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FrEOOQE3NA N PABPABOTKA
MOJIE3HbIX MCKOTMAEMbIX

GEODESY AND MINING

https://doi.org/10.21122/2227-1031-2022-21-6-455-463
VYK 622.224.24:622.274.52(047.31)(476)

CaoeBasi BbiemMka TpeTbero kajauiiHOro mjiacra

C YMEHbIICHHOW MOIIHOCTHI0 MEKCI0CBOM MOTOJOYMHBI
JlokT. TexH. HayK, npod. b. U. Iler OBCKHii", KAHI. TeXH. HaYK, aou. A. JI. Hoasikos”,
KaHJ. TexH. Hayk B. A. Mucnukos”, M. I. Illadpuxos?

Ddunan Benopycckoro HalHOHAILHOrO TEXHUYECKOro yHIBepcHTeTa (r. Comuropek, Pecry6imka Benapycs),
?Hay4HO-IIPOM3BOICTBEHHOE YHUTAPHOE NMpeanpusthe «MHCTUTYT FOPHOTo ey
(r. Conuropck, Pecniy6nuka benapycn)

© Bbenopycckuii HalMOHATIBHBIA TEXHUYECKUH yHUBEpCUTeET, 2022
Belarusian National Technical University, 2022

Pedepat. Tpernii xammitapii miact CTapoOMHCKOTO MECTOPOXKICHHS B OCHOBHOM OTPaOaTHIBACTCS IO TEXHOJOTHMH CIOEBOM
BbleMKH. CyIIIHOCTh TEXHOJIOTHHU 3aKII0YaeTCs B ONEPEKAOLICH BhIeMKEe BEpXHEH J1aBOW CHIIBBUHUTOBOTO CJIOSl 4 U COBMECTHOM
BBIEMKE OTCTAIOILECH HIDKHEH JIaBOM CJIoeB 2, 2—3 ¢ 3 MoJ 3aIUTON MEXCIOSBOM MaYKy KaMeHHOH coin 3—4 (II0TOJIOUHHBI), OCTaB-
JsIeMOi B BBIPAaOOTaHHOM HPOCTPAHCTBE. MOIIHOCTh TOTOJIOYMHBI B COOTBETCTBUH C TPEOOBAHMSAMH HOPMATHBHOTO JOKYyMEHTa
JOJDKHA cocTaBisiTh He MeHee 0,8 M. B To ke BpeMs Ha IIaXTHOM IONe pyAHHKA TPeThero pyaoynpaBieHHsS MMEIOTCS YYacTKU
¢ ymeHbleHHOH 10 0,66—0,70 M MOIIHOCTBIO MOTONOUMHBL. L{enbio HccnenoBaHnii aBTOPOB SIBISUIOCH OINIpeieSIeHUE BO3MOXKHOCTH
Oe3omacHolt 0TpaboTKH TpeThero KaauitHOro IIacTa Mo TEXHOIOIMH CIIOEBOM BBIEMKH C YMEHBIICHHOM MOIHOCTBHIO IIOTOJIOYHHBL
B nporiecce HaTypHOT0 3KCIIEPHIMEHTA U3Y4YeHbI TEOJIOTMYECKOe CTPOSHUE U IPOYHOCTHBIE CBOMCTBA MOPO] OTOJIOUHHEI, €€ YCTOM-
YUBOCTh B MPU3a00HHOM NPOCTPAHCTBE U WHTEHCUBHOCTH HArPY)KCHHUs 3a00MHOM Kperu HIDKHHX JiaB. MeToIbl MCCleOBaHUS
BKJIFOYAJIM TaKXKe aHAJIN3 JIMTEPATYPHBIX MCTOYHMKOB M CTATHCTHUYECKYIO OOpabOTKY IMOJIyYeHHBIX JaHHBIX. YCTAHOBJIEHO, YTO
YMEHBIIICHHE MOIIHOCTH TIoToT04urHbI Ha 0,10-0,14 M oT TpeOyeMoii He OKa3bIBaCT CYIIECCTBCHHOTO BIMSHHUS Ha €€ MPOYHOCTb, MPU
9TOM OHA COXPaHsAET yCTONYHMBOCTD B MPU3a00HHOM IIPOCTPAHCTBE HIKHUX JIaB. OCHOBHBIE NIOKA3aTeIH IPOSIBICHUS TOPHOTO JiaB-
JIHUsI B UCCIIEIyeMbIX HIDKHHUX JIaBaX — CKOPOCTh HapacTaHUsI 3a001HOM KpeIy B OYMCTHBIX LUKJIAX ¥ OIyCKaHWE KPOBJIHU B TIpU3a-
0OIHOM IPOCTPAHCTBE — HE MPEBBILIAIM aHATOTMYHBIE [IOKA3aTeIIH B JIaBax ¢ TpeOyeMOoi MOIIHOCTBIO MOTONOUMHBL. [Tomy4yeHHbIe
JIAHHBIC CBUJICTENILCTBYIOT O BO3MOYKHOCTH O€30MacHOi 0TpaboTKu TpeThero KaIMiiHOrO IIacTa 1Mo TEXHOJIOTHH CIIOCBOI BHICMKH
MPH MOIIHOCTH MEKCJIOCBOM Mauku kameHHou comu 3—4 He Menee 0,66 M. IIpu 3tom Hecymiast crocoOHOCTh 3a00MHOM Kperu
JIOJDKHA COCTaBJIATh He MeHee 550 KH/AM.

Ki1roueBble €j10Ba: rOPHO-TEOJOTHYECKHE YCIOBHS, TOPHOE AaBJICHHE, NPHU3ab0iHOEe MPOCTPAHCTBO, JIaBa, MOTOIOYNHA, 3a-
0oiiHas Kpemb, CTaTUCTHYECKasi 00paboTKa TaHHBIX

Jas uurupoBanusi: CiioeBas BeleMKa TpeThero KaauiHOIO IUIacTa C YMEHBIIEHHOH MOIITHOCTBIO MEXCIIOEBOI MOTOIOYH-
uel / B. U. Iletposckuit [u np.] // Hayxa u mexnuxa. 2022. T. 21, Ne 6. C. 455-463. https://doi.org/10.21122/2227-1031-2022-
21-6-455-463

Layered Excavation of the Third Potash Seam
with Reduced Thickness of Interlayer Ceiling
B. I. Piatrouski”, A. L. Paliakou”, V. A. Misnikou”, M. G. Shafikau”

DBranch of the Belarusian National Technical University (Soligorsk, Republic of Belarus),
PResearch and Production Unitary Enterprise “Institute of Mining” (Soligorsk, Republic of Belarus)

Abstract. The third potash seam of the Starobinsky deposit is mainly mined using the layered mining technology. The es-
sence of the technology lies in the advance excavation of the 4" sylvinite layer by the uppere lava and the joint excavation
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Teooe3us upazpa60ml<a ROJIE3HbIX UCKONAEMDbIX

of layers 2, 2-3 and 3 by the lagging lower lava under the protection of the interlayer pack of rock salt 3—4 (ceiling) left in the goaf.
The thickness of the ceiling in accordance with the requirements of the regulatory document should be at least 0.8 m.
At the same time, in the mine field of the mine of the Third Mine Administration, there are areas with a ceiling thickness reduced
to 0.66—0.70 m. The purpose of the author’s research was to determine the possibility of safe mining of the Third potash seam using
the layered mining technology with a reduced thickness of the ceiling. In the course of a full-scale experiment, the geological struc-
ture and strength properties of the rocks of the ceiling, its stability in the bottomhole space and the intensity of loading of the bottom-
hole lining of the lower lavas have been studied in the paper. The research methods also included the analysis of literary sources and
statistical processing of the obtained data. It has been established that a decrease in the thickness of the ceiling by 0.10-0.14 m from
the required one does not have a significant effect on its strength, while it remains stable in the near-bottom space of the lower
longwalls. The main indicators of the manifestation of rock pressure in the studied lower longwalls — the rate of increase of the bot-
tomhole lining in the stope cycles and the lowering of the roof in the bottomhole space — did not exceed the similar indicators in the
longwalls with the required thickness of the ceiling. The obtained data indicate the possibility of safemining of the Third potash seam
using the layered excavation technology with the thickness of the interlayer rock salt pack 3—4 not less than 0.66 m. In this case, the
bearing capacity of the bottomhole lining should be at least 550 KN/m?.

Keywords: mining and geological conditions, rock pressure, bottomhole space, lava, ceiling, bottom hole support, statistical data
processing

For citation: Piatrouski B. 1., Paliakou A. L., Misnikou U. A., Shafikau M. G. (2022) Layered Excavation of the Third Potash Seam
with Reduced Thickness of Interlayer Ceiling. Science and Technique. 21 (6), 455—463. https://doi.org/10.21122/ 2227-1031-2022-
21-6-455-463 (in Russian)

Beenenne B 3amaunm uccienoBaHul BXOAWIO H3Yy4ECHHE
TEOJIOTHYECKOT0 CTPOEHHsI U (PU3MKO-MeXxaHu4e-
CKHX CBOMCTB MOpOJI, CIararoliX MEKCIOEBYIO
Mayky KaMeHHOW conu 3—4 B HeHaJpaOOTaHHOM
1 HagpaOOTaHHOM MacCHBaX, a TAKXKeE XapakTepa
HarpyXeHusi mpu3abOWHOr0 MPOCTPAHCTBA HIK-

Hux jaB Ne 3-12 u 3-13, medopmupyemocTw,

CrnoeBast BbleMKa ABJISETCSI OCHOBHBIM BapHaH-
ToM oTpaboTku Tpersero kanwmitHoro muacrta Cra-
poOuHCcKOoTO MecTtopoxaeHus. [lo 3Tol TexHo-
JIOTUW BHadaje BepXHEH aBoWl oTpabaThIBaeT-
Cs CHIIbBUHHMTOBBIN CI0M 4, a 3aTeM HIDKHEH Jia-

BOH C Pa3IMYHBIM Pa3pbIBOM BO BpEMEHH OTpabaThI-
BAaIOTCSI OJJHOBPEMEHHO CHJIBBHHUTOBEIC CJIOM 2 U 3
C MEXKCIIOCBBIM MPOCIIOEM KaMeHHOU conu 2—3 00-
men MouHocTsio 1,7-2,4 M [1-7]. Ponb nepekpsl-
TS JUTsL HWDKHEH JIaBBI OT OOpYIIEHHBIX TIO-
POl KPOBIM TIACTA TIOCIE ONEpPEKAOIIEH BhIEM-
KA CHJIBBHHHTOBOTO CJIOA 4 BBHIMOJHSAET MEXCIOe-
Basg Tayka KaMeHHOW comm 3—4 (moTonouymHa),
MOIITHOCTh KOTOPOH B COOTBETCTBUU C TPEOOBAHMU-
SIMA HOPMATHBHOTO JIOKYMEHTa JOJKHA COCTaB-
nath He MeHee 0,8 m [8].

B BocTOuHOU U ceBEpO-BOCTOYHON YACTIX
IIaXTHOTO TIONISl pyaHHWKa Tperhero pymoympaslie-
st (3 PY) OAO «benapycekanuii» BCTpeyaroTCs
YYacTKH, TJie cjIol kameHHOU conu 3—4 Tpetbero
KaJIMIHOTO IiacTta uMeeT MomHocTh 0,66—0,70 M.
IIpu Takoii MOIIHOCTH NOTOJOYUHBI BO3MOXKHO €€
paspylieHre B MpU3a00MHOM IPOCTPAHCTBE HIDK-
Hell JaBel ¢ oOpa3oBaHHMEM BBHIBAJIOB. B CBs3u
¢ 3TUM Ha pyanuke 3 PY Obutu mpoBeeHbI uccie-
JIOBaHUS, IS0 KOTOPBIX SIBIISUIOCH OIPE/ICICHUC
BO3MOXKHOCTH 0e30macHOi OTpabOTKM 3armacoB
HIDKHAMHU CJIOCBBIMH JIaBaMU TIPH yMEHBIICHHON
MOIITHOCTH TIOTOJIOYHHEI [9].
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HapyIIeHHOCTH W YCTOMYMBOCTH YMEHBIIEHHON
MOTOJIOYMHBI HAa Pa3jMYHBIX YYacTKax IO JUINHE
BBIEMOYHBIX CTOJIOOB 4 «A» 1 17 «Ay, oTpabathI-
BaeMBIX COOTBETCTBEHHO JlaBamMu Ne 3—12 u 3-13
¢ ompezeneHrueM (aKTUYECKON yAETbHOW Harpys-
KM Ha 32001 HYyI0 Kpenb OT TOPHOTO JTABJICHHUS.

XapaKkTepUCTHKA 00bEKTOB HCCJIe10BAHUIA

[lnar ropHBIX BBIPAOOTOK B CEBEPO-BOCTOU-
HOM U BOCTOYHOM YACTSX IIAXTHOTO IOJISI PYIHU-
ka 3 PY ¢ noasiMu U M30IUHHMSIMHA MOIIIHOCTH CIIOSI
3—4, MOCTPOCHHBIMU B KOPIIOPATUBHON Te€OMH(OP-
MalMOHHOW cucreMe MapManager, npeacTaBicH
Ha puc. 1 [10]. st mocTpoeHUS TIOJNEH M HU30JIH-
HUH MCIIONB30BaIM JaHHBIE 40 CKBaXXKHH IOI3EM-
HOTO pa3BeloyHoOro OypeHus. Kak BHIIHO U3 pUCYH-
Ka, HA JAaHHOM Y4YacTKe B Tpelmeinax BBIEMOUYHBIX
CTOJIOOB HAOMIOJAFOTCSl YeThIpe OOJIACTU C YMEHb-
IIEHHEM MOIIMHOCTH MoTojo4yuHbl 10 0,66-0,70 M.
Hmwxkuue ciioeBble JaBbl Ha 3THX YYacTKax It
COXpaHEeHUs MOTOJIOYHHBI B 0,8 M MOTYT OCTaBIAThH
YacTh CHJIBBUHUTOBOrO ciof 3. OmgHako miIs 3To-
ro 0e3 3aMEHBl PEXKYIIUX OpPTraHOB OYHUCTHBIX
KOMOAfHOB TMOTpeOyeTCsl MPHUXBATHIBATH MOPOIBI
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ranura u3 cios 2-3. Bce 310 cmocoOGcTBOBANIO
OBl YBEITMYCHUIO TIOTEPH MOJIE3HOTO KOMITOHEHTA
1 pazy0okuBaHUIO0 0TOMBaeMoil pyasl. C yueTom
H3JI0KEHHOTO OBLJIO MPUHSATO PEHICHUE O BHIEMKE
maBamMu Ne 3—12 u 3—13 cnoeB 2, 2-3 u 3 Ha naH-
HBIX yYacTKaX Ha TOJHYI0 MOIIHOCTH C YCIOBHEM
Hay4HOTO COMpoBOXIeHUs pabor. CompoBoxiae-
HHE BKJIIOYANIO B ce0s MpOBeIeHUE KaK IpeIBapu-
TETBHBIX HCCIEAOBAHUMA TEOJOTHYECKOTO CTpOe-
HUS ¥ TPOYHOCTHBIX CBOWMCTB MOPOJ IMOTOJIOYHU-
HBI, TaK U UCCIICAOBAHUM XapaKTepa ee MOBEACHUS
B JIaBax B MPOIECCE OYUCTKU BHIEMKH.

IIpu mpoBegcHUN TMPEABAPUTEIBLHBIX HCCIIEI0-
BaHU YTOUYHSUIMCH YCIIOBHUS 3ajleTaHusl W IpOY-
HOCTHBIE CBOMCTBA MOPOJI, CIAralomnuX MOTOJIOTH-
Hy. s 3TOro B KpOBIIE MOATOTOBUTENHHBIX BBI-
paboTOK, HAXOIAIIMXCSA 3a 30HOW BPEMEHHOIO
OTIOPHOTO [ABJICHUS HIDKHUX JIaB, OypWJIH CKBa-
JKUHBI ¢ OTOOPOM KEpHA, M3 KOTOPOTO BIIOCIE-
CTBUM B COOTBETCTBHUH C TpeOoBaHusMHU [11] usro-
TaBJIMBAIM 00pa3ilbl U MPOBOAWIM MX HMCIIBITAHUS
Ha MPOYHOCTH NpU OAHOOCHOM cxkatuu. I[lpu ot-
0ope KepHa OCYIIECTBIISUTH OMHCAaHUE T'eOJorHYe-
CKOT'O CTPOCHHS IMOTOJIOYMHEI, B MPOIIECCE KOTO-
pOTO OIPEAEISIIN THUIT M XapaKTEPUCTHUKH IOPOJ

BoieMouHbIi cTONO |
17 «A» naBet Ne 3—13

o kiaccugukanuu ycronunoct [12]. Bypenue
CKBRXUH M OTOOpP KEepHa OCYIIECTBISUIM Kak Ha
HEHa/IpabOTaHHBIX, TaK U Ha HAAPAOOTaHHBIX Jia-
BaMU TIPU BBIEMKE CHJIbBUHUTOBOTO CJOs 4 y4act-
Kax BBIEMOYHBIX CTONOOB 4 «A» u 17 «A». Pe-
3yJbTAaThl CTATUCTHYECKOH 00pabOTKM JaHHBIX
MIPOYHOCTH TIOPOJ CJIOST 3—4 Ha OJTHOOCHOE CXKaTHE
B BBIEMOYHBIX cTo0ax jaB Ne 3—12 u 3—13 npen-
CTaBJeHbI B Ta0J. 1. B Tabn. 2 npuBeneHs! pe3yiib-
TaThl UCCIIEJOBAHUIN TEOJIOTHYECKOTO CTPOCHHUS U
MIPOYHOCTHBIX CBOMCTB €08 KaMeHHOW comu 3—4
B CEBEPO-BOCTOYHON M BOCTOYHOM YACTSIX IIAXT-
HOTO noJis pyAaHuka 3 PY.

UccnenoBanus nmposiBIEHUH TOPHOTO JaBICHUS
U YCTOWYMBOCTH TIOTOJIOUYMHBI B TPOIECCE OYHCT-
HOM BBIEMKH MTPOBOJWIM HETIOCPEICTBEHHO B MIPH-
3a00HOM MIPOCTPAHCTBE YIOMSHYTHIX BBIIIE JBYX
HIKHUX cloeBbIX JlaB Ne 3—12 u 3-13, pacmoio-
JKEHHBIX COOTBETCTBEHHO B CEBEPO-BOCTOYHOU M
BOCTOYHOH YacTAX MIAXTHOTO Moy pyaHuka 3 PY.
AHanu3 BBIIONHSNKA ABYMS Mertomamu. llepBorit
OCHOBBIBAJICSI Ha mepuoandecknx (1-2 pasza B He-
JIENTI0) WCCIIEZIOBAHUAX TIPU TOCEUICHWH JIaB CO-
TPYIHUKAMH, BTOPOH 3aKJIIOYaCSd B TPOBEACHUU
KPYTIOCYTOYHBIX MCCIIETOBAHMM.

Yyactku
C MUHUMAJbHON
MOIITHOCTBIO
cnos 34

~ | BoiemouHbI# cTOSO
4 «A» naBer Ne 3—12

Y

q’
T

Puc. 1. CeBepo-BOCTOUHAs X BOCTOYHAS YaCTH IIAXTHOr'O NOJIsL HA TpeTbeM KalluilHOM IulacTe pyIHHUKa TpeTbero pyaoynpaBieHus
C TIOJISIMH U M30JIMHHUSIMH MOIIHOCTH €110 3—4, TIOCTPOSHHBIMH B TeOMH(pOPMaMOHHON cucteme MapManager

Fig. 1. North-eastern and eastern parts of the mine field on the Third potash seam of mine of the Third mining department
with fields and isolines of layer 3—4 thickness built in the MapManager geoinformation system
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Tabnuya 1
Pe3syJsibTaThl CTATHCTHYECKON 00pa00TKHU JAHHBIX IPOYHOCTH IOPOJA ¢J1051 3—4 Ha 0JJHOOCHOE CHKATHE
B BBIEMOYHBIX cT010aX j1aB Ne 3—12 u 3-13
Results of statistical processing of data on the strength of rocks in layer 3—4 for uniaxial compression
in extraction columns of lavas No 3-12 and 3-13
Cpenauit
KommnuectBo npeen Cpenee Koaddu- 3anaHHas
Homep ckBaxuHsl, KBaJpaTH-
HCIBITAaHHBIX | TPOYHOCTH LIUCHT otHocuTenbHas | OtHomie- | HamesxxHOCTH
HaMMEHOBaHHE y4acTKa YecKoe
06pa3u03 Ipx OJTHOOC- Bapuanu norpen- Hue ¢/'V a, %
OypeHUsI CKBaKUH OTKJIOHE-
n, IT. HOM CXKaTHH V, % HOCTb €, %
Hue A, MIla
G, MIla

JlaBa Ne 3—-12
CxBakuHbl Ne 1-3
B HEeHaaApabOTaHHOM
MacCHBE 10 23,0 4,40 19,16 20 1,04 99
CxBakuHbl Ne 4—6
B HaJ{pabOTaHHOM MAacCCHBE 13 20,5 7,00 33,94 20 0,59 94

JlaBa Ne 3—13
CxBakuHbI Ne 4—8
B HEeHaaApabOTaHHOM
MacCHBE 13 21,6 2,66 12,28 20 1,63 100
CxBakunbl Ne 1-3
B HaJ{pabOTaHHOM MAacCCHBE 13 21,8 3,36 15,43 20 1,30 100

Tabnuya 2

Pe3yJsibTaThl HCCIEI0BAHMIA I€0JIOTHYECKOr0 CTPOEHHSI H MPOYHOCTHBIX CBOMCTB €JI0si KaMeHHOii cotn 3—4
B CEBEPO-BOCTOYHOIl M BOCTOYHOIi YaCTAX MIAXTHOIO M0Jisi pyAHnKa Tperbero pyaoynpasiieHust

Results of studies of the geological structure and strength properties of the rock salt layer 3—4
in the north-eastern and eastern parts of the mine field of mine of the Third mining department

XapaKTepI/ICTI/IKa TIPOYHBIX CJIIOCB CpeHHee
HanmMenoBaHne nanean conepKanHe IIpounocts
WU BBIEMOYHOTO CTOJI0a Cymmapuast KONM4ecTBo Cpenuss CIAGBIX Ha OJHOOCHOE
(J1aBBI) MOIIHOCTh MOIIHOCTh . CXATUE Oy, MIla
S CJIOEB 71, IIT. S . om HpOoCIoiikoB 1, %o b
TCy TC 9
HenanpaboTanHsrii MaccuB
Briemounslii ctoib 4 «A»
(1aBa Ne 3-12) 60,0 5 12,00 18,80 23,0
Briemounkrii ctos6 17 «A»
(naBa Ne 3—13) 60,4 9 6,71 29,70 21,6
HanpaGoTtanHsiii MaccuB

Briemounslii ctoib 4 «A»
(1aBa Ne 3-12) 60,0 5 12,00 18,80 20,5
Briemounkrii ctos6 17 «Ax»
(1mraBa Ne 3-13) 70,5 11 6,41 21,60 21,8

l'opHOTEXHUYECKHE YCIIOBUsI OTPA0OTKU JiaBa-
Mu Ne 3—-12 u 3-13 COOTBETCTBYIOIINX WM BEIC-
MOYHBIX CTOJIOOB 4 «A» 1 17 «A», a TakKe yclo-
BUS MPOBEACHUS B HUX HCCICIOBAHUU IMpPEACTaB-
neHbl B Ta0u. 3. JIs moBbIIIEHUs 0€30MacHOCTH
BEJICHUA TOPHBIX paboOT B JaHHBIX JaBaX HCIOIb-
30BajM 3a00MHYIO Kpemb BHICOKOTO pabodvero co-
nporusieHuss MXII-14/22 ¢ yIUIOTHEHHBIM IO
1,75 M maroMm ycTaHOBKM cekuuid. PacuerHas He-
cylias CHOCOOHOCTb 3a00HHON Kpemw MpH 3TOM
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cocrapmsma 710 xkH/M’. Bux npr3aboHHOTrO Tpo-
CTpaHCTBa JIaB ITOKa3aH Ha puC. 2.

[ITaxTHBIE HCCIIEIOBAHUS TI0 TIEPBOMY METOY
3aKIovaliuch B caenyromeM. [Ipu kaxagom moce-
IIEHUU JIaB COTPYIHUKAMU BBIMIOJIHSIICS KOMIUIEKC
WHCTPYMEHTAJBHBIX M BU3YaJILHBIX HAOIIOIACHUH,
BKJIIOYAIOIINN:

a) CHSITHE TMOKa3aHWH JaBJICHUS B THUIPOCTOM-
Kax 3a0OWHOM Kpemu 1O IITaTHBIM MaHOMETPaM-
HHIMKAaTOpaM C yKa3aHHEM HHTEpBaja BPEMEHHU
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MCKOY Hepe}lBH)KKOﬁ Kpe€riu M IMPOU3BCIACHHBIM
3amepoM (73);

0) KOHTPOJb MUCIPABHOCTH KpPEHH C MOMETKON
HEHCITPABHBIX THAPOCTOCK W MaHOMETPOB-UH U~
KaTopOoB;

B) HM3MEpPEHHE IIHMPHUHBI NPH3a00WHOTO TMPOCT-
paHcTBa (B;) ¥ BEHUYKMHBI 3aBUCAHHS TIOPOJAHON KOH-
comu 3a Kpenblo (O,) JasepHOi pyierkoit PJI-32
B 3apaHee BRIOpaHHBIX MeCTaX MO JJIHHE JIABBL;

T) W3yYEHUE COCTOSIHHS KPOBIU B IPU3a00¥i-
HOM TPOCTPaHCTBE JIABBI M XapakTepa ee oOpyie-
HUSI 32 KPEMbI0 BU3YaAlbHBIM CIIOCOOOM, a TaKkKe
¢ moMotisio hoTorpadupoBaHHS;

1) ©3MEpPEHNE 0TXO0/a JIABHI TI0 OJTHOMY M3 O0p-
TOBBIX IITPEKOB.

OO0paboTKy HaHHBIX, TTOMYYEHHBIX TIOCITE KaX-
A0T0 MOCCHICHUA IIAaXThl, OCYIICCTBJIAIN ITYTEM
MTOCTPOEHUS TPpa)UKOB U3MEHEHHS COMTPOTHBIICHUS
THIPOCTOEK BCEX CEKIMK 3a00HOM Kpenu U Belu-
YHMHBI 3aBHCAHUS KPOBJIM 32 KPEIbIo O, MO JJIMHE
JaBBl, a TaK)Ke BBIYMCICHUS CPEJAHUX 3HAYCHUU
CONPOTHBIECHUS CEKUUH Kpenu gy, CKOPOCTH
HapacCTaHUsA COIIPOTUBJIICHUSA THAPOCTOCK KPEIIn Vp,
IIMPUHBI IPU3A00HHOTO MPOCTPAHCTBA B, U 3aBH-
CaHUs KPOBJIH 32 KPETBIO J,.

Tabauya 3

Ycii0BUsI 0TPAOOTKH BbIEMOYHBIX €T0J00B 4 «A» M 17 «A» naBamu Ne 3—12 u 3—13 u npoBeieHUsI B HUX MCCJIe0BAHMIT

Conditions for working out mining pillars 4 “A” and 17 “A” with longwalls No 3-12 and 3-13
and conducting research in them

HaumenoBanue ycioBust OTpabOTKH JlaBa Ne 3—12 JlaBa Ne 3—-13

Cpenusis rimyOuHa 3ajeraHus BBIEMOYHOTO CTOJI0A, M 770 759
JlnrHa BBIEMOYHOTO CTOJI0A, M 3040,0 2322,0
JlmiHa maBel, M 221,0 267,7
JmuHa HagpaOGoTaHHOTO YYaCTKa JIaBbl, M 185,5 183,7
BreiarMaemast MOIIHOCTD (CpenHss), M 1,96 1,95
JuHa HanpabaTeIBaIOICH BEPXHEH JIaBbl, M 200,0 200,0
Pa3prIB BO BpeMeHHU OT OTpabOTKU BEpXHUX JIaB, JIET 12-13 89
HHTepBanm 0TMETOK OTX0/Ia JIaB OT MOHTAXHOTO LITPEKa, M,
Ha KOTOPBIX MMPOBOIMIIICH HCCIEAOBAHMS IO METOY:

epBOMY 2041-2380 1271-1440

BTOPOMY 2244-2318 1320-1385
Y 1aneHHOCTh OT KOHBEHEPHOTro MITPEeKa JIaBBl ydacTKa (3aMepHOTo
npoduiIs) C MPOBOJUBIIMMHUCS UCCIEAOBAHUSMHU 110 BTOPOMY METOIY, M 100-115 (107) 127-149 (135)

Kpens MXII-14/22

1,80-1,95

225

Cnou Tpersero mnacra

1,90-1,96

Puc. 2. Bun npusaboiinoro npoctpanctsa aB Ne 3—12 u 3—13 ¢ kpenbro MXI1-14/22
Fig. 2. Bottomhole view of longwalls No 3-12 and 3—13 with MXII-14/22-support
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CpeHIOI CKOPOCTh HapacTaHHs COMPOTHBIIC-
HUSI THAPOCTOEK Kperu v,, KH/MUH, paccunTsiBaim
o Gopmyiie

0y —20,
v, =————,
T

3

(1)

rae Oy — cpeaHee 3Ha4eHHE CONMPOTUBIICHHS CEK-
uuu Kpenu, kH,

Op = O + Oy )

O¢n, Opn — CpenHee 3HAUYEHHE CONPOTHUBIICHUS
MpaBoOM U JIEBOM THAPOCTOEK CEeKIUM Kpemnu, kKH;
Oy — CpenHU HaualbHBIM pacnop ruapocToek, kH,
On = 1327 xH; T, — cpenHee 3HaueHHE WHTEpBa-
Jla BPEMEHH MEXAY NEPEIBMKKON CEKIUHU Kpenu
U TIPOM3BEJACHHBIMH 3aMepaMH CONPOTHBIIECHUS
THAPOCTOEK, MUH.

Ilocne 3aBepieHus HcCaeI0BaHUM MO IEPBOMY
METOJly CPEIHUE 3HAYEHHs BCEX MOIYYaeMbIX I10-
KazaTelell yCpeqHsUINCh M pacCUUThIBajgach (Qax-
TUYECKas yAeIbHAsA Harpy3Ka Ha KPEIb ¢ g, kH/M*:

Oye
wgE o

rie Opyep — YCPEAHEHHOE 3HAUYEHHE CONPOTHUBIIE-
HUS cekuuu kpenu, KH; B, — To e MHUPUHBI TpU-
3a00fHOTO MPOCTPAHCTBA, M; S — IIar YCTaHOBKH
CEKLMH Kpemnu B JaBe, M, S = 1,75 M.

[ITaxTHBIE WCCIETOBAHUS 10 BTOPOMY METOMY
COCTOSTM B ClleAylomeM. B KaXIoM OYHCTHOM
uukine croiko CYU-3 wu3Mmepsuim  omycKaHue
KpOBJIH (KOHBEPTEHITHIO) 110 MMUPHHE MpH3a00HHO-
ro MPOCTPAHCTBA Ha 3aMEPHOM TMpOduIe, pacro-
JIO)KEHHOM B IICHTPE JIaBBI MEXIY BYMS CEKITHS-
MU 3a00iHON Kkpenu. OmyckaHue KPOBJIH H3MeEps-
JU TI0 CTAHIMSIM KOHTYPHBIX PEMNEpPOB, KOTOPHIE
YCTaHaBIMBAIMCH B TOYBE W KPOBIIE JIaBBI Cpazy
K€ TIOCTIe CHSITUSI OUEPEeTHON CTPYXKKHU Ha PaccTo-
ssarm 0,15-0,35 M ot 3206051 nmaBel. M3MepeHus 1o
KKJOM CTaHIIMM BBINOJHSUIA C MOMEHTa €€ ycCTa-
HOBKH BIUIOTH JIO BBIXOJIA 3a KpeIlb ¢ (YUKCHUPOBa-
HUEM BpEMEHH HaxXOXJICHHWS CTaHIMH B TpHU3a-
0OIHOM MpPOCTpPaHCTBE. 3a BpeMs HCCIIECIOBAHMMA
naBoi Ne 3—12 Obuio BeImonHEeHO 88, a Ne 3—-13 —
76 OYMCTHBIX LIUKIIOB.

Kpome wu3mepeHuil omyckaHuss KpOBIH
Ha 10 cexusix 3a00iHOM Kpemnu JiaB, pacloyIOKeH-
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HBIX 110 00EHM CTOPOHAM OT 3aMEPHBIX MPOQUIIEH,
B K&KJIOM OYHCTHOM LHMKJIE CHUMAIHM MOKa3aHHS
IITaTHBIX MAaHOMETPOB-UHIMKATOPOB IIOCJIE pac-
nopa runpocToek Oy W Tmepen MepeiABIKKON Kpe-
ma Q¢ ¢ (UKCHpOBaHHWEM MPOAOJKUTEIEHOCTH
OUUCTHBIX HUKJIOB 7y, a TakXe NMPOU3BOIWIN H3-
MepeHHs Ja3epHON PYJIETKON MIMPUHBI MPU3a0oii-
HOTO TPOCTPAaHCTBa B, M BEIMYUHBI 3aBHCAHUS
HETIOCPEACTBEHHON KPOBIIH 32 KPEIBIO Os.

CocrosiHue KpOBIH B NPU3a00HHOM MpOCTpaH-
CTBE M XapakTep ee oOpylIeHHs B BhIpaOOTaHHOM
MPOCTPAHCTBE H3y4all BHU3YaJIbHBIM CIIOCOOOM
¢ ucnons3oBanueM ororpaduposanus. s onen-
KH yCTOWYMBOCTH KPOBJH MPUMEHSIIH KO3 PHIIH-
€HT YCTOMYMBOCTH Ky, 1/M, KOTOpBII paccCUUThI-
BaJIM 10 popmyIie

Ky =—"~, 4

rae h, — MakCMMaJbHas BEJIMYWHA MOJHOTO OIyC-
KaHWs KPOBJIH, MM; M, — BEIHIMaeMasi MOIITHOCTh
macTa, MM; B, — YyCpeTHCHHOE 3HAUCHHUE TIUPUHBI
pu3a00ItHOTO IPOCTPAHCTBA, M.

IIpu K. 0,01-0,02 kpoBms B Tpu3abOi-
HOM IIPOCTPAHCTBE OICHMBACTCS KaK yCTOMYMBas,
anpu K > 0,02 — kak HeycTOWUnBas.

B mpomecce 00pabOTKH MONMYYEHHBIX IaHHBIX
B KaXJOM OYHCTHOM IIMKJIE OMPENCISUIA TOTHOE
OITyCKaHWE KPOBJH II0 PEMEepHON CTaHIWH, pac-
MIOJIOKEHHOW Ha CcamMOM OOJIBIIOM YAaNeHHH OT
32005, C (QUKCUpPOBAHUEM TMPOAOHKUTEIEHOCTH
HaXOXIEHUS CTAaHIMH B MpHU3abOHOM MPOCTpaH-
CTBe, a Takxke cpemnne mo 10 cekumsMm 3Haue-
HUA Oy, Oy, Bs, 8,, v, U q¢. CpeiHHEe 3HAUEHUS CKO-
POCTH HapacTaHHs CONPOTHUBIEHHA V, U (akTHUe-
CKOM yJIeJIbHOM HATPy3KHU ¢ 0 10 cexnusam Kpenu
paccUnTHIBAIH 1O POPMyIIaM:

_ QK _QH .
Vp - Tu ’ (5)
@y =2 ©)

[locme 3aBepleHHsT WCCICNOBAHHN CpEIHUE
no 10 cexmusM 3Ha4YE€HHS BCEX IMOKasaTeleil 10
OYHCTHBIM ITUKJIAM YCPENHSUTH, CTPOWMIN Tpadwu-
KU U3MCHEHHUS CPEIHUX 3HAUCHMM BCEX MOKa3aTe-
Heﬁ Ha I/ICCJ'ICIIyeMLIX yqaCTKax BBICMOYHBIX CTOJI-
0OB J1aB.
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Pe3yabTarhl ucciae10BaHUui

HccnenoBanus reogoruyeckoro CTpPOEHUs Mo-
POl ¥ IPOYHOCTHBIX CBOWCTB MOTOJIOUYUHEI B BhIC-
MOYHBIX cT0N0ax 4 «A» u 17 «A» COOTBETCTBYIO-
mux jaB Ne 3—12 u 3—13 nokazanu crienyroriee:

— MNPOYHOCTh MOPOJ TOTOJOYUHBI IIOCIE €€
HaApabOTKU B BBIEMOYHOM CTONIOE 4 «A» yMEHb-
maetcs npumepHo Ha 10 %, a B BRBIEMOYHOM CTOJI-
0e 17 «A» octaeTcs Ha ypoBHE HEHaIpaOOTaHHOTO
MaccHBa;

— 3HAQYEHHs XM /n U 1), TOIYYCHHBIC B BbI-
e€MOYHBIX cToN0ax 4 «A» u 17 «A», B cpaBHEHUH
¢ gaHHbpIMH 110 40 CKBa)XXKWHAM Pa3BEIOYHOTO Oype-
HUSI B BOCTOYHOW M CEBEPO-BOCTOYHOM YACTSIX IIAXT-
Horo 3 PY cootBercTByroT syummmm (y1aBa Ne 3—12)
u cpenauM (maBa Ne 3—13) mokazaremnsiM ISt yka-
3aHHBIX YacTel MaXTHOTO TOJIS;

— cloi KaMeHHOH comu 3—4 B BBIEMOYHBIX
cronbax 4 «A» u 17 «A» (mo mpumeHsieMOil Ha
MECTOPOXKACHUN KJIacCU(PUKAIMU Ha YCTOWYH-
BOCTb) MOXHO OTHecTd Ko Il Tumy (cpemnemy mo
YCTOWYMBOCTH), TIPH 3TOM TOJYHYECHHBIE 3HAUECHUS
MPOYHOCTH CJIos 3—4 Ha HeHapaOOTaHHBIX W Hall-
paboTaHHBIX y4acTkaX OOOWX BBIEMOYHBIX CTOJI-
0OB HE3HAYUTENBHO OTIMYAIOTCSA OT IOKa3aTeleH
JUI CEBEpHOTO KpbUIa IIAXTHOTO mojs Tperbero
KanuitHoTO TUTacTa pynuuka 3 PY [12];

— Bbicokas (94—100 %) HaEKHOCTH TOTYUYCH-
HBIX JIaHHBIX 10 TPOYHOCTH TOPOJ MOTOJIOYHHEI
B BBIEMOYHBIX cTonbax naB Ne 3—12 u 3—13 mpwu
33JJaHHOM MaKCHUMAJbHOM OTHOCUTEILHOM IIO-
rpemwHOCTH 20 % U 1OCTAaTOYHOM KOJIMYECTBE HUC-
MBITAHHBIX 00PAa3LOB 1aeT OCHOBAHME JIsl UCTIOJIb-
30BaHUSl PE3yNHTATOB MCIBITAHUA B MH)KEHEPHBIX
pacderax.

Ha ocHoBaHMM aHanm3a pe3yibTaTOB HCCIEN0-
BaHU, MPOBENEHHBIX B NMPH3a00HOM MPOCTpaH-
CTBE JIaB, YCTAaHOBJICHO CIIEYIOIIEe:

® 110 IEPBOMY METOJTY:

— IHUpUHA MPU3a00HHOTO TTPOCTpaHCTBA B, 1MO-
Clle CHSTUSI KOMOAHOM IOJIOCHI MOJIE3HOTO MCKO-
MaeMoro NpH 3aJBUHYTHIX K KOHBeWepy Cek-
usAX Kpenu He npessimana 4,05 m B nase Ne 3—12
1 4,20 M B maBe Ne 3—13;

— CKOpPOCTb HAapacTaHUsl CONpPOTHBIECHHSA Kpe-
1 Vv, U3MeHsIack B cpeaneM ot 0,8 no 15,4 kH/mun
BiaaBe Ne3-12 u or 1,8 mo 11,7 kH/Mmun B na-
Be Ne 3—13, a ycpeaHeHHOE €€ 3HAYEHHE COCTaBH-

[ Hayka
wTexHuka. T. 21, Ne 6 (2022)

10 5,7 kH/muu B maBe Ne 3—12 u 5,2 kH/mun B na-
Be Ne 3—13;

— (akTuuecKas yzienbHas Harpyska Ha Kpelb g
cocraBmwia 523 kH/M® B maBe Ne 3—12 u 484 kH/™’
B naBe Ne 3—13, T. e. 74 u 68 % COOTBETCTBEHHO OT
Hecyiel criocobHocTH Kpern MXI1-14/22;

— MOTOJIOYHMHA M3 CJIOS KaMeHHO# conu 3—4 B
o0eux JlaBaX COXpaHsIa YCTOMYHMBOE COCTOSHUE
B OCHOBHOM 0€3 KakHX-THOO BHJIMMBIX Hapylle-
HUH; B HEKOTOPBIX CIIy4asx y 3a00s JaB B HEH OT-
MEUaoCh TOSBIICHUE ITUKIOBBIX TPEIIMH IIHPH-
Hoit 1,0-2,0 MM 0e3 manbHEHIero ux pacKpbITH
10 Mepe MOABUTaHMsI OUUCTHBIX 3a00eB (pHc. 3);

Huknosas
TpelrHa
B MIOTOJIOUHNHE

Puc. 3. llosiBiieHHEe IUKIIOBBIX TPEILIUH
B KpOBJIe IpH3aboifHoro nmpocTpancTsa jaBbl Ne 3—13

Fig. 3. Appearance of cyclic cracks in the roof
of the bottom-hole space of longwall No 3-13

— BEJIMYMHA 3aBHUCAHUS HEMOCPEICTBEHHOU KPOB-
JIY 32 KpeTibio O, n3MeHsIach B nase Ne 3—12 ot 1,4
1o 3,1 m (cpennue 3Hauenus) u ot 4,0 g0 8,0 m
(MakcuMmanbpHBIE 3HaueHHs), a B jJaBe Ne 3—-13 —
or 0,5 no 4,6 m (cpeanue 3HaueHus) u ot 4,0
1o 10,0 M (MakcuManbHBIC 3HAYCHHUSA );

® 10 BTOPOMY METOAY:

— ropHoe aasieHue B naBax Ne 3—12 u 3-13
TaK ke, KaKk U B JIPyTUX HUKHUX JlaBaX MpPU CIIOC-
BOM BbIeMKE TpPEThEro KaJIMWHOIO IUIACTa, Xapak-
TEPU3yeTCsl MEPHOAMYECKUMH OOPYIICHUSIMH OC-
HOBHOW KpPOBJH C Pa3IMYHOW HHTEHCHUBHOCTHIO.
B naBe Ne 3—12 Haunbosiee MHTEHCUBHBIC 00pYIIe-
HUSl OCHOBHOM KPOBIH MPOUCXOIWIH C IIIaroM He
Oonee 20 M, IpU 3TOM CKOPOCTh HapacTaHUs CO-
NOpPOTHUBIIEHUST Kpemu v, jgocturana 16 kH/muw,
a BENMYMHA TIOJIHOTO OIYCKaHWS KpPOBIH /i, OT
rpyau 3a0os 0 TPaHMIBI MPU3a00HHOr0 MPOCT-
paHcTBa He TpeBbimana 126 mMm. B maBe Ne 3-13
mar HanboJjiee WHTEHCHUBHBIX OOpYIICHUH KpPOBIH
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cocTtaBuiI He Oojiee 18 M, a 3HaUYeHMs IOKa3aTe-
aeit v, u hy He npesbimany 12 kH/mun u 119 mm.
[Tonyuennsie B naBax Ne 3—12 u 3—13 Makcumans-
HBIE 3HAYEHUS V, U h; HE JIOCTUTalOT ITHX IO0Ka3a-
Teslell B HMOKHUX CJIOEBBIX JIaBaX C BBICOKOM WH-
TEHCHBHOCTBIO OOPYIIEHUI OCHOBHOM KPOBJIH;

— YCPEZHEHHBIE 3HAYEHHUS TIOKa3aTenel vy, /iy U gy
COCTaBMJIH:

a) B MEpHOABI OOPYIIEHUIT OCHOBHOMN KPOBIIH:

6 1age Ne 3—12:

CKOPOCTh HapacTaHHsI CONPOTHUBJICHHS Kpe-
v v, = 7,9 kH/mum;

MOJTHOE OITyCKaHUe KpOBiH /A, = 111,0 Mm;

bakTUyeckas ynelpHas Harpyska Ha Kpemnb
qe =570 kH/M* (i 80 % ot Hecymeli crocoGHo-
CTH KpeIn);

6 nage Ne 3—13:

vy = 9,3 kH/mum;

hy,=115,3 mm;

gy = 650 kH/M* (mmn 91,5 % ot Hecymeit cro-
COOHOCTH KpeTH);

0) B mepHObI MEXIY OOpYyLICHUSMHU:

6 n1age Ne 3—12:

v, = 3,8 kH/muH;

hy=96,0 MMm;

qe = 480 kH/M* (umm 68 % ot Hecymeii crio-
COOHOCTH Kperu);

6 n1age Ne 3—13:

vy = 4,8 xH/Mmum;

hy=93,2 Mm;

qe = 642 kH/M* (umm 90 % ot Hecymeii crio-
COOHOCTH KperH);

— HIMpPHHA NpPHU3a0OHHOTO HpOCTpaHCTBa B; B
o0eux yaBax He mpeBblmaia 4,2 M, a yCpeTHEHHbBIE
ee 3HaucHUA coctaBmim 4,08 M B maBe Ne 3-12
u 4,15 M B Ne 3—-13. Ilpu 3TOoM KpoBIsA B Npu3a-
OOIHOM IPOCTPAHCTBE BECH NEPUOJ MPOBEIEHUS
UCCIIEZIOBAaHUHN COXpaHsla YCTOMUYUBOE COCTOSIHHE.
[epuomuuecku oOpasyromuecs BIOIb 320051 IUK-
JIOBBIE TPEIIMHBl IMUPUHOW He Oonee 2,0 MM
B JIaNbHEHIIIEM HE YBEJIHUYMBAJIKMCh 10 CaMOi Ipa-
HHULBI Opu3a00iHOTO MPOCTPaHCTBA, MO3TOMY He
OKa3bIBAIM BIIHMSHUS HA YCTOWYMBOCTH MOTOJIOYH-
Hbl. Bu3yaspHasi oLleHKa COCTOSIHUSI KPOBIH IOJ-
TBEPXKIACTCS pacyeToM Kod(p(UIMeHTa YCTOHYH-
BocTH K IO hopmyie (4).

Jns maBer Ne 3—12 nipu 3HaYeHHSIX Ay, My U B,
paBubBIX 126 MM, 1960 MM u 4,08 M cooTBeTCT-
BEHHO, KO3(QQHIHUEHT ycToiunBocTH Ky, cocTaB-
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s 0,016, a mast maBer Ne 3—-13 mpu Ay, m, U B,
paBHbiX 119 mm, 1950 mm u 4,15 M, — 0,015, uro
CBUJCTEIBCTBYET 00 YyCTOHYMBOM COCTOSHUH
KpPOBJIH.

BbBIBO/IbI

1. Ha ocHOBaHuM aHanu3a pe3yJIbTaTOB UCCIIE-
JIOBAaHUH TE€OJOTUYCCKOTO CTPOCHUS M MPOYHOCT-
HBIX CBOWCTB IOPOJ] cJI0s1 KaMeHHOM comu 3—4 (To-
TOJIOUYMHBI) B BRIEMOYHBIX CTON0AX 4 «A» 1 17 «A»
OTMEUEHO, YTO YMEHBIICHHE MOIIHOCTH IOTOJIO-
yuHbl ipuMepHO Ha 0,10-0,14 M 1 He3HAUYUTENb-
HOE CHIDKEHHUE €€ MPOYHOCTH MO0 CPABHEHUIO C Ce-
BEPHBIM KpPBUIOM IIAXTHOrO mois no TpeTeemy
KaTMMHOMY IIACTy pyIHHKA TpeThero pyAoyIpaB-
JICHUSI HE MOTYT CYILECTBEHHO MOBJIUATh Ha €€
YCTOMYMBOCTh B MPH3a0OWHOM MPOCTPAHCTBE
naB Ne 3—12 u 3—-13. D10 noaTBep>KAAETCS BU3Yailb-
HbIMH HaOJIONEHUSIMA 33 COCTOSHHEM TIOTOJIOYH-
HBI B JlaBaX W pacyeToM Kod(pQHIMEHTa €€ yCTOH-
YUBOCTH.

2. IlonyyeHHble WIAXTHBIMH HCCIIECIOBAaHUSIMU
B jaBax Ne 3-12 u 3-13 ocHOBHBIE TIOKa3aTean
NPOSABJICHUA TOPHOIO JABJIECHHUSA V, U /,, a Takxke
3Ha4YeHUS (PAKTUYECKOH YyAENbHOW HArpy3ku Ha
3a00HYI0 KpeNb g4 CBHIETEIBCTBYIOT O BO3MOXK-
HOCTH 0€30macHOlN OTPabOTKH HUKHUMH CIIOCBBIMU
JaBaMH BOCTOYHOM U CEBEpO-BOCTOUHOM wyacTeit
LIAXTHOTO MOl pyAHHKa TpeThero pynoymnpasie-
HUA Ha y4acTKaX ¢ yMeHbleHHou 10 0,66 M moto-
JOYMHOMN U3 cyog KameHHo# conu 3—4. Ilpu stom
HecyIasi CrocOOHOCTh 3a00IHON Kpemu AOIKHA
OBITh HE MEHEE YACTHHON HArpy3Kd OT TOPHOTO
nasienns (550 kH/M) [1].
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Pedepar. VccnenoBansl ocobeHHOCTH (HOPMHUPOBAHMS OTIMBOK U3 XPOMHCTOIO YyTr'yHa IIPHU JINThE B KOMOMHHPOBaHHYIO (op-
My C HCIIONB30BaHMEM BHYTPEHHHX HCTOYHHKOB TEIUIOOTBOZAA, BBEICHHBIX B paciuiaB. [IpoBenmeHa cepus 3KCHEPUMEHTOB
C U3HOCOCTOMKMM XpoMHUcThIM uyryHoM MUX18BM. B kadecTBe MakpOXOJOAMIBHUKOB UCIIONB30BaHbI: IUIACTHHA U3 CHIIyMH-
Ha TonmuHoit 0,5 MM ¢ conepikanueM 3—5 % Ti, cmech Oypbl 1 pobieHoro ¢eppoxpoma (1-4 M), ApoOb U3 GeOro 4yryHa.
MeTonoM pEeHTIeHOCTPYKTYpPHOrO aHanu3a ompezeieH (a30Bblii cocTaB 00pa3lioB, a TaKKe H3yUeHA MX MHUKPOCTPYKTypa.
Jns 00pasioB, MOMyYeHHBIX C MPUMEHEHHWEM ApoOu u3 0enoro 4yyryHa, MpOBEACHO MCIbITaHHWE HA TBepAocThb. OmpeneneH
Haubonee 3()(GeKTHBHBINA cOCO0 MPUMEHEHHs BHYTPEHHEr0 UCTOYHMKA TEIUIOOTBOJA, OKA3bIBAIOIIHN CYIIIECTBEHHOE BIHSHUE
Ha CKOPOCTb OXJIOXKJICHHS OTJIMBKH U € MUKPOCTPYKTypy. Hanbornee nepcrekTuBHOI okazanach cMech Oypbl U 4acTull Apoodiie-
HOTO (eppoxpoMa, KOTOphIE HEe PACTBOPHIIMCH B pacIlaBe U 00pa30BaIM 30HBI C JIOKAIBHBIM M3MEIbUYCeHHUEM CTPYKTYpBI, a TaK-
e Apobu u3 Gestoro uyryHa — GoJiee TEeXHOJIOTHMYHOM alnbTepHaTHBBI Geppoxpomy. [Ipumenenne apobu n3 Genoro 4yryHa rnpu-
BEJIO K U3MENIbUYEHHIO CTPYKTYphI AeTanu «Jluct nmoaknanHoit ¥Y3.1,1» U3 U3HOCOCTOMKOrO XpOMUCTOrO YyryHa, a TaKkKe K IO-
BBIIICHHUIO TBEPIOCTH ee paboueii mosepxHocTy Ha 2,6 HRC. [pakTudecku Bcs BBEICHHAs B paciuiaB ApoOb PacIliaBUIIACh.
B pesynbrare npoBeCHHBIX UCCIICIOBAHUI BBIBICHO, YTO MPUMEHEHKE (eppoxpoma i ApoOH U3 6eoro uyryHa spisercst d(dek-
THBHBIM CIIOCOOOM JIOKQJIFHOTO M3MENBUYCHYS CTPYKTYPBI  PAKTUYECKON BO3MOXKHOCTBIO TIOTyUYEHHUS ACTaN U3 XPOMHCTOrO 4y-
T'YHa C TIOBBIIICHHON TBEPIOCTHIO0. BCce 3T0 MOXKET IMOBBICUTH H3HOCOCTOMKOCTB JieTaliell ApOOHIEHO-Pa3MOIEHOTO 000y I0OBAHHSL.

KnioueBble c10Ba: M3HOCOCTOMKHIT XPOMUCTHIH UyTyH, JTUThe, KOMOMHHPOBAHHEIE (JOPMEI, BHYTPEHHIE HCTOUYHHUKHU TEILIO-
0TBOJIa, MAKPOXOJIOAMIBHUKH, (HeppoXpoM, IpoOb u3 6enoro 4yryHa

Tt uutupoBanus: O NPUMEHEHUHM BHYTPEHHMX HCTOYHHKOB TEIUIOOTBOJA NPU IMOJIYYEHUH OTIMBOK U3 U3HOCOCTOMKHX
xXpoMucThiX 4yryHoB / B. A. Ilymnyp [u np.] // Hayxa u mexnuxa. 2022. T. 21, Ne 6. C. 464-472. https://doi.org/10.
21122/2227-1031-2022-21-6-464-472

On Application of Internal Heat Sink Sources
when Producing Castings from Wear-Resistant Chromium Cast Iron

V. A. Pumpur'), A. G. Anisovich?, K. E. Baranouski”,
P. Yu. Duvalau”, V. M. Andryienka"

YInstitute of Technology of Metals of National Academy of Sciences of Belarus (Mogilev, Republic of Belarus),
Institute of Applied Physics of the National Academy of Sciences of Belarus (Minsk, Republic of Belarus),
Belarusian National Technical University (Minsk, Republic of Belarus)

Abstract. The features of the formation of castings from chromium cast iron during casting in a combined mold are studied
using internal sources of heat removal introduced into the melt. A series of experiements has been carried out with wear-
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resistant chromium cast iron. The following macrocoolers have been used: a 0.5 mm thick silumin plate containing 3—5 % Ti;
a mixture of borax and crushed ferrochrome (1-4 mm); white cast iron shot. The phase composition of the samples has been
determined by X-ray diffraction analysis, and their microstructure has been also studied. Hardness testing has been carried out
on specimens obtained with cast iron shot. The most effective method of using an internal source of heat removal, which has
a significant effect on the cooling rate of the casting and its microstructure, has been determined. The most promising was
a mixture of borax and crushed ferrochrome particles, which did not dissolve in the melt and formed zones with local structure
refinement, as well as white cast iron shot, a more technological alternative to ferrochrome. The use of white cast iron shot has
led to a refinement of the structure of the part “Backing sheet ¥3.1,1 [U3.1.1]” made of wear-resistant chromium cast iron,
as well as to an increase in the hardness of its working surface by 2.6 HRC. Almost all of the shot introduced into the melt
has been melted. As a result of the research, it has been revealed that the use of ferrochrome and white cast iron shot is an
effective way of local structure refinement and a practical possibility of obtaining a part made of chromium cast iron with
increased hardness. All this can increase the wear resistance of parts of crushing and grinding equipment.

Keywords: wear-resistant chromium cast iron, casting, combined molds, internal heat removal, macrocoolers, ferrochrome,
white cast iron shot

For citation: Pumpur V. A., Anisovich A. G., Baranouski K. E., Duvalau P. Yu., Andryienka V. M. (2022) On Application of
Internal Heat Sink Sources when Producing Castings from Wear-Resistant Chromium Cast Iron. Science and Technique.

21 (6), 464—472. https://doi.org/10.21122/2227-1031-2022-21-6-464-472 (in Russian)

BBenenue

O dhexTHBHOCTh PabOTHI LEHTPOOESIKHOTO APO-
OmnmpHO-pa3MonbHOTO obopynoBanus ([PO) Ha-
MPSAMYIO 3aBHCHT OT PabOTOCTIOCOOHOCTH JIETaNCH
OCHOBHBIX pabounx sinemeHToB. K Marepuanawm,
U3 KOTOPBIX M3TOTABIUBAIOTCS ATH ACTAH, MPETb-
ABISIETCSL PAN TPeOOBaHWW, W TIIABHBIE M3 HUX —
BBICOKAsI TPOYHOCTH M a0pa3rBHAsI CTOMKOCTb.

OCHOBHOH (paKTOp, BIUSIONINIA HA CPOK CITYK-
0b1 yuThIx netanedt JIPO u3 M3HOCOCTOHKOTO Xpo-
muctoro yyryna (M4YX), — ckopocTe KpHCTaIU-
3aIlMd OTJIMBKU, KOTOpas HAMpsIMyI0 3aBUCUT OT
CKOPOCTH €€ OXJIaXJCHWs B JuTeiHOU (opme.
Cy1iecTBeHHOE BIMSHHE CKOPOCTH OXJIAXKICHUS
Ha BEJIMYMHY KapOWIOB M, CIel0BaTeIbHO, HA U3-
HOCOCTOMKOCTh OTIAMBOK M3 MUYX Habmromaercs
npu yBenmueHnn ee a0 10 K/c [1]. Janpaeimmii
POCT CKOPOCTH OXJIaKACHUS Ha pa3Mepe KapOuaoB
U M3HOCOCTOMKOCTH CKa3bIBAa€TCsl HE3HAUMTENHHO,
B CBSI3H C U€M SIBIISIETCS HEIeIeCO00pa3HBIM.

OpnHako BHE 3aBHCHMOCTH OT THIA JIMTEHHOM
(dhopMmbl netanu, usrororineHHsie U3 MUX, umeror
ropa3fio MEHBIIYI0 TBEPIOCTh B LIEHTPE OTJIUBOK,
YeM Ha TIOBEpXHOCTH. Tak, TBEPAOCTh OTOOWHOI
miutel  YIIM-1,0.001 mms PO 1o cedeHuro
ymenbaetcsa ¢ 60—62 HRC BOIM3M moBepXHOCTH
no 51-54 HRC B cepeaune. ITO CBA3aHO C TEM,
YTO B CepeIHE OTIMBKM pa3Mep KapOHIOB
B 2-2,5 pa3za 6Oonplue, yeM Ha noBepxHocTH [2]. [lo-
ATOMY JUISl YITyUIIIEHUS! SKCIUTYaTaIl[IOHHBIX CBOHCTB
3aIUTHBIX JIeTalIeH U YBEIWIECHHS UX CPOKa CITyKOBI
BO)XHO OOECIIEUUTh OJMHAKOBO BBICOKYIO CKOPOCTH
OXJIAXKICHUSI OTJIMBOK TI0 BCEMY CEUCHHIO.

s BeIpaBHUBaHUS CKOPOCTH KPUCTAJUTH3AIIAN
M0 BCEMY CEYEHHIO JETalHu MPUMEHSIOTCS CIIOCO-
Obl BHYTPEHHErO BO3/ACHCTBHS, HampHMeEp C HC-
MOJTb30BAaHMEM PACILIABIIIEMbIX M HEpacIUIaBIisie-

Hayka
wTexHuka. T. 21, Ne 6 (2022)

MBIX BHYTPEHHUX XOJOIWIHHUKOB, BBOJMMBIX B
pacruiaB. [lomoxurenbHbld 3QGEKT OT UX TpHMe-
HEHUS CBS3BIBAIOT C YBEJIWYEHUEM IIEpeoXsIaxie-
HAS obOveMa pacmiaBa [3]. BHyTrpeHHume xoio-
TWIBHUKY (KaK pacIulaBlisieMble, TaK U HepacIulaB-
JsieMble) COCOOCTBYIOT M3MENBYCHUIO CTPYKTYPEI
OTIMBOK W VIYYIICHHIO MEXaHHYECKHX CBOICTB
Merasa [4].

Panee koy1eKTHBOM aBTOPOB Obla MpojenaHa
paboTa Mo yBENTWYECHHUI0O WU3HOCOCTOWKOCTH OTIIH-
BOK M3 XPOMHCTBIX YyTYHOB, a TakXe, B 4aCTHO-
CTH, 110 UCCJIEOBAHUIO PA3TUYHBIX CIIOCOOOB Tpe-
OJOJICHUSl TAaJeHHUs TBEPAOCTH U YKPYIHEHHS
MHKPOCTPYKTYPHI B TUIyOMHE OTIUBKH. B [5] u3y-
YEHO JIETUPOBAHHUE H3HOCOCTOMKHX XPOMMCTBIX
gyyryHoB Ti u W, a B [2] HccineqoBaHO BIMSHHUE
CIOCOOOB JUThS M TEOMETPUYECKHX ITapaMeTpPOB
JeTaeil U3 XPOMHUCTHIX YyTYHOB Ha TBEPJOCTh MX
BHYTPEHHHX cCJIOeB. Bimsaue yrieponma (ot 3,25
10 4,74 %) v THIa TUTEHHBIX (HOPM H3Yy4EHO B [6],
a pasIUYHBIX PEKUMOB TEPMHUECKOW 00pabOTKH
Ha CTPYKTYpy M MEXaHHWYECKHEe CBOWCTBAa 00pas-
oB u3 MUX18BM — B [7]. Psan uccnenoBanuii Obut
MIOCBSINEH JIETHPOBAHUIO HUOOMEM 3a’BTEKTHYE-
CKOTO BBICOKOXPOMHUCTOTO 4yryHa [8, 9], mo uto-
raM KOTOPBIX MPOBOJMINCH MPOHU3BOJCTBEHHEIE
WCTIBITAaHUS OTOOWHBIX IUIMT AJISI IIEHTPOOEKHBIX
mensHUTT [10], 6601 momyden mateHT [11].

MeTtoauka uccjaen10BaHui

B UnctutyTe Texnonorun meramuioB HAH be-
Japycu BBIIOJHSUINCH HCCIEAOBAaHHUA OCOOEHHO-
crell popmupoBaHus oTaMBOK U3 MUX Ha ocHOBe
TEXHOJIOTUU JIUThS C HCIIOJIb30BAHUEM BHYTPEH-
HUX HCTOYHUKOB TEIUIOOTBOJA (XOJOAMJIBHU-
koB). Ha mepBomM sTane npoBOAMIIM CEPUIO 3KCIIEe-
PUMEHTOB IO JINTBIO MU3HOCOCTOMKHUX XPOMMCTBIX
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Mamlmocmpoenue U MawiuHogeoeHue

YYTYHOB C BHYTPEHHMMHU U HAPYKHBIMH pPacIUIaB-
JSIEeMBIMH M HEPACIIaBISIEMBIMH  HCTOYHUKAMH
ternooTBoaa. OOpas3upl OTIMBAIM B KOMOMHHMPO-
BaHHYIO0 (OpMy, B KOTOPOH CpEIHSAS M BEPXHSI
YacTHU M3TOTaBIMBAINCH U3 XOJOJHO-TBEpCIOmIeH
CMecH, a B KadeCTBE HW)KHEH 9acTH HCIOJb30Ba-
Jack MeTaUIMYecKash IUINTA, IOKPHITAs TeIIo-
CTOMKOM KPEMHE3EMHOM TKaHBIO.

HccnenoBanus MpoBOAWIM C XPOMHUCTBIM Uy-
ryaom MUYX18BM, pacriaB roTOBHIM B HWHAYK-
rnoHHou meun MCT-0,25/0,32U1, paznuBka mpo-
ucxonuna npu Ttemmeparype 1380-1420 °C.
Temmepatypa HuXHEW (METAJUIMYECKOW) YacTH
KOMOMHHPOBAaHHOH (OpPMBI Tiepes 3aUBKOH CO-
crasmsuia 100-120 °C.

N3 xpomucroro yyryna MUX18BM ornuBanu:

— obpazen, MOJy4YeHHBIH 03 MPUMEHEHUs XO-
JIOJWIBHUKOB, IPUHATHIN B Ka4€CTBE 3TaJOHHOTO;

— 00pasIpl ¢ MIACTUHOM U3 CHIyMHHA TOJIIH-
Hoit 0,5 MM c comepxanuem 3—5 % Ti, mactuaa
YKJIaapIBaach Ha TEIUIOCTOMKYIO TKaHb HIDKHEH
TUTUTBl KOMOMHUPOBAHHOW (POPMBI;

— 00pa3mpl CO CMEChIO Oypbl M JIPOOJICHOrO
(dheppoxpoma (14 mm) mapku X850 (Oypa B Ka-
YecTBE HAIOJHUTENS Ui PaBHOMEPHOTO pacIpe-
JeNeHns] 4acTull (eppoxpoma), cMeCh BBICHITAIH
Ha TKaHb [1epe]] 3aTMBKOM.

bbb mosy4eHsl TpU 3KCIIEPUMEHTAIBHBIX 00-
pasua maccoit 0,8—1,0 kr, ogUH U3 KOTOPBIX — 3Ta-
noHHBIH. C TOMOIIBIO  ONTHKO-dYMHCCHOHHOTO
criektpomerpa GNR SCP (Solaris CCD) ompene-
TSI UX XuMudeckud coctaB. Da3oBbl cocTaB
00pa3LoB UCCIEN0BATH METOAOM PEHTIEHOCTPYK-
TypHOTO aHanu3a Ha yctaHoBke «/IPOH 3», ocna-
IIEHHOM aIlapaTHO-NPOrPaMMHBIM KOMILIEKCOM
IUTS yTIpaBieHus AUPPAKTOMETPOM U 0OpabOTKH
pe3ynbraToB u3MepeHuil. KoHTpons u3Mepurens-
HOW CHCTEMBl TOHHOMETPAa OCYIIECTBILUIM I10
CTaHIAPTHOMY 3TAJIOHHOMY KpHUCTaUTy KBapla.
MHUKpPOCTPYKTYpY 0OpasLoB H3y4ald C HpUMEHe-

HHAEM METauIorpaduaeckoro KOMILIEKca Ha OCHO-
BE UHBEPTUPOBAHHOTO MUKpoOckoma «MU-1%.

Ha BTOpOM 3Tame mpoBOAMIM SKCHEPUMEHTHI
no 3amuBke metanu «JImer mopknamHon Y3.1,1»
U3 M3HOCOCTOHWKOTO XPOMHCTOTO UYyTyHa C TPH-
MEHEHHEeM B KadeCTBE BHYTPEHHETO HCTOYHHKA
TEIJI00TBOAA IpoOu uyryHHOH yuroit (JJUJI) mpo-
u3BoactBa OAO «MoruneBckuil MeTaurypruye-
CKMI 3aBOJ» CJIEIYIOLIEr0 XMMUYECKOIO COCTaBa:
C-2,7-3,2 %, Si - 0,8-1,5 %, Mn — 0,30-0,85 %,
P <0,20 %, S < 0,15 %, Fe — ocrannbHoe. XuMHue-
CKUH COCTaB JPOOHM COOTBETCTBYET JOIBTCKTHYC-
CKOMY O€JIOMYy UyTyHY.

HdpoOp momaBamach B CTPYyIO paciuiaBa de-
pe3 4-5 ¢ ¢ MoMeHTa Havyana 3anuBKu. s BBeme-
HUs JApoOu wmcrmonb3oBaiu mBemwiep 1001 mm-
Ho#t 40 cM. Bpems Hauana BBeACHHS TpoOH B pac-
IUIaB BBIOMpAIN C TaKOW 3a/lepiKKOW, 4TOOBI BCS
MOMaBIIasl B pacIuiaB Jpo0b JOKATU30BaJIach B
BEepXHEH JacTH yroimieHus aeranu. [lepen 3amms-
KOW npoOb HarpeBamu 1m0 temmepatypbl 120 °C
U BhIJICpKUBAIKM B TeueHue 30 MUH Juis ynanie-
HUS BJIary.

Jns wccmemoBaHMi OBLIM OTIIMTHI JBa IOJ-
KJIAIHBIX JINCTA, B OJUH M3 KOTOPBIX 3aChINaliach
JUJI nuamerpom 1,4-1,8 MM, a apyroi ciayxui
stanoHoM. Kpucramnmnyeckoe CTpoeHWE HCCIIeno-
BaJli B CPEIHEM CEUCHHUU JCTANU BIOJb BBICOTHI C
MIPUMEHEHUEM METAIOrpa)uIecKoro MUKPOCKO-
ma Leica DMi8. Jlna Ooiee OTYETIMBOTO BBISBIIC-
HAS KapOWmHOM (a3bl oOpaslbl MPOIUIA MPEeaBa-
PUTENBHBIA OTXKUT TIpH TeMieparype 960 °C c BbI-
Jepkkoid B TeueHue 30 MUH U MOCIEOYIOIIUM
oxnaxkaennem B mneun CHOJI-1,6.2,5.1/11-H2.
TBepAOCT, H3MEpPSIIM Ha TBEPAOMEpPE MOJeC-
mu TK-14-250 no metony Poksenna.

Pe3yabTaThl ucciaenoBaHuii

XVWMUYECKHIA COCTaB IMOJyYCHHBIX HA MEPBOM
JTane WCCNEAOBAaHUN JINTCHHBIX 00pa3loB Mpel-
craBiied B Ta0iI. 1.

Tabnuya 1
XHMHYECKHIi COCTaB IKCIIEPHMEHTATIBHBIX 00pa3noB
Chemical composition of experimental samples
CopnepxaHue 31eMEeHTOB, %o
O6paszen ; -

C Cr Ni Mn Si W Al \% Mo
DTaIOHHBII 3,20 18,30 0,28 0,57 0,22 0,40 Cnenpt 0,22 0,22
C rI1acTUHOHN U3 CHITyMUHA
¢ cogeprkanueM 3—5 % Ti 3,42 18,85 0,22 0,50 0,30 0,38 0,3-0,4 0,21 0,33
Co cMechio Oypbl
u peppoxpoma 3,30 18,15 0,26 0,51 0,40 0,30 Cnenpt 0,21 0,23
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B aByx oOpasnax Habmogaauch HEOONbIIHE
OTKJIOHCHHMS TIOJTyYMBIIECTOCSI COCTaBa XPOMHUCTOTO
YyryHa OT TEXHHYECKHX YCIOBHUH, B YacCTHOCTH
conepkanme Bonb(ppama rHa 0,02 u 0,10 % MeHb-
1ie, 4To, BIIPOYeM, HUKaK He JOJDKHO CKa3aTbesl Ha
pe3yibTaTe 3KcnepuMenTa. Taxke B oOpasue, oT-
JUTOM Ha CWJIYMHHOBYIO IactuHy ¢ 3-5 % Ti,
0OHaApYKECH ATFOMHHHM.

®Da3oBbIll cOCTaB Bcex 00pa3LoOB COCTOST M3
ayCTeHHTa, LEMEHTUTA U KapOuIHOH (a3bl cocTa-
Ba (Cr, Fe),C;. Uckmouenue — oOpa3zen, Noixy4eH-
HBI{ JIUTBEM Ha cMech OYpbl U peppoxpoma (Bepx-
HAS 9acTh 00pasia), B KOTOPOM OTCYTCTBYET IIe-
MeHTHUT. CyJsl IO MHTEHCUBHOCTH JIMHHM, 00pa3Iibl
MOTYT HECKOJIBKO pa3inyaTrbCsi KOJMYECTBOM
aycTeHuTa U KapOumoB. MUKpOCTPYKTypa B BEpX-
He YacTW STaJOHHOTO o0pa3la IpelCcTaBIeHa
Ha puc. 1. [Ipu yBennuenun 500 kpaT B CTPYKTY-
pe pa3nu4YMMBl TIEpBUYHBIC JACHAPHUTHL ayCTCHH-

a

L1 1 ||

Ta (puc. la). B MeXAEHIPUTHOM IPOCTPAHCTBE
pacronaraoTcst SBTEKTHIECKHE KOJIOHKH (puc. 1b).

MHUKpOCTPYKTYpY B HMJKHEH YacTW STaJTOHHOTO
o0pasIia COCTaBIUTH ayCTeHHUT U Kapoumpl (prc. 2a).
JeHnpuThl aycTeHNTa BBIPAXKEHBI MEHEE YETKO.

B mwxHelt wactm oOpasma cTpykTypa Oosee
Menkast (puc. 2), 9TO BIOJHE OOBICHUMO, TaK Kak
HWKHSISL 4acTh (popMUpoBanach B KOHTaKTe C Me-
TAIJIMYECKON IUINTOH, a BEpXHAS — B KOHTAKTe
C XOJOAHO-TBEpACIOLIeH cMecblo. B ocrampHOM
CTPYKTYphl HHM3a M BepXa OTJIMBKH — 0e3 cylie-
CTBEHHBIX OTIHYHH.

MHukpocTpykTypa B BepxHEeW dacTu oOpasua,
OTINTOTO HA IUTACTHHY M3 CHJIYMHHA, COOTBET-
CTBYET MHUKPOCTPYKTYpE ITOIBTEKTHYECKOTO XpO-
MHUCTOr0 4yryHa (puc. 3a). Marpuua cruiaBa —
ayCTEeHHUT, TPUCYTCTBYIOT KapOWIOBl XpoMa pas-
JUYHON OpPHEHTAINH, a TAKXKE IBTEKTHYECKHE PO-
3€TKH BOKPYT IICHTPAJILHBIX cTepikHel (puc. 3b).

b

] O A O

Puc. 1. MuUKpOCTpyKTypa B BEpXHEH 4acTH 3TAJIOHHOTO oOpasia

Fig. 1. Microstructure at the top part of reference sample

a

L1 1111

Puc. 2. MUKpOCTpPYKTypa B HIIKHEH YacTH ITAIOHHOTO 00pa3iua

Fig. 2. Microstructure at the bottom part of reference sample

a

L1l
100 MKkm

Puc. 3. MukpocTpyKTypa B BepXHel dyacTu 00pasia, OTINTOrO Ha INITACTHHY U3 CHIIyMHHA ¢ cofepkanueM 3—5 % Ti

b

Fig. 3. Microstructure at the top part of sample cast on silumin plate with content of 3—5 % Ti
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Mawiunocmpoenue u mauiunogeoeHue

B MukpocTpykType HHKHEH 4YacTH OTJIMBKH
MPUCYTCTBYIOT MOPHI M 3HAYUTEIHLHOE KOJIUYECTBO
HEMETAIUTMYECKUX BKIIOUeHUH (puc. 4a). B mons-
PU30BAaHHOM CBETE OHHM ITOKA3bIBAIOT OIIAJIECIIH-
pytomuii 3ddexr (puc. 4b). CocraB BKIIOYCHUI
COOTBETCTBYET OKCHAY KpeMHUs. Bokpyr Bkiroue-
HUI HaOmronaercs 00OJOK, B KOTOPOM MaTpHIa
crutaBa mpuoOperaeT TeMHBIN 1BeT. [lpu anammse
B pacTpoBOM MHUKPOCKOIE YCTaHOBJEHO, YTO Ha
JAHHOM YYacTKe MPOU3O0ILIO0 MEPIUTHOE IMpeBpa-
IIeHNe, MPOIYKTHI paclaga COOTBETCTBYIOT Mep-
JUTY TOBBIMICHHON aucrepcHocT (puc. 4c). Ilo-
CKOJIBKY TEIUIOMPOBOIHOCTE OKCH/IAa KPEMHHSI 3HA-
YUTETFHO MEHBIIE, YeM ayCTEHUTHON MaTpHIIBI,
BKJIFOUEHHUE TPU KPHUCTALTU3AIUU OCTHIBACT MEJ-
JICHHEe, B CHJIy Yero SIBJIAETCS KOHIIEHTPUPOBAH-
HBIM MCTOYHUKOM TEILIOTHI. 3a CUET 3TOH TEIUIOTHI

a

& L
SEM HV: 21.0 kV WD: 4.99 mm MIRA3 TESCAN|
View field: 305pym ~ SEM MAG: 688 kx 500 nm

SEM MAG: 68.9 kx | Date(m/dly): 11/26/21 Performance in nanospace

1000 mxm

yCIeBaeT MPOM3OUTH MEPIUTHOE IpeBpallCHHE.
B ocTanbHOM MHKpPOCTPYKTYPBI HUJKHEH M BEpXHEH
YacTeil OTJIMBKY MIPUHLUITHAIGHO HE OTIINYAIOTCA.

MakpocTpykTypa B BepXHEH 4YacTH oOpasla,
MTOJTy9E€HHOTO JTUThEM Ha CMeCh OYpBI U IPOOIEHO-
ro ¢eppoxpoma ®X850, mpeacrasieHa Ha puc. S.

B crpykType 00pasna npucyTCTBYIOT BKIIIOYE-
Husl (heppoxpoma, TemIeparypa IUIaBICHHUSI KOTO-
pOro CYIIECTBEHHO BBIIIE TEMIIEPATYPhl PACILIABA.
OHM SBIAIOTCA IEHTpaMy KPUCTAIIM3AIMH, OT KO-
TOPBIX PACXOMATCS (JIy4W» HAlpaBJICHHO 3aKpH-
CTINIM30BaHHON CTPYKTYPBI, COCTOAIIEH W3 aycTe-
HUTA W OpPHUEHTUPOBAHHBIX KapOumoB (puc. 5a).
B mpomexyTkax MexIy «JIydyamMHu» paclolararoTcs
Y4acTKU CTPYKTYpBI, I'Ieé MPOU3OLUIO MEPIUTHOE
npespartienue (puc. Sb).

b

L L L1 1|
100 MKW

Puc. 4. MuxpocTpyKTypa B HIDKHEH 9acTi o0pasna, OTIUTOTO

Ha IUIACTHHY M3 CHIyMHHA C coaepxanueM 3—5 % Ti:
a — CBETJIONOJIBHOE OCBEIIEHNE; b — MOJIIPU30BAaHHbIN CBET;
C — CTPYKTypa MaTpHIIBI Ha yYacTKe pacrazia ayCTeHUTa

Fig. 4. Microstructure at the bottom part of sample cast
on silumin plate with content of 3—5 % Ti:
a — bright field lighting; b — polarized light;
¢ — matrix structure at the site of austenite decay

b

Puc. 5. Ctpykrypa B BepxHell 4acTH 00pa3iia, MOJIyYeHHOr0 JINThEM Ha CMeCh Oypbl U IpobiieHoro heppoxpoma:
a — MaKpOCTPYKTypa; b — MHKPOCTPYKTypa

Fig. 5. Structure at the top part of sample obtained by casting on mixture of borax and crushed ferrochrome:
a — macrostructure; b — microstructure
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MukpocTpykTypa B HHXHeW yacTu oOpasua
HeonHopoHas (puc. 6a, b) u npencrariIsieT coOon
CMech ayCTeHHWTa M KapOWIOB, pacmpeneneHHBIX
HEPaBHOMEPHO B 3aBUCHMOCTH OT IPHUCYTCTBUS
KpYIHBIX BKIFOUeHHH heppoxpoma.

[TockonbKy PEHTTEHOCTPYKTYpPHBIH aHaIW3 HE
3adukcupoBan WHBIX (a3, KpoMe ayCTeHUTa H
KapOWIIOB, MPHUCYIIMX TaKUM YyTryHaM, KPYITHBIC
BKJIIOUEHUS (a3 0esoro 1BeTa cieayeT OTHECTH K
kapounam. Ha puc. 6b moka3zaHa rpaHWIla TaKOTO
KPYIHOTO KapOWIHOTO BKJIIOUEHHS, U3 KOTOPOTO
pacTyT AeHAPUTHI KapOUIOB.

B pesynbrare mnpoBeneHHOW cepuu 3KCIe-
PUMEHTOB HMMEIOTCSl CIEOYIOLUINE Pe3yJbTaThl.
B o0pasne, momy4yeHHOM JUTbEM Ha IUIACTUHY W3
cuwiaymuHa ¢ 3-5 % Ti, SBHOTO BIMAHHSA HapyKHOTO
HCTOYHHKA TEIDIOOTBOAA Ha CTPYKTYPY HIDKHEH da-
cTu 00pa3lia o CPaBHEHHUIO C BEPXHEH HE BBISBIICHO.
O06pazern, OTIUTHIA HA cMech Oypsl UM APOOICHOTO
theppoxpoma mapku DX850, TpoaEMOHCTPHPOBAI
MEPCIIEKTUBHOCTD MPUMEHEHHS (heppoxpomMa B Kade-
CTBE BHYTPEHHEr0 MCTOYHHKA TEIUI00TBOAa. YacTu-

(I
1000 MKM

el (heppoxpoMa OXHIAEMO HE PACIUIABHIINCH B
XpPOMHCTOM YyTyHE W BBICTYNHIN XOJOIWUIbHH-
KaMH, BOKPYT KOTOPBIX C(OPMHPOBAIKCH 3OHBI
C JIOKaJIbHBIM M3MENbYEHHEM CTPYKTYpBl. JTO Ha-
TOJIKHYJIO Ha TOUCK 0o0Jiee TEXHOJIOTWYHOMU alib-
TepHaTHBBL. OOBIYHO HCIONB3yeMbIE NPH JIHTHE
BHYTPCHHHEC XOJOJWJIBHHUKU PACTBOPAIOTCA B pac-
IU1aBe, yiay4dlias cBoicTBa. s ciydas npumene-
Hus MYX nomHoe paciiaBieHue 4acTHUIl XOTh U He
o0s3aTenpHO, HO JKenmarenbHO. I[loaTomy ObLTO
MIPUHATO PELICHuEe BMECTO (eppoxpomMa HCIOIb30-
BaTh ApOOb UYT'YHHYIO JIUTYIO TIPH HU3TOTOBICHUH
JKCIIepUMEHTAIBHOTO oOpasma 3 UMYX c BHYT-
PEHHMMH XOJIOAWIBHUKAMH B BHIE OPOOJICHBIX Ma-
TEepUaJioB Ha OCHOBE peanbHON neramu g JIPO.
B xauectBe mocnenneit BeOpanu «Jluct momkian-
HOM ¥Y3.1,1» — ClOKHYIO eTallb IEPEMEHHOTO Ce-
YeHUsl, 3aJJMBAEMYI0 B KOMOMHUPOBAHHYIO (opMy,
B KOTOPOH CpemHSAS 4acTh BBHINIOJHEHA W3 XOJIOI-
HO-TBEPJCIOIIEN CMECH, a BEPXHSS M HIKHAA
YacTH NPEACTaBISIOT cO00W METaJuInYecKue IUId-
THI (puc. 7).

L1 1 1 | ]

Puc. 6. CtpykTypa B HIKHEH gyacTH 00pa3na, HoJIydeHHOTO JINTEeM Ha cMech Oyphl ¥ Ipo0IeHoro eppoxpoma:
a — MaKpOCTPYKTypa; b — MHKPOCTPYKTypa

Fig. 6. Structure at the bottom part of sample obtained by casting on mixture of borax and crushed ferrochrome:
a — macrostructure; b — microstructure

|

Puc. 7. OcHactKa miis TuThs aeranu «JIucr moakmaguoit ¥V3.1,1»:
a — CpelHss YyacTh U3 XOJIOHO-TBEPICIONIEH cMecH; b — koMOMHUpOoBaHHas hopma B cOope

Fig. 7. Equipment for casting part “Backing sheet ¥3.1,1:
a — middle part of cold-hardening mixture; b — combined mold assembly
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Macca geramu «Jluct nmogknaguoi Y3.1,1» co-
crapmsma 7,1 kr, macca pabodero dieMeHTa
(yTommieHus), BBICTYAIOMIETO Ha/l TOHKOW YacThIO
OTJIMBKH, — MPUMEPHO 2,6—2,8 Kr, Macca apodu —
120 r, uto cootBeTcTBYeT 4,3—4,6 % OT Macchl pa-
Oouero aneMenTa. Ilo mpudmHE TOTO, YTO IETANH
UMEeT Maccy, B CEMb pa3 OOIBIIYI0 UCCIIEAYEMBIX
paHee SKCIEpUMEHTAIbHBIX 00pas3loB, U Oosee
CIoXHYI0 (opMy, ObUT ONPOOOBaH CHOCOO BBEE-
HUS JpoOW B CTPYIO paciiaBa, 3apeKOMEHIOBaB-
mui ce0s Kak Hanbouee s dexTuBHbIH [12, 13].

B xozne skcrepuMeHTa ObUIM OTJIMTHI JIBA ITOJI-
KIIaaHbIX JIMCTa, B OJWH M3 KOTOPLIX 3acChIillajiaCb
IpoOb dYyryHHas JjmTas mauamerpoM 1,4-1.8 mwm,
a JIpyroil CITy>XHJ 3TaoHoM. Jletany ObLIH OTIHTHI
13 U3HOCOCTOMKOr0 XpoMuctoro uyryHa MMUX18BM.
XUMHMYECKUN COCTaB pacIulaBa U TBEPIOCTb MOIY-
YEHHBIX HKCIEPUMEHTANIBHBIX JieTalielt «JIucT moj-
knagHo# ¥Y3.1,1» npencraBneHs! B a0 2.

Y moaknamHOrO JIMCTA, OTIUTOTO C MPUMEHE-
HUEM JIpo0H, TBEPIOCTb OoJjble Ha 2,6 €IWHU-
mel HRC. D3kcnepuMeHTanmpHas aeTtanb «JIlumct
noakiaanoi Y3.1,1», momydeHHas C HUCIONb30Ba-
HHUEM I[pOGI/I B Ka4€CTBC BHYTPCHHETO HMCTOYHHUKA
TEIJIOOTBO/IA, TIPEICTaBIICHA Ha pHC. 8.

Kak BuaHo w3 puc. 8, HECKOJIBKO APOOHHOK
ITOTOKOM pacIljiaBa BBIHECJIO Ha BEpXHIOK (pado-

YyI0) MOBEPXHOCTh JETaH. JTO MO3BOJISIET MpeJ-
IOJIOJKUTH, YTO, KaK U OKUIAIOCh, OOJBIIAs 4acTh
IpoOu JOKanu30BaJlaCh B BEpXHEH 4acTH AeTallu.
Uzyuenne u3nomMoB o0eux aetanell mokasano, 4To
Y 3KCIEPUMEHTAJIBHOIO MOJAKIAJAHOTO JHCTa, IO-
JYYEeHHOTO C TIPUMEHEHHEM IpoOu, 3aMETHO W3-
MEJIBbUYECHUE BEPXHETO CJOA B HECKOJIBKO MHII-
JIUMETPOB, C Ye€M IMPEANOJIOKUTEIBHO W CBA3a-
Ha HEMHOro 0oJsiee Bricokas TBepaocTh (62,3 HRC
npotuB 59,7 HRC). Best uyrynnas npoOb, BBeeH-
Hasi B OTJIMBKY, pacijiaBHjiach (3a HCKIIOYEHHUEM
HECKOJBKMX IpOOWH Ha TMOBEPXHOCTH). MuKpo-
CTPYKTYpBI BYX IHOJKJIAaIHBIX JHCTOB IPENCTaB-
JIeHBI Ha puc. 9.

Kax BumHO u3 puc. 9, BBeleHHE APOOH 3HATH-
TEJIPHO M3MENBYMII0O MUKPOCTPYKTYpy. B obOpasie
Y3 MOJKJIAJHOTO JIMCTA, OTJIIUTOTO C MPUMEHEHUEM
JYJI, kpynHble nepBUYHbIE KapOUAbI HE BCTpeda-
10TCsl ¥ HaOdroaeTcs: OoublIee KOJMUECTBO KOJIO-
HUI MENKHUX IBTEKTHYECKUX KapOumos. Cremyer
OTMETHUTh, YTO pacIuiaBlieHHe ApoOu u3 Oesoro
YyTryHa BBI3BIBACT HEKOTOpOE OOeAHEHHE XMMHUYe-
CKOTO COCTaBa, NMPEXKIE BCETO IO XpOMY, KOTOPOE
TE€M HE MEHEE HE3HAYUTEIBHO M UM MOXHO IIpEHe-
Opeub B CBSI3U C MaJIBIM KOJIMYECTBOM I10JIaBACMOM

B pacruias JJUJI.
Tabnuya 2

XuMHYeCKHI COCTAaB M TBEPAOCTh IKCIIEPUMEHTAIBHBIX JeTaneil

Chemical composition and hardness of experimental parts

CoJepkaHue dJIEMEHTOB, %

TBepaoctb paboueit

Oo6pasen
P C Cr Ni Mn Si W \% Mo nosepxuocti, HRC
DranoHHbIi (6e3 Apodu) 59,7
3,59 18,8 0,11 0,47 0,52 0,4 0,16 0,25
C 1po6bro 62,3

Puc. 8. DxciepuMeHTanbHas netaib «Jluct moaxinaaaoit ¥Y3.1,1», H3roToBICHHAS ¢ IPUMECHEHHEM IPpOOU YyTYHHOH JTHTOM:
a — o0ruii BU; b — y4acTOK HOBEPXHOCTH

Fig. 8. Experimental part “Backing sheet ¥3.1,1”, made using shot: a — general view; b — surface area
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Puc. 9. MukpoctpyKkTypa 00pa3ioB, BEIPE3aHHBIX H3 OTIHBOK JeTanu «Jluct monkinanHoit ¥Y3.1,1»:
a — 3TasoH; b — ¢ npobsio (yBemmuenue x200)

Fig. 9. Microstructure of specimens cut from castings of the part “Backing sheet ¥3.1,1”:
a — standard, without shot; b — using shot (magnification x200)

BbBIBO/IbI

1. B pesymprare mTpoBeAeHHON pPabOTHI TIO
OTIpEICTICHUIO MaTEepHANIOB IJIi BHYTPEHHUX HC-
TOYHHKOB TETUIOOTBOIA TIPH JINTHE H3HOCOCTONKHX
XPOMHUCTBIX YyTYHOB YCTaHOBJIEHO, YTO TPUMEHE-
HUe (heppoxpoMa U ApoOU YyTYHHOH JINTOW OKa3a-
nock 3 EKTHBHBEIM CHOCOOOM JIOKAIhHOTO W3-
MeJIbUCHUS CTPYKTYPHI.

2. DKCIIEPUMEHT TI0 W3TOTOBICHHUIO JETAIU
«JImct moaxmaguor Y3.1,1» ¢ ucHonn30BaHHEM
poOM YYTyHHOH JIMTOM TMPOJEMOHCTPHPOBAI
MPAKTUYECKYI0 BO3MOXHOCTh MOIYYCHUS OTIUBKU
C TOBBINICHHOW TBEPIAOCTHI0 C MPUMECHEHUEM
BHYTPEHHET0 MCTOYHHMKA TEIIOOTBOA. Pe3ynbra-
TOM HCIBITAHUH CTaJ0 H3MEIbUYCHUE CTPYKTYPbI
HA3HOCOCTOMKOTO XPOMHCTOTO UyTyHa, YTO MOJIO-
JKATEITbHO CKa3bIBaeTCSI Ha H3HOCOCTOMKOCTH H
TPOYHOCTH  JICTAJIH,
ONTHMAaJIbHBIN KOMIIJIEKC CBOMCTB.
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MeToabl M TEXHHYECKHE CPEACTBA 00ecnedeHHus
eIMHCTBA U3MEPEHNI pa3Mepa HAHOYACTHI
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Pedepat. [Ipemnaraercs HaOOp TEXHUYECKUX CPEICTB AJIS PEUICHUS 3afadd eIMHOOOpasus M3MEPEHHH pa3MepoB MHKPO-
¥ HaHOYacTHI. J[71s 3TOro He0OX0ANMO 00eCTIeUNBATh IPOCIECKNBAEMOCTh H3MEPEHU Pa3MEpOB YAaCTHUIl K €ANHUIIE AIHHBI —
METpy, a TaK)Ke IKBHBAICHTHBIX AUAaMETPOB, IIPIMEHSAEMBIX IIPH U3MEPEHUSIX B PA3IMYHBIX JUCHEPCHBIX cpefax (adpo30iisix
u B3Becsx). UTOOBI 00eCIIeunTh MPOCIeKUBACMOCTh H3MEPEHUH TaMeTpa YacTHI] K METpY, CJIeAyeT MCIONb30BaTh HAHOM3-
MEpUTEIbHYI0 MalIMHY C aTOMHO-CHJIOBBIM MHUKPOCKOIIOM B KadeCTBE 30HAMpYIOIell cucteMsl. B craTbe mokasaHa cxema
W3MEPUTEIBHON CHCTEMBI, ONMCAHbI IIPUHIMI JEHCTBUS MalMHBI U METOJ U3MEpeHHs pa3MepoB yactuil. s obecneueHus
MPOCIIEKUBAEMOCTH U3MEPEHUH THAPOJMHAMUYECKOTO JHaMeTpa HAHOYACTHI], XapaKTEPH3YIOLIEro YacTHIbI, HAXOAAIIUeCs
B JKHJIKOCTH (B3BECH), MPEII0KEHO UCIIOIb30BATh aHANIN3ATOP pa3Mepa HAHOYACTHUII, PeaTu3yomuil MeTo| IMHAMHIYECKOTO
paccesiHHs cBeTa. [IpuBeieHa cxema aHanInu3aTopa ¢ OMHMCAHMEM IPHHINIA H3MEPEHHUS pa3Mepa HAaHOYACTHI] METOAOM JHHA-
MHYECKOTO paccesHHs cBeTa. [IpeacTaBieHa cxema KOJOHHBI aHAIH3aTopa JU((HEpeHIMAIFHON 3IEKTPUICCKON ITOIBIKHO-
CTH YacTHII JJIs1 00ECTIeUeHNUS IPOCIICKUBAECMOCTH U3MEPEHHH UX HaMeTpa, SKBUBAJIECHTHOTO 110 MJICKTPHIECKOHN ITOIBIKHO-
cTd. JlnameTp OOBIYHO NPUMEHSETCS U XapaKTePHCTHKU YaCTHUII, HAXOJSIINXCS B COCTOSIHUM a’po3oiist. [IpuBenena cxema
aHanu3aropa JuddepeHIanbHO IeKTPUUECKON MOABMKHOCTH YaCTHI] C ONMCAHUEM NPHUHIMIA AeHCTBHS, BbIBeIeHa (op-
MyJla pacyeTa JMaMeTpa YacTHIL.

KiioueBble cjoBa: HaHOYaCTUlla, OUAMETP, AUHAMHUYCCKOEC paCCCIHUEC CBETa, aHAJIU3aTOp SHCKTpI/I‘ICCKOP‘I IIOABHKHOCTHU
YacCTULl, HAHOU3MEPUTECIbHAA MalllnHa

Jas muruposanmsi: Barmion, A. A. MeToabl M TEXHHYECKHE CpEACTBA OOCCICUCHHS CIUHCTBA H3MEPCHUUN pa3Mepa
HaHowactu / A. A. Barmion, B. JI. Conomaxo // Hayka u mexuuxa. 2022. T. 21, Ne 6. C. 473-479. https://doi.org/10.
21122/2227-1031-2022-21-6-473-479

Methods and Technical Means for Ensuring Uniformity
of Nanoparticle Size Measurements

A. A. Bagdun", V. L. Solomakho”
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Abstract. The paper proposes a set of technical tools for solving the problem of ensuring the uniformity of measurements of
micro- and nanoparticles. To do this, it is necessary to ensure the traceabilityof particle size measurements to a unit of length —
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a meter, as well as equivalent diameters used in measurements in various dispersed media (aerosols and suspensions). To en-
sure traceability of particle diameter measurements to the meter, it is proposed to use a nanomeasuring machine with an ato-
mic force microscope as a probing system. The paper presents a diagram of the measuring system, describes the principle
of operation of the machine and the method for measuring particle sizes. The main alleged sources of errors in particle mea-
surement by this method are also identified. To ensure the traceability of measurements of the hydrodynamic diameter of
nanoparticles, which characterizes particles in a liquid (suspension), it is proposed to use a nanoparticle size analyzer that
implements the method of dynamic light scattering. The scheme of the analyzer with a description of the principle of measu-
ring the size of nanoparticles by the method of dynamic light scattering is presented in the paper. The scheme of the column
of the analyzer of the differential electrical mobility of particles is presented to ensure the traceability of measurements
of their diameter, which is equivalent in electrical mobility. Diameter is usually used to characterize particles in the aerosol
state. A diagram of an analyzer for the differential electric mobility of particles is given with a description of the operating
principle, a formula for calculating the particle diameter is derived.
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BBenenue

Pasmep HanouacTwir — 6a30BBIN MMapameTp, BIH-
SO Ha MEXaHWYeCKue, (PU3HKO-XUMHUYECKHE,
3NEeKTPUYECKHE, ONTHYECKHE M JIpyTHE CBOICTBa
KOHEYHOI0 IPOAYKTa HaHOTeXHoNorud. Iloatomy
Ba)KHO OIIEPATUBHO M TOYHO KOHTPOJUPOBAThH pas-
MEpHBIE MapaMeTpbl HAHOYACTHILl, YTO BO3MOKHO
MIPY HAJIMYUW CHCTEMBI 00SCIICYCHUST METPOJIOTHYC-
CKOM MPOCIE)KUBAEMOCTH W3MEPEHHH WX TIeoMeT-
PUUECKHX pa3MepoB. B 3aBuCMMOCTH OT NMpPUMEHS-
€MBIX TEeXHOJIOTUH HAaHOYACTHIIEI MOTYT MPeObIBaTh
B Pa3IMYHBIX HCXOJHBIX COCTOSHUSX (Hampumep,
B BHJIIE adp030Jsd, B3BECH, IOPOILIKA), YTO JeaeT
mporenypy obOecnedeHHs IPOCIEKHNBAEMOCTH W3-
MEpEHUH pa3MepoB HAHOYACTHUI] CJIOKHOW MHOTO-
BEKTOPHOM 3amaueil. B [1] u3y4eHb MUPOBOM OIBIT
o0ecriedeHnsT TPOCIEKNBAEMOCTH H3MEPEHHH paz-
MEpPOB HAHOYACTHI], METOAMKHM U TEXHUYECKHE
CpEeICTBa, MO3BOJSIONINE (parMEHTApHO peIIaTh
3Ty CIOXKHYI0 METPOJIOTUYECKYIO 3a/1ady.

Jlns cucteMHOTO penieHus mpo0IeMbl He00X0-
JIUMO CO3J1aTh KOMILIEKC O0OpYIOBaHUSA, TpeaHA-
3HAQUEHHBIN ISl OMpeNesiCHUs pa3MepoB HaHOYa-
CTHI] B JAMCIIEPCHBIX Cpelax, KOTOPbI MO3BOJISET
o0ecnieunBaTh M3MEPEHUSI YaCTHUI] TPeMsl METOJa-
MU — C TIOMOUIbIO: HAHOU3MEPUTEIHHOU MAILUHBI,
ONPEACIISIIOIEH NIEUCTBUTENBbHBIA JUAMETP YACTHULI
B JIMHEWHBIX BeIMYMHAX (TPOCIEKHUBAEMBIN K
eVHUIIE JIUHBI — METPY); aHaIM3aTropa pasmepa
HAaHOYACTHUL, O3BOJISIIOIIETO OMPEAENISITh METOIOM
JTUHAMUYECKOTO PACCEesTHUSI CBETa TUIPOJUHAMU-
YECKHUIl TMaMeTp YacTHl], HaXOIIIUXCS B pacTBO-
pax B Buie B3Becel; aHanm3aropa auddepeHmn-
aTbHOM AJIEKTPUYECKON TOABMKHOCTH YaCTHII,
MIO3BOJISIOIIETO 10 X JJEKTPUIECKON MOJIBUKHO-
CTU OIpEAesATh pa3sMep 4YacTHLl, HaXOIALIUXCA
B a3PO30JIX.
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Pu3nyecKue NPUHIMIBI OCTPOCHHSA
U KOHCTPYKTHBHBIE 0COOEHHOCTH
o0opyaoBaHusl, IPUMEHSIEMOT0

JJIS1 KOHTPOJIsI pa3MepoB HAHOYACTHIL

Texnuueckue cpedcmea u Memoouxa uzmepe-
HUsL TUHEeUHbIX pasmepog Hanouacmuy. OCHOBOM
000pYyZOBaHHSA, MPUMEHSIEMOT0 sl HW3MEpeHHS
JIUHEWHBIX pa3MEepOB HAHOYACTHILI, SIBJIIETCS HAHO-
mMeputensHas MammHa (NMM), peanu3syromias
HHTEPPEPOMETPHUUECKUI METO U3MEPEHUS B IOJI-
HOM COOTBETCTBHH CO CTaHIAPTHBIM ONpEAEICHU-
€M eIUHMLBI [UIMHBI — MeTpa. Heobxoaumas Tou-
HOCTb M3MEpPEHUS HAHOW3MEPHUTEIBbHOW MAalIUHBI
JOCTUTAeTCsl 3a CcYeT MpHHIMIIA KOoMIaparopa
A066e 1o BceM TpeM U3MEPUTENBHBIM OCSIM.

B xoncTpyknmun NMM (puc. 1) 30HIUpYyromas
cHCTEMa U TPH CPEACTBA U3MEPEHUS IJIMHBI — UH-
tepdepomerpsl 1, 2, 3 — KpemsaTcs Ha KopIryce,
MpeACTaBisomeM co0oi KECTKYI0 paMHYIO KOH-
cTpyKkuuto. Marepuas pambl — CUTaIJI, UMEIOIIUN
Masplii  KOA(QQUINUEHT TEIIOBOTO PACIIUPEHHUS,
YTO II03BOJISET MHMHUMH3HPOBATH IIOIPEIIHOCTD
W3MEpPEHHs] AJIMHBI U3-3a U3MEHEHHUH TeMIepaTy-
prl. Koprnyc ¢ n3MepuTensHbIME HHTEphEpOMET-
pamMH ¥ 30HIMPYIOIIEH CHUCTEMOH yCTaHOBJIEH Ha
rpaHUTHOM OcHoBaHWH. TemmepaTypubie kK03ddu-
LIMEHTH! PacIIUPEHUs paMbl U TPAHUTHOTO OCHOBA-
HUS CYLIECTBEHHO pasinuuarorcs. s mpenoTspa-
LICHUS] BO3MOXKHBIX IONOJHUTEIBHBIX MEXaHU4e-
CKMX HampshkeHud u gedopmamuu B ciiydyae
COCAMHEHHSA JBYX YacTel B «EOUHYI0» COOPOUHYIO
KOHCTPYKIIMIO M, KaK CJIEJICTBHE, BOZHUKHOBEHHS
MOTPEUTHOCTH HU3MEPEeHHs pa3Mepa HaHOYACTHIL
paMa ¥ IpaHUTHOE OCHOBAaHHE COEAUHSIOTCS MEXK-
Iy coOolf TONBKO B TpeX TOYKax omopsl. Hampas-
JSFOLLE-TIPUBOHAS CHCTEMa JKECTKO 3aKpeIuieHa
Ha Oa3upyrouieil MIOCKOCTH TPaHUTHOTO OCHO-
BaHusa. Kopmyc u coenuHHUTENbHBIE 3JIEMEHTBI
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HaIpaBJISIOLIE-IPUBOJHON CHUCTEMBI CKOHCTPYH-
pOBaHI)I OTACIBbHO U, TAKHUM 06pa30M, MEXaHU4YC-
CKH OTHENICHBI Ipyr OT apyra. Mcmomb3oBaHme
JTAHHOW KOMIIOHOBKH TIPEIOTBpAaNIacT MeXaHHWde-
CKYI0 OOpaTHYI0 CBsI3b OT CHCTEMBI HAIpPAaBIISIO-
KX MPUBOJOB K KOPIIYCy, HA KOTOPOM YCTaHOB-
JICHBI M3MEpUTENbHbIC HHTEpPepomMeTphl. UHTEp-
(hepoMeTphl YCTAHOBJICHBI TaKUM O0pa3oM, 4TO
TOYKA TIEPECCUCHHUS MX ONTHYECKHX OCEH, COBIa-
JIAIOIINX C JIMHUSIMU M3MEpeHuil 1o ocsim X, Y, Z,
COBMEIICHa C TOYKOM KOHTaKTa 30HIUPYIOIICH
CUCTEMBI i 00BEKTa H3MEPCHUSI.

2 7

8 96

Puc. 1. Cxema uzmeputenbHoii cuctembl NMM:
1,2, 3 - X-, Y- u Z-uareppepomerp; 4 — KOpIyc;
5, 6 — yrioBoit [aT4nK; 7 — 30HAUPYIONIAsl CUCTEMA;
8 — 00BeKT U3MepeHus; 9 — yriaoBoe 3epKajo;

10 — rpanutHOE OocHOBaHwme; 11, 12, 13 — miardopma,
nepeMenIanuaics no ocsiM X, Y, Z COOTBETCTBEHHO

Fig. 1. Diagram of the measuring system NMM:
1,2, 3 — X-, Y- and Z-interferometer; 4 — frame;
5, 6 — angle sensor; 7 — probing system; 8 — measurement
object; 9 — corner mirror; 10 — granite base;
11, 12, 13 — platform moving along
the axes X, Y, Z respectively

Bonpmmas macca kopmyca u 30HIUPYIOMIEH CH-
CTEMBI MOXKET CHJILHO OTPAaHUYHUTH JUHAMHKY IIO-
3UIMOHUPOBAHUSA U W3MEpeHus. Bo BpeMs m3Mme-
peHHii HeoOX0IUMOe B3aMMHOE MOJIOKEHHUE APYT
OTHOCHUTENFHO JIpyra 00beKTa M3MepeHUs, 30H -
pyroIe CUCTEMBI U KOpIyca AOCTUTAETCS MyTeM
MOCJIEIOBATEIBHBIX MEPEMEIICHUN OHOTO U3 yKa-
3aHHBIX y3JI0B MPU HEMOABMKHOM COCTOSIHHH JIBYX
npyrux. OTHOBPEMEHHOE IEPEMEIICHUE 30HIHU-
pyromeii CHCTEMBI ¥ KOpITyca He JAOIMyCKaeTcs, Mo-
CKOJIBKY TIOCJHeTHUH, 00ianas OONBIION Maccow,
H3-32 BO3HHMKAIOMMX IIOCTOSHHO H3MCHSIOIIUXCS
JIMHAMHYECKUX HATPY30K MOXET JAe(OPMHUPOBATH-
Cs1 BO BpeMsl JIBIDKEHUS, YTO HEU30CIKHO MPHUBEICT
K TIOTPEIHOCTH u3MepeHus. [lo 3Tum mpudnHam
W3MEPHUTETHHBIC TIEPEMEIICHUS OCYIIECTBIISIOTCS

[ Hayka
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MyTeM MO3UIUOHUPOBAaHUS OO0BEKTa H3MEPEHHUS,
00J1aaroIero HanMeHbIIEH Maccoii.

B kadecTtBe cpencTB M3MepeHUH [UMHBI B HAHO-
H3MepHTeHBHOﬁ MAalurHE HCIIOJIB3YIOTCA HHTEP-
(bepoMeTphl, KOTOpbIE OO0NATAIOT HEOOXOAMMOMH
paspemaroiiell CocOOHOCTBI0O W TOYHOCTBIO H3-
MEpEeHHS W TO3BOJISIOT O00ECTeYMBATh MPOCIEKH-
BacMOCThb I/ISMepeHI/Iﬁ K €AUHUILIC NJIMHBI — MCTPY.
OOBeKT U3MepeHHs YCTaHaBIMBAETCS Ha IPHUCIIO-
coOleHne B BHJE YIJIOBOTO 3epKaja, BHEITHHE
IpaHd KOTOPOTO CIIyKaT ONTHYECKHMH OTpakare-
JAMU IS U3MEPUTENILHBIX HHTEPPEPOMETPOB.
OOBEKT JeKUT TIOBEPX YTIOBOTO 3epKalia U Tepe-
MeIIIaeTcsi BMECTE C HUM. YTJIOBOE 3epKajo ycTa-
HOBJICHO Ha TPEXKOOPAMHATHOM CTOJIe, MPEICTaB-
TSFOIEM cO0OM KOMOHMHAIMIO YCTAaHOBOYHBIX IIIAT-
(hopM U cHCTEM NIPUBOAOB, 0OCCIICUNBAIONINX HE3a-
BUCHMOE TiepeMelieHue miatdopm mo ocsim X, Y, Z.
B OCHOBY KOHCTpYKLMM TOJIOKEHA YCTaHOBOY-
Has TwiaTgopma, KOTOpas KPEnuTcsl K OCHOBAaHHIO
u o0ecrieunBaeT IEepeMEIleHHe y3/a 1o OcH X.
Ha meit kpenurcs miargopma, obecrieunBaromias
repeMeItieHle y3ia mo ocu Y, K KOTOpOH, B CBOIO
ouepenp, — Miatdopma, oOecIIeIrBaroas mepeMe-
ieHue y3iia 1o ocu Z. [1natgopMbl UMEIOT TEXHOJIO-
THYEeCKUe KaHabl IS TPOXOXKICHUS JTyded HHTep-
(dhepomerpa. TloCKOIBKY HM3MEPHTENBHBIA JIyd HE
JOJDKEH TIPEephIBAaTHCS, Pa3Mepbl KaHAIOB COOTBET-
CTBYIOT paboueMy THana3oHy MepeMeLICHHH.

KoHcTpyKIus HanpaBISIOMMX UIT KaXKIOW U3
oceil X u Y npexacrasiseT co00ii KOMOMHALIUIO PO-
JINKOBOW HAIPABISAIONICH M 3JIEKTPOMArHUTHOTO
npuBoja. Jist ocu Z ucnonab3yrTcst TPU KPYTIIBIX
KOPOTKHX POJHUKOBBIX HapPaBJIAOIHNX W YETBIPEC
3JIEKTPOMAarHUTHBIX NMpUBoJa. M3-3a Manol JJIMHBI
HAIpaBJIONINX PHUCKHA BO3HUKHOBEHHUS JOTIOJHH-
TENBHBIX TOTPEHIHOCTEH, BBI3BAHHBIX HETOYHOCTHIO
WX YTJIOBOM YCTAaHOBKH IMPU MOHTaKE, 3HAYNUTEIEHO
BBIIIIE, Y€M TMOTPEITHOCTHU MO APYruM ocsm. Jlormor-
HUTEJIBHO YTJIOBBIE MaT4uKu 5, 6 (puc. 1), ycTaHOB-
JICHHBIE Ha KOpITyce, U3MEPSIOT HAKJIOH YIJIOBOTO
3epKajia Ha ero o0enx OOKOBBIX CTOpPOHAX. YTIpaB-
JICHHE YTJIOM HaKJIOHa OTHOCHUTENIbHO ocelt X u Y
BO3MOXKHO C TIOMOINBIO TaHHBIX U3MEPEHUs yTIIIo-
BBIX JIATYMKOB M MCIOJIB30BaHUSI YETHIPEX OTIENb-
HBIX TIPUBOJOB. Becs cucTema HampaBisOmMX U
MIPUBOJIOB UMEET KaHal sl Tyda uHTepdepomerpa
ocu Z. IlockonbKy M3MEpUTENBHBINA JIyd HE J0JI-
JKeH TPephIBaThCS, pa3Mep KaHalla COOTBETCTBYET
pabouemy nuamasoHy mepemernieHnii. OCHOBHBIE
TEXHUUYECKUE XapaKTePUCTUKH HAHOU3MEPHUTEIh-
HOW MaIllWHbI IPUBEACHEI B Ta0II. 1.
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Tabnuya 1
TexHUYeCKHE XapaKTePHCTHKH
HAHOM3MePHUTEIbHON MalINHBI

Specifications of nanomeasuring machine

):[I/Ial'la?;OHu 25%25%5
H3MEpeHH, MM
Pazpenienne, HM 0,1

BcrpanBaemblie
JATIAKA

ATOMHO-CHIIOBOH MHKPOCKOII, JIa3ep-
HBI (hOKYCHBII MHKPOCKOII, HHTEP-
(hepometp Oenoro cBera,
ryn i 3D-u3MepeHnit

Kaxk BumHOo u3 1261. 1, B NMM MOXHO BCTpawn-
BaTh IIMPOKUH CHEKTP KOHTAKTHBIX U OCCKOHTAKT-
HBIX JIATYMKOB (3O0HAMPYHOMUX cuctem). Jlms us-
MEpeHHs JUaMeTpa HAHOYACTHI[ B Ka4eCTBE 30H-
JUPYIOIIEH CUCTEMBI MPUMEHSETCS aTOMHO-
cuinoBoir mMukpockon (ACM). Ilocne koHTakTa ¢
o0BexToM m3mepenuit curnan ACM wucnonb3yercst
IUISL PETYJIUPOBAHUSI BEPTUKAIBHOTO IMOJIOKECHUS
CTOJIa, YTO JA€T BO3MOXKHOCTh CKaHMPOBATH IO-
BEPXHOCTh 00BeKTa wu3MepeHus. [IpumeHeHue
NMM ¢ ACM no3BoJisieT peaan3oBaTh ABa CIOCO-
0a m3MepeHHUs pa3Mepa HAHOYACTHI] — B BEPTH-
KaJIbHOM U JIaTepaJIbHOMN MJIOCKOCTSX.

[Ipn uM3MepeHMM HaHOYACTHIl B BEPTUKAIHHOM
TUTOCKOCTH OTIPENENSCTCS] PACCTOSIHUE MEXKITY BEp-
IIUHON OJTMHOYHOM YaCTULIBI M TIOJUIOKKOM (pHc. 2),
B JIaTepaJbHOM IUIOCKOCTH — PAaCCTOSHUE MEXTY
JIByMSI BEpIITUHAMH JIBYX COCEIHUX YacTHil (puc. 3).

Y

D, = Maximum Height
77777777 77777777

Puc. 2. Cxema u3mepeHus: HAHOYACTHIIBI
B BEPTUKAIBHOH IIOCKOCTH

Fig. 2. Scheme of measurement of nanoparticles
in the vertical plane

Slueiika, coneprxanias
obpaser] HaHOYaCTHI]

Hcrounnk
H3ITyYEeHUS

cBeT >
ATTeHI0aTOp PaccesHHBII "\\

CBET

DOTORIEKTPOHHBIIT
YMHOXXHTEIb

Dy

Puc. 3. Cxema nu3aMepeHnss HAaHOYACTHULIbI
B JIaT€paJIbHOM MIIOCKOCTH

Fig. 3. Scheme for measuring a nanoparticle
in the lateral plane

B [2] BblAeNeHBI OCHOBHBICE MCTOYHUKH I10-
TPENTHOCTEH, BOSHUKAIOMINX IPH W3MEPEHHU pa3-
MEpOB YacTHUI[ C MOMOIIBI0 HaHOU3MEPHUTEIbHON
MAaIITUHBL, a B [3—6] — METOABI X KOJMYECTBEHHOMN
OLIEHKH.

Texuuueckue cpedcmea u mMemoouxa uzmepe-
HUA  9KBUBANIEHMHO20 Ouamempa HAHOYACMUY
Memooom OuHamuyeckoeo pacceauus ceema. Ju-
Hamuueckoe paccesHue ceera (JIPC) — ¢usuue-
CKMI TPUHIMII, TOJOXXEHHBIM B OCHOBY METO-
Jla ONpeesIeHUs] CBOMCTB M pa3Mepa HaHOYACTHUIL
(MX TUAPOIMHAMHYECKOTO IMAMETPa) B IKHIKOMH
(haze, KOTOPBII SABIAETCS ATAJOHHBIM JUII TaKOTO
BHJa W3MEPEHHW B COOTBETCTBHUH CO CTaHIAp-
tom ISO 2241:2017 «I'panynomeTrpuyeckuil ana-
mu3. JlmuHammdeckoe paccesHue cBeta (DLS)».
TexHudeckoe CpeacTBO peanu3aluyd 3TOTO METO-
Jla — aHAIIM3aTop pa3Mepa HAHOYACTHI], cXeMa KO-
TOPOTO TIpe/ICTaBIeHa Ha puC. 4.

Hctounuk wu3aydyeHus, B Ka4eCTBE KOTOPOTO
BBICTYITaeT Jiazep, 00ecreynBarONIuii KOTepeHT-
HOCTb H MOHOXPOMATHYHOCTH TI'€HEPUPYEMOTO
CBETOBOTO IOTOKA, MCIYCKAaeT ONTHYECKOE H3IIy-
YyeHHe, MONajarolee B aTTeHI0aTop. JTO yCTPOM-
CTBO OCHa0JsieT MHTEHCHBHOCTH ONTHYECKHX KO-
neOaHuil (MCIyCKaeMOTo W3JIYYCHHUs) O YPOBHS,
MTOIXOJISIIIETO TSl IPUEMHHUKA W3TyUYeHHs], He HC-
Kaxkas rmpHu 3ToM (opmy currana. Ilagaromee uz-
JydeHHe TMonaiaeT B SYSHKY, ColeprKallyo odpa-
3ell HAaHOYACTHII, IOciie KOHTAaKTa C KOTOPBIMHU
4acTh CBETA MPEIOMIIIETCS, 4 YaCTh PACCEUBACTCS.

Koppenstop

Yeunurens-
JTUCKPUMHHATOP

Puc. 4. Cxema aHanu3zaTopa pazMmepa HAaHOYACTHI]

Fig. 4. Diagram of nanoparticle size analyzer
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[MpenomneHuslid cBeT cobupaercst (HOTONOBYII-
KOM, a paccessHHbIA — TOJ| OMpeAeNCHHBIM YTJIOM
cobupaercss (HOTOAETEKTOPOM, B KaU4eCTBE KOTOPOTO
BBEICTYTIaeT (POTORIICKTPOHHBIH YMHOKUTETH (DDY),
MpeoOpa3oBEIBAOIINI ONTHYECKOE H3TyUICHHE
B AJICKTPUUECKUI CUTHAN. DIEKTPUUECKUM CUTHAN
¢ ®DY obOpabatbiBaeTcs yCHUIUTEIEM-IUCKPUMU-
HATOPOM, TOCIIE YeTo TOMaaaeT B KOPPENIATop, KO-
TOPBIA BBIYUCISCT aBTOKOPPEISIUOHHYIO (PYHK-
IIUI0 U CTPOHUT €€ 3aBHUCHUMOCTb OT BPEMEHH 3a-
JICPKKHU 3JICKTPOHHOTO CUTHAJIA.

l'upponvHaMuYecKkuii  JAHaMETp BBIPAXKACTCS
AHAJIMTUYECKH MTyTEeM PELICHUS YPaBHEHUS

2

kT | 4nnsin 2

d 3’ ’ )
riae kg — moctosinHast bonbimana; T — Temneparypa;
n — TIOKa3aTesb MPEeOMIICHHS YacTHIl U JTUCIICPCH-
OHHOH Cpenbl; 3 — yroi cOopa pacCesiHHOTO U3ITyde-
HUST, [T — CKOpOCTh 3aTyXaHHsl aBTOKOPPEISIIHOHHON
(byHKIMKM; T — BA3KOCTH JTUCIICPCHOHHOW CPEIIbI;
A — JUTMHA BOJIHBI JIA3EPHOTO U3ITyYeHHSI.

TexHu4ueckne XapaKTepHCTUKHA aHAIIN3aTopa
pa3mMepa HaHOYACTHUI] IPUBEICHBI B Ta0I. 2.

Tabnuya 2
TexHUYeCKHE XapaKTePUCTHKH aHAIM3aTOPa
pa3Mepa HaAHOYACTHI]

Specifications of nanoparticle size analyzer

Jluanaszon JIMaMETPOB YaCTHIL, HM Ot 0,6 go 4000
U3MEPEHUI n3eTa-rmoTeHnuana, MB Ot -200 mo 200
JImama3oH MoJeKyJIsapHOro Beca, T/Momb | 1 - 10% 102 - 107
Benmunaa po0bI 111 M3MEPEHUS, MIT Ot 0,012 mo 4,000

B [7] BblmeneHbl OCHOBHBIE WCTOYHUKH IIO-
TPEITHOCTEH, BOSHUKAIOMINX MPH W3MEPEHHU pPa3-
MEPOB YACTHI[ METOAOM TUHAMHYECKOTO pacces-
HUsI cBeTa. METOIMKM KOJNWYECTBEHHOM OLECHKH
napameTpoB, BxoAsamux B (1), u3noxenst B [8—11].

Texnuueckue cpeocmea u mMemoouxka uzmepe-
HUSL HAHOYACMUY NYmMeM aHaIu3a ux oughgepen-
YuanvHou nekmpuyeckou noosudxcnocmu. Cucrema
aHanmm3a U GEepeHIMaIbHON IEKTPHUSCKON  TI0-
JBIDKHOCTH TTO3BOJIET Pa3AesisTh YaCTUIIBI a3pO030Jis
Ha OCHOBaHMM WX D3JEKTPUYECKON ITOIBIKHOCTH
1 (OpPMHPOBATH HA BBIXOJIE IIOTOK MOHOIMCIIEPCHBIX
YacTHIl, oOecreyrnBasi WX CYET W COOTBETCTBEHHO
ompezierienne pasmepoB. CrcTemMa BKIIOYaeT TPU
OCHOBHBIX YCTPOMCTBA: 3JIEKTPOCTATHYESCKUHA KIac-
cudukaTop, KOJOHHY aHajm3aTopa audQepeHIu-
ATGHON 3JIEKTPUYECKOW TOABWKHOCTH 4YacTHIl U
KOH/ICHCAIIMOHHBIN CUETYHK YaCTHII.

DJEeKTPOCTaTUUECKUI KJIaCCH()UKATOP BKIIIO-
YaeT BXOAHOW HMMIIAKTOpP, OTQHIBTPOBHIBAIOIINHA

Hayka
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YacTUIB pa3MepoM Ooliee 2 MKM, pacxoiomep,
MpeIHa3HAYeHHBIA TSI CTAOWMIN3allii CKOPOCTH
WCTEYEHUs] TIOTOKa 00ayBa, HEWTpaU3aTop a’po-
30JIeit — OWITOJISIPHOE 3apsaHOE YCTPOHCTBO, B KO-
TOPOM YAaCTHUIIBl CTAJKHBAIOTCS C OWITONSAPHBIMU
WOHAMH, YTO TPUBOJUT K PAaBHOBECHOMY pacIipe-
JIEIICHUIO 3aps/ia, 3aBHCAIIETO OT pa3Mepa 4YacTH-
bl ¥ UCTOYHHUKA BHICOKOTO HATIPSKCHHUS.

Komonna anammsatopa  auddepeHIMaIBHOM
ANIEKTPUYECKOM MOJIBIKHOCTH YacTull (puc. 5) mpes-
CTaBJISICT COOOH JUTMHHYO MWIMHIPUICCKYIO KaMepy
pamuycom 1,958 cMm. BHyTpu ee Haxomurcs crep-
keHb paanycoM 0,937 cM, KOHIICHTPUYIHBIA CTEHKaM
KaMephl, PACIOJIOKCHHBIM TaKUM 00pa3oM, YTOOBI
MEXKITy CTep)KHEM M CTEHKaMH KaMephl oOpas3oBa-
JIOCh KOJblLIeBOe MpocTpaHcTBO. [loTok aspososns
TIOTTIA/IaeT B BEPXHIOIO YaCTh KaMEPhl M COeTUHSIETCS
C TOTOKOM HYHCTOTO BO3IyXa OOIyBa, KOTOPBIA CO-
3[Ia€TCSI HACOCOM, TIOMEIIIEHHBIM B 3JIEKTPOCTaTHYe-
CKHI KJlacCUUKaTOp, GUIBTPYETCS W KOHTPOIHUPY-
eTcs TEePMOMETPOM, TUTPOMETPOM, MaHOMETPOM
U BBICOKOTOYHBIM pacxozomepoM. Jliist mocTikeHus
MaKCHMAITLHOM TOYHOCTH CKOPOCTh ITOTOKA BO3IyXa
00/1yBa JTIOJDKHA OBITh MUHMMYM B JIECATH pa3 00Jb-
1Ie CKOPOCTH IMOTOKAa BXOILIETO a’po30Jis, H3Me-
PCHHOTO BXOJHBIM HMITAKTOPOM.

MoTok o6ayBa
McTouHnk
BbICOKOro

HanpsXxeHusy

i i{l;lbhﬁﬁl;lcnepCHblﬁ

asposoiib

s

M36bITOYHbIA NOTOK
—

Bbixoa MoOHOANCNEpPCHOro asposonsd

Puc. 5. Cxema KoNnOHHBI aHAIM3aTOpa AU PepeHIHATBHON
ANEKTPUYECKON IMOABMKHOCTH YaCTHIL

Fig. 5. Scheme of the column of the analyzer
for differential electrical mobility of particles

OObeTMHEHHBI OTOK MOCTYIAeT B 3a30p MEXK-
Iy KOaKCHaJbHO PAaCIOJIOKCHHBIMU LIEHTPAJIbHBIM
CTEp’KHEM U Hapy>KHbBIM IMIMHApoM. Hanpspkenue
Ha CTEpXEHb IOJAETCSl OT WCTOYHUKA BBICOKO-
r0 HalpsOHKCHUS, HAXOIAIIETo B KiaccU(HUKaTope,
u peryiaupyercs B auanazoHe or 0 mo 10000 B.
BHemnss nunmHOpUYecKas Kamepa MOAJep)KHBa-
eTcs TMOTCHLHUAIOM 3€MJIM, YTO IO3BOJISIET 3JICK-
TPUUYECKOMY IIOJI0 PAaBHOMEPHO paclpOCTpaHsTh-
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CA B KOJIBIICBOM IIPOCTPAHCTBE KO JHY KaMCpBHI.
[To myTH 3apsKeHHbIE YaCTHUIIBI TBUXKYTCS K IICH-
TPalbHOMY CTEp)KHIO W3-32 Pa3HOCTH IIOTEH-
UAJIOB HampsiKeHUd. Manblii paaualibHBI 3a30p
¥ BBICOKasi PaBHOMEPHOCTH DJIEKTPHYECKOTO TIOJIS
CO3/1al0T HEOOXOAWMMEIE YCIIOBUS, ITO3BOJIIONINE
MPOBOJIUTh HM3MEPEHUS DIIEKTPHUECKOUN ITO/IBHIK-
HOCTH C BBICOKHM pa3perieHNeM.

HeOonpias menb B CTEpIKHE JTa€T BO3MOXKHOCTh
KIacCH(UIMPOBATh YACTUIBI C JJIEKTPUYECKOH I10-
JIBIDKHOCTBIO Z, BBIYUCIISIEMO 110 (hopMyJie

z=""I 1| 2| 2)
2rUL

Ile gy — CKOPOCTh TIOTOKa Bo3nayxa oonysa; U —
HalpspKeHHe Ha CTepikHe; L — AMHa OT BXoJa adpo-
3001 IO LIENH; 7|, 7, — BHYTPEHHUH U BHEIIHWW pa-

JIyCBI KOJIBIIEBOTO MPOCTPAHCTBA COOTBETCTBEHHO.
[lpu peryaupoBaHMM HampspKEHWE OTOMpAOTCs
YaCTHIBI C y3KUM JAMAa30HOM TOABM)KHOCTH. BEI-
XOJI TIPAKTUYECKH MOHOPA3MEPHBIX YaCTHUI[ JOCTUTa-
eTcs IMyTeM BBIOOpa YacTHIl Ha OCHOBAaHHWM HX TIO-
JBHXKHOCTH. [10TOK, coCTOSIIMI U3 MOHOpPa3MEPHBIX
YaCTHI, IPOXOIUT Yepe3 OTBEPCTHE CTEPXKHS U BbI-
XOmUT W3 Kiaccuukaropa, 3aTeM HalpasiieTcsl B
KOHJCHCALIMOHHBIM CUETYHK YACTHUILI, TAE MOJCUUTHI-
BaeTCs UX KoaudecTBo. OcCTalbHOM MOTOK MOKHUIAET
KJIacCU(UKATOpP Yepe3 OTBOA M30BITOYHOIO TIOTOKA U
MOMAacT B CHCTEMY PELMPKYIISLUN, KOTOpas Mpo-
KauuBaeT IOTOK uepe3 Kinaccudukarop, odecrednBast
ero HeoOXOJUMBIH 00beM U KOHIULIMOHUPYS Tepen
BO3BpaTOM B BHJE MOTOKa Bo3ayXxa o0myBa. OCHOB-
HBIE TEXHUUYECKHE XapaKTepUCTHKU aHalIu3aTopa
T depeHIMaTBHON IEKTPHIECKON MMOJIBMKHOCTH

YaCTHI] MIPEJICTABIICHBI B Ta0I. 3.

Tabnuya 3

TexHnyeckne XapaKTepUCTHKH aHAJIM3aTOPA
au¢depeHIHAIBHOM JIeKTPHYeCKOi MOABUKHOCTH YaCTHIL

Technical characteristics of differential
electrical particle mobility analyzer

Hafna3oH U3MEPESHHH THaMETPOB

A PCHHUI JHaMeTp Or 2 50 1000

YACTHII, HM
CKOPOCTH TOTOKA H3MEPAEMOTO | 0.2 10 2.1
a’po30JIs, JI/MHUH

Hara3oH |CKOPOCTH IIOTOKA BO3yXxa 00-

A P Yy Ot 2 10 30
QTyBa, JI/MHH
HanpsDKEHUH aHanmu3aropa, B Ot 10 mo 10000

DneKTpudecKas MOJABIKHOCTh YaCTHIIBI Z PaB-
Ha CKOPOCTH V 3aps>KEHHOM YacTUIlbl, IETICHHON Ha
HaIPsHKEHHOCTD AJIEKTPUYECKOro nouis E:

v

SHGKTpI/I‘IeCKaSI NOABHMXHOCTb  BBIUYHCIACTCA
n3 OaaHca OJICKTPUYCCKUX CHJI, BO3ZHHUKAIOMIUX
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n3-3a 3aps/ia Ha YacTHIE, ¥ CHIIBI CONPOTHBIICHUS,
onpenenseMoii 3akoHoM CTokca:

nek = smwD, , 4)
c(p,)
I 7 — KOJUYECTBO 3apsiOB; e — 3apsij AJIEKTPO-
Ha; W — BA3KOCTh rasa; D, — OuaMeTp 4acTu-
usl; C(D,) — koppekus ckonbxeHus KanHuHarema.
W3 ypaBHenmii (2) u (4) MOXHO OIpENeNnuTh
TUaMeTp YaCTHIIBI

eC(D,)2UL
D, :—r. (5)

g 3uln| =

h
B [12] BbigeneHbl OCHOBHBIE HCTOYHHKHU IIO-
TPENTHOCTEH, BOSHUKAIOMINX IPH W3MEPEHHU pa3-
MEpOB YaCTHI[ C IOMOMIbIO aHamm3aropa ang-
(bepeHIIMANBHON  ANEKTPUYECKON  MOJIBUKHOCTH
4yacTull, a B [13—15] — METOABI UX KOJIUYECTBEHHOMN

OLIEHKH.

BbBIBO/IbI

1. [lo ucnonp3yeMbIM METOJUKAaM H3MepEeHHit
U NPEABAPUTEIILHO IONYYEHHBIM TEXHHUYECKUM M
METPOJIOTHYECKUM XapaKTEPUCTHKAM OIHCAaHHBIN
KOMIUIEKC CPEICTB U3MEPEHUI COOTBETCTBYET MH-
POBBIM aHaJIOTraM.

2. Ilocne mpoBeneHUs] IOPUAUYECKUX U aJAMH-
HUCTPATUBHBIX IPOLEAYpP KOMIUIEKC CPEACTB H3-
MEpEeHHUH MOXKET OBITh MPHUHAT B Ka4ecTBE 3TajlOHa
B 00JacTu OIpelesieHUs pa3MepoB HAHOYACTHII.
OT0 03Ha4yaeT BO3MOKHOCTb HCIIOJIB30BAaHUS KOM-
IleKca Al METPOJIOTHYECKONW OLIEHKH TOCyJlap-
CTBEHHBIX CTaHJAPTHBIX 0Opa3lOB pa3MEpoOB Ha-
HOYACTHI] U OOECIeUEHHs MPOCIECKUBAEMOCTH HX
HU3MEPEHUH K €IMHULIE AJINHBI — METPY.
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MeToauka pacyera noga4M BOJAbl HA OPOUICHUE U3 BOAOXPAHUJIMII
MHOTO(pyHKIMOHAJBLHOI0 Ha3HAYeHus (Ha npumepe Kurtas u besapycn)

) )

JokT. TexH. HayK, npod. J. H. Muxuesuu”, acn. Ju Iz>mun’

l)Eeﬂopyccxﬂﬁ HAIIMOHAJBHBIN TeXHUYECKMA yHUBepcuTeT (MuHCK, Pecrrybnnka benapycs)

© Benopycckuil HallMOHANBHBIN TEXHUYECKUH yHUBepcurert, 2022
Belarusian National Technical University, 2022

Pedepat. B xauecTBe HCTOYHMKOB BOABI Ha OpOIIEHHE HanOoOJee YacTO MCHOIB3YIOTCS BOAOXPAHWIUING, UMEIOLIIHE MHO-
royHKIMOHAEHOE Ha3HaueHHe. B Kurtae co3maHo 0oJbIIoe KOJMMYECTBO BOMOXPAHMIIHII, MPEIHA3HAYCHHBIX IS TPEIOT-
BpALICHUS] HABOJHEHUI, OpOIIEHUs, MPOMBILUIEHHOTO U CEIbCKOXO03SHCTBEHHOro BopocHaOxeHus. B bemapycu mis opo-
LIeHUS UCMOB3YIOT Bogoxpanmwmima Conuropekoe, Jlrobanckoe, [lerpoBuuckoe, IToroctckoe u np. Ilomesnsiit (peryaupy-
foIIHiA) 00beM BOJOXpPAHHJIMIIA MHOTO(OYHKIMOHAIFHOTO HA3HAYCHUS PACCUUTHIBACTCS C yYETOM KaXKIOro MOTpeOUTEIs
Ha OCHOBE T'MIPOJIOTHYECKOTO U TEXHUKO-3KOHOMHUYECKOro 000cHOBaHMA. [ Kax1oro notpedutens Ha3HadaeTcs Tpelye-
Masi pacdeTHas 00eCTICYeHHOCTh M HCIIOIb3YETCS COOTBETCTBYIOIIAS METOAMKA OMPeeNIeHnsl BoxonoTpedueHus. Tak, mones-
HBI 00BbEM BOJBI, MPEIHA3HAYCHHBIN U NOJa4l Ha OPOIICHHE, JOJHKEH 00ECIeUUTh TPEOYEMYI OPOCUTEIBHYIO CIIOC00-
HOCTh U MOIIHOCTh OPOCHTEIBHOW CHCTEMbI. BoJoXpaHWHINE, MpeJHAa3HAUYCHHBIC IJIi BOJOCHAOXKCHUS, PACCUUTHIBAIOT
Ha 95-97%-10 00eCIIeYeHHOCTh CTOKA, a JyIs 1iesieil opomeHus — Ha 75-80%-10 00eCIeYeHHOCTh B 30HAaX YMEPEHHOTO M U3-
OBITOYHOIO YBJIAKHEHHS. B 3aCyILIMBBIX, MyCTHIHHBIX W MOJYIYCTHIHHBIX pernoHax Kwurtasi, rje HeIOCTaTOK BOJBI B 3a-
CYIUTUBBIC TOJBI MOXKET MPHUBECTH K OOJBIIMM MOTEPSAM YpOXKas, BOJOXPAHHJIMINA IS IEJCH OPOIICHHS PAaCCUUTHIBAIOT
Ha 90-95%-10 obGecneueHHOCTh. OOBEMBI M PAcXO/bl BOABI B BOZOXPAHWIHUINE IS LeNed OpPOIICHMS NOIDKHBI HOKPHIBATH
MOTPEOHOCTH PACTEHUH B BOJIC B YCTAHOBIICHHBIE CPOKH JIJIS TOJ]a PacUCTHOW obecriedeHHOCTH. B cTarhe npuBenena gopmy-
Jia JUTS OTIPENICIICHHSI CPEIHEB3BEIICHHON OPOCUTEIBHOW HOPMBI i 00BEMa BOJIbI, HEOOXOAMMOTO JIjisi oporineHus. V3maraercs
METOJIMKA IO BBIYMCIICHHUIO MOJIE3HOT0 00beMa BOAOXPAHUIIMIIA, IPESIHA3HAYCHHOTO Ui POMBIIICHHOTO BOIOCHA0KEHUS
W OpOIICHUS, JJISI KOTOPOT'O PETYIHPOBAHKE CTOKA PACCUUTHIBACTCS HA JBE 00CCIICUYCHHOCTH BOAoNOTpebOaeHus. [Ipemnoxken
METOJ1 OIPECICHUS PacXo/a BICKOMBIX HAHOCOB JIJIsl Pa3lIUUHBIX CTaIui MX MBIKeHHs. [Ipencrasiena dopmyna aist cym-
MapHOTo 00beMa NOCTYHAIOUINX B BOJOXPAaHUIIMIIE B3BEIICHHBIX 1 JOHHBIX HAHOCOB.

KiioueBble ¢J10Ba: CHCTEMBI OPOLICHHS, BOJOXPAHIIININA, PETyIHPOBAHUE CTOKA, BOJOHNOTPEOICHHE, HAHOCHI

Jas uutupoBanusi: Muxuesny, D. M. Metonuka pacuera momadd BOIBI Ha OPOLICHHE W3 BOMOXPAHMIIHII MHOTO(DYHK-
IUOHATLHOTO Ha3HaueHus (Ha npumepe Kuras u benapycu) / . . Muxuesuy, Jlu [zamun // Hayka u mexnuxa. 2022. T. 21,
Ne 6. C. 480-489. https://doi.org/10.21122/2227-1031-2022-21-6-480-489

Methodology for Calculating Water Supply for Irrigation from Reservoirs
of Multifunctional Purpose (on the Example of China and Belarus)

E. I. Mikhnevich", Li Ziming"

YBelarusian National Technical University (Minsk, Republic of Belarus)

Abstract. Reservoirs with multifunctional purposes are the most widely used as sources of water for irrigation. In China,
a large number of irrigation systems have been created using reservoirs as sources for flood prevention, irrigation, industrial
and agricultural water supply. In Belarus, the Soligorsk, Lyuban, Petrovich, Pogost and other multifunctional reservoirs are
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used for irrigation. The useful (regulating) volume of a multifunctional reservoir consists of separate components calculated
for each consumer in the basis of a hydrological and feasibility study. Thus, the useful volume of water intended for irrigation
should provide the required irrigation capacity and capacity of the irrigation system. When determining the useful (regulating)
volume of a multifunctional reservoir, the total water requirements for various purposes (water supply, irrigation, hydropower,
etc.) are calculated. For each consumer, the required design supply is assigned and the appropriate method for determining
water consumption is used. Reservoirs intended for water supply count on 95-97 % availability of runoff, and for irrigation
purposes — on 75-80 % availability in zones of moderate and excessive moisture. In arid, desert and semi-desert regions
of China, where lack of water in dry years can lead to large crop losses, irrigation reservoirs are expected to be 90-95 %
secure. The volumes and costs of water in the reservoir for irrigation purposes must cover the needs of plants in water within
the established time frame for the year of estimated availability. The paper provides a formula for determining the weighted
average irrigation rate and the volume of water required for irrigation. A methodology is presented for calculating the useful
volume of a reservoir intended for industrial water supply and irrigation, for which flow regulation is calculated for two sup-
ply of water consumption. A method is proposed for determining the flow rate of entrained sediments for various stages of
their movement. A formula is presented for the total volume of suspended and bottom sediments entering the reservoir.

Keywords: irrigation systems, reservoirs, flow regulation, water consumption, sediments
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BBenenue

O6mmpHBIe TeppuTopuu Kwuras, mnpemHazHa-
YEHHBIE IS CEIbCKOXO3AHCTBEHHOT'O MCIIOIh30Ba-
HUsSI, UCHIBITHIBAIOT HEJOCTaTOK Biarn. OcoOeHHO
9TO XapakTepHO IS 3aCYIUIUBBIX, ITyCTHIHHBIX
U TOJNYIMYCTHIHHBIX PErHOHOB, TJE, HECMOTpPS Ha
oOwniMe TeIIoTHl U CBETa, OYEHb TPYIHO BO3JEIbI-
BaTh CEICKOXO3AHCTBEHHBIE KYJIBTYPHI H3-32 Ie-
¢urura Brnaru. IlosToMy i Takux 3eMenb Opo-
IIEHHE MMEeEeT HCKIIOYUTEIHHO Ba)KHOE 3HAUYCHHE.
Kutait — crpana ¢ camoil OOJBINION IUTOIIANBIO
OpOIIaeMBIX 3eMelbh B MHpPE, KOTOpasl NpeBbIIIa-
er 1 mapa My (My — KuTalckas eluHUIIA U3Mepe-
HU romany), wim 70 mH ra. B benmapycn taxke
HEJIOCTaTOK BJIATM HWCIBITHIBAIOT MHOTHE BIIATO-
JOOMBBIE KYJIBTYpPHI JaKe B CPEAHHE 110 BOJAHOCTU
TOZbI, OCOOSHHO B 3alaJHBIX W FOKHBIX PETHOHAX.
B 3acynumuBele mepuonsl (obecnedeHHocTs 80 %
U OoJiee) MeUIIUT BIIATH PE3KO BO3pPAcTaeT U Opo-
IIIEHHEe CTAaHOBUTCS HEOOXOAWMBIM TIPAKTUIECKU
JUTSL BCEX CENTbCKOXO03SMCTBEHHBIX KYIbTYD [1, 2].

OCHOBHOH MCTOYHUK BOJBI IS OPOIIEHUS —
pexu. [t HeOOIBIINX YIaCTKOB OPOIICHHUS MOXKET
UCIOJb30BaThCAd  HE3apETyJIUPOBAHHBIA  pEYHOM
cTok. OHaKo ero MpUMEHEHHe KpailHe orpaHuye-
HO B CBSI3U C HU3KOH BOJHOCTBIO PEK B JIETHHMIA,
CaMblil HallpsHKEHHBINW, epuoy opowmeHus. Ha ma-
JBIX peKax TaKoro CTOKa MPOCTO HEI0CTAaTOYHO,
a 3a00p BOJABI Ha OPOIICHHWE B JIETHEE BpeMs W3
OONBIIMX PEK MOXKET YXYIIIUTH YCIOBHS IUIA CY-
JOXOJCTBA W HAPYLIMTh DKOJIOTHYECKYI0 00CTa-
HOBKY. [l03TOMYy B KauecTBe MCTOYHHKOB BOJBI Ha
opouieHne HauboJee IIUPOKOE PaclpoCTpaHEeHHUE
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MONTyYMJIH  BOAOXPAHWIUIIA, CO3JaHHBIE TOIBKO
JUIS OPOIICHUS WM HMMEIIIUE MHOrO(YHKIIHNO-
HaJTbHOE HA3HAYEHHWE B PAa3HOM COUYETAHHWH: OpO-
[IeHne, TUIAPOIHEPTeTHKa, BOJOCHAOXKEHHUe, 00-
BOJIHCHHUE, PBIOOBOJCTBO, CYIOXOJCTBO, OOphOa
C HAaBOJHCHHSIMH, pekpeartus [3].

Ha rtepputopum bemapycu mocTpoeHO OKOJIO
160 BOmOXpaHUIUI PA3IUYHOTO XO3IWCTBEHHOIO
HazHaYeHWs. MHOTHE M3 HUX HCIIONB3YIOTCS IS
opomenus. Tak, n3 Comuropckoro BoOAOXpa-
HWINIA TIOJAeTCs BOJa Ha OpOIIEHHE 3eMellb
mwomanaesio 3,5 ThICc. Ta, 3 JlobaHckoro opormia-
torcs 600 ra, u3 IlerpoBuuckoro — 5 ThIC. Ta.
Bcero momans opomenus B 2020 1. cocTtaBu-
ma 30,3 TBIC. Ta, YTO MOYTH B MATh pPa3 MEHBIIE
o cpaBaenuto ¢ 1990 r. (148,9 ToIic. Ta). B cBs3un
C TIOTETNIEHUEM KJIMMaTa W Pa3BUTHEM OBOIIEBO/I-
cTBa B bemapycu yxe B Ommxkaiiieli mepcreKTHBe
moTpedyeTcsi 3HAYHUTENBHOE YBEIUYCHHE IUIOINIa-
Jlel OpolllaeMbIX 3eMEb.

B Kwutae 6onee 98000 BOmOXpaHWIHII, B TOM
grcie 4700 6onpmx u cpenHux u okoio 94000 ma-
TBIX. Bomplme BomoeMbl UMEIOT OOIYI0 BMECTH-
MocTh Goree 100 MITH M’, BOZOEMBI CPEIHETO pazMe-
pa—10-100 mnu M3, Mauibie BogoeMsl — 1—10 mMiH M s
npyael — 100 TeIC. —1 MITH M. Ponb BOJIOXPaHUJIHILL
B OCHOBHOM OTpa)kKaeTcs B IISTH aclieKTax: 6oproa
C HaBOJHEHUSMH, BOAOCHAOKEHHE, CETbCKOXO035H-
CTBEHHOE OpOIIEHUE, PHIOOBOJCTBO, YIYUIICHHE
9KOJIOTHIECKON 00CcTaHOBKH. B HacTosmiee Bpems
Kuraii B TeueHne rofa Ha pa3nu4yHble HYKIBI T0-
cTaBisier Gonee 270 MIAPA M> BOXBI U3 KPYIHBIX
Y CpeIHHMX BOJOXpaHWIHII. MHOTHE HeOOJIbIINe
BOJOXPAHWINIIA CTajll BaXXHBIMH HMCTOYHHUKAMU
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BOJIBI Ul OPOLICHUSI B CEJILCKUX PaiiOHaX M CHIT-
paiii aKTHBHYIO poiib B O0ph0e ¢ 3acyxoil u obec-
MEYEHNH MUTHEBOM BOJOH CEIBCKOTO HAaCEJICHUSI.
IMopsiaxa 19 % ot obuiero o0bemMa BOABI, 1O1aBa-
€MOro Ha OpOIIEHHE, MOCTYNaeT M3 MOA3EMHBIX
HMCTOYHUKOB.

Opowmenne 3emesn B Kurae
W3 NOBEPXHOCTHBIX HCTOYHUKOB

Pacrionarasicb Ha OrpoMHON TEPPUTOPUHU, CENb-
ckoxozdiicTBeHHble 3eMau B KHP 3HauntensHO pas-
JMYAIOTCS TI0 KIMMAaTHYeCKUM W TIOYBEHHO-MEITH-
OpaTUBHBIM YyCIOBUSM. COOTBETCTBEHHO pa3iny-
HBl TI0 CBOMM ILEJSIM W pa3MepaM OpOCHUTEINb-
Hele cuctembl (OC) Kutast, koTopele nendrcs Ha
yeThlpe Kareropuu: odeHb KpymHble OC — 060-
mee 500000 wmy (33333 ra), KpymHBIE -
300000-500000 my (20000-33333 ra), cpemHue —
10000-300000 my (667-20000 Ta), Mamsie — MeHee
10000 my (667 ra). Hekoropeie OC wumeroT
OrpoMHbI€ pa3mephl. Tak, 30Ha opolieHust X3Tao B
CpelHEeM TEUEHUU peKu XyaHXd — 3TO OJHA U3
KPYNHEHIIMX HUPPUTAIMOHHBIX cucteM B Kwurae.
IInomans opolleHUs: COCTaBISET: MIAHUpYyeMas —
680 TBIC. Ta, akTHdeckas — 574 teic. ra. B 2021 1.
CyMMapHbIi 00BbeM BOJ03a00pa OPOCHTEIBHOMN
30HBI X3Ta0 cocTtaBuu 4,77 miupg M.

OO0mrast IPOTSHKEHHOCTH TJIABHOTO MarucTpaib-
HOTO KaHajla, IMOJAMOIIEro BOIY M3 peku XyaHXd
Ha HPpUTALMOHHYIO cHcTeMy XdTao, 188,06 kwm;
OT TJIAaBHOTO KaHalla BOJY B 30HY OPOIIEHHS OTBO-
IaT 16 MarucTpaibHBIX KaHAIOB. Pacxos BOIBI
Ha BXOJE B INIABHBIH KaHAN COCTABIACT 565 m/c,
a B KOHIe KaHama — 9 m'/c. [Ipu oTaade BOMBI IO
Tpacce TJIABHOTO KaHaja B OTBOJAIINE Maru-
CTpaJbHBIE KaHANBl TPOWCXOIUT CTYIEHYATOE
CHHXKEHHE pacxoja Mo UIMHE pycla U COOTBET-
CTBEHHO YMEHBIIIAETCS €T0 IMONEPEIHOE CEUSHHE.

B 30mHe opomenuss X3Tao pacmoyioKeHO CEeMb
BOJIOXPAHIIUI CPEJHEro pa3Mepa W JeBSTh He-
Oonpmux. B OCHOBHOM BOJOXpAaHWIHUINA Tpe-
HA3HAYEHBl I TPEIOTBpPAICHUS HABOIHEHUU.
N3-3a HECTAOMJILHOTO KOJUYECTBA BOJABI UX TOJb-
KO YaCTUYHO WCIIOJNB3YIOT B KauecTBE HCTOYHU-
KOB CE30HHOTO OPOIICHUS CETbCKOX035HCTBEHHBIX
yroamii. O0Imasi eMKOCTh BOAOXPAHMIIUI CpeIHe-
ro pasmepa B 30He oponieHus Ha koner| 2020 r.

cocTasisia 276,6 MiH M.
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3oHa opomeHus u3 BoaoxpaHuwiauma Cso-
xaifu3bl. Kpynueiid nppurannonssiii paiion Csio-
XaWl3bpl PacHoJIokKEH B IMycThiHE Takma-MaxkaH
B HIDKHeM TeueHum Oacceitna pexu Epusu (Cee-
po-3ananubiii  permon Kwuras). Cenbsckoe Xo-
35IUCTBO B JAaHHOM PETHOHE SABIAETCS OCHOBHOM
OTPaCiblO0 SKOHOMUKH U COOTBETCTBEHHO INIABHBIM
HMCTOYHUKOM JI0X0/1a HaCeIeHUs. DTOT pallOH MMe-
€T TEIUIbld, YMEPEHHO KOHTHUHEHTAJIbHBIA, CYXOU
BETPEHBIN KJIUMAT C OOJIBIIMM KOJIMYECTBOM CBE-
Ta, CKYIHBIMH OCaJKaMH, CHJIbHBIM HCIIAPEHUEM,
a TaKkKe C OYEHb XPYNKOM 3KOJIOTUYECKOH cpe-
noil. CenbCKOXO3SMCTBEHHOE MPOU3BOACTBO 3[ECh
MOJHOCTBIO 3aBUCUT OT opolueHus. EguHcTBeH-
HBIA PEryJMpyeMbIii UCTOYHUK OPOILIEHUS — BOJIO-
xpanmmme Csoxaifi3sl eMxoctsio 700 MIH M U
IJIOMIA B0 BOJHOM MOBEPXHOCTH 155 KM’ (puc. 1).

Puc. 1. Bopoxpanunuie Csioxaiussl Ui OpOIIECHHs 3eMellb
B CeBepHo-3anagnom peruone Kuras

Fig. 1. Xiaohaizi Reservoir for land irrigation
in the Northwest region of China

Bonoxpanunuiiie OKpy»KEHO IMyCTHIHHBIMH XOJI-
MaMH, B OTIEJIBHBIX MECTaX — CO CKyAHBIMU JIeCO-
nonocaMu. B Hacrosimiee BpeMs B 30HE MeIHOpa-
LMY IUIaHUpyeMas IUIOLAaAb OpPOLIEHUs COCTaB-
nget 83,3 ThIC. Ta, U3 KOTOPHIX 60 THIC. Ta MPUXO-
JIATCS HA TaXOTHBIE 3eMITH.

B Kutae Takke co3maHO OOJIBIIOE KOJIMYECT-
BO CpPaBHUTCIBLHO He6OJII)HII/IX CHUCTEM OPOLICHUA
C UCIIOJIb30BaHUEM B Ka4e€CTBE MCTOYHUKOB BOJIO-
XPaHWIHI] MHOTO()YHKIIMOHAIBHOTO Ha3HAYCHUS
CpPEIHEro M MaJloro pa3MEpoB: AJs MpEeAOoTBpallie-
HUS HABOJAHECHHUM, OpPOILCHHUSA, MNPOMBIIIIICHHOTO
H CEIbCKOXO3SMCTBEHHOIO BOJOCHAOXKeHUS. Jlis
NnpyUMepa TPUBEJIEM CBEJICHHUS O CpPEIHEM BOJIO-
XpaHUJIuUIie MeHiianp 1 MajbIX BOOOXpaHUIUIIIAX
B OKpyre WxaHBY.
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30Ha opoieHHsa M3 BoAOXpaHHIUIIA MeH-
manb. Bonoxpanunuime MeHmans (puc. 2) pac-
MOJIOXKEHO B cpeldHeM TeueHuu peku DanpsH —
mpuTOKa mepBoro mopsanka peku Ceny (Oacceitn
pekn XyaHX3), IMEeT IUIomas Bomocoopa 288 KM
Peanuzanusi mpoekTa Mo OpPOIICHUIO TEPPUTOPUHU
3aBepmieHa B 1975 r. Ha cucteme umeeTcst mecTh
MAarvucTpaJIbHBIX KaHAJIOB MPOTSHKEHHOCTHIO 43,8 KM,
31 pacnpenenUuTeNbHBIA KaHal MPOTSIKEH-
HOCTBIO 93,3 KM U MHOT'OYHCIIEHHBIE COOPYXKEHUSA

pa3IMYHBIX THUIIOB, OCHOBHBIMH W3 KOTOPBIX SIBJIS-
IOTCS IUIOTHHA, BOJOCOPOC M BOJOBBIMYCK ISt
mogadyd BOABI TOTpeduTensM. Bomoxpanmmuiie
obmeir emMkocthio 90,25 mutH M obecrieunBaeT
momaas opoueHust 6453,3 ra, Ha KOTOpPYIO MoJIa-
eTcst Boaa B o0beme 5,1 MitH M.

Puc. 2. Bonoxpanunuuie Menmans, Kuraii

Fig. 2. Mengshan Reservoir, China

30Ha opomeHus U3 BOAOXPAHWJIHI B OKPY-
re Yxanpy. B okpyre UxaHBy opouieHHE OCy-
IIECTBISIETCSL W3 psfa MaIbIX BOJOXPaHMIIMIL.
Opomraemass mwiomans 3593 ra. CpenHerogosoe
KOJINYECTBO OCAJIKOB B OKpyre YxanBy 488 mwm,
pacnpeseneHe UX Mo TEPPUTOPUN U BO BPEMEHHU
KpalHe HepaBHOMEpPHO. Tak, B CaMblil BJIAYKHBII
rog (1998) makcumanbHOE KOJIMYECTBO OCAIKOB
coctaBmio 909 mm, B cyxoii (1982) ux MUHUMAITB-
HOE€ KOJIM4YeCcTBO ObII0 183 MM.

Perynuposanue cToka
JJISL CO3JaHUA BOAOXPAHUJIMIIL
KOMILIEKCHOI'0 UCII0JIb30BAHUA

Js KOMILIEKCHOTO WCTOJIB30BAaHUS BOJOXpPa-
HUJININA PACCUUTHIBAIOT OaJaHC BOIHBIX pECYp-
coB OacceifHa pekH, Ha KOTOPOH OHO CO3daeTcs,
U CyMMapHOe BOAONOTpeOJIeHne, B COOTBETCTBUU
C KOTOPBIM OTIPEIEIISIOT TPeOyEeMblid PacXoi BOJBI.
[IpuToKk BOABI HAXOIAT THAPOJOTHYECKHUM pacyde-
ToM. Ilo maHHBIM MHOTOJIETHEro psiaa HaOroze-
HUW 332 CTOKOM PEKU CTPOST KPUBYIO oOecIedeH-
HOCTH W Ha OCHOBaHUHM TEXHUKO-3KOHOMHUYECKHX
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mokasareineil BBIOMpAIOT pacdyeTHYI oOecredeH-
HOCcTb. Hambonee HampsoKeHHBIMH —TIEpPUOJaMU
0 CHAa0XKEHUIO BOJAOHW OpOIIAEMBIX 3eMeEllb SIBIISI-
IOTCSl B MHOTOJIETHEM pa3pe3e MaJIOBOIHBIC T'OJIbI,
a B TEYEHUE TOo/a — JIeTHsS MekeHb. [loatomy rum-
poJOTHYECKHE pPacueThl BBIIONHSAIOT ISl MHOTO-
JIETHETO ¥ BHYTPUTOOBOTO pacIpe/elieHHs] CTOKA.
[Ipu pacuere perynmpoBaHHs CTOKa BhIOWpaeTcs
MaJIOBOIHBIN TOJ C BEICOKOH 00€CTIeYeHHOCTBIO.

Kpome Toro, mpoBepsieTcst BO3MOXKXHOCTh OCY-
IIECTBIICHUS] B TOABI MaJioii 00ecnedYeHHOCTH
cOpoca MaKCHUMaJIbHBIX ITaBOJKOBBIX DPAacXOJOB.
B wMHOTOBOIHBIE TOABI 00BEM CTOKa OOJbBIIE
€MKOCTH BOJIOXPAaHHJIMINA, [TO3TOMY YacTh CTOKa
cOpachIBalOT 4epe3 BOJOCOPOCHOE COOPYIKEHHE.
YpoBeHp mOABEMa BOABI B BOMOXPAHWJIHINE HAJ
HOpPMAaJTBHBIM MOATIOPHEIM ypoBHeM (HITY) o0bru-
HO mpuHMMaercs B mpenenax 0,5-1,0 m [4].
Pa3mepsr BomocOpOCHOTO COOpY’KEHHS OTpeness-
0T THAPABIMYECKUM pacuyeTOM Ha IPOITyCK pac-
YETHOTO MaKCHMaJbHOTO pacxona 5%-i obecre-
YEHHOCTH (HOPMAJbHBIC YCJIOBHS DKCIUTyaTaIlHH)
U TPOBEPSIIOT Ha Mpomyck pacxoma 1%-ii obec-
MEYEHHOCTH (Ype3BhIUaiiHbIE YCIOBHS JKCILTya-
tanun) [5].

Orlpe)le.ﬂelme €MKOCTHU BOAOXPAHUJIHAIIA

[TomHbI 00BEM BOJOXpaHWIHUINA Vyyy CAaraeT-
Csl U3 MOJIE3HOTO (PETryIUPYIOMEro) Vo, 1 MEpPTBO-
ro V,, 0o0BeMOB, U3 TOTEPh BOILI Ha UCHa-
penue Vyen u unpTpanuto Vy 3a pacueTHsId Ie-
puoxn [6, 7]

VrmH = Vrmz + VMO + Vucn + V(b (1)

MepTBbIii 00bEM HE Y4acTBYET B PEryJIMPOBa-
HUU CTOKa, TIIyOMHY U 00beM V,,, Ha3HAYAIOT HC-
XOIsl W3 CaHUTAPHO-TEXHUYECKHX TpeOOBaHUI
(00bIuHO THNYOMHY NPUHUMAIOT HE MEHee 2 M)
U TIPOBEPSAIOT MO YCIOBUSAM 3amiIeHHus (CpPOK 3a-
wieHns nopsaka S50 yier), a TakkKe YBA3BIBAIOT
¢ TpeOOBaHMSIMH PHIOHOTO XO3SIICTBA M CYJIOXOJI-
ctBa. B orimume OT moJjie3HOro oObeMma, 3Haue-
HUs Vy, ¥ ero TIyOMHa B MEHbIIEH CTENeHH 3aBU-
cAT OT BUAa norpedutencii. [lpu Ha3HaueHUH Be-
JINYMH U3 CAHUTAPHO-TEXHUYECKUX TPEOOBAHUI BO
MHOTHX CIIy4asiX COOJIFOJTAIOTCS ¥ JPYTHE YCIOBHS.

bonee cnoxxHol 3amayeil sBisSETCA ompenesne-
HUE TIOJIC3HOTO O00bheMa BOJOXPAHWIMINA MHO-
ropyHKIIMOHATBHOTO Ha3HAueHUs, KOTOPBIA CO-
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CTOUT M3 OTACIBHBIX COCTABJIAIONIUX, PACCUUTHI-
BAaeMBIX Ul KaXIOTo IMOTPeOUTEIsI Ha OCHOBE
THIPOJIOTHYECKOTO M TEXHUKO-3KOHOMHUYECKOTO
obocHoBanus. [lpu ompenenenun monesHoro (pe-
TYJUPYIONIEr0) O00beMa BOJOXPAHIIIUINA MHO-
ropyHKIIMOHATIHPHOTO HAa3HAYEHHS] PACCUUTHIBAIOT
CyMMapHble IOTPEOHOCTH B BOAE IS pa3iud-
HBIX Ieneil (BomocHaOKeHWE, OpPOIICHHWE W JIp.).
Jns xaxxmoro moTpeOuTeNns HazHadaeTcs TpeOye-
Masi pacueTHas 00eCHeueHHOCTh W WCIIOJIb3YEeTCs
COOTBETCTBYIOIIAsE METO/AWKA OINpPEJEIICHUS BOIO-
norpedaeHus. Tak, o0beM BOJBI, NpeIHA3HAYCH-
HBIA IS0 BOJOCHAOXKEHUSI, ONPENENSIOT sl TO-
na 95-97%-i obecnieueHHOCTH, a IS Iiesiel opo-
menuss — 75-80%-i oOecrie4eHHOCTH B 30HAX
YMEPEHHOTO U M30BITOYHOTO YBIKHEHUS (K 3TUM
30HAaM MOXKHO OTHecTH bemapych, BOCTOUYHBIC
U 10ro-BocTO4HbIe peruonsl Kuras) u 90-95%-it —
B 3aCyNUIMBBIX, IMYCTHIHHBIX M ITOJYyITYCTBIHHBIX
pernonax Kwuras, rme HeJoCTaTOK BOIBI B 3aCyII-
JIMBBIC TOAbI MOXKET MNPUBECTHU K OOJIBIIIUM IIOTE-
psAM yporKasi.

Bonee 70 % obmiero odbema BOABI Ha TEXHU-
geckoe (ITPOMBITINICHHOE) BOJOCHa0XeHue B bena-
pycu momaeTcst w3 BomoxpaHwiuml. Yacto co3ma-
IOTCSI BOJIOXPAaHWINIIA KOMILICKCHOTO Ha3Haue-
HUS — 7S [eJiell UppUranuyd ¥ MPOMBIIUIIEHHOTO
BojlocHaOXeHns. PaccMOTpUM METOAMKY pacdera
TakuxX BoAoxpaHuiuul. JlJig mojgayu BOJbl Ha Opo-
meHrne npuMeM obecrniedeHHOCTs p = 80 %, a mns
NPOMBIIUIEHHOTO BogocHa0xeHus p = 95 %. Cre-
JIOBaTeNbHO, PEryJIMPOBAaHHE CTOKa HEOOXOAMMO
paccuuThHIBaTh Ha JBE 00ECHEeYeHHOCTH BOOIO-
Tpebnenns. OCOOEHHOCTHIO TaKOW 3aj[auu SBISIET-
sl TO, YTO IMOJIa4a BOJBI Ha OpOIIeHUe OyAeT IMoJ-
HOCThIO oOecrieueHa nipu p < 80 %. [Ipu p > 80 %
moJlaya BOJBI HA OPOIICHHWE YMEHbBIIAeTCS M JO0-
CTUTaeT MaKCHMaJbHOTO CHIDKEHUS NS 3aCyILIU-
BOTO roja o0ecrnedeHHOCThI0 p = 95 %. CreneHb
YMEHBIIIEHHS MOIaYy BOJABI HA OPOIICHWE MOXXHO
OIICHUTH 10 KPUBOH 3aBHCHMOCTH MOJYJIBHBIX KO-
¢ punmeHToB K; oT 00ECIEeYeHHOCTH CTOKa pj,
KOTOPYIO CTPOSIT TIO AAaHHBIM MHOTOJIETHETO Dsia
HAOMIOJCHUI O CpPEIHUX 3HAYCHUSAX PaACXOJIOB
BOJbI, MPEACTABJICHHBIX B BHUAC CTATUCTUYCCKOI'O
psima, pasMerias 3HA4eHHS TOMOBBIX pacXxoJ0B
BOJIBI B YOBIBAIONIEM MOPSIIKE OT HAUOOJBIIETO
Kk HanMenbmeMy [8, 9]. Ilo moiy4eHHBIM HaH-
HBIM p; U K; HAHOCAT TOYKH 3MIIUPUYECKON KpH-
BOi1 (puc. 3).
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Puc. 3. Kpuasi cBsi3u MOJYJIBHBIX KOG PHUIIHESHTOB
1 00€eCIIeUeHHOCTH TO0BOTO CTOKA!
1 — Touku sMIMpHYECKOI KPUBOH; 2 — aHAIUTHYECKAsl KPUBast

Fig. 3. Modular coefficients relationship curve
and security of annual runoff:
1 — empirical curve points; 2 — analytical curve

[Ipu HemOCTaTO4YHOU MPOJOIKUTEIEHOCTH PA-
na HaONMIOZeHUN JUTSL OTIpeNleNIeHnsT 3HaUYeHHUs pac-
xoJa ¢ 00ecredeHHOCThI0, BBIXOMAIIEH 3a mpene-
JBl  OKCIEPUMEHTAILHOW KpPUBOHM, HCIOIB3YIOT
TeOpeTHUYECKUEe (aHATMTHICCKNE) KPUBBIC TpeXIa-
pameTpudecKkoro TraMma-pacnpernenenus. [lapa-
METpPBI aHAIUTUYECKON KPUBOI 00ECTICUeHHOCTH —
koad¢umentsl Bapuanuu C, u acummerpun C; —
HaXOZsT C MOMOMIBI0 METO/a HAauOOBIIET0 MpaB-
nornogobus [6, 10]. 3Has 3HaUYeHHE MOMYIHLHOTO
k03¢ duuuenta K,, MOXHO BBIYUCIUTH PACXOJ BO-
IBI pacueTHOH obecniedenHocThi0 O, = K, 0 (0 —
CPEeTHEMHOTOJIETHUI pacXo BOJBI).

CreneHb CHIDKEHHS TOJaud BOJBI Ha OpOIIIE-
HUE TPU PACUYETHOW OOECHEUECHHOCTH MPOMBIIII-
JIEHHOTO BomOCcHaOkeHus p = 95 % MOXKHO oIe-
HUTh OTHOIICHUEM MOJIYJIbHBIX KO3 DHUIMCH-
ToB Kys/Kgy, KOTOpOE IUIsl peuHbIX OaccelinoB be-
napycu 6mm3ko k 0,8. AHaJIOTHYHO OMpeeNnseTcs
CHIDKEHHUE TI0J]aud W B JIPYTHE TONBI B AWAIIa30HE
obecrieuenHocter p = 80-95 %. Ha puc. 3 moxa-
3aHbl 3HaUeHUA Kos U K.

IHoTpedHOCTHL B BOAAE A1 LesIeil OpoIeHnst

ITone3nsrii o0BEeM BOJBI, MpeTHA3HAYCHHOU
JUIS TIOJIayM Ha OPOIIEHHUE, JTOHKEH 00eCHeuuTh
TpeOyeMyI0 OpPOCUTENIbHYI0 CIIOCOOHOCTh (HE00-
XOJUMYIO0 IUIOIIAJh OPOINCHUS MPH PacCUYETHOM
PEXKUME OpPOILCHHS CENbCKOXO3SHCTBEHHBIX KYJIb-
Typ), & TaKke MOIIHOCTh OPOCHTEILHOU CHCTe-
MBI (TOTPEOHOCTH B OPOCHTEILHOW BOZIE B KpH-
TUYECKHE TICPUOABI BereTanuu pactenmid) [1, 2].
[Ipu 3TOM PacCUYHUTHIBAIOT CyMMapHOE KOJIUYECTBO
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BOJIBI, KOTOPOE MOXKET JIaTh MCTOYHHUK (32 MeEcCSI
(mexamy), OpOCHUTENBHBIN TEpuoJI, TOMd), U €ro Ko-
neGaHusl BO BpEMEHH.

O6bem Bogbl Vp, HEOOXOMUMBIH 11 OpoOIle-
HUSI, pacCUUTHIBAIOT 110 hopmyie [1, 2]

M, F
— @)
n

rae M., — CpenHeB3BEIIEHHas OPOCUTENbHAs HOP-
Ma GpyTTO, M’/ra; F — IIOMab OPOIICHHS HETTO,
ra; N — KIIJI opocuTenbHON CUCTEMBI,

n=—>:, 3)

W, — obbeM Boubl, moctynuBmeii Ha nois OC;
W, — 1o ke, 3a0parnoii B OC U3 BOJOUCTOYHHKA.
Jns pacuera cpegHEB3BELICHHOW OpPOCUTENb-
HOW HOpPMBI M, NPEIBapHUTEIBHO ONPENEIAETCS
OopocuTeNbHAsE HOpMa M; A KaXIOH KyJbTYpHI,
3aHMMAIOIIeH 3aManHyto momans F; [1, 11]:

M;=E-P-AW -0, “

roe £ — MakcuManbHas SBanoTpaHcnupanus (Bo-
JIOTIOTPEOJICHUE  KYJIBTYPhl TPH  ONTHMAIHLHOM
BOJHOM pEXHUME) 3a BeCh NEPHUO]] BereTauu; P —
aTMoc(epHBIe OCaJKH 3a ATOT XKe IePHO/] 32 BbIUe-
TOM IIOTEPh Ha CTOK; AW — HCIONb3yEMBIE 3aI1achl
BJIaT'M B PACUETHOM CJO€ NMOUBB: AW = W, — Wy;
W, — Bmarozamackl B Pacu€THOM CJIO€ IOYBBHI Ha
Hayaso Beretauuu; Wy, — HIDKHUMA mpenen 3ajaH-
HOTO YBIIQ)KHEHHS TOYBHI HA JIEHb OMOJIOTHYECKOH
crienoctd; Oy, — KamWwUIApHAs MOANMTKA KOpHE-
00HUTaeMoro CJI0s OT TPYHTOBBIX BOJI.
Torna

y - 2ME 5)

cp ZE

Cremyer OTMETHTD, YTO TIOTPEOHOCTH BOJBI Ha
OPOIIIEHUE TECHO CBSA3aHBI C METCOPOIOTHUSCKUMU
XapakTepucTUKaMu. B 0oiiee BIIaKHBIE TOABI ATH
NOTPeOHOCTH YMEHBIIAIOTCSA, & B 3aCYILIHBBIC —
3HAYUTEIBHO YBEIMYMBAIOTCA. B TO ke Bpems
HEKOTOPBIC HOTpe6I/ITeJII/I BOJbI HE 3aBHUCAT OT
nokaszaTellsi BIQKHOCTH B roxy. Tak, moTpeOHO-
CTH BOJIbI HA TEXHUYECKOE BOJOCHAOXKECHHE OTIpe-
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JENSIOTCS TJIaBHBIM 00pa3oM TEXHOJIOTHeil Mmpo-
W3BOJICTBA.

[lorpebHOCTH B BOAE HA MPOMBIIUIEHHOE BO-
JIOCHA0KEHUE COCTOAT U3 X03A1CTBEHHO-OBITOBOTO
BogonoTpebiaeHns pabounMu U TOTPeOICHHs BO-
bl Ha TeXHOJOrHueckue Hyxael [12]. JomomHu-
TEJNBbHO MpeayCcMaTpUBAeTCs 3arac BOJbI Ha MOXa-
poryuieHue. BogocHabxxeHue sIBISETCS MpaKTHYe-
CKH TOCTOSIHHBIM IO TOZIaM U MOKET IPUHUMATHCS
paBHOMEpHBIM B TeUEHHE TOJ1a.

CymMmapHbIe He0OXOIUMBIE IS TIOTpeOuTenei
pacxoisl U 00BbEMBI BOIBI ONMPEACTSAIOT IS KaK-
JIOTO Mecslla MaJIOBOJHOTO ToJla W BCEro TOja.
Hcnonp3yst BHYTpUTOZOBOE pacIpelielieHne CTOKa
JUIs. TAaHHOT'O PEYHOro OacceiiHa, HAXOAAT MPUTOK
BOABI B KaxaoM Mecsie. ComocTaBiieHHE BeNH-
YUHBI TPUTOKA C CYMMapHBIMH TOTPEOHOCTIMHU
B BOJIC MTOKA3bIBAET BO3MOKHOCTh 00ECIICUCHHUS UX
BOJHBIMH PECYPCAMH.

Ecmn cymmapnpie motpeOHocTH U MeHbIIe
CTOKa PAacYeTHOTO MAaJOBOAHOTO Toha Wigos,
TO PeryJIMpOBaHUE CTOKA OOECIIEYHBAIOT CO3TAHU-
€M BOJOXPaHWIHUINA CE30HHOTO pETyINPOBaHUS,
npu U > Wiy,05 IPUMEHSIIOT MHOT'OJIETHEE PETyIIH-
poBanue. [Ipu MHOTONETHEM peryJIMpOBaHUU O0b-
€M BOJIOXPAaHWIHIIA YBEJIHYHMBAIOT HA CYMMYy Jie-
(UIHUTOB CTOKA B MaJOBOJHBIC TOJBI.

YrtoObl onpenenuTb, IpH KakKuX OTMETKax BOJ-
HOTO 3epKana BOJOXPaHWIHIIE OyJeT 3aloJHEHO
HEOOXOMMBIM OOBEMOM BOZBI, HA OCHOBaHUHU TO-
rorpai4ecKoil XapaKTePUCTHKH PEYHON JOJIHMHBL,
MIPECTaBIISIONIEH 3aBUCHMOCTD TIIOMIAIN TOPU30H-
tanei ) oT ypoBHsI H, cTposT MopdoMeTpHIEeCKUE
XapaKTEePUCTUKH BOAOXPAHWJIMIIA: KPUBYIO TLIOIIA-
neii BomHo# moBepxHocTu = f{H) 1 KpUBYIO 00b-
eMoB Bojoxpanwuma ¥V =f(H) [7, 8, 13].

[Tone3HbIit 06beM BoAOXpaHWIMIIA O€3 ydera
[IOTEepPh OMPEJENA0T Ha OCHOBE OallaHCOBBIX pac-
4eTOB TaOIMYHO-ITU(PPOBEIM CIIOCOOOM: COIMOCTAaB-
JSIFOT MOMECSIYHO CTOK M OTAady U BBIYMCISIOT
n30bITKH 1 neduruTsl [6, 13]. OOBeM BombI, Ipe-
CTaBIIIONUN HAWOONBIIYI0O CyMMY Je(QHIIUTOB,
SIBIIIETCSL  TIOJIG3HBIM  00BEMOM  BOJIOXPAHUIIH-
11 Vs

Pacuyer 00beMa HAHOCOB,
NMOCTYNAIOIINX B BOAOXPAHUIUIINE

CpenHeMHOTONIETHHIT 00BEM HAHOCOB V; pekH,
Ha KOTOPOHM CO3[aHO BOJOXpaHWJIUILE, MPEACTaB-
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JISIET CyMMY OOBEMOB B3BEHICHHBIX Vy;; M BJICKO-
MBIX (HOHHBIX) HAHOCOB Vi Vi = Vi + Van [6, 7, 13].
CpemHerojoBoii pacxo]l B3BEIICHHBIX HAHOCOB R
onpeAessIoT o Ghopmyie [6, 7]

R, =S80 . (6)
rae S — CpeIHEMHOTOJCTHSS MYTHOCTh BOJIBI,
Kr/M; Oron CPEHEMHOTOJIETHUH Pacxoll BO-
b1, M°/C.

TpaHSI/ITHaH YaCTb B3BCHICHHBIX HAHOCOB, BBI-
HOCHMBIX B HW)XHHUU Obed, MpUHUMAETCs B Cpel-
HeM O = 0,20-0,30, cootBercTBeHHO (1 — 8) — Ta
4acTh HAHOCOB, KOTOpas OTIIOXKHUTCS B BOJO-
XpaHWIAIIE.

[IpuaMMas HOPMATHBHBIA CPOK CIYXKOBI BOJIO-
XpaHWIUIIA ?.; (00619HO 50 JeT), MOXKHO Ompee-
JIUTh OTJIOKUBIIMICSA B BOJAOXPAHUJIUIIE 32 ITOT
CPOK 00beM B3BEILICHHBIX HAHOCOB

V. =31,54S0 ¢ 1-9 (7)
B3B s rox”ci s

B3B

rae 31,54 — mpooJDKUTENBHOCTh IO, MIIH C;
Psss — IUIOTHOCTH B3BEILIEHHBIX HAHOCOB, B Cpel-
Hem 10001500 xr/nr’.

Jna ompeneneHus MYTHOCTH BOJBI S cCylle-
CTBYIOT HAJIKHBIE CIIOCOOBI U MPUOOPEI, TTOITOMY
MO>XHO C JOCTATOYHOH CTEIICHBIO TOYHOCTH 10 (6)
paccuuTarh pacxo]l B3BEUICHHBIX HaHOCOB. bomee
CIIO)KHAsA 3a/1ada — OMpeJelieHHe pacxofa BIIEKO-
MBIX (IOHHBIX) HAaHOCOB, KOTOPHIE 3aBUCAT OT (u-
3UKO-MEXaHWYECKUX XapaKTEPUCTHUK TPyHTa, Cia-
raromiero JHO pyciia PeKH, U COOTHOMICHUs (ak-
TUYECKON W HEpa3MbIBAIOLIEH CKOPOCTEN TeUeHUs
BoAwl B pycie [14, 15]. HagexxHBIX CITOCOOOB |
pUOOPOB OTIPeeTIeHNs PacXoa BIEKOMBIX HaHO-
COB He mMeeTcs. B mpakThueckux pacderax wc-
IMOJIB3YIOT OMIIMPUYCCKUEC U TIOJTYSMIIMPUUCCKUC
3aBUCHMOCTH, TOJIYYCHHBIC Ha OCHOBE 000O0IICHUS
OTBITHBIX JaHHBIX [16, 17]. Mcxoas u3 ux aHanmsa,
aBTOpBI CTAaThbU JUIS OIPEICIICHUS pacxojaa BIie-
KOMBIX HAHOCOB IMpEIIaraloT CICAYIOUIYI0 Me-
TOJIHKY.

Bnavane omnpenengercs craads JABUKEHUS
JIOHHBIX HaHOCOB B PYCJiE€ C IOMOIIBIO TOJYYCH-
HOW paHee (GpopMyIIBI U Pa3IMYHBIX CTaIui TBU-
JKeHHSI HAaHOCOB [15]
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Von =@ | = | 4= B ®)

T/I€ Unon — AOIMYyCKaeMas CpeAHSSI CKOPOCTh IOTO-
Ka, M/c; a, x — ko3pduIMEeHT U TmOKa3aTelb
CTETIeHN COOTBETCTBEHHO, MPHHUMAETCS B 3aBHCH-
MOCTH OT CTaIWM NBIIKCHHSA HaHOcOB: a = 2,00,
x = 0,167 — nna Hayaja BIIEYEHUS OTHCIb-
HBIX 3epeH rpyHTa; a = 3,18, x = 0,14 — nns Ha-
yana oOpaszoBanus rpsamg;, a = 5,96, x = 0,10 —
JUIS Hauyaja B3BCIIMBAHUS TIPyHTa, d — pacyer-
HBI JWaMeTp TPYHTa, M, B OJHOPOJHBIX TPyHTax
(xoapdureHT HEOMHOPOAHOCTH 1M = dgs/diy < 4)
MIPUHUMAETCS  PaBHBIM  CpPEOHEMY  JUAMETPY,
T. €. d = ds), B HeOmHOPOIHbIX (1 > 4) d = dg; — nua-
METp KPYIHOH (pakiuy, oOpa3yrolleil ecTeCTBEH-
HYIO OTMOCTKY; 1y — KO9((HIHEHT yCIIoBHiA paboThl,
KOTOpBIii TpH MyTHOCTH motoka S < 0,1 kr/m’
npuHuMaerca n, = 1, a mpu S > 0,1 kr/M> ny, =
=1+ 2§; P, — nokazarenb NpOYHOCTH (pa3MbIBO-
ycroiumBocTH) TpyHTa, Ila, ompenmensercs 110

thopmyite
B=ydf +c,=gpdf +c,; ©)

C, — YIEIBbHOE CTPYKTypHOE CIEIUIEHHE TIpYH-
Ta, Ila; g — yCKOpeHHe CHIIbI TsKecTH, M/c; f —
K03((QUIMEHT BHYTPEHHETO TPEHHs TPyHTa B BO-
J€; Y1, P1 — COOTBETCTBEHHO yICIbHEIH Bec, H/M’,
¥ IJIOTHOCTb, KI/M, TPyHTa, B3BELICHHOTO BOJIOHA,

pr=(p, —p,)(1-1n,); (10)

Ps» Ps — IIOTHOCTh YACTHIL FPYHTA U BOMbI, KI/M’;
Ny — IIOPUCTOCTB TPYHTA, TOIH €11.

CkopocTh, KOTOpas COOTBETCTBYET CTaIuH
Hayaja BJIECYEHHUs TPYHTA Ha JHE, HA3bIBAIOT JO-
IIyCKa€MON HEPa3MbIBAIOIIEN Uy non. POpMyIIa ISt
€c ONpeleNIeHUs] ¢ YYETOM IPHUBEACHHBIX 3Hade-
HUH @ 1 X UMEET BUJT

0,167
-2
' d

Hanee mpoBoauTcs cpaBHEHHE (HAKTHIESCKOM
CKOPOCTH TEYECHHSI BOIABI U W JOIMYCKAEMOU Uy
no (8), npunumas 3Hauenus a = 3,18, x = 0,14 —
JUIS CTaauu TpspooOpa3oBanus. Eciam okaxkercs,

(11)

qro U < Ujon, TO B PYCIIC IpdAbl OTCYTCTBYIOT
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U TCPEABMKCHHUE IO OHY HAHOCOB IIPOUCXOAUT
MyTeM IepeKaThIBaHUs, CKOIBKEHUS U CANbTAllUU
32 CYET CKOPOCTH (U — Uyuon). B ITOM cityuae
pacxoj BIIGKOMBIX HAHOCOB ¢, Kr/(c-M), HEOOIb-
ol (mopsiaka 2—5 % OT B3BEUICHHBIX) M MOXET
obITh ompeneneH mo Gopmyne U. U. JleBu (npwu-
BemeHa B [16]). To ecTth pacxom HAaHOCOB Ha
€IMHULIE IIUPHUHEI pyciia

3

L d 0,25
N d(u—uﬂ_uon)(ﬂ , (12)

rae d — cpeHAl quaMeTp 4acTHll TPyHTa, M; h —
IyOWHA TIOTOKA, M; Uy son — JOIyCKaeMas Hepas-
MBIBAOINAsl CKOPOCTh, orpenensemas o (11), m/c.

Pacxonm BIEKOMBIX HAHOCOB JIJISI BCETO pyclia
OyIeT onpenensaThCs MPOU3BENCHUEM ¢, B (Te B —
IIUPUHA PYyClia, COOTBETCTBYIOMIAS CPEIHEMHOTO-

QBH = 2’0

JIETHEMY TOJIOBOMY PacXOmdy @m ).

Ecmn v > U4y (Ugon — A7SI cTAmUM rpsigoo0pa-
30BaHMUs1), TO B pyciie 00pa3yroTcs Tpsubl U pac-
X0/l BIEKOMBIX HAHOCOB MOKHO OIPENENSITh HCXO-
I u3 ckopoctu ux nBwxkeHus C,. 3Hauenus C;
MOXXHO paccuuThiBaTh 1Mo gopmyie I'. B. Kemes-
HskoBa u B. K. Jlebonsckoro (mpusenena B [16])
wm b. @. Canmenko u 3. . Konanuanu (npwu-
BesieHa B [17]) COOTBETCTBEHHO:

C =0,001gn| 2" . (13)
UHAHOH T
d 0,7
C, =0,032(0 =000 )| — | =| , (14)
H.JIO0I T

r7ie u# — TUAPaBINYEcKasi KPYITHOCTh HAHOCOB, M/C;
h, — BBICOTA TPSIA, M.

DJeMeHTapHbI pacxol AOHHBIX HAaHOCOB Ha
eIVHUIIE LIMPUHBI pycla ¢y, NEpPEeMEIIaeMbIX B
BUJIE TP, C y4eToM KO3(QQHIMEHTa TOIHOTHI
npodwits Tpsnel, paBHoro 0,6, ompemenseTcs MO

tdopmye
q,, =0,6C h,_. (15)

Breicoty rpsin B [17] pexomeHayercs mpH-
HAMaTh A, = 0,25/ npu riryOuHe ToTokKa £ < 1 M
uh.=020+0,1Anpuh>1wm.

Ecmm 0 > Uon (Unon JUIS CTagud Haya-
Jla B3BEIIMBAHUS TPyHTA, ISl KOTOpol a = 5,96,
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x = 0,10), To B pyciae (GpopMHUPYIOTCS OOJIbIIIHE
TpAOsl W MOTYT HaONIOMAThCs APYTUE MAaKpo-
(hopMbI; ckopocTh MOTOKa MoOxeT B 1,6—1,8 pasza
1 0oyiee MPEeBHIATh Uy 4on. B 3TOM cllyyae UMEIOT
MECTO MHTEHCHMBHOE BJIEUEHHE TPyHTa U Haydajio
ero B3BemmBaHus. [Ipu 3TOM ckOpOCTh CMeleHus
IpAl B MEHbBILIEH CTENEHU 3aBUCUT OT AOIyCKae-
MOH HEpa3MbIBAIOIIEH CKOPOCTH, a SIBJISETCS IJ1aB-
HBIM 00pa3oM (YHKIUEH CKOpPOCTH TOTOKa U
u uucna @pyna Fr. Jlnsg Takod ctaauu Ha OCHO-
BaHMH O00OOLICHMS HATYypHBIX M Ja0OpaTOPHBIX
oTBITOB B [17] momyueHa 3aBUCUMOCTh

C. =0,0190Fr*’, (16)

rae Fr=

c
T

COOTBETCTBEHHO DJIEMEHTAPHBIN pacxoj IOH-

HBIX HAHOCOB

3,9
1%

Gor =0,011hr—m5. (17)
(gh

OTHoOILIEHHE MACChl BIIEKOMBIX HAaHOCOB K Mac-
ce B3BELICHHBIX HAHOCOB [3 MPU TAaKOM PEKUME
PYCIIOBOTO IpoIecca yBEIMYMBACTCS M IS PaB-
HUHHBIX pek benapycu nocturaer = 0,10-0,15.

OO0beM BJIEKOMBIX HAHOCOB, MOCTYHAIOUIMX B
BOJIOXPAHMJIHIIE B TE€YEHHE CPOKA €TI0 CITyKOBI:

VBH = 3 1’ 54anBtcn /an 4 (1 8)

TAC Pan IJIOTHOCTh BJIEKOMBIX (IOHHBIX) Ha-
HOCOB, B cpefHeM Py, = 1500—1600 Kr/M’.

I[ToMrMO B3BEIICHHBIX M BJICKOMBIX HAaHOCOB,
MOCTYTAMIIUX B BOJOXPAHUIHILE C PEUYHBIM ITOTO-
KOM, B BOJIO€M [IOTIOJIHUTENBHO TOCTYMAOT Ha-
HOCBl 3a CUET paspylicHHs OeperoB, a TaKKe
CKJIOHOBOM W BeTpoBOH 3po3uu. Kak mokasbiBaroT
HaTypHBIE HAOIIOACHHS, STO KOJIHMYECTBO HAHOCOB
MOXHO yY€CTh C TIOMOIIBI0 KOd(h(HUIMEHTa (¢ =
= 1,10-1,20 [6], HA KOTOPBIH yMHOXAIOT CyM-
MapHbI 00BbEM B3BEIICHHBIX M BJICKOMBIX HAHO-
coB (Ve t+ Vey). Torma o0bem V, 3awmiieHus
BOJIOXpAaHWIMIIA 33 MEPHOJ €ro AKCIUTyaTaluu
¢ yueroM (7) u (18) MOKHO BBIPa3UTh POPMYIIOH

— 1- B
v, 231,541, | S0+ Bl (19)

pBSB pBJ'I

B Tedenue cpoka ciykObl BOJOXpaHHIIHINA
HaHOCaMH 3aIlOJIHAETCSl OOJbIIas YacTh MEPTBOTO
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o0bema V0, HO TIpU 3TOM OOECHeunBaeTCcs HEO0O-
XOuMasl ToJla4a BOJBI TIOTPEOUTENSIM H3 PEry-
JTUpYIOIIeH eMKOoCTU. M3 ycioBus 3auiieHus: BOJO-
XpaHunuma npuHumart V,, = V, Hcexons u3
CaHUTAPHO-TEXHUYECKUX TPeOOBaHMIA, HEOOXOIH-
MBIIi MEPTBBIA 00bEM BOAOXpAaHWIHUIIA (C YIETOM
OTIBITA DKCIUTyaTalliu BOJ0eMOB B benapycu) npu-
HuUMaetcs Vyo = 0,25V [6, 13]. OxkoHuatenbHO
3a 00beM V,,, OepyT Oosibllice 3HAYCHUE, PACCUH-
TaHHOE COTJIACHO yKa3aHHBIM YCIIOBHSM M Tpebo-
BaHUSIM.

Pacronarast JaHHBIMH O TIOJIE3HOM 0OBEME BO-
JMIOXPaHWININA, PACCUUTAHHOM Oe3 ydera IMoTepb
BOJIBI, U IPUHATOM MEPTBOM OOBEME, ONPEACISIIOT
MOTEePY Ha MCIAPCHHE C BOJHOW IMOBEPXHOCTH U
(unprpanuro [6, 13] u mone3HsIit 06beM BOIOXpa-
HWIKIIA C YYETOM MOTEPh OaTaHCOBBIM TaOJIMYHO-
OUQPOBBIM CIIOCOOOM, ONHMCAHHBIM BBIIIE, C TEM
OTJIMYHMEM, YTO HAXOIAT 3HAYCHUS H30BITKOB HU
JNeUIIUTOB BOJBI, CYMMHPYS IOMECSYHOE IIO-
Tpebnenue (oTmady) BoAbl u morepu. Jucnerdep-
cKkuil rpaduK pabOTHl BOJOXPAHUIIMINA CTPOUTCS
M0 JaHHBIM TaOIUYHO-IIM(POBOTO pacueTa, Ha KO-
TOPOM OTMEUAIOTCS 30HBI UCIIOJIb30BaHUs 00HEMOB
BOJIBI JIUIsl BOJJOCHAOKEHUS W OPOIIICHUSI.

BbIBO/IbI

1. B kauecTBe UCTOYHHUKOB BOJIbI HA OPOIICHUE
3emenb B Kutae u benapycu nHambosee mupoxoe
pacrpocTpaHeHHe TIONYYWIN  BOJOXPAHIUIUINA,
KOTOPBIC Yallle BCEr0 UMEIOT MHOTO(YHKIIHOHAIb-
HO€ Ha3HAuCHHWE JJIs IeJield MPOMBINUICHHOTO U
CEJIbCKOXO03MCTBEHHOTO BOJIOCHA0XKEHUS, OpOIIIe-
HUS, THIPOIHEPTCTUKH, MPEAOTBPALICHHUS HABO/I-
HEHUH.

2. Ilpu ompeneneHnrn CyMMapHBIX TOTPEeOHO-
CTeH B BOJE JUIA KAXJIOTO MOTPEOUTENs Ha3zHaya-
eTcs TpeOyemas pacueTHass 00eCIeUeHHOCTh U UC-
MOJIb3YETCS COOTBETCTBYIOIIAs METOAWKA OIperie-
neHust Bojonorpednenus. Tak, o0beM BOIBI IS
1esield BOAOCHAOKEHUS CIIeIyeT PacCYUThIBATh Ha
CcTOK 95-97%-1i o0ecrieueHHOCTH, a ISl OpOoIlle-
Hust — 75-80%-1 oOecniedeHHOCTH B 30HaX yMe-
PEHHOI'0 U I/I36I)ITO‘IHOFO YBJIQAXKHCHUS, B KOTOPBIX
Haxoautcsi bemapych, BOCTOUHBIE W IOTO-BOCTOY-
Hble peruonsl Kurtas, n 90-95%-ii obecneueHHO-
CTHU — B 3aCYIJIMBBIX, IIYCTBIHHBIX W MOJIYITYCTBIH-
HBIX pernoHax Kutas, rie HemocTaToK BOJIBI B 3a-
CYIUIMBBIE TOABI MOXET INPUBECTH K OOJBIIUM
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notepsiM ypoxas. [IpuBeneHa Gopmysa ajst onpe-
JICTICHUsT CPETHEB3BEIICHHON OPOCUTENBHOU HOP-
MBI U o0ObeMa BOJbI, HEOOXOJUMOIO JUIsI OpO-
IICHUS.

3. IlpencraBieHa MeToAMKa pacueTa peryJiu-
pPOBaHUsI CTOKA Ha JiBe 00ECIEUEHHOCTH IS OTpe-
JICJICHUS OJIC3HOr0 00beMa BOJOXPAHUIIMIA, CO-
31aBaeMOro JijIsl I[eJiell MPOMBIIUIEHHOTO BOJIO-
CHA0XXCHHMSI U OPOIIICHUSL.

4. TlpenmoxxeHbl METOJMKA OMPENEICHHUs pac-
X0J1a JTOHHBIX HAHOCOB, YUUTHIBAIOIIAS CTAIUH MX
IBWOKEHUS, U (opMyra i pacdera CyMMapHOIo
o0beMa 3auieHUS] BOJOXPAHMIIMINA B3BEIICHHBIMHU
¥ TOHHBIMU HAHOCAMH.
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Abstract. The experience of developed countries shows that the development of the road network and transport infrastructure
determines the intensity of economic ties and is one of the most important conditions for the development of the state’s eco-
nomy. Optimization of the composition and production technology of asphalt concrete mixture — the basis of paved roads,
is of great importance, both from an economic and environmental point of view. The production of asphalt concrete mixture
directly (during the production process at asphalt concrete plants) and indirectly (during delivery from the plant to the place
of installation) determines the energy costs for the production of asphalt concrete. At asphalt-concrete plants the specific
energy consumption per ton of hot asphalt concrete mixture varies from 0.3 to 0.7 GJ. The range in energy costs is large.
This situation indicates the presence of a significant energy-saving potential of asphalt concrete mixture thermal technology.
The exergy analysis of technical systems proposed in this paper, which are operated in the asphalt concrete mixture produc-
tion processes, makes it possible to judge the efficiency of energy use in their thermal units. This approach is expedient not
only in the primary production of asphalt concrete mixture, but also for more environmentally friendly, energy- and resource-
saving production processes for the operation of equipment during the regeneration of road asphalt concrete.

Keywords: asphalt concrete mixture, bitumen, sand-gravel mixture, mineral powder, intensive energy saving, thermodynamic
analysis, exergy method, concentration component of flow exergy
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(XoHanb, Knraiickast Haponnas Pecry6mmka),
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KOTOPBIH MO3BOJSET CYIUTh 00 3(h(EKTUBHOCTH UCIIOIB30BaHUS SHEPTHU B X TEIUIOBBIX arperarax. JJaHHBIN IOIXO0[ Iieliecoo0paseH He
TOJIBKO B HEPBUYHOM IPOU3BOJICTBE ac(hanbTOOETOHHON CMecH, HO M B SKOJIOTMUYECKH 60JIee YMCTBIX, FHEPro- ¥ pecypcocOeperaronux mnpo-
HM3BOJICTBEHHBIX TIPOIIECccax, HapHMep B paboTe 000pyJ0BaHKs PH pereHepaiy JOPOKHBIX ac(haTbTOOSTOHHBIX TIOKPBITHIA.

Knarwuesbie cioBa: aC(baIIBTO6eTOHHa$[ CMCChb, 6I/ITyM, Hecano—me(SeHquaﬂ CMCChb, MHHCpaHBHbeI MOPOLIOK, MHTCHCUBHOC SHEPTO-
c6epe>KeHne, TepMO)II/IHaMI/I‘-ICCKI/Iﬁ aHaJus, 3KC€pFeTPI'—IeCKPIﬁ METO/, KOHLICHTPAallUOHHAas COCTAaBJIAIOIIAs OKCEPIruur 1MoToKa

Jas untupoBanus: TepMoanHAMUYECKUE TTOIXOIBI P OIICHKE KauecTBa, SQ(PEKTHBHOCTH U 3KOJIOTUIHOCTH acanprodeToHa /
Wxan [un [u np.] / Hayka n texauka. 2022. T. 21, Ne 6. C. 490-498. https://doi.org/10.21122/2227-1031-2022-21-6-490-498

Introduction

One of the factors in the growth of the econo-
my in the People’s Republic of China is the colos-
sal development of its transport infrastructure.
The length of the road network in 2021 exceeded
5 million kilometers [1]. The road network in the
Republic of Belarus is 87 thousand kilometers,
including 75.6 thousand kilometers of paved
roads [2]. Most of these roads are roads with as-
phalt concrete pavement. The main energy costs
for creating an asphalt concrete pavement are
determined by the energy spent on the production
of asphalt concrete mixture (ACM) at the plant and
the energy costs associated with its transportation
and installation. The specific energy consump-
tion per tonne of hot asphalt concrete mixture at
asphalt mixing plants (AMP) is about 0.4 GJ.
In China and the Commonwealth of Independent
States (CIS) at asphalt-concrete plants (ACP),
the specific energy consumption per ton of hot
ACM, depending on the moisture content of the
feedstock, ranges from 0.3 GJ to 0.7 GJ [3, 4].
In a comparative assessment of the specific energy
intensity of various materials and processes, the
ACM production can not be classified as energy-
intensive. At the same time, the ACM production
is a large-scale production at the plants. Consumers
and producers of the asphalt concrete mixture are
increasingly aware of the fact that the cost of ener-
gy resources is rising. This leads to a change in the
ACM cost structure, to an increase in its energy
component, which has already exceeded 35 %
in the creation of the road surface.

The ACM composition is different, first of all,
on the granulometric composition of mineral mate-
rials (MM). In research, we focus on the ACM of
the generalized mass composition. The resulting
error of this approach is comparable to the error
in determining some of the initial data and most
of the calculation methods. In this regard, in the
context of this work, the ACM is used, while
its mass composition is calculated on the total
mass (Fig. 1).
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S3and and
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Bitumen
6%

Fig. 1. Structure of generalized composition
of asphalt concrete mixture

The theoretical energy costs for obtaining
ACM can be determined by the difference between
the sum of the enthalpies of the finished ACM and
the removed moisture, on the one hand, and the
total initial enthalpies of the ACM components, on
the other hand. The moisture content of the sand-
gravel mixture (SGM) in the initial state, ideally,
should not exceed the equilibrium moisture content
of 4 %. Energy costs caused by SGM over 4 %
and bitumen water cut are unjustified additional
costs [5]. At the same time, their value is such that
it eliminates all measures to improve the operation
of heat-technological units (Fig. 2, 3).

400 | |

350 |

300
250 1
200
150
100
50
0

Energy consumption, MJ/t

4 5 6 7 8 9
Humidity SGM, %

Fig. 2. Energy consumption for heating sand-gravel
mixture depending on humidity

For further analysis, it is convenient to assume
that the initial temperature of the ACM compo-
nents is 0 °C. This is close enough to the average
ambient temperature during the asphalt paving sea-
son and will not greatly affect the result and con-
clusions. In this case, the theoretical energy costs
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for preparation of ACM and their structure are de-
termined by the value and structure of the ACM
enthalpy for a specific temperature of the mixture,
taking into account the costs of heating and evapo-
ration of the equilibrium SGM moisture.

500
250
1000
750
5007

Min

1
1

Energy overrun

Energy consumption

0 5 10 15 20 25 30 35
Bitumen water cut, %

Fig. 3. Energy consumption for removing water from
bitumen depending on its water content

For further analysis, it is convenient to assume
that the initial temperature of the ACM compo-
nents is 0 °C. This is close enough to the average
ambient temperature during the asphalt paving sea-
son and will not greatly affect the result and con-
clusions. In this case, the theoretical energy costs
for preparation of ACM and their structure are de-
termined by the value and structure of the ACM
enthalpy for a specific temperature of the mixture,
taking into account the costs of heating and evapo-
ration of the equilibrium SGM moisture.

According to technological requirements ACM
temperature should be such that at the time of laying
and compaction it is in the range of 80-120 °C [6].
Taking into account the delivery time and wea-
ther conditions, the ACM temperature should be
within 140-180 °C after the mixing unit. In this
case, the value equal to 160 °C can be taken as
a characteristic value of the ACM temperature
when making a general description. At this tem-
perature, the ACM enthalpy is 0.15 GJ/t, and
its structure is shown in Fig. 4.

: ‘ Mineral powder — 6 %

Bitumen — 12 %

Sand-gravel mixture — 82 %

Fig. 4. Structure of asphalt concrete mixture enthalpy

Theoretical energy costs for ACM with a tem-
perature of 160 °C, taking into account the cost
of heating bitumen to 100 °C and evaporation of
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equilibrium moisture from SMG (=4 %), will
be 0.24 GJ/t (Fig. 5).

Sand-gravel
mixture
(solid) —
51.8 %

Dolomite

mixture —
Sand-gravel

mixture
(moisture) —
36.7 %

Fig. 5. Structure of theoretical energy costs for preparation
of asphalt concrete mixture

The structure of real costs at asphalt-concrete
plants is shown in Fig. 6.

Drying
and heating
drum —
71 %

Thermal energy
(high-temperature
organic coolant,
steam) - 19 %

Fig. 6. Structure of incoming part of asphalt-concrete
plant energy balance

An analysis of ACP energy consumption re-
veals a discrepancy in the technical level of heat
treatment of each of the heat-technological stages
of production: heating of MM requires 92 %
of fuel costs, and 79 % is spent [7]. This means
that there is a disproportionate over-expenditure
of energy in comparison with theoretical costs in
the technological stages of ACM production. There
is a certain discrepancy between the levels of ener-
gy supply of subsystems: a vehicle — an asphalt-
concrete mixing plant. The energy efficiency of the
process of obtaining ACM against the background
of the production of other materials is low. Natu-
rally, this situation requires analysis and cor-
rection.

Another distinguishing feature of the organiza-
tion of energy supply of the ACM heat technology
is that heat treatment at each stage is carried out
autonomously and leads to excessive consumption
of energy resources. Such a decision is a common
practice for enterprises built in the past period of
energy abundance. Its introduction was connected:

[ Hayka
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with the ease of implementation of the technolo-
gical chain; with simple operation of the equip-
ment; with its service by low-skilled personnel.
The internal organization of each of the selected
sections of the ACM is considered below when
analyzing the energy supply for heat technology
at the ACP. Taking into account high require-
ments for ecology, reducing environmental pollu-
tion from thermal and harmful emissions into the
atmosphere when working with ACM, this work
on optimizing its production technologies is parti-
cularly relevant [8—10].

Energy components
of asphalt concrete mixture

The exergy of the ACM flow contains all com-
ponents of the exergy of the substance flow and is
determined by the relation, MJ/t:

€acm =C€pr, acm T € ucm T €k acm > (1)

where ¢, ,, — concentration component of the
exergy of the ACM flux, MJ/t; e,; 40, — thermo-
mechanical component of the ACM exergy, MJ/t:

Labe

€,T, ACM = Z(gjep,j 0 )X @)
X((tACM _to)_Toln(TACM/ﬂ)))a

where g, — mass fraction ACM composition per

total weight; T |¢* — heat capacities of ACM

p.J
components — specific mass, isobaric, average
in the temperature range #, —1,,., MJ/(tK); Tj, ¢, —

ambient temperature, K; T ,,, f,c), — tempera-

abc >

ture ACM, °C; e, ,, — the reaction component

of the exergy of the ACM flux, MJ/t:
€. acm = Zgjep,,j’ 3)

where e, ; — specific mass chemical components

of exergy of ACM components, MJ/t.

In general, ACM consists of: mineral aggregate
SGM, mineral filler (mineral powder (MP)) and
bitumen (B). The chemical component of the exer-
gy of the mineral aggregate is zero (e, 55, =0),
since SGM is represented primarily by sili-

con Si0O,, whose chemical exergy is zero [11].
From the same sources, the specific mass exergy

Hayka
wrexHuka. T. 21, Ne 6 (2022)

of the mineral filler ¢, ,, =1045 MJ/t is found,

which is most often represented by dolomite
CaCQOj;. The value of the specific mass chemical
component of the bitumen exergy e, , cannot be

calculated using methods intended for pure chemi-
cal compounds. The main difficulty in the calcula-
tion is that the exact molecular structure of bitu-
men is unknown. By its structure, bitumen is a col-
loidal system in which asphaltenes are dispersed,
and resins and oils are the dispersion medium —
a mixture of hydrocarbons and their nitroge-
nous, oxygenated, sulfurous and their derivatives.
The chemical composition of bitumen is very
complex. So, they contain saturated hydrocarbons
from CoHyy to C3oHg,. The elemental composition
of bitumen varies within the limits: carbon 70-80 %,
hydrogen 10-15, sulfur 2-9, oxygen 1-5, nitro-
gen 0-2 %.

The calculation of the chemical component of
bitumen exergy is complicated by the fact that,
until recently, CIS refineries produced bitumen not
as a target product, for example, with light oil
products, but as a residual, by-product. According
to the known group composition of bitumen, the
method recommended for calculating the che-
mical component of crude oil exergy is suitable for
determining the chemical component of exer-
gy, MJ/t [12]:

e, =, (1066 + 67,40 +

4
+1875v + 3784c + 177,8%), @

where e, = 7,817C — minimum specific mass exer-

gy of liquid hydrocarbon substances, MJ/t; ® = 6H/C;
v = 3/7-(N/C); o =1 + 3(H - (O — S)/8)/C;
& = 3/8-(S/C) — dimensionless coefficients depen-
ding on bitumen composition; C, H, O, N — mass
fractions of components, C+ H+ O+ N=1.

The composition of bitumen in this case can
be averaged: C = 0,70-0,85 — mass fraction of
carbon; H ~ 0,08-0,12 — the same of hydro-
gen; O = 0,002-0,05 — the same of oxygen; S =
~ 0,005-0,7 — the same of sulfur; N = 0,002—-0,01 —
the same of nitrogen.

Calculations of the value of the specific mass
chemical component of bitumen exergy give
e, = 3844 GJ/t. Taking into account the errors of

the calculation chain, we can write e, = 41 GIi,
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which is consistent with the values of chemical
exergy e, of other petroleum products: unre-

fined gasoline ¢, = 46 Gl/t, fuel oil e, = 42 GJ/t.
Taking into consideration the step of change in ¢,

during the transition to a heavier fraction of oil
products, the given value should be considered
acceptable.

The quantity ¢, 4, included in relation (1),

represents the exergy component of the ACM flux,
which is commonly called the concentration com-
ponent. Its value is determined by the minimum
thermodynamic work required to separate the
components [12]. The indicated work in this case
is required to overcome the adhesive interaction
of bitumen with MM [6, 13]. The value of this com-
ponent affects the quality of the finished ACM. It is
necessary to consider the exergy transformations that
occur during the process of creating ACM. Let
us turn to a graphical representation of the balance
of exergy of the mixing unit, in which the process
of creating ACM takes place (Fig. 7).

______

Reference |
surface |

Fig. 7. Exergy transformations of asphalt concrete
mixture formation process

At the Fig. 7 Ep gy Eroyps Er g — thermal

components of exergy of sand-gravel mixture,
mineral powder, bitumen flow, respectively, MJ;
E, yps E,. p — reaction components of exergy of
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mineral powder, bitumen flow, respectively, MJ;
W, — energy spent on mixing, MJ; E;

e
concentration component of exergy of asphalt
concrete mix flow, MJ; D,, D, — external and
internal exergy losses, respectively, MJ; upper
indices ('), (") — to denote input and output
streams, respectively.

The block diagram of the mixer is shown
in Fig. 8.

! ’ ’
Gips Pups tup

Mo Gho Pty d
Gsgus p:S‘GM’__i:SE& o T _G_};_,_p'%, iy
| .
i T
|
i

i
|

LS o
" " " " " ”
Gg, Pps g Orm Glicus Pacm> tacu

Fig. 8 Mixer flow diagram: Gg, pg, tp, i, dp— flow rate,
pressure, temperature, specific enthalpy of flow and bitumen
density, respectively); Gseu Psoms isgu— flow rate, pressure,
specific enthalpy of flow of sand-gravel mixture, respectively;

Gup, pups typ — flow rate, pressure, temperature of mineral
powder, respectively; Gycas Pacws tacy — flow rate, pressure,
temperature of asphalt concrete mixture;

Qg — heat flow to the environment

From the analysis of the Grassmann diagram,
it follows that during the ongoing mixing process,
the ACM components do not change and, there-
fore, are the terms of the transit exergy: E7 s, —

thermal component of the exergy of the SGM out-
let stream, MJ; E; , — the same of the bitumen

input stream, MJ; E! ,,=E’,, — reaction com-

ponent of the exergy of the MP flow, MJ;
E!, =E/ , — reaction component of the exergy of

the bitumen flow, MJ.

Part of the beneficial effect of the transfor-
mations in the mixer are:

e change in the thermal component of the exer-
gy of the MP flow, in this case equal to the value
of the thermal component of the exergy of the out-
put MP flow — E7 ,,, MJ. This fact follows from

the fact that at the input the value of the thermal com-
ponent of the MP flow exergy is equal to zero (ther-
mal MP parameters are equal to the parameters
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of the environment — Env) and the output value
determines the corresponding beneficial effect;

¢ change in the thermal component of the exer-
gy of the bitumen flow, determined by the differ-
rence Ej ; —E; 5, MJ;

e determining component of the beneficial ef-
fect — E; 41> MJ, — the concentration component

of the ACM exergy, the appearance of which is
associated with the preparation of a mixture from
the initial ingredients [12].

Thus, the concentration component of ACM
exergy acquires a completely new aspect — techno-
logical, reflecting the minimum required energy
consumption to ensure the required product quali-
ty. Determination of E, ,., — the concentration

component of the exergy of the ACM flow gives
a quantitative estimate of the minimum required
energy impact in the mixer on the initial ACM
components [6]. Thermodynamic approaches in
assessing the quality of asphalt concrete are be-
coming more widespread [14]. The proposed quan-
titative assessment of the energy impact in the mi-
xing unit based on the concentration component of
exergy is proposed for the first time.

Physically, the possibility and legitimacy of its
use follows from the following. No chemical rela-
tions occur during the creation process in the
mixer, nor during laying, nor during compaction of
the ACM. This allows us to speak about the inva-
riance of the reactive component of ACM and
asphalt concrete in relation to the reactive compo-
nents of the elements included in their compo-
sition. It is obvious that the minimum energy of
separation into the initial ACM components is de-
termined by the energy of the adhesive interaction
between MM and the bituminous binder. On the
other hand, it determines the concentration compo-
nent of ACM and asphalt concrete [12]. For the
onset of complete adhesive interaction, one of the
necessary conditions is to ensure contact of the
bituminous binder with all particles of SGM and
MP, including aggregated into complexes, which
is achieved, first of all, in the mixer. To ensure the
required contact of the entire surface of the MM
and the binder, it is necessary to expend energy
in the mixer. The minimum value of which, as fol-
lows from the presented Grassmann diagram (Fig. 7),
is determined by the concentration component of
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exergy ACM — E, ,.,. External D, and inter-

nal D, exergy losses are determined by the excess

of the mechanical energy expended in the mixer
over its minimum value, equal to the exergy
change in the ongoing process. The exergy re-
quired for the occurrence of the concentration
component of ACM is contributed by input
streams and nothing else (Fig. 7). As a result of the
redistribution of exergy in the course of transfor-
mations with ACM stirring, its required value is
provided. As follows from the analysis of the
Grassmann diagram, it can only be associated with
the flow of mechanical work (Fig. 7). The work
of mechanical mixing L = W' can not be less

E, 4cu» since only in this case the key condition

of exergy balance is fulfilled in the form of the
relation ZE '>ZE”. This is the determining

factor that makes it possible to relate the concent-
ration of ACM exergy to the energy consumption
for mixing. Thus, the adhesive interaction of the
ACM components is provided through the intro-
duction of the necessary mechanical energy for
mixing in the mixer. In the ideal case, the mini-
mum energy consumption for the formation of
a mixture is determined by the adhesive interaction
energy and heat treatment.

To confirm the connection between the adhe-
sive interaction and the concentration component
of ACM exergy, it is necessary to consider the pro-
cess of ACM compaction and subsequent cooling
of the resulting asphalt concrete sheet to ambient
temperature [15]. A thermodynamic theory has been
developed to estimate the duration of the overhaul
period of an asphalt concrete pavement with traffic
intensity which is to be established at the design
stage [14, 16]. During the laying of the roadway,
the quasi-dispersed material, which is ACM,
is transformed into a monolithic material, which is
asphalt concrete. The exergy balance of the pro-
cesses for producing asphalt concrete is presented
in the form of a Grassmann diagram in Fig. 9,
where E; ., — thermal component of the asphalt

concrete mixture exergy, MJ; E, ., E, p — reac-

tion components of the exergy of the flow of mine-
ral powder and bitumen included in the asphalt
mix, respectively, MJ; L, — mechanical energy
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. R .
for sealing, MJ; E; ,, — mechanical component

of asphalt concrete exergy, MJ.

We restrict ourselves to a qualitative image of
flows without a quantitative analysis of the ener-
gy transformations of ACM into asphalt concrete.
The mechanical energy expended on compaction
of the ACM layer ensures a reduction in the po-
rosity of the dispersed material to values at which
the cohesive interaction is switched on. In combi-
nation with adhesive interaction, the required
strength of the resulting asphalt concrete monolith
is formed.

Compaction
and cooling
of asphalt concrete

Fig. 9. Exergy transformations of the process of formation
of asphalt concrete during compaction of the asphalt concrete
mixture and cooling of the road bed

The cohesive bond depends on the temperature
and pressure of the material. This indicates the
need to attribute the energy of cohesive interaction
of bitumen volumes in asphalt concrete to the
thermomechanical component of the asphalt con-
crete exergy. The adhesive interaction in this case
can be considered as the factor that determines
the concentration component of the exergy which is
not related to the temperature and pressure at which
the substance is located. The above picture of the
interactions of the components of ACM and asphalt
concrete is in good agreement with the physical mo-
del of these materials (Fig. 10, 11) [17, 18]. Free
bitumen fills the intergranular ACM space, defi-
ning a cohesive bond. Structured bitumen forms
a film on the surface of MM, defining an adhe-
sive bond.
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In order to obtain a qualitative physical model,
an energy consideration of the transformations of
the transition process from ACM to asphalt con-
crete has been carried out in the paper. The model
allows us to separate the role of cohesion and
adhesion in the asphalt concrete exergy, to associ-
ate the first with the thermomechanical component,
to confirm the relationship between the adhesive
interaction of mineral materials with bituminous
binder and the concentration component of the
ACM exergy.

7 BB + Sand £ SB + MP

Fig. 10. Physical model of volume of asphalt concrete
mixture [17, 18]: BB — bulk bitumen;
SB — structured bitumen; MP — mineral powder

Particle
of mineral
material

Fig. 11. Interaction of mineral materials and bitumen [17, 18]:
4 — normal distance from mineral materials surface;
8o — thickness of structured bitumen layer; St — strength;
1 — viscosity

An important aspect that needs to be empha-
sized is the independence of the concentration
component of ACM exergy from the amount of
bitumen in the mixture, if it does not exceed a cer-
tain threshold value. In ACM, bitumen is divided
into two types: structured or filmy and loose or
bulk. The threshold minimum amount of bitumen
in ACM is determined by the required amount
of structured bitumen, which ensures that the entire
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MM surface is covered with a film. There is a tran-
sition zone between structured bitumen (SB) and
bulk bitumen (BB). In the transitional or diffu-
se zone, bitumen has a partially ordered structure.
Its thickness varies from one to several microns.
In the diffuse zone, there is a smooth transition
from the properties of the bitumen of the structured
film to the properties of the bitumen of the bulk
zone. The structured layer of bitumen both in com-
position and thickness depends on the mineral sub-
strate, which affects the composition of the bitu-
men film. The most active components of bitumen
in relation to MM are asphaltenes containing active
functional groups, due to which asphaltenes are
accumulated in the structured zone. In it, high-
molecular-weight bitumen compounds are ordered
and form a solid-like layer, extremely saturated
with asphaltenes, adjoining the mineral substrate.
Asphaltenes are oriented among themselves by
polar groups in chains. The film thickness depends
on the size of the mineral particles and the material
of the particles and, most often, does not exceed
one micron. The relationship between the amount
of SB and BB in ACM is considered in sufficient
detail in a number of works, from which one can
single out [19]. The data given in it allows you
to calculate the threshold value of the bitumen con-
tent in ACM. The threshold value depends on
a number of factors, primarily on the composition
and size of the MM particles included in the ACM.
The optimal technological thickness of the bitumen
film in a mixture with optimized granulometry is
the one at which the material with the highest
strength is formed. The ratios between SB and BB
in ACM, corresponding to the optimal technologi-
cal thickness of the bitumen film, determined
in [19], are shown in Fig. 12. From the analysis
of the given data, it follows that in real ACM,
the amount of bitumen always exceeds the thre-
shold value determined by the amount of SB, and
the reliability of determining the concentration
component of exergy does not depend on it [20].
For this reason, further the question of the relation-
ship between the value of the concentration com-
ponent and the bitumen content in ACM in the
context of the problem posed should be considered
resolved.

The results of the evaluation according to the
proposed method in finding the concentration
component of the ACM exergy indicate a slight
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influence of the error on the results of the thermo-
dynamic efficiency of the ACM production process
and is sufficient to solve the problems of resource
saving and improve the environmental situation
at the ACP [21, 22].

100

e}
(=]
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o <

SB content, %

)
e L

0
0.071 0.140 0.315 1.250 3 5 10 20

SB H BB Particle size, mm

Fig. 12. Content of oriented layer of bitumen in total
technological bitumen film on mineral grains in asphalt
systems with increasing particle size:

BB — bulk bitumen; SB — structured bitumen

CONCLUSION

According to the results of the proposed exergy
method of thermodynamic analysis, it is possible to
determine the concentration component of the as-
phalt concrete mixture flow exergy E, ,, and

provide an objective assessment of the operation of
the mixer in terms of its energy consumption
(E; 4cp determines the energy minimum cost of

an ideal mixer); obtain a quantitative assessment
of the asphalt concrete mixture quality for techno-
logical purposes; calculate exergy flows of asphalt
concrete mixture heat technology; determine abso-
lute and relative exergy characteristics of asphalt
concrete mixture production required for energy
efficiency assessment.

This work has been carried out within the framework
of the project on cooperation between Belarusian
and Chinese scientists and specialists: “Outstanding
Foreign Scientist Studio of Green Low-Carbon Tech-
nology for Pavement Construction and Maintenance”
(Grant No GZS2022004) — &G O RIREF R AR
INERIEZ TIEE (I H S GZS2022004).
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Onrumuzanug coctaBa HaHO(PUOPoOeTOHA
110 BA3KOCTHU pa3pylieHus1 Moaupukanued MaTpulbl
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E. A. Cagosckas", 10KT. TexH. Hayk, npod. C. H. Jleonosuu'
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Pedepat. beToH — KBa3uXpyIKuil CTpOUTEIbHBINA MaTepya, KOTOPbIA UMEET HU3KYIO IIPOYHOCTH IpH pacTsbxkeHud. IIpouecc
€ro pa3pyIlIeHUs] NPH HArpy>XeHHH HOCHT HEOJHOPOAHBIN XapakTep, O0OyCIOBICHHBIH CYIIHOCTBIO CTPYKTYphl OETOHHOMN
Macchl, COCTOSIIEH U3 KOMIIOHEHTOB C Pa3MYHBIMH (U3HKO-MEXaHHYeCKMMHU cBoiicTBamu. I[locTenenHoe neopMupoBaHue
U pa3pyLIeHHe MOXHO 0XapaKTepu30BaTh KaK Mpolecc 00pa3oBaHMs U Pa3BUTUSI MUKpOTpelyH. Hammune B GeToHe pasHBIX
0 pa3Mepy KOMIOHEHTOB MTO3BOJISIET PACCMATPHBATh €T0 CTPOCHHE KaK MHOTOYPOBHEBYIO CHCTEMY. B 3T0i cucteme KaXkablit
YPOBEHb MPEACTABIAET COO0H MaTPHIly CO CBOUMHU CTPYKTYPHBIMU BKIFOUEHHUSIMH, KOTOPbIE MIPAIOT KaK CTPYKTYpooOpasy-
IOIYIO POJIb, TAK U POJIb KOHIIEHTPATOPOB HANPSHKEHUH MPU NEHCTBUM MEXaHMYeCKHX Harpy3ok. Kpurnueckuit koadduim-
€HT MHTCHCHUBHOCTH HAIPSDKEHUH SBISIETCS XOPOLINM IT0Ka3aTeIeM TPEIIMHOCTORKOCTH (BSI3KOCTH pa3pyIICHHs) MaTepuaa.
HanoGeToH, ¢ TOUKH 3peHUs] MHOTOYPOBHEBOH CHUCTEMBI, IIPEACTABISACT COO0H OETOHHBIN KOMIO3UT C MHTHOMTOpaMHU pac-
MPOCTPAHEHUS] TPEHIMH HA YPOBHE LEMEHTHPYIOIIETO BEIECTBA (B KAU€CTBE MHTMOMTOPOB PAacCMAaTPUBAIOTCS YTJIEPOIHbIE
HaHoTpyOKH). [IprcyTcTBre GUOPOBBIX BOJOKOH Ha ITOCIEAYIONIMX MACIITAOHBIX YPOBHSX IO3BOJISET pacCMAaTPUBATH OCTOH
KaK KOMITO3UT ¢ MHOTOYPOBHEBBIM IHCIIEPCHBIM apMHUpoBaHHEeM (HaHO(GHOpoOeToH). B cTaThe paccMOTpeHO H3MEHEHHE
TIOKa3aTelis BA3KOCTH Pa3pyIleHuUs! (TPEIIMHOCTORKOCTH) 6ETOHA MPH AMCIIEPCHOM apMHPOBAHUH MATPHUILBI HA PAa3HBIX CTPYK-
TYPHBIX YPOBHsIX. [IpHBeIeHBI pe3ysIbTaThl HCHBITAHUI HAa HOPMAJIBHBEIA OTPBIB 00pa3oB-KyOOB C HaJgpe3aMy IPU BHEILIEH-
TPEHHOM C)KaTHH C OIpe/esieHneM Kod(GHINeHTa HHTEHCUBHOCTH HAIPSDKEHUH Ul OeToHa, MOAU(UIUPOBAHHOTO yTIIe-
POAHBIMH HAaHOTPYOKaMH, BBICTYNAIONIMMH B Ka4eCTBE MHIMOUTOPOB PACTIPOCTPAHEHHS TPEIIHH Ha yPOBHE LEMEHTHPYIOIIE-
ro BellecTBa (HAaHOOETOH), a Takke Ul HaHOPUOPOOETOHOB C JUCIEPCHBIM aPMHPOBAHUEM HA YPOBHE MEJIKO3EPHHUCTOrO
Oerona. Ha ocHOBaHUM 3KCIIEpHMEHTAIIBHBIX NCCIEIOBAHMN HEPABHOBECHBIMH METOIAMH MEXaHUKH Pa3pyIICHUS MIPEAIoKe-
HBI KOMITIO3UIIMU HAaHOPHOPOOETOHa MaKCUMAaJIbHOW TPEIIMHOCTOMNKOCTH (BA3KOCTH Pa3pyLICHHUs) C Pa3IHMYHON KOHIEHTpa-
1uel GuOpPBl U HECKOJIBKUMH THIIAMU MaTpPHL, MOJU(UIPOBAHHBIX HAHOYTJIEPOJHBIMU JOOABKaAMH.

KiroueBrble ciioBa: HaHOGHOPOOETOH, TPEIIMHOCTONKOCTD, BI3KOCTh pa3pyLIeHHs, KOOQOUINCHT HHTEHCUBHOCTH HaIpshKe-
HUM, Gubpa, HaHOYTIIEPO, IPSIMON OTPHIB, HAHOTPYOKH, IUCIIEPCHOE apMHUPOBAHHE

Jst murupoBanmus: Canosckast, E. A. Onrumusanus coctaBa HaHO(MHOPOOETOHA IO BA3KOCTH pa3pyLIeHHsT MoAnbHUKaIHeH
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Optimization of Composition of Nanofiber Concrete
in Terms of Fracture Toughness by Matrix Modification

E. A. Sadovskaya, S. N. Leonovich"

YBelarusian National Technical University (Minsk, Republic of Belarus)

Abstract. Concrete is a quasi-brittle building material that has low tensile strength. The process of its destruction under loa-
ding is inhomogeneous, due to the nature of the concrete structure mass, consisting of components with different physical and
mechanical properties. Gradual deformation and destruction can be characterized as a process of formation and development
of microcracks. The presence of different-sized components in concrete makes it possible to consider its structure as a multi-
level system. In this system, each level is a matrix with its own structural inclusions, which play both a structure-forming role
and the role of stress concentrators under the action of mechanical loads. The critical stress intensity factor is a good indicator
of the crack resistance (fracture toughness) of a material. Nanoconcrete, from the point of view of a multilevel system,
is a concrete composite with crack propagation inhibitors at the level of the cementing substance (carbon nanotubes are consi-
dered as inhibitors). The presence of fiber fibers at subsequent scale levels allows us to consider concrete as a composite with
multi-level dispersed reinforcement (nanofiber concrete). The paper discusses the change of concrete fracture toughness indi-
cator (crack resistance) with dispersed reinforcement of the matrix at different structural levels. The results of tests are
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presented for normal separation of notched cubes under eccentric compression with the determination of the stress intensity
factor for concrete modified with carbon nanotubes acting as crack propagation inhibitors at the level of cementing substance
(nanoconcrete), as well as for nanofiber concrete with dispersed reinforcement at the level of fine-grained concrete. Based on
experimental studies by non-equilibrium methods of fracture mechanics, compositions of nanofiber-reinforced concrete
of maximum crack resistance (fracture toughness) with different fiber concentrations and several types of matrices modified

with nanocarbon additives are proposed in the paper.

Keywords: nanofibre concrete, crack resistance, fracture toughness, stress intensity factor, fiber, nanocarbon, direct separa-

tion, nanotubes, dispersed reinforcement

For citation: Sadovskaya E. A., Leonovich S. N. (2022) Optimization of Composition of Nanofiber Concrete in Terms of
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BBenenune

beron mnpexacraBmser coboil cOamaHCHpOBaH-
HYI0 CMECh HAaroJHHUTENs (KPYMHOIO M MEJKOIO)
W BSOKYIIETO BEIIECTBA, 3aTBOPEHHOTO BOJOW.
Hamnune B GeToHE pa3HBIX MO pa3Mepy KOMIIO-
HEHTOB TIO3BOJISIET PAacCMaTPHUBATh €r0 CTPOCHUE
Kak MHOTOypoBHeByIo cucremy [1, 2]. CTpykTyp-
HYI0 MOZedb OeToHa MOXHO OTOOpa3uTh B BHIC
HECKOJILKUX MAaCIITa0HBIX YpPOBHEH: OTNEIBHOTO
KpHCTaJlIa, KPUCTAJUIMIECKOTO CPOCTKA, [IEMEHTH-
PYIOIIETO BEIECTBa, IEMEHTHOTO MHKpPOOETOHA,
MEITKO3epHUCTOTO OeTOHA, KPYIHO3EPHUCTOTO Oe-
ToHa. Kax1p1ii ypoBeHb MpencTaBisieT coboil Mat-
pUIly CO CBOMMH CTPYKTYPHBIMH JIIEMEHTaMU
(BxmroueHHsAMH). BiirodeHus: UrparoT Kak CTpyK-
TypooOpa3yIollyo pojib, TaK U pOJb KOHIEHTpa-
TOPOB HANPSDKEHUH MpU NEUCTBUU MEXaHUYECKHUX
Harpy3ok [3, 4].

PIT 22.02.12; stenka:

15,0kV x100k SE(U)

Hano0eToH, ¢ TOYKH 3peHHs] MHOTOYpPOBHEBOU
CHCTEMBI, TPEJCTaBIsET CO00 OSTOHHBII KOMITO-
3UT C MHTHOUTOpaMH PaclpOCTPAHEHUS! TPEIIUH
Ha YpOBHE LIEMEHTHPYIOILIEro BemiecTBa. B kaue-
CTBE MHTHOMTOPOB PAacCMAaTPUBAIOTCS YTIICPOIHEIC
HaHOTPYOKku [5-7]. YrmepomHbsle HaHOTPYOKH —
NPOTSHKEHHBIE CTPYKTYPBI, MPEACTABISIONIHE CO-
00l CBepHYTbIE B OJHO- MU MHOTOCIOWHYIO
TpyOKy rpadutoBsie ciou (puc. 1). IlpucyrcrBue
TOHYAMIINX BOJIOKOH B TBEPACIOIMIEM LEMEHTHOM
KaMHe cozfaet yciosus i 3¢ dekra «HaHOApMU-
pPOBaHHUS» CTPYKTYpHl HOBOOOpA30BaHHW B BHJIEC
CIIOHTaHHO ()OPMHUPYIOMIEHCST CHUCTEMBI THIIPO-
OKHCJIOB KJIMHKEpPHBIX MUHEpaJoB [8, 9].

B xaugectBe HMHIHOMTOPOB pPACHPOCTPAHEHHS
TPEIIMH Ha YPOBHE MEJIKO3EPHUCTOro OEeTOHA MO-
T'YyT paccMaTpHBaThCs pa3iMyHble (HOPOBHIE BO-
JIOKHA Makpopaszmepa (puc. 2).

y‘*\\

Puc. 1. Yranepoausie HaHOTPYOKH [8]

Fig. 1. Carbon nanotubes [8]

Puc. 2. dubpa: a — u3 nuctoBoii cranu BonHoBoro npoduist (OJIB-0,9-50); b — u3 cranpHoii npoBosoku ¢ ankepamu (OITA-1,0);
¢ — nonmumepHas BoaaucTas (PI1B-0,6-40); d — mukpodudpa npsmas u3 nposonoku (PCB-M-0,20/12); e — 6azanproBas (12 Mm)

Fig. 2. Fiber: a — from sheet steel of a wave profile (©JIB-0.9-50); b — made of steel wire with anchors (®I1A-1.0);
¢ — polymeric wavy (®IIB-0.6-40); d — straight microfiber from wire (PCB-M-0.20/12); e — basalt (12 mm)
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Llenpro McciaenoBaHUs SBISUICS MOAOOP HAaHO-
(huOpOOETOHHBIX COCTABOB C IMOBBINICHHBIMH T10-
Ka3aTeJsIMU TPEIIMHOCTOMKOCTH METOJIOM CPaBHU-
TEJILHOW OLIEHKM IOKa3aTelisl BA3KOCTH pa3pylle-
HUsl Kjc HaHO(UOpOOEeTOHA ¢ pa3HBIMU MaTPHILIAMH
1 TUIIOM AxcIiepcHoro apmuposanusd [10, 11].

MaTepl/laJ'lbI U METOAbI HCCJICAOBAHUA

Jns mpoBeneHHsT MCCIENOBaHUS HCIIOJB30Ba-
mu:  moptiaaaiement 500020 OAO «Kpacuo-
CENIbCKCTPOUMATEPHANbI», CTPOUTEIBbHBIH IECOK
I xnacca, rpanutHeii mebens 111 rpynmel, cyabsdo-
amoMuHaTHYIO n00aBky PCAM, KoHAeHCHpOBaH-
HBI YIUIOTHEHHBIH MUKpokpemHe3eM (MKY-85),
xuMuieckyro no6asky «Pemamukc I1K», Hanomo-
TUQHUIMPOBAHHYI0 XMUMUYECKyto no0aBky «APT-
Konxkput P» (BoaHasi cycneH3uss HaHOCTPYKTYpH-
poBanHoro yriepona (0,01-20,00 MkM) u 1IacTH-

¢ukaTopa), HaHOMOIU(PHULUPOBAHHYIO XHUMHUE-
ckyto 106aBky «Py®ukc-500by.

OO0Opa3Iel M3rOTaBIMBAN U3 COCTABOB OETOH-
HBIX CMeceil, Ipe/ICTaBlIeHHbIX B Ta0m. 1, ¢ mobaB-
JICHHEM Pa3JIMYHOrO THIAa M KOJIWYECTBa JHcIepC-
HbIX BoJiokoH: @1 (pubpa cranmbHas BOIHOBAS W3
mcra, 80 kxr); ®2 (¢pubpa cranbHas NPOBOIOYHAS
ankepHas, 80 kr); @3 (pudpa moarMepHas BOJIHH-
cras, 4 kr); ®4 (pubpa GazanbToBas, 2 Kr), MUK-
potdubper cranmpHOM mpamoit (20 kr), ¢GuUOPHI
ctanpHOM aHkKepHol (20 xr); 20 (P40, D60)
(pubpa cranpHas BomHOBas 3 nwmcta, 20, 40, 60 kr).

JJist ucnbITaHUH MCIOIB30BaIH 00Pa3IbI-Ky OB
pasmepamu 100x100x100 MM ¢ cHMMETpPHYHBIMU
Hazape3amu rimyOuHoit #/4 (h — BbicoTa Ky0a), BBI-
[OJTHEHHBIMH PEXYIIUMH HHCTPYMEHTaMHU C all-
Ma3HBIM HalbUIeHHEM. chelTaHusS TpPOBOAMIH
IIPY BHELICHTPEHHOM CKaTuu (puc. 3).

Tabnuya 1

PeuenTypu HCCJIeAyeMbIX COCTAaBOB

Formulations of the studied compositions

Coctan Lement, | PCAM/MKY-S$5, 1le6ens, kr, Gpakuun N XHM(I;I:;C’;(-Q.H n00aBka, Kr (% OT Macchl BSKYIIEro)
KT Kr 5-20mm | 5-10 MM ’ K P «Py®ukc-500b» | «Penamukc ITK»
OHKpHT P»
A-D0 400 - 1020 - 820 3,20 (0,80) - -
B-®0 445 — 1035 - 820 2,22 (0,50) - -
B-®0 460 — — 880 950 3,22 (0,70) — —
-0 485 40/45 — 825 800 4,65 (0,70) — —
J-®0 400 — 1020 — 800 — 1,70 (0,40) —
K-D0 445 — 1035 - 820 - 4,00 (0,90) -
N-D0 485 55/0 830 - 835 - 4,32 (0,80) -
K-®0 485 40/45 — 825 800 — 5,82 (1,00) —
C-®0 425 1070 750 — — 2,4 (0,5)

Puc. 3. VcnpiTanue Ha HOPMAJIBLHBINA OTPBIB IO Ky0aM ¢ Haape30oM: a — BHEITHUN BT HCIIBITAHUS;
b — moyioBHHKHM 00pasiia mOocJIe HCIBITAHUI; ¢ — UCITBITAHHBIA OCTOHHBIH 00pasel; d — HCIbITaHHBIN HaHO(UOPOOETOHHBII 00paserr

Fig. 3. Normal pull test on notched cubes: a — appearance of the test; b — sample halves after testing;
¢ — tested concrete sample; d — tested nanofiber concrete sample
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Harpykenue ocymecTBIsIIM 0 MOMEHTa pa3-
JenieHnss o0pasiia Ha JIBE YacTH WM 00pa30BaHUs
TPEIUHBI, PETUCTPUPOBAIM 3HAYCHUE pa3pylie-
Husi Fjc. Paccunraem kputudeckuit ko3dduim-
€HT UHTCHCUBHOCTH HAIPSDKCHHS HA HOPMAaJbHBIN
OTPBIB

F a 1/2 a 3/2
Ki=—"1183|=| -430/=| +
1C bhl/z ) ]’l h
a 5/2 a 7/2 a 9/2 (1)
+3445[—j —11076[—) +12967[—j ,
h h h

rne Fic — Harpyska, Ipu KOTOPOH NMPOUCXOIUT pas-
pyurenne, MH; b — mmpuna oOpasia, M; s — BRICOTa
o0pasia, M; a — TITyOrHa Hazpesa, M, a = h/4.

Pe3yabTaThl HCIBITAHUM

Ha puc. 4, 5 npuBeaeHs! pe3yabTaThl HCIBITAHUN
KO3 (QUIMEHTOB MHTEHCUBHOCTH HANpPSDKEHWH Ha-
HOOeToHa M OeToHa. BHJHO, YTO UX H3MCHEHHE

HaxomuTcs B penenax ot 0,68 no 1,66 MHa\/ﬁ .

oo Aol
B2 B3

] 3.2

1.4

[
— o7

1,5

Sy we

NN

I K ¥
Puc. 4. Koo punmeHT THTEHCUBHOCTH HAIPSDKSHUH
HAHOOETOHA C Pa3HBIM THIIOM JHCHEPCHOTO apMHUPOBAHHS

Fig. 4. Stress intensity factor of nanoconcrete
with different types of dispersed reinforcement

502

B HanoOeTOHHBIX MaTpunax ¢ nobaBkoi «Py-
Oukc-500b» (M, K, W, K) mokazarenp Bs3KO-
CTH pa3pymieHus B cpenHeM Ha 35 % OombIre, yem
B MaTpuiax ¢ mpobaBkoir «AptKoukput P» (A, b,
B, I'). B cocraBe A nambosbiiee 3HadeHHE K-
yAAN0oCh TOJYYUTh TPU HCIONB30BAHUU CTallb-

HBIX JAucriepcHbIX BomokoH @1 (3,37 MHa\/ﬁ —
Ha 390 %) u BOJOKOH U3 CTaJbHOM MPOBOJIO-

ku ©2 (2,60 MIlavM — Ha 280 %). B cocrase b
HAWIy4dIINH TOKa3aTellb BSI3KOCTH Pa3pyIIeHHs I10-
JydeH B CIy4yae NMPUMEHEHHs CTAIBHON IMPOBOJIOY-

Hoit pubps ®2 (2,24 MITav/M — ma 110 %). B co-
ctaBe B MakcuManbHOE 3HaUEHNE KIC TMOJIy4YCHO IpU

¢ubpoBom apmupoBanuu trma ®1 (2,05 MHa\/ﬁ -
Ha 110 %). ®ubpoBoe apMHpOBaHHE B COCTa-
Be [’ okazajlo HEMHOTO MEHbIIUN Hpupoct Kic,
gyeM B TMPENbIAyIMX cocTraBax. Hanbombmmii
MIPUPOCT TIOKA3aTeNs] TPEIIMHOCTOWKOCTH TOJY-

yeH ¢ pubpamu D2 (1,97 MHa\/i— Ha 74 %)

n @1 (1,61 MHa\/ﬁ— Ha 38 %). KommiekcHoe
¢ubpoBoe apmupoBanme D4 crmocoOCTBOBAIO
IIPUPOCTY IIOKa3aTens BSI3KOCTU pPa3pyLICHUS B
cocraBax /I, XK, U, K na 23, 36, 23, 27 % cooTBeT-
CTBEHHO.

Bennunaa koadduuUMEHTa HWHTEHCHUBHOCTU
HanpspkeHui Oetona Ha 32—137 % MeHblue, yeMm
HaHo¢puoOpoberona. IloBrimenne konmuecTBa Guod-
POBBIX BOJIOKOH B cocTaBe C crmocoOCTByeT yBenu-

yeHuro Ha 32 % 3nauenus Kic — g0 0,7 MHa\/ﬁ
pu ©40 u D60.

0,8 Tm———mm e m

@0 20 ©40 ©60

Puc. 5. KoaphunueHT MHTCHCUBHOCTH HANPsHKEHHA OeTOHA
(cocra C) ¢ pa3HOH KOHLIEHTpauue Guops

Fig. 5. Stress intensity factor of concrete (composition C)
with different fiber concentrations

BBIBOJI

Ha ocHOoBaHMM 3KCHEPUMEHTATIBHBIX HCCIICI0-
BaHUI HEPAaBHOBECHBIMH METOJIAMH MEXaHUKHU
paspyuieHus. MPeIJIOKESHBl KOMIIO3UIIUH HAHO-
(hubpobeToHa MaKCUMAIBHOW TPEIIHHOCTOMKOCTH
(BSI3KOCTH pa3pyIeHHs) C Pa3InIHON KOHIIEHTpa-
el GuOPHI M HECKOTBKUMH THITAMH MATPHII, MO-
T(QHUIUPOBAHHBIX HAHOYTIIEPOTHBIMHU JTOOABKAMH.
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Pegepat. [loposkHble OCHOBaHUS — INIABHBIE HECYIIUE CIIOU AOPOXKHOMN OJEKIbl, HA3HAUEHHE KOTOPBIX — BOCIPUSTHE HArpy3-
KU OT aBTOMOOMIIEH U pacnpesielieHne ee Ha TPYHT 3eMIISTHOTO NMoJ0THA. KOHCTPYKIMS OCHOBAHHS ONPEAENIAETCS 10 pacyeTy
B 3aBHCHMOCTH OT IUIAHHPYEMOW TPaHCHOPTHOH HArpy3Kd M MHTEHCHBHOCTH JBIDKEHHS M COCTOHT, KaK NPaBHJIO, U3 He-
CKONBKUX cnoeB. [IprueM y KanuTanbHBIX MOKPHITHH BEPXHHUN CIIOH OCHOBAaHMS YCTPAWBACTCSA U3 MAaTEPHANIOB, YKPETIIEHHBIX
BsOKyIMHU. OCHOBaHHME JOPOXKHOTO MOKPBITUS — JIOCTATOYHO JIOPOTOCTOSIIAsT KOHCTPYKIHS, U BaXKHO IIPU €ro yCTPOICTBE,
T7ie BO3MOXKHO, HCIIONB30BAaTh MECTHBIE, a TAK)KE€ BTOPHIHBIC MaTepHalbl (OTXObI MIPOMBIIIIEHHOX M CTPOHTENILHON HHIY-
cTpun). B mporecce cTpouTensHO-pEMOHTHBIX TOPOXKHBIX PabOT NMPUMEHEHHE BTOPUYHOIO ChIPbs MO3BOJSIET 3HAYUTEIBHO
CHM3UTB 3aTpaThl Ha UX BEIMONHEeHUE. [Ipi 5TOM yMEHBIIAIOTCS HE TOJIBKO 3aTPaThl, HO U HETaTHBHOE BO3IEHCTBHE Ha OKPY-
JKAIOMIyIo cpely. B craTbe paccMoTpeHa BO3MOXKHOCTB YCTPOMCTBA OCHOBAHHS JOPOXKHBIX MOKPBITUI M3 TaKMX BTOPUYHBIX
MaTepHaioB, Kak OTpab0OTaHHbIC (POPMOBOYHBIE CMECH (OTXOIbI JIMTEHHOrO IPOM3BOJACTBA), LEMEHTOrPAHYIAT (TIPOIYKT
JIpOOJICHNS CTaphIX IEMEHTOOETOHHBIX KOHCTPYKIIHH, CTPOUTEIILHOTO Mycopa) B acaIbTOrpaHyIsT (IPoIyKT (pe3epoBaHus
U3HOIIEHHBIX ac(anbTOOETOHHBIX MOKPHITHIT). B 3TOM ciyuae 3HaUNTENbHO YMEHBIIAETCSI CTOMMOCTh OCHOBAHUsSI IpH obec-
TIeYeHNUH HeoOXoauMoii ero mpounoctu. OTpaboTaHHEIe (POPMOBOUHBIE CMECH HCIIONIB30BAIM B KA4eCTBE BHIPABHUBAIOIIECTO
CJI0S1, IIEMEHTOTPAHYJIAT PACCMATPUBAIM KaK MaTepuall A HIDKHETO CIIOS OCHOBAHUS, a ac(anbTOTpaHyIsT — IS yKpeIuie-
HUs 1eOHs HEMPOYHBIX MOPoJ (IPaBUIAHOro WIEOGHS) BEPXHETO €10 OCHOBaHMs. HWKHUN CI0M OCHOBaHMS, YCTPOSHHBIA U3
LEMEHTOTPaHyJIsATa, OJDKEH 00J1aaTh JOCTATOYHON MIPOYHOCTHIO, OCKOIBKY OCTATKH CTAPOTO EMEHTHOTO PAacTBOpa, HaXxo-
JSIIIMEcsT Ha KAMEHHOH COCTaBIISIOLIEH MOCNENHEro, NP YIUNIOTHEHHH CJIOS CHOCOOCTBYIOT JIydIleil ero 3akiuHKe. 3epHa
acanpTorpaHyIIsiTa TOXKE MOKPHITEI PACTBOPOM, HO yXe ac(aibTOBBIM, W IIPH YIDIOTHEHUH 3TO JOJDKHO co31aTh d(dexT
3aKIMHUBAHMS (CKpeIIeHus) cnos. [109ToMy B MPOBOANMBIX SKCIIEPUMEHTAX BMECTO BSDKYIIETO P N3TOTOBIEHHN 00pasIoB
UCIIOJNB30BAH ac(ainbTorpanyisr. VicenenoBaHusIMH OATBEPKACHO, YTO YCTPOMCTBO OCHOBAHUS JOPOXKHBIX OJEKI U3 Iie-
MEHTO- U ac(ajbTorpaHyisTa obecrednBaeT AOCTATOYHYI0 HMPOYHOCTH CJIOEB OCHOBAHUS, a OTpaOOTaHHBIE (POPMOBOUYHBIE
CMECH MOTYT OBITh HCIOJIb30BaHbI IJIsl yCTPOICTBA BBIPAaBHUBAIOLINX CIIOEB.

KnioueBble cji0Ba: 0CHOBaHHUE, ac(ajIbTOrPaHyISIT, IEMEHTOTPaHyJISIT, IPOYHOCTh, TEMIIEpaTypa, paspyliaromnas Harpyska,
MpeieN MPOYHOCTH, CKaTthe, oTpaboTaHHas OPMOBOYHASI CMECh, BHIPABHUBAIOIIHI CIIOH, IIEMEHT, PACTSDKEHHE TP U3rHOe
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Pavement Bases from Recycled Materials
A. K. Kayumovl), S. I. Zinevich”, Y. N. Kovalev"
YBelarusian National Technical University (Minsk, Republic of Belarus)

Abstract. Road bases are the main bearing layers of the road pavement, the purpose of which is the perception of the load
from cars and its distribution on the subgrade soil. The base structure is determined by calculation depending on the planned
traffic load and traffic intensity and usually consists of two layers, and for capital coatings, the upper layer of the two-layer
base is made of materials reinforced with binders. The base of the pavement is a rather expensive construction and it is im-
portant for its construction, where possible, to use local materials, as well as secondary materials, i. e. industrial and construc-
tion industry waste. In the process of construction and repair works, the use of secondary raw materials can significantly re-
duce the cost of their implementation. Moreover, this practice not only reduces the cost of work, but also reduces the negative
impact on the environment. The paper considers the possibility of constructing a pavement base from such secondary mate-
rials as spent molding sands (foundry waste), cement granulate (a product of crushing old cement concrete structures, con-
struction waste) and asphalt granulate (a product of milling worn asphalt concrete pavements). In this case, the cost of the base
is significantly reduced while ensuring its necessary strength. Spent sands were used as a leveling layer, cement granulate
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was considered as a material for the bottom layer of the base and asphalt granulate as a material for strengthening crushed
stone of weak rocks (gravel crushed stone) of the upper layer of the base. The bottom layer of the base, made of cement
granulate, must have sufficient strength, since the remnants of the old cement mortar, located on the stone component of the
latter, when compacting the layer, contribute to its better wedging. Asphalt granulate grains are also covered with a solution,
but already with asphalt mortar, and during compaction this should create the effect of jamming (fastening) of the layer.
Therefore, in the experiments, asphalt granulate was used instead of a binder in the manufacture of samples. Studies have
confirmed that the construction of the pavement base from cement and asphalt granulate provides sufficient strength of the
base layers and spent sands can be used for leveling layers.

Keywords: base, asphalt granulate, cement granulate, strength, temperature, breaking load, tensile strength, compression,
waste molding sand, leveling layer, cement, tensile bending

For citation: Kayumov A. K., Zinevich S. 1., Kovalev Y. N. (2022) Pavement Bases from Recycled Materials. Science and
Technique. 21 (6), 504-510. https://doi.org/10.21122/2227-1031-2022-21-6-504-510 (in Russian)

Beenenne IemeHTOrpaHyJIAT

JJI1 HAZKHETO CJIOH OCHOBAHUA
I[OpO)KHHC OCHOBaHHA — TIJIaBHBIC HECYHIUC

CJIOM OPOXHOM OAEXIbl, HA3HAUCHUE KOTOPBIX —
BOCIIpUATHE HAarpy3Kd OT aBTOMOOMIEH M pacope-
JelieHHe €€ Ha TPYHT 3eMJISIHOro mosiotHa. Kol-
CTPYKLMSI OCHOBAaHUS ONpEIENseTcsl MO pacyeTy

Hcnonp3oBanne HEMEHTOTPaHYIATa (TIPOIYKTa
nepepaboTKu Pa3NMYHBIX Ae(EeKTHBIX WM OTpabo-
TaBIIMX CBOW CPOK LEMEHTOOCTOHHBIX W3IEIHH,
a TaKKe CTPOUTENBHOI0 Mycopa, 00pa30BaBIIErocs
npH pa30opKe 31aHUH, OETOHHBIX MOKPBITUI aBTO-

B 3aBHCHMOCTH  OT TIaHMPYEMOH  TPaHCHOPT- MOOWJIBHBIX JIOPOT M B3JIETHO-TIOCAI0UHBIX TIOJIOC
HOW HArpy3KM W WHTCHCHUBHOCTU JBW)KEHHS H CO- a3POJPOMOB) U yCTPOHCTBA CJIOSL OCHOBAHHS
CTOMT, KaK IpaBWJIO, H3 HECKOJIBKHX CJIOCB. JOJDKHO 00ECIeUnTh AOCTATOYHYIO €r0 HMPOYHOCTb,
Ilpuyuem y KanmuTambHBIX MOKPHITUA BEPXHUN CIIOU TaK KakK OCTaTKUu OSTOHHOTO PacTBOpPA, HAXOJAIIUE-
OCHOBaHHUS yCTpauBaeTCs M3 MATEPUANIOB, YKpEI- Cs Ha KaMEHHOW COCTaBIIIONICH, TNpPH YIUIOTHE-
JMEeHHBIX BKymuMH. s cOOpHBIX OETOHHBIX HAHU OymyT CIocoOCTBOBATH JIYUINEH 3aKIIMHKE.
MOKPBITUI TpeOyeTcst eme W BbIPaBHUBAIOIIUMA Jnst moaTBep)KAeHHUsT 3TOr0 METOAOM (HOPMOBAHUS
cioit [1, 2]. (cxaTHs) M3rOTOBUIIM 00pa3Lbl U3 LIEMEHTOIPaHyJIs-

OCHOBaHHE JIOPOKHOTO TIOKPBITUS — JOCTa- Ta W, JUIs CpaBHEHHs, U3 pspoBoro mebns [10, 11].
TOYHO JOPOTOCTOSAIIAs KOHCTPYKIMS, U BaXKHO IPHU Cxumanu 06pa3HH B CTAJIbHBIX HWJIMHApPAX IOHa-
€ro YCTpOMCTBE, TJl€ BO3MOXXHO, MCIOJb30BaTh metpom 100 MM ¢ OZIMHAKOBBIM YCHIIHEM [Tt 000X
MECTHBIE, a TaKK€ BTOPUYHBIE MaTepHalibl (OTXO- MatepualioB. B ciydae psinooro 1meGHst obpasent He
bl TPOMBILIUICHHOM M CTPOUTENBHOH HMHAYCT- cchopmoBasicst (OH MPOCTO PACCHINANCs), a 0Opasert
pun) [3, 4]. B mporecce CTpOUTEITHEHO-PEMOHTHBIX U3 IIEMEHTOTPaHYJIsITa, BbIJABJICHHBIA M3 Megamm-
JIOPOYKHBIX PabOT MPUMEHEHHE BTOPUIHOTO CHIPbS 9YECKOrO IMIMHAPA, TIpH 00beme V= 376,8 cM” umen
MO3BOJISIET 3HAYUTEIHHO CHU3UTH 3aTpaThl Ha HX miotHoCTs p = 2,12 r/em’. B mponecce ucmbItanms
BBINOJIHEHHUE. [IpH 9TOM YMEHBIIAKOTCSA HE TOIBKO 3TOro o0dpasia paspymaroriee ycume p = 39,52 kH,

3aTparThl, HO U HEraTWBHOE BO3JIECHCTBUE Ha OKpPY-
JKarolnyto cpeny [5—7].

B cratee paccMoTpeHa BO3MOXKHOCTH YCTPOWi-
CTBAa OCHOBaHMS W3 BTOPHYHBIX MAaTEpPHANIOB: HUXK-
HUI CJIOM — M3 I[EMEHTOrpaHyJisiTa (IPOIYKT Apo0-
JIGHWsI CTapbIX IIEMEHTOOCTOHHBIX KOHCTPYKIIHU,
CTPOMTEIILHOTO MyCOpa), BEpXHHA — U3 MeOHs, pac-
KIIMHEHHOTO ac(albTOrpaHyysiToM (TIPOIyKT dpese-
POBaHMSI M3HOIIEHHBIX ac(arbTOOCTOHHBIX TOKPHI-
THi1), a BEIPABHUBAIOIIMN CIIOW — U3 OTPaOOTaHHBIX
(hopMOBOYHBIX cMecell (0TX0Aa MPOMBILUIEHHOH

= 50,07 Mlla (puc. 1).

YTO COOTBETCTBYET IMpeleny MpPOYHOCTH R =

WHIYCTPUM, TI€ HWMEETCS JIUTEHHOE TMPOM3BOJICT- Puc. 1. O6pa3us! GopMOBaHUS: a — IEMEHTOT PaHYJIAT;

b — psoBoi#t meOeHb
Bo) [3,8,9]. Taxoe pelueHne SHAUTENBHO yMEHb- Fig. 1. Molding samples: a — cement granulate;

[T CTOMMOCTH OCHOBAHMS TIPH 00ECTICUCHUH HE00- b — ordinary crushed stone
XOIMMOM €ro MPOYHOCTH, a TAK)KE CHU3UT HEraTHB-

HOE BO3JICHCTBHE 3THX OTXONOB HA OKPYKAIOLIYIO Takum  00pasoM, HCIONB3Ysl — LEMEHTOrpa-
cpeny. HYJIAT, MOXKHO TIOJTy4aTh INMPOYHBIC OCHOBAaHHWS IO
I Hayka
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JIOPOXKHBIE OAEKIBI WM HIDKHHE CJIOW OCHOBAaHHUI
JUTSL KAITUTAIBHBIX JIOPOXKHBIX OJICHKI.

AchanbTorpanyasar
AJ151 BEPXHEro cJI0si OCHOBAHMS

Kak ormedanocs Belllie, BEpXHUN CIOH OCHOBa-
HUSL B COOTBETCTBUM C [l] JOJDKEH yCTpauBaThCs
C WCIOJIh30BAaHUEM BSDKYIIHIX MaTepHajioB. ABTOPHI
CTaThM U3y4alll BOIMPOC CO3JIAHUS BEPXHETO CIIOS
OCHOBaHUsI W3 IIEOHS, PacKIMHEHHOTo acanbTo-
rpaHyyiaToM. 3epHa ac(aJbTOrpaHyJisiTa MOKPBITHI
acgagbTOBBIM paCTBOPOM, 3HAYWT, TIPH YIUIOTHEHUN
310 co3macT 3PdexT 3aKTMHuUBaHUS (CKPEIICHHS)
ciost. IloaTomy B mporiecce UCIBITAHUI BMECTO BS-
JKyIIero ObUIO TIPHHSATO pEIIeHWE HCIOIb30BaTh
ac(anbTOrpaHyJIsT I YKPEIJICHHUS CJI0s ICOHSL.

UToOb!I y3HATh, YKpEIUIIET JU ac(aibTorpany-
nAT mebeHb, a TakKe I TTOTYYeHHS 3aBHCHUMOCTH
MMPOYHOCTH OO0pa3IOB OT KOJUYECTBA acdab-
TOTPaHyJATa B HUX METOJOM (opMOBaHHS (CKa-
THS) M3TOTABIMBAIM 00Opa3ipl U3 IMeOHS (pak-
nuu 1020 MM, B KOTOpBIH B pa3HOM KOJUYECTBE
nmobaBisy acgansTorpanyiaT. [locioe nepementu-
BaHUsl KOMIIOHEHTOB CMECh CIKUMAJIA B CTaJIbHBIX
uuiHapax auamerpoM 100 MM € OAMHAKOBBIM
YCHJIMEM JJis OO0pasilOB C Pa3IUYHBIM KOJHYE-
CTBOM ac(anbTorpanyisra (puc. 2).

Puc. 2. O6pazen popmoBaHus MEOHS,
YKPEIUICHHBIH ac(haabTOrpaHyIsTOM

Fig. 2. Crushed stone molding sample reinforced
with asphalt granulate

[lpu ¢opmoBaHuu 00pa3IOB KOJUYECTBO ac-
(hanpTOTpaHyIATA M3MEHSIM B CIEAYIOMEM IIO-
psnke: cHauana niebeHb 0e3 acanbTorpaHysiTa,
a 3aTeM c Jo0aBiieHHEM ero B KojuuecTtBe 5, 10,
15, 30, 50 %. B koHeunom utore, ObI1 cHOPMOBAH
obpasen, coctosmid u3 100 % acdanbTorpanyns-
Ta.

3aBUCHUMOCTh Pa3pylIAONICH HArpy3Kd OT KO-
nudecTBa acallbTOTPaHyNATa B IIEOHE JUIS WC-
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MBITAHHBIX 00pa3loB MpeicTaBieHa B Tabm. |
1 Ha puc. 3.
Tabauya 1
Pe3yabTaThl HeNBITAHUI 00pa3LoB
u3 acGaabTOrpaHyJIfgTa Ha Pa3pyIIAIOLIYI0 HATPY3KY
Sample test results
from asphalt granulate for breaking load

Konnuectso

acdanpTorpaty-

JiaTa B mebHe, % 0|5 10 15 30 50 | 100
Paspymatomas

Harpyska F, kH 0 | 0 [13,52]18,52|43,80/46,70]|50,78

60

.
(=

Paspymaromas
Harpyska, kH
(]
=

] 5 10 15 30 50 100
Komnuuecto acdanbrorpanynsra, %
Puc. 3. 3aBHCHMOCTB pa3pyLIatoiell Harpy3Ku
OT KoJIMuecTBa ac(abTOrpaHyJsITa B meOHe

Fig. 3. Breaking load dependence on the amount
of asphalt granulate in crushed stone

Amnanmu3upys nanHeie Ta0n. 1 u puc. 3, MOXKHO
3aKJIIOYUTH CIEIYIOLIEE:

— C YBEJIMUCHUEM KOJIMUeCTBa ac(haabTOrpaHyisi-
Ta B 1IeOHE NPOYHOCTH 00Pa3LIOB MOBBILIACTCS;

— BO3pacTaHue MPOYHOCTH OOpas3lOB C yBEIU-
YEeHHEM KOJHMYecTBa ac(albTOrpaHylisita B psIo-
BoM mieOHe B nHTepBaie 0—30 % mpoucxomut 6o-
JIee MHTEHCUBHO, yeM B uuTepBase 30—100 %;

— IIPHU yCTPOICTBE CII0Sl U3 YUCTOro ac(aibro-
rpaHyiiTa paspyluaromas Harpyska oOpasma co-
craBuia 50,78 xH, yto cooTBeTcTBYeT mpeneny
npoyHocT R = 64,36 MI]a.

B mporecce BIIOIHEHHS SKCIIEPUMEHTa OBLIO
3aMe4eHO, 4TO OO0pasllbl IOJyYaroTcs TPOYHEE,
€CITU MIpeBapUTEIbHO ac(abTOIPAHYIAT HATPETh
10 30-35 °C. O0pa3ubl ¢ pasIM4HON TEMIIEpaTy-
poii acdansrorpanyista (15 u 30 °C) ucnbITIBaIH
npu Temreparype Bosayxa 20-25 °C. lanHble st
JBYX BapHaHTOB HCIIBITAHUN TIPUBEIEHBI HIXKE.

HcnbiTanue 1. Temneparypa acdanbrorpany-
asra 15 °C:

—cocraB l: acdanprorpanynsar 10 % (80 1) +
+ me6ensr 90 % (720 r). Obpazern chopmoaics,
HO Pa3pyLIMIICS IO UCIIBITAaHUM;

—cocraB 2: acansTorpanyssit 15 % (120 r) +
+ mebens 85 % (680 r). Obpazer; chopmoBaics.
Pa3pymaromas Harpyska 12,04 xH;

[ Hayka
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—coctaB 3: achanprorpanyisat 30 % (240 r) +
+ mebens 70 % (560 r). Obpasern chopmoBaics.
Paszpymaromas Harpy3ska 25,87 kH;

—coctaB 4: achanprorpanyusat 50 % (400 r) +
+ mebensr 50 % (400 r). Obpaser; chopmoBaIcs.
Paszpymaromas Harpyska 45,80 xH.

HcnbiTanue 2. Temmeparypa achambTorpaHy-
nsita 30 °C:

—coctaB 1: acdamprorpanymar 10 % (80 1) +
+ mebens 90 % (720 r). Obpazer chopmoBaics.
Paszpymaromas narpyska 9,77 kH;

—coctaB 2: acanprorpanyisaT 15 % (120 r) +
+ mebens 85 % (680 r). Obpaser; chopmoBaics.
Paspymatommas Harpyska 16,20 xH;

—coctaB 3: achanprorpanyisaT 30 % (240 r) +
+ mebens 70 % (560 r). Obpaser; chopmoBaics.
Paspymatommas Harpyska 30,93 kH;

—cocraB 4: acdansTorpanymsar 50 % (400 r) +
+ mebensr 50 % (400 r). Obpazen chopmoBacs.
Pazpymaromas Harpyska 47,28 xH.

Pe3ynpraTel MCTIBITAHUN TIPEACTABICHBI B BHJIE
rpaduKoB Ha puc. 4.

= bk W e Lh
[ T Y o T o N e |

IIpounocts 00pasua, Mlla
=

10 15 30 50
———15°C —e—-30-35°C
Temneparypa achanbrorpanymsira, °C

Puc. 4. 3aBHCUMOCTD IPOYHOCTH 0OPA3LOB OT TEMIIEPATYPHI
ac(hanbTorpaHyIATa MPU UX U3rOTOBICHUH

Fig. 4. Dependence of sample strength
on the temperature of asphalt granulate
during their manufacture

OTtpadoTtannasi popMoBOYHAS CMECH
JJ1IS1 YCTPOHCTBA BHIPABHUBAIOIIETO CJIOS
1m0j] 6eTOHHbIE MJIUTHI

Ortpabortannas (opmoBouHas cmech (ODC) —
3TO OTXOJBl JIUTEHHOTO TMPOU3BOACTBA. ITOT
BTOPUYHBII MaTepuall UMeeTcs B OOJBIINX KOJIU-
YeCcTBaxX Ha MPEIIPUATHUSAX C JINTESHHBIM MTPOU3BO/-
CTBOM, TJI¢ BO3HUKAIOT MPOOJEMBI C €ro yTHIU-
3alUEH.

Bonee 80 % Bcero o0bema JTUThSI M3rOTABIMBA-
ercs B opmax. Mcxomueie GopMOBOUHBIE MaTe-
pHabl BKIIIOYAIOT: OTHEYIIOPHYIO OCHOBY (KBapiie-
BBIIf MECOK (hOPMOBOYHBIN), CBA3YIOIINE MaTepua-
JIBl ¥ BCIIOMOTATEJIbHBIC J1O0ABKH.

Hayka
wrexHuka. T. 21, Ne 6 (2022)

B mpomecce nureiiHoro mpousBoacTtBa (op-
MOBOYHBIE CMECH TIOABEPraroTCS HMHTEHCHUBHON
TeMIrepaTypHoii 006paborke. CTeHKH (GOpMBI TIPH
3aJTUBKE MeETallJla HarpeBaloTCsS 10 TeMIepaTyphl,
paBHOI1 Temmiepatype metauia. [Ipu 3anuBke cTaiu
aTa Temmeparypa cocrasiser 1823-1853 K. Ilog
NEHCTBHEM BBICOKHMX TEMIIEpaTyp, a TakKxke
B pe3yJbTaTe B3aWMOJEHCTBHUS MEXAY OTJIMBKON
u (QOpMOl B CMecsSX HPOHUCXOAAT CIEIyIOIINe
npoueccsl. braromaps BBICOKOH TemmepaTtype u
XMMUYECKUM PEaKIUsM Ha TpaHHLE «METall —
¢dopma» 00pa3yroTcs JIETKOIUIABKUE CHIIMKATHI Me-
TaJla, MPOHHKAMIIME B MOpHI TecdyaHoh dop-
Mbl. Ha moBepxHOCTH (OPMBI TOSBISIETCS ITpHUTAP.
3epHa (OPMOBOYHOTO TIeCKa MO/ IEHCTBUEM TEM-
IepaTypbl MOCIEA0BAaTENIbHO MEHSIOT CBOIO KpH-
CTAUTMYECKYIO CTPYKTYpPY H YBEIHYHBAIOTCS B
oOveme. bricTpoe pacmmpeHue 3epeH Iecka,
T. €. 3€peH KBapIla, BHI3BIBAET IOSBICHHE BHYT-
PEHHHX HampsHKEHWH B TIECUMHKAX, YTO TMPUBOJIUAT
K MX PacTPECKHBAHHUIO W MPEBPAIICHUIO MX YacTH
B ITBLITb.

Taxum o6pazom, ODC — 3TO KBapIEBHIN MECOK,
3epHa KOTOPOTO TIOKPHITHI 00OJIOYKOH M3 CBS3YIO-
LMX KOMITO3UIIMH, OCTaBIIMXCs MOCNE TEMIEepaTyp-
HOTO BO3JIEUCTBUS B TpoIiecce IUTh (pHc. 5).

[} (]

Puc. 5. Orpaborannas ¢popmMoBOUHasI cMeCh

Fig. 5. Waste molding sand

AHanu3 nokassiBaet, uto ODC no cBoemy 3ep-
HOBOMY COCTaBY OTHOCHTCS K OJTHOPOJHBIM MEI-
KHM ¥ OY€Hb MEJIKAM IeCKaM C MOJIYJIeM KPYITHO-
cty, paBubM 0,50-1,78 [3, 12].

B MomeHT BrIOOpa BSKYILIEro MaTepuaia JJis
ykperuteHus ciog u3 O®C ucxoaunu U3 TOro, 4To
orpaboTaHHas (HOPMOBOYHAS CMECh — 3TO IECOK,
XO0Ts U ¢ mpumecsiMu. K mpumepy, ans crabunu-
3allUl Cyneced MpHU CTPOUTENBCTBE OCHOBaHHMA
WCIONB3YIOT MHHEpaIbHbIe (LEMEHT, H3BECTD)
mbo opranuueckue (OUTYM, OMTYMHBIE AIMYJIb-
cuH) BsDKymue. B mocnembnee Bpems paspadaThl-
BalOTCS 0COOBIC CTAOMIM3AaTOPHI — OWUTYMO-TIOJH-
MEpHbIE KOMMNO3WINHHA. M3yduM BO3MOXKHOCTH
VKpEIUICHUsI OTpaOOTaHHOW (hOPMOBOYHOU CMECH
MUHEpaJbHBIM (IIEMEHT) W OpraHuveckuMm (Ou-
TyM) BSDKYIIMM M 3aBUCHMOCTBH MPOYHOCTH TONY-
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JacéMoro marcpuajia OT KOJIMYCCTBA B HEM OTHUX
BSDKYIIHX.

Ykpemienne orpadoTaHHOi
(opmMoBOYHOIi cMecU EMEHTOM

beun M3roTOBNEHBI TpH MapTHH O00OPA3IOB-
bamouek pazmepom 40x40x160 mm 1o Tpu 0bpas-
ma B Kaxaod maptuu (Bcero 9 o06pasmoB) co
CJIEYFOIIUM COCTaBOM:

1) uement 25 % (300 r) + ODC 75 % (900 1) +
+ Boza (150 mn);

2) mement 20,83 % (250 ) + ODC 79,17 %
(950 r) + Boma (125 mi);

3) uement 16,67 % (200 r) + ODC 83,33 %
(1000 r) + Boma (100 mm).

[Mocne w3roToBieHuss u Habopa NPOYHOCTH
o0pa3ipl ObUTM WCHBITAHBl HAa PACTSDKEHUE IPU
n3rubde, a 3aTeM Ha C)KaTHe.

Onpenenenue mpeaeja MPOYHOCTH Ha pac-
Ta:KeHne mpu u3rude. IlpoBommmmch craHmaprt-
HBIE WCTIBITAHUS JaHHBIX 00pa3lloB Ha PacTsHKEHUE
npu usrude no 'OCT 10180-2012 [13]. TIpenen
MIPOYHOCTH TIPU U3rHOe OmpeaenseTcs Mocie Hc-
MBITAHUS. TPEX 00pa3loB, NMPH 3TOM BBIYUCIAETCS
cpemHee apU(PMETHYSCKOE 3HAYCHHE U3 JBYX
HanOONBIINX PE3yIbTATOB.

Pe3ynpTaTel uctbITaHui 00pa3uoB npu u3rude

npuBeJIeHB! B Ta0J1. 2 1 Ha puc. 6.
Tabnuya 2
Pe3yabTaThl HCNIBITAHKI 0GPA3LOB H3 0TPAGOTAHHOI
¢opMOBOYHOII CMecH ¢ HEMEHTOM
HA pacTsiKeHHe IPHU u3ruode

Test results of samples from the spent molding sand

HUcnbiTanue o0pa3noB Ha c:katue. Vcmbl-
TaHUS Ha CXaTue TaKXKe TMPOBOJWIUCH IO
I'OCT 10180-2012 [13]. IIpemen mpoYHOCTH TIPH
cxkatum R, oTmensHOro obpasma, MIla, ompe-
TEJSTIOT 110 hopmyire

Rex=F/A,
rae F — paspymaromas cuia, kH; 4 — miomans pa-
0oYeil MOBEPXHOCTM HAXHMHON  IUIACTUHKH,

paBHas 2500 MM’

Cpennee apu(pMETHUECKOE 4YeThIpeX HauOOJIb-
mrXx pe3yJbTaToOB HUCHBITAaHUNA W3 IIECTH SIBIISETCS
3HAYCHHEM TMpefieNia MPOYHOCTH TPH CKaTtuu. Pe-
3yIbTAThl UCTBITAHUI OOpa3loB HA CXKATHUE MpPHU-
BeIeHHI B TabM. 3 1 Ha puc. 7.

Tabauya 3

PesyabTaThl HenbITAHUI 00pa310B U3 0TPa0OTaHHOI
¢opMOBOYHOI cMeCH ¢ IEMEHTOM Ha CiKaTue

Test results of samples from the spent molding sand
with cement for compression

Ne maptun IIpenen mpounocTy Ha cxatue R, Mlla
00pasios epes 7 cyT. Uepes 28 cyT.
1 7,73 13,23
2 3,52 6,03
3 1,42 2,44
é = 25
S
% E 20
g .15
& 2]
& = 10
58 5 ./
H O
O 0
Qo
= 20 26 30

with cement for tensile bending

Ne maprun [Ipenen mpounocTu Ha U3rud R, Mlla
00pasuos Yepes 7 CyT. Yepes 28 cyT.

1 2,73 4,68

2 1,04 1,79

3 0,52 0,89

IIpenen npounocTu
Ha n3ru6, Mlla
2 e ol G o 8 O ) O

20 26 30

—e——yepe3 7 cyT.; —e——yepe3 28 cyT.

Komnuectso riementa B ODC, %

Puc. 6. 3aBucuMocCTb TIpeesa IPOYHOCTH 00pa3LoB
Ha u3rub, Mlla, oT konudyecTBa B 0TpabOTaHHOK
(dhopMOBOYHOI cMecH 1IeMeHTa, %

Fig. 6. Dependence of flexural strength
of samples for bending, MPa,
on the amount of spent molding sand cement, %
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—e——yepe3 7 cyT.; —e——uepe3 28 CyT.

KomnuectBo niementa B ODC, %

Pyc. 7. 3aBucuMocTs 1pejiena IpoYHOCTH 00pasioB
Ha cxartue, MlIla, oT konudecTBa B 0TpaboTaHHOI
(dopMOBOYHOM cMecH LieMeHTa, %

Fig. 7. Dependence of tensile strength of samples
for compression, MPa, on the amount
of spent molding sand cement, %

W3 puc. 6 u 7 BUAHO, YTO TOBBHIIMIEHUE MPOY-
HOCTH 00pa3IlloB Ha M3THO W HA CKATHE C YBEIHIC-
HUEM KOJIMYecTBa LieMeHTa B mpenemax 26-30 %
poucxoaut ObicTpee, ueM B mpenenax 20-30 %.
Oco0eHHO 3TO 3aMeTHO y 00pa3ioB B 28-CyTod-
HOM BO3pacTe.

Ykpenienne oTpadoTaHHOM
¢opmoBoUHOIi cMecH OUTYMOM

Hns ucneitannit ykpernenuss O®C 6urymom
OBUTH M3TOTOBJICHBI METOJIOM (hopMOBaHUs 00pas3-
IbI, IMEIOIINE COCTAB!

1) 450 r ODC + 22,5 r butyma;

2) 450 r ODC + 36 T Outyma;

Hayka
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3) 450 r ODC + 45 r duryma;

4) 450 r ODC + 67,5 r buTy™ma;

5)450 T OPC + 90 r 6GuTy™ma.

Ilocne mepememMBaHusl KOMIIOHEHTOB CMECh
CKAMAaJIH B CTATBHBIX HUIHHApAX AuameTpoM 70 MM
C OJMHAKOBBIM YCHJIMEM JUIS O00pa3lioB ¢ pa3jiuy-
HBIM KOJIMYECTBOM OHMTyMa.

3aBHCUMOCTD pa3pyliaroliell Harpy3ku OT KO-
mudectBa Outyma B ODC s MCHIBITAaHHBIX 00-
pa3uoB npejicTaBicHa B TabM. 4 u Ha puc. 8.

Tabruya 4
Pe3yabTaThl HCHBITAHUI 00pPa310B U3 0TPA0OTAHHOI
(popmMoBoUHOIi cMecH ¢ GUTYMOM
HA pa3pyllaoInyI0 HArpy3Ky

Test results of samples from the spent molding sand
with bitumen for breaking load

KomnyecTBo

outyma B ODC, % 5 8 10 15 20
Paspymaromias

Harpyska I, kH 7,89 | 8,73 | 9,30 | 6,62 | 3,96

NP NCCO

Paspymatomas
Harpyska, kH

5 8 10 15 20

Konnuecto 6utyma B ODC, %

Puc. 8. 3aBucuMOCTb paspyluaromieil Harpy3ku
OT KOJINUECTBa OuTyMa
B 0TpabOTaHHOH (HOPMOBOYHON cMecH

Fig. 8 Dependence of breaking load on the amount
of bitumen in the spent molding sand

Amnanmmsupysi naHHble Tabn. 4 u puc. 8, MOX-
HO 3aKJIIOYWTH CIIEYIOIIee: MOBBIILIEHNE TPOYHOCTH
00pa3loB C yBEJIMYEHHEM KOIMYEeCTBa OHTyMa
B O®C npoucxoaur B npesenax npuMepHo 10-12 %,
a cienymouiee 100aBiIeHre OUTyMa TOJIBKO yXyI-
IaeT MPOYHOCTH 00Pa3LOB, TAK KaK CMECh CTaHO-
BUTCS TEKYyUEH.

BbIBO/IbI

1. IIpu ycTpoiicTBe HHXKHETO CJIOS OCHOBAHUS
U3 LIEMEHTOrpaHyJsITa 00ecreynBaeTcsl J0CTaToy-
Has €ro NPOYHOCTh, TaK KAaK OCTAaTKA CTaporo
OETOHHOTO pacTBOpa, HaXOJAIIMecs Ha KaMeH-
HOM COCTaBJIAIONICH, MPH YIDIOTHEHWH CIOCO0-
CTBYIOT JTyUIIIeH 3aKJIMHKE. DTO MOATBEPKIAET TOT
(dakT, 4YTO W3 PANOBOrO IIEOHS HEBO3MOXKHO
chopMoBaTh 00pa3iibl MOCPEIACTBOM €ro CHKATHS,
a U3 IIEMCHTOTPaHyJIsITa — MOXKHO, IIpUYeM TIpe-

Hayka
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JIeJT IPOYHOCTH C(POPMOBAHHBIX 00OPA3IOB COCTa-
Buit 50,07 MIla.

2. B ciydae ycTpoiicTBa BEpPXHETO CJIOSI OCHO-
BaHUsI M3 HEIOCTATOYHO NPOYHBIX MHUHEpAbHBIX
MaTepHajoB, HAPUMED U3 TPABUIHON cMecH, Jis
€ro YKpEIUICHHUsT MOXKHO HCIOJbh30BaTh ac(haabTo-
TpaHyJIAT, IepeMENInBasl ¥ pacrpeenss 3TH KOM-
MOHEHTHI ¢ MOCIEYIOIUM yIDIoTHeHHeM. [Ipu aToM
HY>XHO YYHUTBIBATh CIIEIyIONIEe:

— MOBBIIIIEHWE TPOYHOCTH O0OpasloB C yBe-
JMYEHUEM KOJIMYecTBa acQaabTOTpaHyJsiTa B MU-
HepanbHOM Matepuane B wuHTepBaie 0-30 %
MPOUCXOJUT OOJIee MHTECHCUBHO, Y€M B MHTEpBa-
ae 30-100 %;

— MpH yCTPOMCTBE CIOST M3 YUCTOro acdaabTo-
rpaHyJaTa npezen IPOYHOCTH H3TOTOBIEHHBIX 00-
Pa3loB HAUOOJIBINNH;

— YKpeIisisi MUHEpaJlbHBI MaTepuan acdalib-
TOTPaHYJISATOM, TOCIEIHUH JKENaTeIbHO MPOrpeTh
x0T 061 10 25-30 °C.

3. Ucnonb3oBaHue Ui COOPYKEHHS BEPXHETO
U HWKHETO CJIOCB OCHOBAHUS JOPOKHOW OZEHIbI
EMEHTO- W acanbTorpaHyssTa, SBISIONIHXCS
BTOPHUYHBIMH MaTepUallaMH, MO3BOJIUT COKPATUTH
OOIIyI0 CTOMMOCTh CTPOUTEIHhCTBA, CHU3UB Hera-
TUBHOE BO3JICHCTBHE ATHX OTXOJOB Ha OKpPYXKalo-
LIYIO Cpey MPH YMEHBIICHUN MX CKJIQANPOBAHHMS.

4. OtpaboTtanHyl0 (OPMOBOYHYIO CMECH MOX-
HO HCIIONIb30BAaTh B KAaueCTBE BBHIPABHUBAIOILETO
CJIOSI, IPY TOM YTO OH OyJEeT YKPeIUIeH BSDKYIIUM
MaTepuaioM. OIHAKO CIEAyeT y4YecTb, YTO MPH
YKPEIUICHHH IIEMEHTOM CIIOW IONy4YaeTcss Mpod-
HBIM, HO OJTHOBPEMEHHO KECTKUM, a MPH yKperuie-
HAW OWTYMOM IPOYHOCTH HIDKE, HO CIIOH Oyaer
Oonee ynpyrum. [Tomumo Bcero mpodvero, oTpado-
TaHHas (OPMOBOYHASI CMECH MOXKET OBITh HUCIIOJIb-
30BaHa JJIS YJIYYIICHUs TPaHyJIOMETPUYECKOTO
COCTaBa MecYyaHO-TPaBUHHON cMeCcH NMpU HEXBaTKe
B HEW MENIKHUX YaCTHII.
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TemnoBasi peabuauranus pacagoB IKCILIyaTHPYEMbIX NAHEJIbHbIX 3aHUM

) )

Kanna. Texn. Hayk, npod. B. H. Yepuoupan'), KaH/. TEXH. HayK, aou. H. B. Yeprouan'

YBpecrckuit rocynapersennbiii Texuuueckuii yuusepeuter (bpect, Pecriy6muka benapycs)

© Bbenopycckuii HaIMOHATBHBIA TEXHUYECKUI yHUBEpCUTET, 2022
Belarusian National Technical University, 2022

Pedepat. HatypHble nccnenoBanus NaHeIbHBIX 30aHUH MOKa3aiy, 4To nocie 30 JeT 3KCIUTyaTaluy TEXHIYECKOe COCTOSTHHIE
KOHCTPYKTHBHBIX 3JIEMEHTOB (3aKJIaIHbIE JIETAJIM, CBApHBIC LIBBI M JIp.) HAXOLATCS B paboueM coctostHuu. [Ipu sToM Terio-
TEXHUYECKHE XaPAKTEPHCTUKU HAPYKHOTO CTEHOBOTO OrPa)kJEHUs CHU3HIMCH Oonee ueM Ha 30 % Mo CpaBHEHHIO C NPUHS-
TBIMH TIPH TIPOEKTHPOBAHUH M HE COOTBETCTBYIOT HOPMATHBHBIM TpeOGoBaHMsIM. OfHAa M3 OCHOBHBIX HPHUYHMH 3TOTO — Je-
CTPYKIMSI MaTepuaja TeIUION30JIAIHOHHOTO CJIOS CTCHOBBIX MaHENICH 10 BIMSHUEM aTMOC(hepHBIX BosaehcTBuid. CienoBa-
TENBHO, IPOBEJCHHE TEIUIOBOM peadWIUTaluy Hapy)XKHBIX CTCHOBBIX IIaHeJed MO03BOJsIeT O0ECHEeYHTh AaNbHEHINYIo
SKCIUTyaTallMIO MMaHEeNbHbIX 37aHui 0e3 orpaHudeHuil. 1o UTOry BBINONHEHHBIX UCCIENOBAHUI MpeasaraeTcs Uil TeIUIOBOM
peabmuranuu dacafoB SKCINTyaTHPYEMBIX ITaHETbHBIX 3JaHUH MPUMEHHTh TEIUIOM3OJAHOHHYIO OOJIHIOBOYHYIO ILUIHTY
3aBOJICKOTO M3TOTOBJIEHHs. B myOnukanyy npuBeeHs! pe3yIbTaThl Ja00paTOPHBIX SKCIIEPUMEHTOB MO BHIOOPY 3((EeKTUBHO-
TO pelIeHHs] KOHCTPYKIMU COEANHEHHMs (CThIKA) OTAENBHBIX TEIUION3OIAHOHHBIX IUIUT B TEMIOH30SIUOHHYIO OOIUIIOBOY-
HYIO IUTHTY TpeOyeMbIX pa3MepoB. M310)keHa TeXHOIOTHS U3TOTOBICHUS TEIION30IIIMOHHBIX 00IUIOBOYHBIX IITUT. OCHOB-
HBIMH IIPEUMYIIECTBAMH IIPEIaraeMoro KOHCTPYKTHBHO-TEXHOJIOTHIECKOTO PEIICHNS TEIJIOBOI peabMiInTannuy Hapy>KHBIX
CTCHOBBIX IIaHENEH SBIIAIOTCS: CYLIECTBEHHOE COKPAILCHUE PYyUYHBIX TEXHOJIOTHUECKUX IPOLECCOB Ha CTPOUTEIbHON IUIOMaI-
K€, BO3MOXHOCTh NPOM3BOJCTBA PabOT 0€3 OTCENEHHs >KUIBLIOB, MCKIIOUEHNE MOSBICHUS «MOCTUKOB XOJOJa» B MEXIa-
HEIBHBIX MIBaX B MPOIECCE IKCILTyaTAI[MX 31aHMH 32 CYeT MPUMEHEHHS CTHIKA TUMA (POIIIUHT.

KnroueBble cjI0Ba: TEIUIOM30JSIIMOHHAS OOJIMIIOBOYHAS IUIUTA, CTHIK THIA (OJIANHT, AepeBsiHHbIC IITH(THI, (hacaaHbIH Kieii-
repmerik CEMMIX, aByXMecTHbIE eKTPUGHULIUPOBAHHBIC JTIOJIbKU

Jas umurupoBanusi: Yepromsan, B. H. TemnoBas peabunurammsa ¢acagoB SKCIUTyaTHPYEMBIX MAaHENBHBIX 3MaHUN /
B. H. Yepnousan, H. B. Yepnousan // Hayxa u mexuuxa. 2022. T. 21, Ne 6. C. 511-516. https://doi.org/10.21122/2227-1031-
2022-21-6-511-516

Thermal Rehabilitation of Facades of Operated Panel Buildings
V. N. Chernoivan”, N. V. Chernoivan"

YBrest State Technical University (Brest, Republic of Belarus)

Abstract. Field studies of panel buildings have shown that after 30 years of operation, the technical condition of structural
clements (embedded parts, welds, etc.) are in working condition. At the same time, the thermal characteristics of the external
wall fencing have decreased by more than 30 % compared to those adopted during the design and do not meet regulatory re-
quirements. One of the main reasons for this is the destruction of the material of the thermal insulation layer of wall panels
under the influence of atmospheric influences. Consequently, the thermal rehabilitation of external wall panels allows for
further operation of panel buildings without restrictions. According to the results of the studies carried out, it is proposed to
use a factory-made thermal insulation cladding plate for thermal rehabilitation of the facades of operated panel buildings.
The publication presents the results of laboratory studies on the choice of an effective solution for the design of the cone-
ction (joint) of individual thermal insulation plate into a thermal insulation facing plate of the required dimensions. The tech-
nology of manufacturing thermal insulation facing plates is described. The main advantages of the proposed structural
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and technological solution for the thermal rehabilitation of external wall panels are: a significant reduction in manual techno-
logical processes on the construction site; the possibility of performing work without eviction of residents; eliminating the
appearance of cold bridges in the inter-panel seams during the operation of buildings through the use of a folding type joint.

Keywords: thermal insulation facing plate, folding type joint, wooden pins, CEMMIX facade adhesive sealant, double electri-

fied cradles

For citation: Chernoivan V. N., Chernoivan N. V. (2022) Thermal Rehabilitation of Facades of Operated Panel Buildings.
Science and Technique. 21 (6), 511-516. https://doi.org/10.21122/2227-1031-2022-21-6-511-516 (in Russian)

BBenenune

PesynpraTel oOcnemoBaHUs TAaHETHHBIX 37a-
HUM, KcIuTyatupyembix Oonee 30 jer, mokasaim,
YTO TEXHUYECKOE COCTOSHUE OETOHA M y3JIOB KOH-
CTPYKTUBHBIX JJIEMEHTOB (3aKiIagHble JIeTalu,
CBapHbIE MIBHI U JIp.) HAXOOUTCS B paboueM cocTo-
SHUAW. Y CTAaHOBIIEHO, YTO YyXY/IIEHHWE JKCILTyaTa-
[IUOHHBIX XapaKTEPUCTUK OTHUX 3JaHUN BBI3BAHO
CYIIECTBEHHBIM (TT04TH Ha 35 %) CHIKEHHEM TeTl-
JIOTEXHUYECKUX XapPaKTEPUCTHK CTEHOBOTO OTIpak-
JIEHUS. TI0 CPABHEHHUSA CO 3HAUCHUSIMU, PUHATHIMU
npu TmpoektupoBaHuu. [lpmamHa 3TOTO — paspy-
IIEHHe MaTepuana TEeIUIOU30JIALMOHHOTO CJIOS
creHoBbIX maHened [1-3]. Huskue skcmimyaTanu-
OHHbIE XapaKTEPUCTUKU (pa3repMeTu3aius) Mex-
MAHENFHBIX IIBOB (CTHIKOB) TaKKE OKa3bIBAIOT
HETaTUBHOE BIMSIHHE Ha KOM(OPTHOCTH MPOKUBA-
HUS B TaHeNpHBIX 3manusx [4-7]. Kpome Toro,
HEOOXOAMMOCTh TPOBENCHUS TEKYIIEro PEMOHTA
CTHIKOB depe3 Kaxzaple 8—10 et cyrmecTBeHHO
YIOPO’KaeT IKCIUTYaTaLUIO MAHEeIbHBIX 31aHUH.

CrieroBaTeNbHO, BBITIONHUB TEIUIOBYIO peadu-
JUTAIUIO SKCIUTYaTUPYEMBIX HAPY>KHBIX CTEHOBBIX
naHenel, peasbHO 00ecnednTh KOM(OPTHOE IMPo-
’KUBaHWE B TAHEIBHBIX 3maHusx [6, 8]. Ceroms
OCHOBHBIM, MAaCCOBO NPHUMEHSIEMBIM pPEIICHUEM
TEIUIOBOW pPeadWMIUTAIlMA CTEHOBOTO OTPaXKICHUS
SIBJISIETCA YCTPOMCTBO JIETKOW IITYKaTypHOH CH-
cremsl [9, 10] — 3TO TpyHAOEeMKH HOTyMEXaHU3U-
POBaHHBIA TEXHOJOTUUECKUNA MPOIECC, MTOTHOCTHIO
BBHITIOJIHSIEMBIN Ha CTPOUTENbHOM Iutomaake [11].
Hapsiny ¢ BBICOKOH TpyAOEMKOCTBIO YCTpPOMCTBA
JIETKOW IITyKaTypHOWH CHUCTEMBI, ISl OOSCIICUCHIS
BBICOKOT'O Ka4eCTBa TEIIOM3OJSIIUOHHOIO MOKPHI-
THS TOJDKHBI OBITH COOIIO/IEHBI TEXHOJOTHIECKHE
niepepsIBEI (0onee 10 cyT.).

Kak moka3piBaeT mpakTHKa, ONpeAelicHHbIE
TPYJHOCTH BO3HHKAIOT MPH yYCTaHOBKE aHKEPHBIX
YCTPOUCTB IS KPEIJICHUSI IUTUTHOTO yTEIUIUTENs
K mojocHoBe. Vcnonap30BaHWe MOJIOTKA ISl yCTa-
HOBKH Aro0esiell B MPOCBEpIICHHBIE OTBEPCTUS H
MpoOOHHNKA, YTOOBI 3ariayOHTh CepACYHUK 10
MIPOEKTHOTO MOJIOKEHUs], CO37aeT JIOKaJIbHBIE JU-
HaMUYECKHE BO3JCHCTBUS, KOTOPhIE MOTYT IIpUBE-
CTH K TOBPESXKICHUIO (Pa3pyIICHHIO CTPYKTYPHI)
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IUIUTHOTO YTEIUTUTENs] M TIOSBICHUIO Ae(eKTOB
(TpemuH) B MaTepuase moJ0CHOBEI (CTEHBI).

Ceromusi B PecriyOnuke benapych ocHOBHOM
0o0BeM paboT O TEIUIOBOW MojaepHm3anuu (aca-
JIOB BBINOJHAETCS B 3/aHUAX C Hapy>KHBIMH CTe-
HAaMH M3 HCKYCCTBEHHBIX LITYYHBIX MaTEpUasOB.
Jlerkasi mtykatypHas cUCTeMa Ul TEIUIOBOH MoO-
JepHU3anuu (acaloB MaHENbHBIX 3aHUN TpPHMe-
HSIETCSd B OrpaHUYEHHBIX O00beMax. OCHOBHBIMH
NPUYUHAMH, CAEPKHUBAIOIIMMH BHEIPEHHE ATOU
TEXHOJIOTHH, SBIISIOTCA:

— CYIIECTBEHHOE YBEIWYEHHE TPYIOEMKOCTH
NPOM3BOCTBA paboT 3a c4eT OOJBIION MPOTSIKEH-
HOCTH CTBIKOB MEX]y CTCHOBBIMH MaHEJSIMU;

— JIOKQJIBHBIE IMHAMUYECKHE BO3JACHUCTBHS Ha
MOJIOCHOBY ¥ IUIMTHBIN YTEIUIUTENb MPH yCTAHOB-
K€ aHKEPHBIX YCTPOHCTB.

Takum o0Opa3zom, pa3paboTka 3IPPEKTUBHO-
0 KOHCTPYKTHBHO-TEXHOJOTMYECKOTO PpeIICHHS
yTermeHus: (acagoB AKCIUTyaTHPYEMbIX IaHEIb-
HBIX 3/IaHUI IIPECTABISAETCS aKTyalbHOU 3a1aueil.

Pa3paboTka KOHCTPYKTHUBHO-
TEXHOJOTHYECKOT0 PellleHHst
Tem10Bo# peaduauTanum pacaaoB 37aHUH

AHanmu3 myONUMKaIlMid W TOMCKOBBIE HCCIIe-
noBanus [8, 11] mo3BoJsAOT B KayecTBe Oasbl
IUTS TETIOBOM peaOuimranus acagoB IKCILUTyaTH-
PYEMBIX TMaHEeIbHBIX 3JaHUHW PEKOMEHIOBaTh
MPUMEHCHUE TEIUIOU3OJISIUOHHBIX OOJIHUIIOBOY-
HBIX TUTAT 3aBOJICKOTO M3roToBneHus (puc. 1) [12].
s obecrieueHusl KauyeCTBEHHOTO HW3TOTOBJICHUS
TEIUIOU30JIAIUOHHBIX OOJIMIIOBOYHBIX ILTUT BCE
paboThl HEOOXOAWMO BHITIONHATHE B TIPOU3BO/I-
CTBEHHBIX IMMOMEIIEHUIX (1[eXax) ¢ TeMIeparypoi
Bo3ayxa He Hmke 5 °C. DTO MO3BOJIHT CYIIECTBEH-
HO COKPaTUTh TPYIOEMKOCTh pabOT MO TEIUIOBON
peabunuranuu (acaaoB, TaK Kak U3 TEXHOJIOTHYE-
CKOTO TIpOIecca UCKITIOYAIOTCSl PyYHBIE ONEepaIiiu:
YCTAaHOBKA aHKEPHBIX YCTPOWCTB, YCTPOMCTBO ap-
MHPOBaHHOTO U JIEKOPATUBHO-3AIIUTHOTO CIIOEB.

Y CTpoicTBO rOpU30HTAIBHBIX U BEPTUKAJIBHBIX
CTBIKOB THIIA (DOJJAUHT MEXKIY TETUIOM3OJSIMOH-
HBIMH OOJIMIIOBOYHBIMH IITUTaMH TO3BOJISIET HC-
KIIIOYUTh M3 TPOM3BOJCTBA PabOT repMETH3AIUI0
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MEXTIAHEIBHBIX MBOB (CTHIKOB), UTO TAKXKE CYIIe-
CTBEHHO COKPATUT TPYJIOEMKOCTh MPOHM3BOJCTBA
paboT ¥ MO3BOJNUT YBEIUYUTh CPOK IKCILTyaTAI[UH
CTEHOBOTO OTpakacHMs 6e3 peMoHTa (puc. 2).

1/28,, 1/28,,

Puc. 1. TennousonsauroHHas 0ONUIIOBOYHAS TIIUTA:

1 — IeKOPaTUBHO-3aLIUTHBIH CIIOH (BKIIOYAET MTYKATYPKY
U OKpacKy); 2 — apmupyroummii cioit (ctexnocetka CCIL-160);
3 — TEIION30JIAIMS U3 IUTUTHOTO YTETUIUTEIS;

4 — CTeKJIOIIAaCTUKOBBIM aHKep-KPOHIITEIHH

Fig. 1. Thermal insulation facing plate:
1 — decorative and protective layer (includes plaster
and paint); 2 — reinforcing layer (CCIL-160);
3 — thermal insulation from plate insulation;
4 — fiberglass anchor-bracket

v;v'

T
PSR
=10

pvy

K

/'"9".
%,

TR
B
o,

I

S
%

v

v
”
%

Puc. 2. KoHCTpYKTHBHOE pelIeHHe CThIKA THIA (OJIIHHT:
1 — IeKOpaTUBHO-3ALIUTHBIH €10i1; 2 — apMUpPYOLIUiA
cnoit (crexiocerka CCII-160); 3 — Teruion30sus
U3 IUIMTHOTO YTEIIUTEIIs; 4 — CTeKJIOIIaCTUKOBBIN
AQHKep-KPOHIUTEHH; 5 — BTyJIKa; 6 — OSTOHHBIH HECYIIHii CIIOH;
7 — WTHQTHI COSTMHEHNS INTNTHOTO YTEIUTUTENS B OJIOKH;
8 — meMeHTHBII pacTBOp; 9 — Kkene300eToOHHAs IUIHTa
niepekpbIThs; 10 — CTHIK THITA (HOTIUHT

Fig. 2. Constructive solution of the folding type joint:

1 — decorative and protective layer; 2 — reinforcing layer
(CCI1I-160); 3 — thermal insulation made of plate insulation;
4 — fiberglass anchor bracket; 5 — sleeve; 6 — concrete bearing
layer; 7 — pins connecting plate insulation into blocks;

8 — cement mortar; 9 — reinforced concrete floor slab;

10 — folding type joint
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Pa3paboTka KoOHCTpYyKIUM
coeTuHEeHNsl (CTHIKA) 3ar0TOBOK U3 IUIMTHBIX
yTenJjauTesieil 3aBoICKOro U3roToBJaeHus

CerogHs A TEIUIOBOM HM3OJSIUKM HAPyKHBIX
CTEH MAacCOBO BHIYCKAIOTCS MHHEPAIOBATHEIE
Tkl pazmepamu 500x1000 MM mmu 600x1200 mm.
B cBsi3u ¢ 3TUM I U3TOTOBJICHHS TETJIOU30JISIIIH-
OHHBIX OOJIMIIOBOYHBIX IUIUT JEOOBIX TpeOyeMBbIX
TUIIOPa3MEPOB  HEOOXOAMMO pa3paboTaTh KOH-
CTPYKIIUIO COSMHEHUS (CThIKA) 3arOTOBOK M3 ILTUT
3aBOJICKOTO M3TOTOBIIEHUS B TEILIOM3OJISIIMOHHBIC
00JIMIIOBOYHBIC TUTUTHI TPOSKTHOTO pa3Mepa.

AHanu3 NMUTEPaTypHBIX WCTOYHUKOB TO3BOJIFIT
c/ieNaTh BBIBOJI, UTO B CJIA0OHATPYKEHHBIX COCIHU-
HEHUSX JIByX IOJMMEPOB, KAKUMH SIBIISTFOTCS TETI-
JIOU3OJISIIIMOHHBIE TUTUTHI, 11eJIECO00pa3HO MpUMe-
HATH coequHenne Ha mrudrax [1]. OHO mo3BossIeT
MUHUMH3UPOBATh BIMSHUE MajOd MPOYHOCTH Ma-
Tepuaja TUIMTHOTO YTEIUIUTeNs Ha cIBur (cpes),
a TaKKe MOJHOCTHIO HCKIIIOUAeT BO3HUKHOBEHHE
KPOMOYHBIX HAINpPsOKEHUH BOJIM3U OTBEPCTHU TOJ
COCIMHEHHUS U, KaK CIICJCTBHE, 00SCIICUUBaET rep-
METHYHOCTh CTBHIKA B IIPOIECCEe DKCIUTyaTaluu
CTEHOBOTO orpaxkaeHus. Kak mokaspIBaeT mpakTH-
Ka, OCHOBHBIMU MPUYHHAMHU, KOTOPHIE MOTYT IPH-
BECTH K TOSBIICHHUIO AehopManuii B MTHHTOBOM
COCJIMHCHUU CTHIKA, SBJISIFOTCSL:

— MECTHOE CMSITHE WIH pa3pylieHue (cpe3) Ma-
Tepuaja IJIMTHOTO YTEIUIUTENs Ha Y4acTKe ycTa-
HOBKH MTH(DTA;

— paspylueHue mThdra.

W3BecTHO, YTO Ha XapakTep HaIpsHKEHHO-
Ne(OPMHUPOBAHHOTO COCTOSHUS B COCIUHEHMSIX
00JIpIIIOE BIHMSHUE OKAa3bIBA€T COOTHOIICHHE MO-
JyJIel yIpyrocTu COSNUHSAEMBIX B y3JIe MarepHa-
7oB. YeM 3TO COOTHOIIGHWE Oike K eIMHHIIE,
TeM coenuHeHue 3(PQeKTUBHEH. BrimonHeHHBIC
MTOMCKOBBIE MCCIIEOBAaHUS TIOKA3allk, YTO HauOOo-
Jiee TIOJTHO NTaHHOMY KPUTEPHIO M3 BCEX MECTHBIX
HeZCQUIIUTHBIX MAaTePUANIOB OTBEYAET JPEeBECHHA
(cootHomienne E,p/Eyumsara = 1,3). IIpocrora
TEXHOJIOTUY 3aIlUTHI APEBECUHBI aHTUITUPEHAMH U
AHTHUCENITUKAMHU TI03BOJIIET OO0ECIeYUTh HEro-
prOYECTh U JOJNTOBEYHOCTh CTHIKA Ha JICPCBSH-
HbIX mradrax. CrenoBarenbHO, HCIOIH30BAHNE
JPEBECHHBI MOYKHO PEKOMEHJIOBaTh B KAdeCTBE
mTH(TOB.
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Cmpoumenbcmeo

bazupysace nHa uccnepoBanmsx B. C. Jlepess-
ruHa [13], mpu pa3paboTKe CThIKa OBUIO MPHHSTO
COOTHOIIEHNE MEXAY [UTMHOW AEPEBSIHHOTO MITU(-
ta [ u ero TonmmHOM d, paBHoe //d = 4,0. cxons
3 TpeOyeMoi MO TEIUIOTEXHHYECKUM pacueTam
TOJIIIMHBI MUHEPAJIOBATHBIX TUINT, PEKOMEHYETCS
MPUHATE JepeBIHHBIC IITHPTH muaMeTpoM 10 MM.
Jst pa3paboTku 2GGHEKTHBHOTO COSTUHEHUS MU-
HEPAJIIOBATHBIX TUIMT HAa JIEPEBSHHBIX INTH(TAX
BBINIOJTHEHBI J1a00paTOpHbIE MCIBITAHUS 00pPa3loB
IBYX TUIOB [14]:

—tun 1 — mwar mrudToB 75 MM;

— 1o 2 — mar mragToB 100 Mm.

Hcnpitanus oOpasoB MpOBOIWINA HA CTaTHYeE-
ckmit m3rud corimacHo 'OCT 17177 [15] na pecce
mapku P 5145-500-11.

Pe3yabTaTthl nccaegoBannii
H HX 00CyKIeHHe

AHanmu3 TEXHHYECKOTO COCTOSIHUSL COSANHEHHUS
MHUHEPaJIOBAaTHBIX IJIMT Ha JEPeBSHHBIX ITH(TAX
MI0CJIE 3aBEPILICHHUS UCTIBITAHUH 00pas31oB MoKa3al,
YTO TIPH mare mMTUGTOB 75 MM paspylieHHd Ma-
Tepualla MUHEpaJOBaTHBIX IUIUT M JedopMaIuii
mtudToB He mnpomsouwio [14]. VYcraHoBieHO,
YTO Ry A1 00PA3LOB THIA | IPAaKTHUECKH PaB-
HO IIpeeny MIPOYHOCTH MaTepuasa MHUHEpaJIoBaT-
HBIX TWKMT npu u3ru6e (0,25-0,30 Mlla). CnenoBa-
TEJIHO, CTBIK MUHEPAJIOBATHBIX IJIUT HA JEPEBSH-
HeIX WTuTax d = 10 Mmm u / = 40 MM ¢ marom
paccTaHOBKM 75 MM MOMKHO PEKOMEHIOBAaTh K
NPUMEHEHHIO.

TexHOIoTHs TPOU3BOACTBA PabOT MO TETUIOBOH
peabunuTanmu GacagoB COCTOMT U3 JABYX TEXHO-
JIOTHYECKUX MIPOLIECCOB:

— U3TOTOBJIEHHE TETION30JIILMOHHbBIX 00JIHMILIO-
BOYHBIX TUIUT — BBITIOJIHSETCS B IIEXY;

— 3aKperuieHHe TMT Ha ¢acagax (CTCHOBBIX
MaHeNsIX) SKCIUTyaTUPYEeMbIX 3[JaHUd — BBIMOJHS-
eTCsl Ha OOBEKTe.

Pexomenayercst cienayromas TEXHOJIOTHIECKas!
MOCJIEZIOBATENILHOCTh M3TOTOBJICHUS TETJIOU30JIs-
IUOHHBIX OOJHMIIOBOYHBIX IIKT. Ha mepBom arare,
COIJIACHO MPOEKTHOM IOKYMEHTAllMH, W3 TEeIUIO-
W30JSIIMOHHBIX IUIMT 3aBOJCKOTO HM3TOTOBJICHUS
Hape3aroTcs 3aroTOBKH. Ha TOPIEBBIX TOBEPXHO-
CTSIX 3arOTOBOK pa3MeyaroT MecTa yCTAaHOBKHU Jie-
PEBSIHHBIX ITH(TOB.
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C TOMOIIBI0 PYYHOH SIEKTPOIPENTH CBEPIOM
IUaMeTpoM 6 MM IPOCBEPIMBAIOT OTBEPCTHUS TIy-
ounoii (20 +5) mm. lItudTe B OTBEpCTHS ycTa-
HaBJIMBAIOT C TOMOLIBIO KUSHKH 0€3 MCIOJb30Ba-
Hus kied. Ilocne ycraHOBKM MTH(TOB B MPOEKT-
HOE TIOJIO)KEHWE BBIMIOJHAETCS TepMETH3aIus
CTBIKAa C MCIOJb30BaHHEM HEUTPabHOTO CHIIMKO-
HoBoro repmernka SOUDAL. IlpoekTHoe momo-
JKEHHE OTHENBHBIX MHWHEPAJOBATHBIX IUIUT TPH
M3TOTOBJICHWH TEIUTOM3OJIAIMOHHON TUIMTHI 00ec-
[eYMBAETCS 32 CUET HAKJIEHBAHMUA HA CTBIKU C TIO-
MOIIBIO KJIeeBOTO TmoiuMmepHoro coctaBa KC-1
JBYCTOPOHHHMX TOJOCOK M3 apMHUPYIOIIEr0 Mare-
puana (creknocerka CCIL-160) mmpunoii 200 MM.

Crnemyromniast TEXHOJIOTHYECKAsl OTEPAIHsI — OT-
JIeJIKa Hapy KHOM MOBEPXHOCTH IUTUTHOTO YTEIUIH-
TeJsl, BKJIIOYAIOIIA:

— HaKJIEWBAaHWE apMHUPOBAHHOTO CIIOSI M3 CTEK-
JIOCETKH;

— YCTPOMCTBO JEKOPATUBHO-3AIIUTHOTO CIIOA.

Otnenka Hapy»XHOH MOBEPXHOCTH BBITIOTHSIET-
C4 0 TEXHOJIOTMH, aHAJIOTUYHOM YCTPONCTBY Jer-
KOU MTyKaTypHOU cucteMsl [11].

3areM Ha THUIBHON CTOPOHE TEIUIOM3OJIALMOH-
HOM OOJNHMIIOBOYHOM IIIUTHI C ITOMOIIBIO MTa0iIoHa
pa3MevaloT MecTa YCTaHOBKH aHKEpOB-KpOHIITEH-
HOB W CBEpPIAT TOJ HUX OTBEPCTUS IHAMETPOM
8 MMm. Mcmons3oBaHue B Ka4eCTBE aHKEPOB-KPOH-
MTEHHOB pUGDICHOW CTEKIIOIUIACTUKOBON apMary-
pbl auamerpoM 10 MM mo3BOJIsIET 00ECHEUUTh €€
crieruieHne (paboTy Ha BRIICPTHBAHKE) C MaTEpHa-
JIOM MUHEPAIbHOH BaThl 0€3 MPUMEHEHHS KIIesl.

TexHOIOorn4ecKuii IpoLece 3aKpeIIeHUs Tell-
JIOVM3OJISIIIAOHHBIX OOJIMIIOBOYHBIX TUIHT K CTEHO-
BOMY OTPaX/ICHUIO BBITIOJIHAETCS B TaKOM Iocie-
nIoBaTenbHOCTH. PekomenmyeTrcst paboTel o 3a-
KPEIJICHUIO TETUIOM30JIALMOHHBIX OOJIUIIOBOYHBIX
muT Ha (acamax (CTCHOBBIX MAHENSIX) MPOWU3BO-
IUThH C IBYXMECTHBIX 3JIEKTPU(HUIMPOBAHHBIX JIO-
nek. Jlo KperuieHus IJIUT MOBEPXHOCTH CTEHOBBIX
naHenell HeoOXOUMO OYHCTUTh OT 3arpsA3HEHUN U
BBIIIOJTHATh WX TPYHTOBaHWE. MOHTaX TEIJION30-
JSIMOHHBIX OOJHMIIOBOYHBIX IUIHT K CTEHOBOMY
OTPaXXJICHUI0O HAYMHAIOT C Pa3METKH Ha dacaje
MECT YCTAHOBKH CTEKJIOIUIACTUKOBBIX aHKEPOB-
KPOHIITEHHOB M CBEpJICHHUs] OTBEPCTHH MOJ HHX.
Kperutenne minT K CTEHOBOMY OTPa)ICHHUIO OCY-
HIECTBISIOT B TIOJHOM COOTBETCTBHH C TEXHOJO-
ruei, mpusenenHoi B [11].
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YeTpoiicTBO cThiKa TUMA (QOJIUMHT PEKOMEHTY-
€TCSl BBIMIOJHATH 10 CIEAYIOUICH TEXHOJOIUU.
J1o 3aKkperuieHus TEIION30JISIIUOHHOM 0OIUII0BOY-
HOW TUIMTHI B MPOCKTHOE TMOJIOKCHUE Ha COCIUHS-
€MBbIe TIOBEPXHOCTH (T1a3bl) CTHIKOB THIIA (OJIIWHT
C TIOMOIIBIO BaJMKa (KHCTH) HAHOCAT CIIOW aca-
Horo kies-repmernka CEMMIX,  koTopsrit
MIPUMEHSETCS B MIUPOKOM JHara3oHe TeMIepaTyp
(B TOM 4YmHCIIC TIPU OTPHUIIATEIHHBIX TEMIIEPATypPax)
U OBICTPO OTBEPXKIACTCS IOJ BIMSHUEM BJIard
U3 BO3yXa.

BBIBOJ]

Ilo pe3ynbTaTaM BBITOJHEHHBIX HUCCIIEAOBAHUI
npemIokeHo 3 (PEeKTUBHOE KOHCTPYKTHBHO-TEX-
HOJIOTHYECKOE PEIIeHHE TeIJIOBOM peaduiuTaluu
AKCIUTYyaTUPYEeMbBIX TaHEIbHBIX 3JaHUH, TO3BO-
JISTFOLIEe:

— CYIIECTBEHHO CHH3UTHh TPYAOEMKOCTH U IIO-
BBICUTH Ka4e€CTBO padOT MpH yTEIUICHUH ¢acaaoB
3aHUI;

— 00ecreYnTh TePMETUYHOCTh MEXKITAHETbHBIX
CTBIKOB 0€3 peMOHTa B TEUYEHHE BCETO CPOKa dKC-
TUTyaTaluy TaHEeTFHOTO 3/1aHUS;

— IPOBOJIUTH PabOTHI 0€3 OTCENICHUS KUIIBIIOB;

— UCKJIFOUUThH TOSIBJICHUE «MOCTHKOB XOJIO-
Jla» B MEXKIIAHEIbHBIX IIBAX B MPOIECCE IKCILTya-
TalUy 3[aHUS 32 CYET NMPUMEHEHHs CThIKa THUIIA
(honmuHr.
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Abstract. The paper presents the methodological provisions for the organization of logistics operations during the transporta-
tion of household electronic waste in large cities. Human activity is accompanied by the formation of waste, the amount of
which has recently increased. In modern conditions, households actively use electronic and electrical devices. Therefore, a lot
of household electronic and electrical waste is generated, which is hazardous to the environment and must be disposed of in
accordance with legal requirements. The efficiency of disposal of household electronic waste depends on the organization
of logistics operations for the collection, accumulation and removal of such waste. The main methodological stages of logisti-
cal support for the recycling process include the formation of a hierarchy of territorial formations (taxons), standardization
of waste generation indicators for taxa of each level in the hierarchy, designing the configuration of a network of collection
points for acceptance and temporary storage of waste within the boundaries of the service area, substantiating the rational
storage capacity of each point and deadlines for waste storage; planning the transportation of waste from accumulation points
to objects of their further processing. When planning the transportation of waste, the actual volume of waste accumulation
at each collection point is taken into account, transportation routes are designed for the shortest distances, taking into account
the capacity of vehicles. The main feature of the developed method of waste removal is the operational adjustment of routes
so that the car drives only to those accumulation points where the actual volume of waste has reached the maximum storage
capacity. This approach ensures timely waste collection and lower transportation costs compared to existing methods that
organize waste collection at a specified frequency. The developed methodology was tested on the basis of statistical data from
Hanoi (Vietnam). The results of numerical experiments show that the application of methods provides a reduction in transport
costs for the removal of household electronic waste, and also increases the level of their collection and disposal.

Keywords: recycling, logistics operations, household electronic waste, waste collection points, waste disposal
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OTXOJIOB, KOJIMYECTBO KOTOPHIX B IOCIIEIHEE BPEMsI BO3pAcTaeT. B COBpPEeMEHHBIX yCIIOBHSIX IOMOXO03SHCTBA aKTUBHO HCTIONB3YIOT
JJIEKTPOHHBIE U JJIEKTpUYEcKue ycTpoiicTBa. [1oaToMy 0Opasyercsi MHOTO SJIEKTPOHHBIX M AJIEKTPHYECKHX OBITOBBIX OTXOJIOB,
KOTOpBIE MPECTABIISIIOT ONACHOCTH ISl OKPY’KAIOMIEH Cpeibl M JIOJDKHBI OBITh YTHIN3UPOBAHBI C COOMIONEHHEM 3aKOHOATENb-
HbIX TpeOoBaHMH. DPHEKTUBHOCTD YTUIN3ALNK 3IEKTPOHHBIX OBITOBBIX OTXOJIOB 3aBUCHT OT OPraHM3aLlMH JIOTHCTHYECKUX OIle-
pauuii 1o cOopy, HAKOIUICHUIO M BBIBO3Y TaKUX O0TX0/0B. OCHOBHBIE METOIMYECKHE ITAIIbI JIOTUCTHYCCKON MOIEPKKH IIpoLiecca
YTWIN3alMN BKIIOYAIOT: (DOPMUPOBAHNE HEPAPXUH TEPPUTOPHATBHBIX 0Opa3oBaHMi (TaKCOHOB), HOPMHUPOBAHHME IOKa3aTelel
TEHepally OTXOJOB JUIs TAKCOHOB K&XIOTO YPOBHS B MEPAPXUH, IPOCKTHPOBaHUE KOH(HUIYpally CeTH COOPHBIX ITYyHKTOB VIS
TIPHEMKI U BPEMEHHOTO XPaHEHHS OTXOOB B TPaHHUIAX OOCIY>KHBAaeMOW TEPPUTOPUH, 00OCHOBAHUE PAIIMOHAIBHOMN CKIIAICKOH
€MKOCTH KaXXJI0TO ITyHKTa M IPeJIebHBIX CPOKOB XPAHEHUSI OTXOJIOB, IUTAHHPOBAHHUE IIEPEBO3KH OTXOIOB OT ITyHKTOB HAKOIUICHHS
JI0 00BEKTOB UX Hociexyomnieit 06paboTku. [Ipy riaHupoBaHUN NEPEBO3KH OTXOJIOB YUUTHIBACTCS (paKTHYECKNH 00beM HaKoIlIe-
HHS OTXOJOB B K&)XKIOM ITyHKTE cOOpa, IPOESKTUPYIOTCSI MapIIPYThI MIEPEBO30K 110 KPATYANIINM PACCTOSHUSIM C Y4ETOM BMECTH-
MOCTH TPaHCIIOPTHBIX Cpe/CTB. [ 1aBHAst OCOOCHHOCTb Pa3pabOTaHHON METOIMKH BbIBO3a OTXOJIOB 3aKJIIOYACTCS B ONEPATUBHON
KOPPEKTUPOBKE MapIIPYTOB, YTOOBI ABTOMOOHIIb 3a€3)KaJl TOJIBKO B T IMyHKThI HAKOIUICHHS, B KOTOPBIX (haKTHYECKHI 00bEM OT-
XOJIOB JIOCTHT' IPE/IEIIbHOI eMKOCTH CKIIaqupoBanusl. JJaHHBIH 101X0/] 00eCcIieYMBaeT CBOCBPEMEHHBINH BHIBO3 OTXOOB M CHHIKE-
HHE 3aTpaT Ha MEePEeBO3KY 110 CPABHEHHIO C CYIIECTBYIOILIMMU METO/IaMH, KOTOPBIC OPIraHU3YIOT BBIBO3 OTXOJIOB C YCTAHOBJICHHOM
TIepHOMYHOCTHIO. Pa3paboranHas MeToMKka anpoOHpoBaHa Ha OCHOBE CTaTUCTHYECKUX JAaHHBIX T. XaHoi (Beernam). Pesymnbra-
THI YUCJICHHBIX YKCIEPHMEHTOB MOKA3BIBAIOT, YTO NPHMEHEHHE METOAMK 00eCIeurBaeT CHIKEHHE TPAHCIIOPTHBIX 3aTpar Ha BBI-
BO3 DJICKTPOHHBIX OBITOBBIX OTXOZIOB, @ TAK)KE ITOBBIIIAET YPOBEHb NX COOMPAEMOCTH H yTHIIN3ALHH.

KuroueBble c10Ba: yTHIN3AIMS, JIOTUCTUIECKUE OTIEPALIUH, SIEKTPOHHBIE OBITOBBIC OTXO/BI, IIYHKTHI cOOpa OTXO0I0B, BBIBO3
OTXOIO0B

Tt murupoBanusi: OpraHu3anys JOrMCTUYECKUX OIEPAIMil IPU MEPEBO3KE DIIEKTPOHHBIX OBITOBBIX OTXO0B B ropojax /
. B. Kanckwii [u ap.] // Hayka u mexuuxa. 2022. T. 21, Ne 6. C. 517-524. https://doi.org/10.21122/2227-1031-2022-

21-6-517-524
Introduction

Sustainable economic development is one of
the seventeenth Global Goals. Therefore, govern-
ments started paying more attention to environ-
mental pollution issues, including electronic house-
hold waste (e-waste) pollution. Where e-waste
is various forms of electric and electronic equip-
ment (EEE) that have ceased to be of value to their
users. E-waste also contains various toxic compo-
nents such as lead, mercury, cadmium, ba-
rium, etc. that can be dangerous to the environment
and human health in case of incorrect collecting
and treatment. A big amount of recent research
indicates broadening of the e-waste amount be-
cause of expanding the scale of EEE usage, devices
breaking down, short product life cycle, etc. [1-4].

Logistic support for e-waste management
(LSEWM) is to ensure the contemporary and cost-
effective waste movement along all stages of the
reverse logistics chain, such as:

— generation sources of the waste stream
(GSWS) located within the boundaries of certain
territorial areas (taxa);

— the collecting points (CP) of e-waste accep-
tance and temporary storage;

— transportation from the CP to the points of
accumulation and treatment (PAT);

— further redistribution to the points of e-waste
disposal (DP) by the established technology of use
(recycling, regeneration, recovery, etc.).
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Disadvantages of LSEWM cause low e-waste
disposal efficiency [5—7]. Therefore, studying ne-
gative factors and improving organizational ap-
proaches for LSEWM is an up-to-day scientific
objective. The research aim is to study negative
factors and to improve organizational and econo-
mic conditions for effective LSEWM. The scien-
tific novelty is to develop theoretical approaches
for organizing the LSEWM and to create methodo-
logical recommendations for increasing LSEWM
efficiency.

Methods

The main functions of LSEWM are:

— creating the territorial areas (taxa) hierarchy
for LSEWM;

— standardizing generation indicators of e-was-
te for taxa of each hierarchy level;

— designing the network configuration of e-was-
te transfer from GSWS within service area bounda-
ries to CP;

— substantiation for the rational storage capaci-
ty of each CP and relevant deadlines for e-waste
storing there;

— planning of e-waste removal with minimal
transportation costs from the CP to PAT.

The LSEWM system contains:

—a complex of standardized regulation of
e-waste management;

Hayka
urexHuka. T. 21, Ne 6 (2022)



Transport

— licensing of activities for the e-waste dis-
posal;

—the institutional environment of the e-waste
disposal;

— interaction models among participants of dis-
posal activities.

Analysis of e-waste management in Vietnam
enables us to point out the negative reasons for the
lack of disposal efficiency:

— the access of commercial facilities to disposal
has not been regulated and the efficiency of its im-
plementation has not been controlled;

— measures have not been taken to develop the
infrastructure for e-waste collection;

— economic incentives have not been used to
motivate stakeholders to increase the collection
of e-waste and reduce the cost of logistics opera-
tions such as e-waste shifting to the resource re-
covery facilities.

It is necessary to organize the interaction among
all participants of the reverse logistic chain by
the Vietnam administration for planning LSEWM
and increasing its efficiency. Where clear separa-
tion of power, rights, and duties are implied [8, 9].

For the organization of LSEWM, data on the
average daily volumes of e-waste generation in the
regions Qgp, t/day, and their districts Qpp, t/day,
are required. However, these indicators are not
usually known or precise. Statistical analysis on
e-waste generation data in various territorial enti-
ties reviles statistical relation among scopes of
adjacent taxa hierarchy levels. Correlation analysis
on the relation between e-waste generation scopes
in Hanoi and its districts and the number and den-
sity of population has been conducted. Such analy-
sis allows justifying the feasibility of using the cal-
culated data on the average daily volumes of taxon
e-waste generation (a city Qcp, €. g.) and subtaxon
(lower level of taxon hierarchy, a region Ogp, €. g.)
that is possible due to accounting current popula-
tion. It is feasible through converting average daily
volumes in cities Qcp, t/day, into specific indica-
tors by population. Such a specific indicator is an
average daily intensity of e-waste generation W¢p,
kg/capita/day, for an urban area that is calculated
as the ratio of the average daily volume of e-waste
generation in a city to the number of citizens N¢
(thousand people)

(1

Hayka
wTexHuka. T. 21, Ne 6 (2022)

The possibility of using the value of intensity
indicators of e-waste generation of higher taxa
in the hierarchy to determine the generation scale
of the adjacent lower taxa is substantiated due to
a comparative analysis of the statistical characteris-
tics of e-waste generation indicators for Hanoi and
its regions. For instance, the calculated value of the
city's density Wcp is used for assessing the amount
of e-waste in a region QOgp, and the calculated
value of the region density Wxp is used for as-
sessing the amount of e-waste in a district Opp.
The following are the equations for such cases:

Orp =WepFrbr; (2
Opp =WrpFpFp, 3

where Fy, Fp — areas of a region or a district rele-
vantly, km?; Pg, Pp — population densities of a re-
gion or a district accordingly, people/km”.

To organize a CP network, it is necessary to
ensure a high level of accessibility of these points
for the population, which is feasible by locating the
CP within the acceptable indicator value of their
remoteness Lp from the locations of potential
GSWS — citizens and households. The value of the
Lp indicator is determined by various factors,
mainly of a social nature (such as the population
age, lifestyle, leisure time, etc.). It is advisable to
conduct a direct survey of the population to assess
the preferred value of Lp. The value of Lp defines
the area boundaries D; (ieP), which are supposed
to be served by one e-waste collection point.

Each service area (SA) is a square cell with the
same width Lp, height L and area Fp

F,=4L. 4)

When forming the network for CP, a settlement
is divided into a set of R “characteristic districts”
in such a way that all of them have the same popu-
lation density Pg; (i€ P). Where the “characteristic
district” notion indicates that several “characteri-
stic districts” can be created within or along the
boundaries of a regulated administrative area.

District division makes it feasible to improve
the accuracy of estimating the volumes of e-waste
accumulation at each CP, which is crucial for
planning the parameters of e-waste disposal at
the PAT.
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The planned number of the SA by the territorial
boundaries (Mp) is calculated by the equation:
— for cities Mpc, U:

F
Mpe =—5; 5
=T (5)
— for regions Mpz, U:
F
M,, =—=L. 6
"= (6)

The planned number of the SA for Hoang Mai
district is (for Lp = 0.9 km, that was determined on
the survey data of GSWS with accounting varies
economic stimulations)

—izi:12.65z13 U. (7
3.24

PR~
Fp

It is necessary to determine the Qpp indicator of
the average e-waste daily volume within the
boundaries of the area for planned CP by formu-
la (3). The obtained values Opp are assigned to all
CP within the “characteristic region”. The value
Opp reviles the potential e-waste volume that can
be collected at one CP per day, provided that all
GSWS send e-waste for disposal through the offi-
cial CP network.

The required storage capacity Qpg of CP for
temporary storing of e-waste received from the
population is calculated based on the QOpp indica-
tor. The minimum CP's capacity corresponds to the
average daily generation volume (QOpgmin = Opp),
and it is set at the daily removal of e-waste, which
corresponds to the value of the accumulation pe-
riod Ty per day.

Since the daily removal of small batches of
e-waste is accompanied by high costs for the trans-
portation Sy, to reduce them, it is possible to set
intervals for the e-waste removal with a longer
duration (7w, = 1). However, in this case, it is
necessary to increase the storage capacity of the
point QOpp, t, to store the stock of e-waste to the size

QPB = QPDTWm’ 3

that causes an increase of cost Scz on CP maintain-
ning.

The cost Scp for the maintenance of all infra-
structure facilities directly depends on their capa-
city Opp, while the removing cost Sy decreases
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as this capacity increases. This makes it possible
to find such value Q;B that the total costs Scpr 1s
minimal. This also determines the value of the ca-
pacity Q;B , in relevance with the optimal length

of the 7, period.

The costs Scz of the maintenance of the CP
network depend on the total capacity of the collec-
ting points Scp, CU (currency units), and are calcu-
lated by the formula

Scs = OpsUpply =TyyOppNpUpsTy, 9)

where Upp — cost rate for the maintenance of a sin-
gle capacity of the CP, CU/capita/day.

The cost Scr, CU, for removal e-waste from CP
to PAT is determined by the formula

Ser =0Ur, (10)

where Qcr— amount of transport work for transporta-
tion the planned e-waste scope Qcy, t-km/year;
Ur — cost rate per unit of transport work per-
formed, CU/t-km.

The amount Q,; of the transported e-waste for
each route is set taking into account the carrying
capacity of the specialized rolling stock ¢4, used
on the line. With full use of the carrying capacity
of the rolling stock, it is equal: O, = g

The formula for calculating the Scpr of the total
cost for LSEWM is as follows:

R
Secpr = TWUPBTYZ(QPDiMPRi ) +
i=1
R R
T ZMPRi +T,Ur Z(MPRiQPDiLDi ) -
w i=1 i=1 (1 1)

R
_TYUT 2LP Z (MPR[QPDi )»

i=1

n Ty 2Lpq,Ur

where R — region number; Lp; — longest path within
the boundaries of i" region, km.

Analysis of the formula (11) shows that all
indicators are constant values, except for Ty.

Therefore, it is possible to find such a value of 7,
to minimize the cost function of Sczr for LSEWM

SCBT T—W>mln (12)

Let us differentiate the equation Scpr (12) con-
cerning Ty, days, by equating the result to zero and

find 7;,
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R
2Lpq,Ur ZMPRi
T, = — ,i=1,2, ..., R (13)

Upg Z (QPDiM PRi )

i=1

Based on the dataset on Hanoi May region the
optimal period of accumulation for all CP 7, ;,

equals to 5 days. The following values are used for
calculation: Ty = 365 days; Lp = 0.9 km; g4 = 5 t;
Ur = 560 ruble/t-km; Mpr = 13 U; Upg = 790 ru-
ble/capita/days; Qpp = 0.25 t/days.

In relation to the equation (21) total costs Scar
for LSEWM equals to 13653238 ruble per year,
where Lp = 8.1 km and estimated optimal va-

lue T, = 5.05 days. If Ty is rounded value

to 5 days Sczr= 13653738 ruble/year.

The transportation route of e-waste is a motion
scheme of a vehicle along the street and road net-
work of the city that is obtained by the coherent or
consistent visiting all required by route CP. The set
of routes is supposed to be optimal within minimal
common vehicle mileage L. The route charts of
vehicles along a route are designed in relevance
with the time consumption on technological ope-
rations such as movement among CP, e-waste
acceptance, etc.

Results

Standard procedure for planning e-waste trans-
portation in the cities provides for determination
of some parameters such as:

— frequency (intervals) of e-waste transport
according to the cyclical nature of its accumu-
lation;

— the shortest vehicle path among CP that pro-
vides with cost minimization on transport;

— the calculation of the required number of rol-
ling stock A, relevant to the full e-waste transpor-
tation of the volume Qpp; from each CP that is ac-

cumulated in optimal period 7, V;

The first parameter is crucially important as
incorrect intervals can cause a deficit of free space
in CP that leads to reducing the e-waste disposal
level. There are two prime approaches relevantly
to the cyclical waste generation parameter:

— “by the set frequency” approach;

— “by the actual filling” approach.

Frequency property is inherent in the accumu-
lation of all waste categories. For instance, in ci-
ties, municipal solid waste is accumulated regular-
ly and, as a rule, evenly in all CP that is due to the
peculiarities of the everyday products' consump-
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tion by the population. Therefore, the removal
of MSW, especially in large cities, is carried out
according to the principle “by the set frequency”,
as a rule, daily, covering all the route networks of
all CP in each district. However, this approach
does not apply to the organization of e-waste dis-
posal, since such waste is characterized by cyclici-
ty with less regularity and uniformity of volume
accumulation.

The actual values of the e-waste generation pa-
rameters are determined by the reliability of the
functioning of electronic products, which end-of-
life, as a rule, occurs randomly. Consequently,
even with known values of the e-waste generation
intensity, it is difficult to predict the moment when
each electronic product breaks down and enters
a specific CP. This circumstance means that if you
plan the removal of e-waste according to the prin-

ciple “by the set frequency” at intervals T}, , then

the storage capacity of individual CPs can be
exhausted ahead of schedule. That means if the
storage capacity is exhausted, the CP will not be
able to receive e-waste which is unacceptable.

To avoid such undesirable situations, it is pro-
posed to plan the removal of e-waste “by the actual
filling” of the CP storage capacity. This methodo-
logical principle allows the formation of e-waste

disposal routes for individual days within the Tp;

period, when the actual accumulated volume of
e-waste in individual CP reaches the established
export rate QOpg (point capacity limit), calculated
by the formula (8) taking into account the dura-

tion of T},

QPW :QPB' (14)

The following algorithm is proposed for plan-
ning the removal of e-waste “by the actual filling”
of the CP capacity with a minimum total mileage
of vehicles LM:

— providing with a list of CP for the upcoming
planned e-waste removal;

— providing with a matrix of the shortest paths
among all CP and PAT;

— providing with a system of optimal routes ac-
cording to the criterion of the minimum total mi-
leage;

— calculation of the required number of rolling
stock units to service all routes during the day.

For the timely removal of e-waste in each CP,
the current filling level of the storage capacity
should be monitored. If condition (8) is satisfied
CPs are included in the plan for the upcoming re-
moval. To implement this approach, a numerical
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experiment was carried out for the CPs in the
Hoang Mai area, which is located on D; sites (one
site — one CP).

With an average daily volume of waste genera-
tion, Opp = 0.25 t/day and the optimal accumula-

tion period T;, = 5 days, the storage capacity of
each collecting point is Qpy = 1.25 t. Using

the program module “random number generation”
MS Excel, for each /" day of the planning pe-

riod 7p = TV;, the distribution of CP is simulated

where the actual level Qpy, of accumulated e-waste
reaches the established limit Qpp of the capacity
of the point. The results of one of the options for
generating random numbers are presented in Tab. 1.

The volume of accumulated waste Qpy;, t, in
each T, day is

Opii = OpwNppy» t €T, (15)

and for the entire period 7p, the total removal vo-
lume Oy, t, for all sections of the district is

Ory :ZQPWn n=12,..,Tp. (16)
t=l1

The matrix of the shortest paths among all CPs
and PATs is developed taking into account the ac-
tual data of GIS systems on the locations of these
objects and the configuration of the transport net-
work [10]. To design the optimal routes, standard
mathematical methods developed for the “Trave-
ling salesman problem” [11-15] have been used.
For instance, the evolutionary algorithm that has
been implemented in the “Solution Search” soft-
ware module MS Excel. Tab. 2 presents the prime
characteristics of the optimal “global” route, cove-
ring all CPs.

The information presented in Tab. 2 shows that
the vehicle starts moving in the PAT (number “0”),
then passes through the CP in the following se-

the global route equals LM = 35.61 km. The global
route is used to organize waste collection accor-
ding to the approach “by the set frequency” when
the vehicle regularly bypasses all CPs. in sequence.
The volume of W transport work for the removal
of e-waste along the global route is
365

Ure =Nyr O Ly = r 16.25-35.61= (17)

=42242.36 t-km,

where Ny — the total cycle number of detour cy-
cles of the global (number of removals) for the pe-
riod Ty (a year),
T, 365
i ==

w

73 U. (18)

When calculating Ugg, the value Oy is used,
and the products' Qpy volumes and the length of
individual sections of the route have not been
summed up, since the work of the vehicle is paid
regardless of the degree of its filling. Costs Sk for
the removal of all waste during the Ty period along
the global route is equal to:

Sec =Upgsy =42242.36-7.43 =

(19)
=313860.73 USD.
where s7 — cost rate per unit of transport work per-
formed, and equals to 7.43 USD/(t-km).

However, in practice, global routes cannot al-
ways be implemented due to the limited vehicle
load capacity (g,). If the total amount of waste ac-
cumulated at all points exceeds the carrying capa-
city of the vehicle Oy > ¢4), then the global route
is divided into several additional routes Nys,
U (sub-routes), and their number is determined by
the formula

quence: 1-3-4-8-9-10-11-12-13-7-6-5-2, and Nys = %. (20)
returns to PAT (number “0”). The total length of 44
Table 1
The results of the distribution of e-waste accumulation in D; points by days T, of the period Ty
D, number of CP 1 2 3 4 5 6 7 8 9 10 11 12 13
Tp, day number
of period Ty 1 2 5 2 2 4 5 4 3 4 2 3 3
Table 2

Characteristics of the optimal global route

The visiting order

of CP, number of CP 0 1 3 4 8 9 10 11 12 13 7 6 5 2 0
The distance to the

following point, km 1201707 |11}07]09]|07 |07 |08 07]|07]07]| 12130 0
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At the same time, all sub-routes are served on
the same day, regardless of the actual amount of
accumulation. The cost of servicing sub-routes
is greater than that of servicing one global route,
and is 330226.6 USD.

When planning the export “by the actual fil-
ling”, a system of local routes is developed to con-
nect the PAT only with those CPS in which the
actual amount of accumulation Qpy has reached
the limit value according to condition (8). The total
number of N, local routes is in the range from 1
to TD and corresponds to the number of days on
which e-waste is removed.

Based on the data on the days of actual accu-
mulation of waste (Tab. 1), five local routes have
been developed with a traffic pattern between CP
along the shortest paths (the same methodology is
used as for the global route). Information about the
total length L, (zeTp) and volumes Q. of waste
removed by each route is presented in Tab. 3.

The volume of transport work of Up, t-km,
for the removal of e-waste along the z-th number
of local routes with a length of L. and with the
volume of removal Qpy, with the total number Ny
cycles of bypassing all routes during the year
is determined by the formula

U, =Ny 2 (OppeLige ), 2=1,2, s Ny (21)

z=1

In formula (21), the volume of transport work
is defined as the product of the total volume of
e-waste that is removed from all CPs of each route
by the length of the route, and not as the sum of the
products of the volumes removed from individual
CPs but by the length of the corresponding sections
of the route, since the operation of the vehicle is
paid regardless of the degree of filling.

The removal coats Srz, CU, is calculated on the
equation

Srz =Upysr. (22)

The volume of transport work for the remo-
val of e-waste along five local routes is Urz =
= 42,549.9 t'’km, and the cost of removal is Sz =
=316145.76 USD.

The comparison of the obtained results reviles
that the transport costs for servicing the local
routes (S7z) and the global route (S7s) are almost
on the same level. Costs for local routes increase
by 2285.03 USD (less than 1 %). At the same time,
the costs for local routes are 4.5 % less than the
costs for servicing sub-routes (Src;)

ASgrrs = 330226.6 —316145.76 =

= 14080.84 USD, (23)

that indicates the effectiveness of the proposed
model of e-waste removal “by the actual filling”.

Table 3

Local route characteristics

Local route ‘ Oz t ‘ Ly, km
First
The visiting order of CP 0 1.0 0 - - - 1.25 -
The distance to the following point, km 12 12 0 - - - - 24
Second
The visiting order of CP 0 4 11 5 2 0 5 -
The distance to the following point, km 16.0 2.2 2.5 1.2 13.0 0 - 349
Third
The visiting order of CP 0 9.0 12 13.0 0 - 3.75 -
The distance to the following point, km 17.0 1.8 0.7 20.0 0 - - 39.5
Fourth
The visiting order of CP 0 8.0 10.0 6.0 0 - 3.75 -
The distance to the following point, km 17.0 1.2 1.2 18.0 0 - - 37.4
Fifth
The visiting order of CP 0 3.0 7.0 - - 2.5 -
The distance to the following point, km 15.0 2 19 0 - - - 36
Total number 16.25 171.8
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CONCLUSIONS

1. Increasing the efficiency of LSEWM is fea-
sible by increasing the volumes of received
e-waste for disposal through official channels, as
well as by reducing the cost of collecting and
transporting e-waste to special facilities for dispo-
sal. The process of disposal of household electro-
nic waste is accompanied by active interaction
among public authorities (state and municipal),
commercial structures and the population. For high
efficiency and safety of the recycling process, such
interaction should include procedures for establi-
shing measures for economic incentives for parti-
cipants in this process, competitive selection of
logistics companies to organize the collection and
removal of waste, monitoring the volume and qua-
lity of services performed.

2. For planning LSEWM, it is necessary to use
data on the volumes of household e-waste genera-
tion within the boundaries of the respective admini-
strative-territorial regions. For the case when there
is no statistical data on such volumes for districts
of cities and sections of districts, it is proposed to
determine the volumes of generation by calculation
using indicators of the intensity of waste genera-
tion and the number of people living in the area or
on the site. This proposal is based on established
dependencies between the pointed indicators.

3. The methodology for planning the removal
of household e-waste from the collecting points
based on the actual level of filling of their storage
capacity provides for the inclusion in the routes
for the arrival of vehicles only those points where
the accumulated volume of waste has reached the
maximum storage volume. The use of the metho-
dology provides a reduction in the cost of transport
operation when visiting points with an empty con-
tainer, and also eliminates situations of refusal
to accept waste at overcrowded points.

4. The research results are recommended to be
used to improve the organizational and economic
mechanisms of the LSEWM, including to adjust
the system and structure of participants and the
functions they perform, to clarify the powers of the
competent state bodies to standardize the costs of
collecting and removal of e-waste products.

5. The use of the methodological recommenda-
tions presented in the work is supposed to contri-
bute to the achievement of sustainable develop-
ment goals because of:

— recycling of waste products and minimizing
the volume of their disposal;

— increasing recycling rates by creating a con-
venient infrastructure of the waste collection for
the population;

— organizing proper administration and control
of spending financial resources on LSEWM;
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— reducing the negative impact of waste pro-
ducts on the environment.
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Pedepat. Pa3zButre kapoBoro MoTeHNHUANA SBISETCS HEOOXOIMMBIM yCIOBUEM d(D(MEKTHBHOU AEATEILHOCTH X03IHCTBEHHO-
ro cyObekTa Jr000ro rocyAapcTsa 1 0COOEHHO aKTyalbHO Ul Pa3BUBAIOIINXCS 9KOHOMHK Ha COBPEMEHHOM dTare (cTpemie-
HHUE K NIepexoy Ha 0oJiee BHICOKHE TEXHOJIOTHYECKUE YKIIabl). B ycnoBusax Heodxonumoctu nepexoaa Ha «Muaycrpuio 4.0»
KaJpOBBI MOTEHIIMAN pPACCMAaTPHBACTCS KaK Ba)KHBII MCTOUYHHK KOHKYPEHTHOTO IpEeHMYyINecTBa. TONBKO KBaTH(PHUIUPOBAH-
HBII TIEPCOHAT MOKET CIIENIaTh OPraHU3aIHI0 KOHKYPEHTOCIIOCOOHOI Ha OCHOBE JIOSULTBHOCTH PBIHKA, KA4ecTBA MPOIYKIUU U
yeayr, auddepeHIMPOBAHHBIX MPOAYKTOB M TEXHOJIOTHYCCKUX MHHOBAIMA. BBISBICHBI JBa HAITPABJICHUS MOBBINICHUS KOH-
KypPEHTOCTIOCOOHOCTH NMPOMBIIIICHHBIX peanpustuiil. [lepBoe — oleHKa cucTeMbl MoKa3aTesael ypoBHS KaApOBOro MOTEHIIN-
ana npu nepexonae Ha «Muaycrpuio 4.0». Bropoe — BbIsBlIeHHEe HanOoJIee CYIIECTBEHHBIX (DAKTOPOB OIICHKH YPOBHS KaJpo-
BOTO MOTEHIIMANA, OKA3bIBAIOIINX BIIMSHIE HA TOBBIIICHUE YPOBHSI KOHKYPEHTOCITIOCOOHOCTH IMTPOMBIIUICHHBIX OpraHU3aIui.
B cTarhe npuBeneH NoApOOHBIH aHANH3 Psa IKOHOMHUUSCKHX WHAUKATOPOB, XapaKTEPU3YIONIMX WHTErPABHBIN TOKa3aTelh
3(hGEKTUBHOCTH PAa3BUTHsI KaJPOBOTO MOTEHIMANA U KOHKYPCHTOCIIOCOOHOCTH MPOMBINUICHHOH opraHu3aiuu. MHTerpaib-
HBIH TOKa3aTelb JIET B OCHOBY MOJENM OLIEHKH KOHKYPEHTOCIIOCOOHOCTH MPOMBINUIEHHBIX OPTaHU3ALMI 32 cYEeT Pa3BUTHUS
KaJIpoBOTo MoTeHnuana. Moenb COCTOMT U3 ABYX 4YacTeil: pa3BUTHE KaIpOBOTO MOTEHIHANA U MOBBIIICHHE YPOBHS KOHKY-
PEHTOCIIOCOOHOCTH MPOMBIIIIICHHBIX OpraHu3anuid. B ocHOBe Monenu — (hakTOpbl, OKa3bIBAIOIINE BIHMSHAEC KaK Ha KA4eCTBO
KaJIpOBOTO IMOTEHIHUANA (KaJpPOBbI COCTaB MPOMBIIUICHHOW OpPraHU3alliK, KOJMYECTBO PaOOTHHKOB, YPOBEHb HX J0XOJA,
YpOBEHb 00pa30BaHusl, IPOCKTHI, CBA3aHHBIC C PA3BUTHEM KaJIpOBOTO MOTEHIMANIA), TAK U Ha €ro pa3BuTHe (00OUIMiA KOpropa-
THUBHBIA TOXOJ, A0JIsl BO3HATPAXKACHUS COTPYIHUKOB B 0OIIEM JI0X0JIe OpraHu3anuu, 3atparel Ha HUOKP, nons nuBecTununii
B HUOKP B 06mem noxojie opranusanum, 00beM IpoJjaK ¥ MPOU3BOACTBa). PaspaboTaHHas MO/IEIb TO3BOIUT OPraHU3aAUSIM
KOPPEKTHPOBATh CBOU CTPATEIWU Pa3BUTHS KaIpOBOTO MOTEHIMANA (0TOOp IepCcoHana W JaibHEeHIee pasBUTHE KaJpOBOTO
MOTEHIIHAIIA), & TAK)KE OyJIeT CIIOCOOCTBOBAThH TPaHC(HOPMAIIMU KOPIIOPATHBHBIX TAJIAHTOB.

Kirouesble ciaoBa: «MHayctpus 4.0», KOHKYPEHTOCIIOCOOHOCTb, MOZICINb OLICHKH, PAa3BUTHE KaJpPOBOTO MOTEHIHMANA, TPO-
MBIIIUICHHBIE OpraHu3alud, 3G GeKTHBHOCTD

Jlast uurupoBanusa: Xy Munizonb. OLieHKa poJId KaJpOBOI'o MOTEHI[HAa B MOBBIIIEHHH KOHKYPEHTOCIIOCOOHOCTH IPO-
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Abstract. The human resource development is a necessary condition for effective activity of any state economic entity and is
especially relevant for developing economies at the present stage (striving for transition to higher technological modes).
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IKkonomuka RPOMDbBLULIEHHOCMU

In the conditions of necessity of transition to Industry 4.0 the human resource potential is considered as an important source of
competitive advantage. Only qualified personnel can make an organization competitive on the basis of market loyalty, pro-
duct and service quality, differentiated products and technological innovation. Two directions for increasing the competitive-
ness of industrial enterprises have been identified. The first is the assessment of the system of indicators of human resource
level during the transition to Industry 4.0. The second is to identify the most significant factors in assessing the level of human
resources that affect the increase in the level of competitiveness of industrial organizations. The paper provides a detailed
analysis of a number of economic indicators that characterize the integral indicator of the effectiveness of the human resources
development and competitiveness of an industrial organization. The integral indicator has formed the basis of a model for
assessing the competitiveness of industrial organizations through human resource development. The model consists of two
parts: human resource development and the increase in the level of competitiveness of industrial organizations. The model is
based on the following factors: the quality of human resources (staff composition of an industrial organization, the number of
employees, their income level, education level, projects related to human resource development) and its development (total
corporate income, share employee remuneration in the total organization income, R&D costs, the share of investment in R&D
in the total organization income, sales and production). The developed model will allow organizations to adjust their human
resource development strategies (recruitment and further development of human resources), and will also contribute to the
transformation of corporate talent.

Keywords: Industry 4.0, competitiveness, assessment model, human resource development, industrial organizations, effec-
tiveness
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BBenenue

B nocnenHue roapl MUpP MONHOCTBIO MEPEXO-
IUT K HOBOW MOJENW Pa3BUTHS HHAYCTpHAIIN3A-
uuu — «Mugycrpus 4.0», KoTopas HO3BOJIUT MPO-
MBIIIUIEHHOCTH BHOBb CTaTh JBHUraTelieM 3KOHO-
MHUYECKOI'0 POCTa 3a CYET IOJHON MHTErpaluu
MH(QOPMALIMOHHBIX U KOMMYHHKAIUOHHBIX TEXHO-
norut (MKT) HemocpencTBEHHO B MPOU3BOJCT-
Bo [1]. Takue crpansl, kak ['epmanns, CILA, Poc-
cust 1 Kutail, npuHsUIM pa3iuyHbIE CTPATETHH H
peanuzoBaiu npoektel «UHmyctpus 4.0», 4TOOBI
oun¢poBaTh CBOM IPOLYKTHI U YCIYTH U IOBBI-
CUTh KOHKYPEHTOCHOCOOHOCTH B HOBYIO 3IIOXY,
npuyeM ['epmMaHus 4eTKo 3asBUIIA, YTO UHBECTHPY-
€T B MHHOBALIMOHHbIC IIPOEKTHI, BKMIOYas ILudpo-
BbIE TEXHOJOTMH W OOyYeHHE COTPYIHHUKOB [2].
KangpoBslif moTeHIMan WUrpaeT KIIOYEBYIO poOjib B
(hopMHUPOBaHWN HOBOTO ITU(PPOBOTO MPOCTPAHCTBA
«unyctpun 4.0». TenneHnumu u paspadbotku «MH-
nyctpud 4.0» KOHIENTYalIbHO MOAPa3yMEBaIOT HO-
BOE HAIIPaBJICHUE Pa3BUTHUS KaJpOBOIO IOTEHIMA-
Ja, OT KOTOpOrO HampsIMyl0 3aBHCUT 3(dexTus-
HOCTh (PyHKITMOHMPOBAHMS OpraHu3anui [3].

MogepHu3anusi NPOMBIIIICHHOCTH B PaMKax
«Mupyctpun 4.0» — 3TO CHHEPIeTUYECKUUA POCT
KaapoBOTO TMOTEHIHAlla M IPOU3BOJACTBEHHBIX
TEXHOJIOTUH, IIPUYEM OHH JEMOHCTPHUPYIOT B3au-
MOJOMOJHSIONINE, a HE 3aMELIalollfe OTHOILe-
Hus [4]. KirodeBple XapakTEPUCTHKH KaJIpOBOTO
HNOTEHIHalIa — O0pa30BaHUE, ONBIT U KOMIIETEH-
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muu. «Meayctpust 4.0» craHOBHTCS MeHee Tpebo-
BaTeNIbHOH K OCHOBHBIM pPa0OYMM HH3KOTEXHO-
JIOTMYHBIX NPOU3BOJCTB U II03TOMY TpeOyeT mepe-
CMOTpa BIUSHHS TPAIULHMOHHBIX (AKTOPOB MpO-
M3BOJICTBAa Ha J00aBIEHHYIO CTOWMOCTH JJISI CTH-
MYJHUPOBAHUS MHHOBALMH, a TaloKe Ul TOBBIIIE-
HUS KOHKYPEHTOCIIOCOOHOCTH OpraHm3amuu [5].
B cBsa3u ¢ 3TUM HEOOXOAMMO MPOBECTH OILEHKY
pPOAM KaZApOBOro MOTEHIMAjJa B MOBBIIIEHUH KOH-
KYPEHTOCIIOCOOHOCTH MPOMBIIUIEHHBIX OpraHu3a-
uuit npu nepexoxne Ha «Muayctputo 4.0». JlanHas
OLIEHKA JI0JDKHA 0a3UpOBATHCS HA OTJIMYUTEIIBHBIX
ocobenHoctax «Uuayctpun 4.0» W y4YUTHIBATH
3apyOexHbIii onbiT. B 2018 r. ObuT mpeacTaBiieH
otueT «['mobanpHass KOHKYPEHTOCTIOCOOHOCTE 4.0»
B 0oTBeT Ha nosieieHue «Munyctpuanuzauuu 4.0»
W BBIIIET TJIOOAJIBHBIA €XErOMHBIA TOKJIAL UL
CITPaBKH IO cTpaHam [6].

OcHoBHAasl YacTh

Ilepexon Ha HOBBIM STam pa3BUTUA HAYKH U
TEXHUKA HAYMHACTCS C Pa3BUTHUS OTIEIHHBIX, W3-
HavYaJbHO HE CBSA3aHHBIX MEXIy cOo0O0il Hampasie-
HUH W oOmacteidt 3HaHwil. [lamee 3TH HOBBIC
HaIpaBJICHUS] U O0JIACTH 3HAHWHN OOBETUHSIOTCS
B Ooiee KpymHBIE O0OJACTH, a 3aTeM IPOHCXO-
AT JalbHEUIINE JeTaidu3alus W CHeIUalIn3a-
s (tabn. 1). KoHBepreHnus TEXHONOTHH JenaeT
BO3MOXXHBIM WX B3aUMOITPOHHKHOBEHHE W YCHIIE-
Hue 3QPEKTOB OT UCTIOIB30BAHMUSL.
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Tabnuya 1

XapaKTepuCTHKA NPOMBINLICHHBIX PEBOTIOLHIL

Characteristics of industrial revolutions

TexHonornyeckut
Howmep Oco0eHHOCTD OcHoBa Snpo
yKIag
epsas Ilepexos OT yenoseueckoro |Jo6brua SHEPrun 1 TekctnipHas MalMHa
P TpyJa K MEXaHUYECKOMY M3 BOJbI U Iapa 2 [TapoBoii nBurarenn
3 Cranp
Bropas MaccoBoe pou3BOACTBO | DNEKTPOIHEPIHs
4 ABTOMOOHIIE- U TPAKTOPOCTPOCHHE
DJIeKTPOHUKA U HH(OPMA- 5 TenexoMMyHUKaIUH
Tpetbst ABTOMaTH3aLUS
IUOHHBIC TCXHOJIOIHH 6 HanorexHomnoruu
Uersepras | dumxuranu3anus «Munpycrpus 4.0» 7 KoruuTusHbIEe TEXHOIOTHUU

Kak BumHO U3 Tabmn. 1, mepexo] Ha HOBEIH ypo-
BEHb Tporpecca BO3MOKEH Oaroapsi BO3HHKIINM
U OCBOEHHBIM INPOPBIBHBIM TexHojiorusMm. Ha co-
BPEMEHHOM 3Tare XO35MCTBOBAHUS TAaKUM OCHO-
BaHueM siBisiercst «Mumyctpus 4.0». s xapakre-
puctukn «Munyctpun 4.0» ObLIM BBISBICHBI €€
OTJIMYMUTENbHBIE OCOOCHHOCTH: COBMECTUMOCTD
U B3aUMOJICHCTBHE KOHCYHBIX IOTpEOUTEIICH B
pamMKax «yMHBIX IPOM3BOJACTB»; BUPTyaJIN3aLUsi
(ucrionp3oBaHue IieTeld JaTYMKOB AN UMHTALU-
OHHOT'O MOZAEIMPOBAHMS NPOU3BOACTBEHHOIO MPO-
necca); JeneHTpann3anus («yMHBIE TPOHU3BOJI-
CTBa» CHOCOOHBI NMPHHUMATh M PEATN30BBIBATH
yIpaBlICHUYECKUE PEIIECHH); BO3MOXHOCTb PabOThI
B pEeXHUME pealbHOr0 BpeMeHH (cOOp W aHamm3
JAHHBIX M HEMEIUIEHHOE INpeAOoCTaBJIEHHE IONy-
YEHHBIX pe3yJbTaTOB); MOIYJBHOCTH (THOKas
ajanTanus «yMHBIX IIPOU3BOJACTB» K H3MEHSIO-
myMcsl  TpeOOBaHUSIM); KOHBEpreHmus (B3auMo-
NPOHUKHOBEHUE OTpaciieil u cdep); CHIKEHNE 3a-
Tpat u pocT 3¢(HEeKTUBHOCTH.

«Muanyctpus 4.0» mpenmonaraer, 4yTo OU3HEC-
MIPOIIECCHl MOTYT OBITh MHTETPUPOBAHBI B UG PO-
BYIO CETh B IIpolecce AupKuTanu3anuu. Llemou-
KA CO3/aHUsI CTOMMOCTH TEHeph WHTEIPUPOBAHBI
C TIPOM3BOACTBEHHBIMH M OW3HEC-TIpOLIECCAaMU B
eMHYI0 TUPPOBYIO CETh, KOTOPOH MOXKHO YIpaB-
JATHh B pEXHMME pEaTbHOTO BPEMEHM, a TaKke
MOJIEIMPOBAaTh  pa3JMyYHble TPOU3BOJCTBEHHBIE
3aJaud ¥ CUTyauuu. Pasmuume Mexay HMpOMBIII-
JICHHOCTBIO M YCIYyTraMH CTaHOBHTCSI Pa3MBITBIM.
Ucnonb3oBanne MHTepHETa MO3BOJNSET CHUCTE-
MaM KOMMYHHLMPOBAaTh 0€3 ydyacThsi UeJOBEKa.
Wudopmarus cobupaercs u oOpabaThiBacTCs Ha
MPOTSHDKEHUU BCETO JKM3HEHHOTO IMKIJIA MPOIYKTa.
OTO NPUBOAMT K ONTHMHU3ALMH HHTCIIEKTyallb-
HBIX, THOKHX LEMOYeK MOCTAaBOK U MOAEIeH pac-
npeaesieHus, a Takxke K 3PPEKTUBHOMY U ONTHMHU-
3UPOBAHHOMY HCIOJIb30BaHHIO MAIIMH U 000pya0-
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BaHUS, YTO YCKOPSAET MPOLIECC MPUHATHS PEIICHUN
Y CHIDKAET 3aTpaThl.

Bmustane texnonoruit « Uanycrpun 4.0» Oyaer
BCEOOITNM W MEKIAMCIUIUIMHAPHBIM. YXKe ceifdac
MOKHO OTMETHTH CIEAYIOIINE TEeHACHINU: HU3Me-
HEHUE TPAHUI] MEXKYy TPETUYHBIM U MPOMBIIICH-
HBIM CEKTOpaMH JKOHOMHKH, a TaKkKe MEXAy
MOKYMATEISIMA U TPOAABIIAMU; W3MEHEHUE POJIU
TOCYy/IapCTBEHHOTO W YaCTHOTO CEKTOPOB, a Tak-
e yciIoBUM KOHKypeHuu. CyIiecTByIOmue mpo-
M3BOJICTBEHHBIE CHCTEMBI, OMOCPEIOBAaHHBIE TJIO-
OabHBIMU LIETIOYKAMHU CO3[AaHUS CTOMMOCTH, CTa-
HyT Oojce MWHAMUYHBIMH, THOKUMH, 3(P(HEKTHB-
HbIMH U yCTONYMBHIMH, C OOJBIIUMHU BO3MOMKHO-
CTAMM HACTpOMKM W MepcoHalu3anuud. B cBoro
ouepesib, YpOBEHb Pa3BUTHS KaJAPOBOTO MOTECHIIHA-
JIa JOJKEH TO3BOJIATH OpTraHU3aIiy MCIIONb30BaTh
WHHOBAIMOHHBIE BO3MOKHOCTH «HaycTpun 4.0».
Hns ueneit uccrmenoBaHus 1O KOHKYPEHTOCIIO-
COOHOCTBIO TIPOMBINICHHBIX OPTraHWU3alui MBI
OyleM IMOHMUMAaTh POCT MPUOBLIFHOCTH OpTaHW3a-
MM Ha OCHOBE MHHOBAI[MOHHOTO Pa3BUTHS W IIO-
BBIIICHUSI YPOBHS KaApOBOTrO moTeHnuama. [lpu-
OBUTBHOCTh OTpPa)KaeT TEKYIIYyK) KOHKYPEHTOCIIO-
COOHOCTH OpPraHU3aIliy Ha PHIHKE, 3 HHHOBAIIMA U
TEXHOJIOTUHU TOKA3bIBAIOT €€ OYAyIee KOHKYPEHT-
HOe TIpeuMyIllecTBO. PaHee B McClIleJOBaHUAX TPH
BBISIBIICHUU (DaKTOPOB pocTa KOHKYPEHTOCHOCO0-
HOCTH TIPOMBIIIICHHBIX OpraHU3aliii OCHOBHOU
yrmop OBUT Ha PECYpPCHBIH M MPOU3BOJCTBEHHBIM
nmoTeHIan [7-9], omHako ceiWyac HEOOXOIUMO
MpuAaBaTh OOJIBIIICE 3HAUCHUE KaJIPOBOMY IOTCH-
LUy ¥ Pa3BUTUIO KOMIIETCHITHH.

D¢ deKkTUBHOE HCIIOIH30BaHNE KaJAPOBOTO IIO-
TEHIMajla HAMpsMYIO BIHAET Ha MPUOBUIBHYIO pa-
00Ty M KOHKYPEHTOCIIOCOOHOCTh MPOMBIIIEHHBIX
opranmzanuii. KiroyoM K ycmexy opraHu3aiuu
SIBJIICTCSL XOPOIIO MOAO0OpaHHas KoMaHna paboT-
HUKOB. YcIiex OuW3Heca Ha 3aHUMaeMON UM pEHI-
HOYHOW HUIIIE HAMPSMYIO CBS3aH C €r0 KaJApOBBIM
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noreHuuanoM. YTeepxkaeHue E. B. TepenenkoBoi
u A. b. HazapoBoii moaTBepK1aeT aKCHOMY O TOM,
YTO KOHKYpPEHTOCIOCOOHOCTh IPOMBINUIEHHBIX
opranm3anuid, 3GGHEeKTHBHOCTh WX NEATCIHLHOCTH,
JUIEPCTBO HA PHIHKE TOBAPOB U YCIYT 3aBUCAT OT
ux kaapoBoro moreHuuana [10]. ®opmupoBanue
KOHKYPEHTOCHOCOOHOCTH SBJISIETCS TaKkKe Mpo-
[IECCOM KOOpAWHAIIUN, WHTETpalii U pa3BUTHUS
KaJIpOBBIX BO3MOXHOCTEW opranmzamnuii. Ctpa-
TETUYECKUE IMeJIM OpraHu3aluii W BHYTPEHHUU
KOHTPOITb UCTIONB3YIOTCA KaK CPEACTBO ISl Mak-
CUMM3AIMY MOTUBAIMK coTpyaHukos [11]. OcHo-
BhIBasch Ha wucciuenoBanusix A. H. Kozumunoii
u U. B. ®WIMMOHEHKO 10 BOIPOCaM yIPABIICHHUS
KaJIpoBBIM TOTeHITMaIoM [12], MBI emie OoJbIIe
pacumupsieM  METOJUYECKHM  HMHCTpyMEHTapuid
OIIEHKH 3(PPEKTUBHOCTH Pa3BUTH KaJpOBOTO TIO-
TEHIMAJIa U KOHKYPEHTOCIIOCOOHOCTH MPOMBIIII-
JICHHBIX OpraHu3alui.

Jns uenmeld HACTOSILErO HMCCIEIOBaHUS IIPO-
BeJleHa ampobanus Ha OCHOBE JAaHHBIX OpraHU3a-
UM 10 TIPOW3BOJCTBY MeOenmn Midea (maHHBIC
B3SITHl W3 €€ (PUHAHCOBBIX TOJOBBIX OTYETOB
3a 2017-2020 rr. Ha odunmansHOM caiite). Midea
SBIISIETCS TIPEACTABUTENBHOM C TOUKH 3pEHUS paz-
BUTHUS OW3HECa, pa3Mepa OpraHU3aluy TpeIpus-
THA U KaJpOBOT0 MOTEHIINANA, COXPaHs CUIBHYIO
nuHaMuKy pocta B «unyctpun 4.0». Bo-nepBoix,
OBUTH TIPOAHATM3WPOBAHBI JaHHBIC, KAaCAFOIINECS
KaJpOBOr0 MOTEHIMAaNa kommaHnuu Midea, BKITIO-
yasg CyIIECTBYIOIIUM KaJpOBbI MOTEHLMAN Opra-
HU3anmii (0Omuit 0030p, (QYHKITHOHATBHBIN aHa-
TU3, yPOBEHb 00pa30BaHUs COTPYTHUKOB); BO-BTO-
PBIX, e pa3BUTHE, OCHOBaHHOE Ha 00y4yeHUH (00-
muid  0030p, OOy4YeHHE JHIEPCTBY, OOyYeHHUE
HaBBIKaM, OOydYeHHE HOBBIX COTPYAHHKOB, BHYT-
pPEHHHE BCTPEYH OpraHW3aIfii, MOCTPOCHUE CH-
CTEMBI OHJIAH-00yYEHUS OpraHU3aIuii).

MeTpuky, UMeoIIee OTHOIIEHHE K KaJpOBOMY
MOTEHIATy, B OCHOBHOM JEJISITCS Ha CIEAYIOIINe
KaTerOpHHu:

— YHCJICHHOCTh (PYHKIIMOHAJIILHOTO TIEpCOHAA
(4MCIEeHHOCTh AJAMMHHUCTPATUBHOTO IEpCcoHaa,
YUCIIEHHOCTh  NPOM3BOJCTBEHHOTO  II€PCOHANA,
YUCIIEHHOCTh MAapKETUHTOBOTO TIEPCOHANA, YHC-
JICHHOCTh TEXHUYECKOro IepCOHaNa/epcoHana,
3aastoro HWOKP, ducneHHOCTH (HUHAHCOBOTO
MepCcoHana);

— YpoBeHb 00pa30BaHus (YMCIEHHOCTD COTPY-
HUKOB CO CTENEHBI0 MarucTpa M BBIIIE, YUCIICH-
HOCTh COTPYJHUKOB CO CTETICHBIO OaKayiaBpa, dmc-
JIEHHOCTh COTPYAHUKOB C MPOQeCCHOHATLHO-TEX-
HUYECKOU KBaIU(UKAIHEH);
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— o0mmit 0630p, CBSA3aHHEIN ¢ 0O0yUYeHHUEM KaJl-
poB (oOmiee oOyUeHHE B pa3BUTHE KaIpPOBOTO TIO-
TeHIMaa, 00y4eHre U Pa3BUTHE YITPABIEHIECKOTO
nepcoHalia, 00y4eHUe U Pa3BUTHE TEXHUYECKOTO U
MapKEeTHHI'OBOTO TepcoHana, O0y4YeHHe U pa3BU-
THE TIPOU3BOJICTBEHHOTO TIEPCOHANA);

— pa3BUTHE JUICPCKAX KadecTB (KOIMYECTBO
porpaMMm O0y4eHHs, 00IIas YNCICHHOCTh KaJpOB
pPE3epBHOTO YIPAaBICHHUSI M COBOKYITHOE KOJIHYe-
CTBO YUeOHBIX YacOB);

— o0Oy4YeHHe W Pa3BUTHE HABHIKOB (KOJIMYECT-
BO TIPOEKTOB MO OOydYeHHI0 MPOeCcCHOHATb-
HBIX TaJaHTOB, KOJWYECTBO YYaCTHHUKOB KYypCOB
MTOBBIIIICHU KBAMH(pUKAUKA U 001Iee KOJINIECTBO
4acoB);

— pasBuTHEe OOYYEHUS HOBBIX COTPYIHHKOB
(kxomu4ecTBO mMporpaMM OOYYEHHUsS HOBBIX COTPY/I-
HUKOB, KOJIMYECTBO YYACTHHKOB OOYyYEHUS U 00-
11ee KOJIMYECTBO YacoB O0yUEHHS);

— BHYTpEHHHE ceaHChl oOMeHa WH(opMmaluen
B OpraHu3anui (KOIWYeCTBO BHYTPEHHHX TpEHE-
pOB, 00IIIee KOJMIESCTBO pa3pab0TaHHBIX KYPCOB);

— KOpIIOpaTHBHAsI CHCTEMa OHJIAWH-O0Yy4YeHHS
(Bpemst OHJIAH-00yYeHUs).

[Ipu 3TOM Hambosee pacnpoCTpaHEHHBIH IMOJ-
XOJl K OLIEHKE KOHKYPEHTOCIIOCOOHOCTH MPOMBIIII-
JISHHBIX OpTraHU3aIfil MpeAaroNaraeT OleHKy MpH-
OBUILHOCTH U CIIOCO00B BeneHusa ousneca. OqHako
Hau0OoJee aKTyalbHBIM OBLIO OBl HCIIOJIB30BAHUE
WHHOBAllU{ U YpOBHS Pa3BUTHs TEXHOJIOTHH B Ka-
YeCTBE OCHOBHOT'O KPHUTEPHs OIEHKH KOHKYPEHTO-
CIOCOOHOCTH MPOMBIIIUIEHHBIX opraHu3anuii. Tak,
IpU OLEHKE KOHKYPEHTOCIOCOOHOCTH Ou3Heca
ABTOPBI CTaThU PEKOMEHIYIOT YUUTHIBATh JTAHHBIC,
KacarolIuecsl eJ0BOM aKTMBHOCTU M MHHOBALMM.
[ToaToMy KpoMe yHOMSIHYTHIX BEIIIE YUYUTHIBAIOTCS
U JIpyrUe METPUKU: MPUOBUIb OPTaHU3alUU; OIS
3aTpar, CBSI3aHHBIX C OIUIATOW TPyJa, B BBIPYUKE;
00BeM mpoaaxk; 00beM MPOU3BOCTBA; OTHOIICHUE
o0BeMa TpogaX K 00beMy MPOU3BOJCTBA; PacXo-
el Ha HUOKP; unsecturiun 8 HUOKP B nporen-
TaX OT OMNEpPalMOHHOTO Joxoja. Bce mapamerpsl
OLIEHKH YPOBHS KOHKYPEHTOCIIOCOOHOCTH JOJKHBI
ObITh W3y4YeHBl B JAWHAMHUKE. YKa3aHHBIE BBIIIE
METPUKH UMEIOT Pa3INdHy Pa3MepHOCTbh, TIOITO-
My IPENJIOKECHHBIA aBTOPCKUNM METOAUYECKUI
MOIXOJ K MX OIIEHKE OCHOBAH Ha HCIIOJIb30BaHUHU
METOJla JINHEHHOTO HOPMHUPOBAHUS, Ipenaroara-
IOIETO pacyeT cpeaHeapru(hMETHIESCKOTO 3HAUCHUS
MOKa3aTels 3a Ps JIET M MOCIeAYIOlIee ero cpas-
HEHHUE C MPOIUIOTOJHUMH JaHHBIMU. PazpaboTaH-
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HBIH METOAUYECKHIH ITOAXOJl ITO3BOJIMT OIIEHHUTH
BITUSHUE (PAKTOPOB, HETIOCPEICTBEHHO CBSI3aHHBIX
C YPOBHEM KaJpOBOr0 MOTEHILIMANA, HA KOHKYPEH-
TOCIIOCOOHOCTh  TMPOMBIIIJICHHBIX — OpTaHU3aINN.
Takoll moaxoJ mpenrnojaracT BO3MOXHOCTb pac-
YyeTa MHTErpalibHOrO TOKa3aTelsl Ha OCHOBE Cpe/l-
HEero apu(METHYECKOTO M3 OTAENBHBIX ITOKa3are-
JIeH, a TAaK)KE YU4eT W3MEHEHHUs Ka)KJI0ro mokasare-
71 B OTAEJIBHOCTH U BHECEHHE COOTBETCTBYIOIINX
KOPPEKTHUB:

1 r
c= z Yyr1s

r _qe:q+1
€ @ — UHTETpalbHBIA TOKa3aTelb KOHKYPEH-
TOCTIOCOOHOCTH TPOMBIIIICHHBIX ~OpraHU3alui,
OCHOBAHHBIM Ha Pa3BUTHUH KaJPOBOTO MOTCHINAIIA;
b — WHTErpaNbHBIA MMOKAa3aTellb, XapaKTepU3YIO-
Ui ypoOBEHb KaJIpOBOrO MOTEHIIMANA;, ¢ — WHTE-
rpaJIbHBIM TIOKa3aTelb, YUYWUTHIBAIOIIWA W WHBIE
(bakTOpHI, TaKKE OKA3BIBAIOIINE BJIMSHUE HA KOH-
KYPEHTOCIIOCOOHOCTh MPOMBINIICHHON OpraHu3a-

X o -
— (e=1, 2,3, g g+l g2, ., q+r); IUN; 7 — KOJIWYECTBO JIET, y‘{afTBYIOH_II/IX B pac
1zx 4YeTe; X, — YPOBEHb MOKA3aTeNEel B n-M roay, €n.;
k .
nio ¢ — KOJIMYECTBO IMOKAa3aTCJICU, OTHOCAIIUXCA K Kaa-
R g _ pOBOMY TIOTCHIIMAITY, €1.; 7/ — O0IIee KOIMISCTBO
e ToKasaTenei, e,
p
B Tabn. 2 mpuBeacHo OOBSACHEHHWE 3HAYCHUS
b _lzq: v.; KOKIOH (OPMYIIBI U CTPaTETHd KOPPEKTUPOBKH,
- >
q =1 ¢ KOTOpad JO0JIKHaA OBITh IIpUHATA B JaHHOM CJiy4dae.
Tabnuya 2
JIOCTUrHYTHIil yPOBEHDb NMOKA3aTeJIsl M CTPATErnH KOPPEKTHPOBKH
Achieved indicator level and adjustment strategies
Dopmyna 3HaveHne Crparerus

a>1,0+1i

[IpencraBnger co0oii MOBBIIEHHE KOHKYPEHTOCIIO-
COOHOCTH OpraHH3aIl[i HAa OCHOBE Pa3BUTHUS Kai-
pOBOro IOTEHLHMANa IO CPABHEHHIO C YPOBHEM
MPeABIAYILETO roaa

Ha sToM 3Tame KOHKYPEHTOCHOCOOHOCTH IPOMBIIITEH-
HBIX OpTaHU3alUH HyXIAaeTcs B IaJbHEHIIEM MpOpHIBE
yepes3 BOCIUTAHUE YyBCTBA MHHOBALIOHHOCTU Y COTPY/-
HUKOB U CTHMYJIMPOBAaHME WHHOBAIMN B KaJpOBOM IIO-
TEHIHAaNe, BKIJIIOYas WHHOBAIMM HABBIKOB, WHHOBAIHH
MIPOJYKTOB ¥ HHHOBAIMHX YCIIyT

1,0<a<1,0+i

KOHKYpPEeHTOCIIOCOOHOCTh OpraHM3alld, OCHOBaH-
Has Ha pa3BUTHH 4YEJIOBEYCCKOro IOTCHIHANA,
orpaHu4eHa

AJanTHpoBaTh CTPATETUIO PAa3BUTHUS KaJpOBOIO IOTEH-
Lpaja OpraHu3allud K BHYTpEHHEH M BHEIIHEH cpene,
YTOOBIl CTUMYJIHMPOBATH M MOTHBUPOBAaTh AalbHEMIIEe
pa3BHUTHE KaJpOBOTO MOTEHIHANIA

a<1,0

CBUZIETENBCTBYET O CHIDKCHHH KOHKYPEHTOCIIO-
COOHOCTH OpraHW3allii, OCHOBAaHHOM Ha YpOBHE
KaJpoBOro MOTEHIMAlNa, TI0 CPAaBHEHHIO C yPOBHEM
MIPeABIAYIIETo roaa

[oBpImaTe >QPEKTUBHOCTh HCIOIB30BAHUS KaIPOBOTO
MIOTEHIMANIa, BKIIOYAs COBEPIICHCTBOBAHHE MPOpecCHo-
HaJIBHBIX HABBIKOB M 3aKperuieHue 0a3oBoro oOpa3oBa-
HUS

S
R
[

IMoTeHman pa3BUTUS YEIOBEUECKHX PECYpcoB -
(DEeKTUBHO U TOJIHOCTBIO HCIIONB3YETCs, YTO COOT-
BETCTBYET KOHKYPEHTOCIIOCOOHOCTH HPOMBIIUICH-
HBIX OpraHu3auui

IIponomxare pa3BUBaTh KaJpOBBIA MOTEHLHANT B COOT-
BETCTBUU C TEKyIled cTpaTeruedl pa3sBUTUS KaIpOBOIO
noteHnyana. Pa3BuTHe KaapoBOro IOTEHIHana 3TOH
MPOMBILIIEHHON OpraHu3aluKM  SBIAETCS O00pa3LoBBIM
JUISL OTPACIH

b>c

CBUAETENBCTBYET O TOM, YTO OPTaHU3ALUS MPUIACT
OoJIbIIOE 3HAYEHHE PA3BUTHIO KaJPOBOTO MOTECHIIH-
aja, HO He B IIOJIHOM Mepe BO3JEHCTBYET Ha pyrue
IapaMeTpsbl, CBSI3aHHbBIE C €€ KOHKYPEHTOCIIOCOOHO-
CTBIO

[TpoMBbIIIeHHBIE OpraHU3AMH JTOJDKHBI U3Y9IUTh TPAHC-
(opManuio pe3ynbTaToB Pa3BUTHUS KaJpOBOro NOTEHIINA-
J1a B OPTaHM3allud B OPTaHU3ALMOHHYIO IPOU3BOAUTENb-
HOCTb ¥ OPTaHU3ALHOHHYI0 KOHKYPEHTOCTIOCOOHOCTh

b<c

Vka3pIBaeT Ha TO, YTO OpraHM3alUs IIOBBICHIIA
KOHKYPEHTOCIIOCOOHOCTh 33 CYeT MHBIX (DaKkTOpOB,
HO HE yJelseT BHUMaHWS Pa3BUTHIO KaapOBOIO
MOTEHIMalIA, II09TOMY JajbHEHIee IOBBIILICHHE
KOHKYPEHTOCIIOCOOHOCTH ITPOMBIIIIEHHBIX OpTaHH-
3aIuit OrpaHUIEeHO

IIpn coxpaHeHHn pa3BUTUS APYTUX ACIIEKTOB IPOMBIII-
JICHHOI OpraHu3aliM pa3pabaThIBacTCsl COOTBETCTBYIO-
mas OpraHM3alliM CTPaTerus pPa3BUTUSL  KaJpOBOTO
MOTEHIMANIA, YTOOBI MONHOCTBIO HMCIOJIB30BaTh €ro Ul
POCTa KOHKYPEHTOCIIOCOOHOCTH OpraHU3aIiH

Hayka
wrexHuka. T. 21, Ne 6 (2022)

529



IKkonomuka RPOMDbBLULIEHHOCMU

YpoBeHb HMHTETPAJHHOTO MOKa3aTens KOHKY-
PEHTOCIIOCOOHOCTH TPOMBIIUIEHHBIX —OpraHu3a-
U a MOXKET YKa3blBaTh Ha: MOBBINICHNE KOHKY-
PEHTOCTIOCOOHOCTH TPOMBINIIEHHBIX —OpTaHu3a-
Uil Ha OCHOBE pa3BUTHUS KaJpOBOTO IOTEHIIHA-
Jla; OTPaHUYEHHBIA POCT KOHKYPEHTOCIOCOOHOCTH
MIPOMBIIIUIEHHBIX OpPraHM3aluii HAa OCHOBE Pa3BH-
THS KaJIpOBOTO MOTEHIMANA; CHUKEHHE KOHKYPEH-
TOCIIOCOOHOCTH TPOMBIIUICHHBIX —OpPTraHU3alui.
[Ipu omeHKe BO3MOXKHBIX JOCTUTHYTHIX 3HAYCHUN
WHTETPAJbHBIX TOKa3zaTene a, b, ¢ yJYUTHIBaeTCs
(hakTOp TOIOBOrO YpOBHS HHQIIALUH i, YTO TIO3BO-

JISieT HUBEJNHUPOBATh POJIb MOCIEIHEH B pocTe MOo-
Ka3aTenei.

Takum 00pa3oM, NpPOBENH CPaBHUTEIBHBIN
aHaJIM3 C LIEJIbIO BBIIBICHUS 1OCTaTOYHOI'O YPOBHS
pasBUTHSA KaJpOBOTO TIOTEHIMAla MPOMBIIIICH-
HBIX OpraHU3alMi, pa3JeuB JaHHbIC HA BE YaCTH
(tabm. 3, gactm 1, 2). CpaBHUBAIN WHTETPATHHBINA
mokasarenb b (tabn. 3, yacte 1), oTHOCSAImMKCA
K Pa3BUTHIO KapOBOTO MOTEHLINANA, C HHTETPaIb-
HBIM TTOKa3ateneM ¢ (Tabin. 3, yactp 2), XapakTepu-
3YIOMIUM KOHKYPEHTOCIIOCOOHOCTh TPOMBIIIIICH-
HBIX OpTaHU3aLHIH.

Tabruya 3
Pacuer nHTerpaabHbIX Noka3areseil 3ppeKTHBHOCTH pa3BUTHS KaAPOBOT0 NOTEHIHAIA
H KOHKYPEHTOCTIOCOOHOCTH MPOMBIIIJIEHHOH OPraHN3aluK
Calculation of integral indicators of human resource development effectiveness
and competitiveness of industrial organization
[Mapamerp Wunukarop [okazarens 2017 r. | 2018 T. | 201971. | 2020 1. | Cpemnee |2020 r./Cpennee
UnCIeHHOCTh COTPYTHUKOB,
qeIl. 101826 | 114765 | 134897 | 149239 | 125182 1,19
UHCNEeHHOCTh BBILICIINX Ha
OO6mwuit 0630p |eHCHIO PAaOOTHHUKOB, YeIl. 1660 1913 2280 2369 2056 1,15
OO6mwmii houa 3apaboTHOI
IUIAThI COTPYAHHUKOB, THIC.
10aHeit 52475 | 5788,1 | 6436,1 | 6954,8 | 6106,6 1,14
UnCneHHOCTh aIMUHUCTpA-
TUBHOT'O MEPCOHANA, YEII. 856 861 1,395 1,696 1,202 1,41
YucaeHHOCTb NPOU3BO/-
CTBEHHOT0 NEPCOHAa, Yell. 84889 96149 | 110568 | 121579 103296 1,18
Knaccndma- UncneHHOCTh MapKETHHIOBO-
O NepCcoHana, Jel. 4250 4106 7424 8063 5961 1,35
Mpoduns |1 NepcoHana
UnCIeHHOCTh TeXHUIECKOTO
COTPYAHHUKOB
P — nepcoHana / mepcoHana
P HUOKP, uern. 10520 | 12321 | 13727 | 16071 13160 1,22
UwncneHHOCTh (PUHAHCOBOTO
MIepCOHAaNa, Yell. 1311 1328 1783 1830 1563 1,17
UNCIEeHHOCTh COTPYIHUKOB
CO CTETIEHBIO0 MarucTpa Win
BBIIIE, YETI. 2901 3750 4422 5491 4141 1,33
UHCIEHHOCTh COTPYIHUKOB
Yposenp  |CO CTCIICHBIO OakanaBpa, den.| 18605 | 21708 | 26867 | 27770 23738 1,17
oOpa3oBaHusi |YHCIEHHOCTH COTPYJHUKOB
¢ mpoheccroHANBEHO-
TEXHUYECKOW KBAIU(UKA-
ue, ven. 44990 | 46793 | 51855 | 59393 50758 1,17
Jpyrue, gen. 35330 | 42514 | 51753 | 56585 46546 1,22
OO011ast YMCIEHHOCTD y4acT-
HUKOB TPEHUHTIA, Yell. 620039 | 571476 | 637007 |5448046 | 1819142 2,99
YHCIEeHHOCTh y4aCTHUKOB
00yuYeHHsT MCHEIKEPOB, uell. | 45989 | 14641 | 27411 | 27467 28877 0,95
Pa3Burue O6mmii OO0mIast YMCIEHHOCTD y4acT-
00yueHus 0630p HHUKOB 00y4eHHsI TeXHHYE-
COTPYAHUKOB CKOI'0 ¥ MApKETUHI'OBOT'O
MepCoHaa, Yell. 252361 | 166017 | 283869 | 223342 | 733917 3,04
YHCaeHHOCTh y4aCTHUKOB
00yueHus1 TPON3BOJICTBEH-
HOT'O [IEPCOHANa, Yell. 321689 | 173404 | 325727 [3187159| 1001995 3,18
530 Hayka
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Okonuanue maobn. 3
The End of Table 3

Iapamerp Wunukarop Ioxkasarens 2017 . | 2018 . | 2019 . | 2020 T. | Cpenuee |2020 r./Cpennee
[Iporpamma pa3Burtus
MepCoHaa, €. 46 48 53 55 51 1,09
PazButue  |YucineHHOCTDH ynpaBieHYe-
JMHUJEPCKUX |CKOTo MepcoHaa, HaXxo.s-
Ka4ecTB LIerocst B pe3epse, yel. 2627 3386 2916 3205 3034 1,06
Kymynarusaoe Bpems
oOyueHus, 4 81,263 | 41,416 | 54,288 | 68,160 | 61,282 1,11
IMpoexTs! mpodeccnonans-
HOTO pa3BUTHA, €1I. 76 603 817 809 576 1,40
OOyuenue |UMCIEHHOCTH yYaCTHHKOB
HEepPCOHANIA  |KypPCOB MOBBIICHNUS KBAJIU-
HaBBIKAM  |(HKaIWH, YeIl. 18767 | 301871 | 344920 | 326282 | 247960 1,32
PaseuTne KymynsatusHoe BpeMst 1,970,5 | 2,862,8 | 2,60 1,88
0GyueHus oOyueHus, 4 93,135 | 08,95 36,50 9,472 3,988 1,39
COTPYAHUKOB ITporpaMMel 06ydeHus, €. - 61 72 63 65 0,96
OOyuenne  YucnenHoctsh YYaCTHUKOB
HOBBIX KYpCOB, 4el. - 8025 10310 9647 9327 1,03
COTPYAHUKOB |1ty 1y irrBHOE BpeMs
oOyueHus, 4 - 200,092 | 273,922 | 256,733 | 243,582 1,05
Brytpennue |KONHYeCTBO MITaTHBIX
ceccuu JIEKTOPOB, Yell. 461 744 1604 2,492 1,325 1,88
110 0OMEHY | COBOKYIHOE KOJMYECTBO
OTILITOM pa3paboTaHHBIX KypCOB, €1I. 515 829 920 852 779 1,09
Kopnoparus- |I[locemaemocts onnaiin-
Has miathopmaloOydeH s, Yell. 12,000 | 18,000 | 54,965 | 110,728 | 48,923 2,26
OHJIAMH-
o0yueHus
WuTterpansHblil mokaszarens (b), yacts 1 1,44
OO0uMii KOpIOPaTHUBHBIN
JIOXOJI, ThIC. I0aHEH 240712,3(259664,8(278216,0(284221,2| 265703,5 1,07
Jlonst BO3HarpakaeHus
COTPYAHHUKOB B 00IEM
JIOX0Zie OpraHu3auuy, % 2,18 2,23 2,31 2,45 2,29 1,07
3arparsl Ha HUOKP,
DakTopsl, TakKe TBIC. I0aHei 8,478,2 | 9,810,8 | 9,638,1 [ 10118,6 | 9,511,4 1,06
OKA3BIBAIOMINE BIMAHAE |70 necryii B HUOKP
Ha KOHKYPEHTOCIIOCOOHOCTD |, oBImeM 10X0e
TIPOMBILIIICHHON OPTAHN3AUMH | o ypsaryn, % 3,52 3,23 3,46 3,56 3,44 1,03
O6wem mpoaax, B 10000 en. | 40802 | 41693 | 45668 | 50759 44731 1,13
O0beM MPOU3BO/ICTBA,
B 10000 ex. 42074 | 42194 | 46506 | 51099 45468 1,12
OTtHoeHne o0beMa MPoIaxK
K 00BbeMy IPOU3BOACTBA, %o 96,98 98,81 98,20 99,34 98,33 1,01
WurerpanbHblii mokaszates (¢), 4acThb 2 1,07
WuTterpanpHblil mokasarens (a), yactu 1, 2 1,26

Hcrounuk — pa3paboTka aBTOpoB Ha ocHOBe [13].

B Tabi. 3 mokazaHbl COOTBETCTBYIOIIUE IaH-
HbIe TpoMBITIIIeHHON opranu3anuun KHP Midea 3a
geTripe Toga (¢ 2017 mo 2020 r.), a Takke cpeaHee
3HAUCHWE, CAMHBIC IMOKA3aTed W WHTErPaIbHBINA
nmokasarenb ¢ = 1,26, paccuuTaHHBIE HAa OCHOBE
JAHHBIX 32 3T ronbl. Madmsmus B Kurae B 2020 .
cocraBmna 2,5 %. IloaroMy MOXXHO TpeaBapu-

Hayka
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TEJNBHO ONPE/CIIUTh, YTO KOHKYPEHTOCIIOCOOHOCTh
MPOMBIIIIJICHHBIX OPraHW3alliii Ha OCHOBE pa3BU-
TUSI KaJpOBOTO TOTEHIMANa MOBBIMACTCA. ODTOT
II0AX0J MOXKET OBITh HCIOIL30BaH I OLICHKHN
JPYTHUX MPOMBIILICHHBIX OPTaHU3aInH.

Crenyer OTMETHTb, YTO JaHHAs MPOMBIIIICH-
Has OpraHu3anus yaemsier ocodoe BHUMaHUe 00y-
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YEHUIO MJIAJIIEro NepcoHana (BKIIOYas IPOU3BOJI-
CTBEHHBIH, MAPKETHHTOBBIH M TeXHUYECKHii). MHTe-
rpajbHble ToKazaTenu il «OOmmed 4nucIeHHOCTH
YYaCTHUKOB OOYUYCHHUsS] TEXHUYECKOTO M MapKETHH-
TOBOIO INEpCoHaNIa» U «UMCIEHHOCTH YYaCTHUKOB
00y4eHHs] POU3BOJCTBEHHOTO MEPCOHAIa» MPEBHI-
cumm 3 1 Kakporo. IlocTosHHOE coBEpIIEHCTBO-
Banue (yHKIMH aTdopM OHIIAKH-00yYeHHs Tak-
e CHOCOOCTBOBAIO 3HAYMTEIHFHOMY YBEITHUYCHHUIO
yycia JIOJEH, yUacTBYIOIIMX B HEM. B To ke Bpems,
KOrZa KOHKYpPEHTOCIIOCOOHOCTh MPOMBIIUIEHHBIX
OpraHu3aluii, OCHOBaHHAs Ha PA3BUTUU KaJIPOBOIO
MOTEHIIMAIA, HAXOJUTCS Ha TIOABEME, HENb3sl UTHO-
pHUpOBaTh JaHHBIE, UL KOTOPBIX €IUHBIE ITOKA3aTe-
71 MeHbIle 1, — Takue Kak «UHUCIeHHOCTh yYacTHH-
KOB OOy4YeHHUs] MEHeIDKEpoB, 4el» u «lIporpamMmer
o0yueHus, e11.», KOTOpbIe B IIOCIEIHUE YETHIPE To1a
pa3BuBaroTCs MeUIeHHO. HeTpyaHo HaliTh COOTBET-

CTBYIOIYI0 3aBUCHMOCTb B Tabm. 3. Bo-mepBbIx,
nocJie o0y4ueHusl epcoHala B opraHuzanuu dpdext
o0ydeHHs] HE3HaYMTeNIeH, T. €. Pe3yJbTaTbl 00yde-
HHUS HE MOTYT OBIThb B IIOJJHOH Mepe OTpakKeHbI B
MIPOM3BOACTBEHHON NIESTEIHHOCTH, TTO3TOMY 3Haue-
HHUS HMHTErpajbHBIX MokazaTeneil «O0beM mnpous-
BoAcTBa» U «O0bEM MpoJaXx» 3HAUYUTEIPHO MEHb-
me, 4YeM 3HaYeHHEe HHTErpajJbHOrO TOKa3aTels
«UHCIEHHOCTh TEXHHUYECKOTO M MapKETHHIOBOTO
nepcoHana». Bo-BTOPBIX, OTCYTCTBYIOT MOATOTOBKA
YIIPaBJIEHYECKOI 0 NIEPCOHANA U JIUJEPCKUE KauecTBa
U CIIOCOOHOCTH MPUHATHS PEIICHUI UM, YTO TaKKe
MPUBOAUT K OTKJIOHEHUSIM B OOILEM IJIAHUPOBaHUH
U PYKOBOJICTBE OpPTraHU3alUsIMU.

[t HUBEMMpOBaHUS 3TUX (AKTOPOB TIpeia-
raercsi MoZieNb OLIGHKH Ha OCHOBE 3((EKTHBHOCTH
Pa3BUTHS KaJpOBOTO MOTEHIMAIA X KOHKYPEHTOCIIO-
COOHOCTH NIPOMBIIIUICHHBIX OpraHu3anuii (puc. 1).

Kin4eBble KOMIOHEHTHI OIEHKH
KUHRKY l.IHII'lUCIIUEUGII UCTH UM BIILIEHH il

OpPraHHzaANIR
I
I T 1
TIpoITE COTPYVIHIKOR PazEmTHe 0GYVHeHIE HHEIE
OPTANIALIH COTPYOIIKOD dantopL
1 II [ ] 1 ) ) 1 1 B
O6mnm Faccndm- VpuscHs bz Pussuiae QGyerne OfyaeHe BH&"ZSEEHG Qb
oﬁgmopm vams LINERLEER Oéglggi MUMENCRTY TEPCAHATA HOBEIX 110 QOMeRY - KOpHoparie-
; 3 HEIT T0X0;
TEPCOHATA HItR KaUeCTE HABRIKAM COTPYIHUEOR " Joxon
| | dicnenmoCTs e — e ten- Obwaa m ! KommecTeo TMocemas- Tonz
COTPY/FIKOE HOCTE HOCTE | THICIIEHHOCTE ?:Eo. {;Pgm LUTATEGL MOCTE e
i~ AOMMHICT- cotpymEM- | | YIACTINICOD 1 anngHom L HOBEX HERIUPUE O%WHH' JEHu
|- ®orRco TPCHHET A e VIEHILA COTPY, 0B
Tucnesmocts || | PEREEAT crememri0 | PA3EHIA, €. a2 ?ﬁmﬂ;{
. NepCoHana . HIEOR I
AL MarucIpa Yucnen- Ioxome
HA MEHCHI0 TH DL Cozoxymmoe
HOCTE OPTAHHSAITH
el AOOTHIKOE, e || kammecrra —_— KOMHHECTED
KOTOpEIE Hcnen- I YHACTHIEOR i i Kusueciso paspaburannpx
QOVYeHI HOCTE YUACTHHEOE | ||
BymyT mecm HOCTB Yicmen- J VUACTHUEOR EVpOoR
‘pacxomsl  ||H MPoH3BOZ- MEHeTHEpOR | | | YOPABMNER- | || KYpPCOE KYpCOB | | 3arpars Ha
CTESHHOTO HOCTh ) - IeCKOro npodeccio - IHOKP
I COTpYTHI- MEpCoHA, HATBHEX
. SpPCOHANA | |- :
Oomni I — KoB Co Ofmaa HAXOIAIIEr0 HAERKOE K
qJ‘UH\H . CTEMSILIO YHCIEHHOCTD CHE IE E],m VLIVIATHEHOS ']I{}J-m
L aapafiaTHoit 0aKanaepd | suaermmcos S
YnCneH- I— 0Byuemma, 1 HHESCTHINGL
o m}am o HOCTL 1 00VIEHIIE Kynaynamie- B ! = sHHOKP &
pyBHIOB ||| e || [ memem | ERSCKO- | || Kynrymmpm- | - Hoe Epex obmenm goxome
TOBOTO HOCTE ronmap- | L hoe EpeMs wOyuerMa, 4 OprAIAITE
LEPCUHAIE COTPYITHH- HATHUHTOROTD 06'\-"!‘}111’15,‘!
103 IepCOHATA -
KOD € Ipo
K teccuo-
YUCIeH- [ — Obnem
HOCTE: IEAHHECR VI Tncaen- e, MmOt
TEXHIHECKO- wRATHU- HOCTE (810000 ex.)
4 T0TEpCo- Kammieit VHACTHHEOR
Hama/ S —— obyHerE
NepCoHana IPOI2E0ICT-
HHOKP BEHHOTO Obbent
—_— Apyrue nepconaTa — NpPOH3E0ACTER
(210000 ex)
cnes-
Hudlb
' fmanco-
BOTO OtHOLIeHNE
nepoHAIa | 00bena mpopak
& ubbeay
TNOITRROTICTRA
Puc. 1. MoJienb OIIeHKH KOHKYPEHTOCIIOCOOHOCTH MPOMBIIIICHHOW OpraHU3alui
Ha OCHOBE pa3BUTHS KaJpOBOIo MOTEHIAIA
Fig. 1. Model for assessing competitiveness of industrial organization based on human resource development
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B ocHOBe MOpENIH JEKAT CICAYIONINE KOMIIO-
HEHTBI OLICHKH: MPO(HIL COTPYIHUKOB OpraHu3a-
UM, pa3BUTHE OOYYEHUS COTPYIHHKOB, OOIIHE
cBejicHUs 00 opranusanuu. BosaeiicTBue Ha naH-
HbIe (haKTOPBI JOJDKHO MOBBICHTH KOHKYPEHTOCIIO-
COOHOCTh TPOMBIIIICHHBIX OpraHU3al|i MPH Iie-
pexone Ha «Muayctpuio 4.0». B aToM cimydae ypo-
BEHb Pa3BUTHS KaJpPOBOro IMOTEHIHANa Oyaer
UMETh OMNPEJICIISIONIYI0 POJIb IIPH BEIOOPE cTpare-
TUH JTATBHEHIIIETO Pa3BUTHUS OpraHU3aI|Hy.

BBIBOJ]

OnuchIBalOTCA OTJIMYUTENBHBIE OCOOCHHOCTH
«Muapycrpun 4.0», yueT KOTOPBIX BBISBISET OIpe-
JIETISIONIYI0 pOJb YPOBHA Pa3BUTHUS KaJIpOBOTO IO-
TEeHIIMaja TPHU BBIOOPE CTPATETHUH NadbHEHIIEero
pa3Butus. B TO e BpeMsi aHaIU3UPYIOTCS COOT-
BETCTBYIOIIE JAaHHBIC IS BBISICHCHUS B3aUMO-
CBSI3M MEXIY YPOBHEM KaJpOBOTO MOTEHLHANIA U
KOHKYPEHTOCTIOCOOHOCTBIO TIPOMBINIIICHHBIX Op-
rann3zanui. [loka3zatenn OLEHKH KOHKYPEHTOCIO-
COOHOCTH MPOMBIIIICHHBIX OPraHU3allui MPU Tie-
pexone Ha «Munyctpuro 4.0» aensTcs Ha Te, YTO
OCHOBaHbBI Ha KaJ[pOBOM TOTCHIIMAJIE, U HHBIC (akK-
TOPBI, OKa3bIBAIOIINE BIMSHIE HA KOHKYPEHTOCTIO-
COOHOCTh IPOMBINUICHHBIX OpraHu3aiuid. ABTOp-
CKUH METOJWYECKHUI MOAX0J K OLEHKE KOHKYpPEH-
TOCIIOCOOHOCTH  MPOMBIIIJICHHBIX — OpraHU3aIUuN
MOApPa3yMEBAET PacyeT MHTErpalIbHBbIX IOKa3aTe-
Jied, MHTEePIPETAINI0 BO3MOXHBIX JOCTUTHYTHIX
YPOBHEMN 3THUX MOKa3aTeyied U OUCAHUE CTPATEruu
KOPPEKTUPOBKHU. YPOBEHb UHTETPANBHOIO MOKAa3a-
TeNsi KOHKYPEHTOCHOCOOHOCTH IPOMBINUICHHBIX
OpraHu3alliid MOXXET YKa3blBaTh Ha: IOBBIIICHHE
KOHKYPEHTOCITOCOOHOCTH TIPOMBIIIJICHHBIX Opra-
HU3aLMA HAa OCHOBE PAa3BUTHUS KaAPOBOTO IMOTEH-
[yana; OTPaHMYEHHBIH POCT KOHKYPEHTOCIOCO0-
HOCTH MPOMBILUICHHBIX OpPraHU3aluidl Ha OCHOBE
Pa3BUTHS KaJAPOBOTO MOTEHLMAJA; CHU)KEHUE KOH-
KYPEHTOCIIOCOOHOCTH TPOMBIILICHHBIX OpPraHu3a-
uui. Mcnonap30BaHue TaKOrO METOOUYECKOrO MOA-
X0Jla MPEANOaraeT pa3InyHble MYTH MOBBIICHUS
KOHKYPEHTOCIIOCOOHOCTH TIPOMBIIINIEHHBIX Opra-
Hu3anuii. OH TPUMEHUM HE3aBUCHUMO OT YPOBHA
Pa3BUTUS KaJAPOBOro MOTEHIMANA TPOMBIIUIEHHOMN
OpraHU3alNH.
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