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Opranuzanus NpoueccoB pemieHns PyHKIUOHAIBHBIX 32124
B MYJIbTHATEHTHBIX CHCTEMAaxX

Kanauaarsl TexH. HayK, AoueHTbI A. B. I y.]Iaifll), B. M. Saﬁuenl)

1)]Senopyccmm HAIIMOHAJIBHBIN TeXHUYeCKHid yHuBepcuTeT (MuHCK, Pecrrybnmka benapycs)

Pedepar. [Ipu pa3paboTke TEXHOJIOTHII yIpaBiIeHHs PON3BOACTBEHHO-TEXHUYECKUMH CUCTEMaMH HaOJII0O1aeTCsl TSHICHIIMS
K HCIIOJIb30BaHUIO MPUHIUIIOB MYJbTHAI€HTHOCTH, KOTOPBIE OTPa)KalOT Pa3BUTHE CHUCTEMHON KOHLEHIMU PacIpe/eleHHON
00paboTKH BeleCTBa, SHEPruM U MHpopMauuu. s BBIIOJIHEHHS PaOOT M peLICHUs LEeNeBbIX (QYHKIMOHAIBHBIX 3a/a4d B
MyJIbTHAr€HTHBIX CUCTEMax IPEAIoaraeTcs 3a/IeCTBOBAHUE MAapaJuIeNbHO (QYHKIHOHUPYIOUINX CHCTEMHBIX 0OBEKTOB, KO-
TOpBIE B ONPEIETICHHOH Mepe HaJeISIOTCS CyOBEKTHBIMHU TIPABaMH M UTPAIOT POJIb HCIIOMHUTEIBHBIX areHTOB. 3a CUEeT BBEJIe-
HUSI KOMIOHEHTOB MHTEIUICKTYaIbHOTO yIIPABICHNS! COCTABHBIMU YacTSIMU IPOCKTHPYEMOH CHCTEMBI PEaTH3yIOTCsI IPOLECCH
WX UHIUBUIYAIBEHOTO U TPYIIIOBOTO (QyHKIMOHMpOBaHUS. C y4eTOM 3TOr0 B CTaThe MPOAHATH3UPOBAHEI OCHOBHEIE CXEMBI
OpraHu3alUy IIPOLECCOB PEIeHNs (PYHKINOHATIBHBIX 33/1a4 U IIPEIOKEHBI IToKa3aTend 3G (HEeKTHBHOCTH IPUMEHEHUS MY JTb-
TUAreHTHBIX TEXHOJIOTUI. B 4acTHOCTH, pacCCMOTPEH BapHaHT PELICHUS HECBSI3aHHBIX CUCTEMHBIX 3a/lad C UCIIOJIb30BAHUEM
OJIHOTHIIHBIX HCIIOJIHUTEIbHBIX areHToB. IlokazaHa BO3MOXKHOCTh NPUMEHEHUS OJHOTUIIHBIX areHTOB JUIS PELIEHUs MHOIO-
BapHaHTHBIX 3aJa4 C MOCNEAYIOMUM TOMydeHHeM KOHCONUINPOBAHHBIX pe3ysbTaToB. IIpuBeneH Takxke BapuaHT MpeaBapH-
TEJIbHOH JIEKOMIIO3UIIMH 331a4 Ha OTAEJIbHBIC JIOTUYECKH 3aBepLICHHbIE (a3bl M JaIbHEHIIero noiy4YeHus: arperupoBaHHOrO
pesynbraTa. [IpeacTaBieH MOAXOA K pemIeHuo (yHKIMOHATBHBIX 3a/ad HA OCHOBE KOHBEHEPHOH MapauiebHO-II0CIe 0Ba-
TENBHON pealn3allil UX OTACIBHBIX CTaIHi W MOCIEAYIOIIEro 0TOopa aJeKBaTHOTO pe3yibTaTa. B kadecTBe mokasareneit
3¢ PEeKTHBHOCTH IPUMEHEHUSI MYJIbTHAT€HTHBIX TEXHOJOTHH K PENIEHHIO CHCTEMHBIX 33714 MPEJIOKEHBI U IPOaHaIH3UpPO-
BaHBbl XapaKTEPUCTUKH, OCHOBAHHBIC HA OLCHKE BPEMECHU U BEPOSITHOCTH IIOJyYCHUS KOPPEKTHBIX pe3yabTaToB. Tak, rpynmna
HOKa3aTeliel, XapaKTepU3yIOIUX NPOIEecC PelIeH s, BKII0YaeT olliee BpeMs BHIIOJIHEHHS 3a1a4 IPYIIION areHToB, a TaKkxkKe
K02 GUIMEHT KOMIIPECCHU B BHJE OTHOIICHUS CPEIHET0 3HAUCHUS] BPEMEHHU OJIHOATCHTHOTO IOCIIEA0BATEIBHOIO PEIICHHS
Habopa 3aJay K HOPMaTUBHOMY BPEMEHH MX MyJTHAareHTHOTO HCHONHEHUs. PaccMaTpuBaeMsblii mpolnecc XxapakTepusyeTcs
TaK)KE PACUETHON BEPOATHOCTHIO OOECIedeHHs HEOOXOAMMOTO MHOXKECTBA PEIICHHH 3a 3aJaHHOE HOPMATHBHOE BpPEMS U
BEPOSATHOCTBIO TOIYYEHNSI MHOJKECTBA KOPPEKTHBIX PE3yIbTaTOB IIPU MHOTOKPATHOM INApaJUICIbHOM PEUICHHH 33aa4u C HC-
TI0Tb30BAHIEM TPYMITBI aTCHTOB.

KuroueBble cj10Ba: MPUHIMIT MYJIBTHATCHTHOCTH, paclpee/IiCHHasi CUCTEMa, HHTEIIEKTHOE YIIPaBJICHUE, UCIIOJHUTEIIbHBII
areHT, KOJUICKTUBHOE MOBEJCHUE, ACKOMIO3HLMS 3a/1a4, CHHXPOHHU3ALUs JeHCTBUIA, arpernpoBaHHbIN pe3ybTar, Koadduim-
€HT KOMIIPECCUHI

Jas murupoBanusi: ['ymail, A. B. Opranuzanusi npomeccoB penieHus (GyHKIIMOHAIBHBIX 331a4 B MYJIbTHATCHTHBIX CHCTE-
Mmax / A. B. I'ynaii, B. M. 3aiitieB // Hayka u mexuuka. 2025. T. 24, Ne 2. C. 87-97. https://doi.org/10.21122/2227-1031-2025-
24-2-87-97

Organization of Processes for Solving Functional Problems in Multi-Agent Systems
A.V. Gulay", V. M. Zaitsev"

YBelarusian National Technical University (Minsk, Republic of Belarus)

Abstract. When developing technologies for managing production and technical systems, there is a tendency to use the prin-
ciples of multi-agency, which reflect the development of the system concept of distributed processing of matter, energy and
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Hugpopmamuxa

information. To perform work and solve target functional tasks in multi-agent systems, it is assumed that parallel functioning
system objects are involved, which to a certain extent are endowed with subjective rights and play the role of executive
agents. By introducing components of intelligent control of the components of the designed system, the processes of their
individual and group functioning are implemented. With this in mind, the article analyzes the main schemes for organi-
zing processes for solving functional tasks and suggests indicators of the efficiency of multi-agent technologies use.
In particular, a variant of solving unrelated system tasks using the same type of executive agents is considered. The possibility
of using the same type of agents to solve multivariate problems with subsequent consolidated results is shown. A variant
of preliminary decomposition of tasks into separate logically completed phases and further obtaining an aggregated result is
also given. An approach to solving functional tasks based on a parallel-sequential conveyor implementation of their individu-
al stages and subsequent selection of an adequate result is presented. As indicators of the effectiveness of the application
of multi-agent technologies to solving system problems, characteristics based on the assessment of time and probability
of obtaining correct results are proposed and analyzed. Thus, the group of indicators characterizing the solution process
includes the total time for completing tasks by a group of agents, as well as the compression coefficient in the form of the ratio
of the average time of a single-agent sequential solution of a set of tasks to the standard time of their multi-agent execution.
The process under consideration is also characterized by the calculated probability of providing the necessary set of solutions
in a given standard time and the probability of obtaining a set of correct results with multiple parallel solutions of the problem
using a group of agents.

Keywords: principle of multiagency, distributed system, intelligent management, executive agent, collective behavior, task
decomposition, synchronization of actions, aggregated result, compression coefficient

For citation: Gulay A. V., Zaitsev V. M. (2025) Organization of Processes for Solving Functional Problems in Multi-Agent

Systems. Science and Technique. 24 (2), 87-97. https://doi.org/10.21122/2227-1031-2025-24-2-87-97 (in Russian)

BBenenue

B mpoekTupoBaHMM CUCTEM YIIPaBICHUS TPO-
W3BOJICTBEHHO-TEXHUYECKOTO HA3HAUCHUS B Ha-
cTosIIee BpeMs HAONIOJaeTCs CYIIEeCTBEHHOE BU-
JIOU3MEHECHUE METOJ0JIOTHYECKON TIaT()OPMBI MX
apXUTEeKTypHOro mocTpoeHus. OHO BBIpaKkaeTcs
B CMEIICHWH OpTaHW3allH pelIeHus TpeOyeMoro
HAOOpa LENEeBBIX CHUCTEMHBIX 3aj1a4 M0 00paboTKe
WIN TPeoOpa3oBaHUIO BEUIECTBA, SHEPTHH U WH-
(hopMaruu B HaNpaBJICHUU WCIIOIB30BaHUS MPUH-
LIUIOB MyJbTUareHTHOCTHU [1—4]. 714 BBITIOIHEHUS
paboT m pemieHHs 3amad B MYJBTUATCHTHBIX CHU-
CTeMax MpeAroiaraeTcs IIMPOKoe 3aIeiiCTBOBaHUE
Trpynn NapajuieIbHO (QYHKIIMOHUPYIOIIMX CUCTEM-
HBIX 00BEKTOB, KOTOPBIC MOJYYUIA HAUMEHOBAaHUE
WCTIOJTHUTEHHBIX areHTOB.

PaccmaTpuBaemas KOHICNIUS MYJIbTHATCHTHO-
CTH OXBAaTBIBAET CIEAYIOIINE aCIeKTHl (HopMHPO-
BaHUS YKa3aHHBIX CUCTEM [5—7]:

e TECOPETUUECKUE OCHOBHI HHIUBUIYJTU3UPO-
BAaHHOTO AIIapaTHO-TIPOTPAMMHOTO TIOCTPOSHUS
areHTOB C BO3MOXKHOCTBIO MOCIIEAYIONIETO UX 00b-
€JIMHCHUS B TPYMIIBI C 3JICMCHTAMHU KOJUICKTHBHO-
TO TTOBEJICHMUS;

e APXHUTEKTYpPHBIC ACIEKTHl CO3AaHUS MYJIBTH-
AreHTHBIX CHUCTEM W TPHHLUIIBI YIIPABICHUS TMPO-
[ecCaMi WHAWBHUIyaIbHOTO W TPYMIIOBOTO (PyHK-
[IUOHHUPOBAHUS areHTOB;

e METOJIBI U CPEJICTBA TMOJAJEPIKKA MOOMIBLHO-
CTH W TPYNIIOBOW LEITOCTHOCTH HMCIOTHUTEIBHBIX
areHTOB;
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e TIPOLIECCHI COCTABJICHUS IUIAHOB COBMECTHBIX
JICCTBUI areHTOB B TIpylnax M MX CHHXPOHU-
3a1H;

e IPHEMBI Pa3pEIICHUs BO3MOKHBIX KOH(IHK-
TOB YacCTHBIX LEJEd U JIEUCTBUN areHTOB B IpyI-
nax;

e IPOLIEAYPHI BHIIIOJHEHUSI areHTaMHU CBOUX 3a-
Iad u (QYHKIIUOHAIHEHON JIOKATHU3alluk HW30BITKA
areHTOB C YYeTOM TpeOOBaHWS MUHHMH3AIUN B3a-
HMMHBIX ITIOMEX;

e crtocoObl  ObecnieueHuss (QU3MYECKOH W WH-
(opMaImoHHOM 0e30MacHOCTH TPYII HCIIOJIHU-
TEJIBHBIX areHTOB.

Heo0xoauMo OTMETHTBH TaKke, 4TO pealbHOe
nposiBiieHHe 3(PQPEKTUBHOCTH PaccMaTpPHBAEMBIX
MYJIbTHAr€HTHBIX TEXHOJOTUU CIeNyeT OXUAaTh
B TOM CiIy4ae, €CIi BBHINOJIHSEMbIC Pa0OThl HIIH
3a/laul UMEIOT OJHOPOAHYIO CHCTEMHYIO HaIpaB-
JICHHOCTh W TIPUHAJIekAT K o0Imeld mpobieMHON
00JIacTH WM K 00JacTH B3aUMHOTO NEpecedeHHs,
HaJIO)KEHUS OIPEACIICHHBIX NMPEAMETHBIX HaIlpaB-
JeHuld (HarmpuMep, HHPOPMAIIMOHHOTO, MaTeMaTH-
YEeCKOTro, TEXHUUYECKOT0, BOEHHOT'0, I€0/1e3NYeCKO-
ro, TOmorpaduIeckoro, CTpOUTETHHOTO, MEIUIIHH-
CKOTO0, DKOJIOTHYecKoro u apyrux). Kpome Toro,
pabotam u 3amadaM [OJDKEH OBITh CBOWCTBEHEH
MO3UTHBHBIA OTKJIMK Ha KOHLEHTPALUIO MaTepu-
QNBHBIX W WH()OPMAIMOHHBIX YCHUJIWHA TPYTITBI
areHTOB, MPHUBJICKAEMBIX K PEUICHUIO 3alad WIH
K PELICHHUIO OTACIBHBIX COCTAaBHBIX YacTE€l BHI-
MIOJTHAEMBIX 3a7aHuil. B HanOosee OaaronpusTHOM
cily4ae 3aJayd JOJDKHBI JIONyCKaTh JEKOMIIO3H-
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IIUI0 Ha HEKOTOPOE KOJIMYECTBO CaMOCTOSTEIIbHBIX
MoJ13aa4, KOTOPbIE MOTYT PacCMaTPUBATBhCS Kak
OTJIeNbHEIC a3kl pabOT s JOCTHUKEHHUS OOIIETo
pelieHrss Ha MoJHA0Opax HaYaabHBIX YCIOBUU U
MIOTIAPHO HeTepeceKaroNInXcsl mofHabopax UCXOo-
HBIX JIaHHBIX.

AHau3 Hay4YHO-TEXHUYSCKUX MCTOYHHKOB I10-
Ka3bIBaeT, YTO CYIIECTBEHHBIC Pe3yJbTaThl MO CO-
3IaHUI0 PaCIpPEICICHHBIX MHOTOAreHTHBIX TEXHO-
JOTUH MOTYT OBITh JOCTHTHYTHI B 0OJIACTH TIepe-
maan u obpabotku wmH(popmanuu [6, 7]. OmgHAaKo,
HECMOTpPsSI Ha 3HAYUTEIbHBIH O0BEM TEOpeTHYe-
CKAX W TPHUKIATHBIX paboT, BBITOJHEHHBIX Ha
JTAHHOM TIPOOJIEMHOM HAIpaBJIICHUH, OCTAETCS OT-
KPBITBIM BOIIPOC 00IIETr0 (hOPMAIBHOTO OIMHCAHUS
KaTeropuii CHCTEMHBIX 3a7]ad W BBIAEIICHUS HA0O-
POB TPU3HAKOB, MPH KOTOPBIX MOTYT OBITH TMOJY-
YEHBI OLIYTUMBIC MMPEUMYIIECTBA MYJIbTHATCHTHO-
ro pachapajuieIuBaHus padoT B Pa3IMYHBIX MPH-
noxeHusax [8—11]. Kpome Toro, HemocTtaToyHO
popadOTaHbl METOMABI MPEIBAPUTEIHHON OICHKU
KOJJIEKTUBHOTO (DYHKIIMOHAJIBHOTO TOTEHIHAa
TPYyIN areHToB, YTO HEoOXommMo i crenudu-
KallMi, pacuyeToOB M COIOCTABJICHUS MOKa3aTesei
3(PEeKTUBHOCTH TPHUMEHEHHS paccMaTPHUBACMBIX
TexHonoruid. C y4eToM 3TOTO B CTaThe MPOAHAIH-
3UPOBAaHbl OCHOBHBIC CXEMBbI OpPraHHM3AIMU IPO-
[[ECCOB pelIeHrs (PYHKIHOHAIBHBIX 33/1a4 U Mpe/I-
JIOKEHBI TToKa3aTeny 3((HEeKTUBHOCTH MPUMEHEHUS
MYJIbTHAr€HTHBIX TEXHOJIOTHH.

Konuenuus NPUMEHECHUSA MYJIbTHATI €CHTHBIX
TEeXHOJIOTHH B pE€UIeHUH CUCTEMHBIX 3a1a4

B kauectBe mokazatenei 3pdekTuBHOCTH TIpU-
MEHEHHS MYJIbTHATCHTHBIX TEXHOJOTMH K BBIMOJI-
HEHHIO Habopa paboT WM K PELICHUIO CUCTEMHBIX
3amau {Z;} (i=1,2,..,M— HOMEp 3amaum) NpHu
pacrnapajIleIMBaHUM  TPOLIECCOB WX  pEIICHUs
MexAy () areHTaMHu BBIOMPAIOTCS CIIEAYIOIINE Xa-
PaKTEpUCTUKH:

» o011ee TpedyemMoe MM HOPMAaTUBHO 3aJaHHOE
Bpemst 7(Z, X, M, Q) obecrnieyeHns: mapaieIbHOTO
BBIMONIHEHUsT M pabor wiu pemenus M 3amay
u3 obuiero Habopa Z Mpy MCHOJIb30BAHUH HAaYallb-
HBIX YCIOBUM U HCXOIHBIX NAHHBIX X TpyIIION
u3 O areHToB;

e pacueTHasi BEPOATHOCTb Pzp(Q) obecneue-
HHUS HEOOXOJMMOIO MHOXKECTBA pPEUICHUH Rz,
aJIcKBaTHBIX HAYaJbHBIM YCJIOBUSM M HCXOIHBIM
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JMAHHBIM TSI HaOopa paboT wiu 3a7ad, 3a 3aaaH-
HOe HopMaTuBHOe Bpems 1(Z, X, M, Q);

e ko3ppuuuent xommpeccun K(Z, X, M, Q) B
BHIE OTHONICHHS CpPEAHETO 3HA4YCHHS BPEMEHHU
OJTHOATEHTHOTO TOCIICA0BATEIILHOTO PEIICHUS Ha-
6opa 3amau 1(Z, X, M, (Q=1) K HOpMaTUBHOMY
Bpemernn 1(Z, X, M, ) X MHOTOareHTHOTO pellie-
HUS C YYETOM BPEMEHHU BBIMIOJHEHHS MPOIEIYD
VOpaBJICHUS areHTaMH W 3aKpeIlUIeHHs 3a HUMH
KOHKPETHBIX PadOoT WK 33aj1a4;

e BEPOATHOCTL P(Z;, m, Q) MoiaydeHus HE Me-
Hee M KOPPEKTHBIX PEIICHUN Onpee/ieHHON 3a1a-
4y Z; npu ee (J-KpaTHOM MapajlIeIbHOM PEIICHUN
C HCTIONIb30BaHneM () areHTOB.

B03MOHO BBIZICTICHHE CIICIYIOIIUX KaTerOpHid
3amad (A—D), mpuHIMNHUAIRHO AOMYCKAOIIUX (-
(beKTUBHOE TPUMEHEHHE MYJIbTHATCHTHBIX TEXHO-
noruii [4].

A. Habop caMoCTOSATEeNBHEIX 3aaad {Z;} ¢ HO-
MepaMH i, KOTOpPBIE peatn3yloT HecBSI3aHHBIE HH-
TUBUIyaIbHBIE METOABl U aTOPUTMBI BBIPAOOTKU
pemenuit {F;} u, cienoBaTeNbHO, B MPUHIIUIIE J10-
ITyCKAaIOT TOCJENyIollee WX MapaielIbHOe pellie-
HUE Ha HA0Opax HWHIWBUIYaJIbHBIX HAYAJIbHBIX
YCIIOBUM M MCXOMHBIX JaHHBIX {X;} ¢ HaXOXKICHU-
€M MHOXXECTBa Pe3yJIbTaTOB

RZMQ = {Ri(Zi’ )(1)} .

B. CamocTrosiTenbHasT MHOTOBapuUaHTHasl 3aja-
4a Z; (¢ HOMEPOM j), UMEIOIAasi HEKOTOPBIN aJro-
puT™M pemieHus F; u TpeOylomas mapasnieiabHOro
HaXO0XJICHUS Pe3yJIbTATOB PEIICHUH IS pa3ind-
HBIX BAPUAHTOB X, HAYAILHBIX YCIOBUH M HUCXOI-
HBIX gaHHBIX X = {X,}, w=1,2, .., W— Homep
BapuaHnTa. [locneayromiee GopManbHoe 00bEIHHE-
HUE ITHX PE3yJbTaTOB MPHUBOJUT K IMOTYyYCHUIO
KOHCOJIWJIUPOBAHHOTO PEIICHHUS

RZWQ = {Rw(Za Xw)} .

C. CamocrosTensHas MHOrodasoBas 3ajgaya Z;
(c HOMepOM ), momycKaromasi JIeKOMIO3HULIUIO Ha
N caMOCTOATENBHBIX NOA3a1a4 Z; = {Zj}, KOTOpbIE
paccMaTpHUBarOTCs Kak OTAeIbHbIE (ha3bl padoT ams
JOCTIDKEHUsST O0IIero pemteHus Rzyp, MOCIEnylo-
miee napajjiesbHOe pelleHHe IoJ3afad Ha IOJ-
Habopax HayaNbHBIX YCIIOBHH U MOMApHO HeEmepe-
CEKAIOIUXCS IOAHA0OpaX HCXOOHBIX JaHHBIX
Xy=1{X}; X% N Xy=9; k,q=1,2,.., N ¢ 00b-
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CANHCHUEM PE3YJILTATOB B 06H1ee arperupoBaHHOC
peuicHue

_ N
RZNQ_ szl(lj Rj(zj,xj),

rie o; — Koo OUIHUEHTHl KOMIIO3ULINY.

Pa30OueHne cucTeMHON 3a7a4Ml Ha OTICIBHBIC,
pa3po3HeHHbIe (Pa3bl HA3BIBAIOT MPOIECCOM «CTHU-
OaHM.

Cpenu 3amau kateropun C BeIIensieTcs: KpaitHe
Ba)XHBI B MParMaTHYeCKOM OTHOIICHUM BAapHUAaHT,
Korma (opMupyeMbie pe3yNbTaThl BBITOJHEHUS
ouepenHOW (a3bl ABJISIOTCS WCXOIHBIMU JJISI BBI-
MIOJTHEHMSI TIOCTeAyIonel ¢a3el W TpeOOBaHUS
XN X, = © 1160 BOOOILE HE BHINOIHAIOTCSA, JINOO
BBIMOJTHSIFOTCS  TOJMBKO Ui OTHCIBHBIX  COYe-
TaHUI HaYalbHBIX YCJIOBUH M HWCXOIHBIX JaH-
HBIX k, g. B aTOM ciiydae «crmbanue» B 00IIeM
TUTAHE HEBO3MOXKHO, OJIHAKO TPU MOTOYHOM Xa-
pakTepe TOCTYIUICHHsI B CHCTEMY TpeOOBaHHA Ha
peleHue 3aaa4u Z MOXeT ObITh OPraHU30BaH MO-
CIe0BaTEIbHO-TIapaJUIeIbHBIA PEXUM KOHBEMep-
HOro (PyHKIIMOHWpPOBaHUS () areHTOB 1O 00paboT-
K€ MOTOKOB TPEOOBAaHUI M JOCTUTHYT OIpPE/ICIICH-
HBI MO3UTHBHBIN 3 (PEKT.

D. OrnenbHas pabora, 3a7ada Z; WM €€ MOJ-
3aja4a Zjy, IUIS BBINOJTHEHUS KOTOpPOH Tpedyercs
OpraHM3anus MapauiedbHOro (J-KpaTHOTO pelile-
HUS C IEJIBIO TMONYYCHUS HE MEHEE 7 KOPPEKTHBIX
pe3yibTaTOB, WX MOCIEIYIONIETO COMOCTaBJIC-
HUS U OTOOpa Ui TOBBIMIECHUS PE3yIbTUPYIO-
el BEpOSTHOCTH BHIPAOOTKH aJICKBATHOTO pellie-

HUS Pzpe; uimnt P, ...

3necy u ganee npu onucanuu 3azad B, C, D
UCTIONb3YeTCs 0003HAYCHHE HOMEpA 3a/1auH j C TeM,
9TOOBI 0CO00 TOMYEPKHYTh, YTO MHOTOBAPHUAHT-
Hasi, MHOrogasoas 3anada Z; (C HOMEPOM j) MoO-
JKET OBITh JIIEMEHTOM MHOKECTBA 3a1ad {Z;}.

[ns mpenBapuTenbHOM OLIEHKH IOKa3aTesen
3((HEeKTUBHOCTH TPUMEHEHHS MYJIbTHAICHTHBIX
TEXHOJIOTHH K pelIeHHI0 Habopa CHCTEMHBIX 3a-
mada  {Z;} OOBEKTHMBHO TpeOyeTCcsl MPOBEACHUC
MPEIBAPUTEIBHBIX IMITUPUUECKAX M IKCHEPTHHIX
WCCIIEZIOBAaHUH MPOIECCOB BBIMTOIHEHMS PadOT WU
peuieHus 3anad B OAHOAreHTHOM pexkume. Llenbro
TaKUX WCCIICIOBAHUN SBJISETCS TOCTPOCHHE WH-
TepBasioB pacupeneneHust {71;min; Iimax) 3HAYCHHUN
JUTUTEIBHOCTH BBITIOJIHEHUST PabOT WM pEHICHUS
3a/1a4, aIeKBaTHBIX HAYaJbHBIM YCJIOBHSIM W HC-

90

XOJIHBIM JTaHHBIM, a TaKXKe CTIaXUBAIOIIUX pac-
MIpelleNieHni 3THX 3HAYeHWH B BUAE (QYHKIHN
IUIOTHOCTH pachpe/ielieHus: BEpOSTHOCTH {f(?)}.

Kak mpaBmuiio, B TEXHOJIOTHIO TIOCTPOCHUS CH-
CTEMBI BBOJUTCS MIPOIEAYypa 0053aTSIILHOTO MPe/I-
BapUTEIHHOT'O0 KOHTPOJISI KOPPEKTHOCTH MCXOIHBIX
YCIIOBUM W JAHHBIX IS WCIOJHEHHS TOTO WU
WHOTO TIpOIIecca, a TakXe KOHTPOJs o0IIero Bpe-
MEHHU pealln3aliil OTAETBHBIX MPOIECCOB. DTOT
KOHTPOJIb OCYIIECTBIISETCS C TIOMOIIBIO CPE/ICTB
OIICHKM KOPPEKTHOCTH H HENPOTUBOPEUHUBOCTU
CBEJICHWH Ha BXOJaX TMPOIECCOB M CPEICTB
MIPEeIOTBPAIICHNS 3AIUKINBAHANA. DKCIEPUMEHTHI
0 BBIMOJHEHHUIO PEATIbHBIX PA0OT MJIH MO «IIPOro-
Hy» peaJIbHBIX 3a/1ad (a Takke MX MOJEeJeil) mo3-
BOJISIIOT OLICHUTH T'PaHUIIBI MHTEPBAJIOB pacmpese-
neHud {7T; min; Tjmax}- 1101 IpOLIEAYPOH «IIPOTOHA»
3[1eCh TMOHMMAETCS MPOIECC OJHOKPATHOTO perlre-
HUS KOHKPETHOM CHCTEMHOHM 3aJaud OT Hadajia
JI0 KOHIIA.

B pape ciydaeB mapamerpbl T, MOTYT CO-
OTBETCTBOBaTh MOMEHTAM BpPEMEHH «OTCEUKM»
MPOIIECCOB pEIICHUS 3anad MpH BHISIBICHUN He-
KOPPEKTHOCTEN MCXOJIHBIX YCJIOBUM M JAHHBIX,
a mapaMeTpbl 7T}, — MOMEHTAM BPEMEHHU «OTCEU-
Ki» TPOIECCOB TPU BHISABICHWU (aKTOB HanOO-
Jiee BEpOSITHOTO 3alukinBaHusA. «OTCedkoi» B
MOMOOHBIX CIIy4asXx Ha3bIBACTCSA NPUHYIAUTENb-
HOE CHSITHE IMPoIiecca PEUICHUs] CUCTEMHOM 3a1auu
C UCTIOJIHEHUS TIPH Yrpo3e 3aluKiInBaHus. Beene-
HUE TPOIEAYpPhl «OTCEYKW» TNPUBOAUT K TOMY,
YTO B Ka4eCTBE pacrpeiesieHs] BpeMEeHH KOPPEKT-
HOTO pelIeHUs 3aJad MpH MPOBEACHUH CUCTEM-
HOTO aHajm3a HEOOXOIUMO MPHUMEHSTh pacIpe-
nenenus {f; (¢)}, yceueHHble Ha HMHTEpBalIax
{T;min; Timax}. OHE (HOPMHUPYIOTCS C TOMOIIBIO
MIPOLIEAYP HHTEPBAILHOTO YCEYEHHUs, IpeIBapH-
TENbHO TOAOOpPAaHHBIX DKCIIEPTaMU CTIaKHUBAIO-
IUX pacnpeneneHuit {fi(z)}.

Ecnu B pesynmpTraTe SKCIEPUMEHTOB MOITYyYEHBI
JTAHHBIE, KOTOPHIE MO3BOJISIOT IO TIPaBHJIaM UX CTa-
TUCTHIECKOH 00pabOTKH aroCTEPHOPHO BBIYMCIIATH

cpenuue 3uauenns u mucnepenn {M,, D).} yce-

ti’
YCHHBIX PACIPEICICHUI BPEMEHH pPEIICHUS OT-
JeNTbHBIX 3a71a4, TO METOJOM BBIpAaBHUBAHUS Mep-
BOTO OCEBOTO M BTOPOrO IEHTPAJIHHOTO MOMEH-
TOB MOTYT OBITH IMOAOOPAaHBI CPETHHE 3HAUCHIIS

u nucnepeun {M D”.} JUIS CIVIQKUBAIOIUX U

ti>
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B JIAJIbHEUIIIEM YCEeKaeMbIX pacrpeneneHui {f{(7)}.
YceueHHbIE pacpe/ieNieHns CBA3aHbI C arloCTEPUOp-
HBIMH YCEKaeMbIMH PACHpENENCHUAMH COOTHOLLIE-
HUSIMH, U3BECTHBIMU U3 TEOPUH BeposATHOCTeH [12]:

fl*(t) =0, ecmn t < Tjpin WA £ > T praxs

S @)= Af(8) , ecnnt T min < 1 < T ras;
A= [F[(T[max) _Fi(Timin)]_l; F;(t) = J'df;(t) .

B kauecTBe HauaJIbHBIX 3HAYEHUI B MPOLEAYPE
nojdopa mnapaMeTpoB YCEKaeMbIX pacrpeieIeHui
enecoo0pa3Ho MPUMEHSATh 3HAUYCHUSA M, =AM,

tin tid
*
D, = AD,,, xoTopble NOUIeXKAT UTEPALIUOHHOMY

YTOYHEHHIO.

Pelenne HecBI3aHHBIX 3a1a4
C HCITOJIB30BAHUEM CUCTEMbI
OJHOTHUITHBIX ar¢cHTOB

PaccmoTpuMm mapamerpsl mpoliecca  MHOTO-
areHTHOTO BHITIOJTHEHUS padoT WK pelIeHus 3a1a4
KaTeropud A TIpU YCJIOBUHM BBICOKOH (hyHKIHO-
HAJIbHOW HAJEKHOCTH OJHOTHITHBIX HIIM CIIeIHa-
JIU3UPOBAaHHBIX areHToB u mpu O > M. Koppekr-
HOCTb IPUBOJUMBIX PACCYXKACHUM COXpaHIETCA
TaKke B TOM ciydae, ecnd Q <M, HO TIpU ITOM
JUISE TMHAMUYECKOTO TePEepacIpe/ie/iCHUs] areHTOB
o paboTaM WM 3ajladyaM paccMaTpPUBACTCS IPH-
MEHEHHE HCKJIIOUHNTEIBHO OJHOTHUIIHBIX areHTOB,
a TaKXe JOTOJHHUTENBHO BHIMONHACTCS pa3due-
HHE OOIIero MHOXKECTBAa 3ajad Z Ha HECKOJIbKO
MOCIIeIOBATEIHFHO 00padaTEIBAEMBIX TIOIMHOKECTB

C mocienyromuM (OPMHUPOBAHHEM pe3yJIbTaTOB
HUTOTOBOTO pacyeTa.

[IpumeHeHHe MHOTOareHTHOW TEXHOJOTHH IIO-
TEHIUAIBHO TIO3BOJISIET O00ECIeYHUTh JOCTH)KEHHE
a¢dekra yckopeHus O0IIero mporecca perieHus
Habopa 3a1ad KaTeropuu A, KOTOPBIH BBITOJHSET-
s IO cleAyroniel cxeme (puc. 1):

( Hecesizannwiti Habop 3adau + Heceszanmnuiil

HAOOP UCXOOHBIX OAHHBIX —>

— Muoocecmgo @DyHKYUOHATLHO OOHOMUNHBIX
WU CREYUATUSUPOBAHHBIX A2EHNO8 —>

— Muoocecmgo pe3yromamos napaiieibHO20
peuienus 3a0a4 ucxooHo2o nabopa ) .

Jns obecriedeHns 3aJaHHOTO HOPMATHBHOTO
Bpemenu 1(Z, X, M, Q) BBIOIHEHUS pabOT WIIH
pemenus M 3agad u3 MX MOJHOTO Habopa Z mpu
WCTIOJIb30BaHUY TPYNIEI U3 () MapaieibHO QyHK-
[IUOHUPYIOLIUX areHTOB JOJDKHO BBIIOIHATHCS Clle-
JyIollee OCHOBOIIOJIAraroliee COOTHOIIeHHe Oa-
JIAHCA BPEMEHH IO KaXKJOMY U3 areHTOB:

T,<T(Z, X, M, O),

rne T;— BpeMsl BBINOJHEHHS pabOTHl COOTBET-
CTBYIOLIIMM areHTOM WJIM DPEUICHHS WM 33J1a4d
z; € Z ¢ TONyYEHHEM pe3yJibTaTa, aJeKBaTHOTO
HaYyaJIbHBIM YCIIOBUSIM U UCXOHBIM JIaHHBIM.

Ecrm P[T;<T(Z, X, M, Q)] — BeposiTHOCTU
o0ecriedeHust B CUCTEME WHIMBHIYaJIbHBIX 3Hade-
HHUI BPEMEHH pEUIeHUs OTISNBHBIX 3a1ad, He Ipe-
BBIIIAIOIINX YCTaHOBICHHOTO HOPMATHUBHOTO 3Ha-
YeHus, TO JJIsl Bcero Habopa u3 M 3amad pacuerHas
BEPOATHOCTb Pz0((Q) cocTaBUT

P02 M)=T]PIT, <T(Z, X, M, Q)]

[ Hayk
uTE€XHUKA.

My _ My _ : QObeaAHHEHHOE
'\;'1@"_"[00? , YASTARADOP HASAIREEDL MYIBTH3aa9HOC

paooT 1 3a1a4 YCIOBHH H HCXOOHBIX JAHHBIX peLicHue RZ.\.’(_J

OtnensHas VYenoeus u & | Pewenue 1
~ - > T reHT -

pabota wnu 3aj1a4a Z, MCXOJIHBIE JIAHHBIE X R(Z,, x))

OraenpHas Venosus u & 5 Petenne 2

. > T I'EéHT i

pabora unu 3a1aua Z, MCXO/IHBIE IAHHBIE X, ¢ R(Z:. %)

OTnenbHas _| Ycnous u | Arert O Pemenne M

pabota wiu 3anaua Z,,| | | | MCXO/HBIE JaHHBIE X, ¢ R(Z.. x)

Puc. 1. Cxema peuieHusa Ha6opa HECBA3AaHHBIX 3a1a4 C MCIIOJIb30BAHUEM CHCTEMbI OJHOTUITHBIX arCcHTOB

Fig. 1. Scheme for solving a set of unrelated problems using a system of similar agents

a
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Crnemyer OTMETHTB, YTO W3 aHAJHM3a PE3yibTa-
TOB TPEABAPUTEIBHBIX IMIIMPUICCKUX U DKCIIEPT-
HBIX HWCCIICJJOBAHWN IPOIECCOB pEIIeHUs 3aaad
B OJTHOATEHTHOM PEXXHMME CJIeyeT COOTHOIICHNE

Puo(@2M)=[T{F'(T, =T(Z, X, M, Q)] -

i=1

_F*[]; :T'min]}’

F@=[df ®.

I[Ipy NpOBENEHNH TIPAKTHIECKOTO CHCTEMHOTO
aHanM3a PalMoOHATBHON TeXHOIOrHYEeCKOi Mpolle-
Jypoil sABIfETCS 3aMeHa AHANTMTUYECKOTO HHTe-
IPHPOBAHMS HA YHCIEHHOE HHTErPHPOBAHME TIO
METOJy TpaleLuil Wi N0 MHOMY METOMy, MO3BO-
JISIOMIEMY HAWTH M OLEHUTH PACYETHBIE BEPOSTHO-
ctu Puo(Q > M) obecniedeHnss HEOOXOAMMOTO
MHOYKECTBA PelIeHHil

R = {R(Z;, X))},

3a HOpMaTUBHBIN UHTEpBaI Bpemernu 1(Z, X, M, Q)

P2 M) 2 [ [0 [£ (T ) 2 +

i=1
J -1
+ zfz‘*n(Tz'mm +n.At)+ﬁ;(7;min +JAI)/2]7
n=2

rne At=(T;max— Timn)/ L — WHTEpBan BpeMeHHU
YUCJIEHHOr0 HHTerpupoBanus; L =10-12 — konu-
YEeCTBO MHTEPBAJIOB YUCICHHOTO MHTEIPUPOBAHUS;
J=Ant {[T(Z, X, M, Q) — Timin] / At} — PyHKLIUSA
AHTbE 711 HWKHEH LEJOYUCICHHOU TpaHUIbl ap-
TYMEHTAa.

Onenka ko3¢ durmenta KOMIIPECCUH
K(Z, X, M, Q > M) BeImonHsETCS Ha OCHOBE pacue-
Ta cpeaHero 3HaueHus Bpemenu 1(Z, X, M, Q=1)
OJTHOAr€HTHOTO MOCIIEI0BATEILHOTO PELICHUS pac-
cmaTpuBaemMoro Habopa 3amad. C 3Toil 1enbio
C HCTIONB30BAaHUEM METOJa YMCIEHHOI'O WHTErpPH-
POBaHMS ONpPEAEISIETCs 3HAYCHUE YKa3aHHOTO Ia-
pamerpa

max

MTr

T(Z XM 0=0=Y [ t-f ()di=

i=lr

imin

M
~ zAt{ftl*l(T;mm)[Tlvmm/z] +
i=1

J -1
+ Z f;*n (T; min T I’lA[)[T; min T }’lAt] +
2

n=

92

+j:l(T;'min +J'At)'[7—;mi11 +"]At]/2}

Koa¢ddumment komnpeccun K(Z, X, M, Q> M)
OLICHUBAETCS C MCHOIB30BAHUEM CIIEAYIOLIETO BhI-
paXKeHUSL:

K(Z, X, M, 0> M) =
+T(Z, X, M, O =1)[T(Z, X, M, Q) + typ] ',

TIE lypp— OXKHMIAEMBIE YCPEJIHEHHBIE 3aTPAThl
BpEMEHH Ha BBINIOJHEHWE MPOIEAyp yIpaBie-
HUS areHTaMu B pacueTe Ha OAHY 3ajady. B uze-
anpHOM ciydae npu Q> M U ty,, — 0 xenarennb-
HO JOCTIDKEHHE OTUM K03(duimeHnToM 3Haue-
HUsS, OJM3KOrO K KOJNWYECTBY 3ajgad B Habo-
pe: K(Z, X, M, Q> M) — M.

Ecin Q <M, 10 mipu 3aJaHHOM HOPMAaTHUBHOM
sHaueHnn 1(Z, X, M, Q) B xadecTBe BEepXHEH rpa-
wunel 1(Z, X, M, Q <M) pomycTuMOro BpeMeHH
pemieHust 3a7ad MCTOIB3YETCsl CIEAYIoIIee BhIpa-
KEHHE:

T(Z,X,M,Q<M)=G "“T(Z,X, M, Q),

rire G=Ant,){M/Q}— ¢ynkuus AnHThE JUIA
BEpPXHEH IIENOYMCIICHHON TPaHUIbl KOJINYECTBA
MMOJIMHOKECTB 3aJ]a4, BHYTPU KOTOPBIX OTJIENb-
HBIE 33/1a4dl MOTYT TapauIebHO 00padaThIBATHCS
areHTaMu. DTH MOJMHOXKECTBA 3a/1ad MUMEKOT WH-
JMBHyalTbHbIE MOIIHOCTH HE BbIME ) H BXOJAT
B TIOJIHOE MHOXECTBO 33]1a4 C MOIHOCTBIO M.

AHanu3upyemasi CHCTEMa MOXET COCTOSTH W3
OJHOTHITHBIX AT€HTOB B CMBICJIE MX CIOCOOHOCTH
pelieHus J00BIX 3aa4 paccMaTpuBaeMoro Ha0o-
pa. OcHoBomonararomee COOTHOIIeHHe OajaHca
BPEMCHH B 3TOM CIIy4ae IPUHUMAET BUJ]

T,<T(Z, X, M, O <M),

rae 1;— BpeMs IOJIy4EeHMsI aJE€KBAaTHOIO pele-
HUS 3aJa4d z; € Z COOTBETCTBYIOUIMM areHTOM.
ITpu 3TOM

G O<M

PZMQ(Q<M)ZH HAt.{f;:l(]—;‘min)/z_‘_

k=1 i, =1
J -1
+ Y S (T + 1AL + £ AT, + AL [ 2},
n=1

K(Z, X, M, Q<M)=
=T(Z, X, M, 0=1)G[T(Z, X, M, Q) + t,mp] .

Hayka
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I[JIH HUCKIIIOYCHUS BO3MOXHBIX HEIraTUBHBIX
BIMAHUN Ha (yHKUMOHANbHBIE MPOLECCH H30bI-
TOYHBIX M 00pa3yIoluXcs B MPOLECCE pelIeHHs
3a/1a4 He3aJefcTBOBaHHBIX («CBOOOIHBIX») areH-
TOB HMX LEJNECOO0Pa3HO CBOEBPEMEHHO BBIBOIUTH
u3 pabouell 30HBI WM MPUHYAUTENBHO OJIOKUPO-
BaTb A0 MOMCHTA BO3HHKHOBCHUSA HOTpe6HOCTI/I
B HUCIOJB30BAaHUU. ITO TMOJOXKEHUE LEeNecoo0-
pasHo coOmonaTh MpH pEHIeHUH 3a/Jady BCEX Ka-
TEropuil.

IIpumeHeHHe OAHOTUIIHBIX ATEHTOB
B PelICHHUH 3224
¢ KOHCOIManuell pe3yJIbTaToB

PaccMoTpuM mapameTpel  mpoliecca MHOTO-
areHTHOTO peIIeHMs 3agad Kateropuu B mpm tex
e YCIIOBHAX, YTO W B Cllyyae KaTeropuud A, HO
TOJIBKO ISl HA0Opa OJHOTHITHBIX areHTOB B CMBIC-
Je BO3MOXKHOCTH pEIICHHs JIOOBIX BapHaHTOB
paccMaTpuBaeMoil 3amaun. Hekoropas 3anaya z;
MOXeET TpeOOBaTh HAXOXKICHHUS pPE3yNbTaTOB pe-
HIEHUW NI pa3IMuYHbIX BaApUAHTOB X, HAYaJIbHBIX
YCIOBUN M UCXOOHBIX NaHHBIX X = {X,}. Dddext
YCKOpEHUs 00IIero nporiecca pelieHnss BApHaHTOB
3a7a4M JOCTUTAeTCsl MPU OPTaHU3alUK BBIOJIHE-
HUsI padoT 1o cienymomieii cxeme (puc. 2):

( Konxpemnas ¢ynxyuonanvnasn sadava + Ha-

O0p 6apuanmos8 UCXOOHbIX OAHHBIX —>

— MHnoocecmso yHKYUOHANLHO OOHOMUNHBIX
azenmos —

— Muooicecmso eapuanmos peuwienuii — Kou-
CONUOAYUsL BAPUAHMOB PEULCHULL ) .

Orta KaTeropu:da 3aaayd ABJIACTCA YaCTHBIM CJIy-
yaeMm 3a/a4 KaTeropuu A, HO UMeeT OCOOEHHO-

CTH CHCTEMHOrO aHaju3a M MPOBEJCHHUS pac-
YETOB.

Paccmotpum ycnoBusi obecrieueHus 3aJaHHOTO
HOpMaTUBHOro BpeMeHu 71(z;, X, W, Q) peuienus
3aJaud z; AN HaOopa BapHaHTOB W HayalbHBIX
YCIIOBUM M MCXOJHBIX JaHHBIX IPU HCIONb30Ba-
HUU TPYIIIBI areHTOB BBICOKOM (PyHKIMOHATIHLHON
HaJIe)KHOCTU W ojfHOoTUIIHOCTH O > W. Tlo xaxmo-
My W3 BapMaHTOB JOJKHO BBIMONHSATHCS CIEAYIO-
Iiee OCHOBOIIOJIAralollee COOTHOIIEHHE OanaHca
BpPEMEHH:

T, <T(z, X, W, Q).

Ecmm P,[T, <T(z;, X, W, Q)] — BeposTHOCTb
oOecrieyeHus] B CHCTEME JUTHTEILHOCTH PEIlCHUS
OTJENBbHBIX BAPUAHTOB 33/1auH z;, HE IPEBBIIIAIO-
el HOpMaTHBHOE 3HAYEHHE, TO Ui OLEHKH Be-
positHocTH  Pzyfz;, Q> W) obecnieueHus HOpMa-
TUBHOTO BPEMEHH PElICHHUs 10 BceMy Habopy Ba-
puantoB W MOTrYT NPUMEHSTbCS COOTHOILICHHS,
mojlydyaeMble HAa OCHOBE YHCIEHHOTO HHTETPHPO-
BaHUs. OTH COOTHOIICHHS WMEIOT CIIeIy O
BU:

P, (z,,02W)=]|PIT, <T(z,, X.W,0)]=

w=1

W J
= HAt{f/*l(Tj min)/ 2+ z f_/%n(T/min + l’lAt) +
j=1 n=2
0Ty + JAD) ) 2},
rae J = Ant ) {[T(z;, X, M, Q) — T} min] / At} — GyHK-

us AHTBE TS HIDKHEH [EeTTOYNCICHHONW TPaHUIIbI
apryMeHTa.

Koxnconuauposanuoe
BapuaHTel HAUaNBHBIX .
: i . 4 . MYJIBTHBAPHAHTHOE
YCIOBHH M HCXOJHBIX JAHHBIX — R/r_)
Venosust u A | Pewmenue 1
MCXOJHbBIE JAHHBIE X redt R(Z, x)
OtnenbHas Venosus u Pewenue 2
; > . > AreHT 2 ¥ 5, -
paboTta uiau 3a1aua Z, MCXOJHBIE JaHHBIE X, R(Z;.- %)
Venosust 1 Pewenue W
. > Arent O >
HMCXOJHBIE JIAHHBIC X = R(Z., x;)

Puc. 2. Cxema NPUMCHCHUSA OJHOTUITHBIX ar€¢HTOB B PCIICHUU OT,Z[eJ'II:HOﬁ 3aaa4yu C KOHCOJ’IPIZ[aL[PIeﬁ pesyiibTaTta

Fig. 2. Scheme for using agents of the same type in solving a separate problem with consolidation of the result
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Ilpy OJHOPOMHOCTH BHYTPEHHETO COIEP-
J)KaHUs BapUAHTOB PEIICHUM pacCMaTpUBaEeMOM
3aJjayd  MOXHO OXHJAAaTh, UYTO BEPOSITHOCTU
P,[T, <1(z, X, W, Q)] 6yayT 10CTaTOYHO OJIM3KH-
MU JUIS OTAENBHBIX BapHaHTOB W MOTYT OBITh
MIPEJICTABIIEHBI NX OOIIe HUKHEW TPaHUIICH:

Inf P[T,, < T(z, X, W, Q)] =
= min{Pw[Tw < T(Zj= X, W, Q)]}
B cuny atoro
Pyi(z, Q= W) 2 {Inf P,[T,, < T(z, X, W, O)1} "
B mnocnenyromeM BbIONHSIETCS (OpMaNbHOE
00beIMHEHNE PE3yJIbTaTOB U IIOIYYEHHE C BEpPO-
ATHOCTBIO  Pzy(z;, 0 > X)  KOHCONUANPOBAHHO-
rO peIIeHus 3a YCTaHOBJIEHHBIN MHTEpBal BpeMe-
an Tz, X, W, O):
w
R,,=U'_R(z,X,).

ZW0

[Ipu Q < W ocHoBoOIONAraIEee COOTHOIEHUE
OanaHca BpeMEHU IPUHUMAET CJICAYIOIINN BU:

T,<T(z, X, W,0<W)=G "T(z, X, W, Q),

rae 7;— Bpems IOMy4eHHs aJeKBaTHOIO pellle-
HMs 3a/1a4l z; € Z COOTBETCTBYIOIIUM areHTOM;
G = Ant {W/ Q} — dynkuus AHTbe 11 BepXHeil
LEJIOYNCIICHHONW IT'PaHUIbl apIyMEHTa.

[Ipu s3TOM

Py (Q <W) 2 [AH S 11 (T; g i) / 2+

J -1
+ O Lrkn (T + 1A + [ (T + JAD) 1 2317
n=2

JlokaneHeie paboTbl Han
noa3agavyM B pClucHHH
3agaun Z

K(Z X, W, Q0 <M)=
=T(z, X, W, 0=1) G[T(z;, X, W, Q<MD) + ty] .

Koncosmmanus pe3yjbTaTa pelieHus
NPHU AeKOMMIO3UIIUH 321a4H1
Ha oTAeJbHbIE (a3bl

[Iporiecc MHOTOAreHTHOTO pelIeHHs 3a/Ja4 Ka-
teropuu C TpennonaraeT JeKOMITO3HLHUIO KaxK-
IO 3amaunm Z; Ha CaMOCTOSTENbHBIC IIOJ3ala-
9 Z; = {zZ}, a TAKKE MOCIEAYIOIIee Napallelib-
HOE peIIeHHe MoA3aJad Ha MoJHAa0Oopax Hadallb-
HBIX YCIOBMH M MCXOJHBIX HaHHBIX X;= {Xjy} IO
cnenyromieit cxeme (puc. 3):

( Konxkpemnas — pynkyuonanvnas —3aoaua —

— Habop camocmosimenvuvix noozadau (gpas) +

+ Muoowcecmgo nooHabopos HA4aANbHLIX YCLO-
8UL U UCXOOHBIX OAHHBIX —>

— Muooicecmeo GyHKYUOHATLHO 0OHOMUNHBIX
WU CREYUATUSUPOBAHHBIX A2EHMOE —>

— Muooicecmso peuwtenuii noozaday — Aepe-
2uposanHoe peuienue ) .

Pemenne paccmatpuBaemoil kaTeropuu 3agad
s cinydas Q <N, 3HaYMMOIO TEXHHYECKOTO
CMBICIIa He MMeeT (31ech N, — KonudyecTBo (a3 B
pacILIEIUIEHUH 3a]a4l Z;, KOTOPOE yCTaHaBIMBAET-
Csl CUCTEMHBIM aHAJIUTUKOM). B ciryuae O > N, pe-
3yJIBTUPYIOLIEE PEIICHUE MPEACTABISIETCS B KOM-
MMO3UIIMOHHON Popme ¢ Kod(hHUITUEHTaAMH KOMIIO-
3ULNH O

Ry =Ul_ 0, R (z,, x)).

ArperuposaHsoe
MYJIBTHIOA321a49HOE
pewenne R ;.

JlokanbHas pabora
WJIM TI0/13a/1a4a Z

[Tonycnosus u
MCXOJIHBIC JJdHHBIC X

Peurenne 1

—> >
Arent T TP R, x)

JlokanbHas padora

flonycnoBus u

Peurenue 2
—» Areur 2 >

WJIM N0/133/1a4a Z MCXOHBIC JaHHBIC X, R(zj, x2)

JlokanbHas pabota [Tonycnosus n Pemenne N
— . ¥ Arent Q > i

WJIM TO/I33/1a4a Z;y MCXO/IHBIE JIAHHBIE Xy R(zjn, xv)

Puc. 3. Cxema arperupoBaHus pe3yIbTaTa MyJIbTHATEHTHOTO PEIICHNUS P JEKOMIO3UINH 33/1a9i Ha OTAENbHBIE (ha3bl

Fig. 3. Scheme for aggregating the result of a multi-agent solution when decomposing a problem into separate phases
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Pemenne n0mKHO OBITH CHOPMMPOBAHO 3a
YCTaHOBIIEHHOE HOpMaTHBHOE BpeMs 1(z;, x;, N;, O)
C BEPOATHOCTHIO

Pon(zp, x5, Njy Q2 Ny) =
N;
=[P <T(zp, x4, N;, 02 N
k=1

1 K03 (OUIIMEHTOM KOMITPECCHH
K(Zj, -xj: ]Vj’ Q Z]Vj) = T(Zj: xj, ]Vj, Q = 1) X
X [Tz 5 Ny Q2 N) + tymp] .

B npencraBineHHbIX BeIpaKeHUAX 1(zZj, Xi, N, Q) —
HOPMAaTHBHOE BpeMs BBITOTHEHMS k-ii ¢a3pl. Hop-
MaTHBHOE BpeMs pELIeHHs 3aJa4l Z; oupeJienseT-
Csl B JAHHOM CITydae CJIEYIOIINM 00pa3oM:

T(Z/a -xja ]V}a Q Z ]vj) = maX{T(ij: x/ka ]V}: Q 2 ]V/)’
k=1,2,...,N,

T(Zj:xj:Nj7Q:1):

N,
= ZT(ij’ Xjs Njs Q2 N).
k=1

BepoATHOCTHBIE COOTHOIIEHHSI ONPENENISIOTCS
CHENYIOIUMU MPOLEIyPAMH YUCICHHOIO MHTE-
TPUPOBAHUS:

BT, <T(z), x;, N, Q=2 N)] =
N; Ly k-1
=TI AU (T + D AE-L,) [ 2+
g=1

k=1n=1

Ly k-1
+ > fanomn + O AL+ LA +
n=1 g=1
k-1

+ foen (T i + ZAtqu + L, Ar)/ 2],
qg=1

N,
tae At = (T — T min)/ Z:Lj,c — HHTEepBal
k=1

BPEMEHH YHCIICHHOTO MHTErpupoBaHus (a3 3ana-
un Z;; Ly = 10—12 — KoIM4eCTBO HHTEPBAJIOB YHC-
JIEHHOTO MHTETPUPOBAHUS a3kl z;.

JLtst 3a;mad 3 TOW KaTEeTOPHH TJIaBHBIM MTPOOJIeM-
HBIM aCIIEKTOM BO3MOKHOI'O IIPUMEHEHHSI MYyJIb-
THAreHTHBIX TEXHOJIOTUI SBIISETCS PacLIEIICHHE
3a7a4i C IPOU3BOJBHOM CTPYKTYPOH Ha OTIEIb-

Hayka
wTexHuka. T. 24, Ne 2 (2025)

HblE NapaJieNbHble Ga3bl. B HayuyHO-TeXHUYeCKOH
JUTEpaType OIMyOJMKOBaHBI pa3MYHbIE MaTeMa-
TUYECKHE METOJBI PACIICIUICHUS! CETEBBIX rpadoB
BBITIOJTHEHUST pa0OT Ha OJIOKW peau3aliu mapai-
JeNbHBIX (a3 ¢ MUHUMAJIBHBIM KOJIUYECTBOM IIa-
pameTpoB B3ammojeiicTBus. Kpome Toro, m3BecT-
HBI METOJTBI ¥l TIPUEMBI Pa30UEHUS CETEBEIX TpadoB
Ha TapauieNbHbIe OJIOKA ¢ OJM3KUMH 00beMaMH
BEITIONTHSEMBIX HENETUMBIX omepanuid. Cucrem-
HbI aHajJu3 BO3MOXHOCTEW MPAKTUUYECKOIO HC-
MOJIb30BAHUSl 3TUX METOJOB IOKA3BIBACT, UYTO UX
3¢ GEKTUBHOCTh CYIIECTBEHHO 3aBUCHT OT OCO-
OeHHOCTel Kaxnoi 3amadu. [lpu sTom manexo He
BCE 3aJ[a4d JAr0T YIOBIETBOPUTEIbHBIE Pe3yibTa-
THI TIO PACIIETUIEHUIO alTOPUTMOB Ha (hasbl, KOTO-
pBI€ IOMYCKaIOT IMOCIEAYIONIee MacIITaONpOBaHNe
Y arperupoBaHue.

Kongeiiepnoe
napaieJbHO-N0C/Ie10BATeIbHOE
BbINIOJIHEHHE (a3 pelieHus 3a1a4l

Bonee npocThiM 1 B TO ke BpeMs Ooliee Mmpo-
INYKTUBHBIM BapuUaHTOM SIBJISIETCS KOHBelepHas
00paboTKa 1MoTOKa TPeOOBAaHMH Ha PEIlICHUE 3aj1a-
yn Z; (BapuanT D). B nanHOM ciyyae anurelns-
HOCTh TPOLEAYPbl KaKIOTO PELICHUs 3a/a4d B
MHOT0areHTHOM BapHaHTE COOTBETCTBYET BPEMEHU
€e PEILICHHUS TIPU OJTHOATCHTHOM MPEICTABICHUN

T(Z_/a xj: ]\_]j: Q Z M) = T(Z_/'a xja ]V}: Q = 1)5

IIPH ATOM OOIIHH IPPEKT ¢ yKa3aHHBIM BBIIIE KO-
sduumentom kommpeccun  K(z;, x;, N;, O > N))
JOCTHIaeTCsl TOJIBKO IIOCIIE «pa3roHa» KOHBeHep-
HOH cUCTeMBI B TedeHue BpeMenu 1(z;, x;, N;, O =1).
B nmnonsTHe «pasroHa» KOHBEHEPHOW cucTe-
MBI BKJAJBIBAETCA CMBICT IOCJIEJOBATEIHHOIO
MOJKITIOUEHHS K TapajulelbHOM paboTe Bcex ee
areHTOoB.

Ha puc. 4 npeacraBieHa cxeMa peanu3aluu
00paboTKH MTOTOKA TPEOOBAHMA Ha pEMICHUE 3a/1a-
qn Z;. Iloxasano yepenosanue a3z @ —®D, KoHBEH-
epHOW MapaIebHO-TIOCIIeI0BaTeIbHOW 00paboT-
KU MOTOKa TpeboBanuii it Q = 4. BHyTpu kaxo-
ro TpeOOBaHMS NPOHUCXOAUT TIOCIEAOBATEIBHOE
BBHIMOJIHEHNE (a3 pelleHrsl 3aJauyd. 3aBeplieHHe
11000 (as3pl perieHus 3a7aud CONPOBOKAACTCS
HA4aJIoM BBIIIOJHEHUS 3TON ke (a3pl AT Cledy-
FoIIel ouepeIHOM 3a/1auu.
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dazpi Hanpasnenus pasBuTus npoueccos
oGpaboTku 00paboTKH NOTOKOB TpeboBaHHI

A
@} <

A

O, L
D, +
) T T

T T T T
[loTrok TpeGoBannii ¢ pa3BepTLIBAHHEM 110 BPEMCHH

Puc. 4. Cxema yepenoBanus (a3 KOHBeHEpHOIt
MapaIeIbHO-II0CIE0BATEIbHON 00paOdOTKH OTOKA
TpeGOBaHMIA

Fig. 4. Diagram of conveyor phase sequence
for parallel-sequential processing of a stream
requirements

3amaun kareropuum D mpegycmartpuBaroT Ta-
panienbHoe (J-KpaTHOE pelleHHe 3afauu Z; WM
ee MoA3anad zj C IENbI0 MONydeHHs He MEHee m
aJICKBaTHBIX PEUICHUN M TOBBIIICHUS PE3YJIbTH-
pyromeil BEpOATHOCTH Pz,e, (Mmm P, ;) BbIpa-

OOTKH pellieHNH 32 yCTaHOBJICHHBIA HHTEPBA Bpe-
menn T (wm T, ):
it

Qim . . .
PZpez = Z C]Q ’[PZ]Qi‘][l _PZ]];
Jj=0

oQ-m , ,
1)zk pes Z CJQ '[])zk]Q_/[l - ])Zk]./,
ji=o0

roe P, P

.~ BEPOSTHOCTH BBIPAaOOTKH aJIeKBAT-
HBIX pe3yJbTaTOB B CIydae OJHOKPATHOTO perlle-
aust; C — kommdectBOo codetanuit. Ilpm sTom
HabOmogaercs 3¢ (eKT TOBBINICHUS BEPOSTHOCTH
YCHEIHONW peayu3aliy Ipolecca peleHus] KOH-
KpeTHOM (hyHKIMOHATHHON 3a1a9d WU MOA3aTaqH
3a cueT (OJ-KpaTHOTo (PM3MYECKOTO pacrapaiienu-

BaHMS TOrO Mpoliecca U NOBTOPEHUS PELICHUH.
BBIBO/IbI

1. IIpoananu3upoBaHbl OCHOBHBIE CXEMbI Opra-
HHU3alMK TPOLECCOB pelIeHus] (YHKIHUOHAIBHBIX
3aJa4 M TpEeAIoKeHBl TMokazarenu 3(QexTuBHO-
CTH HIPUMEHEHHUs MYJIbTHAT€HTHBIX TEXHOJIOTHIL.
B gactHOCTH, paccMOTpeH BapuaHT PELICHHUS He-
CBA3aHHBIX CHCTEMHBIX 3aJa4 C HCIIOJIb30BAHUEM
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OOHOTHUITHBIX UCIIOJIHHUTCIBbHBIX ar€HTOB. IToka3ana
BO3MOXXHOCTh TPUMEHEHHUS OJHOTHITHBIX areHTOB
JUIsL pellIeHHsT MHOTOBapHUaHTHBIX 3a7ad C Tocie-
OYIOIUM IIOJIyY€HHEM KOHCOJIMIUPOBAHHBIX pe-
3yabpTaToB. [IpuBeseH BapuaHT IpenBapUTEIbHON
JEKOMIIO3UIIMK 3a]a4 Ha OTJEIbHBIC JIOTHUYECKH
3aBepIICHHbIC (a3bl U JAIBHEHIIErO IMOJIy4YCeHHUS
arperupoBaHHoOro pesynbraTa. [IpemcraBneH mon-
XOJI K peIIeHUI0 (DYHKIIMOHAIBHBIX 3a/1a4 Ha OCHO-
BE KOHBEHEPHOU MapajuieNbHO-TIOCIIE0BATEIbHOM
peanu3auuy UX OTHENBHBIX CTauil U TIOCIEqyFo-
mero oToéopa aJeKBaTHOTO pe3ybTara.

2. TlpencraBineH MOAXOA K pPEIICHUIO (YyHK-
LMOHAJIBHBIX 3aJlad Ha OCHOBE KOHBEHEpHOU
MapaJuIeNbHO-TIOCIEI0BATENFHON  peanu3aus  Hux
OTACTBHBIX CTaJuil W TOCIEIyIoIero orbopa
aJIeKBaTHOTO pe3yibTara. B kauecTBe mokaszaTeneit
3¢ (HEeKTUBHOCTH TPUMEHEHHS MYJIbTHATCHTHBIX
TEXHOJIOTUH K PEIIeHUI0 CUCTeMHBIX 3afad IMpej-
JIO’)KEHBl W TIPOAHAIM3UPOBAHBI XapaKTEPUCTUKH,
OCHOBaHHBIE Ha OIEHKE BPEMEHH U BEPOSTHOCTH
MIOJIyYEHUs] KOPPEKTHBIX PE3yJIbTaToB. Tak, rpyn-
Ia TmokaszaTesneil, XapaKTepu3ymolluX MpoLecc pe-
[ICHHS, BKJIIOYAET OOIlee BpeMs BBITIOJHEHHS 3a-
Jlad TPYNIOH areHTOoB W KO3((UIUEHT KOMITpecC-
CHM B BHUJE OTHOIICHHUS CpEIHEr0 3HauYeHUS
BPEMEHH OIHOAT€HTHOTO IIOCIIEOBATEIBHOTO pe-
meHns Habopa 3a7ad K HOPMATHBHOMY BPEMEHH
WX MYJIBTHAareHTHOTO HCIoNHeHus. PaccmarpuBa-
EMBIH TPOIECC XapaKTePU3yeTCs TAKKE pacueTHOU
BEPOSITHOCTHIO OOecreueHrss He0OX0IUMOT0 MHO-
JKECTBa pEUICHUH 3a 3alaHHO€ HOPMAaTHUBHOE Bpe-
MsI U BEPOSITHOCTHIO TMOJTYYEHUSI MHOXKECTBa KOp-
PEKTHBIX PE3yJbTaTOB MPH MHOTOKPATHOM Mapaj-
JeNbHOM pEUIeHHH 3a7add C HCIIOIh30BaHUEM
TPYHIIBI areHTOB.
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BiiMsiHMe MATHUTHOIO MOJISI HA CTPYKTYPY NOJHMEPHBIX
MeAbCOoAePKAIIUX KOMIIO3UTOB VISl Y3JI0B CTALIMOHAPHOTO TPEHUS

OKT. u3.-MaT. HAYK, pod. A. I'. A}mconnql), KaHJl. TeXH. HayK, aou. C. H. Byxa OBZ),
YK, IIp y yxap

B. K. Mepnﬂonz), KaH/. TeXH. HayK, aou. B. I1. Cepmemcoz)

YlocynapcTBenHoe HayuHOE yupexenue «HCTHTYT IPUKIaIHOM (pH3HKH
HaumnonanwHoit akagemun Hayk benapycn» (Munck, Pecniyonuika benapycs),

JTocymapcTBeHHOE HaydHOE yupeskaeHne «HCTUTYT MEXaHUKH METAJLIONONMMMEDPHBIX CHCTEM
nmernn B. A. benoro HammmonaneHoii akagemuu Hayk bemapycm» (I'omens, Pecrry6nuka benapycs)

Pedepar. VccnenoBaHo BiMsHHE NpeIBapUTENIbHOM 0OpaOOTKH MMITYJIbCHBIM MArHUTHBIM I10JIEM Ha KOMIIO3HLMOHHYIO
CMeCh IIOPOLIKOB (TTOJIUTETPAQTOPITHIICH, MOPOLIOK MEIHBIH CTaOMIM3UPOBAHHBIN, 0a3aIbTOBOE BOJIOKHO, JMCIIEPCHAsT He-
opraHudeckas GppUKIHOHHAs N00aBKa) JUIS TMOTyYeHHs! NPECCOBAaHHBIX MOIMMEPHBIX (PUKIMOHHBIX MaTepuainoB. s obpa-
OOTKHM HMCHOJB30BANICS dKCIIEpUMeHTaNBHBIN npubop MMU-U. BapsupoBanuch HanpsHKEHHOCTh MAarHUTHOTO ITOJIS, KOJIHAYe-
CTBO MMIIYJILCOB M HX NOJSIPHOCTh. METOZOM ONTHYECKOW MHUKPOCKOIHMHU HCCIIE0BAHO U3MEHEHHE CTPYKTYpBI TOBEPXHOCTH
KOMITO3UIIMOHHOTO MaTepHaia Hocie IPEecCOBAaHMS, Pa3pe3kH, a TAKKe MOBEPXHOCTH I10CIIE HCIBITAaHUI HA TPEHHE. Y CTaHOB-
JICHO CYIECTBEHHOE BJIMSIHUE MAarHUTHOTO IOJIS HAa CTPYKTYpy 00pa3ioB. [ToBbImaeTcst 0HOPOAHOCTE CBOOOIHON MOBEPX-
HOCTHU, CHHJKA€TCS MOPHCTOCTh, CYIIECTBEHHO M3MEHSETCS MOP(OJIOTrUs U MOBBIIAETCS BO3MOXKHOCTb BHU3yanu3aluH (as.
OTMeueHO M3MEHEHME IIOBEPXHOCTH cpe3a, C(OPMUPOBAHHON MHCTPYMEHTOM IPH Pa3pe3Ke KOJIbLEBOHW 3arOTOBKHM Ha OT-
nenpHble 00pasnsl. OOpaboTKa B MAarHUTHOM II0JIE MIPUBOINUT K ()OPMHPOBAHHIO MEHEE Pa3BUTOTO penbeda MOBEPXHOCTH;
3¢ deKT MHTEHCHPUIMPYETCS NMPU YBEIMYCHHH KOJIMYECTBA MMITYJIBCOB OT ABYX JIO YETHIPEX, a TAKKe IPH YBEIHMUCHUH
HaINpPsDKEHHOCTH NMOJIs. 3HAYUTENIBHO W3MEHSETCST MOP(OJIOTrus IMOBEPXHOCTH TPEHHUS: 00paboTKa CIIOCOOCTBYET CHIIKEHHIO
paznuuuil MeXay nepudepuiiHoi 0061acTbIo U HEHTpoM 00pasua. [Inenku nepeHoca GOpMUPYIOTCS CYIIECTBEHHO MEHEEe HH-
teHcuBHO. [TonmmepHas (a3a He IEMOHCTPUPYET HAIMYUS BSI3KMX yYaCTKOB. PEHTI€HOCTPYKTYPHBIM aHAIN30M HMCCIIEI0BaH
(a30BBIif COCTaB M W3MEHEHHE CTATHUECKHX CMEIICHUH aTOMOB U3 IOJOXCHUI pPaBHOBECHS. YCTaHOBICHO, YTO (Ha30BBII
COCTaB MaTepHuala 1o/ BIMIHHEM MarHUTHOW 00paboTku He m3MeHsercs. [loka3aHo, 4To mpeaBapuTenbHas 00paboTKa KOM-
TIO3UIIMOHHOM CMECH MarHWTHBIM IIOJIEM BIIMSIET HA CTAaTHUECKUE CMEIIEHMSI aTOMOB M3 IIOJOKCHUH PaBHOBECHUS B MEIHOM
(aze. OOpabOTKa B MArHUTHOM HOJIE CHOCOOCTBYET (JOPMUPOBAHUIO PABHOBECHON CTPYKTYPBI ME/IH 33 CUET COBEPLICHCTBO-
BaHMUS KPUCTAJUTMUECKOH PEIISTKH. Y CTaHOBIIEHO, YTO (G EKT BO3ICHCTBYSI B HAMOOJBIIEH CTEIICH! 3aBUCHUT OT KOJIMYECTBa
UMIIyJIbCOB M X noisipHocTH. Hanbonee 3¢hdexTHBHBIM ABIISETCS IPUMEHEHHE OJHOIOIAPHOTO HMITYJIbCA.

Jns muTupoBanusi: BiivsiHue MAarHUTHOTO MOJIST HAa CTPYKTYPY MOJIMMEPHBIX MEIHCOICPIKAIMX KOMITO3UTOB JUIS y3II0B CTa-
moHapHoro tpenus / A. I'. Auucosud [u ap.] / Hayka u mexnuxa. 2025. T. 24, Ne 2. C. 98-108. https://doi.org/10.21122/
2227-1031-2025-24-2-98-108
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Effect of Magnetic Field on Structure of Copper-Containing Polymer
Composites for Stationary Friction Units
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Abstract. The effect of preliminary treatment with a pulsed magnetic field on a composite mixture of powders (polytetrafluo-
roethylene, stabilized copper powder, basalt fiber, dispersed inorganic friction additive) for obtaining pressed polymer friction
materials is investigated. An experimental device IMI-I was used for processing. The magnetic field strength, number of pul-
ses and their polarity were varied. The change in the surface structure of a composite material after pressing, cutting, as well
as the surface after friction tests was studied using the method of optical microscopy. A significant effect of the magnetic field
on the structure of the samples was found. The homogeneity of the free surface increases, porosity decreases, the morphology
changes significantly and the ability of phase visualization increases. A change in the cut surface formed by the tool when
cutting a ring blank into individual samples is noted. Treatment in a magnetic field leads to the formation of a less developed
surface relief; the effect is intensified with an increase in the number of pulses from two to four, as well as with an increase
in the field strength. The morphology of the friction surface changes significantly: the treatment helps to reduce the diffe-
rences between the peripheral region and the center of the sample. Transfer films are formed much less intensively. The po-
lymer phase does not demonstrate the presence of viscous areas. The phase composition and change in static displacements
of atoms from equilibrium positions were studied by X-ray structural analysis. It was found that the phase composition of the
material does not change under the influence of magnetic treatment. It is shown that preliminary treatment of the composite
mixture with a magnetic field affects the static displacements of atoms from equilibrium positions in the copper phase. Treat-
ment in a magnetic field helps to form an equilibrium structure of copper due to improvement of the crystal lattice. It was
found that the effect of exposure depends to the greatest extent on the number of pulses and their polarity. The use of a unipo-
lar pulse is the most effective.

Keywords: friction composite materials, copper, surface morphology, microstructure, magnetic field, static displacements
of atoms

For citation: Anisovich A. G., Bukharov S. N., Merinov V. K., Sergienko V. P. (2025) T Effect of Magnetic Field on Struc-
ture of Copper-Containing Polymer Composites for Stationary Friction Units. Science and Technique. 24 (2), 98-108.
https://doi.org/10.21122/2227-1031-2025-24-2-98-108 (in Russian)

BBenenue

B nacrosimee Bpemst misi MoanUIIMPOBaHUS
CTPYKTYpPBl MaTepHaNOB (IMUAIEKTPUKOB, MeETall-
JIOB, TOJUMEPOB) C IENbI0 ONTUMHU3AINN CBOUCTB
U YIyYIICHHUs] DKCIUTyaTallMOHHBIX ITOKa3aTelieh
aKTUBHO TIPUMEHSIOTCS BO3ACWUCTBUS IE€pEeMEH-
HBIM W TIOCTOSIHHBIM MAarHuTHbIM Tojiem [1—4].
HwmeeTcs n0CTaTOYHO MHOTO ITyOJIHKAIMA IO HC-
CICOBAHUIO BIMSHUS MAarHUTHBIX TIOJIEH Ha
CBOMCTBa YyTIEBOAOPOIOB [5] u momumepoB [6].
B wacTHOCTH, TTOKa3aHO, YTO BO3/AEHUCTBUE ITOCTO-
SIHHBIM MarHUTHBIM TI0JIEM Ha MOJUMEPHYIO KOM-
MO3MINI0  «3MoKcuaHas cmoja DJII — mnomu-
STUICHIIOIUAMUH IUOYTHI(PTAIAT C KEIC3HBIM
MIOPOIIIKOMY» COIPOBOXKIAETCS POCTOM Kod(hdu-
[[UEHTa TEIUIONPOBOJHOCTH W MHKPOTBEPIOCTH.
OddekT CBA3BIBAIOT C YNOPAJOYEHHOW Tmepe-
CTpOIiKOH CTPYKTypHl mojumMepa. B [7] mpusene-

Hayka
wTexHuka. T. 24, Ne 2 (2025)

HBI pe3yJIbTaThl HCCIIeIOBAHS BIUSHUS BHEITHETO
MarHMuTHOTO TIOJIi Ha (PU3UKO-MEXAHHUYECKUE
CBOMCTBAa W CTPYKTYPY HAIIOJTHEHHBIX IOJIUMEP-
HBIX MOKpBITUHA. MexaHnuyeckas U aAre3UOHHas
MIPOYHOCTh KOMITO3UIIMOHHBIX TTOKPBITHHA, TOIY-
YEHHBIX Ha OCHOBE AMOKCHUIHOTO OJIUTOMEPA, Pe3-
KO U3MEHSETCs PU 00paboTKe B MAarHUTHOM IOJIe
B 3aBUCHUMOCTH OT BHJa HAIOJHHATENS W HaAIpA-
JKEHHOCTH BHEIIHETO MAarHUTHOTO TOJs. Ycra-
HOBJICHO 3HAYUTENIbHOE yiyuiieHue 3 GekTuBHON
TETUIONPOBOJHOCTH U KOA(PHUIMEHTA JIUHEHHOTO
TEIUIOBOTO PACIIMPEHHS B TPOIECCe KPUCTAIUIH-
3aliy BO BpAIIAIOINIEMCS HEOJHOPOJIHOM MAarHHT-
HoM moiie [8]. McciienoBaHo BIUSHUE MOCTOSHHO-
r0 MarHUTHOTO TIOJNI HAa CTPYKTYPY U TEIIOEM-
KOCTh KOMIIO3UTOB Ha OCHOBE areTo0yTupara
LIEJUTION036l M CEerMEHTHPOBAHHOTO TOJHypeTa-
Ha [9]. Ilokazano, yto Bo3aeicTBue [IMII Hamps-
EHHOCTBIO 2x10° A/M TI03BONAET OCIAGUTH TIPO-
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Hecchl MUKpO(}a3HOTO pa3zieieHUs] KOMIIOHEHTOB
U, TakuM 00pa3oM, JOCTHYb HOBOTO YPOBHS MO-
TUGUKAIUN CTPYKTYPBI M TEIUIOEMKOCTH KOMIIO-
3uTOB. lIpHMeHeHHe MarHUTHOTO MO 3¢ dek-
TUBHO JUIS YIYYIICHHs OSKCIUTyaTallMOHHBIX Xa-
PaKTEpUCTUK MeETaUIMYecKuX mokpeiTuid [10].
Panee aBTopamu ObITO YCTaHOBJICHO, YTO MMITYJIb-
CHO€ MarHuTHoe rnouie (Tipy BO3JeCTBUM Ha IIpec-
COBaHHBIE 00pas3Ibl) CYLIECTBEHHO YIIydllIaeT BHO-
poneMIpUpPyIOIHe H aKyCTUYeCKHE XapakTe-
PUCTHKH HAIOJHEHHBIX (TOPIOIUMEPHBIX KOM-
no3utoB [11, 12]. MaruuTHoe mMoJie B KauyecTBe
MIPeIBapPUTEIHHON 00pa0OTKH KOMIIO3HIIMOHHOMH
cMecH (MEIHBIH TIOPOIIOK, MOMUTETPaTOpPITH-
JeH, 0a3albTOBOE BOJIOKHO) Tepes olepanueit
KOMITaKTUPOBAHUS OKa3aJo CYLIECTBEHHOE BIIHUS-
HUE Ha MEXaHMYECKHe TUHAMUYECKHE XapaKTepu-
ctuku [13]. M3meHenue cBOMCTB (yroproaumep-
HBIX KOMIIO3UTOB MOXKET OBITH CBSI3aHO C H3Me-
HEHHEM CTPYKTYpPbl U CBOWCTB Ka)JIOTO M3 KOM-
MTOHEHTOB (PPUKIIMOHHOM CMecH.

Llens paboTbl — HCCIEOOBAaHUE BIUSHUS Mar-
HUTHOH 0OpaOOTKHM HMCXOTHBIX CMeced MOoIuMep-
HBIX KOMITO3UTOB Ha CTPYKTYPY NPECCOBAHHBIX
(PUKIMOHHBIX MaTEPHAJIOB.

MartepuaJibl 1 METOAMKH IKCIIEPHMEHTA

B kadecTBe 00BEKTOB MCCIICIOBAHUS BHIOPAHBI
HOJIMMEpHBIe (PUKINOHHBIE KOMIO3UTHI MapKu
BMZD (TY BY 400084698.322-2022), ucnoib-
3yeMble B y3Jax CTalMOHAPHOTO TPEHHS TEXHO-
Joruueckoro obopymoBanus. KoMmosuTel u3ro-
TaBIMBAINCh HA OCHOBE MOJUTETPAPTOPITHUIIC-
Ha (I'OCT 10007-80). B xadecTBe HamoaHUTEICH
UCIIOJIb30BAIM  TIOPOIIOK MEIHBIH  CTaOMIIN3U-
poBansbiii mapku IIMC-1 (I'OCT 4960-2017),
U3MeJIbYCHHOe 0a3aJbTOBOE BOJIOKHO JHAMET-

a
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pom 3 MM (CTB 1908-2008), mOBEepXHOCTHO MO-
mudunupoBanHoe  1,3-peHUICH-ONCMaTCHHIMI-
nom mapku GP-204, u nucnepcHyro HeopraHude-
CKYI0 (DPUKIMOHHYIO JOOABKY.

HcxonHass KOMITO3UIIMOHHAS CMECh 00pabaThI-
Bajach B MMITYJIbCHOM MAarHWTHOM TIOJI€ Ha TpH-
6ope UMU-U [14] ogHO- U ABYXHOISPHBIMUA M-
MyJbCaMH B KOJIMYECTBE 2 U 4 ¢ HANPSXKEHHOCTHIO
MarautHoro moist 20, 40 u 60 kA/m (puc. 1).

ITocne mMaruuTHON 0O0PAOOTKH M3 KOMITO3HIIH-
OHHOU cMecH (GOpMHUPOBAIIA OOPA3ILl IS HUCITHI-
TaHUH U MCCIEJOBaHUS CTPYKTYphl. OOpasipl U3ro-
TaBJMBAJIA METOJIOM TIPSIMOTO TIPECCOBAHMS IIPU
KOMHaTHOW Temrieparype u jaasieHun S0-60 MIla.
TepmMooOpaboOTKy OTIPECCOBaHHBIX 00Pa3LOB OCY-
miecTBIsUM Tipu Temnepatype 380 + 5 °C. Bpems
BBIJIEP’KKM COCTABJIO 5 MHMH Ha 1| MM TOJIIU-
Hbl oOpasna. s uchbITaHWii HAa TPEHUE W3TO-
TaBJIMBAIN 00pa3nbpl B BHIEC CETMEHTOB IIHPH-
voit 0,012 M u mmuHOM 10 ;yTe 0,020 M (puc. 2).

MUKpOCTPYKTYpHBIC HCCIICOBAHUS TTPOBOIH-
M Ha WHBEPTHPOBAHHOM MeETAIIOrpaguyecKoM
mukpockorie MU-1 ¢ ucnonb3oBaHUEM ONTHYE-
CKOTO KOHTPAacTHPOBaHHS MO METOAY TEMHOIO
notst [15]. MukpocTpyKTypy MaTepuaia 00pasion
WCCIIEIOBAIIN Ha TMOBEPXHOCTU TPEHHUS, TIOBEPXHO-
CTH cpe3a, 1 Ha OOKOBOH MOBEpXHOCTH, chopMu-
pOBaHHOH TpU TPECCOBAaHWMHM U HE TOJBEpraB-
meiics B JNaJbHEWIEM KaKOMY-JIHOO BO3JEHCT-
BUIO (pHC. 2).

PeHTreHOCTpYKTYypHBIN aHAJIN3 BBIIOJIHEH B
usnydennn Cuy  Ha ycranoske JIPOH-3, ocha-

[ICHHOW amnmapaTHO-NPOrPaMMHBIM KOMILIEKCOM
U yrpaBiieHusl audpakroMeTpoM U 00paboOTKH
pe3yIAbTaTOB U3MEPEHH.

b

He, kA/M

20000

15000

10000

5000

0 50 100 150 200 250 300 350 t,mc

Puc. 1. dopma 37IEKTPOMArHUTHOTO UMITYJIbCA: @ — ABYXIIOJISIPHBINA; b — OTHOTIOISpHEIHA

Fig. 1. Shape of electromagnetic pulse: a — bipolar; b — unipolar
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IToeepxHOCTE
TpeHHs
Bokosaa
TIOBePXHOCTE
MPeCCOBAHHOTO
oGpazwa TloBepxXHOCTH cpe3a

Puc. 2. O6pa3supl ocie UCIBITAHUN Ha TPEHHE
(oOpa3err M3 KOMITO3ULIMOHHOM cMecH, 00paboTaHHOK
MAarHUTHBIM [OJIEM, — CIIPaBa)

Fig. 2. Samples after friction tests (sample from a composite
mixture treated with a magnetic field is on the right)

®da30BBIN aHAJIM3 POBEJICH O OOIIETIPUHATON
meronuke. CTaTH4ecKHe CMEIICHHS aTOMOB U3
MOJIOKEHUST PAaBHOBECHS OTPEEISUIA 110 COOTHO-
meHuto [16]

I
361211'1 ( )3Tan0Ha

Her = obpasua ( 1 )

4’ [(h2 L )]

1€ lospasua — MHTETPAIbHAS MHTEHCUBHOCTD JINHUM
00pa3na; Iyranoma — MHTETPANBbHAS HHTEHCHBHOCTH
JUHUYU dTaJioHa; h, k, | — mHIEeKCH Muiiepa; a —
napaMeTp KPUCTAJUTMYECKOM PEIIETKY.

Ormnpenenenue CMENICHUN MPOBEACHO IS JIU-
mun (111) Cu. B kadecTBe >TayioHa NMPUHUMAITH
oOpa3sell, He MOJBEPraBIIUNACSA BO3JICHCTBHIO Mar-
HHUTHOT'O TTOJIS.

PesynbTaTel u ux o0cy:KaeHue

Ha moBepxHOCTH 00pasiia, OTIIPECCOBAHHOTO
U3 HeoOpaOOTaHHOW MAarHUTHBIM TIOJIEM CMECH,
HAOIOIAETCS MOJMMEPHOE CBA3YIOIIEE M OT/EIb-
HbIe BKJIIOYCHHS 0a3aJbTOBOTO BOJOKHA;, Me-
HBIH HAITOJHWTENNb MPAKTHUYECKH HE OMpeIelisieT-
cs (puc. 3a). Ilocine 00pabOTKH KOMIIO3HIIMOHHOMN

150 mrm

CMECHU ABYMA UMITYJIbCAMHW MAarnvTHOI'O I1OJId Ha-
OpsHKEHHOCTBIO 20 KA/M (OUITONSPHBIA UMITYJIBC)
0oJsiee KOHTPACTHO HPOSIBISIOTCS (parMeHTsl Oa-
3aJIETOBOTO BOJIOKHA, @ TAaK)K€ YaCTHIBI MEITHOTO
nopoinka (puc. 3b). Ciaenyer Tak)ke OTMETHTh U3-
MeHeHHe IBeTa kommo3unuu. [locne yBennueHus
KOJIMYECTBA HMMIIYJIbCOB JI0 YETHIPEX CTPYKTypa
MIPECCOBAHHOIO 0O0pasiia MposiBiIAeTCs Oojiee OT-
yeruBo (puc. 3c). [lomumepHas ¢asza cTaHOBUTCS
0oJjiee OTHOPOHOM, XOPOIIO BUIAHBI 0a3albTOBBIE
BOJIOKHA. YacTHIIBI MEAHOro MOpOIIKa Habiroma-
IOTCSI B CBOEM €CTECTBEHHOM IBeTe. [Ipu MmoBHI-
[IEHUH HanpsbkeHHOCTH Toust 1o 40 kA/M anst dop-
MHpPOBAHUSI CTPYKTYpBI, AHAJOTHYHON IpeCTaB-
JICHHOH Ha pHUC. 3C, JOCTATOYHO JIBYX OWUTOJSIPHBIX
uMIyJbcoB (puc. 4a). Ilocne yBennueHus: Kommde-
CTBA MMITYJIbCOB JI0 YETBIPEX CTPYKTypa HOBEPXHO-
cTu He u3Mmensiercs (puc. 4b). [Ipu o0pabdoTke IByMsI
OJJHOTIOJISIPHBIMHA ~ UMITYJIbCAMH  HAIPSKEHHOCTBIO
20 xA/M ¢opMupyercsi aHaJOTU4YHasi CTPYKTy-
pa (puc. 4c). [Ipu HanpsHKEHHOCTH MarHATHOTO TT0-
a5 10 60 KA/M cTpyKTypa (OpMUpYETCS aHAIOTHY-
HO TAKOBOM NpH HanpspKeHHOCTH 40 KA/M.
OO06paboTka MMITYJIbCHBIM MAarHUTHBIM TOJIEM
BIHMSET TaKKe€ M Ha MOP(OJOTHIO MOBEPXHOCTH
cpe3a, c(HOpPMHUPOBaHHYIO WHCTPYMEHTOM IIpH
pa3pe3Ke KOJbBLEBOIl 3aroTOBKM Ha OT/AEIBHBIC
oOpasisl (puc. 5). O0pabotka nmpuBOIUT K (Hop-
MHUPOBAHUIO MEHEE Pa3BUTOTO penbeda MOBEpX-
HOCTH; 3(Q(PEKT MHTCHCUPHUUUPYETCS NPH yBEIH-
YEeHHH KOJMYECTBA UMITYJILCOB OT IBYX JIO YeThI-
pex (puc. 5c), a TakKe TPU YBEIMUCHUU
HarnpsbkeHHOCTH Tonst (puc. 6a). [Ipumenenue on-
HOTIOJISIPHOTO MMITYJTECA CIOCOOCTBYET TIOBBIIIICHUIO
OJTHOPOJTHOCTH CTPYKTYpPhI MaTepuaja MOBEPXHOCTH
cpe3a MpH YeThIpeX HMITYJIbCaX MarHUTHOTO IIOJIS
HanpsbkeHHOCTRIO 40 KA/M (puc. 6b, c).

C

Puc. 3. CTpyKkTypa NOBEpXHOCTH IIPECCOBAHHOT0 00pa3Iia KOMIIO3HTA: a — 0e3 BO3IEHCTBUS HOJIS;
b, ¢ — 06paboTKa MarHUTHBIM I10JIEM HanpsHKeHHOCTHI0 20 KA/M, 2 1 4 nMITyJIbca COOTBETCTBEHHO, JIBYXIIOJISIPHBIN HMITYJIbC

Fig. 3. Surface structure of a pressed composite sample: a — without field exposure;
b, ¢ — treatment with a magnetic field of 20 kA/m, 2 and 4 pulses, respectively, bipolar pulse
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Puc. 4. CTpykTypa NOBEpXHOCTH IIPECCOBaHHOTO o0Opa3ia: a, b — 00paboTka MarHUTHBIM ITOJIEM HaNpPsHKEHHOCTHI0 40 KA/M,
2 1 4 umIybca COOTBETCTBEHHO; ¢ — 20 KA/M, 2 nMITyJibca; a, b — ABYXIOJSIPHBINA UMITYJIbC; C — OAHOMOSIPHBIN HUMITYJIbC

Fig. 4. Surface structure of the pressed sample: a, b — treatment with a magnetic field of 40 kA/m, 2 and 4 pulses, respectively;
¢ — 20 kA/m, 2 pulses; a, b — bipolar pulse; ¢ — unipolar pulse

Puc. 5. CTpykTypa MOBEpXHOCTH cpe3a: a — 0e3 BO3IeHCTBUS OIS, b, ¢ — 00paboTKa MarHUTHBIM TIOJIEM HANPSHKEHHOCTBI0 20 KA/M,
2 ¥ 4 UMITyIIbCa COOTBETCTBEHHO; IBYXITOJIIPHBINA IMITYJIbC

Fig. 5. Structure of the cut surface: a — without field effect; b, ¢ — treatment with a magnetic field of 20 kA/m,
2 and 4 pulses, respectively; bipolar pulse

Puc. 6. CtpykTypa noBepxHoctu cpesa: a — 40 kA/M, 4 uMIyIibca, IBYXHOJISPHBIA UMITYJIbC,
b, ¢ — 20 kA/M, 2 1 4 ©UMIIyJIbCa COOTBETCTBEHHO, OJJHOMOJISPHBIN UMITYJIbC

Fig. 6. Structure of the cut surface: a — 40 kA/m, 4 pulses, bipolar pulse;
b, ¢ — 20 kA/m, 2 and 4 pulses respectively, unipolar pulse

MarnuTtHast 00padoTka CyIIECTBEHHO BIHSIET
Ha MOp(dOoNOrui0 moBepxHOCTH Tpenus. Ha 00-
pa3inax, He 00paO0OTaHHBIX MAarHUTHBIM IIOJIEM,
Ha0II01aeTCs KapTHHA BSA3KOIIACTHYECKOTO Te-
yeHUs MaTepuana. MHTEHCHBHO (GopMupyercs
«TpeThe» TENO B BHUJE IMJICHOK mepeHoca. O6pa-

102

30BaBIIMECCA ITNICHKHM OPUCHTHPOBAHLI B HaIllpaB-
JICHUU TPEHHUS W HMMEIOT BBICOKYIO MPOYHOCTH
aJIFe3MOHHOTO CIEIUICHUSI C MaTepuaioM odpas-
na (puc. 7a, b). Meanas ¢asza aekopupyercs
MPOAYKTAaMU H3HOCA, B OCOOEHHOCTH B IICHTPE
obpasma.
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400 mrm

Puc. 7. CTpyKkTypa NOBEpXHOCTHU TPEHHUS: a, b — 6€3 00pabOoTKM MarHUTHEIM T10JIeM; ¢, d — mociie 00paboTKH;
a, ¢ — nepudepuiinas obnacte obpasna; b, d — HeHTp

Fig. 7. Structure of the friction surface: a, b — without magnetic field treatment; c, d — after treatment;
a, ¢ — peripheral region of the sample; b, d — center

[Tocne 00pabOTKM KOMIO3WIIMOHHOH CcMecu
B MAarHUTHOM TMOJI€ KapTHHA TPEHHsS H3MEHSeT-
cs (puc. 7c, d). [lomumepHas dasza HE JEeMOHCTPHU-
pyeT HaJIu4Hs BSI3KUX y4acTkoB. HeomHOpOIHOCTD
CTPYKTYpbl Marepuana (pazindusi B mnepuepuii-
HOW OOJIaCTH TPEHUS U B IIEHTPE 00pasiia) CHIKa-
eTCsl, NPOSBISIETCS HATypajbHBIA IIBET MeEIHON

noB (puc. 8). ®azoBeIid COCTaB KOMITO3UIIMOHHON
CMECH TIOCJI€ BO3JEHCTBUS MAarHMTHOTO TIOJS HE
HM3MEHSETCSI.

Tabauya 1
PDa3oBblii cOCTAB KOMIIO3UIIMOHHOI cCMeCH

Phase composition of the composite mixture

(azpl. [Inenkn mepeHoca (QOpPMHPYIOTCS MEHee Ne | Vron 26, | Mesmiockocrsoe ®aza (hkl),
WHTEHCHUBHO U HE TIEPEKPBIBAIOT BCIO TOBEPXHOCTh wn | rpax paccrosme, A ”HTeHg“BZ‘/OCT"
TalJI.,
tperus. [lpu ucmomszyemom yBenmmdaenwnn (50 kpar) ’
0,
He 3aUKCHPOBAHO W3MEHEHUH MOpP(OJIOTHH TI0- ! 18,65 4,754 (CF),, 100 %
BEPXHOCTH TPEHHS B 3aBHCHMOCTH OT PEXHMa 2| 3218 2,779 (CFy),
BO3JIEHCTBUS MarHUTHOTO TIOJIS. 3 37,37 2,404 (CFy),
®a30BBI PEHTIE€HOCTPYKTYPHBIN aHalu3 To- 4 41,36 2,156 (CF»),
Ka3bIBAeT HAJTUYHE B KOMITO3HUITMOHHOW CMECH IT0- 5 43,40 2,083 Cu, (111), 100 %
mumepa (CF,), u meau (tadi. 1). bazansroBoe BO- 6 5038 1.810 Cu, (200), 46 %
JIOKH(i HE JIaeT OTACIbHBIX HHTepqiepeHuHOHme 7 74.12 1278 Cu. (220).20 %
JUHHUIA Ha PEHTI'CHOTpaMMe, Ha HEW MPOSIBIACTCS
8 89,60 1,093 Cu, 311), 17 %
rajio, XapakTepHoe s aMOp(HBIX Marepua-
Cnexrp - ANe1; Chewmka - 09.08.2023 9:44:33; Cu (Alfat);
i =
g,.,,, 1 L
E T T T N St A T
10 12 14 16 18 20 22 24 26 28 3 32 ::m:y:m:um:: K:w;‘-‘;w.:ms_m:; ez":‘-o:sa::oc:.z- ;‘;I::c.v:c'pn:n.::z; 4 76 T8 80 82 84 85 8 9 %2 % % 98 100
Snukos =27.39; Sobuwan = 2016.53; K =1.4%;
Puc. 8. Pentrenorpamma 6a3abToBOrO BOJIOKHA
Fig. 8. X-ray image of basalt fiber
[ | HayKa 103
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Ha puc. 9—-11 npencraBineHsl y9acTKu peHTIe-
HOTpaMM KOMIIO3UIIMOHHON CMECH NOCie pasiny-
HBIX PEKUMOB OOpabOTKH MarHUTHBIM TIOJIEM.
XapaKkTepHBIM PEHTTCHOBCKUM 3((HEKTOM SBIISET-
Cs M3MEHEHHE OTHOCHUTEIbHOW HHTEHCUBHOCTH
UHTEep()EPEHIMOHHBIX JIMHUHA Kak [oJuMmepa
(CF,),, Tak u Meau. [Ipu obpaboTke (HPUKIUOH-
HOH CcMecH IBYMS IBYXIOJSPHBIMH HMITYJIbCAaMH
OTHOCUTEIIbHOE M3MEHEHHE HHTEHCHBHOCTH JIH-
HUIl MHUHUMaIBHO; 3((EeKT H3MEHEeHUs TIOBbI-
maercst Uil HalmpspKeHHOcTH monst 60 kKA/M.
B naumbonpieii crenenn s¢dekr o00padboTKH
MPOSIBISIETCS JUIA PEKMMa YETBIPEX HMITYJIbCOB
¢ HampspkeHHOCThio 40 KA/M, 9TO corjacyercs
C U3MEHEHHEM CTPYKTYpHI (pHc. 4).

[lpn WCHONB30BaHUM  OXHOMONSPHOTO HM-
mysbca 3QQeKT NposBiseTcs yXKe HpU IBYX HM-
mynbcax ¢ HanpsbkeHHocTbio 20 u 40 kA/M. py-
THE PEXHMBI ITOKA3bIBAIOT MEHEE BBIPAKECHHBIH
pe3ynbTar. PeHTreHorpamMmbl Il pEKUMOB 4e-
TBIPEX HMIIYJIbCOB C HampsbkeHHOCTBIo 40 KA/M

a
d

b
e

U JIByX MMIYJIBCOB C HampsHKEHHOCTBIO 20 KA/M
MPAaKTUYECKU IOAOOHBI, YTO TAKXKE COTJIACYETCs
C pe3yJbTaTaMH UCCIECIOBAaHUS CTPYKTYpBI, Mpea-
CTaBJICHHBIMHU Ha pUC. 4.

Puc. 9. ®parmMeHT peHTTeHOrpaMMBbI 00pasma
B MCXO/THOM COCTOSIHUH

Fig. 9. Fragment of the X-ray diffraction pattern
of the sample in its original state

c
f

Puc. 10. XapaxTepHblil y4acTOK PEHTTCHOTPaMM KOMIIO3UIIMOHHOM CMECH 1ociie BO3/ACHCTBUS MarHUTHOTO MOJIS,
JIBYXIIOJISIPHBIH UMITYJIbC: @, b, ¢ — JIBa UMITyJIbca ¢ HanpshkeHHOCThI0 1ot 20, 40 u 60 KA/M COOTBETCTBEHHO;
d, e, f — geThipe nmIyIbCa ¢ HanpsHKEHHOCTHEO oIS 20, 40 11 60 KA/M COOTBETCTBEHHO

Fig. 10. Characteristic section of X-ray diffraction patterns of composite mixture after exposure to magnetic field, bipolar pulse:
a, b, ¢ — two pulses with field strength of 20, 40 and 60 kA/m, respectively;
d, e, f — four pulses with field strength of 20, 40 and 60 kA/m, respectively
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Puc. 11. XapaxTepHbli y4acTOK PEHTTEHOTPaMM KOMIIO3UIIMOHHOM CMECH Mociie BO3/ACHCTBUS MarHUTHOTO MOJIS,
OJIHOTIOJISIPHBIIT UMITyJIbC: a, b, ¢ — JIBa UMITyJIbca C HANPSDKEHHOCTHIO 1oyt 20, 40 1 60 KA/M COOTBETCTBEHHO;
d, e, f — yeTsIpe uMIyIbCa ¢ HanpsDKEHHOCTHIO 1ot 20, 40 1 60 KA/M COOTBETCTBEHHO

Fig. 11. Characteristic section of X-ray diffraction patterns of a composite mixture after exposure to a magnetic field,
unipolar pulse: a, b, c — two pulses with a field strength of 20, 40 and 60 kA/m, respectively;
d, e, f — four pulses with a field strength of 20, 40 and 60 kA/m, respectively

[IpuMeHuTenbHO K MeTalslaM M3MEHEHHE HH-
TEHCUBHOCTH JIMHUI PEHTI€HOTPAaMMbl MOXKET
OBITH CBA3aHO C HECKOJIBKHMHU ITPOLIECCAMH:

— (opMUpPOBAaHHEM TEKCTYPHI;

— U3MEHECHUEM BEIMYMHBI OJIOKOB KOT€pEeHT-
HOTO pacCesiHUs;

— obOpa3zoBaHneM 1e()EKTOB YIIaKOBKH;

— CTaTUYEeCKUMH CMEIICHUSIMH aTOMOB M3 MO-
JIOKEHUM paBHOBECHSI.

Bo3sgeiicTBuEe MAarHUTHOrO MOJNSI HAa MEAHYIO
KOMITOHEHTY CMECH HE€ CBA3aHO C IUIaCTUYECKON
nedopManyell UK ¢ MOBBILIEHHEM TEMIIEpaTyphbl;
pa3orpeB CMecH B MarHUTHOM TI10JIe HE HaOJIro1alI-
cs. asnenue 50 MIla u Temneparypa 380 °C mpu
NIPECCOBAaHNM KOMIO3UIIMOHHON CMECH A MEIu
HECYIIECTBEHHbl C TOYKH 3PEHHUS H3MEHEHUs
BHYTpeHHell cTpykTypsl. IlosToMy nepseie Tpu
mpoliecca B MeIHOH (paze mpeacTaBisIIOTCS Majo-
BeposiTHBIMU. HaumOonee BeposITHOW NPUYUHOM
W3MEHEHUSI OTHOCHUTENbHONW WHTEHCHUBHOCTU HH-
TepEPEHIIMOHHBIX JTUHUHA MeIu SBISIETCS U3Me-
HEHHE CTATHYECKHX CMEIEHHH aTOMOB M3 IOJIO-
JKEHUH paBHOBeCHs (HaIpsDKEHUs 3-TO pona).

[ Hayka
uTexHuka. T. 24, Ne 2 (2025
Science and Technique. V. 24, No 2 (2025

[Ton Bo3nelicTBHEM MMIYJIBCHOTO MarHUTHOTO
MOJS TIPOMCXOMAT HM3MEHEHUS TOHKOH CTPYyKTY-
pel Meau [17], B 4aCTHOCTH HAOJIOJAIM HAYalb-
HBIe cTaauu (HOPMHUPOBAHUS SUEUCTOH AMCIOKA-
LUOHHON CTpPYKTyphl. Kak XapaktepHblil 3¢ dexT
MarHUTHOTO BO3AEUCTBHS OBUIO OTMedeHO (Hop-
MHUPOBaHUE JBOHHHMKOB M CTYNEHYATHIX BBICOKO-
yraoBeix rpanuy [17, 18]. Takue wu3zmeHeHus
CTPYKTYpBI CBSI3aHBI C NIEpEeMEIICHHEM aTOMOB Ha
pacCTOSIHUS, HE KPaTHbIE MEKIITIOCKOCTHBIM.

[IpencraBienuss o HampsDKEHHUAX 3-TO poja
UCTIONB3YIOTCS JAJIsl OIMCAHUS poLeccoB GpopMu-
pOBaHUS TBEPABIX PACTBOPOB, BIMSHHS IpPHMe-
ceil Ha CTPYKTYpY U CBOMCTBa MaTepHajoB, a TakK-
xe omucanus (azoBbIX mpeBpameHui [19-22].
Hampspxenust 3-ro poga BO3HHMKAIOT TPH TIEPEX0-
Jlax aTOMOB 4epe3 MOTEHLHUAIbHbIE 0apbephl, TO
€CTb IPU MEPEMELICHUAX aTOMOB Ha PacCTOSHUS,
HE MEHBIINE IOJIOBUHBI MEKaTOMHOTO PacCTOs-
Hus [23]. [lpu OOJbIINX MEPEMEIICHUSX aTOMBI
COCEIHUX CJI0OEB MOTYT HE MONagaTh MOJHOCTHIO
B TOJOXEHHS MHHHMYMOB, COOTBETCTBYIOLIMX
PaBHOBECHOW peEIIeTKe, U 4acTh aTOMOB 3aHHMa-
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€T TIPOMCKYTOYHBIC IIOJIOKCHHA PABHOBECUS.
Hanpspkenus 3-ro poja BO3HUKAIOT NPU MEPEX0/Ie
yepe3 Tpenaen yNpyrocTH W SIBJISIOTCS MeTacTa-
OWNBHBIMH ~ HAPYUICHUSMH  KPUCTAJUIMYECKOM
CTPYKTYpPBI, IIPH 3TOM MCKAXEHHUS OXBATBIBAIOT
00bEeM B HECKOJBKO 3JEMEHTAPHBIX SYCeK. DTHM
UCKKEHHUSM COOTBETCTBYIOT CMEIEHHS aTOMOB,
HapPYIIAIONIUE PErYISIPHOCTh CTPYKTYphl. CMelie-
HUSl aTOMOB, CBSI3aHHBIC C MCKOKEHUSIMH 3-TO PO-
Jla, HOCAT CTATHYCCKHU XapakTep W KOHIICHTPH-
pYIOTCS B MecTax HauOOJIbIIMX HapyIIeHWH mpa-
BUJIBHOCTH CTPYKTYPbl — Ha TPaHUIAX 3€peH U
JIBOWHHUKOB, OJIOKOB KOT'€PEHTHOT'O PacCesHHUS.

DHEPruio HanpsHKeHUH 3-To poja MOXKHO OIle-
HUTH TI0 (opMyJsie, aHAJIOTHYHOW (QOopMyJe s
TEIUIOTHI, HIyIIeH Ha HATPEBaHKE TENA:

AU = %CAT, )

rzie ¢ — TernoeMKocTh; AT — 3 deKTHBHAS TeMIle-
parypa.

Benuunna sneprun AU 110 NOpsiAKy COBMAAAET
C DHEpruel BHYTPEHHHUX HANPSKEHUH, H3Mepsie-
MOH B KaJOPUMETPUYECKUX ombITax. [Ipu mmactu-
yeckoll pedopMmanuy Ha HamnpsbKeHHs 3-To poja
npuxoautcst 98 % oOmeil morjomeHHoNH 3Hep-
ruu [23].

Bo3MO)XHOCTh M3MEHEHHS CTPYKTYpHl MeIu B
MarHUTHOM II0JI€ TOATBEP)KJIAETCSI CYLIECTBOBA-
HUEM B JMaMarHUTHBIX MeETaJJlaX MarHUTOKajo-
pudeckoro 3ddekra [24].

B kauecTBe THIOTE3Bl O MEXaHW3MAaX BIMSHUSL
MarHUTHOIO TMOJIA HAa CTPYKTYypy MOJUTET-
padropatinera (IITDD) MOXKHO TPEITOIOKHUTD,

a

0,04 [ —=e=20
< 0,02 /\\ —m— 4
] 0 "/ .60

002 \ \

-0,04 \ \

0,06 N\ \
0,08 \\“ \A!
0,10 <.

4

-0,12
0 2

Kommuectso UMITYJIBCOB

ATOMHBIE CMEIIEHNS

YTO MOJ BO3JEHCTBHMEM MAarHUTHOTO TOJS IPOUC-
XOAWT HW3MEHEHHE CHUPAIBHOW KOH(pOpPMAaLUH
[IT®S. Monekynsl B 3aBUCUMOCTH OT PEXHMOB
00paboOTKN CKPYUYHBAIOTCI—PACKPYyUHUBAIOTCS TI0-
JOOHO TOMY, KaK 3TO MPOUCXOAMUT BOJIH3H TeMIle-
patyp ¢a30BBIX MIEPEXO/I0B, OCTABAsICh IPU ITOM B
KpUCTaJUIMYECKOM COCTOsIHUU. Bo3nelicTBue mar-
HUTHBIM TOJIEM MPHBOJAUT K U3MEHEHHIO JKECTKO-
cti MonekyisapHod unenu IIT®D, B pesynbrare
Yero W3MEHSETCS CIUpaibHas KoH(pOpMAaIus
[NT®D. KoundopManMOHHBIH THCTEPE3UC LIS
MPOIIECCOB «CKPYTKU-PACKPYTKH» MOJIEKYJ IIPH
BO3JIEMICTBHM MAarHUTHOTO TIOJII CIIOCOOCTBYET
W3MEHEHUIO CTPYKTYPHI M CBOMCTB MaTepHara.

[lo peHTreHOBCKMM JaHHBIM PacCUHTAHBI
OTHOCHUTEJbHBIE CTAaTHUECKHE CMEUIEHHd aTo-
MOB MEIU W3 TOJIOKCHHWHA paBHOBecus (puc. 12).
[TomydeHHble pe3ynbTaThl KOPPENUPYIOT C HU3Me-
HEHHEM CTPYKTYpbl (puc. 3, 4) u cBoiicts [13].
Jnist qBYXIIONSIPHOTO MIMITYJIbCa HAMJIydIlas CTPYK-
Typa COOTBETCTBYET PEXKHUMY YETHIPEX HMITYJIb-
COB C HampsHKeHHOCTBIO 20 KA/M, IUIsl OJHOIO-
JSPHOTO — JBYX UMIYJIBCOB C HANPSKEHHOCTHIO
20 kA/M. DTOMy COOTBETCTBYET MaKCHUMAalb-
HOE€ M3MEHEHHE 3HAUEHHUS aTOMHBIX CMEIICHHH.
[o-Buanmomy, 06paboTKa B MarHUTHOM IIOJIE CIIO-
coOCTByeT (hOPMHPOBAHUIO PABHOBECHOH CTpPYK-
TYpHI 32 CYET COBEPILEHCTBOBAHMS KpHCTaJLTUYE-
CKOM pemeTkyu Meu.

OnwcaHHBIE CTPYKTypHBIE W3MEHEHHUS OIpese-
JITFOT PE3yJIbTaThl AMHAMUYECKOTO MEXaHMYEeCKOTO
aHamM3a 00pa3loB, OTIPECCOBAHHBIX M3 KOMIIO3H-
[MOHHBIX MaTePHAIOB, 00Pa0OTaHHBIX B MATHUTHOM
monte [13].

b
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Puc. 12. I3MeHEHNE CTATHYECKHUX CMEIICHUA aTOMOB MEIH B 3aBUCUMOCTH OT KOJIMYECTBa HUMITYJIBCOB U HAIIPSXKCHHOCTH
Mar"HuTHOTO ITOJIA: a — ,I(ByXHOJIS[pHLIﬁ HUMITYJIBC; b- OIIHOHOHSIpHLIﬁ HUMITYJIbC

Fig. 12. Change in static displacements of copper atoms depending on the number of pulses and magnetic field strength:
a — bipolar pulse; b — unipolar pulse
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CpaBHenue 3¢¢pekToB 00padOTKU OAHO- U IBYX-
TIOJISIPHBIM MMITYJIbCAMH TIOKa3bIBAET, YTO TPU 00-
paboTKe IBYyMs MMITYJIBCAMH C HAaIpPsSHKEHHOCTHIO
H, =20 kA/M B obllacTu Temmeparyp JI0 pejiakca-
IIUOHHOTO (-TIepeX0jia OIHOTIONSAPHBIN PEXUM 00-
pabOTKK TOBBIIACT, & IBYXIOJSPHBIA — CHMXKACT
TaHreHC yIila MEeXaHM4YecKHx noteps (tgd) mo 7 %
1O CPaBHEHHIO C HEOOpaOOTaHHBIM KOMITO3HUTOM.
Junamudeckuid MOIyNb ynpyroctd E,; BO3pacTaet
BO BCEM TEMIIEpaTypHOM auanaszoHe 10 12,5 %
HE3aBUCHMO OT TIOJSIPHOCTH PEXHUMa 00pabOTKH,
MPU TOM C YBEJIMYEHHUEM TEMIIePaTyphl BIUSHUC
00pabotku Ha E,; cHwkaercs. [loBelilieHue Harps-
JKEHHOCTH Ttoyts 0o 3HadeHuit 40—-60 kA/M He Oka-
3bIBACT CYIIECTBEHHOTO BIHMSHHSI HAa CTPYKTYpy H
CBOMCTBA MTOJIMMEPHOTO KOMITO3HTA.

BbIBO/IbI

1. YcTaHOBIIGHO CYIIECTBEHHOE BIMSIHUE TPEA-
BapUTEIILHOW 00pPaOOTKH MAarHUTHBIM TOJeM (DpHIK-
IMOHHOM cMecH (MEOHBIH TOPOLIOK, MOoIUTeTpad-
TOPATWIJICH, 0a3aJIbTOBOE BOJIOKHO) Ha CTPYKTYPY
NPECCOBAHHBIX 00pa3lioB, a TaKke MOBEPXHOCTb
pe3a u MOPQOJIOTHIO TOBEPXHOCTH TPECHHUSL.

2. lloka3aHo, 4TO CYIIECTBEHHOE 3HAYEHUE
HNMCIOT KOJIMYECTBO UMITYJIbCOB MAarouTHOIO I10JI4,
a TaKke TOJSPHOCTh UMIYJIbCOB. OmnTHMaibHOE
3HAaYeHHE HANPSHKEHHOCTH MAarHUTHOTO TOJSI CO-
craBuio 20 kA/M; HanboJiee pe3yIbTaTUBHO TIPH-
MEHEHHUE YHUTOSIPHBIX UMITYJIECOB.

3. OnanM U3 GU3UIECKIX MEXaHH3MOB, OTBET-
CTBEHHBIX 32 M3MEHEHHE CTPYKTypbl W CBOWCTB
MaTepuanoB Ha ocHoBe IIT®D mpu Bo3melcTBUU
MarHWTHOTO TIOJII, MOKHO CUHTaTh OOpa3oBaHUE
CTaTUYECKUX CMEIIEHHH aTOMOB MEAW M3 TI0JIO-
JKEHWsI PAaBHOBECHS, YTO O3HA4YaeT H3MEHEHHE
YPOBHS HanpsbKeHUH 3-To pofa.

4. B xadecTBe TUIOTE3I BBICKa3aHO MPEIIIONO0-
JKEeHWE, YTO BO3JIEHCTBHE MAarHUTHBIM TOJEM TIpH-
BOJIMT K U3MEHEHUIO JKECTKOCTH MOJIEKYJISIPHOM 11e-
iy [IT®D, B pe3ynbrare 4ero U3MEHsIETCsl CUpalib-
Hast koH(popmarus [1TDD. ITu u3MEHEHUs! BIHSIOT
Ha 3HAYEHUs] CTPYKTYpHO-UYBCTBUTEIBHBIX TTOKa3a-
TeNield CBOMCTB KOMIIO3HMTa, B KayeCTBE KOTOPBIX
B JIAHHOM KCCIIEIOBaHVH HMCIOIb30BaHBl MEXaHMYe-
CKHE TMHAMHUYECKUE XapaKTEePHUCTHKH.
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Bausinue aHOAHBIX PesKUMOB 00Pa0OTKM B JIEKTPOJINTAX
HAa CbeM MeTAaJIa U BBIXO0/I M0 TOKY

Kanp. Tex. nayk, gou. A. FO. Kopoaés"

')Beﬂopyccm/lﬁ HAIIMOHAJBHBIN TeXHUYEeCKHA yHUBepcuTeT (MuHCK, Pecrrybnmka benapycs)

Pedepar. YcTraHOBICHO BINSIHUE QHOIHBIX PEKUMOB (JIEKTPOXUMUYECKUI, KOMMYTAI[HOHHBIH, dJIEKTPOINTHO-TIIa3MEHHBIIT)
npu obpaborke cranu AISI 321 B BogHOM pacTBOpe CysibaTa aMMOHMS KOHLEHTparued 5 %, MIHPOKO NPUMEHSIEMOM
B IIPAKTHUKE JIIEKTPOIUTHO-IUIA3MEHHON 00pabOTKH KOPPO3MOHHOCTOMKHX CTanel, Ha CheéM MeTallla, BBIXOJ IT0 TOKY U 3aTpa-
YMBaeMyIO yJelbHYyI0 SHepruro. Hanbonpmuii cheM MeTajuia OTMedaeTcs Ha TPAHHIE JIEKTPOXUMUIECKOTO U KOMMYTalH-
OHHOTO PEXHMMOB, a TaKXkKe B 00JACTH KOMMYTAI[HOHHOTO pexuMa. B 3aBHCHMOCTH OT TeMmImepaTyphl 3JE€KTPOJIHNTAa MaK-
CHMAaJIbHBI ChEM TIPH 3TOM IIPEBBIINIACT 3HAYEHHS, COOTBETCTBYIOIIHE >JIEKTPOIMTHO-INIA3MEHHOMY DPEXHMy, B 6—8 pas.
B obnacty 3HaueHn HaNpsHKEHUS, COOTBETCTBYIOIICH JIEKTPOINTHO-INIA3MEHHOMY PEXXUMY, KOI(DQHUIMEHT BBIX0/a METaJLIa 110
TOKY 1] CYyIIECTBEHHO BBIIIE, YeM IIPU 3HAYCHUSIX HATPSDKCHHS, COOTBETCTBYIOMIMX JJIEKTPOXUMUYECKOMY M KOMMYTAI[HIOHHOMY
pexxuMaM. B 3aBHCHMOCTH OT TeMmmeparyphbl JIEKTPOJIMTA 3HAYCHHUS 1| HaXOIATCS B CICAYIONIMX AWAra3oHax: B AJIEKTPOJIMTHO-
mna3mMeHHoM pexnme — 0,40-0,62; B xommytarmonaoM — 0,18-0,24; B snekrpoxumuueckom — 0,16-0,24. B snekTposmTHO-
mia3MeHHoM peskume (210-330 B) makcumym koaddummenta 1) obecrieanBaeTcst B 001acTH Temreparypsl sektponura 70-80 °C.
DNEKTPOIIUTHO-TUIA3MEHHBIH PEXXHUM XapakTepHu3yeTcsl OONBIIMMM JHEprozarpaTraMy Ha eIWHHIy MacChl yOAJCHHOTO MeTall-
na (¢/Am) 10 CPaBHEHHMIO C AIEKTPOXUMIYECKUM peskuMoM. Tak, npu Temreparype 80 °C B 2JIeKTPOXHMHUYECKOM PEeXXUME B Jpama-
30He Hanpsvkerns 10-70 B mapamerp g/Am npuanMaet 3uaderns 0,04-0,31 Br-w/(cM?-Mr), a B 3EKTPOIHTHO-IIA3MEHHOM Pe-
xnme (120-330 B) — 0,14-0,50 Br-u/(cm? mr). IIpn Temmeparype 90 °C B 3MCKTPOIHTHO-IIA3MEHHOM PEKHME 3HAYCHHC
napametpa g/Am m3mensetcs or 0,26 mo 0,63 BT"I/(CMZ'MF). Ilomy4eHHble pe3ysbTaThl SBISAIOTCA OCHOBOM AJIS CO3JaHUS
3¢ }EKTUBHBIX KOMILIEKCHBIX IPOLIECCOB MOBBIICHHS Ka4eCTBA IOBEPXHOCTH U Pa3MEpHOi 00pabOTKM, IPH KOTOPHIX B OJ-
HOW CTaJul COBMEIIAETCS KaK AJICKTPOIUTHO-IUIA3MEHHBIN, TaK M 3JEKTPOXUMHUYECKHN peHMbI 00paboTku. Takas cxema
00pabOTKH MO3BOJISET UCIIONB30BATh IPEUMYIIECTBA KKIOT0 U3 aHOJHBIX PEKMMOB: MHTCHCUBHBIN CheM MeTalula IIPH HU3-
KHX JHEPro3arparax B DJICKTPOXMMHYECKOM PEXHME U MOJUPOBAaHME C JOCTHKEHHEM BBICOKOTO KayeCTBa ITOBEPXHOCTH B
3NIEKTPOIUTHO-TITIA3MEHHOM PEXUME.

KnrwueBble ciaoBa: aHOmHAS 06pa60TKa, 3J'ICKTpOIII/ITHO-HJ'Ia3MeHHLII71 PeKUM, KOMMyTaL[I/IOHHI)Iﬁ PEKUM, SBICKTPOXUMU-
YECKHI PEXUM, IJIOTHOCTH TOKa, CbE€M METaJlJIa, BBIXO 110 TOKY
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109-117

Effect of Anodic Treatment Modes in Electrolytes on Metal Removal
and Current Efficiency

A. Yu. Korolyov"

YBelarusian National Technical University (Minsk, Republic of Belarus)

Abstract. The effect of anode modes (electrochemical, switching, electrolyte-plasma) in the treatment of AISI 321 steel in an
aqueous solution of ammonium sulfate with a concentration of 5 %, which is widely used in the practice of electrolyte-plasma
treatment of corrosion-resistant steels, on metal removal, current efficiency and specific energy spent, has been established.
The greatest metal removal is observed at the border of the electrochemical and switching modes, as well as in the area of the
switching mode. Depending on the electrolyte temperature, the maximum removal in this case exceeds the values
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corresponding to the electrolyte-plasma mode by 6—8 times. In the region of voltage values corresponding to the electrolyte-
plasma mode, the coefficient of metal current efficiency 1 is significantly higher than at voltage values corresponding to elec-
trochemical and switching modes. Depending on the electrolyte temperature, the values of 1 are in the following ranges:
in electrolyte-plasma mode — 0.40-0.62; in switching — 0.18-0.24; in electrochemical — 0.16-0.24. In the electrolyte-plasma
mode (210-330 V), the maximum coefficient n is provided in the region of the electrolyte temperature range of 70-80 °C.
The electrolyte-plasma mode is characterized by high energy consumption per unit mass of removed metal (g/Am) compared
to the electrochemical mode. So, at a temperature of 80 °C in the electrochemical mode in the voltage range of 10-70 V,
the parameter g/Am takes values of 0.04-0.31 W-h/(cm*mg), and in an electrolyte-plasma mode (120-330 V) —
—0.14-0.50 W-h/(cm* mg). At a temperature of 90 °C in the electrolyte-plasma mode, the value of the parameter g/Am varies
from 0.26 to 0.63 W-h/(cm® mg). The obtained results are the basis for creating effective complex processes for improving
surface quality and dimensional treatment, in which both electrolyte-plasma and electrochemical modes are combined in one
stage. This treatment scheme allows to take advantage of each of the anode modes: intensive metal removal at low energy
consumption in the electrochemical mode and polishing the surface with the achievement of high surface quality in the elec-
trolyte-plasma mode.

Keywords: anodic treatment, electrolyte-plasma mode, switching mode, electrochemical mode, current density, metal remo-
val, current efficiency

For citation: Korolyov A. Yu. (2025) Effect of Anodic Treatment Modes in Electrolytes on Metal Removal and Current Effi-
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BBenenue

B kauecTBe anbTEPHATUBBI CYIIECTBYIOIIUM
METO/IaM IIEKTPOXUMHUYECKOTO TOJTHPOBAHUS I~
POKO HCHONB3YeTCs 3JIEKTPOIUTHO-TIa3MEHHAsS
obpabotka (OI10) [1, 2]. Meron obecneuuBaeT
NOJMPOBAHKUE, YNAJICHHE 3ayCEHLEB H OYHUCTKY
HOBEPXHOCTH M3JEJIUH U3 METAJUINYECKUX Mare-
puanos [3, 4]. OIIO no cpaBHEHHUIO ¢ MEXaHHYE-
CKUM M DJIEKTPOXUMHYECKHM MOJIMPOBAHHEM 00-
JajaeT psAAOM CYLIECTBEHHBIX NMPEHMYIIECTB, Ta-
KHX KaK: BBICOKasl 3KOJOTrWYeckas Oe301acHOCTb
3a cYeT NPHUMEHEHHs DJIEKTPOJHMTOB HAa OCHOBE
BOJIHBIX PacTBOPOB cojlel KoHLEeHTpaueit 3—5 %;
BO3MOXKHOCTh 00pa0OTKHM JeTajeil U U3Aeui Jito-
001 KoOH(UIrypauuH; BO3MOXKHOCTH IOJyUCHHS
3epKaIbHOM TIOBEPXHOCTH C BBICOTOM MHUKPOHE-
poBHOCTeH BIIOTh A0 Ra = 0,01 mMxM; ynmameHue
B Iporecce 00padOTKH Ae(EeKTHOrO MOBEPXHOCT-
HOT'O CJIOS, YTO yNMy4IlaeT (PU3NKO-MEXaHHMYECKHE
U XMMHYECKHE CBONCTBA IOBEPXHOCTH; KOPOTKas
NPOJOJDKATENFHOCTh  TIpOIIecca  TOJMPOBAHHMS;
CYLIECTBEHHOE CHIDKEHHE PYYHOIO TpyZOa; BO3-
MOXHOCTb 00Opa0OTKM BBICOKOTBEPABIX U BI3KUX
MatepuanoB [4—6]. [Ipou3BOAUTENBLHOCTh U 3KO-
HOMHYECKass 3(PQPEKTUBHOCTh TEXHOJIOTHUECKHIX
onepanuii mporecca JI1O B 5-6 pa3 Beime, yeM
Opy TPAJULHUOHHOM BJIEKTPOXUMHUYECKOM IOJH-
POBaHUU B pacTBOpax KUCIOT [7].

O6umm HenoctatkoM D110 siBisiercs: Oomnbinas
SHEPrOEMKOCTh, CBSI3aHHAs, NIPEXKIE BCEro, C BbI-
COKHM HaIpsHKEHHEM, KOTOpoe Tpebyercs s
NoJIIepXKaHusl CTaOUIIBHON mapora3zoBoil 000104-

110

ku. B mpomecce D10 uwepe3 mapora3zoByio 000-
JIOYKY TPOTEKaeT TOK CPAaBHUTEIBHO HEOOJBIION
wioTHOCTH. Ilpy 3TOM ero BenmW4MHA OompenenseT
MIPOU3BOAUTEIHLHOCT O0pPabOTKH WM ChEM Me-
tajuta. COOTBETCTBEHHO IS MOBBIIEHUS d(deK-
tuBHOCTH OO (yBenmmueHus MpOW3BOIUTEIHHO-
CTH W CHIDKEHHUS HEPTOonoTpeOIeHns1) HeoOX0Iu-
MO CO3[aTh YyCJOBUSI OOpaOOTKH, MPH KOTOPBIX
JOCTHTAaeTCs MOBBINICHHAS IUIOTHOCTh TOKA C HU3-
KUMH 3Hepro3aTrpatamu. lIpudyem takas oOpaboT-
Ka JOJDKHA 00ecleunBaTh COXPAHEHUE BBICOKOTO
KadecTBa (pOpMUpPyEMOi TOBEPXHOCTH.

Bonpmioit cbeM NpU OTHOCHTENHHO HHU3KOM
HanpsHDKEHUH 00ecreynBaeTcsl B 3JIEKTPOXUMHUYe-
ckoil u (OA) u KOMMYTaIlMOHHOM obnacTsax (4B)
BOJIBT-aMIIEPHOM XapaKTePUCTUKH aHOMHBIX pe-
JKUMOB B JJICKTPOIUTaxX (puc. 1).

‘ankzpoxnmuqecxnﬁ peXUM
E ‘-..\ A
\ \ ¥, «, KommyranmonHbiii pexum
AR
\ | \ IN
VTN
N \
: \ \ \Dj1eKTpOTHTHO-IIA3MEHHbII
1 ~ . PpeKHM
i ~ AB C
I
1 ! 1y
0 Hanpsokenue, B

Puc. 1. Bonpr-aMnepHas XapakTepUCTHKA aHOIHOIO
npolrecca B 3eKTponute: OA — 3JIeKTPOXUMUYECKUN pesKuM;
AB — KOMMYTallUOHHBIN PEKUM;

BC — 3nexTponuTHO-IIIa3MEHHBIH PeKUM

Fig. 1. Voltage-current characteristic of the anode process
in the electrolyte: OA4 — electrochemical mode;
AB — switching mode; BC — electrolyte-plasma mode
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[Ipu 3TOM 3HAYEHUS HAINPSKCHUS, OMPEICIIs-
IOIIME TPAHUIBI CYIIECTBOBAHUS AHOJHBIX PEXKU-
MOB, 3aBHUCST OT TEIJIOBBIX W AIIEKTPUIECKHUX
YCIIOBUM, TIPU KOTOPBIX OHU peanusytorcs. Ilpu
PaBHBIX JJIEKTPUUYECKUX MapaMeTpax dTU TPaHUIIBI
OTIPEAETISIOTCS. AIIEKTPOIIPOBOASIIIUMHI CBOWCTBA-
MU CpeJibl, KOTOPBIC B CIIydae aHOTHOW 00paboTKH
XapaKTEPU3yIOTCS COCTaBOM M TEMIIepaTypoi
npuUMeHseMOoro 3aekTpoiauTta. Hemocrarkom anon-
HOI 00pabOTKHM Ha TaKUX PEXKUMAX, MPU YCIOBUU
MPUMEHEHUSI B KA4YECTBE JJICKTPOJMTOB BOJHBIX
pacTBOpoOB cojeil koHIeHTpauuen 3—5 %, ABIsgeT-
Csl HU3KO€ KauecTBO (DOPMUPYEMOi TOBEPXHOCTH.

Bricokoe kadecTBO MOBEPXHOCTH C OOIBIITUM
ChEMOM METaJlJIa MPU YCJIOBUU OJHOCTATUNHOMN
00pabOTKH MOXKET OBITh JTOCTHTHYTO MPHU COBME-
IIEHAW B OJHOM TIPOIECCE IIEKTPOXUMHIECKOTO
U DJIEKTPOIUTHO-TIA3MEHHOTO peknma. s sTo-
ro HEOOXOJMMO CO3JaHUE DICKTPUUYECKUX YCIO-
BUH, MPU KOTOPBIX MPOUCXOIUT BO3HHKHOBEHUE
HECTAITMOHAPHBIX pekuMoB [8—10], xapakrepu-
3YIOIIMXCSA KOHTPOJIUPYEMBIM KPAaTKOBPEMEHHBIM
MEPEeX0JIOM W3 CTAallMOHAPHOTO 3JIEKTPOIUTHO-
TUTa3MEHHOTO PEKUMa B JJIEKTPOXUMHUYECKHHA pe-
JKUM, KOTJa 00eCIeunBaeTCss MHTEHCUBHBIA CheM
MeTalllla ¢ HU3KUM JHepromoTpediieHueM. Takum
o0pa3oM, 3a CUET WCIOJIB30BaHUS HECTAIlOHap-
HBIX PEKUMOB CTAaHOBHUTCS BO3MOXKHBIM OCYIIIECT-
BJICHUE KOMILJICKCHOTO 3JEKTPOXUMHUYECKOTO U
AIIEKTPOIUTHO-TIA3MEHHOTO BO3/IEHCTBHS Ha 00-
pabaTeiBaeMyI0 MOBEPXHOCTh M CO3IaHUE Ha HX
OCHOBE 3(P(EKTUBHBIX TMPOIECCOB TOBBIIIECHUS
Ka4yecTBa MOBEPXHOCTH U Pa3MEepHON 00padOTKH.

it pa3paboTKH HECTaMOHAPHBIX IPOIIECCOB
OIIO HeoOXOMMMO MMETh TPEICTABIICHUE O BIIHSI-
HUHM aHOJHBIX PEXHMOB W HMX XapaKTEPHCTHK Ha
ChEM METaIa U BBIXOJ MO TOKY, TPaHUIAX CYIIe-
CTBOBAHUSI aHOJHBIX PEKHUMOB, a TaKXKe BEIUYMHE
SHEPIHH, KOTOPAs 3aTPAYHBACTCSI B ITUX PEKUMAX.

OGopynoBanue U MeTObI

[yt BBIOTHEHUST MCCIIEIOBAHUI HCIIONB30Ba-
nach paboyast BaHHa U3 KOPPO3HMOHHOCTOMKOI cTanu
oobemoM 20 5. Crabunuzamnusi TeMIepaTyphl 3JeK-
TPOJIUTA B HEHM BBITIOJIHSIIACH MIPU TIOMOIIM CUCTEMBI
HarpeBa (BcTtpoeHHbie TOHBI) M CHCTEMBI OXJIaXK-
JICHUs, COCTOALIEH M3 TeII000MEHHMKA, YulIepa U
OapboTepa. B kadecTBe 3MEeKTpOIHTa HCIIONH30BANI-
Csl BOIHBIN pacTBOP Cysb(aTa aMMOHHS KOHLIEHTpPa-
et 5 %. TemmepaTypa 3IMEKTPOINTa H3MEHATIACH
B quanazone 50-90 °C ¢ marom 10 °C. PerymipoBka
BBIXOJIHOTO HANpPsDKEHHUS MCTOYHHMKA ITUTAHUS BbI-
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nonHsack ¢ momotsilo TpexdaszHoro JIATPa B
muarazoHe or 0 mo 330 B. IIpomomKHTeNbHOCTH
00paboTkn 00pa3IoB cocTapimsuia 3 MuH. Ilpn 3TOM
JUTSL KXKJIOTO W3 00pa3ioB (PUKCHUPOBAIICS XapaKTep
MPOTEKAIOIIETO AHOAHOTO PEXHUMa: BJICKTPOXUMH-
YECKUI, KOMMYTAI[MOHHBIM WM 3JICKTPOJIUTHO-
IIJIa3MEHHBIH.

CpenHee 3Ha4YCHUE CHIIBI TOKAa B IIETIH DJIEK-
TPOJMT—AHOJ TpU 00pabOTKEe O0pa3lOB H3MEps-
aock MyneTUMeTpoM Victor VC9808 ¢ muckper-
vocthio 0,01 A. Macca oOpasmoB 10 M IIOCHE
00pabOTKH Hu3MepsUlach Ha AHAJIMTHYECKUX Be-
cax OHAUS Pioneer PA 214C c puckpeTHO-
cteio 0,1 mr.

B kauecTBe 00pa3moB A BHIOTHEHUS UCCIIe-
JNOBAaHMH MCIOJB30BAIH OTPE3KU IPOBOJOKU W3
Koppo3uoHHocToWkoi cranu AISI 321 guamer-
poMm 2 MM mmuHOM 40 MM. {7 MOBBIMICHUS TOY-
HOCTH OTIpeNeNIeHHs] CheMa MeTallla M N3MEepPEHHs
CWIIBI TOKa 00pabO0TKa BBIMTONHSIIACH TIPH YaCTHY-
HOM TIOTPY>XEHHH OOpa3IOB B JIIEKTPOJUT Ha
mmHy 20 MM, Takum oOpasom, muiomanbs oopa-
GaTEIBAEMOIl TOBEPXHOCTH cocTaBmsuia 1,29 cm’.
YyacTok 00pasma, TpaHUYaIiid C TOBEPXHOCTHIO
ANIEKTPOJINTA, W30JIUPOBAJICS BTYJIKOH U3 (TOpO-
miacra (puc. 2).

Puc. 2. Cxema norpyxeHusi 00pasuos:
1 — obpazen (aHOM); 2 — M3OIAMPYIOIIAs BTYJIKA;
3 — BaHHA C DJIEKTPOIUTOM (KaTOX)

Fig. 2. Sample immersion scheme:
1 — sample (anode); 2 — insulating bushing;
3 — bath with electrolyte (cathode)

Taxkast cxema Morpy»eHHs TTO3BOJISCT JOKAIN30-
BaTh 00pabOTKY TOJILKO Ha HEOOXOAWMOM Y4YacTKe
oOpazua. [Ins kpermnenus oOpasna He TpeOyercs
MPOMEXYTOUHAsI OCHACTKA, ITOBEPXHOCTH KOTOPOIi
TaKKe YJ4acTByeT B aHOIHOM IPOIIECCe W COOTBET-
CTBEHHO BHOCHT JOTIOJTHUTENBHBINA BKIa] B Gopmu-
poBanue oOmel cuisl Toka. Hammame wmsomupyro-
e BTYJIKH ITO3BOJISET N30€XKaTh MyIbCaITHi TOKA 1
JOTIOJTHUTENFHOTO CheéMa MeTalyla B 00JlacTH Tpa-
HULBI 3JIEKTPOJIMT-BO3IYX BCIEACTBUE KoJeOaHHi
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ANIEKTPOJIUTA ¥ BBIXOZA W3 MPUAHOAHOM 30HBI 00pa-
3YIOLLEHCS IapOra3oBO CMECH.

3HavyeHue ko3dduiuenTa BpIX0a METauIa 110
TOKY 1] PacCUMTBIBAIIOCH IO opmye [11]

Am
= 1
L Am M

pacu

rae Am — gakTHdeckas Macca yaaJleHHOTO MeTajl-
Aa; Amp,cq — PACYETHOE 3HAYEHHE MACChl yJalleH-
HOI'0 MeTaJljia,

Am,., =klr, 2)
k — 2MEeKTPOXMMHUYECKUN IKBHBAIECHT MeTaiia (Juist
cramu AISI 321 cocrasmser 16,2810 r/(A-MuH)
[11]; I — u3MepeHHas cuja TOKa B LEMU 3JIEKTPO-
JUT—aHO[; T — MPOAOJLKUTENILHOCTh 00pabOTKH.

Pe3yabTaTthl nccegoBannii
H UX 00CYKIAeHHe

[osy4eHHbIE HA OCHOBAHHM SKCIICPUMEHTAJIb-
HBIX JTaHHBIX 3aBUCHMOCTH IUIOTHOCTH TOKA M CheMa
MeTaiuia OT pabovero HanpsHKEHHS TP Pa3IMYHbBIX
3HAYCHUSIX TEMIIEPATYPhl JIEKTPOJIUTA TIPEICTaBIIE-
Hbl Ha puc. 3. 3aBUCHMOCTH CheMa MeTala U
TUIOTHOCTH TOKa XOPOIIIO COTTACYIOTCS IPYT C APY-
TOM, YTO TOATBEP)KIACT KOPPEKTHOCTH IOTyYCH-
HBIX PE3YJIBTATOB, TIOCKOJIBKY O0ECIIEUMBAETCS CO-
omonenne 3akona ®Dapanes. TemmepaTypa smek-
TPOJMTA OKAa3bIBACT peEIIafoliee BIMSHHE Kak Ha
(hopMHpYEeMyIO TUIOTHOCTh TOKA, TaK M Ha TpaHH-
1[I 00JIacTEll BO3HMKHOBEHHS aHOJHBIX PEKUMOB.
Tax, mpu temmneparype 3nekrponura 50 °C makcu-
MaJbHas INIOTHOCTh TOKa cocTaBisier 2,64 A/CMZ,
a mpu Temmepatype 90 °C — 11,72 A/em”. Coem me-

a

tamma npu stoM 25,1 m 108,9 mr/cm® cooTBert-
CTBEHHO.

IIpu temmneparype 50 °C 31eKTpOXUMHUECKUN
PEXUM MPOTEKAET B TUara3oHe 3HaYeHUH paboue-
ro Hanpspkerust ot 0 7o 80 B. B quamazone ot 80
1m0 210 B neiicTByeT KOMMYTAIlMOHHBIH PEXHM.
CTaOuNbHBINA ANEKTPOIIMTHO-TIIA3MEHHBIA PEXUM
BO3HHWKaeT npu HanpspkeHnn 6omee 210 B. C yBe-
JWYEHHEM TEeMIIepaTypbl 3JIEKTPOIUTA O0O0JIACTb
CYILLIECTBOBAaHUSA 3JEKTPOXUMHUYECKOIO pexkUMa
HE3HAUUTEIbHO pacmmpsiercs. Tak, eciu mpH
temnepatype 70 °C rpaHuua mepexoaa 3JIE€KTpO-
XMMUYECKOT0 peXrMa B KOMMYTALMOHHBIA I10-
IIpeXXKHEMY COOTBETCTBYyeT HampsukeHuio 80 B, To
pu 3HaueHUAX Temmeparypsl 80 u 90 °C mpowuc-
XOIIUT €€ cMelIeHue o HanpstxeHus 90 B.

Haunbonee 3HaunMbiM 3P QPEeKTOM, BO3ZHHKAIO-
LOIMM TP MOBBILIEHHN TEMIEPaTypbl 3JIEKTPOJIHU-
Ta, SABISETCS] CMEIIEHNE TPaHHIIbI BOSHUKHOBEHUS
CTa0MIBHOTO 3JIEKTPOJIUTHO-TUIA3MEHHOTO PEXH-
Ma B 00JacTh MEHBUIMX 3HAUYEHUH HAIPSKECHUS.
Tak, npu Temmnepatype 70 °C cTaOHIBHBIA dJIEK-
TPOJMTHO-IIJIA3MEHHBIN PEKUM BO3HUKAET YKe
npu Hanpspbkennn 160 B, a npu yBenndeHUN TeM-
nepatypsl 1o 80-90 °C — npu 120 B. 310 cBA3aHO
c Ooyiee OIaroNMpUATHBIME YCIOBHSAMHU st (op-
MHUPOBaHHUsSI NApOra30BOi OOOJIIOYKH BOKPYT aHO-
na. Jlng 70KambHOTO BCKUIIAHUS 3JIEKTPOJINTA
TpeOyeTcsa MeHbIIE yIeIbHOH 3HEPIuH, YTO COOT-
BETCTBEHHO IPHUBOAUT K YMEHBIIEHHIO HEO0O0XO-
auMoro i 3toro HampsbkeHus. [loatomy mepe-
XOJl B AJIEKTPOJIUTHO-TIJIA3MEHHBIN PEXUM MPOUC-
XOAWT paHblle, a 00JacTb KOMMYTAIIHOHHOTO
peXuMa cy’KaeTcs U, HalpuMep, Ipu TeMIieparype
anektpoauta 90 °C HaxonuTcs B AUamna3oHE 3HA-
yeHni Hanpsbxerus 90—-120 B.

b
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Puc. 3. BnusiHue HanpsDKeHUsI Ha TUIOTHOCTH Toka (a) u cbeM Metaa (b)

Fig. 3. Effect of voltage on current density (a) and metal removal (b)
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B obrnactu cymiectBoBaHUS CTaOMJIBHOTO 3JIEK-
TPOJIMTHO-TIA3MEHHOTO PEXUMa HANpsHKEHUE He
OKa3bIBa€T CYILECTBEHHOIO BIMSIHHUS Ha IUIOTHOCTb
TOKa M CheM MeTaiuia. Hampumep, npu Temrepary-
pe 90 °C m3menenne Hanpsokenust ot 120 mo 330 B
NPUBOANT K CHIDKEHHIO Chema Meramia ¢ 4,3
710 3,1 mr/cm”. Boree 3HAYMMBIM TTapaMeTpoM 00pa-
OOTKH TIPH DTOM SBJISIETCS TEMITEPaTypa dJIEKTPOIIU-
ta. [Ipu temmneparype 80 °C chem meTamia B obna-
CTH DJIEKTPOJUTHO-IUIA3MEHHOTO PEXHMMa  IOBBI-
maercs g0 5,1-12,6 mr/em’, a Ipyu TEMIEpaTy-
pe 70 °C — no 8,1-16,6 mr/em’. OIHAKO HAuGOIb-
M CheM MeTala OTMEYaeTcsl Ha TPaHMIE dJIeK-
TPOXMMHYECKOTO M KOMMYTAI[HOHHOTO DPEXHMOB,
a TaKke B 00JAaCTH KOMMYTALMOHHOTO pPEXUMA.
B 3aBuCHMOCTH OT TeMIIepaTypbl 3J1EKTPOIUTA MaK-
CHMAJIBHBIN ChEM IIPH 3TOM IPEBBIIACT 3HAYCHUS,
COOTBETCTBYIOILIE  BJIEKTPOJIUTHO-TIA3MEHHOMY
pexumy, B 6—8 pa3s.

B mpenenax 31eKTpOXHMHYECKOTO peXxXnuMa Mpu
JOCTH)KEHUU KPUTHYECKOTO 3HAUEHHS HAIPSDKEHUS
MPOUCXOAUT CHIKEHHE TUIOTHOCTH TOKA W CheMa
Mmetaa. Takoii adexT HabIFOmaeTCss BO BCEM HUC-
CIICIOBAHHOM [Malla30HE TEeMIIeparyp, OJHAKO Ha
NPENICTABICHHBIX 3aBHCHUMOCTIX Hamboiee OT4eT-
TMBO TposiBsiercs npu 3HaueHusx 60 u 70 °C — 3a
CHIDKEHHEM IUIOTHOCTH TOKA M CheMa MeTajla Clie-
JyeT pOCT MX 3HaYEHWH W3-32 BOSHUKHOBEHMSI KOM-
MYTaIHOHHOTO peknma. CHIKEHHE TUIOTHOCTH TO-
Ka ¥ CbeMa METaJlIA CBSI3aHO C MOBBILICHUEM COIIPO-
THUBJICHHSI TIPUAHOJHON 30HBI M3-3a OOpa3yloIeics
Ha aHOJIe B PE3yJIbTATe EKTPOIIN3a Ta30BOI CMECH.

Ha ocHOBaHWM pe3ynbTaToB pacdera 1mo ¢op-
MmyJe (2) mocTpoeHa AuarpamMma, XapakTepu3yro-
miasi BIMSIHAE HANpsDKEHHUsT Ha KOO(QQUIMEHT BbI-

n
0,7 -

@50 °C

0,6
0,5
0.4
03
0,2
0,1

0,0

X0Jla MeTallla TI0 TOKY 1| TIPH Pa3IHM4YHbIX 3HAYe-
HUSIX TeMIeparyphl dnekTponuta (puc. 4). Ha aua-
rpaMMe OTOOpa)KeHbI TaHHBIE TOJNBKO I TeX 3Ha-
YeHUN HaIMpPSHKEHUs, NMPU KOTOPHIX BO BCEH HcCIie-
JyeMol o0JlacTh TeMIlepaTyp DIICKTPOIuTa OeH-
JEUCTBYET OJUH U TOT K€ aHOAHBIN pexxum. Takue
yCIIOBUS BBINONHAIOTCA B aAuanaszone: 10-70 B —
B JJIEKTpoxumMmudeckoM pexxume; 90 B — B kommyTa-
unonHoM; 210-330 B — B 3neKTpOIUTHO-IIA3MEH-
HOM pexume. V3 auarpaMMbl UCKIIOUEHBI TaHHBIE
0 KO3 PHIIUEHTE 1|, IOTYYSHHBIC [IPU TEMITEPAType
50 °C nns 3nayenuit HanpspkeHus 300 u 330 B, no-
CKOJIBKY TIPH 3THX MapaMeTpax MPOUCXOIWI Iepe-
XOJI ANIEKTPOIMTHO-TIIA3MEHHOTO TIPOLIECCA B PEKHUM
HarpeBa, XapakTepU3yeMbI OTHOCUTEIHHO MaJbIM
CHEMOM METaIa.

W3 gmarpaMMbl BHIHO, 9TO B AHMAIla30HE, CO-
OTBETCTBYIOIIEM 3JIEKTPOJUTHO-TUIA3MEHHOMY pe-
KUMY, KOIPPUIMEHT 1 CYIIECTBEHHO BBIIIE, YeM
IpU 3HAYCHUSIX HANPSDKEHUS, COOTBETCTBYIOLIUX
ANEKTPOXUMHYECKOMY M KOMMYTAIIHOHHOMY pe-
xumam. [Ipudyem, HeCMOTps Ha TO YTO KOMMYTa-
LMOHHBIN PEXUM XapakTepu3yeTcs IepruoInde-
CKMM KpPaTKOBPEMEHHBIM 00pa3oBaHWEM Napora-
30BOi 000JOYKH, TO €CTh YACTUYHBIM TIEPEX0I0M
B DJIEKTPOJIUTHO-IIA3MEHHBI PEXUM, YCTaHOB-
JIEHHBIE JUIA HEro 3HadeHus Kod(p(UIUeHTa 1
(mpu wHampspkennu 90 B) He mpeBbIIaOT 3Ha-
YeHWH, TOJMYYEHHBIX [UIA DJIEKTPOXUMHYECKOTO
pexuma (10-70 B). Tak, B 37IeKTpOXUMHUICCKOM
pexuMe 3HAYeHHs 1) HaXOASATCS B JUAIazo-
we 0,16-0,24, B KOMMyTallMOHHOM — B JAMAama3o-
He 0,18-0,24, a B 31€KTPOIUTHO-IJIA3MEHHOM pe-
xxume Tpu HarpspkeHud ot 210 B no 330 B xo3¢-
¢unmeHT 1 yBenmuuaetcs o 0,40-0,62.

|
[T T
T

Puc. 4. 3aBucumocts k03¢ uuneHTa BHIX0a METalIa 110 TOKY OT HAIPsKSHHS

Fig. 4. Dependence of metal current efficiency on voltage
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Huskue 3HaueHus kodduuumeHta m, Moay-
YyeHHbIe B 00jacTu Hampspkenuit ot 10 mo 90 B,
CBSI3aHBI C TIPUMEHEHHEM HEI(PPEKTUBHOTO IS
9NEKTPOXUMHUECKOTO  Tpolecca  3JIEKTPOJIHTA,
COCTaB U CBOICTBa KOTOPOTO (TIPEXIE BCETO DIIEK-
TPONPOBOAHOCTE) HE IO3BOJISIOT 00ECIeYnuTh
ONTHMAaJIbHBIE YCIIOBUA [IJSl €ro peanu3aluu.
IIpu >TOM JUI1 HPOLIECCOB BNEKTPOXUMHUYECKOU
00pabOTKH pa3IHYHBIX MaTepHalIoB K03 puneHT
1 Moxer gocturath 0,995. Hampumep, mpu pas-
MEpHOH 3JIEKTPOXMMHUUYECKOW o00paboTke cra-
mu AISI 321 ¢ ucronb30BaHUEM B KayeCcTBE DJIEK-
TPOJIUTa pacTBOpa XJIOpUAA HATpHUs KOHLIEHTpa-
et 25 % 3raueHne KO3 QHUIMEeHTa 1) COCTaBIISA-
er 0,61 [11].

B snextponutHo-mIa3sMeHHOM pekume (210—
330 B) oT4eTIMBO TPOSBIACTCA JKCTpEeMabHas
3aBUCUMOCTh KOd((PHIHEHTa 1) OT TeMIlepaTyphl
3NEKTPOJIUTa ¢ MaKCUMyMoM B obmactu 70—-80 °C.
IIpu Temmeparype 70 °C 3nadeHus koddduieH-
Ta 7] HECKOJIbKO MeHbIle, yeM npu 80 °C. Munu-
MallbHble 3HaueHHs Koddduiuenta BBIXOAa MO
TOKY T IHOJy4Y€Hbl NPH TEMIIEPaType IEKTPOJIHU-
ta 50 °C. B 3aBUCHUMOCTH OT HampsKEHHs] OHU U3-
Mmenstotes ot 0,40 mpu 210 B 1o 0,47 npu 270 B.

B nwuanaszone nHanpstxenuit ot 210 mo 270 B
mpu temmepatype 70 u 80 °C He mPOUCXOIUT Cy-
IIECTBEHHOTO M3MEHEHUs] KO3 (HUIHUEHTa 1| — €T0
BeanumHa coctasiger 0,60-0,61 u 0,60-0,62 co-
oTBeTcTBEHHO. OJHAKO HNanbHEiIee MOBBILIEHUE
HaNnpsDKEHUsT TPUBOIUT K CHIKEHHUIo 1. [Ipuyem
Takas TEHACHIMA HaOJromaercs AJs BCeX Hcclie-
JOBaHHBIX 3Ha4YeHWi Temmneparypbl. Hampumep,
MOBBINICHUE HAMIPsKEHUS pHu Temmeparype 80 °C
MIPUBOANT K CHIDKEHHIO Kodduimenta n go 0,58
nipu 300 B u 1o 0,53 mpu 330 B.

Crnenyer OTMETHUTh, YTO IPHU TEMIEpaType
anektponuta 90 °C, Hanbonee COOTBETCTBYIOIICH
JIMana3oHy, NpU KOTOPOM peaju3yIOTCs MPOM3-
BojicTBeHHBIE Tporecchl D10 Koppo3noHHOCTOMN-
KX CTajeid, Kod((QUIHMEHT 1| MPUHUMAET OTHO-
cuTenbHO Hu3kme 3HadeHus: 0,46 — mpum 300 B;
0,42 — npu 300 B. Takum oOpa3om, XOTs 3TH pe-
UMbl M 00ECHEeYMBAIOT MUHHMAJBHYIO TUIOT-
HOCTh TOKa U COOTBETCTBEHHO BO3MOXHOCTbH O]I-
HOBpEeMEHHOW 00pabOTKH OOJIbIICH IJIomany, a
Takke OoJiee BBICOKYIO CTaOMIBHOCTH ITaporaso-
BOI 000JIOUKH, YTO OCOOEHHO aKTyallbHO TpH 00-
paboTke u3menuil CI0KHOM (OPMBI, OHU XapaKTe-
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PHU3YIOTCS. OTHOCHTENILHO HEBBICOKOW 3(QeKTHB-
HOCTBIO 32 CYET HM3KOro Koddduiuuenta BbIxonaa
10 TOKY.

Ha puc. 5 npencraBineHsl 3aBUCUMOCTH YI€Nb-
HOW SHEpPruu, PacxoayeMOd Ha CheM €IWHHILIBI
Macchel g/Am, oT HampsDKeHHs. B anexTpoxumude-
CKOM peXHMM€ IMOJyYeHHBbIE 3aBUCUMOCTH HMEIOT
MOJIOKHUTENbHBIN, ONM3KUH K JHHEHHOMY, Xapak-
Tep, MPUUYEM TEMIIEPATypa ICKTPOINTA HE BIUSET
Ha BeIWMYMHY Tapamerpa g/Am. Tax, mpu Hamps-
xkeanu 70 B paszOpoc 3HaueHUi ¢/Am, mMONIydeH-
HBIX TIPHU pa3iIMYHONW TeMmIepaType, HaXOOUTCS B
muanasone 0,23-0,29 Br-u/(cv’-mr). ITpu Temme-
patype anekrponura 50, 60 u 70 °C nuHelHBIN
pocT mapameTtpa g/Am coxpaHseTcs U B KOMMYTa-
LUOHHOM peXHMe (y4acTKH 3aBUCHUMOCTEH, COOT-
BETCTBYIOIIME KOMMYTALIOHHOMY PEXHUMY, OT-
MeUeHBl MPEPBHIBUCTON JIMHUEW), a Tpu MpUOIHU-
XKEHUU K TpaHHuLEe »HJICKTPOJIUTHO-IUIA3MEHHO-
ro y4yacTka HPOHMCXOAUT €ro pe3Koe CHIKECHHE.
[Ipu Temneparype snexkrponuta 80 u 90 °C B koM-
MYTallMOHHOM PEXHMMe HaOII0JaeTCsl TOIBKO CHU-
KEeHue mapamerpa g/Am. B sneKTponuTHO-mIa3-
MEHHOM pEXHME II0 MEpe YBEJINYEHHs Harpspke-
HUS TaKXXe TMPOUCXOAUT POCT mapamerpa g/Am 1o
3aBHCHMOCTH, OJIM3KOW K NUHeHHoi. [Ipudem ero
MUHHMAaNbHBIE 3HaueHHs OOECIeYHBAIOTCS MPH
temnepatype annekrponura 70 u 80 °C, yrto nmoa-
TBEPKTaeT OTHOCHUTEIHHO HEBBICOKYIO d(P(EKTHB-
HOCTb 00paboTKu npu Temmeparype 90 °C.

q/Am,
Br-u/(cm’-Mr)
0,8 1

0,7
0,6 -
0,5
04 -
03 -
02

0,1 4

0,0 T T T T T T d
0 50 100 150 200 250 300 350

5

Puc. 5. BiusiHue HanpsKeHUs Ha yAEIbHYI0 S9HEPrUlo,
pacxoiyeMyro Ha CbeM €IHUHUIIBI MacChl METalIa

Fig. 5. Effect of voltage on the specific energy consumed
to remove a unit of mass of metal

HecmoTpst Ha Bblcokue 3Ha4YeHUs: K0dhuIm-
€HTa BBIXOJA IO TOKY, 3JEKTPOJUTHO-TIA3MEH-
HBIH PEXUM XapakTepu3yeTcs OONBIINMHU dHEPro-
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3aTpaTaMu Ha €IMHUILy MAacChl YJIAJICHHOTO Me-
Tajula 1O CPaBHEHHIO C D3JIEKTPOXUMUYECKHM
pexumom. Tak, npu temnepatype 80 °C B anex-
TPOXHUMHUYECKOM pEeXHMe B AMANa3oHe Hamps-
xkeuust 10-70 B mapamerp ¢/Am mnpuHUMAET
snauenus 0,04-0,31 BT"I/(CMZ‘MF), a B DJIEKT-
ponuTHO-TUIa3MeHHOM pexkume (120-330 B) —
0,14-0,50 Br-u/(cm*mr). ITpu Temmeparype 90 °C
B OJICKTPOJUTHO-TNIA3MEHHOM PEXHME 3Ha-
yeHue napamerpa g/Am wusmensercs ot 0,26
710 0,63 Br-u/(cm*-Mr).

Ha puc. 6 npencraenens! Gpororpaduu, xapak-
TEPHU3YIOIIHUE COCTOSHHUE IMOBEPXHOCTH 00pa3loB
mociae OOpabOTKM B Pa3IUYHBIX AHOJHBIX pe-
KUMax Tpu Temieparype anekrponuta 80 °C.
Ha ucxonHON MOBEPXHOCTH NMPHUCYTCTBYIOT 3a/H-
pBl M CKJIaiK{, OOpa3OBaHHBIC NPH BOJOYCHUU
ITPOBOJIOKH, HCITOJIL30BaHHOM JJIA HU3rOTOBJICHUA

100 Hm /]

100 pm /)

oOpasioB (puc. 6a). B pesynbrate 00paboTKH B
JNIEKTPOXUMHUECKOM PEXUME IpH  Hampsbke-
Hun 20 B popmupyercs moBepXHOCTb ¢ pa3BUTHIM
penbedoM, Ha KOTOPOM TPOSIBISIFOTCS TPAHUIIBI
OTIENBHBIX 3epeH (puc. 6b). Ilocie 0OpaboTku B
KoMMmyTaunoHHOM pexume (90 B) dopmupyercs
TIISTHIIEBAsI TIOBEPXHOCTh, KOTOPAsi, OJHAKO, IMEET
MOPUCTYI0O CTPYKTYpPY C TPEUMYILIECTBEHHBIM
pasmepom mop 2—4 mxM. [Ipu 3TOM HOPHI UMEIOT
BBICOKYIO TUIOTHOCTH PacIpeelieHus — HX IUIO-
manp 3aHuMaer 28,8 % oT Imromamu Bcel mo-
BepxHOCTH (puc. 6¢). O6paboTKa B AINEKTPOIUTHO-
IJIa3MEHHOM peknMe mpu HamnpsokeHnn 300 B
o0ecTieurBaeT CrilaXMBaHUE MMOBEPXHOCTH U yJa-
neHre 3anupoB. Ha mMOBepXHOCTH MPOSBISAIOT-
csl TONbKO Je(eKThl B BHJE BIAJWH CKIAJOK H
MIPOJIOTBHBIX KaHABOK, 00pa30BaHHBIX IPHU BOJO-
yeHuu (puc. 6d).

VEGAW TESCAN
100 pm 7t
Puc. 6. CocTossHIE TIOBEPXHOCTH TOCe 00padOTKH B Pa3IHMYHBIX aHOTHBIX PEXKUMAX: a — HCXOIHAs TOBEPXHOCTB;
b — 2JIeKTPOXUMUYECKHI PEXKUM; C — KOMMYTAIMOHHBII pexknM; d — 3JeKTPOIUTHO-IIA3MEHHBIH PEXKUM

Fig. 6. Surface condition after treatment in various anodic modes: a — initial surface;
b — electrochemical mode; ¢ — switching mode; d — electrolyte-plasma mode
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BbIBO/IbI

1. YcraHOBJIEHO, YTO B IPOIIECCE aHOIHOM 00-
paboTku B 5%-M pacTBOpe Ccyibdara aMMOHHA,
IMPOKO TpuMeHsieMoM B mpakTuke D110 xoppo-
3MOHHOCTOMKHX CTaJIel, HauOOJBIINH ChEM Me-
Taljla OTMEYAeTCs Ha TpaHHIE 3JIEKTPOXUMHUYE-
CKOTO W KOMMYTAIIMOHHOTO PEXKHMOB, a TaKKe
B 00JIacTH KOMMYTallMOHHOTO peknMa. B 3aBucu-
MOCTHU OT TEMIIEPATYPhI JICKTPOIUTA MAKCUMAITb-
HBIA CHEM TP 3TOM MPEBHIIIAET 3HAUYEHUS, COOT-
BETCTBYIOIIUE OJIEKTPOIUTHO-IJIA3MEHHOMY  pe-
XuMy, B 6—8 pas. B obmacTu 3HadeHM Hamps-
JKEHHUS, COOTBETCTBYIOIIEH 3JIEKTPOIUTHO-IIIa3-
MEHHOMY PEXUMY, KOIPPHUIIUEHT BBHIXOJa METa-
Jla TI0 TOKY 1| CYIIECTBEHHO BBIIIE, YeM TpU 3Ha-
YEHHSIX HANPSKEHHS, COOTBETCTBYIOLINX AIIEKTPO-
XUMHYECKOMY W KOMMYTAI[MOHHOMY PEXKHMaM.
B 3aBucmMocTH OT Temmeparypsl 3IEKTPOIH-
Ta 3HAYEHHUS 1| HAXOIATCS B CIEAYIOIIUX TUara-
30Hax: B JJIEKTPOJIUTHO-IFIA3MEHHOM pEXHUME —
0,40-0,62; B xommyraumonnoM — 0,18-0,24;
B anekTpoxumuaeckom — 0,16-0,24.

2.B  3AEKTPOIUTHO-TIA3MEHHOM  PEKUME
(210-330 B) makcumym ko3ddunmenta n obec-
MIEYNBACTCSl B OOJIACTH TeMIIEpaTyphl 3JIEKTPOIIU-
ta 70-80 °C. Ilpm sTOoM B IHama3oHe HaIpsKe-
auit ot 210 1o 270 B HE IPOUCXOIUT CYIIECTBEH-
HOTO W3MEHEHHs] 1 — €ro BEJIWYWHA COCTaBIIs-
et 0,60-0,62 coorBercTBeHHO. OIHAKO JajbHEN-
€€ TMOBBINICHUE HANPSKCHUS MPUBOJIUT K CHHU-
KeHHIo Koddurmenta 1. Tak, MOBHIIIEHHE Ha-
npspkeHus npu temnepatype 80 °C mpuBOIUT K
cHKeHnto kodpduuuenta n go 0,58 npu 300 B
u 10 0,53 mpu 330 B.

3. DNEKTPOIIMTHO-IIA3MEHHBINA PEXKUM XapaKTe-
pr3yercst OONBIIMME SHEPro3aTpaTaMy Ha €IUHHUITY
MacChl YIAJICHHOTO MeTaiuia (g/Am) 10 CpaBHEHHIO
C 2JIEKTPOXUMUYECKUM pexXuMOM. Tax, mpu Temre-
parype 80 °C B 3IEKTPOXMMHYECKOM pEXKHME B
nmuanasoHe HanpspkeHus 10—70 B mapamerp g/Am
npunumaet 3Hadenus 0,04-0,31 BT"I/(CMZ‘MF), aB
ANIEKTPOIUTHO-TUIa3MeHHOM pexkume (120-330 B) —
0,14-0,50 Br-a/(cm?-mr). [Ipn Temmeparype 90 °C
B DJEKTPOJIUTHO-IJIA3MEHHOM peXHMe 3Ha-
yeHne mnapamerpa ¢/Am wusmensiercs ot 0,26
0 0,63 Bru/(cm*mr). TTo3TOMY COBMEIICHHE
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3THUX PEKHUMOB B OJHOM aHOJHOM IIPOILIECCE I03-
BOJISIET MCIIOJIB30BATh MPEHMYIIECTBA KAKIOTO U3
HUX: WHTEHCHBHBIH ChEM MeETajia NpPU HHU3KUX
9Hepro3arparax B IJIEKTPOXUMHUYECKOM PEKUME
U TIOUPOBAHUE C JOCTHIXKEHHEM BBICOKOTO Kaue-
CTBa TOBEPXHOCTH B 3JIEKTPOIUTHO-TNIA3MEHHOM
pexuMe. 3a cueT TAKOro KOMIUIEKCHOTO BJIEKTPO-
JMTHO-TNIA3MEHHOTO U AJIEKTPOXUMHUYECKOTO BO3-
JECWCTBUSI CTAHOBUTCS BO3MOXKHBIM CO3JaHue 3¢-
(DEKTHBHBIX TIPOLIECCOB IOBBILICHUS KauecTBa
MOBEPXHOCTH U pa3MepHOH 00paboTKH.
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IIpuMeHeHue 02J10YHBIX PYHKUMH JJIA CTATHYECKOI0 pacyera
H3rudaemMpIX CTep:KHEH U MPAMOYT0JIbHBIX IJINT

JIoKT. TexH. HayK, npo¢. C. B. Bocakon”

1)EenopyCCKI/n‘& HallMOHANIBHBIM TeXHUYecKuil yHuBepcuret (MuHck, Pecnyomnrka benapych)

Pedepat. B npencraBnenHoii padore nporudbl CTEP>KHS U MPSIMOYTOIBHOM IUIUTHI € JIOOBIMU TUIIAMHU T'PAaHUYHBIX yCIOBUI
HpeyiaraeTcs NpeACTaBIATh B BUJE Pila M JBOMHOrO psja Mo coOCTBEHHbIM (GYHKUMSM Iud(epeHIaIbHOrO ypaBHEHUS
M3TUOHBIX KoJeOaHui GaKH MM IJIMTHI C COOTBETCTBYIOIIMMH IPaHUYHBIMU ycioBusamH. anee o merony Puria onpene-
asercst (GYHKLUMOHAJT IOJHON SHEPrUM M3ruba CTepikHA M M3rnda M KpydeHMs IUIMTHI U JEHCTBYIOIICH Ha HUX BHELIHEH
Harpy3ku. Jlis cTepikHs ¢ JIIOOBIMM THIIAMU T'PaHUYHBIX YCIOBHH auddepeHunpoBaHreM (yHKIMOHAJA IOJHOW SHEPriu
HOJIyYEHO TOYHOE pelIeHHe Uil IPOruboB B BUE ObICTPO cxomsiero psna. [Ipu 3ToM HCIonb30BaHbl paHee OIyOINKOBaH-
Hble pe3ynbTatsl C. I1. Tumomenko u E. C. Copoxuna. {1 npsIMOYTONbHON IUINTBI, UCIOJb3Ysl CBOMCTBO OPTOrOHAJIbHOCTH
COOCTBEHHBIX (DYHKIMH M MX BTOPBIX IPOU3BOAHBIX, BEIYUCIIAETCS KBAJAPATHYHBINA (DYHKIIMOHANI OT HEONPEAEICHHBIX KOI(]-
¢unmeHToB nmpu cobcTBeHHBIX QyHKuMIX. JuddepenunpoBanneM (pyHKIHOHANA IO KaXIOMY M3 HEU3BECTHBIX KOI(DQHIH-
€HTOB 0oOpa3yercs OECKOHEUYHasl CHCTeMa JIMHEHHBIX anreOpaudecKuxX ypaBHEHHUH, pelleHHe KOTOPOH crocoOoM yceueHws,
MO3BOJISIET HAWTH MPOrHObI IINTHL. Janee N3BECTHBIMU METOJaMU TEOPUH N3rHOaeMbIX IUIACTUHOK HAXOIATCS yCUIIHS B IUIH-
te. [IpuBenens! aBa npuMepa pacdyera NPSIMOYTOJIBHOH IUTUTHI ¢ YETHIPHMS ONEPTHIMU TPAHSIMU U IUIUTHI C JIBYMSI OIIEPTHIMHU
rpaasmu. [Ipearaemslii OAX0A NPOCT, YHUBEPCAJICH U ITO3BOJISIET PACCUUTHIBATH MIPSMOYTOJIBHBIE IUIHTHI C JIIOOBIMH THIIA-
MH TPaHHYHBIX YCJIOBHH Ha KOHTYpe Ha IPOHM3BOJIBHYIO BHEIIHIOI Harpy3ky. B craTtbe mpuBeneHa TabimIa cOOCTBEHHBIX
yucen 1 GopM ISt pacueTa MpsSMOYTOJIBHBIX IUIHT.

KitoueBble cj10Ba: CTepKeHb, IPSIMOYTONbHAS TINTA, METO PruTna, coOCcTBEHHBIE UHCIa, COOCTBEHHBIE (hyHKIIUH

Jas murupoBanusi: bocakos, C. B. IIpuMeHenne 6anouHbix (HYHKIUI Ui CTATUYECKOTO pacdeTa M3rH0aeMbIX CTEPIKHEH
u npsimoyronbHbIX T / C. B. Bocako // Hayka u mexunuxa. 2025. T. 24, Ne 2. C. 118-123. https://doi.org/10.21122/2227-
1031-2025-24-2-118-123

Application of Beam Functions for Static Calculation of Bending Rods
and Rectangular Plates

S. V. Bosakov

YBelarusian National Technical University (Minsk, Republic of Belarus)

Abstract. In this paper, the deflections of a rod and a rectangular plate with any types of boundary conditions are proposed to
be represented as a series and a double series of eigenfunctions of the differential equation of bending vibrations of a beam or
plate with the corresponding boundary conditions. Then, using the Ritz method, the functional of the total energy of rod bend-
ing and bending and torsion of the plate and the external load acting on them is determined. For a rod with any types
of boundary conditions, by differentiating the functional of the total energy, an exact solution for deflections in the form of
a rapidly converging series is obtained. In this case, previously published results by S.P. Timoshenko and E.S. Sorokina are
used. For a rectangular plate, using the orthogonality property of eigenfunctions and their second derivatives, a quadratic func-
tional of the indefinite coefficients at the eigenfunctions is calculated. Differentiating the functional with respect to each of the
unknown coefficients forms an infinite system of linear algebraic equations, the solution of which by the truncation method
allows us to find the deflections of the plate. Further, the forces in the plate are found using known methods. Two examples
of calculating a rectangular plate with four supported edges and a plate with two supported edges are given. The proposed
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approach is simple, universal and allows calculating rectangular plates with any types of boundary conditions on the contour
for an arbitrary external load. The article provides a table of eigenvalues and forms for calculating rectangular plates.

Keywords: rod, rectangular slab, Ritz method, eigenvalues, eigenfunctions

For citation: Bosakov S. V. (2025) Application of Beam Functions for Static Calculation of Bending Rods and Rectangular
Plates / Science and Technique. 24 (2), 118—123. https://doi.org/10.21122/2227-1031-2025-24-2-118-123 (in Russian)

BBenenue

[Mox 6anounsiMu QyHKUUSIMH B pabore Oyaem
MOHUMATh COOCTBEHHBIC (GyHKIMH IuddhepeHIu-
AIBHOTO ypaBHEHUS M3TUOHBIX KOJEeOaHUH CTepXk-
HS C HETIPEPBIBHO pacmpeneiaeHHol maccol. Takue
(hyHKIUY [UTsT pa3iudHO OMEPTHIX 0aloK MmocTpoe-
HbI B padoTax C. I1. Tumomenxo [1], B. H. ®aane-
eBoit [2]. ABTopoM OHHM coOpaHbl B Tabm. 1, rme
TaKKe MPHUBOJATCS ypaBHEHHS U OIpEeIeHUs
COOCTBEHHBIX YHCEJI W BEIWYHHBI IMEPBBIX TPeX
COOCTBEHHBIX YHCE] W YpPaBHEHHUS /ISl ONpeselie-
HUS TOCIenyroImuX. PaHee TaONHIBI YUCIIEHHBIX
3HaYeHWH ATUX (YHKIUH M WHTETpaioB OT HHX
npuBeacHsl B MoHorpaduu E. C. Copoxmna [3]
u no3aaee y M. M. babakoBa [4] manbl TaOIUIIEI
IUIL OIpEeNleJIeHUs] 4acTOT COOCTBEHHBIX Koieba-
HUN pPa3ITU4HO OINEPTHIX MNPSMOYTONBHBIX I[UIHT.

DTy XKe 3a7ady pemanud aBTopsl [S5, 6]. bamounsie
(YHKIIMM U YeTHBIE IPOU3BOJIHBIE OT HUX OPTOTO-
HAJIBHBI U MOJIC3HBI IIPpU PCIICHUHU 3ada4 CTAaTUKHU,
JUHAMHUKU H YCTOﬁHHBOCTH Pa3IMYHO OICPTHIX
CTEpKHEH U OaloK.

OcHoBHAasl YacTh

1. PaccMoTpuM m3rubaemelii CTEp:KeHb C JIIO-
OBIMHU IPAaHUYHBIMH yCIOBHAMH.

OHeprust nedopmanuii u3ruda BeIpakaeTcs n3-
BecTHOH (hopMyIIoi [1]

2 2
v=t. /(d Y] dx, (1)

2 Jol ax?

rne EJ,{—wu3rnOHas >KeCTKOCTh U JIMHA CTEPXK-
HS;, Y — IPOTHOBI CTEPIKHS.

Tabnruya 1
Banounble pynkuun
Beam functions
— X
0 a
cos Xy (sinX, —sinh2, ) cosh(&j(sinkk—sinhkk)
. [xkk) a a . (xkkj
Z, =—sin| — |+ + —sinh| —
a cosi, —coshA, cosA, —coshA,
coshi, cosh, —1=0, A, =4,73004; A,=7,8532; A,=10,9955; A, =X, +7, k=45,..
Z =c0s(x—k"j+ 1+coth, Sin[&j_cosh[& _sechh, (1-cos, sinhx_k +sini, sinhxk)sinh(ﬁj
a 1—coth, a a cosh, —sinA, a
tanA, —tanhA, =0; A, =3,9266; A, =7,0686; A,=10,2102; A, =A, +m, k=4,5, ..
3000
Z:
1000
—1000+
—20001
Hayka 119
wrexHuka. T. 24, Ne 2 (2025)



Mexanuxa deghopmupyemozo meepoozo mena

IIpooonsncenue mabn. 1
Continuation of the table 1

(LS L)

Z, = cos(ﬁ] - cosh(x—kk] _ SOSA, TCOS Aot C,OSh M sin (X—Mj 4 SO8% T COS Ty At C.OSh Ay sinh(ﬁj
a a sinA, +sinh 2, a sinA, +sinhA, a

I+cosh, coshd, =0; A, =1,8751; A, =4,6941; A, =7,80648, A, =N, +7, k=45,..

1,0¢

0,5

0,2

+

XA
(cosh, —cosh?»k)sin(—")
Z, = cos(x—MJ —cosh ()C_MJ - a

a a sinA, —sinh,

(cosi, —cosh Xk)sinh(ﬁJ
a

+
sin, —sinh A,

tand, —tanhA, =0; A, =3,9266; A,=7,0686; A,=10,2102; A, =X,  +7m k=4,5,..

| F
Zi ,ffx
o / >/\
[ \
i y 0,6 \o,

Q1=

1,0
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Oxkonuanue maban. 1
End of table 1

34

Cer
274

sin(xk" J(coshk,C sinA, +cosi, sinh}, ) (coshi, sind, +cosk, sinh, )sinh(x—xkj
a a
+

Z, :cos(—"j-r - . - .
a —1+cosA, coshA, —sinA, sinhA, 1—cosA, coshA, +sin}, sinh A,

cosh(x—k"](coskk —sechi, +sinA, tanhA, )
a
+

cosA, —sechA, —sin, tanhA,

coshi, cosh, —1=0, A, =4,73004; A, =7,8532; A,=10,9955; X, =h, , +m k=45, .

IIpencraBum

0 X d4y 7\'4
Y= ;Akyk [kk Zj’ dx4k _Z_icyk =0. (2)

3nece A,,y,, A, —COOCTBEHHBIC 4HCa, COOCTBEHHBIC (DYHKIMM M HEU3BECTHBIC IOCTOSHHBIE KO3(hdH-

[UCHTHI.
[Toacrasum (2) B (1) u BEITOJIHMM HHTETpHpOBaHUE ¢ yueToM [1, 3]:

¢ X X .
jo yi[kizjyk [Kk Zjdsz, i#k;

‘¢, 0 o, )
= =y2(0)———y/ () y"( 1)+ ()|, i=k A3)
(£ a0+ o0
Y O U S
IO V] (ki zjdx—FJ‘O », (ki zjdx.
ITpu neiicTBUM Ha CTEP>KEHb COCPEAOTOUEHHON Jist mapHUPHO ONEPTOrO CTEPIKHS:

CHIIBI P B TOYKE Xp COCTaBUM (YHKLMOHAI OJTHOM
sHepruu nedopMarii u3ruda U JACHCTBYIOIICH Ha A =km oy, = sin( knfj; v ( g) - y,”( f) =0;
CTepXeHb Harpys3ku npu BeimonHeHuu (2). Ilpo- l '

madepeHITPOBaB MOIYUYESHHOE BEIpAKEHUE TI0 Ay _%
U TIPUPABHSB MOJYYCHHOE BBIPAXKCHUE HYJIIO, TO- Y ()] (€)=—[7] cos’ (km).
ayduM GopMyny Ui A; TPH JTHOOBIX TPAHUYHBIX

YCIOBHSIX Ha KOHIAX CTEPXKHS ¢
Ecm xp = > TO

A4 =
P 4 . kmx
= AP0’ 7 (M ! ) “ Y= iA sin(knfj = 2P0 i SIHT sin(k—nj
ET (107 (0205 (0370 + 57 (1) zAsm A e )
[ Hayk 121
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JIs MakCUMaJIBbHOT'O TPOTH0a MOIYYrM C yUe-

_pre
" AREJ

Takum 00pa3oM, MOJYYEHO BBIPAKEHHUE (PYHK-
min ['puHa B (opMe OECKOHEYHOTO psma IS
Oanmku ¢ JIIOOBIMA THIIAMH TPAHUYHBIX YCJIOBHHU.
OTO BBIpaXKEHHE TO3BOJISIET PeliaTh Pa3HOOOPa3HbIC
3aJ]a4u¥ CTATHKY TIPH JIFOOOM Harpy>KeHHH OajoK.

2. PaccmoTpum Bompoc pUMeHEHHsI 0aT0YHBIX
(hyHKIMI K pacyeTy MpSAMOYTOJbHBIX U3rH0aeMBbIX
IUTUT ¢ UcToib30BaHueM metona Purua [7]. Cpasy
OTMETHM, €CJIM TUTHTA TI0 YeThIPEeM CTOPOHAM OTIH-
paetcsi, To 3Heprus Aegopmanuii u3ruda u Kpyue-
HUS TUTUTHI BBIpaXKaeTcs B cienyroieM Buae [4, 8]:

:_”(aW oW dedy, )

rae W(x, y) — IPOTHOBI TUTUTHL, D — e¢ IWINHIPU-

yecKas JKEeCTKOCTb.

Ecnu HekoTOpBIe TpaHu IIIKUTHI HE OMHUPAIOTCS,
TO Ui SHeprudm nedopMmanuii HEOOXOAMMO WC-
TIOJIE30BATh MMOJTHOE BEIPAKCHUE

D ”(52W aZWJ2
D=— | -
2 9o\ ox oy
2 (©)
owow (o'W
_2(1_V) —— dxdy,
ox” 0Oy Oxoy

v — ko3 Punuent I[lyaccona marepuana IIUTHI.

PaccMoTpuM NpsIMOYTONIBHYIO IUINTY, ABE Ipa-
HU KOTOpPOH 3allleMJICHBI, JBE IIAPHHUPHO OINEPTHI
(puc. 1). Ilnmra 3arpyxeHa paBHOMEPHO pac-
npenenacHHoW Harpyskoil. [IpuHumaemM nporuOsr
B BHJEC CYMMBI TPOM3BEACHWH MABYX (DYHKIIHIA
u3 Tabn. 1 mms Ganku ¢ 3ameMIIEHHBIM U IIapHUp-
HO ONEPTHIMU KOHLIAMHU:

w=334,0, (xm ijn (un Z], )
m=1 n=1 ’ a b

d‘U a‘'v
— -0, =0, —2 -, =0.
dx* dy

Ucnonw3ys (5), HaXoIuM TMONHYIO MOTEHIIH-
AIBHYIO SHEPTHIO TUTUTHI U ACUCTBYIOLIEH Ha Hee
HArpy3Kd Kak KBaJIpaTUYHYI0 (YHKIUIO KOdPQu-

122

IIUEHTOB 4,,,. CUCTeMa JTMHEWHBIX aNreOpandecKux
ypaBHEHUHN sl omnpeAeneHus A,, NOoIydaercs
nuddepeHIUPOBaHUEM MOTHONH SHEPTHU M0 KaX-
noMy 3 K03 UIIUEHTOB A,,, ¥ TPUPaBHUBAHHEM
IMMOJIY4YCHHOT'O BBIPAXKCHUA HYJIIO.

y
b

- ; X

0 a

Puc. 1. TIpssmoyrosibHas IUIMTA MO JeiCTBUEM
PaBHOMEPHO pacIpeieIeHHON Harpy3Ku

Fig. 1. Rectangular plate under
uniformly distributed load

Jnsg mmuatel ¢ a =6 m; b =4 m; D =21000 xHwm;
g = 10 kH/™M* crocobom ycedenns [9] ¢ yderom
MIePBBIX YETHIPEX WICHOB psiaa (7) MoIydeHO:

0,41439¢ 0,01989¢
0,02367q 0,00277¢

Ha puc. 2 mpuBeneHa nmoBepxXHOCTh MIPOrHOOB
paccMaTpuBaeMoi TUIUTHI (M).

Tenepp paccMOTpPUM MPSIMOYTOJIBHYIO ILIUTY,
OJHa TpaHb KOTOPOH JKECTKO 3alleMJIeHa, Apyras
LUIAPHUPHO OIEpTa, OCTAJIbHBbIE HE ONUPAIOTCS.
Ha nnuty nelictByer yrioBas COCpEeIOTOYEHHas
cuwna (puc. 3). llpeactaBuM TPOTHOBI IUIUTHI
B Buue (7), roe Oajmounsie (PyHKIIMHM BBIOEpEM W3
Tabn. 1 111 KOHCOJBHON Oanku M OajKku C map-
HUPHOU omopoil. I INIUTHI C XapaKTEpPUCTUKAMU
npeabiaymero npumepa u P = 40 kH ¢ yuerom
MIEPBBIX YETHIPEX 4WICHOB pAna (7) mocie mpome-
YKYTOUHBIX BBIYUCIECHHUH MTOJIy4YEHO:

4,=2,12410-10"P; 4, =-3,13033-10"P;
4, ==1,07439-10°P;  4,,=2,97864-10""P.

Ha puc. 4 mpuBeneHa NOBEPXHOCTH IMPOTHOOB
Tkl [1o QyHKIMSAM IPOrrOoB Mo U3BECTHBIM (HOp-
MyJIaM HaXOJATCS BHyTPSHHHUE YCHIIHS B TUTUTE [3].

OTMeTHM, 9TO B 3TOM IpUMEpe Ha HEOTEPTHIX
KpasX TUINThI HETOYHO BBIMOJIHSIOTCS CTATHYECKUC
TpaHUYHBIC YCIOBHS IS Kaxoro wieHa psna (7).
Onnako wu3BecTHO [8], YTO MpHU HCHOIB30BAHUU
MeToJla PUTIIa OHM BBHIMONHSIOTCS MPH B3STHH J0-
CTaTO4HO OOJIBIIOTO YKcia WieHoB pszaa (7).

Hayka
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0
Puc. 2. TToBepXHOCTH IPOrNOOB ILTHTHI
Fig. 2. Surface of slab deflections

b N

£
/]

0 a
Puc. 3. IlpsimoyronpHas IUINTA, 3arpy>KeHHAask YIJIOBOH CHIION
Fig. 3. Rectangular plate loaded with angular force

X

0,00020
0.

-0,0002, -
~0,0006
0

Puc. 4. TloBepxHOCTb IPOruOOB B MPSIMOYTOJIBHON TIIUTE
C IBYyMsI OTIOPHBIMH KpasiMu

Fig. 4. Surface of deflections in a rectangular plate
with two supported edges

BbBIBO/IbI

1. K HacTosmemMy BpeMeHH M3BECTHBI TOYHBIE
pewenus: HaBbe u JleBu 11 cTaTudeckoro pacue-
Ta W3rubaeMbIX IUIMT B (opMe TPUTOHOMETPH-
YECKMX M THUIepO0JO-TPUTOHOMETPUYECKUX Psi-
JnoB [7] ond IIapHUPHO ONEPTOM IO YEThIpEM
rpaHsM Y IIAPHUPHO ONEPTOH IO JBYM IPOTHBO-
MOJIOKHBIM TPaHAM M Pa3INdHO ONEPTON MO ABYM
octanbHBIM. B MoHOTpaduu [10] uznoxen mouxoxn
B. HoBaukoro, B KOTOpOM 3aza4a pacyeTa npsiMo-
YTOJNBHON TUTUTHI C Pa3IMYHBIMH OTEPTHIMH Tpa-
HSMH CIIOKHBIM 00pa3oM CBOAMTCS K OCCKOHEUHOM
cucTeMe JMHEHHBIX anreOpandecKiux ypaBHEHHH.

2. Ilpemmaraemoe B paboTe pemieHue yHHUBEP-
calipHOe, Tpolle U ObICTpee MO3BOJSIET MOIYyYUThH
OpOTUObI TPSMOYTOIBHOM TUTUTHI ¢ JIOOBIMU Tpa-
HUYHBIMH yCJIOBUSMH.
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HanpskeHusi B KOMIIO3UTHOH CTPOUTEILHOM apMarype,

o0ycJioBJIeHHBbIE pa3anunsaMu Ko3ppunuentos Ilyaccona
JIOKT. TexH. HayK, non. B. I'. Bapcykos",

KaHIUJIAThI TeXH. HAYK, AoueHThI A. I, JIemaBal), E. A. EBceeBa”

YI'poxnencknit rocyaperennblii yuuepcuteT nmenn Suxu Kymanst (Ipoano, Pecry6nnka Bemapycs),
2)Benopyccm/nﬁ HallMOHAIIBHBIM TeXHUYecKuil yHuBepcuret (Munck, Pecnyomnrka benapych)

Pedepart. Llens paboTsl — pacueTHast OLCHKA HANPSDKCHUH B 2JIEMEHTAaX KOMIO3UTHOH CTPOUTENBHOM apMaTyphl, 00yCIIoB-
JICHHBIX pa3nuausiMu Kodddummentos [lyaccona apMupyomux BOJOKOH U HOJMMEPHOTO CBS3yIOLIEro. MeToauka nccieno-
BaHMI OCHOBaHA Ha pa3pabOTKe MUKPOMEXaHWIECKOH Mojaenu Mex(azHOro B3anMOACHCTBHS apMHUPYIOIIETO BOJIOKHA H T10-
JMEPHOW MAaTpHIBl B 3JEMEHTApHOU sUeiike, MPEACTABISIOMICH COOOH OB MOJUMEPHBIH MHKPOLMINHIP, B KOTOPOM
B BHJIC COSIMHEHHS C U3MEHSIOLIMMCS M0 Harpy3KoH edopMallMOHHBIM HAaTATOM PACIONOKEH BOJIOKHUCTBIN apMUPYIOIIHI
HanosiHuTelb. [Iponssenena Tpanchopmannst 3anayun JIsiMe K pac4eTHOH OLEHKe BIMAHUS PA3IN4Mil B 3HaUCHUAX Kod(huim-
entoB [lyaccoHa apMHpPYIOIIMX BOJOKOH M HOJMMEPHON MAaTpUIbl, a TAKKe PACTATMBAIONIMX HOMUHAIBHBIX HANPsHKSHHH
1 00BEMHOTO COJIeP)KaHUsI BOJOKOH B KOMIIO3UTHOW apMaType Ha M3MEHEHHE JIOKAJIbHBIX HANPSDKCHUIH B apMHUPYIOIINX BO-
JIOKHAaX M monmMepHoi Matpuie. [TomydeHsl aHAINTHYECKHE 3aBUCHMOCTH, CBS3BIBAIONINE ITapaMETpPhI JIOKAJIBHOTO HATps-
JKEHHO-ZIe()OPMUPOBAHHOTO COCTOSIHUSI CTEHOK 3JIEMEHTApHOTO IMIMHAPA B OKPECTHOCTAX BOJIOKHHCTOTO HANOTHUTEIS
¢ KOMIUIEKCOM MOKa3aTesel (pU3nKo-MeXaHNIeCKnX CBOHCTB MaTepHAIOB MOJMMEPHOH MAaTPHIBI M BOJIOKHUCTOTO HAONTHH-
Tens (Moxynu ynpyroctu u koddouuuents ITyaccona), a Takke 00bEMHBIM COJEPKAHUEM HANOJHUTENA. B kauecTBe mpu-
Mepa MPOU3BEJEH pacyeT 3THX MapaMeTPoB IS MIMPOKOro AWANa30Ha CTENeHeH HAIONHEHHs CTEKJISHHBIM U 0a3albTOBBIM
BOJIOKHOM Dsiia TMTOJMMEPHBIX MaTpull (dNoKcuaHas u noiauddupHast). [TokasaHo, 4To B uana3soHe 0OBEMHOIO COAEPIKAHMS
HanosiHuteds 0,5-0,7 KOHTaKTHbIC JaBICHHS HA IPAHMIIE pa3ziella apMHUPYIOLIUX BOJIOKOH C IIOJIMMEPHONH MaTpHIEH cocTaB-
JSTOT OT 2 10 6 % OT HOMHHAIBHBEIX HAIPSDKEHUH PacTsDKEHHS B ITOJMMEPHOW MaTpHUIle B 3aBUCHMOCTH OT COUETAHHS KOI(-
¢unuenTos Ilyaccona BoJIOKOH M MaTpHIBL. [Ipy 3TOM OKpYXKHBIE PAacTATUBAIOIINE HAPSDKEHUS B ITOJMMEPHON MaTpHIle Ha
TpaHUIE pa3jena ¢ BOIOKHOM COCTaBIsIOT oT 11,6 1o 19,2 % 0T HOMUHANBHBIX OCEBBIX HANPSDKEHUH PACTSHKEHUS B TIOINH-
MEpHOH MaTpHIle [Isl CTEKIOmIacTukoBor u ot 10,6 mo 17,1 % — mmst 6a3ambTOIIACTUKOBOM apMaTypsl. Pe3ynsTaThl nccie-
JOBaHUH MOTYT OBITh HCIOJIb30BAaHbI B HAYYHO-HCCIIEOBATENILCKOM 1 yUeOHO! esITEbHOCTH.

KnrwueBble cj10Ba: KOMIIO3UTHAs CTpoUTEJ/IbHasA apMarypa, oJIMMEp, apMUPYIOILUE BOJIOKHA, K03(1)(1)I/ILII/IGHT HyaCCOHa, KOH-
TaKTHOC aBJICHUEC, JIOKAJIbHBIC HAIIPSHKECHUSA, CTCIICHb HAIIOJIHCHUSL
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Stresses in Composite Building Reinforcement
due to Differences in Poisson's Ratios
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Abstract. The aim of the work is the calculation assessment of stresses in the elements of composite building reinforcement
caused by differences in the Poisson’s ratios of reinforcing fibers and polymer binders. The research methodology is based
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on the development of a micromechanical model of the interphase interaction of the reinforcing fiber and a polymer matrix
in an elementary cell, which is a hollow polymer micro-cylinder in which a fibrous reinforcing filler is located in the form
of a connection with a deformation tension changing under load. The transformation of the Lame problem to the calculation
assessment of the effect of differences in the values of the Poisson’s ratios of the reinforcing fibers and the polymer matrix,
as well as nominal tensile stresses and the volumetric content of fibers in the composite reinforcement on changes in local
stresses in the reinforcing fibers and polymer matrix is made. Analytical dependencies are obtained linking the parameters
of the local stress-strain state of the walls of an elementary cylinder in the vicinity of a fibrous filler with a set of indices of the
physical and mechanical properties of polymer matrix materials and fibrous filler (moduli of elasticity and Poisson's ratios),
as well as the volume content of the filler. As an example, these parameters are calculated for a wide range of degrees of fil-
ling with glass and basalt fiber for a number of polymer matrices (epoxy and polyester). It is shown that in the range
of the volumetric filler content of 0.5-0.7, contact pressures at the interface of the reinforcing fibers with the polymer
matrix are from 2 to 6 % of the nominal tensile stresses in the polymer matrix, depending on the combination of Poisson
ratios of the fibers and the matrix. In this case, the circumferential tensile stresses in the polymer matrix at the interface
with the fiber are from 11.6 to 19.2 % of the nominal axial tensile stresses in the polymer matrix for fiberglass and
from 10.6 to 17.1 % for basalt-plastic reinforcement. The research results can be used in scientific research and educational
activities.

Keywords: composite construction reinforcement, polymer, reinforcing fibers, Poisson's ratio, contact pressure, local stresses,
degree of filling

For citation: Barsukov V. G., Lezhava A. G., Evseeva E. A. (2025) Stresses in Composite Building Reinforcement due to
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BBenenune

HakomuieHHBIH B WHIYCTPHAIILHO Pa3BUTHIX
CTpaHax ONBIT HCCIEAOBAaHUN M pa3padOTOK CBU-
JIETETCTBYET O TOM, YTO KOMIIO3WTHAs CTPOH-
TeNbHas apMarypa MoxeT 3(pPEeKTHBHO UCIIONB30-
BaTbCcAd [JIi apMHUpOBaHUS OETOHHBIX KOHCTPYK-
Ui, paboTaloMMX B YCIOBUAX KOHTaKTa ¢ KOPPO-
3MOHHO-aKTUBHBIMU CpElaMU TIPH CTPOUTENIHCTBE
MOPCKUX M PEYHBIX HAOCPEIKHBIX TOHHENeH [4],
MOJI3EMHBIX KOMMYHHKAIMA, aBTOMOOWIBHBIX U
JKEJIE3HOIOPOKHBIX opor [1-3], meppoHOB, a Takxke
MIPY TIPOM3BOJCTBE (PYHIAMEHTHBIX IUTUT U OJIOKOB,
apMHUPOBAaHUHN KHPIHYHOU Kiamku [3, 5—6]. Bmecte
C TeM MHOTHE BONPOCHl MEXaHWKH KOMITO3UTHOMN
CTPOHUTENHHON apMaTyphl OCTAIOTCSI HEAOCTATOYHO
n3ydeHHbIMH [7-9]. HeoOxomuMm aHanmm3, HapsIy
C paboyMMH HANPSIKCHHUSIMH, BO3HHKAIONIMMHU B
KOMIIO3HUTAaX IMOJ Harpy3KOH, TaKXKe JOMOIHUTENb-
HBIX, OOYCIIOBIEHHBIX pa3MepHBIMA 3¢ dekTa-
Mmu [10-12], xumMudeckoi WM TEPMUUYECKOUN ycan-
KOU KOMITOHEHTOB cucTteMbl [13] u np. Benencreue
pasnuumii kodddurmenTos [lyaccona B Takux Ma-
Tepuajgax TMOSBIAIOTCS JIOKAIBHBIE MHKPOKOH-
TaKTHBIE HANPSOKEHHS, BIUIONINE HA IKCIUTyaTa-
[IUOHHBIE XapPAKTEPUCTUKHU IMOTyYaeMBIX H3JIEITHH.
OpHako 3TOT Bompoc pa3paboTaH B 3HAYUTENHHO
MeHbIIEH Mepe, a OmyOJWKOBaHHBIE JaHHBIC
(hparMeHTapHBI U TIPOTUBOPEUNBEL. B padote [14]
OpPEAJIOKEH BapuaHT MPUOTMKEHHOH pacueTHOM
OIICHKH TaKWX HANpsHDKEHUH B DIIEMEHTaX OJTHOHA-
MIPaBIEHHBIX BOJIOKHUCTBHIX KOMIIO3UTOB, ITOKa-
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3aBINWH, YTO BKJIAJ 3THUX JOMOJHUTEIBHBIX HAPS-
JKEHHWI Majl B CPaBHEHUH C HANPSDHKEHHSIME OT Oce-
BOTO PacTsDKEHHUS U MOXET IPU TEXHHUYECKUX pac-
YeTax HE YYUTHIBATHCSA, OCOOCHHO MPH HCIIOJIb-
30BaHUM YTJIEPOJHBIX aAPMHUPYIOMIMX BOJOKOH.
OpHako mepeHoc myTeM OOOOIICHUS TMPEeIoKEH-
HbIX B [14] pacdyeTHBIX 3aBUCHMOCTEH Ha KOMIIO-
3UTHYIO CTPOWTEIBHYIO apMaTypy HE MpeCTaBIIi-
eTcst 3((HEeKTUBHBIM, TOCKOJIBKY CYIIECTBYIOIIAsd
METOIMKA MPEACKA3bIBACT YBEIMUCHUE PaACTITH-
BAlOIIMX HaIpsKEHUM B TOJMMEpPHOW MaTpHIIe,
JNEHCTBYIONINX B TaHTCHIIMATHLHOM HAlpaBJICHUH,
[0 Mepe YBEIUYCHHSI PACCTOSHUS OT TPAHHUIIBI
paszena MaTpuIBl U BOJIOKHA, B TO BpeMs Kak pe-
3yJbTaThl HMCCICIOBAaHUNA B CMEXHOW obOnacth —
TEOPUH TEPMOYNPYTUX HAMNPSIKCHUNA B KOMIIO3H-
TaX — MPEACKa3bIBAIOT CHIDKEHHE YPOBHSA pajv-
QNBHBIX W TaHTCHIMAIbHBIX HANPSOHKCHWH B Mart-
pulle Mo Mepe YIaleHHsl OT TPaHUIBI pasfena C
BoJiokHOM [15, 16]. K ToMy ke UMEIOTCSI TIPUHITH-
MUANbHBIE OTIWYHS B MEXaHU3MaxX pa3pylICHUs
MIPU PACTSKEHUHU CTEKJIOIUIACTHKOBOW M 0a3allbTo-
TJTACTUKOBOW apMaTyphl OT THIIOBBIX KOMIIO3HTOB
Ha OCHOBE YTJIEPOJHBIX BOJIOKOH. Jlns yrirerura-
CTUKOB, KaK MPaBUJIO, Pa3pyIICHHE OOYyCIIOBICHO
MoTepeil TPOYHOCTH BOJIOKOH, TMPEeNbHbIE Jie-
dopMau MpU PACTHKEHUU KOTOPBIX OOBIYHO
MEHBIIIE TPENETbHBIX AchOopMalUid CBS3YIOIIETO,
B CBS3W C 4YeM BIMSHME HANPSKEHUH B CBA3YIO-
IEM Ha MPOYHOCTH KOMIIO3UTAa MaJOCYLICCTBCH-
HO. Y CTEKJIOIIACTHKOBOW W 0a3aJIbTOIIACTHKO-
BOH apMaTyphel CHTyalus MPOTHUBOIONOXHAS —
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paspylieHre MPOUCXOTUT 3a CYET TIOTEPH MPOUHO-
CTH CBs3ylomlero npu nedopMarusax pacTske-
Husa 2,3-2,7 %, 4TO 3HAYUTENBHO MEHBIIE Ipe-
JeNbHBIX Jedopmarnuii BoiokoH (3,8—4,0 %) [9].
[TockombKy SKCIIEpUMEHTANBHOE H3YYCHHE pac-
npezesieHns] HalpsSHKEHUH B CTPYKTYPHBIX 3JIeMEH-
Tax KOMIIO3UTHOM CTPOMUTENILHON apMaTypsl TPY.I-
HOOCYII[ECTBUMO, IPEJACTABISIET WHTEPEC pacyer-
Has OLIEHKA 3THX HANpsKEHUH ¢ y4eTOM BIUSHUS
CTETICHW HANOJHEHHUS, a TaKXKe MOJAYJIeH YyIpyro-
CTH U pa3nuuuii ko3¢ punuentos Ilyaccona.

Llens paboTBl — pacueTHas OICHKa HampsihKe-
HUA B DJIEMEHTaX KOMIIO3UTHON CTPOUTENIbHOU
apMaryphbl, 00yCIOBIEHHBIX pa3IHdusMu Kodhdu-
ueHToB IlyaccoHa apMHUpYIOIMIMX BOJOKOH M TO-
JMMEPHOTO CBS3YIOIIETO.

MeToanka MATEMATHYECKOI0
MOAEJTUPOBAHNS U PACUYETHON OLEHKH
JIOKAJbHBIX HATIPSIZKEHU

[Ipu yncieHHOM MOAETUPOBAHUH TEPMOYIIPY-
IMX HaOpsDKCHUH B BOJIOKHUCTBIX KOMIIO3HTAaX
OOBIYHO MCTIONB3YIOT DJIEMEHTapHbIC TYCHKU B BU-
JIe DJEMEHTApHBIX MPU3M C PACIOJIOKEHHBIM
B LIeHTpe crepkHeM [16]. IlpuMeHuTensHO K pac-
CMaTpUBAaEMOMY CIIy4yaro JAJsl paBHOMEpPHOI'O pac-
MIpeJIeieHns] BOJIOKOH MO CEYEHHWIO Takas sdeiika
umeer opmy mecturpannuka (puc. 1). Bmecre
C TeM Uil aHAIUTHYECKUX METOAOB NMPOTHO3HOMN
OLICHKH MHMKPOKOHTAaKTHBIX B3aUMOJEHUCTBHHA BO-
JIOKHUCTOTO HAIIOJHUTENA C MaTpUueld yIoOHO

MIPUHATH dJIEMEHTapHbIE sYeiku B (popme ToicTo-
CTEHHOTO TOJIOTO MUKpouwiuHapa [17], B momo-
CTH KOTOPOTO PAaCHOJIOXKEHBI B BUAE COEIUHEHUS
C HATITOM BOJIOKHHMCThIC 4acTHibl (puc. 1b, ¢).
[ToaToMy 3aMeHUM 3IEMEHTapHYIO SYEHKY C IIe-
CTUTPAHHBIM MOMEPEUHBIM CCUYCHHUEM Ha SKBUBA-
JICHTHYIO SYEHKY B BHUJE IOJIBIX MOIUMEPHBIX IH-
JUHIPOB C HAPYXKHBIM PaguycoM R, ¥ BHYTPCH-
HUM R; OKBHBAJIEHTHOCTb SUEEK 3aK/IIOYaeTCs
B o0eclieueHN PaBHOM CTENEHH OOBEMHOTO CO-
JICpKaHWsl BOJIOKOH, WJIM PaBEHCTBA ILIOMIACH
MIOTIEPEYHOT0 ce4YeHus B (popMe IecTUTpaHHHUKA
U Kpyra.

OnpenennM 3HaueHWe BHEIIHETO pazawmyca R,
U3 YCIIOBHS PAaBEHCTBA IUIOUIANU 3JICMEHTAPHOTO
[IECTUTPAaHHUKA CO CTOPOHOW d W SKBHUBAJIEHTHOTO
kpyra. HerpynHo yOeauThCs, 4TO IUIOIIANb IIe-
CTUTPaHHUKA A, paBHa

Am:6-la-£a:£a2. (1)
2 2 2

[Inomane 5KBUBaNEHTHOTO KpyTa A,
A =7R’. ()

[Ipupasusas mromanu u3 (1) u (2), momyyaem
B3aMMOCBS3b PaJHyca SKBHBAJIEHTHOTO Kpyra R,
U CTOPOHBI @ LIECTUTPaHHUKA

R, =a\|===0,9096a 3)

33
T

Puc. 1. PacueTHast cxema [UIsl OIpeEICNICHUS TApaMETPOB HJIEMEHTApHBIX STYECK: a — YCIOBHOE H300pakeHNE MTONEPETHOI0 CEUCHHUS
CTEPXKHS C IIECTUIPAHHBIMU sTYelKaMu; b — N300paXkeHHe MIECTUIPAHHOTO ¥ AKBHBAJICHTHOTO KPYTOBOT'O HOIEPEYHOTO CEUSHUS
JNIEMEHTAPHOI SUSHKH ¢ XapaKTePUCTUUSCKUMHU pa3MepaMi; ¢ — 00beMHOE H300paKeHHEe IMITHHAPHICSCKON SUCHKH;

1 — BOJIOKHO; 2 — TOJTMMEpHAst MaTpHUIIa

Fig. 1. Calculation scheme for determining the parameters of elementary cells: a — conventional image of the cross-section
of a rod with hexagonal cells; b — image of a hexagonal and equivalent circular cross-section of an elementary cell
with characteristic dimensions; ¢ — volumetric image of a cylindrical cell; 1 — fiber; 2 — polymer matrix
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Amnanu3 mokasbIBaeT, 9to R, Ha 5 % mpeBbIia-
€T paJiyC 6NUCAHHOU B IECTUTPAHHUK OKPYKHO-
CTH, KOTOprfI BBIUUCIACTCA KaK IJIMHA NEPIICHIU-
KyJisipa, MPOBEJICHHOTO W3 IIEHTPa OKPYKHOCTH Ha
CTOPOHY @ TIECTUTPaHHHMKA. Takum oOpa3oM, Mu-
HUMaJlbHAsi TOJNIIIMHA CTEHKH IIIeCTUTPAHHOMN
npu3Mbl Ha 5 % OTiIMYaeTcss OT TOJIIMHBI CTEHKHU
MIPUBEICHHOTO IFJIMH/APA, YTO BBI3OBET HEKOTO-
PYIO TOTPENIHOCTh PAacyeToOB NpPU 3aMeHE IIECTH-
TpaHHUKA HA HUJIHUHAP.

[Tockonbky paanyc BOJOKOH R, paBeH paauycy
BHYTPEHHEH MOJOCTH 3JIEMEHTApHOTO IMJIMHAPA,
HapyXHBIM JuaMeTp R, MOXXHO BBIYHCIHUTH 4YEpE3
00BEMHOE COJIep)KaHUE BOJIOKHHUCTOTO HAIOJIHU-
Tens Vy, CBA3aHHOE ¢ paguycamu Ry R,, mpu 1o-
MOIIU CIIeAyomeH GpopMyb!:

B[R )
" aR: (R,

OTKyJa [uisi BHEUIHETO paguyca 3JeMEeHTapHOU
STUEUKU MOXKHO 3aIlMcaTh

=L, (4a)

KomnosuTHas crponTenbHas apMarypa pabo-
TaeT MPEeUMYILIECTBEHHO Ha pacTsskeHue. PaccMor-
puM aedopmanuu dIEMEHTOB SYEHKH C HCIIOJNb-
30BaHHEM MPUHIUIA HE3aBUCHMOCTH JCHCTBHSA
cuil (MIPUHLMII CYTEPIIO3ULUK) TPH ONpEAEICHUH
neopManuii BOJOKHA W MaTpUIlbl B pajralbHOM
Hanpasieand. O003HA4YMM AEWCTBYIOIIHE B OCe-
BOM HarlpaBJICHUH HaNpsDKEHHUS PacTsDKEHHS B BO-
JIOKHE M TIOJMMEpPHOM CBS3yIOIIeM (MaTpulle) de-
pe3 Gy U G0 COOTBETCTBEHHO.

OTHOCHUTENIbHBIE TIONepedHble  (paAuanbHbIE)
nedopMaly BOJIOKHA €; W IOJIMMEPHOH MaTpH-
1Bl €, B 30HE KOHTAKTa C BOJIOKHOM IIPH PacTsiKe-
HHUH CBSI3aHBI C MPOAONBHBIMU JeQOpPMalUsIMU Ye-
pe3 cootBeTcTByOIME Kodddunuents! [lyaccona.
B cooTBeTCTBUM C NPHHIMIIOM CYNEPIO3ULIUN Ha
OCHOBaHMM 3akoHa ['yka MOXXHO 3amucaTh, 4TO
norepevnsie  JeopManuu OT JCHCTBHUS TOJBKO
OCEBBIX HANpPSHKEHUH Gj U G,o MOTYT OBITH OIpe-
JeNICHBI KaK:

Op .
b
E,

(5a)

€ ="Hy

Hayka
urexHuka. T. 24, Ne 2 (2025)

S ‘Z_—m (56)

m

rne Es E, s ¥ W, — COOTBETCTBEHHO MOJIYJIH
yrpyroctd u kodddurmentsr [lyaccona apmupy-
IOIIUX BOJOKOH M TOJMMEPHOTO CBSI3YIOIIEro
(MatpubI).

PaznocTh A morepeuHbIx aedopmanuii apMu-
pPYIOIIMX BOJIOKOH M TMOJMMEPHON MaTpHIbl, CO-
3[Ar0IUX 1e()OPMALMOHHBIA HATST B CONPSKEHUH
IIPU PACTSKEHUU CUCTEMBI, COCTABIISIET

Gmo cSfO

—H, E . (6)
A

A= Sfr - E-:mr = l’lm

m

[TponsBeseM OIEHKY BO3HHMKAIOIIMX KOHTAKT-
HBIX JABJIEHUI B CONPSHKCHUH BOJOKHO—MATPHILA,
00YCJIOBJIIEHHBIX  pa3iu4usMU  KO3QOUIHEHTOB
ITyaccona. ITockoibKy 3TO CBOErO poaa COmpsiKe-
HUE C HATATOM, KOHTAaKTHBIE NaBICHHUS p, MOXKHO
BBIYUCIHTH 10 opmyie Jlsme [18, 19]

A
1- R?* + R?
R

+ 2 2
E, E, R +R

m

[ToxcTtaBuB B MONy4YeHHYIO (GOPMYJIYy 3HAYE-
Hue A u3 (6) M 3aMEHUB PaJNyChl dJIEeMEHTapHON
Auekiku Ry u R, yepe3 00beMHOE COlepkKaHUE BO-
JIOKHUCTOTO HamojHutens V; mo dopmyne (4),
3aBHCHMOCTH (7) MOXKHO ITPeoOpa3oBaTh K BHILY

mo Gfo
g Mg, N
pc = *
l—p, 1 (1+V;
] + “m
E, E \1-V,

BrimonHuM aHanu3 xapakTepa pachpeneieHus
HampspKeHU B dJIEMEHTax CUcTeMbl. B coorBer-
CTBUHM C H3BECTHBIM DELICHHEM 3aJadd TEOpPHH
YOPYTOCTH paguajbHble M TaHTCHLUAIbHBIE Ha-
MpsDKEHUS B apMUPYIOLIMX BOJOKHAax, HE COJep-
KaIUX BHYTPEHHHX IIOJIOCTEH, paBHBI MEXAY CO-
00l ¥ COBMAagarOT C KOHTAKTHBIM IABJICHHUEM p..
VY 31eMeHTapHOro NOJMMEPHOTO LMIMHAPA, HaX0-
JSIILEerocs Iof JCWCTBHEM BHYTPEHHEIO JaB-
nenus p. [21, 22], panuanbHble HAOPSKEHUS Oy
Ha BHYTPCHHEH IOBEPXHOCTH (r=R,) SBISIOTCS

C)KUMAKIMUMU W YUCJIICHHO pPaBHbBI KOHTAKTHOMY
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JABIICHUIO p., & Ha BHEIIHEH MMOBEPXHOCTH OHU
paBHBI HYJ10. TaHTCHIMAIbHBIC HAMPSIKEHHUS G,y
B DJIEMEHTAPHOM HUJIMHPE SBJISIOTCS PACTITHBA-
IOLIMMH M ONPEJCIIAIOTCA B 000N TOYKE Ha pac-
CTOSIHUH 7 OT OCH IIWIKHHpa 110 hopmyie JIsime

R? R::

/

c,, =D. IS —Rf 1+ e ©)

C yueToM B3aMMOCBS3H MEXAY paanycaMu
AIIEMEHTAPHOTO UIMHIPAa U OOBEMHBIM COJIEpIKa-
HUEM BOJIOKOH B (opMme (4) 3TH HampspKeHHs Ha
BHYTpEHHEH NOBEPXHOCTH 3JI€MEHTApHOTO LMJIHH-
apa (r = Ry MOXHO pacCuumTaTh MO CIEAYIONIEH
3aBUCHMOCTH:

R +R; 1+V,
Lo p o
RE-R; "1~V

(10)

cstml = pc

AHanoruyHo AJId TaHTCHIUMAJIBHBIX HaIIpsAKe-
HUM Ha HapY>KHOW IMOBEPXHOCTU BJIEMEHTAPHOIO
mwHapa (v = R,,)

2
2R 27,

G,,= =p —. 11
tm2 pc Rez _R? p(, I—V/ ( )

CpaBHEHHE aHATUTHYECKHUX 3aBucuMocTeil (10)
u (11) moka3pIBaeT, 9TO OKPY>KHBIE (TAaHTECHITHATH-
HbIE) HaNpsDKEHUsl, ACHCTBYIOIINE B MOJMMEPHOM
MaTpHIle, UMEIOT MaKCHUMaJIbHOE 3HaueHHe BOJIH-
3 TpaHWIBl pa3fena C apMHUPYIOIMUM BOJOK-
HOM (G;), @ MUHUMAJIHBIC — HAa Hapy»XHOW TO-
BEPXHOCTH DIIEMEHTAPHOTO IWIMHAPA (Gpp),
COOTBETCTBYIOIIEH CepelrHEe PACCTOSTHUS MEXIY
BoJIOKHaMHU. [IpH 3TOM BETMYMHA TAaHTEHITMATLHBIX
pacTATHBalONIMX HANPSHKCHUH 3aBUCUT OT BO3HU-
KaloIIero KOHTaKTHOTO JaBJEHHS p. U OOHEMHOTO
COJZIep>KaHUsl BOJIOKHUCTOrO HamonHutens V. Xa-
paxTep pacrpeleleHns paidaIbHBIX U TaHTCHIIU-
ANBHBIX HAIPSHKEHUH B MEXBOJOKOHHOM IIPO-
CTpaHCTBE KOMIIO3MTA [TOKa3aH Ha puc. 2.

[TockonbKy B ypaBHeHHE (8) BXOAAT TPU HEU3-
BECTHBIX Mapamerpa (KOHTaKTHOE JaBliCHHE p,
OCEBbIC HANpPSHKEHUS B MATpPUILIE O, U B BOJIOK-
Hax Gy,), VIS UX ONPE/IENIEHs COCTaBUM JIOMOJIHH-
TeJIbHBIE YPaBHEHHS W3 YCJOBUS COBMECTHOCTH
nedopMmalyii B BHJIE TUITOTE3bI TUIOCKUX CEYCHHU.
[IpuanmaeMm, gto aedopmanvu BOJOKOH, MaTpH-
IIBI ¥ KOMITO3UTa B OCEBOM HaIIPaBIIEHHUH DPaBHBI
U TIOTYHHSIOTCS 0000IIIeHHOMY 3aKoHy ['yka.
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Puc. 2. Xapaxtep pacrpeesieHus paaraibHbIX
Y TaHTCHIUAIbHBIX HAMPSDKEHUI B MEKBOJIOKOHHOM
MPOCTPAHCTBE MOJIMMEPHON MATPHUIIBI

Fig. 2. Nature of the distribution of radial
and tangential stresses in the inter-fiber space
of the polymer matrix

C ucmojp30BaHUEM TaKOTO IMOAXO0Ja s Oce-
BBIX JedopManuii KOMIIOHEHTOB CHCTEMbI B TOUYKE
COTIPSDKEHUST MUHEPAILHOTO BOJIOKHA C TIOJTUMEP-
HOH MaTpulel MOXKHO 3allUCaTh:

1

€0 ZE_/_[Gfo —Hy (Gfr +Gt)] =g, (122)

1
£ = B0 =7 Ono ~H, (0, +0,) ] (126)

Pemms cucremy (12a) u (126), Haxogum oce-
BbI€ HAIIPSKEHUSI B BOJIOKHE M MOJMMEPHOM Mart-
putie:

O =&y =20, (13a)

di (136)
-

Gm0 = 8kOE'm + 2’umpc 1_
f

IToactaBuB 31tH 3Ha4YeHUS B hopmymy (8), mo-
Jy4aeM 3aBHUCHMOCTbH JUIsl pACUCTHOW OIICHKH BO3-
HHUKAIOINX KOHTAKTHBIX JTaBJICHUN

O A

E, .. }
Ef(l n =207 )(1-7, )+ (14)
(10 =1, ) 1=V, s
+,, (1=V, )+ 14V, =200

pP.=

S

Herpyano ybemuthes, 9ro Bxopmsmee B (op-
Myay (14) npousBeneHue &,kL,, TpeacTaBiIseT co-
00li HOMHHAIILHOE OCEBOE HAIPSIKCHHUE B IOJH-
MEpPHOW MaTpHLe Gy, pacCUUThIBaeMoe 0e3 yuera
YOPYroro M3MEHEHHs IUIOMAAN MOMEPEYHOro ce-
YEeHUs MaTPHUIBI U BOJIOKOH. [Ipu mcmons30BaHuM
Takoro oOo3HaueHus ¢opmyna (14) mMoxer OBITH
3alMcaHa B CIeIyIOUIeM BUJE:

Hayka
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(ke —n)(1-7)

pc:

S

Kax Bugno u3 (15), Bo3HHKaroee KOHTAKTHOE
JIABJICHUE TPSMO MPOMOPIUOHAIBHO JIEHCTBYIO-
MM  PACTATHBAIONIMM HOMHUHAJIBHBIM  Harmps-
JKEHHSIM B TIOJMMEPHOW MAaTpHIE G, U Mo Ooiee
CIIOHON (DYHKITMOHAIBHON 3aBUCUMOCTH HU3Me-
HSETCS IPU U3MEHEHUU MOMYJICH YIPYTOCTH U KO-
sp¢pummentoB IlyaccoHa wmaTepuaioB BOJIOKHA
U TOJUMepHON MaTpullel. OKpYKHBbIC (TaHTCHIIU-
aJbHbIC) HANPSOKCHUS G, B MOJMMEPHON MaTpu-
I[e B TOYKE KOHTAKTa C MHUHEPAIbHBIM BOJOKHOM
MOTYT OBITH ompeneneHsl mo ¢gopmyne (10), mon-
CTaBMB B Hee 3HAYCHHWE KOHTAKTHOTO JIaBIICHUS
u3 (15).

COBOKYIMHOCTh TOJYYEHHBIX aHAIMTUYCCKUX
3asucumoctert (10), (11) u (15) mo3BosieT mpoms-
BOJIUTH MaTeMAaTHYECKOE MOJICIHPOBAHHE BIUSHUS
CTCTICHW HATIOJHCHHUS Ha W3MEHCHHE JIOKAIbHBIX
MHUKPOKOHTAKTHBIX HAIPSXKEHUN B TMOJIUMEPHOU
MAaTpHIIE, €CIIM W3BECTHBI BXOMAIIME B TU ypaBHE-
HUS TIOKa3aTenu (U3NKO-MEXaHUYECKUX CBOWCTB
MOJTUMEPHBIX MAaTepHAIOB M apMHUPYIOIIHUX BO-
JIOKOH.

PQSyJIbTaTbI HCCJIeJ0BAaHUA
H UX 00cysKaeHue

MopenupoBaHue ¥ CpPaBHUTEIBHBIN aHAIH3
MapaMeTpoB JIOKATHPHOTO MHKPOKOHTAKTHOTO B3a-
UMOJICHCTBYSI POU3BEIEeM Ha 0a3e Haubolee Iu-
POKO pacTpOCTpaHEHHBIX B MPOMBIIUICHHOCTH TTPH
MPOU3BOJICTBE KOMIIO3UTHOW CTPOUTEIHLHON apMa-
Typbl CTCKJISIHHBIX M 0a3aJbTOBBIX BOJIOKOH, a
TaK)Ke MOKCUAHBIX W Hoau3dupHbix cMoit. Tloka-
3aTe’y MEXaHWYECKUX CBOWCTB BOJIOKOH 3aBUCAT
OT BHUJIa BOJOKHA M CBIPbS JJIS €ro MPOU3BOJICTBRA.
J1s CTeKISHHBIX BOJIOKOH Mapku FE, HamOomee
IIMPOKO PACHPOCTPAHEHHBIX TIPU TIPOHU3BOJICTBE
CTEKJIOTJIACTUKOBOM  apMaTypsl, MOJIYJb YIpy-
roctu Ey n xodpdunuent Ilyaccona |, HaxomsT-
¢ B clIenyromux auanasoHax: £y = 70-73,5 I'Tla,
w = 0,22-0,23 [20-24]. JIna ©a3aabTOBBIX BOJIO-
KOH COOTBETCTBYIOIIME TMOKa3zareian aedopma-
LOUOHHBIX CBOMCTB cOCTaBAOT: £y = 79-93 I'la,
w = 0,23-0,24 [20-24].

JedopmalioHHbIE CBOWCTBA TIOTMMEPHBIX CBSI-
3YIOMINX 3aBUCST OT POJa CBA3YIOIIETO, BUIA OTBEP-

Hayka
urexHuka. T. 24, Ne 2 (2025)

? (1-p, =203 ) (1=, )+, (1-7, )+ 14V, —2027,

c, . (15)

mn

JTATEIS, PEKUMOB OTBEPIKICHUS U IPYTHX (DaKTOPOB.
Jlist moaMaUPHBIX CMOJ 3TOT JAMAIa30H COCTaBIIS-
er: E,=22-228 I'lla, p, = 0,35-0,39, a mist >m0K-
cunseix E, = 2,5-3,5 I'Tla, p,, = 0,38-0,40 [20-24].
JanbHeive wuccienoBaHUsS MPOBENCHBI M Tie-
PEYHUCIICHHOTO BBIIIE AUAMa30HA U3MEHEHHSI MTOKa-
3aTelIel MEXaHMYECKUX CBOMCTB.

ITockonpky BXosIIME B 3HAMEHATEIh (HOPMY-
7el (15) cmaraeMmble UMEIOT Pa3IUYHYIO BEIMYUHY,
BHIMIOJIHUM BHadYalle WX CpPaBHUTENBHBIN aHanu3
MyTeM pacyeTa cIaraéMoro

n=re(lop-22)(1-7,). (6)
Ef

PesynbraTel ompeneneHus BEIWYUHBI 1| IS
IIMPOKOTO JUara30Ha U3MEHEHHUs 0OBEMHOIO CO-
JICP)KaHUS HANOJHUTENS V; Ha NpHUMEpE CTEKIIOo-
BOJIOKHA Mapku £, 0a3aJbTOBOTO BOJIOKHA H JTIOK-
cupHoit cmombl JJ1 20 mpuBegensl B Tabm. 1.
Pacuer BbIIONHEH METOAOM BEpXHEHl OILICHKH,
MIOCKOJIbKY MaKCHMaJbHOE 3HAYCHHE IMapaMerpa 1|
COOTBETCTBYET MHUHUMAJIbHOW BenHuuHE KO3 hu-
muenTa Ilyaccona Bonokon (s = 0,22). Moayns
YIIPYTOCTH OTBEP)KICHHOMN IMTOKCUIAHOW CMOJIBI TIPH-
HAT B auanazone ot 2,0 no 3,5 ['Tla. [lupokuit qua-
Ma30H U3MEHEHHUSI 0OBEMHOTO COJICPKAHUSI BOJIOKOH
B komnosure (V= 0,50-0,70) npuHAT ¢ Lenbto yuera
MIPOIYKIIMK HE TOJHKO OTEYECTBEHHBIX, HO U 3apy-

0exHbIX [12, 20] mponszBoauTENCH.
Tabnuya 1
PacueTrHble 3HaYeHHs TApaMeTPa 1) AJIsl CHCTEMBbI
MHUHEPAJIBbHOE BOJIOKHO — IMIOJIUMEPHAast MaTpUlla

Calculated values of the parameter 1 for
the mineral fiber — polymer matrix system

3HavyeHue mapamerpa 1
Mopnys ynpyrocty, I'Tla | npu o0beMHOM cOfiepKaHUU MU-
HEPaJbHOTO BOJIOKHA V.
BOJIOKHA E [nonumepa E, 0,50 0,60 0,70
2,0 0,0093 0,0074 0,0056
2,5 0,0116 0,0093 0,0070
7353 3,0 0,0139 0,0112 0,0084
35 0,0163 0,0130 0,0098
2,0 0,0084 0,0067 0,0051
81 2,5 0,0105 0,0084 0,0063
3,0 0,0127 0,0101 0,0076
35 0,0148 0,0118 0,0089
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Kak BumHO 13 Taba. 1, Bo BceM HCCIIEI0BAaHHOM
Jana3oHe W3MEHEHHs OOBEMHOTO COMIEPKAHUSI MU-
HEpaJIbHOTO BOJIOKHA Vj; M MOJyJsl yNPYrOCTH OT-
BEP)KACHHOW AIMOKCHIHOW CMOJIBI 3Ha4YeHHEe mapa-
METpa 1| SBISETCS BEIWYMHON, HE IPEBBIIIAK0-
wei 1 % ot 3Hauenwmit cnaraemsix (1 + V= 1,5-1,7),
BXOJIAIIUX B 3HAMEHATENh Apoou B hopmyrax (14)
u (15). Orot BHIBOI CIpaBeIUB TaKXKe M JJIsS OT-
BEPXKICHHBIX MOJMI(PHUPHBIX CMOJI, MOCKOJIBKY HX
MOIyJib yrpyroctd (Tabin. 1) HaxomuTCs BHYTPH
PaccMOTPEHHOTO JHara3oHa.

Takum 00pazoMm, MPH TEXHUYECKUX pacdeTax
napamMeTpoM 1], YUUTHIBAIONINM BIHSHUE MOJYJEH
YIPYTOCTH apMHUPYIOIIET0 BOJIOKHA M MOJMMEPHOM
MaTpHLbl B CTEKJIOIJIACTUKOBON M Oa3aibToIUa-
CTHKOBOH apMarype, MO>KHO TIpeHeOpedh 1 IPOu3-
BOJIUTH OIpENEICHHe KOHTAKTHOTO JaBIEHHS II0
CIeNyIONIeH yIPOIIEeHHOH dhopmMyie:

_ (1 —m)(1-7)
1+V, +p, (1—Vf)—2uin

G,.. (17)

c

IloncrasuB (17) B (11), monmyyaem aHanuTude-
CKYIO 3aBHCHMOCTbH JUJIsl OTNPENEICHUS OKPY>KHBIX
(TaHreHIMANIbHBIX) HANPSKEHUH B TIOJIMMEPHOMH
MaTpHie

_ (1, —m ) (147
1+V, +p, (1 - Vf)— 2027,

G,,. (18)

m

OceBbie HANPSDKEHMSI B TTOJIMMEPHON MaTpHiIie,
Ha ocHoBaHUU (opmy (130) u (17), onmceIBatOTCS
cleayroniei aHaTUuTHYEeCKON 3aBUCUMOCTBIO

4V 4w, (1 - Vf) —2u,1, 7
"V, (1-7,) 20k,

G, (19)

CpaBHEHHE YHCIHTENS U 3HaMeHaTens B (hop-
Myie (19) mokaspiBaeT, YTO OHH OTIMYAIOTCS
TOJIBKO TIOCIIEAHUMH CIaraeMbIMH, SBISIOIIAMUCS
BEJIMUMHAMHU BTOPOTO TOPSAKA MAJIOCTH B CpaBHE-
HuM co crnaraembiMu (1 + V). OTo naer ocHoBaHue
T0J1arath, 4YT0 (PaKTHUECKUE G0 1 HOMUHAJIBHBIC Gy,
HAINpsDKeHUs], JACHCTBYIONME B MaTpPHIIE B OCEBOM
HAarpapJeHUH, OyAyT OTINYATHCS HE3HAYUTEIHHO.

B Tabn. 2 mpuBencHBI pacueTHBIC 3HAYCHUS
OTHOCHUTEJIbHBIX KOHTAKTHBIX JIABJICHUH, YHCICHHO
PaBHBIX paJMalibHBIM W TaHTEHIMAILHBIM HaIpPS-
JKEHHUSIM B BOJIOKHAX KOMITO3WTA, I MIMPOKOTO
Iuama3oHa wu3MeHeHUs kodddummenta Ilyacco-
Ha MaTPHIIBI.

130

Tabnuya 2
PacueTHble 3HAYeHUS OTHOCUTEIBLHBIX KOHTAKTHBIX
JaBJeHuii p /c,,, Ha TpaHuIe pa3/ieja BOJIOKHUCTOrO
HATNIOJTHUTEJIS € MOJMMEePHOii cMO0J10i1

Calculated values of relative contact pressures p./c,,,
at the interface of fibrous filler with polymer resin

PacueTHOE 3HAaUCHUE P /Gy
Koadpdumuent
npy 00bEMHOM COAEpPKaHUH Vy
ITyaccona ’
BOJIOKHA

BOJIOKHA Ll | MATPHULIBI L, 0,50 0,60 0,70
0,35 0,042 0,033 0,024

0,22 0,37 0,049 0,038 0,028
0,40 0,060 0,047 0,035

0,35 0,039 0,030 0,022

0,23 0,37 0,045 0,035 0,026
0,40 0,055 0,043 0,032

0,35 0,036 0,028 0,020

0,24 0,37 0,042 0,033 0,024
0,40 0,052 0,041 0,030

W3 momydeHHBIX NMaHHBIX BHUIHO, YTO B JAHa-
ma3oHe OOBEMHOIr'0 COJAEpKaHUS HAIOJIHHUTE-
1 Vy=0,5-0,7 KOHTaKTHBIE 1aBJICHUS HAa FPaHULIE
paszena apMHPYIONIUX BOJOKOH C ITOJIMMEPHON
MaTpHIEH COCTaBIAIOT OT 2 10 6 % OT HOMUHAJb-
HBIX HaIpPSDKEHUH PACTSDKEHHUST B IIOJIMMEPHOU
MaTpHIIE, YTO MOXKHO CUUTATh BETUYMHON BTOPOTO
MOPSIAKA MAJIOCTH.

Pacuer mo ¢opmyne (19) mokaseiBaer, 4To 3Ha-
YeHHSI OCEBBIX PACTATHBAIOIINX HAIPSDKEHUH B TIO-
JIUMEPHOM CBS3YIOIIEM IMPEBHIIIAOT Ha 2,9—6,3 %
COOTBETCTBYIOIINE HOMWHAJIBHBIC 3HA4YeHHS (T10-
JIy4eHHBIE TI0 TPaBWIYy aJIUTHBHOCTH 0€3 yuera
YIOPYroro W3MEHEHUsS IUIOMIAAN CEUEHHUS KOMIIO-
HEHTOB M pazinuus kod(duimentor Ilyaccona)
1A CTEKJIOIIACTHKOBOM ¥ Ha 3,5-5,6 % — i Oa-
3aIBTOINIACTUKOBOM apMartyphl. [lpunyem MeHbIme
3HAYEHHsI COOTBETCTBYIOT OOBEMHOMY COZEpIKa-
HHIO BOJIOKOH V; = 0,5, a 6onpmme Vy = 0,7.

Bwmecre ¢ Tem mpencTaBiieT HHTEPEC pacder-
Has OLICHKA BEJTMYHMHBI IEHCTBYIONUX B TAHTCHITH-
ATHHOM HATNPABIICHUN PACTATHUBAIONINX HaIpshHKe-
HUH, BBI3BAHHBIX 3THM KOHTAKTHBIM JIaBJICHHEM.
B tabn. 3 mpuBeneHbI COOTBETCTBYIONINE 3HAUCHUS
MaKCHMAITLHBIX PACTATHUBAIOIINX HAIPSKSHUH, Jei-
CTBYIOIIMX Ha TPaHUIIE pa3Jiesia MoJuMepa C BOJIOK-
HOM, a TaKke MHHUMAJBHBIX PACTATHBAIOIINX TaH-
TEHIMATBHBIX HaNpsHKEHUM, JEHCTBYIOIIUX B cepe-
JIUHE PACCTOSHIS MEKTY BOJTOKHAMH.

Hayka
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Tabnuya 3

PacyeTHble 3HAYEHNS OTHOCHTEJIBLHBIX MAKCHMAJIBHBIX Gy max/G; 1 MUHAMAJIBHBIX Oy, i/ Oy PACTATHBAIOIINX
TAHMeHUHAJIBHBIX HANPSIZKEHU I B OJMMEPHOIi MaTpuue

Calculated values of relative maximum 6, na,/6,,, and minimum 6, yi,/6,,, tensile
tangential stresses in the polymer matrix

Koaddumment [Tyaccona PacueTHOE 3HAYEHHUE Gy, max/ Oy IIPU OOBEMHOM COJEPKAHUU V; BOJIOKHA
0,50 0,60 0,70
BOJIOKHA, |1/ MATPHIIBI LL,,,, - - -

max min max min max min

0,35 0,126 0, 084 0,131 0,098 0,135 0,111

0,22 0,37 0,146 0,097 0,151 0,113 0,158 0,130
0,40 0,176 0,117 0,183 0,137 0,192 0,158

0,35 0,116 0,077 0,121 0,091 0,125 0,103

0,23 0,37 0,136 0,091 0,141 0,106 0,147 0,121
0,40 0,166 0,111 0,173 0,130 0,181 0,149

0,35 0,106 0,071 0,110 0,083 0,114 0,094

0,24 0,37 0,126 0,084 0,131 0,098 0,136 0,112
0,40 0,156 0,104 0,163 0,122 0,171 0,141

W3 Taba. 3 BUAHO, YTO MaKCUMAaJIbHbIE TaHIEH-
[HAJIbHBIC PACTATHBAIOIINE HAMPSDKEHUS B MOJTH-
MEPHOH MaTpHIle Ha TPaHMIIC pa3jielia ¢ BOJOKHOM
coctaBisaroT 11,6-19,2 % OoT HOMHHAIIBHBIX OCe-
BBIX HAIPSDKEHUHN PACTSKECHUS Gy, AJIS CTEKIIOIIIA-
crukoBoit u 10,6-17,1 % — mua 6azaibTOILIACTH-
KOBOM apMaTypsl B 3aBHCHMOCTH OT COYETaHHUS
ko3¢ ¢urmentoB [lyaccoHa BOJIOKHA U MOJIUMEDA.
MuHUMabHBIE PACTATHBAIOIINE TAaHTCHIIMAIbHBIC
HaIpPsDKEHUS, TCHCTBYIONINE HA CePeIUHE PacCTo-
SIHUST MEXTY BOJIOKHAMH, COCTaBJSAIOT 7,7-15,8 %
OT G, M cTekjomiacTukoBoii u 7,1-14,1 %
OT Gy, U 0a3abTOIUIACTUKOBOM apMmarypsl. Ta-
KOM ypOBEHb TAHTEHIIMANBHBIX HAMPSIKCHUH CBU-
JIETEILCTBYET O TOM, YTO MX POJb B pa3pylICHUU
KOMITO3UTA CYIIIECTBEHHA M B HACTOSINEE BpEMs
HEIOOICHUBAETCH.

Eume ogHuM mpeAcTaBisSIONMM HHTEpeC (ak-
TOPOM SIBJIICTCS HEKOTOPOE CHHIKEHUE OKpYXK-
HBIX PACTATHUBAIOIINX HAMPSDKEHUN B MOJHMMEPHOM
MaTpHUIle B OKPECTHOCTH 0a3alibTOBBIX BOJIOKOH
B CPaBHEHHHM CO CTCKJITHHBIMH. DTO CIIOCOOCTBYET
YBEJIMYCHHUIO TIPEACTbHBIX JeopMaIuii mpu pas-
phiBe 0a3aJIbTOIJIACTUKOBON apMaTypbl U yKa3bl-
BaeT Ha TEPCIEKTUBHOCTh 0a3albTOBOrO BOJIOKHA
KaK apMHPYIOIIETO HATOJHUTENS JUIS KOMIIO3UT-
HOM CTPOUTENHHON apMaTyphl.

BbIBO/IbI

1. Pe3ynbTarhl BBIIOJHEHHBIX HCCIEAOBAHUM
MMO3BOJIMIIA  pa3paboTaTh WHKEHEPHYIO METOIHNKY
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pacdeTHOW OIEHKH MapaMeTpOB HAMPSDKEHHOTO
COCTOSIHHS TIOJTMMEPHON MaTPHIIBI B OKPECTHOCTSIX
BOJIOKHHUCTOTI'O HaITOJIHUTEIIA B KOMITO3UTHON
CTPOUTENFHON apMaType Kak (pyHKOHMH OT JeHcT-
BYIOIIMX HOMHUHAIBHBIX PACTSATHBAIOLIUX HaIps-
XKEHUH, 00bEMHOI'0 COAEP)KaHHUs BOJIOKOH, a Tak-
JKe TIoKa3aTelell MEXaHUYeCKUX CBOWMCTB BOJIOKOH
Y TIOJIMMEPHBIX MATPHII.

2. OmpeneneHpl 3HAYCHUS JITHX IapaMETPOB
MIPIMEHUTENBHO K IMPOKOMY THAITa30Hy M3MEHe-
HUS OOBEMHOTIO CO/AEp)KaHUS BOJIOKOH, a TaKke
nokasarelneil 1e)opMalMOHHBIX CBOMCTB, Xapak-
TEPHOMY JJISl IPOMBIIUIEHHO BBITYCKaeMOW CTpoO-
WUTEIHbHON KOMIIO3UTHON apMaTyphl.

3. IlokazaHo, 4TO BKJIaJ JIOKAIBHBIX MHUKPO-
KOHTAaKTHBIX HANPSOHKEHWA B TOJHMEPHOM CBS3Y-
IOIEM Ha MPOYHOCTHh CTEKJIOIUIACTUKOBOW W Oa-
3aJIbTOINIACTUKOBOM ~ apMaTyphbl  CyIIECTBEHHbBIN
Y B HacTosIIIee BpeMs HENOOIeHeH. Pe3ynbpTaThl nc-
CJICIOBAaHUI MOTYT OBITh HCIIOJB30BaHbI B HAYYHO-
HCCIIEI0BATENbCKOM U YIeOHOH e TeIbHOCTH.
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OneHka TeXHHYECKOIr0 COCTOSIHUSI KPOBeJIb
KPYIHONAHEAbHBIX JKUJIBIX 31aHUi, BO3BeleHHbIX B beaapycu 10 1993 r.

Kanauagar TexH. Hayk, gou. H. B. ‘{epnonBaH')

YBpecTckuii rocynapcTenHbIi TexHmueckuii yansepeuter (Bpect, PecriyGnnka Benapych)

Pedepat. B crarbe naHa oLieHKa TEXHUYECKOTO COCTOSIHUSI COBMEILLCHHBIX YTEIJICHHBIX PYJIOHHBIX KpOBEIb C IOCIEN0Ba-
TENBHBIM PACIIONIOKEHUEM CJIOEB M BEHTHJIMPYEMBIX KPOBEIb KPYIHOIAHEIBHBIX JKHJIbIX 3AaHUH TUIOBBIX CEPUH, ITOCTPOCHHBIX
B benapycu no 1993 r. Pe3ynbraTsl HATYpHBIX HCCIIEIOBAHUN TIOKA3alIHd, 94TO 1ociie 6ojee 30 JeT SKCILTyaTalii TEXHHIECKOe
COCTOSIHHE€ MaTepHalOB OCHOBHBIX KOHCTPYKTHMBHBIX CIIO€B (HECyIlash KOHCTPYKIUS MOKPBITUS, MapOU30JIIIHs, MaTepHaIIbI
TEIJIOM30JSIIMOHHOTO CIos1) paborocmocobnoe. JledekTsl, oka3pIBalOIINe OTPULATEIbHOE BIUSHUEC HA (YHKIHOHAJIBHYIO
MPUTOAHOCTh KPOBENb B IIEJIOM, 3a(pUKCHPOBAHBI TOJIHKO B OCHOBHOM BOJOHM3OJIIMOHHOM KOBPE M LEMEHTHO-TICCUAHOMH
CTSDKKE. Y CTaHOBJIEHO, YTO IMPHYMHAMH MOSBICHUS U PA3BUTHS SKCIUTyaTallMOHHEIX Ae(eKTOB (TIOTeps 3aIUTHOH MOCHIITKI
KPOBEJIGHBIM MaTepUaJIOM, 3aCTOH BOJBI Ha KPOBJE, TPEIIMHEI B OUTYMHOM OKPAaCOYHOM CJIO€ PYJIOHHOH KpOBIH, B3IyTHS
MEXIY CIIOSMHU KPOBEIHLHOTO PYJIOHHOTO KOBPA) SIBISIOTCS «OKECTKUE) YCIOBUS SKCIUTyaTallud KPOBEJb: IIOCTOSIHHOE, B Te4e-
HHE BCETO CPOKa SKCIUTyaTallly, BIUSIHAE Ha MaTepHalbl aTMOCHEPHBIX BO3JCHCTBHM, a TaK)Ke HAPYIICHUS TEXHOJIOTHUH TPO-
M3BOJICTBA KPOBENBHBIX paboT. s mopmepxaHHs pabodero COCTOSHHS COBMEIIEHHBIX YTEIIEHHBIX PYJIOHHBIX KPOBENb
KPYITHONIAHENbHBIX JKHJIBIX 3aHUH, 3KCIUTyaTupyeMslx Oonee 30 jeT, OCHOBHbIE MaTepHajbHblE U (PMHAHCOBBIE 3aTPaThl
TIPUXOAATCS Ha YACTUYHBIA PEMOHT BOIOHM3OJIHMOHHOTO KOBpA, BKIIOYAIONIMN U JIOKATBHBI PEMOHT LIEMEHTHO-TIECUAHOM
CTSKKU. [IpMUMHON JIOKaNBbHOIO pa3spyILICHUs CTSKKH KPOBEIb KPYITHONAHEIbHBIX XKUIbIX 3JaHUH, IOCTPOCHHBIX 10 1993 .,
SIBJISIETCSL HEJIOCTaTOYHAasl €€ MOPO30CTOWKOCTh, 00YCIIOBIIEHHAs 3AJI0’KEHHBIM IIPY NPOSKTHPOBAHUU TaKHX 3/1aHUI TpeGoBa-
HHEM o0eclieueHHs MPOYHOCTH MaTepualia CTSHKKH MO0 MOPO30CTOMKOCTH Ha HOPMHPYEMBI CPOK 3KCILUTyaTallid KpyIHOIa-
HENBHBIX KWIBIX 34aHUs, T. €. He MeHee yeM Ha 30 jeT. YUuThIBas, YTO HOPMUPYEMBIH CPOK HKCILTyaTallil BCEX KPYIMHOIA-
HEJIBHBIX JKWIBIX 3JIaHHH, TOCTPOEHHBIX 10 1993 r., coctaBiser 6onee 30 ner, mpobdiaeMa odecriedeHus] pabOTOCIIOCOOHOCTH
CTSOKKH OyJieT mpruoOpeTaTs Bce OOJBLIYIO aKTyalbHOCTh. [Ipemnaraercs ais yBeqHMYeHHs CpoKa IKCIUTyaTalllK CTSDKKH 0e3
PEMOHTa M CHIKEHUSI TEIUIONOTEPh Yepe3 COBMELICHHOE ITOKPHITHE BBINOIHHUTE 10 CYLIECTBYIOUIEH KPOBJIE HHBEPCHOHHYIO
KpOBIIIO.

KuioueBble c10Ba: KOHCTPYKTUBHBIEC CJIOM KPOBIIH, SKCIUIyaTallMOHHEIE Je(EeKThl, JOKaIbHbIE pa3pyleHus (pa3MopakuBa-
HHE) CTSHKKH, OOBEKTHl HayUHBIX UCCIEOBAaHUN

Jnst umtupoBanus: YepHousan, H. B. OrieHka TEXHUYECKOTO COCTOSHUS KPOBEJb KPYITHOMAHEIbHBIX JKHIJIBIX 3[aHUii, BO3-
BesieHHbIX B benapycu no 1993 r. / H. B. UepHousan // Hayxa u mexnuxa. 2025. T. 24, Ne 2. C. 134-142. https://doi.org/10.
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Assessment of the Technical Condition of Roofs of Large-Panel Residential
Buildings Erected in Belarus before 1993

N. V. Chernoivan"
DBrest State Technical University (Brest, Republic of Belarus)

Abstract. The paper provides an assessment of the technical condition of combined insulated rolled roofs with a sequential
arrangement of layers and ventilated roofs of large-panel residential buildings of standard series built in Belarus before 1993.
The results of field studies have shown that after more than 30 years of operation, the technical condition of the mate-
rials of the main structural layers (bearing structure of the coating, vapor barrier, materials of the thermal insulation layer)
is operable. Defects that have a negative impact on the functional suitability of roofs as a whole are recorded only in the main
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waterproofing carpet and cement-sand screed. It has been established that the causes of the appearance and development
of operational defects (loss of coarse-grained sprinkling with roofing material, stagnation of water on the roof, cracks in the
bitumen coating layer of the rolled roof, swelling between the layers of the rolled roofing carpet) are “harsh” operating condi-
tions of roofs: constant, throughout the entire period of operation, influence on the materials of atmospheric influences,
as well as violations of the technology of roofing work. To maintain the working condition of combined insulated rolled roofs
of large-panel residential buildings operated for more than 30 years, the main material and financial costs fall on partial repair
of the waterproofing carpet, including local repair of cement-sand screed. The reason for the local destruction of the roof
screed of large-panel residential buildings built before 1993 is its insufficient frost resistance, due to the requirement laid
down in the design of such buildings to ensure the strength of the screed material in terms of frost resistance for the rated
service life of large-panel residential buildings, i.e. for at least 30 years. Considering that the standard service life of all large-
panel residential buildings built before 1993 is more than 30 years, the problem of ensuring the operability of the screed will
become increasingly relevant. It is proposed to extend the service life of the screed without repairs and reduce heat loss
through the combined coating to install an inversion roof on the existing roof.

Keywords: structural layers of the roof, operational defects, local destruction (defrosting) screeds, objects of scientific re-
search

For citation: Chernoivan N. V. (2025) Assessment of the Technical Condition of Roofs of Large-Panel Residential Buildings
Erected in Belarus before 1993. Science and Technique. 24 (2), 134—142. https://doi.org/10.21122/2227-1031-2025-24-2-

134-142 (in Russian)

BBenenue

Ceromus B benapycu 6omnee 90 % Bcex MHOTO-
STAKHBIX JKWIBIX JIOMOB HMEIOT COBMEIICHHBIE
yTeIUIeHHbIE PyJTOHHBIE KPOBIH. OOYCIOBIEHO 3TO
TE€M, YTO CTOMMOCTh YCTPOMCTBa TaKkuWX KpOBEIb
moutd Ha 40 % HIDKe, YeM CKaTHBIX (dYepaad-
HBIX) KpoBeub [1].

OnHako, Kak IOKa3bIBaeT NpPakTHKa, MOC-
ne 5-8 ner sKcruTyatanuu TpeOyeTcsl JYaCTHYHBINA
PEMOHT BOJOU3OJIALIMOHHOTO PYJIOHHOTO KOBpa
COBMENICHHBIX YTEIUICHHBIX PYJIOHHBIX KPOBEIb,
HECyIIel KOHCTPYKIHUEH KOTOPBIX SBISIOTCS MHO-
TOMYCTOTHBIE COOpHBIE JKene300eTOHHbIE IUIH-
ToI [2, 3]. IlprunHO# npoTEeYeK KPOBEMb SIBISIETCS
nosiBiieHUe 1e(peKToB (MUKPOTPEUINH) B BOJOU30-
JSIMOHHOM PYJIOHHOM Marepuaje, JMHAMUKaA pa3-
BHUTHS KOTOPBIX 3aBUCUT OT BIAYKHOCTH MaTepHaia
TETUIOU30JIALIMOHHOTO cJiod [4].

HartypHbie wucciaenoBaHusi 3SKCIUTyaTHPYEMBIX
KpPOBEIb XWJIBIX KHUPIUYHBIX 3[aHUH, B KOTOPBIX
HECyI[ie KOHCTPYKIIMH TOKPBITHS, KaK TpPaBUIIO,
BBITIOJTHEHBI U3 MHOT'OITYCTOTHBIX COOpPHBIX JKee-
300€TOHHBIX IUTAT UpHHOHN 1,2—1,5 M, mO3BOIMIH
YCTaHOBUTH, YTO YBIIAXXHEHHE MaTephalla yTeIlIH-
TEJSl B COBMEIIECHHBIX MOKPBITUSX MPOUCXOIUT 3a
CYeT TPOHWKHOBEHHS BOISHBIX ITAPOB BO3IyXa
U3 JKWIBIX TIOMENIEHUH Yepe3 3a30phl B IIBaxX Iia-
Hened nokpeitus [4]. IlpuunHOi 3TOTO SABISAIOTCA
cnenyromue GakTopsl. [I[ppuMeHeHne B 3KCIITyaTH-
PYEMBIX JKHJIBIX KUPITUYHBIX 3MAHUSX IS 3aIETKA
[IBOB MEXIy TMaHEIIMHU TOKPBITHS IEMEHTHO-
MeCYaHoro pacTBOpa MapKu He Beimie M25 He
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obecrieunBaeT COBMECTHYIO pabOTy MHOTOITYCTOT-
HBIX COOpHBIX >Kene300eTOHHBIX INT. Kaxnas
IUTUTA TIOKPBITHA CaMOCTOSITETIbHO BOCTIPHHUMAET
Harpy3Kd OT CHETa M HepaBHOMEPHON OCaJKH He-
CyLIUX CTeH 37aHus. Takoe coueTaHHe Harpy3ok
MIPUBOJUT K MOSIBICHUIO BEPTHUKAJIBHBIX IEepeMe-
LIEHUI TUINT MOKPBITHS U, KaK CJIECACTBHE, BBI3bI-
BaeT pa3pylleHne MaTeprana OKJIeeYHOM napounso-
JAIUH M [EMEHTHO-TIECYaHOTO pacTBOpa B IIBax
naHesnei nokpeITus [5].

Basupysice Ha pes3ynbTaTax HaTypHBIX HCCIe-
noBanui [1-5], ceromns »Ta mpobiieMa pelieHa:
pa3paboTaHO U MAaccOBO HPUMEHSETCS KOHCTPYK-
TUBHOE peIlIeHHE 3aJJeJIKU IIBOB MEXAY IJIUTAMH B
BUJIC IIMOHKU M3 MEJIKO3EPHUCTON OCTOHHOHN cMe-
cu Mapku He Hike M 100, koTopoe obecrieunBaeT
COBMECTHYIO Pa0OTy MHOTOITyCTOTHBIX IUIUT B TIO-
KPBITHSIX.

Hapsny ¢ KUpOMYHBIMHM KHUJIBIMH 3HaHHSIMU
¢ cepeauHsl 60-x IT. mpouwioro Bexka B Pecry6nu-
ke benmapych MaccoBo 3KCIITyaTHPYIOTCSI KPYITHO-
MaHeJbHbIE XKUJIbIE 34aHus, 00BEM KOTOPBIX CEro-
IOHS cocTaBisieT Oosee 55 % Bcero KUIMIIHOTO
dhonma [6].

W3ydyenne Hay4yHBIX ITyONMKAIM B OTKPBITON
neyatu W pecypcax VIHTepHET, MNOCBSAIIEHHBIX
OLIEHKE TEXHUYECKOTO COCTOSHMS OTPa)kIaroIluX
KOHCTPYKLUHUH KpPYNHOINAHEIbHbBIX >KWIbIX 3JaHUH,
MOKa3ajo, 4YTO BCE OMYyOJIMKOBAHHBIE PE3yJIbTATHI
HCCIIEJOBAHNAN 10 JAaHHON TEMAaTHKE HOCBAIIEHBI
TEXHHYECKOMY COCTOSHHIO CTEHOBBIX IaHeJeH
U MEXIaHEIbHBIX CTHIKOB [7-9]. Nudopmanus
0 TEXHHYECKOM COCTOSIHUM KOHCTPYKTHBHBIX CIIO-
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€B KpOBENb KPYMHONAHENbHBIX JKWIBIX 3TaHUH
(aKTHYECKH OTCYTCTBYET.

[IpumeHeHne B KPYINHONAHENBHBIX SKUJBIX
3MAHUAX B KauyecTBe HeCyIlled KOHCTPYKIHH IIO-
KPBITHS COOPHBIX >KEJIe300€TOHHBIX IUIMT pas-
MepaMH Ha KOMHATy INPaKTHYECKH MOJIHOCTHIO
UCKJIIOYAeT HAIWYHME IIBOB MEXAy HHMH, 4TO,
OYEBHIIHO, SBISETCS (DAaKTOPOM, OKa3bIBAIOLIUM
CYLIECTBEHHOE BIHMSIHHE Ha YCIOBHSA SKCIUTyaTa-
IINH TAaKUX KPOBEJb B LIEJIOM.

B cBsi3M ¢ U3110’KEHHBIM U YYUTHIBAs, YTO CETO-
nust B PecniyOonuke benapyce 60mb1oi 00beM Ku-
joro ¢GOHAA COCTABIIOT 3KCILTyaTHpyeMble [UIN-
TenpHOE BpeMs (Oonee 30 5eT) KpynHONaHEIbHbIC
3aHUS TUIOBBIX CEPHH, HCCIEJOBAHMS TEXHUYE-
CKOTO COCTOSIHMSI KOHCTPYKTHBHBIX CJIO€ KpPOBEJb
TaKHX 3aHUH SABISIOTCA aKTyaJIbHOW 3a1auei.

MeToanKka BLINOJHEHHUA
HAYYHBIX UCCJIeJOBAHUI

OOBeKTaMU HCCIIEOBAHUH SIBIISIOTCS KPOBIU
KpYIHOIMAHENbHBIX KWIbIX 3JaHui cepuil 1-335,
1-335A, 1-464, 1-464A u ux MoauduKkanmii, 3apo-
€KTHPOBAaHHbIE U BBIMOJIHEHHBIE COTJIACHO CTPOH-
tensHBIM HOpMaM (CHull) OvBriero CCCP, neit-
cTBOBaBIIMM B benapycu 1o 1993 r., a uMeHHo:

— CHullI 11-26—76 «KpoBmm»;

— CHulI I1-20-74 «KpoBnu, ruapou30isius,
MaPOU3OJISIIUS U TETUIOU30JISIIIIY;

— CHull II-3-79 «CrtpoutenbHas TEIIOTEX-
HUKa».

BeiOop 1y mpoBeneHMsi HaTYpHBIX HCCIENO-
BaHUN KPYMHOMAHEIbHBIX JKUJBIX 3JaHUN mepe-
YUCIIEHHBIX BBINIE CEpUi OOYCIOBIEH TEM, YTO
TaKde JO0Ma COCTaBJISIIOT 3HAYUTENBHBIH 00BEM
JKUITOTO (DOHJIA TTPAKTHYECKH BCEX MHUKPOPAaHOHOB
roponoB benapycu. Crnenyer oTMeTHTb, 9TO oO0IIIee
KOJIMYECTBO TOJBKO 31aHuil cepun 1-464, skcmy-
atupyeMbrx 30 neT u OoJiee, Ha CETOAHS COCTaBIIS-
et OoIee IBYX ThICAY.

BuzyansHoe ob6cienoBaHie KpyIHOMAHEIbHbBIX
KUJIBIX 3JaHUN CTapblX THUIIOBBIX CEPUM M HX
MOIU(UKAIUK IO3BOJISIET CHENATh CIETYIOIINi
BBIBO/I.

Bce 3mannst IMeIOT COBMEIIIEHHbIE YTETICHHBIE
KPOBIIM C BOJOM3OJISIIIMOHHBIM KOBPOM M3 PYJIOH-
HbIx MatepuanoB. CoriacHo [10], Takue KpoBim
M0 KOHCTPYKTHBHOMY peIIeHHI0 Kiaccupuuupy-
I0TCS Ha:
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— KpPOBJIM, B KOTOPBIX BCE CJOW TIOCIENO-
BaTEeNbHO YJIOKEHBI Ha HECYILYI0 KOHCTPYKLHIO
U TIOKPBITHI BOAOM30JSIIMOHHBIM KOBpOM (pHc. 1);

— BEHTWJIUpyeMble (IByXOOOJIOYKOBbIE) KpPOB-
mm (puc. 2).

ST
70000000 0

Puc. 1. CoBmenieHHas KpOBIIS, B KOTOPOH Bce CIIOU
MOCJIEI0BATENBHO YIIOKEHBI HA HECYIIYI0 KOHCTPYKIIUIO
U TTOKPBITHI BOAOHU30JSIIMOHHBIM KOBPOM:
1 — 3auMTHBIH €10i1; 2 — BOAOU3OJIALMOHHBIN KOBEP;
3 — BBIpAaBHUBAIOILAS CTSDKKA; 4 — TEIUIOM30JIALIMOHHBIH CIO;
5 — mapousouAIus; 6 — Hecyasi KOHCTPYKIHS OKPBITHS

Fig. 1. Combined roof, in which all layers sequentially laid on
the supporting structure and covered
with a waterproofing carpet: 1 — protective layer;
2 — waterproofing carpet; 3 — leveling screed;
4 — thermal insulation layer; 5 — vapor barrier;
6 — load-bearing structure of the coating

4
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Puc. 2. Bentunupyemas (IByX000JI09KOBas) KPOBILS:
1 — 3aIIMTHBIN CIIO¥; 2 — BOJIOU3OJISILIMOHHBIN KOBEP;
3 — BepXHsIsl HecyIasi KOHCTPYKIHS; 4 — BO3AyIIHAS
MPOCIIONKa (TEXHUYECKHI 3TaX); 5 — TEIUTOU30IIIIHOHHBIN
CJIOM; 6 — Mapon30JALUs; 7 — HIDKHSIS HecyIlast KOHCTPYKIHS

Fig. 2. Ventilated (double-walled) roof:
1 — protective layer; 2 — waterproofing carpet;
3 —upper load-bearing structure; 4 — air layer (technical
floor); 5 — thermal insulation layer; 6 — vapor barrier;
7 — lower load-bearing structure

Yucno KpynHONaHENbHBIX 37JaHUN C BEHTHIIU-
PYEMBIMH KPOBISIMH (pHC. 2) MO CPaBHEHHUIO CO
3aHUSIMH, UMECIOIIUMHU COBMEIICHHBIE KPOBIH, B
KOTOPBIX BCE CIIOM TMOCJIENOBATEIFHO YIIOXKEHBI
(puc. 1), HeBenmKo U cocTaBisieT He Oornee 5 % oT
BCEro KOJIMYECTBA 3KCILTyaTHPYEMBIX KPYITHOIA-
HENBHBIX JKWIBIX 37aHui. OOBIACHSIETCS 3TO TEM,
YTO MaTEPHAIOEMKOCTh U TPYAOEMKOCTh yCTPOU-

Hayka
urexHuka. T. 24, Ne 2 (2025)
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CTBa JBYXOOOJIOUKOBBIX KpPOBEJIb CYIICCTBEHHO
BhIIE [3, 5].

Jns mocTikeHus IOCTaBICHHOW LIENH — MOTy4e-
HUS TOCTOBEPHOH MH(GOPMAIMK 0 KOHCTPYKTHBHBIX
PCIICHUSAX KPOBEIh KPYITHOIIAHEIBHBIX JKUIIBIX 3/1a-
HUiA, IPUMEHEHHBIX B HUX CTPOMTEIILHBIX MaTepua-
Jax W NPUYMHAX, PUBOJISIINX K TOSIBIICHUIO B HUX
nedekroB, Obula TpPUHSITA CIEAYIOIIAs METOUKA
TIPOBECHUS HAyYHBIX HCCIIEIOBAHHHN.

Jo Hauana npoBeAeHUS MCCIEAOBAaHUA, PYKO-
BOJICTBYSICH MeToauKo# [11], OpUT onpeneneH nepe-
YeHb JIe()eKTOB, OKA3bIBAIOIINX HETATUBHOE BIIUSHUC
Ha JKCIUTyaTallMOHHBIC XapaKTEPUCTUKHA COBMEIIICH-
HBIX YTEIDIEHHBIX PYJIOHHBIX KPOBEIh B IIEIOM:

— HECOOTBETCTBHE KOHCTPYKIIMA KPOBIH HOP-
MaTHBHBIM TPEOOBAHUSIM;

— IPOTEYKA OT aTMOC(EPHBIX BO3IEHCTBUIMA
(mOXIEeBBIC WITH TAJIBIE BOJIBI);

— Pa3MOPKUBAHUE CTSHKKU, YTCIUHTENS H
IPYTHX CIIOEB KPOBIIH;

— 3aCTOU BOJIBI HA KPOBIIE;

— TOTeps 3allUTHOW TOCHIIKKA KPOBEIHHBIM
MaTepuaioMm;

— TPEIIUHBI B OUTYMHOM OKPAacCOYHOM CJIO€ Y-
JIOHHOM KPOBJIH;

— OTCYTCTBUE CLICIUICHUS] WA HETPOYHOE CLEM-
JIEHUE KPOBEIHHOTO PYJIOHHOTO KOBPA CO CTSKKOM;

— B3AYTUS MEXIYy CJIOSAMH KPOBEIBHOIO pY-
JIOHHOT'O KOBpA;

— CHOJd3aHMe, pacclauBaHHWE IOJIOTHHI pY-
JIOHHBIX MaTEPHAJIOB B MECTaX IMPUMBIKAHHS KPOB-
JIM K BBICTYTIAIONINM HaJ| KPOBJIEH KOHCTPYKITHSIM.

Ha nmepBoM 3Tamne BBIMOJHEHBI TOMCKOBBIE HC-
CJIeIOBaHUS — M3Y4eHO Oojiee 25 OTYETOB HATY-
HBIX HCCIICIOBAaHUI COBMEUICHHBIX YTCIUIEHHBIX
PYJIOHHBIX KPOBENb KPYITHOMAHEIBHBIX JKHIIBIX
3manuii. (Otuersl npenoctaBiensl OO0 «Texan-
yeckasi TuarHocTuka coopyxeHuit» 1 OAO «bpecr-
JKUIIITPOEKT», UMEIOIIMMH JINIIEH3UH Ha TIPOBEe-
HUE HATYPHBIX UCCIICIOBAHUN 3[JaHUN U COOpYXKe-
HUM U TOJTOTOBKY 3aKIIOUYEHUH O TEXHUYECKOM
COCTOSIHHH CTPOUTEIBbHBIX KOHCTPYKIIUH. )

JAng MUHUMH3anIMHA BIMSHAA 3HAYAMBIX, Ha
B3[JIST aBTOpa, (hakTOpOB (KIMMATHYECKUE YCIIO-
BUs, TIpaBUJjIa SKCIUIyaTallii OOBEKTOB M JIp.), KO-
TOpBbIE MOTYT OKa3aTh CYIIECTBEHHOE BIIMSHHUE Ha
SKCIUTyaTaI[AOHHBIE XapaKTePUCTHUKUA KpPOBEIHh B
IIEJIOM B T€M CaMbIM TIOBJIHATH Ha JOCTOBEPHOCTh
BBIBOJIOB PE3yJBTATOB HWCCICIOBAHUM, ObLIM Ompe-

Hayka
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JICJICHbI KPUTEPUHM OTOOPA AKCILTyaTUPYEMbIX KPYII-
HOTIAHENbHBIX KWJIBIX 30aHUAN [l UCCIIEIOBAHUI:

— CPOK 3KCIUTyaTal[di 3JaHus Ha MOMEHT 00-
cnenoBanus He MeHee 30 JeT (COOTBETCTBYET Tep-
BOHAYaJIbHO YCTAaHOBJICHHOMY CPOKY 3KCILTya-
Talluu KPYIMHOIIAHCIbHBIX KUJIBIX SHaHHﬁ, I10-
CTpOoeHHBIX 70 1993 1.);

— CJIOW TEIUIOU3OJISAIIUYU BBHITIOIHEH M3 Pa3iny-
HBIX CTPOUTECJILHBIX MAaTCPUAJIOB;

— YKJIOHBI KPOBJIH K BOAOIIPHEMHBIM BOPOHKAM
HMMEIOT Pa3JInYHbIC KOHCTPYKTUBHBIC PELICHHUS,

— KpPOBIIM DKCIUIyaTUPYIOTCA B OJUHAKOBBIX
KIIMMATHYECKUX YCIOBUSX;

— TeXHUYECKHI HA/I30P 32 COCTOSHUEM KPOBEJb
U UX OKCIUTyaTalluIO BBIMOJHACT CIICHUAIU3UPO-
BaHHAS rocyIapcTBeHHas cTpykrypa (JKPOY).

IS NOCTHXKEHUsI TIOCTABJICHHBIX IIENEH Mpo-
AHAJIM3UPOBAaHbI PE3YJIbTAaTbl HATYPHBIX HCCICI0-
BaHWH COBMEIIEHHBIX YTEIUICHHBIX PYJIOHHBIX
KpPOBEIIb BOCBMHU KPYITHONAHEIbHBIX KHIIBIX JO-
MOB, OTBEYaIOMMX C(HOPMYIHPOBAHHBEIM KpHTE-
pusim otOopa: miects 3MaHUK B T. bpecte, ogHO
3nanue B . bepese u nBa 3panust B r. bapanoBuuwm.

TexHH4ecKoe COCTOSIHHE mMaTepuajioB
KOHCTPYKTHUBHBIX CJIOCB
COBMEIICHHBIX YTCNJICHHBIX KPOBEJIb

J111s BBITIOTHEHHST OIIEHKH TEXHIUYECKOTO COCTOS-
HUS KOHCTPYKTHBHBIX CIIOEB TaKHUX KpoBeib (puc. 1)
OBUTH TIPOAHAJM3UPOBAHBI PE3YNIHTATHl HATYPHBIX
oOcieroBaHAN  CIEMYIOMNX IIEeCTH KPYITHOIIa-
HEJIBHBIX JKHUJIBIX 31aHui (Tadu. 1).

HatypHble nccremoBaHusi MO3BONMIM YCTaHO-
BUThH CIIEAyIOLIee:

1. KpoBnsi BO BCeX 3laHUSIX HEIKCIUTyaTHPYe-
Masi, COBMEIlIEHHAsl, HEBEHTHJIMpYEMasi C BOJOH30-
TSIMOHHBIM PYJIOHHBIM TTOKPBITHEM.

2. BogooTBoA C KpOBIM BHYTPEHHMH, udepes
BOJIONIPUEMHBIE BOPOHKH.

KoHcTpykius kpoBnu 1o ciiosiM Oblia ompene-
JIeHA TI0 pe3yNbTaTaM BCKPHITHS mrypdoB (HE Me-
Hee YETHIPEeX Ha KaxJI0! KPOBIIE).

Bo Bcex oO0cneqOBaHHBIX 3AAHUAX €€ KOH-
CTPYKIIHMS TIO0 CTIOSIM HJICHTUYHA!

— KPOBEIbHBIN PyJIOHHBIN MaTepua,

— IIEMEHTHO-TIECYaHAas CTSKKA;

— CIIOH TETUTON30IIALINY;

— TIAPOU3OJISIIHS;

— TUTOCKAs JKeNe300€TOHHAas IUINTA TOJIIUHON
120 mMm.
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Tabruya 1
Ilepeyennb 00c/Ie10BAHHBIX 31aHUIA,
HMEILINX COBMeLeHHbIe KPOBJIH, B KOTOPBIX BCE CJI0H
MOC/IeT0BATEIBHO YJIOKEHBI HA HECYHIYI0 KOHCTPYKIIHIO

List of surveyed buildings with combined roofs,
in which all layers are sequentially laid on
a supporting structure

Cpok
I'ox nmpose-
Ton SKCILTyaTaluu
Ne A JieHus1 00-
Jpec 3AaHus MOCT- Ha MOMEHT
/11 N cleno-
poiiku ars [POBEICHHUS
o0caemoBaHus
r. Bbpecr,
1 y1. TOBK, 1. 72 1966 2021 55 ner
r. bpecr,
2 | yn. HaGepexnas, | 1980 2023 43 roma
. 36
r. Bpecr,
3 v MOTTPa, 1. 8 1979 2022 43 roga
r. Bpecr,
4 | yu. dybpoBckas, 1991 2022 31 ron
. 10
r. Bbpecr,
5| yn. Hdy6posckas, 1980 2022 42 ronma
1. 10/1
r. [Ipyxansl,
6 | yn Kobpunckas, 1975 2017 42 roma
. 63

AHanu3 pe3yJIbTaToB HATyPHBIX HCCIIEIOBAaHUN
MO3BOJIACT C/IENaTh CICAYIONIM BEIBOI. B coBme-
MIEHHBIX YTEIUICHHBIX KPOBJISIX KPYITHOIIAHEIBHBIX
KUJIBIX 3[IaHUHM, BO3BeNeHHBIX 10 1980 r., mpume-
HEHBI 3aChINTHBIC YTEIUIUTEIH (IPpaBUl KepaM3UTO-
BBI{, NUTAK TOIUTMBHBIA, Ta30CHUJINKAT), KOTOPHIE
U 00CCIICYNBAIOT MPOCKTHBIC YKIOHBI K BOJOIPH-
€MHBIM BOpOHKaM. B 37aHMAX, BO3BENEHHBIX TIO-
ciae 1980 r., ciaoii TEIMIOU3OJSIMNA BBINOJHEH W3
ra30CHIIMKATHBIX OJIOKOB (IJIUT). YKJIIOHBI B CTO-
POHY BOJOCTOYHBIX BOPOHOK PEIIEHBI YCTaHOBKOU
MOAKJIaI0K IO OCHOBaHHE OJIOKOB.

Bo Bcex o0cnenoBaHHBIX 3TaHUSAX KPOBJISI BBI-
MOJIHEHA U3 5—6-CJI0EB HAIUIABJISIEMOTO PYJIOHHOTO
MaTtepuana Ha OUTYMHOM MacTHUKE, YTO CBUJICTENb-
CTBYET O TPOBEICHHOM paHee KalHuTaJIbHOM pe-
MOHTE (HaKJICCHBI JIOTIOJIHUTEIILHBIC CIIOM) BOJO-
H30JSIIIMOHHOTO KOBPA.

Bce oOcienoBaHHbIE KPOBIM HUMEIOT JIE(EKThI,
OKa3bIBAIOIIME OTPUIATEIHLHOS BIUSHUE HAa UX
(OYHKIMOHAIBHYIO NMPUTrOAHOCTh. OCHOBHBIMH M3
HUX SIBJISIFOTCSI:

— MOTepsl 3aBOACKOM 3alIUTHOM MOCHIKK Ha
OTJIENBHBIX YYacTKaX BOJOHM3OJSAIMOHHOTO KOB-
pa (puc. 3); mpuunHa NOsBICHUS AedekTa — -
TeIbHOE BO3IEHCTBHE aTMOc(hepHBIX (aKTOpPOB
(mepenax TeMIepaTtyp M BIQXHOCTH HapyXHOT'O
BO3/yXa) Ha PyJIOHHEIN MaTepua,
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—3acTol aTMOChEpHOM BOABI HAa YydacTKax
KpoBiH (puc. 4); npuunHa oOpa3oBaHHs AeeKTa —
JIOKAIIbHBIE paspylieHus (pa3MopakuBaHUE) Iie-
MEHTHO-TICCYAHON CTSIKKH;

—B3OYTHSL MEXIY CIOSIMH KPOBEIBHOIO pPY-
JIOHHOTO KOBpa Ha OTJENBHBIX Y4acTKax KPOBIH
(puc. 5); mpuuuHA — HapyIIEHHE TEXHOJIOTHH BHI-
TIOJIHCHHA KPOBCJIbHBIX pa60T.

Puc. 3. CocTosiHEE BEpXHETO CJIOSI BOJIOH30JIIIHOHHOTO
PYJIOHHOTO KOBpa: 1 — BepXHUiA CJI0H BOJOU3OJISALIMOHHOTO
PYJIOHHOTO KOBpa C pa3pyLIEHHOH 3alIUTHON 3aBOACKOM
MOCBINKOM; 2 — CKIAJKH B BEPXHEM CIIO€ BOJJOM30JISIIIHOHHOTO
PYJIOHHOTO KOBpa

Fig. 3. Condition of the upper layer
of the waterproofing roll-up carpet: 1 — top layer
of a waterproof rolled carpet with a destroyed protective
factory sprinkle; 2 — folds in the upper layer of the waterproof
roll-up carpet

Puc. 4. 3acroii atmochepHO BOABI HA KPOBIIE

Fig. 4. Stagnation of atmospheric water on the roof

Puc. 5. [ledpexTsl, BBI3BaHHBIE HAPYIICHUSIMU TEXHOJIOTHU
BBIMIOJTHEHUSI KPOBEJIbHBIX paboT:
1 — B3y THs MEK/TY CIIOSMH KPOBEJIBHOTO PYJIOHHOTO KOBpA;
2 — OTCJIOEHHUS B MECTAX HAXJIECTKH ITOJIOTHHUII]

Fig. 5. Defects caused by violations of roofing technology:
1 — swelling between the layers of the roofing roll carpet;
2 — peeling in places of overlapping panels

[ Hayka
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TexHHYeCKOE COCTOSTHIE MAaTePUAIOB
KOHCTPYKTHBHBIX CJI0€B
BEHTWJINPYeMBIX (IBYX000,109KOBBIX)
KpPoOBeJIb

Kak Obulo OTMEUYEHO paHee, TaKHE KpOB-
mu (puc. 2) B IKCIUIYaTHPYEMBIX KPYITHOITaHEIh-
HBIX JKHJIBIX JIOMaX INPHMEHEHbI B HEOOJBIINX
o0beMax BBH/Iy BBICOKOW MaTepUaNIO- M TPYI0EM-
KOCTH WX BO3BeIeHUsA. B CBsA3M C 3THM OLEHKA
TEXHUYECKOTO COCTOSIHUSI KOHCTPYKTHUBHBIX CJIOEB
IKCILTyaTUPYEMBIX KPOBEJb BBINOJIHEHA 10 PE3yJib-
Tatam oOcienoBaHus 1ByX 00BeKTOB (Tabm. 2).

Tabnuya 2
IlepeuyeHb 00c1e10BAHHBIX 30AHMIA,
HMEIOIINX BeHTHJIUPYyeMble KPOBJIH

List of surveyed buildings with ventilated roofs

Cpox
I'ox npose-
T'on SKCILTyaTaluu
Ne Anpec JeHus 00-
oCT- Ha MOMEHT
/i 3/1aHUA N cieno-
poiiku MIPOBEACHUS
BaHUS
o0cienoBaHus
r. bapanosuuu,
1 | yn. bpecrckas, 1974 2022 48 set
. 287
r. bapanoBuum,
2 | yu bpecrckas, 1975 2022 47 ner
a. 289

[lo pesympraTaMm HATypHBIX HCCIIEIOBaHUI
YCTaHOBJICHO:

1. KpoBisi BO Bcex 3/IaHUSIX HEIKCILUTyaTUpye-
Masi, COBMCIICHHAs, BEHTWIHpyeMas (IByxo0o-
JIOYKOBas).

2. BenTwisnusi BO3IYIIHOW TIPOCIOUKH OCY-
MIECTBISIETCS 32 c4eT MpoayXoB (80x80 M), BEI-
TIOJTHEHHBIX B TApaleTHON 4YacTH Hapy>KHBIX CTe-
HOBBIX IMaHenei ¢ maroM 6 M. CocTosiHHE TPOIy-
XOB y/IOBJIIETBOPUTEIBHOE.

KoHCTpyKIMsT KpOBIM MO CIOSIM OMNpeesieHa
10 pe3yibTaTaM BCKpPBITUS mIypdoB (He MeHee Tsi-
TH Ha KaXJIOW KPOBIie). Y CTaHOBIIEHO, YTO KPOBIIS
COCTOMT U3 CIEAYIOIUX CIOEB!

— )Kene300€TOHHOW TUIUTHI TIEPEKPBITHS TOJ-
muHoH 100 MM;

— Mapou30JIAIHH (OKJIeeUHas, OMH CIIOH pyOe-
powna);

— TETION3OJISIINH (CIION TPaBHUs KEPAM3UTOBOTO);

— BO3JlyIIIHOM IIPOCTIONKH;

— IIUTHI TOKPBITHS (80 MM);
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— TpaBUsl KEPaM3UTOBOrO (IJi1 CO3/aHUS YK-
JIOHA);

— BBIPABHUBAIOIICH CTSIKKH;

— BOJIOM3OJISILIMOHHOTO  KOBpa  (MATH  CIIOEB
HAIUTaBIISIEMOTO PYJIOHHOTO MaTepHraa).

OTBOJIT aTMOC(EPHBIX BOJ C KPOBIU OCYIIECTB-
JIAETCSL Yepe3 BOJOMPHEMHBbIC BOPOHKHU. [IpoekT-
HBI€ YKIIOHBI K BOJIOIIPUEMHBIM BOPOHKaM o0ecrie-
YUBACT CJION TPaBUsl KEPAM3UTOBOTO, YIOKEHHOTO
IO TITUTE TTOKPBITHSL.

Ilo pesymbraTam oOciemOBaHHS KpPOBEIb BBI-
SIBJICHBI CIICAYIOIIUE Ae(PEKThI, OKa3bIBAIOIINE OT-
punaTenbHOE BIUSHIE Ha (PYHKIHMOHAIHHYIO MPH-
TOJTHOCTh KPOBJIH 3/IaHUS B IIEIIOM:

—3acToii arMoc(epHO BOOBI Ha YYacTKax
KpOBJIM (BOJOU3OIISAIIMOHHBIN KOBEp MMEET B OT-
JENBHBIX MecTaxX «Omroana» riryouHou 10 20 Mm);
npuurHa 00pa3oBaHus AceKTa — JOKAIbHBIC pa3-
pyuIeHus (pa3MopakuBaHUE) TEMEHTHO-TIECUaHOM
CTSIKKH,

— JIOKaJIbHBIE B3IyTHS («BO3AYIIHBIC MEIIKL))
PYJIOHHOTO KOBpa; MPUYHHA — HAPYIIEHUS TEXHO-
JIOTUU TIPOU3BOJICTBA PaboT.

— MOTEeps. 3aBOJCKON 3aIUTHON IOCBINKH OC-
HOBHBIM BOJOU3OJIAIIMOHHBIM KOBPOM; IIPUYMHA —
JUTATENBHOE BO3/IeCTBIE aTMOC(HEPHBIX (DaKTOPOB
(mepenan TeMmIepaTtyp M BJIQXKHOCTH HapyXHOT'O
BO3/yXa) Ha PyJIOHHBII MaTepua.

[IpumeHeHne B KpPyHMHOMAHENBHBIX KHIIBIX
3JIAaHUSX COOPHBIX JKEIE300CTOHHBIX IUTUT MOKPBI-
THS pa3MepOM Ha KOMHATY TIO3BOJISIET 33 CYET OT-
CYTCTBHUSI MEXKITAaHEIBHBIX IIBOB B HECYIIEH KOH-
CTPYKIIUU TOKPBITHS OOECIEUUTh YJIOBJIETBOPH-
TeapHOE (paboTOCTIOCOOHOE) COCTOSIHHE HECYIEeH
KOHCTPYKIIUH TIOKPBITHS, MMapOU3ONISIAA W Mare-
pHana yTerumTeNs Ha JJIUTENbHBIA CPOK IKCILTya-
Taruu 0e3 JOMONHUTENbHBIX 3aTpar. CremoBa-
TEJNBHO, YCTPOWCTBO BEHTHIMPYEMBIX KpPOBEIb
B KPYITHOIMAHENBHBIX JKUJIBIX 3IaHUSIX HEIeIeco-
00pa3Ho, 9TO M MOATBEPIMIA PE3yIbTaThl HCCIIe-
JIOBaHMH.

AHanmu3 pe3ysbTaToB HATYpPHBIX HCCIENOBa-
HAW DKCIDTyaTHPYEeMBIX JIUTENbHOE Bpems (0o-
nee 30 5eT) COBMEIIEHHBIX YTEIUIEHHBIX PYJIOH-
HBIX KpPOBEJIb KPYITHOMAHEIBbHBIX JKHUJIBIX 3JaHUN
MTO3BOJISIET CAETATh CIEAYIOIIHE ITpeIBapUTEIbHBIC
BBIBOJIBI.

OCHOBHBIMM NPUYMHAMH TIOSIBIICHUS U Pa3BH-
THS e(EKTOB B BEPXHEM CIIO€ BOIOM3OJISAIIIOHHO-
r'0 KOBpa SIBIISIOTCS:
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1) husnyeckuit HM3HOC  BOJOU3OJIALIMOHHOTO
PYJIOHHOTO MaTepuana, OOYCJIOBIEHHBIN <GKECT-
KHMI» YCJIOBHUSMH SKCILTyaTallud KPOBJIH B LIEJIOM
U B IIEPBYIO OYEpEab BOJOM3OJSAILMOHHOTO KOBPA.
IlocTosiHHOE, B T€4YEeHHE BCEro CpoKa IKCILTyaTa-
LMY, BIMSIHUE Ha BEPXHUH CIIOW PYJIOHHOTO KOBpa
PasIM4HBIX COYETAaHWH LMKIMYECKHX aTMmocdep-
HBIX BO3ICHCTBHUH (Iepenan TeMIepaTyp W BIaX-
HOCTH Hapy>KHOTO Bo3ayxa, Y® u3nydeHus u ap.)
NPUBOJIUT K (PU3HYECKOMY H3HOCY BOJOM3OJISIIU-
OHHOT'O MaTepHana;

2) HapylLIeHHs TEXHOJIOTHH MPOU3BOJICTBA KPO-
BEJIbHBIX padoT, MPUBOASILINE K HOSBICHUIO B3AY-
TUH («BO3AYIIHBIX MELIKOB») MEXKIY CIOSMH KPO-
BEJIBHOTO PYJOHHOTO KOBpPA. YCTaHOBIIEHO, 4YTO
3TOT Je(EeKT B IPOLECCe SKCIUIyaTallud KPOBIH
MPUBOANUT K MOSIBICHUIO MUKPOTPELIUH B PYJIOH-
HOM BOJIOM3OJISIIIMOHHOM MaTepuaje, a 3aTeM U
MpOTeYKaM KpoBiu [5];

3) nokajnbHbIE pa3pylIeHus (pa3MOpaKuBaHHE)
MaTepuana [eMEHTHO-TIECUaHOW CTSKKH MPUBOIAT
K HapyIIEHUIO CUCTEMBI OTBOAA aTMOC(HEPHBIX BOA
C KPOBJIH K BOJOIIPHEMHBIM BOPOHKAM U 3aCTOIO €€
Ha y4yacTKax KpOBJIM (BOJOW3OJISILIMOHHBIM KOBEp
UMEET B OTIIEJIHBIX MecTax «Oiroana» riryOuHOM
no 20 mm). Ilpu cyTouHBIX mepemanax TemIiiepa-
Typ HapyXHOTO BO3AyXa B MEKCE30HHBIN IIe-
pUOJ TPOUCXOIUT TONEPEMEHHOE 3aMOpa)kMBa-
HHE—OTTauBaHUE BOABI B «OJIIOJLAX)», YTO MPHUBO-
JIUT K BO3HUKHOBEHWIO IONOJHHUTEIBHBIX LUKIH-
YECKUX PACTATHBAIOIIUX HANPSHDKEHUH B BOIIOM30-
JAOUOHHOM Marepuane. Huskne IpOoYHOCTHBIE
XapaKTepUCTUKU OUTyMa IpPU BO3JCHCTBUHM LIUK-
JMYECKUX CHJIOBBIX BO3ACUCTBUH (HampsKeHUN
pacTsDKEHUS) MPUBOJAT K TMOSIBICHUIO MUKPOTpe-
IIVH B PYJIOHHOM BOJIOM3OJISILIUOHHOM MaTepuae.
IIpn panpHEMmeN sKcmyaTaluy KPOBIU IPOHUC-
XOIUT Pa3BUTHE MUKPOTPEIIUH U, KaK CICACTBHE,
B KPOBJIE BO3HUKAIOT IPOTEUKH.

PexomMeHaanuu Mo BOCCTAHOBJIEHHIO
IKCIJIYATAIMOHHBIX XapAKTEPUCTUK
KPOBeJIb KPYNHONAHEIbHBIX
SKIJIBIX 31aHMIA, BO3BEJEeHHbIX

B Benapycu 10 1993 r.

Kak moka3piBaeT MmpakTHKa, OCHOBHBIE 3aTPaThl
Ha ycTpaHeHHE Je()EKTOB COBMEILICHHBIX YTEIl-
JIEHHBIX PYJOHHBIX KPOBEIh KPYITHOIIAHEIBHBIX
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KWJIBIX 3JIaHUN, dKCIUTyaTHpyeMbIx Oosee 30 mer,
MIPUXOJIATCS HA PEMOHT IIEMEHTHO-TIECUaHOU CTSIK-
KM U KOHCTPYKTHBHO CBSI3aHHBIX C HEW BOJIOM30-
JSIMOHHBIX MarepuaioB [1, 4]. OOiiee TexHUYE-
CKOE€ COCTOSIHHME IIEMEHTHO-TIECYaHON CTSDKKH B
3TUX KPOBISIX Xapakrepusyercs kareropueud III —
HE BIIOJHE YAOBICTBOPUTEIHHOE (OTpaHUICHHO
pabotocmocobHoe) coctossare. OYeBUIHO, OCHOB-
HOHM TPUYHMHON JIOKAJIbHOTO Pa3pylLICHUS CTSKKU
ABIISIOTCS ciieAyronue GaxTopsl. KpymHomaHens-
HBIE >KWJble 3[aHus, NOCTpoeHHble no 1993 r.,
paccMaTpUBaINCh KaK BPEMEHHBIE CO CPOKOM IKC-
mryaranun 10 30 jget. C y9eToM 3TOTO CpoKa IKC-
IUTyaTallid ¥  BBIIONHSUIOCH MPOEKTHPOBAHUE
CTSDKKH: IIEMEHTHO-TIECYaHbI PacTBOpP TOBBIIICH-
HOH kecTKocTH (ocamka KoHyca mo 30 MMm) map-
ku 100, tommmaa 25 MM [10]. OcHOBHBIM Tpebo-
BaHHWEM NPU MPOCKTUPOBAHWUU IIEMEHTHO-IIECYA-
HOM CTSDKKH OBITO OOECIedeHHe €€ MPOYHOCTH
[0 MOPO30CTOMKOCTH Ha HOPMHPYEMBIH CpPOK
AKCIUTyaTallud KPYTHONAHEIbHBIX JKUJIBIX 3/IaHUS,
T.€. He MeHee ueM Ha 30 yer. YUuThiBasi, 4To HOp-
MHUPYEMBIIl CPOK O3KCIUTyaTalldl BCEX KpPYITHOIA-
HEJTLHBIX JKWIBIX 37aHUH, TOCTPOCHHBIX 10 1993 1.,
npesbimaer 30 yer, 06beMBl pa3BUTHA e()EKTOB
[EMEHTHO-TIECYaHON CTSHKKA OYIOYT CTPEMUTEINb-
HO YBEJIMYUBATHCA U TPOoOJIeMa TIPOJJICHHUS CPOKa
ee paboTOoCIoCOOHOCTH OyaeT MpHOOpeTaTh Bce
OOJIBIIYIO aKTYaJIbHOCTb.

OueBupHO, 4YTO d((PEKTHUBHBIM pEIICHUEM
MIPOJUIEHUS CPOKa IKCILTyaTalliy IIeMEeHTHO-TTecda-
HOM CTSDKKH 0e3 ee peMOHTa SIBJSIeTCS TIOJTHOE HC-
KIFOUEHHUE CYTOUYHBIX IMKJIOB 3aMOPaKUBAHUSI—
OTTaMBaHUS MaTepraia CTSDKKH, T. €. BHIITOJHEHUE
€€ yTeTUIeHHs.

AHanu3 TPUMEHSEMBIX Ha TPAKTUKE KOH-
CTPYKTUBHO-TEXHOJIOTHYECKUX PEIICHUH yTerie-
HUS COBMEIICHHBIX TOKPBITUH TO3BOJISIET PEKO-
MEHJIOBAaTh JIJISl PEIICHUsS 3TOH 3a/J1a4ll MPUMECHUTH
HWHBEPCUOHHYIO KpoBiwo [12]. YcrpoiicTBo Takoit
KpOBJHU C BOJOHU3OJSIIMOHHBIM KoBpoM u3 [IBX-
MeMOpaHBI TTO3BOJIUT 00CCIICUHTD:

— CHIW)KEHHE TETIOBBIX MOTEPh COBMEUIEHHBIX
MOKPBITUH SKCIUTYaTUPYEMbIX 3/1aHHM;

— DKCIUTYaTalui0 BOJOU3OJISIIIIOHHOTO KOBpa
6e3 pemonTta 10 50 meT;

—paboyee COCTOSIHME IIEMEHTHO-TICCUAHOM
CTSDKKM 0€3 peMOHTa Ha BECh CPOK JKCILTyaTalluu
KpYITHONAHEJBbHBIX JKUJIBIX 3JIaHUI CTaphIX THIIO-
BBIX CEpUH.
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BbIBO/IbI

1. OmeHka TEXHHUYECKOTO COCTOSIHUSI CJIOEB
KpPOBEJb MMO3BOJIMJIA YCTAaHOBHUTH, YTO OCHOBHBIMHU
nedeKTaMu, OKa3bIBAIOIIMMU OTPUIATEIBHOE BIIH-
sHE Ha (YHKIIMOHAIBHYIO MTPUTOTHOCTH KPOBEIb
3MAHUM B II€JIOM, SBJISIOTCS JEe(EKThI PYJIOHHOTO
HAIUIABIISIEMOTO TOKPHITHSI KPOBIH M IIEMEHTHO-
MECYaHOU CTSKKHU.

2. 'maBHBIMU TIPUYHHAMU TOSBIICHHUS U Pa3BH-
TS Je(PEKTOB B OCHOBHOM BOJOU3OJISILIMOHHOM
KOBpE SBISIFOTCS (DPU3WYECKH H3HOC PYIOHHOTO
Marepuajia Ha OWTyMHOM MAacTHKE, OOYyCIIOBJICH-
HbI BIMSHHEM HA HETO Pa3IUYHBIX COYECTAHUMA
UKJIAYECKUX aTMOC(EPHBIX BO3ICHCTBHIA: Iepe-
naja TeMIEpPaTyp U BIAXKHOCTU HAPY>KHOTO BO3AY-
xa, YO u3NyuyeHus U JAPYTuX, a TaKKe HapyIICHHs
TEXHOJIOTHUH MTPOM3BOCTBA KPOBEIBHBIX Pa0OT.

3. JlokanpHBIE pa3pymIeHHs] IIeMEHTHO-TIecya-
HOW CTSKKHU 00YCIIOBIICHBI CHUKCHUEM €€ MOPO30-
cTorkocTH. [Ipu mMpoeKkTupoBaHUY KpyHMHOMAHEb-
HBIX JKHJIBIX 3[IaHUH CPOK MX DKCIUTyaTalluy Iuia-
Huposaics 10 30 ner.

4. Ilpennaraercst Ipu peMOHTE KPOBEIb KPyTI-
HOTIAHENIbHBIX KWJIBIX 3JaHUN, IMOCTPOEHHBIX
no 1993 r., mpUMeHATh MHBEPCHOHHYIO KPOBIIO
C BOJIOM3OJISIIIMOHHBIM KOBpoM u3 [1BX-MeMOpaHsL.
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Research on Truck Active Suspension Systems Effectiveness
with Auxiliary Hydraulic Cylinders

Le Van Nghia", Tran Trong Dat", Dam Hoang Phuc”, S. V. Kharytonchykz), V. A. Kusyakz)

YHanoi University of Science and Technology (Hanoi, Socialist Republic of Vietnam),
YBelarusian National Technical University (Minsk, Republic of Belarus)

Abstract. The vehicle's body oscillation when traversing bumps not only causes driver discomfort but also negatively impacts
the quality of the transported cargo. Consequently, numerous research studies have been conducted to improve suspension
system characteristics with the goal of enhancing the vehicle’s ride comfort and body stability. The majority of them have
shown that equipping trucks with an active suspension is the most effective technical solution for ensuring comfortable work-
ing conditions for driver and cargo safety. This paper focuses on modeling and controlling an active suspension system for
a truck in specialized simulation software, followed by evaluating its effectiveness compared to traditional passive suspension.
In particular, the paper presents a quarter-vehicle suspension model integrated with an auxiliary hydraulic cylinder submodel
controlled by a PID controller. The input parameters of the simulated suspension system were determined during full-scale
experiments with real vehicles in laboratory and road conditions. To confirm the adequacy of the proposed mathematical
model an experimental scenario was designed for measuring the vehicle body's oscillation parameters when traversing a step
bump in the “passive” suspension control mode. After validating the model, the study proceeded to investigate the effective-
ness of the active suspension system with the auxiliary hydraulic cylinder pressure PID control and compare the obtained
results with the “passive” control option of the suspension system. The survey results indicate that the active suspension sys-
tem, in conjunction with the PID control algorithm, significantly improves key performance metrics of the system. Specifi-
cally, the study found a reduction in oscillation damping time from 1.61 sec to 0.92 sec, a 16.7 % decrease in maximum am-
plitude of vehicle body oscillation and a substantial 61.5 % average reduction in vehicle body oscillation acceleration. On the
other hand, in the active suspension system, the damping ratio also improved by about 5.8 % (from 0.260 to 0.245). These
findings underscore the effectiveness of the active suspension system, as developed in this research, in enhancing the overall
performance of the vehicle in terms of stability, safety, and ride comfort.

Keywords: truck, active suspension, auxiliary hydraulic cylinder, PID controller, 1/4 suspension model, mathematical mode-
ling, semi-natural experiment, damping ratio, damping characteristics

For citation: Le Van Nghia, Tran Trong Dat, Dam Hoang Phuc, Kharytonchyk S. V., Kusyak V. A. (2025) Research on Truck
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HalpaBJIeHHBIE Ha YIIyYIICHIE XapaKTEePHCTHK CHCTEM IOIPECCOPHBAHUS C IIEJIBIO TOBBIIICHUS KOM(OpTa €3/16I U yCTOHINBOCTH
Ky30Ba aBTOMOOWIISI, ITOKA3aJM, YTO OCHAIICHUE I'PY30BBIX TPAHCIOPTHBIX CPEACTB aKTHBHOM IIOJIBECKOMH sBIIsieTCs Hambolee
3¢ GeKTHBHBIM TEXHIIECKUM PEIICHHEM I oOecriedeHnsT KOM(MOPTHBIX YCIOBHI TPy/a BOAUTENS M COXPAHHOCTH TPAHCIIOPTH-
pyemoro rpy3a. B maHHOI cTaThe akmeHT c(OKyCHpOBaH HA MOJENMPOBAHUU W YIPABJICHNH aKTHBHOH IOJBECKOIl IPy30BOTO
aBTOMOOWJIA B CIICLHAIM3MPOBAHHOM IIPOrPAMMHOM OOECIICUEHHH C MOCIEYIONIeH OLeHKOH ee 3((GEKTUBHOCTH 110 CPAaBHCHHIO
C TPaAWIMOHHOHM MacCHBHOHM mojBeckod. B wacTHocTH, B paboTe mpencTaBieHa YeTBEPTHAs MOJENb MOJBECKH aBTOMOOHIISL
C HHTETPUPOBAHHOH CyOMOJENBIO BCIIOMOTaTeIbHOTO THIPABINIECKOTO IMIIMHPA, YIIPABISIEMOTO TOCPEACTBOM IIPOrPAMMHOTO
MU A-perynsaropa. BxoaHsle mapamMeTpbl MOIEIHPYEMOH CHCTEMBI ITOJPECCOPUBAHMS ONPENSISUINCH B XO€ HATYPHBIX JKCIIe-
PHMEHTOB C pealbHBIMH TPAHCIIOPTHBIMU CPEICTBAMU B JIAOOPATOPHBIX M JOPOXKHBIX YCIOBUSX. [l MOATBEP)KACHNUS aeKBaT-
HOCTH TIPEIOAKEHHON MaTeMaTHIeCKOH MOJENH pa3paboTaH CLEHApUil U MPOBEIEH SKCIEPUMEHT MO U3MEPEHHUIO MapaMeTpoB
KonebaHni Ky30Ba IPH MPEOIOJICHIH TPY30BEIM aBTOMOOHIEM HEPOBHOCTEH B PEKIME «ITACCHBHOTOY YIPABICHNUS ITOABECKOH.
Banmpanus Mozmen 1o3BoiMiIa B JaibHEWIIeM c(OKYCHpOBaThCsS Ha HCCIeNOBaHHM 3()(MEKTMBHOCTH aKTHBHOW ITOJBECKU C
ITN/1-perynupoBaHUeM JaBIeHHUs B pabodeil MONIOCTH BCIIOMOTaTeNIbHOTO THAPABIMYECKOr0 UIMHIPA U COTOCTABICHHH MOTTY-
YEHHBIX PE3yJbTaTOB C BAPUAHTOM «IIACCHBHOTO) YNPABIECHHS CHCTEMOH IMOofpeccopuBaHus. Pe3ymnbraTsl nccieoBaHus MOKa-
3aJI, 9TO CHCTEMa aKTHBHOMU IoJIBeCKH B codetanuy ¢ [1M/l-anroputMoM ynpaBieHuUs JaBJIeHHEM BCIIOMOTATeNbHOTO THIPOLH-
JIMHApPA 3HAYUTENIBHO YJIyUIIaeT OLEHOYHbIE 0Ka3aTe N MpoLecca 3aTyXaHHs KoiebaHus Ky30Ba aBToMoOms. Tak, Bpemst 3aty-
XaHUs KojebaHWi Ky3oBa cokpamaercs ¢ 1,61 go 0,92 ¢, a MakcuManbHas aMIUIUTYIa M CpeJHEe yCKOpeHHe KomeOaHWi
YMEHBIIAIOTCS] COOTBETCTBEHHO Ha 16,7 1 61,5 %. IIpn sToM ko3 durmenT nemndupoBanust cucTeMs! ymeHbimaercs ¢ 0,260 1o
0,245 (mpubmmsurensHo Ha 5,8 %), 9TO B COBOKYIHOCTH NOATBEPXkIaeT dP(EeKTUBHOCTH pa3pabOTaHHOH B paMKax JaHHOTO
WCCIIEJOBAaHNSI aKTUBHOI CHCTEMBI MOIPECCOPUBAHMS, a TAKXKe CHOCOOCTBYET IOBBIIICHUIO OOIIeH MPON3BOAUTEIBHOCTH aBTO-
MOOWIIS C TOUKH 3PEHHS YCTOHIUBOCTH, O€30MACHOCTH U KOM(OPTAOETEHOCTH €3/b1.

KawueBble ciaoBa: rpy30Boii aBTOMOOWIIb, aKTHBHAs IIOJIBECKA, BCIIOMOTATENbHBIA Tuapomwmuaap, [11/I-perynsrop,
1/4 MoneNib TIOIBECKH, MATEMAaTHYECKOEC MOJICIHPOBAHKE, MOJYHATYPHBIA 3KCICPUMEHT, K03(duImeHT aeMmnpupoBaHus,
XapaKTEPHCTUKH 3aTyXaHuUs KoneOaHui

Josi nurupoBanusi: ViccnenoBanne 3¢GQeKTHBHOCTH aKTHBHOU IIOJIBECKH I'PY30BOTO aBTOMOOWIIS CO BCHOMOTATEIIbHBIMH
runpasindeckuMu nunHApamu / Jle Ban Hrua [u np.] // Hayka u mexnuxa. 2025. T. 24, Ne 2. C. 143—151. https://doi.org/10.

21122/2227-1031-2025-24-2-143-151

1. Introduction

The suspension system is a soft connection be-
tween the vehicle body and the wheels, responsible
for ensuring a smooth ride for the driver, passen-
gers, and cargo, transmitting vertical and horizon-
tal forces from the wheels to the body and vice
versa. Currently, with increasing demands for the
smoothness of transported goods, active and pas-
sive suspension systems are being researched and
developed into practical products [1, 2]. Among
them, the active suspension system stands out
in terms of both research trends and deve-
lopments [3, 4].

An active suspension system can alter the for-
ces exerted from the wheels to the vehicle body,
thereby controlling the body’s movement by
adjusting the forces of the elastic and damping
elements. Presently, several trends in active sus-
pension systems include electronically controlled
air suspension systems and electronic regenerative
suspension systems.

Current research on active suspension focuses
on optimizing suspension parameters to enhance
driver, passenger, and cargo comfort. In Kumar’s
investigation [5] passive and active suspension
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systems based on criteria such as ride comfort,
suspension travel, and traction ability were com-
pared. Additionally, research ideas for improving
slip control have also been proposed by several
publications [6—10]. In 2017, a study on limiting
vertical acceleration to improve passenger and car-
go comfort was published by Fabian Ledn-Vargas
and colleagues [11].

To achieve the forces acting on the vehicle
body, various actuators have been studied for their
effectiveness in active suspension systems. Several
papers analyzing the performance of magnetorheo-
logical (MR) damper actuators indicate that MR
dampers effectively absorb body vibrations and
require low input power [12—14]. Besides MR fluid
dampers, hydraulic actuators have also been exten-
sively researched [15-18]. In one study,
Y. M. Sam [19] simulated an active suspension
system using hydraulic cylinders, demonstrating
that this system significantly reduces body acceler-
ation and displacement compared to passive sus-
pension systems.

In recent years, many control methods for ac-
tive suspension systems have been developed to
optimize actuator performance. Studies on using
Fuzzy Logic controllers to improve active suspen-
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sion stability and flexibility were published
in 2018 by Tiechao Wang and colleagues [20].
This method has also been used by researchers
Hongyi Li and M. V. C. Rao in their studies [21, 22].
Additionally, PID controllers are widely used in
active suspension control due to their simplicity
and quick response to road surface irregulari-
ties [23—-25]. Some researchers have combined two
or more control methods to achieve the best
results. In one of the articles [26] the authors com-
bined PID and Fuzzy algorithms to demonstrate
the active suspension effectiveness based on two
criteria: body acceleration and wheel-body dis-
placement.

This paper focuses on the evaluation of an ac-
tive suspension system using a servo valve and
hydraulic cylinders by simulation method [27-29].
The advantage of this actuator is its rapid response
and individual installation for each wheel, ensuring
continuous smoothness for the vehicle. After de-
veloping the mathematical equations, the passive
suspension system is simulated using specialized
simulation software. Real vehicle experiments
were conducted to obtain input parameters for the
simulation and verify the model. The hydraulic
actuator was added to the verified model to deve-
lop the active suspension simulation. Subsequent-
ly, the research series under various scenarios was
conducted to compare and evaluate the effective-
ness of active and passive suspension systems
according to three criteria: oscillation amplitude,
oscillation acceleration, and damping time.

2. Research methodology and developing
an active suspension system model

This paper analyzes the application of an active
suspension system on a truck through simulation
and investigation of a 1/4 suspension system's re-
sponses. The active suspension system model
is built based on a passive suspension system mod-
el with the addition of a hydraulic cylinder to alter
the force applied to the vehicle frame. Each control
valve of the hydraulic cylinder is managed by
a PID controller. The physical model of such
1/4 active suspension system is shown in Fig. 1.
The operation of the system is represented and
simulated by the set of mathematical equations (1)
below. The active suspension system is modeled
based on the passive suspension system with the
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addition of force F, generated by the hydraulic cy-
linder actuator. In the case of studying the passive
suspension system for comparison, the force F,
is assigned a value of zero.

zZ
J Sensor

.

Control
C R a i '#%
=K 3 signal 1515 controller

1z,

th

Fig. 1. Dynamic Diagram of the active suspension system

The active suspension model is described by
the following mathematical equations:

mZ=F.+F, +F,;
leI =(Fo + Fyp)—(Fe + Fie + F);

F.=C(2,-2),
Fy=K(Z,-Z); 1)
FCLZCL(h_Zl);
Fo =K, (h-2),

where m, m; — respectively sprung and unsprung
mass, kg; F, — hydraulic cylinder force of the
hydraulic control system, N; F¢ and C — force
and stiffness of the elastic element, N and N/m;
Fx and K — damping force and damping coefficient
of shock absorber, N and Ns/mz; Fc and Cp —
force and stiffness of tire, N and N/m; F; and K; —
force and damping coefficient of tire, N and Ns/m?*;
h —road profile, m; 4 — speed change of road pro-
file, m/s; Z and Z, — displacement of the sprung
and unsprung masses, m; Z and Zl — vertical
speed of the sprung and unsprung masses, m/s;
Z and Z1 — acceleration of the sprung and un-
sprung masses, m/s’. In this study, we utilize
the parameters of a truck with the following
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set of values: m = 1300 kg; m; = 200 kg;
C = 220000 N/m; C;, = 29000 N/m; K = 3500 Ns/m’;
K;,=3500 Ns/m’.

The mathematical model of the actuator sys-
tem, that generates the force F, has a structure as
shown in Figure 2, which includes a force cylinder
and a spool valve. The paper uses a pressure source
assumed to be stable, generated by a high-pressure
hydraulic pump P,, supplied to the distribution
valve. During operation, the distribution valve di-
rects high-pressure hydraulic oil from the pump to
the hydraulic cylinder chambers 4 and B. Distance
sensors installed on the vehicle send signals re-
garding the displacement of the sprung mass and
body roll angle to the controller. The controller
then generates signals to control the servo valve
displacement, thereby producing a force on the
sprung mass due to the pressure difference between
chambers 4 and B of the hydraulic cylinder.

122
| X
[ : I~
I_,_i J l
l N
1 Ql P A
Lo A TZI

Fig. 2. Hydraulic control system model

When calculating and simulating the hydraulic
system, this paper makes several assumptions, such
as neglecting the fluid flow from chamber 4 to
chamber B due to the gap between the piston and
the cylinder (internal leakage), and the fluid flow
from chambers 4 and B to the outside (external
leakage) due to the non-absolute sealing of the cy-
linder structure. The initial pressure in chambers 4
and B is considered to be zero. With these assump-
tions, the equations for the pressures in chambers 4
and B of the cylinder are obtained as follows:

P, = I; [(-(z-2)s, +Q1)dt; @)

A
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P, = I;B j(-(z’1 AL +Q2)dt, 3)

where V, and V3 — 4 and B chamber’s cylinder
volume, m3; 0 and O, — fluid flow rates into
and out respectively 4 and B chambers, m’/s;

Z1 and Z — displacement’s velocity of the un-

sprung and sprung masses, m/s; K, — bulk mo-
dulus, Pa.

The equation for the fluid flow rate entering the
force cylinder chambers is calculated by the for-
mula:

O=kX \/%(Pv —sign(X)F,), )
P

where O — flow rate into the chamber, m’/s; k, —
adjustable flow coefficient of the valve; P, — pump
pressure into the distribution valve, Pa; P; — is the
pressure in the piston chambers, Pa; X — the dis-
placement of the distribution valve, m; p — liquid
density, kg/m’.

However, the flow coefficient £, is an adjusta-
ble variable and challenging to determine preci-
sely. Therefore, the fluid flow rate is calculated
using a proportional formula, where a certain dis-
placement X, of the servo valve and the pressure
difference AP, between chambers 4 and B will
result in a flow rate Qg

X AP
Ql = an Vv

. 5
an AI)dn ( )

Therefore, the force F, generated by the hy-
draulic cylinder is determined as follows

F, =P8y —P,S,. (6)

where S, Sp — piston’s area on the side respective-
ly without and with the piston rod, m* (Fig. 2).

As for the displacement X < 0 of the servo
valve, the calculations follow similar steps as de-
scribed above. In this study, the hydraulic para-
meters are calculated and selected as follows:
P,= 10342500 Pa; S,=0.01 m* p =9000000 kg/m’;
Xgn=1mm; V= Vy=0.002 m’.

Above presenting mathematical models of the
hydraulic actuator and suspension system kinema-
tics are simulated using MATLAB Simulink,
which structures are depicted in Fig. 3.
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Fig. 3. Simulation model structures of an active suspension system

After simulating the mechanical system, we
need to select a controller to control the dis-
placement of the servo valve, providing input sig-
nals to the hydraulic control model. For the active
suspension model in this study, achieving high
precision in controlling the hydraulic actuator is
essential. The PID controller is considered suita-
ble and effective for the active suspension system
due to its widespread use in closed-loop control
systems (with feedback signals). The PID control-
ler calculates the error value as the difference be-
tween the measured value of the variable parame-
ter and the desired setpoint. It minimizes the error
by adjusting the control input value. The feedback
signal of the controller used in this study is the
deviation between the vehicle body displacement
and road irregularities. In practice, this para-
meter can be approximately interpolated from the
distance between the vehicle body and the axle.
The PID controller is designed with the follo-
wing parameters: kp = 0.002, kp = 0.002,
and k; = 0.026. The controller output is then uti-
lized to calculate the displacement of the hydraulic
control valve.

3. Experimental procedure
and simulation model validation

The purpose of the experiments is to determine
the input parameters for the simulation model, spe-
cifically the damping coefficient, and to compare
the simulated system model when the force exerted
by the hydraulic cylinder is set to zero with the
suspension system of a real vehicle under the same
bumpy road conditions.

The characteristic of the real vehicle damper is
determined by the test stand following Fig. 4 be-
low.
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_~Loadcell
__-Damper
~Position sensor
Piston—}
Rotating mechanism-_

Fig. 4. Damper test stand

The system in Fig. 4 includes a drive mecha-
nism that generates translational motion for the
damper and sensors that measure damping force
and the velocity of the damper's head. The dam-
ping characteristics obtained from these measure-
ments are incorporated into the simulation model
as input parameters. To validate the model,
the paper utilized the experimental setup shown
in Fig. 5. In this study, two HF sensors and one S-
motion sensor from Kistler were used to measure
the vehicle body displacement and acceleration as
the vehicle moves over a 17.5 cm high step bump.

Due to the power limitation of the electric
motor on the damper test stand, the experiment
to determine the damping characteristics was only
able to cover a small working area, as shown
in Figure 6, where v, = Zl — 7 is damper speed, mys.
The remaining working area of the damper (Fig. 7)
was determined by interpolation based on the dam-
ping theory. The equivalent damping characteristics
in Fig. 7 served as input for the previously developed
quarter-car suspension simulation model.
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Fig. 5. Experimental configuration for determining the vehicle vibration

The paper validated the simulation model by
comparing the experimental results of the passive
suspension system on a real vehicle with the
simulated passive suspension system model using
the parameters obtained from the experiments
(with no force applied from the hydraulic actuator).
The results in Fig. 8 showed the amplitude values
between the simulation and experiment differed by
less than 10 % in general. Particularly, at the
maximum oscillation amplitude, the deviation was
only 0.61 %. The timing of peak values also
showed close similarity, with the largest deviation
being 7.7 %.

200

0 A

400
z 600 | :
w8000 |

—1000 [ A
1200
~1400
~1600 "

7180070.1 —0.08 —0.06 -0.04 —0.02 0

0.02  0.04 0.06 v, m/s 0.1

Fig. 6. Damping characteristics
0 —— —
Z.m . —Slmulf:ltlon
- - -Experiment |
-0.1|
-0.2}
0 1 2 3 £

Fig. 8. Comparison of simulated and experimental displacement
of the sprung mass in the passive suspension system
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The simulated vehicle body acceleration
in Fig. 9 closely matched the experimental results.
Especially at the maximum acceleration (@pax),
the deviation was only 0.82 %, indicating a high
level of accuracy in the simulation. Through these
comparisons, the simulation model closely appro-
ximated reality across three evaluation aspects:
vehicle body displacement, body acceleration, and
oscillation damping time, demonstrating the
reliability of the constructed simulation model.
Therefore, this simulati on model can be
effectively used in conjunction with the hydraulic

control model to assess and evaluate the
effectiveness of the active suspension system.
7000,
6000/ s
5000+
- 4000
3000
2000/
1000 -
o -
~1000
06 04 —02 0 0.2 0.4 v, m/s 0.6
Fig. 7. Equivalent damping characteristics
as input for simulation
5
|—— Simulation
7 2
Z, m/s |- - - Experiment

-10' '
0 1 2 3 ts 4
Fig. 9. Comparison of simulated and experimental vehicle
body acceleration in the passive suspension system
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4. Comparison and evaluation of active
and passive suspension systems

After conducting comparisons to validate the
simulation model, the paper proceeded to input
experimental parameters into the active suspen-
sion system model. Simultaneously, the study
determined the parameters for the PID controller.
The results have indicated that the constructed
active suspension system significantly optimizes
vehicle body motion. Fig. 10 depicts the displa-
cement of the vehicle body using active and
passive suspension systems when passing through
a 17.5 cm high step input. 4, represents the /™ peak
of the wvehicle body displacement, correspon-
ding to time #. Amplitude values of vehicle body
oscillation are shown in Table 1.

0 DRSPS
7 : Passivci
> m i - --Active |
-0.1
-0.2
-0.3 - - . :
0 1 2 3 ts 4

Fig. 10. Vehicle body displacement

Through simulation, it is observed that the
active suspension system reduces oscillation
amplitude by up to 16.7 %, particularly in the two
largest oscillations. The damping time of oscilla-
tions also significantly improves, achieving 0.92
seconds compared to 1.63 seconds for the passive
suspension system. From the above results, it is
also possible to calculate the damping ratios, which
are determined using the logarithmic decrement
method, for the passive and active suspension
systems. The received values — 0.260 and 0.245,
respectively show the damping ratio reduction
compared to the passive suspension system 5.8 %.
This indicates that the active suspension system
also enhances the wvehicle body’s oscillation-
damping capability. Therefore, this demonstrates
that the active suspension system restores the
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vehicle to a stable operating state more quickly
compared to the passive suspension system.

Table 1
Amplitude values of vehicle body oscillation

Reduction ratio compared
to passive suspension system (%)

Aziiactive Ai |_passive
(mm) | (mm)

1|-219.1| -263.1 16.7
2 |-1559| -136.7 14.0
31-183.1| -193.0 5.1

Fig. 11 shows the vehicle body acceleration
when passing through a step input, comparing
active and passive suspension systems. From the
comparison Table 2, it is evident that the simula-
tion model of the active suspension system greatly
reduces vehicle body acceleration compared to the
passive system. Particularly, for the first two
maximum accelerations, vehicle body acceleration
decreases by 45.2 and 77.8 %, respectively, com-
pared to the passive suspension system. In conclu-
sion, the received results show that the ave-
rage reduction ratio of vehicle body acceleration
is 61.5 % in comparison to the passive suspension
system.

5 . =7

; 2 —— Passive |
Z,mfs -~ ~Active i
0 |

|

|

! |

|

51 |

|

|

|

-10 !

0 1 2 3 s 4

Fig. 11. Vehicle body acceleration

Table 2
Acceleration values of vehicle body oscillation

Reduction ratio | Average reduction
Qi active | &i_passive compared to ratio compared to
(m/s*) | (m/s*) |passive suspension| passive suspension

—

system (%) system (%)
1| -5.49 | -10.02 45.2
61.5
2| 0.89 4.01 77.8
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CONCLUSION

In summary, the paper has successfully con-
structed dynamic models of both semi-passive and
semi-active suspension systems. Using computer
simulation software, the paper also simulated semi-
passive with semi-active suspension systems, and
validated the models against experimental results,
thereby demonstrating the effectiveness of the ac-
tive suspension system on trucks. In general, simu-
lation results showed an error of less than 10 %
across all three criteria: oscillation amplitude,
oscillation acceleration, and damping time. Specif-
ically, the high precision of the developed suspen-
sion model was confirmed at the pick points of the
vehicle oscillation graph. This study has substan-
tiated and evaluated the specific effectiveness of
the active suspension system with high precision
due to actual experimentation. The PID controller
exhibited rapid computation and control capabili-
ties, meeting the real-time demands of the sus-
pension system. Moreover, the PID controller sig-
nificantly improved the damping ratio (5.8 %),
average acceleration (61.5 %), and maximum am-
plitude (16.7 %) compared to the passive suspen-
sion system. From this research, further develop-
ments could involve whole-vehicle simulations,
replacement of PID controllers with other control
systems, and standard stimulation for wheel re-
sponse.

Funding: This research is funded by the Ha-
noi University of Science and Technology un-
der project number T2023-PC-023.

REFERENCES

1. Soliman A., Kaldas M. (2021) Semi-Active Suspension
Systems From Research to Mass-Market — a Review.
Journal of Low Frequency Noise, Vibration and Active
Control, 40 (2), 1005-1023. https://doi.org/10.1177/14613
48419876392.

2. Riduan A.F.M., Tamaldin N., Sudrajat A., Ahmad F. (2018)
Review on Active Suspension System. SHS Web of
Conferences, 49, 02008. https://doi.org/10.1051/shsconf/
20184902008.

3. Karnopp D., Margolis D. (1984) Adaptive Suspension
Concepts for Road Vehicles. Vehicle System Dynamics, 13 (3),
45-160. https://doi.org/10.1080/00423118408968772.

4. Mikhailau V. V., Snitkov A. G, Liahov S. V. (2016)
Improvement of Bus Operational Characteristics While
Using Integrated Control of Suspension and Transmission.

150

10.

11.

13.

14.

15.

16.

Nauka i Tehnika = Science & Technique, 15 (1), 37-45.
https://doi.org/10.21122/2227-1031-2016-15-1-37-45  (in
Russian).

.Kumar M. S., Vijayarangan S. (2007) Analytical and

Experimental Studies on Active Suspension System of
Light Passenger Vehicle to Improve Ride Comfort.
Mechanic, 65 (3), 34-41.

. Lin B, Su X., Li X. (2019) Fuzzy Sliding Mode Control for

Active Suspension System with Proportional Differential
Sliding Mode Observer. Asian Journal of Control, 21 (1),
264-276. https://doi.org/10.1002/ asjc.1882.

.Chen S. A., Wang J. C., Yao M., Kim Y. B. (2017)

Improved Optimal Sliding Mode Control for a Non-Linear
Vehicle Active Suspension System. Journal of Sound and
Vibration, 395, 1-25. https://doi.org/10.1016/j.jsv.2017.
02.017.

. Bai R., Guo D. (2018) Sliding Mode Control of the Active

Suspension System with the Dynamics of a Hydraulic
Actuator. Complexity, 2018, 5907208. https://doi.org/10.
1155/2018/5907208.

. Deshpande V. S., Mohan B., Shendge P., Phadke S. (2014)

Disturbance Observer-Based Sliding Mode Control of
Active Suspension Systems. Journal of Sound and Vib-
ration, 333 (11), 2281-2296. https://doi.org/10.1016/j. jsv.
2014.01.023.

Deshpande V. S., Bhaskara M., Phadke S. (2012) Sliding
Mode Control of Active Suspension Systems Using a
Disturbance Observer. [2th International Workshop on
Variable Structure Systems. IEEE, 70-75. https://doi.org/
10.1109/VSS.2012.6163480.

Leon-Vargas F., Garelli F., Zapateiro M. (2018) Limiting
Vertical Acceleration for Ride Comfort in Active
Suspension Systems. Proceedings of the Institution of
Mechanical Engineers. Part I: Journal of Systems and
Control Engineering, 232 (3), 223-232. https://doi.org/10.
1177/0959651817745469.

.Karkoub M. A., Zribi M. (2006) Active/Semi-Active

Suspension Control Using Magnetorheological Actuators.
International Journal of Systems Science, 37 (1), 35-44.
https://doi.org/10.1080/00207720500436344.

East W., Turcotte J., Plante J. S., Julio G (2021)
Experimental Assessment of a Linear Actuator Driven by
Magnetorheological Clutches for Automotive Active
Suspensions. Journal of intelligent Material Systems and
Structures, 32 (9), 955-970. https://doi.org/10.1177/1045
389X21991237.

Le V. N, Dam H. P, Tran T. D., Nguyen T. K.,
Kharytonchyk S. V., Kusyak V. A. (2024) Control Voltage
Effect on Operational Characteristics of Vehicle Magne-
torheological Damper. Nauka i Tehnika = Science & Tech-
nique, 23 (5), 417-426. https://doi.org/10.21122/2227-
1031-2024-23-5-417-426.

Shen X., Peng H. (2003) Analysis of Active Suspen-
sion Systems with Hydraulic Actuators. Proceedings of the
2003 IAVSD conference, Atsugi, Japan, August 2003,
2 (2), 10.

Liu Y. J,, Zeng Q., Liu L., Tong S. (2018) An Adaptive
Neural Network Controller for Active Suspension Systems
with Hydraulic Actuator. /EEE Transactions on Systems,

Hayka
wTexHuka. T. 24, Ne 2 (2025)



Transport

17.

18.

19.

20.

21.

22.

23.

Man, and Cybernetics: Systems, 50 (12), 5351-5360.
https://doi.org/10.1109/TSMC.2018.2875187.

Su X. (2017) Master—Slave Control For Active Suspen-
sion Systems with Hydraulic Actuator dynamics. /EEE
Access, 5, 3612-3621. https://doi.org/10.1109/ACCESS.
2017.2672598.

Rajamani R., Hedrick J. (1994) Performance of Active
Automotive Suspensions with Hydraulic Actuators:
Theory and Experiment. /EEE, Proceedings of 1994
American Control Conference-ACC'94, 2, 1214-1218.
https://doi.org/10.1109/acc.1994.752251.

Sam Y., Hudha K. (2006) Modelling and Force Tracking
Control of Hydraulic Actuator for an Active Suspension
system. /st IEEE Conference on Industrial Electronics and

Applications, 1-6. https://doi.org/10.1109/ICIEA.2006.
257242.
Wang T., Li G (2018) Adaptive Critic Optimal Fuzzy

Control for Quarter-Car Suspension Systems. 5" Interna-
tional Conference on Information, Cybernetics, and Com-
putational Social Systems (ICCSS), 440—444. https://doi.
org/10.1109/ICCSS.2018.8572428.

Li H., Liu H.,, Gao H., Shi P. (2011) Reliable Fuzzy
Control for Active Suspension Systems with Actua-
tor Delay and Fault. IEEE Transactions on Fuzzy Systems,
20 (2), 342-357. https://doi.org/10.1109/TFUZZ.2011.217
4244,

Rao M., Prahlad V. (1997) A Tunable Fuzzy Logic
Controller for Vehicle-Active Suspension Systems. Fuzzy
Sets and Systems, 85 (1), 11-21. https://doi.org/10.1016/
0165-0114(95)00369-X.

Ahmed A.E.N.S., Ali A. S., Ghazaly N. M., Abd el-Jaber
G. (2015) PID Controller of Active Suspension System for
a Quarter Car Model. International Journal of Advances in
Engineering & Technology, 8 (6), 899-909.

Hayka
wrexHuka. T. 24, Ne 2 (2025)

24.

25.

26.

27.

28.

29.

Shafiei B. (2022) A Review on PID Control System
Simulation of the Active Suspension System of a Quar-
ter Car Model while Hitting Road Bumps. Journal of
The Institution of Engineers (India), Series C, 103 (4),
1001-1011. https://doi.org/10.1007/s40032-022-00821-z.
Talib M.H.A., Darns L.ZM. (2013) Self-Tuning PID
Controller for Active Suspension System with Hydraulic
Actuator. IEEE Symposium on Computers & Informatics
(ISCI). 1EEE, 86-91. https://doi.org/10.1109/ISCI. 2013.
6612381.

Mahmoodabadi M., Nejadkourki N. (2022) Optimal Fuzzy
Adaptive Robust PID Control for an Active Suspen-
sion system. Australian Journal of Mechanical Engi-
neering, 20 (3), 681-691. https://doi.org/10.1080/14484
846.2020.1734154.

Zhilevich M. (2003) Calculation of Mobile Machine
Oscillations in View of Internal Processes in Pneumo-
hydraulic Suspension. Nauka i Tehnika = Science & Te-
chnique, (5), 4652 (in Russian).

Hurski N., Karami A. K. (2010) Modeling and Optimi-
zation of Vehicle Suspension Oscillations. Nauka i Tehnika
= Science & Technique, (1), 4447 (in Russian).

Gao H., Jézéque L., Cabrol E., Vitry B. (2020) Robust
Design of Suspension System with Polynomial Chaos
Expansion and Machine Learning. Nauka i Tehnika =
Science & Technique, 19 (1), 43-54. https://doi.org/10.
21122/2227-1031-2020-19-1-43-54.

Received: 18.10.2023

Accepted: 04.01.2024
Published online: 29.11.2024

151



QKOHOMWKA NMPOMBIWITEHHOCTMU
ECONOMY IN INDUSTRY

https://doi.org/10.21122/2227-1031-2025-24-2-152-162

VIIK:338.4

MATE Analysis on the Study of Transportation Methods
in Green Energy Trade

Li Jun ”, Wang Yaozhen ?, M. K. Zhudro"

YBelarusian National Technical University (Minsk, Republic of Belarus),
?Belarusian State University (Minsk, Republic of Belarus)
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To4ek 3peHus. [Ipu3HaBas HEOTIOKHOCTD PELIEHHS JTOH NMPOOIEMBI M OTCYTCTBHE B HACTOAIIEE BPEMs BCCOOBEMIIIOIIETO
0030pa cTpyKTypbl 3HaHUi1 B 0b6nactu uccnenoanuit GET u onpeznensionmx ee GakTopoB, CyIIECTBYET OCTpasi HOTPEOHOCTh
B aHaIM3€¢ HA BBICOKOM YpOBHE. B OTBeT Ha 3TO JaHHAs CTaThsi CTABUT CBOEH IENBIO MPEIOCTABUTH YETKHUI M HOCTYIHBIH
oubmmomerpuueckuii ananus uccienosannit GET u onmpenpensonux ux ¢akTopos ¢ ucnonb3oBanueM merogonornn MATE
(MHOTOTpaHHBIN aHAU3 TEKCTOBBIX CBHJETENLCTB). Bo-NepBBIX, UCMONB3Yysl pa3lUyHble OMOIHMOMETPHYECKHE aHATM3BL,
B paboTe mpemaraercs yriryonennoe uzydenue myouukanuii GET. Oto BriouaeTr B ce0sl aHAIN3 aKTUBHBIX aBTOPOB, BBICO-
KOIIPOJIYKTHBHBIX CTPaH/PETMOHOB, W3BECTHBIX JKYPHAJIOB, CTPYKTYPhl LUTUPOBaHUS M TemaTtndeckoil ssomoruu GET.
OTH aHANU3HI JAIOT HATJISJHOE TPECTaBIeHHe o TeKymeM nanamadre uccnenoannii GET. Bo-BTOpBIX, TOMOTHEHHBI KOH-
TEHT-aHAIN30M, JIOKyMEHT KIACCH(QHIMPYET U OompeersieT KiodeBble (akTopsl, onpenenomue GET, BkiIrodas TexHUUe-
CKHE COOOpa’keHuUsI, yPOBHH BHEAPEHHS, KOPIIOPATUBHBIE aKIIMU U 3KOJIOTH4ecKkue mpobieMsl. Takoi KOMIUIEKCHBIN MOAXO
crocoOcTByeT Ooree riry0oKoMy TOHIMAaHHIO MHOTOTPaHHBIX (hakTopoB, Bnustonmx Ha GET. Hakorern, B ctarbe 0000m1at0T-
Csl TIOJyYeHHBIE Pe3yJbTaThl, YTOOBI MOAYEPKHYTh CYLIECTBYIONIME MPOOENbl B 3HAHUSAX W NPEIJIOKUTH MOTCHIMAIBHEIC
HanpasieHus Oynymux uccienoBanuil B oomactu GET. Takum oOpa3om, ydeHble MOIy4ar0T CUCTEMAaTH3UPOBaHHYIO 0azy
3HAHMI U XOpOILIO CTPYKTypUpOBaHHOE npexacTaBienne o6 uccnenoBanmsx GET n ux merepmunanrax. JlaHHOe mMccieqoBa-
HHe, poBeaeHHOe Ha ocHOBe MATE-ananu3a, Ciy>)KUT LEHHBIM pecypcoM i HaBurauuu mo cioxuoctaM GET, cmoco0-
CTBYS IPHHATHIO 000CHOBAaHHBIX PEIICHUI W JaJbHEHIINM UCCIIEIOBaHISIM B 3TOH BayKHOM 007IacTH.

KiroueBsble ciioBa: 5xoHOMUKa 3Hepretuku, MATE-ananus, TpaHCIIOPTUPOBKA SHEPIUU

Jna nurupoanus: 1[3tonp Jlu. Ananu3 MATE no u3yueHHI0O METOJOB TPAaHCIOPTHUPOBKH B TOPrOBIE «3EJICHOW» 3HEp-
rueit / JIn L3tonp, Ban Soxous, M. K. Kyapo // Hayka u mexuuxa. 2025. T. 24, Ne 2. C. 152-162. https://doi.org/10.

21122/2227-1031-2025-24-2-152-162

Introduction

The accessibility, acceptability, and affordabi-
lity of energy play pivotal roles in the comprehen-
sive economic development of regions and coun-
tries [1]. Despite this, the escalating global demand
for fossil fuels exerts substantial pressure on ener-
gy markets. Furthermore, the predominant use of
fossil fuels is a major contributor to greenhouse
gas emissions, prompting scholars worldwide to
emphasize the urgent need for countries to reduce
emissions or face potential catastrophic conse-
quences of climate change [2].

In response to this global challenge, there is
a consensus among scholars that transitioning to
green energy represents an effective strategy [6].
Green energy, as defined by Zarnikau [3], involves
electricity generated from renewable sources such
as photovoltaic solar panels, biomass projects, geo-
thermal projects, and wind farms. The transporta-
tion of green energy holds the promise of achie-
ving zero pollutants and direct applicability in both
industrial production and daily life.

Amid the global call for increased use of clean
and renewable energy to combat climate change [4],
many countries, as evidenced by the 2019 UN Cli-
mate Summit, have committed to achieving net-zero
CO;, emissions by 2050 [5]. This has spurred global
efforts to accelerate the transportation of green ener-
gy resources and mitigate carbon emissions from
traditional energy use [6]. Despite significant re-
search findings over the past two decades contri-
buting to the understanding of Green Energy Trans-
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portation (GET), the current public uptake of green
energy appears insufficient (Table 1).

Table 1

Statistical tables on energy economy and transportation

= ) g

g " 2 % g .
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$E| 55| 2E |z=|2is

2 X B~ Ex |93 |25

SE| S5 | BE | 95| EES

| B2 BEZ | BE | g2|205E2
5| 25| B5S | BS | 25| g5885

2015| 8000 7000 2000 60 120
2016 | 8200 7200 2100 55 118
2017| 8500 7500 2200 50 115
2018 | 8800 7800 2300 65 112
2019 | 9000 8000 2400 70 110
2020 | 9200 8200 2500 45 108
2021| 9400 8400 2600 40 105
2022 | 9600 8600 2700 55 103
2023 | 9800 8800 2800 60 100
2024 | 10000 9000 2900 65 98

Addressing this gap, numerous studies have
explored factors influencing GET at individual,
corporate, and societal levels [7]. With evol-
ving research methods and increased data availa-
bility, scholars are turning to empirical research
designs to investigate the determinants of GET.
However, the growing but fragmented literature on
GET necessitates a high-level and complete eva-
luation of the current state of research.
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This article is guided by MATE analysis and
focuses on the transportation methods in green
energy trade, aiming to provide a comprehensive
bibliometric review of GET research and its de-
termining factors. Through performance analysis,
scientific mapping techniques, and cluster ana-
lysis, this study provides a detailed understanding
of GET research, identifies key determining fac-
tors, and explores knowledge gaps and future re-
search directions. Using tools such as CiteSpace,
VOSviewer, and Bibliometrix, and extracting data
from the Web of Science Core Collection (WoS),
three main objectives were achieved: (1) investiga-
ting the knowledge landscape of GET publications,
(2) identifying the influencing factors of GET,
and (3) determining potential directions for future
research. The contribution of this article lies in its use
of bibliometric methods to describe the evolution and
current status of GET research, providing more rele-
vant and reliable statistical analysis. A unique review
and summary of the determinants of GET from mul-
tiple perspectives has been conducted, filling the gap
in existing literature. The conclusion of the article
will delve into the materials and methods, visualize
the knowledge field of GET research, identify key
determining factors, and summarize the impact and
future research directions.

Materials and methodology

The objective of this study is to systematically
trace and analyze the ongoing research activities

and dynamics in the field of Green Energy Trans-
portation (GET) while shedding light on its deter-
minants. To address this objective, a comprehen-
sive bibliometric review is conducted, encompas-
sing both performance analysis and science map-
ping. The initial phase of the study involves a tho-
rough examination of the GET literature through
performance analysis and visualization techniques,
employing science mapping tools. Subsequently,
the focus shifts to a meticulous review of literature
specifically addressing the determinants of GET.
An in-depth qualitative analysis is carried out
using clustering functions facilitated by CiteSpace
(Fig. 1).

Fig. 2 illustrates the research framework used
in this study, elucidates the methodology for gen-
eralization, and points out the interrelated steps
taken to explore and analyze the complex dyna-
mics of GET and its determinants.

The literature data collection for this article
was conducted in the core collection of the Web
of Science (WoS) database. WoS, recognized for
its comprehensive and multidisciplinary citation
data, has emerged as a prominent data source for
bibliometric analyses [8]. This platform facilitates
researchers in obtaining extensive bibliographic
data from reputable journals [9]. Following the
selection of WoS as the database, a meticulous col-
lection strategy was devised, aligning with
the research framework.
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Fig. 1. Conceptual model and estimation procedure of this study
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Step 1: Data Source and Collection

Data Source:

Web of Science (Core Collection)

Collection Strateqy:
Green energy
Adoption

Step 2: Bibliometric Analysis

Year, Author and journal,
Citations, Keywords, Country/region

Step 3: Content Analysis

Filter
Cluster analysis

GEA Determinants

Step 4: Conclusions and Implications for Future Research W

Conclusions, Limitations, Implications

Fig. 2. The research framework of the MATE

The search process unfolded in three key steps.
In the initial step, the terms “green energy” and
“transportation” were employed to delineate the
boundaries of the study field. Subsequently, these
defined terms, along with the appropriate Boolean
operators and retrieval types, were intricately com-
bined to construct the final query: Topic = “green
energy” AND Topic = “transportation”. The litera-
ture data retrieval occurred on October 6, 2020,
resulting in a total of 1007 publication records.
In the subsequent step, data preprocessing was
undertaken. To address duplicate information in
the original dataset, the bibliometric tool CiteSpa-
ce [10] was employed for the removal of duplicat-
ed data. Additionally, essential manual checks and
evaluations were conducted for each publication to
ensure its relevance to the Green Energy Transpor-
tation (GET) domain. Consequently, 741 screened
journal articles were identified as pertinent to the
study.

The bibliometric data extracted from WoS
proved to be a valuable resource, offering infor-
mation such as cited references, keywords, and
bibliographical details [11]. This comprehensive
approach to literature data collection ensures a ro-
bust foundation for the subsequent MATE (Multi-
faceted Analysis of Textual Evidence) analysis,
providing a nuanced understanding of transporta-
tion methods in the realm of green energy trade.
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Intellectual landscape of GET publications

Within this section, we delineate the intellectu-
al landscape of Green Energy Transportation
(GET) publications, presenting a spatial depiction
through five key components. The exploration co-
vers insightful results and findings related to publi-
cation years, authors and journals, countries/re-
gions, citations, and keywords. Consequently, this
comprehensive analysis unveils and visualizes the
fields of research interests, considerations, and
trends within the GET scientific community.
The synthesis of this information provides a com-
prehensive understanding of the constantly chan-
ging landscape and highlights the dynamic aspects
shaping the discourse of transportation methods in
the field of green energy trade.

Fig. 3 shows the temporal trend of green
energy transportation (GET) research based on
total publications (TP), total citations (TC), and
average citations per publication (AC). The publi-
cations arranged in chronological order show that
the first document on GET was published in 1994,
in which Heyes advocated for the development
of environmental hazard policies on a hazard by
hazard basis to address significant impacts on all
sectors of the European energy sector. This early
work emphasized the necessity of addressing envi-
ronmental damage issues and laid the foundation
for subsequent research in the GET field.
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TP, TC, and AC over Years
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Fig. 3. The distribution trends of TP, TC, and AC about GET publications

From the mid-1990s to around 2010, GET re-
search was still relatively limited. However, the
urgency of GET is becoming increasingly appa-
rent, leading to a surge in research activities. Ac-
cording to research, the number of GET pub-
lications has increased significantly every year
from 2010 to 2020, reaching a peak of 175 papers
in 2019. This significant growth can be attributed
to the academic attention caused by the growing
environmental issues in the energy industry.

As shown in Fig. 3, the annual citation struc-
ture (TC) of GET publications is similar to the
trend of TP. It can be seen that there has been
a sharp upward trend, especially since around
2010. The increase in citations can be attributed to
the continuous increase in the number of relevant
publications during this period, indicating a signi-
ficant amount of valuable academic contributions.
The analysis of the average citation count (AC) per
publication shows that the citation count has stea-
dily increased since 2009. It is worth noting that
the AC value reached 15.5 in 2005, despite only
two documents being released that year. This anoma-
lous phenomenon indicates that despite the limited
number of publications, the impact and influence of
this work are enormous, emphasizing the importance
of early contributions to GET research.

The development and progress of any disci-
pline inherently depend on the collaborative efforts
of different scholars. Through bibliometric analy-
sis, 3009 authors who have contributed to the field
of green energy trade and transportation methods
were identified from 1007 articles. Fig. 4 visually
illustrates the contributors in the field by display-
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ing their collaborative networks and respective
publication numbers.

In constructing the author collaboration net-
work, a minimum threshold of one document
per author was set, and the top 1000 authors
with the highest total link strength were selected.
The resulting simplified author collaboration net-
work, portrays nodes representing different authors,
while links convey the exact status of co-author-
ship relations among them. Overall, a sparsely
connected cooperation network structure emerges,
reflecting the collaborative dynamics in this re-
search domain [12].

To gain a more nuanced view of the most
active authors within this collaboration network,
an analysis was focused on the largest set of con-
nected networks comprising 13 authors. Within
this closely-knit cooperation network, authors are
divided into four research communities, each
marked with diverse colors. Darko Amos from the
Hong Kong Polytechnic University of China emer-
ges as the most active author, leading in both the
number of publications contributed and the strength
of cooperation relations. Amos has authored
nine high-quality articles, establishing significant
influence in collaborations related to Green Energy
Transportation (GET). His dedicated research focu-
ses on strategies for green building and energy trans-
portation in the construction industry.

Following closely, the second most productive
author is Adnan Nadia from Universiti Teknolo-
gi Petronas in Malaysia, contributing six articles.
Nadia's research interests primarily revolve around
green agriculture and energy technology transpor-
tation.

Hayka
wrexHuka. T. 24, Ne 2 (2025)



Economy in Industry

Publications vs Citations
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Fig. 4. GET publications by authors and author collaboration networks

Notably, the largest research community,
marked with the color red, exhibits limited connec-
tions and relationships with Darko Amos, with on-
ly one direct cooperation path established. This
intricate author collaboration network sheds light
on the interconnections and collaborative dynamics
among scholars contributing to the study of trans-
portation methods in green energy trade.

Moreover, it provides a temporal overlay of the
author collaboration map, linking authors to publi-
cations and facilitating an exploration of the evolu-
tion of active authors over time. Darker nodes
indicate influential authors in earlier years, while
lighter shadows represent influential authors in
more recent literature. Between 2005 and 2020,
two major research communities emerge, one with
an average publication year in 2006 and the other
in 2018. The denser left community suggests
stronger collaboration between authors in the early
years compared to recent years. Limited collabora-
tion is observed between authors from these two
groups, with researcher White Robin J acting as
a mediator, ensuring continuity in the study.

In the final analysis, a total citation analysis for
the top 10 high-yield authors is presented in Fig. 4,
where the circle's area represents the number of
citations. Darko Amos and Adnan Nadia lead, fol-
lowed by He Bao-Jie and Nordin Shahrina Md,
both with six articles. Bressers Hans, Rahman
Imran, and Zhou Yuan follow with five articles
each, while three authors contribute four equal ar-
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ticles. Interestingly, the number of citations does
not necessarily correlate with the number of publi-
cations, exemplified by Chan Albert P. C. from
Hong Kong Polytechnic University, who has the
second-highest total citations (192) with only four
articles authored. This emphasizes that authorita-
tive scholars often influence the conceptual and
methodological trends in research domains, gene-
rating highly cited articles.

To uncover key schools of thought and the
emerging intellectual structure of the Green Energy
Transportation (GET) knowledge base, the authors'
co-citation network is applied. Fig. 5, depicting the
outcome of this analysis, showcases the co-cited
authors with a threshold of 20 citations per author.
The size of the colored sphere represents the num-
ber of citations per author. Notably, Ajzen I stands
out as highly correlated with GET studies, evident
from both the size of the sphere and its strategic
position in the graph. Fig. 5 analysis identifies five
distinct but interconnected schools of thought wi-
thin the GET domain, with each school featuring out-
standing core authors who are strongly connec-
ted. For instance, in the largest school of thought (in
red), Ajzen I is closely linked to other highly cited
authors such as Stern PC (115 citations), Rogers EM
(121 citations), and Steg I (81 citations). Ajzen I's
extensive co-citation across multiple schools of
thought positions him as a “boundaryspanning scho-
lar”, integrating diverse conceptual streams or
knowledge flows within this knowledge domain.
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Fig. 5. The co-citation network of authors regarding GET publications

Another noteworthy discovery involves the
identification of leading journals in the field of
Green Energy Transportation (GET). It conso-
lidates the top 10 most prolific journals in GET
research. Notably, the Journal of Cleaner Produc-
tion emerges as the most active journal in GET
research, having published a total of 84 articles to
date. Following closely is Energy Policy, ranking
second with 65 articles, succeeded by Sustainabi-
lity [13], Renewable Energy Reviews [14], and
Energy and Buildings [15], among others. These
highly productive journals are characterized by
elevated impact factors. For instance, the Journal
of Cleaner Production achieved an impact factor
of 9.297 in 2020, and Renewable and Sustainable
Energy Reviews reached an impressive 14.982.

It illustrates the journal co-citation network,
aimed at categorizing journals based on different
themes and identifying core journals within each
category. Setting the minimum citation threshold
for a source at 20, a total of 318 journals meet this
criterion. These journals play a pivotal role in
shaping the landscape of GET research. The top
three most frequently cited journals are Energy
Policy (2715 citations), Journal of Cleaner Produc-
tion (1830 citations), and Renewable and Sustaina-
ble Energy Reviews (1252 citations). These lea-
ding journals, distinguished by three different co-
lors, signify their unique research directions. Addi-
tionally, other significant journals such as Science,
Nature, and Building and Environment also con-
tribute substantially, it delineates the quality level
of publications for each journal, offering valuable
insights for novice researchers to quickly under-
stand the distribution of high-quality journals in
the GET field.
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Turning our attention to the international collabo-
rations between influential countries/regions, it pro-
vides a comprehensive overview. Specifically, Fig. 6
offers a detailed representation of the country/region
collaboration map. It is noteworthy that the estab-
lishment of lines between countries/regions signi-
fies cooperative relationships, and the thickness
of the link directly reflects the level of cooperation.
The USA stands out with the broadest spectrum of
cooperative partners, prominently featuring China.
Additionally, China, England, and Australia exhibit
robust collaborative ties with various countries/
regions. Evidently, a clear inclination towards inter-
national collaboration is observed in the four high-
yield countries. This preference is substantiated by
the superior performance of internationally co-
authored papers in terms of both quantity and cita-
tions. Italy, ranking fourth with 76 published articles,
maintains a relatively closed posture, with limited
communication with the international community.
A similar situation is observed in India. Fig. 6 to ad-
dress this challenge, scholars from Italy and India
should proactively enhance academic visits and en-
gage in international research exchanges.

Utilizing the clustering algorithm in VOSvie-
wer, these diverse countries/regions are further cate-
gorized into nine distinct groups. Unsurprisingly, the
USA, China, and England emerge as the three most
prominent nodes in the diagram, maintaining sub-
stantial connections with each other. However, these
three countries do not belong to the same category
and are labeled with three different colors. Conse-
quently, geographic location exerts influence on the
research orientation in different countries/regions to
a certain extent. Scholars worldwide should dis-
mantle spatial barriers in GET research and expe-
dite the vibrant development of this field.
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Fig. 6. The country/region collaboration map at the geographic level

To unravel the internal structure of the citation
network in the realm of Green Energy Transporta-
tion (GET) research, the reference relationships
among publications are meticulously examined
using VOSviewer software. Employing a minimum
threshold value of 10, ensuring that each document
has no fewer than 10 citations, a GET citation net-
work comprising 373 documents is identified.
However, for the sake of focus, only the most ex-
tensive set of interconnected documents is con-
sidered, resulting in a citation network featu-
ring 147 nodes and 281 links. Leveraging the clus-
tering algorithm embedded in VOSviewer, 14 dis-
tinct categories are delineated, with the largest
category highlighted in red and encompassing
17 documents.

In the context of the citation network presented
in the figure, the most frequently cited node is Me-
nanteau (2003), boasting 399 citations. Menan-
teau's seminal work, a journal article published in
Energy Policy in 2003 titled “Prices versus quanti-
ties: choosing policies for promoting the develop-
ment of renewable energy”, asserts the efficiency
of the feed-in tariff system compared to the com-
petitive bidding system. It underscores the theore-
tical advantages of green certificate trading, sub-
ject to confirmation through practical implementa-
tion, considering the impact of market structure
and rules on the execution of green certificate tra-
ding. This research stands as pioneering work in
the GET field. Subsequently, Hartmann (2012)
follows with 265 citations, revealing that adverti-
sing campaigns targeting increased consumer de-
mand for green energy should encompass not only
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environmental and utilitarian benefits but also psy-
chological brand benefits.

It is important to note that some highly cited
papers may not appear in the figure due to specific
parameters set during network generation. There-
fore, Table 1 details the top 10 most highly cited
articles, while lists the top 10 key cited articles in
chronological order. Notably, the article authored
by Menanteau et al. not only garners a substantial
number of citations but also holds significance in
the GET domain. Consequently, scholars focusing
on GET should accord due attention to this influen-
tial publication. Regarding publication sources,
Energy Policy emerges as the most frequently cited
journal, indicating its substantial contributions to
the field's development. The LCS metric under-
scores the importance of the article titled “Over-
coming the social and psychological barriers to
green building”, authored by Hoffman and Henn,
in shaping the chronological citation network, ha-
ving been cited 21 times to date.

To gain insights into the thematic landscape of
Green Energy Transportation (GET) research, an
in-depth analysis of keywords is conducted, utili-
zing a word cloud generated from both aut-
hor keywords and keywords plus in the Web of
Science (WoS) database. Author keywords offer
insights into the issues and author preferences,
while keywords plus, being equally effective for
bibliometric analysis, prove advantageous in cap-
turing the scientific concept of articles. It presents
a visual representation of the top 50 words from
both author keywords and keywords plus.
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The word cloud highlights “transportation” at
the center, followed by “green” and “energy”, with
additional frequently used terms like “perfor-
mance”, “barriers”, and “policy”. Conversely,
it reveals that “sustainability” takes center stage,
closely followed by “renewable energy” and “sus-
tainable development”. Notably, keywords plus
exhibit a broader scope compared to author key-
words, as evidenced by the inclusion of “sustaina-
bility” and “renewable energy” in both representa-
tions. This underscores the superiority of keywords
plus in offering a comprehensive bibliometric
analysis of scientific field structures.

Moving beyond individual keywords, the co-
occurrence network structure for all keywords is
examined. After filtering for a minimum of 20 oc-
currences, 56 keywords are identified and catego-
rized into three distinct clusters. The red cluster
focuses on factors influencing the transportation
of green energy, the green cluster centers on appli-
cation strategies and performance measurement
of green energy, while the blue cluster emphasizes
environmental management, encompassing terms
like ‘energy efficiency”, “management”, and “bar-
riers”.

Turning attention to the temporal thematic evo-
lution of GET research, a Sankey diagram, specifi-
cally a Sankey energy diffluence diagram, is em-
ployed to illustrate how different themes interact
over decades. Each block represents a theme, its
length proportional to the number of associated
keywords, and the links depict thematic evolution
over sub-periods. The connecting lines' thickness
indicates the strength of linkage between themes,
and colors distinguish various research themes.

Fig. 7 the diagram reveals a substantial number of
connections and intensive relationships in the evo-
lution of themes, with closer connections observed
over time.

The thematic evolution analysis demonstrates
some themes that have been steadily inherited and
developed, such as “transportation”, which grew
compactly from 2009 to 2012 until the period
2017-2020. Additionally, newer themes like “per-
ceived consumer effectiveness” and “quality”
emerged between 2013 and 2016 but swiftly
evolved into established concepts by 2017-2020.
Notably, certain themes, like “energy”, exhibited
significant growth in research frequency, indica-
ting the dynamic and evolving nature of GET stu-
dies. Overall, the findings suggest that research
in the GET domain is in its early stages, characte-
rized by continual transfer, differentiation, and re-
generation among diverse themes, indicating a sun-
rise phase rather than maturity.

Results and discussion

Export diagnostics of complementarity of the
SMART in-dustry of Belarus and China in the
broader context of Green Energy Transporta-
tion (GET) research, several notable characteri-
stics and trends emerge [16]. Firstly, a temporal
division reveals two distinct phases in GET stu-
dies: the period preceding 2010 marked by rela-
tively sluggish activity, and the post-2010 era wit-
nessing a surge in interest, with researchers
increasingly focusing on this domain due to heigh-
tened concerns surrounding climate change and
environmental pollution resulting from energy
consumption.

Determinants of Green Energy Adoption

TechnicalMatter

Visibility
Technologicalcapabilities

Corporate Promotion
Green R&D
Top management leadership
Cory social responsibility
Competitive pressure
Customer demand
Financial benefits

Adopter Level
Attitude
Income

Education

Environmental concerns
Emotional issues

Personal norms

EnvironmentalChallenge
Government support
Community-based governance
Social norms
Regional economic conditions

Fig. 7. Highlights of the four themes of the GET with their respective determinants
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Secondly, an authorship analysis highlights
Darko Amos as a key figure, displaying exception-
nal activity in terms of publications, citations, and
impact on the collaboration network. White Robin
J contributes significantly to research continuity.
However, a comprehensive view indicates a lower
level of collaboration among consistently produc-
tive authors in the GET field.

Thirdly, examining journals reveals the Journal
of Cleaner Production as a leader in production
throughout the observation period. This, along with
Renewable and Sustainable Energy Reviews and
Energy Policy, forms a triumvirate of major con-
tributors to scientific production in the GET field.

Fourthly, the distribution of research articles
across countries and regions identifies the USA,
China, and England as the primary generators of
GET research. These nations exert substantial in-
fluence in the field, yet despite close cooperative
relations, a persistent geographical divide hampers
the overall research capacity in GET.

Fifthly, the study delves into influential publi-
cations through citation network analysis, offering
unique insights into the developmental trajectory
and intellectual dynamics of the GET field.

Finally, focus on high-frequency keywords
underscores the prominence of terms like “trans-
portation”, “sustainability”, and “renewable ener-
gy”. Sustainable energy consumption emerges as
a research hotspot. The temporal thematic evolu-
tion of GET research from 1994 to 2020 reveals
a diversification in study directions. Clustering
analysis closely linked to the term “determinants”
identifies eight research themes, further catego-
rized into four distinct facets: (a) technical mat-
ter, (b) adopter level, (c) corporate promotion,
and (d) environmental challenge. This category-
zation provides a comprehensive understandding
of the determinants influencing GET.

CONCLUSION

The paper discusses the trajectory of Green En-
ergy Transportation (GET) research, highligh-
ting a shift from sluggish activity before 2010 to
increased interest post-2010 due to growing global
concerns about climate change and environmental
pollution. Key figures like Darko Amos and White
Robin J have made significant contributions, with
Amos standing out for his impact on collaboration

Hayka
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networks. Despite individual productivity, collabo-
ration among authors in the field remains some-
what limited. The Journal of Cleaner Production,
Renewable and Sustainable Energy Reviews, and
Energy Policy are identified as major contributors
to scientific production in the GET domain. Geo-
graphically, the USA, China, and England are pri-
mary generators of GET research, but a persistent
geographical divide poses challenges. Citation
network analysis reveals influential publications
and emphasizes keywords such as “transportation”,
“sustainability”, and “renewable energy”. The tem-
poral thematic evolution from 1994 to 2020 shows
diversification in study directions, with eight re-
search themes linked to the term “determinants”
and categorized into technical matters, adopter
level, corporate promotion, and environmental
challenges. Overall, the analysis provides a nuan-
ced understanding of the evolution, contributors,
and influential factors shaping Green Energy
Transportation research and Smart economy trans-
forms the traditional law of supply and demand
into the law of “smartly intertwined” aggregate
demand and supply [17].
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