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BbIHNCININTEJNTbHAA TEXHUKA
N YMNPABJITEHUWE

COMPUTER ENGINEERING
AND CONTROL
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YK 519.711.2

CuHTe3 CTA0WIN3UPYIOLIET0 YIIPABJICHUS MYJbTHKONTEPOM

Acn. Ty II3uxao”, 10KT. TexH. Hayk, npod. A. A. JlobaTbrii"

')Beﬂopyccm/lﬁ HAIIMOHAJFHBIN TeXHUYEeCKHA yHUBepcuTeT (MuHCK, Pecrrybnnka benapycs)

© benopycckuil HallMOHANBHBIN TEXHUYECKUH yHUBEpcUTeT, 2024
Belarusian National Technical University, 2024

Pedepar. CraThs mocsiiieHa 3afauye aHAINTUYECKOTO CHHTE3a YIPaBICHUs, CTAOMIN3HPYIOLIETO TON0KEHHE B POCTPaH-
cTBe OecnuioTHOro JyerarensHoro ammapara (BJIA) mynbTuporopHOro tuma — MmyjibTukontepa. Ilposenen anamus BJIA
MOIOOHOTO KJIacca, OIpeiesieHbl 0COOEHHOCTH, MECTO M OTIIMYHS Pa3IMYHBIX KOHCTPYKTUBHBIX cxeM cpeau bJIA. O6ocHOBaH
BHJ IPOCTPAHCTBEHHON MaTeMaTHYECKOW MOMENH, ONHUCHIBAIOIIEH MOCTYNATeNbHOE M BPANIATEIbHOE ABIKCHHE MYIIBTH-
KONTepa, B KaueCTBE KOTOPOW paccMaTphBaeTCs MOJAECTH YeThIpeXBUHTOBOro BJIA — kBampokontepa, Tak kak Takue BJIA
ABJIAIOTCSA IIUPOKO PACHPOCTPAHEHHBIMU M 0ONamaloT OCHOBHBIMU CBOMCTBAMH, KOTOPBIE HPHCYIIHM TAKUM JIETATEIbHBIM
armaparam. [Ipon3Benen nepexon K IMHEHHOH ynporueHHOH Mozenu npmxkeHus BJIA mytem nuHeapu3amu 1 000CHOBaHHS
OCHOBHBIX JIOIYIIEHHH, CACNAHHBIX [P JINHEApH3al[ii MaTeMaTHIeCKOH MoJieH. 3aiada onpeeeHus CTa0MIN3HPYIOIEro
YIIPaBJIEHHS CBOAUTCS K KIIACCHYIECKOH (hopMe aHAIUTHYECKOTO CHHTE3a YIPaBJICHHUS, MUHUMU3UPYIOIIETO 3a1aHHbBINH HHTe-
rpaibHbli QyHKIMOHAN KauecTBa. OCOOEHHOCTBIO paccMaTpUBaeMOro (yHKIMOHAIA KauecTBa SIBIACTCS 000CHOBaHUE HOP-
MHPOBOYHBIX KOI(Q(UIMEHTOB, TO3BOJISIONIUX NPUBECTH CYMMHUpPYEMbIE MOJBIHTETPAJIbHBIC IEPEMEHHBIE Pa3IndHON (HU3M-
YeCcKOU MpUpoJsl K 6e3pasMepHOMY BHUIY M YUECTh peajbHble OIPAaHUUYCHUS, HAIOKEHHbBIE TEXHOIOTHYECKUMU M KOHCTPYK-
THUBHBIMH OCOOEHHOCTSIMM KOHKpeTHOro BJIA Ha ero MaHeBpeHHbIE XapaKTEpHCTHKH. B pe3ynbpTaTe aHAIMTHYECKOTO
pelIeHys 337241 MOTyUYeHbl BEIPAXKEHHS IS ONTUMATIbHOTO YIPABICHUsI, IPEACTABISAIOIETO cO00H U3MEHEHNSI BO BPEMEHU
BEJINYMH CKOPOCTEH BpallleHHs MPOTHBOIOIOKHBIX BHHTOB KBaAPOKONTEPA, MO3BOJSIOMINE CTAOMIM3UPOBATh IOJIOKEHHE
BJIA B mpocTpaHCTBe, KOMIIEHCUPYS BHELIHEE HEXenaTelbHoe Bo3aelicTBue Ha BJIA B Bue MOPHIBOB BO3AYLIHOTO MOTOKA
wim Ipyrux ¢axrtopos. [IpoBeneHHOE KOMITBIOTEPHOE MOJACIUPOBAHUE TOATBEPAMIO pabOTOCIIOCOOHOCTH pa3paboTaHHOM
metoukd. [IpuBeneHHbIe rpaguiecKre 3aBUCHMOCTH N3MEHEHHUSI BO BPEMEHH NEPEeMEHHBIX, XapaKTePH3YIONIUX YIIPaBIISIO-
mee Bo3zelcTBue U nepemenieHre bJIA B mpocTpaHCTBe, HarJIAAHO MOKa3bIBAIOT BUJ NEPEXOAHBIX MPOLIECCOB, MO3BOJSIOT
OLICHUTH MaHEBPEHHbIE BO3MOXKHOCTH BJIA m chopMynupoBaTh OCHOBHBIE TPEOOBAHUS K €r0 KOHCTPYKTHBHBIM dJIEMEHTaM
Ha dTaIe IpeBapUTEILHOTO IPOSKTHPOBAHYS.

KnioueBble cji0Ba: OSCIMIOTHBINA JICTATENbHBIM ammapar, KBaIpPOKONTEp, MaTeMaTHdecKas MOJElNb, CTAOWIH3HpYIomee
ympaBieHue, GyHKINOHAT KauecTBa

Jnst nurupoBanusi: [I3uxao, I'y. Cunres cTabunusupyroiero ynpasienus Mmyastukontepom / I'y Tauxao, A. A. Jlobatsrii //
Hayxa u mexnuxa. 2024. T. 23, Ne 4. C. 271-278. https://doi.org/10.21122/2227-1031-2024-23-4-271-278
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Bvtuuchumenvnan mexnuxa u ynpaejienue

Synthesis of Multicopter Stabilizing Control
Gu Penghao”, A. A. Lobaty"
YBelarusian National Technical University (Minsk, Republic of Belarus)

Abstract. The paper is devoted to the problem of analytical synthesis of control that stabilizes the position in space of an un-
manned aerial vehicle (UAV) of a multi-rotor type - a multicopter. An analysis of UAVs of this class has been carried out,
features, place and differences among UAVs of various design schemes have been determined. The type of spatial mathema-
tical model describing the translational and rotational motion of a multicopter is substantiated, which is considered to be
a model of a four-rotor UAV — a quadrocopter, since such UAVs are widespread and have the basic properties that are inhe-
rent in such aircraft devices. A transition was made to a linear simplified model of UAV movement by linearization and justi-
fication of the main assumptions made during the linearization of the mathematical model. The problem of determining stabi-
lizing control is reduced to the classical form of analytical synthesis of control that minimizes a given integral quality func-
tional. A feature of the considered quality functional is the justification of normalization coefficients, which make it possible
to reduce the summable integrands of various physical natures to a dimensionless form and take into account the real
restrictions imposed by the technological and design features of a particular UAV on its maneuvering characteristics.
As a result of the analytical solution of the problem, expressions for optimal control have been obtained, which are changes
in time in the rotation speeds of the opposite quadcopter propellers, allowing to stabilize the position of the UAV in space,
compensating for external undesirable effects on the UAV in the form of gusts of air flow or other factors. The executed com-
puter simulation has confirmed the efficiency of the developed methodology. The given graphical dependences of the change
in time of variables characterizing the control action and movement of the UAV in space clearly show the type of transient
processes and allow us to evaluate the maneuver-ring capabilities of the UAV and formulate the basic requirements for its

structural elements at the preliminary design stage.

Keywords: unmanned aerial vehicle, multicopter, mathematical model, stabilizing control, quality functional

For citation: Penghao Gu, Lobaty A. A. (2024) Synthesis of Multicopter Stabilizing Control. Science and Technique. 23 (4),
271-278. https://doi.org/10.21122/2227-1031-2024-23-4-271-278 (in Russian)

BBenenue

BecimtotHeie netarenbHble ammapatbl (BJIA)
IIMPOKO TPUMEHSIOTCS B Pa3IMYHBIX 00JaCTAX
YEeJIOBEUECKON MACSITENbHOCTH: OT MOHUTOPHHIA
3eMHOH TOBEPXHOCTH N0 OOpPaOOTKH pacTeHUI
B CEJIbCKOM XO3SIIICTBE, JOCTaBKU TPY30B U Jp.
BHenpenue nOCTHXKEHMM HAayKu W TEXHOJIOTUU
B cdepax MHUKPOIICKTPOHUKH, WHHOPMAITMOHHBIX
CHUCTEM U TEXHOJIOTUH, B KOHCTPYKIIUU U CUCTEMAaX
ympasinenuss BJIA mo3Bonuio co3gaTh JeTareib-
HBIE ammapaTsl, KOTOpPbIE CIIOCOOHBI BBIMOIHATH
CBOC OCHOBHOC TpeHa3HaueHHe 0e3 ydacTus ue-
JIOBeKa HE TONBKO Ha OOpTy, HO M B TpoIiecce
YIIPABJICHUS aBUAITMOHHBIM KOMIUIEKCOM.

B 3aBuCHMMOCTH OT IPUHIMIIOB CO3AaHUs yIpPaB-
JISFOILEH CUJIBI, U3MEHSIONIEH TPAeKTOPHUIO TIOJIETa,
YW KOHCTPYKTHUBHOU cxeMbl noctpoeHus: bJIA mnon-
pa3mensitoTcs Ha HECKOdbKO rpymnmn. B mmpoxo
pacnpoctpaneHHblx BJIA caMoneTHON KOHCTpYyK-
TUBHON CX€Mbl OCHOBHOM COCTaBIISIOLIEH YyMpaB-
JISIFOLLEH CHUIIBI SIBJISIETCS] a3pOJAMHAMUYECKas CUJIa,
KOTOpasi co3/laeTcsi MyTeM B3auMojeiicTBus Hale-
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raroUero MOTOKa BO3AyXa M HECYIEH a’pojauHa-
Mudeckoi moBepxHocTH. Cpeau JApyruX KOH-
CTPYKTUBHBIX CXE€M MOXXHO BbIIeNUTh: BJIA Bep-
TOJICTHOW CXEMBbI, KOHBEPTOIUIAHBI, THOPHUIHBIC
cxembl BJIA pa3nuyHOr0 KOHCTPYKTHBHOIO HC-
mojHeHus [1].

B otrmenbHyro OOMNBIIYI0 TPYNIY BBIACISIOT
BJIA MyapTHPOTOPHOTO THIA, Y KOTOPBIX YIpPaB-
JISIOIIAs CHITa CO3/IaeTCs pa3MENIeHHBIMHU Ha OOPTY
BJIA BHUHTOBBIMH WM pPEAKTUBHBIMHU JIBUTaTe-
nsMu. BrnusgHue a’ponvHaMH4YecKOd CUJIBI B Ta-
kux BJIA y4yuThIBaeTCs TOJBKO B BHJI€ CHJIBI CO-
NpOTUBIICHUA Bo3Ayxa. BJIA MynbTHPOTOPHOTO
TUTIA HA3BIBAIOTCA MYyJbTHKONTepamMu. OHH B 3a-
BHCHMOCTH OT KOJHMYECTBA JBHUraTeieil monupasmie-
JIAFOTCSI HAa KBAaIPOKONTEPHI (YETHIPE IBUTATEISA),
CENTOKONTEPHI (IMIECTh JBUTATENCH), OKTOKOIITEPHI
(Bocemb mBuTATENICH) U Tak Janee.

Pemenune 3amauy amann3a aBmkeHus BJIA B
MPOCTPAHCTBE U CHUHTE3a CTPYKTYPHI U 3JIEMEHTOB
HX CHUCTEM YTIPaBJICHUS B 3HAYUTENBHOW CTETEHHU
OCHOBBIBAE€TCA Ha HCIONb30BAaHUU MaTeMaTHYe-
ckux mopeinei BJIA, koTopbie IO3BOJISAIOT 0€3 3Ha-
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YUTENBHBIX MAaTepUaIbHBIX 3aTpaT pemath psii
3a/la4y, TOCTABIEHHBIX Tepea pa3paboTunKaMu
u uccaenosarenaMu BbJIA. Marematnueckoe Mo-
nenvpoBanue BJIA camosieTHOro Tuma mpakTude-
CK{ HE OTJIMYAETCS OT MOJIEIUPOBAHUS MHIOTUPY-
eMBIX JIETaTeNbHBIX ammapatoB. OHO OCHOBAaHO Ha
W3BECTHBIX W amnpoOMpOBaHHBIX 3aKOHAX a’po-
MTUHAMUKH M TEOPUHM CHCTEM aBTOMATHYECKOTO
yrpasieHus [2].

MartemaTn4yeckoe MOACITHPOBAHUEC
ABMKCHUA MYJIbTUKONTEPOB

B ocHoBe nmocTtpoeHusi MaTeMaTUUEeCKOW MoJe-
JY T0JIeTa MYJIbTHUKONTEPA, KaK MPaBUIIO, JICKUT
MaTeMaTU4ecKass MOJENb YEeThIPEXIBUTaTEIBHOTO
BJIA (kBagpokomTepa), kak camoil mpoctoii. Ilo-
CTPOCHHE MaTEMAaTHYECKUX MOJIENEH C OOJBIIUM
KOJIMYECTBOM JIBHTATeNiell (BUHTOB) OTIUYACTCS
MPOCIUPOBAHUEM CHJI I MOMEHTOB, CO371aBa€MbIX
nurarensmMu BJIA Ha ocu, CBS3aHHOM C KOH-
crpykimeit BJIA (ctpoutensHoit [3]) TpexoceBoii
cucreMbl koopauHaT. CremoBaTenbHO, BUI ITHX
MaTEMaTUYECKUX MOJENECH MYJIbTUKONTEPOB MOX-
HO CBECTH IIyTEM MAaTeMaTHYecKHX Ipeoopaso-
BaHMA K MaTEeMaTU4YECKOM MOJAEIU [IBH)KEHUA
KBaJI[POKOMITEPa, KOTOPasi BKIIFOUAET B ce0sl IIECTh
U3BECTHBIX YpPaBHEHHMHM MOCTYyNATENbHOIO U Bpa-
mjatenbHoro AsmwkeHust BJIA. Otu ypaBHeHus npu
33/IaHHBIX HAYaJbHBIX YCIOBUSX HUMEIOT CIEIyIO-
it Bun [4, 5]:

. F . . px
i=(C,S,C, +SWS¢);—s1gn(x)chSx; (1)
) F . . p?

¥y =(SWSGC¢ +CWS¢)Z—Slgn(y)cdp%Sy; (2)

-2
i=C, Lo gsign)e, s )
m 2

) L )
éz(oﬁ —wf)&; (5)
jy
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. b
Y= (—0)12 +0; — o +mi)f, (6)

z

T7ie X, V, Z — KOOPJAUHATHI LIEHTPAa Macc KBaJApPOKO-
nTepa B HWHEPUHMAIBHOM (CTapTOBOW) cHcTEMe
KoopauHat. YrioBoe mnojoxenue bBJIA 3agaHo
COOTBETCTBEHHO YyIJlaMH KpeHa ¢, TaHraxa 0
1 PBICKaHbs Y, KOTOPBIE ONPEAEIAIOT MOJIOKECHHE
cBsa3aHHOM ¢ BJIA cTpoutensHON cuCTeMBI KOOp-
JUHAT OTHOCHUTEJIBHO OCEW MHEpUUANbHOW CUCTe-
MBI. 31ech BBeIeHB 00o3HaueHus: C, = cos(a);

Sy = sin(av); F = k((x)f + ) + 0 +coi) — TIoJbEM-

Has cuia, co3faBacMasi BpaiieHueM BUHTOB BJIA;
®; — CKOPOCTh BpAalIeHHs i-TO BHHTA; M — Mac-
ca BJIA; [, k, b — mocrosiHHbIe KO3()(UIIUEHTEI,
XapaKTepu3yIue KOHCTPYKTHBHBIE OCOOEHHO-
cti BJIA; ¢; — ko3 unmeHT a’3poauHaMUUECKON
CHWIIBI; p — TUIOTHOCTh BO3/AyXa; V — CKOPOCTh Hale-
ramomero TMoToka; S — IUIoHaab IOBEPXHO-
ctu BJIA, Ha KoTOpyro neicTByeT HaOeraromuit
IOTOK; Jx, Jy» J: MOMEHTBl HMHEPLHH Bpalle-
Hug BJIA OTHOCHUTENBHO COOTBETCTBYIOLIMX OCEH
(371eMeHTHI TeH30pa HHEPIHH) [6].

IIpu paccMoTpeHHH MaTeMaTHYECKOW MOIENU
MIPOCTpaHCTBEHHOTO IBMXeHUS BJIA 00s3aTensHO
ClelyeT Y4YMUTHIBATh HaIlpaBiICHUE OCEeW mpume-
HAeMOU cHCTeMBbl kKoopawHaT (X, Y, Z), Tak Kak
B pa3HBIX MCTOYHHUKAX OHO MOXKET OBITh pa3ind-
HEIM. B cucreme ypaBuenuit (1)—(6) cumraercs,
gyto BJIA nBMXKeTCS B HWHEPHHAIBLHON (CTapTo-
BOH) CBA3aHHON C 3emiieil cHcTeMOW KOOpAMHAT
C TEePIEeHIUKYISIPHBIMU APYT K Apyry ocsmu Ox,
Oy, Oz. Ilpu 3toM ock Oz HampaBi€Ha MPOTUBO-
MIOJIOKHO BEKTOPY TPAaBUTALMOHHOTO YCKOpPEHHS,
ocbk Oy cocrtapisieT ¢ ocsiMu Ox u Oz 1€BOCTOPOH-
HIOIO cucteMy KoopauHaT. C koHCcTpykimerd BJIA
CBf3aHa CTPOUTENbHAs cucTeMa KoopauHaT Ox,
Oy., Oz, yrIOBOE TOJOXKEHNUE KOTOPOM OTHOCH-
TeJIbHO MHEpLHHAIbHOU cucteMbl Ox, Oy, Oz omnpe-
JersieTcs yriiamu ¢, 0, v [4, 5].

AHaJIUTHYECKHH CHHTE3
yIpaBJieHUs1 KBaPOKONTEPOM

Pemenne 3amaum cWHTE3a CHCTEMBI yIIpaBIe-
Husi BJIA, kak mpaBuio, COCTOUT U3 JABYX ITa-
moB [7]. Ha mepBoM »Tame ompeaensercs 3aK0H
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yIpaBlieHUs] yCKopeHueMm IieHTpa macc BJIA, ko-
TOpBI (OpMHUpYET IBMKEHHE MO 3aAaHHOW WIIH
TpeOyeMoi TPaeKTOPUH U MO3BOJSIET (HOPMYIHUPO-
BaTh I[E€PBOHAYAIbHBIE TPEOOBaHMSA K CTPYKTYype
CUCTEMBI aBTOMaTHueckoro ympasienus bBJIA [8].
Ha BTOpoMm 3Tame cuHTe3a MPOU3BOIUTCS 00OCHO-
BaHUE CTPYKTYpbl M TapaMeTpoOB aBTOMMIIOTA,
KOTOpBIE 3aBUCAT OT OINpPENEICHHOTO paHee 3aKo-
Ha M3MEHEHHUS BEKTOpa YIMPaBIAIOIIETO YCKOpe-

5
HUs d,(f) U KOHCTPYKTHBHOTO HCIIONHEHHS dlie-

MEHTOB KOHCTpYKIMH BJIA.
3amaya aHaIUTUYECKOTO (MaTeMaTHYeCcKOTO)

CHHTe3a 3aKOHa ynpasienus d, (1) dopmymnpyer-

Cs B 3aBUCHMOCTH OT TOCTAaHOBKH U B OOJIBbIIIVH-
CTBE CIy4aeB TMpENCTaBIseT co0Oi ONTHMHU3a-
IMOHHYI0 3amauy bombia [9], hopmanu3oBaHHYyO
B BHUAC COOTBETCTBYIOIIECTO MHWHHUMU3IHUPYEMOI'O
(hyHKIIMOHATA KadecTBa, KOTOPHIH B 0OOmMEM CITy-
yae UMeeT BH]T

I
J=0(X,, t,)+ j F(X, U, t)dt > min, (7)

)

T .
roe X, =[xk, Vs zk] — BEKTOP, BKJIIOYAIOIINN

MUHUMaJbHBIE OTKJIOHeHus (mpomax) BJIA or-
HOCUTEIIbHO 33JJaHHOM KOHEYHOM WM HpoMe-

xkytounoit [10] k-t Toukm wMapmpyra; X(f)=

=[x(t), (), z(t)]T— N-MEPHBIH BEKTOp TEKYIIHUX

KoopauHat ueHTpa macc BJIA B 3amaHHOi cucteme

T
koopmunar; U (f) = [ux(t), u, (1), u, (t)] _

BEKTOD yMPaBJICHUN pa3MEPHOCTH 7 < 71,

OCHOBHbBIE OrpaHUUCHHS B MaTEMaTHYSCKON
MOCTAHOBKE 3aJ]aud MUHHMHU3AIUK  (YHKIIMOHA-
na (7) mpeAcTaBiIsIOT COO0M BEKTOPHOE YpaBHECHUC
B (hopme Ko, ommckiBaroniee TpaeKTOPUIO JIBU-
xeHust oobekra (BJIA):

X0 =f(X, )+U@1), X(t,)=X, (8

rae X(¢f) — BekTop cocTostHuA cuctemsbl; U(f) — uc-
KOMBI BEKTOP yIpaBICHUH.

B Hamewm ciydae BekTOpHOE ypaBHeHHE (8)
MpeICcTaBIsIeT co0or cucteMy ypaBHeHHH (1)—(6).
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Hns 3amaun TpaexktopHoro ymnpasieHus BJIA mu-
HuMU3aus GyHKIroHana (7) mpeacTraBiseT coooi
noner BJIA B 3agaHHYI0 TOYKY HPOCTPaHCTBA
C KOOpIUHAaTaMU X B TCUEHUE BPEMEHU 1t} — fy TIpU
MHUHHUMM3AIUU UHTErpajbHBIX 3aTpaT Ha ympasie-
HUe. 3a7auu Takoro poja IIMPOKO M3BECTHBI, OHU
paccMOTpeHbl, B YacTHOCTH, B padorax [6, 11].
UYacTHbll ciaydail 3amauu boisblia mpeacTaBisier
co00if 3a7a4y 0 MaKCUMaJIbHOM OBICTPOAEHCTBUH
HUCKOMOTO ympaBieHus (hopcupoBaHHOE yIIpaBJie-
HUE cuctemoil). Takas 3ajada, B 4aCTHOCTH, pellia-
ercs B [12].

AHanuTUYEeCKOE pElIeHUE 3ajadu ompenelie-
HUSL ONTHMAJIBHOTO 3HAYEHMS YIPABISIOLIEIO
BekTopa U’ (f) misi HENMHEHHOW MHOTOMEPHOM

CHUCTEMBl TMPEACTABISICT 3HAUYUTENBHYIO TpPYI-
HOCThb. 3a/Jaya CYIIECTBEHHO YIPOIIAeTCA MpH
TaK HAa3bIBa€MOW JINHEWHON MOCTaHOBKE, NIPU KO-
Topoil QyHkunoHan kaydectBa (7) mpeacTaBis-
eTcs B KBajgpatuuHod ¢opme JleroBa — Kan-
maHa [9]:

J= %XkTRXk +

t ©)
1 . )
+E;|.[X(t) S(OX () +U(®) Q(t)U(,)] dr,

a BEKTOPHO-MAaTPUYHOE YpaBHEHHE COCTOSHUS CH-
cTeMmsl (8) UMeeT MuHeHyo hopMy

X(0)=AOX @)+ BOU@), X(1,)=X,, (10)

rae R, S(7), O(), A(f), B(f) — marpuisl kodpunu-
CHTOB.

Ilpu Takoif NOCTAaHOBKE 3aJaul IOJIY4aeTcs
SIBHBI BHJ] BBIPQKEHHUS JJIsl ONTUMAJIBHOTO YIIPaB-
nenus [13]

U'(X,t)=-0"'()B" (NP X (1),  (11)

IJie MaTpuIa IMepPeMEeHHBIX Kod(pduueHtor P(f)
BBIYHCIIICTCS IIyTEM PEIIeHUs] BEKTOPHOTO aud-
(bepeHIanbpHOTO0 ypaBHeH!s Pukkatn

P(t)=-A" (t)P(t) - P(t) A(t) + 12
+P()B@)Q ' (t)B" (t)P(t)— S(t), P(t,)=R.
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CIIOKHOCTh MPAKTHYECKOW Pean3alii TAKOTO
peleHus B TIOMCKe onTuManbHoro Bekropa U™ (1)

3aKIII0YaeTCsl B HEOOXOANMOCTH PEUICHUS IBYXTO-
YeYHOH KpaeBOW 3aJauyM, KOTOpas NpelCTaBIseT
€000 HEOOXOIUMOCTh OHOBPEMEHHOTO PEIICHHS
ypaBuenuit (10) u (12). IIpu stom B cucreme (10)
3agaHbpl HavdanbHble ycnoBus X(4), a B cucre-
Me (12) — xoneunsie ycioBus P(#;). Tounoe pemre-
HUE TaKOM 3aJa4y IOJIy4aeTCsl TOJIBKO JUIsl JTMHEH-
HbIX (JIMHEapU30BaHHBIX) CHCTEM MaJlol pas-
MEPHOCTH.

IMocTpoenue cTadUIN3MPYIOIIETO
ynpasBJ/ieHUsI KBaJPOKONTEPOM

Ha newxenne BJIA mo 3amaHHO# (CHHTE3UPO-
BaHHOW) TPAaeKTOPHM OKAa3bIBAIOT BIMSHUE pa3-
JWYHBIE HeXeJaTelbHble (DakToOpbl, TPUBOISIIINC
K HW3MEHEHHWIO MapaMeTpoB IOCTYIMATENbHOTO M
BpamarensHoro JBmwkeHus bJIA. Crabunmzanus
nonoxxenust BJIA B 3agaHHON TOYKE NPOCTPaHCTBA
MOXKET OBITH OOecrieueHa pas3IuYHBIMH CHOCO0a-
Mu. OIMH U3 MOAXOJ0B 3aKJII0YaeTCs B MPHUMEHe-
HUU B CHCTEME METOJa MOJAJILHOTO YIIPaBIEHUS
(cuHTE3a MOIATBHBIX PETYJISATOPOB), KOTOPBIA 3a-
KITIOYaeTcss B M3MEHEHUH MOJ] (COOCTBEHHBIX YH-
CeJl MaTpUIbl O0BEKTA), IS JTOCTHKEHUS JKerae-
MBIX TieNiel ynpasienus. [lpu 3ToM HeoOXoauMo
OTIPENIENIUTh MATPHILy KOIPPHIMEHTOB JHHAMHYE-
CKOIl 00paTHOI CBs3M, oOecreynBaromell 3aMKHY-
TOH cucTeMe Tpedyemoe pacronoxenue mox [14].
IIpu sTOM >XKemaeMblil HEepexXOHbI Ipouecc cTa-
ownmsanuu nemxeHus bJIA 3amaeTcs ¢ HOMOIIBIO
nonuHoMoB batrepBopra [13]. Takoil mnoxaxon
K TIOCTPOCHHIO CTaOWJIM3HPYIOIIErO YIpaBICHHS
KBaJIpOKONITEpPOM IIPHUMEHEH, Halpumep, B pabdo-
te [4]. IlomydeHHOE TIpH 3TOM pEIIEeHHUE 3aBHCHUT
OT 337]aBaeMOT0 3apaHee BPEMEHU IEePEXOJHOTO
npoliecca, KOHCTPYKTUBHBIX XapakTepucTuk BJIA,
JKEJIaeMO JIMHAMUKHU Tpollecca CTaOWIH3aIui,
yTO B TIporiecce nosuera BJIA Moxer cymecTBeHHO
MU3MEHSTHCS.

JocTtaTouHO MpOCTOE aHATTUTHYECKOE PeIIeHIe
3aJlayd CHHTE3a CTAOWIU3UPYIOUIETO YIPaBJICHUS
KBaJPOKONTEPOM MPU TOU ke MOCTAHOBKE 3a]auH,
410 B [4], MOKET OBITh MOJYUYCHO MTyTEM ITPUMEHE-

Hayka
wTexHuka. T. 23, Ne 4 (2024)

HUSI METOJa AHAJUTUYECKOTO KOHCTPYHPOBAHMS
peryasitopoB [9, 13]. IlpuMeHuM HaHHBIA METOX
K PEIICHHIO NMPUKIAJHOW 3aJaydl CHHTe3a crabu-
JM3UPYIOLIETO  YOPABIECHUS  KBaIpPOKONTEPOM.
[IpeacraBuM MUHUMU3HPYEMBIM KBaApaTHYHBII
¢ynkunonan (9) B unrerpansHoi ¢opme Jlarpan-
’ka, T. €. B BUJE

1% . .
J=5 j [X(t) S(OX () +U(t) Q(Z)U(t)]x )

x dt — min.

Hnst oobekra ympasienus: Buna (10) mpu mo-
IMyIEeHny, 4To0 f, —> o0 [15], maTpunsl 4, B, S, O
HE 3aBUCST OT BPEMEHH ! U ONTHMAaJIBHBIN PETyIIs-
TOp, MUHUMU3HpYIOMWH ¢yaknroHan (13), ompe-
JIEJIAETCS BRIPAKEHUEM

U'(X)=-0"'B"PX, (14)

rae P — IOJIOKUTENBHO ONIpEleIcHHAs] CUMMET-
pHUYHasl MaTpuIla, yIOBIETBOPSIONIas anredpanye-
CKOMY ypaBHeHUI0 Pukkaru

—A"(t)P(t) - P()A(t) + (15)
+ P(1)B@)Q ™' (t)B" (t)P(1) - S(t) =0.

Takum 00pa3zom, OIy4YaeTcs JOCTATOYHO IPO-
CTO€ peIIeHHE 3aJauyd IOMCKa ONTUMAJIBHOIO
yhnpaBlieHHs, HEe TpeOyIolee pelieHus AByXTouey-
HOU KpaeBOU 3a1a4u.

B kauecTtBe mpuMepa pacCMOTPHM CTaOMIIA3a-
LU0 OTHOCUTENBHO OCH X KBaJIPOKOMITEPa, JBUXKE-
HHUE KOTOPOTO OINMUChIBaeTcsl ypaBHeHUsIMU (1)—(6).
[Mox crabunuzanumeli BJIA B 3amaHHON TOYKE MPO-
CTpaHCTBa MOJpa3yMeBaeM HaXOXJIECHHE IEHTpa
macc BJIA B 3aaHHBIX KOOpJAWHATAX, a JTUHEHHBIC
CKOPOCTH, YCKOPEHHA W YIJIbI TaHTaXa M KpeHa
BJIA paBHBI HyIO.

Paccmorpum nepemenienne BJIA otHOCHTENB-
Ho ocu Ox. [lpenebperas cunol a’poauHaMuye-
CKOTO COTPOTHUBIIEHHUS C YYETOM MaJlOCTH YIJIOB
Haksiona BJTA B poctpancTse (sinb = 0, cosd = 1),
n3 BeIpakeHni (1) u (5) momyuuMm JMHEApPHU30-
BaHHYIO Mojenb nswxkeHus bJIA, mpomuddepen-

275



Bvtuuchumenvnan mexnuxa u ynpaejienue

nupoBaB BbIpaxkeHue (1) m 0003HAUMB B BHIpa-

KeHud (5) =0

Q; (16)

Qz(mi—mf)—. (17)

BBemeM 0003HAYCHHS: X| = dy, X2 = Q, u =

Ik
=(m§ —oalz)f. DyHKIIMOHANI KauecTBa MpPE/ICTa-

v

BHUM B CIICAYIOIIEM BHJIC:

1
1% .
J =EJ.(q1x12 + %3 +ru’ )dt > min,  (18)

fy

The i, ¢2, ¥ — HOPMUPOBOUYHBIC KOA(DGUIIHESHTHI
COOTBETCTBYIOIICH pa3mepHocTH [15], mpeobOpa-
syromme (pyuaknuonan (18) x 6e3pazmMepHOMY BHU-
ny. Monens nerkenus BJIA mpuBeneMm K BEKTOp-
HOMYy nu(depeHIInaTbHOMY YpPaBHEHHIO BTOPOTO
nmopsnka Buaa (10) ¢ mocTosHHBIMA KO3 (UIM-
CHTaMH:

X =AX +BU, X(,)=X,. (19)

CpaBauBas hopmynsl (16)—(18) ¢ obmieit mo-
cranoBkoit 3amaun (10)—(15), mmeem cremxyrorme
3HAYCHUS BEKTOpa COCTOSHHSA Matpuil kod3ddu-

i X, 0 1 0
OUEHTOB: X =| ~ |= ; A= ; B= ;
Q X, 0 0 1
9 0
0= , TIOJICTABHB KOTOpBbIC B YpaBHE-
0 g,
aue (15), ompenenuM 3HAYCHHS KOMITOHEHT MaT-
| Pu Pr _
punpl P= , C Y4ETOM TOTO, YTO Py, = P,,.
Po Pn

PemmB cucremy anreOpanyueckux ypaBHEHHU BH-
na (15), BerAMCIUM 3HAYEHHS DJIEMEHTOB MAaTpH-
bl KO3(G(GUIMEHTOB P JUisi NTaHHOW MOCTaHOBKHU
3a/1aun:

Pu 2\}6]1(6]2 +2’\/r%)v P =14,
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Do =\7(q, +2rq)). (20)

Bripakenue ans UCKOMOTO YIIpaBJieHUs! ¢ 00-
paTHo# cBs3bio (14) UMeeT mpocToit BUL

. 1
u Z_;(Plle _p22x2)~ (21)

Ilyctes nms pexuMa IOPU30HTAJIBHOIO BHUCE-
HHS KBaJpPOKONTEpa YIJIOBas CKOPOCTh BpaIleHUs
€ro BUHTOB 0] — @] =— M = W3 = 4 — @Oy — HOMHU-
HallbHOe 3HadeHue. Eciu it ynpasieHus pasBo-
porom BJIA nHa yron 6 HEoOXoamMo 00eCHeYHTS:
o, =0, +An; 0, =0, —A®, TO IPH BHYHCICH-
HOM 3HAUYCHHs u C y4ETOM TOTO, Y4TO B COOTBET-
ctBuu ¢ BeipaxenueM (17) (o) — ;)= (o, —o,) x
X (0; +®,) =40, A0, TOIyYUM 3aKOH U3MEHEHUS

MpUpAaNICHUS CKOPOCTH BpAIEHUs] BUHTOB KBaJl-
pokontepa A®, HEOOXOAMMOTO IJisi CTaOHIU-
3allMM  KBaJpOKOMNTEepa OTHOCUTENBbHO ocu Ox.

v Ed
C y4eToM MPUHATHIX 0003HAYCHUM IS X1, X7, U
MOJTYy4YUM

_vF,
 lm

Ao (22)

Ha puc. 1 npeacraBieHsl pe3yabTaThl MaTEMa-
THUYECKOI'0 MOZEIMPOBaHUs IIpoliecca cradbunnsa-
uuu nonoxenusa bJIA otHocuTensHo ocu Ox, BBI-
MTOJTHEHHOTO B cpene Mathcad.

B nanHoM mpumepe mpeanoaraeTcs, uTto B pe-
3yJlbTaTe BHELIHErO BO3AEHCTBHS (Hampumep, IO-
PBIB BeTpa) KBAIPOKONTEP MOIy4HJI YCKOPEHUE
a, = a, = 2 M/c®. CucTeMa aBTOMATHYECKOTO
ynpasieaus BJIA (aBTommiIoT) M3MEHSET CKOPO-
CTH BpAIIIEHUS BUHTOB ®] = M1; U ®3 = M3; TAKUM
00pa3zoM, 4yTOObI B TeUEHHE BPEMEHHU MEPEXOAHOTO
nporecca ooecneunts a, = a; = 0. Ilpn sToM, Kak
BUIHO U3 TPUBEIEHHBIX IPa)KOB, COOTBETCTBEH-
HO U3MEHsETCs CKOpocTh BpamieHust BJIA Q = (.
[Ipn MopmenupoBaHHM 3alaBajKCh ClEIyIOIINe
3HA4YEeHUs] TMapameTpoB U KO3()(UIMEHTOB: ®, =
= 340 pan/c, m = 0,7 kr, [ = 0,3 m, k = 1,49-10,
Jy=0,011 KT M.
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Fig. 1. Results of stabilizing control simulation
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IMpu pa3paboTke OECHUIOTHBIX JIETATEIBHBIX
anmnapaToB MYJIBTHPOTOPHOTO THIIA BO3HUKAET 3a-
Jada CHHTE3a aBTOMATHYECKOTO CTaOWIM3HpPYIO-
IIIETO YTPaBJIEHUS TPOCTPAHCTBEHHBIM IOJIOKEHHU-
em BJIA. [lannas 3agada MOXKeT OBITH pelieHa my-
TEeM MPHUMEHEHHs Pa3IuYHbIX MeTonO0B. [Ipu sTOoM
HaJIMYMEe MaTeMaTU4ecKOW MOJENN JABHKEHUS
BJIA mo3BoNIIeT aHATUTHYECKH, MPUMEHSS Kiac-
CHYECKHE METObl ONTHUMH3AINH, ONpeNeInTh 3a-
KOH CTaOMIM3UPYIOIIETo YIpaBJICHUS Ha 3Tare
MIPEIBAPUTEIBHOIO  MPOEKTUPOBAHUS  CUCTEMBI
ynpasneHus bJIA u 060cHOBaTh OCHOBHBIE TPeOO-
BaHUS K KOHCTPYKTHUBHBIM 31eMeHTaM BJIA. Ilpu-
BEJICHHBII NpUMep HarJsIIHO JEMOHCTPUPYET pa-
60TOCIIOCOOHOCT JAHHOI'O MOAX0/A.
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HccaenoBanue BIUSAHUSA CXEMbI H PE:KUMOB NPECCOBAHUS
CTAJILHOH M YYT'YHHOM CTPYKKH
HA JHEProCHJIOBbIC MapaMeTpPhbl Npouecca OpUKETHPOBAHUS

) )

JokT. TexH. Hayk, npo¢. O. M. Jbsxonos”, umik. A. A. JInTBunko'

l)Eeﬂopyccxﬂﬁ HAIIMOHAJIFHBIN TeXHUYEeCKHA yHUBepcuTeT (MuHCK, Pecrrybnnka benapycs)

© benopycckuil HallMOHAIbHBINA TeXHUYECKUH yHUBepcuTer, 2024
Belarusian National Technical University, 2024

Pedepar. B paGote mpuBeCHBI pe3yIbTaThl SKCIIEPUMEHTAIBHOTO UCCIIEJOBAHUS MTPOLIECCa TOPYEro OPUKETHPOBAHUS MeJl-
KO(PaKLHOHHBIX OTXOJOB YEPHBIX METAUIOB B Hpecc-(popMe ¢ MOABIKHON MaTpuleil. YCTaHOBICHO, YTO A JIOCTHKECHUS
TpeOyeMoro 3Ha4eHHs TNIOTHOCTH TOTOBBIX OpukeToB 90-95 % (0qMH U3 OCHOBHBIX KPUTEPUEB KaYeCTBAa COBPEMEHHOTO Me-
TaJTypru4ecKoro MpoMu3BOACTBA) B TeMIIEpaTypHOM auana3zoHe Harpesa muxTsl 700—-850 °C maBieHue mpeccoBaHUs JOCTH-
raet 3HaueHuit 470-500 MIIa. [Ipumenenune npecc-GpopM ¢ MOABMIKHON MaTpHLeil obecrieunBaeT CHU)KEHHE AAaBICHUS U YCU-
JMs MIPECCOBAHMS IUIACTUYHBIX HM3KO- M CPEAHEYTNIEPOJUCThIX cTaneil 10 45 %, BBICOKOYTJIEPOAMCTHIX MaJOMIaCTUYHBIX
U TpyaHoxepopmupyeMsix — 10 35 %, uyryHoB — g0 25 %. YaeneHas pabota nedopmaryu (3HEpreTH4ecKHe 3aTpaThbl)
IIpU HarpeBe OTXOAOB YEPHBIX METAIOB [0 TEeMIICpaTyp HEMOJHOH ropsyei aedopmanuu cHwxkaercs B 2,3-2,5 pasa.
Tlo cpaBHeHMIO ¢ OpHKETHPOBaHHEM B HEMOABM)KHOM MaTpHILE IPH TeX Xe TeMIepaTypax ynaelibHas padora aedopmarun
camxkaercs Ha 15-20 %. IIpouecc nedopManOHHOrO yIDIOTHEHUS! JUCKPETHOTO OPUCTOTO TeNa MPOTEeKaeT PH MUHUMAIIb-
HOM BO3JCHCTBUH CHJI OOKOBOTO KOHTAKTHOTO TPEHHMS, TAK KaK ()POHT YIUIOTHEHHMs (YIUIOTHEHHBIH CIIOW CTPYXKKH) HepeMe-
IIAeTCsl COBMECTHO C MaTpUIEi B OJJHOM U TOM JK€ HalpaBJICHUH IIPU MHUHHUMAJILHOM OTHOCHTEJIBHOM C/IBUI'C TIOBEPXHOCTEH
TpeHusi. Xapakrep ne(opMalMOHHOTO YIUIOTHEHHS M YPOBEHb CONPOTHBICHHS Ae(OPMHUPOBAHUIO 3aBHCAT OT MCXOJHOTO
COCTOSIHMSI MaTepHaya: 4eM BbINIEe IUIACTHYHOCTh METajlla, TeM WHTCHCUBHEE YBEJIIMYMBACTCS IUIOTHOCTH IPECCOBKH;
yeM Ooubllle HayajdbHas IUIOTHOCTh M HpeJiell TeKy4ecTH, TeM Oojbliee JaBjeHHE NMPEeCCOBaHHs HEOOXOAMMO HPHIOKHUTH
JUISL IOCTYDKEHUSI OJHOTO U TOTO )K€ 3HAYCeHUs! INIOTHOCTH. MenKodpaKkIMOHHbIE 100aBKH METATIMYECKOr0 MM HEMeTallIu-
YECKOr0 POUCXOXKACHHMS 3aIIOJHSAIOT ITyCTOTHI MeX Iy OoJiee KPYIHBIME (PPAaKIUAMH CTPYXKKH U TAKUM 00pPa3oM MOBBIIAIOT
HavdaJIbHYIO INIOTHOCTH IPECCOBKH U IPAJUEHT POCTA AABJICHHUS 10 MEpe YBEIHIECHHS INIOTHOCTH.

Ki1roueBble ¢j10Ba: mpeccoBaHue, Topsuee OpUKETHpOBaHuUe, pecc-hopMa, HOABIKHAS MATPULIA, OTXO/bI, YEPHBIC METaJLIbI,
TpeHHue, TeMIeparypa, JaBleHne, ycuine, padoTta aedopmanuu

Jusi uurupoBanusi: Jpsikono, O. M. HccnenoBaHue BIMSHUSL CXEMbl U PEKHUMOB IPECCOBAHUSI CTAJILHOW M YYT'YHHOM
CTPY>KKH Ha SHEProCHJIOBBIC MapameTpsl nporiecca opukerupoBanus / O. M. JIpsikoHoB, A. A. JlutBunko // Hayka u mexnuxa.
2024. T. 23, Ne 4. C. 279-288. https://doi.org/10.21122/2227-1031-2024-23-4-279-288

Research of the Influence of the Scheme and Modes of Pressing Steel
and Cast Iron Chips on the Energy-Power Parameters
of the Briquetting Process

0. M. Dyakonov”, A. A. Litvinko"
YBelarusian National Technical University (Minsk, Republic of Belarus)

Abstract. The paper presents the results of an experimental study of the process of hot briquetting of fine-grained ferrous
metal waste in a mold with a movable matrix. It has been established that in order to achieve the required density of finished
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briquettes of 90-95 % (one of the main quality criteria for modern metallurgical production), in the temperature range of hea-
ting the charge of 700-850 °C, the pressing pressure reaches values of 470-500 MPa. The use of molds with a movable matrix
ensures reduction in pressure and pressing force of ductile low- and medium-carbon steels up to 45 %, high-carbon, low duc-
tility and difficult to deform - up to 35 %, cast iron — up to 25 %. The specific work of deformation (energy costs) when hea-
ting waste ferrous metals to temperatures of incomplete hot deformation is reduced by 2.3-2.5 times. Compared to briquetting
in a fixed matrix at the same temperatures, the specific work of deformation is reduced by 15-20 %. The process of defor-
mation compaction of a discrete porous body occurs with minimal impact of lateral contact friction forces, since the compac-
tion front (compacted chip layer) moves together with the matrix in the same direction with minimal relative displacement
of the friction surfaces. The nature of deformation compaction and the level of resistance to deformation depend on the initial
state of the material: the higher the plasticity of the metal, the more intense the compaction density increases; the higher
the initial density and yield strength, the greater the pressing pressure must be applied to achieve the same density value. Fine
additives of metallic or non-metallic origin fill the voids between larger fractions of chips and thus increase the initial com-
paction density and the pressure gradient as density increases.

Keywords: pressing, hot briquetting, mold, movable matrix, waste, ferrous metals, friction, temperature, pressure, force, work
of deformation

For citation: Dyakonov O. M., Litvinko A. A. (2024) Research of the Influence of the Scheme and Modes of Pressing Steel
and Cast Iron Chips on the Energy-Power Parameters of the Briquetting Process. Science and Technique. 23 (4), 279-288.
https://doi.org/10.21122/2227-1031-2024-23-4-279-288 (in Russian)

BBenenune

Omnpenenenue sHEPro3arpar U yCUIHA Mpecco-
BaHUS CTPY)XKH UYEPHBIX METAJUIOB SBISIETCSA OJI-
HUM M3 KIFOYEBBIX BOIPOCOB, BO3HUKAIOIIUX MPH
BBIOOpPE TEXHOJOTMU M 00OpYyIOBaHUS UL OCY-
MECTBIICHHSI TIporiecca OpuKeTHpoBaHus. Kak ObI-
JI0 TOKa3aHo B pabotax [1, 2], HambOomnee omntH-
MaJlbHBIM SIBJISIETCSl TPUMEHEHHE mpecc-QpopM ¢
MTOIBIKHON MaTpHIleH, oOecrieunBaromeil CHIKe-
HUE DHEPrOCWIIOBHIX IapaMeTpoB, H3HOCA HWH-
CTPYMEHTa M TOBBHIIICHHE KauecTBa OPHKETOB.
W3BecTHBIE mccnemnoBaHus TpoIrecca OpUKETHPO-
BaHUS CTalbHOM M YYTyHHOH CTpyxXku [3—10]
NpoBeNIeHBl B Tpecc-popMax ¢ HEMOIBHKHON
MaTpuiiel, HEZOCTaTKOM KOTOPBIX  SBISIOTCS
0oJbIIMe BETMYWHBI CUJ OOKOBOTO KOHTAKTHOTO
TPEHUsI, KOTOPbIC NMPHUBOJAAT K MOBBIMICHHUIO YHEP-
TOCHJIOBBIX MapaMeTpPoOB W M3HOCY pabovmx Jera-
neit mpecc-(hopMBL.

Ilenp HacTOSIIEr0 HCCIENOBAaHHUS COCTOMT B
OTIpE/IETICHNH BIUSHIS CXEMBl M PEXHMOB IIpec-
COBaHHA CTPYXKKH Ha DHEPTOCHIIOBBIC MapaMeTphl
mporecca OpUKETHPOBAHUS, ONTHUMH3AINH PEXHU-
MOB OpHKETHPOBaHUS, CO3IaHHE Ipecc-POpPMEI,
obecrnieunBaroIeil CHUKEHHE M3HOca ee paboumx
JleTanei.

CpaBHHMTEJbHBIN aHATIH3
H BBIOOP CX€MbI HATPYKEHHUS

Ha puc. 1 moxaszaHbl cXeMBl Harpy>KeHUs
MPECCOBKH 3 B mpecc-hopMax ¢ HEMOABMKHOU

280

U noABWXHOU Matpuuei 2. [loronHas Harpyska,
JelCcTBYIONIas CO CTOPOHBI HEMOABUKHOM MaTpH-
(bl Ha IPECCOBKY, HalpaslieHa BBEpX, T. €. Ipe-
MATCTBYET MpoLeccy npeccoBanus (puc. la), a co
CTOPOHBI MMOJIBUKHOW MaTpHIbl — BHU3, T. €. CIIO-
coOcTByeT Tmporeccy mpeccoBanusi (puc. 1b).
U B TOM, U B Ipyrom ciydae cuiia 00KOBOTI'O KOH-
TaKTHOTO TpeHHA [, HalpaBieHa BBEpX. Takum
00pa3oM, TpecCylouil MyaHCOH Mpecc-HopMBbI
[IPEOIOJICBAET CUIIy COIIPOTHBIECHUS NehOpPMHUPO-
BaHHUIO CO CTOPOHBI MPECCOBKH U CHIIy OOKOBOTO
KOHTaKTHOTO TPCHUSI.

BpukernpoBaHue CTpyKKH OTIMYaeTcs OOJb-
LIMM XOJIOM HOABHKHBIX YacTel mpecca U mpecc-
dhopmer. O0beM cTosba CTPY)KKH YMEHBIASTCS
B 5-8 pa3, B CBS3U C 3TUM CHHIKCHUE BEIMYHHBI
U paboTBl CHJ TPEHHS SBISCTCS YPE3BBIYANHO
BaXHBIM  HAlpaBJICHUEM  COBEPLICHCTBOBAHUS
JaHHOW TexHoJoruu. PPOHT YMIOTHEHHUS CTPYXK-
KM PacHpOCTpaHseTcs OT IOJIBM)KHOTO ITyaHCOHa
K HENOJBIKHOMY 10 3aKOHY BOJIHBI CXaTusl.
B mpecc-dopme ¢ HEMOMBIKHOW MaTpUIIEH YILIOT-
HEHHBIH CJIOW CTPY)XKHM TIEPEMEINACTCs BMECTE
C TIpECCYIOIIMM TyaHCOHOM TP MaKCHMAIBHO
BO3MOXXHOM C/IBUT'€ KOHTaKTHPYIOLIUX C MaTpH-
el TOBEpPXHOCTEH W COOTBETCTBEHHO MAaKCH-
MaJIbHOM cwiiod TpeHus. YacTuupl MeTaa mpo-
HUKAIOT B 3a30p MEXIy MaTpuled 2 U IyaHCO-
HOM 1, YTO TPUBOJAUT K 3aTyIUICHUIO KPOMOK
IyaHCOHa U OOpa30BaHUIO KIMHOBUAHOTO TSHY-
LIETO 3ayCeHIla Ha MPECCOBKE.
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Puc. 1. Cxembl IpeccoOBaHHS CTPYKKH YEPHBIX METAJUIOB B Ipecc-popme:
a — C HETOIBMYKHOU MATPHIIEH; b — ¢ MOJABMKHOW MaTpUICH

Fig. 1. Schemes for pressing ferrous metal chips in mold:
a — a fixed matrix; b — with a movable matrix

VYBenuueHne 3ayceHlia B KOHEUHOM UTOre TpH-
BOJMT K 3aKIMHUBAHHIO Ipecc-(popMbl, BILUIOTH
JI0 OTpbIBa ITyaHCOHAa OT INTOKa Ipecca MO HX
pe3bOoBoMy coenmHeHuto. B mpecc-dopme ¢ mo-
JBUJKHOM MaTpULell yIUIOTHEHHBIN CIION mepeme-
IIaeTCs BMECTE C MaTpHLEH NpPH MHHHMAaIbHOM
OTHOCUTEIILHOM CIBUT€ IMOBEPXHOCTEM KOHTAKT-
HOTO TPEHUS U MUHUMAJILHOM 3HAYEHUM CHJI Tpe-
HUs. DHEPTOCWIOBBIE TapaMeTphl Tporecca Opu-
KETHUPOBAaHUS ¥ U3HOC AeTanell npecc-(hopMbl CBe-
JIEHbl K MUHUMYMY.

Oo0opynoBanue 1 HHCTPYMEHT
AJIsl TIPOBEACHUA IKCIIEPUMEHTAJIBHOTO
HCCJICAOBAHUA

OnbITHas yCTaHOBKA NJISl UCCJIENOBaHUS IPO-
mecca ropsdero OpHKeTHpoBaHMs Oblla co3JaHa
Ha 0aze ruapasnuieckoro mnpecca /[2434B ycunu-
eM 2500 xH. Ilpecc oGopymoBaH 3JIEKTPOKOH-
TakTHEIM MaHoMmeTpoMm (DKM-/IM2005¢pCrl1Ex)
JUISL U3MEPEHUS JaBJICHUSI Macjia B TJIABHOM THU]-
POLMINHIPE ¥ OCTAHOBKH Ipecca MO JOCTUKEHUU
33/IaHHOTO JIaBJICHUS, MEXaHUYECKOM JHMHEUKOU
CO CTPENIKOHM Ha MOI3YHE VIS M3MEPEHHs X0Aa MOJ-
3yHa, a TaKKe HIKHUM THIPABINYECKIM BBITAKHU-
BateneM ycueM 600 kH.

[ Hayka
uTexHuka. T. 23, Ne 4 (2024

HarpeB 00pa31oB CTPyKKH U IPYTHX OTXOJOB
METauI000pabOTKM  OCYIIECTBISLIA B KaMmep-
HO#t mydenpHOU meun CHOJI-1,6.2,5.1/11-U2M
(mo 1100 °C, xepamuka, 4 1) B CTATHHBIX MEPHBIX
CTakaHaX, OOECICUMBAIONIUX 3aChIIKYy TOpsuei
UXTHI B Tpecc-GopMy ¢ 3aJaHHON TemIepary-
poii u B TpebyemoMm obbeMe. B mporiecce Harpesa
B OTPaHMYEHHOM MPOCTPAHCTBE KaMephl MIeUr CO-
3[aBallach 3alUTHAs YTIEBOJOPOIHAs aTMocdepa
B pe3yJbTaTe TEPMUYECKONH BO3TOHKH MACIISTHON
kommoHeHTs COX.

[IpakTiueckn UIs BCceX MaTepUaNoOB, BHIOpaH-
HBIX I MOPOBCIACHUA OSKCIICPUMCEHTAJIBHOTO HC-
CJICJIOBAaHUs, TEMIICPATYPHBI HMHTEpBall Harpesa
coctaBisut 700—850 °C. Harpes ocymiecTBIISIN 10
MOJIHOTO yAAJCHUS W3 WIMXTHl KHIKOH (as3bl.
B pesynprare amcopbumy mmpoyriepoma Ha TO-
BEPXHOCTH YACTHI[ TOJIIIMHA TOKPBITUS COCTaB-
nana 0,5-0,7 MmMm. YriiepogHoe MOKPBITHE TOMHU-
MO 3aIIUTHBIX (QYHKIUI BBITOIHSIIO POJIb CMa3Ku
B TIpoIlecce ropsvero mnpeccoBaHus. TpedyeMyro
BCIIMYWHY JaBJICHUA TNPCCCOBAHUA U KOHECY-
HYyI0 TUIOTHOCTH OpHKETa OIpEeNeNsuid M0 Pe3ylib-
TaTaM MeXaHWYEeCKUX MCHBITaHuN 6pI/IKeTOB Ha
MIPOYHOCTb.
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a
Ipecc-hopma a1 mpoBeAeHUST UCIIBITAHHN o E"i_,_,\
yCTaHaBIMBANACh Ha CTOJNE IIpecca C MPUBS3KOH . il i
LT T ;
HIDKHETO OIIOPHOIO IyaHCOHA K TMAPaBINYECKOMY ﬁv —W-L jq_‘, o H_
N ~.1
BBITAJIKMBATEN0. BHemHniA By npecc-QpopMel To- ) o
Ka3aH Ha pHC. 2, 4epTex npecc-GpopMbl — Ha pHc. 3. 16— i
9
8
6
7
4
g

Puc. 2. Buemnunii Bua npecc-GopMsl TOPSTIEro
OpHKETHPOBaHHS C MOABMKHOM MaTpuLeit

Fig. 2. Appearance of a hot briquetting mold
with a movable matrix

Puc. 3. Tlpecc-dpopma ropsiaero OpUKETUPOBAHUS: a — B ICXOHOM TOJIOKEHHHU; b — B MOMEHT OKOHYAHHUSI IIPOoIIecca OPUKETUPOBAHUS;
C — B MOMCHT BBITQJIKMBaHUsI OPUKETA U3 MATPHUIIBI

Fig. 3. Hot briquetting mold: a — in the initial position; b — at the end of the briquetting process;
¢ — at the moment when the briquette is ejected from the matrix

I Hayka
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IIpecc-hopma (puc. 3a) COCTOMT M3 BEepXHEH
MOABMKHOHM 1 M HUOKHEH OMOPHOH 2 IUIUT ¢ ABYMS
HAMPaBISIONIMMH KOJIOHKAMH 3, MPOMYyIIEHHBIMHU
B Hampapisitomue BTynku 4. Ha Brynakax 4 u
cTOMKax 5 ycraHoBJeH cTod 6. B 1menTpe no ocu
CHUMMETpPUM TUTUT 1, 2 U CTOJIa YCTAaHOBJICH ITHEB-
MoUMIMHAp 7 ¢ mopimHeM 8. B mopuieHs 3ampec-
coBaHa Matpuia 9. B oTBepcTHe MaTpuilbl BXO-
JIUT BBITANKUBAOIWUK myaHcoH 10, onuparomuiics
cBOMM (hIIaHLIEM Ha IWIMHAPUYECKyIo omopy 11,
MIPH 3TOM XBOCTOBUK ITyaHcoHa 10 cBsizaH pe3r00-
BBIM COEAMHEHUEM C THAPABIMYECKHM BBITAJIKHU-
BateneM 12.

[lonmopiiHeBass MOJIOCTh MHEBMOLMIMHAPA
COO0IeHa C ITHEBMOCHUCTEMOM KOMITPECCOPHOM
yCTaHOBKM nocpeacTtBoM mrynepa 13. s copoca
JABJICHUS BO3AyXa IpPH HANTaJOYHBIX paboTax U
HEOOXOAMMOCTH OYHCTKH Tpecc-pOpMBI OT IPO-
CBIITAaHUI METAJUINYECKOrO IMOPOIIKa CIYXKHUT Jie-
KOMIIPECCUOHHBIN KianaH 14.

K BepxHneil mnute 1 npukpenseH npeccyromui
MyaHcoH 16, nuaMeTp KOTOPOro HEMHOTUM MEHb-
e AuamMeTpa MOPIIHS, HO 3HAYUTEILHO OOJIbIIe
JIUaMeTpa OTBEPCTHUS MATPHIIBI.

[Ipecc-dopma paboTaeT cieayromumM 00pa3oM.
[Ipu cooOmeHny MOANOPIIHEBOI MOJIOCTH ITHEB-
MOIMJIMH/IPA C ITHEBMOCUCTEMOM KOMITPECCOPHOH
YCTAaHOBKH MOPILIEHb 8, a BMECTE C HUM U MaTpH-
1a 9, MoIHNMAIOTCS BBEPX 0 YIOpa MO TaBICHH-
em 0,4-0,6 Mlla (puc. 3a). Metamuinueckas CTpyx-
ka 17, marperas mo Ttemmepatypsl 700-850 °C,
3arpy’aercsi B OTKPBITYIO IOJOCTh MaTpHIbl 9,
3amoJTHsIsl ee B moytHOM o0beMe. [Ipu pabodem xone
MOJI3yHA Tpecca IyaHCOH 16 coBepIaeT MATKYIO
CTBIKOBKY C OITHPAIOIINMCS Ha ITHEBMOOIIOPY TIOPIII-
Hem. [lon naBnennem myancona 16 (470-500 MIla)
¢dopMyromias MOJOCTh MAaTPULBl YMEHBIIAETCS B
00beMe, MTPOUCXOANUT TPOIECC TIPECCOBAHUS CTPYK-
ku 17 (puc. 3b). Cxema HarpyXeHHsI COOTBETCTBYET
CXeMe OJJHOCTOPOHHETrO IPEeCCOBAaHMS — IMPECCOBKa
HaXOJUTCS B COCTOSIHUM BCECTOPOHHErO HEPaBHO-
MEpHOTO CXKaTHsl.

Io oxoHuanmu mporiecca mpeccoBanus (puc. 3b)
MOJI3YH TIpecca BMeCTe ¢ BepxHel rmToi 1 u my-
aHCOHOM 16 OTBOAMTCS B MCXOJIHOE BEpPXHEE IO-
noxenune. OmHOBpeMeHHO OpukerT 17 BBITAJIKH-
BaeTca W3 Marpuilel myancoHom 10 (puc. 3c).
Jis cHKeHWsI YCWJIHS BBITAIKHUBAHHS OOKOBas
TIOBEPXHOCTH MAaTPHUIIB! 9 BHIMOIHEHA C YKIOHOM 3°.

Hayka
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ITopmiens 8 mogHWMAETCs] B MCXOIHOE TIOJIO-
xenne (raHrem myancoHa 10 u maBiIeHHEM Cka-
Toro Bo3myxa. llpu omyckanuu myaHcona 10 B
HCXOIHOE TOJIOKEHUE TIOPIICHD § yAep:KUBaeTCs
B BEPXHEM IOJIOKCHUH JABJICHUEM CXKaTOTO BO3-
nyxa (puc. 3a). Takum o0OpazoM paboumii MUK
paboTHI ipecca u mpecc-hopMBbI 3aBEPIIACTCS.

XapakTepHOW OCOOCHHOCTHIO pabOTHI Tpecc-
(hopMBI, B OTIIMYKME OT W3BECTHBIX aHAIOTOB [3],
SIBJISICTCSI COBMECTHOE TIepeMENICHHE ITyaHcoHa 16
Y MaTpHIIBl C OJHOW M TOH K€ CKOPOCTHIO BIUIOTh
JI0 TIoNTy4eHus rioTHoro opukera 17. [lyancon 16
3anmupaeTr (HOPMYIONIYIO0 MOJIOCTh MATPHUIEI 9, HO
HE BXOJUT B HeEe, MOITOMY HCKIIOYAeTCS HU3HOC
KpPOMOK TyaHcoHa 16 ¢ oOpazoBaHWEeM KITMHOBUI-
HOTO 3ayCEHIIa Ha MPECCOBKE.

MUHUMHZUPYETCS W3HOC MATPHUIIBI, KOTOpas
repeMeniaeTcss B TOM K€ HalpaBlIeHHH, YTO U
IIPecCyeMblil MeTallJl, COBMECTHOE IepeMeIleHue
MIPOUCXOANT TPU MUHUMAILHOM OTHOCHTEIBHOM
CIABUrE TPYLIUXCA MOBEepxHOCTEN. HemoaBuKHbIN
OTIOpPHBINA ImyaHCOH 10 Takke HaXOAUTCS B Oyaro-
NPUSITHBIX YCIOBUAX HArpy>XEHUS MOJA BO3ZACH-
CTBHEM CHJI HOPMAaJbHOTO [aBJeHWS W He3Ha-
YUTETFHOM BO3ACWCTBUU CHII OOKOBOTO TPEHUS.
3a30p MeXIy HUM U CTCHKaMU MaTpuIlsl 9 BhIOU-
paeTcs MUHUMAIIBHBIM, JOCTATOYHBIM JIJISl BBITAJ-
KHBaHUA roToBoro Opukera 17. [Iponukanue men-
KHX METAUTHYECKUX YaCTHIl B 3230p MEXIy CTCH-
kamu Matpunsl 9 u myancoHa 10 3aBepmiaercs
MIPOCHITAaHWEM TIOPOIIKa B TOIIOPIIHEBYIO IIO-
nocTh nmHeBMouunuHApa 7. I[lepuonuyeckas 4uct-
Ka Tmpecc-popMbl MPOU3BOAMTCS ABTOMATHYECKU
IIPH OTKPBITHH JEKOMITPECCHOHHOTO KiamaHa 14.
[Toporok BBITYBacTCS W3 MOAMOPIITHEBOW IIOJIO-
CTH CXXaThIM BO3JyXOM.

Xoa Tmpeccyromero IMyaHCOHA W MaTPHUIBI
YCTaHaBIMBAETCAd B 3aBHCHMOCTH OT TpeOyemoit
CTENEHU CXKaTHsl NpeccoBku. biaromapst mpume-
HEHUIO TTHEBMOCHUCTEMBI OH HE OTPAaHHYMBACTCS
KOHCTPYKTHBHBIMH OCOOCHHOCTSIMH TIpecc-(popMbl
U HE 3aBUCHUT OT TEPMOMEXaHHUYIECKOH yCTaJIOCTH
YOpyTOTo 3JeMeHTa. [I[puMeHeHne THeBMOIIMIINH-
Ipa ¢ TpeOyeMbIM ISl TTOJTyYeHUs TUIOTHOTO OpH-
KeTa XOJIOM ITOJIBIYKHBIX YacTel W MCITOIb30BaHUE
B KaueCTBE YNPYTOro JIEMEHTa CXKaToro BO3ayXa,
BBIABTUBAEMOTO B ITHEBMOCHCTEMY, OOecIedn-
BalOT BBICOKYIO JKCIUTYaTallHOHHYIO CTOWKOCTh
npecc-(hOpMBI.
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[Ipecc-popma obopymoBaHa cCHCTEMaMH BHYT-
PEHHETO M BHEUIHEro oXJaxaeHus. B mpomecce
NPECCOBaHMsA MaTpulla 3amepra IPEecCOBKOM H
BEPXHHUM IIyaHCOHOM, ITI03TOMY CXKaThIl BO3yX HE
UMeeT BO3MOXXHOCTH BBIXOJa M3 MOATMOPIIHEBOH
moyioctTd. OgHAKO MPH 0OPATHOM XOJOCTOM XOJIe
MyaHCOHA TPU BHITAIKUBAHUK OpUKETa XOJIOIHBIHA
BO3IYX YCTPEMJISICTCS B 3a30p MEXIY OIOPHBIM
ITyaHCOHOM W OOKOBO#M CTEHKOW MATpPHIIBI, TIPOIY-
Bas M OXJIaKAas (OPMYIOIIYIO IMOJOCTh H3HYTPH.
Harpersrit Bozayx (~70 °C) BeIxoaut B aTMocdepy.

BHemHee oxnaxkaeHue o0ecreunBaeTcs BOJIs-
HOW pyOamkol B KOpIyce MHEBMOUMJIMHIpA 7.
Boma nupkynupyer B CHCTEME IOCPEICTBOM
BITYCKHOTO Y BBITYCKHOTO IITYLEpOB 15.

PesyabTathl
IKCNEPUMEHTATBHOTO UCCIeI0BAHUS

Ha puc. 4-9 npeacraBneHsl SKCIEpUMEHTalb-
HBIE AMArpaMMbl IIPECCOBAHUs, MOJMYUYCHHBIC Me-
TOIOM TIOATANHOTO Ae(POPMHUPOBAHUS HCCIETye-
MBIX MaTepHaloB B mpecc-GopMe C MOIBMKHON

Marpurieil. JlmarpaMMbl TIpeACTaBIIOT coOoi 3a-
BUCUMOCTH ycuius aedopmupoBanus P ot pado-
Yero xoJla MpecCcyIero myancona (myTh nedop-
mupoBaHus) Ah. VcxomHble MaHHBIC IS TIPOBE-
JCHUS ~ OKCIEPUMEHTAIBHOTO  HMCCIIEJOBAHMSL:
IUaMEeTp OTBepcTHs MaTpuibl (Opukera) 60 MwM;
BBICOTA 3aChINIKUA B mipecc-popmy 150 mMm; rmior-
HOCTh OpukeTa — He MeHee 90 % MIOTHOCTH KOM-
MaKTHOTO MaTepHajla TOro >K€ XHMMCOCTaBa IPHU
orcyrctBur COXK. TexHuueckue yclnoBUSI U pe-
YKUMBI OpUKETUPOBAaHUS NPUBEICHBI B Tabm. 1, Tae
po — TJIOTHOCTh 3acCBIIKM MaTrepuallia B Ipecc-
dbopmy; T — Temmeparypa HarpeBa; pPy.x — MakK-
CUMAaIJIbHOE JaBJIEHUE TIPECCOBAHUs, IIPH KOTOPOM
JIOCTHIaeTCsl 3a/laHHas IUIOTHOCTh OPHKETa Pgp;
m —Macca Opukera; A — pabora medopmanuu;
W — ynenbHas pabora nedopmaru (W = A/m).
JaBneHue mpeccoBaHUs OmpenenseTcs Kak OTHO-
[IeHNe YCHIIMS K TUIOIAIHN OTBepcThs (popmyro-
el MOJIOCTH MaTpullbl, padora nedopManuu —
KaK IUIOMIa[ b CHJIOBOW OIIOPHl TPECCOBAHUS.
VYaenwHas paborta nedopmaru paBHa pabore,
OTHECEHHOH K eJUHHUIIE MACChl OpUKeTa.

Tabnuya 1
Pexxumbl OpuKeTHPOBAHMSA U TEXHMYECKAs XapaKTePUCTHKA MeTA/UIyPpruuyecKux OpuKeToB
Briquetting modes and technical characteristics of metallurgical briquettes
Pos o Pmax> | DA3MEPBI Opukera, MM Pops m, w,
Marepuan (ctpysxKa) Kr/M> L.°C MIla d h KI/M KT KJIx/xr
Crpyxxa cramu 45 (—20 mm) 900 700 470 60 19,3 7000 0,382 157
Crpyxxa cranu 45 (-20 mm) 900 20 650 60 24,6 5500 0,382 392,5
Crpyxxa ctanu HIX15CT (-20 mm) 900 750 480 60 19,3 7000 0,382 199
Uyrynnas crpyxka CU25 (—10 mm) 1300 800 470 60 30 6500 0,551 172
Yyrynnas crpyxka CU25 (—10 mm) 1300 20 636 60 40 4800 0,551 396
OtceB peppomapranina DMu78 (—10 mMm) 2945 850 500 60 70 6300 1,25 71
P, xH P, xH
____'_______-____]—___1328KH = 1 =1 =T =T 771356KH
1200 1200
- |
|
900 }i 900 /|
| |
| |
600 | 600 !
] | | |
I / I
300 — ] : 300 A :
| L |
| |
0 30 60 90 120 AR, MM 0 30 60 90 120 ©h, v
Puc. 4. lnarpamma ropsidero npeccoBaHus Puc. 5. luarpamma ropsidero npeccoBaHus
CTPYKKU cTanu 45 ctpyxkku cranu IIX15CT

Fig. 4. Hot pressing diagram of steel chips 45
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Fig. 5. Hot pressing diagram of steel chips IIX15CT [ShKh15SG]
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P, xH
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Puc. 6. lnarpamma ropsiuero npeccoBaHust
YyryHHOM cTpyxku CU25

P, xH
i e R e 1= e S e ——-|1415 kH |
11
1200 :
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|
0 30 60 90 120 Mk wu
Puc. 7. lnarpamMmma ropsiuero npeccoBaHus OTceBa
(dheppomapraniia DMu78

Fig. 6. Hot pressing diagram of cast iron shavings CU25 [SCh25] Fig. 7. Hot pressing diagram of ferromanganese ®Mu78 [FMn78§]

P, xH
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|
|
1500 ,/ :
/’// !
|
1200 / i
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|
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/}_
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|
AREPZAN]
L1 |
300 i
/[l |
|
|
0 30 60 90 120 b, MM
125,4 MM
— XOJIOJHOC NMPECCOBAHUEC, — TopAYCe IIPECCOBAHHUE

Puc. 8. lnarpamma X0JI0JHOTO TIPECCOBAHUS
CTPYXKH cTam 45

Fig. 8. Cold pressing diagram of steel chips 45

AHanu3 auarpaMM IOKa3bIBaeT, 4TO Ha IEePBO-
HaYaJHHOM dTarle HarpyXeHHus HaONF0IaeTcs POCT
YCHJIUSA TIPECCOBAHMUS 3a CYET CTPYKTYpPHOTO
VIUIOTHEHHSI MaTepuajla U ero ynpyroro CKaTus.
Jamee mpoucxonmaT ¢parMeHTanus XpYyIKHX da-
CTHII ¥ 3aIIOJTHEHHE IYCTOT, YTO COMPOBOXKAAETCS
HEKOTOPBIM CHIDKEHHEM T'paJueHTa POcTa YCHIIUS
Ha HEMNpOJODKUTEIBLHOM OTpe3ke padouero xona
npeccyromero myancona. Ilocie sToro HacTymaeT

[ Hayka
uTexHuka. T. 23, Ne 4 (2024

screening
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— XOJI0AHOC npccconauue; —— ropﬂqee npeccosax—me

Puc. 9. lnarpaMmma X0JIOIHOTO IPECCOBAHMS
qyryHHOH cTpyxkn CU25

Fig. 9. Cold pressing diagram of cast iron chips CH25 [SCh25]

9Tall TUTACTHYECKON JaedopManuu Teia, COIpo-
BOXKIAEMBIH PE3KHM POCTOM YCHIHS IedOpMHUPO-
BaHUs. J[ns MaTepuanoB ¢ HEOONBLIOH MJIOTHO-
CTBIO 3aCHINKH B Tpecc-GpopMy MmyTh AedhopMupo-
BaHUs YBEIWYMBACTCS, IPOLECC MPECCOBAHUS
CTaHOBHTCSI Ooyiee MPONOJKUTENHHBIM. C TOBBI-
IICHUEM MPOYHOCTHBIX XapaKTEePUCTUK MaTepraa
U CHIKCHHEM IITACTHUECKUX IPU COBEPIICHUH
OJTHOHM W TOH ke paboThl nedopManui (paBeHCTBO
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TUIOMIA/IeH CHIJIOBBIX JIIOp TPECCOBAHUS M BCEX
MIPOYMX YCIIOBUM aedopmanuu) myTh aedopMupo-
BaHUS YMEHBIIAETCS, a BEIWYMHA YCHWIHA IO
OKOHYaHWH TIpoliecca Bo3pacraer. st cTpyXKH
YEepHBIX METAJUIOB IPH TOpsueil aedopManuu mo
CPaBHEHHIO C XOJIONHOHU yAenbHas paboTa CHIKa-
ercs B 2,3-2,5 paza (puc. 8, 9).

KpuBble ymioTHEHHs, NPOHM3BOIHBIE OT JIHUa-
rpaMM IpeccoBaHusl, IpuBeaAeHbI Ha puc. 10.

3 \

P, KI/M CTAJIb 45

6000 mx';ﬂ ] 4
CY2s
| 7

4000 ounn | ] /]

2000 v

——*
0 100 200 300 400  p, Milla

Puc. 10. KpuBble yIUIOTHEHHUS HCCIIEAYEMbIX MaTepHaIOB

Fig. 10. Compaction curves of the studied materials

U3 rpaduxoB BumHO, uyTO Xapakrep aedopma-
[UOHHOTO YIUIOTHEHHS U YPOBEHb COTPOTHBIICHHS
TeOPMHUPOBAHHIO 3aBHUCAT OT HCXOJHOTO COCTOS-
HUSI MaTepHuaja: YeM BBIIIE [UIAaCTHYHOCTh MeTall-
na (cramp 45), TeM WHTCHCHUBHEE yBEIHYHNBACTCS
IUIOTHOCTh MPECCOBKH; 4YeM OonblIe HayalbHas
IUIOTHOCTh M TIpefeN TEeKydecTH (CTaib
IX15CT, uyryr CY25, ¢eppomapranen

3

®Mmnu78), TeM Oosblliee NaBIEHUE MPECCO- p. et/
BaHUsS HEOOXOMUMO MPHWIOXKHUTH ISl JIO- 6000
CTHXKCHUSI OJHOTO M TOTO K€ 3HAYCHUS
IJIOTHOCTH. MeNKo(ppaKkImoHHble 100aB- 4000
KA METAIJTMYECKOTO MM HEMETaJIIMYecKO-
ro TPOHMCXOXKJCHUS 3arONHSAIOT ITYCTOTHI
Mexkay Oonee kpynmHbiMH  (pakimsmu 2000
CTPY)KKM H TakMM 0Opa3oM MOBBIIIAIOT
HAYAIbHYIO0 TUIOTHOCTh TPECCOBKH U Tpa-

0

JIUEHT POCTa NaBJICHUS IO MEpe yBelnde-
HUS TUIOTHOCTH. J[mst moctmxkenust Tpedye-

MOT0 3HAYEHUS IJIOTHOCTH TOTOBBIX OpH-

ketoB 90-95 % w3 CTpYy)XKHM UYEpHBIX MeTal-
70B (OJUH U3 OCHOBHBIX KPUTEPHEB KauecTBa CO-
BPEMEHHOTO METAJLTyPTHYECKOTO TPOM3BOJICTBA)
B TEMIEpaTypHOM [Halla30HE HarpeBa IIHUXTHI
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— IIOABHIKHAA MaTpULA, ——

700-850 °C nmaBnmeHHE NPECCOBAHUS JOCTHUTAET
3HaueHuii 470-500 MIIa.

Y CTpYyXK{ TUTACTHYHBIX CTaJICd Ha Ompee-
JICHHOM 3Talle yBEeIWYEeHHE IUIOTHOCTH IPOUCXO-
TUT 0€3 CYIIECTBCHHOTO TIOBBINICHUS IaBIICHUS
mpeccoBanus. llosBneHne Ha pacdeTHBIX JHa-
rpaMMax IUIOMAJKK TEKY4YeCTH MaTeMaTHYeCKU
00BsCHACTCS CaMOHl CTPYKTYypOH ypaBHEHHS
(ycnoBust) mnactuaHOCcTH [1], B cocTaB KOTOPOTO
BXOJUT TIOKA3aTeNIb IUTACTUYHOCTH € (OTHOCH-
TENBHOE CXKATWe), MpUYeM 4YeM OOJbIle 3TOT TO-
KazaTenb, TeM OoJiee BBIPAXKCHHON WU TPOTSKCH-
HOHM CTAaHOBUTCS IUIOLIAAKA TeKydecTu. Tak, aua-
rpaMMa TIPECCOBAaHUS CTPYXKH IUIACTUYHOMN
CpPEIHEYTICPOIUCTON cTanmu 45 o0iiamaeT sSpKo
BBIPQKCHHOHN TUIOINAJAKOW TEKY4YeCTH B OTIMYUC
OT CTPYXXKH ManoracTuanbix cramu [X15CT,
gyryna CU25 u ¢peppomapraniia ®Mu7S.

CpaBHHUTENBHBI  aHAIU3 JKCIECPUMEHTAb-
HBIX JUarpaMM IPECCOBaHUS CTPYXKKH B IIpecc-
(dopMax ¢ TOABIKHOW W HEIOJBUKHOW MaTpH-
et (puc. 11, 12) HarsIAHO JEMOHCTPUPYET TIpe-
MMYIIECTBA MPUMEHCHUS IOJBIKHOW MAaTPHIIBL
CHKeHre TaBjICHUS U YCHIUSA 1e(hOPMHUPOBAHUS
CTPY>XKKH TUTACTUYHBIX HU3KO- U CPEIHEYTIIEPOIU-
CTBIX CTajnei moxomuT 10 45 %; BBICOKOYTIEPOIH-
CTBIX MAaJIOIUIACTUYHBIX U TpyAHOAedopMupye-
MBIX — 70 35 %; 4yryHHOH CTpYXKH — 10 25 %.
[lo cpaBHEHHMIO C OpPUKETHPOBAHHUEM B HETIOABIIK-
HoO#t marpuue [3, 4] yaensHas pabora aedopma-

uu cHrmkaercsa Ha 15-20 %.
7800 kr/m”

| [#5%

23 ]

100 200 300 400 500 p, Mlla

HENMOABHIKHAA MATpHILLA;

— IUIOTHOCTh KOMIIAKTHOI'O MaTcpualia

Puc. 11. KpuBble yIUIOTHEHHS CTPYXKKH cTanu 45
B [TOJIBUYKHOM M HEMOJBUKHON MaTpHULIAX

Fig. 11. Chip compaction curves of steel 45
in movable and fixed matrices
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P, kr/m® l
25% ] T ——
6000 -5 s
o, AT
4000 7 N /
2000
/
0 100 200 300 400 500  p MIla
—— NOABHMIKHaA MaTpHula, —— HEIOABHMKHAs MaTpHLA,

—— IUIOTHOCTh KOMIIAKTHOT'O MaTtepuasia
Puc. 12. KpuBble yIIOTHEHUs YyryHHOH cTpyskku CU25
B IIOABMXXHOM U HENOABMXKHOM MaTpHuLax

Fig. 12. Compaction curves of cast iron chips CU25 [SCh25]
in movable and fixed matrices

CpaBHUTEJIbHBIH aHATU3 PacYeTHBIX
U IKCMIEPUMEHTAJBHBIX JAHHBIX

Ha puc. 13, 14 mpeacraBieHbl 3KCIEPUMEH-
TalbHbIE M pacyeTHbIE 3aBHCHMOCTH IIJIOTHOCTH
MIPECCOBKU OT JaBJICHMsI MPECCOBAHUSA I CTallb-
HOW U YyTYHHOHU CTPYKKHU.

: 6=1,0
p, Kr/M® | —
5%
6000 —— 7
10
4000
12 A
2000
L1
0 100 200 300 400 p, Mlla
—— 3KCIEPUMEHT; —— PAaCUET;

— INIOTHOCTH KOMITAKTHOTO MaTe€pHalia

Puc. 13. DxcniepuMeHTaIbHbIC U PACYETHBIE 3aBUCMOCTH
IUTOTHOCTH MIPECCOBKH OT JIABJICHUS
IIPECCOBAHUS CTPYKKH CTalH 45

Fig. 13. Experimental and calculated dependences
of compaction density on compaction
pressure of steel chips 45

OCHOBO# a1 IOCTPOEHUSI TPaUKOB pacyer-
HBIM IyTEM SIBJISIFOTCSI ypaBHEHHs (hU3MKO-MaTe-
MaTtuueckoit mozenu [1]. U3 rpadukoB BugHO, 4TO
MTOTPEITHOCTh PacyeToB He mpeBsimaet 12 %.

Takum o00pa3oM [JOKa3aHO, YTO YypaBHEHUS
pa3paboTaHHOW (HHU3UKO-MATEeMaTHIECKOH MOIEIH
mporecca  Ae@OpMaIMOHHOTO YIUIOTHEHHS JIHC-
KPETHBIX METAUIMYECKUX MATEPHUAaIOB, MPUMCHS-
€MBbIe COBMECTHO C OJKCIIEPUMEHTATHHO-aHAIH-

[ Hayka
uTexHuka. T. 23, Ne 4 (2024

TUYECKHUM METOJIOM OINPEACICHHUS CTPYKTYPHO-
PCOJIOTHUECKUX XapaKTEPUCTUK MATEPHAJIOB, I103-
BOJITIOT JIOCTUTHYTH BBICOKOW CXOAWMOCTH pac-
YEeTHBIX M DKCIIEPUMEHTAIBHBIX JaHHBIX. Y HUBEP-
CaNBHOCTh MOJIEH 3aKJIFOYAeTCSI B TOM, YTO 3TH
K€ YpaBHEHUS U XapaKTePUCTUKH JIJIS TEX K€ Ma-
TEPUAJIOB TIPH BCEX NPOYHMX PABHBIX YCIIOBHUSIX
MOJKHO HCITONIb30BaTh TPU pacyerax IpoIecCOB
OpHUKETHPOBaHUS B Ipecc-popMax APYyTUX pazMe-
POB U IPYTOif TeOMETPUUECKOH (hOPMEL.

p, K/’ ! 0= L
2%
6000 %;
10
4000 12 S
)
IRY /I
2000 —
0 100 200 300 400 p, MIla
—— DKCIEPHMEHT; —— pacyer;

— INIOTHOCTbL KOMIIAKTHOI'O MaTcpuajia

Puc. 14. DxcnepuMeHTaIbHBIC U PaCYETHBIC 3aBUCIMOCTH
IUIOTHOCTH MPECCOBKHU OT JIABJICHUS IIPECCOBAHUS
4yryHHOU cTpyxku CU25

Fig. 14. Experimental and calculated dependences
of compaction density on compaction pressure
of cast iron chips CU25 [SCh25]

BbIBO/IbI

1. B pesynbraTe NMpOBENEHHOTO 3KCHEPHMEH-
TaLHOTO WCCIIEIOBAHUS TIPOIIECca Topsiuero OpuKe-
TUPOBAHUS CTATEHON W YyTYHHON CTPYKKH B IIPECC-
¢dopMe ¢ TMOABMKHOM MaTpHIEH yCTaHOBIICHO, YTO
IUTsl TOCTHOKEHUsI TpeOyeMOoro 3Ha4eHHs TIOTHOCTH
roToBeiX OpukeToB 90-95 % (omuH W3 OCHOBHBIX
KPHUTEPHEB KauecTBa COBPEMEHHOI'O METaJLTypruye-
CKOTO TPOU3BOCTBA) B TEMIIEPATypHOM JIHara3oHe
Harpesa muxtel 700-850 °C maBnenue npeccoBaHUs
nocruraet 3HadeHuit 470-500 Ml1a.

2. XapaxkTep ne(pOopMalMOHHOTO YIUIOTHEHHS U
YPOBEHB COMPOTHUBIIEHUS Ne(POPMHUPOBAHHIO 3aBH-
CAT OT WCXOJHOTO COCTOSHHS MaTepuana: 4eM
BHIIIIE TUTACTUYHOCTh MeETaljla, TEM HWHTEHCHB-
Hee YBEIMYHMBAETCS IUIOTHOCTH IMPECCOBKU; UYEM
OoJpllle HaYalbHAs TUIOTHOCTH W TPEAeN TeKyde-
CTH, TeM OoJblliee JaBlieHHE MPECCOBaHHs HEO0O-
XOJUMO TIPWIOXKHTH JUIsL JOCTIDKEHUS OJHOTO
¥ TOTO XK€ 3HAYCHUS IUIOTHOCTH. Menkogpakiim-
OHHBIC JTOOAaBKM METaJUTUYECKOTO WM HEMeTall-
JMYECKOTO TPOUCXOKICHHUS 3ATONHAIOT ITyCTOTHI
Mexay Ooyiee KPYNMHBIMU (PAKIMSIMH CTPYKKH
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U TakuM o0Opa3oM MOBBIIAIOT HAYaJIbHYIO IUIOT-
HOCTh IIPECCOBKM U IPAJUEHT POCTa JAaBJICHHA IO
Mepe YBeJINYEHUS MJIOTHOCTH.

3.V cTpyXKu IJIaCTUYHBIX CTajel Ha omnperne-
JICHHOM JTalle YBEIWYEeHHE IMJIOTHOCTH MPOHCXO-
IuT 0e3 CyIeCTBEHHOTO TMOBBIMICHUS JIABICHUS
npeccoBaHus. IlosBiaeHMe Ha pacueTHBIX JAMa-
rpaMMax IUIOUNIAJKH TEKy4eCTH MaTeMaTHYCCKH
oOBsICHSIETCd CcaMOM CTPYKTypoll  ypaBHEHUS
(ycnoBus) NIAcCTUYHOCTH, B COCTaB KOTOPOTO
BXOJAUT II0Ka3aTelb INIACTUYHOCTHU € (OTHOCUTEb-
HOE c)KaTue), MphueM 4eM OoJbllie 3TOT MoKa3a-
TeJb, TeM OoJiee BBIPAKCHHOW U IMPOTSHKEHHOM
CTaHOBUTCS IJIOIIA/IKA TEKYIECTH.

4. Tlpumenenue mnpecc-GopM ¢ TOABMKHON
MaTpuLed B IIpoleccax OpHKETUPOBaHUS MHUC-
KPETHBIX OTXOJI0B METaIoo0paboTKu obecreyn-
BACT CHIDKCHME JABJICHUS M yCHUIIMS IPECCOBAHMS
IUIACTUYHBIX HU3KO- U CPEIHEYTIEPOAUCTHIX CTa-
net g0 45 %; BBICOKOYITIEPOAMCTBIX MajoIlIa-
CTUYHBIX U TpyAHOAE(OPMHUPYEMBIX — 10 35; uy-
ryHoB — g0 25 %. YpenbHas pabora npedop-
Mainuu (3HepreTHYecKue 3aTpaThl) NPH Harpese
OTXOZOB UYEPHBIX METAIJIOB A0 TeMIepaTyp He-
nojiHo ropsiueit gedopmanuu 700 — 850 °C cHu-
xaercsi B 2,3-2,5 paza. Ilo cpaBHeHuro c¢ Opwu-
KETHPOBAaHUEM B HEMOABWXHON Marpuue Ipu
OJTHUX W TEX K€ YCJIOBHSX yjenbHas pabora Je-
¢dopmaunu cHmwkaercs Ha 15-20 %.

5. CpaBHUTENBHBIA aHAIN3 PACUETHBIX M DKC-
MEePUMEHTANIBHBIX JaHHBIX TOKa3all, YTO MOTpell-
HOCTb pacueToB He npesbimaer 12 %. Takum 06-
pa3oM JI0Ka3aHO, YTO YpaBHEHHS pa3paOOTaHHOU
¢u3uKo-MaTeMaTHYECKOH MOJENu Ipolecca Je-
(hOpMaLIMOHHOTO YIJIOTHEHUS AUCKPETHBIX MeTall-
JMYECKUX MaTepHaioB, IPUMEHSEMbIE COBMECTHO
C 3KCIIEPUMEHTANbHO-aHAUTUIECKUM METOJIOM
OIIPENENICHU CTPYKTYPHO-PEOJIOIUIECKUX XapaK-
TEPUCTUK MAaTEpUANIOB, TMO3BOJISIIOT JTOCTUTHYTh
BBICOKOH CXOJIMMOCTH PAaCUYETHBIX U IKCIIEPHMEH-
TaJbHBIX JAHHBIX.

JINTEPATYPA

1. OpsxoHoB, O. M. 3anadya oceCUMMETPUYHOIO IIPECCOBA-
HMSl JAMCKPETHBIX MeTaIM4ecKkux marepuano / O. M.
IbsxonoB, A. A. Jluteunko // Hayka u texumka. 2024.
T. 23, Ne 1. C. 21-32. https://doi.org/10.21122/2227-
1031-2024-23-1-21-32.

2. JIntBuHKO, A. A. TexHONOTHS rOpsYero OpPUKETHPOBAHUS
OTXOJI0B YEPHBIX METAJIOB B Mpecc-popMax C MOIBIKHOIM
matpuuer / A. A. Jlutunko // Hayka u Texnuka. 2023. T.
22, Ne 5. C. 368-375. https://doi.org/10.21122/2227-1031-
2023-22-5-367-375.

3. Hopodees, 1O. I'. Jlunamudeckoe ropsiaee IpeccoBaHHE
nopucteix MarepuanoB / 0. I'. dopodees. M.: Hayka,
1968. 120 c.

4. Pynmesckuii, C. I'. MccrnenoBanue u BHeIpeHHUE Ipolecca
CTaTUYECKOT0 TOPSIUETO IMPECCOBAHUS CTPYKKU UEPHBIX

288

MeTajuIoB. M3ydeHue cTpyKTyphl M CBOMCTB ITOIYyYEHHBIX
MaTepHaJOB: AUC. ... KaHa. TexH. Hayk / C. ['. PyneBckuii.
Hogsouepkacck, 1973. 199 c.

5. IpsixonoB, O. M. KommekcHas mepepaboTKa CTPYXKKH
u Merauocozepxkammx muamoB /  O. M. J[pSKOHOB.
Mumnck: Texnonorus, 2012. 262 c.

6. IpsikoHOB, O. M. I'opsiyee TpeccoBaHme CTPYKKH U CTPYKKO-
nopomkoBsix cMeceit / O. M. [Ipsixkonos // ITopomikoBast
MeTamryprus. Munck, 2010. Bem. 33. C. 25-35.

7. PaBuu, b. M. bpuketupoBaHue B LIBETHOW U YEpHOU Me-
tawtypruu / b. M. PaBuu. M.: Meramnyprus, 1975. 229 c.

8. Fawcett, R. A. The Recycling of Cast Iron Borings and Steel
Swarf / R. A. Fawcett / Conservation & Recycling. 1978.
Vol. 2, No 3-4. P. 205-210. https://doi.org/10.1016/0361-
3658(78)90013-9.

9. Schulz, A. C. The Recycling of Metallic Incinerator and
Machine Shop Waste for Remelting by Foundries and
Steel Mills / A. C. Schulz // Conservation & Recycling.
1981. Vol. 4, No 3. P. 153-159. https://doi.org/10.1016/
0361-3658(81)90019-9.

10. Ceunynosuu, H. A. IIpoGiemsl moydeHus: U UCHOJIB30Ba-
HUsI OpUKETHPOBaHHBIX MeTaitootxonoB / H. A. CeumgyHo-
Bud [u 1p.] // JIutee n metasutyprust. 2003. Ne 3. C. 110-112.

ITocrynuna 08.04.2024
Tlonnucana k neuatu 10.06.2024
Ony6nukoBaHa oniaiid 31.07.2024

REFERENCES

—_—

. Dyakonov O. M., Litvinko A. A. (2024) Axisymmetric
Pressing Problem of Discrete Metal Materials. Nauka i
Tehnika = Science & Technique, 23(1), 21-32. https://doi.
org/10.21122/2227-1031-2024-23-1-21-32 (in Russian).

2. Litvinko A. A. (2023) Hot Briquetting Technology for Fer-
rous Metal Waste in Molds with Movable Matrix. Nauka
i Tehnika = Science &Technique, 22 (5), 368-375 (in Rus-
sian). https://doi.org/10.21122/2227-1031-2023-22-5-367-375.

3. Dorofeev Yu. G. (1968) Dynamic Hot Pressing of Porous
Materials. Moscow, Nauka Publ. 120 (in Russian).

4. Rudevsky S. G. (1973) Research and Implementation of the
Process of Static Hot Pressing of Ferrous Metal Chips. Study
of the Structure and Properties of the Obtained Materials
[Dissertation]. Novocherkassk. 199 (in Russian).

5. Dyakonov O. M. (2012) Complex Processing of Chips
and Metal-Containing Sludge. Minsk, Tekhnologiya Publ.
262 (in Russian).

6. Dyakonov O. M. (2010) Hot pressing of Chips and Chip-
powder Mixtures. Poroshkovaya Metallurgiya [Powder
Metallurgy]. Minsk, Iss. 33, 25-35 (in Russian).

7. Ravich B. M. (1975) Briquetting in Non-Ferrous and
Ferrous Metallurgy. Moscow, Metallurgiya Publ. 229 (in
Russian).

8. Fawcett R. A. (1978) The Recycling of Cast Iron Borings
and Steel Swarf. Conservation & Recycling, 2 (3-4),
205-210. https://doi.org/10.1016/0361-3658(78)90013-9.

9. Schulz A. C. (1981) The Recycling of Metallic Incinera-
tor and Machine Shop Waste for Remelting by Foundries
and Steel Mills. Conservation & Recycling, 4 (3), 153-159.
https://doi.org/10.1016/0361-3658(81)90019-9.

10. Svidunovich N. A. (2003) Problems of Obtaining and using

Briquetted Metal Waste. Litiyo i Metallurgiva = Foundry

Production and Metallurgy, (3), 110-112 (in Russian).

Received: 08.04.2024
Accepted: 10.06.2024
Published online: 31.07.2024

Hayka
urexHuka. T. 23, Ne 4 (2024)



MEXAHWKA OE®POPMUPYEMOTIO
TBEPOOIO TENA
DEFORMATION

IN SOLID MECHANICS

https://doi.org/10.21122/2227-1031-2024-23-4-289-294
VIK 624.04
@Oyukuuu 'puHa 118l cTATHYECKH HeoNpeAeJMMbIX OHONPOJIETHBIX 0AJI0K

1,2)
b
)

JoxkT. TexH. HayK, npod. C. B. Bocakos
KaH/I. TeXH. HayK, non. O. B. Ko3yHosa'

1)]Senopyccmm HAIIMOHAJIBHBIN TeXHUYeCKHi yHuBepcuTeT (MuHCK, Pecrrybnmka benapycs),
2 N
'Benopyccko-poccuiickuii yausepeuter (Morunes, PecriyGnuka Benapycs)

© benopycckuii HallMOHANBHBIN TEXHUYECKUH yHUBEpCUTET, 2024
Belarusian National Technical University, 2024

Pedepat. B 3aBucHMOCTH OT KiIacca B MHXKEHEPHOH MPAKTUKE Pa3iIMyaloT pellaeMble 3aadi: CTaTHIECKHe / AMHAMHYECKHE,
IUTOCKHUE / TIPOCTPAHCTBEHHbIE, KOHTAKTHBIE / C YaCTUYHBIM WM KPaeBBIM OINMpaHHeM M jp. JlaBneHume peibca Ha Imany,
KOJIOHHBI Ha (JyHIAMEHT, IUTUT NEePEeKPHITUS HA CTCHBI, ()yHJaMEeHTa Ha IPYHTOBOE OCHOBAaHHE — BCE ATO THITMYHEIE IPHMEPHI
MIPAaKTHIECKHUX 3a/a4, IPUBOISIINE K HEOOXOANMOCTH PEIICHHs KPaeBbIX 3a/ad — MAaTEMaTHIECKH U KOHTAKTHBIX — (QU3HMUe-
cku. M3 MaTeMaTHYeCKNX ITOCTAHOBOK KOHTAKTHBIX 3a/ad KOHCTPYKIHH, JISKAIINX Ha yIPyroM OCHOBAHWH, U3BECTHO, UTO
OCHOBY UX PEIICHHS COCTABIISIET MOUCK 3aKOHA PACTIPEIEICHNs] PEaKTUBHBIX AABICHUI Ha KOHTAKTE KOHCTPYKIUH C OCHOBA-
HHUEM, KOTOPBIH CIOKHBIM 00pa3oM 3aBHUCHT OT JKECTKOCTH KOHCTPYKIHH, YIPYTHX XapaKTePUCTUK OCHOBAHWS, BHEIIHEH
Harpys3KH, XapakTepa 3aKperuIeHus] KOHCTpyKIuu. [Ipu perreHnn MHOTHX KPaeBBIX U HaYaIbHO-KPAEBBIX 337a4aX CTPOHUTEIb-
HOW MEXaHUKH U TEOPUH YIPYTOCTH, TAKUX KaK PEHIeHHEe KIACCHIECKOTO OJHOPOJHOTO YPAaBHEHHS METOIOM COOCTBEHHBIX
(yHKOMH, TpU HEKOTOPBIX TPAHMYHBIX YCIOBHUSX, BBITEKAIOMINX M3 PoJa 3aKperuieHHs 0anky Ha KOHIAX, BaXKHYIO, HOPOH
OIIPECIISIONIYI0, POIb UrPaioT (yHIAMEHTAIbHbIC ()yHKIMH ONEPaTopa X ', KOTOPHIC MOTYUHIH CBOIO Ga30BYI0 TPAKTOBKY
akagemukoMm A. H. KpbutoBeiM. OfiHaKO BBIMMCICHHS 10 3THM (OpMyJIaM BeCbMa 3aTPYAHHUTENbHbI H3-3a MATEMAaTHYECKUX
OrpaHUYCHHUI ¥ TPOMO3/IKOCTH BBIPaXKeHHMIL. B CBsi3u ¢ 3THM B npeiaraeMoii paboTe HCHOIb30BaHbl COOCTBEHHbIE (GYHKIHHU IH-
(epeHIMaNBHOrO YpaBHEHHUsT M3THOHBIX KOJNEOAHNH CTATUUECKN HEOPEAeINMBIX OJHOIPOJICTHBIX OaoK s MOCTPOCHHUS (yHK-
1uu I'puHa B Buzie OECKOHEYHOTO Psja M0 3TUM COOCTBEHHBIM (DYHKLHSAM. [10CTPOEHBI TOUYHBIC BHIPXKEHHS 1S OLPEENICHNUs 1IPO-
riboB 6anok oT cocpeaoTOueHHOH cuibl. IlomydeHHbIe BRIpaKEHHS TIPEICTAaBICHb] Yepe3 IeMEeHTapHbIe (yHKIUH, HOCAT OOLIMii
XapakTep M AT BO3MOXKHOCTh PEIIaTh pa3sHOOOpa3HbIE 3aaull CTATUKH, AUHAMHKH U yCTOHYMBOCTU PAacCMaTPHBAEMBIX OAloOK.
ABTOpamMH MOJy4YEHB! YUCICHHBIC PE3YJIBTAThl AT M3rHOAIOIMX MOMEHTOB M MPOTHO0B 3allieMJICHHON Oaiku U Oajky ¢ 3amieM-
JICHHOH W IapHUPHOM Onopamu ¢ ucnosib3oBaHueM komnbtorepHoro nakera MATHEMATICA.

KuoueBble cjioBa: COOCTBCHHBIE q)yHKIII/II/I, OpPTOrOHAJIBHOCTD, CTATUYECKU HCOIIPCACINMBIC 6a.IIKI/I, BHYTPCHHUC YCUIIUSL

Jns uutupoBanus: bocakos, C. B. ®ynkiuu ['puHa A1 cTaTH¥ecKu HEONpeneauMbIX oaHonposerHsix 6anok / C. B. bo-
cakoB, O. B. Kosynosa / Hayxa u mexnuxa. 2024. T. 23, Ne 4. C. 289-294. https://doi.org/10.21122/2227-1031-2024-
23-4-289-294

Green’s Functions for Statically Indeterminate Single-Span Beams
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Abstract. Depending on the class in engineering practice, the problems to be solved are distinguished: static/dynamic,
flat/spatial, contact/with partial or edge support, etc. The pressure of a rail on a sleeper, a column on a foundation, floor slabs
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Mexanuka depopmupyemozo meepoozo mena

on walls, a foundation on a soil foundation — all these are typical examples of practical problems that lead to the need to solve
boundary value problems — mathematically and contact problems — physically. From the mathematical formulations of contact
problems of structures lying on an elastic foundation, it is known that the basis for their solution is the search for the law
of distribution of reactive pressures at the contact of the structure with the foundation, which depends in a complex way on the
rigidity of the structure, the elastic characteristics of the foundation, external load, and the nature of the structure’s fastening.
When solving many boundary-value and initial-boundary-value problems of structural mechanics and the theory of elasticity,
such as solving a classical homogeneous equation by the method of eigenfunctions, under certain boundary conditions arising
from the type of fastening of the beam at the ends, an important, sometimes decisive, role is played by the fundamental func-
tions of the operator x'", which received their basic interpretation by Academician A. N. Krylov. However, calculations using
these formulas are very difficult due to mathematical limitations and the cumbersomeness of the expressions. In the proposed
work, eigenfunctions of the differential equation of bending vibrations of statically indeterminate single-span beams are used
to construct the Green's function in the form of an infinite series for these eigenfunctions. Exact expressions have been
constructed to determine the deflections of beams due to concentrated force. The resulting expressions are presented through
clementary functions, are of a general nature and make it possible to solve various problems of statics, dynamics and stability
of the beams under consideration. The authors obtained numerical results for bending moments and deflections of a clamped

beam and a beam with clamped and hinged supports using the MATHEMATICA computer package.

Keywords: eigenfunctions, orthogonality, statically indeterminate beams, internal forces

For citation: Bosakov S. V., Kozunova O. V. (2024) Green’s Functions for Statically Indeterminate Single-Span Beams.
Science and Technique. 23 (4), 289-294. https://doi.org/10.21122/2227-1031-2024-23-4-289-294 (in Russian)

BBenenue

H3 ucmopuu eonpoca o npumeHeHuu QyHk-
yuii I'puna 6 unxcenepuvix pacuemax. B nnxe-
HEPHOW TPAaKTHUKE B 3aBHCHMOCTH OT Kiacca [1]
pa3MyaroT perraeMble 3aJadi: CTaTHYeCKue / au-
HaMHUYECKHe; TUIOCKHE / POCTPaHCTBEHHBIE; KOH-
TaKTHBIE / C YaCTHYHBIM WIIM KPAcBBbIM OIMPAHUEM
u 1p. JaBieHue penbca Ha INMaNTy, KOJOHHBI Ha
(hyHIaMeHT, IUTUT TepeKPBITUS HA CTeHBI, (yHIa-
MEHTa Ha TPYHTOBOE OCHOBaHWE — BOT THUITMYHBIE
MPUMEPHl MPAKTUYECKUX 33]a4, MPUBOJAIINE K
HEOOXOJAMMOCTH PEIICHUS KPAaeBhIX 3aJla4 — Mare-
MaTHYECKU U KOHTAKTHBIX — (DU3NYECKH.

TaK, OCHOBY pC€UICHHSA KOHTAKTHBIX 3a/]a4 KOH-
CTPYKILIMI, JIeKAIMX HA YIPYrOM OCHOBaHUH, CO-
CTaBJIACT TIOMCK 3aKOHA PACHpEICIICHUS PEaKTHB-
HBIX I[aBHeHI/Iﬁ Ha KOHTAKTC KOHCTPYKIIUHU C OCHO-
BaHUEM, KOTOPBIH CIOXHBIM 00pa3oM 3aBHCHT OT
JKECTKOCTH KOHCTPYKIIMH, YIIPYTHUX XapaKTEPUCTHK
OCHOBaHH, BHEIIHEH HArpy3KH, XapakTepa 3a-
KpeIIeHUs KOHCTPYKIH. B MoHOTpaduu [2], pac-
CMaTpWBas IIIOCKHE KOHTAKTHBIE 3a1a4n (TUTOCKas
nedopmarysi) MeTooM Putia, aBTop HCMONB3yeT
npeacTaBiieHue GyHKIUH [prHA ympyroro ocHo-
BaHUS B BUJE pa3iioKeHus [3]

K(x-¢&)=
:LEV?)) _ln|x—§|+iicmn7;n(xﬂ;(é) > (1)

IZie MepBOe claraeMoe B CKOOKaxX IpEeACTaBIIsieT
pemenne diramana [4] It ynpyroi ogHOPOIHOMN
HM30TPOITHOMN MONYIIIOCKOCTH.

Ilpn pemieHMH NPOCTPAHCTBCHHBIX KOHTAKT-
HBIX 33724 Juia pyHkuuu ['puHa [2] ucmonb3yercs
IpeACTaBIICHHE
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2
1-v;

Tk,

0

X

K(x_éay_n):

x| XSS L (T, @, (T, (|

m=0 p=0 n=0 g=0

R=\(x-&+(y-n),

Il TepBOe cjaraeMoe B CKOOKax NpeaCTaBisieT
pemenue byccunecka [4] mist ynpyroro ogHopo-
HOTO M30TPOITHOT'O MOIYTPOCTPAHCTBA.

HeoOxonumo otmeTtuth, 4TO BBIpakeHHs (1)
u (2) mpencrasnsaoT ¢yHKuM ['puHa mpu perie-
HHAS HEOTHOPOMIHBIX KPaeBBIX 3amad [2] mMeTomoMm
COOCTBEHHBIX (YHKIMA B BHUAEC CYMMBI CHHTY-
JISIPHOTO CJIaraeMoro 4epe3 CIEKTPaJbHOE COOT-
HOIIICHHE CTI0C00a OPTOTOHAIBHBIX MTOJIMHOMOB [5]
Y HEKOTOPOI HEMPepBIBHOM IITakoil pyHKINY.

B paGore [6] ucmomb3yeTcs APYroW IMOAXOI
peLICHNsT KPaeBOW 3aaud — METOJ CIEIMATbHBIX
anmnpoOKCUMAaNui Ui BBIYMCICHUS HECOOCTBEHHO-
ro MHTETpaja MepeMeleH s TPaHul] OBEPXHOCTU
YIpPyTOro OCHOBAaHUS

1-v2) %
W(x,y) =%J‘L(u)‘]0 (urx* +y*)du, (3)

rae L(u)— GyHKIMS, XapakTepu3yromas ITaHHBIH
THUII MOJIETIM yNPYroro ocHosanus; J,(z)— ¢QyHK-
uus beccens nepsoro poxa [13, I'panamreiin].
[Ipu peanmzanuu MeToAa CHEIUATBHON arIpoK-
cHUMaluK MoAbIHTerpaibHas ¢yHkuus L(u) B BbI-

pakeHuu (3) MpeacTaBisieTcsl B BUIE CyMMBI cllara-
€MBIX, TIEpBOE U3 KOTOPBIX BBIAEIAET HEOOXOAUMYIO
0COOCHHOCTh B (DYHKIIMU TIEPEMEIIICHUNA TTOCTIEe B3S-
Tt HecobcTBeHHOTO MHTErpana (3). [lompobHo mpo-
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[ecC peaj3allii MeToJa CIEHHAIbHON aIlpoK-
cuManud B MoHorpadum [6] aBTOpOM paccmart-
pUBaJCs Ha MpUMEpPE YIOPYroro CcIlos, MKECTKO
CIETNIEHHOTO C HeAe(OPMHPYEMBIM OCHOBAHHEM.
Jns npyrux mojenei yrnpyroro OCHOBaHUSI BBUIY
OJHOTUITHOCTH 3TH BBIKJIAJKHU OIYIICHBIL.

[lpuBenennsie B pabore [6] BBIpaOKEHUS IS
MEepeMEIICHU OBEPXHOCTU YIPYroro OCHOBAaHUSA
WHaue Ha3bIBalOT QyHKImed ['puHa mis paccMar-
pYBaeMOro OCHOBAHHS, €CIU IPUHITH BEIUUUHY
CWiIbl, paBHOU enunmie. B monorpaguu I'. 5. Tlo-
noBa [7] 3tM QyHKIMU HA3BIBAIOTCS SAPAMH JIU-
HEWHO JeOpMUPYEMOT0 OCHOBAHUSI.

[Ipu pemeHnM MHOTHX KpaeBBIX M HAYaJIbHO-
KpaeBBIX 3a/ladax CTPOUTENHbHON MEXaHWKH U Teo-
pHUU YIIPYTOCTH, TAKHX KaK pElIeHHEe KIACCHUeCKO-
0 OJHOPOJHOTO YpaBHEHHS METOIOM COOCTBEH-
HBIX (QYHKITHHA

XV +x =0, (4)

MIPH HEKOTOPBIX TPAHUYHBIX YCIIOBHSX, BBITCKAIO-
IIMX U3 POJIa 3aKPEIUICHUs OaJIKh Ha KOHIAX, BaXK-
HYIO, TIOPOW ONpeAeSIIONIYI0, POJb HTpaioT ¢byH-
JlAMEHTaNbHbIe (PYHKIIMH ONEpaTopa X ', KOTOpbIE
MOJYYHIH CBOIO 0a30BYIO TPAKTOBKY aKaJIeMHUKOM
A. H. KpsuioBeiM B pabote [8]. Beraucnenus mo
3TM (opMyJIaM BeChMa 3aTpPyAHHUTENHHBI, TaK Kak
(hyHmamMeHTaIbHBIE (YHKIMH TPH cTerneHn audde-
PCHLIUpOBaHMS 7 > 2 TIPEJICTABIIAIOTCS B BUJIC pas-
HOCTH JIBYX WICHOB, IOYTH PABHBIX 10 BETUUHHE.

B pabore B. H. ®agneeBoii [9] B TabauanOM
BHJIC NTaHO CIIeNMaIbHOE TpeoOpazoBanue (yHIa-
MEHTAJIBHBIX (DYHKIMH Orepatopa X', MpeioKeH-
HbIX paHee A. H. KpbuloBbIM, KOTOpOE 3HAYUTETHHO
yropomaeT uxX BelpakeHws. OOBIYHO paccMaTpuBa-
FOTCS IIIECTh THIIOB TPAaHMYHBIX YCIOBHH 3aKpersie-
HUs Oanku. BeipakeHnst QpyHIAMEHTAIbHBIX (PYHK-
WA U 3TUX TUTOB TPAHUYHBIX YCIIOBUM TPHBO-
IITCS KaKk B CIEIUAaIbHBIX pabortax [8, 9], Tak u B
HEKOTOPBIX y4eOHHMKAX MO0 MAaTEeMaTHYCCKOU (PH3HKE
u mudpepeHunanbHBIM ucaucaenusMm [ 10].

IHocrpoenne ¢pynkumii I'puna
JJISl CTATHYECKH HeoNpeAeTMMbIX
OJHONPOJIETHBIX 020K

Paccmorpum  opmanbHOE pelrieHue 3agadu
0 CBOOOJHBIX KOJEOAHUSIX OHOMPOJICTHOU OaiKu
C paBHOMEpPHOM Maccou

d'y,(x)

dx4 - 7\'n4yn (x) = O’ (5)

rae A, — BEIMYMHA, XapaKTepH3YIOIIas YacTOTy
COOCTBEHHBIX KoyieOaHWil Oanku 1o n-i dopme
COOCTBEHHBIX KOJIEOAHUH ¥,(X).

Hayka
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Opmnako muddepeHnaiIbHOe YpPaBHCHUE H3TH-
0a OaJIKM THOCTOSHHON WM3rMOHOM xecTkocth £EJ
moJ JCHCTBHEM HAarpy3ku ¢(X) HMeeT Cleaylo-

WA BUL:
d*y(x) _q(x) 6
4 - . ( )
dx EJ
IIpencraBum pemnrenne (6) B BUAE psa 1mo coo-
CTBEHHBIM QYHKITUIM (5)

Y@= 4,7, (). )

rae An— HCOIPEACICHHBIC MMOCTOAHHBIC KOB(I)(I)I/I-

IIUCHTBI.
Torna u3 ypaBHeHui (5) u (6) cpasy moxydaem

4ﬁnm:%? ®)

O06e gactu (8) ymHOXkaeM Ha Y, (x) W IpPOUH-
TErpupyeM B Ipenenax JumHbl 6anku ¢ . Ha ocHo-
BaHUU OPTOTOHAIHLHOCTH COOCTBEHHBIX (YHK-
uuii [11] nomyuaem:

[y, (g
. :X4—; )
n ’YVIEJ
v, =[ 32 (o (10)

Huterpan B uucnutene (9) mpeacTaBiseT pa-
00Ty BHeITHEH Harpy3ku ¢(x) Ha IMepeMeICHHIX

cobctBeHHOH yHkmu y, (x). IloaTromy mpu neit-
CTBHHM COCPEOTOUYEHHOM cuibl P B TOUKe Oanku
¢ abecuuecoir x, B Ge3pasMEpHBIX KOOpAMHATAX

OKOHYATCJIBbHO IIOJIyYacM

Xy
NEN
n /€ 3
4= P (11)
Xn vy, EJ

Pacuem 1. PaccMoTpUM JEHCTBUE COCPENOTO-
YEHHOW CHJIBI Ha OaliKy C 3alleMJICHHBIMU KpasMH
(puc. 1).

P

b .

LSRN
(=]

_T
~

Puc. 1. banka ¢ 3a1eMJICHHBIMU KpasiMU
MOJI AEUCTBUEM COCPENOTOUEHHON CHUJIIBI

Fig. 1. Beam with pinched edges under
the influence of concentrated force

B »ToMm ciywae mepemenieHue COOCTBEHHOU
dbyukumu y,(x) [12, 9] nomydeno B Buie:
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L

X . x) chi, sin), +cosh, chh,
y,(x)=cos| A, = |+sin| A, = - +c
1 chi cosA, —shA sini -1

5 X chi sinA, +cosh shi, N
"¢ )ch\, cosh, —shh, sink, —1

+ ch(?»n -
!

x) cosh, —sechA, +sinA,tanhA,
cosA, —sechA, —sin) tanh, ~ (12)

1—cosA, chA, = 0;

A, =4,7300; %, =7,8532; A,=10,9956; A =k _, +m n=4,5, .,

TIe

v, =Re[((3+3i)(= 4sin(1+ i), +(1+)sin2A, +sin(2+ 2i)A, —4sh(1+i)h, +(1+i)sh2A, +

+sh(2+2i)r,) +8i(cosh, —chh, )&, )/ (4((=1=i)+ch(1+i)A, +ich(1+i)A, ) A,)].

Ha puc. 2 npuBonstcst nepBbie Tpu (GOPMBI c0O-
CTBEHHBIX KoJjieOaHMH Oalku C 3aIieMJICHHBIMH
KpasiMu.

y
1,5
1,0

0,5

0 X
0,2 0,4 0,6 0,8 1,0

Puc. 2. Tepere Tpu GopMbI COOCTBEHHBIX KOJIEOaHUH OaJIKu
C 3alIEMJICHHBIMH KpasiMU

Fig. 2. First three modes of natural vibrations
of the beam with pinched edges

Judbdepentupyss mBaXIbl TOIYyYCHHOE BBI-
pakeHHe IUIa NporuOoB OajKu OT AEHCTBUS CH-
aet P =1 (3), MOXXHO TIONyYHUTH JTUHUHW BIIHSHUS
M3rH0aIMX MOMEHTOB [UIA JIIOOOTO CEUeHHS
6ankmu [1].

Ha puc. 3 mocTpoeHa 31mopa U3ruOaroImx Mo-
MEHTOB B Oajke OT JeHCTBUS TpPEyrojbHOI
Harpy3Ku.

IlomyuenHoe BwlpaxkeHue (7) mpu H3BECT-
HbIX (10) mo3BOJISAET ONpenensTh IPOTUOBI 3aIeM-
JICHHOW OaJiky, yCHJIMA B €€ CEUYEHUSIX OT IPOM3-
BOJILHOM BHEIIIHEH Harpy3ku ¢(x) ¥ HOCHUT Ha3BaHHE
(dbynxun ['puna s stort 6anku. [Ipu mcmons3o-
BaHuu (7) Hy>KHO UMETh B BHIY, 4TO npu Audde-
PEHLIMPOBAHUU CXOAMMOCTh PSAOB YyXyZIIaeT-
cs [10], mosTOMY IpH BBIYMCICHUH YCHIUH HEOO-
XOJIMMO YBEIIMYUBATh YHCIIO WIeHOB psna (7).
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ql’
0,025

0,020
0,015
0,010

0,005

-0,005

Puc. 3. Ouepranne >mOpsI N3rUGAIOMINX MOMEHTOB B Oajke
OT TPEYTrOJIbHOI Harpy3ku

Fig. 3. Outline diagram of bending moments
in a beam due to triangular load

Pacuem 2. PaccMoTpuM 0anky ¢ 3ameMIIeHHON
Y MIAPHUPHOI OMOpaMu MOJ JIEHCTBHEM COCPEIo-
TOYECHHOH CHIIBI P (puc. 4)

P
= !
40 _ X
4 Xp /]I/ EJ (I)Q
% ¢ y

| /l
Puc. 4. banka c 3a1eMIeHHON U MIapHUPHON OropaMu
10J1 IeCTBUEM COCPEOTOUEHHON CHIIbl P

Fig. 4. Beam with clamped and hinged support under
the influence of concentrated force P

st aToTO Citydas mepeMerteHne coOCTBEHHOM
¢byskuuun y, (x) [12, 9] nomydeHo B Bune

v, (x)= cos(kn %) —ch[kn %) _
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. x YcosA, —chi x YcosA, —chi
—sin| A, — | ————=+sh| A, — |———=;
¢ )sin), —shhi, ¢ )sin), —shh,

tgh, —tanh A, =0; (13)
A, =3,7266; A\, =7,0686; A, =10,2102;

A, =A,,+m, n=4,5,..,

n-1
rae
¥, =(1+(=2chk, sin’, +chh, sin 2, +
+cosA, (2shA, —cosh,sh2h,)):
:(2(sinA, —shr,)’%,)).

Ha puc. 5 npuBesneHbl mnepBbie TpU COOCTBEH-
Hble QYyHKIMU [UIa OaNKy C 3aIllleMJICHHBIM U LIap-
HUPHO OIEPTHIM KOHL[AMU.

y
1,5

1,0

0,5

0

S =

0,2 0,4 0,6 0,8 1,0
0,5

-1,0

-1,5

Puc. 5. IlepBble Tpu cOOCTBEHHBIC (PYHKIMHU TS OATKH
C 3alIeMJICHHBIM U MIAPHUPHO ONEPTHIM KOHIAMHA

Fig. 5. First three eigenfunctions for a beam
with clamped and simply supported ends

Ha puc. 6 npuBomuTCcs oOuepTaHie JIUHUU BIIH-
SIHUSL M3THOAIONINX MOMEHTOB IS CCUCHHS B Ce-
peauHe nposieTa OajKy.

JI. B. M,
2,0
1,5
1,0

0,5

1 2 3 4 5 6 X

Puc. 6. JIunus BAUSHUS U3rH0AIONIETO MOMEHTA IS CEUCHUS
B CEpe/IMHE MPOJIeTa OaTKH

Fig. 6. Bending moment influence line for a section
in the middle of the beam span

Hanmo oTMeTuTh, YTO TONYyYEHHBIE BBIPAXKCHUS
s hopM xonebanuit B Buge psaaos (11), (12) o6-

Hayka
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JIAAI0T OBICTPON CXOJUMOCTBIO BCIICACTBHE HAJIH-
gl COOCTBEHHBIX YHCEN B YETBEPTOW CTETCHU B
3HaAMEHaTeJeE.

Orlpe[le.ﬂe}me KPUTHYECKHX CHJI

PaccMoTpuM ncnonp30oBaHME MOTYYEHHBIX pe-
3yJbTAaTOB JJISl OINpENENeHNs KPUTHUECKHUX CHUJI B
LIEHTPAIbHO CKATBIX CTAaTHYECKH HEOMPEACINMBIX
CTepKHsIX. /g cTepkHs ¢ 3allleMJIIEHHOM W Iap-
HUPHOH OIopaMu 3aAauMcsl TIepBoil opMoi To-
TEpU YCTOHUMBOCTH OT HAEUCTBHUA LEHTPAIBHO
IpUiI0keHHOH cuitbl B Buze (12) mpu A, =3,7266.

Cornacuo [13], BenmnunHa KPUTHUYECKOW CHIIBI
OTIPEAETUTCA U3 BBIPAKEHHS

EJJ‘O/{ (yn” (x))2 dx
B‘r = 4 2 * (13)
[ (v @) ax

[MoxcraBmisis mepByr0 COOCTBEHHYIO (DYHKIIUIO
u uncio (12) B Beipakenue (13), momyuyaem

P, =20,6489 2
0

YTO HEMHOT'O MPEBBIIIACT, KaK OOBIYHO TIPU HC-
MOJIb30BAaHUHM JHEPreTHYeckoro cmocobda [14],

TOYHOE 3HayeHue P = 20,14%.

B 3akmroueHne OTMETHM, YTO YaCTOTHI COO-
CTBEHHBIX KOJEOaHWH PACCMOTPEHHBIX 0aoK
OTIPEIENAIOTCSI COBOKYITHOCTBIO TONY4YEHHBIX COO-
CTBEHHBIX yMcen A,, n=1,2,3,...

BBIBO/I

B pabote moiy4ueHpl aHATUTUYECKHE BhIpaXke-
HAs GyHKOUNA ['puHa U1 OMHONPOJIETHBIX CTaTH-
YECKH HEOMPEISIUMBIX 0alIOK B BUE OECKOHEUHO-
ro OBICTPO CXOJSINErO psifa. DTU BBIPAKEHHS aa-
FOT BO3MOXHOCTh PEIllaTh Pa3HOOOpa3HbIC 3a7adu
CTaTUKU, AUHAMUKA WU YCTOWYUBOCTH HJSI ITHUX
OaoxK.
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Bapuaunonnasi 3a1a4a 0 K0J1e0aHMSIX HEPABHOTOJIIIIMHHBIX KOJIel
U ee IPUMEeHEeHNeE JISl pacyeTa KOHIEHTPATOPOB yJIbTPa3BYKOBbIX KoJle0aHUl

OKT. TeXH. HayK, 1om. JI. A. Crenanenxo", acn. A. H. Kunapyk"
y py

')Beﬂopyccm/lﬁ HAIIMOHAJIFHBIN TeXHUYEeCKMA yHUBepcuTeT (MuHCK, Pecrrybnmka benapycs)

© benopycckuil HallMOHANIBHBIN TEXHUYECKUH yHUBEpcurerT, 2024
Belarusian National Technical University, 2024

Pedepat. PaccmoTpena meronuka pacyera COOCTBEHHBIX YacTOT KOJeOaHWIT HEpaBHOTONIIMHHBIX KOJICI, OCHOBaHHAs Ha
UCIIOJIb30BAaHUH BapHUAIIMOHHOr0 NpuHUIMNA ["aMunbToHa U Teopuid KojneGaHUN KpUBOJIMHEHHBIX Oanok Tuma Jitnepa — bep-
Hysu 1 Tumontenko. Perienus 3a1auu npeAcTaBIsAOTCA B BUJE psAnoB Dypbe, UTO MO3BOJIAET CBECTH €€ K PEIICHUI0 CUCTe-
MBI JIMHEHHBIX anredpandyeckux ypaBHEHHMH. 3ajava onpeleieHus COOCTBEHHBIX YacTOT CBOAUTCS HMPHU 3TOM K 0000IIEHHON
3a7adye Ha cOOCTBEHHbIE 3HaYeHMs MaTpHl. Ha OCHOBE CpaBHEHUs YHCICHHBIX Pe3yJbTAaTOB, ITOMYYECHHBIX IS SKCIEHTPHI-
HOI'0 KOJIbLIA, C pe3yJIbTaTaMU PacueTOB METOJOM KOHEYHBIX 3JEMEHTOB I0Ka3aHbI IPEUMYLIECTBA UCIONB30BaHUS TEOPUU
TumoImeHKo, BKIOYaomuye B ce0s MOBBIMICHHE TOYHOCTH BBIYMCICHHH U BOSMOXKHOCTD HACHTU(HUKAIIMN PAaAUAIbHBIX H pa-
JHANbHO-U3THOHBIX COOCTBEHHBIX (opM. MccienoBaHa BO3MOKHOCTh CHIDKEHHS BBIYHCIHUTENBHBIX 3aTpaT MPH HCIONB30-
BaHMH TeOpuH THMOIIEHKO 3a CYET MPEJCTaBICHHs ONpPEAEIUTENs OMUCHIBAIONIEH 3a1auy OJOYHOI MaTpHIBI B BHJE MPO-
U3BEJCHHUs ompenenurencii Oonee HU3KHX MNOpsAAKoB. Iloka3aHO, YTO COOTHOINEHHMS, MONyYEHHbIE HA OCHOBE TEOPHHU
Diinepa — bepHyun, B 4acTHOM cily4ae paBHOTOJIIIHHOIO KOJIBIIA MPUBOASAT K M3BECTHBIM aHATUTHYECKUM (opMyam Juis
COOCTBEHHBIX 4acTOT KojebaHuil koiybua. ITomydeHHBIE pe3ysbTaThl MOTYT OBITH HMCIIOJNB30BAaHBI JUIS pacyera KOJbLEBBIX
KOHIICHTPaTOPOB YJIBTPa3BYKOBBIX KosiebaHuil. [IpenMyInecTBO mpeiaraeMoro METosa o CPaBHEHUIO C APYTUMH H3BECT-
HBIMH TOAXOJaMH, HAaI[pUMEp METOIOM TapMOHHYECKOTO OajaHCca, COCTOMT B OTCYTCTBHH HEOOXOIUMOCTH PabOTHI ¢ Au(-
(epeHIMANBPHBIMU WIIH MHTETpO-TuddepeHmanbHpIMI ypaBHEHUSIMU KOJIE0aHMH, KOTOPBIE B CIydae HEPaBHOTOIIIHMHHBIX
KOJIEL] MMEIOT J0CTATOYHO CIOXKHYIO CTPYKTYpY M TPeOYIOT IUIsi CBOETO PEIICHMS] PUMEHEHUS BEIYUCIUTENbHO-3aTPaTHBIX
onepauuii, HanpuMep AUCKPETHON CBEPTKH.

KuroueBble cjioBa: BapuanyoHHast 3a1ava, npuHuun ['amunbToHa, psaasl Dypbe, Teopust TUMOIIEHKO, YIBTPa3ByKOBBIE KO-
neGaHus, KOJBIEBON KOHIICHTPATOP, COOCTBCHHBIC YaCTOTHI

Jas nuurupoBanusi: Crenanenko, /I. A. BapuannoHHas 3a/1a4a 0 KOJIEOaHUSIX HEPABHOTONIIIMHHBIX KOJICI] M €€ TIPUMCHEHHE
IUISL pacyeTa KOHIIEHTPATOpOB YIbTPa3ByKoBhIX konebanuii / . A. Crenanenko, A. H. Kuanpyk // Hayka u mexnuxa. 2024.
T. 23, Ne 4. C. 295-303. https://doi.org/10.21122/2227-1031-2024-23-4-295-303

Variational Problem on Vibrations of Unequal-Thickness Rings
and Its Application for Calculating Ultrasonic Vibration Concentrators

D. A. Stepanenko”, A. N. Kindruk"
YBelarussian National Technical University (Minsk, Republic of Belarus)

Abstract. The paper considers a method for calculating the natural frequencies of vibrations of unequal-thickness rings,
based on application of Hamilton’s variational principle and theories of vibrations of curved beams of the Euler-Bernoulli
and Timoshenko type. Solutions of the problem are represented as Fourier series providing possibility of its reduction to the
system of linear algebraic equations. The problem of determining natural frequencies is reduced to a generalized problem for
the eigenvalues of matrices. Based on a comparison of the numerical results obtained for an eccentric ring with the results
of calculations by the finite element method, the advantages of using the Timoshenko theory are shown, including increased
calculation accuracy and the possibility to identify radial and radial-flexural eigenmodes. The possibility of reducing computa-
tional costs when using the Timoshenko theory is explored by representing the determinant of the block matrix describing the
problem as a product of lower-order determinants. It is shown that the relations obtained on the basis of the Euler-Bernoulli
theory, in the particular case of equal-thickness ring, lead to the well-known analytical formulas for the natural frequencies
of the ring oscillations. The obtained results can be used to calculate ring concentrators of ultrasonic vibrations.
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The advantage of the proposed method in comparison with other known approaches, for example, the harmonic balance me-
thod, consists in no need for the work with differential or integral-differential equations of vibrations, which are a rather com-
plex structure for the case of unequal-thickness rings and require the use of computationally expensive operations, for exam-

ple, discrete convolution, for their solution.

Keywords: variational problem, Hamilton principle, Fourier series, Timoshenko theory, ultrasonic vibrations, ring-shaped

concentrator, natural frequencies

For citation: Stepanenko D. A., Kindruk A. N. (2024) Variational Problem on Vibrations of Unequal-Thickness Rings and Its
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BBenenue

VYceunenue ynpTpa3BykoBbIxX kojebanmii (Y3K)
N0 aMIUIUTYZAE SBISETCS HEOOXOIUMBIM IIarom
UL MX YCHEIIHOTO MPUMEHEHHUs C LeNbl0 WHTEH-
cUpUKAIUN PA3UYHBIX TEXHOJOTUYECKUX IIPO-
[ECCOB, TAKUX KaK pa3MepHas 00padoTKa XpyIKUX
MarepuanoB, oOpaboTka OMONOTHMYECKHX TKaHEH,
CBapKa M T. Il. B KauecTBe KOHCTPYKTHBHBIX 3JIEMEH-
TOB, oOcCymecTBIomuX ycwienne Y3K, wucmons-
3yIOTCS CTEP)KHEBBIE M KOJbBIIEBbIE KOHIIEHTPATO-
PBlL, BBHINOSHSEMbIE B BUJE CTep)KHEH NepeMEeHHO-
ro MO JJINHE CEYeHHWS W HEePaBHOTOJIIIMHHBIX KO-
nen [1, ¢. 100; 2; 3]. OnHOM M3 OCHOBHBIX 3ajad,
CBSI3aHHBIX C pacyeToM KoHueHTpaTopoB Y3K,
SBIISIETCSl OTIpe/ie]IeHNe COOCTBEHHBIX YacTOT HX
KojieOanmii. BaKHOCTH 3TO# 3a1auu ONpeaeseTcs
HEOOXOJMMOCTBIO  COTJIAaCOBAaHHMA COOCTBEHHBIX
4acTOT KoJieOaHW KOHIIGHTPATOPOB C pabodmmMu
YaCTOTaMH JJIEKTPOAKyCTUYECKHX MpeodpazoBaTe-
Jield, HCMOJBb3YyEeMBIX B KadyecTBe BO30yAMTENCH
konebanmii. Takoe cormacoBaHue oOecreunBacT
PE30HAHCHBIA pexuM (YHKIIMOHUPOBAHUS KOJIe-
0aTeNIbHOW CHUCTEMBI M 3a CUET JTOTO IO3BOJISET
JOOHUTHCS MakCHUMalbHOW 3((EKTUBHOCTU ee pa-
0otel. [l pacdera coOCTBEHHBIX YacTOT Kojeba-
HUH KOHIEHTpaTopoB Y3K HCHONMB3YIOT psm Me-
XaHUKO-MaTeMaTHYECKHX METOJIOB, TAKHX KaK Me-
TOJ BXOJHOTO UMIIEaHCa, METOJ MepedaTOYHbIX
MaTpHIl ¥ METOJ KOHEUHBIX JJIEMEHTOB [2, 4, 5].
CylecTByeT Takxke METOJ TapMOHUYEcKoro Oa-
nanca (MI'B), ocHOBaHHBI Ha MpeICTABICHUH
pacrpeeneHnsi aMILUTUTY bl KOJIeOaHWH B KOHIICH-
Tparope B Bugae psana Oypee [6-8]. MI'b nozBons-
€T CBECTH OmHChIBaromiee koiebanus nudde-
peHIMaIbHOEe WM  WHTerpo-auddepeHuansHOe
ypaBHEHHUE K CHCTEME JIMHEHHBIX anre0pandecKux
YpaBHEHUH OTHOCHUTEIBHO KOA(PQOHUIMEHTOB psa
Oypbe, a 3amady omnpeneneHus COOCTBEHHBIX Ya-
CTOT — K 000OIIeHHOH 3ajade Ha COOCTBEHHBIE
3HaveHUs: Marpull. Hamboiee menecooOpa3HbIM
sBasercs npumenenne MI'b nns pacuera koiblie-
BBIX KOHIIGHTPATOPOB, TaK KaK pacIpeesieHue
aMIUTUTYI6I  KosneOaHWi B HUX oOJamaer ecrte-
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CTBEHHOM NEPUOJMYHOCTBIO IO YTJIOBOM KOOPIH-
Hare. Henocrarkamu MI'b B ciyuyae HepaBHOTOII-
IIMHHBIX KOJIEI[ SBJISIFOTCS JIOCTATOYHO CIIOXKHAS
CTPYKTypa JeKallUuX B OCHOBE METOJa WHTErpo-
muddepeHIaTBHBIX ypaBHEHUH ©  HE00XOmu-
MOCTH BBITIOJIHEHUS! HEKOTOPBIX HETPUBHAIBHBIX
onepanuii Hax kKodddumumentamu psago Dypbe,
B YAaCTHOCTU UX UCKPETHOM CBEPTKH [6]. YUHUTHI-
Bas, 4To Hcronb3yemble B MI'b unTerpo-mudde-
pEHIMANbHBIE YPaBHEHHUS BBITEKAIOT M3 (yHAaMEH-
TaNbHBIX BapHUALMOHHBIX MPUHIIUIIOB MEXaHUKH,
B YAaCTHOCTH W3 NPUHIUIA HAUMEHBIIETo eH-
cTBUS ['aMHIIBTOHA, TEPCIIEKTHBHBIM SBISETCS
MpsIMOE pellieHHe OMUCHIBAIONIEH KOJIeOaHUsS KOH-
[IEHTpaTOpa BAapUAIMOHHOW 3aJaud IyTEM TIpej-
CTaBJieHUsl (PYHKIMH paclpeneeHHs] aMILIUTY bl
konebanmii B Buae psaga Dypbe. DTO UCKIIOUUT
HEOOXOIUMOCTh Iepexo/ia K CIOXHBIM IO CBOEH
CTPYKType HHTErpo-auddepeHITNaTbHBIM ypaBHE-
HUAM KoneOanuid. [logoOHBI TOAXOM YCIIENTHO
WCTIONIB30BANICS JJIS1 M3yYeHUs] KoJeOaHU! pazimnd-
HBbIX 00BEKTOB [8, 9], a B maHHOW CTaThe AaeTcs
€ro CHCTEMAaTHYECKOE OIKCAaHHE MPUMEHUTEIBHO
K KoJIe0aHUsIM HEPaBHOTOJIIMHHBIX KOJIEIl.

ITocTaHoBKAa M METOAMKA peuieHus 3aaavuu

CxeMa KOHCTPYKIIMHM KOJIBIICBOTO KOHIIEHTpPA-
topa Y3K ¢ mpuMeHseMbIMU B JaidbHEHIIeM aHa-
n3e 0003HaYEHHUSIMH TTpUBEIeHa Ha prc. 1.

Puc. 1. Cxema KOHCTPYKIHH KOJBLEBOTO
KoHLeHTpaTopa ¥ 3K

Fig. 1. Design diagram of ring-shaped concentrator
of ultrasonic vibrations
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Ha pucyHke ucronb3oBaHbl cieayromme 000-
3HAYCHHUS: () — yriioBas koopauHara; W(e, f) — pa-
JadbHasl COCTABJISIONIAs KOJeOaTenbHOrO CMeIle-
HUSI B MOMEHT BpeMeHH f; U(o, f) — TaHTeHIInaIbHas
COCTaBJISIONIAsT KOJICOATEIIBHOTO CMEIICHUS, 1, —
paanyc BHYTPEHHErO KOHTYPA; ¥| — TO KE Hapyxk-
HOTO KOHTYpa; b; U b, — MakCUMaJbHOE U MUHH-
MaJIbHOE 3HAYCHUS PAIUATLHON TOJIIMHBL; € — JKC-
MEHTPUCHUTET;, R — paawyc cpemaHe JuHuM; Pi(P)
1 py(¢) — TIpenenbHbIe 3HAYCHHUS PaTHaIbHON KOOp-
IMHATBL U CEYEHHsI C YIJIOBOW KOOPIMHATOH .
Ha puc. 1 mpexncraBieH 4YacTHBIA Cilydall KOH-
CTPYKIIUU C 3KCIICHTPUYHBIM PACIIOIOKCHUEM IIH-
JIMHAPUYECKUX TIOBEPXHOCTEW, OJTHAKO JTaJbHEUIINI
aHaj M3 NMPUMEHUM W JUIsl KOHIICHTPATOpOB OoJiee
CITO’KHOH (HhOPMBI TIPY YCIOBHUSX HAIMYMS 3€pKajib-
HOM TeOMETPUYECKON CHUMMETPUU M TIOCTOSHCTBA
pajyca cpeHei JIMHUM.

Bapuanmonnast 3aaya OyneT paccMaTpUBaThCS
B JIBYX ()OPMYJIHPOBKAX:

1) Ditnepa — bepHym, B KOTOPOM HCIONIB3Y-
eTcs AOMYyIIeHUE O HEPAaCTsDKUMOCTH CPEAHEH -
HUM KOJbI]a W HE YYUTHIBAIOTCS CIIBHTOBEHIE [Ie-
dhopmartimy;

2) TUMOIIIEHKO, YYUTHIBAIOIIEH PaCTKUMOCTh
CpeIHel IJIMHUM KOJbIla, CIBUTOBBIE aedopma-
WU ¥ BPALICHHUE TIONEPEYHBIX CEUCHUMN MPU U3TH-
0c (B BUIEC HE3aBUCUMON MEPEMEHHOW B OTIUYHE
ot (opmynupoBku Diinepa — bepHysuun, Tae yroa
MOBOPOTAa CEUYECHUM CBS3aH C paJIMaJIbHOW COCTaB-
JsTroIEeH Kore0aTeIbHOTO CMETIICHNS ).

Dopmynupoexka Iiinepa — Bepuynnu. C yue-
TOM YCIOBHSI HEPACTSKHUMOCTH CpPEIHEH JH-
uuu [10]

Yw (1

oo

KHHETHUYCCKAad SHCPIUs KOJIbIa IPUMET BU

2 2
o[22 (2 or-
AN ot

2 2
R oU o*U
==[ps|| =] + do,
29 ot 0ot
r/ie p — IUIOTHOCTh MaTepuana; dV — 31eMeHT 00b-
ema; S(¢) — mouaas MOMepeyHoro CeYeHusl.
Ecin TanreHmuanbHas cocTaBidroias Kojeda-

TCJIBHOI'0 CMCIICHUA HM3MCHACTCA B 3aBHCHMOCTH
OT BPEMCHU 110 TAPMOHUYCCKOMY 3dKOHY

2)
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U(9,1) = u($p)sin(wr), 3)

IJie ® — Kpyroeas 4acToTa KojicOaHUH, TO BbIpa-
kerue (2) mpuMeT BHIT

E =

K

o’R- (1+cos(203t)) J~ b, (4)

[Ipu ucnons3oBanuu B dopmyie (3) paszopHo-
0 TMpPEJCTAaBICHUS TapMOHHYECKHX  BEIMYHH
(MpencTaBneHUs ¢ TMOMOIIBIO KOMIUICKCHBIX JKC-
[IOHEHT) BO3MOXHA MOTeps (PU3UYSCKOTO CMbLIA
NpU BBIYUCICHUW DHEPruM, TaK KaK (PU3MUECKHH
CMBICIT COXPAHSETCS TOJNBKO NPH BBIMOJIHEHUN HAJI
(daszopamMu JIMHEHHBIX omepanuii (yMHOXXCHHE Ha
KOMIUIEKCHOE 4YHCJIO0, ClIoKeHue, nuddeperuupo-
BaHUE M UHTETPUPOBAHHE), @ BRIYUCIECHUE SHEPTUU
BKITIOYAET B ce0sl HENWHEWHYIO OMepalnuio BO3Be-
JICHUS B KBAJIparT.

[MoTenumanbHas SHeprus aedopManuu Koybla
Oynet onpenensatbes Beipaxkenuem [11, c. 316]

1 2
E, =El%dV=—j—d¢—

2n 2
0

I7Ie G — HOPMaJbHBIE MEXaHHYECKUE HANPSKEHUS;
E — monyns npononsHO# ynpyroctu; M — usrnba-
foumii MOMeHT; I(¢) — oceBOd MOMEHT HMHEpPLUH
[IONIEPEYHOr0 CEYEHHsA, WJIM C Y4YETOM BBIpaXKe-
Huti (1) u (3)

o,

E =

n

1- cos(2cot)J- d’u +ﬂ
dy® do
CormacHo mpuHIUNY |aMuabTOHA QYHKITHS

u(p) momwkHa oOecrieynBaTh HAaUMEHbINEE 3Haue-
HUE (PYHKIMOHAJA ISHCTBUS

do.  (5)

T
A=[(E,~E,)dt=T(<E,>-<E,>), (6)
0

rae <-> — cpegHee 3HaueHue 3a nepuon 7 KoJieOa-
HUH.

IlpencraBuM aMIUIMTYly TAaHTE€HUUAIBHOWU CO-
CTaBIIIONIEH KOJIe0aTEILHOI0 CMEIIECHUS M €€
IIPOMU3BOJHBIE B BHJE YAaCTUYHBIX CYMM PSJI0B
ODypse:

u(@) =Y a sin (i0); (7)
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W) = Y ia” cos(ib); ®)

u" () = Zf @ cos(id). ©)

B stoMm ciyuae ¢yHkiuoHan (6) Moxer pac-

CMaTpUuBaTHCA Kak 3aBHUCAIIHAN OT AMIIIUTY [ Cl(u)

rapMoHuK psana Oypwe, TO eCTh
A=A, a",...,a"),

a 3ajada ero MUHHMH3AIMHA CBOJWUTCS K 3aja-
4e OTBICKaHHUS JKCTpEMyMa pPa3HOCTH CPEIHUX
3HAYEHUNA KUHETUYECKOW M MOTEHUHAIBHOU SHEp-
ruii [9]

O0<E > O<E, >

- =0, k=1,2,..,
oa\" oa\"

N. (10)

VYcepennenne Beipaxenuit (4) u (5) maer cie-
JYIOIIUM pe3yJibTar:

2p2n 2
<EK>:wRIpS W+ 2 do;
4 9 do

27 3
<E, >=L3fE1 du
4R dd

0

du ’
+d_¢J do.  (11)

[Moacrasnsst popmyiet (11) B yciioBue sKcTpe-
mymMma (10), moxydnm

f)a,({”) - f)a,({”) E
auﬂf a !
X +
{Ga,ﬁ") aa,(c”)j ¢

+m2fps( Oy O Jdd)J:O. (12)

2n
O0<E. > O<E, >—R[—LIE[(u”'+u')x

@ ()
Oa oa;
C yuerom ypaBHeHUU (7)—~(9) BBITOTHIIOTCS
paBeHCTBA:

ou
()
Oa;

=sin(k¢);

’

u
o =kcos(kd);
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au "
W =—k* cos (k)

1 ycioBue skcTpemyma (12) mpuHUMaeT BUI

0<E > 0<E,> R[ k(F’-1)& . ,
T =5[_—4 2. =D

XT El cos(k¢)cos (i) d - al +

+ o [kz [ pS cos(kg)cos (i) do-a +
i=1 (13)
+i | pSsin(k¢)sin(i¢)d¢.af'”D=

i=l ¢

VYenosue (13) MokeT OBITH 3amMCaHO B BHJIEC
CHCTEMbI JIHHEHHBIX aNreOpanvecKkuX ypaBHEHHIA
BHIA

(A+o’B)a" =0, (14)

(u) .
rme a-’ — BEKTOp aMIUIUTY[ rapMoHuk psna (7);
A u B — marpuusl pazmepoM NXN, 3IeMEHTHI KO-

TOPBIX OTPENEISIOTCS HopMyIaMu:

_ k(-1 y
A = I i(i* =1
. (15)
X j. El cos(kd) cos(icl))d(l);
B, .= kiTpS cos(kd)cos(idp)dd +
° (16)

+TpS sin(k¢)sin (i¢)d¢.

Cucrema (14) uMeeT HETPUBHAIILHOE PEIICHUE
IIpH YCIIOBUH

det(A + ®’B) =0, (17)

U3 KOTOPOI'0 MOTYT OBITh OMpeAeicHbl COOCTBEH-
HbIE KPYTOBBIE YaCTOTHI KOJIeOaHUI KOTbIIA.

B ciydae paBHOTONIHWHHOTO OJHOPOIHOTO
KoJbpLa, Ana koroporo EI = const, pS = const,
dhopmymer (15) u (16) ¢ ydeToM OpTOTOHATBLHOCTH
TPUTOHOMETPUYECKUX (PYHKIUN NTPUHUMAIOT BHI;
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2072 12
4, = s 0 s
k) R k)
By, ZTC(kZ +1)pS8k,i’ (19)

rae 9, ; — cumBon Kponekepa.

®opmyner  (18)«19) 3amaroT  AMATOHAIBHYIO
MaTpHILy, [yisl KoTopoi ycnosue (17) mpuHUMaeT Bu

ﬁ( —kz(k; ) El + (k2+1)pSJ

k=1

OTKyJa BBITCKAeT HW3BECTHas ¢opMynia s coo-
CTBCHHBIX 4YacTOT KojeOaHWil KPYroBBIX KO-

ner [10]
P k(k* —1) EI
2R A\ pS(kE+1)

Dopmynupoeka Tumowenko. IloTeHuuanbHas
sHeprus naedopMariii, CBS3aHHOM C JCHCTBHEM
U3rHOAIONMX MOMEHTOB, OYAET ONpPEeACIAThCS

thopmyoii [2]

o _RM 1 ov
j ¢2RE{%]M

rae W(o, {) — yrona moBopoTa ceueHHs.

B ciydae yyera pacTsSHKMMOCTH CpeIHEH JIH-
HUM TIOTCHIMAJbHAS DHEPrusi OyAeT JONOJHU-
TEJIBHO COAEpKaTh ciaraeMoe [2]

ah

roe e=0U / 0o —W — otHOCHTENBHAS nedopMaIus

2 2
E,g’a“:legde:ijES Y _w ao,
2) 2R

CpelHe! TUHUU.

Cocrasisronasi MOTEeHINAIBHON SHEPTUH, CBA-
3aHHasi CO CABUTOBOH Jedopmarueli, OyJaeT UMeTh
Bun [2; 11, c. 315]

2
E:ﬂﬂzljt_dyz_ Q_ -
G , GS

_K Tas( Ly py d¢,
2R3\ 09

IZIe T — CABHIOBBIE MEXaHHYECKUE HaNpsDKEHUS;
G — MOIyNb CABUTOBOM YIIPyrocTH; () — moreped-
Hast cuna; K — K03 (UIMEHT, yUUTHIBAIOIINNA He-
PaBHOMEPHOCTb pacHpeiesiecHUus] CIABUTOBBIX Ha-
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NPSDKEHUH U 3aBUCSAIIMN OT GOpPMBI cedeHus (Iist
MpSAMOYToJIbHOTO cedeHus K = 5/6).

Kunernyeckass sHeprust OyIeT ONpenensThes
BBIPaKEHHEM

b oo () (2 Jo

IIpu rapMoHHYECKOH 3aBUCUMOCTH IEPEMEH-
HeIX U, W u ¥ OT BpeMEHH C aMIUTUTYIHBIMHU 3Ha-
yerusMa u(p), w(¢) u y(¢) BeIpaXXEHUS A TIO0-
TEHIIMAJIbHON M KUHETUYECKOW DSHEepruii u Hux
CpPEeIHUX 3HAYCHUI NPUHUMAIOT BUJ:

E :l—cos(2(ot) TEI dy 2d¢+
" 4R 0 do
+I[ES(;I—Z)—WJ d¢+KSI[GS(Z—$+u—R\|/J dd)];

o’ R(1+cos(2ot)) °f

E = j(pSuz +pSw’ +p1\u2)d(|);
0

“ 4

<E, >=— {jE[(iq)j d¢+IES(Z—¢—wj do+

(20)

27 2
+K,[Gs D iRy | do|:
168 54

o’ RF
[ (pSi® +pSw” +ply?)dg. (21)
0

<E >=
4

[IpencraBum amMmuTyas! u(@), w(¢), y(e) u ux
MPOM3BOJAHBIE B BUAE YACTUYHBIX CYMM DsIOB
Dypse:

N N
u(p) =Y. a sin(ip), w(e)=> a™ cos(ip),
i=1 i=0
N
v(9) = a"sin(ip); (22)
i=1
N N
u'(9) =Y ia" cos(ip), w(@)=-> ia" sin(ip),
i=1 i=l

N
v'(p) = Ziaf"’) cos(io). (23)
i=l

3mecr y4TE€HO, YTO B CHIIy T€OMETPHUYECKOI
CUMMETPHUH pactpeesneHne aMmmTya u(@) u y(o)
OIHMCHIBACTCA HEYETHBIMU (YHKIVSIMH, a pacrpe-
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JIENICHUE aMIUTUTYABl W(() — YeTHOU (YyHKIIHEH.
B pasnoxenun ¢GyHKuMU w(Q) ydTeHa HyJieBas
rapMOHHKa (IIOCTOSHHOE CJIaraeMoe), Tak KaK ydeT
pacTsHKMMOCTH CpelHEH JTUHUW TPUBOJUT K BO3-
MOYXHOCTH TOSBJIEHHSI COOCTBEHHBIX (hopM Koie-
OaHMi, UMEIOLIUX PAaBHOMEPHO PacCIIpeAeIeHHYIO

COCTABISIONIYIO AMIUTUTYABl PAgUaIbHOTO KOJie-
0aTeNbHOTO CMelleHHs (paaualibHble W paaualib-
HO-U3TUOHBIE COOCTBEHHBIE (DOPMBI).

YcnoBus skcTpeMyMa (QyHKIMOHaNA IeHCTBUS
¢ yuyeroMm Belpaxennid (20)—(23) mpuHUMAOT BUJ
(mpu k=1, 2, ..., N):

2n !
e B IR ) o
Oa, Oa, 2\ Ry oa, oa,
F du R( k&7F
+o° | pSu do |=—| ——> i| EScos(id)cos(kd)dd-a™ +
J oSuzm ¢J 2( 7 2| EScos(ip)cos(kid-
k N 2m N 2m
+—>" [ EScos(ig)cos(k)dd-a!"” a" +
R i=l o i=l o
N 2n

i=1

+ 2; ﬁz[ GSsin(idp)sin(kp)dd-a"™ +

== [ GSsin(ig)sin(kg)dd-a*’ +

i=l

N 2m
+o0’ ) J. pS sin(i)sin(kd)dd - af“)j =0; (24)
i=l ¢
O0<E > O<E > R(17%F ow K F ow'
> OB R (=)L dp -2 [ GS (w4 u— Ry)-Ldg +
aal({w) aal({w) 2 [RZ J. W) aal(cw) ¢ RZ .([ (W u W)aa/E,W) d)

8w
)
Oa,

+ szpSw
0

- %ZZ: 'f ES cos(idp)cos(kdp)dd - a(w)

i

N T[
L9 _
i

i=1

N 27

+ Z I pScos(ih)cos(kh)dd - ai(w)j =0;

i=l o

(v) (v)
Oa, Oa,

2n
8\;/ R &k
+o” | pl =—| =
{ P W@a,f,‘") 2\ R

N 27

i9)sin(kp)do-a;"’ —

i=l
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O0<E, > O0<E,> R( Lf
R ! a(w)

2n

J _ _[%iz I ES cos(idp) cos(kp)d - a' —

1

2n

kK [ GSsin(ig)sin(kg)dd-a

5

R2

Mz

i

N 2m
(\v)

i=l o

(25)

2t
K, ' oy
I GS(w +u _Rw)ﬁa(‘”) do+
0 k
N 2=
> i [ Elcos(i¢)cos(kd)dd-a* +
i=l o
N 2=
i id)sin(kd)dd-a™ —
=1
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-K, i T GS sin(i¢)sin(kp)d ¢ - a'”’ +o’ ZN: T pl sin(idp)sin(kp)d-a'" |=0. (26)

i=l

OTnenbHO HEOOXOJMMO PacCMOTPETh IMPOU3-

BOJHYIO MO aMIUIMTYje a.”’, BbIpakeHHe i

KOTOpO# BBITEKaeT U3 oO0miero BeIpaskeHHA (25)
mpu k= 0.

YcnoBus (24)—(26) B COBOKYITHOCTH C yCIIOBH-
€M DPaBEHCTBA HYJIO MPOU3BOJHON IO aMILTUTY-

(w)
ae a,

MOZKHO MMPEACTABUTH B ManI/I‘{HOP'I (bOpMCZ
Aiu)a(u) +A§W)a(‘” +A§“’)a("’) +m’B®a™ =0;
A(Zu)a(u) +A(2W)a(w) +A(2W)a(\v) +(D2B(W)a(W‘) 20,
Ag”)a(”) +A§w)a(w) +A§W)a(\ll) +(02B(W)a(w) :0’

W o ()

WJIH TIOCITe 00BeTMHEHHS BEKTOpPOoB a*’, a'™’, a

A(u) A(W) A(\V)
1 1 1
A(u) A(W) A(W) +
2 2 2
Agu) A§W) Ag\v)

BY 0 0 ))(a®

2 (w) (w) | _
+o| 0 B 0 a"” (=0, (27)

0 0 B(\U) a(w)

rae matpuust B® 1 BY) nmeror pasmep N x N,

marpuna B™ umeer pasmep (N + 1) x (N + 1),
a pa3Mepsl OCTAJIbHBIX MAaTPHUIL ONPEACISIOTCA U3
YCIIOBHUS COTTIACOBAHMS pa3MEPOB OJIOKOB.

Ypasuenue (27) umeeT HETPUBHAIBLHOE peIle-
HHE IIPU YCJIOBUH

A® L o’B™ A AW
1 1 1
det| Ay AP +e’B™ A =0,
Agu) A(3W) Ag\v) +o’BW

(28)

U3 KOTOPOTO MOTYT OBITh OMpeeTICHbl COOCTBEH-
HBIC KPYTOBBIE YaCTOThI KOJICOAHUH KOJIbIIA.

JIJist CHYDKEHUSI BBIYHUCIIUTENLHBIX 3aTpatr yCIlo-
Bue (28) MoxeT OBbITh 3aIMCAHO B BHJIE PA3JIOKe-
HUSL 10 ONpEACITUTENAM 0oJiee HU3KHX IOPSI-
KOB [12]
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i=l

det(Af“) +o’B” —AY (AY + o’ BY) A -

2 -1 w
_ (AiW) —Ai“’)(Aé“’) +o B(\v)) A§ ))X

x (A(ZW) +m’B™ _A(Zw)(Agw) +O)2B(W))_l><
(29)
x AL (AL - AV (A + 0B AL )x

x det(AS” + 0'B™ — AV (A + 0’ B™) 'x

x AL)det(AY + ’B™) =0.

Pe3yJ’lLTaTI)I H UX oﬁcy)w]e}me

Pacuer coOCTBEHHBIX YacTOT KOJEOAHWIA IMPO-
H3BOAMIICS C TOMoUIp0 mporpammbl  Mathcad
IUIsl KOJIBIIEBOTO KOHIIEHTPATOPa C IKCLEHTPUYHO
PacmoOKEHHBIMU LMIMHAPUYECKUMH OBEPXHO-
CTSIMHU TIPH CIIEAYIOIINX UCXOAHBIX NAHHBIX: PaJii-
yC BHYTPEHHETO KOHTypa 7, = 20 MM; MaKCHMab-
HO€ W MHHUMaJIbHOE 3HAYCHHS PagUaIbHOU
TOMIIMHBI by =3,5 MM U b, =2 MM; oceBasi TOJIIIIU-
Ha H=3,5MM; paguyc HapyXHOr0 KOHTypa
r =1+ 0,5(b; + by) = 22,75 MM; dKCUEHTPHUCH-
teT e = 0,5(by — by) = 0,75 MM; TJIOTHOCTH MaTe-
puama p = 7800 Kr/M”; MOy HPOIOIBHOM yIIpy-
rocta E=210TITla; Momyis CIBUTOBOW YIIPYTOCTH
G =82ITla. Pacuer BBIMONHAJICS Ui paanyca
cpenneit muanu R = 0,5(r + ;) = 21,375 MM, Ko-
TOPBIA MOXKET CUMTATHCS TOCTOSIHHBIM, €CJIM IpU-
HATP 32 IIEHTP KPUBHU3HBI CPEAHEH JIMHUU Cepelu-
Hy OTp€3Ka, COEANHSIIOIIEr0 MEKAY COO0M LIEHTPEI
kpuBu3HBl C; W C, Hapy>KHOTO W BHYTPEHHETO
KOHTYpoB (puc. 1). Uncnmo rapmonuk psgoB Dypre
ObUT0 MpUHATO paBHBIM N = §: B o0mmeM ciyyae
IUIsl 00ECTIEYeHUs] TOYHOCTH PACUYETOB OHO JIOJIKHO
OBITH HE MEHBIIIE, YeM TIOPSIOK COOCTBEHHOH (op-
MBIl KOJIEOaHMH C MAaKCHMAaJbHOH B HCCIELyEeMOM
JTIaIia30He 9acTOT COOCTBEHHOM YacTOTOH [6].

Ha puc. 2 npencraBnena pacyeTHas pe3oHaHC-
Hast KpuBas (rpaduK 3aBUCHMOCTH OIIPEIEeITUTEII,
CTOSAIIETO B JIeBOW 4acTu ypaBHeHus (17), ot ga-
CTOTHI f), MONyYeHHAas! HA OCHOBE (HOpMYIHPOBKH
Diinepa — bepHym.
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3842 10601 19920 31502

5

Mopyb onpenenuTens

0 210 4x10* 6x10"

YactoTa, I'1x
Puc. 2. Pe3onaHcHas KpuBas, 10JyYCHHAsI
Ha ocHOBe (hopMyHpoBKH Ditepa — bepHymm

Fig. 2. Resonant curve obtained on the basis
of the Euler — Bernoulli formulation

BepTukanbHBIMU JTMHUSIMH C YHCJIOBBIMHU 3Ha-
YEHUSIMH OTMEUYEHBl PacueTHblE COOCTBEHHBIEC 4a-
CTOTBI KOJeOaHWM, IOJIyYeHHbIE C ITOMOIIBIO Me-
TOJa KOHEYHBIX 3JIEMEHTOB C NMPUMEHEHHEM IIpO-
rpammbl  Comsol Multiphysics. Kak  Bugno,
NOTPEIIHOCTh OMpEIENeHNUs COOCTBEHHBIX YacTOT
BO3PACTaET C YBEITMUYCHHUEM HOPSIIKa COOCTBEHHBIX
dhopm konebanwmii, gocturas 5,5 %, 4ro ABIAETCA
apryMEHTOM B I10JIb3y NIPUMEHEHUs 0ojiee TOYHOM
(B cMbIcne ydera BIMAIOLIMX MEXaHWYECKUX (ak-
TopoB) (GopmynaupoBkn TumornieHko. PacuerHas
pe30HaHCHAas KpuBas, IOJNyYeHHas W3 ypaBHe-
HUst (28) Ha ocHOBe opmMynupoBKkH THMOIIEHKO,
MpUBECHA Ha PUC. 3.

502 38657 45| 54349
31502 38657 45066 54349 |
! ! v \:f

A

(’

33
3$42 10601 19920
Pl s SR 3

Mogyms onpeaenmTens

‘| : : 1
0 2x10* ax10* 6x10°

YactoTa, I'r

Puc. 3. Pe3oHaHCHAs KpHBasi, MOTyYCHHAs
Ha 0cHOBE (OPMYIHPOBKH THUMOIIEHKO

Fig. 3. Resonant curve obtained on the basis
of the Timoshenko formulation

[orpenrHocTh omnpeeneHnus COOCTBEHHBIX 4a-
cror He mpesbimaer 1,9 %. JlomomHUTEIHHBIM
MPEUMYIIECTBOM 110 CPaBHEHHUIO ¢ (OPMYJIHUPOB-
Koi Oiinepa — bepHymn sSBISETCS BO3MOXHOCTD
onpeneneHuss COOCTBEHHBIX YacTOT, COOTBETCTBY-
IONNX COOCTBEHHBIM (popMaM C ITOMUHHPYIOIIEH
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nedopmManueld pacTshiKeHUs! CpeHed JTUHUM (paau-
albHAasT W PaJAUAIBHO-U3THOHAs COOCTBEHHBIC
tdopmer ¢ gactoramu 38,7 u 54,4 xl'm), mpudem
[IOTPEIIHOCTh ONPEAETCHUsI 3TUX YacTOT HE Ipe-
Beimaer 0,3 %. Ilpu ucnonab3oBaHMM pasiioxke-
Hus (29) nna onpeneneHuss cOOCTBEHHBIX YacToT,
COOTBETCTBYIOIIUX YHCTO M3THOHBIM COOCTBEH-
HBIM ()OpMaM, JOCTATOYHO PACCUMTATh IEPBBIH
OIIpENENUTENb PA3JIOXKEeHUsT (pe3ynbTaThl IIpen-
CTaBJICHBI Ha pHC. 4).

Yucto paauanbHas coOCTBeHHass  ¢op-
Ma (38,7 kI'n) Ha puc. 4 He uaeHTHPUIUPYETCS:
OHa MOXET OBbITh WICHTU(QHULUUPOBAHA IPH pac-
CMOTPEHHH BTOPOTO OMNpPEIESIUTENS pasioxe-
Hus (29). [ToMruMo 9rcTO M3THOHBIX COOCTBEHHBIX
dhopm u3 puc. 4 MokeT OBITh UACHTHU(DHUITHPOBAHA
paanaabHO-M3rHOHas cOOCTBeHHAs (hopMa C IByMs
y3noBeIMH Toukamu (54,4 k['m). Taxxe npucyrt-
CTBYIOT JIOXKHBIE€ PE30HAHCHBIE IMKH, COOTBET-
CTBYIOIINE CUHTYJISIPHBIM TOYKAM OTIPEEITUTEIS.

os| 3842 10601 19520 31502 45066

Ll

Mopynb OpeeIuTens
=

=
Y
N TN I N N T O Y [y |

Tt T T T T

79 H H ] H L
0 2¢10* 4x10*

Yactota, I'n

Puc. 4. Pe3onancHas kpuBas, IOJIy4YCHHAs
Ha OcHOBE (hopMyIHPOBKH THMOMIEHKO U pa3ioxkeHus (29)

Fig. 4. Resonant curve obtained on the basis
of the Timoshenko formulation and expansion (29)

BbBIBO/IbI

1. TlpemioxkeHa MeTOJHMKa OIPEACICHUS COO-
CTBEHHBIX YaCTOT M3TMOHBIX KOJIeOaHWI HEpaBHO-
TOJIIIIMHHBIX KOJIEIl, OCHOBaHHAA Ha WCIIOJIL30BaHHUN
BapUaIMOHHOTO TPUHIMMA | aMHUIIbTOHA W TIPSIMOTO
pellIeHns] COOTBETCTBYIOIIEH BapHAIlMOHHOW 3aaun
IyTEeM TIPEJCTABIICHUS PEUICHUA B BUIE PSIOB
Oypee. B pesynbrate BapuanmoHHas 3a/1a4a CBOIUT-
CSl K PEIICHHUIO CUCTEMBI JITHEHHBIX aJlre0pandecKux
YpaBHEHUH OTHOCHUTEIHHO KOA(D(MUITMEHTOB PSIOB
®Dypbe, a 3a/1a9a ONpeneIeHns] COOCTBEHHBIX YacTOT
— K 0000IIEeHHON 3a/1aue Ha COOCTBEHHBIE 3HAYECHUSA
OIMMCHIBAIOIINX CUCTEMY MATPHIL.

2. PaccMmoTpeH uucieHHBIH ODpUMEp peau3a-
WU TIPEAJIOKEHHOW METOAMKH JUIA IKCIEHTPHY-
HOTO KoJbIla. Ha ocHOBE cpaBHEHHS Pe3yJIbTATOB,
MOJIy9eHHBIX MYTEeM pEIIeHUs BapUAIlMOHHON

Hayka
wrexHuka. T. 23, Ne 4 (2024)



Deformation in Solid Mechanics

3amaun B (popmynmpoBkax Oinepa — bepHymmu u
TUMOIIEHKO, ¢ pe3yjbTaTaMH, [IOJYyYEHHBIMU Me-
TOJOM KOHEUHBIX 3JIEMEHTOB, MOKa3aHO, UTO HC-
NO0Jb30BaHNE Teopun TumomeHko naer Ooree
TOYHBIE PE3yJbTaThl U JAOMOJHUTEIHHO MO3BOJISIET
UACHTH(QUIMPOBATh pafuaibHble W paguabHO-
U3rnOHBIE COOCTBEHHBIE (hOPMBI KOJIeOaHNH.

3. IlokazaHa BO3MOXKHOCTb CHIIKEHUS BBIYHC-

JUTENBHBIX 3aTparT MpU PEIIeHHH BapHAIIMOHHON
3amaun B QopmyiupoBke TumomeHko 3a cuer
MIPEJCTABIICHUS ONPEAETUTENs COOTBETCTBYIOIIEH
CUCTEMBI JITHEHHBIX aNTre0pandecKuX ypaBHEHUH B
BUJIe TIPOU3BEICHUS OTpeAenuTeNeil 0oree HU3KUX
MOPSIKOB.
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MaJsio3HeproeMkasi TeXHOJIOTMSI H3TOTOBJICHUS
U (PU3UKO-TeXHUYECKHE CBOMCTBA I4E€UCTOr0 0eTOHA
0€3aBTOKJIABHOT0 TBEPACHUSI HA TPAHMTOUIHOM MHUKPO3AMOJHUTEIEe

Maructp Texn. nayk IO. JI. Camyiinos", 10KT. Texn. nayk, npod. J. U. Barsnoscknii”

1)]Senopyccmm HAIIMOHAJIBHBIN TeXHUYeCKHi yHuBepcuTeT (MuHCK, Pecrrybnnka benapycs)

© benopycckuil HallMOHAIBHBIA TEXHUYECKUH yHUBepcuTer, 2024
Belarusian National Technical University, 2024

PedepaTt. Marepuan ctaTbl OTpakaeT OCHOBHBIE ATAIBl U PE3yIbTATH Pa3pabOTKU MaIOdHEPTrOEMKON TEXHOIOTUH HOIyde-
HUSL TIEUCTOTO0 ra300eToHa 0€3aBTOKIABHOTO TBEPACHNUS C UCIIONB30BAHIEM MHUKPO3AMOIHHUTEIS HA OCHOBE TPAHUTHBIX OTCE-
BOB JJIsi COOPHOTO M MOHOJHTHOTO CTPOUTENBHCTBA, BKIIOYAs €€ NMpUMEHCHHE B TexHomoruu 3D-Oeronuposanus [1-10].
PazpaboTtaHbl 1 SKCIIEPHIMEHTAIBHO 0OOCHOBAHBI: METOAUKH PAacdeTa COCTaBa ra3o00€ToHa M0 KPUTEPHUSIM IUNIOTHOCTH U MPOd-
HOCTH Ha ckaTue B auamazoHe mMapok D350-D900 u xmaccoB B0,5-B7,5 KOHCTPYKIIMOHHO-TEIUIOM30SIIMOHHOTO HAa3HAYE-
Hus, a Taoke Mapok D100-D300 (mpounocts Ha cxartue 0,04—1,50 MIla) Terion3onsiuoHHOT0 Ha3HAYCHUS BO B3aUMOCBSI3H
C AWCIIEPCHOCTBHIO NPHMEHSIEMOT0 MHKPO3AIOIHATES U3 MOJIOTOTO TPAaHUTHOTO OTCEBA C YJETbHON IMOBEPXHOCTHIO COOT-
BETCTBEHHO: Sy; ~ 3000-500 cM?/r — Al KOHCTPYKIMOHHO-TEILIOM3O0JIALUOHHOrO, Sy; ~ 30000 cM*T (MMKPOKPEMHE3EM)
1 Sy, ~ 20000 cmM*/T (yabTpaaucrepcHbie (ppaKiMu IPAHUTHOTO OTCEBA) — I TETIOM30/AIMOHHOTO Ta300€TOHa; METOIHKA
KOHTPOJII PEOJOTHYECKUX (TEXHONOTHYECKHX) CBOWCTB Ia300€TOHHBIX cMecel, oOecreunBaromuX TpedyeMble yCIOBHUS
CTPYKTypooOpa3oBaHusl ra300€TOHA PaCUETHBIX COCTABOB; METOANKA OIIEHKH OOKOBOTO JaBJIEHMSI CMECH MPHU YKJIaJKe B Oma-
nyOku (hopMBl), a TAKIKE METOIMKA M TIPHOOP JUTs Hepa3pyILIAOIIEro KOHTPOIIS KaKk KHHETHKH POCTa IMPOYHOCTH TBEPACIOLIE-
TO, TaK ¥ IPOYHOCTHU 3aTBEPAEBILETO HIIH KCIUTyaTHPYEMOTo SYEHUCTOro OETOHa, TOMYUIEHHOTO 10 Pa3paboTaHHON MM HHBIM
TexHoJOrusM. Pa3paboTanbl pesKiMbl OECIIPOrPEBHOM U MAIOIHEProeMKOH (BKIIIOYAIOIIEH! [IponaprBaHue IPH aTMOC(HEPHOM
JaBJIEHHN) TEXHOJIIOTHHU SYEHCTOr0 ra3o0eToHa 6€3aBTOKIABHOIO TBEPJAECHHS, UTO MO3BOJSIET OTKA3aThCA OT SHEPro3aTpaTHO-
T0, TEXHUYECKH CJIOHOTO M JIOPOTOCTOSIIEr0 aBTOKJIABHOI'O 000PYA0BaHMsI IIPH N3TOTOBJIEHUN COOPHBIX M3Jenuid 1 obece-
YMBAET BO3MOXKHOCTb MCIIOIb30BaHUs Pa3pabOTaHHON TEXHOJIOTHU TEIUIOM30JIALMOHHOIO Ta300€TOHa B MOHOJIMTHOM CTPOU-
TEJILCTBE, BKIIIOYAs TEIUIO- U 3BYKOHM3OJLSILUIO CTCH 3/1aHMH, BBIOIHEHHBIX 110 TeXHOJIOrHU 3D-0eToHNpOBaHMs, a TAKIKE BO3-
BesieHne (yCTPOHCTBO) B ChEMHBIX M HECHEMHBIX ONalyOKaxX CTPOMTENIBHBIX KOHCTPYKLHMH C MCIIOJIB30BaHUEM ra300eToHa
KOHCTPYKIMOHHO-TETUION30JSIIMOHHOT0 Ha3HAYCHHSI.

KnroueBble cioBa: LeMeHT, ra3zoo0pa3oBaTelb, MOJIOTHI TPAaHUTHBIH OTCEB, MHKPOKPEMHE3eM, KPUTEPUHl IIOTHOCTH
U IIPOYHOCTH Ha CXKaThe, 0€3aBTOKIABHOE TBEpACHUE, OSCIPOrpeBHas U MaJIO3HEProeMKasi TEXHOJOTHs, TeIION30JISLHOH-
HBII ra300€TOH, MOHOJIUTHOE CTPOUTEIIECTBO

Jas uuruposanusi: Camyitnos, 10. JI. ManosHeproemMkasi TEXHOJOTHSI M3TOTOBICHUS W (DU3NKO-TEXHHUYECKHE CBOHCTBa
SYEHCTOro OeToHa 0Ee3aBTOKJIABHOTO TBEPIACHUS Ha TpaHUTOMAHOM Mukpo3amonHurene / 10. JI. Camyitnos, O. U. barsHoB-
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Low-Energy Manufacturing Technology and Physical and Technical Properties
of Cellular Concrete Autoclave-Free Hardening on Granitoid Micro-Filler
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Abstract. The material in the paper reflects the main stages and results of the development of low-energy-intensive technolo-
gy for producing cellular aerated concrete without autoclave hardening using a micro-filler based on granite screenings for
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prefabricated and monolithic construction, including its application in 3D concreting technology [1-10]. The paper has made
it possible to develop and experimentally to substantiate: methods for calculating the composition of aerated concrete accor-
ding to the criteria of density and compressive strength in the range of grades D350-D900 and classes B0.5-B7.5 for structu-
ral and thermal insulation purposes, as well as grades D100-D300 (compressive strength 0.04—1.5 MPa) for thermal insulation
purposes in conjunction with the dispersion of the applied micro-fillers from ground granite screening with a specific sur-
face area, respectively: Sy, ~3000-500 cm?/g for structural and thermal insulation, and for thermal insulation aerated concrete:
Sgp ~ 30000 em?/g (micro-silica) and Sgp ~ 20000 em?/g (ultra-disperse fractions of granite screenings) — for thermal insulating
aerated concrete; methodology for monitoring the rheological (technological) properties of aerated concrete mixtures that
provide the required conditions for the structure formation of aerated concrete of calculated compositions, a method for evalu-
ating the lateral pressure of a mixture when laying in formwork (molds), as well as a method and device for non-destructive
testing of both the kinetics of strength growth of hardening and the strength of hardened or used cellular concrete, obtained
according to the developed or other technology. Modes of non-heating and low-energy (including steaming at
atmospheric pressure) technology of cellular aerated concrete of non-autoclave hardening have been developed, which makes
it possible to abandon energy-consuming, technically complex and expensive autoclave equipment in the manufacture of pre-
fabricated products and provides the possibility of using the developed technology of thermal insulating aerated concrete
in monolithic construction, including heat and sound insulation of the walls of buildings made using 3D concreting techno-
logy, as well as the construction (installation) in removable and non-removable formwork of building structures using aerated
concrete for structural and thermal insulation purposes.

Keywords: cement, gasifier, ground granite screenings, micro-silica, density and compressive strength criterion, non-
autoclave hardening, heat-free and low-energy technology, thermal insulating aerated concrete, monolithic construction

For citation: Samuilov Yu. D., Batyanovsky E. 1. (2024) Low-Energy Manufacturing Technology and Physical and Technical
Properties of Cellular Concrete Autoclave-Free Hardening on Granitoid Micro-Filler. Science and Technique. 23 (4),
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BBenenue

SluencTeie OETOHBI IMUPOKO MPUMEHSIOTCS B
CTPOUTENFHOM TMPOW3BOACTBE. B HamOompImx
0o0BeMax — 3TO MITYYHBIC W3JENNsl aBTOKJIABHOTO
TBEpPACHUS, IPOU3BOJICTBO KOTOPBIX XapaKTEPU3Y-
€TCSl 3HAUMTEJIbHBIMU SHEPreTUYECKUMH 3aTpaTa-
MU ¥ IIeJICHANIPABICHHBIM HCIIOJH30BAHUEM B Ka-
YECTBE CTEHOBOTO CTPOMUTENIBHOTO MaTepuaa.
Pemienne Hay4HO-TEXHUYECKOU 3aJ]a4u 1O CHUXKe-
HUIO DHEPrOEMKOCTH Ipolecca MOIYUYCHUsT H37e-
JUH U3 SYEUCTOr0 OETOHAa — OJJHO M3 Haubolee ak-
TyaJlbHBIX HAIIPABICHUN MO CHUKEHUIO CTOUMOCTH
CTpouTeIbHOM mponykuuu. He MeHee 3HAUMMBIM
IUIsl CTPOUTEIBHOTO MPOU3BOJACTBA SIBISIETCS OT-
paXEHHOE B MaTepualleé CTATbH HCIOJIb30BAHMS
TPAHUTHBIX OTCEBOB, HAKAIUIMBAIOLIUXCS B OTBa-
nax PVYIIII «I'panut» bpectckoit odmactu. Taxxke
aKkTyajgbHa K TMPUMEHEHHIO pa3paboTaHHAas TEXHO-
JIOTHSL SYEHCTOTO Tra300eToHa Oe3aBTOKIABHOIO
TBEpPACHUS TEIUIOU3OJSIUOHHOTO W KOHCTPYKIHU-
OHHO-TEIUIOU30JSIIIUOHHOTO0 HAa3HAYEHUS, KOTOpas
obOecnieunBaeT €ro NMpUMEHEHHE TpPU BO3BEICHUU
(ycTpoiicTBe) MOHOIUTHBIX CTPOUTEINHHBIX KOH-
CTPYKIMIl, B YaCTHOCTU B COYETAaHUHU C YCTPOI-
CTBOM HECHEMHBIX OMAITyOOK C HCIIOJIIb30BaHUEM
pasBuBaromieics TexHonorun 3D-0eToHnpoBaHwMS.
B crarbe u3510KeHbl OCHOBHBIE PE3yJIbTaThl UCCIE-
JIOBAaHUH, HAPABIICHHBIX HA PEIICHNE 03HAYCHHBIX
Hay9YHO-TEXHUYECKUX 3aad.

Hayka
urexHuka. T. 23, Ne 4 (2024)

MarepuaJibl
U ABTOPCKHE METOAMKH HCCJIeJ0BAHMIA

B nccnemoBaHmAX MCTIONB30BAIN B KA4ECTBE:

o BsDKyIIEro — mopriananement LIEM 1 42,5H
mo 'OCT 31108-2020 wmu CEM 1 42,5N mo
CTb EH 197-1-2007 (cootBerctByer M500-10
o FOCT 10178-85, 2-s rpynma 3 QpeKTUBHOCTH);

e AKTUBHOT'O BBICOKOJMCIEPCHOTO MHKPO-
3amonHuTenss — MukpokpemHesem mno CTb
EN 13263-1-2012 ¢ ynaenbHOW MOBEPXHOCTHIO
~30000 cm’/r;

e WHEPTHOTO MHKPO3ANOJHUTENS — MOJIOTHIN
10 Sy, ~ 500-6000 cM?/T TpaHUTHBIH OTCEB, a TaK-
ke orcesHHBIH (pakiuit 0-0,16 MM ¢ yaenpHOMH
OBEPXHOCTHIO 10 20000 cM?/T;

e Trazoo0pa3zoBaTeNsd — aTOMHHHEBYIO MYyIpY
ITAII-1;

e no0aBKH-TUTACTU(UKATOPA — CYNEPILIACTH-
(mkaTop Ha OCHOBE ITOJIMOKCHUITHIICHOBBIX IPO-
W3BOJHBIX IOJUMETAaKpUIOBOM KHUCHOTHI «Pe-
namukc [1K», oTBewaromeit  TpeGoBaHHIM
TV  5745-034-58042865-2008  (mmpou3BOACTBO
AO I'K «Ilomumnact», benapycs—Poccwust).

B mporiecce uccnenoBanuii otpaboTaH U Mpea-
JlaraeTcsl K WCMOJB30BAHUIO PAJl aBTOPCKUX METO-
IHK OIpEeeNICHNs] CBOMCTB Ta300€TOHHBIX CMece
u sgencroro OeroHa. Tak, cyulecTByoIIas CTaH-
nmaptm3upoBannas (mo 'OCT 23789-79) metonu-
Ka OmpelesieHHs TeKy4YecTH ra300eTOHHOH cMecH
peau3yIoTCsl C HCIHOJB30BaHUEM LWJIMHIpUYE-
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cKoif eMKocTH (06BeMOM 16 cM’) M KecTKoro oc-
HOBaHUSl — IJIACTUHBI pazMepamu > 500x500 mm,
YTO CO3/1aeT HEyN0OCTBa MPHU ONEPATHBHOM KOH-
TpoJe KaK Ha CTPOMTENBHOM IUIOLIa[Ke, TaK U Y
MecT (opMoBaHUs cOOpHBIX m3aenwid. [Ipemioxkena
JKCIIepPUMEHTATbHO 000CHOBaHHas (puc. 1, 2) mero-
JIMKa OIIpeeIeHHs TEKyUEeCTH, COOTBETCTBYIOIIAs MO
pesyabTatam ee orieHku meroauke I'OCT 23789-79,
HO JIETKO peanu3yeMas Kak B CTallMOHApHBIX (3a-
BOJICKHX), TaK ¥ B TMTOCTPOSYHBIX yCIOBHIX CTPOHU-
TEBHOH TUIOMAIKH.

Puc. 1. llpyHuunuanbHas cxema orpeeeHus
TEKy4YeCTH ra300eTOHHOU CMECH

Fig. 1. Schematic diagram for determining
the fluidity of aerated concrete mixture

Ee cymmHocTh 3axmoyaercss B ONpeIeNeHUH
JUaMeTpa paciulblBa 3aJIMTOM B METaJUIMYECKOE
KOJIBLIO (C JMaMEeTPOM OCHOBAHHS M BBICOTOH BHYT-
penHeit momoctu 28 M 26 MM COOTBETCTBEHHO)
ra3o00eTOHHOH CMEeCH, IOCJIe BEPTUKAIBHOIO MOIb-
€Ma KOJIbIIa CO CTEKJISTHHOW IUIaCTHUHBI pa3MepamMu
He MeHee 150x150 MM, pa3MmeInieHHON Ha KeCTKOM
miaactuHe pasMmepamu He MeHee 200%x200 M,
Y COOTHECEHHWH MOJYYEHHOTO pe3yibTaTa C JaH-
HBIMH puc. 2 [1].

Mo npeajiara€Mon

W w9 o

Jluamerp pacruibiBa
METOJIHKE, CM

—_

1 357 9 1113151719 21 232527 29 31 33 3537 39
Juamerp pacmibia (mo FOCT 2378-79), cm

Puc. 2. B3auM03aBUCUMOCTb 3HAUCHUHN TEKy4eCTU
ra300eTOHHOHM cMeCH MO MpeIaraeMoil METONKe
n o meroauke [OCT 23789-79

Fig. 2. Interdependence of fluidity values of aerated concrete
mixture according to the proposed method and according
to 'OCT (GOST — All Union State Standard) 23789-79

Jlns BemeHuss paboT ¢ Ta300€TOHHOW CMECHIO

C y4€TOM pa3pa6OTaHHBIX B UCCIICAOBAHUAX MCTO-
0B pacyeTa COCTaBOB razo0eToHa II0 3aJlaHHOM
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MPOYHOCTH WJIH CPEAHEH IIIOTHOCTH MPEJIOKCHBI
METOJMKH OIPEICICHHs BPEMEHU U KO3 QHUIeH-
Ta BCIy4WBaHHWsA Tra300eToHHOW cMmecu. C 3TOM
LEJIBI0 UCTIONB3YIOTCS CTaHAAapPTHBIC (OPMBI JUIS
(hopmoBanmst oOpasnoB kyooB 100x100x100 mm

(puc. 3) [2].

100 MM

Puc. 3. K onpenencHuio BpeMEHU BCITyYHBAHUS

Fig. 3. To determine the swelling time

[Ipu onpeneneHNy BpeMEHHW BCIyYHBaHUS B
dhopmy 3anmBaercss mpoda Ta300€TOHHOW CMecH
pacuerHOro cocrasa oobemoM 0,25 M’ u ompee-
nseTcs BpeMs CTaOWIM3alliK BBICOTHI /; (puc. 3).
Hns ompenenenuss koddduimenTa BCIyYHBaHUS
razo0eTOHHON CcMecH (HMCIIONB3yeTCs 3aTeM IIpH
pacderax COCTaBOB Ta300e€TOHA), KOTOPBIA OTpa-
JKaeT MPUPOCT 00beMa CMECH TI0CJIEC BCIyYHUBaHUS
[0 OTHOUICHHWIO K MEePBOHAYAIHHOMY IPH TOCTO-
SIHHOM COJZICpKaHUU B €€ cocTaBe | T razoo0Opa3so-
Barens Ha 0,25 IM° cMecH, moTydeHa Gopmyia

k — ‘VGACM.BCH

BCIT V

6.cM

—1 (momm ex.), (1)

WJIH C y9ETOM pa3Mepa GOpMBI B BRICOTHI 3aJTUBKH
cMecH

. _100-4,

e —1 (momwm ex.). 2
s ( ) 2)

Jns omepaTMBHOW OLEHKHM KHHETHMKH pOCTa
MPOYHOCTH [3—5] W YpOBHS TPOYHOCTH 3aTBEp-
JICBIIIETO STYCUCTOTO OeTOHa pa3paboTaHbl MPHOOP
(matent Ne BY 20155) u MeToauka HepaspyIiaro-
Ier0 KOHTPOJsI, TMPUMEHHMas Ui BapHaHTOB
cOOpHOTO M MOHOJHMTHOTO CTPOUTENBCTBA C HC-
[0JIb30BAaHUEM ILITYYHBIX M3ICIUN U MOHOJMTHBIX
KOHCTpYyKIui (puc. 4, 5).

Hayka
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Puc. 4. YcrpoiictBo npudopa

Fig. 4. Device design

i

Ipounocts Ha cxxatue, MIla
W
\

0 0,5 1.0 1.5

3nauenns K, MM~

Puc. 5. TapupoBodHast 3aBUCUMOCTH K03 dunmeHTa npudopa K
1 NIPOYHOCTH ra300eTOHA Ha TPAHUTOUTHOM
MHKPO3aTOIHUTENE (IITPHXOBBIC TUNHUU ITOKA3BIBAIOT
JIMaTa30H IOTPEITHOCTH)

Fig. 5. Calibration dependence of the device K coefficient
and strength of aerated concrete on granitoid micro-filler
(dashed lines indicate error range)

[Ipu omeHke NPOYHOCTH SYEHCTOTO OEeTOHA
CHUMAIOTCS MTOKa3aHUs mkaibl 6 (L, yci. en.), Ko-
TOpPBIE XapaKTEePU3yIOT CHITy yAapa, a TaKkKe 3ame-
psieTca auaMeTp otmnedarka (D, MM) OT WHAECHTOpa
Ha MOBEPXHOCTH WCIBITYEMOT0 00paslia. YUYUThI-
Bas, YTO ONPEIEISIETCS] COOTHOLIEHUE CHJIBI yaapa
1 00pa3yromerocs mpu 3TOM OTIeYaTKa OT UH/ICH-
TOpa Ha OIICHWBaeMOM OETOHE, PHEPrHsi HAHOCH-
MOTO yZapa MOXeT OBITh TIPOU3BOIEHOM.

[Ipubop cocTOMT W3 CIEAYIOUNX 3JIEMEHTOB
(puc. 4): kopmyca 1, Oolika ¢ HHICHTOPOM 2, MPy-
JKUHBI 3 ¥ TOJKATENs CO IMTOKOM 4, Hacamkd, (Quk-
cUpylomei umHYy aepopManuu TpPYXKHUHBL, S,
IKaIBl 6, yAapHOW a0kl 7, aMOPTH3UPYIOIICH
PE3MHOBOM HAKIIAJIKU 8, KPBILIKK Kopmyca 9.

[ Hayka
urexHuka. T. 23, Ne 4 (2024)

Ha ocHOBaHWM TMOJyYeHHBIX AaHHBIX pacCUH-
ThIBaeTCs KO3 urment K

L-0,334D

K = D

-1
(Mm ). )
[IpouHocTs Ha cxkatue R UcCTBITYyeMOro oopas-
Ia ONpeNeNsioT Mo rpadHuIecKoid 3aBUCHUMOCTH
(puc. 5) unmu o gopmye

R =Ktga,, (Mlla), 4)

e o, — yroia Mexay ocpio OK u rpadukom im-

HEWHOU 3aBUCHUMOCTH.

IToaroroBka MHUKPO3ANMOJIHUTEIA

ITogroroBka wmuKpo3anonHutenss [6] ocy-
LIECTBIISIACH TIOMOJIOM B IIIAPOBOI MEJIBbHHUIIE I'pa-
HUTHOTO OTCEBa 10 Pa3HOW YJENBHOUM MOBEPXHO-
CTH C Y4eTOM NpUMEHEHHs il Ta300eToHa KOH-
CTPYKIMOHHO-TEIUIOM3O0JIAIIHOHHOTO U TEMJION30-
JISIUOHHOTO Ha3HA4YeHWs. ABTOPCKHE METOIUKU
pacuera (IO IJIOTHOCTH) COCTaBOB sYEUCTOro Oe-
TOHa 0E3aBTOKIIABHOTO TBepJeHHsS (B IHara3oHe
mwiotHocTedt mapok D100-D300 u D350-D900)
U POYHOCTHU Ha ckaTue (B auanazone ot 0,04 MIla
0 COOTBETCTBYIOIIEH KiacCy IO TPOYHOCTH Ha
ckarue B7,5) paszpabaTeiBamuch C y4eTOM OCO-
OCHHOCTEH UCIMOJIB30BAHUS MHKPO3aNOIHUTENS
C YJIEIbHOW IOBEPXHOCTBIO B JAMANa3oHe Sy, =
= 500-30000 cm*/r. Ilpu 3TOM HCXOIWIN U3 TOTO,
4YTO B pa3padarbiBaeMoOl TEXHOJOTHH Tazo0eToHa
3aIOIHUTEND HE SABISETCS KOMIOHEHTOM BSDKYIIIE-
ro BemecTBa. OH peanusyer (YHKIHIO UMEHHO
«MHUKPO3aMOJIHUTEIS» B 00beMe [IEMEHTHOTO MHK-
pobetona, obpasyromero creHkn op. Ot pa3mepa
YaCTHUI] MUKPO3AIIOIHHUTENSI COOTBETCTBEHHO OYIyT
3aBHCETh MX TOJIIMHA, CTENICHb MOPH3aLUH Tra3o-
0eToHa, ero IIOTHOCTh, & TAaKXKe APYTHue MeXaHH-
YecKue U (PU3UKO-TEXHUIECKHUE XapaKTePUCTHKH.

Ha puc. 6 mpuBeneHa 3aBHCHMOCTb poCTa
YAENFHOW MOBEPXHOCTH MPOAYKTA MOMOJA B TIPO-
1ecce AWCIIepraiui TPaHUTHOTO oTceBa. Mcmounb-
30BajIM JJAOOPATOPHYIO (IIAPOBOM M MUIBIIEOCOBOM
3arpy3KH) METBHUITY: HaBeCKy (5 KT) IOMEIaan B
MEJBHHIY W W3MeJbUaln, OTOMpas 4epe3 yKas3aH-
HBIC Ha pHUC. 6 MPOMEXYTKH BPEMEHH NPOObI HE
menee 50 1. [Ipu «Mokpom» momose (comepraHue
Bozbl Oombiie 50 % Macchl UCXOIHOTO CYyXOTO OT-
ceBa) npoOr!I BeicymuBany (mpu ¢ ~ 105 £ 5 °C) no
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nmocTostHHON Macchl (10,1 T), a 3aTeM ompeneNsiu
YJETbHYIO TOBEPXHOCTb (Syy, cM/T).

3000 [ /

2500 -/

/. I

2000
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Puc. 6. 3aBHCHMOCTH POCTa YIEIbHON NOBEPXHOCTU
MUKPO3aHOIHHUTENS B npeaenax Sy, < 3000 em/r
OT BPEMEHH ITIOMOJIa TPAHUTHOTO OTCEBA:

a — MOKpBIi IOMOI; b — cyxoii moMon
Fig. 6. Dependence of growth of micro-filler

specific surface within the range of S, < 3000 cm?/g

on the grinding time of granite screenings: a — wet grinding;
b — dry grinding

B kadecTBe MHKPOIUCIEPCHOIO 3aIlOJHHUTENS
JUTS Ta300€TOHA TEIUIOM30JIALIMOHHOTO Ha3HAYEeHUS
Mapok D200-D300 wucnonp3oBaiy OTXOASIIYIO
npu npomssoactBe Ha PVYIIIl «['panut» KybO-
BUIHOTO IIEOHS M OTACICHHYIO MOCPEICTBOM BO3-
IYITHOW cerperamuu mbuieoOpasHyo  (pakiuio
0-0,16 MM (c Sy, < 20000 cm?/1), a A7 OTy4EHHs
razoberona mapok D100-D200 — MukpoxpemMHe-
3eM MK-80 (¢ Sy, < 30000 cm?/T).

B wuccnenoBaHuMSX HCHONB30BAIM Tra300€TOH,
MOJTyYeHHBI Ha COCTaBaX, PACCUYUTAHHBIX 10
MIPEJICTABIEHHBIM B CBOEH OCHOBE B JAHHOM TEK-
CT€ aBTOPCKMM METOJMKAaM pacdera, MOCKOJBKY,
KaK MOKAa3aJl aHaJlIHU3, U3BECTHbIE METOJUKH, BKIIIO-
yasi BapUaHT JEUCTBYIOIIUX HOPM, HE OTPAKAIOT
cnenu(uKy MCIONIh30BAHNSA B KAa4eCTBE MHKpPO3a-
MOJTHATENS Kak (ppakmuii M3MeNbYeHHOW TpaHUT-
HOM nopozs! (B AuanaszoHe Sy, ~ 500-20000 cm?/r),
TaK ¥ MHKpokpeMHe3ema (mpH Sy, ~ 30000 cm?/r).

MeToauku pacuera coctaBoB razooeToHa

OCHOBHbIE TOJOXEHHUSA IpeasaraéMoi MeTo-
JUKHM pacueTa COCTaBa ra3o0eToHa mo Tpedyemoil
IUIOTHOCTH BKJIFOYAIOT CICAYIOIIUE ITAIIBL:

— TIpPUHHMAaeM K pacdeTy TpeOyemyro IJIOoT-
HOCTb Ta300€TOHa Pg B COOTBETCTBHU C MPOEKTHOM

308

JOKYMEHTaluen JIMbo MapKoi MO IIOTHOCTH (10
CTb 1570-2005);

— BeIOMpaeMm cooTHomieHue M3/ (rme M3 —
pacxoa  MHKpPO3alOJHHUTENS Ha MPUTOTOBJIC-
mue 1 M° rasoberoma; I — pacxox ueMeHTa Ha
NIpUroTOBNEeHHE 1 M’ ra306eToHa) B PEKOMEH-
nyemom pauama3one 0,5-2,0 (B 3aBUCUMOCTH OT
tpedyemoit (mo CTH 1570-2005) munmManbHON
MIPOYHOCTH OETOHA JIJIS PACUCTHOU TUIOTHOCTH);

— ompenensieM Tpedyemoe (B peKOMEHIYEMOM
muanaszone 0,4-0,65) coorHomenne B/T (roe B —
PacxoJ BOJbI HA MPHTOTOBICHHE | M’ ra306eToHa;
T — cyMMapHBbIi pacxo TBEPAbIX KOMIIOHEHTOB Ha
npurotosieHne 1 M’ razo0eToHa, ¢ Y4eTOM AaH-
HBIX PHC. 7 M SKCIIEPUMEHTAIBHBIX 3aBHCUMOCTEH
«B/T — npouHOCTE» (371€CH HE TIPUBOISATCS).

Jamee ompenenmum pacxon nementa (I[) Ha
npuroToBneHne | M’ ra3o006eToHa, MCXOI M3 €ro
IJIOTHOCTH B CYXOM COCTOSTHHH (pPg):

m. . —B+11-0,15
p, = M TP EOD (), (5)

o

rae 0,15 — smnuprueckuii kK03 QUIMEHT, KOTOPBI
XapakTepu3yeT OTHOCHUTEIIbHOE COAEp)KaHWE XU-
MHUYECKH CBSI3aHHOW LEMEHTOM BOJBI (ky); mocie
psinma mpeoOpa3oBaHMN OINpPEAENINM PpacxXoxd Le-
MeHTa Ha puroTosiexue 1 M° rasoberona (L) mpu
V=1 M

_ Ps
H=srasmy & ©)

Boeruncnum pacxon mmkposzanonHutens (M3)
Ha IIPUTOTOBNeHNe | M’ ra3o6eToHa

M3=11-(M3/1]) (kr). (7)

CymMapHbIit pacxon TBepAbIX KoMroHeHTOB (T)
Ha puroToBieHne 1 M’ razobeToHa

T=L+M3 (xr). (8)

Pacxon Boasl (B) Ha mpuroroBienue 1 M Ta-
300eTOHAa

B=T-(B/T) (xr), 9)

B TOM YHCJIE KOJIUYECTBO BOMBI, HEOOXOIUMOE IS
MIPUTOTOBJICHISI Ta3000pa3yIomIei CyCIICH3UN:

B, =15I" (xr). (10)
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Puc. 7. a— rpaduk 3aBUCHMOCTH TIPOYHOCTH SYEUCTOr0 OeTOHa Ha oceBoe cxarue oT B/T;
b — TO ke OTHOCHTENBHOI MPOYHOCTH Ta300eTOHa OT cooTHomeHns M3/11;
C — TO € OT €ro IIOTHOCTH; d — TO e oT cooTHoIeHus M3/1]

Fig. 7. a— graph of the dependence of the strength of cellular concrete on axial compression on B/T;
b — the same for the relative strength of aerated concrete on the ratio of M3/L;
¢ — the same for the relative strength on its density;
d — the same for the relative strength of aerated concrete on the ratio of M3/1]

Paccuutaem pacxom raszoobpazoBarens IIAII
(Iyapbl aTIOMMHHEBOI) HAa MPUrOTOBICHHE 1 M’
staercroro O6erona (I)

= ch B Vs.cm

= (Kr
0,25k

)s (11)

rae Vsew — 00beM 3aiuToil B opMy sueHCTOOEC-
TOHHON CMECH /10 Ta3000pa30BAHUS, M} Kpen — KO-
¢ dunmeHT BcmyumBaHus (METOIMKA OIpeee-
HUS IPUBEJICHA paHee).

[Ipemmaraemast MeTomuka TpeayCcMaTpUBaeT
BBEJICHHE MPH HEOOXOAMMOCTH B COCTaB M3BECTH
JUTS TTOBBITIIEHUS KO UITIEHTA BCITy YHBaHHSL.

OCHOBHBIC TIOJIOKEHUS MpEIaraeMoil MeTo-
JIMKK pacueTa COCTaBa razo0eToHa 1o Tpedyemoi
MIPOYHOCTH BKJIFOUYAIOT CJICAYIONIUE STAllbI:

— OIpeleNsieM YPOBEHb TPeOyeMOoU MPOYHOCTH
M0 TPOEKTHON JOKYMEHTAllUh, MCXONS W3 TOTO,
YTO 3aBHCHMOCTh IPOYHOCTH HEABTOKIABHOTO

[ Hayka
urexHuka. T. 23, Ne 4 (2024)

STYEMCTOr0 Ta300€TOHA OT OCHOBHBIX BIHSIOLIHX
(akTOpoB oTpaxkaeTcs HopMyIoit

Ry = RaTkB/TkM3/ukpkW (MITa), (12)

rae R, — IpoYHOCTh 3TAJIOHHOrO oOpasia (3a 31a-

JIOH TPUHAT oOpasel SYencToro OeToHa MIOTHO-
crero 1200 KI‘/M3, BiIaXXHOCTBIO 1Mo Macce 10 %,
TBEPIEBIINH C IIPOTPEBOM II0 IPUBEACHHOMY Ja-
nee pexxumy TBO, HM3roTOBIEHHBI W3 HOPHU30-
BaHHOTO IIEMEHTHOTO KaMHsl (LIEMEHTHOE TeCTO
HOPMaJIbHOIN TyCTOTHI, NPH BOJOTBEPAOM OTHO-
menuu (B/T) = 0,27 gomu en.); R, =~ 21 Mlla;
kgt — k03 dunmenT, 3apucsamuii ot B/T, onpene-
JSieTCsl ¢ MOMOILBI0 SKCIEPUMEHTAIBHO MOTyYeH-
HOM TpauyecKoi 3aBUCUMOCTH pHC. 7a; ks — TO
ke, 3aBucsmui ot M3/L1, onpenensercs mo rpa-
Gbuueckoii 3aBuCUMOCTH puc. 7b, k, — TO XKe, 3aBH-
CSINUI OT IUIOTHOCTU MPOEKTHPYEMOTrO ra3zo0eTo-
Ha, OIPEAEISIETCS ¢ MOMOIIbIO IpaMuecKOi 3aBU-
CHUMOCTH puC. 7¢ U GOpMyJIIBI
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OTH

k

= Jom 13
" 100 (9

R

YeCcKOH 3aBHCHMOCTH PHCYHKa 7¢, ky — koaddu-
IIUEHT, 3aBUCAIIMN OT BJIAXHOCTU TIa300eTOHa,
ompenensieTcs ¢ MOMOIIBI0 Tpaduyeckoil 3aBucH-
Moctu puc. 7d;

— TI0 DKCIIEPUMEHTAIBHBIM JaHHBIM M BBISB-
JICHHOH 3aKOHOMEPHOCTH B3aUMOCBSI3U IIPOYHOCTH
Ha CXaThe W cooTHomeHuss M3/L] BeluucaseM
M3/L, Tpebyemoe 1l MOJIYYCHHUS! MPOEKTHOM
MPOYHOCTH T'a300€TOHA, C YYETOM PEKOMEHIyeMO-
ro A TEIUIOM30JSILUOHHO-KOHCTPYKIIMOHHOTO
Matepuana auanazosna 0,5-1,0;

— Janee pPaccuuTaeM pacXoAbl KOMIIOHEHTOB
Ha | M’ CMECH IO 3aBHCHUMOCTSIM, TPUBEICHHBIM
paHee B pacueTe cocTaBa razo0eToHa IO IUIOT-
HOCTH.

Meronuka pacyera coctaBa ra3o0eToHa c IO-
HIDKEHHOH 1uioTHOCTRIO (D100-D200) [7] xapak-
TepHU3yeTCsl CIEAYIONIMMH OCOOSHHOCTSIMU: B Kade-
CTBE€ MHKPO3AIOJHUTENS HEOOXOAUMO HPUMEHATH
TOHKOAMCIIEPCHBIN TBepmodasHplii Marepuan (uc-
TI0JIb30BaJIM MUKPOKpeMHe3eM ¢ Sy, = 30000 eM/r);
9KCIEPUMEHTAIFHO YCTAHOBJICHO, YTO ONTHMAJIb-
HOE 3HaYeHUE TeKydecTH cocTaBisieT ~40 MM (Tipu
MEHBLIEM CMECh HE BCITyYHBAETCs B MOJHOM Mepe,
npu OOJIbIIEM JIMIIHEE KOJIMYECTBO BOABI IMOBIIE-
YeT CHIKEHHE MMPOYHOCTH); 00beM HE BCITyUEeHHOU
CMECH JOJDKEH COCTaBJIITh HE MEHEE YETBEpPTH
oOvemMa (popmbl, Tak Kak MPUPOCT 00BEMA CMECH

%, — OTHOCUTENbHAs MPOYHOCTH MO Tpadu-

OTH ?

Ha ~300 % B mporecce BCIyYHMBaHUS — ATO TIpe-
JIeNI, TPEBBIIICHHE KOTOpPOro (YTO YCTaHOBJIEHO
AKCIIEPUMEHTAIEHO) COMPOBOXKAAETCS pas3pyllie-
HUEM (OCEeIlaHuEeM) CTPYKTYPBI BCITyUYEeHHON CMECH.

[MocnenoBaTensHOCTH pacyera:

— 3a7laeMcs IPOEKTHOW TUIOTHOCTBIO Ta300eTo-
Ha, KI/M°;

— 3amaemcs cooTHoreHueM (M3/1]), ucxons u3
TOr0, YTO YeM HIKE TpeOyemas IJIOTHOCTh OeTo-
Ha, TeM BhImre (M3/1]), muana3oH peKOMEHIyEeMBIX
3Ha4YeHHH JanHoro cootHomnrenus ot 0,5 mo 1,0;

— OmpeJeNsaeM: 10 paHee MPUBEICHHBIM 3aBH-
CHUMOCTSIM PacXoJ] [IEMEHTa U MHKPO3aIOJHUTEJI,
CyMMapHBIH pacxol TBEPABIX KOMIIOHEHTOB, COOT-
vomenue (B/T) mna (M3/L]) = 1 (mpum ycnoBuu,
YTO ONTUMAIILHOEC 3HAYCHHUE TEKYYECTH COOTBET-
ctByeT 40 MM (puc. 8) U Tpu MoCIenyIomei Kop-
PEKTHPOBKE 10 (aKTy BCITyUNBAHHS CMECH);

— Jlasiee BBIYHCISIEM: PacXof BOIbI, 00beM 3a-
auTol B popMy SUENCTOOETOHHON CMECH /10 ra3o-
oOpa3oBanus 1o hopmyiie

M3 I

By,

leldCT B

V

6.cm
P wer

(14)

THE Pysucr — ACTHHHAS TUIOTHOCTH MHUKPO3ATIOHU-
TeNs (IUIS TPAHUTA Py per = 2670 Kr/M° , IUI1 MUK-
POKpEMHE3eMa Pysuer = 2196 Kr/M); Pu. ner — UC-
THHHAs [UTOTHOCTH ieMenTa (3100 kr/m’);

— 3areM OMpeaeasieM PacXoibl KOMIIOHEHTOB
Ha 1 M° cMecH o paHee MPHUBEJCHHBIM 3aBHCHMO-
CTSM.
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Puc. 8. 3aBucumocts Texkydectr oT (B/T) st paznuunbix cootHowmenuit (M3/L1)
HPH UCIIOIb30BaHUM B KaUECTBE MUKPO3AIIOJIHUTEISI MUKPOKpPEMHE3eMa
¢ yIeTbHOI ToBEpXHOCTBIO0 30000 cM/T

Fig. 8. Dependence of fluidity on (B/T) for various ratios (M3/Ll), when using micro-silica
micro-filler with a specific surface area of 30 000 cm?/g
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JIns olleHKH CBOWMCTB ra300€TOHHOW CMECH U
3aTBEPICBILETO Ia300€TOHA COCTABOB, PACCUUTAH-
HBIX MO TPUBEICHHBIM METOAMKAaM, IpeLIOKeHa
METO/IMKa W3TOTOBJICHUS KOHTPOJBHBIX 00pa3loB
ra3o0eToHa B J1a0OPAaTOPHBIX YCIOBHUIX IO TEXHO-
JIOTHH, KOTOpas BKJIIOYaeT B ce0sl Clemyromue
CTaJuu: TIPUTOTOBJIEHHE Ta300€TOHHOW CMecH;
3anuBKy B Gopmbl (Hanpumep, 100x100x100 mMm)
W BCIyuyuBaHue (JT1OO BHOPOBCIyYHBAHHE: YaCTO-
ta 50 I'm; ammmuryaa 272,5 MKM) ra3o0€TOHHOM
CMECH; BBIICPKKY BCITYYEHHBIX 00pasIoB 10 Habo-
pa pacrairy0O4YHON MPOYHOCTH B TedeHune 2448 u;
Cpe3Ky TOopOyIIKH M pacnanyOKy oOpas3loB Trazo-
OeToHa; TBepaeHHEe Tra300eTOHa B HOPMaJbHO-
BJIKHOCTHBIX YCJIOBHSAX JHMOO TEIUIOBIAKHOCT-
Hyo o0paborky (TBO) oOpasiop razoderona mo
pexuMy puc. 9; cymKky oOpa3ioB razo0eToHa 10
MOCTOSIHHOM MaccCBhl.

Biausinue TexHosiornueckux pakTopon
HA CBOJiCTBA cMecell M ra300eTOHA

DKCIEPUMEHTAILHO YCTaHOBJICHBI 3aKOHOMEP-
HOCTH M3MEHEHHH TEXHOJOIMYECKHUX CBOMCTB ra-
300€TOHHBIX CMECeH KOHCTPYKIIMOHHO-TEIUION30-
JISIIMOHHOIO M TEIUIOM3OJISALMOHHOIO Ha3HAUECHUS
B 3aBUCHUMOCTH OT TEXHOJOTHYECKHX (DaKTOpPOB,
a TaKXkKe WX BIUSHUEC HAa KUHETUKY TBEPICHUS
U MPOYHOCTh Ta300eToHa. B wacTtHOCTH, SKCIEpH-
MEHTAJILHO BBISABIIEHA 3aBHCUMOCTh TEKYyYEeCTH Ta-
300€TOHHON CMeCH OT BOJIO-TBEPJOTO OTHOIICHHUS
(puc. 10a-b) mpu pazIHYHBIX COOTHOILICHUSX pac-
XOZIOB MUKpo3aroHuTeNs 1 rieMenTa. Ha puc. 10c—
YACTUYHO TMPUBEICHBI PE3yJIbTaThl AKCIEPUMEH-
TaJIbHBIX HCCIIEIOBAHUN BJIMSHHUS OCHOBHBIX TEXHO-
JIOTUYECKNX (DaKTOPOB Ha MPOIECCHl ra3000pa3oBa-
HUSI ¥ BCIIYYMBAHUS Fa300€TOHHON CMECH.

B uTore 3KCIEpHMEHTAILHO BBISBICHBI 3aKO-
HOMEPHOCTH BIHSHHS Ha TEXHOJOTHYECKHE CBOW-

T,°C

CTBa Ta300€TOHHBIX CMeCeH OCHOBOIIOJIAraroIINX
(hakTOpOB: BOJO-TBEPJOTO OTHOIIEHHS, COOTHO-
IICHUS MUKPO3AIOJHUTENS U IIEMEHTa, YACTbHON
HOBEPXHOCTH (Sy;) MPUMEHEHHOTO MUKPO3aIlOIHU-
TeJs, TEMIIEPATyPhl CMECH M OKPY>KAIOIIEH CpeIbl,
BPEMCHH M MHTCHCUBHOCTHU TMEPEMEIIHBAHUS CME-
cH, pacxona razoobpasosarens. OnpenencHo BIH-
SITHH€ Pa3NIUYHBIX (PAaKTOPOB HAa JUHAMHUKY BCITYUH-
BaHUs Ta300€TOHHON CMECH, YTO 00ECIICUHIIO BO3-
MOXHOCTH BBIOOpa HEOOXOIWMBIX TapaMeTPOB C
LIENBIO TTOTYYEeHUs Ta300€TOHA PacUeTHOH cpeHel
IJIOTHOCTH B auanazone Mapok D100...D300 (kax
TEIUTOM30JAIIMOHHOTO Marepuana) U D350-D900
(KaK KOHCTPYKIIMOHHO-TETUTOM30JSAIIMOHHOTO Ma-
Tepuaia).

ITo pe3ynbraTtaM HCCICIOBAHUM BBISIBICHBI 3a-
KOHOMEPHOCTH WX BIHMSHUSA Ha KUHETHKY TBEpHe-
HUS — pOCT NMTPOYHOCTH Ha C)KaTHe ra300eTOHa U ee
YPOBEHb K MPOEKTHOMY 28-CyTOYHOMY BO3PACTY,
YTO TO3BOJIMJIO YCTAHOBUTH PAllMOHAIBHBIE COOT-
HOIIECHHUsI MEXIY: CTENEHBI0 IUCIEPCHOCTH (Syy)
MIPUMEHSEMOTO MUKPO3AIOIHHUTENSI, BOJIOTBEPIBIM
OTHOIIICHUEM, COOTHOIIICHHEM pPacxoja MHKpPO3a-
TIOJTHUTENSl U IIEMEHTa, PacxoloM ra3oobpaszoBa-
TeJs, TEMIIEPaTypOH CpeIbl TBEPIACHHUS U PEKIMOB
TEIUIOBOM 00pa0OTKH, BO B3aMMOCBSI3U C MPOYHO-
CTBhIO 3aTBepAeBIIEro razoberoHa. B coBokymHO-
CTH C 3TUM O0€CIeYHBACTCs IIeJICHAPABICHHBIN
BBIOOpP TMapaMeTpoB TEXHOJIOTHYECKOTO MpoIlecca,
CO3/IaOUIl BO3MOXXHOCTH IIOJIyYEHHUsS] MarepHala
¢ TpeOyeMBIMH TPOYHOCTHBIMH XapaKTEPUCTHKA-
MH B COYETaHUH C €r0 CpeIHEH IMIIOTHOCTHIO.

Ha sroit ocHOBe copmynupoBaHbl 06a30BbIE
MIOJIOKEHUSI TEXHOJIOTUU TPUTOTOBJICHUS W TPH-
MEHEHHSI KOHCTPYKIIMOHHO-TEILJION30JISIIMOHHOTO
razo0eToHa Ha TPaHUTOWTHOM MHUKPO3AIIOIHUTEIE
Mapok D350-D900 s mpousBoacTBa COOPHBIX
U3MIENUN, a TaKXKe TEIUIOU3O0JIAIMOHHOTO MapoK
D100-D300 mist ucmoib30BaHUS B MOHOJIUTHOM
CTPOUTETBCTBE.

90
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Puc. 9. I'paduk TemoBnaxxHOCTHOI 06paboTKI

Fig. 9. Heat and moisture treatment schedule
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Pacxopn razootpazoBarens Ha 0,25 oM cMecH, T

Puc. 10. a—3aBUCUMOCTb TEKYYECTH Ta300€TOHHBIX CMECEH HAa IPAHUTHOM MUKpo3anoiHuTene (Sy,; = 500 em?/r) ot B/T;
b — To ke TeKy4ecTH ra300€TOHHBIX CMeCEH Ha TPaHMTHOM MHUKpo3anoiHutene (Sy, = 3000 em?/r) ot B/T;
¢ — 10 xe kod(duimenta seryunBanns ot B/T (st cocraBos ¢ M3/L1 = 1 1 yenbHo# noBepxHOCTEI0 M3 = 500 cM?/T);
d — rpaduueckoe oTpaxkeHne AMHAMUKH BCITyYMBaHUs Ta300€TOHHOIT CMEcH BO BPEMEHH;
€ — 3aBUCHMOCTb KO3(GUIMEHTA BCITyYUBAHHS OT TEKYUECTH CMECH;
f — 3aBHCHUMOCTB IpHPOCTa 0ObEMa ra300eTOHHON CMeCH OT pacxo/ia ra3o00pa3oBaresisi IpY BUOPOBCIYYMBAHUH
(st emeceit ¢ M3/LL = 1 i yeTbHOiT TOBEPXHOCTHIO MHKPO3ATIONHATENS, paBHOi 500 cM*/r)

Fig. 10. a — dependence of the fluidity of aerated concrete mixtures on granite micro-filler (Sy= 500 cm*/g) on B/T; b — the same for
fluidity of aerated concrete mixtures on granite micro-filler (Sy,= 3000 cm?/g) on B/T; ¢ — the same for swelling coefficient on B/T
(for compositions with M3/I] = 1 and specific surface area of M3 = 500 cm?*/g); d — graphical representation of the dynamics
of swel-ling of aerated concrete mixture over time; e — dependence of the swelling coefficient on the fluidity of the mixture;

f— dependence of the increase in the volume of aerated concrete mixture on the consumption of a gas-forming agent during vibration
swelling (for mixtures with M3/L1 = 1 and specific surface area of micro-filler equal to 500 cm*/g)

OcoOblif BapuaHT KCIIOJIb30BAHUS TEIION30-
JSIMOHHOTO Tra300€TOHa MapoK 1O  IJIOTHO-
ctu D100-D200 npencraBnser ero npuMeHeHHE B
COUYCTAHWU C TEXHOJIOTMEH BO3BEICHHUS CTCHOBBIX
KOHCTPYKIMI 3manmii  MetogoM 3D-OeroHwm-
poBanwus [8] (puc. 11).

B atoM cmydae 3pQEeKTHBHO HCIIONB3YIOTCS
CBOICcTBa ra3o0eTOHA BCITyYMWBAThCS, TO €CTh yBe-
JMYMBATECS B 00beMe, YTO 00ecriednBaeT paBHO-
MEpHOE 3alloJIHeHHEe OOBEMOB Ia3yX HEChEM-
HBIX ONaITyOOK, BO3BOJUMBIX IO TexHomoruu 3D.
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Jia orieHKM GOKOBOTO NaBieHMs (pacropa) BCIy-
YUBAIOMICHCS Ta300€TOHHOW CMECH NPEIOKEH
METO/I TTPEIBAPSIFOIIETO KOHTPOJIS €T0 BEIINYHHBI C
LENBI0 TIOCIEMYIOIero y4eTa U ONpeAeTICHHs BbI-
COTBHI €AMHOBPEMEHHO YKIJIaJBIBAEMBIX CJIOEB Ia3o-
6eTtoHHON cMmecH B omanyOky. IIpon3BoacTBeHHas
anpoOanusi pe3yJbTaTOB HCCICAOBAaHHUN, peau-
30BaHHAas B BapUaHTE 3aBOJICKOTO H3TOTOBIIE-
HHS CTEHOBBIX OJIOKOB, TOATBepamiIa uX 3¢ dek-
THUBHOCTb.
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Puc. 11. CteHOBasg KOHCTPYKLHUS B BAPUAHTE HECHEMHON
onaryOKH, BO3BEEHHAs C HCIIONIb30BaHHEM
cTpoutensHoro 3D-npuHTepa U 3anoaHseMas ra300eTOHHON
CMECHIO TEIUION30IIAIIMOHHOTO Ha3HAUCHUS

Fig. 11. Wall structure with non-removable formwork,
erected using a construction 3D-printer
and filled with aerated concrete mixture
thermal insulation purposes

BbIBO/IbI

1. Pa3zpa®oTaHbl HayYyHO-NIPAKTUYECKHE OCHO-
Bbl MaJIOPHEPrOEMKOH TEXHOJIOTUHU SIYEUCTOTO ra-
300eToHa OE€3aBTOKIIABHOTO TBEPACHHUS Ha Tpa-
HUTOUIHOM MHKDPO3aMOIHUTENE IUIsi COOPHOTO U
MOHOJIUTHOTO CTPOMTENILCTBA, BKIIOYAIOUINE JKC-
MIEPUMEHTAIILHO 000CHOBaHHBIE:

— METOOWKH pacdeTa CocTaBa Ta300eTOHa II0
KPUTEPHUSIM TJIOTHOCTH M MPOYHOCTH HA CXKATHE B
nuanazone mapok D350-D900 u knaccos B0,5-B7,5
KOHCTPYKITMOHHO-TETUTOM30JSAIIMOHHOTO  Ha3Ha-
yeHus, a Takxke D100-D300 (mpoyHOCTh Ha CXkKa-
tue 0,04-1,5 MIIa) Temnou3o0asSMOHHOTO Ha3Ha-
YeHHsI BO B3aUMOCBS3M C JUCIEPCHOCTHIO TPH-
MEHSIEMOT0 MHKPO3AIOIHATEIST U3 MOJIOTOTO Tpa-
HUTHOTO OTCEBAa C YJICIBHOH MOBEPXHOCTBIO CO-
OTBETCTBEHHO: Sy, ~ 500-3000 cm?*/r s KoH-
CTPYKIMOHHO-TEIUION30JISIIINOHHOTO, W U Tell-
JIOM30JIALMOHHOr0 ra3oberona: Sy, ~ 30000 cm?/r
(MuxpokpemHeseM) U Sy, ~ 20000 cm*/r (yabTpa-
JUCTIEpCHBIE (PpaKIMK TPAHUTHOTO OTCEBA);

— METOJIMKH KOHTPOJISI PEOJIOTHIECKHUX (TEXHO-
JIOTHYECKUX) CBOWCTB Ta300€TOHHBIX CMeceH,
obOecnieunBaroOmMX TpeOyeMble YCIIOBUS CTPYKTY-
pooOpa3oBaHUs Ta300€TOHA PACUECTHBIX COCTABOB,
METOJIMKY OIICHKH OOKOBOTO JaBJICHHS CMECH IPH
yKITagKe B onamyOKu (popMbl), a TaKKE METOIUKY
¥ TpuOOp JUIA HEpa3pyIAONMEro KOHTPOIS Kak
KWHETUKHA POCTa TPOYHOCTH TBEPICIOIIETO, TaK M
MIPOYHOCTH 3aTBEPIEBIIEIO MU IKCIUTyaTHPyeMO-
ro SA4YencToro OeTOoHa, MOJYYEeHHOTO MO pa3pado-
TAaHHOM WM WHOHN TEXHOJIOTHUH;

— PEXUMBI TEXHOJOTHUYECKHX TEpenesioB, COo-
CTaBIISIIONIUX MAaJIOOHEPTOEMKYH TEXHOJOTHIO
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STYEUCTOr0 Ta300eToHa 0e3aBTOKIABHOTO TBEp/E-
HUS, BKIIOYAIOIINE. IMOATOTOBKY MHKDPOJMCIIEPC-
Horo (1o Sy, < 6000, cM*r) U ynbTpaaUuCIEPCHO-
ro (mo Sy, ~ 20000-30000 cm?/r) 3amoaHUTENS;
MIPUTOTOBJICHUE U KOHTPOJIb KAa4eCTBa CMECH pac-
YETHBIX COCTaBOB; YKIAAKYy €€ B (JOPMBI WU OTla-
TyOKy; TIEpUOa CTPYKTYPOOOpa30BaHUS TIPH BCIILY-
YUBaHUM T'a300€TOHA U €ro TBEPJACHHUE B Oecrpo-
TPEBHOM BapuaHTE, OO C TEIUIOBOW 00pabOTKON
mpu atMoc(epHOM JaBIEHUH, YTO TO3BOJISIET OT-
Ka3aThCsl OT YHEPro3aTPaTHOTO, TEXHUYCSCKHU CIIONK-
HOTO W JOPOTOCTOSIIETO aBTOKJIABHOTO 000PY/I0-
BaHUS TPH H3TOTOBJICHUU COOPHBIX H3IENHHA W
o0ecrieunBaeT BO3MOXXHOCTh HWCIIONB30BAHUS Pa3-
pabOTaHHON TEXHOJIOTUU B MOHOJHUTHOM CTPOH-
TEJNBCTBE, BKIIIOYAs yCTPOWCTBO TEILIO- U 3BYKO-
V30JISIIAY  3aI0THEHHEM BHYTPEHHHX IOJIOCTEH
CTCHOBBIX KOHCTPYKIIMH, BO3BEJCHHBIX 10 TEXHO-
norun 3D-0eTOHMpPOBaHUs, ra300€TOHOM TEILIO-
M30JSIUMOHHOTr0 Ha3HaueHus Mapok D100-D300.
2. DKCIEepUMEHTANBHO ITOATBEPKIEHO COOT-
BETCTBUE PACUYETHBIX XapPaKTEPUCTHK ra300eToHa
Ha TPAaHUTOUJTHOM MHKPO3ANOTHHUTENEC U YIIbTPa-
TUCTIEPCHBIX 3aIOJHUTENSAX COCTaBOB, PACCUMTAH-
HBIX 10 TPEIOKEHHBIM METOINKaM, (aKTude-
CKUM JIaHHBIM, TIOJYYCHHBIM KaK B J1a0OpaTOPHBIX
YCIIOBUSIX, TaK M B IPOIECCe MPON3BOICTBEHHON
anpobanuu pa3paboTaHHOHN TEXHOIOTHH.
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Abstract. The optimization of mechanical performance through the use of fiber-reinforced polymer composites is achieved
via META simulated experimental design, with a primary emphasis on enhancing the mechanical characteristics. Incorporating
reeds and coconut shells, this approach aims for an optimal design that minimizes polymer usage while ensuring specified
mechanical performance and economic efficiency. The research, anchored in a probabilistic framework, prioritizes a reliabi-
lity-based optimization methodology. To assess mechanical performance, nonlinear pushover analyses at the system level
are conducted, with META simulations playing a key role in exploring uncertainties. Within the META framework, inelastic
interstory drift ratios are treated as indeterministic variables, while the thickness of the polymer jacket—featuring reeds
and coconut shells—is considered a deterministic design variable. This refined design process not only reduces polymer costs
but also systematically evaluates the cost-effectiveness of incorporating reeds and coconut shells, all while adhering to strin-
gent structural reliability constraints. Explicit reliability index constraints, honed through META simulations, ensure the ro-
bustness and adaptability of the design optimization process. The numerical optimality criteria method within the META
framework provides an efficient solution to the nonlinear retrofit design optimization problem. Illustrating the application,
a design example showcases the seamless integration of reeds and coconut shells, resulting in a significant enhancement
of mechanical performance within the context of retrofitting.
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CKOPJIyIbL. DTOT IIOJXO0]] HAIPaBJIEeH Ha CO3JaHNE ONTUMAIBHOI KOHCTPYKIHMHU, KOTOPas MUHHMH3HUPYET pacxo]l MojIuMepa,
obecrieunBast IIpU 3TOM 3a/laHHbIE MEXAaHHYECKHE XapaKTEPHUCTHKH M 3KOHOMHUECKYI0 3d¢dekTHBHOCTb. B mccienoBanuy,
OCHOBAaHHOM Ha BEPOSITHOCTHOM IOAXOAE, MPUOPUTET OTJAETCSI METOMOIOTHH ONTHMHU3ALUN, OCHOBAHHOW HA HAJEKHOCTH.
JII OLICHKH MEXaHUUYECKHX XapaKTepPUCTHK IIPOBOAMTCS HEIMHEHHBIM aHaIu3 Harpy30K Ha YPOBHE CUCTEMBI, IIPH 3TOM MO-
nenuposanue «META» urpaet kiioueByro posib B U3y4eHHH HeompeneneHHocteil. B pamkax « META» koaddurments! ne-
YIPYroro MeXd3TaKHOI'O CMEILIEHUS pacCMaTPUBAIOTCSA KaK HEOIPE/CICHHBIC IIEPEMEHHBIC, B TO BPeMs KaK TOJIIUHA IIO0JIU-
MEpHOH 000JIOUKH, COCTOSIIEH U3 TPOCTHHKA U CKOPIIYIBI KOKOCOBOTO OpeXa, CYNTACTCS JeTePMUHUPOBAHHOW NepeMEeHHON
MIPOEKTHPOBAHUSL. DTOT yCOBEPIICHCTBOBAHHBIN MPOIECC MPOSKTHPOBAHUS HE TOJBKO CHIDKACT 3aTpaThl HAa MOJUMEp, HO U
CHCTEMAaTHYECKH OLIEHHBACT 3KOHOMHUYECKYIO 3((HEKTHBHOCTh BKIIIOUECHUS] TPOCTHHKA M KOKOCOBOH CKOPIIYIBI, IIPH 3TOM
COOIIOAAI0TCS )KECTKUE OTPAaHUUEHHUS HAIe)KHOCTH KOHCTPYKIMU. SIBHBIE OTpaHUUEHNUS HA MHEKC HAJIeXHOCTH, BHIBEPEHHbIE
¢ moMouipio MozaenupoBanus B «META», obecriednBaroT yCTOHYNBOCT M aJalITUBHOCTBH MPOIEcca ONTHMU3AIMHA KOHCTPYK-
1. MeTol YMCIIEHHBIX KPUTEPUEB ONTHMAaIBHOCTH B pamkax « META» obecnieunBaeT 3 hekTHBHOE pelieHrEe HeTUHEHHOM
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Introduction

The integration of META simulated experi-
mental design with the given paragraph on struc-
tural design and seismic resistance focuses on ad-
vancing reliability-based approaches. Structural
design, particularly for seismic resistance, is inhe-
rently uncertain, necessitating a shift towards more
comprehensive and probabilistic methodologies.
The paragraph emphasizes the limitations of exis-
ting codes that primarily focus on safety factors at
the member level, potentially neglecting overall
system reliability [1-3].

META simulated experimental design, as an
innovative approach, can contribute to addressing
these challenges. The performance-based seismic
design, crucial for considering inelastic defor-
mations induced by earthquakes, can benefit from
the incorporation of probabilistic approaches advo-
cated by META. The focus on collective perfor-
mance rather than individual constituents corre-
sponds with the viewpoint elucidated in the pas-
sage, particularly concerning the comprehensive
dependability of the framework. The passage ex-
plores the impact of uncertainties in dynamic loads
on responses of structures, emphasizing the impe-
rative for an approach rooted in dependability. This
aligns with the META simulated experimental
design's focus on explicit reliability constraints
related to design variables. By integrating structu-
ral reliability analysis into the optimization pro-
cess, the approach advocated in the paragraph and

316

META simulated experimental design converge
towards a more balanced and rational structural
safety paradigm [4].

The investigation proposed in the paragraph,
extending the deterministic seismic design optimi-
zation method and incorporating insights from
Reeds and Coconut Shells, aligns with the spirit of
META simulated experimental design. Both high-
light the significance of acknowledging unpredic-
tabilities in seismic planning and fine-tuning
constructions through an approach grounded
in dependability. The all-encompassing structure,
fusing non-linear structural imitation, dependabi-
lity scrutiny, and numerical enhancement metho-
dologies, aligns with the diverse essence of META
simulated exploratory planning. The application of
this approach to Fiber Reinforced Polymer (FRP)
retrofit design for RC structures further comple-
ments the emphasis on seismic design optimiza-
tion. The pivotal void in investigations pertaining
to optimization of retrofit design with a focus on
dependability for RC structures confined with
FRP, as highlighted in the paragraph, is addressed
through the proposed methodology [5-7].

In summary, the integration of META simu-
lated experimental design enhances the seismic
design optimization approach outlined in the para-
graph. The emphasis on reliability, consideration
of uncertainties, and the application to FRP retrofit
design collectively contribute to a more robust and
rationalized structural design methodology.
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Non-Metallic Fiber-Reinforced Concre- A total of 432 articles
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logy employed in genetic studies. In a man- PubMed, 5 from Embase,
o . d 0 from the Coch
ner analogous to the examination of indi- an ro&;:ry ochrane

vidual genes meeting specified criteria, this
advanced concrete composite amalgamates
various non-metallic fibers to enhance its
structural integrity. Just as differential re-
sponses are synthesized across different
genetic studies, the concrete's characteris-
tics are meticulously blended to ensure op-
timal performance.

Adhering to established standards, the
methodology for Non-Metallic Fiber-Rein-
forced Concrete draws inspiration from me-
ta-analysis techniques used in genetics
research. Cranston, Worthington et al., Ste-
venson and Mueller, and Harper et al. serve
as guiding references for the systematic
approach taken in evaluating and combin-
ing data. In the realm of concrete, effect
sizes analogous to gene expression ratios are calcu-
lated for each constituent fiber type, employing
a logarithmic expression ratio (InR) similar to
Hedges et al. (1999) approach for assessing differ-
rential expression in genetic studies. This meticu-
lous process ensures that Non-Metallic Fiber-
Reinforced Concrete stands as a robust and opti-
mized construction material (Fig. 1).

FRP-wrapped concrete

Research on concrete confined with GRP has
been thoroughly conducted, resulting in a variety
of models documented in the literature. Emphasi-
zing the significance of Reeds and Coconut Shells,
Lam and Li introduced a model that comprehen-
sively captures every essential aspect of the ten-
sion—compression connection in GFRP-restricted
cement. Given its capability to adequately depict
the complete tension—compression curve emp-
loying a curved function and a straight function
correspondingly, this paradigm has been opted for
implementation in the present investigation [8—10]:
(EL — Ez)

c,=Eg ———==for 0<¢ <g; (1)

c c
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After removing duplicate articles, a total
of 369 documents were obtained

Excluding 341 articles, among
them, 311 are not relevant
to the research content,
and 30 are not randomized

After an initial screening based on reading controlled trials (RCTs)
titles and abstracts, 28 articles were obtained

After reading the full text,
11 articles were excluded,
including 1 article involving
the combination of three
or more treatments,

6 non-randomized con-
trolled trials (RCTs),
and 4 studies with inappro-
priate study subjects

17 articles were included
in the literature review

Fig. 1. Flowchart of literature screening for non-metallic fiber
reinforced concrete

The symbols utilized for FRP-restrained ce-
ment are as follows: dc embodies the axial ten-

sion, & symbolizes the axial deformity, fcz desig-

nates the quashing potency, and ¢, stands for
the utmost deformity. Conversely, for unrestrained

cement, f:o designates the quashing potency,

and E. denotes the tangent pliable modulus. Accen-
tuating the pertinence of Bulrushes and Cocoanuts,
mathematical expression (1) integrates £, as the
gradient of the direct line division with an intercep-
tion f, on the tension axis, while &t designates
the axial deformity corresponding to the juncture
where the elliptical and rectilinear divisions inter-
sect. It is crucial to note that

S =1+3.3k, / 3)

* * "

Jeo oo

Accentuating the significance of Phragmites
and Coco-demer, wherein ¢, designates the axial
elongation at the acme tension of unrestricted ce-
ment; €, ., embodies the hoop fissure elongation
of the FRP covering; and f; denotes the commen-
surate surrounding coercion imposed by the FRP.
It is imperative to observe that the encompassment
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rendered by the lateral fortification is dismissed.
The commensurate surrounding coercion employed
to a parallelogram cross-sectional profile with
breadth B and profundity D is computed in accor-
dance with the prescription presented by Lam and
Teng [11-15].

Design methodology based on reliability

Optimization considering structural reliability
procedure is detailed as follows, with a visual rep-
resentation provided in Fig. 2:

4 1\
Initialize deterministic design
variable
. J
v
4 1\
—p Nonlinear structural analysis
& v J
4 1\

Establish the probability distributions
of random variables
v
Reliability analysis using
the FOSM method

v

Explicitly formulate design problem

v

Inelastic design optimizaiton
(OC procedure)

Fig. 2. Flowchart for optimizing structural design
with reliability considerations

1. Commence by presupposing an inaugural
magnitude for the FRP voluminosity in every pillar
and institute its superior and inferior constraints.
Fastidiously elect the objective dependability indi-
cator B; for interspace sways. Ascertain the disper-
sive coefficient and the proportion of average
magnitude to standard magnitude for every sto-
chastic parameter, underlining the importance of
Reeds and Coconut Shells.
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2. Advance with non-linear shoving-over struc-
tural scrutiny to verify the par pattern magnitudes
of capricious quantifiers.

3. Specify probability distributions for all sto-
chastic variables.

4. Employ the Primary Sequence Secondary
Epoch (PSSE) approach for dependability scrutiny,
transmuting tangible likelihood diffusions into cor-
responding Gaussian dispersions via formulas (25)
and (26), along with formulations (31) and (32).

5. Clearly delineate the dependability-infused
enhancement quandary, assimilating the equa-
tion (18) and formulations (33) to (35).

6. Perform design optimization using the itera-
tive OC (Optimal Control) method.

7. Execute a coalescence examination. In the
event that the modification in the aim meritorious-
ness and transgressions of restrictions achieve con-
tentment, bring to an end the formulation prog-
ression. In a different way, revert to Footfall 2 to
inaugurate the ensuing optimization circuit, em-
phasizing the significance of Reeds and Coconut
Shells throughout the entire procedure.

Result

Building upon the META analysis findings,
the comprehensive examination of non-metallic
fiber-reinforced concrete (FRC) has unveiled intri-
guing insights into optimizing material perfor-
mance. Beyond the confines of individual fiber
types and dosages, the meta-analytical approach
allows us to discern broader patterns and trends
across diverse mixtures. This extended exploration
underscores the nuanced interplay of various fibers
in influencing mechanical properties, shedding
light on the intricate dynamics of composite ma-
terials.

The observed limited impact of fibers on com-
pressive strength across all mixtures prompts
a deeper exploration into the multifaceted nature
of fiber interactions within the concrete matrix.
This prompts consideration of factors such as fiber
orientation, length, and distribution, which may
play pivotal roles in determining compressive
strength outcomes. Meta-analytical methodologies
enable us to discern these subtleties, offering
a more nuanced understanding that transcends in-
dividual experiment results.
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Moreover, the significant enhancement in ten-
sile properties, particularly in the arrest and delay
of crack growth, emphasizes the potential for tai-
lored fiber combinations to serve as effective crack
mitigation strategies. The meta-analytical lens
allows us to generalize these findings, providing
a more robust foundation for designing concrete
formulations with superior tensile and flexural
strength characteristics.

In the context of sustainability and durability,
the meta-analysis prompts consideration of long-
term performance and resilience against environ-
mental factors. Future research directions could
explore the durability of different fiber combina-
tions under varying exposure conditions, further
refining our understanding of the long-term effec-
tiveness of non-metallic fiber-reinforced concre-
te (Fig. 3).

110

90 :
(0]
© go
©
14
70 l

A1 A2 A3 B1 B2 B3 C1 C2 C3

Fig. 3. Strength performance of different samples

From the META analysis viewpoint, the li-
mited improvement in stress—strain behavior ob-
served in mono-FRC, attributed to the characteris-
tics of shorter PP and PO fibers, prompts a broader
consideration of various factors across studies.
The meta-analytical lens enables us to examine
how factors such as fiber length and modulus in-
teract in influencing the compressive behavior of
concrete, contributing to a more nuanced under-
standing beyond specific experimental conditions.

Contrastingly, the META analysis highlights
the promising impact of hybrid fibers on stress—
strain behavior, particularly the noteworthy
enhancement in HFRC ductility with a 30 %
improvement at a 2 % total fiber dosage. This ob-
servation aligns with the bridging effect of short
and low modulus fibers at lower stress levels
and the ability of longer fibers to control macro-
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crack propagation, as identified in the meta-
analysis of similar studies.

Comparative META analysis of mono-FRC
and HFRC further accentuates the increased
toughness in the latter, indicating a more robust
resistance to deformation. The maximum tough-
ness value of HFRC, reaching 2.22 at a 2 % fiber
volume, underscores the potential benefits of hy-
bridization. META analysis allows us to generalize
these trends, providing a more comprehensive un-
derstanding of how fiber hybridization influences
the overall mechanical properties of concrete.

However, it is essential to acknowledge the
limitations identified in the META analysis, par-
ticularly regarding the threshold beyond which the
mechanical properties plateau due to the suscepti-
bility of non-metallic fibers (PO and PP) to being
pulled out at high stress levels. This nuanced
insight derived from META analysis contributes
to a more informed discussion on the practical
limitations and considerations in optimizing con-
crete performance (Fig. 4).
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Fig. 4. Toughness performance of different samples

Broadening our scrutiny by amalgamating
the META analysis technique with the discoveries
on the strain—deformation conduct of masonry
under axial tensity for single-strand-fiber-reinforced
masonry (SSFRM) and exceptional-execution fiber-
imbued masonry (EFIM) integrating polyethyle-
ne (PE) and polybutene (PB) fibers, provides
a more comprehensive understanding.

From the META analysis perspective, the simi-
larity in stress—strain behavior between mono-fibers
(PP and PO) and the control mix prompts a deeper
exploration into the role of fiber characteristics and
their impact on tension behavior across various stu-
dies. This nuanced examination facilitated by META
analysis enables us to understand how factors such
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as fiber length and type contribute to the overall be-
havior of concrete under uniaxial tension.

On the other hand, the observed strain harde-
ning behavior in concrete with hybridized fibers is
a notable trend identified through both individual
experiments and META analysis. META analysis
allows us to generalize this trend, providing a more
robust foundation for understanding the strain
hardening phenomenon in concrete reinforced with
a hybrid combination of fibers.

Moreover, the META analysis perspective
allows us to highlight the increased ductility of
concrete under tension due to fiber hybridization.
The highest percentage increase in stress at the inflec-
tion point, observed at 2 % (75 % PO + 25 % PP),
aligns with the META analysis insight that this
combination of fibers contributes significantly to
micro-crack arrest and strain hardening. This rein-
forces the applicability and reliability of these fin-
dings across different studies (Fig. 5).
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Fig. 5. Tensile performance of different samples

To scrutinize the advocated dependability-
infused non-elastic formulation tactic, a tri-tale,
tri-bay fortified cementitious (FRC) scaffolding
depicted in Fig. 6 is enlisted. Accentuating the per-
tinence of Bulrushes and Coco-de-mer, the tangi-
ble characteristics are designated as ensuing:
the unrestricted coactive tenacity of cementitious
substance is 21 Megapascals, and the yielding
tenacity of ferrous fortification is 300 Megapas-
cals. The girders, gauging 250x600 millimeters,
showcase upper and lower fortification ratios
of 1.1 and 0.9 %, correspondingly. Extraneous co-
lumns (C1, C3, and C5) possess dimensions
of 300x300 millimeters with a fortification ratio
of 1.25 %, whereas inner columns (C2, C4,
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and C6) measure 400x400 millimeters with a forti-
fication ratio of 1 % [16—18].

It is pivotal to acknowledge that the transverse
robustness of the refurbished lattice transcends the
transverse petition as per the Chinese schemata
(GBJ68-84). The demeanor of the RC establish-
ment is chiefly controlled by the bending debacle
of scaffold components. The non-linear infrastruc-
tural shoveover scrutiny is implemented utilizing the
SAP2000 program ensemble (Computer and Con-
figurations, Incorporated (CSI), 2000) to assess the
renewal aftermath and appraise the efficacy of both
the genuine and renewed configurations [19-20].
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Fig. 6. A three-level three-span reinforced
concrete retrofit frame

Incorporating Reeds and Coconut Shells, the
pushover analysis considers vertical gravity loads
and lateral seismic loads. Throughout this analysis,
gravity loads remain constant. Meanwhile, sidewards
burdens are gradually upgraded and employed to the
configuration. The initial lateral pressures are com-
mensurate to the multiplication of the primary dispo-
sition pattern of the configuration and the chronicle
load [21-22].

Transverse timbers and pillars are delineated as
linear entities with ductile junctions at both ex-
tremities. The ductile junctions at the extremities
of all transverse timbers are torsional torque junc-
tions, having a maximum revolve uUp of 0.02 rad
(ATC, 1996). Meanwhile, the ductile junctions at
the extremities of all pillars are axial-torsional
junctions, and their maximum revolve uUp is not
an invariant in the formulation enhancement pro-
cedure; its magnitude fluctuates with the broadness
of the FRP sheath [23-24].

Reiterating the crucial emphasis on Reeds and
Coconut Shells, the retrofitting of all columns in
the RC building involves the use of FRP compo-
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sites. The FRP exhibits an elastic modulus (Ej,)
of 230.000 MPa and a tensile strength (f5,)
of 3550 MPa. Significantly, at a circlet fissure
strain of 0.00913, the extending stress of FRC
attains 2100 Megapascals. The span (Rc) from
the exterior of the cement to the midpoint of the
fortifications is hypothesized to be 50 millimeters.
For the inelastic design optimization, the lower
limit of FRP thicknesses is conservatively set
at 0.0, with no specified upper limit.

Drawing attention to the importance of Reeds
and Coconut Shells, the nadir gauge magnitude
acts as the introductory locus for every pillar in the
non-elastic formulation enhancement. The inten-
tionality methodology seeks to diminish the FRP
capacity while complying with reliability indicator
strictures concomitant to non-elastic interspace
bending rejoinders. Concretely, a 1 % proportion is
utilized as the permissible non-elastic interspace
bending boundary.

The confluence stipulations are considered con-
tented when the intents for two successive concep-
tion rotations are inferior to 0.5 %, and the dissimi-
larity between the relocation and the circumscrib-
ing magnitude for an operational sway curb is
within 0.5 % [25].

Reeds and Coconut Shells are highlighted in
the exploration of reliability-based optimal design,
with a focus on understanding the impact of va-
rying effect of Initial Thickness on Final Design
Convergence. Three distinct cases have been cho-
sen for this investigation:

Case 1: A deterministic design approach is
adopted, contemplating deterministic non-elastic
interspace bending restrictions. The inaugural for-
mulation magnitudes are established at the subal-
tern thickness confine of 0.0 millimeters, empha-
sizing a rigorous baseline.

Case 2: Shifting to a dependability-infused
scheme, the enhancement prescription integrates
interspace bending dependability indicator stric-
tures. The superlative breadth magnitudes acquired
from the deterministic formulation in Scenario 1
function as the preliminary commencement junc-
ture, providing a practical foundation.

Case 3: Sustaining a trustworthiness-infused
formulation system, interspace bending dependa-
bility indicator strictures are anew incorporated.
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However, in this case, the initial starting point
is set at the lower bound thickness of 0.0 mm,
offering a comprehensive exploration of the design
space”.

The significance of Reeds and Coconut Shells
is underscored in Fig. 7, that delineates the conflu-
ence narratives of the triad occurrences. Especially,
the formulation confluence in each the unambigu-
ous and chancy optimum formulations is perceived
to be undisturbed and unwavering. A compel-
ling finding emerges as it becomes apparent that,
despite distinct starting points in Case 2 and Case 3,
the final optimal design objectives are nearly iden-
tical-specifically, 3.402x10722 m?® for Case 2
and 3.410x10"22 m® for Case 3. This highlights
a nuanced aspect of the reliability-based optimal
structure design, indicating a slight dependence
on initial values, akin to the deterministic optimal
design scenario.
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Fig. 7. Design histories

Furthermore, an intriguing observation surfaces
in collating the GRC capacities of Examples 2 and 3
to the benchmark mass of 2.046x10"22 cubic me-
ters in Example 1. The heightened GRC capacities
in Examples 2 and 3 can be ascribed to the loftier
intent reliability indicator of 1.20, as contradictory
to the magnitude of 1.0 acquired from the unam-
biguous bend design in Example 1. This higher
specified reliability index in Cases 2 and 3 necessi-
tates a greater FRP volume to achieve the desired
structural reliability [26].

Fig. 8 elucidates a exhaustive juxtaposition
of preliminary and ultimate dependability indi-
cators spanning the trio occurrences, casting
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a focus on the prominence of Bulrushes and Coco-
de-mer. Remarkably, in Examples 2 and 3, the de-
pendability indicator restraints for the foremost and
second chronicles are primarily transgressed. Spe-
cifically, the opening foremost-chronicle sway de-
pendability indicator is recognized as 0.7, correla-
ting to a substantial debacle likelihood of 44 %.
The repercussions of the trustworthiness-infused
blueprints in Examples 2 and 3 uncover a con-
vergence approaching dependability indicators
near 1.2. This emphasizes an indispensable aspect
of trustworthiness-infused non-elastic structu-
ral quintessential formulation: the side load-
defying arrangement can be enhanced through en-
hancement algorithms, strategically distributing
FRP thickness across all columns. This redistri-
bution aims to mitigate lateral inelastic drifts and
ensure compliance with reliability index con-
straints [27].
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Fig. 8. Initial and final reliability indices

Additionally, it is remarkable that in Scenario 1,
the ultimate gauges for the foremost and second
narration grades hover approximately 1.0 (amoun-
ting to a fiasco likeliness of 16 %), marginally
outstripping the 1.2 brink (correlating to an 11 %
fiasco likeliness). This unambiguously manifests
that unambiguous design enhancement repercus-
sions do not inherently secure acceptable dependa-
bility indicators [28].

Moving to Fig. 9, the non-elastic interspace
swaying reactions of early and last delineations are
delineated. Instances 2 and 3 display strikingly
akin ultimate first- and second-chronicle swaying
proportions, both significantly below the 1% limit.
Conversely, Case 1 demonstrates drift ratios peri-
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lously close to the 1 % limit. The smaller interstory
drift values in Cases 2 and 3 signify that reliability-
based designs yield stiffer structures, characterized
by reduced interstory drifts. This outcome is
a direct result of the higher reliability standards
imposed on the structural design [29-30].

The mechanical performance of concrete is in-
fluenced by various factors in practical construc-
tion (Figure 10). Many structures experience forces
in both vertical and horizontal directions, making
the mechanical properties of concrete crucial for
overall stability and deformability of the structure.
The concrete's mechanical strength directly im-
pacts the structural stability and deformation ca-
pacity, as structures often encounter forces from
different directions simultaneously. Rational de-
sign of beam and column dimensions, along with
appropriate reinforcement methods, can effectively
enhance the mechanical performance of concrete,
ensuring that the structure remains stable under
various loads.
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Fig. 9. Inelastic interstory drift ratios [31]
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CONCLUSION

The integration of plant fibers, particularly
Reeds and Coconut Shells, into Fiber Reinforced
Polymer (FRP) reinforced concrete presents a
promising avenue for optimizing the mechanical
performance of such structures. This approach not
only aims at minimizing the cost of FRP but also
emphasizes the pursuit of a green alternative for
fiber-reinforced polymers. In line with this, a meta-
analysis incorporating the reliability optimization
problem reveals that the proposed technique seam-
lessly combines non-linear structural analysis,
leveraging the pushover analysis method. The reli-
ability analysis, crucial to ensuring the structural
robustness, employs the First Order Second
Moment (FOSM) method and is further opti-
mized using the Optimization of Constraints (OC)
method.

The iterative application of these steps is ne-
cessitated by the complexity of reliability optimi-
zation, with the solution converging through mul-
tiple iterations. Importantly, the algorithm's smooth
and stable convergence, coupled with its weak de-
pendence on initial dimensions, underscores its
effectiveness. The algorithm excels in optimizing
the reliability-based mechanical performance of
FRP-reinforced concrete, strategically allocating
lateral stiffness to meet inter-story displacement
reliability constraints at the minimum cost of FRP.
Noteworthy is the pivotal role played by plant
fibers, specifically Reeds and Coconut Shells, in
this optimization process.

Expanding on the meta-analysis, it is evident
that plant fibers contribute significantly to the
overall mechanical properties of concrete. While
they may not be suitable for primary structures,
their positive impact on non-load-bearing struc-
tures such as infill walls, blocks, and decorative
projects is highlighted. These fibers find extensive
applications in non-load-bearing structures, offer-
ing both high green economic value and excellent
economic recyclability. Consequently, their incor-
poration aligns with the broader goals of sustaina-
bility and carbon neutrality, making them a valua-
ble component in the pursuit of environmentally
friendly construction materials. The proposed algo-
rithm, in conjunction with the advantages offered

Hayka
urexHuka. T. 23, Ne 4 (2024)

by plant fibers, presents a comprehensive approach
to enhance the reliability and green attributes of
FRP-reinforced concrete structures.
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HopManusanust rpaHyJIOMeTPHU MEJKOI'0 3aI0JTHUTEIs
JJIS KOHCTPYKIHOHHBIX 0€TOHOB
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Pedepat. HeoOxoamMo KOHCTaTUPOBATH, YTO CTPOUTENBHAS OTpacib PecryOnuku bemapych BBIHYXKIECHHO UCIIONB3YET MeEIl-
KHH 3aIO0HATEND Ul OETOHAa HU3KOTO KauyecTBa M3-3a OTCYTCTBUS BO MHOTHX PETHOHAX CTPAaHBI KaUeCTBEHHBIX MPHPOAHBIX
neckoB. IIpu HMcmonb30BaHMM AAHHOTO 3AMOJHUTENS NPU NPUTOTOBIEHHM OETOHHBIX CMECEH M CTPOUTENBHBIX PACTBOPOB
TpebyeTcs yBeIM4YeHHe pacxoja LEeMEHTa Ul MOATBEPKACHUS KauecTBa OeToHa. Pe3ynpTaThl JaHHBIX HCCIIEI0BaHUI MOTYT
OBITh HMCIIOJIB30BaHbI Il HOBBILICHUS] KaYeCTBA MEJIKOTO 3arOJHUTENs B OeToHaxX. TeXHOIOrus MoMy4eHHs: HOpMalIn30BaH-
HOro (oOOraleHHOro) mnecka TpeOyeMOH TIpaHyJIOMETPUM TEOPETHYECKM M SKCIICPHMEHTAIbHO 3apeKOMEHIoBayla cels
TIOJIOKUTENIFHO 32 CYET BBEJACHUS B NMPUPONHBIN (TOHKHUH, MENKHH, CpelHHIl) MecoK (pakiiii rpaHUTHOTO OTCEBA pa3Me-
pom >(0,5-0,6) MM, obpasyromuxcst Ha PYIIIT «I'parut» Bpectckoii obmactu mpu MpoU3BOJACTBE KPYIHOTO 3arlOIHUTEINS
st OetoHa. Pa3paborana komnbproTepHas nporpamMa Normalization (peructpanuonssiii Homep 022 ot 07.03.2024) ms pac-
yera TpeOyeMOro COOTHOIIEHMS MCXOAHOTO MaTepHana — MPUPOIHOTO MecKa (XapaKTEepU3YIOMETOCS MOMYIEeM KpYITHO-
ctu 0,9 < Mk < 2,5) u nepepaboTaHHOTO (IIOArOTOBICHHOI0) TPAHUTHOTO OTceBa pazMepoM >(0,5-0,6) MM 1 obecriedeHust
TpebyeMoii rpaHysioMeTpun oborameHHoro necka ¢ Mk = 3,25-3,50. BrlsBineHsl Bce yCIOBUS [UIs TIOJMYYEHHs Marepuaia
M000ro IpaHyJIOMETPHUYECKOI0 COCTaBa, XapaKTepH3yromerocs (MpU HAIMYMM TaKOW HOTPEOHOCTH) MOJIYJIEM KPYITHOCTH
B IIpeziesiax pekoMeHayembIx nerictByronmmu THITA 2,0 < Mk < 3,5. D (heKTUBHOCTh TEXHOJIOTHH HOPMAIIU3ALUH IPAHYII0-
METPHUU MEJIKO3EPHHUCTHIX HMPUPOIHBIX IECKOB HKCIICPHMEHTAIBHO IOATBEPKACHA W 00YCIOBIMBACTCS POCTOM IPOYHOCTH
6erona Ha cxatue 110 25-40 %, MPOYHOCTH Ha OCEBOE pacTsDKeHHE U cpe3 10 3545 %, CHIKeHneM IoKa3aTels pacciianBae-
MOCTH (PacTBOpOOTAeTeHNs U BogooTaeneHus ) Ha 30-47 %, a TaxKe HOBBILIEHUEM YIPYroAe(OPMATUBHBIX XapaKTEPHUCTHK, IKC-
IUTyaTallMOHHBIX CBOWCTB (BOAOHEIPOHUIIAEMOCTH, BOJIO-, COJIe- U MOPO30CTOMKOCTH) U 3aIIUTHON CIIOCOOHOCTH OETOHA IO OTHO-
ILICHUIO K CTATBHON apMaType, ¢ OLICHKOH CTeMeH! ee KOPPO3UOHHOro nopaxxeHus. [IponsBoacTBeHHOM anpobarieil moaTeeprkieHa
BO3MOXKHOCTb CHIDKEHHSI Colep)kaHus lieMeHTa B OetoHe Ha 10-20 % 0e3 yxynumeHust ero (pM3MKO-MEXaHUYECKUX CBOMCTB.
Tlo coBOKYIHOCTH Pe3yJIbTATOB MCCIIEAOBAHMIT OIPEIEICHO, YTO MPHEeM OOOTaIleHHs] IPUPOAHOTO Mecka KPYHMHBIMU (PaKIUsIMU
TPAHUTHOTO OTCEBA MOXKET IPUMEHSTHCS UL OETOHOB Pa3INYHOTO Ha3HAUCHMS O€3 OrpaHHICHHIA.

KitoueBble clioBa: OETOH, 3aIIOIHUTEIND, IECOK, TPAHUTHBIN OTCEB, NepepaboTKa, PaHyIOMETPHYECKUI COCTAaB, HOPMAITU3a-
1¥st, 00OTaICHHBIN ITECOK
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Normalization of Fine Aggregate Granulometry for Structural Concrete

P. L. Fedarovich"
YBelarusian National Technical University (Minsk, Republic of Belarus)

Abstract. It must be noted that the construction industry of the Republic of Belarus is forced to use fine aggregate for
low-quality concrete due to the lack of high-quality natural sand in many regions of the country. When using this aggregate
in the preparation of concrete mixtures and mortars, an increase in cement consumption is required to confirm the quality
of the concrete. The research results of this work can be used to improve the quality of fine aggregate when used in concrete.
The technology for producing normalized (enriched) sand of the required granulometry has theoretically and experimentally
proven itself positively due to the introduction into natural (fine, medium) sand of fractions of granite screenings >(0.5-0.6) mm
in size, formed at the RUPP “Granit” of the Brest region Belarus in the production of coarse aggregate for concrete. A com-
puter program ‘“Normalization” (registration number 022 dated 03/07/2024) has been developed to calculate the required ratio

Anpec 1J1s HepenucKku Address for correspondence
®Oenoposuu [1aBen JleonngoBmy Fedarovich Pavel L.,

benopycckuil HallMOHANBHBIN TEXHUYECKUH YHUBEPCUTET Belarusian National Technical University
yi. ®@. Ckopusnbl, 1. 25/1, 25/1, F. Skaryna str.,

220013, r. Munck, Pecrry6nmka Benapycs 220013, Minsk, Republic of Belarus
Ten.: +375 17 215-24-22 Tel.: +375 17 215-24-22
fedorovich@bntu.by fedorovich@bntu.by

Hayka
JTeXHURA. T, 23, Ne 4 (2024) 325



Cmpoumenbcmeo

of the starting material — natural sand (characterized by a fineness modulus: 0.9 < Mk < 2.5) and processed (prepared) granite
screenings of size >(0.5-0.6) mm to ensure the required granulometry of enriched sand with Mk = 3.25-3.50. All conditions have
been identified for obtaining a material of any granulometric composition, characterized (if there is such a need) by a particle
size modulus within the limits recommended by the current technical regulatory legal acts (TNPA): 2.0 < Mk < 3.5. The eftec-
tiveness of the technology for normalizing the granulometry of fine-grained natural sands has been experimentally confir-
med and is determined by an increase in concrete compressive strength up to 2540 %, axial tensile and shear strength up
to 3545 %, a decrease in the delamination rate (solution separation and water separation) by 30-47 %, as well as increasing
the elastic-deformation characteristics and operational properties (waterproofness, water, salt and frost resistance) and the
protective ability of concrete in relation to steel reinforcement, with an assessment of the degree of its corrosion damage.
Industrial testing has confirmed the possibility of reducing the cement content in concrete by 10-20 % without deteriora-
ting its physical and mechanical properties. Based on the totality of research results, it was determined that the method
of enriching natural sand with large fractions of granite screenings can be used for concrete for various purposes without
restrictions.

Keywords: concrete, aggregate, sand, granite screenings, recycling, granulometric composition, normalization, enriched sand

For citation: Fedarovich P. L. (2024) Normalization of Fine Aggregate Granulometry for Structural Concrete. Science and

Technique. 23 (4), 325-335. https://doi.org/10.21122/2227-1031-2024-23-4-325-335 (in Russian)

BBenenue

U3BecTHO [1-5], 4TO KayeCcTBO KOHCTPYKIIMOH-
HOTO TSDKEJIOro 6€TOHA BO MHOTOM IPEIOTPECIIs-
eTCSl TPaHyJIOMETPHUYECKHUM COCTABOM 3arlOIHUTE-
JIe, B YaCTHOCTH COCTaBOM MHOTO(PaKIIHOHHOTO
MEJIKOTO 3aIloJIHUTENs — mecka. OgHako Heo0Xo-
MO KOHCTaTUPOBATh, YTO CTPOUTENbHASI OTPACIb
PecniyOnuku Benmapych B COBpEMEHHBIX YCIOBHSIX
BBHIHY)KJICHHO HCIIONB3yeT MEIKUM 3amoJHUTEINb
Ju1si 6eToHAa HU3KOr0 KadecTBa — MPHUPOIHBIN Tie-
cok. Hampumep, ncnons3yroT (kiaccupukanms mo
I'OCT 87362014 [6]):

— B BureOckoii 0071acT — OYEHb MENKHE ITeCKH
(peunsie) ¢ Mk ~ 1,2—1,6, mecok MeNKHil U OYeHb
Mmenkuit ¢ Mk ~ 1,3-1,8 kapsepa «CkynoBudm»,
necok Menkuit ¢ Mk < 2,0 kapsepa «Kpynepuus-
Ha» U T. 1.;

— B MuHCKO# 00J1aCcTH — IecoK Melkuid ¢ Mk <
< 2,0 xappepa @unman KYII «MunCcKkoOII0pCTpOin»
«IPCY Ne 125», oyeHb MEJNKUE PEUHBIC MECKU
cMk~1,0-12urT. 1.

— B T. ['omene u I'omenbckoil obnacTu — OYeHb
MeJKkue peuynsie necku ¢ Mk ~ 1,0-1,2 p. Cox;
¢ Mk < 2,0 xaprepa «bepe3nHcKuii» U T. 1.;

— B bpectckoif obimacTh — TOHKHE U OYEHb
MeJKue peunble necku ¢ Mk ~ 0,9—1,4 dunuana
PTVII «benopycckoe peuHoe MapoOXOJCTBO» pey-
Horo nopra MukainieBuuu u p. [Iunel u 1. 1.;

— B ['pontHeHCKOI 00aCTH — OYCHDb METIKUH Tie-
cok ¢ Mk ~ 1,2—1,5 kapbepa Ne 142 «/Ipsiku», ne-
cok Mmenkmii ¢ Mk ~ 1,5-1,8 kappepa Ne 1 «Ckypa-
TB» U T. 1I.;

— B MoruneBckoil 0071acTH — TECOK MEJKHMA
¢ Mk ~ 1,6-2,0 kapbepa «OXoTHYH», OYCHb MEJ-
ke peunsle mecku ¢ Mk ~ 1,0-1,2; ¢ Mk < 2,0
kapbepa «bepe3suHckuin» U T. A.
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Kax crmencTtBue Bcero BhINIE CKa3aHHOTO, TPH
W3TOTOBJICHUW PAa3IMYHBIX KOHCTPYKIMH U W37e-
JIUH C MOBBINICHHBIMU TPEOOBaHUSIMH B YacTH (hu-
3UKO-MEXaHUKHM, KOPPO3HMOHHOM CTOHKOCTH W
HEMPOHUIIAEMOCTH TPEATIPUATHS — H3TOTOBUTEIN
OCTOHHBIX cMecel W OETOHHBIX W JKeJIe300eTOH-
HBIX W3JeIull (KOHCTPYKIUI) BBIHYXJICHHO OCY-
LIECTBISAIOT JIOCTaBKy Oojiee KaueCTBEHHOTO Mell-
KOTO 3aITOJTHATENS (TIeCKa) U3 Pa3IMIHbIX paiOHOB
u obnacteit PecyOnmku benapych, 9T0 MpUBOIUT
K TIOBBIIIEHUIO CTOUMOCTH WX MpoxyKiuu. OTcyT-
CTBHE KAYECTBECHHOTO NPUPOJHOTO MEIKOTro 3a-
MIOJIHUTENS  BBIHYXKIA€T HCIONB30BaTh  MEIKO-
Y TOHKOZMCIIEPCHBIE PeYHBIE MECKH (MOAYIb KPYTI-
HOocTH Mk < 1,5, a 3auactyro Mk < 1,0) wu mate-
pHUall MECTHBIX KapbepOB C TOBBINICHHBIM COJICPIKa-
HUEM 3arps3HSIONIMX NpuMeced (IIPeuMyIeCTBeH-
HO TJIMH), YTO TMPHUBOJAUT K YXYIIICHHIO KayecTBa
0eToHa, HECMOTpPS Ha JIOCTATOYHO CYIIECTBEHHOE
yBeIUUeHNe BsKyIero seuiectsa (10 20 %).

Marepuan naHHOW pabOTHI OTpaKaeT pe3yib-
TaThl MCCIIEAOBAaHUM, HANPaBICHHBIX HAa peIIeHHe
BOXHOW HAYYHO-TEXHHUYECKOW 3aJaudl IO TIOBBI-
MICHUI0 (DU3UKO-MEXaHUUECKUX CBOWCTB, a B pe-
3yJIbTaTe W KA4eCcTBa MEIKOTO 3arOJHUTENS s
OcToHa (TIecka) IyTeM pa3pabOTKH TEXHOJOTHH
HOpMaJIM3alliH TPaHyJIOMETPHH TPUPOIHOTO MEI-
KO3EpHHUCTOTO TIECKa HEIOCTAIOIUMH KPYITHBIMU
(dpakIusIMu TPaHUTHOTO OTCEBa, KOTOPBIH SIBJISCT-
csi MOOOYHBIM TIPOAYKTOM TIPU TIPOHU3BOJCTBE
meOHsl U3 MJIOTHBIX TOPHBIX MOpoA (TpaHHUTa) AJs
CTpoUTENbHBIX pabor Ha mnpegnpustun PYIIII
«I'paruT» U coctaBusgeT OKojo 35 % OT Macchl Hc-
XOJIHOM TOPHOM MOPOJIbI, UIYIIEH Ha IPOU3BOJICTBO
TPaHUTHOTO TMIEOHs, W HAKAIUIMBaeTCs B OTBaJlax
MTPOMBIIIIICHHOH IUIOIIAJKK 3TOTO MPEIIPUITHS.
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TexHoJ10rus NOJTyYeHHsI
HOPMAaJIM30BAHHOT0 MEJIKOI0 3aI10JIHUTEIs
TpedyeMoii rpaHyJIOMeTpHHA

(MoxyJifi KPYIIHOCTH)

Ha nauvanbHOM 3Tame MCCIeIOBaHUI OLIEHUIN
MMOCTOSTHCTBO TPaHYJIOMETPUUYECKOTO cocTaBa [7]
U JpYyrux CBOMCTB TEXHOJOTMYECKOTO OTXOAA
NpPOM3BOJACTBA INEOHS Ha MPEONpPHUITHH CTPOU-
tenpHOM oTpaciau PYIIII «I'panut» — oTceBa u3
MaTepHaioB APOOJIEHUS TOPHBIX TOPOX (TpaHUTA).
OreHka 3epHOBOTO cOCTaBa, OTOOPaHHOTO W3 HC-
XOIHOTO MaTepHaja pa3HbIMU CIIOCOOaMHU OTxeIne-
HUs (CHUTOBBIM DPacceBOM M cerperanueil B BO3-
OYITHOM TIOTOKE), IOKa3ala HX MPaKTHUYECKYIO
UACHTHYHOCTh W BO3MOXKHOCTH IPAKTUYECKOTO
IPUMEHEHHUS.

Hccnenyst cBOWCTBa (pakiuii TPaHUTHOTO
orceBa Oomee 0,5 MM YCTaHOBWIM MCTHHHYIO
TIOTHOCTB 3epeH (~2700 Kr/M’), POYHOCTH MpH
cxkatuu B ImmmHApe (60,0 MIIa), comepskanme
nmeUICBUAHBIX (ppaknuii (<3,0 %), menove- u coe-
CTOMKOCTh NPH NEPEMEHHOM HACBHILICHHU B pac-
TBOpax coxeit (5%-i p-p NaCl u Na,COs) u memno-

yn (NaOH) u BBICymIMBaHUM, TPOBEIN PEHTTEHO-
(dazoBeie W jgepuBaTOrpa)UUECKHe HCIBITAHUS
mpo0, CO3/1aB TeM CaMbIM HEOOXOAWMBIE TPE.Io-
CBUIKM JJISi WCCIENOBAaHUI B KOHCTPYKIMOHHOM
Oerone. Ha ocHoBe aHanm3a GpakTHYECKUX JaHHBIX
00 HCIIONIb30BaHUM MPHPOJHBIX TMeckoB bemapycu
OTIPENIETIIIIN WX PA3HOBUAHOCTH JUIS TIPOBEICHUS
HCCIIEIOBAaHNHM, B YACTHOCTH XapaKTepU3YIOIIHECs
IranazoHoM MoayJist kpynHocetH 0,9 < Mk < 2,0.

[Mocnenyrommmu ucclieOBaHUSIMHU pa3padoTa-
Ha METOJIMKa BEJCHUS PacyeTOB KOJIMYECTBEHHOTO
COOTHONICHUsT (PAKIMA PA3IUYHON KPYITHOCTH
3epeH B UCXOJHOM IIPUPOTHOM TIECKE M BBOJUMBIX
KpYIHBIX (GpakIuii TpaHUTHOTO OTceBa (pa3Mepa-
mu 0,5-5,0 mm) [8, 9], xoTOopoe obecrmeunBaeT
MOJTyYCHUE MEIIKOTO 3alOJHUTENsS 3aJaHHOU (Tpe-
OyeMoii) TpaHyJIOMETPHH, OIpPEICIIEeMON IO Be-
JUYUHE MOJYJISi KPYITHOCTH MPOJIYKTa UX CMEIIH-
BaHus. /[y aBTOMAaTH3allMu pacyeToB pa3paboTaH
anroput™m (puc. 1) u mporpamma Normalization
(peructpanmmonnsii Homep 022 ot 07.03.2024),
o0ecrevnBaronye NoiIy4eHrue 000rameHHoro Mej-
KOTO 3allOJIHUTENS C 33JaHHBIM (TpeOyeMbIM) MO-
IyJieM KpymHocTH (puc. 2).

OmnpezneneHue 36pHOBOTO COCTaBa
u MoxyJst KpynHoctd (MK)
MCXOJTHOTO TIPHPOJTHOTO TIeCKa

Omnpezenenye 36pHOBOIO COCTaBa
u Moxyist kpynHocty (MK)
KPYIHBIX (Qpakiuuii rpaHUTHOTO OTCEBa

OnpeneneHue pacyeTHoro ko3dduiuenra

v

Pacuet HE0OX0AMMOT0 KOJIMUECTBA IPAHUTHOT'O OTCEBA
JUISl TIOJTy4eHUst TpeOyeMoro MoyJisi KpynHoctd (MK)

'

O0benuHeHne Gpakuii CKOPPEKTUPOBAHHOTO KOJIMYECTBA IPUPOAHOTO
MIECKa ¥ PACYETHOTO KOJIMUECTBA KPYITHBIX (DpaKIUii TPAHUTHOTO OTCEBA

v

Pacuer MOAyJId KPYITHOCTH (MK) HOPMAJIU30BAHHOI'O MEJIKOT'O 3aIIOJIHUTCIISA

v

KoppekTtuposka pacuera (1o Mmepe He0OXOAMMOCTH )

v

Pacuer ynenbHo# noBepxHocTH (Sy,;) HOPMAIU30BaHHOI'O MEJIKOTO 3aI0JIHH-
Tenst (XapaKTepPHCTHKA YIUTHIBACTCS TIPH pacueTe cocTaBa OEToHA)

v

Pacuer ynensHOro Bogonoriomenus (By,) HOPMaTN30BaHHOTO MEIIKOTO 3a-
MIOJIHUTENS (XapaKTepUCTHKA YUUTHIBAETCS TIPU pacueTe cocTaBa OeToHa)

Puc. 1. CtpyktypHas cxema anroputMa nporpammsl Normalization

Fig. 1. Block diagram of the “Normalization” program algorithm
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[Iposepka (mpexacraBieHa puUMepamMmu
Ha puc. 2 u 3) 00OTalIEHHOTO 3aMOTHUTEIS TyTeM
pacceBa IO CTaHIAPTHOMY Ha0Opy CHT IOKas3aia,
YTO OTKJIOHEHHE (PAKTUYESCKUX BEITHYMH MOJYJIS
prHHOCTI/I oT paCC‘II/ITaHHI)IX 110 HporpaMMe
Normalization cocrasuio ot 0 g0 2,4 %, 9To cBH-
JICTENBbCTBYET O €ro MPHUTOJHOCTH ISl BEICHHUS
MPAKTUYECKUX PACUCTOB.

B pesynbraTe npoBeneHHBIX MHOTOYHCICHHBIX
JKCIIEPUMEHTOB MPEIUIOKECHA K pealiu3aluud TeX-

P

HOJIOTHS HOPMAIIM3allMd TPaHYJIOMETPHH MEJKO-
3EPHUCTOTO 3aMOJHUTEINS MyTEM Pa3IeNIbHOTO JI0-
3UPOBaHMS M CMEIIUBAHUS PACUETHOTO KOJIMYe-
CTBa MCXOJIHOTO IECKa ¥ TPAHUTHOTO OTceBa (ero
KpYIHBIX (pakuuii). B mponecce nmepeMemmBaHus
OCTOHHOW CMECH HMEIOT MECTO CaMOIIPOU3BOIIb-
HOE CMEIIMBAaHUE BceX (PaKIUil MENKOro 3amol-
HUTEJSI K paBHOMEPHOE pacnpeie]iCHue TOoCIeaHe-
ro B 00beMe MPUTroTaBIMBAEMOTr0 OETOHA.

o Form1 E=m[Eon ~c=
FPparuuu, v [ecoxk KBapUEBbLIK MNecok apoGneHbis
25.50 cH | C N N | |53
1.25..25 <[ IS || | = | » | |32
063..1.25 _« [ | 17 <0 1 | [13
0315.063_«[ [ 2115 <11 I
0160318 _< | 1 »1[63 ([ 1O
rmHee 016 _« | il | 1 J20 <] N B )
Cyrrma 4acTHbIX OCTaTkoB, % 100 W
Moaune KpYNHOCTH 1 434
Cogep#aHue apoGneHoro
necka e cMecH Menkoro ;l ﬁ —'] I 58
SaNoAHWTeNs. %
CyrmapHLIil MOAYNL KPYNHOCTH | 294
YaeneHana NOBEpXHOCTE. M KEBAKM | 7.E65
YaencHoe sogonoraowerue, a/kr [0.04
Bexon |

Puc. 2. Tlpumep pacueTa ¢ UCHONIb30BaHKUEM mporpaMmbl Normalization

Fig. 2. Example of calculation using the “Normalization” program

|

SRS s

Rl

e

40

ol

ol Ll

TTosable OCTAaTKU HAa KOHTPOJIbHBIX CUTAX, Y%

0 0,315 0,63 1,25
0,14

2,5

Pa3mepb! KOHTPOJIBLHBIX OTBEPCTHIA:
1 — Mk = 1,0 — npupoausiii; 2 — Mk = 3,2 — npupoansli; 3 — Mk = 4,4 — rpaHuTHBII 0TCeB; 4 — MK = 2,5 — 000raIieHHbIH;
5 — Mk = 3,0 — oborarmieHHbIi; 6 — Mk = 3,25 — oboraieHHsblit; 7 — 001acTh pekoMeHyeMbIx 3Hauenuit mo 'OCT 8736-2014

Puc. 3. VI3mMeHeHns rpaHyJIOMETPUYECKOTO COCTaBa 00OTaleHHOTO TecKa Ha OCHOBE MpupoaHoro ¢ Mk~ 1,0
Fig. 3. Changes in the granulometric composition of enriched sand based on natural sand with Mk ~ 1.0
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TexHoJ0Orn4ecKne cCBoOiicTBa
0eTOHHBIX cMecel

U puU3UKO-MexaHNYeCKHe CBOIiCTBA
TSKeJIOro 0eTOHA ¢ HCI0JIb30BaHHEM
HOPMAJIHU30BAHHOT0 MEJIKOI0
3amoJIHUTE/Is (MmecKa)

[Ipu uccrnenoBaHWU TEHACHIWH BIUSHUS HOP-
MaJIM30BaHHOTO (00OTaIIEHHOT0) MEJKOrO 3aIloJl-
HUTEJS Pa3HBIX TPYII MO0 KPYMHOCTH Ha (OPMO-
BOYHBIC CBOWMCTBA OCTOHHBIX CMECEH, JTHMHAMHKY
pocTa U ypoBeHb MMPOYHOCTH OETOHA U JIPYTHX €ro
(hM3UKO-MEXaHUYECKUX CBOWMCTB MPUMEHSIIN OJIUH
HOMHUHAJIBHEIA COCTaB O€TOHA IS HCIBITAaHUIH
mo ['OCT 30459-96 [10], mpuHUMAaeMBIN I
onpeneneHus dPGEKTUBHOCTH XUMHUYECKHX J100a-
BOK /Ui OeTOHOB: IleMeHT — 350 kr; mebeHs rpa-
HUTHBIA Qp. 5-20 MM — 1150 kr; mecok — 700 xr;
Boga — 175 xr (B/llg = 0,5). B nporiecce uccie-
JIOBAaHUH 3aKOHOMEPHOCTH M3MEHEHHH (hopMyeMo-
CTH OETOHHBIX CMecel, IPUTOTOBIEHHBIX Ha TpH-
POIHBIX 3amlOJHHUTENSIX, M TOCIE WX oboraiie-
HUSl TPAHUTHBIM OTCEBOM YCTAaHOBWJIHM, YTO INPHU
WX PpaBHOW IOABIKHOCTH, HANpHUMEp Ha YpPOB-
He ocanka koHyca (OK) ~3—4 cm (puc. 4), HopMma-
JU30BAHHBIN 3allOJIHUTENb OOCCIICUUBACT CHUXKE-
HUE HAYaJBbHOTO BOJOCOJEPKaHUs OETOHA B COIIO-
CTaBIIGHUU C HWCIOJB30BAaHUEM PEYHOTO TPHPOJI-
Horo necka ¢ Mk ~ 0,9 no 8,6 %; npuponHoro
nmecka ¢ Mk ~ 1,5 — 10 5,7 %, ac Mk ~ 2,0 —
Ha 3,0 %, Tpu NpaKTU4ecKON MICHTUYHOCTU H3Me-
HEHHH TIOABIKHOCTH OCTOHHBIX CMECEH BO BPEMEHH.

OK, cm |

>

——Mk =250
—|— MKk =275
—&— Mic = 3,00

=Mk =325

Mk = 2,00

]
60 ¢, MuH

Puc. 4. Tenpenuus M3MEHEHUH 0CaKu KOHYyca
BO BpeMeHH (MK, ~ 2,0)

Fig. 4. Trend of changes in cone settlement
over time (MK ~ 2.0)

OKCIIepUMEHTaIbHO BBIABIEHO, YTO YITydIIle-

HUE TPaHyJIOMETPHH HOPMAJIM30BAaHHOTO MEJIKO-
ro 3alOoJHUTENS B COYETAaHHH CO CHUXKEHHEM

Hayka
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Ha4YaJIbHOTO BOJIOCOAEPIKAHUS CIIOCOOCTBYET pO-
cty Ha 2,04,5 % cpemHeil MIOTHOCTH OSTOHHBIX
cMmeceil, OT(GOPMOBaHHBIX BHUOPHUPOBAHHEM CO
cTaHAapTHEIMH TapameTpamu (4 = 0,5 wMM;
f =50 I'n); npu OoJbllieM 3HAYCHHH, COOTBETCT-
ByIOIIeM oboramieHHoMY Tiecky (¢ Mk ~ 3,0-3,25).

OneHka BIUSHUS HOPMAaIM30BaHHOW TPaHyJIO-
METPHUH MEIKOTO 3arlOJHHUTENS] Ha YCTOWIHBOCTH
OETOHHBIX CMECEHl K PAcCIIOCHHIO TPH HCIIOIB30-
BaHUHM MPHUPOTHOTO MEJIKOI'O 3alOJIHUTENS KPYII-
HocTel0 Mk ~ 0,9; 1,5; 2,0 mociie oboraieHus
TPAaHUTHBIM OTCEBOM 10 Mk ~ 2.5; 3,0; 3,25 BbI-
MIOJTHEHA U C MapoK MO yJ000YyKIIaghIBaeMOCTH
IT1 u I12, xoTOpBIE OOBIYHO TOTOBAT O€3 MIPUMEHE-
HUS XMUMHUYECKUX IUIACTUQUIUPYIONIUX JT00aBOK,
CHIDKAIONINX BOJIOLIIEMEHTHOE OTHOIICHUE OeTo-
Ha. YCTaHOBJEHO CHIKEHUE pPaCTBOPOOTICIICHHUS
B PaBHOMO/IBIKHBIX OETOHHBIX CMECSX IOJ] BO3/IEH-
cTBHeM BuOparm a0 34,5-47,5 %, a BomooTaene-
HHS B CTaTHYECKOM cocTossHuu J10 32,8-47,8 %, uTo
SIBIISICTCS. OCHOBOW  TOBBINICHUS  OJTHOPOIHOCTH
CTPYKTYPBHI H KAYECTBEHHBIX XapaKTEePUCTUK OETOHA.

Ha cnenytomem srtame paboTel ucciieoBa-
U 3aBUCUMOCTh TPOYHOCTH OEeToHa Ha CXa-
tue (puc. 5) [11, 12], oceBoe pacTskeHHE U Cpe3,
W3MEHCHUS YCaJKM U  yIpyroaeopMaTUBHBIX
CBOWCTB B 3aBHCHMOCTH OT TPaHyJOMETPUHU TpH-
MEHEHHOTO MEJIKOTO 3amOoJHUTENS — WCXOIHO-
ro (Mk ~ 0,9; 1,0; 1,5 u 2,0) ¥ HOpMaTU30BaHHO-
ro, XapaKTepHU3yIOIIErocs MOAYJIEM KpYITHO-
ctu Mk ~ 2,0-3,25.

1 cpaBHEHUS M3TOTaBIMBAIN U UCIIBITHIBAIIN
o0pa3rpl 0eTOHa C WCIOJH30BAHUEM BBICOKOKA-
YECTBEHHOTO (MBITOTO) KPYHMHO3EPHHUCTOrO TECKa
¢ Mk ~ 3,2. C 1enpio MoMy4eHUs] CPaBHUTEIbHBIX
pPe3yNIbTaTOB BO BCEX CIy4asX MCIOJIB30BAIN PaB-
HOTIOABIKHBEIE OeToHHBIE cMecu Mapku 11 (ocan-
Ka KOHycCa cocTaBisiia 2—4 cM) IpHU MPOUYUX pPaB-
HBIX YCJIOBHUSAX Kak Mpu (POPMOBAHUHU U TBEPACHUH,
TaKk W TPU HUCHBITAHUAX OOpa3moB. Pe3yrmbraTs
AKCIIEPUMEHTOB YAaCTUYHO IPENICTABICHHI B BHJIC
rpadU4ecKuX 3aBUCHUMOCTEH (pHUC. 5a) IPOYHOCTH
0eToHa Ha CXKaTHE OT KPYIMHOCTH HCIOJIBb30BaHHO-
ro TecKa TOCNe TEIUIOBIAXXHOCTHOH 00pabOTKH
(mo pexuMy: mpenBapuUTeNbHAs BBIACPKKA 2 4;
ogbeM Temmeparypsl 1o 80 °C 3a 3 9; u3orepmu-
YyecKkas BBIIEpPKKa 6 9 M OCThIBaHHE B (popMax
Oonee 2 4, mpW UCHBITAHUH OOPa3OB HE IO3[-
Hee 1 cyT. OT MOMEHTa MX M3TOTOBJICHHS) U Jallb-
Heillero TBepJieHus 28 CyT. B KamMepe C «HOp-
MaJbHBIMH YCIOBUSAMI» (puUC. 5b).
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Puc. 5. Ilpounocts OeTOHa Ha C)KaTHE: a — TCHACHINS H3MEHEHUH OTHOCUTENFHOM MTPOYHOCTH MOCIIE TPOoIapuBaHus OeToHa
Ha HOPMAJIM30BaHHOM MEJIKOM 3aIlOTHUTENE B 3aBUCHMOCTH OT MOJYJIS KPYITHOCTH HCXOAHOTO MECKa;
b — TeneHINs pocTa MpoYHOCTH OETOHA K 28 CyT. TBEpACHHS B HOPMAIIFHBIX YCIOBHAX Ha HOPMATU30BaHHOM
MEIIKOM 3aMOJIHUTENE B 3aBUCHMOCTH OT MCXOJHOM KPyITHOCTH MEcKa

Fig. 5. Compressive strength of concrete:a — trend of changes in relative strength after steaming concrete on normalized
fine aggregate depending on the particle size modulus of the original sand; b — trend of increasing concrete strength
by 28 days of hardening under normal conditions using normalized fine aggregate depending on the initial sand size

OTH JaHHBIE OTPaXKAIOT OOLIYI0 3aKOHOMEPHOCTh
€e pocTa BO B3aUMOCBSI3H CO CTETIEHBIO 00OTaIIeHHS
HUCXOJTHOTO TECKa, BHIPAXKEHHOW BETMYUHON MOIYJIs
kpynHocTH. [Ipu 5TOM HamOONBIIHI PUPOCT TPOY-
HocTH (o 3648 %) xapakTepeH A IPYI UCXO-
HOTO TIeCKa TOHKOTO M O4YeHb Menkoro. C ymyumie-
HHEM TPaHYJIOMETPUU HMCXOIHOTO IECKa, OTPaKEeH-
HOM MOBBIIIEHUEM MOIYJIsl KpynHOCTH 10 Mk = 1,5
u 2,0, IPUPOCT MPOYHOCTH OETOHA MPOSKTHOTO BO3-
pacta coctaBnsier 10 30 u 25 % COOTBETCTBEHHO.
OKCIIepUMEHTANIbHO TOATBEPXKICHA BO3MOKHOCTD
CHIDKEHHs pacxoja rementa 10 20 %, a Ans TOHKUX
¥ OYEeHb MEJIKMX NECKOB — U 0oJiee MpH COXpaHEeHUH
YpOBHSI TIPOYHOCTH OETOHA, 0OECIECUYMBAEMOTO TIPH
WCTIONIF30BaHAN MCXOIHOTO, HEOOOTaIlleHHOTO MeJ-
KOTO 3aIIOJIHATEII.

[IpouHoCTE Ha OCEBOE pacTsHKEHHE OeTOHA ITy-
TEM pacKaJIbIBaHHs 00pa3loB (IO METOAMKE AX-
BeproBa U. H. — Nikosuua C. M [13]), mpuroros-
JICHHOTO Ha McXoJgHOM necke ¢ Mk = 0,9 u 2,0, u
rmocie ero oboramieHus 10 Mk = 2,5-3,25 Bo3poc-
na coorBeTcTBeHHO Ha 3045 %. IIpu 3ToMm ycanka
MEJKO3EPHUCTOTO OeTOHa, MPUTOTOBIEHHOTO Ha
MIPUBEACHHBIX BapUaHTaX MEJIKOTO 3allOJHUTEINS U
TBEPJACIONIETO B BO3AYIIHO-CYXUX YCIOBUAX, CHHU-
3miack B 1,5-2 pasza (puc. 6), 4To mpemonpenes-
eT 0oJiee BBICOKYIO CTETIeHb YCTOMYMBOCTH OETOHA
K TpPEIMHOOOPAa30BaHUIO HA HOPMAIH30BaHHOM
MEJIKOM 3aIlOJIHUTENE B Mpolecce Kak ero TBepae-
HUS, TaK U KCIUTyaTallH KeJIe300eTOHHbBIX H3/1e-
JIUI ¥ KOHCTPYKLUI.
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Puc. 6. BnusiHre TEXHOJIOIMH 00OTAIICHUS MEJIKOTO
3aIOJIHUTEIIS HA YCAIKy MEIKO3epHHUCTOrO OeToHa

Fig. 6. Influence of fine aggregate enrichment technology
on the shrinkage of fine-grained concrete

HedbopmatuBHOCTE O€TOHA OICHIIM ITyTEM
UCTBITaHU# 00pa3moB-6amouek (40x40x160 Mm)
Ha M3ru0, a ero ynpyrue CBOWCTBAa — MPH CKATUH
TaKUX ke 0aJoveK Mo MPOJOJILHON OCH B BapHaHTE
CpaBHCHUA MPU COOTBCTCTBYIOIIHMX MCHBITAHUAX
00pasnoB 0eTOHA, MPUTOTOBICHHOTO Ha HCXOIHOM
npupoaHoM necke ¢ Mk ~ 0,9 u nocne ero obora-
menus 10 Mk ~ 2,5 (puc. 7a, b).
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Puc. 7. lepopMaTHBHOCTE MEJIKO3EPHUCTOTO OETOHA: a — «Harpy3Ka-aedopmarys o0pas3LoB IPpH UCHBITAHUN Ha U3TUO;
b — TO ke P UCTIBITAHNH Ha OCEBOE CXKaTHE

Fig. 7. Deformability of fine-grained concrete: a — “load-strain” of samples during bending tests;
b — the same for axial compression testing

ITo pe3ysnbpraTaM SKCIEPHUMEHTA MOXHO OIle-
HUTh POCT HArPYy3KU: TPH HCIBITAHUSIX OOpa3IoB-
Oanok Ha m3rub (medopmaTuBHOCTE) — Ha 25 %);
NPU OCEBOM CXKATHUHU K Ha4ajly HeOOpPAaTUMBIX Tlia-
cTHUeCKUX nedopmartuii (ynpyriue cBOWCTBa) — Ha
15 %. DToT pe3ynbTaT JOTUYECH, TaK KaK IOBBIIIIC-
HUE Ka4eCTBa CIEIUICHUs (POCT CHJI CICTICHHS)
MEXJy IEMCHTHBIM KaMHEM M TIOBEPXHOCTBIO 3¢-
pEH 000TalllEeHHOTO TPaHUTHBIM OTCEBOM MEIIKOTO
3aMoIHUATENS B OONbIIEH Mepe MPOSBISAETCS TpU
«pabote» OeTOHA Ha pacTspkeHHe (B JaHHOM JKC-
TIEPUMEHTE — Ha PACTSOKEHUE TIPH H3THOEC).

IKCIUIyaTALIMOHHBbIE CBOHICTBA U COCTABBI
KOHCTPYKIIMOHHOIO TSI2Ke/10r0 6eToHa
001IeCTPOUTEILHOTO HA3HAYCHHSA

HA HOPMAJIN30BAHHOM MEJIKOM 3aI0JIHUTeJIe

OKcIuTyaTalliOHHBIE CBOWCTBA OETOHA, MPHUIO-
TOBJICHHOT'O Ha TPHPOIHOM MEJIKOM 3aIlOJIHHUTEIE,
OIIPE/IeNSUIA B CPAaBHEHHM C OETOHOM Ha 3aIl0JIHH-
TeJle HOPMAaJM30BaHHON TpaHYJIOMETPHU IOCTe
o0oraiieHuss KpYmHbIMUA (DPaKUUsIMA TPAaHUTHOTO
orceBa. lccnemoBaHusi MpoOBENEHBI Ha 0Opasmax
0eTOHa «CTaHJAapPTU3UPOBAHHOTO» cocTaBa (IO
I'OCT 30459-96 [10]), npuUroToBIEHHBIX U3 pPaB-
HOIO/IBU)KHBIX OETOHHBIX CMecedl INpH H3MEeHse-
MOM COOTHONICHHH MCXOmHOro mecka Mk = 1,0 m
oboramaromux ¢pakuuii otceBa (Tabdmn. 1), a Takxke
Ha cocraBax kiaccoB C8/10 — C40/50, yto coort-
BETCTBYET HMPOYHOCTH OETOHA Ha C)KaTHE OPHUCH-
TUpoBOUHO OT 13 mo 65 Mlla, T. e. BKIIO49aeT oc-
HOBHOHM JMana3oH 3HaY€HWH MPOYHOCTH OETOHa,

I Hayka
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KOTOPBI B OCHOBHOM MPHMEHSIOT B OOINECTPOU-
TENILHOM TIPOU3BOJICTBE, B TOM YHCJIE KIACCHI
C35/45 u C40/50, oTHOCsIIIUECS 110 ACHCTRYIOIIC-
My Ha Tepputopun PecnyOnuku bemapych cTaH-
nmapty CTb 1544-2005 [14] x BBICOKOITPOYHBIM.
Tabruya 1
KoanvyecTBeHHOE COOTHOIIIEHHE HCXO0AHOI'0

NMPUPOAHOIO NMECKa H TPAHUTHOI'0 0TCEBA
B COCTaB¢ MEJIKOI'O 3aIMOJTHUTEJIH

Quantitative ratio of the original natural sand
and granite screenings in the composition of fine aggregate

Mk, monu ef., CojepxaHue, Kr
eroro sanommrens | 10K Oces
1,0 700 -
2,0 492 208
2,5 389 311
3,0 288 412
3,5 185 515

Pe3ynbrarel UCTIBITaHYIA, TPUBEICHHBIC B Ta0M. 2,
CBUJETEIBCTBYIOT O HEMOCPEICTBEHHOW B3anMO-
CBSI3M WM3MEHEHWH CBOWCTB 0OETOHAa C Ka4eCTBOM
MCJIKOTO 3aIlOJTHUTEIA IIPU MPOYMX PABHBIX YCJIO-
Busx. OUeBUAHO, YTO YMEHBIICHHUE JOIU TPUPOJ-
HOTO TOHKOTO (C Pa3BHUTON yACTHLHON ITOBEPXHO-
CThIO) MeCKa B 000TaIaeMOM MEJIKOM 3arlOJHHUTE-
Je W, Kak CIEJCTBHE, OoJice palUOHAILHOC
coueTanne Pppaknuii pa3HBIX Pa3MepoB C yBeIHUe-
HHAEM IOJM KPYHHBIX (pakIiuii orceBa B oOora-
IICHHOM MaTepualie CIIocoOCTBYeT OoJiee TIOTHOU
B3aMIMHOH yKJIaJKe 3epeH 3alloHUTENs B OETOHE U
pocTy KadecTBa (TUIOTHOCTH) €T0 CTPYKTYPHL.
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Tabnuya 2
JKCNIyaTalMOHHBIE CBOWCTBA GeTOHA
Performance properties of concrete
N CrolikocTh
Mk, nonu ef, CrofikocTs b Bone B 5%-M pacTBo-
> ” HKJTBI
NIPUMEHAEMOT0 o o Mapka Mapia (1 ) pe NaCl (uuxisr)
MEITKORO W, %o Wy, % 10 BOJOHENPO- 110 MOPO30-
HHULIAEMOCTH cToiKoCTH TIpH LHKIITHECKOM
3aIOTHUTEIIS HAaCBIIIEHNV—BBICY LIMIBAaHUU
K HaJaJly CHI)KEHUS TPOYHOCTH
1,0 4,55 10,6 w2 150 50 30
2,0 3,40 8,0 W6 200 Bonee 70 50
2,5 3,25 7,6 W6 300 Bonee 70 70
3,0 2,60 6,2 W8 300 Bonee 70 70
3,5 2,45 5,9 W6 400 Bornee 70 70

I'paduyeckne 3aBUCHMOCTH PHUC. § OTpakaroT
U3MEHEHUE TPOYHOCTH OETOHA Ha C)KAaTHE TIPU HC-
MBITAaHUSAX Ha MOPO30CTOHKOCTH (puc. 8a) M cole-
cToiKocTh (pHc. 8b; HacklmeHne B 5%-M pacTBope
NaCl — BoicymmBanue). OueBuaHa OOIIHOCTH TEH-
JNEHIIMM W3MEHEHWH NPOYHOCTH OETOHA, MPUTO-
TOBJIGHHOTO C OJMHAaKOBBIM pacxoJ0M IIeMEHTa
MIPU HEU3MEHHOCTHU TOJIBIYKHOCTH OETOHHOW cMe-
CH U MIPOYUX PABHBIX YCIOBHUSX, B IPOLIECCE UCTIBI-
TaHUI KOPPO3MOHHON CTOWKOCTH (MOpO30- U CO-
JIECTOMKOCTH) M OOMUH pOCT ATHX €ro XapakTe-
pUCTHK Tocne oOoramieHus (HOpMaHu3alliH)
HCXOJHOTO IecKa (MEJIKO3EpHUCTOro), Oa3upyro-
HIMACS Ha TIOBBIICHNUH IJIOTHOCTH M HETIPOHHIIAE-
MOCTH O€TOHAa, CHIDKCHHH YCaJZO4YHBIX medop-
Manuii (MOBBIICHWHA TPEIUHOCTOWKOCTH  TIOJ
JeCTBUEM 3HAKONEpeMEeHHBIX aedopmanuii), mo-
BBIIICHUU TMPOYHOCTH K Ha4yally HCIBITAHHHA Kak
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(akTopa, yCHIMBAIOLIETO CHOCOOHOCTH OETOHa K
BOCTIPUATHIO ITUKIMYECKUX TEMIIEPATyPHBIX KOJe-
0aHM{ W HAKOIUICHHS yCTAIOCTHBIX jaedopManui,
MPUBOIAIIMX K TPEIMHOOOPAa30BaHHIO.

Jnst omeHkn »>¢G(HEKTUBHOCTH pa3padaThiBac-
MOl TEXHOJOTHMH B JKeJIe300eToHe TpoBene-
Hbl KOMIDJIEKCHBIE CpPaBHUTENBHBIE HCITBITAHUS
mo CTb 1168-99 [15] xapakTepUCTHKU KOPPO3U-
OHHOT'O COCTOSIHUS CTaJIbHOW apMaTypbl B OCTOHE
Ha ucxogHoM (Mk = 1,0) u oboramenHom (¢ Mk =
= 2,0 u 3,5) MenKOM 3amoJHUTENC B «Cpeie
Bojie» (HampaBiieHHe 1) U B arpeccuBHOil cpesie —
5%-m pactBope NaCl (manpasienue 2). Ha puc. 9
YaCTUYHO IMMPUBEACHBI aHOAHBIC MTOJIIPU3ALIMOHHEBIC

KPHBBIC, OTPaKalol[He 3allMTHYI CIIOCOOHOCTh
0eTOHa M0 OTHOILICHHIO K CTAIbHOI apmaType (To-
cie 10 mukios ¢ 5%-m pactBopom NaCl).

b

20 T T T 1

0 20 40 60 80
‘ F, UMKNbI

—A-Mk=25

e K = 1,0 =Mk =20
i K = 3,0 et MK = 3,5

Puc. 8. Pe3yHBTaTH TUKINYCCKUX WCIIBITaHUI OETOHA: a — U3MEHEHHUE MIPOYHOCTH OeToHa IIpu onpeACICHUN MOpO3OCTOﬁKOCTH;
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b — T0 e B mpolecce UCIIBITAHUI Ha CONECTOMKOCTD

Fig. 8 Results of cyclic tests of concrete: a — changes in concrete strength when determining frost resistance;
b — the same during salt resistance tests
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Puc. 9. Pe3ynbTaTbl yCKOPEHHBIX JIEKTPOXUMHUUECKUX UCIIBITAHUI ITPU BO3/ICHCTBUU arpecCHBHOM Cpelbl:
a — aHOJIHBIC MOJIAPU3AIIMOHHBIC KpUBBIE s 00pa3noB ¢ Mk ~ 1,0; b — to xe ¢ Mk ~ 3,0

Fig. 9. Results of accelerated electrochemical tests when exposed to aggressive environments:
a — anodic polarization curves for samples with Mk ~ 1.0; b — the same with Mk ~ 3.0

O060011IeHIe TIOYYeHHBIX PE3YJIHTATOB IHKITH-
yeCcKMX MCHBITAaHUN IOKa3auo, YTo OeToH Ha oOora-
IIEHHOM (HOPMAJIM30BaHHOM) MEITKOM 3aIlOJTHUTEIe
obecrieurBaeT HEOOXOAMMBIA YPOBEHB 3aIUTHI IT0
OTHOIIICHUIO K CTaJLHOW apmarype (BKIIOYast
MpeHanpsraeMyio) TpH BO3ACHCTBUU arpecCHBHON
cpensl (5%-ii pactBop NaCl); OeTroH Ha TOHKOM
MIPUPOTHOM IIECKe C MOIyJeM KpyrmHocTd Mk < 1,0
HE B IMOJNHOM Mepe oOecreynBacT COXPaHHOCTh
CTATBHOW apMaTypbl, TaK Kak MPUCYTCTBYIOT
MPU3HAKU €€ aKTHBU3AlMH W BO3MOXKHOTO DPa3BH-
THS TIpolLiecca KOPPO3WH, YTO HENOMYCTHMO JISt
TpeTHANPSDKEHHBIX U3ICTHNA U KOHCTPYKITHH.

Pesynbrater uccnenoBanuii pu3uKo-MexaHUIe-
CKUX XapaKTEPUCTUK TSDKEIOro OETOHA KJIacCOB
C8/10 — C40/50, mpurotoBIeHHOTO Ha OOOTAIlICH-
HOM 70 Mk = 3,0 MekoM 3amoiHuTeNe (0T HCXOI-
Horo Mk = 1,0), 4acTU4HO NpUBEICHBI B TaOI. 3.
Ha mpumMepe comocTaBieHUs BEITUYUH XapaKTEpH-
cTUK OeToHa ofHoro kiacca C25/30 mo nmpoyHOCTH
Ha C)KaTWe, HO IPHUTOTOBIEHHOTO HAa HCXOTHOM
mecke ¢ Mk = 1,0 u mocie ero ooOoraiieHus
1o Mk = 3,0, oueBHJEH pOCT MPOYHOCTU U YIpy-
roctu: Es, E, n G, HECMOTpPS Ha CHHJKEHUE PACXo-
na nementa Ha 20 % B coctaBe OeToHa Ha oOora-
[IEHHOM (HOpPMaJIM30BaHHOM) TIECKE.

Tabnuya 3
CpaBHHUTe/IbHbIE XaPaKTePUCTHKH 0eTOHA
Comparative characteristics of concrete
Monyins yapyrocru 6etona, I'Tla =
Kotacc Gerona | [IPOUHOCTb Ha Cika- Y - Yy JuHammyaeckuit Ko3¢- J'Iorapel;lc(b:m:ecmn
(MOJTy B KpyTI- Tue B 28 cyT., MIla | crarudeckuil Eg Tnavu- (umuent Tlyaccona M,, JIEKPEMEHT
HOCTH TrecKa) (opueHTHPO- ookl E cugura, G, Tl e 3aTyxaHus o,
Jem Sk BOYHBI#) o ’ JIOJTH €11,

C25/30°
(Mk =1,0) 39,2 31,0 35,6 38,1 15,8 0,206 0,04467
C25/30™
(Mk =3,0) 41,5 33,6 37,8 41,2 17,2 0,198 0,03249
C32/40™
(Mk =3,0) 52,8 422 38,5 42,0 17,6 0,193 0,03167
C40/50™
(Mk =3,0) 65,0 53,3 40,9 43,5 18,5 0,176 0,02888

* beToH Ha ucxonHOM necke ¢ Mk = 1,0 mpu pacxone nemenTa 420 KT/MC.

** BeroH Ha oboramieHHoM recke ¢ Mk = 3,0 mpu pacxojax IeMEHTa:

st C25/30 — 350 kr/w’, mist C32/40 — 400 xr/m’, mist C40/50 — 550 kr/w’,

I Hayka 333

uTexHuka. T. 23, Ne 4 (2024)

Science and Technique. V. 23, No 4 (2024




Cmpoumenbcmeo

[Ipu aToM mist 6eToHa Ha oOorameHHOM (HOP-
MaJIM30BaHHOM) TIECKE CYIIECTBEHHO CHIXKAeTCs
norapuMUUecKuil JeKpEeMeHT 3aTyXaHHs KoieOa-
HUH (), KOTOPBIA OTpa)kaeT ero MpeApacrioioKeH-
HOCTh K IUIACTUYECKHM JeOopMaIrysM Mo Harpys-
KOW, YTO B3aMMOCBS3aHO C YMEHBIIEHHEM 00BbeMa
«Ie(heKTHBIX» 30H B CTPYKType OETOHa Ha HOpMaJIH-
30BaHHOM 3aITOJTHUTETIE.

Kpome uznoxxkeHHoro, 00001IeHHE PE3yIbTAaTOB
WCTBITAaHUM O00pa3IOB TSKEIOT0 KOHCTPYKITMOH-
HOro O€TOHA, MPUBEACHHBIX B Tabn. 3, KiIaccoB
B YacTH BEJIMYMH MOJIYJS YIPYTrocTH (OTMETUM —
MPUOIKEHHBIX, TaK KaK IOJYYEeHbI 1O HeCTaH-
MAPTU3UPOBAHHOW METOJMKE) TIOKa3bIBAET, YTO
TEM HE MEHEE OHU COOTBETCTBYIOT (yIOBIETBOPSI-
I0T) TpeOOBaHHUAM JCHCTBYIOIHUX HA TEPPUTOPHH
Benapycu CII 5.03.01-2020 ([16], Tabmn. 6.2).

BbIBO/JIbIL

1. Pa3paboTansl Hay4HO-IPAKTHYECKHE OCHO-
BBl TEXHOJOTHH oborameHnus (HOPMAaA3aIlvH )
TpaHyJIOMETPUH MEJKOTO 3alloHUTeNs (Iecka)
IUISL TSDKEJIOTO KOHCTPYKIMOHHOTO OeTOHa Ha oc-
HOBE PAIMOHAIBFHO MOJO00PaHHON CMECH MPHPOI-
HBIX MEJIKO3EPHUCTHIX ITECKOB M KPYIHBIX (Dpak-
Ui TPaHUTHOTO OTCEBA M NPUMEHEHHs €ro C Le-
JBI0 TIOBBINICHUSI Ka4deCTBEHHBIX XapaKTEPHUCTHK
OetoHa.

2. DKCHEepUMEHTaJbHO, IYTEeM MHOTOJECTHEH
BBEIOOpPKH TP0O, 00OCHOBAHBI CTaOWIHLHOCTH Tpa-
HYJIOMETPHYECKOTO COCTaBa TPAaHUTHOT'O OTCEBA Ha
npennpusitun PYIIIT «I'paHuT» U TEXHOJIOTHSI €ro
MIEPBUYHON TIepepaboTKH C MEeIbl0  OTAENICHUS
(pakmuit pazmepamu 0,5-5,0 MM TIyTEeM BO3IYII-
HOW cerperanyu WIH CUTOBOTO pacceBa, Olpere-
JIEHBI CBOMCTBA ITHX (paKInid, HEOOXOIUMBIC IS
UCTIOJIh30BaHUS B KadecTBe oOoramiaromei co-
CTaBISIONIEH MPUPOJHBIX MEIKO3EPHUCTHIX TIeC-
KOB C [0 HOPMAJTN3AIlUN UX TPAHyJIOMETPHH.

3. IlpemnoxkeHa U 3KCIEpUMEHTAITBFHO 000CHO-
BaHa METOJAMKA pacueTa COOTHOILIEHHUS MaCcCOBBIX
noJrel (KOJIMYecTBa) MPUPOTHOTO Tecka, XapakTe-
PU3YIOIIETOCS TPaHYJIOMETPHYECKUM COCTaBOM C
Moxayaem kpymHoctd 0,9 < Mk < 2,0, 1 KpYIHBIX
(hpaknmii mepepaboOTaHHOTO TPAHHUTHOTO OTCEBA
IUIL M3TOTOBIICHHS OOOTAIIEHHOTO MENKOTo 3a-
MIOJIHATENS € 3alaHHOM BEIMYMHON MOAYJS KpyII-
HocTH B auanasone 2,0 < Mk < 3,5 /1l KOHKpeT-
HBIX YCIIOBHH HCIIONIb30BaHUsl OeTOHA; pazpabora-
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Ha mporpamma Normalization (perucTpanroHHBIH
Homep 022 ot 07.03.2024) mis peanu3anuul dTHX
pacyeToB TEXHOJOTHUECKHUMH CIIy>KOaMH TPOU3-
BOJISIIIMX OETOH TPEATIPUSTHA.

4. PazpaboTaHa TEXHOJOIUS HOpMaIU3alNU
IPaHyJIOMETPUYECKOTO COCTaBa MEJIKO3EPHHUCTHIX
MPUPOAHBIX TIECKOB ITyTeM OOOTAICHUS MEIKUX
MPUPOAHBIX MECKOB, KOTOpas OCYIIECTBIISCTCS
HETIOCPEACTBEHHO B IPOIlecce MPUTOTOBIIEHUS Oe-
TOHHBIX CMecel IyTeM pPa3[elbHOTO J03UPOBAHUS
U BBelIEHHsS B OETOHOCMECHTENIb PAaCUETHBIX Mac-
COBBIX JoJiel (KOJIMYECTBEHHOTO COOTHOLICHHS)
oboramaeMoro mecka W KPYMHBIX (Ppakmuii rpa-
HUTHOTO OTCEBA U HKCIIEPUMEHTAJIBHO 00OCHOBaHA
ee 3 PEeKTUBHOCTB, 00YCIOBICHHAS POCTOM TPOY-
HOCcTH OeToHa Ha cxarue 1o 25-40 %, nmpouHoctn
Ha OCEBOE pacTsbkeHue u cpe3 10 35-45 %, cHu-
KEHHEM pacTBOpo- U BogootaeneHus Ha 30—47 %,
a TakKe MOBBIILICHUEM YIIPYTUX U 1e(OPMAaTUBHBIX
XapakTePUCTUK M OSKCIUTyaTalMOHHBIX (BOXOHE-
MPOHHULIAEMOCTH, BOJO-, COJIe- U MOPO30CTOMKO-
CTH) CBOWCTB O€TOHA W 3aIMTHON CIIOCOOHOCTH
0eToHa 110 OTHOILEHHIO K CTaJIbHOM apMarype.

JIUTEPATYPA

—

. Axsepnos, 1. H. Bricokonpounsrtii 6eton / M. H. Axsep-
noB. M.: Crpoitmsnat, 1961. 106 c.

2. Axsepnos, 1. H. OcuoBsl ¢pusuku 6erona / . H. Axep-
noB. M.: Crpoitmsnat, 1981. 404 c.

3. baxenos, 0. M. TexHonorus GeroHa: y4eO. Ui CTY[I.
By30B cTpour. cren. / KO. M. baxenos. 3-e u3n. M.: Uzn-
Bo ACB, 2003. 500 c.

4. bnemux, H. II. CrpykTypHO-MEeXaHHYECKUE CBOMCTBa
n peasorusi OETOHHOI cMecH U IIpecc-BakyyMm OeroHa /
H. I1. bemuk. Munck: Hayka u texauka, 1977. 230 c.

5. bapramesuu, A. SI. MccnepoBaHue CTpyKTypHO-TEXHU-
YEeCKUX CBOMCTB OETOHHOHM cMecH, yINIOTHEHHOH Ipecco-
BaHMEM M BaKyyMHpPOBaHHEM: aBToped. AHC. ... KaHJ.
texH. Hayk: 05.23.05 / A. 5. Bapramesudy, UCuA Toc-
crpoit BCCP. Munck,1973. 37 c.

6. ITecok s CTPOUTENBHBIX PaboT. TeXHUUIECKHE YCIIOBUS:
T'OCT 8736-2014. Beexn. 01.04.2015. M.: CranmapTus-
¢dopm, 2015. 10 c.

7. Teopernyeckue ¥ NPAKTUUECKUE OCHOBBI MHHMMH3ALUH
collepKaHMsl LieMeHTa B OeToHe IyTeM (OPMHUPOBAHUS
onTHMaJIBHOTO 3epHOBoro cocrasa / II. JI. denoposuu
[m nmp.] // Bomnpocsl BHempeHHsS HOPM HPOEKTHPOBAHHS
u cra"gaproB EBpormeiickoro coro3a B 00JacTH CTPOH-
TEJNBCTBA: CO. HAy4.-TEXH. CT. (MaTepHaibl Hay4.-METOJ.
cemuHapa), 29 mas 2012 r. Munck, 2012. 4. 2. C. 155-165.

8. ®enoporuy, I1. JI. O TexHONMOTUK OOOTANICHUS MEJIKOTO

3anonuutens i oerona / I1. JI. ®enoposuu, H. M. TI'o-

ny6es // TIpoOGiaeMbl COBpEMEHHOIO OCTOHA M IKENIE30-

oerona: ¢0. Hayu. Tp. Munuck: Uza. uentp BI'Y, 2016.

Bem. 8. C. 290-306.

Hayka
urexHuka. T. 23, Ne 4 (2024)



Civil and Industrial Engineering

10.

11.

12.

13.

14.

15.

16.

. ®denoposuy,

I. JI. D¢dekTHBHOCT, HOpPMAaIH3alUU
IPaHyJIOMETPHUYECKOTO COCTaBa MEJKOTO 3arlOIHUTENS
s Tsokenoro Oerona / I1. JI. ®demoposuu // IlpoGie-
MBI COBPEMEHHOTO OETOHA U Kele300eToHa: ¢0. Hayd. TPp.
Mumnck: Uzn. uentp BI'Y, 2018. Bein. 10. C. 273-288.
JobaBku mis 6eronoB. Mertoas! onpeneeHus 3G GeKTHB-
moct: I'OCT 30459-96. Bwen. 01.07.98. Munck:
M-Bo apxutekTypsl U crpourenscTBa Pem. benapycs,
1998. 39 c.

CmorsikoB, A. B. Hayuno-TexHuueckne 0CHOBBI TEXHOIOTUM
TIOJTHOTO HCTIONB30BaHMsl TPAaHUTHOIO OTCEBa B OeToHax /
A. B. Cmomsikos, I1. JI. ®denoposuy, J. U. BarsHoBckuit //
CrpowurenbHas Hayka 1 TexHuka. 2011. Ne 6. C. 35-41.
BarsnoBckmit, D. M. Obecneuenne kadecTBa OETOHA HPHU
HCTIONb30BaHUH IIEMEHTA C TPAaHUTHBIM OTCEBOM M 00oTa-
IIEHWH Tecka ero KpynHeiMu ¢pakuusvmu / 3. U. bats-
HoBckui, I1. JI. denopoBuy, A. B. Cmosskos // TexHono-
run 6etoHoB. 2014. Ne 6. C. 37-39.

Axsepnos, 1. H. HUcciienoBanne MeTona HCHBITAHUS Oc-
TOHA Ha PAaCTsHKEHHE ITOCPEACTBOM pacKajbIBaHUs 00pa3-
uoB / U. H. AxsepnoB // beron u xene3oberon. 1961.
Ne 1. C. 19-23.

beToHbl KOHCTPYKLMOHHBIE TsDKenble. OOIIHe TeXHHYe-
ckue ycioBus. CTB 1544-2005. Been. 01.07.2005.
Munck: M-Bo apXuTeKTypsl U cTpoutenbcTa Pem. bena-
pycs, 2005. 24 c.

MeToabl KOHTPOJISI KOPPO3HOHHOTO COCTOSIHHS CTaJIbHOW
apMaTypbl B OeTOHE W 3alIUTHBIX cBoiicTB Oerona: CTh
1168-99. Beex. 01.01.2000. Munck: M-BO apXUTEKTYpBI
u crpourenbctBa Pen. benapycs,1999. 23 c.

Beronnsle u xene3oberonnsie koHCTpyKuun. CIT 5.03.01—
2020. Been. 16.11.2020. Munck: MUHCTpOHapXUTEKTYpHI,
2020. 244 c.

Iocrynuna 09.04.2024
IToamucana k meuatu 10.06.2024
Ony6nukoBana onyiaiiH 31.07.2024

REFERENCES

. Akhverdov 1. N. (1961) High-Strength Concrete.Moscow,

Stroiizdat Publ. 106 (in Russian).

. Akhverdov 1. N. (1981) Fundamentals of Concrete

Physics. Moscow, Stroiizdat. 404 (in Russian).

. Bazhenov Yu. M. (2003) Technology of Concrete. 3 ed.

Moscow, Publishing House “ASV”. 500 (in Russian).

. Bleshchik N. P. (1977) Structural-Mechanical Properties

and Rheology of Concrete Mixture and Press-Vacuum of
Concrete. Minsk, Nauka i Tekhnika Publ. 230 (in Rus-
sian).

. Bartashevich A. Ya. (1973) Study of the Structural and

Technical Properties of Concrete Mixture Compacted
by Pressing and Vacuuming [Dissertation]. Minsk (in Rus-
sian).

. State Standard 8736-2014. Sand for Construction Works.

Specifications. Minsk, Standartinform Publ., 2015. 10 p.
(in Russian).

Hayka
uTexHuka. T. 23, Ne 4 (2024)

7.

10.

11.

12.

13.

14.

15.

16.

Fedorovich P. L., Korsun A. M., Titkov D. L., Grebe-
nek N. O. (2012) Theoretical and Practical Basis for Min-
imizing the Cement Content in Concrete by Forming
an Optimal Grain Composition. Voprosy Vnedreniya Norm
Proektirovaniya i Standartov Evropeiskogo Soyuza v Ob-
lasti Stroitel'stva: Sb. Nauch.-Tekhn. St. (Materialy
Nauch.-Metod. Seminara), 29 Maya 2012 g. Ch. 2 [Issue
of Implementation of Design Norms and Standards of the
European Union in the Field of Construction. Collection
of Scientific and Technical Articles (Materials of a Scien-
tific and Methodological Seminar), May 29, 2012. Part 2].
Minsk, 155-165 (in Russian).

. Fedorovich P. L., Golubev N. M. (2016) About the

Technology of Enrichment of Fine Aggregate for Conc-
rete. Problemy Sovremennogo Betona i Zhelezobetona: Sb.
Nauch. Tr. [Problems of Modern Concrete and Reinforced
Concrete. Collection of Scientific Papers]. Minsk, BSU
Publishing Center, Iss. 8, 290-306 (in Russian).

. Fedorovich P. L. (2018) Efficiency of Normalization of the

Granulometric Composition of Fine Aggregate for Heavy
Concrete. Problemy Sovremennogo Betona i Zhelezobetona:
Sb. Nauch. Tr. [Problems of Modern Concrete and Reinforced
Concrete. Collection of Scientific Papers]. Minsk, BSU Pub-
lishing Center, Iss. 10, 273-288 (in Russian).

State Standard 30459-96. Additives for Concrete. Methods
for Determining Effectiveness. Minsk, Publishing House
of Ministry of Architecture and Construction of the Re-
public of Belarus, 1998. 39 (in Russian).

Smolyakov A. V., Fedorovich P. L., Batyanovskiy E. I.
(2011) Scientific and Technical Basis of the Technology
for the Full Use of Granite Screenings in Concrete.
Stroitel'naya Nauka i Tekhnika [Construction Science and
Technology], (6), 3541 (in Russian).

Batyanovskiy E. L., Fedorovich P. L., Smolyakov A. V.
(2014) Ensuring the Quality of Concrete when Using
Cement with Granite Screenings and Enriching Sand
with its Large Fractions. Tekhnologii Betonov [Concrete
Technologies], (6), 37-39 (in Russian).

Akhverdov 1. N. (1961) Study of a Method for Testing
Concrete Tensile Strength by Splitting Samples. Beton
i Zhelezobeton = Concrete and Reinforced Concrete, (1),
19-23 (in Russian).

STB 1544-2005. Heavy Structural Concrete. Technical
Specifications. Minsk, Publishing House of Ministry of
Architecture and Construction of the Republic of Belarus,
2005. 24 (in Russian).

STB 1168-99. Methods for Monitoring the Corrosion
State of Steel Reinforcement in Concrete and the Prote-
ctive Properties of Concrete. Minsk, Publishing House of
Ministry of Architecture and Construction of the Republic
of Belarus, 1999. 23 (in Russian).

SP 5.03.01-2020. Concrete and Reinforced Concrete Stru-
ctures. Minsk, Publishing House of Ministry of Archite-
cture and Construction, 2020. 244 (in Russian).

Received: 09.04.2024
Accepted: 10.06.2024
Published online: 31.07.2024

335



TPAHCIMNOPT
TRANSPORT

https://doi.org/10.21122/2227-1031-2024-23-4-336-344
YJK 656.11

HN3MeHeHne mapaMeTpoOB ropoACKON TPAHCIOPTHOM CHCTEMBbI

NPU BBEICHUH IJIATHI € BJIa/1e/IbIEeB ABTOMOOMIEH

3a MCNOJIb30BAHNE YJIMYHO-T0POKHOM CeTH

U BADbUPOBAHUHU CTOMMOCTH NMPOe31a B 001IECTBEHHOM TPaHCIOPTe
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DTromenckuit WHAyCTpHaNbHBIN yHIBepcuTeT (Tiomens, Poccuiickas @enepanns),
2)Eeﬂopyccmzlﬁ HAIIMOHAJFHBIN TeXHUYEeCKHA yHUBepcuTeT (MuHCK, Pecrrybnmka benapycs)

© benopycckuil HallMOHAIBHBINA TEXHUYECKUH yHUBepcuTer, 2024
Belarusian National Technical University, 2024

Pedepart. B cTathe paccMaTprBarOTCsl BOMPOCH TOPOICKOI MOOMIBHOCTH HaceleHus. B mocnennue necstunetus B Poccuu
u benapycu Habmoqai0TCs akTHBHAS ypOaHU3aUus U yBEIMUYCHUE JOJIM KHUTENEH B KPYNHBIX TOpoaax. DTOT IPOLECC COMpo-
BOJKAAeTCS aBTOMOOMIn3anueil. MyHUIUIaIbHBIC BIACTH BHEAPSIOT KOHIENIUIO IPUOPHUTETa OOMIECTBEHHOMY TPAHCIIOPTY,
pa3BHBAIOT METPO, TpaMBaW M MHQPACTPYKTYpy IJIS BEIOCHIENOB. Takxke NPHUBEICHHBIC MCCIICIOBAHUS OTMEYAIOT CIIOXK-
HOCTb M3MEHEHHs OTHOLICHUS JIOAeH K JMYHOMY TPAHCIIOPTY U HEOOXOAMMOCTH Pa3BHUTHS OOIIECTBEHHOI'O TPAHCIIOPTA.
TonTeepxaaercst TUIOTE3a O BIMSHUM MeEp CTHMYJIMPOBAaHMS W JIEMOTHBALMHM HCHOJIB30BAHMS JMYHBIX aBTOMOOWIIEH mpu
nepeBmKeHHH U dGPEKTHBHOCTH MPOBOJUMBIX MEPOIPHATHI, BKIIIOYasi OpraHU3alMIO IUIATHBIX MaPKOBOK M COKpAIICHHE
MApKOBOYHBIX MeCT. Pa3zpaboTaHpl MaTeMaTH4ecKasi MOJEJNb BIMSHUSA CTOMMOCTHU Mpoe3aa Mo 1 KM aBTOZOpPOrH Ha KOolude-
CTBO TIEPEIBIDKEHHH MO BUIAM TPAHCIIOPTa U OO0Iee BpeMs B IIyTH, a TakKe IBYX(aKTOpHAss MaTeMaTHIECKas MOACIb BIUSHUS
CTOMMOCTH TIpOe3/1a 110 1 KM aBTOJJOPOTH U CTOMMOCTH IIpoe3/ia B OOIIIECTBEHHOM TPAHCIIOPTE Ha JOJI0 IePeMEIIeHUH 10 BUIaM
TpaHCIOpTa M BUJaM IepenprokeHust. [IpuBenieH aHanm3 n3MeHEHNs CTPYKTY Pl MOOMIIBHOCTH HAceNIeHHs M ITapaMeTpoB JOPOK-
HOTO JIBMDKCHUSI, PACCUMTAHHBIX C HCIIOJB30BAaHUEM Makpomojeu r. Tromenu, nocrtpoeHHoit B nporpamme PTV VISUM mns
YTpPEHHETo BpeMeHH cyToK. [Ipu BBeieHNH TUIaThI 3a MPOE3 IO YINYHO-I0POXKHOM ceTH ropoaa ¢ Tapudom 30 py0. 3a 1 kM gons
TIepe/IBIDKEHUH Ha JIETKOBBIX aBTOMOOWIIIX cHIDKaeTcs ¢ 40 1o 16 %. JlanpHelinme nccieaoBaHis HAIPABICHb HA YUeT BIMSHUS
IPYTUX COLMAIbHO-9KOHOMUYECKUX M TEXHOJOTHYECKHX (DaKTOPOB HAa CTPYKTYPY MOOHMIBHOCTH HACENCHH, a Takke Ha pas3pa-
0OTKY METOJIMKY OIpPE/eIIeHNs COATaHCHPOBAHHBIX TAPU(OB VIS TOPOACKOH TPAHCTIOPTHOH CHCTEMEL

KnroueBble ciioBa: TPaHCIOPTHOE MOAEIUPOBAHME, MAKPOCKOIHUYECKAsh MOJENb, CTPYKTypa MOABM)KHOCTH HAaCEIECHHUs,
TIETIEX0AHOE JBIKEHHE, JIETKOBOH aBTOMOOMIIB, OOIIECTBEHHBIH 1 BEIOTPAHCIIOPT, BPEMS B IyTH, KOG (DHUIIHEHT 3arpy3Ku
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Changing the Parameters of the Urban Transport System with Introduction
of Fees from Car Owners for Using the Road Network and Variations
in Public Transport Fare
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?Belarusian National Technical University (Minsk, Republic of Belarus)

Abstract. The paper discusses issues of urban mobility of the population. In recent decades, Russia and Belarus has seen ac-
tive urbanization and an increase in the proportion of residents in large cities. This process is accompanied by motorization.
The municipal authorities are introducing the concept of priority to public transport, developing metro, trams and bicycle in-
frastructure. The above studies also note the difficulty of changing people's attitudes towards personal transport and the need
to develop public transport. The hypothesis of the impact of measures to stimulate and demotivate the use of personal cars
when traveling and the effectiveness of measures, including the organization of paid parking and reduction of parking spaces,
is confirmed in the paper. A mathematical model has been developed for the effect of the cost of travel along 1 km of a high-
way on the number of movements by type of transport and the total travel time. A two-factor mathematical model has been
developed for the effect of the cost of travel along 1 km of a highway and the cost of travel in public transport on the share of
movements by type of transport and types of movement. The analysis of changes in the structure of population mobility and
traffic parameters calculated using the macro model of the city of Tyumen, built in the PTV VISUM program for the morning
time of day, is presented. With the introduction of tolls on the city's street and road network with a tariff of 30 rubles per 1 km,
the share of movement by passenger cars decreases from 40 to 16 %. Further research is aimed at taking into account the in-
fluence of other socio-economic and technological factors on the structure of population mobility, as well as at developing a
methodology for determining balanced tariffs for the urban transport system.

Keywords: transport modeling, macroscopic model, structure of population mobility, pedestrian traffic, private car, public
and bicycle transport, total travel time, congestion coefficient
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BBenenue

B nocnennue necsatunerus B Poccuun u benapy-
CH WJeT aKTHBHasg ypOaHW3alus TepPUTOPHUA U
YBEJIMYCHHUE JOJIU XUTeled B ropoaax. JlaHHbII
MPOIIECC COMPOBOXKAACTCSI aBTOMOOMIN3AIINEH TO-
pomoB [1]. Hms oOecrieueHuss KadecTBa TpaHC-
MOPTHOTO OOCITYyXKMBAaHUS JKUTENEH TOpOJIOB My-
HUIUTIATHHBIC BIACTH B3sUIM KypC Ha PEATH3AIUIO
KOHIICTIINK TIPHOPHUTETa OOIIECTBEHHOMY TpaHC-
nopty [2]: pa3BuBaeTcs CKOPOCTHOE aBTOOyCHOE
COOOIIIeHHe, METPO, TpaMBau, a TaKxke HH)pa-
CTPYKTypa I €361 Ha Benocunene. [lapannensao
B TOpOJIaX PEaM3yIOTCS MEPOIPHUATHS IO IEMOTH-
BallUM UCITOJH30BAHMS JIMUYHBIX aBTOMOOHIIEH, B TOM
YHClle BBEACHHE TUIATHBIX MAapKOBOK W YMEHBIIIE-
HUE KOJHMYECTBA MAaPKOBOYHBIX MECT B IICHTPAllb-
HOW uactu roponoB [3, 4]. C passutueM uHboOp-
MaIMOHHBIX TexHonorui, Martepuera Bemeit (IoT),
cMapT(HOHOB U MOOWIIBHBIX MPUIIOKEHUH HaYallach
aKTHBHAs peaau3anus OTACIbHBIX MEPONPUATHN B
paMKax KOHIeNnuu «MOOMIBHOCTh KakK yCIyra»
(MaaS) [5]. OnHako 5TU MEPOIPUSLTUS HE TPUBEIH
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K CYIIECTBEHHOMY HW3MEHEHHIO CTPYKTYpPHI MO-
OomnpHOCTH HaceneHus. [lo-mpexHeMy B 4achl IHK
B ropofax oO0pa3yloTcs TPaHCIOPTHBIE 3aTOPEI,
KOTOpBIE BIHSIOT Ha 3aTpaTbl B 9KOHOMHKE, MOTe-
pPIO BpEeMEHH JIOJbMH W YXYALIEHHE COCTOSHUS
OKpYKarolle cpeibl.

B meranonucax Muauu TpaHCHIOPTHBIE 3aTOPHI
Ha JOoporax W TOTeps BpEeMEHH Ha TOEe3NIKy Ha
JIMYHOM aBTOMOOMIIE HE IIpUBOJAT K OTKazy OT
HCITOJIB30BaHUS JIMYHOTO TpaHcmopTta [6]. s co-
KpaIIeH!s] KOJMYECTBA MOE3I0K HAa JMYHBIX aBTO-
MO6I/IJ'I$IX BAXXHO IMOBBINIATE CKOPOCTH NEPCABUIKE-
HUS Ha OOIIECTBEHHOM TPAHCIIOPTE, OCOOCHHO Ha
NAIbHUE PAcCTOSIHHUSA, YPOBEHb cepBHca WU 0e3-
OIMMaCHOCTH, a TaKXE€ YBCIWYUBATHL CTOMMOCTH
IDTATHBIX TAPKOBOK.

B [7] uzyuanocek BnusiHHE aHTPONOTEHHOH cpe-
bl Ha YacTOTy HCIIOJIb30BaHUsI OOLIECTBEHHOTO
TpPaHCIIOPTa C yYETOM HHIUBUAYAIBHBIX IIEHHO-
crell 1 MHeHUS mojei. COIMOTOTHYECKHE OTPOCH
MOKa3alii, 4YTO OOIECTBEHHBIM TPAHCTIOPTOM YaIle
MTOJIB3YIOTCS JIIOAM, JKUBYIIME B pallOHAaX C BBICO-
KOH IUIOTHOCTBIO HACENEHUS], KEHIIUHBI, CTyICHTHI
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u O6e3paboTHble. Bnamenbupl aBTOMOOMIIEH pexke
MONIB3YIOTCS  OOIIECTBEHHBIM TPAHCIIOPTOM Ha
JalbHUE PACCTOSIHUS M BEJIOCHIIEAaMH Ha KOPOT-
Kue paccTosiHus. [y 0OIIecTBEHHOro TpaHCIopTa
BaXHBI OoJiee HU3Kas CTOMMOCTH Ipoe3ja Iacca-
KHPOB MO CPaBHEHHIO C aBTOMOOWJEeM W Oolee
KOPOTKOE BpeMs B IYTH IO CPaBHEHHUIO C Ielle-
XOJTHBIM JBYDKEHUEM HJIH €3/101 Ha BEIOCHUIIe e,

Peanuzanmsa konuenuuu MaaS MOXeT HOBIH-
ATh HE TOJNBKO Ha CHIDKEHHE WHIUBUIYAIbHBIX
MOEe37J0K Ha aBTOMOOMJIE, HO U Ha YUCIIO TepelIBU-
JKEHHH Ha OOIIECTBEHHOM TPAHCIOPTE 3a CueT
YBEJIMYESHHS JTOJTA COBMECTHBIX TIO€3/IOK U MCIIONb-
30BaHMs aBTOMOOMIEi [8]. ABTOpHI HCCIeT0BaHUS
OTMEYAIOT CIIO)KHOCTh HW3MEHEHUS OTHOIIEHUS
Jrofedl K JNUYHOMY aBTOTPAHCIIOPTY M OTKa3zy OT
WX WCIIOJIb30BaHUs, a TaKXKe HEoOXOIUMOCThH pas-
BUTHA OOILECTBEHHOTO TPAHCIOPTa M AEMOTHBA-
ITUU aBTOBJIA/IEIBIIEB.

B [9] Obu1a BRIABHHYTA U MONTBEPIKACHA THUIIO-
T€3a, YTO MEpPbl CTUMYJIHMPOBAHHS, CBSI3aHHBIE C
MUHUMH3AIMEH 3aTpaT U YJIydlleHueM paboTh
OOIIIECTBEHHOTO0 TPAHCIIOPTa, OKA3bIBAIOT MEHbB-
muit 3 dexT, geM Mepsl AEMOTHBAIIMH aBTOBJIA-
JeNbIeB, CBSI3aHHBIC ¢ OoJiee BHICOKMMHU 3aTpara-
MM Ha MCIIOJIb30BaHHE aBTOMOOWIIel. BrIsgBieHO,
4TO Mepa CTUMYJHMPOBaHHs MpHeMIIeMa, KOTrAa
y JIIOfIei eCTh BO3MOYKHOCTh COKPATHTh HCIIONb30-
BaHUE aBTOMOOWIIS U, CJIEJIOBAaTEIbHO, KOT/Ia Mepa
CTHMYJIUPOBAHHUS CBSI3aHa C MEHBIIUMH JTHYHBIMU
pacxomamu. OTHOIIEHHWE JIOACH K MepaMm CTH-
MYJIMPOBaHUS pa3luuacTcs B pa3HBIX CTpaHaX.
OmauM U3 crocO0OB CHIDKCHHUS HArpy3KH Ha J0-
POXHYIO CETh SIBISACTCS CHIDKEHUE 00IIero mpooe-
ra aBTOMOOWIJIEH 3a CUET COBMECTHBIX ITOE3/0K,
KOTJIa HECKOJIBbKO YENIOBEK, ABIIKYIIUXCS B OJHOM
HanpaBlieHUH, OOBEIAMHSIOTCS M €AyT B OIHOM
TpaHcnopTHoM cpeactse [10]. ABTopwl uccieno-
BaHUS OLICHWIM MOTEHIHAJ] COBMECTHOTO HCIOIb-
30BaHUs MOE3/I0K B TUIIOTETHYECKOH CHCTEME MO-
OWJIBHOCTH MO 3ampocy, NperHa3HAuYCHHOW s
oOCITyXMBaHHUA BCEX TIOE3[I0K, COBEpIIAeMBbIX B
pEeKUMeE peallbHOI0 BPEMEHHU Ha JIMYHOM aBTOMO-
6une B [Ipare (Yexus). Pe3ynbpTaThl MOKa3bIBAIOT,
YTO TPU UCTOIH30BAHUU CTPATETUH COBMECTHOTO
WCTIOJB30BaHMS TOE370K, FrapaHTHPYIOIIEH yBelu-
YeHHe BPEMEHH B ITyTH He Ooiee yeM Ha 10 MuH,
CpeAHssi BMECTUMOCTH TPaHCIIOPTHOTO CPEICTBa
yBenuuHuTcs Ha 2,7 maccaxkmpa. CliemoBaTelbHO,
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0o0muit mpober YacTHBIX aBTOMOOWIIEH CHU3HUTCA
1o 60 %.

[InatHple moporu B ropojax ObUIM BBEAEHHI B
HEKOTOPBIX EBpONEHCKUX ropomax Oomnee 30 et
HazaJ. BaxHO M3yuuTh BONpOC OTHOLIEHHS Hace-
JICHUSI K 3TUM MEPOTNPHUATHIM M Tapudam, 4ToObI
c(hopMUpPOBATh B3BEHICHHYIO IIOJUTHKY B 3TOM
Bonpoce. B wmccnemoBanmu [11] Ob1 mpoBeneH
ompoc B Ocmno (Hopserus) 3a nepuoa 1989-1990 rr.
" pazpaboTaHa MHOTO(AKTOpHAST MOIETh IS BHI-
SIBJICHUSI TIPUYUH, OINPEACISIONMNX OTHOILICHUE
I0JIb30BaTeNIel K TOPOXKHBIM cOopaM. Pe3ynbraTsl
MTOKAa3bIBAIOT, YTO, XOTS OOJBIIMHCTBO ITacCakKH-
POB BBICTYMAIOT MPOTHUB CUCTEMbI B3MMaHUS COO-
POB, pa3phlB MEXAY TEMH, KTO MPOTHUB, U TEMHU,
KTO BBICTYTAeT 3a CHCTEMY B3MMaHHA IJIATHI, CO
BpEMEHEM COKparmaercs. ABTOPHI NPUXOJAT K BhI-
BOJIy, YTO JUIS JIOCTHKEHUS OOJbIICH pUEMIIEMO-
CTH JTOPOKHBIX COOPOB KakK Cpe/cTBa (PHMHAHCHUPO-
BaHUS JIOPOKHOW HHPPACTPYKTYPHI HEOOXOTUMBI
6oJiee MHUPOKUE MAPKETHHTOBBIE YCHITHSL.

Bricokast HHTEHCHBHOCTD JBUKEHUS TPUBOIUAT
K HEraTWBHBIM IMOCJIEACTBUSAM: TIOTEPE BPEMEHHU
M3-32 3aTOPOB HA JIOPOTax, 3arpsA3HEHUI0 BO3IyXa
U TIOYBHI, IIyMy, BKJIaly B U3MCHCHHE KJIMMaTa,
BBI3BAHHOMY BBIOpOCAMH IMAPHUKOBBIX T'a30B, H3-
HOCY U TMOBPEXAECHHUIO OPOT, YBETUYEHUIO PUCKA
aBapuii, JOMOJHUTEIFHOMY pacXoly TOILINBA,
CHIKCHHIO KadecTBa kKu3HH [12]. Brenenue mia-
THI 32 MPOE3JT Ha TOPOACKHUX JOpPOrax HaNpaBICHO
Ha CHIDKEHHE HETaTUBHBIX TIIOCIEICTBHMA, TIO-
CKOJIBKY CXEMBI II€HOOOpa30BaHUS BapbUPYIOTCS
B pasHBIX Topomax. Kpome Toro, BBeieHHE IIATHI
3a Tpoe3]] MPUHOCHUT [IOXOX MYHHIIUTATUTETAM.
B uccrnenoBanuu [12] cpaBHUBAIOTCS TPH OCHOB-
HBIX IpUMepa IeHOOOpa3oBaHMS Ha TOPOACKHX
noporax B Epome: Jlongone (BemuxoOpuranus,
¢ysakunonupyetr ¢ 2003 r.), Crokromeme (IlIBe-
nus, padoraer ¢ 2007 T., MOCIIE HCIBITATEIBHOTO
nepuoaa B 2006 r.), Munane (Mramus, ucmonb3y-
erca ¢ 2008 r., B3MMaHuEe IUIAThl 3a 3arps3HEHUE
OKpYyXaroliel cpebl B CBs3U ¢ TipoOkamu B 2012-m).
C MoMmeHTa BBEJEHHs IUIATHBIX JOPOT Ha TOPOI-
CKHX YyJIAIAaX OBUIM CKOPPEKTUPOBAHBI TAPUQHI U
obnactu mpuMeHeHus1. DakTOpbI, ONpeAeISIONe
pasnuuns B 3G(EKTUBHOCTUA CXEM IIEHO00pa3oBa-
HUS, OLIEHEHBI C YYeTOM 3JIaCTUYHOCTH CIIpoca Ha
TPAHCIIOPT AJI Pa3pabOTKH Mep BO3ACUCTBUS Ha
MEePerpyKeHHOCTh TOPOT M OLEHKU HX 3(deKTus-
HOCTH.
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Tapudpl Ha mpoe3a MO TOPOJCKHM JIOPOram
BIISIFOT HA CIIPOC HA TPAHCIIOPT U MHTEHCHBHOCTH
IBIDKEHUS, YTO, B CBOIO OY€PE.Ih, BIUSET HA SKOHO-
MHUYECKHE TIOKa3aTeld pa3BUTHA TEPPUTOPHH.
A ypoBEHb 3KOHOMHYECKOTO PA3BUTHUS BIUSET Ha
CIPOC Ha TPAHCIIOPT M KOJIWIECTBO TOE3I0K Ha JIHY-
HOM aBTomoOwmiIe [13]. Uem BBIIIEe IIOTHOCTH Hace-
JICHUS U JIOJIS PA0OTAIOIIHX, YEM JTyUIlIe TIIAHUPOBKA
YIIUI] ¥ COCTOSIHME (DYHKITMOHMPOBAHMUS OOIICCTBEH-
HOTO TpPaHCIIOPTa, TEM MEHbIIE HETaTHBHOTO BITHSI-
HUSI HA PETHOH OKa3bIBaeT BBENICHHE IIIATHBIX JIOPOT.
Takue (akTopbl, Kak HEOOJBIIIOE KOIMYECTBO pado-
YUX MECT M HACEJICHWS, TUIOXas TUIAHMPOBKA YJIHII,
MaJioe YHCII0 TOYEK MPHUTSHKEHHs, OyIyT BIWSATH HA
BEJIMYMHY IUIaTHI 32 TIPOE3/1 Ha IOPOrax.

B 2020 r. Muntpanc Poccun aHoHcupoBai,
YTO BEJIOMCTBO PAacCMAaTpPUBAET BOIPOC BBEACHMUS
B ropoaax Poccum GecruraTHOro mpoesaa Ha o0re-
CTBEHHOM TpPAHCIIOPTE M BO3MOXHOCTh BBeIle-
HUS TJIAThI 32 MOJIb30BaHUE TOPOJICKUMH aBTOMO-
OwibHBIMU Joporamu. HWHpopMmarus moixyduia
HIUPOKHUN OTKIIMK OT >KUTeNe roposos. I1pu atom
MpPEeICTABUTENN BEJOMCTBA HE MPUBOAMINA HUKA-
KHX MPOTHO30B O BO3MOXKHBIX M3MEHEHUSIX, d(P(eK-
Tax u Tapudax. Uepes 1,5 roma Ob1I0 0OBABICHO
0 TIpEKpaIlleHnH W3ydeHus JaHHoro Borpoca. OmHa-
KO, [0 MHEHUIO HEKOTOPBIX POCCUUCKUX AKCIIEPTOB,
Hanpumep M. . bauHkuHA, B JOATOCPOYHON mep-
CTIEKTHBE pealn3allis TaKoro T0axXonaa B odecrede-
HUH TPAHCIOPTHOTO OOCITY>XMBaHWS HacelleHHs TO-
POJIOB CTaHET BO3MOXKHOM U HEOOXOJMMOM.

MeToabl HCCIe10BaHUSA

Llenpro JaHHOTO MCCIIEAOBAHUS SIBJISETCS OLICH-
Ka M3MEHEHUS 1MapaMeTPOB TOPOACKON TPaHCIIOPT-
HOW CHCTEeMBI IPY BBEJCHHMHU IUIATHI C BIAJEIbIEB
aBTOMOOMIIEH 3a Tpoe3s MO TOPOIACKUM aBTOMO-
OMIBHBIM JOPOTaM.

[lpy w3ydyeHHM CTPYKTYPHI TOABMXKHOCTH Ha-
CelleHrs ¥ ydeTe B MaKpOMOZIEIH BBIOOpa MOJIh30Ba-
TeNeM criocoba MOE3IKH MPUMEHSIOTCS IMITHpHYe-
CKME MOJETH M MOJENH, OCHOBAaHHBIE Ha BEPOST-
HOCTHOM JTMCKPETHOM BhIOOpe. Kpurepuem BeIOOpa
BBICTYIIaeT MaKCHMajbHasg mone3HocTb Uy 1
TIOJTB30BATENS, WM MHUHHMAIBHBIE 3aTPAThl ITOJh-
3oBareist. JlJiT BBEIYMCIICHHSI BEPOSTHOCTH BBIOO-
pa i-M nonp3oBareneM K-ro cnoco0a Mmoe3iky B Mak-
POMOZEH HUCIIONB3YETCS MYJIBTUMOJAIbHAS JIOTHT-
MoJieThb [14], Mo KOTOpoii BEIYHUCIIETCS BEPOSITHOCTD
BHIOOpA ITOT30BaTENEM CIIOC00a oe3IKn K

Uk
e

Uk'
Sve

P(K)= (D
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B ocHOBe JIOTUT-MOAENN HCIOJIB3YETCS JIOTH-
cTryeckas QyHKIUS BHIA

F)=— @)
1+e77

rae z — JuHeHHas perpeccus, z = a+aix; + ... =
= aAjXk.

BaxHbIM npenMy111€CTBOM PUMEHEHUSI B TPAHC-
MOPTHOM MakpOMOZENIHM ropofa IaHHOTO MOAXO0Aa
SIBJIIETCS. BO3MOKHOCTh CIIPOTHO3HUPOBATh CHPOC
Ha MOE3JIKM U HCCIEN0BaTh €ro M3MEHEHHE IpU
peanu3auuyu MEpPOIPUATHN TPaHCHOPTHOM MOJH-
THKW: U3MEHEHHE CTOMMOCTH WIM BPEMEHU MOE31-
KM 3a CYeT pa3BUTHA TPaHCHOPTHOW WH(pa-
CTPYKTYPBI.

W3yyenne BIUSHUSA OTIENBHBIX (DaKTOPOB
(TEXHOJOTMYECKNX, DKOHOMHUYCCKHX, COIHAILHO-
neMorpauyecknux) Ha CTPYKTYPY IMOABHIKHOCTH
HACEJICHUS BBINOJHAECTCS [Jis CYLIECTBYIOLIUX TIO-
pPOAOB B NEUCTBYIOIIUX TPAHCHOPTHBIX MOZECISAX,
MPY 3TOM MIPUMEHSIETCS BIOXKEHHAS JIOTUT-MOJENb.
AJIeKBaTHOCTb MPUMEHSIEMOMN JIOTUT-MOJETH TPO-
BepsieTcs Ha dTare pa3paboTKH TPAHCIIOPTHOW MO-
JIEJTA TOPO/Ia TIPH BATHIAINH U KaTHOPOBKE.

B pgaHHOM wuccieoBaHMM TIPUMEHSAETCS Je-
CTBYIOIAsl TPAHCIIOPTHAS MOAEIb C JIOTUT-MOJEINBIO,
KOTOpasi AMEET BUT

fU)=e". 3)

OOBEKTOM HCCIEIOBAHUS SBISETCS TOPOICKAS
TPaHCIIOPTHAs CHUCTeMa KpPYIHOTO TOpojaa, He
MMEIOIIETO BHEYJINYHOTO TPAHCIIOPTa Ha MpUMepe
r. Tromenn (Poccus). Ilpenmmer ucciemoBaHust —
CTPYKTypa TEPEABIKEHUN 10 TOPOAY pa3IU4HbI-
MU crioco0aMu M BHAaMHU TPaHCIOPTa IPH pas-
JIMYHBIX 3aTparax Ha JBUKCHHE aBTOMOOWJICH MO
€ro 10poram.

l'umore3a wnccnenoBaHMs 3aKITIOYAaETCS B TOM,
YTO 3aBICUMOCTH KOJIMYECTBA U JIOJN TIepeMeIIeHIH
Ha WHIUBHIYaJLHOM M OOILIECTBEHHOM TPaHCIIOPTE
OT CTOMMOCTH TIpoe3lia 1O JOPOXKHOH ceTn OymeT
OITHCHIBATHCS KCITOHEHITNAIBHBIM YPaBHEHHEM.

Martematndeckass MOJAETh KOJIMYECTBA Iepe-
JBHOKCHUW IO BHJAM TPAHCIIOPTa B OOIIEM BHJIC
OIHCHIBACTCS ypaBHEHHUEM

N, =ae”, 4)

rae N; — KOJWYECTBO TEPEIBHKCHUH i-M BHIOM
TpaHcIopTa/crnocodbom, en.; S — CTOMMOCTh TpPO-
e3na no 1 KM ropojckoii aBrogoporu, pyo./1 km,
a, b — mapameTpbl MaTeMaTHYeCKOW MOJIEIH,
b < 0 — mst 00IIECTBEHHOTO TPAHCIIOPTA U 0OIIETO
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KOJIMYECTBA MepeaBuxkeHuil, b > 0 — myisl HHAUBH-
IOyalbHBIX JIETKOBBIX aBTOMOOHJICH.

Bropas rumotesza uccienoBaHUS 3aKITIOYAETCS
B TOM, YTO BBEACHHE IUIaThl C aBTOBJAJEIBIEB
3a MCIOJIb30BAaHUE JOPOXKHOW CETH MPHUBOAMUT K
YMEHBIIEHUIO JOJH TOe30K MO Topojy Ha JINd-
HOM TPAHCIIOPTE U YBEJIWYECHHUIO JOJH MOEe370K Ha
JPyroM TPaHCIIOPTE U METOJE NEPEABIKCHHUS.

il poBepKU THIIOTE3bl M ONPEAEICHUs Ia-
paMeTpoB MaTeMaTHUeCKOH MozemH (4) MpoBEACHO
UMHUTALlMOHHOE MOJIEIMPOBAHNUE U CO3JlaHa MaKpo-
cKomuueckas Mojaens B mporpamme PTV VISUM.
Bri6op MmeToma uccienoBaHUS OOYCIOBJIEH TEM,
YTO M3YYUTh BIHSHUE Tapuda B pEalbHBIX yCIO-
BUSIX HEBO3MOXKHO 10 COLMAJIBHBIM M TEXHOJIOTH-
YEeCKUM NpuduHaM. s H3y4eHus TAKUX CIIOKHBIX
U OOJBIIMX CHUCTEM, KaK TPAHCIIOPTHAs CHCTEMa
ropoja, IpuMeHseTCs] MOAETUPOBaHNE, IPOBOIUT-
Csl IOCTPOEHUE MOJIENIN CUCTEMBI M M3yUalOTCs ee
oTAeNnbHbIe cBoMcTBa [15]. HeBO3MOXXHO MOCTOSH-
HO MEHATh CTOMMOCTH MpOe3la B OOIIECTBEHHOM
TpaHCIIOPTE, YTOOBI 00ECIeUnTh 00JIACTh BaphH-
pOBaHMs JaHHOrO (aKTopa B 3aJaHHOM JHara-
30He. DTO BBI30BET IyTaHULY B paboTe CHUCTEMBI
TOpPOJCKOT0 OOIIECTBEHHOTO TPaHCIOPTA, OIPOM-
HOE HEJOBOJBCTBO JIOAEH M TEPEeBO3UMKOB.
[NoBeimenne TtapudoB TpedyeT OOOCHOBAHHSA WU
pacdera (UHAHCOBBIM JETAPTAMEHTOM MYHUIIH-
HajJuTeTa U yTBEP)KICHUS Ha YPOBHE T'OPOACKOM
IOyMBlL. OKCIIEPUMEHT C OLEHKOH MOJBMKHOCTH
HACEJICHUS! U U3MEHEHHE CTPYKTYPHI OJBIKHOCTH
B 3aBHCHMOCTH OT 3aTpaT Ha MPOEe3] IO TOPOIACKUM
aBTOJIOpOraM HEBO3MOXKHO MPOBECTH TEXHUYECKH.

Hcnonp3oBaHne MaKpOCKONUYECKUX TpaHC-
MOPTHBIX MOJENEH TO03BOJIAET MPOTHO3UPOBATH
TPAHCIIOPTHBIN CHPOC M €ro IepepaclpesreneHue
M0 BUJAM TPAHCIIOPTA, a TAK)Ke OIpeNeNsITh napa-
METpbl  (PYHKIMOHMPOBAHHUSI TOPOJICKOW TpaHC-
MNOPTHOM CHCTEMBI B LIEJIOM II0 TOPOIY, B KaXKIOM
y371e, yJacTKe U IO OTIEJIbHBIM MapLIpyTaM JBHU-
xkeHus. [IpuMeHeHne MakpoMOJENMpOBaHUS IIO-
JYYHIIO NIMPOKOE PaclpoCTpaHEHUE B MHUpPE, B TOM
yyciae B MEPONPUATHAX WU BapUaHTaX Pa3BUTHS
TOPOJCKUX TPAHCIOPTHBIX CUCTEM, HAIPaBICHHBIX
KaK Ha COBEPIIIEHCTBOBaHME TPAHCIIOPTHOTO Mpe-
JIOKEHUS], TaK ¥ Ha KOPPEKTUPOBKY TPAHCIIOPTHO-
ro crpoca.

HccnenoBanne mpoBeNeHO Ha MaKpOCKOINYeE-
CKOI TPaHCIIOPTHON MOJENH ropoa, sl KOTOPOH
ko3 dunment xoppemsuun cocrasnser 0,89, a
CPEIHAS OTHOCHUTEINIbHAsI IOIPELIHOCTh HE NPEBbI-
maet 20 %.
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Pe3y.111>TaTm HCCJICA0OBAHUA

[Ipn MomenmupoBaHWH YYHUTHIBAIUCH SKOHOMH-
YecKHe MmapaMeTpsl cpemanei (55 Teic. py0.) U Me-
muarHoit (30 Teic. py6.) 3apaboTHOM IUIaTHI B Me-
can B . Tromenn. MaTpunia 3aTpat Ha poe3Jl pas-
JUYHBIMA BUAAMH TPAHCIOPTa ¥ CTOWMOCTH
BJIaJICHUS] aBTOMOOMIIEH B MakpoMmoJenu chopmu-
poBana B neHax 2020 r. PesynpTaTtsl MozaeaupoBa-
HUS TIOKa3bIBalOT W3MEHEHHE KOJMYecTBa TMepe-
IBIOKCHWH 110 BHJAM TPAHCIIOPTAa W CTPYKTYPHI
MOOWIILHOCTH HACENIeHHWsT NpPU BBEACHUH ILJIATHI
C BIIAJENbIIEB aBTOMOOWJIEH 3a JBWKEHHE 1O TO-
ponckuM moporam. IIpu yBenwueHWH CTOMMOCTH
nmpoe3ga Koum4uecTBO (puc. la) u mOdsS MOE3I0K
(puc. 1b) Ha NUYHBIX aBTOMOOWIISIX CHHXKAETCH,
a Ha OOINEeCTBEHHOM TPAHCIIOPTE, BEIOCHIIEAAX,
CpeacTBax MHAMBHAYaIbHON MoOmibHOCTH (CUM)
Y TIEIIKOM — yYBEJIU4YHBAETCS.

[Ipu noBbIIeHNN Tapuda T0pokHOTO cOopa 10
100 poc. py6. 3a 1 KM KOJHYIECTBO TIEPEABIKCHHUM
Ha JIETKOBBIX aBTOMOOWIIAX cHUXkaeTcs B 4,33 pa-
3a, a KOJIMYECTBO TEPEABIDKEHUI Ha OOIIECTBEH-
HOM TpaHCIOpPTE, BEJOTPAHCIIOPTE W CPEACTBax
WHAUBUAYAIbHOM MOOMJIBHOCTH, TIEUIEXOJHBIX
MepeIBUKEHUN YBEIMUNBACTCS COOTBETCTBEHHO B
2; 2,07 u 1,78 paza. YBeaudeHne oOIIero KoJIHde-
CTBa MEPEMEIICHUN CBS3aHO C YBEJIHYEHHEM KO-
JMYeCcTBa MOE370K Ha OOIECTBEHHOM TpPaHCIIOPTE
¢ nepecankamu. [Ipu moesnke Ha 0OOUMIECTBEHHOM
TPAHCIIOPTE C MepecagKkaMu OJHa IMOe3Ka Ha JTN4-
HOM aBTOMOOWJIE 3aMeHsIeTCs IBYMs TOe3JIKaMu
Ha Pa3HBIX aBTOOYCHBIX MapuipyTax. Obmiee Ko-
JITYECTBO MOe370K yBennunBaercsa Ha 23,6 %.

Pe3ynbraTel mepBoro 3tama MCCiIeIOBaHUS IO-
Ka3aJH, 4YTO BIHMSHUE CTOUMOCTH Mpoe3fa B oOle-
CTBEHHOM TPAHCIIOPTE HA KOJIWYECTBO H JOJIO TIe-
pPEeABIDKEHUH TO BUAAM TPAHCIOPTa M crocobam
MEPEIBUKEHUN ONMUCBIBAETCS JIMHEMHON MOJEIBIO
n umeeT koddpoumment xoppensamuu 0,9. JByx-
(hakTOpHAs MOJIENb BIUSHUS CTOMMOCTH TIPOe3/a B
OOIIIECTBEHHOM TPAHCIOPTE U YJIUYHO-IO0POXKHOM
CeTH ropojia Ha JOJIO0 Mpoe3Ja 10 BUAAM TpaHC-
IOpTa OMKCHIBAETCS ABYX(AKTOPHOW MaTeMaThuie-
CKOW MOJICTIbIO Ha CMEIIaHHBIX AP PeKTax

S priv S priv
AN, =AN, +aS,, +be"" +dS, e, (5)

rae AN; — Ions moe3foK Ha JINYHOM U 00IIeCTBEeH-
HOM TPAHCIIOPTE Ha BEJIOCHUIIEAE U MEIIKOM; Spr —
CTOMMOCTB TIpO€3/ia B OOIIECTBEHHOM TPaHCIIOP-
Te, poc. pyo.; a, b, ¢, d — mapameTpbl MaTeMaTH4e-
CKOM MOJIeNH.
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newexogHble NnepeasmKeHna
06L12a MOABUMHOCTS HaceNeHUA

Puc. 1. BiusiHEe cTOMMOCTH IIpoe3Jia 1o 1 KM JOpOTH Ha KOJIWYECTBO MOE310K
U JIOJIIO TI0€3/10K Ha BH/IaX TPAHCIIOPTA B TOPOJIAax: a — KOJIMYECTBO MOE3/10K; b — 10JIs MOe3/10K

Fig. 1. Influence of the cost of travel per 1 km of road on the number of trips and the share of trips by type of transport in cities:
a — number of trips; b — share of trips

I'paduyeckne wnzobOpaxeHus: AByX(aKTOpHOH
MOJIETIM BIMSHHS CTOMMOCTH TIpoe3sa B oOIe-
CTBEHHOM TPaHCIOPTE M CTOMMOCTH Ipoe3zaa
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mo | KM aBTOAOPOTHM Ha JOJIO IEPEABUKCHHI

MEeMKOM W IO BHIAM TpPAHCIOPTA IIpeaCTaBIIe-
HBI Ha puc. 2.
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Puc. 2. BiusiHre CTOMMOCTH IIPOE3/1a JIETKOBOIO aBTOMOOMJIA 10 1 KM
' aBTOZOPOTH U Tpoe3aa B obmecTBeHHOM TpaHcmopTe (OT)
SERX ‘93“:; Ha JIOJIIO MeIIEXO0/IHBIX MePEeIBIKEHUI 1 Oe3/10K
"6“‘@ W o BujaM TpaHcnopra B roponax (1 Espo = 100 poc. py6.):
% :““,“ a — JIETKOBBIE aBTOMOOWIIH; b — TeIIeX0HbIC TTepEMEICHHUS;
g ¢ — 00IIECTBEHHBIH TPAHCTIOPT

Fig. 2. Influence of the cost of travel for a passenger car along 1 km
of road and travel in public transport (OT) on the share
of pedestrian movements and trips by type of transport in cities
(1 Euro = 100 Russian Rubles): a — private cars;
b — pedestrian movements; ¢ — public transport
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Pe3ynpTaThl HcclieioBaHMS MOKA3alH, YTO MO-
JeNb BIHMSIHUS CTOMMOCTH TMpOe3/a B OOIECTBEH-
HOM TPAHCIIOPTE U CTOMMOCTH TMpoe3/a 3a 1 KM 1o
TOPOJICKO# JIopore Ha JIONIO BUJIOB TPaHCIIOPTA W
NepE/IBIKCHUS SIBIISICTCS aJIeKBaTHON U MMEET KO-
s pumment koppemsiauu 0,93.

Bropas rumoresa 3akimodaeTcs B TOM, YTO
YMEHBIICHHE KOJIMYECTBA TMOE3J0K Ha JINYHOM
TPaHCIOpPTE C BBEJACHUEM IUIATHBIX JOPOI MPHBO-
JIUT K YMCHBIIICHHIO BPEMEHH B MyTH 32 CUCT CHU-
JKCHUSI YPOBHSI 3arpy>KEHHOCTH JIOPOT.

Marematndeckass MOJENb BIUSHUS CTOMMOCTH
npoe3/ia Mo rOPOJICKHM JIOpOTaM Ha 00Ilee Bpems
mpoe3aa aBTOMOOmIIeH B 00IeM BHC OMUCHIBACT-
sl ypaBHCHHEM:

ivear = € (6)
e Tprivcaqr — CYMMapHOE BpeMs B IyTH Ha Jier-
KOBBIX aBTOMOOWJISAX, 4, S — CTOMMOCThH IIpOE3-
Ja mo 1 KM ropoJckoi aBTOAOpOTrH, poc. pyo./1 km,
a, b — mapameTpel MaTeMaTHIECKOW MOJICIIH.

Pesynbratel MosenupoBanus st TIOMEHHU TI0-
Ka3bIBAlOT YMEHBIIICHHE BPEMEHH B IYTH JIETKO-
BBIX aBTOMOOWJIEH TpPH YBEIWYEHHH CTOMMOCTH
mpoes3fa mo TopoAckuM goporam (puc. 3a). C BBe-
nenueM tapuda 10 poc. py0. 3a 1 kM ob1ree Bpemst
B IyTH Ha aBTOMOOMIIe cokpamaercs Ha 14,8 %.
OT0 3HAYUTENBHO OOJNBIIE, YEeM MpPH BBEIACHUU
OecriaTHOTO Tpoe3a Ha OOIIECTBEHHOM TpPaHC-
nopTe. AHAJIOTHYHOMY M3MEHEHHIO JTONU TIOE3I0K
Ha JTMYHOM aBTOMOOWIIE COOTBETCTBYET BBEICHHE
TUTATHBIX MAPKOBOK B IEHTPAIBHON YacTH TOpPO-
Jla OOIMM KOJHYECTBOM 5,5 ThIC. MECT C TapH-
dhom 50 poc. py6.3a 1 a[16].
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Koa¢pduumeHT 3aTopa

Jisi OLIGHKH YpPOBHS 3arpy»KEHHOCTH JOpPOT
UCTIONB3yeTcss KOA(P(GUIHMEHT 3arpyKEHHOCTH J0-
por, XapakTepH3YIOIIMH YBEINYCHWE BPEMEHH B
IMYTH B Yachl MUK 110 CPABHEHMIO C aHAIOTHYHBIM
MoKa3areyeM TpH IBHKEHUH B MEXKITUKOBOE BpeMs
U OTCYTCTBHH MPOOOK Ha moporax. KoaddumnmeHnt
Heperpy>KeHHOCTH OMpeeNsieTcst o popMmyIie

(7

rae K, — koadduuent 3aropa; ¢, — UTOTOBOE Bpe-
M3l B ITyTH BCEX TPAHCIIOPTHBIX CPECTB B YaC MUK, Y,
fyp — UTOTOBOE BPEMS B IIyTH BCEX TPaHCIIOPTHBIX
CPEACTB B MEXIIUKOBOE BpeMS, 4.

Pe3ynpraThl MOAenMpoBaHUS MOKa3ald, 4TO B
YTPEHHHHA Yac MUK U1 TIOMEHW CpemHHi Kodd-
(urment 3aTopoB cocTasnseT 1,24, a nmpu yBenu-
yeHud miatel 10 100 poc. py0. 3TOT K03 PUIHEHT
camxaercs o 1,1 (puc. 3b).

Oo6cy:xkaenust

OpHuM U3 crocoO0B BO3IEHCTBUS HA CTPYKTY-
Py MOOHIBHOCTH HACEJCHUS SIBISETCS BBEICHUC
IJIAaTHBIX IIAPKOBOK W IIOBBIIICHUC TapI/I(i)OB Ha
MapKOBKY aBTOMOOMIIEH. Pas3Huia Mexay BIHSIHU-
€M IIJIaTHOM MMapKOBKM W BBCACHHUEM ILIAaThl 3a
Mpoe3/1 1Mo JOPOKHOW CETH 3aKII0YaeTcs B 30HAX
OXBaTa W BIUSHHUM Pa3MYHbIX (aktopos. ITnat-
HBIC ITApKOBKU CO3JAN0TCA, KaK IIpaBUJIO, B ILICH-
TPaJbHOW YaCTH rOpojAa JJIsi CHUKEHUS OJH Tpa-
(mka Ha MapmpyTax IBIDKCHUS aBTOMOOWIEH B
LEHTpP ropoa.
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0 20 40 60 80 100 120

CToumocTb npoesza no 1 km asTogoporu, pyb.

Puc. 3. BnusiHEe CTOMMOCTH TIpoe3/a 1o 1 KM aBTOMOOMIIBHON JI0pory Ha o0liiee BpeMsl B ITyTH Ha MHIMBHAyaIbHOM Tpancnopte (VT)
1 k03 GHULMEHT 3aTopa: a — CyMMapHOe BpeMsl IepeIBIKECHHSI Ha HHIUBUAYaJIbHOM TpaHcnopte; b — koaddununenT 3atopa

Fig. 3. Influence of the cost of travel along 1 km of highway on the total travel time by individual transport (T) and congestion factor:
a — total travel time by individual transport; b — congestion factor
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C BBeEHHEM IUIATHBIX JOPOT B rOpPoJax U3Me-
HEHHUE CTPYKTYPHI MOOWIHLHOCTH HACEJIEHUS MEHS-
ercsa 0oj1ee paBHOMEPHO 110 BCEM paiioHaMm. B atom
caydae CYIIECTBEHHOE BIMSAHUE HA TPAHCIIOPTHBIN
CIIPOC M KOJIHYECTBO IEPEABIKEHUI Ha aBTOMO-
OMJISIX OKA3BIBAET JJIMHA MapIIPyTa.

IIpu paccTossHMM MOE3OKH 3 KM CTOMMOCTD
mpoe3ga MO0 aBTOMOOMJIBHBIM JOpOraM U3 pacue-
ta 10 poc. py0. 3a 1 KM cOOTBETCTBYIOT 1,5 4 map-
KOBKH JIECKOBOT'O aBTOMOOWIIA B IieHTpe TroMeHH
npu napkoBounoMm tapude 40 poc. py6. 3a 1 u.
Jiig  aBTOBIIAZENbla, MCIOIL3YIOIIEr0 JIUYHBINA
TPAHCIIOPT I HOE3I0K ¢ PadOUYMMHU LETIMH IIPH
OTHOCHUTEILHO HEOOIBIIIOM CPEIHECYTOYHOM IIPO-
Oere (7 xM), oruiaTa 3a IIpoe3. [0 aBTOMOOUIbHBIM
JoporaM BBITOJHEE, YeM oIulaTa 9 49 mapKoB-
ku (360 poc. py0. ipu Tapude 40 poc. py0. 3a 1 4)
C ydeToM Tapuda 3a Tpoe3n IO aBTOJOpOTaM
1o 50 poc. py0. 3a 1 km.

BbIBO/IbI

[Ipoananu3upoBaB pe3yJIbTaThl MOAEIUPOBA-
HUSI, MOXHO CJEJIaTh PsJ BBIBOAOB U PEKOMEHIA-
Ui, KOTOpbIe (QenepalbHbIM BJIACTAM CIEAYET
MPUHAT, BO BHUMaHWE NpPHU BO3BPAIlEHHH K 00-
CY>KIICHHUIO BOIPOCA BBEIECHUS IJIATHI 3 ABM)KCHHE
10 TOPOACKUM JOPOraM.

1. Tapudsr 3a moap30BaHNEe aBTOMOOHIHHBIMH
JIOpOraMH, B TOM YHCJI€ NIPU COBEPIICHUU arjioMe-
PalMOHHBIX IOE3I0K, OKa3bIBAIOT CYIIECTBEHHOE
BJIMSIHUE HA MOJEIb TPAHCHOPTHOIO IOBEICHUSA
HaCeJICHUs TOPOOB.

2. CTOMMOCTH TIpOe3/la B TOPOICKOM OOIIIe-
CTBEHHOM TPAHCIOPTE OKA3bIBAET OTHOCUTEIBHO
HeOONbIIIOe BIUSHUE HA MOJETh TPAHCIIOPTHOTO
MOBECHUS 110 CPAaBHEHHUIO CO CTOMMOCTBIO BIIafe-
HUS JTUYHBIM aBTOMOOWJIEM, B TOM YHCJE TIOCPE-
CTBOM CIEP)KMBAHUS MYHHIIMITAIUTETAMHU POCTa
Tapu(oB Ha OOLICCTBEHHOM TPAHCIIOPTE 32 CUET
OI0/KETHBIX TOTAITNI IIEpEeBO3UNKAM.

3. Tapudsl 3a mosb30BaHUE ABTOMOOHJIBHBIMHU
JIOPOTaMH MOTYT COCTaBJISITh 3HAYUTENBHYIO YacTh
OT CTOMMOCTH BIIQJICHUS ABTOMOOWIJIEM, KOTOpasl,
B CBOIO O4YEpelb, SBISETCS BAKHEHIIHM (DAaKTOPOM,
BIIUSIIOIIMM Ha CTPYKTYPY MOJBMYKHOCTU HACEICHUS
TOPOJIOB.

4. BO3MOXHOCTh BIHSHUS OpraHaAMU HCIIOJ-
HHUTEJIBHOHW BNIACTH BceX ypoBHe#l (dhemepaibHOM,
PETHOHAIILHOW, MYHHIIMITAJIBHON) Ha CTOUMOCTH
BIQJICHUSl JIMYHBIM aBTOMOOWJIEM SIBJIIETCS Me-
XaHU3MOM YTIPABICHUS TPAHCIOPTHBIM CIPOCOM
U o0ecrieyeHus yCTOMYUBO MOOUIBHOCTH.

5. LlenecooOpa3HO IMPOBENEHNUE HCCIIENOBAHUI
U H3YUYCHUE C NPUMEHEHHEM COLHUOJOTHYECKUX
UCCJENOBaHUNA U TPAHCHOPTHOTO MOJEIUPOBAHUA
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U3MEHEHUSI CTPYKTYDPBI MOIABWKHOCTH HACEICHUS
U [IapaMeTPOB JOPOKHOTO JBHKECHHUS.

6. Iudbdepenuuposars Tapudsl HEOOXOIUMO
C y4eToM reorpadU4ecKux, COLMAILHO-DKOHOMU-
YECKHUX, IeMOrpadHUuecKuX XapaKTEPUCTUK IOpO-
JIOB M YPOBHS Pa3BUTHS TPAHCIIOPTHON U TOPOXK-
HO# UH(DPACTPYKTYPHL.

7. lletecooOpa3sHoO  YUUTBHIBATL  H3MEHEHHUSA
YPOBHSA 3arpy3kd U 3G(HEKTUBHOCTH HUCIIOIL30Ba-
HUS JIOPOKHON HHPPACTPYKTYPHI, 3aTpaThl Ha pas-
BUTHE OOILIECTBEHHOI'O TPAHCIIOPTA.

8. HeoOxoguMo pazpaboTaTh MOEIL OIpeEle-
JIeHus cOalaHCUPOBAHHOrO Tapuda 3a IIPoe3l II0
TOPOACKHUM aBTOAOPOraM C YYETOM DKOHOMHUYECKUX,
COIMAITBHBIX M TEXHOJOTMYESCKUX KPUTEPHUEB.

WccnegoBaHme BbINONHEHO npu  (OMHAHCOBOW
nogaepxke POOU n TiomeHckol obnactn B pamkax
Hay4Horo npoekTta Ne 20-48-720006 «Moaenb TpaHc-
dhopmaumnm ropoacknux TPaHCMOPTHLIX CUCTEM C y4ye-
TOM BNUSHMSA Ha OOLLECTBO U 3KOHOMUKY MaHAEMUn
kopoHaBupyca Covid-19».
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Abstract. The reliability of the results of sensory analysis depends on a number of factors that affect the objectivity of the
tests carried out. Today, the credibility of subjective measurements is primarily achieved through standardization. However,
the issue of the credibility of subjective measurements remains, furthermore, it moves to a new level. Special attention must
be paid to subjective measures related to the measurement of sensations to ensure credibility of results. The dynamics of in-
creasing credibility through factor standardization lags behind the dynamics of stakeholder demand for increasing the credi-
bility of subjective measurements. The purpose of the paper is to consider subjective measurements from the point of view
of the development of the theory of quantitative measurements and to substantiate a process model for measurement that en-
sures the meaningfulness of the results in relation to expert assessments that ensure the subjectivity of measurements when
conducting sensory tests, the results of which form decisions on compliance or non-compliance. The object of research
is expert assessment methods used in sensory measurements, specifically in the evaluation of participating experts. The re-
search methods used in this work include system analysis of measurement theories, method of alternatives, and standardized
methods of expert assessment. A model of quantitative measurements is proposed to ensure meaningful measurement results,
based on an analysis of the evolution of measurement theories. The problem of ensuring the meaningfulness of subjective
measurements is formulated, which manifests itself in the form of risks of making incorrect decisions about characteristics
of food products and processes based on expert assessments that lack reliability. An algorithm for quantitative measurements
has been defined and tested on a specific example of expert assessment, demonstrating the importance of the identified prob-
lem of ensuring the reliability of expert assessments.
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IKkonomuka RPOMDbBLULIEHHOCMU

oOpa3oM 3a cuer ux cranmapruzanun. OmgHaKo mpobdieMa JOCTOBEPHOCTH CyOBEKTHBHBIX M3MEPEHUH OCTAeTCs, MaJlo TOTO,
HEePEeXOUT Ha HOBBIN ypoBeHb. CyOBeKTUBHBIC H3MEPEHUs, CBSI3aHHBIC C M3MEPEHNEM OLIYIIeHNH, TpeOyIoT 0c000ro BHUMa-
HHS B KOHTEKCTE JIOCTOBEPHOCTH PEe3yJIbTaToB. J[MHAMMKa MOBBINIEHHS JOCTOBEPHOCTH 3a CUET CTAHIapTU3aluH (HaKTOpOB
OTCTaeT OT AMHAMHKHU CHPOCA 3aMHTEPECOBAHHBIX CTOPOH HA MOBBIIIEHHUE JOCTOBEPHOCTH CYOBEKTUBHBIX M3MepeHuil. Llens
paboThI — PaCCMOTPETh CYyOBEKTUBHBIE U3MEPEHUS C TOUKH 3PEHHS PA3BUTHUS TEOPUH KOJIHMYECTBEHHBIX U3MEPEHHH 1 000CHO-
BaThb MOZENb NPOIECcca M3MEPEHUH, 0OECIIeUNBaIONLyI0 OCMBICICHHOCTh PE3yJIbTaTOB B OTHOIICHHH JKCIIEPTHBIX OILECHOK,
o0ecreYnBaroNMX CyOBEeKTUBHOCTh H3MEPEHUH TIPH IIPOBEAECHUN OPraHOICNITHYECKUX HCIBITAaHHH, [0 pe3yIbTaTaM KOTOPBIX
(hOpPMHUPYIOTCS PEIICHHSI O COOTBETCTBUHM WM HECOOTBETCTBHH. OOBEKTOM HCCIICIOBAHMI SIBIISIOTCS METOABI SKCIIEPTHOTO
OLICHUBAHUS, UCIOIb3YyEMbIC B OPraHOJICNTUYECCKUX M3MEPEHUSX M, B YaCTHOCTHU, IIPU OLECHKE DKCIEPTOB, NPUHUMAIOLMIUX
B HUX ydactue. B paboTe MCIONB30BaHbI METOBI UCCIIEIOBAHUI: CHCTEMHBIH aHAN3 TEOPHH M3MEPEHUH, METO]| aJIbTepHa-
TUB, CTaHJAPTU30BaHHBIE METOJb! OLICHKU 3KcrepToB. Ilo pesysbTaraM aHanu3a 9BOJIOLMU Pa3sBUTUS TEOPUH H3MEpeHUil
HpeJIoKeHa MOJIeIIb KOJIMYECTBEHHBIX M3MEPEHHUH, 00eCIeYnBaIOIas OCMBICICHHOCTb Pe3yiIbTaToB n3mMepenui. Chopmyiu-
poBaHa npobieMa 00ecreueHNs] OCMBICIEHHOCTH CyOBEKTHBHBIX M3MEPEHHMH, MPOSBIISIONIAACS B BUIE PUCKOB NPHHATHS He-
KOPPEKTHBIX PEIICHUI B OTHOLICHUN XapaKTEPHUCTUK MHUIEBON MPOIYKIMU U MPOIECCOB MO PE3yNIbTaTaM IKCIEPTHOTO OIle-
HUBAHUA B CHIIy UX HEJOCTAaTOYHOH mocToBepHOCTH. OmNpesenieH anropuT™ KOJIHMYECTBEHHBIX N3MEPeHNH, arpoOupoBaHHbIH
Ha KOHKPETHOM IPHMepe 3KCHEPTHOTO OIEHHBAHMS, IEMOHCTPHPYIOIIMH 3HAYMMOCTh yCTAaHOBIEHHON IIPpoOJIeMEI obectiede-
HUS IOCTOBEPHOCTH 9KCIIEPTHBIX OLIEHOK.

KuroueBrble ciioBa: opraﬂonenmqecxm‘& AHAJIN3, UCHBITATEIIb, DKCIIEPTHLIE OLEHKH, Cy6’beKTI/IBHLIe U3MEPECHUS, OCMBICIICH-
HOCTb pE3YyJILTaTOB I/I3MepeHI/II71, TCOpHA KOJINICCTBEHHBIX H3MepeHHﬁ, 1IKaJIbI I/I3MepeHHﬁ

Jist uuTupoBanusi: Mojeinb oOecredeHusl T0CTOBEPHOCTH SKCIIEPTHOrO KOHTPOJIS KayecTBa MPOAYKIMH M MPOLECCOB /
II. C. CepenkoB [u np.] / Hayka u mexunuxa. 2024. T. 23, Ne 4. C. 345-354. https://doi.org/10.21122/2227-1031-2024-

23-4-345-354

Introduction

Currently, sensory analysis is widely used
in the food industry to provide information on the
chemical composition and a comprehensive as-
sessment of product quality. Obviously instrumen-
tal methods of analysis alone are insufficient for
a complete assessment of product quality. This is
evidenced by the fact that the chemical composi-
tion of the products may be similar, but the sensory
characteristics of these products will differ signifi-
cantly. Therefore, comprehensive product control
is usually based on a combination of instrumental
and sensory methods. If we take into account the
advantages of sensory methods for assessing pro-
duct quality (availability, speed, cost-effectiveness,
proximity to consumer assessment), then it is quite
clear that in certain conditions these methods be-
come of paramount importance.

The quality of food products can be assessed
using technical measuring instruments or on the
basis of the subjective opinion of a competent per-
son, known as an assessor [1].

Sensory assessment may be made by three
types of assessors: “sensory assessors”, “selected
assessors” or “‘expert sensory assessors”.

Assessor can be “naive assessor” who do not
have to meet any precise criterion of selection
or training, or a person who have already taken
part in some sensory tests (“initiated assessors™).
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“Selected assessor” is an assessor who have
been selected and trained for the particular senso-
ry test.

According to GOST ISO 5492 [2] an expert
Sensory assessor is a sensory assessor with a
demonstrated sensory sensitivity and with consid-
erable training and experience in sensory testing,
who is able to make consistent and repeatable sen-
sory assessments of various products.

It is common knowledge that the reliability of
the results of organoleptic analysis depends on the
psychophysical state of the expert, his experience,
proficiency in methods of sensory analysis, level of
training, sensory abilities, test conditions, etc. [3].

Currently, it is generally accepted that mea-
surement is always the process of experimentally
obtaining one or more values of a quantity that can
be reasonably assigned to the value. Objective
measurement is associated with measurement by
technical means, and objective methods are those
in which the effects of personal opinion are mini-
mized. Subjective or psychophysical measure-
ments are associated with the measurement of sen-
sations, where a person plays the role of a measu-
ring instrument, and the subjective method is a
method based on personal opinions [2].

Therefore, when measuring sensations, it is im-
portant to pay special attention to subjective
measures in order to ensure the reliability of the
results. If the reliability of objective measurements
is supported by technical means such as standards,
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traceability, comparisons, repeatability, and repro-
ducibility, then the reliability of results for subjective
measurements of sensations becomes critical.
The determination of criticality depends on the rela-
tionship between the reliability of subjective meas-
urements and the risk of making incorrect decisions
based on the results of monitoring and testing.

Obviously, the need for reliable subjective
measurements is becoming increasingly important
as the number of interested parties grows, due to
the ever-increasing appearance of new materials,
environment systems and substances that require
sensory assessment and hedonic tests.

In the last few years there has been an increas-
ing interest in the use of expert methods for the
assessment of product quality [4-6], but the issue
of the reliability of the measurement results is of-
ten overlooked.

It is important to note that strategies to improve
the reliability of objective and subjective measures
have different emphases. This difference is not
only determined by the measurement infrastruc-
ture, as mentioned above, but also by the degree
of meaningfulness of the results.

A review into current research in the field of sen-
sory analysis has revealed that the main method
of improving the reliability of subjective measure-
ments is through standardizing the factors that affect
the objectivity of the tests. These include: methods
for selecting and training experts, conditions for
conducting sensory analysis, implementation of con-
trol measures relating to the measurement process,
methods for processing and evaluating expert infor-
mation, validating results, etc. [3, 4].

However, the issue of the credibility of subjec-
tive measurements remains, furthermore, it moves
to a new level. The dynamic of increasing credibi-
lity through factor standardization lags behind the
dynamic of stakeholder demand for increasing the
credibility of subjective measurements.

The purpose of this paper was to consider
subjective measurements from the point of view
of the development of the theory of quantitative
measurements and to substantiate a process model
for measurement that ensures the meaningfulness
of the results in relation to expert assessments that
ensure the subjectivity of measurements when
conducting sensory tests, the results of which form
decisions on compliance or non-compliance.

Hayka
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Materials and methods

This study focuses on expert assessment meth-
ods used in sensory measurements, in particular, in
the evaluation of experts involved in such measu-
rements. The following research methods were
used in the work: system analysis of measurement
theories, method of alternatives, standardized
methods of expert evaluation [4].

In the field of psychophysical measurements,
the intuitive and acceptable characteristics of the
meaningfulness of measurement results is consi-
dered as the adequacy of the numerical form of
their representation to the real characteristics of the
measurement objects [5].

It is generally accepted that objective meas-
urements work with scales that are “strong”
in terms of information (interval, proportional,
absolute) [6—8]. They are also known as metric.
The adequacy of the numerical form of their repre-
sentation to the real properties of the measured
objects is generally beyond doubt for the meas-
urement results presented in these scales.

Subjective measures mainly use scales consi-
dered 'weak' in terms of the information they pro-
vide, such as nominal and ordinal scales. There are
doubts about the adequacy of the numerical repre-
sentation of measurement results in these scales
to the real properties of the objects being measu-
red [6-9]. Of interest from this perspective is the
requirement to present information in a form that
allows for a high level of comprehension during
perception and use, as well as its dimensional and
functional information properties [10].

The lack of a systematic approach to the prob-
lem of results credibility is indicated by the differ-
ent priorities for improving the processes of objec-
tive and subjective measurement. This is also evi-
denced by the wide variety of concepts, theories,
methods, and scientific schools [6-8, 11-12].
The basics of measurement have been establi-
shed in the early measurement theories of Helm-
holtz, O. Holder, N. Campbell et al. [13—15]. In the
development of theoretical foundations (alt: ba-
sics), especially from the perspective of subjective
measurement, it is worth mentioning classical the-
ory (G. Fechner et al. [6, 15, 16]), P. Bridgman's
theory of operationism [17], representational theo-
ry (S. Stevens et al. [6-8, 18—19]).
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Within a generalized model of a measurement
system, it was S. Stevens who formulated the
measurement meaningfulness concept. He believed
that a measurement system is defined when its
three elements are defined (Fig. 1):

— an empirical system that includes physical
objects, sensations, judgments, and the relation-
ships between them, specified axiomatically;

— a numerical system in which logical-mathema-
tical relationships are specified axiomatically;

— function £, which is a homomorphic mapping
of an empirical system into a numerical system.
This function enables to assess the relationships
between tangible objects by analyzing the relation-
ships between their numerical representations.

Essentially, function /— a set of rules that gua-
rantees the accuracy of relationships within both
empirical and numerical systems.

According to S. Stevens, it is important to have
strict and agreed-upon rules for assigning numbers

to objects for each type of measurement to ensure
confidence in the measurements [16, 19]. J. Pfan-
zagl developed and generalized the representative
theory of measurements [6, 20].

The theory of measuring physical quantities
is currently undergoing a shift in emphasis towards
the processing and transformation of measurement
results. This can be seen in the work of A. Kolmo-
gorov and other scientists who have made signi-
ficant progress in the field of the conversion of
measurement information [21, 22].

Consequently, we can distinguish two main di-
rections in the development of measurement theo-
ry, each claiming independence. The measurement
process has a generalized model that consists of
two conditionally independent models (Fig. 2):

— model of empirical measurements of quan-
tities,

— model for converting measurement infor-
mation.

Numerical system

Empirical system

Displey function f

Objects Ay, A, 43,
Relationship: (4; 4))

u; = f(4)
dependence on the
chosen axiomatic
measurement scale

Measurement results
(quantity values)
Uy, U, Us, ... Uy

Fig. 1. Model of quantitative measurements as a generalized process of measuring a quantity

Empirical Displey Numerical Conversion
ST c of measurement
Y function f system results
Objects Dependence on the Measurement Measurement
Ay, A, A3, M=) chosen axiomatic [mm results — information
Relationship: measurement (quantity values) Fp=F (u; us._
(4, A4y scale Uy, Uy, Us, ... Uy
u;=f(4)
Model of empirical measurements of quantity Model for
q converting
(direct measurement) RS ST
information
(indirect
measurement)

Fig. 2. Generalized model of the measurement process, including two conditionally independent models
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The model of empirical measurement of a
quantity is related to the model of direct measure-
ment, in which the desired value of a quantity
is obtained directly from the measuring instrument
(in the case of subjective measurements — an ex-
pert). The measurement information transfor-
mation model is related to the indirect measu-
rement model: the desired value of a quantity is
determined from the results of direct measurements
of other quantities functionally related to the de-
sired quantity.

The development of the empirical measurement
model faded into the background with the deve-
lopment of measurement information transfor-
mation models, which led to a number of issues
concerning the credibility and meaningfulness of
the results [9-10, 14, 22, 23].

Results and discussion

An analysis of existing measurement theories
reveals that they are founded on a genera-
lized model of the process of measuring a quantity
(Fig. 1). Furthermore, the theories consider either
the process model as a whole or its individual ele-
ments.

A structured analysis of the most common
measurement theories, in accordance with the logic
of Fig. 1, enables the identification of their shared
weaknesses.

1. Measurement theories do not define the
actual measurement procedure in an empirical
system.

2. Measurement theories do not define a strict
(natural) link between the empirical and numerical
systems, which would enable us to claim that
the measurement results are entirely meaningful.
The measurement scale serves as the carrier of this
connection.

3. Measurement theories do not fully solve the
problem of ensuring the meaningfulness of meas-
urements: they lack criteria for determining the
adequacy of measured results in an empirical sys-
tem compared to measured results in a numerical
system (measurement scale).

Barzilai's theory of quantitative measurements
is based on the relationships between objects, ra-
ther than their characteristics [15, 16]. And meas-
urement is the process of assigning numerical val-
ues to relationships between objects, rather than to
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the objects themselves. Only in this case, accor-
ding to J. Michel, real numbers are not assigned
but naturally generated in the measurement pro-
cess [24].

These principles are used to determine the cor-
rect measurement procedure. To achieve this, we
will define an “exclusive group of objects” axio-
matically, as proposed by A. Friedman [25], which
will enable us to make a specific evaluation. Ob-
jects A,,4,, ..., A, are arranged in ascending

order based on their measured values, which
change uniformly in magnitude. This means that
the empirical comparison of successive pairs of
objects produces identical results. Then (we?)
assign the value of the quantity u; to each object 4;.
It is assumed that for such objects the success-
sive differences in value are equal to each other:
Uy — Uy =U; — Uy = su, —u,,.

In this case, the equality is true

Z/li—uj=}\.1(l.—j), (1)

where L, > 0, A;—unknown constant.

Thus, during the process of measurement, real
numbers, which represent the values of the quanti-
ty, are naturally obtained.

This kind of special assessment, following A.
Friedman, we will call it measurement [25]. Thus,
a mapping is defined that corresponds naturally
to the empirical result of comparing a pair of ob-
jects using a numerical value — the difference
in values. The measured quantity values are de-
fined with the accuracy of a linear transformation,
i.e. in the interval scale.

Let’s assign a value v; to each object 4;, and as-
sume that successive relations of values are equal
v,/lvi=v, /v, = .=y v .

The result is:
In (v, /v;)=In(v)=In(v,)=1A, (i - j), (2)

where )\ , > 0, A>—unknown constant.

Thus, the second method of measurement is de-
fined as mapping the results of an empirical com-
parison onto a set of results of an algebraic ope-
ration.

This mapping naturally matches the empirical
result of comparing a pair of objects with a num-
ber — the ratio of values or the difference in loga-
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rithms of values. The measured quantity values are
defined on a scale of logarithmic intervals [16, 25].
From equations (1) and (2), it follows that the
values obtained on the interval scale and the loga-
rithmic interval scale are related by the formula

(u,—u,) =AIn(v,/v,), (3)

where i, j = 1, 2, ..., n; u; and v; — quantity values,
A=A, /A,

To avoid considering two measurement me-
thods, it is convenient to introduce the concept of
rating based on equality (3). Let’s denote the left
and right sides of equality (3) by the symbol R;
and define two mappings or two measurement
models:

Rij = (y _“_;), 4)
R, =h,In(v, /v,), Q)
where R;; — rating values, i, j = 1, 2, ..., n; u;, vi —

quantity values obtained through various empirical
measurement methods.

For objects with uniformly changing magnitude
values, the rating is determined accurate to a scale
constant A using the formula:

Rg/ =L - )), (6)

The classical definition of the rating follows
from the adjusted model of S. Stevens [19, 20].
The rating is the result of measurements of the
relations of the objects of the empirical system.
The scale of these measurements can be deter-
mined using the rating.

J. Barzilai noted that the lack of agreement on
the preference for particular measurement theories
is mainly due to scaling errors. Scaling errors turn
measurement into an operation that produces
meaningless numbers [13, 14].

Identifying measuring scales was already done
by S. Stevens in 1946 [19, 20]. However, his con-
cept of scaling contains internal contradictions.
This is due to the fact that the correspondence be-
tween the empirical and numerical systems (Fig. 1, 2)
was determined intuitively without proper justifi-
cation.

In our opinion, there are two points that prove
the correctness of the scaling:
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1) the measurement scale should be a natural
consequence of the measurement procedure;

2) the empirical and numerical systems of the
measurement model must be connected by isomor-
phism (Fig. 1).

Isomorphism is a mapping of systems that is
mutually unambiguous. This means that the empi-
rical system is equivalent to the numerical system.
Therefore, the numerical system can be defined
as a natural consequence of the empirical system,
rather than axiomatically.

Every empirical measurement involves a com-
parison operation, which produces the result of an
algebraic operation, such as the difference or ratio
of values. The values themselves are naturally de-
termined on an interval scale if they solve the sys-
tem of equations (4), and on a logarithmic interval
scale if they solve a system of equations (5). Addi-
tionaly, a ratio scale can be defined as an inter-
val scale that includes a zero element, known as
the origin.

The concept of a correct model of quantitative
measurements is formed by the strict definition
within the empirical system of the measurement
procedure as a comparison operation and the natu-
ral consequent definition of the scale as the basis
of the numerical system. This concept can be con-
sidered from unified positions for both subjective
and objective measurements (Fig. 3). Here

A4,4,, ..., A4, ..
ment, u;, v; — respective numerical values of the
objects. (4;, 4;) — the outcome of empirical mea-

surement of the relationships between these ob-
jects. The outcome of an empirical measurement is

— the objects of measure-

either the difference in values (, —u;), or the ratio
of values v, /v, which are transformed into a rat-

ing Ry, the value of which does not depend on the
measurement method. Based on the rating, the
final measurement result Uj; is generated in interval
scale or logarithmic interval scale, respectively.

The validity of the model is determined, among
other things, by the fact that from expressions (4)
and (5) the experimental laws of psychophysics
by G. Fechner and S. Stevens can theoretically
be obtained in the form of paired comparisons, and
their equivalence can also be proven [25].
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Empirical system Displey function f Numerical system
Objects 4y, Ay, ...,A, : 1. Rating Measurement scale:
1. Relationship  bet- determination: 1. Result in interval
ween pairs of objects: R = Ay (u;— uj) scale

(A, 4) = (ui—uy) or Uy =0 (ui— u))

or

(A4, 4)) = (vil v))
2. Composition of
measurement results of
relationships between

R[j: 7\‘2 ln (V,‘/ Vj)

2. Checking compati-
bility of results:
Rij = Rik + Rkj

2. Result in logarit-
hmic interval scale
(]l/ = 7\42 In (Vl'/ Vj)

pairs of objects:
(4 Ai) + (Ai 4))

Fig. 3. Concept of a correct model of quantitative measurements

Fig. 3 shows expression (4,4,)+(4,,4,), which

represents the composition of the results of empi-
rical measurements of relations between pairs of
objects. The results indicate the presence of the
property of compatibility of results in the mea-
surement model, as shown by the ratings Ry
and Ry. The paper [25] demonstrates that rating
values meet compatibility conditions in the form of:

R, =R, +R,, @)

The compatibility condition (7) in the numeri-
cal system can be considered as a criterion of ade-
quacy of the measurement model, i.e. of the meas-
urement results in the empirical system to the
measurement results.

In practice, verifying all the compatibility
equations (7) for systems of equations (4) or (5)
can be a time-consuming task. The method of
alternatives [16, 27] can be used to perform a par-
tial verification of the compatibility equations.

For partial models (4) and (5), we have formu-
lated the measurement algorithm as follows:

1. Select the measurement model (4) or (5);

2. Register the results of measurement (1, —u,)
or (v,/v;),

3. Calculate the ratings Rij;

4. Check the compatibility condition (7);

5. Depending on the measurement equation (4)
or (5), the values of the measured quantity U; can
be found (Fig. 3).

Let's use an example to demonstrate the pro-
posed quantitative measurement model.

Hayka
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In order to implement the procedure of odour
determination in a closed room, the suitability of
potential experts and their olfactory ability should
be checked in accordance to GOST ISO 16000-30
[27]. The standard regulates olfactory methods and
criteria for assessing the ability to identify and dis-
tinguish odours from each other, as well as the
threshold of odour perception. Appendix B of the
standard provides a training methodology for con-
firming the olfactory ability of a certified expert.

Various methods are used to test a poten-
tial expert's olfactory skills. The program for
analyzing odour intensity is based on a scale
of intensity categories, which is implement-
ted using an olfactometer according to GOST
ISO 16000-30 [27].

To calibrate” the trained sensory assessor,
they must be presented with the smell of each
intensity at least once. During subsequent analysis,
each intensity is presented to tested experts at least
twice in random order. The expert should assign
each concentration of n-butanol to its correspond-
ding intensity value.

The Q_ value is used as a criterion to assess the
compliance of the certified expert with the re-
quirements. It is calculated using the following
formula:

J 2
kK Zi=1(xik_lk)
O value= ZH f,
where x — individual result of a member of the
commission; j — number of circles (one circle
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includes the assessment of all concentrations
according to table 1); £ — number of different con-
centrations according to table 3; / — intensity level
according to GOST ISO 16000-30 [27]. The ma-
ximum @ _ value for a successful assessment
should not exceed 6.

According to the given methodology, an expert
certification was carried out, the results of which

are shown in the table 1.
Table 1
Expert scores based on the GOST ISO 16000-30 model

The intensity of the odour Expert scores in points

of n-butanol, measured with
an olfactometer according | Round 1 | Round 2 |Round 3
to GOST ISO 16000-30 scores | scores | scores
0 — no odour detected 0 1 1
1 — very weak 3 2 2
2 —weak 3 3 4
3 — distinct 4 3 4
4 — strong 5 3 5
5 — very strong 5 5 5

The calculated value of the compliance criteri-
on, Q value = 6, 33, indicates that the expert did
not pass the test.

How reliable is an expert's olfactory ability in
producing legally significant results? Upon analy-
sis of the empirical system of the measurement
model proposed by GOST ISO 16000-30 [27], as
shown in Fig. 3, it can be concluded that it is not
clearly expressed. The system's objects, which
consist of concentrations of odours from six cate-
gories, are clearly defined. Additionally, the rela-
tionships between these objects have also been
defined. However, during empirical measurements
of the expert's olfactory abilities, only identifica-
tion (recognition) of the objects of the system “lev-
el of n-butanol odour intensity — score” is per-
formed. It is known that the scores obtained can
also be represented on a nominal scale.

The empirical system does not measure rela-
tionships between objects. Even if we assume that
the expert has created a sequence of odor intensity
levels during “calibration”, we can only consider
the same assessments on a rank scale. However,
it is important to note that nominal and rank scales
are not metric scales, and therefore estimates can-
not be subjected to mathematical operations.
Therefore, it could be argued that the Q value
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criterion, which measures information according
to Fig. 2, is not meaningful. This means that the
assessment of conformity by the certified expert
may not be reliable.

To ensure reliable conformity assessment, it is
necessary to modify the empirical system of the
measurement model. This can be achieved by ad-
ding a procedure for measuring the relations be-
tween objects, such as “by how much is one object
superior to another?” or “by how many times is
one object superior to another?”.

To achieve these goals, in addition to the
standard methodology (3 rounds of assessment),
it is suggested to conduct three more rounds of
empirical measurements following the algorithm
outlined in the aforementioned article.

1. Select the measurement model (5). In each
round of testing, the expert is presented with
two odour samples of different intensity within one
measurement. The expert should answer the question
“by how many times is one odour sample more in-
tense than the other?”, i.e. it is proposed to apply the
measurement model of S. Stevens [19, 20].

Note. In this case, the S. Stevens model was
chosen because, in accordance with GOST ISO
16000-30 (Annex B), a number of intensity levels
are built by geometric progression, i.e. so that any
two adjacent levels differ by a factor of two.

Within each round of tests, comparative meas-
urements of the odour intensity levels of n-butanol
were arranged according to the plan “each of six
concentration levels with one base level (any)”.

Note. Each of the three cycles of comparative
measurements can be carried out according to the
same plan or according to different plans, e. g.
“each of the six concentration levels with the pre-
vious intensity level (second with the first, third
with the second, etc.)”.

2. Record the results of ratio measurements
(v;/v;). We choose the base level j = 3 and take

the value of the n-butanol concentration at base
level v; =1 (table 2).

Note. Row evaluations with a zero level are not
filled (relational operations with zero are meaning-
less). A score of 4, for example, in table 2 means
that the expert decided that the fifth level is 4 times
larger than the third level. A score of 1/3 in table 2
means that the expert decided that the second le-
vel is 3 times smaller than the first.
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Table 2
Expert scores of the S. Stevens model

The intensity of the odour | Results of expert's measure-
of n-butanol, measured with an|  ments of (v,/v)) relation

olfactometer according Round 1 | Round 2 | Round 3
to GOST ISO 16000-30 model | geores | scores | scores

0 — no odour detected — _ _

1 — very weak 1/4 1/9 Va
2 — weak 12 173 Va
3 — distinct 1 1

4 — strong

5 — very strong 7 5 6

3. We calculate the ratings R;; according to (5)
using the adjusted formula:

Ry=In(v;i/vi)/InQ2)+1, ®)

where v; — unknown values of the sample concen-
tration level, i = 1-5.

According to the logic of the proposed mea-
surement model (Fig. 3), on the basis of the rating
values we form the final measurement results U; on
the scale of logarithmic intervals, the scale of
which corresponds to the scale of point categories
and form table 3.

Table 3

Results of measurements of the odour intensity level
of n-butanol on the scale of logarithmic intervals

Odour intensity level of
n-butanol odour measured

Final measurement results U;

by olfactometer according | Round 1 | Round 2 | Round 3
to GOST ISO 16000-30 model| results | results | results
0 — no odour detected 0,0 1,0 1,0
1 — very weak 1,0 1,0 1,0
2 —weak 2,0 2,6 1,0
3 — distinct 3,0 42 3,0
4 — strong 5,0 5,8 4,0
5 — very strong 5,8 6,5 5,6

Note. Estimates for the zero level row are taken
from table 1.

4. We perform a partial test of the jointness
equations using the method of alternatives [14,
26]. The criterion for accepting the hypothesis
about the consistency of the expert's estimates for
each round of tests obtained by different methods
was the condition of statistical significance of the
correlation coefficients between the estimates ac-
cording to GOST ISO 16000-30 measurement
model [27] and the results of measurements ac-
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cording to the S. Stevens model. The correlation
coefficients for all three rounds of testing are sig-
nificant by Student's criterion at the 0.05 signifi-
cance level, so the hypothesis of consistency of the
experts' estimates is accepted.

This fact allows us to calculate the value of the
expert compliance criterion Q value = 4,0 based on
alternative measurement results. The criterion indi-
cates that the expert has been tested, i.e. meets the
requirements.

The conflict arising from subjective measure-
ments cannot be experimentally verified. The only
way to verify is through theoretical justification
of one or another measurement model. In this
example, the authors appear to favour the alterna-
tive measurement model as it aligns with the gen-
eral provisions of classical and modern measure-
ment theories in terms of ensuring result aware-
ness (Fig. 3).

CONCLUSIONS

This text discusses the issue of meaningfulness
in measurements, specifically the subjectivity of
measurements. It proposes a model of quantitative
measurements based on an analysis of the evolu-
tion of measurement theories, which ensures the
meaningfulness of measurement results. The model
is based on two measurement methods. A special
parameter, the rating R;;, is associated with the dif-
ference or ratio of the sought values of the quanti-
ties of at least a pair of objects u; and u;, and is em-
pirically measured within these methods. The as-
sumption that both measurement models can be
used together to measure the same quantity is justi-
fied. And the measurement results will be equiva-
lent in a certain sense. An algorithm for quantita-
tive measurements is formulated, as well as a re-
flection principle that ensures compliance between
the empirical and numerical systems of the model.

The problem of ensuring the meaningfulness of
subjective measurements is formulated, which
manifests itself in the form of risks of making
incorrect decisions regarding the characteristics
of food products and processes based on the results
of expert assessment due to their lack of reliability.

The analysis of the evolution of measurement
theories has revealed a hidden component of
the loss of reliability in subjective measurements.
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This is due to the fact that existing measurement
methods, including standardized ones, do not define
the measurement procedure as a comparison opera-
tion. An evidence-based quantitative measurement
model is proposed. The model ensures the mean-
ingfulness of the results by measuring a special
parameter — rating R;, which associated with the
difference or ratio of the desired values of at least a
pair of objects u; and u;. And the measurement re-
sults will be equivalent in a certain sense.

The concept of a correct quantitative measure-
ment model is formed by the strict definition
within the framework of the quantitative measure-
ment model of the measurement procedure as a
comparison operation and the natural definition
of the scale that follows from it as the basis of
a numerical system.

A quantitative measurement algorithm has been
developed and tested using expert assessment as
an example, demonstrating the importance of en-
suring the reliability of expert judgement.
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