Hsoamenscmey
«CTPOKMATEPHANGI»

Ocmaeaumecs
@ G0y






11! He 3abydeme nodnucamecs !!!
HaA KYPHAASI U30amerscmed

www.journal-cm.ru www.journal-hc.ru
ISSN 0585-430X (Print) ISSN 0044-4472
ISSN 2658-6991 (Online)
HNupexc 7“883* HNupexc 7“283*

Ha 3NneKTpPOHHYI0O BEPCUIO MO>XXHO noanuucaTbCH

® Ha caiiTax ’KypHaJoB

https://journal-cm.ru/index.php/ru/podpiska-2023
https://journal-hc.ru/index.php/ru/podpiska-2023

U u37atesibcTBa WWW.rifsm.ru B pasaene «Iloamucka» MOXHO 0QOPMHUTE MOITHUCKY
Ha JJIEKTPOHHYIO MOJTHOTEKCTOBYIO BEPCHIO KypHaiia B popmare *.pdf.
DTO MO3BOJIUT BaM TMOIYyYaTh KypHaJ €1lle 0 BbIX0Aa U3 TUnorpapuu
1 OBITh HE3aBUCHUMBIM OT IOYTOBOTO BegoMcTBa Poccum.

® Ha caiiTax HalluX IApPTHEPOB:
elibrary.ru delpress.ru WWW.ivis.ru www.rucont.ru

OchopmMuTb NOANUCKY B pefakLmm MOXHO C J1I060ro mecsiLia Ha sito6ou nepuop

JJ1s1 3TOr0 HEOOX0AMMO COCTABUTH 3asiBKY B IIPOU3BOJIbHOM (hopMe ¢ YKa3aHHEM
HA3BaHUsI OPraHU3AIUM, IOPUINYECKOr0 H MOYTOBOIO ajpeca
1 oTnpaBuTh ee Ha e-mail: mail@rifsm.ru wau rifsm@mail.ru

Ocmasaumecs ¢ Hamu!

* MHaeKkcsl no 00benuHeHHoMy Karagory «IIpecca Poccum» https://www.pressa-rf.ru



CNEUMAJIBHOE NPEAJIOXXEHUE HA NOAMUCKY YEPE3 PEAOAKLUMUIO

YBakaemble nognmcumkml
CreumanbHoe npeanoxXeHue:
npu onnate atoro cyeta — goctaska bBECITJTATHO!
Ycnente Bocnonb3oBaThcs!

PexkeuamnTsi
NOCTABLLMKA

000 PUD «CTPOUMATEPUASTbI»

P/c

40702810238320101351

| K/cu

| 30101810400000000225

bank

MAO CBEPBAHK

B

MHH

| r. Mocksa

[ 7702023918

| knn

| 771401001

BMK 044525225

MNocrasumk

OO0 PU®D «CTPONMATEPUATTbI»

Anpec

125319, Mockea r., HYepHaxosckoro yn., aom 9, kopn. 1, ks. 1

TenedoH

(499) 976-22-08

K peectpy No

[pysononyuatens

AkuenToBaH

Anpec

TenedoH

Hata nonyyenus

[Mnatenblupmk

CHET Ne

| 240 /M-red

HaTta

HaTa

HavnmeHosaHme

En. nam. Kon-so

Lena,
py6.

Ckuaka Cymma,
(%) pY6.

Craska

HAC

Cymma
c HAOC, py6.

& osieno

Mognucka Ha xypHan

«Crpoutensbie matepmansix® Ha 2023 r.
(NeNe 1-2/2023 r. Bbix0oasaT B CABOEHHOM BUAE,
yBennuyeHHsM 06bemom) 12 Homepos/ 11 aka.

Komns. 1

23880

23880

23880

[MouTosbie pacxodpl

Komnn. 1

Moanucka Ha xypHan

«KunuwHoe crpoutenscreo» Ha 2023 1.

(NeNe 1-2/2023 r. Bbix0oasT B CABOEHHOM BUAE,
yBEMMYEHHBIM OBbEMOM)

12 Homepos/11 3ka.

Komnn. 1

20280

20280

20280

MouTtosbie pacxop

Komnn. 1

X

20

I_Ionnmcm HO KOMMNEKT XYPHANOB M30ATeNbCTBA:

«CrpowTenstbie matepuansi»®;
«KunuwHoe crpoutenscreo» Ha 2023 1.

Komnn. 1

44160

44160

44160

MouTtosbie pacxop

Komns. 1

0

X

HAOC:

‘ Bcero k onnare:

CyMMma K onnaTte npomnmcbio

py6.

HOC ne obnaraetca

Buinucan

Abakymosa T.A.

Ins onnaTkl OHHOTO CYETA: BLIPEXbTE CTPAHMLY M3 XYPHANA, OTMETLTE B None Cnesa
BLIOPAHHYIO MO3MUMIO, MOCTABLTE 4ATY, AAPEC NOMYYATENS U CYMMY K OMaTe
(B TOM uMcne nponuceio), nepeaaiTe cyeT B Bawy Byxrantepuio.
B nnatexxHom nopyuerumn HyxHo ykasats «Onnarta no cuery 240/M-peg ot (sawa aata)»



Yupeautens: 000 PUD «CTPONMATEPUATbI», EXEMECSAYHbIMN HAYYHO-TEXHUYECKUMN N MPOU3BOACTBEHHbLIN XXYPHAT
Anpec: 125319, r. MockBa, yn. YepHaX0BCKOro,

0.9, kopn. 1, k8. 1

Wapatens: 000 PU® «CTPONMATEPUASTbI»

Apnpec: 125319, r. Mocksa, yn. YepHAX0BCKOro,

0.9, kopn. 1, k8. 1

Caup. o peructpauun MA Ne 77-1989 ®

ISSN 0585-430X (Print) ISSN 2658-6991 (Online)

Bxoaut B Mepeyens BAK, PUHLI, .}
Russian Science Citation Index W' l 0) 7-/ @
Ha nnatchopme Web of Science ol el
Anpec pepakumuu: Poccus, 127434, r. MockBa,

[mutposckoe w., 4. 9, cTp. 3 OcHOBAOH B 1955 T. (809] ,A,e|<o6|ob 2022 .

Ten.: (499) 976-22-08, (499) 976-20-36 mail@rifsm.ru; www.rifsm.ru; www.journal-cm.ru

CoipbeBas 6a3a oTpacau

JIN. XYOAKOBA, CJ1. BYAHTYEB, B.T. BYAHTYEB
MecTHoe cbipbe Ass MPOU3BOACTBA MUHEPANTBHOTO BOMTOKHA . v iiinnnnss s s s eeesnsnnnannnnnsnnsssssesssssnnnnns 6

C.E. MYHEHKOB, t0.C. KO3J1OB
KomnnekcHasi nepepaboTka MUHepPanoB XpPU30TUI-acBeCTOBBIX MECTOPOMAEHUM. . ..« o vvueesnreaneanneanernnnss 10

Marepuanbl A1 JOPOXXHOIo CcTponutesibCTtea

C.H. BOHOAPEHKO, MN.10. MAPKOBA, E.A. AKOBJIEB, M.C. JIEBELEB, [.1O. TTOTAIOB

CTpyKTypoo6pasoBaHUe LLeMeHTHOro KaMHSl Ha OCHOBE KOMMO3ULMOHHOTIO BSXKYLL,Ero
C NPYIMeHEeHNEM NONIMMEPHO-MUHEPANIBHOM JOOGABKUL. . . . .« v« v aee v e eee s e ane e s ane e s ane e s aaneenanneaanneennnns 15

K.M. BOPOHWH, 0.4. XAMUWAYNNHA, C.A. HEKPACOBA
DTTPUHINTOBOE BSXKYLLLEE AJISl YKPETIIEHNS OCHOBAHUM JLOPOT . . o v v v vt etanaaasaaassssssesnennnnnnnnnnnnnnnsssnns 22

10.B. COKOJIOBA, B.B. HEJTIOBOBA, A.M. AM3EHLLTAAT, B.B. CTPOKOBA
Peonorusi rpyHTo6eTOHHbIX CMeceil Ha OCHOBE MONIMMEeP-0PraHNYeCcKoro CBS3YIOLLLEro
C MNHEPANbHBIM MOIMMUKATOPOM . .+« « s vt e e aesx e s s e s s ass s e s asn s e s s s s s s s aassssnnnnsssannsesnnnssnnns 26

A.®. TAITIKNH, B.1O. MAHKOB, E.O. XVPKOBA
TennonpoBoAHOCTb PABUMHOIO C/TIOS JLOPOIKHOM OLLEMKIDBI. « « « vt e e s ee e se s ss s ssseenennnnnnnnnsnnsesssseeenennns 33

HaHoTexHosnornmn B cTpoutenbCcTBe

B.B. HEJTTOBOBA, E.O. KY3bMWH, B.B. CTPOKOBA
CTpYKTypa 1 CBOMCTBA HAaHOAMNCNEPCHOro KpeMHe3emMa, CUHTE3MPOBAHHOIO 30J1b-Teflb METOAOM . ......cuvuunnn.. 38

E.A. KAPMOBA, V. AKOBJIEB, N.K. ABEPKWEB, M.A. BOJIKOB, H.B. KY3bMWHA, C.A. KHA3EBA
BrnusiHne TeXHN4YeCKoro yrnepoaa u MMKpokpeMHeseMa Ha CBOMCTBA CaMOYMIOTHSAIOLLErocsi 6ETOHa. . .....vvuw ... 45

Pe3yﬂbTaTbl Hay4HbIX uccnegoBaHum

[.C. CJIABHEBA, O.B. APTAMOHOBA

Pa3paboTka NpMHLMNOB CO3AaHNSi APMUPOBAHHbIX KOMMO3UTOB
BNSA CTPOUTENbHBIX 3D=aAANTUBHBIX TEXHOTOTMM .« .+« vttt v e e e et e e e e s ssseaannn e e ee s sssaannnnnneessssnnnnnnnens 52

C.B. ®EAOCOB, B.H. ®EAOCEEB, B.A. BOPOHOB
YucneHHo-aHaNUTUYeCKU MeTof, CBefeHUs 3afa4 HecTaLMoOHapHOM TernnonpoBoAHOCTU
C rpaHnyYHbIMKM ycrnosmsamMu lll poaa K 3agad4aM CYCIOBUSAMM I POMA ..o v vtiiiii i iiiiii s iansannean s innsnnsannsnns 59

HapeXXHbIX 3aCTPONLLMKOB U NOCTaBLUMKOB CTPOUTENbHbIX pecypcoB
onpegensieT rpaXXfaHCKUM KOHTPOMDb (MHPODMALMS) « v o v v v e e e e e e et e e e e et e e et et et i e e ane e aneennns 64

AH. TYMEHIOK, N.C. MONAHCKNX, A.®. TOPOVHA, K.A. NMECTEPEBA

BnusHue TexHu4Yeckon cepbl Ha CBOWCTBA q)TOpaHrl/lﬂ,pl/lTOBOl?l KOMMO3ULUMNN. . .. ... ottt snsnsnnnssnsnsnsnsnnnnns

YKasaTenb cTaTeit, ony6nmMKoBaHHbIX B XypHane «CTpouTenbHble MaTepuanbi»® B 2022 T,
cM. Ha canTe https://journal-cm.ru/images /files /2022 /Ukazatel_SM_2022.pdf

Oneuatka: B xxypHane «CtpoutenbHbie Matepuanbi» Ne 7/2022 Ha ctpanuie 45 YK yurtats kak Y/IK 691.541.

ABTOpbI OMY6NMNKOBAHHbBIX MaTEPUaNoB HECYT OTBETCTBEHHOCTb 3 JOCTOBEPHOCTb MPUBEAEHHbIX CBEAEHWIA, TOYHOCTb AAHHBIX MO LMTUPYEMON NUTepaType M 3a UCMOMb30BaHNE B CTAaTbAX AAHHbIX,
He MoANeXaLmx oTKPbITOR ny6nukaumu. Pefakumus MOXeT ony6nukoBaTbh CTaTbit B NOPSAKe 06CY)XAEHUSA, He Pasfenss TO4Ky 3peHns asTopa. llepeneyatka u BOCNPONU3BEAEHNE CTaTel, PeKNamMHbIX
11 UANKOCTPATMBHBIX MATEPUANOB BO3MOXHbI UL C NUCbMEHHOTO Pa3peLLeHIs INaBHOro pedakTopa. Pefakums He HeceT OTBETCTBEHHOCTY 3a COAEPXXaHNe peKknambl 1 06bSBNEHIA.



Founder of the journal: «STROYMATERIALY> Monthly scientific-technical and industrial journal
Address: 1, 9 Bldg. 1, Chernyakhovskogo Street, y J

Moscow, 125319, Russian Federation

Publisher: «STROYMATERIALY»

Advertising-Publishing Firm, 000

Address: 1, 9 Bldg. 1, Chernyakhovskogo Street,

Moscow, 125319, Russian Federation

Registration certificate PI Ne 77-1989 ®

ISSN 0585-430X (Print) ISSN 2658-6991 (Online)

Included in the list of journals of the Higher M ]
Attestation Commission (Russia), Russian Science 0\-/@ 7] Of
Citation Index on the platform Web of Science - ‘

Editorial address: 9/3 Dmitrovskoye Highway, .
127434, Moscow, Russian Federation Founded in 1955 (809) December 2022

Tel.: (499) 976-22-08, (499) 976-20-36 mail@rifsm.ru; www.rifsm.ru; www.journal-cm.ru

Raw materials base of the industry

L.I. KHUDYAKOVA, S.L. BUYANTUEV, V.T. BUYANTUEV

Local Raw Materials for the Production of Mineral Fiber . ...t i i it ittt st nneennenneens 6

S.E. PUNENKOQV, Yu.S. KOZLOV

Complex Processing of Minerals of Chrysotile-Asbestos Deposits. .. ..........ouiiiiiiiiiiiiiiiiiiiiieerannnns 10

Materials for road construction

S.N. BONDARENKQO, I.Y. MARKOVA, E.A. YAKOVLEV, M.S. LEBEDEV, D.Yu. POTAPOV

Study of the Processes of Structure Formation of Composite Cement Stone For Soil Strengthening Name ........... 15

K.M. VORONIN, D.D. KHAMIDULINA, S.A. NEKRASOVA
Ettringite Binder for Strengthening of ROAd Bases . .. ......oiuiiiite i iiaaee s saaannnneeesssannnnnnnns 22

Y.V. SOKOLOVA, V.V. NELYUBOVA, A.M. AYZENSHTADT, V.V. STROKOVA

Rheology of Soil-Concrete Mixtures Based on a Polymer-Organic Binder with a Mineral Modifier ................. 26

A.F GALKIN, V.Yu. PANKOV, E.O. ZHIRKOVA

Thermal Conductivity of The Gravel Pavement Layer. .. .......ouueuiii ittt it ia s asaanenanns 33

Nano-technology in construction

V.V. NELYUBOVA, E.O. KUZMIN, V.V. STROKOVA
Structure and Properties of Nanodispersed Silica Synthesized by the Sol-Gel Method............................. 38

E.A. KARPOVA, G.I. YAKOVLEYV, I.K. AVERKIEV, M.A. VOLKOV, N.V. KUZMINA, S.A. KNYAZEVA

The Effect of Carbon Black and Silica Fume on the Properties of Self-Compacting Concrete........................ 45

Results of scientific research

G.S. SLAVCHEVA, O.V. ARTAMONOVA

Development of Principles for the Creation of Reinforced Composites for 3D Additive Construction Technologies. ..52

S.V. FEDOSQV, V.N. FEDOSEEV, V.A. VORONOV
Numerical-Analytical Method for Reducing Problems of Non-Stationary Heat Conduction

with Boundary Conditions of the Ill Kind to Problems with Conditions of the IKind....................cccovoon.. 59

Reliable Developers and Suppliers of Construction Resources are Determined by Civil Control (Information)......... 64

A.N. GUMENYUK, I.S. POLYANSKIKH, A.F. GORDINA, K.D. PESTEREVA
The Impact of Industrial Sulfur on Fluor Anhydrite-Based COmposites ..........oviuiiiiiiiiiiiiii i ennnns 65

The authors of published materials are responsible for the accuracy of the submitted information, the accuracy of the data from the cited literature and for using in articles data which are not open to the
public. The Editorial Staff can publish the articles as a matter for discussion, not sharing the point of view of the author. Reprinting and reproduction of articles, promotional and illustrative materials are
possible only with the written permission of the editor-in-chief. The Editorial Staff is not responsible for the content of advertisements and announcements.



PeAQKUMOHHbBIN COBET

naBHbIVi pegakTop:

IOMALUEBAE.U.,
VHXEHEP-XMMUK-TEXHOJIOT, NOYETHbLIV cTpouTesb Poccun

lMpeacenartens peAakUMOHHOIo coBeTa:
PECWH B.U.,
[-p 9KOH. Hayk, npodeccop, akagemuk PAACH (Mocksa)

AASEHLUTAAT A.M.,

[0-Pp XUM. HayK, npodeccop (ApxaHrenbCk)
ACKALCKUA A.A.,

O-p XuMm. Hayk, npodeccop (Mocksa)
BYPbSHOB A.®.,

[0-Pp TEXH. HayK, AMpekTop Poccuickom
rmncosoi accoumnaumnmn (Mocksa)
BEPELLATMH B.WU.,

0-p TeXH. Hayk, npodeccop (Tomck)

FOPUH B.M.,

KaHA,. TEXH. HayK, npe3naeHT Cot3a NPoM3BOAMTENEN KepaM3anTa
1 kepam3utobeTtoHa (Camapa)

EPO®EEB B.T.,

[O-p TeXH. Hayk, npodeccop, akagemuk PAACH (CapaHck)
KOPOJIEB E.B.,

0-p TexH. Hayk, npodeccop (CaHkT-MNeTepbypr)
KOTNngP B.4.,

[0-p TexH. Hayk, npodeccop (PocTos-Ha-[oHy)
KPUBEHKO N.B.,

[0-p TeXH. Hayk, npodeccop (YkpanHa)

JIEOHOBMUM C.H.,

O-p TexH. Hayk, npodeccop (benapyck)

JIECOBUK B.C.,

[-p TEXH. HayK, npodeccop, YneH-koppecnoHaeHT PAACH (Benropon)

MYPTASAEB C.-A.10.,

0-p TeXH. Hayk, npodeccop (FPO3HbIN)
HEAQOCEKO U.B.,

0-p TexH. Hayk (Yda)

MUYYTUH A.TN.,

[-p TEeXH. Hayk, npodeccop (HoBocnbupck)
NMYXAPEHKO 10.B.,

0-p TEXH. HayK, npodeccop,
yneH-koppecnoHaeHT PAACH (CankT-MeTepbypr)
PYOAKOB O.B.,

[0-p X1M. Hayk, npogeccop (BopoHex)
TPABYLU B.U.,

[-p TexH. Hayk, akagemuk PAACH (Mockga)
$EONOCOB C.B.,

[0-p TeXH. HayK, npodeccop, akagemuk PAACH (MBaHoBO)
CTPOKOBAB.B.,

[-p TexH. Hayk, coBeTHUK PAACH (Benropog,)
DPULLEP X.-B.,

DOKTOP-MHXeHep (Fepmanus)

XO3UHB.T.,

0-p TeXH. Hayk, npodeccop (KasaHb)

LWEBJ1 C.M.,

O-p Hayk, npodeccop (Ernner)

LWEFESb U.D.,

KaHZ,. TexH. Hayk (OMck)

LUTAKENbBEPT A.U.,

[O-p TexH. Hayk, npodeccop (M3paunsnb)
FKOBJIEBI'.U.,

O-p TexH. Hayk, npodeccop (MxeBck)

10 XKAHIMS0,
O-p punocodun (Kutam, Nyanwxoy)

Editorial Board

Editor-in-chief
YUMASHEVAE.,
engineer-chemist-technologist, Honorary Builder of Russia

Chairman of Editorial Board
RESIN V.,
Doctor of Science (Economy), Professor (Moscow)

AYZENSHTADTA.,
Doctor of Sciences (Chemistry), Professor (Arkhangelsk)

ASKADSKIY A.,
Doctor of Science (Chemistry),
Professor (Moscow)

BURYANOV A.,

Doctor of Science (Engineering), Director of the Russian Association
of gypsum (Moscow)

VERESHCHAGIN V.,

Doctor of Science (Engineering), Professor (Tomsk)

GORIN V.,
Candidate of Science (Engineering), President of the Union of Haydite
and Haydite Concrete Producers (Samara)

EROFEEV V.,

Doctor of Science (Engineering), Professor, Academician of RAACS
(Saransk)

KOROLEVE.,

Doctor of Science (Engineering), Professor (St. Petersburg)
KOTLYARV.,

Doctor of Science (Engineering), Professor (Rostov-on-Don)
KRIVENKO P.,

Doctor of Science (Engineering), Professor (Ukraine)
LEONOVICHS.,

Doctor of Science (Engineering), Professor (Belarus, Minsk)
LESOVIK V.,

Doctor of Science (Engineering), Corresponding Member of RAACS
(Belgorod)

MURTAZAEV S.-A.,

Doctor of Science (Engineering), Professor (Grozniy)

NEDOSEKO I.,

Doctor of Science (Engineering) (Ufa, Bashkortostan)

PICHUGIN A.,

Doctor of Science (Engineering), Professor, Member of the Russian
Academy of Natural Science (Novosibirsk)

PUKHARENKO Yu.,

Doctor of Science (Engineering), Professor (St. Petersburg)
RUDAKOV 0.B.,

Doctor of Sciences (Chemistry), professor (Voronezh)
STROKOVAV.

Doctor of Science (Engineering), Advisor of RAACS (Belgorod)
TRAVUSH V.,

Doctor of Science (Engineering), academician of RAACS (Moscow)
FEDOSOV S.,

Doctor of Science (Engineering), Professor, Academician of RAACS
(lvanovo)

FISHERH.-B.,

Doctor-Engineer (Germany, Weimar)

KHOZIN V.,

Doctor of Science (Engineering), Professor (Kazan)

SHEBL S.M.,

Doctor of Science, Professor (Egypt)

SHLEGEL I.,

Candidate of Science (Engineering), OO0 «INTA-Stroy» (Omsk)
SHTACKELBERG D.,

Doctor of Science (Engineering), Professor (Israel)

YAKOVLEV G.,

Doctor of Science (Engineering), Professor (Izhevsk)

YU JIANGMIAO,
PhD / Associate Professor (China, Guangzhou)

scientific, technical and industrial journal

®

December 2022



CoipbeBas 6a3a oTpacan

YK 622.367.6
DOI: https://doi.org/10.31659/0585-430X-2022-809-12-6-9

NN, XYOAKOBA?', g-p TexH. Hayk (Ikhud@binm.ru);
C.J1. BYAHTYEB?, a-p TexH. Hayk (buyantuevsi@mail.ru), B.T. BYAHTYEBZ, acnunpanT (buynt@bk.ru)

1 BaitkanbCKuii UHCTUTYT Npupofononbaosarus CO PAH (670047, r. YnaH-Yas, yn. CaxbaHoBo, 6)
2 BoCTOYHO-CHBUPCKMI FOCYAAPCTBEHHBIN YHUBEPCUTET TEXHONOMMIA 1 ynpasneHus (670013, r. Ynan-Yaa, yn. Knodesckas, 40B)

MecTHoe cbipbe ANg NpoM3BOACTBA MUHEPANbHOI0 BOJIOKHA

PeLueHne Bonpocos 3HeprodeKTMBHOCTU B CTPOUTESTbHOI OTPACSIN BSIEYET 32 COO0M YBEIMYEHMEe Cnpoca Ha TeNnou30NALNOHHbIe
Martepuanbl, U3roTOBMEHHbIE N3 6a3anbTOBOro BONOKHA. OfHAKO CTOMMOCTHBIE M TeXHONOrMYeckine hakTopbl 0Ka3biBAKOT CYLLECTBEHHOE
BAINSIHWE HAa MacLUTabbl ero NpUMeHeHNs. N03TOMY CHIKEHNe ce6ecTOMMOCTM 6a3anbTOBOr0 BOSIOKHA ABNAETCS akTya/ibHOW 3ajadeil.
[aHHyt0 Npo61eMy MOXXHO PELLNTb 3a CHET YCOBEPLUEHCTBOBAHUS TEXHOSIOMMYECKUX PEXMUMOB €ro NOyYeHNs Un 3a CHeT
NCNOMb30BaHNS MECTHOIO Cbipbs. Liesblo NPOBOANMBIX UCCIIELOBAHNIA ABUIIOCH U3Y4EHNE OCHOBHbIX XapakTepucTuK 6a3anbToBOro
Ccblpbs Pecny6nnkn bypsTtus v ycTaHoBIEHNE BO3MOXHOCTY UCMONb30BAHUS €r0 B NPON3BOLCTBE MUHEPAILHOTO BOIOKHA. AHANN3
XMMUYECKOr0 cOCTaBa 6asarnbTra nokasas, 4To NpoLecc BONOKHO06Pa30BaHNA 6yaeT CTabuibHbINA, a Nony4eHHOe BONIOKHO 06/1ajaeTt
BbICOKOI XUMWYECKON N MEXaHUYEeCKOI CTOMKOCTbH. PaccHntaH MOAyNb KUCIIOTHOCTU NOPOAbI, KOTOPbIN PaBeH 5,9 1 CBUAETENbCTBYET
06 0OJHOKOMMOHEHTHOCTM LUNXTbI 663 A06aBNEHMS KanbLuiiconepxallux nopod. 060CHOBaHHbIE AaHHble MOATBEPXKAEHbI HA NPAKTUKE.
MeToLoM HU3KOTEMMEpaTyPHOI Nia3mMbl NOJTy4eHO 6a3abTOBOE BOJIOKHO CO CPEAHUM ANAMETPOM 7,555 MKM 1 TeNNONPOBOAHOCTLIO
0,031 B1/(m-K). MpoBefeHHble MCCNeaoBaHNA CBUAETENbCTBYHOT O NPUrOAHOCTY 6a3anbTa EHXOPCKOro MecTopoxaeHns Pecnybnnku
Bypatus ans nony4yeHns MUHepanbHOTO BOSTOKHA. ICnonb30BaHNe MECTHOMO CbIPbS NO3BOSINT YMEHbLUMT TPAHCMOPTHbIE PACXOAbl HA ero
[0CTaBKY K NPOM3BOLCTBEHHOMY LIEXY W CHU3UTb Ce6eCTOUMOCTb BOSIOKHA 11 FOTOBOW NPOAYKLMN HA ero OCHOBE.

Knioyesblie cnoa: 6a3asnsT, 6a3aibTOBOE BOMOKHO, MOZYIb KUCIIOTHOCTY, 3HEPTr03(h(heKTUBHOCTb, TENON30MALMOHHbIE MaTepuansl,
MEeCTHOE CbIpbe.

Pa6ora BbinosHeHa B pamkax rocyaapcrerHHoro 3aganust BUIT CO PAH, Ne AAA-A21-121011890003-4 ¢ ucrosib3oBaHWEM MTPUOOPOB
u obopynoBaHus LleHTpa koyutektuBHOro nosnb3oBaHuss BUIT CO PAH u Llentpa KoieKTUBHOTO osib3oBaHus «I1porpecc» BCTYTY.

Ins umtuposanms: Xygakosa J1.U., bysHtyes C.J1., bysntyes B.T. MecTHOe Cbipbe Ans NpOM3BOACTBA MUHEPASTbHOTO BOMOKHA //
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Local Raw Materials for the Production of Mineral Fiber

Solving energy efficiency issues in the construction industry entails an increase in demand for thermal insulation materials made of basalt fiber. However, cost and technological factors
have a significant impact on the scale of its application. Therefore, reducing the cost of basalt fiber is an urgent task. This problem can be solved by improving the technological modes of
its production or by using local raw materials. The purpose of the research conducted was to study the main characteristics of the basalt raw materials of the Republic of Buryatia and to
establish the possibility of using it in the production of mineral fiber. Analysis of the chemical composition of basalt showed that the process of fiber formation will be stable, and the
resulting fiber has high chemical and mechanical resistance. The acidity modulus of the rock was calculated, which is 5.9 and indicates that the charge is one-component without the addi-
tion of calcium-containing rocks. The substantiated data have been confirmed in practice. A basalt fiber with an average diameter of 7.555 ym and a thermal conductivity of 0.031 W/(m-K)
was obtained by the low-temperature plasma method. The conducted studies indicate the suitability of the basalt of the Enkhor deposit of the Republic of Buryatia for the production of
mineral fiber. The use of local raw materials will reduce transportation costs for its delivery to the production shop and reduce the cost of fiber and finished products based on it.
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Petrenne BorpocoB 3Heproa(pheKTUBHOCTH B CTPOU- bazasibToBOE BOJIOKHO HAaXOMUT IIMPOKOE MPUMEHE-
TeJbHOI OTpacu TpeOyeT UCIIOAb30BaHUs ACIIEBbIX 3KO-  HUE. [ToMMMO TeITOM3OJSLMOHHBIX MaTepuaioB, OHO
JIOTMYECKN 0€30IaCHBIX TEIUIOM3OJIIIIMOHHBIX MaTepra-  MCIOJb3YeTCs B IEMEHTHBIX KOMITO3UIIMOHHBIX MaTepra-
JIOB C BBICOKMMMU KCIUTyaTALIMOHHBIMY XapaKTepUCTUKA-  JaX, yJydllias MX MeXaHWUeCKHUe XapaKTepUCTUKH [6].
Mu. K ux yncimy oTHOCSTCS MUHepajaoBaTHbIe u3nenus, Ilpu npuroToBieHur puOPOOESTOHOB MOBKIIIACT X ITPOY-
HM3TOTOBJICHHBIC, B YaCTHOCTH, 3 0a3aJIbTOBOTO BOJIOKHA,  HOCTh IPH CKATUU U PACTSDKCHMH, a TAKKE TEPMOCTOM-
001aIaloIIEro PSIIOM MPEUMYIIECTB Mepel APYTUMU BU-  KOCTh M JOJTOBeYHOCTh [7—11]. BxoauT TakKe B cocTaB
JaMu BOJIOKOH [1—4]. KpoMe Toro, mpocrtora, 6e3omac-  KeJle300€TOHHBIX IUIUT, IIPW 3TOM JUTMHA BOJIOKOH OKa-
HOCTb TEXHOJIOTMUYECKUX MPOLIECCOB MOJyYEHMSI OOYCIOB-  3bIBa€T 3HAUMTE/NbHOE BIMSHME Ha UX KauyecTBo [12].
JIMBAIOT JAJbHEHIIMI CIIPOC HAa €r0 MPOU3BOJCTBO [5]. JlobaByieHHOE B COCTaB TOPKPET-OETOHA, YJIYYIaeT ero
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XumMuuyeckuii coctaB 6asanbToB
Chemical composition of basalts

CopepkaHne 0OCHOBHbIX OKCUAOB, Mac. %

M
SiOo Al>O3 FeO+FeoO3 MgO CaO KoO+NaoO TiOo rn “
M3yvaembliii 49,1 16 9,1 4,3 6,8 5,4 1,6 6,8 5,9
TpeboBaHus [25] 47-55 14-20 7-13,5 3-8,5 7-11 2,5-7,5 0,2-2 MeHee 5 3-6

1acTuYHoCTh [ 13]. bazanbToBOoe BOJOKHO NMEPCIEKTUBHO
B KauecTBE apMUPYIOIIETO MaTepuaia sl MOJIUMEpPHOI
MaTpPUIIbI, YTO OKA3BIBAET MOJIOXKUTEIHHOE BIIMSTHUE Ha €
MPOYHOCTh M KOPPO3UMOHHYIO ycToiymBocTh [14, 15].
ApMUpOBaHNE IPESBECUHBI TTOBHIIIACT €€ YCTOMIMBOCTD K
BO3IEICTBUIO OKpYKarollei cpenpl [16]. BBeneHue B co-
CTaB BIIOKCUIHBIX MATPUIHBIX KOMITO3UTOB, UCIIOJIb3ye-
MBIX MPU M3TOTOBJIEHUSI OCHOBHBIX CTEPXKHE M TpaBep-
COB JUISI BHEPreTUYECKON OTpaciii, MOBBIIIAET KaueCTBO
U HaIEeXHOCTb JIMHUI 3iekTponepenadu [17]. Apmupo-
BaHWE WINCTOW TJIMHBI YBEJIMYMUBAET €€ MPOYHOCTb MPU
CHABUTE 3a CYET arperupoBaHUs YACTHUIL M CIIOCOOCTBYET
VIYUIIEHUIO MEXaHUYECKUX XapaKTepUCTUK TPYHTOB [ 18].
ITpuMeHeHre aKTUBMPOBAaHHBIX 0A3aIbTOBBIX BOJIOKOH B
COCTaBe TMOJUMEPHBIX KOMITO3UIIMOHHBIX MaTepuasioB
MOBBIIIAET UX U3BHOCOCTOMKOCTH [19].

HecmoTpsi Ha mIMpoKylo 00J1aCTh MPUMEHEHMSsT Oa-
3aJIETOBBIX BOJIOKOH, MCITOTb30BaHUE UX OIpaHUYMBACT-
Csl CTOMMOCTHBIMM U TEXHOJOTUYECKUMU (haKTOpaMu.
st ycTpaHeHUsT JTaHHBIX HEAOCTAaTKOB IBITAIOTCS JIMOO
MOBBICUThH TPOU3BOAUTEIBHOCTb TEXHOJOTUUECKUX yCTa-
HOBOK [20], 1M00 HaiTU CHIPHEBBIE UCTOYHUKN BOIU3U
pacrojoXeHus TPOU3BOACTBEHHBIX MOLIHOCTel [21, 22],
YTO SIBJISIETCS aKTyaJlbHOW 3amayeil. Mcxomst u3 3TOro
11eJTb HACTOSIIIINX MCCIIeIOBAaHUIN — M3yYeHNEe OCHOBHBIX
XapaKTepUCTUK 0a3albTOBOrO Chipbsl Pecnyonuku By-
pATAST U YCTAaHOBJICHWE BO3MOXHOCTU WCITOJIb30BAHUS
€ro B IIPOM3BOICTBE MUHEPATBLHOIO BOJOKHA.

O0beKThI M METO/IbI HccaeaoBanuil. OObEKTOM UCCIe-
JIOBaHUS SIBUUCH 0a3aibThl EHXOPCKOro MecTopoxie-
Hus Pecniyonuku Bypsitus.

XyUMUYeCcKUil aHaIu3 TaHHBIX TTIOPOJI BBITIOJIHEH C TT0-
MOIIIbIO TPABUMETPUUYECKOT0, TUTPUMETPUIECKOTO, Ho-
TOMETPHUUECKOTO METOIOB 1 METOJa aTOMHO-a0COpOIIM-
OHHOI creKkTpocKonuu. Kcronmb30Baaoch clenyooliee
000pyI0BaHUE: aTOMHO-a0COPOLIMOHHBIN CIIEKTPOMETP
SOLAAR—-6M (CIIA), cnexrpodoromerp I1D—-5300
(Poccust), Becol anekrponnabie BCJII—-200/0,1A (Poccust).

BbazanpTOoBOE BOJIOKHO TTOJIYIEHO C TTOMOIIBIO HU3KO-
TeMIlepaTypHO IIa3Mbl HAa YHUBEPCAJIbHOU Hay4yHOM
YCTaHOBKE Ha 0a3e 2JIEKTPOMArHUTHOIO TEXHOJIOTHMYE-
ckoro peakTtopa (Poccus).

CpenHuit tuaMeTp BOJOKOH OIpeaeSieH Ha pacTPOBOM
3JIeKTPOHHOM MuKpockore JSM—6510LV JEOL (Sonwus).

s onipeaesieHrs TEIUIONPOBOIHOCTU UCTIOIb30BaI-
¢Sl UIBMEPUTENTh TEIUIONMPOBOIHOCTH CTPOMTEIBHBIX Ma-
tepuasioB UTIT—MTI4 «100» (Poccus).

PesyabraTel u o0cyxkaenne. Kak n3BecTHO, BOZMOXK-
HOCTbH BBIPAaOOTKM HETIPEPHIBHOTO BOJIOKHA U €0 Kaye-
CTBO HaMpsIMYIO 3aBUCST OT XUMUYECKOTO COCTaBa ChIPb-
eBBIX MaTepuayioB [23, 24], 00OyCIOBIMBAIOIIETO TeMIIC-
paTypy IUIaBJIeHWSI TOPHOI TTOPOIBI U BSI3KOCTh €€ pac-

miaBa. B ¢BsI3n ¢ 3TUM OBLJIO OMNpenesieHO CoAaepKaHue
OCHOBHBIX KOMITOHEHTOB 6a3anbToB Pecniyonuku bypsi-
THAW Y TIPEJICTABJIEHBI JAaHHBIE IO XUMUYECKOMY COCTaBY,
TpedyeMoMy JIJisi TIPOU3BOICTBA HEMPEPHIBHOTO BOJIOK-
Ha [25] (cM. Tabauny).

KonuyecTBeHHbIe 3HAUEHMSI XUMUYECKOTO COCTaBa 13-
yJaeMmoro 0azajibTa MOKa3bIBalOT, YTO OH MMEET BHICOKOE
coJiep>KaHWe OKCUIOB KPDEMHMSI Y ATIOMUHUST, 00YCIIOBIIU -
BAaIOI1Ie€ CTAOWJIBHOCTD MPOLIECCA BOJIOKHOOOPA30BAHUS U
BBICOKME TIOKA3aTeJIM XUMUIECKOM 1 MEXaHMYECKOM CTOM -
KOCTH TOJTY4EHHOTO BOJIOKHA [26]. HeBbIcoKoe comepka-
HME OKCUIIOB XeJie3a TOBOPUT O TOM, UTO B COCTaBE BOJIOK-
Ha OyJeT HAXOAUTHCST HEOOIBILIONH 0ObEM HEBOJIOKHUCTBIX
BKJTIOUEHMH, yXynmamoimx ero kauectBo [27]. Kpome
TOro, 0a3ajbT MMEET IMOHMKEHHOE KOJIMYECTBO OKCHIA
KaJIbLIMsl, HAXOMSIIIETOCsT Ha TPaHUIIe MUHUMAJIbHOM Tpe-
OyeMoli BEJIMUYMHBI, YTO TTOBBIIIAET BSI3KOCTH pacIliaBa.
Taxke B mopoze MpeBbIlIeH TPeOyeMblii TToKa3aTelb Mo-
TEPb MPU MTPOKAIMBAHUY, UTO CBUETEIHCTBYET O HATUIMU
TMIPATUPOBAHHBIX MUHEPAJIOB B €€ COCTaBE.

Ha ocHoBaHUM ycTaHOBIEHHOTO XUMUYECKOTO COCTa-
Ba paccuuTaH MOMIYJIb KUCJIOTHOCTU, XapaKTepPU3YyIOIINiA
KHUCJIOTHO-OCHOBHBIE CBOICTBa Oa3anbTa [4]. OH UCITIOJb-
3yeTcst ISl TIPEIBAPUTENILHON OLIEHKM TOPHBIX TIOPOI C
LIETbIO YCTAHOBJIEHUSI WX TIPUTOTHOCTH JUISI TIOTyYEHUS
MUHEPATbHOTO BOJIOKHA U BBIUUCISIETCS IO (hopmyIie:

My = (S8i0,1+Al103)/(CaO0+MgO),

rae SiOj, AlpO3, CaO, MgO — coaepxaHre OCHOBHBIX
OKCHIOB, Mac. %.

J1st oTydeHus KaueCTBEHHOTO paciiiaBa, ClIoCOOCTBY-
IOIIIETO XOPOILIEMY BOJIOKHOOOPA30BaHUIO, MOTYJIb KMCJIOT-
HOCTHU MOPOZbI JOJDKEH BXOAUTh B MHTEPBAJI 3HAUYCHUIA OT
Tpex Ao 1ectu. B paccMarpuBaeMoM citydae M =5.9, 4yro
ITO3BOJISIET ITOJTy4aTh 0a3aIbTOBOE BOJIOKHO 13 OMHOKOMIIO-
HEHTHOU mMXTEI. OgHAKO pacCUNTaHHOE 3HAUYCHME HaXO-
JIUTCS B 30HE TPeOYeMOro Ipezesia Ha ee rpaHuLe U CBUIC-
TEJILCTBYET O TTOBBIIICHHON BSI3KOCTH pacIuiaBa. dTo 00y-
CJIOBJIEHO HEBBICOKUM COJIEP>KaHMEM OCHOBHBIX OKCHUIIOB.
YT0OBI IOHU3UTh AaHHbII [10KA3aTe/ b, HEOOXOAUMO MO0
TTOIHATH TEMITEPATypy TUIABICHUS, JTMOO TIPOU3BECTH IO~
LIMXTOBKY KaJIbLUIACOAEPKAILMMHU TIOPOAAMMU.

Taxum obGpa3zoM, MPOBeAeHHBIE UCCIEIOBAHUS CBU-
JIETeILCTBYIOT O IPUIOAHOCTU Oa3anbra EHxopckoro
MECTOPOXKIECHUS ISl ITOJIydYE€HUSI MUHEPAJIbHOTO BOJIOK-
Ha, 9TO OBIJIO TTOATBEPXKICHO Ha IIPaKTUKE.

[1naBnaenue 6a3anbTa OCYLIECTBISIOCH B TJIA3MEHHO-
JIyTOBOM ycTaHOBKe. JlaHHAS yCTaHOBKA SIBJISIETCS OMHO-
cTaauitHoM, 3Heproa¢pGeKTUBHOM, 3KO0J0ro-oe3ormnac-
HO# M BKOHOMUYECKM BhITOmHOI [28]. OOpa3yembrii B
Heil 0a3aJbTOBBIM pacIlIaB IOJy4aeTCsl OTHOPOIHBIM,
YTO CKa3bIBACTCS HA KAYECTBE IPOM3BOIMMOrO BOJIOKHA.
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Puc. 1. MpaHynomeTpuyeckunin coctas 6asanbta
Fig. 1. Granulometric composition of basalt

Puc. 2. MukpodoTtorpadpus 6a3anbToBbiX BONOKOH
Fig. 2. Micrograph of basalt fibers

3arpyxaemblif B yCTAaHOBKY 0a3ajbT UMEET CIEIyIO-
muit GpakIIMoOHHBIN cocTaB (puc. 1).

Kaxk BuaHO 13 cUTOBOTO aHaiu3a, 6osiee 63% Gaszanb-
Ta MPeICTaBIeHO YacTULIaMU KpyrnHee 3 MM. 3epHa pas-
MepoM oT 1 1o 3 MM cocrtasisitor 15,6%. ConepkaHue
yacTull MeHee 1 MM HaxoauTcs B nipenenax 20%.

Ha puc. 2 npencraBieHo 0a3ajibTOBOE BOJOKHO, T10-
JIy4EHHOE C TIOMOIIIbI0 HU3KOTEMIIePaTypHOM IIIa3MBbl.
OnpenesieH ero CpeIHUt AuaMeTp 1 TeIIONPOBOIHOCTb.

MuHepabHbIE BOJIOKHA, TIOJTyYeHHBIE U3 UCCIIETyeMO-
ro 0OazajnbTa, MMEIOT CpedHUil auameTp 7,555 MKM.
TerutonpoBogHocTh Matepuaia coctaswia 0,031 Br/(m-K).
DTO CBUAETEILCTBYET O BO3MOXKHOCTH TTOJIyYSHMS] MUHE-
PaJIbHOTO BOJIOKHA 113 MECTHBIX ChIPhEBBIX PECYPCOB.

BoiBoabl. B xone mpoBeneHUsT MCCIeNOBaHUNA MOJTyY-
YEeHBI CJAeAYIOIIUE Pe3ybTaThl:

1. M3yyen xumuyeckuil coctaB 6azanbToB EHxop-
ckoro MectopoxneHust Pecriyonuku bypsitus. 3apukcu-
POBaHO TIOBBIIIEHHOE COICPKaHNE OKCUIOB KPEMHMUS U
ATIOMUHUSI, KOTOPBIC CBUIETEIBLCTBYIOT O CTAOMITEHOCTH
MPOLIECCOB BOJIOKHOOOPA30BaHUs U BBICOKMX MeXaHUYe-
CKUX TTOKa3aTessix BojiokHa. Hu3koe copepkaHne oKcu-
JTOB XXeJie3a 00YCIOBIMBAET MaJIo€ KOJUYECTBO HEBOJIOK-
HUCTBIX BKJIIOUCHUN.

2. PaccuutaH MoayJib KMCJIOTHOCTU Oa3ajibTa, KOTO-
PBIii cocTaBsIeT 5,9 1 HAXOMUTCS B IOITyCKAaeMBbIX IIpeie-

JIaX, HEOOXOAMMBIX UISI TIOJYICHUS paciuiaBa U3 OIHO-
KOMIOHEHTHOM IIMXTHI.

3. B ruia3MeHHO-IyroBO#l YCTAaHOBKE IMOJIYYeHO MU-
HepabHOE BOJOKHO CO CPEAHUM AUaMeTPOM 7,555 MKM.

JlanbHEHIIMM 3TaroM MCCIeI0BaHUN SIBISETCS U3Y-
YeHME OCHOBHEIX CBOIMCTB BOJIOKHAa U3 0a3anbTa
Enxopckoro mecropoxnaeHust Pecriyonuku bypsitusa u
YCTaHOBJICHUE €r0 KayeCcTBa.
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KomnnekcHasa nepepaboTka MuHepanos
XpU30TUN-acbecToBbIX MECTOPOXAEHHUN

MpeacTaBneH aHanu3 COCTOAHUS 1 NEPCMEKTUB PA3BUTMS XPU30TU-acOECTOBOM OTPACN C OPUEHTUPOBAHMEM HA KOMMIIEKCHYHO
nepepaboTKy MUHEPaNTbHbIX KOMMOHEHTOB XpPU30TNS1-ac6eCTOBOr0 MECTOPOXAEHUS. ITO HEO6X0AUMO ANs PACLUMPEHUs aCCOPTUMEHTA
BbIMYCKAeMOIi NPOAYKLMM, CHIKEHIS 3aTpaT Ha 0TBaI006Pa30BaHINE U PEKYNBTUBALNIO, COKPALLIEHNS SKONOTMYECKOI Harpy3Kku ot
oTpacnu B pernoHe. KomMnnekcHoOCTb nepepaboTKu pecypcoB TakxXe 06ecneynT Xpru3oTun-ac6ectoBoi 0TPacn CTpaHbl NOBbILLIEHNE
9KOHOMUYECKON 3D eKTUBHOCTI U KOHKYPEHTOCNOCOBHOCTI. B ¢BA3K ¢ aTuM Ha MAQ «YpanacbecT» peluanuch 3afadyn nepepaboTkiu
O[LHOTO0 U3 LIeHHbIX MOP0A006pa3YIOLLNX MIUHEPANOB BaXKeHOBCKOro ac6ecToBOr0 MeCTOPOXAEHNS — rabbpo-anadasa, paHee
HanpaBnsiemoro B 0TBasbl. Lienbto 310 paboThbl CTaNo M3roTOBMEHME HA er0 0CHOBE 6a3anbTOBOr0 BOSIOKHA W1 HOBbIX MPOAYKTOB —
TENN0- 1 3BYKOM30NALMOHHbBIX MATEPUANOB AN1S1 CTPOUTENBHON MHAYCTPUN, A TaKXKE TMAPONOHHOIO cybcTparta Ans NPpUMeHeHus B
CENIbCKOM XO3SIACTBE C LieMbt0 BbIPALLMBAHNSA OBOLLHbIX, MIOAO0BbIX, AEKOPATUBHBIX 11 LBETOYHbIX KYNbTYp.
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rabopo-anabas, Mogymnb KUCNOTHOCTH, LWKXTA, pacnias, 6a3ansToBOe BOSIOKHO, 6a3anbToBas MUHepanbHas Tennon3onaLnoHHas Bara,
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Complex Processing of Minerals of Chrysotile-Asbestos Deposits

The analysis of the state and prospects of development of the chrysotile asbestos industry with a focus on the complex processing of mineral components of the chrysotile asbestos
deposit is presented. This is necessary to expand the range of products, reduce the cost of dumping and reclamation, reduce the environmental burden from the industry in the region.
The complexity of resource processing will also provide the country’s chrysotile-asbestos industry with an increase in economic efficiency and competitiveness. In this regard, PJSC
“Uralasbest” solved the problem of processing one of the valuable rock-forming minerals of the Bazhenov asbestos deposit - gabbro-diabase, which was previously sent to dumps. The
purpose of this work was the production of basalt fiber and new products based on it — heat and sound insulation materials for the construction industry, as well as a hydroponic substrate
for use in agriculture for the cultivation of vegetable, fruit, ornamental and flower crops.

Keywords: chrysotile-asbestos, chrysotile-asbestos industry, raw materials, complex processing of minerals, gabbro-diabase, acidity module, charge, melt, basalt fiber, basalt mineral

heat-insulating wool, basalt hydroponic substrate, growing vegetables, growing fruit and flower crops.
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3a MHOTUE AeCSITUICTHS paOOThI XPU30TUII-acOECTOBOM
OTpaciIv IMMOATBEePKICHA €€ BAXKHOCTD JJIST PEIICHMS Pa3Id-
HBIX TEXHWUYECCKUX W SKOHOMMUYECKMX 3a1ad. DTO CBSI3aHO
MPEKIEe BCEro ¢ LIEHHEHIMMU XapaKTepUCTUKAMK BOJJIOKOH
XpU30TUI-achecTa, 00eCrneurnBalOIIUX U3IEIUSIM BbICOKHE
apMUPYIOIIME U MPOYHOCTHBIC, TEIUIO- M BIIAr03alluTHbBIC
XapaKTepUCTUKM, OTHECTOMKOCTh M JTOJTOBEYHOCTh B pa3-
JIMYHBIX cpeiaX. DTUM OoIpeie/ieHa BO3MOKHOCTh U3TOTOB-
JICHUSI Ha €ro OCHOBE IO 3 ThIC. HAMMEHOBAHUII LIEHHBIX
MaTepraioB UTSI MHOTMX OTpacliecii HapOIHOTO XO3SIICTBA.
Camylo 0obIIYIO J0JI0 B 00beMe MPOU3BOJACTBA, CBBIIIE
50% obiero oobeMa XpU3OTUIICOACPKAIIEH TPOAYKIIUH,
3aHMMAIOT Pa3HOOOpa3Hble XPU3OTUI-IIEMEHTHbIC (-
(bepHBIC) MUCTOBBIE MaTepUabl. Takke MaTepuajIbl Ha OC-

HOBE XpU30TUJI-acOecTa TMPUMEHSIOT B TEKCTUJIBHOM, XM-
MUYECKOI OTpACIIsiX, B PAKETO- U MALIMHOCTPOCHUM, MEIM -
uuHe U T. 1. [1-4].

B 10 Xe Bpemsi acbecTocoiepkaliue pyabl U MOPOIbI
baxeHOBCKOrO XpM30TUI-acOCCTOBOIO MECTOPOXKICHMS
KpOMe XpU30THJIa — LIEHHEMIIIEro BOJIOKHUCTOTO MaTepya-
Jla — BKJIIOYAIOT MHOXECTBO MUHEPAIbHbIX KOMIIOHEHTOB.
N3BecTHB HaydyHO-TIpAaKTUUECKUE pa3pabdOTKU, OPUEHTH-
POBaHHbIC Ha BBIITYCK CTPOMTENLHBIX CMeCeil, MUHEpao-
BaTHBIX IUIUT, (PPAKIIMOHHOTO IIEOHS 71T aBTOMOOMITBHBIX
M KeNIe3HBIX OPOT, TMAPOIIOHHOTO MMHEPaJIbHOIo Cy0-
ctpara. [1por3BoACTBO HA IPEAPUSITUAN TOMYTHBIX ITOJIE3-
HBIX MMHEpaJCoAepXalluX H3AeNUNl ITO3BOJISIET CYIle-
CTBEHHO CHUXATb 00BEMBI pabOT IO OTBAJIOOOPA30BAHUIO

HAYYHO-MexXHU4eCcKUll U npou3800CEeHHbLI JHCYPHAN
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Puc. 1. Cxema npon3eBoacTBa TEMNJIOU3ONALMOHHBIX MINUT N3 6a3anbLToBOM
BaTbl C CUHTETU4ECKNM CBA3YIOLWNM

Fig. 1. Production scheme of basalt wool thermal insulation Boards with
synthetic

U peKyIbTUBALIMM TUIOINAACH, 3aTpaThl HA MX YIIOPSIOYE-
Hue. [ToaToMy 1151 TOpHO-TIepepabaThIBAIOIINX aCOECTOBBIX
MPEeANPUSITUI 1 5KOHOMUKHU PETHOHOB KOMITJIEKCHOE, MaK-
CHUMAJIBHO TTOJIHOE MCITOJIb30BaHNEe MUHEPATbHEIX PECYPCOB
acOeCTOBBIX MECTOPOXKICHUN CTAaHOBUTCS MPUOPUTETHOMN
3amaveit st Oyayuiero pa3BuTus Bceil orpaciu. Pa3BuBath
STW HaTpaBJICHUS TS HAlllel CTpaHbl HamboJiee BAXHO B
COBPEMEHHBIX YCJIOBMSIX, KOTIa HEOOXOIMMO CHU3UThH Ha-
TPY3Ky Ha 9KOJIOTHIO OT MIPOU3BOJICTBA.

B nacrosiee Bpems B [TAO «Ypanacbect» U3 Bcex co-
ITyTCTBYIOIIMX acOECTCOMEPKAIIIMM MIHEpaIaM IIOPOI Har-
0osiee BaXHbI I MOJYYSHUS] LEHHBIX U3ACINIT MarMaTh-
YyecKue IMOPObl — YITPAOCHOBHBIC, OCHOBHBIC M CPEIHUE,
TaK¥e KaK MepuI0THT, IyHUT, Tab0opo, AMOPUT, U METAMOP-
(bryeckrie MOPOIBI — CEPIICHTUHUT [3, 6].

[IpakTrKa pasHBIX CTpaH TOKa3bIBAET, YTO TTOPOIBI U3
OCHOBHOTO OTpsiia — M3 rab0po-auadaza wiu 0a3anbTa Mo
XUMUYECKOMY COCTaBy, MOMIYJIO KHCJIOTHOCTH, BSI3KOCTH,
TeMIiepaTtype TUIaBIeHUsT U CIIOCOOHOCTH K BOJIOKHOOOPa30-
BaHUIO TIPUTOTHBI JJIS1 U3TOTOBJICHUSI KAMEHHBIX MUHEPaJb-
HBIX BOJIOKOH, a Ha X OCHOBE — apMHPOBAHHBIX MaTePHATIOB
LIMPOKOI0 aCCOPTUMEHTA. DTO Mpexke Bcero: (pudpodeToH-
HbIe W3menusI, 0a3albTOKAPTOH, TCIUIOM3OJIAIIMOHHBIE IT0-
JIOTHA ¥ Ha MX OCHOBE — MarThl M TUTUTHI pa3HBIX Pa3MEpOB 1
Pa3HOI1 HETJIOCKO (pOpMbI, HAIpUMEP UMIUHAPHI U TIp. [7].
B mpakTuke camoe 60JIbIIIoe KOJTMYEeCTBO M3IETNIA Ha OCHOBE
0a3aIbTOBBIX BOJIOKOH IPEACTaBICHO TEIJIOM3O0JISIIIUMOHHbI-
MU MUHEPATbHBIMU TUTUTAMU. A TIOPOJIBI Ha OCHOBE TMOPHTA,
MEPUIOTUTA, CEPIIEHTUHUTA TOCIe U3METbUYEHUST UCTIONb3Y-
I0TCA Kak I1e0eHb IS JTOPOXHBIX padoT. MpakimoHHBII
niebeHb B [TAO «Ypanac6ect» Bbimyckaercs ¢ 1960-x rr. u3
TEKYIIIEro BbIX0Aa BMelIatolieii moposl. [1pon3BoacTBo Mu-
HEePAIBHBIX IDTAT IS CTPOUTEIbHOM MHAYCTPUU HAaualoch Ha
npeanpustun ¢ 2010 r. ExxerogHblii BBIMYCK MUHEpaIoBaT-
HBIX TUIMT U TUAPOIIOHHOTO CyOCTpara COCTaBJsieT Oojiee
80 ThIC. T (mopsika | MutH M3). 1151 3TOTO 3aBOJ MepepadaThi-
BaeT 0koJ1o 100 TEIC. T rabbpPO TEKYILETO BBIXOA.

[IpakTrka pasHbIX MPOMU3BOAUTEICH W TOTpedOuTeseit
MHUHEpaIbHOI BaThl HA OCHOBE 0a3aJIbTOBBIX BOJOKOH ITO-

Ka3zajia IperMyIIecTBa 110 CPaBHEHUIO ¢ MUHEpaJIbHOI Ba-
TOM, U3rOTABIMBAEMOMN HA OCHOBE APYIMX BOJIOKOH, HAIIPU -
Mep CTeKISTHHbIX. OHa MeeT OoJiee BICOKME TETUTO(MU3H -
Yyeckre M XMMHUYECKHE CBOMCTBA, MEHEE TMIPOCKOMMYHA,
0osiee TOXKApOCTOIKa, MOJNTOCPOYHA B NMpuMeHeHuMU. Ha
VYpasie 1 U3roToBIEHUS TEIJIOU3O0SLIMOHHOIO MaTepura-
Jla KaK OCHOBHOE CBIPhE MCIIOJb30Baju TabOpo-anabdas
baxkeHoBckoro MecTopoxneHust xpusorui-acoecra. C ero
MpUMEHEHUEM OTpabOTaHa M 3allylleHa TeXHOJOTHUs MPo-
M3BOJICTBA 0A3aJIbTOBBIX IITATIEILHBIX BOJIOKOH.

CaMbIMU BaXKHBIMM XUMUYECKUMU KOMIIOHEHTaMU rab-
Opo-amabasa B baxkeHOBCKOM MeCTOPOXKIECHUU ISl TTPOU3-
BOJICTBA MUHEPAJIBbHBIX BOJOKOH SIBIISIIOTCSI OCHOBHBIE W
KUCJIOTHBIE OKCHUJIbI, HanboJiee paclpoCcTpaHeHHbIE B IIPU-
pone, %: SiOy — 1o 50; MgO — o 20; CaO — o 16; Al,O3 —
10 10 u F»O3 — mo 7. OcranbHble KOMIOHEHTH — NayO,
K70 1 MnO nipucyTCcTBYIOT B MaJIbIX KojimuecTBax — ot 0,04
10 0,6%. Ho 1 oHM UTpaloT oIpeneeHHYIO pojib 1IsT 00e-
crieyeHusT (hU3UKO-MEXaHMUECKMX M KAUeCTBEHHBIX XapaK-
TEPUCTUK TMOJydaeMOi MUHEPaTbHOI KaMEHHOI 6a3abTO-
BOI1 BaThl, IO3TOMY U UX KOJIMUYECTBO B CMECSX TaKKe KOH-
TPOJIUPYETCS.

I1s1 mosy4eHMsT BHICOKOKAUYECTBEHHBIX MUHEPaIbHBIX
0a3aJTbTOBBIX BOJIOKOH U TETUTOM3OJISIITUOHHBIX MATEPUAIOB
Ha UX OCHOBE BaXKHO 0OECTICUUTh B ChIPHEBBIX CMECSX HYXK-
HOE COOTHOIICHUE KUCIOTHBIX OKUCIOB — SiOj, AlhO3 u
OCHOBHBIX okucioB — CaO, MgO 1 cooTBETCTBEHHO TpeOy-
eMBIif MOIyJTb KUCITOTHOCTH (M) KaK ChIpbs, TaK U TOJIY-
YEHHOM 0a3aJbTOBOI BaThl:

Mg = CaO + MgO / SiO; + AlO3.

[IpaBuibHO TOAOOPAaHHOE COOTHOIIEHHWE MUHEPaIoB
orpeeseT BO3MOXHOCTh ITOJIy4eHHsT Ha MX OCHOBE JIETKO-
TJIAaBKMX WM TYTOIJIaBKMX COCTaBOB PACILIABOB, a 3aTEM BO-
JIOKOH ¥ MUHEpaJIbHOI BaThl C TEM K€ MOMYJIeM KHCIOTHO-
ctu [8, 9]. [TosToMy B paboTe CTPOTro KOHTPOIUPYIOT COOTHO-
IIEHME KUCJIOTHBIX M OCHOBHBIX OKCHIOB B ChIPHEBOI IIMXTE
U TaKKe B MPOAYKTE PacIliaBa ¥ FOTOBOM MPoAyKuuu [6—9].

[1pu nBeHagATUIETHEN MTPAKTHUKE U3BJICUEHUS U3 TIOPO.T
BbaxkeHOBCKOTro MeCcTOpOXIeHNUS rab0po-auabda3a 1 U3ydeHHsI
€ro cocTaBa OIpPEICNICHO, YTO CPEOHSST BEJIMYMHA MOLIYJIS
KUCJIOTHOCTH 3a BCE TOAbI MPOM3BOACTBA JOCTATOYHO CTa-
OusIbHA M Haxoawaach B ripenenax 1,86—2.4. Takxe ycTaHOB-
JIEHO, YTO C YBEIMYEHHUEM MOJIYJIsI KUCIOTHOCTHU rabbpo-aua-
0a3a TOBBIIIACTCS XMMMYECKas U TepMHUecKas CTOMKOCTb
M3TOTaBINBAacMBIX Ha OCHOBE 0a3aIbTOBBIX BOJIOKOH MIUHEpa-
JIOBaTHBIX M3IENNI U CPOK IKCIUTyaTallii TOTOBOM MIPOIYK-
umn. {1 mommepsKaHus JOJSKHOTO TToKa3aTe st KMCJIOTHOCTH
CBIPbEBOI CMECH MPU HEOOXOAUMOCTH B Hee BBOAMJIM JOTIOJI-
HUTEJTbHBIC MIHEPAJIbl — TOJOMUT WJI U3BECTHSIK.

MuHepajbHYIO BaTy MOJYYaloT B pe3yjabTaTe IBYX TeX-
HOJIOTMYECKUX IPOIIECCOB — ITOATOTOBKU CUJIMKATHOTO
paciuiaBa B BarpaHKe U BBITSITMBAHUS M3 pacIuiaBa MUHE-
PaJIbHBIX BOJIOKOH Ha BaJiKax LeHTpudyru (puc. 1).

J1s TIOJTy9eHHS TEIUIOM30JISIIIMOHHEBIX MaTepHaioB BCe
M3MeJbUYEHHbIE U KIacCU(PUIMPOBAHHbBIE 10 pa3MepaM MU-
HepaJbHbIe KOMIIOHEHTHI ITUXTH CMEIHBAIOT C TUTCHHBIM
KOKcoM (dpakuuu +60 MM. JIUTEHHBINA KOKC TPUMEHSIETCS
KaK OCHOBHOE TOIUIMBO IUISI TUIABKM INKXThl B KOKCOBOM
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Puc. 2. [Jo6biua rab6po
Fig. 2. Gabbro mining

Puc. 3. KokcoBas BarpaHka
Fig. 3. Coale cupola

BarpaHke; IOITOJIHUTEIbHBIC KOMIIOHEHTHI IIST TUTABKU —
ra3, MomOTpeThlii BO3AyX M Kuciopon. [loaroroBieHHbIN
pacIuiaB IOCTYIAeT Ha YeTHIPEXBAIKOBYIO LIEHTPUMYTY, TIe
13 HETO BBITTHBAIOTCS METOIaMK pa3drBa M pa3mayBa TOH-
Kue BojokHa. Tyaa Xe B Ipoliecce BOJOKHOOOPa30BaHUS
Ha TIOBEPXHOCTh BOJIOKOH TIOCTOSIHHO TIOZIAeTCSI CBSI3YIO-
1ee, ¥ 3aTeM BOJIOKHA TOMafaloT B KaMepy BOJOKHOOCaXK-
neHus. lamee ¢ ITOMOIIBIO MasSTHUKOBOTO YCTPOMCTBAa Ha
KOHBeliepe (GpOpMUPYIOTCST CIOM MHHEPAJTBHOTO KOBpa W3
BOJIOKOH C CUHTETUYECKUM CBSI3YIOIIMM COOTBETCTBYIOLIEH
TOJIIINHEI (puC. 2).

Kogep 3aTeM ymiaoTHseTcsl B ToPUPOBLIMKE-TIOAIPEC-
COBIIMKE 10 HYXHOHM TUIOTHOCTH U TIOCTYIIAeT B Kamepy
nosuMepusauuu. ITocie moaMKoHAEHCAMU CBSI3YIOILETO ¢
MHUHEpaJIbHBIM BOJIOKHOM TIPOIYKIIUSI TIOCTYIAaeT B 30HY
OXJIAXIEHWS, U TIPU JOCTMXKEHWN MUHEPATbHBIM KOBPOM
ONpeAeICHHOM XECTKOCTU €ro pacluIMBaIoT Ha (hparMeH-
THI C TIOJTYYCHUEM IUTUT HYXHBIX pa3MepoB U (HOPMATOB.
l'oToBas mpoaykiuus ImTabeNeyKIaauukKoM ToaaeTcsl Ha
VITAKOBOYHYIO MAIIMHY IS (POPMUPOBAHUS TMAIET U UX
OOBSI3KM M 3aTeM CKIIAIUPYETCS.

Casgyroliee 1151 0a3aJbTOBBIX BOJOKOH IMOATOTaBIMBa-
JI1 Ha OCHOBE HEWTpaIM30BaHHOU (heHOIOpMaThACTH -
HOI CMOJIbI, MAC/ISIHO-CUJTMKOHOBBIX 00ECIbLIMBAIOILINUX U
rHAPOoHOOM3UPYIOIINX SMYIBCUI W psIa JOIIOTHUTEIBHBIX
J100aBOK, OOECMeYMBalOIIMX CHUXEHHE MOBEPXHOCTHOTO
HaTSDKeHUST pacIulaBa, YIydilleHHe CIETUICHUS OpraHuye-
CKOM COCTaBJIIOUIEN C HEOPraHUYECKOM TOBEPXHOCTHIO
BOJIOKOH, a TakK:Ke M5 MOAAePXKUBAHUS 3aIaHHOTO peXuMa
TEXHOJIOTUYECKOTO ITpoIiecca.

BaxHbIM B MpoBeaeHHOI paboTe Ha MPENNPUSATUH SIB-
JIIETCSI COBMEILICHME ABYX CBSI3YIOIIMX Ha OCHOBE BBICOKO-
CTaOMITBHBIX MACIISTHO-CUJIMKOHOBBIX SMYJIbCHIA, MICATBHO
COBMECTUMMBIX [JISl PEIIeHUs] MOCTaBACHHBIX 3agad Io
MIPUHIINAITY IBa B OMHOM. Tak KakK TPy MEXaHMUCCKMX BO3-
JMEeHCTBUSIX Ha (hOpMYyeMbIil MaTepral — YKIAAKe U CXaTUKU
€ro B IIPOILIECCe M3TOTOBJICHMS TIPU TPAHCIOPTUPOBAHUU

Puc. 4. LleHTpndyrmuposarue pacnnasa
Fig. 4. Melt centrifugation

MPOAYKIIMM 32 CUET MOBBILIEHUS TPEHHUSI BOJIOKOH BO3MOXK-
HO MX YaCTUYHOE pa3pylIeHne U 00pa30BaHMe MUHEPAJIb-
HOU TTBUIM, OTHA W3 3TUX SMYJILCUI CBSI3BIBAET MEXKIY CO-
00i1 yacTUILILI MUHEPaJIbHOM MbLIU. BojlokHa mpuobperalor
3JIACTUIHOCTh, YMEHBIIAETCSI WX JIOMKOCTh, a IPOXYKIIHS
MpeaoXpaHseTcsl OT INOoMagaHus BHYTPb M3AEIMI BIAru.
CoCTaB 1 KOJIMYECTBO CBSI3YIONINX B CMECSIX 3aBUCHT OT CO-
Jiep>KaHusl cBoOoaHOro (peHosa u hopmabaeruaa B GeHoI-
(opmanbreruaHoOi cMojie, BUAA U IUIOTHOCTH BBIITyCKae-
Moit mponykuuu [12—15]. CoBMecTHOE WCIOb30BAHUE
CBS3YIOIIMX IS MUHEPAJIbHON BaThbl CHU3WJIO 3aTpaThl Ha
MIPUTOTOBJICHNE CMeCeil 1 CTOMMOCTh MUHEPATbHOI BaTHI.

OtpaboTaHHasl Ha MPeNNpUITHM 0a3ajibToBas MUHE-
pajibHasi BaTa MaJIOTUTPOCKOIMYHA, BOIO-, MOPO30- U TEM-
TepaTypocToiika, He TOPWUT, He THUET, €¢ HE pa3pylIaloT
rpoi3yHbl. OCHOBHBIE €€ XapaKTePUCTUKU: MOAY/Ib KUCIOT-
HocT He MeHee 1,8, BomoctoiikocTh (pH) He Gomee 3,5,
CpeaHui fuaMetp (popMyeMbIX BOJJOKOH — 3—6 MKM, cofiep-
JKaHME HEBOJIOKHHUCTHIX BKJIIOUCHUI pa3MepoM OOJIbIIIe
0,25 MM He mpesbiiraet 4,5 Mac. %. I11OTHOCTb MPOU3BOAN -
MO} MUHEpPAIBbHOI BaThl 25—210 KT/M3, TeII0NMpoBOIHOCTD
0,034—0,044 Bt/(m'K). Cpok aKkcrityaTaliui MUHEpaabHOM
BaThl He MeHee 3 JieT. Haubosiee yacTo UCMONB3YIOT 6a3alib-
TOBYI0O MMHEpAJIbHYIO BaTy B BUIE MAaTOB, MOJYXKECTKUX U
JKeCTKUX TITUT, CKOPJIYI, KJIMHBLEB, CETMEHTOB. Takxke ee
MIPUMEHSIIOT ISl TEILIOM30JISILIMM KaK XOIOAHbIX (110 -200°C),
Tak 1 ropstunx (no 600°C) mosepxHocteii [ 16, 17]. ITpomyKThI
MapoNpOHULIAEMbI, HETOPIOUU, HETOKCUYHBI, YCTONUUBBI K
TepeMeHaM TeMIIepaTyphl, K IIECCHN M TPUOKY, CTONKM K
YIABTPA(pHUONETOBOMY M3JTyYEeHUIO, 00TafaloT XOpOoIlei mry-
MOM3OJISILIUEH, TPOCTHI B YCTAHOBKE.

W3rotapnrBaemMasi Ha 3aBOJIE TETIIOM3OJISIIIMOHHBIX Ma-
tepranioB ITAO «Ypanacbect» GasasbToBass MUHEpaIbHasT
BaTa ITIOJNyYMJIa Ha3BaHUEC TOPTOBOM MapKu «DKOBEp».
Mopynb KUCIOTHOCTU TOCTOSIHHO BBIMMyCKAeMOM MPOIYK-
1uuM 1,8 1 BBIIIE COOTBETCTBYET TUITY A MOIYJISI KUCJIOTHO-
ctu o FOCT 4640-93.

Puc. 5. MasTH1KOBBI packnagqmk
Fig. 5. Pendulum spreader

Puc. 6. MuHepanoBaTHbIi KOBEP
Fig. 6. Mineral wool carpet

Puc. 7. Pe3ka MMHepanoBaTHOro KoBpa Ha namTbl
Fig. 7. Cutting of mineral wool carpet into slabs
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Puc. 8. YnakoBka MUHepanoBaTHbIX
T

Fig. 8. Packing of mineral wool boards

Puc. 9. MuwuHepanoBaTHbIit
KyOMK rmaponoHHOro cybcTpara
Fig. 9. Mineral wool cube
hydroponic substrate

Bropoii Bua npomayKiuu — TUAPONOHHBIN cyOCTpaT U3-
TOTaBIUBACTCS TAKXKE M3 TOTOBBIX ITUT 0a3aJIbTOBOI BaThI.
Ho mockonbKy BeITTycKaeMast 0a3aIbToBas TETTOM3OJISIIAS
MMeeT BBICOKYIO TMIpPO(OOHOCTh, a A TUAPOIIOHHOTO
cyOcTpaTa BaxkHa, HA000pOT, BEICOKast TMAPOMUIBHOCTD, TO
B COCTaB MUHEPAIbHOI BaThl AJIS1 TMAPOIIOHUKU BMECTO
ruapo(OOHOM SMYIbCUM BBOIAT BJIATrOYACPXKUBAIOIIUIA
KOMITOHEHT — MOJUATUIEHIIUKOIb [1DT-400.

MuHepanbHas BaTa AJIs1 TUAPOIIOHHBIX MPOIYKTOB BbI-
ITyCKaeTcsT TaKKe Ha OCHOBE 0a3aJbTOBBIX BOJOKOH U TIO
TOM XX TeXHOJOTUH, YTO U TEIJIOU30ISIMOHHBIC ITUTHI, U
TaKKe B BUIE MATOB Pa3HBIX Pa3MEPOB U PAa3IMIHOM IIOT-
Hocti — 30 1o 110 Kr/M3 ¢ MOy IeM KHCIOTHOCTH He MeHee
1,6, u pH nHe Gonee 4. OTIMYAIOTCS TOJBKO KOMIIOHEHTBI,
BXOISILLIME B CBSI3KY [UISI MUHEPAJIbHOW BaThl, T€OMETPUS
TOTOBBIX M3MEINII — IPOOKHU, KYOMKH U JIp. B 3aBUCUMOCTHU
OT Pa3IMYHBIX TOCAJTOYHBIX MECT 3TOTO MCKYCCTBEHHOTO
rpyHTa (puc. 3).

[mpokwii 1Mama3oH IIOTHOCTH 3TUX MaTepUaIOB I10-
3BOJISIET MCIIOJIb30BaTh MX [UIS BhIpAIlMBaHUS B TEIIMIIAX
pacTeHuli pa3HOro BMIA ISl CaJaTOB, TOMATOB, OTYPIIOB,
OakaxkaH, TIieplia, IIBETOB, a TAKKE PO3 U IPYTUX KYJIbTYP.

ITpousBoaMMBIii MUHEPAIOBATHBIN 0a3aabTOBBIN T'UI-
POTIOHHBII CyOCTPAT IO OTHOIIECHUIO K €CTECTBEHHOMY VI
JIPYTOMY MCKYCCTBEHHOMY I'DYHTY MMEET MHOIO MpeuMy-
mectB. OH XMMUYECKM WHEPTEH, MMEET OTHOCUTEIBHO
CTepWIJIBHYIO Cpely, B €r0 COCTaBe HET IMUTATEIBbHBIX Be-
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IIeCTB, B HEM HET TOKCMHOB M TIATOT€HOB, 00JaIaeT BBICO-
KUMU KalmWUISPHBIMU CBOMCTBAMU U TPOMOJIKUTEIbHBIN
CPOK CJIy>KObl — TpU U OOJIee JIeT.

Topropass Mapka 0a3ajJbTCOAEPXKALIEr0o MUHEpasoBaT-
HOTO TUIIPOMIOHHOTO cyOcTparta «9KoBep ['pyHT».

[To n1BYM TipencTaBIeHHBIM TEXHOJOTHSM C TIPOM3BOMI-
CTBOM U NMPUMEHEHMEM 0a3aIbTOBBIX BOJIOKOH B HACTOSIIIIEE
Bpemsi Ha [TAO «YpamacGecT» MOCTOSTHHO pabOTAlOT IBE
TEXHOJIOTMYECKHE JTUHUU O MPOU3BOACTBY TEILIOM3OJISII -
OHHBIX MATEPUAJIOB C TPOU3BOAUTEILHOCTHIO 6 T/4 U IIEpUO-
JIUYECKU — OfIHA TeXHOJOTMYEeCKas JMHMS I BBIITYCKa Tv-
JIpornoHHoro cyoctpara. Ero Beimyckarot cBbime 500 T/rom.

IMponykuus npeanpusitus noctasisgercsd B YenasiOuH-
ckyto, CepmioBckylo, Bonoroackyto, TiomeHckylo oba-
ctu, Ilepmckuit 1 CTaBpOMOILCKMI Kpasi, B PeCITyOIMKI
KapauaeBo-Yepkecuio u Yamyprtuio.

[IpencraBneHHBIE B CTaThbe MaTepHalbl IOKA3bIBAIOT,
YTO C Y4ETOM TTPOBEICHHBIX 32 MHOTHE TOIIBI MCCIICIOBAHUIA
Ha [TAO «Ypanacbect» yBeIMUMIOCH KOMILJIEKCHOE TpH-
MEHEeHMe MUHEPATLHOTO ChIPhsl baskeHOBCKOTO MECTOPOXK-
JIEHUST XpU30TUI-acOecTa U B pe3yJbTaTe YMEHbILIEHbI 00b-
€Mbl COpOCOB B OTBaJibl MPOAYKTOB IMEPEPaOOTKH ChIPbSI.
Takum obpa3zoM, Ha NPEANPUSITUN PeaTu30BaHbl PeCcypco-
1 npupopocodeperatoine TexHogoruu. [Ipu pemeHnn aTux
3aj1a4 BBITIOJTHEHA AMBEPCUMDUKAIIUS 1 MOJICPHU3AIIHST TTPO-
M3BOACTB U, KaK CJEICTBME, PACIIUPUICS aCCOPTUMEHT
BBIIYCKaeMO TPOAYKLINK U cPephl UX TPUMEHEHMS.

References

1. Kobzhasov A.K., Abdrakhmanova D.K., Punen-
kov S.E. Complex processing of chrysotile-asbestos
ores in a market economy. Promyshlennost’ Kazakh-
stana. 2008. No. 2, pp. 24—27. (In Russian).

2. Punenkov S.E. The current state and prospects for the
development of the chrysotile-asbestos industry in
Brazil. Stroitel 'nye Materialy | Construction Materials].
2011. No. 5, pp. 73—76. (In Russian).

3. Jafarov N.N., Jafarov F.N. Efficient technology for
the extraction of useful components is an important
factor in the preparation of deposits for industrial de-
velopment. Gorno-geologicheskii zhurnal. 2017.
No. 3—4 (51-52), pp. 7-9. (In Russian).

4. ShkarednayaS.A., Kaskevich T.M. Asbestos-containing
products and building materials. Gorno-geologicheskiy
zhurnal. 2005. No. 2, pp. 37—39. (In Russian).

5. Ovcharenko E.G. Analiz sostoyaniya rynka teploizol-
yatsionnykh materialov v Rossii. [Analysis of the state

scientific, technical and industrial journal

®

December 2022

13



CoipbeBas 6a3a oTpacan

6. dxurupuc J.J1., Maxoa M.®. OcHOBBI ITPOM3BOJ-
cTBa 0a3aJbTOBBIX BOJIOKOH U u3nenauii M.: Teruio-
sHepreTuk, 2002. 416 c.

7. Matioxun B.U., Apowmenko 10.I'., MaTioxuHa A.B.,
Hynko B.A., Ilynenkos C.E. Mcnonp3oBaHue Ipu-
POIHOTO Ta3a IMPU OTOIJICHUH IIIaXTHBIX ITeveil Barpa-
HOYHOTO TWIIA JUISI TIOBBIIIEHUST 3HEProad@eKTuB-
HOCTHU TEXHOJIOTMYECKHUX TTPOIIECCOB BBITIJIABKU YYyTY-
Ha // H3zeecmus evicuiux yuebHbix 3aeedeHuil. Yepnas
memannypeus. 2017. T. 60. Ne 8. C. 629—636.

8. IlynenkoB C.E., KosznoB 10.C. Xpuszotuna-acoecT u
pecypcocbepexeHre B XpU30TUI-acObeCTOBOI OTpac-
mm /) Topuoiit xucypuan Kazaxcmana. 2022. Ne 4.
C.8-14.

9. Apa6oB A.P., [Tomumyk E.1O. TerutonzonsaimoHHbIe
U JEKOPAaTUBHBIE BO3MOXHOCTH TepMomaHeseil //
Kpogenvnvie u uzonsyuonnsie mamepuanst. 2020. No 2.
C.20-24.

10. BopoobeB A. deHondopMaibieruaHble CMOIbL //
Komnonenmwr u mexronoeuu. 2003. Ne 7. C. 176—179.

11. dpues B.I1., TTongkosa A.B. Ananus pacrnpeneneHust
TEeMIIEPATYp IO TOJIIMHE KOHCTPYKLIMI C YyTeIUIUTe-
JIeM M3 TICHOIIOJMCTHpPOJia M MMHepaaoBaTel //
Cmpoumenviole Mamepuansl, 060pyo0osanue, MexHoa0-
euu XXI eexa. 2021. Ne 5. C. 57—63.

12. INetponasnoBckas B.b., 3aBagpko M.IO., HoBuueH-
koBa T.B., [Terponasnosckuit K.C., bypssinoB A.O.
l'uricoBbie MOTMGUITMPOBAHHBIE KOMITO3UIIUN C UC-
[10JIb30BaHUEM aKTMBHUPOBAHHOTO 0a3aJIbTOBOTO Ha-
noauutenst // Cmpoumenshoie mamepuanst. 2020.
Ne 7. C. 10—17. DOI: https://doi.org/10.31659/0585-
430X-2020-782-7-10-17

13. xurupuc O.J., Maxoa M.®. OcHOBBI ITPOU3BO/I-
cTBa 0a3aJIbTOBBIX BOJIOKOH 1 m3menuii. M.: Termio-
sHepreTuk, 2002. 416 c.

14. Matyukin V.I., Zemlyanoi K.G., Zhuruavlev S.J.,
Punenkov S.E. Oxidation kinetics of Metallurgical
cokeina Smelter of cupola Type // Coke and Chemistry.
2021. No. 6, pp. 23-27. https://doi.org/10.3103/
S1068364X2106003X

15. Matyukhin V.I., Yaroshenko Yu.G., Matyukhina A.V.,
Punenkov S.E., Dubko V.A. Improving the energy
efficiency of technological processes for smelting cast
iron in mine furnaces of the vahranok type // Modern
scientific achievements of metallurgical heat engineering
and their implementation in industry: a collection of
reports of the II International Scientific and Practical
Conference dedicated to the 90" anniversary of the merit.
Worker of Science and Technology of the Russian
Federation Yu.G. Yaroshenko, Yekaterinburg. UrFU.
2018, pp. 131-139.

16. Abdoulaye Diedhiou, Libasse Sow, Adama Dione.
Comparative study of physical-chemical characteristics
of diack basalt and bandia limestone for use in railway
engineering // Geomaterials. 2022. Vol. 12. No. 2,
pp. 1450—1454.

17. becconos U.B., Crapoctun A.B., Ocbkuna B.M. O
GopMOCTaOUIBHOCTU BOJOKHUCTOTO YTEeIauTenst //
Becmuux MI'CY.2011. Ne 3. C. 134—139.

of the market of heat-insulating materials in Russia].
Moscow: Teploproekt. 2017. 101 p.

6. Dzhigiris D.D., Makhova M.F. Osnovy proizvodstva
bazal’tovykh volokon i izdeliy [Fundamentals of the
production of basalt fibers and products]. Moscow:
Teploenergetik. 2002. 416 p.

7. Matyukhin V.I., Yaroshenko Yu.G., Matyukhina A.V.,
Dudko V.A., Punenkov S.E. The use of natural gas in the
heating of cupola-type shaft furnaces to improve the en-
ergy efficiency of technological processes of iron smelting.
Izvestiya vysshikh uchebnykh zavedeniy. Chernaya metal-
lurgiya. 2017. Vol. 60. No. 8, pp. 629—636. (In Russian).

8. Punenkov S.E., Kozlov Yu.S. Chrysotile-asbestos and
resource saving in the chrysotile-asbestos industry.
Gornyy zhurnal Kazakhstana. 2022. No. 4, pp. 8—14.
(In Russian).

9. Arabov A.R., Polishchuk E.Yu. Thermal insulation
and decorative possibilities of thermal panels.
Krovel’nyye i izolyatsionnyye materialy. 2020. No. 2,
pp. 20—24. (In Russian).

10. Vorobyov A. Phenol-formaldehyde resins. Komponenty
i tekhnologii. 2003. No. 7, pp. 176—179. (In Russian).

11.Yartsev V.P., Polyakova A.V. Analysis of temperature
distribution over the thickness of structures with ex-
panded polystyrene and mineral wool insulation.
Stroitel 'nyye materialy, oborudovaniye, tekhnologii
XXI veka. 2021. No. 5, pp. 57—63. (In Russian).

12. Petropavlovskaya V.B., Zavad’ko M.Yu., Novichen-
kovaT.B., Petropavlovskii K.S., Buryanov A.F. Gypsum
modified compositions with the use of activated basalt
filler. Stroitel’nye Materialy [Construction Materials].
2020. No. 7, pp. 10—17. (In Russian). DOI: https://doi.
org/10.31659/0585-430X-2020-782-7-10-17

13. Dzhigiris D.D., Makhov M.F. Osnovy proizvodstva
bazal’tovykh volokon i izdelii [Basics of production of
Basalt fibers and products]. Moscow: Teploenergetik.
2002. 416 p. (In Russian).

14. Matyukin V.I., Zemlyanoi K.G., Zhuruavlev S.J.,
Punenkov S.E. Oxidation kinetics of metallurgical coke in
asmelter of cupola Type. Coke and Chemistry. 2021. No. 6,
pp. 23—27. https://doi.org/10.3103/S1068364X2106003X

15. Matyukhin V.1., Yaroshenko Yu.G., Matyukhina A.V.,
Punenkov S.E., Dubko V.A. Improving the energy effi-
ciency of technological processes for smelting cast iron in
mine furnaces of the vahranok type. Modern scientific
achievements of metallurgical heat engineering and their
implementation in industry: a collection of reports of the
11 International Scientific and Practical Conference dedi-
cated to the 90" anniversary of the merit. Worker of Science
and Technology of the Russian Federation Yu.G.
Yaroshenko, Yekaterinburg. UrFU. 2018. pp. 131—139.

16. Abdoulaye Diedhiou, Libasse Sow, Adama Dione.
Comparative study of physical-chemical characteristics
of diack basalt and bandia limestone for use in railway
engineering. Geomaterials. 2022. Vol. 12. No. 2,
pp. 1450—1454.

17. Bessonov 1.V., Starostin A.V., Oskina V.M. On the
shape stability of fibrous insulation. Vestnik MGSU.
2011. No. 3, pp. 134—139. (In Russian).

HAYYHO-MexXHU4eCcKUll U npou3800CEeHHbLI JHCYPHAN

14

Iekabps 2022



Materials for road construction

YIK 691.33
DOI: https://doi.org/10.31659/0585-430X-2022-809-12-15-21

C.H. BOHOAPEHKO, cT. npenoaasaTtens (sveta-zolotykh@yandex.ru),
N.10. MAPKOBA, kaHg. TexH. Hayk (irishka-31.90@mail.ru),

E.A. AKOBJIEB, kana. TexH. Hayk (adabgtu@gmail.com),

M.C. JIEBELEB, kaHa. TexH. Hayk (michaell1987@ya.ru),

O.tO. MOTAIMOB, ctyneHT (potapovdanil420@gmail.com)

Benropoackunin rocynapcTBeHHbIn TexHonormyeckunin yHnsepcuteT um. B.IM. Lyxosa (308012, r. Benropoga, yn. KocTiokosa, 46)

CTpykTypoobpa3oBaHue LLlEMEHTHOr0 KaMHs
Ha 0CHOBE KOMNO3ULMOHHOIO BAXYLLEro
C NPUMEHeHWeM NosIMMepHO-MUHepanbHON J06aBKH

B 0Op0XXHOM CTPOMTENBCTBE OAHUM M3 MPOrPECCUBHBIX MPOEKTHBIX PELLEHUIA, YBENINYNBAIOLLNX A0SITOBEYHOCTb JOPOXHbIX 06bEKTOB,
ABNAETCA YKPENEHNEe FPYHTOB Kak A1 Pa3niyHbIX KOHCTPYKTUBHBIX CIOEB AOPOXHOIA Of1eX/bl, TaK 1 NOACTUNALLErO CHOS —
3eMJIIHOTO NONOTHA. [PMOPUTETHBIMI MaTepuanamm Npu YKPeniaeHn rpyHToB SBASIOTCA BSOKYLLNE MaTepUasnbl Ha OCHOBE
NOpTNaHALEeMeHTa B COYeTaHuN ¢ fo6aBkamm-ctabunnsatopamu. Cpean MHOroo6pasus cTabunnaatopos NHTEPEC NPEACTaBAAIT
[06aBKu, COAepXaLlie B CBOEM COCTaBe NONNMEPbI, NO3BONAKLIME YIYHLUTb BOAHO-(M3NYECKINE CBOIICTBA FPYHTOBLIX CUCTEM,

a TAKXKE MUHEPasbHbIE KOMMOHEHTbI, MONOXNTENTbHO BAMSAIOLLNE HA NPOYHOCTb KOHEYHOro Matepuana. OfHoii U3 Takux 006aBOK
ABNAETCA NoNMMepHO-MuHepansHas nob6aska Nicoflok. HacTosiwas paboTta nocBsiLLeHa U3y4eHM0 BNNAHMS 3TON A06ABKN Ha
CTPYKTYp006pa30BaHMe LIEMEHTHOIO KamHsl. Mpon3BeeHa oLeHKa hM3NKO-MexXaHU4eCKX CBONCTB KOMMO3WULMOHHOIO BSXKYLLEr0

B 3aBUCKUMOCTY OT cnoco6a BBeAeHNs J06aBKN 1 BDEMEHM ero NpuroToBeHus. 3y4eHbl 0CO6EHHOCTI (DOPMUPOBAHMS CTPYKTYPbI
LIEMEHTHOTO KaMH$i Mp1 UCMoJib30BaHNK NOAUMEPHO-MIUHEpanbHON [06aBKI B COCTaBe BSXKYLLEro. Ha 0CHOBaHWUM NPOBEAEHHbIX
MCCNel0BaHNM YCTaHOBIEHbI 0COOEHHOCTU CTPYKTYPOOBPa30BaHNA LIEMEHTHOr0 KaMHS Ha OCHOBE KOMMO3MULIMOHHOMO BSXKYLLErO,
3aKJTH04AOLLMECS B BOB/IEYEHWN KOMMOHEHTOB NOMMMEPHO-MUHEPanbHON J00aBKW (BOMNACTOHNTA, aMOPHOI0 KpeMHe3ema) 3a cHeT
COBMECTHOI0 MOMONA B NPOLLECChHI rMapaTauyuy 1 TBEPAEHNS BSXKYLLEr0. 3TO NO3BONAET 3HAYUTENBHO YAYHLWINTL (PU3NKO-MEXaHNYeCcKue
XapaKTePUCTUKN LEMEHTHOrO KaMHs.

KnioyeBble cnoBa: KOMNO3NLMOHHOE BSXKYLLEe, CTabunn3arop, nonnmMepHo-MuHepanbHas 4o6aBka, CTPYKTYPOO6pa3oBaHue,
MeXaHn4eckas akTuBalns.
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‘ Marepuanbl A1 A0POKHOTO CTPOHTEIHLCTBA

CornacHo TpaHcnopTHo#i cTpateruu Poccuiickoit
®eneparn 1o 2030 r. ¢ MPOrHO30M Ha IEPUOL 10
2035 1., a Takke B paMKax OCYIIECTBICHUs HAllMOHAb-
Horo mpoekTa «be3omacHble KayeCTBEHHbIE NOPOrU»
ocoboe BHUMaHUE YAEJSIeTCs BOIMPOCY YIyUIlIEHUST Ha-
JIE>XKHOCTU U 10JITOBEYHOCTH KOHCTPYKLIMI aBTOMOOWIb-
HBIX JIOPOT, B TOM YHUCJIE 3a CUET MOBBIIICHUS 3(PPEKTUB-
HOCTHM JTOPOXHO-CTPOUTEILHBIX MarepuagoB. B 3Toit
CB$I3M, A TAKXKE C YYETOM CJIIOKUBILEUCS TTOTUTUYECKOM 1
9KOHOMMYECKON OOCTAaHOBKM HAa MUPOBOM YPOBHE OT-
MeyaeTcsl BbICOKasi BOCTPEOOBAHHOCTb TEXHOJIOTHYE-
CKMX PEIICHUI KOHKYPEHTOCIIOCOOHBIX MAaTepHaJioB,
TTO3BOJISIIONINX 00€CTICUNTh JIETKUI Mepexoa K MCIIOJIb-
30BaHUI0 UMITOpTO3aMelatoleit mpoaykiuuu [1]. B mo-
POXHOM CTPOUTENbCTBE OJHUM U3 TIPOTPECCUBHBIX TIPO-
eKTHBIX PeIlIeHUN, YBEINUMBAIOIIMX JOJTOBEYHOCTD A0~
POXHBIX OOBEKTOB, SIBJISICTCS MPUMEHEHUE TEXHOJOTUHI
YKPEIJICHUsSI TPYHTOB B CJIOSIX KaK TOPOKHOW OIEXKIIbI,
Tak 1 3eMJisiHOro nosioTHa [2]. [Tox ykperieHueM rpyH-
TOB TMOHMMAIOT COBOKYITHOCTh BCEX MEpPOINPUSITUI,
BKJIIOUAIOIIMX BBEACHME BSIKYIIMX DPa3IUYHBIX TUIIOB
TBepIACHUS U IPYTUX BEIIESCTB B KAUeCTBE (DYHKIIMOHATb-
HBIX 100ABOK, a TAKXKe MOCIeI0BaTeIbHOE BHIMIOJTHEHUE
pa3IMYHBIX TEXHOJOTMYECKUX OIepaluii, obecreurBa-
IOIIMX B KOHEYHOM MTOTe KOPEHHOE N3MEHEHUE CBOMCTB
VKpeIUISIEMBIX MaTepuaoB, T. €. JOCTMKCHUE 3adaH-
HBIX MMapaMeTpoB (MTPOYHOCTh, BOJO- U MOPO30CTOM-
Kocthb) [3]. K ogHOMY 13 HanboJiee MOMyJIsIpHBIX Ha Cce-
TOOHSIIHUMN IeHb METOIOB MOBBIIICHUS 3(D(HEKTUBHO-
CTU TIPAKTUYECKU JIF000M pPasHOBUIHOCTU TPYHTOBBIX
CUCTEM CJIeAyeT OTHECTU KOMILIEKCHOE XMMMYECKOe
yKperjieHue, Toapa3yMeBalolee HapsiLy C BSDKYIIUMU
npuMeHeHue crabunuszatopoB [4]. [Tpu aToM, HecMOTps
Ha OOLIMPHBIA MepeyeHb 100aBOK, BLICTYNAIOLIUX B Ka-
YECTBE CTAOMIM3aTOPOB, X JMEJIST Ha ABa KJlacca UCXOIs
M3 arperaTHOr0 COCTOSIHMSI: KUIAKHE W MOPOIIKOOOpa3-
Hble. OCOOEHHOCTBIO UCITOTH30BAHMST KUIKNX CTAOMITH -
3aTOPOB SIBJISIETCS HEOOXOAMMOCTDb UX MPeABapUTEIbHO-
rO PacTBOPEHMS B BOJIE, a 3aTeM BBEICHUSI pacTBOpa B
TPYHTOOETOHHYIO cMech. OTHAKO B MPAKTUKE JOPOKHO-
o CTPOUTEIbCTBA YBIAXXHEHHE TPYHTa 0053aTEIbHO
JINIIIb B CJIy4dae, €CJM eCTECTBEHHAs! BJAaXKHOCTh TPyHTa
HIKE ONTUMAJIbHOM, COOTBETCTBEHHO BBEIEHUE KUIKO-
rO CTabMIM3aTOpa CTAHOBUTCSI BECbMa OTPAHUYEHHBIM 1
He Bcerma BO3MOXHBIM. B cBolo oyepenb, UCMOJIB30BA-
HUE TTOPOIIKOOOPA3HBIX CTAOMJIM3ATOPOB SIBJISICTCS HAU-
OoJiee pallMOHAIBHBIM C TTO3UIIMU TEXHOJIOTUYECKUX
0COOEHHOCTEI YKperJeHUsI TPYHTOBBLIX CHUCTEM. DTO
CBSI3aHO C T€M, 4TO AO0OABJIEHUE UX B TPYHTOOETOHHYIO
CMECh He 3aBUCUT OT TEKYILEH BIaXKHOCTH I'PYHTa U OCY-
LIECTBIISICTCS KAK COBMECTHO C BSDKYIIIMM, TaK W OTACIb-
HOo. OIHOW M3 IIMPOKO M YCIIEITHO MPUMEHSIEMBIX J10-
0aBOK SIBJISETCS TOPOILIKOOOpa3Hash MOJIMMEPHO-MUHE-
panbHas gobaska (ITMJI) Nicoflok [5, 6].

Ha ocHoBaHuM TIpOBENEHHBLIX paHee HcCcleaoBa-
Huit [7, 8] ycTraHOBIIEHO, UTO HanOOJIbIlIEE BIUSHUE J10-
0aBKM Ha CBOMCTBA BSKYIIIETO U MaTepyajaoB Ha €ro oc-
HOBE JOCTUTAeTCSl B pe3yJbTaTe €¢ BBEICHHUs Ha 3TaIie
MOMOJIa KOMIIOHEHTOB IIEMEHTHOTro Bsikyiiero. I[lpm

9TOM KOMIIOHEHThI MOJMMEPHO-MUHEPAIbHON 100aBKU
BBICTYMAIOT B KAaUECTBE MEXaHOXMMMUECKOIO aKTHBATO-
pa. IIppuMeHeHNEe MEXaHOXMMHWYECKOM aKTUBAIINM C IIe-
JIbIO TIOBBIIIEHUS 3(DGEKTUBHOCTU BSDKYIIUX MaTepua-
JIOB SIBJIICTCS HOOCTATOYHO pPACIIPOCTPAHCHHBIM IIpH-
eMOM. DTO MO3BOJIIECT YIYYLIUTh CBOMCTBA, HalpUMED,
pSIIOBOTO HM3KOMAapOYHOTO WUIM JIEXKaJloro IIeMEH-
Ta [9, 10]. AKTUBaLMSI TPOUCXOAMT 3a CUET HAKOILJICHMSI
CTPYKTYPHBIX A1e(DEeKTOB, YBEINUCHMSI KPUBU3HBI IIOBEPX-
HOCTH, (Pa30BBIX IpEeBpalllecHUI M maxke aMopdu3ainm
KPUCTA/UIOB B pe3yjbTaTe M3MeEJIbYEHUsI MaTepuaia
(YmapHOTO, YIapHO-UCTUPAIOIIETO WA UCTUPAIOIIETO) C
MPUMEHEHUEM DPa3IMYHOrOo 06opynoBaHMs. [pyrumMu
CJIOBaMM, TOHKHUU ITIOMOJI IPUBOIUT K YBEIUMYCHUIO
VICTHbHOUM TTOBESPXHOCTU BEIIECTBA M Pa3phIBY XUMUUC-
CKUX U (PU3UYECKUX CBSI3CH, YTO MPUBOIUT K CTPYKTYp-
HBIM M3MEHEHUSIM MaTepuaia B 1eJioM. Takxke cleayeT
OTMETHUTb, YTO IS XUMUYECKON aKTUBALUU HauboJiee
0JIATONIPUSITHBIM SIBJISICTCSI MOMEHT OOpa30BaHMSI HOBBIX
TTOBEPXHOCTEH TIPH MEXaHNIECKUX BO3ICUCTBUSIX Ha Ma-
TepuaJl, MOCKOJIbKY B 3TOM CJIydyae BO3MOXKHO HUCIIOJIb30-
BaHUE 0COOOTO PHEPTETUIECKOTO COCTOSTHUS, TIPUCYIIIE-
O JIUIIIb CBEXKeOOpa30BaHHbBIM MOBEPXHOCTSIM, 00J1a1at0-
MM BBICOKOM XMMUUYECKOM aKTUBHOCTBIO [11].

ITpoBeneHHBIN paHee aHaIU3 BAUSIHUS CIIOCO0a BBe-
neHus cradbunusatopa Nicoflok Ha TexHOIOrMYECcKUe
CBOICTBA BSIKYIIETO W TPYHTOOETOHOB C €TO MCITOIB30-
BaHueM [8] mokasan, yto Haubojee aKTMBHO H00aBKa
MIPOSIBIISACT ce0s IIPY COBMECTHOM ITOMOJIE C COCTABIISIIO-
IIUMU BsoKyllero. Mcmonb3oBaHUe BSDKYILETo, MOJY-
YEHHOT'O COBMECTHBIM IOMOJIOM C KJIMHKEPOM U THII-
COM, B COCTaBe I'DYHTOOETOHOB Ha OCHOBE Pa3TMYHBIX
Pa3HOBUIHOCTE TI'PYHTOB IMOKa3bIBaeT HAMOOJBIINIA
MIPUPOCT (PUIUKO-MEXaHUIESCKUX XapaKTePUCTHK.
OnHako BOIPOCHI, Kacaroluecs CTpYKTYpooOpa3oBaHuUs
KOMIIO3UIIMOHHOTO BSDKYIIIETO C MCITOJIb30BAaHUEM I10-
JIMMEPHO-MUHEPAJIbHON H00aBKM, HAMPSIMYIO BIIMSIIO-
el Ha (U3MKO-MEXaHMYECKUE XapaKTEePUCTUKU lie-
MEHTHOTO KaMHSI, OCTalOTCSI HEPACKPBITHIMU.

B paMkax npenctaBieHHOro B padoTe SKCIeprMeHTa
OBUTO U3YYCHO TPU COCTaBa BSIKYIIETO:

1. II1 (memeHT) — cocTaB BSKyIIero 6€3 UCIoJb30Ba-
HUsI 100aBKU, TTOJYYSHHBII ITyTeM COBMECTHOI'O TTIOMOJIa
95% nopTIaHaLIEMEHTHOIO KJIMHKepa U 5% rurca.

2. 2 (uemeHT ¢ 100aBKOI) — COCTaB BSLXYILETO, IO~
JIY4EHHOTO B pe3y/ibTaTe COBMECTHOIO IomoJia 95% mnopt-
JIaHIIEMEHTHOTO KinmHKepa u 5% rumnca. [1pu 3ToM 110-
JIMMepHO-MUHepanbHas nodaBka Nicoflok BBomwiach B
COCTaB BSTXYIIIETO TTOCJIe TIOMOJIa, COTJIACHO peKOMEeH 1a-
MM 1o ee ucrnonab3oBaHuio (CTO 13881083.002—2021),
HETIOCPECTBEHHO TepeNl 3aTBOPEHUEM BOMOW B KOJIM-
yectse 10%.

3. I3 (KOMITO3UIIMOHHBIN IIEMEHT) — COCTaB BSIXKY-
IIIETO C MCITOJb30BaHNEM J100aBKH, TIOJIyYEHHBIN MyTeM
COBMeCTHOTo nomosia 95% nopTiaaHALEMEHTHOIO KIIMH-
Kepa, 5% runca u 10% mnoauMepHO-MUHEPAJIBHOM 10-
6aBku Nicoflok.

ITonyyeHue BSLKYIIMX MPOU3BOAUIOCH B JJabOpaTop-
HBIX YCJIOBUSX Ha Kadeape TEeXHOJIOTUM IIEMEHTOB W

HAYYHO-MeXHU4ecKuil U NPoU3800CMEeH bl HCYPHAN
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Materials for road construction

KoMITO3ULIMOHHBIX MaTepuaioB BI'TY um. B.T'. Ilyxo-
Ba C MCIOJIb30BaHUEM IIapoBOi GapabaHHON MeJbHU-
bl (cTaHmapTHasl JlabopaTopHasi MeJbHUIA [urpore-
MenTa: @0,5%0,56 m; mrHa KaMmepbl — 0,28 M; CKOPOCTb
BpameHusT — 48 00/MIH) COTJIACHO MAaTCHTOBAHHOI Me-
toauke [12].

PenentypHO-TeXHOIOTUUECKME TTapaMETPhI TTOTyJe-
HUSI pacCMaTPMBAaeMbIX COCTABOB BSDKYIIIMX: Macca 3a-
rpy>KaeMoro MaTepuaia 4 Kr; IepBasi 3arpy3ka MeIIOIINX
TeJI, MOJCIMPYIONINX TPyOOe U3MeIbueHNe, — I1aphl T1-
ametpoM 70 1 50 MM B paBHOM KOJMUUYECTBEHHOM COOT-
HomeHuu 1:1, obiMit Bec 3arpy3ku 55 Kr; BTOpasl 3a-
rpy3Ka, MOJEJUpYoIIas OKOHYaTeJbHOE TOHKOE W3-
MeJIbYeHUEe, — CMECh LIUJIbIIeOCOB IUaMETPOM 25 MM U
1IapoB TUaMeTPoM 25 MM B cooTHomieHuu 1:1 mo macce
55 xr. BpeMst uamMenpueHUs 1 MOJYyYEHHbIE pe3ybTaThbl
U3MEpPEeHUS TUIOIIAAN YACIbHON TOBEPXHOCTH YACTH BSI-
KYIIUX YKa3aHbl B Ta0JI. 1.

OnpenenaeHue IUIOMIAAN YASIbHOMN ITOBEPXHOCTU OCY-
IIECTBIISIIN ¢ UcTojib3oBaHueM rpudopa [TCX-12 (SP).

OnpeneneHue TUAPABIUYECKON aKTMBHOCTH BSIXKY-
IIMX, TTO3BOJISTIONICH OLIEHUTh M3MEHEHNE KauyecTBa BSI-
KYIIEro, MPOBOAWIM COrjlacHO Metoauke «McmbiTaHue
BSDKYIINX BEIIECTB B MaJIbIX oopa3uax» [13].

OCHOBHBIE XapaKTePUCTUKM IIEMEHTHBIX BSDKYIINX
onpenensau no Metoaukam 'OCT 31108—2020 «IlemeH-
THI O0IIIECTPOUTENIbHBIC. TEeXHNUECKNE YCIOBUS».

IToaroroBky 06pa3lioB ¥ MPOBEACHUE WCIIBITAHUIA MO
OITPEICIICHNIO AKTUBHOCTH BSDKYIIMX, TTOJTyYECHHBIX COCTa-
BOB, C IeckoM Mpousoawiu cortacHo ['OCT 30744—2001
«leMeHTBI. MeTONBI UCIIBITAHUI C UCITOJIB30BAaHUEM I10-
JI(PPaKIIMOHHOTO TTeCKa».

MopdocTpyKTypHbIe 0COOEHHOCTH CKOJIOB 00pa31oB
BSDKYIIMX M3YYall C KMCITOJIb30BAaHMEM CKAHUPYIOIIETO
ayiekTpoHHOro Mukpockona TESCAN MIRA 3 LMU.

ITockonbKy Tpy paBHOM BpeMeHU U3MeJbueHUs [§]
TJIONIAAb YAEIbHOUN TTOBEPXHOCTH YACTUIL KOMITO3UIIH-
OHHOTO IIeMEHTa TMOoJy4YaeTcs JJAOBOJbHO BBICOKON
(Tabn. 1, sxcnepumeHT 1), B TIpeacTaBiIeHHON paboTte
ObUTa IPEANPUHSITA MOMbBITKA MOJYYEHUS BSXKYIIUX TTPU-
MEpPHO OIMHAKOBOI TOHKOCTU MOMOJIA IIJIST YCTaHOBJIC-
HUST BIUSTHUST TOOABKM Ha CBOMCTBA KOMITO3UITMOHHOTO
emeHTa. C 3TOI 11eJIbI0 TOMOJI IPOBOAMIM B T€UEHUE
pPa3HOTO KOJMYECTBA BpeMEHU (TabJ1. 2, 9KCTIEPUMEHT 2).
3areM IJIs1 KaXXJI0T0 BSDKYIIEro onpeaessiach KUHeTUKa
Habopa MPOYHOCTHU IIEMEHTHOTO KaMH# (TaoJI. 2, puc. 1).
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Ta6nuua 1
Table 1
PeXXumbl nuamenb4yeHus BAXYLUUNX
U n3amepeHHasa ygesibHasd NoBepxHOCTb
Milling modes of binders and measured specific surface area

MapameTpbl 1 nokasaresnm JkenepumeHT 1 | SkCrnepumeHT 2
NONYYEHNS BSXYLLETO L1 U3 L1 U3
Bpems namensyeHuns ans 1 5 5 5 5
3arpysku, MiH 2 50 50 50 40
ynean?ﬂ noazerHOCTb 373 499 385 402
no bneiiHy, m=/kr
Tabnuua 2
Table 2

Mpo4HOCTb NpU cXaTuu 06pPa3L OB LEMEHTHOrO KAMHS,
XapakKrtepusylLwana rmgpasinieckyrto akTUBHOCTb
NMOJTY4YEHHbIX BAXYLUUNX
Compressive strength of cement stone samples,
characterizing the hydraulic activity of the obtained binders

Mpenen npo4HOCTM Npum cxatuu, MlMa, B
Ne akcnepumenta | CoctaB BO3pacTe, CyT
2 7 14 28
L1 23,7 46,3 52,3 56,5
1 L2 27,4 49,3 57,3 68,4
L3 37,8 67,4 78,1 87,8
L1 23,4 47,5 52,7 57,2
2 L2 26,8 49,8 57,9 67,2
L3 31,7 59,4 66,2 70,4

AHaM3 TPOYHOCTHBIX XapaKTePUCTUK BSIXKYIIUX, TTO-
JIY4EHHBIX B pe3yJIbTaTe MEePBOro 3KCIIEpUMEHTa — pa3-
HOM JUCIIEPCHOCTHU, MOKAa3aJl CYLIECTBEHHOE UX YBEIMU-
YeHMe Ha BCEX CPOKax TBEPIEHMS MPU MCIIOJIb30BAHUM
nobaBku. M3 aHanm3a KpUBBIX HA00pa MIPOYHOCTU TAKKe
BUIIHO, 4TO 3(D(HEKTUBHOCTH NEUCTBUS TOOABKY TPOSTB-
JIIeTCS YK€ B paHHUE CPOKU TBEPIACHMS — Ha 2-€ CYyT
Ipejaes IPOYHOCTU IIPU CXAaTUM Bo3pacTaeT Ha 13,5%
(12 otHocuTenwHO LI 1). [Tpu ncronb3oBaHUY Xe 100aB-
KU B Ka4eCTBE MEXaHOXMMUYECKOIO aKTHMBaTOpa IIpH-
poct npouyHocTu coctasiser 37,3% (L3 oTHOCUTEIbHO
II1). CoctaB Bsixkyuero I3 ornuuyaercst 6ojiee MHTEH-
CHUBHBIM HAaOOPOM IIPOYHOCTH Ha BCEX CPOKAaxX TBEpIC-
HUSI, O YeM CBUACTEIbCTBYET KpMBas Ha puc. 1, a, KoTo-
pasl pacroJjiaraeTcsi CyLIECTBEHHO BBIIIE ABYX IPYTHX.

CornacHo TpadmKy Habopa IPOYHOCTH BSTKYIINX,
IOJIYy4E€HHBIX B Pe3y/IbTaTe BTOPOro 3KCIIEPUMEHTA, IIPO-
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Puc. 1. KuHeTturka Ha6opa npoYHOCTY NPU NCMOJIb30BAHNN Pa3NNYHbIX BAXYLLMX: a — 1-11 akcnepuMeHT; b — 2-i1 akcnepumMenT; 1 — LL1; 2 - 1U2; 3 - U3
Fig. 1. Kinetics of strength gain when using various binders: a — 1st experiment; b — 2nd experiment; 1 - C1; 2-C2; 3 - C3
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Marepuanbl A1 A0POKHOTO CTPOHTEIHLCTBA

Puc. 2. MyKpoCTpyKTypa LLEeMEHTHOIO KaMHsl B BO3pacTe 28 CyT Npu UCMoNb30BaHUN: a — BaxyLero Li1; b — Bsxxywero L2; ¢ — Bsxxywero L3
Fig. 2. Microstructure of cement stone at the age of 28 days when using: a — binder C1; b — binder C2; ¢ - binder C3

Ta6nuua 3
Table 3
dusuko-mexaHnyeckue XapakTepucTuku BaXyuiero,
MNoJIy4eHHOro BO BTOPOM 3KcnepumeHTte, no NOCT 30744
Physico-mechanical characteristics of the binder obtained
in the second experiment, according
to State Standard 30744

H Hayano Mpenen npoyHoCTM
Cocras OPMIBHAR | gathi- uemeHTa (28 cyt), MMa
rycrota, %
BaHWA, MVH | npuy cxatu | npwm narnbe
L1 28 133 29,4 54
L2 27 128 33,1 5,6
L3 27,5 123 35,2 6,0

CTIeXKMBAETCSI UIEHTUYHASI 3aKOHOMEPHOCTH (puc. 1, b).
ITpupocT TpoYHOCTU HAOIIONAETCS yKe Ha paHHUX CPO-
Kax TBepaeHUs (2 CyT): IpU HUCMOJb30BAaHUM COCTaBa
BsiKymero 112 mpouHocTh Bo3pacTaeT Ha 12,7% oTHOCU-
tenbHO Il1; mMpM MCMOAB30BAaHMM COCTaBa BSIKYIIETO
I3 — Ha 26,2%. [1pu 3TOM 3HaYeHUE TTPOYHOCTU BSIXKY-
111eTo ¢ 100aBKOii Ha 28-¢ CyT, MOJyYeHHOE B pe3yJibTaTe
BTOPOTO 9KCIIEpUMEHTA, Ha 24,2% HIUKe, YeM Y BSIKYIIE-
rO, TIOJIyYEHHOTO B pe3y/IbTaTe MepBOro SKCIIEPUMEHTA.
W3 aHanM3a JaHHBIX ABYX 9KCIIEPUMEHTOB MOXHO CHE-
JIaTh BBIBOJ 00 3(p(HeKTUBHOCTYU NMPUMEHEHUST TOOABKH,
0COOEHHO B KaueCTBE MEXaHOXMMUYECKOTO aKTUBATOPA.
Pazianuust B 3HaYEHUSIX MPOYHOCTH KOMIIO3ULIMOHHOIO
BSDKYIIIETO B pe3yJIbTaTe 00OMX 3KCIIEPUMEHTOB OOBSIC-
HsttoTes auddepeHImanmeit ux qucrnepcHOCTH.

Takum 06pa3zoM, MOKHO MPEAIOJOXUTb, UTO BXOMISI-
1II1€ B COCTaB MOJMMEPHO-MUHEPATbHOM T0OABKY CUJIH -
katel Kaneius (3Ca0-SiOy n 2Ca0-SiO3) u BojutacTo-
HUT (CaSiO3) crnocoOCTBYIOT 00Jiee MHTEHCUBHOMY Ha-
0Opy TIPOYHOCTH YKe Ha 2-¢ CYT TBepACHUS KOMITO3U-
LIMOHHOTO BSDXYILETO Y MOBBIIIEHUIO MapOYHOI MPpoY-
HOCTH BsDKyIero. JanHblil aheKT yerimBaeTcs JIUIIb
TPY TIOJTYYEHUU BSDKYIIETO TTyTeM MEXaHWYECKON 1 XU-
MUYECKOM aKTUBALIMU BCEW CMECHU B LIEJIOM.

YuutbiBasi 3aKOHOMEPHOCTb POCTa TTPOYHOCTU BSI-
KYIIMX C YBEJIMYCHUEM UX ILIOIIAIN YASIbHOU MOBEPX-
HOCTH, CPABHUTEJIbHYIO OLIEHKY XapaKTEPUCTUK IIPOBO-

JIIUJIA C WCTOJb30BAaHUEM MaTepUAJIOB, TOJYYEHHBIX B
pe3yibTaTe BTOPOTO 3KCIIEpUMMEHTa, KOTaa 3HAuYeHUsS
TJIONIAAN YAETbHON MOBEPXHOCTU OTIMYAIUCH HE3HA-
YUTENbHO (TabI. 3).

ITpu ucnonb30BaHUYU MOJIUMEPHO-MUHEPATIBHOM 10-
0aBKM Kak 0e3 MEXaHWUYeCKOW aKTUBAllMHU, TaK U C €e
MPUMEHEHUEM TPOUCXOIUT HE3HAYUTEIbHOE W3MEHE-
HMe HOPMAaJIbHOM TyCTOTHI, B mpeaenax 1%. Taxkke He-
CKOJIbKO YMEHBIIAeTCsl BpeMsl Hadaja CXBaTbIBAaHWSI.
beicTpee Bcero mpoucXoauT MpoIlecc Hayala cXBaThbiBa-
HUS Y BSDKYIIETO € I00aBKO# MOCE COBMECTHOTO UX T10-
Mona. Tak, BpeMsl Hayaja CXBAaThIBAHUSI YMEHBIIIAETCS
Ha 10 MUH, TpU 3TOM AaHHBIN MMOKa3aTeJ b HAXOAUTCS B
paMKax TOIyCTUMBIX TIpeaesnoB. Takoe BIMsIHUE 100aB-
KU OOBSICHSIETCSI YCKOPEHUEM MPOTEKaHUsI peakiuii B
pe3yJibTaTe aKTUBAIMM OCHOBHBIX KOMITIOHEHTOB 100aB-
KU, yYaCTBYIOLIUX B XUMUYECKUX PEAKIIUSIX.

[lpu comnocTtaBneHUU pPE3yJbTATOB OIPEACICHUS
MPOYHOCTHBIX XapaKTepUCTUK (Tabiy. 3) BUAHO, UYTO
JIUIIb BBEJCHUE TTOJIMMEPHO-MUHEPAIbHOM 100aBKU Ha
CTaInv TIOMOJIa OKa3bIBaET CYIIECTBEHHOE MOJOXKUTEIb-
HOE BJIMSIHME Ha aKTMBHOCTb BSLXyllero. Beenenue no-
0aBKM HEMOCPENCTBEHHO TEpe/ 3aTBOPEHUEM BOJMOM
MTO3BOJISIET TOOUTHCS TIPUPOCTA TTPOYHOCTH TPU CKATUM
u u3rube no 11,2 u 3,6% COOTBETCTBEHHO, TOrna Kak y
BSIKYIIIETO, TTOJTyYEHHOTO COBMECTHBIM ITOMOJIOM C JIO-
6aBskoii, — 16,4 1 10%.

Hapsiny ¢ ¢usmko-mMexaHn4ecKUMU XapaKTepUCTU-
KaMU ObUTA U3y4eHbl MOP(HOCTPYKTYPHBIE OCOOEHHOCTH
LIEMEHTHOTO KaMHsSI Ha OCHOBE BSDKYILUX, TOJYYEHHBIX
pa3IMYHBIMKU CIIOCOOAMM B pe3yJIbTaTe BTOPOTO 3KCITe-
PUMEHTA, C 11eJIbI0 YCTAHOBJIEHUSI OCOOEHHOCTEU CTPYK-
TypooOpa3zoBaHus (puc. 2).

ITpu HeOONIBIIOM yBEJIMYEHUN BU3YaJbHO CTPYKTYpa
Marepuana Mpu UCIMOJb30BAHUU PAZTUUYHBIX BSIKYIIUX
MPaKTUYEeCKU He oTauyaetcs (puc. 2). s popmupye-
MOW MaTpUIlbl XapaKTepHa AOBOJbHO TIOTHAsI CTPYKTY-
pa, Mpucymass TpagulMOHHOMY IIEMEHTHOMY KaMHIO.
DTO 0COOEHHO 3aMETHO B CHUCTEMax Ha OCHOBE IMOPT-
JMaHaneMeHTa (Bsokyiiee 1[1) M KOMITO3UIIMOHHOTO IIe-
meHTa (Bskyuee LI3) (puc. 2, a, ¢). CTpyKTypa LIeMeHT-
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Puc. 3. XapakTtep HOBOOOpa30BaHWii B CTPYKTYPE LLIEMEHTHOIO KaMHs B BO3pacTe 28 CyT Npu ncnonb3oBaHum: a, b — Baxywiero L1; ¢, d — Baxywero L2;

d, e - Baxywero L3

Fig. 3. The nature of new formations in the structure of cement stone at the age of 28 days when using: a, b — binder C1; ¢, d — binder C2; e, f— binder C3

HOTO KaMHSI MPU BBEIEHWU MOJMMEPHO-MUHEPATBbHOU
I00aBKM B BSKYIIEe HEIIOCPEICTBEHHO TIepen 3aTBOPE-
HUEM BOAOW XapaKTepU3yeTCs HaJIUYMeM JIOKaJbHBIX
nedekToB, 00pa3yeMbIX yIaJleHHMEM 4YacTHUIl JT00aBKHU,
HarpuMep rpaHys aMophHOTO KpeMHe3eMa, BCIIeICTBUE
HEIOCTaTOYHOM aAre3uu MX K MPOAyKTaM TuapaTaluu
emMeHTa (puc. 2, b).

Ha cHuMKax Takxke BUAHBI OCHOBHbIE KOMIIOHEHTHI
TUAPATUPOBAHHOTO BSIKYIIETO HE3aBUCHMMO OT CIToco0a
BBEJIEHUST JOOABKU U €€ TIPUCYTCTBUS B COCTaBE — TUIPO-
CWJIMKAThl KaJIbLUS, TTOPTIAHAUT, KPUCTAJLJIBI KapOOHa-
Ta KaJbIUs, a TAKKe HeTUAPATUPOBAHHBIC YACTHUIIBI 11e-
MEHTHOTro KJInHKepa [14] (puc. 3).

[Ipu 3TOM MepeunciaeHHbIC KOMIIOHEHTBI, HECMOTPS
Ha HEOTHOPOIHOCTb WX CTPYKTYpPHI, (POPMUPYIOT MO-
BOJIBHO TIJIOTHYIO U MPOYHYIO €IMHYI0 MaTpHIly, O 4eM
CBUIIETEJILCTBYIOT BBHICOKME (PU3UKO-MEXaHUIECKUE T10-
KazaTe/Ju MCCIIeyeMbIX COCTaBOB C MPUMEHEHUEM CTa-
OuM3aTopa B BUIE ITOJIMMEPHO-MUHEPATHHOM JOOABKH.
BzanmHble mepexoanl onHOHN (ha3bl HOBOOOPA30BAHUM B
npyryto (puc. 3, b, d, f) OOBSICHSIIOTCS OCOOEHHOCTSIMU
nporecca ruaparannu. CHavaxa MpOUCXOIUT TUAPOITU3
CWJIMKATOB KaJIbLIMS C BbIAEJACHUEM TUAPOKCUIA Kallb-
s Ca(OH),, KoTopsiit B taJIbHEHIIIEM B3aUMOIEICTBY -
€T C KPEMHEKHUCJIOTOM ¢ 00pa30BaHUEM I'MAPOCIIMKATOB
Kanblus. [1pomyKThl TUApATALIMU TIPA 3TOM (HOPMUPY-
I0TCSl Ha MOJJIOXKE M3 HEerMIpaTUPOBAHHBIX 3€pEH lie-
MeHTa (puc. 3, a, ¢, e).

OTJIMYUTETbHOM 0COOEHHOCThIO COCTABOB Ha OCHOBE
2 u 113 sBasieTcs comep:kaHue 100aBKM, KOMITOHEHTHI
KOTOPOW pa3IMINMEI IIPU 00JIee BEICOKOM YBEITMUCHUHN B
CTPYKTYpe LIEMEHTHOTO KaMHs (puc. 3, c, e, 4, 5). Kak
YK€ OTMEUAaJIOCh BBIIIIE, TP MCITOJIb30BAHNHN BSIKYIIIETO
L2 B cTpyKType MOSIBASIIOTCS JIOKAJbHbIE Ae(eKThl OT
yIAJCHUS TIOJIHOPA3MEPHBIX YACTUIl JOO0ABKU WM WX
¢parmMeHTOB. [IpruemM 3TO MOTYT OBITH HE TOJIBKO MpaK-
TUYECKU ILIeJIbHBIE TpaHyJbl aMOp(hHOTO KpeMHe3ema,
OOHapyXeHHBIC B CTPYKTYype (pHC. 2, a), HO M YaCTHUIIEI
BoJutacToHUTa (puc. 3, ¢). Cyns no pororpadusim, 3epHa
OCHOBHBIX KOMITOHCHTOB JO0aBKU MMCIOT HEBBICOKYIO
aJITe3MI0 K IIEMEHTHOM MaTPUIIE, YTO HECKOJIBKO CHIKA-
€T IIPOYHOCTHbIE IOKA3aTEeJIN 10 CPABHEHUIO C CUCTEMOM
Ha OCHOBE BSDKYIIIETO, MOJYYEeHHOIO COBMECTHBIM I10-
MOJIOM ¢ 100aBKoii. B mocienHeM ciydyae 4acTUILIbI BOJI-
JIACTOHUTA W UX (PparMeHTHI, TIOJIydeHHBIC B PE3Y/IbTaTe
U3MEJIbYCHMSI, He OOHapyXUBAlOTCSI B CTPYKType
(puc. 3, e, f, 4, b). CoBMeCTHBIIf TTOMOJI ITO3BOJIMJI IIPH-
OMM3UTH pa3Mep BBOAWMMBIX YAaCTHIL BOJJTACTOHHUTA K
OJM3KUM TI0 CTPYKTYpe a3aM TMAPOCUIINKATA KaTbLIMs
U PaBHOMEPHO PaCIpEeNeuTh UX B 00bEME BSDKYILETO.
B pesynbrare yiydiiaroTcsl IoKasaTean (hU3MKO-MeXa-
HUYECKUX CBOMCTB LIEMEHTHOI'O KAMHSI.

I'panynbl aMmopdHOTO KpeMHe3eMa 31eCh TakKe Mpu-
CYTCTBYIOT B BuAe (parMeHTOB WJIM OOJIOMKOB
(puc. 3, e, 4, b), HO Pa3TUUNTH UX CIIOKHEE, ITOCKOJIBKY
OHM MMEIOT MEHBIIINIA pa3Mep ¥ PABHOMEPHO BCTPOCHBI
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Puc. 4. Pacnonoxexune yactvy, aMOpPdHOro KpemMHe3ema B CTPYKTYpe LLEMEHTHOro KaMHs npu

MCNoNb30BaHUN: a — BaxXyLwero L12; b — Bsxyuiero LI3

Fig. 4. The location of amorphous silica particles in the structure of cement stone when using:

a - binder C2; b - binder C3

B MaTpully, SIBJSSICh HEOTHEMJIEMOU €€ 4acTblo. DTO
MIPOVCXOINT BCICACTBHE BBICOKON XMMHUUYCCKOM aKTUB-
HOCTU aMOP(MHOro KpeMHe3ema.

B BhICOKOKAIBIIMEBOI CUCTEME OH BCTYMAaeT B peak-
LIMIO CO CBOOOTHBIM THUIPOKCHUIOM KaJIbLIMsI C 00pa3oBa-
HUEM TMAPOCUIMKATOB KaJblIMsI, B CBSI3U C YeM ITOBEPX-
HOCTbH 4acTUI] aMOP(HOTO KpeMHe3eMa 1 nx hparMeH-
TOB TOKpbIBaloT (a3el noptiaHaura u C—S—H
(puc. 4, a). I1pu 3TOM MOXXHO KOHCTaTUPOBATh, UTO af-
re3usi HOBOOOPa30BaHUI K ITOBEPXHOCTH 3€PEeH CYIIe-
CTBEHHO BBIIlI€ MpPU HCIIOJb30BAHUU BSIKYIIEIO CO-
BMmectHoro nomona (113) (puc. 4, b).

COBMECTHBII TTOMOJ MO3BOJISIET BOBJIEYD B IPOLIECChHI
CTPYKTYpOOOpa30BaHUSI BCe KOMIIOHEHTBI CMech (Co-
CTaBJISIIOLIME LIEMEHTHOTO KJIMHKepa, CyIb(aT KaJbLIUs,
KOMIIOHEHTHI 100aBKM) U OMHOPOIHO PaCIIpeACIUTh MX
10 00BEeMY, B TO BpeMsI KaK TTpY TPATUIIMOHHOM CTIOCO0e
BBEICHUS YaCTUIIbI TTOJIMMEPHO-MUHEPATbHOI J00aBKU
pacmpeneIsIoTcs HepaBHOMEPHO W IIPOSIBIISTIOT MEHBIIIee
B3aMMOJICCTBUE C MPOAYKTAMU THUApaTallMM LIEMEHTA.
OTrMeuaeTcsl TakKe, YTO Ha TMOBEPXHOCTH HEKOTOPBIX,
MPaKTUYECKU HEeJIbHBIX TPaHyJl aMOp(pHOTo KpeMHe3eMa
B Matpule BseKyuiero L2 mpoucxoaut odpazoBaHue He
TUIPOCWIIMKATOB KAJIBIIUS, @ MEJTKUX KPUCTAJLIOB Kap0o-
HaATOB KaJbLMs pa3MepoM 10 1—2 MKM (puc. 5).

Takum 06pa3zoM, yCTaHOBJEHBI OCOOEHHOCTU CTPYK-
TypooOpa30BaHUsI IEMEHTHOTO KaMHSI TIPY MCITOIh30Ba-
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Puc. 5. 'paHyna aMopdHOro KpeMHe3ema B CTPYK-
Type LLEMEHTHOI 0 KAMH$S1 Ha OCHOBE BsiXyLLero LI2 ¢
npoaykTamu kapboHaTM3aumum Ha ee NOBEPXHOCTU

Fig. 5. Amorphous silica granule in the structure of
cement stone based on binder C2 with carbonation
products on its surface

HUM TIOJJUMEPHO-MUHepanbHOl mo0aBku Nicoflok
B COCTaBe KOMIIO3ULIMOHHOIO BSDKYILETO, 3aKJII0Yaro-
IMecs] B BOBJICYCHUM OCHOBHBIX KOMITOHEHTOB TIOJIM -
MEpHO-MUHEpaJbHOW J00aBKM  (BOJUIACTOHUTA,
amMopdHOro KpeMHe3eMa) B MPOLECCH TUApaTallud 1
TBEPACHUS BSDKYIICTO 3a CUET aKTUBAIIUM WX ITOBEPX-
HOCTH B pe3yJibTaTe u3MejbueHus1. Pa3pylieHue B Ipo-
Imecce M3MENbYCHUSI KPYIMHBIX TpaHYJT aMop(pHOTO
KpeMHe3eMa CIIOCOOCTBYET ITOBBIIICHUIO XMMUYECKOM
AKTUBHOCTU UM YBEJIMYCHUIO ITOBEPXHOCTU B3aMMOJEi-
CTBUST YaCTUIL JOOABKU C THAPOKCHUIOM KaJbIHs C 00-
pa3oBaHMEM JOMOJHUTEIbHOIO KOJMYECTBA TUAPOCH-
JINKATOB KaJIbLIMS B pe3yJbTaTe MYII0JaHOBBIX peak-
uuii. PaBHOMepHO pachpenejieHHble B 00beMe TBep-
JIeIoIeil MaTPUIIbI BBOAMMbBIC KOMIIOHEHTHI TOITOJIHS -
0T (hopMUpyeMble B IMpOIecce TuapaTaluu LeMeHTa
HoBooOpa3oBaHust C—S—H. [TonoxurenbHoe BIMSHUE
KOMITOHEHTOB BBOAMMOM T0OABKM 3aKJIIOYAETCS B yCU -
neHuu adekrTa ee AECTBUS B pe3ysibTaTe MeXaHOaK-
TUBAIMM, YTO CIOCOOCTBYeT (hOpMUPOBAHUIO Oojee
IUIOTHOM, OMHOPOIHOM CTPYKTYPHI U ITO3BOJISIET 3HAYM -
TEJIbHO VYJIYYIIUTh IIPOYHOCTHBIE XapaKTePUCTUKH.
Hcxonst u3 MojydeHHBIX pe3yIbTaTOB MOXHO CHIeJIaTh
BBIBO/I, YTO CIIOCOO BBEICHUS J00aBKM Ha CTaaMU I10-
MOJIa C TEJTBIO TTOTYIeHUST KOMITO3UITMOHHOTO BSIXKYIIIE -
ro sBasiercs 06osiee d3POEKTUBHBIM MO CPAaBHEHMIO C
TPaAULIMOHHBIM.

References

1. Transport strategy of the Russian Federation for the
period up to 2030 with a forecast for the period up to
2035. Approved by the Decree of the Government of
the Russian Federation dated November 27, 2021.
No. 3363-p. 285 p. (In Russian).

2. Igosheva L.A., Grishina A.S. Review of the basic meth-
ods of the ground improvement. Vestnik Permskogo
nacional’nogo issledovatel skogo politekhnicheskogo uni-
versiteta. Stroitel’stvo i arhitektura. 2016. Vol. 7. No. 2,
pp. 5-21. (In Russian). DOI: 10.15593/2224-
9826/2016.2.01

HAYYHO-MeXHU4ecKuil U NPoU3800CMEeH bl HCYPHAN

20

Iekabps 2022



Materials for road construction

10.

11

12.

13.

14.

Hdmutpuena T.B., Mapkosa M.10., CtpokoBa B.B.
DG GEeKTUBHOCTb CTAOMIU3ATOPOB Pa3IUUYHOIO CO-
cTaBa IMPU YKPEIUIEHWU I'PYHTOB MUHEpaJIbHbBIM Bsi-
XymuM // Cmpoumenshble mamepuanst u u3oeaus.
2020. T. 3. Ne 1. C. 30—38.

. Yypunun B.C., Ilymkapéna I'.B. O HeoOxoaumocTu

yuyeTa Te€HETMKU TPYHTOB IPU MX KOMIUIEKCHOM
yKperienuu // Becmuux Tomckoeo eocydapcmeenHo-
20 apxXumeKmypHO-CmMpOUmMenbHo20 YHUgepcumemad.
2021. T.23. Ne 6. C. 190—200. DOI: 10.31675/1607-
1859-2021-23-6-190-200

Mepenuona I'.C., Menpenes H.B., [loOopbsiHuHa A.A.
Crabunuzalusl TPYHTOB pabouyero cjiosl 3eMJISTHOTO
IOJIOTHA C MPUMEHEHUEM MOJIMMEPHO-MUHEPATbHOM
no6aBku «Nicoflok» // Iloasynoeckuii asbmanax.
2022. Ne 1. C. 133—135.

bonpapenko C.H., I'puguun A.M., Jlebenen M.C.
BausiHue criocoba BBeIeHUS ITOJIMMEPHO-MUHEPaIb-
Hoii kommo3uuuu Nicoflok Ha XapaKTepUCTUKU
IrpyHTOOETOHA // Pecuonanrvnas apxumexmypa u cmpo-
umenvcmeo. 2019. No 4 (41). C. 42—47.

I'puguun A.M., 3onoteix C.H. UccnenoBaHue Biusi-
Hus I[IMK Nicoflok kak MexaHOXMMHUYECKOTIO aKTH-
BaTopa Ha CBOMCTBA lLieMEHTa, IPUMEHSIEMOIO IIpU
YKpEeIUIeHUU TPYHTOB // Becmuukx beneopodckoeo eo-
Cyo0apcmeeHH020 MexXHOA0UYECK020 YHUGepcumema
um. B.I. lllyxoea.2018. Ne 5. C. 5—10. DOI: 10.12737/
article 5af5a72640c9f7.36216170

VBapos B.A., Ilanrtama B.I'., Ilanrtama B.B.,
OBunHHUKOB I.A. HoBoe HampaBieHue MexaHoaK-
TUBaLUMU LieMeHTa // Becmuux beacopodckoeo eocy-
0apcmeeHH020 MexXHOA02UUeCK020 YHUBepCcUmema
um. B.I. Illlyxoea. 2013. Ne 3. C. 68—73.

IMpokonen B.C. BaussHue MexaHOaKTMBAaLIMOHHOTO
BO3ICHCTBUSI HA aKTUBHOCTh BSDKYIIMX BEIIECTB //
Cmpoumenvrvie mamepuanst. 2003. Ne 9. C. 28—29.

.Tomuk B.W. INpakTtrka ucrnoyb30BaHUS JIe3MHTETPa-

TOPOB JUISI MEXaHOXUMUYECKOI aKTUBALIUY BSKYIIICH
KOMIIOHEHTHI 0eTOHOB // H3secmus Tyavckoeo eocy-
dapcmeennoeo ynueepcumema. Hayku o 3emae. 2021.
Ne 2. C. 155—167.

Iat. 2477659 Poccuiickas ®@enepanus, MKIT B 02 C
17/20. lapoBas 3arpy3ka 6apabaHHOM MEJIbHUIIBI /
B.[I. bapb6ansrps; 3asBuUTe]b U MNpaBooOIagaTesb
BITY um. B.I'. IllyxoBa. Ne 2010121271. 3ass.
25.05.10. Omy6a. 20.03.13.

Byrr I0.M., Tumames B.B. [IpakTukym mo xummye-
CKOI TEXHOJIOTUM BSDKYIIMX MaTepuaioB. M.: Beic-
mas mKoja, 1973. 504 c.

Yingmin Zhang, Dongxu Liu, Wenwu Chen, Lizhi
Sun, Microstructural analysis and multiscale modeling
for stiffening and strengthening of consolidated
earthen-site soils. Journal of Cultural Heritage. 2022.
Vol. 55, pp. 143—148. https://doi.org/10.1016/j.
culher.2022.03.005

10.

11

12.

13.

14.

scientific, technical and industrial journal

Abramova T.T., Bosov A.l., Valieva K.E. Soil stabiliz-
ers in domestic road and airfield construction. Dorogi i
mosty. 2013. No. 2 (30), pp. 60—85. (In Russian).
Dmitrieva T.V., Markova I.Yu., Strokova V.V,
Bezrodnykh A.A., Kutsyna N.P. Efficiency of stabiliz-
ers of various composition for strengthening the soil
with a mineral binder. Stroitel’'nye materialy i izdeliya.
2020. Vol. 3. No. 1, pp. 30—38. (In Russian).
Churilin V.S., Pushkareva G.V. Soil genetics in its
complex stabilization. Vestnik Tomskogo gosudarstven-
nogo arhitekturno-stroitel’nogo universiteta. 2021.
Vol. 23. No. 6, pp. 190—200. (In Russian).
DOI: https://doi.org/10.31675/1607-1859-2021-23-
6-190-200

Merentsova G.S., Medvedev N.V., Dobrynina A.A.
Soil stabilization of the working layer of the roadbed
with the use of polymer-mineral additive “Nicoflok™.
Polzunovskij al’manah. 2022. No. 1, pp. 133—135.
(In Russian).

Bondarenko S.N., Gridchin A.M., Lebedev M.S.
Influence of the method of introduction polymer-min-
eral composition Nicoflok on the characteristics of
soil-concrete. Regional’naya arhitektura i stroitel stvo.
2019. No. 4 (41), pp. 42—47. (In Russian).

Gridchin A.M., Zolotykh S.N. PMC Nicoflok re-
search effect as mechanochemical activator on the
cement characteristic used in the soil strengthening.
Vestnik of Belgorod State Technological University
named after V.G. Shukhov. 2018. No. 5, pp. 5—10.
(In Russian). DOI: https://doi.org/10.12737/arti-
cle 5af5a72640c9f7.36216170

Uvarov V.A., Shaptala V.G., Shaptala V.V.,
Ovchinnikov D.A. A new direction of mechanical ac-
tivation of cement. Vestnik of Belgorod State
Technological University named after V.G. Shukhov.
2013. No. 3, pp. 68—73. (In Russian).

Prokopets V.S. The effect of mechanical activation on
the activity of astringents. Stroitel’nye Materia-
ly [Construction Materials]. 2003. No. 9, pp. 28—29.
(In Russian).

Golik V.I. Practice of using disintegra tors for mecha-
nochemical activa tion of the binder concrete compo-
nents. Izvestiya Tul’skogo gosudarstvennogo universite-
ta. Nauki o Zemle. 2021. No. 2, pp. 155-167
(In Russian).

Patent RF 2477659. Sharovaya zagruzka barabannoj
mel’nicy [Arrangement of ball mill grinding bodies].
Barbanyagre V.D. Declared 25.05.10. Published
20.03.13. Bulletin No. 8. (In Russian).

Butt Yu.M., Timashev V.V. Praktikum po himicheskoj
tekhnologii vyazhushchih materialov [Workshop on
chemical technology of binding materials]. Moscow:
Vysshaya shkola. 1973. 504 p.

Yingmin Zhang, Dongxu Liu, Wenwu Chen, Lizhi
Sun, Microstructural analysis and multiscale modeling
for stiffening and strengthening of consolidated earth-
en-site soils. Journal of Cultural Heritage. 2022.
Vol. 55, pp. 143—148. https://doi.org/10.1016/j.cul-
her.2022.03.005

®

December 2022

21



‘ Marepuanbl A1 A0POKHOTO CTPOHTEIHLCTBA

YIK 625.7/8
DOI: https://doi.org/10.31659/0585-430X-2022-809-12-22-25

K.M. BOPOHWH, kaHA. TexH. Hayk (voronin.km@mail.ru),
0.0. XAMUOYINHA, kang. TexH. Hayk (loza_mgn@mail.ru),
C.A. HEKPACOBA, kaHf. TexH. Hayk (snek-mgn@mail.ru)

MarHUTOropcKmii rocyaapCTBEHHbIN TEXHUYECKMIA yHBepcuTeT uM. .M. Hocosa (455000, r. MarHutoropck, np. JleHuHa, 38)

3TTPMHIUTOBOE BAXYLLEE ANA YKPenneHus 0CHOBaHMii Jopor

PernoHbl ¢ pa3BmTon MeTNypPruyeckoi NPOMbILIIEHHOCTbIO, OTXOAbl KOTOPOIA B BUAE LLAKOBbLIX OTBASIOB ABAAOTCA UCTOYHUKOM
3arpsA3HeHns okpyxatoLleit cpefbl. OGHUM U3 HAnpaBieHUA YTUAN3ALMY LUNAKOBLIX 0TBAN0B ABASETCSA UCMOMb30BaHNE Lifaka Ans
YCTPONCTBA LOPOXHBIX OAEX[. B paboTe paccmaTpuBaroTcs BONPOCHI NPUMEHEHNSI HU3KOMAPO4HOI0 BSXKYLLEr0 HAa OCHOBE
CTaNenaBUIbHbIX LWUMAKOB 191 YKPENeHNs 0CHOBAHUI aBTOMOBUIbHbIX JOPOr. [Ans co34aHNs PeakLMOHHOCNOCO6HbIX MUHEPAOB
B LLJIAKe B Ka4ecTBe akTmBm3atopa [3-CoS npumeHsncs XuMuyecku ctabunuaunposanHblii Alo(S04)3-18H20. 06pasyrowuiics
rnapocynbhoantoM1HaT KanbLus B TBEPLEIOLLENA CUCTEME BbICTYNAET B PO KPUCTANNYECKON 3aTpaBKU AN KpUCTanam3auum
rMOPOCMNNKATOB Kanbums. I3y4eHo BnusHue KonuvecTsa fo6asku-aktususaropa Alo(S04)3-18H20 Ha npo4HoCTb 06pasLoB Ha
OCHOBE LUNAKOBOr0 BXYLLEro. B pesynsrate npoBefeHHOro UccnefoBanns 6bina ycTaHoBNeHa ONTUMANbHAS 403UPOBKA
aKTMBN3aTOPA, NO3BONSAIOLLAA NONYYNTL HaMOOMbLUME PUINKO-MEXAHNYECKME XapaKTepuCTKM 06pa3LoB Ha OCHOBE
LUNAKOMUHEPANbHBIX CMECceil.

Knioyesble cnosa: STTPUHTUTOBOE BSXKYLLIEE, aBTOMOOUIbHbIE JOPOTU, YKPErIeHNe rPyHTa, HU3KOMApPOYHOE BAXKYLLEe,
CTanennaBuIbHbIA LLUAK.
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Ettringite Binder for Strengthening of Road Bases

Regions with a developed metallurgical industry, whose waste in the form of slag dumps are a source of environmental pollution. One of the directions of utilization of slag dumps is the
use of slag for road paving. In the article the issues of application of low-maroon binder on the basis of steel-smelting slag for strengthening the bases of highways are considered.
Chemically stabilized Alp(S04)3-18H20 was used as a B-CoS activator to create reactive minerals in the slag. Calcium hydrosulfoaluminate formed in the hardening system acts as a
crystal seed for crystallization of calcium hydrosilicates. The effect of the amount of activator-additive Alo(S04)3-18H20 on the strength of slag binder-based samples was studied. As a
result of the study conducted the optimum dosage of activator making it possible to obtain the highest physical and mechanical characteristics of samples based on slag-mineral mix-
tures has been established.

Keywords: ettringite binder, highways, soil stabilization, low-grade binder, steelmaking slag.
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CTpOUTENBCTBO COBPEMEHHBIX aBTOMOOWJIBHBIX J0-
pOT HEBO3MOXHO 0€3 YCTpOWCTBAa HAJEXHBIX OCHOBA-
HUii. B cBSI3U ¢ OOJIBIION MPOTSIKEHHOCTBIO TOPOT BO3-
HHUKAaeT npobyieMa B YCTPOMCTBE MPOUYHbBIX OCHOBAHUM C
HU3KOU cebecTouMOocCThio. PerieHremM 210l mpobiembl
MOXET CTaTh yKPETUIEHUE TPYHTOB.

J17151 MOBBINIIEHUS KaYeCTBA JOPOXKHBIX paboT, yBeau-
YEeHMST UX CPOKa CIYXKObI, CHUKEHUSI pPAacXo/I0oB Ha pe-
MOHT U COZIepKaHKe TOpOr v coopyxkeHuit HaltmonanbHas
TporpaMMa MOJEPHU3AIIUY 1 Pa3BUTHSI aBTOMOOWIIBHBIX
nopor P® npeanosnaraer npuMeHeHUE HOBBIX TEXHOJIO-
Uil 1 MaTepuagoB, B TOM YMCIIE BSKYIIUX MAaTepUaIOB
W3 OTXOJIOB TTPOMBIIIIJIEHHOCTH.

YensgbuHckas 001aCcTh — PErMoOH C Pa3BUTONM MeTal-
JIyprMYecKOi MPOMBIILJIEHHOCTbIO, OTXO/ABl KOTOPOil B
BUIIE NUIAKOBBIX OTBAJIOB SIBJISIIOTCS MCTOYHUKOM 3a-
IpSI3HEHUSI OKpYKaroIei cpemsr [1—S§].

Cy11eCTBYIOT pa3IMYHbIe METOBI YKPEIJIEHUS TPYH-
TOB 11 JOPOXHOTO U a’pPOJPOMHOTO CTPOUTESb-

ctBa [9, 10]. Haubonee achheKTMBHBIMU SIBIISIIOTCS KOM-
IUIEKCHBIE METO/Ibl C UCIIOJIb30BAHUEM OPraHUYCCKUX U
MUHEPATbHBIX BSDKYIIMX C TPAHYJIOMETPUYECKUMU J10-
GaBKaMK, OPraHNYECKUX BSIKYIIUX C aKTUBHBIMU 100aB-
KaMU U T. 1.

[1py KOMITJIEKCHOM YKPETUIEHUH Pa3IudHbIX 1O CO-
CTaBy IPUPOIHBIX U TEXHOTCHHBIX TPYHTOB MOXHO MC-
MOJIb30BaTh MECTHBbIE MaTepUasibl, HAITPABJIEHHO U3Me-
HSI MX CBOMCTBAa B TpeOyeMOM Juaria3oHe W IoJIydast
MaTepuaibl ¢ 3aJaHHBIMU XapakTtepuctukamu [11-—13].

KoMmriekcHbIe METOIbI YKPETUTEHUST TTO3BOJISTIOT U3~
MEHSTh XUMUKO-MMHEPAJIOTUYECKUI U IPAHYIOMETPU -
YECKUI COCTaB, CTPYKTYPY KPUCTALTUIECKON PEIIeTKU
MHUHEPaJoB, CTpOeHHE OOOJOYKM YaCTHUI, XapaKTep
CBSI3€il MEXIYy MUHEPaJIbHBIMU YaCTULAMM, CTEICHb
MOHOJIUTHOCTU W (PU3UKO-MEXaHUYECKHE CBOICTBA
IPYHTOB.

M3meHeHMe cocTaBa, CTPYKTYPBI U COCTOSTHUST TPYH-
TOB BJIEYET 3a CO00I M3MeHeHUe (PU3NKO-MEXaHNIeCKMX
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dusnko-mexaHnyeckue CBoicTBa 06pasLIOB Ha OCHOBE LLTaKOMUHEPabHbIX CMecel
Physical and mechanical properties of samples based on slag-mineral mixtures

Cwmecu

Mpenen npo4yHocTn
npu CXaTun BOOOHACHILLEHHbIX
obpas3uos, MlMa, B BO3pacTe, cyT

Mpenen npoyHoCTH
npw packone, Mrlla,
B BO3pacTe, CyT

Mpenen npoyYHOCTU Npun
cxatum nocne 25 unknos
3aMopaxmnBaHua-oTTanBaHus

7 28 60 28 60 B BO3pacTe 28 cyT, Mla
LLleGeHouHbIe, LWnaK rpaHyIMpPOBaHHbIIA
20% + N3BECTE 2% 0,1 0,25 0,55 0,1 1 0,6
LLle6eHouHble, LnakoBoe BsxyLee 35% 0,1 0,35 0,8 0,2 1,2 0,7

rokasarejieii, YTo JaeT BO3MOXHOCThb PETyJIMpoOBaTh U
YIOPaBJIATh MpoleccaMy YKPEeIUIeHW s, BO3MOXHOCTb MO~
JIaBUTb OMHU CBOMCTBA, YCWJIUTD IPyTUe U T. 1.

OmHMM 13 HaNpaBIeHUI YTUJIN3aUN [IJIAKOBBIX OT-
BaJIOB SIBJISIETCS MCIIOJIb30BaHME IITaKa JJISI yCTPOMCTBA
JTOPOKHBIX OJIEXKT.

Llenbro JTaHHOTO UCCIeNOBaHUS SIBJIIETCS pa3padoTKa
HU3KOMapOYHOTO BSDKYIIIETO M3 CTAICTUIABUILHOTO IITa-
Ka T YKPeTUIeHWs OCHOBaHUI aBTOMOOWJIBHBIX TOPOT.

J7s1 mosrydeHusI IUTAaKOBOT'O BSKYIIIETO MCIIOIb30BaI-
cs1 OTBaJIbHBIN MapTeHoBcKUi 1utak [TAO «MMK», koTo-
DBl CONEPKUT 110 45% XMMUYECKHU CTaOMIM3UPOBAHHOIO
B-CoS u 5—7% C4AF 1 OTHOCUTCSI K TPYIIIE BBICOKO-
OCHOBHBIX MaTepuanoB (MOAyJb OCHOBHOCTH 2,3—3,1).
XuMu4yeck cTtabunm3npoBaHHBI [(-C)S TtumpaBimde-
CKOI aKTMBHOCTBIO MPAKTUYECKHX HEe O0IagaeT.

HesnauurtenbHast rumpaBidyeckass aKTUBHOCTb OT-
BaJILHOTO IIIJIJaKa 00YCJIOBJIeHA HAJIMYKMEM B €T0 COCTaBe
Pa3HOBUIHOCTEM aKTUBHBIX 3JIEMEHTOB XXeJie3a, aTlOMM-
HUST U KPeMHUSI, BO3HUKAIOIINX BCJEACTBUE Hapylle-
HUSI MOJIEKYJISIDHBIX CBSI3€M TJIMHUCTBIX MUHEPAJIOB MPU
00e3BOXMBAHUN W OHUCIIEPTallid YacTHUIl B IIpoliecce
caMo00XXuUTa.

Jist co3maHus peaKlMOHHO-CITOCOOHBIX MUHEPAJIOB
B IIJTaKE HEOOXOOWM aKTUBU3ATOP, POJIb KOTOPOTO CO-
CTOUT B (DU3UKO-XMMUYECKON aKTUBALUM XUMMUYECKU
crabunn3nupoBaHHoro 3-C)S.

MoJoThIl 1IJTAK MOXHO MCIIOJb30BaTh B KayeCTBE
BSDKYIIIETO, BBOISI JOOABKM, BOIHBIC PACTBOPHI KOTOPHIX
MpY 3aTBOPEHUHN IIjIaka O0eCHeYrBaOT JOCTAaTOYHO
IMOJIHOE CBSI3bIBAHME CBOOOJHOTO OKCHMIA KaJblIUS B
MPOAYKTHI, OOpa3ylouue KpUCTAUIMYECKUNA Kap-
Kac [14, 15]. HaubGonee nmpeanouyTuTe IbHBIM aKTUBU3a-

MpoyHoCTb Npun cxaTtumn, MMa
O = N W pH OO N 0O O

0 1 2 3 4 5 6 7 8 9 10
CopepxaHue nobasku, %

3aBMCUMOCTb MPOYHOCTU OT CoAepXaHus o6aBkn
Dependence of strength on the content of the additive

topoum sinisieTcst Alp(SOg4)3-18HoO u3-3a Hanbosee mo-
HOTO CBSI3bIBAHMSI CBOOONHOTO OKCHIA KaJbIHUS.

[Mporieccsl, mpoTekaole Mpu 3aTBOPEHUN IIUIaKa
BOJHBIM PAaCTBOPOM CyJibdhaTa aJIOMUHUS, MPOTEKAIOT B
HECKOJIbKO 3TaroB.

[lepBblii Tan BbI3BAH peaklMeEl 3aMENIEHUS WOHOB
ATIOMUHUS B CyJIb(haTe ATIOMUHUST HA MIOHBI KaJTbIUSI C 00-
pa30BaHUEM TUTICA U TUAPOATIOMIUHATA KATBIIMS TIO CXEME!

Al(S04)3+Ca0O+H,0—CaS04-2H,0+3CaO-
-Al,03-6H,0.

Bropoii aTan — obpa3oBaHue TUAPOCYIbGOATIOMU-
HaTa KajgbLus (3TTPUHTHUTA) B PE3yJIbTaTe XUMUICCKOTO
B3aMMOCICTBUS TUAPOATIOMUHATOB KaJIbLIUSI C TUIICOM
B BOIHOI1 cpejie 110 CXeMe:

3Ca0-Alb03-6H>0+CaS042H>0+H,0—
—3Ca0-Al»03-3CaS04-32H50.

Tpetunii aTan — oOpa3oBaHUE TUAPOCUINKATOB KaJlb-
s TIpA (PU3UKO-XUMHUIECKOM BO3IECHCTBMU M30BITKA
pacTtBopa cyjbdaTta aatoMuHus, umetoiiero pH=3,4, uro
MIPUBOAUT K IIOBEPXHOCTHOMY Pa3pyIICHUIO KPUCTAIIN-
yeckoit perieTku 3-CoS 1 yBeIMueHUIO Yncia A1e(PeKToB,
TEM CaMbIM IIOBBIIIASL €r0 XUMUYECKYI0 aKTUBHOCTD,
MMPUBOASAIIYI0 K 00pa30BaHUIO THUAPOCHIMKATOB Kallb-
LIMSI TI0 CXEME:

2(Ca,Si04)+3H,0—Ca38i07-2H,0+Ca(OH);.

Ob6pazoBanne Ca(OH), B pesynbTare XMMHYECKOU
peakiny CrocoOCTBYET NalbHENIIEH TUAPATALINKN JBYX-
KaJILIMEBOTO CUJIMKATa B OTCYTCTBUE CyJbdara ajltoMu-
Hus. [IprcyTCTBUE STTPUHTUTA B TBEPACIONICH CUCTEMe
BBICTYMAET B POJIM 3aTPaBKM ISl KPUCTAUIM3ALUU THUI-
POCUITMKATOB KaJTbIIHs.

BiausHue konuyecTBa 100aBKM-aKTMBMU3aTOpa
Al>(SO4)3-18H>O Ha mIpoYHOCTH 00pAa3lLIOB B BO3pACTe
28 cyT Ha OCHOBE IIJTAKOBOTO BSDKYILIETO IPEACTABIEHO
Ha PUCYHKe.

[To pucyHKy BUIHO, YTO TIPUPOCT TPOYHOCTHU TIPOUC-
XOIUT MPU BBeACHUU 100aBKU B KoJndyecTBe 10 8%. DTo
CBSI3aHO C YBEJIMYEHUEM KOJIMYEeCTBA HOBOOOPA30BaAHUA
STTPUHIUTA, KOTOPOE COMPOBOXIAETCS IHAOTEPMUYE-
ckuM addektoM npu Temmeparype 150—180°C. Ilpu
YBEJIMYEHUU COMepXKaHUs JTO00aBKU CBBIIIE ONTUMAJIb-
HO¥1 TPOUCXOAUT BBIIEICHUE OKCcHUIa Kaablus u3 3-CsS,
TPUBOISIIIEE B JAJbHEUIIEM K Pe3KOMY YMEHbBIICHUIO
coliep>KaHUsl TMIAPOCUIUKATOB KAIbLIUS U, CleNOBaTe b~
HO, K TOHMKEHUIO MTPOYHOCTH.
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‘ Marepuanbl A1 A0POKHOTO CTPOHTEIHLCTBA

[MosyyeHHOE IUIAKOBOE BSDKYIIIEE MOXKHO PEKOMEH-
JIOBaTh B CTPOMUTEJILCTBE aBTOMOOMJIBHBIX AOPOT, IS
YCTPOMCTBA OCHOBAHMI M3 YKPEIUIEHHBIX KaMEHHBIX
MaTepuaioB U TPYHTOB [16].

B xome uccnenoBaHuii OBIJIO TIPOBEIEHO CPaBHEHUE
(bM3UKO-MeXaHMUECKMX CBOMCTB IIJTAaKOMUHEPATbHBIX
cMeceil, YKPeIUIEHHBIX M3BECTKOBO-IIAKOBBIM BSIKY-
LIMM U ITOJIyYEHHBIM ILJIAKOBBIM BSDKYIIMM TOM XK€ aK-
TUBHOCTU (CM. TaOJIUILY).
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Peonorua rpyHT06eTOHHbLIX CMECen
Ha OCHOBE NONUMEp-0praHNYecKoro cBA3YHLLEro
C MUHEpanbHbIM MoAUMKaTOPOM

K yucny npropuTeTHbIX 3a8a4 rocyLapCcTBEHHON NONUTMKN POCCUM OTHOCUTCA pa3BuUTME APKTUYECKO 30HbI, XapakTepu3ytoLLencs
He6aronpUATHLIMU NPUPOLHO-KIUMATUYECKUMU N UHXXEHEPHO-Te0/I0rMYeCKUMU YCNOBUAMU, KOTOPbIE CYLLIECTBEHHO YCNOXHAT
pa3BUTME JAHHON TEPPUTOPUM, B YaCTHOCTI MOJEPHN3ALIMI0 TPAHCNOPTHOI UHAPacTPyKTYpbl. OAHUM 13 3G eKTUBHBIX CNOCO60B
YCTPOMCTBA AOPOXHOIO MOSIOTHA ABMIAETCSA UCMONb30BAHNE 6a30BbIX PYHTOB, YKPEMNEHHbIX UM CTAOUIM3NPOBAHHBIX BSXKYLLMMU 1
aKTUBHbIMU J06aBKaMu ¢ POPMUPOBAHNEM TPYHTOOETOHHON CTPYKTYPbI C 3ajaHHbIMU (PU3UKO-MEXaHUYECKUMIN XapaKTepuCcTUKamu.
MpenBapnuTenbHO BbINOMHEHHbIMU paboTamMmm 060CHOBaHA BO3MOXHOCTb UCMONb30BAHNS B KA4ECTBE KOMMNIEKCHOTO YKpenuTens
(opraHoMuHepanbHOro cTabunnaaTopa) MUHUCTLIX TPYHTOB NONUMEP-0PraHNYecKoro CBA3YIOLEro ¢ MUHEPAIbHbIM MOANMNKATOPOM.
ViccnepoBanus NpoBOAMIIM HA MOZENbHON CUCTEME TPYHTA, NOJTY4eHHON CMELLIeHIeM NecKa 1 CanoHUTCOLepXKalLllero Matepuana u
COOTBETCTBYIOLLE MO CBOWCTBAM W COCTaBY Cyrnecu. B ka4ecTBe OpraHOMMUHEPanbLHOMo cTabunnaaTopa Ucnosib30Bann KOMMeKC,
COCTOALLMIA U3 TNNOKCaNs, KAPOUZHOTO Uia 1 Kopbl. BbIABMHYTA r1noTe3a 0 MexaHu3me CTPYKTYpooOpasoBaHnNs pas3paboTaHHO
MHOrOKOMMOHEHTHON FPYHTO6ETOHHOW CUCTEMbI HA OCHOBE MOLENbHOIO rPYHTA, 3aKNH04aLLEMCA B QUSUKO-XUMUYECKOM
B3aMMOJENCTBINM OTAENbHbIX KOMTIOHEHTOB CUCTEMbI C MOCTENEHHbIM NEePexXoAoM OT MIAacTUYHOro K TBEPA006PA3HOMY COCTOSHMIO U
06pa3oBaHMeM MepuoanYeckoi KonnonaHom CTPYKTYpbl, yCTOAYMBON K BHELUHUM TeMIEpaTypHO-BIXXHOCTHbIM BO3JENCTBUAM 1
o6napatolein TpebyemMbIMI B Ha4alibHbIA Nepuoj N3roToBNeHUs PeonornyecKUMin XapakTepucTnkamu. B aToi cBA3N LeSiblo JaHHON
paboThl ABMANACL OLEHKA CTPYKTYPHO-MEXaHUYECKNX 0COOEHHOCTEN MOJENbHbIX CUCTEM C OPraHOMUHEPATIbHBIM CTAOUNN3ATOPOM, A
MMEHHO PEO0sIornYecKnX NapameTpoB Kak MHAYOPMATUBHbIX 1 YyBCTBUTESIbHbIX NMOKa3aTenen CTPYKTYPHbIX TpaHcdopmauui
KOMNOUAHON CUCTEMbI B 3aBUCUMOCTM OT € COCTaBa, a Takxe (PU3NKO-MeXaHN4eCKnxX CBONCTB. Pe0TeXHONOrnYecKue napameTpsbl
OMpeAeNiafiv ¢ NOMOLLbI0 POTALMOHHOIO BUCKO3UMETpA. 117 yCTAHOBEHNS 3aKOHOMEPHOCTE CTPYKTYPOO6pa30oBaHus B Ka4ecTse
PE0ornYecKoil MoLenn 6bina BolopaHa Mogenb Nepwena—banknu. MonyyeHHble pes3ynbTathl NOKas3anu, 410 BCe UCCNeayemble
LUCMEPCHble CUCTEMbl XapaKTepU3ytTCA TUKCOTPOMHBIM TUMOM TEY4eHNS 1 0651afat0T NPOMEXYTOYHbIMU CTPYKTYPHO-MEXaHUYeCKUMN
cBoncTeamm, 61M3KUMN K GUHraMOBCKUM TBEPA006pa3HbIM cucTemMam. YCTaHOB/EHbI 3aKOHOMEPHOCTM BIIMAHWA OTAE/bHbIX
KOMMOHEHTOB FPYHTOOETOHHOM CMECK Ha Pe0siIormyeckune CBOCTBA MOLESTbHOr0 MUHUCTOrO rpyHTa. [lokasaHo, YTo JOMUHUPYIOLLee
BO3[e/CTBIE HA NPOLECChl CTPYKTYPOOOPa30BaHMA 0Ka3biBAET NMOJIMMEP-0praHnyeckoe CBA3YHLLEe Ha 0CHOBE
MEeXaHO0aKTUBMPOBAHHON KOPbI 1 rMuoKcans. [pu 3ToOM yBennyeHue CoAepXaHns BOLHOM ANCMEPCUOHHO Cpefbl HAa CTabUbHOCTb
[aHHbIX CUCTEM B Ha4asnbHbIA NEpMoJ NPaKTUHECKN HEe OKA3biBAET BIUAHMSA: 06ECMEYMBAETCA CTPYKTYPHASA NPOYHOCTb
KOarynsunoHHbIX KOHTaKTOB, CDOPMUPOBAHHbIX B Pe3ysibTarte (PU3NKO-XNMNUYECKOr0 B3aUMOAEICTBIUS aKTUBHbIX KOMMNOHEHTOB
cuctemsl. [TOKa3aHo, YTo YKpenaeHne MOLEeSIbHOTO MMUHUCTOrO rPYHTa OPraHOMUHEPasibHbIM KOMMIEKCOM 06eCreynBaeT CHIKEHE
ONTUMAJIbHOI BIAXKHOCTW CUCTEMbI B [1Ba pasa ¢ (hOPMUPOBAHMEM PYHTOOETOHA C BbICOKAM 3anacoMm Mo NpoYHOCTW. Takum 06pasom,
B pe3ynibTate KOMMJeKca UccrefoBaHnii ON0SIHEHbl TEOPETUHECKME NPEACTABNEHNS O CTPYKTYPOOOPA30BAHNM CIIOXKHBIX
TPYHTOOETOHHbIX CUCTEM.

Knio4eBble cNoBa: CTPYKTYPHO-MEXaHUYECKINe CBOMNCTBA, PEONOrus, MOZeNb MepLuensi—banknu, rMUHNCTbIA TPYHT, FPYHTOGETOH,
OpraHoMUHepanbHblil CTAaGUNM3ATOP, NONMMEP-0PraHUYeCKOe CBA3YIOLLEE, NPeen TeKy4ecTn, 3thdeKTUBHAS BA3KOCTb, NOKasaTenb
KOHCMCTEHLIAM, NOKa3aTeNb XapakTepa TedeHns, (hU3MKo-MexaH4ecKIe XxapakTepucTmkm.
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Rheology of Soil-Concrete Mixtures Based on a Polymer-Organic Binder with a Mineral Modifier

The development of the Arctic zone, characterized by unfavorable natural-climatic and engineering-geological conditions, which significantly complicate the development of this territory,
in particular the modernization of transport infrastructure, is among the priorities of the state policy of Russia. One of the effective ways to construct a roadbed is to use base soils, rein-
forced or stabilized with binders and active additives, with the formation of a soil-concrete structure with specified physical and mechanical characteristics. Preliminary executed works
substantiate the possibility of using a polymer-organic binder with a mineral modifier (organo-mineral stabilizer) as a complex hardener for clay soils. The studies were carried out on a
model soil system obtained by mixing sand and saponite-containing material. The model soil system corresponded to the properties and composition of sandy loam. A complex consist-
ing of glyoxal, carbide sludge and bark was used as an organo-mineral stabilizer. A hypothesis has been put forward about the mechanism of structure formation of the developed multi-
component soil concrete system based on a model soil, consisting in the physicochemical interaction of individual components of the system with a gradual transition from a plastic to
a solid state and the formation of a periodic colloidal structure resistant to external temperature and humidity influences and having the rheological characteristics required in the initial
period of manufacture. In this regard, the purpose of this work was to evaluate the structural and mechanical features of model systems with an organo-mineral stabilizer, namely, rheo-
logical parameters as informative and sensitive indicators of structural transformations of a colloidal system depending on its composition, as well as physical and mechanical proper-
ties. Rheotechnological parameters were determined using a rotary viscometer. To establish patterns of structure formation, the Herschel-Bulkley model was chosen as a rheological
model. The results obtained showed that all the studied dispersed systems are characterized by a thixotropic flow type and have intermediate structural and mechanical properties close
to Bingham solid systems. The regularities of the influence of individual components of the soil-concrete mixture on the rheological properties of the model clay soil have been estab-
lished. It has been proven that a polymer-organic binder based on mechanically activated bark and glyoxal has a dominant effect on the processes of structure formation. At the same
time, an increase in the content of an aqueous dispersion medium has practically no effect on the stability of these systems in the initial period: the structural strength of the coagulation
contacts formed as a result of the physicochemical interaction of the active components of the system is ensured. It is shown that the strengthening of the model clay soil with an orga-
no-mineral complex provides a two-fold decrease in the optimal moisture content of the system with the formation of soil concrete with a high margin of safety. Thus, as a result of a
complex of studies, theoretical ideas about the structure formation of complex soil-concrete systems have been supplemented.

Keywords: structural and mechanical properties, rheology, Herschel-Bulkley model, clay soil, soil-concrete, organo-mineral stabilizer, polymer-organic binder, yield stress, effective vis-

cosity, consistency index, flow behavior index, physical and mechanical characteristics.
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K umcny BaXHBIX 3a[a4 rOCyIapcTBEHHOW MOJIUTUKHU
Poccniickoit Denepalini OTHOCUTCS YCTOMUMBOE U cOa-
JJAHCUPOBAHHOE PA3BUTHE TEPPUTOPUI, YTO TPEOyeT, B
YaCTHOCTU, MOJIEPHU3ALIUM TPAHCTIOPTHON MHGPACTPYK-
Typbl. B TepeyeHb MPUOPUTETHBIX T€OCTPATETUYECKUX
TEPPUTOPUI BXOIUT ApPKTUYECKasl 30Ha, XapaKTepU3ylo-
1Iasicsl HeOJIArONMPUSATHBIMU TPUPOAHO-KIUMATUIECKUMU
Y MHXXEHEPHO-T€0JIOTMIECKUMU YCIOBUSIMU. BBUITY 060-
3HAYEHHBIX OCOOCHHOCTE pa3BUTHE TPAHCIIOPTHOMN MH-
(G pacTpyKTyphbl B 3TUX PETMOHAX COIPSDKEHO C PSIIOM Cy-
LIECTBEHHBIX CJIOXKHOCTEH. OTHUM 13 CaMbIX 9KOHOMUYE-
CKU, 3KOJIOTMIECKU U TeXHOJOTUIeCKN 3(h(PeKTUBHBIX
CIOCOOOB YCTPOWCTBA TOPOXKHOTO MOJIOTHA SIBJISIETCS UC-
M0JIb30BaHUE 0a30BbIX TPYHTOB, MpPU HEOOXOIMMOCTU
VKPEIJICHHbIX WA CTaOWIM3UPOBAHHBIX, B TOM YMHCJIE
KOMILIEKCHO, JUISI YBEIMUEHUSI TOJITOBEUHOCTU TOPOXKHOM
KOHCTPYKIIMHU B 11eJIoM. B pesynbrate hopMupyercst rpyH-
TOOETOH, MPEICTABIISIIONINI COO0M CMECh TPYHTA C BSIXKY-
IIMMU Y/WIA aKTUBHBIMU TOOABKAMU PA3IMIHOTO COCTa-
Ba, MO3BOJISIIOIIMMU 34 CYET 00pa30BaHUs (HU3UIYECKUX U
XUMUWYECKUX CBSI3Ei MEXIy YaCTUIIAMU TPYHTA CO3/1aBaTh
CTPYKTYPY C 3aJaHHBIMU (PU3UKO-MEXaHUUYECKUMU XapaK-
tepuctukamu [1—5]. T1pu 3ToM MOTYT OBITh UCIIOIbH30Ba-
HbI KaK TPAAULIMOHHBIE 151 CTPOUTEIbHOM OTPACIIU BSIXKY-
1Ye U 100aBKU, TaK U TEXHOTEHHOE PETUOHAIBHOE ChIPBE.

[IpenBapuTebHO BBIMOJIHEHHBIMU paboTaMu 000-
CHOBaHa BO3MOXHOCTb UCITOJIb30BaHUS MTOJMMEpP-0Opra-
HUYECKOTO CBSI3YIOIIETO C MUHEPATbHBIM MOAU(MUKATO-

pOM B KauyeCTBe KOMILUIEKCHOTO YKPETUTENSI IJISI OCHO-
BaHUI JOPOT U MHXEHEPHBIX KOMMYHMKAIIMIA B OTHa-
JICHHBIX W TPYTHOMOCTYITHBIX CEBEPHBIX U apKTUUCCKUX
pervoHax [6, 7].

I'pyHTBI ApXaHTeNbCKOI 007aCTU OTHOCSTCS TIpe-
WMYIIECTBEHHO K IJIMHUCTHIM, OTHOW M3 Pa3HOBUIHO-
CTEeil KOTOPBIX SIBJISIIOTCSI CYIIECU C YMCJIOM ILIACTUYHO-
ctu ot 0,01 mo 0,07. Ilpu 3TOM MHHEpaTbHBII COCTaB
TaKWX TPYHTOB, KaK IMPaBUJIO, XapaKTePU3yeTCsl HATMIM -
€M KBaplia Kak IIpeBaJMpPYIOLIEro MUHEpaa, a TakKxke
pa3zHoOOpa3reM TOHKOAMCIEPCHOM TIIMHUCTON KOMITO-
HEHTbI, B YACTHOCTH CaIlOHUTA.

PykoBOICTBYSICh M3BECTHBIMU IAHHBIMU TIO CBOM-
CTBaM U COCTaBY PEerMOHAJIbHBIX TPYHTOB [8], UcciienoBa-
HMSI TIPOBOIM/IM HAa MOJIEIbHBIX COCTaBaX, IMOJYYEHHBIX
CMEIIMBAaHNEM B JIAOOPATOPHBIX YCIIOBHSIX TTeCcKa (MeCTO-
poxneHue «KpacHodbaorckuii-3anan», MOIYIb KPYITHO-
ctu M =1,1) u canonurconepxaiiero marepuaia (CCM),
dopMupyeMOro Kak OTXOH ITPOMBIIIIICHHOTO oborarie-
HUS pyA MeCTOpoxXAeHUs aiMa3oB M. M.B. JlomoHocoBa.
B pesymnbrate mosrydeHa Cyrech ¢ YMCIOM TUTACTUIHOCTH
0,02 xak HaubOosiee TPEACTaBUTEIbHBINM TUIT TPyHTa
ApXaHTeJIbCKOro peruoHa. OnTuMajbHas BIAXKHOCTb
rpyHra coctaBuia 11%.

B kayecTBe OpraHOMMHEpaJbHOrO CTabWIM3aTOpa
TpejJIaraeTcsl MCIOIb30BaTh KOMIIJIEKC, COCTOSIINI 13
rnnokcans (mpousBoactso OO0 «HoBoxum», r. Tomck),
KapOMIHOTO MiIa (OTXOI raleHusI KapOuaa KaJlbIIns IpU
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MPOU3BOACTBE aleTuiaeHa) u Kopbl (Pinus Silvestris L).
KapOuaHbIii U1 BBUIY €r0 BBICOKOW MCXOIHOM BiIaX-
HocTu (6ojiee 90%) BBICYIIMBAIU IO TIOCTOSTHHOW Mac-
Chl U Aajiee MpoCceuBaIn ISl UCKIIIOUEHMST KOHTJIoMepa-
TOB, C(pOPMUPOBAHHEIX TIpU cyIIKe. [ToaroToBKa KOpHI
3aKJoyajach B M3BJICUYEHMU BOAOPACTBOPUMBIX 3KC-
TPAaKTUBHBIX BEIIECTB IyTEeM BOIHOI KCTPAKIIMU C T0-
CJIEIYIOIIUM CYXUM M3MeJIbUeHUEM JUISl aKTUBAIIUM T10-
BEPXHOCTHBIX LIEHTPOB JUTHMHA 0 TOCTIXKEHUST MeTa-
CTA0MJIBHOTO TOHKOJMCIIEPCHOTO  COCTOSTHUSI  C
¢dopMHUpPOBaHMEM CHCTEMbI CO CPEIHUM pa3MEpoOM ya-
CTHULL 10 5 MKM (5'10‘6 M).

OueBUIHO, UTO CTPYKTYpOoOOpa3oBaHNe IPyHTOOETO-
Ha ¢ OPTaHOMUHEPAJTbHBIM KOMIUIEKCOM, SIBJISTIOIIETOCS
TETEPOreHHOM UCIIEPCHOM CUCTEMOM, COCTOSIIENA W3
JIUCIIEPCHOM (ha3bl B BUJIE MOPOIIKOBBIX KOMIIOHEHTOB
(mecok, CCM, kopa, kKapOUIHBII W) U AUCTIEPCUOHHOM
cpenbl B BUJE BOAHOIO pacTBOpaA IJIMOKCANs KaK KUIKO-
CTH 3aTBOPEHMSI, OYIET CBSI3aHO C (PU3UKO-XUMHUUECKUM
B3aMMOJICMCTBMEM OTIEIHbHBIX KOMITIOHEHTOB CHCTEMBI, B
pe3ysbTare 4ero OyaeT MPOMCXOMUTh MOCTEIICHHBIN ITe-
PEXO[l OT TUTACTUYHOTO K TBEPI0OOPa3HOMY COCTOSTHUIO,
KOTOpOEe XapakTepusyeTcss oOpa3soBaHUEM MepUOANYEC-
CKOU KOJUIOMIHOM CTPYKTYPbI, YCTOMYUBOU K BHELLIHUM
TeMIepaTypHO-BIaXXHOCTHBIM BO3ICUCTBUSIM U 00J1aga-
o111eit TpeOyeMBIMM B HaUaJIbHBIN MEPUO. MU3TOTOBICHUS
PEOJIOTMYECKUMU XapaKTeprucTuKaMu. B 3Toii cBsI3m 11e-
JIbIO HACTOSIIIIETO UCCIIEIOBAHUS SIBJISLIACH OLICHKA CTPYK-
TypHO-MEXaHUYECKUX OCOOEHHOCTEl MOJENbHBIX CH-
CTEM C OPraHOMUHEPAJTbHBIM CTa0UIM3aTOPOM, & UMEH-
HO PEOJIOTMYECKUX MapaMeTPOB KaK MH(MOPMATUBHBIX U
YYBCTBUTEJIBHBIX IMOKA3aTeNIeil CTPYKTYPHBIX TpaHC(Op-
Malil KOJUIOUIHON CUCTEMBI B 3aBUCUMOCTHU OT €€ CO-
craBa [9—13], a Takke PU3NKO-MEXaHUIECKNX CBOMCTB
COINIACHO CTaHAApPTU3MPOBAaHHBIM MeToaMKaM. Pacyert-
HBIii COCTaB MOJIEJIBHOI CUCTEMBI TPYHTOOETOHA Ha 1 M3
npeacTaBieH B Ta0. 1.

Ha mepBoHavuayibHOM 3Tame OCYIIECTBIISUIM OLEHKY
pPeoJIOTUM MOJENbHBIX cucTeM. [ToCKoJIbKY omnpeneneHue
PEOJIOTUYECKMX IMapaMEeTPOB IIPU ONTHMAIbHON BJIaXk-
HOCTH HEBO3MOXXHO BBUAY HEAOCTaTKa AMCIIEPCUOHHOM
cpeanl U OPMUPOBAHMS BI3KOILJIACTUYHON CUCTEMBI, B
paboTe CheMKY MPOBOAVMIIA IPU BOAOTBEPABIX OTHOIIIE-
HUSX, paBHbIX 2,4 u 3. Kpome Toro, misi coxpaHeHUs
CeIMMEHTAIIMOHHON YCTOMYMBOCTH CUCTEMEI, T. €. IUIS
MPeIoTBPAILlEHUs PACCIOCHUSI CMECU U OTIeJEHUS
KPYITHOTO 3aIlOJTHUTEJISI C €T0 OCAXKICHUEM, TIECOK OBLT
WUCKJTIOUEH M3 2KCTIEPUMEHTa, a HWCCIeAyeMbI TPYHT
MPEACTaBJIsUT MOJHOCTBIO CAllOHUTCOAEPKAIMI MaTte-
pua, Mo YUCITy TIACTUYHOCTU COOTBETCTBYIOIIMIA TJIM-
He, C COXpaHEHUEM ONTHUMAaJIbHOIO COOTHOIIEHUS] KOM-
ITOHEHTOB MOJIEJIbHOM CUCTEMBI IpyHTOOETOHA (Tab. 1).

PeorexHoornyeckue mapaMeTpsl ONpeaessia ¢ mo-
MOIIIbIO poTalMoHHOro BUcko3numeTpa Rheotest RN4.1 ¢
WCTIONIb30BAHUEM U3MEPUTEIHHON CUCTEMBI «ITUJIUHIP—
LIWJIUHIP».

JI71s1 yCTaHOBJICHUS BIMSIHUSI OTIEIbHBIX KOMIIOHEH-
TOB Ha CTPYKTypooOpa3oBaHUE IHUCIIEPCHON CUCTEMBI
ObUIM U3YYEHBI CICIYIONIMe KOMOMHALIVN:

Ta6nuua 1
Table 1
CocTaB MoAesnbHOW CUCTEMbI FPYHTOGETOHA
Composition of the soil-concrete model

KomnoHeHT Konuuectgo, kr/m3

Mopenb FMHUCTOrO rpyHTa, BKIIOYAIOLLAS: 1510

necok (M) 1308

canonuTcoaepxalmin matepuan (C) 202
[onumep-opraHM4eckoe CBA3yioLLee, BKIOYaloLLee: 289

rnvokcans 40% p-p () 17

kopa (K) 272
MuHepanbHbIii MoamdukaTop — kapouaHbiii un (K) 152

1. Canonutcoaepxamuit Matepuai (C).
2. CanoHUTCOAEpXKAIIMIT MaTepual W IIMOKCalb

(C+D).

3. CanoHUTCOIepXKAIUi MaTepral U KapOUIHBIN W
(C+KMN).

4. CanmoHUTCOAEPXKAIIMIT MaTepuaj, TIJIUOKCallb U
kopa (C+I'+K).

5. CanoHuUTCoOAepXalllMii MaTepuanl,
kopa u kKapounusiit un (C+I+K+KHN).

[TpurorosaeHue o0pa3OB 3aKI0OYATIOCH B MTOCAEA0-
BaTeJIbHOM CMEILIMBaHUU CHayala CyXUX KOMIIOHEHTOB C
IMOC/IEIYIOIINM J00aBJIeHUEM KUIKOCTA 3aTBOPEHMS,
BKJoyarouei Boay v 40%-ii BOOZHBIA pacTBOP IJIMOKCA-
Jis1 (OIIIMOHHO), W TIIATSJIbHOM MepeMEIIMBAHUN TTOTY-
YEHHOU CMECH C TIOMOIIILIO BEPXHETIPUBOIHOM MEITaTKKI
lka RW 16.

Ha ocHOBaHMY TOJTy4eHHBIX C TIOMOIIBIO POTAIIMOH-
HOT'O BUCKO3UMETPA IKCIIEPUMEHTAIBHBIX JAHHbBIX ObLIU
IMOCTPOEHBI KPUBBIE TEUCHMS M ONTMCAHBI 1e(OpPMaIIIOH-
HbIE TIPOIIECCHI B pACCMaTPUBAEMbBIX TUCTIEPCHBIX CUCTE -
Max. [ ycTaHOBJIEHUSI 3aKOHOMEPHOCTEIl CTPYKTYpO-
00pa3oBaHMs B KAYECTBE PEOJIOTMIECKON MOMETN Oblia
BbiOpaHa Monenb [epuens—banknu [14, 15]. Tlpenen
TeKy4ecTH Pr ompenensuiv rpapuieckum crnocooom Iy-
TeM SKCTPATOJISIIINY y4aCTKa KPUBOU (DyHKIIMOHAJIBHOM
3aBUCMMOCTHM HampspDkeHusl caBura (P) oT rpamueHTa
ckopoctu casura (Y) P=f(y), XxapakTepu3yIoIIerocs pe3-
KM TOJbEMOM M YBEJIMUEHUEM YIja HaKJIOHa, K OCH
HanpspkeHus1. Touka mepeceyeHus ¢ OCblo OpIAUHAT CO-
OTBETCTBYET KaXyIIEeMyCsl 3HAUEHWIO TIpefiesia TeKyue-
ctu. J1ns onpenesieHUs mokasartesieil k u n rpagpudeckue
3aBUCUMOCTU Buga P=f(y) omnuchIBaJiM CTENEHHOI
GyHKIMEH B COOTBETCTBUM C ypaBHEHUEM (1):

P Pr=ky", (1

rae Pp — mpemen TeKy4ecTH WM KOre3usi, KpUTUIeCcKoe
HaTpsKeHWe, HeoOXOMUMOe MJISI WHUIIMUPOBAHUS Te-
YEeHUs] W XapaKTepU3ylollee IMPOYHOCTh CTPYKTYDHI,
IMa (H/M?); k — mokasaTesib KOHCUCTEHIIMHU, OITUCHIBAIO-
I BI3KOCTh TOJBKO B JMHAMMYECKOM COCTOSTHUU Te-
YeHUs] TIPU HU3KUX CKOPOCTSIX CIABUTA W SIBJISIIOIIMIACS
MepOl KOJIMYECTBAa TBEPHABIX BEIIECTB B PACTBOPE IS
BBICOKHX CKOPOCTEIi CIIBUTA; 1 — TIOKAa3aTeslb XapakTepa,/
pexuMa TeYeHUsI, YKa3bIBAIOIINI Ha CTETIeHb OTKJIOHE-

[JIMOKCAlTb,
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Puc. 1. Peonorua oncnepcHbIX CUCTEM B 3aBUCUMOCTU OT X cocTasa npu B/T:
Fig. 1. Rheology of dispersed systems depending on their composition at W/S:

HUST CBOMCTB XXUIKOCTH OT HBIOTOHOBCKOM M Ha CTETEHb
Pa3XKEHUST CUCTEMBI IIPU CIIBUTE.

3HaueHUs 3G GEeKTUBHON BI3KOCTA (Mmaxs Nmins
ANsp) OTIPEIEIISITN ¢ TIOMOIIBIO (PYHKIIMOHAIBHOM 3a-
BUCHUMOCTH BuIa N=/(y).

Peosnornyeckue KpuBble, IpeACTaBICHHbBIE Ha puUC. 1,
OMUCHIBAIOT TUMUYHOE IMOBEACHUE AUCTEPCHBIX CH-
CTEM U UMEIOT CXOIHBIM XapakTep TeUeHUsI, OTINYAI0-
IIUAICS TOTBKO MHTEHCUBHOCTBIO U3MEHEHUS PEOJIOTH -
YecKMX mapaMeTpoB. PazieneHue peosornyeckux Kpu-
BBIX Ha YyYacTKM W WX aHajIu3 I03BOJUJIM BBISIBUTH
CTPYKTYPHO-MEXaHUUYeCKue OCOOEHHOCTU UcCCIenye-
MBbIX CMECEM.

Bce nccrnenyeMble nuCriepCHbIE CUCTEMBI XapaKTepU-
3YIOTCSI TUKCOTPOITHBIM THUIIOM TEUEHUs, 3aKJII0Yaro-
IIMMCSI B TIJITABHOM CHVKEHUU BSI3KOCTHU TIPU YBEJIUYE-
HUU TPAJUEHTAa CKOPOCTU CABUTA U BOCCTAHOBJICHUU
TPOYHOCTY TIOCJIE CHATHSI TMHAMWYECKUX BO3IEUCTBUIA.
B oGacTi ManbIx 3HaYEHUI TPaIMEeHTa CKOPOCTU CIBU-
ra (no 18 c’!) cucrema ormuaercs MakcuManabHOl Ha-
YaJibHOW BSI3KOCTHIO, KOTOpasl XapakTepHa JJisi Hepas-
PYILIEHHOW CTPYKTYpBI MCCJIEeIyeMOil cMecu. DTo o0y-
CJIOBJICHO B MEPBYIO OYEpEab HACBIIIEHUEM TIIMHUCTON
KOMITOHEHTBI BOJIHOU TMCIIEPCUOHHON CpEeNoi BBUY €€
BBICOKOI COPOIIMOHHOM €MKOCTH BCJICICTBUE TTAKETHO-
ro CTpoeHUs1 ¢ POPMUPOBAHUEM CBOEOOPA3HOTO HEJ0-
cTaTKa XWUIKOCTU KaK TeXHOJIOTUIECKOUN CMa3Ku, obec-
revyrBarolleil cBOOOJHOE paclpeaeieHUe TBEPAbIX Ya-
cTull, B o0beme 0e3 KoHriaoMmepauuu. B pesynbrare
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(opmupytorcs ycioBust st (U3NIECKOTO B3aUMOJICH-
CTBMS TBEepIOi1 (pas3bl ¢ 0Opa3oBaHUEM KOATYJISIIIUOHHBIX
WU MePEeXOAHbIX KOHTAKTOB. Tak, HayalbHasl BSI3KOCTh
CHCTEMBI, TPEICTABISIONIEH MOJEIb YKPEIJIEHHOTO
IPYHTa, IIOYTH B IISITh pa3 IPEBIIIACT aHAJTOTMYHbIM 110~
KazaTesb IS CalIOHUTCOepKaIlero Marepuania 6e3 10-
0aBOK HE3aBMCHUMO OT BEJIUYMHBI BOJOTBEPIOIO OTHO-
LIEHMUSI.

OmHako BBHUIY MaJloil MPOYHOCTH TaKWUX CBSI3Eil,
IPOMCXOAUT UX OBICTPOE pa3pylleHue yxKe IIPU BO3Aeii-
CTBUU HEOOJIBIIINX CABUTOBBIX YCUJIMI. YBEIMUCHME Ipa-
JUeHTa cKopocTH casura (y=18—100 ¢*!) mumoctpupy-
eTcs yMeHbIIeHueM 3(p@GEKTUBHOM BSI3KOCTH, KOTOpast
COOTBETCTBYET pa3JIMYHBIM CTEIICHSM pa3pylleHUs
cTpyKTYpHI cuctembl. MHTepsan 100—155 ¢! conmposo-
JKAaeTCsl JaIbHEMIITMM YMEHbBIIEHUEM BSI3KOCTH J0 YCTa-
HOBJIEHUSI IMPAKTUYECKU IMOCTOSIHHOIO 3HAYEHMSI, YTO
XapaKTepM3yeTcss HavyajoM TeueHusT cucteMbl. Kpome
TOrO, CJIEAYeT OTMETUTh, YTO aHAJIM3 KPUBBIX TEYECHUS
JUIsT co3naHHoi Moaenu rpyHTa (C) mokasan TUITMIHOe
PEOJIOrMYECKOe MOBEACHUE AUCIIEPCHBIX TJIMHUCTBIX CH-
CTeM, KOTOpbI€ B COOTBETCTBUHU C KiIaccuduKalueil 1o
PEOJIOTMYECKUM CBOMCTBaM (IIpenesy TeKy4eCTH) OTHO-
CATCS K XMIKOOOPa3HBbIM TejIaM, XapaKTepPU3YIOIIMMCS
HEJTMHEWHON 3aBUCUMOCTBIO HANPSDKEHUST CIBUTA OT
CKOpoCTU JepopMaliuid M HEMOCTOSIHHBIM 3HayeHUEM
3¢ HeKTUBHOI BI3KOCTH.

VYBenuueHue BOAOTBEPAOro OTHOIIEHMS ¢ 2,4 no 3
MPAaKTUYECKM He MEHSIET XapaKTep TeYCHMS TUCIIEPCHBIX
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Tab6nuua 2
Table 2
Peonornyeckue xapakTtepucTUKu CTPYKTYPUPOBaHHbIX CUCTEM
Rheological characteristics of structured systems

B/T Cocrtas Py, Na (H/m2) Nmin» 112:C | Mmax, Ma-c AN, Ma-c k n R

C 21,82 0,163 3,897 3,734 18,947 0,063 0,99

C+Ir 78,95 0,646 10,11 9,464 56,558 0,118 0,99

2,4 C+KN 5,34 0,041 0,668 0,627 3,358 0,129 0,99

C+Ir+K 129,31 0,745 20,77 20,025 129,65 0,027 0,99

CH+IM+K+KN 104,36 0,412 18,95 18,538 215,59 -0,145 0,98

C 5,68 0,03 0,981 0,951 6,228 -0,045 0,99

C+Ir 27,87 0,198 5,284 5,086 27,528 0,023 0,99

3,0 C+KWN 4,53 0,032 0,67 0,638 3,643 0,065 0,97

C+I+K 62,45 0,242 8,032 7,79 127,26 -0,184 0,96

CH+IM+K+KN 208,93 0,205 18,7 18,495 857,8 -0,35 0,89
MIOTHOCTb NPOYHOCTb CTETICHHOM (I)YHKI_[I/ICI7I ITOKasajia BbICOKOC€ 3HAaUYCHUEC KO-
17 10 o 90duumenta gocrosepHoctu (R=0,94—-0,99). IMonyyeH-
5 HbIC 3HAUYEHUSI PEOJIOTMYECKUX TMapaMeTpoB Pr, k, A,
m{ 1,65 8 ,C_; Nmax> Nmin ¥ ANsgd CTPYKTYPUPOBAHHBIX CUCTEM MPEI-

S &  CTaBJIEHBI B TaOJI. 2.

“2_; 16 6 = IIpenen texyyectu, usmMeHeHue 3(P@PEeKTUBHON BsI3-
& 55 % KOCTM M TIOKa3aTejlb KOHCUCTCHLUU YBEJIUYUBAIOTCS
& . § B pagy (C+KHM) — C — (C+I) — (C+I'+K) —
E 15 2 (C+I'+K+KMW). 3naueHnsa gaHHBIX TTapaMeTPOB JJISI CHU-
= §  CTeMbl «CallOHUTCOAEPXKAIIMA MaTepuan — KapOuIHbIN
1,45 2 § WJI» IO CPaBHEHUIO C MUCXOAHBIM INIMHUCTBIM KOMITOHCH-
E  TOM OTJMYAIOTCS HE3HAYUTEJbHO, UTO OOBSCHIETCS
1.4 2 s 5 - 3 0 CHYDXEHUEM J0JU BBICOKOCOPOMPYIOIIET0 KOMIIOHEHTA

BnaxHoctb W, %

Puc. 2. dusnko-mexaHn4eckre xapakTepucTukm rpyHTo6eToHa Ha 0OCHOBe
MOAENBHON CUCTEMBI FPYHTA

Fig. 2. Physical and mechanical characteristics of soil-concrete based on
the soil model

CUCTEM: OTMEYaeTCsl IJIaBHOE CHUXXKEHHWE HavyaJlbHOU
BSI3KOCTM 10 MHUHHMAaJbHOIro 3HaueHust (puc. 1, b).
OTnnunst BRIpAXKaloTCs JIMITh B 3HAYEHUSIX HAuyabHOW
BSI3KOCTU MOJI€JIbHBIX CUCTEM 32 UCKIIOYEHUEM MOJIECIIb-
HO1 CHCTEeMBI TPYHTOOCTOHA: YBEJIMUCHUE TOJIU JUCIIEP-
CHOHHOI cpe/ibl He U3MEHSIET HadyalbHYIO BSI3KOCTh CH-
CTEMBI, UTO CBS3aHO C BBICOKOI CTPYKTYPHOM IIPOYHO-
CTBIO KOATYJISIIIMOHHOW CHUCTEMBbI, c(hOPMUPOBAHHON B
pe3yJbTaTe B3aMMOACHCTBUSI OTAEJbHBIX KOMITOHEHTOB
MOJIEIU TPYHTOOETOHA.

IIpu nobGaBieHUM B CUCTEMY TOHKOAMCIIEPCHOM
kopbl (coctaBbl C+I'+K, C+I'+K+KMW) He HaGmomaeT-
Csl SIPKO BBIPAXKEHHOM TTOJI3y4ecTH (OTCYTCTBYET XapakK-
TePHbII YU4aCTOK Ha PEOJOrMYECKON KPpUBOI) M HE J10-
CTUTAETCSl TUHAMUYECKOTO TIPENETbHOTO HATPSDKEHUS
CIBUTA B 3aJaHHBIX 3KCIEPUMEHTAIbHBIX YCJIOBUSIX,
COOTBETCTBYIOIIETO IIOJHOMY pa3pyIIeHUIO CUCTEMBI,
4YTO 00YCJIOBJIEHO, BEpOSITHEE BCEro, odpazoBaHueM da-
30BbIX KOHTAaKTOB MEXAYy YacTUILIAMU TPYHTa 3a CYET
B3aUMOJICCTBUSI KOMITOHEHTOB (TJTMOKCAJISI U JIMTHUHA
MEXaHOAKTUBUPOBAHHOUN KOpBI) IOJUMEep-OpraHuye-
CKOTO CBSI3YIOILETO.

ATITpoKcHMMAaIMs TIOJYIeHHBIX 3aBUCUMOCTE HaIIpsI-
JKEeHUsI CIBUTA OT TpafilieHTa CKOPOCTH caBura (puc. 1, ¢, d)

IyTeM €T0 3aMEHBI Ha AUCIIEPCHBIM MUHEPAIbHBIN KOM-
TIOHEHT ¢ MEHBIIICH yIeIbHOI MOBEPXHOCTHIO.

Hccnenyemble cucteMbl 00J1a4al0T IIPOMEXYTOY-
HBIMU  CTPYKTYpHO-MEXaHMYECKUMHU CBOMCTBAMU
(n=-0,35—0,129), 6113KUMMU K OMHTaMOBCKHM TBEPJIO-
o6pa3HpIM cucteMaM. OHHM OTIMYAIOTCS HEOOIBITUM
MpeIesIOM TeKy4eCTH, a TIPpY pa3BUTUHU AehOopMalluK Be-
IIyT ce0s1 KaK CTPYKTYPUPOBAHHBIE XUIKOCTU (HEHBIOTO-
HOBCKHUE KUJIKOCTH).

AHanu3 (GU3NKO-MEeXaHUYECKUX XapaKTePUCTUK
rpyHTOOETOHA, TIOJIyYUEHHOTO Ha OCHOBE MOJEIbHOTO
IPYHTa C HCIOJb30BAaHUEM IOJMMEP-OPraHUYECKOro
CBSI3YIOLIET0 M MUHEPAJIbHBIX H00ABOK, IOATBEPXKIACT
TaHHBIE O CTPYKTYPUPOBAHWM CHUCTEMBI B pe3yiIbTaTe
(hU3UKO-XMMUYECKOIO B3aMMOICHCTBUS OTIC/IbHBIX €€
cocTtapsifomnx. Tak, BBeeHWE KOMIUIEKCAa OpraHuye-
CKHUX ¥ HEOPraHWYECKUX KOMIIOHCHTOB O0eCIeurBacT
CHIDXEHME ONTUMAaIbHOM BIIAXKHOCTH B ABa pasa: ¢ 11 mo
5% (puc. 2). I1pu aTOM 00eCneunBaeTCs CyIIEeCTBEHHbII
pPOCT IPOYHOCTU CHUCTEMBbI. TeM He MeHee Jaxe IpH
BJIaYKHOCTH, COOTBETCTBYIOIIEH ONMTUMAILHON BJIAXKHO-
CTU MCXOIHOIO MOJIEIbHOIO I'pyHTa, 00eCIIeUMBaIOTCS
TpebyeMble HOPMATUBHO-TIPOYHOCTHBIC MTOKA3ATEIN CH-
cTeMbl — He MeHee 4 MITa (4-106 H/m2).

Takum o6pa3zom, B paboTe YCTaHOBJIEHbI 3aKOHOMEP-
HOCTH BJIMSIHUSI OTAEIbHBIX KOMIIOHEHTOB IPYHTOOETOH -
HOI CMecCU Ha pPeoJIOTMYEeCKME CBOMCTBA MOIEIBHOTO
[JIMHUCTOTO TpyHTa. Jloka3aHo, 4TO JOMUHUpYIOIIEe
BO3[EICTBYE HA IIPOLIECCHI CTPYKTYPOOOpPa30BaAHUS OKa-
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3BIBACT TTOJIMMEP-OPTAaHUYECKOE CBI3YIOIIEE HA OCHOBE
MEXaHOAKTUBUPOBAHHOM KOPHI U MIMoKcais. [1pu atom
YBEJIMYECHUE COACPXKAHMUS BOOHON TUCIIEPCUOHHOM Cpe-
JIbl Ha CTAaOWUJIbHOCTh JAHHBIX CUCTEM B HavaJbHBIN T1e-
PMOJ TIPAKTUYECKM HE OKa3bIBACT BIMSIHUS: OOECIeum-
BaeTCsAd CTPYKTYPHAs MPOYHOCTh KOATYJISILIMOHHBIX KOH-
TakTOB, C(OPMHUPOBAHHBIX B pe3yabTaTe (HUIUKO-
XUMUYECKOTO B3aMMOICHCTBUST aKTUBHBIX KOMITOHEHTOB
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cucteMbl. [TokazaHo, 4TO yKpeIieHue MOIEIbHOIO T~
HUCTOIO TPYHTa OPraHOMUHEPAJIbHBIM KOMILIEKCOM
obecrieurBacT CYIIECTBEHHOE CHIDKEHUE ONTUMAaIbHOM
BJIAXKHOCTU CUCTEMBI ¢ (POPMMPOBAHUEM I'PYHTOOETOHA
C BBICOKMM 3aI1aCcOM ITPOYHOCTH.

B pesyibTaTe KOMIUIEKCA UCC/ICIOBAHMUIA JOMOIHEHbI
TEOpETUYECKHUE TPEACTABIEHUSI O CTPYKTYpOoOOpa3oBa-
HUU CJIOXKHBIX TPYHTOOETOHHBIX CUCTEM.
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TennonpoBoAHOCTb FPABUNUHOIO CJOS [OPOXHOW OfeXAbl

OLHMM N3 BaXHbIX NapamMeTpoB, ONpefenstomnX TEXHUYECKINE PELLEHNS NPU NPOEKTUPOBAHNI aBTOMOBUIbHBIX AOPOT B KPUOSIUTO30HE,
ABNIAETCA TEPMUYECKOE CONPOTUBNEHNE KOHCTPYKTUBHBIX CII0EB JOPOXHbIX OAEX[ 11 LOPOXXHOr0 0CHOBaHMA. Lienbto HacTosLwmx
CCNea0BaHNIA ABNSANACH KONMYECTBEHHASA OLEHKA BAWUSIHWS CTEMEHN 3an0fIHEHNs NOp B rPaBUIAHON NOACHINKE JOPOXKHON OAeXabl
NbAOM UM NECKOM Ha 3Ha4qeHue KoaduuneHTa TeNNONPOBOAHOCTI bAOrPaBMIAHON M NECYaHO-rpaBuUntHON cmecu. [1ns aHanusa
1CNosb30BaNach Knaccuyeckas opmyna pacyera koadhduuneHTa TennonposogHocTu (dhopmyna K. JluxteHekkepa) ons
TPEXKOMMOHEHTHOM CMecK. PacCMOTPEHbI BapMaHTbI 3an0fIHEHMS NOPOBOr0 NPOCTPAHCTBA FPABUIAHOTO €O NIbAOM 1 NECKOM
Pa3nnYHOM BNAXXHOCTW. [ToKa3aHo, 4T0 NOAOOPOM 3an0NHUTENS MOPOBOr0 NPOCTPAHCTBA FPABUIAHON MOACKINKIA MOXHO CYLLIECTBEHHO
M3MEHWUTb TEPMINYECKOE COMPOTUBEHNE KOHCTPYKTUBHOMO COS JOPOXXHOrO OCHOBAHMS MW 0AeXAabl. 3T0, B CBOK 04epe/ib, NO3BONMUT
perynupoBatb TeMNepaTypHbIA PeXuM A0por, He npuberas K CO3AaHUI0 HOBbIX KOHCTPYKTUBHbIX CI0EB. Pe3ynbTaTbl YNCTEHHbIX
pacyeToB npefcTaBneHbl B e 2D- 1 3D-rpadnkos, KOTOPbIe NO3BONAIOT HAMMALHO OLEHUTb BAUSIHWE MaTepuana u CTeneHun
3anoJiHeHMs UM NOPOBOr0 NPOCTPAHCTBA HA KOAG(ULIMEHT TENONPOBOAHOCTM CMeCK. Hann4ne rpadpnka no3sonseT onepaTuBHo
OLIEHUTb BO3MOXXHbIE BapUaHTbl N3MEHeHUs KO3 ULIMEHTA TENSIONPOBOAHOCTM KOHCTPYKTUBHOO CNOS 11 MPUHSATL NPaBUIbHOE,
060CHOBAaHHOE TEXHUYECKOE peLLleHne Npu NpoeKkTMpoBaHun. Hanpumep, 060CHOBATb HEOOXOAMMOCTb MCMONb30BAHNA CNELMANbHOMO
TENN03alWmMTHOr0 C0s B JOPOXHOW 0AeXze.

KntoyeBbie ¢noBa: aBTOMOGM/IbHAS OPOra, MHOTOJIETHSS MEP3i0Ta, NPOrHO3, My6KUHA 0TTaUBAHNS, NbANCTOCTb, KO MULNEHT
TeNnnonpoBOAHOCTM, NOPUCTOCTb, TPaBUIIHAS MOJCHINKA, AOPOXHAS 0JeX/1a, TEPMUYECKOE CONPOTUBIEHNE.

Ins umtuposanms: lankud A.®., Maxkos B.10., )Kupkosa E.O. TennonpoBogHOCTb rPaBUNHONO CII0S LOPOXXHON 04exXAbl //
CtpouTtenbHble matepumaibi. 2022. Ne 12. C. 33-37. DOI: https://doi.org/10.31659/0585-430X-2022-809-12-33-37
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Thermal Conductivity of The Gravel Pavement Layer

Among the important parameters determining the technical solutions in design of roads in the permafrost area is the thermal resistance of the structural layers of road pavement and the
road foundation. The purpose of the present research was to quantify the effect of the degree to which pores in the in the gravel bedding of the road structure are filled with ice or sand
on the value of the thermal conductivity coefficient of the ice-gravel and sand-gravel mixture. For the analysis, the classical formula for calculating the thermal conductivity coefficient
(K. Lichtenecker’s formula) of a three-component mixture was used. Cases of filling the pores in the gravel bedding with ice and sand of different humidity were considered. It is shown
that by selecting a particular filler of the pores of the gravel bedding, it is possible to significantly alter the thermal resistance of the structural layer of the road foundation or structure.
This, in turn, allows to regulate the temperature regime of the roads without resorting to the creation of new structural layers. The results of numerical calculations are presented in the
form of 2D and 3D graphs which allows to visually assess the effect of the material and the degree of filling of the pores on the thermal conductivity coefficient of the mixture. The graph
allows to quickly assess the possible variation in the thermal conductivity coefficient of the structural layer and to select a correct, reasonable technical solution during the design. For
example, to justify the need for the use of a special thermal protection layer in the pavement.

Keywords: road, permafrost, forecast, thaw depth, ice content, thermal conductivity coefficient, porosity, gravel filling, road clothing, thermal resistance.

For citation: Galkin A.F., Pankov V.Yu., Zhirkova E.O. Coefficient of thermal conductivity of the gravel pavement layer. Stroitel’nye Materialy [Construction Materials]. 2022. No. 12,
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DPPeKTUBHOCTL U HAAEXKHOCTh SKCIUTyaTalluK aBTO-
MOOWJIBHBIX IOPOT B KPUOJMTO30HE BO MHOTOM OTIpe/ie-
JISIETCSI TeIUIOBBIM (haKTOPOM, KOTOPbII BbI3bIBA€T TaKUe
HETaTUBHBIE TPOIIECCHI, KAK MOPO3000ITHOE PacTPECKu-
BaHUE JOPOXKHBIX OJIEXKIT, MOPO3HOE MYyYEHUE TPYHTOBBIX
OCHOBAaHMI U TPOYNE KPUOTCHHBIC SIBJICHUS, OCJIOKHSII0O-
11e 9KCIUTyaTallio JOPOT PerMOHAIIBHOTO U (peaepaib-
Horo ypoBHs. Hanpumep, B padorax [1, 2] oTMeuaeTcs,
YTO aBTOMOOWJIBHBIE JOPOTH B T. SIKYTCKEe TOCTOSTHHO
pa3pyliarTcs U3-3a MOPO3000IHOIO pacTpecKUBaHUS B
OCEHHE-3UMHUM MePUOJ 1 UX €XKETOAHbI PEMOHT TpeOy-

€T CYILIECTBEHHBIX JKOHOMUYECKMX 3aTpar. AHaJo-
TMYHbBIE SIBJICHUST HAOIIOJAIOTCS M Ha TOPOTaxX KPUOJIUTO-
30HBI (heZepaIbHOTO YPOBHS, TJi€ MPOUCXOAST MOCTOSIH-
Hble HapylIeHUs HOPM O3KCIUTyaTalldd M BO3HUKAIOT
aBapuiiHbIe CUTyalluy M3-3a 00pa30BaHUs HaleneH, 1my-
YEeHUS TPYHTOB JTIOPOXKHBIX OCHOBaHMI U BOSHUKHOBEHUSI
MOpo3000itHbIX TpemnH [3—5]. [ToaToMy BakHO yxke Ha
CTaJIMU MPOEKTUPOBAHUS ONPEAEUTh CTEIEHb BO3MOX-
HOTO BO3IEWCTBUSI KPUOTEHHBIX MPOLIECCOB HAa JOPOXK-
HbIE OJIEKITbI 1 OCHOBAHUS M pa3paboTaTh MPEeBEHTUBHBIC
Mepbl TI0 MUHUMU3ALIMM MX HETaTUBHOTO BIIMSHUSI Ha

scientific, technical and industrial journal

®

December 2022

33



‘ Marepuanbl A1 A0POKHOTO CTPOHTEIHLCTBA

HaJEXHOCTb 9KCILIyaTalluu JTOPOT B PA3JIMYHbBIX KJIMMa-
TUUYECKUX U TeOKPUOJOTUUECKMX 30HaX. [1pu aToM ogHOI
U3 BaXHBIX TEILUTO(PU3NYECKUX XapaKTePUCTUK, OIpee-
JISIIOIIUX MHTEHCUBHOCTh MPOTEKAHUS TEIJIOBBIX MPO-
LIECCOB B KOHCTPYKTMBHBIX CJIOSIX JTIOPOXHBIX OIEXI U
OCHOBaHMI, SIBJISIETCSI KOA(MDOUIUEHT TEII0NPOBOIHO-
CTU HKCITOJIb3YEMBIX CTPOMTEILHBIX MarepuaioB [6—8].
Llenbo HacTOSIIMX WCCAEAOBAHUIA SIBSUIaCh KOJUYE-
CTBEHHAs OLIEHKA BJIMSIHUSI CTETNIEHM 3aIl0JHEHMS MOp B
TPAaBUHOMN MOACKINKE AOPOXHOTO OCHOBAHUS JIBIOM
WJIM TIECKOM Ha 3HauYeHUe KoaddUureHTa TerIonpoBoI-
HOCTU JIBIO-TPABUUHOM M TECYAHO-TPABUMHOM CMECH.
JocTrxxeHue 1eJIv A0KHO TOMOYb OTBETUTh Ha BOMPOC,
MMEET JIM CMBICII [IJIsI KOHKPETHOM MHXKEHEPHOM 3a1a4u
MBITATbCS U3MEHUTH TETUIO(MU3UYECKUE CBONCTBA KOH-
CTPYKTUBHOTIO CJIOSI, UCTIOJIb3YSl PA3JIMYHbIE MAaTepUasIbl
JIJTSI 3aIOJIHEHUSI TTOPOBOTO MPOCTPAHCTBA WJIM 1I€JIECO-
00pa3Hee MCIOIb30BaTh HOBbIE KOHCTPYKTMBHbBIE CJIOU
W13 MaTepUajIoB ¢ 3alaHHBIMU CBolicTBamMu. MHBIMU ci10-
BaMU, BO3MOXHO JIM 00eCTIeUUTh HEOOXOMUMBIE TeII0-
dusryeckrue XapakKTepUCTUKU, TaKue, Hampumep, Kak
TEPMUYECKOE COIPOTUBJIEHNE KOHCTPYKTUBHBIX CJIOEB,
KO2(h(PUILIMEHT TeTIOYCBOCHUS U TEIJTOBasi MACCUBHOCTh
JIOPOXKHOM OEXKIbI, U3MEHSISI CBOMCTBA TPABUMHBIX MO -
CBINOK C MOMOIIBIO Pa3IWYHbIX HamogHuTenei. Koau-
YECTBEHHbI aHAJIU3 U CTENEHb U3MEHEHUS ITUX XapaK-
TEPUCTUK, KOTOPBIE HAIIPIMYIO 3aBUCAT OT CTEIIEHU U3-
MEHEeHUsT Koa(dUulMeHTa TerIONPOBOAHOCTH, TOKHBI
J1aTh OTBET Ha 3TO BOIPOC.

MeToabt

Hcnonb3yst M3BECTHBIE METOOJIOTMUECKUE TTOIXO/IbI
K OIpeaeaeHN0 Ko3(hGUIMEHTOB TEIIONPOBOIHOCTH
MHOTOKOMIIOHEHTHBIX cMeceit [10—14], u B yacTHOCTH
dopmyay K. Jluxrenekkepa [12], pacueTHyo (popMyy
JIST HAXOXJIeHUs KoddduireHTa TerIoNnpoOBOAHOCTH
JIBIOTPABUITHOM CMECH TIPU 3aIOJTHEHUW YaCcTU ITOPOBO-
ro MPOCTPAHCTBA MOICHIMKHU JbIOM MOXHO 3arucaTh
B BHUJIC:

Aoy = (), ey

Ie Awy Ay, Ay — KO3(M@ULMEHTHI TEILIONPOBOIHOCTU
JIbIO-TPAaBUTHON CMECH, BO3AyXa U JibJa COOTBETCTBEH-
Ho, Bt/(M'K); W — creneHb 3amoyiHeHUsI TIOp I'paBuUli-
HOW MOJCKHINKY JIBAOM, 1. €.

IIpu nonyyenun ¢opmyisl (1) aBTopamMu MPUHSTO,
YTO CPEIHSS NOPUCTOCTh TPABUMHOM MOACHIIIKYU COCTAB-
nser 40% (rekcaroHajbHasi MOJENb YKJIaAKKU TPaBHSI).
COOTBETCTBEHHO IPY OTCYTCTBUM JIbJa MOICHINKA MPe/I-
CTaBJISIET IPaBUITHO-BO3IYIITHYIO CMeCh, Tie B 1 M cMecn
60% 3aHuMaeT COOCTBEHHO I'paBUii, a OCTaJIbHOE IIPO-
CTPAHCTBO — 3TO TIOPHI, 3aMTOJTHEHHBIE BJIAXHBIM BO3/IY-
XoM. B gajbHeNmx pacuerax roJjiarajoch, YTo Koaddu-
IIMEHT TEIUIONIPOBOIHOCTHA BJIAXXHOTO BO3AyXa paBeH
0,05 Br/(M'K), a kK03pdULIMEHT TEIIONPOBOIHOCTH
Jbaa paseH 2,2 Br/(m'K).

®opmyany (1) MmoxxHO 3amucath B 6ojiee o0IeM BUTIE,
BBeAsl MapaMeTp MOPUCTOCTU p, KOTOPbIA 3aBUCUT OT
MIPUHSITON Momenu (BUAA) YKIAOKU TPAaBUMHON CMECH:

hew = DY " O, 2

IMTapameTtp p 3aBUCUT OT TUIA YKaaaku rpasus [10,
ctp. 13, puc. 1.2]. IIpu HanboJIee MIOTHO TeTpasapuye-
CKoIit ykiajike oH paBeH 0,26. [Tpu cpeaHeit yIIOTHEH-
HoCTU (HamboJjiee TUTTMYHBIM BUI YKJIAAKW) — reKcaro-
HanbHOI yKimanke — 0,4. Ilpu pacceimuaroir dopme
VKJIaJAKK OOBIYHO TPUHMMAETCS KyOumdeckKasi MOJECIb,
IJIST KOTOPOit KO3(h(UILIMEHT TOPUCTOCTU paBeH IPU-
omm3utensHO 0,47.

IIpencrasnsier NpakTUYECKUd MHTEPEC OMPEaeIUTh
CTeMeHb YBEeJIWUCHUS KO3Gh(GUIIMeHTA TEeIUIOIIPOBOIHO-
CTW TPaBUIHOM TOACHINIKY TPU 3aITOJTHEHWU TTOPOBOTO
MPOCTPAHCTBA MATEPHUAJIOM C Pa3IUUYHBIM KOG PULIMEH-
TOM TETUTONTPOBOIHOCTH. J1JIsT 3TOTO BBEJAEeM mapametp f3,
KOTOPBII oIpeaeanM 1mo gopmyJie:

B =AY = WA=, 3

rae A, — KO3 GULIMEHT TEIIONPOBOIHOCTH MaTepuaia,
3aIOJIHSIONIETO ITOPBI I'PaBUIHOM MOoACKIKY, BT/(M K).

Pe3ynbTaTnbl U 00CyK1eHHE

JI71s1 TOCTU3KEHMS 1IeJIU 10 BBILICTIPUBEASHHBIM (hop-
MyJiaM ObLTM TIPOBEIEHBI BADUAHTHBIE PACUETHI, PE3yJIb-
TaThl KOTOPBIX ITpeacTaBieHbl B Buae 2D- u 3D-rpagukon
Ha puc. 1—4. Ha puc. 1 npencraBieHa 3aBUCUMOCTb KO-
s duUIMeHTa TEIJIONPOBOIHOCTH TPaBUHAHO-JIEASTHOMN
MOACHINKU A, Br/(M-K) OT cTerneHu 3amnojHeHus mop
abaoMm (W, . e.) u koapduLmreHTa TerIonpoBOAHOCTHA
rpaBus A, Br/(M-K).

N3 rpacdukoB Ha puc. | BUTHO, UTO C yBeJIMUYEHUEM
CTEMEeHMU 3alOJTHEHUS TIOP JbAOM KO3(PULIMEHT Terio-
IMPOBOTHOCTH CMECH CYIIIECTBEHHO YBEIMYMBACTCS BO
BCEM PACCMOTPEHHOM IMara3oHe W3MeHeHUsI Koadhdu-
LIMEHTAa TeTUIONPOBOAHOCTH rpaBus. [1puuem yem 60b-
e 3HadeHne KoaghduimeHTa TeTIONMpPOBOAHOCTHA Tpa-
BUSI, TEM 3Ta 3aBUCUMOCTDb cujibHee. Ha puc. 2 mpeacras-
JieHbl 3D-rpaduku, KOTOpbIe HATJISIAHO IEMOHCTPUPYIOT
9Ty 3aKOHOMEPHOCTD (CM. 00JIaCTh CUHETO U KOPUYHEBO-
ro 11BeTa Ha puc. 2).

Ha puc. 3 mpencraBieHbl KpUBbIe, XapaKTePU3YIOIINe
3aBUCUMOCTb CTEIEHU M3MEHEHUSI Kod(hGUIMEHTa Te-
TUIONIPOBOJAHOCTA TPABUMHOW TMONACBHINIKU MPU Pa3HOU
CTEIeHM 3aI0JIHEHUS TOPOBOro MpocTpaHcTBa (W, n. e.)
JboM, A=2,2 Bt/(m-K), Bnakabim mieckoM, A=1 Bt/(M-K)
u cyxum neckom, A=0,5 Br/(m'K).

Ananu3 rpacdukoB puc. 3 MO3BOJSIET CAEIaTh BBIBO/,
YTO YeM 00JIbIiIe KO3 (MUIIMEHT TeTIOMPOBOAHOCTH MaTe-
puaia, 3aIroJHSIOIIEero ITOPOBOe IIPOCTPAHCTBO CMECH, U
4yeM OOJIbIIIe CTETIeHb 3aITOJIHEHMSI, TEM CTETIEHb YBeJInJe-
HUS Ko3(DhUIMEeHTa TEeIJIONPOBOIHOCTU CMECcH OymeT
oompie. Tak, Ipy 3aITOTHEHNH TTOP CYXMM ITECKOM B MH-
TepBajie u3MeHeHus1 napamerpa Wor 0,3 oo 0,4 creneHb
YBEJIMYEHUST U3MEHsIeTcs1 ¢ 2 10 2,5. A Tipu 3anojHEHUN
JpI0M — ¢ 3,1 10 4,5, 9To MouTH B TpH pasa oosbire. [Tpn
YMEHBIICHUM 3HauYeHUsl mapamerpa W 3Ta 3aKOHOMEp-
HOCTb COXPaHSIETCsI, HO KOJIMYECTBEHHO MEHEee BhIpaXkeHa.

Ha puc. 4 npeacraBieHbl TpexMepHble TpaduKU, Ha-
[JISITHO JEMOHCTPUPYIOIINE NTaHHYK 3aKOHOMEPHOCTD:
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Puc. 1. KoadduumeHT T€NN10NPOBOAHOCTUN FPaABUAHO-NEASHONW CMECU B
3aBMCUMOCTW OT CTEMNEHU 3anosiHeHns nop negom (W, a. e.) n koapdunum-
€HT TenIIoNPOBOAHOCTU rpaBus Ay, BT/(M-K): 1 -0,5;2-1;3-15;4 - 2;
5-25

Fig. 1. Coefficient of thermal conductivity of the gravel-ice mixture
depending on the degree of filling of the pores with ice (W, d. e.) and the
coefficient of thermal conductivity of gravel Ao, W/(m-K): 1 -0.5; 2 - 1.0;
3-15;4-20;5-25
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Puc. 2. KoadpdurumeHT TennonpoBogHOCTU FPaBUNHO-NEASHOM CMecu B
3aBMCUMOCTM OT CTeneHn 3anonHeHus nop nobaom (W, a. e.) n koappuum-
eHTa TenaonpoBOAHOCTY rpaBus, Ay, BT/(M-K)

Fig. 2. The coefficient of thermal conductivity of the gravel-ice mixture
depending on the degree of filling of the pores with ice (W, d. e.) and the
coefficient of thermal conductivity of gravel Ay, W/(m-K)

yeMm Oosible KO3(P@GUUUEHT TEIJIONPOBOAHOCTA MaTe-
puasia, 3arOJIHSIONIEro MOPhl, TeM CTeNeHb YBEJIMUYCHUS
K03 PUIIMeHTa TeTUIOIPOBOIHOCTH CMECH BBIIIIE.

D710, B OOIIEM-TO, SIBJISIETCS OYEBUIHBIM B Kaye-
CTBEHHOM CMBICJIC aHa/IM3a TaHHBIX. OTHAKO ITOCKOIBKY
LIEJTBIO OBIJIO TTOJIyYeHUE KOJTMYCCTBEHHBIX XapaKTepU-
CTUK, TO (purypa Ha puc. 4 1eMOHCTPUPYET UMEHHO KO-
JIMYECTBCHHYIO CTOPOHY aHAJIM3a W HATJISIAHO TTOKa3hIBa-
€T TEMIIbl UI3BMEHEHMS TlapaMeTpa [3 B LIMPOKOM JMara-
30HE MI3MCHEHMUS CTETICHH 3aIIOJTHEHUS TTOp MaTepralaMiu

Aow

0 0,1 0,2 0,3 0,4
W

Puc. 3. CteneHb n3aMmeHeHus koaddurumeHTa TenonpoBoaHOCTA rpaBuii-

HOI NOACHINKU NPU PasHOl CTEMEHW 3anoJIHEHUS MOPOBOrO NMPOCTPAHCTBA

(W, g.e.): 1-nboom, A=2,2 BT/(M:K); 2 — BnaxHbIM Neckom, A=1 B1/(Mm:K);

3 - cyxum neckom, A=0,5 BT/(m-K)

Fig. 3. The degree of change in the coefficient of thermal conductivity of
ravel filling with different degrees of filling of the pore space (W, d. e.): 1 —ice
=2.2 W/(m-K); 2 — wet sand A=1 W/(m-K); 3 — dry sand A=0,5 W/(m-K)
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Puc. 4. CteneHb nameHeHus koaddurumeHTa TENONPOBOAHOCTU rPaBUii-
HOW MoACKINKY ([3) NpW pPasHoi CTEeMNEeHW 3anosiHeHNs MOPOBOro NPOCTPaH-
ctBa (W, 4. e.) marepuanom C pasiimyHbiM KO3PPULMEHTOM TEMNOMNPOBOL-
HoCTH, Ao, BT/(M-K)

Fig.4. Change in the coefficient of thermal conductivity of gravel filling (f3)
with different degrees of filling of the pore space (W, d. e.) with a material
with a different coefficient of thermal conductivity, Ay, W/(m-K)

C pa3MYHBIM KO3(D(OUIMEHTOM TETJIONPOBOIHOCTH.
Hanpumep, 006 3TOM CBUIETENLCTBYET BHUJ KpalHUX
KPUBBIX GUTYPBI Ha pUC. 4, UBMEHEHUST MapameTpa 3 mpu
yBeJMYeHUU napamerpa W st HarosHuTe s ¢ koahdu-
mueHToM TerutonpoBogHocty 0,5 Br/(M-K) (OmmkasIs
KpuBasi, KOTOpasi UMeeT MOYTH JIMHEHHBIN XapaKTep ¢
HeOOJBIIMM YIJIOM HaKJIOHA: M3MEHeHue oT 1 go 2,5)
u 2,1 Br/(m'K) (manbHsis, SIBHO HeJIMHEWHass KpuBasd,
XapakTepu3yloliasi U”3MeHeHe UCKOMOTO MmapameTpa oT
1 mo 4,5). Ing paccMaTpuBaeMoro ciydas U3MEHEHUe
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‘ Marepuanbl A1 A0POKHOTO CTPOHTEIHLCTBA

K03 @uuMeHTa TEMJIONPOBOJHOCTA HAIIOJIHUTEIS B Ye-
ThIpe paza — ¢ 0,5 no 2,1 Br/(M-K), mpuBoauT K yBeamye-
HUIO KO3(hbUIMEeHTa TEeIJIOMPOBOAHOCTA CMecu (MpU
MOJIHOM 3aIlojiHeHuU 1op) B 1,8 pasa. B mpaktuueckom
TJIaHe TTOA00POM 3aTTOTHUTEIISI TIOPOBOTO TTPOCTPAHCTBA
TPaBUMHON MOACHINKUA MOXHO CYIIECTBEHHO U3MEHUTh
TePMHUYECKOE COIPOTUBJICHUE KOHCTPYKTUBHOTO CJIOSI
JIOPOXKHOTO OCHOBAHUS WIM OACXKIbI. DTO, B CBOIO OYe-
penb, TO3BOJIUT PeryJIupoBaTh TeMIIePaTyPHbBIN PeKUM
JIOpor, He Mpuberasg K CO3AAaHUI0 HOBBIX KOHCTPYKTHB-
HBIX CJIOEB.

3akioueHune

[IpoBeneHa KoIMYeCTBEHHAs OLIEHKA BIMSHMS CTe-
TEHU 3a0JHEHUS TOp B T'PABUMHOM CJIOE€ JOPOXHOU
OMICKIbI JIHAOM WM TIECKOM Ha 3HaueHue KoadduiimeH-
Ta TEIIONPOBOTHOCTH JILAOTPABUITHON 1 TIeCUaHO-Tpa-
BUIHOU cMecH.

PesynbraThl 4MCIEHHBIX pacuyeTOB MPEICTABICHBI B
BUIE TPahUKOB, KOTOPHIC IMO3BOJISIOT HATISIIHO Olle-
HUTb BJIMSHUE MCIIOJAb3YyeMOro MaTepuana M CTeleHU
3aTIOJIHEHUSI TIOPOBOTO TIPOCTPAHCTBA TPABUITHON CMeCH
Ha 3HauYeHUe KO3 GUIIMeHTa TeIUIONPOBOIHOCTHU U Tep-
MHYECKOTO COIPOTUBICHUSI KOHCTPYKTUBHOTO TPaBUIi-
HOTO CJI041.

YcraHOB/IEHA KOJMUYECTBEHHAs 3aBUCUMOCTh KO3(-
(huumeHTa TETUTOMPOBOMHOCTY MaTepuaia, 3aroTHSIO-
LLIEro ITOPOBOE MPOCTPAHCTBO CMECU, U CTEIEHU 3amoJI-
HEHMSI TIOPOBOTO IIPOCTPAHCTBA OT CTCIICHU YBEJIMUCHUS
KO3 dUIIMeHTa TeIJIOMPOBOAHOCTA TPAaBUMHOIO CJIOS.
Tak, mpu 3aMoJHEHUH MOP CYXUM ITECKOM B MHTEPBAJIe C
0,3 mo 0,4 creneHb yBeIMUICHUS KOI(D(DUIIMEHTA TETUIO-
MPOBOAHOCTU cMecHu usMmensietcs ¢ 2,0 no 2,5. Ipu 3a-
TTOJTHEHUY JIBJOM (B 9TOM Xe uHTepnaie) — ¢ 3,1 1o 4,5,
YTO MOYTH B TpU pa3za dosblie. [1py yMeHblIeHUY 3Haye-
HUs TTapaMeTpa, XapaKTepU3yIOIIero CTeneHb 3aIoIHe-
HUS TIOP, 3Ta 3aKOHOMEPHOCTh COXPAHSIETCsI, HO KOJM-
YECTBEHHO MEHee BbIpaxkKeHa.
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[loka3zaHo, 4TO MOAOOPOM 3aITOJHUTENISI ITOPOBOTO
MMPOCTPAHCTBA TPABUIHOM TTOACHIITKM MOXKHO CYIIe-
CTBEHHO M3MEHUTb TEPMUUECKOE COMPOTUBICHUE KOH-
CTPYKTUBHOTO CJIOSI TOPOKHOTO OCHOBAHUST W ONIEXK-
IIbl. DTO, B CBOIO OUYepeib, MIO3BOJIUT PEryJIUpPOBaTh TEM-
MepaTypHBI peXXUM TOPOT, He Ipuderas K CO3TAHUIO
HOBBIX KOHCTPYKTUBHBIX CJIOEB.

IMoctpoen 3D-rpaduk mist onpeneneHus Koshhu-
IIMEHTa TEIIONMPOBOAHOCTU JILAOTPABUMHONU M JIHIO-
MecyaHol CMeCH JOPOXHOTO OCHOBaHHUSI B IIMPOKOM
IraIia30He BO3MOXHOTO M3MEHEHMUS JIBAUCTOCTUA B TIC-
PMOJ SKCILTyaTallud aBTOMOOUIbHONI noporu. Hanuyue
rpacduKa MO3BOJISICT ONEePAaTUBHO OLICHUTHh BO3MOXHBIC
BapWaHTHI U3MEHEHMS KO3(GPUITMEeHTa TEIUIOIPOBOTHO-
CTU KOHCTPYKTHMBHOIO CJIOS U MPUHSTH IMPaBUIbHOE,
000CHOBaHHOE TEXHUYECKOE PeIIeHre TIPU MTPOSKTUPO-
BaHuu. Hampumep, o00CHOBaTh HEOOXOOAMMOCTb MC-
IMOJIb30BAHUSI CIELMAIbLHOTO TEIUIO3AIIUTHOTO CJIOSI B
JIOPOXXHOWM OJIEXKJIE.

PesynbraThl MpoBeIeHHOTO UCCSIOBAaHMS MOTYT ITPe/I-
CTaBJISITh MHTEPEC 1T MHKEHEPOB-TTPOEKTHPOBIITUKOB 0~
POXKHOM OTpaciy M HayYHbIX PAOOTHUKOB, CIIELIMATUCTOB
B 00J1aCTM MHXKEHEPHOMI reoKpuoiornu. B metoaunueckom
IJTaHe CTaThsl OYJET ToJjie3Ha IS acCMPaHTOB, 00ydYaro-
LIKUXCS TI0 PA3JIUYHBIM CIEUMABHOCTAM HAIPAaBJIEHUS
1.6. «Hayku o 3emiie», a Takxke IS CTYIEHTOB, 00ydalio-
muxcs no crneumanbHocTu 08.02.05 «CTpouTenbeTBO U
SKCIUTyaTallds] aBTOMOOMJIBHBIX IOPOT M a3pPOAPOMOB».

HanbpHeine wuccaefoBaHUs B AaHHOW o6JiacTu
JIOJKHBI OBITh HalIpaBJACHBI Ha OLICHKY BIVSHMS IIPUHSI-
TOM TeopeTUUeCcKOn Moaeu Jisl pacueTa KoadduimeHra
TETUIONPOBOAHOCTY HA KOHEUHBIN pe3yabTaT (HarmpuMmep,
Ha pacyeTHYIO TJIyOMHY OTTaMBaHUS WM TIPOMEP3aHUS
JIOPOXKHOTO OCHOBaHUs). B yacTHOCTM, CpaBHEHUE pe-
3yJILTATOB OIpeaeaeHUs KoadduImeHTa TerIonpoBo/I-
Hoctu 1o (opmysie K. JluxreHekkepa C¢ pe3yabTaTamMu
onpeaeneHuss no ¢dopmyne B.U. OpeneBckoro uam
O. IlIBepardeiirepa.
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CTpyKTypa M CBOWCTBA HAHOJWUCNEPCHOro KPeMHe3ema,
CMHTE3UPOBAHHOr0 30/b-TeNb METO/A0M

060CHOBaHO, 4TO CPeaM BCEro MHOroo6pasuns nyLLonaHoBbIX 06aBOK Pa3fMyHOr0 NPOUCX0XKAEHNS U COCTaBa OAHON U3 Hamboree

30O hEKTUBHBIX ABNSETCS HAHOAMCMEPCHbIA KpeMHe3eM. ATO 06YCNOBEHO ero BbICOKOA aKTMBHOCTbO 1 BO3MOXHOCTBH CMOMNb30BAHUSA
B Manblx A03MpoBKax. [pn aTOM Hanbosee NPOCTbIM B annapaTtypHOM 0OPMAEHNI CNoco60M ero Noy4eHns ABASETCA 30/b-Tefb
cuHTe3. [lokasaHa adh(peKTUBHOCTb aBTOPCKOr0 MOJEPHU3MPOBAHHOMO NOMTY4eHMs BOAHBIX PACTBOPOB HAHOYACTUL, KPEMHE3eMa.
Moka3zaHbl CTPYKTYPHO-TOMONOMMYECKME NapamMeTpbl (popma 1 pasmep OTAENbHbIX YaCTUL, W UX arfioMepaToB) HaHOAUCNEPCHOMO
KpeMHe3ema, CUHTEe31POBaHHOr0 MOZEPHM3NPOBAHHbIM 30/1b-Teflb MeTOAOM. [TpO13BEAEHO CPaBHEHME MPOMbILLSIEHHO BbIMYCKAEMOro
KpeMHe3ema ¢ CUHTEe3UPOBaHHbIM. O6OCHOBaHbI OTNIUYUS B CTPYKTYPE MOPOLLKOB, NOMYYeHHbIX Pa3NiyHbIMYU CNOCO6aMK C Y4eTOM Buaa
NOBEPXHOCTHO-aKTMBHOIO BeLLECTBA. [10Ka3aHbl (PU3NKO-XMMUYECKINE 0COBEHHOCTU HAHOAMCMNEPCHOrO KPeMHE3eMa, CUHTe3UPOBaHHOM0
C 1CMOMb30BaHNEM Pa3NNYHbIX NOBEPXHOCTHO-AKTUBHbIX BELLECTB. [oKka3aHa NpuHLMNMAnbHas BO3MOXHOCTb MOMYYEHUs CTPYKTYPHO-
YCTOA4MBOr0 HAHOANCNEPCHOT0 KPEMHE3eMa C BbICOKOW AMCMEPCHOCTBI, CBEPXMaNbIMN pa3mMepamm OTAENbHbIX HacTuL 11 NPaBUbHOIA
nx popmoi npu POPMMUPOBAHIUM NOPOLLKOOGPA3HOI0 BELLECTBA C BbICOKOW aKTMBHOCTbKD. OB0CHOBAHO, 4TO N0A60P CTabMNN3aTOPOB

1 AONONHUTENbHBIX KOMMOHEHTOB CbIPbEBOI CMECK NO3BOMSET HaNpaBieHHO PerynnpoBaTh CMHTE3 BELLECTBA C TPEOYeMbIMM
CTPYKTYPHbIMM napameTpamu (Mopdhosnormeit 1 pasmepami 4actuu) u usnKo-XMMu4ecKumM CBOICTBAMM.
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Structure and Properties of Nanodispersed Silica Synthesized by the Sol-Gel Method

It is substantiated that among the whole variety of pozzolanic additives of various origin and composition, one of the most effective is nanodispersed silica. This is due to its high activi-
ty and the possibility of using it in small dosages. At the same time, the simplest method of its teaching in terms of instrumentation is sol-gel synthesis. The effectiveness of the
author’s modernized production of aqueous solutions of silica nanoparticles has been proven. Structural and topological parameters (shape and size of individual particles and their
agglomerates) of nanodispersed silica synthesized by the modernized sol-gel method are shown. Comparison of industrially produced silica with synthesized was made. Differences in
the structure of powders obtained by various methods are substantiated, taking into account the type of surfactant. The physicochemical features of nanodispersed silica synthesized
using various surfactants are shown. The principal possibility of obtaining structurally stable nanodispersed silica with high dispersity, ultra-small sizes of individual particles and their
regular shape during the formation of a powdery substance with high activity is shown. It is substantiated that the selection of stabilizers and additional components of the raw mixture

makes it possible to control the synthesis of a substance with the formation of the required structural parameters (morphology and particle size) and physicochemical properties.

Keywords: sol-gel synthesis, nanosilica, structure, dispersion, activity.

For citation: Nelyubova V.V., Kuzmin E.O., Strokova V.V. Structure and properties of nanodispersed silica synthesized by the sol-gel method. Stroitel’nye Materialy [Construction
Materials]. 2022. No. 12, pp. 38—44. (In Russian). DOI: https://doi.org/10.31659/0585-430X-2022-809-12-38-44

CoBpeMeHHbIE OETOHBI (PAaKTUIECKU HEBO3MOXKHO
MpeacTaBUTh 0e3 J00aBOK pa3lIMYHOIOo (hyHKIMOHAJA:
IUIACTU(UIIIPYIOIINX, 00€CTICUYMBAIOIINX 3aJaHHBIC PEO-
TEXHOJIOTUYECKHUE mapaMeTpbl 6eToHHOI cmecu [1, 2];
MUHEPaJIbHBIX IUCTIEPCHBIX KOMIIOHEHTOB, BBITTOJIHSIIO-
LIKUX POJIb HATIOJTHUTEJEH 11 (POPMUPOBAHUS TUIOTHON
HU3KOIMpOHMUIIaeMol MaTpulisl [3, 4]; Moaudukaro-
PpOB, O0YCIIOBIMBAIOIINX CIICIINAIbHBIC CBOMCTBA OETOH-
HBIX U3ACIUIA, HAIPUMEP KOPPO3MOHHYIO CTOMKOCTh U
np. [5, 6]. Cpeau Bcero MHOroo0pasusi MCIOJIb3yeMbIX
T00aBOK OCOOEHHO BBIICISTFOTCSI ITYIIIIOJIAHOBEIC, POJIh
KOTOPBIX 3aKJII0YaeTCsl B CBSI3bIBAHUU U30bITKA (POPMU-
pyeMOro Tpu TUapaTaluy lIeMeHTa MOPTIaHANTA B JI0-
MOJIHUTEJIbHbIE KPUCTAIMYECKUe OO0pa3oBaHMUS, UTO
obecreuynBaeT CYIIeCTBEHHBIN MPUPOCT MPOUYHOCTU T'O-

TOBBIX M3IeaIui 0e3 mepepacxona Bspkyiero [7, 8, 9].
B kadecTBe TakuMX KOMITOHEHTOB B HACTOSIIEE BpeMs
LIMPOKO MPUMEHSIOTCS IIPUPOIHOE ChIPhE Pa3JIMUYHOrO
cocraBa [10]; oTxompl Tpon3BoACTB [11], a TaKKe CUHTe-
3UpoBaHHbIE HAHOAMCIIEpCcHbIe f00aBku [12]. [Tpu aToM
MoaudupoBanue 6eroHa HaHouactuiiamu SiO; pac-
CcMaTpuBaeTcs Kak OIMH M3 HauboJjee MepPCIeKTUBHBIX
METOJIOB YJIyUIIIEHUSI MEXaHUUECKNX CBOUCTB IIEMEHTO-
OETOHHBIX MaTepHayioB. Takoii IMOAX0, ITMPOKO 3apPEeKO-
MEHIOBaBIINMI ceOs 3a pyoexxom [13], B HacTosIIIee Bpe-
MsI TIOCTETIEHHO BXOOUT B IPAKTUKY OTEYECTBEHHOTO
CTpPOUTEILCTBA. TeM He MeHee HeBbICOKME TEMITbl BHEI -
pPEHUST CBSI3aHBI C OTCYTCTBUEM JIOCTYITHBIX TTPOMBIIII-
JICHHO TNPUMEHSIEMBIX TEXHOJIOTHUI CHHTE3a HaHOIM-
CIIEPCHOrO KpeMHe3eMa Ha OCHOBE POCCUICKOTO ChIPhs
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U, KaK CJEACTBME, MAJOro OIbITa MPAaKTUYECKOTO MC-
MMOJIb30BaHUSI CUHTE3MPOBAHHBIX KOMIIOHEHTOB [IJISI MO-
IuduKauuy 6€TOHHBIX CMECEN.

B HacTos111€€ BpeMsl CyIIEeCTBYIOT pa3IMYHbIE METO-
JIbI TIOJTydeHus HaHOKpeMHe3ema. [1pu atom B Poccum
Hau0oJIee N3YUEHBI CIICIYIOIINE: BhIIEICHNE C TOMOIIBIO
MeMOpaH 13 TUAPOTEPMAILHBIX PAaCTBOPOB [ 14] MeTOIOM
HCTIapeHUsT PEISITUBUCTCKUM ITYIKOM 3JIEKTPOHOB C T10-
CIEOYIOIIEeH KOHIECHCALMENW IIapOB B IIOTOKE TpPaHC-
nmopTHoro rasa [15]; ruiaBneHUWe B BIEKTPUYECKON
ayre [16]; MeTom 21€KTPUYECKOro B3pbIBa MPOBOAHUKOB
(BBII) [17] u op. Cpeau Bcex U3BECTHBIX METOMIOB ITOJTY-
YeHUsT HAHOYACTUIL OOJIBIIYIO TOIMYJISIPHOCTH WMEET
30JIb-TeJIb TEXHOJOTMSI, KOTopasl Oyiaromapsi MpocToTe
armapaTHoro oMOpMJIEHUSI TIO3BOJISIET CUHTE3WPOBATh
MaTepuabl ¢ HEOOXOAUMBIMU cBoiicTBaMu [18].

C y4eToM COBpPeMEHHBIX (QM3UKO-XMMUIECKUX TIPe.I-
CTaBJICHMIA 1 TTOIXOIOB K MTOJTYYEHUIO HAHOYACTHUI] KpeMHe-
3eMa aBTOPCKUM KOJUICKTHBOM ObLIa MpeiokeHa Momep-
HM3ALMS 30J1b-TeJIb METOMA TIOTydeHMs] BOIHBIX PaCTBO-
pPOB HaHOYACTUI] KpeMHe3eMa M MOJA00paHo ero ammapar-
HO-TEXHOJIOTUYECKoe OdopMIIeHNEe, 3aKITIOYAIOIIeecs] B
MOOIEePalMOHHOM BBITTOJIHEHUM CeAyIoIuX cTaauii [19]:

— MOJIy4YeHUe CIIMPTOBBIX pACTBOPOB HAHOKPEMHE3E-
Ma ¢ [TAB knaccuyeckuMU METOAAMU 30J1b-TeJIb TEXHO-
JIOTHUU;

— peKTU(hUKAIIMOHHASI OTTOHKA CITAPTA TOJ BaKyy-
MOM B TeuyeHHe 2 4 mpu Temneparype 60°C u nmoxasoje
BOJIHOTO pacTBOpPA HeTallleHON U3BECTH;

— CyIlIKa TOJYYEeHHOI'O pacTBopa IpU TeMIlepaType
70°C B TeueHme 12 g;

— IIpoKayMBaHue py Temmepatype 550°C B reueHne 2 4.

AKTUBHOCTb U, KaK CJIeICTBUE, I3(D(HEKTUBHOCTH Ha-
HOIMCIIEPCHOTO KpeMHe3eMa Kak ITyILI10JIaHOBOM 100aB-
KU HaIpsIMyIo 3aBUCST OT pa3Mepa OTASIbHBIX YaCTHII.
[Tpu 5TOM OAHOI U3 TJIABHBIX TTPOOJIEM, BOZHUKAIOIINX
MpU CUHTE3¢ HAaHOKPEMHE3eMa 30JIb-Tejib METOIOM, SIB-
JISIeTCsl arperaTUBHAS U CEAMMEHTAIIMOHHAST HEYCTOUM-
BOCTb €r0 BOJAHBIX PAaCTBOPOB, KOTOPbIE€ BIOCJIEACTBUU
MepeBONSITCS B CyXOi IOPOIIOK. B 3Toil cBA3M 1e/nbIo
HACTOSIIE paboThl CTAJO0 MCCIEIOBAaHNE CTPYKTYPHO-
TOIOJOTMYECKUX MapaMeTPOB U OLIEHKA (DU3UKO-XUMM-
YECKUX CBOMCTB HAHOAMCIIEPCHOTO KpeMHe3eMa, CUHTe-
3UPOBAHHOTO MPEI0XKEHHBIM 30J1b-T€/Ib METOIOM.

s morydyeHusT HAHOAUCIIEPCHOTO KpeMHe3eMa 1C-
TOJTb30BaHbBI CIICIYIONINE UCXOIHbIE KOMITOHEHTHI: B Ka-
YyecTBe IMpeKypcopa — TeTpasTun oprocuaukar (VWR,
CIIIA); B kauecTBe pacCTBOPUTENSI — ITWIIOBBIN CIIUPT B
BUJIE BOJHO-CIIMPTOBOM CMeCU C coaepxxaHueM 95%
criupta (3AO «PDK», Poccus). B kauecTBe crabuimsa-
TOPOB MPUMEHSIIMCh HEMOHOTEHHbBIE TTOBEPXHOCTHO-aK-
tuBHble BemectBa (ITAB): copburtaH cekcBuosear
(Span-83, Alfa Aesar, I'epmMaHusI) M TMOJTUOKCUITUIICH
copoutan moHooJjiear (Tween-80, Oleon, benbrus).
B xawecTBe KaTtasm3zaTopa WCIIOJb30BAJICSI aMMUAK
(00O «Curma Tek», Poccust). B pesynabrare ajs uccie-
JIOBaHUSI CUHTE3MPOBaHBI IBE MTapTUX HAHOAUCIIEPCHOTO
KpemHe3dema, oTandatoniecss Tunom I[TAB. CpaBHeHue
MOJYYEHHBIX J00aBOK OCYIIECTBJSUIM C MPOMBIILICHHO

BBIITYCKAEMBIM ITMPOTEHHBIM TMOKCUIOM KPEMHUS TOP-
rosoit mapku «Opucui» (OO0 «Cunuka», Poccus).

B xauecTBe CTPYKTYpPHO-TOMOJOTMYECKUX ITapame-
TPOB B pabOTE PACCMOTPEHBI (hopMa 1 pa3Mep OTAETbHBIX
yacTUll U ux arsomepaToB. OLieHKY 0003HAYeHHBIX Ma-
pPaMETPOB OCYIIECTBIISUIN C UCTIOJIb30BAHUEM DJIEKTPOH-
HOl MMKPOCKOITMU: MPOCBEUMBAIOIIECH (Ha MUKPOCKO-
e JEM-2100) u pactpoBoii (Ha mukpockorie TESCAN
MIRA 3 LMU). OugeHKa 3¢epHOBOIO COCTaBa MOPOILIKOB
OCYIIIECTB/IsJIaCh METOAOM JIa3epHOM audpakiuyd Ha
a"aym3arope pasmepoB yactull FRITSCH Analysette 22
NanoTec plus. Kpome Toro, pazamMep KOHIJIOMEPATOB Olle-
HUBAJIM ONTUYCCKUM METOIOM OIIpEACICHUSI pa3mepa
YaCTUIL C TIOMOIIIBIO IBYXJIYYEBOTO CKAaHUPYIOIIETO CITeK-
tpodoroMeTrpa Unico 2804. Ilo skcnepuMeHTaIbHBIM
3HAYEHUSIM ONTUYECKON TUIOTHOCTH (HE MEHEe TISITH TO-
YeK Ha KaXXIbIi KOJUTOUIHBIA pacTBOP) CTPOMIU rpacdu-
KU 3aBUCUMOCTHU ONITUYECKOM TUIOTHOCTH OT JUTMHBI BOJI-
Hbl InD=f(In)\) u paccuuthiBau KoabduueHT. Jdaiee
O KaJIuOpOBOYHOI KpuBoii 'eiepa olieHUBAIM pa3Mep
KOHIJIOMepaToB. PU3MKO-XUMUYECKHE CBOMCTBA HAHO-
KpeMHe3eMa paccMaTpyBaIy B YacTH OLEHKU XUMMYE-
CKOTI'0O COCTaBa U aKTUBHOCTHU I10 KOHLIEHTPAIIUU ITOBEPX-
HOCTHBIX IIEHTPOB aJCOPOIIMUA WHIWKATOPHBIM CIIOCO-
6oM B nuanaszoHe pKa ot -4,4 no 12,8. MccnenoBaHus
BbINOJIHEHBI B LleHTpe BbicoKux TexHosoruii bBI'TY
um. B.I'. lllyxoBa u LleHTpe KOJJIEKTUBHOTO IOJIb30Ba-
Hug «Texnonoruu u Martepuansl» HUY benl'V.

CoracHO TOJYYeHHBIM JAaHHBIM, HE3aBUCHMO OT
BUaa ucnosbzyemoro [TAB, cuHTe3upOBaHHBIN KpeMHe-
3€M XapaKTePU3YETCS PhIXJION TI00YJISIPHON CTPYKTYPOK
C BBICOKOPA3BUTOI MOBEpXHOCTbIO (puc. 1). Otauuus
COCTOSIT B (hOpMe OTHENBHBIX YaCTHUIl, COOPaHHBIX B
arjjoMeparbl, a Takke B WX pa3Mmepe. Tak, BeIIecTBO,
CUHTE3UMpPOBaHHOE TIpu Hucroyb3oBaHuu I[TAB B Buae
Span-83, otnuuaetcst Gosiee raaakoi ¢Ghopmoil nzome-
TPUYHBIX YACTULL C UX MEHBIIIUM AUAMETPOM: Mpeodia-
JIal0T HAaHOPa3MepPHBIE YACTUIIBI KpeMHe3eMa pa3MepamMu
nopsinka 30—70 uMm (puc. 1, a, b). [Ipu 5TOM B CTpyKType
arJioMepaToB IPOCIeXKUBACTCS YeTKasl T'paHuUlIa pasaesia
MEXJy OTAETbHBIMUA YacTUIlaMu. Torma Kak BellecTBO,
MoJiydeHHOe ¢ ucrnojb3oBaHueM Tween-80, xapakTepu-
3yeTcs pa3BUTON MOp(QOJOrueil MOBEPXHOCTU HM30Me-
TPUYHBIX YACTUII; HAa MOBEPXHOCTU OTAEIbHBIX YaCTHUIL
BUIHBI MOJOXUTEIbHBIC U OTpULIATEIbHBIE (DOPMBI pe-
Jbeda pazTuuHbIX KoHburypauuii (puc. 1, ¢, d). Kpome
TOrO, JaHHBIA MOPOLIOK OTIMYaeTcsl 0oJjiee IMPOKUM
CIIEKTPOM pa3MEpPOB YACTHIL C OOJBIICH MOPUCTOCTHIO
arperaToB B oObeMe: B CTPYKTYpe OTMEUaloTCs KakK
KpymHbIe yacTulbl pasMepaMu 40—80 HM, Tak U MeJIKHe
COCTaBJISIIONINME Ha TTOBEPXHOCTH OOJIee KPYITHBIX o0pa-
30BaHUM. OTAENbHbIE YACTUIBI KOHTAKTUPYIOT IPYT C
JIPYTOM B OOJIBINIEHT CTETICHN TOYCUHO, OCTABJISIS 3HAUM -
TEJbHOE KOJMUYECTBO MYyCTOT. [OOUTHCS CTONb Majioro
JIraMeTpa Iop arjloMepaToB Ha HAHOPa3MEPHOM YPOBHE
CTAaHOBUTCSI BO3MOXHBIM 3a cueT cBsi3biBaHUST [TAB-
CTaOMIM3aTOPOM OOJIBIIIOTO KOJUUECTBA MOJIEKY BOABI
MPU BBICOKOM YPOBHE TUAPOMIIHHO-JTUTTODUIHEHOTO
OanaHca.
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Puc. 1. CTpykTypa 4acTuL, CUHTE3NPOBAHHOIO KpeMHe3ema Ha OcHoBe: a, b — Span-83; ¢, d - Tween-80 (no aaHHbIM POM)
Fig. 1. Particle structure of synthesized silica based on: a, b — Span-83; ¢, d - Tween-80 (according to SEM data)

ITo nanabiM [1OM (puc. 2), oTaenbHbIe cheprudecKue
YacTUIIbI, UISHTU(ULIUPYEMBbIe ¢ moMollbpio POM, co-
CTOSIT M3 bosee MeNKUX (Tropsiaka S— 10 HM) T100y71, arpe-
TMPOBAHHBIX B U30METPUUHBIE CKOILIeHUs (puc. 2, b, ¢, d).

Pasnmmumst B cmoco0ax MmoTy4eHnsI CHHTe3MPOBAHHO-
ro B paboTe U MPOMBIILIEHHO BBIITYCKaeMOI0 HAaHOKPEM-
He3eMa OOBSCHSIET M pPa3Iuyusl B MHUKPOCTPYKTYpE.
IMocne BeicymuBanus nipu Temmneparype 100°C B teve-
Hue 10 4 mosydeHHOE 30JIb-TeIb METOIOM BEIIECTBO
CKOHIIEHTPMPOBAHO B KPYITHBIE TJIOOYJIBI, TOT/AAa KakK
MPOMBIIIIEHHO BBIITYCKAEMbIi TTMPOTEHHBIM ITMOKCUI
KkpemMHUs1 (puc. 3) TIpencTaBisieT €IUHYIO JOCTaTOYHO
TUIOTHYIO Maccy HaHOAUCIIEPCHOro BellecTna. [1pu aTom
pa3Mep KOHIIoMepaToB He npesbiinaeT 200 HM.

CornacHO TTOJYYEeHHBIM JaHHBIM I10 TPaHYJIOMETPH -
yecKoMmy cocTaBy (puc. 4), Bce MOPOLIKU OTINYAIOTCS
ITOJITMMOIAJTBHBIM XapaKTEePOM PaCIIPeeICHIS ¢ MAaKCH-
MyMoM B uHTepBaje oT 10 1o 100 Mxm. OueBUaHO, YTO B
JIAHHOM CJIydae YYUTHIBAETCSI pa3Mep He OTAEIbHbIX Ya-
CTHII, a uX arperaroB. Tak, B ciiydae ITPOMBIIIJICHHOTO
HaHOKpeMHe3eMa MUK Npuxoautcsd Ha 10 MKM, 4TO XO-
POIIIO COTJIacyeTcsl ¢ JAaHHBIMM T10 CTPYKTYPHBIM Iapa-
MeTpaM BellecTBa (puc. 4, a). Mcnonb3oBaHue Span-83
obecreurBaeT IIOJIydeHUE MaTepuaja ¢ MaKCUMMYMOM
pasMepoB B nuamaszoHe 50—60 Mkm (puc. 4, b).
KpeMHe3eM, CHMHTE3MpPOBAaHHbBI C HKCIIOJIb30BAaHUEM
Tween-80, oTmmuaeTcss MaKCMMAJIBEHBIM Pa3dopocoM pas-
MEPOB YacTull ¢ TMKoM B obojiactu 20—30 MxM (puc. 4, ¢).

a b

Puc. 2. MyKpoCTpyKTypa arnoMepaToB 4acTuL, CUHTE3MPOBAHHOIO KPEMHE3EMA Ha OCHOBE: a—c¢ — Span-83; d—f— Tween-80 (no aaHHbIM MOM)
Fig. 2. Microstructure of agglomerates of particles of synthesized silica based on: a-c — Span-83; d—f— Tween-80 (according to TEM data)
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Ta6nuua 1
Table 1
OnTunyeckasi NJIOTHOCTb PAaCTBOPOB CUHTE3UPOBAHHOIO
KpeMHe3emMa B 3aBMCUMOCTU OT AJIMHbI BOJIHbI 1 Buga NAB
The optical density of synthesized silica solutions
depending on the wavelength and type of surfactant

Anvra | onryyeckas nnotHocTs D PacietHoe 3nasenve
BOJIHbI KoapduumeHTa n
A, HMm Span-83 Tween-80 Span-83 Tween-80
580 0,0213 0,1228 3,93 3,71
1050 0,0137 0,0547 3,71 3,51
1000 0,0139 0,0572 3,73 3,53
950 0,0132 0,06 3,77 3,55
430 0,0302 0,1766 3,96 3,83
850 0,0153 0,0688 3,81 3,58
640 0,0199 0,1025 3,93 3,75
750 0,0166 0,0816 3,87 3,63
a b

Puc. 3. MuKpoCcTpyKTypa arioMepaToB NPOMbILLIIEHHOrO HAHOKPEMHE3E-
Ma (no paHHbIM POM)

Fig. 3. Microstructure of industrial nanosilica agglomerates (according to
SEM data)

OlleHKa CBOMCTB KOJIJIOMIHBIX PACTBOPOB («O€IbIX»
30JIeii) CUHTEe3MPOBAaHHOTO HAHOKpEeMHe3eMa ITO3BOJIMIa
YTOUHUTb pa3Mep OTAEIbHbBIX YaCTHULL. MIcXoast U3 JaHHbIX
10 ONTUYECKOM IIJIOTHOCTU PACTBOPOB HAHOKPEMHE3EeMa,
CUHTE3UPOBAHHOTO C HCITOJb30BAHWEM pPa3HbIX BUIIOB
ITAB, pacyeTHbIX 3HaYeHUI KoadduuueHTa » (Tadi. 1),
110 KaJMOpOBOYHOI KpHBOil ['emtepa ompenesieHO, 4TO
pa3Mep OTAeIbHBIX YACTHUI] B pAaCTBOpPax HaXOAUTCS B Ara-
na3oHe 15—30 um a5 Span-83 u 30—45 um a1s1 Tween-80.

DTN TaHHBIC XOPOIIO KOPPEIUPYIOT C OLIEHKON pa3-
MEPOB YaCTUll C TOMOIIIbIO MPOCBEYMBAIOIIECH MUKPOCKO-
miu. Tak, ucronp3oBanne Tween-80 B kadectBe ITAB
MO3BOJISIET TMOJIydaTh MaTepuaj ¢ 0oJjiee IUPOKOM IrpaHy-
JoMeTpueit: ot 5 1o 35 um (puc. 5, b). [1pu aTom cpeaHuMii
pa3Mep YacTull HaXoauTcs B ripeneax 15 um. [Ipumenenue
Span-83 obecrieurBaeT noyrydeHue (pakTUIECKU MOHOIM -
CIIEPCHOTO MOPOIITKA ¢ MUKOM B obsactu 10 HM (puc. 5, a).

[TonyyeHHbIe AaHHBIEC, JEMOHCTPUPYIOLIUE OTIMYMS
B CTPYKTYPHO-TOMOJIOTMYECKMX TTapaMeTpax CUHTE3UPO-
BaHHBIX BEILIECTB, MOXHO OOBSICHUTH PSIOM (DAaKTOPOB.
TpanuiiMoHHO B 30/1b-TeJIb METONIe KPeMHE3eMHbIE TTpe-
KypCOpbl CHayajia TuApOan3yI0TCsI U B3aMMOJEUCTBYIOT C
OCHOBHBIMU TpPYIIIIaMU TOBEPXHOCTHO-aKTUBHBIX Be-
mecTB. B3anmoneiicTBue MexKay MOBEPXHOCTHO-aKTHB-
HBIM BEILECTBOM U MPEeAIIeCTBEHHUKOM IUOKCHIA KPEeM-
HUSI OCYIIECTBIISIETCS JTM0O0 DJIEKTPOCTATUYECKOI CUJION,
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Puc. 4. paHynoMeTpUS HAHOONCNEPCHOIO KPEMHE3EMA: @ — MPOMbILLNIEH-
HOro; b — cuHTE3npoBaHHOro ¢ Span-83; ¢ — cuHTeanposaHHoro ¢ Tween-80
(No AaHHBIM NasepHon Andpakumm)

Fig. 4. Granulometry of nanodispersed silica: @ — industrial; b — synthesized with
Span-83; ¢ — synthesized with Tween-80 (according to laser diffraction data)

00 BaH-IEP-BaaIbCOBBIMU CWJIAMU, B 3aBUCUMOCTH OT
MPUPOIBI MOBEPXHOCTHO-AKTUBHBIX BelecTs [20].
BzaumoneiictBue mexay ITAB u npeaiiecTBeHHUKOM
MUOKCHIA KPEMHUS 3aBUCUT OT 3HaueHusT pH peakimoH-
HOI CUCTEMBbI U BAMSIET Ha MOPOJIOruio yactuil. B Heli-
TPaJIbHBIX YCIOBHUSX BOIOPOIHASI CBSI3b MEXIY HEMOHO-
TeHHBIMHA TTOBEPXHOCTHO-aKTUBHBEIMM BeIleCTBAMU U
MPEeKypPCOpPOM KpeMHe3eMa 3aHUMaeT 0oJee MPOIOJIKU-
TEJIbHOC BpeMs, TOTJAa KaK B IIEJIOYHBIX YCIOBHSX IIpe-
KYPCOP ¥ MOBEPXHOCTHO-aKTUBHOE BEIIIECTBO C TPOTUBO-
TTOJIOKHBIM 3apsaIoM 00pa3yloT CUJIbHBIC CBSI3U, IIPUBO-
JISIIME K YITOPSIAOYEHHBIM YacTUlIaM KpeMHe3eMa. B atoii
CBSI3U TIPEIJIOKEHHBIN MOAM(pUIMPOBAHHBIN CITOCOO
30J1b-TeJIb CHMHTE3a, MPEAyCMAaTPUBAIOIINIA TTOMIICTaun-
BaHUE PEaKIMOHHON CMeCH, TPUBOAUT K CMEILIEHUIO BO-
JIOPOTHOTO TIOKA3aTeNIsl B CTOPOHY IIECIIOYHBIX YCIIOBUIA.
OT1o obecrieunBaeT GOPMUPOBAHUE YaCTULl, OJU3KUX K
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Puc. 5. Pasmep yacTuu, HAaHOKpeMHe3ema, CUHTE3MPOBAHHOIO C UCMoJib30BaHNeEM: a — Span-83; b — Tween-80 (no aaHHbiM M3AM)
Fig. 5. Particle size of nanosilica synthesized using: a — Span-83; b — Tween-80 (according to TEM data)
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Puc. 6. 9nemMeHTHbI COCTaB HAHOKPEMHe3eMa: NMPOMbILLIEHHOrO (@); CUHTE3MPOBaHHOIO C Ucnonb3oBaHneM Span-83 (b) n Tween-80 (c¢)
Fig. 6. Elemental composition of nanosilica: industrial (a); synthesized using Span-83 (b) and Tween-80 (c)

MpaBUILHOM M3oMeTpuuHoi opme. [Ipu 3TOM MCTIOND-
30BaHME JIMHHOLENoYeuHbIX [TAB ¢ MeHblleil MosieKy-
JIIPHOIT Maccoil oOecITeurBaeT CTAOMIM3ALIAI0 OTICIThb-
HBIX YacTUll ¢ (OPMUPOBAHUEM TOHKOAMCIIEPCHBIX MO-
POIIIKOB, YACTHUIIBI KOTOPBIX CBOOOTHO paCIIpeAeIIOTCS B
00beMe KUIKOW TUCTIEPCUOHHON cpelibl ¢ 00pa3oBaHUEM
YCTOMYUBBIX KOJJTIOMAHBIX PacTBOpoB. BBumy Gosee BbI-
COKOT0 3HaUYEHMS TMAPO(PMIBHO-TUTO(PMIBHOTO OasiaHca
st Tween-80, BBICTYIAIOLLIETO B POJIM COJIOOMIM3ATOpa
CHCTEMBI, B €ro IPUCYTCTBUM IMPOMCXOAUT aKTHUBHOE
BHEIPpEHNE XUIKOW IUCIEPCUOHHON Cpenbl B O00bEeM
¢(OpMUPOBAHHBIX TIPU CUHTE3€ U JaJIbHENIIIei cTaOuIun-
3aIM¥ arIoMepaToB HAHOYACTHII. B pesynbraTe mipu cyii-
Ke (hopMuUpyeTCs MOPOILIKOOOPa3HOE BEILIECTBO C BLICOKOM
ITOPUCTOCTHIO, UYTO M OTMEYACTCSI CTPYKTYPHBIM aHAIM30M
CHHTE3MPOBAHHOTO HAHOIMCIIEPCHOTO KpeMHE3eMa.
OnHaKo MOJOXUTENbHBIN 3(P(PEKT OT CTOJIb Pa3BUTOM
TTOBEPXHOCTH HAHOKPEMHE3EMa MOXET MHTMOUPOBATHCS
OCTaTOYHBIM HEOOOX KEHHBIM YTIJIEPOIOM, CHIIBHO aIcop-
OMpPOBAaHHBIM TIOBEPXHOCTHIO B BMIIE HEMOHOTCHHOTO
ITAB. CrniekTpanbHblii aHaIM3 MPOMBIIIIEHHOTO HAHO I -
CIIEPCHOIO0 KpeMHe3eMa CBUIETEIbCTBYET O BBICOKOIA
JIoJie KpEMHMSI ¥ KUCJIOpOo/ia B COCTaBe obpasiia (puc. 6, a).
ITpu aTOM nmOJST KMCIOpoaa, IO JaHHBIM CIIEKTPaJIbHOTO
aHaim3a, npesbiaetT 50%, 4TO MOXET CBUIETEIbCTBO-
BaTh O YaCTUYHOM OKMCJICHUU BEIIECTBA MPU CKUTAHUM C
MoJIy9eHeM aKTUBHOTO BeliecTBa. Kpome Toro, B cocTa-
BE MICHTUMDUITMPYETCST 3HAYMTETbHAST OJIST YIJIEpoa, UTO
XapaKTePHO UIsSI MUPOTreHHBIX (POPM HAHOKPEMHE3eMa.
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Puc. 7. PacnpegeneHune LEHTPOB aacopbumm Ha NOBEPXHOCTN HAHOYACTULY,
KpeMHesema: 1 — Span-83; 2 — Tween-80; 3 — NPOMBILLIEHHbIN

Fig. 7. Distribution of adsorption centers on the surface of silica
nanoparticles: 1 — Span-83; 2 — Tween-80; 3 - industrial

Tab6nuua 2
Table 2
AKTUBHOCTb HaHOAUCMEPCHOIo KpeMHe3ema
Activity of nanodispersed silica

KonmuecTso Bup HaHOoKpeMHe3ema
aKTVIBHbIX LIEHTPOB CVHTE31POBaHHBIN C
Ha NOBEPXHOCTY, npo""b'”f' 1“cnonb3oBaHueM B kadecTse MAB
3 NEHHbIN

10° monb/r Span-83 Tween-80
Obuiee 217 513 299
KnCnoTHbIX LeHTPOB 48 109 60
BpeHcTena
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B oTaumume oT MPOMBIIIIEHHOTO CUHTE3UPOBAHHBIN
HaHOKPEMHE3eM OTJIMYAETCsI BHICOKOM CTEIEeHbIO YMCTO-
ToI (pUC. 6, b, €): BIEMEHTHBIN COCTAB TIPEICTABICH TIpe-
MMYILECTBEHHO KpPEeMHHUEM U KuciaopoiaoM. OtTaesibHbie
HEe3HAUYNTEIbHBIC I0 MHTEHCUBHOCTH OTpaxkeHMs Ca CBSI-
3aHBI C BBEIEHUEM U3BECTU KaK JTOMOJHUTEIHHOTO IO/ -
1Ie/IAYMBAIOLIETO KOMITOHEHTA MPpU CUHTe3e. OTpaxkeHUsI
K€ XJI0pa ¥ HaTpUsl HOCSIT IPUMECHBII XapaKTep.

AHaJlu3 aKTMBHOCTHM MPOMBIIIJICHHOTO WM CUHTE3U-
POBAaHHOTO HaHOKpPEMHE3eMa COTJIACyeTCsl C XMMUYe-
CKUM cocTtaBoM BeulecTB (puc. 7). Tak, B ciyyae mpo-
MBIILIIEHHOM J00AaBKKM OTMEYaeTCsl CMEIIECHUE B CTOPO-
HY OCHOBHBIX IIEHTPOB aacoOpOIIMM, YTO, BEPOSTHO,
CBSI3aHO C YAaCTUYHBIM OKHUCJCHMEM ITOBEPXHOCTU 4Ya-
CTUII IPU TMPOTEHHOM CHHTe3€e. Torma Kak CUHTe3UpO-
BaHHbBIC MOPOIIKY XapaKTEPU3YIOTCS HaJIUIUEM CYIIE-
CTBEHHOT'O KOJIMYECTBA LIEHTPOB a/ICOPOIINU Pa3TUIHON
npuponbl. Tak, o01Iass KOHLIEHTPALUs aKTUBHBIX LICH-
TPOB MPEBLIIIAET AHAJOTUYHOE 3HAUYCHUE ISl IIPOMBbILII-
JIEeHHOI 100aBKM B 2,4 pa3a Ipy UCTIOJIb30BAHUH B Kaue-
crBe [TAB npu cunTte3e Span-83 u B 1,4 paza — npu uc-
nosib3oBaHum Tween-80 (Tada. 2).
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CornacHo TpaauIIMOHHBIM TIPEICTaBICHUSIM, 32 B3au-
MOJIEHCTBUE C MTOPTIAHAMTOM TP MYILIOJaHOBOI peak-
LUK B OOJIbILIEH CTEIEHU OTBEYAIOT KMUCIOTHBIE LIEHTPBI
bpencrena [20]. HecMoTpst Ha pa3iuyus B criocode moty-
YEeHMSI WM COCTaBe ChIPhEBOI CMeCH, OOIIasi I0JIsT KUC-
JIOTHBIX OPEHCTETOBCKUX IIEHTPOB [UISI BCEX BUIOB HAHO-
KpeMHe3eMa He npesbimaeT 20% (tadi. 2). OpHako Koju-
YECTBO TAKMX ILIEHTPOB JJISI CUHTE3MPOBAHHOTO BEIIIeCTBA
Ha ocHOBe Span-83 mnpeBbllliaeT B 2,3 pa3a rnmokasaTesb Mo
CPaBHEHMIO C IIPOMBILLICHHBIM MOAMGUKATOPOM U B
1,8 pasza rpu cuHTe3e ¢ ucronb3oBaHreM Tween-80.

Takum o6pa3om, B paboTe MokazaHa MPUHLIUIHAIbHAS
BO3MOXXHOCTD TIOJIICHUSI CTPYKTYPHO-YCTOMUMBOTO Ha-
HOIMCIIEPCHOTO KpeMHe3eMa C BBICOKOM IMCIIEPCHOCTHIO,
CBEPXMaJIbIMU Pa3MepaMU OTAEIbHBIX YACTUL] U ITPABUIIb-
Hoi ux (popMoii mpu opMUPOBAHUM TTOPOLTKOOOPAZHOTO
BEILIECTBA C BBICOKOH aKTUBHOCTBbIO. OOOCHOBAaHO, YTO
Moad0p CTAOMIM3ATOPOB U JOMOJHUTEIbHBIX KOMITOHEH -
TOB CBIPHEBOI CMECH MO3BOJISIET HAITPABICHHO PETryJIMpO-
BaTh CUHTE3 BEILECTBA C TPEOYEMbIMU CTPYKTYPHBIMU I1a-
pameTpamu (Mopdosiorueii u paamepamMmu 4acTuil) U pusu-
KO-XMMUYECKUMU CBOMCTBAMMU.
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BnusHue TEXHMYECKOro Yyrnepofa U MMKpoKpeMHe3ema
Ha CBOICTBA CaMOYNNOTHAOLIEroca 6eToHa

B xopae uccnenoBaHus npoBeaeHbl IKCNEpUMEHTbI Mo moandukauu CYb cMec MUKPOKPEMHE3EMOM B COYETaHWUK C AUCTEpCUeit
TEXHNYecKoro yrnepoga. Lienbto paboTbl ABAANOCH U3YYEHUE TEXHONOMMYECKUX NapameTpoB MOANMULIMPOBAHHLIX CMeCe U hM3NKO-
MEeXaHM4eCKIUX NoKasaTenen CMeceil B 3aTBEP/AEBLUEM COCTOSIHUN. Ha 0CHOBE OLIEHKM TEXHONOMYeCKNX napameTpoB uccneayembix CYb
cmecen Obin YCTAHOBJIEH ONTUMAalbHBIA COCTaB, coaepxalyunin 0,25% TexHU4eckoro yrnepona u 5% MUKPOKpPEeMHe3ema 0T Macchl
LiemeHTa. [Ins JaHHOI cMecy Bbin YCTAHOBNEHbI CREAYOLLMe NapaMeTPbl: PacnsibiB HOPMANbHOMO KOHyCa, PaBHbIi 680 MM;

t500=3,1 ¢; pactBopooTaenerne 11,46%; Bu3yanbHblit NHAEKC CTabUILHOCTYU cMeck — VSIO; 0TCYTCTBIUE BOLOOTAENEHMS;
COXPAHAEMOCTb CBOMCTB B Te4eHne 120 MMH OT Ha4ana nepeMeLInBaHng CMeck (pacnibiB KoHyca u3meHsncs ¢ 680 go 510 mm).

[inq o6pasua, MOANMULMPOBAHHOTO MUKPOKPEMHE3EMOM M TEXHUYECKUM YrNnepoLom B Konndectse 5 1 0,25% 0T mMacch! LieMeHTa,
COOTBETCTBEHHO TaKXXe OblN YCTAHOBJIEH NPUPOCT NPOYHOCTM Npu CXXatui Ha 17,1% Ha 28-e CyT TBEPAEHUS N0 CPABHEHNIO

C KOHTPONbHbIM 06pa3LoM, 4TO 06YCNOBNEHO YNIOTHEHNEM CTPYKTYPbl 6ETOHA 3a CHET BBEEHNA TOHKOANCMNEPCHBIX Y4acTuL

1 NPOSIBNEHNS NyLILLONAHOBOro 3dhdekTa MUKPOKPEMHE3EMa.

Kntouesble cnoBa: MUKPOKPEMHE3EM, TEXHINYECKUIA YINepol, CamoynoTHAIOLLMIACA BETOH, Ancnepcus, MoauMUKaTop, CTPYKTypa 6eToHa.
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The Effect of Carbon Black and Silica Fume on the Properties of Self-Compacting Concrete

In the course of the study, experiments were carried out to modify the self-compacting concrete (SCC)-mixture with silica fume in combination with carbon black dispersion. The purpose
of the work was to study the technological parameters of the modified mixtures and the physical and mechanical properties of the mixtures in the hardened state. Based on the evaluation
of the technological parameters of the studied SCC mixtures, the optimal composition containing 0.25% carbon black and 5% microsilica by weight of cement was established. The follow-
ing parameters were set for this mixture: normal cone flow equal to 680 mm; t509=3.1 s; solution separation 11.46%; visual stability index of the mixture — VSIO; lack of water separation;
retention of properties for 120 minutes from the start of mixing the mixture (the flow of the cone changed from 680 mm to 510 mm). For a sample modified with microsilica and technical
carbon in the amount of 5% and 0.25% of the cement mass, respectively, an increase in compressive strength by 17.1% on 28 days of hardening was also found compared to the control
sample, due to the compaction of the concrete structure due to the introduction of fine particles and the manifestation of the pozzolan effect of microsilica.

Keywords: silica fume, carbon black, self-compacting concrete, dispersion, modifier, concrete structure.
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CaMOYHJTOTHHIOHII/ICCﬂ OETOHBI OIrpaHNUYCHHO, TIJIaBHBIM 06pa30M n00aBOK B 6€TOH, HEAOCTATOYHOCTDb

(CYDB) ObLu BrepBble pa3padOTaHbI
STTOHCKNM y4ueHBIM X. OKaMmypoii B
koHue 1980-x rr. JlaHHBIN TUMI OETO-
HOB MMEET CITOCOOHOCTh K YILIOTHE-
HMIO TIOf ACWCTBMEM COOCTBEHHOIO
Beca 0e3 MPUMEHEHUS TEeXHOJIOTUIA
BUbOpupoBaHus [1].

B poccuiickoit mpakTuke TEXHO-
norusg CYDB mpumeHsieTcss BechbMa

MpU CTPOUTEIBCTBE YHUKATbHBIX
00bekTOB [2, 3]. Hemmpoxkast pacrpo-
ctpaneHHocTh CYB B P® cBs3aHa ¢
PSIIOM OrpaHUYUBAIOLIUX (HAKTOPOB,
K KOTOPBIM MOKHO OTHECTU KaueCTBO
CBIPbEBBIX MAaTepUaIoB, HEU3YYECH-
HOCTb TIPUMEHUMOCTH ChIPEBbIX Ma-
tepuayioB peruoHoB ist CYDB cmeceii,
HEepPa3BUTOCTh DPBIHKA XUMUYECKUX

scientific, technical and industrial journal

HCCIIeIOBAaHUI B 00JIaCTU MpUMEHe-
Husg CYb, Hepa3BuTas HOpMaTUBHAs
0a3a, HEIOATOTOBJICHHOCTH ITPOM3-
BojcTBa K BHeapeHuio CYb, orcyr-
CTBHE KBaTU(PULIMPOBAHHEBIX KaIPOB.

B otsinume ot TpamMIIMOHHBIX Oe-
ToHOB CYb SBISIOTCS MHOTOKOMIIO-
HEHTHBIMH CHUCTeMaMH, IIpU 3TOM
OJHUM M3 HEMaJOBaXHBIX KOMIIO-
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Ta6nuua 1
Table 1
Xapakrepuctukm noptnaHguementTa MNU500 40
Characteristics of the Portland cement
PernameHTupoBaHHble | PakTuyeckue
lMokasartensb
3HaueHus cornacHo HA, 3Ha4YeHNst
Dusiko-mexaHN4eckme u XMMm4eckue nokasaTesm LieMmeHTa
MpoyHOCTL Npm cxaTum B Bo3pacTe 2 cyT, MMa He meHee 20 25,4
lMpo4HOCTb Npy CXaTuu B Bo3pacTe 28 CyT (cpenHee He mexee 42,5
50,1
3HaueHve 3a npeawecTeytowe 3 mec), MMa 1 He Bonee 62,5
KoadduumeHT Bapuaumm aOKTI/IBHOCTI/I 3a He HopMUpYeTCS 0.9
npeauectsyioue 3 mec, %
Hayano cxeaTbiBaHWS, MUH He paHee 60 170
HopmanbHas ryctota LieMeHTHoro Tecta, % He HopmupyeTcs 26,1
Paclumpetve, Mm He 6onee 10 0
Hanunyme npusHakoB NOXHOIO CXBaTbIBaHMS He HopmupyeTcs OTcyTCTBYIOT
CopepxaHue BCnomoraTtefilsHoro KOMnoHeHTa, % 0-5 47
Copepxatve okeupa cepol (IV) SOz, % He 6onee 4 3,28
MoTepu Macchl Npu Npokanueaxun, % He 6onee 5 3,01
HepacTtBopumblii 0cagok, % He 6onee 5 0,67
CopepxaHue xnopua-uoxa, % He 6onee 0,1 0,011
Copepxanve LU,eJ'IOHHbIg( okenzos (NagO n Ko0) He HopMMpY&TCS 0,79
B nepecyeTe Ha Nao0, %
Mpenen npoyHocTn npm cxatum nocne TBO, MMa Bonee 27 ana 1-i rpynnbl 37,2
'pynna no achdekTMBHOCTU NponapuBaHus MepBsag
CopnepxaHue okenaa martus Mgo, % He 6onee 5 1,2
CymMMapHOe KOnM4ecTBo cneoumaanblx " He Gonee 1 OroyTeTayioT
TEXHONOrn4eckmx fo6asok, %
KonmquTBooopraqueCKmx 106aBOK B CyXOM He Gonee 0.2 OroyreTeyloT
COCTOSIHWK, %
XvMUKO-MUHepanornyeckue nokasatenm KamHkepa
Copnepxanue okempa markmns MgO B knnHkepe, % He Gonee 5 1,34
C3S (TpexkanbLueBblii cunmkar),% He Hopmupyetcs 65,1
C5S (mByxKanbLMeBbI cunmkar), % He HopmupyeTCs 11,81
C3A (TpexkanbLieBblil anomMuHart), % He HopmupyeTcst 6,77
CA4AF (yeTbipexkanbLieBblii aniomobeppuT), % He HopmupyeTcst 13,56
He meHee 2/3 macchbl
-+ 0,
CymmapHoe cogepxanue (C3S+CsS), % KMHKEPa 76,91
MaccoBoe OTHOLLEHVE OKCuaa KanbLms K oKcuay
kpemHus (CaO/SiO») He venee 2 31
Ta6nuua 2
Table 2
XapakTtepucTtuku mukpokpemHezema MK-85
Characteristics of silica fume MK-85
MNokasatenb 3HayeHne
BHewwHui Bua, MopoLuok ceporo ugerta

MaccoBas 1o MUKPOKpPEMHe3eMa B NepecyeTe Ha Cyxoi
npoaykT, %

He menee 99,6%

Maccosas nons Boasl, % He 6onee 0,36%
MaccoBas fons noTepb Npy NpokanmeaHwu (n.n.n.), % He 6onee 0,8%
HacbinHasi INOTHOCTS, Kr/M3 152,2

Xvumunyeckuii cocTas

SiOp AloO3 FeoO3 Ca0 MgO Na»O Ko0

90-92 0,68 0,69 0,85 1,01 0,61 1,23 0,98 0,26

HEHTOB SBJSIOTCS HAMOJHUTENH,
BBE/IEHIE KOTOPHIX ITO3BOJISICT YIIpaB-
JIITh TEXHOJOTMIECKUMH CBOMCTBaA-
MU CMeceli, TaKUMU KaK IOABMX-
HOCTb M CTaOMJIBHOCTh. 3a4acTyio B
KayecTBe HaMOJHUTENEH HaXomsT
MPUMEHEHNE OTXOIbI IPOU3BOACTBA
Pa3IMYHBIX OTpacjeil MPOMBIIUICH-
HoCTH [4, 5], Tak1e KaK MUKPOKPEM-
He3zeM [6], MerakaonuH [7], 301a-
yHoca [8], DOMEHHBII TpaHyJIUpO-
BaHHBIN nwiak 9], caxa [10, 11] u ap.

Tlorenuuan npumeHenuss CYb B
CTPOUTEILCTBE MOXET OBITh TaKXe
pacumiMpeH 3a cyeT MoaudbuKaiuu
cMeceit n1o6aBKaMU HaHOMETPOBOM
pasmepHocTu. [lpm 3TOM mMMeeTcs
pSII MCCIeIOBAaHUM, MOATBEPKAAI0-
mux 3¢ PEKTUBHOCTD TaHHBIX MOIN-
ukammii [12, 13].

CocraB CYb cmecu Takxke orpe-
JEJISICTCST TUIIOM KOHCTPYKIWM, IUISI
KOTOpO#l OH mnoadoupaetrcs. Bricokas
noaBuxkHocTh CYDB cmeceir nmemaer
MEPCIeKTUBHBIM WX TIPUMEHEHHE
MpU TPOU3BOACTBE M3IACIAMI U KOH-
CTPYKLIMIA CJIOKHOW apXUTEKTYpPHOU
(opMbI, TpeOYyIOIIMX TYCTOTO apMM-
pPOBaHMSI M BBICOKOTO KadecTBa II0-
BepxHocTtHu [14, 15]. Kpome Toro, mis
peanu3aly apXUTEKTYPHBIX KOH-
LIETIIINI 3a4acTyi0 HEOOXOAMMO TIPU-
MEHEHME Pa3JIMYHBIX I[BETOBBIX pe-
IIEHM, YTO BO3MOKHO 3a CUET BBEIIC-
Hug B coctaB CYDB mnurMmeHTOB,
BIMSIHUE KOTOPBIX Ha cBoiicTBa CYb
cMeceil TpeOyeT IOIMOJHUTEIHLHOTO
n3ydeHus [16] B cuily HEM3BECTHOCTH
WX BO3ICUCTBUS HA TEXHOJOTUICCKIE
CBOICTBA.

B xone pa®oThl ObUIM TTPOBEACHBI
SKCTIIEPUMEHTHI 110 MOIM(DUKAIINHA
CYb cmecn MHMKPOKPEMHE3EMOM B
COUYETAHUU C TUCTIEPCHUENl TeXHUYe-
ckoro yriaepoza. Lleasto 1aHHOTO UC-
CJeIOBaHMS SIBISTIOCH M3YYEHUE TEX-
HOJIOTMYECKUX TTapaMeTPOB MOIU (-
LIMPOBaHHBIX CcMeceii M (DUIUKO-
MEXaHUYECKMX MOKa3aTeIe CMeceil B
3aTBEPAEBIIEM COCTOSTHUM.

[1pu mpoBeaeHNN SKCIIEPUMEHTOB
s npurotoBieHus CYb cmecu B Ka-
YeCTBE BSIKYIIEro ObLT HMCIOJIb30-
BaH mnopmianamemeHt [111500 0
(I'OCT 31108—2020 «IlemeHTBI 00-
IIECTPOUTETbHBIC. TeXHUIeCKUe yc-
JIoBUsI») mpousBoacTBa AO «MopaoB-
meMeHT» (p..  KoMcomomnabckuii,
Yam3uHckuil paitoH, Pecnybinka

HAYYHO-MexXHU4eCcKUll U npou3800CEeHHbLI JHCYPHAN
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Puc. 1. InCNnepCUOHHbIV aHann3 TEXHNYECKOro yrnepoaa

Fig. 1. Particle size analysis of carbon black

Tabnuua 3
Table 3

Xapaktepuctuku cynepnnactudukaropa «Jiunamukc MK» tun 2
Characteristics of the superplasticizer «Linamix PC» type 2

Mokasartenb

3HaueHne

BHewHwin Bug,

JXnoKoCTb CBETIO-KOPUYHEBOTO LiBeTa

pH >5
MnoTHocTb Npu 20°C >1,03 r/om3
CopnepxaHue xnopuaos <0,1%

PekomeHayemas [o3vpoBka

0,3-2,5% 0T macchbl LieMeHTa (6ETOHbI 11 PaCcTBOPbI);
10 4% ot maccbl LemenTa (ans CYB)

Tabnuua 4
Table 4
CocTaebl uccnepyemoix CYB cmeceii, m3
Compositions of the studied SCC mixtures, m3

MK5 MK5 MK5 MK5 MK5
Cocras Kol MO co05 | cos | cos | c10 | c20
LlemeHT 450 428 428 428 428 428 428
Mecok 850 750 750 750 750 750 750
LLlebeHb 1000 900 900 900 900 900 900
MukpokpemHesem (MK) - 23 23 23 23 23 23
TexHuyeckuii yrnepog (TY) - - 0,23 1,15 2,3 4.6 8,2
Cynepnnactudukarop (CM) 11,3 11,3 11,3 11,3 11,3 11,3 11,3
B/T 0,48 0,48 0,48 0,48 0,48 0,48 0,48

MopnoBust). PuU3NKO-MeXaHUIECKUE
U XMMUKO-MUHEPAJOrnyeckue moka-
3aTeIM  IIeMEHTa IIPeACTaBICHBI
B TaoOI. 1.

MuxkpokpemHezeM MK-85 (TVY 14-
106-709—2004 «MwuKpoOKpeMHE3EM
KOHJEHCHUPOBAHHDI» ), SIBISIOLINIACS
TEXHOTCHHBIM TMPOIYKTOM METaJLIyp-
TMYEeCKOTro IPOM3BOICTBA, ITOJIydyac-
MBIl NPU BBITIaBKE (PepPPOCUIULIMS,
OBLT TIPUMEHEH TIPU TIPUTOTOBICHUN
uccaenyembix CYbB cmeceii B kaye-
CTBE HAIIOJTHUTENS. XapaKTepUCTUKHN
MHKpOKpEeMHe3eMa IIpelICcTaBIeHbl B
Taob. 2.

TexHnaecknit yriaepoa BBOIUIICS
B BUIE AUCIEPCHUM IPOU3BOIACTBA
00O «HoBblii 10M», coaepKaHUE CY-
xoro BeuiectBa — 34%, yaenbHas mo-
BepXHOCTh dYacTtull 65—100 Mz/l“.

JAvcnepcuOHHbIN aHalu3 100aBKU,
BBITTOJTHEHHBI Ha Ja3epHOM aHaju-
3aTope SALD—7500nano, mpexncras-
JieH Ha puc. 1. B xoae aucnepcruoHHo-
ro aHaju3a ObLIO YCTaHOBJIEHO, YTO
YACTHUIIBI TEXHUIECKOTO yIJIepoIa Ha-
XO#dTCsl B nuMamazoHe oT 20 HM 10
0,5 MKM.

B xauecTBe KpyITHOTO 3aITOJTHUTE-
JIst OBLI MCITOJIb30BaH 111e0eHb (hpak-
mn 5— 10 MM (OAO «Bpicokoropckuii
TOPHO-000TraTUTENIbHbINA KOMOMHAT»,
r. Hwkuwuit Tarwn), orBevarommit
tpeboBanusiMm CTO  57110-004-
05778402—2015. B kauecTBe MEJIKOTO
3AITOJIHUTENIA TIPUMEHSICS TIECOK,
coorsercrByromnii FOCT 8736—2014
«[lecok mIs CTPOUTEIBHBIX paboT.
TexHuueckue yciaoBus» ¢ Mg=2
(OO0 «PIIP», r. BoTKMHCK).

scientific, technical and industrial journal

Boma 3aTBopeHUs COOTBETCTBOBA-
na TpedoBanusim 'OCT 23732-2011
«Boma 11 6ETOHOB M CTPOUTEITBHBIX
pacTBOpOB. TeXHUYECKUE YCIOBUSI».

B xauecTBe mmactuduIMpyromei
J00aBKM TPUMEHSUICST MOJUKapOOK-
CWJIATHBIN CyIepIuiacTu(uKaTop ¢
a¢pdekToM 3ameaeHus] CXBaTblBa-
Hus «JIunamuxkce ITK» tun 2 (AO «I'K
[Tonunuact»), OCHOBHBbIE TEXHUYE-
CKH€ XapaKTepPUCTUKU KOTOPOTO MPH-
BeJleHBI B Ta0I. 3.

Ha ocHoOBe BhIIICIIepeYNCICHHBIX
KOMITOHEHTOB TOTOBUJIMCH OETOHHBIE
CMeCH C COCTaBaMU, TIPUBEICHHBIMUI
B TaoJ1. 4.

151 mccaenyeMbIX COCTaBOB CMe-
ceii OblTa TIpOM3BeIeHa OIICHKA TeX-
HOJIOTMUECKMX TapaMeTpoB. OlLieHu-
BaJIMCh TOKAa3aTeIM ITOABWKHOCTH
cMmeceil, BpeMsl ts5g), 3a KOTOpOE
cMech JocturaeT pacruibiBa 500 M,
IapaMeTpbl Cerperaluym U BOLOOT/IE-
JICHUSI, COXPaHSEMOCTb TEXHOJIOTH-
YECKUX CBOMCTB HCCIEAYEMBbIX CMe-
ceil BO BpeMeHHU. MeTOIUKU TECTH-
pOBaHUS cMecell OBIJIM TPUHSITHI
cormaciHo I'OCT P 59715-2022
«CMmecn OCTOHHBIE CaMOYITJIOTHSIIO-
muecss. MeToabl UCHBITAHUN» U
T'OCT 10181-2014 «Cmecn OeTOH-
Hble. MeTOoAbl UCTIBITAHUIA».

Ha puc. 2 mpeacraBieHbl pe3yibTa-
THI OTIpeICICHUST YI0OOYKIIagbIBAEMO-
CTU MCCJIEMYyeMbIX OCTOHHBIX CMECEi.
Y1060yKanpIBaeMOCTb OTIPEIEIsIach
MO TOKa3aTel0 pacIuibiBa HOPMalb-
Horo KoHyca BeicoToit 300 mm. Konyc
3aITOJTHSIICSI CMEChIO 0e3 KaKoro-Jmbo
VIUIOTHEHUSI, OTCTaMBaJics He Ooiee
30 ¢ u nogHUMaJICS B TeueHue 1-3 c.
B MoMeHT, Koraa KOHYC OTpbIBaJICS OT
0a30BO IJIMTHI, BKJIIOYAJICS CEKYHIO-
Mep IUIs ONpene/ieHUs] BpeMEHH ts(,
3a KOTOpOoe HccieayeMasi CMech JI0o-
cTturana oTMeTku pacruibiBa 500 M.
ITocne Toro kak cMechb CTaOMIM3UPO-
Bajlach Ha 6a30BOI1 TIJIUTE, N3MEPSITICS
IUuaMeTp pacIlibiBa B ABYX B3aUMHO
MePICHANKYISIPHBIX HAIIPAaBJICHUAX, a
Takke TMPOM3BOAWIACH BM3yajbHas
OLICHKA IIOKa3aTesieil pacCiIoeHUs U
BOIIOOT/ICICHMSI.

W3 auarpaMmbl, IpeacTaBIeHHOM
Ha puc. 2, BUIHO, YTO BBEACHUE MU-
KpPOKpeMHe3eMa B KOJIMYeCcTBe 5% OT
Macchl LIeMeHTa IIPUBOINUT K CHITKE-
HUIO pacIlibiBa HOPMAJIbHOTO KOHYyCa
¢ 720 go 680 mm. Ilpu BBeaeHUM 10-
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& | Puc. 3. PacTtBopooTaeneHune cmecei
K MK5  MK5C0,05 MK5C0,25 MK5SC0,5 MKSC1  MK5C2 Fig. 3. Segregation of mixtures
Puc. 2. Mokazatenu yoo60ykiaapiBaeMocTvi CMeceit Tab6nuua 6
Fig. 2. Workability of the mixtures Table 6
BusyarbHblii MTHAEKC CTaOUILHOCTU U BOA0OTAENIeHne cMmeceil
Ta6nuua 5 Visual stability index and bleeding of the mixtures
Table 5 M5 | MKs | Mks | MKs | mks
MokasaTtens t59p ANs uccnenyembix CYB cmecei Cocras K MKS c0.051co2s| cos | cio | c20
T500 index for the studied SCC mixtures . . . . d
BusyanbHbii
MK5 MK5 MK5 MK5 MK5 nHaexkc
VSI1 | VSIO | VSIO | VSIO | VSIO - -
Cocras | K| MKS | o505 | co25 | cos | c10 | c20 craunbHoCTH
cmecu VS|
t500, C 2,8 3 3,1 3,1 3,2 - - Mg, % 6,8 2.1 15 _ _ _ _

0aBKM TEXHMYECKOIO yrieponua B Oe-
TOHHYIO CMeCh B I03upoBKe oT 0 1o
2% OT Macchl 1leMeHTa HabJomaeTCs
CHIDKEHHUE IIoKas3aTesss yao0oyKia-
neiBaeMocTy cMecu ¢ 720 1o 440 mm.

3HaueHMsT BpeMEHHU t5((), 32 KOTO-
poe uccienyeMast CMech JTOCTHTaja
OTMETKHU pacruibiBa B 500 MM, 1J1sI UC-
CIeAyeMBIX CMeceil, IpeacTaBIeHBI
B Tabs1. 5. Kak MOXHO BUAETH U3 TO-
JIYY4eHHBIX JaHHBIX, ITOKa3aTesb t50(
YBEJIMUMBACTCS TIPU JO0OABJICHIN MU~
KpPOKpEeMHe3eMa U TEXHUYECKOIO
yIJIepoia B COCTaBe OETOHHOU cMecH
¢ 2,8 1o 3,2 ¢c npu yBeJIUYEHUU J03U-
POBKM TEXHMYECKOro yriaepopa ot (
10 0,5% W MOCTOSTHHOM COIeP>KaHUN
MUKPOKpEeMHe3eMa B KomdecTBe 5%
OT MaccChI IIEMEHTA.

YBenuueHue nokasareis t5o) CBsi-
3aHO C U3MEHEHUEM TPaHyJIOMETPUN
CMeCH, YBEJIMYEHUEM KOJUYEeCTBa
MEJIKOAUCIIEPCHBIX HAIOJIHUTEICH B
obbeMe. CreayeT TakxKe OTMETUTb,
YTO IS CMECEli ¢ CoAepKaHUEM TeX-
HUYecKoro ymiepoaa csbie 0,5% or
Macchl IIeMEeHTa IoKa3aTellb tsg) He
ompenessicsd, TaK KaK paHee ObLIO
YCTaHOBJIEHO (puc. 2), 4TO JaHHBIE
CMeCH He [IOCTUIaloT pacIlibiBa B
500 MM, He SIBJSIOTCS CAMOYTUIOTHSI-
IOLIMMHUCS, TEM CaMbIM Jiejiasi HEBO3-
MOXHBIM MPUMEHEHNE K HUM METO-
MK TECTUPOBAHUS CMeECEi, IpPUHSI-
TeIX 119 CYDB cMmeceii.

ITocne oueHkM ymoboykiaabiBae-
MOCTH CMeCeii IPOU3BOAMUIACH OLIEH-
Ka UX paccaanBaeMOCTH IO IToKa3aTe-
JII0O PacTBOPOOTICIICHUSI Ha CHUTE WU
BomootnenaeHuto (puc. 3). Ilepen uc-
MBITAHUEM HCCIIeayeMasi CMeCh OT-
cranBajach B TeueHue 15+0,5 mMuH.
OrnpesesieHe PacTBOPOOTACICHUS
IIPOU3BOIMUIOCH B COOTBETCTBUU C
I'OCT P 59715-2022.

YCTOIMYMBOCTD CMECU K pacciioe-
HMIO IO II0KA3aTeNl0 PacTBOPOOTIE-
JIEHUSI OTpeesisuiach 1o hopmyJie:

Mps —1p

P=—

(1)
TIe Mpg — Macca COOPHUKA C CUTOM,
BKJIIOYAsT Maccy, MPOILEAIIYI0 CKBO3b
CHUTO, T; My — Macca COOpPHUKA C CH-
TOM, T; m, — TiepBOHaYaJIbHasl Macca
CcMecH, KOTopasi IIoJaBaach B CUTO, T.

Kak MOXHO BUAETh M3 AUArpaM-
MBI, MIPEICTaBICHHOM Ha puC. 3, pU
J100aBJI€HUU B CMECh MUKPOKPEMHE-
3eMa W TeXHUYECKOTO yIiIepola pac-
TBOPOOTIC/IEHNE CMECH CHIXKACTCSI.
[Ipu nobGaBjieHUM B CMECh MUKpPO-
KpeMHe3eMa B KojudyecTBe 5% oOT
Macchl LEMEHTA M TEeXHUYECKOIo
ymrepoga B kommyectBe 0,25% ot
MAacchl LIEMEHTa PacTBOPOOTAEICHUE
cMmecn cHu3wiock ¢ 15,61% 1o
11,46%. YBenuyeHue 103UPOBKU TEX-
HMYECKOro yriepoga 10 1% ot macchbl
LIEMEHTa MPUBEJIO K CHIDKEHUIO pac-
TBOpooTAeaeHusa 10 1,3%. JanbHeii-

1ee yBeJUYeHUe TO3MPOBKU TEXHU-
4yeckoro yriepona no 2% IpuBeso K
HEBO3MOXKHOCTH OIICHKM TTOKa3aTesIst
PacTBOPOOTIEICHUS B CHJIY CYIIe-
CTBEHHOI'O YMEHBIIEHUS MOABUXKHO-
CTU CMECH IO CPaBHEHMIO C KOH-
TPOJIbHBIM COCTABOM.

B kauecTBe TOTIOJTHUTEIEHOTO Me-
TOIA MCCICIOBAaHMUSI CTaOMJIBbHOCTU
CMecH TIPUMEHSIaCh METOJuKa ee
OIIEHKU IT0 BU3YaJIbHBIM MHIEKCaM
CTaOMIBLHOCTA B COOTBETCTBUU C
I'OCT P 59715—-2022.

Hapsiny ¢ ompezneieHrueM pacTBO-
POOTENIEHNST TIPON3BOIMIIACH OIIEHKA
BOAOOTHENeHUsT cMmecu. s 3Toro
MPUMEHSIACh METOAMKA, M3JI0OXKEH-
Hag B TOCT 10181-2014. Uccnenye-
Masi CMEChb YKJIAJbIBaJaCh B MEPHbIi
cocyn 6e3 ymiotHeHus. ITokazatenb
BOJOOTIEICHUSI PACCYMTHIBAJICS II0
dopmyne:

= —25_ . 100

“hem 10O
rie my — Macca OTIEUBIICHCS BO-
IIbl, T; P — TJIOTHOCTD BOJIBI, TIPUHU -
MaeMasi paBHoi 1 T/cM3; Vg oy — 00b-
eM GEeTOHHO cMecH, CMS.

PesynbTaThl OLEHKU CTaOMJIbHO-
CTU CMECH U TTI0Ka3aTeJIM BOTOOT/IEIe-
HUS TIPeACTaBIeHbI B Ta0I. 6.

Hapsany ¢ onpeneneHueM peortex-
HOJIOTMYECKUX IToKa3aTeliel cMecHu
HETOCPEACTBEHHO IOC/IE MepeMelln-
BaHMSI HEOOXOIUMO OIIEHUBATh CBOII-
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Fig. 4. Persistence of indicators of workability of mixtures: 7 — 15 min;

2 - 60 min; 3 - 120 min

CTBa CMeCHM B TEUCHME BpPEMECHU.
Bpems, B TeueHHMe KOTOPOTO CMeCh
JIOJIKHA COXPaHSITh HEOOXOAMMBIE TTO-
KazaTesld, yYCTaHABJIMBAETCS MCXOIS
U3 TPOIOJIKUTEIbHOCTU W3TOTOBJIC-
HMSI, OTTPY3KU CMECH C 3aBOJIa, TPAHC-
TTOPTUPOBAHMS, TIPOBEICHUS MCIIBITA-
HUM Y MOCIEAYIOIIEN YKIAAKU CMECU
B omayoky. B xozne naHHOTO Hcciieno-
BaHUsI OMpeAeSieHUe COXPaHSIEMOCTU
CBOIICTB OETOHHBIX cMeceid, MonTupu-
LIMPOBAHHBIX MHKPOKPEMHE3EeMOM U
TEXHUYECKUM YIJIePOAOM, ITPOU3BO-
nmtoch rrocite 60 u 120 MUH OT Havasa
nepeMelIMBaHusl.

PesyibpTathl pacruibpiBa mcciemye-
MBIX OETOHHBIX cMeceil mocie 60 u
120 MUH BBIIEPKUBAHUS CMECU OT
Hayajla TepeMeIIMBaHUs TIpeACTaB-
JIEHBI Ha puc. 4.

W3 rpadpukoB Ha puc. 4 BUIHO,
YTO B Cilydyae MOAMMUKALUU MUKPO-
KpPEeMHE3eMOM YHaeTcsa O0eCIeuMnTh
COXPaHSIEMOCTb CaMOYIUIOTHSTFOIIINX -
Csl CBOMCTB OETOHHOI cMecu B Teue-
nue 60 muH. IIpu BbLIEPXUBAHUU
cMmecu B TeyeHue 120 MUH pacIijibiB
HOPMAaJIbHOTO KOHYyCa COCTaBJISCT
455 MM, cMeCh HaUMHAET TePSTh CTIO-
COOHOCTb K caMoyrioTHeHuo. [lpu
TOTIOJTHUTEIbHON  MOIM(pUKaAIUU
CMECU TeXHMYECKMM YIJIEPOIOM 10
0,5% ot Macchl LieMEHTa CMeCh CO-
XpaHsIeT CAaMOYIUIOTHSIOIINECS CBOM-
ctBa g0 120 muH. Tak, ans cmecei,
MOIUGUIINPOBAHHBIX TEXHUIECKUM
yriaeponomM B koaudectBe 0,05 u
0,25% ot Macchl LieMeHTa, PacIUIbIB
HOPMaJIbHOTO KOHyCa WM3MEHMJICS C
660 10 530 MM 1 ¢ 680 go 510 mMMm
COOTBETCTBEHHO. [Ipm comepxaHUM
TeXHUYECKOTo yIrjiepoaa, paBHOM
0,5% ot macchl LieMeHTa, PacIUIbIB
KoHyca uaMeHuscs ¢ 590 go 480 Mm

455 \\\4?80
2 3

MK5C0,05 MK5C0,25 MK5C0,5 MK5C1
Puc. 4. CoxpaHseMoCTb nokasaTteneii yao60oyknaabiBaeMOCTU CMECeit:
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TIPA BHIIEPKUBAHUM CMECH B Teue-
Hue 120 MUH; cMeCh Hauaja TepsiTh
CaMOYIUIOTHSIIOIIMECS]  CBOMCTBA.
CwMmecr, MOTUGUIIMPOBAHHEIC TEXHU -
YECKHUM YIJIEPOAOM B KOJUYECTBE
cBbitre 0,5% ot mMacchl LieMeHTa IIpU
OIICHKE COXPaHSEeMOCTH CBOMCTB BO
BpEMEHU, HE MCCIIeI0BAINCh, TaK KaK
1ocjae 5 MMH BBIIEPXMBAHUS CMECH
OT Hayajia IepeMellIMBaHUSI OHU He
o0jagaad CMOCOOHOCTBHIO K CaMo-
VIUIOTHEHUIO.

Ha ocHoBe OlieHKU TeXHOJOoTHhYe-
CKHUX mapameTpoB uccieayeMbix CYb
cMeceil ObUl YCTAaHOBJIEH ONTUMAjlb-
HBII cocTaB, cogepxauuii 0,25% tex-
HMYECKOTo yriepoga M 5% MMKpo-
KpeMHe3eMa OT Macchl HeMeHTa. Jisa
JaHHOW CMeCH OBbLIM YCTaHOBJICHBI
CIIEAYIOIINE TEXHOJIOTMUYCCKHE ITapa-
METPBI: PacIUIBIB HOPMAJTBHOTO KOHY-
ca, paBHbIil 680 MM; t500=3,1 c; pac-
TBOpootaeaeHue 11,46%; BU3yabHbII
UHJeKC cTadbuiabHocTu cMmecu — VSIO;
OTCYTCTBUE BOAOOTAEIEHUS; COXPAHSI-
€MOCTb CBOMCTB B TeueHue 120 MUH oT
Havajia repeMelBaHust cmecu (pac-
IJIBIB KOHYca M3MeHsuicst ¢ 680 mo
510 mm).

Hnst pa3pabaTbIBaeMBIX COCTaBOB
OBUIM TaKXXe OIpeaesieHbl TIPOYHOCT-
Hble TIoka3aTeu. OnpeneieHue npod-
HOCTHU BBITIOJTHSIJIOCH COTJIACHO CTaH-
JapTHBIM METOIMKAM, U3JI0XKEHHBIM B
T'OCT 10180—2012 «betonbl. MeToab!
ONpele/IeHUsI MPOYHOCTH TI0 KOH-
TPOJIBHBIM OOpasnam». McnbiTaHus
NpOBOAMUINCH Ha oOpasiax-Kyodax
paszmepom 100x100x100. IMpoyHocT-
HBIE TIOKA3aTeNd OIpEIesUINCh Ha
7-e u 28-e CcyT Ha HCHbITaTeIbHOM
TUIPaBIMYECKOM Iipecce Merporect
TIN-1000-1-1-4. PesynabTaThl mpen-
CTaBJICHBI Ha pUC. 5.

scientific, technical and industrial journal

52,44

37,75

MK5

66,45
49,47 51,44 52,47
42,56 38.65 40,68 3754
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Puc. 5. 3aBUCMMOCTb MPOYHOCTU MPU CXaTuUM OT KofMyecTsa Oo06aBKu:

Fig. 5. Dependence of compressive strength on the amount of additive:
— 28 days

OnTuMaibHbIA COCTaB OETOHA IO
MPOYHOCTHBIM MOKA3aTeJIsSIM ObLI yCTa-
HOBJIEH AJ11 obOpasua, MoaAu@ULIMpPO-
BaHHOTO MMKPOKPEMHE3eMOM M TeX-
HUYECKUM YITIEpOIOM B KOJMYCCTBE
0,25% ot macchl LiemeHTa. [IpouHocTh
MOAU(MULIMPOBAHHOIO 0Opa3La yBe/I-
ymnach Ha 8,3 u 17,1% cooTBeTcTBEH-
HO TIocie 7-X U 28-X CyT TBepACHUS B
HOPMAJTbHBIX YCIIOBHUSIX.

JJist ucclienoBaHUsl CTPYKTYPhl U
(azoBoro cocraBa 3aTBepAEBILEH ca-
MOYILJIOTHSIIOLLEHCS OeTOHHOI cMecH
ObLIM MCIIOJb30BAaHbI PACTPOBBLI
SJIEKTPOHHBIN MHMKpocKonm Termo
Fisher Scientific Quattro S, ocHaleH-
HBIA CHCTEMOI SHEPrOAMCIICPCUOH-
HOT'O MMKPOaHaJI13a Ha OCHOBE CIEK-
tpomeTpa EDAX «Octane Elect Plus
EDS System» (yckopsiolee Harmpsi-
xenue 0,2—30 kB, paspematonias
crocobHocTh 10 0,8 HM), TepMorpa-
BuMeTpuueckuii aHanuzatop TGA/
DSCI1 Mettler Toledo u UK-®ypbe-
criektpometp IRAffinity-1.

Ha puc. 6 mipencraBiieHa MUKPO-
CTPYKTYypa KOHTPOJIbHOTO O0pasia u
obpasua, MOaAU(ULINPOBAHHOIO TEX-
HUYIECKHUM YTIIEPOIOM Y MUKPOKPEM-
He3eMoM. Ha cHUMKaxX MOKHO BHIIETh
(opMupoBaHuEe KPUCTALUIOB STTPUH-
ruTa, TMOPTIAHAATA W IIEMEHTHBIN
rejib. [1pu 1o6aBIeHMY TEXHUYECKOTO
yriaepoga U MHUKPOKpeMHe3eMa Ha-
OJIfoaeTCsl YIUIOTHEHWE CTPYKTYPBI
00pa31oB 3a cueT a(pdhexTa HAITOTHHU -
tens [17]. Kpome Toro, B ciayvyae npu-
MEHEHMSI MUKPOKpPEMHe3eMa YIUIOT-
HCHHE CTPYKTYPHl IIPOMCXOOUT 3a
CYeT MPOSIBJICHMSI €TO ITyLIIOJaHOBBIX
CBOWCTB.

J1s1 KOHTPOJIBHOTO Y MOITV(DUIIN-
POBaHHOIO 0Opa3loB OblIa MPOBE/E-
Ha UK-cniekrpockorms (puc. 7).
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Puc. 6. MukpocTpyktypa 06pa3uos (28 cyT):

a — KOHTPOsbHbI 06paseL; b —obpaseL, MoanduuMpo-

BaHHbI TEXHUYECKNUM YrIEPOAOM N MUKPOKPEMHE3EMOM
Fig. 6. Microstructure of samples (28 days): a — control sample; b — sample modified with technical

carbon and silica

a

b

Puc. 8. OuddepeHumanbHO-cKaHpylowas KanopumeTpus o6pasuoB (28 CyT): @ — KOHTPOJbHbIN
obpasel; b — MOANDULMPOBAHHBIV TEXHUYECKUM YIIEPOAOM U MUKPOKPEMHE3EMOM
Fig. 8. Differential scanning calorimetry of samples (28 days): @ — a control sample; b — modified with

technical carbon and silica fume

B xone MUK -cnekTpockonuu ObLIn
BBISIBJICHBI CJIEAYIOIIME JIMHUU TTOTJIO-
wenust: 3350, 3324,98 em™! — nunun,
COOTBETCTBYIOIIE BaJIECHTHBIM KOJIe-
GaHusIM aTOMOB Bomopona; 1417,68;
873,75; 871,82 cm™! — nunum, coor-
BeTcTBylonMe KoieGanusiv COZ;
1112,93 em™! — nmuanm, cootsercTByY-
fouue Kosebanusm SOy ; 873,75 em L,
871,71 cm™! — uHUM, cooTBETCTBYIO-
1IMe KonebaHUusIM CO%‘; 972,12 cm!,
970,19 cm!, 538,14 cm! — nuHum,
COOTBETCTBYIOIIME KoyiebaHusam SiO,
SiOi" [18—20]. UHTEHCUBHOCTDL M-
Huii momromenus 972,12; 970,19;
538,14 cm’! HeckombKO BbILIE ST
MoaupuIMpoBaHHOTO oOpasia B
CPaBHEHUU C KOHTPOJbHBIM, YTO MO-
JKeT IMTOATBEPXKIaTh U3MEHEHUE B (hop-
MUPYEMBIX TIPOAYKTaX TUApaTalliyn
LIEMEHTA.

B xome ACK (puc. 8), mpoBoau-
MO#l TOCPEeICTBOM TEepMOTpaBUME-
Tpudeckoro anHanmszatopa TGA/
DSCI1 Mettler Toledo, aias KoH-
TPOJILHOTO 00pasia ObUIM YCTaHOB-
JIEHBI 9HAOTepMUYEeCcKUEe 3(PDEKTH B
nuamnaszoHe Temnepatypsl 100—200°C
(merumpaTaiys TPOAYKTOB THIpaTa-
uuu uementa), 400—600°C (pasio-
xeHune mopmianauta) u 750—850°C

(paznoxeHue Kaubuuta). CXomHbIE
93P @dEKTHl BBIABICHBI IJIsI MOAU(pU-
LIMPOBAaHHOTO o0Opa3iia, OJHAKO B
nuranazoHe remmepatypsl 400—600°C
HaOJI0IaJICa 9K30TePMUUYCCKUI 3(]-
dekr mpu Ttemmeparype 502,5°C,
CBSI3aHHBIA C BBITOPAHUEM OpPraHMU-
YECKUX ITPOIYKTOB, MCITOJB3yEeMBIX
JUISL TUCIIEPTUPOBAHUSI TEXHUYECKO-
TO yIaepoaa, a TakKe TUIaCTU(DUIIN-
pyoIIMX 100aBOK, IPUMEHSIEMBIX
JUISL YJIydIeHUs] MOABMXHOCTU Oe-
TOHHOI cMecu. OO1asa moTepst Mac-
Chl JUISI KOHTPOJIBHOrO 00pasia co-
craBuia 22,97%, B TO BpeMsl KaK ISt
MoaudUIIMPpOBaHHOTO oOpas3na —
24,06%. boxbimas morepsi Macchl
CBUJETEJIbCTBYET 00 MHTEHCU(]UKa-
LMY IIPOLECCOB ruapaTaliy LeMeH-
Ta, 9YTO OKAa3bIBACT ITOJOXUTCIHHOE
BIUsSHUE Ha (DOPMUPOBAHUE CTPYK-
TYpHI MaTepHraa.

Takum obpaszom, B Xoj1e JTaHHOTO
HCCieOBaHUs ObLI YCTAHOBJIEH CO-
cTaB O€TOHHOI cMmecu, obecrieunBa-
IOLLMI ee caMOYILUIOTHEHUE 6e3 IIpo-
SIBJICHUSI TIPU3HAKOB Cerperamuv u
BOJOOTACICHUSI TIPU COXpPaHEHUU
CBOICTB CMECH [I0 IByX YaCOB OT Ha-
yajia nepeMmemuBaHus. s obpas-
1na, MOIM(GUUUPOBAHHOIO MMKPO-

Puc. 7. VK-cnekTtpbl 06pa3uoB (28 cyT):
a — KOHTPOJbHbIN; b — MOANDULNPOBAHHBIN Tex-
HUYECKUM Yr1ePOAOM U MUKPOKPEMHE3EMOM
Fig. 7. IR spectra of samples (28 days):
a - control; b — modified with technical carbon
and silica

KpEeMHE3eMOM U TeXHUYECKUM YTJIe-
ponoM B Koimuectse 5% u 0,25% ot
Macchl II€MEHTa COOTBETCTBEHHO,
YCTaHOBJICH IIPUPOCT TIPOYHOCTHU
npu cxkatuud Ha 17,1% Ha 28-¢ cyr
TBePIECHUSI TIO CPABHEHMUIO C KOH-
TPOJBbHBIM 00pPa3LIOM, YTO OOYCIIOB-
JICHO YIUIOTHEHUEM CTPYKTYpHl Oe-
TOHA 3a CYEeT BBEACHUS TOHKOIM-
CIIEPCHBIX YAaCTUI[ M TIPOSIBICHUS
MMYILII0JaHOBOTO 3(deKTa MHUKpPO-
kpeMmHedema. CYDb cMmech MoxkeT
HaWTH TpUMEHEHMWE TPU MOHOJIUT-
HOM OCTOHUPOBAHWM, W3TOTOBJEC-
HUU U3ACAUU U KOHCTPYKUMUA U3
cOOpHOTO Xee300€ToHa, B TOM YKC-
Jie IS apXMTeKTypHOro OeToHa, K
KOTOPOMY MPEIbSIBISIOTCS TpeOOoBa-
HUS 110 KAa4eCTBY ITOBEPXHOCTU Oe-
TOHA, JCKOPAaTUBHOIN BBIPA3UTEIb-
HOCTM U IIBETOBBIM pPECIICHUSIM.
Heobxonumbl ganbHeiiIme uccie-
IOBaHWS, HaIIpaBJIeHHBIC Ha TTOA00P
U B3aMMOJECHCTBIE XUMUYECKUX 10-
0aBOK, MPUMEHSIEMBIX IPU IIPOU3-
BoacTBe CYDB; MeTonuk mepemMernn-
BaHMSI U KOHTPOJISI KauecTBa CMeceit,
a TaKkXe M3ydeHHne (PU3NKO-MeXaHM-
YeCcKMX XapaKTepUCTUK U MoKazaTe-
neit monroBeuHoctu CYDB B 3arBep-
JEBIIIEM COCTOSTHUM.
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Pa3paboTka npMHUMNOB cO3[1aHUA apMUPOBAHHbIX KOMNO3MTOB
Ans cTpoutenbHbiX 3D-agAUTUBHbIX TEXHONOI MK

06cyxnat0TCs TEOPETUHECKIE MPUHLIMMBI CO3[aHUS HOBOFO KNacca CTPOUTENbHbIX MAaTEPUANOB — apPMUPOBAHHBIX LIEMEHTHbIX KOMMO3WUTOB,
MONY4YeHHbIX N0 3KCTPY3NOHHOW TexHonoru 3D-nevati. OCO6HHOCTb apMUPOBAHHBIX KOHCTPYKLIMOHHBIX KOMMO3UTOB ANSt CTPOUTENbHON
3D-neyatu 6yAeT COCTOATb B TOM, YTO XKECTKAA altOMOCUITMKATHAsH (Ha OCHOBE LieMEHTa 1 HanosIHUTENeii pasnnyHoro cocTasa u ANUCnepcHOCTY)
MaTpiuLa B NpoLiecce neyatu 6yaeT apMUpOBaTbCs BONOKHAMM C BbICOKOW MPOYHOCTLIO Npu pacTsxkeHun. OnpeeneHbl TEOPETUHECKME NOAXObI
K (DOPMUPOBAHMIO CTPYKTYPbI 11 CBOIACTB apMOKOMMO3MTOB, OCHOBAHHbIE HA PEryn1poBaHuM COCTaBa, BA3KOMMACTUYECKIX CBOIACTB CMECH I
(br3nKo-MexaH4ecKMX CBOACTB MaTpULbl MOCHE ee 3aTBeP/ieBaHMS; CBOCTB apMUPYHOLLINX BOMOKOH; MapaMeTPOB CLENEHNs
«OMOCUNNKATHASA (LieMEHTHas) MaTprLa — apMUPYIOLLIEE BOSIOKHO» B 3N1EMEHTapHOM g4eiike Komnoanta. 060CHOBaHbI reOMETPUYECKME,
(hr3nko-mexaHn4eckme n M3NKO-XMMUYECKINE CPECTBA PEryNMPOBaHMS BbIAEMNEHHbIX FPynn ()akTOPOB U TEXHOMOMNYECKIE YCIOBNS X
peanu3aummn. ®opMMpoBaHNe 3aIaHHOTO KOMMAEKca U3MKO-MEXaHNYECKNX CBOWCTB MaHNPyeTCs 06eCneHmnTb 3a CHET PaLMOHaIbHOro
COYETaHNS B CTPYKTYPE KOMMO3MTA BELLECTBEHHOMO COCTaBA W FeOMETPUN CNOSt MATPULbI; BUAA, ANAMETPA, KONMYECTBa, PacroNoKeHus
APMUPYHOLLIX BOTNIOKOH B 06bEME KOMMO3MTA; CO3AAHNS MPOYHOT0 a[re3MOHHOI0 COEANHEHNS MATPULIA—BONOKHO.
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Development of Principles for the Creation of Reinforced Composites for 3D Additive Construction Technologies

The theoretical principles of creating a new class of building materials — reinforced cement composites obtained by 3D printing extrusion technology are discussed. A feature of rein-
forced structural composites for construction 3D printing will be that a rigid aluminosilicate (based on cement and fillers of various composition and dispersion) matrix will be reinforced
with fibers with high tensile strength during printing. Theoretical approaches to the formation of the structure and properties of reinforced composites are determined, based on the reg-
ulation of the composition, visco-plastic properties of the mixture and the physical and mechanical properties of the matrix after its hardening; properties of reinforcing fibers; adhesion
parameters “aluminosilicate (cement) matrix — reinforcing fiber” in the unit cell of the composite. The geometrical, physico-mechanical and physico-chemical means of regulating the
selected groups of factors and the technological conditions for their implementation are substantiated. The formation of a set complex of physical and mechanical properties is planned
to be ensured by a rational combination of the material composition and geometry of the matrix layer in the composite structure; type, diameter, quantity, location of reinforcing fibers in

the volume of the composite, creating a strong adhesive matrix — fiber connection.
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CornacHo Ilocranosnenuto IlpaButenbctBa P®D ot
14.07.2021 1. 00 yrBepxkaeHun «CTpaTerum pa3BUTUS
aIIUTUBHEIX TexHoyoruii B P® Ha mepuonm mo 2030 1.»
crpoutenbHasa 3D-meuaTth KBanuduiMpoBaHa Kak TeX-
HoJoTHSI i (hOPMUPYIOIIMXCS PBIHKOB OYAYIIETO.
OtMeyvaeTcsl, 4YTO TEXHOJIOTHS M pellieHMs eIte He chop-
MHUpPOBaAHBI, HO TOTEHIMAJILHO CIIOCOOHBI OOECTIEYUTH
3HAYUTEIBHBINI 00BbEeM ITOTpeOJICcHUS B IIEPCIIEKTHUBE,
T. €. JUISL 3TOM TEXHOJIOTUM €CTh 3HAYMTEIbHbIN ITOTCH-
mman. OgHaKO Ha JAaHHOM 3Talle YPOBHS Pa3BUTUS TEX-
HOJIOTUH TIEPCTIEKTUBHI €€ MPAaKTUIECKOM peaanu3aiuu B
CTPOUTEJILCTBE €1lie HEe OUEBU/IHBI.

B Hacrosiee BpeMst HauboJjiee 3HAYMMbIMU HAYYHBIMU
U UHXXEHEPHBIMU TOCTUKEHUSIMU B Pa3BUTUU U BHEpeE-
HUU TEXHOJIOTUU CTpPOUTENIbHOW 3D-TieuaT SIBISIOTCS:

— HAay4YHbIE W TEXHOJIOTUYECKUE PENIEHUS MO CO3a-
HUIO MaTepUasioB, AJANTUPOBAHHBIX K TEXHOJIOTHYE-
CKMM YCJIOBMSIM TT€YaTH U IKCIUTyaTallii B TOHKUX CJI0-
UCThIX 3D-meyaTHbIX KOHCTPYKIIUSIX;

— VUHXEHEPHbIE Pa3pabOTKU B paMKax CO3IAHUS TeX-
HOJIOTUYECKUX KOMILIEKCOB IS TIEYATH.

HawubGonee 3HaunMMble pe3yabTaTbl IPUMEHUTEIBHO K
pa3paboTKe MaTepuayioB IJIS TeYaTh MOCTUTHYTHI IO
JIBYyM HarpaBIeHUSIM:

HAYYHO-MeXHU4ecKuil U NPoU3800CMEeH bl HCYPHAN
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Results of scientific research

— pelIeHus IO YMOpPaBJCHUIO TEXHOJOTMYECKUMU
CBOMCTBaMU cMeceil 111 obecrnieyeHUs 3(PPEeKTUBHOCTA
TTPOIIECCOB TTOIaYM K MECTY YKJIaaKu (TlepeKauyKu 1 9KC-
TpY3UH), TIOCJIOIHON Oe30Maly00uHOl MevyaTu;

— peleHusT 0 00OCHOBAHUIO COCTABOB CTPOUTEIh-
HBIX KOMIO3UTOB C KOMILJIEKCOM TEXHOJOTMYECKUX
CBOICTB, 00eCIIeUnBaOIIMX Oe30manryoouHyo 3D-mneyars.

Hayunble uccienmoBaHusi TIEpBOTO HAIIpaBICHUST pas3-
BuBaloT Roussel N. (Laboratoire Navier, Champs-sur-
Marne, France), Wolfs R.J.M., Bos F.P. (Department of the
Built Environment, Eindhoven University of Technology,
Eindhoven, Netherlands), Perrot A., Lanos C. (Université
de Bretagne Sud, Centre de Recherche de St Maudé) [1-7].

B pesynbrate uzydeHus MoBeAeHUS BA3KOILIACTUUHBIX
CMeceil B TeXHOJIOTMIecKuX Tpoiieccax 3D-revat omnpe-
JIeJIeHbl TPeOOBaHUSI K MX OCHOBHBIM XapaKTePUCTUKAM:

— TIOKa3aTeIn TIePeKaurMBaAcMOCT 1 3KCTPYINPYEMO-
CTH, OTIpeeSISIEMbIE BI3KOCTBIO M TUTACTUYHOCTBIO CMECEid;

— TIoKa3aTe 1 (DOPMOYCTONYMBOCTH TIPHU YKIIAIKE CJIO-
€B, OTpeIe/IsIEMbIE CTIOCOOHOCTBIO CJI0ST COXPAHSITh TeoMe-
TPUIO COTLIa B MOMEHT YKJIAKU U BbIIEPXKUBATh TaBJICHUE
BBIIICIICKAIINX CJIOEB B TPOIIECCe HETIPEPHIBHOM MeYaTH;

— rMokKa3arejand CKOPOCTHU CXBAaTbIBAHUSI U TBEPACHMUSI.

B pesynbrate pa3BuTHSI HAydHBIX pabOT B paMKax BTO-
poro HarmpapiieHusi [8—15] mosiyyeHa M anpoOupoBaHa
OoJibllIasi HOMEHKJIaTypa cocTaBoB 3D-meuaTHBIX KOMIIO-
3uTOB. Kak mpaBmiio, KOMIO3UTHI MOTyYal0T HAa OCHOBE
MOPTJIAHACKOIO IIEMEeHTa, B MEHbIIe Mepe Ha OCHOBE
CyIb(hOATIOMIUHATHOTO IIeMeHTa 1 rurica. CMecH XapakTe-
PU3YIOTCSI MHOTOKOMITOHEHTHOCTBIO, MCTIOJIB3YIOTCS 3a-
MOJHUTEIN PA3IMYHOIO XMMUKO-MUHEPAIOTMUYECKOTro CO-
CTaBa U JUCTIEPCHOCTU (KBApILIEBbIi, KApOOHATHBIN, 1TIa-
KOBBII MECOK U T. 1.), MUKPOHAIIOJIHUTEIM (30/1a-yHOCa,
MMKPOKpPEMHE3eM U T. 1.). B KauecTBe 100aBOK OTHOBpE-
MEHHO WCIOJIB3YIOTCS M CYIepIIacTU(PUKATOPbI, MOIU-
¢uKaTophl BSI3KOCTU (METAaKOJIWH, KAOJWH, IOJIMMEPHI),
PETYJISITOPBI CTPYKTYpOoOOpa3oBaHust. sl TOy4eHHBIX
KOMITO3UTOB XapaKTepHO YCKOPEHHOE TBEpAcHUE (KOHEI]
cxBatbiBaHusl He mosaHee 90—100 MuH, IPOYHOCTH TpU
cKaTuu B niepBble cyTKU TBepacHMs 20—30 MTI1a), Beicokast
KoHeuyHas npoyHocThb A0 80—100 MITa. K ocHOBHBIM He-
PEIIeHHBIM Tpo0JieMaM OTHOCSITCS HU3Kasi IMPOYHOCTh
npu pactsokeHuu (2—4 MIla, yro Gojiee yem B JecsITh pa3
HIKE TIPOYHOCTH TIPU CKATHM), IPKO BBIPAXKEHHAST aHNU30-
TPOIMHOCTb CBOMCTB CJIOMCTBIX MEYaTHBIX KOMIIO3UTOB, B
TIePBYIO 0YepeIb OOYCIOBICHHAS HETOCTATOUHOM IIPOYHO-
CTBIO CIETUICHUS CJIOEB.

B pesynbraTte MHXXEeHEPHBIX pa3pabOTOK CO3AaHbI J0-
CTaTOYHO YHUBEPCAJTbHBIE POOOTU3MPOBAHHBIE TEXHO-
JIOTUYECKHE KOMILUIEKChI AJIsl CTpouTeIbHOM 3D-mevartu.
Jlumepamm B 3TOI 0Onactu sIBsTIOTCA Singapore Centre
for 3D Printing (School of Mechanical & Aerospace
Engineering, Nanyang Technological University),
Department of Civil and Building Engineering
(Loughborough University, UK), Epstein Department of
Industrial and Systems Engineering (University of
Southern California, Los Angeles). BapuaHTBI TeXHOJI0-
TMYECKUX KOMIUIEKCOB OTJIMYAIOTCSI CXeMaMU TPEXKOOP-
JMIMHATHOTO TIO3UITMOHUPOBAHMST UCTIOJIHUTEIBHOTO Me-

XaHMW3Ma IevyaTh, KOHCTPYKIMSIMU DKCTpyAepa, CUCTE-
MaMM IOJAa4Yy CMECEU, BUJaM1 CMECE U T. II.

ITocTanoBska 3amaumn

HecMotps Ha 60J1b1110# 00BEM MCCIETOBAHUN 1 pa3-
paboTok, B HacTosee BpeMs: 3D-neyaTh B CTPOUTEb-
HOI TIpaKTUKE TPUMEHSIETCS TOJBKO JISI BO3BEICHUS
000JIOUKM BEPTUKAJIBbHBIX KOHCTPYKLMIA, MPEeUMyILIe-
CTBEHHO CTEH, apMHpPOBaHUE M OTAEJIKA KOTOPBIX OCY-
LIECTBJISIOTCS TPAAUILIMOHHBIM PYYHBIM cIlocoOoM. 3a
HUCKJIIOUEHHUEM CTEH, OCTaJbHbIe KOHCTPYKLMU JaHHBIX
00BEKTOB (TTEPEKPHITUST, OAIKU, JTIECTHULIBI U T. [I.), KaK
MPaBUJIO, TaKXKe M3rOTaBJMBAIOTCS MO TPagUulIMOHHOM
TEXHOJIOTUM OETOHHOTO JINThsI. B pesynprare peanmsa-
1M1 TAKOTO HAyYHOTO M MTPaKTHUYECKOTO TIOX0/1a 3aTpa-
Thl TpYJda U BPpeMEHU, CTOUMOCTh 3D-TIeyaTHBIX 00BbEK-
TOB OCTAIOTCSI HA YPOBHE TPATUIIMOHHBIX CTPOUTEIBHBIX
TEXHOJOTUI. DTO TMPOTUBOPEUUT HUACE CTPOUTEIbHOM
3D-nevatu Kak poOOTU3UPOBAHHON MHTEJUIEKTYaTbHOMN
TEXHOJIOTUHM, YTO SIBJISIETCS TIPETISITCTBUEM JUTSI pa3BUTHSI
U BHeapeHus 3D-1eyatu B MpakTHUKY CTPOUTEIBCTBA.

Bbixon U3 gaHHOW CUTyallMu CBSI3aH C peau3alueit
IBYX cTpaTteruil. IlepBasi COCTOUT B YCOBEPIICHCTBOBA-
HUU TIpoliecca apMHUPOBAHUS HaIleYaTaHHBIX KOHCTPYK-
LI TPAAULIMOHHBIMU apMaTypHBIMU dJIeMEHTaMu (CeT-
KaMU, CTEpKHSIMU) BIOJIb WIM Iomepek cios [16—20].
Taxcke TpemToXkeHbl BapUaHTBI TPEXMEPHOU TevyaTh
CTaJIbHOIM apMaTyphl C IIOMOILbIO Ta30BOM TYTOBOM CBap-
ku [21, 22], meyaTu TUIaCTUKOBOT OTIalyOKM ¢ peOpUCThI-
MM KOHCTPYKIIMSIMHU B KaUeCTBE 3aMEHbI CTaJIbHOI apMa-
TypHl [23]. OgHaKo I peanu3alny JaHHOM CTpaTernu
TpeOyIoTCsI OOJBIIINE 3aTPaThl PYYHOTO TPyIa, YTO TaKKe
npotuBopedynt uuaee 3D-meuatn Kak poOOTU3UPOBAHHOM
TexHonoruu. s pobotusaium ke mpoiiecca morpedy-
I0TCS IBE pa3Hble YCTAHOBKU: OHA IS ITeYaTy apMaTypbl
WJIN JIJISI BCTABKY apMAaTyPHBIX 3JIEMEHTOB B 3KCTPYANPO-
BaHHBIN CJIOH, a Ipyrasi — HEIMOCPEICTBEHHO IS TTeYaTh
0eTOHA, YTO 3HAYUTEJIBHO YBEJIWYUT CTOMMOCTh KOM-
IJIEKCOB JUISI TIeYaTW M OKCIUTyaTallMOHHBIE PAaCXOJIbI.

Bropas cTparerus cBsizaHa ¢ IOBBILIEHUEM TTPOYHO-
CTU TIPU PACTSLKEHUU, CHIDKEHUEM TPeIMHOCTONKOCTH
CaMUX MeYaTHbIX KOMIO3UTOB 3a CUET BBEACHMST HEMpe-
PBIBHBIX apMUPYIOIIMX BOJIOKOH HEIOCPEACTBEHHO P
SKCTPY3UU M YKIIaAKe cjioeB O0eroHa [24—27] wim mipu-
MeHeHus1 Guopsl [28, 29]. MI3BecTeH OMbIT UCIIOIb30Ba-
HUST CTATbHBIX, HEUJIOHOBBIX, YIJIEPOAHBIX, aPAMUIHBIX
BOJIOKOH, MOJUITUIEHOBBIX MUKpoKadeneit. Havmyyuiue
PE3YJIBTATHI JaeT BBEACHUE CTATbHOM ITPOBOJIOKH U yIJIe-
POIIHOTO BOJIOKHA, IO3BOJISISI YBEJWYUTH MMPOYHOCTh HA
pactskenue ripu usrnoe 10 150—250%. MoxkHO MporHo-
3UpOBaTh, YTO UMEHHO peayn3aiusl JaHHOW CTpaTeTuu
npeAcTaBisieTcss Haubosiee MepCreKTUBHOM M1 pa3BU-
THS ¥ BHenpeHusI 3D-nevat B IpakKTUKY CTPOUTEIbCTBA.
OHa TOJHOCTBIO OTBEYAET TEXHOJOTUYECKUM BO3MOX-
HOCTSIM 3KCTPY3MOHHOI cTpouTelbHOM 3D-1euatun, He
TpeOyeT ee CYIIeCTBEHHOTO YCIOXKHEHUSI.

OmHako MpOBeJEHHbIC B HACTOSIIEE BPeMsT UCCIIeI0-
BaHMS SIBISIIOTCSI TTOMCKOBBIMHU, BOIIPOCHI CO3MAHUS
3D-neyaTHbIX apMUPOBAHHBIX KOMITO3UTOB KaK HOBOT'O

scientific, technical and industrial journal

®

December 2022

53



P €3y/JIbTaTbl HAYYHbIX HcCIe10BaHu

KJ1acca CTPOUTEIbHBIX MaTePUaIoB TPEOYIOT CUCTEMHOTO
TEOPETUYECKOIO0 OOOCHOBAHUS UM KOMILIEKCHBIX 9KCIIE-
puMeHTalbHbIX paboT. Heobxoarumo hopmupoBaHue 06-
LIEN HAYYHOM KOHLEMUUN, MOICIUPOBAHUE U SKCIIEPU-
MEHTAJIbHOE U3YYEeHUE MEXAaHUUECKOTO MOBEJAECHMS, KOM-
TteKca GU3nKo-MeXaHMIeCKMX CBOMCTB, (hOpMUpPOBaHE
TpeOOBaHUI K TEXHOJIOTUYECKUM PEXUMaM MevyaTu.

TeopeTnueckoMy 000CHOBAHUIO MPUHLIMIIOB CO3[a-
Hus 3D-meyaTHbIX apMUPOBAHHBIX KOMIIO3UTOB IOCBSI-
II€Ha JaHHas CTaThs.

TeopeTuueckue noaxos! K ()OPMHUPOBAHUIO CTPYKTYPBI
aPMOKOMIIO3UTOB JIJISl CTPOUTEIIBbHOI 3D-neyaTn

Wnes cozgaHuss apMUPOBAaHHBIX KOHCTPYKIIMOHHBIX
KOMITO3UTOB JIJIsI CTpouTeabHOI 3D-meuat cocTouT B
TOM, UTO XeCTKasl aJloOMOCUJIMKAaTHas MaTpulia (Ha oc-
HOBE 1IEMEHTA M HAIMOJHUTEJICH Pa3IMIHOIO COCTaBa 1
JIMCTICPCHOCTH) B IpOLIecce TevaTy OyaeT apMrupoOBaThCs
BOJIOKHAMU C BBICOKOI IPOYHOCTHIO MIPU PACTSKCHUM.

O60cHOBaHMe (DAKTOPOB U TEXHOJIOTUICCKUX CPEICTB
¢dopMUPOBaHUS CTPYKTYPbl, YIpaBACHUS MeXaHUYe-
CKWM TIOBEJIEHUEeM apMOKOMITO3UTOB 0a3UPYETCST:

— B paMKax peryJupoBaHUS PeOJOTMYECKUX U MeXa-
HUYECKUX CBOMCTB QTIOMOCHUJIMKATHBIX (ILIEMEHTHBIX)
MaTpull — Ha IToaxoAax (pyHaaMeHTaIbHOI CTPYKTYPHOM
peosioruu U (U3NKO-XMMUUECKON MEXaHUKM JUCIIepC-
HBIX cUCTeM, C(OPMUPOBAHHBIX B pabOTaX HAyYHBIX
ko IT.A. Pebunaepa u A.B. JlymaHckoro;

— B paMKax YIIpaBJICHUS IIPOYHOCTHIO aATre3MOHHOTO
COENMHEHMST «MaTPUIla—BOJIOKHO» — Ha COBOKYITHOCTH
TEOPUM aAre3Un: MEXAaHUYECKON MM MUKPOPEOJIOTHUYE-
ckoii (Mak-ben), anekrpuueckoir (b.B. depsarun u
H.A. Kporona), nuddysnonnoii (C.C. Boroukwmii), aa-
copOLMoHHON win MoJiekynsipHoit ([lebpoitH 1 Mak-
JlapeH), XUMHUYECKO¥.

Crpykrypa 3D-me4yaTHBIX apMOKOKOMIIO3UTOB pac-
CMaTpUBaeTCsl KaK CUCTeMa <«aJIoMOCUIMKaTHas (1ie-
MEHTHas1) MaTpulia + apMUpYIOIlee BOJIOKHO», OTHOBpE-
MEHHO OTIMYamIiascs ciouctoctbio. MopmupoBaHue
3aIaHHOTO KOMILIeKca (PU3MKO-MEeXaHUYEeCKUX CBOMCTB
IUTAHUPYETCS O0ECIIEUNTh 3a CUST PAIlMOHAIBHOTO COYe-
TaHMS B CTPYKTYpE KOMIIO3MTa BEIIECTBEHHOI'O COCTaBa 1
T€OMETPUU CJIOSI MATPULIbL; BUIA, TUAMETPA, KOJTUYECTBa,
PacITOJIOKEeHUS apMUPYIOLITNX BOJIOKOH; CO3/IaHUSI TIPOY-
HOTO aIre3MOHHOI0 COEAMHEHUs MaTpulla—BOJOKHO.

KotoueBoii BKi1ag B (popMUpOBaHUS 3aJaHHBIX (DU3H -
KO-MEXaHWYECKUX CBOMCTB 3D-TIe4aTHBIX apMOKOMITO-
3UTOB BHOCSIT CBOIMCTBA T'paHMIIBI pas3jiesia MaTpula —
BOJIOKHO. VIMEHHO TTPOYHOCTH I'PAHUIIBI pa3ziesia MexIy
BOJIOKHaMU U MaTpulieil (anre3noHHasi IpOYHOCTh Ty) B
2JIEMEHTApHOM sYeliKe KOMIIO3MTa O0eCIeuuT padboTy
CHUCTEMBI «aJIIOMOCWIMKATHAS (IleMeHTHasl) MaTpuia +
apMUpYIoOIee BOJIOKHO» KaK eIMHOTO LIeJIOTO.

Adee3uonnas npouHocms Ty — 3TO CUJIa, HEOOXOOMMAS
JUIST pa3pylieHus aAre3MOHHOTO COeIMHEHMsI, OTHECEH-
Hasl K TUIOIIAAM aAre3MOHHOrO0 KOHTAaKTa WJIM K CBSI3aH-
Hol ¢ Hell BeanuuHe. MMeHHO OHa ompenessieT, Ha-
CKOJIbKO TOJIHO OyIeT peaqrn30BaH BKJIAJ MPOYHOCTHBIX
XapaKTepUCTUK BOJOKOH B IIPOYHOCTH KOMITO3UIIMOH-

HOTO MaTeprajia M IT0 KaKOMy MeXaHU3MYy OyIeT ITporc-
XOJIUTDh pa3pyllieHUEe KOMITO3UTA.

[IpucyrcTBHE B IEMEHTHOM MaTPHIIE BOJIOKOH C MeXa-
HUYECKMMU CBOWMCTBaMH, OTJIMYHBIMM OT CBOWCTB ILie-
MEHTHO CHCTEMBI, MOXET ITPUBECTU K U3MEHEHUIO MeXa-
HM3Ma pa3pylleHus aare3MOHHOI0 COeIMHEeHMST O1aroa-
P M3MEHEHMIO IIpoIlecca pocTa M PaclpoCTpaHECHUS
TpelrH. BeTpedast Ha cBoeM MyTH ITPETSITCTBIE, TPEITHA
MOXKET OCTaHOBUTBLCS, UBMEHUTb HaIpaBjeHUE, Pa3BeT-
BUTBCS U T. TI. Ecom (paza BKITIOYEHUS TOCTATOYHO ILIa-
CTWYHA, HA KOHIIE TPEIIUHbI MOXET BOBHUKHYTh ILJIaCTU-
yecKast aedopMaimsi, 3aMeUIsIIolasi IpoLece paspylie-
HUS M B KOHEYHOM CUeTe CITOCOOCTBYIOIIIAs POCTY YIapHOMA
BSI3BKOCTU 1 TPEIIMHOCTOMKOCTU KOMITO3UIIMOHHOIO Ma-
tepuana. OmHAKO M0 MEPEe YBEIMISHUST B CBA3YIOIIEM KO-
JINYECTBA BOJIOKOH, aare3vsi KOTOPBIX K HaITOJHUTEIIO
MaJjia, yBeJTMIMBACTCSI BEPOSITHOCTD TTOBPEXKICHUS TPaHU-
11l pa3nesa u oopa3oBaHus 1e(EKTOB, CIIOCOOCTBYIOIIMX
paspyuieHunio. Takum o0pa3oM, aare3avoHHasi ITPOYHOCTh
JTOJIKHA UMETh HEKOTOPYIO CPETHION BETMUNHY.

Anre3rvoHHasl MPOYHOCTh CLEIICHUS BOJIOKHA C 1ie-
MEHTHOI MaTpuIleli B KOMITO3UTE SIBJISIETCS pe3yIbTaTOM
KOMOWHUPOBAHHOTO TIPOSBICHUST aIre3MOHHOTO B3au-
MOJEUCTBUSI, CUJI TPEHUS, CJT MEXaHMYECKOTO 3allerie-
HUS B 30HE KOHTAaKTa BOJIOKOH U LIEMCHTHOI MaTPUIIBI.

Bxnag kaxaoro u3 3Tux (pakTopoB B BETUYUHY CLIET-
JICHUSI MOXET OBITh Pa3IMYHBIM M 3aBHCUT OT COCTaBa,
CTPYKTYPBI M CBOMCTB MaTPUIIbI, BUAAa BOJOKOH U UX Xa-
PaKTePUCTUK.

Adee3uonHoe 83aumodelicmeiie IEKUT B OCHOBE 00pa3oBa-
HUSI MPOYHOTO KOHTAKTa MEXAY CyOCTpaToM (BOJIOKHO) U
anre3MBOM (LIEMCHTHAsT MaTPUIIA), SIBJISIOIIMMICS OCHOB-
HBIMU  KOMITOHEHTaMU  aJre3MOHHOIO  COENUHEHUS.
KonnuecTBeHHOI XapaKTepUCTUKOI aire3un SIBJISIETCST pa-
Oota aare3uu W,, HeoOxomumas Ijisi 0OpaTUMOTO U30Tep-
MIYECKOTO pa3fesIeHNsT ABYX ITPUBEICHHBIX B KOHTAKT KOH-
JIEHCUPOBAaHHBIX (ha3 MO IUIOIIAIN €AMHUYHOIO CEYCHMSI:

Wa=w-N,

TIIe W — CPEeIHSISI SHePTUS eIMHUIIBI CBSI3K, O0eCTIeunBa-
fonieit aare3uto; N — 4MCIO CBSI3E, MPUXOASILIMXCS Ha
eIMHUILY TUIOIIAAN KOHTAKTa aAre3rna 1 cyocTpara.

DHeprus CBsA3ei, TeHCTBYIONINX Yepe3 MTOBEPXHOCTh
pazaesa, OonpeaeasaeTcs XMMUIECKOU NPUPOIOM aare3u-
Ba u cyoctpata. Yuciio cBa3eil N Ha rpaHulie pasaena
SIBJISIETCST pe3yIbTaTOM XMMUWYECKUX PeaKIInid, 1eCTBUS
MEXMOJIEKYJISIPHBIX CYIT MW UG GY3UN.

Cunvl mpenus B 30HE B3aMMOJCHCTBUSI MaTpUlla—BO-
JIOKHO BO3HMKAIOT M3-3a PA3HOCTHU BEJIWYMHBI Aedopma-
LM MaTpUlibl U BOJIOKHA MPU J€UCTBUM BHEIIHUX Ha-
rpy30K (MeXxaHMYeCKMX U (PU3MKO-KIMMATUUYECKUX).
BenuunHa 3THX CUI, ciemoBaTelbHO, 3aBUCUT OT ITOKa-
3aTtesieil 1epopMaTUBHOCTY BOJOKHA U MaTPUIIbl, BUAA U
BEJIMYMHBI BHELITHUX BO3JAECUCTBUM.

Cunbl MexaHu4eckoeo 3ayenerus OTpenesiioTcs 1ie-
POXOBATOCTbIO TMOBEPXHOCTU BOJOKOH. OHM MpernsT-
CTBYIOT IIPOCKAJb3bIBAHMIO BOJIOKHA B TEJI¢ MATPUIIHI,
MOBBILLAIOT CTETNEeHb BAUSHUS TPUKIIAIbIBAEMOI HArpy3-
K1, HEOOXOIMMOM JJISI CMEILIeHUSI BOJIOKOH.

HAYYHO-MeXHU4ecKuil U NPoU3800CMEeH bl HCYPHAN
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Results of scientific research

Ha ocHoBaHUY BBIIEU3I0XEHHOTO (hU3UKO-MEXaHU-
YecKHe CBOMCTBA CJIIOMCTBIX 3D-TIeyaTHBIX apOMOKOMITO-
3UTOB OYIyT OMpPEAENSAThCS TpeMsl TPyIaMu (PakTOpoB.

1. Ceoiicmea mampuybl. XMMUKO-MUHEPATIOTUYECKUI
1 (ha30BbBIN COCTAB MAaTPUIIBI BIUSIET HA QHEPTUIO U YUCTIO
CBS3€il Ha rpaHulle pasaena. Peojsornyeckue CBOMCTBa
(BSI3KOCTb, IIACTUYHOCTD HA CTAAUU TI€YaTH) OTPEIeIsi-
10T 3aKOHOMEPHOCTH CMaYMBAHUS BI3KOTUIACTUYHOM Ma-
TPULbI TTOBEPXHOCTU BOJIOKHA. DU3MKO-MEXaHUYECKUE
CBOICTBAa (TIPOYHOCTH, Ae(HOPMATUBHOCTH, MPOYHOCTH
CLICTUIEHUsI CJIOEB), T€OMETPHsI CJIOEB HEMOCPENCTBEHHO
BHOCST BKJIaa B (DopMHpOBaHUE (PU3NKO-MEXaHUICCKIX
CBOICTB KOMITO3MTa, a TAKKEe BIMSIOT Ha BEJIUIMHY CHUIT
TPEHUSI B 30HE B3aMMOJICHCTBUSI MaTPUIIa—BOJOKHO U Ha
rpaHUIIe pas3ziesa CJI0eB MAaTPUIIbI.

2. Ceoiicmea 60410k0H. PU3NKO-MEXaHUIECKUE CBOI-
cTBa (IIPOYHOCTH TIPU PACTSDKEHMH, Ie(pOPMATUBHOCTS),
KOJIMYECTBO M OPHUEHTAllMsI B 00beMe HEIOCPEICTBEHHO
BIMSIOT Ha ¢GopMUpoBaHUE (PUNKO-MEXaHUIECKUX
CBOICTB KOMIIO3UTa, BEJIMUMHY CHJI TPEHUST B 30HE B3au-
MOJEUCTBUSI MaTpULIa—BOJOKHO W Ha TpaHMIIE pasaesa
CJI0eB MaTpullbl. XMMHWYECKU U (ha30BBIA COCTaB, Jie-
(eKTHOCTh, IIEPOXOBATOCTh MOBEPXHOCTU OMPEACIISIOT
MPOSIBJICHNE CUJI aITe3MOHHOTO B3aUMOIEHCTBYSI, CIJT Me-
XaHWYECKOTO 3alleTJICHUsT Ha TpaHulIe paszeia MaTpuliia—
BOJIOKHO. OTHOBPEMEHHO BOJIOKHA OMNPEAEISIIOT 30HUPO-
BaHME CTPYKTYPBI TBEPACHUST MATPUIIBI, CTIOCOOCTBYSI 00-
pPa30BaHMIO KPUCTAJUIOTUAPATOB HAa TOBEPXHOCTU BOJIOKHA
1 (OpMUPOBAHUIO IOITOJTHUTEILHON HAIMOJIEKYISIPHOMN
CTPYKTYpPBI; (POPMUPOBAHIIO HOBOOOPA30BaHUI KaK ITPO-
TSDKEHHBIX YITOPSIIOYEHHBIX CTPYKTYP TBEPACHUS C TLIOT-
HOM YITaKOBKOI KPUCTAIOTUIPATOB; MUKPOANCTIEPCHOMY
apMUPOBAHUIO CTPYKTYPbI KPUCTAJUTOTMAPATOB.

3. I[lapamempol adee3uonHo020 coeOuHeHus Mampuua—
60410KHO CUHEPTETUIECKH 3aBUCSAT OT CBOMCTB MATPUIIBI
1 BoJI0KOH. C1ila aire3MOHHOIO B3aMOIEHCTBHUS TaKKe
OyzIeT orpenessTbes TUIONIAAbI0 KOHTAKTa, 3aBUCSIIEH
OT KOJIMYECTBA U OPMEHTALIMK BOJIOKOH B CTPYKType Ma-
TPHUIIBI, a TAKXKE OT TEPMOIMHAMUYIECKON COBMECTUMO-
CTU aare3uBa U cyocTpaTa. JlonoTHUTEIbHBIM (haKTOPOM
SIBJISTIIOTCSI YCJIOBUST (POPMUPOBAHUST aAre3MOHHOTO CO-
€IMHEHUST, KOTOPBIE OTIPEIEIISIIOTCS TEXHOJIOTUIECKUMU
pexXuMaMM redaTu (TeMIlepaTypHO-BJIaXKHOCTHBIMU yC-
JIOBUSIMU TI€YATH U TBEPACHUS ).

Konnenuus ynpasjienusi pu3nko-MeXaHU4eCKUMU

CBOIICTBAMH APMOKOMIIO3UTOB /15 CTPOUTEIbHOM 3D-neyaTn

CpecTia peryIMpoBaHUs BbIIEJIEHHBIX TPYMI (pakTo-
poB Tipu (POPMUPOBAHUM CTPYKTYPBI apMOKOMO3UTOB
MOXHO yCJIOBHO Pa3eJIUTh HAa TeOMETpUIecKue, (PU3nKo-
MeXaHW4YecKue 1 (PU3UKO-XUMUYecKue (CM. TaOJulLy).

l'eomeTpuyeckre mapaMeTpbl (TeOMETpUsT CJIOsST Ma-
TPULIbI, AUAMETP, KOJTUUESCTBO U OPUEHTALIMSI BOJIOKOH),
a Takxke (PU3MKo-MexaHMIeCKe CBONCTBA BOJIOKOH SIB-
JISTIOTCST HE3aBUCUMBIMU CPEJCTBAMU PEryJIMPOBAHUST U
MOTYT OIHO3HAYHO 33JaBaThCsl MPU TMPOEKTUPOBAHUU
CTPYKTYpbI KOMITO3UTA.

Kaxk mokazano aBtopamu B [30], ¢pusnko-mMexaHuye-
CKME TTapaMeTpbl MaTPHUIIBI OTIPEACTISIIOTCS €€ CTPYKTYPOIA.

Peosnornyeckue cBoiicTBa MaTpuliibl B BSIBKOILIACTUMHOM
COCTOSIHMM KaK HEOQHOPOIHOM Ie€TePOreHHOM CHCTEMBI
«IucIiepcHast aza + TucrepcMoHHasl cpea» 3aBUCST:

1) OT KOHILIEHTpaLUMU YacTUIl AUCIIEPCHOI da3bl B
JIUCTIEPCUOHHON CpeJiEe;

2) OT CBOMCTB IMCIIEPCHOM (ha3bl — pa3Mepa YacTUIL U
UX MOP(OJIOTNH, XUMUKO-MIHEPAJIOTMIECKOTO COCTaBa,
(pMBUKO-XMMUIECKHUX CBOMCTB ITOBEPXHOCTH YaCTHII;

3) OT CBOWCTB TUCTIEPCUOHHOM Cpelbl — €€ MOHHOTO
COCTaBa, BSI3KOCTH, TIJIOTHOCTH.

B 3aTtBepneBiieM cOCTOSIHUU (DU3MKO-MEXaHUUECKUE
CBOICTBA MaTPUIILI OTIPEACIISTIOTCS XUMUKO-MIHEPAIOT -
YECKHUM COCTaBOM, pa3MepoM 1 MOPGOJIOTUe KOMITOHEH-
TOB TBepIOi1 (Pa3bl, XapaKTepUCTUKAMU ITIOPUCTOCTU MaTe-
puaia eIMHIIHOTO ciosl. PU3NKO-MeXaHMIEeCKIEe CBOII-
CTBA MATPUIIbI C YYETOM €€ CJIIOMCTOCTH IOIIOJIHUTEIbHO
3aBUCAT OT YMC/Ia U TIPOYHOCTA KOHTAKTOB YACTUII, pa3-
MEpPOB U ynciia AeheKTOB Ha TPaHUIIE pa3/ieia CJIOeB.

DU3UKO-MeXaHUYECKUE IMapaMeTPbl I'PAHUIbI KOH-
TaKTa MaTPUIIa—BOJIOKHO OIPEIEIISTIOTCS KaK TeOMETPH -
YeCKUM IlapaMeTpOM ILUIOIIaAd KOHTAKTa, TaK U (pusu-
KO-XUMHWYECKUMHU TapaMmeTpamMu. DuU3nmKo-xuMude-
CKHe TlapaMeTphbl OyIyT 3aBUCETh OT aire3MOHHOMI IIPOY-
HOCTH COCIMHEHUSI MaTPHUIIa—BOJOKHO, KOTOpast OyaeT
OIIPENEISATHCS:

1) oHepruei cBsi3eil, ACHCTBYIOIIMX 4Yepe3 MOBEPX-
HOCTb pasesia B 3aBUCUMOCTH OT XUMHWYECKOI ITPUPOIEI
ajare3uBa M cyOcCTpara; HaJIM4YMs Ha MOBEPXHOCTU CYO-
cTpaTa 1 B CTPYKType aare3nBa (PyHKIIMOHATBHBIX TPYIIII,
CITOCOOHBIX K XUMHUUYECKOMY B3aMMOJIEICTBHIO;

2) YMCIIOM CBSI3eii, 00pa3yIOIIMXCs Ha TpaHULIEC pa3esia B
pe3yJIbTaTe XMMUIECKUX PEaKIIMiA, TEHCTBUS MEXMOJIEKY-
JIIPHBIX cvl Wik 1ud@y3un B 3aBUCMMOCTU OT TUIOLIAIN
KOHTaKTa ajire3nBa 1 cyocrpaTa. Kimrouesast poib B TOM, Ha-
CKOJIBKO MOJIHO OYJIeT peal30BaHa IUIOIIaIb (haKTHYECKOTo
KOHTaKTa, OHa OIPeAe/ISIeTCSI 3aKOHOMEPHOCTSIMM CMadnBa-
HUS KUIKVM aIre3iBOM TTOBEPXHOCTH CyOCTpara M TepMO-
JMMHAMWYECKOIl COBMECTUMOCTBIO anre3nBa M CyOCTpaTa;

3) neheKTHOCTHIO TPAaHUIIBI pa3leiia B 3aBUCUMOCTHU
OT BOBHMKHOBEHMST OCTATOUHBIX HAIIPSDKEHUIA HA TPaHM -
1Ie pa3melia aare3uB—cyocTpar. [1pu xoporeM cMaumBa-
HUU XUJIKWAA aare3uB ACKOPUPYET MOBEPXHOCTh CyO-
cTpara, obecrieunBasi TOJHBINM Oe3nePeKTHBIN KOHTaKT
KOMIIOHEHTOB aAre3MOHHOTO COCTUHCHMS;

4) cTpYyKTypHO-MOP(OJOrMYecKoil opraHu3anuein u
$a30BBIM COCTAaBOM ITOBEPXHOCTHU pa3eia B 3aBUCUMO-
CTU OT ME€XaHM3Ma BOZHUKHOBEHMS U PACIIPOCTPaHEHUS
nedekToB. B mpoliecce TBepaeHUs B 00beMe MaTepuaia
1 BOJIM3M TPAaHUIIBI pa3aeiia MOXeT (DOpMUPOBATHECI KaK
ogHodasHasl, Tak U retepodasHasi CTPyKTypa aJare3una.

TexHoJoruyecKue ycjaoBusi CO3AAHUS AaPMUPOBAHHBIX
3D-neyaTHbIX KOMIO3UTOB

IIpy MpOEeKTUPOBAaHUM CTPYKTYPHI CIIOUCTOTO KOM-
MOo3UTa 3a/laBaeMbIMU MapaMeTpaMU BapbUpPOBaHUsT Oy-
JIYT SIBJISITHCST pa3MeEpPhI CJIOST MAaTPUIIbI, AUAMETP, KOJIH-
YECTBO W OPUEHTALIMS BOJIOKOH B CJIO€.

B kauecTBe amOMOCWJIMKATHBIX MATpUIl OYyayT HC-
MOJIB30BATHCSI LIEMEHTHBIE KOMMO3UTHI 1s1 3D-mevaru,
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CpenctBa popMUpOBaHUSA CTPYKTYPbl U CBOMUCTB apMUPOBaHHbIX KOMMNO3UTOB AJi9 cTpouTenbHoM 3D-nevyatu
Tools of structure and properties formation for 3D-build printable reinforced composites

CpepcTsa perynmpoBaHus CTPYKTYPbI U CBOMCTB
[eomeTpuyeckme
Du3NKo-MexaHN4eckne napameTpbl Dr3nKO-XUMMYECKME NapamMeTpbI
napameTpsbl
Matpuua | FeomeTpus cnosi, | B BA3KONAACTUYHOM COCTOSIHWM (B MOMEHT B BA3kONNACTUHHOM COCTOSHUM
LLIEPOX0BATOCTb N3roToBNEHUs): (B MOMEHT 13roTOBNEHNUS):
NOBEPXHOCTN — BAA3KOCTb; — KOHLLEHTpaLms AncnepcHoit Gasbl B AMCNEPCUOHHON CPeae;
cnos — MNACTU4HOCTb (NPeaensl Teky4ecTu) — VUOHHBIN COCTaB, BA3KOCTb, NAOTHOCTb AYCNEPCUOHHON
cpefbl (3aTBOpUTENS);
B 3aTBEpAEBLIEM COCTOSHUN: — KOHLLeHTpauus, pasmep, Mopdonorus, XMmMmko-MuHepa-
— MN0THOCT; NOrMYeCKUin COCTaB YacTuL, GU3NKO-XMMUYECKIE CBONCTBA
— POYHOCTHbIE XapakTePUCTUKM (MPOYHOCTb NPY CXaTUK | MOBEPXHOCTU HaCTUL, AUCNEPCHON (asbl (CyXmMX KOMMOHEHTOB)
1 PaCTSKEHNM OCEBOE, MPOYHOCTb Ha PACTSKEHNE NP
13runbe, NPO4HOCTb CLENEHMS CNOEB); B 3aTBEpLEeBLIEM COCTOSHUN:
- rokasares eopmaTuBHOCTY (MOLYNb YNPYrocTu, — XMMUKO-MWUHEPAOrM4eCknii CocTas, pasmep 1 Mopdonorus
KoabbULMeEHT nonepeyHon gedopmarum, KOIGPUUNEHT | KOMMNOHEHTOB TBEPAO Basbl;
lMyaccoHa, ycanka, HabyxaHue, npesenbHas — YXCNO M MPOYHOCTb KOHTAKTOB YaCTuL;
CXMMAEMOCTb U PaCTHKUMOCTb, XapakTepucTukKa - 06beM nop;
Non3y4ecTn, OTHOCUTENbHAa fedopmaLys Non3y4ecTu — pasmepel Mop;
NpK CXaTn U PacTIXEHNN) — pa3mepsbl 1 41CNo AedexkToB
BonokHo | AnuHa v gnameTp | MpoYHOCTb NpK pacTaxXeHUn XumMunyeckuii n hasoBblii COCTaB BONOKOH
BOJIOKHA Mogaynb ynpyroctv npu pacTsxxeHnm 30HMpPOBaHWe CTPYKTYPhLI KOMMNO3KTa
Konunyectso OTHOCWTENBHOE YANUHEHUE NPY PACTSXEHNN
BOJIOKOH B C/0€e
OpueHTauus
BOJIOKOH
lpaHuua | Mnowanp MPOYHOCTL KOHTaKTa OHepruva cBs3ei, AeiCTBYIOLLMX Yepes NOBEPXHOCTb pasaena
KOHTaKkTa | KOHTaKTa [Jedopmauum B 30He KOHTaKTa Yucno cBa3eit Ha rpaHuue pasgena
matpuua- [edekTHOCTb rpaHnLbl pasgena
BOJIOKHO CTpykTypHO-MOpdOnoruyeckas opraHmaaums u Gasosblii
COCTaB NOBEPXHOCTY pa3fena

BapMaHThl COCTaBOB KOTOPBIX OTPabOTaHbI aBTOPCKUM
KOJUIGKTUBOM B TIPENBIIYIIUX HccaenoBaHusx [31—35].
ITosryyeHHBIE KOMIIO3UTHI XapaKTePU3YIOTCS INIOTHOCTBIO
2100—2200 xr/m3, mpounocTsio mpu cxatuu 60—80 MITa,
BBICOKOI (PUBUKO-KIMMATUYECKON CTOMKOCThIO (MOpPO-
30cToiiKOCTh He MeHee 200 IIMKIIOB, BOIOITOIIOLIEHME
MeHee 2%, neopMaTUBHOCTb TTPU U3MEHEHUHU BJIAr0Co-
nepxaHus He 6osee 0,5 MM/M).

B xauecTBe apMUPYIOIINX 3JIEMEHTOB TIPEIIOIaraeT-
CS1 UCTIOJIb30BATh:

— CTaJIbHYIO MPOBOJIOKY, d=0,8—1,4 MM; TIPOYHOCTH
npu pactskenun 3000—4500 MITa;

— yrjepogHoe BoJoKHO Ha ocHoBe I[TAH-mpekyp-
copa d=4,5-10 MKM, TIPOYHOCTH TPU PACTSKEHUUN
3500—7000 MIla;

— 0a3ajbTOBOE BOJIOKHO, d=50—150 MKM, TIpOYHOCTH
npu pactskenun 3000—4800 MTIla.

Bo3MmoxHOCTb (DOPMUPOBAHUS MPOUYHOTO AITre3MOH-
HOTO COEAMHEHUs Ha TPaHUIE KOHTAKTa IIEMEHTHOM
MAaTPUILbl 1 BBIOPAHHBIX BUIOB BOJOKOH OIpEAesieTCs
CIICAYIOLIVIM.

CrasibHOE BOJOKHO UMEET HEOTHOPOAHYIO CTPYKTY-
py (beppUTHBIC U LIEMEHTUTHBIC YYaCTKU), TIPU STOM
aITe3MOHHOE COEIMHEHUE C LIEMEHTHOU MaTpuleH, C
OIHOI CTOPOHBI, OyAET OMpPEeneasaThCSI MEXaHUYECKUM
3alleTIeHNEeM, TaK KaK MEXIy BOJIOKHOM M IIEMEHTHOMI
MaTpulieil 00pa3yroTcs 3aKJIeNKU, CBI3bIBAIOIIE KOM-
MMOHEHTHI aITe3MOHHOTO COCIMHEHUSI ITyTeM MeXaHU4Ue-
ckoro 3akiuHuBaHus. C Ipyroil CTOPOHBI, aare3us
MOXKET OBITh pe3yJbTaTOM B3aMMOIEICTBUSI HOBOOOpa-

30BaHUII MaTPUILIBl U BOJIOKHA 32 CYET MEXMOJICKYIISIP-
HBIX CHUJI.

YrepoaHoe BOJIOKHO, TIOJyYeHHOE Ha OCHOBE TTOJTH -
akpuiaoHUTpuiIbHOro mnpexkypcopa (—CHp;—CHCN-)n,
SIBJISIETCS] XMMUUYECKU MHEPTHBIM MO OTHOLIEHUIO K 1ie-
MEHTHOM Marpulle. OIHaKO HaJW4yue B CTPYKTYpe BO-
JIOKHA (PYHKIIMOHAJIBHOW HUTPUIBLHOW TPYTITBI MOXET
CITIOCOOCTBOBATh B3aMMOJEHCTBUIO BOJOKHA C LIEMEHT-
HOI MaTpuIleit 3a CUET HEJUCIIEPCUOHHBIX MEXMOJIEKY-
JISPHBIX CUJI TIPUTSIXKEHUS, YTO obecrneunT (hopmMupoBa-
HME aire3UOHHOTO COeTMHEHMUSI.

BazanbToBOE BOJIOKHO COCTOMT M3 CMECH OKCHMIHBIX
ha3 (Si0y — 45—-55%; AlLO3 — 14—20%; CaO — 7—11%;
MgO — 3—8% u T. 1.), pPOACTBEHHBIX TT0 XMMUKO-MUHE-
paIOrMYECKOMY COCTABY 1IEMEHTHOM MaTpulle. AIre3usi B
TePBYI0 OUYepe/ib OyIeT OTPeneISIThCS XUMUUECKIM B3au -
MOJIEICTBMEM KOMIIOHEHTOB a/Ir€3MOHHOT0 COSIMHEHUSI.

[1pu 3TOM peryampoBaHue TPOYHOCTH aAre3MOHHOTO
COeMHEHMS 1IEMEHTHAsl MaTpuila — apMUPYIOIIee BO-
JIOKHO OyJIeT OCYIIEeCTBISAThCS:

— MyTeM ONTUMM3ALNU PEOJIOTUIECKUX XapaKTepH-
CTUK cMecell (BSI3KOCTH, TUIACTUYHOCTU), OMpPeNessio-
IIUX YCJIOBHUSI CMaYMBaHUsI MaTpPUIIEH TTOBEPXHOCTU BO-
JIOKOH. B KauecTBe mapamMeTpoB yIpaBieHUsI pacCMaTpH-
BalOTCSl BUJ LIEMEHTA, BUI W TUCIIEPCHOCTH HAIMOJIHU-
Teseit, MoaMMUKATOPBl BA3KOCTA PA3TMYHON TTPUPOIBI
(moaMMephbl, ATIOMOCWIMKATBI TUTIA KAOJMHA U METaKao-
JuHa, MoauduKaTopel Ha OcHOBe HaHouactull Si0));

— TMyTeM BapbUPOBAaHUST TEXHOJOTMUECKUX PEXUMOB
reyaTu — BPEMEHU MEXIy YKIJIaJKOW CI0eB, CIIOCOOOB
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YKJIaJKM BOJIOKOH, TeMIepaTypHO-BIaXXHOCTHBIX YCJIO-
BUIA TBEPACHUS.

3akioueHne

Pewienue 3agaun co3gaHusi apMUpPOBaHHBIX 3D-me-
YaTHBIX KOMIIO3UTOB C COIOCTABUMBIMM ITOKA3aTeJIIMU
IPOYHOCTU U I1e(DOPMATUBHOCTH MPU CXKATUU U PACTSLKE-
HMM BO3MOXKHO 32 CYET PALIMOHAJIBHOIO COYETAHUS B MX
CTPYKTYpe HEOPraHUYECKMX ATFOMOCUIMKATHBIX (LIEMEHT-
HBIX) MATPULL BbICOKOM IIJIOTHOCTU, BbICOKOM IMPOYHOCTU
IIPU CXKAaTUU, HU3KOM Ae(OPMaTUBHOCTH U apMUPYIOIIHUX
BOJIOKOH BBICOKOI IIPOYHOCTH IIPU PACTSDKEHUM IIPU YC-
JIOBUM (DOPMUPOBAHUSI MTPOYHOIO AAre3MOHHOIO COEIM-
HEHMS Ha TpaHUle MX KOHTakTa. IIpuMeHeHMe TaKux
KOMIIO3UTOB B IEPCIIEKTUBE MO3BOJIUT U3MEHUTD TPaIu-
LIMOHHBIE CITOCOOBI TTPOSKTUPOBAHUST KOHCTPYKIIMIA, T1e-
PEdTU OT TPAAMLMOHHBIX MOJHOTEIBIX APMUPOBAHHBIX
CTPOUTETLHBIX KOHCTPYKITUH K ITYCTOTEIbIM KOHCTPYKITU -
sIM, B KOTOPBIX MaTepuajl OyIeT PacIioiarathCs TOJIBKO 10
JIMHUSIM JIEUCTBYIOLIMX HATIPSDKEHUIA, a er0 00bEM COCTAB-
Jath He 6osee 10—20% oObema KOHCTPYKLMKU. TOJbKO B
9TOM Cjlydae, MPU YCJIOBUU 3HAYUTEIHLHOTO CHIDKEHUSI
MaTepraIoeMKOCTY KOHCTPYKIIMiA, cTpouTebHast 3D-Tre-
yaTh OylIeT KOHKYPEHTOCIIOCOOHA I10 OTHOILLIEHUIO K Tpa-
JULIMOHHBIM CTPOUTEIBHBIM TEXHOJIOTHSIM.
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YucneHHo-aHanUTU4ECKM METO[ CBefeHusa 3agay
HecTaLWOHapHOM TennonpoBOAHOCTH C rPAHUYHLIMU YCIOBUAMU
lll popa k 3agayam ¢ ycnosuamu | popa

B TexHonornyecknx 3agayax CTpoOMTENbCTBA YACTO BO3HUKAIOT NPO6GIEMbI, CBA3AHHbIE C Pa3pabOTKON MaTemMaTuyYeckux mogesnei
NpOLLeCCOB TePMUYECKON 06paboTKN TBEPAbIX Tefl. CTOMT OTMETUTb, YTO peLLeHne npobnem pa3paboTkn MaTeMaTnyecknx Mogenei
noA06HbIX MPOLECCOB M CUHTE3 METOA0B ONTUMM3aLun paboTbl 060PYA0BAHMA AN1F UX OCYLLECTBIEHMS, NPOBOAATCS Ha OCHOBE
MOCTAHOBKM W PELUEeHNs KpaeBbix 3afady HECTALNOHAPHOr0 TeNn0BNaronepeHoca B cucTeMe «ras — TBépoe 7eo». COBpeMeHHbIe
MPOrpaMMHO-TEXHUYECKNE KOMMIEKChI MO3BOMAT CO3[jaBaTh MaTeMaTUHeCKIe MOLENIN CTPOUTENbHbBIX KOHCTPYKLMA COXHbIX
reomMeTpuyecknx doopm. Mpn 3TOM CTAHOBUTCS AONYCTUMbIM YNPOLLEHNE KaK MaTeMaTU4eCcKnx MOAenei CNoXHbIX CUCTEM, TakK

1 MeTOA0B pacyeta. [1py TakoM NOAX0AE COXHble FeOMETpUYecKe POpPMbl, TaKne Kak LBYXCOWHbIEe LMAUHAPLI U Ccdpepsbl,
npeAcTasnstoLme cob0ii TeXHONOMYecKoe 060pya0BaHme, Ans Liefen MOLeNMpPOBaHNA MOTYT ObiTb PACCMOTPEHbI KaK My1acTuHa,
MOCKOJIbKY OTHOLLEHME TOJILLMHBI CII08 MaTepuana K paguycy Lunueapa (wapa) npeacrasnser BennynHy mexnee 0,5. Heobxogmmo
TaKXXe OTMETUTb, 4TO B peasibHbIX MpoLeccax TenioBon 06paboTku BCe TeNN0GMU3NYECKNe XapakTepUCTUKI 3aBUCHT OT
TeMMepaTypbl 1 COOTBETCTBEHHO U3MEHSOT CBOW 3HA4eHUs BO BPeMeHU npouecca. VIsmeHsTcs BO BpeMeHy npoLecca u
Tenn0n3n4eckme XapakTepucTnkin cpesbl, B KOTOPOA npoucxonut 06paboTka matepuana (TemnepaTypHO-BNXKHOCTHbIE
napametpsl). Huxe manaraercs nogxof, CyTb KOTOPOro 3akt04aeTCcs B UCNOMb30BAHUN YACTEHHO-aHANUTUYECKOr0 MeToAa
MukponpoLeccoB. OCHOBHOE NpeuMyLLeCcTBO NpeAnaraeMoro noAxoAa NPUMEHUTENbHO K paccMaTpuBaemMon 3afade — 310 yxof oT
Heo6Xx0ANMOCTI NOWNCKA KOPHEN TPAHCLEHAEHTHOrO XapakTepucTMYeCKOro ypaBHeH!s, NOCKONbKY KOPHU XapaKTepucTU4ecKnx
ypaBHEHWIA NPMOBPETAIT YNPOLLEHHbIA BUA,.

KntoueBble cnoBa: Matematuyeckas MofIefb, TeNI0NPOBOAHOCTL, HECTALMOHAPHbIE MPOLECCHI, CTPOUTESNLCTBO, TEXHONOINYeCKoe
060pya0BaHu1e, MUKPOMPOLIECChI.

Ina uutuposanus: ®epocos C.B., ®epgocees B.H., BopoHos B.A. HucneHHo-aHanUTUYeCKNiA MeTO CBEAEHNS 3a1a4 HECTALMOHAPHON
TEN0NPOBOAHOCTYN C rpaHnyHbIMK yenosuamu |l poga k 3agasam ¢ ycnosusmu | poga // CtpoutenbHbie matepuansl. 2022, No 12.
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Numerical-Analytical Method for Reducing Problems of Non-Stationary Heat Conduction
with Boundary Conditions of the Il Kind to Problems with Conditions of the I Kind

In the technological problems of construction, problems often arise associated with the development of mathematical models for the processes of heat treatment of solids. It
should be noted that the solution to the problems of developing mathematical models of such processes and the development of methods for optimizing the operation of equip-
ment is the formulation and solution of boundary value problems of non-stationary heat and moisture transfer in the “gas-solid body” system. Modern software and hardware
systems will make it possible to create mathematical models of building structures of complex geometric shapes. At the same time, simplification of both mathematical models of
complex systems and calculation methods becomes acceptable. With this approach, complex geometric shapes such as two-layer cylinders and spheres, which are technological
equipment, can be considered as a plate for modeling purposes, since the ratio of the thickness of the material layer to the radius of the cylinder (ball) is less than 0.5. It should
also be noted that in real heat treatment processes, all thermophysical characteristics depend on temperature and, accordingly, change their values during the process. The ther-
mophysical characteristics of the environment in which the material is processed (temperature and humidity parameters) also change with the time of the process. An approach
is outlined below, the essence of which is to use the numerical-analytical method of “microprocesses”. The main advantage of the proposed approach in relation to the problem
under consideration is the “avoidance” of the need to search for the roots of the transcendental characteristic equation, since the roots of the characteristic equations acquire a
simplified form.

Keywords: mathematical model, thermal conductivity, non-stationary processes, construction, technological equipment, microprocesses.

For citation: Fedosov S.V., Fedoseev V.N., Voronov V.A. Numerical-analytical method for reducing problems of non-stationary heat conduction with boundary conditions of the Il kind to
problems with conditions of the | kind. Stroite/'nye Materialy [Construction Materials]. 2022. No. 12, pp. 59-62. (In Russian). DOI: https://doi.org/10.31659/0585-430X-2022-809-12-59-62
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Bo MHOrux TeXHOJOTMYECKUX Mpoleccax MPOrU3BOI-
CTBa CTPOUTEIBHBIX MaTEePUAaJIOB, U3ACINIA U KOHCTPYK-
LW, OTIPEeNEISIOIINX UX TEIJIOOHEePreTUIeCKre mokasa-
TeJU U Ka4eCTBO IMOJyYaeMbIX U3ISINI, SIBJSIOTCS MIPO-
LIECChl TEPMUYECKON OOpabOTKU TBEPABIX TeJa (Teruio-
BJIAXKHOCTHAs1 00paboTKa, OOXUT, TUApaTalliOHHbIE
MPOLIECCHI TBEPASCHUS BSIKYIIINX U MHOTHE APYTHE), TIPO-
TeKawulre B CUCTEME «Ta3 — TBepaoe Tesno». [Ipu aToM B
pelIeHusIX mpobjieM pa3paboTKU MaTeMaTUYECKUX MO-
Jiejiell MoJOOHBIX MPOLECCOB U pa3pabOTKN MHXEHep-
HBIX METOJOB PAacyeToB O0OpPYAOBaHUS U Pa3pabOTKU
METOIOB ONTHUMM3AIUM PAOOTHEI 3TOr0 00OPYIOBAHUS
SIBJISTIOTCSI TIOCTAHOBKA M PEIIeHME KPaeBBbIX 3aJay He-
CTallMOHAPHOIO TEIUIOBIATONepeHOCca B CUCTEME «Ta3 —
TBEPIOE TEJIO».

Bmecte ¢ TeM cyllecTBYyeT OOLIENMPUHSITOE MMOHSITHE
TeJla KAHOHNYECKOM (hopMBbI. TaKOBBIMU C TEOMETPHYIC-
CKOIl TOUKM 3peHus [1—6] SBISIOTCS MacTUHA, LIM-
JuHAp, cdepa. B coBpeMeHHBIX METOIOJOTUSIX pa3pa-
0OTKM MaTeMaTUYECKUX MOJEJEH A1 U3AETUN pa3and-
HOIt reOMeTprUYeCcKOoit (hOPMBbI OKa3bIBAETCSI BO3MOXKHBIM
CIIOKHBIC TEOMETPpUICCKIE (POPMBI CTPOUTEIIBHBIX KOH-
CTPYKLIUI COOPYKEHUI pa3sIuyHONi (POPMBI MPUBOAUTH
K cucTteMe TeJl KaHoHn4eckoi opmel. IIpu sTom cTa-
HOBUTCSI JOTYCTUMBIM YIIPOIIEHWE KaK MaTeMaThude-
CKMX MOJeJIeil CJIOXHBIX CUCTeM, TaK U METOIIOB pac-
yera [7, §].

B xauectBe mpumepa Ha puc. | NMpUBEACHbI WJLTIO-
CTpaLMU ABYXCIOMHBIX TeJI: IVIACTUH, LIVUIMHIPOB, cep,
KOTOpbI€ MPENCTaBISIOT TEXHOJIOTMYeckKoe 00opymoBa-
HUe — JIUCTHI, TPYOOIpOBOALI, rasrojbaepbl. Ha Bcex
9TUX eMKOCTSIX (pe3epByapax), MPpeaCTaBISIONINX C TOU-
KU 3PEHUSI TeOMETPUU IIACTUHY, LWIMHIAP U cdepy,
HAaXOJUTCS CJIOM HAHECEHHOTO MaTteprayia, KOTOPbIU 11
LeJIeil MOIETMPOBAHUS MOXET OBbITh PAaCCMOTPEH Kak
IUIACTUHA, IIOCKOJIbKY OTHOIIICHHME TOJIIIMHBI CJIOSI MaTe-
puasia K paauycy HWIMHApa (11apa) MpeacTaBseT BeJIu-
yuHy MeHee 0,5.

Knaccuyeckuii moaxon
B MATEMATUYECKOM MOAETUPOBAHNM

Knaccnmaecku 1 ICTOpUYECKU TIPUHSATO CUNTATh Ipa-
HUYHbBIC YCIOBMSI Ha MOBEPXHOCTSX IJIACTUH KaK YCJIO-
ue I, 11, I11, IV poxna. [TonpoOHOE onucaHue 3TUX yCI0-
BUIi MbI 31€Ch HE TIPUBOIUM, OTChLJIast YUTATENS K «KJ1ac-
cuke» [1-6].

OTMeTHM TIpA 3TOM, UTO TPATUIIMOHHO YCIOBUS B3a-
MMOICUCTBUS B CUCTEME «Ta3 — TBEPAOE TeJI0» BhIOMpa-
1otcs u3 poaa [—II1.

B To ke BpeMst Hanbojiee OOIIUM SIBASIETCSI TPaHUY -
Hoe ycioue III poma, 3amuce Wit KOTOPOTO HMEET
BUa [2, 3]:

at(x,t)
Ao

= ate— (0,7l r, ], ()

X=Ry
rae #(x,T) — QyHKUMS, OnpeAesiolas moJjie TeMIeparyp
10 TOJIIIMHE TIJIACTUHBI B MOMEHT BPEMEHM IIpoliecca T;
I — TeMIiepaTtypa cpejibl, C KOTOPOI TTPOUCXOIUT TETLIO-
obMeH miacTuHbl, K; @ — KoadduimeHT BHELIHEro Tern-
JIooOMeHa (TeIUTOOTIAYN ) TIJIACTUHBI C BHEITHEH CpeIoi,

Bt/(M%K); 1 — K03 dULIEHT TEIUIONPOBOIHOCTU Ma-
tepuana, Br/(m'K); x — KoopauHara, M.

I1pu aTOM GoOJsiee OOLIMM CUMTAETCSl JTaHHOE YCIOBUE
noroMy, 4yto npu a—0 oHO oOpallaeTcss B YCIOBUE
I1 pona, a npu a—oc ctaHOBUTCS ycaoBUeM | pona.

HenuneiiHoe nuddepeHunaabHOE ypaBHEHUE Ter-
JIOIIPOBOTHOCTH B TBEPAOM TEJI¢ B OTCYTCTBHE ACHCTBY-
FOIIMX NCTOYHUKOB (CTOKOB) TETIOTHI OOBITHO 3aITUCHI-
BaeTcs B Bune [2, 9]:

p(®) - (D = 7 DOV Y,z D) ()

rae p(t), c(t) — MIOTHOCTD U TEIUIOEMKOCTb MaTepuaa,
kr/M3 u JIx/(xrK).

HeobxomuMo Takske OTMETUTB, YTO B peaIbHBIX IIPO-
1eccax TEerUIOBOM 0OpabOTKM Bce TEIUIO(PU3MUECKUE Xa-
PaKTEPUCTUKU 3aBUCST OT TEMIIEPATypPhbl 1 COOTBETCTBEHHO
M3MEHSIOT CBOM 3HAYeHMST BO BpeMeHU Tporiecca. Mzme-
HSIIOTCSI BO BpEMEHU Mpoliecca U TeIUToU3NnIeCKIe Xapak-
TEPUCTUKU CPEbl, B KOTOPOM MPOUCXOAUT 00paboTKa Ma-
Tepuana (TeMrepaTypHO-BIaKHOCTHBIE ITApaMeTpBhI).

Pasymeercsi, cyliecTBYIOT METOMBI pacueTa TeMIiepa-
TYPHBIX TIOJIEH JIJIST HETMHEMHBIX 3a/1a4 TeTUIONTPOBOTHO-
ctu [2, 5, 9, 10]. Haubosnee achheKTUBHBIMU SIBISIOTCS
YHUCJICHHO-aHAIMTUYeCKEe MeToAabl. K TaKOBBIM OTHO-
cuTcs U MeTtoJ MUKporipoleccos [7, 8]. [Tokaxkem MeTo-
JIOJIOTUIO 3TOTO YKUCJICHHO-aHATUTUYECKOTO MOaX0Aa Ha
MpUMepe 3a7auyM TEeTIONMPOBOAHOCTY HEOTPAHWYCHHOM
miactuHbl. KpaeBas 3amaya HecTallMOHApHOM Teruio-
TPOBOHOCTU C HEPABHOMEPHBIM HAaYaJIbHBIM pPacTIpe/ie-
JIeHHeM U rpaHuYHbIMU yeaoBusiMu 111 poga mpu mocto-
SHHBIX 3HAYeHUSIX KOd(P(PUIMEHTOB IMepeHOoca MMEET
Bun [2, 3,7, 8]:

%=a%; t>0; 0<x<R. 3)

3aMeTuM, 4TO TSI YIIPOIICHMS BBIKJIAAOK U aHaIU3a

3amavya TeTUIONPOBOMIHOCTU TIpe/CTaBlIeHa B OJHOMEp-
HOW TTOCTaHOBKE.

TpanuuMoHHO NMpUHUMaeM 0e3pa3MepHbIe EPEMEH-
HbIe BUA:

t—t(xT), —_x. p _ at
Tt x—R,Fo—Rz. 4)

T(x,Fo)=

B 3Tux ycnoBusx mcxomHasl KpaeBasl 3agava TEILIO-

IPOBOTHOCTH B 0€3pa3MepHBIX ITePEeMEHHBIX 3aITUIIETCS
CJIeAyIOLIUM 00pa3oM:

dT(X,Fo) _ 92T (X,Fo). _

o~ o 2 Fo>0,0<x<1 (&)

HauanbHoe YCJIOBHE!:
_ te—t(x1)

T, Fo)lpo=o="F 5| _ =To(X. (6)

Ha noBepXHOCTH, KOHTAKTUPYIOLIEH ¢ TEMJIOHOCU-
TeJEM:

aT (%,Fo)
%

e —Bi - T(%, Fo)|z=0‘ 7)
Ha moBepxHOCTM M30IMPOBAHHON (WM B LEHTpE

CUMMETPUU):

aT (% Fo)

! =0. (8)

x=1

PeiieHne KpaeBoil 3agauyM TEIJIONMPOBOAHOCTU B
dopmymax (5)—(8) mocTaToOUHO IIMPOKO M3BECTHO M
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Puc. 1. Mnnoctpaums ABYXCNOWHBIX TEN: a — NNacTuHa; b — unuHap; ¢ — cdepa (wap)

Fig. 1. lllustration of two-layer bodies: a — plate; b — cylinder; ¢ — sphere

MIPUBEACHO B CIIEIIMAIBbHOM 1 yueOHOIt tnuTeparype [2, 5,
6, 9]. B Tak Ha3bIBAEMOM KJIACCMYECKOM BUIE OHO, KaK
MpaBuIIO, IIpeacTaBieHo B opme psiaoB Dypbe U QyHK-
LIMOHAJIBHOM 3aBUCUMOCTH Oe3pa3MepHOIT TeMITepaTyphl
OT GECKOHEUHOTO Psifia TPUTOHOMETPUYECKMX (DYHKIIUIA,
comepxammux uuciaa bruo m dypbe TpaHCIEHICHTHBIX
XapaKTepUCTUYECKUX YPAaBHEHUIA.

IToaxox ¢ ucnoJib30BaHHEM
YHUCJIEHHO-AHAJIMTUYECKOTO METOa MUKPOIIPOLIECCOB

OCHOBHOE TIPEMMYIIIECTBO IIpeTaraéMoro IToaxXoaa
NPUMEHUTEJILHO K pacCMaTpUBAaeMOIi 3a1aue — 3TO YXOJ,
OT HEOOXOIMMOCTH MOMCKA KOPHEN TpaHCUEHAEHTHOTO
XapaKTePUCTUUYECKOTO YPaBHEHUS, MOCKOJBbKY KOPHM
XapaKTepUCTUUECKUX YPAaBHEHMII TPHOOPETAIOT YIIPO-
IIEeHHBI BUI;

sin( py) = 0;cos(pn)=0. )
JI1st 5TUX ABYX CJIy4aeB COOTBETCTBEHHO:

Hn =T (20 —1); =11, (10)

B kpaeBoii 3agage (5)—(8) mpu 3TOM U3MEHSIETCS yC-
soBue (7). OHo ynpouiaercst U npuHUMAaeT BUI:

T(X,F0)|yeo = 1. (11)

COOTBETCTBEHHO 3TOMY pEIleHUE, MOJYy4YeHHOE Me-
TOOOM WHTETpPaJbHOTO TIpeobpaszoBanHms Jlammaca [8],
nonyqaeT BUI;

—t(x,7)

T(E,Fo)— =t =1- 425”1(#1196) -exp(—uiFo)+

42 sin(i,®)-exp(~kEFO)- [, To@)sin(und)dg. (1)

[1pu 3TOM npou3BoaHas OyAeT ONpPenessIThCs TaK:

IT (x, Fo) o)
0x

+2; 05 (i T)-€xp(— 2 F0)- [T (€)-sin(pn€)d£.(13)

OueBUAHO, UTO B COOTBETCTBUU C (PUIMYECCKUMU
MIPEACTABICHUSIMHA U 3aIIMCHI0 TPAaHUYHOTO YCIOBUS (8)

Zun cos(pnE)-exp(—p2Fo)+

T(1, Fo)
1

0,8
0,6
0,4
0,2

0 Fo
0,02 0,04 0,06 0,08 0,1

Puc. 2. IlameHeHne 6e3pa3mepHoii TeMnepaTypbl MOBEPXHOCTU MNNACTUHbI
B 3aBUCUMOCTM OT 3Ha4eHunin Yncen bro n dypee Bi: 1 - 20; 2 - 10; 3 - 5;
4-2,5-1;6-0,5;7-0,1

Fig 2. Change in dimensionless surface temperature plates depending on
the values of the Bio and Fourier numbers Bi: 1 —20; 2 - 10; 3-5;4 - 2;
5-1;6-0,5;7-0,1

B MeCTe KOHTaKTa (TpaHHUIIbI pasaena) ¢a3 CyIIeCTBYET
PaBEHCTBO ILIOTHOCTE MOTOKOB TEILUIOTHI: OT CPedbl K
TJIACTUHE TTOCPEICTBOM TEIJIOBOI KOHBEKIIMK U OT Tpa-
HUIIBI BHYTPH Teja (M1 B 0OpaTHOM HampaBICHUU) ITO-
CPENCTBOM TETUIONIPOBOIHOCTH.

B cooTBeTCTBUM € 3TUM [JIsI peau3allii YUCIeHHO-
AHAJIMTUYECKOTO METOAA IPEIITOJIaracTcsl CICHyIOIIi
¢dopmat neicTBuiA.

3agaroTcs Teraopu3ndecKre XapaKTepUCTUKU TBEP-
JTOVi 1 Ta30BOM (ha3bl:

JUISL TIPOLIECCOB TEILIOOOMEHA 3TO: IUIOTHOCTh — Pr,
Oc, KT/M3; TeTIONPOBOIHOCTD — A, Ac, BT/(M-K); K020-
dumenT Terootnaun — o, Br/(M%-K), a Takxke Temre-
paTypbl Kaxmoii u3 ¢as.

3amaBasich OTPE3KOM BpeMeHU (BpEeMEHEM MUKPO-
Ipolecca), oIpeae/sieTcs: 3HaueHue yncia Fo:

Fo, = adt,/R% (14)

[MpousBoautcs pacuer pacrpenesneHus: Oe3pazMmep-
HBIX TEMIIEpATyp MO TOJIIMHE TJIACTUHBI MO BbIpaxkKe-
Huto (12), a 3aTeM 1 6e3pa3MepHOTO TPaTUEHTA TeMIIe-
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P €3y/JIbTaTbl HAYYHbIX HcCIe10BaHu

paTyp, AJisi KOTOpOTo Mpu 3HaueHuu x =0 onpeaesieTcst
BeJIMYMHA IpafMeHTa Ha TpaHuIle pasaeia das:

T (%, Fo,)

> 2
- -1- T on—1)?
P = 2;(2n 1) exp[ 2 (2n-1) Fol]-l-

x=0

+7ti(2n—1)-exp [— Z—Z(Zn—l)zFol] .

Jy To@sin[5 (2n-1)¢-dé.

C ucrosip30BaHUEM BbIpaxkeHUs (8) HaXOMUTCSI COOT-
BETCTBYIOILIEE 3HaUeHUE Oe3pa3MepHOii TeMIepaTypbl Ha
TMOBEPXHOCTH TJIACTUHBI K MOMEHTY BpeMEHHU Foj.

BoiObupaercst BTOpoii 1mar pacuyera o BpeMEHU MU-
Kporipoliecca — ATy; onpenenserca Foy=aAty/R2.

15)

BriBoabI M 00CYKIE€HHE PE3YILTATOB

3aMeTUM IPU 3TOM, YTO €CJIM UMEIOTCST (POPMYJIbI 3a-
BUCHMOCTHU TETUIOQU3NICCKUX XapaKTCPUCTUK OT TEM-
IepaTypbl, TO CTAHOBUTCSI BO3MOXKHBIM IIPOBECTH COOT-
BETCTBYIOILME KOPPEKTUPOBKU TUX BEJIUYMH.

HoBoe 3HaueHMe TeMIepaTyphbl CTAHOBUTCS M HOBBIM
3HAYCHUEM JIJIsI TPaHUYHOro ycjaoBus I poma mpu ocy-
IIECTBJIICHUM PACUCTOB IJIST OTIPEAEIIICMOTO ITOJIST TeMIIe-
paTyp ¥ 3HaYeHUs TpafeHTa.

PacueTsl MOBTOPSIIOTCS O MOMEHTA, KOTaa OyaeT a0~
CTUTHYTO 3HadYeHHWe KOHEYHOI TeMIlepaTyphl Harpena
WJIU OIIpelieIeHO TpebyeMoe BpeMsi OKOHYAHMS ITPOLIEC-
ca TeraoooMeHa:

(16)

— VK
Txou = Zi:IATi'

B kavecTBe mpuMepa pe3ybTaThl HEKOTOPBIX pacye-
TOB IIpUBEAEHBI Ha puc. 2.

B pesyibrarte aBTOpaM ynanoch JOCTUTHYThH ITOCTaB-
JICHHOM 3aJayyd 4MCICHHO-aHAJIUTUYECKUM METOI0M
MHUKPOIIPOIIECCOB, KOTOPBI B MePCHEeKTUBE OyaeT uc-
IOJIb30BaH C LIeJIbI0 ONTUMM3ALMU PAaOOThl TEXHOJIOTH -
YeCKOro 000pyI0BaHUS MHXXEHEPHBIX CUCTEM.
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Hudopmanna

HaneMHbIX 3aCTHOAUIUKOB H NOCTABILIHKOB GTROHTENbHbIX
ECYCOB onpeenseT rpaXfaHcCKun KOHTPONb

24-25 Hosbps 2022 r. B CankT-leTepbypre COCTOSNCS EXEroaHblil
Beepoceuiickuit CamMmuT 3acTPOLLMKOB 11 NPOWN3BOAUTENEIA CTPOUTESNbHBIX
PECYPCOB, KOTOPbIV NPoBOAUT DOHA PA3BUTUS MEXAHU3MOB TPAXAAHCKOTO
koHTpons (Moxa PMIK).

Cnenyet 0TMETUTb, YTO B 3TOM rody )opmar MeponpusiTs U3MEHUCS.
/13Ha4anbHO Mpu NOJBEIEHNN WTOMOB CTPOWTENBHOIO rofia NPOBOANNACH
LiePEMOHISE BPY4eHIst 30/10TOM0 3Haka «HazexHbli 3acTpoiLmK Poccuns».
C 2022 r. bynet onpeaensathes Takke «HaaexHblii NOCTABLLMK CTPOUTENb-
HbIX PecypcoB». AT0 06YCNOBNEHO PaanKanbHbIMI U3MEHEHNSMU BU3HEC-
KNMMata, CnpoBOLMPOBAHHbIMIA GECNIPELEAEHTHBIMU CAHKLMAMIA B OTHOLLIE-
Huu Poccun. B HacTosLiee Bpems TpeOyeTcs Ka4eCTBEHHO HOBbIV YPOBEHb
OW3HEC-KoOMepaUn Mexzay POCCUACKAMIA NPOU3BOANTENSMIA CTPOUTESb-
HbIX PECYPCOB W CTPOUTENbHBIMI KOMMAHUSMU, KOTOPas NO3BOAMUT HapaLLy-
BaTb 0GbEMbl CTPOUTENBCTBA, NOBLILATL KA4ECTBO 11 AOCTYMHOCTb XWSbS
AN TPaX[aH, COAENCTBOBATb MPOLECCaM MMMNOPTO3aMELLEHIs B CTPOU-
TENBHOI 0TPACAN W YCTORHMBOMY PA3BUTI) OTEYECTBEHHOMO CTPOUTENBHOIO
Ou3Heca.

Ha Bcepoccuiickiit Cammut-2022 npuexanit pyKoBOAUTENM POCCUNCKIAX
KOMMaHWA-3aCTPOMLLMKOB 1 MPOWN3BOANTENEH CTPOUTENbHBIX MaTepuaos,
TEXHWKM 1 000pYI0BaHus 13 bonee yem 50 pernoHos Poccuu. Mnowaakoi
AN NPOBELEHNS MEPONPUATUA GbiN BLIOPAH rOCYAAPCTBEHHbBIA KOMMIEKC
«[1BOpeL KOHIPeccoB» — KOHCTAHTUHOBCKNIA ABOPEL, — 3HAMEHITBIA NamsT-
HUK apxutexTypbl XVIII B., rae konnern o6CyanniA NpYopUTETHbIE BONPOCHI
Pa3BUTIS CTPOUTENLHON OTpacin Poccun, a Takke CMOMW HanaanTb nps-
Mble [IENI0BbIE KOHTAKTI HA YPOBHE NEPBbIX JNL.

B pabote Cammuta nmpuHsnu yvactue B.C. KaseilkuH, npesnaeHt
MexyHapoaHOA accoumaumin (OHA0B XTNLLHOMO CTPOUTENBCTBA U UMO-
Te4HOro kpeantoBaHus (MAU®); A.b. ConoH, MCNONHUTENbHbIA AVUPEKTOP
Accoumaunu «HauvoHanbHoe 06beuHeHe NPOU3BOAUTENEN CTDOUTENBHBIX
MaTepnanos, n3aennit 1 KoHeTpykumid» (HOMCM); A.A. KyabMuHa, raBHblii
apxutektop MockoBckoi 06macTu, npesnaeHT COBETa MMaBHbIX apXUTEKTO-
pOB CyOLekToB Poccuiickoit Menepauyit u MyHULMNANbHBIX 00PA30BaHMIA;
C.W. JlyT4eHko, rnaBHblii apxutextop JleHuHrpanckoi o6nactu; 0.A. baiiguH,
PYKOBOAWTENb [IEMapTaMeHTa CTPOUTENbCTBA, aPXATEKTYPbI U KOMMMEKC-
HOrO pasBuTUS Tepputopuin B annapare [lpasutenbctsa Pecny6nmkin
bawkoptoctaH; M.B. [ly4KoB, 3aMeCTUTESNb MIAHICTPA CTPOUTENBCTBA 11 Pa3-
BITUS MHAPACTPYKTYPbI CBEPANOBCKOIA 06MaCTL.

BbiCTynaroLLme HEOAHOKPATHO OTMEYanK, 410 30510TOM 3HaK «HaaexHbiii
3aCTPONLLIK Poccum> SBNSETCS OHON 113 HAMBONEE U3BECTHBIX 11 aBTOPUTET-
HbIX Harpaj B CHEpe XUNLLHOTO CTPOUTENbCTBA Poccun: no aaHHbIM EP3,
BXOZWT B 4UCTO CaMbIX MPECTUXHBIX HArpazl CTPOUTENBHON OTpacn.

OH Bpy4aeTCs CTPOUTENbHBIM KOMNaHWsM ¢ 2014 T. 3a BbICOKINE JOCTIKE-
HUS B 0611aCTV COOMIOAEHNS 3aKOHHbIX MPaB 11 MHTEPECOB Y4ACTHIKOB f10Te-
BOr0 CTPOUTENLCTBA NO UTOTaM rofa. B otnnyue o1 ycnoBuin Apyrix KOHKyp-
COB Y4aCTHVKM HE NO/AMT HIKAKIX 3as1BOK. JKCMEPTbI NPOBEPSIHOT BCE XKITbIE
KOMMNEKCHI  3aCTPOMLLNKOB, W3Y4atoT [OKYMEHTbI, BK/H04as NPOEKTHblE
JeKnapauim, Pa3peLlerns Ha CTPOUTENBCTBO W TUMOBbIE JOrOBOPbI, MONYYa-

10T MH(OPMALMIO METOLIOM <«TailHbliA NOKYNaTenb> B OTAENAX NPOAAK CTPOU-
TeSbHbIX KOMMaHWiA. [ocne nepeU4HOro 0T60pa B PErOHaNbHblE OpraHbl
NCMONHUTENbHOM BNACTW, OCYLIECTBNSHOLNE KOHTPONb/HAA30p B CAepe
J0NEBOr0 CTPOUTENbCTBA, HANPABASAKOTCA 3aNpochkl HA MPeAMET Hanu4us/
OTCYTCTBUS MPETEH3MIA CO CTOPOHbI KOHTPOMMPYHOLLIAX OPraHoB U Mokynare-
et K 0T06PaHHBIM Ha NepBOM 3Tane KoMMaHusaM. Ha 0CHOBaHUN 00bEKTUB-
HOr0 aHanu3a WHopmMauum 0 AEATENbHOCTM KOMNAaHUM OnpefenstoTes
nobeauTeN N0 PErMOHAM.

370 06YCNOBANBAET PaBHbIE YCNOBUS AN BCEX YHACTHUKOB CTPOUTENb-
CTBa, 1 4aCTO N0 TaKOIA NHTETPabHOIA OLIEHKE KPYNHEIALINE 3aCTPOLLIMKM He
ronazatoT B NoGeAUTENN.

3010TOM 3HaK «HaaexXHbIA 3aCTPOALLMK Poccun» B akTiBE KOMNaHUMA —
370 CBOEr0 poJa 3efeHblii CBET [ns NOTEHUMANbHbIX MOKynaTenei xXubs,
a TAKXKE 3HaK Ka4ecTBa 11 3aBETHast NPOECCHOHANbHAA LiENb N1 IeBESIone-
poB. OH ABNSETCS CYMBOMIOM [0BEPUS B CHDEPE HEMBIDKMMOCTH.

AHanornYHo — No pe3ynbratam rpaxaaHcKoro KOHTPOSS 1 onpoca CTpou-
TeSbHbIX KOMNaHWiA — C NONPaBKOiA Ha 0TPACNeBYH CneLndnKy BbISBNSKOTCS
nobeauTeni KOHKypca «HaaexHblid POCCUACKI NPOU3BOANTENb CTPONTESb-
HbIX PECYPCOB>.

Llenb HOBOI HOMUHALMY — CTUMYAIMPOBAHWE NPOAAX NPOAYKLMAN HALEX-
HbIX POCCUACKIX NPOM3BOAWUTENEA CTPOUTENbHBIX MaTepuanos, TEXHUKK I
000pY/0BaHIS, NOBLILIEHINE Ka4eCTBa GMU3HEC-KOOMepaLun Mexay npon3Bso-
JUTENSMIA 11 CTPOUTENBHBIMYI KOMMAHUSIMIA.

Ha nepsom 3tane npoBepsieTcst AEATENbHOCTb NPOU3BOAUTENS W BbINY-
CKaeMOoil MPOAYKLMI Ha COOTBETCTBIE [1ECTBYIOLLEMY 3aKOHOAATENbCTBY B
paMKaX UCCreayemMbiX NapamMeTpoB (MLEH3NK, CBUAETENLCTBA, AeKnapauui,
CEPTUCDIKATBI), AHANM3MPYETCA Y4ACTIE KOMNAHMN B CYAEOHbIX NPOLIEccaX.

3areM MpOBOANTCS ONMPOC CYLIECTBYHOWMX KIMEHTOB 11 CTPOUTESbHbBIX
KOMNaHWiA AN OLEHKW Y0OCTBA NOMUCTUKN, KA4eCTBa B3aUMOAGICTBIAS C
MepCOHanoM, COOMIIEHNS CPOKOB NOCTABKIA, COOTBETCTBUS NPOAYKLN 335B-
NEHHOMY Ka4eCTBY, YCNOBUIA ONNATbl, COOTHOLLIEHIS LIEHA/KA4ECTBO.

Bce y4acTHUKK KOHKypCa Noy4atoT OTHET MO Pesysibraram 0npocos.

MepBbiMi NOGEAUTENSIMI KOHKYPCA, KOMY Obll Bpy4eH 30M0TOA 3Hak
«HaaexHblit NPON3BOAMTENb CTPOUTENbBHBIX PECYPCOB Poccim», cTanu:

000 «LlgmnKke» — UgMEHTbI AEKOpaTUBHbIE GENblE;

000 «KHAY® TUMNC» — cTpouTenbHble U OTAEN0YHbIE MaTepuanbl Ha
OCHOBE MMNCa 11 LIEMEHTA;

000 «KHAY® WHcyneidwH» — Matepuansl Tenno- 1 3ByKOU30NSLMOH-
Hble, BaTa;

000 «®OHONTAITb>» — KOT/bl HACTEHHbIE ra30Bble, PAANATOPbI OTOMI-
TeSbHble antOMUHINEBbIE, PAAMATOPbI OTOMUTENbHbIE OUMETANNYECKNE;

000 «T.6.M.» — METannoKoHCTPYKUMIA CTPOUTENbHbIE U X 4acTh 13
AMOMIHNS 11 AMOMIAHNEBBIX CMNIABOB;

000 HMO «ActhanstMauw» — PBC-pe3epsyapbl BEpTUKaNbHbIE CTASTbHbIE,
PI'C-pe3epByapb! ropU30HTaNbHbIE CTanbHble, HTM-Harpesarenu TepmManbHo-
ro macna, MbB-yCTaHoBKI M0 NPOM3BOACTBY NOMMUMEPHO-OUTYMHBIX BSHKYLLIVIX,
B3Y-ycTaHoBKI 4751 NPUTOTOBIEHMS JOPOXHON GUTYMHOIA 3MYIIbCIAM.
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BnugHne TeXHUYECKOH cepbl
Ha CBOMUCTBA (PTOPAHrMAPUTOBOW KOMNO3MULIUK

TeXHoreHHble 0TX0/bl, 06pa3yoLLMecs B pe3yfibTaTe aHTPONOreHHo AeATEIbHOCTI Ye/10BEKa B NPOMbILLINIEHHOM MacluTabe, Takune Kak
TexXHU4Yeckas cepa 1 (hTopaHruapuT, NPeacTaBnatoT onpeefieHHY0 NPo6ieMy Kak ¢ TOYKW 3peHNUs CKNagupoBaHus, Tak 1
yTunnaauum. CBOMCTBA AAHHbIX TEXHOTEHHbIX OTXO/I0B MO3BONAOT NPEANON0XKNTL BO3MOXHOCTb DOPMUPOBAHUS KOMMO3ULIMOHHbIX
CTPOUTENIbHbIX MATEPManoB Ha X 0CHOBE, 06/1aAaKLLIMX ONTUMANbHBIMU MEXAHNHECKUMM 1 3NIEKTPOTEXHNYECKNMN
xapakTepuctukamu. MpoBefieH psag NCCneaoBaHi, HanpaBeHHbIX HA MCNOMb30BaHNE PACCMATPUBAEMbIX MPOMbILLIEHHbIX 0TX0A0B

B Ka4€CTBE KOMMOHEHTOB CTPOMTENbHbIX MaTepPUanos, Npu 3TOM 0TMEYAeTCs MOBbILLEHNE 3KCNyaTaLUNOHHbIX CBOACTB MOMTYHEHHbIX
U3OENnii 1 paclunpeHne MYHKLUMOHANBHOIO Ha3HAYEHMS NPU COBMELLIEHNI HECKObKIX TEXHOTEHHbIX KOMMOHEHTOB. BapbupoBaHue
COEPXKaHNA JUCNEPCHOr0 KOMMOHEHTA B BIAE TEXHUYECKOIA CEPbl B COCTaBE KOMMO3MLUIA NO3BONMNO AOCTWYb MOBbILLEHNS pPAaa
(PM3MKO-TEXHUYECKNX W ANEKTPOTEXHMYECKNX NOKAa3aTeNen n3aenni. B uensax ndy4eHus 3aKkOHOMEPHOCTER U3MEHEHUS (IN3NKO-
TEXHUYECKUX U PU3NKO-XMMUYECKNX CBONCTB MaTepmana npuMeHeH KOMNEKC CTaHAapTHbIX METOL0B ANs OnpeaeneHns
MEeXaHUYeCKNX XapakTepucTuK B COBOKYMHOCTI C COBPEMEHHbIMU MeTOAaMI (PU3NKO-XUMIUYECKOr0 aHannaa, TakuMin Kak pactposas
3M1eKTPOHHAA MUKPOCKONUS, AHEPrOANCNEPCUOHHBINA, PEHTTEHOBCKWUIA aHann3 n nHgpakpacHas cnektpockonus. Mo pesynsratam
MpOBeJEHHbIX UCCNeJ0BaHUI YCTaHOBMEHO, YTO Npu BBeAeHUN 10% TeXHUYeCKO cepbl Ha 28-e CYT TBEPAEHNS NOKasaTesb NPOYHOCTH
npu cxatuu B cpegHem paseH 35,65 MIa, BogocTonkocTts coctasnset 0,69, yaenbHoe 06beMHOe conpoTtusnenue 35,4 kKOM-cm.
MonoXunTensHOe N3MEHeHNe XxapakTepucTuk 06yCr0B/IeHO B3aUMO/ECTBUEM MeXaY PeakLMOHHOCNOCOOHbIMI MOAUMOPHbLIMM
MoAuUKaLUSMU Cepbl, 06pa3yloLLNMICS B Pe3yNbTaTe Nepexoaa o-Cepbl B [3-Cepy npiu ee TepMOakTUBALUN, C KOMMOHEHTaMK
bTropanruapuTa. Mony4eHHbIe Pe3ynbTaThl A0Ka3bIBAOT BO3MOXHOCTb (DOPMUPOBAHMS CTPOMTENLHOrO MaTepmana, KOMNOHEHTHbI
COCTaB KOTOPOr0 MOSHOCTbIO MPEACTaBAEH OTX0OAaMN NPOMBILLSIEHHOTO NMPOM3BOACTBA, A TEXHUYECKME N SKOHOMUYECKIUE NapameTpbl
He YCTYNawT aHasnoram.

KnioyeBble cnosa: (PTOPaHTMAPUT, TEXHUYECKas Cepa, KOMMO3WLMOHHBIA MaTepuan, yTuimsauns 0TX0A0B, 3KONOTNYHOCTb,
JMCNEPCHbIA KOMMOHEHT.

Pa6ora BeinosnHeHa npu nomiepxke I'panra [Npesunenra PO (MK-3391.2022.4).

Ins umtuposanms: N'ymentok A.H., MonaHckux W.C., TopanHa A.®., MecTepesa K.[I. BnusHue TeXHMYECKOIA cepbl
Ha CBOIICTBA (DTOPAHIMAPUTOBOI Komnoduuuu // CtpontenbHbie matepuansl. 2022. No 12. C. 64-71.
DOI: https://doi.org/10.31659/0585-430X-2022-809-12-64-71

A.N. GUMENYUK, Engineer (Assistant) (gumeniuk.an@gmail.com), |.S. POLYANSKIKH, Candidate of Sciences (Engineering) (irina_maeva@mail.ru),
A.F. GORDINA, Candidate of Sciences (Engineering) (afspirit@rambler.ru), K.D. PESTEREVA, student (s.com53290@gmail.com)
Kalashnikov Izhevsk State Technical University (7, Studencheskaya Street, Izhevsk, 426069, Russian Federation)

The Impact of Industrial Sulfur on Fluor Anhydrite-Based Composites

Industrial sulfur and fluor anhydrite are types of by-products that have been formed due to anthropogenic activities of humankind and there are significant problems with their
storage and utilization as it is with all by-products. Considering the properties of those by-products (industrial sulfur and fluor anhydrite) it might be suggested that it is possible
to use them to form composite building materials and these materials are likely to have optimal characteristics including strength and electrical properties. There has been inves-
tigated the using of these by-products as constituents for building materials formation and it has been confirmed that the combining of several by-products allows to increase the
characteristics of materials and to widen the functional areas of such materials. In order to increase physical technical and electrical properties the amount of dispersed industrial
sulfur is to be varied. To analyze changes in physical technical and physical chemical properties of the materials wide range of common testing technique have been applied com-
bining with up-to-date techniques including scanning electron microscopy, X-ray analysis and IR-analysis energy dispersive spectroscopy. It was found out that when 10% of
industrial sulfur is in the composite then in 28 days of hardening compressive strength is 35.5 MPa, coefficient of softening is 0.69, volume resistivity is 35.5 kOm-cm. All that
changes are due to interaction between industrial sulfur while it is transforming its polymorphic state (transformation o form to § form) while heat treatment and constituents of
fluor anhydrite. Results show that it is possible to form a building material that consists of by-products only and its properties equals to common materials in terms of technical
and economical aspects.

Keywords: fluor anhydrite, industrial sulfur, composite material, waste disposal, environmental friendliness, dispersed component.
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P €3y/JIbTaTbl HAYYHbIX HcCIe10BaHu

IIpoMbinIeHHOE TPOU3BOACTBO TPAAULIMOHHOIO
MOPTIAHALIEMEHTa €XETroIHO COIPOBOXIACTCS BBHIOPO-
caMM B aTMoc(epy YIJIEKHMCIIOTO ra3a, yBeJIWuuuBasl Ha-
IPy3Ky Ha 9KOJIOTMYECKOE COCTOSIHME OKPYKaIoIIeii cpe-
nbl. B cBotO ouepenb, 15T OCyIeCTBICHUS IeKapOoHM3a-
LIMM OTpacjiu B Psiie MCCIEeI0BaHUI ObLIO MPemIokKeHO
MPUMEHEHNE B KaueCTBE BSIKYIIErO BMECTO MOPTIaH[I-
IIEeMEHTa OJHOT0 M3 PacIpOCTPAaHEHHBIX BUIOB aHTH-
JIpUTCOAEPKAILIUX OTXOA0B — (pTopaHruapuTa. JJaHHbIN
TATT CUHTETUYECKOTO aHTWAPUTA TOTYyYaloT B TIPOLIECCe
MPOX3BOCTBA MUIABUKOBOI KHCIOTHI B pe3y/IbTaTe CUHTE-
3a ¢pTopucToro Bogopona u3 paooputa. [IpoMbIIIeHHBII
CHHTE3 (DTOPUCTOTO BOIOPOIa OCHOBAH Ha PeaKITu (hIr00-
puTa ¢ KOHLIEHTPUPOBAHHOI cepHOil KucioToil [1—3].

B npouecce mnepepaboTku (a0oOpUTa  BBIXOJ,
aHTMIPUTA cocTaBisieT 1,75 T/T UCXOOHOIO BEIIECTBA,
a B MMPOBOM MacuTtabe oO0beEM OTXOJOB ITOCTUTAET
4—6 MytH T/T [2]. DTOpaHTUAPUT, MOTydaAEMbIil Ha TIPE-
MPUATUSIX XUMUYECKOM MPOMBIIIIJIEHHOCTH Poccuiickoit
®Denepanuy, XxapakTepusyeTcsl OMHOPOIHOCTHIO XUMM-
YeCKOro M MMHEPaJOrMYecKOro COoCTaBa C HaJMUuMeM
HE3HAYMTEILHOTO KOJIMYECTBA IIPUMECEii, COOTBETCTBY-
eT TpeOOBAaHUSAM CAHUTAPHBIX MPaBUI U MPUTOIEH IS
M3TOTOBJICHUST CTPOUTEIBLHBIX MaTepuaos |3, 4].

Kak mokasbiBaoT uccienoBanus [4, 5|, mTaHHBII TUTT
BSDXYILIETO TpeOyeT MOMOJHUTEIbHON akTuBauu. Ha
CETOJHSIIITHUI JIeHb W3BECTEH CIEKTP KaTaJM3aTOPOB
TBEPACHUSI, 0OECIeUMBAIOIIUX CTaOWJIbHbIE (PU3NKO-
MEXaHUYEeCKNEe XapaKTePUCTUKU MHMHEpPaJbHON MaTpu-
1IbI, TIOJIy4EHHOM Ha OCHOBE aKTHBMPOBAHHOTO CUHTE-
TUYECKOTO aHTUIPUTA.

[To sKcrepTHBIM OlIEHKaM, €XeroJHO B MUpe o0pa-
gyercs 6osiee 300 MJIH T CHHTETUYECKOTO CyabdaTconaep-
JKaIllero MPOAYKTa, U3 KOTOPbIX 20 MJIH T COCTABISIIOT
(Toporurc, TUTAaHOTUTIC U ZIp., @ OCTAJbHYIO YacThb —
docdorurc. B nocienHue roabl IpUPOCT o0beMa Cylb-
darcomepKammx ITOOOYHBIX IMPOIYKTOB XUMUYECKOI
IIPOMBIIIUIEHHOCTH COCTaBiIsieT B cpeaHeM 7—8%/r. B
HaCTOSIIIIee BpeMsI CUHTeTUIECKHUI TUTIC TIPUMCHSICTCS B
HeOOJBIINX KOJIUYECTBAX B CEJIbCKOM XO3SIMCTBE U HE-
3HAUUTEJIbHO B CTPOMTEILCTBE, OCHOBHASI Macca CYyJib-
daTcomepKammMxX OTXOIOB XPAaHUTCSI B OTKPBITEIX OTBa-
JIaX WUIM cOpachIBaeTCsl B BOJOEMEI [0, 7].

Kpowme Toro, nuzsectHa mpobiema yTuan3auu OaHO-
ro M3 CaMbIX PaclpOCTPAaHEHHBIX OTXOJA0B HedTe-
nepepadaTbiBAIOLIEN MPOMBILLIEHHOCTA — TEXHUYECKOMN
cepnl [8, 9]. O6GmemMupoBoii He(pTera3oBbIli KOMILIEKC
OOBIBAeT THICSIYM TOHH cepbl B AeHb. B 2000 r. oO1ie-
MMPOBOE TMPOU3BOJICTBO TEXHUYECKOW CEepbl COCTaBUIIO
57,4 mnH T. B auBape 2019 r. Bo BceM MUpe NMPpor3BOAU-
sock 103 ThIC. T cepsl B AeHb [10, 11]. JarHble mudpsl
PacTyT B COOTBETCTBHMHU C O0IIIEMHUPOBBIM POCTOM TIOTPeO-
JieHus HedTenpoaykKToB W TpupomHoro rasa [12, 13].
Hampumep, Saudi Aramco, KpymHEHIIWIA 3KCIIOPTEp
ceppl Ha bamxHem BocToke, 3KCIOPTHPYET OKOJIO
3,5 mutH T cepwl B rof [ 14, 15]. TToaTomy Bo MHOTHX pa3-
BUBAIOLIUXCSI CTPAaHaX, SIBJSIOLIMXCS KJIIOUEBBIMU MPO-
U3BOAUTENISIMU He(TENPOAYKTOB, aKTyaJbHOI 3agaveil
SIBJISIETCST TIPOBEIEHNE MCCIeIOBAaHUI B 001aCTH MTOMCKA

9(hGEKTUBHBIX METOAOB YTUJIM3ALMM, MCIIOJIb30BaHUE
KOTOPBIX CITOCOOCTBYET CHIKEHHUIO YPOBHSI UX BO3ICH-
CTBMS Ha OKpyKaloiyio cpeny [16, 17]. JaHHbBIA mOUCK
TakKe aKTyaJeH C TOYKM 3pEHHUS] BO3IEMCTBUSI CEpO-
colepKalmx KOMITIOHEHTOB Ha YeJIoBeKa, TakK KakK cep-
Hasl MbLIb MOXET pa3apaxkaTh IJ1a3a U ropJio U BbI3bIBaTh
momyTHeHue 3peHus [18, 19].

KoMmo3uimoHHble CTPOUTEIbHBIE MaTepuasibl Ha
OCHOBE Cepbl HAXOIST MPUMEHEHME B Pa3IMYHBIX OTpac-
JISIX CTPOUTENHHOTO TIPOU3BONCTBA, NMPW BO3BEACHUU
MPOMBIIUICHHBIX U TPAHCIIOPTHBIX 00BeKTOB. OHU IpU-
MEHSTIOTCS TTIABHBIM 00PAa30M B T€X YCIOBUSIX, TIE TPAIH -
LIMOHHBIE MaTepuasbl HA OCHOBE MOPTJIAHALEMEHTA Te-
pSIOT TpeOyeMble CBOMCTBA, HATIpUMEP MPHU IKCILTyaTa-
LIMM B KUCJIBIX W WeJouHbIX cpeaax [20, 21]. JlaHHbIe
BO3MOXKHOCTU OOYCJIOBJIEHBI OCHOBHBIMM CBOMCTBaMU
Cephbl, TAKNMU KaK XUMHWUYECKass WHEPTHOCThb, HMU3Kas
9JIEKTPONPOBOAHOCTD (M30JITOp). DJIeMEeHTapHasl cepa
00J1a1aeT CMOCOOHOCThHIO 00PAa30BbLIBATH OOJIBILIOE YUCTIO
Pa3IMYHBIX AJUTOTPOITHBIX MomuduKaumii. B cBsI3m ¢
9TUM (PU3UYECKME U XMMUUYECKHME CBOMCTBA CEephl B 3HA-
YUTEJBHOM CTENCHM OIPCACINISIOTCS €€ aJUIOTPOITHBIM
cocTtosiHueM [22, 23].

AHanu3 uccaenoBaHuil B 00J1aCTU 3J€KTPOU3OJISILIM -
OHHOTO TSKEJI0ro 6eToHa MmoKasa, YTO COCTaBbl Ha OC-
HOBE Cephl 00JIaJal0T 3HAYUTEIHbHBIM MOTEHIIMATIOM LIS
MMPUMEHEHMS B 9HEPTeTUIECKOM CTPOUTEILCTBE [24, 25].

W3znenus Ha ocHOBe (pTOpaHTUAPUTA U3BECTHBI CBOEI
OTHECTOMKOCTBIO, TCIUIO- M 3BYKOM3OJSIIUOHHBIMU
cBoiicTBamu. OaHAKO MaTepuaiabl Ha OCHOBE (OTOp-
AHTUIPUTA — 3TO KOMITO3UIIMOHHBIE, KaMWUISIPHO-II0-
PUCTBIE MaTepHUabl, Ha SJICKTPOTEXHNUECKHUE ITOKA3aTe-
JIM KOTOPBIX B 3HAYMTEIbHOM CTEMEHU OKa3bIBAIOT BJIMSI-
HIE CBOMCTBAa KOMIIOHEHTOB COCTaBa, MPOMYKTHI UX XU-
MUWYECKOT0 B3aMMOACHCTBUS, a TAKKe KanmWISIpPHO-T10-
pucTasi CTPYKTypa, U3MEHSIIOIIASICS ¢ TCYUSHUEM BpeMEHHI
IO, BO3IEMCTBUEM pPa3IUYHBIX YCIOBUI OKpYKaOIIei
cpennl [26, 27]. Takum obGpa3oM, BBUILY OCOOCHHOCTEMR
CTPYKTYPBI, HU3KOM BOIOCTOMKOCTH M MEXaHWYECKOM
MPOYHOCTU (DTOPAHTUIPUT OIPAaHUYEHHO MCIIOJb3YIOT
TSI IPOU3BOJICTBA MATEPUAIOB U KOHCTPYKIuii [28, 29].

Ha ceromHsmmHmii 1eHb OCHOBHBIM HarpaBJICHUEM
HCCIeIOBaHUI B 001aCTH IPUMEHEHUSI CHHTETUIECKOTO
AHTUIPUTA SIBJISIOTCS Pa3pabOTKU METOMOB ITOBBIIIICHUS
rugpodusnyeckux cBoiictB uzaenuit [30, 31]. IToTpeb-
HOCTh B IAHHBIX MCCJICIOBAHMSIX TaKKe OOYCIIOBIICHA
pacTyIIMM CIIPOCOM Ha PbIHKAaX pa3BUBAIOLIMXCS CTPaH,
HYXXIAIOIINXCS B KAUeCTBEHHBIX M DKOHOMUUYECKH 3-
(EKTUBHBIX CTPOUTEIILHBIX MaTepHaIax.

O030p uccienoBaHUi TMOKa3aal HEeJOCTAaTOYHYIO U3Y-
YEHHOCTh BOIPOCAa O BO3MOXKHOCTHM CTaOWIM3AIIAN M-
9JIEKTPUYECKUX CBOMCTB KOMITO3UIIMOHHBIX MaTepUaioB
Ha OCHOBE aKTUBMPOBAHHOTO CUHTETUUECKOTO AaHTUAPUTA.

Marepuajbl B METOIBI
st uicciieIoBaHMsI BIMSIHUS TTPEABAapUTEIbHO 00pa-
0OTaHHOI JUCTIEPCHON TEPMOIIACTUUHON NOOABKU Ha
ocHOBe cephol [32] Ha DUBMKO-XUMHUUYECKUE U DIEKTPO-
TEXHUYECKME CBOMCTBA U3IE/INiI Ha OCHOBE (DTOPaHTHI-
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puTa, ObLIM MPOBEACHBI CEPUU IKCIIEPUMEHTOB IO MO-
IU(UKALIUY BSIKYIIETO.

M3roroBieHre COCTaBOB OCYIIECTBRIISIIIOCH MYTEM T1e-
peMeIlIMBaHKsI OCHOBHBIX KOMIIOHEHTOB U KaTajJM3aTopa
TBePICHUSI, KOTOPBII TpeIBapUTEIBHO pPACTBOPSUIA B
KUAKOCTU 3aTBOpeHus. TepmoIutacTUyHas mobaBKa
BBOJIMJIACH HA CTaIMU MepPeMEIINBaHUS OCHOBHBIX KOM-
rmoHeHTOB. PopMOBaHKe TTOTYIEHHON CMECH OCYIIEeCT-
BISLIOCh B MeTayuinueckue ¢GopMbl 70X70X70 M.
PacnayyOka mpoBommiach yepe3 2 4 ¢ TOCIemyronieit
TepMOOOPabOTKOl 00pa3lioB B COOTBETCTBUU C paHee
OIpeAeICHHBIMU ITapameTpamu [33].

®DTopanruapur. B ncciemoBanuy mpuMeHsIcsS QTop-
anruaput npousBoactBa OO0 «[amoren» (r. Ilepmb).
JlaHHOE ChIpbe MpeACcTaBaAsIeT CO00I OMHOPOAHBIN, PhIX-
JIBIA MaTepuaa MOCTOSIHHOIO XMMWYECKOI'o COCTaBa C
pa3mepamu yactuil ot 1 mo 20 mm. B mabGoparopHoii
MEJIbHMIIE OCYIIECTBIISIJICS JOMOJ BSIKYIIIETO IO COCTOSI-
HUsI, Korma octaToK Ha cute 0.4 MM COCTaBIIsUI MEHee
13 mac. %. I1pu 3aTBOpeHUN BOAOI JOCTUTAET CTAHAAPT-
HOI KOHCUCTEHIIMH (PacILIbIB 10 BUCKO3UMeTpy CyTTap-
na 180 MM) 1 oOpa3yeT TeCTO HOPMAaJIbHOI TYCTOTHI TIPU
B/I'=0,31. Cpoku cxBatbiBaHus: Hadajgo 0 4 23 MMH,
koHerr 0 ¥ 44 muH. KOMIIOHEHTHBI coOCTaB Mpem-
craBieH: CaSOy4 (y—CaS04=20%; P—CaS04=78%);
CaF>=1,8%; HySO4=1,2%.

Cyasdar Hatpusa. B xauecTBe Karaauzaropa TBepiae-
HUsI OBLT MCTIOJIB30BaH CYJIb(aT HaTpUs, COOTBETCTBYIO-
it FOCT 21458—75 «Cynbdar HaTpusi KpUCTaIi3a-
LIMOHHBIM». ONTUMAaJbHBII IPOLEHT BBEIACHUSI ObLI
YCTaHOBJICH HAa OCHOBaHWU MCCIIeAOBaHMIA [34].

Texnuyeckasi cepa. B kayecTBe TepMoOIIaCTUYHOMN
cepHOM mO0OaBKM TIPMMEHSIACh TEeXHHYECKas cepa
9998 copra, coorBercTBytomas ['OCT 127.1-93. Ilpnu-
MEHSIEMOE ChIpbe MMeeT MmoJiyceprudeckyto opmy, Ha-
CBHITIHYIO TUIOTHOCTD 1,3 T/cM3. KOMITOHEHTHBII cocTaB
MpeACTaBJIeH: MaccoBast JoJis cepbl — 99,99%; MaccoBast
nouist 30ibl — 0,005%; maccoBast 1011 OPraHUYECKUX Be-
mectB —0,005%; maccoast mostst Boasl — 0,01%. [Inamna3on
KOHLICHTPALIMU CEPHON J0OaBKU ObUT BBIOPaH B COOTBET-
CTBMU C TUIIOTE301i, 00CyXaaBlLIeics paHee B padbote [33].

Wzyuyenue nusmeHeHU (pU3NKO-XUMUIECKOTO COCTa-
Ba MMHEPAJIbHOI MaTpHIIBI HA OCHOBE (PTOPAHTUAPUTA
OCYILECTBIISIIOCH OCPEICTBOM PACTPOBOI 2JIEKTPOHHOM
MHUKPOCKOIINH, SHEPTOANCIIEPCUOHHOTO aHaIn3a M UH-
dpakpacHOl cieKTPOCKONUU. PacTpoBbie 316 KTPOHHbIE
U300paKeHUsI MUKPOCTPYKTYPhI ObLIU TIOJIyYEHBI C MO-
MOIIIbIO ABTOOMUCCHUOHHOTO PACTPOBOTO 3JICKTPOHHO-
nonHoro (FIB) mukpockomna Scios B denepaibHOM Ha-
YUHO-HCCIIeIOBaTeIbcKoM IIeHTpe «Kpucrammorpadus
u (oronuka» PAH. WUH@pakpacHble CHEKTPbl ObLIU
MoJIydeHbl ¢ ToMollblo criekTpomeTpa «IRAffinity-1».
M3006paxkeHus1 U CEKTPbl MpeAcTaBieHbl 0€3 TOMOTHU-
TeJbHOI 00paboTKU (KpOME PEeryaupoBKU SIPKOCTU U
KOHTPACTHOCTH M300paxkeHUit). s mM3ydeHUs KOM-
TUTEKCHBIX M3MEHEHUI (hU3MKO-XMMUYECKOro COCTaBa
NpUMeHsIca MeTon IuddepeHInaTbHO-TEPMUYECKOTO
aHajmM3a 00pa3loB KOHTPOJBHOTO M MOIU(UIINPOBAH-
HOTO COCTaBOB, BKJIIOYasl MCCJIEIOBAHUS C ITOMOIIBIO

tepmorpaBumerpudeckoro aHanuza (TT). [Tpumensiuch
MeToabl auddepeHumnanbHoi repmorpaBuMeTpuu (J1TT)
n auddepeHIMaTbHON CKAHUPYIOUIEH KaJIOpUMETPUU
(ICK). JTabopaTopHble MccienoBaHNsI MPOBOAUIUCH HA
tepMmoaHaiuzaTope TGA/DSC1 3A0 «Mettiep-Toneno
Boctok». YcinoBus CheMKU: WHTEpBal W3MEpPEHUN
50—1100°C; ckopoctb Harpesa 10 rpan/mMuH; TUTIA TUTA-
TUHOBBIE; paboyast cpeia — BO3IyX.

dusnuko-MexaHMYeCKMe IToKa3aTrejaud o0pas3loB
U3MEPSJIM ¢ TIOMOIIbIO THAPABINYECKOTO TIpecca
T[II'M-100MTI4-A.

I'mopodusmyueckne cBOMCTBA 00Pa3IOB OSSN
Ha OCHOBaHUM MOKa3aTeJisl BONIOCTOMKOCTU MaTepuasa B
cootBercTBUU ¢ [OCT 12730.3—-2020 «betons. Meton
orpenesieHNs BoAoIOrIolIeHus». [IpousBoanioch
CpaBHEHHME IPOYHOCTHBIX XapaKTepPUCTUK OOpa3loB B
CYXOM M HACBIIIEHHOM BOJOI COCTOSIHUM. DJIEKTPOTEX-
HUYECKHE CBOWCTBA IOJYYEHHOIO KOMITO3UIIMOHHOTO
MaTepuana oIpeaessyii 30HI0BLIM MeTomoM [35], mus
9TOTO Ha cTagnu GOpMOBaHUS 00Pa3IOB B CMECh ITOCTIC
3IMBKM B (DOPMBI TMOTPYKaJUCh MEIHbIC 3JICKTPOIbI,
Kak mpejacTaBjieHo Ha (puc. 1).

B xauecTBe KJ110YeBOro rnoxkasareist ObLI IPUHST pac-
YETHBIN ITapaMeTp — yAeIbHOe 00BEMHOE COMPOTUBIIC-
HHe, u3MmepsieMblii B KOM-cM [36]. [TapameTp paccumThbi-
BaJICd KakK BeJWYMHA, OOpaTHO MPOIOPIMOHATbHAS
SJIEKTPOIIPOBOAHOCTY MaTepurana [37]. ITokazaTenu mis
pacyera yaeJabHOro OO0beMHOIO COMPOTUBIICHUS TOJY-
YaJIv TIOCPEICTBOM SKCIIEPUMEHTATbHO-PACUYECTHOTO M-
Tona. Ha skcriepruMeHTaIbHOM 3Tare U3MepPsId COMpo-
TUBJICHUE MEXIY OBJCKTpOJaMHu, IMPUMEHSS mnpubdop
MHMUMIIN E7-20. B mampHeiImeM pacdeT YAEIbHOTO
00BEMHOT0 3JIEKTPUYECKOTO COIMPOTHMBICHUS OCYILECT-
BIIsICS 110 (popmyite [38]:

p=RA/L, kQcmM,

rne 0 — yaeJbHoe 00beMHOe COMPOTUBIICHNE 00pa3lia;
R — conporuBieHue obpasua; L — paccTosiHUE MEXAY
9JIEKTpoIaMUu; A — IUIOLIAAb IOMNEPEYHOro CeYeHUs
oOpasua.

Pesyabratnl uccienoBanus

CpaBHUTETbHAST OIIEHKA PEe3YJIbTaTOB IMPOBOIMIIACH
COIJIAaCHO U3MEHEHUSIM MPOYHOCTU MPU CXATUU U U3TU-
0e MoIM(UITMPOBAHHBIX 00PA3IIOB Y KOHTPOJIBHOTO CO-
cTaBa. B KauecTBe KOHTPOJIBHOTO OBLT MPUHSIT COCTAB,
conepxaiuii ¢propaHruaputr U 2% katajiusaTopa OT
MacChl BSLKYIIETO.

WcnbiTanus mpoBOAWIMCHL Ha oOpaslax-0ajoukax ¢
pasmepamu 40x40x 160 mm. [Tocsie BeIIEPKKI B HOPMAaJTb-
HBIX YCJIOBUSIX B T€UEHME 2 Y MOCse pacnaayOoKy o0pasisl
IMoMeIIaInch B cymmwibHBIN mKagd IIC-80-01 CITY mis
TepMooOpaboTku mpu Temmeparype 180°C B TeuyeHue
60 muH [21]. [ npenoTBpallieHusT AernapaTalil MUHe-
paJIbHOM MaTpUIlbl 00pa3ibl B TEYEHUE TEPMOOOPAOOTKI
ObuIM 3arepMeTU3upoBaHbl. [Tociie mpoBeaeHNsT TepMOOO-
paboTKu 00pasubl OXJaXKAAIU B CYIIWJIbHOM IIKady 10
KOMHATHOW TemrepaTypsl. B nanbHeiiiieM oOpasibl Bbl-
JIEP>KUBAIM B HOPMATbHBIX YCIOBUSIX B TeueHue 7, 14,

scientific, technical and industrial journal

®

December 2022

67



P €3y/JIbTaTbl HAYYHbIX HcCIe10BaHu

Ta6nuua 1
Table 1

KoMnoHeHTHbI cocTaB u3rotaBjiMBaeMbiX 06pa3LoB
Component composition of manufactured samples

Josnposka

CocTtas o
Katanusaropa, %

dropaHrnppuT, r

TexHunyeckas
cepa, %

Temnepatypa
o6paboTku, °C

KoHTponb 0

D1 2

»2 1200 2 5

180

d3 7

D4 10

28 cyT, B KOHTPOJIbHBIE AAaThl MPOU3BOAUIOCH U3MEPEHUE
XapaKTepUCTUK. DKCIIEPUMEHTAIbHBIE COCTaBbI IIpEN-
CTaBJIeHBI B Ta0. 1.

[Tokazarenb TMPOYHOCTU TIPU CXKATUU C BBEICHUEM
10% TepMoOILIaCTUIHOM 100aBKM Ha 28-€ CYT TBEpACHUS
B cpenHeM coctaBwi 35,77 MIla (puc. 2), 4to 3Ha4Yu-
TEJILHO TIPEBBIIIAET ITOKAa3aTeIM KOHTPOJBHOIO COCTaBa.
BonocroiikocTb, ornpenensgeMas 1Mo 3HayeH10 Koahhu-
LMEeHTa pa3MsATYeHUsI, 11T (PTOPAHTUAPUTOBON KOMITO-
3ULMM Ha 28-€ cyT TBepAeHus cocraBmia 0,69% mis co-
craBa @4 (puc. 3).

Kak BugHO M3 pe3yIbTaToB MCCIeIOBaHUsS (PU3UKO-
MEXaHUYECKUX CBOMCTB, ONTUMAJIbHBIM KOJIMYECTBOM
MOIUMULIMPOBAHHON TeXHUUECKOI cephl siByisieTcst 10%.
JAuHaMMKa pocTa MEXaHMYEeCKMX XapaKTePUCTUK I10JI0-
SKUTETbHAST, BO3MOXHO TOBBIIIIEHUE CONEPXKAHUS CEPHI B
CcoCTaBe MaTepuaja B JaJIbHEHIINX NCCIICTOBAHMSIX.

M3MmeHeHus okKa3aTelist 3J1eKTPOIIPOBOJHOCTU B 3a-
BUCUMOCTH OT KOJIMYEeCTBA BBOAMMOI T00aBKM B BO3pac-
Te 28 cyT npeacTaBieHbl Ha puc. 4. CucTtemMa Ha OCHOBE
(ropaHruapuTa 00aTAET BHICOKMM YAEJIBbHBIM O0BEM-
HBIM COIIPOTMBJICHUEM U SIBIISICTCSI TUJIEKTPUKOM, UTO
IMOATBEPKAAETCS XapaKTePUCTUKAMU KOHTPOJIbLHOIO CO-
craBa. [1py 3TOM BBeIeHME TEXHUUYECKOM CEepPhbl B KOJIM-
yectBe 10 10% obecrieunBaeT MOBBIILIEHUE COITPOTHUBIIE-
Hust 6ojiee yeM Ha 20% 1O CpaBHEHUIO ¢ KOHTPOJIbHBIM
coctaBoM. B cBolo odepenb, CileayeT OTMETUTb, YTO
JajbHelllee MOBbIIEHNE KOHLIEHTPALIMU TEXHUYECKOM
cepbl MPUBEAET K MOBBIIICHUIO MEXaHUYECKON MPOYHO-
CTU UCKYCCTBEHHOTO KaMHSI, 3TO MOATBEPXKAAETCS aHa-
JIOTUIHBIMU UccienoBanusmu [40].

PocT nnpoyHocTH 00YCIOB/IEH YCIOBUSIMU XUMUYECKO-
TO B3aMMOJCHCTBUSI MEXIY Pa3TUIHBIMU PEaKIIMOHHO-
CITOCOOHBIMU TTOJIMMOPGHBIMUA MOAU(DUKAIIUSIMUA CEPBI,
00pa3yroIIMMHUCS B pe3yJibTaTe Iepexo/a O-cephl B 3-cepy
IIpY €€ TEPMOAKTUBALIUM, C OCHOBHbIMM KOMIIOHEHTAMM
(dropanruapura. Takke HEOOXOIUMO OTMETUTD, YTO POCT
(GU3MKO-MeXaHMUYeCKUX IoKa3aTeieil Marepuaia o0y-
CJIOBJIEH 00pa30BaHUEM TTOJIMMEPHON Cephl P TOJIUME-
pu3aluy B TEMIIEpATYpHOM AuanasoHe ot 70 go 206°C,
SKCTPEMYM 3TOro Ivka Habmomaercs npu 189°C, sHep-
TUsl Iepexo/1a CooTBeTCTBYET AEy — 19,35 JIxk/T.

[Ipu cpaBHEHUU MUKPOCTPYKTYPbl KOHTPOJIBLHOIO U
MOIUMUIIMPOBAHHOTO 00pPa3L0B YCTAHOBJIEHBI IIOT-
HbIe, OHOPOAHbIC 00pa30BaHUs B CTPYKTYpe MOoaudu-
LIMPOBAHHOI'O MCKYCCTBEHHOIO KaMHSI, IIPU 3TOM OTME-

Puc. 1. Cxema pacnosioxeHuns an1eKTpoaoB
Fig. 1. Layout of the electrodes

45
40
35
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25
20
15
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Rox, MlMa

KoHTponb D1 b2 d3 D4
JKcnepriMeHTasbHbIE COCTaBbI

Puc. 2. Mpo4yHOCTb MOANPULMPOBAHHBIX M3AENNIA HA OCHOBE (pTOpaHrna-
pvTa Ha 28-e cyT (3HayeHne koaddurumeHTa BapmaLmm npu onpeneneHmm
NPOYHOCTM cocTaBuno V=4,1%)

Fig. 2. The strength of modified products based on fluoroanhydrite on the
28! day (The value of the coefficient of variation in determining the strength
was V=4.1%)
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Puc. 3. NameHeHne koaddurumeHTa pasmsaryeHns o6pasuoB KOMMNO3nLm-
OHHOro MaTepuana

Fig. 3. Change in the softening coefficient of composite material samples

YaeTCs MOBBIIIEHHAs aATe3Usi aHTUAPUTOBOM MaTPUIIHI K
TMOJTUMEPHOMY KOMITOHEHTY.

CTpyKTypHbIe U3BMEHEHUS TIpeJiCTaBIeHbl Ha pucC. 5,
aHaIU3 MOIUMULIMPOBAHHOIO 00pa3iia BhISBUI (hopMU-
poBaHue aMOpP(HON U MJIOTHON CTPYKTYPHI, B KOTOPOi1
coziepxkaHue KpUCTAITNIEeCKOU (pa3bl, XapaKTepHOU ISt
TUIPATUPOBAHHOTO (DTOPAHTUAPUTA, MPAKTUYECKUA OT-
cyrctByet. [IpencraBieHHast Ha puc. 6 SHEPTOAUCIIEPCU-
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Puc. 4. BnusHue konnyecTsa BBOAMMOM A06GABKN Ha BENNYUHY YAENbHOro
06BEMHOr0 CONPOTUBNEHNS

Fig. 4. Influence of the amount of additive introduced on the volume
resistivity value

KoHTponb

OHHAasl PEHTTEHOBCKasl CIIEKTPOCKOIMSI C KapTUPOBaHU-
€M KOHTPOJIbBHOTO M MOAMMDUIIMPOBAHHOTO 00pa3IioB
(coctaB ®4) ¢ NMPUBI3KON K aHATU3UPYyEeMOH 00JIacTH
JMIEMOHCTPUPYET M3MEHEHUS KOMIIOHEHTHOIO COCTaBa.

DJIeMEHTHBIN COCTaB MOKA3bIBACT MOBBIIIEHHYIO UH-
TEHCUBHOCTb COJEPXKAHMS CePbl, UTO MPEATIOI0KUTETb-
HO CBUIIETEJILCTBYET O €€ CTPYKTYpPUPYIOUIei pojid B
MOIGUIUPOBAHHOM COCTaBe.

Anamu3 MK-crieKTpoB KOHTPOJBHOIO M MOIU(DHUIIN-
POBAaHHOTO COCTABOB ITOKa3aj (puc. 7), YTO NIPU BBEICHUU
MOIU(ULIMPOBAHHON TEXHUUYECKOUW cephbl HaOI0gaeTCs
M3MEHEHHUE XapakTepa MMKOB OCHOBHBIX (DYHKIIMOHAIb-
HBIX TPYIII, BKJIIOYAs yBEIMYCHUE MHTEHCUBHOCTH U TLJIO-
1AM TTUKa, OOYCIOBJIEHHOTO KOJNIEOAHUSIMU CYTh(haTHBIX
¥ CHJIMKATHBIX TPy B MHTepBase 1000—1300 cm™!.

Ha mepuBaTorpaMme KOHTPOJIBHOTO obpasia (puc. 8,
u3oTepMbl 1 U 2) oTMeueH JBOMHOI 3HAOTEPMUUYECKUIA

addexr 195 u 221,5°C, xapakTepHbIid IS yoaJIeHUS
KPUCTAUIM3AIIMOHHON BOIBI, a TakKXkKe SHIOTepMUYEC-
ckmit adpderr 848,5°C, 00yCIOBICHHBINA MpOIEcCcCaMU
pa3I0XXeHHs KaJbliuTa Ha OKCUI KaJbLIMS U YIICKUCbII
ra3, YaCTUYHOM AMCCOLMALINHU CYIb(aTa KaJbIns U HU3-
KOOCHOBHBIX TUAPOCUIMKATOB KaJblIMsI B HE3HAUUTEIb-
HoM obbeme. DpdekThl B oomactu 420—470°C cBsg3aHbI
C TIEPEeCTPONKOI KPUCTAITMIECKOM PEIIeTKHA ¢ 00pa3o-
BaHUEM HepacTBOPUMOro aHruapura. DTopaHrUApUT,
B CBOIO OuYepe/b, MPEACTABIEH COUeTaHNEM aHTUIPUTA,
KapOoHaTa KaJblLMs U TUIIca.

[pu monudukaumu propanruaputa 10% (puc. 8, nzo-
TepMbl 3 1 4) TEXHUUECKOI cepoii OTMEUEH HEe3HAYUTE/Ib-
HbIN 3HI03DdheKT B ooaactr 90—150°C, cBsI3aHHBIN ¢ 13-
MeHeH1eM (ha30BOT0 COCTOSTHUST CEPhI, a UMEHHO Tiepexoa
n3 anbda- B 0eta-popmy. OTMEUEH CABUT TEMIIEPATYpHI,
COOTBETCTBYIOIINH YIaJICHUIO KPUCTAUT3AIIMOHHOM BOIBI
10 196,5 u 225°C COOTBETCTBEHHO, YTO KOCBEHHO IIOMI-
TBEPXKIAeT M3MCHCHUS YCJIOBUM THApATALMKM (hTOPAHTH-
JIpUTa B CTOPOHY YCKOPEHMUS U TTOJTHOTHI POTEKAHUS peaK-
mun. CUIBHBIA 3K30TepMHUYecKuii 3¢p@eKT B obJacTh
Ttemrrepatrypbl 340—370°C cBsg3aH ¢ BEITOPaHUEM Cephbl Ha
Bo3ayxe ¢ obpasoBaHueM SOy u SO3, npu 3ToM 3P dexT
TIPOSIBIISIETCS] B 3HAYUTEJILHOM 00BEME, CTJIasKMBasT COTIYT-
cTByIo1IMEe 3(MEKTHI MTEPECTPONKM KPUCTALINIECKON pe-
IIETKN BSCKYIIETO, HE TTO3BOJISISI MX MIACHTU(MDUIIMPOBATD.
Takke oTMeuyeH BHAOTEpMUUYECKUIl 3(pdekT B obaacTu
800°C, cBsI3aHHBIN C TUCCOLMALINECH CYyIb(aTa KaabIIus 1
HU3KOOCHOBHBIX TUAPOCUINKATOB KaJIBLIVSL.

Takum obOpa3oM, crieKTpaJibHbIe JaHHbIE COIIACYIOTCS
C pe3yJIbTaTaMi MUKPOCTPYKTYPHOTO aHaTN3a, CBUICTEIb-
CTBYSI O (POPMUPOBAHUY MATPULIBI TOBBIIIEHHON TUIOTHO-
CTHU, BKJIIOYAIOIIe aMopdHBIe CTPYKTYphl. M3MeHeHue
pa3MepoB ¥ MHTEHCUBHOCTH TTMKOB OCHOBHBIX BOJTHOBBIX

Tab6nuua 2
Table 2

U3mMeHeHne BONHOBBIX YUCES NPU CPaBHEHUU UH(PPaKPaCHbIX CNEeKTPOB KOHTPOJILHOro U MoAuGULMPOBaHHOIO COCTaBOB
Change in wave numbers when comparing the infrared spectra of the control and modified compositions

Non BosiHOBble 4ncna cm™!, KOHTPOJIbHbIV 06paseLl BosiHOBble Ymcna cm™!, MoanduLUMPOBaHHIN obpasel,
SO, 594,08;611,43; 679,94; 1141,86; 1118,71 611,43;671,23; 1184,29;1211,30
Cos” 1442,75; 873,5 1425,40; 875,68
-0-Si-0O- - 1095,57; 1039,63; ~700
OH" 3547,09; 3406,29; 3244,27 3604,96; 3315,63; 3246,20
Ho0 1620,21 1622,13
a b

Puc. 5. ViccnepoBaHne MUKPOCTPYK-
Typbl 006pPa3LLOB KOHTPONBLHOrO (a) u
MoavduumposaHHoro ®4 (b), npose-
[EHHOE C MOMOLLbIO PacTPOBO aneK-
TPOHHOW MUKPOCKOMUU

Fig. 5. The study of the microstructure
of the control samples (a) and the
modified F4 (b), carried out using
scanning electron microscopy
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Puc. 7. CpasHeHue NK-cnekTpoB KOHTPONLHOrO (1 — KpacHsIii) 1 MoanduLmn-
poBaHHOro obpasua (2 — 61pto30BbIit) ¢ BBeaeHnem 10% TeXHUYECKo cepbl

Fig. 7. Comparison of the IR spectra of the control (red) and modified
sample (turquoise) with the introduction of 10% technical sulfur

Puc. 8. CnekTpbl andpdepeHumnanbHO-CKaHNPYIOLLEA KanopuMeTpun: KOH-
TponbHbIN 06pasey, (1, 2), MoanduuMpoBaHHblin obpasew, P4 (3, 4)

Fig. 8. Spectra of differential scanning calorimetry: control sample (1, 2),
modified F4 sample (3, 4)

yuces /UK XapaKTepUCTUUECKUX PeaKIIMii MOATBepXKaa-
€T TUTIOTEe3y O BIMSHUM TeXHOTEHHOM T0OaBKU Ha YCJIOBUS
CTPYKTYpOooOpa3oBaHUs (hTOPAHTUIPUTA.

BoiBoabI

1. B pe3ynbTaTe mpoBeIeHHBIX MCCeI0BaHUl ObLIO
YCTaHOBJICHO, YTO KOMITO3UILIMOHHBIN MaTepHal, MOIy-
YEHHBI Ha OCHOBE TEXHUUYECKOU Cephl M (PTOPaHTUAPH-
TOBOTO BSIXYILETO, 00JIagaeT MOBBIIIEHHBIMU (DU3UKO-
TeXHUYeCKUMU TokasareasiMu. [Ipu BBegenun 10% mo-
IUOULIMPOBAHHONW TEXHUYECKON Cepbl MPOYHOCTH IPU
CXXKaTUM TIOBHIIIACTCS B IBa pa3a MO CPaBHEHUIO C KOH-

Puc. 6. CpaBHeHue pe3ynbLTaToB
3HEProAMCnepPCMOHHON PEHTIEHOB-
CKOW CMEeKTPOCKONUU C KapTUPOBaHU-
eM 061acTu KOHTPOJIbHOrO (a) wu
MoaudurumpoBaHHoro ®4 (b)

Fig. 6. Comparison of the results of
energy dispersive X-ray spectroscopy
with mapping of the area of the control
(a) and modified F4 (b)

TPOJBHBIM COCTAaBOM, KO3(POUIIMEHT pa3MsT4eHUsT CO-
crasiser 0,69%.

2. BBeneHue J00aBKM Ha OCHOBE TEXHUYECKOM Cephl
OKa3bIBACT CYIICCTBEHHOE BIMSHUC Ha (PU3NKO-XUMU-
YeCKMe CBOMCTBa MCKYCCTBEHHOIO KaMHSI Ha OCHOBE
TeXHOTeHHOTro aHTuaApuTa. CpaBHUTEJbHBIN aHAIN3 pe-
3yJbTaTOB OSHEPrOAUCIIEPCUOHHOU PEHTIeHOBCKOM
CMEKTPOCKOINUHU IOKa3aj, YTo B Mpoliecce Moauduka-
IIUU TIPOUCXOIUT (popMUpOBaHNE aMOP(HOI CTPYKTYPHI
BBICOKOI TJIOTHOCTH, BO3MOXHO, (hOopMUpYIollIeiics 3a
CUET MU3MEHEHUU YCJIOBUM TUIpaTaliu, MOATBEpPXKIac-
MBIX pe3yiabratamu MK criekTpaabHOro aHajim3a M Io-
SIBJICHUEM KoJebaHUil B 00JacTUM BOJHOBBLIX YMCel
1184,29 1 1211,30, cCOOTBETCTBYIOLINX SO%".

3. YcTaHOBJIEHO, YTO BBeACHME MOAU(DUIINPOBAHHON
TEXHUYCCKON Cephl C ITOCICAYIONICH TepMOaKTHBALIUCH
00aBKM CYIIECTBEHHO TIOBBIIIAET YIAEIbHOE 00BEMHOE
3JIEKTPUIECKOE COTIPOTUBIICHIE, KOTOPOE COCTABIIIO TSI
onTtuManbHoro coctana 35,4 kOm-cMm. Cuctema Ha OCHO-
Be (TopaHTHOpUTa 00JagAcT BBICOKMM YACIBHBIM O0B-
€MHBIM COIIPOTUBIICHUEM W SIBJISIETCS JTUDJICKTPUKOM.

4. [TonmyyeHHBIE Pe3yIbTaThI MOATBEPKAAIOT BO3MOXK-
HOCTh PaIMOHAJIBHOTO MCIIOJh30BAHUS TEXHOTCHHBIX
OTXOMIOB U TMEPCHEKTUBHOCTb TEPMOAKTUBALIMU CEPHI B
CTPYKTYPE MATPHUIIBI C LIEJBIO VIIYUIICHUS TeXHUUECKIX
XapaKTepHCTUK M PAaCIIMpPEeHUs 00JacTU TPUMEHEHUS
WU3ICINI Ha OCHOBE TeXHOTCHHOTO aHTUAPUTA.
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