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HccnenoBanue ycTaJa0CTHOM 10JITOBEYHOCTH ac(paabTO0ETOHOB,
MOAM(PUIIUPOBAHHBIX MOJIMMEPHBIMU J00aBKAMH PA3JIMYHbIX THUIIOB

) ) )

JokT. TexH. HayK, npo¢. B. A. Bepel-n,lco1 , miK. A. B. Jlageimes”, acn. P. K. Matanbcknii’

1)]5enopycc1<1/1171 HaIlMOHAJILHBIA TeXHUYeCKU yHUBepcuTeT (MuHCK, PecniyOnmka bemapych)

© benopycckuii HallMOHANBHBIN TEXHUYECKUH yHUBepcuTeT, 2018
Belarusian National Technical University, 2018

Pedepar. B craTbe nmpoananu3upoBaHO BIMSHHE HA YCTAJOCTHYIO JOJTOBEYHOCTh ac(anbToOETOHOB H00ABOK IPYIIBI TEpP-
MO3JIACTOIUIACTHl U KOMIUICKCHBIX MOJIM(HKATOPOB HAa OCHOBE TEPMOIUIACTOB. YCTAHOBJIEHBI 3aKOHOMEPHOCTH INOBEIICHUS
MaTepHaJoB BO BPEMEHH, M1 KOTOPHIX IMOTYyYCHBI OJM3KHE 3HAUCHUS (DPU3UKO-MEXaHHYECKUX CBOWCTB IPH NMPUMEHEHHH
Pa3IMYHBIX TUIIOB BSHKYIIUX M MoJupuKkaTopoB. Ha ocHOBaHMHM cTaTHCTHYECKUX U JTAOOPATOPHBIX NCCIETOBAHUN MOIYICHBI
TEOPEeTHYECKHe MapaMeTPhbl YCTAIOCTHON JONTOBEYHOCTH AJS MaTePUaIoB MOKPHITUS HOPOXKHOM ofexasl. IIpu npoBeneHun
aHanM3a o0paTHINCh K CTaTUCTHYECKMM MOKa3aTeNsiM OOBIYHBIX U MOAM(ULMPOBAHHBIX ac(hanbTOOETOHOB, KOTOPbIE MOITY-
YHJIM B TIpOIiecce MCHbITaHuil acdanprodeTonHsx cMmecedt TunoB C n A 3a nepuop ¢ 2010 mo 2016 r. Ha ocHoBanun cra-
THCTHYECKOTO aHaJIM3a COIIOCTAaBIEH WMHIEKC CONPOTHBIEHHS IUIACTHYECKHM JedopMarusM I, ¢ KOIMYecTBOM yNpyTux
CBAA3EH 1y U MPEJENIbHOM CTPYKTYPHOM MPOYHOCTBIO K. Js peanusanuu 3aja4 BTOPOro MCCIEN0BaHHs BBINOIHEHBI 12 pac-
yeroB (Ne 1-12). BrruncneHsl pacyeTHBIE XapaKTEPUCTHKH acanbToOeToHa, HEOOXOIUMBIE JUISl ONPEACNICHHUS ITapaMeTpOB
HagexHocTH. OOBEKTOM HCCIIeIOBAaHMS BHIOPAH HIDKHHMH CIIOH IBYX- WIIM TPEXCIOHHOTO MOKPHITHS Kak Hauboiee moasep-
JKCHHBII BO3/ICHCTBHIO LUKIMYECKUX PACTATHBAIOLIMX HANPSDKEHUH OT TpaHCHOPTHOW Harpysku. HeoOxomumoe [uisi BbIYHC-
JICHUH 3HAa4eHUE PACTATUBAIOIUX HANpPsKEHUH G mpu pacderHod Temmeparype 0 °C NpUHATO Ha OCHOBAaHMM IPOBEICH-
HBIX PACYETOB METOJO0M KOHEUHBIX JJIEMEHTOB, II€ BBIBICHO PacIpee/ICHUE HANIPSKECHUH 110 TONMIMHE KOHCTpYKIUH 20 cM
OT Harpy3ku 4,. I1o nosrydeHHBIM pe3yabTaTaM CICJIaHbl COOTBETCTBYIOIIUE BHIBOBL.

KnroueBbie ciioBa: achanbToOETOHBI, YCTAIOCTHAsI AOJITOBEYHOCTD, MOJIUMEPHBIE H00aBKH, MOAMGHUKATOP, TEPMOILIACTEI,
JOPO>KHAS OIEK A

Jas uutupoBanusi: Bepensko, B. A. VccienoBanue ycTaaocTHOH IOATOBEYHOCTH ac(aabToOeTOHOB, MOJU(DUIINPOBAHHBIX
HOJMMEpHBIMH J00aBkaMu pa3nudubix THIOB / B. A. Bepensko, A. B. Jlageiues, P. K. Taransckuit / Hayxa u mexuuka.
2018.T. 17, Ne 6. C. 451-457. https://doi.org/10.21122/2227-1031-2018-17-6-451-457

Investigation of Fatigue Life for Asphalt Concrete Modified
by Polymer Additives of Various Types

V. A. Veranko", A. V. Ladyshau”, R. K. Hatalski"
YBelarusian National Technical University (Minsk, Republic of Belarus)

Abstract. The paper has analyzed influence of additives representing a group of thermoplastic elastomers and complex ther-
moplast-based modifiers on fatigue life of asphalt concrete. Regularities in behavior of materials in time have been determined
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in the paper and close values of their physical and mechanical properties have been obtained while using various types
of binders and modifiers. Statistic and laboratory investigations have made it possible to obtain theoretical parameters of the
fatigue life for materials used for road dressing. The analysis has been based on statistical values of ordinary and modified
asphalt concrete and asphalt concrete mixes of C- and A-type obtained during the experiments for the period from 2010
till 2016. A statistic analysis has permitted to compare a parameter U, (resistance index to plastic deformations) with such
parameters as 7, (number of elastic constraints) and R, (threshold structural strength). 12 calculations (Nos. 1-12) have been
carried out in order to realize targets of the second investigation. Calculative characteristics of asphalt concrete required for
determination of reliability parameters have been estimated in the paper. A bottom layer of two- or three-coat pavement has
been selected as an object of the investigation due to the fact that it is more often subjected to an impact of cyclic tensile
stresses caused by a transport load. The required value for calculation of tensile stresses ¢ at calculated temperature 0 has
been accepted on the basis of executed estimations while using finite elements method and distribution of stresses has been
determined along structure with 20 cm thickness due to load 4,. Corresponding conclusions have been made in accordance
with the obtained results.

Keywords: asphalt concrete, fatigue life, polymer additives, modifier, thermoplastics, road dressing

For citation: Veranko V. A., Ladyshau A. V., Hatalski R. K. (2018) Investigation of Fatigue Life for Asphalt Concrete Modi-
fied by Polymer Additives of Various Types. Science and Technique. 17 (6), 451-457. https://doi.org/10.21122/2227-1031-

2018-17-6-451-457 (in Russian)

BBenenne

B ycrnoBHsX MOCTOSHHOTO MOBBIIIEHUS! HHTCH-
CHUBHOCTM BO3JECHCTBUN U KOJIECHOW Harpy3ku
TPaHCIOPTHOTO MOTOKA MPH HMPOEKTUPOBAHUHU JO-
POXKHBIX O BCE CIOKHEE 00eCTeunTh Tpedye-
Mbl€ 3HaUY€HHs HaJe)KHOCTH U JOJIFOBEYHOCTH Ma-
TEpUaANIOB KOHCTPYKTHBHBIX ClOEB. B dacTHOCTH,
achanpToOETOH, MPUTOTOBICHHBIN TPATUIIMOHHBIM
crocoboM, B psifie ciiydaeB HE MOXKET OOEecCIeuuTh
TpeOyeMyto MPOYHOCTh U Ae()OPMATUBHOCTH 1O Ka-
KOMY-JIMOO KpUTEpUI0 MNpo4HocTd. s pereHust
yKa3aHHOW MpoOJIeMbl B HACTOSIIEE BPEMSI B MUPO-
BOH M OTEUECTBEHHOW MpPaKTHKE B ac(aibToOeTOH-
HBIX CMECSX NPUMEHSAIOTCS MOIAU(HUKATOPBI, KOTO-
pble pa3IMyaoTCs 10 cnocol0y BBEIECHHS B CMECh, 10
CBOEMY COCTaBY M (PYHKIIMOHATLHOMY Ha3HAYCHHIO.

B crarbe mpoaHaIM3MpOBaHO BIMSIHUE Ha ycTa-
JIOCTHYIO JOJITOBEYHOCTh ac(aibTOOETOHOB J100a-
BOK I'PYIIIBl TEPMOAJIACTOILIACTOB U KOMIUIEKCHBIX
MOAU(HUKATOPOB HA OCHOBE TEPMOIUIACTOB.

TepmosnacTomiactel — MOIU(PUKATOPBI, YIIyd-
IAOIIHE MACTUYHOCTh ac(abTOOCTOHOB MPH HK3-
KUX TeMIlepaTypax M BS3KOIUIACTHYECKHE CBOWCTBA
IpU BBICOKUX Temmepatypax [1, 2]. K ganHoit rpym-
1€ OTHOCSTCS conoauMepsl ctupoina: Cb — ctupon-
OytanueHoBbiit cononumep, CBC — crupon-Oyra-
JMEH-CTUPOJILHBIN COTIONMUMED U T. II.

TepmoruacTel — IOJUMMEPHbIE MaTepUAIbL,
CHOCOOHBIE OOpaTHMO NEPEXOIUTh NPH HarpeBa-
HHUM B BBICOKOJIACTHUYHOE JINOO BSI3KOTEKydYee CO-
crosane. K mannoii rpymme otHOcATcs: OBA — atu-
neHBuHMNanerar, OMA — JSTUIeHMETWIaKpuiarT,
AIIII — araktrueckuii momumnpornieH, 119 — momu-
stune, 110 — nommonedunst [3, 4].
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Ha ocHoBanum cratucTHyeckux u Jaboparop-
HBIX MCCIIEAOBAHUM TOJyYeHBl TEOPETUUECKHE Ma-
paMeTphl YCTAIOCTHOW JIOJTOBEYHOCTH JUISI MaTe-
pHAIOB TOKPBITHS AOPOXKHOW ofexapl. OcobeH-
HOCTBIO JJAHHOTO MCCIIEIOBAHMS SIBISETCS TO, UTO
W3y4YeHBI TapaMeTphbl JONTOBEYHOCTH Ui achab-
TOOETOHOB, MPUTOTOBJICHHBIX Ha Pa3UYHBIX JI0-
0aBKax, KOTOpbIE UMEIOT OJIU3KUE (PH3UKO-MEXaHH-
yeckue nmapametpsl o CTh 1033-2016 [5].

[Mon ycTranocTHOI AONTOBEYHOCTHIO achanbTo-
0eToHa MMOHMMAETCSI €r0 YCTOHYMBOCTH Ha MPOTS-
JKEHUU PACUETHOTO CPOKa CIY»KObI K BO3JACUCTBHIO
MOBTOPHBIX HArpy30K B IMUPOKOM TEMIIEpPaTypHO-
BPEMEHHOM I10JIe, KOTIa MaTeprall POSIBIISIET BECH
KOMIUIEKC PeoJIOTHIeCKUX CBOMCTB [6—8]. Ecmu mo
JAHHOMY TapaMeTpy JOJITOBEYHOCTh HE oOecrie-
YeHa, TO Ha TOKPBITHH BO3HUKAIOT YCTalOCTHEIC
negopManyy B BUAE OTHEIBHBIX TPELIUH U CETKH
TPEUINH, O0YCIOBICHHBIX HAKOIUIEHHEM B CTPYK-
Type Matepuaia moBpexmaaeMoctu (puc. 1).

,.
/4

Puc. 1. O6muii BUA yCTaIOCTHBIX pa3pyLIeHUH

Fig. 1. General view of fatigue failure

OcHOBHbBIE MOJIOKEHUA TEOPHUH

s Toro 4ToOBI MOKA3aTh 3aBUCHMOCTH yCTa-
JIOCTHOW MTONTOBEYHOCTH ac(haapbToOEeTOHa M OIle-

W Hayka
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HUTHh €r0 YCTOWYHBOCTH K YCTAJIOCTHBIM TPEIIH-
HaM corjiacHo rumotese [1, 9], Hago 3HaThH Beu-
YUHY HaIpsDKEHWS, TMPHUXOJANIYIOCS Ha YIpyTHe
CBSI3H Gy M MAaKCHUMaJbHYIO CTPYKTYypHYIO IpOY-
HOCTb R.. 3HaueHue G, onpesengercs no Gopmyie

o, =on,, (D)
e G — YPOBEHb HANPSDKEHUSI OT TPAHCIOPTHOM
HAarpy3KH, 3aBUCSIINI OT KOHCTPYKIUU JTOPOKHOM
OCKIbl W MOJIYNA YNPYroCTH MaTepuana Ipu
pacyeTHOM TeMIepaType; 1, — YUCIIO BOBICUEHHBIX
B TIporiecc NeOpPMUPOBAHHS YIIPYTUX CBSA3CH MpH
pacueTHOM TeMrmeparype.

B pe3ynbpTaTe BBINOTHEHHBIX aBTOPAMH CTaThH
UCCIEAOBAHUM YCTAaHOBJICHO, YTO LIMKJIMYECKAs
(ycranocTHast) JOJNTOBEYHOCTh Marepuaia B JO-
POKHOU OAEKJIE C JOIMYCTUMOUN CTENEHBIO TOYHO-
CTH OYIET OIpEeNeNsTbCA SMIUPUUYCCKON (PopMy-
JI0i1 BUAA

m

N=4 R, , 2)

Gny

rae A, m — SMIUPHUYECKHE TapaMeTpsl, ompere-
JICHHBIE DKCIEPUMEHTAIbHO; R, — TMpelenbHas
CTPYKTypHasl MPOYHOCTh MaTepHala; G — MaKCH-
MaJbHOE paCTATHUBAIOIICE HANpsSHKEHHEe B KOH-
CTPYKTHUBHOM CJIO€, BO3HHUKAWOIIEE OT ACUCTBUS
TPaHCIOPTHOM HArpy3KH; 7y — MapaMeTp, Xapakre-
PU3YIONIUN KOJWYECTBO YIPYTHUX CBSI3€i, BOBIIe-
YEHHBIX B Mpoliecc Ae(GpopMUpOBaHus, ONpeneise-
MBIt 110 hopmyiie:

e (3)

E,, R, — Momynb yIpyrocTu U IMpOYHOCTH ac(aib-
TOOETOHA TPU KOHKPETHBIX YCJIOBHAX JEHCTBUS
Harpy3ku u temmneparypsl, Mlla; E., R. — Makcu-
MaJIbHO€ 3HAa4YeHHWE MOAYJIS pejlakcalud W Ipouy-
HOCTH BO BCEM JHara3oHe TeMIIepaTypbl U CKOPO-
cTH (BpemeHH) aeiicTBusi Harpysku, Mlla; n —
napameTp, 3aBUCSIIUI OT CBOHCTB (THIIOB) Mare-
puana (st acganbToO6eTOHOB, IPUMEHSIEMBIX B Pec-
nmyonvke benmapycs, npuanMaeTcs paBabiM 0,80).

[Ipu HEOOXOOUMOCTH CpaBHEHHUS Pa3IMYHBIX
MaTepuajoB MOXKHO ONpeAessITh KO3 UIHUEHT
3amaca IMpoYHOCTH 110 hopmyIe
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II
Rc

I
on

N D, 4)
RI
CI

Gl’ly

rie uHaexc | — 6a30Bble XapaKTEPUCTUKHU IS Ma-
TepHaJIoB Pa3IMUHBIX CloeB; uHaekc 11 — mapamer-
PBI HCCTIEyeMOTo MaTepUana.

B kauecTBe 6a30BBIX XapaKTEPHUCTHK JUIA pac-
YeTOB TPHHHUMATH CPETHECTATHCTHYECKUE 3Ha-
YeHMS MAPaMeTPOB IS HEeMOAU(HUIMPOBAHHBIX
acanproberonos: n, = 0,50; R. = 4,80 MITa.

Ipu HEOOXOMMOCTH OTIPEICIICHHUS HAICKHOCTH
MU JIOJTOBEYHOCTH MATEpUANiOB KOHCTPYKTHBHBIX
CIIOGB B TIPAaKTUKE TPOCKTHPOBAHUS JIOPOMKHBIX
OJISXKII, MUCTIONB3Ys KO3 (PUITMEHTHI 3amaca MpoYHO-
ctu 1o meroauke TKIT 45-3.03-3—2004 [10], MoxxHO
BBIYMCIIMTH YPOBHU HAJIS)KHOCTH U PACUETHBIC CPOKU
CITyOBI MaTepHaa 10 pa3pyIicHHUs.

Xoa ucciaenoBaHus

Ha ocHoBaHuu npemsioxKEHHOW METO0JIOTHU
OIIEHKH HaJeKHOCTH WU JIOJTOBEYHOCTH ac(haibTo-
OCTOHHBIX cMecell paccMOTpuM 3PHEKTHBHOCTD
MoauduKanuu acharbTOOETOHHBIX CcMecel pas-
JIUYHBIMH CITIOCOOAMH.

HccnenoBano, kak W3MEHSIOTCA HAAEKHOCTD
M JTONTOBEYHOCTH ac(anbTOOETOHHOTO CIOS, €CIH
€ro ycTpamBaTh U3 acarbTOOCTOHA OIHOTO THIIA
u mapku no CTB 1033-2016 [5], ana xoToporo
JOCTUTHYT OJUH M TOT € I0Ka3aTellb CABUIO-
YCTOWYHMBOCTH IIyTEM MPUMEHEHUS OOBIYHOTO
OouTymMa, MomMMUITUPYIOMEH T00aBKM Ha OCHOBE
TEPMOIUIACTOB W MOAW(HUIMPOBAHHOTO TEPMOAJIa-
cromiactamMu 6utyma. To ecth HEOOXOUMO yCTaHO-
BUTh 3aBUCHMOCTh, KaK MOXXET OTIMYaThCs paboTta
acambTobeTOHa, AT KOTOPOTO JOCTHTHYTHI OMHA-
KOBBIE (PM3NKO-MEXaHMYECKHE CBOWCTBA COTJIACHO
NEWCTBYIONMM HOPMATWBHBIM JIOKYMEHTaM, IIpH
WCIIOJTh30BAHUH BSOKYIIUX PA3JIMYHOTO THIIA.

CornacHo uznoxkeHHoit B [10] meTtomonoruu,
MOJKHO BBIACTUTHh (DU3UKO-MEXaHUYECKHE CBOM-
cTtBa ac(ampTo0ETOHA, OMPENETMIONINE €r0 pac-
YEeTHBIE CPOKH CITYKObI M yPOBHH HAJCKHOCTH:

(° —yroll BHYTPEHHErOo TPEHUs (WCTONB3yeTcs
B pacyeTe Mo KPUTEPHIO CABUTOYCTOWIHBOCTH);

C — BHyTpeHHee cueruieHne marepuana, Mlla
(ucmonp3yeTcss B pacueTe MO KPUTEPHUIO CIIBUTO-
YCTONUNBOCTH);
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R. — npenenwHas cTpyKTypHasi mpoyHocTs, Mla,
XapaKTepU3yeT MaKCUMaJIbHBIH ypOBEHb IPOYHO-
CTH MaTepHajia BO BCEM JAuama3oHe TeMIeparyp H
CKOpPOCTEH HarpyXeHuss W LUKINYECKYIO IOJTOo-
BEYHOCTh B YIPYrol cTaauu (MCHOJb3yeTcs B pac-
YyeTe 0 KPUTEPUI0 YCTOMUMBOCTH K YCTaJOCTHBIM
U TEMIIEPATyPHBIM Pa3pyLICHUSIM);

Ry — IpOYHOCTh Ha pacTsDKEHUE IPH TeMIlepa-
type 0 °C, Mlla (ucmonb3yeTcsi B pacuere 1mo Kpure-
PUI0 YCTOMYMBOCTH K TEMIIEpaTypHbIM pa3pyLie-
HUSIM);

1y — IapaMeTp, XapaKTePH3yIOLUHHA KOJTHYECTBO
YIOPYTHX CBS3€H, BOBJICUCHHBIX B mporuecc aedop-
MHUPOBaHUs, ompenensieMblit o ¢opmyne (3) (uc-
MOJB3YeTCsl B pacueTe MO KPUTEPHIO YCTOMYHBO-
CTH K yCTaJIOCTHBIM pa3pyIICHUSIM);

Kyups — KOOQQHUIUEHT MOpPO30CTOMKOCTH, Xa-
paKkTepu3yeT YCTOHYMBOCTh MaTepHaja K Iomepe-
MEHHOMY 3aMOPaXMBAHUIO-OTTaUBaHUIO (KCIIOJIb-
3yeTcs B pacdeTe MO KPUTEPHUIO YCTOHUMBOCTH K
KOPPO3UOHHBIM Pa3pyLICHHUSIM).

[Ipu nmpoBeneHnyu aHanm3a 0OpaTHUMCS K CTaTH-
CTHYECKHM TOKa3aTessiM OOBIYHBIX U MOIU(HLIHU-
pOBaHHBIX ac(hambToOETOHOB, KOTOPHIE OBLTH TO-
Jy4eHbl TIPU HCHBITAHUAX ac(aabTOOCTOHHBIX
cmecett TamoB C u A 3a mepuoz ¢ 2010 o 2016 1.
Ha ocHoBaHMM CTaTHCTHUECKOTO aHAIN3a COTMOCTAB-
JIeH MHAEKC COMPOTHBIICHUS TIACTUYECKHM Aedop-
MaiusaM My, ¢ KOIMYEeCTBOM YNpPYrMX CBs3el ny
U TIpeJIeNbHON CTPYKTYpHOM Mpo4HOCThIO R.. Ilo-
Jy4EeHHbIE CTATUCTUYECKUE 3aBUCHUMOCTH IIpel-
CTaBJICHBI HA pHC. 2, 3.

0,55
7
[ 400051 | B

050 +- NEBREEE L L

|
-~ 3.00;047
g_ 0,45 /1'193:::6
o [
(% y..-—-
% 0‘40 jERREN __d N'J&a
c 000,

=}
w
il

0,30 it ey
050 1,00 1,50 2,00 2,50 3,00 3,50 400 450 500

MHaekc conpoTusnexus nnactnyeckum gedopmMaumsam Uq,

Puc. 2. Cratuctrueckast 00paboTka CX0IUMOCTH
mapameTpoB 71y ¥ U,,: —— — MOZU(UIUPOBAaHHBIH OUTYM;
— Moaubuuupyomas 106aBka;

—— — OOBbIYHEIH OGUTYM

Fig. 2. Statistical processing of parameter convergence 7,
and U,,;: —— — normal bitumen; —— — modifying additive;
—— — modified bitumen
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[Ipu nccnenoBaHUM MPUHATHI CIICIYIONTHE 3HA-
YEHUSI HUHACKCAa COMPOTUBJICHUS IUIACTUYECKUM
nepopmammsaim: U = 1,0, U2, = 2,0; 1, = 3,0;
I/Ifm =4,0. Jna npuBeaeHHbIX 3HaueHul U, mo
CTATUCTUYECKUM 3aBHCHMOCTSIM OBLIM Ompeee-

HBI XapaKTEepHBIE MapaMeTpel R U ny 1 pa3iand-
HBIX THIIOB BSDKYIIIHX.

E

o
[7.)
=

o
3

5,50 -

g

MpenenbHas CTPYKTypHas NPoYHOCTb R

4.50 1 L L L -~ L 1 L 1 L L L 1 1 L L '
0,50 1,50 2,50 3,50 4,50

MHaekc conpoTuBneHus nnactmdeckum gecopmaumam Un,

Puc. 3. Cratuctudeckast o0paboTKa CXOAUMOCTH
napameTpoB R u 1, (0603HaueHus Te ke, 4To Ha puc. 2)

Fig. 3. Statistical processing of parameter
convergence R, and U, (designations are the same
as in fig. 2)

Jns peanmuzanmm 3agad BTOPOTO HCCIIEIOBAHUS
BeIMOJIHEHB! 12 pacueroB (Ne 1-12). PacuerHsbie xa-
pakTepucTuKy acarprodeToHa, HEOOXOIUMBIE IS
oIpesieNieHus TapaMeTPOB HaJeKHOCTU U JOJITOBEY-
Hoctu o Metoauke TKII 45-3.03-3-2004 [4], ompe-
JIEJICHbl UCXOJ W3 BBIOpaHHBIX 3HadeHuit U, R.
u ny. ITapamerpel @ 1 C HaXOJUIM HA OCHOBaHUH
3Hauenuit U, cormacio CTh 1115-2013 [2]. Be-
TuuuHa R, ompeleneHa mepecyeToM Mo (opmy-
1e (3) Ha OCHOBaHUM 3aJ]aHHBIX 3Ha4eHUH R, U ny.
KoadpuuueHT MOpo30CTOMKOCTH Ky, BEIYMCIIAIH
[0 SMIHUPUIECKONH 3aBHUCHMOCTH, TIPEICTaBICH-
HO¥ B [7, 8], Ha OCHOBaHMM 3aJaHHBIX 3HAYCHUHN R,
u Ry npu OIMHAKOBOM BOJOHAchIIcHUU. Pacuer-
HBIE XapaKTePUCTUKH CBEICHBI B Ta0. 1.

OOBEKTOM HCCIIEAOBAHMS BBIOpPAH HWKHUH
CIJIOH JIBYX- WJIM TPEXCIIOMHOTO MOKPHITHA (pHC. 4)
Kak HanOoyee MOJBEp)KEHHBIN BO3JCHCTBUIO ITUK-
JMYECKUX PACTATUBAIOIINX HANPSHKEHUH OT TpaHc-
MIOPTHOW Harpy3KHu.

Hayka
urexHuka. T. 17, Ne 6 (2018)



Civil and Industrial Engineering

Tabauya 1
PacuyeTHble XapaKTePHUCTHKH MaTepHAaJIOB
Design characteristics of materials
Ne /i Tun BsOKyLIEro u,, R, ny o) C Ry w Kyps
1 OObI4HBI OUTYM 1,00 4,61 0,36 | 41,00 | 0,18 2,04 2,00 0,63
2 Moaudumupyromas gobaBka (TepMOILIACT) 1,00 4,76 0,36 | 41,00 | 0,18 2,10 2,00 0,63
3 MoaunduirpoBanHblii Outym (Tepmoasacromiact) | 1,00 4,87 0,36 | 41,00 0,18 2,15 2,00 0,63
4 OObI4HBI OUTYM 2,00 4,77 0,42 | 41,00 | 0,36 2,38 2,00 0,61
5 Moaudumupyrommas gobaBka (TepMOILIACT) 2,00 4,99 0,40 | 41,00 | 0,36 2,40 2,00 0,62
6 MoaunduirpoBanHblii OuTym (Tepmoaracromiact) | 2,00 5,10 0,38 41,00 0,36 2,35 2,00 0,62
7 OObIYHBII OUTYM 3,00 5,01 0,47 | 41,00 | 0,54 2,74 2,00 0,60
8 Moaunduiupyromias 106aBka (TEpMOILIACT) 3,00 5,31 0,43 41,00 0,54 2,70 2,00 0,61
9 MoauduiupoBanHblil 6utyM (Tepmoanacromiact) | 3,00 5,52 0,40 | 41,00 | 0,54 2,65 2,00 0,61
10 OObI4HBI OUTYM 4,00 5,32 0,51 41,00 0,72 3,10 2,00 0,58
11 Moaudumupyromas go6aBka (TepMOILIACT) 4,00 5,74 0,46 | 41,00 | 0,72 3,08 2,00 0,60
12 MoaunduirpoBanHblii Outym (Tepmoaracromiact) | 4,00 6,14 0,41 41,00 0,72 3,01 2,00 0,61

Puc. 4. ViccnenyeMblil KOHCTPYKTUBHBIH €10H

Fig. 4. Investigated structure layer

HeoOxonumoe Juisi pacueToB 3HaYEHHE PaCTsi-
TUBAIONINX HANPSHKCHUNW G MPH PAcueTHOW TEeM-
nepatype 0 °C, pasHoe 0,99 MIla, npunsaro Ha oc-
HOBAaHHHU MPOBEJICHHBIX PACYETOB METOJIOM KOHEY-
HBIX DJIEMEHTOB, IJie ObLIO BBISBICHO pacripejielie-
HUE HANPSHKEHUH TI0 TONMIIMHE KOHCTPYKIwH 20 cM
oT Harpy3ku A,. Xapakrep aeGopMHpOBaHUS MO-
JIelld TIOKa3aH Ha PUC. 5, dIopa pacripeieneHust
pacTATHBAIONIMX HANPSHKCHUI — Ha puc. 6.

Puc. 5. Xapakrep nehopMUpOBaHUS MOJCIN

Fig. 5. Nature of model deformation

P Hayka
wTexHuka. T. 17, Ne 6 (2018)

Puc. 6. Dmopa pacnpeneneHus pacTATUBAIOIUX HAPSKSHUI

Fig. 6. Diagram of tensile stresses distribution

Pe3yabTaThl pacueToB

PesynmeraTel ompenmeneHuss 4YacTHBIX (P—Pj)

1 00mmuX (Pysy) YPOBHEH HaICKHOCTH, PACUYCTHBIX

cpokoB cimyx0bl (T;;) HCCIeayeMOoro ciosl Aams
BCEX PacueTOB CBEJCHBI B Ta0II. 2.

Tabauya 2

PesyabTatel onpenejenust K03ppuuueHToB
3anaca NPOYHOCTH U YACTHBIX YPOBHelH Ha/le:KHOCTH

Results of determination
for safety factors and partial reliability levels

Ne n/m P, P, Py P, Poou Ten
1 0,10 0,76 0,98 0,98 0,52 1
2 0,10 0,76 0,98 0,98 0,52 1
3 0,10 0,76 0,99 0,98 0,52 1
4 0,44 0,56 0,87 0,98 0,68 3
5 0,44 0,63 0,97 0,98 0,72 4
6 0,44 0,69 0,99 0,98 0,74 5
7 0,78 0,40 0,71 0,97 0,68 3
8 0,78 0,53 0,97 0,98 0,79 7
9 0,78 0,63 0,99 0,98 0,83 9
10 0,94 0,30 0,64 0,97 0,65 2
11 0,94 0,43 0,97 0,97 0,79 7
12 0,94 0,59 0,99 0,98 0,86 10
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PacuerHble 3HAa4YCHUST CPOKOB CIYXObI yKa-
3BIBAIOT Ha MOSBJICHHUE YCTAIOCTHBIX Acdopmarmii
B paMKax JaHHOTO YPOBHS HaJCKHOCTH.

[IpoBeneHHOE HCCeI0BaHUE TTO3BOJUIO BBI-
SIBUTh CBSI3b MEXY (U3UKO-MEXaHHUSCKUMU CBOM-
ctBamu acdanproderona (M., R., ny) m ero
CPOKOM CIYXOBI 10 TOSBJICHUS nmedopMaruii
YCTaJOCTHOTO Xapakrepa. Pe3ynbTaThl, BBIYKC-
JICHHBIC Ha OCHOBaHWM 00PabOTKHM JAaHHBIX pac-
getoB Ne 1-12 (tabm. 1, 2), cBeaeHsI B Tab:. 3, a 1mo-
JyYCHHBIE 3aBUCUMOCTH OTOOpaXXSHBI Ha PHC. 7.
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PacueTHsIif cpok 10 OSBICHUS
YCTaJNIOCTHBIX TPEIWH gy, JTET
o o
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/ 3
.

1,0 15 20 25 30 35 40

WHieKC CONPOTUBIIEHNUS TIACTUYECKUM Jedopmarusam Wy,

Puc. 7. VI3MeHeHHE CPOKOB CITyKOBI TOKPBITHS:
—— —acdanbTo0eTOH Ha 0OBIYHOM OUTYME;
—— — achanbTOOETOH Ha MOAUMDUITHPYIOIICH
nobaske (TepMoIIIacT); —— — acaabTo0eTOH
Ha MOAU(HUIMPOBAHHOM OUTYME (TEPMOIJIACTOILIACT)

Fig. 7. Change in service life of pavement: —— — asphalt
concrete on normal bitumen; —— — asphalt concrete
with modifying additive (thermoplast);—— — asphalt concrete

with modified bitumen (thermoplastic elastomer)

WuTepecHbIM SBISETCS HaTMYUE JKCTpEeMyMa
TIOBBIIIICHHUS CPOKA CITY>KOBI OT TTOKa3aTelsl YCTOM-
YHUBOCTH K IUTACTHYECKMM aedopmanusM (puc. 7),

YTO 3aMETHO KakK JUIs TPAJUIMOHHBIX acdaabTode-
TOHOB, TaK ¥ JUII MOIU(PHUUUPOBAHHBIX. CBS3aHO
3TO C T€M, YTO C POCTOM YCTOMYMBOCTHU K IIACTH-
4eckuM Je(opManusiM MOKET CHHXKATBhCS TeMIIe-
parypHas TpPENIMHOCTOMKOCTh M, KakK JIOKa3aHO
HAIMMH HCCJIEJOBAaHUSMHU, YCTaJIOCTHAsl JOJITO-
BEYHOCTb.

AHa/n3 TONyYEHHBIX PE3YNbTaTOB IO3BOJISIET
C/IeNaTh CIEeTyIONIE BHIBOJIBI.

1. IoBpllIeHHe MHIIEKCA CONPOTUBIICHUS IUIA-
cTrueckuM aedopmanusM Ui acaibToOETOHOB
Ha OOBIYHOM OWTyMe TO3BOJUT YNYYIIUTH Xapak-
TEPUCTHKH TOKPBITHS TOJBKO MO YCTOHYUBOCTH K
CIABUTOBBIM Je(hopMaInsiM, OJTHAKO yCIOBHS pado-
THI [0 OCTAIbHBIM KPUTEPHUSIM YXYIIATCS, U TTOCIIe
ompeneNeHHOro 3HadyeHus: napamerpa U, (B uc-
ciegoBaHu paBHO 3,0) IOJTOBEYHOCTH YMEHB-
IIATCA.

2. Monudukanus achanprodeToHa qo0aBKaMu
Pa3IMYHOTO THIIA IeIeco00pa3Ha TOJIBKO MPH JI0-
CTHXXEHHU BBICOKMX 3HAuYeHHH (PU3HKO-MEXaHu-
yecKuX CBOMCTB. C TEXHHYECKOW TOYKH 3pEHHUS,
UCXOIsl W3 3HAUCHHH PACUETHBIX CPOKOB CITyXK-
Obl, OHa palMoHATbHA MOIUPUIMPYIOIIMMHU JO-
0aBKaMH TPYIIIBI
HBIMU — TIPH JIOCT)KEHUH CIICYIOIHMX TOKa3aTeneit
> 2,7-3,0;
R. > 5,3 MIla; n, < 0,46. IIpu npumMeHeHHN MOJH-
(UIMPOBaHHBIX OWUTYMOB C J00aBKaMH TIPYIIIbI
«TEPMOAJIACTOIIIACTBI» CBOMCTBA JOJDKHBI COOTBET-

(TCPMOILIACTBD?,  IOJHUMEP-

(M3UKO-MEXaHNUECKUX CBOMCTB: U,

CTBOBaTh CJICAYIONMM TpeboBanmsaM: U, > 2,7-3,0;
R. > 5,5 MIla; n, < 0,41.

Tabauya 3

ConocraBjieHne paCYeTHBIX XapaKTEPUCTHK U CPOKOB CJIY:KObI

Comparison of calculated characteristics and service life

MakcumaipHas CTpyKTypHas
npo4yHocTh R, Mlla,
Juis Marepuana Ne

Wupexc conpoTusie-
HUS [JIaCTHYECKUM

IMapamerp ny
Juis Marepuana Ne

Cpok ciryx65t T, 1€T,
Juis Marepuana Ne

nedopmarmsam U,
1 2 3 1 2 3 1 2 3
1,0 4,61 4,76 4,87 0,36 0,36 0,36 1 1 1
2,0 4,77 4,99 5,10 0,42 0,40 0,38 3 4 5
3,0 5,01 5,31 5,52 0,47 0,43 0,40 3 7 9
4,0 5,32 5,74 6,14 0,51 0,46 0,41 2 7 10

O6o3navyenns: 1 — acdanpToOeTOH Ha 0OBIYHOM OUTYME; 2 — TO XKe Ha Moaudunupyomeii nodaske (TepMoIIIacT); 3 — TO ke Ha

MOIU(PUIIPOBAHHOM OUTYME (TEPMO3IACTOILIACT).
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BBIBOJIbI

1. Cpok cayxObl (C MOMEHTa OTKDBITUS ABH-
JKEHUSI 10 TIOSBJIIEHHS YCTAJIOCTHBIX Ae(PEeKTOB B
BUJIE TPEUINH) HIKHETO KOHCTPYKTHBHOTO CIIOS
MOKPBITUSL TOPOXHOH OAEXKAbI MPH HCHOIB30Ba-
HUU acambToOeTOHAa Ha OOBIYHOM BSDKYIIEM CO-
CTaBWJI TPU roja. B ciydae mpuMeHeHus ist ipu-
TOTOBJICHUSI CMECH MOAM(DUIHMPYIOUINX TOIUMEP-
HBIX 1100aBOK M MOAM(DHUINPOBAHHBIX OWUTYMOB
pacueTHBI CpPOK CIYKObI MOXET YBETHYUTHCS
0 BockMH JieT. [lomyueHHbIe pe3ynbTaThl 00BbEK-
TUBHBI TIPH JIOCTIDKEHUH XapaKTePUCTUK achaib-
TOOETOHA, KOTOpBIE SABISIOTCS Hamboiee Xapak-
TEPHBIMU TIPH MoOJUQHUKAIUK acharbTOOCTOHOB
KOMIIOHEHTaMH Pa3IHYHBIX THIIOB (XapaKTepUCTH-
KU MIPUBEJICHBI BBIIIIE).

2. Ecnu  onuHakoBble (U3MKO-MEXaHUYECKHE
cBoiicTBa acdanbTodeToHOB (M;;) AOCTUTHYTHI Ha
0OBIYHOM OUTYME C NMpPHMEHEHHEM J00aBOK M Ha
MOJU(QHUINPOBAHHOM OWUTYME, TO pacyeTHBIE CPO-
KH CIy’)KObI OymyT Ooiblle Ha MOAU(HUIIMPOBAH-
HBIX acdanbTobeToHax Ha TPU-IATH JeT. [Ipuuem
JaHHbI 3 (dexT JocThraeTcs MpU HHAEKCAX COo-
MPOTUBIICHUS TUTaCTHYeCKUM Aedopmanusam 2,0
u Oornee.

3. YCTOWYMBOCTh KOHCTPYKIMH K IUIaCTHYe-
CKMM JAedopManusM BBIIIE TpH MOIUDUKAINN
ac(anbTO0ETOHOB MHOTOKOMITOHEHTHBIMH ITOJIU-
MEpHBIMH J100aBKaMH (YacTHBIM YpOBEHb HaJEK-
HOCTH P;), 0OqHaKO OOIMUN YPOBEHb HAIEKHOCTH U
OUKJINYecKas JOJIrOBEYHOCTh MaTepuaa Mo BCEM
KPUTEPHSM MPOYHOCTH, KaK MPABUIIO, MOTYT OBITH
BBIIIIE B CIIydae MPUMEHEHUS MOAU(PUIIMPOBAHHBIX
OUTYMOB.
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/IBe KOHTAKTHBIE 321a4H O BJAABJIMBAHMHU KOJIbLEBOr0 MITAMIIA
B YIIpyroe noJiynpocTpaHcTBO

JlokT. TexH. Hayk, npo¢. C. B. Bocakos”

1)Ee:nopyCCKI/Iﬁ HaIMOHAJLHBIA TeXHUYECKU yHUBepcuTeT (MuHCK, PecniyOnmka bemapych)
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Pedepar. B cratbe npuBoAATCs pelIeHUs IBYX KOHTAKTHBIX 3a/1a4 JUId KOJBLEBOIO IITaMIIa Ha YIPYroM IOIyIIPOCTPAaHCTBE
MoA JIeHCTBUEM OCECHMMETPHUYHO MPHUIOKEHHOW CHibl M MoMeHTa. Ilomo6HbIe 3amaun 0OBIYHO BO3HMKAIOT MPHU pacyeTax
KECTKHX (hYHIAMEHTOB C MOJOIIBOI KONIbLEBOH (OPMBI y IBIMOBBIX TPYO, rpaJupeH, BOJOHANOPHBIX OallleH U APYTHX BbI-
COTHBIX COOPYKEHHIl Ha BETPOBYIO Harpy3Ky M Harpy3Kky oT cooctBeHHOro Beca. O6e 3anaun GopMynupyrorcs B BUIE TPOii-
HbIX HHTETrPAJIbHBIX YPaBHEHHH, KOTOPbIE CIOCOOOM ITOJJCTAHOBKU CBOAATCS K OZHOMY MHTErpajbHOMY ypaBHEHHIO. B cirydae
OCECHUMMETPHYHON 3a[a4H SIAPO HHTErPAIIbHOTO YPaBHEHHs 3aBUCHT OT mpou3BeneHus tpex ¢ynkuuii beccemns. Mcnonb3ys
dopmyny nns npencrasnenus AByX GyHkuuii beccens B Buzae ABOHHOrO psja 1O NPOU3BEAEHUSIM I'MIEPreoMeTPHYecKon
¢bynxiun Ha Qynkuuro beccens, 3anada cBoautcs K QyHKIHOHAIBHOMY YPaBHEHHIO, CBA3BIBAIOIIEMY IE€PEMEIIEHHUS IUTaM-
Ha C HEM3BECTHBIMH KO3((QUIMEHTaMU paclpeneNeHUs KOHTAKTHBIX HanpshkeHUH. [lonydeHHoe (QyHKIHMOHAIBHOE ypaBHe-
HHUE CBOAUTCS K OECKOHEYHOW CHCTEMe JIMHEHHBIX anreOpandeckuxX ypaBHEHHH, KOTOpas PEeIMIaeTcs CII0COOOM yCeUCHHSL.
IIpu neiicTBuM MOMEHTa Ha KOJIBLEBOI IITAMII paclpeeleHue KOHTaKTHBIX HAaNpPsHKEHUH MIIETCs B BUIE psijia IO IPOU3Be-
JACHUSAM NPUCOCAUHEHHBIX (byHKLIHﬁ ﬂe)KaHﬂpa C BECOM, COOTBETCTBYIOILIUM 0COOEHHOCTH B KOHTAKTHBIX HaIPsXKEHUAX
y kpaes 1wramia. IIpy ucnonb30BaHuu CrieKTpanbHOro cootHowmenus I'. 5. Ilonosa 1 KoNbLEBON INIACTUHKM 3a/1a4a OIATh
CBOAUTCS K OECKOHEUHOH CHCTeMe JTMHEHHBIX aareOpandecKiX ypaBHEHHMI, KOTOpas TakXKe PEIlIaeTcsi CIoCO0OM yCEUEHUS.
IIpuBoasTcs nBa MpUMepa pacueToB I KOJIBLEBOIO IITAMIIA HA YIPYTOM IOJIYyIIPOCTPAHCTBE HA JAEHCTBUE OCECUMMETPUYHO
TPHUII0KEHHON CHUJIbI U1 MOMEHTA. BBIMOIHEHO COMOCTAaBIEHHE PE3yIbTaTOB PACcUETOB MO MpeAIaracMoMy MOJAX0IY C Pe3yib-
TaTaMU JUI KPYIJIOTO U KOJIBLEBOI'O IITAMIIOB C PEHICHUAMU JAPYTUX aBTOPOB.

Knrwuesble cii0Ba: KOHTaKTHAs 3azaava, KOJIBIIEBOM mITaMIl, YIIpyroe rnojynpoCcTpaHCTBO, OCECUMMETpHUYIHAA 3aa4a

Jas nurupoBanus: bocakos, C. B. JIBe KOHTaKTHbIE 33a4M O BAABJIMBAHUHU KOJBLEBOIO INTaMIla B YIPYroe MOJIyIpoCT-
pauctBo / C. B. Bocakos // Hayka u mexuuka. 2018. T. 17, Ne 6. C. 458-464. https://doi.org/10.21122/2227-1031-2018-17-
6-458-464

Two Contact Problems for Circular Die Pressing-In
in Elastic Half Space

S. V. Bosakov"
YBelarusian National Technical University (Minsk, Republic of Belarus)

Abstract. The paper presents solutions on two contact problems for a circular die on an elastic half-space under the action
of an axisymmetrically-applied force and moment. Such problems usually arise while making calculations for a wind load and
a load from its own weight pertaining to rigid foundations of chimney stacks, cooling towers, water towers and other high-
rise structures with a sole having a circular shape. Both problems are formulated in the form of triple integral equations which
are reduced to one integral equation by a substitution method. In the case of the axisymmetric problem a kernel of the integ-
ral equation depends on the product of three Bessel functions. Using a formula to represent two Bessel functions in the form
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of'a double row according to the products of a hyper-geometric function by Bessel function, the problem is reduced to a func-
tional equation that interconnects movement of a die with unknown coefficients of the contact stresses distribution. The resulting
functional equation is reduced to an infinite system of linear algebraic equations, which is solved by truncation. In the case when
a moment is acting on a circular die distribution of contact stresses is searched as a series according to products of the Legen-
dre attached functions with a weight corresponding to specific features in the contact stresses at die edges. While using the
spectral G. Ya. Popov ratio for a ring plate the problem is again reduced to an infinite system of linear algebraic equations
which is also solved by the truncation method. Two examples are given how to make calculations for a circular die on an elas-
tic half-space according to the action of axially symmetric applied force and moment. A comparison of calculation results

on the proposed approach has been made with the results for round and circular dies which were made by other authors.

Keywords: contact problem, circular die, elastic half space, axisymmetric problem

For citation: Bosakov S. V. (2018) Two Contact Problems for Circular Die Pressing-In in Elastic Half Space. Science and
Technique. 17 (6), 458-464. https://doi.org/10.21122/2227-1031-2018-17-6-458-464 (in Russian)

BBenenne

Briepbie 3ajauy 0 pacuere KOJIBIIEBOW Iia-
CTUHKH Ha YNPYroM MOJYIPOCTPAHCTBE MOCTABUII
u permwt b. H. XKemoukwun [1]. Bocinencteum ona
OblIa pelieHa MHOTUMH aBTOPaMH Pa3IHYHBIMU
crmocobamu [2—13], mpuaem @. H. bopomauera [9]
TaK)Ke peliniia KOHTAaKTHYI0 3aiadyy O ICHCTBUU
MOMEHTa Ha KOJBICBOW INTAMII, JIKAIIMA Ha
yIpyroMm moirynpocTpancTBe. B. M. AjekcaHmpo-
BbIM [5, 10] momydensl acumnroTHyeckue Gopmy-
TBI  ANA  paclpelieNieHHnsT KOHTaKTHBIX — Ha-
NPsSDKECHUM U TePEeMEIECHUN KOJIBLIEBOIO IITaMIia
Ha yNPYroM IMOJYHIPOCTPAHCTBE MPH ACHCTBUU Ha
ITaMII OCECUMMETPUYHO TPWIOKEHHOM CHIIBI U
MOMeEHTa. bojee cloXXHBIM BUJ yIPyroro oCHOBa-
Husl paccmotrpeH B [13]. B [14] BemmonHeH 0030p
paboT MO KOHTAaKTHBIM 3aJavyaM i KOJIBIIEBBIX
TUTACTUHOK. Psn aBTOpOB paccmarpuBanu Oosee
CIIOXKHYIO 3a7]ady O pacyueTe KOJBIEBOrO IITaMIia
Ha ymopyrom cioe [3, 6] U aHU30TPOMHOM IOJIY-
npoctpancTse [12].

CrnexyeT OTMETUTH, YTO OOJBIIMHCTBO U3 BBI-
HICTIEPEYHCIICHHBIX Pab0T OTIUYAIOTCS CIIOKHO-
CTBI0O MATeMaTHYECKHX BBIKIAJOK ISl HaXOXKZIe-
Hus pemeHus. Hmwke aBTopoM crathu Oonee mpo-
CTBIM TYTEM JaHO pEIIeHHWe KOHTAaKTHOW 3ajadn
JUIS KOJIBIICBOTO IIITAMIIa, PACIOJIOXKEHHOTO Ha
YOPYTOM TIOJXYIIPOCTPAHCTBE M HATPYKEHHOTO CH-
JIO U MOMEHTOM.

HepBafl KOHTAKTHad 3aaa4a
AJId KOJbIHEBOIo luTamMiia

PaccMoTpuM OCECUMMETPUYHO HarpyKEHHbIN
CUJION R KOJBLIEBOM IITaMIT HA YIPYTrOM MOJYIIPO-
crpadcTBe (puc. 1). byaem cuuraTth, 9TO Ha KOH-
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TaKkTe IITaMIIa U TMOJYIPOCTPAHCTBA OTCYTCTBYIOT
KacaTeTbHBIC HAIIPSDKCHUS M CBSI3U MEXKY HIDKHEH
MOBEPXHOCTHIO IITaMMNa U MOJYIPOCTPAHCTBOM
SIBIISIIOTCSL IBYCTOPOHHMMHU. B Takol MOCTaHOBKE
3a/laya OMpE/CIICHUs] KOHTAKTHBIX HANpsHKCHUN
U TIepeMEIleHU ITaMna CBOJMTCS K TPOWHBIM
WHTETPaAbHBIM YpaBHEHUIM [2, 9]:

R

A(a) Jy(ar)do=0, 0<r<r;

(a) Jo(ar)do=W,, r<r<r; (1)

14

A(a)Jy(ar)do=0, r<r,

Ot 8 O 8 O——§
AN

rae A(o) — HemsBecTHas ¢yHkuusi; W, — BepTu-
KaJbHOE MEPEMEIEHHE IITaMIIa; Jo(ow) — QyHKIHS
Beccens nepsoro poxna [15].

Hanee OyaeM MONB30BaThCsl Oe3pa3MEpPHBIMU
BEJIMYMHAMM 7, ¥y, 2, OTHECEHHBIMH K 7.

R

Puc. 1. KosnpLieBoli ITaMn Ha yIpyroM MOJIyIIPpOCTPaHCTBE

Fig. 1. Circular die on elastic half space
[TpuBenem (1) Kk OIHOMY WHTETPATLHOMY YPaB-

HEeHHIO crocoboM mosctaHoBku [16]. s sToro
HCIIONTB3yEeM pa3phIBHOM mHTErpan [17]:
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Ial_mJn (aa)J,(ab)J, (ar)do=0,
0
(a- b)2 >

— 1 am—lbm—lrm (1 _ HZ )(Zm—l)/4 13’117/12/—2m (“)’

2n

=0, (a+b)2<7’2, M=2—b, (2)
a

U NpeACTaBUM

Aa)= rzzCszzn (0a)J,, (ab),
n=0 (3)

r,—H T+
a=22"0 p 070
2 2

B (2) B/} (1) — npucoennuennas GyHKius

Jlexanapa neporo pona [15].
[oncraBum (3) B (1) u Ha ocHOBaHuM (2) moO-
Jy4aeM OJHO MHTETPalbHOE ypaBHEHHUE

0 ® W,
;CZnJ;JZn (aa) T, (ab)Jy (ar)do :r_zo’ (4)

n<r<r.

Hdnsa  pemenuss (4) mnOpuHUMaeM pPasJioxKe-
aue [18] mis mpomsBenenus nByx (yuknmii bec-
censt

2 F(v+1)

m=0
> F(y+m+n)0c2”

X;(_l)n n!(m—n)!l—‘(n+u+1)x (5)

%
x, F [—n,—n—u; v+l ?j,

2
rae K (—n,— n—p v+l B—zj — THIEPreOMETpH-
o

yeckas ¢pyukuus; ['(z) — ramma-bynkims [15].
Hcmonszyem uaTerpan [15]

F(u+v+1j

[ - 2

IJH (ax)J, (bx)dx=b"a™" X
0 r@+0rp“;+j
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) 0 0) = S 2, 2]

2

X2E£p+v+l, V_H+1;v+l; b_zj
2 2 a

B wurore momyuaeMm (yHKIMOHAIBHOE ypaBHE-

HUE, CBS3BIBAIONIEE MEXIy CO00H KOA(pQUIUCH-

Tl C, IpesicTaBieHns (3) ¥ MepeMeICHUE ITaM-

na W, O0e yacTh 3TOr0 ypaBHEHHUS YMHOXHUM

2,2 2
[t -2r
2k 2 2

o —h

a ( > 2)( . ))rdr,kO,l,L... U Tpo-
\/r2 —r )7 —n

WHTETPUPYEM TIO 7 B HMHTEpBAlE OT 7| OO 7».
IIpu »TOM HCHOJIB3yEM CBOWCTBO OPTOTOHAILHO-
ctu nmonmmHoMOB YeoniieBa T5(z) ¢ Becom [7, 15]:

2 2 2 2 2 2

T n+r =2r T no+r =2r
r 2k 2 2 2i 2 2
L —h L —h

dr=2,
G I
i=k=0;
==, i=k>0; (6)

[Tommyuaem OECKOHEYHYIO CHCTEMY JHUHEHHBIX
areOpanvIecKiX ypaBHEHHH, KOTOPYIO peIiaecM Me-
TomoM ycedeHus [19], uto mo3BoisieT BoIpasuth C,,
yepes nepemenienue W,

Tak Kak KOHTAKTHBIE HATPSKEHHS OIpees-
1o1es o Gopmyite [2]

o = E S leﬁl/z(lfl)
: 2(1—\/2)71:0 2n\/gab“l—uz

TO U3 ypaBHEHUS PaBHOBECUS BCETO IITAMIIA CPaszy
CIIEJIyET, 4TO
R (1 —v? )
Co=——5—, (7)
nkr,

rae E, v — ynpyrue TOCTOSHHBIE IMOYIPOCTPaH-
CTBa.
Hpumep 1. Paccmorpum mnpumep pacdera
KOJIBIIEBOTO IITaMIIa ¢ pazmepamu ry = 0,57,.
[TonydyeHo mpu yuere HEPBBIX TPEX YJICHOB
paznoxenus (3):
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2,5805 0,0177 -0,0073
0,0193 0,1623 -0,0037

e
Gl |2
G =10 |, (8)
-0,0074 -0,0053 0,0766]|C, 0

114
rre  C,=0,6094 —9. C, :—0,0712%; C, =
r r
W,
= 0,0537—L2.
n
BeprukangpHOe  MepeMEIIEHHE  KOJBIICBOIO

IITaMIIa TPU MPUHATOM COOTHOLIeHHH 7| = 0,57,
Oyzer paBHO

R(l — vz)
/4 =0,5224T.
2

OTMeTuM, YTO JUIS OCECHMMETPHYHO HArpy-
JKEHHOT'O KPYTJIOrO IITaMIa Ha YIPYroM IMOJTyIpo-
crpadcTBe [20] BepTUKaIbHOE IIepeMeIIeHUE

R(l—vz)'

n

w,=0,5

Craenyer Takke OTMETUTh, YTO B marpuue (8)
NpU MPAKTUYECKUX pacueTax (yHIaMEHTOB C MO-
JOUIBOM KOJNBLEBOW (OpPMBI MO BTOPOH TpyIme
MPEJENbHBIX COCTOSHUN MOYKHO OTIPaHUYHTHCA
omxauM wieHoM psna (3). Torma

R(l—vz)
Er,

W, =0,5229

1 Takoro KoJbLEBOro mrammna B [9] moimyueHo

R(l—vz)'

r

W, =0,5015

Bropast kOHTaKTHas 3a1a4a
JJISl KOJIbIEBOT0 IITAMIIa

PaccMmoTpuM Harpy>keHHBII COCpPeJOTOYCHHBIM
MOMEHTOM KOJIBLIEBOW IITAMIT HAa YIPYroM HOY-
mpoctpancTBe (puc. 1) mpm paHee NPHHSITHIX
npeanoceuikax. Crnenys B. M. Abpamomy [21],
MOCTPOUM CHUCTEMY MHTETPalIbHBIX YPaBHEHUH IS
pacuera ITamia Ha AEHCTBHE MOMEHTA!

Hayka
wTexHuka. T. 17, Ne 6 (2018)

Q

A(a)J (ar)da=0, 0<r<np;
A(a) Jy(or)da=yr, r<r<rn; )

aA(a)J(or)da=0, r<r,

Ot 8 O] o8

rne A(o) — HemsBecTHas (DYyHKIHUS; ¥ — YTOJI MOBO-
pora mramna; Ji(or) — gpyskuus Beccens mepsoro
poxa [15].

[Tpuaumaem [22]

o0

Jod(a)J,(ap)da=0(p), o(p)=0, 0<p<y;
0
o(p)=0, rn<p<ow
(10)
Torma mepBoe u TpeThe ypaBHEHUS (9) ymoBIie-
TBOPSIFOTCSI TOXKIECTBEHHO, a (10) B cuity oOpatHo-
ro mpeobpazoBanus Xankens [23] maer

A(oc)z]%p(p(p)J,(ap)dp. (11)

i

[Toactasmsis (11) Bo BTOpoe ypaBHeHme (9) m
MEHSISl OYEPETHOCTh UHTETPUPOBAHUS, TTOJTyIaeM:

Ipcp(p)K(r, p)dp=nyr;
! (12)

0

K(r,p) :IJI (ap)J;(or)do, r<p<n.

0

WnterpansHoe ypaBHenue (12) mTOIHOCTBIO
COBMAJAET C pa3pellalollliM ypaBHEHHEM KOH-
TAKTHOM 3ajaud Uil HECUMMETPUYHOIO BJIaB-
JIUBaHMUS KOJBLIEBOTO WHITaMIla B YIPYroe IoJy-
MIPOCTPAHCTBO, MosyueHHoe B. M. Anekcanapo-
BbM [10] mpyrum myTem.

Jnsi pemieHus TpeACTaBHM B Oe3pa3MEpHBIX

4 r
KoopauHaTax | r, =1, a=—,r=—
p) )

o0

,[‘]1 (ur)J, (up)du=

0 (13)
= z Z C2m+l,2n+1PZlm+1 ( \ 1- 92 )PZlnH ( V1- 1”2 )
m=0 n=0
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Y4uuThBas, 4YTO MO (UIMUECKOMY CMBICTY
E

2(1—v2)(P(

HaHpH)KeHI/Iﬁ mon HOI[OH.IBOﬁ mTamMiia, IpuUMEM

1 1 [ 2
N )(p —I’i )ZBZkHPZnH( 1-r ) (14)

p) JIaeT pacIpereIiCcHHe KOHTAKTHBIX

1-

o(p)= (

[oncraBum ¢@(p) (14) B ypasuenue (12) u ¢
yderoM (13) BBINOTHUM HMHTETPUPOBAaHUE MO TIiE-
peMeHHOi p. [Ipy HHTErPUPOBAHUM UCTIONB3YEM:

OUYEBHIHOE TPEJACTABICHWE TPOU3BENCHUS
JIByX TIpUcOeauHeHHbIX (yHKIwHA Jlexxanapa c 1e-
JIOUYUCTICHHBIMH MHJEKCAaMU B BUJE psAJa MO MOJHU-
nomam Jlexxanapa [15]

P ) () -

m+n+l (15)
= dzm,zn,zipzi(\jl_l)z )a
i=0
pe3ynbTathl [24] s 0 <7, p <1
7 - I*(n+1/2)
J, up du = 3 + 4 _
!)‘ ( ) Z:; (n + 2)

N (e
cnektpansHoe cooTHomienue [, 5. [Tomoa [25]

L yh, (\/—y )

I\/1 P2y

B pesynbraTe nonyuum

0 2
) Z(3+4’1)F 2(11+1/2)P21n+1( (_1—r2)
ZB2kl o . (n+2) =
o k+n+1

- 201!
0 Y. i (F1) (@it (21.),), P, (a)
i=0 -

_ n T (2n—1)N
_a d ( 1) Eszn(a)

__8Ey (17)
Tc(l - vz)
YMHOKHUM 00e 4acTu (17) Ha
F)21/+1 ( v 1 rz )

rdr W TPOUHTETPUPYEM IO 7
NN
B mpenenax (a, 1), j=0, 1, 2, ... . IIpu sTom uc-
monk3yeM mnpezacrasienue (15). [lomyyaem Gecko-
HEYHYIO CHUCTEMYy JIMHCHHBIX anre0pandecKux
YpaBHEHUH, KOTOPYIO pellaeM METOJIOM ycede-
Hus [19]. B pesynpTaTe moirydaeM CBSI3b MEKITY
YIJIOM HakKJOHA InTamma Yy u Ko3(hQUIUEHTaMU
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pasznoxxerust By (17). Jamee HaxomuM TOTHYIO
SHEPTUI0 YIPYroro OCHOBaHUS U JICHCTBYIOLIETO
Ha KOJIBLIEBYIO IJIACTMHKY MOMEHTa [26]

2n 1

d):—rz '”% cos> ridr—My.  (18)

IIpupaBHsiB NpPOU3BOJHYIO OT MOJHON 3HEp-
ruu (18) mo yrimoBoMmy MepeMemeHHIo K HYIIIO,
HaxoJIUM 3TO MEpEeMEIICHHE, YTO MO3BOJISIET HAUTH
pacrpeneneHue KOHTAKTHBIX HAMNPSHKEHUH TMOJ
MOJIOIIBOM KOJIBIIEBOT'O ITaMIla OT JEUCTBUS MO-
MEHTA.

IIpumep 2. b= 0,5.
n
[lony4yeno mpu ydere MEPBBIX TpeX WICHOB
paznoxxenus (14):

16E
Bl = —0,2852ﬁy,
I (1 -V )
B, = 0,0418%}/;
i (1 -V )
16E
BS = 0,0039%%
I (1 -V )
M(1-v?)
OTMeTHM, 9TO IS KPYTJIOTO IITaMIla Ha YIIPY-
3M(1-v?)
roM nomynpocrpascTse [20]y :W , I
MOJOOHOTO KOJBIIEBOTO INTaMIIa Ha IOJIYIPO-
M (1 —v? )
CTpaHCTBE [9] v = 0,7628E—b3.
BBIBO/IbI

1. IlpensioxkeHbl pemieHrus ABYX KOHTAKTHBIX
3aJ1a4 AJIs KOJIBIEBOIO IITaMIla Ha yNpyroM Moiy-
npoctpancTBe. HeoOXOOUMOCTh pelIeHus] TaKux
3aJad BO3HUKAeT INpH pacuyerax (QyHIaMEHTOB
C TOJOMIBOI KOJBIEBOI ()OPMBI y IBIMOBBIX TPYO,
BOJIOHAIIOPHBIX OallleH, IPaiupeH U UHBIX BBICOT-
HBIX COOPYKE€HHUH, €CIIM B KauecTBe MOJAEIH I'PYyH-
TOBOT'O OCHOBaHMS IPUHSTO YNPYIro€ MOJIYIpOCT-
PaHCTBO.

2. B cymiecTByrommx HOPMAaTUBHBIX JOKYMEH-
Tax [27] OTCYTCTBYIOT yKa3aHHA 1O pacuery QyH-
JAMEHTOB C MOJOIBOI KOJIbIIEBOH GPOPMBI 1O BTO-
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poii rpynne npeneibHbIX COCTOSAHUMN. Pe3ynbTaThl
HACTOSIIEH pabOThl MOTYT OBITh HCIIOJIH30BaHbI
JUTSL TAKAX PacdeToB.

3. ABTOp HC OCTaHaBJIMBAJICA B TCKCTC Ha BO-

Npocax KOPPEKTHOCTH HCIIOJIB30BaHMs Crocoda
ycedenus [19] mpu perieHuH morydyaeMbIx OecKo-
HEYHBIX CHUCTEM BBHIY CIOXXHBIX U TPOMO3IKHX
dhopmysr st Ko3(h(UIKMEHTOB MPH HEU3BECTHBIX
B 3TUX cucremax. OmgHako B [28] mokazaHo, 49TO
UCIIOJIb30BaHHUE CIOco0a OPTOTOHANBHBIX MHOTO-
YIEHOB TPHU PENIeHWH KOHTAKTHBIX 33Jad TPUBO-
IUT K peryJIsipHbIM OecKOHEYHBIM cuctemaM [19],
KOTOpbIE JIONYyCKAalOT pELIeHHe CIoco0oM yce-
YEHMUSL.
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KoncTpykuusi IIMTHI 1J11 COOPHBIX JOPOKHBIX MOKPBLITHH

Kamna. Texs. nayk, aou. C. . 3uneBuy’

”Benopyccxnﬁ HAIIMOHAJIFHBIN TeXHUYeCKu yHUBepcuTeT (MuHCK, Pecriybnuka benapycs)

© benopycckuil HallMOHAIBHBIN TEXHUYECKUH yHUBepcuTeT, 2018
Belarusian National Technical University, 2018

Pedepat. OnbiT sKkcIuTyatanuy cOOpHBIX OSTOHHBIX MOKPHITHH IIPH MHTEHCHBHOM JBIDKEHHH TSDKEINIBIX aBTOMOOWIICH IOKa-
3aJ1, 9TO, HECMOTPS Ha BBICOKYIO IIPOYHOCTH CaMHUX OCTOHHBIX IUIHT, IT0J HUX HEOOXOIUMBI IIPOYHEIe OCHOBaHUA. [1pu Hero-
CPEIICTBEHHOH yKJIagKke OETOHa Ha TPYHT B HEM B pe3yNIbTaTe HAXKUMOB YIPYTO IMPOTHOAIONMIMXCS MPU MPOXOAaX aBTOMOOH-
Jelt TUIMT HAaKaIUIMBAIOTCSl OCTaTOYHbIE Ne()OpMalny, 9TO MPUBOIAUT K 00pPa30BaHMIO MO IUTUTOM MYyCTOT, @ B CAaMOH TUTUTE —
TpemuH. [l yBeIMYeHHs! JKECTKOCTH IUIMTHI (YMCHBIISHUS €€ OCaJOoK IIPH IPOe3/ie TPAHCIOpTa) aBTOPOM HPEIUIOKEHO
yCTpamBaTh IUIMTHI C ABYMS IIPOJONBHBIMU pedpaMu, a caMy IUIUTHI YKJIaIbIBaTh HAa PHIXJIBIHA, MEPEMEIIaHHBIH ¢ [[EMEHTOM
rpyHT. Pebpa crnenyer pazmemars Ha Monocax Hakara, T. €. CHMMETPUYHO OTHOCHTENIBHO MPOJONBHON OCH IUTUTHI, HA PAcCTO-
SHUM JPYT OT JIPyra, PaBHOM PACCTOSIHUIO MEKAY KOJIECAMH PACUE€THOTO aBTOMOOMIS HA ofHON ocH. C Lenbio onpeaeneH s
3aBHCHMOCTH >KECTKOCTH IIMTHI OT ()OPMBI U pa3MEpOB TOMEPEYHOT0 CEYEHHs MPOAOIBbHBIX peOep BBHINOIHEHBI PAaCUEThI
C UCIIOJb30BaHHEM MeToa KoHeuHbIX anmeMeHToB Ha [IK «JIupa». Koneuno-snemeHTHas Mozens IIUTH BKroyana 19152 y3ma
u 18943 KOHEUYHBIX 3/IeMeHTa. YTIPYroe OCHOBaHHE MOJICIUPOBATIOCH YIPYTUMH BEPTHKAIBHBIMU CBA3SMH, HAXOANUBIINMUCS
B KaXJOM HIXKHeM y3ie. Ilnura 3arpyxanack Harpy3kod, SKBHBAaJIEHTHOM Harpys3ke OT KOJeca pPacueTHOIO aBTOMOOMIIS
B YeTBIPeX TOYKAaX: KOJISCO ITOCPEAWHE IUINTHI, KOJIECO Ha YIIIy IUIMTHI; J[Ba KOJECa OJHOBPEMEHHO HA JIMHUH, MEepIICHIN-
KyJSIDHOHM NPOMOJBHON OCH IUTMTHI M HaxXoJsIielics B Havayie (WM KOHIIE) IUTUTHL; JBa KoJieca OJHOBPEMEHHO Ha JIMHHUM,
TIePIIeHIKYJIIPHON TPOAOJILHON OCH IUTHTH U MPOXOJAIIEH depe3 ee IeHTp. BHavane npy oarHAKOBOMH IUTomaay momeped-
HOTO CEYEHHs! IPOJOJIBHOTO pedpa HCCIeNOBAINCH CIEAyIome ero (OpMBL: TPEyroibHas, OBajbHas (IOJYKPYT) M Tps-
MoyronsHas. Hanbonee onrumManbsHOM GopMOIL, ¢ TOUKH 3peHMS yBEIUUCHUS KECTKOCTH IUIMTHI, OKa3ajach TPEYroJbHasl.
Ilepenazsl BBICOT y Tako# IUIMTHI NIPH BO3JEHCTBUHM HArpy3KH HauMeHbINWe. Tak, 10 CPaBHEHHUIO C TUIIOBOH IUIMTOH (Oe3
MPOJIONBHBIX pedep) HaIUUUe MPOJOIBHBIX Pedep TPEYroabHOTO MOMEPEYHOrO CEUEHHUs YBEIMUIHMBAET >KECTKOCTH IIUTHI B
cpenHeM Ha 50 % B 3aBUCHMOCTH OT MeCTa IOJIOKEHHs pacueTHoOro koneca Ha rmure (39-64 %). Ilocne onpeneneHus onTu-
MaabHON (POPMBI MOMEPETHOTO CEYEHHsI MIPOAOIBHOTO pedpa HaliJieHa 3aBUCHUMOCTb XKECTKOCTH IUIHTHI OT BBICOTHI IPOIOITh-
HBIX TPEYroJbHbIX pedep. IIpn mocTosHHBIX 00beMe IJIUTHL U pa3Mepe OCHOBaHUS pedpa 32 cM (puMepHas MIUpHHA KoJieca
pacdeTHOro aBTOMOOMIISI) M3MEHSINCh BBICOTAa pedpa M TONIIMHA IUTHTHL. B pe3ynpTaTe MpoBEAEHHBIX PACUETOB MOIyYeHA
3aBUCUMOCTbH >KECTKOCTH IUIUTHI OT BBICOTHI MPOJOIBHOTO pebpa. [t 1aHHOro 06beMa M pa3sMepoB IIUTHI ONPEIETIeHO, YTO
ONITHMAaJILHOH BEICOTOH pedpa sBisieTcst 25 M.

Knwuesble ciioBa: C60pHOC HNOKPLITHE, IINTA, OCHOBAHUEC, ITPOJOJILHOC peﬁpo, MECTO/{ KOHCYHBIX 3JICMCHTOB

Jas uutupoBanus: 3unesnd, C. V. Koncrpykuust mmts! 11t cOOpHBIX 1opoxHBIX nokpsrtuil / C. W. 3unesnd // Hayka u
mexuuka. 2018. T. 17, Ne 6. C. 465-470. https://doi.org/10.21122/2227-1031-2018-17-6-465-470

Plate Design for Prefabricated Pavements

S. 1. Zinevich"

YBelarusian National Technical University (Minsk, Republic of Belarus)

Abstract. Experience in the operation of prefabricated concrete pavements with intensive traffic of heavy vehicles has shown
that despite a high strength of the concrete slabs themselves it is necessary to arrange strong foundations. While laying con-

crete on the ground residual deformations are accumulating in it due to pressures which are initiated by elastically ben-
ding plates when vehicles are passing that leads to formation of voids under the plate and cracks in the plate itself. In order
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to increase rigidity of the plate (reduction of its settlement during the passage of vehicles) the author has proposed to arrange
plates with two longitudinal ribs, and the plates themselves are to be laid on loose soil mixed with cement. The ribs are pro-
posed to be placed on roll bars, i. e. symmetrically with respect to a longitudinal axis of the plate at a distance from each other
which is equal to the distance between wheels of the calculated vehicle on one axis. In order to determine dependence of plate
rigidity on a shape and a size of a cross section in longitudinal ribs calculations have been made while using a PC “Lira” and
a finite element method. A finite element model of the plate has included 19152 nodes and 18943 finite elements. An elastic
foundation has been modeled by vertical elastic links which are in every bottom node. The plate has been loaded with a load
which is equivalent to the load from a calculated vehicle wheel at four points: a wheel in the middle of the plate; a wheel
on the corner of the plate; two wheels at the same time on the line which is perpendicular to the longitudinal axis of the plate
and located at the beginning (or end) of the plate; two wheels at the same time on the line which is perpendicular to the longi-
tudinal axis of the plate and passing through its center. The following forms of a longitudinal rib having the same cross-
sectional area have been studied at the beginning: triangular, oval (semicircle) and rectangular. In the context of plate rigidity
increase the most optimal form has been a triangular shape. Height differences in such a plate are the least in case of load
action. So, for example, in comparison with a typical plate (plate without longitudinal ribs), presence of longitudinal ribs
of triangular cross — section increases plate rigidity by an average of 50 % depending on the location of the calculated wheel
on the plate (39-64 %). After determining an optimal shape of cross section for longitudinal ribs the dependence has been
found for plate rigidity and it depends on a height of longitudinal triangular ribs. While having a constant volume of the plate
and a constant a size of the rib base (32 cm) (approximate width of a calculated vehicle wheel) a rib height and a plate thick-
ness have been changed. The calculations have made it possible to determine dependence of the plate rigidity on a height
of a longitudinal rib. It has been determined that as for the given volume and dimensions of the plate the optimal rib height
is 25 cm.

Keywords: prefabricated pavement, plate, base, longitudinal rib, finite element method

For citation: Zinevich S. 1. (2018) Plate Design for Prefabricated Pavements. Science and Technique. 17 (6), 465-470.
https://doi.org/10.21122/2227-1031-2018-17-6-465-470 (in Russian)

BBenenne

B nocnennee Bpemst B PecnyOnuke benapychb
CTPOUTCS Majo JOPOT CO COOPHBIM OETOHHBIM ITO-
KPBITHEM, HECMOTPS Ha TO YTO YCTPOICTBO TaKOTO
TUIA MOKPHITUSI MOXKET OCYLIECTBIATHCS KPYrio-
rogu4Ho. EcTh U pyrue mitockl COOPHBIX MOKPHI-
TUH, HampuMep IBIKEHHE TPAHCIOpPTa OTKPBI-
BaeTCsl cpasy MOcCie YKIAAKW IUINT, a He IocIe
Habopa MpOYHOCTH OETOHOM, KaK B ClIydyae MOHO-
JUTHOTO OETOHHOTO TMOKPBITHS. DTO UMEET OOJb-
Ioe 3HauYCHHWE MPHU PEKOHCTPYKLUH M KaluTallb-
HOM PEMOHTE JOPOT, KOTZA 3aKPBITHE IBIKCHHS
Ha JUTUTEIBHBIA CPOK NMPUBOAMUT K 3HAYUTEIHHBIM
sKoHOMHUYeckuM motepsMm [1, 2]. HemanoBaxxHo
TakXe U TO, YTO PEMOHT COOPHBIX TOKPHITUH MO-
JKET BBITIONHATHCSA 110 TUITY PEMOHTa TPOTYyapoOB U3
OCTOHHOM IUIMTKH, T. €. 3aMEHON Je(PEeKTHBIX TUTUT
Ha HOBHIE.

B mHacrosmiee Bpemsi, MO MHEHHIO aBTOPA,
cOopHble OeTOHHBIE TIOKPBITHA B Pecnybnuke be-
JIapych MPUOOPETAIOT 0COOYIO aKTYalbHOCTb, ITO-
CKOJIBKY PYKOBOJICTBOM CTpPaHbI ITOCTaBIJIEHA 3a/1a-
Ya 3a TPHU-YEThIpe To/ia TOBBICHTH Ka4eCTBO CETH
MECTHBIX JIOpOT, MPOTSLKEHHOCTh KOTOPBIX CO-
ctasinsieT 6osee 71 Thic. kM. B 3HaunTenbHOM cre-
NEHH TaKWe IMOKPHITUS OyayT BOCTpeOOBaHBI Ha
ydacTkax HeOONBIION NPOTSHKEHHOCTH, KaKUMHU
SBIISIFOTCS TIOABE3BI K arporopogkaM W MajbIM
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nepeBHsM. Ha 3THX yuyacTkax pa3BopavymMBaTth Oe-
TOHOYKJIaJOYHBIE KOMILUIEKCHI IKOHOMHYECKHA He-
BBITOJIHO, MPOIIEC U OBICTPEE YJIOXKUTh TOTOBBIC
TUTATHI.

OMBIT SKCINTyaTaliii OCTOHHBIX MTOKPBITUH TI0-
Ka3aJl, 4T0, HECMOTPSI Ha BBICOKYIO IPOYHOCTH Ca-
MUX OETOHHBIX IUTUT, TIOJ HUX HEOOXOIAMMEBI ITPOY-
HbIe OCHOBaHUs. [Ipy HEMOCPEACTBEHHON YKIaIKe
O0eToHa Ha TPYHT B HEM B pe3ylbTaTe HaKHMOB
YIPYro MpOTHOAIOIIMXCS MPU MPOXO0JAaX aBTOMO-
Owyiell TUIMT HAKaIUTMBAIOTCS OCTaTOYHBIC aedop-
Maruu. Brauane o mmutamu 00pa3yroTces MoJio-
CTH, U TUTUTHI TEPSIOT KOHTAKT C TPYHTOM, a 3aTEM
B HHX MOSBIISIFOTCS TpenuHbl, [losToMy Ha mopo-
rax ¢ BBICOKOI MHTEHCHUBHOCTBIO IBWKEHHUS Oe-
TOHHBIC TIOKPBITUS YKJIAJBIBAIOT HA TPOYHBIC OC-
HoBaHus [3, 4]. YcTpoiCTBO MPOYHBIX OCHOBaHUM
3HAYUTEIHHO MOBBIIIAET CTOUMOCTD JOPOTH.

Jis yBenwueHUs KECTKOCTH IUTUTHI (yMEHB-
IIeHHS €€ OCaJIOK MPH MPOe3/ie TPAHCIIOPTa) aBTO-
POM TPEUIOKEHO YCTpauBaTh IUIMTHI C JIBYMS
MIPOJOIBHBIMU PEOpaMu, a caMH IUTUTHI YKJIa bl
BaTh Ha PHIXJIBIH, MEPEMEIIaHHBIH C [EMEHTOM
rpyHT. Pebpa criemyer pacmomaraTh Ha IoOJIOcax
Hakara, T. €. CUMMETPUYHO OTHOCHUTEIHHO IIPO-
JOMBFHOW OCH TUIMTHI HAa PACCTOSIHUU APYT OT APY-
ra, paBHOM PAaCCTOSIHHIO MEXIy KOJIeCaMH pPacueT-
HOTO aBTOMOOMJIS Ha OTHOM ocH (puc. 1).
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C IPOJIOIIBHBIMHA peGpamu
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Fig. 1. Cross-section of plate
with longitudinal ribs

Lenr uccnemoBanuii — mpoBeputh >HdeKTrB-
HOCTh yKa3aHHBIX MPOJOJILHBIX pedep Ui yBElu-
YEHMSI JKECTKOCTH IUIUT M B ciydae ux dpdexTus-
HOCTH OIPEICIUTh ONTUMAIBHYIO (GOPMY U pa3Me-
PBI UX TIOIIEPEYHOTO CEUCHHSI.

IIpoBeneHue pacyera

C nenbio onpeneneHns 3aBUCIMOCTH JKECTKOCTH
IUIMTHL OT Hajuyusa (OpPMBI U Pa3MEPOB IONEped-
HOTO CEYEHMSl NPOAOJBHBIX pedep HCHOJIB30BaI-
Cs METOJl KOHEYHBIX 3JIeMeHTOB [5, 6]. KoneuHo-
3JIEMEHTHasl MOJIENb IUIUTHI BKiMoyana 19152 y3ma
1 18943 KOHEUHBIX 2/IEMEHTa THIIa MapauIeNenIIe-
Jla ¥ TPEYroJbHOM NpHU3MBL. YIPyroe OCHOBaHME
MOJIETTMPOBAJIOCH YIPYTHMH BEPTUKAIBHBIMU CBSI3sI-
MU, HAXOJSAIIUMUCS B KOXJIOM HIDKHEM y3ie [7, §].
XKectkocTh KakAoi CBsI3M HaxoAuiau 1o (opmy-
ne [9, 10]

ENF

R:K(l—vg)N

b

rae Ey, Vo — YCPEIHEHHBIH MOAYNbh YHOPYTOCTH U
ko3 ¢urment [lyaccona nementorpynra; N — duc-
JIO HWKHUX Y3JI0B KOHEYHO-3JICMEHTHOW MOJICIIH;
K — xoaddurment, s mIMTel pazmMepamu 6x3 M,
corsacHo [7] mpuuaT paBHbM 0,9; F — 1uromanb
HIDKHEH MOBEPXHOCTH TUIUATHI.
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PaccuntsiBanack jkene300eTOHHAs TUINTa pazMe-
pamu B iase 3000x6000 MM u TommmHOK 180 MM,
W3rOTOBJICHHAs M3 O€TOHa MapKH IO MOpPO30-
ycroitunBocT F150 ¢ HeHanpsraemoi apMatypoil.
B kadecTBe 0OCHOBaHUS paccMaTpHUBajCs LEMEHTO-
rpyHT. Harpyxkamace mimra KOJECOM pacdeTHO-
ro aBTOMOOWISI B BHIE THOKOM KBaJpaTHOM
Harpy3kd HKBHBaJCHTHON IUIOMAAN Kpyra Igua-
metrpom 0,41 M. Bennumaa paBHOMEpHO pacmpene-
neHHo# Harpy3ku 0,60 MI]a.

Jig onpeneneHns onTUMaIbHON (POPMEI TToTIe-
pEYHOr0 cedeHHus] MPOJOJBHOrO pedpa uccieno-
BalM ClleAyroniue ero (hopMbl: TPSIMOYTOIBHYIO,
OBaJIbHYIO (MTOJYKPYT) M TpeyrojbHyto (puc. 1).
[Tnomanpr momepeyHoro ceveHus pedpa BO Bcex
ciTy4asx OblIa OJUHAKOBOH.

PaccmatprBany yetbipe CXeMBbl 3arpy3Kd TUTUTHL:
1) mTaMn mpUiIOKeH MOCPENHHE IUIUTHI (pHC. 2a);
2) mWTaMIl MPWIOXKEH Ha Yriay IUHTH (puc. 2b);
3) naBa mTamma TPHIOKEHBI OMHOBPEMEHHO Ha
JUHUH, TIEPICHANKYISIPHON MPOIOIEHOW OCH TIIH-
Thl ¥ HaXOJUBIIEHCS B Hauane (WM KOHIIE) IUIH-
TeI (puc. 2¢); 4) ABa mITaMIia MPHUIOKEHBI OJIHO-
BPEMEHHO Ha IIMHHUHW, NEPHEHIUKYJSPHON Ipo-
JONIBHOW OCH TUIMTHI M TIPOXOJAMBIIEH dYepe3 ee
ueHTp (puc. 2d).

Pacuets BeimosHens! Ha [1K «JTupay. [Ipu 00-
paboTKe pe3yNbTaTOB JKECTKOCTh IUIUT TPU BO3-
JIECTBUM HArpy3KH OIEHHBANIach IO TEpenaay
BBICOT HX MOBEPXHOCTH. Kpome TOro, >keCTKOCTb
IUIUT ¢ peOpaMu CpaBHUBANIACH C JKECTKOCTHIO
OOBIYHOM IUIUTHI, T. €. HE UMEIOIICH MPOIOJIbHBIX
pebep.

[Mony4yeHHble pe3yiabTaThl MPEICTABICHB B
Tabn. 1, U3 KOTOpOH BHUAHO, YTO HamboOlee ONTH-
MaJbHOHN (POPMOIT TONIEPEYHOTO CEYECHUS MTPOAOTH-
HBIX pedep, C TOUKM 3PEHUs] YBEITUUEHHS KecCT-
KOCTH IUIMTHI, SIBJIsIeTCSl TpeyronbHas. llepemanpt
BBICOT Y TaKOH IUIMTHI OKA3aJHCh HAMMEHBIIVMH.
[lo cpaBHeHuto ¢ WwMTON 0€3 MPOAONBHBIX pedep
JKECTKOCTh yBenuunBaercs Ha 39-64 % B 3aBuUCH-
MOCTH OT CXEMBI 3arpyKEeHUSI.

BepTukanpHble TepeMeIIeHus] IIUTHl C TPO-
TONBHBIMUA PEOpaMH TPEYTONBHOTO MOMEPEYHOrO
CeUeHHs U TUINTHI, HE MMEIOIEH MPOJOIbHBIX pe-
Oep, HampuMep TIPH CXEeMe 3arpyKeHus 1, mpuBe-
JIEHBI Ha pHC. 3.
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Puc. 2. Cxembl 3arpy3KH IUTUTHI

Fig. 2. Diagrams of plate loading

097> oy 076 = 05@ 0455 0357 0255 s

o [Tocne ompeneneHust ONTUMAIb-
HOM (OpPMBI TIOTIEPEYHOTO CEUCHUSI
MPOJIONIBHOTO pedpa HaliieHa 3aBHUCH-
MOCTb JKECTKOCTH IUTUTBHI OT BBICOTHI
MIPOJIOIBHBIX ~ TPEYTOJNLHBIX — pedep.
Ilpy TOCTOSIHHBIX OOBEME IUIUTHI H
pasmepe ocHOBaHUS pebpa 32 cm
(mprMepHasi MMpPUHA KOJeca pacyeT-
HOTO aBTOMOOMIIST) N3MEHSUTICH BBICO-
_ Ta pebpa 1 TOJIINHA TIIATHL.
Px B pesynbpraTe mpoBeeHHBIX pac-
0 o = =5 = =5 mg———a————_ YETOB IIOJyYCHA 3aBHCHUMOCTH KECT-
KOCTH IUTHTBHI OT BBICOTHI IIPOJIOJIb-
HOro peOpa, THpeICTaBIeHHAs Ha
puc. 4.

PykoBonctBysick rpadukom puc. 3,
ISl JaHHOTO o0beMa H pa3mepa
IJIUTHl ONTHMAJIBHON BBICOTOM MO-
MEPEYHOr0 CEYEHHs MPOAOIBHOTO
pebpa MoxxHO cuutath 25 cm. [Ipu
JIPYTUX TEOMETPHUYECKHX pazMepax
IUIUTBl  pe3yNbTaThl MOTYT OBITH
WHBIMH.

Puc. 3. BepTukanpHble IepeMeNeHUS ITHTHI

Fig. 3. Vertical plate displacement
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Tabauya 1
Ilepenan BbICOT NOBEPXHOCTH PA3JIHYHBIX THIOB ILUTUT MO/ HATPY3KOii
Height difference in plates of various types under loading
@dopma nonepeyHoro HAedopmarst mmTe!
CxeMa HarpyxeHus
[UIUTEI CCHCHITT NPOIOJIBHBIX MaxkcumanpHOe MunumansHOe Mepena co YBenuueHue
pebep 3HAUYCHHE 3HaYCHHE PEHAALBHICOT | o ectoCTH UTHTBL, %

1 be3 pebep -0,972 -0,1530 0,8119 0

[IpsmoyronsHas -0,827 —-0,3000 0,5270 35

OBaibHast 0,717 —0,2250 0,4920 39

TpeyronbHas —0,658 -0,2120 0,4460 45

2 bes pedep —4,410 —-0,1710 4,2390 0

[IpsamoyronsHas -3,300 —0,0345 3,2660 29

OBaJbHas -2,820 —-0,0377 2,7820 34

TpeyronbHas -2,600 —0,0330 2,5670 39

3 Be3s pebep —4,070 —0,0590 4,0110 0

[IpsamoyronbsHas -2,930 —-0,0807 2,8490 29

OBaJibHas —2,430 —0,0875 2,3430 42

TpeyronbHas -2,000 —0,00141 1,9990 50

4 Be3 pebep -1,610 —-0,0104 1,5990 0

IIpsimoyronbHas -1,160 —-0,3100 0,8500 47

OBasbHast —0,955 -0,2390 0,7160 55

TpeyronbHast —-0,793 -0,2150 0,5780 64
0,86 JIMYHOI'O0 IIOIEPEYHOI0 CEYCHUA M CpPaBHCHUSA €€
Am C JKECTKOCTBIO TIJIUTHI, HE UMEIOIEH TPO0IbHBIX
0,82 pebep, YCTaHOBIEHO, UTO HAIMYME IIPOAOIBLHBIX
0,80 pebep yBeIMYMBaEeT JKECTKOCTh IUIMTHI B CPEAHEM
0,78 Ha 50 %. Haubonee ontumanbsHOl Qopmoii more-
0,76 pPEYHOr0 CeueHHs MPOAOJIBHBIX pebep sABmseTcs
0.74 TpeyronbHas. llepenaapl BBICOT y TakoW IUIU-
’ Tel HauMeHbIue. [lo cpaBHEHHIO ¢ TUIMTOHN O€3
0,1 0,2 03 0,4 h,m 05 MPOJIONILHBIX  pedep IKECTKOCTh YBEIUIHBACTCS

Puc. 4. 3aBucuMocTb nepemnaja BbICOT HOBEPXHOCTH IUIUTHI A
OT BBICOTHI IONIEPEUHOTO CEYEHUsI TPOAOJIBLHOTO pedpa /1
IpU cxeMme 3arpyxenus 1

Fig. 4. Dependence in height difference of plate
surface A on height of longitudinal rib cross-section %
according to diagram of loading 1

BbIBO/IbI

1. B pesynbrare mpoBEICHHBIX HCCIICIOBAHUN
JKECTKOCTHU TIIUTHI C MPOJOIBHBIMU pebpamu pas-
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Ha 39-64 % B 3aBHUCHUMOCTH OT CXEMBI 3arpyxe-
Hus. s nanHOTO 00OBEMa M pa3Mepa IUIUTHI OIl-
TUMaJIBHON BBICOTOW TOMEPEYHOT0 CEUSHUs TPO-
JOJILHOTO pedpa MOXKHO CUMTATH 25 CM.

2.[lpu fApyrux TreoMeTpHyYecKuX pa3Mepax
TUTUTB Pe3yNbTaThl MOTYT OBITh WHBIMH. B naib-
HeHmeM 11enecoo0pa3Ho MONYYUTh 3aBHCUMOCTD
JKECTKOCTH TUIMTHI, UMEIOIIEH MPoI0JibHbIE pedpa,
OT €€ TeOMETPUIECKUX pa3MepoB, a TaKKe yCTaHO-
BUTh, KaK BJIHSIOT T€OMETPUYECKHE pa3Mephbl Ha
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ONTUMAJIBHYIO BBICOTY MPOAOJIBHOrO pebpa Tpe-
YTOJIBHOTO TTONIEPEYHOTO CEUESHHS.
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Omnpenesnenue npeaeJbHOro CONPOTHBJICHUS
AMJIATHPYIOLIEr0 TPYHTA CABULY
MPH MOMOIIUA UCKYCCTBEHHbIX HEMPOHHBIX CeTel

Kanguaatsl TexH. HayK, AoueHTsl O. B. HOHOBI), 10. Bb. Hononal), k. C. B. H[ILIHOBI/I'-II)

1)]5enopycc1<1/1171 HaIlMOHAJILHBIA TeXHUYECKUH yHUBepcuTeT (MuHCK, PecniyOnmka bemapych)
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Belarusian National Technical University, 2018

Pedepat. CoBpeMeHHbIE T€OTEXHMYECKHE TEXHOIOTUH M3TOTOBJICHHUS CBail MO3BOJISIOT peliaTh MHOTHE HHXKCHEPHBIE 3aauu
B CTPOUTEIBCTBE CO 3HAYUTEIEHBIM 3KOHOMHYECKHM 3(P(PEKTOM U COKpaIleHHEM CPOKOB BeleHUs padboT. OIMHAKO TEOpETH-
yeckoe 00OCHOBAHHUE JIAHHBIX TEXHOJIOTUH 3HAYUTEIBHO OTCTACT OT MX MPAKTUYECKOTO HCIONIB30BaHusA. DakTop cTeCHEHHOM
JUJIATaHCUU SBJISIETCS OCHOBHBIM PE3€pPBOM Hecyllel criocOOHOCTH CBalf B HECBA3HBIX I'pyHTax. Ero moHMMaHHe OTKpHIBaeT
MYTh K COBEPIICHCTBOBAHHIO M'EOTEXHUUECKUX TEXHOIOTHI H3rOTOBJICHUS CBail, 00eCIeunBarOLINX aKTUBHOE BO3/ICHCTBUE Ha
TPYHT OCHOBAHHS U €T0 MpeAeIbHOE HANPSHKEHHOE COCTOSIHUE, KOTOPOE OTPENENAETCS COOTHONICHHEM COIIPOTHBIICHHUS TPYH-
Ta CIBHI'Y U HOPMAaJbHBIX HAMpPSDKEHUH, 100 TIIaBHBIX HANPsDKEHHWH Ha IUIONIAKe CABMIa B MOMEHT pa3pylueHus. Onpene-
JIeHHe OOIIUX HOPMAJbHBIX HANpPSDKEHUH B MIOCKOCTH CABUra B 3aBUCHMMOCTHU OT IJIOTHOCTH HECBA3HOTO TPYHTA, €0 IPaHy-
JIOMETPHYECKOTO COCTaBa M YCIOBUI CTECHEHHOW IJIATAHCHU TIO3BOJISICT HAWTH MpeNebHOe CONPOTHUBIICHHE TPYHTA CABHTY,
a cJIeI0BaTeNbHO, U €r0 MPOYHOCTh. Ha OCHOBaHWMHM TpENIoKEHHOH YIPYromIacCTHIeCKOW MOJAETH IHIATHPYIOUMIET0 TPYHTa
MPH CABMIE, PEATHM30BAHHOM COTJIACHO MPHUHATON METOJHMKE B CHEIMAIbHO pa3pabOTaHHOM JHIATOMETPUYECKOM CIIBUTOBOM
npubope, MOodydeHb! SKCIEPUMEHTATIbHbIE JaHHbIE O JONOJHUTEIbHBIX JUJIATAaHTHBIX HOPMAJbHBIX HANpPSDKEHUAX U IpOU-
HOCTHBIX TIapaMeTpax TPyHTa B 3aBACHMOCTH OT €ro IUIOTHOCTH, TPaHyJIOMETPUYECKOrO COCTaBa W YCIOBHH CTECHEHHOH Iuia-
TaHcuH. Vcnonp30BaHNEe MCKYCCTBEHHBIX HEWPOHHBIX CETel MPH MaTeMaTHYeCKOW 00pabOTKe dKCIIEPUMEHTANBHBIX JAHHBIX I10-
3BOJIJIO pa3paboTaTh aHATUTHYECKHI METOJ ONpPEICIICHHs PEACIBHOTO COMPOTUBIICHHUS HECBSI3HOIO TPYHTA CABHIY B YCJIOBHSX
CTECHCHHOH JMJIATAaHCHU W TPOU3BECTH KaJHOPOBKY PAaCUETHBIX MApaMeTpOB MPHHATON TPYHTOBOW MozenH. J{oka3aHo, 4To Mmpod-
HOCTB IPYHTA SIBJSICTCS (DYHKIIMCH YCIIOBHH pa3pyIICHHUs, KOTOPBIC ONPEEICHbI TPEHUEM H TUIATAHCUEH, TIPH STOM TPaIHLIOHHAS
Teopust mpouHocty Kyiona — Mopa Jyisi HeCBSI3HBIX IPYHTOB CHPaBEIMBa Kak Ul YCJIOBHUH CBOOOIHOIO IWJIATUPOBAHUS, TaK U
MPY CTECHEHHOM CJIBUT'€, HO C YUETOM JIOTIOJIHUTENILHBIX HOPMAJIbHBIX JIUJIATAHTHBIX HAPSODKEHUH.

KniodeBble c10Ba: HECBS3HBIA TPYHT, AWIATAHCHS, HANPSDKEHUS, AedopMaryy, Kod(QQUIMEHT IIOPUCTOCTH IpyHTa, Aeii-
CTBYIOLIHMIT AMAMETP YACTHUL IPYHTA, KO3DPUILHMEHT )KECTKOCTH MAcCHBa, CLEILUICHHUE, YTOJl BHYTPEHHETO TPEHUS

Jas untupoBanus: Ilonos, O. B. OnpeneneHue npeaeabHOro CONPOTUBICHHUS AWIATHPYIOIIEro IPyHTa CABUTY IPHU ITOMO-
I UCKYCCTBEHHBIX HelpoHHbIX cereit / O. B. [Momos, 0. b. Ilonosa, C. B. Susosuu // Hayka u mexnuxa. 2018. T. 17,
Ne 6. C. 471-477. https://doi.org/10.21122/2227-1031-2018-17-6-471-477

Determination of Limiting Resistance for Dilatant Soil to Shearing
While Using Artificial Neural Networks

0. V. Popov", Yu. B. Popova", S. V. Yatsynovich"
YBelarusian National Technical University (Minsk, Republic of Belarus)

Abstract. Modern geotechnical pile manufacturing technologies allow to solve many engineering problems in construction
with significant economic effect and reduction of work schedule. However a theoretical justification for these technologies
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is significantly lagging behind from their practical application. A constrained dilatancy factor is considered as the main re-
serve of pile bearing capacity in loose soils. Understanding of such approach opens a way to improvement of geotechnical pile
manufacturing technologies that provide an active impact on base soil and its ultimate stress state which is determined by
the ratio of soil resistance to shearing and normal stresses, or main stresses on a shear site at the moment of failure. Determi-
nation of total normal stresses in the shearing plane according to density of loose soil, its granulometric composition and
constrained dilatancy conditions makes it possible to determine an ultimate resistance of the soil to shear, and, consequently,
its strength. The proposed elastic-plastic model of dilatant soil in shear state being realized according to the adopted technolo-
gy which was developed while using a special dilatometric shearing device has made it possible to obtain additional data
on dilatant normal stresses and strength parameters of the soil depending on its density, granulometric composition and con-
strained dilatancy conditions. The use of artificial neural networks in the mathematical processing of experimental data
has permitted to develop an analytical method for determining an ultimate resistance of loose soil to shearing process under
constrained dilatancy conditions and carry out calibration of the calculated parameters of the adopted soil model. It has been
proved that soil strength is a function of fracture conditions, which are determined by friction and dilatancy. In this case
a conventional Coulomb-Mora strength theory for loose soils is valid both for free dilatation conditions and constrained shear
but with due account of additional normal dilatant stresses.

Keywords: loose soil, dilatancy, stresses, deformations, soil porosity coefficient, effective size of soil particles, massif rigi-
dity stiffness coefficient, grip, angle of internal friction

For citation: Popov O. V., Popova Yu. B., Yatsynovich S. V. (2018) Determination of Limiting Resistance for Dilatant Soil
to Shearing While Using Artificial Neural Networks. Science and Technique. 17 (6), 471-477. https://doi.org/10.21122/2227-

1031-2018-17-6-471-477 (in Russian)

BBenenne

Oco0eHHOCTBIO 1eOPMHUPYEMOCTH HECBS3HBIX
TPYHTOB SIBJISIETCSA UX CIIOCOOHOCTH K CYILECTBEH-
HBIM O0BbEMHBIM JeopMaLusIM B pe3yjbTaTe pas-
BUTHA TOJBKO nedopManunii popMOM3MEHEHHsI IPH
casure. [l onucaHus JAHHOTO COCTOSIHUSI TPYH-
Ta HCIONB3YIOT TEPMHH <«AHMJIATAHCHA», KOTO-
prIii BiepBhie ObLT BBeneH Pelinompacom B 1885 T.
B cBoux ombiTax PeliHonpac oOHapyXwi, dYTO
IJIOTHBIC 3C€PHUCTBIC CPEAbI NPHU IIACTUYCCKOM
e OpMUPOBAHUH YBEIMYUBAIOT 00BEM (IVIIATH-
PYIOT), B TO BPEeMS KaK PBIXJIOCIOKEHHbIE, HAIIPO-
THUB, €r'0 YMEHBIIAIOT, T. €. KOHTPAKTUPYIOT.

CoBpeMeHHBIE HCIBITAaHUA 00pa3LOB TIPYHTA,
NPOBOAMMEBIE B IpUOOpax MpsIMOTO Cpe3a B COOT-
BETCTBHH C CYIIECTBYIOIIEH MeTOuKOM [ 1], Hampag-
JIeHbI Ha ONpEETICHUE XapaKTEPUCTHK IIPOYHOCTH
(yrna BHYTPEHHETO TPEHMS ( U YAEIBHOrO CIEI-
JIEHUS €) B YCIOBUSIX CBOOOJHOIO AMIATUPOBAHUS.
JlaHHbIE XapaKTEPUCTUKU HAXOJAT METOJOM CJIBH-
ra OAHOW YacTH oOpas3la OTHOCHUTENBHO APYro
TOPU30HTAIBHON HArpy3Kol, HOPMaJIbHOU K IUIOC-
KOCTH Cpe3a, IIPU IPEABAPUTEILHOM HATrpyKEHUH
oOpasua. B pesynbpTare UCHBITAaHUNA ONpeneseTcs
NpeAeNbHOe CONPOTUBJICHHE TPYHTAa CIABUTY T,
BO3HMKAIOLIEE B MOMEHT pa3pylleHus oOpasia
IpyHTa OT MaKCUMAaJlbHOW CABHTAIOLICH HAarpy3KH
U COOTBETCTBYIOLIEE HAYaJIbHOMY HOPMAJIBHOMY
JIaBICHHIO Gy. llocne mpoBeneHWsI HCIBITAHUHN C
HECKOJILKMMHE 00pa3liaMu TPYHTa CTPOSTCS rpadu-
YecKHe 3aBUCHMOCTH T, = ¢ + Ootgp, M0 KOTOPHIM
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BBIYHCIISIFOTCS MCKOMBIE TIPOYHOCTHBIE XapakTe-
PUCTHKWU.

[Ipu pemeHnu psga TEOTEXHWYECKUX 3ajad,
HampuMep B CIydasx pacdera HecyIlel criocoOHo-
CTH CBall B HECBSI3HBIX T'PYHTax, CJICIYET yUUTHI-
BaTh YCJIOBHS OTPAHWYECHHS TUIATAHCHH TPYHTA Ha
€ro TpeneilbHOe COMPOTHBIEHHE CABHUTY, YTO W
SIBJISTIOCH 0OBEKTOM UCCIIC0BaHUM.

HccnenoBanue npenenbHOr0 CONPOTUBIICHUS
AWIATHPYIOLIEro IPyHTa

JUis n3yueHus sIBIE€HMsS AWIATaHCHUU U €ro
BJIMSHUSL HA TPOYHOCTH TPYHTOB OBUI M3TOTOBJICH
U 3alaTeHTOBaH AWJIATOMETPUYECKUH MNpHOOp
MIPSIMOTO CABHUTA [2], TO3BOJISAIONTUN MOIEITHUPO-
BaThb HAIPDKECHHO-IC(POPMUPOBAHHOE COCTOSIHUE
IPYHTa NPH paspyLICHUU B YCJIOBUSIX CTECHCHHOM
IUJIATaHCUH U ONPENeJIATh NpeieibHbIe 3HAUCHUS
CONPOTHBIICHUSI TPYHTa CIBUTY KakK MO OObIY-
HO¥ [1], Tak m Mo TpeTaraeMoil METOUKE OTpa-
HUYEHMsI AUJIATaHCUU 30HBI CABUIA C MCIOJIb30Ba-
HUEM JWHAMOMETPHYECKOTO MPUCTIOCOOJICHHS pe-
CyJIupyeMoil skecTkocTH [3].

IIpu mnpoBeneHMM WCHBITAHUN TUIOTHBIA He-
CBSI3HBIA TPYHT (KOB(PQHULUEHT TMOPUCTOCTU €
MEHBIIIE KPUTHYECKOrO 3HAYEHUS e€,) 10 Mepe
pa3sBUTHSA TOPU30HTAIBHBIX CMELICHUH KapeTKu
HauWHAeT JWIATHPOBaTh: BHAYale IPOUCXOAUT
HEeOOoJIbIIOe YNJIOTHEHUE TPYHTA, a 3aTeM II0 Mepe
YBEJIUYEHHsI TOPU30HTAIBHOIO CMEILEHHs HaOJIo-
JaeTcsi MHTEHCHBHOE paspeixiieHne. llpu stom
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MPOUCXOANT TOJBEM IITaMIIA, TOCTUTAIOIINNA CBO-
€ro MakCUMyMma IpU TpeIebHOM ciapure. Bemwu-
YHMHA BEPTHKAIBHBIX TUIATAHTHBIX MEpEeMEeIIeHUN
OTpaHWYeHa >KECTKOCTHIO JIHHAMOMETPHUYECKOTO
NPUCTIOCOOICHHSI, KOTOPOE MOJEIUPYET OTIOP CO
CTOPOHBI MacCHBa, HE YYacCTBYIOIIErO B IpoOIEecce
CIBHTa, HAa JUJIATAHCHIO 30HBI pa3pymieHus. B pe-
3yNbpTaTe IWIATAaHCUU 30HBI paspylleHHs B IJIOC-
KOCTH CJIBHTa BO3HHUKAIOT IOMOJHUTEIbHBIE HOP-
MaJIbHBIE TUIaTAaHTHBIE HAMPSDKEHUS Gj, KOTOPHBIE,
HAKJIabIBasICh HA HAa4YaJIbHOE HOPMAJbHOE JaBIe-
HHUE G), ONPEACIISIOT MPEAeNIbHOE CONPOTUBICHUE
TpyHTa cABUTY T, [4].

B cimyuae mpoBeieHUsS MCHBITAHUHA 1O Tpaju-
mnoHHOW Metoauke [1] (ycmoBus cBOOOMHOM -
JaTaHCHH) TIPEJIeNIbHOE COMPOTUBIICHUE HECBI3ZHO-
ro TpyHTa CIBUTY, corjiacHO 3akoHy KyroHa,
MpeaCTaBICHO NpssMoii 1 Ha puc. 1 u onpenemnsiercst
3aBHCUMOCTBIO

T, = O,tgo. (1)
{‘ 7, klla 1
—72
T'M/
Ta
Tl{
o7]
lo — R
(1) c Cp o, klla

Puc. 1. CxemaTuuHble 3aBUCHUMOCTH T, = f(Go) U T, =f(O)

Fig. 1. Schematic dependencies 1, = f(oy) and t', = f(c)

UcnpiTanuss B 3TOM Cilydae COOTBETCTBYIOT
YCJIOBUIO JICUCTBUSA IIOCTOSIHHON BEPTUKAIBHOMN
Harpy3Kky Ha mramn npudopa. [Ipu orpanndyennn
JUIATAHCUM BO3HHMKAET TEHICHIMS CTPEMIICHUS
HAYaJIbHOTO KOO HUIMEHTa TOPUCTOCTH €y K KPH-
THYECKOMY 3HAUYECHHUIO e, [5]. Ilogpem mrTamna
BBI30BET YBEJIMYCHNE BEPTUKAIBHOTO JABJICHUS Ha
oOpa3zer TpyHTa 3a CUET MPOSIBIICHUS AUIATAHTHBIX
HaNpsOKEHUH, BETUYWHA KOTOPBIX OIPEIeNIeTCs
JKECTKOCTBIO JTMIIATOMETPHUYECKOTO IMpHUCIoco0ie-
HUS, MOAETUPYIOIIETO YIPYTHUH OTIIOP CO CTOPOHBI
MaccuBa. DakTHYECKOE HOpMaJbHOE NaBJICHHE B
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CIBUIOBOM IpHOOpe HAa MOMEHT pa3pyLIeHUs CO-
CTaBUT

c=0,+0,, 2)

a COMPOTHBJICHHE TPYHTa CHABWUTY OIpPEIEISIeT-
Csl KaK

1, =(0, + 0, )tgp =oytgp +1,. 3)

Ha puc. 1 naHHas 3aBHCUMOCTH CXEMaTHYHO
TIpEACTABIICHA TIPSAMOit 2.

[IporpaMmMa WuCHBITAHHN HECBSA3HBIX TPYHTOB
B JWJIATOMETPUYECKUX MPHUOOpax MpsIMOTO cpes3a
BKJTFOUasIa B ceOs MCIIBITAHUS ITECKOB Pa3HOTO Tpa-
HYJIOMETPHUUECKOTO COCTaBa M TIJIOTHOCTH IIpH
Pa3IMYHBIX JKECTKOCTSAX JTUHAMOMETPHUYIECKOTO
MIPHUCTIOCOONIEHUS, T. €. MPH Pa3HBIX MOJAEIHpYe-
MBIX K03((HIIEeHTaX KECTKOCTH MACCHBa TPYHTA.
[Ipu 06paboTKe pe3ynbTaTOB CIABHTOBBIX HCIIBITA-
HUH TUIOTHBIX IECKOB yYCTAHOBIIEHO, YTO B CIIydae
OI‘paHH‘-ICHHOﬁ AWJIaTaHCUM BEJIMYUHA MPCACIIbHO-
TO COMPOTHBIICHUS CABUTY JOJDKHA OMPEIENATHCS
C Y4ETOM TIPOSIBICHHUS AMJIATAHTHBIX HOPMAIbHBIX
HaIIpSOKEHUH, 3aBUCSIIMX OT YPOBHS HAYaJIbHOTO
HOPMAJIPHOTO JaBIIEHUS G, TPAHYIOMETPHIECKOTO
cocTaBa HECBS3HOTO TPYyHTa (€ro JEHCTBYIOIIETO
nUuaMeTpa 4acTuil) dsg, ero Kod(pQHUIMeHTa TOPH-
CTOCTH e, Kod((uimeHTa XKecTKOCTH MacCHBa
rpyuta K. Ilepeceuenune mpsmbeix 1 u 2 Ha puc. 1
OTIpe/IeTISIeT BEIMINHY KPUTUYECKOTO HAYaIBHOTO
JaBJIEHUs] G, Ha 00pasell IpyHTa, IIPU KOTOPOM
JWITATAHCHSI HE TPOSIBIISETCS, W BEIUYHHBI JIHA-
TAHTHBIX HAMpPSDKEHUH W COOTBETCTBYIOIIWX JE-
dhopmartuii 03K K HYJTIO.

[lo pe3ynbTaTam MCHBITAHUN JaHHOE KPUTHUYE-
CKOe HOpMaJbHOE [aBleHHWE, MpPU KOTOPOM JH-
nmataHcus He HaOmomaetrcs (mopsaka 0,7 Mlla),
COOTBETCTBYET COCTOSIHUIO, KOTJIa TPYHT JI0 U TIO-
CJIe CIBUTA COCTABIISIET OJUH U TOT K€ 00BeEM, T. €.
BEITIONHSIETCA YCJIOBHE KPUTHYECKOW MOPHUCTOCTH.
OTO CBHJIETEILCTBYET O HEOOXOJUMOCTH YBS3bI-
BaTh MOHITHE KPUTHUECKOH MOPHCTOCTH C HAIpsI-
JKEHHBIM COCTOSIHHEM TpyHTa. Mcxons w3 BbImie-
W3JI0KEHHOT0, KQKIOMY HadyalbHOMY HOPMAaJIbHO-
My HamnpsHKEHHOMY COCTOSTHHIO Gy COOTBETCTBYET
OTpe/eNieHHass BENWYMHA AWJIATAHTHBIX Hamps-
KEHUH G, OMpeAeNsionas MPUPOCT TPeAeTbHO-
IO CONpPOTHBIICHWS TPYyHTa CIBHTY T,;, Ha3blBae-
Masl IWJIaTAaHTHOW COCTaBIIIONIECH capury (puc. 1).
[Ipu yBenuueHNH HAYaIHLHOTO HOPMAIBHOTO JIaB-

473



Cmpoumenvcmeo

JIEHUsI Gy 0 KPUTHYECKOTO HOPMAIIbHOTO JaBJie-
HHUS Oy, BEJIMYMHBI JMIATAHTHBIX HOPMAJIbHBIX
HANpsHKEHUH Gy, a CIEOBATENIbHO, U COOTBETCTBY-
IOIe JVJIATAaHTHBIE COCTABIIIONINE T,;, YMEHbIIA-
IOTCS OT CBOMX MaKCHMAaJbHBIX 3HAUCHHUH A0 HYJI.
IIpn 3TOM yrom BHYTPEHHETO TPEHHS, COTJIACHO
HAIllIM 3KCICPUMEHTAM, pPacCMaTpPUBACMBbI Kak
¢=arctg(t'/(co+ ©,)), ocracTcs NPAKTHUECKH
HEU3MEHHOW BEJIMYMHOM B TIpejieiax MOrpeiHOCTH
U3MEPEHUN.

CornacHo puc. 2, Opyd HM3BECTHOM 3HAYCHUU
KPUTHYECKOTO HOPMAJIBHOTO JIABIEHUS Gy, BEIU-
YUHY AWJIATaHTHBIX HANpsHKeHWH G, TpU 3aaH-
HOM 3HAYEHWW HAYaJIbHOTO HOPMAIBHOTO JaBlie-
HUSI Gy MOXKHO OTIPEJICITHTE 10 GopMmye

Gy = e | 1= |, 4)

GKP

a BEIMYMHY NPEIEIBHOTO CONPOTHBIIEHUS TPYH-
Ta Kak

T, =| Oo t Oymax 1_& tg(P, (5)

Kp

TAC Ogmax — MAKCUMAJIBHBIC NUJIATAHTHBIC HAIIP-
JKCHUA, ONPCACIACMbBIC SMIIMPUYCCKUM IMYTEM II0
JaHHbIM HCIIBITAaHHM.

A5, «la

K; > K, > K (MH/™?)
K, > K, (MH/™M)

K, (MH/Y)

| -
Go Gip o, klla
Puc. 2. CxemaTn4Has 3aBUCUMOCTb 6, =f(K, )

Fig. 2. Schematic dependence 6, =f(K, o)

[IpoBeneHHBIE HKCIEPUMEHTHI MO3BOJIWIH TIO-
JTy4UTh TaONUIBl 3HAYEHUH MaKCHMAaJbHBIX JIUJIa-
TAHTHBIX HANPSDKEHUH Oymax A1 (PUKCUPOBAHHBIX
3HAaYCHUI AEUCTBYIOIIETO IHaMeTpa YacTHUIl He-
CBSI3HOTO TPYyHTa ds), €ro Koadduuuenta nopucto-
CTH ey ¥ Ko3(h(PUIHEHTA KECTKOCTH MacCHBa I'PyH-
ta K. JlanHple TaONMUbl HpeayaraeTcsi MCIoib30-
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BaTh B Ka4deCcTBE OOyUaroImeld BBIOOPKH I 00yde-
HUs ucKyccTBeHHOW HeiponHoi cetn (MHC). Pe-
3ymbTatel pabotsl MHC MoryT OBITH TpHMEHEHBI
IS pacdyeTa  MaKCHUMalbHBIX  JIMJIATAaHTHBIX
HaTpsDKEHUH B 3aBUCMMOCTU OT YKa3aHHBIX BBIIIE
apaMeTpoB.

Onucanne padoThI
HCKYCCTBEHHOI HelipOHHOH ceTH

HckyccrBennniii Hevipon (MH) mvmutupyer B
MEPBOM MPUOIMKEHUN CBONCTBA OHOJIOIMYECKO-
ro HeripoHa [6]. Ha Bxoq MH mocrtymaer HekoTo-
poe MHOXECTBO CHTHAJOB, KAKIBIM M3 KOTOPBIX
SIBJISIETCSL BBIXOJIOM Jpyroro Hewdpona. Kaxnprit
BXOJl yYMHOXXAa€TCS Ha COOTBETCTBYIOIIHMH BeC,
W BCE MPOW3BENCHUS CYMMHPYIOTCS, OTpEeHemsis
YpOBEHb aKTHUBallUU HEMpoHa. Mojens, peanusy-
fommas 3Ty Haeto, MpeAcTaBiIeHa Ha puc. 3. 3/1ech
MHOKECTBO BXOJHBIX CUTHAJI0OB, 0003HAYEHHBIX X1,
X2, ..., Xp, IOCTYIIAET HA MCKYCCTBEHHBIN HEUPOH U
AMEET COOTBETCTBYIONTHE Beca Wi, Wy, ... W,
Kaxnplii Bec 0TBEUaCT «CUJIC» OJHOM CHHAIITHYC-
ckoii cBs3u. Cymmmupyrommii OJoK anreOpande-
CKHM OOBbEAUHSET B3BEIIEHHBIE BXO/bI, CO3/1aBasl BbI-
xox NET [6].

|
b NET
b
1 |

[}

[}

|

Puc. 3. I'papuueckoe mpeacraBieHue
HCKYCCTBEHHOTO HeHpoHa

Fig. 3. Graphical representation
of artificial neuron

JlaHHOE ONHCAaHWE MOYKHO TMPEICTABUTH Clie-
nyroted popMysou:

NET =Zn:wl.xi + Wy,

i=1

TJie W; — BEC i-I'0 HEUpPOHA; X; — BBIXOJI i-T'0 HEUpo-
Ha; 7 — KOJMYECTBO HEHPOHOB, KOTOPHIC BXOAAT B
oOpabaThiBaeMblii HEUPOH; Wy — bias-HEeHpOH, WU
HEUPOH CMEIICHUSI.

CymecTByeT M0CTaTOYHO OONBIIOE KOJIUYe-
CTBO METOJIOB OOy4YeHUs] HCKYCCTBEHHBIX HEUPOH-
HBIX CceTeH, omHako it MHorociowneix MHC
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HanOoJIee TOMYJISIPHBIM SIBIISICTCS METOJA O0OpaTHO-
IO paclpoCTpaHeHUs] OMIMOKH, BKIIOYAIOIIUN B
ce0s Tpu asser [7]:

 TIPOBE/ICHNE Yepe3 CEeTh 0OYUaIOIIETro MpuMe-
pa (daza npsMOro pacrpoCTpaHeHusl);

e BHIYHCJICHUE 3HAYCHUS OLIMOKH MEXIy MO-
Jy4eHHBIM BBIXOJIOM CETH M OXHJAeMbIM, Ha OC-
HOBE KOTOpPOTO 3aT€M pPacCUUTHIBAIOTCS OIINO-
KM I KaKJOTO TPEIBIAYIIET0 CJI0S BIUIOTH JO
BXomHOTO ((paza oOpaTHOTO pacIPOCTPAHCHUS
OIIINOKHN);

e €IMHOBPEMEHHAs! KOPPEKTHUPOBKA BCEX BECOB,
OCHOBBIBaSICh Ha MX TEKYILEM 3HaUCHHUHU, BETUUMHE
OINOKHM, COOTBETCTBYIOIIEH paccCMaTpPUBAEMOMY
HEUPOHY M AKTUBALIHOHHOMY 3HAYEHUIO HEUPOHA.

I'padudgeckoe mpeacTaBieHne MeToa 0OpaTHOTO
pacrpocTpaHeHHsl OIIMOKK TPUBEICHO Ha puc. 4 [8]
Juit K HelpoHOB nepBoro c¢iosi, M HEHpOHOB CKpBI-
TOTO CJI0s1 U N HEMPOHOB BBIXOJIHOT'O CJIOSL.

H3menenue
Beca Omnbxa
Hzmenenue
O Beca

Omnbxa

Puc. 4. Tpadpudeckoe npeacraBieHne
MeTo/1a 00paTHOrO PacIpOCTPAHEHHUS OLIUOKH

Fig. 4. Graphical representation of method
for of back error propagation

Jns permenus TaHHOW 3ama4m OBLTH BHIOPAHBI:
HNHC ¢ Tpems Bxomamu (IraMeTp YacTHIl HECBSI3-
HOr0 TIpyHTa ds9, KOI(PPHUIHUEHT MOPUCTOCTH HE-
CBS3HOI'O TIPYHTa €p, KO3(DQHUIUEHT KECTKOCTH
MaccuBa rpyHTa K), J1Ba HEHpOHa Ha CKPBITOM
ClIoe W OJIMH Ha BHIXONE (MakCUMAallbHOE JWiIa-
TAHTHOE HAMPSHKCHUE Ojpqy). OOOOIICHHAS cXxema
aNropuTMa pacyera HCKYCCTBEHHOTO HEHpoHa
MpeJICTaBlIeHa Ha pucC. 5.

Brauane anropuT™M MPOXOAWT MO BXOJHBIM
HEHpOHAM ¥ BBIYHMCISAET BHIXOIHBIE 3HAUEHUS IS
KaXA0ro u3 HuX. Jlamee anropuT™M IUKIHMYECKH
MIEPEXOIUT Ha PACUET BBIXOIOB AJISI CKPBITOTO CIIOS
Ha OCHOBE BECOB U paHee OIpPE/IEICHHBIX BBHIXOI0B
nepBoro cijosi. [Ipy BBIUMCIIEHUH BBIXOJIOB HEHPO-
HOB KCIIOJIb3YETCSI CUTMOMJalIbHAsT (DYHKIIUS aKTH-
BaIlny.
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CoxpaHenue
BXOJIHBIX
CHTHAJIOB

m

Sum =0

Pacuer BXogHBIX
3HaYEHUH HeHpoHa
W= wyx;

3HavyeHNe CyMMBbI
BXOJIOB
Sum = Sum + W
Pacuer
nepesaToyHon
GbyHKIH
BriBog
BBIYHCIICHHOTO
BBIXOJa HEHpOHa

Puc. 5. Cxema anropuT™a pacueTa HCKyCCTBEHHOIO HElpoHa

Fig. 5. Scheme of algorithm for calculating artificial neuron

ITocne paGoTel anropuT™Ma Ha BBIXOAE IOCIIEIAHE-
TO CJIOS TIOJTy9aeTcsl pe3ysibTaT paboThl UCKYCCTBEH-
HOU HeiipoHHOHU cetn. AnroputM oOyuenusi THC,
peaNTM3yIONTNI ONMCAHHBIN BBIIIC METOJ] OOPAaTHOTO
pacnpocTpaneHus OIMOKH, nprBeaeH B [9, 10].

AHanu3 MOJYYCHHBIX PE€3yJbTaTOB

[IporpammHas peanusaiiisi HICKyCCTBEHHOM Heil-
pPOHHOH ceTu ObUIa BBHIIONHEHA Ha s3bIKe Java-
Script ¢ wucmonp3oBanueM OuOMMOTEK Node.js u
Underscore.js. Konus skpaHa paboThl mHporpam-
MBI pacyeTa MaKCUMaJbHOTO IUJIATaHTHOTO Ha-
NpSUKEHUS] HECBSI3HOTO TPyHTa ISl BBOJIMMBIX
C KJaBHATYpHl 3Ha4YeHUN K03 duimenTa xecrt-
KOCTH MaccuBa TPyHTa, KO PHUIHEHTa TTOPUCTOCTH
TpyHTa W CpEeJHEro IuWaMeTpa 4YacTUI[ TpyHTa
npencTasieHa Ha puc. 6. OrpaHuueHus Ha Juana-
30H BXOJIHBIX MapamMeTpoB MOJIYYEHBI SMIIHpHUUE-
CKUM TyTeM M OIpeeNieHbl Kak: KOd(QQHUIEHT
KECTKOCTH MaccuBa rpynta K € [0; 5000] MH/m’;
KO(DPUITMEHT TOPUCTOCTH HECBS3HOTO TPyH-
Ta ¢y € [0;1,3]; nmamerp YacTHUI] HECBI3HOTO
rpyHTa dso € [0,0001; 0,01] m.
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HelipoHHas ceTb 06y4YeHa 1 roToBa K UCMO/Ib30BaHUIO

Pacuet Gdmax

Paccuutath

Pacuet Bcex Gdmax obyuatoed suibopiw

K - KoaPUUMEHT XKECTKOCTU Maccuea rpyHTa, MH/M3
1208

€ - KO3OMUUWEHT NOPUCTOCTH TPYHTa

0.43

d50 - cpeaHuWiA AMaMeTp UacTULL FpyHTa, M

0.0015

Gdmax - 0.19919951863101196

Puc. 6. Pacuer MakcUMaJIbHOTO JAUJIaTaHTHOI'O HAIIPSP)KECHUS HECBA3HOI'O I'PYHTA

Fig. 6. Calculation of ultimate dilatant stress in loose soil

HelipoHHas ceTb 06y4eHa 1 roToBa K UCMO/Ib30BAHUIO

Pacuet Gdmax

N2 K- e- d50 -
Ko3bbuumMeHT Kos3bbUUMeHT  cpeaHwuii
HECTKOCTH NoPUCTOCTH anameTp
Maccuea rpyHTa, rpyHTa yacTmy,
MH/Mm3 rpyHTa, M

1 0 0.43 0.0015

2 0 0.5 0.0015

3 0 0.6 0.0015

4 0 1 0.0015

5 44 0.43 0.0015

6 44 0.5 0.0015

7 44 0.6 0.0015

8 44 1 0.0015

9 385 0.43 0.0015

0.3

Pacuet Bcex Gdmax obyuaroweii esibopkn

Gdmax - Pezynetat CpeaHekBagpaTvdHoe

MaKCUManeHoe pac4eTa OTKAOHEHKE

annaraHTHoe

HanpsaxeHue, MH/

M2

0 0.016 0.00800

0 0.014 0.00700

0 0.012 0.00600

0 0.000 0.00000

0.047 0.028 0.00950

0.031 0.024 0.00350

0.022 0.020 0.00100

0 0.000 0.00000

0.14 0.147 0.00350
Tpatug

o=
i

/\

=4

Gdmax and PacuntaHHbIi
pesyJbrar

J=L

\H\A

S

Trial Version

HOpﬂ,Z[KOBLIH HOMeEp

Puc. 7. Pacuer HanpspKEHHOCTH TPYHTA JUIsl 00yJalommei BRIOOPKI

Fig. 7. Calculation of soil strength for training sample

Juns moaTBepxkaeHus: paboTOCIIOCOOHOCTH pas-
paboTaHHOW WCKYCCTBEHHOW HEWPOHHOW CETH B
MpeajiaraéMoM TPOTPAaMMHOM IPOJYKTE HMEETCs
BO3MOKHOCTh pacuera MHC nHa Bcem auama3one
oOyyaromieil BBIOOPKH C pacueToM CpeAHEKBaapa-
TUYHOTO OTKJIOHEHUS WM COCTABICHHEM TIpaduka
JUTsl BU3YaJIbHOTO cpaBHeHus (puc. 7). Ha puc. 7
CHHHMM I[BETOM TIIOKa3aHbl IMITUPUYECKUE 3Haue-
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HUA Gjmax, @ KOPUUHEBBIM — pE3YJBTAThl pacdera
HCKYCCTBEHHOI HEHPOHHOU CETH.

BBIBO/IbI

1. [IpoYHOCTH HECBSA3HOIO TPYHTa CO 3HAUYE-
HUEeM K03(h(dUIMEeHTa TOPUCTOCTH, MEHBIIE KpH-
TUYECKOW BEIMYUHBI, SABISETCS (YHKIMEH yCIo-
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BHHA pa3pylmIeHUs TPYHTa M OIPEACIICTCS €ro
BHYTPCHHHUM TPECHUEM U JTUIATAHCUCH.

2. Ilpu ompeneneHrH MPEASITFHOTO COMTPOTHBIIC-
HUSI HECBS3HOTO TPYHTA C/IBUTY CIICAYET YUHUTHIBATh
W3MCHEHHE HOPMAIILHOTO JABJICHUS B IUIOCKOCTH
paspyllieHusT  BCIICACTBHE mwiiaTaHcuu.  Hooe
HaNpPsDKEHHOE COCTOSTHHE OTIPENENSICTCS] COOTHOIIIe-
HHEM TIPEIeIbHOTO COMIPOTHBIIEHHUS TPYHTA CIABUTY
K CyMMapHBIM HOPMAJIbHBIM HAIPSHKEHUSM B MO-
MEHT pa3pylICHUs.

3. Cratuctrueckass 00paboTka pe3yIbTaToOB
C/IBUTOBBIX HCTIHITAHUN HECBSI3HBIX TPYHTOB B YCIIO-
BHSIX CTECHEHHOM AWJIATAaHCUU C UCITOIb30BaHHEM
UCKYCCTBCHHBIX HEWPOHHBIX CETEW TMO3BOJSCT C
JIOCTAaTOYHO BBICOKOW TOYHOCTHIO OMPEIENSThH J0-
MTOJTHATEIIFHBIC HOPMAJIbHBIE JTUJIaTaHTHBIC HaIps-
JKEHUSI B TIOCKOCTH Pa3pyIIeHHs B 3aBHCHMOCTHU
OT JIEWCTBYIOIIETO TUaMeTpa YacTUI[ HECBS3HOTO
TPYHTa, €r0 HadalbHOTO K03(QUIMeHTa mOpUCTO-
CTH, YIPYTOro OTIOpa CO CTOPOHBI MacCHBa IPyH-
Ta Ha JWJIATAHCHIO 30HBI CJBHIra, HAYaIIBHOTO
HOPMAaJIGHOTO JaBJICHUS W TCOMETPUUCCKUX pa3-
MEpPOB ITOCKOCTH CJIIBHTA.

4. ®akTOp CTECHCHHOW WJIATAHCUU SIBISCTCS
TJIABHBIM PE3€PBOM IMMOBBIICHHUS HECYIIEH CIIo-
coOHOCTH CBaH, €ero MOHHMAaHUE OTKPBIBAET MYTh
K COBEPIICHCTBOBAHUIO COBPEMEHHBIX TI'€OTCXHU-
YeCKMX TEXHOJIOTHH H3TOTOBJIEHMS CBali, oOecrie-
YUBAIOIIMX AKTUBHOE W IIEJICHANIPABICHHOE BO3-
JIeHCTBHE HA TPYHT OKOJOCBAHOTO MPOCTPAHCTBA.
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BeperozammrHbie COOPYKEHHS OTKOCHOIO THIIA
Ha BoAoxpanuaumax benapycu v npu4uHbl X AedopManuu

JlokT. TexH. HayK, nou. B. E. JeBkeBnu"

”Benopyccmﬁ HaIlMOHAJILHBIA TeXHUYECKU yHUBepcuTeT (MuHCK, PecriyOnmka bemapych)

© benopycckuil HallMOHAIBHBIN TEXHUYECKUH yHUBepcuTeT, 2018
Belarusian National Technical University, 2018

Pedepat. Ha ocHoBanuu obcnenoBanus coopyxeHuil 6eperozamuTsl 6oaee yeM no 100 BogoXpaHWIUIIAM CTPaHbI BHINOJI-
HEHA OI[CHKA COBPEMEHHOTO COCTOSIHHS PAa3IMYHBIX BUIOB KPEIUICHHH C BHISBICHHEM IIPUYMH HX pa3pyIIeHUi 1 MacmTaboB
nedopmaruii. B cTathe mpuBeneHHI pe3ysbTaThl HATYPHBIX HAOMIONCHHH 3a OEpero3aluTHBIMHA COOPYKCHUSIMH OTKOCHOTO
THUIA, NMPUMEHSIEMBIMH Ha BopoxpaHwmmmiax bemapycn. Hambomee pacnpocTpaHeHHBIE KpeInieHHs OeperoB M OTKOCOB —
KpeIUIeHHs B BUJIE KeIe300€TOHHBIX MOHOJIHUTHBIX JTM00 cOOpHBIX IIUT. OnpeneneHo, 4To AedopMalii KperIeHni 0TKOCOB
MPEICTAaBICHBI PACKPBITHEM MEKIUTUTOYHBIX CTPOUTENBHBIX, TEMIEPATYPHBIX M OCAJ0YHBIX LITBOB (3apEerncTpUpOBaHa MIUPH-
Ha packpsitus 10 0,35 M), KOTOpbIe Pa3BUBAIOTCS 0] KOMIUIEKCHBIM BO3/ICHCTBHEM BETPOBOTO BOJIHEHNS, KOJICOAHUS ypOB-
Hel u Apyrux ¢akropos. B mocnexyromem nedopmanyi 0OHaKMBIIMXCS IIBOB BEAYT K pa3pylIeHHIo KpermeHus. ledopma-
U OTKOCOB B psijie CIydaeB JOCTUraeT 3HAUUTENBHBIX BEIMYNH: JHHeHHas nepepaboTka (paspymieHne) oTkocos 10 24,20 m,
00BeM pa3MbIBOB 110 4,25 M°/M Tor. du3HUecKoe MozenupoBanue aedopMarii OTKOCOB, BBIIIOJIHEHHOE B THAPOTEXHUYIECKOM
nabopaTtopnu benopycckoro HallMOHANPHOTO TEXHUYECKOTO YHHUBEPCUTETA HA MOJIEISIX IPYHTOBBIX IOJIITOPHBIX COOPYKEHHUH,
3aIUIIEHHBIX KeJIe300€TOHHBIM KPEIUIEHHEM C PA3IMYHON IIUPHHON PACKPBITHS LIBOB, MO3BOJMIO YCTAHOBUTH AUHAMUKY
M MacIITadbl pa3BUTHs AedOopManuii 0TKoca IPH BO3JEHCTBHH BOJHOBOTO M YPOBEHHOTO PEXMMOB, MMEIOIINX pa3JIMIHbIe
napaMeTpsl. JlaHHbIe HaTYpHBIX OOCIIEJOBaHWI KpPEIICHHH JajJd BO3MOXKHOCTH BBINOJIHUTH OIEHKY COCTOSIHUSI HOKPBITHH
OTKOCOB TIPH Pa3HBIX CPOKAX AKCILTyaTaI[MX ITOJIIOPHBIX COOpY)XeHHI. B craThe mpuBeneHs! MPUYUHEL M (PaKTOPHI, BIHUSIO-
M€ Ha yCTOWYMBOCTh KpeIUIeHUH. Pe3ynbTaTel HAaTYpHBIX U 1a00PAaTOPHBIX HCCIICAOBAHUI YCTOMUYMBOCTH KPETIEHUH MO3BO-
JIMIK YCTaHOBHTH BIMSHNE Ha pa3BUTHE JedopManuil pa3IuyHbIX MPUYNH, K KOTOPBIM OTHOCSITCS: HAJIMYHE B IPUHATBIX pac-
YETHBIX MPOEKTHBIX CXE€MaX M 3aBUCUMOCTSIX ONpeeIeHHs MapaMeTpoB KPeIIeHHH 0OBbEKTUBHBIX HETOYHOCTEN M JOMyIIe-
HUIA; OTCYTCTBHE IOJHOTHI y4eTa YCIOBHH BOJHOOOPAa30BaHUS M YPOBEHHOTO PEKHMa BOJOXPAHMINI; B HCXOTHBIX JaHHBIX
U MaTepuajiax M3bICKaHMIl He BCera JOCTOBEpHO Ipe/cTaBiIeHa HHPOPMALHs O TPYHTOBEIX YCIOBHUSIX CTPOUTEIBCTBA O0BEK-
Ta Oepero3aruThl; TEXHOJIOTMIECKHE OTKIOHCHUS TIPH CTPOUTENBCTBE COOPYKEHHH U X KPEIUICHUH. Y CTaHOBJIEHO, Y4TO OJI-
HOH M3 XapaKTEPHCTHK, ONPEIEISIONINX ANHAMUIECKYI0 YCTOHYNBOCTh OEPETOB M OTKOCOB COOPYXKEHHI B yCIOBHUSIX BOJO-
xpanunui benapycu, Hapsoy ¢ BBIIEIPUBEICHHBIMU NPUIMHAMH, SBISETCSl COCTaB Pa3MbIBAEMOTO TPYHTA, XapaKTepU3ye-
MBI, B YaCTHOCTH, KO3((GHUIMEHTOM HEOJHOPOIHOCTH HECBSI3HOTO TIPYHTA. BEIABIECHHBI B IpoLecce HCCIIEIOBAHMS
YCTOHYMBOCTH KperuleHuH 3(dexT caMooTMOCTKH, oOpasyromelcs NpH pa3pymieHHH Oepera, CIO0XEHHOTO HECBS3HBIMU
TPYHTaMH C NOBBIIIEHHOW HEOJHOPOIHOCTBIO, IO3BOJIMI IPEUIOKHUTH CIIOCO0 KperieHHs oTKocoB M OeperoB. Ha ocHoBe
JAHHBIX HATYPHBIX HCCIEJOBAaHMI M TaOOPATOPHBIX 3KCIEPUMEHTOB MOIyYEHBI IMIUPHUECKUE 3aBUCHMOCTH JUIS pacdeTa
npodmIs AMHAMUYECKOTO PAaBHOBECHSI C CAMOOTMOCTKOHN ABYX TumoB. [IpemnoskeH pacueT KOMOMHHPOBAHHOTO KpETIICHHS
OTKOCOB, COCTOSIIIAN U3 KAMEHHOH OTCBHITIKYA M CHHTETHIECKHX (QMIBTPYIOIINX MAaTEPHAJIOB TOBBIIICHHON MTPOYHOCTH.

KitoueBble cjioBa: KperuieHHE OTKOCA, BOJOXpaHmuIe, oeper, nedopmans, abpasus, nepepaborka, npodmib IuHaMUAYe-
CKOT'O paBHOBECHS, JINHEHHOE OTCTynaHue oepera, 00beM pa3MbIBa, CAMOOTMOCTKA, CaMOYKpEIICHHE, KaMeHHas Habpocka
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Civil and Industrial Engineering

Slope Protection Structures at Water Reservoirs in Belarus
and Causes of their Deformations

V. E. Levkevich"
YBelarusian National Technical University (Minsk, Republic of Belarus)

Abstract. Assessment of the current state in respect of various bank stabilization with identification of causes of their de-
struction and deformation scale has been carried out on the basis of the survey pertaining to coastal protection structures in
more than 100 reservoirs of the country. The paper presents results of field observations on bank slope protection structures
which are used at water reservoirs in Belarus. It has been established that the most common protection of banks and slopes is
strengthening in the form of reinforced concrete monolithic or prefabricated slabs. It has been determined that deformations of
slope protection are represented by opening of tile-to-tile construction, temperature and settlement joints (it has been recorded
opening width of 0.35 m) which develop under a complex impact of wind waves, fluctuations in levels and other factors.
Subsequently deformations of exposed joints lead to destruction of the protection. Value of slope deformations reaches
in some cases rather significant extent: linear processing (destruction) of slopes — up to 24.20 m; volume of erosion — up
to 4.25 m*/m running. Physical modeling of slope deformations carried out at a hydro-technical laboratory of the Belarusian
National Technical University while using models of ground retaining structures protected by reinforced concrete strengthe-
ning with various opening width of joints has allowed to determine dynamics and scope of slope deformations due to the
influence of wave and level regimes having various parameters. Data of on-site investigations on protection have made it pos-
sible to assess the state of slope paving for various operational periods of retaining structures. The paper presents reasons and
factors that affect the protection stability. The results of on-site and laboratory investigations on protection stability have
permitted to determine that the following reasons influence on the development of deformations: presence of objective inac-
curacies and assumptions in the accepted calculated design schemes and dependencies for determination of protection parame-
ters; lack of completeness in registration of conditions for wave formation and level regime of reservoirs; initial data and sur-
vey materials do not always provide true information about ground conditions for construction of bank protection facility;
technological deviations while constructing structures and their protection. It has been ascertained that one of the characteris-
tics determining a dynamic stability of banks and slopes in structures under conditions of the reservoirs in Belarus along with
the above reasons is a composition of the eroded soil characterized, in particular, by a inhomogeneity coefficient of loose soil.
A self-pavement effect identified during the study of protection stability and formed during destruction of a bank composed of
loose soils with increased heterogeneity has made it possible to propose a method for protecting slopes and banks. On-site
investigations and laboratory experiments have permitted to obtain empirical relationships for calculation of dynamic equilib-
rium profile with self-pavement of two types. The paper provides a calculation for combined slope protection consisting of
rockfill and synthetic filter materials of increased strength.

Keywords: slope protection, reservoir, bank, deformation, abrasion, processing, dynamic equilibrium profile, linear bank
retreat, erosion volume, self-pavement, self-reinforcement, rock rip-rap

For citation: Levkevich V. E. (2018) Slope Protection Structures at Water Reservoirs in Belarus and Causes of their Defor-
mations. Science and Technique. 17 (6), 478—488. https://doi.org/10.21122/2227-1031-2018-17-6-478-488 (in Russian)

BBenenne

3ammTta 6eperoB BOAOXPAHUIIHUII, a TAKXKE BEP-
XOBBIX OTKOCOB JaM0 ¥ IJIOTUH OCYIIECTBIISACTCS
C TIOMOIIBIO PA3IMYHBIX OEPETO3allMTHBIX COOPY-
JKEHUI — KPEIUICHUH, KOTOphIC M0 XapaKTepy B3a-
UMOJICHCTBHUS C BOJHOBBIM ITOTOKOM IOAPA3/ILIIs-
I0TCSI HA aKTHBHBIC U MTACCUBHBIE.

AKTHBHBIC THUIBI COOPYXCHHUN — BOJIHOJIOMBI,
MOJIbI, @ TAK)XKE UCKYCCTBEHHBIC HAMBITBIC WIN OT-
CBHITaHHBIE TUIDKU. Kpome Toro, K 3TOMY THITY
KpEIUIEHWH OTHOCHUTCS OMOJOTHYECKOE KpEeIIeHHe
OTKOCOB B BUJIE€ 3ay>KEHUS WJIM ITOCA/IKa BBICIICH
JIPEBECHON PpaCTHTENHHOCTH, MPEUMYIIECTBEHHO
JUCTBEHHBIX OBICTPOPACTYIIUX MOPOJ (MBBI, JIO3HI,
yepeMyxu depHo# u nip.) [1-3].

[TaccuBHBIE THIBI OEpETO3aIUTHBIX COOPYXKe-
Huil [1-3] mpencTaBiieHbl BOJIHOOOWHBIMU CTCHKA-
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MH ¥ OTKOCHBIMH KPEIUICHHSIMH C 3aKpeIUIeHHEM
BEPXOBOT0 OTKOCa KaMEHHOW HaOpOCKOM, Molie-
HHAEeM (COOPHBIM JKEJIe300€TOHHBIM 1 MOHOJIUTHBIM
OCTOHHBIM).

B crathe mpuBeICHBI pe3yNbTaThl HUCCIICIOBA-
HUH COCTOSIHUS 3KCILTyaTUPYEMBIX B CTpaHe Oepe-
TO3AIIUTHBIX COOPYKEHWH TOJIBKO MACCHBHOTO
THUTIA, TPUYEM JIHIIL OTKOCHOTO KPEIUICHUS U3 Ke-
JIe300€TOHHOTO TOKPBITUS, PACCMOTPEHBI MPHYH-
HBI pa3BUTHS AehOpMalnidi KpeIICHHH W allbTep-
HATHUBHBIE THUIBl KPEIUIEHWH W3 €CTECTBEHHOTO
BaJlyHHOT'O MaTepHaa.

OcHoOBHAfl YacTh

OO6cnenoBanue KperieHH 0eperoB u OTKOCOB
BojioXpaHwull benapycu mnokasano, 4to 0OO0b-
NIMHCTBO M3 HUX C TEUYCHHEM BpPEMEHH HaYHHA-
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10T nedopmupoBateest U paspymarscs. Hanbomnee
pacmpocTpaHeHbl OETOHHbIE U KeIe300€TOHHBIE
kperieHua. OCHOBHBIMH TNIPHUYMHAMHU TIOBPEXIe-
HUIl OCTOHHBIX KpPEIUIGHHH SIBISIFOTCS: ciiaboe
VIJIOTHEHHE IIBOB, HEKAUYECTBEHHOE BBIMOJHEHHUE
OeTOHHBIX PadOT M TOJATOTOBKH, HU3KHHA YPOBEHB
9KCIUTyaTalli, YTO BelIeT K PACKPBITHIO LIBOB,
BBIHOCY TPYHTa HW3-TIOA IUIUT W TOCIEAYIOLIeMY
paspymernto TmOKpeITHi. OOmmas AauHA yKpemn-
JICHHBIX OeperoB U OeperoyKpenuTeNbHBIX COOPY-
’KEHUI Ha BoIoXpaHwiIMILax bemapycu cocraBuser
okosio 250 kM. JIIMHAa MOBpEXJIEHHBIX U pa3py-
HICHHBIX OEperOyKPEeNUTENbHBIX KOHCTPYKIMH H
COOpPYKEHMH, IO JaHHBIM HAaTypHbIX 0O0cieno-
BaHUHN aBTOpa, mpoBereHHbx B 2013-2016 rr.,
okoio 110 kM, uro cocraBnser nmpumepHo 50 %
MIPOTSHKEHHOCTH BCEX KpeIuieHui [4, 5].

JlamOb1 OOBanoBaHMS — caMbIii pacmpocTpa-
HEHHBIA TUN OEPero3alluTHBIX COOpyx)eHui B be-
nmapycu. OHH 9acTO MCTONB3YIOTCA B Ka4ecTBE 3a-
IIUTHOTO MEPONPHUATHS OT 3aTOIUICHHS Ha BOJO-
XpaHUIUINAX PYCIOBOH (OPMBI (BOJOXPAHUIIUINA
Buneiickoe, 3acnaBckoe, Jpo3asi, Comuropckoe,
Kpacnas Cnobona) wim mpu CTpPOUTENBCTBE BOJ-
HBIX 00BEKTOB HAJIMBHOTO THMA (BOJOXPAaHMIIHINA
Mansie ABTiOKHM, 3arathe, CmoneBuuckoe, Kom-
MyHap | T. 1.). Beicota 1am6 oOBasioBaHMs penKo
mpeBbIIIaeT 5-7 M.

B kxagecTBe 3amMTHOTO MEPONPHUSITHS OT pas-
BHUTHS 3PO3UOHHBIX MPOIECCOB B MPAKTUKE OTE-
YECTBCHHOM Oepero3aiuThl MPUMEHSIOTCST TaKkKe
KpeIJIEHNSI OTKOCHOTO THIA PAa3JIMYHBIX KOHCT-
pykuui [3—6] (puc. 1).

Puc. 1. TIpumepsl KPETUICHUSI OTKOCOB: a — KAMEHHAsl OTCHIIKA; b — MOANOpHAsT CTECHKA; C — KPEIUICHHUE HKEJIe300€TOHHBIMHE
teTpanoaamu; d — rudkoe kene300eTOHHOE KPEIICHUE 0TKOCA; € — KPEIUICHUE OTKOCA IUTHTAMU;
f — KOMOWHHMpPOBAHHOE KPEIUICHUE OTKOCA KAMHEM M METAJUTHYECKOM CETKOM

Fig. 1. Examples of slope protection: a — rockfill; b — retaining wall; ¢ — protection with reinforced tetrapod;
d — flexible reinforced slope protection; e — slope protection with slabs;
f— combined slope protection with stone and metal mesh
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Ha ocHoBe cBeneHWiT HaTypHBIX 00CIEIOBAHUI
COOpY>KEHHH, 1ab0paTOpHBIX HCCIICAOBAHMMN, a TaK-
e OIMmyOJIMKOBaHHBIX MaTEpHaJiOB aBTOPOM BbI-
MOJTHEHO 0OOCHOBaHNE KOHCTPYKTHBHBIX PELICHUH
M0 KPETJICHUIO BEPXOBBIX OTKOCOB AaM0 M IUIOTHH,
HamboJee 9acTo MPUMEHSIEMBIX B YCIOBHUSIX BOJIO-
xpanwaly  bemapycu. Ilpennaraercs ucnosib-
30BaTh KOHCTPYKIIUN KPETUICHHUH, MPUBEICHHBIX B
paborax E. M. JleBkeBuua, H. B. Cypwmsbl, X. P. Mo-
nepo, A. II. Yemmamkumna, C. C. Aranakosa,
W. T'. Benpuenko, M. B. Uykybaera, C. C. Uyky0Oae-
BoH, b. B. I'ma3piprHa, KOTOpbIE OTINYAIOTCSA KOH-
CTPYKTUBHBIMHA OCOOCHHOCTSIMH, C€0ECTOMMOCTHIO
u 3 dexTuBHOCTRI0. Takue KperieHus PeKOMEH-
IYIOTCSl K TIPAKTHYECKOMY HCIIOJIB30BAHHIO B YCIIO-
Busix benapycu (puc. 2).

O00011eHre 1 aHATN3 MaTepPHAIIOB, TOTYYEHHBIX
B pesynbrare oOcnenoBanus Oomee yem 100 Bomo-
XpaHWIUL cTpaHsl [4, 5], mokazanu, 4TO Kper-
JMeHWsT B TIEPUOJA OKCIUTyaTallid TOJBEPIKEHBI
negopManusiM, B pe3ylbTare Yero MPOUCXOJSAT
MCCTHBIC Pa3MbIBbI UX BCPXOBBIX OTKOCOB, 06y-
CJIOBJICHHBIC pa3JIMYHBIMU IIPUYIHNHAMMU. K II0CJIC -
HUM OTHOCSTCSI:

Manepo XP. 1959

7
H HHOA

JKENE30DEMOHHAA
njuma

eqbapumebHo
npa

Yennawkur AN 1982 45
Aeanakod C.C.
Benbuerko T,

nogeomobka

"~ |qepebanubie_Hpycos
CI0U_CUHMEMUYeckozo

Quabmpyrowezo Mamepuana

Nebkebuy EM. 1983

— HAJIMYHUE B MIPUHATHIX PACUETHBIX MPOCSKTHBIX
CcXeMax U 3aBUCUMOCTSX ONPEIECICHUS TapaMETPOB
KpeIuIeHHH OOBEKTUBHBIX HETOYHOCTEH U JOITy-
IICHMI;

— OTCYTCTBHUE IOJHOTHI YYETa yCIOBUM BOJIHO-
o0pa3oBaHMs M YPOBEHHOIO pEXHMa BOJOXpa-
HUWJIHIIL;

— B UCXOJHBIX JaHHBIX U MaTepHajiaX M3bICKa-
HUI He Bcerna JIOCTOBEPHO IpejcTaBicHa HHDOp-
Malusi O TPYHTOBBIX YCJIOBHSIX CTPOHUTENbCTBA
o0BeKTa Oepero3amuThl;

— TEXHOJIOTUYECKHE OTKJIOHEHHS MpPU CTPOH-
TEJIbCTBE COOPYKEHUM U UX KPETUICHU.

[IpuBeneHHBIE TPUUNMHHO-CIEACTBEHHBIE YCIIO-
BUS BEAYT K Pa3sBUTHUIO JeopMaIyii OTKOCOB H HX
KperuieHuid. Jleopmaiiusi OTKOCOB B psiJie Cllydacs
JOCTUTAET 3HAYUTEIHHBIX BEJTMYMH: JIMHEHHAs Tie-
pepabotka (paspyiieHue) oTkocoB S, 10 24,20 M,
06beM pasmbiBoB O, 10 4,25 v’/M mor. CBeneHus
0 Macmrabax pasMbIBOB U JjieopMmainuii Bepxo-
BBIX OTKOCOB JaM0 W IoTuH [4, 5] mpuBencHbI
B Tabm. 1.

Nebrebuy EM 1982
Cypma H.B.

nogeomobka

BepxHas nauma

cugpousongyus
HWKHAG nauma

nogzomobka

Puc. 2. Kpenuienus, pekoMeHyemble Ui ycinoBuil benapycu

Fig. 2. Protection recommended for conditions of Belarus
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Tabauya 1
Jedopmanuu BepXoBBIX 0TKOCOB 1aM0 U MJIOTHH

Deformations of upper slopes in dikes and dams

Jmna O6BbeM nepepaboTKH

Hassanue y4acTka BEPXOBOTO He3aKper-
BOJOXpaHWINILA | pa3MbiBa JeHHoro otkoca O,

Lysp, M M>/M TIOT.

Kpacuocio6oackoe 700 5,90 2,26
Conuropckoe 4500 6,20 2,22
JIOKTEIIIHN 650 6,70 2,46
Ioroct 500 8,50 4,25
JIro0ameBckoe 450 5,50 2,19
Bonpmmue Opist 650 7,30 1,51
BobpyiikoBckoe 250 2,50 0,31
TomoBunikoe 300 4,50 1,08
3aratbe 500 5,00 0,50
Kommynap 350 2,00 0,30
Maisie ABTIOKH 450 3,00 0,90
Kpachsrit boery 300 8,00 2,64
CynxoBo 750 24,20 2,40

MOHOIUTHBIE  KEJNe300eTOHHBIE  KpETICHUS
0OBIYHO BBIMOIHAIOTCA U3 IUIAT TOMIUHON 10 0,20 M
Ha CJIO€ MeCYaHO-TPaBUMHONM MOAroTOBKU. [1nuTh
paspesaroTcsi TeMIepaTypHO-0CaJOYHBIMU IIIBAMHU
10 BCEH BBICOTE OTKOca (puc. 3).

COOpHO-MOHOJIUTHBIE KPETJICHHUSI  BBITIONHSA-
I0TCS M3 OTHENBHBIX IIHUT pazmepamu 4,0x1,75 m
C MOCIIEAYIOUINM OMOHOIMYUBaHNeM 1BoB (Conu-
ropckoe, 3acnaBckoe, JlrobaHckoe u Apyrue BoJo-
XpaHuwIuia). ToNIIMHA IMT KPeIUIeHHsI IPH 3TOM
coctasisieT 0,15-0,20 M, a rpaBUiHON MOATOTOB-
ku 10 0,20 m.

OOcienoBanue BOJHBIX OOBEKTOB, PACIOJO-
JKEHHBIX B Pa3IMYHBIX peruoHax ctpaHbl (I[Tooze-
pre, LlentpanbHas yacte, llonecke) ¢ pasHbIMHU
TUINaMHU KpEIUICHUH, M0Ka3ano, YTO Hapsly C BbI-
meyKa3aHHBIMU TIPUYWHAME HAPYIICHUS YCIOBHUN
HOPMaJBHON JKCIUTyaTallid COOpYKEeHWH Oepero-

a

3aIUTHl ¥ OJHOW M3 BaKHEUIINX MPUYIHH 00pa3o-
BaHHUS TIOBPEXJEHUI OETOHHBIX M HKeIe300eTOH-
HBIX KPEIJICHUH SBJISIETCS] HEKaueCTBEHHOE YILIOT-
HEHHE IIBOB M I'PaBUITHON MOJITOTOBKU Ha CTaJuu
CTPOMTENECTBA. JTO B UTOTE MPHUBOAUT K Iepepa-
0OOTKE OTKOCOB BOJHOBBIM IIOTOKOM B IPOCTpPaH-
CTBE MOJ IUIMUTAMM IIPU PA3IUYHBIX IOJIOKEHHUAX
YPOBHSI BepxHero Obeda BOJOXpaHHIIMII, BBIHOCY
IpyHTa H3-TI0J] TUIUT U UX IMOCJEeIyIOIEMY pa3py-
menuro (puc. 4).

Hawnbomnee wacto BcTpewaemble Buabl aedop-
Malyy KPeIUIeHUH ¥ MPUIUHBI MX BOZHUKHOBEHHS
MPUBECHEI B Ta0MI. 2.

N3yueHue COBMECTHOrO BO3JIEKCTBHS BOJIHE-
HUS, a TaKkKe KoueOaHWs ypOBHEH Ha yCTONHYH-
BOCTh IUIMT KPEIJICHWH NPOBOAMIOCH aBTOPOM B
BOJIHOBOM JIOTKE THAPOTEXHUUYECKON JT1ab0opaTopuu
BHTY Ha pa3MbIBacMON MOJEIN OTKOCA 3aJI0¥kKe-
HUeM 1:3 ¢ KperieHneM H3 jKeIe300€TOHHBIX TUIUT
TOJIIIUHON 2,2 CM M OTKPBITBIMU IIBaMH (pHC. 5).
MogenupoBanue BHIMOMHSUIOCH B MacmTabe 1:10.
OnbITEl TO3BONMJIM OLECHHUTH XapakTep BO3/ACH-
CTBHS BOJHOBOT'O IIOTOKAa HA KPEIUJICHUE U BBIMBIB
IpyHTa OTKOCA HM3-TIOJ IUINT, YCTAHOBHUThH 3aBHCHU-
MOCTh 00BEMHBIX JleopMaruii oTkoca (J; OT IIu-
PHUHBI PACKPBITHS MIBOB by, BBICOTHI BOJHBI /1 U
YpOBHE#1 BOJBI B IOTKE (puc. 6) [4—06].

Ha puc. 5 npusenens! rpaduku Buna Q, = fbyg,),
MOJIyYEHHBIE 110 JaHHBIM JIAOOPATOPHBIX KCIIEPH-
MEHTOB, OTOOpaXKaroIue CBS3b BETUUYMHBI 00beMa
BBIHOCUMOI'O0 TIpyHTa (J, W3-IOA IUIMT B 3aBU-
CUMOCTH OT IIUPUHBI PACKPBITHS MEXKIUIUTHBIX
LIBOB Dy, YUWUTHIBAS MPHUHATHIA MacimTad Mome-
mupoanus (1:10), rpaduku MO3BOJSAIOT B IEPBOM
HPUOIVKEHUH TI0JIy4aTh BEJIMYHMHBI BO3MOKHBIX
00BEMOB pa3pyIIEHUH OTKOCOB IOA IJIMTaMU
KpEIJICHHsI B 3aBUCUMOCTH OT IapamMeTpOB BOJIHE-
HUS (BBICOTHI BOJIHBI) M TIIyOHHBI B BojtoeMe [7, 8].

b

Puc. 3. TloBpexaeHune xene300eTOHHOTO KPEIUICHHs! OTKOCOB: @ — OCaJ04HBIE IBbI; b — TeMIIepaTypHbIe LIBbI

Fig. 3. Damage of reinforced concrete slope protection: a — settlement joints; b — temperature joints
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Puc. 4. XapakrepHbie pa3pyICHUsI kKene300e TOHHBIX KPEIUICHUH 0TKOCOB BOIOXPAHMUIIHILL:
a — 3acnaBckoro; b — Yurupunckoro; ¢ — Jlenenbckoro; d — JIro6aHbckoro

Fig. 4. Common destructions of reinforced concrete slope protection for reservoirs:
a — Zaslavsky; b — Chigirinsky; ¢ — Lepelskoe; d — Lubanskoye

Tabauya 2
Buabl nedopmannii KpeneHnii 0TKOCOB M NPUYHHBI HX BOSHUKHOBEHMS
Types of deformations in slope protection and reasons for their occurrence
Ammuryza [IpuyrHa HapymIeHNsT YCTOHYUBOCTH KPETUICHHS
HazBanue Bogoxpanmimiia coneGa
JieOaHus
(Tun, BUJ peryIupOBaHUs) . Tun gedopmaLu Hlupuna pacKpeITHs
YPOBHCH, M P MEKIUIMTOYHBIX IIBOB By, M
1Bas

3acnaBckoe [Ipocanxa xene300eTOHHBIX IUIUT BEPXOBOTO HAIOP-
(pycnoBoe, MHOTOJIETHEE) 1,2 HOTO OTKOCa IPYHTOBOI! IIOTHHBI 0,05-0,20
Octpommikuii ['opook PaspymieHre MOHOJIMTHOTO KPEIUICHUS] OTKOCA B pai-
(pycnoBoe, ce30HHOE) 0,5 oHe BojocOpoca 0,20-0,30
Jlomanckoe (pycioBoe, ce- Pa3pymenue 3amosHeHNs BOB MEKIY IIIUTAMU
30HHOE) 1,0 KpEIUIEHUS] HAIIOPHOTO OTKOCA TUIOTHHBI 0,05-0,10
JIroGanbckoe (pycioBoe, ce- Pa3pymienue 3anosnHeHns BOB MEKIY IIIUTAMU
30HHOE) 1,3 KpEIUIEHUS] HAIIOPHOTO OTKOCA IUIOTUHBI U CAMUX IUIUT 0,05-0,20
JlokTemm (pyciioBoe, Ce30H- Paspyuienre 3amoHeHHs MIBOB IUTAT KPEIUICHUS TII0-
HOE) 1,0 THUHBI BOZOXPAHWIUILA 0,15-0,20
Kusnxebopcekoe (pycnosoe, BeIHOC TpyHTa U3-110/1 MOHOJIUTHOTO OEperoyKpern-
CE30HHOE) TENBHOT'O COOPY)KEHHsI, 00pa30BaHUE TPEIIUH U IPO-

0,2 caJioK 0,15-0,30
Jlenenbckoe (03epHOE, CE30H- PaspyuieHue 3amoHeHAS IBOB MEKY ILTHTAMH
HOE) 1,1 KpEeIJICHUs] OTKOCA, BBIHOC TPYHTA U3-IIOJ IIJIUT 0,20-0,35
Terepunckoe (pycioBoe, ce- Pazpymienue 3amosnHeHns MBOB MEKIY IIIUTAMU
30HHOE) 0,7 KpEIUICHUS HAIIOPHOI'O OTKOCA TUIOTUHBI 0,10-0,20
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Puc. 5. JJabopaTopHbie UCCIIEIOBAaHUS Pa3pyIICHHUS KeIe300eTOHHBIX KPEIUICHIT OTKOCOB:
a — HavaJbHAsI CTaAUs Pa3pyIICHUs; b — cTaaus 0OpyIICHNS KPETUICHHS

Fig. 5. Laboratory investigations on destruction of reinforced concrete slope protection:
a — initial stage of destruction; b — stage of protection collapse

HaGmonenust, mpoBeIeHHbIE aBTOPOM Ha psijie
BOJIOXPAHWIIMI CTPaHbl, MO3BOJHIM BBISIBUTH
HPUPOIHBIH SPPEKT, KOTOPBI COCTOUT B TOM, 4TO
npu abpasuu (mepepaboTke OEperoBBIX CKIOHOB,
CJIOKCHHBIX HECBS3HBIMH TPYHTaMHU C TOBBIIICH-
HOW HEOJHOPOJHOCTHIO) 00pa3yrTCs OeperoBbie
OTMEIIH, TIOKPBIThIC BaJyHAMH, TalIbKOW U JPYTrHM
KPYMHO(PAKIMOHHBIM MaTEPUAJIOM, YCTOHYHBBIM

1000 K BO3/CHCTBUIO BOJH, KONEOAHHIO YpOBHEH, mo-

01’0 LS 20 25 buses vt 3,0 JIBIKKaM JIEIOBOTO MOKPOBa U T. J1. BamyHHo-raney-

——H=40cm, hy=8 om; ---- —H=40cm, hy =7 cm; HHUKOBBII Marepuan oOpa3yeT Ha MOBEPXHOCTH
—-——H=40cMm, hy,=6 cm; —H=40cMm, h,=5 cm;

OTMCJIN €CTCCTBCHHYIO CaAMOOTMOCTKY M3 CJIOS Hau-

Puc. 6. 3aBucUMOCTb 00BbEMa BEIMBITOTO U3-I10]] KPEIUICHUS Oonee KPyHHBIX ()PAKIUi 3a CYET BHIHOCA HAXOMS-

TpYHTA OT IIUPHHBI PACKPHITHUS IIBOB TIPH:
H=0,35-0,40 m; h, = 0,05-0,08 m

Fig. 6. Dependence of washed up soil volume
from under protection on joint opening
width at H = 0.35-0.40 m; /1, = 0.05-0.08 m

IUXCS MEXKAY HUMHU 00Jiee MEJIKHX JacTull (puc. 7),
MPEMSTCTBYIONIYIO €€ pa3pyLeHHIO.

Puc. 7. 06pa303aHHe €CTECTBEHHOW CaMOOTMOCTKH Ha BOJOXpaHUJIMINAX: a — 3aCJ'IaBCKOM; b- I[y6pOBCKOM

Fig. 7. Formation of natural self-pavement in reservoirs: a — Zaslavsky; b — Dubrovskoe

W Hayka
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YCTaHOBIIEHO, YTO OJHOM M3 XapaKTEPUCTHK,
OTPENEISIIONINX TUHAMUYECKYIO YCTOWYMBOCTL Oe-
pEroB B ycIOBMsX BogoxpaHwuil bemapycu, sBis-
€Tcs COCTaB Pa3MBIBAEMOrO TPyHTA, B YaCTHOCTU
KO3((UIMEHT HEOAHOPOIAHOCTh HECBS3HOTO T'PYH-
tan [9, 10].

JlabopatopHble HUCCIEeOBaHUS 00pa3OBaHUs
CaMOOTMOCTKH, TNPOBEJIEHHBIE ABTOPOM B THAPO-
TexHudeckoi maboparopun BHTY, mo3Bommmu
U3yYUTh MEXaHW3M 3aKpEIUICHUS MOBEPXHOCTH
ormenu By (puc. 8) B 3aBHCUMOCTH OT HEOJHO-
POIHOCTH MaTepuana M OLIEHUTh CKOPOCTh IPO-
necca mepepaboTkun U (QOpMUpPOBaHUS TPODUIS
paBHOBECHS.

B kauecTBe OCHOBHOTO «0a30BOro» TpYHTa,
00pa3yromero Teja0 MOENH, MUCIOIb30BAIUCH OJI-
HOPOJIHBINA CPETHE3EPHUCTHIN MECOK C dso = 0,5 MM
¥ TIECYaHO-TPaBUIHAS CMECh C KPYITHO(PAKIIMOHHBI-
mu pobaBkamu. VccrenoBanoch BIMSHUE Ha JWHA-
MUKy pazpymieHns mogemn 1-, 2-, 3- u 4-komro-
HEHTHBIX NECYaHO-TPABUIHBIX CMecei, MMEIOIINX
pa3HBIA CpeaHMiA nuaMeTp dacTuil Dsy B K03 hu-
LMEHT HEOAHOPOAHOCTH Ty HPH Pa3INYHOM CO-
Jep>KaHuH KPYITHO3EPHUCTHIX BKItoueHuid: 10, 25,
50 u 75 %. B ombiTax B KauecTBe 100aBKU MpUMe-
HSIJICSI COPTUPOBAHHBIN TpaBwmii ¢ Dsy = 1,5; 3,5; 7,5
u 12,5 mm. ObecrieueHre yCIIOBUI aBTOMOACIBHO-
CTH BBIIONHUIOCH 10 [1, 2, 6]. MoaenupoBaHue
0TKOCa MPOBOJIMIIOCH 0€3 MCKaKEHWH JHMHEHHOTO
MaciiTada, Kak JjIs YCJIOBHI TrajieYHO-IPaBHUMHBIX
rpyHToB. Bcero mposeneHo 18 cepuil ombITOB.
B kadecTBe «ONTHMaJbHOTO» COCTaBa pa3MbIBae-
MOrO TpyHTa, NpPH KOTOPOM HaOJrojancs Hau-
OoNbIIMA Oepero3alIuTHRIA TOPMO3SIIUI 3B dexT,
9KCHEPUMEHTAIBHBIM IIyTeM Oblila OmpejaeneHa
CMECh, UMEIOIasl CojiepKaHue T'PaBEIUCThIX Yac-
tun P = 25 %. JlabopaTopHble 3KCIIEPUMEHTHI 0~
Ka3ajy, a HaTypHbIe HaOJNIOJEHUS TOATBEPIHUIIH,
YTO BO3MOXKHO 0Opa3oBaHKE ABYX OCHOBHBIX THU-
NOB MPOQUIIs, UMEIOUIET0 TOKPBITHE W3 KPYITHO-
(pakLIMOHHOTO MaTepuaia: MePBbIi — IpU pa3Mbl-
BE IpyHTa C coJepKaHueM KPYIHBIX (pakuuii 60-
nee 25 %, BTOpOM — C coOIEpXKaHUEM KpPYIHBIX
¢pakuuit menee 25 % (puc. 8).

B pesynbrare 1ab0paTOPHBIX OMBITOB MOTYYEH
Psil 3aBHCHUMOCTEH Ui pacdera OTICIbHBIX 3Jie-

Hayka
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MEHTOB MPOQUIIS OTKOCA, 3aKPEIISIEMOr0 CaMoOT-
MOCTKO¥ (Tab:. 3) [5, 6].

Hapsiny ¢ camooTMmocTKOH, oOecrednBaroniei
KpeIUIeHHE OTKOCOB, MOYKHO TPOU3BOJUTH 3aIUTY
pa3MbIBaeMbIX OEpPETOBBIX CKIOHOB IIyTEM OTCHII-
KH €CTECTBEHHOTO KaMHS Pa3MYHOTO (PpakInoH-
HOro cocTtaBa. Pacuer quamerpa yacTul] oTchlnae-
MOT'0 Marc€puajia MOXET BBIIIOJHATHCA IO 3aBUCHU-
MOCTSIM, IPUBEACHHBIM B [12].

Jnst pacdera auamerpa KaMeHHOH HaOpoc-
KU Dy, 3amumiaronieil 0TKOC Ha y4JacTKe JaaMObl
WIA TUIOTWUHBI, MOJBEPKEHHOM BOJHOBOMY BO3-
neiicTBuio, HamOojiee YacTo HCIOJB3YIOTCS Clie-
nytomme ¢popmyisl [12]:

M

0,524p. W

3 0, 1
D, =1,5Ch,, | Ve Lo 5| M8 ¥ o)
L8m—-1y, -7,

roe M — macca KamHs, T, omnpenensemMas mo ¢op-

MyJe
0,079p, /1,
— 3p hl/o (3)
Pe 1| V1+m?
Pa

C — ruapaBiaudeckui K03()(GHUIUEHT CONpPOTHUBIIC-
HUA, NpUHUMaeMbld paBHBIM 0,2 mpu nuameTpe
kamus Oostee 0,15 M u BricoTe BOJHEI OoJiee 0,5 M;
My19, — TMOJIOFOCTh BONHBI 1%-ii 00ecreueHHOCTH,
NpUHUMaeMasi Uil BOJOXPaHWJIMIL paBHOU 7,
Ya — YACIBHBIN BeC a3pUPOBAHHON BOJBI, CTEKAIO-
el ¢ HaOpOoCKM B KOHIIE OTKAaTa BOJHBI, MPUHH-
maembiit 10 kH/M'; v, — yIenbHEIH Bec KaMHs, KO-
TOPBIA MOXKHO MPHUHATH 26,5 KH/M3; Pxs Ps — IUIOT-

HOCTb KaMHs W BOIBI, T/M; A, My, — JUIMHA H
BBICOTA pACUCTHOU BOJTHBI, M.

Pacder BBICOTHI BOJIHBI TMPOU3BOAMTCS 10
TKIT 45-3.04-170-2009 [11]. dnsa yciaoBuii BOmO-
xpanwmiy benapycu, Hanpumep BOJOXPaHUIIHINA
Bureb6cekoit 'OC, pacueTHas BbICOTa BOITHBI MOXKET
OBITh TPUHATA CICHYIOIIMX IapaMeTpoB: JUIMHA
BOJHEI A = 15 M; BeIcOTa BOIHEI 1%-i 0OecneueH-
HOCTH Ny, = 0,72 M.

485



Cmpoumenvcmeo

Puc. 8. Bapuantel npoduiis paBHOBECHS B 3aBUCUMOCTH OT COJCpKaHuUsI KpyMHO(GpaKIIMOHHOTo MaTepuana B rpynre [11]:
a — npodms ¢ npuzmoit (25 % < P <50 %); b — npodus 6e3 npusmst (10 % < P <25 %)

Fig. 8. Variants of equilibrium profile depending on content of large-fraction material in soil [11]:
a — profile with prism (25 % < P <50 %); b — profile without prism (10 % < P <25 %)

Tabauya 3

3aBHCHMOCTH /11 pacyeTa 3JIeMEHTOB NPOQUJIsS ¢ KpelIeHHEeM CaMOOTMOCTKOI

Dependencies for calculation of profile elements with protection using self-pavement

Tun npoduist ¢ CaMOOTMOCTKOMN DnemeHT poust PacuerHas 3aBUCMMOCTB
Bepxuuii npezien pa3MblBa ¥ IpaHULA CAMOOTMOCTKHI a; = (1,5 -2,0)8,.
o, |
HwoxHsas rpanuna caMoOTMOCTKH a, =0,36 _1%70
[D. 103
s50To
Buemnuii kpaii 6eperoBoii oTmMenu a, = a,/0,70
CaMOOTMOCTKa C MPU3MOH Ha ypese o3 )3
1% 0 .
npH 25 % < Py < 50 % VYKIIOH IPU3MBI CAMOOTMOCTKH BBIIIE Ype3a BOABI iy =0,032| 2N | g
50To
2
/ Mo o P .
VKIJIOH TOBEPXHOCTH CAaMOOTMOCTKH HIDKE ype3a BOJIbI i5 =0,028| | ———| |+
dsg
VKJIOH Ha HUKHEH TPaHHUIE OTMENH i, = 0,501
BepxHuif npesien pa3MbIBa ¥ TpaHUIa CAMOOTMOCTKHA ay = Sory
2
By |
Hwxnas rpanuna caMoOTMOCTKI da,=0,27 %0
b
03
Dsgng
. BHemnuii kpaii 6eperoBoii oTMenu a, =a;/0,80
IIpodnis ¢ camooTMocTKO# O3
npu3msl ipu 10 % < P, <25 % VKIIOH CAaMOOTMOCTKH Ha YPE3€ BOJbI i =1
2
-y Mo 3o |? .
VKIJIOH MOBEPXHOCTH CAMOOTMOCTKHM HUKe ypesa Bousl | iy = 0,012 | ———— + I,
50
VKJIOH Ha HUKHEH IPaHHUIE OTMENH i, = 0,601
O6o3HaueHus: a;, a;, a, — Ipeiel pa3MbIBa, IIyOMHAa B KOHLE CAMOOTMOCTKH, M; O, — TOJIIMHA CJIOS OTMOCTKH, M;
N1y, — BBICOTA BOJIHBI, M; Ay — OTHOCHTENbHAS JUIMHA BOJHBI, M; Dsy, dsg — CPEAHEB3BELICHHAs: KPYIHOCTh YACTHI] COOTBETCTBEHHO
1% > M; Ag > Dso, dso
Pa3MbIBAEMOTO IPYHTA H CAMOOTMOCTKH, M; 1o — KO3((HUIHEHT HEOTHOPOAHOCTH Pa3MBIBACMOTO IPYHTA; iy, [, iy — YKIOH HCXOIHO-
TO IPO(QUIIS ¥ TOBEPXHOCTH HJIEMEHTOB CAMOOTMOCTKH COOTBETCTBEHHO.
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IloacraBuB B (1) u (3) pacueTrHble 3HAYECHUS
apaMeTpoB BOIHEHHS NPH P, = 2,65 T/M° U p, =
=1,00 T/™’, MOy YUM:

0,015

—=0,22 M
0,524-2,65

3
M= 0,079-2,65-0,72 15

3 0,72
(2’165 —1) 1+3°

=0,015T.

IloacraBuB B (2) ymMcnOBBIE 3HAYEHHA Iapa-
METPOB BOJIHEHUS, TOITYIHM

3
D, =1,5-0,2-0,72- gm,s
3+1,8 10

X . =0,164 m.
1,8:3—-1 26,5-10

OneHka YCTOMYMBOCTM OTKOCOB K BOJIHO-
BBIM BO3JCHCTBHAM IOKa3aja, YTo UL MX 3alIUThI
TpeOyeTcs KaMeHb Oonbliero amameTpa (MHHU-
myM 0,16 M) ¢ Tommmuoi Habpocku 3D = 0,48 M,
4TO BEJET K YAOPOXKaHUIO KperuieHus. [loatomy B
HACTOsIIee BpeMsl NPUMEHSIETCS KOMOMHUPOBaH-
HOE KpEIUICHHE OTKOCHOTO THIIA, COCTOSILNEE W3
KaAMEHHOW OJHOCJIOMHON OTCBHIIIKU U YKJIAIKH I1OJ
Hee BMECTO IeCYaHO-TPaBUIHHOTO (huibTpa CHUHTE-
THYECKOTO (DMIIBTPYIOIIET0 MaTepHaia THIA Teo-
TeKCTWIIb. XapaKTepHbIM IPHUMEPOM IIHPOKOTO
NPUMEHEHHUSI TAKOTO OTKOCHOTO KPEIUICHHS SIBIIS-
eTcsl yKperuieHne OeperoB BoAoxpaHuaui Bureo-
ckoit u [Tomomnkoii ['DC (puc. 9).

Puc. 9. KoMOUHIPOBaHHOE KPEMJICHUE BEPXOBOTO OTKOCA
orpaxparomei 1aMObI Ha Bogoxpanmmmme Buredckoit [DC

Fig. 9. Combined protection of upper slope
for embankment dam in reservoir
of Vitebsk Hydroelectric Power Station
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BBIBO/IbI

1. Ha ocHOBaHmm oOcnenoBaHUsI COOPYKEHHUN
6eperozamutel Oonee yeM no 100 BogoxpaHwmIn-
LIaM CTpaHbl aBTOPOM IIPOBEJEHA OLIEHKAa COBpe-
MEHHOTO COCTOSIHMS Pa3JInYHBIX BUIOB KPEIUICHUH
C BBIABICHHEM IPUYMH UX paspylIeHUH M Mac-
mTaboB e opMaIiiii.

2. YcraHoBIeHO, 4TO Hamboiiee pacmpocTpa-
HEHHBIMU SIBIISIIOTCSL KPEIUIEHUsI OEperoB M OTKO-
COB B BHJE KeJIe300€TOHHBIX MOHOJHUTHBIX JIHOO
cOoopHbIx mUT. OmnpeneneHo, 4to JedopMmaruu
KpETJICHUH MpeACTaBICHBl PACKPBITHEM MEXIUIU-
TOYHBIX CTPOUTENBHBIX, TEMIIEPATypHBIX U Oca-
JOYHBIX IIBOB (3aperucTpUpoBaHa MIMPHHA pac-
kpeitust 10 0,35 M), KOTOpBIE pa3BUBAIOTCA TOA
KOMIUJICKCHBIM BO3JICHCTBHEM BETPOBOTO BOJIHE-
HUS, KOJIeOaHus YpOBHEH U APYTHX (aKTOPOB.

3. DKCIEepUMEHTANIBHO YCTaHOBJIEHO, YTO B pe-
3yJIbTaTe PAaCKPBITHA IIBOB IUIUT MPOUCXOMAAT pas-
pPYILIEHHE U BBIMBIB IE€CYAHO-TPABHUHOW TMOATO-
TOBKH, 00pa3oBaHHe Na3yX U HULI C TOCIEAyIOIen
nepepadoTKOM TPYHTOBOTO OTKOca, Aedopmanueit
W paspyuieHueM KperuieHus. Dusndeckoe momne-
nupoBaHue AedopManrii OTKOCOB, 3alIUIEHHBIX
KeNe300€TOHHBIM KPEIJICHHEM C Pa3UYHON IIH-
PHHOI pacKpbITHSI HIBOB, MO3BOJMIO YCTaHOBUTH
JUHAMUKY W MaciitaObl pa3BUTHS JedopMannit
OTKOCa MpPHU BO3JCHCTBUU BOJIHOBOTO M YPOBEHHO-
T'0 PEXKHUMOB.

4. HarypHuble wccnenoBaHus U nabopaTOpHBIC
AKCIIEPUMEHTHI TIO3BOJIMJIM  YCTAaHOBUTH J(PQEKT
CaMOYKPEIJICHUS OTKOCAa IPAaBEIMCTBIMU YaCTHLA-
MU NIPH Pa3MbIBE TPYHTOB C IIOBBIIIEHHON HEOI-
HOPOJHOCTBIO, KOTOPBIM PEKOMEHIOBAaH Il HC-
MIOJIb30BAaHUSI B KAYECTBE KPEIUICHUS! OTKOCOB CO-
opyxenuii. [Ipenoxen pacueT KOMOMHUPOBAHHOMN
Oepero3aluThl, COCTOAIIEH U3 KAMEHHOW OTCHINKH
U CHUHTETHYECKHUX (DUIBTPYIOIIUX MAaTEpPHaIOB IO-
BBIIIIEHHOW MTPOYHOCTH.
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Oco0EHHOCTH MJIAHUPOBKHU U 3aCTPOMKH HaYUYHO-TEXHOJIOTMYECKUX MAapKOB
B ycnoBusax nposuHuuy [llanscu u ['anbcy
B Kuraiickoit Haponnoit Pecnybnuke
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Pedepat. Co3nanue u pa3BuTHe Hay4yHO-TEXHOJOrHYecKuX napkoB B Kuraiickoit Haponunoii PecryGnuke ncmonbesyercs kak
CpEJICTBO aKTUBH3ALMH PAallOHOB, HYKIAIOLIUXCS B COLUANbHO-3KOHOMHYECKOM Pa3BUTHH, HAPUMEpP TaKHX, KaK TEPPUTOPHU
Brosb HoBoro menkoBoro mytu B nmpouHuusx Illanscu u I'anbcy. Pa3paGoTansl mATh TUIOB 6a30BbIX MIIAHUPOBOYHBIX MO-
Jernel, peKOMEHYeMBIX [UIS CO3/IaHUs HAyYHO-TEXHOJIOTHYECKHX MApKOB Pa3HOTO (GyHKIMOHAIBHOTO npodmrst. Monens A —
HaYYHO-TEXHOJIOTHYECKHE MapKH C KOMIIAKTHOH IUIAHUPOBKOH (IUIOIMIAAb TEPPUTOPHU MEHee 2 KB. KM), pa3MellaeMble B Iie-
pudepuitHpIx 30HaX GONBIINX TOPOROB, BCTPOCHHEIE B HH(PACTPYKTYPY TOpOAA, MPAKTHIECKH HE MMEIOINE PEe3epBOB IS
TEpPUTOPHANEHOTO Pa3BUTHS. MoJenb peKOMEHIyeTCs A1 00pa30BaTeNIbHO-HAYYHBIX NTapKOB, TAPKOB BHICOKHX TEXHOJIOTHUI.
Mogens b — HaydHO-TEXHOJIOTHYECKHE TApKH CpeJHEl BeNMUYMHBI (IUIomans teppuropun 2—10 KB. kM), pa3MellacMble B
OmmKaimmMX npuropogax OoibmuX ropooB (1o 10 KM), YACTHYHO KCIONB3YIOMNE TOPOACKYI0 HHPPACTPYKTYpY, HMEIOIIHE
BO3MOKHOCTh TEPPUTOPHAIBHOTO Pa3BUTHA. MoJenb peKoMeHIyeTcsl JUIsl MapKOB IPOU3BOACTBEHHO-IOTHCTHIECKHX, BBICO-
KUX TEXHOJIOTUH, JIETKOM MPOMBIIIJIEHHOCTH, TOYHOTO MAIIMHOCTpoeHus. Moaenb B — HayqHO-TEXHOIOTMYECKUE TapKU CpeaHel
BEJIMUYMHBI (TUIomaas Tepputopur 1020 KB. KM), pa3MmeliaeMble B IPUTOPOAHBIX 30HaX OOMBUINX TopooB (10 30 kM), TeppUTOpHU-
IBHO ¥ MH(QPACTPYKTYPHO B3aMMOCBSI3aHHBIC C MEXKAYHAPOIHBIMHU adpornopTaMu. Mojienb peKOMEHAYETCs [UIsl TApKOB BbI-
COKHX TEXHOJIOTHi, TOYHOTO MAITMHOCTPOCHHUS, OMOXUMHH, IIPOU3BOIAIINX HPOIYKIUIO, KOTOPYIO 3KOHOMHYECKHU 11eJIeCO00-
pa3HO NEpeBO3UTH Ha camoJIeTax (CMapT(OHbI, ONTHKO-BOJIOKOHHAS TEXHUKA U MHbIE BHICOKOTEXHHYHBIC YCTPOMHCTBA, KOCME-
THKA, JIEKapCcTBa U 1Ip.). Mogens I' — Hay4HO-TEXHOIOTMYEeCKHe MapKy CpeaHei BenuyuHb! (Tuiomans Teppuropun 10-20 xB. km),
pasMeniaemMble B IPUTOPOJHBIX 30HAX O0JbIINX ropoaoB (1o 30 KM) BIOJb TPAHCHOPTHO-KOMMYHUKALMOHHBIX KOPHUIOPOB
HaIMOHAJIBGHOTO U PETHOHATBEHOTO 3HAYEHHS, HMEIOIHe COOCTBEHHYIO HH(PACTPYKTYPY U BO3MOKHOCTH TEPPUTOPHAIBLHOTO
pa3BuTHs. Mojens peKOMEHAyeTcs JUIsi IapKOB CTPOUTENBHON HHAYCTPHM, TPAHCIIOPTHOTO MAaIIMHOCTPOCHUS, OHO-
H arporexHonoruil. Mozens [l — HayqHO-TEXHOJIOTHYECKHEe TTapKK OOJIBIIOI BeMYUHBI (IUIomans Teppuropuu 6onee 20 KB. KM),
pa3MelaeMble Ha MEXCEICHHBIX TEPPUTOPHUSIX, BIOJNH TPAHCIOPTHO-KOMMYHHKAIIMOHHBIX KOPHAOPOB MEXIYHApOIHO-
TO W HAIlMOHAJIBHOTO 3HAUCHUS, MMEIOMNE COOCTBEHHYI0 MH(PACTPYKTYpy M BO3MOXHOCTb TEPPHTOPHAIBHOTO Pa3BHUTHSI.
Mogens peKoOMeHIyeTcs Ul TapKOB XUMHUYECKOI MPOMBIIUICHHOCTH, TSDKEJIOT0, TPAaHCIIOPTHOTO MAIIMHOCTPOCHUs. BhIsB-
JIEHBI XapaKTepHble THIBI (HYHKIHOHAIBHO-IUNIAHUPOBOYHBIX 30H, (JOPMUPYEMBIX Ha TEPPUTOPHU HAYYHO-TEXHOJIOTHYECKUX
IMMapKoOB, U JaHbl PEKOMEHJAALNU TI0 UX COOTHOIICHUIO. Ananus IJIAaHUPOBKH CYHIECTBYIOLINX U MPOCKTUPYEMBIX HAYy4YHO-
TEXHOJIOTMYECKUX TMAapKOB MO3BOJIII Pa3paboTaTh XapaKTEepHbIe CXEMbl X ITAHUPOBOYHONW OpraHU3alvu: MOJIOCOBYIO, KOM-
MaKTHYIO, pacCPeI0TOYEHHYIO.

KniodeBble cJ0Ba: HAayYHO-TEXHOJOTHYECKUH IapK, IPHOPUTETHOE HANpPAaBICHHE Pa3BHTHA, (QYHKIHOHAIEHO-IUIAHUPO-
BOYHAsI OpPraHU3alHs, INIAHUPOBOYHBIE MTAPAMETPEI, TNITAHUPOBOYHASI MOJIEIb, KOMIIO3UI[HOHHO-TIPOCTPAHCTBEHHAS! OpPraHu3a-
Lysl, 3aCTPOMKa
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Peculiarities of Planning and Building of Scientific and Technological Parks
in Conditions of the Shanxi and Gansu Provinces
in the People's Republic of China

Lu Guoping"
YBelarusian National Technical University (Minsk, Republic of Belarus)

Abstract. Creation and development of scientific and technological parks in the People's Republic of China is used as a means of
activating areas in need of socio-economic development, for example such territories as along the New Silk Road in Shanxi and Gan-
su provinces. Five types of basic planning models recommended for creation of scientific and technological parks of different func-
tional profiles have been developed in the paper. Model A comprises scientific and technological parks with a compact layout (area
of less than 2 square kilometers) located in the peripheral zones of large cities built into the city's infrastructure and they do not have
practically reserves for territorial development. The model is recommended for creation of educational and scientific parks and high-
tech parks. Model B comprises scientific and technological parks of medium size (area of their territory — 2—10 square kilometers)
located in the nearest suburbs of large cities (up to 10 km) and these parks partially use urban infrastructure having the possibility for
territorial development. The model is recommended for creation parks of industrial-logistics, high technology, light industry, preci-
sion engineering. Model C comprises scientific and technological parks of medium size (area of 10-20 square kilometers) located in
the suburbs of large cities (up to 30 km), geographically and infra-structurally interconnected with international airports. The model is
recommended for creating parks of high-tech, precision engineering, biochemistry that produce products which are economically
expedient to be transported by airplanes (smart phones, optical fiber equipment, other high-tech devices, cosmetics, medicines, etc.).
Model D comprises scientific and technological park of medium size (area of 10-20 square kilometers) located in the suburbs
of large cities (up to 30 km) along transport and communication corridors of national and regional importance with its own infrastruc-
ture and territorial development opportunities. The model is recommended for creation of parks in construction industry, trans-
port engineering, bio- and agro-technologies. Model E comprises large-scale scientific and technological parks (with area of more
than 20 square kilometers) located in inter-settlement territories along transport and communication corridors of international and
national importance with its own infrastructure and territorial development opportunities. The model is recommended for creation of
parks for chemical industry, heavy and transport engineering. The paper has made it possible to identify common types of functional-
planning zones formed on the territory of scientific and technological parks and it provides recommendations on their correlation.
Analysis of the layout for existing and projected scientific and technological parks has allowed to develop characteristic schemes
of their planning organization: band, compact, dispersed.

Keywords: scientific and technological park, priority direction of development, functional planning organization, planning
parameters, planning model, composition-spatial organization, building
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tions of the Shanxi and Gansu Provinces in the People's Republic of China. Science and Technique. 17 (6), 489-496.
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BBenenne

HayuHo-TexHOIIOTHYECKHE TApKU CO3AAIOTCA C
[ENbI0 MHTETPAIK HAyKH U TIPOU3BOJICTBA, OTOO-
pa, pa3paboTKu W peaau3aliyl HOBBIX HAayYHBIX
uzaeil. BaxkHas 0COOEHHOCTh HAayYHO-TEXHOJIOTH-
YECKUX MAapKOB — TNepepacipeaeiieHue IMOTOKOB
3HAHUM W TEXHOJOTMH MEXAy YHUBEPCUTETAMH,
WCCIIEIOBATEIHCKUMI WHCTUTYTaMHU, KOMITAHUSMHU
Y pBIHKaMH.

B cooTBercTBUU ¢ JOKYMEHTaMHU, OMPEICIUB-
IIUMU TPUOPUTETHI PA3BUTUSA IPOMBIILICHHOCTH,
TexHonornid u Hayku B Kuraiickoit Hapognoit
PecrryOnmke, Ha Teppuropun npoBuHNwiA [llanscn
n [aHbCYy TPEeqyCMOTPEHO CO3JaHWE «30JI0TOTO
3BeHa» HoOBOTo MIeNTKOBOTO IyTH, KOTOPOE BOCCO-
3/1a€T OJHO W3 TJIaBHBIX HAIMpPaBJICHUN HCTOpHYE-
ckoro [llenkoBoro myTv Ha HOBOM TEXHOJOTHYE-
CKOM1 OCHOBE.

Hctopuueckuii Benukuid 1EIKOBBIA MYTh
HauynHaJICS B ObIBIIeH cronuie Kuraiickoil mmre-
pun — ropoae YanwaHb (coBpeMeHHBIH Cuanp —

490

LeHTp npoBuHIMH [llaHbCH), MPOXOIUI TIO TEPPU-
TOpUU COBpeMEHHBIX npoBuHIMI IllaHbcH w
I'anbcy, mo crpanam LlenTpansHoit A3uu u ganee —
K ctpanam EBporsl (puc. 1).

I[IpuopuTteTHbIe HANIPABJIEHUS PA3BUTHSA
HAYYHO-TEXHOJOTHYeCKUX NAPKOB
B npoBuHuusaXx lMlanbcu u I'anbey

IlepcnekTUBHBIMU U1l Pa3BUTHs B 30HE BIIMS-
Husi HoBoro mienkoBoro myTd Ha TEPPUTOPUU
npoBuHiuil lanscu n I'aHbCy ompeneneHsl cie-
nyromue (QpyHKIMOHAJIbHBIE THUIIBl HAyYHO-TEXHO-
JIOTUYECKHX MapKOB:

— 00pa3oBaTeNbHO-HAYYHBIE TTAPKU C SKCIEPH-
MEHTAJILHOM 02301 1 ONBITHBIM ITPOW3BOACTBOM;

— TapK{ BBICOKMX TEXHOJOTHWH (TIPOU3BOACTBO
KOMITBIOTEPOB, CMapT(HOHOB, ONTHKO-BOJIOKOHHON
TEXHUKH, MYJbTUMEIUMHBIX M JPYTUX BBICOKO-
TEXHUYHBIX YCTPOHCTB);

— NIPOU3BOJICTBEHHO-JIOTUCTUYECKUE TIApKU C
MIPEIOCTABICHUEM TaMOXKEHHBIX, CEPBHUCHBIX U
JIPYTHX YCIYT;
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| HOBbLIA LENKOBLIA NYTL

---------- 16 QHER

MAPWPYT «HyHUMH — CUHBLIAH-YiirypCKui
aBTOHOMHLI paiion — Esponay

———— 360HEA
MopcKoi TRaHCNOPTHEIA NYTe:

LKyHrapckune
BOpOTa

Puc. 1. Tpacca HoBoro meiakoBoro myTH, KOTOPBIH BOCCO31aeT UCTOpUUECKHid Benukuii menkoBeiii myTs u3 Kuras B EBpomy
HA HOBOM TEXHOJIOIMYECKOH OCHOBE

Fig. 1. Route of New Silk Road which recreates historic Great Silk Road from China to Europe
on new technological base

— MAPKH JIETKOH MPOMBIIIIIEHHOCTH (TIPOU3BO/I-
CTBO TKaHEH, OolexkJbl, 00yBH U Jp.), IPOU3BO/I-
cTBa MeOeNH, KaHIEIIPCKUX TOBAPOB, 1IP.;

— TapKd TOYHOTO MAIIMHOCTPOCHHS (TIPOU3-
BOJICTBO CTaHKOB C KOMITBIOTEPHBIM YIIPaBICHHUEM,
MEAMLUHCKOTO 000pyIOBaHUsS, MAallUH M MeXa-
HU3MOB MaJIOH MeXaHU3aLWH, Ap.);

— MapKH CTPOUTENBbHOW MHAYCTPHH (IIPOU3BO-
CTBO CTPOUTEIILHBIX MaTEPHAJIOB U U3JICINN);

— TapKH TPaHCHOPTHOTO MAITUHOCTPOCHUS
(IpOM3BOACTBO CaMOJIETOB, aBTOMOOWMIIEH, *Keles-
HOJIOPO’KHBIX JJOKOMOTHBOB M BaroHOB, TOPOKHBIX
MaIlTiH 1 MEXaHU3MOB, 1. );

— TApKH TSDKEJIOr0 MAIIMHOCTPOEHHUs (TIpous3-
BOJICTBO METaJlla U MPOJYKIIMH MeTamnooopabor-
KH, DHEPTeTUYECKUX YCTAaHOBOK, TPYyO OOJBIIOTO
IraMeTpa, KOCMHYECKOW U BOCHHON TEXHHKH, JIp.);

— mapku OMO- M arpOTEXHONOTHH (MPOHU3BO/I-
CTBO MEIUKAaMEHTOB, IPOAYKTOB IMHUTAHUS, KOCME-
TUKH | Jp.);

— MapKu XMMHUYECKOW MPOMBILIIEHHOCTH (IIPO-
M3BOJICTBO MPOAYKIMH HEPTEXHMHUH, KPACOK, Ja-
KOB, YUCTSIIMX CPEACTB U ap.) [1-06].

YkpynHenHble QyHKUMOHAJIBHO-
IVIAHMPOBOYHbIE 30HBI
HAYYHO-TEXHOJOTMYeCKUX MAapPKOB

Jl1a Bcex THIOB HAay4YHO-TEXHOJIOTMYECKUX Map-
KOB XapakTepHO HAIMYHE TaKUX (PyHKIMOHAJILHO-
IUTAHUPOBOYHBIX 30H, KakK: aJAMHUHUCTPAaTUBHO-
JIeNioBast, HayyHO-00pa3oBaTelibHasl, MPOHU3BOACT-
BEHHAs, MHXCHEPHO-TEXHUUECKOTO OOeCIeyeHusl,
KUasi, JaHAmaQTHO-PeKpeanoHHasl.

P Hayka
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B 30Hax pa3mMeniarorcs:

— B aJMHUHUCTPATUBHO-JICIIOBOH — OQUCHI aj-
MUHHUCTpAIMH;, IIEHTPbl OW3HEC-yCIAyr, OQHUCHI
IOPUAMYCCKUX U KOHCYJIBTaTUBHBIX (prpM; KOH(pe-
PEHII-IIEHTPBI, 00Pa30BaTENbHBIC W TPCHUHTOBBIC
HEHTPHI, IICHTPHI TIOJICPKKH U PA3BUTHS OHM3HECA,
BBICTABOYHBIC W TOPrOBbIC TMOMEIICHHS; OOIIe-
CTBCHHO-KYJIBTYPHBIH LEHTP C MHOTO(YHKIHO-
HAJBHBIMHU 3aJIaMK; YaWHBbIC, PECTOPAHBI, MyHKTHI
OBICTPOrO MHUTAHUS; APYTUE HEOOXOAUMBIC OOBEK-
ThI U TIOMEIICHUS;

— B Hay4YHO-00pa30BaTeIbHOW — YHUBEPCHUTET-
ckue aymuropuu, Kadeapsl; HWHGOPMAIMOHHEBIE
LIEHTPbI, Hay4Hble OWUOJMOTEKHM M MEIHUATCKH;
HAYYHO-HCCIIEIOBATEIbCKHE JIAOOPATOPHU; OIIBIT-
HO-KOHCTPYKTOPCKHE TIPOU3BOJICTBA; TPEIIIPUSTHS
MO TPOU3BOJICTBY OSKCIEPUMEHTAILHOU TPOIYK-
UK, Jpyrue HeoOXOoAWMble OOBEKTHI M TOMe-
IICHUS;

— B TPOW3BOJCTBCHHOW — MPOU3BOJCTBCHHBIC
MPEANPHUSITUS; CKIIAACKUE OOBEKTHI U MOMEIICHUS;
TPAHCIOPTHO-IOTUCTHYCCKAE OOBEKTBI U TOME-
HICHUS; APYTHe HEOOXOMUMBIC OOBEKTHI U MOME-
IICHUS;

— B 30HC MH)KCHEPHO-TEXHUYECKOTO obecreve-
HUSI — OOBEKTHI YHEProcHAOKeHUs (Ta30-, JIEKTPO-
U TEIUIOCHAOKEHHS); OOBEKTHI BOJOCHAOKEHUS
M BOJOOTBEACHUS (KaHAJIM3alnsa); OObEKTHI Mepe-
PabOTKH OTXOMO0B; APYrHe HEOOXOAMMbIE 00BEKTHI
U COOPYKCHUS;

— B JKWJIOH — TOCTUHHMIIBI, MHOTOKBAPTUPHAS U
KOTTEJDKHAS JKUIIasi 3aCTPOiKa; apeHHOE JKHUIIbE;
OOIIeXKUTHST ISl CTYJACHTOB M BPEMEHHBIX DPado-
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YHX; JCTCKUE JOIIKOIbHBIC YUPEKICHHS; OOBEKTHI
COITMAIBHOTO OOCITY>)KMBAHUS; APyrue HEOO0XOIu-
MBI€ O0BEKTHI U COOPYKEHHS;

— B JaHamadTHO-PEKPEAIIMOHHOW — 3eJICHbIC
HACaXJICHUS, BOJHBIC CHCTEMBI; MECTa KpaTKoO-
BPEMEHHOTO OT/[bIXa; CIIOPTHBHBIC ITUIOMAIKA H
COOPY)KEHHS; CIIOPTUBHBIC U JIOCYTOBBIE IIEHTPHI,
JIpyTHE HEOOXOTUMBIE OOBEKTHI U COOPYKCHHUS.

Beiiensitorest Takke pe3epBHBIC TEPPHUTOPHH,
npe/Ha3HAYCHHbIC JUIS Pa3BUTHS HAyYHO-TEXHO-
JOTHYECKUX TApKOB B Ipollecce WX OIKCILTyarta-
uuu [7, 8].

Ba3oBble IUIAHUPOBOYHbIE MOJIEJIH
HAYYHO-TEXHOJIOTHYECKHX MAPKOB
pa3Horo GyHKIUOHAILHOTO Mpoduis

IIpoBeneHHOE HCClIEJOBAaHNE TO3BOJIWIO pa3-
paboTtats nATH 6a30BBIX IIAHUPOBOYHBIX MOJAEIEH
HAy4YHO-TEXHOJOTHYECKUX MapKOB, PEKOMEHIye-
MBIX 7151 (JOPMUPOBAHMS MAPKOB PAa3HOTO (yHK-
IUOHATBHOTO MPOGUIISL.

Mopens A — HayYHO-TEXHOJIOTUYECKHE MapKH
C KOMIAKTHOW TUTAHUPOBKOH (TJIOMIaAb TEPPUTO-
puH MeHee 2 KB. KM), pa3MeliaeMmbie B mepude-
PUIHHBIX 30HaX OOJBIIUX TOPOJOB, BCTPOCHHBIC B
UHQPACTPYKTYpY TOpoja, MPAKTUUIECKH HE MMEIO-
M€ PE3epPBOB I TEPPUTOPHAIBHOTO Pa3BHUTHA.
Mogens pekoMmMeHOyeTcs Julsl 00pa3oBaTesIbHO-
HAy4YHBIX MMapKOB, MAPKOB BHICOKUX TEXHOJIOTHH.

Mogens b — HayyHO-TEXHOJIOTMUECKHE Iap-
KM CpelHel BenuuuHbl (IJI0Ianb TEpPPUTO-
pun 2—10 kB. KM), pa3MeliaeMble B OMMKaHWIINX
npuropojiax OonpmuX ropoxoB (1o 10 kM), wa-
CTUYHO HCIIOJB3YIOIIUE T'OPOJCKYI0 MH(pacTpyK-
Typy, UMEIOIINE BO3MOKHOCTh TEPPUTOPHATIEHOTO
pazButus. Mojenb peKOMEHAyeTcsl A MapKoB
MIPOM3BOICTBEHHO-JIOTUCTUYECKUX, BBICOKHX TeX-

Mogens B — Hay4HO-TEXHOJOTHYECKHE Map-
KM CpeAHell BeaudyuHbl (IUIOIIAaAb TEPPUTO-
pun 10-20 KB. KM), pa3MeliaeMble B IPUTOPOAHBIX
30Hax OOMBIIHIX TOpomoB (110 30 KM), TEPPUTOPHAITE-
HO ¥ MH(PACTPYKTYpHO B3aUMOCBSI3aHHBIE C MEX-
IyHapOIHBIMH a3poropraMu. Mogenb peKoMeHIy-
eTCsl /U TIApKOB BBICOKMX TEXHOJIOTHH, TOYHOTO
MAlIMHOCTPOEHHUS, OMOXHUMUH, NPOU3BOIAIINX HPO-
JYKIUIO, KOTOPYI0 SKOHOMHYECKH LIENeco00pasHo
MEePeBO3UTh HA caMoseTax (CMapT(OHBI, ONTHUKO-
BOJIOKOHHAsI TEXHWKA W HHBIC BBICOKOTEXHUYHBIC
YCTpOMCTBA, KOCMETHKA, JIEKapCTBa U JIp.).

Mogens [ — HaydHO-TEXHOJOTHYECKHE Map-
KM CpeiHedl BeludyuHbl (IUIOINAAb TEPPUTO-
pun 10-20 KB. KM), pa3MeliaeMble B IPUTOPOAHBIX
30Hax OoMBMHUX TOpoaoB (110 30 KM) BIOIEL TpaHC-
MOPTHO-KOMMYHHMKAIIMOHHBIX KOPHIIOPOB HAIHO-
HQJIBHOTO M PETMOHAJIBHOIO 3HAYEHUS, UMEIOLIHE
COOCTBEHHYIO HH(PACTPYKTYpy U BO3MOXHOCTb
TEPPUTOPHAIILHOTO Pa3BUTHsA. MoJenb peKoMeH-
IoyeTcs Al MapKOB CTPOUTEIbHON WHIYCTPHH,
TPAHCHOPTHOTO MAIIMHOCTPOEHMsI, OMO- U arpo-
TEXHOJIOTHIA.

Mogens [l — Hay4HO-TEXHOJIOTHYECKHE MAPKU
00JBIION BeMMYUHBI (IUIOMIATL TEPPUTOPHH OO-
nee 20 KB. KM), pa3MellacMble Ha MEXKCEICHHBIX
TEPPUTOPUSIX, BAOJIb TPAHCIIOPTHO-KOMMYHHKALIU-
OHHBIX KOPUIOPOB MEXIYHAPOIHOTO M HAIMOHAb-
HOTO 3HAYEHHWs, UMEIOIINEe COOCTBEHHYIO WH()pa-
CTPYKTYpY H BO3MOXHOCTb TEPPUTOPHATIHLHOTO
pasBuTHsi. Monenb peKOMEeHIyeTcsl Uil HapKoB
XMMHUYECKOH MPOMBIIIJICHHOCTH, TSHKEJIOro, TpaHe-
MOPTHOTO MAIIMHOCTPOEHHUS.

Jis Hay4yHO-TEXHOJOTHUECKUX IMAapKOB, KOTO-
pBIe CO3MAI0TCsI Ha OCHOBE Pa3HBIX 0a30BBIX ILIa-
HUPOBOYHBIX MOJEJEH, MOXeT ObITh PEKOMEHIO-

HOJIOTUM, JIErKOM MPOMBIIIJIEHHOCTH, TOYHOIO BaHO Pa3sHOE COOTHOLICHHE ILIOMIAIEH OCHOBHBIX
MaIIMHOCTPOEHUA. (hYHKITMOHATBHO-TJIAHKPOBOYHBIX 30H (TadI. 1).
Tabruya 1
PexomenyeMoe cOOTHOIIEHHE OCHOBHBIX (YHKIHOHAIbHO-TUIAHMPOBOYHBIX 30H
AJ1s1 6a30BBIX Mo/Ie/Iell HayYHO-TeXHOJIOTHYeCKHX apKoB
Recommended ratio of main functional-planning zones
for basic models of scientific and technological parks
CooTHoIIeHHE TUIOMA/AeH OCHOBHBIX ()yHKIIMOHAIBHO-IIIAHHPOBOYHBIX 30H
Ha TEPPUTOPHUU HAYUHO-TEXHOJIOTMUECKHUX MAPKOB, Yo
Monenb HnxenepHo-
AnmuHuCTpa- Hayuno-o6pa- IIpousson- TeXHIYECKOTO Winas JlanpmadrHO-
TUBHO-/IEJIOBAst 30BaTebHAs CTBEHHAs peKpearoHHast
obecriedeHus
A 10-15 40-50 10-20 Jo5 Jo5 20-30
b 10-15 20-30 10-20 Jo5 5-10 30-40
B 10-15 20-25 10-20 Ho 5 5-10 3040
r 5-10 5-10 20-30 5-10 15-20 3040
bl 5-10 5-10 30-40 5-10 15-20 4045
Hayka
492 urexHuka. T. 17, Ne 6 (2018)



Civil and Industrial Engineering

CxeMbl HHaHHpOBO‘-IHOfI opraHu3anuu
HaY4YHO-TCXHOJIOIMYCCKUX IMTapKOB

IlpoBeneHHBIN aHANIM3 TUJIAHUPOBKHU CYILECT-
BYIOIIUX M HPOEKTHPYEMBIX HAay4HO-TEXHOJIOTHU-
YECKHX MapKOB IO3BOJIMI BBIACIHUTH CIICAYIOIINE
XapaKTepHbIE CXEMBbl UX IUIAHMPOBOYHOW OpraHu-
3aLuH.

1. IlonocoBasi IIaHUPOBKA HPUMEHSETCS IS
HAYYHO-TEXHOJOTHYECKUX MapKOB, HOPMUPYEMBIX
BIOJb TPAHCIOPTHO-KOMMYHHUKALIMOHHBIX KOpU-
JOPOB Ha MEKCEJICHHBIX TEPPUTOPHSIX M B IIPHUTO-
poIHBIX 30Hax Oombiinx ropoaoB. Ee ocobenHo-
CTBbIO SIBJISIETCSI CO3/laHME HECKOJIbKUX II0JIOC 3a-
CTPOWKH MapajuieJIbHO JKEJIE3HOJOPOKHON MITH aBTO-
MOOMIILHOW TPAHCIIOPTHON MarvucTpaiy (puc. 2a).

[TonocoBas TIaHMPOBKA MO3BOJISIET Pa3BUBATH
HaY4YHO-TEXHOJOI'MYeCKHe Hapku 0e3 H3MEHEHUs
UX TUIAHUPOBOYHOM CTPYKTYPHI, JOOABIISIS IO Mepe
TEPPUTOPUATEHOTO Pa3BUTHS HOBBIE IIAHHPOBOY-
HbI€ MOJIYJIM BJIOJIb TPAHCIIOPTHBIX MarucTpaiei u
(dhopmupyst Ipu HEOOXOJMMOCTH JOTOIHUTEIIbHEIC
MIOJLIEHTPHI U KOMIUIEKCHI 00CITy>KUBaHHUS.

Takasi mmaHUpOBOYHAs cxeMa Haubolee ymo0-
Ha U1 HAyYHO-TEXHOJOIMYECKHX IPOU3BOJI-
CTBEHHO-JIOTUCTHYECKUX MapKOB, MapKOB CTPOU-
TEJIbHOM WHIYCTPUH, JIETKOH NPOMBINUIEHHOCTH,
TPaHCHOPTHOTO  TSHKEIOT0 MAIIMHOCTPOCHUS.
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2. KoMnakTHasi TUIaHUPOBKA MPUMEHSIETCS ISt
HAYYHO-TE€XHOJIOTHYECKHUX MapKOB, (OPMUPYEMBIX
B rpaHHUIax OOJIBIINX TOPOJOB (OOBIYHO Ha TEPPH-
TopuH TepudepUHBIX 30H TOpoaoB). Ee ocobeH-
HOCTh — KOMIIAKTHOE Pa3MEIIeHUE 3aCTPOUKU BO-
KPYT IUIAHUPOBOYHOTO IIEHTPA HAYYHO-TEXHOJIOTH-
4yecKkoro mapka (puc. 2b).

JloCcTOMHCTBaMH KOMIIAKTHOW TUIAHUPOBKH SIB-
JSIFOTCSL TePPUTOPUATIBHO OJIM3KOE PACHOJIOKEHUE
BCceX OOBEKTOB HAayYHO-TEXHOJIOTHUECKUX MapKOB
JOpYyT K OPYTY M BO3MOKHOCTH HCIOJB30BAHUS T'O-
POACKOH WHQPACTPYKTYpHl IS (YHKIMOHHPOBA-
HUA TMapkoB. HemocTaTki — OTHOCHTENBHO Maias
TUTONIAJb TEPPUTOPHU U OTCYTCTBUE PE3EPBOB IS
TEPPUTOPUAIILHOTO Pa3BUTHAL.

Takas nmanupoBka HamOonee ymoOHa aist 00-
pa3oBaTeNIbHO-HAYYHBIX MApKOB, MapKOB BBICOKHX
TEXHOJIOT .

3. PaccpenorodeHHas TUTaHUPOBKA HPUMEHS-
eTcsl sl HayYHO-TEXHOJOTHYECKUX IMapKoB, (op-
MHpPYEMBIX Ha MEKCEJICHHBIX TEPPUTOPHAX M UMEIO-
MIUX OTPaHUYCHHS 1O HPOTHBOIOKAPHOM, CaHU-
TapHOM M APYT'MM BHIAaM OIIACHOCTH HPOM3BOJI-
CTBEHHBIX MPOLIECCOB.

Takas TUIAaHMPOBKA HMCHONB3YeTCS IPU CO37a-
HUM HAayYHO-TEXHOJIOTHYECKHUX IApKOB XHMHYE-
CKOH MPOMBIIIJIEHHOCTH, TSDKEIOr0 MAIIHHO-
cTpoenus (puc. 2c).

YCJIOBHBIE OBO3HAYEHUSA

@ — 30Ha aJIMMHUCTPATUBHO-/IEJI0BOM, KOMMEPYECKOH
JIEATEIBHOCTH U YTIpaBJICHHUs

g — Hay4HO-00pa3oBaTelbHas 30HA

— TPOU3BOJICTBEHHAs 30HA

@ _ 30HA UHKEHEPHO-TEXHUYECKOIO obecriedyeHus

— JKuWJias 30Ha

m _ nanamadTHO-peKpealnoHHas 30Ha
(SR
\______J — De3cpBHbIC TepPHTOPHH

¢> _ HANpABJIEHUS TEPPUTOPUATLHOTO PA3BUTHSI

— TPAHCIIOPTHBIE MarucTpaiun

/// — 'peKHn

Puc. 2. XapakTepHble CXeMbl INIAHUPOBOYHON OpraHU3alMi HaAyYHO-TEXHOJOTHYECKUX MapKOB:
a — T0JIOCOBAsT; b — KOMITAaKTHASI; C — pacCpPeOTOYCHHAS

Fig. 2. Typical schemes of planning organization for scientific and technological parks:
a — band layout; b — compact planning; ¢ — dispersed layout
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Oco0eHHOCTH KOMIIO3HUIIMOHHO-
HpOCTpaHCTBeHHOﬁ OpraHu3anuu
HAYYHO-TCXHOIOI'HYE€CKHUX NMMAPKOB

K KOMIO3MIIMOHHO-TIPOCTPAaHCTBEHHOM OpraHu-
3N HAYyYHO-TEXHOJIOTUYECKUX TMApKOB TPEIbSB-
JISIFOTCST TIOBBIIIIEHHBIE apXUTEKTYPHO-XYI0)KECTBEH-
HbIe TpeOOBaHMS. ApPXHTEKTYPHO-XYI0KECTBEHHBIN
o0pa3 3acTpoiKH Hay4HO-TEXHOJOTHYECKUX Map-
KOB JIOJDKEH COOTBETCTBOBATh MX WHHOBAIIMOHHOM
HANpaBJIEHHOCTH — UMETh COBPEMEHHBIH U XYZO-
YKECTBEHHO BBIPa3uTeNbHBINA 00wk [9, 10].

AHanmu3 NPUMEHEHUS PA3HBIX THUIIOB 3HaHUI
P 3aCTPOMKE Pa3NUYHBIX (PYHKINOHAIHHO-TUIA-
HHUPOBOYHBIX 30H HAYYHO-TECXHOJIOTMYCCKUX Iap-
KOB BBIABUJI ONIPCACIICHHBIC 3aKOHOMEPHOCTH.

AJIMUHUCTpaTUBHO-JIEJIOBAsI 30HA — MECTO KOH-
[EHTpau OONBIIOTO KOMWYECTBA JIOAEH, (op-
MHUpyeTCS KaK KOMIO3UIIMOHHO-TIPOCTPAHCTBEH-
HBI IEHTP HAYYHO-TEXHOJOTHYECKOTO TapKa.
Pa3zmeniaemast B 3TOM 30HE 3aCTPOIKA BBIIOIHSET
HE TOJBKO paboure (QYHKIUH, HO TaKKe SBIISETCS
«JTUIIOM» TTapKa.

B 1uenTpanpHOW YacTH aJAMHHHACTPATUBHO-
JISIIOBOM 30HBI MOXET OBITh PEKOMEHIOBAaHO CO-
3aHue TUIOIIAAN C MECTaMH OOIIEHHS U KPaTKo-
BPEMEHHOTO OT/IbIXa, CPEICTBAMU HH(MOpMAIINH,
IMPOU3BCACHUAMU MOHYMCHTAJIBHOTO MCKYCCTBA.
IIpueMbl TUIAHMPOBKM M 3aCTPOMKHM KaKIOH IUIO-
IaJ1, COCTaB 00OPYIOBaHUS M JJIEMEHTOB Oyaro-
YCTPOMCTBa OINPENEIIAIOTCS ¢ YUETOM €€ BEIUYH-
HBI, OCOOCHHOCTEH HCIIONb30BaHUs, TPagoCTPOU-
TEJIbHOW CUTYaIH.

B kauecTBe KOMIIO3UIIMOHHBIX JAOMHHAHT MO-
TYT UCIIOJIb30BAaThCs 3/1aHHS MOBBILICHHOW STaxK-
HOCTH, BBIIEJSIONINECS CpeIu OKpYKaromeh 3a-
CTpokH (puc. 3a).

Jist co3maHns 3arOMHUHAIOIIErocs 00NMKa Hayd-
HO-TEXHOJIOTMUYECKUX MApKOB UCTIOB3YIOTCSI 3AaHM,
B KOTOPBIX Pa3MEIIAIOTCS OOIIECTBEHHO-KYIBTYp-
HBIC LEHTPbl C MHOTO(QYHKIMOHATIGHBIMU 3aJaMH
OO0JTBIIION BMECTIMOCTH, BBICTABOYHBIE TTABUIIHOHBI U
JpyrHe YHUKaIbHbIC 00BbEKTHI (pHC. 3b).

Hayuno-o0Opa3oBarensHasi 30Ha — TaKXe aK-
TUBHO TOCelIaeMasi TEPPUTOPHs, K €€ 3acCTpOKKe,
KaK M K 3aCTpOWKe aJJMHUHUCTPATUBHO-IEIOBOU 30-
HBI, 30Hbl KOMMEPUYECKOH AEATENILHOCTH U YIpaB-
JIEHWsI, TPEABSBISIOTCS BBICOKHE aApXHTEKTYypPHO-
XyJ0’KECTBEHHBIE TPEOOBaHMSL.

Jns pa3smerieHust Hay4HO-HCCIEIOBATEIbCKIX
naboparopuii, yueOHBIX ayauTopuii, kadenp Hanbo-
Jiee yIOOHBI 31aHKS1 KOPUIIOPHOT'O THIIA YTHHEHHON
(hopMBI BBICOTOM 4—7 3Takel, KOTOPhIC COCAHHSIOT-
Csl MEeX Ty COOOH KPBITBIMH Tiepexomamu (puc. 3c¢).

494

J11 MHHOBAaLIMOHHBIX LIEHTPOB, MHKYOAaTOpOB
Ou3Heca, Te MOJB30BATENM YaCTO CMEHSIOT APYT
Ipyra, PEKOMEHAYIOTCS 3IaHus KOPHIOPHOTO,
3aJIbHOTO WY MaBWJILOHHOTO TUIIOB, 00JIaIAt0IINe
IUIaHUPOBOYHOM ruOKocThIO (puc. 3d). B 3manmsax
3TOTO K€ THIIA 11eJeco00pa3Ho pa3MelaTh Maible
OIBITHO-KOHCTPYKTOPCKHE TPEANPUATUS U TIPEI-
MPUSTUS TI0 TPOU3BOJCTBY IKCICPUMECHTAIHHON
MPOYKIIUY.

I'maBHOE TpeOoBaHUE K MIAHUPOBKE U 3aCTPOii-
K€ TPOM3BOJICTBEHHOW 30HBI HAYYHO-TEXHOJIOTH-
YeCKHX MapKOB — PalMOHAIBHOCTh. BaykHO ym00HO
PacHOJIOXKUTh OTHOCHUTENIBHO JAPYT Apyra MpOH3-
BOJICTBEHHBIE W BCIIOMOTATENIbHBIE 3/IaHWSA, Ielle-
XOJIHBIE ITyTH ¥ TPAHCIIOPTHBIE TTPOE3/IBI.

C menpi0 yMEHBIIEHUS 3arpsS3HEHHOCTH BO3-
IYITHOTO OacceiiHa MOJDKHBI OBITH 00ECTICUCHBI
YCIIOBUS TIPOBETPUBAHMUS MTPOM3BOJCTBEHHBIX TEp-
putopuii. [logbopoM onTuManbHOW (GOPMEI, paz-
MEpPOB 3JIaHUI M COOPYXKCHHUIA, UX B3aMHBIM pa3-
MEIIEHNEM MOXHO YMEHBIIUTh 3ara3oBaHHOCTD
BO3AYIIHOW Cpeasl B TpeAesax MPOU3BOJCTBEH-
HBIX TCPPUTOPUH.

K 3manusaM, pazmemnaeMbIM B MPOU3BOACTBEH-
HOW 30HE, MPEeIbSBISIOTCS TPeOOBaHUS YHUBEP-
CaJIbHOCTH, MOOMJIBHOCTH, PKOHOMHUYHOCTH apXu-
TEKTYPHO-TUIAHUPOBOYHBIX M MH)KEHEPHBIX pellle-
HAH. |11 BO3MOKHOCTH TpaHC(HOPMAIHH TIOMETIe-
HUH UCTIONB3YIOTCA TaKue KOHCTPYKTHUBHBIE TIpPHE-
MBI, KaK YMEHBIIIEHHE KOJMYECTBA HECYIIUX OIIOp,
MpUMeHeHne 000JI09eK, TTOABEIIEHHBIX TOKPBITHH,
pa3MelieHne WH)XXCHEPHBIX KOMMYHHKAIUKA TOJ
MOTOJIKOM TIOMEICHUH, Hapy)XHOE pa3MeIIeHUE
00CITy>KUBAIOIIUX TIOMEICHUHN | Ap.

Haunbonee ymoOHBIM THIIOM NPOWU3BOJICTBEH-
HBIX COOPYXKEHUH, pa3MeIlaeMbIX Ha TEPPUTOPUU
HAyYHO-TEXHOJIOTUYECKUX IAPKOB, SIBISIOTCS OJI-
HO3TaXXHBIC 37aHUS 3aJILHOTO TUMA OOJBIION TUIO-
I[aJId, B KOTOPBIX JIETKO BAPhbUPOBAThH TUIAHUPOBKY
MIpH U3MEHEHUH TEXHOJOTHYECKHX MPOIIECCOB MIIN
apermatopoB (puc. 3e). DTOT Xe THN 3IaHUHA HC-
MONIB3YETCS ISl pa3MEeIlIeHHs] CKJIaJ0B M TpaHC-
MTOPTHO-JIOTUCTUIECKUX OOBEKTOB.

Eumie oauH pacnpocTpaHEeHHbINH BU TPOU3BO/I-
CTBEHHBIX 3JaHUN — 1—3-3Ta)kHbIe 3JaHUS TTaBIIIb-
OHHOTO THUIAa HEOOJBIION IUIOIIAIH, KOTOPbIE MO-
TYT CHaBaThCsi B apeHAY pa3HbIM IIOJh30BaTe-
nsm (puc. 39).

Ha Ttepputopuu >xunol 30HBI BaKHO CO3/aTh
KOM(OPTHBIC YCJIOBUS TMPOXKUBAHUS JIOACH, XO-
POILIO 03EIEHEHHYIO KWIYIO Cpeny.

JI711 MHOTOKBAapTHPHON KUJION 3aCTPONKH Ipe-
MOYTUTEIHLHO UCIOJIBL30BAHUE CCKIIMOHHBIX 3IaHUN
BBICOTOM 5—7 3Takeld ¢ OSCTPaHCHOPTHBEIMH O3€-
JIEHEHHBIMH JBOpaMu (puc. 3g).
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Ha wactu Tepputropuu xujioi 30HBI (He 0O-
nee 10 % ot oOmiei TIOIIaau KUIOH 30HBI) pe-
KOMEHYEeTCSl pa3MemaTh KOTTEIKHYIO JKUIYIO
3aCTPOUKY C O3CIICHEHHBIMU YYacTKaMU ILIO-
manapo 0,4-0,8 ra (puc. 3h).

Jlnst rocTUHUI, OOIIEKUTHH CTYICHTOB U Bpe-
MEHHBIX PabOYMX WCIONB3YIOTCS 3/IaHUS KOPH-
JIopHOTO THMA. VX BBICOTa OMpPEENsIeTCs C yI4ETOM
HEO0OXO0IUMON BMECTHUMOCTA M OCOOCHHOCTEH Me-
CTOTIOJIOKEHUSI HAa TEPPUTOPUN HAYYHO-TEXHOJO-
TUYECKHUX MapKOB, TPEANOYTHTEIHHO UCTIOIh30Ba-
HUE 37[aHHI BBICOTOM 70 ceMHM dTaxkel (puc. 3i).

3naHus U1l pa3MELEeHNs] JETCKUX JOLIKOIbHBIX
yupexeHuil, 0OBEKTOB COLMAIBLHOIO O00CITyKUBa-
HUSL, IPYTUX HEOOXOJUMBIX OOBEKTOB B COCTABE KHU-
J0i, a TakkKe JaHAMA(PTHO-PEKPEALIOHHON 30H
HOAOUPAIOTCS] UHAUBUIYAIbHO, C yYETOM OCOOEHHO-
CTel Ka)KI0ro Hay4HO-TEXHOJIOTMYECKOT0 MapKa.

CHnopTHBHBIE M JOCYTOBBIE LIEHTPBHI B JIaHJ-
ma@dTHO-PEKPEAIMOHHON 30HE Pa3MELIAI0TCs, Kak
NpaBWIO, B 1-2-3TaXXHBIX 3[aHUSX, OKPYKCHHBIX
3eJICHBIMU HacaXJIeHUAMH (puc. 3j).
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Puc. 3. Tunsl 31aHui, peKOMEHIYeMbIe IS 3aCTPOMKHM HAy9HO-TEXHOJIOTHUECKHUX MTapKOB
Fig. 3. Types of buildings recommended for building of scientific and technological parks
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BBIBOJIbI

1. Co3manue M pa3BUTHE HAyYHO-TEXHOJIOTHYE-
ckux mapkoB B Kwuraiickoit HapomHoit PecryOmuxe
UCIIONIB3YeTCs] KaK CPEACTBO aKTHUBHM3ALMU paio-
HOB, HYXJAIOIIMXCS B COLMAIbHO-3KOHOMUYECKOM
Pa3BUTUM, TAKUX Kak Teppuropuu Baosib Hoporo
IIEKOBOro ITyTH B MpoBUHLMAX [llanben u ["aHbCy.

2. B pe3syibTaTe NpoBEIEHHOIO UCCIIEIOBAHUS
paspaboTaHbl TSATh 0a30BBIX IUIAHUPOBOYHBIX
MoJzeJe, peKOMEHIyeMbIX Uil (OPMHUPOBAHUS
HAyYHO-TEXHOJOTHYECKHX MAapKOB Pa3HOTO (PyHK-
UOHAJIBHOTO MPOQMISL; AaHBl PEKOMEHAALMH TI0
COOTHOIICHHIO  ()YHKIIMOHAILHO-TIAHUPOBOYHBIX
30H Ha TEPPUTOPHHM HAYYHO-TEXHOJOTHYECKHX
MapKOB Pa3HBIX THUIIOB.

3. AHanu3 IUIaHUPOBKY CYILECTBYIOIINX U IPO-
EKTHPYEMBIX HAyYHO-TEXHOJIOTUYECKHX IapKOB
MO3BOJIMJI Pa3paboTaTh XapaKTEpHBIE CXEMbl HX
IUIAHUPOBOYHOW OpPraHM3alMM: TOJIOCOBYIO, KOM-
[AKTHYI0, pacCpeJOTOYEHHYIO.

4. BpIsIBIEHBI 3aKOHOMEPHOCTH KOMITO3UIIMOHHO-
MPOCTPAHCTBEHHOM OpraHM3aliyd HAYYHO-TEXHO-
JIOTMYECKUX MApKOB M pa3paboTaHa TUIIOJOTHUS 31a-
HHUHA, PEeKOMEHIYEeMBIX IS pa3MEILeHUs] B pa3HbIX
(YHKIHMOHAIBEHO-TIAHUPOBOYHBIX 30HAX TTAPKOB.
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Pedepart. Vcxons u3 rHnoTe3bl «BEUHBIX JOPOT», PEIICHHE MPOOIEMBI IIPOYHOCTU M JIONTOBEYHOCTH JOPOXKHBIX OSTOHHBIX
MOKPBITUH B 3HAYUTEIBHOM MEpE OIPEAEIAETCS TEOPETHYECKUMU IPEINOCHUIKAMHU, IOJIOKCHHBIMU B OCHOBY TEXHOJIOTUH
YIPOUHEHHS MUKPOCTPYKTYPBI HX BEPXHETO MMOBEPXHOCTHOTO ciosl. [[puMeHeHne MeTko3epHICTOro 6ETOHA C UCTOIb30BaHH-
€M YJIbTPaJAUCIIEPCHBIX JOOABOK YaCTUYHO ITOMOTAET MOIYyYUTh YIIPOYHEHHbIH BEPXHHUH CII0H TakuX MOKpbITHI. BMecTe ¢ Tem
UL pa3pabOTKH TEXHOJIOTHYECKUX NTapaMeTPOB TPEOYIOTCS JaNbHEHIINIA TOMCK U Pa3BUTHE TEOPETUUECKOTO aHAIIN3a JaHHOU
npoGieMsl. VccienoBanuii I0 3TOMy HaIlpaBJICHUIO KpalfHE HEAOCTAaTOYHO, M 3aTPOHYTHIN BOIIPOC IPOJOIDKACT OCTABATHCS
aKTyaJbHBIM. MI3BeCTEH METO I MPUMEHEHNUS KOJIIOMIHOTO [IEMEHTHOTO KJIesl M aKTHBUPOBAaHHOTO TOPKPET-PAacTBOPA AT yCH-
JICHUS CLICTUICHUSI HOBOTO U CTAaporo OETOHA B MHXKEHEPHBIX KOHCTPYKLUMAX. OHAKO MCCIen0BaHus B 00JACTH 3alllUThI 110-
BEPXHOCTHOTO CJIOSI JOPOIXKHBIX OETOHHBIX IMOKPHITHI OT KOPPO3UOHHBIX PA3PYIIEHHH OTCYTCTBYIOT. DTO CIEP)KUBACT LINPO-
KO€ NMPUMEHEHHE YKAa3aHHbBIX NPHEMOB B MHXKEHEPHOW MpakThke 3((OEKTUBHOTO couepikaHus OSTOHHBIX MOKpBITHH. B naH-
HOM Cllyyae MpEACTaBIseT HMHTEPEC PacCMOTPEHHE HMEIOLIMXCS TEOPETHYECKHX IIONOKEHUH O CyllecTBE KBaHTOBOH
MEXaHUKH CTPYKTYpPOOOpa30BaHMs B CHCTEMAaX, COCTOSIINX U3 KOJUIOWIHO-IUCIEPCHBIX JaCTUIl. TaKko# MOAX0x B JOPOKHOM
0ETOHOBEJICHHH SBISCTCS HOBBIM, OH CBSI3aH C BO3MOXKHOCTBIO PETyIMPOBaHHS MPOIECCOB MHKPOMEXAaHHKU CTPYKTypooOpa-
30BaHlsd B MUHCPAJIbHBIX CUCTEMaX IMPH CO3AAHHUHU 3alllUTHBIX MOBEPXHOCTHBIX CJIIOEB B AOPOKHBIX 6€TOHH]>IX IMOKPBITUAX.
DToii mpobiemMe U MOCBAIICHA JaHHAs CTaThs.

KiroueBblie ¢JI0Ba: J0JITOBEYHOCTh JOPOXKHBIX OCTOHHBIX MOKPBITHH, CTPYKTYpOoOOpa3oBaHHE B MHUHEPAIBHBIX CHCTEMaX,
KOJUIOUTHO-JUCIIEPCHBIC YaCTHUIIbI, KBAHTOBO-MeXaHHueckue 3pdexTs

Jas nurupoanus: [Tmembaes, M. K. Teoperndeckue npeanoChlIKE YIPOUYHEHUS MUKPOCTPYKTYPhI IIOBEPXHOCTHOTO CIIOS
JIOPOXKHBIX OCTOHHBIX MOKPBITHI ¢ TOMOIIbI0 KoJutonaHoro BeniectBa / M. K. [Tmembaes, S1. H. Kosanes // Hayka u mexuu-
xa.2018. T. 17, Ne 6. C. 497-501. https://doi.org/10.21122/2227-1031-2018-17-6-497-501

Theoretical Prerequisites for Strengthening Micro-Structure of Surface Layer
in Road Concrete Pavement by Colloid Material

M. K. Pshembaevl), Ya. N. Kovalev”
YBelarusian National Technical University (Minsk, Republic of Belarus)

Abstract. Assuming that there are perpetual roads solution of the problem pertaining to strength and longevity of road con-
crete pavements are mainly determined by theoretical prerequisites which are considered as basic ones in technology for
strengthening micro-structure of their top surface layer. Application of fine grain concrete with ultra-disperse additives partial-
ly helps to obtained strengthened top layer of such pavements. At the same time further search and improvement of theoretical
analysis for the given problem are required for development of technological parameters. Investigations on this direction are
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rather insignificant and the problem continues to be considered as an actual one. There is a known method for application
of colloid cement glue and activated gunite solution for strengthening binding of new and old concrete in engineering struc-
tures. However it is necessary to point out the fact that investigations in the field of protection of road concrete pavements
against corrosion destructions are actually absent. Such approach restrains a wide application of the mentioned methods
in engineering practice for provision of efficient maintenance of concrete pavements. In this case it is necessary to consider
the existing theoretical statements on the essence of quantum structure-formation mechanics in the systems consisting
of colloid-disperse particles. This approach to road concrete science is accepted a new one ant it is connected with the possi-
bility to regulate processes of structure-formation micro-mechanics in mineral systems while creating protective surface layers
in road concrete pavements. The given paper is devoted to this problem.

Keywords: longevity of road concrete pavements, structure formation in mineral systems, colloid-disperse particles, quan-
tum-mechanical effects

For citation: Pshembaev M. K., Kovalev Ya. N. (2018) Theoretical Prerequisites for Strengthening Micro-Structure of Sur-
face Layer in Road Concrete Pavement by Colloid Material. Science and Technique. 17 (6), 497-501. https://doi.org/10.
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BBenenne

3HAYUTENBHBIA MHTEPEC, C TOUKHU 3pEHUS aHa-
nu3a GOPMHUPOBaHUS POYHOH MUKPOCTPYKTYPHI B
IIOBEPXHOCTHOM CJI0€ OETOHHBIX HMOKPBITHH, Npel-
CTaBIISIIOT PE3YJbTaThl 3KCIEPUMEHTAIBHO-TEOPE-
THYECKHUX WCCIICIOBAaHUHN, TpuBEAcHHBIE B [1].
371eck aBTOPHI BIEPBBIE MOKA3aJIM, YTO MEXAHU3M
YIPOYHEHUS] MHUKPOCTPYKTYpPbI CHCTEMBI, COCTOS-
el M3 KOJJIOMIHO-AMCIEPCHBIX YacTHll B OeTo-
HE, HOCUT KBAaHTOBO-MEXaHMYECKHUH XapakTep.
bbuto BBISBIEHO, YTO B CHCTEMax, MMEIOIIUX B
Ha4YaJIbHOW CTaJUU HEYNOPSIOUYEHHYIO CTPYKTYPY,
BCJIE/ICTBUE IMPOSBICHHUS KBAaHTOBO-MEXaHUYECKHUX
a¢pdexToB [2, 3] camonpoU3BOIBHO 0Opa3yrOTCs
Oojee ymopsiioueHHbIE IPOCTPAHCTBEHHBIE CTPYK-
Typbl [4]. Ilpu >TOM mMOKa3aHO, YTO KBaHTOBO-
MexaHnueckre 3QdexTsl 00yCIOBIEHBI HATMYHUEM
TEPMO3JIEKTPOKUHETUYECKOr0  MOTEHIHana  Jie-
THIPATAMOHHOTO WM JAECOPOLMOHHOIO AMCIep-
rupoBanus ([IJ1J]) KOJTOMAHBIX YACTHUI[ M TEpe-
MEHHOTO 3JIEKTPHYECKOr0 TOKa B 00pasylomiencs
CUCTEME.

VYcranosnennsle aBropamu [1] norenuman JIJI1
U TIEPEMEHHBIA D3JIEKTPUYECKUH TOK BO3HHKa-
0T [PU HM3MEHEHHHM TEPMOIMHAMHUYECKHUX YCIO-
BUH cHUCTEMBI. DTO MPOUCXOAUT B IIpoliecce ee
JeTUpaTaliy WIn JeCOpOIMU B pe3ybTaTe MHUK-
POSHEPTEeTHUECKOTO  B3aUMOJEHCTBUSL  MEXAY
KOJJIOMIHBIMH LEMEHTHBIMH YacTHLIAMH M 00pa-
3YIOIIMMUCS IIPH 3TOM Tra3000pa3HbIMH HOHHU3U-
POBaHHBIMH YacTHULIAMH, OTPBIBAIOIIMMUCS C IO-
BEPXHOCTH KOJIOMJHBIX LIEMEHTHBIX YacTHLl. B atom
ciayyae, Kak BbIsBIeHO B [1], B3aumomaeucTBus
MEXIYy KOJUIOMTHBIMM YacTHLIAMH U Ta3000pas-
HBIM BEILECTBOM CONPOBOXKAAIOTCS MOJIAPU3ALIUCH
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WJIU TIOSIBJICHUEM JUIoNeH [2, 3], 4To u onpenens-
€T X KBAaHTOBO-MEXaHHYECKUI XapaKTep.

Teopernyeckne 0CHOBBI YIIPOYHEHMS
MOBEPXHOCTHOIO CJ10sI
JOPOKHBIX 0€TOHHBIX MOKPBLITHI

Agtopsl [1] moka3anu, 4TO KOJJIOUAHAS CUCTE-
Ma B TIpOIlecce CTPYKTYpooOpa3oBaHUS oOjagacT
CIIOCOOHOCTBIO  T€HEPHUPOBATHh  BIEKTPHUCCKYIO
sHepruro. [Ipu 3TOM UMM SKCIIEPUMEHTAIBHO J0-
Ka3aHo, YTO KOMIUIEKCHOE SIBJICHHE KOHJEHCAIlH-
OHHO-KPUCTAILTU3AIIIOHHOTO 00pa30BaHUsl CTPYK-
TYPUPOBAHHBIX JIUCIEPCHBIX CHCTEM C y4acTHEM
ra3oBoil (pa3pl U KBAaHTOBO-MEXaHWYECKHX A hek-
TOB, a TaKKe TEPMOIIEKTPOKMHETHIECKOTO TIO-
TEHI[MAJIa CO3J[aeT DHEPreTHvecKoe moie, B 00ma-
CTH KOTOPOTO KOJUIOWTHBIC YACTHIFI B MOMEHT
JETUPATAIIIOHHO-IECOPOIIMOHHOTO  TUCTIEPTHPO-
BaHUs, IOMHMO OpPOYHOBCKOTO IBIMKEHUS, TMOIY-
4al0T KOMOWHWPOBAHHBIE TIEPEMEIICHUS: KOJe-
0arenbHOE — OT KOJEOIIOMIMXCS AIEKTPUIECKHIX
3apsJIOB U TIOCTYNATEIBHOE — OT TEPMOIIEKTPOKHU-
HETHUYECKOTO TOTEHIHalla JeTUAPATAIIHOHHOTO
WK JIECOPOIIMOHHOTO JUcTieprupoBanus. Takoe rie-
peMeleHre CriocoOCTBYeT MaKCUMAaJIbHOMY YILIOT-
HeHUI0 cuctembl. KoHmeHcupyromuecs Ipu 3TOM
Ha TOBEPXHOCTHh KOJJIOMIHBIX YaCTHI[ MOHOCIIOH
W3 Ta30BOU cpenpl, MposBIss qunoinu [3], obecte-
YUBAIOT MPOYHBIC XUMHUUCCKUE CBSA3H MEXIY KOJI-
JOWTHBIMA YacTHIlaMH. B pe3ympTaTe mpomcxo-
AT YPE3BLIYAMHO BBICOKOE YIUIOTHEHHE BCEH
cuctemsl. B [1] mokazaHo, 94TO B IUCTIEPCHBIX KOJ-
JIOMIHBIX CHCTEMAaX CYIIECTBYIOT Pa3INYHbIC JHEP-
TEeTHYECKUE YPOBHH, KOTOPHIE OTPaXKAIOT OTpesie-
JIEHHBbIE BHUIBI CBSI3€M KOJUIOWIHBIX HYACTHI] TPU
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00pa3oBaHUM CTPYKTYPHUPOBAaHHBIX JHCIIEPCHBIX
cucteM. Breineneno tpu takux yposns: I, II, II1.

I ypoBeHb 3IEKTPOCTATUYECKUX B3aUMOJEH-
CTBUU XapaKTepeH MPHU KOATYJISIIUOHHOM CTPYKTY-
poobpa3oBaHuH. DTO MPOSBIAETCS B BUAE CIaObIX
cun Ban-nmep-Baannca, xorma 3neKTpoHHBIE 000-
JIOUKM HE TEpPEeKPHIBAIOTCA W BO3HHMKAET TOJBKO
JeiicTBue cun nputsxkeHnd. K atomy ypoBHIO OT-
HOCHUTCSA KOATyJSIIHOHHOE TBEPIACHHUE «CTPYKTYP
BBICBIXaHHS» (B YaCTHOCTH, TBEPJCHHUE TJIMH).

Ko II ypoBHIO OTHOCHTCA KOaryisiliMOHHOE
TBEp/ICHWE MHHEPAITbHBIX BSDKYIIUX THUIA THIICA.
B npouecce TBepaeHUs MKy KOJTOMIHBIMU Ya-
CTHIIAMH BO3HMKAIOT 3HAYUTEIbHBIE 10 BEJTUYHHE
cuwibl Ban-nep-Baanbca. B3aumonelictBue Mexay
YacTUIlaMHd OOYCJIOBIEHO OpPWUEHTAI[MOHHBIM, WH-
JIYKIIMOHHBIM U JTUCIICPCUOHHBIM 3¢ dextamu [3],
HO XUMHUYECKOW CBS3M MEXIYy YacTUIIAMH HE BO3-
HUKaeT.

Il ypoBeHb — 3TO KOHJIEHCAIMOHHO-KPUCTaJ-
TU3AIMOHHOE TBEPACHUE MUHEPATBHBIX BSIKYIIHX
tuna neMmentHoro aiura (3Cao - Si0O,). Kak ycra-
HOBJICHO B [5], ruapartanus ajauTa NPOTEKaeT LUK-
JIMYHO C BBIACIEHUEM OOJBLIOrO KOJIMYECTBA Tell-
JOTHI, YTO BBI3BIBAET JETHApATAlAI0 00pa3o-
BaBlIerocss rensd. [Ipm 3TOM ¢ KOJJIOMIHBIX 3€-
PEH BMecCTe C BOAOH MEpeXoAsT B ra3oBylo Qasy
WOHM3WPOBAHHBIE YACTHUIBL, BCIEACTBHE YEro
BO3HUKAET TEPMODJIEKTPOKUHETHUECKUN IOTEH-
muan JJIJ] [6, 7]. B oOpa3oBaBiieMcsi mepeMeH-
HOM DJIEKTPHYECKOM TIOJ€ KOJUIOWIHBIE YaCTHIIBI
NOJTy4aloT KOMIUIEKCHBbIE TepeMenienus (kKoneba-
TeNbHBIE W TOCTyHaTelbHbIe). Takoe IBMKEHHE
KOJUTOMJHBIX YacTHIl, BBHI3BAHHOE KBAaHTOBO-MEXa-
HAYECKMM 3P PEKTOM, CTAaHOBUTCS YIOPSIOYCH-
HBIM [2, 3], IPUBOIUT UX K PE3KOMY CONIDKESHHUIO U
B pe3yibTare — K IpeAeTbHOMY YIUIOTHEHHUIO JHC-
NEPCHON CHUCTEMBI. JTOMY TaKKe CIOCOOCTBYET
napauielIbHO TMPOTEKAIONINA TpOoIecC KOHJCHCa-
[IUM MOHOMOJIEKYJISIPHBIX CJIOEB M3 KPEMHEKHCIIO-
ponnbix coenunenuit B ¢opme Si(OH); Ha moO-
BEPXHOCTAX KOJUIOMIHBIX YacTHll. Takoi mporecc
OOBSACHSETCS TPOSIBIIEHHEM KBaHTOBO-MEXaHUYE-
ckux 3¢dekToB: comepkamyecss B aTroMax 3JeK-
TPOHBI HAXOATCS B HETIPEPHIBHOM JBM)KCHUH, TIPU
KOTOPOM pacmpesiefieHHe 3apsiioB BHyTPH aTOMOB
CTaHOBUTCS HECUMMETPUYHBIM, B PE3YyNbTaTEe YEro
BO3HUKAIOT MTHOBeHHbIE numionu [2, 3]. Ilpu xoH-
JIEHCAIlMd MOHOCJIOEB W3 KPEMHEKHCIIOPOIHBIX
COEJIMHEHUI Ha TOBEPXHOCTAX KOJJIOMIHBIX Ya-
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CTHIL JBI)KEHHE MTHOBEHHBIX TUIIOJIEH HepecTaeT
6BITB HE3aBUCHUMBIM, YTO BBI3bIBACT MNPUTIKCHHUC
KOJIJIOWAHBIX YaCTHL APYT K APYTY Ha PacCTOSIHUA,
ONMU3KME K B3aUMOICHCTBHIO B KPUCTAJUIMYECKUX
pelIeTKax, T. €. [IPpU 9TOM BO3HUKAIOT XUMUUYCCKUC
CBSI3H, BBI3BIBAIOIINE CYOYINIOTHEHHE BEILIECTBA.

Takum o0pazom, B 00pa3oBaBLICHCS CTPYKTY-
PUPOBAaHHOW CUCTEME, IOJIYYEHHOH B 3TOM IIPO-
Lecce, 3HEPrusi XMMHUYECKOM CBS3M MEXIY KO-
JIOMJAHBIMU YacTULAMH CTAHOBUTCA DPAaBHOW HIIH
ONM3KOW IO BETMYMHE SHEPTrUU BHYTPUKPHCTAII-
JMYECKOTO B3aMMO/ICHCTBHSI.

B KOHTEKCTE paccMOTpEeHHs TUCIIEPCHBIX CH-
CTEM C IPUMEHEHHEM TPAJAULHMOHHBIX MUHEpallb-
HBIX BSDKYLIMX TPEICTaBIsieT MHTEPEC TaKKe BO-
npoc npuMeHeHus 301151 SiO; UM HaHOPa3MEPHOTo
nopomika Si0,. DTO BBI3BaHO HEOOXOIUMOCTHIO
UCTIOJIb30BaHMS TAKUX KOMIIO3MLUI ISl 3allUThI
MIOBEPXHOCTHOI'O CJIOS OCTOHHBIX HOKPBITHM OT
KOPPO3UOHHBIX pa3pylICHUH.

Kak u3BecTHO, Ipu MEXaHUYECKOM H3MENbYe-
HUM Ha MOBEPXHOCTSIX KPUCTAJUIMYECKUX KBaple-
BBIX YacTull 00pa3yeTcsi aMoppU3NpOBaHHAs 30Ha,
o0Jafaroiiasi HECKOMIEHCUPOBAHHBIMU JHEPIreTHU-
YECKUMH CBS3AMHU. HYacTHUIBI TaKOM 30HBI MUMEIOT
3amac 3HEPTrHuu, JOCTATOYHBIA JJIi TOTO, YTOOBI
[pU B3aUMOJECHCTBUU C BOAOU MEPEXOAUTHh B THUM-
patabie dopmbl, 00pasys Si(OH),. Oxnako u3-3a
MaJIOCTH SHEPIMU THApATalluyd THAPAaTHBIE HOBO-
o0pa3oBaHMs HE MOTYT IEPEHTH B pacTBop H
OCTalOTCS Ha TIOBEPXHOCTH MCXOJHBIX 3€peH KBap-
na. Ycra"opieHo [l], 4ro mis mOpOAOTDKEHUS
cTpykTypoobpazoBanus cuctemsl SiO,—H,O HE00-
XOAHUMBI:

1) no6aBOYHBIH TIOABOA SHEPTHHU B BUIE Harpe-
BaHUS,

2) mpenBapuUTENbHOE YIUIOTHEHHE C OTlpaHH-
YEHHBIM KOJIMUYECTBOM BOJIBI.

DTO OOBACHSAETCS TEM, YTO TP TOBBIMIEHHON
TEMIIEpAaType, YMEHBIIEHHOW BIIAXHOCTH, HAJIU-
YU TEPMOAJIEKTPOKMHETUYECKOI0 MOTEHIHMada U
KBaHTOBO-MeXaHndeckoro s¢¢ekra Oonee crmadoe
¢u3nUecKoe BIEKTPOCTATUYECKOE B3aUMOJICHCT-
BUC MCXKIAY KOJUIOMAHBIMHA YaCTHULIaMHU 3aMCIIaCTCA
OoJiee CUIIBHBIM SHEPreTUYECKUM B3aHMOJICHCTBU-
eM ¢ o0pa3oBaHHEM MPOYHBIX KOHTAKTOB cpacTa-
HUS Ha TpaHulle paszena ¢as.

Takum 06pa3oM, YIPOUHEHUI0 MHUKPOCTPYKTY-
PBI KOJUTOMIHBIX YaCTHII JOJKHBI IPEAIECTBOBATh
CJIEIYIOLIME TIPOLECCHI:
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1) mepexox MOHWU3MPOBAHHBIX YACTHIl, COIEP-
KaIUX KPEMHEKUCIIOPOJHbIE KOMIUIEKCHI, B Ta30-
ByIO daszy;

2) BO3HHKHOBEHHE TEPMOIJICKTPOKHHETHIC-
ckoro notenuuana JIJ1/J1;

3) makorenue razooopasznoro Si(OH)y;

4) KOHIEHCAINSI MOHOCIIOEB KPEMHEKHUCIOPO/I-
HBIX COEMHEHUI Ha MOBEPXHOCTH KHCIOPOIHBIX
YaCTHII, COMPOBOXKAAIOMIASICS ITOSBICHUEM KBaH-
TOBO-MEXaHUIECKHUX d(PPEKTOB U 3aBEPIIAFOIIASICS
CICTIJICHUEM YacTHUI] XUMUYECKAMU CBS3SIMU.

B utore sHeprus B3auMOJIEHCTBUS MEXY KO-
JOWTHBIMHA YaCTHIIAMHA CTaHOBUTCS PaBHOU WIH
OJIM3KOM SHEPTHUHU CBSI3U BHYTPHUKPHUCTAIUINIECKOTO
B3aumoelicTBus B Si0,. [To Takomy ke IPUHITUITY
TBEPACIOT THIPABINYECKHUE BKYIUE THIA TOPT-
JaHIIEeMEHTA.

OCHOBHO# BBIBOJ, CHCNaHHBINA B [1], cocTonT
B TOM, 9YTO SIBJICHHE MEXKOJUIOMIHOTO B3aMMOEH-
CTBHS B BBICOKOJHCIIEPCHBIX CHCTEMax HMeeT
KOMILJIEKCHBIM XapaKTep U UX CBOMCTBA HAXOAITCS
B HEMOCPEACTBEHHON 3aBHCHMOCTH OT JHEpPIreTH-
YEeCKOTO YPOBHSI B3aWMOJEHCTBUS MEXKAY KOJLIO-
WIHBIMHU YaCTHUIIAMH.

IIpuBeneHHBIN aHanu3 TBEPACHUS MHHEpAJb-
HBIX KOJUIOUJHBIX cUCTeM [1] cTumymupoBan mo-
UCK MHQOpPMAIMA O BO3MOXXHOCTH HOBBIX IIOJIXO-
JIOB JIJISl 3alIUTHI CYIIECTBYIONINX OCTOHHBIX KOH-
CTPYKLIUI OT KOPPO3HOHHBIX PA3PYLIEHUI.

Oxkazanoch, 4TO UCCIEAOBaHUSI B 3TOM HaIpaB-
JIEeHNH HMMEI0T cBoio wucropuio. Ilepen wuccnemo-
BaTeNsIMK BCTall BONPOC O CO3[@HHU TPOYHOTO
COCIMHEHNH «CTaporo» M «HOBOro» OETOoHa, HC-
MOJIb3yEMOT0, HAlpUMEp, B Ka4ecTBE 3allUTHOTO
CJI0SI Ha CYIIECTBYIOIMX OCTOHHBIX KOHCTPYKITH-
sax. Takoli mpoOiieMoil 3aHMMANNCh €Ille B Iep-
BB TIEpPHOJ pa3BUTHS OeTOHA W XKene300eTo-
Ha (H. A. XKurkesuy, CII16., 1905, 1912 rr.). ITo3xe
y CIIELMATICTOB BO3HUKIIA UAES CO3MaTh Mpanimep-
CJIOM, 00ECTICUNBAIOIIMI XOPOIITHI aAre3MOHHBII
KOHTaKT HOBOTO OETOHHOTO CJIOS CO CTapbIiM (Cy-
HIECTBYIOLIMM), Ha OCHOBE HCIIOJIB30BaHUS KOJI-
moumHoro mementHoro kies (KIIK). IlpoGaeme
npuMmenenuss KIIK B cTpoutenbcTBE MNOCBAILICHA
n3BecTHas cratesd H. b. Ypeesa u H. B. Muxaitno-
Ba [8], rme paccMOTPEHBI BOMPOCH! MOBBIIICHUS
MPOYHOTO CIIETIIEHHSI HOBOTO (CBEXKEYI0KEHHOTO)
0eToHa CO CTapbIM (3aTBEPACBIINM) U «CKJIEHBa-
HUS» 3TUX 0eTOHOB Mexay coboii. [Ipu a3Tom Ko-
JIOUIHBIA HEMEHTHBIN K€ HCIONb3YIOT KaK Mpo-

500

cioliky (1-2 MM) mepen yKJIaaKou CJiosl IeCYaHoro
BOJIOHENIPOHUIIAEMOTO OETOHA IO CYIIECTBYIOIIE-
My CTapoMy.

OddexrurHocts npumeHenus KIIK, mo cpas-
HEHUIO C TIOJUMEpPHBIMUA 3allUTHBIMA MaTepH-
ajgamu, o4eBUAHBI [8]: OH jgemieBie Ooilee dyeMm
B 200—400 pa3 smokcuaHeix cmoi, B 20 pa3z —
(henon-popmanpaernaHpIx U moutd B 50 pa3 —
NONMI(OUPHBIX CMOJI. YCTaHOBJICHO, 4YTO CTOM-
mocTh KIIK 6513Ka K CTOMMOCTH OETOHOB.

JlanbHeHIM pa3BUTHEM B 3TOM HalpaBICHUU
WCCIIEIOBAaHNN SBHWJIACh HWH)KEHEpHas pa3paboT-
Ka [9], Toe mpemoKeH aKkTHBHPOBAHHBIN TOPKPET-
pactBop. 34eCh KOJUIOMAHBIA LIEMEHTHBIM pact-
BOp TPEACTaBIAT CO00H  BBICOKOIHMCIIEPCHYIO
CMeCh BHOPOMOJIOTOTO MOPTIAHALIEMEHTa U TecKa
¢ ynensHOM noBepxHocThio 5000 + 500 cM/T, Men-
koro necka u [IAB B Buze cynb(UTHO-IPOKKEBOI
opaxku (CAb mo CH 406-70). IIpu sTOM akTHBH-
POBaHHBIM IIEMEHTHBIA KOJUIOUJHBIA PacTBOP
CMEIMBAIM ¥ HAHOCHJIM LIEMEHT-ITYIIKOH 1Mo mpa-
BHJIaM OOBIIHOT'O TOPKpPETA.

3HAYNTENbHBIA BKIIAJ B TIOCIEIYIOIIee Pa3BH-
THE WCCIEAOBAaHUI 1O KOJUIOMJHBIM ILIEMEHT-
HBIM pacTBOpaM BHecia Takxke ctaths H. b. Ypse-
Bau U. C. lyounnna [10].

HekoToprle uccienoBareny yTBEpXk AAlOT, YTO
HaWBBICIIAS IPOYHOCTH CLEIUICHUST 00eCTIe BaeT-
s, KOTJIa COCTaBBl B HOBOM M CTapOM OETOHE OfH-
HakoBbI WK Onm3ku [11]. Hampumep, B [12] noka-
3aHO, YTO TIPH NMPHUMEHEHWH TIMHO3EMHUCTOTO IIe-
MEHTa B HOBOM O€TOHE B KOHTAKTE MEXKIy HOBBIM
U cTapblM OETOHOM Ha MOPTIAHALEMEHTE 00pa3y-
€TCsl JIBYXKAIIBIIUEBBIA THIPOATIOMHHAT C OYEHBb
PBIXJION CTPYKTYpOM M HHM3KOM MPOYHOCTHIO, UYTO
CHHKAET MPOYHOCTH crietuieHus oT 20 mo 50 %.

BbIBO/IbI

1. AHanu3 mokaszaj, 4TO pe3yJbTaThl, MpPUBE-
JeHHBIe B [1], MOTYT CIIYXKHUTh TEOPETUIECKOHN OC-
HOBOH i1 pa3paboTKH COCTaBOB M TEXHOJIOTHIi
JUTS  3alIUTHl TIOBEPXHOCTHOTO CIIOST JTOPOXKHBIX
OCTOHHBIX MOKPHITUH OT KOPPO3HOHHBIX pa3py-
LICHUI.

W3BecteH MeTon TpPUMEHEHHS KOJIJIOWIHOTO
HNEMEHTHOI'O KJICd W AKTHBHPOBAHHOI'O TOPKPET-
pacTBopa Uil YCWJICHHS CLETUIEHHS HOBOTO M CTa-
poro OeToHa B WHXXEHEPHBIX KOHCTPYKIMsaX. Op-
HaKO HCCIEIOBaHUS MO JaHHOMY HAalpaBJICHHUIO
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MIPUMEHUTENBHO K 3alIUTe MOBEPXHOCTHOTO CIIOS
JIOPOXKHBIX OETOHHBIX IMOKPBITHH OT KOPPO3UOH-
HBIX pa3pyIIeHHHd OTCYTCTBYIOT. JTO CHEP>KHBAET
IIIPOKOE MPUMEHEHHE YKa3aHHBIX MPHUEMOB B MH-
JKEHEPHOUW TpakTuke 3(p(PEeKTHBHOTO CcoaepiKaHus
OETOHHBIX TTOKPBITHH.

2. JIss npUMEHEHUs KOJUTOMIHOTO LIEMEHTHOI'O
KIiess W aKTUBUPOBAaHHBIX TOPKPET-PACTBOPOB B
JIOPOXKHOM TPAaKTUKE HEOOXOAUMO, 4TOOBI Belle-
CTBa, HCIIOJIb3yEMbIC B KadyeCTBE BOJOHCIIPOHH-
[[AEMOT0 TIOBEPXHOCTHOTO CJIOSl Ha CYIIECTBYIO-
X OETOHHBIX MOKPHITHSX, OBUTH B BHJE KOJIJIOH-
noB (Hampumep, 3056 Si0,) WIM TOHKOAMCIIEPC-
HOTO TMIOpPOIKA W3 KBapUEBbIX HAHOPa3MEPHBIX
YaCTHIL.
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Algorithm of Plastic Concrete Crack Resistance
is Calculation under Capillary Shrinkage Using Generalizing Criteria

S. N. Leonovich"
YBelarusian National Technical University (Minsk, Republic of Belarus)

Abstract. The method of concrete crack-resistance prediction at early age is developed at capillary shrinkage with use of ap-
proaches of fracture mechanics, which is guided by the concept of accumulation of defects in structure in the form of capilla-
ries and cracks to their critical concentration of C,. At the same time process at two stages is considered: on the first — process
of formation and growth of defects and on the second — the process, which is directly accompanying destructions (fragmenta-
tion) at critical concentration of defects. As a theoretical basis of a method physical ideas of the increment volume mechanism
of hollowness of cracks in the concrete model, presented as two-level structure are accepted: a matrix of the hardened cement
stone with inclusions and emptiness of various form (crack) as result of the external influences, changing the intense deformed

state. The main criterion of a method — the generalized total parameter of crack-resistance K, =+ K. +Kj,, calculated on

the basis of model schemes of growth, association, localization of cracks system, their classification by types and relative
quantity in volume at the initial concentration increasing to critical, that is caused by physical processes of capillary shrinkage
is established. Being based on the considered regularities of process of concrete destruction, it is offered to divide all defects
of structure, both initial, and developed as a result of power and not power influences, into 5 main types. The amount of pores
and cracks of the first four types depends on concrete porosity, and type V — and on the volume content of grains of small or
coarse aggregate. To each type of damages, there corresponds the stress intensity factor, extent of influence and which value
on the general crack resistance of material depend on quantity of this type of pores and cracks in concrete volume. The new
evidence-based algorithm of crack resistance calculation at concrete shrinkage at early age by the generalized criterion, which
contains the sequence of operations of calculation as for selection of structure, taking into account the factors, influencing
capillary pressure and according to characteristics of properties of concrete components, its technological parameters, and for
residual resource definition of concrete on its structure and properties, and also on the samples, which are selected from struc-
tures at early age is offered.

Keywords: algorithm, calculation, crack-resistance, plastic (early age) concrete, capillary shrinkage, generalizing criteria,
stress intensity factor
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10p, KaMUIIPOB U TPELIMH N0 UX KpuTudeckod koHueHrpauuu C,. IIpu 3ToM paccMaTpuBaeTcs IpoLECC Ha ABYX CTaIUsIX:
Ha TepBOH — mporecc 00pa3oBaHUI M pa3BUTHS Je()EKTOB M HA BTOPOH — IPOIECC, HETMOCPEACTBEHHO COIPOBOXKIAIOIINH
paspyiieHus (pparMeHTanuio) Mpu KPUTHYECKOH KOHLEHTpauuu JedekToB. B kadecTBe TEOPETHYECKOH OCHOBBI METOJa
TPUHATH (HH3UYECKHE MPEJCTABICHUS] O MEXaHU3Me MpUpANIeHHss 00beMa ITyCTOTHOCTH TPEMIMH B MOJeNu OeToHa, Mmpen-
CTaBJICHHON KaK JABYXYPOBHEBas CTPYKTypa: MaTpHIA 3aTBEPAEBILIETO LIEMEHTHOTO KaMHs C BKIIOUEHHUSMH U ITyCTOTHI pa3-
JUYHOH (OPMBI (TPELIMHBI) KaK Pe3yJbTaT BHELIHUX BO3AEHCTBUIA, M3MEHSIOMNX HANPSIKEHHO-1e()OPMHPOBAHHOE COCTOS-
HUE. YCTaHOBJICH OCHOBHOHM pAacUeTHBII KpHTepHMH Merona — OOOONIEHHBIH CyMMapHBIH IapaMeTp TpPEeIHHOCTOHKO-

CTHU Kc Z\IKIZL_ +K121L_, BBIYHCIIIEMBIA HA OCHOBAHHWHM MOJEITBHBIX CXEM pa3BuTusd, OG’LC,III/IHGHI/ISI, JIOKaJIn3allui CHUCTCMbI

TPEIIUH, UX KIAacCU(UKAINK 110 BHIAM M OTHOCHUTEIFHOMY KOJIMYECTBY B 00beMe NMpU HavyalbHOI KOHIEHTPAIMH, BO3pacTa-
omeil 10 KPUTHYECKOH, 4TO 00YyCIIOBIEHO (HU3NYECKHMHM IIPOIECCaMM KaLIIpHON ycaaku. basupysce Ha paccMoTpeH-
HbBIX 3aKOHOMEPHOCTSIX Hpoliecca pa3pyLIeHHs OCTOHa, MPEIUIOKEHO Pas3leNnuTh Bce Ne(eKTbl CTPYKTYPBI, KAK MCXOJHBIE,
TaK ¥ Pa3BUBIIMECS B Pe3yJbTaTe CHIOBBIX M HECHUIIOBBIX BO3JEHCTBHUI, Ha MATh OCHOBHBIX TUNOB. CojepkaHue Mop U Tpe-
MIUH NEPBBIX YETHIPEX THIIOB 3aBUCHUT OT MOPUCTOCTH OETOHA, a THHa V — 1 OT 00BEMHOTO COJAEPXKAHUS 36PEH METKOTO MIN
KPYITHOTO 3amojHuTens. KaxmaoMy BHIy NMOBPEKICHHH COOTBETCTBYET CBOH KOS((UIMEHT MHTEHCHMBHOCTH HAIPSOKCHHH,
CTEIEHb BIMSHUS U BEJIMYMHA KOTOPOTO HAa OOIIYIO TPEIMHOCTOMKOCTh MaTepuaja 3aBHCAT OT KOJIMYEeCTBAa JAHHOTO BHIA
mop W TpemmH B oObeMe OeroHa. [IpenyokeH HOBBEIN HaydHO OOOCHOBAHHBIH aNTOPHTM pacdeTa TPEIIMHOCTOHKOCTH
npu ycajke OS€TOHA B paHHEM BO3pacTe MO 000OIIEHHOMY KPHTEPHIO, COAEP KUK MOCIIeI0BAaTENEHOCTh ONlepaiii pacueTa
Kak JuIs Iernelt moabopa cocTaBa ¢ y4eTOM BIMSIONIMX Ha KallMUIIPHOE JaBJieHHe (haKTOPOB U IO XapaKTePHCTHKaM CBOUCTB
KOMIIOHEHTOB O€TOHa, €ro TeXHOJIOTHYECKHM IMapaMeTpaM, Tak H Ul ONpeJeleHHs OCTaTOYHOIo pecypca OETOHA 1O €ro
COCTaBY M CBOWMCTBaM, a TAKXKe M0 00pasamM, 0TOOpaHHBIM U3 KOHCTPYKIMI B PaHHEM BO3PACTE.

KniodeBble c10Ba: aqropuT™, pacuer, TPEIMHOCTONKOCT, ITACTHYECKNil O€TOH (B paHHEM BO3pacTe), KalmuIIpHas ycam-
Ka, 0000IIeHHBIH KpUTEpHid, K03()HUINEHT NHTCHCUBHOCTU HAINPSDKCHUH

Jas nurupoBanus: Jleonosny, C. H. Anroputm pacuera TpEIIMHOCTOHKOCTH OETOHA B paHHEM BO3pPacTe MPU KaIWUIIPHOU
ycaake 1o o6oOmennomy kputeputo / C. H. JleonoBuu // Hayka u mexnuxa. 2018. T. 17, Ne 6. C. 502-507.

https://doi.org/10.21122/2227-1031-2018-17-6-502-507

Definition of the main crack-resistance
characteristics of concrete at any level
of its hierarchical structure

Stress intensity factor in top of defect in mate-
rial, which structure contains others micro and
macrodamages, reflect in the numerical value in-
fluence of these damages on the intense deformed
state as around defect, and all volume of material.
It is possible to consider this total influence, ha-
ving considered everything micro and macrode-
fects at all levels of a hierarchical structure of
a composite. Each of pores and cracks in concrete
creates a certain field of tension around itself. If to
consider, that this pores and cracks settle down
in volume of concrete with some frequency, fields
of tension and deformations are imposed at each
other that creates the difficult intense deformed
state. Being based on [1-10] regularities of process
of destruction of concrete considered above, we
will divide all defects of structure, both initial, and
developed as a result of power and not power in-
fluences, into five main types:

1 — roundish emptiness — pores with the submic-
rocracks, coming to their borders formed as a re-
sult of concentration of tension around a circular
opening;

2 — ellipse emptiness — pores with the mic-
rocracks coming to their borders;

Hayka
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3 — mezocracks in a concrete body (type 1);

4 — regional cracks (type II);

5 —radial and contact cracks around grains and
inclusions (types Il and IV).

Content of emptiness — pores and cracks of
types 1-4 depends on porosity of concrete, and 5 —
and on the volume content of grains of small
or coarse aggregate, and these cracks on border
of a cement stone and grains of filler characterize
meso- and the macro-level of consideration of con-
crete structure. The volume amount of each type
of emptiness — pores and cracks depending on po-
rosity of material and volume content of filler
is defined experimentally. To each type of dama-
ges there corresponds the value of stress intensity
factor, extent of influence and which value on the
general crack resistance of material depends on
quantity of this type of pores and cracks in con-
crete volume. Applying the principle of indepen-
dence of action of forces and considering, that emp-
tiness — pores and cracks are distributed evenly on all
volume of material, it is possible to write down:

— for submicro, micro and mesolevels

K, :anll +”2K12 +n3K13 +(1—n1 —-n, —n3)KI4, )

where K|, K}, K;,K;' — stress intensity factor re-

spectively in tops of microdefects 1, 2, 3 and 4; ny,
ny, n; — content of microdefects of 2 and 3 types in
total of microdamages;
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— for meso- and macrolevels

K, =n K| +n,K} +n,K; +n,K;' + 2

+(1—n1 -n, —n3—n4)K15,

KI’5 — stress intensity factor in tops of radial and

contact cracks on border with grains of small and
coarse aggregate; n, — the amount of regional
cracks in total of damages.

Sizes KllfKI'5 are calculated according to

tab. 1, depending on the content of emptiness —
pores and cracks of this type in total of damages.
Then it is final:

— for submicro, micro and mesolevels

K, = pJr{n, A\/Ll(1+R/(R+L1)) +
+n,B\Ja+L, +n3C\/L_3+
+(1—n1 -n, —n3)D\/Z},

where R=5-10 " m; L, =1-10*m; L,=1-10"°
mL;=5-10"m; Ly=5-10"m;a=5-10°m;
Li—L, — semi-length (Iength) of defects or empti-
ness — pores; A, B, C, D — coefficients, specified in
tab. 1 over line;

3)

+mBJa+L, +n,C\[Ly +

4)
+n4D\/L_4+(1—n1 —n, =1y —n4)E,/L5/2},
R=5-100"m; L;=1-10°m; L,=1-10°m;
L;=5-10"m; L,=5-10°m; L;=D2 ;
a=5-10%m; D;8 - maximum diameter of

grain of small or coarse aggregate in a concrete
matrix; Ls — length of a radial crack; £ — coeffi-
cient, specified in tab. 1 over line.

The size Ky can be determined on coefficients
of C, D and E, provided in tab. 1 below the line.
We will note, that shift tension in tops of empty-
ness — pores of types 1 and 2 doesn't arise. Then:

— on submicro, micro and mesolevels

Ky :n3KI3I +(1—n3)

— on meso- and macrolevels

K

1>

©)

Ky =Ky +n, K +(1=ny —n,)K;, (6)

where the characteristic sizes of cracks 3-5 are
accepted for each of consideration levels according

to (1) and (2).

We determine a material constant K¢ by a for-

— for meso- and macrolevels mula
K, = pn{n, A\/L1(1+R/(R+L1))+ K. = /ZK12+ZK121~ 7
Table 1
Stress intensity factors taking into account the content of emptiness, capillaries, cracks in a cement stone
1 ! 4
..—{}_E[ 2 : 3, 100-1000d [ La_ 5 £s
i
oy i —
Amount -4"— L3
of pores| 1 IGIE- I Q I
n—ns, % IIT and IV
K= K=o, m(a+1) Ko =0,4/nl; Ko =0y, K, =0,\nls/2
=0T (1+d/L) Kic =0y (1+d/L,) Ko =Cynly Ko = Dtynl, Ky = Etynls/2
A B C D E
5 1.733 1.0550 1.0122/1.0205 0.2303/0.2004 0.643/0.060
10 1.912 1.1003 1.0212/1.0417 0.3116/0.1997 0.651/0.061
15 2.067 1.2794 1.0480/1.0630 0.3992/0.1901 0.657/0.063
20 2.235 1.4212 1.0647/1.0890 0.4570/0.1762 0.682/0.068
25 2.506 1.6517 1.1010/1.1812 0.5640/0.1592 0.701/0.072
30 2.973 1.8432 1.1535/1.2810 0.6810/0.1446 0.793/0.081
35 3.084 2.0020 1.4032/1.4216 0.7632/0.1410 0.854/0.087
40 3.512 2.1760 1.5547/1.5732 0.8720/0.1337 0.892/0.092
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An algorithm of concrete crack-resistance
calculation at early age at capillary
shrinkage by the generalized criterion

The method of calculation of early age concrete
crack-resistance is developed at capillary shrinkage
with use of approaches of fracture mechanics,
which is guided by the concept of accumulation
of defects in structure in the form of pores, capil-
laries and cracks to their critical concentration
of C.. At the same time process at two stages is
considered: on the first — process of formation
growth of defects and on the second — the process,
which is directly accompanying destructions
(fragmentation) at critical concentration of defects.

As a theoretical basis of a method physical ide-
as of the increment volume mechanism of hollow-
ness of cracks in the model of concrete, presented
as two-level structure are accepted: a matrix of the
hardening cement stone with inclusions and empti-
ness of various form (crack) as result of the exter-
nal influences, changing the intense deformed
state.

The main criterion of a method — the ge-
neralized total parameter of crack resistance

of K.= K120+K121c calculated on the basis

of model schemes of growth, association, localiza-
tion of system of cracks, their classification by
types and relative quantity in volume at the initial
concentration, increasing to critical, that is caused
by capillary shrinkage is established.

The algorithm of crack-resistance calculation
at shrinkage contains the sequence of operations
as for selection of structure for the known factors
and characteristics of concrete components proper-

ties, their technological parameters, influencing
capillary pressure in early age, and for definition
of a residual resource of concrete on the samples,
which are selected from structures at early age
in the conditions of curing.

The algorithm includes.

1. Basic data about design parameters of ex-
ternal influences: power (N, M, Q) and not po-
wer (¢, W, P) influences; about components con-
crete characteristics cement (R,), filler (R,), chemi-
cal additives.

2. Data on concrete properties, its durability
of R, and Ry, elasticity of E,, crack resistance

of R?

cre
3. Operations on calculation of concrete porosi-
ty (the general, capillary, gel, content).

and R, atearly age.

4. Operations on calculation of Kﬁ., Klbh.

in tops of defects of the I-V types at capillary
shrinkage.

5. Operations on calculation of criterion of SIF
at shrinkage (temperature and moist influences),
taking into account distribution of pores and capil-
laries in total of defects.

6. Calculation of the KIN limit value for this
structure.

7. Calculation of the module of elasticity £, for
this structure.

8. Calculation of crack-resistance of concrete,
taking into account shrinkage (thermo-moist influ-
ences).

9. Operations of assessment of result and cor-
rection of structure.

The algorithm of calculation of durability is
presented in fig. 1.

1

Basic data: a) design parameters external power (N, M, Q) and not power (¢, ¥, P, concentration
of chemicals) influences;
b) characteristics component of concrete: of cement (R,), aggregate (R,), chemical additives

The required (design) service life

l

2 Calculation of content (recepture) of concrete for strength (R, Rj,), deformability (£,) and crack-resistance
Of RC(’)I‘C
3 Calculation for the picked-up composition of concrete of its porosity; the general, gel, capillary, differential
porosity of a cement stone and concrete
Fig. 1. An algorithm of calculation of crack resistance of early age concrete at capillary shrinkage (see also p. 506)
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|

4 Calculation of stress of intensity factors of SIF in tops of defects of the I-V ltypes at shrinkage (temperature
and moist influences)

I tempera- . 4n a,cos0-0,(1-1/t w :
ture range Ky = \/ETC ' o=/t )2 ; Klltl =a, AE, |7, /2 [1 - (2/7t) arcsin (Zbc /1. )]9
(water) g(?\/l(, [1-(1-w/100)’]

K o, AT Ko =B o(F—a0);
K" =o, AIE, Tl [2n [(n/2) —arcsin(2b, /1, )],

Ki"" =2P, ]I, [marccos(b, /1,)[1+0,1215(1-5,/1,) ]; K" =3,523a

|

For a crack on contact with filler (aggregate)
(1= (r) £ (I/R) (M ~RY' ]
(M=) -]
KY =2p(1+a)’ x/nRsine{Gz (1+X)[G (1+ X,)+ G, (1+ X, )]eﬁ(e”)}/{(c;2 +GX,)[G (1+X,)+2G, (1+X,)]-
— G, (1+ X, )(G, + G, X, )(cos - 2Bsin 0) e " };
i =2pR (1+a) " rRsin® (G, (1+ X, )[ G, (1+ X,)+ G, (1+ X, ) ] (1-2B) e P20 /{(@ +G,X,)x
x[G, (14 X,)+2G, (1+ X,) |- G, (1+ X, ) (G, + G, X, ) (cos 0 - 2Bsin 0) e}

l

5 Calculation of SIF at shrinkage (temperature and moist influence) taking into account distribution of pores
and capillaries in total of defects

1Y
™w _ iTw 1 2 3 4 5.
Ky = ZlanLW =nK, +nKy +mKly, +n, Ky +(1=n —ny—ny—n, ) Ky
P

AE, I, [n

t,cs

K" = Pl

(1+g);

1Y
™w o_ iTw 1 2 3 4 5
K, = Z}niKLS =nKj +mK +nK> +nK +(1-n—n,—n—n,)K;
P

6 Calculation of SIF from capillary pressure for each of 5 types of cracks and total SIF

K = do,nl (1+d/L)); K[, =Bo,\n(a+L,); KY=Co,nL; K[ =Do,[nL,;
K\ =Ec,\nL/2; K] = iKIfY
i=1

! !

7 Calculation of the SIF limit value 8 Calculation of the module of elasticity of E,
for this concrete composition at early age

9 Calculation of crack resistance at early
age at capillary shrinkage

=2k - &) [|K[y - &Y

0

Fig. 1. Engding

CONCLUSIONS 2. The developed model is the hierarchical sys-

1. At theoretical justification of a method of tem, sui.table for thff description of processes of

crack-resistance calculation at capillary shrinkage destruction (destruction) of early age concrete at

of early age concrete with use of approaches of any levels of consideration of its structure. Having

fracture mechanics by the generalized criterion the entered the corresponding characteristics for mate-

main assumptions are formulated. rials of filler and cement and sand solution, it is
Hayk
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possible to receive deformative, strength charac-
teristics, parameters of the concrete cracks in case
of change of its humidity and temperature (at
shrinkage).

3. Being based on the considered regularities
of concrete destruction process, it is offered to di-
vide all defects of structure, both initial, and deve-
loped as a result of power and not power influ-
ences, into 5 main types. The amount of pores and
cracks of the first four types depends on concrete
porosity, and type V — and on the volume content
of grains of small or coarse aggregate. To each
type of damages, there corresponds the stress in-
tensity factor, extent of influence and which value
on the general crack resistance of material depend
on quantity of this type of pores and cracks in con-
crete volume.

4. The new evidence-based algorithm of crack-
resistance calculation at shrinkage of early age
concrete by the generalized criterion, which con-
tains the sequence of operations of calculation as
for selection of structure, taking into account the
factors, influencing capillary pressure and accor-
ding to characteristics of properties of concrete
components, its technological parameters, and for
definition of concrete residual resource on its
structure and properties and also on the samples,
which are selected from structures at early age is
offered.
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I'mapaBianyeckunii pacyeT MeJHBIX TPYOONIPOBOI0B
CHCTEM OTOIJICHUS] 1 BHYTPEHHEr 0 ra30CHAOKeHU S

Kann. Texn. nayk M. A. Pyrkoseknii”, A. C. IllnGeko", K. M. Fanpius"
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Pedepat. [Ipu KOHCTpYyUPOBAaHUU COBPEMEHHBIX CUCTEM OTOIUICHHS, BOAO- U Ia30CHA0KEHUS JKWIIBIX 3JaHUI HIMPOKO MpPHU-
MEHSIOTCSL METHBIE TPYOOIIPOBOABI, MMEIOIINE PSJ] PEHMYIIECTB IIepe/l CTAILHBIMH U IUIACTUKOBBIMH. [ JTaBHON NMpHUYMHON
OTPaHNYCHHOCTH HCIIOJB30BAHHUS MEAHBIX TPYO SIBISIETCS UX CTOMMOCTD (IIPAaKTHUYECKH B [Ba pa3a OoJblasi, 9eM CTaJbHBIX,
U B 4eThIpE Pa3a, UeM MOJUIPONUIeHOBIX). COBpeMEHHbIE HOPMBI IPOEKTUPOBaHUS B benapycu He cojiep)kaT KOHKPETHBIX
METOJIOB pacyeTa MeIHbIX TPyOonpoBooB. [IoaToMy 6BUT pacCMOTpPEH U MPOAHAIU3HPOBAH TMAPABINYECKUI pacyeT CHCTEM
OTOIUTCHHSI Ha OcHOBaHMM HOpM Poccuiickoit Peneparn. HemoctaTkoM NpUBEEHHBIX B POCCHHCKHX HOpPMax TEOpEeTHUeE-
CKHX BBIKJIAJIOK SIBIISICTCS X OTBIECYEHHOCTh OT OOIMMX 3aKOHOB MEXAHWKHM KHAKOCTH M Ta3a. BBumy 3Toro paccMoTpeHs!
TECOPETUYECKUE OCHOBBI T'MAPABINYECKOTO pacueTa pr60HpOBO)IOB, NPUBEACHBI BBIPAXXCHUSA UIA ONPEACIICHUS TIOTEPH NaB-
JIEHUS Ha TPEHUE U B MECTHBIX CONPOTHUBIICHUAX. )1)'[5[ OnpeacICHUA JIMHEHHBIX OTEPL PACCMOTPEHBI OCHOBHBIC PEXUMBI
TeUeHUsI cpex Ha ocHoBaHUM onbIToB . Hukypanse n mpencraBieHs! 3aBHCHMOCTH IS OTIpeeNeHus Ko GHIeHTa conpo-
TUBJICHHS TPEHUIO B JIAMHHApHOM, MEPEXOAHOM M TypOyJIeHTHOM pexumax. s pacuera MOTeph AABICHUS MPHUBEICHBI
3HaueHUs KOA(PUINEHTOB MECTHOTO CONPOTUBIICHUS [Tl OCHOBHBIX JJIEMEHTOB TPYOOIPOBO/IOB, 8 TAKXKE MOKA3aHO OIpe/ie-
JIEHHe BeJMYUHBI C C y4eTOM NPOIYyCKHOH crnocoOHOCTH obopynoBanus. [IpoBeneH aHanu3 HOMOrpamM, HpPEeACTaBICHHBIX
B POCCHHCKHMX HOpPMax W HCCIICIOBAHMSX, BEIIBICHBI HEJOCTATKH U HAMJCHBI IIyTH UX COBEPIICHCTBOBAaHMS. C y4eTOM IpHBe-
JCHHBIX B CTAaThC 3aBUCHUMOCTEH NOCTPOCHBI HOMOTPAMMBI JIs1 pacy€Ta YACJIbHBIX IIOTEPh AaBJICHUA B CUCTEMAX OTOIUICHUSA
U BHYTPEHHEro ra3ocHa0XeHHs Ha OCHOBE IPUPOIHOrO rasa u npomnasa. /s pacyera BHyTpHUAOMOBOIO ra30CHa0KeHUs 10~
CTPOEHBI HOMOTPaMMBI [Tl HAX0XKICHHS SKBUBAJICHTHON JUTMHBI € [THHUYHOTO MECTHOTO CONIPOTUBIICHUS.

KiroueBbie ci10Ba: razocHadxeHue, Ko3QGUIUEHT TpeHHsl, KO3(P(ULHUEHT MECTHOTO CONPOTHBIICHHS, HOMOTPaMMa, OTOILIe-
HHME, IOTEPHU JIaBJICHUS, PEKUMBI TeUEHHMs, TPYOONPpoBO, uncio PeitHonbaca

Jns nutupoBanus: PyrkoBckuii, M. A. 'mapaBnudeckuii pacdeT MeIHBIX TpyOOIIPOBOJIOB CHCTEM OTOILUICHHUS M BHYTPEHHE-
ro razocHaGxennst / M. A. Pyrkosckuii, A. C. Illubeko, K. W. Tansias / Hayka u mexnuxa. 2018. T. 17, Ne 6. C. 508-514.
https://doi.org/10.21122/2227-1031-2018-17-6-508-514

Hydraulic Calculation of Copper Pipelines for Heating
and Internal Gas Supply Systems

M. A. Rutkowski", A. S. Shybeka", K. I. Halynia"
YBelarusian National Technical University (Minsk, Republic of Belarus)
Abstract. Copper pipelines are widely used while designing modern heating systems, water and gas supply of residential

buildings and these pipelines have a number of advantages in comparison with steel and plastic pipelines. The main reason for
limited use of copper pipes is their cost which is practically twice as much as cost of steel pipes, and four times higher than
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the coat of polypropylene pipes. Modern design standards in Belarus do not contain specific requirements for calculation
of copper pipelines. Therefore hydraulic calculation of heating systems has been considered and analyzed on the basis of
norms of Russian Federation. The drawback of all theoretical calculations presented in Russian standards is their abstraction
from general laws of fluid and gas mechanics. For this reason theoretical foundations of hydraulic calculations for all pipe-
lines have been considered and expressions have been given for determination of pressure loss due to friction and in local loss.
Main flow regimes have been considered on the basis of I. Nikuradze’s experiments in order to determine linear losses
and dependences for determination of friction coefficient in laminar, transient and turbulent modes have been presented in
the paper. Values of local loss coefficient for main pipeline elements are given for calculation of pressure loss and the paper
also shows determination of value { with due account of equipment capacity. An analysis of nomograms presented in Rus-
sian norms and researches has been carried out; shortcomings have been revealed and the ways directed on their perfection
have been found. Nomograms for calculation of specific pressure losses in heating systems and internal gas supply have been
constructed on the basis of natural gas and propane with due account of dependences presented in the paper. Nomograms
for finding equivalent length of a single local loss have been constructed for calculation of internal gas supply systems.

Keywords: gas supply, friction coefficient, local loss coefficient, nomogram, heating, pressure loss, flow regime, pipeline,
Reynolds number

For citation: Rutkowski M. A., Shybeka A. S., Halynia K. I. (2018) Hydraulic Calculation of Copper Pipelines for Heating
and Internal Gas Supply Systems. Science and Technique. 17 (6), 508-514. https://doi.org/10.21122/2227-1031-2018-

17-6-508-514 (in Russian)

B nocnennee Bpemsi MemHble TPyOOTpPOBOIBI
IIMPOKO MPUMEHSIOTCS TPU MPOSKTUPOBAHUM CH-
CTeM OTOIUICHHSI, BHyTPEHHETO BOJO- M Ta30CcHa0-
JKEHUS WHAVBUYAbHBIX KUJIBIX JIOMOB M KOTTE-
JUKeH, a TakKe B CHCTeMax XOJOJOCHAOKEHUsS B
KayecTBE XOJOAONPOBOAOB. B03MOXHOCTH HC-
MOJIb30BAHUS JTAHHBIX TPYO OOBIACHSICTCS PSAIOM
TIOJIOKUTEIIBHBIX Ka4eCTB, KOTOPHIC UM MPUCYIIH
BCIICJICTBHE OCOOCHHOCTEH (H3MKO-XUMUICCKUX
CBOICTB CIIaBOB Ha ocHoBe Menu. Cpeau JOCTO-
WHCTB MOYXHO BBIJIEIHTH!

1) mnacTHYHOCTh, KOTOpPAas MO3BOJISET BBIIEP-
JKUBaTh JaBJIEHHE, BO3HUKAIOIIEE TIPH 3aMep3aHuN
BOJIBI B CHCTEME OTOILICHUS,

2) KOPpO3UOHHOCTOMKOCTB;

3) repMEeTHYHOCTE;

4) manylo miepoxoBaTtocTh cTeHok (1,5—
10,0 mxMm [1, 2]);

5) GakTepuIaHOCTE [3];

6) IIUTETBHBIA CPOK CITY>KOBI (CTaNBHBIC TPY-
0b1 — 20-25 net, Mmeanbie — 6oee S50 yer);

7) HeOOMBIIION KO3(pPHUITUEHT TMHEHHOTO pacIIy-
pernst (Memb — 17 - 10° 1/K, crams — 12-10° /K,
nomunponuiaes — 150 - 10° 1/K);

8) CKOpPOCTH | JIETKOCTh MOHTa)Ka MPH ITOMOTIITH
(bUTUHTOB, B TO K€ BpEeMs IPH HCIOJIb30BAHUU
MaiiKi IIUTETFHOCTh M TPYIHOCTH MOHTaXa SB-
JISIOTCS] HEIOCTATKAMHU.

OCHOBHOH HEIOCTaTOK MEIHBIX TPYO — cTOH-
MOCTB: 1 M CTaJIbHOW BOIIOTA30IMPOBOIHON TPYOBI
DN 20 crowut 2,5 6enop. py6., menuoit 22,0x1,0 —
4,62 Gemnop. py0., moymnponmiIeHoBou 25,0x3,5 —

Hayka
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1-2 6emop. py0. Eme omHM HETOCTaTKOM SBJISCT-
Csl YCUJICHUE KOPPO3UH CTATBHBIX U aTIOMUHUEBBIX
JleTalieid Ipu UX KOHTaKTe ¢ MEJbIO B BOJIHOM cpe-
Jie, 4TO YCTpaHSETCA IMPHU HCIOJIb30BAHUM Iepe-
XOJHUKOB M3 OpOH3BI WM HEPXKABEIOIIEW CTalH.
Bricokas TemionpoBOIHOCTE MeAu (MPAKTHUECKU
B ceMb pa3 Oombine, deM cramu, U B 1700 pa3
0o0JIbIlle, YeM TMOJIUIPOITHIICHA) B Pa3IMYHBIX CIy-
YasX MOXeT ObITh KaK JTOCTOMHCTBOM, TaK W HEJO-
CTaTKOM.

Ha nansblli MOMEHT OCOOBIE TpeOOBaHUS IO
MPOCKTUPOBAHUIO M PACYETy CHUCTEM OTOIUICHUS
Y BHYTPEHHETO Ta30CHA0XKCHUS M3 MEITHBIX TPYOO-
MIPOBOJIOB B HOPMATHBHBIX TOKyMeHTax PecryOmuku
benapyce otcyrctBytor. B Poccuiickoit @eneparun
¢ 2005 r. mewictByer CII 40-108-2004 [4], nexo-
TOpBIC JIaHHBIC W3 HEro OyJeM HCIOJb30BaTh B
crathbe. [IpuMeHuTENEHO K CHCTeMaM ra3ocHabxe-
HUSl KOHKPETHBIC TPeOOBaHMsSI MO PacyeTy OTCYT-
CTBYIOT KaK B OEJIOPYCCKHX, TaK U B POCCHHCKHX
THITA. Teopus pacdyera MeIHBIX T'a30IPOBOIOB
MpUBEJEHA B [5], re mpencTaBieHbl OMyYeHHbBIE
aBTOpaMHu HOMOTIpaMMBbl i pacueta. OmIHAKO HU3-
JIO)KEHHBIH B CTaThE MaTepHal HE B JOCTATOYHOM
Mepe COJEPKUT UHPOPMAITNIO, HEOOXOUMYIO JIIst
opra"m3anuu pacdetoB. [Ipu o3HaAKOMIIEHUH C Me-
TO/aMH{ pacyeTa CUCTEM OTOIUICHHS, BHYTPEHHETO
BOJIO- M TAa30CHAOKEHUS, U3JI0KEHHBIMU B HOpMa-
TUBHOW IIUTEpaType, MOXKET BO3HUKHYTH JIOKHOE
BIIEYATIIeHHEe 00 OTIMYMAX B pacueTrax, TaK Kak
B JJOKYMEHTaX WCHOJIB3yeTCs COOCTBEHHAs] TEPMH-
HOJIOTHS, OTJIWYHAS OT KJIACCHYECKOW MEXaHH-
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KH JKHJIKOCTH M Ta3a, U (HOPMYIIbI, SBISIFOIIAECS
YACTHBIMH CITy4asiMH OOIIWX BBIpakeHui. Beumy
BBIIICTIEPEYUCICHHOTO THIPABINYCCKUA pacueT
TPYOOIIPOBOJIOB CIIEAYET PacCMOTPETh OoJiee Io-
JIPOOHO.

Lens ruapaBIMdecKkoro pacdera TpyOOmpoBo-
JIOB — TOAOOp AMaMETPOB Ha yJacTKax CETH C II0-
CIIEIYIOIMM ONpe/elieHUeM TOTEPb JaBICHHUS B
cucteme. JlmameTphl y4yaCTKOB CUCTEMBI OTOILIC-
HUS ONPEIESIIOTCS IO JOMYCTUMOM CKOpPOCTH
JIBUKCHHS TETUIOHOCHUTENS — JI0 2 M/C, ONTUMAlb-
HOW N7l JUIMTENIbHOTO WCIIONB30BAHUSA SIBIIAETCS
ckopocth 0,25-0,50 m/c [4]. B cucremax raso-
cHaO)XeHUsI [raMeTpaMH YYacTKOB 3aJlafoTcs,
MpUYeM Ha OTBETBJICHHAX K Ta30BOMY 00OpYIO-
BaHUIO JUAMETP JOJDKEH OBITh HE MEHee aua-
MeTpa MPHCOSAUHUTEIILHOTO IMITylepa Mpuodopa.
[IpoBepka cooTBeTCTBUS MOIOOPAHHBIX AHAMETPOB
MPOU3BOANTCS CPaBHCHHEM IIOTEPh MJABICHUS B
CUCTEME C paCYCTHBIMH MOTEPAMHU OaBJIICHUA, KO-
Topbie cocTaBisttoT He 6osee 600 Ila [6, 7]. C yue-
TOM CTCIICHHU IyMa, CO34aBacMOro ABMIKYIIHUMCS
ra3oM, CKOpPOCTb PEKOMCHIAYCTCA IPUHUMATb HE
bomee 7 m/c [6, 7].

B o0mem ciaydyae CHIDKEHUE TaBICHUS TPaHC-
NOPTHPYEMOM CpEeZbl Ha Y4acTKe CeTH Apy,, Ila,
HaXOAWTCA KaKk CyMMa IOTEPb Ha TPEHHE O CTEHKU
Tpy0OONpoBoa Ap;, U B MECTHBIX CONIPOTUBIIEHHAX
Apy .. JluHeliHble TOTEpU NaBJIEHUS Ha Yy4acTKe
JUTHHO# [, M, ompeaessitoTes mo Gopmysie dapeu —
Beiicbaxa

A

BH

rae R = Ap,/du yAENbHBIE TOTEpPH JaBe-
Hud, [1a/M, KOTOpBIE MOTYT OBITH PacCUNUTAHBI 110
BBIPKEHHSM:

— ISl CUCTEMBI OTOILICHUS

LG?
R= ; 1
1,62-10°p, n°d’, )
— IJISI CUCTEM ra30CHA0KEHUS
Ap V2
pr 0 (2)

1,62-10°7%d°,

rie A — KO3 PpHUITMEHT COTTPOTHBICHUS TPEHUS; gy —
BHYTPCHHHHA IHAMETP TPYOBI, M; p, = pB(r)w2/2 —
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JMHAMHYECKOE JIaBJICHUE TMepeMelacMoil  cpe-
noel, [la; w — cpeasss ckopocTh MOTOKa, M/C; P, —
IJIOTHOCTh BOJBI, KI/M?; p; — IDIOTHOCTh Ta3a MpU
HOpPMaJIbHBIX yCIOBUSX (H. y.), KI/M*; G — Macco-
BBI pacxoa BOIBI HAa y4acTKe, Kr/4; Vo — 00b-
EMHBI pacxoj] ra3a Ha ydYacTKe, INpPHUBEICHHBIN
K H. y., M*/4.

B 3THX BBIpa)XeHUSX B KauyeCTBE HCXOIHBIX
JIAHHBIX HCIIOJB30BaHBI PACXOJbI CPEbl, TaK Kak
B OOJIBIIIMHCTBE CITy4aeB UMCHHO OHU U3BECTHBI Ha
HAYaJIbHOM JTalle THIPABINYECKOTO pacyeTa.

Koadduuuent conporuBneHus: TpeHust B 00-
LIEM Cly4yae 3aBHUCHUT OT JABYX (aKTOPOB:

— SKBUBAJICHTHOHN (PaBHOMEPHO-3EpHUCTOM) IIIe-
POXOBAaTOCTH CTEHOK TPYOOIPOBOAA Ky, M;

— kpurepusi PeliHonbaca Re, mokasbiBaroniero
OTHOIIICHUE CWJI MHEPIIMHA K CHJIaM BSI3KOTO Tpe-
Hust; Re = wdy,/v, Toe v — KHHeMaTu4eckuii Ko3¢-
(UIUEHT BSI3KOCTH CPEIbl, M2/C.

[Tocne COOTBETCTBYIOMIMX MPEeoOpPa30OBaHUIA IT0-
JIyYUM CIICAYIONIUE BBIPAKCHUS IS BBIYHCIIC-
Hus Re:

— JIJIS1 CUCTEMBI OTOTUICHUS

=Y €)
900p,md v
— JUIST CUCTEM Ta30CHA0KEHUS
Re= L 4)
900nd v

Ha ocnoBanmm omsitoB 1. Hukypanze (1932—
1933) oOwenpuHATO BBIAENATH TPU XapaKTePHBIX
peKuMa TeUeHHS CPEAbL:

1) namunapusiii (Re < 2000), B KoTOpOM I1I€-
POXOBATOCTH CTEHOK HE OKa3bIBACT BIIMSHUS Ha A.
3aBUCHMOCTD OIIMCHIBACTCS 3aKOHOM XareHa —
ITyazeiins

_64-

A -5
Re

)

2) TepexOaHBI, B KOTOPOM IPOUCXOIUT Tie-
pexoll OT JIAMHHAPHOTO K TYpOYJICEHTHOMY Tede-
uuto (Re = 2000—4000). Pacuer A BeIIONHSACTCS 1O
dhopmyine P. M. 3aiiuenko

A =0,00253/Re; (6)
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3) TypOyJNeHTHBIH, TIE BBIACIAIOT TPU 00-
JaCTH:

— T'MAPABINYECKH TIIAJIKHX TPYO, B KOTOPOH Iile-
POXOBAaTOCTh CTEHOK HE BIMSCT Ha COMPOTHBICHUC
TPEHUIO, B KaUeCTBE BEpXHEHN rpaHulibl uncia Pei-
HOJIBJICA PA3IMYHBIMUA aBTOPaMHU MPEIIAraroTCsl Clie-
nytomme 3HadeHus: 15dg/koe [1], 23dw/low [7],
20d s/ ks [81;

— IEPEXOAHYIO;

— KBQJIPATUYHYIO, WM 00JaCTh BIIOJHE INEpPO-
XOBAaThIX TPYO, I KOTOPOi A HE 3aBUCHT OT KPH-
Tepus PeliHomnb/ca, a onpeaenseTcss TOIbKO OTHOCH-
TEJLHON MIEPOXOBATOCTBIO Kyyy/dyy;, B KAUECTBE HIDK-
Hel rpanHuiel npuHuMaeTcss Re = 560d,./k.. [1],
Re = 500d/ ks [4].

Jns Bceit oOnactu TypOYJIECHTHOTO JIBHXKE-
HUS MOXKET OBITh NPUMEHCHA CTEreHHas (GopMmy-
na A. JI. AnpTrrysst

68 k)7
a=011] 2 4 Lo
Re

(7

BH

Craenmyer OTMETUTb, UTO Ul Pa3IHYHBIX 00ia-
CTeH TypOYJIEHTHOI'O peKUMa ABMXXCHUS Mpenso-
JKEHO MHOKECTBO SMIIMPHUYECKUX 3aBUCHMOCTEH:
I1. bnasnyca, Konbpyka — Yaiita, [Ipanarns — Hu-
kypanze, I'. A. Mypuna, b. JI. llluppuncona, du-
nmoHeHKo — AnpTrryisi, C. Yepuwmis u ip. [1, 2, 9].
Opnako BelpaxkeHHe (7) OXBaTBIBacT BCIO 00JIACTbH
IPAKTUYECKOTO IPUMEHEHHUS, IIPOCTO B UCIIOJIb30Ba-
HHU U SIBJISIETCS] YHUBEPCATIBHBIM.

[Torepu naBiaeHUs B MECTHBIX COIPOTUBIEHUIX
paccuntbiBatotcs o popmyie Beficbaxa

Ap,.=p, .G, ®)

rae 20 — cymMma KO3((HIMEHTOB MECTHOTO CO-
MIPOTHUBIICHUS.

st GOJNBINMHCTBA MECTHBIX COTPOTUBICHHMA
BennunHa { B TypOYJICHTHOM pPEXHME HE 3aBHCUT
oT ymucia PeiHonb/ica BBUY HE3HAYUTEIHLHON Be-
JIMYMHBI BA3KOTO TPEHUS MO CPABHEHUIO C TIOTEPSI-
MU Ha BuxpeoOpazoBanue. OHAKO I YCTPONCTB
C Pa3BUTON MOBEPXHOCTHIO TPEHHE HTPAET 3aMEeT-
HYHO poiib. [IJisi HUX 3aBHCHMOCTH TIOTEPh JaBJIe-
HUS He Oy/eT MpOomopUHOHaTFHA KBaAPaTy CKOPO-
CTH, U CJICJIOBATEIbHO, TIOIH30BATHCS BHIPAKCHH-
eM (8) mempaBomepHo. IloTepn maBieHHS B HUX
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MPUBOJATCS B BHJE TAONUI, HOMOTPAMM HIU C
ITOMOIIIBIO AMMPOKCUMAIIMOHHBIX 3aBUCUMOCTEH.

3HaueHuss Kod()(UIMESHTOB MECTHOTO COIPO-
TUBJICHUS TIPUBOJSTCS B CIPaBOYHOW JIMTEpATy-
pe [10—-12], a Takke B KaTajorax mpoONU3BOIUTEIICH.
3HaueHUSI HEKOTOPBIX KOI(D(PHUIIMEHTOB MECTHBIX
COTIPOTUBJICHHI B 3aBUCHMOCTH OT HOMHUHAJIBHOTO
muamerpa DN moka3ansr B Tabm. 1.

Tabauya 1
3HayeHns1 K03 (PUIHEHTOB MECTHOTO CONPOTHBJICHHSI
3JIEMEHTOB CHCTEM OTOMJIEHUS
M razocHao:kenusi [10-12]

Values of local loss coefficients for elements of heating
and gas supply systems [10-12]

3unagenue C qusg DN

Bun

MECTHOI'O CONPOTUBNIEHHS | 15 | 20 | 25 | 32 | 40 50n

OoJiee

BHe3anHoe n3MeHeHne Cyxenue — 0,35; pacumpe-
nuaMeTpa B npepenax me- |(Hue — 0,30.

pexozia Ha CICAYIOmUH € OTHOCSTCS K CKOPOCTH B Ceye-

auamerp 1o F'OCT HHUH C MEHBIIUM JUAMETPOM
TpoiiHuK npoxoaHOH 1,0
- Bre 3aBucumoctu
TpoliHUK OTBETBICHUS 1,5
OT JMameTpa.
TpoliHuk causHus 3,0 | oTHOCSTCS K CKOpO-

CTH B CEYCHHHU C MEHb-
KpecroBuna nmpoxonHas 2,0

LIMM PacxoJoM
KpecroBuna nopopotHas 3,0

OtBoA rHYTHIH Ha 90°
npu R/d =34 0,8(0,6/0,5(05(04| 0,3

Kpan npoOxoBsrit
MIPOXOTHOM 30(1,5(1,5] — | — -

Kpan maposoit
1OJIHOTIPOXOTHOM 0,1-0,2

Kpan maposoit
CTaHJapTHOIO NMpoxoza 0,2-0,3

Knanan tepmo3anopHblit 2,0
3,0 ‘ 3,0 ‘ 3,0 ‘ 25 ‘ 25 ‘ 2,0
0,5 (DN 50-DN 100)

Knanan npsMoTouHbIi

3aaBrKKa

HexoTtopbie MpOU3BOJUTENN YKA3BIBAIOT HE KO-
3G HUIMEHT MECTHOTO COMPOTUBIICHHMSI, & IPOIYCK-
HYIO CIIOCOGHOCTB k,, (M3/41)/6ap™ (B mureparype
3a4acTyI0 BCTpEYaeTCs CAWHUIA M3MEPEHUS M>/d,
KOTOpasi HE COBCEM COOTBETCTBYET (DHU3MUYECKO-
My cMmbicny k,) [11]. Benmuuna k, mokaswiBaeT
00BEMHBIH PacXoJ] KHUJIKOCTU IIOTHOCTBIO Py =
= 1000 xr/m3, mpoxosAIIeH Yepe3 PeryIupyroIIui
OpraH WU JAPYroe APOCCENUPYIOIee YCTPOUCTBO,
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npu nepenaze gasiaennii 10° ITa (1 6ap) u ompexe-
JIEHHOW CTEMeHW OTKPBHITHA (TPU MaKCHMAaJIbHOM
OTKPBITUH Kk, HA3BIBAIOT YCJIOBHOW IPOIYCKHOM
CIIOCOOHOCTHIO k,y MM k). [loTepu naBnenus npu
9TOM ONPEAETSIOTCS MO BBIPAKEHHIO
G 2
5
Ap,, . =10 el &)
p)l( v

rae 10° — mepeBoaHOi KOOQ(HUIHEHT U3 SAUHHLIBI
U3MepeHns 0ap B mackanb; G — MacCOBBIM pacxoj
JKHIIKOCTH, KI/4.

3Has MPOMYCKHYIO CIOCOOHOCTh, PacCUUTaEM
KO3 (DUIUEHT MECTHOTO COMTPOTHUBIICHUS KaK

16,2107 7°(DN)*

G = (10)

IIpu pacyeTe BHYTPEHHHUX Ta30IPOBOOB IPH-
HATO OTIPEIEIITh SKBUBAICHTHYIO IITHHY MECTHBIX
COTIPOTUBICHHH [y, M, TIO BRIPAKCHUIO

L =1, 2G5 (11)

rae [, = dy,/A — SKBUBAJICHTHAS JIUHA €IUHHIHOTO
MECTHOT'O COITPOTUBIICHHUS, M.

B coBpemeHHON MOpakTHKE NPOEKTUPOBAHUS
MIPH TUAPABINYECKOM pacyeTe CHCTEM TPAHCIIOpTa
JKUAKOCTEH ¥ Ta30B IIHUPOKO MPUMEHSIIOTCS HOMO-
TpaMMBbI, Ha KOTOPBIX I COOTBETCTBYIOIINX THa-
METPOB TPyOOIIPOBOIOB TpaMUECKH CBI3BIBAIOTCS
OCHOBHBIC BEJIMYWHBL: pacxon (OOBEMHBIN W
MacCOBBIH) M yJelbHbIE TOTEPH JaBIEHUS, TpPU
HEOOXOIMMOCTH TaK)K€ HAHOCSATCS M3OJIUHHUH CKO-
poctu moToka. [ljia cucteM OTOTUIEHHUS W3 MEITHBIX
TpyOOIIpoBOIOB B [4] mpHBEeneHB HOMOTPAMMBI,
Ha3bIBaeMble B JOKYMEHTE «IJIsl TMPUOIMKEHHOTO
THIPABIMYECKOTO pacderay. OJHAKO OHU WUMEIOT
pSA HEAOCTAaTKOB, OCHOBHBIMA W3 KOTOPBIX SB-
JISIOTCSI:

— WCTIONB30BaHME 3aBUCHUMOCTH OT HAapy>KHOTO
nuameTpa 0e3 ydeTra TONIIMHBI CTEHKH, YTO TPH-
BOJUT K HETOYHOCTH B OMPEIEIICHUH YIEIbHBIX
MOTEPh IaBIICHUS,

— KPYITHBIM IIIar ACJICHUN IIKaJl.

B pesymnprare mccienoBaHuii aBTOpaMu OBLIH
pa3paboTaHbl HOMOTPaMMBI, TIOCTPOEHHBIE B JOTa-
puUPMUYECKHX KOOpAWHATaX, YTO CYIIECTBEHHO
MOBBIIIAET WX HATISAHOCTD M YJOOCTBO TpaKTHIe-
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ckoro mpuMmeHeHus. Homorpamma Juis pacuera
CHCTEM OTOIUICHHUSI C HCIOJB30BaHHEM MEIHBIX
TpyO ¢ Hambollee 4acTO MPUMEHIEMBIMU THAMET-
pamu npejcTaBicHa Ha puc. 1.

G, kr/a

10000 /e §4:0x2.054.0:2.0

0.9
iU 0.8 e AT 42,0x1.5
0.6 e \\ N oA Tl
0.5 /e \ 35.0x1.5
0,4 m/c \ )(
0.3 m/c /‘ \X
A )\ 28.0<1.5
0.2 m/c K
X \
X 22,0%1,0
0.1 m/c >
1000 /\\ )\, \ }( AVERVERY \
X . g 18.0x1,0
\ \ A\DZA )()(\ \
%
X \X 15.0x1,0
XTI\ XN X
X1 /\ \12,0x1,0
100 X \
\ Y
v
\
\ X
/ A 2
/\/ i
10 R, Tla/m

1 10 100 1000

Puc. 1. Homorpamma Ji1st TAPaBINYECKOrO pacyeTa
CHCTEM OTOIUICHUS M3 MEIHBIX TPyOOIPOBOIOB
(koz = 0,01 Mm)

Fig. 1. Nomogram for hydraulic calculation
of copper pipe heating systems
(keq = 0.01 mm)

B [5] npuBoasTcs aBe HOMOrpaMMBbl IJs pac-
YeTa MEJHBIX Ta30IIPOBOIOB MPUPOIHOTO Ta3a:

— st pacxona raza Vy = 0,01-20,00 M*4q u
YAENBHBIX NMOTEPh NaBleHHUd Ha TpeHue R = 0,1-
5,0 ITa/m;

— s Vy=0-50 m3*/a u R = 2-40 ITa/m.

JlanHoe pa3zneneHue, SIBUBLICECS CICACTBUEM
MOCTPOCHUSI HOMOTpaMM B PaBHOMEPHOM IIIKa-
ne, He Bcerna ynooHo. Takxke B [5] oTcyTcTByeT
HOMOTpaMMa I ONPEACICHHUS SKBUBAJIICHTHOU
JUIMHBl €AUHUYHOTO MECTHOTO CONPOTHUBIICHHUS.
[TosTOMY aBTOpamMu HACTOSILIEH CTAaTbU Mpejiara-
I0TCSA TIOCTPOEHHBIE B JIOTAPU(PMHUUECKUX IITKajIax
HOMOTpPaMMBI JJI OIpeneNeHns BennduH R u [,
JUIST TIPUPOAHOTO Taza W mpomaHa (puc. 2, 3).
Orpanndenne HOMOTpaMM pacxomoM 10 m3/4 BEI-
OpaHO, MCXON W3 MaKCHMaJbHBIX 3HAYCHHWH pe-
QITBHBIX PAcX0JI0B OBITOBBIMH ITOTPEOUTEIISIMU.
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a b
35,0x1,5 22,0x1,0 35,0x1,5 22,0x1,0
54,0x2,0 42,0x1,5 / 28,0x1,5 54,0x2,0 42,0x1,5 28,0x1,5
10,0 7T Vam 10,0 1
18,0x1,0 C o="7wmlc
v, M*fa v, M*/a
\ 18,0x1,0
\ 15,0x1,0
# 15,0x1,0
12,0x1,0
®=7wm/c 12,0x1,0
1,0 1,0
0,1 0,1
0,1 1,0 10,0 R, Tam 100,0 0,1 1,0 10,0 R, Ta/m 100,0

Puc. 2. HomorpaMma Ay THAPABINYECKOTO pacyeTa BHYTPEHHUX MEIHBIX Ta30IPOBOIOB (ks = 0,01 Mm):
a— JUIs IpUPOIHOro Tasa (py = 0,73 kr/M?, v = 14,3 - 1075 M¥/c); b — m1s nponana (py = 2,01 kr/M3, v = 3,73 - 107° m?/c)

Fig. 2. Nomogram for hydraulic calculation of internal copper gas pipelines (k., = 0.01 mm):
a — for natural gas (po = 0.73 kg/m?, v=14.3 - 10° m?/s); b — for propane (p, = 2.01 kg/m*, v=3.73 - 10° m¥s)

a b
Ly M L™ [TH54.0x2.0
> ~ LT Ha2,0x15
,< I ~LH54.02.0 A\\/: 35005
1,00 A R 42,0415 1.00 L1 T Losox1s
/ 35,015 ’ N =
7 N £522,0x1,0
[1H28.0%1,5 aN ] 18,0x1,0
A AT | EH22,0<1,0 ~ T e 180 L
/ AT H18.0%1,0 N L~ o 15-0<1.0
/ | H15.0x10 /T~ [ — [T 12,0410
) T L2010 L [
/ L— I ]
0,10 / 0,10
~ 0,1 1,0 v, M 10,0
/
//
0,1 1,0 Vv, M*/a 10,0
Puc. 3. Homorpamma Juist onpe/ie/ieHNs SKBUBAJICHTHOW [UTMHBI €IHHHYHOTO MECTHOTO CONPOTHBIICHHS
JUTS MEITHBIX Ta30mpoBOJIOB (k,, = 0,01 MM): a — it mpupoHOTo rasa (py = 0,73 xr/m?, v=14,3 - 10°° M%/c);
b — 15 mponana (py = 2,01 kr/M3, v = 3,73 - 107° m¥/c)
Fig. 3. Nomogram for determination of equivalent length of single local loss
for copper gas pipelines (k,, = 0.01 mm): a — for natural gas (py = 0.73 kg/m®, v=14.3 - 1076 m?/s);
b — for propane (py = 2.01 kg/m?, v=3.73 - 107 m%/s)
BBIBO/IbI YUBAIOMIEMYCSl PaCIPOCTPaHEHUIO BO BHYTPEHHUX
CAHUTAPHO-TCXHUYCCKUX CHUCTEMAX U BO BHYTPHU-
1. JlocTomHCTBa, MPUCYIIHE MEIHBIM TpPyOO- JIOMOBOM Ta30CHa0KEHHUH, OCOOEHHO I MHIUBH-
IIpoBOJaMm, CHOCO6CTByIOT HX IOCTCIICHHO YBEJIH- JyaJIbHBIX KHIBIX JIOMOB U KOTTC,Z[)Keﬁ.
Hayka
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2. TpeboBaHUs IO MPOSKTUPOBAHUIO M METOIY
THUAPABIMYECKOTO pacyeTa CHCTEM H3 MEIHBIX
TpybomnpoBonoB B HopMmax Pecmybnuku bemapych
OTCYTCTBYIOT. BBuIy 3TOro Heobxommma paspa-
6otka cootBercTBYytonmx THITA.

3. Ha ocHOBaHWH 3aKOHOB MEXaHUKH KUIKO-
CTH ¥ Ta3a pa3paboTaHbl OTINYAIONINECs OT CyIle-
CTBYIOIIUX HOMOTPAaMMBI, HCIIONb30BAHUE KOTO-
PBIX TIO3BOJIUT YIPOCTHTH M YCKOPUTH pacueT CH-
CTEM OTOIUJICHUSI K BHYTPEHHETO Ta30CHA0KEHHUSI.
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Pegepar. IlonydyeHo ycinoBHe paBHOBECHsSI HETOHKOIO BUHTOBOIO KJIMHOBHUAHOTO JIBOMHMKA, HAXOASIIErocs BJAJIM OT IO-
BEPXHOCTU KpHCTamia. PaccMoTpeH ciyuail HeeOpMHPYEMOTO TBEPAOTO Tena. YCTAHOBIEHO, YTO NMPU TaKHX YCIOBHUSIX
BHHTOBOH JIBOWHHK CYIIECTBOBATh HE MOXET. Pe3ynbpTaT HaXOAUTCS B TTOJHOM COOTBETCTBHUH C OOILIEU3BECTHBIMHU PE3YNbTa-
TaMU ISl JUCIOKAI[MOHHBIX CTEHOK M3 BUHTOBBIX JUCIOKAIMi. B MeToauke BBIBOJA YCIOBHUSI PAaBHOBECHS HCIONB30BANOCh
NIpuOIMKeHNne HENPEPHIBHOTO paclpesiefieHus IBOWHUKYIOIIX TUCIOKAIMN Ha JBOWHHUKOBEIX TpaHHIax. Popma 1BOHHMKO-
BBIX T'PAaHHI[ OIHCHIBAJIACh (DYHKIMSMH, 3aBUCSIIMMH OT IDIOTHOCTH JBOMHHUKYIOIIMX IHCIOKAIMH Ha JBOWHHMKOBBEIX Ipa-
Hunax. [IpyHUMAanoch paBeHCTBO HYMIO CHJI, ACUCTBYIOIUX HA JIBOMHUKOBBIC IPAHUILIBI CO CTOPOHBI JUCIOKAIMHA JBOMHUKA.
Jlnst ABOWHMKYIOIINX JHUCIOKALMH MPeAIonaraiach oHa CTeleHb CBOOOBI BJIOJIb HAIIPABJICHUS ABOMHUKOBaHMA. B Monemn
3¢ QKT epenoI3anus TUCIOKALUI HCKITIOYEeHBL. PacdeT mosneil HanpspKeHUi ABOMHKKA BEJICS B paMKaxX TEOPUH YIPYTOCTH.
IIpu 3TOM paccmarpuBanach Cyneprno3ulusl HanpspDKEHUH OT KaKAOM ABOMHMKOBOM IpaHMLbl. PeleHue ypaBHeHHMH Hckanu
B BUJ€ MONMHOMA. JeTanbHO PacCMOTPEHO JIMHEHHOoe mpuOmmkeHne Takoro pemreHus. IlomydeHHOE ycloBHE paBHOBECHS
BBITIOJTHSIETCS TIPH [IBYX PaBHBIX HYJTIO 3HAYEHHUSX — JUIMHBI IBOMHUKA M €ro MIMPUHBI y YCThs. Pe3ympTaT nmeer Gombimoe
3Ha4YeHUE B 00IaCTH MEXaHUKHU ABOHHHUKYIOIIUXCS MaTepPHANOB, MaTepuaioB ¢ 3¢dexrom mamsaTu GopMsl, a Takke B paspa-
00TKE METOIMK MPOTHO3MPOBAHUS Pa3pylIeHHs] U (YHKIMOHUPOBAHYS ABOWHHUKYIOIINXCS MaTEpHAJIOB.

KnioueBble cioBa: MexaHHYECKOE JBOMHUKOBAHUE, OCTATOYHBIM ABOMHUK, YCIOBHE PaBHOBECHS, JBOWHHUKYIOIIAS IHCIOKA-
LIS, BAHTOBOM JTBOMHUK
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The Equilibrium Condition of a Non-Thin Screw Wedge-Shaped Twin Located
in the Distance from the Surface of an Undeformed Crystal
Yu. V. Vasilevich”, O. M. Ostrikov”
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Abstract. The equilibrium condition for a non-thin helical wedge-shaped twin located far from the surface of the crystal
is obtained. The case of an undeformed solid is considered. It is established that under such conditions a helical twin can not
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twin can not exist under such conditions. The result is in full conformity with generally known results for dislocation walls
from helical dislocations. An approximation for continuous distribution of twinning dislocations at twin boundaries has been
used in methodology for deriving an equilibrium condition. The shape of the twin boundaries has been described by functions
that depend on density of the twinning dislocations at the twin boundaries. It has been assumed that the forces acting on the
twin boundaries from the side of the twin dislocations are equal to zero. One degree of freedom along a twinning direction
has been presupposed for twinning dislocations. Dislocation creeping effects have been excluded in the model. A calculation
of stress fields for a twin has been carried out within the framework of an elasticity theory. In this case a superposition of
stresses from each twin boundary has been considered. The solution of equations has been sought in the form of a polynomial.
A linear approximation of such solution is considered in detail. The em resulting equilibrium condition is satisfied for two
values equal to zero that is a twin length and its width at the mouth. The result is important in the field of mechanics for twin-
ning materials, shape memory materials, and in the development of techniques for predicting destruction and functioning of
twinning materials.

Keywords: mechanical twinning, residual twin, equilibrium condition, twinning dislocation, helical twin

For citation: Vasilevich Yu. V., Ostrikov O. M. (2018) The Equilibrium Condition of a Non-Thin Screw Wedge-Shaped
Twin Located in the Distance from the Surface of an Undeformed Crystal. Science and Technique. 17 (6), 515-520.
https://doi.org/10.21122/2227-1031-2018-17-6-515-520 (in Russian)

BBenenne

B03MOXHOCTh 3apOXIEHUS U CYLIECTBOBAHUS
MEXaHWYEeCKUX JBOWHUKOB BJAIH OT MOBEPXHOCTHU
KpHCTaJJIa AKCIIEPUMEHTAIBHO ObLTa TIOKa3aHa elle
B IIepBO# MoJIoOBHHE Tporuroro Beka [1]. Cymect-
BYET TEOpPHUS TOHKUX JIBOMHUKOB, HAXOJSILIUXCS
BJIaJIU OT MOBEpXHOCTH [2—5]. B [6—8] pa3BuBaercs
TEOPHsI OCTATOYHBIX HETOHKHX MEXaHWIECKUX
JBOWHHUKOB. JTa Teopus TpeOyeT naibHEHIIEero
pPa3BUTHSI, TaK KaK TPAHUIGI HETOHKUX JTBOWHUKOB
SIBIISIIOTCS KOHIIEHTPATOpaMH OOJBIINX BHYTPEH-
HUX HaNpsHKEHUH, CIIOCOOCTBYIONIMX 3apOKICHHUIO
TpemuH [9, 10].

Lenpio manHOM paboOTHI CcTal BBIBOJ YCIOBHUS
paBHOBECHs BUHTOBOTO KIMHOBHIHOTO JBOWHHKA,
HAXOJSIIErocsl BAATH OT IMOBEPXHOCTH TBEPAOTO
Tena, B MPUOIMKEHUH HEMPEpPHIBHOTO pacmpese-
JIEeHUsl JBOMHUKYIOUIUX IUCIOKAUUH Ha BOWMHU-
KOBBIX TPaHUIIAX.

ITocTaHOBKA 3a1a9N

KoHTyp KIMHOBHIHOTO JIBOMHHKA B IUIOCKO-
CTU, TIEPIEHUKYJIAPHON TUIOCKOCTH JBOWHUKOBA-
HUsI, CXeMaTHYECKU IpeIcTaBieH Ha puc. 1.

®dopMy TpaHUI] JBOWHUKOBOTO KJIMHA OyneM
onuceiBaTh QyHKUMAMH f1(E) u fr(E), rme & — Te-
Kyllas KOOpJIWHATa TOYKH HA TPAHUIC JBOWHU-
ka (puc. 1). B nannoit pabote He OyaeM yUUTHIBATH
HaIpPsOKEHUS JUCIIOKAITMA YCThsl TBOMHMKA, (op-
Ma KOTOporo Ha puc. 1 omucana ¢ynkuueit f3(E).
Taxoke 3a1aAUMCsl BOIPOCOM O paBHOBECHOH (hop-
Me NBOMHWKA 0€3 ydera HaIlpshKEHUH WX KOHICH-
Tparopa (puc. 1), y KOTOPOro 3apoAmiCs IBOHHUK.
[lycTh NBOMHHMKYIOIIUM IUCIOKAIUSAM HE OyAyT
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MIPETIITCTBOBATH CUJIBI TPEHUS, TN BEIMYMHA dTHX
cuI TycTh OyneT mpeneOpekumo manoi. Torma
JUIST paBHOBECHsI JBOWHWKA HEOOXOIMMO BBIMOJ-
HEHUE yCIIOBUI:

F=0; (1)

F, =0, (2)

rae [, — cuna, ACHCTBYIOIAsA B TOYKE HAa TPAHU-

ne 1 JBOMHHMKA CO CTOPOHBI MOJIS HaIpPSKEHUM
JBOMHUKYIOIIUX AUCIOKAUMKA Ha TpaHunax 1 u 2;

F, — 1o ke, nelCTByIONas B TOYKE HA TPaHHILE 2

JIBOMHUKA CO CTOPOHBI MOJISI HATIPSKEHUN TBONHU-
KYIOIIUX AUCIOKAMK Ha TpaHunax 1 u 2.

AY I'panuna ycres 1BOHHMKA,
Popma f3(€)
Konuenrparop I'pannua 1,
HaIpPSDKCHUN dopma f1(§)

H v
Q

XV

A

I'panuna 2,
dopma f2(§)

Puc. 1. Cxematnueckoe n300paKeHUE KITHHOBHTHOTO
JIBOMHMKA, HAXOAALIETOCS BAAIU OT IOBEPXHOCTH KpUCTAIIa

—

Fig. 1. Schematic diagram of wedge-shaped twin
located at distance from crystal surface

BBegem 3amper Ha mepemeleHue ABOMHUKY-
FOLIMX JHMCIIOKAuii B1oJib ocu OY, T. €. HCKIIIOYHUM
Mpoliece nepernoi3anus aucinokanuii. Torma u3 (1)
u (2) noxy4um:
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F, =R+ 15, =0 ®)
F2x :F'22x + EZX = O’ (4)

rae Fy, — npoekuus Ha ock OX (puc. 1) cuibl,
JEeUCTBYIOLIEH Ha JBOMHUKYIOIIWE TUCIOKAIUU
Ha TpaHUIle 1 CO CTOPOHBI MO HANPSDKCHHMA, CO-
37aHHOTO JIUCIIOKAIUAMU 3TOU e rpaHullbl; Fop, —
TO ke Ha och O.X CWIBI, ACUCTBYIOIICH HA TBOWHU-
KYIOIIAE TUCIOKAITMN Ha TpaHuile 1 co CTOPOHBI
MOJISL HANPSKEHUN, CO3JaHHOTO JABOMHUKYIOITUMU
JIUCIOKAIUSIMU TpaHulel 2; F5), — KOMIIOHEHTa
CWJIBI, JACUCTBYIOIIECH HA JBOMHUKYIOIIHUE IHUCIIO-
Kalliy Ha TpaHuIle 2 CO CTOPOHBI MOJSl HaIpsKe-
HUM, CO3IaHHOTO JMCIIOKAIMAMM 3TOW XK€ T'paHH-
1bl; Fp — TO K€ CHUJIbI, IEUCTBYIONIEN HA TBOUHU-
KYIOIIAE TUCIOKAITMN Ha TPaHUIle 2 CO CTOPOHBI
MOJISl HaNPSXKEHUH, CO3/IAaHHOrO JABOMHUKYIOITUMU
JIACIOKAITUSMU TPaHUIIBI 1.

Cornacho [11], npoekruu cui (3) u (4) MoryT
OBITh HAMJECHEI C UCITOIH30BAHUEM COOTHOIIICHMUS

F.= bBcsyz, ®)]

rae b, — MOy BUHTOBOM COCTAaBIISIOIICH BEKTO-
pa broprepca IBOWHHUKYIONIEH AMCIOKALMHU; Gy, —
CIBUTOBAas KOMIIOHEHTAa TEH30pa HAaIPSKCHUMH,
CO3JIaHHBIX AUCIIOKAIUSIME TPAHUI] TBOMHUKA.

B pamkax Teopuu ynpyrocTd CIpaBeIUBO CO-
OTHOILICHHUE

o, (5,y) =0\ (x,p)+0) (x,), (6)

rae G(Vlz) (x, ), c(yzz)(x, y) — HampspKeHue, 00yciIoB-

JIEHHOE TEpPBOM M BTOPOHl TpaHUIlAMU JBOWHHKA
COOTBETCTBCHHO.

Kak Oputo mokazano B [8], HampspkeHHs (6)
PacCUYUTHIBAIOTCS TIO (hopMyIam:

ol (x.y) =

= I VI (E)’ p (©)0L" (3.8, /; (E))dE;

(7

o\ (x,) =

j VI (BE pE)020 (6, 3,8, /5 (£))dE,
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rie

10 (x, 1.8, £ (£)) = o 5 )
2 (x-&) +(y- £(¢))

620 (0., 1, () = 5 (10)

2 =8 +(y-£(8))

L — BennuurHa npoekuuu Ha ock OX TpaHull ABOM-
Huka (puc. 1); pi(€), p(&) — MWIOTHOCTH IBOWHU-
KYIOIIUX JUCIIOKAIMI Ha MEPBOM U BTOPOU JBOM-
HUKOBBIX TPaHUIAX; |[L — MOIYJb CIBUTA; V — KO-
s¢durment [lyaccona.

®opmyisl (9) u (10) ucmonb30BaHbI AT ABOH-
HUKa, HAXOMAIIETOCS BIAIH OT IMOBEPXHOCTH KPH-
cramra [1].

C yaerom (7)—(10) B (3) u (4) MOXXHO TIPHHSITH:

F=b j I I+ (FE)’ )0 x

x(c,fl(c),aﬁ(a))dadc;

Fy, =b f I\/H(/Z(&)) P (B2 x

X(C%(C),é,fz(é))d%dc;

Fp,=b I j\/1+<f2<a>) P (E)o 0 x

X(C,Jz(c),a,zz(a))dadc;

Fa, =b j j JI+(FE) p (oL x

X(Cafz((;),a,ﬁ(a))dadc,

riae { — mapaMeTp UHTETPHUPOBaAHMUS;

(11)

(12)

(13)

(14)

o'2(C. £ (6).6. /1 () =
_ by £-¢ . (3)
(-8 +(£(0)-£(8)

20 £(8).8 £ (8)=
_ b, £-& . (19
2 -8 +(£(Q)-£4 )
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S (A (GRS
_bb, £-¢ %)
2 -8 +(£(0)-£(8)

S (A (SR E
_ kb, c-¢ .U
2 -e” +(£(9)-£)

ITonctasum (11)—(14) B (3) u (4). B pesynbrare
MOJTYYUM:

I+ HEN pESS (8, £ (0):8. £ (8))ded +

LL
[ 1+ (@) p E)02" x
00

x(C, £;(C).&. 1, (8))ded = 0;

© —_— i~
O Gy

(19)

o — 1~

[N+ (5@ (@02 (6.2 (€).8 /2 (&) )dedC +

+ [V1+ (@)’ p @00 x
%(6. /2 (6).& £ (8))dedg =0,

Pemenue nanHbIX ypaBHeHHI Oy/ieM UCKaTh B
BHJIE TTOJTMHOMOB [12, 13]:

(20)

f1@)=a8’ +at +..+a, & +..+ak"; (21)
fi©=al’ +al' +..+a, " +..+al"; (22)
fo(&)=b& +bE +..+b, E" . +D E"; (23)

£ =bL" +bC +..4b, " 4D, C", (24)

rne a;, b; — xoapdunmenter (i =0, 1, ..., n; j =
=0,1,...,m).

IIpu stom mst (19) u (20) yuarem cooTHOIIIE-
HUSL:

REAO)

P (&) cde (25)
d
P, (&)= %f;—(;) (26)
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TJIe ¢ — MEXIUIOCKOCTHOE PaCCTOSHHE B TUIOCKO-
CTH, TEPHEeHAUKYJISPHON TUIOCKOCTH JBOHHUKO-
BaHUSI.

B nepBom mpubnwkennu (mpu n = 1 um = 1)
u3 (21)—(24) nomyuum:

Si®=ay+at, f(C)=a,+aC; (27)
&) =by +H&, f,(8)=b, +b&; (28)

fll(&) =day, fz'(&) = b()a

a b, (29)
P (&)=? Pa (é)=?;

K- fi(&)=a(C-¢), £(C)-f,(8)=
=(ao —by) +(a,&-bg); 0

(&)= £(8)=b(5-8), /(6)-1i(8)=
=(b0 —a0)+(b1Q—al<i).

Hanee cootHomenus (15)—(18) mnpeobpasy-
I0TCS B!

€2))

S0(C £ (6):8 1 (8)) = zn(ilbfy)ﬁ; (32)

620(C, £(C).& f3(E)) =
_nb, £-¢ . (33)
n (-8 + ((ao —by)+(aC _bla))2
ub, 1

20, £,(8).8 £ () = — (34

2n(1+57)C-&

o). (G £ (6)-& /(€)=
_ub, c-¢ (3%
n (¢-¢y +((b0 —a0)+(b1C—a1§))2

a cootnomrenus (19) u (20) B:

ag\1+a? ﬁ; dadc+b0«/1+b§ §
00 ¢

c(l1+a’
(1+a)

-
: (36)
— —dEd=0;
bo) +(aC _b@))

Jx

XH«;—&Y +((ay -
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(37

xLL -5 déd;=0.
2['([ —a0)+(b1§—a1§))2

U3 (36) u (37) mocne HECTOXKHBIX Tpeodpa3o-
BaHUH TOJMYYHM YCJIOBHUE PaBHOBECHS pPacCMaTpH-
BaeMOr0 BHWHTOBOTO IBOWHUKAa B TBEPIOM Tele
MOCTIe CHATHS HArpy30K M MPHU JOMYIIEHWH O Hy-
JIEBOM CHUJIE TPEHUS NJid ABOWHUKYIOUIUX JIUCIIO-
Kalumn

b, 1+b02(1+a12)
ao\/l+a§
LL c-t
X
'([2[ O_b0)+(a]€_bl<:))
ag\J1+ag (1+b12)
- X
boyJ1+ b7
LL C-t
X
Eu(@ é) + _a0)+(blg_alé))2
HpHHHMaeM:

H H H H
a, =?; a, =—Z; b, =—?; b = YA (39)

X

7ddG~

(38)
dede, =0.

rae H — mmprHa JBOMHMKA Y YCThs (puc. 1).
Torma mias (GyHKIME, OMUCHIBAIOIIUX (GopMy
TPaHUI] IBOWHHUKA, TOTYIHM:

H( By [, 8
f1(§)-2(1 Lj’ H(©) 2(1 Lj’ (40)

_ A8 _ A8
L8 = 2[1 LJ, L(©)= 2[1 LJ- (41)

B mannoMm ciydae (38) mpuMeT BUA

Tj L-¢
00 2 C+E
C-8°+H (1 2LJ

(42)
- 6= ~ |dedg=0
- a)++ﬂ(g+§ q
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3710 ycnmoBue BIMOHAETCS Tipu L = 0, 910 Co-
OTBETCTBYET  PACIHOJOKCHUIO  JIBOMHUKYIOIINX
JTUCIIOKaIuil B cTreHKy. OmHako m3BectHo [11], 9ro
TaKOE PACIIONIOKECHNUE BHHTOBBIX AWCIIOKAWN He-
YCTOMYMBO. YUHUTHIBasi BTOPOE 3HAYCHUE, MPH KO-
TOpOM BBINONHSETCS Yyciosue (42), sto H=0,
CTeHKa BUHTOBBIX IHUCJOKAIlMA CTpEMHUTCA K 3a-
XJIOTIBIBAHUIO. B CBSI3M € 3TUM MOXHO 3aKIIIOUYHTH,
YTO YCTOHYMBOE PABHOBECHE HETOHKOTO KIIMHO-
BUJHOTO BHHTOBOTO JBOHHHKA, HaXOJSIIECrOCs
BJIAJTK OT MOBEPXHOCTH HenehopMUpyeMoro TBep-
JIOTO Teja, OTCYTCTBYET.
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O dporokaTrauTHIECKON AKTUBHOCTH CUCTEM
Tuna aguokcua turana/Fe(Il, IIT) B BoaHbIX cycneH3usIX

Kangupatsl Xum. HayK, JoueHTsI B. A. T opﬁyHOBal), JI. M. Ciiennnena”
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Pedepar. DxcriepuMeHTaIbHBIM METOAOM HPOBEJIECHO CPaBHEHHE (OTOKATATUTHYECKOW aKTUBHOCTH TPEX CHUCTEM, MEepCHeK-
TUBHBIX Ul TEXHOJIOTUMiI XMMHYECKOH BOJOOYUCTKH, Ha ocHOBe komOuHanuu nuokcuna turana/Fe(ll, 1) npumeHuTensHO
K MOZENBHOI peakny OKUCIICHNSI OPraHMYECKOT0 KpacUTeNsl METHIIOpamXka B BOIHOIT cpexe. M3yueHs! GoTokaTamnTHaeckue
CHCTEMBI Ha OCHOBE: THAPO30JI JHOKCHIA THUTAHA, IOJNyIeHHOTO THAPOIN30M H300yTHIaTa THTaHA; aHAIIOTHIHOTO THUAPO-
3ons ¢ gob6aBnenneM nonoB Fe(Ill); BoaHO# cycneH3nu mopolika MPUPOJHOTO TUTAHCOJEPIKAIIEro MHHEpala MIbMEHUTA
(ocnoBHO# komnoneHT FeTiOs). B pesynbrare uccienoBaHHs B CHCTEME C BBEACHHEM B MCXOAHYIO CYCIICH3HMIO T'MIPO30-
715 TiO, HeGOIBIIOr0 KOJTHIECTBA HOHOB Jeresa (C momydeHneM cpesl ¢ KonmenTparueii Fe** 1o 3,7 - 107> M) o6HapyxerHo
YBEJIMYEHHE CKOPOCTHU JIECTPYKIMH METHJIOpamxka Oojee 4yeM B J(Ba pasza. B ¢oTokataimTuueckoil cucTeMe Ha OCHOBE CyC-
HEH3MHU NPEeABAPUTENIBHO 00paboTaHHOro (CyiabhaTHPOBAHUEM M NPOKAIMBAHMEM) MOPOLIKA MIBMEHUTA 3aperiCTPUPOBaHA
JIOCTaTOYHO BBICOKAsk (pOTOKATAIMTHYECKas aKTUBHOCTH (CTEHEHb Pas3lOKeHHs MeTHIOopaHxka 1o 77 %), HO npu Oosbluei
9KCIIO3MIINH, YeM B CIIydae CHCTeM Ha ocHOBe ruapo3ois TiO,. [ns poTokaTaauTHIECKHX CHCTEM M3YYEHHOTO THIIA pac-
CMOTPEH BO3MOXKHBIH MEXAaHM3M YBEIMYEHUS UX OKUCIMUTENBHOW AKTUBHOCTH, TPEOYIOIIMH OIOJHUTEIBHOTO (U3MKO-
XUMHYECKOTO HCCIEI0BAHUS.

KniodeBble cjoBa: XuMHUYeckas BOJOOYHCTKA, (oToKaranmzaTopsl, komOuHanus nuokcun turana/Fe(Il, III), rumpozons,
CYCIICH3HUs, HIbMEHUT, OKUCICHUE OPraHU4eCKOr0 KpacuTes, KUHETHKA

Jns nutupoBanus: [opOyHoBa, B. A. O ¢orokaramutuueckoit aktuBHOCTH cucteM Tuma auokcun turana/Fe(ll, III)
B BoAHBIX cycrneH3usix / B. A. T'opOynoma, JI. M. Cnennesa // Hayka u mexuuxa. 2018. T. 17, Ne 6. C. 521-527.
https://doi.org/10.21122/2227-1031-2018-17-6-521-527

On Photocatalytic Activity of Titanium Dioxide/Fe (I1, IITI)-Type Systems
in Aqueous Suspensions

V. A. Gorbunova, L. M. Sliapniova”

YBelarusian National Technical University (Minsk, Republic of Belarus)

Abstract. A photocatalytic activity of three systems which are considered as rather promising for chemical water purification
technologies has been experimentally compared the paper. The comparison has been based on a combination of titanium dio-
xide/Fe(II, III) in respect to a model oxidation reaction of methyl-orange organic dye in an aqueous medium. The paper has
investigated cases of photocatalytic systems which are based on: titanium dioxide hydrosol obtained by hydrolysis of tita-
nium isobutylate; a similar hydrosol with addition of Fe(III) ions; aqueous suspension of natural titanium-containing ilmeni-
te (powder based on FeTiO;). As a result of the investigations an increase of methylorange destruction rate by more than two
times has been observed in the system due to introduction of a small amount of iron ions into initial suspension of TiO,
hydrosol (while obtaining a medium with Fe** concentration up to 3.7 - 10 M). Rather high photo-catalytic activity (degree
of methyl-orange decomposition up to 77 %) has been measured in a photo-catalytic system based on the suspension of pre-
treated (with suphation and calcination) ilmenite powder but it has been at a higher exposure than for a case of systems based
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on TiO, hydrosol. A possible mechanism of increasing oxidative activity has been briefly considered for photo-catalytic sys-
tems of the type being investigated and it requires an additional physico-chemical analysis.

Keywords: chemical water purification, photo-catalysts, combination of titanium dioxide/Fe(Il, III), hydrosol, suspension,

ilmenite, oxidation of organic dye, kinetics
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BBenenne

bnarogapst XuMH4YeCKO MHEPTHOCTH, HETOKCHY-
HOCTH, HEBBICOKOM CTOMMOCTH JrioKcH ] TuTaHa Ti0,
npu3HaH Hambonee 3¢ddexrnBHEIM Y D-hoToKaTa-
JIU3aTOPOM OKHUCIICHUS KaK B XHJKOH, TaK U B Ta-
30Boi ¢azax. Ero d¢otokaramuTHdeckas akTHB-
HOCTH 3aBHCHT OT (pa30BOTO COCTaBa, yAEITHHOU
MOBEPXHOCTH, pa3Mepa U MOP(HOJIOTUM YaCTHII,
OTIpEAETISIEMBIX, KaK TPABUIIO, METOJOM IPUTOTOB-
nenust karanuzatopa [1]. TiO, cymectByer B Buze
HECKOJIbKUX ~KPHUCTAUTHIECKUX MOJUPUKAIIHI —
aHaras, pyrtwi, Opykwur. lllmpmna 3ampemeHHOM
30HBI AJIs aHaTasa cocTasiser 3,1-3,2 3B, ans py-
tina — 2,96-3,00 3B [1-3]. B 6onpmmHCTBE CiTy-
YaeB aHaTa3 MPOSBISICT 0OJiee BHICOKYHO KaTaJH-
TUYECKYI0 aKTHBHOCTH, 4eM pyTwuia. OIHAKO JHTe-
paTypHBIE JaHHBIE CBUETEIBCTBYIOT O HamMOOIb-
e KaTaJTUTHYSCKOW aKTHBHOCTH Y CMEIIaHHBIX
aHaTa3-pyTWIBHBIX 00pasios Ti0, [2—4].

C BBeneHueM B cTpykTypy TiO, onTUMalIbHBIX
KOJIMYECTB JKEJe3a CBI3BIBAIOT IEPCICKTHBY IIO-
ny4deHust (OTOKATaTU3aTOPOB, aKTUBHBIX B BUIH-
MOM JIMaIia3oHe CIeKTpa. TBep/bie pacTBOPBI CMe-
ITAHHBIX OKCHIOB Ha OCHOBE THOKCHA THUTAHAa,
B yacTtHOCcTU Takue, kak Ti-.Fe,O,—.n, oOmamaror
BBICOKOH CTEICHBIO 3aMCIEHUS TUTaHa Ha JKele-
30, UTO OOBSCHACTCS ONM30CTHIO PATUyCOB KaTHO-
noB Ti*" u Fe’". Bmecte ¢ Tem aHanu3 omyGiuKo-
BaHHBIX JTAHHBIX OOHAPYXWJI TNPOTHBOPEUHUBOCTH
CBCJICHHI O BJIMSHHUU JIONMPOBAHHS KEIE30M Ha
(hoTOKATANUTUYECKUE XaPAKTEPUCTHUKU JTUOKCHIA
tuTada. Tak, HapsLy ¢ COOOIIEHUSIMHA O €r0 MHTH-
OUMpyIOIIeM BJIMSHUU OBLIO TIOKAa3aHO, YTO BBEJE-
HUE JKelle3a MOXKET IMOBBICUTH (OTOKATAIUTHYIC-
CKYIO aKTUBHOCTH aHaTa3a B PEAKIUIX OKWCICHUS
OpPraHMYECKUX COCIMHECHUN B BOJC WM JaXKe CJIIBH-
HYTb €€ B BUIUMYIO 005IacTh criekrpa [3, 5, 6].

CornacHo [5], yBenu4eHHe KOHIICHTPAIIUHU JKe-
ne3a B TBepabix pactBopax Ti—.Fe,O,—, mpubmn-
3UTENHHO 0 2 MOJd. % OKa3bIBaeT OJarompusiTHOE
BIUSHHUE HA UX (POTOKATATUTHUECKYIO aKTUBHOCTb,
HO JaJbHEHIIUH POCT KOHIIEHTpAlMU MPUBOJIUT
K ee majieHuro. llpyu 3TOM JyUIsi BCEX BO3MOXKHBIX
3HaUYeHWH X HaOMIOAeTCs CMEIIEHHWE OINTHYECKOTO
TIOTJIOMIEHHST 00PA3IIOB B JITHHHOBOTHOBYIO 00JIaCTh.
B [2] onucanb! ycnoBus cuHTE3a, ONTUYECKUE U (o-
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TOKATAIUTUYECKUE CBOMCTBA HAHOIIOPOIIKOB PYyTH-
na, Bkirodaromero ot 2,5 mo 20,0 mon. % Fe; ux
¢doToKaTanUTUUECKas] AKTHUBHOCTH MPOSBISIACH
TOJIBKO TIPH YIbTPa(QHONIETOBOM OOIyYeHUH U
CHIYKAJIaCh C POCTOM KOHLICHTPALIUH JKele3a.

B [3] mpexypcopHBIM crtocoO0M TOTy9IeHBI KBa-
3MOMHOMEpHBIC TBepaple pactBopel TiFe,Or.p
(0,005 £ x £ 0,050) co cTpykTypoli aHartasa, xa-
pakTepu3yIouecs: MPOTSHKEHHBIM CTPOCHHUEM ar-
peratoB. M3ydeHbl MX CHEKTpPHl MOTJIOLICHUS B
Y®- u BunuMoi obnacTsax U oueHeHa (oTokarta-
JIUTUYECKad AaKTHBHOCTH B PCaKIWKU OKHCICHUA
THAPOXHMHOHA B BOJE. BBIS[BJICHO, YTO CHUHTE3UPO-
BaHHBIE TBEPJbIE PAaCTBOPHI aKTUBHBI Kak (poTOKa-
Taau3aTopsl JUIIb Npu Y D-00IIydeHnn, 1 ux ak-
TUBHOCTH IIOBBIMIACTCA € POCTOM KOHICHTpalWun
Fe'-nomanTta. ABTopamu [4] MOKa3aHO, 9TO CKO-
POCTb OKHCIIUTENILHOW IECTPYKLMN PE3KO BO3pacTa-
eT MpU OJHOBPEMEHHOM HCIOJIb30BAHMN T'OMOTEH-
Horo (B mpucytcteun nonoB Fe'', Cu®’, Ag™ u mp.)
W TEeTeporeHHOro KaTanm3a. B ocHOBe ceHcH-
OunM3anMyu B TeTEPOreHHO-TOMOTEHHOH cHcTeMe
Fe*'/TiO, nesxut hoTormepeHoc 3IeKTpoHa B THI-
poxcokommiexc (FeOH)™ ¢ obpasoBanmem BO3-
oyxaennoro xnactepa (Fe’ TiO,0OH), comepxa-
mero OH-pagukais!.

B psage pabor mocineanux jer [7-16] Taxke
MOKa3aHo, YTO €II€ OJIHOW MEepPCIEeKTUBHON pa3HO-
BUAHOCTBIO (POTOKATAIM3aTOPOB JJIsl OKUCIUTENb-
HOTO PAa3JIOKEHUSI BPEAHBIX OPraHUYECKHX COEIH-
HEHUIl B BOJHBIX cpenax (TakWX Kak, HaIpH-
Mep, 4-xJ10pPeHOII, A30KPACUTEIH, MUPUIUH U Ap.)
U KaTaIUTAYECKOW OTepUPUKAIUU HEKOTOPBIX
PACTHTEIBHBIX Macell MOXET CTaTh IpyMIa MaTe-
pHAJIOB HA OCHOBE HEIOPOrod WIbBMEHUTOBOW TH-
TaH- ¥ XKelle30coiepsKalieii pyabl.

C y4eToM COCTOSIHMSI UCCIEAOBAHUM B JaHHOU
o0JacTy Ha MOJISEHOM peakiuu GoTOPas3IOKEHUSI
METHJIOPAaHXa B BOJHOM PAacTBOPE HAMH PEIIAUCh
CIIeTYFOIINE 3a/1a4H:

1) ompenenuTh (HOTOKATATUTHUECKYIO AKTHB-
HocTh HaHowacTHll TiO,, CHHTE3UPOBAHHOTO TH/I-
poJI30M M300yTHIIaTa TUTAHA;

2) U3y4uTh BIMSHHE A00aBKM HOHOB JKeJe-
3a (III) Ha doToKaTaNMTUUECKYIO aKTHBHOCTh THII-
PO30JIS IMOKCHIA TUTAHA;
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3) OIeHUTH BO3MOKHOCTH UCITOJIP30BAHUS B Ka-
YEeCTBE OKHUCIHTEIILHOTO (hOTOKATAIM3aTOpa CMe-
IIIAHHOT O JKeNe30coeprkaiero okcuna tuma FeTiO;.

3KCHepI/IMeHTaJI]>H06 HCCJIea0BaHuE
U IMOJYYCHHbBIC PE3yabTaThbl

I'unpo3onp nUOKCHAAa TUTaHA CHHTE3UPOBAIH
paspaboTaHHBIM paHee MeToAoM [17] ¢ ucmons3o-
BaHUEM TETpPaxJOpUaa TUTAaHA, MPEIBAPUTEIHHO
pacTBOpeHHOrOo B wu300yTaHojie. M3BecTHO, YTO
TETPaxJIOpHi THUTaHa IIOABEPTAETCS AaKOTOJIN3Y
MpH KOHTaKTe co cnuptamu [18]. D10 moO3BOIISIET
NPEIOJIOKUTh 00pa30BaHUE CMEIIAHHOTO OPraHo-
HEOPTaHWYECKOTO THUTAHCOAEPIKAIETO COEqUHe-
HUSl C Pa3HBIM COOTHOIIICHUEM XJIOPUJI- U HU300Y-
TOKCU/I-aHMOHOB B MOJeKyJe. ['maponus kak TeT-
paxyiopuia TUTaHa, TaK M OPTaHMYECKUX AIKOK-
CUJIHBIX TUTAHOBBIX COCIMHEHUI THTaHA TIPUBOIUT
K 00pa3oBaHMIO THAPO30JS IHOKCHAA THTAHA.
lMunponau3 CHUpTOBOrO pacTBOpa TeTpaxjopHuiaa
TUTaHa MPOBOAVIIN Tpu HarpeBaHuu 10 340-350 K
U TIOCTOSIHHOM mepememmBanuu. OOpa3oBaHue
30J151 OIPENENsI BU3YAIBHBIM TIOSBICHHEM OIla-
necrieHnuu. Bpems ee MOsBICHHS 3aBUCENO OT CO-
OTHOIIIEHUSI 00BEMOB J00ABIISIEMOI0 CIHPTOBOIO
pacTBOpa TeTpaxJoOpuaa THTaHAa M BOIbL. Pexum
MOJIYYEHHS THAPO30JIs, YCTOHYUBOIO Ha MPOTSHKE-
HUU T0J1a, ObLI JOCTUTHYT NIPH KOHIICHTPAIUU JIH-
okcua Tutana, pasroit 1,0 - 10 Moxs Ha 1 1 cyc-
MIEH3WU. YBEIWYCHHE KOHIEHTPAIMH THUAPO3OIS
MIPUBOIIIO K COKPAIIEHUIO HHAYKIIMOHHOTO TIEPH-
ola ero oOpa3oBaHHS U OJHOBPEMEHHO K yMEHB-
HICHUIO arperaTBHON YCTOMYMBOCTH 3014, J{J1st u3y-
YEeHUS CBOMCTB OBLT B3AT 00pasel] rHpo30Jisi ¢ KOH-
IeHTpanyeit quokcuaa tutana 1,0 - 107 mous/11, co-
XPaHSIOMUN yCTOMYMBOCTh Ha TMPOTSHKCHUH KaK
MUHUMYM TOJ/Ia CO JTHS IIPUTOTOBJICHMSI.

AKTHBHOCTh THAPO30JS H3ydanach (poTokaio-
pUMETPUIECKUM MeToIoM (JmrHa BOJTHBI 490 HM)
MpU KOMIUIEKCHOM BO3AECWCTBUHU YIbTpadrOIeTO-
Boro (Y®) u BuaguMoro m3nydeHuid. Kak BumHO 13
JAHHBIX pHC. 1, KaTamuTH4YecKas aKTUBHOCTh
YCTOHYHMBOTO B TedeHHe roja rumposons TiO,
(kpuBas 2) CHM3WIACh MO CPaBHEHUIO C HAYallb-
HBIM MOMEHTOM (KpuBas 1) HE3HAYUTENBHO. YCTa-
HOBJICHHBIE 3HaUYEHHUS] KOHCTAHTHI CKOPOCTH IIeie-
BOH KaTaJIMTHYECKON peakmuu (HOTOKATATUTHYE-
CKOTO OKHCIIEHUS] METHJIOpaH)Ka B BOJHOW cpele
JUTST BCEX HM3YyYEHHBIX aBTOpPAMH KaTaTHTUIECKUX
CUCTEM, a TaK)Ke BPEMEHHOW MHTEPBAI IPOIIECCOB
pa3noKeHUs KpacuTells IPpUBEICHBI B Ta0M. 1.
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—m— 4 ml H,0 + 0,5 ml TiO, (Hosi6pb, 2013)
|—A— 4 ml HO + 0,5 ml TiO, (2012)

% (2)
1,00 41,00
DID,
0,10 40,10
0,01 T T T T T T T 0,01

T
0 100 200 300 400 500 600 700 t c 900

Puc. 1. Kunernyeckue KpuBbIe POTOACCTPYKIIUH
(YO + BuauMBli CBET) METHIIOpaHKa B PacTBOpPE
ruaposoist TiO,; 0603HadeHne KPUBEIX — MO TabuI. 1:
1-A;2-m
Fig. 1. Kinetic curves of methyl-orange photo-destruction

(UV + visible light) in TiO, hydrosol solution;
curve identification — according to tab. 1: 1 — A;2 —m

C uenpi0 U3y4yeHUs BIUSHHUA HOHOB JKEie-
3a (III) Ha doTOKATATUTUYECKYIO aKTUBHOCTH II0-
JYYEHHOT'O THAPO30JIsl JUOKCUIA TUTaHa ObUT MIpH-
TOTOBJIEH BOJAHBIA pacTBOp cyibdara xeneza (I1I)
C MOJBSIPHO#T KOHIIeHTpammeil nouoB Fe’™ 3 - 107* M,
KOTOPBIH MCTIOJIBE30BaJICS B KadecTBe modaskwm (0,1
u 0,3 mu1) K pactBopy ruapo3oist TiO, B mpoueccax
pasnoxeHust meTwiopamka. Kpome storo Opuita
n3ydeHa (POTONECTPYKIINS METHIIOPAHKA B BOJHOM
pacTtBope cynbdara xenesa (1) 6e3 nodaBku rua-
po3ons auokcuaa TuTana. COOTBETCTBYIOIINAE KH-

HETUYCCKUEC KPUBLIC IMPEACTABJICHBI HA PUC. 2.
—&— 3,7mlH0 +0,5mI TiO, + 0,1 ml Fe
—&— 3,6 mH,O0 +0,5ml Fe

—=— 3,6 ml H;O + 0,5 mlI TiO2 + 0,5 ml Fe
—o— 3,5ml H0 + 0,5 mI TiO, + 0,3 ml Fe

1,0 %’l—\ 41,0
‘\\-\'\7
D/Do \"‘I—ka
0,1 N
N

0 100 200 300 400 500 tc 700
Puc. 2. Kunernueckne Kpusbie (OTOKATATUTHIECKOTO
(YO + BumuMblii CBET) pa3ioKeHHs. METUIOPaHKa
B CHCTEMax Ha OCHOBE THPO30JIs1 JHOKCHIA TUTaHA
(BoImepaHHOTO 18 Mec), nernposanHoro nonamu Fe’';
0003Ha4YeHUE KPUBbIX — 110 Ta0. 1: 4 —m; 5 —m; 6 —o; 7 —

Fig. 2. Kinetic curves of photo-catalytic (UV + visible light)
methyl-orange decomposition in the systems based on TiO,
hydrosol (18-month exposure period) which is alloyed
by ions Fe*'; curve identification — according to tab. 1:

4—m;5-m;6—0;7—

523



Ecmecmeennvie HAYKU

Tabauya 1

Knnernueckune napaMeTpbl Nponecca OKUCJICHHS] KPACHTEs (MEeTHI0PAHK) B BOJHBIX CyCHeH3HsAX
¢ Pa3IMYHBIMHA (OTOKATATHTHYECKHUMH KOMIIOHEHTAMH (THAP030.1b JHOKCH/A THTAHA, OPOIIOK HJIbMEHHTA)
NPU BO3eiiCTBHU CMEMIAHHOT0 u31y4eHus (Y D-usinydyeHue + BUIUMBII CBET)

Kinetic parameters of dye oxidation process (methyl-orange) in water suspension
with various photo-catalytic components (TiO, hydrosol, ilmenite powder)

from exposure to mixed radiation (UV-radiation + visible light)

Koncranra Crenenb
Juanazon
Ne n/m Cucrema CKOPOCTH pPeaKIuu apamerpa f ¢ | PAIOKCHIS
oxucrenus k, ¢! flapamerpa f, KpacuTens

1 4 mn H,O + 0,5 ma ruznpo3onst TiO, (cBeXenpuroToBICHHBIN) 0,0064900 0-600 0,971
2 |4 M1 H,0 + 0,5 mn ruaposonst TiO, (BergepskaHHbIH 14 Mec) 0,0044000 0-840 0,886
3 4 mn H,O + 0,5 ma runposons TiO, (BbinepxanHbIi 18 mec) 0,0036800 0-720 0,875
4 13,6 M1 H,0 + 0,5 M pacteopa Fe®" 0,0023500 0-600 0,724
5 (3,7 ma H,O + 0,5 mn ruzpososnst TiO, + 0,1 mi1 pactBopa Fe** 0,0069700 0-480 >0,958
6 13,5 ma H,O + 0,5 mn runposzons TiO, + 0,3 mi pactBopa Fe** 0,0090500 0-360 >0,953
7 (3,6 ma HyO + 0,5 mu ruzgpososnst TiO, + 0,5 mi pactBopa Fe** 0,0038700 0-840 0,949
8  |BogmHas cycrieH3Hs MOpOIIKa WIBMEHHTA (HEeCYIb(aTHPOBAHHOTO) 0,0000026 0-9000 0,021
9 |Bopanas cycrneHsus nmopolka HiIbMeHHUTA (CyJIb()aTHPOBAHHOTO

u npokaienHoro npu 7' =420 K) 0,0001300 0-9000 0,700
10 |BonHas cycneH3us mopouka uibMeHHuTa (CynbhaTUPOBaHHOTO

u pokaienHoro npu 7= 570 K) 0,0001600 0-9000 0,771

Bopnsriii pactBop Fe(Ill) 6e3 nobaBku rumapo-
3oma TiO, neMOHCTpHpYET HU3KYIO CKOPOCThH Jie-
CTPYKLIMM METWIIOPAHXKa, IOJHOTA pPa3I0KEHHs
KpacuTelsl He JOCTUTaeTcsl, O-BUANMOMY, BCIIE-
CTBHE GBICTPOrO BOCCTAHOBJEHHMS HOHOB Fe'™
no Fe*". ins cmemannsix cucrem TiO,/Fe’” HaGmro-
JlaeTCs yBENIWYEHHE CKOPOCTH (hOTOKATaIHTHYE-
CKOTO PA3JIOKEHUS] METHJIOpaHXKa Jake IO CpaB-
HEHUIO C PACTBOPOM THAPO30JIsl TUOKCH/IA THUTaHA
6e3 no6asku HoHos Fe'". [IpuueM cKopocTh peak-
MY BBIILIE B CUCTEME C OOJblLIeH KOHIEHTpaluen
nonoB Fe’". TlomyueHHbIe pe3yIbTaThl COrIACyIOT-
cs ¢ JaHHbIMU [3].

HccnenoBanue GpoTokaTaIUTHYECKOM
AKTHBHOCTH CMEIIAHHOT O
OKCHIHOTHTAHOBOTI'0-0KCHIHOKeJIe3HOI 0
MaTtepuaja — wibMeHuTa FeTiO;

Panee B [5—7] ObuTO MOKa3aHO, YTO 0OpabOTKA
CEpHOM KHUCIOTOM WJILMEHUTOBOU PY/bI MO3BOJISIET
CHUHTEe3upoBaTh 3¢ ¢eKTHBHbIE (QOTOKATATU3ATO-
pHl U Pa3ioXKCHHUS OPTaHUYECKUX COCIUHCHHMA
B BOJIe, TaKWX Kak, Hampumep, 4-XJop(eHoIL.
CynbdarupoBannsiii  ucxomsslii Fe—Ti—O-mare-
puan (SFT) mposiBiisier QoTOKATaTUTHUECKYIO aK-
TUBHOCTH B BUANMOM CBETE€ W TEPMUYECKH yCTOM-
quB 10 500 °C. [IpucyTrcTBre B JaHHOM MaTepua-
ne ¢a3 FeTiO;, Fe,O; m cynsbhaTupoBaHHO-
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ro Fe,05—TiO, noATBepKAEHO PEeHTTeHO(pa30BbIM
aHamM30M M HMHQPAKPACHOW CIIEKTPOCKOIHUEH
muddysnoro orpaxenus: (DRIFT). DxcriepuMeHTHI
10 a7COPOITMHU-IECOPOITNN OPTaHUISCKUX MOJICKYJT
B couertanun co crekrtpamu DRIFT BeisiBuiu
HaJlnure KUCIOTHBIX IIeHTpoB bpencrena u JIstou-
ca B oOpasnax JaHHOrO MaTephana, IPOKAIEHHBIX
mpu Temmeparypax mo 500 °C. Otu gansbie [5]
JEMOHCTPHUPYIOT BaKHOCTh TPUCYTCTBHUS KeJe3a
B IMOKCHJIC TUTaHa [ TOCTHKEHUSI €T0 BBICOKOH
(hOoTOKATATUTUIECKOW aKTHBHOCTH.

B cBs3u ¢ monydeHHBIMM paHEe pe3ysbTara-
mu [5-15] aBTOpamu cTaThu B JAaHHOM HCCJIEIOBa-
HUU OBIT WCIOJB30BaH MaTepHall Ha OCHOBE CMe-
magHoro okcuga FeTiOs;, sBisiomuiicss WiIbMEHH-
TOM TEXHOTEHHOTO TIPOUCXOXACHHUS (00pa3err
MPOM3BOACTBa BOJIBHOTOPCKOTO TOPHO-METALIYp-
THYECKOTO KOMOWHATa, YKpanHa) ¢ HU3KOW CTOH-
MocThio (150-200 mon. 3a 1 T 3TOr0 MPOMBIILIEH-
Horo KouueHtparta). [lo pesympTatam mpoBejaeH-
HOTO PEHTIeHO(A30BOr0 aHaNM3a TaKoi oOpaszer]
uMmeer creayromuil (aszoBelii coctaB, mac. %:
Fe,O5 — 24, TiO, — 64, FeO — 10, a Tak:ke MUKPO-
npuMech SiO, U caeapl OKCUIOB aTIOMHUHMS, BaHa-
must, Xxpoma. @aktudeckas Opyrro-popmyrna maH-

Horo matepuana — Fe’Fe!” Ti™0,, .

[IpeaBapuTenbHO UCCIETYEMBIA 00pa3el] Wiib-
MEHUTa OBUI MOABEPTHYT XHUMHYECKOW MOIU(U-
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Kallii TyTeM XUMHUYECKOTO CYIb(aTHPOBAHMUS:
10 T uTbMEHHUTA U3MENBYAIH B CTYIIKE, CMEIIIMBA-
mu ¢ 20 t xoHmentpupoBanHoi (96 %) H,SO,
Y BBIIEPKUBAIHM CMECh B TE€UEHHE 2 9 TIPHU TeMIIe-
parype 300 K. 3arem x cmecu gobasnsuu 15 mi Bo-
IIBI, 9TO TIO3BOJISUIO MHTEHCH(HUIIMPOBATH MPOIIECC
cynehatupoBanus. CMech BBIIEPKUBAIN TIPHU TIe-
peMemnBanuu B Teuenue 1 4. Jlamee mpopearupo-
BaBIIYI0 CMECh MPOMBIBAINA BOIOH W (HUIBTPOBa-
mu. llomy4eHHbI cynb(aTupoBaHHBIA WIHBMEHUAT
cyurwi nipu 380 K Ha Bo3ayxe. 3aTeM IMOJIOBUHY
oOpa3ia mpoKalvBajil Ha BO3AYyXE MPH TeMIepa-
Type 420 K, a BTopyro — npu 570 K.

®DOTOKATATUTUYECKYIO aKTUBHOCTH CYJb(aTh-
POBaHHOTO MPOKAIICHHOTO MIBMEHUTA ONpPEACIIsIT
Ha MOJICTIPHOM PEaKIMU OKUCIICHUSI METHIIOpaHKa
(hoTOKOIOPUMETPHUECKAM MeTOoZOM (Ha JUIHHE
BoHEI 490 HM) TpU COBMECTHOM BO3ZCHCTBHU
yIBTPauOIETOBOTO M BUAMMOTO cBeTa. B pac-
TBOp MeTHIIoOpamka oobemMoM 100 M1 ¥ HCXOTHON
KOHLIEHTpanuei 4 - 10*M 00AaBIISLIA TIOATOTOB-
JeHHBIM wibMeHUT 10 KoHueHTpammu 0,035 r
Ha 1,000 m momydaemoit cycneHsum. OOydeHHE
MPOBOAWIN TIPH TIOCTOSHHOM TIepEeMENIMBAHUN
pacTBOpa, MPOOBI Ml OMpPENENIeHNs ONTUIECKON
IUIOTHOCTH PAacTBOpa OTOMpanmy Kaxaple 15 MuH.
Crernenp pa3ioKeHUs METHIOpaHka B TEUCHHUE 2 I
coctaBuia okoio 70-77 %, mpuueM HauMeHbILIAs
ocTaTouHasi KOHIICHTpanus MeTwiopanxka (23 %)
HaOronanacek A o0pasia HIbMEHUTA, IPOKaIeH-
Horo npu 570 K. Kunetuueckue KpuBbie pa3ioxe-
HUSI METHIIOpaHKa Ha ABYX o0pa3lax hccieayeMo-
ro cynb(paTHpOBaHHOTO HIbMEHHUTA (TIPOKAIEHHBIX
npu 420 u 570 K) npencrasnens! Ha puc. 3.

Kak Obuto ycraHoBimeHO, HamOoliee BBICOKHE
3HAYEHUs] KOHCTAHTHI CKOPOCTH k peakmmud ¢o-
TOKATAJIMTUIECKOTO OKHCICHUS JIOCTUTAIOTCS B
CHCTEME Ha OCHOBE THIPO30JS JUOKCHAA THTaHA
C ONTUMAJIFHON MPUMECHI0 HOHOB JKelie3a (B yact-
woctw, kK = 9,05- 107 ¢ mis cucrems! cocra-
Ba 3,5 mi H,O + 0,5 mit ruaposzons TiO, + 0,3 mi
pactBopa Fe’" — ta6n. 1, mo3. 6). Karamurudeckue
CHUCTEMBI Ha OCHOBE WIbMEHHTA (TIOJIYYEHHOTO C
UCIIOJb30BaHUEM CYyJIb(haTHPOBAHMS), HECMOTPS
Ha 3aMETHO MEHbIIHUE Y/AEIbHBIE CKOPOCTH peak-
wnn (¢ k=1,6 - 107 ¢!, Ta6n. 1, mos. 10), sBmsioT-
Csl JIOCTaTOYHO TIEPCIeKTHBHBIME Onaromaps Ha
MOPSAZAOK MEHBINEH CTOMMOCTH (OTOKATAIUTHYIE-
ckoro wmarepuana (pyasl Fe-Ti—O-cuctemsl 1o
CPaBHEHUIO C XUMUYECKH OUUIIeHHBIM Ti0,).
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—A— DIDq (NS)
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T
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Puc. 3. Kunernueckue KpuBble ()OTOKATATUTHIECKOTO
pa3noKeHNs] METUIIOPAHKA B BOAHBIX CYCHEH3UIX
Cynb(aTHPOBAHHOTO MIBMEHNTA, TIPOKAJIEHHOTO
mipu 420 K (SI_420) u mpu 570 K (SI_570), a Taxxe
B CYCIICH3UH Ha OCHOBe HecynbaripoBanHoro mibMeHnTa (NSI)

Fig. 3. Kinetic curves of photo-catalytic methyl-orange
decomposition aqueous suspensions of sulfated ilmenite
calcined at 420 K (SI_420) and at 570 K (SI_570)
and also in suspension based on non-sulfated ilmenite (NSI)

Jlns uHTepIpeTalyy MOMYyYeHHBIX JTAHHBIX CIic-
JyeT yYUTHIBATh PE3yJbTAaThl Psiia aBTOPOB IS
BOJHBIX CYCIIEH3WH Ha OCHOBE aHAJOTHYHOTO Ka-
TanuTuueckoro marepuana. Tak, B [5, 19] nokasano,
YTO yBENMYCHUE (DOTOKATAMTUYCCKON aKTUBHOCTH
C TIOBBIICHWEM TEMIIEpaTypsl  MPOKAIMBAHUS
HaOmoaercs it oopasioB SFT (cynbdarupoBan-
HOTO WJIBMEHHTA), mpoKaneHHbIX mpu 300-500 °C,
Ha KOTOPBIX OOHApYXEHBI KHCIOTHBIE IICHTPHI
bpencrena u Jlprouca (Torma kak oOpasmsl SFT,
MpoKaJieHHble NpH TemnepaType Bbime 700 °C,
HE TPOSBIISIFOT KUCIOTHOCTH).

Kucnorasie uentpsl Jlptorica MOryT B3auMO-
NEHCTBOBAaTh C BOJOW M MpPEBpaIIaThCs B KHC-
JIOTHBIE TEHTPHI bpeHcrena, 4YTO MPHUBOIUT K
AKTUBAIMU BOJbI. DTO MPEBPALICHUE CIIOCOOCTBY-
€T 00pa30BaHUIO0 THAPOKCHJIBHBIX PAIUKAIOB Ha
MMOBEPXHOCTH (HOTOKATAIHM3ATOPA, KOTOPBIA SBIIS-
€TCSI BBICOKOAKTHBHBIM OKHCJISIOIIMM BEIICCTBOM,
U MOXET OOBACHATH IOBBIIICHHYIO (OTOKaTa-
JUTHYECKYI0 aKTHBHOCTh 00pa3ioB, Cyiab(aTu-
POBaHHBIX W TIPOKAJCHHBIX IIPH TEMIIEpaType
ot 300 mo 500 °C. Coo0mianock 0 CXOJHBIX TEH-
JCHIMSX YBEIMUYEHUS (POTOKATAIUTHUCCKON aK-
TUBHOCTH JJIsl CyNh(aTUPOBAHHBIX U HeCyibda-
THPOBAHHBIX KaTaym3aTopoB [12]. beuto mokasaHo,
YTO aKTHBHOCTH XKeJIe30Co/epKanX (OTOKATAIHN-
3aTOpOB Ipu paboTe B BUAUMOM CBeTe [5] MOXKeT
OBITh CBSI3aHA C MIEPEHOCOM 3IeKTPOoHOB 3 Fe,Os.
[Ipu oOmy4eHNM BHOUMBIM CBETOM AaKTHBHPYET-
csl TONBKO 3Ta (haza. DOoTOreHepUpPOBAHHEIC DIICKT-
POHBI MEPEeXOmAT M3 30HBI MpoBoAuMOCTH Fe,Os
B JIMOKCHUJl TUTaHAa M HAKAIJIMBAIOTCS B 30HE TPO-
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BOJMMOCTH AMOKCHZIA THUTaHA, a JBIPKU HaKaIUIH-
BafOTCS B BalleHTHOH 30He Fe,0;. MoTorenepupo-
BaHHBIC JJICKTPOHBI 3aXBATHIBAIOTCS KUCIOPOJIOM
B BOJE U OOpa3ylOT THUAPOKCHIBHBIC DPaTUKaIbI
UL Pa3NoXeHHUsS OPTaHUYEeCKOTO  KPACHUTEIS.
IIpu sToM (oTOKaTanUTUUECKas Jerpajanus Tak-
JKe JOMOIHSAETCS TeM, YTO (DOTOKaTaIu3aTop Mpo-
SIBJISICT KHUCIIOTHBIE CBOWMCTBA, KaK YIOMHHAJIOCHh
BBIIIIE.

ITo manHEBIM [5], B KaTanuTU4YEeCKUX 0Opaslax,
COJIepKAaIIHX JKEJIE30, €ro POJIb MOXKET OBITh BECh-
Ma BaykKHa, TAK Kak oH Fe’" MoeT GbITh He TOJb-
KO MEAMaTOpOM Mex(a3HOTo NepeHoca 3apsaa, Ho
M LEHTPOM PEKOMOMHAIIMK Yepe3 KBAaHTOBOE TYH-
HenmupoBanue. Ecmm ke conepkaHue Jkeres3a
CITMIIIKOM BEJHKO, TO HOHBI Fe’© MOryT cTaHOBHTB-
cs IICHTpamMu peKkoMOWHammu, u (POTOKATaTUTH-
YecKasi aKTUBHOCTh MOXET yMEHBIIAThCsl B pe-
3yJAbTaTe JIBYX pEaKUUW C ydacTHEM 3JIEKTpOHa
U JABIPKU:

Fe'" + e — Fe*'; (1)
Fe* + " — Fe’™. )
BbBIBO/IbI

1. IlpoBeneHO BKCHEPUMEHTAIBHOE HCCIEN0-
BaHHE (POTOKATAIMTHYECKUX CBOWCTB pPazIMYHBIX
TUIIOB CHUCTEM Ha OCHOBE KOMOMHAIIMM IHUOKCH]
tutada/Fe(Il, III). [TomyyeHsl maHHBIC MO HX aK-
TUBHOCTH B MOJEJBHON PEaKkUHUu OKUCIUTEIHHOMN
JECTPYKLUUM OPraHUYECKOI'o KpacuTessi MEeTHII-
OpaH’ka B BOJHOM pacTBope. McciaenoBaHsl ciryyau
CHCTEM C KaTaln3aTopaMyd Ha OCHOBE: THAPO30JI
JUOKCH/Ia TUTaHa, MPUTOTOBICHHOTO THAPOIU30M
n300yTHIIaTa TUTAHA; AHAIOTWYHOTO THJIPO30JIs,
conepkaniero no6asku uoHoB Fe(Ill); cycnensumn
NOpPOIIKa MUHEpaja nibMeHuTa Ha ocHoBe FeTiO;.

2. B cucreme ¢ BBEJCHUEM B BOJHYIO CYCIIEH-
3UI0 UCcXomHOTO THApPo30is Ti0O, HeOOMBIIOTO KO-
JMYEeCTBa HMOHOB jKeje3a (C TMOMYyYCHHUEM Cpeabl
¢ konnenTpauueii Fe’* e Gomee 3,7 - 10~ M) BbI-
SBJICHO CYIIECTBEHHOE yBEIWYEHHE CKOpOCTH (o-
TOXUMHUYECKON JEeCTPYKIMK MeTuiopamka (Ooinee
4yeM B JIBa pasa).

3.1lpu ucnonb30BaHUM HU3KOKOHLIEHTPHPO-
BAaHHOH CYCIEH3MM NpeABAPUTEIBHO 00paboTaH-
HOro (¢ cynb(aTHpOBaHHUEM M MNPOKAIMBAHHEM)
WIBMEHHTA JIOCTHTHYTA JIOCTATOYHO BBICOKas (o-
TOKATaJIUTUYECKasi aKTUBHOCTh, HO TIpU OoIbIei
9KCHO3UIMH. Tak, MakCUMajbHas CTENEeHb pa3jo-
JKEHUs] METUIIOpaHXa B 3TOH cucTeMe 3a 2,5 9 co-
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craBuia 77 %. PaccMOTpeH BO3MOKHBIA MEXaHU3M
YBEITUYCHMSI OKUCIHUTEIFHON aKTHUBHOCTH B JIaH-
HBIX (POTOKATAIUTHYECKAX OKCHIHBIX CHCTEMAaX,
MEPCIEKTUBHBIX /IS JAJbHEHIIEro yriryOJeHHOIO
(PM3UKO-XUMHUYECKOIO MCCICIOBAHUS, a TAKXKe IS
MPAKTUYECKOTO0 MPUMEHEHUS B TEXHOJOTUSX BO-
JIOOYUCTKH.

JIUTEPATYPA

1. Aprembes, 0. M. Beenenue B rereporeHHslii (oTokara-
3 / 1O. M. Aprembes. CI16.: Xumust, 1999. 304 c.

2. Crpoiok, A. JI. [Tony4yenue u npuMeHeHne B HaHO(OTOKA-
TaJiM3e TBEPAOTEIbHBIX MOITYHPOBOAHUKOBBIX MAaTCPHAIIOB
¢ pasmepHbiMu ¢ dextamu / A. JI. Crporok, A. U. Kpro-
koB, C. f. Kyumuii / Hanocucremu, HaHOMartepiaiw,
nanorexuoorii. 2010. T. 8, Ne 1. C. 1-78.

3. DnexTpoHHas 30HHAas CTPYKTypa, ONTHYECKOEe IMOTJolle-
HHUC U (bOTOKaTaHHTI/IquKaﬂ AKTUBHOCTH OOIMMPOBAHHOTO
xene3oM aHarasa / B. H. Kpacunbuukos [u np.] // ®usnka
tBepaoro Tena. 2013. T. 55, Bein. 9. C. 1788-1796.

4. Coboinea, H. M. I'eteporenublit hoToKaTanus B mporec-
cax obpabotku Boael / H. M. CobGosesa, A. A. Hoco-
HoBuY, B. B. I'oHuapyk // XuMHsl ¥ TEXHOJOTHS BOJBL
2007. T.29, Ne 2. C. 125-159.

5. Sulfated Fe,O3;-TiO, Synthesized from Ilmenite Ore:
a Visible Light Active Photocatalyst / Y. R. Smith [et al.] //
Colloids and Surfaces A: Physicochemical and Enginee-
ring Aspects. 2010. Vol. 367, is. 1-3. P. 140-147.

6. Beneficiation of Titania by Sulfuric Acid Pressure Lea-
ching of Panzhihua Ilmenite / L. Jia [et al.] / Hydrometal-
lurgy. 2014. Vol. 150. P. 92-98.

7. Preparation of Synthetic Rutile Via Selective Sulfation of
Ilmenite with (NH,4),SO4 Followed by Targeted Removal
of Impurities / W. Liu [et al.] // Chinese Journal of Chemi-
cal Engineering. 2017. Vol. 25, is. 6. P. 821-828.

8. Characteristic of an Innovative TiO,/FeO Composite for
Treatment of Azo Dye / C. Huanga [et al.] / Separation
and Purification Technology. 2007. Vol. 58. P. 152-158.

9. Modified Ilmenite as Catalyst for CWPO-Photoassisted
Process under LED Light / P. Garcia-Muifioz [et al.] //
Chemical Engineering Journal. 2017. Vol. 318. P. 89-94.

10. Ilmenite (FeTiO;) as Low Cost Catalyst for Advanced
Oxidation Processes / P. Garcia-Muiioz [et al.] // Journal
of Environmental Chemical Engineering. 2016. Vol. 4,
No 1. P. 542-548.

11. Sariman, S. Anatase TiO, Enrichment from Bangka Ilme-
nite (FeTiO;) and its Photocatalytic Test on Degradation
of Congo Red / S. Sariman, Y. Krisnandi, B. Setiawan //
Advanced Materials Research. 2013. Vol. 789. P. 538-544.

12. Sulphated Fe,0;-TiO, Catalysed Transesterification of
Soybean Oil to Biodiesel / S. Anuradha [et al.] / Indian
Journal of Chemistry. 2014. Vol. 53A. P. 1493-1499.

13. Torres-Luna, J. A. Powders of Iron(Ill)-Doped Titanium
Dioxide Obtained by Direct Way from a Natural Ilmenite /
J. A. Torres-Luna, N. R. Sanabria, J. G. Carriazo // Pow-
der Technology. 2016. Vol. 302. P. 254-260.

14. Lezner, M. Preparation and Photocatalytic Activity of
Iron-Modified Titanium Dioxide Photocatalyst / M. Lez-
ner, E. Grabowska, A. Zaleska // Physicochem. Probl.
Miner. Process. 2012. Vol. 48, No 1. P. 193-200.

Hayka
urexHuka. T. 17, Ne 6 (2018)



Natural Sciences

15.

16.

17.

18.

19.

Joseph Antony Raj, K. Single-Step Synthesis and Struc-
tural Study of Mesoporous Sulfated Titania Nanopowder
by a Controlled Hydrolysis Process / K. Joseph Antony
Raj, B. Viswanathan // ACS Applied Materials & Inter-
faces. 2009. Vol. 1, is. 11. P. 2462-2469. https://doi.org/
10.1021/am900437u.

Probing of Photocatalytic Surface Sites on SO3™/TiO,

Solid Acids by in Situ FT-IR Spectroscopy and Pyridine
Adsorption / X. Wang [et al.] // J. Photochem. Photobiol.
2006. Vol. 179, No 3. P. 339-347.

[TonyyeHue HOpOIIKAa JHOKCHIA THTaHA METOJOM COJIb-
BoJM3a M oreHka ero aucnepcHoct / JI. M. Crenne-
Ba [u ap.] / Becui HAH Benapyci. Cep. }i3.-T9XH. HaByK.
2015. Ne 1. C. 10-15.

Cyitkosckas, H. B. Xumudeckne MeTObI MOIy4eHUsS TOH-
Kux npo3paunsix wieHok / H. B. Cyiikosckas. JI.: Xumus,
1972.286 c.

Pal, B. Preparation and Characterization of TiO,/Fe,03
Binary Mixed Oxides and its Photocatalytic Properties /
B. Pal, M. Sharon, G. Nogami / Mater. Chem. Phys.,
1999. Vol. 59, No 3. P. 254-261. https://doi.org/10.1016/
50254-0584(99)00071-1.

[octynuna 03.01.2018
INoanucana B nevats 10.04.2018
Ony6nukoBana onnaifH 30.11.2018

REFERENCES

. Artemiev Yu. M. (1999) Introduction in Heterogeneous

Photocatalysis. Saint-Petersburg, Khimiya Publ. 304 (in
Russian).

. Stroyuk A. L., Kriukov A. I., Kuchmiy S. Ya. (2010) Pro-

duction of Solid Semiconductor Materials with Size Ef-
fects and their Application in Nanophotocatalysis. Nano-
sistemi, Nanomateriali, Nanotehnologii, 8 (1), 1-78 (in
Russian).

. Krasil'nikov V. N., Zhukov V. P., Perelyaeva L. A., Baklano-

va . V., Shein I. R. (2013) Electronic Band Structure, Opti-
cal Absorption, and Photocatalytic Activity of Iron-Doped
Anatase. Physics of the Solid State, 55 (9), 1903-1912.
https://doi.org/10.1134/s1063783413090199.

. Soboleva N. M., Nosonovich A. A., Goncharuk V. V.

(2007) The Heterogenic Photocatalysis in Water Treat-
ment Processes. Journal of Water Chemistry and Tech-
nology, 29 (2), 72-89. https://doi.org/10.3103/s1063455x
07020038.

. Smith Y. R., Raj K. J. A, Vaidyanathan (Ravi) Subrama-

nian, Viswanathan B. (2010) Sulfated Fe,O;—TiO, Syn-
thesized from Ilmenite Ore: a Visible Light Active Photo-
catalyst. Colloids and Surfaces A: Physicochemical and
Engineering Aspects, 367 (1-3), 140-147. https://doi.org/
10.1016/j.colsurfa.2010.07.001.

.JiaL., Liang B., Lii L., Yuan S., Zheng L., Wang X., Li C.

(2014) Beneficiation of Titania by Sulfuric Acid Pressure
Leaching of Panzhihua Ilmenite. Hydrometallurgy, 150,
92-98. https://doi.org/10.1016/j.hydromet.2014.09.016.

. Liu W., Wang X., Lu Z., Yue H., Liang B., Li L., Li C.

(2017) Preparation of Synthetic Rutile Via Selective Sul-
fation of Ilmenite with (NH,4),SO4 Followed by Targeted
Removal of Impurities. Chinese Journal of Chemical
Engineering, 25 (6), 821-828. https://doi.org/10.1016/j.
cjche.2016.10.007.

Hayka
wrexHuka. T. 17, Ne 6 (2018)

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

. Huang C., Hsich W., Pan J., Chang S. (2007) Characteris-

tic of an Innovative TiOp/FeO Composite for Treatment
of Azo Dye. Separation and Purification Technology, 58,
152-158. https://doi.org/10.1016/j.seppur.2007.07.034.

. Garcia-Muiioz P., Pliego G., Zazo J. A., Barbero B., Ba-

hamonde A., Casas J. A. (2017) Modified Ilmenite as Ca-
talyst for CWPO-Photoassisted Process under LED Light.
Chemical Engineering Journal, 318, 89-94. https://doi.org/
10.1016/j.cej.2016.05.093.

Garcia-Muiioz P., Pliego G., Zazo J. A., Bahamonde A.,
Casas J. A. (2016) Ilmenite (FeTiO;) as Low Cost Catalyst
for Advanced Oxidation Processes. Journal of Environmental
Chemical Engineering, 4 (1), 542-548. https://doi.org/10.
1016/j.jece.2015.11.037.

Sariman S., Krisnandi Y., Setiawan B. (2013) Anatase
TiO, Enrichment from Bangka Ilmenite (FeTiO;) and its
Photocatalytic Test on Degradation of Congo Red. Advanced
Materials Research, 789, 538-544. https://doi.org/10.4028/
www.scientific.net/amr.789.538.

Anuradha S., Raj K., Vijayaraghavan V. R., Viswanat-
han B. (2014) Sulphated Fe,05;-TiO, Catalysed Tran-
sesterification of Soybean Oil to Biodiesel. Indian Journal
of Chemistry, S3A. P. 1493-1499.

Torres-Luna J. A., Sanabria N. R., Carriazo J. G. (2016)
Powders of Iron(IlI)-Doped Titanium Dioxide Obtained
by Direct Way from a Natural Ilmenite. Powder Tech-
nology, 302, 254-260. https://doi.org/10.1016/j.powtec.
2016.08.056.

Lezner M., Grabowska E., Zaleska A. (2012) Preparation
and Photocatalytic Activity of Iron-Modified Titanium
Dioxide Photocatalyst. Physicochemical Problems of
Mineral Processing, 48 (1), 193-200.

Joseph Antony Raj K., Viswanathan B. (2009) Single-Step
Synthesis and Structural Study of Mesoporous Sulfated
Titania Nanopowder by a Controlled Hydrolysis Process.
ACS Applied Materials & Interfaces, 1 (11), 2462-2469.
https://doi.org/10.1021/am900437u.

Wang X., Yu Ji. C., Liu P., Wang X., Su W., Fu X. (2006)

Probing of Photocatalytic Surface Sites on SO3™/TiO,

Solid Acids by in Situ FT-IR Spectroscopy and Pyridine
Adsorption. Journal of Photochemistry and Photobiology.
A: Chemistry, 179 (3), 339-347. https://doi.org/10.1016/j.
jphotochem.2005.09.007.

Slepneva L. M., Kuznetsova T. A., Gorbunova V. A.,
Slepnev G. E., Chizhik S. A. (2015) Obtaining of Tita-
nium Dioxide Powder while Using Solvolysis Method and
Estimation of its Dispersity. Vestsi Natsyyanal 'nai Akademii
Navuk Belarusi. Seryya Fizika-Technichnych Navuk = Pro-
ceedings of the National Academy of Sciences of Belarus.
Physical-Technical Series, (1), 10—15 (in Russian).
Suykovskaya N. V. (1972) Chemical Methods for Obtai-
ning Thin Transparent Films. Leningrad, Khimiya Publ.
286 (in Russian).

Pal B., Sharon M., Nogami G. (1999) Preparation and
Characterization of TiO,/Fe,0; Binary Mixed Oxides and
its Photocatalytic Properties. Materials Chemistry and
Physics, 59 (3), 254-261. https://doi.org/10.1016/5s0254-
0584(99)00071-1.

Received: 03.01.2018
Accepted: 10.04.2018
Published online: 30.11.2018

527


https://doi/
https://doi.org/10
https://doi.org/10.3103/s1063455x
https://doi.org/%20%0b10
https://doi.org/%20%0b10
https://doi.org/10.1016/j
https://doi.org/
https://doi.org/
https://doi.org/10
https://doi.org/10.1016/j
https://doi.org/10.1016/j

Ecmecmeennvie HAYKU

https://doi.org/10.21122/2227-1031-2018-17-6-528-533
YK 664.012
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Pedepar. [IpeanoxeHsl HOBbIE 3)(GEKTHBHBIC AUHAMUYESCKHE MOJIEIH JBMKCHHS MOJIMMEPHOHN IUIGHKH, KOTOPBIE B OTINYHE
OT U3BECTHBIX YUHUTHIBAIOT MIPOLIECCHI MPOTEKAHHS Ae(OPMALIUM Ha arperaTe Mo MPOU3BOICTBY MOIUMEPHO-TIIIEHOUHBIX MaTe-
puanos. OTMeueHo, YTO Tpolece JedopMaryuy MONMMMEPHOH TUICHKH B MEKCEKI[MOHHOI 30HE, OIpeAesIieMblll ee HaTsDKeHH-
€M, 3aBHCHUT OT COOTHOIICHUS JIMHEWHBIX CKOPOCTEeH CeKIMH U BETHIMH HATSHKCHUH U 1eopMaliii B 3TUX CEKIUIX. AHANIU3
NPEUIOKESHHbBIX TUHAMUYECKUX MOJIeNIeil IBIDKCHHS MOJIMMEPHOH IJICHKH MOKa3aJjl, YTO CHIKEHHE e AeopMaliii B KaX 101
30HE arperaTa MoxeT ObITh JJOCTUTHYTO KaK IyTeM H3MEHEHHs COOTHOLIEHHsI CKOPOCTEH Ha BXOZE B 30HY U BBIXOJE U3 HEe,
TaK M BBEJCHMEM KOMIICHCATOPa BO3MYIIAIONIUX BO3ICHCTBHI, 00YCIOBIECHHBIX Je)OpMAlMsIMH IUICHKH HA BXOJE B 30HY.
Koppexkiust BenMUMHBI HATSDKCHUS MONMMEPHOH IUICHKH B KaXJO0H 30HE arperara MOXKeT OBITh OCYIIECTBIeHa N3MEHEHHEM
COOTHOIIEHUsI CKOPOCTEH Ha BXOJIE B 30HY U BBIXOJIE U3 HEE, a TAKXKe U3MEHEHHEM HaTsHKEHMs TIOJIMMEPHOI! IUICHKU Ha BXOJe
B 30HY ¥ YaCTHYHOH KOMIICHCAle BO3MYILEHHUH, 00yCITOBIEHHBIX Je(opManusiMu Ha BXO/IE B 30HY. BEIIBIEHBI BO3MOKHEIE
KaHaJIbl aBTOMAaTHYECKOTO YIIPABJICHHS arperaToM 10 NPOU3BOACTBY ITOJMMEPHO-IUICHOYHBIX MAaTEPHANIOB C IEJIBIO YITydIle-
HUS KauecTBa MpoAyKuuu. Ha ocHOBe MpeanoKeHHbIX AUHAMUYECKUX MOJENEN MOKa3aHo, YTO JUIs 3(1)(1)CKTI/IBHOFO yIpasJie-
HUA IIPOLECCOM BBITATMBAHUA HCOGXOJII/IMO NPUMEHATH CUCTEMBI AaBTOMAaTUYECKOT'O U3MEPEHUA CKOpOCTCﬁ BpalieHus CCKL[I/If/i
arperaTa Io IMPOHU3BO/ICTBY MOJIMMEPHO-TNIEHOYHBIX MaTepHaIOB M HATSDKEHUS IUICHKH. JJMHaMH9ecKas MOJETb MOXKET OBITh
3¢ dexTHBHO MCNONB30BaHA IPU CO3AAHNH ATANTUBHOM CHCTEMBI YIIPABICHNS! MHOTO/IBUTaTEILHEIM 3JIEKTPOIIPHBOJIOM arpe-
rara 1o Inpou3BOACTBY MOJIMMEPHO-IIJICHOYHBIX MaTE€PHUAJIOB C LEJIbIO NMOBBINICHUSA MPOYHOCTH ITVIEHKU M CHMXXCHUA €€ YN~
HCHMU.

Knawuesble ciioBa: NOJIMMCpHas IJICHKA, ue(bopMaumI, JUHAMUYCCKUEC MOJCIIN

Jas uutupoBanus: AipanetssHu, I. M. MoxenupoBaHue OUHAMHKH ABWKECHUS IUIGHKH Ha arperare Mo MpOHU3BOACTBY
MOJIMMEPHO-IICHOUYHBIX MaTepuainoB / I'. M. Alipanerssun, M. M. Koxesrnukos, H. U. Yiesaos // Hayka u mexuuka. 2018.
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Dynamics Modelling of Film Motion at Unit
for of Polymeric Film Material Production

G. M. Irapetiants", M. M. Kozhevnikov”, N. I. Ulianov"
YMogilev State University of Food Technologies (Mogilev, Republic of Belarus)

Abstract. New effective dynamic models for motion of polymeric film have been proposed in the paper. These models in
contrast to known ones take in to account deformation processes which occur at a unit for polymer-film materials production.
It has been shown that the deformation process of a polymer film in intersectional area determined by its tension depends on
ratio of linear section velocities and tension and deformation values in these sections. An analysis of the proposed dynamic
models of polymer film motion has shown that a decrease in its deformations in every zone of the unit can be achieved both
by changing ratio of input and output velocities and introducing a compensator for perturbing influences due to deformations
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of the film at the entrance to the zone. Possible channels for automatic control of the unit for polymer-film material production
have been identified with the aim of improving quality of products. While using the proposed dynamic models it has been
demonstrated that it is necessary to apply systems for automatic measuring of section rotation speed and film tension in the
unit for polymer-film material production in order to ensure effective control over an extrusion process. The proposed dyna-
mic model can be efficiently used to create an adaptive system which is applied to control a multi-motor drive of the unit for

of polymer-film material production.

Keywords: polymer film, deformation, dynamic models
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BrIllyck  KadecTBEHHBIX IMOIMMEPHO-TIICHOY-
HBIX MaTepUajIoB UMeeT OOJbIIOE 3HAYCHHE B CTPYK-
Type coBpeMeHHoro npousBonactsa [1]. Ha arpera-
Tax MO MPOU3BOJICTBY MOJUMEPHO-TUICHOYHBIX Ma-
TEPUAJIOB PEaTn3yIOTCS HEMPEPHIBHBIC TEXHOIOTU-
YECKHE TMPOLECCHl, XapaKTepHOH OCOOEHHOCTHIO
KOTOPBIX SIBJISIETCS HAIWYHE PsJla MaIlWH, Pacio-
JIO)KEHHBIX TIOCJIEIOBATEIbHO W OOBEIUHEHHBIX
obmuMm mporeccoM. [Ipu hopmupoBannm IIeHKA
NPOXOIUT Psl TEXHOJIOTHYECKUX YYaCTKOB, HA KO-
TOPBIX BpeMs ee NpeObIBaHUS JOIKHO OBITH CTPO-
ro onpeneneHHbIM [2]. Kpome sToro, nmis nomyue-
HUsl TpeOyeMbIX (U3UKO-MEXaHHYECKHUX Xapak-
TEPUCTUK INJICHKA HAXOAUTCS 1IOJ ONPCIACIICHHBIM,
HO pPa3IMYHBIM [JIA KaXXI0TI'0 TCEXHOJOTHUYECKOI'O
y4aCTKa HaTsSXKCHHUCEM. B mnenke MaKpOMOJICKYJIbI
pacroiaraloTcsi XaoTHYHO, YTO OOYCIIOBJIHMBAET €
HHU3KYI0O TPOYHOCTH HA Pa3pbiB, OYEHb BBICOKOE
YAJUHEHUE W HU3KYIO YIpyrocTh. [lpn HaTsHkeHun
IUIGHKM TPOHUCXOAUT paclpeleieHHe MOJEKYld H
OpHEHTAlMs MX BAOJIb OJHOW OCH, B pe3yjbTaTe
4ero o0pa3yloTcsi MEKMOJICKYJISIpHBIE CBSI3H, YBe-
JIMYUBACTCA NPOYHOCTb U CHHKACTCA YIJIMHCHUC.
Ob6ecrnieueHre 3HaYCHUH 3TUX MApPaMETPOB IUICHKU
B JIONyCTUMBIX TIpeJlieNiaX OCYIIECTBISETCS C TO-
MOIIIbI0 MEXaHW3MOB HENPEPHIBHOTO TMepeMere-
HUs TUIeHKH [ 3, 4].

Paznuynpie BO3MYIICHHS, BO3HUKAIONIUE B CH-
CTeMe arperara IO TIPOU3BOJCTBY IOJIUMEPHO-
TUICHOYHBIX MAaTepUalIOB, TIEpENalOTCs 4epe3 Me-
XaHU3MBI HETPEPBIBHOTO IEPEMEIICHUS IUICHKU.
[IpoucxoauT paccoriiacoBaHu€ CKOpPOCTEN BajKOB
Y HapyIIaeTcsl PeXXUM HaTsbKeHHs. HenmocTostHeTBO
HATSDKEHUH B Tpoliecce (DOpMUPOBAaHUS TUICHKU
NPUBOJUT K HEOAHOPOIHOCTH (DU3UYECKUX U Me-
XaHWYIECKUX CBOMCTB 1o ee miuHe [5—7]. OTCyT-
CTBHE CHCTEMBI YNPAaBICHUS 32 CKOPOCTHBIM pe-
KUMOM pabOoTHI arperata M HAaTSHKEHHEM IUICHKH
HE AT BO3MOXKHOCTH CBOEBPEMEHHO BBIIBHUTH

Hayka
wrexHuka. T. 17, Ne 6 (2018)

nedeKTsl M MPEeIOTBPATHTh BBITYCK HEKAYECTBEH-
HOM MPOAYKIUH.

AHanu3 arperatoB MO MPOWU3BOJACTBY IOJH-
MEpHOH IJIEHKH! TOKa3bIBAET, YTO K HUM TPEABSB-
JISIIOTCS. TOCTAaTOYHO Cepbe3Hble TPeOOBaHUS B OT-
HOIIIEHUH TOJIJIEPKaHUS COOTHOIIICHUSI JTMHEWHBIX
CKOPOCTEH MEXIy CEKIMSIMH B YCTaHOBHBIIIHX-
ca (£1 %) n muHammueckux (2 %) pexxumax u
perynupoOBaHNN HATSDKEHUS, 0COOCHHO B TIpoIiecce
cymk# (15 %). CoGmonenne yka3aHHBIX TpeOOBa-
HUI BO3MOXXHO TIOCPEICTBOM aBTOMAaTHYECKHX
CHUCTEM YIIPaBJIEHUS 3JEKTPONPUBOIOM, MOCTPO-
€HHBIX C YYeTOM JHMHAMHYECKOW MOJEH JBHKe-
Hus 1eHku [8—10]. Iloatromy B maHHOI pabote
MPEUIOKEHBI HOBBIC (P (MEKTHBHbIC TUHAMUYECKUE
MOJIEJIN JBM>KEHHSI TIONMMEPHON MJICHKH, KOTOPbIE
B OTJIMYHE OT U3BECTHBIX OMPEACTSIOT CBI3H MEXK-
Iy JTUHEHHBIMH CKOPOCTSMH IUICHKH U ee aedop-
MalMeNd 1 HATSKEHHEM B Ka)KJ0M CEeKIUHU arpera-
Ta. DTH MOJENH MOTYT OBITh HCHOJIB30BaHBI MPH
CO3/IaHWU aJaNTHBHON CHUCTEMBI YIIPABICHUS MHO-
TOJIBUTATEIbHBIM 3JIEKTPONPHUBOAOM arperara o
MIPOM3BOJICTBY TOJIMMEPHO-TNICHOYHBIX MaTepHha-
JIOB C UEJNBIO TMOBBIIICHUS! MPOYHOCTH TUICHKH W
CHIDKEHUS €€ YIJTUHECHHUS.

B mporiecce pa3zpaboTKu TUHAMUYECKUX MO/IE-
el JBWKEHUS TIOJIMMEPHON TUIGHKH TPUHSTHI
ClIeyroIre AOMYIIEHMs: TPy AeQopManny TUIeH-
KH €€ TIONEepeyHble CEUEHHs] OCTAIOTCS TUIOCKUMHU
W TEePNEeHANKYISIPHBIMA K OCH PaCTSOHKCHUS; JIBU-
YKEHHEM YacTHI] MJICHKU B MONIEPEYHOM HarpanJe-
HUU TIpeHeOperaeM; CKOPOCTh JIBHKEHHS ITUICHKU
CYIIECTBEHHO MEHbBIIIE CKOPOCTH pPaclpoCTpaHe-
HUS B HHUX YOpyrux jaedopmanuii; IIeHKa UMeeT
OJIMHAKOBOE CEUCHHE BO BCEX 30HAX Aedopmaruu.

Paccmotpum maislii yuactok Ax (BIOJIb KOTO-
pOro TPOXOJUT TUICHKA) CEKIIUH, PACIIOIIOKEHHOH
Mexay ceximsiMu A u B (puc. 1). Uepes miiockocTb,
HaXOJISIIYIOCS Ha PACCTOSIHUU X OT TOYKH A (TIpe-
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JObIIyIIas CEKIWs), B paccMaTpHBaeMbId ydac-
TOK Ax 3a ¢IMHHUILy BPEMEHH BXOIUT KOJIMYECTBO
TICHKA gy

QBX = Spox 4

rae S — IIomanb MOTEPEYHOT0 CEUCHUS TUICHKH;
p — IUIOTHOCTH IUICHKH; Vz — CKOPOCTh JIBUKEHUS
IUICHKY HA BXOJIE B yYaCTOK Ax.

L

A

A J
3

Vi

]

T
»
>

g,V (e + Ag), (v + Av)

\

|

4 \
\

X | Ax
>

\

]
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\
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\

\

Puc. 1. Manblii y4acTOK CEKLIUU arperaTa NoJIUMEepHO-
TUIEHOYHBIX MaTEPHANOB: V| — CKOPOCTb IJIEHKH Ha BBIXOJIE
U3 CEeKIMH A; v, — CKOPOCTb INIEHKH Ha BXOJIE B CEKIIMIO B;

V — CKOPOCTb IUICHKH B paCCMaTpUBAaEMO CEKIUH;

Av — npupalleHie CKOPOCTH MJIEHKH B pacCMaTpUBAEMOM
CEeKLUH; € — AeopManust INICHKU B paccMaTpuBaeMoit
CEeKINH; A€ — IpUpalneHue AeGpopMaIiy IICHKH
B pacCMaTpUBAEMON CeKIMU; L — paccTosHUE
MEXIY CeKIUsIMH A u B

Fig. 1. Small section part of unit for polymeric film materials:
vy — film speed at section 4 exit; v, — film speed
at section B entrance; v — film speed at considered section;
Av — increment of film speed at considered section;
¢ — film deformation at considered section;
Ag — increment of film deformation at considered section;
L — distance between sections 4 and B

IIpumeM B puOIIKEHUH, YTO B MpEAeIax Ma-
JIOTO yYacTKa CEKIMHU Ax TUIOIIAIh MOMEPEYHOrO
CeUYeHUS TUICHKH S OCTaeTcss HeM3MEHHOW B TIPO-
mecce ee pacTsbkeHms (ycamku) MEXKIY CEKITHs-
MU A ¥ B. DTO TOMYCTUMO C y4eTOM KO3 PUIHCH-
toB IlyaccoHa miis TMOJIMMEpPHBIX IUICHOK. Tak,
Hampumep, kodddurment [lyaccoHa muist moIUITH-
neHoB cocraBiser 0,15-0,20. 3a mpomexyTox
BpeMeHUu Af U3 30HBI AX BBIXOJUT KOJHUYECTBO
TICHKA Qg

QBmx = QBX T AQ = S(poX + A(pV))

CrnenoBaTeNlbHO, KOJMYECTBO MaTrepuaia Ha
yagacTke Ax 3a cuer aedopmanuu AQ (6e3 ydera
3HaKa) U3MCHSCTCS Ha BETUUUHY

AQ =SA(pv).

ITo 3aKoHY HEpa3pBIBHOCTU CPEJIbI, H3MCHCHHE
Macchl BEIIECTBA B CAMHHUILY BPEMEHH Ha ydact-
Ke Ax JOIDKHO OBITH TAQ, T. €.
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o(spv) _

Y 1AQ, )
501051

SAX‘Z_‘; —£SA(pv). @

B (1) u (2) 3HaK «+» Oepercs misl mporuecca
yCaJKu, a 3HaK «—» — Ui Mpolecca PacTsHKEHHS.
B npenene nmpu Ax — 0 umeeM

o _.2ev)

ot ox )

®opmyna (3) mpencraBiser coboll ypaBHEHHE
HEPa3pBIBHOCTH CpPEJBl Ui OJHOMEPHOTO CJof,
KOT/Ia IEPEMEHHBIE 3aBUCST OT OJJHON KOOPAWHATEHI
MPOCTPAHCTBA M BPEMEHH, NPH ATOM ILIOTHOCTb
CpeIbl B OTHOMEPHOM CITy4ae

Po
S 4
P11, 4)

TJie pp — TUNIOTHOCTh HeIe(OPMUPOBAHHOM CpEIb;
€ — nedopmanyst (3HaK «+» OTHOCHTCS K MPOIECCY
pacTsHKECHUS, 3HAK «—» — K TIPOIIECCY YCAJIKH).

Hubdepenuupys mo ¢ ypaBHenue (4) u moi-
CTaBIISIA Pe3yJNIbTaT B (3), MOIydIuM

—@i§=(1is)@.
ot Ox ox

Ecmm € <<1, 9ro cmpaBemIuBO ISl OTIACIOY-
HBIX arperaToB MOJUMEPHBIX TUICHOK, TO ITOTYIHIM

a0 _ov

ot Ox Ox
Takum o0pa3oM, pacrpocTpaHeHue aehopma-
UM B IUICHKE, MMPOCTPAHCTBE M BO BPEMEHH OITH-
ceiBaeTcs AU depeHraabHBIM  ypaBHEHHEM B
YAaCTHBIX IPOM3BOAHBIX. JIJIsI €ro perreHust Hamo
3HATh pACIPEACICHHE CKOPOCTH 4YacTHI[ Mare-
pHana BOJNb YYacTKa PacTsHKEHHUs. MexX Iy dacTh-
aMy MaTepuaiga CyMIECTBYIOT CHJIBI, CTpEeMsi-
nMecs TepenaTh CMEKHBIM YACTHIIAM TaKOE K
IBIDKEHHE, KOTOPOE NPHIOKEHO K MaTepHaiy.
Mesxay YacTHIIaMH MaTephaia, K KOTOPBIM TIpH-
JIOXKEHA Harpys3ka, ¥ CMEXHBIMH YaCTHIIAMH BO3-
HUKAIOT CHIIBI, CTPEMSIIUECS COOOIINUTE COCETHUM
YaCTHUIIAM JIBIDKEHHE. DTO ISHCTBUE CHIT 3a7IepiKH-
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BaeTCs IO/ BIHMSHWEM CHJI WHEPIHH, OEHCTBYIO-
IMX B HaNpaBJIeHUH, MPOTHBOIIOIOKHOM JIBU-
YKEHHIO.

Ecnu nox nedictBueM mnpupaiieHus cuibl AF
CEUYCHHE MaTepualia CMECTUTCS Ha BeIUunHy Al, TO
neopMarsl ydactka Ax 3alMIIeTcss Kak €=
= Al/Ax, v ipu Ax — 0

&= 0l/ox. (5)

CKOpOCTB JABWKCHUA 4aCTUIl MaT€pualia B CE-
YCHUU X

. Al ol
v=lim —=—.
A0 At Ot
TlockonbKy CMEIIEHHE CEYEHUs IPOUCXOIUT

HEIPEPBIBHO, HA OCHOBaHMH (5) CKOpocTh medop-
MaIUH 3aIHIIeTCs KaK

&_od_odl
ot dtox oxot
NN
Os Ov
=2 6
ot Ox ©

VYpaBHeHHe (6) BBIpaXKaeT CBSI3b MEXKIYy Je-
(opmanyeil ¥ CKOPOCTbIO ABWXKECHUS MaTepuaa.
Benuunna AF, Bo3aelcTBYOIIAs HA Y4acTOK Ax:

AF =SAo,

I/ G — HOpMaJIbHOE HATSDKEHUE B CEUCHUH X.

C npyroit cTopoHBI, AF IOIDKHA PaBHATHCS
MIPOM3BEICHUIO MacChl Am = poSAx Ha yCKope-
Hue Ov/0ot

ov
SAx— = SAoc,
Po o

i pu Ax — 0

ov 0o

—=— 7
Po o ox (7

Tak kak CBSI3b MEXKIy HanpsDKEHUEM U j1edop-
MaIeil OJHO3HAYHO ONPE/CNIACTCS YPaBHCHUEM
MEXaHMUYECKOTO COCTOSIHUS JUISl YIPYTUX W YIpY-
TOTUTACTUYECKHUX Cpell, To, Toyiaras G = o(&(t, X)),
uMeeM
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0c 0o O¢
L _PoE (8)
ox Ot Ox

C yuetom (8) paBeHCTBO (7) IpUMET BUJT

v oo o
“or e ox’
WIH
ov 2 os
—=C —,
ot ox
roe c= — CKOPOCTh PACIPOCTPAHCHHUS
nehopMaruii.

W3 u3105KEHHOTO BBINIE BUIHO, YTO JBIXKCHHE
Y4acTHIl B JePOPMHUPYEMOM MaTepuaje OIHCHIBA-
€TCs CUCTEMOM ypaBHEHUM:

2 _ov.
or  ox’

9
8\1 288 ()
—=C —.
ot Oox

st pemrenns (9) HamoO 3HATH, SIBISIETCS JIH T10-
JTUMepHas IJIeHKa YIPYTHM, YIPYTOIIaCTHYECKUM
win 0oJiee CIOXKHBIM MAaTEPUAIIOM; SIBISFOTCS JIK
nedopmalii 00paTUMBIMU WIIH HEOOPATUMBIMU;
KaK BIIMSET CKOPOCTh TNPHUIIOKEHUS HArpy3KH Ha
3aBUCUMOCTH G = G(&(Z, X)).

[Ipocnenum wW3MeHEHHE COCTOSIHHAS CHCTEMBI
B TOYKE X OCH MEpeMEemeHHs] U MIPHUMEM, YTO TIO-
TOK OIHOPOJCH, T. €. P M V 3aBHUCSAT TOJBKO OT f.
[Ipy NpPUHATBIX JOMYIIEHUSX YpPaBHEHHE Hepas-
pBeIBHOCTH (3) 3amuIieM B BUE

ap _poi =PV,
dt L

2

rje L — paccTOsTHIE MEXTy CMEKHBIMHU CEKITHSIMH.
YuutsiBas (4), MOIyIHM

d
L;‘tgzv2 —(1+8)V1,

nin

S =21 10
v, dt v (10)
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Ecimm v, — v, =const, To penieHue ypaBHe-
uus (10) umeeT BUA

az(vz—vl)/vl(l—efm), (11

rae t=L/v; — nocTossHHas BPEMEHW HPOTEKaHUs
npoliecca JegopMaliy B 30He.

U3 (11) BugHO, uTO Mpouecc aeopManuu Ma-
Tepuaia B 30HE MPOTEKaeT HE MIHOBEHHO, a Xa-
paKTepU3yeTCs HEKOTOPOM MOCTOSIHHOW BPEMEHU T.
W3menenne nedopmanyy OTCTaeT OT M3MEHEHUS
COOTHOIICHHS CKopocTel cekmuii. Ypapaerwus (10)
u (11) SBISTFOTCS TUHAMIYECKONW MOJEITBI0 MEKCEK-
LMOHHOM 30HBI MPU OTCYTCTBHM HPOCKATb3bIBAHHUS
NepeMeIIaeMoro MaTepraa B CeKIHsX.

®opmyna (10) cipaBeayinBa Mpu yCIOBHH, YTO
B MEKCEKIMOHHYIO 30HY BXOAMT HelnedopMHpO-
BaHHBIN Matepuan. OJTHAKO B MHOTOCEKIIHOHHOM
arperatre 4acto TpeOyeTcss TPOAHAIU3UPOBATH
nporiecc aedopManui MaTepuaia B MPOMEXyTOU-
Hoi 30He. B aToMm ciydae (10) mpumer Bua

L .dgz+82:v2(1+81)—v1, (12)
vi(l+¢)(1+¢,) dr v,

rae € — Jedopmanys MaTepuana, BXOIALIEro B
30HY; €, — TO )K€ B JJaHHOH 30HE.

Hunamuueckas mozaens (12) meMoHcTpupyer,
YTO Mpolecc U3MEHEHUs nedopMaluy Mpu CKad-
KOOOpa3HOM HM3MEHEHHH CKOPOCTEH MPOTEKaeT C
MOCTOSIHHOW BpeMEHU

L de,
w(l+e)(1+e,) dt

T=

Kak 1mokasanu mnpoBedeHHBIE HCCIIE0BA-
Hus [9, 10], Ha arperaTax 1mo Mpou3BOACTBY IOJIU-
MEPHBIX IUIEHOK HE 00eCIeunBaeTCs epeMelieHue
Mmartepuaja 0e3 ero HpOCKajb3bIBaHUS B BaJIKax
1oJ JeHCTBUEM pa3HOCTH AedopManuii B CMeEX-
HbIX 30HaxX. B 3ToMm ciydae JnHEHHas CKOpPOCTb
BAJIKOB V, HE paBHA CKOPOCTHU BBIXOJA U3 HUX Ma-
TepuasnoB v. CKOpOCTh BBIXOJAa MaTepuaa U3 Ball-
KOB OIpeAesIsIeTCs 10 CIeqyIoIel 3aBUCUMOCTH:

v=v,(1+B(g, —¢)),

rae B — xodddummenT, xapakTepru3yOmui mpo-
CKaJIb3bIBAaHHE MAaTEpUaIa OTHOCUTEIBHO CEKITHH.

532

Mexay negopmanueid € u HaTsDkeHueM 1 Cy-
LIECTBYET 3aBUCUMOCTh

T =ke, (13)

rae k — ko3 duureHT, XxapakTepu3youmi Gusn-
KO-MEXaHUYECKUE CBOMCTBA MaTepuala.

C yuerom (13) ypaBuenme (12) 3ammmiercs
cleayromuM o0pazom:

Lk ar, T,
w(+T/k)(1+ Ty k) dt &k
_1/2(1+T1/k)—v1

>

(14)
4|

rae 1) — HaATSHDKCHUE MaTepraia, BXOIIIETO B 30-
Hy; 1> — TO K€ B IaHHOU 30HE.

Junamudeckas Mozenb (14) mokassiBaeT, 4ToO
nporiecc aeopmanuu MaTepuana B MEKCEKIIMOH-
HOW 30HE, OIpECIICMbIN er0 HATSHKCHUEM, 3aBH-
CUT OT COOTHOIICHHS JIMHEHHBIX CKOPOCTEH CeK-
MM ¥ BEIWYMH HaTsSKEHUM B 30Hax. s Toro
YTOOBl ATHM TPOIECCOM YIPaBISATh, B IIEPBYIO
odepenr HEoOXOmUMO pa3paboTaTh CHUCTEMBI aB-
TOMaTHIECKOTO HM3MEPEHHS CKOPOCTEH BpaIieHUs
CeKIIMH arperara Mo IPOM3BOJCTBY IMOJIMMEPHO-
IJICHOYHBIX MATEPUAJIOB U HATSKCHUS TIICHKH.

BBIBO/I

AHanu3 npeIoKCHHBIX TUHAMHYECKUX MOJIC-
neil nBwkeHus nonuMepHod tienku (10), (12),
(14) mo3BoNsET CcAENATh CICAYIOIINE BBIBOIBI O
BO3MOXKHBIX KaHajax yIMpPaBJICHHS arperaroM IO
MIPOM3BOCTBY MOJUMEPHO-IICHOYHBIX MaTepHha-
JIOB C ENBIO YIIYUIIeHUS KaueCTBa MPOTyKITHH:

— CHIKeHue jaedopManuii €, IMOJIUMEPHOMN
IUICHKU B KaXKJI0W 30HE arperara MOXET OBITh J10-
CTUTHYTO KaK ITyTeM U3MEHEHHSI COOTHOIICHUS CKO-
poCTeil Ha BXoJie B 30HY W BEIXoze u3 Hee (v, V,),
TaK W BBEACHHEM KOMIIEHCATOpa BO3MYIIEHH,
00yCIOBIIEHHBIX Je(opMarUsIMH IUICHKA €, Ha
BXOJI€ B 30HY;

— KOPPEKIU BEITUYMHBI HATSDKCHUS TIOJHMEP-
HOH TieHKH T, B KaXKIION 30HE MOXET OBITH OCY-
IIeCTBIIEHAa N3MEHEHNEM COOTHOIICHUSI CKOPOCTEr
Ha BXOJIE B 30HY H BBIXOJE U3 HEe (V), V), a TAKKE
W3MEHEHUEM HATSDKEHUS! MOJMMEPHOM IUIEHKH T
Ha BXOJ€ B 30HY M YaCTHYHOW KOMIICHCAIUCH
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BO3MYILEHHH, 00YCIIOBIEHHBIX AehopMalusiIMH €;
TUIEHKH Ha BXOJI€ B 30HY.
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