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AHaNWU3 KMHETUKKU AeCcTPYKLUU HaHOMOAU(IULMPOBAHHDBIX
BbICOKOMPOY4HbIX NErKkux 6eToOHOB METOAO0M
aKyCTUYECKOH IMUCCUM

B pa6oTe npuBOAATCA 3KCNEPUMEHTaNbHbIE JAHHbIE W aHANN3 3aBUCUMOCTEN 3HEpPrumM akycTuyeckoin amuccun (A3) oT (hM3NKO-MeXaHU4eCKUX CBOICTB
BbICOKOMPOYHOr0 NIerkoro 6eToHa, HanoHEHHOr0 NOMbIMKU KepaMuyieckuMm Mukpocdepami. NMoKa3aHo, 4To KUHETUKY 3Heprun akyCTU4eCKon aMmccum
nceneyembix 66TOHOB MOXHO 0XapakTepyu3oBaTh TPEMS CTAAUAMM, OTAIMHAIOLWMMUCA MO MHTEHCUBHOCTU U NPOAO/KUTENbHOCTI. YCTAHOBAEHO, YTO
BBELEHME NOJIbIX KePAMUYECKNX MUKPOCHEP B MESIKO3EPHUCTbIN NecyaHblit 6eTOH L0 onpejesieHHoro npegena (He 6onee 18% no macce)
o6ecneynBaeT (DOPMIUPOBAHME CTPYKTYPbI KOMNO3UTA C 60Mee NPOACIKUTENIbHON «30HON HAAXHOCTI» — CTaANel, KOraa Npu YBEMYEHUN HArpy3Ki
3Heprus A3 N3MeHSEeTCA C HaMeHbLLEN MHTEHCMBHOCTBIO. [POAOMKMTENIbHOCTL 3TO CTaAM 3aBUCUT OT MEXaHWYECKIUX XapakTeprucTuK Nerkoro
HaMoJHNTENS, LLEMEHTHO-MUHEPAbHOM MATPULbI 1 CUAbl X B3AUMHOTO cLenneHns. CHmKeHne AedeKTHOCTM CTPYKTYPbl BbICOKOMPOYHOIO Nerkoro
6eTOHa C 60MbLUUM COAEPXKAHMEM MOSbIX MUKPOCKEP MOXET 6bITb LOCTUrHYTO 32 CYET MOANMDULMPOBAHUS €r0 CTPYKTYPbI, HANMPaBNEHHOMO Ha
peLLeHne 3aa4n N0 CO3[aHNI0 NPOYHOr0 KapKaca LIeMEHTHOr0 KamMHsi Mexay MUKPOYacTMLAMU HaNOHUTENA W YCUNEHWUIO aare3unn Ha rpaHule pasaena
(has. AHanu3 AecTpyKUUn HAHOMOANMULIMPOBAHHbIX BbICOKOMPOYHbIX IErKnX 6E6TOHOB METO[J0M aKyCTUHECKOI 3MUCCUI NO3BOSISET YCTAHOBNTD
3aKOHOMEPHOCTY NPeo6pa3oBaHus CTPYKTYPbI NPK NCMOb30BAHNI HAHOPA3MEPHOr0 MOANMDNKATOPA 11 ONPEAESIUTb FPAHNYHbIE 3HAYEHNA Ans
(hopMUPOBaHKS YCIOBUI HaUMEHbLLEN Aed)eKTHOCTI MaTepuana. MokasaHo, 4To HambonbLwmniA 3GGEKT 0T NPUMEHEHNUS HaHOMOANMNKaTOpa
HabMoaeTCs y COCTABOB CO CPeAHel NNOTHOCTbI0 MeHee 1500 Kr/M® 1 BbIpaXaeTcst Kak B YBENMYEHUN OTHOCUTENBHOTO M3MEHEHNS npefena
MPOYHOCTI NPK CXATUN, TaK N N3MEHEHUN XapakTepa perncTpupyembix napametpos Ad. Metog A3 aBnsieTcs aheKTUBHbIM ANs UCCnefoBaHNs
BNNSAHWA HAHOPA3MEPHbIX L06ABOK HA CTPYKTYPY W CBOWCTBA CTPOUTENbHbIX KOMMO3NTOB.
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Analysis of the Destruction Kinetics of Nanomodified High-Strength Lightweight Concrete by Acoustic Emission

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

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

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

[Ipn pa3paboTKe HOBBIX CTPOUTEJIbHBIX MaTepUaoB
(hakTHMUyEeCKUe TTOKa3aTe M SKCIUTyaTallMOHHBIX CBOMCTB HE
JIAIOT TTOJTHOTO MPEACTABICHUSI O BHYTPEHHEM HaIpsIKeH-
HOM COCTOSTHMM KOMIIO3UTa Y KMHETHKE pa3pylIeHUs pa3-
paboraHHoro martepuana. BaxHeiilee 3HaueHue IJIs1 CO-
XpaHEHUSI IEJIOCTHOCTU CTPYKTYPhI U CBOMCTB KOMIO3UIIM-
OHHBIX MaTepuaJioOB MMEET MOHMMaHUE MEXaHU3MOB €ro
paspyuieHus [1—3]. [IpeacraBiaeHue o 1eCTPYKTUBHBIX MTPO-
1eccax MpW BO3ACHCTBUM 3KCIUTyaTallMOHHBIX Harpy30K
MTO3BOJISIET HE TOJBKO OTMPEAEsATbh 00JIaCTh MPUMEHEHUS
Marepualia, HO M MPOTHO3UPOBATh €T0 J0JITOBEUHOCTb.

OnHUM M3 PacIpOCTPaHEHHbIX METOJAOB JJIsl aHaIM3a
0COOCHHOCTEI BHYTPEHHETO HAIPSDKEHHOTO COCTOSIHUST U
(opmupoBaHus 1eheKTOB MPU BO3NECHCTBUM BHEIITHUX Ha-
IPY30K SIBJISIETCSI METOJ aKyCTHuyeckKoil amuccum (AD).
Pabotel [4—9] cBUAETENbCTBYIOT O PA3IMYHbBIX MOAXOAAX K
HCMOJb30BaHUIO 3TOTO METOJa, METOAMKAX ero aHajausa,

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

The acoustic emission (AE) method is the well-known
method that can successfully be used for analysis both the
internal state of stress and formation of defects under the in-
fluence of external loads. Though, there are many ways to
apply acoustic emission method, and there are also several
techniques that can be utilized during analysis and interpre-
tation of device data [4—9]. It was shown [10—15] that the
acoustic emission method can be used to study the nature of
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WHTEPIIpeTalui U o0JacTU HcclieoBa-
Hus. ABropamu [10—15] mokazaHo, 4TO
METOJ aKyCTMYECKOW SMHUCCUU MOXET
OBITh MCITOJIb30BaH KaK JUISl MCCJIeA0Ba-
HUs XapaKTepa pa3pylleHus] MaTepuaa,
TaK JUIsl IPOTHO3MPOBAHMUS €T0 CBOMCTB,
HanpuMep TPEIIMHOCTOMKOCTH.

Hcxons u3 atoro, MeTon akycTtuye-
CKOIl aMuccUU SIBIsIeTCsl MHGMOPMAaTUB-
HbIM MHCTPYMEHTOM JUISI MCCJIeIOBaHUSI
KWHETUKU pa3pyllieHUs] CTPOUTETbHBIX
MaTepuajioB U MOXeT ObITh 3((HEKTUB-
HBIM IS aHajau3a OCOOEHHOCTEeW Je-
CTPYKIIMU BICOKOITPOUYHBIX JIETKHUX O€TO-
HOB Ha MOJIbIX KEPAMUUECKUX MUKpOChe-
pax, 00J1a1aloIIMX KOMITJIEKCOM CBOWCTB,
XapaKTePHbIX JIIS1 pa3HbIX BUIOB MATEPU -
aJIoB (JIETKUE U TSIKeJIble OETOHBI).

WcnpiTannst 00pa3oB BHICOKOIIPOU-

Puc. 1. KomnnekcHas ncnoitatenbHas yCTaHOB-
Ka: a — ob6paseL, ¢ gaTuMkamu; b — HUXHSS nmTa
cepBoruapasnnyeckoin cuctemsl Advantest 9 ¢
ycunmnem o 250 kH; ¢ — akyCTUKO-3MUCCUOHHbIN
6510K; d — eAnHbIV NyNbT yNpaBieHne yCTaHOBKOM

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

g |

Puc. 2. Cxema vcnbiTaHus 06pasuoB Ha cxaTme
C pacnosioXeHnemM AaTYNKOB CUrHaNa akyctunye-
ckol amuccun: a — obpaseLl; b — BbICOKOYYB-
CTBUTENbHBIV AATYUK; C — BEPXHAS MANTbI UCMbI-
TaTenbHOro npecca c ycunuem go 250 kH

Fig. 2. The scheme test of the samples for
compressive test: a — the sample; b — the highly
sensitive sensor; ¢ — the load plate

HOTO JIETKOTO OETOHA OCYILECTBISLIOCH C
TMOMOLIBIO YHUKAIBHOW KOMIUIEKCHOM
YCTAHOBKU «YHUCOH» (MOAPOOHBIE MapaMeTpbl 000pya0oBa-
HUST JOCTYIHBI Ha caiite www.nocnt.ru/oborudovanie) ¢ aB-
TOPCKUM ITPOrPaMMHBIM obecrieueHreM [ 16] Ha 6a3e cepBoOTH-
JIpaBJIMYECKOI UCIIBITaTeNIbHOM cucTeMbl Advantest 9 (puc. 1).

B cocraB ycTpoiicTBa BKIIOYEHbBI MPUEMHUKU, MpenBa-
PUTEbHBI U OCHOBHOM YCUJIUTENIb, MOJOCOBO (DUILTP
(20 u 96 xI'u), aHamoro-uKMpoBOl TPeodpa3oBaTETh
(192 xI'n) u cxeMa nopasieHust momex. Cxema UCTIBITAHUST U
PacToJIOKEeHUST TaTIMKOB TIpeCTaBlIeHa Ha puc. 2.

IMpenmerom uccienOBaHMS SBISIOTCS BBICOKOITPOUHBIE
JIeTKre OETOHBI, IPUTOTOBJIEHHbIE B COOTBETCTBUMU C [17] B
cootBercTBUM ¢ EN 196-1. M3rotaBauBaioch 1Mo 2 cepuu
obpasoB-6anoyek 40x40x160 MM 13 Jerkoro 6eToHa cpeji-
Heit ruiotHocThIo 1300, 1400, 1500, 1600, 1800 1 2000 Kr/M°,
OITHAa M3 KOTOPBIX OTJIMYajach HaJIWIMeM HaHOpa3MepHOM
JI00aBKM, TIPUBUTOM Ha TIOBEPXHOCTH ITOJIOTO HATIOJTHUTEIS.
Pacuet konmyecTBa OCHOBHBIX KOMITIOHEHTOB TSI JOCTUXE-
HMS1 TpeOYyeMoii cpeiHeil TIOTHOCTH OETOHA OCYIIECTRISIICS
B cooTBeTcTBUM C [18, 19]. B KauecTBe BSLKyIIErO BelllecTBa
IUTSI TIPUTOTOBJICHUsST OETOHOB OBIT MCTIONB30BaH MOPTIAHI-
nemeHT CEM 1 42,5. MuHepasibHast 4aCTb COCTOSIIIa U3 MU-
kpokpeMHe3ema MK-85 ¢ pasmepom vactui 1—100 MM 1
MaccoBoii poneit SiO, He MeHee 85%, ppaKIIMOHMPOBAHHO-
ro KBapieBoro necka ¢p. 0,16—0,63 MM 1 KaAMEHHOI MYKH C
yIeAbHOM oBepXHOCThIO 700—800 M?/Kr. DYHKIMOHANBHBIM
HAITOJTHUTEJIEM SIBJISUTUCH TTOJTbIe KepaMUUecKre MUKpoche-
PBI TTpou3BoICTBA «IHOTIK» CO CPETHUM pa3MepOM YaCTHIL
70 MmxM. Cyxye KOMIIOHEHTBI O6TOHHOM CMeCH 3aTBOPSUINCH
BoIoO# ¢ Tutactuduuumpyroiieit nodaskoit «Melflux 1641F».
AKTUBHBIM HaHOPa3MEepHbIM MOAMGMUKATOPOM, MPUBUTHIM
K MOBEPXHOCTU TOJIBIX MUKpPOCHEp, BBICTYIAT KOMITJIEKC-
Hblii HaHOMoaudukaTop «BisNanoActivus» [20], cocrosi-
Ui U3 KOMITOHEHTOB, B3aMOJIEHCTBYIONINX C IIEMEHTOM U
MPOIYKTAMHU €TO TMIpaTallH.

B pa6orte a5 aHanu3a mapaMeTpoB aKyCTUYECKOM SIMUC-
cuM 00pa31ioB BLICOKOMIPOYHOTO JIETKOro 6ETOHA MPU Mexa-
HUYECKOM HCIBITAHUM TIpelesia TMPOYHOCTH TIPU CXKaTUU
WICCIIEIOBAINCH OCHOBHBIC TMAapaMEeTpPhl: KOJTUYECTBO VYiIb-
TPa3BYKOBBIX UMITYJIbCOB aKyCTUUECKO# smMuccuu N ¢ aMm-
wmTynoi A. O01Iuii BUI IMOJlydaeMbIX IIEPBUYHBIX JAaHHBIX
AD mpeicraBiieH Ha puc. 3.

W3 puc. 3 BUIHO, YTO XapakTep U3MEHEHHUS KOJIMYEeCTBa
CUTHAJIOB AD ¥ CYMMapHOM BEJTMYMHBI aMITJIUTYIbI UMEIOT
cxoxwuit Bua. Ha rpadpuke kuHetuku N u ZA OTYETIIMBO
MOXHO BBIICJUTH TPU y4acTKa, XapaKTepU3YIOIIUXCST pas3-
JIMYHOM CKOPOCThIO M3MeHeHMsI: Ha | cragum HaOmogaeTcs
MHTEHCHUBHOE IIpUpallleHue 3HAaYeHUU Ipu HeOOJbIIOK
nponoskuTebHoCTH; 11 cTanus onuckiBaeTcss MeIEHHBIM
(6JM3KOMY K CTaTMYECKOMY) U3MEHEHMEM 3HAYeHUI B Te-
yeHne 80—85% Bcero BpeMeHU UCITBITAHUS; Ha KOHEYHOM

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

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

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

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

The subject of research is a high-strength lightweight
concrete [17] prepared according to EN 196-1. Two series
of prism samples with dimensions of 40x40x160 mm and
average density 1300, 1400, 1500, 1600, 1800 and 2000 kg/
m? were produced. One of a series was made of nanomodi-
fied material. The nanomodification was performed by
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Puc. 3. O6wWmii BUA, KUHETUKM M3MEHEHUs konndecTea curHanos A3 N (1),
CYMMapHO BENUYMHbLI amnanTyn XA (2) n BeNnYMHbI Harpyxexus o (3)
06pasLoB Npu UCMbITAHWM Ha CXaTue

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

signals N (7), the total value of the amplitude 2A (2) and loading values o (3)
of the samples at the compressive test
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III craguu ucneiTaHWS yBeIWYeHUE 3HAYCHUI KOHTPOJIM-
pyeMbIX [TapaMeTPOB UMEET IaBUHHBIN XapakTep. OueBUIHO,
YTO MOJAOOHBII BUA KPUBOI Kak It N, Tak U ZA oTpaxkaer
rpoliecchl GOPMUPOBAHUS Ne(PEKTOB B CTPYKTYpe MaTepua-
Jla ¥ XapakTepu3yeT OCOOEHHOCTM €ro pa3pylleHUsl Tpu
BO3/ICMICTBUU TPUKIIAAbIBaeMbIX Harpy3ok. Jlisi aHanusa
9TUX 0COOEHHOCTE! M YCTAHOBJIEHUSI 3aKOHOMEPHOCTEI MX
M3MEHEHUS HeOOXOIMMO UCIOIb30BaTh MTOKa3aTesb, 0000~
LIAIOIIWIA OMKMCAHHBIE BbIIIE MapaMeTpbl U MO3BOJISIOLINAN
OIepupoBaTh Kak KaUeCTBEHHBIMU, TaK U KOJIMYECTBEHHbBI-
MM JJaHHBIMU. Tak1M rokaszaTesieM MOXeT ObITh CyMMapHast
SHEPrusl aKyCTU4YecKoi sMuccuu E,g, pacdeT KOTOpOi
ocyuiecTBisieTcs mo popmyde [21]:

Eyy=2N,A2,

rae N; — KolIu4yecTBO CUTHaJIOB AD B i-ii MOMEHT BPEMEHH;

A; — BeJIMYMHA aMIUTUTYIbI B i-ii MOMEHT BPEMEHU.
[TosryueHbl TaHHbBIE O KWHETHUKE 3Heprun AD it 00pas-

1I0B 6eT0Ha pa3nIumyHOM cpeaHeil IuIoTHOCThIO 1300—

2400 xr/m> B cOOTBETCTBUY ¢ Tabuueil. Tak Kak Harpyxe-

HMe 00pas3lioB MPU UCTIBITAHUY MPOTEKAET C PABHOMEPHOI

ckopocthio 0,6 MITa/cek, 1enecoobpa3Ho MPEICTaBUTh 3a-

BUCHUMOCTb 3Hepruu AD OT Tpejiesia BeJIMYUHbI, XapaKTepu-

3yIOIIME OKCIUTyaTallMOHHOE BO3AEWCTBHE — Harpys-

Ka o (puc. 4).

W3 puc. 4 BUIHO, 4TO yBEeJUYEHME COMEPKAHUS MOJbIX
MUKpocdep B cocTaBe TsKeJoro GeToHa, CHUXAIoIee ero
CPEHIO TIJIOTHOCTb, MPUBOAMT K CMEILIEHUIO rpaduka
E,5=/(0) B 30HY MEHBIINX 3HAYECHUI: CHIXAETCS TPOYHOCTD
O6eToHa 1 cymMapHasi aHeprust AD. [1pu 3ToM Takke HabJt0-
JaeTcss M3MEHEHMe BuIa 3ToM KpuBoi. Ecim comepxkaHue
MuKpocdep (MaccoBast 101s1) B 0eTOHE He mpeBbiiaeT 13%,
TO U3MEHEHUE SHEPTruu AD MMeeT ONMCAaHHBIN BbIIIE XapaK-
Tep ¢ SIPKO BhIpaXKCHHBIMU TpeMsl yyacTkamu. HamosHeHue
6eToHHOI cMecu MuKpochepamu 10 22% (cpemHsisl TUIOT-
HOCTb GeToHa coctasisieT 1300 Kr/M>) mpuBOIUT K (GOpMU-
POBaHUIO OJU3KOM K TMHEHHON 3aBUCUMOCTH UCCIIETYEMBIX
napameTpoB. Ilpuuem cymmapHasi sHeprust AD yBeIndyrBa-
€TCsl MPU MEHbBIIUX 3HAYSHUSIX BHEIITHUX Harpy30K.

OnucaHHasl BbIIIE 3aKOHOMEPHOCTb OOBSICHSIETCS YBe-
JIMYEHUEM KOJIMuyecTBa 00Jsiee CIaldbiX 2JIEMEHTOB CTPYKTY-
pBI (TTOJIBIX MUKpOcdep), KOTOpbIe MPU TOCTKEHUU KpH-
TUYECKOIO colepKaHUs B o0beMe Marepuajia GOopMHUPYIOT
rpaHuily pasaena (a3 ¢ leMeHTHO-MUHepPaIbHON MaTpu-
11eii, HE CITOCOOHYIO COMPOTUBJISITLCS BO3AEHCTBUSIM aHAIO-
TMYHBIM TEM, KOTOpbIe HE TPUBOASAT K (DOPMUPOBAHUIO
TPELIMH B COCTaBaX C OOJbLIEH AOJAEH MIOTHBIX KOMIIOHEH-
ToB. TO ecTh KepaMuyecKre MUKPOChEpHhI, ABISSICh UCKYC-
CTBEHHO BBEJICHHBIMU B COCTaB OeTOoHA AeheKTaMu CTPYK-
TYpBI, IIpH copepxkaHuu 6osee 40% 1o 0obeMy, GOPMUPYIOT
MePEHACHIIIEHHYIO CTPYKTYPY M MpPU MPUWIOKEHUN MEHb-
IIUX HArpy30K CIIOCOOCTBYET MHTEHCUBHOMY 00pa30BaHUIO
TPEUIMH U UX Pa3BUTUIO B Tejie OETOHA.

AHanu3 rpacduKoB Ha puc. 4 TTO3BOJIIET UIEHTUDULIN-
poBaTh cTaguu AechopMaliuym MaTepuraia rmo MHTEeHCUBHOCTH
YBEJIMUEHUS SHepTruu AD B TOUKax pe3Koro Ieperuda Kpu-
Boii. Takum 006pazoM, ST KaXKI0ro U3 COCTABOB HalaeHbI
TOUYKH, XapaKTepu3ylollive rpaHula Tpex cTaauii aecopma-
uit (cM. TabauiLy).

Ha ocHoBe aHanun3a naHHBIX Tabauia U puc. 4 MOXHO
cienaTh CAeayIONINe TIPEITOIOXEeHUS:

* HavajbHag ctaaus I xapakrepusyeT repBUYHbBIE 1edOop-
MallMu MaTepualia, CBSI3aHHbIE C pa3pylIeHUEeM CJa0bIX
CBSI3ell B CTPYKTYpe. DTO MOXKET OBITh pa3pylleHusl, Kak
OTJEJIbHBIX YaCTULL MUKpOcdep, TaK U HapyllleHUe Clie-
IJICHUSI 1IEMEHTHOTO KaMHsI B 30HEe KOHTAaKTa ¢ HUMMU.
[Ipu 3TOM MISI TSKEIOTO MEIKO3epPHUCTOTO O€TOHA 3TO
cTaausl uMeeT 0oJiee moJoruii Bua (Touka neperuda Ha-
GuromaeTcsl PU IOCTKEeHUH 43% OT MapOvYHOI TTPoY-
HocTH U 47% OT cyMMapHO# 3Heprur AD), UTO CBSI3aHO
C OTCYTCTBMEM XPYMKUX YACTHUII TTOJIOTO HATIOJIHUTEIS U,

fjr OVIEIIBHBIE

means of surface processing of the hollow filler by the nano-
sized additives.

The calculation of the main components was carried out
in accordance to [18, 19] to achieve the desired average den-
sity of the concrete. The Portland cement CEM [-42.5 R
(«Mordovcement») was used for preparation of test concrete
samples. The mineral part of concrete mixture includes sili-
ceous materials with different dispersion: quartz sand (frac-
tion 0.16—0.63 mm) consists of fraction 0.16—0.315 mm —
20—30% and fraction 0.315—0.63 mm — 70—80%, stone
powder was produced b %7 grinding quartz sand (specific sur-
face area is 700—800 m /kg) and microsilica MK-85 (pam—
cles size is less than 10® m) where silicon dioxide SiO, is
more than 85%. Alumina-silicate hollow microspheres
«Inotek» were chosen as functional filler for lightweight con-
crete. Plasticizer «Melflux 1641F» on the basis of polycar-
boxylate produced by BASF Construction Polymers was used
to decrease W/C ration and improve mobility of concrete
mixture. The nanoscale additive «BisNanoActivus» [20]
based on sol of iron hydroxide and silicic acid is offered as an
adhesive. The chemical interaction is intensified by the pro-
posed modifier and provides formation of additional prod-
ucts of cement hydration in the contact zone.

In this paper the number of ultrasound pulses (N) and the
amplitude (A4) were studied for the analysis of acoustic emis-
sion parameters of the samples of high-lightweight concrete
at the mechanical testing of compressive strength. The gen-
eral view of obtained primary data of acoustic emission is
shown in Fig. 3.

Fig. 3 shows that the character of the change in the num-
ber of AE signals and the total value of the amplitude have a
similar appearance. Three parts with different intensity of the
changes can be identified in the graph of the kinetics of Nand
> A. Intensive increment of values at short duration is ob-
served in the stage I. The stage II is described by the slow
change (close to static) in values for 80—85% of the total time
of the test; the gain of values for controlled parameters (N and
2A) has avalanche character in the final stage I11. Obviously,
this type of the curve for the N and 2A reflects the processes
of formation of defects in the structure of the material and
describes features of destruction when the loads is applied.
The analysis of the features and determination of the laws of
their changes must be carried out by using the indicator
which generalizes these two parameters (N and 2A). The to-
tal energy of the acoustic emission E, calculated by [21] can
be used as indicator:
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Puc. 4. I3ameHeHwne aHeprum A3 nccnenyembix 6€TOHOB OT BEIMHUHBI NPK-
JIOKEHHOW Harpy3ku npun l/ICI'IbITaHI/II/l Ha cxatume: 1 — TaXenbli BbICOKONPOY-
Hblii GETOH, Pgp=2400 kr/m%; 2 — BblCOKOI‘IpOHHbIVI nerkuii 6eToH (BJ'IB)
Pcp=2000 KI'/Mg 3-TOXe, pcp—1800 kr/m3; 4 - JToxe, Pgp=1600 kr/m%; 5 -T0
Xe, Pg,=1500 kr/m%; 6 — TO e, Pep=1400 Kr/M 7 —TO Xe, Pg,=1300 Kr/M

Fig. 4. The dependencies between AE energy and compressive load:
1 - heavy high-strength concrete, p,,=2400 kg/m®; 2 — h|gh strength
lightweight concrete P=2000 kg/m3 —same, pav—1800 kg/m®; 4 — same,
P,=1600 kg/m?; 5 — same, 0,=1500 kg/m3 - same, pav—1400 kg/m?:
7 — same, 0,,=1300 kg/m?®
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OYEBUIHO, JIYIIUM CIETUIEHUEM 1IIeMeHTHO-MUHEePaTb-
HOIf MaTpUIIbI C 3epHAMU IlecKa yrioBaroil (popmbl. Ha
9TOM CTaAWU MaTepua UCTILITHIBAET 3HAUUTENbHBIC Je-
dopmalru 3a KOPOTKUI MEepUOJ BPEMEHU, CBSI3aHHBIC
CO CMEIIIeHUEM BJIEMEHTOB CTPYKTYPHI B CBSI3U ¢ 00pa3o-
BaHUEM ITOJIOCTEH (MUKPOIIOP) Ha MECTe pa3pylIeHHBIX
MuKpocaoep;

» cranus 11 xapakrepusyeTcss aCUMITOTUYECKUM U3MEHEe-
HUeM 2Hepruu AD, Tak Ha3biBaemasl «30Ha HalexkHO-
CTHU», KOTJa MPU YBEJIMYCHUM HATPY3KU MaTtepuall Jie-
dopMmupyeTcsl He3HauuTeJbHO. Hambosblmast mpomoii-
KUTEJTbHOCTh 3TOTO Tiepuoma OymeT HaOiomaThes y
Marepuasa, Tae HanpsoKeHWs, HaKallJiuBaeMble B CIIe/-
CTBUM MPWJIOKEHUU HArpy3Ku, paBHOMEPHO pacrpese-
JIIIOTCSL IO 00BEMY, UTO MPUBOAUT K 3aMeJIEHHOMY
¢dopmupoBaHuto neheKTOB U pa3BUTHIO TpeluH. K ta-
KM COCTaBaM OTHOCSATCS BbICOKONPOUHDIE JIETKUE Oe-
TOHBI CO CpefHeil TIoTHOCThIo 1600—2000 kr/m°. To
€CThb COCTaBbl TAKOTO OETOHA COIEPXKAT IOCTAaTOUHOE
KOJIMUYeCTBO MUKpocdep Kak 11t GOpMUPOBAHUS IIPOU-
HOIi LIEeMEHTHO-MUHEPATbHON 000J0YKHU BOKPYT MOJIOTO
HAMOJIHUTEJS, TAK U PABHOMEPHOIO paclpeae/eHus!
HanpspKeHU Mo moBepxHocTH yactull. [1pu ymeHblie-
HUU CpeIHEN TUTOTHOCTH TTOJIble MUKpOcdepbl 00pasy-
0T KapKac ¢ 0JM3KOPACTIOIOKEHHBIMUA YaCTUIIAMU, YTO
MPETATCTBYET BETBJACHUIO TPEIIMH M yMEHbIIaeT TOJ-
IIMHY MPOCIONKHU BSKYIIETO;

» cranus I11 xapakTepusyercst pe3KMM U3MEHEHUEM KIHE-
TUKU BhigesieHnst AD. MHTeHCMBHOE yBeIMYEeHNE SHEP-
run AD CBsS3aHO C JIaBUHOOOpa3HbIM OOpa3oBaHUEM
nedeKTOB M HapylleHWeM CIUIOITHOCTUA CTPYKTYPHI.
BuaHo, 4TO /11 BBICOKOIIPOUHBIX JIETKUX OETOHOB C CO-
nepxkaHueM MHKpochep He Gonee 18% 1o macce 3Ta
cTamus HaYMHAeTCs TpH MpuiioxeHun 73—89% ot pas-
pyuiaroonieit Harpy3ku uiu 6osee 40 MITa. Takas 3ako-
HOMEPHOCTh OOBSICHSIETCS TTIPOYHOCTHBIMU XapaKTepH-
CTUKAMU TIOJIOTO HamoJiHuTess. Mcrmonb3yeMble B MC-
clleJOBaHUU Kepamuueckue MuUkKpocheps, 90%
KOTOPBIX HE pa3pylIaloTcsl MpY AaBJEHUU, CIIOCOOHbBI
BblIEPXKUBaAThH Harpy3Ky 6osee 35 MIla. To ecTb ¢ yye-
TOM MPOYHOCTU LEMEHTHO-MUHEPAIbHOW MaTpulei
MpU yBeJMueHun Harpysku oosee 40 MIla konuyecTBo
pa3pymalmuxcss Mukpocdep B cocTaBe OeToHA HaYM-
HaeT pe3KOo yBeJIuuuBaThcs. [1pu 5TOM CKOpOCTh U3Me-
HEHUs 3aBUCUMOCTH (TaHT'€HC YIjia HaKJIOHa) KPUBOI Ha
9TOW CTaAuU SIBJISIETCS] XapaKTePUCTUKOM JUISI OLEHKU
XPYIKOCTH pa3pylIeHUs] MaTepurara.

TakuM 06pa3oM, YCTAHOBJIEHO, YTO 3HAYEHMSI SHEPTUN
aKyCTUYECKOW 3MUCCHM, YIUTBIBAIOIIMX CYMMapHYIO aM-
TJIUTYY U KOJTUYECTBO CUTHATIOB, UMEIOT XOPOIIYIO KOppe-
JISILMIO C MEXaHUYECKMMU CBOCTBAMU MaTepuaia (puc. S u
TabauLIA).

Hamnpumep, y BHICOKOTIPOUHOTO TsIKeoro 6etoHa, o0-
JIafaloniero HauOOJNbIIEH MPOYHOCTHIO M3 MCCIETYeMBIX
MaTepHuaJioB, CcyMMapHasi aHeprust AD nocturaet 1285 Mk,
a CHUXXeHue npoyHoctu ¢ 95,5 no 51 MIla (3a cuer BBene-
HUSI MOJBIX MUKpOChep) COMPOBOXIAETCS MPOMOPILUO-
HaJbHbIM cHUXeHueM EAD. Ilpu stom npn WUCITBITAHUU
0ETOHOB CcO cpenHel TIoTHOCTho 1300 KF/M 3TOT Mapa-
MeTp 60m)me yeM y OeToHa cO CpeaHeill TUIOTHOCTBIO
1600 xr/M® TIpu Tex Xe 3HAYEHMSIX HATPY3KU, 4TO CBUIE-
TEIbCTBYET O HATMUMU OoJjiee NeEeKTHOI CTPYKTYPhI M KakK
caencTBue 6osiee MHTEHCUBHOM JECTPYKIIUHU.

Jlns hopMUpPOBaHUSI IPOYHOI CTPYKTYPHI JIETKOTO 6€TO-
Ha, HAIOJHEHHOTO MOJIbIMU MUKpOochepaMu, HEOOXOUMO
copMHUpOBaTh YCIOBUSI ¢ HAMMEHBIIMM BIUSIHUEM Jie-
CTPYKTUBHBIX (hakTOpoB. TO ecTb MOBBIIIEHUE MEeXaHW4Ye-
CKHX CBOMCTB BBICOKOIPOUYHBIX JIETKMX OETOHOB MOXET
OBITb JOCTUTHYTO 3a CYUET CO3/JaHUsI MPOYHOTO Kapkaca
MEXIy MHUKPOYACTUIIAMU HAIMOJHUTEIST U YCWICHUS MX
CLICTUICHUSI C LIEMEHTHO-MUHEPAJIbHON MaTpulbl. Takum
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where N, is a number of AE signals at the i-th period of time;

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

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

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

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

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

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

» The first stage I characterizes the initial deformations of
the material associated with the destruction of the weak
bonds in the structure. It may be the destruction of indi-
vidual particles of microspheres and debonding of the
cement stone with hollow filler in the contact zone. This
stage for the heavy fine-grained concrete is described
more acclivous view of a curved line on a graph (the in-
flection point is observed at 43% of the compressive
strength and 47% of the total AE energy). It is due to the
absence of the fragile particles of the hollow filler and the
best adhesive the cement-mineral matrix to the sand
grains with angular shape. On this stage the material is
exposed to considerable deformation in a short period of
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Fig. 5. The dependence of the AE energy from the average density of the
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KoopauHaTtbl Touek, COOTBETCTBYIOLMX TOUKaM nepernéa Ha rpaduke E,5=f(0),
XapakTepu3yIoLUX rpaHuLLbl Pas3fIndHbIX CTaAuii UCTbITaHUSA 00pas3LoB
The coordinates of points corresponding to the inflection points on the graph E,;=f(0)
characterizing the limits of the various stages of the test of the samples

YcnoBHasi ctaaust UCMbITaHUS
CpepHsisi The conditional stage of the test
MAOTHOCTb, Kr/M®
Average density KoHeuy, | cTagum KoHreu, Il ctagnm KoHreu, Il ctagnn
3 e end of stage e end of stage e end of stage
ka/m ’ Th d of | Th d of Il Th d of I}
XI YI YII XIII YIII
1300 9,2 145 25,5 370 37 860
0,25 0,17 0,69 0,43 1 1
1400 3,7 45 17,5 330 47 840
0,08 0,05 0,37 0,39 1 1
98 230 51 750
1500 0,14 0,13 0,31 1 1
13 285 51 620
1600 0,26 0,29 0,46 1 1
1800 14,5 225 335 60 800
0,24 0,28 0,74 0,42 1 1
16 255 51,5 385 71,5 1015
2000 0,23 0,25 0,38 i 1
41 605 , 95,5 1285
2400 0,43 0,47 0,79 0,63 1 1

MpumeyaHue: X; — koopauvHaTtbl Todek Ha rpaduke E 5=f(0) no ocu abcumcc, COOTBETCTBYIOWMX BenuynHe Harpysku, MrMa;
Y, — koopauHaThl Touek Ha rpaduke Ej5=f(C) MO OCU OpaMHaT, COOTBETCTBYIOWMX BenuunHe aHeprum A3, 108 Ix; B umcnutene
yKasaHbl pakTnyeckme 3Ha4eHns, COOTBETCTBYIOLLME Touke nepernba, B 3HameHaTene — OTHOCUTENIbHOE 3HaYeHNE K MaKCUMasibHOMY.
Notes: X, — the coordinates of points on the graph E,z=f(0) on the abscissa, corresponding to the load, MPa; Y, — the coordinates of
points on the graph E,z=f(0) on the ordinate, corresponding to the AE energy, 10° J; the actual values in the graph are shown in the
numerator, the relative values in the graph are shown in the denominator

00pa3zoM, MOIU(ULMPOBAHKUE UCCIEIYEMbIX COCTABOB, Ha-
MpaBJIeHHOE Ha PellleHWe STUX 3a1ad, ITO3BOJUT YIyUIIUTh
MeXaHWUYeCK1e CBOMCTBA M KaK CJICACTBUE CHU3UTD Te(eKT-
HOCTb CTPYKTYPbI, UACHTU(DUIIMPYEMOIi M0 3Hepruu AD Ha
PA3IMYHBIX CTAAUSX JIs JIETKMX OETOHOB pa3IMyHOM cpea-
HEH TIOTHOCTBIO.

CHuxXeHure 1e(peKTHOCTH JIETKOTo OeTOHa Ha KepaMuye-
CKUX MUKpOCchepax MOXET ObITh JOCTUTHYTO 3a CYET MO -
(uuMpoBaHMsST TTOBEPXHOCTU TIOJIOTO HAIIOJHUTENST HaHO-
pasMmepHoii gobaskoit [19, 22, 23]. TlosTomy akTyanbHOMI
SIBJISIETCS 33jaya Mo MOMCKY METOIOB OLIEHKU BIUSIHUST Ha-
HOMOAMGbUKATOPOB Ha CTPYKTYPY U CBOMCTBA CTPOUTEJIb-
HBIX MaTepUaJOB U BBICOKOIPOUYHBIX JIETKUX OETOHOB Ha
TTOJTBIX MUKpOC(depax B YaCTHOCTH.

Anamu3 3¢GGEeKTUBHOCTY HaHOMOAUMUIIMPOBAHUS
CTPOUTEJIbHBIX MaTepPUaJOB OLIEHUBAETCS MO KOCBEHHBLIM
rapamMeTpaM, OCHOBBIBAsICb Ha M3MEHEHMU KOHTPOJbHbBIX
MakporiokaszaTeseil, Xapakrepusylolye pe3yabTaT Mpeod-
pa3oBaHUs CTPYKTYPhI, HAIIPUMEP TOBBIIIEHUE TUIOTHOCTH
1 COTMPOBOXIAIOIIeeCs 9TOMY TOBBIIIEHUE TTPOYHOCTH, MO-
PO30CTOMKOCTH U T. /1. [Tpr 5TOM JOMOTHUTEIbHBIM UHCTPY-
MEHTOM HEIOCPEACTBEHHO ISl UCCIEAOBAHUSI CTPYKTYPbI
MaTepuasbl BLICTYIIaeT MUKPOCKOTMS Pa3IUYHbIX BUOB.

B paGore u3yueHO BIMSIHME KOMILJIEKCHOTO HaHOpPAa3-
MepHOro Moaudukaropa Ha 1e(HeKTHOCTb BHICOKOMTPOUYHbIX
JIETKUX OETOHOB Pa3IMYHOM TUIOTHOCTH (puc. 6).

BuaHo, 4TO B 3aBUCUMOCTH OT CpeaHEl MJIOTHOCTH Ma-
Tepuaja, KpuBas 3Heprud AD cOCTaBOB OETOHA Ha IMOJIBIX
MUKpochepax ¢ HAHOpa3MepHbIit MOAU(PUKATOP U3MEHSIET-
Csl He TOJIBKO IO MOJIOXKEHUIO TOUYeK Meperuda, HO 1o BULLY.
Tak, Ha puc. 6, a MOXHO OTMETHUTb, UTO JUISI COCTABOB CO
cpenHeil rIoTHocThio 6osiee 1500 kr/M3 BIUsIHUE HAHOMO-
nudurkaTopa MposIBISIETCSI B MEHbIIIEH CTEIIeHU, a 3aBUCH-
MOCTb Ejn f(o) IIJIsT BBICOKOIIPOYHOIO JIEFTKOTO OeTOHA C
Pep=2000 Kr/M> TIOKa3bIBaeT oTpuuaTebHblii addext. To
€CTbh TOUKU Mepernda KpuBoii, rjae HabII01aeTCsl pe3Koe U3-
MEHEHUE HaIpaBJieHUsl, PACIIOJOXEHbI BbIllIEe, YTO CBUJIE-

fjr OVIEIIBHBIE

time due to the displacement of the structural elements

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

destroyed microspheres;

» The stage II is characterized by the asymptotic change of
acoustic emission energy (so-called «safety zone») when
material is deformed slightly during load increase. The
maximum of duration of this period will be observed in the
material where accumulated stresses are distributed in the
volume uniformly, which results delayed formation of de-
fects and the growth of cracks. Among such compositions
are high-strength lightwe1g3ht concrete with an average
density of 1600—2000 kg/m-. This concrete contains suffi-
cient amounts of the mlcrospheres to form the solid ce-
ment-mineral shell around the hollow filler and to uniform
stress distribution across the surface of the dispersed phase;

» The stage 111 is characterized by the rapid change in the
kinetics of acoustic emission. The intensive increase of
the acoustic emission energy is due to avalanche forma-
tion of defects and discontinuities in the material’s struc-
ture. It is seen that the stage I1I for high-strength light-
weight concrete containing microspheres in amount not
more than 18% by weight is begun when 73—89% of the
breaking load or more than 40 MPa. This pattern is due to
the strength characteristics of the hollow filler (90% of the
used microspheres are not collapsed at the pressure more
than 35 MPa). That is, number of collapsing micro-
spheres within the matrix begins to increase together with
increasing of the load, especially when load is beyond the
40 MPa. The rate of change (tangent of the slope angle of
the curve) corresponding to this stage is a characteristic
allows to assess the fragility of material.

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

For example, the total AE energy for fine-grained sand
concrete of maximal strength reaches 1285 MJ and is reduced
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Puc. 6. 3aBncumocTtb QHeprumn A3 BbICOKOI'IpO‘-IHbIX nerkmx 6€TOHOB OT BENNYNHBbI Harpysku npu VICI'IbITaHI/II/I Ha cxaTtune:

a - npu cpeaHeit nnoTHocT 1600-2000 kr/m®:

b - npwv cpeaHeit nnoTtHocT 1300—1500 kr/m:

1 — BbICOKOMNPO4HbIA NIerkui 6eTOH pcp—1600 kr/m3; 2 - ToT >Ke 0cp=1800 kr/m3; 3 - ToT >Ke Pp=2000 Kkr/m3;
4 - HaHOMOANDULMPOBAHHBIN BblCOKOI‘IpO‘-leIVI nerkuii 6eToH, pcp—1600 Kkr/m;
1 BblCOKOI‘IpO‘-IHbII/I nerkunin 6eTOH pcp—1500 KI'/M 2-T0T )Ke pcp—1400 Kr/pM 3 1ot >Ke Pgp=1300 Kr/m;
4 — HAHOMOANDULIMPOBAHHBIA BbICOKOMPOYHBINA Nerknii 6eToH, Py, =1500 Kr/m;

—TO Xe, Pgy —1800 kr/m%; 6 - To xe, P, =2000 kr/m3;

— TO Xe, pcp—1400 kr/m%; 6 — To e, pcp—1300 kr/m®

Fig. 6. The dependence between AE energy of the high-strength lightweight concrete and compresswe load (p,, — average den5|ty)

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

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

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

4 — nanomodified high-strength lightweight concrete, p,,=1500 kg/m?; 5 - same, 04,~=1400 kg/m*;

TEJTbCTBYET O BBICOKMX 3HAYEHUSIX dHEPruu AD, a 3HAUMUT
BBICOKOI 1Ie(heKTHOCTU OeTOHA YK€ Ha TIepBOii CTalUU pa3-
pyiieHusi. DTO OOBSICHSIETCSI TEM, UTO TOJIbIe MUKPOCHEpbI
pacnpeeneHbl o 00beMbl Ha 3HAYMTEJIbBHOM PACCTOSIHUU
JIPYT OT JIpyTa M 3a CYeT UX MEHBIIEH M0 CpaBHEHUIO C 1ie-
MEHTHBIM KaMHEM TTPOYHOCTH U BHICOKOI XPYITKOCTH, CTIO-
CcOOCTBYSI KOHLIEHTpAIIMW HANTPSIKEHW I Ha TpaHUIIe pa3aesa
(az. B Takux ycnoBuUsIX TPU HE3HAUMTEJIbHBIX Harpys3kax,
Jlake B MPUCYTCTBUM HaHOpPa3MEpPHOIo MoIudukaropa,
MPOUCXOIUT pa3pylICHUE YACTHUIL MOJIOTO HAIOJHUTEIs,
KOTOpOE TPUBOIUT K Tepepacipene/ieHUIo U pelakcain
HanpsK€HU M HE COMPOBOXIAETCS MOTEpei MPOYHOCTHU
(puc. 7), HO OTpaxKaeTcs Ha KpUBOU dHEeprun AD cMelleHn-
€M I10 BEpTUKAJIbHOI OCH.

MOXHO 3aKJIIOYUTh, YTO BBEJACHME MMOJIBIX MUKpOChep B
KosmdecTBe He OoJiee 13% 1o macce npegonpenensier Gpop-
MMPOBaHKME CTPYKTYPHI, TJIe YACTHUIIBI ITOJIOTO HATIOJTHUTEIS
SIBJISIIOTCS ie(DeKTaMy CTPYKTYPBI M HECYT BKJIAl B TPOTEKa-
HUE IeCTPYKTUBHBIX ITPOLIECCOB OOJIbIIE, YEM MOJOXKUTEb-
HbII 2¢deKT oT nepepacnpeaeaeHrst HaMpsKeHU. A BIU-
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high-strength lightweight concrete

] HaHOMOZMOULMPOBAHHBIA BbICOKOMPOYHBIA Nerkuii 6eToH
nanomodified high-strength lightweight concrete

Puc. 7. BansHne HaHopa3MepHOro mogudukatopa Ha npenen npo4yHocTm
NpK CXaTn BbICOKOMPOYHbIX NIErknx 6€TOHOB: (MepeHecTn kybukn o603Ha-
YeHUs LIBETOB) MENKO3EPHUCTbIV NeCYaHblil GETOH; BEICOKOMPOYHbIV NErkunin
6eTOH; HAHOMOANDULIMPOBAHHbIN BbICOKOMPOYHbIV Nerkunii 6eToH

Fig. 7. The influence of the nanoscale modifier to the compressive strength of

high-strength lightweight concrete: fine-grained sand concrete; high-strength
light-weight concrete; nanomodified high-strength lightweight concrete
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3; 6 — same, p,,=1300 kg/m*

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

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

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

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

As it can be seen from the above figures, for the concretes
with nanomodified hollow microspheres both the general ap-
pearance of the AE energy curve and positions of the curvature
points are changing for the materials of different densities. It
can be noted (Fig. 6, a) that effect of the nanomodifier is ex-
pressed to the less extent for the concrete composition with
average density more than 1500 kg/m?; moreover, the rela-
tionship EAE=fg0) for high-strength lightweight concrete with
p.y=2000 kg/m> shows negative effect. This is due to the fact
that the hollow microspheres are distributed over the volume at
a considerable distance from each other. This leads to stress
concentrations at the boundary interface due to the lesser
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sIHE€ HaHOpa3MepHoro Momudukaropa (puc. §) o4eBUIHO
MPOTNIOPLIMOHAJIBHO TUIOIIAAN TTOBEPXHOCTH YaCTUIL MUKPO-
chep, K KOTOpOI/I OHU TIpUBUTHL. [lpu mioTHOCTH GeToHa
Gosee 1600 Kr/M> cyMMapHOIi TUIOLIAIM TOBEPXHOCTH MHU-
Kpocep sBISIeTCS HEAOCTATOYHBIM JUIsl (DOPMUPOBAHUS
IJIOTHOTO KOHTaKTa Ha TpaHMIle pasjesia a3 U3 IpOoayKTOB
B3aMMOJEICTBMUSI HaHOMOAU(UKATOpa C IIEMEHTOM 1 00pa-
3YIOIIUXCSI B MPOIIECCEe €ro IMapaTalvu COeNUHEeHUN: 13-
MEHEeHHUe Mpejiesa MPOYHOCTH NP CKATUU 0 CPAaBHEHUIO C
KOHTPOJIbHBIMU cocTaBaMM 0e3 HaHoMoaudukaTopa co-
craBisieT He 6osee 8—10% (puc. 8).

[Tpu yBemuueHUU coaepkaHUs TTOJBIX MUKpochep boee
15,6% 1o macce st 06ecnequm1 CcpeaHel TIIOTHOCTH JIET-
Koro 6eToHa MeHee 1500 kr/M> U3MeHeHUe KpUBOii SHEPIUK
AD OT BeJMYMHBI Harpy3ku MMeeT Oosiee CylIeCTBEHHBIM
xapaktep. Ha puc. 6, b BumHo, uto Bun rpacduka QyHKIAN
E\5=/(0) BBICOKONPOYHOTO JIETKOrO GETOHA U3MEHSETCS C
MIPSIMOJIMHEHOTO 0€3 SIPKO BBIPAKEHHBIX TOUYEK Tepernba
Ha TIPOTMBOIOJIOXKEHHBIN C OTYETIMBO BBIACJISIEMBIMU CTA-
NIASIMU, XapaKTePHBIH 17151 0ETOHOB, TPUTOTOBJIEHHBIX C UC-
MOJb30BaHWE HAHOMOAUMUIIMPOBAHHBIX MHUKpoOchep.
Haubosee nmokaszareJibHbIMU B 3TOM Cliydae SIBJISIIOTCS co-
cTaBbl GETOHA CO cpenHeii TnoTHOCThI0 1400 1 1500 Kr/Mm>.
BugHo, 4TO KMHETUKA SHepIM AD KOHTPOJBHBIX COCTABOB
BBICOKOITPOYHOTO JIETKOTO OETOHAa OTJIMYaeTCss MOHOTOH-
HBIM TE€UEHMEM: MPOLECC BOBHUKHOBEHUSI 1e(hEKTOB, PEr-
CTpUpYEMBIX TI0 AD, MpoTeKaeT MPONOPLUUOHATBLHO CKOPO-
ctu HarpyxeHust. [Tpu 3ToM OTJIMYUMBIe ISt HEeMOAUDULIN-
POBaHHBIX COCTaBOB OOJIbllEH TUJIOTHOCTU TPU CTaaAUU
NeCTpYKIuH (puc. 6, a) Ha puc. 6, 6 He UACHTU(DUITUPYIOTCS
omgHO3HAauYHO. To ecTh IpM HanmoJIHEHUN 0eToHAa MUKpocde-
pamu B KojmuectBe 15,6 u 18,5% mo macce MPOMCXOIUT
(bopMupoBaHue CTPYKTYpbI, KOTOPasi MpU BO3AEHCTBUU IKC-
MJTyaTallMOHHBIX HArPy30K HE UMEET TaK Ha3bIBAEMOM «30HbI
HaJEeXHOCTU», YTO JaXke MPU HAJIMIUU BBICOKON MapOYHOIt
TTPOYHOCTH MOXET CBUIETETLCTBOBATh O HU3KOM COMPOTUB-
JITeMOCTH OeToHA TMHAMUYECKUM Harpy3kam MeHbIIIei Be-
JUYuHBL. PaspyiieHue Takoro 0eToHa MMeEeT JaBUHHBIIM,
B3PBIBHOI XapakKTep, MPUCYIIMI 51 XPYTIKUX MaTepuasoB,
YTO SIBJISIETCS CYLIECTBEHHBIM HEJOCTATKOM ISl BO3MOXKHO-
CTU pacUIMPEHUs 00JIACTU MPUMEHEHUST TAKOTO OETOHA.

OnHaKo POTUBOTIONOKEHHASI TUHAMMKA CKJIAJIBIBACTCS
MpY aHaJIM3e TOJYUYEHHBIX TaHHBIX O COCTaBaXx HaHOMOII-
(GULIMPOBAHHOIO BBICOKOIIPOYHOIO Jjerkoro o6eroHa. Ha
puc. 8 BUIHO, YTO MPUMEHEHNE KOMILJIEKCHOTO HAHOMOIM-
(bukaropa Ha TOBEPXHOCTU KepaMUUeCcKUX MUKpocdep mo-
3BOJISIET MOBBICUTH MPOYHOCTD JIETKOTO OETOHA MPOMOPLIMO-
HaJIbHO KOJIMYECTBY IOJIoTo HarosHuTe . [Ipupoct npou-
HOCTM y TaKMX CcOCTaBoB cocrasusger 11—-19%, uro
O00BSICHSIETCSI YITPOUYHEHMEM 30HbI KOHTAKTa BSIKYIIee—IHC-
nepcHas ¢aza. B cocraBax BBICOKOMPOYHOIQ JIErKOro oero-
Ha cpeaHeil mioTHocThio 1300—1500 xr/M® MUKpochepbl
[MOMUMO MPSIMOTO (PYHKIIMOHATBHOTO Ha3HAYeHUs MO 00-
JlerdeHre O6ETOHA BBICTYITAIOT B BUIEC HOCUTEIST XUMUIECKU
aKTMBHOTO areHTa, PAaBHOMEPHO PacMpeieIeHHOTO 10 00b-
eMy. DTO TO3BOJISIET CO3[aTh YCJIOBUS /I MAaKCUMAJIbHOTO
B3aMMOJEICTBUSI KOMITOHEHTOB OETOHHOI CMeCH M HaHO-
pasMepHOro Monudukaropa MU Kak CJeICTBUE YIJIOTHUTDH
rpaHuily pasnena a3, odpasysi IpoOYHbI KapKac Mo BCeMy
00bemy. Takoe BIMsTHUE HAHOMOAMMUKATOPA CKa3hIBAETCSI
M Ha XapakTepe pa3pylleHMs] MaTepuaia Mpyu TMPUIOXKEHUT
BHeIlIHel Harpysku. Ha puc. 6, b BugHO, 4Tto Ha rpaduke
SHeprur AD OTYETIIMBO UACHTUGDULIMPYIOTCS YYACTKH C pa3-
JIMYHON (Tpu cTraauu) KuHeTukoii. Tak, cramus I, xorma
MHTEHCUBHOMY, HO KOPOTKOMY MO MNPOAOKUTETbHOCTU
paspylieHuIo TMOABepraloTcs Hanbosee ciabble 2JeMEHTHI
CTPYKTYpHI, cocTaBisieT 10—13% ot ob1ieit MpoaoKUTEb-
Hoctu 1 20% oT 0011ei s3Heprur AD. DTO CBUAETEIbCTBYET C
ONHOW CTOPOHBI O HE3HAYUTEJbHOM KOJUYECTBE CIaObIX
9JIEMEHTOB CTPYKTYPbI, CBSI3aHHOM B TEPBYIO OYepe/ib CO
CBOICTBaMU TOJIOTO HAMOJHUTENSI, a C IPYroil CTOPOHbI —
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Fig. 8. The relative change in the compressive strength of high-strength
lightweight concrete with nanomodifier

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

It can be concluded that the introduction of hollow mi-
crospheres in an amount not more than 13% by mass pro-
motes to formation of structure where the hollow filler parti-
cles act as structural defects and contribute to the destructive
processes more than the to the positive effect of stress redis-
tribution. Obviously, the positive impact of nanoscale modi-
fier (Fig. 8) is proportional to the surface area of the micro-
sphere particles. The gain of the strength of nanomodified
high-strength lightweight concrete with average density more
than 1600 kg/m3 does not exceed 8—10% (Fig. 8) due to
drawback of surface area of the microspheres to form a dense
contact at the interface by interaction the nanomodifier with
cement and hydration products.

Changing the character of curve of AE energy is more
significant for high-lightweight concrete with average density
less than 1500 kg/m3 (content of hollow microspheres more
than 15.6% by weight). Fig. 6, b shows that the type of the
graph E,y=f(0) for these concretes is transformed from the
straight line (without expressed inflection points) to the cur-
vilinear type with clearly identifiable stages. The most signifi-
cant are concrete compositions with an average density 1400
and 1500 kg/m>. The kinetics of AE energy for the reference
compositions of high-strength lightweight concrete is char-
acterized by monotony when the processes of occurrence of
defects detected by AE proceed in proportion to the rate of
loading At the same time three stages of destruction are dis-
tinguishable for unmodified concrete composmons with av-
erage density more than 1600 kg/m? (Fig. 6, a), but it is not
identified clearly in Fig. 6, b where the dependences for
concretes with lower density are shown. That is, the concrete
containing the microspheres in an amount of 15.6 and 18.5%
by weight has a structure which is destroyed without so-called
“security zone” when exposed to operational loads. This is
indicative of a low resistance to dynamic loads in spite of the
high strength of concrete. The destruction of this concrete
has avalanche and explosive character inherent to fragile ma-
terials that is a significant disadvantage of such concrete.

However, the opposite dynamic is observed in the analy-
sis of the data obtained for compositions of the nanomodi-
fied high-strength lightweight concrete. Fig. 8 shows that
the application of complex nanomodifier on the surface of
ceramic microspheres allows to increase the strength of
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00 OTHOPOTHOCTM CTPYKTYPbI, U3BMEHEHUSI B KOTOPOI Ha
80% mpotekaer 1o obIeMy MpUHIMITY. VICKII0YeHrEM SIB-
JiieTcst HAHOMOAUGDUIIMPOBAHHbII BI:ICOKO]'[pO‘IHBII/I JIETKU i
6eToH co cpenHeit oTHocTbio 1300 xr/M3. Cragus 11, mpo-
JIOJDKUTEILHOCTE KoTopoit coctasisieT 50—70% or 06Lue1/1
BpEMEHU HATPYKEHMSI, COTTPOBOKIACTCS aCUMIITOTHUECKIM
XapaKTepOM BblIeeHUsT AD; cyMMapHasi SHeprusl, BbIIesI-
IOLLIAsACs Ha 3TOM cTaguu, cocrasisier He 6omee 10—15%. To
€CTb IECTPYKLMSI HAHOMOIM(PULMPOBAHHBIX BBICOKONPOY-
HBIX JIETKUX OETOHOB Ha 3TO# CTaJIMU MPOTEKAET C HAUMEHb-
el sHeprueit AD. MoXHO cieaTh 3aKI04YeHNe O TOM, YTO
OCHOBHBIC HAKOILJIEHUS e(heKTOB M pa3pylleHue MaTepua-
J1a, COIpoBOXaaromieecss BoireneHneM 65—70% sHeprun
AD, mpoTekaeT Ha KoHeyHoi ctanuu 111 mpu BeicOKMX 3HA-
YEHUSIX HArPY3KU. DTO XapaKTepu3yeT CTPYKTYpy MaTepuaia
KaK BBICOKOIMPOYHYIO, CITOCOOHYIO COIPOTHUBIISITECS KakK
CTaTUYECKOMY, TaK U IMHAMUYECKOMY HarpyxxeHuto. Takum
00pa3oM, TMpUMEHeHWe KOMILIEKCHOTO HaHOpa3MepHOTO
MoauduKaTopa, 00ecIeuynBaIIero (GyHKIMIO MePeXoaHO-
IO CJI051, OKa3bIBAeT BAMSHUE HE TOJIBKO Ha KOJTMYECTBEHHbIE
3HAYEHMSI IPOYHOCTHBIX CBOMCTB, HO U U3MEHSIET XapaKTep
JIECTPYKILWHU TIPU BO3ACHCTBUU BHEIITHEN HATPY3KU. DTO 06-
YCJIaBJIMBAET TMOBBIIIEHUE HAJEXKHOCTU HAHOMOAN(DUIIUPO-
BaHHOTO BBICOKOITPOYHOTO JIETKOTO OETOHA IO CPaBHEHMIO C
coctaBaMM 0e3 KOMILJIEKCHOTO HAaHOPa3MEPHOro MOau(u-
KaTopa M obecreuyrBaeT BO3MOXHOCTh MOTEHIMATbHOTO
MUCTOJIb30BAHMS TaKOTO MaTepuasa Jjisi OTBETCTBEHHbBIX U3-
NIeJINI M KOHCTPYKIIWIA.

3akmouyenne. Ha ocHOBe mpoBeIeHHBIX MCCICIOBAHUIA
MOXHO CZIeJIaTh BBIBO, YTO BEJIMYMHA SHEPTUUN AD, YIUTBI-
BaroIllasi CyMMapHOe KOJIMYECTBO CUTHAJIOB U BEJIUUYMHY
aMILTUTYAbL AD, ABIsIETCS MH(POPMATUBHBIM T1OMOJIHUTEIb-
HBIM KPUTEPUEM ISl OLIEHKU CTPYKTYPhI BHICOKOITPOUHbBIX
JIeTKUX OETOHOB Ha TOJIbIX MUKpOC(depax, MO3BOJISIOIIUM
aHAJIM3UPOBATh HE TOJIbKO KOJIMUECTBEHHbIC, HO U Kaue-
CTBEHHBIE XapaKTepucTUKM. I[lokazaHO, YTO KUHETUKY
SHEPruu aKyCTMUECKOM 3MUCCUM MCCIeNyeMbIX OETOHOB
MOXHO OXapaKTepu30BaTh TPEMs CTAAMSIMU, OTIMYAIOLI-
MHUCS 1O WHTEHCUBHOCTM U TPOAOJKUTEIbHOCTH.
YcraHOBJIEHO, UTO BBEACHUE TOJIBIX KEPAMUUYECKUX MUKPO-
cdhep B MEJIKO3EPHUCTHIN MeCYaHbIil OETOH 0 OIpeaeicH-
Horo Tipenena (He 6osee 18% 110 Macce) (opMUPYET CTPYK-
Typa ¢ 0osiee TIPOJIOKUTEIbHON «30HOM HaIeXKHOCTU» —
cTagueii, Korma Ipu yBeJIWYEHUM Harpy3ku sHeprust AD
U3MEHseTCsl ¢  HauMeHblleli  MHTEHCHMBHOCTBIO.
[TpomoIKUTEIBHOCTD 3TOW CTaJAUX 3aBUCUT OT MEXaHU4Ye-
CKMX CBOKMCTB CaMOTO JIETKOTO HAMOJHUTES, [IEeMEHTHO-
MMHEPATLHON MaTPUILIBI U CHITBI MX B3AUMHOTO CIICTIICHHUS.
CHukeHue 1eeKTHOCTA CTPYKTYPhI BBICOKOTIPOYHOTO JIeT-
KOro 6eToHa ¢ OOJIbIINM COAepXKaHUEM I10JIbIX MUKpochep
MOXeT ObITh TOCTUTHYTO 3a CYeT MOAM(DULIMPOBAHUEM €0
CTPYKTYpPbI, HaPaBJICHHbIM Ha pellieHUe 3a1a4u 10 cOo3/1a-
HUIO TIPOYHOTO KapKaca MeXay MUKpOYacTUIIaMU HaroJi-
HUTEJIST M YCWICHUIO aare3u Ha TpaHulle pa3nena das.

AHanu3 OecTpyKUUM HAaHOMOAM(PUIIMPOBAHHBIX BBICO-
KOTIPOYHBIX JIETKMX OETOHOB METOJIOM aKyCTHUUECKOM dIMHUC-
CHUM TIO3BOJISIET YCTAHOBUTb 3aKOHOMEPHOCTH Tpeodpaso-
BaHUSI CTPYKTYPbI MPU MCIIOJIb30BAaHUM HAHOPA3MEPHOIO
MoauduKaTopa M OINpEeACIUTh TPAHUYHbIC 3HAYCHUS IS
(opMupoBaHMS yCIOBUI HAMMEHBIIEH Te(heKTHOCTH MaTe-
puajia. YCTaHOBJICHO, UYTO HCCIemyeMasi MeTOAMKa MOIAU(u -
LIMPOBaHMS TOBEPXHOCTHU AUCTIEPCHOM (ha3bl HAaHOpa3Mep-
HOIi T06aBKOI, CTOCOOCTBYET U3MEHEHNIO KUHETUKU dHEp-
run AD, xapakTepusyoleil 0cooeHHOCTH (HOPMUPOBAHMS
nedekToB B cTpyKrype. [TokazaHo, uto HaubombIIMiA (-
ekT oT mpuMeHeHUs Momxl(bI/IKaTopa Ha6J'HOI[aCTC$I B CO-
CTaBaX CO CpeIHEl IIOTHOCTBIO MeHee 1500 kr/M> 11 BbIpa-
JKaeTcsl Kak B YBEJIMUYEHMM OTHOCHUTEIBHOTO WM3MEHEHUS
npenaesa NPOYHOCTH MIPU CxKaTUU, TaK U TTapaMeTpoB AD.

[TapameTpbl AD MOTYT ObITh (P HEKTUBHBIM METOAOM JUISI
WCCJIEIOBAHMS BIMSIHUSI HAHOPa3MEPHBIX J00AaBOK Ha CTPYK-
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lightweight concrete in proportion to the number of hollow
filler. The gain of strength in these compositions is 11—-19%
that is explained by hardening of the contact zone binder—
dispersed phase. Microspheres facilitating concrete compo-
sitions with average density of 1300—1500 kg/m? also per-
form the function of a carrier of reactive agent which is
uniformly distributed in volume. This makes it possible to
create the conditions for maximum interaction of the com-
ponents of the concrete mix with nanoscale modifier and to
seal the phase boundary for forming the solid framework in
the volume. Such influence of nanomodifier also affects the
character of the destruction of the material upon applica-
tion of an external load. Zone with different kinetics of AE
energy (three stages) is clearly identified on graphs for
nanomodified high strength lightweight concrete (Fig. 6, b).
Thus the stage I lasts for 10—13% of the total time and is
accompanied by the release of 20% of the total AE energy.
It evidences about the small amount of weak structural ele-
ments on one hand and the uniformity of structure which is
changed by the general principle on the other hand.
Nanomodified high-strength lightweight concrete with the
lowest average density (p,,=1300 kg/m?) is an exception.
Stage II is accompanied by asymptotic character of the
acoustic emission: the duration is 50—70% of the total load-
ing time and the energy is not more than 10—15% of the
total AE energy. That is, the destruction of the nanomodi-
fied high-strength lightweight concrete at this stage takes
place with the lowest AE energy. It can be concluded that
the main accumulation of defects and degradation of the
material occur at the end of stage 111 at high load and is ac-
companied by the release of 65—70% of energy AE. That is,
the structure of the material is of high strength and is able to
resist both static and dynamic loads. Using of complex na-
noscale modifier affects not only the strength properties but
also changes the character of degradation under the influ-
ence of external load. This causes an increase in the reli-
ability of nanomodified high-strength lightweight concrete
compared with compositions without complex nanoscale
modifier and provides the potential of use of such material
for critical structures.

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

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

Parameters of acoustic emission can be effective indica-
tors during examination of the impact of nanoscale additives
on the structure and properties of construction materials. The
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TYpY U CBOMCTBA CTPOUTEIbHBIX MAaTEPUAJIOB. YCTAaHOBJICHUE
TaKMX 3aKOHOMEPHOCTell 00ecreuymnT AOMOJHUTEIbHOU HUH-
(opmainmeit a9 NOHMMaHUSI MPeoOpPa3OBaAHUI CTPYKTYPBI
MOAUDUIIMPYEMBIX BBICOKOITPOYHBIX JIETKMX OETOHOB.
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