by 56.9%.
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[IpoyHoCTb NpU CABUre apMUPOBAHHOIO
basanbTonnactukom (AbIl) 6eToHa

[prMeHeHNe apMMPOBaHHbIX BONOKHAMM NONNMEPOB B CTPOUTENIbCTBE CTANI0 BAXKHOI TEMOIA MCCnefoBaHNiA. ApDMUPOBAHHbIE MONMEPbI UMEIOT MHOIO
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Shear strength of concrete reinforced with basalt fiber reinforced polymer bars (BFRP)

The application of fiber reinforced polymers in construction became an important research topic in construction. Reinforced polymers have many advantages such as high tensile
strength, corrosion resistance, light weight and non conductivity. This study presents an experimental investigation into the direct shear behavior of concrete, reinforced using basalt
fiber reinforced polymer (BFRP) bars, by testing Push-off specimens. The main objective of the study is to compare the behavior of concrete S-shaped push-off specimens reinforced
using ordinary mild steel bars or BFRP bars to the plain control specimens. Twelve specimens were molded and tested under compression force. They were divided into four groups dif-
fering in the type and detailing of their main reinforcement. Based on the obtained results, the equations used to predict the shear capacity of reinforced concrete were modified to suit

the reduced stiffness of the BFRP.
Keywords: basalt fiber reinforced polymer, concrete, strength, shift.

Koppo3sulo cranbHOl apMaTypbl B 6€TOHE MOXHO Ipe-
JIOTBPATUTh MHOXECTBOM CIIOCOOOB, B TOM 4YHCJIe BIOK-
CUJIHBIM TMOKPBITUEM, [IMHKOBAHWEM, KaTOAHOM 3allUTOMN
WY crienuduKaie apMaTypsl U3 HepKaBerolel cTau.
CoBpeMeHHasl TeHACHLIMS HampaBjieHa Ha IPUMEHEHHWE B
0eToOHEe apMUPOBAaHHBIX BOJIOKHOM noiumepoB (ABII), mo-
CKOJIbKY OHU MMEIOT JIETKUI BeC, SIBJSIOTCSI KOPPO3UOH-
HOCTOWUKHUMU U 3JIEKTPUUECKU MTPOBOISIIUMY MaTepralia-
mu [1]. OcHoBHas npobyema ucroib3doBanust ABIT apma-
TYypBl 3aKJIIOYAETCsS B TOM, YTO TMPOYHOCTh apMaTyphbl B
MPOIOJILHOM HaIpaBJIeHUY 3aBUCUT OT ITPOYHOCTU BOJIOK-
HUCTBIX MaTepHAaJIOB, a B MOTIEPEYHOM — OT MPOYHOCTH Ma-
TpUlbl (MoJuMepa). DTO MPUBOAUT K CHUXEHUIO COIPO-
tuBiaeHus ABII HanpsokeHUSIM caBUTa B XeJ1e300€TOHHBIX
ajieMeHTax. JlaHHOe ucciieqoBaHue MPOBOIMIIOCH JIS TIO/I-
TBepXIeHUsT 3¢hGEeKTUBHOCTU MCITOJIb30BaHUS 0a3aibTo-
mwractuka (BII) B xkauecTBe apmatypsl ISl XKeJIe300€TOH-
HBIX 3JIEMEHTOB 1O CPaBHEHWIO C TPAAULMOHHON CTab-
HOM apMarypoi.

IMpoBoaunock cpaBHeHue 3(pdekruBHoct BIT u
CTaJIbHOI apMaTyphbl COMPOTUBJICHUIO HATIPSIKEHUTO CIBU-
ra B XeJe300eTOHHBIX 2jieMeHTaxX. JlJist 3Toro ucnoJyib3yer-
cs1 S-o0pa3Hblii oopasen casura [1—3]. OH cocTouT u3 Oe-
TOHHO# TIPU3MBI C ABYMS YIJYOJICHUSIMU, TTPOXOISIINMU
MEePIEeHANKYJISIPHO €€ MPOAOJbHOM OCHM U CO3MAIOLIUMU
IUIOCKOCTb, HAXOJASILYIOCS TMOJ ACHCTBUEM HANPSKEHUN
cIBUTA MPU cXkaTun obpasua. [IpoBoauTcst cpaBHEHUE TTO-

(CYPONIENIBHBIE

The corrosion of steel bars in concrete could be resisted
using many ways as epoxy- coating, galvanizing, cathodic
protection or specification of stainless steel bars. The modern
trend focuses on the application of fiber reinforced polymers
(FRPs) in concrete because they are noncorrosive, light
weight and electrically non conducting materials [1]. The
main problem of using (FRPs) bars is that the bars’ strength
in the longitudinal direction depends on the fiber materials
strength while the strength in the transverse direction de-
pends on the matrix (polymer) strength. This results in inef-
ficiency of FRPs bars in resisting shear stresses in reinforced
concrete elements. The current study investigates the effi-
ciency of using basalt fiber reinforced polymer (BFRP) bars
as reinforcement in reinforced concrete elements compared
to traditional steel bars.

The current research aims to compare the efficiency of
(BFRP) bars with that of steel bars in resisting shear stress in
reinforced concrete elements. For this purpose, the S-
shaped push-off test specimen is used [1—3]. It consists of a
concrete prism containing two recesses perpendicular to its
longitudinal axis, resulting in a plane that is subjected to pure
shear stresses, when the specimen is subjected to compres-
sion. The behavior of specimens containing different types
and contents of reinforcement is compared to that of plain
concrete specimens. The results are used to modify the equa-
tions [4] used to predict the shear capacity of reinforced
concrete to account for bars with low modulus of elasticity.
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BeJeHMsT 00pa3IoB ¢ apMaTypoii pa3- a b c OcHogHast d

HBIX TUTIOB U MaTepPUAJIOB C OOBIYHbI- P P P CTajlbnas aphatypa - p

MU OeTOHHbIMU oOpasuamu. Ilomy- o i - # - i/ ; Main Steel #

YeHHBIE PEe3yJbTAaThl MCIIOJb3YIOTCS 1 *

st MoauduKaluu ypaBHeHUid [4],

MMPUMEHSIEMBIX ST TIPOTrHO3UPOBa- @ @

HUST MOIITHOCTH CABUTA XeJie300eToOHa Monepeyas

C apmatypon C HHU3KHM MOAYJIEM = apmarypa

VIIPYTOCTH. U i ‘;ﬁ Shear RFT
IIpouHocTh Ha cxkaTue 6eToHa, UC- . Z . .

TTOJTE3YEMOTO B OTJIUBKE 00Pas3IioB, CO- 0

crapnsuia 25 MIla. Cocrasnsoiue | .

cMecH (110 Becy): 1 4acTh — mopTiaaHa- :\%Z —

ueMeHT (Sinai Portland cement); = Q — OcHoBHas

2,59acTu — MEJIKUIi 3aMOJIHUTENb (Tie- CrankHas

COK); 4 yacTW — KPYMHBIN 3aMOJIHU- fr%

TeJb (IpobJeHblii nojaomut) u 0,5 va- 1(//' 44

CTHU TIpecHOM Boabl. Mcronb3oBaHHAs 1 —

apMmaTypa TpencTaBisiia co00i cTalb- | ”

N R

HbIE CTePXXHU IMaMEeTPOM 8 MM, U3T0- .
TOBJIEHHbIE M3 BBICOKOKAYECTBEHHOM
CTaJIM C HUXKHUM TIPEJIeSIOM TEKYYeCTH
390 MIla. IIpenmes mpoyHOCTH Oa3aIb-
TorutactTuka cocrapisier 133 MIla, a
ero Momynp yrpyroctu — 46 ITla.
Huametp npumensiemoir BI1 apmaty-
PbI ObLT 6 1 8 MM.

HcnbiTaHus MpOBOAUIUCH C HC-
MOJIb30BaHMEM JBEHAILIATH 00pa3loB
C OIMHAKOBBIMHU pa3MepamMu U OCHOB-
HOI apMaTypoi, HO pa3HOW IIOCKO-
ctbio caura. Ha puc. 1 moka3aHbI pa3-
MephbI U JaHHbIE T0 OCHOBHOM 1 Tome-
peuHoit apmarype. OOpasibl ObLIU
pasnmesieHbl Ha YeThIpe TIPYIIIHI.
IlepBasg rpymma ObUIa KOHTPOJLHON
6e3 TToTepeyHOo apMaTyphl, TTPOXO.IS-
el yepe3 MI0CKOCTh cBura. Bropas

Puc. 1. S-o6pasHble o6pasubl casura: a — BepTuKanbHas npoekuus; b — 6okoBas Npoekuus;
C — OCHOBHas apmartypa; d — nonepedyHoe ceveHne A-A (Bce pa3Mepsbl AaHbl B CM)

Fig. 1. S-shaped push-off specimen details: a — font view; b — side view; ¢ — main reinforcement details;
d - cross-section A-A; (All dimensions are in sm)

rpymnmna Obula apMUpOBaHa ABYMS psi-
aMU CTaJbHBIX CTepxkHeil. Kaxmprii
PSII COCTOSLIT M3 TPEX CTEPXKHEN Trame-
TpoM 8 MM. TpeThbs Trpymma Obuta ap-
MupoBaHa AByMs psinamu bIT apmartypsl, Kaxkablit U3 KOTO-
PBIX COCTOSUT U3 TPEX CTepKHEH quameTpoM 6 Mmm. YeTBeprast
rpyIina uMesa apMarypy, aHaIOTUYHYIO TPETheil rpyIine, HO
JIMaMeTp CTep>KHEM COCTaBISLI 8§ MM.

OcHoBHast apMaTypa 00pa3iia OueHb BaXKHa JUIsI TIOJTyYe-
HUs TpeObyeMOro BMIa paspyllieHHUs] B IJIOCKOCTU CIBMTA.
OcHoBHas apMaTypa, moKa3aHHas Ha puc. 1, Obuta BeIOpaHa
C 1IeJIbIO TIPEOTBPAILEHUST HeXeJIaTeJIbHBIX Pa3pyIIeHUA.
Ha puc. 2 nokazaHbl 00pa3Lbl 10 U MOCIe YKIAAKU.

WcnbiTanue o6pa3iioB poBOAWIOCH B MICTIbITaTeIbHOM
JabopaTopuu  OeTOHa  MHXeHepHOro ¢akyabTeTa
Erunerckoro-Poccuiickoro yHuepcurera ¢ HOMOIIbIO KC-
MbITaTeIbHOW paMbl. MaKcuManbHasi MPOU3BOAUTEILHOCTh
3arpy3ouHoii pamnl coctapisgeT 1000 kH, a ckopocTh 3a-
rpy3ku — 0,5 kH/c. 3arpy3ka u nepopManini KOHTPOJIUPO-
BaJIMCh C MIOMOIIIbIO perucTpaTopa AaHHbIX, MOAKIIOUEHHO-
IO K KOMITBIOTEDY.

Ha puc. 3 moka3zaHbl BUIbl pa3pylIeHUI JUIST YEThIpEeX
rpynm obpasuoB. Kak BHIHO, Bce 00paslibl MpETepriean
pa3pylieHus B BUJIe TPEIIVH B TUTOCKOCTH CIIBHTA.

Ha puc. 4 npencraBieHbl TUIXYHBIE COCTOSIHUS apMaTy-
PHBI B TUTOCKOCTH CIIBUTA TOCJie pa3pyiieHusi. B rpynmnax 2 u
4 6eTOH ObUT YOpaH C 1IeJIbl0 U3YYEeHUST apMaTypPhl.

BunHo, 4TO CTaNbHBIE CTEPKHU CMECTUIMCH M MECTAMU
norHymich; BIT apmarypa quameTpoM 6 MM pa3pylimiach, B
To Bpemsi kKak BIl apmartypa muamerpom 8§ MM yTpatuia
KECTKOCTD IIpU U3rnoe 0e3 pa3pylleHus, a TakKxKe COXpaHU-
JIa OCEBYIO KE€CTKOCTh, MOCKOJIbKY BOJIOKHA OCTAIMCh HETTO-
BPEXIEHHBIMU. DTO 00ECNeUunsI0 BOCCTAaHOBJIEHUE OOJIb-

HAYYHO-MeXHU4ecKuil U NPOU3800CMBeH b HCYPHAN

Puc. 2. O6pasubl 40 1 Nocne yknagkun
Fig. 2. The Specimens before and after casting

The compressive strength of concrete used in molding the
Push-off samples was 25 MPa. The constituents of the mix,
by weight were 1 unit of Portland cement (Sinai Portland ce-
ment), 2.5 units of fine aggregate (sand), and 4 units of coarse
aggregate (crushed dolomite) and 0.5 unit of fresh water. The
used steel bars were 8 mm diameter high grade steel deformed
bars with 390 MPa yield strength. The ultimate strength of
the basalt fiber reinforced polymer (BFRP) bars equals to
133 MPa and its modulus of elasticity equals to 46 GPa. The
diameters of the used (BFRP) bars were 6 mm and 8 mm.

The experimental program contained twelve specimens
with the same dimensions and same main reinforcement, but
they had different shear plane reinforcement. Figure 1 shows
the specimen’s dimensions and the main and shear reinforce-
ment details. The specimens were divided in four groups. The
first group was a control group with no shear reinforcement
passing through the shear plane. The second group was rein-
forced with two rows of steel bars. Every row contained three
8 mm diameter bars. The third group was reinforced with two
rows of (BFRP) bars, each containing three 6 mm diameter
bars. The fourth group was reinforced similar to the third
group, but the diameter of the bars was 8 mm.

The main reinforcement of the specimen is very impor-
tant to ensure obtaining the required failure mode through
the shear plane. The main reinforcement detailing shown in
Fig. 1 was chosen to prevent undesirable failure modes. Fig. 2
shows the specimens before and after casting.

The testing of the samples was performed in the Concrete
Testing Laboratory of the Faculty of Engineering of the

(Y PONIEIBHBIE
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pynna 1
Group 1

Puc. 3. TununyHble BUAbI paspyLueHnin
Fig. 3. Typical failure modes

Mpynna 2
Group 2

pynna 1
Group 1

Puc. 4. lNnockocTb cagura nocne paspyLeHns
Fig. 4. Shear plane after failure

pynna 2
Group 2

IIMHCTBa AedopManuii mociae cHATUs Harpy3ku. BIT apma-
Typa quamMeTpoM 6 MM IpeTepriesia crubaHue 6e3 BOZMOX-
HOCTU BOCCTAHOBJIEHUSI B IJIOCKOCTM CIBUTa 3a CYET JIO-
KaJbHOTO TIOBPEXIEHMS STMTOKCUTHON MaTPUILIbl apMaTyphl.
Tem He meHee camu 10 cebe Oa3abTOBbIE BOJOKHA OCTa-
JINCh YaCTMYHO HETPOHYTHIMU M MOTIJIM CIIOCOOCTBOBATh
DPa3BUTUIO YCUJTUIA PACTSIKEHUST, HEOOXOAMMBIX JUISI CLETLIe-
HMUSI 3aMOJTHUTEEH.

B Tabnuiie mpeacraBieHbl MaKCHMaJIbHBIE pas3pyllaio-
IMe Harpy3Kd M COOTBETCTBYIOIIME MaKCHMMAaJIbHbIE CMe-
IIeHMS IS BCEX 00pa3IioB.

Kak BMAHO, pa3pyllaolide Harpy3ku COCTaBJIsSIM OT
54 xH 151 KoHTpoJIbHBIX 00pa3ioB a0 212 kH ang o6pas-
1oB, apmupoBaHHbIX BIT apmatypoii 8§ Mm.

CpeaHsisi MOLIHOCTh cJIBUTa 00pa3iioB rpymnnbl 2 U 4 co-
crapisieT 138 u 182 kH cooTBeTcTBEHHO. DTO O3HAYAET, YTO
TIPU YCJIOBUM UCITOIB30BAaHUSI OMHOTO M TOTO K€ AruaMeTpa
cTepxxHel 0ojiee 2 (HEKTUBHBIM IPEACTABIISIETCS] apMHUPO-
BaHuWe iaockoctu casura BIT apmaTypoil, yeM CTajbHOMA.
DTO MOXeT ObITb 00YCIOBIEHO OoJiee HU3KOM MOMepeyHoit
xkectkocThio BIT apMmatypbl, KoTopas sipisieTcst 6osiee co-

(CYPONIENIBHBIE

. Mpynna 3 .
Group 3

pynna 4
Group 4

Mpynna 3
Group 3

pynna 4
Group 4

Egyptian Russian University using the testing frame. The
maximum capacity of the loading frame is 1000 kN and the
loading rate was 0.5 kN/second. The load and deformation
were monitored using a data logger connected to a computer.

Figure 3 shows the modes of failure for the four specimens
groups. It can be seen that all specimens failed by developing
cracks through the shear plane.

Figure 4 shows typical conditions of the bars passing the
shear plane after failure. The concrete cover for Group 2 and
Group 4 was intentionally removed to reveal the bars.

It can be seen that the steel bars yielded and were locally
bent; the 6 mm BFRP bars were fractured, while the 8 mm
BFRP bars lost their bending stiffness without fracture. The
latter bars maintained their axial stiffness because the fibers
remained undamaged. This ensured the retrieval of most of
the deformations after removal of the load. The 6 mm BFRP
bars were permanently bent at the shear plane due to local
damage of the epoxy matrix of the bars; however, the basalt
fibers themselves remained partially intact and could contrib-
ute to the development of the tensile forces necessary for the
aggregates interlocking action to occur.

Hayw-to—mexnuuecxuﬁ u np0u38066m6€HHb112 JACYPHAN
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BMECTUMOM C IIONEPEYHOM XKECTKO- Mpynna 1 Mpynna 2
CTbIO GETOHA, UTO TIPUBOIUT K CHIXE- 0. Group 1 0. Group 2
HUIO KOHUEHTpAIlMW HaMpsKeHUs 1o 6 160
MepUMETPY U IJIMHE apMaTypbl. 140
Ha puc. 5 nokazaHsl KpUBBIE 3aBU- T - 50 T 120 oy
cUMOCTH nedopMalldii OT HArpy3ok g=x 40 g= 100
VCTIBITAHHBIX 06pasuoB. s obpas- 28 30 g8 8 L\
LOB TPYNIbI | XxapakTepHa XpyMKOCTb &~ o s 60
MU3-3a BHE3alHOW TOTepU HArpy3Ku 10 Lot 40 1jf
npy paspyieHun. O6pasibl TPYIITH 2 4 20§ :
MMEIOT HUCXOISINYI0 BETBb KPUBOIA, 0 1 2 3 0 5 10 15 20
YKa3bIBAKOIYIO HA YaCTUYHO IIaCTUY - Ledopmauus, Mm Ledopmauys, Mm
HbIE pa3pylleHUs. 06pa31.lb1 TPYIIIBI 3 Deformation, mm Deformation, mm
1 4 IeMOHCTPUPYIOT cierka HUCXOsI-
LIYIO BETBb, YKA3bIBAIOLIYIO HA KBa3u- Mpynna 3 lpynna 4
MJIACTUYHbBIE pa3pyLIEHMSI. 160 Group3 250 Group 4
Ha puc. 6 nokazaH o0paselr, apMu- 140
poBaHHbIi BIT apmarypoit nnameTpom 120 |« 200
8 MM B yCIIOBUSX HATPY3KM M €€ CHs- £ . | 00 B
Tisl. XOpOLIO BUIHO, YTO 3HAYMTENb-  £5 o ' g 150
Hasi 4acTh JAeopMallMi CMecTMiach &8 28 100
BO BpEMs Pasrpy3Kd. DTO O3HAyaer, =T 10 £
yto BII apmarypa nipu ciBure ocraer- 2 50 r
Csl YIIPYTOlt MU YCIIOBUM, YTO CTEPK- ol ol
HeBasl apMaTypa OCTaeTCs HeTOBPEXK- 5 10 15 20 5 10 15 20
N€HHOM. .D,eq)opmalumn, MM ,El,ecbopmaAumn, MM
ﬂ,ﬂﬂ pacyeTa MPOYHOCTH Ha CIBUT Deformation, mm Deformation, mm
HCIOJIb3YEMBIX 00Pa3LOB MOTYT ObITh ~ PWC- 5. Kpusbie Harpyska-aedopmaums
KCIIOJIb30BaHbl nBe Momenu. Ilepas  Fig. 5. Load-deformation curves
MOJENIb — MOJIE/Ib TPEHUS TIPU CIBUTE
¥ BTOpasi — MOJEIb CBSI3HOCTU U TpeHus [4]. M3ydaercs
NPUMEHMMOCTD JIBYX MOJ€Ieli [PU pacueTe SKCIepUuMeH- Nonepesan g:;;;m:gﬂ:: Jedopmauus npu
TaJIbHO MMOJYYEHHOU NPOYHOCTU HA CABUT. O6pasLipl Harpyske, Mm
Modeav mpenus npu cdeuze. IlpocTteiileii pacuyeTHOI Specimens apwmarypa Harpy3Ka, kH Deformation at
MOJIEJTBIO MOIIHOCTH CIBHTA SBIISIETCS MOZETb TPEHUS TIPH Shear Rt MLi); dF?I'J;;e failure (mm)
cABUTE, KOTOpasi UTHOPUPYET MOIIHOCTh CIBWTa, TPHUCY-
Iyl0 OOBIMHOMY OETOHY, W TIpelIioiaraet, 4To Tepemada KOHTpONbHBIN-1 Het 62 119
YCUJIMI CABUTA MPOMCXOAUT ITOJTHOCTBIO M3-3a TPEHUS. DTa Control-1 No '
MOJIeJIb SIBJISIETCS OCHOBOW TMPOEKTUPOBAHUS TPEHUS TIPU KOHTPONBHbIIA-2 Het
capure B cranaaprax ACI 318 [5] u ECP 203 [6]. MowHOCTs || control-2 No 61 08
cABUra paccuuteiBaetcs mno dhopmyse 1 [4]: -
KOHTPONbHbIN-3 Het 54 116
Control-3 No ’
Vi=A4, fy H, (1) Cranb-8-1 628 MM 154 595
Steel-8-1 628 mm ’
rae A, onpenessieTcs: Kak TIolanb apMaTyphbl, epeceKalo- o
5 Tanb-8-2 628 Mm
IIeH TIJIOCKOCTh CIBUTIA; fy — MakKCUMaJIbHOE HaIlpsIKEHUE Steal-8-2 628 mm 135 2,59
TeKy4ecTu apMartypbl; | — KoadduimeHT TtpeHus. s
0Cc000 TIXKEIOro 6eToHa 3TOT KOI(MOUIIMEHT COCTABISAET Cranb-8-3 628 Mm 125 187
1,4 no craumapry ACI 318 [5] wiu 1,2 mo craHgapry Steel-8-3 628 mm ’
ECP 203 [6]. BasansT-6-1 626 Mm
Mpu cpefHMX 3HAYEHUAX MOIIHOCTU CIBUTA 00pas- | Basalt-6-1 626 mm 132 175
moB rpynn 2, 3 u 4, Kotopbie coctaBisaioT 138, 123 u
182 xH coOTBETCTBEHHO, MOJYYeHHBIE KO3(DDUIINEHTHI basansT-6-2 6256 mm 123 1,11
TPEeHUs COCTAaBJISAIOT COOTBETCTBEHHO 1,18, 0,55 m 0,45. Basalt-6-2 626 mm
3HavyeHUe IJIs1 apMUPOBAHHBIX CTaIbI0 00Opa31OB OJIU3KO BasanbT-6-3 626 MM
K 3HaueHuto B crangapte ECP 203, B To BpeMs Kak 3Ha- Basalt-6-3 626 mm 1s 17
yeHus pist BIT apmaTypbl 3HAUUTEIBLHO OTJIMYAIOTCSI OT 5
a3anbT-8-1 628 Mm
PEKOMEHAOBAHHBIX CTaHAAPTOM. DTO TPOUCXOIUT IO Basalt-8-1 628 mm 212 2,42
MMPUYMHE TOTO, YTO MOIYJIb yripyroctu BIT oTinuaeTcs ot
TOTO Xe Momyis craau. OceBass M M3TMOHASL KECTKOCTh Basanbt-8-2 628 Mm 193 205
BIT apMaTypbl MEHbIIIE, YEM Y CTAIU. DTa THOKOCTh CHU- Basalt-8-2 628 mm '
XKAeT BIMAHUE CLCMJICHUS 3aMONHUTENs U byHkIIUM BasansT-8-3 6258 MM
IITBIpEil Ha MPOYHOCTb CABUra. MexaHU3M ClLeTJIeHUs Basalt-8-3 68 mm 140 3.8

3aMOJIHUTEJISI 3aBUCUT OT OCEBOI XKECTKOCTU apMaTypHl, a
MEXaHU3M AEHCTBUS IITHIPEH 3aBUCUT OT OTHOCUTENb-
HO >X€CTKOCTH NPU U3rubde apMaTyphl B KauecTBe Oanku
Ha yIpyrou omnope.

[MonpaBouHbIit KO3(POULIMEHT 1151 BAUSHUS CLIETUICHUS
3aMOJHUTENIS] Ha MOIIHOCTb casura Oymer E,/E,, rne
E, — Monynp ynpyroctu marepuana apmaTypsl, a £, — Mo-

HAY4HO-MeXHU4eCcKUil U npou3800CMEeHHbLIL HCYPHAA g POVIIED]

Table shows maximum failure loads and the correspond-
ing maximum displacements of all specimens.

It can be seen that the failure loads of the specimens
ranged from 54 kN for control specimens to 212 kN for
specimens reinforced with 8§ mm (BFRP) bars.

arl=)=E
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The average shear capacity of Group 2
and Group 4 specimensis 138 kN and 182 kN,
respectively. This means that, for the same bar
diameter, reinforcing the shear plane with
BFRP bars is more efficient than using steel
bars. This may be due to the lower lateral stiff-
ness of the BFRP bar which is more compat-
ible with that of concrete, resulting in reduced
stress concentration around the bars’ perime-
ter and along its length.

Figure 5 shows the load deformation
curves of the tested specimens. The speci-
mens of Group 1 show brittle behavior due
to their sudden loss of load at failure. The
specimens of Group 2 show a descending
branch in their load deformation curves in-
dicating a semi ductile failure. The speci-
mens of Group 3 and Group 4 show a light-
ly descending branch in their load deforma-
tion curves indicating a quasi ductile failure.

Figure 6 shows a sample reinforced with
8 mm BFRP bars during loading and during
load removal. It can be clearly seen that a
considerable portion of the deformation has
been removed during unloading. This

Puc. 6. CmelleHre pedpopmaumm 6a3anstoBoro obpasua gnamMeTpomM 8 MM: @ — Npu Harpyske;

b — npu pasrpyske

Fig. 6. Deformation removal of 8 mm basalt specimen: a — during loading; b — during unloading

IyJIb YIIPYyrocTu cTanu. IlompaBouyHbiit KOA(GULIMEHT I
BJIMSHYS LITBIPeil Ha POYHOCTH caBura 6ynet (E,/E)'/*[7].

Hnsa BIT atu nonpaBoyHble KO3(POULMEHTHI COCTABIISI-
ot 46/200=0,23 u (0,23)/4=0,69 coorBercTBeHHO. HMu
OIIMH M3 3TUX KO3(DDUIIUEHTOB HE COOTBETCTBYET IKCITEPH-
MeHTaIbHbIM 3HaYeHUsaM 0,46 1 0,375 mns rpynmn 3 u 4. D10
MOXHO OOBSICHUTH TeM (PakToOM, 4YTO Mepedadya yCUIUKA
CIBUTA HE OCYIIECTBJISIETCS TIOJTHOCTBIO HU CLIETJIEHUEM 3a-
MOJIHUTEJISI, HU NeficTBUEM IUThipeit. [Ipeanonaraercs, 4to
MTOTNIPaBOYHbBIN KO3GMULIMEHT OyaeT MEXIY STUMHU IBYMSI
MpeaeTbHBIMU 3HAYCHUSIMU.

PaznmuunbIe cTaHAAPTHI UCITONB3YIOT Pa3IMYHbIC TTOTIPa-
BOYHBIE KOGhMULIMEHTBI ISl pacueTa BIWSHUS MOIYJS
ynpyroctu ABII. Ctangapt ACI 440.1R-03 [9] ucnons3yer
MONpaBoYHbIi K03 duieHT £,/ E,, oODHAKO, OT HEro oTKa-
3amuck B ACI 440.1R-06 [10]. Cranmaptet ACAN/CSA
(2004) [10], JSCE 1997 [11] u Fib Report 40 [112] pEeKOMEH-
JYIOT TIOTIPaBOYHBIA KoadduuneHrt (E,/E)) /3 Wrtanpsan-
CKMIA HAIIMOHAJIBbHEIN cTaHmapT npoektupoBanus CNR-DT
203/2006 [13] u ISIS M03 Manual [ 14] ncrioabs3yioT normpa-
BouHbll Koadduuuent (E,/E)?. Hakomeu, Xu u
Reinhardt [15] nmomnepxusaior ucnonssosanue (E,/E,)"/>
Ha OCHOBE MEXaHUKU Pa3pyIICHUs.

3uavenus (E,/E)'3 u (E,/E)"* nna BI1 cocrapnsior
61 1 0,48 coorBercTBeHHO. ClIeI0BaTENBHO, TIOTIPABOYHEII
koaddunuent (E,/E)"? Gonee cOOTBETCTBYeT NAaHHBIM
9KCIEePUMEHTATbHBIM Pe3yJbTaTaM.

Modeav ceasnocmu u mpenusa [4). Ilpu ydere BIMSIHUS
HampsDKEHUST CIBUTA, TIPUCYIIETO OOBIYHOMY OETOHY, MOIII-
HOCTh CABWUTa MOXET OBITh pacCYMTaHa IO ypaBHEHMIO
Marroka [16]:

V,= kA, + 0,847, 2)

rae k;=400 psi (2,75 MIla) p1g 06BI9YHOTO TSXKEIOro 6eTo-
Ha. [lepBhIii WieH mpaBoil YacTu ypaBHEHUs (2) mpeacTaB-
JIsIeT cO00i MOIIHOCTh CABUIA, IIPUCYIIYI0 OOBIYHOMY Oe-
TOHY, U OTHOCUTCSI K CBSI3HOCTHM. BTOpOIi WieH npeacTaB-
JisieT co0oii BIMSIHME apMaTypbl U OTHOCUTCSI K TPEHUIO.
IMocnenHuit yieH ciaenyeT U3MEHSITh C UCIOJb30BAaHUEM

means that the shear behavior for BFRP
bars remains elastic, provided that the rein-
forcement bars are not fractured.

Two models can be used to predict shear
strength of the used specimens. The first
model is the Shear Friction Model [4] and the second is the
Cohesion Plus Friction Model [4]. The applicability of the
two models in predicting the experimentally obtained shear
strength is investigated.

Shear Friction Model The simplest design model for shear
capacity is the shear-friction model, which ignores the con-
tribution of the inherent shear strength of plain concrete, and
assumes that the shear transfer is due entirely to friction. This
model is the basis of the shear-friction design procedures in
ACI 318 [5] and ECP 203 [6] Codes. The shear capacity is
predicted using equation (1) [4].

Vn:Av'fy'u’ (1)

where: Av is defined as the area of bars crossing the shear
plane; fy is the maximum yield strength of the bars and u is
the coefficient of friction. For monolithically placed normal
weight concrete the latter coefficient takes the value 1.4 given
by ACI 318 Code [5] or 1.2 given by ECP 203 Codeu[6].
Using the average values for the shear capacity of the
specimens of Groups 2, 3 and 4, which are 138, 123 and
182 kN respectively, the resulting coefficients of friction are
1.18, 0.55 and 0.45 respectively. The value for the steel rein-
forced specimens is near the value given by ECP 203 Code,
while the values for the BFRP bars are far from that recom-
mended by the Code. This is because the modulus of elastic-
ity of BFRP differs from that of steel. The axial and bending
stiffness of the BFRP bars is less than that of steel. This flex-
ibility reduces the aggregate interlock contribution and the
dowel action contribution to the shear strength. The aggre-
gate interlock mechanism depends on the axial stiffness of the
bars, while the dowel action mechanism depends on the rela-
tive flexural stiffness of the bar as a beam on elastic support.
A correction factor for the aggregate interlock contribu-
tion to the shear strength would be E,/E, where Ej is the
modulus of elasticity of the reinforcement bar’s material and
E, is that of steel. A correction factor for the dowel action
contribution to the shear strength would be (E,/E,)"/*[7].
For BFRP, these correction factors are equal to
46/200=0.23 and (0.23)/* = 0.69 respectively. Neither of
these correction factors matches the experimental values

(3 [HOYTTE SR S| HAYHHO-MeXHUECKUIL U RPOU3BO0CMEEHHbLIL JCYPHAN
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y=0,642x+2,609
R2=0,868

o

MpoyHocTb npu cagure, MlMa
Shear Stress, MPa
()]
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o

6 8 10
p-Fo(Ev/Es)?0,5

Puc. 7. BnngHue apmaTypbl Ha NPOYHOCTL NpU caBure
Fig. 7. Effect of reinforcement on shear strength

koabdunmenra (E,/E,)!/2 mia pacyera Manoil KeCTKO-
ctu BII.

Taxum o6pa3zoM, ypaBHeHHUE (2) MOXKET ObITH Mpeodpa-
30BaHO B ypaBHeHue npouyHocTu capura (MIla) BIT apma-
TYpBI:

v, =2.75+ 0,80 F,- (E,/E,)', Q)

I1Ie 0 — OTHOIIEHME TUIOLIAAM TTOTIEPEYHOr0 CEUeHUsI apMa-
TYpBI K TUIOILAAN CABUTA; Fj — TEXHUYECKUI TIpeaen yupy-
TOCTH MaTepuaia apMartypsl; E, — MOIyJIb yIPyrocTy MaTe-
puasa apmartypsl; E; — MOLYJIb YIIPYTOCTH CTaJIH.

Ha puc. 7 npeacraBieHbl pacyeThl IPOYHOCTH P CABU-
re, MoJlydeHHbIE C TOMOIIbIO ypaBHEHMSI (3) ¢ KCIIEpUMEH-
TaJbHbIMU pe3yjbTaTaMu. CIUTONIHAS TMHUS IPEACTaBIISIeT
coboit ypaBHeHue (3), B TO BpeMsl KaK MyHKTUPHAS JIMHUS
TIPEICTABJISAET TIPSIMYIO JTUHUIO, KOTOPAst JIyYIlle BCETO IO/~
XOIWUT IUISI COBPEMEHHBIX 3KCIIEPUMEHTATbHBIX pe3yJbTa-
ToB. BunHo, uTo ypaBHeHUe (3) 00pa3yeT BEpXHIOIO rpaHu-
1y pesynabtaToB. KoadduiuyeHTsl, moayyeHHbIe ¢ TTOMO-
IIBI0 PErPECCMOHHOr0 aHajau3a, cocTaBisiorT 2,61 u 0,64
BMecTo 2,75 u 0,8 cOOTBETCTBEHHO. DTO yKa3blBaeT Ha TO,
yTO Tipeiaraemasi (popma ypaBHeHUs (3) SIBISIETCS MOIXO-
NIAIIeN Ul pacyeTa MPOYHOCTU MPU CABUTE OETOHA, apMU-
pOBaHHOIO JIOOBIM MaTepuajaoM. [IJisg TOYHOro orpenese-
HUST KO9(DGULIMEHTOB YpaBHEHUsT HEOOXOMWMBbI JaibHel-
1Y€ UCTIBITAHUSI.

3akiouenue

Ha ocHoBe pe3ysibTaTOB MCHBITAHWI MOXHO CHEIaTh
CJICIYIONINE BBIBOIBI:

* KOHTPOJIbHBIM OOpa3liaM CBONCTBEHHBI XPYIKOCTb W
MaJible nehopMaliu Mpy pa3pylieHuu;

* obpasliaM, apMUPOBAHHBIM CTATbHBIMU CTEPKHSIMU M-
aMeTpoM 8 MM, He CBOMCTBEHHa XpynkocTh. OHU Tpe-
TeprieJid pa3pylieHus Mocjie CUIbHBIX AedopMalvuii u
3HAYUTEbHBIX HATPY30K;

* o0Opa3suam, apmupoBaHHBIM BII cTepxHsIMU guameTpom
6 MM, He CBOMCTBEHHa XpYNKOCTb. OHM pa3pyIIUINCh
rocJjie MposiBJeHUsl cpenHuxX AecdhopMaliuii, HO Harpy3ka
Obl1a HUXeE, YeM Ha 00pasiibl CO CTATbHOM apMaTypoi;

* o00Opasiam, apmupoBaHHBIM BI1 cTepXxHAMU 1UaMeTpoM
8 MM, He CBOIICTBEHHA XPYIIKOCTh. B 30He ciBura OBLIO
OTMeUYeHO pa3pylieHue 6etoHa, a bI1 apmaTtypa He nme-
Jla moBpexxaeHuii. HemoBpexkneHHast apmarypa BbI3Bajia
YacTUYHYI0 nedopMalinio obpaslia Mocjae CHSTUS Ha-
IPY3KH;

* TIPOYHOCTH NMpHU caABUTE OeToHa ¢ mornepeuHoit bIT apma-
TYpOii TMaMeTpoM 8 MM BBIIIIe, YeM OETOHA C TToIepey-
HOW apMaTypoOil TOro XXe AMaMeTpa U3 CTajlu;

*  BeJIMYMHA 3HAUEHMS BAVSHUS apMaTyphbl Ha MPOYHOCTh
MPY CIBUTE JOJKHA ObITh YMHOXEHA Ha KOA(DDOUIUEHT,
pasHblit (E,/E,)"?%;

HAY4HO-MeXHU4eCcKUil U npou3800CMEeHHbLIL HCYPHAA Q POVIIED]

which are 0.46 and 0.375 for Group 3 and Group 4, respec-
tively. This can be explained by the fact that the shear is not
completely transferred by aggregate interlock nor by dowel
action. Accordingly the correction factor is expected to be
somewhere between these two limiting values.

Different codes use different correction factors to ac-
count for the effect of FRP’s modulus of elasticity. ACI
440.1R-03 Code [9] considered the correction factor E,/E,,
however, it has been abandoned in ACI 440.1R-06 [10].
CAN/CSA (2004) Code [10], JSCE 1997 Code [11], and Fib
Report 40 [12] recommend the correction factor (E,/E,)"/>.
The Italian National Design Code CNR-DT 203/2006 [13]
and ISIS MO03 Manual [14] use the correction factor
(E,/E,)". Finally, based on fracture mechanics, the work of
Xu, and Reinhardt [15] supports the use of (E,/E,)"/>.

The values of (E/E,)!/3 and (E,/E,)'/? for BFRP are 0.61
and 0.48 respectively. Accordingly, the correction factor
(Eb/Es)l/ 2 better matches the current experimental results.

Cohesion Plus Friction Model [4]. When the contribution
of the inherent shear strength of plain concrete is explicitly
considered, the shear capacity can be predicted using the fol-
lowing equation given by Mattock [16]:

Vn = klAcv + O’SAW/ya (2)

where: k;=400 psi (2.75 MPa) for normal-weight concrete.
The first term on the right-hand side of equation (2) repre-
sents the inherent shear strength of plain concrete and re-
sembles cohesion. The second term represents the contribu-
tion of the reinforcement bars and resembles friction. The
latter term should be modified using the factor (E,/E,)"/? to
account for the low stiffness of BFRP.

Thus, equation (2) can be rearranged to give the following
equation for shear strength (MPa) of BFRP bars:

v,=2.75+08 0 F,- (E,/E)"?, 3)

where: p is the ratio of the area of bar’s cross-section to the

shear area; Fj, is the elastic limit of the bars’ material; Ej is the

modulus of elasticity of the bars’ material; E; is the modulus
of elasticity of steel.

Figure 7 compares the shear strength predictions ob-
tained using equation (3) with the experimental results. The
solid line represents equation (3), while the dashed line rep-
resents the straight line that best fits the current experimental
results. It can be seen that equation (3) forms an upper ceiling
for the results. The coefficients obtained using regression
analysis are 2.61 and 0.64 instead of 2.75 and 0.8, respec-
tively. This indicates that the proposed form of equation (3)
is suitable for predicting shear strength of concrete reinforced
using bars of any material. Further testing is needed to accu-
rately determine the coefficients of the equation.

Conclusion

From the previous tests result it can be concluded that:

* The failure mode in the control samples were brittle and
with low deformation.

* The failure mode of specimens reinforced with 8 mm steel
bars was not brittle. The specimens failed after developing
high deformation and high load.

+ The failure mode of specimens reinforced with 6 mm
BFRP bars was not brittle. The specimens failed after
developing medium deformations, but their failure load
was lower than of steel reinforced specimens.

* The failure mode of specimens reinforced with 8 mm
BFRP-bars was not brittle. Crushing of concrete in shear
zone was noted and the BFRP bars were no damaged.
The undamaged bars retrieved partly the deformation of
the specimen upon removal of the load.

* The shear strength of concrete with 8 mm BFRP shear
reinforcement has higher strength than concrete rein-
forced with same diameter steel shear reinforcement.

arl=)=E
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JNaHHbIe pPe3yJIbTaThl JOKA3bIBAIOT IIEJI€CO00Pa3HOCTh
KCIOJIb30BaHUsI KO3 duiimeHTa TpeHusl, papHoro 1,2 B
MOJIEJIM TPEeHUS MpU caBure, nmpuBeaeHHoro B ECP 203
11 MOHOJIUTHO 3aJIMTOTO OETOHA.

Aemoput ebipaxcarom 6aazodaprocms dokmopy Moxamedy

Kamanro Mocmadghe 3a npedocmaenenue BII apmamypst, uc-
NOAB308AHHOU 8 OAHHOM UCCACO0BAHUU.
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BnusiHue co6cTBEHHbIX Aedopmanui
Ha NOPUCTOCTb U CBOWNCTBA LIEMEHTHOr0 KaMHSA

MpeanoxeHsl MOAENH, YCTaHABNMBAIOLLME CBA3b MEXY 06LLEH NOPUCTOCTLI0 LIEMEHTHOMO KAMHS! 11 TaKUMI €70 CBOWCTBAMM, KaKk Npefen NPoYHOCTH Ha
cKatue, Moaynb YnpyrocTi, KO3MULMEHT nonay4ecty. MokasaHo COOTBETCTBUE MOAENSN SKCNEePUMEHTabHLIM AaHHbIM. Moaenn no3sonsot
NPOrHO3UPOBATh N3MEHEHNE NPOYHOCTI U [eDOPMALIMOHHBIX CBOMCTB LIEMEHTHOrO KaMHS B 3aBUCUMOCTY OT M3MEHEHUs ero 06LLeil NOPUCTOCTM MO
BMIMSIHMEM PELENTYPHbIX NGO TEXHOMOTNYECKUX (haKTOPOB.
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Influence of strain on own porosity and properties of cement stone

Models establishing the relationship between the total porosity of cement stone and its properties such as the ultimate compressive strength, E-modulus and creep coefficient are pro-
posed. Compliance of models with the experimental data is shown. Models make it possible to predict changes in the strength and deformation properties of cement stone depending
on changes in its total porosity under the influence of prescription or technological factors.

Keywords: cement stone, porosity, ultimate compressive strength , E-modulus , creep coefficient, deformation properties, the model, the expanding additive, deformation of expansion.

JAMHaMUYHOE pa3BUTHE CTPOUTEIHLHOIO KOMILIEKCA CO-
MPOBOXIAETCS TOSIBJICHUEM HOBBIX 3((PEKTUBHBIX MaTe-
pHAJIOB, CBOMCTBAa KOTOPHIX B MPWHIMIIE TPEOYIOT -
TEJBbHOTO U3YYEeHUsI, a BpeMEeHU Ha 3TO, KaK MpaBUJIO, He-
JIOCTaTO4YHO. B yacTHOCTH, B TEXHOJOTMU OETOHOB ILIMPOKO
MPUMEHSIOTCS MUHEpaJbHblEe, OpraHMYecKre U OpraHo-
MUHEepaJibHbIe T00aBKM, CITIOCOOHBIC OKAa3bIBaThb BJIUSIHUE
Ha Tpollecchl TUuapaTauuu, (GopMUPOBaAHUE MOPUCTOCTU U
cobcTBeHHbIE nehopMaIM LIeMEHTHOTO KaMHs [1] u, 4to
3aKOHOMEpPHO, Ha BCE ero CBOMCTBA. B ¢BSA3M ¢ 3TUM 0cCO-
OyI0 aKTyaJbHOCTb IIpHOOpeTaeT HEOOXOAUMOCTh YTOUHE-
HUST U3BECTHBIX 3aKOHOMEPHOCTEN «COCTaB—TEXHOJIOTUSI—
CTPYKTypa—CBOMCTBa», YTO IMO3BOJUT OOECHEYUTh OoJiee
JIOCTOBEPHOE MPOTHO3MPOBAHUE BIUSHUSI HOBBIX MaTepHa-
JIOB Ha CBOWCTBa O€TOHA, B TOM 4YHUCJIe TIPU JUTUTEIbHON
sKcruTyatanu. IToCKoJbKY CBOMCTBa OGeTOHAa 3aBHUCAT B
MEePBYIO OUepelb OT CBOMCTB LIEMEHTHOTO KaMHSI, 1eIeco-
00pa3Ho B MEPBYIO OYEPEb PACCMOTPETh MOJIEIN, OTpe/ie-
JISIIOIME 3aBUCUMOCTb MPOYHOCTHU, AedOopMalMOHHBIX
CBOIWCTB TIpM KpPaTKOBPEMEHHOM (HayaJlbHBI MOMIYJb
YIOPYrOoCTH) W JUIUTENbHOM (KO3(POUUIMEHT MOJI3ydecT)
JIeiCTBMY HATrpy3KH.

Kak M3BeCTHO, M3MEHEHHUE MOPUCTOCTU Ha 1% BBI3BI-
BaeT U3MEHEHMUE MPOYHOCTU LIEMEHTHOrO KaMHs (0eToHa)
Ha 4—5%. CornacHo [2], cpemHecTaTUCTHYECKAs! 3aBHCH-
MOCTb TIPOYHOCTHU R OT TTOPUCTOCTU LIEMEHTHOTO KaMHsT P
nMeeT BUJIL:

R= R, exp(-4,84P). (1)

Ha puc. 1 npeacTaBiieHa 3aBUCUMOCTb Mpejiesia MPOYHO-
CTH LIEMEHTHOTO KaMH$I R OT ero nmopucrocTtu P, a Ha puc. 2
— 3aBMCUMOCTbD TIpejieia TIPOYHOCTU LIEMEHTHOTO KaMHSI C
pacipsoniei 100aBKOi OT BEJIUMUYMHBI 1eOopMalliy pac-
IIMPEHUs TIPY TBEPAESHUM B YCJIOBUSIX CBOOOTHOTO Pa3BU-
TS AedopMaliuii.

3aBrucuMocTb (1) MO3BOJISIET OLIEHUTD, HATPUMED, BIUSI-
HUe COOCTBEHHBIX nedopMalvil paclIMpeHusl TpU NpruMe-

HAYUHO-MeXHU4ecKuil U NPOU3800CMBeH b HCYPHAN

The dynamic development of the building complex is ac-
companied by the appearance of new efficient materials,
which properties require, in principle, a long-term study, but,
as a rule, there is no enough time for this. In particular, min-
eral, organic, and organic-mineral additives, which are able to
influence on the processes of hydration, porosity formation
and own deformation of cement stone [1] and on its proper-
ties, are widely used in the concrete technology. In this regard,
the particular actuality is the need to clarify the known regu-
larities “composition—technology—structure—properties”,
this makes it possible to ensure the more reliable prediction of
the influence of new materials on properties of concrete, in-
cluding during the long-time operation. Since all the proper-
ties of concrete depend primarily on the properties of cement
stone, it is reasonable to consider models which define the
dependence of the strength, deformation properties under the
short-time (an initial modulus of stiffness) and long-time
(creep coefficient) actions of the load.

As it is known, the change in porosity by 1% causes a
change in the strength of cement stone (concrete) by 4—5%.
According to [2], the statistically average dependence of
strength R on the porosity of cement stone P has the form:

R= R, exp(-4,84P). (1)

Fig. 1 presents the dependence of the ultimate strength of
cement stone R on its porosity P, Fig. 2 presents the depen-
dence of the ultimate strength of cement stone with expansive
additive on the amount of the deformation of extension at
hardening under the conditions of free development of defor-
mations.

The dependence (1) makes it possible to evaluate, for ex-
ample, the impact of own deformation of expansion, when the
expanding additive is used, on the strength of cement stone,
since the expansion, that is an increase in the volume at fixed
mass, factually means the increase in porosity. The total po-
rosity in the presence of EA increases from 3 to 50% [1]. But
when expanding additive “Embelit” [11] is used, in spite of

(CIEONIEIIBHBIE
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Puc. 1. 3aBMCMMOCTb MPOYHOCTU LLEEMEHTHOrO KaMHsi OT MOPUCTOCTMU:
1-8 — cooTBeTCTBEHHO AaHHble .B. Heceetaesa [3-7]; T — no dopmyne
PoiwkeBuya R=200-exp (-5,15-P)[8]

Fig. 1. Dependence of cement stone strength on porosity: 1-8 —accordingly,
data [3-7], G.V. Nesvetaev; T - by the formula of Ryshkevich
R=200-exp(-5.15-P) [8]

HEHUY pacIIUpPSIONIEeii T0OaBKH Ha IPOYHOCTh IIEMEHTHOTO
KaMHsI, MIOCKOJIbKY paclIUpeHue, T. €. yBeJIuUueHue oobema
MpY HEM3MEHHON Macce, (haKTUYeCK! O3HayvaeT yBeande-
Hue rmopucroct. OOIIast MOPUCTOCTh B IIPUCYTCTBUM pac-
mupsoLei 1od6aBku Bo3dpactaet oT 3 10 50% [1]. OnHako
IIpY IPUMEHEHUM KOMILUIEKCHOM LOOABKM PaCIIMPSIOLLETO
neicTBUs «OMO2UT» [11], HecMOTpsI Ha 3aDUKCUPOBAHHOE
yBeJIMYeHrEe TTOPUCTOCTH Ha 18,6% (6e3 yueTa rejieBbIX TIOp
— Ha 4,4%), CHIXKeHUSI TIPOYHOCTH HE TIPOUCXOAMIIO. XOTS
B COOTBEeTCTBMU C hopmyioii (1) Takoe yBeImdeHUE IIOPH-
CTOCTU JTOJIKHO COIPOBOXKAATHCS CHUXKEHHUEM MPOYHOCTH
npuMepHOo Ha 40%. OTCYTCTBHE CHUKCHUS IIPOYHOCTH 1Ie-
MEHTHOTO KaMHSl ¢ «OMOJIUT» CBSI3aHO C TMOBBIILIEHUEM
MPOYHOCTH KPUCTAJUIMIECKOTO cpocTKa (R;)) U XapakTepoM
ero mopuctoct. Kpome TOro, BO3MOXHO ITOBBIIICHUE
IIPOYHOCTHU LIEMEHTHOTO KaMHs (10 25%) ¢ paciuupsitonieit
JI00aBKOI NP TBEPAEHUU B YCIOBMSIX OrpaHndeHUs nedop-
Maiuit. [TopucTocTh IEMEHTHOTO KaMHSI C pacIlMpsItonieit
JI06aBKOM MPY 3TOM HE3HAUUTEJbHO OTJIMYAETCs OT 0e3/10-
0aBOYHOIO ATAJIOHA.

3aBUCUMOCTh WM3MEHEHUS IMPOYHOCTU IIEMEHTHOTO
KaMHS C pacIIMpsIoieil mo0aBKOil, TBepAeBIIeTo 0e3
orpaHuueHus aedopmaluii paciuupeHus (puc. 2), oT Be-
JIMYUHBI AedhopMalii CBOOOAHOTO pacluupeHus (T. €. OT
YBEJIWYEHUSI TIOPUCTOCTU) TMOKA3bIBAET, UTO CHUXKEHUE
MMPOYHOCTH LIEMEHTHOTO KaMHSI IIPY BO3pacTaHUU aedop-
Mallii pacIIMpeHUsT MPaKTUIECKU TMPOUCXOIUT BCIEI-
CTBME BO3PACTaIOIICH IMPHU 3TOM MOPUCTOCTH LIEMEHTHOTO
KaMHSI, TTOCKOJIbKY 9KCTIEPUMEHTAJIbHO HA0II01aeMOe 13-
MEHEeHHEe MPOYHOCTU (haKTUUECKU COOTBETCTBYET 3aKOHO-
MEPHOCTU €€ M3MEHEHUS C YUeTOM U3MEHEHUs MOPUCTO-
ctu o opmye (1).

[TockosibKy NMPOYHOCTb LIEMEHTHOTO KAaMHSI SIBJISIETCSI
(byHKIIMEl €ro MOPUCTOCTH, a MOIYJIb YIIPYTOCTH 1IEMEHT-
HOTO KaMHSI TakKe 3aBUCHUT OT MPOYHOCTHU, 3aKOHOMEPHO
MOMYJb YIPYrOCTH Ejjx OYAET ONPENENATHCS NOPUCTOCTHIO
LIEMEHTHOTO KaMHS M BEIIECTBEHHBIM COCTAaBOM IIEMEHTA.
Jns onpeneaeHus: MOyl YIIPYTOCTH LIEMEHTHOTO KaMHSI
MOXKHO MCITOJIb30BaTh [12] Mozens (2), BKIIOYAIONIYIO 3J1e-
MEHTBI CTPYKTYPBI, KaXAblii U3 KOTOPBIX XapaKTepu3yeTcst
obveMoM V; u moayneMm E;:

— HeruIpaTUPOBaHHBIN LieMeHT (KiuHKep V;=0,14—0,29;

E,=15500—105000 MTITa);

— TUAPATHPOBAHHBIN LIEMEHTHBIN KaMeHb, COAepKaIIIi:
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> y= e-0.01x
R2=0,687

y = e001
R%=0,834

y=g00k
R?=0,953 o H

m HA
A X

o
(oo}

- =T

o
(o2}
1

OTHOCMTENbHAsA MPOYHOCT
Relative strenght

<o
~
L

o
N
1

T T

50 100 150 200

Ledopmaumm paclumpenns, Mm/m

Deformations of expension, mm/m
Puc. 2. VI3MeHeHME MNPOYHOCTU LIEMEHTHOIO KaMHS C pPacLIMpSsIoLLEN
nob6aBko B 3aBMCUMOCTM OT gedopmaumm CBOOOAHOrO pacLUMpeHus:
H - paHHble I.B. HecBeTaesa; H, Y; — no gaHHbIM [9]; X — no gaHHbiM [10];
T - 3aBUCUMOCTb U3MEHEHUs MPOYHOCTN OT M3MEHEHUs NOPUCTOCTU MO
dopmyne (1)
Fig. 2. Change in the strength of cement stone with an expansive additive
depending on the deformation of free expansion: H — data of G.V. Nesvetaey;
H, 4 - according to data [9]; X — according to data [10]; T — dependence of
the change in strength on the change in porosity according to the formula(1)

the recorded increase in porosity by 18.6% (without account
of gel pores — by 4.4%), the reduction in porosity does not
occur, though in accordance with the formula (1) this increase
in porosity should be followed by the reduction in the strength
by 40% approximately. The absence of strength reduction is
connected with an increase in the strength of a crystalline in-
tergrowth (R)); it is confirmed by the known fact of increasing
the cement stone strength with expanding additive by up to
25% at hardening under the conditions of deformation limit-
ing. In this case the porosity of cement stone with expanding
additive is slightly different from the standard without an ad-
ditive.

The dependence of the change in the strength of cement
stone with expanding additive , hardened without limitation
of expansion deformations (Fig. 2), on the value of free ex-
pansion deformation (that is on the increase in porosity)
shows that the reducing the cement stone strength at the in-
crease in expansion deformation practically occurs as a result
of increasing the cement stone porosity, since the change in
strength experimentally observed corresponds to the regular-
ity of its change with due regard for the change in porosity
according to the formula (1).

Since the strength of cement stone is a function of its po-
rosity, and the modulus of elasticity of cement stone also de-
pends on the strength, it is natural that the modulus of elastic-
ity is determined by the porosity of cement stone E-, and ma-
terial composition of cement. To determine the modulus of
cement stone elasticity, the model (2), which includes the fol-
lowing elements of the structure, each of them is characterized
by the volume V; and modulus E can be used [12]:

non- hydrated cement (clmker V,=0.14—0.29; E,=15500—

105000 MPa);

— hydrated cement stone, containing:

— tobermorite gel (V,=0.28—0.67; E;=33000 MPa);

— portlandite (V,~0.11-0.2; E,~=15000 MPa);

— ettringite (V,=0.08—0.23; E,=40000—70000 MPa);
— pores
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Puc. 3. 3aBMCUMOCTb MOAYNS YyNPYroCcTU LLEMEHTHOIO KaMHS OT NOPUCTO-
ctu: M, B, C, b — ueMeHTHbIN KaMeHb MasibLLOBCKOIr0, BOJIbCKOr0, CeBpsakoB-
ckoro, GenropoAckoro LLeMeHTOB COOTBETCTBEHHO; T — no dopmyne
MaHHuHra; H — no dopmyne E=1483-R0,6; X — no gaHHbIM [6]; B — no gaH-
HbIM [4]; K= no aaHHbim [13]; Ka — no ganHeim IM.C. KapaymsiH; mogens — no
dopmyne (2)

Fig. 3. Dependence of the E-modulus of cement stone on porosity: M,B,C,B
— cement stone of Maltsovsky, Volsky, Sebryakovsky, Belgorodsky cements
respectively; T — by the Manning formula; H — by the formula E =1483-R0.6;
X — according to data [6]; b — according to data [4]; K — according to data
[13]; Ka — according to data of G.S. Kardumyan Model — by the formula (2)

— TOOepMOpUTOBLII reh (V,=0,28—0,67; E,=33000 MITa);
— nopraanmnt (Vye = 0,11-0,2; E,=15000 MITa);

— oarrpunrut (V,~0,08—0,23; E,, = 40000—70000 MIla);
— TIOpBL:
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He 1 Ve Ve (Vo Ve
ViEx +V,E +V,E,+V,E, Ex E, E, E,

[1pn MocTpoeHUM MOIEIH MPUHSITO, YTO «HOCUTEIEM»
IMOPUCTOCTH B LIEMEHTHOM KaMHE SIBJISIETCSI TOOEPMOPMUT,
MOPTJAAHAUT U STTPUHTUT, a pacrpeaesieHue oobeMa Bcex
MOp MeXIy YKa3aHHBIMU KOMITOHEHTaMU TMPOTOPIINO-
HaJIbHO MX 00bEMaM W 3aBUCUT OT CTETNIEHM T'MApaTalnu
lIeMEeHTa.

Ha puc. 3 nipeacraBieHa 3aBUCUMOCTb MOJYJISI YIIPYTO-
CTU LIeMeHTHoro KaMHs E ot ero nopucroctu P.

Mopnens (2) mnpu Moaysie YOPYrocTH KIWHKepa
28000 MIla, monmyne ympyroctu atrpuHrura 40000 MIla
(CM. TMHUS «MOJEJNIb» Ha PUC. 3) MOXET MCIOJIb30BaThCs
IJIS aHaJlM3a BJAUSHUS PA3IUYHbIX (DaKTOPOB HAa MOMYJb
YIPYTroCcTH IEMEHTHOTO KaMHsl. BeuunHa Moaynst ynpyro-
CTM LIEMEHTHOTO KaMHs TP <«HYJIEBOI mopucTtoctn» E, B
dopmyse 3aBUCUMOCTH MOAYJS YIPYroCTH OT TOPUCTO-
cru [12]:

E= Eyexp(-2,055P), Q)

Kak CJIe[lyeT U3 MPeICTaBIeHHbBIX Ha pUC. 3 TaHHBIX, COCTaB-
qset 33970 I'Tla.

Mepa 1on3y4ecTy [EeMEHTHOTO KaMHS B 3aBUCUMOCTH
OT ero MOPUCTOCTU MOXKET OBITh oIpeaeneHa [14] kak:

1
0,586 - exp (-3,24 - P) D4

C,=33970 - exp (-2,055 - P) - (
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Puc. 4. 3aBNCUMOCTb Mepbl MON3Y4ECTU LIEMEHTHOIO KaMHSi OT ero nopu-
ctoctn: T — no &.(4); ML, — uemeHTHbIN kameHb (B/L, = 0,3), noNyYeHHbIN 13
uemeHToB Benropoackoro, Bonbckoro, Manbuosckoro, CebpsikoBCKOro
3aBopos; MU+CIM — 10 Xe, ¢ cynepnnactudukaropamm Glenium 30,
Glenium 51, Structuro, BuHom, CM1BI1; K — no gaHHbiM [15]; B — no gaHHbIM
[16, 17], o6paboTaHHbIM aBTOpamu; Ka — no aaHHbiM IM.C. KapaymsaH

Fig. 4. Dependence of measure of cement stone creep on its porosity:
T - by the formula (4); MU, — cement stone (B/L, = 0.3) produced from
cements of Belgorodskiy, Volskiy, Maltsovsky, Sebryakovsky plants; ML+CI1
— the same, with superplasticizers Glenium 30, Glenium 51, Structuro,
BuHom, CM1BM; K — according to data [15]; B —according to data [16, 17]
processed by authors, Ka — according to data of G.S. Kardumyan
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Puc. 5. CooTHolweHre Mexay MOAyNeM yrnpyrocT u Mepol NonsyyecTu
pasnnyHbIx matepunanos: I'M — ans ropHeix nopog, no [18]; b — onga Taxenbix
6eToHoB no CIM 52-101-2003 npu oTHocUTenbHOW BraxHocTn 40-70%;
LUK — ansa uemeHTHOro kamusa (B/LL=0,27) Bonbckoro, MwuxaiinoBckoro,
Benropoackoro n CebpskoBCKOro 3aBoAo0B

Fig. 5. The ratio between the E-modulus and the creep measure C, of
various materials: 'l — for rocks according to [18]; B — for heavy-weight
concretes according to SP 52-101-2003 at relative humidity of 40-70%;
LK — for cement stone (B/L=0.27) B/L=0.27) of Volsky, Mikhaylovsky,
Belgorodsky, and Sebryakovsky plants

Mepa nonayyectu, x10(-5) 1/MMa
Creep measure, x10(-5) 1/MPa

20000
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‘When constructing the model, it is accepted that the “car-
rier” of porosity in the cement stone is a tobermorite,
Portlandite, and ettringite and the distribution of the volume
of all the pores among the specified components is propor-
tional to their volumes and depends on the degree of hydra-
tion of cement.

Fig. 3 presents the dependence of the modulus of elasticity
of cement stone E on its porosity P.

Model (2), when the modulus of elasticity of clinker is
28000 MPa, the modulus of elasticity of ettringite is
40000 MPa (see the line “Model”at Fig. 3), can be used for
analyzing the influence of different factors on the modulus of
cement stone elasticity. The value of the modulus of cement
stone elasticity at “zero porosity” E; in the formula of depen-
dence of the elasticity modulus on the porosity [12],

E= Eyexp(-2.055P), Q)

as follows from the data presented in Fig. 3, is 33970 GPa.
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Ha puc. 4 — 3aBUCUMOCTb MEPHI IOJI3Y4EeCTH LIEMEHTHO-
ro kaMHs1 C, OT €ro MOPUCTOCTH.

3aBMCUMOCTb MePbI MOJI3YYeCTH LIEMEHTHOI'O KaMHSI OT
€ro MOPUCTOCTH JIJIS1 IEMEHTHOTO KaMHsI, MOJYyYeHHOTO U3
MOPTJaHALIEMEHTHOTO TecTa 6e3 1006aBOK (puc. 4), XOpoIIo
cornacyetcs (morperrHocTs MeHee 10,3%) ¢ akcriepuMeH-
TaJbHBIMM JaHHBIMM. Paznuure B pacyeTHBIX U 3KCIIepU-
MEHTAJIbHBIX 3HAUEHUSX JIJISI [IEMEHTHOTO KaMHsI C CyIep-
mactudukatopamu (CII) cBUAETENbCTBYET O CYLIECTBEH-
HoM BausiHuu CII Ha mos3yyecTb HEMEHTHOTO KaMHsl, YTO
TpeOyeT MOMOJHUTENbHBIX LieJeHAPaBIeHHBIX HCCIEN0-
BaHUMN.

Ha puc. 5 mpeacraBieHO COOTHOIIIEHHE MEXIY MEpOn
non3yyectu Cy U MOJyJieM YIpyrocTu E, 1iss HEKOTOPBIX
TOPHBIX MOPOJ1, 0ETOHOB U LIEMEHTHOTO KaMHs1 6€3 100aBOK.

JI71s1 pa3IMuHBIX MaTepUajIoB (TOPHBIE TTOPOILI C AUATIa-
30HOM Wu3MeHeHHus1 Momayis ymnpyroctu ot 21000 mo
115000 MIla, tskemnsiii 6eToH kimaccoB B20 — B100 u we-
MEHTHBIN KaMeHb) 3aBUCUMOCTb MEPHI TTOJI3y4eCTH OT MO-
IyJIsl YIPYTOCTY YHUBepcajibHa (pUC. 5) U UMEET CJedylo-
LU BUA:

8:10°
C= E5 (5)

MMO3TOMY KO3(PPUIIMEHT I0JA3YyIECTH MOXKET OBITh OIpeae-
JIEH Kak:

P="g 5

IIpencraBieHHbIe BBIIIE 3aBUCUMOCTH ITO3BOJSIOT
OLICHUTH BIMSHUE PA3IMYHbBIX PELENTYPHBIX (PaKTOPOB Ha
MPOYHOCTb, MOZYJIb YIIPYTOCTHU U MOJI3YyYECTh LIEMEHTHOTO
KaMH$ U 0eTOHa C Y4eTOM U3MEHEHUS ero MopucToCTH, B
YaCTHOCTU COOTHOIIEHUE MEXIY MepOii TTOJI3y4ecTH OeTO-
Ha Cjp ¥ MEPOM MON3YYeCTH LEMEHTHOro KamHa Cp g
MOXeT OBIThb ompeaeneHo [14] nns GeToHa M3 XKECTKUX
cMecel Kak:

Co,5 -0,663
B =237 ok ™
a JUig OETOHA U3 BLICOKOITOABIXHBIX CMECEN:
Co.s -0,146
m=0,598 - Co1K - ®)
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The measure of cement stone creep depending on its po-
rosity can be defined [14] as:

1
0,586 - exp (-3,24 - P) -D- @)

Fig. 4 presents the dependence of the cement stone creep
C, on its porosity

The dependence of the measure of cement stone creep on
its porosity for cement stone produced from Portland cement
paste without additives (Fig. Cj4) is in good agreement (an er-
ror is less than 10.3%) with the experimental data. The differ-
ence in calculated and experimental values for cement stone
with superplasticizers (SP) indicates the significant impact of
SP on the cement stone creep that requires targeted research.

Fig. 5 presents the ratio between the creep measure C, and
modulus of elasticity £ for some rocks, concretes, and ce-
ment stone without additives.

For different materials (rocks with the range of the elastic-
ity modulus changing from 21000 up to 115000 MPa, heavy-
weoght concrete of B20—B100 classes, and cement stone), the
dependence of the creep measure on the elasticity modulus is
universal (Fig. 5) and has the following form:

C,=33970 - exp (-2,055 - P) - (

8:103
C(): W; (5)
therefore, the creep coefficient can be determined as:
8:10°
p=51T. (©)

Dependences presented above make it possible to evaluate
the impact of different prescription factors on strength, elas-
ticity modulus and creep of cement stone and concrete with
due regard for the change in its porosity, in particular, the ra-
tio between the measure of concrete creep (. and the mea-
sure of cement stone creep C ., can be determined for con-
crete of hard mixes as ’

Co,3
Co,cs

-0.663

=237 . CO,CS , (7)
and for concrete of high workability mixes as:
-0.146

Go.c
CO,CS :0598 . CO,CS . (8)
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Knura TeopeTuyeckue 0CHOBbI GENN3HbI M OKPALUMBAHNSA KEPAMUKN U NOPTNAHALEMEHTA»

AsTopbl — 3y6exuH A.M., Auexko H.[., fonosaxoBsa C.M.

B kHure npencTaBneHbl TEOPETUYECKME OCHOBbI GEMM3HbI W OKPALIMBAHWS KEPAMMYECKWX CTPOMTENbHbIX MaTtepuanoB v 6enoro
noptnanguemenTa (BbrL) ¢ no3uuun Teopun LIBETHOCTW CUAMKATHBLIX MaTepuanos B 3aBUCUMOCTW OT UX (Da30BOMWHEPANLHOrO COCTaBa,
CTPYKTYpbI, CofiepxaHus xpomodoopos Fe, Mn n Ti, ycrnosuii 06ura n 0XnaxneHus (OKUCIUTENbHbIX UK BOCCTAHOBUTENbHBIX).
YCTaHOBMEHbI 3aKOHOMEPHOCTU 3aBUCUMOCTU 6eNIU3HbI, LiBETA M 0COOEHHOCTU OKPALUMBAHMS KakK MUrMEHTOB, Tak U TBEPAbIX PaCTBOPOB
6ecLBeTHbIX ha3 MOHAMU-XPOMOOpPaMU OT CTPYKTYPbI, M30BATIEHTHOIO UM FeTEPOBANIEHTHOr0 M30MOPHM3Ma, 06pa30BaHNS OKPALLNBAKOLLNX
Knactepos. Pa3paboTaHbl a(heKTUBHbIE CMOCOObI YNpaBneHus Genn3HoN M LeKOPaTUBHLIMU CBOWCTBAMM CTPOUTENbHbIX KepaMUYECKUX
martepuanos (¢papdopa, dasHca, 0611LOBOYHON NANTKK, KMPNNYa) 1 6eN0ro NopTNaHALEMEHTa.

Kuura «Cyxue cTpoutenbHble cmecu. Coctas, CBOHCTBA»
Astopbl — KopHees B.1., 303yns M.B.

113n0>XeHbl OCHOBbI COBPEMEHHbIX MPEACTABGHNI A O CYXMX CTPOMUTENbHBIX CMECAX W pacTBopax. [puBedeHbl OCHOBHbIE OMPEAENeHNs
Knaccudukaumm cyxux cMecei. 0xapakTepuaoBaHbl COCTABNSIOLLNE: BSDKYLLME, 3aMONHUTENH, HAMONHUTENN, PYHKLMOHaNbHbIE 106aBKM. [okasaHa
METOANKA NMPOEKTUPOBAHNS COCTaBOB. OnucaHbl OCHOBHbIe rpynmnbl CCC, UX COCTaB M CBOWCTBA. B MPUMOMXeHUM AaHbl OCHOBHbIE MPUMEHSEMbIE
TEPMUHbI 1 ONPEZIENeHNs, HanGonee ynoTpeGnsemble eMHNLLI UBMEPEHIAS, NepeYeHb POCCUIICKMX 1 3apyBeXHbIX CTaHAAP-TOB 1 Ap.

Ten./cpaxc: (499) 976-22-08, 976-20-36
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B.I'. COJTIOBbEB’, kaHa. TexH. Hayk (s_vadim_g@mail.ru),
A.®. BYPbAHOB, a-p TexH. Hayk (rga-service@mail.ru); X.-6. ®ULLEP?, pokTop-uHxeHep

" MocKoBCKUI rocyaapCTBEHHBIN CTPOUTENLHBIN YHUBEpcuTeT (129337, Mocksa, Apocnasckoe L., f. 26)
2 BeliMapCKuid CTPOUTENbHbIN yHUBEpCUTeT (Mepmanus, 99423, Belimap, Mewwsuctep-Lonn-Ltpacce, 8)

OcobeHHocTH hopMupoBaHua CTPYKTYypbl cTaneubpobeToHa
npu Tennosoi obpaboTke

[MpnBeaeHbI pe3ynbTaTbl TEOPETUYECKMX U MPAKTUHECKNX UCCNEA0BaHUI CTPYKTYPO0O6Pa30BaHua cTanedomopobeToHa npu TennoBoil 06paboTke.
YCTaHOBNEHO, 4TO NpU ONPeSeNeHHOM COYeTaHUM COCTaBa 6ETOHHOM MaTPULbI U PEXUMA TENOBOM 06PaBOTKM BOSMOXKHO NoMy4eHne 06beMHO-
NpeAHanpsXEHHbIX CTaneuOpo6eTOHOB. YCTaHOBNEHbI 3HA4YEHUS 0CTATO4HbIX JeopMaunil pasnnyHbIX COCTaBOB CTaneduopo6eToHOB Nocne
Tennoson 06paboTkn. OnpeaeneHbl 0CHOBHbIE YCOBKS, 06ecneymBaioLLe hopMIUpoBaHUS NpegHanPsSXKeHNs B CTanbHON mbpe nocne TennoBoi
06pa6boTku. MonyyeHbl ypaBHEHNS, 0TOOPAXKAIOLLME 3aBUCMMOCTI NPOYHOCTHBIX XapaKTePUCTUK cTaneuropobeToOHOB NOC/e TenaoBoi 06paboTKu
11 NPy TBEPLEHUU B HOPMANIbHBIX YCNOBUAX. YCTAHOBNEHO, YTO (DOPMMPOBAHNE NPEAHANPSHKEHHOrO (hbpoKapkaca no3BonseT yBeNNYuTh
MPOYHOCTHbIE XaPAKTEPUCTUKN CTanednépo6eToHOB 0 25% N0 CPABHEHMIO C TEMM XXe COCTaBamu, TBEPAEBLUMMI B HOPMasbHbIX YCIIOBUAX.
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Features of structure formation during heat treatment of steel fiber reinforced concrete

In this article are listed the results of the theoretical and practical research in structure formation of steel fiber reinforced concrete during heat treatment. It was found that in a certain
combination of the composition of the concrete matrix and the mode of heat treatment may receive volume-prestressed steel fiber reinforced concretes. Determined the residual
deformations of various compositions of steel fiber reinforced concretes after heat treatment. Determined the main conditions ensuring prestressed state formation in steel fiber after heat
treatment. The equations obtained which are showing the dependence of strength characteristics after heat treatment and the hardening in normal conditions. Founded that the formation
of prestressed fiber carcass can increase strength characteristics of steel fiber reinforced concrete up to 25% in compare with the same compositions was curing in normal conditions.

Keywords: steel fiber reinforced concrete, heat treatment, volume prestressing, strength characteristics.

B Hacrosiee Bpems 00JacTh MPUMEHEHUSI M OOBEMBI
MPOU3BOACTBA (GUOPOOETOHOB MOCTOSIHHO YBEJIMYMBAIOTCSL.
HakormuieH 3HaYUTeIbHBIIA ONBIT MPpUMeHEeHUS (pUOpobdeTo-
HOB B pa3JIMYHBIX KOHCTPYKIIUSIX, BBITTOJTHEH OOJIBIION 00b-
€M Hay4YyHO-UCCJIeN0BaTeIbCKUX PaboT. OCHOBHBIMU Ha-
MpaBJIEHUSIMA B 00JIaCTH COBEPIIIEHCTBOBaHUS (hrOPOOETO-
HOB SIBJISIIOTCS: IPUMEHEHNE B Ka4eCTBE MaTPUIIBI MO Y-
LIMPOBAHHBIX OETOHOB C 0COOBIMYU CBOIICTBAMM; UCCIIEIOBA-
HUe OETOHOB C TMOPMIHBIM AUCTIEPCHBIM apMUPOBAHUEM;
uccaenoBaHusi 3GEKTUBHOCTY HOBBIX BUAOB (GUOPHI, U3-
TOTOBJIEHHBIX U3 Pa3JIMYHBIX MaTepUAJIOB.

HecMoTpst Ha TpoAOIKUTETbHBIE UCCIIENOBAHMS, ELIE CY-
IIECTBYET OOCTATOYHO BO3MOXHOCTEH IS YIydIIeHUS
CBOMCTB TPaIULIMOHHBIX cTaIeduopodeToHoB. OnHOI U3 Ta-
KUX BOBMOXXHOCTEH, 10 HallleMy MHEHMUIO, SIBJISIETCS 1ieJIeHa-
MpaBjieHHOe Cco3laHue YCJIOBUI M  (OpMUPOBAHUS
00bEMHO-TIpeTHATIPSKEHHOTO (hrbpoKapkaca B OETOHHOM
Marpuiie. Psi mpoBeeHHbIX MCClieOBaHM I TTO3BOJISIET BhIIE-
JINTh IBA OCHOBHBIX CITOC00a, MCIOJIb30BaHNE KOTOPHIX O-
3BOJISIET 3a(pUKCHUPOBATh GUOPY B MpeaHANIPSKEHHOM COCTO-
SHUW, — TeIUIOBOe BoO3AeiicTBME Ha (PUOPOOETOHHYIO
cMech [ 1, 2] ¥ mpuMeHeHUe pacIUPSTIOLIXCS T00aBOK [3—6].
OnHako MpUMEHEeHUe JaHHBIX CITOCOOOB, JaKe COBMECTHO,
He rapaHTupyeT (hOpMMPOBAaHUS TIPEIHANPSDKEHHOTO (hu-
OpokapKaca 1 yIy4IIeHHS XapaKTepPUCTUK CTaepropodeTo-
Ha 13-3a psina OCOOEHHOCTEI.

PaccmoTpum 6osiee moapobHo npoiecc GOpMUPOBaHUS
CTPYKTYphI cTajepudpodeToHa NMpu TEILUIOBO 0OpaboTke.
Ha navanpHOM 3Tame TeTuIoBOil 0OpabOTKM IPOUCXOAUT
paclIMpeHre CTaJbHBIX BOJIOKOH U MaTpUllbl O€TOHA, BbI-
3BaHHOE TOBBIIICHUEM TeMITEpaTyphl BCETO MaTepuaja 10
80—90°C. Bo BpeMs JaHHOTO MepUo/a, a TAKXKe B Mpoliecce
M30TEPMUYECKON BBIAEPXKKKU (DOpMUpPYETCsSl CTPYKTypa Oe-
TOHHOM MaTPUIIbI, a CTAIbHBIE BOJIOKHA HAXOASTCS B PacTsi-
HyTOM cocTossHuu. [locie 3aBepiieHusi U30TEPMUYECKOI

(CYPONIENIBHIBIE

Currently, the scope of application and the volume of
production of fiber-reinforced concrete (FRC) are constantly
increasing. Significant experience accumulated in the appli-
cation of fiber-reinforced concrete in various designs, a large
volume of scientific research are made. The main trends in the
field of improving fiber concrete are: using as the matrix
modified concretes with special properties, studying concretes
with hybrid disperse reinforcement, and research of efficiency
of new types of fibers made from different materials.

Although long-term studies, there are still enough oppor-
tunities to improve the properties of traditional steel FRC.
One possibility, in our opinion, is a deliberate creation the
conditions for the formation of volume-prestressed concrete
matrix. Several studies, allows to allocate two basic ways, the
use of which allows to keep the fiber in prestressed condition
— the thermal effect on the fiber-reinforced concrete mix-
ture [1, 2] and using expanding additives [3—6]. However, the
use of these methods, even together, cannot guarantee the
formation of prestressed fiber carcass and increase perfor-
mance of steel FRC due to several features.

Consider in more detail the process of structure forma-
tion of steel FRC during heat treatment. At the initial stage
because of the heat treatment take place an expansion of the
steel fibers and the concrete matrix, caused by an increase in
temperature of all the material up to 80—90°C. During this
period and during the isothermal holding structure of con-
crete matrix is forming and steel fibers are in a stretched state.
After completion of the isothermal holding temperature of
steel FRC reduced and its residual strains are positive. As a
result the matrix of the concrete compressive forces are trans-
ferred and fibers stored in the prestressed (stretched) state.

Stresses, resulting from linear strains in the steel fibers
(04,), can be determined by knowing the value of deforma-
tion of the individual steel fibre after heat treatment, and
calculate by the formula:
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Puc. 1. BansiHme BOOOLEMEHTHOrO OTHOLLEHNS HA OCTaToO4YHbIE Aedopma-
ummn ctanedurbpobeToHa nocne TennoBor 06paboTKM: MENKO3epPHUCTLIN
6EeTOH C LEeMeHTHO-Nec4YaHblM oTHoleHuem 1:1,5; NpoueHT AMCNepcHoOro
apmupoBaHus 0,5% (ctanbHas ¢ubpa anuHoii 60 mm, anameTtpom 0,6 Mm)

Fig. 1. The effect of water-cement ratio on the residual deformation after
heat treatment of steel FRC: fine-grained concrete with cement-sand ratio
1:1.5, the percentage 0,5% of the disperse reinforcement (steel fiber length
is 60 mm and a diameter 0,6 mm)

BBIIEPXKKH TeMIlepatypa cTajiendpodbeToHa CHIKAeTCs, 1
TIPY 3TOM €T0 OCTaTOYHBIE MedOpMaLlUM TTOJOXKHUTEbHBL. B
pe3yabTaTe Ha MaTpuily OeTOoHa TepeaaloTcsl CKUMalolre
ycuusl, a ¢pubpa HaXOOUTCS B MPeIHANPSDKEHHOM (pacTsi-
HYTOM) COCTOSIHUM.

HarnpsikeHust, BOZHUKAIOIIUE B pe3yJibTaTe JTUHEHHBIX
JnedopMalliii B CTAIBHBIX BOJIOKHAX (O, ), MOXHO OMpene-
JINTb, 3Has 3HaYeHue 1eOpPMalUU OTAEIBHOTO CTATLHOTO
BOJIOKHA IIOCJIe TEIIOBOM 00paboTKu, M paccuuTaTh IO
dopmyne:

Oy, = Al Ey/ I, M

rae [/, — HadanpHas JuHa Guopsl, M; A/ — yuinHeHne Gpub-
pHl, M; E, — Monynb ynpyroctu cranu, I'Tla.

TemmnepaTtypHoe ymiuHeHUe (UOPDBI, IIPOUCXOISIIEE 10
MOMEHTa OKOHYaHUST M30TE€PMUUYECKON BBIIEPKKHU, MOKHO
ONpeNeIUTh MO creaytoleit hopmyie:

AlL=At 1, a, )

rae o, — Koo GUUUEHT TMHEWHHOTO PACIIUPEHUS CTANH, oC.

C MOMeHTa CHUXKEHUsI TeMIlepaTyphbl cTaiedudpodero-
Ha cTajJibHbIe BOJOKHA OYAyT CTPEMUTHCS BEPHYThCS K CBO-
UM TIepBOHaYaIbHBIM pazmepaMm. OnHako obpa3zoBaBIIasICs
OeTOHHasl CTPYKTypa OyIeT MpPensiITCTBOBATb YMEHbILIEHUIO
cTajgbHOU (hrOpPHI 10 TIEpPBOHAYATBHBIX Pa3MEPOB Ha BEJIU-
YUHY OCTAaTOYHBIX Aedopmannii (e5). Takum obpazom, Jiu-
HeliHble AedopMalluy CTaJbHONM (UOpPHI IIOC]IE TEIUIOBOK
00paboTKKU OYyayT paBHbI OCTaTOUYHBLIM JdedhopMalusM CTa-
JepudpobeToHa, a 3HAUCHUE PACTIATUBAIOIIMX HAMTPSIKEHU I
OyIeT ornpenessiThCsl ypaBHEHUEM:

Ost,t = kacb TEy” Est’ (3)

rae kg — KOIDUIUMEHT 3P HeKTUBHOCTH PabOThI HUOPHI.

Ocrarounbie aedopMaiuu cranedpudpodbeToHa (g) IMO-
cJie TEITOBOM 006pabOTKM, TaK XXe KaK 1 JUIS TSDKEJIbIX OeTOo-
HOB, 3aBUCSIT B OCHOBHOM OT COCTaBa OETOHHOI MaTPUILIbl U
pexuMa TeruioBoit 06padotku [7]. Ha puc. 1 u 2 npuBeaeHbI
3aBUCHMMOCTH OCTaTOYHBIX Aedopmaiuii ctanedudpodeTo-
HOB I10CJIe TEILUIOBOI 00pabOTKM B 3aBUCMMOCTH OT COCTaBa
MEJIKO3epHUCTON MaTPUIIBI.

Jns mpoBeleHUsT MCIBITAHWI, pe3ylbTaThl KOTOPBIX
MPUBEACHBI Ha puc. 1, MCMOJb30BAJICS MEJKO3ePHUCTHII
OETOH C LIEMEHTHO-TIECYaHbIM OTHOIIeHUEeM 1:1,5, mpolieHT
nucriepcHoro apmupoBanust 0,5% (cranbHas ¢pubpa mmm-
Hoit 60 MM, TuameTpom 0,6 MM).

CornacHo dopmydie (3) obsi3aTeIbHBIM yCI0BUEeM Ghop-
MUPOBAHMS MIPEAHAIPSIXKEHUS B CTAbHBIX (DUOpaxX sSIBIS-
I0TCSl TOJIOXUTENbHbIE OCTaTOUHbIE Nedopmanuu mocsie
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Puc. 2. OctatouyHble gedopmaumm ctanepmbpobeToHa nocne TernsoBom
o6paboTkm: 1 — cocTaBa C LEMEHTHO-MEecYaHbIM OTHOWeHveM 1:1;
2 - cocTaBa C LeMeHTHO-necyaHbiM oTHoweHueMm 1:1,5; 3 — cocTtaBa c
LleMEHTHO-MecYaHblM OTHoLLEHnEM 1:3

Fig. 2. Residual deformation after heat treatment of steel FRC: 1 — with the
cement-sand ratio 1:1; 2 — with the cement-sand ratio 1:1.5; 3 — with the
cement-sand ratio 1:3

Al E,/ 1, (1)

where: [, — initial length of the fiber, m; A/ — fiber elongation,
m; E, — modulus of elasticity of steel, GPa.

Thermal fiber elongation occurring before the end of the
isothermal hold, can be determined by the following formula:

A=At 1, a, )

where: a, — coefficient of linear expansion of steel, °C".

Since lowering the temperature of steel FRC, steel fibers
will tend to return to their original size. However, the result-
ing concrete structure will prevent the reduction of steel fiber
to its original size by the amount of residual strain (gy). Thus,
the linear deformation of steel fiber after the heat treatment
are equal to residual strain of steel FRC, and the value of
tensile stress will be determined by the equation:

Oyt = keﬁ"' Egt° Est; (3)

where k. — coefficient of efficiency of the fiber.

Residual strain of steel FRC (g) after heat treatment, as
well as heavy concrete, depend mainly on the composition of
the concrete matrix and heat treatment schedule [7]. Fig. 1
and 2 shows the residual strain of steel FRC after heat treat-
ment depending on the composition of a fine-grained matrix.

For the tests, the results of which are shown in Fig. 1, was
used fine-grained concrete with cement-sand ratio 1:1.5, the
percentage 0,5% of the disperse reinforcement (steel fiber
length is 60 mm and a diameter 0,6 mm).

According to the formula (3), a prerequisite for the for-
mation of the prestressing steel fibers are positive residual
deformation after heat treatment. However, the present con-
ditions are not enough, there must still ensure a number of
conditions to the effectiveness of the empirical coefficient of
fiber (k.p) was greater than zero. In this study were defined
conditions for steel FRC based on fine concrete matrix, pro-
viding positive k. use of steel fiber with anchoring at the
ends, sand-cement ratio from 1:1.5 to 1:3, the strength of the
concrete matrix at least 20 MPa , the pre-exposure is not
more than 3 hours. The actual values of k.4 calculated by the
formula 3 and amounted 0.04—0.18. At the same time, ten-
sion in the steel fiber (o, ;) determined on cylindrical samples
of fine concrete, in the center of which established the indi-
vidual fiber extending beyond the end of the cylinder. The
diameter of the sample is selected depending on the desired
ratio of reinforcement. Fixation of the linear dimensions
provided evidence of the actual strain of steel fiber.

It should be noted that the production of volume-pre-
stressed steel FRC possible when a certain combination of

Oyt =

(CIEONIEIIBHBIE
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TeIUI0oBOii 00paboTku. OmMHAKO BBINOJHEHUS OaHHOTO
YCJIOBUSI HEAOCTATOYHO, HEOOXOAUMO obecreueHue eule
psiaa yCJIOBMIA, IJISI TOTO YTOOBI SMIMPUYECKUNA KOIPhU-
UEHT 3P HEKTUBHOCTU PabOThI HUOPHI (K,q,) ObLI GOIbILE
HyJs1. B pamkax naHHOTO ucclieqoBaHUsl ObLIM OIpenesie-
HBI YCJIOBUS IJIsT cTajleduOpobeToHa Ha OCHOBE MEJKO-
3€pHUCTON OETOHHOM MaTPHUIIBI, 00eCTIeYNBAIOIINE TT0JIO-
KUTENbHOE 3HAYEHUE K, IPUMEHEHHE CTAIbHOU QUOpbI
C aHKEPOBKOW Ha KOHIIaX; LIEMEHTHO-IIECYaHOEe OTHOLIEe-
Hue ot 1:1,5 no 1:3; mpoyHOCTh GETOHHOI MaTpHUIIbI HE
MmeHee 20 MIla; BpeMsi mpeaBapuTENbHON BBIIEPXKKU HE
Gomnee 3 4. PakTUYeCKUe 3HAYEHUS KOIPPUIMEHTA Ky,
paccunThiBanuch mo popmyie (3) u cocraswiau 0,04—0,18.
ITpu sTOM HanpskeHust B craibHOM Gubpe (o, ,) onpese-
JISITMCH Ha o0pa3lax UMIMHAPUYECKOU (hOPMBI U3 MEJTKO-
3€pHUCTOro 0€TOHA, B LIEHTPE KOTOPBIX YCTAHABJIUBAIOTCS
oT/Ae/bHbIe (UOPHI, BBHICTYIAIOIIME 3a TOPLEBYIO 4YacTb
mMHApa. JInameTp o06pas3IioB MoaOMpaeTcsT B 3aBUCUMO-
cTU OT Tpebyemoro Ko3dduIMeHTa apMUPOBAHMUS.
dukcrupoBaHue JMHEWHBIX PasMEpPOB MO3BOJUJIO TMOJY-
YUTh NaHHble O (haKTMUYECKOM HANpPSDKeHUM CTajJbHOM
buodpsI.

Crnenyer 0cob0 OTMETUTH, YTO MOJIYYeHHE OOBEMHO-
MPeTHATIPSDKEHHBIX  CTajle(hrOpOOETOHOB BO3MOXHO TMpPU
OIpeleIeHHOM COYeTaHMU COCTaBa OETOHHOM MaTpHIIHI,
MIPUMEHSIEMBIX 100aBOK U pexXuMa TeIUIOBOM 00pabOTKU.
ITpuMeHeHMe TOJIBKO TEIIOBO 00paboTKu craneduopobe-
TOHa, Ha TpUMepe CcTaiedrOPOOETOHOB € paCIIUPSIIONIM-
Mucs nobaBkamu [8], He rapaHTUpyeT siBHOTO 3(dexra. B
KaXJIOM OTAEJIbHOM cJlyyae HeOOXOAUM MOCIeA0BATEIbHbII
TOI60P TEXHOJOTUIECKUX (DAKTOPOB, B COBOKYITHOCTH 00€-
crneyuBalomux (GopMUpPOBaHUE OOBEMHO-IIPEIHAIIPSIKEH-
Horo ¢pubpokapkaca.

Hdns  omnpeneneHusl 3aBUCUMOCTEl MPOYHOCTHBIX
CBOICTB cTanehudpodeToHa, MOABEPraeMoro TerjaoBoii 00-
paboTKe, OT cocTaBa ObLIO MPOBEACHO MCCIEAOBAHUE Ha
OCHOBE TpeX(aKTOPHOTO SKCTIEPUMEHTA.

B kauectBe (hakTOpOB BapbMpPOBaHUS OBLIM IIPUHSTHI:
eMeHTHo-necyaHoe orHoiueHue (LI:I1), BomouiemMmeHTHOE
otHomeHue (B/1l) u xoapduiimeHT apMUpoBaHUs cTajie-
(ubpobetoHa o oovemy (|,). 151 XapakTepucTUKH cocTa-
Ba cranedubpobeToHa ObUIM TPUHATH He (QaKTUUeCKUi
pacxofl Kakoro-Jimbo U3 KOMITIOHEHTOB, a UX COOTHOILIEHMS
(L:IT u B/II), 4yTo MO3BONMIO ABYMsI IMapamMeTpaMu, KOTO-
pble BO3MOXHO BapbUpOBaTh B Mpeesax OrpaHMYeHHBIX
MPaBUJIOM aOCOJIIOTHBIX 00BEMOB, XapaKTepU30BaTh COCTAB
IIEMEHTHO-TIECUaHOW MaTpUIlIbl. YPOBHU BapbUpPOBaHUS
¢daKTOpOB NIPUBEICHEI B TA0IHIIE.

IIpu mpoBegeHNM 3KCIIEPUMEHTA OBLI IMPUHST PEXUM
TEIJIOBOM 00paboTku (2)+3+6+1 u rpu TeMIiepaType U30-
TepMHUuecKoii Bbiaepxxku 80°C.

B npoliecce akcnepuMeHTaIbHBIX UCCIIEA0BAaHUI ObLIN
roJjiyyeHbl ypaBHeHUs1 (4)—(8), oToOpaxkaroline 3aBUCHUMO-
CTU TIPOYHOCTH TPH CKATUHU W PACTSDKEHUM TPU U3THOE B
Bo3pacte 1 1 28 cyT mocje TeIIoBOil 00pabOTKM, a TaKxKe
MpY TBEPACHUN B HOPMAJIbHBIX YCIOBUSIX:

Rey. 1 = 36%7,76(X))—6,54(X,)+4,27(X;)—
—4,73(X))(X)=5.4(X )% 4)

Rox 25 = 50,59+12,44(X)—8,84(X,) +5,12(X3)—
—2,49(X,) (X35)—11,9(X;)*+6,96(X;)?; (5)

Rey iy, = 46,02+17,76(X,)~7,74(Xy)+
+5,08(X;3)—3,47(X,)*+4,43(X3); (6)

Rl/l3, 28 = 12,54+2,69(X1)—2, 1 1(X2)+6,39(X3)—
—0,99(X)(X3)—0,96(X,)(X3)—2,34(X)%; (7)

(CYPONIENIBHIBIE
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Puc. 3. 3aBMCMMOCTb OTHOLLEHUWS MPOYHOCTU NpKU CxaTum ctanednbpobe-
TOHOB Noce TennoBoi 06paboTkn K NPOYHOCTM NPU cxaTum ctanedudpo-
6eTOoHOB, TBEPAEBLUMX B HOPMaJIbHbBIX YCIIOBUSIX, OT KOadbduLmeHTa apMm-
poBaHus: 1 — coCTaBa C LLEMEHTHO-MECYaHbIM OTHOLWEHNEM 1:1; 2 — cocTa-
Ba C LLEMEHTHO-MecYaHbliM oTHowWweHnem 1:1,5; 3 — cocTaBa C LLEMEHTHO-
necyaHbIM OTHoLeHveM 1:3

Fig. 3. Dependence of the ratio compressive strength after heat treatment
of steel FRC to steel FRC compressive strength, but under normal conditions
cured from coefficient of reinforcement: 7 — with the cement-sand ratio 1:1;
2 - with the cement-sand ratio 1:1.5; 3 — with the cement-sand ratio 1:3

the composition of the concrete matrix, applied additives and
heat treatment mode. Use only the heat treatment of steel
FRC on the example of steel FRC with expanding additives
[8] does not guarantee the apparent effect. In each case re-
quires a consistent selection of technological factors in all
providing the formation of a volume-prestressed fibercarcass.

To determine the dependencies of strength properties of
steel FRC subjected to heat treatment from the composition,
a study was made on the basis of a three-factor experiment.

The factors of variation were taken: a cement-sand ratio
(C:S), water-cement ratio (W/C), and reinforcement ratio by
volume of steel in FRC (). To characterize the composition
of steel FRC were adopted not the actual consumption, but
the components ratio (C:S and W/C), that allowed with two
parameters which may vary limited within the rule of absolute
volumes, characterize the composition of cement-sand ma-
trix. Levels of factors variation are shown in Table.
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0603Ha- | YpoBHM BapbMpOBaHNs
YeHne Levels of variation

Symbol R 0 +1

®akTopsl
Factors

LlemeHTHO-necyaHoe oTHowweHwue Li/M

Cement-sand ratio (C:S) X, 0,33

0,67 1

BogouemeHTHoe oTHoLeHue B/L,
Water-cement ratio (W/C)

06bemHoe coaepxaHie Guopbl
8 6eToHe |, % X3 0,5 2,5 45
Volume of steel FRC (L)

X, 03 | 04 | 05

R o= 12,53+3,59(X,)—1,99(X,)+6,18(X3)+1,96(X,)(X5)—

U3, Hy

—0,81(Xp)(X3)—2,03(X,)?+1,67(X,)>—0,98(X5)%  (8)

CpaBHUTEIBHBIN aHAJIW3 IO TTOKAa3aTeli0 MPOYHOCTU
MpHU cxXaTuu cTajaeruOpoOEeTOHOB B Bo3pacte 28 CyT, IOA-
BEPIrHYTHIX TEILJIOBOM 00pabOTKe, C TEMHU € COCTaBaMM,
TBEPAEBILIUMU BCE BPEMsI B HOPMAJbHBIX YCJIOBUSIX, PUBE-
JIeH Ha puc. 3.

B pe3ynbTare npoBeneHHBIX UCCIeA0BaHUI YCTaHOBJICHO,
YTO TIPY ONTUMATBHO TTOI0OPaHHOM COCTaBe U PEKMME TeTI-
JIOBOM 00pabOTKM BO3MOXKHO ITOJIy4eHUE OOBEMHO-IIPEIHA-
NPSDKEHHBIX CTaaeuOpOOETOHOB C YBEJIMYEHHBIMU IPOY-
HOCTHBIMU XapaKTePUCTUKaMH 10 25% 110 CpaBHEHMIO C TEMU
K€ COCTaBaMM, TBEPAEBIIMMU B HOPMATbHBIX YCJIOBUSIX.

HawnbGosiee mnepcrneKTUBHOI 00J1aCTbIO MPUMEHEHMUS
00BEMHO-TIPETHATIPSIKEHHBIX  CTalIe(uOpOOETOHOB SIBJISI-
10TCA COOpPHBIE KOHCTPYKIIMU U MAcCCHUBHBIE MOHOJIUTHBIE
COOpYXXeHUs, TaK KaK UMEHHO TIPU MX MPOM3BOACTBE BO3-
MOXHO OINTHMAJIbHOE COYETaHWE BCEX TEXHOJOTMYECKUX
(hakropoB, obecrieurBaOUIMX MOJyYeHUE AAHHBIX KOMIIO-
3ULIMOHHBIX MaTepUaJIOB.
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While the experiment was passing heat mode accepted
(2)+3+6+1 hour(s) at the temperature of the isothermal hold
80°C.

During the experimental studies were obtained equa-
tion (4)—(8) showing relationships between compressive
strength and the flexural tensile aged 1 days and 28 days after
heat treatment and hardening in normal conditions.

Re,1=36+7,76(X,)~6,54(X))+4,27(X;) -

—4,73(X)(Xy)—5,4(X))% 4)
R, 25 = 50,59+12,44(X)—8,84(X,)+5,12(X;)—
—2,49(X)) (X3)—11,9(X,)*+6,96(X3)%; ®)]
R, ne. = 46.00+17.76(X,)~7.74(Xp)+
5,08(X3)—3,47(X ) +4,43(Xy) ; (6)
Ry, 25 = 12,54+2,69(X,)—2,11(X,)+6,39(X3)—
—0 L99(X)(X3)—0,96(X,)(X5)—2,34(X)%; (7)

Ry ne. = 12,53+3,59(X)—1,99(X)+6,18(X3)+1,96(X )(X5)—
—0,81(X,)(X5)—2,03(X)>+1,67(X,)?—0,98(X5)%;  (8)

Comparative analysis in terms of compressive strengthof
steel FRC after 28 days subjected to a heat treatment with the
same compositions cured all the time under normal condi-
tions is shown n Fig. 3.

As a result of studies, it found that by optimally chosen
composition and heat treatment schedule may receive a vol-
ume-prestressed steel FRC with increased strength charac-
teristics up to 25% compared with the same compositions
cured under normal conditions.

The most promising area of application of volume-prestressed
steel FRC are prefabricated and massive monolithic structures
cause in their production possible optimal combination of tech-
nological factors, providing those composite materials.
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MopaenupoBaHue KWHETUKM CYLLKM TMCTOBOr0 MaTepuana
npu peBepcuBHOI NOJaye CYLWIbHOr0 areHTa’

MpeanoxeHa HennHeNHas A4eeyHas MaTemMaTiiyeckast MOAENb KIHETUKIN CYLLIKKM ANIMHHOMEPHOTO INCTOBOr0 MaTepuana napannenbHbiM NOTOKOM rasa.
Mopenb N03BONAET PACCHUTBIBATL KMHETUKY CYLLKM NO NOKaNbHbIM NapameTpam COCTOSHWS MaTepuana u rasa u y4uTbiBasT NpoJoNbHYi0
TenNonpoBOAHOCTbL M BNaronpoBOAHOCTL B MaTepuane. MokasaHo, 4T0 pesepc NnoJaiv rasa B paLnoHanbHo nofo6paHHble MOMEHTbI BpEMEHN
MO3BONSAET CYLLECTBEHHO CHU3UTL HEPABHOMEPHOCTb PacnpefieNieHns Bnari B MaTepiane B NPoLEcCe CYLLKN.
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Simulation of drying kinetics of sheet material at reversible supply of drying gas*

A non-linear cell mathematical model of drying kinetics of long-measuring sheet material by parallel gas flow is proposed. The model allows calculating the drying kinetics based on the
local state of material and gas and takes into account longwise heat conduction and moisture conduction. It is shown that the reverse of gas supply at rationally chosen moments of
time allows considerable decrease of the non-homogeneity of moisture content distribution during drying process.

Keywords: sheet porous material, moisture content, drying, heat emission, moisture emission, heat conduction, moisture conduction, cell model, state vector, transition matrix, reverse

of gas supply.

HayuHble ocHOBBI MOZIETMPOBAaHUSI U pacyeTa Mmpolec-
COB CYIIIKM Ha OCHOBE MHTETPaJIbHbIX 0aTaHCOBBIX COOTHO-
LICHUH IO CPENHEN TETUIOTE U MACCE BJIATU IS BCETO MaTe-
puYaja 1 CyIIWIBHOTO areHTa XOpoIlo pa3paboTaHbl U UMe-
0T TIpaKTUYECKHW TIOJIHOE OIMIIMpUYECKoe obecreye-
Hue [1—4]. OnHako UHTErpaIbHBII MOAXO/ B TPUHILIMIIE HE
MOXET MPOrHO3UPOBATH IBOJIOLINIO PACIPEeSIEHUS TEII0-
(hmsnueckurx mapamMeTpoB MaTepuraa 1 rasa, YTo CTaHOBUT-
¢ 0COOEHHO BaXKHBIM TIPM CYIIKE JUIMHHOMEPHBIX JIMCTO-
BBIX MaTepHaJioB, KOTJIa HEPaBHOMEPHOCTb pacnpeaeaeHUsI
BJIard 1O JJIMHE MOXET MPUBOAUTH K CHIKEHUIO (hU3UKO-
MeXaHUYeCKUX CBOMCTB MaTeprasa: 00pa30BaHMIO TPEIIUH,
MOSIBJIECHUIO OCTAaTOYHBIX HAMNpPSDKEHUN W APYTrux aedek-
TOB [5]. TeopeTuuyeckue OCHOBBI OMMCAHMS CYIIIKM KaK pac-
TIpeeIeHHOTO TIpoliecca, cPopMyIMPOBaHHEIE B TEPMIHAX
nuddepeHIIMaTbHBIX YPaBHEHUM B YaCTHBIX TPOU3BOIHBIX,
npuBeneHbl B padborax [1—3]. OgqHaKo aHAIMTUYECKUE pe-
IIEHUSI 3TUX YpaBHEHUI BO3MOXHBI TOJBKO MPU JATEKO
WUOYIIUX YIPOILIEHUSX, YacTO HENMPUEeMJIEMBIX B peaJibHOM
npakTuke pacueroB. Cpeau pa3HOOOpa3HBbIX UMCIEHHBIX
METOJIOB MOXXHO BBIICTUTH METO TYCEUHOTO MOJIETMPOBa-
Hus [6—8 u ap.]. TeopeTnyecKkre OCHOBBI TIPUMEHEHUS sTue-
€UHBIX MOJIeJIEl, UCTIOJIb3YIOIIMX MaTeMaTUUECKUIi armnapat
TeopuM lerneir MapkoBa, K ONMCaHUIO MPOIIECCOB TEIIO-
MaccorepeHoca MpuBeaeHbl B padorax [7, 8]. ABTOpBI cuu-
TalT 3TOT MOJXOJ HauboJjiee MEPCIEKTUBHBIM, TaK KaK OH
6asupyeTcsl Ha HAIJISIIHBIX OaJlaHCOBBIX YPaBHEHUSIX TSI
3JIEMEHTAPHOM SYEWKHU, PeaTnu3yeTcs ¢ IIOMOIIbIO YHUBEP-
CaJIbHOTO BBIYMCIUTEIBHOIO aJIropuTMa cOOpKU M CBOOO-
JIeH OT OrpaHUYEHUI Ha JMHEWHOCTh Mpoliecca U CTaluo-
HApHOCTb KPaeBbIX YCIOBUIA.

PacyetHast cxema MoJeTMpyeMoro npolecca nokasaHa Ha
puc. 1. JlucroBoit Mmatepuai niauHou L, TonuuHon H u eau-
HUYHOM IIMPUHOM YJIOKEH B MAaKeThl C 3a30paMu B, yepes

Scientific foundations of simulation and computation of
drying processes based on the integral relationships for aver-
age heat and moisture balance for whole material and drying
gas are well developed and have practically complete empiri-
cal support [1—4]. However, the integral approach cannot
predict the evolution of material and gas thermophysical pa-
rameters distribution in principle. The latter becomes very
important for drying of elongated sheet materials where non-
homogeneity of moisture distribution over material length
can lead to the decrease of physical and mechanical proper-
ties of material: formation of cracks, residual stresses and
other flaws [5]. Theoretical foundations of drying description
as a distributed process formulated in the terms of partial dif-
ferential equations are presented in [1—3]. However, analyti-
cal solutions of these equations are possible only under far-
reaching assumptions that are not always acceptable for real
practice of calculations. The method of cell modeling can be
marked out among other numerical methods of their solu-
tions [6—8 and others]. The theoretical foundations of appli-
cation of the cell approach, based on the mathematical tool
of the theory of Markov chains, to model processes of heat
and mass transfer are described in [7, 8]. According to the
authors viewpoint this approach looks most perspective be-
cause it is based on the clear balance equations for elemen-
tary cell, can be realized on the basis the universal computa-
tional algorithm and is free from limitation on the process
linearity and stationarity of boundary conditions.

The design diagram of the process to be modeled is shown
in Fig. 1. A sheet material of the length L, thickness H and
unit width is placed parallel with the gap B, a drying gas
moves through which. If the number of sheets is big enough,
the representative object of modeling surrounded in the fig-
ure by the dashed line can be separated where b is the half
width of the material, 4 is the half width of the gas channel.

* WccnenoBanue BBIMOMHEHO ITpu hrHaHcoBo# nopnepxkke PODU (mpoext Ne 15-08-01684).
* This work was supported by the Russian Foundation for Basic Research (grant Ne 15-08-01684).
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KOTOpbI€ JBUXKETCSl CYIUIWIbHBIA areHT. [lpu mocraTtouHo
0OJIBLLIOM YKCJIE YIOKEHHbBIX JIUCTOB U3 MaKeTa MOXET ObITh
BbIICJIEH MPEACTABUTEIbHBINA OOBEKT MOAECIUPOBAHMS, OKPY-
>KEHHBIN Ha puc. | IITPUXOBOU JMHUEN, TI€ b — MOJOBUHA
TOJIIIIMHBI MaTepuaia; A — TMOJOBMHA IIMPUHBI KaHaja JJIst
npoxopa rasa. [peacraBum Matepuag OMHOMEPHOM LETbIO N
TPSIMOYTOJILHBIX STY€EK C JJTMHAMU CTOPOH /1 Ay=L/n, a Xa-
HaJl JU1s MPOXOJia ra3a — OJHOMEPHOM LIeTbIO /1 sTYeeK pa3me-
pamu bxAy. CuuTaercsi, 4To B KaXAbIi MOMEHT BpEMEHU Bce
Teruiou3nyeckue napaMeTpbl paBHOMEPHO pacipeaeaeHbl
BHYTPHU Kaxaoi stueiiku. CocTosiHUe TIpoliecca HabJrtoaeTcst
B IUCKPETHbIE MOMEHTBI BPEMEHU T;, Pa3ICICHHbBIE MAJIbIM
BpeMEHEM AT, Tak 4To T;=(k—1)At; k — HOMEpP BPEMEHHOTO
nepexona (LeJ0UYKUCICHHbIM aHAJIOT TeKYIIero BpeMEHM ).

B xaxnaplii MOMEHT BpeMeHU TeTuiohu3ndeckue rnapa-
METpbl COCTOAHMS LENU Ui MaTepuaja NpeiCTaBleHbl
BEKTOP-CTOJIOLIAMK pa3MepoM X 1: QS — pacrpeaeneHue
TETUIOTHI TI0 H‘leI/IKaM MaTepuaina; t;* — pacnpeneaeHue TeM-
nepaTyphbl; W — pacrpeneiaeHrue Macchl Bjaru 1 T. 1. Llems
1St ra3a xatl)(aKTepmyeTca BEKTOP-CTOJIOLIAMU COCTOSIHUS

o, t5 1 W5 pasmepom nx1.

Bbynem C‘-II/ITaTb YTO B TEUEHUE OJTHOTO BPEMEHHOTO Te-
pexojia MPOTEKAIOT IBE CTaIUU MPOLIECCA: MEPEHOC TeIIOThI
U BJIATM MEXIY SYelKaMu LIeTW ra3a U MPUMBIKAIOIUM K
HUM siyeiikamu Marepuasa (HarpaBjieHUe MepeHoca Baaru
MOKa3aHO Ha pUC. | TEeMHOM CTPEeJKOM, a TeIUIOTHl — CBET-
JIOI) U IEPEHOC TETJIOTHI U BJIarv MeXIy siueiKaMM OTAe/b-
HBIX LIETIEN.

KuneTtnka mpoliecca onmuchiBaeTCsl CJIEAYIONIeH crucTe-
MOW pEKYPPEHTHBIX MAaTPUIHBIX COOTHOIIICHU:

WI=Py (W AWY), (1)
I=PFQIHAQAQY), )
W, =P (W - AW + AW (3)
i '=PE(Qy —AQ") +AQ, (4)

B 3THUX COOTHOIIEHUSIX BEJIUUYMHBI C CUMBOJIOM A O3Ha-
HarT NEpCaaHHYIO MEXIY CXOACTBEHHBIMU sYeKaMU 1e-
neu 3a BpEMA At TEIUIOTY WJIN MacCCy BJIaru, a MME€HHO.

¢ UCIIAapC€HUE BJIarn U3 AYECEK MaTC€pHraia:

AW* =B * (py—py) AyAt, (5)

TIe p=pX(t¥) 1 p,*=p+(Xy) — BEKTOPHI NAPIMATBLHBIX 1aB-
JICHW BJIary HaJ TTOBEPXHOCTHIO BOMIBI U B Ta3e, pacCUMTHI-
BaeMble 110 SMIUPUYECKUM COOTHOLIEHUSIM; Xg — BEKTOD
BJIarocoaep>KaHusl B rase, KI/Kr; f — BeKTop KoapduimeH-
TOB MaccoOTAauyu, OIepaTop; .* o3HayaeT MO3JIEMEHTHOE
MepeMHOXEHUE BEKTOPOB;

* Tiepeaya TerIoThl OT ra3a BJIaXXHOMY MaTepuay:

AQ*=a..* (t;~t))AyAt, (6)

Ie o« — BEKTOp KO3 OUIIMEHTOB TEMJI00TAAYY;
* pacxomoBaHHUe TeruioThl AQ" Ha UcCIapeHue Bjaru u3
A4YECK MaTepurajia:
AQy =AW"*r, (7
o€ r — BEKTOP YZ[CIILHOFI TCIUIOThI HCIIapCHUSA BJIaru B
ﬂqeﬁn(ax, paCC‘-II/ITBIBaeMBII/I I10 ITapaMeTpaM ux Tel'U'lO(bI/I3I/I—

YECKOro COCTOAHMA,
¢ rnep€aaydya TCIIOThI sgyeiikam Marepuaia:

AQ= AQ*-AQy, )

[TpomoBbHBIN TIepEHOC TEIIOTHI W BJIaTM B Matepuae
KOHTPOJIMPYETCS] MaTPUIIEH TETUIONPOBOMTHOCTA Py u Ma-

HAYYHO-MeXHU4ecKuil U NPOU3800CMBeH b HCYPHAN '@ NPOVNIEI]

CylnnbHbI areHT
Drying gas
[e——H—>

The material is presented
as the chain of n rectangu-
lar cell of the dimensions 4
and Ay=L/n, and the gas
channel is also presented as
the chain of similar cells of i

the dimensions bXAy. i

It is supposed that at i

each moment of time all :

thermophysical properties i

are homogeneously dis- B

tributed over each cell. t

The state of the process is i

observed at the discrete :

moments of time T, sepa- ip
rated by the small transi- lq-.

i

I

I

I

i

i

i

i

i
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tion duration At, such as
T,=(k—1)At where k is the
transition number, which
is digital analogue of cur-
rent time.

At each moment of
time distributions of ther-
mophysical parameters
over the chain for material
is presented as the column
vectors of the size nx1: QK
is the heat dlstrlbutlon over
the cells, t.X is the temperature distribution, W is the mois-
ture content distribution, and so on. The chaln for the gas is
also charaterized by the column vectors Qg , t u W of the
size nXx1.

Let us suppose that during one transition duration the
process can be separated into two simulataneous stages: heat
and mosture transfer between the adjacent cells of the mate-
rial and gas chains (the drection of moisture transfer is shown
in Fig.1 by the dark arrow and of the heat transfer by the light
arrow), and heat and moisture transfer along the separate
chains.

The kinetics of the process can be described by the follow-
ing set of recurrent matrix equations:

3
L

Ay|

(n)
Y e ) b
Puc. 1. PacyeTHas cxema npouecca n
ero syeevyHas Mogenb

Fig. 1. Design diagram of the process
and its cell model

WI=Py (W - AWY), (1)
=PQI+AQ-AQY), )
Wg“*‘ =P (Wy — AW+ AW (3)
Q;"'=P¢(Qy~ AQY) +AQ/", 4

The symbol A in these equations is assigned to the amount
heat and moisture transferred between the adjacent cells.
These values can be calcuated as:

* moisture evaporation from the cells of material

AW* =B * (py—p) AyAt, )

where: pu=pw(ts) and p,*=p¥(X}) are the vectors of vapor
partial pressure above the material surface and in gas;
X, is the vector of moisture content is gas; B is the vector of
moisture emission coefficients, the operator; .* means ele-
ment-by-element multiplication of vectors:

* heat emission from gas to material:

AQ"=0.* (t—t)AyAt, (6)

where: a is the vector of heat emission coefficients;
+ consumption of the heat AQ" for moisture evaporation
from the cells of material:

AQy =AWX*r, 7
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Fig. 2. Variation of moisture content non-homogeneity at drying with
gas reverse at different moments of switch

TPULEN BIATONPOBOSHOCTH Py, MMEIOIIMMU Pa3Mep nXn
3JIEMEHTBI, KOTOPBIX PACCYMTHIBAIOTCS 110 popMmynam [6, 7]:

PSj =M Atle,p Ay, 9)
Pgjo =N Atle,p Ay, (10)
PQ,F,ijl—gPQ,,.J, i=1,...0, (11
Pyt i =D}AtAY, (12)
Pijj =D} M/AY, (13)
PWjJ:lngWU, i=1,...n, (14)

roe M u Df — K03 OULIMEHTHI TEIUIO- U BJIarOIIPOBOIHOCTH,
pPAcCUMTHIBAEMbIE IO JIOKAJIBHBIM TETUIOBIAKHOCTHBIM Ma-
pameTpaM B siYeiKax; ¢, U p, — TEIJIONPOBOAHOCTb U ILIOT-
HOCTb BJI&XXHOTO MaTepuaa.

ITockosbKy OMTHUM M3 OOBEKTOB MCCICAOBAHUS SIBJISICT-
¢S peBepCHUBHasI CYILIKa, IepeXoqHas MaTpHLA UL ra3a P u
BEKTOPBI BHEIIHUX UCTOYHUKOB TETUIOTHI AQf M MacChl BJla-
't AWX 3aBUCAT OT HaIIpaBJIeHMsI IBMXKEHUS Ta3a B JaHHbIIA
MOMEHT. DJIEMEHTbI MAaTPHIbI Pd; TIPH MPSIMOM XOJe Ta3a
pPacCUMTHIBAIOTCS 110 (hOpMyJiaM:

P& jo1,~VeAUAY, j=1,..,m—1, (15)
P&, =1-VAtAY, j=1,...m—1, (16)
P& u=1-V AT/Ay, (17)

e V, — CKopocTh rasa.

BekTOpbl MCTOYHUKOB WMEIOT HEHYJIEBBIE 3JIEMEHTHI
TOJIBKO IS TeX siueek, B KOTOPhIe MOMaeTcs ra3. DTH aje-
MEHTBHI IIpU MPSIMOM Xojie (I1oJaya rasa B s;ueiiky 1) paccun-
TBHIBAIOTCS 110 (hopMysam:

AWH=G oA TXp0/(1+X,0), (18)

AQA=G ot o At(cg+c, X (1+Xy0), (19)
rae Ggo — pacxo[ rasa, Xgo — €I'0 HaYaJIbHO€ BJIarocoacpxa-

HMUE; I — HadajlbHasl TeMIlepaTypa ra3a; ¢; — TEIJI0EMKOCTb
CyXOro rasa, ¢, — TCIIJIOCMKOCTb BOJASAHOTO I1apa.
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Fig. 3. Variation of moisture content non-homogeneity at drying with
one-time and double-ply gas reverse at optimal moments of switch

where: r is the vector of specific heat of evaporation that should
be calculated depending on the thrmophysical parameters;
* heat transfer to the cells of material:

AQ= AQ-AQy, (8)

The longwise heat and mass transfer in material is con-
trolled by the matrices of heat conduction Pg and moisture
conduction Py of the size nxn, elements of which can be
calculated by the following [6, 7]:

Py =k AT pAY, )
PSj =M Atle,p Ay, (10)
PQ,_/;_/‘=1_Z,PQ,A/’ i=L,....n, (11)
Py =DfATUAY, (12)
Pyjo1 ;=D AUAY?, (13)
Pm_ﬁj=1—§Pm,, i=1,...,n, (14)

where: Af and Df are the heat and moisture conduction coef-
ficients to be calculated according to the current properties of
the cells for material; ¢, and p, are the heat capacity and den-
sity of the moist material.

As far as one of the investigation objectives is the revers-
ible drying, the transition matrix for gas P¢‘ and vectors of the
external sources of heat AQf and moisture mass AW depend
on the direction of gas motion. The elements of the matrix P&
for the direct current of gas flow are to be by the formulae:

P&y, ~VeAUAY, j=1,..,m—1, (15)
P&y, =1-VATAY, j=1,..,m—1, (16)
P& un=1-V,At/Ay, (17)

where: V, is the gas velocity.

The source vectors have non-zero elements only for the
cells the gas is supplied to. These elements for the direct current
flow (the gas is supplied to the cell 1) have the following form:

AWH=G oA TXp0/(1+X,0), (18)
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Fig. 4. Evolution of moisture content distribution at drying without reverse (a) and with one-time reverse after 0.5 hour (b)

IIpu oOpaTHOM xoie ABUXEHUE Tra3za KOHTPOJIUPYETCS
matpuLei Pg,, KoTopas nosydaercsd U3 MaTpulbl Pg; myrem
ee ITOBOpOTa IT0 4acoBoi cTpenke Ha 180°, a BeJTWMYMHBI
AW} (18) n AQ;‘ (19) npunMCHIBAIOTCS SYEHKE C HOMEPOM H.

HepaBHOMepHOCTb pacripefesieHus Biard Mo JINHE
Marepuaa B IepBOM MPUOIUKEHUU MOKHO OLIEHUTD BEJU-
YUHOW:

zh= (XY/:nax - XY/;nin)/va (20)

roe X* . u X' — MakcuManbHOe 1 MIHIMAIBHOE BIAr0CO-
Jiep>KaHue B MaTepualie B k-M BpeMEHHOM COCTOSTHUM.

IIpuseneHHble paBeHcTBa (1)—(20) BMecTe ¢ mpuBieKa-
€MBIMU TEOPETHYECKUMU WJIM SMITUPUYECKUM 3aBUCHMO-
CTSIMM JUTSI TETIO(U3NIECKHUX CBOMCTB MaTepuaja M rasa
JTAIOT TTOJTHOE ONMMCaHNe KMHETUKU pacIpeaesIeHHOTO Mpo-
1iecca CyIIKM JIMCTOBOTO MaTepuayia, B TOM YMCJIe TpU pe-
BEPCUBHOII IMo1aye rasa.

IIpuBeneHHbIN HUXE TpPUMEP pacyeTa pPeBEPCUBHON
CYIIKH BBITIOJHEH JUISI JTUCTA IPEBECUHBI (OCMHA) eAMHUY-
HO IIMPUHBI JUIMHOK 2 M U TOJIILMHON 25 MM C TETIJIONpPO-
BOAHOCTHIO cyxoro Matepuaina 0,4 Br/(m-°K) 1 koadduiu-
€HTOM BJaronposoxHocTy 3*10° M2/c mpy ero HauarbHOM
pinarocoaepxanuu 0,3 kr/kr. CKOpoCTh CYLIUILHOTO areH-
Ta Ha Bxone cocTasistia 1,5 m/c npu temnepatype 80°C u
Biaroconepxkarauu 0,005 xr/kr. [T pacuyeTta UCITOJIb30BaHa
LIETTh U3 ITATH sTyeeK. Yncao BpeMeHHBIX epexoaoB N orpe-
NIEJISUIOCh U3 YCIOBMS JAOCTVKEHUS CpeaHell BIaXXHOCTU B
Marepuaie, paBHoii 0,01 Kr/Kr.

Ha puc. 2 noka3zaHo u3aMeHeHUe HEPaBHOMEPHOCTH CO-
Nep>KaHUsl Bjaru Z Npu OAHOKPAaTHOM peBepce, BKIIIouyae-
MOM B pa3JIMYHBIE MOMEHTHI BpeMeHU (BpeMsl TiepeKToue-
HUST OTMEUEHO KpyxXKamu). PacueTsl MOKa3bIBAIOT, YTO TTe-
pEXoJl K peBEPCUBHOIA MoJaue ra3za CoKpallaeT Bpemsl Cylli-
Ku Ha 12—16%, HO HEPaBHOMEPHOCTD PaCIIPEIeICHHUs CO-
Nep>KaHUsl BJIarM MEHseTCsl MOBOJIbHO 3HauuTesbHO. M3
rpauKoB cienyeT, YTo HauMeHblas MakCuMasibHasl He-
PaBHOMEPHOCTb IOCTUTaeTcsl TpU peBepce uepes 0,5 U ¢ Ha-
yaJia rmpoiiecca, Korlia HepaBHOMEPHOCTb CHIKAETCST TIOUTH
B JiBa pasza.

Ha puc. 3 npencraBieHbl JaHHBIE ¢ IBYKPaTHBIM PeBep-
COM, KOTZIa Hawy4dlliee BpeMsl MepeKIIoueHUs] COCTaBIISIET
0,45 u 1,15 4. Ilepexoa OT OAHOKPATHOIO peBepca K JBY-
KpaTHOMY CHUXaeT HEpaBHOMEPHOCTh MEHbIIIe, YeM Tepe-
X0 OT TIPIMOTOYHOTO peXruMa K OJHOKPATHOMY peBepcy.
Boiurpeiir coctaisieT okosio 17%.

Ha puc. 4 nmpommocTprpoBaHa 3BOJIIOLIMS pacIipe/iesie-
HUS BJIarocoJiep:kaHus B MaTepuajie pyu OTCYTCTBUM U Ha-
JIMYMM OJHOKpPATHOTO peBepca raza. M3 rpadukoB BUIHO,
YyTO cyllika 0e3 peBepca BechMa HepaBHOMEPHaA B MPOAOJb-
HOM HaripaByieHud. [IpndrHa 3TOro 0OYeBUIHA: B KOHEIT JTH-

HAayYHO-MexXHU4ecKuil U NPOU3800CMBeH b HCYPHAN
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AQA=G ot 0 AT(ce+ e, Xeo) (1+X0), (19)

where: Gy is the gas flow rate; Xy is the initial moisture con-
tent in it; f, is the initial gas flow temperature; ¢, is the heat
capacity of dry gas; ¢, is the heat capacity of water vapor.

At the reverse current flow the gas motion is controlled by
the matrix Pg,, which can be obtained from the matrix Pg; by
means of its 180° clockwise rotation, and the values AW/ (18)
and AQ/’? (19) must be assigned to the cell n.

The non-homogeneity of moisture distribution over ma-
terial length can be estimated bu the value:

k= (xk

smax

= Xopin) Xoo, (20)

where: XF . and X%, is the maximum and minimum mois-
ture content at the k-th state.

The above equations together with involved theoretical or
empirical relationships to calculate thermophysical proper-
ties of material and gas provided the complete description of
the distributed process of sheet material drying including the
case of reversible gas supply.

The presented below computational example is done for
wooden sheet (aspen) of the length 2 m and thickness 25 mm
with the heat conduction coefficient (for dry wood)
0.4 W/(m-°K) and moisture conduction coefficient
3*10°8 m?/s at its initial moisture content 0.3 kg/kg. The gas
flow at the inlet had the temperature 80°C and the moisture
content 0.005 kg/kg, its velocity was 1.5 m/s. The chains of
5 cells each were used. The number of time transitions N was
determined from the condition of reaching the average
moisture content in the material 0.001 kg/kg.

Fig. 2 illustrates variation of the moisture content non-
homogeneity Zfor one-time reverse when the gas flow direc-
tion is switched at different moments of time (the time of
switch is marked by circles). Calculations show that usage of
the reversible gas supply allows decreasing of the drying time
on 12—16% only but the non-homogeneity of moisture con-
tent distribution changes considerably. It follows from the
graphs that the smallest maximum non-homogeneity is being
reached at the reverse after 0.5 hours after the process begins
when the non-homogeneity become almost 2 times as little.

Fig. 3 is related to the double-ply reverse with the best
switch times are 0.45 and 1.15 hours. Transition from the
one-time reverse to the double-ply one decreases the non-
homogeneity less than transition from the direct current flow
to the one-time reverse. The gain is about 17%.

Fig. 4 illustrates the evolution of moisture content distribu-
tion at absence of the reverse and presence of one-time reverse.
It can be seen from the graphs that drying without reverse is
rather non-homogeneous in longwise direction. The reason of
this is obvious: the end of the sheet contacts with strongly
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CTa TIoTIalaeT 3aMETHO YBJIAXKHEHHBIM W OXJIaKICHHBIN Ta3,
YTO Cpa3y 3aMETHO CKa3bIBAeTCs Ha IBIIKYIIEH CUIe BIaro-
nepeHoca. [Ipu HaTMuMK peBepca Cylika uaeT 3HaUUTeTbHO
paBHOMEpHee MO JUTMHE JIUCTA.

TaxkuM 06pa3oM, TIpeUTOXKEHHAs siueeuHast MaTeMaThJe-
CKasl MOJeJIb TO3BOJISIET PACCYMTHIBATh KWMHETHKY TEIIO-
MaccooOMeHa TPH CYIITKe TUCTOBOTO MaTepraJia rapajuiesib-
HBIM €My TIOTOKOM Ta3a, a TakKKe BBITIOJHATb PacUETHYIO
OLIEHKY BO3MOXHBIX MyTell COBEPILIEHCTBOBAHMUSI TTpoliecca.
B yacTHOCTH, MOKa3aHO, YTO MePeXo] K CYIIKe C pPeBEPCOM
rasa IMO3BOJISIET 3HAYMTEIBHO CHU3UTh HEPABHOMEPHOCTb
BJIATOCOJCPXKAHUS B MaTepraie B TEUEHHE TIpoIiecca.
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CnpaBOYHUK.

cooled and moisture gas that immediately reflects on the mov-
ing force of moisture transfer. At the presence of reverse the
drying is much more homogeneous along the sheet length.
Thus, the proposed mathematical model allows calculat-
ing the kinetics of heat and mass transfer for drying sheet
materials by a parallel gas flow and searching for ways to im-
prove the process. In particular, it is shown that transition to
drying with gas flow reverse allows decreasing the non-homo-
geneity of moisture content distribution during the process.
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KHura «3awura gepeBsiHHbIX KOHCTPYKLMMA»
Astop — A.[l. JTomakunH
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CTpykTypHble hakTopbl 06ecnevyeHus
MOPO30CTOMKOCTH LLeMEHTHbIX NeH0OEeTOHOB

[Ins makponopmucTbiX 66TOHOB NpeAnoXeHa 06006LLeHHas TPAaKTOBKA MeXaHW3Ma MOPO3HOM0 pa3pyLUeHns ¢ 060CHOBAHWEM KpUTEpUanbHbIX ANs ero
perynnpoBaHus napameTpoB CTPYKTYpbl. [peAcTaBneHbl Pe3ynbTaTbl ANNATOMETPUYECKMX NCCNEA0BAHNIA LEMEHTHbIX NEHO6ETOHOB, MO3BOMMBLLINX
BbISIBUTb B3aWMOCBA3b NAPaMeTPOB UX CTPYKTYPbI C MEPON AeDOPMUPOBAHMSA MaTepuana npyu 3aMopaxMBaHUN BOAOHACHILLEHHbIX 06Pa3LioB.

KntoueBble ¢NoBa: NeHOGETOHbI, CTPYKTYpa, MOPO30CTONKOCTb, INNATOMETPUS.

G.S. SLAVCHEVA, Doctor of Sciences (Engineering) (gslavcheva@yandex.ru)

Voronezh State University of Architecture and Civil Engineering (84, 20-letija Oktjabrja Street, 394006, Voronezh, Russian Federation)

Structural Factors Ensuring the Frost Resistance of Cement Foam Concretes

For macro-porous concretes, a generalized interpretation of the mechanism of frost destruction with the substantiation of structure parameters criterial for its regulatory is proposed.
Results of dilatometric studies of cement foam concretes, which revealed the interrelationship of the parameters of their structure with the measure of deformation of the material during

the freezing of water-saturated samples, are presented.
Keywords: foam concretes, structure, frost resistance, dilatometry.

O6ocHOBaHUe (HaKTOPOB MOBBIIIEHUSI MOPO30CTONKO-
CTU LIEMEHTHBIX MEHOOCTOHOB OCHOBBIBAETCSI Ha aHAJIU3e
(u3rnUYecKrX SIBJICHUIT MOPO3HOTO pa3pyllieHUsl Kak Clei-
CTBUE TMpollecca HaKOIUICHUST TIOBPEXICHUI B YBIAXKHEH-
HOM Matepualie TIpy BO3IEHCTBUM Ha HETO CPENIbI C IIUKIIM-
YECKU MEHSIOILECHCS OTPULIATEIbHON U TTOJIOXKUTEJIbHOM €€
TeMIIEpaTypoi, IPUBOAAIINX K U3HOCY MaTepHUAJIOB.

CornacHo cymiectByomuM KiaccuueckuM (A.C. bepk-
maH, WU.I'. MeapHukoBa. CTpyKTypa U1 MOPO30OCTONKOCTb
CTpOMTENbHBIX MaTepuasioB. M.: Toccrpoiiuzmar. 1962.
164 c.; I'.N. TopuakoB. CocTaB, CTpYKTypa U CBOMCTBA 1ie-
MEHTHBIX 0eTOHOB. M.: Crpoiin3zaar. 1976. 144 ¢.) u coBpe-
MEHHBIM [1—35] mpeacTaBieHUsIM O MeXaHMU3Me MOPO3HOIO
pas3pylieHus, a Takxe npemaioxeHHo E.M. UepHblleBbIM
1 pa3BUBAeMOIl aBTOPOM €T0 TPaKTOBKe [6, 7], HAaKOTUTeHUE
TMOBPEXIECHUI SABISETCS Pe3yJIbTaTOM COBOKYITHOCTH SIBJIE-
HUH (TUAPOCTATUYECKUM JaBJIEHUEM BOIBI ITPY 3alTUPaHUT
€€ B 3aMKHYTOM 00beMe 00pa3yroIIuMCs JIbIOM; TUAPaBIN-
YeCKUM JaBJI€HUEM BOJbI ITPU OTKATUU €€ JIbAOM OT 30HbI
JIbA000OPA30BaHMsI B MOPHI), CBSI3aHHBIX C TpeoOpa3oBaHu-
eM XuaKoi (assl B Kprodasy (1paodasy) B 00bemMe MaTe-
puana. OUyTUMO KPUCTAIIM3ALUOHHOE, TUAPOCTaTUYE-
CKOE M THUIPABIMYECKOE MaBIICHUE MOXET IPOSBIATHCS
TIPY TIPEIeTbHBIX WIM OJIU3KUX K HUM 3HAYSHHUSIX HATOJTHe-
HUS Top MaTepuaia Bogoii. M B CBSI3U ¢ 9TUM HEOOXOIM-
MbIM YCJIOBUEM Pa3BUTHUS AECTPYKIIMU B pe3ybTaTe AaBiie-
HUS TbA000pa30BaHUsI U COIMYTCTBYIOIIMX €My YKa3aHHBIX
BBIIIIE TUTPOMEXaHUUeCKUX 3(P(HEKTOB cUMTAETCS HATUIue
KPUTUYECKOI CTeTIeHN HACHIIICHUS TTOp MaTepraja BOIOH,
paBHoit 91,7%.

Bo Bcex mpolieccax MOpO3HOI A€CTPYKIIMU OTIpeaesiio-
1ee MECTO MPUHAIEKUT CTPYKTYPHBIM XapaKTepUCTUKAM
Marepualia, KOTOpbIe ¥ 3a1al0T MHTEHCUBHOCTb U MEpY pa3-
BUTHS BCEX MPOLIECCOB MPU 3aMOPaKUBAHUU, a TEM CAMBIM
CKOPOCTb ¥ MEPY MOPO3HOTO pa3pylieHus. KpurepraabHbIM
IUIST Pa3BUTHS MOPO3HOM NECTPYKIIUMU SIBJIsSieTCSl (DaKkTop
TeMIlepaTyphl epexoaa XUAKoi (as3bl B Kpuodasy (TeMre-
paTypbl 3aMep3aHus BOAbI B MaTepualie), KOTopasl 3aBUCUT
OT CHUJIbI CBSI3M BOJIBI CO CTPYKTYpOIl MaTepuaia, INpeao-
TpeesieMoi aacopOIIMOHHON aKTUBHOCTBIO TIOBEPXHOCTH
TBepmoi (a3bl (XapakTepu3yeTcsl TEIUIOTOM CMavuBaHUS
Grs.9))> CDOICTBOM XKUIIKOM (hasbl K TBepoi dase (xapakre-
puU3yeTcsl KpaeBbIM YIJIOM cMaduBaHUs 0), pacrpenesicHu-
eM 00beMa TIOPOBOTO MPOCTPAHCTBA M0 PAIUYCY MO dry,/

dVyop (XapaKTEPU3YETCS CPEAHUM IKBUBATCHTHBIM PajIny-

HAYUHO-MeXHU4ecKuil U NPOU3800CMBeH b HCYPHAN

COM II0D 7). B 3aBUCUMOCTH OT CTPYKTYpHI MaTepuasa 3Ha-
YyeHHUe TeMIIepaTypbl 3aMep3aHusT BOJbI B HEM MOXET HaXo-
nutbest B uHTepBasie 0°C — -70°C. [Insg MakKpOmOpUCTBIX
OCTOHOB 3HAYMMBIM (DAKTOPOM ITOBBIIICHUST MOPO30CTOM-
KOCTHU SBJISIETCS CO3JaHKWE pe3epBHOIO (CBOOOTHOTO OT
XKUAKOCTH) 00beMa MaKpOIIOPUCTOIO IMPOCTPAHCTBA B Ma-
Tepuaiax, B KOTOPbI MOXET I'MIpaBIMYeCKU OTKUMAThCS
XujKas dasa mpu Jb1000pa30BaHNM B 3aTIOJTHEHHBIX BOIOM
KanmwuIsIpHbIX mopax. M 3To B OCHOBe cBoeii TakxXe Toj-
pa3yMeBaeT peryJupoBaHME CTPYKTYPHBIX XapaKTepUCTUK
Marepuasia, a Ha 3TO OCHOBE BO3MOXHOCTb YIPaBJICHUS
TMTPOMEXaHUYEeCKUMM MpoLeccaM TPU 3aMOPaKUBAHU N -
OTTaBaHUMU W B UTOr€ MHTEHCUBHOCTbIO MOPO3HON Je-
CTPYKIIUHU.

Takum 006pa3oM, MexaHUKa MPOLIECCOB MPOSIBJICHUS U
peain3alilii MOPO30CTOMKOCTU CTPOUTEIbHBIX MATEPUAJIOB
B CBSI3U C UX CTPYKTYPOI OKa3bIBAaeTCSI MHOTOITJIAHOBOM C
TOYKHU 3PEHUS TIPUHIIUMIIOB Y BO3MOXHOCTE! YIpaBJIeHMUS.
Jnamna3oH 3TUX BO3MOXHOCTEN WJUTIOCTPUPYETCS JaHHbI-
MM, TOJYYEHHBIMU aBTOPOM IMPUMEHUTEIHLHO K II€MEHT-
HBIM ITEHOOETOHAM C BApbUPYEMBIMM CTPYKTYPaMU TBEPHOit
¢asbl ¥ TOPOBOTO MPOCTPAHCTBA.

MoOp0o30CTOMKOCTh GETOHOB CBsSI3aHA C WX UCXOXHBIM
BJIAXXHOCTHBIM COCTOSTHUEM, TO3TOMY C MPaKTUYeCKOM
TOYKM 3peHHUs 1IeJeCO00pa3HO XapaKTepu30BaTh BIaX-
HOCTHOE€ COCTOSIHME MaTepuasoB, Habjoaaemoe: a) Mpu
IJTATEJIbHOM NTpeObIBAHUM UX B Cpefie HACHIIIIEHHOTO BOIsI-
Horo napa (p/p,~1); 6) HEMOCPEACTBEHHO MOCIe OKOHYa-
HUSI TEXHOJIOTMYECKOTO Mpoliecca; B) MPU UX BOIOHACHI-
meHuu. Takue BapuaHThl BJaXXHOCTHOTO COCTOSIHUSI 6€TO-
HOB COOTBETCTBYIOT Haubosiee HeOJIaronpusTHbBIM CUTYa-
LIUSIM U YCJIOBUSIM, B KOTOPBIX OHU MOTYT 0Ka3aThCs MpPU
9KCIUyaTaluu.

INokazaHo, 9YTO MOCPEACTBOM pPETYJIMPOBAHUSI TTapame-
TPOB COCTaBa M CTPYKTYPBI IIEMEHTHOTO MUKPOOETOHA
(Tab. 1), paccMaTpuBaeMOro B KaueCTBE MaTPUIIbI IeHOOe-
TOHOB, MOXXHO MHOTOKPAaTHO U3MEHSTb CTeNeHb 3aIloJHe-
HUSI TIOp XUAKOW (ha3oif M COOTBETCTBEHHO DPE3EPBHBIN
00beM OPOBOTO MPOCTPaHCTBA (TabI. 2).

LlemeHTHBIIT MUKPOOETOH 6€3 106aBOK 1 HAITOJTHUTEJIEH
(paccMaTpuBaeMbIii B KauyeCTBE 3TaJoHA) o0JagacT TaKoi
CTPYKTYPOIi, YTO €0 MOPhI B KaXKIOM M3 pacCMaTprUBaeMbIX
BapyaHTOB BJIAXXHOCTHOTO COCTOSIHUSI OKa3bIBAIOTCS B 3HA-
YUTEJbHOW Mepe WM MOJTHOCTBIO 3alOJTHEHHBIMU BOMIOM.
M3meHeHre CTPYKTYphl B HAIPaBJICHUM YBEJTUYEHUST Cpel-
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Results of scientific research

Ta6nuua 1

I'Iapameprl CTPYKTYPbI «MOAEJIbHbIX» 06pa3|.|,os LUeMEeHTHOro MquoGeToua, npuHMUMaeMbIX B Ka4eCcTBe MmaTpuubl
LEeMEeHTHbIX neHob6eToHOB

Mogpenu CTpykTypbl MUKPOOETOHA OTanoH MaTpuupl NOPU30BaHHLIX GETOHOB
B/L, 0,4 0,4 0,8 1
MbineBnaHbIN MonoTtbii 3ona-yHoc
Bua HanonHutena ° o
KBapLEBbLIN MECOK | KBapLEeBblA NeCoK TaL,
Xapaktepuctumka >
cocrana Syn, M®/Kr Bes 60 15 350
TennoTa cMayMBaHusa BOAOM, KIX/Kr HanoJiHuTens 0,71 0,97 1,65
MaccoBoe COOTHOLLEHNE 11,75 1115 1115
LIeMEHT—HanoNIHUTENb

CreneHb rugpatauumn uemeHTa, % 82 74 79 90
Vies, M3/m3 0,43 0,18 0,2 0,23
Vi, M3/M° 0,19 0,06 0,06 0,03
Vi, M3/m° 0,54 0,48 0,43

MapameTpebl 5 3

CTPYKTYpHI Vi, M°/M 0,33 0,22 0,26 0,31
Sru.p M2/T 82,2 7,5 22 70,2

Gs.py KIDK/KT 15,1 <2 <2 6,1

Copep>xaHune nop pagnycom ;<20 Hm, o4 10 29 30

% oT 0bLero o6vema nop

HbIlA paguyc nop.

Mpumeuanue. V ; — 06bEM LIEMEHTUPYIOLLErO BELLECTBa; Vs — 00bEM OCTAaTOUHbIX 3€PEH LieMeHTa; Vi —06beM MUKPOHAMNONHUTENS;
Vi — 06beM nop; Sws.¢ — YAENbHAsA MAOLLAAL NOBEPXHOCTH; grs.¢ — YAESbHAS NOBEPXHOCTHAS 9HEPrus TBepaov dasbl; #; — SKBUBAIEHT-

TaGnuua 2
Moka3aTenu BNaXKHOCTHOrO COCTOSIHMSI LIEMEHTHOr0 MUKPOGEeTOHa 1 neHo6GeToHa cpeaHeii nnoTHocTn 800 kr/m3
MokasaTenu BNaXHOCTHOrO COCTOSIHUS
XapakTepucTika CoCTaBos MUKPOGETOHa rnocne xpaHeHus B cpene ¢ p/py=1 nocne TBepaeHUs nocse BOLOHACHILLEHNUS!
1 NOPU30BAHHOIO GETOHA P PEAE C /Py PA A
V)ch/ Vnop | Vprl V)Kd)/ Vnop | Vprl V)KdJ/ Vnop | Vpn
na mukpobeToHa
Bes HanonHuTenen B/U=0,4 0,27 0,73 0,55 0,45 1,14 0
Ha monotom necke 0,31 0,69 0,34 0,66 0,85 0,15
C HanonHutenamun
Ha 3one yHoca 0,53 0,47 0,57 0,43 1 0
[na neHobGeToHa
Ha HemonoTom necke 0,06 0,94 0,11 0,89 0,17 0,83
Ha monotom necke 0,07 0,93 0,23 0,77 0,37 0,63
Ha 3one-yHoce 0,11 0,89 0,33 0,67 0,5 0,5

sopoit, m3/m3.

Mpumeuanmne. Vig/Viop — CTeneHb 3anonHenmns nop soaoi, M3/m3; Vor=1 — Vig/Viep — PE3EPBHBIN 06bEM MOP, HE 3aNONHEHHbIX

HEero pajauyca nop npu OIHOBPEMEHHOM CHUXEHUU yIeJb-
HOW TMOBEPXHOCTU M TTOBEPXHOCTHOW 3HEPTrUM TBEpAOI
dasbl 3a cyer BBemeHUST TPYOOAMCIIEPCHBIX, OTHOCUTEIHLHO
MaJIOAaKTUBHBIX 110 OTHOIIEHWIO K BOJE HATIOJHUTENICH
(Tabu. 1) compoBoOXaAAeTCsI MOHMXKEHUEM CTEIIEHU 3a0JIHe-
Hust nop Bomo# (Vyg/Vyiop), BO3pACTAHUEM BENTUYUHBI He
3aMOJIHEHHOTO  BOJOW  pe3epBHOTO o0beMa  MOp.
IMoauepkHeM, 4TO AJ1s1 MUKPOOETOHA, MOJIYYEHHOTO C MpU-
MEHEeHHUEM KBaplIeBOTO MecKa, Jaxe IMOocje ero BOJOHACHI-
IIEHKsT STOT ToKasateab cocrauser Vi, /V,,,=0,85, uto
HIXE KPUTUYIECKOTO 3HAYeHUS Vo /V16,=0,
Dukcupyemast 1S MUKpOOETOHA CBSI3b TAPAMETPOB €T0
BJIQXXHOCTHOTO COCTOSIHUSI C OCOOEHHOCTSIMU CTPYKTYPbI
3aKOHOMEPHO TIposIBiIsieT ceOsl B NeHOoOeTOHaX, Tie COOT-
BETCTBYIOIINI BUI MUKPOOETOHA MCITOJIB3YETCS B KAYECTBE
MaTpUYHOIo Marepuaja. [lyiss 6eToHa Ha KBapLEBOM IIECKe
U 30JI€-YHOCE OJIMHAKOBOM CPEAHEN TNIOTHOCTHU IIPU BJIAXK-
HOCTHOM COCTOSIHUM, JOCTMTaeMOM TIOCiie TBEpIAEHUS U
Mocyie BBIIEPXWBAaHUSL B cpele ¢ p/p,~l, uMeeT MecTo
1,5-KpaTHasi pa3HU1Ia B CTENIEHN 3aITIOJIHEHUsI 00111ero 00b-

op

op

(CYPONIENIBHIBIE

eMa Mop U MUKponop Bonoit (tadiu. 2). B Mmakpornopuctom
OeToHE MpU OOBIYHOM BOJOHACBIIIEHUU €0 MUKPOIOPHI
TOJTHOCTBIO 3aTOTHSI0TCS Bogoi. OmHAKO C ydeToM oObeMa
MakKpoIiop B MaTepuajie BCEraa €CTb HE3aHSThIM BOMIOMH,
pe3epBHbBII 00BEM ITOPOBOIo MpocTpaHcTBa. Ero BemunHa
3aBUCUT NIPM PaBHOM CpeAHEN IJIOTHOCTU O6ETOHA OT OCO-
OeHHOCTE CTPYKTYpbl MaTepuaia MeMOpaH. BeinosHeHHbIE
HcCceIoBaHus MOKa3aln, YTO Pe3ePBHBIN 00BEM MOPOBOTO
MPOCTPAHCTBA BO3pacTaeT AJisi OETOHOB PaBHOW CpenHeil
IUTOTHOCTU IO Mepe MOHUXEHUSI CPOJACTBA MaTepuasa re-
pPeropoioK K BOJI€, YMEHbIIIEHUSI OTHOCUTEJILHOTO 00beMa
MUKPOTIOP.

OfHaKo TOBBIIIEHHbIE 3HAYEHMSI MCXOMHOM CTEreHU
HACBILIEHMSI TTIOP MaTepurasa BOIOH WU, HAIIPOTUB, TOHU-
JKEHHbIE UX 3HAYEHUS €1l HE IaI0T OCHOBAHUI MPOTHO3U-
pOBaTh MO HUM COOTBETCTBEHHO 00Jiee HU3KYIO WU OoJiee
BBICOKYIO €r0 MOPO30CTOMKOCTh. [1pu oxylaxxaeHuu mare-
pUasia UICXOHOE BJIaXHOCTHOE €ro COCTOSIHME UM COOTBET-
CTBYIOLIIasi €My BEJINYMHA PE3EPBHOr0 00OBbEMa MOP HE CO-
xpaHsitorcsi. B cuity pasButusl mpouecca TepMOTrpaaueHT-

HAayuHO-MeXHU4ecKuil U NPOU3800CMBEeHHbILL HCYPHAN
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Pe3yabTaTbl HAYYHbBIX HCCA€10BAHHI

Aedopmauum LemMeHTHOro MMKpo6eToHa, MakponopuUcTbix 6eTOHOB (NeHOGeTOHOB) Npu Temnepartype 0 — _;’gfguua ®
MpuBeneHHble gedopmarmm

Bug matepuana XapakTepucTuika cocTaBa matepuana AE=Egon—Ecyx, MM/M NpY TEMNEPATYPE
0--10°C -20 - -30°C <50°C
Bes HanonHuTenen n nob6aBok B/U=0,4 0,3 0,15 0,5-0,6
LleMEHTHbII Ha monotom necke 0,09 HeT 0,5-0,6
MUKPOGETOH C HanonHuTenamm Ha 3one-yHoce HeT 0,17 0,3-0,4
Ha HemonoTom necke HeT 0,15 0,4-0,5
Ha HemonoTom kBapLeom necke D800 0,28 0,19 0,2-0,3
nusro%HeT:obrllﬁ Ha monoTtom kBapueom necke D800 0,13 HeT 0,3-0,5
MuKpO3epHUCTLIN Ha 3one-yHoce D800 0,12 HeT 0,1-0,2

HOI MUTpallMy BJaru B MaTepuase ¢ OTHOCUTEIbHO MEHb-
1IEM UCXOAHOM CTEMEHbIO 3alIOJHEHUS TTIOP BOAOK MOXET B
30HE €ro OXJIaXIEeHUSI BOSHUKHYTh CUTYallusl KPUTUYECKO-
ro BOJOHACHKIIICHMS. B MaTepuasie e ¢ OOJIbIIUM MCXOJ-
HBIM BOJOCO/IEp>KaHUEM TaKasl CUTyallusl, K IpuMepy, Mo-
KET U He TIOSIBUTHCS, M1 OH B PE3yJIbTaTe 3TOTO OKaXeTCs
MOTeHIIMAIbHO 0osiee Mopo3ocToiikuM. Kak cienyer u3s us-
JIOKEHHOTO BbI1lIe TOHUMAaHUS MeXaHu3Ma U (paKTOpOB MO-
PO3HOTO pa3pyllieHUs, OBBIIIEHHYIO CTENIEHb 3aMOJHEHUS
TOp BOMIOW CJIeNyeT CUMTaTh HEOOXOAUMBIM, HO HENOCTa-
TOYHBIM YCJIOBMEM pa3pyllieHUs] TpU 3aMOPaXXMBAHUU.
Onpenensioolniee 3HaYeHUE OyIeT UMeTh BEPOSITHAST TeMITe-
paTypa 3amep3aHusl BOAbI B TOpax W

Mepa jaedopMUpoBaHUS Marepuaia a
Nnpu 3amopaxuBaHuu [8, 9], saBisio-

Temneparypa, °C 6

Jns ieMeHTHOTO MUKpoOeToHa 6e3 100aBOK M HaIloJj-
HUTEJIEH OTIMYMS B XapakTepe nedOpMUPOBAHUS CYXUX U
BOJIOHACHIIIIEHHBIX 00pa3I0B OMPEeISIIOTCS MapaMeTpamMu
MOPOBOTO MpPOCTpaHcTBa. HecMOTpst HAa TO YTO B BOIOHA-
CBIIIIEHHOM COCTOSIHUM MOPOBOE MPOCTPAHCTBO MUKPOOE-
TOHA MOJIHOCTBIO 3aMOJTHEHO XUIKOM (ha3oii, B IEMEHTHOM
MUKPOOETOHE, TOPOBOE MPOCTPAHCTBO KOTOPOTO XapaKTe-
pU3yeTcsl IByMOAAIbHBIM pacIpeie/ieHUueM Top 1Mo UX pa-
nuycaM (Harpumep, ipu B/I1= 0,4) o mepe oxnaxaeHus
MaTepuaia 3¢p@eKT yBeanueHus: o0beMa B pe3yabTaTe JbI0-
00pa3oBaHusl 1OCTATOYHO YETKO HAOIIONAeTCsl B MUHTEpBaJie
temrrepaTypbl 0 — -10°C u -50 — -60°C (puc. 1, a).

Temneparypa, °C

masicss CeICTBMEM M ToKasaTemem 70 60 -850 -40 30 20 <10 0 10 20 70 60 50 -40 -30 -20 -10 0 10 20
BO3MOXHOTO TIPOSIBJICHUS] KPUCTAJIIN - T 0 T 0
3al[MOHHOTO JaBJICHUS IIPU JIBA0OOpa- B /“ 0.1 B /‘( 0.1
30BaHUU. - fal 0.2 - 72 0,2
CpaBHUTENbHBIE UCCIIEAOBAHUS Ie- 5 , 103 - 2 /' 4038
(bopMupoBaHMSl CyXuMX W BOJOHACHI- [ ¥ 404 = F % 404 =
IIEHHBIX OOpa3lioB LIEMEHTHOr0O MU- | / dos ¥ L /L o5 B
KpPOGETOHA U COOTBETCTBYIOIINX BUIOB /L s VAR s
TMOPU30BaHHBIX OETOHOB MPU 3aMopa- i <N 1% 3 7% 106 2
KABAHUU TIO3BOJIWJIM OXapakTepuso- [ / 407 8 r / 407 &
BaTh PSI 3aKOHOMEPHOCTEH BIMSIHMS [ A 1088 r A 108 §
CTPYKTYphl MaTepuaja Ha pa3BUTHE | / 409 - /x/ 409
npouecca JbIoo0pa3oBaHusl U COOT- | ; 44 L y 14
BETCTBYyIOIlee 3TOMY (OpMUpOBaHUE | % 14 N P 144
HaMNpsSKEHHOTO COCTOSTHUS. ya 1’2 ', 1’2
XapaxkTep medopMUpOBaHUS BOIO- : :
HACBIIIEHHOTO IIEMEHTHOTO MMKpOOe-
TOHA MpU oxJaxaeHuu (puc. 1) ceume- s Temnepatypa, °C r Temnepatypa, °C
TeJbCTBYET, UTO B ME€PBbIA MEepUOI BO3-
JEHCTBUSL Cpeflbl C OTPULATEbHOM -70 -60 -50 -40 -30 -20 -10 (I) 10 200 -70 -60 -50 -40 -30 -20 -10 (I) 10 200
TeMIepaTypoil HabJogaeMoe yMeHb- L ' L '
mieHre o0beMa Marepuana SBISeTCS | /’L 01 i #1 01
CJIEICTBUEM TemIepaTypHoro gedop- [ 102 B // 702
MHUpPOBaHMsI €ro TBepaoil pasml. - 2 103 - 403
JlaHHbIe OObEMHbBIE U3MEHEHMSI MOTYT | 4043 f 2 404 3
yXe B 9TOT MEPUOJ B OMpEAeNeHHONW | /l Jos ¥ L Jos
Mepe TMEPEKPBIBATHCH YBEJIUYECHUEM /M s s
> - X 406 5 406 5
o0beMa KUIKOH (hasbl TIpU Iepexoe ee / g & g
B Jed. B mocnenyiomeM gedopMarud | / 1075 /7 1075
MaTrepualia OKa3blBalOTCS CBSI3aHHBIMU B ~ -408 § - % +408 §
B OCHOBHOM C Da3BUTHMEM IMpoliecca / 09 - )( 09
nbpaoodpazoBanusi. [lpu atom nedop- L Ve 41 L 7 41
MHMPOBaHHOE M HAMpPSKEHHOE COCTOSI- | % 41 L X 411
HUE BOIOHACHIIIIEHHOTO MUKPOOETOHA / /

MPpY 3aMOPaXXMBAaHUM U COOTBETCTBYIO-
mue 3peKThl Ha KPUBBIX 1e(DOPMUPO-
BaHUSI OOYCJIOBIMBAIOTCSI OCOOEHHO-
CTSIMM €TI0 CTPYKTYPHI.

HAYYHO-MeXHU4ecKuil U NPOU3800CMBeH b HCYPHAN

1,2 1,2

Puc. 1. AunatomeTtpudeckue apdekTbl Npy 3aMOpaknMBaHUM CyXMX U BOOOHACHILLEHHbIX 06pa3LoB
LEeMEHTHOr0 MUKPOOETOHA Ha PasfiMyHbIX BMAAX HanonHuTens: a — 6e3 HanonHWUTens (3TasioH);
6 — Ha 30/1e-yHOCE; B — HAa MOJIOTOM KBapLLEBOM MECKE; I — HA HEMOJIOTOM KBapLIEBOM MNecke; 1 — cyxue
o6pasupl; 2 — BOAOHACHILLIEHHbIe 06pas3Libl

(N PONIEIIBTBIE

54

cenmatps 2015 WLATERUA1S)°



Results of scientific research

Ta6Gnuua 4
PesynbTaTthl UCNbITaHUII NeHOGEeTOHa Ha MOPO30CTOMKOCTh
. Mokazatenun nocne 35 uMknoB
Bua 6eToHa Mapka no cpeaHeit 3aMOpPaxMBaHVIS-OTTanBaHNS Mapka no
NAOTHOCTU MOPO30CTOMNKOCTM
MoTeps maccobl, % MoTeps npo4yHoCTU, %
MenKko3epHUCTHIN D800 12,1 26,2 <F25
(Ha HemonoTtom necke) M=1,2 D1000 0,79 10,8 F25
MunKpPO3EPHUCTLIN D800 3,9 13 F35
(Ha MonoToM necke) D1000 HeT 8 F35
MunKpPO3EepPHUCTLIN D800 2,1 11 F50
(Ha 3one-yHoce) D1000 Het 8,1 F50
a Temneparypa, °C 6 Temneparypa, °C B Temneparypa, °C
-60 -40 20 0 20 -60 -40 -20 0 20 -60 -40 -20 0 20
T T T 0 T T 1 0 T T T 0
4 /
| Mapka no Jdo2 | Mapka no 0.2 | Mapka no / Jo2
MOpPO30- / ' MOpPO30- ’ MOPO30- '
CTOKOCTM CTOMKOCTUN CTOMKOCTUN 2 /
L F50 P / 04 F35 Joa L F25 / Jo4
/ N N N
5 5 5
& s s 4 S
- 06 s 1065 1065
= = =
[ [+ & [+
= = =
- /X 08 & 4088 /X 4088
£ & X &
= = =
= 4 41,2 = }/ 41,2 = } 41,2
/ 1,4 1,4 / 1,4

Puc. 2. [iunatomeTpudeckme ahdeKTbl Mpu 3aMOPaXMBaHNN CYXMX U BOAOHACHILLEHHBIX 06Pa3LI0B Pa3NNYHbIX BUAOB LEMEHTHOro neHobeToHa (p=800 kr/m3):
a — Ha 30/1e-yHoCe; B — Ha MOJIOTOM KBapLIEBOM MECKeE; I — Ha HEMOJIOTOM KBapLIEBOM Mnecke: 1 — cyxue o6pasLibl; 2 — BOAOHACHILLEHHbIE 06pasLibl

JLJ1s1 HIEMEHTHOTO MUKPOOETOHA C HATTIOJHUTESIMU, pac-
CMaTpUBAaEMOIro B KauecTBe MaTPUYHOIO Marepuasia lie-
MEHTHOTO TMTOPU30BaHHOTO OeTOHA, TaKXKe XapaKTepHBI IBa
TeMITepaTypHBIX JUATla30Ha: B OMMTHOM ITPOUCXOANT KOMITEH-
calus TeMIepaTypHbIX TeopMalinii yMeHbllIeHus1 o0bema,
B ApyroM — nedopMaluy paclUMpeHUs NPU 3aMEpP3aHUU
Bozbl. HauanbHast TeMneparypa Jb1000pa3oBaHus OIpeie-
JISIETCSI CTETIeHBbIO CPOJICTBA K Boje HarmosHuress. s ce-
puit MUKpoOeTOHa Ha KBaplieBOM TECKe Pa3TuYHON IKC-
nepcHocTu (puc. 1, 6, ¢) KoMIIeHcaUsI TeMIIEPaTypHBIX JIe-
dopManuii yMeHbIlIeHUsI 00beMa HaOJII01aeTCs IIPU TeMIIe-
parype -10 — -20°C. 1 3T0 3aKOHOMEPHO CBSI3aHO CO CTPYK-
TypOIi MOPUCTOCTH U AKTUBHOCTBHIO X TIOBEPXHOCTHU T10 OT-
HOIIIEHUIO K Bozie. B mopoBoM ImpocTpaHCTBE ITOp MUKPOOE-
TOHA JaHHBIX cepuil nosst mop 7,<20 HM He NpEBBIIIAET
20%, a Temaota CMauyMBaHUSI ITOBEPXHOCTH TBePAOM (Da3bl
XapakTepusyeTcsi 3HaueHueM MeHee 2 KJIx/kr (tabia. 1).
151 MUKpOOETOHA Ha 30Jie-yHOCe, KOTOPbII XapaKTepu3y-
€TCs TIOBBIIIEHHON TEIJIOTOM CMayMBaHUS TTOBEPXHOCTHU
TBepnoit dasel (¢g=6,1 kJX/Kr) u comepxKaHUEM TIOp
r,<20 am 1o 30% ot ux obuiero odoveMa, mepBbiil ahhexT
pacmupenus (puc. 1, 6) HaGmogaeTcss MPU TeMIlepaType
-20 — -30°C.

ITo JaHHBIM aBTOPCKUX AMIATOMETPUYECKMX MCCIIEA0-
BaHUiI1 YCTAHOBJIEHO, YTO TPU 3aMOPaKUBAaHUU MaKpOIO-
PUCTBIX OETOHOB (TIEHOOETOHOB) XapakTep UX 1eopMUPO-
BaHUSI COOTBETCTBYET XapakTepy AehOpMUPOBAHUS COOT-
BETCTBYIOIIETO BUOa MUKpoOeroHa (puc. 2). CHmXeHUe
TeMITepaTypbl 3aMep3aHusT BOJbI TakxKe (hUKCUPYETCS MpHU
YBEJIMYEHUU CUJIBI B3AUMOJEUCTBUS CTPYKTYPHI C BOJIOM 3a
CYEeT MOBBILIEHUS YAEIbHON MOBEPXHOCTHOM 3HEPTUM TBEP-
now (ha3bl U yMEHBIIEHUS paanyca MUKpPOTIOp MEXITOPOBO-

(CYPONIENIBHBIE

ro Marepuasa. BeiaencTBue 3Toro onacHblii ¢ TOUKU 3peHUST
MOPO30CTOMKOCTM MaTepuajia MUHTEpBaJ TeMIIepaTyphbl €ro
3aMOpaXXMBaHUsI CABUTAETCS B 00JacTh Oojiee HUBKUX €e
3HaueHMi. 111 MUKpPO3EpHUCTOrO IIEHOOETOHA C IIOBBI-
IIIEHHOW TEemJOTOM CMayMBaHUS ITOBEPXHOCTU TBEPIAOM
(dazpl (Harpumep, Ha 30JiIe-YHOCE) CYIIeCTBEHHbIE aedop-
MalMM pacUIUPEeHUs] HAYUHAKOT TMPOSBIATBCS TPU
1<-50°C, a msg MeIKO3epHUCTOTO 0eTO3Ha Ha KBapleBOM
rnecke takue nedopmaunu pukcupytcs npu =-10; -20;
-50°C. Y 3TO HeCMOTpsI Ha CHUKEHUE BEJIMYUHBI HE 3a10JI-
HEHHOTO BO/ION pe3epBHOro odhema IMop B Marepuajie Ha
30JIe-yHOCE.

TakuMm obpa3zom, AWIATOMETPUYECKUE HCCICIOBAHUS
IMOKAa3bIBalOT, YTO Pa3HOCTb OTHOCUTEJBHBIX NedopMaluit
MPpU 3aMOPaKMBaHNK BOJOHACHIIIIEHHBIX U CYXUX 00pa3iioB
(BeIMYMHA TIPUBENEHHBIX AehOpMalUil AE=Epor—Ecyx) MTPU
oxJIaxXIeHUW B auarasoHe temmeparyp 0 — -60°C pacrer
(Ta6:1. 3) MO Mepe YMEHbIIIeHUs CoAepKaHUsI HAHOTIOP B Ma-
Tepuajie U CHUXKEHUS 3amaca U30bITOYHOM TTOBEPXHOCTHOM
sHepruu TBepaoit (assl. [1o OTHOIIIEHUIO K IPYTUM CEPUSIM
MMKpPOOETOHA 1 O€TOHA HaMOOJIbIlIasi BEJTMYMHA TTPUBEIEH-
HBIX AedopMalrii XapaKTepHa IJIsI MUKPOOETOHA Ha HEMO-
JIOTOM KBaplieBOM IeCKe M COOTBETCTBYIOIIETO BU/IA TIEHO-
0eToHa, HECMOTpPSl Ha HaJlMuue CBOOOMHOTO OT YKUIKOI
(azbl 0ObeMa mop.

IMosryyeHHBIE pe3yabTaThl UCCIIEIOBAHWI 1al0T OCHOBA-
HUE MPOTHO3MPOBATh, UTO MOBBIIIIEHUE COMTPOTUBIIEHUS Oe-
TOHOB MOPO3HOMY Pa3pyIIEHUIO MOXET OBbITh OCYIIIECTBIIC-
HO TIPU YCJIOBUU MOAW(UIIMPOBAHMS €r0 MOPOBOrO IMPO-
CTPaHCTBA B HaMpaBJIeHUU YMEHbIIEHUsI cpeaHero addex-
TUBHOTO paauyca mop. TBepmast ¢aza HODKHA MPU 3TOM
XapaKTepHU30BaThCS BO3MOXHO 00Jiee BHICOKUM CPOICTBOM
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Pe3yabTaTbl HAYyYHbIX HCCA€10BAHHI

K BOJIE, YTO Hapsiy ¢ YMEHBIIEHUEM paauyca Iop Mpeao-
MpenessieT CHUKEHUEe CTENeHM 3aMep3aHusl BOAbl B MaTe-
puaie. M aTo moaTBepxkaaeTcs pe3yabTaTaMu CTaHIAPTHBIX
UCTBITAHUI HA MOPO30CTOMKOCTh PACCMOTPEHHBIX Pa3HO-
BUJIHOCTEH MeHo0eTOHOB. COrylacHO UX pPe3yJbTaTaM MOPO-
30CTOMKOCTb GeToHa cpeaHeir miotHocTH S00—1000 Kr/m3
Ha 3ojie-yHoce oleHuBaercss mapkoil F50, Ha MomoTom
KBapLeBoM Itecke — F35, Ha nmecke ecTeCTBEHHOM rpaHyjo0-
MeTpuu — He 6ojee F25 (tabu. 4).

TakuM obpa3oM, onpeaessonM hakTopoM MOPO3HOM
JECTPYKIIMU SIBJISIETCS HE KPUTUYECKAsl UCXOJHASI CTENEHb
BOJIOHACHIIIIEHUSI MaTepuaia, a Mepa «3aMep3aeMOCTH»
BoAabl B HeM. [IposiBleHMe pa3pylaplnero AeWCTBUS
3aMOPAKUBAHUS-OTTAUBAHMST OTPEACNSIETCS CTPYKTYPOit
Marepuana. CHUXXEHHE YPOBHSI MOPO3HOW AeCTPYKLIMU

Cnucok JuTepaTypbl

1. TyzeeB E.A., IlupanoB K.A., Mamaes T.JI. Ouenka
MOpPO30CTOMKOCTH OEeTOHA 1O TMapaMeTpaM MeXaHUKU
paspyuienust // bemon u xceaezobemon. 2000. No 3.
C.26-27.

2. AnexcangpoBckuit C.B., Anekcangposckuii B.C.
BbazoBass Mopenb Teopuu TPOMEp3aHUsT BIAXKHBIX
MOPUCTBIX TeN // Bemon u xcenezobemon. 2005. Ne 6.
C. 20-21.

3. Jo6uwui JI.M. ®u3uko-xuMuueckas MoJe/Ib pa3pylle-
HUS OETOHOB TPU ITONEPEMEHHOM 3aMOpaXMBaHWH-
oTTauBaHuMu // Becmuuk epancdanckux unycenepos. 2009.
Ne 3 (20). C. 104—110.

4. 3orkuH A.I'. Bo3ay1iHbie MOpsl 1 MOPO30CTOMKOCTD O€-
toHa // Texronoeuu 6emonog. 2011. Ne 5—6. C. 18—21.

5. Jleonosuu C.H., 3aitues 0.B., IMupamos K. A. ®uzu-
YyecKast MOJIeJIb KWHETUKU pa3pylleHrs OeToHa ITPU TeTl-
JIOBJIAXXHOCTHBIX BO3NEUCTBUSX // Becmuuk epaxcoan-
ciux unacerepos. 2014. Ne 1 (42). C. 34-36.

6. Yepusimon E.M., CrnaBuesa I'.C. Mopo3Hoe paspyiiie-
HUE U MOPO3OCTOMKOCTb CTPOUTEJbHBIX MaTEPUAJIOB:
COBpeMeHHas TPaKTOBKa MeXaHu3Ma U (haKTOpPOB YIIpaB-
neHust // Becmhux omoeneHus CMpPOUMENbHbIX HAVK
PAACH. Boin. 9. benropon, 2005. C. 447—459.

7. CnaBueBa I'.C., YepHsbiiioB E.M. Bnusinue cTpyKTypbl
BBICOKOITPOYHBIX MOANGUIIMPOBAHHBIX OETOHOB Ha M-
JlaroMeTpruueckre 3¢ @eKThI IPpU UX 3aMOpakKMBaHUK //
Becmuux unycenepnoit wioavt JIBDY. Cmpoumenvhoie
mamepuanwt u uzdeaus. 2015. Ne 1 (22). C. 63—70.

8. Ileitnna A.M., Bkkenp C.B. O nmpumMeHeHNN OUIaTO-
METPUYECKOTO MeToJa ISl TIPOTHO3WPOBAHUSI MOPO30-
CTOMKOCTU TOpOXKHOTO O6eToHa // Cmpoumenvivie mame-
puanst. 2004. Ne 12. C. 50-51.

9. Juxkyn AJl., ®umman B.f., Jukyn B.H., Harop-
Hsk M. H., Anexkcees A.B. [IpakTuka npruMeHeHUs yCKO-
PEHHOTO AWJIATOMETPUYECKOTO METOAa OMNpeeseHus
Mopo3ocTtoiikocTr 6etoHoB o I'OCT 10060.3—95 //
Cmpoumenvrote mamepuanst. 2009. Ne 4. C. 97—101.

obecrieunBaeTCsA MyTeM HaIpPaBIEHHOTO (POpMUPOBAHUS
CTPYKTYPBI TOPOBOTO MTPOCTPAHCTBA U TBEPAOH (ha3bl MOPH-
30BaHHbBIX OETOHOB M COOTBETCTBYIOILIETO PEryJUPOBAHUS
MIPY 9TOM TeMIIEPATYPhl 3aMeP3aHMsI BOJIbI B €TI0 Mopax 1 Be-
JIMYUHBI COOTBETCTBYIOIINX AehopMalvii W HaTPsKEHU
Tpu J1baoo6pa3oBaHun. C TOYKM 3pEHUS MTOBBIIICHUS T10-
TEHIIMaJla MOPO30CTOMKOCTH IS YCJIOBUI SKCILTyaTalluy
u3aenii ¢ TeMneparypoii He Huke 25—30°C uenecoobpas-
HO (hOpMUPOBATH MUKPOTIOPOBOE MPOCTPAHCTBO MEXITOPO-
BBIX TEPETOPOAOK C TMPEUMYIIECTBEHHBIM COAEpPKaHUEM
rop paauycom MeHee 20 HM 1 TBepayto ¢a3y ¢ BeIMUMHAMU
VIETbHOUW TEIIOTHI CMauyWBaHMSI TBEpAOM a3bl Goiee
10 xI/KT, 4TO ISl IEHOOETOHOB 00eCTICUNBAETCS UCTIOJb-
30BaHUEM TOHKOIUCIEPCHBIX HAIOJHUTENEH C BBICOKUM
CPOJICTBOM HX MTOBEPXHOCTHU K BOJIE.
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liccneoBaHue penakcauum HanpsHXeHs B NOAUCTUPONBHOM
NEHONNAcTe B YCNOBUAX OHOOCHOIO CXXaTHS

C UCNONb30BAHUEM MATEMATHKO-CTAaTUCTUYECKOrO
NNaHWpPoOBaHNSA 3KCNEPUMEHTA

lpeAcTasneHbl PesynbTaTbl 3KCNEPUMEHTANbHbIX UCCNEA0BAHNI PENAKCALMU HANPSKEHUS B YCIIOBUAX OAHOOCHOMO CXATWS NEHONOMMCTUPOSbHBIX
nagenuit Tunos EPS 80/90/100/120 n EPS 150 npu noctoaHHo £y=(1,210,2)%, KoTOpas thukcupoBanach npu yaensHoil CXUMALOLLEN HarpysKke
0,(=0,35:04¢9,), AENCTBYIOLLIGN NEPNEHANKYNAPHO NOBEPXHOCTK U3Aennid. MeToaomM MaTemaTnko-CTaTUCTUYECKOr0 MNaHPOBaHUA 3KCNepuMeHTa
MoNy4eHbl MOAGNM OMTUMU3ALIM TONLUMHBI 00PA3LOB ANs OnpederneHns KoatduumenTa penakcauun K, B MOMEHT BpeMeHU /=8 4, K03(huLmeHTa
3aTyXaHus YMEHbLUEHUA CKUMABMOCTY HanpsbkeHus K, 11 nofatnuBocTi npu penakcauum 7,(¢—oo). MpusedeHa rpacpuieckasn nHtepnpetauns
MOJEenen: IMHNIA YPOBHS 3aBUCKUMOCTM KO (ULMEHTA penakcauum Kp B MOMEHT BPEMEHY =8 4, KOI(P(INLMEHTA PENIAKCALMOHHON CTOMKOCTU Kpryy
1 NOJATAMBOCTY NP penakcaunn 7, ansa t—oo. [inq conoCTaBneHns Ha KONU4YECTBEHHON OCHOBE SKCMEPUMEHTANbHbIX 3HA4YEHWUA NOAATAMBOCTY NPK
penakcauuv B UHTepBane NOCTOAHHOM Aedhopmaunin cxarua €y=(1,220,2)% npusefeHbl ypaBHeHNs NIMHEHON B3aMMO3aBUCUMOCTH MexXpy 1,.(f— <o)
n 1 (2,=122 cyT). InA BbI4MCIEHUA YCTAHOBMBLLErOCA PABHOBECHOrO HAMPSXKEHUA NPY penakcauun npeanaraoTcs aMNUpPUYeckune opmyrbl.

KnroyeBble €NoBa: NeHONIacT NONUCTUPOSTbHbINA, ANUTENIbHOE CXKaTue, NNAaHUPOBAHUE 3KCMEepPUMEHTa, ONTUManbHas ToLMHA 06pa3LL0B, penlakcauns
HanpsXXeHnsa, noAaTnUBOCTb NPU penakcauumn, NnporH03npoBaHune.

S.I VAITKUS, Candidate of Sciences (Engineering) (saulius.vaitkus@vgtu.lt), I.J. GNIP, Candidate of Sciences (Engineering)

Vilnius Gediminas Technical University (Scientific Institute «Insulation») (28, Linkmyanu Street, Vilnius, 08217, Lithuania)

Research of expanded polystyrene (EPS) stress relaxation under uniaxial Ioading conditions

using statistical design method of experiments

The results of stress relaxation under uniaxial compression experimental research of expanded polystyrene products with the types of EPS 80/90/100/120 and EPS 150 at a constant

£0=(1,2%0,2)%, that was fixed at a specific compressive load o,(=0,35-0,4y,) acting perpendicular to the surface of products, are presented. The method of mathematical and statistical
experimental design optimization models taking into account the thickness of specimens is proposed to determine the relaxation coefficient K.. at the time #=8 A, the attenuation factor

to reduce the compressive stress K, and relaxation compliance J,.(r—o0). The graphical interpretation of the models is presented: depending level line of the relaxation coefficient
K. at the time =8 h, relaxation resistance coefficient K. and compliance with the relaxation J,. to #—oo. On the basis of quantitative experimental values of compliance J,(f— o)
with the relaxation in the range of permanent compressive strain e4=(1,2%0,2)%, the linear equations of interdependence between J,(#—o0) and J,(t,=122 days) are given.

Empirical equations for the calculation of the established equilibrium stress at a relaxation are offered.

Keywords: expanded polystyrene (EPS), long-term compression, experimental design, optimisation of specimens thickness, stress relaxation, relaxation compliances, prediction.

CoBpeMeHHbIE MOTPeOHOCTU B 3(P(PEKTUBHBIX CTPOU-
TEJIbHBIX MaTepUaiaX OMpenessioOT UHTEHCUBHOE UCTI0JIb30-
BaHMe NeHononucTupoabHbeX (EPS)! usnenuit. Ipu npu-
MEHEHUU MOJUCTUPOJBHOTO MEHOIUIACTa B OrpaKaarolinX
KOHCTPYKIIMSIX SIBJISIETCS aKTyaJlbHbIM COBEPILIEHCTBOBAHUE
METO/IOB MX pacyeTa C JeTaJIbHbIM YYeTOM IMPOYHOCTH U Jie-
GOopMUPYEMOCTH MEHOIOJUCTUPOILHOTO cjioss. OTHUM U3
OCHOBHBIX BUJIOB HampskeHHoro coctosinusi EPS uznenuit,
MMPUMEHSIEMBIX B KaYECTBE TEIJIOM30JISAIIMOHHO-KOHCTPYK-
LIMOHHOTO MaTepuaia, sIBJIsIeTCsl cxkarue, a ero paboTocno-
COOHOCTH ormpenenser (pU3nYecKre Ie1ecoo0pas3Hbie Xa-
PaKTEPUCTUKU.

B omHoM ciyyae medopmaiiu He IOJKHBI JOCTUTATh
HOPMUPYEMOU BEJIMYUHEI, T. €. pAOOTOCIIOCOOHOCTHU MEHO-
MOJIMCTUPOJIA B yclOBUSX mnos3ydyectd [1]. B gpyrom —
YMEHBIIIEHE BO BPEMEHM HaIpsKeHUs B Ie(DOPMUPYEMOM
TeHOTOJIMCTUPOJIE 10 TOMTyCKaeMO# BeJIMYMHBI, 00111ast 1e-
dopmanust KoToporo 3auKCUpPOBaHA CBA3SIMU, T. €. pabo-
TOCIOCOOHOCTb MEHOMOJUCTUPOJIA B YCIIOBUSIX peJlaKCalluu
HanpspkeHus [2].

HccnenoBaHus TMOJN3YY4ECTA TMEHOMOJUCTUPOIBHBIX
U3JICJIUA TIpU TIOCTOSAHHOM CXXMMAIOIEH Harpy3ke B Ha-
CTosIllIee BpeMsSl TPOBOMASITCS COTJACHO TPeOOBaHUSIM
(EN 1316:2009 E (TOCT P 56148—2014) 1 B COOTBETCTBUU

! BenenuBatormiicst nonmetupodn (expanded polystyrene (EPS)).

¢ TOCT P EH 1606—2010. CBemenuii 1o ncciaeI0BaHNIO pe-
JIaKCallMM HampsKeHUsT B MOJIMCTUPOJIBHOM MEHOIUIACTE B
JuaTeparype mMajo [3—6].

B HacTosi111eli paboTe BBITTOJTHEHBI UCCIICIOBaHUS CTETIe-
HU pejakcalluu CXKMMAIOLIEro HaIpsKeHUs MPU MUCTIbITa-
HUU TICHOTIOJIUCTUPOJIbHBIX 00Pa3110B pa3HOM TONIIUHBI.

Ilenbio BBITOTHEHHBIX MCCIAENOBAHUI SBISLIACH OITH-
MM3aLMs TOJIIMHBI 00pa31oB TEHOMOJUCTUPOJIBbHBIX TLTUT
pPa3HOI MPOYHOCTU VISl OTpeNeeHuss MaKCUMalbHO BO3-
MOXHOTO HamnpsiKEeHUsI, COXPaHSIOUIerocss B Marepuase
JUTUTEJIEHOE BpeMs MPU MOCTOSHHOM AedopMmauuu €, Be-
JIMYMHY KOTOPOM (PUKCUPOBAIM TIPU CXKUMAIOIIEM Harpsi-
xenun 0,=0,35-01°

Metonuka uccieaoBaHuil. DKCIepuMeHTaIbHOE HCCe-
JIOBaHUE peJlakcalliy HaMPSKEHWS B TIOJIMCTUPOJILHOM Tie-
HOTJIaCTe TpPU CXATUU BBHITIOJHEHO Ha TIJIMTAaX TUIIOB
EPS 80, EPS 120 u EPS 150 rmotHOCTBIO 15—26 KT/M?, 13-
TOTOBJIEHHBIX OJHUM U T€M Xe TTPOU3BOIUTEIeM Oecrpec-
COBBIM CITOCOOOM — BCMEHUBAaHUEM B 3aMKHYTOM OObeMe
CBIPbS B BUie Oricepa (TBepAbIX rpaHys). B yacTHoCTH, NpH-
MeHneHo st it EPS 80 ceippe NF 514 (21,4—2,5 Mm)
dupmbl STYROCHEM; mist mut EPS 120 — ceipbe F 215N
(@1-2 mm) dbupmel BASF u nnst oiut EPS 150 — chipbe
F295 (z1-2,3 mMm) dpupmbr BASF.

2 PexomenoBano FOCT P EH 1606 [4] kak MakcHMabHOE 3HaYeH e TIOCTOSTHHOTO CXMMAIOLIEro HAMPSDKEHNUSI TIPH MCCIIeIOBAHIH MOJI3Y4eCTI

TI€HOIMOJIMUCTUPOJIbHBIX U3,
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P €3y/dbTaTbl HAYYHBIX HccIe10BaHui

DKCIepUMeHTATbHOE UCCIIeI0OBaHNE PelaKcalliy HarpsI-
JKEHHMSI BBITIOJIHEHO Ha 00pasliax, Harpy>K€HHbIX CKUMalo-
el Harpy3Koi B MEPHEeHIVKYJISIPHOM HampaBiIeHUH K To-
BEPXHOCTHU TUIUT, U3 KOTOPBIX MX BbIpe3aian. McrbITbiBaIN
00pa31Lbl KBaapaTHOI opMBI co cTopoHOoi h=100 MM 1 TOJI-
UHOM (BbIcOTOM) d, paBHOI1 50, 75 1 100 MM (HOMUHAJTbHBIE
TOJIIMHEI TUIUT). PazMeprl 00pa3lioB M3Mepsiid B COOTBET-
ctBuun ¢ I'OCT P EH 12085—2008, ux IJI0THOCTb OIpeaeisi-
s cornmacHo 'OCT P EH 1602—2008.

7151 CpaBHUTENbHBIX OLIEHOK Pe3yJIbTaTOB MCCJIEI0Ba-
HUS peJTaKCalliy HATIPSKEHUsT TIPOBOAVIIA UCTIBITAHMS 00-
pa3loB Ha KpaTKOBPEMEHHOE CXaTue COIJIaCHO
(F'OCT P EH 826—2008).

KpatkoBpeMeHHOE cXKaTre MPOBOAMIN Ha KOMITBIOTEPH -
30BaHHOI ucnbiTaTenbHOi MamuHe H10KS (Hounsfield,
AHrMs); ckopocth Harpyxkenust 0,1d+£25% wmm/MuH
(FT'OCT P EH 826—2008), morpenrHocTb CHJIOM3MEPEHUS
1—11 H. ToyHocTh U3MepeHUsT MPOAOJbHON aehopMaluu
HCIIBITYeMBIX OOpPAa3IOB IO TEepeMENIeHUIO TpaBepChl CO-
crapisiia 0,01 MM, a MOTPEIIHOCTD €€ MOAAEPKAHUS B PEXKM-
Me e=¢gy=const He 6onee 0,02%. InvHa MepHOU 6a3bl B BbI-
MTOTHSIEMBIX WCCIEIOBAHUSIX paBHA HaYaJbHON TOJIIMHE
(BbICOTE) OOpa3ia npu yaeabHoi Harpyske 250 I1a.

JI7151 KaXkKTOTo MCITBITAHHOTO 00pa3iia Ha KpaTKOBPeMeH-
HOE CXKaTUe PacCUNTaHa IIPOYHOCTD Ha CXAaTUE Oy [7].

IIpu ucnbITAaHUSX HA pelaKcalvuio HAPSIKeHUsT O1IeHH -
BaJli YMEHbILIEHHEe MaKpOHAIpsDKeHUsI BO BCeM OOpaslie.
[TocmeaHuii B KOMITbIOTEPU30BAHHOM UCITBITATEIbHON Ma-
muHe H10KS Harpyxanu cxXuMmamoligMm HamnpsoKeHUeM
0,=0,35:0,4¢, 1 PUKCHPOBATH COOTBETCTBYIOILYIO NehopMa-
LIMIO £,. B nanbHeliem u3Mepsui HanpsoKeHUe , HE00X0ou-
Moe Ui nonaepxaHus aedopMmaluu €,=const Kak QyHK-
M0 BpeMeHu. B pesynbrare mosyywiu rpacdvky 3aBUCH-
MOCTH HATPSDKEHUSI OT BPEMEHU M OKAHYMBAIM 3KCIIEpH-
MEHT TpM (PUKCHUPOBAHHON HavalbHOU Hedopmalnu
€y=const TI0 UICTEYCHNH BPEMEHH /=8 4.

CkopocTh HarpyxeHus (medopMupoBaHUsI) 00pa3loB
MPpU MCCIEAOBAHUM peJlaKCallud HaIpPsDKEHUWST U3MEHSITN
ot 0,65 no 0,95 MM/MUH (COOTBETCTBEHHO MX TOJIIIMHAM
50—100 MM) U3 ycioBusi, YTOObl ukcupyemast nedpopma-
Lsl €, COOTBETCTBYIOLIAs HANpsKEHMIO 0,35:019¢, OBLIA
JOCTUTHYTA 3a BpeMsi, paBHoe 60 ¢3. Takum 06pa30M pu-
HATBIE CKOPOCTH HarpyxeHus oopa3uoB EPS npu kpaTtko-
BPEMEHHOM CXKaTUU B UCTIBITAHUSIX HA peaKcaluio Harpsi-
JKEHUSI B YCJIOBUSIX CXKATHSI U UCCIEI0BAHUSIX MON3YYECTH
IIPU TTOCTOSTHHOM CXXUMaAIOIIE HArpy3ke SBJISIOTCS COrla-
COBaHHBIMU.

HccrenoBaHuUs BBITIOTHEHBI TIPU TeMIIEpaType OKpy»Xa-
oueit cpenbl 2312°C 1 OTHOCUTENIBHOM BJIAXKHOCTU BO3MY-
xa 50£5%.

DKCIIepUMEHTATbHbIE JaHHbIE KPATKOBPEMEHHOTO CXKATHSI
00pa31IoB MPeNCTAaBIEHbI 3aBUCHMOCTBIO JIMHEMHOTO BUIA, 1O~
3BOJAIOIIEN C JOCTATOYHOM TOYHOCTBIO HAXOAWUTH KOJIMYE-
CTBEHHbIE 3HaYeHUsI MOKa3aTellsl IPOYHOCTU Ojgo, TEHOMOU-
ctuponbHbIx u3nenauii (EN 1316:2009 E (TOCT P 56148 2014)):

Y, =byt b x, (1)

rae Y, — cpenHee 3HaueHMe pe3y IbTaTHBHOTO MpU3HaKa (Kc-
cieflyeMblil mokasareib Ojgy); X — (DAKTOPHBIN IpU3HAK
(IUTOTHOCTH ITEHOMOJUCTHPOJIA O, MPOYHOCTD IIPU CXKATUU
G109%); by, b, — moCcTOSAHHBIE KO3(DMUUMEHTI, BBIYMCIAEMbIE
IT0 3KCIEePUMEHTAIBHBIM TaHHBIM METOIOM HaMMEHbBIIUX
KBaapaToB [8§].

B xadecTBe MepBI paccesTHUsI pe3yTbTaTOB HAOTIOMEHU
BOKPYT 3KCIIEPUMEHTATbHON JUHUW PETPecCUr IMPUHATO
cpefiHee KBapaTUu4ecKoe OTKIOHEHUE S,.

G/l
0o

c(t—>o:)|‘

Bpewms, t
Puc. 1. PenakcaunoHHas kpmeas (cxema)

DKcMepruMeHTalbHbIe TaHHbIe MO pejlakcalliyd Harpsi-
SKEHMI B MHTepBasie BpeMeH 0<7<8 4 anmpoKCUMUPOBAHbBI
¢ynkuueit Konmbpaymra [9, 10]:

o(t)=0, e "+ 0o(t— o), ()
rie 6 (/) — HanpspKeHUe B MOMEHT BPEMEHU £; G, — PelaKCU-
pylolliasi YacTb HaIpsLKEHUST; 6 (f— o0) — YCTAaHOBUBIIEECS
3HAUEHUE HaMpsSDKEHUsI; @ — NapameTp, XapakTepusupyro-
Wi peJlaKCallMOHHBIE CBOMCTBA MOJTMMEPHOTO MaTepuara.

PenakcanimoHHasi KpuBasi, ONUChIBaeMasl ypaBHEHU-
eM (2), u o00o3HaUeHME BEIMYMH, BXOASIIUX B ypaBHEHUE,
npenacrapieHbl Ha puc. 1. CpaBHeHUE MMapaMeTpoB ypaBHe-
Hus (2), onpeAesIeHHbIX ITPU pa3HbIX JUTUTEIbHOCTSIX UCIbI-
TaHui (21 6 1), nokasbiBaet [ 10], uto Bobnact 0,<0,35:0/ g
yCTaHOBUBIIIEECS (PaBHOBECHOE) HAIpSIKeHUe G(f— o) U
pefakcupyoIasl 4acTb Oy NMPakKTUIECKH OIMHAKOBHI, T. €.
Ha OCHOBaHMU KPaTKOBPEMEHHBIX OMBITOB MOXHO MPOTrHO-
3UpoBaTh MexaHuueckoe nopeaeHue EPS Ha miautenbHoe
BpeMSI.

ITocne monyyeHus ypaBHeHus (2) Ha HAUYaJIbHOE HATIPSI-
xeHue 0,=0,35:0)y, MocaeqHee MTPUHUMAET BUJ B OTHOCH-
TeTbHBIX BETUUMHAX:

Ky=ay-e """ +a,, (3)

rae K, — KoadUIMeHT perakcaliii B MOMEHT BPEMEHU 1,

paBHBIi %it); ay, ay, ay — HgCTOHHHI:.IC rmapameTpbl, Xapak-
TEepU3YIOIIMEe OTHOILIEHUE G—S, pejakcallMOHHbIE CBOMCTBA
TOJIMMEPHOTO MaTepI/IaJ'[a W CTENEHb 3aTyXaHWUsl yMEHbIIIe-
HUS HaIPSKEHUS (K3aTyx)

PaBHOBecHOE cxkuMalolllee HanpsKeHUe KOJIUYeCTBEH-
HO OTIPeIessUIA TakoKe MOJATIMBOCTBIO MPH PeTaKcalum’,
SIBJISIIOIIEICST TOIbKO (DYHKIIMEI BpEeMEHU:

L(t)=%, (4)

rae /.(f) — oTHOCUTETbHAS BEIMYWHA HAMPSTKECHUS B MO-
MEHT BpeMeHH f, HeoOXomMuMasi IS TToAAepsKaHusI OTHOCH -
TeJIBHOM JeOpMaLuy £y=const, BBI3BAHHOW IPUJIOXEH-
HbIM CXMUMAIOLIMM HalpsDKEHUEM; G(f) — HanpsbkKeHue B
MOMEHT BPEMEHH £, f — BpeMsl OTcUeTa.

ITnanupoBanmne s3Kkcnepumenta. MccienoBaHus BKJIOYa-
JIM TPY BBIXOAHBIX MapameTpa: Koah@UIIMEeHT peslakcaluu
K, B buxcupyeMbIit MOMEHT BpeMeHU =8 4, Koa(hUIueHT
3atyXaHus penakcauun K, . M TOIATJIMBOCTD TIPU PeNak-

3 Cornacto TOCT P EH 1606 npu McciefoBaHUM MOJI3yYECTH MEHOTMOMMCTUPONBbHBIX TUIUT HAauYaibHYlo AedopMaliuio €, PeKOMeHIyeTcs
U3MEPATL B MOMEHT BPEMEHH 60 c oT Havyasa HarpyXeHUsI TTPU JUTUTETLHOCTH Tocieanero 1015 c.

Kiaryx — attenuation factor, Kyen.
TMomaTanBOCTh P TOI3YYECTH OIPENEIISIETCS Kak I.(f) =

HAYYHO-MeXHU4ecKuil U NPOU3800CMBeH b HCYPHAN

) — [1], mpu 3TOM O =CoOnSt.
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caumu [,(f—©0), a Takxke OBa YIpaBIAeMblX (GakTopa —  Iie X; — KOOMPOBAaHHOE 3HaUYeHue GaKTopa; X; — HaTypaslb-
npoyHocTs EPS Ha cxarue 0y, ¥ TONIMHA 06pa3ua d. Hoe’ 3HaueHue (aKTopa; X;(;) — HATypaJbHOE 3HAYECHUE

Mo noaHOMy (DaKTOPHOMY 3KCIEpUMEHTY Tuna N=n*,  (akTopa OCHOBHOIO ypoBHS; I /; — MHTEpBAJl BAPbMPOBAHU;
[Je © — KOJMYECTBO YPOBHEM; kK — yncio pakTopos, Ucbl-  j— HOMeED (akTopa.

THIBAJIM OOPA3Lbl U3 MEHOMONUCTUPOIBHBIX IUT EPS 80°, OCHOBHOI YpOBEHb ¥ MHTEPBaJl BAPLMPOBAHMS YIIPABIIS -
EPS 120 u EPS 150. Yucno onpITOB B 3TOM MCCIENOBAHUM  €MbIX (haKTOPOB MPUBEACHBI B Ta0JI. 1, a MaTpuIia TUIaHMPOBa-
cocraBuio N=32=9. HYS TTOJTHOTO (paKTOPHOTO THIA 32 3KCIIEPUMEHTa — B TA0J. 2

M3 BhIpe3aHHBIX 00pa3LI0B TOMIIMHOM d, paBHoii 50, 75  (mocieaHue MSATh CTOJIOLIOB COAEpKAT Pe3yJIbTaThl SKCIIEPU-
u 100 MM, nenanu 9KcrnepuMeHTalbHbIe BBIOOPKM ¢ O71M3KU-  MeHTa). Ha puc. 2 mpuBeaeHsl GUKCHpyeMble YPOBHM MPOY-
MU HMCXOOHBIMU 3HAUEHUSIMU CXUMAIOLIETO HAaNpSDKEHHWsT  HOCTH 00pasLoB Ojgy B HATypalbHON cucteMe ((pakTop X).
0109 (110 TpH 0Opa3La At KaKIOTO OIBITA). Ilpu naurensHOM cxXaTtuu oOpasloB, MOJOOPaHHBIX B
[Tpu npoBeneHUN SKCIIEpUMEHTa 3HAYCHUS YIpaBlisgie-  COOTBETCTBUM C MATpUIlel TUTAHUPOBAHMS, OIPEACIIsIN
MBbIX (baKTOPOB MOJIEPXKUBAIA Ha (PUKCUPYEMOM YPOBHE  CJIMYyIOIIME MTOKa3aTeJn:
T10 TJIaHY € MePEX0J0M OT HaTypaJIbHOM CUCTEMBI K KOJMPO- ¥ — K03bDUIUEHT pesakcaluuy CXXMMAIOIIETO Hampsi-
BaHHOI1 o opmyne [11]: keHust K, B GUKCUPYeMbIi MOMEHT BPEMEHU =8 U
— ¥y — K03 @UUMEHT 3aTyXxaHUsl YMEHBIIEHUS CXKUMAlo-

x;= M, (5)  LUero HampspKeHust me IpU f—0;
I; V3 — MOAATJINBOCTb IIPU PelaKcauuu I, Juis t—oo.
Ta6nuua 1
XapakTtepuctmka X; — NPOYHOCTb 06pa3uoB EPS Ha cxatue, kMa X, — TOJILLMHA NCMbITYEMbIX 0OPasLIoB, MM
OCHOBHOW YypOBEHb 128 75
MHTepBan BapbMpoBaHus 45 25
BepxHuit ypoBeHb 173 100
HWXHWIA ypoBEHb 83 50
Tabnuua 2
Ne onbiTa X Xy . 2 — e y3,_MI'Ia 1
Vi Syl-102 V) Sy2-102 yrem
1 -1 -1 0,852 0,6 0,8114 0,6388 0,605
2 0 -1 0,877 0,513 0,8446 0,3961 0,37
3 +1 -1 0,892 0,071 0,869 0,1672 0,288
4 -1 0 0,865 1,626 0,8324 1,083 0,503
5 0 0,879 0,4 0,8502 0,4383 0,276
6 -1 0 0,898 1,118 0,8755 0,3236 0,212
7 -1 +1 0,879 1,106 0,8416 0,7756 0,439
8 0 +1 0,88 0,608 0,8565 0,3809 0,264
9 +1 +1 0,903 0,917 0,8747 0,5909 0,206

Mpumeuanus: * MNpuBeneHbl CpesHne 3HaYeHUs BLIXOAHBIX NapamMeTpoB: V| — Mo TPeM napasnsienbHbIM onpeaeneHusM; ¥, — no ypas-
HEeHVsIM annpoKCcUMaLMKn napaniefibHO UCTbITaHHbIX TPex 06pasLoB NPU NPOACIKUTENbHOCTU 3KCMEPUMEHTA £,=8 Y 1 Y1Cne ToHeK
psina Habnoperun n=11; y,; n y, — 6e3pa3amepHOCTbIE BEANYUHBI.

2

S
N max,
9. ES;1:7’“6'104- G=—7"22=0,372,
5 =

2 z S,V
S soenp= "= =0,7906-10°,

2

Sy= % =0,171-102,

N 5 "
». ES),2= 3,158:10™*, G=0,375.

S moep=0,3502:1074.

Sy=0,1 14-10°2,

V3. .S':Ocnp=0,3502~10'4 (MPUHATO MO AAHHBIM ;).
Sy= 0,114-102,

TabnnyHble 3HaYEeHUs:

Gl,a(2;9)=0,478; H_ga8=2,1 f_qa3=2,1 (npun a=0,05).
G - kputepuin KoxpeHa; ¢ — kputepuii CTbloaeHTa.

¢ Cormacuo EN 13163 o603HaueHust THIIOB ITUT EPS ¢ ypoBHEM MPOYHOCTH Ha CXXaTHe 0199, PaBHBIM 80, 120 1 150 xITa cooTBeTCTBEHHO.
HMMmeHoBaHHOE 3HaUYeHUE (akTopa.

©rpourzlrsls  HayuHO-meXHuHecKuUil u nPOU3EOOCMBeHHbLIl HCYPHA
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M3penusa EPS-CS(10)

Puc. 2. dukcmpyemble ypoBHU NPOYHOCTN 06Pa3LIOB 0jge NPU KPaTKOBPE-
MEHHOM CxaTtun (pakTop x;). TOHKM — BKCNEepUMeEHTasIbHbIE 3HA4YEeHUs Ana
06pasLoB 13 NauT TonwwmHomn, mm: O - 50; A - 75; <>E| -100

Ha ocHoBe paclIMpeHHON MaTpUIbl ILIAHUPOBAHUS
MOJHOTO (haKTOPHOIO 3KCIIEPUMEHTAa METOAOM HAUMEHb-
IIMX KBagpaToB [12] paccunTaHbl KBaApaTUYeCKUe MOISIU
3aBUCUMOCTU BBIXOJHBIX TAPaAMETPOB ()}, )5, U y3) OT yIIpaB-
JIsieMBbIX (DaKTOPOB (X, X;).

B o01iem Buze KBajgpaTuueckasi MoJesib 3arcaHa ypaB-
HEHUEM:

y=b0+b1xl+b2x2+b12x1x2+b11x12+b22x§_ (6)
3HAYMMOCTb TOCTOSIHHBIX KO3((UIIMEeHTOB ypaBHe-
HUs (6) TIPOBEPSTN TI0 [ — KpUTepHUIo, MpuHsTOMY B [13],
IpU ypoBHE 3HaUnMMocTu 0=5%. He3naunMele Koadpuim-
EHThI HE BKJIIOUEHBI B ypaBHEHUE. AIEKBATHOCTh YpaBHE-
Hus (6) poBepstu 1o Kputepuio @uiepa [14].

200

160

120

G10%, kl1a

80

40

15 20 25 30
p, kr/m3

Puc. 3. SMNMpUYecKue NMHUM PErpeccui HanPsKEHNA G1g% NPU KPaTKo-
BPEMEHHOM CXaTuu MEeHOMOMMCTMPOSIbHBIX 00pa3LoB Mo peaysibTatam

onpeaeneHus nx NAo0THOCTU P: (—) — MMHUK perpeccun 1, 2 ons cpegHero
3Ha4yeHust G19% NO JaHHbIM HacToAwmMx 1 ucneitaHmin EN 13163 (ypasHe-
Hue B.1) COOTBETCTBEHHO; (---) — TO X€, AN MWHMMaNbHOW rPaHULbI

pesynbTaTUBHOrO Npu3Haka (MMHWs 3 Ans UcMbITaHHbIX 06Pa3LOoB, NNHUS 4
cornacHo EN 13163 ypasHerue B.2). Toukun O, A, <> [ - akcnepumeHTanb-
Hble 3HayYeHuns ans 06pasLoB ToswmHol 50, 75, 100 MM COOTBETCTBEHHO

PesynbTaTel uccaenoBanuii. Ha puc. 3 mpeacraBiieHbl
9KCIEPUMEHTAIbHbIE 3HAUEHUS HANIPSLKEHUH O, (OLIEHKA
npoyHocti EPS Ha cxarue). [locneqHue ynoBieTBOpSIOT
tpeboBanusaM EN 13163 (naxodsmcs 6 pexomendyemom Hop-
Mamueom UHmepeane HAnpANCeHuil Oiyg, GbIMUCAAEMbBIX O
ypasuenusm B.1u B.2), u pe3ynbTaThl UCCIEAOBAHUI pejlaK-
callMy CXXMMAIOIIEro HaIpsKeHUS] MOTYT OBITh UCITOJIb30-
BaHbI [JIsI IEHOTMOIMCTUPONbHBIX IUTUT THTIOB EPS 80/90/120
u EPS 150.

Ilo mpuHsATOI BEIOOPKE MCIIBITAHHBIX O00pa3LOB O0B-
€MOM 7=36 TOJIy4eHbI YDABHEHMS PETPECCUU:

Tabnuua 3
Pe3ynbTaTbl pErpecCMoHHOro aHanmaa
Ne onbiTa X X, 0, kr/m® oy*, kMa €0, % G(Kt;il):’ Koequ;:ﬁ::?on;%g::::Ilil(ﬂ (3) 5,102
il aa )
1 -1 -1 15,7 28,8 1,413 24,6 0,1887 0,212 0,8114 0,6388
2 0 -1 20,6 44,4 1,388 38,9 0,1554 0,2329 0,8446 0,3961
3 +1 -1 25,4 60,9 1,559 54,3 0,131 0,2703 0,869 0,1672
4 -1 0 15,8 29,3 1,227 25,3 0,1677 0,2416 0,8324 1,083
5 0 0 20,5 43 1,01 37,8 0,1498 0,2501 0,8502 0,4383
6 +1 0 26,3 61 1,13 54,8 0,1245 0,2709 0,8755 0,3236
7 -1 +1 15,6 29 1,07 25,5 0,1585 0,1873 0,8416 0,7756
8 0 +1 20,8 44,8 1,014 39,4 0,1436 0,2806 0,8565 0,3809
9 +1 + 25,6 60,2 1,083 54,4 0,1253 0,1915 0,8747 0,5909
* 3HaueHust NpyBefeHbl MO pe3y/bTaTtamM UCTbITaHWI KOHTPOJbHBIX 06Pa3LOB Ha KpaTkoBpeMeHHoe cxatune, npuHnmast 6,=0,35-0q;.
** HanpsixeHve Ha obpaseL, Npu OKOHYaHUK akcnepumMeHTa #,=8 4.

Tabnuua 4

YpaBHeHus 3Ha4veHns K0apPULIMEHTOB
perpeccum by b, b, by, by by

Vi 0,8788 0,0162 0,0068 -0,004 - -

pg) 0,8525 0,0223 0,008 -0,0061 - -

)3 0,2822 -0,1402 -0,059 0,021 0,0722 0,0317

HAy4HO-MexXHU4eCcKuil U npou3800CHEEHHbII JCYPHAN g POMIEIIBHABIE
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Gloe=—3318,59p

(S,=2,87 kIa; R, . ,=0,995; 5=1,-5,=4,86 kITa (5*)) (7)

610% P

nu
P=6,25+0,116 - G,

(S,=0,33 xr/M™m3; Rg.610%= 0,995; §=0,56 kr/m3 (8%)). (8)

Ha puc. 4 npuBeneHbl OINBITHBIC JaHHBIC W JIMHUU Pe-
rpeccrn KoahdumeHTa peakcannn K, CXMMAIIEro Ha-
npsckeHus B oopasuax EPS (ammpokcumupoBaHbl ypaBHe-
HueMm (3) Ha 6a3e 3KCHEPHUMEHTOB IIPOHAOJLKUTEILHOCTBIO
1,=8 4). DKCnepUMEHTAIbHbIE JaHHbIE UCIBITAHUN U pe-
3yJIbTaThl CTATUCTUYECKON 00pabOTKM 3HAUeHUI K03hbu-
LMEHTOB pejakcanuu K, npu MOCTOAHHON aedopmannu
OJHOOCHOTI'O CXaTHsl €;,=const, COOTBETCTBYIOIE Hamps-
xeHuo 0,=0,35:0q, MpeacrasieHsl B Taba. 3. B tabnuue
JUTST KaXKIIOTO OTIbITA MCTIBITAHMI peJlakcalliy CXXUMAIOIIeTo
HanpsDKeHUST TPUBEICHBI:

— IJIOTHOCTb OOPAa3LOoB;

— 3HayeHus1 nedopMaluuy €;, BO3ZHUKIIEH B MOMEHT
MIPUIOXEHUS CKUMAIOIIE N yAeTbHOW HAarpy3ku 0,=0,35:01 ¢,
Y pa3BUBAIOLIEECST BO BPEMEHU TIPH £,=CONSt yMEHBILICHUE
HanpsDKeHUST B MOMEHT OKOHYAHUS MPSIMOTO 3KCITEPUMEH-
Ta 0(1,);

— TIOCTOSIHHbIE MapaMeTphl d,, d;, d, ypaBHeHus (3), a
TaKKe cpelHee KBaIpaTUYECKOe OTKJIOHEHUE .S, SKCIepH-
MEHTAIIbHBIX 3HAYEHUH, BADHAHT K, ;) OT PACUECTHBIX 3HAYE-
HUI1 110 ypaBHEeHUIO (3).

BreruncieHHble o JaHHBIM Tab:. 2 (KOZUpPOBAaHHBIC Ie-
peMeHHbIe) 3HadyeHUs KOod(p(PULMEHTOB ypaBHeHUsS (6)
NpYBeIeHBI B Tab1. 4, a pe3ybTaThl CTATUCTUYECKOTO aHa-
JIN3a TIOJYYEHHBIX YpaBHEHMI IO KOAMPOBAHHBIM Tiepe-
MEHHBIM B Tabi. 5. [lonydyeHbl ajgeKkBaTHbIE ypaBHEHUS
(HemosHble KBaZpaTUYHbIE IS Y, ¥, , MOJTMHOME BTOpOii
CTETIEHU JUISI 3), ¥ TOTOMY CTAHOBSITCSI 3HAYMMBIMM OTTpe-
NIeJIEHHbIE MO 3KCIEPUMEHTY 3(hGhEKTH B3aMMOJCHCTBUS
(akropos. Crenyer 3aMeTUTh, UYTO SKCIIEPUMEHT MPOBEAECH
B JIOKQJIbHO 00J1aCTH (PaKTOPHOTO MPOCTPAHCTBA U KO-
(uLmeHTH YpaBHEeHU (Tab1. 4) oTpaxarT BIMsIHUE (aK-
TOPOB TOJIBKO B 3TOI 00JIaCTH.

OOwmmii BuI 3HaYeHUI KOG PUIIMEHTOB YpaBHEHUH 11O
KOAMPOBaHHBIM IIepeMeHHBIM (Ta0J1. 4) MOKa3bIBaEeT, YTO HE
Bce (haKTOphl B OJJMHAKOBOI CTENIEHU BIUSIIOT Ha MCCIenye-
Mbl€ BBIXOIHbIE MapameTpbl. BennunHa koaddunueHTa
YpaBHEHUsI PErpeccur — KOJIMYECTBEHHAs] Mepa BIUSHUS
COOTBETCTBYIOIIETO (paKTOpa Ha BBIXOAHOW MapameTp Ipu
Tepexofie C HyJIeBOTO Ha BEPXHUI M HIKHUI ypoBHU. Yem
Oosble Koa(PUILMEHT, TeM cuibHee (akTop. O xapakTe-
PUCTHKE BIUSHUS (DaKTOpa rOBOPAT 3HAKM KO3 GUIIMEH-
TOB. 3HaK TUTIOC CBUETENBCTBYET O TOM, UTO C YBEJIMUEHU-
eM 3HayeHMsl (pakropa BeJMUYMHA BBIXOJAHOIO TapamMerpa
pacTeT, a Mpyu 3HaKe MUHYC YObIBaeT.

BzanmopeiicTBre nByX (paKTOPOB B ypaBHEHUSIX (TA0II. 4)
3HAYMMO M ITOKAa3bIBAET TOJLKO, YTO OCHOBHOM 3¢ dexT!0
OIHOTO (haKTOpa 3aBUCUT OT TOTO, HA KAKOM YPOBHE Haxo-
nutcs apyroit. OTpuiaTesIbHbIN 3HaK B3aMMOJICHCTBYS CBU-
JIETEILCTBYET O TOM, YTO TIPU OJTHOBPEMEHHOM U3MEHEHUU
(bakTOpOB B pasHBIX HampaBleHUSX, Hampumep x;=+1 u
x,=-1 wm x7=-1 u x,=+1, uccienyemple BbIXOJHbIE Tapa-
METPBL , V5, Y3 OYAYT yMeHbLIAThCS (0€3 yueTa JIMHERHbIX
s¢pdexkroB). [lonoXUTEeNbHBI 3HAK B3aUMOACHCTBUS B
YPaBHEHUU PErpeccUu ISl Y3 CBUIAETENBbCTBYET O TOM, YTO
ONIHOBPEMEHHOE YyBEJIMYEHUE, KaK U OJHOBPEMEHHOE
YMEHBIIIeHUEe 3HaYSHUI IBYX (PAKTOPOB MPUBOIUT K YBEJIH-
YEHUIO MCCIIeAYeMOTro BBIXOAHOTO Tapamerpa. IIpu omgHO-
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Bpewms, 4
Puc. 4. Kpusbie koadpdurumeHTa penakcaummn HanpspkeHus K, B neHononu-
CTMPOJIbHbIX 06pasLax no AaHHbIM 3KCMEPUMEHTOB NPOAOSIKNTENILHOCTLIO
=8 4 (annpokcumunpoBaHbl ypaBHeHvem (3)). TonwwmHa obpasLoB, MM:
OO-50;, Ad- 75 <> [ - 100. Homepa KpuvBbIX — HOMEepa OMnbITOB MO
Tabn. 3

BpeMEHHOM M3MeHEeHUHN (PaKTOPOB B Pa3HBIX HAMPABJICHUSIX
HCCIIEAYEMBIii TapaMeTp y; OyaeT yMeHbLIAaThCS.

3HaYeHUS MCCIIETYEeMbIX BBIXOMHBIX TTApaMETPOB MOXHO
HAaWTH 10 JaHHBIM YTIIPaBJIsSIeMbIX (haKTOPOB X, X, U3 ypaBHE-
HUIi IJI BBIXOIHBIX MapameTpoB U Yy, }, U y; (Tadxa. 4).
Uccnenys ypaBHeHMs U1 NApaMEeTPOB Y| U ), YCTAHOBWIIH,
YTO TOYKA, B KOTOPOI NUMEEM MaKCUMYM NapaMeTPoB y; U Y,
T10 TOJTIIMHE 00Pa3I0B HAXOAUTCS B MHTepBajie 166—176 MM,
T. €. 3a TpaHUIIeH 00JACTH TTPOBEACHUS IKCIIEPUMEHTOB.

PesynbraThl ncciaenoBaHusl ypaBHEHUST PETPECCUM ISt
BBIXOJHOTO TapaMeTpa y; MOKa3alid, YTO IKCTpeMajibHast
TOYKa, B KOTOPOH MMEeEeM MUHUMYM IMapameTpa y; MO TOJ-
uiMHe (BbicoTe) obpasua, HaXOAUTCS B TOUKe Xx,=129 Mm(3a
rpaHulieit 061acTu TPOBENCHUS IKCIIEPUMEHTOR).

ITocne nepexona oT KOAMPOBAHHBIX (BbIpaxkeHue (5)) K
HaTypaJIbHbIM (MMEHOBaHHBIM) TIEPEeMEHHBIM U yCpeaHe-

8 0 — oHOCTOPOHHMIA TOBEPUTEIBHBII HHTEPBA JUTs TIPOTHOCTHYECKO# OLIEHKH Pe3yIbTaTUBHOTO MPU3HAKA P YPOBHE 3HAYMMocTH 0.=0,05.
9 VpaBHEHHUs PErPeccHy UTsl Yy, ¥, PUBENEHbI B Ta0. 4 TIOCIE MCKITIOUEHHs HE3HAYMMBIX KOS(DMULIUEHTOB by, U by,.
10 Hamiame achdpexta B3anMoneiicTBIS (haKTOPOB He CIEyeT OTOXAECTBIIATH C HATMYMEM 3aBUCHMOCTU MeXIy (paKTOpaMu.

(CYPONIENIBHBIE
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P €3y/AbTaTbl HAYYHBIX HccIe10BaHuI

Tabnuua 5
3HayeHune BENNYNH AN YpaBHEHW
PacyeTHble BeNn4nHbl
Y1 hs) )3

}lI/ICJ'IO cTteneHen CBOGOﬂ,bI 5 5 3

a.0 18 18 9*

eocnp
g”cnepc”” 0,0807 - 10" 0,0511 - 10 0,9348 - 104
S%a 0,7906 - 107 0,3502 - 107 0,3502 - 104™"

socnp

I;pmepvm duwepa 0,1021 0,146 2,669

pacu 2,773 2,773 3,863

maobn

BbiBOg, 00 aaekBaTHOCTU ApekBaTHa Npv YpoBHE 3HAYNUMOCTU O, Y%

Moaenn 5 5 5

S 0,013 0,01 0,019

Tabn. 3.

BCeX ee y4acCTKOB:

* OnbIThbl HE AyOANPYIOTCS NpU t,>8 4; y, NPeacTaB/eHO, UCNONb3ya 3HaYeHNd KoadbduumeHTa @, ypasHeHus (3) NnpuBeaeHHbIMY B
n 3

** MPUHATO NO AaHHBIM ), (Tabn. 2) 1 xapakTepuayeT BENNYMHY NOrpeLLIHOCTM aKCNePMMEHTa NPOAOIXUTENBHOCTBIO 1,=8 4.
*** AGCONIOTHAA BENMYMHA CpeaHein Mepbl YKIIOHEHU OMbITHLIX AAHHbIX OT 3MMNPUYECKON NOBEPXHOCTM OTKJIMKA, MOCTOsIHHANA OJis

roe Y, )3[ — pakTyeckoe 1 pacyeTHOE No YPaBHEHUSIM Y, Yy, ¥; (MO KOAMPOBAHHLIM NEPEMEHHBIM) i-e 3HaYeHNe Pe3yNnbTaTUBHOMO Npu-
3HaKa; M — YUCNO napassiesibHbIX UCMbITAHWIA B OTAENbHBLIX TOYKax riaHa akcnepumeHTa (m=3); N — 4ncno onbiTOB 3KCNepuMeHTa
(N=9); | — yncno 3HauNMbIX KO3DDULNEHTOB B YPABHEHUM PEFPECCUN.

dakTopOoB 1 BKNaA,
KBaZAPaTUYHbIX Y1E€HOB

Ta6nuua 6
YpaBHeHus 3Ha4eHns k0apPOULMEHTOB
Sr N-m
perpeccum by b, by by, by, by
¥ 0,7792 0,626 - 102 | 0,729-10° | -0,356- 10 - - 0,0183 | 27
V) 0,7131 0,901-10° ] 0,1013- 102 | -0,542 - 107 - - 0,0207 | 27
V3 1,9066 -13,643* -0,01236 0,01867* 35,654* 0,507-10% 10,0113 | 9
YnpaBnsemble Copexunt adpdexT Oygg, KMa* d, Mm O199" " d; 0107, Mrla? d?
dakTopsl B3aMMOJEenCcTBms Mrla G199, MMNa

HUS1 KOA(DGULIMEHTOB PErpecCcuu ypaBHEHUSI 7151 BBIXOJTHBIX
ImapaMeTpoB IpuBeneHbl B Taba. 6. [Ipu sToM mpomamaer
BO3MOXXHOCTb MHTEPIPETAllM BIUSHUS (DAKTOPOB IO Be-
JIMYMHAM U 3HaKaM KO3(Pp(PUIIMEeHTOB perpeccuu.

I'pacdrueckoe oToOpakeHHe pe3yJbTaToB ABYX(daKTop-
HOTO 9KCIEPUMEHTA MIPEJCTABIISAET COOOM TaK Ha3bIBAEMYIO
MMOBEPXHOCTb OTKJIMKA B TPEXMEPHOM TIPOCTPAHCTBE
(puc. 5). [Ipoekiiu OCHOBHBIX 00pa3yIOIINX OTKINKA BXO/I-
HbIX MapameTpoB K, B (pUKCUpyeMblii MOMEHT BPEMEHU
1=8 4, Kyypyx 11 1, (tHOO) Ha KOOpPAMHATHbBIE TJIOCKOCTU H30-
6pa>KeHL1 Ha puc. 6—8.

[Tpu pukcrpoBaHHOM 3HaUYeHUU (hakTopa x| (TPOYHOCTh
00pa3LIoB IIPU CXATUU Ojgg;) Ha TPEX YPOBHSIX HA pUC. 6, a U
7, a TPeJICTAaBJICHBI 3aBUCUMOCTH Bbixona K, Wi =8 4 u
Igdm OT Apyroro ¢akropa x, (ToILUHA 06pa3u013) Wccnenys
00pasylonIve OTKIMKA BBIXOMHBIX MapaMeTpoB K, juist =38 4
U Kiyryx TPY 32(DMKCUPOBAHHOM 3HAYEHUU (paKTopa X, (TON-
IIIHa 00pa3IloB) Ha TPEX YPOBHSIX, Ha pHc. 6, 6 1 7, 6 TIpuBe-
JIEHbI TTOJTyYeHHBIC 3aBUCUMOCTH BBIXO/IA 3THUX ITapaMeTPOB
oT (pakTopa x| (IIPOYHOCTb OOPA3LIOB IIPU CXATUU Ojg).

IIpu 3adukcupoBaHHOM 3HayeHUU akTopa x; (Mpou-
HOCTb 00pasLOB IPU CXKATUU Ojgg) HA TPEX YPOBHSAX Ha
puc. 8, a mpeAcTaBieHa 3aBUCUMOCTb Bbixoda [.(f—c0) ot
npyroro (axrtopa x, (TOJUMHBI 00pa3lia), MOATBEPXAAI0-
11as1 HAUIMYKE «[10YTU CTAlIMOHAPHOI 00J1acTH» 10 IAHHOMY

HAayYHO-MexXHU4ecKuil U NPOU3800CMBeH b HCYPHAN

(hakropy 3a npenenamu o0JaCTU NPOBEACHUST IKCIIEPUMEH-
ToB. Ha ocHOBaHuM MccienoBaHus 0Opa3ylolnX OTKIMKa
BBIXOIHOrO mapamerpa [.(f—o0) npu 3abUKCUPOBAHHOM
3HaueHuM (axkropa x, (ToalKUHBl 00pa3la) Ha TPEX YypOB-
HSIX, Ha pUC. 8, 6 TOKa3aHa 3aBUCUMOCTb 3TOTO MapameTpa
oT (akTOopa X| (MPOYHOCTL 0OPA3LIOB MPU CXATUU ().

B uccnenyemoii obiactu (hpakTOPHOrO MPOCTPAHCTBA
3HaueHue Koaddunrenra peakcaunu K, st =8 4, ompe-
JeJIeHHOe Ha oOpasuax ToamuHoun S50 MM B CpeIHEM Ha
2,6% MeHblIIIe 110 CPABHEHUIO CO 3HAYCHUEM K, mna =8 u,
onpeeJeHHbIM Ha o0pasiax ToairHoi 100 MM MpY MPoY-
HOCTH TEHONOJIUCTUPOTIA TIPU CKATUU O, =83 Kklla. I1pn
0199%=173 xIla s1a pazHulla cocrasiseT MeHblle 1% (npax-
tyecku 0,7%). PasHuia sHaueHmit K, st 1=8 4, orpenie-
JIEHHBIX Ha obpasuax toimuHoi 100 u 50 MM, cocTaBiseT
0,022—0,006 cooTBETCTBEHHO MPOYHOCTH 00, =83+173 kI1a
U CIOYXUT TMOATBEPXICHUEM HE3HAUYMTEJIbHOTO BIMSHUS
TOJILIMHBI 0OPA3LOB Ha SKCMEPUMEHTATIBHOE OTpe/ieieHre
KoadduiMeHTa peakcaly HarpsKeHUs B (PUKCUpYeMblit
MOMEHT BpeMeHHU =8 .

3HavyeHne KO3 PUIIMeHTa peIaKCallMOHHOMN CTOMKOCTH
Karyx (Fay — Ko3puuuenmy ypaenenus (3)), onpeaeseHHOE
Ha o0pasIiax ToJIIMHOM 50 MM, MeHbIIIe B cpenHeM Ha 3,4%
10 CPaBHEHUIO C ONpeJeJIeHHbIM Ha 00pasiiax TOJIIMHOMN
100 MM TIpM TIPOYHOCTM TIEHOTIOJIMCTUPOJIA TIPU CXKATUM

(CIEONIEIIBHBIE
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Puc. 5. lNeomeTtpuyecknin 06pa3 NMOBEPXHOCTN OTKIMKa B TPEXMEPHOM MPOCTPaHCTBE BbIXOOHLIX MapamMeTpoB: ](p Ana MOMEHTa BpeMeHun =8 9;

K3a1-yx; ]r(t—>oo)

a 0,91
/s’
B
[ee]
1 2
x
g 088
3 1
0,85
50 75 100
d, Mm
0 092
: 3
& 1
1}
Z 0,88
E,
N
0,84
83 128 173
(510%,;(/73

Puc. 6. Npaduvkn ypaBHeHUs koadpduumeHTa penakcaumm CXMMAaIOLLEro
Hanpsxeuns K, B GUKCUPYEMbIi MOMEHT BpemeHn =8 u (y,, Tabn. 6):
a - npw 0109 =83 (1); 128 (2); 173 kMa (3); b—d - 50 (1), 75 (2), 100 mm (3)

0109=83 kIla, a mpu mpoyHOCTN O}(0,=173 KI1a 3Ta pasHuLa
cocrasisieT MeHblie 1% (npakruyecku 0,5%).

3HayeHus OAATIMBOCTH /,.(f— 00) IPU peslakCcalluy B UH-
TepBajie NMPOYHOCTH IMEHOIOMUCTUPONA 0o, =83+173 klla,
oTIpesie;IeHHBbIE Ha 00pasiiax ToMmHoM 50 MM, B cpemHeM
Ha 31% OGoJbllle IO CpaBHEHUIO C 00pa3laMy TONIIMHOMN
751 100 mM. CnemyeT OTMETUTD, YTO B UCCIIETyEeMOM MHTEP-
BaJle MPOYHOCTHU PAa3HULIA 3HAaUeHU I [,.(f—0) 1151 00pa3LoB
TormHoit 50 MM 1 75, 100 MM cocrasistet 0,16—0,076 MITa™!
COOTBETCTBEHHO BEJIMUUHE Ojge. [IpM TONMILIMHE 0Opa3LOB
75 u 100 MM pasHuua 3HayeHuit cocrasaser 0,05—
0,006 MIla™' coOTBETCTBEHHO YBEIMUEHUIO Ojg%> T- €. B
3TOM CJlyyae C YBEJIMYEHUEM IIPOYHOCTU Oy NEHOIONU-
CTUpOJNa BJWSHME TOJIIMHBI 00pa3loB Ha 3HAYECHUS
1(t— o) sBisieTCS HE3HAYUTEIbHBIM.

JI71s1 BBIYMCIIEHUST YCTAHOBUBILIETOCS] PABHOBECHOTO Ha-
MIPSCKEHUS O(f— ) TIPU pesTaKCallMi B MHTEpBaJie MOCTOSTH-

(CYPONIENIBHBIE

a 0,91
3
0,87
« 2
=
3
; ///
0,84 1’
0,81
50 75 100
d, Mmm
6 o9
3
2
0,87 1
)
3
7
0,84
0,81
83 128 173
(510%,;(/73

Puc. 7. Npadurkm ypaBHeHUsa KOIPPrLUMEHTA 3aTyXaHNA YMEHbBLLEHNS CXUN-
MaloLLero HanpsHKeHNs Ksaryx (5, Tabn. 6). 0603HaueHns cM. Ha puc. 6

HoOil nedopmaumn £,=1—1,4% mnpemnaratorcsi sMIupuie-
ckue dopmyinbl (9) u (10) ¢ vucronb30BaHUEM YpaBHEHUI
¥, U 3 U TabI1. 6.

G(tﬁ‘x’)=cH'K3aTyx, (9)
rae Oy — HayalbHOE HampsKeHue, paBHoe 0,35:01(q;

K uryx BBIYMCIISIIOT 110 YPABHEHUIO , TabIl. 6:
€9

-0 10

1,.(t—e0) (19)

rae €, — MOCTOSIHHAS OTHOCUTENIbHAs Aedopmaiiysi B po-
Lecce pejlakcauuMy HanpsikeHus; [,.(1—o0) — noaaTjiuBOCThb
npyu peiakcauuu HanpsokeHust, MITa™!, Belumcasiior no
YpaBHEHUIO HA OCHOBAHWMY JaHHBIX U3 Ta0JI. 6.
ComnocTaBjieHle Ha KOJWYECTBEHHOW OCHOBE MOJY-
YEHHBIX 3HAYEHMUI1 [.(f—00) C ZaHHBIMU OIBITOB HA MOJI3Y-

G(t—o0) =
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Pe3yabTaTbl HAYYHbIX HCCA€10BAHHI

Tabnuua 7
Mpo4HoCTb _ awen,, _ . pacu;, _ Mcrnonb3osaHne
npu cxatum O | Elt,=122 eym), | L 1212 oy, | Ll 0_01)’ LA 1212 cyr), A, % | 3aKCnepUMEeHTasIbHbIX 3HAYEHWI
kMa % Mlla Ma Mlla _ .
G109, KIMa £.(t,=122 cyT). ACTOYHUK

110 39 0,85 0,2179 0,4488 0,2457 -11,3

120 a1,7 0,64 0,1535 0,4036 0,208 -26,2

84,6 29,6 0,93 0,3142 0,5954 0,3682 -14,7 [20]

84,9 29,7 0,87 0,2929 0,5934 0,3665 -20,1

123 43,2 0,63 0,1574 0,3915 0,1979 -20,5

84,5 29,9 1,158 0,3873 0,5961 0,3687 +5

175 61,6 0,541 0,0878 0,2832 0,1075 -18,3

121 42,6 0,808 0,1897 0,3996 0,2047 -7,3 [21]

164 57,3 0,491 0,0857 0,2899 0,1131 -24,2

190 66,5 0,839 0,1262 0,2879 0,1114 +13,3

138 48,6 0,763 0,157 0,3405 0,1553 +1,1
MpumeuyaHusa:
o, €.(t,=122 cyT) — npuBepeHsl ans yaobcTtea yutatens us [15, 16].

e(t,=122
Icalccn(tn=122 CyT) = C( n 5 CyT)
- o,
1,(t—00) — BbI4MCNEHO NO ypaBHEHMIO y; Tabn. 6.
1P°(1,=122 cyT) - BbIMMCTEHO NO hopmyne (12).
13Kcn_1pacq
A= c[""‘“"c -100, %.
c

* Mnutbl EPS n3rotoBneHbl pasdHbiMy NpoM3BoauTensMimn 6ecnpeccoBbiM CrocoO0M 13 Cbipbs € rpaHynammn anametpom 0,8-2,5 mm, npo-
1M3BOAMMOr0 eBponenckummn prpmamm Styrochem n BASF. ViccnenoBaHus BbINOHEHbI HA 06pa3uax B popme kyba ¢ pedbpom 50 mm.

YeCTb BBITTOJHEHO C UCITOJIb30BaHUEM PE3yIbTaTOB UCCIIe-
nopanumit [1]'.

Ha ocHoge cratnctiyeckoil 00paboTKu TabJIMYHBIX 3HA-
0.5 yeHuii [1, Tabma. 3] U aKCrIEPUMEHTATBLHBIX PE3YIbTaTOB BbI-
OOPKM HACTOSILIMX WCCIENOBaHMIi (ypaBHEHUe y; (Tabi. 6)
YCTAaHOBJIEHO HAIMYME JIMHEMHON B3aMMO3aBUCUMOCTU MEX-
0,4 ay I(t—o0) —u I(t,=122 cyT)'2. B uccnenyemoii o6nactu dak-
TOPHOTO TPOCTPAHCTBA YPAaBHEHUSI PErpeccUd UMEIOT B

Jr(t— o), M2~

0,3 I(t—00)=0,185+1 (¢,= 122 cyT) (11)

CO CcpelHeKBaJpaTUUYecKuM OTkiIoHeHueM S,=0,05 mpu
0,2 3 00beMe BBIOOPKM n=13.
50 75 100
d, mm L.(t,=122 cyT)=-0,129+0,835-1.(t > ) (12)

co 3HaueHuem S,=0,046 (n=15).
Ha puc. 9 npencraBiieHbl 3KCIIEpUMEHTATbHbBIE JaHHbBIE
U SMIIMPUYECKUE JIMHUU PETPECCUM — TMONATIUBOCTU MPU
penaxkcauuu /,(r—0o0) 1o pesysabrataM ONPEAC]EHUs 0JaT-
05 JIMBOCTHU Tpu nonsyyectu I,(z,=122 cyt) (auHus 1) u obpar-
Holt perpeccun I(¢,=122 cyT) no pe3yiabratam /,.(t—o0) (1u-
Hus 2). U3 puc. 9 BuaHO, 4To TMHUU | 1 2 1OCTAaTOUHO XO-
0,4 POLIO COTJIacylOTCsl MeX1y co0oil, a BbICOKUI KO3 duLm-
eHT Koppesstimu R=0,916 moaTeep:knaeT JUHEHHYIO B3au-
MO3aBUCUMOCTb MEXIY IepeMEHHBIMU [, U ..
0.3 Taxkum 06pa3oM, B ITepBOM MPUOIUKEHUU ITEPEBOI AaH-
HBIX O TIOJI3YYECTH B JaHHbBIC O pejlaKCalluy HaTpsDKeHUS
WIX Ha000pOT MOKET OBITh OCYIIIECTBIICH C UCITOJIb30BaHM -
0.2 —4  eM IIpOCThIX ypaBHeHU# perpeccunt (11) u (12).
0,083 0,128 0,173 B tabn. 7 npeacraBieHO CpaBHEHUE SKCIIEPUMEHTAIb-
Gio%, Kla HBIX 3HAUEHUN TOAATIMBOCTU TPU  TOJ3YYECTHU

Puc. 8. Ipadukmn ypaBHeHUs NogaTavBoCcTy Npu penakcaumm 1, pns t—oo [c(tn=122 CyT) uccienoBaHnn [157 16] C BbIYMCIICHHBIMU 110
(v, Tabn. 6). OBoaHadeHNs Ha puc. 6. ypaBHeHUIO (12) 1 y 110 TaHHBIM U3 TabJ1. 6.

Ji(t— o0), M2~

' B [1] npeacTaBneHbl 9KCHEPUMEHTAIbHbIE PE3YJIBTATBl MCIIBITAHUI MEHOMONMCTUPOIBHBIX 00PA3LOB Ha MOJ3y4ecTb MPH IOCTOSHHOM
CXUMAIONIEM HATPsKeHUU 0,=0,35-0,. Vcnbitanus BoinonHensl aist wiut EPS 80/120 u EPS 150 miotHocTsio 15—24 Kr/m>, H3rOTOBNEHHBIX
OJIHUM U TeM K€ IIPOU3BOAUTENIEM GECIIPECCOBBIM CIIOCOOOM U3 TOTO K€ ChIPbSI, YTO M TUTUTHI HACTOSILLIUX MCCIIEIOBAHUIA.

12 £ =122 cyT — NPONOIKUTENLHOCTb 3KCTIEPUMENTA peKomeH1oBaHa B EN 13163 npu MCMIBITAHMM TTOMCTUPONBHBIX U3AETUii Ha TI03y4eCTb.

HAy4HO-MexXHU4eCcKuUil U npou3600CHEEHHYIL JCYPHAN g [POVIIEIIBABIE
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0,6

0,5

0,4

Ji(t= o), MIa-1

0,3

0,2

0,1
0 0,1 0,2 0,3 0,4

Jo(th=122 cyT), Ma-!
Puc. 9. 3mnupuryeckme nnHum perpeccum ans o6pasuos TonwmHom 50, 75,

100 MM cootBeTCTBEHHO [ (t—0) no 1,(¢,=122 cyT) (nuHus 1) n obpatHoii
perpeccun 1(t,=122 cyt) no peaynsratam 1(t—o0) (nmHus 2)

Pacxoxnenue 3HaueHuit [,(f,=122 cyT) cocTaBisieT: B
BOCHbMU ciydasix -7,3 — -26,2% v B cpenHeM -17,8% nipu
Bapuanmu ~36% u B Tpex caydaax +1,1 — +13,3% — B cpen-
HeM +6,5%.

YuutbiBasi, 4TO pe3yabTaThl, MOJYYEHHbIE Ha OCHOBA-
HMU BBIOOPKU PaCIIPOCTPAHSIIOTCS HA HEM3YUYEHHbIE 3HAUe-
Hud I, m I, T. e. UMeeT MeCTO Tak Ha3biBaeMblil prediction
(IpOrHO3), B MPAKTUKE TAKMX PACUETOB MPUHUMAIOT BEPO-
aTHOCTh paBHOU 80—90% [13, 17]. TToaTOMY ruUmoTeTHYE-
CKYIO OLIEHKY OAATIMBOCTY NpH nonsyuectu [, (¢,=122 cyr)
IIPU MOCTOSHHOM CXUMarouieM HanpsbkeHuu 0,=0,35:014q
¢ MprMeHeHueM ypaBHeHwuit (12) u y; (Tabi. 6) MOXHO cuu-
TaTh JOCTATOYHO JOCTOBEPHOIA.

IIpu oTcyTcTBMM IIUTENBHBIX MCIBITAHUN Ha TOJI3Y-
4ecTh IMMupHyeckue ypaBHeHus (12) u y; (1adn. 6) MoryT
OBITH MCTIOJB30BAHBI IS TUITIOTETMYECKOM OLICHKU aedop-
MalMU TMOJ3Y4YecTu €(¢,=122 cyT)!? meHOmoMMCTPOIBHEIX
mut turos EPS 80/90/100/120 u EPS 150 mpu mocTosiH-
HOM CXXUMarolleM HanpsokeHun 0,=0,35-0q.

3akmouenne. MeToqOM MaTeMaTUKO-CTaTUCTUUECKOTO
IJIAHUPOBAHUS 3KCIEpPUMEHTa ITOJYyYeHBl MaTeMaTuye-
CKHYe MOJIeJTM ONITUMU3ALIMU TOJIIMHBI 00pa31ioB MPU OTIpe-
JIeJICHUU peslakcalluy HaIPSDKEHMS B YCIOBUSIX OTHOOCHO-
ro CXKaTus MpM MOCTOSIHHON nedopManuu, dukcupyemoit
MPY HarpyXXeHWU CXKUMAIOIIMM HaNpsSLKeHUEeM, paBHBIM
0(':0’35.010%'

IMpuBoguTcs rpadudeckass MHTEPIIPETAUS TTOTyYeH-
HBIX MOJIEJIEI: JIMHUSI YPOBHS 3aBUCMMOCTH KO3 dUIMeHTa
penakcauuu K, B GUKCUPYeMblii MOMEHT BpeMeHM (=8 U,
KO3(UILIMEHTA PENaKCAMOHHON CTORKOCTH Kyypyx U TIO-
JNaTJIIMBOCTU TIpU pejlakcauuu [.(f—o°) 10 OTHOLUEHUIO K
TOJILIMHE 00PA3LI0B MPY MPOYHOCTU MEHONOJUCTUPOJIA ITPU
CXaTHH O)(q, B UHTEpBase 83—173 klla.

BnusiHue TommumHb 00pa3ioB Ha 3HaYeHMs KO3 ULIM -
eHTOB Kj, U1k MOMEHTa BpeMeHHU =8 4 M Ky, XapaKkTepu-
3YIOLIETO peslaKCallMOHHYIO CTOMKOCTh MEeHOMNOIUCTUPOIIA,
B McclieyeMOM (paKTOPHOM ITPOCTPAHCTBE SIBJISIETCSI HE3HA-
YUTEJTbHBIM.

3HaueHWsT TONATIIMBOCTY TIpU pesakcauuu [,(t—o0) B
uHtepBane 83—173 klla, onpeneneHHbIe Ha 0Opa3lax TOI-
muHou 50 MM, GoJtblile B cpeaHeM Ha 31% 1Mo cpaBHEHUIO C
ob6pasuamu ToamHoi 75 u 100 MmM. BausHue TOMIIMHBI
o6pasioB 75 u 100 MM Ha BeJIMYUHY MOAATIMBOCTU MPU pe-
Jakcauuu /.(t—o0) ¢ yBeaIuueHueM MPOYHOCTH Ogg, TIEHO-
TTOJTUCTUPOJIA TIPU CKATUU CTAHOBUTCS HE3HAYUTETbHBIM.

BbimosHeHO Ha KOJIMYECTBEHHON OCHOBE COITOCTaBIIe-
HUE 3KCIEPUMEHTAJIbHBIX 3HAYEHUN MOHATINBOCTEN
I(t—o0) u I(t,=122 cyT) A1 NEeHONOIUCTUPOIbHBIX TUIAT

13 Cm. cHocKy 5.

(CYPONIENIBHIBIE

EPS 80 — EPS 150, npuBeneHs! ypaBHEHUS IMHEIHON B3a-
AMO3aBUCHUMOCTHU MEXAY NEPEMEHHBIMU 1, U 1.

IIpu OTCYTCTBUU IMTEIbHBIX WCIBITAHWUN Ha MOJ3Y-
YeCcTb TUIMOTETUYECKasl OlleHKa nedopMaluii mossydyectu
£.(t,=122 CyT) mNEHONMOJUCTUPOJBHBIX IUIUT THUIIOB
EPS 80/90/100/120 u EPS 150 npu nocTOSIHHOM CXXUMalo-
nieM HarnpsokeHun 0,.=0,35:0(pq; MOXET OBITH OIpenesieHa
10 SMIIMPUYECKUM YPaBHEHUSIM (12) U y;, TPUBEAECHHBIM B
Tab1. 6.

J17151 BBIYMCIIEHUST yCTAHOBUBIIIETOCSI PABHOBECHOI'O Ha-
NpPSLKEHUS MPU pejlakcalliyd B MHTepBaJie MOCTOSIHHOM Jie-
dbopmarm cxarust €,=1—1,4% npemnaraloTcs sMIupuie-
ckue HOpMyINIBI C UCITONIB30BAaHUEM yYpaBHEHUI perpeccuu
JUISL Yy U Y3, IPUBEJICHHbBIX B Ta0I. 6.
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M.C. NNEBELEB, KaHa. TexH. Hayk (lebedevms@mail.ru), V1.B. XXEPHOBCKWW, kaHg. reon.-MuH. Hayk,
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Benropoackuii rocynapCTBeHHbI TexHonormyeckuii yHmeepcuteT um. B.IM. LLyxosa (308012, r. Benropon, yn. KocTiokoBa, 46)

Oco6eHHOCTH MCNONb30BAHUA TMUHUCTBIX NOPOJ,
Npu NPOM3BOACTBE CTPOUTENbHbIX MaTepuanoB”

Ha ocHoBaHWUN aHanu3a nuTepaTypHbIX AaHHBIX 1 3KCMEPUMEHTABHbIX UCCNEA0BaHIIA, C Y4ETOM 0COGEHHOCTEIN CoCTaBa 1 CBOWCTB antOMOCUIIMKATHOTO
CbIpbs 0CaA04HON TONLLM NOKA3AHbI BO3MOXHOCTM €r0 UCNONb30BaHMS B COCTABE CTPOMTENbHbIX MaTEPUANOB B Ka4eCTBE: KOMMNOHEHTA CbIPbEBOIA
LIUXTbl ANs NOY4eHUs LEMEHTa, KepamMmuki, NOPUCTBIX 3anoNHUTENeN; COCTABNAOLLEA KOMMO3ULIMOHHBIX BSXKYLLMX TMAPABINYECKOr0, BO3LYLUHOMO U
ABTOKNABHOIO TBEPAEHMS; L06ABOK, 3aN0JHUTENER U HANOMHUTENEN B LEMEHTHbIE, KepaMu4eckie, opraHoMuHepanbHble cuctembl. OfHAKo ncxoas U3
TEHETUYECKUX 0COGEHHOCTEN TaKOro HETPAANLIMOHHOTO ChIPbS UMEIOTCA OrpaHNYeHus No NPUMEHEHUIO, NO3TOMY B 6ONbLUNHCTBE CNy4aes Ans
NOBbILIEHUS ero 3 eKTUBHOCTU HeobxoaumMa MoandukaLmus. B nanHoin paboTe paccmaTpruBaeTcs paclunpeHne 061acTen MCNoNb30BaHNUs
NOMOCUNNKATHBIX MOPOA 0CAA04HON TONLLM, MOAMULNPOBAHHBIX TEPMUYECKON 06paBOTKOI Npyu ymepeHHoil Temneparype 300-900°C. Tepmuyeckas
MOLMMKALUA NO3BONAET YNYHLUMTL KAYECTBEHHbIE U TEXHUKO-IKOHOMUYECKME XapaKTepUCTUKI NONNMYHKLMOHAbHBIX KOMMNO3UTOB Ans

CTPOMTENbHON OTPACM.

KntoyeBble cnoBa: rMuHNCTbIE NOPOAbI, AKOMOCUIIMKATHOE Cbipbe, KOMMO3ULMOHHOE BSXKYLLEE, CTPOUTENbHbIE MATepuanbl, TEpMOAKTMBALMS.
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E.V. FOMINA, Candidate of Sciences (Engineering), A.E. FOMIN, Master Student

Belgorod State Technological University named after V.G. Shukhov(46, Kostyukov Street, Belgorod, 308012, Russian Federation)

Features of Clay Rocks Application when Construction Material Production*

On the basis of the analysis of literature data and experimental results with due regard for characteristics of composition and properties of aluminum silicate raw materials from sedi-
mentation mass, the opportunities of its usage in construction materials as a raw component for production of cement, ceramic, porous aggregates; as a component in composite bind-
ers of hydration, air and autoclaved hardening; additives, aggregates and fillers in cement, ceramic, organo-mineral systems are demonstrated. However, on the basis of genetic fea-
tures of these non-traditional raw materials there are restrictions on its application. Therefore, in most cases, a modification is required to increase its efficiency. In this paper the expan-
sion of fields of application of aluminum silicate rocks from sedimentation mass modified by heat treatment at 300-900°C is considered. Thermal modification makes it possible to
improve qualitative and techno-economic characteristics of polyfunctional composites for the construction industry.

Keywords: clay rocks, aluminum silicate raw materials, composite binder, construction materials, thermal activation.

Ha coBpeMeHHOM 3Tare pa3BUTUSI MPOMBIIIIEHHOCTH
P® B3aMeH YCTaHOBUBIIMXCS KOHCEPBATUBHBIX IMTOIXOI0OB
HaXoIsT NMIPUMEHEHUE HOBbIE U MEePCIEKTUBHBIC UICH, Ha-
MpaBJIeHHbIE HAa CHIDKEHUE BHEPTOo- M pecypconorpediie-
Hus. He aBiseTcss HICKITIOYeHUEM U CTPOUTEIbHAS OTPaCb,
IJie BOCHOBHOM TSI TIOJTyYeHUST CTPOUTEbHBIX MaTepUAIOB
pPa3IMYHOTO Ha3HAYEeHUsI MCIOJIb3YyeTCsl OrpaHUYEHHBIN
CMEKTP MMHEPAJIbLHOIO ChIpbsi, BHIOOP KOTOPOTO MPOM3BO-
IuTcs 1o cOpMYIMPOBAHHBIM B CTaHAAapTax ITpaBUJIaM.
OpmHako MOCTENMeHHO BHEAPSIIOTCSI HOBbIE TEXHOJOTUM, Ha-
MpaBJeHHbIE Ha MOJIEPHU3AIINIO OTAEIbHBIX BUIOB ITPOU3-
BOJICTB M OCHOBAaHHbBIE HA MPUMEHEHUM MECTHBIX CHIPbEBBIX
pecypcoB, CIOCOOHBIX 0€3 MoTepy KauecTBa 3aMEHUTh Tpa-
NUMIIMOHHBIe MaTepuaibl. [locnenHee HampaBieHUe Tpen-
CTaBJISIETCSl BECbMa aKTyaJbHbIM U MEPCTIEKTUBHBIM.

YuuteiBasi, 4TO U3 TOJLIM OCAJOUYHBIX TOPOJ 100bIBAET-
cs 6oee 95% Bcex MoJIe3HBIX MCKoMaeMbIX [ 1], cymecTByioT
MPEANMOChUIKM TTPUMEHEHMST KPYIMTHOTOHHAXKHBIX OTJIOXE-
HMI BCKPBILIHBIX MOPOJ B KAUECTBE ChIPbsI AJIs1 TPOU3BOI-
CTBa OCHOBHOM Macchl CTPOUTEbHBIX MAaTEPUAIOB.

B GonbIIMHCTBE CBOEM OCamOYHBIE TTOPOJBI MPEACTaB-
JISITOT CO0O1 MOJMMUHEPATbHbIE CUCTEMBI, JIJ151 KOTOPBIX Xa-
paKkTepHbI 3HAYUTEIbHbIC KOJeOaHUST B XUMUUECKOM U BH-
JIOBOM COCTaBe, OOYCJIOBJIEHHBIE YCJIOBUSIMU M JIOKAJIU3a-
uei Mect obpa3oBaHusl. B yacTHOCTH, K TaKuM oOpa3oBa-
HMSIM OTHOCSTCS aJTIOMOCWJIMKATHBIE MOPOIbI TMaje030ii-
CKUX, HUXKHEME3030MCKUX, BEPXHEMEJIOBBIX U KaHO30M-

ckux oTioxeHuit KOxHoro Ypana, BMeIIaommux yriIeHoC-
HbI€ TJIaCThl, 0OCOOEHHOCTU COCTaBa KOTOPBIX ObLIN U3y4de-
Hbl paHee [2, 3]. B MUHepaibHOM cocTaBe, COIJIACHO TaH-
HBIM PDA, IprcyTCTBYIOT KprcTauTmdeckue (asbl KBapIia,
KaoJIMHUTA, MOHTMOPWUIOHUTA, WIJNUTA, OMOTUTA U TIOJIe-
BbIX 1IMAaTOB. YacTh BellecTBa MOPOJL SIBJISIETCS peHTIeHOoa-
MOpP(MHBIM, B HETO BXOIST MPUMECH YIJIMCTOTO BEIIECTBA, a
Takke JOUaTOMUThI, CHOPMUPOBAHHbBIE KPUCTOOAIUT-
TPUAMMUTOBBIMU OIAJaMU, TUATHOCTUPYEMbIE MO JaHHBIM
CKaHUPYIOLIEH 2JIEKTPOHHON MUKPOCKOITUU.

B cBOEM OONBIIMHCTBE 3TV MOPOIBI HE YIOBIETBOPSIIOT
TpeOOBaHUSIM HOPMATHUBHBIX JOKYMEHTOB B KAU€CTBE ChIPbSI
IUJISE TPOU3BOJICTBA BSKYIIMX U KEPAMUYECKUX MaTepUalioB
U UX HE paccMaTpUBAIOT KaK MOJIE3HbIE UCKOIaeMble, 3ama-
Chbl UX He YTBepxIeHbl ['ocynapcTBeHHOI KOMUccHeii 1o 3a-
rnacamM IOJIE3HbIX McKomMaeMbiX. [IpuHMMasi BO BHUMaHUe
TOT (DaKT, YTO ITU TOPOIBI SIBJISIIOTCS NTOCTATOYHO TUMUY-
HBIMU TIPEJCTABUTEISIMU OCAJOYHOTO uexjia He TOJbKO
Poccun, HO ¥ TUIaHETHI B 1I€JIOM, B HACTOSILIEH CTaThe pac-
CMOTpPEHBI BO3MOXHBIE 00JIaCTU TPUMEHEHUST UX TIPUA TTPO-
M3BOJICTBE CTPOUTETbHBIX MaTEPUAIIOB.

CozepxaHue B 0Cal0YHbIX OTJIOXEHUSIX TTTMHUCTBIX MU~
HEPAIOB, a TaKXe Pa3IUUYHBIX MPUMECEN SIBJISIETCS OCHOB-
HOW MPUYMHOM, MPEIMATCTBYIOIEKH NPUMEHEHUIO MOPOMI B
Ka4yeCTBE ChIPbS [IJIs1 MOJYYEHUS PA3TIUUHBIX CTPOUTEIbHBIX
MaTepuajioB U UX KOMIMIOHEHTOB. OJHAKO, KaK MOKa3blBaeT
MpaKkThKa, MyTeM MOIU(GUIIMPOBAHMS TAKOTO MUHEPATbHO-

* PaboTa BBITTOJTHEHA B paMKax CIIy’KeOHOTo 3aliaHus 1o TocOromkeTHOM TemMe No A-4/14 Tlporpamwmsl ctpaternieckoro passutusi bI'TY
uM. B.T". IllyxoBaHa2012—2016 romsr (Ne 2011-TTP-146. Meponipusitre 2 « MoaepHU3aIks HAydHO-UCCIeI0BATEIHCKOTO IPOollecca M MHHOBALIMOHHOM
NeATeIbHOCT») ; ctuneHauu [pesunenta Poccuiickoit @eneparmu Ne CI1-2099.2015.1.

* The work was completed under the duty assignments for the state budget topic Ne A-4/14 of The Program of Strategic Development of Belgorod
State Technological University named after V.G. Shukhov (Ne 2011-PR-146. The Event 2 «Modernization of scientific-research process and innova-
tive activities») ; Scholarship of the President of the Russian Federation Ne SP-2099.2015.1.
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IO CBIPBSI MOXXHO JTOOUTBLCS TTOBBI-
meHus1 3pHEKTUBHOCTU €ro IpU-
MEHEHMSI B CTPOMTEJbHON WHIY-
ctpuu. Mcronb3oBaHMe 0CaTOYHbBIX
MOpOoJ, SBJSIETCSI TEPCIEKTUBHBIM
elIe U MTOTOMY, YTO CJIOUCTBIE a0~
MOCHWJIMKATBl B CHJTy CBOMX pa3Me-

IpaHy/IHpOBAHHBIH

HAHOCTPYKTYPHDYHOLIHIT
3aMONHATENb

LEMEHTHOH IIHXThI

MEJIKHH 3al0JIHATEb B 1
e

EMEHTHBIE GETOHB! H PacTEOP!

POB U CTPOEHUSI SIBJISIIOTCST BBICOKO-
pE€aKUMOHHBIM MaTepuaioM [2].
Peanuzaiusa noreHuHaNa 3TUX MU-
HEpaJIoB B CTPOUTEIbHBIX KOMIIO-

BAIKYILETO

. BHB u TMI] .

ABTOKJaBHOI0 TECPIACH)

3UTaX MOXET CIOCOOCTBOBAThH I10-
BBIIICHUIO @HSHKO—MGX&HI/I‘ICCKHX

H3BECTKOBO-TJIHHATHBIX
aTHO-TTHHHTHBIX

M BKCIUTyaTallMOHHBIX XapaKTepu-
CTHUK MOCTETHUX.

KOMIO3HLHOHHOTO
'OH3BECTKOBOI'O B!

Ha ocHoBaHMM paHee MoJydyeH-
HBIX CBeleHMII 0 cocTaBe [2, 3] u
VMEIOIIUXCS JUTePaTypHBIX JTaH-
HBIX O IMPUMEHUMOCTU Pa3IUYHbBIX
METOAOB MOAUMULMPOBAHUSI U
BO3MOXKHbBIX 00J1aCTSIX UCITOJIb30Ba- Epym],[ s o'rc:,mm{J
HUS TMONOOHBIX MaTepuaynoB [4] CITOEB HACHIMH
ObLIO C(hOPMYIMPOBAHO TIPEATIOINO-
XKEeHHE O IeJecOo00pa3HOCTU Tep-
MUYECKON MOAU(UKALIMUA ATHOMO-
CHJIMKATHOTO CBIPbS [IJISI €r0 Iepe-
BOJa B MaTepuajl CO CTaOMJIbHBIMU
CBOWMCTBAMU IIpU  BO3JCUCTBUU
BOIBI. DTOT CIIOCOO SIBJISIETCST OJI-
HUM U3 HamboJjee MOCTYIHBIX, a
TaKKe IMO3BOJISICT CHU3UThH BIMSTHIAC
HeXeJIaTeIbHBIX IPUMeECeii, Harpu-
Mep YIJIMCTOrO BellleCTBa, U IOBbI-
CUTb PEaKIMOHHYIO CIOCOOHOCTh
cllararoiiMx Imopoay MUHEpPaJioB 3a
CUeT ymaJieHusl ancopOMpOBaHHOM
BOJALI U 0O0Opa30BaHUS HOBBIX IIO-
BEPXHOCTE! C aKTUBHBIMU LICHTpA-

BSKYILMX

KOMIIOHEHT ]

114 MPOH3BOACTBA KEPAM3HTA
H NOPHCTBIX 3aM0IHHTENeH m
eHTO- H acanbTo6eTo]
3ANOTHHTEIH
‘B HAPOCTOHKHE Geranu._
QJIHHTENH B CHITHKATH!
KHPIH4YH H OETOHBI
JANOJHHTENH
I B YKPEILUICHHBIE MPYHTEI )—

MNacTHYCCKOE ChIPRE 1A
CTCHOBBIX MAaTCPHANIOB

KOMITOHEHT
LIHXTEI

KepaMH4ECKOiH LWIHXTBI | MEIKHI{ 3a0/IHHTENb B
| achanbT00eTOHBI

~

[ 3aMIHHTCITH

nobaBKH

AKTHBHAA MHHECpaNbHAA
nobaBKa B LEMEHT
Cynb(oanioMHHATHAA 100aBKa |_

B HEMEHT
KpHCTAITH3ALHOHHAR
nobaBKa-KpeHT
TOHKOMOJIOTaA 100ABKA B
FAPOCTOlHKHE OETOHBI
OTOIIAOIAA W BHITOPAOINan

noDaBKa AN CTEHOBBIX H
KEepaMH4ECKHX M3ENHi

HAaMOJIHHUTEIH J

AHHEPalbHBIH MOPOLIOK
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00XonMMOCTb BbIOOpa Haubosee
MPUEMJIEMBIX YCJIOBUI TepMHUe-
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CornacHO paHee NMPOBEICHHO-
My aHaJIU3y BbIOOpa TeMIepaTypbl 00pabOTKHM MUHEpPab-
HBIX KOMITOHEHTOB B TEXHOJIOTMM CTPOUTEIbHBIX MaTepra-
JIOB HU3KOTeMITepaTypHas obpabortka (cymka) mo 300°C
JIOJDKHA 00ecTieurBaTh MOJHOE yIajeHWe comepKalieiics
CBOOOMHOII Biaru 0e3 HM3MEHEHHUSI CTPYKTYphl Belle-
ctBa [5]. IIpu obxure (cBbiie 900°C) npoucxoasiT HeoO-
patuMble U3MeHeHusl (ha30BOro COCTaBa U CTPYKTYPhI UC-
XOJTHOTO MaTepuajla. YMEpeHHON TeMmIlepaTypHOil oOpa-
6otku (~300—900°C), Kak MpaBWIO, HEAOCTATOYHO LIS
MOJYYeHUsI CTPOUTEBHBIX MaTepUaIoB U UX KOMITOHEH-
ToB. OIHAKO, COMJIACHO JINTEPATYPHBIM JaHHEIM [4, 6], 00-
paboTKa MUHEPAJIbHBIX MaTepUaJoB B JaHHOM TeMIepa-
TYPHOM MHTEPBaJie MO3BOJISET MTOBBICUTH MX AKTUBHOCTD 32
cuer (popMHUpOBaHUs HauboJiee PeaKIMOHHOCIIOCOOHOTO
coctosiHus BeliecTtBa. KpoMe Toro, 3T Matepuaibl Xxapak-
TEPU3YIOTCSA BO3pacTaHUeM YIeJIbHON TOBEPXHOCTU U U3-
MEHEHMEeM paclpelneseHus] YacTHull 1o pa3Mepam B 00Jia-
CTU MaJjbIX 3HAYEHUI MpU MexaHudyeckKoit oopabdotke [7].
Peanu3zaiivsi BO3HMKAIOUIETO SHEPreTUYEeCKOro MoTeHIMa-
Jla TIpU TIOJyYEHUU CTPOUTEIbHBIX MaTepUalOB MOXET
CMOCOOCTBOBAaTh HE TOJBKO TMOBBIINIEHUIO KayeCTBEHHBIX
XapaKTEePUCTUK KOMIIO3UTOB TPU HMCITOJIb30BAHUM JACIIe-
BOT'O MECTHOTO TMOMYTHOU3BJIEKAeMOTO ChIPbsI, HO M CHU-
JKEHUIO 9HEPrOeMKOCTH MPU MOMOJIE.

IIpenoxeHHast TexHoJoTvsI MoAudUUMPOBaHUs (Tep-
MuJecKkast 00paboTKa ChIpbsl) HA OCHOBAaHUY aHAINU3a JINTE-
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Cxema paumoHasibHbix 061acTeit NCNob30BaHNs UCXOAHLIX U TEPMOOGPaBOTaHHbLIX antOMOCUMKATHBIX
NnopozA, 0CaA04HOW TONLLM NPY NOYYEHUN CTPOUTESbHBIX MaTepPUanoB

pPaTypHBIX TAHHBIX U 3KCIEPUMEHTAJbHBIX HCCAeN0BaHUI
MO3BOJIWJIA OTIPENETUTD aTbTePHATUBHbIE 00JACTU UCTIOJb-
30BaHUS TOJYy4a€MOTO0 TEePMOOOPAOOTAHHOIO ChIPbS.
C yueroMm panee npoBeneHHBIX B BI'TY uMm. B.I. IllyxoBa
HCCIeIOBAaHUIT B 00JACTU TPOM3BOACTBA CTPOUTEIBHBIX
MaTepuajioB, TOPOXKHOTO CTPOUTEIBCTBA U pa3pabOTaHHbBIX
CXeM pallMOHaIbHbIX 00JlacTeit ucnosb3oBaHus [8, 9] Oblia
cocTtaBjeHa 00OOlIEHHAsI cxeMma oTpacjieil MpUMEHEHUs
[JIMHUCTOTO QJIIOMOCWJIMKATHOTO ChIPbSI B €CTECTBEHHOM
COCTOSTHUM W TIOCJIe TepMOOOPabOTKM TIPU TOJYYSCHUU
CTPOUTEIbHBIX MaTepUAJIOB (PUCYHOK).

ITono6HbIe HeOOpabOTaHHbBIE ChIPhEBBIE MaTepUAIbI KC-
MOJb3YIOTCSI B OCHOBHOM B MIPOM3BOJICTBE CTEHOBBIX Kepa-
MMUYECKUX MaTepUaoB, KEPAM3UTA, MOPUCTHIX 3AMOJIHUTE-
JIeli, a TAaKXe B KAUeCTBE KOMIIOHEHTA LIEMEHTHOM IIUXTHI,
TaK Kak 0 XMMUIECKOMY U MUHEpaJIbHOMY COCTaBaM OHU
COOTBETCTBYIOT TPAAUIIMOHHOMY TJIMHUCTOMY CHIPbIO.
OnHakKo B Ka4eCcTBe MPUMECH B HUX ITPUCYTCTBYET OpraHu-
YECKU MaTepuas B BUJE YIIMCTOTO BEllIeCTBA U COeNUHE-
HUM cephl.

CoaepxaHue aJIIOMUHATHOW 4YacTU W YIJISL SIBJISIIOTCS
OTPEIEIISIIONINMU ITapaMeTPAMHM CBIPhS IS TTOTyYeHUST Ke-
paMUYECKUX CTEHOBBIX U3nenaunii. Harpumep, nmpu cogepxka-
Huu Al,O; 6onee 15% B MUHeEpaJIbHON YacTH U YIJISl MeHee
15% amoMOCWIIMKaTHBIE TIOPOIBI MOTYT SIBJIATHCST 6e3m00a-
BOYHBIM CBIPbEM € TpeOyeMoi MIacTUIHOCTHIO [6]. TTpu 6o-
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Jiee BBICOKOM COJep>KaHUM OPTaHWKM CHUKAETCS TTaCTUY-
HOCTb U CBS3YIOIAsi CIIOCOOHOCTh MacChl U B CHIPbEBYIO
CMeCh HEOOXOIMMO JOTMOJIHUTENbHO BBOIUTD TIUHY.

VYraeconepxaliue Marepualbl MPUMEHSIOT TaKXKe Kak
OTOLIAIOUIYIO M BBIFOPAIOUIYI0 TOIUIMBOCOAEPXKAIILYIO J0-
0aBKy B MIMHSHYIO IIMXTY. DTO JaeT BO3MOXHOCTb YIyd-
LIATh IPOYHOCTHBIE TTOKa3areau usaenuii (no 30—40%) npu
OITHOBPEMEHHOM 9KOHOMUM TOTUIMBA (YIJIsI) M TIOBBILIEHUUT
MPOU3BOAUTEILHOCTH MeUei.

J17151 TOBBIIIEHUSI MOPO3OCTOMKOCTH U YITy4IlIeHUS TeTl-
JIOU3O0JIALIMOHHBIX CBOMCTB KEpPaAMUYECKUX W3ACIUNA Ha
OCHOBE aprujUIiTa, aJleBpoJIUTa U Jp. YIJIeCOAepKallue mo-
POl MOTYT BBICTYIIATh B KAYECTBE MOPUBYIOIINX M OTOIIA-
IOIIMX J00aBOK IIPY COBMECTHOM MX IIPUMEHEHUH C TTI0100-
HBIMU CHIPbEBBIMU MaTepUaiaMHu.

Kpome nmpumeHeHUs1 B KauecTBe N00ABOK YIJiecoaep-
Kalle MoPobl MOTYT BBICTYNATh M KAK OCHOBHOM KOMIIO-
HEHT KepaMuueckKoi muxtbl. C UCMOJIb30BAaHUEM TaKOTO
CHIPBST BO3MOXHO TTOJTyYaTh MyCTOTEJBI KUPITUY U Kepa-
MHMUYECKHe KaMHU TUIACTUYECKUM U TIOJyCyXuM (hopMoBa-
HueM. [IprcyTcTBUE B ATIIOMOCUIMKATHOM ChIPhe YIJIMCTO-
ro KOMITOHEHTa fiesiaeT ero 3¢ GEKTUBHBIM ISl TPOU3BOI-
CTBa TOPUCTBIX 3aNIOJTHUTENEH 1 Kepam3uTa. OmgHaKo clie-
JIyeT YYUTHIBATh, YTO 3HAUUTEIbHBIE KOJIEOaHUS B allOMO-
CHJINKATHOM CHIPbE YIJIMCTOTO KOMITOHEHTa, eTo AUCITepC-
HOE pacrnpefeieHne, HU3Kas IIaCTUMHOCTD U CBS3YIOIIast
CIIOCOOHOCTh TPEOYIOT KOPPEKTUPOBKU COCTaBa U TEXHO-
JIOTUU TIPOU3BOJCTBA TOPUCTBIX KEPaMUUYECKMX H3Je-
Jwii [10].

JpyruM BecbMa 3HAUMTEIbHBIM HaIlpaBJ€HUEM UCITOb-
30BaHUS ATIOMOCUJIMKATHBIX TIOPOJ OCATOYHOM TOJIIN SIB-
JIgeTcs lIeMEHTHAs! MPOMBIILIEHHOCTh. [10 JaHHBIM XMMU-
YeCKOro cocTaBa MoJ00HbIe MTOPObI, B TOM YUCIIE C IPUMe-
CBIO YIJISI, MOTYT OBITh KOMITIOHEHTOM ChIPbEBOM IIMXThI TPU
MPOU3BOACTBE MOPTIAHILIEMEHTA U UCXOMAS U3 COMEPXKAHUS
OCHOBHBIX OKCUJIOB MOTYT YACTUYHO WJIM TIOJIHOCTBIO 3aMe-
HUTh CUJIMKATHYIO, aJTIOMOCUJIMKATHYIO U XKEeJIe3HUCTYIO CO-
CTaBJISIIONINE, YTO TOATBEPKACHO MPOMBIIUIEHHBIMU HC-
neiTaHussMu. KpoMme Toro, B Ipoliiecce MpOu3BOACTBA YIyu-
1aeTcsl MOArOTOBKAa MaTepualia 3a CYeT TOMOIeHM3aluu
IIKUXTHI, TIOBBIIIAETCS MPOYHOCTb TPaHyJ M CIEKAeMOCTb
KJIMHKepa, YBEJIMYUBACTCS MPOU3BOAUTEILHOCTD Bpalllalo-
meiics meuu [11].

ITepcrieKTUBHBIM SIBNIIETCS TMPUMEHEHWE aJIOMOCHIIN-
KaTHBIX IIOPOJI B KaueCTBE J00aBOK K IIEMEHTY. DTU MaTepH-
aJbl MOTYT TIPUMEHSITBCSI B CHIPEBOM IIMXTE ISl MOJIyde-
HUS PacUIMPSIONIETOCs KOMIIOHEHTa, COAEPKAIIEro CyJib-
(oanroMuHaT Kasblvsl. 3a cUeT BBEIEHUs TaKMX 100aBOK B
meMeHT (10—20%) ynaercst OBBICUTH MTPOYHOCTHEIEC TIOKa-
3aTear o0pa3LoB mnpu cxkatuu u uzrude [12]. Iloponsl, 60-
ratble aMOpMHBIM KPEMHE3eMOM U/WJIU TJIMHO3eMOM (Ha-
MpYMep, OMOKHU), MPEACTABISIOT IEHHOCTh C TOUKHU 3PEHUSI
MPYMEHEeHUsI UX B KauecTBe aKTUBHOW MUHEpaIbHOU J0-
0aBKM MpU TIOMOJIE C IIEMEHTHBIM KJIMHKepoM. OmgHaKko
MPU COIEP>KaHUU B MUHEPAJIbHOM ChIPhe OPTAaHMYECKMX Be-
mecTB (yIisI) Heobxoguma IIpeaBapuTeIbHasT TepMooOpa-
60TKa, KOTopas 1aeT BO3MOXHOCTb ellle M 3HAYUTEJTbHO aK-
TUBUPOBATh MaTepHUal.

Ha ocHoBe KpeMHe3eMUCTOrO ChIpbsl ¢ CYIIECTBEHHbBIM
COJIEpXXaHWEM HaHOPA3MEPHOW MUHEPAJIbHOU KOMITOHEH-
ThI (OTTIOKM) pa3paboTaHbl COCTaBbI I'PaHYJIMPOBAHHOTO Ha-
HOCTPYKTYPUPYIOIIETO 3aINlOJHUTENST MPOJIOHTMPOBAHHOTO
NEWCTBUS IUIS TIOJTYYEeHUST KOHCTPYKIIMOHHO-TETJION30JIsI-
LIMOHHBIX 6eToHOB [13, 14]. B pe3yibTaTe UCIOIb30BAHUS
TAKOTO 3aIOJTHUTEIISI B 66 TOHHBIX U3nenusix Ha 8—10% cHu-
>KaeTcsl BomororyionieHue U B 1,8—2 pasza yMmeHbIIaeTcs
CpeIHSS TIJIOTHOCTh KOMITO3UTA.

KpynmHOTOHHaXXHBIM TIOTPEOUTEIEM TIIMHUCTOTO allio-
MOCWJIMKATHOTO CBHIPbS MOXET CTaThb JIOPOXHO-CTPOU-
TeJbHAs OTPacyib. DTU MOPOABI B BUIE OTXOIOB TOPHBIX BbI-
paboTOK MOTYT MPUMEHSITLCS UISl OTCHIMKM CI0EB HACHITU
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B3aMEH TPUPOAHBIX TPYHTOB, TPeOYyIOIIMX pa3paboOTKu, B
palioHe CTPOUTEILCTBA aBTOMOOWIIBHBIX TOPOT, MpUjieraln-
X K MECTOPOXICHUSAM, UMEIONIMM TTOI0OHBIE MaTepra-
JIbI B oTBaJ1aX. [IpuMeHeHue 0camouHbIX TOPO B 3EMJISTHOM
MOJIOTHE B HacTosilee BpeMs siBsieTcs: Haubosee addex-
TUBHBIM, TTOCKOJIbKY NMPaKTUYECKU HE TpeOyeT IOIMOJTHU-
TeJbHOU TepepaboTKu Marepuana, a o0beMbl Marepuaia
IIJIS HACBITIEH TPeOYyIOTCSl 3HAUMTENIbHBIE.

JpyruM HampaBJIeHHEM MOXET CTaThb MPUMEHEHHUE UX
B Ka4eCTBE KOMIIOHEHTA KOMITJIEKCHOTO BSIXKYIIIETO, a TaK-
K€ YKPETUIsieMOro MaTepuaiia Ipy YCTPOCTBE OCHOBAHU I
JIOPOKHBIX OAEXKJ MPU KUCITOJb30BAHUU OPTaHUYECKUX U
HEeopraHM4eCcKuX BsLKyIux. Hampumep, Ha OCHOBE TJIMHBI
OMOKOBUIHOW OBIIO pa3paboTaHO KOMITO3UIIMOHHOE
TPYHTOM3BECTKOBOE BSIXKYIlee ST YKPETUIEHUsS TPYyH-
ToB [15].

TepMmuueckass oO6paboTKa aJIIOMOCHIMKATHBIX IIOPOI
mpu yMmepeHHoit Temmeparype 300—900°C, obocHOBaHuUe
KOTOPOI OBLIIO JAHO paHee, CIIOCOOCTBYET, BO-TIEPBLIX, yaa-
JIEHWIO HeXeJaTeJbHbIX MpUMeceil, HalpuMep OpraHuye-
ckux (yrjst), a BO-BTOPbIX, 3HAUUTEIbHON aKTUBALIMU MU-
HepaIbHBIX YacTull. B pesynbTare neruapatauudu TIMHU-
CTBIX MUHEpPAJIOB 00pa3yloTcsi amopdHbIe U TICEBIOKPU-
crajuimdyeckue daspl, THTEHCUBHO B3aUMOJIECTBYIOIINE C
TUIPOKCHUIIOM KaJIbLIMSI, YTO CITOCOOCTBYET ITOBBIIICHUIO
MMyLII0JaHOBOM akKTUBHOCTU. Mcxoms u3 onmmcaHHO# oco-
OEHHOCTU MOXHO YTBEpPXKAaTh, YTO HauboJiee pallMOHAIb-
HO MCIOJIb30BaTh MOJYYeHHbIEe MaTepuasibl KaK aKTUB-
Hble MMHEpaJibHbIe T00aBKM B BSIKYIIMX M3BECTKOBO-
MyLI[0JAHOBOIO THUIIA, MOPTIAHALIEMEHTE, MYILI0JaHOBOM
MOPTIaHAIIEMEHTE Y aBTOKJIABHBIX MaTepuaiax. Hampumep,
BBegeHue 10 20% TepMo0oOpaboTaHHBIX IIMHUCTHIX TIOPO B
LIEMEHTHOE BSDKYIllee U3MEHSIET MpoliecChl THApaTalluv B
pe3yabTaTe B3aMMOMAEUCTBUS BBIIIEONMCAHHBIX MTPOIYKTOB
W TUAPOKCHIA KaJIbLIUSI U COOTHOIIIEHME TUAPATHBIX (a3,
YTO TIPUBOJUT K MOBBIIIEHWIO TPOUHOCTU LIEMEHTHOTO KaM-
HS TIPY CXKaTUUW 1 U3THUOE, He CHUKAs TP 3TOM MHTCHCUB-
HOCTH pOCTa IIPOYHOCTU MPU IIUTEIbHOM TBepaeHuu [12].
CTOUT OTMETUTD, YTO, HECMOTPSI Ha YBEJWUYEHUE COMEpKa-
HMSI TJIMHO3eMa B LIEMEHTE, IMOBBIIIAETCS TUIOTHOCTD lie-
MEHTHOT'O KaMHSI U CTOMKOCTh K CyJb(aTHOW KOPPO3UU B
pe3yabTare 00pa3oBaHUsI HU3KOOCHOBHBIX Tejie00pa3HbIX
TMIPOCWIINKATOB KaJIbIUS U CHYDKEHUST CONEPXKaHUS TTOPT-
JIaHIUTA.

Ha ocHoOBe anioMOCHIMKATHOTO ChIPhsI ObLIY MOJIYYEHBI
KPUCTALIM3AIMOHHbIE 100aBKU MyTEM UX TepMOOOpPaboT-
KA C MOCJIEIYIOIIMM J00aBJIeHUEeM KOHIIEHTPUPOBAHHOM
CEepPHO# KUCJIOTHI I0 COCTOSIHUS Ti1acTudHocTH [12]. B pe-
3yJbTaTe yIaeTcs TOJYYUTh BBICOKYID MapoO4HYyH Tpou-
HOCTb LIEMEHTHOTO KaMHsI 32 CUeT aKTUBU3ALIMU ITPOIIECCOB
ruapaTalid HeOpraHMYeCcKoro BSDKYIIETo, a (popMupoBa-
HUE B MpOILIECCe TUApATALMUA AOMOJIHUTEIBHOTO KOJIMYe-
CTBa STTPMHTUTA ITO3BOJISIET TOJYYUTh OE€3yCaJouyHBbI U
Jlaxke pacHIupsIIOIINACS IIEMEHTHI.

IlepcrieKTUBHBIM HaIpaBJeHWEM MPUMEHEHUS] TePMO-
MOANGUIIMPOBAHHOTO CHIPBSI MOXET CTaTh UX MCIIOJIb30Ba-
HUE B KavyecTBe AKTUBHBIX MUHEPAIbHBIX MO0ABOK IS
MU3BECTKOBO-TJIMHUTHBIX U CYJb()aTHO-TJTMHUTHBIX BSIKY-
mux [6].

HMcnonb3oBaHre TepMOAKTMBUPOBAHHBIX KPEMHE3EM-
comepXallunx MOpoJ B Ka4eCTBEe CHIPhEBBIX KOMIIOHEHTOB
KOMITO3MITMOHHBIX BSIKYIIUX (BSKYIIUX HU3KOUM BOAOIIO-
TPEeOHOCTH, TOHKOMOJIOTBIX LIEMEHTOB) MO3BOJISIET CHU3UTD
KOJIMYECTBO JOPOTOCTOSILIETO LIEMEHTA B COCTABE BSIKYILE-
ro U COKpaTUTb 3HEProeMKOCTb MPHU ITOMOJIE ChIPhEBBIX
MaTepuasioB, YTO OBLJIO MOATBEPKACHO SKCIIEPUMEHTANIb-
Ho [16].

JlokazaHa BO3MOXHOCTh IMPUMEHEHUS aTIOMOCUINKAT-
HBIX TIOPOJ B CBOEM €CTECTBEHHOM BMIEe B MaTepuajax
aBTOKJIABHOTO TBEPAEHUS B KayecTBE KOMIIOHEHTa
M3BECTKOBO-KPEMHE3EMUCTOTO BSIKYILIETO UM 3aIlOJHUTE-
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neit [17]. OgHako MOXHO MPEArnoaI0XUTb, 4TO 3(h(hEeKTUB-
HOCTb IIPUMEHEHUS TEPMOOOPAOOTaHHOI'O ChIPhSl B PACTBO-
pax v 6eToHax TUAPOTEPMAJILHOTO TBEpAEHMS OyaeT BhIllle
3a CYET YBEJMYECHUS! (PU3MKO-XMMUUECKON aKTUBHOCTH,
WHTEHCU(UKALIMY TIPOLECCOB CTPYKTYpPOOOpa3oBaHUS U
VYBEJIMYCHUSI TIPOYHOCTH MaTepuaioB [6, 18, 19]. B yacTHO-
CTH, TIPOBEICHBI KCCIIEIOBAHUS, B KOTOPBIX ITOKA3aHO YJTy4-
meHue (U3NKO-MeXaHUUECKUX XapaKTePUCTUK MPECCOBaH-
HBIX CUJIMKATHBIX aBTOKJIABHBIX MaTepUaOB MIPU UCIIOJIb-
30BaHUU ATIOMOCUJIMKATHOTO ChIPbsI MOCJIE Pa3HOM cTere-
HU TeMmIiepaTypHoro Bosaenctus [20].

B GeroHax u pacTtBOopax TepMOMOAMMDUIIMPOBAHHbBIC
aTIOMOCWIMKATHBIE TIOPOIbI MOTYT CIYKUTb HE TOJBKO
aKTUBHBIMM MUHEPAIbHBIMU JOOABKAMU B COCTaBe BSIKY-
IMX, HO U BBIMOJHATHL (YHKIIMM 3aMoJHUTENEIH.
[IpennochlIKaMy 3TOTO SIBJISIETCS MOJOXUTEIbHbBINA OTBIT
MMPUMEHEHUST TOPEJIbIX MOPOJ Pa3JIUYHBIX YTOJbHBIX Me-
CTOPOXXACHUI, KOTOPBIE SIBJISIIOTCSI IPUPOJHBIMUA aHAJIO-
raMd HMCKYCCTBEHHO TepMOOOPabOTaHHBIX AFOMOCHUIIN-
KaTHBIX OCAJOYHBIX MOPOJ, B KayeCTBE 3arlOJHUTENeH B
MEJIKO3epHUCThIE TUIOTHBIE U MOPUCTHIE, a TaKXKe JerKue
6eToHbl [4]. [Tpu MCTIOIB30BaHUU TJIMHUCTHIX MAaTEPUAIOB
OIpeeIeHHOTO cocTaBa (HarpuMep, ¢ MpUMECIMU YIJIu-
CTOTO BEIeCTBa, CHUXKAIOIIETO MIACTUYHOCTb U CBSI3YIO-
IIYIO CITOCOOHOCTE) B CBOEM €CTECTBEHHOM BHUe (0e3 Tep-
MUYECKOU 00pabOTKM) B KaUeCTBE MEJIKOI'O 3aIllOJTHUTES
B LIEMEHTHbIE OETOHBI U PACTBOPHLI HEOOXOIUMO IIPOBEIE-
HUE KCClIeOBaHUI U TEXHUKO-3KOHOMUYECKOE 00OCHO-
BaHME.

TepMoMonupuIIMpoBaHHBIE ATIOMOCUIMKATHBIE MaTe-
puaisl 6arogapsi BRICOKMM OTHEYITOPHBIM CBOMCTBAM MO-
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ajgbl U3 OTXOJOB TMpoMmbiluieHHOcTH. PoctoB H/:
®denuke, 2007. 368 c.

7. ®ommua E.B., Koxyxoa H.U., IMaxpmuna FO.B.,
Ctpokosa B.B., ®omun A.E. BiusiHue MexaHoaKTrBa-
IIMM Ha pa3MepHBbIe TMapaMeTphl aTlOMOCHIMKATHBIX
nopon // Cmpoumeavhvie mamepuanvi. 2014. No 10.
C. 28-33.

8. XompikuH E.N., ®omuna E.B., Hukomaenko M.A.,
Jlebenes M.C. PaiimoHasibHbIe 00J1aCTH UCTIOJIB30BAHUS

HAayYHO-MexXHU4ecKuil U NPOU3800CMBeH b HCYPHAN

TYT HAlTU MPUMEHEHUE B )KapOCTOMKUX OETOHAX B KAYECTBE
TOHKOMOJIOTOM JOOaBKM M 3aOJTHUTEIEH.

Hapsiny ¢ BbICOKOIT ruapaBIM4eCcKOll aKTUBHOCTBIO, Xa-
PaKTepU3yeMOil B3aMMOIENCTBUEM C TMAPOKCUIOM Kajlb-
1I1sI, TepMOOOpabOTaHHBIC MOPOJBI 00JIaNA0T 3HAYUTEIb-
HO1 afcOpOLIMOHHON aKTUBHOCTBIO U CLIETUICHUEM C Opra-
HUYECKUMM BSDKYILIMMU, YTO MO3BOJISIET PEKOMEHA0BATh UX
B Ka4eCTBe 3aIl0JHUTEJICH 1 HAIlOJTHUTEIeH B ac(paIbTOBBIC
BSDXyIIIME, OETOHBI U TMOJUMEPMUHEpPAIbHbIE KOMITO3U-
uuu [4, 6]. DKCepUMEHTaIbHO YCTaHOBJIEHO, YTO IMOCIIE
06paboTtku ripu Temrepatype 500—600°C yaaeTcs MoIydnTh
HAIlOJIHUTENU [Jig ac(aabTOBSIKYIIMX, KOTOpbIE, BO-
MepBbIX, 00JIaJAI0T CTAOUIbHBIMU CBOMCTBAMU MPU BO3JEH-
CTBUU BOJIbl, & BO-BTOPbIX, UMEIOT Ha MMOBEPXHOCTU BBICO-
KOpEaKLIMOHHBbIE aKTUBHbIE LEHTPbI, MO3BOJISIOIINE A0-
OUTBCS BEICOKOTO CLEIUICHUST OUTYyMa C MOBEPXHOCTHIO MU -
HepaJIbHBIX YyacTull. B pesynbrare acdanbToBble BSIKYIIUE
OTJIMYAIOTCS AOCTAaTOYHO BBICOKMMHU TIOKa3aTesIMU
GU3NKO-MeXaHNIEeCKUX CBOMCTB [21].

IpuBeneHHbIe (aKThl CBUAETEIBCTBYIOT O 3HAUUTENb-
HOM pAacCIIMpeHUU 0OJacTeld MCIOJb30BAHUS TJIMHUCTBIX
AJTIOMOCWIMKATHBIX TTOPOJT OCaJI0YHOM TOJIIMU B pe3yJibTare
UX TepMUYecKoil obpaboTtku. OTMeueHHbIe M3MEHEHUS B
ATIOMOCWIMKATHBIX OCaJOYHBIX MTOPOJIAX U MOSIBIISTIOIIAECS
JIOCTOMHCTBA OYAyT CIIOCOOCTBOBATh TaKXXE ITOBBILIEHUIO
Ka4eCTBEHHBIX M0Ka3aTe/Ieil CUHTE3UPYEMbIX KOMITO3UIINMA,
YTO JieIaeT MPUMEHEHUE TEPMUYECKU MOAUDULIMPOBAHHO-
TO aJTIOMOCWJIMKATHOTO CHIPbSI BECbMa aKTyaJIbHBIM, TEXHO-
JIOTUYECKU ¥ TEXHUYECKM OITPABIAHHBIM ITPY TPOM3BOICTBE
Pa3IMYHBIX BUIOB CTPOUTEJIbHBIX MaTepUaIOB MOJUGBYHK-
LIMOHAJILHOTO Ha3HAYeHUSI.
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‘ Hudopmanna

KaK noaroToBuTh K NYGNMKALMM HAY4HO-TEXHHYECKYIO CTATbID

KypHasbHasi HaydHO-TeXHUYECKask CTaThsl — 3TO COYMHEHME HEOOMBIIOTO pa3mepa (10 3-X KypHaTbHBIX
CTPaHMII), YTO CaMO 1O cebe OpeessieT IPAHULIbI M3T0XEHUS TEMbI CTaThH.

HeobxonuMbIM1 251eMEHTaMU HAyYHO-TEXHMYECKOI CTaTbU SIBIISIIOTCS:

—  TIOCTaHOBKA MPOOJIEMBI B 00IIEM BHUIIE U €€ CBS3b C BAXHBIMU HAYYHBIMU MITH TIPAKTUYECKUMU 3a1a4aMM;

—  QHAJIM3 TIOCIEHUX TOCTIDKEHMIA 1 TTyOJIMKAIIViA, B KOTOPBIX HAYaTO PellieHNe TaHHOH MPo0JIeMbl M Ha KOTOPBIE
OIMpaeTCs aBTOP, BbIIEIEHNE paHee He PellIeHHbIX YacTei o011eit po0/IeMbl, KOTOPBIM TOCBSILEHA CTAThSI;

—  (opmynpoBaHue Liesieii cTaTbK (TTOCTAHOBKA 3a/1a4K);

—  M3JIOXEHME OCHOBHOTO MaTepuaa MCCIEOBAHMUsI C MOJHBIM 000CHOBAHUEM TOJTYYEHHBIX PE3YJIbTATOB;

—  BBIBOJIBI M3 JAHHOTO MCC/IEOBAHMUS U TIEPCIIEKTHBBI JAJIbHEMIIEro MoKcka B U30paHHOM HaIpaBIeHUH.
HayuHble cTaThu pelieH3UPYIOTCS CIIEMATNCTaAMU. YUUTHIBAs OTKPBITOCTh XKypHaia «CTpOUTeIbHbIC MaTe-

prans»>® s yueHbIX M uCCTenOBaTEEH MHOTHX IECATKOB HAYYHBIX YUpexaeHuil 1 By3oB Poccun u CHI,

MPEICTABUTEN KOTOPBIX HE BCe MOTYT OBITh MpPEACTaBICHBI B PEIAKIIMOHHOM COBETE W3IAHMSI, XelaTebHO

MPEACTABISATh OMHOBPEMEHHO CO CTaTheli OTHOIIEHHME YYEHOT0 COBETa OPTraHMU3alMK, TIIe MpoBeaeHa paboTa, K

NpeACTaBIsIeMOMY K MyOJIMKALIMK MaTepyaily B BUIE COMPOBOAMTENBHOTO MMCbMA MM PEKOMEHIALIMH.
bubauorpaduyeckue Ciucky LUTUPYEMOI, UCTIONb30BAHHOM JIMTEPATYpPhI IOKHBI TIOATBEPXIATb CIIEI0-

BaHME aBTOPA TPEOOBAHMSIM K COAEPKAHMIO HAYYHOI CTaTby.

HE PEKOMEHIYETCA:

1. BkitoyaTth cchliku Ha deiepanbHble 3aK0HbI, on3akoHHbie akThl, [ OCTo1, CHullst u np. HOpMaTHBHYIO
JIUTEPaTypy. YIOMUHAHME HOPMATUBHBIX IOKYMEHTOB, Ha KOTOPbIE OMMPAETCS aBTOP B UCITBITAHUSX, pacueTax
WM apTyMEHTALIMH, JIyYIlLe AeIaTh HEMOCPEACTBEHHO 1O TEKCTY CTAThU.

2. CchblnaTbcsl Ha yyeOHBIE M Y4eOHO-METOAMYECKUE TOCOOMS; CTaTbi B MaTepuaiaX KOH(MepeHIUi 1
cOOpHMKAX TPYIOB, KOTOPHIM He prcBoeH ISBN 1 KOTOpBIe He MOMafaoT B BeAyliue OMOIMOTEK! CTPaHbI U He
MHIEKCUPYIOTCS B COOTBETCTBYIOLIMX Oa3ax.

3. Ccbliathes Ha IMCCEPTALIMU 1 aBTOpedepaThl AMCCePTALIHIA.

4, CaMOLIMTHPOBAaHKE, T. €. CCBUIKM TOJBKO Ha COOCTBEHHbIC MyOJMKAIMKM aBTOpa. Takas TMpaKTHKa He
TOJBKO HapyIlaeT 3TUYECKHE HOPMBI, HO M MPUBOAMT K CHMXKEHUIO KOJMYECTBEHHBIX MyOIMKALIMOHHBIX
rokasareJieil aBropa.

OBA3ATEJIDBHO caenyer:

1. Ccbinatbesi Ha CTaThbM, OMYOJMKOBAaHHbIE 3a MOCHEAHUE 2—5 JIET B BEdyIIMX OTPACIEBBIX HAy4yHO-
TEXHUYECKMX M HAYYHBIX M3JAHUSIX, Ha KOTOPbIE OMMPAETCS aBTOP B MOCTPOEHMM apryMeHTALlMU WX
MOCTAHOBKE 3a1aYM UCCIIeTOBAHMSI.

2. Ccputatbesl Ha MOHOTpadhuK, OMyOoJMKOBaHHBIE 3a TOCAenAHNEe 5 JeT. boiee naBHME UCTOYHUKHU TaKxkKe
HEraTUBHO BIMSIOT Ha TTOKA3aTeN I MyOJInKalMOHHON aKTUBHOCTH aBTOPA.

HecomHeHHO, 4TO BO3MOKHbI CCBUIKM M Ha KJIACCHUECKKE PabOTbI, OHAKO HE CJIedyeT 3a0bIBaTh, UTO HayKa
BCErJa pa3BUBAETCS MOCTYMATENbLHO BIEpe] M HE3HAHWE aBTOPaMU MOCHEAHMX NOCTUXKEHHUI B obiacTu
MCCIIeIOBAHUI MOXET MPUBECTH K LyOIMPOBAHKIO PE3YIBTATOB, OLIMOKAM B IIOCTAHOBKE 3a/1auk MCCIIeNOBaHMs
W UHTePIpeTALNK JaHHbIX.

BHUMAHME! C 1 sHBaps 2014 r. u3meHeHbl Tpe6oBaHus K ochopmneHuto ctaten. 06s3aTenbHO
03HaKOMbTeCb ¢ Tpe60oBaHMSIMM Ha caiiTe u3gaTenbLCTBa B pasgene «ABTopam»!

Crarby, HampapisieMble ISl OMYOJIMKOBAHMS, TOJKHBI OOPMISTHCS B COOTBETCTBUU C TEXHMYSCKUMU
TpeOOBAHMSIMM M3TAHUIA:

—  TEeKCT CTaThHU JIOJXEH OBITh HabpaH B penaktope Microsoft Word u coxpaneH B hopmate *.doc wmu *.rtf u He
JIOJDKEH COAeP3KaTh MILTIOCTPALIiA;

— rpaduyeckuii MaTepuan (rpaduKu, CXeMbl, YEPTEXKH, TUATPAMMBI, JIOTOTHITBI U T. I1.) JOJIKEH ObITh BBITION-
HeH B rpaduyeckux penaktopax: CorelDraw, Adobe Illustrator u coxpaHeH B dopmarax *.cdr, *.ai, *.eps
cooTBeTcTBeHHO. CKaHMpOBaHKWE rpauyeckoro MaTepuana MU MMIIOPTUPOBAHUE €r0 B MEPEUMCICHHBIC
BbILIE PEJAKTOPbI HEOMYCTUMO;

—  WUIIOCTPAaTUBHBIA MaTepuan (cdoTorpaduu, KOUIaXu U T. I.) HEOOXOIMMO COXpaHSATh B (opmate * tif,
* psd, *.jpg (KauecTBO «8 — MakcMMajbHOe») WK *.eps ¢ paspenreHreM He MeHee 300 dpi, pasmepoM He
MeHee 115 MM 1o mmpuHe, 1isetoBas Mozaeb CMYK wmiu Grayscale.

Marepuai, nepeaBaeMblii B peIakILIfio B SJIEKTPOHHOM BUJIE, TOJXEH COMPOBOXIATLCS: PEKOMEHAATEb-
HBIM MMCbMOM PYKOBOAMTENSI TIPEANPUATUS (MHCTUTYTA); JTULIEH3MOHHBIM JJOTOBOPOM O Tepeaave mpaBa Ha
MyOIMKAIMIO; pacHeyYaTKoii, IMYHO MOANMMCAHHOI aBTopaMu; pedepaToM o0beMoM 10 500 3HAKOB Ha PYCCKOM U
AHIJIMIACKOM SI3bIKAX; MOATBEPKACHUEM, UTO CTaThsl MPeIHA3HAYEHA 115l MyOMUKalMK B XypHaie «CTpouTeb-
Hble Matepuans®, paHee HurIe He MyGIMKOBAIACH M B HACTOSIILCE BPEMsi HE MEPeIaHa B IPYIie H3IAHNS,
CBEJICHUSIMU 00 aBTOPax ¢ YKa3aHUEM MOJHOCTbIO (paMUINM, UMEHH, OTYECTBA, YUEHOI CTENIEHU, TOJXKHOCTH,
KOHTAaKTHBIX TeJIe()OHOB, TMOYTOBOTO M 3JIEKTPOHHOTO aipecoB. WILTIOCTpaTUBHBIA MaTepuan JOJKeH OBbITh
nepefaH B BUIE OpUTHHANOB oTorpaduii, HeraTMBOB WM CHIaiigoB, pacrmeyatku (aiiaos.

B 2006 r. B xypHane «CTpOHMTENbHbIE MaTepnanbl»® Obu1 omyOnMKoBaH psf crateil «HaunHaromemy
aBTOPY», 03HAKOMHUTBCSI C KOTOPHIMU MOXKHO Ha caiite xypHana www.rifsm.ru/files/avtoru.pdf

IloapoOHee MOXKHO 03HAKOMHUTBLCS ¢ TPEOOBAHUSAMM Ha caiiTe u3nareabcTBa http://www.rifsm.ru/page/7
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