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Pe3ynbTaTbl MOAeNnMpoBaHUA BO34ENCTBUA Korieca rpy30BoOro
BaroHa c AByMsl NONI3yHaMN HEOPaKOBOYHOIrO pa3mMmepa
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Jast uutupoBanus: Aoadypos A. C., [looepebennviti U. M., Usarnos A. H., [{omaes I1. . Pe3ynbrarsl Mo-
JICTUPOBAHUS BO3ICHCTBHS KOJieca TPY30BOTO BaroHa ¢ JByMsl MOJ3yHAMU HEOPAaKOBOYHOTO pa3Mepa Ha
KEJIC3HOMOPOXKHBIH MyTh // VI3BecTrs [TeTepOyprcKoro rocyapcTBEHHOTO YHHUBEPCUTETA My Tei co001Ie-
Hus. CI16.: TITYIIC, 2026. T. 23, Beim. 2. C. 245-254. DOI: 10.20295/1815-588X-2026-2-245-254

AHHOTALUSA

Leab: npencTaBuTh pe3ysbTaTbl MATEMAaTHUYECKOTO MOJCIMPOBAHUS TUHAMUYECKOIO BO3JCHCTBUS HA JKe-
JIE3HOJOPOXKHBIN MyTh KOJI€Ca TPY30BOTO BaroHa ¢ JIBYMs IOJI3yHaMu HeOpakoBO4HOro pazmepa. O00CHO-
BaTh YacThle CIydYaH JIOKHBIX cpaldaTblBaHUI CUCTEM aBTOMAaTHYECKOI'O KOHTPOJISL, (PMKCHPYIOIIMX CBEPX-
HOPMAaTHBHBIC Harpy3KH OT KOJIEC, IPU BU3YaJlbHOM OCMOTPE KOTOPBIX BBISBIIIIOTCS JIMIIb IS(PEKThI, HE
HpEBbILIAIOININE OPaKOBOYHBIE HOPMBL. MeTo/bl: ¢ HCIIOIb30BaHIEM PACUETHOM CXEMBbI «KOJIECO — PEJIBCH
B cpeae MATLAB uccnenoBano BiaMsiHHE ITyOUHBI MOJI3YHOB, CKOPOCTH JBMKCHUSI M PACCTOSHUS MEXKIY
nedexkraMy Ha BEIMYMHY YAApHOW HArpy3kd. Mozenb IyTu MpeAcTaBieHa B BUAE OalKHu Ha YHOPYIoM OcC-
HoBaHuu Pycca — Bunkiepa. s onucanus yIapHOTO B3aMMOAEHCTBHS MCIIONB30BaHA TEOPHS pacyera,
aIalITUPOBAHHAs! JJIsl HECKOJIBKHUX MOCIIEI0BATENbHO PAaCIIONOKEHHBIX MMOJI3YHOB. Pe3y/ibTaThl: MOKa3aHo,
YTO COBOKYITHOE BO3IEHCTBHE IBYX IOJ3YHOB HEOPaKOBOYHOTO pazMepa MOXKET MPUBOIUTH K AWHAMHUYE-
CKHM Harpy3kam, CPaBHUMbIM WJIM HPEBHILIAIONIMM BO3JCHCTBUE OMHOYHOIO MOJI3yHa OPaKOBOYHOTO pas-
Mepa. BBIABIEHBI KpUTHYECKHE TUAIa30HBI CKOpocTH (40—65 kM/4) 1 paccTosHUS Mexay nedexramu (50—
100 MM), TIpH KOTOPBIX yIapHOE BO3/IeHCTBHE MakcuManbHO. [lpakTHyeckasi 3HAYMMOCTh: HAa OCHOBAaHUH
MPOBEICHHOTO aHAIM3a IPeUIaraeTcsl yYUThIBaTh HATMYNE MHOKECTBEHHBIX Ae(DEKTOB MPY HOPMUPOBAHUN
COCTOSIHUSI KOJIECHBIX Tap JJIsl CHIPKEHHUSI HETaTUBHOTO BIMSHUA Ha MHPPACTPYKTypy IyTH. JleiicTByromue
HOPMAaTHBHBIE JOKYMEHTBI HE YUUTBIBAIOT CyMMapHOTO 3(eKTa 0T HECKOJIBKUX Je(EKTOB, UTO MOXKET MPH-
BOJAUTDH K YCKOPEHHOMY U3HOCY BEPXHETO CTPOCHUSI ITyTH,  TAKXKE K BBIXO/LY U3 CTPOS XOI0BOM YaCTH BaroHa.

KuioueBble ¢cj10Ba: )XeIC3HOAOPOKHBIN TPAHCTIOPT, KOJIECHAS MMapa, MOJI3YyH, TUHAMUYEeCKas Harpy3Ka, Cu-
CTeMa «KOJIECO — PEJIbCY», MaTEMAaTHYEeCKOE MOJICIIUPOBaHIEe, HEOPaKOBOUHBINH JiehekT, cuctema «llayk»,
yJlapHOE BO3JICUCTBUE, IyTh

Beenenue JIE3HONOPOXKHBIA IyTh pemamentupytoress [OCT
Ha nmamneni moment B Poccuiickoit ®@enmepa- 34759-2021 «Kene3HOnMOpOXKHBIA  MOABUAKHOM
MM HOPMBI JIOITyCTUMOIO BO3NEHUCTBUA Ha jKe- cocTaB. HopMbl J0IycTMMOro BO3/EHCTBHSA Ha

ISSN 1815-588X. Uzsectunsa MNIrync 2026/2



246

Problematics of Transport System

KEJIE3HOIOPOKHBIH ITyTh M METOZbI MCTIbITaHUI [ 1].
Cornacno [lpaBuiam TEXHMYECKOM SKCILTyaTaluu
xene3HbIx nopor Poccuiickoit ®eneparmu [2], mpu
OOHapy»KeHHHU B ITyTH CIIEJIOBAHUS BaroHa C Kojec-
HOU Mapoil, UMeroIed MomyH IyouHoit 1 MM (HO
He Ooree 2 MM) pa3peraeTcs JOBECTH TaKoil BaroH
0e3 OTLETKH OT 10e3/1a 10 OMMKaiIero myHKTa Tex-
HUYECKOTO OOCITY’KMBAaHUSI CO CKOPOCTBIO He Oolee
70 KM/4 17151 TPY30BBIX BATOHOB.

[Ipu rmyOuHe mon3yHa ot 2 10 6 MM pasperia-
eTCsl CIIEZIOBAHKE TI0€3/1a CO CKOPOCThIO 15 Km/4,
a mpu IyOrHE Ton3yHa ot 6 10 12 MM — €O cKo-
poctbro 10 kM/4 10 OnvbKanIIe CTaHIuH, TIIE KO-
JiecHas Tapa J0JKHa ObITh 3aMeHeHa. [Ipu ryou-
He noJi3yHa 6oree 12 MM pasperaeTcs Clie/JOBaHHe
€O CKOpOCThIO 10 KM/4 TIpH YCIIOBUH UCKIJTIOUCHUS
BO3MOXXHOCTH BpallleHHsl KOJeCHOW mapel. B Ta-
Onuile MpUBEICHBI TOKA3aHUS aBTOMATH3UPOBaH-
HOTO pabo4yero Mecra CUCTEMbI TIOUCKa J1e(PEKTOB

IIOBEPXHOCTH KaTaHus «llayk», ycTaHOBIEHHO Ha
OkTa0pbCKOit HKene3Hol Jopore Ha cTaHiuu Beii-
MapH, I7I¢ KpacHbIN [BET 0003HAYaI, 4TO KOJIECHAs
napa JJOJbKHA OBITh 3aMEHEHa 110 TOKa3aHUsIM CH-
CTEMBI, TaK Kak Je(EeKThl Ha MOBEPXHOCTH Kara-
HMSl OKa3bIBaJll CBEPXHOPMATUBHOE BO3JCHCTBHE
Ha MMyTb. 3aMephl ClieJaHbl B MEpUOJ C AeKadps
2024 roma o mapt 2025 roxa. Bee Baronsr Obutn
HNOPOXKHUMH, U HU OIUH HE ObUIT OTLETUIEH.

MeToabl penieHus 321241

ABTOpBI CTaThM 3aayMalluChb Haja TeM, IO-
«Ilayx»,
U PEUIMJIM TPOBECTH TEOPETUUECKHUE HCCIE0-

4eMy OIIMOAIOTCS CUCTEMBI THIA
BaHus. J[st 3TOro ObUTa W3ydeHa TEOpHs pac-
YyeTa B3aUMOJICHCTBUS KoJieca BaroHa M pelibca
C MOJ3YHOM Ha MOBEPXHOCTH KaTaHHs 3a aBTOp-
CTBOM JIOKTOpa TexHudyeckux Hayk A.S. Kora-
Ha [3, 4] v aganTupoBaHa JJsi pacyeTa HeCKOIbKHUX

TABJINIIA. ITokazaunns cucremsl «Ilayk» Ha OKTAOPBHCKOII >Kele3HOI lopore U pakTuyeckne 3aMmepsl epeKTOB

(K — OChb HeOﬁXOI[I/IMO BbIKaTbIBaTbh, T— NpEaTPEBOKHOE COCTOAHME, 3a BATOHOM HCOGXO,[(I/IMO Haﬁmonelme)

Paccrosinne IMoka3anus
Homep | CxopocTh Cropona
noe3aa | (km/4) MLy (s1eB. /mp.) CHETEMDI
aedexramu «[layx»
1 36 57 JleBas
2 49 64 JleBas
3 50 60 JleBas
4 74 59 JleBas
5 38 69 JleBas

3ameHa BblIePOHH
Buabt dakTHYecKHe MOJI3yHAMH aHAJIOTHYHOM
nedexToB 3amepbl * TAYGHHBI 1151 pacieTos,
MM (r1y0uHa: / r1y0MHaz)
Boimep6una/ | 30 x O»E*/ 0,5 0,3/0,5
TOJI3YH MM
Brmmepbuma/ |4 /0,5 Mm 0,3/0,5
HON3YH
BrimepOuna/ 23x2/0,8 MM 0,5/0,5
MON3YH
Bomepbuna/ | 0 /0,8 MM 0,2/0,8
MOJI3YH
JBe BBILED- | 3 4/ 4] x 4\ 0,5/0,8
OUHBI

Hpumeuanus. “3amepbl reOMETPHYESCKUX MAPAMETPOB AE(EKTOB (IITMHA U [TyOUHA sl BRILIEPOUH, [TyOHHA IS [OJI-

3YHOB) NPOBOAMINCH 11a0I0HOM a0comoTHEIM BaroHHBIM (T447.05.000), moBepeHHOMN TMHEHKOH.

**®opwmar 3ammcu «AB/C Mmm»: A — miuHa nediekra BIOJIb OKPY)KHOCTH KaraHuws, MM; B — mmpuna nedekra, Mm;

C — mybuna nedexra, MM. CHMBOI «/» OTIENSET MapaMeTphl BBIIIEPOMHBI OT TapaMeTPOB TTOJN3YHA, JUIS BBIIIEPOMHBI

YKa3bIBACTCA AJIMHA U IMPHUHA, I MTOJI3YHA — I"J'Iy6I/IHa.
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MOCJIEIOBATEILHO  PACHOJIOKEHHBIX  OJ3YHOB.
JInst 4uCNeHHBIX BBIYUCICHUH MCIOIb30BalIach
nporpammuas cpena MATLAB. OObekToM wc-
CIIeIOBaHMUS BBICTYMAN KojiebaTelnbHbIe TpoIec-
Cbl B CHCTEME «KOIECO — pEJbC), BBI3BAHHBIC
JBIKEHHEM MO PEJbCy Kojleca ¢ HECKOIbKUMHU
nedexramMu Ha moBepxHOCTH KaTanus. [lns aHa-
JM3a 3TUX MPOIECCOB MPUMEHSETCS MaTeMaTuye-
CKO€ MOJIETIUPOBAaHKNE B3aUMOJICUCTBUS KOJIECHON
napbl v XKeJIe3HOA0pOKHOTO MyTH. PacueTHas cxe-
Ma TyTH MpeACTaBieHa B BU/IE OaJIKu Ha YIPYroM
ocHoBanun dycca — Bunkiepa [4]. Bes monenb
UMeeT BU/I, IPE/ICTaBIECHHbIN Ha pHC 1.

SIBnenue yaapa uim AMHAMUYECKOU CUITBI OITHU-
CBIBACTCS ¢ MOMOIIBI0 ypaBHeHus (1) (3mech u 1a-
nee Bce Gopmysbl u3 [3, 4]):

Q, =Wy (u, i)g, (1)
e Wy(u, i®) — 4YacTOTHAs XapaKTEPHCTHUKA,

Mm/H;

& — (QyHKUUS BEpTUKAIBHBIX HEPOBHOCTEH, M.

Wy(i®) ABISETCS 4aCTOTHOM XapaKTEPUCTH-
KOW IMHAMUYECKOM CHCTEMBI C BXOJIOM TI0 YCKO-
PEHHUIO COMMKEHUS KOJIECHOTO LIEHTpa U LIEHTPa
Macc CEYeHHUs pesibca U BBIXOJOM 10 AWHAMUYE-
CKOIl cujie B KOHTAKTe Kojeca U peiabca U UMEET
ciemyroumii Buj (2):

W,

o (iw)=

) 0 1 0/, s (2)
o | W, (u (o)+—O—W (z(o)
G

e WZQ (u, Z'OJ) — YaCTOTHAsI XapaKTEPUCTUKA CH-
CTEMBI C BXOJIOM T10 IMHAMUYECKOU CUJIE B KOH-
TaKTe KOJIECa U PESIbCa U BBIXOIOM T10 MPOTUOY
penbca B CEUEHUH IO/ ATOM crIoid, M/H;
W(i®) — 4acToTHast XapaKTepPUCTHKA CHCTeE-
MBI C BXOJIOM IO JMHAMHUYECKOH Cuiie B KOH-
TakTe Kojieca M penbca (J(f) M BBIXOJOM II0
BEPTHKAJILHOMY TEPEMEIIEHUI0  KOJIECHOTO
nenTpa, M/H;

M

G f;

Ce

| VE

L

Puc. 1. PacuyeTHas cxema B3auMOICHCTBUSA

CHUCTCMBbI «KOJICCO — PLCJILCH», [C:

Z,— BepTUKaIbHBII Nporud penbca, M;

my;— paclpeleieHHas 1o JJIUHE PUBEICHHA
Macca penbca U OCHOBAHUSI IPU
BEPTHUKAJILHBIX KOJICOAHUSX ITyTH, KI/M;

Uy — MOJyllb YIPYTOCTH TIOAPEIBCOBOTO OCHOBA-
HUS B BEPTUKAIBHON 1ockoct, H/M?;

f,— pacnpeneneHHoe 1o JTMHE 1eMII(UpoBaHue
IyTH TP BEPTHKAIBHBIX Kolebanusx, H-c/m%

M, — oOpeccopeHHasi Macca, IPUXOJIAIIAsiCS Ha
OZIHO KOJIECO, KT}

M,— wHeobpeccopeHHas Macca, MPUXOISIIAsCS
Ha OJIHO KOJIECO, KT;

fi— nemndupoBaHHE B CBSI3U 00PECCOPESHHOM
1 HeoOpeccopeHHol macc, H-c/m;

Z — BEpTHKAIbHBIC MIEPEMEIICHUS KOJIECHOTO
LIEHTPA, M;

Z,— BepTHKAIIbHBIC TICPEMEIICHUS
00pEeCCOPEHHOI MaCChI, M;

C,— KeCTKOCTb CBSI3U 00pECCOPEHHON
u HeoOpeccopeHHoi mace, H/M;

C,— JKECTKOCTh B KOHTAKTe KoJieca U penbca, H/m.

ISSN 1815-588X. N3Bsectuna MIync
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C{ — eCTKOCTh B KOHTAaKTe KoJeca U Peiibea,

H/m.

PaccrosiHue MeEXIy COCETHUMH HMITYIIbCa-
MU PaBHO JUTMHE OKPY)KHOCTHU MO KPYTy KaTaHWs.
JlmiHa nonsyHa e, (M) MOJKET OBITh OTpe/iesieHa 1o
ero nryoune 4 (M) u paauycy r (M) popmyna (3):

e =2\2rh. 3)

Tpaektopust IBMKEHUS KoJeca C MOJI3YHOM
OTIMCHIBACTCS YpaBHEHHEM (4):

0 npu t<0;
2.2
rot npu 0<t< L;
2 20,
— 2
EVD) =1 r(a—w,t) npu LEPPP . “4)
2 2w, o,
0 npu & <t,
®,

I71€ 0. — LEHTPAJIbHbIN YToJl Ha KOJIECE B paiIdaHax,
COOTBETCTBYIOILHIA JUTMHE MOJI3YHA €, ;
§(vt) — BEpPTUKAIBHOE CMEIICHUE IIEHTPA KO-
aeca, M;
! — Bpems, C.
Beipaxkenne mast cnektpa Dypbe (yHKIUH
E(vt) umeer Bun F(E) — (5):

F(§)=-2 (%I%;r[%f sin(er) | (5)
x exp (—ioT) ) §(w—nao,),

n
\%
IJie O, = — — YIJIOBasi CKOPOCTh BPAICHHUS KoJIe-
r
ca, panu/c;

e
T= 2—“ — BpeM: 3ala3bIBaHus, C;
v

1 — HOMEp rapMOHHUKH;
V — CKOPOCTh JIBIDKEHHS BaroHa, M/c.
[ToncraBuB Beipaxenue (5) B dopmymy (1)

U TPOBEIS OMEpaIuio 00paTHOTO Mpeodpa3oBa-

Hus Dypoe, NoIyduM BbIpakeHue (6), onpeaens-

rolee nuHamuyeckue cuibl Q,(¢), H, B koHTakTe

KOJIeCa, MMCIOIICTO ITOJI3YH Ha IMOBCPXHOCTU Ka-
TaHUs, U pelibCa:

Z[e —sm(nZFDW (inco, )

X cos [n(oo (t —T) +argW, (inoao )],

(6)

e | — MHHUMasl eIMHHUIIA.

JlaHHas cuia pacCUMTBIBACTCS IS KaxkIo-
0 MOJ3yHA OTIETBbHO U YUUTHIBACTCS IyTEM 3a-
JaHus BPEMEHHOW 3aJepXKKH, KOTOpasi CIBUIaeT
BO3JICUCTBUE BTOPOTO TON3YyHa OTHOCHUTEJIHHO
nepBoro. CoOBMECTHOE BIUSIHHE [BYX Je(ek-
TOB OIPE/ENACTCS CYMMUPOBAHHEM HX BKJIAJI0B
B KaXX/10i TapMOHUKE.

AHAaJIU3 MOJy4YeHHBIX Pe3yJbTaTOB

B xone ananu3a cHavana ObUTH IPOBEICHBI pac-
YeThlI U151 KOJIEC C OJHUM MOJI3YHOM U Pa3HOM ITy-
ounoit (4, = 0,8 mm; h, = 1,0 mm; A5 = 1,2 MM) TipH
CKOPOCTH JIBHXKEHHUS TIOPOJKHEr0 BaroHa paBHON
V =40 xm/4, a Taxxke M,= 994 kr, M, = 2875 KT,
C.= 500 MH/m, C,=2 MH/m.

Ha puc. 2 mokaszaHel OCHOBHBIE (ha3bl yaapa
OJIMHOYHOTO TOJI3yHa:

¢aza obesrpyxuBanus, t = 0,268 c;

(haza UMIYTbCHOTO M3MEHEHMS CHIIBl MPU
B3aMMOJICHCTBUM MOJ3YHA C penbeoM, ¢ = 0,27 c;

¢aza mocneneiictus, t = 0,273 c.

W3 rpadukoB BUIHO, YTO C YBEIUUCHUEM IITYy-
OuHBI TOJ3yHA y/lapHas Harpy3ka BO3pacTaer.
Jlanee uccrenyeM BIMSHHUE CKOPOCTH JBMKECHHS
KoJleca C IOJI3YHOM Ha BEIMYMHY YAapHOHl Ha-
IPY3KH Ul Takux ke mapameTpoB M, = 994 xr,
M,= 2875 kr, C,= 500 MH/m, C,=2 MH/m, koto-
pble He OyIyT MEHATHCS Ul BCeX MOCHEIYIOINX
BBIYMCIICHUH (puc. 3).

Kak BuiHO Ha puc. 3, ¢ pOCTOM CKOpOCTH yriap-
HbIEe HArPy3KH YBEIUUUBAIOTCS, HO TIPU JOCTHOKE-
HHU ompeienieHHoro nopora (50 km/4) HaYuHAIOT
CHIKATbCS. ODTO OOBICHAETCA ABYMs THIIAMHU
B3aMMOJICHCTBUS MOJI3YHA C peibcoM. B mepBom
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BepTukaneHas cuna, kH
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Puc. 2. Bimsaue niryOrHBI 1TONI3yHA HA yIapHOE BO3JCHCTBHE Kojeca: KpacHasi KpuBas /Ui MOJI3yHa

rryounoit 4 = 0,8 mm; sxentast kpusas (4 = 1,0 mm); cunsas kpusas (h = 1,2 mm)

BepTtukanbHas cuna, kH

500

450

400

w
o
[S)

N
o
=]

N
[=3
S

a
o

o
S

o
o

20 30

40 50

CkopocTb, KM/

60 70 80 90 100 110 120

Puc. 3. 3aBucUMOCTD ynapHOTO BO3JCHCTBHSI OT CKOPOCTHU JABMKEHUS: KpacHas Kpusas (4 = 0,8 Mm),

Cllydae KOJIECO HAKaTbIBAETCS HA NEPBYIO I'PaHb
NOJI3yHa ¥ OTHOCHUTEJIBHO 3TOM IpaHM MPOMCXO-
JIUT €ro BpalleHHe ¢ MOCIECAYIOIMM YAapoOM U Jia-
Jee KOJIECO HaYMHAET BpallaThbCs OTHOCHUTEIBHO

xentas kpusas (4 = 1,0 mm), cunsist kpusas (7 = 1,2 mm)

BTOpPOM rpaHu. Bo BTopom ciry4ae nmpu J10CTHxe-
HUU OIPEJENIEHHON CKOPOCTH KOJECO HAauMHAET
OTPBIBATHCS OT penbea. Mex Iy HUMHU 00pasyeTcs
paccTosiHue, U KoJIeco poBopauuBaercs (puc. 4).
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Puc. 4. Tpaekropus AIBUKEHHsI KoJieca C MOJI3yHOM
C yUeTOM OTphIBa OT peinbcea [4]: 1Be CIUIONTHBIC
OKPYKHOCTH — ITOJIOKEHHUSI KoJIeca J10 U [10CIIe

OTpBIBA; MYHKTHPHASI OKPY>KHOCTh — IOJIOKEHHE
KoJiIeCa B MOMCHT OTpPbIBA; )KUpHAasA U30THYyTas
JIMHUSL BHYTPU OKPY’KHOCTEN — TPAEKTOPUS
LIEHTpa Kojleca NP OTPbIBE

B nmanHOi MeTo/IMKe pacueTa yjaap OJUHOYHO-
ro TON3yHa O penbC MPECTaBlIeH B BUJIE FAPMO-
HUYeCKUX KonebaHui. {1 uMuTanuu yaapa Bro-

poro non3yHa OblIa pacCUMTaHa AOTOTHUTEIbHAS
rapMOHHMKA U yYTEHA C UCIIOIb30BAHHEM TEOPEMBI
3ana3piBanus [5]. B pacuerax yuuThIBaiIUCh Clie-
Jyromue napamerpol: d = 60, pacCTOSHUE MEXTY
non3yHamu, MM; ¥ = 50, ckopocTh JIBUKEHUS Ba-
roHa, KM/4; i, ¥ h, — TIyOUHBI IEPBOTO U BTOPO-
IO TI0JI3yHA, MM.

Paznuune B aOCOMIOTHBIX 3HAYCHHSAX BEPTHU-
KaJbHBIX CHJI Ha puC. 2 (OJMHOYHBIC JC(EKThI)
U puc. 5 (mapHbie AeeKThI) 00YCIOBIEHO pa3HbI-
MH MCXOIHBIMH JaHHBIMH (TJTyOMHBI, CKOPOCTH,
KOJIMYECTBOM JE(EKTOB) M LEIbIO CPAaBHEHHSI.
Ha puc. 2 cpaBHUBaeTCS BIMSHUE Pa3HBIX TITYOUH
OJIMHOYHOTO Jie(heKTa, a Ha pUC. 5 — BIUSHKE pa3-
HBIX KOMOWHanui nByx nedekros. BaxeH cpas-
HUTEJIBbHBIA BBIBOJI: BO3JCHCTBHE OT JBYX HeOpa-
KOBOYHBIX Je(eKTOB (CHHMI rpaduK Ha puc. S5)
COTOCTaBUMO IO aMIUTHTY/E C BO3JICHCTBUEM OT
OJIMHOYHOTO OpakoBoyHOro aedekra rIyOMHON
1,2 MM (cuHui Tpaduk Ha puc. 2). DTO CBA3aAHO
C TeM, 4TO MEPBBII MOJI3YH YBEIMYUBACT yIapHOE
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Puc. 5. Biusinue qByX MON3YHOB pa3IMYHON [TyOMHBI HA AMHAMHYECKUE HArPy3KU: KpacHast KpUBas —

nBa noisyna (h, = 1,1 mm, h, = 0,6 Mm); xkenTas kpuBas — aBa nonsyna (4, = 0,6 mm, h, = 1,1 mm);

cuHsis kpuBas — aBa nossyna (h, = 0,7 mm, h, = 0,8 Mm)
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BIIUSIHAE BTOPOTO, MOCIEA0BATENbHO HAYIIETO
HOJI3YHA.

Ha puc. 5 BuaHO, 4TO BIMSHME JBYX MTOJI3YHOB
HEOPaKOBOYHOTO pa3zMmepa (CHHHIA rpaduK) cComo-
CTaBMMO C BJIMSHHEM OJIHOTO TION3yHa OpaKoBOY-
HOTO pa3Mepa, pacCMOTPEHHOTo Ha puc. 2 (Kel-
TBIA Trpaduk). DTO CBS3aHO C TeM, YTO IMEPBbIH
TIONI3YH YBEJIUYMBAET YIAPHOE BIUSHHE BTOPOTO
MOCJIEIOBATENbHO HUAyHIero mnoisyHa. OueHum
BIIMSIHME CKOPOCTH JIBIJKEHHS KOJIECA C HECKOITb-
KUMH TIOJI3yHaMH Ha CHITYy yaapa. J{yist 3Toro Bo3b-
MeM TepBbIe 5 MOe3q0B U3 Tabd. 2, paccuuTaeM
TIyOUHBI ION3YHOB /1, ¥ /i, , yauThIBas | — nmmHy
NoJsyHa, MM, 1o popmyne 9 [3]:

12

e

h ©)

Kak BuzHO, pacueTHOE BO3/1€HICTBHE B MOMEHT
usMepeHus cucreMoil «Ilayk» Ha IyTb BaroHa

Noe1l—197 xH, Ne 2 — 199 xkH, Ne 3 — 84 kH,
Ne 4 — 317 xH, Ne 5 — 224 xH. JleexTs! Baro-
Ha Ne 5 Ha ckopocTr 40 KM/4 OKa3bIBaIM BO3/CH-
CTBHE Ha MyTh oKoJo 345 xH.

Paznuunie B aOCOMIOTHBIX 3HAYCHUSAX CUI HA
puc. 3 (onuHOUHBIH 1edeKT) ¥ puc. 6 (TTapHbIe 1e-
(bexTbl) 00BSICHSAETCS MPUHIUIUAIBHO Pa3HBIM
XapaKkTepoM JMHAMUYECKOTO OTKJIMKA CHUCTEMBbI
pU HAJIMYUK OJHOTO U JBYX Bo3MylleHuid. Ha-
JIU4Yre BTOPOro jAedexTa MPUBOAUT K UHTEpde-
PEHIIMU YIapPHBIX UMITYJILCOB U U3MEHEHUIO pe-
30HAHCHBIX CBOMCTB CHCTEMBI, YTO OTPAKAETCS
Ha pe3ylbTUPYIOIIUX HArpy3kax. B cBsi3u ¢ aTum
ObllIa TOCTPOEHA 3aBUCUMOCTh YIapPHOW HArpy3-
KU OT CKOPOCTH M PACCTOSIHUS MEXKy HOJI3yHa-
mu by = 0,6 mm, h, = 1,1 mm (puc. 7). Ilo mo-
JYYEHHBIM JaHHBIM MOXXHO CIENaTh BBIBOJ, YTO
HanOomblllee yAapHOE BO3JACHCTBHE HA MYTh BO
BCEX TpeX CIyyasX BO3HUKAET NpPU JIBUKEHUU
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Puc. 6. Bimsaue cKOpoCTH JBMKEHUS BarOHA HAa BEIMYHMHY YIAPHOTO BO3ACHCTBHUS KOJeca C ABYMS

HOJI3yHAMHM: KpacHas kpuBasi — Baron Ne 1 (4, = 0,3 mm, /1, = 0,5 mm, d = 57 MMm); 3ej1€Hast KpuBas —

Barod Ne 2 (h, = 0,3 mm, h, = 0,5 MM, d = 64 mm); cunsist KpuBast — Baron Ne 3 (h; = 0,5 mm, A, = 0,5 mm,

d = 60 mm); opamkeBas kpuBasi — Baron Ne 4 (1, = 0,2 mm, 1, = 0,8 MM, d = 59 Mm);

cupeneBas kpuas — Barod Ne 5 (h; = 0,5 mm, /1, = 0,8 MM, d = 69 MM)
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BaroHa €O CKOpOCThbi0 B Auamazone ot 40 1o
65 KM/4 C pacCTOsTHUEM MEXIY Mmoia3yHamu ot 60
10 100 mm. Takum 0O6pa3om, MoKa3zaHMs CHCTEMBI
«Ilayx», ycTaHOBIEHHOM Ha cTaHuuu BeiimapH,
ObuTM OBI BEpHBI, €ciii ObI KoJIecHas mapa Opa-
KOBaJIach HE MO pazMmepy Jedekra, a Mo YPOBHIO
BO3JICIICTBUS HA MYTh.

OO0cy:x1eHHe 1 3aKIK04YeHne

Pesynbratel MaTeMaTH4ecKOro MOJEIUPOBA-
HUSI TI0KA3aJi, YTO HAJIMYME ABYX IOJI3YHOB HE-
BBIOPAKOBOYHOTO pa3Mepa MOXKET HPUBOTUTH
K JAMHAMUYECKHM Harpy3kam, CpaBHHUMbIM WU
HPEBBIIAIONIMM BO3JICHCTBUE OAMHOYHOrO Opa-
KOBOYHOTO jiedexTa. KpuTnueckumu ¢ TOUKH 3pe-
HUSI MAKCUMYMa YJIAPHOTO BO3JCUCTBHS ABJISIFOTCS
JMana3oHsl ckopoctu 40—-65 KM/4 M paccTOsHUA
mexay aepexramu 50-100 mMm.

[IpoBeneHHBIN CPAaBHUTENBHBIN aHAIU3 C 3a-
pyOeKHBIMU HCCIEIOBaHUAME [6—8] U HOpMa-
TUBHBIMU JI0KyMeHTamH [9, 10] mokasbiBaet o0m1-
HOCTb TIPOOIEMBI JIOXKHBIX CPaOaThIBAHUI CHCTEM
JMArHOCTUKM M HEIOCTATOYHBIA Yy4eT KymyJsi-
TUBHOTO 3(peKTa OT MHOKECTBEHHBIX MallO3Ha-
YUTETbHBIX JEe(PEKTOB B NEUCTBYIOMIUX HOPMax
OOJBIIMHCTBA CTPaH.

JleilicTBytoiue HOPMAaTUBHbBIE JIOKYMEHTHI,
BKJtoyast poccuiickue I1TD [2] u crangapter [1],
HE YUYHMTHIBAIOT CYMMApPHOE BIMSHUE HECKOJIBKUX
ne(eKToB, YTO MOXKET MPUBOJUTH K HEOOOCHO-
BAaHHOMY TMPOMJICHUIO SKCILTyaTalld KOJECHBIX
1ap U YCKOPEHHOMY M3HOCY BEPXHETO CTPOEHHUS
nyTd. B cBsi3u ¢ 3TUM npeaiaraeTcs MHULUUPO-
BaThb PACCMOTPEHME BOIIPOCA O BHECEHMU H3MeE-
HEHUI B HOPMATHBHYIO 0a3y AJs yueTa HaJaudus
MHOKECTBEHHBIX J1€()EKTOB IPU OLIEHKE COCTOS-
HHS KOJECHBIX map. B Oymyiiem aBropamu mia-
HHUpYyeTCs BepuduKaiys pa3padoTaHHON Moaenu
[0 pe3ylbTaTaM HATYPHBIX HKCIIEPUMEHTOB, YTO
II03BOJIUT TIOBBICUTH JOCTOBEPHOCTb PacyeTOB
1 000CHOBaHHOCTbH MpeJIaraeMbIX U3MEHEHUH.
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Puc. 7. PaccuntanHble 3aBUCUMOCTH YIapHOU
Harpy3Ku OT CKOPOCTH JIBUKEHHUS BaroHa
Y pacCTOSTHUS MEXKAY TOI3yHaAMHU
(h;=0,6 Mmm; h,= 1,1 Mm)
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Abstract

Objective: to present the results of mathematical modeling of the dynamic impact on the railway track
of a freight car wheel with two non-rejection size flat spots. To substantiate the frequent cases of false
activations of automatic control systems that record excess loads from wheels, during visual inspection of
which only defects that do not exceed rejection standards are detected. Methods: using the “wheel — rail”
calculation scheme in the MATLAB environment, the influence of the flat spot depth, speed, and distance
between defects on the impact load magnitude was investigated. The track model is represented as a beam
on a Fuss — Winkler elastic foundation. To describe the impact interaction, a calculation theory adapted
for several sequentially located flat spots was used. Results: the results showed that the combined impact
of two non-rejection size flat spots can lead to dynamic loads comparable to or exceeding the impact
of a single rejection size flat spot. Critical speed ranges (40—65 km/h) and distances between defects
(50-100 mm) at which the impact is maximum have been identified. Practical importance: based on
the analysis, it is proposed to consider the presence of multiple defects when standardizing the condition
of wheelsets to reduce the negative impact on track infrastructure. Current regulatory documents do
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not consider the cumulative effect of multiple defects, which can lead to accelerated wear of the track
superstructure, as well as to the failure of the wagon running gear.

Keywords: railway transport, wheelset, flat spot, dynamic load, “wheel — rail” system, mathematical
modeling, non-rejection defect, Pauk system (Automatic Derailment Control System), impact, track
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YAK 625.1

MprmeHeHne cneuuanbHOro YCTPOMUCTBA ANIA TPAHCNOPTUPOBKU
3BeHbEB NMPU BOCCTAaHOBJIEHUM )KEeNe3HOAOPOXKHOIo NyTHn

A.A. MupouwHuk', A.N. laHnneHKo?

! TlerepOyprekuii rocyaapcTBEHHBIN YHUBEPCUTET IyTell coobmenns Mmmneparopa Anekcanapa I, Poccns,
190031, Cankr-IleTepOypr, MockoBckwii mp., 9

2BoeHHas akaJeMHs MaTepUaIbHO-TEXHUYECKOTO 00eCcIedeHHsl HMEHU reHepana apmun A.B. Xpynepa
MununctepcTBa 060pons! Poccniickoit @enepammm, Poccus, 199034, Canxr-IletepOypr, Had. Makaposa, 8

Jasi umrupoBanusi: Mupowmnux A.A., /lanunenxo A. M. IllpumeHeHue cnelUalbHOIO YCTPOMCTBA ISt
TPAHCHOPTUPOBKH 3BEHbEB IIPU BOCCTAHOBICHUH JKeJIE€3HOA0pOKHOTO TIyTH // U3BecTus IlerepOyprekoro
yHuBepcuTeta myteit coodmenus. CI16.: IIIYIIC, 2026. T. 23, Bem. 2. C. 255-263. DOI: 10.20295/1815-
588X-2026-2-255-263

AHHOTAIUSA

Hean: nopeimenne 3pQEeKTUBHOCTH TPAHCTIOPTHPOBKH 3BEHBEB JKEJIE3HOAOPOKHOTO MYTH, & TaK¥Ke CO-
KpallleHHe KOJIMYeCTBa 00CITyKHBAIOILEro NepcoHaa IpH BOCCTAHOBIEHUHU XKeJIe3HbIX A0por. MeToabl:
B MCCIICZIOBAHUHU MCIIOJIb30BaHbI METOJIbI aHAJIN3a U CPABHUTEIHHON OLIGHKH ajlbTepHATUBHBIX CIIOCOOOB
YKJIaJIK1 BEpXHETro CTpoeHUs MyTH. Pe3yjbTaThl: NOATOTOBIEHB! MPEUIOKEHHS 10 COBEPIIEHCTBOBAHUIO
pasnenbHO-KOHBEHEPHOTO Crocoda YKIAIAKH KeJIe3HOAOpoKHOTo myTH. [IpakTHyeckass 3HAYMMOCTh:
YCTPOMCTBO JUIsl TPAHCTIOPTUPOBKH 3BEHBEB JKEIE3HOAOPOKHOTO MYyTH MOXKHO PEKOMEH/10BaTh MpPU BOC-
CTaHOBJICHUH KEJIE3HBIX JI0POT, HAI[PUMEp, B paiioHe MpoBeICHHs CIIeHaIbHON BOGHHO! OTNepalny.

KiroueBble ci10Ba: BepXHee CTPOEHHE ITyTH, BOCCTAHOBJICHHE KEJIE3HBIX IOPOT, Pa3e/IbHO-KOHBEHEPHBIN
c1oco0, MaTepuaIbHO-TEXHUUECKOe 00ecIeueHUe, yCTPOUCTBO AJIsl TPAHCIIOPTUPOBKY 3BEHA JKEJIE€3HOI0-

POYKHOTO ITyTH

BBenenne

BoccTranoBieHue xxene3HbIX J0por paccMaTpu-
BAETCS KAaK OJMH M3 OCHOBHBIX D3JIEMEHTOB
TpaHCIOpTHOTO obecriedueHus omeparwii [1, 2].
I[Ton BoccTaHoBneHueM 00beKTa OyieM MOHUMATh
KOMIUIEKC paboT, MPOBOAUMBIX JTHOO HEmocpes-
CTBEHHO Ha pa3pyIIeHHOM 00beKTe, 1100 B 00X0[
Pa3pyIICHHOTO 00BEKTA B LIENIAX BOCCTAHOBICHUS
CKBO3HOTO IBMKEHHS TOE3/I0B 4epe3 3TOT 00b-
eKT. 3abnmaroBpeMeHHas MOATOTOBKA HCXOIHBIX
JIAHHBIX MOBBIIIAET ONEPATUBHOCTH 000CHOBAHUS
OpPEUIOKEHUH MO BOCCTAHOBJICHHIO OOBEKTOB
CETH JKEJIe3HBIX JIOPOT B OIEpalni.

BeiOupasi onTumanbHble (BO3MOXKHBIE) MeCTa
(puc. 1), crocoObI 3arOTOBKM U BO3MOKHOCTH (11€-
J1eCO00Pa3HOCTh) MOCTABKM MaTepHUasioB, HEOOXO-

JIMMO YYHTHIBaTh abTEPHATUBHBIE CIOCOOBI YKIIa -
K1 BepxHero crpoenus myTu (manee — BCIT) [3-8].

[Ipy orpaHWYEHHBIX, HO YACTO MOBTOPSEMBIX
o0beMax pazpylIeHUH BEPXHETO CTPOEHHS IyTH
CYLIECTBYIOIINE BAPUAHTHI OPraHU3aIUU U CIIOCO-
ObI POM3BOJICTBA MTYTEBBIX pabOT MOTYT OKa3aThb-
csi HedPeKTUBHBIME WK Majod()(HEKTHBHBIMU.
Pemrenue, HampuMep, Ha BOCCTAHOBIICHUE Pa3py-
[IEHHOT'0 MOCTa Ha OMKHEM 00X0/1€ BIIEYET 3a CO-
0011 HEOOXOMUMOCTh YKJIAJKH IyTH B 00BEME JI0
2-3 kM. Bo3Hukaer HeoOXOIUMOCTh BBIOOpA Ta-
KUX CIOCOOOB BOCCTAHOBJIEHUSI BEPXHETO CTpOe-
HUS TyTH, KOTOpbIE MO3BOJMIM OBl OMEPaTHUBHO,
C HaMMEHBIIMMHU 3aTpaTaMH HUCIIOIb30BaTh UMEIO-
myecst CHiIbl (puc. 2) U CpeiCcTBa Il BOCCTAHOB-
JICHUS1 TIPEPBAHHOIO ABMXEHUs moe3noB [9, 10].
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Puc. 1. [Tneun monsoza matepuanoB BCII ot mecT 3aroToBKu

CuJbl 1711 BOCCTAHOBJICHUS
JKEJIE3HOJOPOKHOTO IIYTHU
[ 1
JKenesHomopoxxHBIC CTpyKTypHBIC HpunaBaembie
BOMCKA BOCHHOT'O oJApa3iCJICHUHUS MectHOC BOMHCKHEC YaCTH
OKpyra OAO «P)Kﬂ» HacCeCJICHUEC 110 PELIEHUIO
I 5 3aMEeCTUTENSA KOMaHYy0-
T ————
_| | | | mero BO mo MTO
itk ieiebeiei 1

|

1
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0xcoop |, : omdrcon onmoncob ocm (21c08)
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Puc. 2. Cuitbl 711 BOCCTaHOBJICHHUS JKEIE3HOIOPOKHOTO IMyTH (CTPYKTYypa U COCTaB)

CymectByer psa crnocobos, mospossionux IlocTaHoBka 3aaaun

3(hexTuBHO peann30BaTh BBIMICH3IOKEHHOE [1pu mIaHUPOBAaHUHM MTYTEBBIX PabOT Ha BOCCTa-
ycinoBue. OfHUM U3 HHUX SIBISIETCS pa3[eibHO- HABIMBAEMOM YYacTKE OTHOM M3 OCHOBHBIX 3a71ad
KOHBEHEpHBIH C1I0CO0 YKIAIKH MyTH. ABJsieTcst BbIOOp crioco6oB BocctanoneHust BCIL
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Pa6otsl 10 ykiaake myTH, B 3aBUCUMOCTH OT 00be-
MOB U yCJIOBUI UX BBITIOJHEHUSI, MOXKHO PA3/ICIIUTh
Ha JIBa BapHiaHTa MX OpraHu3alum: cOopKa 3BeHbEB
OyTH C TOCHeAyroleldl HX TPaHCIIOPTHPOBKON
B PaiiOH U K MECTYy YKJIaJKH C IOMOIIBIO BHICOKO-
HPOM3BOJUTENBHBIX YKJIAJOUHBIX CPE/ICTB, a TaK-
e pasznenbHas yKJIaaka MyTd U3 SIEMEHTOB, OT-
JIeTIbHO JIOCTaBIISIEMbIX K MECTY BOCCTaHOBIICHUS.

[TIpu OGombmx oObeMax pabOT 3HAYUTEIb-
HbIE 3aTpaThl HA MEXaHUYECKYI COOpKY roTo-
BOTO TyTH, JABOWHYIO WIIM TPOWHYIO HOTPY3KY-
BBITPY3KY €r0 3JIEMEHTOB M KOHCTPYKIMI MOKHO
KOMIICHCHUPOBATh 32 CUET BBICOKOMPOU3BOAUTEIb-
HBIX MYTEYKJIAJO0UYHBIX CPEICTB, TAKUX KAaK KOH-
COJNBHBIA TyTeyknanouHbli kpaH YK-25, mop-
TalbHBIA TPaKTOPHBIN myTeykiaaguuk [16-3M,
CTpEJIOBBIC KpaHbl (BapuaHT 1).

OueBHHO, YTO MPU MO/Ia4e TOTOBBIX 3BEHBHEB
Ha JKeNIe3HOJOPOXKHBIX MIarpopMax U uX yKIaj-
Ke yKinago4HeiM KpaHom YK-25 Tpymozarpars
OynyT HeOonbiue (123 ven. 4), a TeMn yKIaJKu
OonbIoit (1-2 km/u).

Taxoii cioco6 opranuzanuy HeoOXOUM TS BbI-
HOJIHEHHsT OONBIIOT0 00beMa YKJIaJ0YHBIX PadoT
3a CPaBHHTENBHO HEOONBILION MPOMEKYTOK Bpe-
MEHH. DTO XapaKTepHO UIsi paboThl MyTeyKIaa0u-
HbIX kpaHoB [IMC OAO «PX]l», koraa B TeueHue
HeOOJBIIOrO MepephiBa B JBMKEHUHM MOE3I0B —
2—4-4acoBBIX OKOH — HEOOXOIMMO JIEMOHTHUPOBATh
U YJIO)KUTb BHOBB J10 2 kM PILIP.

KoHconpHblll myTeyknanounbiii kpan YK-25
UMEET BBICOKYI0 TEXHMYECKYI0 M0YacoBYIO (10
1-2 kM/4) 1 TOIOBYIO (HECKONIBKO JIECSATKOB KH-
JIOMETPOB B TOJ) MpOU3BOAUTENbHOCTh. HO 3TO
TSDKETIbI  KpaH, palOoTalomMi TONBKO C MyTH.
[To 5TOil mpUuMHE >KETEe3HOIOPOKHBIE BOMCKA
MyTEYKJIaJOUYHBIMU CPEICTBAMHU TAKOTO THUIA HE
pacroararor.

OmnbIT CTPOUTENBCTBA JKETE3HBIX TOPOT CBHU-
JIETENBCTBYET O TOM, YTO OOKOBOM 3aB0O3 TOTOBBIX
3BEHbEB ISl X YKJIAJKH C TOMOIIbIO TaOeTbHOTO

nyteyknaguuka [1b-3M neapdextuen uz-3a or-
CYTCTBHS HEOOXOAMMOIO KOTMYECTBA CIIEIHab-
HBIX TPAHCIIOPTHBIX CPEICTB M XOPOILIMX IOpOT
(ocoOeHHO B paiioHEe YKJIaIKH), a TAK)KE OOIBIIHX
3aTpyJHEHUH U 3aTpaTr MpH TMeperpys3ke 3BEHbEB
Ha myteBble Tenexku [1T-13. K Tomy xe anem
B HEMOTO/ly ¥ HOUBIO EPEBO3KA 3BEHBEB MYTH aB-
TOTPAHCIIOPTOM UPE3BbIYAHO OMACHA.

JlocTaBka K MyTEyKIaJUUKy TOTOBBIX 3BEHBHEB
0 JKEJIE3HOHM Jopore B BOGHHOE BpeMsi MajoBe-
positHa. Kpome Toro, eciiu 3BeHOCOOpouHas 6asa
OTOpBaHa OT BOCCTAHABIMBAEMOTO y4acTKa U OT-
CYTCTBYIOT 000pyI0BaHHbIE MIaT(HOPMBI, 00CTOS-
TEJIbCTBA MOTYT BBIHYIUTh MPUHSTH PELICHHE HA
UCTIOIb30BaHNE HEOOOPYIOBAaHHBIX ILIATHOPM.
B sToM ciyuae mpuxonuTces Ha CTaHIIUH, TPUMBI-
Karomiei Kk 00beKTy BOCCTaHOBJIEHUS, OCYIIECT-
BIIATH MIEPETPY3KY 3BEHbEB HA MYTEBbIE TEJIEKKU
[1T-13, 4TO MPUBOIUT K 3HAYMTEIHLHOMY YBEIH-
YEHHIO TPYJI03aTpar.

OueBHIHO, YTO YKJIQJKa IYTH TOTOBBIMH
3BEHbSMH 3HAYUTEIBHO OCIOKHHUTCS MPU HEO0O-
XOJJMMOCTH BBITIONIHEHHS HEOONIBIIMX (10 2 KM)
paccpenoTOYeHHBIX 00BEMOB PabOT B pa3HBIX
MecTax [0 TOTOBHOCTH 3€MJISTHOTO TIOJIOTHA,
0COOCHHO B YCIIOBHUSIX, IJIe YacTO OTCYTCTBYIOT
MPUTPACCOBBIC JJOPOTH U YaCTble €CTECTBEHHBIC
MPENATCTBUS HE JalOT BOSMOKHOCTH JTOCTABIIATh
U T10/IaBaTh TOTOBBIE 3BEHbS 110 JKEJIE3HOM J10pore
1 OOKOBBIM 3aBO30M. DTHU K€ YCIOBHUS OCIOXKHS-
10T HCTIONb30BaHue TabeapHoro [16-3M.

Tak, orpaHuueHHOE KOJIMYECTBO TPaHCIOPT-
HBIX CPEJICTB, a TNIABHOE, 3aTPYAHEHHBIE YCIOBHUS
WU OTCYTCTBUE BO3MOXKHOCTH I0CTABKH FOTOBBIX
3BEHbEB K BOCCTAHABIMBAEMOMY OOBEKTY MOTYT
BBIHYJIUTh MPUHSTH PEIICHUE O BOCCTAHOBJIECHUU
BEPXHETO CTPOCHUS MyTH Pa3elbHbIM CIIOCOOOM
(BapuaHT 2).

W3BecTHO, 4TO pasdenbHas yKIajaka MyTH
NPUMEHSETCS TP HeOONBIIUX 00beMax pador,
IpU 3TOM UX TPYAOEMKOCTb YBEIWYMBAETCS Ha
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30-45 % 1o cpaBHEHHIO CO 3BEHbEBBIM CIIOCO0OM,
a TEMIIbI YKJIAJKU My TH 3HAUUTENFHO CHUKAIOTCS.

[lo 5TMM mpuYMHAM Ha JTane MPUHITUS pe-
IICHHS 110 OPTaHW3AIlMU BOCCTAHOBJICHUS BEpX-
HETO CTPOCHUS MyTH PEIIaeTcst 3aja4a BeIOOpa
Haubonee 3P(EKTUBHBIX CIOCOOOB MPOM3BOI-
CTBa MyTEYKJIQJIOYHBIX PAa0OT, B 3aBUCUMOCTH OT
CIIOKHBIIEHCS 00CTAHOBKH, a TAK)KE HAJTMYUUS CHJI
U CPEJICTB ISl X BBITIOTHCHUS.

[Tpu cpaBHEeHHMH crocoOOB M BeIOOpPE HaMOO-
aee 2p(EeKTUBHOTO MO KPUTEPUIO MUHUMAILHON
TPYIOEMKOCTHU 11e7ec000pa3HO pemarh M ONTH-
MH3aLHOHHBIE 33/1a4H 110 ONpeeNeHUI0 00IacTei
PAIMOHATIBEHOTO UCTIONIB30BAHUS TOTO WM UHOTO
croco0a MPOM3BOCTBA padoT.

Pe3ynbrarsl ucciie1oBaHus
Jig  peumieHuss ONTHUMHU3ALMOHHOM 3ama4u
CTpOATCS TpaduKU 3aBUCUMOCTEH TPY03aTpaT OT
JUTMHBI BOCCTaHABJIMBAEMOTO yJacTka (puc. 3).
Touka nepeceyenus AByX NpSIMbIX X ONpese-
JSIET YKCIIO 3BEHBEB, IIPU KOTOPOM TPY03aTPaThI
10 paccMaTpPUBAEMbIM CTIOCO0aM PaBHBI.

Ananuz rpaduka Mo3BOJSET CAeNaTh BHIBOJ
0 TOM, YTO, €CTIH 00bEMBI MY TEYKIAJOYHBIX pabOT
Ha BOCCTAHABIMBAEMOM YYaCTKE HE MPEBBIMIAIOT
3HaUeHUs X, MO KPUTEPUI0 MUHUMYMa TPYI03a-
Tpar 3QPEKTHBHBIM OYJIET SBIATHCS PA3ACTbHBIN
crnoco0 ykiaaku myTu BpyuHyro. [Ipu oObemax
paboT, mpeBhIIaIIUX 3Ha4eHue X, d(QHEKTHB-
HEe 3BEHBEBOM crocod ¢ mpumeHeruem [1b-3M.

3arparbl BpeMeHH Ha COOpPKY T'OTOBBIX 3BEHHEB
C MCTIOB30BaHUEM CTEH/IOB-IIA0JIOHOB U UX TPaHC-
MOPTUPOBKY MOJ YKJIAJKY HA CHELHATbHBIX POJTH-
Kax COCTABILIIOT 7 4. ¥ 3 4. COOTBETCTBEHHO. Takum
o0pa3oM, 3a onHy 10-yacoByl0 CMEHY BO3MOXKHO
coOparb ¥ JOCTAaBHUTh MO YKIAAKy 21 3BE€HO pertb-
COIIIAJILHON PEIIETKH, YTO COCTABIISET 525 M MyTH.

PaccmMoTpyM  BO3MOKHOCTH  HCTIONB30BAHUS
pa3zesbHO-KOHBEHEPHOTo crioco0a st JOCTaBKU
COOpaHHBIX 3BEHbEB M3 paiioHa X COOPKH K Me-
CTYy YKJIaJKH.

C nenbio J0CTaBKU 3BEHbEB K MECTY YKJIAJKH
Ha coOpaHHbIE 3BEHbS IyTEBOM PEIIETKU MO Mepe
UX U3TOTOBJICHHUS YCTAHABIMBAIOTCS 110 JUTHHE 3Be-
Ha CIIEIUANbHBIE POMHMKHU, C TOMOIIBIO KOTOPBIX

A
Tp. Pa3zienbHas
yes.-y. —
3BeHbeBast
yknazaka [16-3M

MonTax y ) et :
IE-3M OGnacTh paUHOHANBHON. .-~~~
opranmzalmu pabor .-
Cbopka ) ) | :
3BEHbEB

i .

X L, km

Puc. 3. ®parmenT rpaduxa s onpeesneHus 001acTH paloHaIbHON OpraHu3alu padoT
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OHH TPAHCIOPTUPYIOTCSA K MECTY YKJIaJKHU IO CO-
XPaHMBIIEMYCSl UJIM BHOBb YKJIaJbIBAEMOMY Iy TH.
Vknajka myTd TPOU3BOJAMTCS MyTeM 3axBara Ie-
PE/IHETO KOHIIa TPaHCHIOPTUPYEMOT'O 3BEHA U TIepe-
MEIIIEHUEM €r0 BIOJIb paHee YIOKEHHOTO 0 pas-
MEIIIEHUS YCTAHOBICHHOM Ha BTOPOM KOHIIE 3BeHa
PONMKOBOI OMOPHI Y KOHIIA YIIOKEHHOTO 3BEHA.

3areM yKIa/bIBaeMO€ 3BE€HO MPHUIIOAHUMAET-
Csl JITISL CHSITUS POJIMKOBOM OTOPBI, OMYCKAeTCsl Ha
0aJacTHBIN CIIOW U CTHIKYETCS C paHee YIO0KeH-
HBIM 3BEHOM (pHuc. 4).

Vknanka 3BEHbEB MYTH MPOU3BOIUTCS CIIe-
[MaJIbHBIM 000py/IOBaHHEM, pa3pabOTaHHBIM Ha
0ase Mmammebl YIIM-1 ¢ tarauom T-158. Ha gan-
Hpld MOMeHT MamuHa YIIM-1 Ha BoopykeHuu
B KEJIE3HOJOPOXKHBIX BOMCKax He CTOUT. B kave-
cTBE HanOosee YPPEKTUBHOTO CPEACTBA IS STON

LEJIU MOXKHO TMPeIIoKUTh «Ypan-4320-19» nHa
KOMOMHUPOBAHHOM XOJy C THAPABIMYECKUM Kpa-
HOM, TIpeIHa3HAYCHHBIM JJIs TTOC3THON U MaHEB-
POBOM pabOThI, MOJA4YM 3BEHBEB MO/ MyTEYKIa-
YHK, JOCTaBKH T'PY30B K MECTy paboT, a TaKxke
UCTIOIb3YEMbIM B Ka4eCTBE TAraya.

Tak, Bech mporiecc BOCCTAHOBJIEHHUS Y4yacTKa
paccMaTprBacMbIM  CIIOCOOOM COCTOMT M3 Tpex
B3aMMO3aBUCUMBIX W HEPA3PHIBHBIX 3JIEMEHTOB:
cOOpKH, TPaHCHOPTHPOBKY, yKiaaku myTu. [Ipo-
U3BOAUTENBHOCTD YKIIAJKU, TaKUM CHOCOOOM, Oy-
JIET OINpPENENSThCA TEXHUYECKON TPOU3BOIUTENh-
HOCTBIO COOPKH 3BEHBEB M WX TPAHCIIOPTHPOBKH.

PaznenbHO-KOHBEHEPHBIi
myTu Hanbonee d3pdheKTUBeH NpH HeOOIBIINX 00be-
Max MyTEeBbIX padoT B MPSAMbBIX U KPUBBIX YHaCTKaX

Crocod  YKJIaJIKH

JKCJIC3HOAOPOKHOIO ITYTH, KOI'’Ia B TCUCHUC OJIHOM

E e centawad
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Puc. 4. HOCJ’IeI{OBaTCJ'ILHOCTL YKIaAKHU peJ’IBCOH.IHaJ'ILHOﬁ PCHICTKH paSI[eJ'IBHO—KOHBeﬁepHBIM CII0CO0O0M:

1 — mpoMeKyTOUHBIN ChEMHBIN POJIMK; 2 — YKJIabIBAEMOE 3BEHO PEJIbCOLINATIBHON PEIIETKH;
3 — paHee YIOKEHHOE 3BEHO; 4 — KOHLEBOM ChbEMHBIN POIMK; 5 — JTOMKpaT

ISSN 1815-588X. N3sectunsa MNrync 2026/2



260

Problematics of Transport System

cMeHbl Tpedyercst yinoxuTb 10 500-600 M myTH.
Beimieykazannbiii croco0 YKIaJKd MyTH MOKHO
NPUMEHSThH B KPUBBIX MaJIbIX PJANYCOB.

[Ipenmy1iecTBOM paccMaTpuBaeMoro crocoda
SBIISIETCSI €10 MOOUIIBHOCTB, BO3MOKHOCTD OBICTPOM
nepeOpOCKH ¢ OHOTO 0ObEKTa paboT Ha PYTOid, HE
NPUBSI3BIBASICH K CYLIECTBYIOIICH CETH IKENME3HBIX
nopor. lns ero peanuzaiuu TpeOyeTcss MUHUMYM
MallliH, MEXaHU3MOB U JITYHOTO COCTaBa.

OCHOBHOI1 HEZIOCTATOK COCO0a 3aKITI0YaeTCS
B TOM, YTO JUITMHA TPAHCIIOPTUPYEMBIX U YKIIa IbI-
BaeMbIX 3BE€HbEB HE JIOJKHA MpeBbIATh 12,5 M.
I[Ipu yknazake 6osee ATMHHBIX 3BEHBEB MPH CKa-
THIBAHMU TPAHCIOPTUPYEMOTO 3BEHAa C paHee
YIOKEHHOTO B €r0 CepeliHe BO3SHUKAET MPOrud
U IITagbl yIUpalTcs B Oannact, mpensTcTBYS
JaTbHENIIeMy CKAaThIBAHUIO TPAHCIOPTUPYEMO-
TO 3BEHA.

B nensix ycrpaneHus: yKka3aHHOTO HEOCTaTKa
1 000CcHOBaHMS YPPEKTUBHON 00JIACTH UCTIONB30-
BAaHUS pa3/ielIbHO-KOHBEHEPHOro crocoda yKkiai-
KU MYTH TpeJiaraeTcs 1eaecooO0pa3HbiM BHECTH
HPEI0KEHHS TI0 €r0 COBEPIICHCTBOBAHUIO.

B nensix coBepiieHCTBOBAHUS Pa3ieibHO-KOH-
BeliepHOro crnocofa yKIaakd MyTH MPeAcTaBis-
€TCsl BO3MOKHBIM HCIIOJb30BaHHUE JOTOTHUTENb-
HO pPa3pabOTaHHBIX MEXaHM3MOB U YCTPOWCTB,
MO3BOJIAIOMINX HM30€kKaTh YKa3aHHBIX HENOCTaT-
KOB. B KauecTBe Takux ycTpOMCTB mpejiaraercs
UCTOJIb30BaHUE ChEMHBIX KoJieC [9].

CheMHblIe Kolleca MpeAHa3HaYeHbI A1 TPaHC-
HOPTUPOBKH 3BEHBEB PENbCOIIMAIBLHON pelIeT-
KU 110 OCHOBHOM IUIOIIAIKE 3€MIITHOTO TIOJIOTHA
(puc. 5).

Perienne mocrtaBieHHON 3aa4dl JIOCTUIAEeTCS
3a CYET TOTO, YTO HA HEMOJBIKHYIO pamy (2), ume-
IOIIYIO HEMOJBMXKHBIN ymiop (5), ycTaHaBIMBaETCS
onopHoe koneco (1); HemonmBIKHAs pama MMeeT
MON3YH C HAMpaBJISIOMUMU (3) U BUHT 3aTSXKKU
non3yHa (4) A7st KperyieHusi CheMHOTo Kolieca Ha
penbce TpaHcnopTupyemoro 38eHa (6) [9].

Puc. 5. CremHOE KONIECO, TPUMEHAEMOE NTPU
paszenbHo-KoHBelepHOM criocobe ykmaaxu BCII

TexHuueckon 3agadeld, penraeMol JaHHBIM
CMEIHATbHBIM YCTPOUCTBOM, SIBIISIOTCSL:

* YHUBEPCAJIbHOCTh TPAHCIIOPTUPOBKH 3BEHA
’KEJIe3HOIOPOKHOTO Iy TH;

* OTCYTCTBHUE HEOOXOJMMOCTH HCIIONb30Ba-
HHS TIOTPY30UHBIX CPEIICTB;

* JIETKOCTh
C OTIOPHOM YacThIO pPeJibca 3BEHA KEIEC3HOIOPOXK-
HOT'O MYTH 32 CUET KPENEeKHOTO MEeXaHH3Ma, CO-

MOHTaXXa CbCMHOI'O KOJICCaA

CTOSIIIETO U3 MOJI3YHA C HATIPABJISIONIMMH, U BUH-
TOM TIOJI3yHa.

[IpencraBieHHas TONE3HAS MOJEIb MOXET
ObITh A(PEKTUBHO HCIOJIb30BaHA B Pa3ICIbHO-
KOHBEHEPHOM CIIOCO0€ YKIIAKH TyTH.

[lpn nepeMenieHUH YKJIaJbIBAEMOTO 3Be-
Ha BJIOJIb paHee YIOKEHHOTO MOCJIE CHSITHUS
HEepPEeHMX KOHIEBBIX M IMPOMEKYTOUHBIX PO-
JMKOB Ha MECTO MPOMEKYTOUHBIX POJIMKOB
yCTaHABIMBAKOTCS ChEeMHbIC Kojeca (puc. 0).
CepearHa yKJIaJpIBAEMOTO 3BEHA MPOJOJDKAET
HepeMeNIaThCs M0 TPYHTY Ha ChEMHBIX KOJe-
cax JIo pa3MeIleHNs yCTaHOBJICHHOW Ha BTOPOM
KOHIIC 3BE€HA POJMKOBOW OTOPHI y KOHIIA YIIO-
kKeHHOTO 3BeHa. [locie 3Toro cheMHbIe Koneca
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Puc. 6. TpaHCHOpTI/IpOBKa 3BCHLHCB pCHLCOLHHaHBHOﬁ PCHICTKH Ha CbEMHBIX KOJIECaX

U KOHIICBBIC POJIMKH TEMOHTHPYIOTCS U 3BEHO
yKJIaJapIBaeTcs Ha Oasact.

Tak, nmpuMeHeHHE CHEMHBIX KoOJeC MpernsT-
CTBYET IPOrudy yKJiaJ pIBa€MOro 3BeHa.

3a cyeT mpeacTaBICHHONM MOJETH BO3MOXKHA
yKJajika 06oJiee JUIMHHBIX 3BEHBEB PENIbCOIITIAIb-
HOMW PELIETKH.

3akirouenue

Pa3paboranHas Mozeslb TO3BOMSET BOCCTa-
HABJIMBAaTh BEPXHEE CTPOECHUE MYTH Pa3leibHO-
KOHBEHEPHBIM CHOCOOOM 3a CYET YKIAAKU
25-MeTpOBBIX 3BEHBEB W TOBBINIACT IPHEKTUB-
HOCTb €0 MCIOJIb30BAaHMS B NPEATIOKEHHOMN CXe-
M€ OpraHM3alui BOCCTAaHOBUTENBHBIX PadoT.

Kpome TOro, mpumeHeHHE CBHEMHBIX KOJIEC
MO3BOJIUT TIOBBICUTH OCHOBHBIE I10Ka3aTesn
pa3aenbHO-KOHBEHEPHOTO CII0C00a yKIIaIKU Iy TH
IpU BOCCTAHOBJICHUH JKEJE3HBIX JOPOT, Halpu-
MEp, B 30HE MPOBEICHUS CHEINATBLHON BOCHHON

OreparuH.
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Abstract

Objective: to increase the efficiency of transportation of railway links, as well as to reduce the number
of maintenance personnel during the restoration of railways. Methods: the research uses methods of
analysis and comparative evaluation of alternative ways of laying the upper structure of the track. Results:
proposals have been prepared to improve the separate conveyor method of laying railway tracks. Practical
significance: a device for transporting railway track links can be recommended for use in the restoration
of jelly roads, for example, in the area of a special military operation.

Keywords: the upper structure of the track, the restoration of railways, a separate conveyor method,

a device for transporting a railway link, logistical support
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YK 629.4.069

Pa3spaboTka apxuTeKTypbl eauHon uudcdpoBomn nnathopmbi
MHTerpauum TefnieMmaTu4yeckmx gaHHbIX aBTOHOMHbIX
pecdhpvKepaTOpHbIX BaroHOB C KOPNopaTUBHbIMU CUCTEMaMM
OAO «P)X[1» Ha OCHOBE TeXHOJIOrMmn NMPOMbILUSIEHHOro
MHTEepHeTa Belyen u bnok4yenHa

A.B. LLileBUeHKO

®enepabHOE TOCYIAPCTBEHHOE ABTOHOMHOE 00pa30BaTellbHOE YUYPEXKICHHE BBICIIETO OOpa30BaHUS
«Poccwuiickuit yauBepcuteT Tpancmnopray, Poccns, 127055, Mocksa, yi. O6pasnosa, 9, ctp. 9

Jos umtupoBanus: [llesuenxo A. B. PazpaboTka apXUTEKTYpbl eAMHON ] poBoii uiardopmbl HHTETpa-
LM TEJIEMAaTHYECKUX JTaHHBIX aBTOHOMHBIX peprKEpPaTOPHBIX BATOHOB C KOPIIOPAaTUBHBIMHU CHCTEMAaMH
OAO «PXX1» Ha 0cHOBE TEXHOJIOTHII MPOMBILIJICHHOTO HHTEpPHETA Bellei u Onokyeiina // M3sectus Ile-
tepOyprckoro yHuBepcutera myteit coodmenus. CI16.: TIT'VIIC, 2026. T. 23, eim. 2. C. 264-276. DOL:
10.20295/1815-588X-2026-2-264-276

AHHOTANUA

Crarhs MOCBSAIIECHA PEIICHUIO aKTyaIbHON MPOoOIeMBbl (hparMeHTAIlMN JAaHHBIX B TPOIIECCE DKCIITyara-
[IUM aBTOHOMHBIX pedprxepaTopHbix BaroHoB (APB) Ha cetn xene3nsix nopor OAO «PXK/I». Kiro-
4yeBOW 3ajayeil sBIsieTCsl pa3paboTKa apXUTEKTYphl eIWHOW HU(PPOBOH MiIardopMbl, aBTOMATH3AIUS
WH(POPMAIIMOHHOTO T10JIsl, 00pa3yeMoro cucreMaMu OOpPTOBOW TelleMaTWKH (JIaHHBIe O TeMIleparype,
MECTOIIOJIOKEHUH, TTapaMeTpax paboTel 000pydOBaHUS), €T0 OCCIIOBHAS MHTETPANHS ¢ JAHHBIMU OT
KOPITIOPATUBHBIX aBTOMATHU3UPOBaHHBIX cucTeM (ACY) OAO «PXK/I» u obveanHeHune ¢ BHYTPEHHUMHU
CHUCTEMaMH OIEePaTUBHOTO, KOMMEPUYECKOTO B TexHn4Yeckoro yuera. Llesan: pa3paboTka ennHoi udpo-
Boi 1uiardopmel APB, oGecnieunBatomieii hopMupoBaHue 0OIIEI0 UCTOYHUKA JOCTOBEPHBIX JAHHBIX,
COXPaHHOCTH I'Py30B U 0e30TKa3HOCTh 00opynoBanus APB. MaTtepuaJjbl 1 MeTObI: B padOTe UCTIOIb-
30BaHbl METOJIbI CUCTEMHOTO aHaJln3a JUIsl CYNIECTBYIOIINX PEIICHHUI B TeJleMaTuke pedprKepaTopHO-
TO MOJBMKHOTO COCTaBa. BhISBICHBI HECOBEPIICHCTBA MHPOPMAIIMOHHOTO 0OMEHa MEXy CHCTEeMaMH
u npoBezieHa popmanmzanus TpedoBaHuil K miaTdopme. II[pUHINIIBI cepBUC-OPUEHTUPOBAHHON apXu-
tektypsl (COA) MCIONb30BaNNCh IS TPOSKTUPOBAHUSA apXUTEKTYPHl €AMHON IU(POBOI TIaT(HOpMBI
APB. Konnenuuu npomsinuienHoro uHTepHera Bemed (IloT) mpumensuch mist coopa AaHHBIX OT
Pa3TUYHBIX CHCTEM, a MpaBuja THOPUIHOTO yNPaBIEHUS TaHHBIMHU («EAWHBIN CIOM maHHBIX» — Data
Fabric) — mng uaTerpanmm u 06pabOTKH 3TUX JaHHBIX. Pe3yabTaThl: BHEAPEHHE MTPENTI0KEHHON TI1aT-
(OpMBI TTO3BOJUT TPEOIONIETh MPOOIIEMbl Pa3pO3HEHHOCTH U 3ama3bIBaHMs MH()OPMAIH, ONTHMH-
3UpPOBATh JIOTHCTUYECKHE MPOIIECCHI, CO37aTh €UHBIH NCTOYHUK TOCTOBEPHBIX JAaHHBIX, PEaN30BaTh
nepexoJ K 00CIyKUBAHUIO 10 (aKTHUECKOMY COCTOSIHHIO M TIOBBICHTH 0€30TaCHOCTh JABMIKEHUS MOE3-
noB. [IpakTHyeckasi 3 HaUMMOCTh: HHPopMaIus ot 0opToBeIx cucteM APB u ot kopnoparusabsix ACY
OAO «PXI» moctymaeT 0eccBsI3HO, YTO TPeOyeT PyYHOTO COTIOCTABICHUS JAHHBIX U, KaK CICACTBUEC,
MPUBOIUT K 3ara3AblBaHMIO PeaklWy Ha WHUIWJSHTHI, YTO BIEYET MOopdy rpysa. Pesymbrarsl paboThl
MO3BOJISIT CYIIECTBEHHO YBEIWYUTH 3P(PEKTUBHOCTH HCIOIB30BAaHUS pedprkepaTopHOro mapka, ooe-
CIeYaT COXPaHHOCTH TPY30B, CHU3ST OTEPAMOHHBIC 3aTPAaThl U YKPEIST KOHKYPEHTHBIC MO3UIINHN JKe-
JIE3HOAOPOKHOTO TPAHCTIOPTA Ha PHIHKE MEPEBO30K CKOPOTIOPTAIIUXCS MPOTYKTOB.

KiroueBble ci10Ba: aBTOHOMHBIN pedprrKepaTOpHBIN BaroH, TeJeMaTHKa, HHTErpalys JaHHBIX, PEIUK-
TUBHAsI aHAJIUTHKA
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BBenenue

[TepeBo3ka CKOPOMOPTAIMIUXCS TPY30B KeJe3-
HOJIOPOXHBIM TPAHCIIOPTOM IPEACTABISAET CO-
0011 cTparernyeck BaXKHBIM M TEXHOJIOTHUECKU
CII0’KHBIN CETMEHT JIOTUCTHUKH, 00€CIIEYMBAIOIAH
MPOJIOBOJILCTBEHHYIO 0€30MacHOCTh U (DYHKITHO-
HUpoBaHKE (apmarneBTHYecKoi orpacin. O0bem
TaKUX MepeBo30K B Poccuu exeroqHo cocrapis-
€T ECATKH MUJJTMOHOB TOHH, a UX CTOMMOCTHOE
BBIPQ)KEHHE HCUHUCISAETCS COTHSAMM MUJLIHAp-
J0B pyOueil. B ycrnoBusx rmo0anu3anuy peIHKOB
M yXKECTOUYEHHUS TpeOOBaHUI K KauecTBy U 0e30-
NACHOCTH TPOIYKIIUH TAPAHTHUs COOMIONCHNUS 3a-
JTAHHOTO TEMIIEepPaTypPHO-BIAKHOCTHOTO PEXHUMA
HA TPOTSHKEHHHM BCETO JIOTHMCTHYECKOTO IIMKJIA
TpaHcHOPMUPYETCS U3 KOHKYPEHTHOTO TPEUMY-
IIeCTBa B 00s13aTeIbHOE YCIOBUE MEPEBO30YHOTO
nporecca [1, 2].

Cornacno IIpaBunmam mepeBo30K >Kene3HOI0-
POKHBIM TPAHCIIOPTOM CKOPOTOPTSIIUXCS TPY-
30B, IEPEBO3UUK 00513aH HE TOIHKO 00ECTIeUNBATD,
HO U JOKYMEHTAJIbHO TIOTBEPXKIaTh COOMIOICHIE
TEMIIEPATYPHOTO PeXHUMa Ha BCEM ITyTH CJII0Ba-
Hus [3]. UcTopuuecku 3ta 3a7a4a pemianach ¢ mo-
MOIIBI0O MEXaHUYECKUX TEPMOPETUCTPATOPOB,
JTAHHBIE C KOTOPBIX CUUTHIBAIUCH BPYUHYIO KakK-
apie 500 KM M IO OKOHYAHHWM peiica, 4To 3HAYH-
TENbHO YBEJIMYHMBAJIO CPOK JJOCTABKU Ipy3a Jaxe
P OTCYTCTBUH OTKA30B U UX YCTPAHEHHUS.

Cospemennsie APB o0opyaytorcst 60pTOBBI-
MU CUCTEMAaMHU TEJIEMATUKU, PETUCTPUPYIOIIUMHU
B peaJbHOM BPEMEHHU TEMIIeparypy B I'PY30BOM
OTCEKe, MapaMeTpbl pabOThI JH3elb-TeHepaTop-
Holl ycranoBku (/II'Y), ypoBeHb ToILINBa, KOOP-
muHatel ocpenctsoM [JIOHACC/GPS, a takxke
KOZIbI BO3HMKAIOMIUX HewcnpaBHocTeil [4]. On-
HaKoO (POPMHPYEMBI ATUMHU cucTeMamu HH)Op-
MAalMOHHBIN TOTOK 3a4acTyI0 CYILIECTBYET B BUJIE
TEXHOJIOTUYECKOT0 «ocTpoBa». OH HE MHTErpH-
pOBaH C JaHHBIMH, T€HEpUpYyeMbIMH U 00paba-
THIBAEMBIMH B KOPIIOPATHBHBIX aBTOMATHU3UPO-

BaHHBIX cucTemax ydera (ACY) OAO «PXK]I»,
TaKHMH Kak:

* ABTOMaTu3MpOBaHHAs cUCTEMA «IEKTPOH-
Has TpaHcnopTHas HaktaaHas» (AC « OTPAHy) —
KJIIOYEBasi CUCTEMa KOMMEpUYECKOro y4eTa, (uk-
CHpYIOILAsl JOTOBOPHBIE OTHOILEHUS, MapILIpYT,
IPy300TIIPABUTENS U TPY30II0ITydaTes.

* ABTOMaTM3MpOBaHHas  CHCTeMa  y4eTa
Y KOHTPOJISI BHIIIOJIHEHHOTO PEMOHTA U KOMILJIEK-
TallMU TPY30BOT0 BaroHa HoBoro nokosneHus (AC
YKB HII) — cucrtema TeXHHYECKOTO ydeTa, CO-
JepiKalias UCTOPUIO PEMOHTOB, JTaHHBIE O KOM-
TUIEKTHOCTH U COCTOSIHUY BaroHa.

+ Enunas koMIUIeKCHas CUCTeMa YIpaBiIeHUs
BaroHHbIM X03sicTBOM (EK ACYB) — cucrema
OTEPATHBHOTO YIPABJICHHS U TUIAHUPOBAHUS Pa-
0O0THI mapka.

OT0T «MH(OPMALIMOHHBII PA3PBIBY MPUBOIUT
K pSly KpUTHYECKUX TPoOIeM:

1. Pyunoii Tpyn u omnOku. Jlucneryeps, KoM-
MEpCAHThl U TEXHUYECKUE CIIEIIUAIUCThI BEIHYXK-
JIEHBI BPYUHYIO COMOCTABIIATh JaHHBIE U3 Pa3HbIX
untepdericoB Tenematuku 1 ACY, 4T0 OTHUMAET
BpEMsI U MOXKET SABJIATHCS HCTOUHUKOM OLITHOOK.

2. 3amazapiBaHue peakiuu. OTCYyTCTBUE aB-
TOMATHUYECKOH MPUBSI3KU TEJIEMETPUH K HaKJIa-
HOU JiellaeT HEBO3MOXKHBIM MTHOBEHHOE OIOBE-
IIEHUE TEXHUUYECKOTO MEPCOHANa O HapyLIEHUU
TEMIIepaTypHOro pexuma. Peakuus Ha WHIHU-
JEHT TPOUCXOJUT MOCT(HAKTYM, KOIJia Ipy3 yxke
MOET OBITh HCIIOPYCH.

HeBo3MOXHOCTB

3. CnoXHOCTH aHaIu3a.

NPOBE/ICHUST  KOHCOJMAMPOBAHHOTO  aHaln3a
«OONBIIMX JAHHBIX» TI0 BCEMY MapKy JUIsi BBISB-
JICHUSI 3aKOHOMEPHOCTEH B OTKa3ax, ONTHMH3a-
1Y PEKUMOB PabOThI M MapIIPYTOB.

4. KOpunuueckue pucku. B cropHbix cutya-
[IUSX C IPY30BJIaJebllaMU JJAaHHBIE TEIEeMETPHH,
XpaHsIIuecs y MepeBO34nKa, MOTYT OBITh MOA-
BEPrHYTHl COMHEHUIO BBU/TY TOTEHIIMATBHON BO3-

MOXHOCTHU UX U3MCHCHHA.
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Takum 00pa3oMm, BO3HHMKAeT OCTpas HEoOXo-
JMMOCTh B TIPEOJIOJICHHHU JIAHHOW (pparMeHTaIu
yepe3 KOMIUIEKCHYI0 aBTOMAaTH3aliio MHpopMma-
[IMOHHOTO TIOJS U CO3JaHKNe €IUHOro II(POBOro
KOHTYpa, 00eCIeUnBAaIOIIETO CKBO3HON MOTOK JIaH-
HBIX OT JIaTYMKOB Ha Oopty APB s Bcex 3aumH-
TEPECOBAHHBIX CTOPOH: AUCTIETUYEPOB, NHKEHEPOB,
TPY30BIACIBIEB U CUCTEM OM3HEC-aHATTHKH.

[IpeomoneTs  BbIIIEYKa3aHHbIE  MPOOIEMBI
BO3MOXKHO TIOCPEJCTBOM Pa3padOTKH apXUTEK-
TYPHBIX W METONOJOTMYECKHX PELICHUN st
CO3JIaHUSI €IUHOM TIaTOPMBbI ABTOMATHU3ALUH
uHdopmanronHoro nosis tenemaruk APB u ero
unrerpaiuu ¢ ACY OAO «PX/I».

Jnst moCTHKEHUSI ATOH 11eNTd He0OXOIUMO pas-
PELINTD CIIETYIOIINE 3a1auu:

1. IIpoBecTu AeTanbHBIA aHAIN3 CYIIECTBYIO-
mux cucteM tenemariku APB, kopnopaTuBHBIX
ACY ¥ BBIIBUTD Y3KHE MeCTa B 0OMEHE JJAHHBIMU.

2. CchopmynupoBaTb (QyHKIIMOHATbHBIE 1 TEX-
HUYecKue TpeOoBaHMs K CKBO3HOMY MH(pOpMAaIIu-
OHHOMY TTOTOKY «O0OpT — cepBep — KIUEeHT» (T1e
KJIMEHT — JIUCIIEeTYEp, KOMMEPCAHT, Tpy30Biaie-
JIell, CUCTEMa aHAJIUTHKH).

3. CnpoekTupoBarh MacIITaOMpyeMylo, OTKa-
30yCTOMUMBYIO apXUTEKTYpy €IMHOM IIaT(opMbl
cbopa, 00paboTKH, 00OTAIIICHHS 1 AHATH3A TAHHBIX.

4. Pazpaborarb
U QJITOPUTMBI JUTS KJTIOUEBBIX CEPBUCOB TLIAT(OP-

MaTeMaTUueCKhe MOJEIH
MBI: MPEAUKTUBHOTO TEXHUYECKOTO 00CTyKHBa-
Hus (Predictive Maintenance) u norucTudeckoi
ONTUMH3ALUH.

5. JlaTb KOJIMYECTBEHHYIO OLIEHKY SKOHOMHYE-
CKOH, OMepallMOHHON M TEXHOJIOTHYecKoil 3 dek-
TUBHOCTH BHEAPEHUS NIPEUIaraeMbIX PEICHHI.

AHAJIU3 CylIeCTBYIOIINX CHCTEM
Teaematuku APB u ACY

[Tapk pedpuxepaTOpHOrO MOABHIKHOTO CO-
CTaBa XapaKTepU3yeTCsd TEXHOJIOTUUECKON He-
OJHOPOTHOCTBIO, YTO OOYCJIOBICHO IUTEIbHBIM

JKM3HEHHBIM LIUKJIOM BaroHOB M [OITAIIHBIM BHE-
JPEHUEM HOBBIX CHCTEM MOHMTOpHHra. Bce pe-
IIEHUs] MOXKHO YCIIOBHO KJIacCH(ULIMPOBATh Ha
TPH 3BOJIIOLMOHHbIE TPyMbl (Tal. 1).

[TapannensHo ¢ TeneMaTHKOM CylIeCTBYET KOH-
TYp aBTOMaTH3UPOBaHHBIX cucTeM yueTa (ACY),
KOTOPBIM TaKKe HE sBIsAeTCs enuHbIM. JlaHHBIE
o kommepueckoii oneparu (AC «3TPAH»), Tex-
HuueckoM coctostnuu (AC YKB HIT) u oneparus-
Hom ympasieHun (EK ACYB) 3awactyio cnabo
CBSI3aHbI MKy COO0H M OOHOBIISIOTCS C pa3HON
[UKINYHOCTBI0. [Ipo0ieMbl MHTErpauu JTaHHbIX
MEX[y STHMH JIBYMSI MUPaMU — «(PHU3UUECKUM»
(TenemaTvka) M «BUPTYaJbHBIM» (Y4YETHbBIE CH-
CTEMbI) — CHCTEMATU3UPOBAHBI B Ta0I. 2.

Taxum 00pasom, co3nanme HaJICTPONKH B BUIE
eqMHOH M1aThOpMBI aBTOMAaTH3AIMH, BBICTYTIAI0-
el «uuQpoBBIM MOCPETHUKOM)» U «CEMaHTHYe-
CKMM MOCTOM» MEX1y OOpTOBBIMU CHCTEMaMH,
nHppacTpykTypoii cBs3u u ACY, sBisercs HeoO-
XOAMMBIM 3BOJIFOLIMOHHBIM L1ar0OM.

ApXHTEKTYpa eIMHOH HUPPOBOH
miIaTgopmMbl ABTOMATH3ALMHU

[Ipennaraemast apxutekTypa miIaTGopMsl, Mo-
Jy4MBIIasg YCIOBHOE Ha3BaHue «EauMHBIA LEHTp
monutopunra APB» (ELIM APB), npencrasnena
Ha pucyHke. EIIM APB ctpoutcs Ha nmpuHummnax
cepBUC-OpueHTHpoBaHHOM apxuTekTypbl (COA),
npomsliiieHHoro uarepHeTa Bemei (IloT) u xon-
nernmmu Data Fabric — enuHoro ciios TaHHBIX.
Ona mpencTaBiser co00i MHOTOYPOBHEBYIO JKO-
CHCTEMY, 00€CIIEYMBAIOLILYI0 CKBO3HOM MOTOK JIaH-
HBIX OT CEHCOpA JI0 MOJb30BaTes [§].

Bygepnuiii yposenv coopa oannvix

JlaHHBI YypOoBEHb OOECTIEUMBACT B3aUMOJCH-
cTtBUe ¢ (usndeckuM mupom. Ero kiroueBas 3a-
Jlaya — HaJeKHBIH cOOp JaHHBIX B YCIOBHAX
HECTaOMIBHOM CBS3UM M TEXHOJIOTMYECKOTO pas-
HOOOpa3us. DTOT YpOBEHb BKIIOYAET:
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TABJIMIIA 1. Knaccugukamysa 1 CpaBHUTENTbHBI aHaIN3 CUCTeM MoHuTOpuHra APB

CKOMf TIepeaueit

30 ¢ 10 HECKOTBKHX JacOB)
Ha cepBep omeparopa

I'pynna Texnonorunueckue IIpumepst
IIpenmymecrea Henocrarku
CUCTEM 0COOEHHOCTH BHeJApeHus
ABTOHOMHBIE YCTPOWCTBA, ToMHOE OTCYICTRHE
3aIUChIBAIOIIIE TEMIIEpary- 4
Huskast crouMocTs; OTIEPaTHBHOCTH; Mexanuueckue
JlokanbHble Py Ha BHYTPEHHIOIO aMATh
HE3aBUCHMOCTD PUCK TIIOTEPH/TIOIOMKHU | TEpMOTrpadBl,
peructparopsl | (¢uent-Hakorurens). JaH-
(Data Loggers) |t cunrsatores drsmie OT KaHAJIOB CBsI3H; HOCHTEJIS; BEICOKHE 9NEKTPOHHBIE JIOTTEPHI
cxnt uepes urepdeiic (USB) BBICOKAs! TOYHOCTD Tpyno3arparsl Ha coop | «TepmoxoHT», Testo
JTAHHBIX
0 MPUOBITHH BaroHa
bopToBoii KoHTpoILIEP 3aBUCHUMOCTb OT Cucremsl «Tpanc-
Cucrembl ¢ GSM/GPRS- u I'J1O- Teprommeckuii TIOKPBITUS COTOBBIX Tenematnkay,
CITyTHUKOBOM HACC/GPS-monynsiMu. . anI CHHBI MOHHTODHEHL: ceTell; 3a/iepiKKa «[JIOHACC-moHu-
TeNeMATHKH [epenaer nakeTs! JaHHBIX zc]om ob PHHT; JTAHHBIX; BBICOKAs TOPHHI OT pa3iud-
¢ nepuoauye- C 3aJJaHHBIM HHTEPBAIOM (OT MeCTI())nononceHm CTOUMOCTb Tpaduka; | HbIX BeHa0poB (AO

OTCYTCTBHE JIBYCTO-
pOHHEH CBsI3U

«HUAC», «M2M
Tenematukay)

[epcriexTBHEIE
KOMILJIEKCHI Ha
ocuose IloT

MHoroceHcopHbIe miardop-
MBI C TIO/LIEPIKKOIT IBYCTO-
poHHell cBs3u. Mcnonb3yror
THOpHIHBIE KaHAIBI (COTO-
Basi + CITyTHUKOBAsI CBSI3b)

Bricokas gactora u ore-
PaTHBHOCTb JIaHHBIX; BO3-
MOXKHOCTb YIaJICHHOH Jra-
THOCTUKH ¥ YIIPABIICHUS;
c0OOp JTOMONHUTETBHBIX
napameTpoB (BIaXHOCTb,
CO,, cocTosiHmE TBEpEi)

Bricokast cTOMMOCTB
BHEJIPEHUS; CII0K-
HOCTb MHTETPAINH

C ApyruMu OusHec-
cucreMamu; TpedoBa-
HHS K KubepOesonac-
HOCTH

[unoTHBIE TPOEKTHI

C UCTOB30BaHH-

eM 000py/IoBaHMs
IQFreeze, ThermoFleet
OTEYECTBEHHON
pazpabotku [4, 5]

TABJINIIA 2. IIpo6meMbl MHTerpanuy JaHHBIX TeteMaTuku APB u kopnoparusaeix ACY

Kareropus KoHkpeTHbIe NPosIBJIeHUS IMocieacrBusa
npoosiemM P P a
Paznopoanbie npotokosl nepenadn aanHbix (CAN, Modbus, RS-485) u op- | Beicokast crouMocTs pa3pador-
Texuomnoru- |Mmarsl cOOOLIEHHH OT pa3HbIX IPOU3BOAUTENEH OOPTOBOrO 0OOPYIOBAHMS. KU U OJJICP’KKH MHOMKECTBA
YeCcKue OTcyTCTBIE €IMHOTO OTPACIIEBOTO CTaH/IapTa Ha TeleMariieckuid oOMeH i1t APB. | arantepos; TexHoornueckas
3akpbIThle KaHaNb! iepeaaun JaHHbX ACY 3aBUCUMOCTb OT BEHJOPOB
ACHHXPOHHOCTB TTOTOKOB: TEJIEMETPHS MOCTYIIAeT HENPEPHIBHO, a ydeTHbIe | HeBO3ZMOXHOCTE MOCTPOCHUS
coObITHS (TI0TpY3Ka, BRITpY3Ka, iepeBox B HPII/PIT) ¢pukcupyrorcs TOYHOHM KapTHHBI «COCTOSTHUE
BpemeHHbIe | TUCKPETHO. rpy3a — 3Tall IIePEBO3KH»
3ajiepKKy B repezade 1 00paboTke JaHHBIX, 0COOEHHO B paiioHax co CliadbIM | B pealibHOM BPEMEHH; 3ara3/bl-
TIOKPBITHEM CBSI3BIO BAaHHE PEAKINK Ha MHIMIACHTHI
OtcyTcTBHE aBTOMATHUECKON NPUBA3KH TEIEMETPUM K KOHKPETHOM
. . «MH}pOpMaLMOHHBIE Pa3pbIBbLY;
komMepueckoit HakmagHou (OTPH).
CemaHTHYe- HEOOXOAMMOCTb PYYHOTO
Paznrle cucTeMbl I/IHCHTH(i)I/IKaLII/IH OIHOT'O M TOT'O K€ BaroHa
CcKue COTIOCTABJICHHUS; OIIHOKH
B Tenematuke u ACY.
. B aHATHTHKE
HecornacoBaHHOCTb CIIPaBOYHUKOB (HOMEHKJIATYPa IPy30B, KOZBI CTAHIINI)

1. BoproBble ycTpoiicTBa: koHTpoiuiepbl win RS-48, mmdposbie uHTEpdEHCH TaTINKOB TEM-

IIUTIO3bI, YCTaHOBJIEHHBIE Ha APB, KoTOpBIE TOMK-  mepaTypbl/BIaxHOCTH). KpuTHuecku BaXHOH sB-
HbI TIOJ/IEP/)KMBATh YTEHHE JAHHBIX 110 OCHOBHBIM

npombinuieHHsM  nipotokonaM  (CAN, Modbus,

asercst pyHKIms OOpToBOM Oydepusaru U MH-
TEJUICKTYaJbHOW Tepefadyu: TMpU IMOoTepe KaHaia
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ACY PR

YnpasneHue pysoBnageney,

Anpo cucremsl:
Mpuem 1 BannLaums gaHHbIX
ConocTaBsieHne gaHHbIX
MpuBA3Ka MHGOPMALLMM U3 PA3HbIX UCTOYHUKOB
BAoKYelH-peecTp TeMNepaTypHbIX }KYPHAN0B
O6oralueHne aTpubyTamm
MoToKoBaA aHaNNTHKa

[ucnetyep

TenemaTtuka
APB

TexHu4eckum
nepcoHan

Kommepueckuii
nepcoHan

Pucynoxk. Apxurekrypa mnardopmsl « Enunblii nentp monutopunara APB»

JIAHHBIC COXPAHSIOTCS BO BHYTPEHHEH MaMsATh
¥ TIePE/IAl0TCS MTAYKOH IPU BOCCTAHOBJICHUH CBSI3H.

2. TubpuaHble KaHAIBI CBS3U: IS oOecreye-
HU NOKpbITUA Ha Beell cetn PXK/I npemiaraercs
HCII0J1b30BaTh MHOTOA0OHEHTCKYI0 apXUTEKTYpY:

* OcHoBHO# KaHaim: cotoBas cBsisb 4G/LTE
(B mepcnektrBe SG/NR) uepes poccuiickux ore-
paTopoB.

* Pe3epBHbI KaHal: CIYTHUKOBAas CBS3b
(Iridium wnm otedecTBeHHas cuctema «loHEI»)
JUISL KPUTUYECKH BAKHBIX COOOILICHUH U paboThI
B YJIaJICHHBIX PETHOHAX.

3. Ilto3el Ha HHQPACTPYKTYpe: YCTaHOB-
Ka MPUEMHBIX IUTI030B HA KPYIHBIX CTAHIHIX
U B IYHKTaX TEXHUYECKOrO OOCIYKMBaHUS IS
MAaKeTHOM 3arpy3ku OONBIINX OOBEMOB JIAaHHBIX
npu 00paboTKe MOEe3/10B.

4. IlpoTtokonu3anus: BHEIPEHUE OTKPBITOTO
€IMHOTO WU aIallTUPOBAHHOTO MIPOTOKOJIA OOMe-
Ha JIaHHBIMH, YTO 00ECTIeYUT OOMEHOM U UCIIONb-

30BaHMEM WHQOpMAIMU 1B WM Oonee UHPOP-
MAI[OHHbBIE CHCTEMbI / KOMIIOHEHTBI OT Pa3HBIX
TPOU3BOJUTEIICH.

baza ona unmezpayuu u oopadomxu

OT0 AP0 CHUCTEMBI, Pa3BEPHYTOE B 3AIHIIEH-
HOM KOPIIOPAaTUBHOM OOJIaKe WM JaTa-LeHTpe.
OHO mocTpoeHo Ha 0a3e MHUKPOCEPBUCOB U BBI-
MOJHSET CIACAYIONe (yHKIUH:

1. IlpuemM wm Banupauus: BXOMALIMHA IOTOK
TaHHBIX TIPOBEPSAETCS Ha [ETOCTHOCTh, COOTBET-
CTBUE cXeMe M (PU3UUECKYIO TPABIOIOJ00HOCTh
(HampuMep, TeMmeparypa B TPYy30BOM OTCEKe He
MmoxeT 0biTh +100 °C).

2. brokyelH-peecTp TeMIepaTypHbIX XKyp-
HAJIOB: 3TO WHHOBAIIMOHHBIN KOMIIOHEHT, 00e-
CTIEUUBAIOIINII TOBEpHE U HEU3MEHHOCTb JaH-
HbIX. Kaxk7oe cuntaHHOe 3HaYeHHEe TeMIepaTyphbl
C METaJaHHbIMU (BpEMEHHas METKa, KOOpJAUHA-
ThI, HOMEP BaroHa, XdII MPEAbIAYIIei 3amucH)
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dopmHpyeT TpaH3aKIHIO, KOTOpast TPYNIHUPYETCs
B OJIOKHU U 3aIUCHIBAETCA B paclpe/ielieHHbIN pe-
ectp. s sToro nenecooOpasHO MCMOIb30BATh
HEePMHUCCUOHHBIN (pa3peleHHbli) ONoKYeiiH, rie
y3namu-anuaaropamu Beictynaror OAO «PXK ]y,
KPYIHBIE TPY300TIIPABUTENN U BHEIIHUN PEryIis-
top. [lonmy4yeHHslii 1MPPOBOI «macmopT moe3n-
KI» KpUOTOrpahMuecKy 3aIliieH OT W3MEHEHHI
¥ MOXET OBITh TPEIOCTaBIEH JIOOON 3aMHTEpe-
COBaHHOM CTOpOHE /s ayauTa [6].

3. Cepsuc oboraiieHusi KOHTEKCTOM — pellia-
€T KJIIOUEBYIO 33j1auy CEMaHTUUYECKOW MPHUBA3KU.
Ha ocHoBe npaBui1 ¥ alrTOPUTMOB OH B peajbHOM
BPEMEHH CBSI3bIBAET MOTOK TEIEMETPUH C IaHHBI-
mu u3 ACVY:

» ComocraBineHue BaroHa: o HOMEpPy Baro-
Ha HaXOJUTCSA COOTBETCTBYIomas 3anuch B AC
VKB HIL

* [lpuBs3ka K HakJIaJHOW: Ha OCHOBE BpE-
MEHHOI'O MHTEpBaJla U JAHHBIX O MapLIpyTe M3
AC «9TPAH» ompenensieTcss akTUBHAs DSJIEK-
TPOHHAsl HaKJaJHas, K KOTOPOH OTHOCUTCS Te-
Kyllas TeIEMETPHUSL.

* OOorameHue arpudyTamu: K TeleMeTpuye-
CKOM 3ammcu J100aBISIOTCS JaHHbIE O Tpy3e (THI,
JIOTTYCTHMBIH TEMIIEpATypHBIN JHaIa30H), FPy300T-
HpaBUTENIE/ TPY30IOTydaTesne, yCIOBUIX JOT0BOPa.

4. TloTokoBasi aHAJTMTHKU: Ha 0a3e TEXHOIO-
ruii Apache Kafka Streams mmu Apache Flink
aHaM3UpyeTCs O0OTaIeHHBIH MOTOK COOBITUI
B peasibHOM BpeMeHH. OTCIIeXUBAIOTCS CII0KHBIE
COOBITHSI, HAIIPUMED: «memnepamypa evluila 3d
8epxHutl donycmumulii nopoe 6onee uem Ha 4 °C
u yoepacueaemcsi max oonvute 15 munymy. llpu
00HapY)KEHUH TaKOTO COOBITHS 3aITyCKalOTCs aB-
TOMAaTU3UPOBAHHBIC CLIEHApUH [7].

Yposenv ouznec-unmezpayuu c ACY
OOecrieunBaeT ABYCTOPOHHIOK CHHXPOHH3A-
LUIO C CYLIECTBYIOLIMMHU CUCTEMaMH yueTa 4epe3

CTAaHAAPTU3UPOBAHHBIC ITPOKCU-CEPBEPHI, KOTO-

pbI€ YIIPABIISIOT BXOASAIIMMU 3alIPOCAMU, HAITPAB-
JIsIS MX K HYKHBIM cepBucaM (API-nutio3sl):

* Unrerpamus ¢ AC «9TPAH»: nnardopma
aBTOMAaTUYECKU OOHOBIAET CTATyC MEpPEeBO3KU
B HakJagHoi («TemmeparypHblii pexXxuM B HOp-
me» / «Hapymenue 3apuxcupoBano»). B obpat-
HYIO CTOPOHY TpH (OPMHPOBAHUHM HOBOH Ha-
knagHo Ha APB B mmardopmy mepemaercs
uHpopMaIusi 0 TpeOyeMOM TeMIIepaTypHOM pe-
KM€ JUId JaHHOTO Ipy3a.

* Wnrerpanus ¢ AC YKB HII: nepenaua nan-
HBIX 0 (pakTHYEeCKOM Ipobere, MoToyacax paboTh
JAI'Y 1 X0noaQuIIbHOM yCTAHOBKH JJIS1 TOYHOTO Pac-
4yeTa MEXKPEMOHTHBIX HHTepBajoB. [lomyueHue
JaHHBIX O TJIAHOBBIX U BBIIOJIHEHHBIX PEMOHTAX
JUI KOPPEKTUPOBKU MPEAUKTUBHBIX Mojieielt [9].

* Uurerpamus ¢ EK ACYB: npenocraBnenue
JAHHBIX O TEKYLIEM MECTOINOJIOKEHUU U TEXHU-
yeckoil roroBHOCTH APB 111 ontmuzanuu one-
PaTUBHOTIO IJIAHUPOBAHUS MOAAYU MO MOTPY3KY.

* Uurerpanus ¢ cuctemoirt SAP ERP: nepena-
4a JaHHBIX O PacXOZ€ TOIUIMBA U APYTUX IKCILTY-
aTallMOHHBIX 3aTpaTax Juisf pacyera ceOecTouMO-
CTH MIEPEBO3KHU U YIPaBICHUs (PMHAHCAMH.

Yposensv ananumuxu, cepsucos

u npeocmaenenus

D10 (poHTaNbHAS YacTh MIATGOPMBI, TPEa-
CTaBIISIOIIAS IEHHOCTD JUIsl KOHEYHBIX MOJB30Ba-
TeJen:

1. TIpenuKTuBHBIE MOAEIH: HA OCHOBE UCTO-
PUYECKHX JAHHBIX, OOOTAIICHHBIX KOHTEKCTOM,
o0ydaroTcss MOJENU MamlMHHOTO oOydeHus. Pe-
KyppEeHTHbIE HEMPOHHBIE CETH MJEaTbHO MOAXO-
IAT JUIS aHAJIM3a BPEMEHHBIX PS/IOB TEIEMETPUU
U MPOTHO3MPOBAHUS OCTAaTOYHOTO pecypca KOM-
MOHEHTOB (KOMIIpeccopa, IU3eIbHOr0 TeHepaTo-
pa). A mocnenoBaTenbHOCTh, CO3/atoNas Habop
MPOTHOCTUYECKUX MOJENeH, MOXKET HCIONb30-
BaThCs Ui KIacCHU(UKAUMKM TUTA MOTEHIUATb-
HOU HeucnpaBHocTH [11].
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2. CepBHC JOTUCTUYECKON ONTUMU3AIMU: UC-
MOJIb3Y$ JAHHBIE O MECTOMOJIOKEHUH, COCTOSHUU
000pyI0BaHHMs, IPOTHO3E MOTO/IbI M TPaUKe IBU-
KEHUS, AJITOPUTMBI TMpeiaraloT ONTHUMaIbHBIN
nopsiiok padorel XOY 1151 MUHMMHU3AIMKA pac-
X07la TOIUIMBA U COOIIONCHUS] TEeMIIEpaTypHOTO
pexuma [13].

3. Busyanusauusi 1aHHbBIX U OPTAJbL:

* OIEPaTUBHBIN IUCHIETYEPCKUIA TOPTAIL: Kap-
Ta ¢ pealbHbIM ToJOkeHueM APB, «remnoBas
KapTa» HapyIIEHWUM, TaHEeJId TPEBOT;

* TEXHUYECKUI MOpTal: JeTallbHas BU3YyaJH-
3a1ysl TEJIEMETPUU 10 KaXJIOMy BaroHy, IpOrHO-
3bI OCTATOYHOTO pecypca, pekomenaaiuu mo TO;

» imeHTtckuii mopran (B2B): mpemocras-
JICHHE TPY30BIAJIENbIly 3allUIIEHHOTO A0CTYIa
K TEMIIEpaTypHOMY *YpHaJly CBOEW MapTUH Ipy-
3a B BUje OJNIOKYCHH-BEpH(PUITUPYEMOTo OT4YeTa,
a TaKKe K MPOTHO3Y BPEMEHU JI0CTaBKH.

4. VHTepdeichl sl BHEIIHUX CUCTEM: OT-
KPBITBIE MPUIIOKEHHUSI, TIO3BOJISIOLINE HHTETPUPO-
BaTh janHbie u3 EIIM APB B cucTeMbl KIMEHTOB,
HarpuMep, B (MHAHCOBBIC WM JIOTHCTHUECKHUE
Y CTOPOHHUE aHAJTIUTHYECKUE TIPUITOKEHUSI.

MaremaTndeckasi MoJe/Ib H AJITOPUTM
NPEeAMKTUBHOIO 00CTyKMBAHUSA
X0JIOAWJIBHOH YCTAHOBKH

CeppauieM cuCTEMBI MIPEIUKTUBHOTO OOCITYKH-
BaHUs ABISIETCS MOJIENb, OLIEHUBAOIIAS TEKyIee
TEXHUYECKOE COCTOSIHUE arperara M IpOTHO3M-
pyioIiasi MOMEHT HAacTYIUIEHHS KPHTHYECKOIO
u3HOca. PaccMOTpuM ee Ha mpumepe KIHueBOro
y371a — KOMIIPEccopa XOJOAMIBHON yCTaHOBKH.

Dopmanuzayus 3a0avu

ITyctb cocTosiHME KOMIIpECCOpPa B MOMEHT Bpe-
MEHHU / OIIMCBIBAETCS] BEKTOPOM KOHTPOJIUPYEMBIX
TENEMETPUUECKHUX [TapaMETPOB:

X(1) = (T (1), Ts(0), Pu(®), 10), V1)), (1)

rae Ty (f) — Temmeparypa HarHETaHus,

Ts(f) — TeMmeparypa BCaChbIBAHHS;

P\(t) — naBnenue macia B KapTepe;

1(t) — TOK OTPEOICHUS MEKTPOIBUTATEIIS;

V() — ypoBeHb BUOpaluy Ha KOpITyce.

[Ipu HOpMambHOI paGoTe mapamerpbl X ()
KONIEOMIOTCS BOKPYT HEKOTOPBIX HOMMHAIBHBIX
3HA4YeHUH, 00pa3ys MHOTOMEpHBIH BpPEMEHHON
psn. PazButue nedexra (Hampumep, U3HOC MOA-
IIUITHUKOB, yTeYKa XJaJareHTa) MpUBOAUT K U3-
MEHEHUIO CTATUCTUYECKUX CBOICTB 3TOrO psija
¥ B3aUMOCBSI3€H MEXIy €r0 KOMIIOHEHTaMHU.

Jeyxamannwlit anzopumm 0emeKmupoeanus

AHOMAJIUIL U NPOZHO3UPOBAHUSL.

Jran 1. OGyuenne Mosie HOPMAJIBLHOIO MO~
BEJICHUS.

Ha wucropuueckoM HHTepBane AaHHBIX, 3a-
BEJIOMO COOTBETCTBYIOIIEM HOpMasbHOH pabore
obopynosanusi APB, HeiiponHas ceTb o0y4aercs
JIOJITOBPEMEHHBIM 3aBUCUMOCTAM. Ee 3agaua —
Tpe/ICKA3bIBATh 3HAUCHHE BEKTOPA X HA CIEMYIO-
meM mare (¢ + 1) mo nocneoBaTeNnbHOCTH U3 71
npeablynmx 3Hauenui [10]:

X(t+ 1) = LSTME(t — n), .., X(0).  (2)

Ha BanuaanyonHoM Habope OlleHUBAETCS TOY-
HOCTb MOJIETIM U BbIUMCIAeTCS 0a30Bas oInOKa
HPOTHO3a 7Sl HOPMAJIbHOTO PeKHUMA.

Jran 2. OnepaTuBHbIA MOHUTOPUHI U BBbI-
YUCJIEHUE MHTErPabHOTO MOKa3aTeNs 310pPOBbS
(Health Score).

Jlist KaxJ0ro HOBOIO MOMCHTA BPEMCHH !
MOJIENTb BBIJACT TIPOTHO3 X (f) M PACCUMTHIBACTCS
B3BEILICHHAs CPEIHEKBaJIpaTuyHas oOIuOka —
MHTETpalbHbII MMOKa3aTeNlb OTKIOHEHUS OT HOp-
Mbl E(1):

E(1)= [ 3w, () —x (1)),

rae m = 5 — YKCII0 NapaMeTPOB;

)
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x/“!(f) — dpakTHUECKOE H3MEPEHHOE 3HAYCHHUE;
W, — BECOBOH KO>()QULHMEHT, OTPaKAIOIIMH
JIMarHOCTHYECKYI0 3HAYMMOCTh Tapamerpa
(2 w;=1). Beca MoryT onpesiensThCs SKCIepT-
HO WIIM Ha OCHOBE QJITOPUTMa CIy4ailHOro
neca, 00y4eHHOTO Ha JIAaHHBIX C MapKHPOBAH-
HBIMU OTKa3aMH.
0,35, wy, = 0,25,
WﬂaBﬂ.MaCﬂa: 07203 WTCMHAHB.TH. = 0,153 WTCMHABCA = 0505'
Jlnst crmakuBaHusl CIy4aiHbIX BEIOPOCOB pac-
CUMTBIBAETCSl CKOJB3AIIEE CpeIaHee OIIMOKU 3a
OKHO W

HaHpHMep : WBH6paum

7 > E(i). 4)
i=t-W+1

Jran 3. [Ipunsarue pemieHus.

Jlunamuka E(f) aHanmmsumpyercss Ha NpeaMeT
TpeHaa (HampuMep, C MOMOUIbIO JTMHEHHOH pe-
rpeccun). [loporoBbie 3HaUSHUS yCTaHABINBAIOTCS
CTAQTUCTHYECKH Ha OCHOBE HCTOPUUECKHX JIAHHBIX:

onoselenne «Buumanue»: E(f) > [om +
+ 2 Oyorm- PEKOMEHYETCS YCHUITUTH MOHUTOPUHT;

omosemenne «Tpesoran: E(f) > om +
+ 3G,om- [lMaHUpyETCS BHEIUIAHOBBIK OCMOTP
npy OMvoKanIelt TeXHUUECKOH BO3MOKHOCTH;

omnoseenne «Kpurnaeckuiin: E(f) > Lo +
+ 56,0 WM OOHApYXEH pPE3KHid, MOHOTOHHO
BO3pacTaronmi TpeHa. TpeOyeTcs HeMeIIeHHbIN
BBIBOJI BATOHA B PEMOHT.

Takoil moxxo/ MO3BOJSET MEPEUTU OT pearu-
pOBaHUs Ha a0COMIOTHBIE MPEAENbl MapaMeTpPoOB,
KOTOpBIE YacTO MPEBBIIIAIOTCS YK€ TPH Ccepbes-
HOIl HEUCTIPaBHOCTH, K TPOTHO3UPOBAHUIO OTKa3a
Ha paHHeW CTaJuu, MO HE3aMETHBIM U3MEHEHUAM
BO B3aMMOCBS3SIX CUTHAJIOB [12].

Ounenka 3¢ peKTHBHOCTH BHEAPEHUSs
U MWIOTHBIH MPOEKT

Buenpenue miardpopmer EIIM APB — 510
MacITaOHbIM HHBECTHLMOHHBIN PoeKT. Ero 060-
CHOBaHue TpeOyeT KOJIMYECTBEHHOW OLIEHKU 0XKH-

naeMoro 3h¢exTa Mo TEXHUKO-3KOHOMHUYECKUM
MOKa3aTessIM, TIPEICTABICHHBIM B Ta0I. 3.

OkymnaemMocCTh MPOEKTa: CyMMapHbI TOI0BOM
AKOHOMHYECKHH dPPEKT OT MPSIMBIX CTaTed MO-
KEeT COCTaBIATH 0KoJio 1 mupx py6. [Tpu npearo-
JlaraeMbIX KaluTaldbHBIX 3aTpaTax Ha pa3paboTKy
U BHenpeHue miarhopmMsl B 2—3 Mipa pyd. cpok
OKYIaeMOCTH COCTaBUT 2—3 Toja.

Pexomenaanuu no nuI0THOMY BHeEAPEHUIO

JIst MMHMMU3aluy PUCKOB IIPEUIaraeTcsl mno-
9TAIHBIN ITOAXOA.

Aran 1 (muot, 6-9 Mmec.): pa3BepTbIBaHUE
mnardopmel Ha 50-100 coBpemennbix APB, 3a-
NeHCTBOBAHHBIX HAa yCTOMYMBOM MapuipyTe (Ha-
npumep, coodienne Cesep — FOr). MnTerpanus
¢ AC «3TPAH». OtpaboTka 0a30BbIX CLiIEHApHEB
MOHHMTOPHHTA U OIIOBELICHUH.

Jran 2 (Macmrabuposanue, 1-1,5 roga): pac-
mupenue miargopmsl Ha 1000 APB. Ioxkmtoue-
nue unterpauuu ¢ AC YKB HII u EK ACYB. 3a-
IICK IIPEIUKTUBHBIX MOZENEH Ha OrPaHUYEHHON
IpyIIIIE BarOHOB.

Jran 3. (momHOE pa3BepThIBaHUE, 2 TOJa):
pacrpocTpaHeHue IIarpopMbl Ha BeCh MapK
APB, noaxmtouenue Bcex ACY, 3amyck cUCTEMbI
OnokueiH-peecTpa U KIMEHTCKoro noprana [14].

Bonpocsl nHGpopManHOHHOI 0€3011ACHOCTH
U 32KOHOATeJIbHOTO PeryJHpOBaHHA

Buenpenne mnatdopmbl compsikeHO ¢ ce-
pbe3HbIMH TpeOoBaHUAMHU 10 Kubepbesomac-
HOCTH, TaK KaK OHAa CTAHOBUTCS KPHUTHYECKON
uHpopmaonHo# cucremoit. Heobxomumo oGe-
CTICUUTB!

* 3AIUTY HEPUMETpa: MEKCETEBON IKpaH IS
nIyOOKoN (uiIbTpanuu Tpaduka U CUCTEMBI 00-
HapY>KECHUS BTOPKCHUM;

* mudpoBaHUe TaHHBIX: CKBO3HOE MLIH(PO-
BaHUE Ipu nepenade or BaroHa no ELIM APB;
mu(poBaHUe JAHHBIX;
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TABJINIIA 3. KommiekcHas oneHKa 3¢ dexruBHocTH BHenpenns miar¢popmer EIIM APB

Kareropus KuroueBoii noka3saresn basosblii ypoenb | Ilenesoii ypoBeHb PacuerHblii rogoBoi
ddexra (KPI) (10 BHepeHuUs) (1moc.1e BHeApEHHs) IKOHOMHYecKHii dpderT
Jons nepeBo3ok ¢ 3adukcu- |Ilo skcrepTHOi IIpsimoe mpenoTBpaleHue
poBaHHbIMU HapyuieHusmMu | ouenke: 0,5-1% ot | CuukeHue yObITKOB: 250-500 MITH pYO.
COXpaHHOCTS TEMIL. peXKUMa, BEAyIUMU | crouMocTy repeBo- | Ha 60—80% (ipu oOBbEMe TepeBO30K
rpy30B 1 katectso | K MOPE 3UMBIX TPY30B 50 mapn py6./ropm)
ycmyr Cpennuit KocBeHHblit 3dexT 0T pocTa
VYnoBIETBOPEHHOCTD KIIUEH- P . Pocr Ha 20-30 bd P
oTpacieBoi JOSUTBHOCTH ¥ 00BEMOB
toB (NPS) IyHKTOB
YPOBEHb IEPEBO30K
VBenuueHune 3a cueT onTUMH3ANH
KoaddurmenT rpyxeHoro N
D dheKTHBHOCTD ~0,55 Ha 5-7% JIOTHCTUKH M COKPALICHUS
npobera APB
HCTIONb30BAHIS (mo 0,58-0,59) npoctoes: ~300 miH pyo.
Tapxa Cpennee BpeMs 000poTa Coxparienue Ha
22-25 cyToK
BaroHa 0,5-1 cyrku
DKOHOMUS Ha MIEPEXOE OT
IJIaHOBO-IIPEAYIPEAUTENb-
3arparel Ha TO 1 peMOHT Ha CHmxenue Ha PeAYTIp
| BArOH-CYTKH X py0. 15-20% HOTO K NPEINKTUBHOMY
- . 0
3arparhl y TO: ~200 M1H pyo6.
Ha TCXHHYCCKOC (mst mapka B 5000 APB)
o0ciyxuBaHue
CHmxenue mrpados,
KonyecTBo BHEIIIAaHOBBIX CHmxeHue Ha
Y otkazoB/rox o MIPOCTOEB U 3aTpaT Ha
OTKAa30B B IyTH 25-30% N
aBaPUHHBIA PEMOHT
OneparonHas Tpynosarparst Ha c6op, Bricokue, Tpebytor | Cokpaienue Ha BricBoOOKIEHHE TPYIOBBIX
50 Q)EKTHBHOCTI) COIIOCTABJIEHHE JJAHHBIX Tpyna Heckoipkux [ 60-70% 3a cuer pecypcos, camkenne POT
u (OpMHUPOBAHUE OTYETOB | COTEH CHELMANINCTOB | aBTOMATH3ALIMI Ha ~150 muH pyo.
CoxkparieHue cyae0HbIX
Opunnueckue P Y
KonyecTBo criopHbix ciy- | [lecsrtku ciaydaes U3JEPHKEK; BOSMOKHOCTh
U CTPAXOBBIE CHmxeHue B pasbl
oK YaeB C IPy30BIaAeIbllaMi | B rof CHIKEHMS CTPAXOBBIX
P Tapu(oB Ha IIEPEBO3KY

* yHOpaBlieHHE JOCTYIOM: CTpOras ayTEeHTH-
¢uKkanus U aBTOpU3aIuUs, 0COOEHHO IS 0CTYTa
K JIaHHBIM I'PYy30BJIa/ICTbLIEB;

e cooTBeTcTBHE TpeboBanusim: D3 ot
27.07.2006 Ne152 «O nepcoHanbHBIX JaHHBIXY,
@3 ot 26.07.2017 Ne187-03 «O 6e3omacHoCTH
KHNWN», orpacnesbiM crangapram PXK/I.

Hcnonbs3oBanue OnoKueiiHa Ui KypHAIIOB
TeMIeparyp AOJKHO HOJYYUTh HOPHIANYECKOE
npusHaHue. TpeOyroTcs pazpaboTka U yTBEpXK-
nenve BHyTpeHHero crtanaapra OAO «PXK/Iy,
a B MIEPCIIEKTUBE — BHECEHNE U3MEHEHUH B HOp-

KYpHaJbl B Ka4€CTBC HOPUAUYCCKHU 3HAYUMOTI'O
J0Ka3aTcJIbCTBA.

3akioueHune

[IpoBeneHHOE HCCleOBaHME TOATBEPIKAA-
eT, 4To (parMeHTanys HHHOPMALKMOHHOTO MOJIS
Mexay cuctemamu tenematuku APB u ACY
SIBIIICTCSI KJIOUEBBIM TEXHOJIOTUYECKUM Oapbe-
poM Ha MyTu HU(POBU3ALUM NEPEBO30K CKOPO-
HOPTAIIUXCSA TPY30B. DTO MPUBOTUT K MPSAMBIM
HKOHOMUYECKUM MOTEPSM, ONEPAllMOHHON Hed]-
(DEKTHBHOCTU M CHW)KCHHUIO KIMEHTOOPUEHTHUPO-
BaHHOCTH, a TaKXKe K HApYIICHUIO 0e30MacCHOCTH
JBWOKEHUS TIO€3/I0B.

MaTHBHBIE aKThl MHUHTpaHCa, MPHU3HAIOIINX
Kpunrorpaguyecku 3aBepeHHble  LU(PPOBbIE
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[IpennoxkeHHast apxuTEKTypa eIuHON Ludpo-
Boit miatrdopmel EIIM APB npexncrasnsiet coOoit
KOMIUIEKCHOE PELIEHUE, UHTETPUPYIOIIEE COBpPE-
MEHHBIE TEXHOJIOTUH: IPOMBIIIEHHBI HHTEPHET
Bemiel s cOopa JaHHBIX, 00TauHbIe BBIYHCIIC-
HUS Ui UX 00paboTKu, OJIOKUYEH 171 obecreye-
HMS JIOBEPUS. U HEM3MEHHOCTH KPUTHYHBIX XKyp-
HAaJIOB, MallIMHHOE O0yueHHe Ui MPEAUKTUBHON
aHanuTuku. PazpaboranHas MaremaTudeckas Mo-
Jie7b Ha OCHOBE PEKYpPPEHTHBIX HEHPOHHBIX Ce-
TE W B3BENICHHOW OIMUOKH MPOTHO3a MO3BOJISIET
nepeiT oT 00cTyKuBaHUs 110 (PAKTUUECKOMY OT-
Ka3y WIIM KECTKOMY rpaduky K NpeAUKTUBHOMY
00CITyKUBaHUIO 10 (HAKTHIECKOMY COCTOSHHIO.
OTO0 KOpPpEIUPYETCsl ¢ TPEMsSI OCHOBHBIMH BEKTO-
paMH pa3BUTUS OTPACIH: IEPEXOAOM Ha IpeIu-
KTUBHOE 00CITy’)KUBaHHE, BHEIPEHUEM OJIOKYEHHA
JUISL UICHTU(HUKAIMH U BepH(DUKAIIMHI, KOMIIIIEKC-
HOU aBTOMaTH3aImeil 1 podoTU3aNnei MPOIeccoB
(dpoBOit BaroH).

PacueTsl JeMOHCTPUPYIOT 3HAUUTEIBHBIN KO-
HOMUYECKUI TOTEHLIMA OT BHEPEHHUS: COBOKYTI-
HBIN TO0BOM A(PdeKT MokeT mocTurarh 1 mipn
py0. pu cpoke okymaemMocTd 2—3 roga. OcHOB-
Hble JipaiiBepbl SKOHOMHM — TPEAOTBpAlLICHHE
HOpYM TIPy30B, ONTHUMHU3ALMSA HCIOIb30BAHUSA
napka, cCHukenue 3arpar Ha TO u BBICBOOOXKIe-
HHE TPYLOBBIX PECYPCOB OT PYTHHHBIX OIEPALUl.

[TepcrieKTUBBI HanbHENIINX UCCIIEOBAaHUNI:

1. Pa3paboTka JeTanbHBIX OTPACIEBBIX CTaH-
naproB Ha (opMar oOMEHa TeleMaTUYeCKUMHU
JTaHHBIMH T PeQPIKEPATOPHOTO TTOJBHKHOTO
COCTaBa.

2. Co3nanue 1uepoBbIX ABOWHHKOB APB,
KOTOpbIE B pealbHOM BpEMEHH OyayT OTpaxaThb
HE TOJbKO TEIEMETPHI0, HO U BCE CBSI3aHHbIC
ousHec-mporeccsl [15].

3. HccnenoBanue NPUMEHEHUS TEXHOJIOTHUHM
MCKYCCTBEHHOIO UHTEIUIEKTA AJIs TOJTHOCTBIO aB-
TOHOMHOW ONTHMH3ALUK JIOTUCTUYECKUX LEIO-
yek ¢ yyactueM APB.

4. Pa3BuTHE KIMEHTCKOTO TIOpTajia B CTOPOHY
TIOJTHOLICHHOH I1aT(OPMBI «JIOTHCTHKA KaK YCITyTa
C JJIEMEHTaMU CMapT-KOHTPAKTOB Ha OOKueiiHe.

Peanuzauust 1aHHOW KOHIENIMHM MO3BOJIUT
BrajensiaM APB He TONbKO pemmTh TeKyIe
ONepaIMOHHbIE MPOOIEMBI, HO M COBEPLIUTH Ka-
YeCTBEHHBI CKauOK, BBIBEIS YCIYTH IO MIEPEBO3-
K€ CKOPOTIOPTSIINXCS TPY30B HA HOBBIH YPOBEHb
HAJIeKHOCTH, TPO3PAYHOCTH M IKOHOMHUECKOU
3((heKTHBHOCTH, YTO COOTBETCTBYET CTpATETHye-
CKHUM TIesisiM IU(pPOBOH TpaHC(HOPMAIIMU TpPaHC-
HOPTHOTO KoMILIekca Poccun B 11esoMm.
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Abstract

The article is devoted to solving the urgent problem of data fragmentation during the operation of
autonomous refrigerated wagons (ARVs) on the Russian Railways railway network. The key task is
to develop the architecture of a single digital platform, automate the information field generated by
on-board telematics systems (data on temperature, location, equipment operation parameters), and
seamlessly integrate it with data from corporate automated control systems JSC Russian Railways
and integration with internal systems of operational, commercial and technical accounting. Objective:
to develop a unified ARV digital platform that ensures the formation of a common source of reliable
data, cargo safety and reliability of ARV equipment. Materials and methods: the paper uses system
analysis methods for existing solutions in telematics of refrigerated rolling stock. The imperfections of
the information exchange between the systems and the formalization of the platform requirements are
revealed. The principles of service-oriented architecture (SOA) were used to design the architecture of
a single digital ARB platform. The concepts of the Industrial Internet of Things (IloT) were applied to
collect data from various systems, and the rules of hybrid data management (“single data layer” — Data
Fabric) were applied to integrate and process this data. Results: the implementation of the proposed
platform will help overcome the problems of information fragmentation and delay, optimize logistics
processes, create a single source of reliable data, implement the transition to maintenance based on
the actual condition and improve train safety. Practical significance: information from on-board ARV
systems and from corporate automated control systems of Russian Railways comes incoherently, which
requires manual data comparison and, as a result, delayed response to incidents, which leads to damage
to cargo. The results of the work will significantly increase the efficiency of using the refrigerated
fleet, ensure the safety of goods, reduce operating costs and strengthen the competitive position of rail
transport in the market of transportation of perishable products.

Keywords: autonomous refrigerated wagon, telematics, data integration, predictive analytics

References 4. Shevchenko A.V. Sovremennye resheniya dlya
1. GOST R 58664-2019. Uslugi na zhelez- avtonomnykhrefrizheratornykhvagonovmodelil6-5213,
nodorozhnom  transporte. Perevozka skoro-  obespechivayushchie povyshenie ikh ekspluatatsionnoj

portyashchikhsya gruzov. Obshchie trebovaniya k
kachestvu [Railway Transport Services. Transportation
of Perishable Goods. General Quality Requirements],
[cited: 12/01/2025]. Available at: http://internet-law.
ru/gosts/gost/72246, accessed: January 12, 2026. (In
Russian)

2. The International Union of Railways (UIC), Best
Practices for Perishable Goods Transport by Rail, 3rd
ed., Paris: UIC Publications, 2022, 134 p.

3. Pravila perevozok zheleznodorozhnym tran-
sportom skoroportyashchikhsya gruzov, utverzhdennye
prikazom Mintransa Rossii ot 4 marta 2019 g. [Rules
for the Transportation of Perishable Goods by Rail,
approved by Order No. 66 of the Ministry of Transport of
the Russian Federation dated March 4, 2019]. Available
at: https://base .garant.ru/72265752/, accessed: October
30, 2025. (In Russian)

nadyozhnosti 1 rabotosposobnosti [Modern Solutions
for Autonomous Refrigerated Wagons of the 16-5213
Model, Ensuring an Increase in Their Operational
Reliability and Operability], Proceedings of the Rostov
State University of Railway Transport, 2025, no. 1 (70).
pp. 126-131. Available at: http://www.elibrary.ru/item.
asp?id=82266992, accessed: January 30, 2025. EDN
AMPSPG (In Russian)

5. Efanov D. V., Smirnov A. A. Sistema monitoringa
ustrojstv  zheleznodorozhnoj avtomatiki na osnove
promyshlennogo «Interneta veshchej» [Monitoring
System of Railway Automation Devices Based on the
Industrial “Internet of Things”], Mir transporta [The
World of Transport], 2020, vol. 18, no. 6, pp. 118—134.
(In Russian)

6. Likhova O.A, Kuzmina K.A, Zholondkov-
sky P.S. Tekhnologiya blokchejn v logistike i upravlenii

ISSN 1815-588X. N3sectunsa MNrync

2026/2



276

Problematics of Transport System

tsepyami postavok: opisanie primeneniya i prognoz
razvitiya [Blockchain Technology in Logistics and
Supply Chain Management: Application Description
and Development Forecast], Novoe slovo v nauke:
strategii razvitiya: sb. mat-lov V Mezhdunar. nauch.-
prakt. konf. Cheboksary [A New Word in Science:
Development Strategies, Collection of Materials of the
V' International Scientific and Practical Conference],
Cheboksary, 2018, pp. 243-250. (In Russian)

7. Shapira G., et al. Kafka: The Definitive Guide:
Real-Time Data and Stream Processing at Scale, USA,
O’Reilly Media, 2021, pp. 332-334.

8. Gartner Research. Innovation Insight: Data Fabric
Architectures are Key to Modern Data Management.
2023. Available at:  https://www.gartner.com/en/
documents/4018889, accessed: January 12, 2025.

9. Gavrilyuk E.S., et al. Prediktivnaya analitika v
zheleznodorozhnoj logistike: matritsa tekhnologicheskikh
reshenij 1 strategiya vnedreniya [Predictive Analytics in
Railway Logistics: A Matrix of Technological Solutions and
an Implementation Strategy], Estestvenno-gumanitarnye
issledovaniya [Natural sciences and humanities research],
2025, no. 3 (59), pp. 99-104. (In Russian)

10. Hochreiter S., Schmidhuber J. Long Short-
Term Memory, Neural Computation, 1997, vol. 9, no. 8,
pp. 1735-1780.

11. Chen T., Guestrin C. Boost X. G. A Scalable Tree
Boosting System, Proceedings of the 22nd ACM SIGKDD
International Conference on Knowledge Discovery and
Data Mining (KDD ‘16), 2016, pp. 785-794.

12. Kachalov D. L, Mishustin A. V., Farkha-
dov M. P. Sovremennye metody obrabotki bol’shikh
dannykh v krupnomasshtabnykh sistemakh. Matema-
ticheskie modeli sovremennykh ekonomicheskikh
protsessov, metody analiza i sinteza ekonomicheskikh

mekhanizmov [Modern Methods of Big Data Processing

in Large-Scale Systems. Mathematical Models of
Modern Economic Processes, Methods of Analysis and
Synthesis of Economic Mechanisms], Current Problems
and Prospects of Management of Organizations in
Russia. Proceedings of the XI All-Russian Scientific and
Practical Conference, Samara, April 24-28, 2017, iss. 11,
Samarskij nauchnyj tsentr RAN [Samara Scientific Center
of the Russian Academy of Sciences], 2017, pp. 65-71.
Available at: https:/elibrary.ru/item.asp?id=32342348,
accessed: April 12, 2025. EDN YMZHKD (In Russian)

13. Kreutz D., et al. Software-Defined Networking:
A Comprehensive Survey, Proceedings of the IEEE,
2015, vol. 103, no. 1, pp. 14-76.

14. Andoni M., et al. Blockchain Technology in
the Energy Sector: A Systematic Review of Challenges
and Opportunities, Renewable and Sustainable Energy
Reviews, 2019, vol. 100, pp. 143-174.

15. Shinkaruk A.S., Kulikov M.Yu, Baryshnikov
A.V. Sovershenstvovanie proizvodstvennykh i1 uprav-
lencheskikh protsessov pri remonte i tekhnicheskom
obsluzhivanii passazhirskikh vagonov s ispol’'zovaniem
“tsifrovykh dvojnikov” [Improvement of Production
and Management Processes in the Repair and
Maintenance of Passenger Cars Using “Digital
Twins”], Transportnoe mashinostroenie [Transport
engineering], 2024, no. 12 (36), pp. 70-77. Available
at: https://www.elibrary.ru/item.asp?id=75251252,
accessed: January 12, 2025. DOI: 10.30987/2782-
5957-2024-12-70-77. EDN ENMKIC (In Russian)

Received: January 26, 2026
Accepted: March 06, 2026

Author’s information:
Alexey V. SHEVCHENKO — Postgraduate Student;

shevchenko@rusref.su

2026/2

Proceedings of Petersburg Transport University



MpobGnemaTnka TPAHCMOPTHBIX CUCTEM 277

YAK 621.313.333

Pacuer MnapasnTHbIX eMKocTen ACUHXPOHHOIrO TAroBoro
aneKTpoaBuraTensd, ynpasnsemMmoro npeoGpa3OBa'reneM HacToThbl

A.B. KapmaHoB

00O «YpaJlbcKue JJOKOMOTHBBDY, PETHOHANBHBIA HeHTp, Poccus, 196641, Cankt-IlerepOypr, moc. Me-
TAIIOCTPOH, yyacTok /1 Pexa CrnaBsaka — JIOII

Jast uurupoBanusi: Kapuanos A. B. PacueT napa3uTHBIX EMKOCTENH aCHHXPOHHOTO TATOBOTIO 3JIEKTPOBH-
rareJisi, yrpasisieMoro rmpeoOpaszoBaresieM yactoTsl // 3Bectus [letepOypreckoro yHuBepcurera myTei co-
obmenust. CII6.: IITI'YIIC, 2026. T. 23, Beim. 2. C. 277-287. DOI: 10.20295/1815-588X-2026-2-277-287

AHHOTALUSA

Hesb: TeOpeTHIECKUN pacueT Mapa3uTHBIX €MKOCTEH aCHHXPOHHOTO JJICKTPOABUTATEIISI, YIIPABIISI-
eMOoro mpeoOpa3oBaTeieM YacTOTHI, JJISl CO3JaHUS UMHUTAITMOHHONW Monaenn. MeToabl: MPUMEHCHUE
3aKOHOB AJICKTPOTEXHUKH JIJIsI pacieTa EMKOCTH IIJI0CKOTO U ITUINHAPUIECKOTO KOHICHCATOPOB U KOH-
CTPYKTHUBHBIX XapaKTEPUCTUK ACHHXPOHHOTO JIEKTPOIBUTATENS K pacueTy UAeaIbHBIX YKBUBAJICHTOB
Mapa3uTHBIX EMKOCTEH aCHHXPOHHOTO AJIEKTPOoABHUTATENI. Pe3yibTaThl: MpeIokeHa Y9KBUBAJICHTHAS
€MKOCTHAsI CXeMa aCHHXPOHHOTO 3JIEKTPOJBUTATENS, BEITTOJTHEHBI BRIICIICHUE TTAPA3UTHBIX €MKOCTEH
ACHHXPOHHOTO AJICKTPOJBHUTATEIS, 3aMEHA WX HAa HACAIbHBIC YKBHBAJICHTHI. [IpenmoskeHbl METOIBI
pacdeTa uneadbHBIX SKBUBAJCHTOB MAPa3UTHBIX €MKOCTEH TATOBOTO AaCHHXPOHHOTO JICKTPOJABUTATE-
JIs1, @ TAKXKE YIPOIICHHBIN METOI OIEHKH €MKOCTH IMAPUKOBOTO paIHaIbHOTO MOAITUITHIKA Ha OCHOBE
OIICHKHM KOHTAKTHOM TuTOmaau 30HBI ['epra. BrimomHeHO cpaBHEHWE MAaHHBIX, IMOTYYECHHBIX TEOpe-
THYECKUM ITyTEeM, C TaHHBIMU, IMOTYICHHBIMH B PE3yJbTaTe MPOBEACHHBIX NU3MEPCHUH, U TaHHBIMU,
MPUBEACHHBIME B PAa3IMYHBIX UCTOYHHMKAX. [IpemokeHHbIE METOMBl OTIMYAIOTCS TPOCTOTOW pac-
YeTOB M UMEIOT YIOBIETBOPUTEIbHYIO TOUHOCTh. IIpakTuyeckasi 3HAYMMOCTh: TTOJYUCHHBIC B pe-
3yJIbTAaTe TEOPETHUYECKOTO pacyeTa MaHHBIC HCIOIB3YIOTCS B DKBUBAJICHTHON CXeMe aCHHXPOHHOTO
SJIEKTPOJBUTATENS TIPH CO3MaHUN MOJICITH TATOBOTO NMPHUBOJA B Cpee UMHTAIIMOHHOTO MOJICIHPOBA-
Hust Simulink 115 OeHKW BETWYWHBI TPUIIOKEHHOTO K MOAIMIUITHUKY HAMPSKEHUS W MIPOTEKAOIIETO
gepe3 HEro TOKa, OMpEeNeNeHHS MOTCHIIMAIBLHOTO MYyTH MPOTEKAHUS BBICOKOYACTOTHOTO TOKA 4Yepe3
MOAIIUITHUKA TSATOBOTO ACHHXPOHHOTO AICKTPOABUTATEIIS C IETBI0 pa3padOTKH JaTbHEHIITUX MEp IO
CHIDKCHHUIO X BIUSHUS ¥ TOBBIIICHUIO HAJEKHOCTH MOAIIUITHUKOBOTO y3J1a TSITOBOTO ACHHXPOHHOTO
SJIEKTPOIBUTATEIIS.

KaroueBbie cioBa: aCI/IHXpOHHHﬁ SJICKTPOABUIATEIIb, CI/IH(I)aSHOG HaImpsKCHUE, SDKBUBAJICHTHAsA CXEMa,
rnapasuTHas €MKOCTb, TOAIIHUITHUK, MTOIITUITHUKOBBIM TOK

Beenenune

TAroBBIl 2IEKTPOABUTATENb NIEKTPOIOE3/A
ABJseTCs Tpex(a3zHbIM aCUHXPOHHBIM JIIEKTPO-
JIBUraTesieM, KOTOPBIA IMHUTAETCSd OT MHBEPTOpA
C MHMPOTHO-UMMYNIbCcHOW Moayisiueit (III1M),
KOHCTPYKTMBHO COCTOAILIETO U3 LIECTH KIKOue-
BBIX AJIEMEHTOB Ha OCHOBE OUIMOJIIPHBIX TpaH-
3UCTOPOB C U30MupoBaHHBIM 3aTBOpoM (IGBT).
Kaxnapiit momymoct, cocrosmuii u3 nsyx IGBT,

dbopMupyeT Ha BBIXOJE HANpPSHKEHUE 3aTaHHOM
YaCTOTHl M aMIUTUTYAbL. TpH MOJIyMOCTa MO3BO-
JISIOT CO3/1aTh TpeX(azHyIo CHCTEMY MepeMEHHO-
ro HampsHKEHUs U1 MTUTAHUS TSTOBOTO AIIEKTPO-
nasurarens. JlelicTByrolee 3Ha4eHHE BHIXOJHOTO
HaMpsOKEHUST PETYIUPYETCs MOCPEACTBOM HU3Me-
HEHUS IIUPUHBI MMIYJIbCA BBIXOAHOTO HAMpA-
KEHUs. J[MUTenpHOCTh UMITYJIbCOB BBIOMPAETCS
TakuM 00pa3oM, 4ToOBI 0OecTeunTh GopMy TOKa
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Harpy3Kku, Haubosee NPUOIMKEHHON K CHHYCOH-
JabHOM, U 00ecrneuyuTh MUHUMAJbHbBIE MOTEPU
B MHBEPTOPE HAMPSIKEHHUS.

OcHOBHBIE TAPMOHUKHU XOTb U SBIAIOTCS CUM-
METPUYHBIMH M COaTaHCUPOBAHHBIMH, HO IPU
IIUPOTHO-UMITYIECHOM MOJYNISIIMU HEBO3MOKHO
clleNiaTh CyMMY TPeX HaNpsDKEHU, B KaXKAbIH MO-
MEHT BpeMeHHM paBHOU Hymo [1]. B Takom ciy-
Yae HaNpsDKeHUE B HEUTPAbHOM TOUYKE «3BE3bI»
He paBHO Hymo. CormmacHo [2], 3TO Hampsxe-
HHE — HaNpsHKEHHWE MCTOYHHMKA CHH(A3HOW 1Mo-
mexu (Ugy, — common mode voltage). Cundaznoe
HanpsbkeHne Uy, XapaKkTepu3yeTcsi BBICOKUMU
CKopoCTsMHU HapacTanusi dU/dt n paBHO cpeaHe-
My apudMeTniyeckoMy HampsbKeHus Tpex a3
K 3emiie [3]:

_UA+UB+UC

UCM 3

; 6]
rae U, Uy, Us-— (hazHbie HanpsKEeHUs..

[lpunoxkeHHOE Ha KJIEMMax JBUrareis BbI-
COKOYACTOTHOE CHH(]A3HOE HANpsHKEHHE BCIEHd-
CTBHE €MKOCTHBIX CBSI3€l MEKAYy KOMIIOHEHTaMU
ACHHXPOHHOTO 3JIEKTPOABUTATENS BBI3BIBAET MPO-
TeKaHue cuH(a3HOTO TOKA.

CunazHbIi TOK IOCTYMAET B IBUTATENb OT HH-
BEpPTOpa U B HAWJIYUILIeM BapUaHTE uyepe3 CUCTEMY
3aIIUTHOTO 3a3eMJICHHS BO3BpaIaeTcs 00paTHo Ha
unBeprop. Ho yacTh cundasHoro Toka nporekaer
yepe3 MOUIMITHUKY SNIeKTPOABUraTeNs, YTo Mpu-
BOJIUT K UX MPEKIEBPEMEHHOMY OTKa3y.

JKBHBAJEHTHAsl EMKOCTHAsI cXxeMa
ACMHXPOHHOI0 YJIEKTPOIABUIaTe/ sl

Jlnst ynpolueHus MOHUMAaHHS MPUPOABI MOJ-
IIUTTHUKOBBIX TOKOB M JaJbHEWIIEro MMUTAIH-
OHHOTO MOJETHPOBAHUS TATOBBII ANEKTPOIBHUIA-
TeNlb MOKHO TIPEJICTABUTh B BUJIE SKBUBAJICHTHOM
cxemsbl [4] (puc. 1), B KOTOpOii Bce pacrpesieicH-
HbIe TTapa3UTHBIE EMKOCTH 3aMEHEHBI Ha UX HJIe-
QJIbHBIC YKBUBAJICHTHI.

Jomomka cmamopa

1

—e o W

Pomop

—_ [wf

Kopnyc dbuzamens

Puc. 1. DxBUBaJIeHTHAs EMKOCTHAsI CXeMa
ACHHXPOHHOTO JJIEKTPOIBUTATEIIS, TIIC
C.s (winding-frame capacitor) — eMKOCTb,
o0pa3zoBaHHas CTATOPHOH OOMOTKOM
U CepACYHUKOM CTaTOpa;

C... (winding-rotor capacitor) — eMKOCTb,
00pa3oBaHHas CTATOPHOH OOMOTKOH M POTOPOM;
C,s (rotor frame capacitor) — eMKOCTb,
00pa30BaHHasi POTOPOM U CEPJICUHUKOM CTATOPA;
Cypr — €MKOCTb, 00pa30BaHHasl MOIIHUITHUKOM
C TIPUBOJIHOYW CTOPOHBI (drive end),

Cynpr — €MKOCTh, 00pa30BaHHAas! TOAIITUITHUKOM

C HETIPUBOIHOMN CTOPOHEI (none-drive end)

Pacuer mapasuTHbIX eMKOCTEM
ACMHXPOHHOTIO YJIEKTPOJABUTATE/IS

[Tapa3uTHbIE €MKOCTH ACHHXPOHHOTO 3JIEKTPO-
JIBUTaTelIs MOKa3aHbl HA PUC. 2.

EmMkocTh, 0Opa3oBaHHas CTAaTOPHOH 0OMOT-
kol u cepaeynukom craropa C,, (winding-frame
capacitor), A1 YIpOIICHUSI MOXET OBbITh Ipen-
CTaBJICHA B BHJIE 1, TUIOCKUX KOHJIEHCATOPOB [5]
U paccuMTaHa:

2

I7Ie 1, — KOJIMYECTBO 1Ta30B CEPIICUHUKA CTaTOPA;
€, — DJICKTPHYECKas MOCTOSIHHAS, & = 8,85¢ 712,
D/m;
€ — JUAIIEKTPUYECKAs IPOHUIIAEMOCTb H30J1s-
IIUH CTAaTOPHOW 0OMOTKH;
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Puc. 2. [TapazutHbie eMKOCTH aCUHXPOHHOTO
aNeKTpoABUrarens: 1 — portop;
2 — oOMoOTKa cTaropa; 3 — CepJeuyHHUK cTaropa
(maKeT akTUBHOM CTaJIN)

S, — o0mras ronaas MOBEPXHOCTHU Ta3a cep-

JIeYHHKA CTaTopa, M?;

d,;, — TOJIIMHA CJIOSI U30JISIIUK KaTyIIKH CTa-

TOPHON OOMOTKH, M.

[Ipu mpuMeHeHUH Ta3a MPSMOYTOILHOH Pop-
MBI €T0 IJIOMIA(b BEIYUCIIIETCS:

Se= (2h + b),

rae b — mmpuHa nasa, M;

)

h — tiyOuHa masa, m;

| — nuuHa masa, M.

EmMkocTh, 00pa3zoBaHHasi pOTOPOM U cepied-
HukoM craropa C,, 3aBUCHT OT '€OMETPUYECKUX
napamMeTpoB BO3AYIIHOTO 3a30pa. JTY E€MKOCTh
MOXKHO TIPEACTaBUTh B BHUJE LUIUHIPUUECKO-
ro KOHJeHcaropa [6], eMKOCTb KOTOPOTO MOMKET
OBITh paccuMTaHa:

2ne,l/
Crf = a;) >
In—=

d

r

“4)

rjie [ — JIMHA CTaTOPHOTO MaKeTa, M;

d, — nuameTp poTopa, M;

d, — MuaMeTp pacTOUYKH CTaTopa, M.

Ho Tak xak BO3IyIIHBINA MPOMEXYTOK 0 MHO-
ro MEHbIIIE, YeM HapYKHBIN AuameTp poropa [7],
HATypalbHbIM JorapudM OTHOIIEHUS THAMETpa
PACTOUYKH CTaropa K IUAMETPy pPOTOpa MOXKET

OBITH IPUMEPHO OIIPE/ICIICH:

d 28
In—~=—. 5
norm ®)

r r
[locne nuHeapuzauuu W BBeleHUS KOIDH-
nuenta Kaprepa £, [8] nmomydaem npubnmkeHHOE
ypaBHEHHUE:

=g, —=5, (6)

I7Ie 0 — MIMPUHA BO3AYIIHOTO 3a30pa, M.
Koapdumuent Kaprepa onpenensercss otHo-
HICHUEM MaKCUMAJIbHOW MAarHUTHOW HMHIYKIHU
B 3a30p€ K CPEHEN U PACCUUTHIBACTCS HA OCHOBE
reoMeTpuu 3y010Boii 30HbI [9]:
B T

k: Smax: n , 7
© By, T,-7h, 7

dcp

s

nd
e 7, — paclpeiesIeHye Ma3oB craropa, T, =—-;
n

s

by

Y — BCTIOMOTaTeNIbHBINA KOIP(DUIMEHT, ¥ = %;

E“‘ +5

b, — mmpuHa 3y011a cepJeYHruKa cTaropa, M.
EMKkocTb Mexly cTaTOpHOM 0OMOTKOM U poTO-
pom C,,. oOpasyercst BCJISCTBUE B3aUMOICHCTBHS
00MOTOK CTaTOpa B Ma3ax M MOBEPXHOCTHIO POTO-
pa. Benmunna emkoctu C,, OTHOCHTEIBHO Malia
B CPaBHEHHUH C JPYTUMH Tapa3UTHBIMH €MKOCTSI-
MH DJIEKTPOJIBUTATEINS M3-32 OTHOCUTEIHHO 0OJIb-
IIOTO PACCTOSTHMS U HEOOIBIION TITOIAIN MEXKITY
00MOTKOM cTatopa U potopoM. MojenupoBaHue
eMkocTu C,, OCYIIECTBISIETCS B BUJIE 1, TUIOCKUX
KOHJICHCATOPOB, KaKIBIH M3 KOTOPBIX COCTOHT
U3 TOCIIEOBATENFHOTO COCAMHEHUS EMKOCTH
C,,, 00pa30BaHHON BO3JYIIHBIM IPOMEKYTKOM
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Y BEpXHEil rpaHulleit Ma30BOro KIMHA, U eMKOCTH
C,,1, 00pa30BaHHOM Ma30BbIM KIMHOM M MPOBOJI-
HUKOM cTatopHoi ooMotku [10]. EMkoctu pac-

CUUTBIBAKOTCA:
_ € 0 € a bol

Q) - 9
wr s ho +8
Tae €, — AUDJICKTPUUCCKasA NPOHUIIACMOCTb BO3-

nyXa,
b,— mmpuHa nasa, m;

®)

h,— BBICOTA LIJIMIIA 1434, M.

erl = ns %ﬂbol’ (9)

INY

TA€ &, — AUANIEKTPUUECKAs IPOHUIIAEMOCTD I1a-
30BOTO KIIMHA;

h;, — TOJNIIMHA MA30BOTO KIMHA ¥ U30JSLUH

00OMOTKH, M.

OOmass eMKOCTh JBYX IOCHIEIOBATEIbHO CO-
€IMHEHHBIX KOH/IEHCATOPOB BBIUUCIISIETCSL:
ST 1 (10)
i C

wrl

[Ipn BpamieHuM NOANIMIHUKA HA CKOPOCTH,
JOCTaTOYHOM 711 00pa3oBaHMs 3JIEKTPUUECKOM
U30JIUpYIONIeN TJIEHKH CMa304yHOTO Marepuana,
U €CIM MPUJIOKEHHOE HANpPsKEHUE He TpeBbIla-
€T TIOpPOrOBO€ HarpshKeHHe MPoOos, TO MOJIINUII-
HHMK MOXHO IIPE/ACTaBUTh B BHUJE KOHJEHCATOPA.
Pacuer ero eMKoCTH BbI3bIBAET 3HAYUTEIbHBIC
3aTPyAHEHUS BCIIEJICTBUE CIOKHOCTH T€OMETPH-
YECKOW CTPYKTYpHI MOAIIMUITHUKA. Y YUTHIBAS 3TO,
UCIIONB3YeTCsS YHPOLIEHHbIH METOJ, B KOTOPOM
JUISL pacueTa IpUMEHsIeTCsl MUHUMAabHAasl TOJIIH-
Ha IJIEHKH CMa304HOro Marepuana /i, U KOHTaKT-
Hasl TIomaab obnactu epua A, KoTopas orpe-
JieTIsleTCsl TIacTHYecKor leopMaliiell aprKkoB
B TOJIIMITHUKAX Ka4yeHUs MOJA BO3AEHCTBUEM
MEXaHMYECKOTO JaBJICHUS B PEaJbHBIX YCIOBH-
sx dkcrutyatanud. Ha ocHoBanuu [11] mmomanb
MEXJy TEJIOM U TIOBEPXHOCTbIO KaU€HHUs YCIOBHO

MOKHO pa3[eNiTh Ha TPU 30HbI: 30HY BXOJ1a, KOH-
TaKTHYIO 30HY ['ep1ia u 300y Beixoaa. Kaxmayro u3
ATUX 30H MOJKHO MPE/ICTABUTD B BUJIE OIIPE/ICIICH-
HOW €MKOCTH, 4TO IOKa3aHo Ha puc. 3. O0mas eM-
KOCTb TeJa KaueHUs! B KOHTAKTHOI 30HE COCTOMT
U3 TPEX MapajuieabHbIX eMKkocTel [12] u paBHa:

Cp=Cp+ Cyt Gy, (11)

e Cr — eMKOCTb 30HbI BXOJ1a;

Cj; — eMKOCTb KOHTaKTHOM 30HbI ['epria;

Cy — €MKOCTb 30HBI BBIXO/1A.

Tak kak eMKOCTH 30HbI BXO/J1a U 30HBI BBIXOJA
3aBUCAT OT I€OMETPHYECKUX IapaMeTpoB MOJI-
HIMITHKUKA, TO, KaK ykazaHo B [13], mis pacuera
BBOJIUTCSI TONPABOYHBIN KO3 dULUEHT k. B [14]
IPHUHATO YHUBEPCAIBHOE 3HAYEHHUE MONPABOYHO-
ro ko3¢pduuuenta k, = 3,5. U nanee pacuer em-
KOCTH BEJIETCS KaK JUIsl IUIOCKOTO KOHJEHCaTopa
C YYETOM 3TOro ko3 dunuenTa:

Y|
Cbl :kOCH =k0>< : H: (12)
ho
rie A, — KOHTaKTHas IIoIIab 30H6I [epiia, Mm%

h,— TONIIKHA TJIEHKHA CMa304HOT0 MaTepua-
Ja, M.

Bxod -

2

= L
LT

Beixod

18/10 kayeHug

m
|
|
D
|_

Kokl noguunHuKa

"~ KoHmakmHasg 3oxa I epya

Puc. 3. EMKOCTH B KOHTaKTHOU 30HE MEXTY TEIIOM

1 MMOBEPXHOCTHIO KaYCHUSA IMOJUIUITHUKA
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ComnacHo [15], KOHTaKTHas TMJIONIA/Ab 30HBI
['epua BeIYMCIISCTCS:

Ay, = mab,

rean b— IOJTYOCH JJUIMIICA KOHTAKTA.

(13)

Kak ckazano B [16], paguyc msTHa KOHTaKTa
1apa ¢ MIOCKOCTHIO OMPEeNeTCs KakK:

1
a=1,11(ﬂj3,
£

e R — paauyc mapuka, M;

(14)

E — Monyns ynpyroctu cranuy, [1a;

F— narpyska Ha mapuk, H.

Jlns ynpoiieHHON OUEHKM KOHTAaKTHOHM ILIOo-
maau 3061 ['epra gonmyckaem, uTo a = b, Torja:

2
A, ~ 3,8(EJ3. (15)
E

[Ipu naHHOM oOLEHKE IUIOIIAAM 30HBI [epra
IIPUMEHSETCS PAA JOMYILEHUM:

* R,=R,, tae R, — paauyc mapuka, R, — 3k-
BUBAJICHTHBIN PaJinyC KPUBU3HBI JOPOKKU Kade-
HUS B TOYKE KOHTAKTa;

* £, =FE), tne £, nu E, — Monynu ynpyroctu
Marepuala apuka u Kolblia;

* 0, =0, 1€ v, U v, — KodpPurments lyac-
COHa MaTepHajoB HIApUKa U KOJIbIIA.

BHyTpeHHSS ¥ BHELIHSS MOBEPXHOCTU Kaye-
HHS U IIapuK 00pasyloT JIBE MOCIEI0BATENbHO
coenuneHHbie eMkocTu Cy, u Cy, [17] (puc. 4)

Jlig pacuera npeanoaaraeM, 4To JB€ EMKOCTH
C,, u Cy, OIMHAKOBBI, IO3TOMY, COITIACHO ONpesie-
JIEHUIO0 €EMKOCTH JIJISl TIOCIIEA0BATEIbHOTO COE/THU-
HEHUsI KOHJICHCAaTOPOB, €MKOCTh, OOpa3oBaHHAs
HIAPUKOM:

(16)

1 1 1
—_— =+t —
Cb Cbl CbZ

Ch = O,SC;,]. (17)

EMKOCTh MOAIIMIIHMKA B LICIOM npeacTraBis-
C€TCA MapalJICIbHBIMU €EMKOCTAMU, 06pa30BaHHI>I—
MU IIapUKaMH. }_—[HH pacdy€Tta NPUHHUMACTCA, YTO

BCC 3T EMKOCTHU OAMHAKOBBEI. HOBTOMY, coriiacHo
OIIPCACIICHUIO €MKOCTH, IIPpHU HapalICIbHOM CO-
CAMHCHHUU KOHACHCATOPOB:

N,

Cy=>C,
n=1

[IpemiokeHHBIT METON OCHOBBIBA€TCS Ha

(18)

OLIEHKE KOHTAKTHOM 30HBI | €pI1a 37IIMIICOBUTHOM,
Onu3koil k okpykHOCTH PopMmbl. [ToaToOMy OH MO-
’KeT OBITh MPUMEHEH JIJIsl YIIPOIIEHHOTO pacdeTa
€MKOCTH TOJIBKO IAPUKOBOTO MOIITUITHAKA.

IIpumep pacyera naeaJbHbIX
IKBHMBAJIEHTOB NMapPa3UTHBIX €eMKOCTeil

B kadecTBe mprMepa Ui OLEHKH aJeKBar-
HOCTH MeETO/la TEOPEeTHYECKOro pacuera HJe-
QJIbHBIX SKBUBAJICHTOB MAapa3UTHBIX EMKOCTEH,

i
“~

Vi

I
f\

/70—
N\
~

J

Puc. 4. Cxemarnyeckoe n300pakeHHE IBYX
KOH/IEHCATOPOB, KOTOPbIE 00pa30BaHbl IAPUKOM
B nojawunHuke: 1, 3 — HapyxHoe
1 BHYTpPEHHEE KOJIbLia; 2 — IIApUK
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OCHOBBIBAIOIIETOCS Ha 3aKOHAX JJIEKTPOTEXHUKHU
¥ KOHCTPYKTHUBHBIX XapaKTEPUCTHUKAX aCHHXPOH-
HOTO D3JICKTPOJIBUTATENS, TPOU3BEAEM pacueT
JTAHHBIX €MKOCTEH JJIS TATOBOTO ACHHXPOHHOTO
anekrpoasurarens 1TB2216-0GC03.

1. Pacuer emkocTH, 00pa3oBaHHOW 0OMOTKOM
CTaTopa M CEPJCYHUKOM CTaTopa.

Jlns pacyera MCHONB3YIOTCS CICTYIONIME HC-
XOJIHbIE TaHHBIE:

* KOJIMYECTRBO 11a30B CepACUHMKA cTaTtopa — 72;

* JIIMHA cepaeuHuKa — 250 MM;

* mupuHa naza — 10,8 mm;

* mryOuHa naza — 42 MM;

* H30MALMS OOMOTKM — IOJHAMHIHAS, OT-
HOCHUTEIIbHAS JAMAJICKTPUYECKasi MPOHUIIAEMOCTh
HaxoauTca B mpenenax 3,6...4,0, ans pacyeToB
npuHsTa € = 3,8;

* TOJIIMHA U30JSILMOHHOTO ¢j1og — 1,5 MM.

-12
c =728,85 107°-3,8-0,0237 _

k4 0,0015
=38,2575-107° ®.

2. Pacuer emkocTH, 00pa30BaHHOH POTOPOM
U CEpICUHUKOM CTaTopa.

Jlnst pacyera UCMOb3YIOTCS CIETYIOIIUE HC-
XOAHBIC NJaHHBIC:

* nuametp poropa — 346,4 mm;

* JMaMeTp pacTouku craropa — 350 Mm;

* LIMPUHA BO3AYIIHOIO 3a30pa — 1,8 MM;

* LIMpHHA 3yOlla CepIeYHnKa cTaropa — 6,5 MM.

-3
350107 1507,
6,5-107°
3
y=—2810" 0 4194;
6,5-10
,8-107

L 0,0153
70,0153-0,4194-6,5-10°°

- b s

C,=8,85-10" -0,25-%:
- 1,22-1,8-10

=1,10-10"®.

3. Pacuer emrocty, 00pa3oBaHHON 0OMOTKOM
cTaTopa u poTOPOM.

Jlns pacdera MCTHONB3YIOTCS CIEAYIONINE HC-
XOJHBIC TaHHBIE:

* IIMpUHA Na3a cepeynuka craropa — 10,8 M

* BBICOTA IIINIA IMa3a — 1 MM;

* Marepuai I1a30BOTO KIMHA — CTEKJIOTEK-
CTOJIUT, OTHOCHUTENIbHASI JUIJIEKTPUUECKas TPO-
HUIIAEMOCTh HaXoauTcs B mpepenax 5,7...6,15,
JUISL paCYETOB MPUHSATA €, = 6,0;

* TOJIIIMHA MA30BOT0 KJIMHA U M30JISAIUH 00-
MOTKU — 2,5 MM.

.8,85-10’12 -1-10,8-107-0,250

C,o=72

o 1-10°-1,8-107
=0,614-10"° @;
—12 -3
er1=72_8,85 1072.6 10,8_310 0,250 _
2,5-10
=4,13-107° @;
1 9
C, = ; : =0,535-10" .

_l_
0,614-10° 4,13-10”

4. Pacuer eMKOCTHU MOJIIMITHUKA.

JUist pacueTa UCTIONb3YHOTCS CIIETYIOLIUE TAHHbIE:

* nuametp 1mapukoB — 13,4940 mwv;

* MarepHaj KoJiell ¥ MIapuKOB — XPOMHCTas
cranp mMapku 100Cr6 (anamor B PO — cranb
HIX15), Mmoxynu ynpyrocts Juisi XpOMUCTOH CTa-
u mapku HIX15, E =210 I'Tla;

* paauanbpHas Harpyska — 4941 H;

* MUHUMAQJIBHBIA paUAIbHBIN JIFO(T MOAIINI-
HuKa paseH 0,085 MM, MakcHMaIIbHBII paanaIbHbIN
modt paset 0,105 MM, TOITOMY TONIIMHY CMa304-
HOU TUICHKH IS pacuyera npumeM /y, = 0,005 mwm;
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e cmaszka nommunHuka — Mobil Mobilith
SHC 100, nusnextpuyeckasi IpOHUIIAEMOCTh Ha-
XOIUTCS B mpenenax 2,4...2,8, aas pacyera npu-
HHUMaeTcs € = 2,8;

* TOKOM3OJIUPYIOUIHHA CIIOW BBITIOJIHEH U3 OK-
cUJla aJTIOMUHHS, TUJICKTPUYECKas MPOHUIIae-
MOCTb HaxoauTcs B ipeaenax 9...10, g pacuera
npunumaercs € = 10.

2
4941-6,747-107 )3

A, ~3,8- TR =1,1141-10°m;
—12 —6
c :3’5_8,85 107"%.12,8 1,i141 10° _
0,005-10
=88,3-10"7®;

¢,=0,5-833 107" =442 '10712CD;

14
Cy=) 44,2-10"7 =618-10",

n=l1

3akJiloueHnue

TAroBsll NPUBOJ C HCIOJIB30BAHUEM ACHH-
XPOHHOTO TSTOBOI'O JIEKTPOJIBUrATENs, YIIPaBIIs-
€MOT0 TATOBBIM IPeoOpa3oBaTesieM 4acToThl, 00-
najaer OECCIOPHBIMH TNPEUMYIIECTBAMHU MEPE
TSATOBBIM MPHUBOJIOM C KOJUIEKTOPHBIMHU JIIEKTPO-
JBUIaTEIsIMU, HO U HUMEET psii HEAOCTATKOB.
OnHUM U3 HHUX SIBJISETCS BOSHUKHOBEHHUE BBICO-
KOYaCTOTHBIX TOKOB, IPOTEKAIOIIUX 4Yepe3 MOj-
HIMITHUKKA TATOBOTO JIEKTPOJBHUTATEIIsl U TPUBO-
JSIIHUX K UX YCKOPEHHOMY U3HOCY.

Jns pa3paboTKu Mep MO CHWKEHUIO BIUSHHSA
HO/IIMITHAKOBBIX TOKOB HEOOXOMMO MPEyCMOT-
peTh TMOTEHIMAIBHBIE MTYyTH TaKUX TOKOB. UTOOBI
pa3zpaboTarh MMHUTAIMOHHYIO MOJENb JUIS HC-
CJIC/IOBAHUSl TOALIMITHUKOBBIX TOKOB, TATOBBIN
3JIEKTPOJBUIATENb 3aMEHSETCSl AKBHBAJIECHTHON
E€MKOCTHOU cxemou. Bce pacnpenenennslie napa-
3UTHBIE EMKOCTHU 3aMEHSIOTCS U/1€AJIbHBIMU IKBH-
BaJICHTaMH. B Xo/1e BBINONHEHNS pabOThI BbIIEIe-

HBI MAPa3UTHBIC €MKOCTH, TPEITIOKEHBI METOIbI
TEOPETHUUECKOTO pacyera ux BenuuuH. [Ipu pac-
YyeTe eMKOCTH, 00pa30BaHHOW 0OMOTKOM cTaropa
Y TIAKeTOM aKTMBHOW CTaJld TSATOBOTO AJIEKTPO-
nsurarens 1TB2216-0GC03, nonyyeHo 3HaYeHHE
C,;= 38,2575 n®, npu U3MEPEHUN JAHHON €M-
KocTu m3mepurenem napamerpoB RLC nomyueHo
3nauenue C, = 35,670 nO.

W3mepenus emMkocTed, 0Opa3oBaHHBIX POTO-
POM M CTaTOPHOM OOMOTKOM, a Takke POTOPOM
U CEpICUHHUKOM CTaTopa, OyIyT HEOCTOBEPHBIMU
13-3a HAJIMYHUS apajieNIbHbIX €eMKOCTEH, 00pa3o-
BaHHBIX TOANIMITHUKAMHU C MPUBOJHON U HETIPH-
BOJTHOH CTOPOHBI. [lorpenHoCcTh B 3TH U3MEPEHUS
BHOCST TOJANIMITHUKOBBINA IIUT C HEMPUBOIHON
CTOPOHBI, BEHTWJISIIIMOHHAS pEIIeTKa C Hampec-
COBaHHOW mONMyMy(TOH CO CTOPOHBI TMPHBOJIA,
a TaKKe HaJM4YKue JJAOUPUHTHBIX KOJIEI TIO/IIHII-
HUKOB. B [6] 1151 anekTpoaBUraressi MOIIHOCThIO
500 kBt mpusomsaTcs manueie C, = 1,375 nd®
u C,,= 0,137 u®. Ilpn TeopeTnueckoM pacye-
te nonyuensl C,,= 1,10 H® u C,, = 0,535 nd.
B [18] nnst ogHOPSIHOTO paguabHOTO MIAPUKO-
BOTO MOJIIMIHKKA Tuna 6316 yka3aHa eMKOCTh
C, =159 n®, B pabote npu pacyere EMKOCTH MO/
munHuKa tuna 6016 momydeHo 3HaYEHUE €MKO-
ctu C, =618 nd.

Teopernueckunii pacyeT €MKOCTH TIOIIMITHH-
Ka OyzeT mpuONM3KUTEIeH M3-3a MOTPEIIHOCTH MTPU
OTpe/IeIeHNM KOHTAKTHOW IUIOMIaAM 30HBI [epiia,
WCTIONIb30BAHMSl  YHUBEPCAJIBHOTO 3HAYCHHS T10-
MPaBOYHOTO KOA((HIIMEHTa 1 BEPOSTHOTO OIpesie-
JICHUSI TOJIIIMHBI CMa304HOM T1eHKU. Ho uexons u3
CpaBHEHUIA Pe3y/bTaToB, MOMYUECHHBIX B PE3YIbTaTe
W3MEPEHUIA, MOKHO CYZIUTh 00 aJIeKBATHOCTH METO-
Jla TEOPETUYECKOTO pacyeTa Mapa3UuTHBIX eMKOCTEH
Y UCTIONIb30BAaHUH TIOTYy4YEHHBIX 3HAYEHUI TIPU CO3-
JAHUM UMHTALMOHHOM MOJIEIHU C IEJbI0 JabHEH-
e pa3paboTKU Mep MO CHIKCHHIO BIMSHHS BbI-
COKOYAaCTOTHOTO TOKa Ha paboTy MOJUIMITHUKOBOTO
y371a TSATOBOTO ACHHXPOHHOTO AJIEKTPOJIBHIATElIs.
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Abstract

Purpose: theoretical calculation of parasitic capacitances in an asynchronous motor with variably-frequency
drives in order to create a simulation model. Methods: application of electrical engineering principles
to calculate the capacitance of planar and cylindrical capacitors and the structural characteristics of the
asynchronous motor for computing the ideal equivalent of the motor’s parasitic capacitances. Results:
a parasitic-capacitance equivalent circuit of the induction motor is proposed, parasitic capacitances of the
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asynchronous motor are identified and replaced with ideal equivalent, methods for calculating the ideal
equivalents of the parasitic capacitances of the traction asynchronous motor are proposed, and a simplified
method for estimating the capacitance of a ball radial bearing based on the Hertzian contact area is presented.
Comparisons are performed between data obtained theoretically, data obtained from measurement, and
data from various sources. The purposed methods are simple to compute and provide satisfactory accuracy.
Practical significance: theoretical calculation result are used in the motor’s equivalent circuit when building
a traction drive model in the Simulink simulation environment to assess the magnitude of the voltage applied
to the bearing and the current flowing through it, to determinate the potential path of high-frequency current
through the bearings of a traction asynchronous motor, with the aim of developing further measures to reduce
their influence and improve the reliability of the traction asynchronous motor bearing assembly.

Keywords: asynchronous motor, common-mode voltage, equivalent circuit, parasitic capacitance, bearing,

bearing current
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MeTopab! 3a1MThbI obObeKTOB )KEﬂe3H0nOpO)KHOI7I aBTOMaTUKHN
n TeniemexaHukKm ot yaapos MOoJiIHUAN

A.1. ConoBbéB

ITetepOyprekmii rocynapcTBEHHBIM YHUBEPCUTET IyTel coodmenus Mmmeparopa Anekcanapa I, Poccus,
190031, Canxkr-IleTepOypr, MockoBCkwHiA 11p., 9

Jas mutupoBanus: Conosvée A./]. MeToasl 3auThl 00bEKTOB KEJIE3HOJOPOKHON aBTOMATHKH U Telle-
MeXaHUKHU OT ynapoB monHuu // M3Bectus [lerepOyprckoro rocyqapCcTBEHHOTO YHHBEPCUTETA IyTEH CO-
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AHHOTALUSA

Leab: BBHIMOIHUTH aHAJIN3 COBPEMEHHBIX METOIOB MOJHHE3AIINUTHI 31aHUH U BBHICOKOBOJIBTHBIX JIMHUH
6—10 kB, nuTaonmx ycTpoiicTBa Keae3HOJ0POKHON aBTOMAaTHKH M TEIeMEXaHWKH, U OLEHUTh UX MPHU-
MEHUMOCTBH C Y4E€TOM THIIOBBIX CIICHApHEB T'PO30BBIX BO3AeicTBUNA. OOOCHOBaTH HEOOXOAMMOCTH KOM-
TUIEKCHOH 3alllUThl BBOJIOB NUTaHUsS. MeToabI: MPOBE/ICH aHAIMTHYECCKUI 0030p HAy4YHBIX ITyOJIUKaIHH,
HOPMATHBHBIX JJOKYMEHTOB M OKCIUTyaTallHOHHBIX JIAHHBIX. BEIMOIHEHA KiTacCU(UKAIUsl BHEIIHUX 1 BHY-
TPEHHUX CHCTEM MOJIHME3AIIUTHI, a TAKKE CPEACTB MOBBILIEHUS TPO30CTOMKOCTH BBICOKOBOJIBTHBIX JIH-
Huil. ComocTaBiIeHbl MPUHIUIIBI IEHCTBHS 3aITUTHBIX YCTPONCTB C OCHOBHBIMHY CIICHAPHUSIMH BO3ICHCTBUS
MOJTHUH: TIPSIMBIM yIapOoM, YIapOM B OIMOPY M OJIM3KHUM pa3psiioM C 3JIEKTPOMAarHUTHON MHAyKIuei. Pe-
3yJBTATHI: TT0Ka3aHO, YTO d(PPEKTHBHOCTD TPAAUIMOHHBIX METOJIOB 3alMThI 3aBUCUT OT YCIOBHH JKC-
TUTyaTaluy 1 HE MOYKET 00eCTIeunBaThCS H30JIMPOBAHHBIM IPUMEHEHHEM OTAEIBHBIX CPENICTB. BHIsBICHBI
OTPaHUYEHMS HUCIIOJIB30BAHMSI I'PO303ALUTHBIX TPOCOB M YCTAHOBKM OIPAaHUYMUTENIEH NEPEHAIPSHIKCHUM
TOJILKO Ha BBOJIE MuTaHus. O60CHOBaHAa HEOOXOIMMOCTh y4eTa BOJHOBBIX MPOIECCOB B JIMHUM MPH BbI-
0ope KOH(UTYpaIH 3AIUTHBIX YCTPOHCTB B POPMUPOBAHUS 3aIIUIIICHHBIX TTOJIX0JI0B K 00BEKTaM JKelle3-
HOJIOPO’KHOM aBTOMATUKH U TereMexaHuky. IlpakTudeckass 3HAYUMOCTh: peasIn3alusl PEII0KEHHOTO
MOJIXO/Ia TTO3BOJISIET CHU3UTHh YPOBEHb UMITYJIbCHBIX TEpEHANpsKeHNH Ha BBOJAX MUTAHUS U MOBBICUTH
Ha/IeKHOCTH (DYHKIIMOHMUPOBAHHS YCTPOMCTB KEIE3HOJOPOKHON aBTOMATHKHU M TEIEMEXaHUKH.

KaroueBbie ciioBa: MOJIHUS, BHEIIHAS MOJIHUE3allUTa, BHYTPEHHAA MOJTHUE3AINTA, CPEACTBA 3alllUThI,
MOJIHHEC3alIuTa BEICOKOBOJIBTHBIX HHHHﬁ, KEJIIC3HOAOPOXKHAA aBTOMATHKA U TCIICMEXaHUKa

Beenenue

Vnapbl MOJIHUM OCTarOTCS OJJHUM U3 Haubosee
OIACHBIX MPHUPOJHBIX (PAKTOPOB, BO3IEHUCTBYIO-
IIUX Ha TPOMBIIUICHHBIE U UH(PPACTPYKTypHBIC
00beKThI. [IoMMMO MPSAMBIX yIapoB, CyLIECTBEH-
HbI ymepO oOyCIOBIEH HMIYJIbCHBIMHU Iepe-
HanpspkeHusmu  (ITH) u  anexkTtpomarHUTHBIMU
HABOJIKAMH, MPHUBOJSIIMMU K HPOOOI H30is-
LMY, Jerpajalyyd KOMIIOHEHTOB M OTKa3aM arl-
napatypel [1]. Ilo naHHBIM MeEXIyHApOTHBIX
HaOMIONIEHUH, €KErofHble MOTEPU OT I'PO30BBIX
BO3JICMCTBUI MCUUCIAKOTCA COTHSAMH ThICAY IIO-

BPEXKICHUIN 1 3HAUUTEIbHBIMUA SKOHOMUYECKUMU
3arparamu [2-5].

Jlnst JKene3HOAOPOKHOM aBTOMAaTHKH U TeJle-
mexanukn (OKAT) mpoGmema Tpo30CTOMKOCTH
uMeeT 0coOyI0 3HAYMMOCTh, TOCKOIBKY OTKa3
YCTPOMCTB MOXKET TOBJIUATH Ha 0€30MacHOCTh
JBWKEHHS T0€3710B. AHAIN3 KCILTyaTallMOHHBIX
nanHbiX 3a 2014-2024 roxsl MOATBEPKIAET BbI-
COKYI0 4yBCTBHUTEJIBHOCTB cucteM JKAT k armoc-
depunim ITH [6].

Hecmotps Ha pa3BUTHE METOI0B MOJTHUE3AIIIN-
THl U HAJIMYME HOPMATUBHOW 0a3bl, oOecreueHmne
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TpeOyeMOoro ypoBHS 3aIIUThI MUTAIOLIUX BO3AYII-
HbIX JIuHUN 6—-10 KB 1 BBOMOB »eKTpONUTAHUSA
OCTaeTCsl CJIIOKHOW MH)KEHEPHOM 3a1a4ueil.

MosiHue3anmuTa 31aHni

B coBpeMeHHOI NpakTHKEe MOJIHHUE3AIUTY
30aHUN TOAPA3/ENAIOT HA BHEIIHIOK U BHY-
TpeHHIOW'. BHemHsAsS cucTema mpeaHa3HaYeHa
JUIsl TIepexBaTa MpsiMoro yaapa MOJIHUU U OTBOAA
TOKa B 3€MJII0, BHYTPEHHSSI — AJIS1 OTPaHUYEHUS
umnylbcHbIX [TH u amexTpoMarHuTHBIX BO3IEH-
CTBUH MPU MPAMBIX M OJTHM3KUX pazpsjax.

BremHsas MosiHHMe3amuTa BKIOYAET MOJIHHE-
NPUEMHHUK, TOKOOTBOJ M 3a3eMIIAIOLICE YCTPOii-
ctBo. Hambonee BapuaTHBHBIM DJIEMEHTOM SIB-
JASIeTCS  MOJIHUETIPUEMHHUK, BBIOOP KOTOPOTO
ompeienseTcss reomeTpueii oobekrta U Tpedye-
MBIM YPOBHEM 3all[UThI>.

Krnaccuueckum perieHreM SBISIETCS CTEPK-
HeBoil MoHuenpueMHuk (puc. 1) [7]. Ero 3ona
3aLIUThl ONPEIEISAETC BBICOTOM YCTAHOBKH, YTO
OTPaHUYMBACT NPUMEHEHUE I OOBEKTOB CIIOXK-
HOI Qopmbl. [ TPOEKTUPOBAHKS 30H 3aILIUTHI
UCIONB3yI0T Metoxa kKatsamieics cheper (MKC)
u Metof 3amutHoro yrna®, MKC ocHoBaH Ha Mo-
JenupoBaHun cepsl 3alaHHOTO pajanyca, oOKka-
THIBAOLIEH 00BEKT; METO]I 3aLIUTHOTO yIia Tpe-
CTaBJseT cOOOM YMPOLICHHYI T€OMETPUYECKYIO
uHTepnperaiuo. Ob6a MeTona UMEIOT OrpaHnye-
HUSI TP 3aILUTE MPOTSHKEHHBIX M CIIOKHBIX CO-
opykeHuii [8].

Ceruarblii MOTHUETIPUEMHHUK PEATTU3YET ITPUH-
I paboTel kietku Papajes u GopMupyer npak-
TUYECKU CIUIOUIHYIO 3aIIUTHYI0 IOBEPXHOCTD,

! Bepcus crangapra ot 1978 roga. DIN EN 62305-3 (VDE
0185-305-3): 2011-10. Blitzschutz. Teil 3: Schutz von bauli-
chen Anlagen und Personen. Norm. Berlin: VDE VERLAG,
2011.

2 IEC 62305-3:2024. Protection against Lightning. Part 3.

3 IEEE Std 998-2002. IEEE Guide for Direct Lightning
Stroke Shielding of Substations. New York: IEEE, 2002.

obecrieyrBasi  BbIPABHMBaHHE  MOTCHIUAJIOB
(puc. 2) [9]. On mpeamouTUTENeH A KPYIHBIX
oobekToB JXKAT (mocter DI, II1), omHako OT/IH-
qaeTcs 0oNbIIeH TPYI0EMKOCTBIO B CTOUMOCTBIO.

TpocoBbIil MOJHUETIPUEMHUK TPECTaBISAET
co00ii MPOBOTHUK, Pa3MELICHHbIA HaJl 3allUIa-
emMbIM 00bekToM [10]. OH dopMupyeT MUPOKYIO
30HY 3alUTHl U dQQEKTUBEH A pacipeiesieH-
HBIX U JIMHEHHBIX COOPYKEHUi, HO TpeldyeT mo-
BBIIIEHHOW MEXaHUUECKOW MPOYHOCTH U PETYIIsp-
HOTO 00CITy>KuBaHus (puc. 3).

Ha mpakTtuke 4acTo MpUMEHSIOT KOMOMHUPO-
BaHHBIE CXEMBbI, COUETAIOLINE CETUYAThIE U CTEPXK-
HEBbIE 2JIEMEHTHI.

OtaenbHO cliefyeT OTMETUTh aKTHBHBIE MOJ-
HuenpueMHukd (AMII), mnpuHIMO KOTOPBIX
OCHOBaH Ha paHHEW HMHUIMAIU3ALUN BOCXOIS-
mero juaepa [11]. B mabGopaTopHbIX Hccneno-
BaHUAX JCUCTBUTENBHO 3a(DUKCHPOBAHO HEKO-
TOpPOE€ YMEHBIIEHHE BPEMEHH WHUIMUPOBAHHS
BOCXOJIAIIETO JIHepa M0 CPAaBHEHUIO C TPATAUIIH-
OHHbIMM pemeHusMU [12]. OgHako aHaNIU3 HKC-
NEePUMEHTAIBHBIX JAHHBIX MOKa3bIBACT, YTO Be-
JMYKMHA 3TOTO BBIMIPHIIIA BO BPEMEHU HEBEIIUKA
U HE NPUBOIUT K CTATUCTUYECKU TOITBEPHKICH-
HOMY paCUIMPEHHIO 30HbI 3alUThl B PEaNbHBIX
yCIOBHSAX TP0o30BOH 00cTaHOBKH. JlabopaTopHbie

MOJTHUENPUEMHUK
7N

3azemnenve |

Puc. 1. MonHue3amura co CTepKHEBbIM
MOJTHUETIPUEMHUKOM
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Puc. 2. MOJ'IHI/IC3aII_II/ITa C CC€TUATBbIM MOJIHUCIIPUCMHUKOM

YCTaHOBKH HE BOCTIPOM3BOJIAT IPOCTPAHCTBEHHO-
BPEMEHHYIO CTPYKTYpY aTrMOC(EpHOro 3JIEKTpH-
YeCKOro MOJIsl K CTOXaCTUUECKHI XapaKTep pa3Bu-

Onopa

1
J

3azemnuTtens

Puc. 3. MonHuesamura ¢ TpOCOBBIM
MOJHUEHIPUEMHUKOM

THSL JIJIEPOB, YTO OTPAHUYUBAET MPUMEHHUMOCTh
PE3YJIbTAaTOB K HATYPHBIM YCIOBHSIM.

Pesynprarsl MoneBbIX HCHBITAHUM TaKXke HE
JIEMOHCTPHUPYIOT YCTOMYMBOTO YBEIMYEHUs pa-
Juyca 3auThl. B psine cinydaeB 3aduKcupoBaHO
CYILIECTBEHHOE PACXOXKICHUE MEXKIY 3asBICHHbI-
MU U (akTuueckuMu Xxapakrepuctukamu AMII
[13, 14]. [Tpu 5TOM B GONBIIMHCTBE CTPaAH MPHUMeE-
Henue AMII nubo He pernamMeHTHPOBaHO HALKO-
HaJIbHBIMHU CTaHJapTaMu, JIMOO MpPAMO HE Ipu-
3HAETCs JIEHCTBYIOIIEH HOPMATUBHOW 0a30i, 4TO
OTpakaeT OTCYTCTBHE HAYyYHOTO KOHCEHCyCa OT-
HOCHUTENBHO UX 3(PeKTUBHOCTHU. B cBs3M ¢ 3TUM
ucrnonb3oBanre AMII ans yerpoiicts KAT npen-
CTaBJISAETCS HEAOCTATOYHO 0OOCHOBAHHBIM.

B Tabnuue mnokazaHO CpaBHEHHE METO/OB
MOJIHME3aIIUTbI, ONMUCAHHBIX BBILIE, C OLEHKOM
BO3MOKHOCTH TIPUMEHEHHS MX AJIsl 3aIlUThl pas-
TaHBIX 00beKTOB JKAT.

2026/2

Proceedings of Petersburg Transport University



MpobGnemaTnka TPAHCMOPTHBIX CUCTEM

291

TABJ/INIIA. CpaBHUTeTbHAA OI[eHKA METOIOB MOTHME3 I ThI

. Ocobennoctn
Merton IIpunuun geficTBust J¢deKTHBHOCTD Jst KAT
NpUMeHeHUs
.. | [lepexsar npsimoro [Ipocrora, HU3Kas KoMnakTHble 00BEKTHI,
CreprkHeBOH Cpennsist
yzaapa CTOUMOCTb TpaHCIIOpTadeIbHbIE MOLYIIH
. OKBUMOTEHIINATBHAS KpyrHbie 00beKTHI,
Ceryarslit Beicokas Beicokas TpynoeMKocTh
MOBEPXHOCTh noctsl D1
. [ToBblIeHHBIE MEXaHUYE-
TpocoBsrit DKpaHHPOBAHUE 30H Bricokas VYenoBHO HeT
ckue TpeboBaHus
. Panuss nHUIMATM3ALUS OrpaHuyeHHast
AXTUBHBIN Heonno3naunas Her
Juzepa MOJIHUM BepuduKanms

MeToabl 3alIUTHI BLICOKOBOJILTHBIX JIMHUMI

Metoasr 3amutel BJI 6-10 kB, mmTarommx
ycrpoiictBa JKAT, memnecoobpa3Ho paccMarpu-
BaTh Ha TpHMEpEe BBOAOB MHUTAHUS peTEHHBIX
mkados (PII), mockonbky UMEHHO BBOJIBI SIBIIS-
I0TCsl Hanbosnee yS3BUMBIM SJIEMEHTOM CHCTEMBI
«mHusg — obbekT». MMnynsensie ITH, pacmpo-
CTpaHSIOIIECs [0 IMHUU MTPU yAape MOJIHUHU, He-
HOCPE/ICTBEHHO BO3/IEHCTBYIOT Ha 000py/I0BaHNE
4yepes3 BBOJI.

Knaccuueckum  cpencTBoM  MOJTHUE3ALUTHI
BJI siBnsieTcs TpO303aIUTHBINA TPOC, MOJBEIINBA-
emblii HaJ (azubivMu npoBofamiu [15]. OH mpen-
Ha3HA4YeH JUIs IepexBara MpsMoro yJaapa u oTBO-
Jla TOKa B 3eMJII0 4epe3 onopbl. D(PHeKTUBHOCTD
OIpeieNIieTCsl TEOMETPUEH SKPaHUPOBAHUS U Ka-
4eCcTBOM 3a3eMiieHus. HecmoTpst Ha mpemsioxe-
HHUS TpPUMEHEHHs Tpoca AJs 3alluThl BBOJOB
nutanust JKAT [16], ero ucnonb3oBaHue CBSI3aHO
C KOHCTPYKTUBHBIMHU ¥ 3KOHOMUYECKUMHU OTPaHH-
YeHUsIMU (YCHJIEHHUE OTOp, YBEIUYEHHE BETPOBOM
Harpysku, obciyxkusanue). Ha puc. 4 nokazano
NpUMEHEHHE TPO303alIUTHOTO Tpoca Ui BBO-
na nutanus B PII. ITostomy TpocoByro 3ammry
1e71ec000pa3HO paccMaTpyUBaTh Kak JIOKAIbHYIO
Mepy Ha y4acTKax ¢ IMOBBILIEHHOM IPO30BOM aK-
THUBHOCTBIO.

bonee pacmpocTpaHeHHBIM METOJOM IOBBI-
IIEHHUSI TPO30CTOMKOCTH SIBISIETCSl NMPUMEHEHHE

orpanuuuTtened nepenanpsbkenuit (OITH) [17].
OO6pryno OITH ycraHaBnuBaioTCsl y BBOAOB IH-
TaHUS, OTHAKO [IPU UHTEHCUBHBIX IPO30BBIX BO3-
JIEUCTBUSAX ITOTO MOXKET OBITh HEAOCTATOYHO U3-
3a BOJIHOBBIX IPOLECCOB M INEPEOTPAKEHUN Ha
munauy. YceranoBka OITH na kxaxmoit omope »Ko-
HOMHYECKH HelenecoodpasHa, mosromy Oosee
PALOHAJIbHBIM SIBIISETCS CEJIEKTUBHOE pa3Mellie-
Hue OITH Ha Hanbosee HEONArONpPUATHBIX Y4acT-
Kax Wy BBOjA. BEIOOp MecT yCTaHOBKH JOJDKEH
OCHOBBIBAaTbCSl Ha PACUETHOW OLEHKE paclpo-
crpanenus [IH, uro TpeOyer npuMeHeHus mare-
Marnyeckux moaened BJI ¢ yuerom mapamerpoB

I'po3o3amuTHeIi TpoC

Il

>

B BJI 10 xB

Puc. 4. 3amursl BBoaa nutanus yctpoiicts XKAT

IIpU MOMOIIH I'pO303allIUTHOTIO TPOCa

ISSN 1815-588X. N3sectunsa MNrync
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JMHUY U XapaKTePUCTUK CPEICTB 3alUThL. [Ipu-
Mep 3aiuThl BBO10B nuTanus PIII ¢ ucnons3osa-
nuem OIIH npusenen Ha puc. 5.

[Tomumo OITH, myist mOBBIIEHUS TPO30CTOM-
koctn BJI paccmarpuBaercs pan cneuuanuzu-
POBaHHBIX BBICOKOBOJIBTHBIX CPEJCTB 3aLIUTHI,
KOTOpbIE MOTYT MPUMEHSThCS i (popmuposa-
HMSI 3aLUIIEHHBIX MOJXO0A0B K BBOJAAM MUTAHUS
ycrpoiictB XKXAT (B coueranuu ¢ OITH Ha BBOzIE),
OJHUM M3 TAKUX YCTPOWCTB SIBISIOTCS MYJIBTHU-
kamepHbie paspsaauku (MKP) [18]. Tlpuanun
neiictBuss MKP orimnuaerca ot OIIH: ramenue
JNEKTPUYECKONM JYI'M MpPH TPO30BOM BO3.EH-
CTBHU IPOUCXOIUT B MHOTOKAMEpPHOM CUCTEME
¢ OONBIIMM YUCIOM BO3IYIIHBIX MPOMEXKYTKOB,

9TO CrOCOOCTBYET 3(P(HEKTUBHOMY OXJIAXKIACHUIO
U JIpoOJIeHuIo AyroBoro kanana. K BaHBIM 9Kc-
IUTyaTallMOHHBIM OCOOEHHOCTSIM OTHOCHTCS TO,
YTO SHEPTHs UMITYJIbCA B 3HAYUTEIHHON CTETICHU
paccerBaeTcsi BHE OCHOBHOTO KOHCTPYKTHBHOTO
obbema, Omaromapsi 4eMy 3allUTHBIE CBOMCTBA
YCTPOWCTBAa MOTYT COXPAHSTHCS TOCIE eIUHUY-
HbIX BozaeicTBui. [IpousBoautenun MKP npen-
JIaraloT UCTOJb30BaTh UX [UIS 3alIUTHI BBOJOB
nutaHus (mpuMep mpuseseH Ha puc. 6). [Ipume-
Herue MKP B 3amauax )KAT nenecoodpasno pac-
cMarpuBarh kak fgononHenue k OITH na BBOgE,
OJIHAKO Ul KOPPEKTHOTO BHIOOPA CXEMbI BKIIIO-
YeHHs M MECT pa3MelleHus TpedyeTcs pacuer-
Hasi poBepka 3(HPEKTUBHOCTU (MOJIEIUPOBAHUE

B BJI 10 xB
C ¢ .
OITH OIIH OIIH AN OIIH
(YY)
O60CHOBAaHHOE MECTO O60CHOBaHHOE MECTO
ycranoBku nuHeiHex OITH ycranoBku JunHeitHbx OITH
PHI
Puc. 5. 3amura BBog0B nutanus ycrpoiicts KAT npu nomouu OITH
A
B BJI 10 B
C
MKP MKP MKP MKP
v| |V v v | v \ v OIH \AAN OIH
(Y Y Y
YerBepras onopa Tpetbs onopa Bropas onopa Ilepsas onopa ) )
PIII
Puc. 6. 3amura BBos10B nutanus ycrpoicts KAT npu nomoun MKP
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IpO30BOT0 BO3/ICHUCTBUS HAa KOHKPETHOW JIMHUU
1 00BEKTE).

Takke MHTEpec BbI3bIBAIOT AKTUBHBIE Jyrora-
cse uckposbie npomexytku (AJIUIT). AZTAIT
OTHOCSTCS K KJIaCCy YCTPOMCTB, B KOTOPBIX I1OCIIE
npo0os U BOSHUKHOBEHHUS TyT (POPMHUPYETCsI ra-
30BBII MOTOK B JIyroracsiliell kamepe, pe3ko Ox-
JaXKAA0MINN U YIUTUHSIOLMN yTOBOW KaHAI, YTO
NPUBOANUT K OBICTPOW JACHOHW3AIMH W TaIICHUIO
ayru [19]. dns oobextoB XKXKAT AJIAIT neneco-
00pa3HO paccMaTpuBaTh Kak JOMOJTHUTEIBHOE
CPEJICTBO B COCTaBE KOMIUICKCHOW 3amIuThl (Ha-
npumep, cobmectHo ¢ OITH y BBOOB muTanus),
1P 3TOM TPeOYIOTCs SKCIIEPUMEHTAIbHbIE MOJI-
TBEpXkIeHHS Y(PHEKTUBHOCTH JIJISI TUTIOBBIX CXEM,
muraromux BJI 10 xB.

Oco0bIif HHTEPEC BBI3BIBAIOT CPEICTBA 3AIIUTHI
01 HA3BAHUEM (TPUITEPHBIE TyTOBbIE IPOMEXKYT-
ku» (TIID). JlaHHOE YCTpOWCTBO MpEACTaBISAET
co00i BO3MYIIHBIH (Ta30BbI) UCKPOBOM Mpome-
KYTOK, MPUMEHSEMBI Ul NPAKTUYECKH MIHO-
BEHHOTO P0o00st pu Bo3HUKHOBeHUH [TH ¢ nenbro
OTBOZIa TOKa MOJTHHH B 3€MJIIO IO MOMEHTa, KOI/ia
[TH nocturHer ypoBHS NEPEKPBITHS U30ISALUU.

B ominune oT 6a30BBIX UCKPOBBIX MPOMENKYT-
k0B TJIII npuHyUTENBEHO BBI3BIBAET AYTY € IIOMO-
IIbI0 TPUTTEPHOTO MOMYJIS, TO €CTh PeaTn3yeTcs
NPUHITUIT paHHETO cpadathiBaHus. [IpakTrueckuit
unrepec K TIIT cBg3aH ¢ mOoTeHIIMATLHO MEHBIIIEH
3aBUCUMOCTBIO0 3((EKTUBHOCTH OT COMPOTHBIIC-
HUS 3a3€MJIEHHUS, YTO OCOOEHHO BaXKHO JUIS TMHUN
Ha y4acTKax CO CJIOKHBIMU IPYHTOBBIMHU YCIIOBHUSI-
mu. J[nst BHenpenns T/II1 B cxeMbl 3a1IUThI TUTAr0-
mmx auHui JKAT Tarxoke HeoOX0IMMBI PacueTHBIE
W/WIM HATypHBIE WCCIENOBAaHMS, MOATBEPXKIAL0-
[IME CHU)KCHUE YPOBHS NMEPEHANPSIKEHUM U OT-
CYTCTBHUE HEXKENATEeIbHBIX PEKUMOB, HaNpUMEp
YCTOHUYMBOIO JTyrOBOTO MpOoIecca.

PaccMoTpuM THIIOBBIE BO3/EHCTBUS YIapoOB
monHuu Ha BJI, muratoumme ycrpoiictBa JKAT.
Ha ocHoBe 000011IeHUS TUTEPATYPHBIX UCTOYHHU-

KOB [20-25] MOXHO BBIACTUTH HauOoOIee Xapak-
TEpHBIE CLICHAPUH BO3/IeicTBUS MoTHUU Ha BJI:

1. TIpsimoit ymap mMosnHuM B (pa3HBIC MPOBOJIA
BJI. ConpoBoxaetcs BBeIGHUEM OOJIBIIIOTO M-
MYJILCHOTO TOKA B JIMHUH ¥ ()OPMUPOBAHUEM Oe-
rymux BoiH [TH.

2. VYnap monnuu B onopy BJI unu B 3a3emis-
foliee yctpoiictBo. B aTom ciyyae dhopmupyer-
cs [TH no npuunHe nogbeMa moTeHIMaaa Omnopsbl
Y YCTPOMCTB 3a3€MIICHHS, a TAKIKE U3-3a IIEKTPO-
MarHUTHOW CBSI3HM MEXAy OMopod u (ha3HbIMU
MIPOBOJIAMH.

3. VYmap monuuu BOMm3u BJI. B nanHoM ciyuae
OCHOBHBIM BO3JICHCTBHEM SBJISAETCS AJIEKTpOMAr-
HuTHas uHAykuus (OMMU), kotopast IpUBOIUT K TIO-
siBJIeHUIO HaBeieHHBIX [TH B hazHBIX mpoBomax.

JlaHHBIE CIleHApUW  OTIMYArTCsA  (HOPMOit
u ypoBHeM [IH, cooTBeTcTBEHHO, U TpeOOBaHMS-
MU K CpeACTBaM 3alllUThl, YTO JETAeT YHUBEP-
CaJIbHBIC PEIICHUS MOJHHUE3AIUTH Manodhhex-
TUBHBLIMH.

ComnocraBieHue pacCMOTPEHHBIX CIIEHApUEB
C TPUMEHSEMbIMH CPEICTBAMU 3alUTHI TOKa-
3pIBaeT cienyromee: ycraHopka OITH numbs Ha
BBOJIC IMTAaHHUS KAYECTBEHHO CHWIKACT aMILIH-
tyny [IH B MOMeHT mpuxona uMITyinbca, OJHAKO
HeadexTrBHO npenoTBpamaet ITH, cBs3aHHbIE
C MEPEOTPAXKEHUSIMHU BOJH Ha JINHUU.
IpO303allUTHBIX  TPOCOB
CHMXAET BEPOSTHOCTb NPSAMOI0 yAapa MOJHUH
B (pa3HbIe MPOBOJAA, HO MPAKTUYECCKH HE BIHSICT
Ha HaBeneHHble [1H, Bo3HMKaromue mpu yaapax
B onopsl BJI. Kpome Toro, 3KOHOMUYECKHE U 3KC-
IUTyaTallMOHHbIE OTPAHUYEHHUS CYIIECTBEHHO CY-
AT 00J1aCTh UX IPUMCHEHHUS.

Wcnonb3oBanue JTOMONHUTENBHBIX CPEICTB
3alIUTHI HAa JIMHUM TO3BOJIAET NEPEPACIIPECIIUTh
SHEPrUl0 ylapa MOJHUU U CHU3UTH ypoBeHb [1H,
onHako A(P(PEKTUBHOCTh TAKUX PEIICHUN CyIIle-
CTBEHHO 3aBUCHUT OT MECTa YCTAHOBKH U MPABUJIIb-
Hoii koopauHauuu ¢ OITH Ha BBOzie UTaHus.

Hcnons3oBanue
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Pesynbratsl aHanmu3a mo3BoslOT 000CHOBATH
HEOOXOAMMOCTh OpraHu3allid TaK Ha3bIBae-
MBIX 3aIIUIICHHBIX MOAXO0I0B K BBOLY MUTAHUS
ycrpoiictB XXAT. Ilog 3amumeHHsiM TOAX0A0M
nonumaercs ydactok BJI, Ha xotopoMm peanu-
3yeTcs MOATAlHOE OrpaHUyYeHue aTMOoC(hepHBIX
[TH 3a c4eT celeKTUBHOIO Pa3MEILIEHUS CPEACTB
3aIIUThI, 00ECIeYNBAIONIee CHIKEHHE KaK aM-
wMTyael, Tak W sHepruu [IH, pocturarommx
BBOJIOB IIUTaHMA. B omMuue OT 3aIIUTHI TOJb-
KO Ha BBOJE 3alIUILEHHBIA IOAXOJA yYUTBHIBAET
BOJIHOBBIE ITpoueccsl B BJI, a Takxe cHuxkaer 3a-
BUCUMOCTb 3()()eKTUBHOCTH 3AILUTHI OT ITapamMe-
TPOB 3a3€MJICHHUS.

3akiroueHue

[IpoBeneHHBIN aHAIN3 TIOKA3aJl, YTO JUIsl 00b-
exToB JKAT xmoueBbiMU (akTopamu dPQeKTHB-
HOCTH MOJTHUE3AIIUThI SIBIISIOTCS TOBBINICHHE
IPO30CTOUKOCTH THTAIOIMINX BO3MYIIHBIX JTHMHUN
10 kB u xoppekTHas opraHu3aiys MOIXOIO0B
K BBOZIaM djieKTponuTanus. Haubonpmmit ymep6
cBsi3aH ¢ ummynbcHbIMU [TH, pacnpocTtpanstomu-
MHCSI TI0 JIMHUH, U COMYTCTBYIOIIMMH 3JIEKTPO-
MarHUTHBIMHU BO3JICHCTBUSMH.

YCTaHOBIIEHO, YTO 3aIIUTa TOJIBKO HA BBOJIE ITH-
TaHWS B PsAJIe CIy4aeB HENOCTAaTOYHA H3-32 BOIHO-
BBIX TIPOIIECCOB, IEPEOTPAKECHUI U BIMSHUS T1apa-
MeTpoB 3a3eMiieHusL. [[prMeHeHne rpo303anuTHBIX
TPOCOB OTPAHMYCHO KOHCTPYKTUBHBIMH H IKOHO-
MHYECKUMH (DAKTOpaMH W MOXET PacCMaTpHBaTh-
Cs TIPEUMYINECTBEHHO KaK JIOKAIHLHOE pEIICHHE.
OO0ocHoBaHa 11€N1eCO00pa3HOCTh  (HOPMHUPOBAHHUS
3aIIUIICHHBIX MTOXO0/I0B, MPETYCMATPUBAOIIIX Ce-
JIEKTHBHOE Pa3MeIICHHE CPEIICTB 3aIUThI HA INHUN
1y BBozIa. Takoii momxo 00eceunBacT CHIKECHIE
AMIUTATY/IB ¥ SHEPTUN TIEPECHANPSDKECHUN M YMEHB-
IIaeT 3aBUCUMOCTh 3P(HEKTUBHOCTH 3aILUTHI OT Xa-
PaKTEPUCTHK JTMHUY 1 3a3EMIICHHS.

MonHue3amnmra 31aHdil ocTaeTcss HeoOXoau-
MBIM 3JIEMEHTOM OOECTIeUeHHUSI TPO30CTOMKOCTH,

OJTHAKO HE MOXET paccMaTpuBaThCs Kak J0CTa-
TOYHAs Mepa 0e3 OJHOBPEMEHHOTO IOBBIIICHUS
yCTOMUMBOCTH nuTaromux BJI.

JlanpHe#Ime uccaeI0BaHus JOKHBI ObITh Ha-
NpaBICHBl HA PA3BUTHE U BepH(PUKALUIO pacyer-
HBIX Mojeel Bo3aeiictsusa Moanuu Ha BJI 10 kB
C YYETOM BOJIHOBBIX IPOLIECCOB U IAPaMETPOB
JIMHUY, YTO TMO3BOJIUT MEPEUTH K 000CHOBAHHOMY
NPOEKTUPOBAHUIO CUCTEM MOJHHUE3AILUTHI U CHU-
&KeHHI0 0TKa30B ycTpoicTB JKAT mpu skoHOMH-
YECKH OIPABJAHHbBIX 3aTpaTax.
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Facilities from Lightning Strikes
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Russia
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Abstract

Objective: to analyze modern lightning protection methods for buildings and 6—10 kV overhead lines
supplying railway automation and remote control (J)KAT) systems, and to assess their applicability
considering typical lightning impact scenarios. To substantiate the necessity of an integrated approach
to protecting power supply inputs. Methods: an analytical review of scientific publications, regulatory
documents, and operational data was conducted. External and internal lightning protection systems,
as well as methods for improving the lightning performance of overhead lines, were classified. The
operating principles of protective devices were compared with the main lightning impact scenarios,
including direct strikes to phase conductors, strikes to poles or grounding systems, and nearby strikes
causing electromagnetic induction. Results: it is shown that the effectiveness of conventional protection
methods strongly depends on operating conditions and cannot be ensured by isolated application of
individual measures. Limitations of shield wires and the installation of surge arresters only at power
supply inputs are identified. The necessity of accounting for traveling wave processes in overhead lines
when selecting protective device configurations and implementing “protected approaches” to railway
automation facilities is substantiated. Practical significance: the proposed approach reduces impulse
overvoltages at power supply inputs and improves the reliability of railway automation and remote
control systems.

Keywords: lightning, external lightning protection, internal lightning protection, protective devices,
lightning protection of high-voltage lines, railway automation and remote control
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CpaBHI/ITe.HbeIﬁ aHaNnu3 TeXHOoNorum BO3AyLWIHOro, MOOUnbHOro
N HAa3€MHOro yfia3€epHoro CKkaHMpoeaHuda Aandad ANarHOCTUKu
Xene3HoAOPOXHOIro NyTn: Kputepum BbIGOpa Ha OCHOBe
OLI€HKM TOYHOCTHN, NnponsBoaANTESIbHOCTUN

N 3KCMNyaTalyMMOHHbIX OrpaHquHMﬁ

®.B. YecHOBUY

Cankr-IleTepOyprckoe rocyapcTBEHHOE Ka3eHHOE YUPEKACHNUE «J{UpeKIyst TPaHCIIOPTHOTO CTPOUTEIIb-
ctBay, Poccus, 194044, Canxr-IletepOypr, Heftmmorckuii nep., 8

Jns nutupoBanusi: Yecrnosuu @.B. CpaBHUTENbHBIA aHAIN3 TEXHOJIOTHM BO3AYLIHOTO, MOOMIEHOTO
Y Ha3eMHOT'0 JIa3epHOTr0 CKaHWPOBAHMS AJISI JUATHOCTHKH JKEIE3HOIOPOXKHOTO IyTH: KPUTEPUHU BbIOOpa
Ha OCHOBE OLICHKH TOYHOCTH, IPOU3BOIUTEILHOCTH U SKCILTyaTallMOHHBIX orpaHnuenuii // 3secrtus le-
tepOyprckoro yHuBepcutera myteit coodmenus. CI16.: TIT'VIIC, 2026. T. 23, e 2. C. 299-308. DOL:
10.20295/1815-588X-2026-2-299-308

AHHOTaNUA

Heab: paccMOTpeTh BOMPOC O HEOOXOAUMOCTH Pa3zpaboTKW M MOCIEAYIOIEeM 000CHOBaHHH BHIOO-
pa ONTUMAaNbHOM TEXHOJOTHH JIA3€pPHOTO CKAHUPOBAHUS IJIsS PEIIeHMs 3a7ad JAMArHOCTHKU JKele3-
HOJIOPOKHOTO MYTH B KOHTEKCTE MHOT0O0Opa3usi COBPEMEHHBIX METOAOB ChbeMKH. AKTYaJbHOCTH pa-
00TBI 00ycIOBIeHA HEOOXOAUMOCTRIO (popManm3auu mporecca Beioopa Mexay Bo3aymHbeM (BJIC),
MoOminpHEIM (MJIC) 1 nazemusiM (HJIC) nazepHbIM CKaHUpPOBAaHWUEM /I TOJYyYEHHUS JIOCTOBEPHOM
NPOCTPAHCTBEHHON MHOpMaIK 00 00beKkTax MHPpacTpyKTyphl. MeToabl: B OCHOBE HCCIE/IOBA-
HUS JIEKUT CPABHUTEIHHBIN aHAN3 TEXHUYECKUX U IKCIUTyaTallMOHHBIX TapaMeTPOB TPEX YKa3aHHBIX
TexHosioruii. ConocTaBiieHHe MTPOBOIUIIOCH IO COBOKYITHOCTH KPUTEPHEB, BKJIIOYAIONINX TaKHE Mapa-
METpBbI, KaK TOYHOCTH (aOCOM0OTHA), NeTann3anus (TUIOTHOCTh TOYEK), TPOU3BOAUTEILHOCTD (JTMHEH-
Has), 3aBUCUMOCTbH OT TpaduKa ABHKEHUS MTOE30B, 3AaBUCUMOCTD OT TIOTOHBIX SBJICHHUH, OCHOBHbIE
«MEpTBBIE 30HBD», JKOHOMHKA (yCIIOBHASA CTOMMOCTb ChbeMKH | KM). AHAJIHU3 BBITIONHSICS C yYeTOM
crenu(UKN JTMHEHHO-TIPOTSDKEHHBIX M TOYEUHBIX OOBEKTOB JKEIC3HOIOPOKHONH HMHOPACTPYKTYpHI.
Pe3ysibTaThl: B IIpoliecce UCCiIeI0BaHUs ObUIO YCTAHOBIICHO, YTO 2P PEKTUBHOE MPUMEHEHUE KX 0
M3 TEXHOJIOTUH JETEPMUHUPOBAHO CTIEIM(DUKON perraeMbIX HHKEHEPHBIX 3ajad. BrldaBiena nepapxu-
yeckas CTPyKTypa IMPHOPUTETOB BhIOOpA, Iie TpeOOBaHUS K METPUUECKONH TOYHOCTH M JeTaTu3aluu
MOJIENIA BBICTYTAIOT B Ka4€CTBE JOMUHHUpYIOIEero gakropa (mepsBuyHoro ¢uiprpa). Janusiit Guastp
3a/1aeT JOMyCTUMBIN IHAama3oH MPOU3BOIUTENBHOCTH M TEXHHYECKHX BO3MOXKHOCTEH, KOTOpEIE,
B CBOIO OYepenb, KOPPEKTUPYIOTCS IKOHOMHYECKOH I1eIecO00pa3sHOCThI0O W IKCILTyaTallnOHHBIMHU
OTpaHUYCHHUSIME KOHKPETHOTO MpoekTa. Takxke ObUIH onpeneiaeHsl odnact 3hHEeKTHBHOTO MpUMEHe-
HUA A0 K10 TexHonoruu. IllpakTHyeckas 3HAYUMOCTh: CHOPMYITUPOBAHHBIE KPUTEPUH TTO3BO-
JA10T (popMaTU30BaATh MPOIEAYPY TEXHOJOTHYECKOTO ay/IuTa Ha dTare MPEANPOCKTHRIX N3BICKaHUH.
IIpumenenue pa3pabOTaHHOTO MOAX0a MUHUMHU3UPYET PUCKH MONYYEHUS HEJOCTOBEPHBIX JaHHBIX,
ONTUMHU3HUPYET 3aTPaThl U 00eCIIeynBaeT TpeOyeMyIo OJHOTY U IeTAIBHOCTh MCXOIHON HH(pOPMAIIU
JUISL TIOCJIETYIOIIEr0 TTPOEKTUPOBAHUS, CTPOUTENBCTBA, PEKOHCTPYKIIMH U BeJICHUS MU(PPOBBIX MOJe-
neit nadpactpykryps (BIM/TUM).

KroueBble c/10Ba: n1azepHOe CKAHUPOBAHUE, AMATHOCTHKA JKEJIE3HOIOPO’KHOTO Iy TH, BO3LYILIHOE JIa3ep-
Hoe ckanupoBanue (BJIC), moOmnbHOE nazeproe ckanuposanne (MJIC), HazeMHOe a3epHOE CKaHUPOBa-
nue (HJIC), TounocTh, MPON3BOAUTENILHOCTD, LU(POBAs MOAETb ITyTH
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Beenenue

AXTyanbHOCTh BHEJPEHUS BBICOKOTOUHBIX
¥ BBICOKOIIPOU3BOIUTEIBHBIX METOJOB JHMArHO-
CTUKH COCTOSIHHS KEJIE3HOJOPOKHOTO MyTH 00Y-
CIIOBJICHA TIOBBIIICHWEM TpeOOBaHUN Oe30rmac-
HOCTH ¥ PETYISIPHOCTH JIBIDKEHHS B YCIOBHUSX
pocta Harpy3ok u ckopocreii [1]. Tpagunnonusie
Te0/Ie3MYEeCKUE METOIbI, TaKHe KaK HUBEIUPOBa-
HHME U TaxeoMeTpuuecKkas cheMKa, oOecreynBas
BBICOKYIO TOYHOCTh Ha YPOBHE 1—2 MM, ABISIOTCS
TPYAOEMKUMHU, Masio3()HEKTUBHBIMU I 00CTIe-
JIOBAHUS MPOTSKEHHBIX YYaCTKOB M CO3/IAI0T 3HA-
YUTEbHBIE PUCKU AT IEpCOHama, paboTaromnero
B rabapuTe MoABMXHOTO COCTaBA.

JlazepHO€E CKaHMpOBaHKE, O3BOJISIOLIEE B aB-
TOMAaTHU3UPOBAHHOM PEKHUME TOTyYaTh I€TaTbHBIC
M BBICOKOIUIOTHBIE O0JIaka TOYEK, MPEACTABISET
CO0OH TEXHOJIOTMYECKYI0 OCHOBY JUISl CO3AHUS
M(PPOBBIX JIBOWHUKOB HMHQPACTPYKTypsl [2].
OnHaKo CyIIECTBYIOIIUI TEXHOJOTMYECKHA MapK
BKJIFOYAET Pa3HOPOIHBIE MIAT(OPMBIL, TPUHITUITH-
AITBHO Pa3IMYAIOIINECs M0 CBOMM METPOJIOTHYE-
CKMUM M JKCIUTyaTallMOHHBIM XapaKTEePUCTHUKAM.
310 mopokaaeT mpodieMmy 000CHOBAHHOTO BBIOO-
pa, T1e HEKOPPEKTHOE PEIlICHUE MOXKET MPUBECTU
1100 K HEAOMYCTUMBIM TIOTPEIIHOCTSIM B OLICHKE
napaMeTpoB MyTH, TMO0 K HEOMpaBIAHHOMY pO-
CTy 3aTpar U CPOKOB BBINOJIHEHUS PalboT.

Takum oOpa3oM, Lebl0 TaHHOH paboThHI SB-
aseTcs cucteMaruzanusa odnacteil 3 peKTuBHO-
ro npuMenenus texxonoruit BJIC, MJIC u HJIC
Ha OCHOBE CPaBHUTEJIBHOTO aHalIN3a MX TOYHO-
CTH, TIPOU3BOIUTEILHOCTH U AKCILTYaTallIOHHBIX
OTpaHUYEHUMN.

MeTtomoJjiorust

HccnenoBanue mocTpoeHO Ha CPAaBHUTEITHLHOM
aHaJI3e XapaKTePUCTHK M BO3MOKHOCTEH TEXHO-
JOTUIl. AHAaIU3 TOYHOCTH Oa3upyeTcs Ha OLCHKE
COBOKYITHOH MOTPEHIHOCTU OMNpEAEIEHUs] KOOp-
JIMHAT TOYKH, KOTOpasi CKJIQJbIBAETCS U3 MOTPELI-

HocTel mo3urmonupoBanus miatdopmel (GNSS-
INS) — cucrema, koTopass 0ObEIUHSAET TaHHBIC
00anbHOM HABUTAlIMOHHOW CITYTHUKOBOW CH-
crembl (GNSS) 1 nHepnansHO HABUTAIIMOHHOM
cuctembl (INS). Takas xomMOWHALUS MO3BOJISET
NPEOJ0JIETh OTPAHMUYCHUSI KaXKAOM U3 CUCTEM.

GNSS (Global Navigation Satellite System) —
9T0 TI00anbHAS HABUTAIIMOHHAS CITyTHUKOBAS
cHCTeMa, KOTOpasi ONpe/esisieT MECTONONI0KEHHUE,
CKOPOCTH JIBIDKCHUSI M BpeMsi OOBEKTOB Ha 3eM-
HOW MOBEPXHOCTH, B BO3YITHOM U MOPCKOM TIPO-
crpanctBax. INS (Inertial Navigation System) —
ABTOHOMHAsl HABUTAIMOHHAS CHUCTEMa, KOTOpas
UCTIONIB3YeT TMPUHIIAIBI WHEPIMATbHOW HaBUTA-
IIUH JUTS. ONPEICIICHUS] MECTOTIONIOKEHHS, OPUCH-
TaIllid U CKOPOCTH OOBEKTa, YIIIOBOM TOYHOCTH
CKaHepa W TOYHOCTH M3MEPEHHs TATBbHOCTH IO
MPUHIMITY BPEMEHU UMITYJIBCHOTO MM ()a30BOTO
Mmetona [3].

[Tpou3BOANTETLHOCTh  OIICHUBACTCS
IUIEKCHO Yepe3 IMOKa3aTellb JTMHEHHON CKOpOCTH
ChEMKH (KM/4) U YIENbHYIO TNIOTHOCTh TOUEK Ha
eMUHUILY TUIOLIAIU Wi JUMHBI myTH. [lom skc-
IUTyaTal[MOHHBIMH OTPAaHUYEHHUSMH MOHHUMAIOTCS
BHEIITHUE U BHYTPEHHHE (AKTOPBI, BIUSIONINAE HA

KOM-

BO3MOXKHOCTh M 3KOHOMHYECKYIO IeJecoo0pas-
HOCTH IIPOBEJICHUS] ChEMKH:

* 3aBUCHUMOCTH OT rpaduka JBWKCHUS TOE3-
TIOB ¥ HEOOXOAUMOCTH TIPEIOCTABICHHS «OKOHY;

* TpeOoBaHMS K MeTeoyclioBusaM (00mau-
HOCTb, BUJJIMOCTb, OCJIKH);

* HE0OXOAMMOCTh HA3eMHOTO JOCTYIa U OX-
paHbl 000PYI0BAHHUS;

* JHEProeMKOCTH CHCTEMBI;

* CIOXHOCTh penbeda M 3aCTPOUKH TIpH-
JIeTaloNell TePPUTOPUH, CO3MIAFOIINE «MEPTBBHIC
30HBI.

HoBu3Ha uccjiegoBaHusi
[IpoBeneHHBINI CPABHUTENBHBIM aHAIU3 HE
OrPaHUYMBAETCS KOHCTATALUEW M3BECTHBIX TEX-
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HUYECKUX XapaKTEePUCTHK TEXHOIOTHIA JTa3ePHOTO
ckaHupoBaHus. HayuHas HoBu3Ha pabOTHI 3aKITIO-
qaeTcs B pa3paboTke U 0OOCHOBAaHMU HEpapXU-
YeCKOIl CHCTeMBbI KpUTEPHEB BBIOOpA, alanTHPO-
BaHHOU crienuuKaImeil K 3a1a4aM TUarHoCTUKA
KEJIE3HONOPOXKHOTO MyTU. B ommume ot cyue-
CTBYIOIIMX MOJXOJOB, I7I¢ BBIOOp YacTo Oasmpy-
eTcsl Ha OJJHOM ITapaMeTpe (HanpuMep, TOUHOCTH)
WM CYObEKTHBHOM OIIbITE, B JIAHHOM MCCIE0-
BaHUM MpeJylaraeTcs mocjieaoBaTe’IbHas MHOTO-
YpPOBHEBAS MOJIENb MPUHATUS PEILICHUSL.

[lepBuynbiM (UIBTPOM B HEH BBICTYNAIOT
NPUHIUIUAIIBLHBIE METpOoJNIoTHYeckue TpedoBa-
HHS K JaHHBIM (TOYHOCTb, JETaNu3alus), KOTO-
pble OJHO3HAYHO OMNpPEIENSIT NPUMEHIEMBbIN
KJIaCC TEXHOJIOTHH.

BTopuuHbIM GUIBTPOM MpeIaraeTcs CaUuTaTh
OTEpaIMOHHbIE TPEOOBAHHUS MO OXBATy M IPOH3-
BOJIMTEJILHOCTH, KOTOPBIE OMTUMH3UPYIOT BHIOOD
BHYTPU TPYIIBI TEXHOJOTUH JIa3€pPHOTO CKAaHU-
poOBaHMsA, OOBETUHEHHBIX CXOKECTHhIO MPUHIIM-
MUAJTLHOTO YPOBHS TOYHOCTH U JIETATU3AIUU BbI-
XOHBIX JaHHBIX.

TpetnunbiM QUIBTPOM MOXKET OBITH TPUHST
KOMILIEKC 3KCILTYaTallMOHHBIX U SKOHOMHUUYECKHX
OTpaHUYEHUH, OKOHYATETHHO ONPEIETIONIHX T1e-
7€c000pa3HOCTh MPHUMEHEHHS TEXHOIOTHH B KOH-
KPETHBIX YCIOBUSX.

Kpome Toro, HoBHM3Ha 3aKIO4aeTcsi B YeT-
KOM pa3rpaHUueHUM O0JACTEeH HCIOIb30BAHMS
KaXJI0M TEXHOJOIMHM B PaMKax €AMHOro Jua-
KapTorpagupoBaHue
ob0nekTa ¢ momoribio BJIC, mpoBenenue omnepa-

THOCTHUYCCKOIO IHKJIA:

TUBHOTO MOHHMTOPHUHTIA JIMHEWHBIX TapaMeTPOB
MOOUJIFHBIM Ja3€pHBIM CKaHHPOBAHMEM W Ha
3aBEpIIAOIICH CTaAuu — MPOBEIECHUE TOYEU-
HOTO JIETaJbHOTO aHalM3a Y3JIOBBIX OOBEKTOB
Ha ocuose HJIC.

Takoil CHCTEMHBIA B3IV IIO3BOJSET IIpe-
OJI0JIETh  TPAJAMLMOHHOE IPOTUBOIIOCTABICHUE
TEXHOJIOTUM M paccMaTpuBaTh MX Kak B3aUMO-

JOTIONTHSIIONINE AIIEMEHThl IU(pPOBOTO KOHTYpa
yIpaBieHus: HHPPACTPYKTyPOH.

Bo3aymnoe 1a3epHoe ckanupoBanne (BJIC)
Texnonorus BJIC peanusyerca ¢ ucrnonab3o-
BaHMEM JIETATEJIbHBIX allaparoB (CaMmoJIETOB,
BeptosieToB, BIIJIA), ocHamieHHBIX JIHIApHBIMU
cucremamu. KiroueBsiM npeumytiectsom BJIC
SIBJISIETCSL  BBICOKAsl IMPOU3BOAMUTENLHOCTh, T0O-
3BOJISIFOINIAS 32 OJTMH BBUIET TIOJIyYaTh JJAHHBIC HA
COTHM KWJIOMETPOB IyTH, OXBAThIBAs ILIOMIAIb
140-200 xM? 3a 4ac CbEeMKH B 3aBHCHMOCTH OT
BBICOTHI M THIA HOCHUTENS [4]. DTa TEXHOIOTHS
HEe3aMEeHUMa JJsl pelleHHs 3aJad KpylnHomac-
mTabHOro KapTtorpadupoBaHus, co3maHus nud-
poBbix Mogxenedt penbeda (LIMP) m mectHocTH
(ITMM) Ha MPOTSKEHHBIX YYaCTKaX, OIEHKH TIa-
HOBOTO U BBICOTHOTO TOJIOKEHHUS TPACCHI B CIIOK-
HBIX TONOTpaUUECKUX YCIOBUAX, HATPUMED TPH
HPOEKTHUPOBAHUH 00XO0B MJIM HOBBIX XOJIOB.
Opnako tounocts BJIC, B mepByro ouepenpb
OTpaHUYEHAa TOYHOCTHIO  OOpTO-
BOM MHEPLUUATIbHON HABUTAlMOHHOW CHUCTEMBI
(BMHC) u GNSS-npuemnunka. TunuuHas abco-
JIOTHAsl TOUHOCTH coBpeMeHHBIX cucteM BJIC co-
crapsaeT 0,05-0,15 m B muane u 0,03-0,10 M mo
BeIcOTE TpH mojiere Ha Bbicore 500-1000 m [5].

IJIaHOBAas,

Takoil ypoBEHb HE MO3BOJISIET IOCTOBEPHO OLICHU-
BaTh CyOCAaHTHMETPOBBIC MAPAMETPhI, TAKUE KaK
HIMPUHA PENICOBOM KOJIEU WU MPOAOJIbHBIC He-
POBHOCTH PENHCOB. DKCIUTyaTalMOHHBIC OTPaHU-
yeHus: BJIC 3HaunMTENbHBI: NMPOBEIEHUE CHEMKHU
TpeOyeT COIIacOBaHUS BO3AYLIHOTO MPOCTpPaH-
CTBAa, KDUTUYECKH 3aBHCUT OT ITOTO/IHBIX YCIOBUI
(HM3Kas 0OJMAYHOCTh, OCAJKH, CHIIbHAS OOJTaH-
Ka), a TAKKe CONPSHKEHO C BBICOKUMHU KaIUTalb-
HBIMH 3aTpaTaMy Ha apeH]ly aBUaTEXHUKH U Opra-
HU3auIo nmoneToB. Kak ormevaercs B padote [6],
BJIC »ddexTrBHO A7 MHBEHTapH3aLHOHHOTO
o0cre0BaHusl IMUPOKUX TOJIOC OTBOJA, BhISBIIE-
HHS KPYIHBIX Je(opMaruii 3eMISTHOTO TOJ0THA,
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HO HE ) JIeTadbHOM JUArHOCTUKH BCPXHETO
CTpPOCHUA ITyTH.

MooOnabHOe 1a3epHOe CKAHUPOBaHHUe
MJIC)

Cucrembl MJIC, ycraHaBiIMBaeMble Ha XKeJe3-
HOJIOPOJKHBIM TOIBMKHOM cocTaB (JIOKOMOTH-
Bbl, MOTOBO3bI, APE3UHBI), MIPEACTABIAIOT COOOM
ONTUMAJbHBIM HHCTPYMEHT JJIsl OIEpaTUBHON
JMarHOCTUKKU reoMeTpuu myTtu. OHU coYeTaroT
BBICOKYIO JIMHEWHYIO HPOU3BOAUTEIBHOCTH (10
50-80 kM/4, TO €CTb B pUTME JIBUXKEHHUS O «OK-
HaM») C TIOBBIILIEHHON TOYHOCTBIO.

[TorpemHoCTh ONpeneneHnst KOOPAUHAT PElb-
COBOM HHUTH, JOCTUTAaeMasi 3a CYET CHHXPOHHOH
perucTpanuu 1aHHbiX ckanepa, GNSS u unepiu-
aJIbHOTO OJIOKa € Mmocnenyromen ctporoit odpa-
OOTKOM M MPUBS3KONH K UCXOIHBIM ITyHKTaM, MO-
JKET COCTABJIATh 2—5 MM B IUIaHE U 10 BbICOTE [7].
OTO MO3BOJISIET HE TOJIBKO OLIEHMBAaTh ILIAHOBO-
BBICOTHOE I1OJIOKEHHUE ITyTH, HO U JETAJIbHO aHa-
JHU3UPOBaTh €ro TEOMETPUUYECKHE IapaMeTpBl,
BKJIIOYAs! IIMPHHY KOJIEH, NTOJI0KEHUE PEIbCOBBIX
HUTEH B IUIaHEe W mpoQuie, a TaKKe BBIBIATH
HPOCAIKH, IEPEKOCHI U IPYTue Ae(EeKTHI.

['maBHBIM 3KCIITyaTallMOHHBIM OIPaHUYEHHUEM
MIJIC sBnsercs kecTkas NpUBS3Ka K «OKHaAM»
B Tpaduke IBMKCHHUS IMOE3/I0B, YTO YCIOXKHSI-
€T JIOTUCTUKY U YBEJIMYUBAET CPOKU BBIOJIHE-
HUs pabOT Ha HampshKEHHBIX ydacTkax. Kpome
TOTO, MPU CHEMKE C BBICOKOM CKOPOCTBIO BO3-
HHMKaeT mpobjieMa «MEpTBBIX 30H» B 30HE HEMO-
CPEICTBEHHO IOl ¥ BOKPYT IIAT(OPMBI, a TAKKE
OrPaHNYEHHOTO Ka4eCTBa JAHHBIX O MOAPENHCO-
BOM OCHOBAaHMU M OTKOCaxX 3€MJISTHOTO II0JOTHA
u3-3a reomeTpun 0630pa. Kak nokaszano B uccie-
noBaHusx [8], MJIC sBnseTcs 6a30BOI TEXHOIIO-
THel U1 co31aHusl LU(PPOBBIX MOJIENEN Pesbco-
Boit koneu (Digital Track Model) u perynspaoro
MOHMTOPUHIA €€ COCTOSHMS B paMKaxX CHUCTEMbI
Iy TEU3MEPEHUL.

HaszemHoe s1azepnoe ckannpoBanue (HJIC)
CraioHapHbie Ha3eMHBIE JIA3ePHBIC CKAaHEPBI
(HJIC) obecrneunBatoT HAUBBICIIYIO JIETATbHOCTD
U JIOKaJBbHYIO0 TOYHOCTH JTAHHBIX, KOTOPAst MOXKET
nocturate 1-3 MM Ha paccrosauu 10 50-100 m
B 3aBUCHMOCTH OT KJiacca mpubopa [9]. Dra Tex-
HOJIOTHS SIBJISICTCSI HE3aMEHUMOM JIJISI I€TAITBHOTO
00CIeToBaHus CIIOKHBIX HHKEHEPHBIX 00BEKTOB:
MOCTOB, ITyTEIPOBOIOB, TOHHEJIEH, CTAHIIMOHHBIX
COOpYKEHMI, cTpenounbix neperoaos. HIIC mo-
3BOJISIET TONy4aTh HMCUEPIBIBAIOIIYI0 MH(pOpMa-
[0 O COCTOSHUU HE TOJILKO BEPXHETO CTPOCHHUS
MyTH, HO U BCEX DJIEMEHTOB MCKYCCTBEHHBIX CO-
OpYXKEHUIi, BKJIIOYAs TEOMETPHUI0 omop, aedop-
MalliH MPOJIETHBIX CTPOCHUH, U3HOC KOHTAKTHON
ceTH, (puKcaIuIo TPEIMH U CKOJIOB.
HIJIC saBnsercs
KpaiiHe HU3Kasi TPOM3BOAUTEILHOCTH PH 00CIe-

OCHOBHBIM HEIOCTATKOM

JIOBaHUM TIPOTSHKEHHBIX JIMHEHHBIX OOBEKTOB.
[Tponecc TpebyeT MHOTOKPAaTHOM MEpeCTaHOBKHU
ckanepa (¢ marom 20-70 M) mist obecrieueHust
MEPEKPBITUS CKAHOB, COMPSDKEH ¢ OpraHu3anuei
HA3eMHOTO JOCTyNa W OXpaHbl 000pyIOBaHUS
Ha KaXJIOM CTBOPE, YTO JIETAET €ro TPYI0EMKUM
U TIPOJOJDKUTENBHBIM. OKCIUTyaTaIusl TaKKe
CHJILHO 3aBUCHUT OT MOTOJHBIX YCIOBUH (0K,
TyYMaH, TpPSMbIC COJHEYHBIC Jy4d) U HaJTHUUSI
NPENATCTBUN Ha JIMHUM BU3WpPOBaHUS. Takum
00pa3oM, KaK OTMEUEHO B METOAUYCCKUX PEKO-
menaauusx [10], HJIIC npumensercs TodedHo,
JUIS pEICHUs JIOKAJIbHBIX 3a]1a4 BBHICOKOM BaXK-
HOCTHU, TJI€ KPUTHYHA MaKCUMaJbHas JeTalln3a-
1Usi, HaNpUMep, AJS UCIOJHUTEIBHOW ChEMKHU
MOCJIe PEMOHTA CTPEJIKH WM OLIEHKU Je(PEKTOB
B TeJIe TOHHEI.

CpaBHMTEILHBIA AHAJIN3 U KPUTEPUH
BbIOOpa

Ha ocHoBaHuU MPOBEJEHHOTO aHATHM3a MOXK-
HO c(hopMyIHpPOBaTh HEPAPXUUECKYIO CHUCTE-
My KpUTEpUEB BHIOOpa TEXHOIOTUU JIa3ePHOTO
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CKaHUPOBAHMS JUISl JIMArHOCTHKHU >KEJIE3HOM0-
poxHOro nytu. CpaBHUTENbHBIA aHANU3 TEX-
HUYECKUX M JKCIUIyaTAalMOHHBIX IapaMETPOB
10 BUJaM JIa3€pHOI0 CKAaHUPOBAHMsS NPUBEIEH
B Tabm. 1.

[lepBu4HBIM ¥ ONpENENSIOUUM KPUTEPUEM
ABiseTcs TpeOyemass TOYHOCTh M JieTanu3alus
BBIXOIHBIX JaHHbIX. Ecnu 3amada orpaHuumBsa-
eTcsl OLEHKOM JedopMaluil 3eMJISIHOTO MOJ0THA
Ui o0IuM KapTorpadpoBaHUEM MOJIOCHI OTBO-
na, nocrarouno gaHHeix BJIC. Eciu HeoOxomum
TOYHBIA MOHUTOPUHI T€OMETPHUU PEIBCOBOU KO-
neu, ucnoib3yercs MJIC. s cyOmummmmeTpo-
BOTO aHaJIN3a KOHCTPYKUHUM MCKYCCTBEHHBIX CO-
opyxenuii Beioupaetcs HJIC.

BropuuHbIM KpHuTEpHEM BBICTYHAeT Tpeodye-
Masi IPOU3BOAUTEIBHOCTh M OXBAaT, KOTOPBIE Ha-
NPSIMYI0 KOPPEIUPYIOT C 3KOHOMMKOHM INPOEKTa.
Jl1d CbeMKH yYacCTKOB JIJTMHOM B COTHU KUJIOME-
TpoB BJIC He nmeeT anbTepHATHB MO CKOPOCTH.
Jnst TaHoOBO-IIPEeTyIPEANTENBHOTO MOHUTOPUH-
ra COCTOSHUS ITyTH Ha CETH NPOTSKEHHOCTHIO JIe-
catku kunomeTpoB ontumanbio MJIC. HIIC we
paccMaTpHuBaeTCsl Kak METOJ| CILIOIIHOTo o0cie-
JIOBaHHS Iy TH.

Tperuil ypoBeHb KpUTEpUEB — DHKCILIyara-
[OHHbIE OrPaHUYEHUS, KOTOPbIE MOTYT CTaTh
pemaromuMu. Hanuune 4acTeIX M JJIMTENBHBIX
«OKOH» JieJaeT BO3MOXHbIM npuMeHenue MJIC.
OtcyTcTBHE TaKUX «OKOH» MM HEOOXOAMMOCTH
CbE€MKHM B AKTHBHOM JBI)KEHHUHU (C OmpeeneH-
HBIMH OTOBOPKAaMM) MOXET CMECTHTh BBIOOp
B CTOPOHY clenuanu3upoBanHbix cucrem BJIC
¢ BIITA wnnu Ha3eMHBIX CKaHMPYIOIINX CHUCTEM,
YCTaQHABIMBAEMBIX HA XOAOBBIE TEIEKKU. ClOXK-
HBIN penbed u 3actpoiika aematot BJIC u MIJIC
B3aUMOJIOTIONIHSIOIUMHY JJIs1 YCTPAHEHUSI «MEepT-
BBIX 30H).

Pexomenayembie 00macTi NpUMEHEHHs TEXHO-
JIOTUI B 3aBUCUMOCTHU OT PEIIAEMBIX 3ajad Jua-
THOCTHKH MPUBE/ICHBI B Ta0M. 2.

IIpakTuyeckas ¥ HaAyYHAsd HEHHOCTH
Pesynbrarel uccrnenoBanus 001a7al0T 3Ha-
YUTEJILHON NTPAKTUYECKOM LIEHHOCTBIO JUIS IIPO-
€KTHBIX, U3bICKATEIbCKUX M AKCIUTyaTallHOHHBIX
MOJPA3JECIICHUI KEIE3HOJOPOKHOIO TPAHCIIOP-
Ta. PazpaboTanHas cucremMa KpUTEPHEB TPENO-
CTaBIISICT MHKEHEpAM M TE€XHOJIOTaM CTPYKTYpH-
POBaHHBIM AJTOPUTM JJIsi 0OOCHOBaHHUS BBHIOOpA
TEXHOJIOTUM CKAaHUPOBAHUS MpPHU COCTABJICHUU
TEXHUYECKUX 3aJaHUi M CMET Ha BEHINIOJHEHHE
JUATHOCTHYECKUX pabOoT. DTO TO3BONISAET MUHH-
MU3UPOBaTh PUCKH MOJYYEHUS JAHHBIX HEYHIOB-
JIETBOPUTEIBHOTO KAUECTBA WM HEONPABIAHHBIX
¢uHaHCOBBIX 3aTpar. [IpakTHyeckue pekoMeHIa-
UM CTOCOOCTBYIOT ONTUMH3AIMU TapKa Teofe-
3UYECKOT0 000pPY/IOBaHMS U MOBBIIEHUIO 3P Pek-
TUBHOCTH TUIAHOBO-TIPEAYTNPEIUTETBHBIX PaOOT.
Hayunas meHHOCTh paboThI 3aKiIIOYaETCS
B pa3pabOTKe METOAMKH KOMIUICKCHOW OIICHKH
TEOTEXHUYECKUX U3BICKAHUM U MOHUTOPHUHIA JJISt
JMHEWHBIX COOpyXeHui. MccnenoBanue BHOCHUT
BKJIaJ B TEXHOJOTHIO NPOEKTUPOBAHHUA M 3KC-
TPAHCIIOPTHOM  MH(MPACTPYKTYPHI,
bopmanm3ys B3aNMOCBS3b MEXKYy TEXHUUSCKIMHU

UIyaTalnuu

TpeOOBaHUSIMH K HAaTHOCTUKE, BO3MOKHOCTSMHU
COBPEMEHHBIX CEHCOPHBIX TEXHOJOTHHA M 9KC-
IUTyaTallMOHHBIMU peanusimMu. Paborta BbImonHsIET
CUHTE3UPYIOLIYI0 (YHKIUIO, OObEIUHSS 3HAHUS
u3 00nacTu reosie3nu, poTorpaMMEeTpHU, HaBUTa-
IIMU KEJIEe3HOAOPOXKHOTO Jena. [lomydyeHHbIe BbI-
BOJIBI CITY’>KaT OCHOBOM J1JIs1 AaIbHEHIIMX HAYYHBIX
U3BICKAHUI, B YAaCTHOCTH, B HAIpPaBJICHUH pa3-
pabOTKN MHTEIUIEKTYaJbHBIX CHUCTEM IOJJIePIK-
ku npuHatus pewenuit (DSS) mis aBromarusu-
POBAaHHOTO  TUTAHMPOBAHMS  JIMATHOCTHYECKUX
KaMIaHW{, a TaKkke Ui CO3JaHHs alTOPUTMOB
CIUSIHUSL PA3HOPOIHBIX JIAHHBIX CKaHHPOBAHUS
B €AMHYIO MpPEIHU3UOHHYIO HU(POBYIO MOJENb
KeJe3HomopokHoro oobekra (BIM-monens), uto
ABJISETCS aKTyalbHOM 3a1a4ell B paMKax KOHIIET-
i «L{udposas xenesznas goporay.
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TABJINIIA 1. CpaBHUTETBHBII AaHAIN3 TEXHNYECKUX U SKCIUTYaTaI[IOHHBIX IAapaMeTPOB

TEeXHOIOT I JIA3€pHOro CKAaHNPOBAHNA

ITapamerp/TexHoorus

Bo3snymHoe 1a3epHoe
ckanupoBanue (BJIC)

MoouibHoOe J1a3epHoe CKAHUPOBA-
nue (MJIC) Ha x/1 niatdopme

HazemHoe 1a3epHoe
ckanupoBanue (HJIC)

Tounoctb (abcooTHas)

5-15 cM (nan)
3-10 cm (ipoduiip)

2-5 MM (OTHOCHUTEIIBHAS
BJIOJIb TIYTH)

1-5 MM (Ha AUCTAHIUK
10 50 m)

Jletanuzanus
(TUTOTHOCTB TOYEK)

10-50 Tuk/m?

500-5000 T4x/M? (BOOJB Ty TH)

Jlo 1000 Tuk/m?* (Ha 0OBeKTE)

[Ipon3BoanTETLHOCTD
(mHeitHas)

140-200 xm?/gac
(COTHH KM IyTH)

50-80 xM/4 (B «OKHOY)

0,5-2 xm/cyTku (mpu
MHOTOKPATHBIX YCTAHOBKAX)

3aBHCUMOCTB OT Tpaduka
JIBHKCHUS

OtcyTcTBYeT

AbcomoTHas
(TpebyeTcs «OKHO»)

BpIcokast (HeoOX0aUM TOCTYTI
B rabapur)

3aBUCUMOCTD OT TIOTOJIbI

Kpurnueckas (Het moneton
B 00JIAYHOCTB, JI0K/1b, BETEP)

YMmepenHas (CHer, JOXK/Ib yXy/-
AT MOJy4aeMble JAHHBIC)

Bricokast (J10K/1b, TYMaH Jelna-
0T ChEMKY HEBO3MOYKHOH)

OCHOBHBIE
«MEPTBBIC 30HbD»

ITox MocTamy, B ITyOOKUX
BBIEMaX, TI0]] TYCTON
PACTUTENBHOCTBIO

Ilop Temexkoii, HA3 OTKOCOB,
Y4aCTHYHO OasutacTHas pu3Ma

O6nactu, Tpebyronme
TIEPECTAHOBKH CKaHepa
(> dexr 3aTeHeHns)

DkoHOMUKa (yCIOBHAS
CTOMMOCTb 1 KM)

Huskas (15004500 py6./km)
(ipu GonbIINX 00beMax)

Cpennsist (3000-8000 py6./xm)

Bericokas (ot 15 000 mo 50 000
u 6omee py0./xkm)

KiroueBoe
PEUMYLIECTBO

CKOpOCTB M OXBAT OONBIINX
tepputopuit 1uist IMM/IIMP

OnTuMabHbIi 0aj1aHC TOY-
HOCTH U IPOM3BOAUTEIIBHOCTH
JUISL KOHTPOJISL TEOMETPUH Iy TH

MakcumanbHas AeTaau3aus
W TOYHOCTB JJIA 06CHeI[OBaHI/IH
CJIOKHBIX 00BEKTOB

OCHOBHOE OIpaHUUECHUE

Henocraro4ynas TO4HOCTH 1151
JIMArHOCTHKU BEPXHETO
CTPOCHHS MyTH

JKecrkas npuBsI3Ka K «OKHAM»
U OrpaHUYEHHbIN 0030p
MOTIEPEYHOTO PO IS

Kpaiitne Hr3Kas ckopocth
o0ceoBaHus MPOTAKESHHBIX
00BEKTOB

TABJINIIA 2. PekomeHayeMble 06/1aCTV IPYMEHEHN A TEXHOMOTIL B 3aBUCHMOCTH OT PelllaeMbIX

3agad TMAarHoCTUKMN

o0ceI0BaHus

Lexb muarnoctuku / O6bexT

Pexomennyemas TexHo-
Jorus (IPHOPUTET)

A.]'lleepHaTl/lBHaﬂ WA O010JI-

HAKIIAA TEXHOJIOruA

Ilomyuaemblii pe3yisrar
W KOMMEHTapuH

BJIC (c 6ecninorHoro

CrutomrHasi MOZIENb penbeda

(MOCTBI, IyTENPOBO/bI)

CTPOCHHS)

Cosnanue/obHoBnenne LIIMM, Cremka ¢ UC3, .
BO3/YILIHOTO Cy/lHA 1 MeCTHOCTH mupHHOH 10 500 M.
[IMP nonocs! oTBOAA a3pohoTocheMKa
(BBC) unmu camonera) OcHoOBa Jy1s IPOSKTUPOBAHUS
OrieHKa TIana u MPOJ0IEHOTO BIIC MJIC (mpu Hammann BrisiBieHre KPYHBIX OTKIOHEHUH OCH
npoduIst Tpaccel «OKOH») MyTH, OLCHKA KPUBU3HBI
MOHHUTOPHHT FeOMETPHU . .
Py P PyunbIe n3mepeHns, Digital Track Model. OcHoBHO# MeTO]
PENbCOBOH KoseH (LIMpHHA, MIJIC
BAarOHbI-MYyTEH3MEPHUTENH | VIS PErYISIPHOTO KOHTPOJIS
YPOBEHbB, HAIIPABIICHHE)
O06caen0BaHKe 3eMIITHOTO BJIC — o6mumii oxsat, MJIC —
HoJ0THA (aehopmanuu BJIC + MJIC — JeTau3anys BOIU3U MyTH.
OTKOCOB, KOCOTOPOB) Kommexcuslit anamms
JleranbpHoe o0ceoBaHue HJIC (syTpu MIJIC (anst 061mmx Tpexmepnas BIM-monens
MCKYCCTBEHHBIX COOPYKECHHUI " CHapyx?;I)p nehopMaIuii MpoNeTHOTO | KOHCTPYKIUH U OLIEHKH M3HOCA,

TpEIHH, Ae(opManuii
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Oxkonuanue maon. 2

Lexb muarnoctuxu / O6bexT
o0ciie10BaHus

Pexomennyemas TexHo-
Jiorust (IpUOPHTeET)

A.]IbTepHaTl/lBHaﬂ WU 1010JI-
HAKLIAA TEXHOJIOruA

IToyyaemblii pe3ynsTaT
U KOMMEHTapuH

OOcnenoBanue TOHHENEH
(nedopmaruu odaenKy, raba-
PpUTBI)

HJIC (unm mobuibHOE
U1 TOHHEEeH )

Teoze3nueckne MeTozbl;
MOOMIIBHOE CKaHHPOBAHUE

Tounast MOzieNIb BHYTPEHHEN
HOBEPXHOCTU

WuBeHTapu3anus 1 00ciesno-
BAaHHE CTAHIIMOHHBIX KOMILIEK-
COB, CTPEJIOYHBIX TEPEBOIOB

HJIC + MJIC

(s KITIOYEBBIX
y3110B) + (11 ChEMKH
yTei)

HJIC — peranbHast MOJEIb CTPEIIKY,
MJIC — monoxenwue myTeil B miaHe

HcnonHuTeNbHAS CheMKa IO~
Clle PEMOHTa/CTPOUTENbCTBA
KEIEe3HOTOPOKHBIX My TeH

HJIC + MJIC
(st TOKAJILHBIX 00B-
eKTOB) + (JuIsl IyTH)

T'eone3nueckure MeTOABI

BricokoTounoe cpaBHeHHE
«KaK MOCTPOCHO» C MPOEKTOM

Brrsenne npenstcTBuit
B rabapute NpuOIIKEHHS
CTpOEHHI

MJIC + HJIC (ocHoB-
HOE) + (yTOUHEeHUE)

AHanu3 moI0KEHUsI 00BEKTOB
BOJIH3U Ty TH

Ipumeyanune k Tadmuuam. [IpuBeCHHbIC KOJIMYESCTBEHHBIC [OKA3aTENH SBIAIOTCS OOOOIICHHBIMH M MOTYT BapbHpPOBATHCS
B 3aBUCHMOCTH OT KOHKPETHOTI'0 KJlacca 000py/I0BaHMs, YCIOBUH ChbeMKH M METOIOB 00pabOoTKH JaHHBIX. [IpeuiokenHas odacTsb

MPUMEHEHH OCHOBAaHA HA ONITUMAJIbHOM COOTHOIIEHUU KTOYHOCTb — IPOU3BOAUTEIBHOCTD — 3aTPaTbD).

3akirouenue

[TpoBencHHBIN CpPaBHUTENBHBIM aHAIU3 JIe-
MOHCTpPHUPYET, YTO TEXHOJIOTHH BO3/YIIHOIO, MO-
OUJIBHOTO ¥ HA3€MHOTO JIA3€pPHOTO CKAHUPOBAHUS
HE KOHKYPHUPYIOT, a 00pa3yroT €AUHbIN TEXHOIO-
TMYECKUI KOMIUIEKC JUIi MHOTOYpPOBHEBOW JHa-
THOCTHUKH KEJIC3HOJIOPOKHOM MHPPACTPYKTYPBI.
BJIC ciryxuT a5 pereHns 3a1a4 BEpXHETO ypOB-
HSl — CO3/1aHHsI T€ONPOCTPAHCTBEHHON OCHOBBI
U BbIBIECHUA TpyObIx nedopmaruidt. MJIC sBis-
€TCsl OCHOBHBIM PabOYMM MHCTPYMEHTOM IS pe-
T'YJSIPHOTO BBICOKOTOYHOT'O KOHTPOJISI FEOMETPUU
nytd. HJIC cimyxut nans neranbHOro aHanusa
YHUKAJIbHBIX U OTBETCTBEHHBIX OOBEKTOB.

Kpurepusmu BbiOOpa SBISAIOTCS HepapXuye-
CKM BBICTPOEHHBIE TpeOOBaHUS: IeJeBas TOY-
HeoOXoAuMasi — MPOU3BOIUTENBHOCTD
U OXBarT; IPEOJOIUMOCTb OSKCIUTyaTallMOHHBIX
orpannuyeHui. IlepcriekTUBON pa3BUTUS SABIISACT-
sl JalbHEMIIas HHTErpalys JaHHbIX OT pa3sHbIX
mwiarpopM B €IUHYI HHPOPMAMUOHHYIO CPEmy
(BIM/GIS-mnaropmy), a Takke aBTOMarm3a-
M MPOLECCOB AemupupoBanus IePeKToB Ha

HOCTb;

OCHOBC AJITOPUTMOB MAlIMHHOTO 06y‘{eHI/I$I, qTo
ITO3BOJIUT HCpCﬁTH OT AUWATrHOCTHKH TCKYIICTO
COCTOSAHHA K HpOFHO3HOfI AHAJIUTUKE W OITH-
MH3allMi XKHU3HCHHOI'O IUKIIa 00BEKTOB I/IH(I)pa-

CTPYKTYPBI.
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Abstract

Objective: to consider the necessity of developing and substantiating the choice of optimal laser scanning
technology for solving railway track diagnostics problems in the context of a variety of modern surveying
methods. The relevance of the work is due to the need to formalize the selection process between aerial
(ALS), mobile (MLS) and terrestrial (TLS) laser scanning to obtain reliable spatial information about
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infrastructure objects. Methods: the research is based on a comparative analysis of technical and operational
parameters of the three technologies. The comparison was carried out according to a set of criteria including
such parameters as: absolute accuracy, detail (point density), linear productivity, dependence on train traffic
schedule, dependence on weather conditions, main “dead zones”, economics (conditional cost of surveying
1 km). The analysis was performed taking into account the specifics of linearly extended and point objects
of railway infrastructure. Results: the study found that the effective application of each technology is
determined by the specifics of the engineering tasks to be solved. A hierarchical priority structure of choice
is revealed, where the requirements for metric accuracy and detail of the model act as a dominant factor
(primary filter). This filter sets the permissible range of productivity and technical capabilities, which in turn
are adjusted by the economic feasibility and operational constraints of a particular project. Also, areas of
effective application for each technology were determined. Practical importance: the formulated criteria
make it possible to formalize the procedure of technological audit at the stage of pre-design surveys. The
application of the developed approach minimizes the risks of obtaining unreliable data, optimizes costs
and ensures the required completeness and detail of initial information for subsequent design, construction,
reconstruction and maintenance of digital infrastructure models (BIM/TIM).

Keywords: laser scanning, railway track diagnostics, aerial laser scanning (ALS), mobile laser scanning

(MLS), terrestrial laser scanning (TLS), accuracy, productivity, digital track model
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TEOPETVI‘-IECKOE onnucaHue npoueccoe m CBfi3e/ B NOrfoLaloLWmx
annapaTtaX TAroebixX arperaTtos
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Jast uurupoBanus: Punons-Capazocu 1. J1., Punons-Capacocu JI. D., fuykos H. A. TeopeTndeckoe onu-
CaHME MPOLIECCOB M CBS3€H B MONIOMIAIOIIMX aniapaTax TArobix arperatos // UzBectus [lerepOyprekoro
yauBepeutera mytei coodmenus. CI16.: [II'YIIC, 2026. T. 23. Beim. 2. C. 309-314. DOI: 10.20295/1815-
588X-2026-2-309-314

AHHOTANUSA

B nannoii paboTe aHaTUTHYECKH pacCMOTPEHBI M IPUBEJICHBI pacCYeTHbIE 3aBUCMMOCTH MEXBAarOHHBIX YCHUIHI
OT OTHOCHUTENBHOTO MEPEMELIECHUS CMEXKHBIX TyMIKapos. Ilesb: TeopeTnueckoe MOJEIMPOBAHUE NIPOLIECCOB,
BO3HMKAIOLIMX B MONIOLIAOIIMX alllaparax MOTOPHBIX JyMIKapoB. MeToabl: aHAJIUTUUECKUI METOJ MOJE-
JMPOBaHUs PYHKIIMOHUPOBAHMS TTOMVIOMIAOIINX aIlTIaparoB Pa3IMYHbIX MAPOK B PEKMMax HaOEraHWs U pac-
TaruBanus. IIpakTuyeckasi 3HAYMMOCTB: ITPUBEACHBI PE3YIILTAThl PACUETOB MIPEUIAracMbIX MONIOIIAFOIINX
anrnaparoB JUIsl IPAaKTUYECKOIO UCIIOIb30BaHMs B ABTOCLENIHBIX YCTPOHCTBAX MOTOPHBIX JTyMIIKapOB.

KuroueBble c10Ba: aHAIUTHYIECKAS MOJIEITh, TIOTTIOMIAIOIINN anmapar, AehopMaItis

IIpononbHO-TMHAMMYECKHE PeaKLUH,
BO3HUKAaKOLINeE B NOMIOIIAK0IIEM annapare

3aBUCUMOCTb, YyuuTHIBawOmass cuiny 71, Je-
dopmarmro (S; — S;.;) HapaBHE CO CKOPOCTHIO
nedopmaruu (V; — V;,;) aBTOCLENOK, MPUHATO
UCIIOJIb30BaTh IMPU OMUCAHUU COCTOSHHS CBSl-
3eil aBTOCHENOK B MOTOPHBIX Aymmnkapax. s
BCTPEUAIOIMXCS B MPAKTUKE CBSI3€ ypaBHEHUE
COCTOSIHMS IPE/ICTABIISIOT B BUJIE:

I,= Tyi(Si_SHl) + T, (Vi= Vi),

e T, Ty — COOTBETCTBEHHO yNpyTas M BA3Kas

COCTABJISIOIINE CHIIBI.

[lpyn aHanMUTHYECKOM MOJEIUPOBAHUU HEO0O-
XOMMO YY€CTh KyCOYHO-TMHEHHBIC XapaKTepH-
CTHUKH TPYXHHHO-(OPUKIIMOHHBIX  ABTOCIICTIOK
I-1-TM u II-2-T. Bs3kue cBOMCTBA CHCTEMBI
YUUTHIBAIOTCS TOJBKO B 30HE aHKWIJIO3HCA, KOT/A
amopTu3arop He paboTaeT W JAePOPMHUPYIOTCS
KOHCTPYKIIUS BarOHA M IPY3.

3aBUCUMOCTb yCHWJIUSL OT OTHOCUTEJIBHOTO
HepEMEIICHUS] CMEKHBIX BarOHOB, UMEIOIHX all-
HapaThl C KyCOYHO-TMHEHHBIMH XapaKTepUCTHKA-
MU, n300pakena Ha puc. 1 [3, 4]. Ananutudeckoe
ONMCaHUE 3aBUCUMOCTH ClIeyIOIIee:

0,

vi|<z

sen(y)| e, (v -z ] +B.3s:
sen(v) ¢, (|- 2)+T, ;
sen(y)| e, (V| -z = A)+ T, | +B.3::

sen(v)[ e, (|- 2.0+ Ty, |

|
I

Zli<|yi|SZ2i;
Zi <|yi| Szy+ A

9

Zy + }\’i < |yi

Zy; <|yi| <z, +A;
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7€ ¢,; — KECTKOCTh IIPU HATPy3Ke;
¢, — JKECTKOCTb IIPH Pa3rpys3Ke;
Cii — JKECTKOCTb KOHCTPYKIIMHM O3KHIaXa
U Tpy3a;
z),; — TIOJIOBHUHA 3230pa MEX/Iy aBTOCLIECITHBIMU
YCTPOWCTBaMU;
A; — olIiee 3HaYeHHE TOIHOTO CHKATUsS JBYX
MOCJIEIOBATENFHO pabOTAIOIIMX aBTOCIETIOK;
(2;— z;;) — BEIIMUMHA CHKATUSI KOHCTPYKIIHH,
OpU KOTOPO MPEOI0TeBACTCs HAyallbHOE CO-
NPOTHUBJICHHE MOMIOMIAIONIMX annapatoB 7y
B — kxoaddunueHT BAZKOCTU KOHCTPYKIUH
U Ipy3a;
i = (S; — §;+1) — OTHOCHUTENbHOE TIepeMele-
HHE BaroHOB;
i = (V; = Vis1) — OTHOCHUTENBHBIE CKOPOCTU
CMEXKHBIX BATOHOB,
sgn(y; ) — dyHKIMSA 3HAKA,;
T,, — cuna CONpOTHBJICHHS ammapaToB MHpH
TIOJTHOM CKaTHH.
[Ipn mepexome OT XapaKTEPUCTUK HArPy3KU
K XapaKTepUCTHKE pa3rpy3kd M Ha00OpOT HC-
HOJIB3YIOTCS CHEAYIOIINE 3aBUCUMOCTH:

'

g -
‘vhk

- ———————— —— — — o — — Tk — -

Puc. 1. PacueTHas 3aBUCHMOCTh MEKBAarOHHOT'O
ycuiysa OT OTHOCUTCIIBHOTO EPEMCIICHUA
CMECKHBIX BAarOHOB

Sgn(yi)l:cki(|yi| = V) te, (v, —z)+ Tz)i:|+

+B.yis
- e, (il = 20| Slew(y] =30 + € = 2)|:
T senO)[ eyl v) e (v — )+ T |+

+B.ys
(]2 > eyl =0+ ¢, = 25

TIE V> ¥y — OOIAst BENMYMHA CKaTUs aBTOCLIE-
IIOK IIPU CMEHE PEXUMOB «HArpys3ka — pas-
Tpy3Ka».

Pacuer noriomanmmx annaparos

Ha tsaroBom arperare ycTaHOBJIEHBI IIOIVIONIA-
rfome anmnaparsl [1-2-T, Ha 1ymnkapax — anna-
pars! L-1-TM.

CornacHo [5—7], XapakTepUCTUKU 3TUX arlra-
paToB ClEYyIOLINE:

1. INormomaromuii annapar I-2-T. [Tonusli
xon — 110 MM, npy KOTOpPOM CHJa CONpPOTHB-
neHus ammapara — 250 Tc, mocne nmpupaboTKH
HHEPrOEMKOCTb cocTaBisieT 5,5 T¢'M. IIpyxuHbl
npe/IBapUTeNbHO CxkaThl yeusueM 4,2 tc. Hauanb-
HOE COIIPOTHUBJIEHHUE arapara okojo 26 Tc.

2. Mornomarommii annapar II-1-TM. ITon-
HbII X0 — 70 MM, SHEPrOEMKOCTh COCTABIISIET
5 tc'Mm npu ycunun 280 TC, COOTBETCTBYIOIIEM
nonHoMy xoay. CpenHsis HHEProeMKOCThb arll-
napara npu cuie 200 Tc cocrasuseTr 3,4 TC'M.
[Ipyxunel cxatbl ycunueM 4,6 tc. HauanpHoe
COIPOTHUBIIEHHUE ammnapara — okoyio 23 tc. O1u
JJAaHHBIE MT03BOJISIIOT HA3HAUUTh PAacueTHbIE Napa-
METPBI MEXKBATOHHOM CBSI3U, COCTOSALIEH U3 IBYX
HOCJIEIOBATENFHO PAOOTAOIIUX MOTIONIAIOIINX
anmaparos [8, 9].

3. llornomarouuii anmapar II-2-T. Tak kak
T,= 60 xH, T, = 2500 xH, A = 0,22 M, TO ¢, IOA-
CUHMTBIBAEM 110 (hopMmyre:

CT,-T, 2500260

;C,= =10000 xH/m.
! A 0,22

c
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JKectkocTh JABYX MOCJICAOBATCIIBHO COCANHCH-
HBIX MOITIOIIAMIKX allllapaToB IIPU UX pa3rpy-
JKCHHUHU MOKHO OIIPEACINTD 110 Q)opMyne:

T,-T, 480260
c= ; C=——————

—£___- =1000 kH/m.
. o c, 0.22 kH/m

Bemnunna 7, = 480 xH B34ra no teopernye-
CKHM JHarpammam paboThl MOTIOMIAOIINX ara-
paros.

W3 puc. 1 Taxxke cnemyer, 4To:

z,—z =Z—°;
k
z,—z,= 52?0)5 =5,2-10" =0,00052 m.

[Ipurumaem ¢, = 10 000 kH/m = 10* xkH/m;
¢, =1000 xH/m; A = 0,22 ™m; z, — z; = 0,00052 m;
B =1000 xkH-c/m.

4. Mornowarommuii annapar HI-1-TM. Ilpe-
OJIOJIEB  PACUeTHl,
npunumaeM ¢, = 23 000 kH/m; ¢, = 1500 xH/m;
A=0,14 MmM; z, — 2z, = 0,00046 m; B = 1000 kH-c/m.

XKecTkocTh KOHCTPYKIIMH ¢;; B OCHOBHOM

AHAJIOTUYHBIC MPCAbIAYUIUM,

ompesenseTcss JKeCTKOCThIO XpeOTOBOW Oanku.
XpeOtoBast Oanka BaroHa Mozenu 33-678 mpen-
CTaBJsieT cO0OM J1Ba cBapeHHbIX JAByTaBpa NeS55,
I'OCT 8239-56, crans 0912, TOCT 535-58 ¢ Ha-
BApPCHHBIMH CBEPXY M CHH3Y JIUCTAMU CEYCHHEM
0,45 % 0,012 M u3 To¥i ke cranu. [nmuHa XpeOdTo-
BoI Oamku — 13,8 M.

3a rornepeyHoe ceueHue XpeOToBoil Oaiku mpu-
HHMAaeM ee ceyeHue B cpeHeit yactu (puc. 2) [10].

XKectkocTh Opyca Ha cxxaTue ONpeAeNnseTcs 1o
dopmyme:

F-E
[

rie £ — Momynb YHNpyrocTu marepuana opyca,
kH/Mm?;
F — muio1a ip mornepeyHoro ceueHust opyca, M2,
[ — nnuHa Opyca, M.

c= kKHwM,

4350

o
\

\

\
/A
=

R
/(‘/./\{

//z,vW 7
777777

Puc. 2. [Tonepeunoe ceueHue xpeOTOBOM Oamkm
mymmkapa 33-678 B cpenHeli 9actu (K pacdeTy
JKECTKOCTH KOHCTPYKIIMH Barona): 1 — mByTaBp
Ne55 mo 'OCT 8239-56; 2 — BepXHHIt JINCT,
cranb 091'2; 3 — HmwkHMI HCT, cTans 09172

Jns cranm 0912 monmyns ympyroctw — E =
= 2-10% xH/m?. [lnomaap monepeyHoro CeyeHus
F cxmagpiBaeTCs M3 IUIOMAM TOMEPEYHOrO Ce-
4eHus ByTaBpoB F, = 114-10* M? u BepxHero
Y HWKHETO HaBapHBIX JIUCTOB F, [11]:

F,=0,012-0,45=54-10" ™%
F=2F,+2F,=2(114+54)- 10*=336- 10* M~

[TopcunThiBaeM KeECTKOCTh XpeOTOBOM OANKH:

C_2~108-336~10‘4

=4,87-10°kH/m.
13,8

y'—II/ITBIBaﬂ, qTO XKECTKOCTh KOHCTI)YKHI/II/I B OC-
HOBHOM OIIPEIENISETCS JKECTKOCTBIO XpeOTOBOI
OaJKu, MPUHUMAEM JUTS BCEX DKUMAXKEU Kapbep-
Horo moesna ¢; = 5 - 105 kH/m.
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3akiaroueHue

1. Onpenenena u moka3aHa pacyeTHas 3aBU-
CHUMOCTb MEKBArOHHOTO YCHJIUSL OT OTHOCHUTEIb-
HOTI'O IIEPEMELLEHUS CMEXKHBIX BarOHOB.

2. Onpenenena u 00OCHOBaHA JKECTKOCTh
XpeOTOBOI GanKu UCXO/s U3 YCIOBUH HEpa3phIB-
HOCTH JUI1 MOTOPHOTO JTyMIIKapa.

3. OmpeneneHo, 4yTo KECTKOCTb KOHCTPYKLUH
B OCHOBHOM OIIPE/IEIISETCS JKECTKOCThIO XPeOTO-
BOH Oasku, M IPUBENICHO €€ pacueTHOE 3HAUCHHE.
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Abstract

This paper provides an analytical analysis and calculations of the intercar forces as a function of the
relative displacement of adjacent dump cars. Objective: theoretical modeling of processes occurring in
the draft gear of motor dump cars. Methods: an analytical method for modeling the operation of draft
gear of various brands in running and stretching modes. Practical Relevance: the paper presents the
calculation results for the proposed draft gear for practical use in the automatic coupling devices of
motor dump cars.

Keywords: analytical model, draft gear, deformation
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AnarHocTyka y3oB TAroBbIX 3/1IEeKTPUHECKMX ABUraTesien CKOPOCTHbIX
noe3goB Tuna Push-Pull Ha ceTn )xene3Hbix gopor Poccumn

N.C. MoHomapeB', M.10. 06yxoB?, [1.A. EnunH', A. M. EBcTtacbeB’

Tletep6yprekuii rocyapcTBeHHbIN YHEBEPCUTET MyTel coodmenus Mimneparopa Anekcannapa I, Pocens,
190031, Canxkr-IleTepOypr, MockoBCKkwiA 11p., 9

2 upexuust Taru — Quimman OAO «PX]I», Poccns, 105064, Mocksa, bacMaHHbIH Tymuk, 1. 6, THT. A,
cTp. 4

Jas uutupoBanus: [lonomapes U. C., Obyxos M. IO., Enun /[. A., Eecmaghves A. M. JlnarHOCTHKA Y37TI0B
TSITOBBIX JEKTPUUYECKHUX JBUrareiel CKopocTHbIX nmoe3nos tuna Push-Pull Ha cetun sxenesnsix gopor Poc-
cun // I3Bectus llerepOyprekoro yHuBepcutera myteid coodmenus. CI16.: [TTYTIC, 2026. T. 23, Bem. 2.
C. 315-325. DOI: 10.20295/1815-588X-2026-2-315-325

AHHOTALIUA

Lesas ucciaenoBanusi: pazpaboTka 1 000CHOBaHHE METOJAMKHU ONEPATUBHON OLEHKU TEXHUYECKOTO CO-
CTOSTHUSI TATOBOTO ABUTATENsl M KPUTHUECKHX Y3JI0B, YTO SIBIIsIeTCsl (PYyHIAAMEHTOM JJIS IIepexoaa OT Tpa-
JUIIMOHHOTO TMJIaHOBO-TIPELyPEAUTEIHHOTO PEMOHTa K COBPEMEHHOMY JTMAarHOCTHYECKOMY OOCITYXKH-
BaHUIO. DTO MO3BOJISET MEPEUTH OT PErNIAMEHTHBIX WHTEPBAJOB K OOCIYKMBAaHHIO O (hAKTHUECKOMY
cocTosiHMI0 00opymoBaHus. B pamkax paOoThl Oblta co3laHa KOMIUIEKCHAsE HIMUTALlMOHHAS MOJETb Ha
0a3ze MATLAB mis nBuratens aiextpoBosa D121 — JITA-1200A, ucnionb3yemoro B moesaax Push-Pull.
Monens peanusyeT KitodeBble MeTOAbI THarHOCTUKN: BUOPAIIMOHHBIN aHaIN3 JJIsl BBIABICHNS MEXaHU-
4ecKuX 1e(peKToB (B 4aCTHOCTH, MOAIUITHUKOB cepur SKF), TernoBoit KOHTPOIIb AJIs TPeIOTBPAICHUS
neperpeBa U aHaju3 FApMOHMK TOKa CTaTopa JJs paHHEro OOHapy)KEHUS AJIEKTPHUUECKHX HEUCTPaB-
HocTel. [lns memMoHcTpanmuu pabOThl CUCTEMBI B MOJEINb 3aJI0KEH CLEHapui ¢ MMHTanued nedekra
BHEIIHETO KOJIbIIa MOAUIMITHAKA, XapaKTePU3YIOIINNACS POCTOM aMIUTHTY/AbI BUOpAIIUHN Ha XapaKTepHOH
yactore BPFO. OCHOBHBIM pe3yJIbTATOM SBIISIETCS MPEJIOKEHHAsT apXUTEKTypa WHTErpUPOBaHHON
JMAarHOCTHYECKOI CHUCTEMBI, BKJIIOUAIONlas YpOBHHM cOOpa JaHHBIX, 00paOOTKH CUTHAJIOB, aHAJTUTUKU
U (OpMHUPOBaHUS pEHICHUH. AJITOPUTM Ha OCHOBE B3BEIICHHBIX MHICKCOB BBIJACT KOHKPETHBIC PEKO-
MEHJIallMK OT IIPOJOJIKEHHUS dKCIUTYaTalluK 10 HEMEUIEHHON ocTaHOBKU. IIpakTHyeckass 3HAYUMOCTh
paboThI 3aKIII0YaeTCsl B TOM, YTO BHEJpEHHE TaKOH METOJUKH Ha CETH JkKeJe3HBIX Jopor Poccuu mo3so-
JIUT TOBBICUTH HAJICKHOCTh U 0E30MaCHOCTh JKCIUTyaTallid CKOPOCTHOTO IMOJBUYKHOTO COCTaBa, CHH-
3UTh 3aTPaThl HA BHEIJIAHOBBIC PEMOHTHI U ONITUMHU3UPOBATh JOTUCTUKY TEXHHUECKOTO 00CITYy)KUBaHUS,
nepeBe/ist ero Ha MPEeIUKTUBHYIO (IIPOTHO3HYIO) OCHOBY.

KiroueBble cioBa: MHarHOCTHKA, CKOPOCTHOH moe3n, Push-Pull, mym-myn, aBurarensHas ycTaHOBKa,
y3JIbl JIBUTATEIsl, MOHUTOPUHT

Beenenue

B HacTosmmii MOMEHT Ha CETH JKEJIE3HBIX JI0-
por Poccunm BHeApSIOTCS CKOPOCTHBIE TOE€3a
C BO3MOYKHOCTBIO 3KCILUTyaTallud M0 TEXHOJIOTUH
Push-Pull (ympaBnenue Tsroifi M TOPMOKEHHUEM
¢ 00erX CTOPOH), YTO MPEbSBISCT MOBBIIIICHHBIC
TpeOOBaHMs K HAJEKHOCTU TATOBBIX ANIEKTPHYE-
CKHMX JBHTaTejiel, X Yy3J0B U CHUCTEM MpHUBOIA

(0ocoOeHHO Ha HEANEKTPUPUITUPOBAHHBIX JIHHUIX
WM THOpUIHBIX cuctemax) [1, 2].
TpanuunoHHbIE MIAHOBO-TIPEAYIIPETUTENbHBIE
PEMOHTBI HE TO3BOJISIIOT 3P(EKTUBHO yUUTHIBATH
peanbHble (AKTUYECKHE H3MEHEHUsI COCTOSHUS
y3JI0B, 4TO BeJeT MO0 K M3JIMIIHUM 3aTparam
npu 00CITYKUBAaHUM U JKCIUTyaTaluu, Jubo K OT-
Ka3aM. J[MarHocTHKa COCTOSIHUS y3JI0B B PEKHME
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IKCIUTyaTaluy (OHIAWH/TIepUOANYECKUN MOHUTO-
PUHT) CTAQHOBUTCS KJIIOUEBBIM 3JIEMEHTOM TOBBI-
meHus 6€30MaCHOCTH ¥ SKOHOMUYHOCTH.

KoHcTpyKTHBHBIE 0CO0EHHOCTH U YCJI0BHUS
IKCITYATAIUM IBUTATE/IbHON YCTAHOBKH
noe3108 Push-Pull u y3i08
JJIs1 AUATHOCTHKH

JlokoMOTHBEI T10€3/10B 10 TexHojoruu Push-
Pull ympaBistorcst ¢ 000MX KOHIIOB cocTama |3,
4], uro mMo3BOJsIET N30EKATH MAaHEBPOBOW pabdo-
Thl U CMEHBI JIOKOMOTHBA. Takol pexxum Tpeody-
€T, 4yTOOBl JBUTATEIbHBIE YCTAHOBKM Ha O0OHMX
KOHI[aX MOJIBM)KHOTO COCTaBa HAXOAMWINUChH B CHH-
XPOHHM3UPOBAHHOM COCTOSIHUM, TaK Kak Jr00as
JnucOallaHCHAsi Harpy3ka MOXKET MPUBECTH K I10-
BBILICHHBIM IMHAMUYECKUM Harpy3kaM Ha y3JIbl.

B tabnuie ykazaH mepedeHb HamOoyiee KpH-
THUYHBIX Y3JI0B, HA KOTOPbIE CTOMT 00OpaTUTh BHH-
MaHue MPH MPOBEJICHUN TUATHOCTHKH.

Knumarudeckue ycnoBus (HU3KHE TeMIlepary-
pbI, TIepemna/ipl TEMIEpaTyp) BIUSIOT Ha Mapame-
TPbI U30JISUH, CMa3KU 1 TEIJIOBbIE HATPY3KH.

XKenesnonopoxxkHast cetb Poccum BkiIO4aeT
OOMBIIIOE YUCIIO YYACTKOB C PA3HOU IMMEKTPUPU-
Karueln (B KOHTEKCTE MOAPa3yMeBAIOTCs YUaCTKU
C TIOCTOSTHHBIM U IIEPEMEHHBIM TOKaMH B KOHTAKT-
HOH CEeTH), B TOM YHCJIC HEINEKTPUPUIIMPOBAH-
HBIX JIMHUM, 9YTO MOXKET 00yCIIaBIUBATh HAIMYNE
JI3eITb-TeHEPATOPHBIX CUCTEM WM THOPUIHBIX
TPUBOJIOB.

PaccrosHusl, AIMTENBHOCTH 3KCIUTyaTalluy,
3HAYUTEIbHAS M3HOLICHHOCTh MHQPPACTPYKTYPhI

TABJIMIIA. V31bl, UX BIUAHNE Ha paboTy U KedeKTsI

HaKJIaJbIBalOT OOIIOJHHUTCIIBHBIC Tp66OBaHI/I$I Ha
HaACKHOCTb U BO3BMOXKXHOCTb IUAIrHOCTHUKMU.

MeToabl IMATHOCTUKH Y3JI0B
ABHUIaTeJIbHOH YCTAHOBKHU

[Tpu skcmmyaraiuu 3neKTpoIBUTATENCH BO3-
HUKAIOT pa3UYHble HEUCTPABHOCTH, KOTOpHIE
MOTYT OCTaHOBHUTbH PabOTy MOJBIKHOTO COCTaBa
U MPUBECTH K 3alpeTy NaJbHEHIIEH 3KCIuTyara-
mun [5-8]. [losToMy HEoOXoaMMO OTepaTUBHO
BBISBJIATH MPUYMHY HEUCTIPABHOCTH M YCTPAHATH
ee Kak MOKHO ObICTpee.

[Ipu skcrutyaTaliuu acMHXPOHHBIX JIBUTrare-
Jeil BO3HMKAIOT OTKJIOHEHHWSI OT HOMHUHAJIBHBIX
3HAQUEHUN TMapaMeTPOB, BHI3BAHHBIE TEXHOJOTH-
YECKMMHU TIOTPEIIHOCTSIMUA B TIPOU3BOJICTBE, HE-
MPaBUIIbHBIM PEKUMOM 3KCILTyaTallud UM U3HO-
com. [loBpexxaeHns: MOAIIMITHUKOB M JIEMEHTOB
CTaTopa SIBISAIOTCSA HanboJiee YaCTHIMHU HEUCTIPAB-
HOCTSIMH B CHHXPOHHBIX JIBUTATEIISX

K nmarnoctuuecknm mMeTogam OTHOCSATCS MO-
HUTOPUHT BUOpAIMU, aKyCTHKa, TEIJIOBOW KOH-
TPOJIb, AMEKTPUYECKUE METO/bI, 00paboTKa CUT-
HAJIOB, MOJIEJIM HA OCHOBE MAIIIMHHOTO 00Yy4EeHHUSI.
Krnaccuduxaiys BuI0B TUarHOCTHKH Y3JI0B TATO-
BOTO JIBUTATENS MOKa3aHa Ha puc. 1.

MeTonuka TEXHMYECKOU HUArHOCTHKH JIOKO-
MOTHBHOTO 000PYIOBaHUS TIOKA3BIBALT, YTO YACTO
JIMarHOCTHUKA OCYIIECTBIIACTCS Ha CTAIIMOHAPHBIX
CTEH/IaX, HO TIPUMEHEHHE KOPPEJAIUOHHBIX Me-
TOZIOB BO3MOKHO U B 9KCTUTyaTaIUH.

B poccuiickoii TnpakTUKe BO3MOXKHO KOH-
TPOJIUPOBATh TOKH, HANPSKECHUS, TEMIeEparypy

Y3en

Bansinue Ha paGoTocnoco0HOCTH

Tunuunele gedexTb

DNEeKTPOIBUTaTEIb

ITorepst MoOLHOCTH, EPErPEB

M3Hoc NOAUIUITHUKOB, Hp060171 N30/ N

Penyxrop

Poct Bubpanmii, mrym

UzHoc 3y0OneB, cMmemenme ocei

Cucrema OXJaKACHHS [leperpes y3moB

OTka3 BECHTWJIATOPOB, YTCUKH KUIKOCTH

DNIeKTPOHKKA YIPaBICHUS COou cucrembl
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MeToabl IUIaTHOCTUKI
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BUOPOCUTHATIOB

Puc. 1. MeTtoabl THarHOCTHKH

00MOTOK, BUOPAIHIO KOPITyCa JABUTaTeIs, 4TO T10-
3BOJISICT BBISBIISITH QHOMAJHMU PabOTHI YCTAaHOBKU
Ha paHHEW CTaJuu.

C pasBuTHEM MAIIMHHOTO OOy4eHHS M TH-
OpUAHBIX MOJXOJ0B BO3MOXKHO COYETaHHE Kilac-
CHYECKOTO aHaiu3a ¥ METOJ0B MALIMHHOTO 00y-
4yeHus U1 6oJiee TOUHOM ANarHOCTHKY.

BuOpanuunonHast 1uarHocTuka — 3TO OJUH U3
Han0osee pacpoCTPaHEHHBIX METO/IOB: U3MEpe-
HUE YCKOPEHHH, CIIEKTPaJIbHBII aHaju3, BbIIEIIe-
HHE XapaKTEePHBIX 4acToT Je(eKToB (Hampumep,
M3HOC 3yObeB, mucOananc, ModT, 1eeKTh Moa-
HIUITHUKOB).

AKyCcTHYECKHE METOIBl M YIBTPa3ByKOBas
JMarHOCTHKA MOTYT JOMOJHATh BUOPAIMOHHBIN
aHaJIN3, 0COOEHHO B TPYJHOAOCTYIHBIX Yy3/1aX.

W3mepenue Temneparypsl 0OMOTOK, KOpITyca,
CMa30YHOW CHCTEMbl — OJAMH U3 HPOCTHIX, HO
3((eKTUBHBIX METOJOB PAHHETrO OOHAPYKEHUS
neperpesa. MudpakpacHas tepmorpadus mo3Bo-
JIS€T BU3YaJIM3UPOBATh pacnpe/ieeHNne TeMIOBBIX
MoNeld M BBIABIATH TOPSYME TOUYKH, MEPErpeBbI
COCJIMHEHHH, Te(DeKTHI TETUIOOTBO/A.

B nocnennee Bpems HaOMparoT MOMYJIIPHOCTD
METOJl MAaIIMHHOTO OOy4YEeHUs W MPUMEHEHUE TaK

Ha3bIBaEMBIX IIM(PPOBBIX TBOWHUKOB B KEJIE3HO-
JIOPOKHOM OTPACIIH.

IIpensiaraemasi apxuTeKTypa
AUATHOCTHYECKON cUCTeMBI y3J10B
aBUrareabHoi ycranosku Push-Pull

[lpennaraemas apxurTekTypa AWArHOCTHYE-
CKOH cHCcTeMBI (pHC. 2) Il Y3JI0B IBUTATEIBHOM
ycraHoBkH Tuma Push-Pull mpencrasnser coboit
MHOTOYPOBHEBYIO CTPYKTYpY, OOBEAUHSIOUIYIO
anmaparHble U MPOrpaMMHbIE KOMIIOHEHTBI IS
HENPEPHIBHOTO MOHUTOPHUHIA U aHAIM3a COCTOS-
HHSL 000PYy/IOBaHUS.

B ocHOBe cuCTEMBI JIEKUT MOCIIEA0BATEIbHAS
[ernoyka 00pabOTKM JaHHBIX, HAYMHAIONIASACS
¢ (usndeckoro ypoBHs cencopoB. Ha sTom sta-
II€ 3a/IelICTBOBAHbl PA3JIMUHbIE HU3MEPUTEIbHBIE
YCTPOWCTBA: OT aKCEJIEPOMETPOB U TEMIEpaTyp-
HBIX JJaTUYUKOB JI0 YJBTPa3BYKOBBIX IETEKTOPOB
u uH(ppakpacHbx kamep. OHU MOTYT OBITH Kak
CTallMOHAPHBIMM, TaK U NOPTaTUBHBIMH, o0ecrie-
4rBasi cOOp MEPBUYHBIX JAHHBIX O paboTe Y3IIO0B.
CoOpanHas mHpOpMaNus TepegaeTcss 1o Clie-
IMAJIU3UPOBAHHOM CETH, KOTOpas MOXKET BKIIIO-
4aTh NpombliuieHHble MHTepdeiichl Tuna CAN,
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Vcxonuble [aHHBIE O6paboTka FaHHBIX

Amnanus BriBog

Puc. 2. ApxutekTypa 11arHoCTHUYE€CKOrO KOHTPOJIS

Ethernet wim OecripoBogHble KaHaibl. [Ipu 3TOM
KPUTUYECKHU BAKHBI TIOMEXOYCTOWYMBOCTh U 3a-
IIUTA TAHHBIX.

Ha cnemyromem srare MpOUCXOAWUT TEPBHY-
Hasg 00paboTka MHpOpMaLuK: QUILTPALNS, BbI-
paBHMBAaHWE CUTHAJIOB, YHAaJCHHE IIYMOB W Ma-
npeoOpazoBaHus,
obictpoe mpeoOpazoBanue Dypoe (FFT) wnnm
BelieT-aHamu3. [locne npenoOpaboTKK JaHHbIE
HOCTYNAIOT B aHATUTHYECKUI MOJTYIIb, TE TIPUMe-

TEMATHYCCKHUC TaKHE€ Kak

HAIOTCS Pa3HOOOpa3HbIE aTOPUTMBIL: OT POCTOTO
CpPaBHEHUS C ATAJIOHHBIMHU KPUBBIMH JI0 CIIOXKHBIX
MOJIeNIe MAIMHHOTO O0y4eHus. 3/1ech ke pado-
TalOT JIETEKTOPhl aHOMAIUI U KIIacCHU(UKATOPBI,
BBISBJISIOIINE OTKJIOHEHHUSI OT HOpMbL. MTOroBbie
PEe3YIBTaThl BU3YAM3UPYIOTCS B yIOOHOM hopme:
Ha JIMarHOCTUYECKUX MaHesIX OTOOpaXKarTcs
OTYETHl M PEKOMEH/IAIIUH TI0 00CITYKHBAHUIO, TI0-
3BOJISAS OTIEPATHBHO MIPUHUMATh PELICHHUSI.

Jnst 3bPEeKTUBHON TMaTrHOCTHKY KX IbIH y3el
TpeOyeT HHANBHIYaTbHOTO HA0OPa KOHTPOJIUpYe-
MBIX NTapaMeTpPOB. AHAN3 OCYLIECTBISAETCS C MO-
MOIIII0 MOPOTOBBIX METOJIOB, CPAaBHUTEIHHOTO
aHaim3a ¢ 6a30BbIM ATAJIOHOM, CTATUCTHYECKUX
MHCTPYMEHTOB (Cpe/iHee 3HauYeHue, CTaHAapTHOE
OTKJIOHEHHE, KOPPEJIALHS) U aNTOPUTMOB MaIlIH-
Horo oOyueHus. Ocoboe 3HAUCHUE MMEET ITall
oOydeHHsT Mojeiel, I KOTOPOTo HEeoOXoaum
MAacCHB UCTOPUYECKUX JaHHBIX — KaK MpH LITaT-
HOM (pYHKLIMOHUPOBAHUHM, TaK U IPH HAJTUIUU JIe-
¢extoB. I[lepcrieKTUBHBIM pEIICHUEM BBITIISAUT
THOPUITHBIA TOIXO, cOoYeTarommil (Gu3nuecKyro
MOJEJb MOBEICHUS y3Jla C KOPPEKLIMOHHBIM CJI0-
€M Ha OCHOBE MAlIMHHOTO 00y4YeHHSI.

[Ipu BHEpEHNH CHCTEMBI Ha JKEJIE3HBIX 10PO-
rax Poccun He0OX0AMMO y4UTHIBaTh CrIEHUDUKY

AKCIUTyaTallii: OTPaHUYCHHBIE PECYPCHI 10 YHEP-
ronoTpebIeHUI0 U Tepeaaye JaHHBIX, a TaKxkKe
ocobeHHOCTH pa3MmenieHus obopynoBanus. Jlat-
YUK 11eJIeCO00pa3HO yCTaHABIMBATh B HauOomee
KPUTHUYHBIX y3/aX, a Tepenavyy TaHHBIX OpraHu-
30BBIBaTh TMEPHOANYECKH, HATPUMEP BO BpeMs
cTostHOK. ONTUMAIIBHONW MOXET CTaTh KacKagHas
apXMUTEKTYypa, TpU KOTOPOH HEpBUYHAS JIHArHO-
CTHKa BBITIOJIHIETCS HEMOCPEACTBEHHO Ha OOpTY
MOJIBUJKHOTO COCTaBa, a YITyOJICHHBIH aHaIM3 —
B YIJIEHHOM LIEHTpe 00pabOoTKH.

Cpenu KJIHOYEBBIX MPEUMYIIECTB MPEAT0KEH-
HOTO MOIXOJa SIBISETCS BO3MOXKHOCTb PAaHHETO
BBISIBJICHUS yCTAJNOCTU Y3JI0B O€3 BBHIBOZA IOJI-
BIDKHOTO COCTaBa M3 SKCILUTyaTalluH, CHIKCHHE
3aTpaT Ha PEMOHTHI U TTOBBIIIEHHE OE30TIaCHOCTH
newkeHus. CucTeMa TakKe OTIMYaeTCsi THOKO-
CTBIO: AJITOPUTMBI MOYKHO a/IAITUPOBATH IO KOH-
KPETHBIE THITHI IOE3/10B M Y4aCTKH ITyTH. OHAKO
CYLIECTBYIOT W OTPaHUYEHHS: HEOOXOAMMOCTH
UCIIOJIb30BaHMS BBICOKOTOYHBIX CEHCOPOB, Tpe-
OoBaHus K 00BeMy oOyyaromuX JaHHBIX (0OCO-
OEHHO TPHMEPOB C JIe(eKTaMu), a TaKKe BIUs-
HHE BHENIHUX (PaKTOPOB (IIYMBI, TEMIIEpaTypHbIE
KoneOaHus, COCTOSIHUE ITyTH) HA JTOCTOBEPHOCTh
pe3yabTaToB. J|OMOMHUTENBHBIE CIOXKHOCTH CBS-
3aHBI C Pa3MEIIEHAEM JJATYMKOB U IOCTYTIOM K y3-
JaM JUIs IX MOHTaxa.

IIpyMeHeHNe MAIIMHHOTO 00y4YeHUs
U CTATHCTUYECKHUX JAHHBIX B YCIOBHUAX
AMATHOCTHUKH ACHHXPOHHOI'0 TAT0OBOI0
3JIEKTPOABUIATEJISA

B pamkax mpoBeneHUsl MccienoBaHHs OBLIO
IIPOM3BEJCHO MAaTeMaTH4eCKoe MOJEINPOBAHUE
acMHXpoHHOro Tsrooro asurarens JJTA-1200A
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U TIOKa3aH MpUMEp MPUMEHEHUS METOAWKHU JHa-
THOCTHPOBAHUS C IKCIIEPUMEHTAIbHBIMHU JaHHbI-
MH, Ha OCHOBAaHHMM KOTODPBIX CJI€JaH KOMILIEKC-
HBIM aHAJIN3.

[lpy TOCTPOCHWU WMMHUTAMOHHOW MOJEIH
UCIIOJIb30BAIMCh HOMUHAIIBHBIE TMapaMeTphl Ts-
roporo snektponsurarens JITA-1200A: wmomr-
HocTh Ha Bany 1200 kBT, nunHeiiHOe HampsKeHUe
2183 B, nomuHansHbIH TOK 380 A, yacTora nura-
roniero HanpspkeHus 58,9 I, yacrora BparieHus
1766 00./MuH., HOMMHAJIBHEIH MoMeHT 6489 H M.
YacToTta BpalieHus: poTopa, HCIoIb3yeMas B pac-
yeTax, cocrasuia 29,43 I'm.

Jlnst MofenupoBaHus MOANIMIHUKOBOTO y3Ia
npuaaT nommunauk tuna SKF. B pacyerax wc-
HOJIB30BAIUCH CIEAYIOLINE TeOMEeTPUYECKUe Ta-
paMeTphl: YHCIIO TEJI KAYSHUS PaBHO §, AHMaMETP
TeJla KaUYeHUs COCTaBIsAeT 34 MM, AUaMETp JCIH-
TeJNIbHOU OKpyxkHOCcTH — 157,5 MMm. Ha ocHoBe
YKa3aHHBIX MapaMEeTPOB OINMpPEICICHBI XapaKTep-
HBIE YacTOTHl JIE(EKTOB MOIIIUITHAKA: YacTOTa
HPOXOXKICHUS TeJl KAYEHUsI 110 HApYKHOMY KOJb-
1y, 10 BHYTPEHHEMY KOJIbIly, YaCTOTa BpAICHUS
cermaparopa ¥ 4acToTa BpaIleHHs TeJla KaueHHsI.

YacToTra IUCKPETH3AIMK CUTHAJIOB B MOJICIH
npunsta pasHod 10 000 ', ATUTENTLHOCTD MO-
JICTUPOBaHMs cocTaBmia 2 ¢. B kauecTBe 1uarto-
CTUPYEMOTO CLIEHapus 3aJaH JIe(EeKT BHEIIHEro
KOJIbIIa TIOJIIUIHUKA, MOJEIUPYEMbI yBenuue-
HHMEM aMIUTUTY/Ibl BUOPAIMK Ha YacTOTE U ee Tap-
MOHHMKaX. J[ONOJHHMTEIBHO B CUTHAJBI BBEICHA
CllydaifHasi COCTABISIOINAS, UMUTHPYIOIIAS JKC-
IUTyaTallMOHHbBIE [IIyMbl U IOMEXH.

Kox MonenupoBaHusi, COCTaBJICHHBIH s
ATUX IIeNIeH, MpeIHa3HaueH IS KOMILIEKCHON
JMArHOCTUKH TATOBOTO JIBUTATEINS CEKIUU Tep-
CIEKTHBHOTO  CKOPOCTHOTO  MAcCaXKUPCKOTO
anektpoBo3a cepun 201121 tuna JITA-1200A,
KOTOPBIN UCIIOIB3YETCs B TI0€3/1aX, padO0TaIOIINX
110 Texaosoruu Push-Pull. OcHOBHOII LIENBIO MO-
JICIIMUPOBAHUS SABJISETCS CO3JaHUE CUCTEMBI MO-

HUTOPHHTA M PAHHEro OOHApy>KEeHUs Ne(eKTOB
nBurarens 0e3 BBIBOAA COCTaBa M3 IKCILTyaTa-
nuu. Kon peraet 3aiaun BUOpaIlimoHHOM 1uar-
HOCTHKH, TEIJIOBOTO KOHTPOJI U aHAJIn3a 3JeK-
TPUUYECKUX TAPaMETPOB B PEaJbHOM BPEMEHHU.
PesynbraTsl MOAenMpoBaHHUs Ha OCHOBE MallluH-
HOTO 00Y4eHUSs, CTATUCTUKU U POTHOZUPYEMBIX
pE3yNbTaToOB MOKA3aHbl HA pUC. 3.

Kunemarndeckue 4acTOThl 3JIE€MEHTOB MOJ-
HIMITHUKA ONPEAENIAIOTCS HAa OCHOBE €ro reomMe-
TPUYECKUX MapaMeTPOB: YHCIA TeJ KayeHHs (z),
JMameTpa Tena KadeHus (d), JeTUTenbHOro Iua-
MeTpa JopoxkeK kKaueHus (D), a TakKe 4acTOThI
BpaieHus potopa (f = n/60). Hactora mpoxosxie-
HUSI T€JI KaueHMsl Yepe3 TOUKY HapyKHOU JOPOXK-
ku (BPFO) paccunThiBaeTcs 1Mo 3aBUCUMOCTH:

d

zZ
== fr|1-
Jsero 2f D)

KOTOpas BBIBOAMTCS W3 KUHEMAaTHYECKOM CBS-
31 MEXJY OTHOCUTEJIbHBIM NEPEMEIIEHUEM TEI
Ka4eHUs] ¥ HENO/BI)KHBIM HAPY/KHBIM KOJIBLIOM.
Yacrora nedexra BHyTpeHHeH nopoxku (BPFI)
OIIPENIENIAETCS AHAJIOTUYHO, C YYETOM BpAallEHUs
BHYTPEHHETO KOJIbLIa BMECTE C BAJIOM:

z d
== fr| l-—
Sarmr 2f D/

Yacrora BpamieHus Tena Ka4eHust BOKPYT Co0-
crBeHHoi ocu (BSF) Bripaxkaercs Gpopmyinoii:

2
D fi(4Y)

fBSF:g D

KOTOpas CliefyeT U3 YCIOBHUM YHCTOrO KayeHUs
MEXKIy BHYTPEHHEW M HapyKHOW JOPOKKaAMHU.
Yacrora Bpamienus cenaparopa (FTF) onpenerns-
€TCs BhIpaKEHUEM:

d

1
== firl1-Z£
fFTF 2f D )
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BUBPALMWA - BpemeHHoW curHan TOK CTATOPA TEMMNEPATYPA OBEMOTKH MOMEHT HA BANY
2000 105 7
: £
£ 1000 =100 =
o < § T 6500
=8 5
EE 2 g o :
g o =]
§ -1000 % = 6000
< =
-2000 %0 a
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CINEKTP BUBPALIUK CNEKTP NOAWWNHUKA (0-200 Mu) CMEKTP TOKA TEMMNEPATYPHbIWA PEXXUM
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= Cnextp < 1000 [3) ===Temnepatypa
g 800 O Yacrom nogwsnHmka g < 200 L MNpeaynp. 120°C
- - 800 o 3 120 = = =Kpur. 140°C
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g 600 2 00 2150 =
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0 100 200 300 0 50 00 200 0 100 200 300 0 0.5 1 1.5 2
4 o I Ya T Bpems,
acTota, 'y J]HAFHO%WS& Kb OVMATPAMMA croTa, [y peMs, ¢

Temneparypa

Mowmenr

> Bubpaums

+To¢yueo COCTORNME
— — —Hopma

Mpegynpexgenue
— — — Kputano

Puc. 3. Pe3ynbrarel MOieIMpOBaHUs

BBITEKAIOIUM M3 COOTHOLICHUI CKOPOCTEH Bpa-
IIEHUs KOJbLIA M DIIEMEHTOB YAEPKHMBAIOLIETO
YCTPOMCTBA MOALIMITHUKA.

Jlns ananu3a BUOPALMOHHOTO COCTOSIHUS JIBU-
rarenst popMHpyeTcss MOJEIbHbBIM BUOpPOCUTHAI,
HPEACTABIANMNA CcO00H CyNeprno3uIuo rap-
MOHHUYECKUX COCTABJIAIOIIMUX, COOTBETCTBYIO-
IIMX YaCTOTE BPAILEHHs POTOPA, €€ rapMOHUKAM,
a TAK)KE XApaKTEPHBIM 4aCTOTaM IMOAIIMITHUKOB.
Takoe pasznoxeHue 0CHOBaHO Ha Teopeme Dypee,
COTJIACHO KOTOPO# JF00OW MepHoguYecKuil mpo-
1IeCC MOJKET OBITh NPEACTABICH B BUJE CYMMbI
CHHYCOMJQJIBHBIX KOMIIOHEHT C pa3JIM4HOM 4a-
cToroi ¥ ammmMrynoi. Tok craropa Moaenupy-
€TCd KaK COBOKYIHOCTb OCHOBHOM TapMOHUKHU
IUTAKOUIEH YaCTOTHI U BBICIIUX FapMOHUK, OTpa-
AKX HICKTPOMATHUTHBIE HEPABHOMEPHOCTH.
Temmeparypa u MOMEHT 3a1a10TCs KaK KBa3UCTa-
LUOHAPHBIE MPOLECCHI C HU3KOYACTOTHBIM KOJIE-
0aresIbHBIM KOMITOHEHTOM.

JI1s 4acTOTHOTO aHaJM3a BUOpPOCUTHATA TTPU-
MEHSETCS TUCKPETHOE npeoGpa3OBaHHe Dypee:

N-1
X[k :Zx n]e
n=0

e x[n] — OTUCKPETHBINA CUTHAI,

(N) — 4mCII0 OTCUYETOB.

AMIUIATYIHBIA CTIEKTP OMpPENENsieTcs Mo Mo-
AyJI0 peoOpa3oBaHus U HOPMHUPYETCS Ha [UTUHY
BbIOOPKH. OTHOCTOPOHHUH CTIEKTP POPMUPYETCS
C YYETOM TOT0, YTO JJIsl BEILIECTBEHHBIX CUT'HAJIOB
MOJIOKUTEbHBIE U OTPUIIATEIbHBIC YaCTOThI UME-
10T OJIMHAKOBYIO aMILTUTYIY.

B mnpouecce ananuza BBIYMCIAIOTCS CTaTU-
cTUYecKHe XapakTepucTuku BubOpaun. Cpeane-
KBaJ[paTH4ecKoe 3HaYeHUE OIMpeAesseTcs 3aBH-
CHUMOCTBIO:
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SBISIOIICICS DIHEPreTHYECKH HKBHBAJIEHTHON
OlLIeHKON ypoBHs BuOparuu. [lnkoBoe 3HaueHne

PaCCUUTBIBACTCS KaK
xpeak = max |X(t)|,
a q)aKTOp AMILTUTYIBI OTIIPEACIIACTCA OTHOLLICHUEM

'xpcak

b
Xrums

CF=

YTO MO3BOJISIET BBISBIIATH HATWYNE YAAPHBIX MPO-
1ieccoB B MexaHu4eckoi cucreme. Koappuument
JKCIIECCA PACCUUTHIBAETCS 10 YETBEPTOMY MO-
MEHTY pacrpeeseHusl 1 OTPakaeT CTENeHb OT-
KJIOHEHHs BUOPALIMOHHOTO CUTHAjJa OT HOpMaJlb-
HOTO PacIpeaeeHus..

Jlns OeHKM MEeXaHW4eCKOW Harpys3Kd aHaJd-
3UPYIOTCS KOJeOaHUsi MOMEHTA, KOTOPbIE BbIUKC-
JSFOTCS IO popmyIie:

M, - M
AM = —mex _ Tmin,
M

min_.100%.

TeMmepaTypHbIil pexXUM aHATU3UPYETCSd Ha
OCHOBAaHWM CpPaBHEHUS CpETHEW TeMIeparyphl
00OMOTOK C YCTaHOBJICHHBIMH TIOPOTaMH TPEIy-
NpeXKICHUS U TIEperpeBa.

Kaxplii [uarHoCTUYeCKUil MmoKa3arenab HOp-
MHUPYETCS Ha COOTBETCTBYIOIIEE TPAaHUYHOE 3HA-
yenue. WHpexkc BuOparmm ompenensercs Kak
MaKCcHUMajbHOE 3HAuCHHE W3 OTHOIICHUS RMS,
AMILUTUTY/IBI XapaKTEePHBIX 9acTOT M (haKkTopa aM-
TUTUTY/IBI K UX JIOMYCKAaeMbIM YPOBHSIM:

[vib =max frachMS , fraCBPFO , fraCCF
x,'z um ABPF O, 1um CF7 um

TemmneparypHbIii HHAEKC UMEET BUJL:

T
Itemp - T 2
npeo
a HHACKC MeXaHUIeCKOU HarpysKu onpeacisacTCs
BBIPAKCHUEM:
_AM
torque ~ AM .

Jum

OOmmii TMarHOCTUYECKUH WHIEKC TPEICTaB-
JseT co0O B3BEIICHHYIO CYMMY HOPMHPOBAH-
HBIX UHIEKCOB:

Itot = Wllvib + W2Itemp + WBItorquea

rae (w)), (w,), (w3) — ko3hdUIHEHTHI, Xapak-

TEPU3YIOMINE 3HAYMMOCTh KaXJOro JHa-

THOCTHYECKOTO  HAMpaBICHUS.  3HAYCHUE
UHTETPAIILHOTO HMHAEKCA WCIONB3YeTCs s
KJIacCU(PUKANUU TEXHUICCKOTO COCTOSHUS
JBHUTATENI 10 YCTAHOBJIECHHBIM TIOPOTaM:
HOpMalbHOE, Tpeaynpeskaaronee, npeaaBa-

pPHUIHOE U aBapUIHOE.

HNuTepnperanust pe3yibTaToB
MOJeJMPOBAHMSA M BU3YAJIN3ALMHU

Pa3paboTtanHblii mporpaMMHbI KO B cpe-
ne MATLAB peanuzyeT KOMIJIEKCHYIO MOJEIb
JIMarHOCTUYECKOTO aHalu3a TATOBOTO JIBUTATeE-
a5 anexkrpososa IO[121 JITA-1200A na ocHoBe
CUHTE3UPOBAHHBIX CHUTHAJOB BUOpalnuu, TOKa,
TEMIIEPATypbl U 3JIEKTPOMAarHUTHOTO MOMEHTA.
MonenupoBaHue HaIpaBIeHO HA IEMOHCTPALIUIO
[PUHIMIIOB BBISBICHUS /1€()EKTOB MOMIMINIHU-
KOB U OLIEHKH OOILIET0 TEXHUYECKOTO COCTOSHUS
JBUTATES.

Ha nepBom stane GpopMupyroTcsi BpeMeHHBIE
peanu3aluu AMAarHOCTMYECKUX CUTHaloB. [pa-
¢uk BUOpammu OTpakaeT HAIUYHE MEpPUOANYe-
CKHMX COCTaBIISIIOLIMX, 00YCIOBICHHBIX YaCTOTON
BpaIlleHUsI POTOpa M XapaKTEPHbIMU YaCTOTaMHU
nedeKTa MOIIIUITHAKA, YTO MOJETHUPYET TTOBPEXK-
JICHHE BHEIIHEro Koibla. BpeMeHHble nuarpam-
MBI TOKa, TEMIIEPATYPbl U MOMEHTA UCIIOJIb3YIOT-
Csl Ul OLEHKU DJIEKTPOMArHUTHBIX U TEIUIOBBIX
PEKUMOB PaOOTHI IBUTATEIIS.

Cnextp BHOPALMOHHOTO CHUTHAJA, TONy4YeH-
HBIIl C MOMOIIBIO OBICTPOro Mpeodpa3oBaHUs
®ypbe, M03BOJSIET BBIABUTH NMUKU Ha Xapakrep-
HbIX yactotax nommunHuka (BPFO, BPFI, BSF,
FTF). Hannuue BhIpa)Xe€HHBIX aMIUTUTY]] Ha 3THX
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YaCTOTAX CIYXKHUT JUATHOCTHUYECKUM MPHU3HAKOM
Ne(eKToB D2MEMEHTOB TMOIIMITHIUKOBOTO Y37Ia.
VBenuueHHbI (hparMeHT CIeKTpa B JHAIa30OHe
HHM3KHX YacTOT o0ecrednBaeT 0oliee TOYHYIO BH-
3yaj3aluio IaHHbIX TAPMOHUK.

JIOTIOTHUTENTLHO BBIYUCIISIOTCS KOJMYECTBEH-
HblE JMArHOCTMYECKHE TPU3HAKK BUOpaluu:
Cpe/IHEKBAIPaTUYHOE 3HAYCHHUE, TMKOBAST aMILIU-
Tyna, GakTop aMrIuTyabl U dkcuecc. [Ipessiiie-
HHE MU YCTAHOBJICHHBIX MOPOTOBBIX 3HAYCHUU
UCTIONB3YETCS Il aBTOMaTHIeCKON Kitaccuduka-
1MW COCTOSHUS TOAIINITHUKA.

CriekTpalibHbIii aHAJIM3 TOKAa CTaTopa IMO3BO-
JISICT BBISIBIISATH KOCBEHHbBIE NMPU3HAKU MEXaHUYe-
CKHX Je(eKTOB, MPOSBISIONIMECS B M3MEHEHUU
FapMOHMYECKOTO COCTaBa AJIEKTPUUECKOTO CHUT-
Hana. TemneparypHblil TpaduK ¢ HaHECEHHBIMU
OporaMu MpPeAyNPEeKIACHUS U aBapUHHOIO CO-
CTOSIHUSI IEMOHCTPUPYET BOZMOKHOCTD TETLIOBOM
JTUATHOCTHUKH JIBUTATEIIS B THHAMHUKE.

WtoroBas momnsipHas AMAarHOCTUYECKas Jaua-
rpamMma TpeCTaBIsIeT cO00M MHTErPATbHYIO BH-
3yaJM3aluio HOPMHPOBAHHBIX MHIEKCOB BHOpa-
IIMOHHOTO, TEIIOBOTO U MOMEHTHOI'O COCTOSHUSI.
PacnonoxeHue KpuBOH OTHOCUTENBHO 30H «HOP-
May, IIPEeIyNpexICHUE» U «KPUTUYHO» IMO3BO-
JsIeT HanIAAHO OLEHWUTh TEKYLIee TEXHUUYECKOe
COCTOSIHUE JIBUTATENsl U TMPHUHATH 000CHOBAHHOE
pelieHre 0 HEOOXOMUMOCTH OOCTYKUBAHHS WU
pPEMOHTA.

Takum oOpaszom, mpeacTaBleHHAas IPOrpaMM-
Has peanu3anus AEeMOHCTPUPYET BO3MOKHOCTh
KOMITJICKCHOW TMaTrHOCTHUKH TSATOBOTO JIBUTATEIS
C HCTOJB30BAaHUEM METOI0B BUOPAIIMOHHOTO,
ANEKTPUYECKOTO U TEIIOBOTO aHAIM3a U MOMKET
CIIY’)KATh OCHOBOM JIJIsl pa3pabOTKU CUCTEM HH-
TEJUIEKTYaJIbHOTO MOHMTOPUHIA TMOABUKHOIO
coCTaBa.

Pesynbrarsl BU3YaJIU3UPYIOTCS
B BHJIE NOJIAPHOI AMArpaMMbl, OTpaKaromien ot-
HOCHTEJbHBIN BKJIAJ] K&YKIOTO TUArHOCTUYECKOTO

aHaJIiu3a

HIOKa3aTelis, U COXPAHSIOTCA B BHJE OTYETHOIO
¢aitna. Peann3oBaHHas mMatemMaTHyeckas MOAENb
o0ecreyrBaeT KOMIUIEKCHYIO OLEHKY COCTOSHMS
TATOBOTO JJBUTaTelIsl U MOXKET IPUMEHATHCS B CH-
cTeMax TeXHMYECKOr0 JHAarHOCTUPOBAHUS U MO-
HHUTOPHHIA €10 pabOTBHI.

Konm oTKpbIBaeT BO3MOXHOCTH TE€peXoza OT
IUIAaHOBO-IIPEAYNIPEANTEIBHOTO PEMOHTA K JIHa-
THOCTHYECKOMY  O0OCITY>KHBaHUIO,
TEJbHO MOBBIIAET 0€30MaCHOCTh HKCILTyaTallu
Y CHUJKAET 3aTPaThl HA COAEPIKAHUE TTOJBHKHOTO
COCTaBa.

4YTO 3HA4YHu-

3ak/aouenue

[lepexon x mguarHocTHueckoMmy (YCIOBHO-
TEXHUYECKOMY) OOCTYKUBAHUIO JIBUTATEIHHBIX
y310B moe3noB Push-Pull mo3Bomnsier moBeICHTH
0e30MacHOCTh, CHU3WTh BHEIJIAHOBBIE PEMOH-
Thl M ONTHUMU3UPOBATH JKCIUTyaTallMOHHBIE pac-
XOIpl. ISl MpakTUYeCKOM pean3aluy BaXKHbI
HAKOTUICHHUE JIOCTOBEPHBIX MAHHBIX, aJaNTaIlUs
QITOPUTMOB TOJ] AKCILTyaTaIl[HIOHHBIE YCIOBUS
Y MHTETPALUs C CUCTEMaMHU YIPABJICHUS JKEJe3-
HOJIOPOYKHBIM JIBIDKCHUEM.
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Abstract

The objective of the study is to develop and validate a methodology for quickly assessing the technical
condition of a traction motor and critical components, which forms the foundation for the transition from
traditional scheduled preventive maintenance to modern predictive maintenance. This enables a shift from
scheduled intervals to condition-based maintenance. As part of the study, a comprehensive MATLAB-
based simulation model was created for the EP21-DTA-1200A electric locomotive motor used in push-
pull trains. The model implements key diagnostic methods: vibration analysis to identify mechanical
defects (specifically, SKF series bearings), thermal monitoring to prevent overheating, and stator current
harmonic analysis for the early detection of electrical faults. To demonstrate the system’s operation,
the model includes a scenario simulating a bearing outer ring defect, characterized by an increase in
vibration amplitude at the characteristic BPFO frequency. The main result is the proposed architecture
of an integrated diagnostic system, including data collection, signal processing, analytics, and decision-
making layers. An algorithm based on weighted indices generates specific recommendations, ranging
from continued operation to immediate shutdown. The practical significance of this work lies in the
fact that implementing this methodology on the Russian railway network will improve the reliability
and safety of high-speed rolling stock, reduce the cost of unscheduled repairs, and optimize maintenance
logistics by moving it to a predictive basis.

Keywords: diagnostics, high-speed train, push-pull, propulsion system, engine components, monitoring
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NoBbiWweHue ynpaBigdeMoCcTn CUCTeMbl NHeBMaTUu4eckKkoro
TOPMOXEeHUA rpysoBoro noesfa

B.®. TaHaeB' 2, A. M. Poron?

"OAO «Poccuiickue xenesnsie 1opormy», Poccns, 107174, Mocksa, yn. Hosas bacmannas, 2/1, crp. 1

2 [TeTepOyprckuii rocyIapcTBEHHBIM YHUBEPCUTET MyTeii coodmenus Mmneparopa Anekcannapa I, Poceus,
190031, Canxrt-IlerepOypr, MockoBckuii mp., 9

Jdast uurupoBanus: Tanaeg B. ., Pocog A. M. I1oBblllIeHNE YIPABISIEMOCTH CUCTEMbI THEBMATHUECKOTO
TOPMOKEeHHUs1 Tpy30Boro noesna // M3sectus IlerepOyprekoro yHusepcutera mytei coobmenus. CII6.:
II'VIIC, 2026. T. 23, Beim. 2. C. 326-340. DOI: 10.20295/1815-588X-2026-2-326-340

AHHOTaNUA

He.]'ll): OJHUM H3 HanboJIee 3HAYMMBIX HEAOCTATKOB CUCTEMbI ITHEBMAaTUYCCKOT'O TOPMOXKCHUS I'PY30BbIX
MIOE3/10B SIBIIAETCS €€ II0Xas YIPaBiIsieMOCTh, O0YCIOBIEHHAS 3HAYUTEIFHBIM pa30pOCOM XapaKTEPHUCTHK
TOPMO3HBIX MTPHOOPOB, 3HAYEHNU KOHCTPYKTHBHBIX ApaMETPOB TOPMO3HOM CHCTEMBI, 3arPy3KH BarOHOB,
YCIIOBUM CHEIJIEHHUS KOJIEC C PelIbcaMu, a TaAKKe YCIOBUU OKpYXKarolleil cpepl. B crarbe mpemiaraercs
crmoco0 TOBBITIICHUS YIPABIIEMOCTH ITHEBMAaTHICCKOW TOPMO3HON CHCTEMBI TPY30BOTO TO€37a 3a CUET
VIIPABJICHUS TIPOIIECCOM TOPMOXKCHHSI TI0 BETMIMHE OCTATOYHOH pabOTHl TOPMO3HOU CHUIBI, OIIpeaesisie-
MO¥1 B IIPOIIECCE OMEPATUBHOTO MPOTHO3HOTO pacdeTa TOPMO3HOHN TPAEKTOPHUH, 1 MTHOBEHHOW TOPMO3HOM
MOIITHOCTH, KOHTPOJIUPYEMOU B TIpoliecce TOpMOKEHHUs. MeToabl: B pabOTE BBIIOJHECHBI aHAIINA3 CITO-
Cc000B TTPOTHO3WPOBAHUSI PETYIIMPOBOTHOTO TOPMOKEHHUS U MOJCIBHBIA AKCIICPUMEHT IO OTIPEACIICHUTO
MapaMeTpoB MPULIETBHOTO PETYIUPOBOYHOTO TOPMOKEHHUS Moe3/1a. Pe3ynabTaThl: MpeiokeH alropuT™M
MIPEBAPUTEIHHOTO POTHO3HOTO pacyeTa TOPMOXKEHHUS 1 MPUBEIEHBI PE3yJbTaThl MMPOBEPKHU Ccriocoda Ha
(YHKITMOHAIBHONH MaTeMaTHYeCKOH MOJAENH, MOATBep:kmarormme ero d¢hdekTuBHOCTS. IIpakTHyeckoe
NpUMeHeHHe: WCIOIb30BaHNE MPETIOKEHHOTO CIoco0a yIpaBIeHUs MHEBMAaTHUYECKHIM TOPMO)KEHHUEM
TPY30BOTO IMOE3/]a B CHCTEMAax aBTOBECHISI TO3BOJIUT ITOBBICUTH TOYHOCTD YTIPABICHUS TIOE3/I0M B PEXKH-
MaX TOPMOXKEHHSI, 9TO 0COOEHHO BaYKHO MPU OPTaHU3AINHY JIBUKESHHUS TTOE3/I0B C IPUMEHEHHEM COBPEMEH-
HBIX TEXHOJIOTHHA KOOPAMHATHOTO PErYINPOBAHUS IBIIKCHHS.

KiroueBble cj10Ba: ITHEBMAaTHYECKOE TOPMOXCHHC, pr3OBOI>'I noe3q, TOpMO3HasaA CUCTEMa, TOPMO3HAA
CuJia, ylpaBJICHUC, pa60Ta TOpMO3HOﬁ CHJIbI, OTITYCK TOPMO3a, IIPULECIbHOC TOPMOXKCHHNE

Kax n3BecTHO, 01HMM U3 Hanbosee 3HaYMMBIX
HEJIOCTATKOB CHCTEMBbI THEBMaTHYECKOTO TOPMO-
’KEHHSI TPY30BBIX TOE3/I0B SIBISIETCS €€ IuIoXas
ympasisemocTb. [Ipouece ynpapnenus moesniom
JIOTIOJTHUTENTBHO OCJIOKHSIETCSI OTCYTCTBHEM BO3-
MOKHOCTH TIJIaBHOTO PETYIUPOBAHUS TOPMO3HON
CWJIbI M 3HAYUTENIBHOM CITyYailHOM COCTaBIAIOMIEN
B €€ 3aBUCHMOCTH OT CTYMEHH TOPMOMKEHUS —
CTYTIEHHU pa3psiIKu TopMo3HOM Maructpaiu (TM).

B pesymerare TOpMOXKEHHE Jdaxe OJHOTO
U TOTO K€ IMOoe3/a Mpe/CTaBiseT coboil HecTa-

LUOHAPHBIN CIIy4alHbI NpPOLECC, peaau3anuu
KOTOPOTO B Pa3HBIX IMKIAX TOPMOXKEHHUS MOTYT
CYIIECTBEHHO OTIIMYaThes [1].

CnenctBueM HECTaOMIBHOCTH  TOPMO3HBIX
XapaKTEePUCTHK COCTaBa MOE3/a SBISAETCS HEBO3-
MOXHOCTh JOCTOBEPHOTO MPOTHO3MPOBAHUS Pe-
3yJIBTaTOB TOPMOKEHHSI TIPU PYYHOM YTIPABJICHUT
TOPMO3aMH, YTO TIPUBOIUT K CYIIECTBEHHBIM I10-
TEpsSIM BPEMEHH XOJ1a.

AXTyabHOCTH MPOOJIEMBI MOBBIIICHHS yIIPaB-
JISIEMOCTH CUCTEMBI ITHEBMATHUECKOTO TOPMOYKECHHUS
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IPy30BOT0 MO€3/1a CYIIECTBEHHO BO3PACTAET MPH
OpraHu3alyy JBIKEHUS MOE30B C MCIONIb30Ba-
HHEM COBPEMEHHBIX TEXHOJOTUIl HHTEPBAJIbHOTO
perynupoBanus. OTHUM U3 OCHOBHBIX YCIOBHH
YCTOMUMBOCTU MAaKETOB TMOE3/10B MPU ABUKEHUU
B pPEeXHUME BUPTYaJIbHOW CIEMKHU SBISIOTCS TOY-
HBII TIPOTHO3 TPAEKTOPHUH TEPEMEIIeHHs Kaxk 0~
IO 13 TIO€3/10B MTAKeTa B MPOCTPAHCTBE KOOPAUHAT
COCTOSIHUSI U BBICOKasi TOYHOCTh €€ peau3alluy,
KOTOpBIE BO3MOXKHBI TOJIBKO MTPU BBICOKOH cTere-
HH YNPaBIIEMOCTH MOE€3/a KaK B PEXUME THTH,
TaK U B peKUME TOPMOKEHUS [2].

CoBpeMeHHBIE CUCTEMbI aBTOBeAEHHS 00e-
CIIEUUBAIOT €€ B PEXKUME TSATH, IEKTPHYECKOTO
U DIIEKTPOMHEBMATUYECKOTO (IJIs1 MACCAKUPCKUX
noe3noB) TopMoxkenus [3]. Jins mHeBMaTHuecKo-
ro TOPMOKEHHSI TPY30BBIX MOE30B YIOBIETBO-
puUTeNnbHAS TOYHOCTH JIOCTUTACTCS TOJBKO IPU
BBITIOJIHEHUHM OCTAHOBOYHBIX TOPMOXKEHHUH Mepe]]
sanpematomum curaaiom (CAYT) [4]. 3amaua
HOBBIIICHNS] TOYHOCTH YIPABJICHHS MOE3A0M IPH
PETYIUPOBOYHBIX TOPMOKEHUSIX MO-TIPEKHEMY
OCTaeTCs aKTyaJbHOM.

3a/iaua aBTOMaTH3alluK YIIPABJICHUS TIPSIMOCH-
CTBYIOIIMM aBTOMaTHYECKUM TOPMO30M TPY30BOTO
noe3ga BrepBbie Obila mocrapieHa b.J[. Hukw-
¢opoBbiM B Havane 80-X roI0B MPOLLIOTO CTOJe-
s [5]. IlpeanoxenHas UM ajanTUBHAs CHUCTeE-
Ma TPHIEIHHOTO TOPMOKEHHSI TPY30BOTO TOe3/1a
(CAYT) Brirodasa KOMIUIEKC HaloOJIbHOM ¥ OOpTO-
BOIf anmaparypbl. OyHKIIUS HATIOIBHOM arapaTyphl
(reHeparopa UMITYJILCOB) 3aK/II0YANach B Tepeaye
Ha JIOKOMOTUB HUH(OPMAIIUH O JTTHHE OJIOK-y4acTKa,
Ha KOTOpBIN BeTymaeT noes. Komreke 00pToBoit
armapaTypbl BBIOIHSI Cleytoue (QyHKIHu:

* [IpUeM U 3alIOMUHAHKUE HHPOPMALUHU O [UTH-
He OJI0K-y4yacTKa I CTAHIIMOHHOTO MY TH;

* OMpefaeneHne AOMyCTUMOW CKOPOCTH JIBH-
KEHHS B KOHIIE OJIOK-y4acTKa Ha OCHOBAaHMHU UH-
(opmariu OT MyTeBOro TeHepaTopa U HempephIB-
HO npuHUMaeMbIx curnaioB AJICH;

* YCTaHOBJICHUE BEIMYMHBI TOPMO3ZHOTO KO-
s¢dunmenta noesna npu BHIIOIHEHUH POBEPKU
3 dexTuBHOCTH AeHCTBHS TOPMO30B U JIPYTHX
TOPMOKEHUSIX;

* OMpeAeneHne AOMYyCTUMOW CKOPOCTH JIBH-
KeHHs MO0 ONOK-y4acTKy (Ipu CIEeJOBaHUM Ha
3eJIeHbId cuTHan cBerodopa) u (GopMUpOBAHUE
C YY4eTOM pealbHbIX 3HAYEHHH TOPMO3HOTO KO-
spdunmenta mporpaMMHON KPUBOM CHMXKEHHUS
CKOpPOCTH JI0 YPOBHSI OTPaHUYCHUS WIIU JI0 HYJIS
(TIpu creIoBaHMU Ha JKENTHIA U KPACHBIA CHUTHAM
COOTBETCTBEHHO);

* TOJIepKaHue MPOrPaMMHOM CKOPOCTH C TPU-
MEHEHHEM HECKOJIBKHX CTyTeHEH TOPMOKEHHS.

OcHOBHbIE ~ TPUHIMIBI  (YHKIIMOHHPOBA-
HHsI 3TOTO KOMIUIEKCA OBUIM MOJOKEHBI B OC-
HOBY COBPEMEHHOH CHCTEMbI aBTOMATHYECKOTO
ynpasnenuss topmoxkenuem (CAYT) u pasBu-
Thl B HEH C y4eTOM BO3MOXKHOCTEH COBpEMEH-
HOW 2yeMeHTHON 0a3bl. KpuBas mporpamMMHO#M
CKOPOCTH B HACTOSIEE BPEMsI PACCUMTHIBACTCS
C Y4€TOM He TOJIBKO TOPMO3HOTO Kod(durrenta
noesaa, HO U mpoduna yuactka mytH. [locnen-
Has1 Moaudukanus cucrembl (CAYT-11485) mo-
xeT B3ammojeicTBoBaTh o CAN-uHTEpdeiicy
¢ KIIYB-VY u apyrumu cucremamu 0Oe30macHo-
CTH, OT KOTOPBIX B ammapatrypy nepenaercs psj
JOTOJTHUTENbHBIX (YHKIHI, TOCKOIbKY HIMEHHO
CAVYT-11485 wumeeT BO3MOXHOCTb YHPAaBIATbH
THEBMAaTUYECKUMHU U JIEKTPOITHEBMATHYECKUMHU
TopMo3aMu. [Ipu ympaBiIeHUUM SNEKTPONHEBMA-
TUYECKUMH TOPMO3aMHU CUCTEMA MOYKET BBITIOJN-
HSATH CTYNEHYATOE TOPMOKEHHE U OTITYCK, a MPH
yNPaBICHUU TMHEBMATHUECKUMH TOPMO3aMHU TI0
YCIIOBUIO 0€30MacCHOCTH — TOJILKO CTYIEHYATOe
TopMOKeHuE [4].

Takum o6pazom, CAYT n3HavambHO co3/1aBa-
Jach KaK CpPEJICTBO MOBBIIICHHUS 0€30MacHOCTU
JIBWKEHHS 33 CUET KOHTPOJIS IHCTBUN MallliHU-
CTa MpH TOAbe3ie K CBETO(opy ¢ OrpaHuyMBa-
IOIUM MOKA3aHUEM U HE MOXET pellaTh 3aJauu
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HOJIEPXKAHUST 33JaHHOM CKOPOCTH B CHCTEMax
KOOPJMHATHOTO PETYIHPOBAHUS JABMKEHUS MOE3-
JIOB TIPU OTCYTCTBUU HAIMOJbHBIX YCTPOUCTB.

Tem He MeHee psill NPEIOKEHHBIX PEIICHUH
(pacueT MPOTrpaMMHON CKOPOCTH C y4YETOM pe-
QJIBHBIX XapaKTEPUCTHK MOE3/1a, B3aUMOJICHCTBHE
C CHCTEMOH PEOCTaTHOTO TOPMOXKEHHS JIOKOMO-
THBa, HE PEAM30BAaHHOE B COBPEMEHHBIX MOJIH-
dukanusax CAYT) moxer OBITH OmpeneneH Kak
HPOPBIBHOM JIJI1 CBOETO BPEMEHU M JIOJKEH HC-
H0JIB30BATHCS /7Sl TIOBBIIICHUS YIIPABISEMOCTH
CHCTEMBI IMHEBMAaTHYECKOTO TOPMOXKEHUS TPYy30-
BOTO T0€3/1a MPU OpraHU3alui HHTEPBAJILHOTO
pEryaupOBaHUs IBUKEHHS TIOE3/10B.

B omHoil U3 mepBbIX pabOT, MOCBSIICHHOM
CHCTEME aBTOMATHYECKOTO YNpaBJIeHHs MHEBMa-
THYECKHMH TOPMO3aMH TPy30BOTO T0O€3/1a Ha CO-
BPEMEHHOM (MHUKPOIPOILIECCOPHOM) AIIEMEHTHOM
0aze [6], mpemiaraeTcs MPONOPLUUOHAIBHO-AU(-
(epeHIManbHbIl  PeryasTop CKOPOCTH Toe3/a,
B KOTOPOM B KauyeCTBE YIMPABIAIOIIETO BO3CH-
CTBUSI TaKXe HCIOJNB3YeTCS CTYNEHb Pa3psIKu
TOpPMO3HOM Maructpaiu. [lapamerpsl perynsropa
NoIOUpPaIUCh B Pe3ynbTaTe HCCIel0BaHHs MPO-
[IECCOB TOPMOXKEHUSI Ha KOMIUIEKCHOW MOJENU
[THEBMAaTUYECKOIl TOPMO3HOM CHCTEMbI TMOe3/a
U MIPOJIONIBHBIX KoJeOanuii B cocrase. [Ipu aTom
UCIIONb30Baach JETEPMUHHPOBAHHAS MOJIEINb
U3MEHEHUs JIaBlIeHHsS B TOPMO3HBIX LMIMHIPAX
BaroHOB B MPOILIECCE TOPMOKEHUS U OTITYCKa, YTO
U SIBJISIETCSI OCHOBHBIM HEIOCTATKOM TMPEAIOKEH-
HOTO PeIIeHUs.

Oco0eHHOCThIO COBPEMEHHBIX CHUCTEM aBTO-
MaTHYECKOTO YIPaBICHHUS MT0E3]J0M SBISETCS, BO-
HEPBbIX, IPUCYTCTBHE MOIIHOTO BEIYUCIUTEIBHO-
r0 YCTPOMCTBA, TIO3BOJISIOIIETO PelaTh MUPOKUI
KpYT 3aj1ay, a BO-BTOPBIX, HaIW4Ke UHGOPMAIIUU
0 cocTaBe moesja U mpoduie yyacTka, KoTopas
MOKET C BBICOKOM TOUHOCTBIO PacCUMTHIBATH Te-
KYyIIUe TUHAMUYECKUE XapaKTePUCTUKU 00bEeKTa
yIpaBJieHHs ¥ IPOTHO3UPOBATH UX U3MEHEHHE.

Bo3MokHOCTh ydeTa pe3yJabTaToB TaKoro
NpOrHo3a Mpu (POPMHUPOBAHUU  YIIPABISIOIIETO
BO3JICUCTBUS SIBISIETCS KAaYECTBEHHBIM CKaYKOM
B Pa3BUTUU CUCTEM aBTOMAaTHUYECKOTO YIpaBie-
HHS IBU)KEHHUEM MOe3/1a.

B mukpomnporieccopHoii cucreme ynpaBlaeHUs
TOPMOKEHUEM TPY30BBIX JJTMHHOCOCTABHBIX I10-
e3/10B [7] BpeMsi Hayana TOPMOXKEHUS U €ro CTy-
MeHb TaKXe OMPENENIIOTCS M0 BEIUYUHE pac-
COTNIACOBAaHHMSA MEXAy TEeKYyIIUM U 3aJaHHBIM
3Ha4YEHHEM CKOPOCTH JBMKeHUS noeszna. OqHako
BpeMsl OTITyCKa TOPMO3a OMPEETSIeTCsS B pe3yb-
Tare MPOTHO3HOTO pacyeTa TOPMO3HOM TPAEKTO-
pUU JBIDKCHUS MO€3/1a, KOTOPBI HAaYMHAET BbI-
MONHATHCS Kaxbie 5 ¢. yepe3 30 ¢ mocne Havana
TOpMOXKEHHUS ¥ B Tedenue 60 ¢ (Bpems Ha OTITYCK
u 3apsnaky TC). B pesynbrare pacuera onpenens-
eTCsl CKOPOCTh JBIDKEHUs moesna yepe3 60 ¢ ot
TEKyI[ero MOMeHTa BpeMeHH. Kak TonbKo oHa J10-
CTUTHET 33J]aHHOTO 3HAYEHUS, BBINOIHACTCS OT-
MyCK TOpMO3a, uepe3 60 ¢ mocie Hayaga KoTOporo
CKOPOCTb JBIKCHUS 110€3/a TOJKHA JOCTUTHYTh
3aIaHHOTO 3HAYeHUs (IIPU YCIOBUU JOCTOBEPHO-
CTH MPOTHO3ZHOT'O Pacyera).

be3ycnoBHBIM  1OCTOMHCTBOM
MOW MHUKPOIPOLIECCOPHON CHUCTEMBI YIIPaBICHHUS
MTHEBMATUYECKUM TOPMOXKEHHEM I10€3/a SBISCT-
Csl y4eT BO3MYILAIOLIETO BO3ACHCTBHA (IOMOJI-
HHUTEIBHOTO COMPOTHUBICHUS JIBIKCHUIO) IIPU
OMpE/IEICHN MOMEHTAa OTIyCKa TOPMO30B, UTO
K1accu(UIUpoBaTh  peann3yeMblil
B MpeJIaraeMoi CUcTeMe MPUHIUI PEryaupoBa-
HHS KaK KOMOMHUPOBaHHBIH.

OCHOBHBIM €€ HEIOCTaTKOM SIBISETCS HC-
MOJIb30BaHKME 3apaHee 3a/IaHHBIX JIETEPMHUHUPO-
BaHHBIX KPUBBIX HM3MEHEHHS TOPMO3ZHOW CHIIBI
BaroHoB B Mpoiiecce TopMokeHusi. M3sectHo [1],
YTO KaK BeIMYMHA YCTAHOBHUBIIETOCS JaBlie-
uusg B TLl BaroHa mocie OKOHYaHHMS €ro HAroJj-
HEHUS, TaK M KPUBBIE €r0 M3MEHEHHs B Hadaie
U B KOHIIE IIKJIa TOPMOXKEHUSI XapaKTEePU3YIOTCS

Mpeainarac-

IO3BOJIACT
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3HAYUTETBHBIM Pa30pOCOM, BCIIEICTBUE YEro HC-
NOJIb30BAaHUE B pacyeTe MOCTOSHHOW KpPUBOM
U3MEHEHUs] TOPMO3HOHM CHJIBI BaroHa MPHUBEAET
K 3HaYUTEIbHOMN MOTPEITHOCTH pacyeTa.

B apmanTuBHON cucTeMe aBTOMAaTH4ECKOTO
yIIpaBIeHHs THEBMATUYECKUM TOPMO30M TPY30BO-
ro noesaa [8—10] mporHo3HbIiA pacyeT TPaeKTOPUH
noe3ga B TPOILECCE TOPMOXKEHUS BBITIONHSACTCS
C MCIONIb30BaHUEM YCPEAHEHHOTO KoadduireHTa
TPEHUsI TOPMO3HBIX KOJIOJOK O MOBEPXHOCTH Kara-
HHS KOJIEC BarOHOB, KOTOPBIN OMPEeNsieTcs ¢ mo-
MOIIbIO U3BECTHOM 3aBUCHUMOCTH:

— 4 v+b
RS cv+b’

(M

7€ V — CKOPOCTh JIBIKCHUS, KM/4.

Koapdunments! a, b, ¢, d nns kaxaoro mnoes-
J1a ONPENEISIOTCS C IPUMEHEHUEM CIIELMAIBHON
MHOTOCTYIIEHYATOH MpoLeayphl HACHTH()UKALIUI
Ha OCHOBe pacmmpeHHoro ¢uusrpa Kammana
(EKF) o pesynsraram nocie10BaTeNnbHO BbINO-
HAEMBIX TOPMOKEHUU.

[TockomnbKy npu UAEHTU(PUKALIUN UCTIONb3YIOT-
Csl YCpEIHEHHbIE 3HAUEHUs JABICHUS B TOPMO3-
HBIX [WJIMHAPAX BarOHOB, UACHTH()ULIUPOBAHHAS
BEeJMYMHA KOA(D(DHULIMEHTA TPEHUS KOTOJOK SBIIS-
ercst 0000IIEHHON XapaKTepUCTUKOM TOPMO3HOM
CHCTEMBI [10€371a, COOTBETCTBYIOIIEH OIpeeeH-
HOU cTyneHu TopmokeHus. [loaromy rakas mpo-
Heaypa UICHTU(HUKAIUKE TPENOoNaraeT Halnuue
IIyCTb HEU3BECTHOM, HO HECIIyYaHON 3aBUCUMO-
CTH TOPMO3HOTO HaXkaTHs (IaBIE€HHS B TOPMO3-
HBIX IJWIMHIPAX BaroHOB) OT CTYNEHH TOPMOXKeE-
HYs. B I€HCTBUTENBHOCTH, KaK IIOKa3aHO BBILIE,
3Ta 3aBUCUMOCTb SIBJISIETCS CIy4allHOU U Xapax-
TepPU3YeTCs 3HAUUTEIBHBIM Pa30pocoM Jaxe s
OIHOW U TOH XK€ CTyNeHHU. ITH OOCTOATEIHCTBA
OyZIyT YMEHBIIATh TOYHOCTh UACHTH(DUKAIINH KO-
s purentoB Gopmyinsl (1) U, COOTBETCTBEHHO,
TOYHOCTb HPOTHO3HOIO pacyera. J{omoaHuTeEmb-
HBIM (pAaKTOPOM, YMEHBINAIOUIUM 3Ty TOYHOCTb,

ABIIsETCS OONBIION pa3dpoc mapamMeTpoB OTIyCKa
TOPMO30B, 3HAUUTENHHO MPEBBIMIAIOIINI pa3dopoc
YCTaHOBUBIINXCS 3HAYEHUN TABICHUS B TOPMO3-
HBIX HUIUHAPAX U HE YUUTHIBAEMBbIi IPU UACHTHU-
¢dukanuu kod3pdunreHToB 3aBucuMocTH (1).

Pa3bpoc 3HaueHMi AaBIEHHS B TOPMO3HBIX
UJIMHAPAX ¥ KPUBBIX €0 U3MEHEHUS B Mpollecce
OTITyCKa TOPMO30B JIQK€ OHOTO M TOTO K€ MO-
€371 TIPU PA3HBIX IIUKJIAX TOPMOXKEHHUS SBISETCS
OCHOBHBIM (haKTOPOM, 3aTPYHSIOIIUM aBTOMATHU-
3aIMI0 YIPaBICHUS] MTHEBMATUYECKUMU TOPMO3a-
MH TPy30BOT0 MOE3/1a.

OueBuiHO, YTO IS MOBBILICHUS JOCTOBEP-
HOCTH MPOTHO3HOTO pacyera XapaKTepPUCTHKH
TOPMO3HON CHCTEMbI MO€3a JOKHBI OIpere-
JSTHCS B KQXKJIOM IIUKIJIE TopMOkeHUs. [Ipu aTom
eciu uaeHTU(UKALUS YCPEAHEHHOTO MO COCTa-
By I0€3/1a 3HAYCHUS MABICHHUS B TOPMO3HBIX
UIMHIPAX MOXET BBITONHATHCS MO BEJIUYMHE
TOPMO3HOM CHIIBI, JOCTOBEpHAs WICHTU(HKA-
1Sl KpUBOH (TO ecTh (PyHKIMOHAA) U3MEHEHUS
TOPMO3HOH CUJIBI BO BpEMEHH B MEPUO/I OTITyCKa
npesCcTaBIsieT co0oil CIOKHYIO MareMaruye-
CKYIO 3a/lauy, OTEepPaTUBHOE PELICHUE KOTOPOil
B OOpPTOBOM BBIYMCIHMTEIBHOM YCTPOWCTBE MO-
KeT OBbITh 3aTPYTHEHO.

TouHOCTh TPOTHO3HOTO TOPMO3HOTO pacue-
Ta CYIIECTBEHHO TOBBIIIAETCS 3aMEHOW BCerna
pACUeTHOTO 3HAUEHUS TOPMO3HOM CUiBl B, Kak
YIPABISAIOIIET0 BO3ACHCTBUS Ha MOE3/ BEIHYH-
HOW ee paboThl A,, BBITIOJIHEHHOW B Tpolecce
TOpMO)KeHUs. B oTiauyme ot cuibl B,, KoTopas,
KaK MOKa3aHo BBIIIIE, SIBJSIETCS CIy4ailHOW Beu-
YUHOMW U B MPOLIECCe YIPABICHUS 3a/1a€TCS TOJb-
KO JUCKPETHO M KOCBEHHO (BEJIMYHMHOMN CTyMEHH
TOPMOXKEHUS), ee paboTa perynupyercs Hempe-
PBIBHO TMOCPEICTBOM HM3MEHEHHs BPEMEHU JIeii-
CTBUS CUIIBI B, (BpeMEHH OTIyCKa TOPMO30B).

Ha momeHT Hauanma TOpMO)KeHHUS (TIOCTaHOB-
ki pykossiTku KM B TOpMO3HOE TONOKEHUE) W3-
BECTHBI HAYaJbHBIE CKOPOCTH JIBIKEHUS MOe3/1a
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v, ¥ KOOpAMHATa €ro rojioBbl S, LIEJEBbIE CKO-
pPOCTh TO€371a V, U KOOPAHMHATA S,, TUIIbl BATOHOB
B COCTaBe M0E€3/1a U UX 3arpy3Ka, IiaH 1 MPOJI0b-
HBII TPOQUITb yyacTKa MyTH, HA KOTOPOM MPEATO-
JaraeTcs BBIIOIHITH TOPMOXKEHHE.

JIBmkeHue moes/a, Kak u Jt00oi MexaHude-
CKOM CHCTEeMbI, OHCBHIBAETCS TEOPEMOi 00 u3me-
HEHUM KHHETHYECKOW SHEPTruu cucTemsl Ten [11],
KOTOpast IPH YCIOBUU MTPEHEOPEIKEHUS TOTEPSIMU
B MEXBaroHHbIX COEAWHEHUSX MPUMEHHUTEIHHO
K MOE3y B PEKUME TOPMOKEHHUS MOXET OBbITh
NpECTaBICHA BHIPAKECHUEM:

AE, = A, + Awy + Awp, 2)

rae AE, — u3MEeHEHHE KMHETHYECKOW SHepruu
1oe3/a B pe3ysbTare TOpMOKeHus, Jx;

A, — paboTa TOPMO3HO# CUIIBI 1TOE3/Ia B MPO-

Hecce TopMoxeHus, Jx;

Ay — paboTa cuIl OCHOBHOTO CONPOTHUBIICHHS

B IIpoLecCce TOPMOKeHus, JIk;

Ay — paboTa cuil JONONHUTENIBHOTO COIPO-

TUBJIEHHA B IPOLIECCE TOPMOKEHUs, kK.

Jlnsi BBINOMHEHUS! KaK TOPMO3HBIX, TaK U Ts-
TOBBIX PacueToB ypaBHEHHE (2) OOBIYHO 3aMUCHI-
BaeTcsi B (OopMe, COOTBETCTBYIOLICH MPUHIIUITY
JI AnambGepa:

dv
M.(1+y).E:Fk—BT—(WO(v)+WH(S)), (3)
e M — cymmapHas Macca moeszia (cocTaBa

¥l JIOKOMOTHUBA), KT
Y — KOO()QUIMEHT, YYUTHIBAIOIIUI WHEp-

[IMI0 BPALIAIOMIUXCS Macc B moesne (Koiec-
HbI€ TMapbl JIOKOMOTUBA M BAaroHOB, TSTOBBIE
AIIEKTPOABUIATENN IOKOMOTHBA, I10JIBATOHHbIE
reHepaTophl MacCaKUPCKUX BarOHOB);

F, — cuna tsaru nokomotuna, H;

B, — topmo3Has cuna noesna, H;

Wy(v) — aOcomoTHas cymMMapHas Cujia Oc-
HOBHOTO COIIPOTUBIIEHUSI IBUKEHHIO COCTaBa
U ToKoMoTHBa, H;

Wi(S) — abcomoTHast cymMMapHas cuia Jo-
TIOJTHUTEILHOTO CONPOTHBIICHUS JIBUXKCHUIO
coCTaBa M JIOKOMOTHBA, H.

W3menenune ckopoct (v, — V) Ha PaCCTOSIHUM
(S, — S)) MoxeT OBbITh JOCTUTHYTO TPH JBHXKE-
HHU C MIOCTOSIHHBIM YCKOPEHUEM:

Vo7

a=—A—— 4
2:(5,-5)) ¥

VYpaBHeHue (3) MOXKHO TIPE/ICTABUTH B BUIC:

By ==M-(1+y)-a=(W, (v;)+ 7 (S))). (5)

rae By, v — Tpebyemas TOpMO3Has Cuiia U CKO-
POCTb IBIDKEHUS T0€3/1a Ha i-M 1lIare UHTEeTPH-
pOBaHUsL.

Wurerpupys ero Ha y4actke ot S| 10 S, 10 UH-

TepBaiaM MyTu dS, MOXKHO HaWTH paboOTy TOp-

MO3HOM CUJIbI, KOTOpas TpeOyeTcs It CHUKEHUS

CKOPOCTH JIBHKEHHS [0 LIENEBOU V, K KOOp/UHA-

Te S

round

¢ {(52*51)
4, = .[Slz B,-dS~ Zi:l

ds ](Bn- -dS), (6)

a Tarke BpeMs TOPMOXKEHHS (BpeMs JI0 OOHYyIIe-
HUSI TOPMO3HOM CUITBI B,;):

s sl 5as)

S, ! v,

At =

(7
JIns BBIMOJHEHUST 3TON paboOThl HEOOXOIMMO
B IIPOLIECCE TOPMOKEHUS PEANTN30BaTh CPEAHIO

A

P ="
LAY

oCT

TOPMO3HYO MOIIHOCTb:
(8)

Ecmu Bemonnsercs ycnosue P, < P, r1e

P, — MoUIHOCTb PCOCTATHOTO TOPMO3a JIOKO-

pr
MOTHBA, TOPMOKEHHE MOMKET OCYLIECTBIATHCS
C UCIIOJIb30BAHUEM TOJIBKO PEOCTATHOTO TOPMO3a.
B nporuBHOM ciyuae TpebyeTcs pUMEHEHUE aB-
TOMAaTHYECKUX MNPSAMOAEHCTBYIOIINX MHEBMATH-

YECKUX TOPMO3O0B.
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[TockonbKy B ypaBHEHHUE (5) HE BXOIIT mapa-
METpPBl TOPMO3HOHM CHCTEMBI I0€371a, NCHCTBH-
TeNbHAsI BEJIMYMHA PAOOTHI (6), @ TAKIKE TOUHOCTh
€e pacuera He 3aBUCAT HH OT TOPMO3HBIX Xapak-
TEPUCTUK OT/ICIILHBIX BATOHOB M MOE3/1a B IIEJIOM,
HHU JIXe OT criocoba TopMokeHust. TOUHOCTh UH-
TErPUPOBAHUS YpaBHEHUS (5) ompenesnsieTcs To4-
HOCTBIO OIPEJICNICHHs OCHOBHOTO W((V) M 10T0JI-
HUTEIBLHOrO W;(S) CONpOTUBICHHUS JABHKCHHIO

noe3/a, a TakKe TOYHOCThI0 MH(POPMAIMU O 3a-
rpy3Kke BaroHoB (Macce moesaa M).

Ecim npeanonoxuTh, 4To TOpMO3Has CHiia O0HY-
JIeTCS B MOMEHT TiepeBoyia pykositki KM B oTITycKk-
HOE TOJIOKCHUE ¥ TOPMOXKCHUE BBITIONHSACTCS OITHO-
KpATHO, YIPABJICHUE IMKIOM TOPMOXXEHHSI MOXKET
OCYIIECTBIISTHCS CHEMYIOMUM 00paszoM (puc. 1, a).

[IpeaBapuTeIbHO TNpPU  CICIOBAaHUU  T10€3-
Ja B PEKMME TATH WIM BbIOEra MEPUOAUYCCKU

Vi, S Vorp, Sorp ao

[TpeaBapurenbHbIH

2 2 i
S= St YVorp = Vi TNPOTHO3HBIM pacyeT
2-ao

CryneHb TOPMOKEHHUS!
0,05MITa

|
%
Jla

Pacuer paGoTsl Ar 1
CpetHel MOHOCTH Prep
JIO CKOPOCTH Vorp (S2)

CTyneHb TOPMOJKCHHS
0,03MTTa

Topmo3Ho#
MPOTHO3HBIH pacuer

Pacuer Tekyuei
MTHOBEHHOM MOIIHOCTH Pr

I
et

Her

Bpemst 10 ormycka

Oty ck TopmMo3a

Hauano

Ap=0,5 MIla

Bu~ftvi Ap)
dv=(diM)(Bo-Wovi )- Wy (S:))
Vvievitdy

Ap = 0,03MI1a

vi-vi, Si-Si

V2=Vogp -AV
vi-vy, Si-Si

;

Jla
—

Buiftvi, Ap)
dv=(dtM)-(-Wolvi )-Wn (Si))
vi=vitdy
1=t+dt

CTyneHb TOPMOKEHHUS

L

K TOpMO3HOMY MPOTrHO3HOMY

pacuery

6

Puc. 1. Cxema anroputma: @ — ynpaBJiIeHUs HUKIOM TOPMOKEHHUS;

6 — IpeaABapUTCIIbHOIO MMPOTHO3HOI'O pacucTa

ISSN 1815-588X. N3Bsectuna MIync

2026/2



332

Problematics of Transport System

BBIMIOJIHSETCSl TIPOTHO3HBIA pacyeT TOPMO3HOMN
TPAeKTOPHH, B MPOIECCE KOTOPOTO OMPEAETISAIOT-
Csl MIPOTHO3HAs KOOpAMHATa S, COOTBETCTBYIO-
asi JOCTUKEHHUIO 33/laHHOM CKOPOCTH V., TIPH
TOPMOXKEHUH C MOCTOSIHHBIM 33J]aHHBIM OTPHIIA-
TeNbHBIM YCKOpPEHHEM . Benuuuna o, amst kax-
JI0l KOOpJIMHATHI MYTH OTPEAENAETCS UCXOAs U3
obecrieyeHust J0MyCTUMOTO YPOBHS MPOJIOTbHO-
JMHAMUYECKUX PEaKIii B COCTaBe MOe3/a C Io-
MOIIIBIO JTFOOOTO M3 U3BECTHBIX KpuTepues [3, 12].

Ecnu 3Hauenue S,, monydeHHOE B pe3yJbrare
HPOTHO3HOTO pacyeTa, MpPEBbIIAeT KOOPAUHATY
IPAHUILIBl yYaCTKa OTPAHUYEHHUS CKOPOCTH C YYETOM
JUIMHBI 3aIUTHOTO ydactka AS; (S, > (S, — ASy)),
BBITIOJIHSAETCS TopMokeHue crymnensto 0,05 Mlla.

Yepes BpeMs T, (IJIUTENLHOCTD MEPUOA MOJ-
TOTOBKM TOPMO30B K JIEHCTBUIO) TOCIE Hayana
CHWKeHMs JaBieHus B TM 3amyckaercss mpo-
IPaMMHBIN UK, B X0ZIe KOTOPOTO:

* IIpOBepseTCS BHINOIHEHHE YCIOBUS £, > (1, +
+ At,.,), TIE 1, — TeKylllee BpeMs, COOTBETCTBY-
IoIlee TeKyIeH KoopauHare S;, B CIy4yae ero Bbl-
HOJIHEHUSI TIPOM3BOIATCS OTIYCK TOpMO3a U Tpe-
KpallleHHe BHIMOTHEHHS IIUKJIA;

* BBINOJHACTCS TMPOTHO3HBIN pacuer (5-8),
B pe3ylbTare KOTOPOTO OMPENeNSOTCs 3HAUSHUS
OCTaBIIMXCS JI0 KOHIIA LUKJIA TOPMOKEHUs (J10-
CTH)KEHHSI CKOPOCTH V,) TpeOyeMbIX 3HAYeHHUI
paboThl TOPMO3HOM CHIIBI A, OCTABIIETrOCs Bpe-
MEHH TOPMOXKEHUS Af,.;, CpelHEll TOPMO3HOMN
MOIIHOCTU P, a Takke TEKylleH TOPMO3HOM
MomHOCTH Py = (M - (1 +7v) - a — (Wy(vy) +
+ Wy (1)), Te MHAEKC k COOTBETCTBYET TEKyLIEH
KOOPJHMHATE S, ¥ CKOPOCTH V.

* mposepsieTcs ycnosue Py > P, B ciiydae
€ro HEBBIMOJIHEHUS B T€UEHHE 5 C. OCYILECTBIIA-
eTcs JONOJIHUTENbHAS CTYNEHb TOPMOXKEHUS
rry6ounoit 0,03 Mna ¢ nocieayromiel mpoBepkoi
9TOTO YCIIOBUS Yepe3 Bpems T;;

* OmpeAenseTcs HOBOE IPOTHO3HOE 3Haue-
HHE MOMEHTAa BPEMEHH Hayaja OTIyCKa TOpMO3a

Ay

=t +1k
Py

t

otk

[{ukn noBTOpPSIETCS 10 MOMEHTA BBIIOJIHEHUS
YCIIOBHSA 1 > 1.y, KOTOPOE OYIET COOTBETCTBOBATH
MOMEHTY JOCTHXEHHS CKOPOCTH Vv, Ha KOOpANHA-
Te S, < 5..

[Tocnennee ycinoBue 00€CeUMBACTCS BBIION-
HEeHueM yciaoBus Py > P, B TEYCHHE BCETO Bpe-
MEHU TOPMOXKEHHUS.

ITpu peanuzanuu anropurMma ynpasiaeHuUs TOp-
MOKEHHEM, TIPEICTAaBICHHOTO Ha puC. 1, a, HeoO-
XOJIMMO YUUTBHIBATH PsiJl BAYKHBIX 3aMEUaHUM:

1. B [5] pexomeHayeTcsl BBIIOIHATH TOPMO-
xeHue HavyanbHOM crynenbsio 0,07-0,08 Mlla,
OJIHAKO CJIEJCTBMEM NPUMEHEHUs YBEIMUYEHHON
CTYIIEHU CHWXXEHMS JaBJECHUs B TOPMO3HOH Ma-
TUCTPAI MOXKET OBITh TPEBBIICHUE 3aJaHHON
BEJINUMHBI OTPULIATEIBHOTO YCKOPEHHUS 0 U YBE-
YPOBHS
peakuuii B coctase noesna. C apyroil CTOpoOHsI,

JTUYEHUS MPOJIOTBEHO-INHAMHYIECKUX
[IPUMEHEHNE MUHMMAJIBHON HAYaIbHOU CTYIICHU
IpU TOPMOXKEHHM Ha 3aTSDKHOM YKIIOHE MOXKET
OPUBECTH K HEJOCTAaTOYHOH S(PPEKTUBHOCTH
NPUMEHEHUS TOPMO3a U NIPOE3ay KOOPAUHATHI S,
CO CKOPOCTBIO, MPEBBIIAIOIIEH V5.

[TosToMy >kenmaTrenpbHO Ha CTaguu IIpeiBa-
PUTENBHOTO IPOTHO3HOTO pacyeTa BBIIOJIHATH
OLICHKY BEJIMYMHBI TPeOyeMO#l CTyMeHH TOpMO-
KeHust Ap, Ui 4ero HeoOXOIMMO pacrojararb
PETPEeCcCCHOHHON 3aBUCUMOCTBIO B, = f3(v, Ap),
YHUKAJIBHOU JUJIsl KaXKJI0TO 110€3/1a.

2. OnucaHHBIN ANTOPUTM TMO3BOJIAET obecrie-
YUTh BHICOKYIO TOYHOCTh YIPABICHUS THEBMATH-
4eCKUM TOPMO30M I'PY30BOT0 [10€3/1a IIPH YCIIOBUU
CIIPABEUINBOCTH CEIaHHOTO BBILIE AOMYIEHUS
00 OOHYIICHUW TOPMO3HOM CHIIBI B MOMEHT OTITY-
cka. O7IHaKo TaKkoe JIOMYIIEHUE HE COOTBETCTBYET
peasbHOMY MTPOLIECCY OTILyCKa TOPMO3a, KOTOPBIN
3aHMMAeT IPOJIOJKUTENBHOE BpEMS, IPUYEM
CHIDKECHHE JIaBJICHHS B TOPMO3HBIX LIMJIMHIpPAX H,
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COOTBETCTBEHHO, YMEHBIIIEHUE TOPMO3HON CHIIBI
HaunHaeTcs mo ucreueHuun 20 ¢ u Oojgee oT Mo-
MeHTa nepeBojia pykosatku KM B oTmyckHoe mo-
noxenue [13].

[ToaToMy MOJIHOE OCTaTOYHOE BpPEMsI TOPMO-
KeHus Afy,; Ha TEKYIIMA MOMEHT f, OTIMYAeTCs
OT BPEMEHHU 0 Hayaya oTmycka A, KOTOpoe
yuuThIBaeT padboty AA,,, TOPMO3HOW CHIIbI, BbI-
HOJIHSEMYIO B TeYEHHUE OTIYCKA (Al < Afyert):

- AAOTH >

:tk +ﬂ’
By

A=Ay + My > A, =4,

t

oTnk

5t ©)

ornk

= tk + AtOTHk

rne A, — paboTa TOPMO3HOW CHJIBI, KOTOpas
JIOJDKHA OBITh BBIIIOJHEHA 0 OKOHYAHHUS OT-
nycka, Jx;
AA,.,, — paboTta TOPMO3HOH CHIIBI, KOTOpas
Oy/IeT BBINOJHEHA TMOCTE TePeBoa PYKOSITKH
KM B otnyckHoe nonoxkenue, Jx;
A\, — paboTa TOPMO3HOM CHIIBI, KOTOPAst TOJIK-
Ha OBITh BBIMOJIHEHA JI0 Havasa oTimycka, Jx;
P, — cpennsist TopMO3Hast MOLTHOCTh, KOTOpast
JIOJDKHA PA3BUBATHCS OT TEKYILETO MOMEHTA
JI0 OKOHYAHUS OTIyCKa, KBT.
[Tpennonaraemas Ha TEKyIIMHA MOMEHT BpeMe-

HHU 1, CKOPOCTb HaJasia OTIyCKa:

' —
Vor = Vi + ay - AtOTHk’

(10)

TJIE Vy, 0 — TEKYI[HEe 3HAYECHUSI CKOPOCTH U YCKO-

peHust moe3zia, M/c, M/c?.

OcHOBHBIMU (paKTOpaMu, OMpeNeSIOIUMU
BEJINYUHY PaOOTHI A4, SIBISIOTCS YCTAHOBHB-
meecs mociie OKOHYAHMS HAIOIHEHUS TOPMO3-
HBIX [UJIMHAPOB BarOHOB 3HAUCHHE TOPMO3HOU
culmbl moe3fa B, SKBUBACHTHOE CPEIHEMY
nasinenuto B TI[ BaroHoB; CKOpPOCTh Havaja
OTIyCKa v, M CKOPOCTh OKOHYAHHS OTIyCKa
(OKOHUYAHHS OMOPOKHEHHS TOPMO3HBIX IIHJIHH-
IPOB) Vu,. IIpH OXHOKPAaTHOM TOPMOXKEHHU
MOXKHO MPUHSTD V= V.

[lockonbKy B. sBNS€TCA COydaliHOM BEIUYH-
HOI1, 3HaueHue paboThl A4, TAKKe SBISETCS CITy-
YailHOM BEJIMYMHOM, OTIMYAIOUICHCS B Pa3HBIX
[UKJIaX TOPMOKEHHUSI OJHOTO M TOTO K€ Moe3Ja
JaXe TPU OTMHAKOBBIX CTYNEHAX TOPMOKEHHS.
Ee Tekymas oleHka MOXET OBITh BBITIONHEHA
C WCTIONIb30BAaHUEM YPABHEHUSI PErpeccHu BUJA
AA oy = f1 (B, Vi, Vo), K03(QQUIHMEHTE KOTOPO-
TO YTOUHSIOTCS 10 JAHHBIM HECKOJIBKUX IMKIIOB
TOPMOXKEHHSI.

3. Ilpennonoxxenue 006 OTHOKPATHOM TOPMO-
KEHHU M OKOHYAHUHU OTIYCKA MPH CKOPOCTH V,
COOTBETCTBYET BBIIIOIHEHHIO yCloBHs Wy(S,) >0,
KOTOpOE HMCKJII0YAET yBEIUYEHHE CKOPOCTH JBHU-
JKEHHS 110€e3/1a TOCIie OKOHYAHUS OTIyCKa U HE00-
XOAMMOCTD BBITIOJHEHHSI MOBTOPHBIX PETyIUpPO-
BOYHBIX TOpMOKeHUH. Eciu 910 mpemnonoxenue
HE BBINOJNHSETCS, TPH OIpPEIeICHUd MOMEHTa
OTITyCKa HEOOXOMUMO YYHTHIBATH MOCIEIYIOIIEe
yBEIWYEHHE CKOPOCTHU M0e3/]]a B TEUCHUE BpeMe-
HU At,,, HEOOXOIUMOTO /I 3apAAKH TOPMO3HOM
CHCTeMBl. B 3TOM cilyyae CKOpOCTh OKOHYaHUS
OTITyCKa JIOJKHA BBIOMPATbCS TakuM 00pasom,
9TOOBI MPU MOCIEAYIONIEM Pa3rOHe Moe3/a B Te-
YyeHHe BpeMeHHU At,,, CKOPOCTh HE ycIiena MpeBbl-
CUThb 3aJ]aHHOE 3HAYEHHUE V. IIpy Hanuumym Ha
JIOKOMOTHBE 3JIEKTPHUYECKOTO TOPMO3a OH MOXKET
UCIIONB30BaThCS 11 OTPAHUYEHHS YCKOPEHUS
1oe3/1a B TeUeHHEe BpeMeHH Af,,,.

C ydeToM 3TUX 3aMeUaHHil TpeJiaraeTcs cie-
JYIOIMHA aJTOpPUTM YIpPAaBIEHHUS MPUIETbHBIM
TOPMOKEHHEM TPY30BOTO MOE3/1A.

Ha nepBom sTame B mpoiiecce IBIKEHUS 0e3-
J1a BBITIOJIHSETCS TPEIBAPUTETbHBINA POrHO3HBIN
pacuer, B X0JIe KOTOPOTO PEIIArOTCs CIEAYIoLIHe
3a/1auu:

1. OnpenensieTcst cTyneHb TOpMOKEHUs: Ap,
HeoOXxoAuMasi AN CHIDKCHUS CKOPOCTH JIBU-
KEHHUS Moe3Ja OT TEKYLIeTo 3HaueHHs Vv, A0
3aJJaHHOTO 3HAYeHUs V, C 3aJaHHBIM OIS Te-
Kylied KOOpAMHAThl S, 3HAUYCHHEM CPEIHEro
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OTPULIATEIHOTO YCKOPEHUS ¢, U COOTBETCTBY-
IoIas v, KoopJuHara S,;

2. OmnpenensieTcsi CKOPOCTh OKOHYAHUS OTITY-
CKa Vyy,, TOPMO32 Vyyy, <V, YIUTHIBAIOIIAS BOSMOX-
HBI TOCNEeNyIOmuUi pasroH moeszia 0 vV, B Te-
YyeHHue BpeMeHH Af,,, BETHYMHA KOTOPOTO MOXET
OBITh ipUHSTA paBHOU 60 C.

Ha sToM sTame TopMO3Has TPaeKTOpHs MOe3-
Jla OTIpEeZeNseTCs B Pe3ylbTrare MHTETPUPOBAHUS
OCHOBHOTO YpaBHEHHS €r0 JBIKCHUSI, IPEICTaB-
JIEHHOTO B BUJE:

v =—2 (g, (W, (v)+ W, (5))). (11)
M-(1+y)t 0 !

Cxema anroputma npeaBapuTeIbHOTO MPOTHO3-
HOTO pacyeTa mpeacrapieHa Ha puc. 1, 6. Bosny-
TPEHHEM [IMKJIE aJIrOpUTMAa pelIaeTcsi IepBas
3a/1a4a, BO BHEIIHEM LuKIie — Bropas. [Ipu omnpe-
JeleHnd TpeOyeMOol CTYNEeHH TOPMOMKEHUS HC-
HOJIb3yeTCs PErpecCHOHHAs 3aBUCUMOCTh B, =
= fz(v, Ap), K03 PUITUEHTHI KOTOPOH ONpPeaeICHbI
10 pe3yibraTtaM MpoBepKu 3P(EeKTUBHOCTH JIeH-
ctBus Topmo3a. [lopanok ompenenenus: koahdu-
[IUEHTOB 3TOI perpeccuy BHIXOIUT 32 PaMKH JIaH-
HOI paboThl U SBIAETCS MPEAMETOM OTAEIHLHOTO
obcyxnenus. [Ipu perieHun BTopoi 3a1a4u B Ka-
YeCTBE TOPMO3HOM CHJIbI B, UCTIONB3YETCS yCHIIHe
PEOCTaTHOrO TOPMO3a MPH €r0 HAJMYUK Ha JIOKO-
MOTHUBE, B IPOTUBHOM Ciydyae mpuHumaercs B,= 0.

Ecnu 3nauenue S,, mosydeHHOE B pe3ynbTare
HpeIBAPUTENILHOTO MPOTHO3HOTO pacueTa, Ipe-
BBIIIACT KOOPAMHATY TPAHUIIbl Y4acTKa OTpaHHU-
YEeHHUs. CKOPOCTU C YY€TOM JUIMHBI 3alIUTHOTO
ydactka AS; (S, > (S, —AS3)), BeIIONHAETCA TOP-
MOYEHHE CTYIEHbIO Ap.

Yepes 15 ¢ mocse BBINOJHEHHUSI TOPMOKEHHS
HA4YMHAET MEPUOINYECKH BBITNOIHATHCS OCHOBHON
IPOTHO3HBIN pacyeT, cXxeMa aaropuTMa KOToporo
npuBesieHa Ha puc. 1, a. Ilpu sToM B KauecTBe
3a/IaHHOM CKOPOCTH B IMPOLIECCE TOPMOXKEHUS
UCIIONB3YETCS CKOPOCTh Vo, @ TEKyIas OIeHKa

BPEMEHH OTITYCKA f,,,; PACCUMTBHIBAETCS C YUETOM
TeKyIed OLEHKH paboThl oTmycka AA, BbI-
YUCIECHHON C KCIMOJb30BaHUEM PErpecCUOHHOMN
3aBUCUMOCTH Adyy = fi(B), Vi, Vow), 3aa4a
OTpEeJIEJIEHUs] KOTOPOU BBIXOUT 32 pAMKH JJAHHOM
paboTHI.

C uenpro mpoBepkd APPEKTUBHOCTH TPE-
JlaraeMoro crnoco0a ympaBlIeHUS TOPMOKEHUEM
rpy30BOro moes3zia Oblia paspaborana (HyHKIHO-
HaJbHasg MaTeMaTHyecKas MOJeb TOPMO3HOM
cucteMbl noes3na. KpuBble HamojgHEHHS M OMO-
POXHEHHUS TOPMO3HBIX LUJIMHIPOB BarOHOB MO-
JeTTMPOBAIUCH TUCKPETHBIMUA KPUBBIMU C YUETOM
CKOPOCTH paclpOCTpaHEHHsS TOPMO3HOM U OT-
nyckHoi BonH [5]. Ilockonmbky mpemiaraemblil
Crmoco0 mpeanoaaracT HEMpephIBHBIH KOHTPOJIb
SHEPreTUYECKUX XAPAKTEPUCTHK KaKIOTO IUK-
Ja TOPMOXKEHHS, pa30poc mapameTpoB Ipoliec-
COB HAIOJHEHUS U OMOPOKHEHHUS TOPMO3HBIX
HWIMHAPOB B Pa3HbIX IMKJIAX TOPMOKEHHS, OKa-
3bIBAIOIIUN BIIMSHUE HAa 3TH XapaKTEPUCTHUKHU,
OyZeT y4uTHIBAThCS TP OMpPENENCHUN BPEMEHH
OTIyCKa TOPMO3a.

[Tomumo mpemmaraemoro crocoba yrmpasie-
HUSl THEBMAaTUYECKUM TOPMO30M, B MOJIENIU pea-
JIN30BaH OPUTHHAJBHBIA QJITOPUTM COBMECTHOTO
MCIOJIb30BaHUS THEBMATUYECKOTO U PEOCTATHOTO
TOpPMO32a JIOKOMOTHBA, OMMCAHUE KOTOPOTO BHIXO-
JIAT 32 PAaMKH JTAaHHOU paOoTHI.

Ha puc. 2 npeacraiens! pe3ynbTaTbl MOJIENHU-
POBaHMSA MPULEIBHOTO PETYIUPOBOYHOIO TOPMO-
xeHus noeszzna maccor 5600 T Ha ykione 0,005.
Jl7st ynobcTBa 0TOOpaskeHUS Pa3HOBEIUKHIX Mapa-
METPOB Ha PUCYHKE PEACTaBICHbI U3MEHEHHS UX
OTHOCHUTEIbHBIX 3HAUCHUH.

Kak cnenyer u3 pucysnka, 3a 400 m 1o pac-
YETHOU 11eJIEBOM KOOPAUHATHI, ONPEESIEMON 10
3aJJaHHOW KOOpJMHATE Hayasa y4acTKa OrpaHuve-
aug 5000 M (MyHKTHpHAS JUHUS) C YYETOM JJIH-
HbI 3aLIUTHOTO y4YacTKa, YBEIUYMBAETCS TOPMO3-
Has MOIIHOCTh PEOCTAaTHOTO TOpPMO3a (10 ATOM
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Puc. 2. IIponecc nmpuienbHOro peryJinpoBOYHOr0 TOPMOKEHHs oe3aa Maccoi 5600 T

Ha yksioHe 0,005: 1 — ckopocTh IBHXKEHHMS; 2 — TOPMO3HAs CUJIa THEBMATHYECKOTO TOPMO3a

1oe3/1a; 3 — TOPMO3Hasl CHJIa AJICKTPUYECKOTO TOPMO3a; 4 — BBINOJIHEHHAsI pad0Ta TOPMO3HOM CHJIBI

MHEBMATUYCCKOI'O TOPMO3a B MPOLCCC TOPMOKCHUS 10 OTITYCKaA, 5 — BBINOIHCHHAS pa60Ta TOpMO3HOI>i

CHJIbI THEBMATUYCCKOTO TOPMO3a ITOCJIC HavaJla OTITYCKa, 6— OII€HKa pa6OTLI TOpMO3HOI\/II CHUIJIBI

[0 HavaJia OTIIYCKa I10 pe3yjibTaTaM IIPOTHO3HOI'0 pacyeTa, 7 — OlICHKa BpPEMCHHU [0 Ha4dajia OTITyCKa

TOYKU PEOCTATHBIM TOPMO3 HCIIOIB30BANCS IS
HOIEPKAHUSI MAKCUMAJIbHON pa3penieHHON CKo-
POCTH CIIEIOBaHUS IO YYaCTKY, paBHOM 60 KM/4)
JUISL CKaTUSL COCTaBa, MOCIE YEro BBIMOJHAETCS
TOPMOXKEHHUE CTYTICHBIO, OMIPE/ICICHHON B Pe3yJIb-
Tare MpeiBapUTENHLHOTO IPOTHO3HOTO pacyeTa.

B nporecce TopMOkeHHST pEOCTATHBIN TOPMO3
JIOKOMOTHBA HE BBIKIIIOUAETCs U pabOTaeT Kak pe-
TYJSTOP 33aHHOTO OTPHILIATENHFHOTO YCKOPEHHUS
(—0,15 m/c?).

Yepes 5 ¢ mocie Havyata TOPMOKEHUS B Pe3yIib-
Tare OCHOBHOT'O MPOTHO3HOTO pacyeTa BBITIOIHE-
Ha OIleHKa paboThl TOPMO3HOM CHJIBI 10 Hayana
OTIycKa (JMHHA 6) U BPEMEHH, OCTaBLIErocs /0
HaJaja OTImyckKa (JuHus 7 — npuMepHo 22 c). Ye-
pe3 5 ¢ BBIMOIHAETCSI HOBBIN MTPOTHO3HBIN PaCUeT,
PE3yIbTaTOM KOTOPOTO SBISAIOTCS YMEHBIIECHHBIE
OLICHKH OCTaBlIEHCS pabOThl TOPMO3HOM CHIIBI
¥ BPEMEHH JI0 OTITyCKa.

[Tpn yMeHbIICHUH BpeMEHH IO HYJS BBINOJ-
HSETCS OTITYCK TOPMO3a C OJJHOBPEMEHHBIM YBe-
JMYSHUEM MOIIHOCTH PEOCTaTHOTO TOPMO3a Ha
10% nuig caepkvBaHUs TOJOBHOM YacTH Moe3/a
B Tporiecce otmycka. [Ipu 3Tom BenmuunHa pado-
ThI, BBITIOJTHEHHON OT MOMEHTa Hayaja TOPMOXKe-
HUSI JI0 MOMEHTA OKOHYaHUsI OTIycKa (uHus 4),
COOTBETCTBYET €€ MEepPBOHAYAILHON MPOTHO3HOM
OlLIeHKe (JMHUS 6) ¢ TOYHOCTHIO IO HECKOIBKHUX
NPOIIEHTOB, YTO OOECIIEUMIO COOTBETCTBHE 3a-
JTAHHOMW 11eJIEBOM KOOpAWHATE (C YUETOM 3alluT-
HOTO YYacTKa) MPAaKTUYECKHu 0e3 Tepeperyinmpo-
BaHMS 110 CKOPOCTH.

CymecTtBeHHO OoJiee CIIOKHAs 3amada pe-
MIaeTCs CHCTEMOM YIpaBJICHUS B CUTYyalluH, pe-
3yJBTaThl MOJEIHUPOBAHUS KOTOPOW TPEICTaB-
nensl Ha puc. 3. Ha yknone kpytusnoit 0,01
MOIITHOCTH PEOCTaTHOTO TOPMO3a HEIO0CTaTOYHO
U CTaOMIIM3aIlli  MAaKCUMAJIbHOM  CKOpPOCTH,
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Puc. 3. IIponecc npuiienbHOTO PEeryIupoBOYHOTO TOPMOKEHUS oe3aa maccor 5600 T

Ha ykioHe 0,010. Dkcmnukanus COOTBETCTBYET puUC. 2

ycTraHoBJIeHHOM Ha ydacTtke (80 xm/u). Ilpu ee
JOCTHKEHUU B MPOLIECCE pa3roHa Mocie Mpeabl-
JYIIEr0 TOPMOKEHUSI BKIFOUUIICS PETYIATOP CKO-
POCTHU Ha OCHOBE PEOCTATHOTO TOPMO3a, KOTOPBIN
BBIBEJI TOPMO3 HAa MAKCUMAJIbHYIO MOIIHOCTb (JTH-
HUs 3 Ha oTMeTKe mpuMepHo 3750 M), obecrieunn
npeIBapuTeNIbHOE C)KAaTHE COCTaBa.

[Tpu nmoctwkennn ckopoctd 81 KM/4 BBITION-
HEHa CTYNEeHb IHEBMATHYECKOTO TOPMOXKEHHUS
0,05 MITa, koTopast OblIa OnpeeneHa IpeIBapH-
TEJbHBIM IPOTHO3HBIM PAcUueTOM JIJIsl TOPMOKEHHUS
JI0 TIENEeBOi cKopocTH ¢ yckoperneM —0,15 m/c2.
[TockonbKy TOpMOXKEHHE BBIOIHAIOCH ISl Orpa-
HUYEHHUS CKOPOCTH, 3aJIlaHHAasi CKOPOCTh B MOMEHT
TOPMOXKEHHUS ObllIa yCTaHOBJIEHA paBHOU 80 KM/4,
MO3TOMY B pe3ylbTare OCHOBHOTO MPOTHO3HOTO
pacyeTa, BBITIOJTHEHHOTO 4epe3 15 ¢ mocie Haya-
Ja TOPMOXKEHHUS, TIOJTyueHa MUHUMaJIbHas OlIeHKa
TpeOyemoii paboThl TOPMOXKEHHS (JTUHUSA 6).

OnHako pacueTHas KOOpAWHATA OKOHYAHUS
3apsAAKM TOPMO3HOW CHCTEMBI IOCT€ TOPMO-

KEHMs, ONpeNeNieHHass B pe3yJbTaTe 3TOro ke
pacueTa, MPEeBBICHIA BEIUYUHY LENeBOM KOOp-
muHatel (7000 M). DTO O3HA4YaeT, 4yTo B Ciydvae
BBITIOJIHEHUS PETYIHUPOBOYHOTO TOPMOKEHHUSI Ha
MaKCHUMAJbHYIO JOMYCTUMYI0 CKOpOCTh 80 KM/4
TOPMO3Hasl CHCTeMa HE YCIeeT 3apsAuThbCs JUis
BBITIOJIHEHUS IPHUIIEIEHOTO TOPMOXKEHHS Ha KOOP-
auHaty 7000 M, TOTOMY yKe B IMTPOIECCE TOPMO-
’KEHMs 3aJJaHHast CKOPOCTh ObLiIa H3MEHEHa Ha Iie-
neByro (30 kM/9), a TOpMOXKEHHE TIPOIOIIKHUIOCH
C MUHUMAJIbHBIM YCKOPEHUEM.

[TokazarenbHOM 0COOEHHOCTHIO TpeAsarae-
MOTO ajaropuT™Ma SIBISETCS WU3MEHEHHE OIIMOKU
OLICHKU OCTaTO4YHOM paboThl, KOTOpas MOJHKHA
OBITh BBITIOJIHEHA 10 Hauasia oTiycka. Ha otmeTtke
4300 m oHa cocraBisia npuMepHo 18 % 3a cuet
UCTIONB30BaHUsL B TPOTHO3HOM pacueTe MOCTO-
SHHOTO 33/IaHHOTO OTPHIATENIFHOTO YCKOPEHHUS
—0,15 m/c*. Ha ormetke 5000 M omubKa yxe He
npesbimana 8 %, Ha orMetke 5500 M ymeHbLIN-
jack 10 3 %.
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Takum 00pa3om, OCyIIECTBISIETCS HENPEPHIB-
HBII KOHTPOJIb MPOLECCA TOPMOKEHHS B KaKIOM
LIUKJIE, YTO MO3BOJISIET CYILIECTBEHHO YMEHBUINTD
BIUSHME pa3dpoca M HECTAOMIBHOCTH XapakTe-
PUCTHUK TOPMO3HOM CUCTEMBI 110€3/]a HA TOYHOCTh
YIIPaBJIE€HUS TOPMOKEHHEM.

[To pesynbraram nmpeacTaBIeHHON PabOTH MO-
T'YT OBbITh C/IETaHbI CIEAYIONINE BHIBO/IBL:

1. Hecmotps Ha pacmmpenue (QyHKIHO-
HaJIbHBIX BO3MO)KHOCTEH COBPEMEHHBIX CHUCTEM
ABTOBEJICHUS U IOBBIIICHHE TOYHOCTH YIpaBile-
HUSI TI0€3/I0M B PEKUMAX TATM U TOPMOXKEHUS,
npobsemMa MOBBIIIEHUS YIPABISIEMOCTH CUCTEMBI
THEBMAaTU4ECKOTO TOPMOXKEHHS IPY30BOTO MOE3-
712 TIO-TIPEXKHEMY SIBIISIETCS AKTYaJIbHOM.

2. BblunciauTenbHble BO3MOXHOCTH OOpTO-
BBIX KOMIUIEKCOB COBPEMEHHBIX JIOKOMOTHBOB
MI03BOJIIOT OCYILIECTBIIATh IPOTHO3HBIA pacyeT
TOPMO3HOM TPAEKTOPUH M0€3/1a C UCIIOIb30BaHU-
€M pe3yNbTaToB UICHTH(HHUKAIINN XapaKTEPUCTUK
TOPMO3HOM CUCTEMBI TIOE3/1A.

3. 3HauuTenbHBIN pazdpoc U CiyyalHbIA Xa-
paKTep U3MEHEHUSI TOPMO3HBIX XapAKTEPUCTUK CO-
CTaBa 1moe3zia 00yClIaBIMBarOT HEOOXOAUMOCTD HX
UJICHTU(HUKAINH B KQKIOM [IUKJIE TOPMOKCHHS.

4. lloBbllIeHUE YIPABIIEMOCTH ITHEBMATH-
YeCKOW TOPMO3HOM CHCTEMBI Py30BOr0 MOE€31a
MOXET ObITh JOCTUTHYTO 3a CHUET YIpaBICHUS
IPOLIECCOM TOPMOKEHUS 110 BEJIMYMHE OCTaTOY-
HOHM paboThl TOPMO3HOM CHIIBI, OMpPEAENAEeMOI
B [IPOLIECCE OMEPATUBHOIO MPOTHO3HOTO pacyera
TOPMO3HOM TPAEKTOPHH, U MITHOBEHHOU TOPMO3-
HOI MOIIHOCTH, KOHTPOJMPYEMOH B Ipolecce
TOPMOXKEHHUSI.

5. IlpeanoxeHsl crocoO TMOBBIMICHUS YIIPaB-
JSIEMOCTH [THEBMAaTU4YECKOW TOPMO3HOM CHCTEMBI
IPY30BOr0 I0€3/1a 3a CUET yYeTa IHEPreTUIECKUX
XapaKTEPUCTUK TOPMO3HOIO LIMKJIA U AITOPUTM
€ro peann3aluH.

6. IlpenBapurenbHble Pe3ysbTaThl MIPOBEPKU
HPEIOKEHHOTO crocoba ympaBiIeHHs IHEBMa-

THYECKUM TOPMOXKEHHEM TI'pPy30BOr0 Moe3a Ha
MaTeMaTH4eCcKoi MOJIeIH MOATBEPIMIH ero pado-
TOCTIOCOOHOCTb U BBICOKYIO 3(p(heKTUBHOCTb.

7. IlpumeHeHUe  IPEATIOKEHHOTO
0a ympaBleHUs MHEBMATHYECKUM TOPMOKEHH-
€M TPy30BOTO I0€3/1a B CHCTEMaX aBTOBEACHUS

CII0CO-

IMMO3BOJIMT NOBBICUTH TOYHOCTD YIIPABJICHHUS T1OC3-
JAOM B pCKUMax TOPMOKCHHUS.
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Abstract

Objective: one of the most significant drawbacks of the pneumatic braking system of freight trains is
its poor controllability, due to a significant variation in the characteristics of the braking devices, the
values of the structural parameters of the braking system, the loading of cars, the conditions of adhesion
of wheels with rails, as well as environmental conditions. The article proposes a method of increasing
controllability of a pneumatic braking system of a freight train by controlling the braking process by the
value of residual brake force operation determined in the process of operational forecast calculation of the
braking trajectory, and instantaneous braking power controlled in the process of braking. Methods: the
paper analyzes methods for predicting regulatory breaking and construct a model experiment to determine
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the parameters of targeting regulatory breaking for trains. Results: an algorithm for preliminary predictive
breaking calculation is proposed, and the results of testing the method on a functional mathematical model
are presented, confirming its effectiveness. Practical Importance: the results of checking the method on
a functional mathematical model confirming its effectiveness are given. Application of proposed method
of control of pneumatic braking of freight train in automatic driving systems will make it possible to
increase accuracy of train control in braking modes, which is especially important in arrangement of train
movement using modern technologies of coordinate control of movement.

Keywords: pneumatic braking, freight train, braking system, braking force, control, brake force operation,

brake release, aimed braking
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BbIGOp CTaHUMU ANCNOKALMW OJI OTCTaBJIeHHbIX OT ABMKEHUSA
noe3foB B NyTU C/iefO0BaHMUS KaK MHCTPYMEHT NOBbILLEHUS
3¢ peKTMBHOCTU PAaGOTbl TPAHCMOPTHON CUCTEMDbI

K.M. TumyxuH, M. M. AmaHoB

VYpanbsCKuii TOCyIapCTBEHHBIN YHUBEPCUTET ImyTeil coodmenus, Poccus, 620034, ExarepunOypr, yir. Koi-
MOIopoBa, 66

HMas uutupoBanus: Tumyxun K. M., Amanos M. M. BpIOOp CTaHIIMU JAMCIOKALUU JIJISi OTCTABJICHHBIX
OT JABMKCHUS TIOC3/10B B IyTH CJICAOBAHUS KaK HHCTPYMEHT MOBBIICHUS 3PPEKTUBHOCTH pabOThI TpaHC-
noptHoii cucremsl// M3Bectus [letepOyprekoro ynusepcurera myteit coodmenus. CII6.: ITTVYIIC, 2026.
T. 23, Bom. 2. C. 341-348. DOI: 10.20295/1815-588X-2026-2-341-348

AHHOTaANUA

Hean: pazpaborarh METONMKY BBIOOpA CTaHIMN JAMCIOKAIIMM OTCTABICHHBIX ITOE3JI0B, YUHUTHIBAIOIILYIO
MIPOMYCKHYIO CITIOCOOHOCTh, TEXHUYECKOE OCHAIIEHHE M MMUHHMAJIbHOE OTKJIOHEHHE OT MapIpyTa cle-
JIOBaHUsI TPY30BOTO MOE3/1a, sl oOectieueHus OecriepeOoHHOro (PyHKIIMOHUPOBAHUS JKEJIC3HOI0POKHON
TPAHCTIOPTHOW CHCTEMBI B YCIOBHIX BBICOKOM 3arpy3Ku HH(PACTPYKTYpHBIX IeMeHTOB. MeTolbl: Teo-
PETHYECKYI0 OCHOBY MCCIIEZIOBAaHUS COCTABUJIM aHAJM3 IKCILTyaTallMOHHOW PaOOThI JKEIEe3HOAOPOKHBIX
cTaHnmii U ydacTkoB. s (opmanm3anmm 3amaun BbIOOpa CTAHIMM TUCIOKAIMHM TPUMEHEHA TEOPHS
rpa¢oB, MO3BOJISIIONIAS TPEACTABUTH MMOJUIOH B BUJIE B3BEIICHHOIO OPHEHTHPOBAaHHOTO rpada. MuHH-
MAaJIbHBIE 3aTPAThI JJIS ONPENEICHUS CTAHIUN TUCIOKALMY IPEUIaraeTcsl ONpenessaTh ¢ IOMOIIBIO aJro-
putMma JlelikcTpsl. Pe3yabrarhl: chopMynrpoBaHa U pelieHa MHOTOKpUTEpUANIbHAS ONTUMH3AIMOHHAS
3a1aya BeIOOpa CTaHIMM Auciokaruu. [IpemiokeHa maremMarnyeckass MOJENb BEIOOpA CTAHIIUU JANUCIIO-
Kallu{, BKJIFOYAKOUIAsl CUCTEMY OIPAaHUYEHUH 110 TEXHUYECKOMY OCHALICHHWIO CTAHLMM U pPE3EpBYy IPO-
MyCKHOHN criocoOHOCTH TieperoHoB. IlpakTuyeckas 3HAYUMOCTh: IPUMEHEHNE TIPeIaraéMoil METOIN-
KM IIO3BOJIAT HAXOJAUTh CTAHLIMIO JUIL OTCTABJIEHUS TPY30BOI0 M0€3/1a OT JBHKEHUS C yUYETOM 3aJJaHHBIX
orpannueHuid. PazpaboranHoe penieHne moBbICHT 3(Q(EKTHBHOCTD PaOOTHI TPAHCIIOPTHON CETH, CHU3UT
SKCILTyaTallHOHHBIE 3aTPaThl IEPEBO3YMKA U MUHUMU3UPYET PUCKU HAPYILLIEHUS CPOKOB TIOCTABKHU I'PY30B.
Brenpenune mpemiokeHHOTO MOIX0/a CO3/IAaeT YCIOBHA IS (POPMUPOBAHHUS YIIPaBIsIeMOro «oydepa» u3
OTCTaBJIEHHBIX COCTABOB, Pa3rpykas Ipy30HANPSKEHHBIE YIaCTKH U 00eCreunBasi yCTOWIMBOCTD Mepe-
BO30YHOTO TIporiecca Mpyu HHPPACTPYKTYPHBIX OTpaHIYEHUSIX.

KiroueBble ci10Ba: OTCTaBICHHBIE OT JIBIKEHHS TPY30BBIC TT0€3/1a, KACKAIHBIN 3PQEKT, CTaHIUs AUCIIO-
KalliH, IPOITyCKHAs CIIOCOOHOCTD, TeOpHs IpadoB, anropuT™ JeHKcTphl

Beenenue

B anpec kpynHbIX MPOMBIIUIEHHBIX LIEHTPOB
NpuObIBAET MOE3/I0M0TOK B 3HAUUTEIbHBIX 00b-
€Max, KOTOPBI OTM30K K HATUIHOM MIPOIYCKHOM
cnocobHoctr yudactkoB [1]. Ilpum otcyrcTBUM
UHPPACTPYKTYPHBIX PE3EPBOB JIF0OOE OTKIIOHE-
HHUE OT HOPMaJbHON pabOTHI CTAHIMH WIIN TTyTEH
HEOOLIEero IMOJb30BaHUS BIMSET Ha MOE3AHYIO
paboty mpuieraronx HampasieHuil. [Toatomy

B OTHOLIEHUH HEO0OpaOOTaHHBIX CTaHIMEH TO-
€3710B TOE3JHbIM JUCIETUYEPOM IPUHUMACTCS
penieHue 00 UX OTCTaBJICHUU OT JBMXKEHUS [2].
3ayacTyro OTCTaBJISAIOT OT JABHXKEHUs Takue Io-
€37a MO0 MPUHIMIY ONMKaWIIUX CTaHLUM, 4TO
COKpallaeT HaJlu4yue CBOOOJHBIX IPHEMO-OTIIpa-
BOYHBIX IyTel Ha HUX AU (puc.l). Oto orpanu-
YMBAaET BO3MOKHOCTh NPHUHUMATh, OTIPABIAThH
U MPOIYCKaTh I0€3/1a, a TaKXKe OCYILECTBIATH
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Hpnqlmn OTCTABICHHA
TPY30BOro noesaa

11 PHYHHA OTCTABICHHA
TPY30BOTO MoOS3aa

Puc. 1. BiusiHre OTCTaBICHHBIX OT ABMYKCHHSI TPY30BBIX ITOE3/I0B HA MPOITYCKHYIO CIIOCOOHOCTh

JKEJIE3HOJIOPOKHBIX CTaHIMN

MaHEBpOBYIO pabOTy Ha 00bEKTaxX TPaHCHOPT-
HOl uHdpacTpykTypsl [3].

C npyroii CTOPOHBI, TIPH TIOMOIIH OTCTaBICH-
HBIX OT ABUKEHHS TT0€3/10B MOKHO PETYIHPOBAThH
MO€3/I0MOTOKH.

[1pu BBIOOpE cTaHiK ¢ UHOPACTPYKTYPHBIM
pe3epBOM CO3/1aeTCSl TaK Ha3bIBAEMBIA YIpaB-
asieMblil Oydep, KOTOPbI MO3BOJUT pasrpy3HTh
HaunbOomnee HampshHKEHHbIE YYacTKH. B pesymbrare
HOSIBISIETCST BO3MOXKHOCTH 0OecreunTh Oecrpe-
MSITCTBEHHBIH TPOMYCK MOE3/I0B Ha TMpHIIEraro-
UX HAMpaBJICHUSX, HE JOMyCKas UX CKOIUICHUS
nepes y3KMM MECTOM, U TeM CaMbIM MPEaoTBpa-
THUTh pa3BUTHE KackaaHoro dddexra.

BbI100op cTaHIMHU IMCTOKALUM

Bpi0op cTaHIMM AMCIOKALMU OTCTABICHHBIX
M0E3]0B UIpaeT KJIOYEBYIO POJb B MOBBILICHHU
3((PEKTUBHOCTH KETIE3HOAOPOKHBIX MEPEBO3OK,
ONTUMHU3ALUK HCIOJIb30BaHUS MyTEBOH HH(Qpa-
CTPYKTYpPBI ¥ CHWKEHUH HKCIUTYaTallMOHHBIX 3a-
Tpar. PannonanbHOe pa3MelleHre COCTaBoB IO-
3BOJIICT MHHUMU3HPOBATh IMPOCTOH, MOBBICUTH
HPOMYCKHYIO CIIOCOOHOCTh CETH M YBEIUYHUTh
YUYaCTKOBYIO CKOPOCTb [4].

KitoueBbiME  yCIIOBUSIMH  BBIOOpA  CTAHIIUH
JIMCTIOKAIIMHU SIBIISTFOTCS:

1. OrcyTcTBHE BIUSIHUS HA MTOC3IHYIO PaboTy
NP BBITIOTHCHUH JBWKCHUS TIOC310B, CICIYIO-
IIUX 110 HATKaM Tpaduka.

2. OtcyTcTBHE BIMSHHS Ha MaHEBPOBYIO pa-
00Ty Ha CTaHIIUK JTUCITIOKAIIHH.

3. MuHUMaJIbHOE OTKJIOHEHHE OT MapuIpyTa
CIICZIOBAHHUS IPY30BOTO TOE3/1a.

4. Hannume HEOOXOAMMOrO TEXHUYECKOTO OC-
HAIIIEHUS HA CTAHIMAX JTUCIOKAIMH.

5. OOecneucHre 0€30MAaCHOCTH  JIBUIKECHUS
MOE3/I0B.

Ilycts S = {s}, 55, ..
cTaHnuil monurona (puc. 2).

BaxkHO Taroke yuuThIBaTh, YTO BHIOOp CTAHIIUK
JIMCTIOKAIINK JIOJDKEH OBITh 0OOCHOBAH C YUETOM €€
TEXHHYECKUX BO3MOXKHOCTEH. CTaHIMs JO/DKHA 00-
Jla/IaTh BO3MOYKHOCTBIO IPUHUMATH TI0€3/1a ¥ UMETh
CBOOOJTHBIC ITYTH B TIPUEMO-OTIIPABOYHOM TapKe.

Jlnst ctanimu s € S pe3eps MyTel pacCUnuThIBa-
ercst o opmyne (1):

1(5)1 1 (5)

Y, (s)

2

., §,} — MHOXECTBO BCEX

7-;10(,‘”1 (S)

AU(s) =u, (s)— , (1)
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p==
S,lécﬁecr
S

n

U.N. bpycsiHbl
8581 | Farapcku

v

ha
1862,

' ~
»* PecbmuHckut

2141 ANTbiHaM

21 0.n. 219 km
22480.N 224 Km

M2 2s8P34. 228 Km
b} 2990.n. 229 kM

1.0.n. 233 km
ott JTo2

Puc. 2. ®parmenT kapthl CBEpIOBCKOM KeJIe3HOM qopory (MCTouHMK: https://megavtogal.com/11-foto/
shema-sverdlovskoj-zhd-dorogi-so-stanciyami-86-foto.html?utm_referrer=https%3A%2F%2Fyandex.ru%)

rae u(s) — oOIee KOMM4eCcTBO MyTeH B MPUEMO-
OTIIPAaBOYHOM IapKe CTAHIHH;
n,(s) — oOIIee KoIM4ecTBO MOE30B, MPUOBI-
BAIOIIHMX HA CTAHIHIO;
1,0u(S) — BpEMS 3aHATUS IPUEMO-OTIPABOYHO-
TO MapKa OTepanusIMH, 3aBUCSAIINMH OT pa3Me-
POB JIBWXKEHUS, IpUXosiieecs Ha 1 Tpy30Boi
noesJ, 4;
¥ ($) — TEeXHUYECKU PaLIOHATbHBIN YPOBEHb
3aHATHSA MyTeH B IPUEMO-OTIIPABOYHOM IMapKe
CTaHINY;
T poc:($) — BpeMst 3aHATHS TIPHEMO-OTIPABOY-
HOTO MapKa NOCTOSHHBIMHU ONEpalusIMU, U;
a, B — xK03(h(OUIHUCHTBI, YIUTHIBAIOIINEC BIUS-
HHE TAaCCaKUPCKUX U COOPHBIX MOE30B COOT-
BETCTBEHHO.
Jlns obecrnieueHust GecriepeOoHON paboThl 110
TEXHUYECKOMY OCMOTpPY M PEMOHTY TOJBHKHOTO

cocraBa HeoOxomuM peseps Opuram I1TO (myHKT
TEXHUYECKOTO 00CITy)KMBAHKS) HA CTAHIIMHU JIHCIIO-
Kaiuu s € § ¢ yueToM OTCTaBlIeHHOro moesza (2).
[Tpu stom ypoBensb 3arpy3ku opuran I1TO nomken
OBITh HE HIKE SKOHOMHYECKH PALIOHAIBHOTO U HE
BBIIIE TEXHUYECKU PAllMOHATIBHOTO YPOBHEH [S].

WO +D:15®) g N, (+D:1,5(5)
1440-0,5 a B 1440-0,8

.(2)

e N,(s) — cpesHecyTOYHOE KOIMYECTBO MOE3-
JIOB, MPUOBIBAIOIINX B TPHEMO-OTIIPABOYHBIH
MapK CTaHIIH;
top(S) — CpenHss NPOJOKUTENFHOCTE 00pa-
0otku cocrasa Opuranoii [1TO, 4.

C yueToMm BceX MEepPEUUCICHHBIX YCIOBUH BbI-
Oop cTaHIMK OTCTaBIeHUS 11 Toe3za [1 ceoaut-
C K PEUICHUIO CIEIYIOIIEH ONTUMU3alMOHHOM
3amaun (3):
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dist(I1,s) ———min

AU(s)>1 ,(3)
N, () +D 1,5 (8) _ )2 (N,(s)+1)-1,,,(5)
1440-0,5 1440-0,8

rae dist(I1,s) — 3arparsl, KOTOpPbIE HEOOXOIUMBI,
4To0BI TTOE3] [1 ToCTHT CTaHIMK OTCTaBICHHS
S. B xadecTBe TakHX 3aTpaT MOXET BBHICTYIATh
paccrostnue win Bpems. Ecim pacyetHoe Bpe-
MsI TPUOBITHS TIO€3/1a HA CTAHIIMIO Ha3HAYCHHS
S He TpEBbINIAaeT JaTy, YKa3aHHYIO B TpaHC-
HOPTHOU KEJIE3HONOPOKHOW HAKIAJHOU, TO
dist(I1,s) — 3T0 paccTosiHUE, KOTOpOe HEeoO-
XOZIMMO TIPOWTH TOE3/Ty 10 CTAHIIUH OTCTaBIIe-
Hus. OTHAKO €CITM UCTEK CPOK JIOCTABKH IPy3a,
10 dist (I1,s) — 3TO Bpems, KOTOpoe HeOOXOIH-
MO MIPOUTH MOE3/1y 0 CTAHIIMH OTCTABICHUS.
Hns onpenenenus dist(Il,s) Bocmonb3zyemcs
metogaMu teopur rpados. s 3Toro mpencra-
BHMM IOJIUTOH B Bujie rpada G = (S, R), B KOTOpoM
cranuuu S OyayT SBIAThCS BEpIIMHAMH, a pedpa-
MU OyIeT SBIATHCS R — MHOXECTBO MEPEroHOB
Mexxay HuMu (puc. 3) [6].
B 3aBHCHMOCTH OT TOTO, YTO HOHUMAETCS O]
dist(I1,s), pebpam rpada OymyT mpUCBaMBATHCST

pasHbie Beca. [Ipu 3TOM Takke Hamo y4decTh pe-
3epB MPOIYCKHOM CIOCOOHOCTH (4) IS KaX 10T
pebpa € R:

AN(V) = NH(r) - Nnmp(r)v (4)

rae N(r) — Hanu4Has MPOMYyCKHAsi CIOCOOHOCTH;

Niorp(r) — mOTpeOHas MpoIycKHast crocoo-

HOCTb.

Pe3epB nmpomyckHOii CTOCOOHOCTH OTIPEIeTIsIeT
BO3MOKHOCTb IIPOITYCKa JJOMOJHUTEIBHBIX MOE€3-
JI0B 1O neperoHy. Eciu HeT BO3MOKHOCTH MPOITy-
CTUTH | moe31 1o neperony, To ecthb eciu AN(r) =
= 0, To OyzeM cumTarh, 4TO BeC pedpa r COCTaBIs-
eT w(r) = . Eciu AN(r) > 1 u pacueTHoe BpeMs
NpUOBITHS 10€3[]a HA CTAHIMIO Ha3HAYEHUs He
IPEBBILIACT ATy, YKa3aHHYIO B TPAHCIIOPTHOI JKe-
JIE3HOIOPOKHOM HAKJIAHOM, TO BEC KaXIOro pe-
Opa mpuHUMaETCs PaBHBIM JUTHHE TIEpETroHa w(r) =
=d(r), r € R. OnHaKo eciu UCTEK CPOK JOCTABKU
rpy3a, TO BeC pedpa MPUHUMAETCS PaBHBIM BpeMe-
HU Xo71a 110 ieperony w(r) = (r), r € R.

Jns naxoxaenus 3arpart dist (I1,s) Bocmomnb3y-
eMcs AITOPUTMOM J[€HKCTPBI, KOTOPBIH ITO3BOJISIET
HAWTH KpaTyaliye myTH U3 OAHOW BEPUIMHBI-HC-
TOYHHMKA BO BCE OCTAJbHbIE BEPIIMHBI B3BEIICH-
HOTO OPHEHTUPOBaHHOTO rpada (puc. 4) [7].

Puc. 3. ®parment rpada
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Ilcxonnble aHHbIe: PACCTOSHHS MEXIY CTaHUMAMH d, KM (BpeMs
XoJ1a t, uac); pesepB MponyckHoii cocobHocTH AN, mapa noeszos/
CYTKH; pe3eps IyTeii PHEMO-OTNIPABOYHOTO Napka cTanuuu AU,
MYTH; Pe3ePB MAHEBPOBBIX TOKOMOTHBOB Ha CTaHIMH AM,
JokoMOTHBBI; pe3eps Gpuran ITTO Ha cranumu AB, Gpurazsi

na HET

‘ w(ry) = d(ry) ‘ ‘ w(ry) = t(ry) ‘

dist(Il,s;) =0
i=0 j=1

dist(Il,s;) =0
i=0 j=1

‘w(n—j)=ooH W(rij)=f‘ @):oo

Aunroputm JleikcTpsl
dist(Il, s1) < dist(Il,s;) < --- < dist(Il, s,)

naa

AU(s) = 2,AB(s) = 1

CTaHIlI/lH JHMCJIOKAIIMU OTCTaBJIEHHOI'O

OT JABMXKEHUA 10e3/ia S;

Puc. 4. Anroput™ BeIOOpa CTAHIIUH JTUCIIOKAIUH JUISI BDEMEHHOTO OTCTABIICHHUSI
OT JIBUKEHUS IPY30BbIX MTOE3/10B
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[lpoecc HayMHAETCS € WHHUIMAIM3AINH.
[ycte dist(Il,s,) = 0 — 3Ha4YeHHe PACCTOSHUS
(BpeMeHH Xo/1a) T HaualbHO BepIiuHbI rpada,
a Ui Bcex octanbHbIX dist(I1,s,) = oo [8].

Jlanee BBIMOJIHACTCSI OCHOBHOW LUKJI IO TOTO
MOMEHTa, Moka He OyayT oOpaboTaHbl Bce Bep-
mwuHbl rpada (5). Ha kaxnom mare HaxoauTcs
BEpIIMHA , j € S, ¢ HAUMEHbBIINM 3HAYEHHEM Beca
pebpa rpada d(r;) wmm (r;) = w(r,), Tae r € R,
IPH 3TOM BBINOJIHSAETCS ycioBue (5):

dist(IL,s;) + w(r;)) <dist(I1,s;) %)

B sToM ciiydae mpuHHUMaeTCsi MUHHUMAIILHOE
paccrostHue (BpeMs Xoa IO MEperoHy) paBHBIM
dist(I1,s;) = dist(IL,s;) + w(r;;). IIponecc pacuera
anroput™a JIeWKCTphI MOBTOPSETCA 10 TEX IOp,
TIOKa He BeIOEpeM ONMKANIIYIO CTAHIHIO JUTS OT-
CTaBIICHUS TPY30BOTO TOE3/a, PU KOTOPOM BbI-
nonustoTes yeaosue (5) u dist(Il,s) = min [9].
[IprHIMNHAIBHOE OTPAHUYCHUE JUIS aITOPHTMA
3aKJTI0YACTCSl B TOM, YTO Beca Bcex pedep rpada
JOJKHBI OBITH HEOTPHULIATEIBHBIMH.

B wurore mpemmaraercs MeTOIMKa, MO3BOJS-
foIasi BEIOMPATh CTAHIMU JHUCIOKAIUK I Bpe-
MEHHOTO OTCTAaBJIECHHS OT JBIKEHHUS TPY30BBIX
noe3znoB (puc. 4).

BriBoanl

1. Pa3paborannas MeTOIUKa
000CHOBaHHO BBIOMPATh CTAHIHMIO AHMCIOKA-
IIUHU U OTCTABJICHHS OT JBUKCHHS TPY30BBIX
M0€37I0B, YYHMTHIBAsS TEXHUUYECKOE OCHAIICHUE
CTaHI[UU, PE3epB MPOMYCKHOW CIMOCOOHOCTH
¥ MUHUMAaJbHOE OTKJIOHEHUE OT MapIIpyTa clie-

ITO3BOJISACT

JIOBaHMA MOE3/a.

2. OGOoCHOBaHHBII BBIOOpP CTaHIMU JHUCIO-
Kallii CIOCOOCTBYET CHM)KEHHUIO HKCIUTyaTaly-
OHHBIX 3aTpaTt, WTpadoB MepeBo3UMKa M3-3a Ha-
pyLIEHUH CPOKOB JOCTAaBKM M, KaK CJIEACTBUE,
HOBBIIEHUIO AP HEKTUBHON OpraHu3anuy padoThI
KeJIe3HOIOPOKHOM TpaHCTIOPTHOM cuctemsl [ 10].
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Abstract

Objective: to develop a methodology for selecting dislocation stations for trains set aside from traffic,
taking into account capacity, technical equipment, and minimal deviation from the freight train route
to ensure uninterrupted functioning of railway infrastructure under conditions of high load on transport
system elements. Methods: the theoretical basis of the study included analysis of operational work of
railway stations and sections, and mathematical modeling of transport processes. To formalize the problem
of selecting dislocation stations, graph theory was applied, allowing the representation of the operational
area as a weighted directed graph. Minimum costs for determining dislocation stations are proposed to
be calculated using Dijkstra’s algorithm. Results: a multi-criteria optimization problem for selecting a
dislocation station was formulated and solved. A mathematical model for selecting a dislocation station
is proposed, including a system of constraints on the technical equipment of the station and the reserve
capacity of hauls. Practical importance: application of the proposed methodology will allow finding
the shortest routes to dislocation stations for temporary setting aside of freight trains, considering given
constraints. The developed solution will increase the efficiency of the transport network, reduce the
carrier’s operating costs, and minimize risks of violating cargo delivery deadlines. Implementation
of the proposed approach will create conditions for forming a controlled “buffer” of set-aside trains,
preventing paralysis of stations and sections and ensuring sustainability of the transportation process
under infrastructure limitations.

Keywords: Freight trains set aside from traffic, cascade effect, dislocation station, capacity, graph theory,
Dijkstra’s algorithm
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Cnoco6 YMEHbLUEHUA TOPMO3HOINO NyT BaroHa sfieKkrTponoe3sfa
nyrem ycoBepLieHCTBOBaHUA KOHCTPYKLUUMN KrnewleBoro
MexXaHn3Ma TOpMO3HOIro YCTpOﬁCTBa

C.H. KopxxoB’, . A. Monakos?, U.A. iuukoB'

"PocToBCKHIT TOCYIapcTBEHHBINH yHUBEpcUTeT myTeill coobmenusi, Poccus, 344038, Pocto-Ha-J{oHy,
1. PocroBckoro CrpenkoBoro Iloika Hapogroro Onomdaenwus, 2

2HaGepesxxnouenauHCcKnit macTuTyT Kaszanckoro genepansHoro ynusepeutera, Pocens, 423812, Pecrny6-
muka Tarapcran, Habepexxusie Yennsl, mp. Mupa, 68/19

s murupoBanusi: Kopowcos C. H., [lonaxos 1. A., Auyros U. A. Cioco0 yMeHBIIIEHUS TOPMO3HOTO Ty TH
BaroHa »JICKTPOIIOE3/1a IyTEM YCOBEPLICHCTBOBAHMS KOHCTPYKLMH KJICIIEBOIO MEXaHHU3Ma TOPMO3HOTO
yctpoiictea // U3Bectus [letepOyprckoro yauBepcureta myteit coodmenns. CII6.: TIT'VIIC, 2026. T. 23,
BoII. 2. C. 349-359. DOI: 10.20295/1815-588X-2026-2-349-359

AHHOTAIUSA

Heas: onpenenuTs BO3MOXHOCTD YAYUIICHUS TOPMO3HBIX XapaKTEPUCTHK JIEKTPONOE3/I0B MyTEM YCOBEp-
IIIEHCTBOBAHMS KJICHIEBBIX MEXaHM3MOB TOPMO3HBIX YCTPOMCTB. MeToabl: CpaBHEHHE TOPMO3HOTO IyTH
BaroHOB 3JIEKTPOMOE3/I0B, JBI)KYIIMXCS HA CIyCKE IO KPUBOMY YYacTKy M OCHAIICHHBIX TOPMO3HBIMH
YCTPONCTBaMHU C CEPUIHBIMH M YCOBEPIICHCTBOBAHHBIMH KJICIIEBHIMH MEXaHM3MaMH. Pacuer TOpMO3HBIX
XapaKTepPUCTHK MPOBOIWICS ITyTEM MMHUTAIIMOHHOTO MOJIEIMPOBAHUS, CO3IAaHHOTO B IMAKETe MPUKIIATHBIX
nporpamm RecurDyne. IIpoBoaunack oLieHKa BIMSHUS YIVIOBBIX IEPEMELIECHNN TOPMO3HBIX KOJIOIOK Ha Xa-
PaKTEpPUCTHKHN TOPMOKEHHSI BAarOHOB AJEKTPOIIOe310B. Pe3ynbTaThl: mpu TOPMOXKEHUN HA KPUBOM YYacTKe
OBLIN BBISIBIICHBI JIOKAIBbHBIE 30HBI KOHTAKTHPYIOIINX TUIOMIA/IOK B ITapax «KOJIOAKA — JUCK». YCTaHOBJIECHO,
YTO YIJIOBBIE U JIMHEHHBIE MTEPEMETLICHNS TEJIeKEK, BEI3BAHHBIE TTEPEPACIPEICTICHHEM MacC B CHCTEMAax «Ba-
I'OH — TeJIeXKKa — KOJIECHAs [Iapay U HHEPLIMOHHOM Harpy3KOoi BaroHa, OKa3bIBAIOT BIMSHUE HA JIOKAJIBHBIN
KOHTAKT B TIapax «KOJIOJIKa — KOJIECO». BBIJIO BBISBIEHO, YTO MPH JBIKEHUN Ha CITyCKe Ha KPHBOM y4acTKe
KpEH KOJIECHBIX ITap MPUBOIUT K 00PA30BAHUIO 3230POB MEXTy MTOBEPXHOCTIMHU KOJOIKH M TUCKA C OHOTO
13 KpaeB KOJOAKH. [ yBeIMYeHUs TUTOMIAIM KOHTaKTa B TOPMO3HBIX YCTPOWCTBAX M KOMITCHCAIIUH TIepe-
pacripenieNieHnss Macc MEXTy TeJIe)KKaMH B TIPOLIECCe TOPMOXKEHHS OblIa yCOBEPIIEHCTBOBAHA KOHCTPYKITHS
KJICTIIEBOTO MEXaHU3Ma, 00eCTIeYnBaIONIasl HAaKIIOH OCel KOMOAKH. TOpMO3HOM IyTh BaroHa 3JIEKTPOIIOe3/1a
TIPY UCTIONH30BAaHIH YCOBEPIIEHCTBOBAHHON KOHCTPYKIIMH KJIEHIEBOTO MEXaHW3Ma TOPMO3HOTO YCTPOHCTBA
obu1 cHkeH Ha 43,3 %. IlpakTHYeckasi 3HAYMMOCTB: TIOKa3aHa HEOOXOANMOCTh YTOYHEHHUS METOTUKHU
OIIEHKH TOPMO3HBIX CBOMCTB ANIEKTPOTIOE3/I0B MPH JBIKEHUH Ha KPUBBIX YU9acTKax myTH. Ee koppekTrpoBka
TTO3BOJIUT TIOBBICUTH 0E30MACHOCTH JKCIUTyaTallMl MAacCaKUPCKHUX AJIEKTporoe3noB. [Ipemnoxkennoe yco-
BEPIICHCTBOBAHHE TOPMO3HOTO YCTPOMCTBA MO3BOJIUT CHU3UTDH JOKAIBHBIA M3HOC KOJOAOK, YTO MOBBICHT
3¢ (HEeKTUBHOCTH TOPMOXKEHHUS 1 pabOTOCTIOCOOHOCTH TOPMO3HOTO YCTPONCTBA B IICJIOM.

KiroueBble ci10Ba: 31eKTpOnoes1, TOPMO3HOE YCTPOHCTBO, KPUBOH YYaCTOK IyTH, YCOBEPIICHCTBOBAaH-
HBIH KJI€IeBOM MEXaHU3M, TOPMO3HOH MyTh

Beenenue Ha KPUBBIX y4acTKax IyTH. B CBs3M ¢ 3TMM He-

HopmaTtuBHBIE TOKYMEHTBI, PEIIAMEHTHPYIO- 00XOJMMO IPOBECTH aHAJIN3 HAyYHbIX UCCIIE10Ba-
e TpeOOBaHUs K IPOBEPKE TOPMO3HOTO 000pY-  HUA, HOCBAIIEHHBIX MOBBIICHUIO Y3()(HEKTHBHOCTH
JI0OBAaHMsA, HE NPEATONAraloT METOAMKH NPOBEE- TOPMO3HOIo 000pyaoBanusa. OCHOBHOE BHUMAaHUE
HUS UCTIBITAHUH MPOBEPKU CUCTEM 0€30IACHOCTH  HAyYHOTO COOOIIECTBA, 3aHUMAIONIETOCS STUMHU

ISSN 1815-588X. N3sectunsa MNrync 2026/2



350

Problematics of Transport System

BOIIPOCAMH, COCPETOTOYECHO Ha KOJIOAOYHBIX TOP-
MO3aX Kak Haumboiee pacripoCTPaHEHHBIX B Ke-
JI€3HOZOPOKHOM TPAHCIIOPTE.

B pabore [1] Opula mpemyiokeHa cucTeMa
OLICHKHM TEXHUYECKOTO COCTOSIHUS TOBEPXHOCTHU
KaTaHus METOJOM OECKOHTAKTHOTO TEIIOBOTO
KOHTPOJISI TIOBEPXHOCTU KAaTaHUSI U KOJIOAOYHOTO
TOpPMO3a TPY30BOT0 MOABMKHOTO cocTaBa. B pa-
6ote [2] mpoBeeHBI SKCIIEPUMEHTAILHBIE HCCIIe-
JIOBAHUS M0 M3YUCHUIO U3HOCA MPU CKOJIb3SIIEM
KOHTAKTe «KOJeCcO — pPenbey. B 3aBUCcUMOCTH OT
JMCTAHIIMU CKOIIBKEHUS Kolieca MO penbey H3-
MEHSUIUCh TeMIlepaTypa B KOHTAKTE M XapakTe-
PUCTHKHU MOBPEXJICHUS KaK pelibca, TaK 1 KoJec.
B craree [3] BbISBIEHO, YTO MPOBOJAMMBIC HC-
CIIeIOBaHUS HE YYMTHIBAIOT JUCKPETHBII U TPO-
CTPAHCTBEHHBIN MOJBOA TEIIOTHI K paboyrM Mo-
BEPXHOCTSIM TOPMO3HBIX JIUCKOB. bblia BhIsBICHA
HEOJJTHOPOAHOCTH MPOBOIUMBIX HCCIIEIOBAHUH Te-
IJIOBOW HArpy>KEHHOCTH HA MPOTSHKEHUU 25 JIeT.
B nuccepranuu [4] ucciaenoBanoch TepMoMexa-
HUYECKOE pACTPEeCKUBaHUE O00OIBEB KOJIECHBIX
nap ¥ pabo4yux MOBEPXHOCTEH TOPMO3HBIX JHC-
koB. B pabote [5] mpemnaranach KOHCTPYKIHUS
TOPMO3HOTO YCTPOWUCTBA, KOMIIEHCUPYIOIIAs MO~
BIDKHOCTb KOJIOZOK TpPH TOpMOKeHuH. JlaHHas
KOHCTPYKLIMSL obecrednBaia TMOBOPOT TOPMO3-
HOTo OJI0Ka C TIOMOIIBIO JIBYX LIAPHUPOB Bpallie-
HuUs. B craree [6] paccmarpuBanuch BUOpaIuy,
BBI3BAHHBIC TPEHUEM B Mape «KOJIOAKA — JUCK).
B pabote [7] uccnemoBaiuch TEIUIOBas Harpy-
KEHHOCTb ¥ HaNpsHKEHHO-Ie(OpMUPOBAHHOE CO-
CTOSIHHE TOPMO3HBIX IUCKOB C Pa3IU4HON KOH(U-
rypanueil oTBepcTHii Ha paboyuX MOBEPXHOCTSIX
JMCKOB. [l CHMXKEHHS TEeIIOBOW HArpyKeHHO-
CTU Ha pabOYMX MOBEPXHOCTAX JMCKOB BBITOIHS-
JIUCH IIENIEBbIE ¥ CMEUIaHHbIE OTBEPCTHUS TSI CHU-
KeHHs TypOyIu3aluy BO3AYIIHOTO TTOTOKA.

B cratbe [8] mns oOlleHKM MaHEBPEHHOCTH
HOJBIKHOTO COCTaBa CO3/IaBANUCh TPEXMEPHBIC
JIMHAMHYECKUe MOJeiu B mporpamme Simpack.

Pesynbrarel MoAenupoOBaHUs TMOKA3aJd, YTO BO3-
HUKarolas OOKOBas CHja MPH TOPMOXKEHHUH TIOJ-
BIDKHOTO COCTaBa yBENUYMBaIa KOIPPUIUEHT
CX0fla C PEJbCOB 10 CPaBHEHUIO C KauyeHHeM 0e3
Harpy3ku. PrickaHue KoJecHOi napbl OrpaHi4YKBa-
JI0Ch TOPMO3HBIMU KOJIOJIKAMHU, M MATHO KOHTAKTa
MOBEPXHOCTH KaTaHMS Kolieca C PEeIbCOM YBEIH-
YUIIOCH TI0 CPABHEHMIO C KaueHUeM 0e3 HarpysKu.
[IpoBeneHHbIN aHAU3 TIOKa3all, YTO MOJEIUPOBA-
HHE TpoIecca TOPMOKEHUSI TIOJBHKHOTO COCTaBa
paccMarpuBaeTcs JIM00 Ha YPOBHE CUCTEMBI IO/~
BIDKHOW COCTaB — JKEJIE3HOJOPOXKHBIM MyThbY,
7100 HA YPOBHE CUCTEM «KOJIECO — PETIBCH, «KO-
JIO[IKa — PENbC» U «KONOJIKa — THUCK». B mepBom
Cllydyae TOPMO3HBIC YCHUIUS 3aHatoTcsi (PyHKIIMO-
HaJIbHO M TIOJIBOJISITCS K OCSIM KOJIECHBIX T1ap, mpe-
ISITCTBYS X KadeHHI0. [Ipu 3TOM HeT B3auMOCBS3U
MEX]y XapaKTepUCTUKaMU TOPMO3HBIX YCTPOUCTB
Ha JIMHEWHbIe U YIVIOBbIE IMEpeMelIeHHs] Ky30Ba
U JIpyTHE 3JIEMEHTHI OIBUKHOTO cocTaBa. Bo BTo-
pPOM cllydae paccMaTpHBaeMble CHCTEMbI HE YUH-
THIBAIOT BIUSIHUE KONEOaHMH Ky30Ba U TEJEKEK
BaroHa Ha mporecc 00pa3oBaHUs TEMIIEPaTypHON
HANPSDKEHHOCTH PacTipe/ieNieH s KOHTAKTHBIX Ha-
IPY30K B yKa3aHHBIX Mapax. B cBs3u ¢ atum ¢ak-
TOM HEOOXOIMMO PAacCMOTPETh BIMSHUE B3aUMO-
aefcTBust pabounx map TOPMO3HBIX YCTPOMCTB HA
TOPMO3HBIE XapaKTEPUCTUKH BarOHA AJIEKTPOIIOE3-
72, COBEPLIAIOIIETO AKCTPEHHOE TOPMOKEHHE Ha
KPUBOJIIMHEHHOM yuacTke. B kauecTtBe 0ObEKTOB
UCCIIEIOBAHMS 11e7IeCO00pa3HO PACCMOTPETh TOP-
MO3HbIE YCTPOWCTBA C CEPUIHBIM M YCOBEpIIEH-
CTBOBAHHBIM KJICIIEBBIM MEXaHU3MOM JIJIs CPaBHE-
HHS XapaKTePUCTUK dPPEKTUBHOCTH TOPMOKEHUS
MOJIBIYKHOTO COCTaBa.

MarepuaJibl 1 METOAbI

JIst  OIIEHKHM TOPMO3HOH 3(hPEKTUBHOCTH
JIIEKTPOIIOE3/1a Ha KPHUBBIX y4YacCTKaxX IPOBOAU-
JIOCb MOJEIMPOBAHUE MPOLECCA IKCTPEHHOIO
TOPMOKEHUS JIByX PA3JIMUHBIX TUIIOB TOPMO3HBIX
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YCTPOWCTB, OCHAIIEHHBIX CEPUIHBIMU U YCOBEP-
IICHCTBOBAHHBIMU  KJICIIIEBHIMU  MEXaHH3MaMHU.
YcoBepIIeHCTBOBAHHBIE KIICIIEBbIE MEXaHU3MbI
nperonaraid HakJIOH KOJNOJOK B MPOAOIbHOM
U TIONEPEYHOM HAIpPaBIECHUSAX TEJIEKEK IEKTPO-
noesza. s MoaenupoBaHus ObLIH pa3paboTaHbl
TBEPJOTEIbHBIE MOJICNIM HEMOTOPHBIX TENEKEK
ANEKTPOMOE3/I0B C TOPMO3HBIMH YCTPOMCTBA-
MH, OCHAICHHBIMU CEPUHHBIMH U yCOBEp-
IICHCTBOBAHHBIMU  KJICIIEBHIMH ~MEXaHU3MaMHU
(puc. 1). muTanmonHoe MOIETUPOBAHUE JIBU-
KEHHS U TOPMOKEHHUSI BArOHOB 3JIEKTPOIOE3I0B
HPOBOJMIOCH C MOMOIIBIO NMAKETOB MPUKIAJAHON
nporpammsl RecurDyn.

Mertoauka MpPOBOAMMBIX HCTIBITAHUNA TPEIIo-
Jlarasia pasroH BaroHa 3JIeKTPOIoe3/1a 10 3Ha4eHUs
ycTaHOBHBIIErocs aBrkeHus (90 km/4), pazBopoT
U 9KCTPEHHOE TOPMOKEHHE Ha CITYCKe TI0 KPHBBIM
y4yacTkam. J[J1s TOCTH)KeHUsI BATOHOM YCTaHOBHUB-
IIEHCST CKOPOCTH /ISl Tela 3a/1aBallOCh BHIPAYKEHHE
HOJBO/IA KPYTSIIEr0O MOMEHTA Ha KOJIECHBIE Taphl,
ocymectrisiemoro 1o 3akoHy AKISPL (ABS (VX
(1,2,1)/1000 - 3.6)), 0, 3, 0) - MIN (1.0, (InputV_
kmph-VX (1,2,1)/1000 - 3.6) - 1.4).

JIst IMUTAUK IBUOKEHUSI BarOHOB 3JIEKTPO-
1oe3/ia o KpUBOMY YYacTKy Ha Ky30B BaroHa Jieii-
CTBOBAJ KPYTSIIUNA MOMEHT, 3allMCAHHBIN B BHJIE
¢bynkuun 90000000 - (step (time,0,0,51,0) +
+ step (time,51,0,52,1) — step (time,119,0,120,1)).
B pesynbrare /Ba McciemyeMbIX ANEKTPONoe3ia
HAYMHAIKM TPOIECC TOPMOKEHHS C OIMHAKOBBIX
MO3UIMI CKOPOCTH M TOYKU Hayasia TOPMO3HOTO
pexxuma (puc. 2).

Jlns peanuszanud TOPMO3HOTO peXHMMa Ha
pBIYard TOPMO3HOTO YCTPOWCTBA MPHUKIA/bIBA-
J0Ch UACHTUYHOE YCUIIME, 3alICAHHOE B BHJIE
byHKIU:

* ]ISl BaroHa C CEpUHHBIMU KIICLIEBBHIMU Me-
xanm3zmamu 54800 - (step (time,0,0,104.88,0) +
+ step (time,104.88,0,105.88,1));

* ]ISl BaroHa ¢ YCOBEPIIEHCTBOBAHHBIMH KJIe-
LIEBBIMU MexaHu3zMaMu yctpouctBamu 54800 x
X (step (time,0,0,103,0) + step (time,103,0,104,1)).

BenuunHa TOPMO3HOTO yCHIMS BBIOHMpanach
UCXOJsl U3 TEPeAaTOYHOro Yucia B KIIEHIEBOM
MEXaHH3Me M BEIMYMHBI YCUJIUS OJHON KOJIOJAKU
Ha Topmo3Ho# quck 21,7 kH (npu 0,38 MIla) ans
TopMo3Horo 6moka 866.00.00.000 kak 0CHOBHOTO

Puc. 1. TpexmepHble MOAEIN HEMOTOPHBIX TENIEKEK 3JIEKTPONOE310B C TOPMO3HBIMHU YCTPOHCTBAMHU:

C CEepUHHBIMU (@) U yCOBEPIIEHCTBOBAHHBIMU (6) KIICIIEBHIMU MEXaHU3MaMHU
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Model2
Time = 106.59999992 Second

a

Modeld
Time = 103.59999997 Second

o

Puc. 2. MOMEHTHI M TOUKH Hadaia TOPMO3HOTO PEKHMMa BATOHOB 3JICKTPOIIOE3/I0B C TOPMO3HBIMHU

YCTPONCTBAMHU, OCHAIIICHHBIMU CEPUHHBIMU (@)

W YCOBEPIICHCTBOBAHHBIMH (6) KIICIIEBBIMU MEXaHHU3MaMHU

IPOTOTHIIA, WCHOJIB3YEeMOT0 Ha COBPEMEHHBIX
AJIEKTPOIIOE3/Iax.

JInsi KOMIICHCAIMid JIMHEHHBIX W YIJIOBBIX
HIEPEMEIICHUI KOJIOMIOK OTHOCHUTENIBHO Pado-
YUX TMOBEPXHOCTEH TOPMO3HOIO JMCKa B YCO-
BEPIIICHCTBOBAHHBIX TOPMO3aX HCIIOJIb30BAIMChH
aK TyaTopbl, KOPPEKTUPYIOIIUE IMOJOKEHUS KO-
00K, [Ipy HMMHTAIMOHHOM MOJCIUPOBAHUH
pabota axkTyaTtopoB 3ajaBajach (YHKIHSIMH:
JUISL IEPEIHUX Ocell 00enX TEeNeKeK BaroHa step
(time,0,0,103.5,0) + step (time,103.5,0,104,-42);
JUISL 3aTHUX OCeil 00eMX TEeJeKeK BaroHa step
(time,0,0,103.5,0) + step (time,103.5,0,104,30).

PesysnbratoMm MonenMpoOBaHUs SBISUIUCH JTHa-
IpaMMbl U3MEHEHHSI CKOPOCTEH U YCKOPEHHH JIBU-
JKEHHs BarOHOB JI0 TOJTHOM OCTaHOBKH (puc. 3).

C uCroab30BaHUEM 3HAYCHHUH 3aMeUICHUH Ha
OTpE3Kax TOPMOXKCHHUsI OBUIM PaCCUUTaHBI TOP-

MO3HbIE MyTH JUIS ABYX MOJEIUPYEMBIX BarOHOB.
TopMO3HO# MyTh 714 AIEKTPONOE31a ¢ HEMOTOP-
HBIMU TEJISKKAMH, OCHAIIECHHBIMU CEPUITHBIMU
KJICIIEBBIMH MeXaHM3MaMH (IpH  3aMeJICHUH
1,27 m/c?), coctaBua 246 M, a st 3JIEKTPOIIO-
€3/1a, OCHAIIEHHOIO0 YCOBEPIICHCTBOBAHHBIMHU
KJICIIEBBIMH MEXaHU3MaMH (IpH  3aMeJICHUH
0,55 m/c?), — 568 m. Ilpu SKCTPEHHOM TOPMO-
’KEHUH MyTb JI0 MOJHOW OCTaHOBKH NPH IpHMe-
HEHUU YCOBEpIICHCTBOBAHHBIX KIICLIEBBIX MeXa-
HM3MOB yMeHbIIwiIcs Ha 43,3 %.

Jaunblii pakt gocturancs 3a cuet 3G dexTus-
HOTO HCIIOJB30BaHUs IUIOIaAel pabodux map
TOPMO3HBIX YCTPOICTB MPH TOPMOKEHUH HA KPU-
BBIX YYacTKax KeJIe3HOAOPOKHOTO My TH.

[TonosxeHus KOJIOIOK 10 OCAM KOJIECHBIX Tap
Ipy TOPMOXKEHMH Ha KPUBOM YYacTKE >Kele3-
HOJIOPOKHOTO IMyTH JUIsS BAaroHa 3JIEKTPOINoe3zia
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Puc. 3. smeHeHne cKopocTel U YCKOPEHUH Ky30Ba BaroHa 3JIEKTPOTNOE3/10B ¢ HEMOTOPHBIMU

TeJIeKKaMi ¥ TOPMO3HBIMHU YCTPONCTBAMH C CEpUIHBIMU ()

1 YCOBEPIICHCTBOBAaHHBIMH (6) KIIEIIEBEIMH MEXaHU3MaMHU

C CEepUIHBIMU KJICIIEBBIMU MEXaHU3MaMu Mpe-
CTaBJICHBI Ha puc. 4.

[Ip1 mpoOXOXKIEHHH KPHUBOTO y4acTKa OCH KO-
JIECHBIX Map U TEJIEXKU OTKJIOHSUIUCH HA pa3iiny-
HbIE YIJIBI, YTO BBI3bIBAJIO JIOKAJIIBHOE CONPUKOC-
HOBEHHME KOJIOJOK C pabOuyMMH MOBEPXHOCTIMU
nucka. TopMo3HBIE yCTPONCTBA, pacOIOKEHHbIE
Onuske K BHyTPEHHEMY PaJInycCy IOBOPOTA, UMENN
MEHBLINH 3a30p MEX/y KOJOAKaMU M pabouuMu
HOBEPXHOCTSMH [IMCKa, Y€M YCTPOMCTBA, KOTO-
pble pacrmosarajguch y HapyXHoro pajauyca. He-
00XOTMMO OTMETHTb, YTO JAXE B paMKax OIHOTO
TOPMO3HOTO 0J0Ka MPHUCYTCTBOBAIO CMEILEHHUE
KOHTAaKTOB B Iapax «KOJOJIKa — JHCK». JleBble
KOJIOJIKM KacaroTCsl BEpXHUM KpaeM, a IpaBble KO-
JIOJIKM KacaroTCs HIXKHUM KPaeM.

B cBsa3u ¢ mepepacnpe/eneHueM Harpy3ok
MEX]y TeIeXKaMU OTHOTO BaroHa Kpasi KOJOJO0K
TOPMO3HBIX YCTPOMCTB C CEPUHHBIM KJIEIIEBbIM
MEXaHU3MOM BBICTYTNANIM 32 BHELIHUH MepUMeTp

TOPMO3HBIX JUCKOB. [lepennss Tenexka sBusiach
HauOoJee HarpyXeHHOM, B pe3y/bTaTe 4ero Kie-
IIEBOM MEXaHU3M, 3aKPEIJICHHbI Ha TEJEexKKe,
OIyCKaJICs 1O/ IeWCTBUEM CHJI MHEPLUM U HHXK-
HHME Kpas KOJIOJIOK BBICTYNalu 3a 0007 JHCKa.
3aHsa TelexkKa B MPOLEcce TOPMOXKEHHUS, Ha-
000poT, pasrpyxanach, 4YTO MPUBOAMIO K CMe-
IIEHUSIM KJIEIIEBOr0 MexaHu3ma Boib ocu OZ.
B pesynbrare cMmelieHns BepxHHe Kpas KOJIOIOK
BBICTYNAJM 32 000/bs TOPMO3ZHOI'O JUCKA. YIJIO-
BbIE UM JIMHEHHBIE CMELIEHHUs YMEHBIIAIM IUI0-
Ia/IKU KOHTAKTa B ITapax TOPMO3HBIX YCTPOMCTB,
YTO B UTOTE OTPA3UIOCh HA YBEIUUEHUH TOPMO3-
HOTO MyTH NPH JABMKEHUH 110 KPUBBIM yYacTKaM.

Ha puc. 5 npeacTaBneHsl pe3yasTaTbl Mojie-
JMPOBAHUS B3aUMOJCHCTBUS Hap TOPMO3HBIX
YCTPOICTB C yCOBEPILIEHCTBOBAHHBIMH KJIEIIEBbI-
MM MEXaHU3MaMH.

CornacHO TPOBEAEHHOMY MOJEIUPOBAHMUIO,
HOJTyYEHBbI

ClICAyromue pe3yabTarbl: KOJIOAKH
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[Tepennsis och mepeaHe TenexKKu

Puc. 4. [TonoxxeHne KoJI0JJOK OTHOCUTENIBEHO MOBEPXHOCTEH TMCKOB U1 TOPMO3HBIX YCTPONCTB

C CepI/IﬁHBIMI/I KIICTICBBIMU MEXaHU3MaMM JIs1 KOJICCHBIX Iap nepenHeI‘/'I nu SaZ[Heﬁ HEMOTOPHBLIX TCJICIKEK

MOJIHOCTBIO 110 BCEH UIOMIA 1 MIPUJIErain K pabo-
YUM MOBEPXHOCTSM JMCKA 32 CUET MOBOPOTa KO-
JIOIOK OTHOCUTETBHO MPOAOIBHON OCH TEJEMkEK.
3a30pa MeXIy TPYLUIMMHCS MOBEPXHOCTIMU HE
Ha0II0AI0Ch.

[lepepacnpenenenne Macc MEXIY TeIekKKa-
MU MPHUBOAMUIO K aHAJOTHYHBIM NEepeMelleHH-
SIM KJIEILEBLIX MEXaHH3MOB BMECTE C TeJIeKKa-
Mu. J/laHHbIE EpeMelIeHus] KOPPEKTUPOBAIUCH
C MMOMOIIBIO aKTYaTOPOB, YIPABJISIOIIUX HAKIO-

HOM ocell konojok (puc. 6). Tpenasl usmene-
HUS YIJIOB PBICKAHUS TEPEIHUX U 3aJHUX KO-
JIOAOK COOTBETCTBYIOT TPEHAY yIlia PhICKAHUS
BaroHa. B untepsane ¢ 103,5 no 104 ¢ Beimoin-
HSJIaCh KOPPEKTHPOBKA yTIlia PBHICKAHUS KOJO-
JIOK TIOCJIe MpHKaThg UX K pabodyuM mHOBepX-
HOCTAM 1aucka. B nHagane npwxatus 103 ¢ yron
PBICKAHUS Ui TEepeIHUX KOJIOJOK MOJ Aei-
CTBUEM CWJI TpeHus usMeHwics ¢ §,9° no
23,54°, 94TO COOTBETCTBOBAIO HCCICIOBAHUSIM
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Puc. 5. [lonoxxenrne TOpMO3HBIX KOJIOJOK OTHOCUTENBHO MMOBEPXHOCTEH AUCKOB ISl TOPMO3HBIX
YCTPOHCTB € YCOBEPIICHCTBOBAHHBIMU KJICILIEBBIMH MEXaHU3MaMH HEMOTOPHBIX TEJICKEK
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Puc. 6. I3meHenue yrioB peICKaHUs BaroHa u rnepeaHux koioaok (11 u 12)

1 3a7HUX Kostos1oK (13 u 14) neBoro TopMo3HOTo O10Ka epeAHel TeNeKKH BaroHa 3JIeKTpornoes/ia

0 CaMOYCTaHABJIMBAIOMIMMCS  KPEIJICHUSIM
JUISL HAKJIAZI0OK TOPMO3HBIX Kojioaok [9]. Tlo 3a-
BEPIICHUU KOPPEKTUPOBKU AKTyaTOpPaMH YTOJ
PBICKaHUS ISl TEPEAHUX KOJOAOK CHU3HICS
¢ 23,54° no —0,99°. Jlng 3aaHUX KOJIOAOK MPO-
mecc B3amMojeicTBus, HadaBmmiics ¢ 103c,
U3MEHUI yros poeickanus ¢ —0,57° mno 23,97°.
[Ipouecc KOppEeKTUPOBKU MO3BOJIUI M3MEHUTh
yroi peickanus ¢ 23,97° no 3nauenwuii 7,18°.

B pesynbrare moBopora oceil KOJIOI0K OTHO-
cutenbHo ocu OY Kpasi KOJIOJOK HE BBICTYTATU
32 0007bs1 TOPMO3HBIX IMCKOB, YTO TO3BOJIAIO
UCTIOJIb30BaTh BCIO IUIOMIA[h KOJOIKH dPdek-
THBHO.

3akaouenue

Topmo3HOe 000pynOBaHUE SIEKTPONOE3/I0B
SIBJISICTCS] OTHUM U3 KOHTYPOB CUCTEMBI Oe301mac-
HOCTHU BCETO MOJIBUXKHOTO COCTaBa, YCOBEPIICH-
CTBOBAaHUE KOTOPOTO HEMOCPEIACTBEHHO BIHUSET
Ha 0€30MacHOCTh TPAHCHOPTHOTO Tpolecca.

Jlnst oueHkH ero 3pQeKTHBHOCTH HEOOXOAUMO
UCIIOJIb30BaTh KaK XapaKTEpPUCTUKM Ipolecca
TOPMOYKEHUS B 11€JI0M BCETO COCTaBa, TaK U KOC-
BEHHbIE MapaMeTpbl, XapaKTepusyue padoTy
OTZIENIBHOTO y371a WK JIeTald TOPMO3ZHOTO 000-
pynoBanus. B crarbe paccmaTpuBaiIoOCh HMH-
TAallMOHHOE MOJEIMPOBAHUE TBEPJOTEIbHbIX
MOJIE€Iell BaroHOB 3JIEKTPOIOE30B C HEMOTOP-
HBIMH TeJIeKKaMU U TOPMO3HBIMH YCTPOUCTBAMU
C Pa3IMYHBIMU KOHCTPYKIHMSAMHU KJICLIEBBIX Me-
XaHU3MOB TPH TOPMOXKEHUU HA CITyCKe Ha KpH-
BBIX Y4acCTKax MyTH.

B kayectBe O0OBEKTOB MCCIEIOBaHUS MC-
MOJIb30BAIUCh MOJIENU CEPUMHBIX TOPMO3HBIX
YCTPOWUCTB JIMCKOBO-KOJIOJOYHOIO THIIA, YCTa-
HaBJIMBaeMble Ha snekTponoesnax IC2I, u Top-
MO3HBIE YCTPOWCTBA C YCOBEPIICHCTBOBAHHBIMU
KJICIIEBBIMH MEXaHM3MaMHM, 00€CTIeYHBAIOIIUMU
HAaKJIOH KOJIOJKH B TIPOJI0IbHOM U ITOTIEPEYHOM Ha-
npaBieHusX. MozenupoBaHue Mpouecca TOPMo-
’KE€HMs Ha KPMBOM Yy4acTKe BaroHa ¢ TOpPMO3HbIMU
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YCTPOMCTBAMHU C CEPUUHBIMHM KJICIIEBBIMU MeE-
XaHU3MaM# T0Ka3ajo, 4YTO KPEH KOJECHBIX Map
Y KPEH paMbl TEJIEKKH HEPaBHbI U3-3a OTCYTCTBUS
KECTKOM CBSA3M MEXAy HUMH, B PE3YIIbTaTe YEro
MEXy KOJOJKAMU M Pa0OUYMMHU TIOBEPXHOCTS-
MH JTUCKa 00pa30BBIBAIUCH 3a30Pbl C PA3THYHBIX
KpaeB KoJIOJKU. BennuuHbl 3a30pa pa3sHUIUCH
MEX]Ty TOPMO3HBIMU OJIOKaMH OJHOM OCH KoJec-
HOU Mapsbl.

[Tpu mpoxoxeHUH KPUBOTO ydyacTKa C TIO0-
BOPOTOM HAJIE€BO B paMKax OIHOTO TOPMO3HOTO
O70Kka JieBas KOJOIKAa KOHTAKTHpOBaja C TO-
BEPXHOCTBIO JTUCKA BEPXHUM Kpaem, a mpaBas —
HIDKHUM KpaeM. [lepepacnpenenenue macc npu
TOPMOYKEHUH OKA3bIBAJIO BIMSHKUE HA TIOJOKCHUE
KOJIOZIOK OTHOCHTEJIBHO TOBEPXHOCTEH JHCKA.
Ha nepenneil Tenexke HMKHUE Kpas KOJOIOK
BBICTYIIAJIK 32 000/TbsI TOPMO3HBIX JMCKOB TIEpeI-
HEHl ¥ 3aJiHeN KOJIECHBIX Map, AJS 3aJJHEeH TeIex-
KU BBICTYNAIONIMMU KPasMHU SIBJISUTUCH BEPXHHUE.
[Ipu MomenupoBaHUM TMpolecca TOPMOKEHUS
BaroHa ¢ TOPMO3HBIMH YCTPOWCTBAMH C yCOBEp-
IICHCTBOBAHHBIMM  KJICHICBBIMH ~MEXaHH3MaMH
3a30pa MEXIy KOJOAKaMHU M pabOuMMH MOBEPX-
HOCTAMH JIUCKOB He ObLIO. B pesymprare KpeH
KOJIECHBIX TIap KOMIIEHCUPOBAJICSI HAKIIOHOM OCel
KOJIOJIOK B TIONEPEYHOM HarpasieHuu. s koM-
NEeHCAIMK TIepepacipe/ieNieHnss Macc U JICHCTBUS
MHEPIIMOHHOW HArpy3KH YIJIBI PBICKAHUS KOJO-
JIOK KOPPEKTUPOBAIKCH C TIOMOIIBIO0 aKTyaTOpPOB,
YCTQHOBJIEHHBIX Ha OCSIX MPHUBOJOB KIIEIIEBOTO
mexanuzMma. [lo pesynbratam MOIEIUpPOBAHUS
NPUMEHEHHE YCOBEPIIEHCTBOBAHHONW KOHCTPYK-
UM KJICHIIEBOTO MEXaHW3Ma IMO3BOJIMIO COKpa-
TUTb TOPMO3HOM IyTh Ha 43,3 %.
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Abstract

Objective: to determine the possibility of improving the braking characteristics of electric trains by
improving the clamping mechanisms of braking devices. Methods: comparison of the braking distance
of electric train wagons moving downbhill along a curved section equipped with brake devices with serial
and improved pincer mechanisms. The braking characteristics were calculated using simulation modeling
created in the RecurDyne application software package. The influence of angular movements of the
brake pads on the brake characteristics of electric train cars was evaluated. Results: when braking on a
curved section, local areas of contact pads in “pad — disc” pairs were identified. It has been established
that angular and linear movements of trolleys caused by the redistribution of masses in the “wagon —
cart — wheelset” systems and the inertial load of the wagon affect the local contact in the “shoe — wheel”
pairs. It was found that when driving downhill on a curved section, the roll of the wheelsets leads to the
formation of gaps between the surfaces of the shoe and the disc from one of the edges of the shoe. To
increase the contact area in the braking devices and compensate for the redistribution of masses between
the trolleys during braking, the design of the pincer mechanism has been improved, which ensures the tilt
of the shoe axes. The braking distance of the electric train carriage was reduced by 43.3 % when using the
improved design of the clamping mechanism of the braking device. Practical importance: the necessity
of clarifying the methodology for evaluating the braking properties of electric trains when driving on
curved sections of track is shown. Its adjustment will improve the safety of passenger electric trains. The
proposed improvement of the brake device will reduce the local wear of the pads, which will increase the
brake efficiency and the performance of the brake device as a whole.

Keywords: electric train, braking device, curved section of track, improved pincer mechanism, braking
distance
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3KCI'IepI/IMEHTa.I1beIe ncanefqoBaHmAa TepmMmomMmexaHNHYeCcknx
Haﬂpﬂ)KEHMﬁ B AaCMHXPOHHDbIX 3JiIeKTpoABMIratTensdax JIioKkKomMmoTmsoB

M. A. LipanGep

ITetepOyprekmii rocynapcTBEHHBIM YHUBEPCUTET IyTel coodmenus Mmmeparopa Anekcanapa I, Poccus,
190031, Canxkr-IleTepOypr, MockoBCkwHiA 11p., 9

st uutupoBanus: paiibep M. A. DxcriepuMeHTaIbHbIC UCCIEIOBAHUS TEPMOMEXaHUUECKUX Harpsi-
KCHUI B aCHHXPOHHBIX 3JIEKTPOJBUTATENSAX JOKOMOTHBOB // U3Bectus llerepOypreckoro yHuBepcuTera
myTteit coodmenust. CII0.: IIIYIIC, 2026. T. 23, Beim. 2. C. 360-369. DOI: 10.20295/1815-588X-2026-2-
360-369

AHHOTALUSA

Henan: nns npenynpexieHUs] BOSHUKHOBEHUSI HEHMCIPABHOCTEH OOMOTOK TATOBBIX 3JIEKTpPOJBUTATENEH
(TBO) 10KOMOTHBOB HEOOXOAMMO HU3YUHUThH MPOILIECCH TEPMOMEXAaHUUECKOTO CTApEHUS U30JIAINH, a TaK-
JKe TIEpBUYHBIC MPU3HAKK Havalsla MOBPEKACHNUS M30JAIMOHHOTO MaTepruaia oOMOToK. B manHOi cTarbe
UCCIIeIOBaHUE YCKOPEHHOTO CTapeHHsI M30JISAIUH MPOBOJMTCS HA CEIMEHTHPOBAaHHBIX 0OMOTKaxX W pas-
BEpTKe cepieuHrKa. MeToabl: i MPOBEACHHS SKCTIEPIMEHTOB ObLIA MMPEIIOKEHA METOIMKA TTO3TAITHOTO
BBITIOJIHEHUSI UCTIBITaHUH. Ha mepBom sTarme mpoBOAMINCH NPEABAPUTENIbHBIE UCCIEOBAHUSA, B PaMKax
KOTOPBIX OIICHUBAIACh pA0OTOCTIOCOOHOCTh M TOYHOCTH H3MEPHUTEIHLHOTO 000PYIOBaHUS, KATHOPOBAIHCH
MU3MEPUTEIBHBIE CXEMBI 1 TECTHPOBAJIOCH MPOrPaMMHOE OOECTIedeHne CUCTEMBI cOopa, repeaadn, oopa-
00TKM 1 0TOOpakeHus: nHpopmMaru. Ha BropoM dTare ObUTM NPOBECHBI SKCIIEPUMEHTBI Ha J1a00paTop-
HBIX MOJIEJISIX, TPEACTABISIONNX COO0H CrennaibHO M3TOTOBIEHHBIE HAaTypHBIe 00pasisl. Tperuit stan
BKJIIOYAJT HKCIUTyaTaI[IOHHBIE MCIIBITAHUS Ha CTEHJE B3aWMHOW Harpy3Kd IeXa KalUTaJIbHOTO PEMOHTA
T3/I. Pe3yabTaThl: B X0/ HCCICAOBAHNNA BEIYUCIICHBI paanaibHas AehopMalius 3y0a craropa, OKpyKHas
neopManys B sipMe CeplieuHrKa cTaTopa, oceBas Aedopmarns Ha 3aJHEH CTEHKE CTaTopa BO BpeMs Ha-
rpeBa Ha 100°C. ITonyueHHBIC TaHHBIC MOTYT OBITH MCIIOIH30BAHBI JISI TIOBBIIICHIS] TOYHOCTH TETUIOBBIX
pacueToB IMEKTPUYECKUX MAIIMH MEepeMEeHHOro Toka. IlpakTuyeckasi 3HAYMMOCTD: JUUIsI 0OECTICUSHHS
Hajie)KHOCTH paboTsl TO/] kpaiiHe Ba)KHO yYMTHIBATh TEIUIOBBIE MOTOKH MPH COCTABICHUU PEKHMHBIX
KapT JBWKEHHS TO€3/I0B M IMPOBEJCHUU TATOBBIX pacueToB. HeBbImomHeHne 3Toro TpeOOBaHHUS MOXKET
npuBecTy K neperpeBy TO/l, uTo, B CBOIO Ouepelb, 3HAUNTEIHHO COKPAIIAET UX CPOK CIYKOBI U MOXKET
BbI3BaTh aBApPHUITHbBIE CUTYAIHH.

KaroueBble cj10Ba: TATOBBIN SJICKTPOABUIATCIIb, U30JIALNA, HANCKHOCTD JJICKTPUYCCKHUX MallluMH, ATUAarHo-
CTHKa TATOBBIX 3J'I€KTpOI[BHF8.TCJ'ICfI, TEPMOMEXaHNYECKOC CTAPECHUEC U30JIAIUN

BBenenue

CocrosiHUE M3OJSIIUKM OTPEAENACTCS MHOXKe-
CTBOM MapaMeTpOB, KOTOPHIE MOKHO HU3MEPUThH
C MOMOIIBIO MITATHBIX CPEICTB WJIM B XOAE€ J0-
NOJIHUTENBHBIX HCIBITAHUM Ha paboTaroiiem
WM OTKJIIOYEHHOM TSATOBOM 3IIEKTPOJBHUTraTene
(T3MH). IMockoabKy O JOITOBEYHOCTH OCHOBHBIX
KOMITOHEHTOB M30JIAIIMU U3BECTHO HE TaK MHOTO,
CIIO)KHO JIaTh TOYHYIO OLEHKY HX HaJeKHOCTH.

OnmHako Ha OCHOBE PE3ylbTaToB (hU3UUECKOTO
MOJICTTMPOBAHUS MOKHO CZ€JIaTh BBIBOJBI 00 OT-
JICJIbHBIX XapaKTEPUCTUKAX U3OJSAIMOHHBIX MaTe-
puaiios [1-2].

[esnb SKCIEpUMEHTANIBHBIX MCCIEIOBAHUNA —
U3YUYUTh MPOLECCHl TEPMOMEXAHUYECKOTO CTape-
HuUs 3o TO/] v npu3Haku Hayana MmoBpex-
JIEHUS N30JMH. B JTaHHOM cTaThe ncclieloBaHne
YCKOPEHHOTO CTAPEHMSI M30JISIIUH ITPOBOUTCS Ha
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CETMEHTUPOBAHHBIX 0OMOTKaX W Pa3BEepPTKE cep-
JeyHuKa. J{71s mpoBeieH s SKCIIEPUMEHTOB ObLIa
NpeIIoKeHa METOMKA MOITAIHOTO BHIMOJTHEHUS
WCITBITAHUMN.

OCHOBOI1 3KCIIEPUMEHTAJILHBIX UCCIEIOBAHUN
SBISETCSA TPUJIOKEHUE K MaTepuany H30JSIUU
BCEX BO3JICHCTBYIOIIMX Ha Hee (PakTOpPOB B Mpo-
necce skcryarauuu TOJ [3-5]. B uneansHoM
ciydae 3TH (aKTOPbl JOJKHBI MPUKIIAIBIBATHCS
OJTHOBPEMEHHO, OJTHAKO CJICAYET MPH3HATh, YTO
CTPOTOE BBITMOJIHEHHUE ATOTO MpaBWJia HE BCEraa
NPAKTUYECKU BO3MOKHO B J1a0OPATOPHBIX YCIO-
BUsX. bosee Toro, olHOBpEMEHHOE MPUIIOKECHUE
BO3JICHCTBYIOMNX (DAKTOPOB CJHEIAET IKCIEPHU-
MEHTaJIbHBIC MCCIICIOBAHUS HEOMYCTUMO CIIOXK-
HBIMH U JIOPOTOCTOSIIIUMH.

[Toatomy pa3zpaboraHHas MeToauKa Oa3upy-
€TCs Ha pe3yibrarax IMKIMYeCKUX HCIBITaHWH,
B KOTOPBIX OCHOBHBIM JJOMUHUPYIOIIHM (haKTOpOM
crapenust u3onsiuuu TOJI sBseTcs TemMmneparypa.

Ha mepBoM sTame npoBOAWIIMCH TpeIBapH-
TEJIbHBIE UCCIICIOBAHMS, B paMKaX KOTOPBIX OIle-
HHMBaJach PabOTOCHOCOOHOCTh M TOYHOCTH W3-
MEpHUTENBHOTO 000pYA0BaHHS, KalIuOpOBAIUCh
U3MEPHUTEIIbHBIC CXEMbl W TECTHPOBAJIOCH IPO-
rpaMMHOE OOecCredeHne CHCTeMbl cOopa, mepe-
Jaqu, 00pabOTKM M OTOOpakeHUs WH(POPMAIIHH.
KoHTposbHBIE 3aMephl MOATBEPIUIN, YTO H3MeE-
PUTENbHBIA KOMILIEKC 00ecreynBaeT TpedyemMyro
TOYHOCTh U MOXKET OBITH MCIIONB30BAH JJI JKC-
NEPUMEHTAIILHBIX McCie0BaHui u3onsiun TI/].

Ha BTOpoM aTame ObUIM MPOBEIEHBI IKCIIEPH-
MEHTBI Ha J1a0OPAaTOPHBIX MOJENSAX, IMPEICTaB-
JSIOIMX COOOM CHENHaNbHO H3TOTOBIEHHBIE
HaTypHble 00pasibl. [lomydeHHbIe pe3yabTaThl
MO3BOJIMJIM BHECTH KOPPEKTHBBI B CO3aHHBIE
MaTEeMaTHYECKUE MOJICIH M OKOHYATEJILHO OIpe-
JICTTUTh TEXHUYECKUE PELICHUS YIS TATbHEHIITHX
IKCIIEPUMEHTAIBHBIX PaloT.

Tpetuit sTam BKIIOYAN AKCIUTyaTallMOHHbBIE
UCIIBITAHUS HA CTEHJIE B3aMMHOW Harpy3KH Iiexa

KanutaiabHOoro peMoHTta TOJ[ cepBuCHOTO J0O-
KOMOTUBHOTO Jieno TBepu — CTPYKTypHOTO
nozapasznenenuss  Cemepo-3anagHoro — ¢uiuana
000 «JlokoTex-CepBuc» u temioBoze 2TI116-
986 cexuus b OO0 «TpancOiin», 0OCHALICHHOM
cucremoil ACK. McnbiTanust npoBOAMINCH B YC-
JIOBUSIX OOBIYHOM IKCILTyaTalnu, 0€3 KaKuxX-J1m00
orpaHuueHuil. B Xoze 3TUX UCTBITAaHUN YTOYHS-
JICh OT/ICJIbHBIC TTAPAMETPhI, Kacatolrecs u3mMe-
HEHUS TEMIIEPaTypHBIX PEKUMOB padoThl TO/I.

[TapameTpsl U30JIALIUU U3MEPSUTUCH TTPH KOM-
HATHOM TeMIepaType HCIbITyeMOro obpasia
U TpU KOKIOM €€ (UKCHPOBAHHOM 3HAUCHHHU.
JIMarHOCTUYECKHE U3MEPEHUSI COCTOSTHUS M30JIs-
IIUM TIPOBOJTMIIMCH B HaYajIe UCCIICOBAaHUN TTOCIIE
kaxabix 100 1UKIOB HarpeBa v Mocie paspylie-
HUSI MaTepuasa W30JSIKHU, KOT/Ia YKCIIO0 IUKIOB
cocrapisio MeHee 500. 3To JaeT BO3MOKHOCTH
ONpENENUTh B3aUMOCBSI3b MEXKIY TeMIlepary-
pOH, BpeMEHEeM, KOHCTPYKIIMEH U MEXaHU4eCKON
HArpy3KOH CHCTEMbI SJIEKTPUYECKON H30JISAIHUU
B 00OMOTKax.

YCKOpeHHBIE HWCTBITAHUS TPOBOIWINCH IS
yBEINYEHHUsT MHTEHCHUBHOCTH BO3JCHCTBUS TEp-
MOMEXaHUYECKHX HANpsHKCHUH Ha CTapeHHe
M30JISIIMKA 0OMOTOK M COKpAIllEHHE BPEMEHH DKC-
MEPUMCHTAIBHBIX ~ MCCIIEIOBaHUM. Pe3ynbrars
YCKOPEHHBIX HUCIBITAHUN YacTO HCIOIb3YIOTCS
JUISL OLIEHKU CpoKa CiyxObI m3omsauuu TOJ] npu
HOPMAaJIbHOM IKCILTyaTaluu.

Iopsiiok npoBeaeHUs1 IKCIEPUMEHTAJIbHBIX
HCCJIeI0BAHUI TePMOMEXaHUYeCKUX
HANPSKEHNH B cepeYHHKe CTATOpPa
ACHHXPOHHOI0 3JIEKTPOABHUIaTeJIsl

Jlnst u3ydeHus: nedopmaliii cepaedHnuKa ObLt
BBIOpAH CTaTOp ACHHXPOHHOTO ANIEKTPOIBUTATENS
BASOMB2 momnocTsio 2,2 kBT, npencrasnen-
HBII Ha puc. 1.

DTOT IBUTraTeNnh ObLT OCHAIIIEH TEH30METpUYe-
CKMMH JIaTYUKAMU U TEPMOAATYMKAMH, KOTOPHIE
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ObLTH YCTaQHOBIICHBI B HamOoJee HarpsKEeHHBIX
MecTax. BbiOOp 3TOM 31eKTpUYECKOW MAaITHHBI
IS AajbHEHIero mccienoBaHus ObLl 00yCIIOB-
JIeH TeM, YTO OHa MPEACTaBIseT cO00il TUIIOBYIO
KOHCTPYKIIMIO C XOPOIIO U3BECTHBIMU XapaKTepu-
CTHKaMH, TAKUMH KaK TEOMETPHS U MaTePHaJIbl.

B kauectBe mamepurenei aedopmanuii u Ha-
NpsOKEHUH OBUTM MCTIONB30BaHbl (hOJIBTUPOBAH-
HbIE KOHCTAHTAHOBBIC TEH30PE3UCTOPHI CEpHHU Y,
obnanatormue conporusineHreM 1000 Owm, nuana-
30HOM pabouux temmeparyp oT —70 mo +200°C
U TeMIepaTypHbIM K03 (HUIIMEHTOM CONPOTHBIIE-
aus 1,15 107 1/K.

JlBa maTumka TeMmmeparypbl ObUIM YCTaHOB-
JICHbI KaK MOXXHO OJIMKE€ K TEH30METPUYECKUM
JIaTYNKaM — Ha Hapy»XHOW CTOPOHE CeplIeYHUKa
U Ha BepIIrHe 3y0a. DTo ObLIO clienaHo s yue-
Ta Tpoliecca Harpesa, MOCKOIbKY TeMIepaTrypa
Ha Hapy>XHOW CTOPOHE Cep/ICYHHKA U Ha BEPIIMHE
3y0a HEMHOTO OTJINYaeTCS.

Puc. 1. YcranoBxka 11s1 KCCIIeIOBAaHUS
nedopmanuii cepaeunuka. @oro: M. A. Lpaiidep

Yto0bl ompenenuTh Haubojee KPUTUUECKUE
MeCTa, TJIe JAOKHBI OBITh YCTaHOBICHBI TEH30MeE-
TPUUYECKUE JaT4YUKH, ObLIa CO3[jaHa MOJENb 3y0-
110BO# 30HbI [6—8]. Ha puc. 2 npencrasieHo pac-
YETHOE pacrpeieNieHle HOPMaTbHBIX HAPSHKEHUN
B 3yOILIOBOW 30HE CEp/ICYHUKA DIEKTPOJBUTATEIIS
npu ycranoBusLiercs temneparype 160 °C. Kpac-
Hasi 001acTh, pacHoONIOKEHHAsT MEXAY BYMsI Ma3a-
MU, BBIJIETSIETCS KaK 30Ha C O/IHOM U3 CaMbIX BBICO-
KUX aMIUTUTY]] IPUIOKEHHOTO HAMPSKEHHS.

B pamkax miaHHpyeMoOro SKCIEepUMEHTa
HEOOXOMMMO M3MEPUTh TPAJAUCHT TeMIlepary-
pbl ¥ HampspKEHUE B ATOW 00nacTu, KOTopas Ha
puc. 2 0003HaYe€Ha TEMHO-CUHUM L[BETOM. 371€Ch
OBbLTH YCTaHOBJIEHBI TEH30METPHUUYECKHUE JATUUKH
U JaT4uku Temnepatypsl. [lockoibky skcmepu-
MEHT HOCHT JAMHAMHUYECKHH XapakTep, TO eCTh
Mozienupyer aedopManuu, pasHble YacTH CTaTo-
pa OyIyT HarpeBaThCsl MO-pa3HOMY H3-3a €ro reo-
METPUU U PA3IMYHON MAcChl B Pa3HBIX MecTax.

©
+
+
+
+
+
+
#
+1
+
+
+
+

Puc. 2. YcranoBuBLIeecs pacnpeeicHue
HaNpsDKEHUH 3yOII0BOM 30HBI CEpACUHUKA
ANEKTPOABHUTATEIIS
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B pesynbrare reomerpuueckue pazmepbl OymyT
U3MEHSTHCS] HECUHXPOHHO.

B xoHCTpyKIMHK HccnenyeMoro 00beKTa cyle-
CTBYIOT JIB€ 00JIaCTH, TJIe TeMIepaTypHbIe IpaIu-
€HTBI TPOSIBISIIOTCSI OCOOEHHO SPKO: 3TO BEPIIH-
Ha 3y0a M 3aJHss 4acTh cTaTopa. B cBs3u ¢ aTUM
OJIMH TEH30METPUYECKUI AaTYMK ObLT pa3MelieH
Ha MOBEPXHOCTH CEpJCYHUKA, BOJIMU3U €ro BepX-
HEro Kpas, a Jpyroil — Ha KOHIIe 3y0a craropa.
Takast koH(UTryparys MO3BOJSIET TPOBOAUTD H3-
Mepenust aedopMaluy Kak B paauaibHOM, TaK
U B TAHTEHIIMATLHOM HAlpaBICHUSX, YTO HATISA-
HO MPEACTABIECHO Ha puc. 3.

B 3aBepuienue mpouenypbl YCTaHOBKH TEH-
30METPUYECKUX JAaTYUKOB TMOCIEIHUI M3 HHUX
3aKperisieTcsl Ha 3aJHell CTOpPOHE CepieYHHKa
cTaTopa ¢ LEeNbI0 PEerucTpaliy MpoAOIbHON Jie-
¢dopmaruu. Cratop ObLIT HOMEIIIEH B [1€Yb, TJI€ €T0
HavanbHas TeMIepaTypa COCTaBisia MPUOTU3H-
tenbHO 20-22°C. B xome ucciienoBaHus ObUIH
U3YYeHbI TPU PA3IUYHBIX YCTAHOBHUBIIMXCS TEM-
HepaTypHbIX PEKHMa U MPOLIECC HArpeBa MEXIY
HUMH. J[7151 5TOTO medyb BMECTE CO CTaTOpPOM Ha-
IPEBAIM B HECKOJIBKHX OTAEIBHBIX IKCIIEPHUMEH-
Tax J0 JOCTH)KCHHUS YCTAHOBUBILUXCS PEKUMOB
HarpeBa, kotopbie coctanisii 50, 100 u 150°C .

HcnpiTarenbHblil cTeHA, pa3paboTaHHBIN U CO-
OpaHHBI COOCTBEHHBIMU CHJIAMH, IO3BOJSET
BOCCO3/IaBaTh U MOJIEPKHUBATh TpeOyemble Ter-
JIOBBIE LIUKJIBI, KOHTPOIHPYS MapaMeTpbl TOKa,
TeMIlepaTypy HarpeBa H30JISIMOHHOTO Marepha’
Ja U CKOPOCTh NPUHYAUTEIBHOTO OXJIAKACHHS
B XOJI€ McCie0BaHui (puc. 4).

Bo Bpems wucmbiTanmii oOpaser momeriaercs
BTepMoIka(—kopoo pazmepom 1,5 % 1,25x0,75m,
KOTOPBIH CO BCEX CTOPOH M30JIMPOBAH MHHEPAIIb-
HOi1 Baroi ToumHoi 0,045 M 1 OKpyKEeH BHELIHUM
CIIOEM aJTIOMUHUEBOI (DOJIBIM, YTO CHOCOOCTBYET
CHIDKEHUIO TIOTePh TETUIOTHI 3a cYeT paauarmu. Jis
YCKOpEHUsI TIpoliecca OXJIaxJIeHUsI 00paslioB Tep-
MoIKa) OCHAIIEH BEHTHIATOPOM.

«

Puc. 3. PacnionosxeHne TeH30METPHUECKUX
JaTYMKOB B 3yOIIOBOM 30HE cTaTopa.
®oto: M. A. lpaiibep

Jlornueckas cxema HCIBITATENILHOIO CTEHJA,
IPEJHA3HAYECHHOrO JUI1 aBTOMAaTU3UPOBAHHOIO
TECTHPOBAHUS M3OJALMU, TpeOyeT HACTPONKH
MUHHMMAJIbHOM U MAaKCUMAJIbHOW TEMIIeparyp Ha-
rpeBa, a TaKke OOIIEr0 KOIMYEeCTBa LIUKIOB, KO-
TOpBIE HEOOXOAUMO BBITIOHUTb.

[Muxinyeckas Temueparypa AOCTUraeTcs 3a
CYET YNPABICHUSA DICKTPUUECKUM TOKOM, IIPO-
TEKAIOLUM I10 TPOBOAHUKAM OOMOTKH, U TIPUHY-
JUTEJIBHOTO BO3IYIIHOTO OXJIAXKACHUS, KOTOPOE
obecreynBaeTcs CHEeUUaIbHO pa3paboTaHHbIM
TEPMOPErYJIATOPOM. M3-3a OrpaHMUYEHHIA UCTIONb-
3yeMoro 00OpylIoBaHHs paboune HarpsHKeHUE
U TOK Ha UCIIBITATEIbHOM CTEH/Ie ObLIM yCTaHOB-
neHsl Ha yposHe 150 B n 40 A.

Jns Gornblielt peaTuCTUYHOCTH MEIHBIH Tpo-
BOJHUK B 3TOM YCTaHOBKE BBICTYIIA€T B POJIM MC-
TOYHHUKA TEIUIOTHI, KOTOpas EPEelacTCs 4epes Cu-
CTEMY DJICKTPUUYECKON M30JALMU K CEpICUHHKY.
DTO MPUBOJUT K TEIIOBOMY PACLIMPEHUIO 00pa3-
1[a, YTO BBI3BIBACT MCCIIECAYEMbIE MEXAHUYECKUE
HanpspkeHus. Harpysku Ha 3IeKTpUUYECKYIO U30-
JIILMAIO MOT'YT Pa3/IMyaThCs B 3aBUCUMOCTH OT Xa-
pakrepa TernoBbIxX LuKIoB [9-10]. Ilo cpaBHeHMIO
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Puc. 4. O0Omwmii Buj creHaa Juis uccienaoBanus u3ossitun. ®oto: M. A. lpaiibep

C TETUTOBBIM HAINPSDKEHUEM, CO3/IaBAEMBIM IEUbIO0,
HCIIBITATENBHBIN CTEH ] 00ecIIeynBaeT 0oJiee ToY-
HOE pacrpe/esieHne TeMIeparyphl, KOTopoe 0-
CTOBEpHEE OTpPAKaeT MPOIECCHI, MPOUCXOIAIINE
B O0OMOTKaX JIEKTPUYECKUX MAIIHH B PEaTbHBIX
ycnoBusix (puc. 5).

[Tpu ucnonb30BaHUM OOMOTOK AIIEKTPHUECKUX
MAIITMH MPOTEKAIOIIUI 10 MPOBOIHUKAM TOK (3e-
JICHAs JIMHUS ) TEHEPUPYET TEIUIOTy (KpacHas Jiu-
HUST), YTO TIPUBOJUT K TIOBBIIIICHUIO TEMIIEPATYPhI
0OMOTKH, KOTOpast 3aTeM MepelaeTcs OT MPOBOI-
HUKOB K cepaeuHuky. Ilpormemypa ucCHbITaHUS
C TIEPEKJIIOYEHNEM HaNpPsDKEHHS MMTaHUS 3aKITIO-
YaeTcs B MPOITyCKaHUH TOKA Yepe3 OOMOTKH st
UX Harpesa, Beiepxkke B TeueHue 100 ¢ s cra-
OUJIM3aluH TEMITEPaTyPhI, a 3aT€M B OXJIAKICHUH
UCTIBITYEMOTO 00BEKTa JI0 TeMIIepaTyphl OKPYKa-

IOIIEH cpellbl U TIOBTOPHOM Tay3e ISl BhIPaBHU-
BaHMS TEMIIEPATypPhI B JIEMEHTaX OOMOTKH.

Jlns cOopa MaHHBIX B CTEHIOBOM YCTaHOBKE
ucnons3oBanrck Moxymu Advantech. Beero 6s110
3aJIEICTBOBAHO MSTh MOAYJEH C HACTPOECHHBIMU
JaTyuKamMu. OJTH MOJAYJIU B3aUMOJCHCTBOBAIU
JPYT ¢ APYTOM U C TJIABHBIM KOMITBIOTEPOM TI0
muHe RS-485.

[Tonb3oBarensckuii  WHTEpPQEIC
3a]aTh JKETaeMble TapaMeTpbl TeMIeparyphl,
a TaKKe KOJMYECTBO ITMKIJIOB IOBTOPEHHUS JIIS
ABTOMATHYECKON peasn3aIiii POrpaMMbI UCCIIe-
noBaHus. Takxke OblTa MPEAyCMOTPEHA BO3MOXK-
HOCTh 3aITyCKa U OCTaHOBKH MPOTPaMMbI B JIO-
6oi1 momeHT. I'padumueckuii unHTepdeiic, cOop
W PEeTUCTpanus JaHHBIX ObUTH HACTPOEHHBI HA pa-
6oty ¢ wacroroii nuckperuzanuu 1 I'm. 1o 3aBep-

ITO3BOJIAJ
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Puc. 5. [Tapametps 1uKIIa HarpeBa U OXJIAKCHHUS MaKeTa OOMOTKH Ha CTCHJIC

IICHUH MCCIICI0BaHMs Co3/1aBalics (aiii xypHaa
U3MEPEHHH IS TTOCIeaYIOIEeH 00paboTKy.

Pe3yabTaThl 3KCHEPUMEHTAIBHBIX
HCCJIeI0OBAHMI HArpeBa cTaTopa

Jlanee mpuBEICHBI JaHHBIC PACUCTHBIX U U3-
MEPCHHBIX 3HAUCHUI TeMIepaTypsl U aedopma-
W}, BEIYUCIICHHBIX C IMOMOIIBIO pa3paboTaHHOK
monenu B cpene SolidWorks, u HarpeBa cratopa
B meun 70 50, 100 u 150°C.

Ha puc. 6 mokazana 3aBUCUMOCTb U3MEHEHHUS
TEMIIEpaTypbl HarpeBa CTaTopa Kak Ui JKCIIe-
PUMEHTAIBHOM, TAaK U ISl UMUTALIMOHHON MOJIe-
JIM, TIIE TI0 OCH OPAMHAT OTJIOKEHA TeMIlepaTypa
B Ipajiycax, a rmo ocu abciucc — Bpems. Harpes
OCYILECTBISACTCSA OT KOMHATHOM TeMIeparyphl 10
JOCTHKEHHSI YCTAaHOBHMBIICHCS TEMIIEPaTyphl Ha-
rpeBa — 100°C. 3necy u nanee kpacHas JMHUS
NPE/ICTABISET HKCIEPUMEHTATbHOE H3MEHEHUE
UCCIIeTyEMOTO MapaMeTpa, a CHHsISI — €ro pacyer-
HOoe m3MeHeHue. Ha puc. 6 kpacHas TUHUAS — 3TO
U3MEPEHHOE M3MEHEHHE TEMIIepaTyphl Ha sSpMe,
CHHSIS JIMHUSL — 3TO U3MCHEHHUE Y3JI0BOU TeMIIe-
patypsl B COOTBETCTBYIOIIEM MECTE Ha SApMe s
UMUTAUOHHOW MOJISITH C TSUCHUEM BPEMECHH.

[TonydeHHbIe 3aBUCUMOCTH MOKA3bIBAIOT, YTO
pa3paboTaHHass MOJENb aaeKBaTHO OTOOpaXkaer

MPOUCXOJISIIME TPOIECCHl B XOJIE HArpeBaHUS
CeplieYHrKa SIEKTpoaBUrarens. MakcuMalbHOe
pacXOKICHNE M3MEPEHHBIX U PACUETHBIX JTAHHBIX
He npesbliaer 7,6 %.

CmonenupoBaHHasT W OKCIEPUMEHTATbHAS
panuanbHas nedopmarms 3y0a Mpu M3MEHEHHH
TeMIIepaTypbl HarpeBa MpecTaBlIcHa Ha puc. 7.
[TomyyeHHbIe pe3yNbTaThl JOCTATOYHO XOPOIIO
COTJIACYIOTCSI IPYT C IpyroM. MakcumabHOe pac-
XOXJieHHe He npeBbimaet 4,4 %.

Ha puc. 8 mokazaHa okpy)KHast/TaHTCHIHAb-
Has ieopManus B spMe CepICUHHKA TSI MOJICITN
1 OKCTIEPUMEHTA.

MakcuManpHOe  PacXOXKICHUE  JTOCTHIaeT
8,3%. D10 OTKIOHEHNE MOXKET OBITH OOBICHEHO
pE3yJIBTaTOM CJBUTA JIMCTOB CEpACYHUKA W3-32
HarpeBa, KOTOPOe HE YYUTHIBAIOCH B pa3paboTaH-
HOW MOJIEJIH.

Ha puc. 9 mokazana oceBas aedopmanus 3a1-
HEell YacTH Cep/IeYHHKa CTaTopa JUIs MOJCTHPOBA-
HUSI U DKCTIEpUMEHTa BO Bpems Harpesa Ha 50 °C.
OceBast [yTHA CTATOpa MCCIIEAYETCs, YTOOBI BbI-
SICHUTb, SIBIISICTCS JTU OHA KPUTHICCKUM MapaMeT-
POM, BIHSIONIMM Ha aMIUTUTY/IbI HAPSDKEHUH OC-
HOBHBIX KOMIIOHEHTOB HU3OJISIIUH.
nedopma-
M. HA 3aJHEH CTEHKE CTaTopa 10 CPaBHEHUIO

OKCrepuUMEHTallbHAasE ~ OceBast
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Puc. 8. CmonenupoBaHHast ¥ SKCTIEpUMEHTATbHAS
OKpYy’kHas Aepopmanus B ipMe
BO BpeMms Harpesa Ha 100°C

C MOJICTTMPOBaHUEM MMEET OTKJIIOHEHHE, IOCTUTa-
romee 11,6 % (puc. 9). Kak u B npeapiayiem ciy-
4ae, 3T0 MOKHO OOBSICHUThH TEM, YTO CEPACUHUK
CTaTopa COCTOMT M3 HECKOIBKUX COTEH CTabHBIX
JIMCTOB, U30JIMPOBAHHBIX JTAKOM. DTO MOXKET TPH-
BECTH K JPYroMy 3HAYeHHI0 KOd(pdHUIUEHTa Te-
IUIOBOTO PACIIUPEHHS, KOTOPBIA HCIOIB3YEeTCS
B UMUTAIMOHHON Mozenu. C ydeToM TOro, 4to
JIaHHAsI 30Ha PACIIOJIOKEeHA HA POTHUBOIIOIOKHOM
CTOpPOHE CeplecyHuKa, ee nedopmariys He3HaIH-
TENBHO BIIMSET HA BEMMUYMHY HAMpPSHKEHUN B Ma-
TepHraje U30JISAIHUA OOMOTKH.

Puc. 9. CmogenupoBaHHast ¥ SKCTIEpUMEHTAITbHAS
oceBast Aeopmanys Ha 3a{HEH CTEHKE CTaTopa
BO Bpems Harpesa Ha 100°C

B pesynbrare aHanu3a MOJTy4YEHHBIX JAHHBIX
YCTaHOBJIICHO, YTO pa3paboTaHHas TBepAOTeIas
MOJIETIb aZICKBATHO OTPAXaeT MPOTEKAIOUINE TPO-
LECChI U XOPOLIO COMIACYETCSI C aHATTUTUIECKUMU
BBIPAKCHUSAMU ISl KAaCATENIbHBIX 1 HOPMAJIbHBIX
HaIpsHKEHUN.

BriBoabI

1. Bbut pa3paboTaH crienuanbHbIil CTEH, KO-
TOPBIM IO3BOJAET IPOBOIUTH HCIBITAHUS H30-
JSILIMOHHBIX MAaTEPUAIOB HA TEINIOMEXAHUYECKUE
HIOBPEKACHUS U JUArHOCTUPOBATh UX ITapaMeTpPhl
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B YCJIOBHSAX, MPUOTHKEHHBIX K peaibHbIM. B xome
UCTIBITaHui ObLTO TpoBeaeHo 500 MUKIOB Harpe-
BaHa 100 °C. ITocne kaxapix 100 ukIoB HarpeBa
MPOBOJMIIMCH U3MEPEHHSI TAPAMETPOB U3OJISAIUH.

2. beuta paszpaboraHa cxema MOIKJIOYCHHS
JNIEKTPUUECKUX LENel, KOHTYpa OXJIaKICHUS
U TPOBOJHBIX COCTUHEHUM Ui JTaTYMKOB, yCTa-
HOBJICHHBIX HA CTEHJE U 3aJUTHIX BHYTPb 3KC-
NepuUMeHTabHOH 00MOTKH. [l obecneyeHus
HE3aBUCUMOTO ¥ aBTOMATH3UPOBAHHOTO IMPOIIEC-
ca HCIBITaHUH ObLIa co3/jaHa CUCTEMA aBTOMATH-
YeCKOTO yMpaBieHHs paboTOil MCHBITATEThHOTO
creHna u coopa nHpopMaIuu.

3. B pesynbrare MCHbITaHUN OBLTM M3YyUCHBI
BO)XKHBIC XapaKTEPUCTUKU 3JIEMEHTOB 3JIEKTPU-
YeCKOW MAalIMHBI, M3MEHEHUE KOTOPBIX MOXET
CTaTh MPEANOCHIIKOM K BOZHUKHOBEHHIO OTKa3a.
K Takum xapakTepucTHKaM OTHOCSTCS OCEBBIE
U OKpYKHBIE feopMaIiy cepIedHrKa CTaTopa.

4. TlpakTuka yOeAuTeNbHO MOKa3ana, 4To JIs
obecreueHust HajexHocTH paborel TOl kpaii-
HE Ba)XHO YUYUTHIBATH TEIUIOBOM MOTOK IPU CO-
CTaBJICHUU PEKUMHBIX KapT IBUKEHHS MOE3/10B
U TPOBEIECHUM TATOBBIX pacueToB. HewbimosHe-
HHE 9TOT0 TpeOOBAHUS MOKET MPUBECTU K TIepe-
rpeBy TOJl, uto, B CBOIO OYepelb, 3HAUUTEIBHO
COKpAIaeT CPOK MX CIY>KObl M MOKET BBI3BaTh
aBapUiiHbIE CUTYaIIH.
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Abstract

Purpose: to prevent faults in the windings of locomotive traction electric motors (TEMs), it is necessary
to study the processes of thermomechanical aging of the insulation, as well as the initial signs of damage
to the insulation material of the windings. In this article, the accelerated aging of the insulation is studied
on segmented windings and core scans. Methods: a step-by-step test methodology was proposed for
conducting experiments. In the first stage, preliminary studies were conducted to assess the performance
and accuracy of the measuring equipment, calibrate the measurement circuits, and test the software of the
information collection, transmission, processing, and display system. In the second stage, experiments
were performed on laboratory models, which were specially designed prototypes. The third stage involved
operational tests on the mutual load bench in the TED overhaul workshop. Results: in the course of
research calculated the radial deformation of the stator tooth, the circumferential deformation in the stator
core yoke, and the axial deformation on the rear wall of the stator during heating by 100 °C. The data
obtained can be used to improve the accuracy of thermal calculations for AC electric machines. Practical
significance: to ensure the reliability of the TED operation, it is extremely important to consider the heat
flows when drawing up the train movement mode maps and conducting traction calculations. Failure to
comply with this requirement can lead to overheating of the TED, which in turn significantly reduces their
service life and can cause accidents.

Keywords: traction electric motors, insulation, reliability of electric machines, diagnostics of traction
electric motors, thermomechanical aging of insulation
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YK 656.222

MOAEHI/IPOBaHI/Ie ABM)KeHUAa noe3aoB Ha OCHOBaHMU aHalin3a
CTaTUCTN4YeCKMX AaHHbIX

A.B. fizeB’, B.B. KocreHko', A.H. IBaHKOB?

'TletepOyprekuii rocy1apcTBEHHbIN YHUBEPCUTET My Tel coodmenus Mmmneparopa Anexcannpa I, Pocens,
190031, Cankr-IleTepOypr, MockoBcKwii 1p., 9

2000 «IICK TexITpoek», Poccus, 107140, Mocksa, Kpacnocensckuii 3-i nep., 21, ctp. 1

Jast uurupoBanusi: Azes /[. B., Kocmenuxo B. B., Heanxoe A. H. MoaenupoBaHue IBHKEHUS MOE30B
Ha OCHOBaHWM aHAJIN3a CTATUCTHUYECKNUX AaHHBIX // 3Bectus [letepOyprckoro yHHUBEpCUTETa MyTeH CO-
obmenus. CIIO.: IITVIIC, 2026. T. 23, Beim. 2. C. 370-380. DOI: 10.20295/1815-588X-2026-2-370-380

AHHOTAIUSA

B crarbe paccmarpuBaroTcst 0cOOEHHOCTH MOJIEIMPOBAHUS JBM)KEHUS ITOE3/10B C YTOUHEHUEM Pe3yIbTaToB
TATOBBIX pacyeroB. Llens: Moaudukanust ypaBHEHUsI ABHKESHUS NO€3/]a C YYETOM CIIy4aiHbIX (aKTOpOB
Ha OCHOBaHUM 00paOOTaHHBIX CTATHCTUUECKUX NAHHBIX JUIS MCIOIb30BaHUS B IUHAMHYCCKHX MOIECTIX.
MeToabl: MaTeMaTH4YECKOE MOJEIMPOBAHNE, TEOPHUS BEpOATHOCTEN, MeTo/bl Ditnepa, Pynre — KyTTsl.
IIpoBepsroTcst CTaTUCTUUECKHUE TUIIOTE3bI O MPUHAUIEKHOCTH JAaHHBIX PErHCTpalK peajbHbIX MOE3/10K
Y JTaHHBIX, MTOJyYEHHBIX MOJECINPOBAHUEM, K OJHON T€HEepaJbHONH COBOKYNHOCTH. Pe3yabTaThl: B X0/
aHaJIM3a CTaTUCTUYECKHX JIAHHBIX, TOJYYEHHBIX C KACCET PETUCTPALMU U CKOPOCTEMEPHBIX JICHT, Mpe/ia-
raeTcsl yTOYHUTh CYIIECTBYIOIIEE YPaBHEHHE JBIKCHHSI KOPPEKTHUPYIOMIMMHU KOAPPHUIIMEHTaMU, TTOTyYeH-
HBIMH SMIIMPUYECKUM ITyTeM. BeABUraeTcs runoresa o NpuHaAIeKHOCTH CTAaTUCTUYECKUX U PACYETHBIX
JIAaHHBIX K OJIHOM reHepasibHOM coBOKynHOCTH. IIpakTHyeckasi 3HAUMMOCTB: B Pe3yJbTaTe MOATBEpKIe-
HUSI THITOTE3bI MOAM(DUIIMPOBaHHOE YpaBHEHHE JBHKCHUSI BOBMOXKHO MCIIOJIb30BATH ITPH MOJACTHPOBAHUN
JIBUKEHHS TIOTOKA [TOE3/10B € Pa3IUYHBIMH IHHAMUYECKUMH XapaKTepUCTUKAaMHU, B TOM YHCJIE IIPU IIpHeMe
W OTIIPABJICHUH HA CTAHIUSX, & TAKXKE ONPEACIUTh (paKTHUECKHEe 3HAUCHHS CTaHIIMOHHBIX U MEXKITOE3/1-
HBIX UHTEPBAJIOB.

KiroueBble cioBa: YPaBHCHUEC ABMKXCHUA ITOE€3/1a, TATOBBIC paCuYCThl, JTUHAMUKA JIBUXCHU I10€3/1a, MaTe-
MAaTH4Y€CKOC MOACIIUPOBAHUC, HpI/I6BITI/Ie Ha CTaHIIUIO

BBenenne

[Ipy nIaHUpOBAHMU TOE3IHON PabOTHI, CO-
CTaBJIEHUU rpaduKa JABMKEHUS 110€3]10B, ONpee-
JIEHUH JIMMHUTHUPYIOIIUX 3JIEMEHTOB MPOIMYCKHON
CTMOCOOHOCTH W PEIIeHUH MHOTUX JAPYTUX Ha-
YUYHO-TEXHUYECKHUX 3a/1ad HE BCErIa JOCTaTOUYHO
YIPOILEHHOTO MPEACTABICHUS JBHKEHUS IPYy30-
BOTO TI0€3/1a JIMHUEH § = f(?) HAa OCHOBAaHHUHU CPEJl-
HHX 3HAYE€HUN CKOPOCTH JIBIKEHUS TI0 TIEPETOHY
Y Ha y4yacTKax pa3roHa W TopMmoxkenus. IIpu He-
00X0AMMOCTH JIeTaJIM3alluy ONUCAHUs Tpolecca
JBIKEHHS OOBIYHO MPUMEHSIOT TATOBBIE pacye-
ThI, @ TAKXKE CTEIHATU3UPOBAHHOE MTPOTPAMMHOE

obecrieueHne 1Mo MX aBTOMATH3allMH, HaIpUMeEp,
«MCKPA-IITPy», «9PA-TOIl», MCY, KOPTOC
urt . [1-4].

Ho HeoOxommMo moHMMATh, 94TO (haKTUIECKoe
JBIDKCHHE ITOE3I0B 3aMETHO OTIMYAeTCsS OT TEO-
petryeckoro. TAroBbie pacyeThl 1al0T UACATBHBINA
CITy4a, o KOTOPOMY MOE3/1 MOKET MPOCIE0BATh
C Y4€TOM BCEX MMapaMeTPOB U OTPaHUUEHUH, TIPeI-
JlaraeéMbIX METOJMKAMH TSITOBBIX M TOPMO3HBIX
pacdetoB. [Ipy 7TOM HE yUUTBIBACTCS BIUSHHUE HA
JMHAMUKY JBYDKCHHS T10€3/1a MHOTOYMCICHHBIX
BHEIITHKUX, 3a4acTyl0 CIy4alHbIX (DAaKTOpOB, Ta-
KHX KaK:
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* ONBITHOCTh MAIIMHUCTA;

* TEXHUYECKOE COCTOSIHUE JIOKOMOTHBA U Ba-
TOHOB;

* pacrpe/eNeHie BaroHOB Pa3HOM Macchl MO
COCTaBy;

* TIOTO/IHBIC YCJIOBHS;

* paCTOJIOKEHUE Pa3ICIUTEIbHBIX CTPEIOK
Ha MapuIpyTax ¥ MyTH MpHEeMa U OTIPABICHUS
1oes3/a;

* OIEpaTUBHBIE 331a4H, TOCTABIECHHBIE NIEPE]T
MAIIMHUACTOM TOE3HBIM TUCIIETYEPOM U JIEXKYP-
HBIM I10 CTAHLIUU U T. II.

B psne ciaydaeB yder 3Tux (hakTopoB HE Ba-
KEH, TaK KaKk B rpadukax IBHKEHHS Ha OCHOBA-
HHUU ONBITHBIX MOE3]J0K 3aJI0KEH 3a1ac BPEMEHHU.
Ho B mocnennue roapl CyIIECTBYET TEHICHLUS
MOBBIMIAT TPOMYCKHYIO CIIOCOOHOCTH YdacT-
KOB 32 CYET HCMOJIb30BAHUS HKCIUTyaTalluoH-
HBIX pe3epBOB. Takue BO3MOXKHOCTHU MOSBUIIUCH
B CBSI3M C HOBBIMH CHUCTEMaMM aBTOMATHYECKOM
OJIOKUPOBKH, KOTOPBIE MO3BOJIIOT CHU3UTH MEK-
MOE3/IHBIC WHTEPBAJIbl HA TIEPETOHAX B TPY30BOM
JBIWKeHUU 10 5—6 MuHyT [5]. Takum oGpazom,
pacueTHasl MPOIYCKHas CIIOCOOHOCTb, Ompese-
JICHHAsA B COOTBETCTBUM C METOJUKOH [6], MOBBI-
IIA€TCs, HO 3TO MOBBIIICHUE HE MOATBEPHKIACTCS
NPaKTHKOH. Jaxke MUHUMAaIbHbIE 3aJIEPKKH OJTHO-
r0 U3 MOE3/]0B, CIEAYIOIINX B IIOTOKE Ha MEXIIO-
€37IHOM MHTEpPBaJe, BHI3bIBAIOT LIEMTHYIO PEAKIIUIO
3aMeJJICHUs] BCero moToka. Hambonee CloxkHBIN
CITy4all MPEICTABISIOT COOOM CTHIKM MEPETOHOB
u cranimii. HabmomaroTcst MHOTOUMCIIEHHBIE CITY-
Yyau, KOrja MPOIyCKHas CHOCOOHOCTh CTaHIUMN
HE TI03BOJISIET 00ECHEeYNTh WHTEPBAJ MOIMYTHOTO
NpUOBITHS WIN OTIPABIECHUS, COOTBETCTBYIOLIUI
MEXIOE3THOMY HMHTEpBaNTy aBTOOIOKHPOBKH Ha
MpUJIeTaloNIMX neperonax [7-9].

B cB3u ¢ 3TUM mpH NOCTPOEHUU MOJENEi
JIBMKEHHUS TTOE3/I0B B MIOTOKE, COOTBETCTBYIOLIMX
peanbHON CUTYyaIu, HEOOXOAUMO HCIOIB30BaTh
peanbHble BpeMEHa XO0/a, a TaKkke (aKTHYeCKHe

3aBUCHMMOCTH BHIa v = f{5), ¢ pa3OuBKOH Ha
aneMeHTHI 110 5—20 M.

Ieau u 3agaun

Llenpto naHHOM paboTHI SABISETCS YTOUHEHHUE
ypaBHEHUS ABMKEHUS O€3/1a JUIsl MOJICTUPOBAHUS
ero JIMHAMHKU C YYeTOM CIy4aifHbIX (DaKTopoB
HA OCHOBAaHMHU CTATHCTUYECKUX JaHHBIX. [lyist ee
JOCTIDKEHHSI PEIIeHBI CIeAYIOINe 3a1a4u: cOop
U CTaTUCTUYECKass 00padoTKa JAHHBIX KacCeT pe-
TUCTPALMK ¥ CKOPOCTEMEPHBIX JIEHT, UCCIIE0Ba-
HHE COCTABJISIIOUIUX YPAaBHEHHS JIBHKEHHS [T0€31a,
no00p YTOYHSIOMUX KO3 (HUIIHMEHTOB, TPOBEpKa
TUNOTE3bl O MPUHAAJIEKHOCTH CTATUCTUUECKHUX
U TEOPETUYECKUX JAHHBIX K OJHOM I'€HEpaIbHOU
COBOKYITHOCTHU. B paboTe mpumMeHeHbl METO/IbI Ma-
TEeMaTUYECKOTO MOJICIIUPOBAHUS JIBUKEHUS MOE€3-
71a, TPOBEPKU CTATUCTUUECKUX TUTIOTE3.

AHAJIN3 CTATHCTHYECKHX JTAHHBIX

JlaHHBIE O JMHAMHUKE JBIIKCHHS TPY30BBIX
MOE37I0B  COOpaHbl 1O PA3TUYHBIM TEPErOHAM
u ctanusaM OKTSOPHCKOM KEIe3HOM JOPOTH.

PesynbraTel aHanmmM3a CTaTHCTHYECKUX JaH-
HBIX TIOKA3aJId, YTO IS JalbHEeHIIeln o0paboTKu
JaHHBIX CIIETYEeT pa3aeluTh ITPy30BbIe M0e3/1a M0
BECOBBIM KaTE€rOpHUsIM Ha JieTKue (MMOPOKHUE), BE-
com 110 2500 T, cpenHue (CpemHerpyKeHbie) — OT
2500 mo 4500 T, Tsoxensie (rpyxeHbie) — 4500 T
U BblIIe. J[aHHast 1eKOMIO3UIIMS MTO3BOJISIET MO0~
OpaTb mapameTpbl HOPMAJIBHOTO pacHpeneNeHus
CKOpPOCTEH JIBHKEHHUS TOE3[0B B 3aBUCHMOCTH
OT CKOPOCTHBIX OTpaHMYEHHI Ha yyacTKax C He-
3HAYUTENbHBIMU YKIOHAMH. [laHHBIE pe3yabTaThl
MPOBEPEHbI HAa COOTBETCTBHE 3aKOHY pacmpese-
nenust no kpureputo Jlnnnuedopca U KpUTEPUIO
cornacusi [Iupcona. KpuBas mioTHocTH BeposT-
HOCTH ISl TSDKEIBIX MOE3/I0B MPU OTPAHUYCHUU
80 xm/4 mpencrasieHa Ha puc. 1. Taxxke momyye-
HBI 3aBUCHMOCTH JIJISl TApaMeTPOB HOPMAIbHOTO
pacrpeneneHus, npeacTaBIeHHbIe Ha puc. 2 U 3.
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CKOpOCTB ABHKEHHS, KM/
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Puc. 1. CpaBHeHI/Ie (baKTI/I‘-ICCKI/IX AaHHBIX C TCOPCTUYCCKUM 3aKOHOM PACHIPCACIICHUA
JUIA TSKEIIBIX ITO€3/10B

MaTteMaTHUIECKOE OKHIaHHE cbarc‘rmecxoﬁ CKOPOCTH, KM/
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OrpaHHYeHHEe CKOPOCTH, KM/T

@ [ToposkHHE oe3aa ® CpeHerpy:;KeHble oes3ja ® I'py:KeHbIe I0e37a

Puc. 2. 3aBUCMMOCTb MaTeMaTHUECKOTO OKUIAHUS (PAKTHUECKON CKOPOCTH
OT OIPaHUYCHUS U BECOBOM KaTErOpUH Irpy30BbIX I10€3/10B
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CKOpOCTH, KM/Y
(2]

0 20 40 60

OI‘pﬂHII‘IEHHE CKOPOCTH, KM/4

® CpegHerpyskeHble
noespa

® Ipy:KeHble Noesaa

100 120 140

Puc. 3. 3aBucuUMOCTb CTAHAAPTHOT'O OTKJIOHCHUSA (l)aKTI/I‘IeCKOﬁ CKOPOCTH OT OIrpaHUYICHUA

1 BECOBOM KaTCropuu rpy30BbIX IMOC310B

KoppekTupoBKa ypaBHeHHSs
JABUKEHHS M0e3/1a

HecMoTpst Ha TONydeHHBIE MapaMeTpsl HOP-
MaJIbHOTO 3aKOHA paCIpeAeIeHHs, JUIS IEJIoTro
psizia CIyvaeB MOMYIUTh OTPE3KU TEOPETHUESCKON
KPUBOW JBMKEHHSI MMO€3/1a, OTPAKAIOIINE Peallb-
HYIO TMHAMHUKY, He oryuntcest. [Ipexe Bcero 3to
KacaeTcsl CTy4aeB pa3roHa U TOPMOKCHUSI M 3Ha-
YUTEIBHBIX YKJIOHOB. Kak ObUIO cka3aHO paHee,
JUISL yueTa JMHAMUKH M TOCTPOSHUS KPUBBIX BHIA
v = f(5) BO3MOXXHO IIPUMEHEHHUE TATOBBIX pacue-
TOB U pelIeHHE YpaBHEHHs JBWXCHHUS MOE3Na,
umetoliero cinenyroumid Bua [10]:

&_

dt C(ﬂ_wx_br)a

6]
rie (— yckopeHue Tmoes3qa B KM/4’ TIpH Jei-
CTBUHM YJeIbHOI yckopsromeit cuibl 1 H/xH,
=120 xm/9*/(H/xH);
. — ynenbHas cuna tsru, H/kH;
W, — YAeNbHas CHJa CONPOTUBICHHS JIBH-
KEHHUI0, BKIIOYArONIasi B ce0s OCHOBHOE COIpO-

THBJICHHE OT JIOKOMOTHBA (W',)) ¥ BaroHos (w,"),
a TaKkKe JOTMOJHHUTEIBHBIC COMPOTHBICHHUS OT
yKJIOHa (W;) 1 KpuBbIX (w,), H/xH:

/ "
wO(X)P + WOQ6P

W=——+w,+w;
P+Q6p

b, — ynenbHas Topmo3Has cuia, H/kH;

2

P — Bec nokomoTuBa, T;

Os, — BEC COCTAaBA, T.

OnHako TakoW pacueT JacT ujaealbHble 3Haye-
HUsI, HE COOTBETCTBYIOIINE (PAKTUUECKOMY JIBU-
xeHuto noesna. CrienoBaresbHO, 1eIeco00pa3Ho
Ha OCHOBE CTATHCTHUYECKUX JAHHBIX TPOBECTH
KOPPEKTUPOBKY PACCMATPUBAEMOTO YpaBHEHUS
JOTIOTHUTEITLHBIMU KOA(PQUIIHEHTAMH.

B mepmyto odepenp HEOOXOIMMO Yy4eCTh TIO-
BeJcHUe MamuHucta. OCHOBHOE BO3JCHCTBUE,
OKa3bIBAEMOE MM Ha JIBUKEHHE TI0e3/1a, OCYIIeCT-
BJISIETCSI TOCPEICTBOM PETYIUPOBAHUS CHITBI TATH
U IPUMEHEHUsS] TOPMO30B noe3ia. Ecimu cuutars,
4TO TOPMOXKEHHE — 3TO MO CBOEH CyTH MpoLecc
BBIHY/ICHHOTO CHIDKEHHUSI CKOPOCTU B CHIIY TE€X
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WIM WHBIX OTPaHWYCHHH, TO M3MCHCHUE CHJIbI
TSTH CBSI3aHO C PETYIUPOBOYHBIMU MEPOIIPHUSTHS-
MH, HallpaBJICHHBIMHU Ha YJIepXKaHHUE CPEITHEH CKO-
POCTH, COOTBETCTBYOIIIEH rpaUKOBOMY BPEMEHU
X0/1a ¥ M3MEHEHHUIO CKOPOCTHU TIPU TIPEOIOJICHUN
pa3IMYHBIX 3JIEMEHTOB Npoduis myTH. Takum
00pa3om, JUIsl CHITBI TATH BO3MOXKHO MPUMEHEHHUE
KO3 uImeHTa:

k= ke, + koot kyr, 3)

rne k,, — K03Q(QUIMEHT, yYUTHIBAIOIMI JBH-
JKEHHUE TI0e3/1a CO CPEeIHEeH CKOPOCThIO, COOT-
BETCTBYIOIIEH TIpa)MKOBOMY BpPEMEHH XO7a,
NpY 33J]aHHOM OTPaHUYEHUHU CKOPOCTH, CEPUU
TSTOBOTO TOJBMKHOTO COCTaBa M BECOBOM Ka-
Teropuu noesaa. Jlanupiii koagpuimeHt omnpe-
JICTICH SMIHUPHUYECKUM METOJIOM Ui Pa3HbIX
THUIOB JIOKOMOTHUBOB M, HAIpPUMED, IS JIOKO-
motuBa 29C4K COCTaBIIsET:

ke, = (0,0017v,,, — 0,0003) nns JI-xareropuw;
ks, = (0,0018v,,, +0,0284) nnsa C-kareropun;
ke, = (0,002v,,, +0,0555) ns T-xareropuu;
TJIE Vo, — OTPaHUYEHHE CKOPOCTH, KM/,

ke, — KO3 QUIMEHT, yIUTHIBAIOIINI TLIABHOE
MEePEKITIOYEHUE TTO3UIIMI KOHTPOJUIEpa Malllu-
HHUCTa B 3aBUCHMOCTH OT Pa3HOCTH TEKYIIEeH
CKOPOCTH JIBUKEHUS U OTPAaHUICHUS:

v, —V
°p
ki —2—,

p
vorp - vcp

npu v, <v=v,

IpH v, =V UK

ke = 0, npu akennn Ha KKs

(1_kcp)'vcp_v

ch

(4)

, mpu v, >v =0

1€ V— TeKyIas CKOpOCTh MOe3/1a, KM/4;

Vep — CPEMHSAS CKOPOCTH T0e311a, kM/4u. Ompe-
JeNsieTcs M0 AMIUPUYECKAM 3aBUCUMOCTIM
JUISL TIO€3[I0B Pa3JIMUHBIX BECOBBIX KaTEropuii
B 3aBUCUMOCTHU OT OTPaHUYEHHS CKOPOCTH:

1,449
Vep = 0,108, nus JI-kareropumu;

1,457
Vep = 0,105v,,, ms C-kareropuu;

1,476 .
Vep = 0,099y, A T-kareropuu;

kyg, — K03 UIMEHT, yUUTHIBAIOIIMI H3MEHE-
HME CWJIBI TATH B 3aBUCUMOCTH OT TIPEO00JIeBa-

€MOTO0 YKJIOHA:

1-k, —k,., pH W, 2 i,
(l—kcp—km()';v—", npH i, > w, >0
kp
k=20, npuw, =0 ; (5)

—

w,
1
kcp—kcx)~—, opu 0> w, >—w,
w,

(kg — k)

i€ W, — OCHOBHOE Y/I€JIbHOE COIPOTUBIICHHE

IBIKeHuro moesaa, H/kH;

W; — JIOTIOJTHUTENBHOE YIEIbHOE COMPOTHBIIE-

HUE JIBM)KEHUIO MOJBUKHOTO COCTaBa OT MpHU-

BeJIeHHOTo ykioHa, H/kH;

Iy — KPUTHYECKUH YKIIOH, IPEOI0JIEBAEMbIH

MOE3/10M Ha 3aJ1aHHOM CKOpOCTH, Y.

[Tomumo 3TOTO, B ypaBHEHUU ABUKEHUS JOJIK-
HBI YYUTHIBAThCA CIIy4yaiiHble (haKTOPbI, OKa3bIBa-
IOLIME BIMSHUE HA JBIKeHUE noesaa. [ns yuera
CIly4aiiHbIX OTKJIOHEHHH OT MAareMaTHYeCcKOro
OKUJIaHMA KaK0€e craraemMoe ypaBHeHus (1) ym-
HOXKAeTCs Ha COOTBETCTBYIOIIUH KOI(DPHUIIUCHT,
3HAUEHHUE KOTOPOTO 33aJaeTCs CIy4YaiHO ATl KaxK-
JIOTO TI0€371a.

B pesynbrare uTOroBoe ypaBHEHHE JBUKEHUS
Moe3/1a NpUMET BU/I;

dv

= (o, ~Bw, ~1b,)

7€ 0. — JOJIS MCIIOIh30BaHMSI MAaKCUMAIILHO pea-
JM3YeMOM CHJIBI TATH C YYETOM OTPaHUUYCHHS
I10 CLIEIICHUIO;
0 — WHTEpBaJI U3MEHEHHs BO3JECHCTBYIOIICH
CHJIBI COTIPOTHUBIICHUS, 3aBUCAIIMN OT pa3siny-
HBIX CITYYalHBIX BHEITHUX (PAKTOPOB, HE yUH-
TBIBAEMBIX PACUETAMU;
Y — J0JISl KCTIOJIb30BaHUS TOPMO3HOW CHJIBI OT
MaKCUMAJIbHO PEATU3yeMOIi;

npu w; < —w,

o

(6)
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k — KkodhUIHMEHT WCIOIB30BAaHUS CHIIBI

TSITH, XapaKTePH3YIOLIUI OBEICHUE MAIIUHHU-

CTa 1 3aBUCSIIUI OT U3MEHSAIOIIUXCS YCIOBUI

TIBYKCHUSL.

Jlns pemenust qaHHOrO MUQQepeHITnaIbHOTO
YPaBHEHUS MOXKHO BOCIIONIB30BAaThCS METOIAMU
Onnepa winu Pynre — Kytrel [11]. Ilpu Boimomnse-
HUM MOJETMPOBAHMS JBIKCHHUS TI0€3/1a UCTIOJb-
3yeTCsl YUCIICHHOE MHTETPUPOBAHUE C IIIATOM 5 M
Ha paccMaTprUBaeMOM y4YacTKe MyTH.

CTOUT OTMETUTH, YTO MPU MOCTPOCHUU KpPU-
BOM TOpMOXEHHs (KpOME CIIy4aeB OCTAHOBKH
10€3/1a) KOHEUHasi CKOPOCTbh B MOJENH JIOJKHA
OBITh CTOXACTUYECKOM B CHIy HEBO3MOKHOCTH
TOYHO PETyJIMPOBaTh TOPMO3HYIO CHITY TIPH paz-
JUYAIONINXCS  XapPaKTEPUCTHKAX TOJBUKHOTO
COCTaBa, 3JI€MEHTOB HHPPACTPYKTYPHI U MOE3I-
HOIT 00CTaHOBKH.

IIpuMeHUMOCTh NOTy4YeHHOI0 YPAaBHEHHA
Jli1s IpoBepKU MPUMEHUMOCTH TOIY4YEHHOIO
YPaBHEHUS IPOBEACHO CPABHEHUE CKOPOCTEH,

INOJYYCHHBIX TCOPCTUYCCKH,
MU JaHHBIMH Ha HECKOJIbKHUX pPaCCMATPHUBACMBIX
y4daCTKax B OJHUX M TCX JKC€ TOYKaX. BBII[BI/IHy-

C OMIIMPHYCCKH-

Ta TUIIOTE3a O MPUHAICKHOCTH JBYX BBHIOOPOK
OJTHOM reHepanbHON coBOKynmHOcTH. [IpoBepka
MOCTABJIEHHOW THIOTE3bl MPOBEAEHA C IMOMO-
w0 U-kpurepus ManHa — YuTHH, B pe3yllb-
Tare KOTOPOH 3HAUYEHHE KPUTEPHUS COCTaBUIIO
U=+£0,67,ut0 Ha ypoBHE 3HaUnMOCTH p = 0,05 He
MPEBBIIIAET KPUTHUECKOTO 3HaYeHus 1,96. Takum
00pa3oM, MOXHO yTBEp)KAaTh, YTO 00€ BHIOOPKH
OpPUHAJUIEKAT OIHOW TE€HEepalbHOW COBOKYITHO-
CTH, a CJEA0BATEIbHO, MOIYYEHHOE CKOPPEKTHU-
POBaHHOE YpaBHEHHE IBIIKCHHUS TOE€37a MOXKET
ObITh MpuMeHUMO. [paduyeckn cpaBHEeHUE pe-
3yJbTaTOB MOJEIUPOBAHKS CO CTATUCTUUECKUMU
JTAHHBIMU TIPEJICTABJIEHO Ha puC. 4—6.

BriBoabI

Kak wror, momyueHHoe mMoauduIupoBaHHOE
YpaBHEHHE JBUKECHHUS BO3MOYKHO HCIOJbB30-
BaTh [PU MOJACIUPOBAHUU ABUKECHUS IMOTOKOB

90..
=80t L m— o
' 4 - 7N T
;2
& " — —
g 60 TS ———T
o) o
50 == - —
40 4
Koopannara, kM
30
0 2 4 6 8 10 12 14 16

— — CpeauAsA CKOPOCTD MO CTATHCTHYSCKHM JAHHBIM
e CPEHAA CKOPOCTB MO MOJCTH

Bl g lIOBepllTe.'leblﬁ HHTEPBAT UIA JaHHBIX MOJIC/TH
s CKOPOCTB IO TATOBBIM pacteTaM

Puc. 4. CpaBHCHI/Ie JAVMHAMUKU JBUXKCHU 1TOE3/1a IPH CJIICJOBAHWUU 110 TIEPETOHY

B I'PY’KEHOM HaIPaBJICHUH
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Puc. 6. CpaBHCHI/IC JAUHAMUKHU ABUXXCHUSA IOC3a IPU HpI/I6BITI/II/I Ha CTaHIIUIO
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M0€3/10B C PA3MTUYHBIMKU AUHAMUYECKUMHU Xapak-
TEpPUCTUKAMU, Tpu paznuuHbix cucremax CLIb,
Ha CTBIKaX MeperoHoB u cTaHuuil. Takxke OymeT
BO3MOXXHBIM OTCII€)KMBAHUE MECTOIOI0KEHUS
TOJIOBBI M XBOCTA MO€3/1a, YTO MPETOCTABUT JaH-
HBIC O BPEMCHHU MNCPCKIOYCHHUA CHUI'HAJIOB JIO-
KOMOTHUBHOTO U IMYTEBBIX CBETO(POPOB, 3aHATUS
" OCBO60)KIICHI/ISI H30JIMPOBAHHBIX CTPCIIOYHBIX
cexuuit [12]. JlanHOoe pelieHue MO3BOJNUT pac-
CMaTpuBaTrb JBHKCHUC HCCKOJIBKUX TIIOC310B
C Pa3JIMYHBIMU JUHAMHUYCCKUMHU XapPaKTCPUCTU-
KaMu IpHu UX CICAOBAHHWHU B IMAKETEC, B3aHMMO-
BIUAHHUE APYr Ha Jpyra, a TakXKe OIPENEIATh
q)aKTI/ILIeCKI/IC 3HAYCHUS CTAHIIMOHHBIX U MCXKIIO-
€3/IHbIX MHTCPBAJIOB.
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Abstract

The article discusses the features of modeling of train movement with clarification of the results
of traction calculations. Purpose: modification of the train movement equation taking into account
random factors based on processed statistical data for use in dynamic models. Methods: mathematical
modeling, probability theory, Euler, Runge — Kutta methods. Statistical hypotheses are tested about
the belonging of real trip registration data and data obtained by modeling to one general population.
Results: during the analysis of statistical data obtained from recording cassettes and high-speed tapes, it
is proposed to clarify the existing equation of motion with correction coefficients obtained empirically.
A hypothesis is put forward that statistical and calculated data belong to one total population. Practical
significance: as a result of confirming the hypothesis, the modified equation of motion can be used
when modeling the movement of the flow of trains with various dynamic characteristics, including
when arriving and departing at stations, as well as determine the actual values of station and inter-train
intervals.

Keywords: equation of train movement, traction calculations, dynamics of train movement, mathematical
modeling, arrival at the station
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Pa3spaboTka MeToguKU NepepaboTKn KOHTENHepPOoNnoTOKOB
Ha OCHOBE fi3blKa TPAHCMNOPTHO-NIOrUCTUHECKUX 0O bEeKTOB
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Hast uutupoBanus: Kaiikuna E. A., Hoeuuuxun A. B. Pa3paboTka METOIUKH repepaboTKU KOHTEHHEPO-
MMOTOKOB Ha OCHOBE s13bIKa TPAHCIOPTHO-JIOTUCTHYECKUX 00bekTOB // U3Bectus [leTepOyprckoro yHuBep-
cutera myter coobmenust. CI16.: TIT'VIIC, 2026. T. 23. Bem. 2. C. 381-390. DOI: 10.20295/1815-588X-
2026-2-381-390

AHHOTAIUA

Lesnb: nosbimeHne 3PPEKTUBHOCTH (PyHKIHOHUPOBAHUS TPAHCIIOPTHO-JIOTMCTHYECKOTO LIEHTpa Ha OcC-
HOBE Pa3palOTKU METOAMKHM (OPMHUPOBAHMS ONTHUMAJIBHOIO IUIAHA MEPEPaOOTKH KOHTCHHEPOIOTOKOB.
MeTo/bl: CUCTEMHBIH aHAIN3 TPAHCIIOPTHO-TOTUCTUYECKHUX ONEPALIUil, MATEMaTH4e€CKOE MOJCITUPOBAHUE
BapUaHTOB NepepadOTKU KOHTEHHEPOIIOTOKOB, METOJ MHOTOKPUTEPHAIbHON ONTHMHU3ALMK MO BHIOpaH-
HBIM KpuTepusim. Pesyabrarbl: pazpaboTaHbl METOAMYECKHE OCHOBBI S13bIKa TPAHCHOPTHO-JIOTUCTUYECKUX
00BEKTOB, IOCTPOCHA CTPYKTYPHAS! MOJIEIIb TPAHCIIOPTHO-IOTUCTHYECKOTO LICHTPA, NPEUIOKEeHa MaTeMa-
THUYECKasi IOCTAaHOBKA 3a/1a4M ONTHMHU3ALMK epepaOdOTKH KOHTEHHEPOIIOTOKA B YCJIOBUSAX TPAHCHIOPTHO-
JIOTHCTHUYECKOTO LIEHTPA, YCOBEPLICHCTBOBAH aJTOPUTM IepepabOTKH KOHTEHHEPOIIOTOKOB, BBIIIOJIHEHO
MOZICJIMPOBAHNE BapUAHTOB IEPEPaOOTKH U OINpeAeieH onTUMaibHbli. IIpakTHuyeckasi 3HAYMMOCTD:
BHEJIPEHHUE MPEUIOKECHHON METOAMKH B MPOLECC INIAHUPOBAHUS MEPEepadOTKH KOHTEHHEPOIOTOKOB TO-
3BOJIUT MTOBBICUTH IepepadaThIBAIOLIYI0 CIIOCOOHOCT TPAHCIOPTHO-JIOTUCTUYECKOTO LIEHTPA.

K.]'Il()'-leBbIe cJioBa: >K6H63HOZ[OPO)I(HBII>'I TpaHCHOPT, TpaHCHOI)THO—J'IOF I/ICTI/I‘-ICCKI/Iﬁ LICHTp, SA3BIK TpchnopTHo—
JIOTUCTHUYCCKUX OG’LGKTOB, aJ'IFOpI/ITM, KOHTGﬁHGpOHOTOK
BBenenune

Bonpocy moBeimenus 3¢ QeKTUBHOCTH

B ycnoBusx pacTymiero KOHTEHHEpPONOTOKa
KJIFOYEBBIM HEJIOCTaTKOM (PYHKIIMOHHUPOBAHUS CO-
BPEMEHHBIX TPAHCIIOPTHO-JIOTUCTUYECKUX —IICH-
TpoB (manee — TJILI) sBnsercst orpaHuyeHHas
niepepadaTbIBaloNIas CrocoOHOCTh MH(PPACTPYK-
Typsl [1]. B cBA3u ¢ 3TUM yBenmMuMBaeTCs BpeMs
BBITIOJTHEHHMS OTIEPALHH C TPy3aMH, PAaCTyT KCILTY-
aTaIMOHHBIE 3aTPAThI, & TAKXKE TTOBBIIIAETCS PHCK
BO3HMKHOBEHHS 33/IEPKEK B TIpoliecce mepepadoT-
KU KOHTeiHepornoTokoB [2]. Bosnukaer HeobOXo-
JIMMOCTb COBEpILEHCTBOBAHUSI METOJIOB yIIpaBIIe-
Hus (yskrmonupoBanueM TJIL mis oGecniedenust
YCTOMYMBOCTHU TEXHOJIOTMYECKOTIO MpoIiecca rnepe-
pabOTKU KOHTEHHEPOIIOTOKOB B YCIOBHAX B3aUMO-
JeHCTBUS pa3InyHbIX BUIOB TPAHCIIOPTA.

(GYHKIMOHUPOBAHUS TPAHCIOPTHO-JTOTUCTHYE-
CKOW CHUCTEMBI, OpPraHU3alul MyIbTHMOAATbHBIX
MEepPEeBO30K, 4 TAKXKE COBEPILICHCTBOBAHUS Tep-
MHHAJIbHO-CKJIaJICKOTO KOMILJIEKCA TOCBSIICHBI
TPYIbl OTEUECTBEHHBIX U 3apyOEKHBIX HAyYHBIX
uccienoBarenei.

B pa6ore O. b. ManukoBa paccMOTpPEHBI 0CO-
OeHHOCTH  (YHKIMOHHPOBAHUS TPAHCHOPTHO-
JOTUCTUYECKUX  CHUCTEM M  TePMUHAIBHO-
ckiaackoi mHMpacTpykTypsl [3], 0ocoOeHHOCTH
B3aUMOJICUCTBUS  JKENIE3HOTOPOKHOTO
nopra NpU  MYIbTUMOJAJbHBIX
Kax mpencrtaBiaeHsl B paborax A.C. bamana-
esa u P.I. JleontheBa [4]. B wuccnenoBanusix

C.10. EnuceeBa paccMaTpuBalOTCS BOIPOCHI

TpaHc-
HepeBo3-
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HOCTPOEHHS M ONTUMM3AIMU MEXKIYHAPOTHBIX
TPaHCIIOPTHO-JIOTUCTUYECKUX CUCTEM Ha OCHOBE
cucremHoro ananusa [5]. E.K. KoposkoBckum
pPaccMOTpEHbI TPOOIEMBbI PA3BUTHUS TPAHCTIOPTHO-
JIOTUCTUYECKHX LIEHTPOB HA JKEJE3HOIOPOKHOM
TpaHcnopre [6]. B uccnenoBanusax 3apyOeKHBIX
aBropoB H.-O. Giinther u K. H. Kim ocsemieHb
BOIPOCHI YMPABICHUSI TPAHCIIOPTHO-JIOTHCTHYE-
CKHMH OIEpalMsiMHi TPH TPUMEHEHHH KOJIUYe-
CTBEHHBIX METOJIOB OpraHU3aIMU PabOThI KOHTEH-
HepHBIX TepMuHaoB [7]. B Gonee coBpeMeHHBIX
paborax aBTopoB B.A. Weerasinghe, H.N. Perera,
X.Bai paccmoTpeHo uccreoBaHue TPaHCTIOPTHO-
JOTUCTUYECKUX OMNepaluii U MHOTOKPUTEPH-
aIbHOM ONTUMM3AIMU TPOLECCOB (PYHKIIMOHHU-
pOBaHUSI KOHTEHHEPHBIX TepMUHAIIOB [8]. B wuc-
cnenoBanusx H.Yu mpoBenen aHanu3 moaxoioB
K YIPaBJIEHUIO OTIEPAIUIMH B YCIOBHUSIX aBTOMa-
TU3aIUN KOHTEHHEPHBIX TEPMHUHAJIOB [9].

OnHako CyIIECTBYIOIIME METOIBl B HENO-
CTaTOYHOM CTEMEHH YYHUTHIBAIOT WHTETPUPOBA-
HHE JIOTUCTUYECKUX OOBEKTOB, B3aUMOJCHUCTBUE
U B3aUMOCBSI3U MX TEXHOJOTUYECKHUX IMPOLIECCOB
Ha TJIL] mpu mocTpoeHun BapuaHTOB TiepepadoT-
KU KOHTEHHEPOTIOTOKOB.

Takum oOpaszoMm, 3aadell Uccie0BaHUS SB-
asieTcs pa3paboTka METOAUKHU MepepabOTKH KOH-
TeHHEPOMOTOKOB HAa OCHOBE S3bIKa TPAHCIIOPTHO-
JOTUCTUYECKUX ofpeieNieHre
KpUTEPHEB AJIsl ONTUMU3AIMY TIIAHUPOBAHUS Pa-
ootsr TJILI.

Panee aBropamu ObLJI IPOBEICH aHAITU3 TPAHC-
KOMILIEKCa

00BEKTOB H

HOPTHO-JIOTUCTUYECKOTO
BBISIBJICHbl OCHOBHBIE HAlPaBIICHHs TOBBILICHUS
adpdexruBHocTH padoTel TJII [10], Ha ocHoOBe
KOTOpBIX OblTa chopMynupoBaHa KOHLIEHIIUS CO-
BepIieHCTBOBaHUS  (pyHkiponuposanus  TJIL]
[11], 1 mpeyIokKEHO COBEPILIEHCTBOBAHUE YKPYII-
HEHHOW CXEMbl CUCTEMbI YIIPABJICHUS pETMOHAIIb-

HBIM TPaHCHOPTHO-JIOTUCTHYECKUM KOMILIEKCOM
(mamee — TJIK) [11].

CTpaHbI,

MaremaTnyeckasi HOCTAaHOBKA
3aJa4H ONTHMH3ALMHU NepepadoTKu
KOHTelHHeponoTokos Ha TJILL

B ycnoBusix ¢yukimonuposanus TJIL cko-
POCTb U ToKa3aTenu 3P HEeKTUBHOCTH TepepadboTKU
KOHTEIHEepOIOTOKa 3aBHUCAT OT NapaMeTpoB pabo-
Thl, U3MEHSIOLIMXCS B IIPOLIECCE BBIIOIHEHUS OIle-
pauuit. ChopmynupyeM MaTteMaTHyecKyro MocTa-
HOBKY 3a/ladd ONTHUMM3ALUKM TEXHOJIOTHYECKOTO
nporecca ISl BbIABICHHUS ONTHMAIbHOTO BapHaH-
Ta nepepaboTKu rpy30B, npuobBaronmx Ha TJILL.

[Iycts mano X = {x,, x,,
CTBO KOHTEHHEpPOIOTOKOB, MepepadaThiBaeMbIX
Ha TJILI, xaxablil U3 KOTOPBIX XapaKTEPU3yeTCs
obveMoM KoHTeliHeponoToka B Ox JI®3. Ontu-
MU3UPOBAHUE TEXHOJIOTMYECKOTO IIPOLECCa Iepe-
pabotku koHTeiiHeponorokoB Ha TJILI mpeanara-
€TCs Ha OCHOBE CIIEAYIOIIUX KPUTEPUEB:

1. Bpems naxo:knenusi (7x,ij) koHteifHeporo-
toka Ha TJILI mpy BBINOIHEHUN ONEpaLy i, Ha IyH-
kre j TJIL] mpu BeIOpaHHOM BapuaHTe nepepaboTku V:

X D E
T(V)=Y.>>'T,, ——>min,
x i j

ieD;jeFE;xe X,

., X,} — MHOXe-

rae V= {v, v, ..., V,} — MHOXECTBO BapHaHTOB
nepepaboTku KoHTelHeponoroka Ha TJILL;
D=1{,d, .., d,} — MHOXECTBO TEXHOJIOTH-

YECKHX OIEpPaLNi, BBIIIOIHAEMBIX B IIPOLIECCE
nepepaboTku KoHTeiHeponoToka Ha TJILL;

E = {e, e, ...
uappactpykrypsl TJILI, B yclIoBHAX KOTOPBIX

, €} — MHOXECTBO 0OBEKTOB

BBITIOJTHACTCS OTIePALIys.

2. 3arparsl (Cx,i,j) Ha TIepepabOTKy KOHTEH-
HEpOTIOTOKA TIPY BBHIMOJHEHUH OTEpalud i, Ha
nynkre TJIL[ — j npu Bapuante V-

X D E
cy=>>>C,,  —>min
x i j

3. Hpoussogurensnocts TJIL P(V)
nepepaboTke KoHTeHHepornoToka X oosemMom O,

npu
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B IIPOLIECCE BBINOJIHEHH ONEPALMH I, HA ITYHKTE
TJIL] —j 3a Bpems T

>0,
PV)=5—5=

Yy,

J

> max.

4. Puck Bo3HUKHOBeHMs1 3ajep:xkku R(V)
B IIpoliecce nepepadboTKH KOHTEHHEPOIIOTOKOB Ha
TJILI (mo T. baiteca [12]).

JlauHbIil TapameTp HEoOXoouM IS ydeTa
HEPAaBHOMEPHOCTU MOCTYIJIEHUs] KOHTEHHEpo-

MHPPACTPYKTYPHI
M BO3MOXHBIX OTKa30B IIOTPY30-pa3rpy304HBIX

INOTOKOB, Or'paHU4YCHHOCTH

MexaHu3MoB (nanee [IPM):

P T]PV|U,)

R(V)=P(V|U,)= IW;(IU )

— min,

e V — BbIOpaHHbIN BapuaHT NepepadoTKH KOH-
TENHEPOIIOTOKA;
U= {u, u,
BIMSIIOLIMX Ha Ipolecc nepepaboTKy KOHTEH-

<ery U} — MHOXECTBO (haKTOPOB,

HEPOTIOTOKA;
P(V) — anpuopHas BEpOsTHOCTb BapuaHTa V;
P(V|U,) — ycnoBHasE BEPOSTHOCTb (hakTopa
U, npu Bapuante V;
[1P|U,) — npoussenenne BepostrOCTEi
Beex (haKTOpOB MPU JAHHOM BapHaHTE;
P(U,) — BeposATHOCTh HAOMIOAEHHS TaHHOTO
Habopa (aKkTopoB.
Torna 3a1aua onTuMH3aIKK epepadbOTKH KOH-
teiineponioToka Ha TJIL] MoxeT ObITH MpeacTaB-
JieHa B BHJIE MHOTOKPUTEPHATLHON (DYHKITUU:

F(V)= {min T(V); min C(V);
min P(V); min R(V)}.
Tpebyetcs chopMupoBarh BapuaHTBHl PAOOTHI
TJIL[ ¢ KOHTEMHEPOIIOTOKAaMH IPH Y4YETE CyIle-
CTBYIOLLMX OIpPaHUYECHUN:

1. Orpannuenue nepepabarbBaroOLIel CIO-
cobnoctu TJIL:

o)< om,
rae O(V) — oObem nepepabaThIBAEMOTO KOHTEH-

HEPOTOTOKA M0 BapUaHTY V;

Q™* — MakcUMaJbHas TnepepadarbiBaroIas

cnocoonocts TJILI.

2. Kommnuectso [IPM:

N(V) < NOﬁm,
rae N(V) — xonuuecTBo 3a1eicTBoBaHHBIX [IPM

TpH TIepepadboTKe KOHTEHHEPOIIOTOKA 110 BApH-

aHry V;

N — obmee koauuectso ITPM ma TJILI.

3. OrpaHuyeHue BMECTUMOCTU KOHTEHHep-
HOW TUIOIIAIKU:

S(V) < §m,
rae S(V) — momiaas KOHTEHHEPHOH MIIOMAAKH,

UCTIOJIb3yeMas Mpu mepepaboTke KOHTEeHHepOo-

MOTOKA TI0 Bapuanty V;

SmaX — MakcUMalbHas BMECTHMOCTh KOHTEH-

HEPHOM MIIOMIATKH.

Takum ob6paszom, chopmynaupoBaHHas Marte-
MaThyeckas 3aja4a ONTHMHU3ALUU TepepaboTKu
koHTeltHeponoToka Ha TJIL] 3akmtouaercs B dop-
MHUPOBAaHUH BaPUAHTOB TEXHOJOTUUECKHUX OMepa-
Ml ¢ KOHTeHHepaMu U BHIOOpA Cpely HUX Hau-
Oonee 3 YeKTUBHOrO MO 3alaHHBIM KPUTEPUSIM.

MeToan4ecKkue 0CHOBBI A3bIKA
TPAHCIMOPTHO-JIOTUCTHYECKUX 00bEKTOB

JInst perieHust MOCTaBIEHHON 3a1a4n HeoO-
XOIMMO CTPYKTYPUPOBAHHOE ONHCAHHE O00b-
exToB uHpacTpykrypsl TJIL[ u BbIMOTHIEMBIX
TEXHOJIOTMYECKUX Ollepaluil ¢ KOHTEHHEPOIIO-
TOKaMHU M€Ky HUMU. B cBsA3U ¢ 3TUM npeanara-
eTcs UCTOJIb30BaHuE pa3pabOTaHHOM aBTOpaMu
METOAUKH S3bIKa TPAHCIOPTHO-JIOTUCTHYECKHUX
00BEKTOB.

JlaHHas MeETOJMKA IO3BOJSET IPEACTABUTH
¢dynkumnonuposanue TJIL] kak cTpyKTypHYIO CXe-
MY, COCTOSIIYIO U3 B3aHMMOCBSI3aHHBIX OOBEKTOB
U olepanuii, HeOOXOAUMYIO AJIsl MOJETUPOBAHUS
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BAapPUAHTOB  MEpepabOTKM  KOHTECHHEPOIOTOKA
¥ BBIOOpA ONTUMAJILHOTO U3 HUX.

[TepBbIM 3Taniom (GopMyIMpOBaHUS METOAUKU
SIBIIIETCA BbICNIEHUE OCHOBHBIX 30H TJILI, yua-
CTBYIOIIUX B Mpoliecce nepepaboTke KOHTEilHe-
POITOTOKOB:

* 30HBI MPUEMA U OTIPABICHUS KOHTCHHEPO-
ITOTOKOB;

* 30HBI BBIMOJHEHUS CKIAACKUX Omepanui
Y BPEMEHHOI'0 XpaHEHUS IPYy30B;

* 30HbI BBIMOJHEHUS MOTPY30-BbITPY30UHBIX
oreparuu.

Brienennbie 30HbI BHIOPaHbI B COOTBETCTBUU
C BBITIOJTHSIEMBIMH TEXHOJIOTMUYECKUMU OTepaIusi-
MU U COZIEpXkKAT OOBEKTHI MEpepadOTKH KOHTEHHE-
POIIOTOKOB, NEPEBO3MMBIX aBTOMOOUIIBHBIM H Ke-
JIE3HOJIOPOKHBIM TPAHCIIOPTOM.

Tak,
TEHHEPONOTOKOB COCTOUT U3
MPUEMO-OTIIPABOYHOTO

30Ha IpMeMa M OTIPABICHUS KOH-
PP — nymu

KPP
aBTOTpPaH-

napka, —
KOHTPOJIbHO-ITPOITYCKHOTO ~ ITYHKTa
crnopta, AS — aBTOMOOMIIBHOM CTOSHKHU.

30Ha BBIIIOJIHEHUSI [TOTPY30-BbITPY30UHbIX OIle-
pauuii coctout U3 PG — myTu norpy3ku-Bbirpys-
ki, AF — (poHTa BBIrpy3KH aBTOTpaHCHIOPTA.

30Ha BBINOJHEHHUA CKIAQJACKUX OlNepanun
U BPEMEHHOIO XpaHEHUs TPY30B COCTOUT W3
SB — 3o0nb1 Oydepnoro xpanenusi, KP — kon-
TEHHEPHOU TIOLIA/IKH.

Jlns omucaHust MOCENOBATENbHOCTH TEXHO-
JOTMYECKHUX OINEepaurii U B3aMMOCBS3EH MEXIy
NPE/ICTaBICHHBIMU TPAaHCIIOPTHO-JIOTUCTHYECKH-
MH 00bEKTaMH aBTOpPAMHU TOCTPOEHa MOAENb
¢ynkumonupoBanus TJII «Cyxoit mopr O»
B uHTepnperanuu auarpammbel IDEFO (puc. 1).
[TocTpoeHHas cxema MO3BOJISIET HAIVISIIHO OT-
CIEUTh MapLIPyThl IMEpPEeMELICHUs KOHTEHHe-
poniorokoB Ha TJIL] u mOCTpOUTH BapUaHTHI UX
nepepaboTKH.

Cxema BKJIIOYAET BCE MPUBEICHHbBIE BBILIE
30HBI U OOBEKTHI, a TAKKE TEXHOIOTMYECKUE CBS-

31 MEXI1y HUMH, 0003HAYAI0IINe KOHTEHHEepOmo-
TOKH B Pa3IMYHbBIX COCTOSIHUSAX:

X¢ X' — KOHTEHHEPOIOTOK, COCTOSIIHMN W3
MOPOXXHUX U IPYKEHBIX KOHTEHHEPOB;

Xy, Xpr — KOHTEHHEPOINOTOK, MEPEBO3UMbIN
aBTOMOOWJIBHBIM U 3KEJIE3HOJOPOKHBIM TpaHC-
MOPTOM;

Xipm — BHYTPEHHHE KOHTEHHEPOIOTOKH, Te-
pementaembie pu nomoutu [IPM Ha teppuropun
TJIL;

Xtp — TPAH3UTHBIA KOHTEHHEPOIOTOK.

Ha cxeme Taxke 0TOOpakeHbI BEKTOPHI ILIa-
HUPYEMbIX IOKa3aTesael BBIOJIHEHHs ONepaLuil
B YCJIOBHSIX JIOTHCTHYECKOTO 00beKTa (4, A,, As,
A,, As) 1 BEeKTOPBI (haKTUUECKH MOTYyUYSHHBIX AaH-
HbIX (B, B,, By, By, B;).

Ha ocHoBe mpennoxeHHON cxeMbl chopMu-
pOBaH anroput™ (HOPMUPOBAHUS ONTUMATIBHOTO
IIaHa repepadoTKu KoHTelHeponoToka Ha TJIL]
(puc. 2). ANTOPUTM COCTOUT U3 TPEX ITAIOB.

Ha nepBom »Tame mpoucxoauT MOAEIHPOBa-
HHE Mpolecca nepepaboTKi KOHTEHHEpOmoToKa
C YYeTOM BXOJHBIX JaHHBIX M (OpMHUpOBaHHE
BapUAHTOB MepepadOTKH KOHTEHHEPOIOTOKa TpH
UCIIOJIb30BAHUM $SI3bIKA TPAHCIOPTHO-JIOTHCTUYE-
CKUX OOBEKTOB.

Bropoii 3Tan — omnepaTtuBHOE YIpPaBICHHE,
B IIpollecCE€ KOTOPOro MPOUCXOAUT aHAJIMU3 Te-
kyuero cocrossHus TJIL] u koppexkTupoBka Io-
JYYEHHOTO Ha IMEPBOM JTare IUlaHa MpH y4yeTe
OrpaHMYeHUH mepepabdarbiBalOIIell CrOCOOHO-
ctu TJILI.

Tperbum 3Tanom sBiseTcst cOop u 006pabOTKH
JTAHHBIX O BBITIOJTHEHHBIX onepanusax Ha TIIL mms
y4eTa ¥ UCTI0JIb30BAHUS MOJTYUYEHHOI'O OIbITA IIPH
IJIAHUPOBAHUH.

B pesynbrare gpopmupyroTcsi BapuaHThI mepe-
pabOTKM KOHTEHHEpPONOTOKa, KOTOPhIE OTIHYa-
IOTCSl TOCJIEIOBATEIbHOCTBIO TEXHOJIOTUUECKUX
olepaluii, pacupeaeIeHueM KOHTEHHEPOB MEXK Ty
obwvexramu nHppactpyktypst TJILL.
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T T
o Y — ; 5
XsU @ @ Xeuxi;
Xer UXer (P Y= Xt UXer
A=
7
- 1 52
—
P AF 4
; S (o U XU
[ AT s
X UXer
T = B
X UXir 1 X UKo T
4 Nt
J Xelxh
A/IJE {
)Cfr, )(/5 7”)(/77 A
4 AF PG
f Aol bl
! =
. X UXe
r 1
XEUXs @) | X
| | ! - L X
A ] 5 L@ :
: = + J
| !
1 s

Pecypcer gurarcobele Mamepuanstsie, Yenobeveckue ‘

Puc. 1. Cxema nepepabotku konteiineponoroka Ha TJIL B uatepnperanuun IDEFO

C MPUMCHCHUECM A3bIKa TPAHCIIOPTHO-JIOTUCTUYICCKUX 00BEKTOB

MogeaupoBaHue BApDUAHTOB NepepadoTKu
KOHTEHeponoToKka

Jlns 060CHOBaHUS MPAKTUYECKOTO MpPHMEHe-
HUS TpeasaraeMoil Metoauku Ha npumepe TJIL]
«Cyxoit moptr O» ¢ mapameTpamu, yKa3aHHbIMH
B Tabn. 1, ObUIO BBIOTHEHO MOJECTHPOBAHUE
BAPUAHTOB MepepabOTKH KOHTEHHEPONOTOKOB
(Tabn. 2) mpu ycioBHHU, YTO B CPEAHEM B CYTKH
Ha TJII[ nmpuObiBaeT 5 KOHTEHHEPHBIX IMOE3/I0B,
cocrosimux U3 71 ycnoBHoro Barona c¢ 40-¢yto-
BbIMU KOHTEWHEpaMHM I0]] BBIIPY3KY Ha KOHTEH-
HEPHYIO IUIOLIAJKY M HOCIEAYIOLIYIO IOTIPY3KYy
Ha aBTOMOOMJIbHBIHM TPAaHCHIOPT.

JLnst Kax1oro npeziaraeMoro BapuaHTa BbIIIOJ-
HEH pacyeT KpUTEPUEB ONTUMU3ALIMHU IIPU IIEpepa-
0otke KoHTeiHepornoToka Ha TJIL], BKIFOYarOIIIX
BpeMsi IepepabOTKH, IKCIUTyaTallMOHHbIE 3aTParThl,

NPOU3BOAUTEIBHOCTh U PUCK BO3HUKHOBEHHMS 3a-
nepxkek. [lomydeHHbIE pe3ylbTaThl MMO3BOJISIOT
NPOBECTU aHAJIN3 BIMAHM 1APAMETPOB TPAHCIIOP-
THO-JIOTUCTUYECKUX 00BEKTOB Ha 3(DPEKTUBHOCTH
nepepaboTKH KOHTEHHEPOIOTOKOB U BBISIBUTH Pa3-
JTAYUST MEXKITY C(POPMUPOBAHHBIMU BapHaHTAMU
opranuzaiuu padots! TJIL (Tadmn. 3).

Taxum oOpazom, I KaxkJOro BapuaHTa BbI-
MOJTHEHA KOMIUIEKCHAs orieHKa ux 3(dexTuBHO-
CTU TIO BBIOPAaHHBIM KPHUTEPHUSIM ONTHUMHU3AIINH,
a TakXKe MOMApPHOE CPABHEHHUE IMPEICTABICHHBIX
BapUaHTOB. B pe3ynbTrare noiydeHo, 4To BapuaHT
No6 obecrnieunBaeT onTUManbHOE HCIOJIB30BAaHNE
pecypcoB TJILL 3a cuer cokpalieHus BpPEMEHU
nepepaboTKH KOHTEHHEPOIIOTOKOB MPU BBICOKON
NPOU3BOIUTEIBHOCTH M HHU3KOM BEPOSTHOCTH
BO3HUKHOBEHUS 33/I€PIKEK.
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TABJINIIA 1. ITapametpsr T/II] «Cyxoit mopt O»

IMapamerp Yei. 0603H. JlaHHblIe
KosnoBblie kpaHbl IIT. 6
Puucrakepst IIT. 8
ABTONIOrpY34MKI IIT. 4
Bopot aBropponTa IIT. 6
[Tnomampe TJIL] TBIC. M? 60
[epconan qeT. 120
[Tnomans KoHTEHHEPHO! TITOIIA KT TBIC. M? 36
SpycHocTh KOHT. 4
Bpewms xpanenus CYT. 4
BMmecTUMOCTD IpUeMOo-0TIIPaBOYHBIX ITyTEH YCIL B. 71
Kon-Bo nmpuemo-oTnpaBoyYHbIX IyTel IIT. 2
BmecTumocTh NOrpy30-BbIrPY304UHBIX Ty TeH yCIL. B. 71
Kon-Bo morpy30-BbIrpy304HbIX My TeH IIT. 4
Pa3mep cTossHKM aBTOMOOMIIEH TBIC. M? 9
Cmena q 8
TABJIMIIA 2. BapuaHTbI lepepaboTKY KOHTEITHEPOIOTOKOB
Bapuanrt OcobeHHOCTD
1 Brirpyska ko3m0BBIME KpaHAMHE C TTOCIIEYIOMNM XPaHEHUEM 1 TIOTPy3KOH
2 KomOuHupoBanHas cxema: 4 KpaHa IoJ1 BRITPY3KY U 6 pHUCTAKEpPOB MOJ] CKIIAICKUE OTIEPAIIUH 1 TIOTPY3KY
3 KomOuHupoBanHas cxema: 4 KpaHa 1 2 puuctakepa noji BeITpy3Ky (¢ ucmonb3oBaHueM OydhepHO 30HbI U KOHTEH-
HEpHOI1 IJI0IaaKu), 4 puucTakepa noj Horpy3Ky
4 ITo npsmomy BapuaHTy: 4 KpaHa, 6 pUUCTaKEePOB, 2 aBTOLOrPy3uKKa (C IpUMeHEHHEM OypepHOIl 30HbI)
5 Beinonnenue BbIrpy3ku 4 KpaHaMu B HOYHOE BpeMsl, IOTPY3KH 5 pUuCTaKepaMH B THEBHOE BPEMsi C IPUMEHEHHEM
2 aBTOMOTPY3YHKOB
6 KomOuHMpOBaHHas cXeMa C BBIAEICHHEM 30H pabOThl PUUCTAKePOB: 4 KpaHa MoJ BBITPY3KY (€ UCHOIb30BaHUEM
Oy(epHOii 30HbI 1 KOHTEHHEPHOH IUIOIMIAKH), 6 PUUCTAKEPOB IO/l HOTPY3KY C IIPUMEHEHHEM 2 aBTOTIOIPY3UHKOB
7 KomOuHupoBaHHas cxema ¢ COKpaIleHHeM JUIMH MapLIpyTOB PHUCTAKepOB: 4 KpaHa 1101 BBITPY3KY (¢ HCIIOIb30BaHHU-
eM Oy(epHOH 30HBI 1 KOHTCHHEPHOH TUIOIIAKK ), 6 pHYCTAKEPOB IO MOTPY3KY € IPUMEHEHHEM 2 aBTOIOTPY3YHKOB
3 KomOuHnupoBanHas cxema ¢ npumeHenneM pesepBoB [IPM: 3 kpaHa Ha Beirpy3ky (1 B omepatiBHOM pesepse),
4 puucraxepa 1oj HOrpy3Ky (2 B OIepaTUBHOM Pe3epBe)

TABJIMIIA 3. Pe3ynbTaTbl MOAETPOBAHILA

Bapuant nepepaborku T (cyT.) C (TbIC. PY0.) P (KkoHT. cMeHa) R
1 4 270 680 0,72
2 32 320 1292 0,34
3 2,5 420 1550 0,41
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Oxonuarue mab6s. 3

BapuanT nepepaborku T (cyT.) C (TbIC. PY0.) P (KoHT. cMeHa) R
4 1,2 350 1421 0,47
5 3,6 300 782 0,49
6 2,8 340 1448 0,28
7 34 290 802 0,44
8 3,0 330 850 0,31
3akiaouenue MCTOAUKHU I BI)I60pa ONTUMAJIbHOI'O BapuaHTa

B pesynbrare mpoBeIEHHOTO HCCIEI0BaHUSA
copMmynrpoBaHa MaTeMaTH4ecKas 3aJa4a ONTH-
MH3alUK TepepaboTKH KOHTEHHEPONOTOKOB Ha
TJIL] B ycloBusiX orpaHUYEHUs mepepadaThBaro-
el crnocoOHOCTH UHPPACTPYKTYphl. BhIsSBICHBI
KJIIOUEBBIE KPUTEPUU ONTHMAIBHOCTH, a TaKKe
OrpaHUYEHHUS.

Jlnsg perieHusl TOCTAaBJICHHOW 3ajqadu pas-
paboTaHa MeTOJMKA

A3bIKa  TPaHCIOPTHO-

JOTUCTHYECKUX OOBEKTOB, TNperHa3HaYEeHHAs
UL CTpyKTypHOro omnucanus oowexros TJILI,
TEXHOJIOTUYECKUX ONEepaluii 1 MapHIpyTOB Iie-
peMeIieHNs] KOHTEHHEPOIIOTOKOB MEXIy HHUMH,
a TakXe MO3BOJISIOIIAs MOJETUPOBATH BAPUAHTBI
TEXHOJIOTUYECKUX OmNepanuil mpu nepepadoTke
KOHTEHHEPOIIOTOKOB.

Ha ocHoBe npeuiokeHHOTO sI3bIka 00BEKTOB CO-
CTaBJICHbl CXeMa B3aUMOJEHCTBUS MH(PACTPYKTY-
pbt TJIL] u anroput™, BKIIOYAIONMI B ceOsl 3TaIbI
(opMupoBaHus ONTUMABLHOTO 11aHa padots! TJILI.

Kax npumep npuMeHeHHs METOUKU ObLIO BbI-
MOJIHEHO MOJIETIMPOBAHUE BapUAHTOB MepepadoT-
K1 KoHTelHepornoTokoB Ha nmpumMepe TJIL «Cyxoit
nopt O». [l onenkn 3pPeKTUBHOCTH TOCTPO-
€HHBIX BapHaHTOB HCIIOIb30BAHO KOMILIEKCHPO-
BaHUE KPUTEPUEB ONTUMAIbHOCTH, BKIIOYAIOIIEE
BpeMsl nepepaboTKH KOHTEHHEPOIOTOKOB, 3KC-
IUTyaTallMOHHBIE 3aTpPaThbl, MPOU3BOAUTEIBHOCTD
U PUCK BO3HUKHOBEHHS 3a/I€PIKEK.

PesynbTarhl BHINOJIHEHHBIX PAacyeTOB JIOKa3a-
AU BO3MOXHOCTh TPUMEHEHHS MPEII0KEHHOM

nepepadOTKH KOHTEHHEPOIIOTOKOB.

Takum o0Opa3zom, mpakTHYeckas 3HAYUMOCTb
paboThI
MOJIb30BaHHsL Pa3pab0TaHHOW METOIVKH SI3bI-

3aKJII0YACTC B BO3MOKHOCTH — HC-
Ka TPaHCIOPTHO-JIOTUCTUYECKUX OOBEKTOB IPH
MOJIETTMPOBAHNH M OTITUMH3AINH TTpoLiecca QyHK-
nuonuposanus TJIL[ B ycCllOBHSAX yBEJIMYEHUS
KOHTEHHEPOIIOTOKOB.
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Abstract

Objective: increase the efficiency of the transport and logistics center based on the development of a
methodology for forming an optimal plan for processing container flows. Methods: system analysis of
transport and logistics operations, mathematical modeling of container traffic processing options, a multi-
criteria optimization method based on selected criteria. Results: methodological foundations of the language
of transport and logistics facilities have been developed, a structural model of a transport and logistics center
has been constructed, a mathematical formulation of the problem of optimizing container traffic processing
in the conditions of a transport and logistics center has been proposed, an algorithm for processing container
traffic has been improved, processing options have been modeled and the optimal one has been determined.
Practical significance: the implementation of the proposed methodology in the process of container stream
processing planning will increase the processing capacity of the transport and logistics center.

Keywords: railway transport, transport and logistics center, language of transport and logistics facilities,
algorithm, container traffic, algorithm

ISSN 1815-588X. N3sectunsa MNrync 2026/2



390

Problematics of Transport System

References

1. Rasporyazhenie Pravitel'stva Rossijskoj Fede-
ratsii ot 27 noyabrya 2021 goda Ne3363-r «Ob
utverzhdenii Transportnoj strategii Rossijskoj Federatsii
do 2030 goda s prognozom na period do 2035 goda»
[Decree of the Government of the Russian Federation
dated November 27, 2021 No. 3363-r “On Approval of
the Transport Strategy of the Russian Federation until
2030 with a forecast for the period up to 2035”]. URL:
https://mintrans.gov.ru/documents/8/11577  (accessed:
April 04, 2026). (In Russian)

2. Kontseptsiya sozdaniya terminal'no-logisti-
cheskikh tsentrov na territorii Rossijskoj Federatsii
[The Concept of Creating Terminal and Logistics
Centers in the Territory of the Russian Federation],
Moscow, JSC “Russian Railways”, 2012, 79 p. (In
Russian)

3. Malikov O.B. Skladskaya i

logistika v tsepyakh postavok: Uchebnoe posobie. Stan-

transportnaya

dart tret'ego pokoleniya [Warehouse and Transport
Logistics in Supply Chains: A Textbook. The Third
Generation Standard], Saint Petersburg, Piter, 2015,
400 p. (In Russian)

4. Balalaev A.S., Leont’ev R.G. Transportno-
logisticheskoe vzaimodejstvie pri mul'timodal'nykh
perevozkakh [Transport and Logistics Cooperation in
Multimodal Transportation], Moscow, Federal State
Budgetary Educational Institution “Educational and
Methodological Center for Education in Railway
Transport”, 2012, 268 p. (In Russian)

5. Eliseev S.Yu. Postroenie i optimizatsiya funk-
tsionirovaniya mezhdunarodnykh transportno-logis-
ticheskikh system [Building and Optimizing the
Functioning of International Transport and Logistics
Systems], Moscow, All-Russian Institute of Scientific
and Technical Information of the Russian Academy of
Sciences, 2006, 242 p. (In Russian)

6. Korovyakovskij E.K. Problemy razvitiya sis-
temy logisticheskikh tsentrov na zheleznodorozhnom
transporte [Problems of the Development of Logistics

Centers in Railway Transport], Logistics Systems in

the Global Economy, 2013, no. 3-1, pp. 121-125. (In
Russian)

7. Giinther H.-O., Kim K.H. Container Terminals
and Automated Transport Systems: Logistics Control
Issues and Quantitative Decision Support. Berlin:
Springer, 2005, 374 p.

8. Weerasinghe B. A., Perera H. N., Bai X. Optimi-
zing Container Terminal Operations: A Systematic
Review of Operations Research Applications, Maritime
Economics & Logistics, 2023, vol. 26, no. 2, pp. 1-35.

9. Yu H,, et al. Yard Operations and Management
in Automated Container Terminals: A Review,
Sustainability, 2022, vol. 14, no. 6, 3419.

10. Kajkina E. A., Novichikhin A. V. Napravleniya
sovershenstvovaniya funktsionirovaniya transportno-
logisticheskogo kompleksa [Directions for Improving
the Functioning ofthe Transport and Logistics Complex],
Proceedings of the XXV International Scientific and
Practical Conference of Young Scientists, Students and
Postgraduates, Saint Petersburg, April 21-23, 2025,
edited by Professor I. B. Aref’eva, pp. 158-163, Saint
Petersburg, MediaPapir, 2025. (In Russian)

11. Kajkina E.A., Novichikhin A.V. Sover-
shenstvovanie funktsionirovaniya transportno-logis-
ticheskogo tsentra: kontseptsiya i sistema upravleniya
[Improving the Functioning of the Transport and
Logistics Center: Concept and Management System],
Bulletin of Scientific Research Results, 2025, iss. 3,
pp. 37-46. (In Russian)

12. Bishop K. Raspoznavanie obrazov i mashinnoe
obuchenie [Pattern Recognition and Machine Learning],
Moscow, Williams Publishing, 2016, 738 p. (In Russian)

Received: April 13, 2026
Accepted: May 15, 2026

Author’s information:

Ekaterina A. KAJKINA — Postgraduate Student;
kaikina_lkr@mail.ru

Aleksey V. NOVICHIKHIN — Dr. Sci. in Engineering,

Associate Professor; novichikhin@pgups.ru

2026/2

Proceedings of Petersburg Transport University



Ob6LeTexHMYecKMe 3a4a4m U NYTU UX peLleHns 391

OBLLETEXHUYECKUE 3AAAYN U NYTU NX PELLEHNA

YK 625.1; 628.2

BnusHue chopMbi NonepevHOro ce4eHUs 6ecnosioCTHOM ApPeHbl
Ha 3¢pheKTUBHOCTb OCyLUEHUSA

B.. WiTtbikoB', A.B. MoHomapeB’, 10.T. lHKO?

! TleTepOyprekuii rocy1apcTBEHHBIN YHUBEPCUTET ITyTeil cooOmenns Mmmneparopa Anekcanapa I, Poccus,
190031, Canxkr-IlerepOypr, MockoBckuii mp., 9

2 ArpodusrdecKkuii HayqHO-HUCCIIEN0BaTeNbCKHI MHCTHTYT, Poccus, 195220, Cankr-IlerepOypr, ['paxnan-
cKwmif ip., 14

Jost uuruposanusi: [lmeikos B. U., [lonomapes A. b., Auxo FO. I’ Bnusaue GopMbl IONEPEIHOTO CEUCHHUS
OecrnosiocTHO Apens! Ha A dekTruBHOCTE ocymenus // 3sectus [lerepOyprekoro yHuBepcuTeTa myTen co-
obmenus. CII6.: III'YIIC, 2026. T. 23, Bem. 2. C. 391-401. DOI: 10.20295/1815-588X-2026-2-391-401

AHHOTAIIUSA

Henn: B cBA3U ¢ HAOMIOMAIONICHCS TEHICHITUEH CHIKEHNSI KOHTHHEHTAJIBHOCTH KJIMMaTa B ycioBusax Ce-
Bepo-3anana Poccun B Onmxkaiimue 30—-50 JeT MpUTOYHOCTD K CHCTEMaM BOJOOTBEACHHUS HA )KEJIe3HOI0-
POXHOM TpaHCIOpTe BhIpacTeT B cpeHeM Ha 10-20 %, ofHaKo yke B HACTOSAIIEE BpeMsl B CIIA00BOIOTIPO-
HUIIAeMBIX TPYHTaX B OT/IEJBHBIC MTEPHOJIbI HAOIIONAETCs MepeyBiIaKHeHne. Kak moka3plBaloT pacyeTsl,
3¢ GEKTUBHOCTD OCYIICHHS 3eMJISTHOTO TTOJIOTHA MOXKET OBITh CYIIIECTBEHHO YBEIIMYCHA, €CITH TPUMEHUTh
0ecroNoCTHON peHax. becnoaoCcTHRIM IpeHaM MOXKHO TPUIATh pa3Hyr (GopMy MOTIEPEIHOTO CEUCHHUS,
Y TIPEJICTABIACT MMPAKTHUSCKUI HHTEPEC OTBET HA BOMPOC: a KaK MPH MPOYUX PABHBIX YCIOBHUSAX 3TO OT-
pasutcs Ha 3pPpeKTUBHOCTH JeiicTBH ApeHaka? MeToabl: Ha HECYIIYIO CIIOCOOHOCTh TPYHTA 3eMIISTHOTO
MIOJIOTHA OKA3bIBAET BIUSHUE €T0 BIIAYKHOCTHBIA PEXKUM. YBEIIMUCHHE JK€ ITYOHHBI MTOJIOKESHUS TPYHTOBBIX
BOJI B 3€MJISTHOM TIOJIOTHE, CYUTasl OT OCHOBAHHUS IITIAN, Oy/IeT CIOCOOCTBOBATh M YBEIUYCHHUIO HECYIIeh
CIOCOOHOCTH 3eMJISTHOTO TMOJIOTHA. [IpuBeneH mpuMep THIPaBIUYECKOTO pacdera OSCHOJIOCTHBIX JPEH
pa3Hoii POPMBI TIOTIEPEYHOTO CeueHMs. Pe3ysIbTaThl: YCTAaHOBIICHO, YTO U3 TPEX pa3HbIX (OpM MOIeped-
HOTO CeYeHUs (TparenenalbHOr0, COCTABHOTO M TPEYToJdbHOr0) HanOobiel 3(pPpeKTHBHOCTHIO BOJIO-
oTBeJieHHs 00JiafaeT OeCroIOCTHAS JIPeHa, UMEIOIIasl Tparnelen1aIbHy0 (OPMY ITOTIEPEUHOTO CEUCHHUS.
B koH1e crathu Asist 9TOM ke (POPMBI IOTIEPEYHOTO CEYCHUS BBHIIIOIHEH TEOTEXHUUYECKUN pacueT 0CaioK
Y HaNpsDKCHHWH B MSTKOIUIACTHYHOM cyriuHKe. [IpakTnyeckass 3HAYMMOCTB: MOJTYyYeHO 00OCHOBaHUE
Hauboiee 3(h(HeKTUBHOM (HOPMBI TTOMIEPEYHOTO CEUYEHUsSI OSCIOIOCTHOTO JPEHAXKA ISl OCYIICHUS 3EMIISI-
HOTO TIOJIOTHA U3 C1a00BOAOMPOHUIIAEMBIX TPYHTOB.

KuioueBble c10Ba: 6€COIOCTHON APEHAXK, TUAPABINUSCKIN pacdeT, IpeHakKHAsi CHCTeMa, METHOPATHB-
HBIM KaHal

BBenenue

Hlupokoe mpuMeHeHHEe OECTONOCTHBIX JApeH
B Pa3IMYHBIX OTPACSIX MPOMBIILIEHHOCTH [l—
5] — B IPOMBILUIEHHOM, TPAKIAHCKOM, THIPOTEX-
HUYECKOM U JIOPOKHOM CTPOUTENBCTBE, a TaKKe
B CEIILCKOM XO3SMCTBE — OOYCIIOBIEHO PSIOM HX
NPEUMYILIECTB 110 CPABHEHHUIO C TPyOUaThIM IpeHa-
KOM. becrnonocTHol IpeHax He pa3pyliaeTcst Moy
BO3/ICHCTBUEM OTPHUIATENBHBIX TEMIEparyp, co-

XpaHsieT paboTOCTIOCOOHOCTH MPH MPOCAIKaAX, 00-
JIaJiaeT BBICOKOM BOJ03aXBAaTHOW CIIOCOOHOCTHIO,
nonrosedeH. [Ipu ocymieHnn c1aboBOIOTPOHU-
I[AEMBIX TPYHTOB WJIM HEOOXOMUMOCTH 3aJI0KCHUS
B 30HY CE30HHOTO NMPOMEP3aHusl OH BCEraa Mpej-
HOYTHUTENIbHEE TPyOUaToro.

becronoctHoit ApeHaX B CErOAHSIIHEM IIO-
HUMaHHU B 3KEJIE3HOMOPOXKHOM TPAHCIIOPTE Ha-
yan npuMeHatbes B 1934 ropy [6]. B paiionax
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C CYypOBBIMU KJIMMaTHYECKUMHU YCIOBUSIMU B Ha-
CTOsIIIIEE BPEMS OH MPUMEHSETCS B KA4eCTBE (PUITb-
Tpytouux Hackinei [ 7]. Onnako Ha CeBepo-3amnane
ceifiuac HaOromaerca U B Ommkaimue 30-50 mer
NPOAOJKUTCS  CHUJKEHUE
KJIMMaTa, 4TO MPHUBEIET K YBEIWYEHUIO MPHUTOY-
HOCTU K JapeHaxy Ha 10-20%. B stux ycioBusx
KOHCTPYKLIMHM JpEHaxa, MPUMEHSEMbIE B Kele3-

KOHTHHCHTAJIbHOCTHU

HOZIOPOXKHOM TPAHCIIOPTE B C1a00BOJONPOHHIIAL-
MBIX TPyHTax ¢ kodpuimenTamu QUIbTpauy He
6omnee 0,01 m/cyT, He obecreyar CBOEBPEMEHHOTO
CHIDKEHHUSI YPOBHEH BOIBI B 3€MJISTHOM IIOJIOTHE.
Kak mokasbpiBalOT CpaBHHUTEIBHBIE PACUeTh, (-
(PEKTHBHOCTb OCYILIIEHHSI MOXKET ObITh CYIIECTBEH-
HO YBEJIMYCHA, €CIIM HEMOCPEICTBEHHO Moj Oan-
JaCTHOM IMPU3MON pacHONIOKUTh OECIONOCTHBIE
npensl [8]. [Ipu 3TOM 0HOBPEMEHHO OECTIONOCT-
Hasg JpeHa OyneT crnocoOCTBOBATH YBEITMUCHHUIO
HeCylel CMOCOOHOCTH 3eMIITHOTO MMojoTHA [9].

O0LeKThI H METOALI

B of0mem ciaydae aasi mpu3MaTu4eckoro Io-
MIEPEYHOT0 CeUeHHUs OECITOIOCTHBIX APEH ypaBHE-
HHE JBWKCHUS BOJIBI UMEET CIICAYIOINN BH/I:

dh _ . q-s q*- s

—_—=

ds Ko K o

, (1)

I7le ¢ — pacipeieseHHbIN IPUTOK K JIPEHE;

§ — KOOp/IMHATA KUBOTO CEUCHUS;

(O — TUIOIIA/b JKMBOTO CEYECHHs (HIBTpAIi-

OHHOTO TIOTOKA,;

h— TyOrHa BOIBI OT HW)KHEH TOYKU CEUCHHUS, M;

K, K, — xo3pduieHTsl GUiabTpanuy 3amoi-

HUTENS OECIOIOCTHO JPEHBI COOTBETCTBEHHO

NpH JJAMAHAPHOM M TYpOYJIEHTHOM PEKHMaXx;

i — TIPOJIONBHBIN YKIIOH JIPEHBI.

VYpaBuenue (1) st m000TO pekUMa TEUCHUS
BOIIBI B OECMOJIOCTHOM JApeHe, BKIIoUas Mepexos-
HbIH, peleHo ObLIO TONMbKO UL Cilydas HpsMO-
YTOIBHOTO TomnepeyHoro cedenusi. OmHako Oonee
TPUBJIEKATEILHBIM SIBJIACTCS TIPOQUITH, TIOTIEPETHOS
CeueHHe KOTOpOro BBEPXY paclupsieTcsi, 4to Oy-
JIeT COCOOCTBOBATh BHIPABHUBAHUIO HATPSHKEHHUN
B 36MJISTHOM MOJIOTHE T10]1 OAJTACTHOM MPU3MOH.

[epenumem ypaBuenue (1) ans cirydas ¢ AByX-
CTOPOHHHUM BIaJICHUEM B KOJIIEKTOD (puc. 1).

[TonepeuHoe ceyeHue IpeHbl NPUMEM Tpa-
neneuaanbHbIM. YpaBHenue (1) misg tpameneu-

!

q

BN

Puc. 1. PacueTHas cxema O€CIOIOCTHOM JPEHBI
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JAJIBHOTO TTOTIEPEYHOTO CEYCHUS MPUMET CIIeIy-
FOLLUHI BUL:

dh . q q 2

sk _
dsK(brmh)h K- (brmny P

rae b — mupuHa 6€CroI0CTHOM JPEHBI 10 THY;

m — K03 PUIHEHT OTKOCA.

VYpaBuenue (2) He CBOIUTCS HU K OJTHOMY OOBIK-
HOBEHHOMY JH(PepeHINaTbHOMY YPAaBHEHHUIO.
YT0OBI CBECTH €T0 K PEIICHHUIO IS TIPSIMOYTOJIb-
HOTO CEYEHHS, paHee ObLIO TPEITIOKEHO ICHCTBHU-
TETBbHYIO TparenenIaabHyo GopMy 3aMEHHUTh Ha
HKBHMBAJICHTHYIO [0 IUIOLIAAN MPSIMOYTOJIbHYIO.
bbi1o 10Ka3aHo, YTO Il TAKOTO MPUOIMKEHHO-
ro crocoba pe3yiabTaThl pacyera MpeHeOpeKuMo
MaJIo OTJIMYAIOTCS OT TOYHOTO petieHus [9].

[Tocne 3aMeHbl ceyeHUs] Ha MPSMOYTOJIBHOE
ypaBHeHue (2) mpuodperaer BULI:

dh .. g ¢

P R N Y A

rie b, — SKBUBAJICHTHAS IIMPUHA APEHBI MPIMO-
YTOJIBHOTO CEYCHUS,
b.=b+p-m- hy, hy— uckomas riyOuHa B Ha-
Yajie KOOPJMHATHBIX OCeH /1 U s,
B — ko3 duIMEHT, YUYUTHIBAIOIIUNA HU3MEHE-
HUE TTyOMHBI (PHIIBTPAIIMOHHOTO TI0TOKA BIOJb
0€CII0I0CTHOM IPEHBI.
[Ipu 3TOM 1151 B OBLIO TOTYUYECHO CIEAYIOIIee
BBIpKCHHE!
2(hy +hy b+ 1)

= 4
P 30y (By+h) @

rie h, — niyOuHa (QUIBTPALMOHHOTO IOTOKA

B yCThe OECIIONIOCTHON JIPEHBI.

JUi1s IpSIMOYTOJIBHOM JIPEHBI SKCTIEPUMEHTAIb-
HO OBUIO TONyYeHo, yTo Oe3 moamopa nyOuHa
B ycTbe A, paBHa 0,1254, [5]. Torna B (4) mocne
NO/ICTaHOBKY moyduMm B = 0,68.

BriBenem Qopmyny ans ompeneneHus Kod¢-
¢uimenta s coctaBHoro npoduis (puc. 2).

Bocmonb3yemMcss W3BECTHBIMH TOYHBIMH pe-
MICHUAMH JUIsl Ciiy4yas OecronoCTHON Oe3yKJIOH-
HOI JIpeHbI COCTAaBHOTO CEYEHHUsI, KOTOPOE MOXKET
OBITh 3aMEHEHO Ha MPSAMOYTOJIBbHOE, KaK OrOBOpE-
HO BBIIIIE.

B oboux ciyyasx HaiiieM MOJOXEHHUE cepe-
JIMHBl MEXAY KOJUIEKTOpaMHM, B KOTOpbIE BIlajia-
0T 9TH JPEHbl MO W3BECTHBIM 3aBUCHMOCTSIM.
Jnst cocTaBHOTO IPOQUIIS:

L K, 2
3= a3 -a)+2m(n -0y}

I[J'IH MPSAMOYTOJIBHOTO TONEPEYHOT'O CCUCHUS
SKBHMBAJICHTHOM HIMPUHBI:

L K, (kg -a')-b,

5 = p . (6)

['myOuna QuibTpalmoHHOTO MOTOKA /4y B 000-
UX CITydYasx OJMHAKOBA.
Hcxons u3 paBeHCTBa Iutoma e (puc. 2),

b.hy=Db - hy+ m(h,— a)za (7

MoJryqyacMm:

h _ 2

p—pap. "o=a) (8)
0

W3 paBeHcTBa MpaBbIX YacTel ypaBHEHHH (5)

u (6) 1715t b, MOMYyYnM CIIEIyIOIIee BhIPaKEHHUE:

ho

J(

b
I be |

Puc. 2. CocraBHoii npoduib

0ecCIoJI0CTHOM IpEHBI
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2m( hy — a)2 cocrara); | = 1,9 — xoaddurment HeomHOPOI-
b,=b+p- W, (9)  Hoctu marepuana meGHs; y = 1,68 — ko3 durLH-
0 et popmel yactuir; C, = 78 ecm®*/c — koadhu-
oTKy/ muent lesu; v = 0,0131 cm?/c — koadduipeHt
2 KWHEMaTHYeCKOW BS3KOCTH BOJBI, MPUHAT IS

B=—r—r. (10)  Temmeparyps 10°C.

3(hy+a)

N3 3aBucumoctu (10) cremyer, 4To B ciryyae
COCTaBHOTO CEUYCHHUS Ha BENIWYMHY K0d(duimeH-
Ta [} BIUSIET BHICOTA MPSAMOYTOJILHOM YacTH ceye-
HUS, paBHAas d.

CormocraBuM O€CIONOCTHBIE JAPEHBI HCCIIEN0-
BaHHBIX HAMU (HOPM TOTMEPEUHOTO CEYEHUS MO MX
CIOCOOHOCTH TMOHMKATh YPOBEHb BOIBI B 3€MIISI-
HoM TostotHe. CeueHue ¢ TiyOuHoi 4, (puc. 1) Ha-
XOIUTCSI TaM, TJIe CKOPOCTh JIBUXKEHHS BOJIBI B 3a-
HOJIHUTENIE IPEHbI paBHA HYIH0. OT 3TOr0 CeueHust
BOJIa TEYET B MIPOTHUBOIOJIOKHBIE CTOPOHBL, BBEPX
Y BHU3 110 YKIJIOHY. [Ipy 0JJMHAKOBON OTMETKE 3a-
JIO’KEHUSI IHA JIPeH TIOHW)KEHUE YPOBHSI BOJIBI TEM
OosbIlie, YeM MEHbBIIE B YKa3aHHOW TOYKE OymeT
BenmunHa h, (puc. 1). JIpeHsl 3aj10xeHbI ¢ O1u-
HAKOBBIM YKJIOHOM, MMEIOT PaBHbIE JUTHHBI KpU-
BOW JIEMPECCHU BHU3 TIO YKIOHY (L)) W 3amojHe-
HbI 0IMHAKOBBIM 11eOHeM. [lonepeunsie ceueHus
JIPEH TI0Ka3aHbl Ha puc. 3.

Marepuan 3amoigHuTENsT OECIOIOCTHON Jpe-
Hbl — 1ebenp pakmuu 5-20 mm: d; = 1,2 cm
(ompenenseTcs 1Mo KpUBOM rPaHyIOMETPUYECKOTO

PesyabTarsl HccIe10BaAHU I

[IpuBeneM rupaBIM4YecKUil pacyer 1Mo ornpe-
JENEHUI0 [yOUHBI BOABI B OECHONOCTHOM Jpe-
HE COCTaBHOIO Mpouis B TOYKE BOAOpa3zena
(puc. 1), kotopas ob6o3HaueHa uepes h,. st AByx
APYTUX Cciy4aeB B TaOIM4HON (hopMme mpescra-
BUM PE3yJIbTaThl pacyeTa v CPAaBHUM MOTyYCHHBIC
3HAYEHUSL.

B paccmarpuBaemoMm citydae b, BBIYUCISETCS
1o opmyie (8). Xox pacueTa U3I0KEH HIXKE.

1. Paccuntaem BelIMUMHY PacueTHOTO JHAMET-
pa GpUIBTPAIIMOHHOTO X0/1a d,:

d, 057[ i _

0,48 1,2
=0,57-{/1,9 =0,42 cwm,
1- 0,48 168

7€ © — MOPUCTOCTH IEOHS.
2. Boraucnsem kodGduIuenTs GUiIbTpamn
TIpH JIAMAHAPHOM ¥ TYpOYJICHTHOM PEKHMaX.
[Ipu namMuHApHOM pEeXUME:

2,8 2,8 2,88
9, o @ 5 - @ )
\\\/j\ = I N \\‘//\.
e
=)
0.4 04
Puc. 3. ®opMbI onepeuHbIX CEYCHHN OSCIIOIOCTHON JIPSHBI:
1 — TpaneueuaanbHOE; 2 — COCTaBHOE; 3 — TPEYroJIbHOE
2026/2 Proceedings of Petersburg Transport University
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n-g-d
KIZT:
TV

0,48-9,81-0,0042°

3. Jlns ompenenenust h, uMeeM CIEIYIOUIYIO
pacueTHyto 3aBucumocts [10]:

= =0,803 wm/c, . (1-o)
8-3,142-0,0131-10" . (5 =it +U,-1,+U,)
1pH TypOyIEHTHOM pPeXUME: o ( t, - K, )(]_ml)
n-C,
K, = / 2d, = 3HaueHue A, HAXOAUTCS METOIOM II0100pa,
O 48.78 MOCKOJIBKY Psi/I BEJIWYHH, BXOIAIMUX B QOpMy-
PO V2:0,42=6,17 cm/c ay (11), 3aBucsaT ot 3TOrO 3HaueHud. lIpumem
3,142
hy= 0,85 M. [InuHa L, cOCTaBUT 1O POEKTY JIpe-
i 0,0617 m/c. Haxka 60 M.
[MocetoBaTebHOCTH pacyera:
12 . .
tk:h_k:O, 5h020,125 0,85:1’77‘10,3’ . 2h, _ 2-0,85 — 0,45,
L L 60 3(hy+a) 3(0,83+0,4)
B(hy—a)’ 1,5-0,45(0,85-0,4)’
be:b+mzo,4+ ( ) 056w,
hy 0,85
—4
U, = q _ 0,5-10 _1,12-107,
K,-b, 0,803-0,56
2 2 -8
U= 2q 2 0.2 210 2 :2’1'10_6a
K -b; 0,0617°-0,56

U (Y _ L2107
3 (3 3

(0 (3)03j 0,602-107,

K, =L _2r.sh (lArsh }:j 0,003
3 3 r

K;

U, (0,003)3
+—Lt=- +
2 3

(-0,929-107

-4 -6
0,003-1,12-10 +2,1-10 _1105-10°,
6
-6
== _-2.0,602-107-sh lA hM =-0,929-107

(0,602-102)

1 =

3K} -2K,-i+U, 3(—0,929-10*2)2+2~0,929-10*2-0,003+1,12-1041

= 0,202,
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M:(l—cbl)-%+(l—3cpl)-

U, (1-0,202)-1,12-107

1 K} -0,929-107
-6

+(1-3-0,202)- 2,210 ~=-0,003-107,
(-0.929:10°%)

N, =4(K} +U,) (K, +i) = 4[(—0,929-102)2 +1,12-104}+

+(—0,929-10*2 +o,3~10*2)2 =7,536-107",

(6 —i-6;+U, -1, +U, )(HD')

(lk _ Kl )(173<1>,)

|
R

Q
[0))
|

[1,773 10 -0,3-107-1,77*-10° +1,12-10*-1,77-10° +2,1-10°°

](1—0,202)

=60

(1,77-10*3 +0,929-107

0,003-107 | 3,14
—arct

2-1,77-10°-0,929-10°-0,3-10*

X
)(1—300,202)

X

exp
J7.536-10* | 2

3a UTOroBO€ 3HauUeHUe npumem /1, = 0,84 m.

Hecymass cnocoOHOCTh TIPYHTOB 3€MIISIHOTO
MOJIOTHA C YBEIWYEHHEM HX BIIAKHOCTHU yMEHb-
maercd. Yem Ha OONBIIyI0 BEeIMYMHY Oyner
CHIJKEH YpPOBEHb BOJIBI B OECIONIOCTHOW IpeHe,
CuMTas OT OCHOBaHMS OAJIACTHOW NPHU3MBI, TEM
Oosnee OnaronmpHATHBIC YCIOBUS CKIIAJIBIBAIOTCS
JUISL HALIPSDKEHHOTO COCTOSIHUSL B OCYLIEHHOM ya-
CTH 3€MJITHOTO 1OJIoTHA. B Tabn. 1 npuBeneHb!
pe3ynbTaThl THUIPABIMYECKOTO pacyeTra Oecro-
JOCTHBIX JPEH, UMEIOIIUX OAHY U Ty K€ JUIMHY
L, = 60 M ¥ BBIOJIHEHHBIX U3 OJHOTO M TOTO XKE

= 0,83
J7,536-10™

Matepuaia medHs gpakuun 5—20 MM, HO UMEFO-
IUX pasHyto GopMy nonepedHoro ceuenus. pe-
HbI HIMEIOT OJIHY ¥ TY K€ TIOCTOSHHYIO 10 JUTHHE
BBICOTY, TaK KaK OHHM UMEIOT JIBOMHOE Ha3HadYe-
HHE: HApsIy CO CHIKCHHUEM YPOBHS BOJIBI B 36M-
JISTHOM TIOJIOTHE OHHU CIIOCOOCTBYIOT Ooliee Oiaro-
HPHUATHOMY PaclpeIe/ICHHIO HANPSKEHHUH B 30HE
UX PACIIOJIOKEHHS.

W3 nanHbIX TaOm. 1 ciemayer, 4To TpareleH-
nanpHOE cedeHue Oonee A(PHEKTUBHO CHIDKAET
YPOBEHB BOJIbI, B TOM 4HCJIe Onarogapsi OobIieit
IUIONIAIN TONEPEYHOTO CeYeHHUs. SHAYUTENbHAS

TABJIMITA 1. Pe3ynbrarsl IMAPAaBIMYECKOTO pacyera 6eCIIONOCTHDIX fpeH

®Dopma I'myOnna BoabI Bejnunna CHUKEHHS YPOBHS BOJbI
HHOIIIa}ll) MOMEePEYHOro Ce4CHUust
MONMmepPeYHoOro B TOYKeE OTHOCHUTEJIBHO OCHOBAHHUSA Gecmoa0CcTHOM ADEHBI, M
CeYeHHUs BOJOpa3ieaa, M 0aJJ1aCTHOIi MPU3MBI, M p ’
1 |TpaneueunnanbHoe 0,50 0,70 1,92
2 | CocraBHoe 0,84 0,36 1,44
3 | TpeyronbHoe 0,75 0,45 1,728
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IJIOIIaAb TIOTMEPEYHOro CeYeHHs Takke B 00Jb-
meil creneHu OyaeT cnocoOCTBOBAaTh yBeIHUYe-
HHIO HECYIIEH CIOCOOHOCTH 3eMIISIHOTO TTOJIOTHA.

VuutbiBasg, 4to ImeOeHb, KOTOPBI HCIOJb-
3yeTcsl B KaueCTBE 3alOJHUTENSI OeCHONIOCTHBIX
JpeH, 00aaaeT XopomuMy (GUIbTPAIlMOHHBIMU
CBOMCTBAMHU M BBICOKUMH MPOYHOCTHBIMU Xa-
PAKTEPUCTHKAMHU, B CEJIbCKOM XO3SICTBE MHpHU
OCYIIEHUU B CJIA0OBOAOMPOHUIIAEMBIX TPYHTaX
OTKpBIThIE KaHaJbI TIyOMHOM 10 1 M mpeBparia-
I0TCS B O€CTIOJIOCTHBIE KOJIEKTOphl. OHM BKIIIO-
YalOTCSl B COCTaB BHYTPUAOPOXKHOM CeTH Ha
nonax. becrnonocTHbIE KOMJIEKTOPHl HCIOIb3Y-
I0TCSI OJTHOBPEMEHHO B Ka4e€CTBE JIOPOTH C OJTHO-
CTOPOHHUM JIBUKEHUEM TEXHUKHU IO KOJIBIEBON
WM CKBO3HOM cxeme. [l OLleHKH HampsKeHUH
B 3aIOJIHUTENE JAPEHBI U OKPYKAIOIIEM €€ IPYyH-
T€, a TAaKXkKe 0CaJIKU MO0 OcH Joporu (becnonoct-
HOH JIpeHBI) Ha Pa3NUYHON TIyOHHE, cUuTasi OT
OCHOBAHUS IJTUT, HAMU ObLIT BHITIOJHEH COOTBET-
CTBYIOLIMIA pacueT. Ha puc. 4 nmpecrasiena pac-
YeTHas CXema.

B Tab6n. 2 ykazansl (hU3MKO-MEeXaHUYECKUE Xa-
PaKTEPUCTHKH TPYHTA, B KOTOPOM IMPOJIOKEH Oec-
MOJIOCTHOH KOJIJIEKTOP.

3a MakcUMaNbHYO (JaKTUYECKYIO Harpy3Ky MpH-
HATO JJaBJIEHUE OT CETbCKOXO3SHUCTBEHHOTO TPaKTopa
o01ero HazHadeHus 5-ro Tsrosoro kiacca K-744 01
(«Kupoger») ¢ skcrutyaraiiioHHoi Maccoid 118 kH.

Ha puc. 5 npencrasnen ¢parmMeHT pesynbra-
TOB pacueTa Mo CIeAYIOIIeH cXxeMe HarpyKeHus:
TUTUTHI YIIOKEHBI B JIBA PsJia, @ HArpy3Ka MakCH-
MallbHO CMellleHa K mpaBoMy Kpato. Kpaii koneca
HAXOJMTCS HAJl KpaeM MPaBOM TTUTHI.

Pesynbratsl pacuera cBefeHsl B Tabi. 3, B KO-
TOPOMA IS pa3IUYHbIX ITyOUH NPUBEACHBI 3HAYE-
HHS 0CaJIKU /1 Ha OCH JIOPOTH.

Pe3ynbrarsl pacuera cBUACTENLCTBYIOT O BO3-
MOXXHOCTH U LIEJIECO00Pa3HOCTU HMCIOIB30BAHUS
OECTONOCTHBIX JPEH ISl OCYIICHUS 3eMIISIHOTO
MOJIOTHA B CIa0OBOAONPOHUIIAEMBIX T'PYHTaX.
[Tpu 3TOM nocTHraercst He ToIbKO APdexTUBHOE
OCylIeHHe, HO U YBEIIMUeHUE Hecylled crnoco0-
HOCTH 3€MJISTHOTO TOJIOTHA.

720
‘ 2115

| 232 kPa

3850

1050

Puc. 4. ITonesas Aopora, COBMCIICHHAsA C 0€ECITONIOCTHBIM KOJUICKTOPOM:

| — MSATKOIUIACTUYHBIA CYTIMHOK; 2 — OECHOIOCTHOMN KOJIEKTOp U3 meOHs Gppakuuii 5—40 Mm;

3 — reoTeKCTUIIb 10 NepuMeTpy 0€ECITOJIOCTHOTO KOJUICKTOpPA; 4 — xene300eTOHHAS HWHBCHTAapHas IJInTa
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TAB/IUIIA 2. ®usnko-MexaHM4ecKne XapaKTepUCTUKY TPYHTa

Xapakrepucruka CyrIHHOK MSATKOIJIACTHYHbIH Ile6enn

Mopnyns nedopmarmu, MITa 17 40

OGbeMHas Macca, T/M 1,9 1,35
Yro BHYTpEHHETO TPeHUs, Ipaj 19 40

CuernneHue, Kkre/om’ 0,25 0,02

A A A A
h, Mm
26.000

Puc. 5. ®parmeHT pesynabTaTa BHIYUCIEHUS 0CaJI0K B TPYHTOBOM MAacCUBE

TABJIMITA 3. MakcymarnbHble OCafIK/ Ha pacu4eTHOI! [IyOyHe 10 pesyibraraM pacyetos (h)

Pacuernas riry0nHA, CYMTAS OT HUKHEH IPAHM ILUTUTBI, M
0 0,45 0,9 1,8
Ocajxu, MM 14 12 10 8
3aKJ'IIO"[eHI/Ie TCIA U I[p) CymeCTBeHHO BIIUSCT HaA BeJII/I‘-II/IHy

1. B cBs3U cO CHM)KEHHEM KOHTHHEHTAJIbHO-
ctu ximmara Ha CeBepo-3amane Poccun B Omu-
xaimue 30-50 JeT NpPUTOYHOCTH K ApEHaKaM,
B TOM YHCJIC Ha JKEJIE3HOIOPOKHOM TPAHCIIOPTE,
yBennuutes Ha 10-20%. DddexTuBHOCTD OCY-
IIEHHSI 3eMJITHOTO TIOJIOTHA MOXET OBITh Cylie-
CTBEHHO yBEIIMYEHA, €CITH JUIl HErO TMPHUMEHSTh
0eCIOI0CTHOMN qpeHax.

2. ®dopMa TOMEpEYHOro ceueHus Oecro-
JIOCTHOW JIPEHBI TPH TPOYUX PABHBIX YCIOBHUIX
(UIMHa W BBICOTA JIPEHbI, KPYMHOCTh 3aIOIHHU-

CHIDKEHHS YPOBHS BOJBI B 3EMIIIHOM IIOJIOTHE,
CYMTast OT OCHOBAHUS OAJIaCTHOM Mpu3Mbl. BbI-
IIOJIHEHHBIE TU/IPABIMYECKUE pacyeThl Ul JPEH
pa3HbIX (POpM MOMEPEYHOro ceueHUs (TPeyroib-
HOE, COCTaBHOE M TpamneLeniaibHoe) IpH OJHON
Y TOH k€ MPUTOYHOCTH K JIpEHaM I10Ka3aJu, 4TO
NPEANOYTUTENILHBIM SBIISETCS TparelenjalbHoe
MIOIIEPEYHOE CEUEHHUE.

3. CHuXKeHue ypOBHS BOABI B 3€MJISIHOM IIO-
JOTHE CIOCOOCTBYET YBEIMYCHUIO €ro Hecy-
mel cnocobHocTH. B cTarke mpuBeneH mpumep
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pacueTa 0caZioK M BEJIMYUH HAMpPSHKEHUH B 3€M-
JISTHOM MOJIOTHE B 0€CIOIOCTHOM KOJUIEKTOPE Tpa-
NELEUJAIbHOTO MONEPEYHOr0 CEUEHHUSI, KOTOPBIH
OZIHOBPEMEHHO C OTBEJICHHEM MPHUTEKAIOLIETO
K HEMY JIPEHa)KHOTO CTOKa BXOJHT B COCTAB BHY-
TPHUIIOIEBOM A0pOru. B kayecTBe Harpys3Ku BbI-
OpaH TpakTOp 0OIIETO Ha3HAUYEHHS 5-TO TATOBOTO
knacca K-744 01 «Kuposemy» ¢ skcruryatanioH-
Hoi maccou 118 kH. Pe3ynbrarel pacuera cBu-
JeTEIbCTBYIOT, YTO NPHUMEHEHUE OECIOI0CTHOTO
JPEHaXa B 3€MJISTHOM IIOJIOTHE JKEJIE3HBIX JI0pOr
HE TOJBKO oOecrednuT PPEKTUBHOE OCYIICHHUE,
HO U YBEIIMYUT €r0 HECYILYIO CIIOCOOHOCTb.
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Abstract

Objective: due to the observed trend of decreasing climate continentality in the North-West of Russia
in the next 30-50 years, the supply to wastewater disposal systems in railway transport will increase by
an average of 10-20%, however, waterlogging is already observed in poorly permeable soils in some
periods. Calculations show that the efficiency of drainage of the earth bed can be significantly increased
if cavity-free drainage is applied. Caveless drains can be given a different cross-sectional shape, and it
is of practical interest to answer the question of how, all other things being equal, this will affect the
effectiveness of drainage. Methods: the bearing capacity of the soil of the roadbed is influenced by its
humidity regime, while increasing the depth of the groundwater position in the roadbed, counting from
the base of the sleepers, will also help to increase the bearing capacity of the roadbed. An example of the
hydraulic calculation of caveless drains of different cross-sectional shapes is given. Results: it was found
that of the three different cross-sectional shapes (trapezoidal, composite and triangular), the cavity-free
drainage having a trapezoidal cross-sectional shape has the greatest drainage efficiency. At the end of the
article, geotechnical calculations of sediments and stresses in soft-plastic loam are performed for the same
cross-sectional shape. Practical significance: a justification has been obtained for the most effective cross-
sectional shape of a cavity-free drainage for drainage of an earth bed from poorly permeable soils.

Keywords: cavity-free drainage, hydraulic calculation, drainage system, reclamation channel
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CpaBHUTENbHbIA aHANIU3 MEeTOAO0B OLLeHKW Ha4asbHbIX
CMeLleHU NPpn3abonHON 061acTU B YCITIOBUSAX MasIONPOYHbIX
nonycKanbHbIX FPYHTOB

B. H. KaBka3ckui, E. A. EPMOHUH

[TerepOyprckuii rocylapcTBEHHBIM YHUBEPCUTET MyTel coobmienus mmeparopa Anekcanapa I, Poccws,
190031, Canxkr-IleTepOypr, MockoBckwii mp., 9

Jos nurnpoBanusi: Kasxasckuii B. H., Epyonun E. A. CpaBHUTENBHBINA aHAJIN3 METO/IOB OLIEHKH Hayallb-
HBIX CMELICHUH MpHu3a00WHON 00JacTH B YCIOBHUIX MaJONMPOYHBIX MOYyCKaJbHBIX IpyHTOB // M3BecTus
[NeTepOyprckoro yauBepcurera myteit coobmienus. CI16.: [II'YTIC, 2026. T. 23, eim. 2. C. 402—416. DOL:
10.20295/1815-588X-2026-2-402-416

AHHOTAIUSA

Crarbsl IOCBSIIIEHA CPAaBHUTEIILHOMY aHAJIM3Y U Pa3padOTKE METOIMKH y4eTa MPOCTPAHCTBEHHON CXEMbI
nehopMUpOBaHUS TTOPO TIPU3a00HOI 00TaCTH B TNIOCKOH PAcUETHOM CXeMe TOHHEIS C YIETOM TEXHOJIO-
TMYECKUX OCOOEHHOCTEH B KOHKPETHBIX MH)KCHEPHO-TEOJIOTMYECKUX yCIoBUsAX. OObeKT Hcc/Ie0BaHNA:
HaIpsHKEHHO-1e(hOPMUPOBAHHOE COCTOSIHUE CUCTEMBI «IPYHTOBBII MacCHB — BbIpaOboTka — Kpenby. [pen-
MeT MCCJIeIOBAHUS: BeJTMUMHA CMEIICHUH Mpr3a00oiHON 00JIaCTH, PeaTn3yIOIIUXCs 10 YCTPOMCTBA Kperu
BbIpaOoTKHU. LleJib: Ha OCHOBE CPABHUTEJIFHOIO aHAIN3A CYLIECTBYIOIIMX METOIUK U TPEXMEPHOIO YHUCIICH-
HOT'O MOJZICIMPOBAHMS ONPEENIUTD 00 HAa4aIbHBIX CMELICHUH KOHTYpa BbIPAOOTKHU 10 yCTPONUCTBA Kpenu
ULl TOHHEJIEH, COOPY>KaeMbIX TOPHBIM CIIOCOOOM B MaJIOIPOYHBIX MOIYCKaJIbHBIX TPYHTAX, U pa3padoTaTh
NPaKTUYECKUE PEKOMEHAALMH 110 €€ YUETy B YIIPOLIEHHBIX INIOCKUX PAacyEeTHBIX cxeMax. MeToabl: i 10-
CTHXEHMS 1I€JIM MCIOJIB30BaH KOMIUIEKC METOOB, BKIIOUAIOIIUM TEOPETUUECKUM aHAIN3 CYLECTBYIOIINX
SMITUPUUYECKHUX M aHATTUTUUECKUX ITOX010B, BEPHU(DUILIMPOBAHHBIH TOCPEICTBOM TPEXMEPHOIO KOHEYHO-3JIe-
MEHTHOTO MOZIEINPOBAHMS C yUETOM TIOJTHOH CTaIMIHOCTH CTPOUTENILCTBA U HEJIMHEHHOTO [IOBEICHUS TPYH-
ToB (Monenu Xyka — bpayna n Hardening Soil) Ha peansrHOM 00bekTe — TOoHHeNE B COYH C TTOCTIE Y OIIHM
CPaBHUTEJIbHBIM KOJIMUECTBEHHBIM aHAIN30M PE3YyJIBTaTOB U CHHTE30M METOAMKU JJIsl IJIOCKUX PacyeTHBIX
cxeM. Pe3y1bTarhl: Ha OCHOBE TPEXMEPHOI'O YHCIEHHOTO MOZICIMPOBAHNS IPOXOAKH TOHHEIIS yCTaHOBJICHO,
YTO B YCJIOBHSIX MaJONPOYHBIX MOJIYCKAJIBHBIX TPYHTOB CO4M HayalbHbIE CMEILCHUS! KOHTYpa BhIPaOOTKU
110 ycTpoiicTBa Kpenu cocTaBistoT 40 % OT KOHEUHBIX TOTHBIX CMELLCHUH, YTO 3HAYUTENIBHO OTIIMYAETCS OT
OLICHOK, HOJIy4EHHBIX 110 CYILECTBYIOIINM 3MIHpHYeckuM opmyrnam (22—60%). JlaHHbli pe3yabTar Obul
BEpU(PULIPOBAH HA peaibHOM 00OBEKTE U JIET B OCHOBY NIPAKTHYECKON METOAMKHU yueTa IPOCTPAHCTBEHHOTO
neGopMHUpOBaHUS B INIOCKHUX PAaCYETHBIX CXeMax (aHaJIor -MeTo/ia), BBISIBUB IIPU ATOM CYILIECTBEHHBIE ITPO-
0enbl B HOPMAaTUBHBIX TOIXO0aX K OLIEHKE TOpHOTO AaBieHus. IIpakTuyeckasi 3HAUUMOCTb: [IOTy4YCHHBIC
PE3yJIbTaThl MO3BOJISAIOT BHEAPUTH B IMPOEKTHYIO NMPAKTUKY OOOCHOBAHHYIO METOAMKY (aHayor B-merona)
JUIS TIepexoia oT pecypcoeMkoro 3D-monennpoBanust K ynpouieHHbIM 2D-pacueraM ¢ y4eToM peaibHOTo
B3aMMOJICHUCTBUSI MacCHBa M KPEIH, HANpSIMYIO BIMAS Ha O€3011aCHOCTb, SKOHOMUYHOCTh M HAIEKHOCTh
MPOEKTHBIX PELICHUI /1715l TOHHEJICH B CIIOKHBIX HH)KCHEPHO-TEOIOTMYECKUX YCIIOBUSIX.

KiroueBbie cioBa: TOpHOC aBJICHUC, aBTOZ[OpO)KHBII\/'I TOHHCIJIb, FOpHLIﬁ CHOCO6, MIPOCTPAHCTBCHHAA CXEMa
,I[e(i)OpMI/IpOBaHI/IH, HpO(l)I/IJ'IL BCPTUKAJIbHBIX nepeMemeHHﬁ BJ0JIb OCH TOHHCJIAA, KOHBCPI'CHIIUA, B—MCTOZ[

BBenenne rux peruoHoB Poccum, Brimouas YUepHomopckoe

CTpouTenbCcTBO — aBTOJOPOKHBIX — TOHHENEH moOepekbe KaBkasza, cOnpspkeHO ¢ HEOOXOIUMO-
TOPHBIM CIIOCOOOM B CJIOXKHBIX HH)KEHEPHO- CThIO TOYHOW OIIEHKHM B3aUMOJICHCTBHS TPYHTO-
TCOJIOTUYCCKUX YCIIOBUAX, XaPAKTCPHBIX IJIA MHO- BOIO MacCuBa H ITOCTOSTHHOM KpCIIn. KnroueBoit
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npo0IeMoii MpU MPOEKTUPOBAHUHU SBIISIETCS KOP-
PEKTHOE OTIpeieNieHre TOW YacTu FOPHOTO JaBlie-
HHS, KOTOpas mepepacipenessercss B OKpYXKaro-
I11eM MacCHBE JI0 MOMEHTa YCTPOUCTBA 00ETKHU, TO
€CTh HaualbHBIX CMEIIECHUI KOHTypa BBIPAOOTKU
(Uo). Henoyuet 3Tux cMelieHui B pacyeTax npu-
BOJIUT K 3aBBIIICHUIO HATPY30K HA KPEIlb, €€ mepe-
MPOEKTUPOBAHUIO U YIOPOKAHHUIO, @ B HEKOTOPBIX
CIydasix — K He/IOOLIeHKe JiehopMaliii 1 PUCKY
BO3HMKHOBEHUsI aBapUiHbIX cuTyauuid. Kimaccuue-
ckue miockue (2D) pacyeTHbIe CXeMbl, OCTaIOIIHe-
Cs OCHOBHBIM HHCTPYMEHTOM TPOEKTHPOBIINKA
BBH/IY UX HAIVISTHOCTU U OBICTPOTHI BBITOJHEHUS,
M0 CBOEH CyTH HE MOTYT y4eCTb MPOCTPAHCTBEH-
HBIN XapakTep padoThl Mpu3abolHOM 00macTH, TIe
HE3aKperJIeHHbI yYaCTOK BBIPAOOTKU MO3aH 3a-
0051 UTpaeT Polib €CTECTBEHHOTO Pa3rpyXkKaroIIEero
KOHCTPYKTUBHOTO 3JIEMEHTA.

Jlnst yaeta atoro adexra B MUPOBOIL 1 OTede-
CTBEHHOU TpaKTHKe pa3zpaboTaH psj TeopeTude-
CKHX M SMIIUPUYECKUX MOIXOA0B, OCHOBAHHBIX
Ha KOHLEMIUH MPOJOIBLHOT0 npoduis aedopma-
muii (Longitudinal Displacement Profile). K aum
OTHOCATCSI MeTOl Kod(h(ulMeHTa CHUKEHUS Ha-
YaJIbHOTO JIaBNeHus (0*), MPEeCTaBICHHBIN B pa-
oorax b.3. Amycuna [4], M. baynenaucrena [1,
4], a taxxke rpaduKo-aHATUTHYECKHE METOJBI,
CBSI3BIBAIOIIME  BEIMYMHY  MPEIBAPUTEIBHBIX
CMEIEHUH C pa3MepoM 30HbI IIACTHYHOCTH
(N. Vlachopoulos, M.S. Diederichs [2, 3]). On-
HAKO MPUMEHUMOCTb 3THUX METOOB, TIOTYYEHHbIX
YacTO Uil MHBIX TOPHO-TEOJIOTHYECKUX YCIIOBHIA,
K MaJONpPOYHBIM, OOBOJHEHHBIM U CEHCMUYHBIM
MOJNyCKAJIBHBIM TPYHTaM TpeOyeT TIIaTelbHON
Bepudukanuu. CyliecTByeT BBIPaKEHHBIH Me-
TOAMYECKUHA MpoOen MEeXIY TOYHBIM, HO TpY-
noeMkuM TpexmepHbiM (3D) monenupoBaHueM,
CIIOCOOHBIM aJIEKBaTHO BOCIIPOM3BECTH IMPOIIECC
MPOXOJKHU, U TOTPEOHOCTSAMH ITOBCETHEBHOMN MPO-
eKTHOM MPAKTUKH, OTIEPUPYIOIIEH YIPOIIEHHBIMU
TUIOCKUMH MOJIETISIMU.

[lenbr0 HACTOSIIIETO MCCIIENOBAHUS SBISCTCS
KOJIMYECTBEHHAs OIICHKA JIOJHM HadyaJbHBIX CME-
IIEHUI KOHTYpa BHIPAOOTKHU JIJIsl YCIOBUI CTPOU-
TEJIBCTBA B MAJIONPOYHBIX TTOTYCKAIBHBIX TPYH-
Tax Ha MPUMEpPE aBTOJOPOXKHBIX ToHHener Coun
U pa3paboTKa Ha ITOH OCHOBE MPAKTHUYECKOH Me-
TOIMKU /IS ydeTa TPOCTPAHCTBEHHOTO Jedop-
MHPOBaHHUS B CTAHAAPTHBIX IUIOCKHX PACUETHBIX
cxemax. /s ee MOCTMKEHUSI ObLIM MOCIENOBA-
TEJIBHO PELICHBI CIICAYIONIHUE 33/ 1aUH:

* BBITIOJTHEHHUE ICTATbHOTO KOHEYHO-3JIEMEHT-
Horo 3D-MozenupoBaHusi ¢ BOCIHPOM3BEICHUEM
TIOJTHOM CTaIMHHOCTH MPOXOIKH TOHHEJIS;

* CpaBHUTEIIbHBIN aHAIIM3 PE3YJILTATOB MOJIE-
JIMPOBAHUS C MPOTHO3aMH, MOIYYEHHBIMHU MO CY-
IIECTBYIOLIUM aHAJTUTHYCCKHM M OMITUPHIECKIM
MEeTo/IaM;

* (opmam3anus anropuTMa KOPpPEKTHPOBKU
IUIOCKOW PacueTHOM CXEMbI Ha OCHOBE MOJIyYEH-
HBIX KOJINUECTBCHHBIX JTaHHBIX.

Hayunas HoBW3HA paboOTHI
B YCTAHOBIICHUH JUISi KOHKPETHOTO THIA TPYH-
TOB (C1a0ble aprUJUTUTHl COUMHCKON CBUTHI) DKC-
HEPUMEHTAILHO O00OCHOBAaHHOTO COOTHOIICHHS
MEX/y Ha49aJIbHBIMH M KOHCYHBIMU CMEIIICHUSIMH,
a TaKKe B aJanTalliy KOHICMIMK [-MeTosa JUis
KOPPEKTHOTO ydYeTa 3TOr0 COOTHOIICHHUS B JIBY-

3aKII04YacTCA

MEpHBIX T€0TEXHUYECKUX MOJEIISX.

[IpakTuyeckas 1IEHHOCTh HCCIIEOBAHUS CO-
CTOUT B TMPEIOCTABICHUH MPOEKTHPOBIIUKAM
000CHOBAaHHOTO MHCTPYMEHTAPHS, MO3BOJISIOLIE-
r0 MOBBICUTH JOCTOBEPHOCTh MJIOCKHX PacyeToB
TOHHENBHBIX 00/1eNIOK 0e3 mepexoaa K pecypco-
eMKOMY TPEXMEPHOMY MOJICTUPOBAHUIO Ha BCEX
JTamax MPOEKTUPOBAHHS, YTO B HMTOTE CIOCO0-
CTBYET ONTHUMHU3AIMU KOHCTPYKIMH U TIOBBIIIE-
HHIO 0€30MaCHOCTH CTPOUTENHCTBA.

CTpykTypa cTaTbu BKJIIOYAeT 0030p METO/IOB
OLICHKM Ha4YaJbHBIX CMEIICHUM, OMMCAHNE WHKE-
HEPHO-T€OJIOTUUECKUX YCIOBUH U TEXHOIOTHU
CTPOUTENBCTBA OOBEKTA-MPOTOTUNA  (TOHHENU
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No 5/5a ny6nepa KypopTHoro mpocrnekTa), u3no-
KeHue MeToquku 3D-MonenpoBaHus U CpaBHU-
TENHHOTO aHAIIN3a, IPE/ICTABICHNE 1 00CYKICHHUE
KJTIOUEBBIX PE3YyNbTAaTOB, BBIBOJABI U PEKOMEHA-
WU IS TIPOSKTHOMN MPAKTHKH.

O030p cymecTBYIOIIHMX METOA0B OLICHKHU
HAYaJIbHBIX CMellleHUil npu3aldoiiHoro
MaccHuBa

XopomIo M3BECTHO, 4TO cxema JedopMupo-
BAaHMS NOpOJ Npu3ab0iHON 001acTH MpU CTPOU-
TEJBCTBE TOHHENEH TOPHBIM CIIOCOOOM HOCHT IPO-
CTPAaHCTBEHHBIN XapakTep, TaKk Kak JI0 yCTPOKWCTBA
Kpenu BbIpaOOTKU YacTh TOPHOTO JABICHHS BOC-
NPUHUMAET OKPYXKAOIMi MaccuB TpyHTa [1-3].
XapaxkTepHblil MPo(QHIb BEPTHKAIBHBIX MEpeMe-
IIEHUI BJIOJIb OCH TOHHENSA, COOPYKAEMOIO rop-
HBIM CIIOCOOOM, IIPEJCTABIIEH Ha PHC. 1.

Jlo Hauanma TPOXOAYECKUX pabOT TPYHTOBBIN
MACCHUB HAaXOAUTCS B COCTOSHUU €CTECTBEHHOIO
(IpUPOAHOTO) paBHOBECHSI, OMPEAENAEMOro Jei-
CTBHEM T'PAaBUTALIMOHHBIX U TEKTOHWYECKHX CHIL
[Ipoxonka mom3eMHOI BBIPAOOTKM KapAWHAIb-
HO HapylIaeT 3TO paBHOBecHe. B mpuieraromem
MacCHBE MPOUCXOAMT CJIOKHOE Iepepacmnpene-
JICHHE HANPS/KEHWI: BO3HUKAET MX KOHIIEHTpa-
1M Ha (paHrax BIPaOOTKU U pasrpyska B KpoBie
U JIOTKE. IPyHT Ha KOHType INOIydaeT BO3MOXK-
HOCTb CMEIIaThCs B OOpa30BaBLIYIOCS MOJIOCTb,
YTO MOXKET IPUBECTU K €ro OOpYyLIEHUIO WM IUTa-
CTUYEeCKOMYy TeueHuto. DopMupoBaHHE HOBOTO
YCTOWYMBOTO  HaNpsKEHHO-1e(OPMUPOBAHHOTO
COCTOSIHUSI CHCTEMBI «BBIPA0OTKA — MACCHUBY,
COTIPOBOJK/IAIOIEECS] CMEIIEHUAMH U aedopma-
[USAMH TIOPOZIBI, TIPENCTABISAET cO0OW MposiBJIe-
HHe ropHoro aasjenusi. Cui0Boe BO3JEHCTBHE,

Ilonoxenie 3a605

TIpodIuIe BepTHKAIBHEIX
TiepeMelle Il BIOIb 0CH TOHHEeA
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KOTOPOE€ B YCTAHOBHMBIIEMCSI COCTOSIHUM BOCIIPH-
HUMaeT Kpemnb BBIPAOOTKH, OMpPEIesseTcs Kak
ropHoe JaBjeHne Ha o0aeyKy. Benuuuna stoit
HArpy3KH SBIISIETCSI PE3YJIbTaTOM CJIOXKHOTO CH-
JIOBOTO B3aMMOJICHCTBUSI B CUCTEME «TPYHTOBBIH
MacCHB — KpEIb» M 3aBUCHT KaK OT JKECTKOCTH
CaMOW KOHCTPYKIIMH, TaK M OT CTaJMU MPOXOIKU
Y BPEMEHH YCTAaHOBKH KPETTH OTHOCHUTEIIBHO 3a0041.

JuarpaMmma  B3auMojeiicTBHUSI
U Kpenu (puc. 2) HaIAIHO WITFOCTPUPYET TPO-
necc (pOpMUPOBAHUS HArpy3kd Ha o0aenky [4,
5]. KpuBas 1 oTpaxkaer peaxiyi TIpPyHTOBOI'O
MaccuBa TIOCJE MPOXOJIKU BHIPAOOTKH, TOKA3bI-
Bas 3aBUCUMOCTb MEXKIY CMEIICHUEM KOHTYpa U

MaccuBa

U JaBJIE€HHUEM p, KOTOPOE MOIJIO ObI €ro BbI3BATb.
B MoMeHT, Korma cmelieHHe He3aKperieHHOTO
KOHTYpa JOCTUTaeT BenuuuHbl U, yCTaHABIH-
BaeTcs Kpemb. Ee KecTKOCTh XapaKTepu3yercs
JUHHUEH 2: yeM Kpyde ee HaKIIOH, TeM MEHee T10-
JaTIMBA KOHCTPYKIIHA.

Touka mepeceyeHust A ompesensieT COCTOSHHE
KOHEYHOTO PABHOBECHSI CHCTEMBl «KPEMb — Mac-
CHB», COOTBETCTByIOlIee (HaKTUUECKOW Harpys-
ke Ha o0nenky P, W ocTarouHOMY CMEIICHHIO
u,. Ecnmu akcrpamonvpoBarh JHUHEHHBIA Y4acTOK

P
yH
!
p§
arpn —X f2
A .
|
0 0y 1||tl ~
< Yo LY. u

Puc. 2. luarpaMmMa B3auMOJICHCTBUSI MACCUBA
opoz ¢ Kpernelo [4, 5]

KpuBO# 1 MaccuBa (OTPe30K OT TOUKU A) JI0 Tiepe-
CEUEeHHS C OCBIO JIABIICHHS, MbI MOIYYHM TOUKY B.
OpnuHara 9TOM TOYKH COOTBETCTBYET NMpPHBEIeH-
HOMY Ha4YaJIbHOMY HampsikeHuio o*yH, koropoe
SBISIETCSl PACUCTHOW BEIMYMHON, HCIOIb3yeMOi
B YIPOIIEHHBIX METOMAX I yuera repepacrpesie-
JIeHUsI YCUITMIA B MAacCHBE JI0 YCTaHOBKH Kperu. Ko-
appunment o* (0 < a* <1) popmanbHO TOKA3BIBALT,
Kakasi JIoJIs OT MOJIHOTO N€0CTaTHYECKOTO JTABIICHUS
vH B MTOTe BOCIIPUHUMAETCS KPETbIO C YYETOM MPO-
M30LIE/IIINX TPeIBAPUTETbHBIX cMetieHuid U,

Hoxrop TexHudyeckux Hayk b.3. AmycuH Ha
OCHOBaHMHU O00PabOTKU pe3yabTaTOB HATYpPHBIX
UCCIIEIOBAaHUN 32 CMEICHUSIMU TIOPOJ B BbIpa-
00TKaxX MpPeIoKUI CIEIYIOIIYI0 SMIUPUUECKYIO
dbopmyny i onpenencHus ot [4]:

R °

rie [ — paccTosHuE OT BBOJMMOM B pabOTy Kpenu
110 3a00s1;
R — cpennuii paanyc BEIpabOTKH, TO €CTh pa-

(1

JIMyC KPyroBOW BBIPAOOTKU TOW ke IUIOLIAAN

HOIEPEYHOTO CMELIECHMUS.

OnHako ciefyer 3aMeTUTb, YTO BbILIEYKa3aH-
Hasg (opMmylia JaeT 3aBbILICHHbIE 3HAYEHHUS MHO-
KUTENs. o, TaKk Kak He YUUThIBaeT Aedopmanuu
nopoz Brepenu 3a0o0s BeIpaboTKH [puc. 3, 1, 4]:
npu [ =0, a* = 1,0.

HccnenoBanus nedopmaiuii MaccuBa B TpH-
3a001HON 007acTH BBIPAOOTKH BBIIOTHUI JIOK-
top M. Baynenaucren (Baudendistel) ¢ ncrnomns-
30BaHMEM METOJa KOHEUHBIX AJIeMEeHTOB [1, 4].
[To urory nomydena gopmyna:

a’ =0,64exp (ﬂj
R

B 3apy0OeKHbIX HCTOUHHMKAX TaKKe MPEICTaBIe-
HbI UCCIIEJIOBAHUS 10 JaHHOM Temaruke. Tak, B pa-
oorax [2, 3, 6, 7] npencTaBieH aHanu3 npoduIs
BEPTUKAJIBHBIX TEPEMEICHHU BIOJIb OCH TOHHEIS

2
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Puc. 3. O0ObeMHast MOJIC]Ib METO/1a KOHEUHBIX 3JICMCHTOB U CMEILICHUE MIOBEPXHOCTU TOHHEIIS

B IIpHU3a00MHON 30HE 110 MEPEe PACKPBITHS CEUCHUS B UCCICIOBaHUIX TokTOopa M. Baynennucrena [1, 4]:

a — KaJloTTa; O — IITPOCCa; 6 — JIOTOK; 1, 2 — CMEIIeHHEe CBOJIa MPH MPOXOJIKE KAJIOTThI U IITPOCCHI;

3,4 — cMelIeHne CTeH IPU PACKPBITUH IITPOCCHI U sIIpa; 5 — CMEIeHue 00paTHOTO CBOJA

(Longitudinal Displacement Profiles), ocHoBan-
HBII Ha pa3Mepe 30HbI IITACTUIECKUX AedopMaruit
npu3a00MHOM 00JIACTH 1 BETTMIHUHE TIEpeMEIeHUI
HEYKPETICHHOM BHIPAOOTKH.

Takum 00pa3oM, B HMHKEHEPHOW MPAKTHKE
CYILECTBYIOT TPH OCHOBHBIX MOJAX0/Aa K OLIeH-
ke U, IBa aHATUTHYECKUX, OCHOBAHHBIX Ha KOA(-
dunuente o*, u oguH TpadUKO-aHATUTHUECKUH,
ucnonb3yroumii kpusbie LDP. X npumeHrnMocTh
¥ TOYHOCTD JUII KOHKPETHBIX WHKEHEPHO-Te0I0-
TMYECKUX YCIOBUM, TAKMX KaK MaJOMPOYHBIE 110-
JyckaibHble TpyHTBI Coun, TpeOyIoT OTAeIbHOTO
CPaBHUTEIBHOTO aHANN3a, PE3YJIbTaThl KOTOPOTO
NpeCTaBlIeHbI B IaHHOM padore.

IIpakTHyeckasi 4acTh: pacyeT U AHAJIU3 Ha-
YAJIbHBIX CMELIeHUI Ha pruMepe TOHHeJIel
ayosepa Kypopraoro npocnexkra (Coun)

B mpaxtuueckoil 4acTu MpeAcTaBlIeH pacyeT
U aHanu3 npoduiis BEPTUKAIBHBIX IepeMelre-
HUIA BIOJb OCH TOHHEJS Ha MPUMEpe KOHKPETHO-
ro odbekra — TpaHCIOpTHBIE ToHHENU Ne 5/5a
nybnepa KypoptHoro npocrnekra Coun.

Hy6nep KypoptHoro mpocriekra,
BBIM DOJIEMEHTOM KOTOPOTO SIBISIFOTCSL paccMa-

KIIFO4C-

TpUBaeMble TOHHENH, MPEACTABISET COOOW Ma-
TUCTpallb HEMPEPhIBHOIO JIBUXKEHUS KaTeropuu
I-A (CIT 396.1325800.2018) ¢ pacueTHOii CKO-
poctbto 75 Km/4. YeThlpe MONOCH JABHKEHUS
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(Mo 2 B KaK/IOM TOHHEJIE) MUPUHOM 3,75 M | Ta-
OapuT NPUOIKEHUS] CTPOSHUS OTIPEIEIISOT 00ITb-
IIYO TJIOLIAb MONEPEYHOTO CEUSHUsI BIPAOOTKH,
YTO CYILECTBEHHO BIHAET HA MaciiTad mepepac-
npeieieHus HanpsbkeHui B Maccuse [8—11].

Tpacca nyOmepa mponokeHa B YCIOBHAX
CIIO)KHOTO TOPHOTO penbeda, MpuMepHO B 1-3 kM
oT mobepexpsi YepHOro MOpsS U HUCTOPUYECKON
maructpanu — KypoptHoro mpocnekra. Haubo-
jiee OTBETCTBEHHBIM YYaCTKOM SIBIISIFOTCSI TPAHC-
noptHble ToHHENU Ne 5 1 Ne 5a, pacrnonoxeHHbIe
B llentpansHom paiione Coun. Mx cTtpouTens-
CTBO B YCJIOBHSAX IUIOTHOW TOPOJCKOM 3aCTPOMKHU
TpeOoBaIo 0cOO0TO KOHTPOJIA 3a Ie(hOPMAITUSIMH.
OcHOBHBIE MTapaMeTpbl TOHHETEH:

* umHa: 670,5 M (ToHHens Ne 5) u 695,7 m
(TronHenb Ne 5a);

* miyOuHa 3anoxeHus: Bappupyercs ot 10 10
55 M B 3aBHCHUMOCTH OT penbeda;

* nepuoa crpoutennscTBa: 2010-2013 roapl.

HHxeHepHO-Te0JOTHUeCKIe YCIOBUS  IIO-
/1K OTJIMYAIOTCS BHICOKOM CIOXKHOCTBIO. TOH-

HEJM MPOXOJAT B OTJIOKEHUSAX COUMHCKOM CBUTHI,
MPE/ICTABIECHHBIX MAJONPOYHBIMU apTUILTUTAMU
C MPOYHOCTHIO HAa OJHOOCHOE cxaTtue oT 1,6 10
6,1 MIla, cCKIIOHHBIMHU K pa3MSTYEHHUIO TIPH 00BOI-
HEeHUH. MaccuB NEepeKphIT TOMIIEH TEXHOTEHHBIX
U JINOBUATIbHO-OMON3HEBBIX TPYHTOB (puc. 4).
JIOTIOTHUTENbHBIM  (PAKTOPOM pPUCKA SIBISETCS
pacueTHas CEMCMHYHOCTh IUIOIAAKU 9 Oaios.
Takoe coderanue ypOAHH3MPOBAHHON CpEIbI
U CIIOXHOTO pefibea ONpeaennio BbICOKUE Tpe-
00BaHHUS K TOYHOCTH NIPOTHO32 TOPHOTO AaBJIe-
HHS M CMellleHUi Mpu3a0oiiHOro MaccuBa.
CTpouTenbCTBO TOHHENEH BEIOCh BCTPEUHBI-
MU 3a00SMH YCTYIHBIM CIOCOOOM. YCTYHHBIN
C1oco0 MpeCTaBIsAeT cO00H MOCIeI0BATENBHYIO
MOATANHYI0 Pa3paboTKy MOMEPEeYyHOro CEYeHHUs
TOHHENSA, MPU KOTOPOW KaXIbIil MpeablaylIui
YCTYI CIYKUT OMOPOM /s Kpemu cBofa U o0e-
CIIEUMBACT YCTOWYMBOCTH KOHTYpa 10 BO3BEje-
HUS TOCTOSHHOM o0xenku. J[aHHBIA MeTon ObLI
BBIOpaH JUIi CTPOMTENILCTBA B CIOXHBIX WHXKE-
HEepHO-Teoornueckux ycnousx Coum, Tak Kak

HI3-4. Apruanur HUIKOM NPOUHOCTH,
BLIBETDENBI, DAIMANACMLIE, Rox=1.6 MNa

M-S, AprunnuT NOHMKEeHHON NPONHOCTH,

cnab Tpentiii, pazman. #, Rex=3,7 MNa

HIM3-6. Apruanur manonpounsli,

cnab Tpenbit

#, Row=6,1 MNa

, PAIMAN.

ABTOA0POMHDBIH
ToHHenb NeS

[ CesepHbiii nopran

KOmHbIf nopran

Puc. 4. IIpononpHbIi reonoruueckuii mpopuinb ToHHETs Ne 5
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NO3BOJIIET MHUHHMHU3MPOBATh IUIOMIAAb €AWHO-
BPEMEHHO HE3aKpPeIIEeHHOT0 BEIPabOTKOM Maccu-
Ba ¥ KOHTPOJIUPOBATh Ae(HOpMAIHN.

OOmas cxema opraHu3anuu padoT Mo Coopy-
KEHUIO TOHHENIeH U OCHOBHBIE ATAIbl CTPOHUTEIb-
CTBa MPEJICTABJICHBI Ha pHC. 5—0.

1. IIpoxoaka BepxHero ycryna (KaJoTThl).
B nepByio ouepenp paspabarbiBaeTcsi CBOAOBAS
4YacTh TOHHENS Ha TMoNHyo mupuny. Cpasy mno-
clle BBIEMKU TPYHTa COOpPYXaeTcs BpEeMEHHas
Kpemnb U3 HaOphI3r-0eToHa (TOPKpeTa) U CTallb-
HBIX paM, (OPMHUPYIOIIAS HECYIIYIO KaJoTTy.
OTa KOHCTPYKIHUS paboTaeT Kak caMOCTOSTEINb-
Has apoyHas CHCTeMa, OMHMPAIOIIAsCS Ha HETPO-
HYTBIU TPYHT B CpeJJHEN 4acTH (SIp0) U BOCIPH-
HHUMAIOIas JaBJICHUE BBIMIENE)KAIIEr0 MacCUBa.
JlaHHBIN STan KPUTHYECKH BaKEH AJISI CTAOWIH-
3aIl1 KPOBJIH.

2. Ilpoxoaka cpeaHero ycryma (mrpocc).
[Tocne crabunm3anuu cBoja pa3padaTbIBAIOTCS

OOKOBBIE YacTH (IITPOCCHI), KaK TPABHUIIO, C OTe-
pEXKEHHEM OIHOTO YCTyTa OTHOCUTENIBHO APYTOro
JUIsl COXpaHEHUs] CUMMETPHUU Harpy3ku. Ha stom
JTarne MPOUCXOJUT TOCTENeHHAs pa3rpy3Ka sapa
U Tiepeaava Beca KaJoTThl Ha BO3BOIMMbBIE OOKO-
BbIC CTCHKU BPEMEHHOW KPETIH.

3. IIpoxoaka nm:kHero ycryma. Ha nocnen-
HEM JTare pa3padareiBaeTcst ooparHbIil cBo. [lo-
Clie ATOTO BO3BOJUTCS MOCTOSIHHAs MOHOIHUTHAsS
obenKa, KOTopas BOCIHPUHUMAET MOJHYI Ha-
TPY3Ky OT TOPHOTO JaBJICHHUSI.

JlaHHast cxeMa OpraHu3anuu paboT HarIsa-
HO WJUTIOCTPHUPYET TMPOCTPAHCTBECHHO-BPEMEH-
HYIO JIOTHKY peali3allii yCTYIHOTO Crocooa.
CxeMa JIEeMOHCTPHPYET IUKJINIHOCTH TpoIecca
U KPUTHYECKH Ba)KHOE PACCTOSHUE MEXIY 3a-
00sIMH pa3HBIX YCTYNOB, KOTOPOE OMpeaemsieT
CTENEeHb MPOCTPAHCTBEHHOTO B3aWMOJICHCTBUSA
MaccuBa C KpEMbl0 U BEIUYMHY HadaIbHBIX
cMmenenuit U,,.

Hanpabnerive npoxodky
=

45000-50000

[xema opeaHu3ayuu padom no COOPYXCHUK MOHHE/IS

1
—d N

[OR/

6,8m

w1 T1Lim
4,3m

A

15,1m

@ IMpoxodka kanammy (Bepxrezo yemyna)

@ Paspadomka cpediezo ycmyna

@ Pa3padomxa Hux+Hezo ycmyna

@ Sempodembe nocmosHod 080eKy

Puc. 5. O0mias cxema opraHuzaiuy padboT 1Mo coopykeHunto TouHenen Ne 5/5a
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Puc. 6. OcHOBHBIE ATaIbl CTPOUTEIILCTBA aBTOJOPOKHBIX ToHHENeH Ne 5/5a mybnepa KypoprHoro

npocrekra B Coun. @oro: E. A. Epmonuna

MeToauka uccjie10BaHui

TpexMepHOE KOHEUHO-3JIEMEHTHOE MOJEIHUPO-
BaHUE HAIPSHKEHHO-IE(OPMHUPOBAHHOTO COCTOS-
HUS CUCTEMBI «TPYHTOBBI MACCHB — BBIPAOOTKA —
Kperb» BBINOJIHEHO B MPOrPaMMHOM KOMILIEKCE
Plaxis 3D. B pacuerax ucnonbp30BaIiCh MaTeMaTH-
yeckue mozienu rpyHta Hoek — Brown u Hardening
Soil nst onucanust HeMMHENHOTO e(OPMUPOBAHUST
MaJIONPOYHBIX MONYCKAIBHBIX TPYHTOB COYMHCKON
cBUTHL. CTaAUHHOCTh CTPOMTENIHLCTBA BOCIIPOM3BE-
JieHa 10 (paKTUYECKON TEXHOJIOTUH YCTYITHON TPo-
XONKH (KaJjoTTa, SApO, MITPOCCHI, HIKHUN YCTYI,
YCTPOUCTBO TIOCTOSHHOM OOENKM) 4epe3 TMocie-
JIOBaTeJIbHYIO aKTHBAIMIO U JICAKTUBALIAIO NIEMEH-
ToB. PacyeTHast o0nacTh BKIIFOYAET MACCHUB TPYHTA,

BBIPAOOTKY TOHHEJNS, BPEMEHHYIO M TIOCTOSHHYIO
Kpelb C YYeTOM pPEalbHON TTyOWHBI 3aJIOKEHHS
u penbeda (puc. 7).

Ha ocHoBe pe3ysbraroB pacueta (puc. 8) mo-
CTPOCH MPOAOJIBHBIA MPO(UIb BEPTUKAIBHBIX
HepEMEIICHUH BJI0JIb OCH TOHHEJIS, IO KOTOPOMY
onpe/ieieHbl HauambHble cMetenus Uo (3a Hesa-
KpPEIUICHHBIM 3a00€M) ¥ KOHEUHBIE cMetieHust oo
(pu  yCTaHOBMBLIEMCSI HANpPsHKEHHO-IeHOPME-
POBaHHOM cOCTOsIHMHU ). OTHOCUTENbHAS JI0JIS Ha-
yanapHbIX cMmenienuil Uo/U,, commocTaBsiieHa ¢ OLeH-
KaMH, MOJYyYCHHBIMH 10 METOAWKaM AMYCHHa,
baynenaucrena u Vlachopoulos — Diederichs.

CreyeT OTMETHTh, YTO TPEXMEpHAs YUCIICH-
Hasi MOJICJIb TOCTPOCHA JIIsl KOHKPETHOTO 00OBEKTa
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S
i RN/ N

WIM-4. ApruanuT KUIKOM NPOYHOCTH,

W35, AprannuT NoHIKEHHON NPOYHOITH,
& i, pas i, Rox=3.7 MNa

HUM3-6. AprvnanT ManconpouHbIN,
6 ", paz i, Rox=6,1 MMa

ABTOAOPOXHbINA
ToHHenb Ne5

Sl BbipaboTku nocae FpyHTa Ha

Touka A.
Mepemewetne

38 rn

Maomum vale « 0.07654 m

‘ Total displacements |u| (scaled up 50.0 times)

| — ——~
M30N0NA NEpeMeLLEHUi BAONL OCH
BLIPaBOTKIM NOCNE OKOHYBHUA CTPOUTENLCTEA

U3sonona 7 KOHTYp2 BBIP nocne o

Touka D.
Nepemewerne
no ) 98 rars

Total displacements |u| (scaled up 50.0 times) | Total displacements |u| (scaled up 50.0 times)
Maximum value = 0.1022 m Macmum valse = 009751 m

Puc. 8. Pe3ynbraTsl TpeXMepHOM KOHEUHO-3JICMEHTHON pacueTHON cxeMbl. Pa3BUTHE mmepeMeIieHIi

10 Mepe MPOXOIKH TOHHES B TIPOIOJIBHOM (CJIeBa) M MOMIEPEUYHOM (CITpaBa) CCUCHUIX

U YKa3aHHBIX WHKEHEPHO-TeOoJOrn4eckux yc- Pe3yabrarsl MoaeMpoBaHus

JIOBUH, MO3TOMY IPAMOW NEPEHOC MOITy4YEHHOH Ha ocHoBe aHamu3a BBINIEYKAa3aHHOM MpO-
nomu Uo/U,, Ha apyrue oObEeKThl BO3MOXKEH TOJIb-  CTPAHCTBEHHON CXEMBI CTPOHMTCS HMPOQUIb BEp-
KO TIOCJIE JIOTIOTHUTEIbHON BepU(UKAIIUY pacde- TUKAJIBHBIX MEPEeMELIeHUH BIOJNb OCH TOHHENS
TOB WJIM HATYPHBIX HAOTIONCHUA. (puc. 9).
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Benuuna.
degopMauuy,
MM

Mpodune bepmukaneHe X NepereweHud BAons 0CU MOHHENRA

MonoxeHue 30508

MNpoxodka kanommel

Hanpabnexue
npoxodku
—_—

om 3adoA

|
|
|
: PaccmoskHue
: MOHHENA, M

-10 =5 0 Yempoicmbo 5
BperenHoU Kpenu
KQnommel

Benuduna
dedopHauu,
MM Monoxenue 3ad0s

T .| .

poxodka adpa u wmpocc

10 20 30

78

87

npoxodku

Paccmoskue
om 3ados

|
|
|

Hanpa®nerue :
|
|
|
| moHHens, M
!

Yempodembo 5
bBpereHHOD Kpenu
cpeduezo yrmyna

Puc. 9. [Ipodws BepTUKATBHBIX IEPEMEIICHUH BIOIb OCH TOHHEIS.

CBepxy — NpoxofKa KaJOTTbl, CHU3Y — HPOXOJKa SIpa U IITPOCC

[Mpodunb BepTHKANTBHBIX IEPEMENICHUH B0
OCH TOHHEJIS Tpe/ICTaBeH Ha puc. 9. Ha nanHom
npoduiie ecTb s XapaKTEPHBIX TOUEK:

* TOYKa A — mepeMelieHns He3aKpEIIeHHO-
T'0 KOHTYpa BBIPaOOTKH TOCTIe pa3paboTKH rpyHTa
BEPXHETO0 yCTyIla Ha BEJIMYMHY 3axoku. [lepeme-
meHne B Touke A — 39 MM,

* Touka B — mepemenieHuss KOHTypa BbIpa-
0otku mocne mpoxoaku 30 M BEpXHEro ycryma
TOHHENS OT paccMmarpuBaemoro 3abos. [lepeme-
nieHue B Touke B — 78 mwm. JlanbHeiimee yna-
JIeHHEe OT PaccMaTpUBaeMoro 3a00s HE TPUBOJUT
K YBEIMYEHUIO TIEPEMELLIEHHUN B TOUKE B;

* touka C — mepemMenieHnsi KOHTypa BbIpa-
00TKHU mociIe pa3pabOTKU IPYHTA spa U MTPOCC
TOHHENs Ha BeJWuuHy 3axonku. [lepememienue
B Touke C — 87 MM;

* Ttouka D — mepemertieHns KOHTypa BEIPadOT-
KU 1ocie npoxoaku 30 M cpeaHero ycrymna TOHHe-
7L OT paccMarpuBaeMoro 3a6ost. JlanpHeiiee yna-
JIEHHE OT PaccMaTpuBaeMoro 3a00si HE TPHBOIUT

K YBEJIMUCHUIO nepemertieHui B Touke D. [lepeme-
mieHue B Touke D — 98 MM, ¥ 3TO sIBJISIETCS] KOHEY-
HBIM 3HAYECHUEM.

Takum 00pa3oM, MOKHO CJeliaTh BBIBOJI, YTO
HavaJIbHbIE CMEIICHUSI HE3aKPETUICHHOTO KOH-

Typa BbIpaboTKu cocTaBisitoT 40% OT KoHeu-
HOTO 3HAYCHMUS:

nepemewjenusmouku A 39 mm

= =0,40.

nepemewjenus mouku D 98 mm
Ecnu paccMarpuBath pa3fenbHO MIPOXOJKY Ka-
JIOTTBI, Apa U LITPOCC, TO MOIYYaTcs CIEAyIO-
1€ 3HaYeHHsI HAYaJIbHBIX CMEIIEHU!

* IIpU IPOXOJIKE KAJIOTThl HaUaJIbHbIE CMEIIle-
HUSI HE3aKPEIUIEHHOTO KOHTypa BhIPaOOTKHU CO-
cTaBysroT 50 % OT KOHEYHOTO 3HAYCHUS:

nepemewjenusmouku A 39 mm 0.5

nepemewjenus mouku B 78 um

* IIpu Ipoxojke siapa u mrpocc — 45% ot
KOHCYHOI'O 3HAYCHMU:
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nepemeujeHuss mo4ykKu C- nepemeujenusl mo4xKku B .

nepemeuleHus mo4xku D- nepemeulerusl mo4xKu B

_ 8Tmm—=T8mm 9 mm

= = =0,45.
O8mm—T8mm 20 mm

s comocTaBieHus pe3yabTaToB OOpaTHMCS
K METO/MKaM, yKa3aHHBIM B 0030pe BoIpoca
uccnenoBanus. Mcnons3oBanue dopmynst (1)
b. 3. AMycuHa aeT cieny oy BeIUIuHy o

-1,3-1,2

. -1,3/
o =exp r = exp 64

e [=1,2 m;

=0,78,

R = 6,4 M — SKBUBAJICHTHBII PaILyC BBIPAOOTKH.

CoOOTBETCTBEHHO, COIVIacHO [4]:

2 =1-a"=1-0,78=0,22= u, =0,22u,.
To ects, cormacHo popmyne nokropa b. 3. Amy-
CHHA, HayaJbHbIE CMELICHUS HE3aKPEIICHHOTO
KOHTYpa BbIpaOOTKH COCTaBIAIOT 22 % OT KOHEd-
HOTO 3HAYCHHS.
HcnonwzoBanue hopmynsl (2) nokropa M. bay-
nenauctena (Baudendistel):

a* = 0, 64 exp(ﬂj —
R

-1,75-1,2

=0,64exp =0,46.

2

CoOOTBETCTBEHHO, COTIaCHO [4]:

20 =10’ =1-0,46=0,54 = u, = 0,54u,.

0

To ects, cormacuo dopmyne mokropa M. ba-
yaenauctena (Baudendistel), HauanbHBIE cMmeTIe-
HHS HE3aKpPEeIJICHHOI0 KOHTYypa BBIPAOOTKH CO-
CTaBIAOT 54 % OT KOHEUHOTO 3HAYECHHUS.

Cornacao metomuke N. Vlachopoulos, M. S. Di-
ederichs, mpencraBnennoii B [2, 3, 7] u ocHOBaH-
HOH Ha pa3Mepe 30HbI INIACTUYECKUX Je(opmariuit

npu3a00iHOM 00JIaCTH, HaYaJIbHBIE CMEIICHHS He-
3aKPEIUICHHOTO KOHTYpa BBIPAOOTKH COCTABIISFOT
60 % OT KOHEYHOTO 3HAYCHUSI.

PesynbraThl Bcex BBINICTIPEICTABICHHBIX pac-
YETOB CBEJECHBI B TAOIUILE.

TAB/INITA. HauanbHble CMelleHN: He3aKPeIIeHHOTO
KoHTypa BeIpaborkn UQ npusaboitHoii

00/1aCTH IIPHM CTPOUTENTBCTBE ABTOOPO>KHOTO
TOHHEJISI TOPHBIM CIIOCO6OM B Ma/TOIIPOYHBIX

IMOTYyCKAa/IbHBIX TPYHTAX Coun

Beamnuuna (% ot Ko-
Metoaunka pacuera
HEYHOI'0 3HAYEHHSI)
TpexMepHbIil YHCIEHHbII

1 | aHanu3 ¢ yueToM cTaJuiHOCTH 40 %*
POXOJAKH TOHHEJIA
®opmyna 1-pa TeXH. HayK o

2 b.3. Amycuna 22%

3 ®opmyna a-pa M. baynenmucrena 549
(Baudendistel) ’
Metonuka N. Vlachopoulos, o

4 M.S. Diederichs 60%

*  Ilpumeuanue. Eciu paccMaTpuBaTh MPOXOJKY KaJOTTHI,
SApa W IITPOCC Pa3ieabHO, TO INPU HPOXOAKE KaJIOTTHI
HayaJbHbIC CMEIICHUS HE3aKPEIICHHOI0 KOHTYpa BBIPAOOTKU
cocTaBiAoT 50 % OT KOHEYHOTO 3HAYEHHUS, IPH IPOXOJKE SIpa
u mrpocc — 45 % OT KOHEYHOTO 3HAYCHHUSI.

3akirouenue

1. ITo pe3ynbTaTam TpEXMEPHOIO MOJEINPOBA-
HYSL C YU4ETOM PEalbHOU CTaJUUHOCTHU IIPOXOIKU
ToHHenel Ne 5/5a ycTaHOBJIEHO, YTO HayajJbHbIE
CMEIIIEHNs] HE3aKPEIUIEHHOIO KOHTYpa BBIPa0OT-
ku U, B yCIIOBUSIX MAJIONIPOYHBIX MOJIYCKAJIbHBIX
IPYHTOB COYMHCKOM CBUTBHI COCTABJIAIOT NOpPSAKA
40% ot xoHeuHBIX cMeleHui U.,.

2. CpaBHEHHUE C CYHIECTBYIOIMMHI METOIUKAMU
nokasaio, uto popmysel b. 3. Amycuna, M. baynen-
nuctena u Vlachopoulos — Diederichs nator 3na-
uenust Uo/U,, B quanazone 22—-60%, 94To mpUBOAUT
K CYLLECTBEHHBIM PacXOXKICHUSAM C PE3yJIbTaTaMu
3D-aHanu3a U TMOATBEPXKAAET HEOOXOAUMOCTH JIO-
KaJbHOUM BepH(UKAILMK JAHHBIX METOIOB ISl KOH-
KPETHBIX MHKEHEPHO-TEOIOINYECKUX YCIIOBHUIL.
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3. Iosy4yeHHbIE pe3yabTaThl O3BOJIAIOT BHE-
JPUTh B IIPOEKTHYIO IMPAKTUKY OOOCHOBAaHHYIO
METOMKY (aHanmor B-merona) Juii Iepexoia OT
pecypcoeMKkoro 3D-MoenMpoBaHus K yIpoILEeH-
HbIM 2D-pacueram.

DKCrepuMeHTaIbHO 000CHOBaHHAs 0N Ha-
yanbHbIX cMerenuit Uo/U,, = 0,40 ucnons3yercs
JUI TIPUBE/ICHHSI MCXOAHOTO TOPHOTO JABJICHUS
K IUIOCKOY pacueTHOH cxeme. CyTb npeagaraeMoi
METOJMKH CXeMaTHU4YHO MpecTaBieHa Ha puc. 10.

Cragua 1 —HauanbHble
HanpAXeHWA

CTaavA 3 — AKTMBaLMA BPEMEHHOM Kpenu
KanoTTbl. MpUKNaAbIBAETCA OCTABLIAACA
4acTb FOPHOro AasAeHuA

Cragvna 2 — PaspaboTka KanotTol
(BpemeHHas Kpenb He aKTUBUPYETCA).
MNpuknaapieaeTca 50% ropHoro AaeneHua

7
| ~

VAVAY

CragvAa 4 - PazpaboTKa Aaapa u Wrpocc.
MpuKknaapieaeTca 45% ropHOro fasneHua

Cragua 5 — AKTUBaLMA BPEMEHHOW Kpenu
cTeH. MNp1KNaAbIBAETCA OCTABLUAACA YaCTb
rOPHOro AaBneHuA

Cragua 6 — AKTMBaLMA BpEMEeHHOM Kpenu
obpaTHoro ceoga. 3aBepLieHue 3Tana
CTPOMUTENbCTBA TOHHENA

Puc. 10. Hpe,unaraeMasI MMpaKTUYCCKasA MCTOAMKA YUCTa IPOCTPAHCTBCHHOT'O Z[e(bopMHpOBaHI/IH nopoa

npr3a00iHHON 001aCTH B TNIOCKOHM pacueTHON cxeMe TOHHEIS
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Abstract

This article presents a comparative analysis and development of a methodology for accounting for the
spatial pattern of rock deformation in the near-face region in a 2D tunnel calculation model, taking into
account the technological features of specific engineering and geological conditions. Research Object:
the stress-strain state of the “soil mass-working-lining” system. Research Subject: the magnitude of near-
face displacements occurring before the installation of the tunnel lining. Objective: the purpose of this
study is to determine, based on a comparative analysis of existing methods and 3D numerical modeling,
the proportion of initial displacements of the working contour before the installation of lining for tunnels
constructed using mining methods in soft semi-rocky soils and to develop practical recommendations for
accounting for this displacement in simplified 2D calculation models. Methods: to achieve this goal, a
combination of methods was used, including a theoretical analysis of existing empirical and analytical
approaches, verified through 3D finite element modeling, taking into account the full construction phases
and nonlinear soil behavior (the Hooke-Brown and Hardening Soil models) on a real-world project—a
tunnel in Sochi. This was followed by a comparative quantitative analysis of the results and the synthesis
of a methodology for two-dimensional calculation models. Results: based on 3D numerical modeling of
tunnel excavation, it was established that, in the soft, semi-rocky soils of Sochi, the initial displacements
of the tunnel contour before the installation of the support structure account for 40% of the final total
displacements, which differs significantly from estimates obtained using existing empirical formulas
(22-60%). This result was verified on a real site and formed the basis for a practical methodology for
accounting for spatial deformation in two-dimensional calculation models (analogous to the -method),
while identifying significant gaps in regulatory approaches to assessing overburden pressure. Practical
Significance: the obtained results enable the implementation of a validated methodology (analogous to
the B-method) in design practice for transitioning from resource-intensive 3D modeling to simplified 2D
calculations that take into account the real-world interactions between rock mass and support structures,
directly impacting the safety, cost-effectiveness, and reliability of tunnel design solutions in complex
engineering and geological conditions.

Keywords: rock pressure, road tunnel, mining method of tunnel construction, 3D deformation, longitudinal
displacement profile, convergence, B-method
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YK 624.074.5

BbiGOp ONTUMAaNIbHOIO 3HA4YE€HUA LWNNHAPUYECKUX 3JIEMEHTOB
GalleHHbIX COOPYXXEHUN

Bepemees [1.B., Merun I.A.

ITetepOyprekmii ToCynapcTBEHHBIN YHUBEPCUTET ITyTeH coobmenns Mmmneparopa Anekcanmpa I, Poccus,
190031, Canxkr-IleTepOypr, MockoBCkwHiA 11p., 9

Jas uutupoBanusi: Bepewees /. B., Ilecun I1. A. Bp1OOp ONTUMAILHOTO 3HAYCHUS [UJIHMHIPHYECKUAX
AJIEMEHTOB OallleHHBIX coopykeHuit // M3Bectus IlerepOyprckoro yHUBEpCHTETa IyTEH COOOIEHHUS.
CIIo.: III'VIIC, 2026. T. 23, eI 2. C. 417-426. DOI: 10.20295/1815-588X-2026-2-417-426

AHHOTALUSA

Hean: BeIsIBICHWE Hauboee palMOHANLHBIX THIIOB CEUCHHN C IMIMHIPUICCKON (GOPMOI TIOBEPXHOCTH
B COOTBETCTBUM C KPUTEPUEM MUHUMU3ALMHA BETPOBOIO BO3JCHCTBHUS HA DIEMEHT IIOCPEICTBOM HCCIIEN0-
BaHHA Tpadurka adpoaIUHAMUYECKUX KOIPPHUIIMEHTOB ISl DJIEMEHTOB JIAHHOTO THIIA CEYCHUS, TIPE/ICTaB-
JIEHHOTO B JICHCTBYIOLIEH HOPMAaTUBHOW JOKYMEHTALIMU, U C YYETOM IPUHATHIX NIApaMETPOB LIEPOXOBa-
TOCTH MTOBEPXHOCTH, 3HAYEHHUS BETPOBOTO JIABIICHHUS, a TAK)Ke HaOOpa BICOT OTHOCUTEIHLHO TOBEPXHOCTH
3eMiu. [IpumMeHeHne pe3yabTaToB UCCIEOBAaHUN K CYIIECTBYIOUIMM THUIIAM CEYEHUHN ¢ IUIMHIPUYECKON
MMOBEPXHOCTHIO0, BBITTONHAEMBIX 10 [[OCT. MeToabl: aHaIN3 CYNMIECTBYIONICH HAYYHO-TEXHUIECKOH JINTe-
paTypsl, 3aTparuBarolleld BOIPOC IKCIEPUMEHTAIBHBIX MCCIECIOBAHUM a3pOAMHAMUYECKUX [OKa3aTeaen
CeUeHHM NWIMHAPHUYECKOH (HopMbl. PaccMOTpeHne aHATMTUYESCKUX BBIPAKEHHI BBHIYHCIICHHSI BETPOBOTO
BO3/ICHCTBUS HA CEUCHUS IMIUHAPHUIECKON (POPMBI ¢ MX MOCIEAYIONUM MTPeodbpa3oBaHUEM ISl TIOTyde-
HUS TPOMEKYTOUHBIX 3HaueHuH. [IpoBenenue anmpoxcuMany KpuBoi rpadrka 3HAYCHUH adpoInHAMHU-
yecknx kod(puimeHToB. Pe3yabrarsi: pa3paboTaH MeToJ| BBISBICHUS JHANa30HOB JIUAMETPOB CEUCHHM
MWIAHAPAYIECKON (HOPMBI TIOBEPXHOCTH, PACIIONIOKEHHBIX B KPUTHUYECKOW obnactu uyucen PelinHombaca.
[Mony4yena dopmyna ompeneseHust adpoANHAMHYIECKOTO KOd(D(DHUIMEHTa KPUTHYECKOW 00JacTH YHCe
PeifiHonbca TyTEM anmpoOKCUMAaNMU KPUBOW TpaduKa a’poAMHAMHYECKHX KOA(QQHUIIMEHTOB, Pacroio-
JKEHHBIX Ha TPAHMIIE KPUTHYECKOM M 3aKpUTHUECKOW obmacTu uncen PeitHonbaca. BeisiBiena pasznuma
MEXJy 3HAYCHUSIMH BETPOBOTO BO3ZCHUCTBHS Ha Pa3iIHuYHbIC JTHAMETPHI TPYO, MoyueH HUHAIBHBIN Tpa-
(UK, HIUTIOCTPUPYIONINI CHIDKEHUE BETPOBOTO BO3JCHCTBUS HA TPYOBI OOJBIIET0 AUaMeTpa U PasHUILY
CO 3HAYEHHUSMH BETPOBOTO BO3JEHCTBHS Ha TPYyObl MEHBIIIETO AUAMETPa, KOTOpast MOKET qocTturarhb 16 %.
IIpakTHyeckasi 3HAYMMOCTb: BO3MOKHOCTb UCIIOJIB30BAHMS BBIBEACHHOIO METO/A VISl IOJIYUYEHUS Hau-
0oree palMOHATBHBIX CEYCHUH C IMIMHAPUIECKON (POPMOIl MOBEPXHOCTH IO MapamMeTpy HAMMEHBIIIETO
BETPOBOIO BO3ACHCTBUS HA AIEMEHT C YYETOM IPUHATBHIX 3HAYECHUN IIEPOXOBATOCTH ITOBEPXHOCTH MU BE-
TPOBOTO JIABJICHHS, a TaKke Habopa BHICOT OTHOCHUTENIHHO MOBEPXHOCTH 3eMJIH. MeTox Mmo3BOIsIeT pas-
pabatsiBaTh OoOJiee paroHAIbHBIE U AIKOHOMUYHBIE pPEeIIeTYaThie KOHCTPYKIIUU OAIICHHBIX COOPYKEHHH
Onmaromaps CHIDKEHHUIO BETPOBOTO BO3/IEHCTBHS HA OTACIBHBIC DJIEMEHTHI.

KnroueBble ci1oBa: Oamns, KpyIiblil 3J1eMEHT, HIMIMHAPHUECKOE CEUCHHE, BETPOBOE BO3JCHCTBHUE, a3po-
JUHAMUYECKUH K03 HULINEHT, ONTUMAbHBIE CEUCHUs TPyO, Harpys3Ka, 3JI€MEHThI PeLIeTKU, Yucio Peii-
HOJIbJCA

Pasnuunple  CTpOWTENbHBIC  KOHCTPYKIMH, PA3IMYHBIX THIOB BBICOTHBIX COOpyxeHui [1].
37aHUS U COOPYXKEHHMSI, HAXOAAIIMECS Ha OTKphl- BerpoBoe Bo3zaeiicTBHE sBIAETCS IUHAMHUYE-
TOM MPOCTPAHCTBE, MOCTOSHHO IMOJBEPralOTCs CKUM M BO MHOTOM CIYYaiHBIM IO CBOEH MPUPO-
BETPOBOMY BO3J€HCTBUIO. J[aHHBIM BUA BO3JeH- €. MareMarnyeckoe ONMCaHHUE BETPOBOIO BO3-
CTBUS SBISAETCS 0000 (popMOOOpasyromuM Uit JCHCTBUS JOCTATOYHO JOTHYHO pasjelsieTcs Ha
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CTaTUYECKYIO U MYJIbCAIIMOHHYIO COCTABIISIOLINE
BETPOBOM HArpy3Kkd, KOTOpbIE TMPHUBOIAT K Jie-
TEPMUHUPOBAHHOMY TIPOIECCY C LEIbI0 Ompe-
nenenust ero Tpedyemoro 3Hauenus [2]. [loxxon
K ONpEAEICHHI0 TUHAMUYECKON peakiuu KOH-
CTPYKIMU (TMyJAbCAIIMOHHON COCTaBJISIONIEH) Ha
BETPOBOE BO3CHCTBUE OCHOBAH Ha IMPEANOCHLI-
Kax, BEpOSITHO, BBeICHHBIX A. /laBeHmnoprom [3].
[Iporiecc MHKEHEPHOTO pacyeTa TaKoro BO3JEH-
CTBHUSI C YUETOM CTATUYECKOM U MyIbCAI[HIOHHON
COCTaBJIAIOMIMX MPEACTaBICH B JEHCTBYIOIIUX
Hopmax CIT20.13330.2016 [4].

HecMmoTps Ha TO YTO MPUHIUNUAIBHO MOAXO-
JIbI K pacyeTy BETPOBOTO BO3ACHCTBUS, MPE/ICTaB-
JIEHHbIE B HOPMATHUBHBIX JIOKYMEHTaX Pa3In4HBIX
CTpaH, MOX0XHU, TPUCYTCTBYIOT HEKOTOPHIE ACTIEK-
ThI, KOTOPbIE MOTYT HPUBECTH K CYIIECTBEHHBIM
OTIMYMAM B pesynbrarax. K Takum pacueTHbIM
COCTAaBJIAIOIINM MOKHO OTHECTH:

* UHTEpPBAJIbl OCPEIHEHUS CKOPOCTH BETPA;

* 3aKOH M3MEHEHUsI CKOPOCTH BETpa MO BbI-
core [5];

* KOd(QUIMEHTHI, YYUTHIBAIOIINE IOMOIHHU-
TenbHbIE (DAKTOPHl U Pa3TUYHBIE OCOOCHHOCTH,
HalpuMep, TaKue Kak penbed, ceYeHus u npodu-
JIM 3]1aHUi [6].

OnHMM U3 BaKHBIX KOMIIOHEHTOB CTaTHYECKON
COCTaBJIAIONIEH BETPOBOM HArpy3ku SBISIOTCS
aspoarHamMudeckue kodpduieHTsl. OHU 3aBH-
CAT OT psijfa (akTOpoB, HANIPUMED, HIEPOXOBATO-
cTH, yncna PeiiHonbca U reoMeTprYecKuX mapa-
METPOB paccMmaTpuBaeMoro oowekra. [Ipu 3Tom
3HAYEHHS a’dpPOJMHAMUYECKUX K0d()(DHUIUEHTOB
IS pa3NU4yHbIX (OPM U THUIOB MOBEPXHOCTEH
SNIEMEHTOB MONYYalOT Kak 00JyBaMH HaTYPHBIX
MoJIeJiel B a9pOAMHAMUUECKHX TpyDax, Tak U pas-
JUYHBIMH YUcIeHHbIMU MeTofamu Computational
fluid dynamics (CFD) [7, 8, 9].

B ciyudae BeTpoBOro BO3IEHCTBUS Ha CTajb-
Hble pelnleTyarsie OallHU AAHHBIA THIT Harpy3Kd
4acTo SBISAETCS OMPEeISIONIMM MIPU pacyeTe Ha-

npsbkeHHO-1edopmupoBanHoro coctosaus (HIC)
JIAHHBIX COOPYKEHHH. DTO MOKHO TPOHAOIIONATD
B uccaenoBanusx [ 10—-13], roe npencrarieno Mo-
JIeTTMPOBAHUE HEKOTOPBIX CITy4aeB BETPOBBIX BO3-
JeUCTBUI Ha OallleHHBIE COOpYyX)eHHs. B cBs3u
C 3TUM IOJTyYeHHUE HAUMEHBIINX 3HAUCHUI a’spo-
JMHAMUYECKUX KOI(D(DHUIUCHTOB MOXKET SBIATHCS
OfHUM U3 (aKTOPOB OMTUMHU3AIMU KOHCTPYKIIH-
OHHBIX PEILICHUH M0 KPUTEPUIO METATIOEMKOCTH,
4TO OBLIO MOJIOKEHO B OCHOBY Pa3pabOTKu OaleH
TaKk Ha3plBaeMoro oortekaemoro Tuma [14], urto
SBJISIETCS OMHUM M3 METOJOB HETPaIUIIMOHHON
ontumuzaiuu [15]. HambGomnee onTumambHBIM
CCUCHHEM pEeIIeTYaThIX KOHCTPYKUIUU C TOUKU
3pEeHUs aXPOAMHAMUKH SIBISETCS popMa IHIHH-
JPUYECKON TOBEPXHOCTH, KOTOpas MOIyduia
00mbIlIOE pacTIPOCTPAHEHUE B BUJE COPTOBOTO
Kpyriioro mpokarta u Tpy6. OHu o0nanarT oco-
OCHHOCTBIO HEJNMHEWHOW H3MEHSEMOCTH a’po-
JMHAMHUUYECKOT0 Kod(duitnenTa, 3aBUCSIIET0 OT
pana dakropos [16].

PacueTsl 21eMeHTOB, BBIMOJHEHHBIX U3 TPYO
B COCTaB OTJEIbHO
CTOAIIEH TUIOCKOM peleTyaTod KOHCTPYKIMU

U BXOIAIIUX, HAIIPUMCED,

(OCIIPK), xoTopasi mpu 3TOM TOABEPracTcs Be-
TPOBOMY BO3JICUCTBHUIO, TOKA3bIBAIOT, YTO TOJ-
OupaeMble cedeHHUs TpyO, HMEIOLIUE CXOXKHE
NPOYHOCTHBIE XapaKTEPUCTUKH, OONaNal0T 3Ha-
YUTETbHO OTIMYAIOIIUMUCS TTOKa3aTeIsIMH 3Ha-
YeHUH a3pOIUHAMHYECKUX KOIPPUIIMEHTOB. ITO
OKa3bpIBaeT OONBIIOE BIUSHUE HA CTATUYECKYIO
COCTaBJIAIONIYI0 BETPOBOIl Harpy3ku (w,) ¥ Ha
KOHCTPYKIIUIO B [IETIOM:

Wi = W k(Ze)ca

(1

I71e Wy, — HOPMAaTUBHOE 3Ha4E€HHE BETPOBOTO JaB-
JeHuUS;
k(z,) — x03(duIMEHT, YUUTHIBAIOINI H3Me-
HEHHE BETPOBOTO JABICHUS VIS BBICOTHI Z,,
NPUHAMAEMbIi B COOTBETCTBUM C Tabm. 11.2
CI120.13330.2016 [4];
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¢ — adpoaMHAMUYECKUi KOd(P UITMEHT, BBHI-
YUCINsieMbIi 110 hopMmye:

1

c=cC. = A_ZcxiAi, 2)

k
rae A, — IUIOIa/b, OTPAHNYEHHAS KOHTYpOM
KOHCTPYKLUU;
A; — TIonaas NPOEKIUHU i-TO 3JIEMEHTAa KOH-
CTPYKLHU;
¢,; — a’poiMHaMHUUYecKuil KodpdumeHt s

HIIEMEHTOB KPYIJIOTO CEUEHHSI, BXOSIINX B CO-
craB OCIIPK, Beraucnsiemslii mo opmyie:

Cyi — kkcxooa

3)

roe k;, = 1;

Cy, — 3HAYEHHE MPUHUMAETCS B COOTBETCTBUU
¢ puc. B.17 CII 20.13330.2016 [4] B 3aBucu-
MocTH OT uucna PeitHombaca (Re), ompene-
asieMoro 1o Gopmyse 4, ¥ OT OTHOCUTEIILHON
mepoxoBaTrocTu (0), ompexaenseMon mo Gop-
myine S:

Re=0,884d|wk(z,)y, -10°,

e d — nuamerp TpyOsbl, M;
¥, — K03 QUIMEHT HA/IEXKHOCTH 110 HAarpy3Ke;

)

e A— HICPOXOBATOCTh MOBEPXHOCTHU pr6bI

“4)

0=A/d,

B 3aBUCUMOCTH OT 00pabOTKU U Marepuana.

CoOTBETCTBEHHO, OBLIO MPOBEJCHO AHAIUTHU-
YECKOE HCCIIEIOBAHUE OTEYECTBEHHOW HAydyHO-
TEXHUYECKOH JTUTEPaTypBbl, B pe3y/bTare KOTOPOro
BBISIBJICHO OTCYTCTBHE KPUTEPUEB ONTHMAIBbHOIO
BbIOOpa Haunbonee 3PEeKTUBHBIX CeUeHUH TPyO
C TNOHMKEHHBIM BETPOBBIM Bo3jeiicTBueM. [lpu
3TOM B JuTeparype Oblia yka3aHa o0nacTh, Ha-
3bIBa€Masi KPUTHUUECKOM, IIpu yucie PeliHonbaca,
paBaom ot 1,8-10° no 3,5-10° B koTOpO# mpoO-
MCXOJIUT TaJIeHUe 3HAYEeHHs a3pOIMHAMUYECKOTO
ko3 dumenrta. Mcxons u3 3T0ro, oTMevaercs,
4TO MpU BbIOOpE TPYO B KpUTHUECKOW oOnacTu

yucen PeiiHonbaca BeTpoBoe NaBieHHE HA IH-
JUH/Ip OOJBIIEro TUaMeTpa MOXKET ObITh MEHBIIIE,
YeM Ha IIUJIMHJIP MEHbIIEro auameTpa [16].

Jns moATBepKACHUS JAHHOW THIOTE3bl, 3aja-
JuMcsi HAbOpOM HavallbHBIX MapameTpoB. [Ipumem
Tpyosr mo [OCT 10704-91 [17] B nuana3one qua-
MeTpoB oT 20 10 377 MM €O 3HAYEHUEM I1IEPOXOBa-
TOCTH TIOBEPXHOCTH SMEMEHTOB KaK JIIsl pacIibUIeH-
HOM Kpackd (A= 2-107 M) ¥ BHEIIHMM BETPOBBIM
nmasnenueM w, = 0,38 klla mectHocTn THma A.

[Ipu ananuze akTyanbHOTO rpaduka 3HAYECHHN
BETPOBBIX COMPOTUBICHUN ISl SIEMEHTOB KpPYT-
JIOTO CEUEeHWs, OCHOBAaHHOTO Ha JAEHCTBYIOIIEH
HOPMAaTUBHOM JOKYMEHTAIMU U TPEACTABICHHOTO
B npuit. B CI120.13330.2016 (puc. B.17) [4], 66110
BBISIBJICHO HEKOTOPOE M3MEHEHHE JMana3oHa 3Ha-
YeHUIl KpUTHIeCKHX 4ucen PeliHonmb/ca, rpaHuIIbl
KOTOpOoro cocrapistoT ot 1,2+ 10° mo 2,5 10°, uto
NpEJICTaBICHO B BUJIE IITPUXOBOW JTMHUU Ha PUC.
1, TaKoKe ITPUXITYHKTUPHBIMH JIMHUSIMH OTMEue-
HBI TIPOMEXKYTOUHbIE U KpailHUe 3HAYEHHUS YHMCell
Peiinonbica kpuTHueckoi 00acTy.

Bpruuciaum rpaHuyHBIE M TPOMEXKYTOYHBIE
3HAUEHUs] TMAMETPOB TPYO B KPUTHYECKOH 00-
nactu yucen PeliHonbica mo Qopmyne 5, rae
3HaueHne A = 2-10° M (IpuHATO paHee), a 3Ha-
yeHue O onpenensercs no puc. B.17 npun. B CIT
20.13330.2016 [4]. AHanmoruyHo, UCXO/s U3 Tpa-
¢duka, ompenenuM TpaHUYHbIE U TPOMEKYTOU-
Hble 3Ha4YeHUs 4ucen PeifHonbiaca, HaxoAAIIUXCS
B KpUTHUECKOH obnactu. Bee nomydeHHble TaHHbIE
cBezieM B Ta0M. 1 1S moceyromero aHammsa.

TABJIMIIA 1. [Iluana3oHbl AMaMeTPOB TPyO U Yucern

Pef/’[}mnbnca B IPMHATBIX TPAHNIIAX OTHOCUTETBHBIX

IIEepPOX0BATOCTEN
Ald 0,05 102 103 10 10°
d, MM 0,4 2,0 20,0 | 200,0 | 2000,0
Re | 12:10°|1,4-10°|1,7-10°|2,2-10° | 2,5-10°
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OTKOppeKTHpYEM B COOTBETCTBUM C JAHHOM
Tabnuuei rpaduk, mpeacTaBieHHbIH Ha puc. B.17
npui. B CII 20.13330.2016, nomyunm puc. 1.

Jis yckopeHus Ipolecca BBIYUCICHUS 3Ha-
YeHUH C,, AT KPUTUYECKUX OO0NacTeld dmcen
Peiinonbaca, npencraBieHHbIX HA puc. 1, Obuia
IPOM3BE/ICHA AINIPOKCUMAIMA KPUBOH, 0003Ha-
YEeHHOU Ha Tpaduke MTPUXOBOW JUHUEH, (DYHK-
1St KOTOPO# npesicTaBieHa GpopmyIoi 6:

10,00 + 3324733 4 98 . In(Re®)

c._=e Re , (6)

X,00

rae Re* — vucno PeitHonmbaca kpuTudeckoi 00-

JacCTH.

Brruuciaum auametpsl TpyO UCXOAS U3 MPUHS-
THIX HaYaJbHbBIX MAPaMETPOB BETPOBOTO JIABICHHUS
U TUIIAa MECTHOCTH, TIPE/ICTaBICHHBIX B Ta0. 1 yu-
cen PeifHonb/ca, a Takke BBICOT Z,, HAXOASAIINXCS
B nuamna3oHe ot 5 10 100 m. JIst aToro, BeIpasuB d
o Gpopmyie 4, noayuum Gopmyiy 7:

J- Re 7
0,88, /wyk(z,)y, 10>

Berunciennple 3HaYeHUs IMAMETPOB TPYyO
NPE/ICTaBICHBI HA pUC. 2.

[Ipoussenem cBepKy AaHHBIX rpaduka, mpes-
CTaBJICHHOTO Ha pHUC. 2, ¢ IPAaHUYHBIMHU 3Haye-
HUAMH AUaMeTpoB TpyO u uucen PeliHonbiaca u3
Tab1. 1. MOXHO 3aMeTUTh, YTO BCE OMpPEICICH-
HbIE CEYCHUS] HAXOMATCA B IPaHUIAX TUAMETPOB
ot 0,4 1o 200 mm. OgHAaKO TUAMETPHI, MOJTydae-
Mble ripu uncie PeiiHonbaca, pasHoM 2,5 - 10°, He
COOTBETCTBYIOT 33/IaHHBIM B Ta0J. | rpaHUYHBIM
3HaueHUsIM. COOTBETCTBEHHO, JJAHHBIE TUAMETPhI
MOJIeKAT YAAJNeHUI0, a Tpaguk mpuoOpeTaeT
BUJI, IPEJICTABICHHBIN Ha pHC. 3.

[lpumeHsiss MOMyYeHHbIE OTPAHUYEHHS IS
Tpy0, BeimonHseMmslx no 'OCT 10704-91 [17],
MOXHO OTMETHTb, YTO COOTBETCTBYIOIIUH JOIY-
CTUMBIH K MCHOJIb30BAHUIO JMANa30H JUaMETPOB
TpyO puHUMAeTCs paBHBIM OT 42 110 114 MM.

Ha puc. 1 mTpuxoBoi U CIUIOMIHBIME JTHHUS-
MU, KOTOPbI€ COOTBETCTBYIOT IPAaHUYHBIM 3HAUE-
HUSM JMANa30HOB THAMETPOB TPYyO, 0003HAYECHBI
KpHBbIE MEpexoa KPUTUUECKON 00JIacTH Yuces
PeitHonb/ica B 3aKpUTHYECKYIO, YTO OTPAXKEHO
Ha puc. 4. Mcxoasa u3 3T0ro, 3Ha4ueHUst a3poju-
HaMHU9eCcKHX Kod(puImenToB TpyOd AuameTpos,
OTJIMYHBIX OT IPAHUYHBIX 3HAUEHUH TUAMa30HOB
Y TIPU 9TOM TPUHAIISKAIINX UM, BBIYHCIISIOTCS

C,|_4 11
[ d, mm
1.2 0.4
} --—}‘ 2.0
1.0 i — 20.0
1] i M 200.0
0,8 11 L — = 2000.0
| L |t
0,6 ] ! \ > e
| | T
"= A
e I
0 | f '
10 100 2 34567810° 2 345678100 2 345 Re

Puc. 1. 3aBucUMOCTb a3pOAMHAMHYECKOTO KO3 uuneHTa TpyOosl ¢, ., oT unucna PeitHonbaca (Re) u d

TIPU IEPOXOBATOCTH MOBEPXHOCTH ceueHuss A=2- 107 m
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Re
—e— 120000
—— 140000

0 10 20

30 40 50 60 70 80 S0 100
Ze M

d. My

55

0 10 20 30 40 50 60 70 80 S0 100

Zy M

Puc. 2. luametpsi TpyoO,
YIIOBJIETBOPSIOIIME ynciiaM PeliHonbaca
KPUTHYECKOU 00IacTi

JVHEWHOW MHTEPHOJALMENd M PacHoararTCs
B 3aKPUTUYECKON 001acTH.

[IpuBenem mpumep Takoro BbluucieHus. Pac-
CMOTpPUM TpyOBI auameTrpoM 63,5 u 89 MM, s
KOTOPBIX BBIYMCIMM 3Ha4EHUs ynce PeliHonbaca
1o gopmyre 4 Juist BBICOT Z, B AWANA30HE OT 5 10
100 M ¢ IpUHATHIMU paHee JAaHHBIMU BETPOBOTO
JIaBJI€HUs ¥ THIA MecTHOCTH. [lomydyeHHble 3Ha-
4yeHus npejcrasieHsl B Ta0n. 2. C uenbto Oosee
HaIVIJHOTO IPOoLIECcca ONpeeIeH s 3HaUeHUH ¢,
JUISl BBIBE/ICHHBIX JaHHBIX JIOKAJIM3yeM IIPEACTaB-
JIeHHBIN Ha puc. | TpadyK U MOIyYnM puC. 5.

[Tpy nanpHelmieM aHamu3e 3amedyaeM, 4TO
IIPY 3HAYECHHUAX 4ncen PeliHombAca B quana3oHe
OT TOYKH A 110 TOUKU b, KOTOpBIH COOTBETCTBY-
€T IpaHullaM KpUBOMW Iepexona JUisl JUaMeTpoB
TpyO ot 20 mo 200 MM, 3HaUe€HHE a3POAUHAMMU-

TABJINIIA 2. 3nauenus yucen PeitHonbaca

Puc. 3. OTKOppEKTUPOBAHHBIE AOITYCTUMBIC
JaMeTPhI TPYO, YAOBIETBOPSIONINE YHCIaM
Peiinonbaca kpuruaeckoi ooIacTu

YEeCKOro Kod(uIMeHTa MOonajaeT B 3aKPUTHU-
yeckyro obnactb uucen PeitHonpaca. U3 momy-
YEHHOTO Tpaduka MOXHO OINPEICITUTh TOYKY
nepexoja 3HAYEeHUs a’dPOAMHAMUYECKUX KO-
(UIMEHTOB M3 KPUTHUYECKOW B 3aKPUTHUECKYIO
obnacte. 3HaueHue uucna PeifHonmbaca B 3TOH
Touke coctasiseT 1,7-10° uto sBIsAETCA BEpX-
Hel rpaHulledl KpUTHYECKOW 00nacTH AJs JaH-
HOTO Jinana3oHa Tpyo.

[IpumeHuM mOMy4YEeHHBIE JaHHBIE IPU BbI-
YUCJIEHUM 3HaueHWil uyucen PeliHonbaca mns
OpUHATBIX paHee nauanasoHa Tpyo mo ['OCT
10704-91 [17] u npouux xapaxrepuctuk. s
KpUTHYECKON oOmactu uucen PeifHonbaca B BBI-
SIBIICHHBIX BbIIIE rpanuiax ot 1,2 105 g0 1,7-10°
TIOJTyYHMM TIPEICTaBIICHHBIN Ha prc. 6 rpaduk. Ot-
MeTuM, 4to TpyOs! qruamerpom 102, 108 u 114 mm

Ze 5 10 20 30 40 50 60 70 80 90 100
2 635 123105 | 1.42:10% | 1,58-10° | 1,68-10° | 1,75-10% | 1,81-10° | 1.86:10° | 1,9010° | 1,94-10° | 1,98-10°| 2,01-10°
Z
=
£
& | 89 | 1,56:10° | 1,81-10° | 2,00-10° | 2,13-10° | 2,22-10° | 2,30-10° | 2,36-10° | 2,42:10% | 2,47-10° | 2,51-10° | 2,55-10°
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C=f /1
/ ,ll d, mm
1,2 < < < 0.4
B A A N
: | NS N N N )
| LA N = N A Y 2000
0.8 T TTEASSCRN N S S 2000.0
| HITEZANND TN S
0.6 1 '/5‘\.*‘ QINS=
| (/NN gk
04 [ i ¥ |
K. 3akpuTHMueckan
o2 —H fHfEm=l - H
0 / | 111 |
4 17 3 (] 7
10 10 2 34567810° 2 345678100 2 345 Re

Puc. 4. O6nactu uncen PeitHonbaca aist fuaMeTpoB Tpyo

1,25

d, an
04

12

2.0

d, Mt
AG3S
+89

0,35

1,10E+05 1,35E+05 1,60E+05 1,85E+05 2,10E+05 2,35E+05

20.0

Re

Puc. 5. [lonyuenue 3HaueHUH adpOIUHAMUYECKUX IS TPYO auamerpom 63,5 u 89 MM

HE TONajly Ha pUc. 6, TaK KaKk 3HAYCHUS UHCEN
Pelinonpaca JaHHBIX ceUEHMH HAa MHUHUMAJILHOMN
OTMETKE B 5 M TMPEBBIIAIOT TPAHULII TPUHATON
obnacTu.

Bocmnonbsyemcs MONy4eHHBIMUA 3HAYEHUAMH
yrcen PeitHonmbaca (Re*) mis onpeneneHus 3Ha-
YEHUH a’poArHaMH4YecKoro koddduimenta c,.,,
npecTaBIeHHOTO Ha rpaduke puc. B.17 mpun. B
CIT 20.13330.2016 [4] u BeIUHCAsIEMOTO TIO (hOP-
Mmye 6.

Jlanee BHIYMCIMM 3HaY€HHS BETPOBOTO JaBjie-
HUSI Ha DJIEMEHTHI eTUHUIHOM THHBI (1 M) mpeo0-
pazoBarueM (¢opmyabl 1 u momyaum dopmyay 8:

®)

W= Wy k(Ze)cxooAia

rae A; — TUIoaas IPOCKIUU TPYObl eTMHUYHON

JUTHHBI.

BriBeieM nosy4eHHbIe 3HaUE€HUS Ha puc. 7.

Hcxons u3 rpaduka, MOXKHO 3aMETUTh 3HAYHU-
TEJBHYIO Pa3HUILYy BETPOBOTO JaBJICHUs Ha TPYObI
eTMHUYHON JJIMHBI B 3aBUCUMOCTH OT JJMaMETpa.
Tak, Hampumep, pa3HMIIAa 3HAUEHU CTaTHye-
CKOM COCTaBJISIIOIIEH BETPOBOIO BO3JCHCTBUSA Ha
otMeTtke 90 M Mexnay Tpybamu aumamerpom 43
u 60 mm nipu Harpyske 0,037 kH u 0,031 kH co-
OTBETCTBEHHO cocTaBisier 16%. Ilomyuennoe
3Ha4YEeHHE PA3HUIIBI MOXKET SBISTHCS OCHOBAaHHEM
IJIsL TIPUHATUS OoJiee ONTHUMAIBLHOTO THUIA Ceye-
HHS C TOYKH 3PEHUS BETPOBOTO JABJIEHHS, YTO
MIO3BOJIUT 3HAYUTEIILHO CHU3UTDH €T0 BO3JEHCTBHE
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Puc. 6. ['paduk 3nauenmii uncen PeiiHonbaca
JUISL IMaMETPOB TPYO B 3aBUCUMOCTH OT BBICOTHI Z,

1 MHBIX MMPUHATHIX PAHCC TOCTOAHHBIX

Ha pelreTyarbie KOHCTPYKIIUH U TIPUBECTH K 3Ha-
YUTEILHOMY YKOHOMUYECKOMY P PEKTYy.

[To uroram mpopenanHoOi paboThl MOXKHO CJIe-
JaTh CIETYIOIINE BBIBODI:

1. Bb1 npoBenieH aHaNu3 OTEYeCTBEHHOW Ha-
YYHOU-TEXHUUECKOW JIUTEPaTypbl IO BOIPOCY
ONTUMU3ALUK 3JIEMEHTOB TPyO0 HpPU BETPOBOM
JIABJICHWH, B PE3yNIbTaTe KOTOPOTO OBLIO BBISBIIC-
HO OTCYTCTBHE METOJIOB OTIPEICJICHHS JHana3oHa
JIMaMETPOB TPYO M KOHKPETHOTO 3¢ dekra oT uc-
MOJTb30BaHUs TPYO OOJBINETO AMaMETpa B TUara-
30HE yucen PeliHONmbACa KPUTHUYECKOM 00IacTy.

2. Pa3paboran aBTOpPCKHMI METOJ OMpeaee-
HUS JMama3oHa jauaMeTpa Tpyd B umcnax Peid-
HOJIbJICA KPUTHYECKOI 001acTH.

3. Tomyyena dQopmyna ompemeneHus adpo-
JMHAMAYECKOTO Kod(dUIMEeHTa KpUTHICCKON
obmactu uucen PeitHombaca TMOCpeACTBOM ar-
NpPOKCHMAIUH Trpadyka 3aBUCUMOCTH a’pO/IUHA-
MHYecKoro koadduirenta ot yrcia PeliHonbaca
¥ OTHOCHTENIFHOM MIePOXOBATOCTH.

4. OmnpeneneHa pa3HULA MEX/TY 3HAYECHUAMU Be-
TPOBOT'O BO3IEHCTBHUS HA AEMEHTBI TPYO pa3IMIHO-
IO TMaMeTpa, pabOTAIONIUX B OOACTH KPUTHIECKUX

Puc. 7. 3nauenue craTHueckoi COCTABIAIONIEH
BETPOBOI HATPYy3KH W,, HA TPYOy €AMHUYHON

JJIMHBI B 3aBUCHUMOCTH OT BBICOTHI Z,

3Ha4YeHMi1 yncen PeitHonbica. BbIsSBIEHO CHIKEHHE
BEJIMUKMHBI BETPOBOTO BO3CHCTBHS HAa TPYOBI OOITb-
IIETO TMAMETpa W Pa3IMdue B BO3ICUCTBUM HA TPY-
ObI MEHBIIIETO AUaMETpa, KoTopoe aocturaet 16 %.
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Abstract

Objective: to identify the most efficient types of cylindrical cross-sections in accordance with the
criterion of minimizing the wind effect on an element by studying the graph of aerodynamic coefficients
for elements of this cross-section type presented in the current regulatory documentation, taking into
account the accepted parameters of surface roughness, wind pressure values, and a set of heights relative
to the ground surface. Application of the research results to existing types of cylindrical cross-sections
manufactured in accordance with GOST. Methods: analysis of the existing scientific and technical
literature touching upon the issue of experimental studies of the aerodynamic indicators of cylindrical
cross-sections. Consideration of analytical expressions for calculating the wind effect on cylindrical cross-
sections with their subsequent transformation to obtain intermediate values. Approximation of the curve
of the graph of aerodynamic coefficients. Results: a technique has been developed for identifying the
ranges of diameters of cylindrical cross-sections located in the critical region of Reynolds numbers.
A formula for determining the aerodynamic coefficient in the critical Reynolds number region was
obtained by approximating the curve of the graph of aerodynamic coefficients located on the boundary
of the critical and postcritical Reynolds number regions. The difference between the wind effects on
various pipe diameters was identified, and the resulting graph illustrates a reduction in wind effects
on larger-diameter pipes. The difference with wind effects on smaller-diameter pipes can reach 16%.
Practical significance: the possibility of using the derived method to obtain the most rational sections
with a cylindrical surface shape based on the parameter of the least wind impact on the element, taking
into account the accepted values of surface roughness and wind pressure, as well as the set of heights
relative to the ground surface. The method allows for the development of more rational and cost-effective
lattice structures for tower structures by reducing the wind impact on individual elements.

Keywords: tower, round element, cylindrical section, wind effect, aerodynamic coefficient, optimal pipe
sections, load, lattice elements, Reynolds number

References

1. Tsavdaridis K. D., et al. Topology Optimisation
of Lattice Telecommunication Tower and Performance-
Based Design Considering Wind and Ice Loads,
Structures, 2020, vol. 27, pp. 2379-2399. DOL:
10.1016/j.istruc.2020.08.010

2. Rekomendatsii po utochnennomu dinami-
cheskomu raschetu zdanij i sooruzhenij na dejstvie
pul'satsionnoj sostavlyayushchej vetrovoj nagruzki
[Recommendations for the Refined Dynamic Analysis
of Buildings and Structures Subject to the Action of
the Pulsation Component of Wind Load] / Moscow:
ISNIISK im. V. A. Kucherenko [V. A. Kucherenko Central
Scientific Research Institute for Building Structures],
2000, 45 p. (In Russian)

3. Gordeev V. N., et al. Nagruzki i vozdejstviya na
zdaniya i sooruzheniya [Loads and Impacts on Buildings
and Structures], general editorship by A.V. Perelmuter,
4th edition, revised and enlarged, Moscow, SKAD

SOFT Publishing House, 2014. 588 p. (In Russian)

4. SP 20.13330.2016 Nagruzki i vozdejstviya
[Loads and Impacts], updated version of SNiP 2.01.07-
85* (with Amendments No. 1-6); approved. By order of
the Ministry of Construction, Housing and Communal
Services of the Russian Federation dated December 3,
2016, no. 891/pr. (In Russian)

5. Simiu E., Scanlan R. Vozdejstvie vetra na
zdaniya i sooruzheniya [Wind Impact on Buildings
and Structures], trans. from English by B.E. Maslova,
A.V. Shvetsova, Moscow, Stroyizdat, 1984, 358 p. (In
Russian)

6. Pichugin S.F., Makhin'ko A.V. Normirovanie
vetrovoj nagruzki na reshyotchatye opory v standartakh
raznykh stran mira [Standardization of Wind Load
on Lattice Supports in Standards Around the World],
Metallicheskie konstruktsii [Metal Structures], 2009,
vol. 15, no. 4, pp. 237-252. (In Russian)

7. Isaev S.A., et al. Razrabotka i verifikatsiya
mnogoblochnykh vychislitel'nykh tekhnologij dlya re-
sheniya nestatsionarnykh zadach stroitel'noj aerodinamiki

ISSN 1815-588X. N3BecTtuma MNIrync

2026/2



426

General Technical Problems and Solution Approach

vysotnykh zdanij v ramkakh podkhoda URANS
of Multi-Block
Solving Non-

[Development and Verification

Computational ~ Technologies for
Stationary Problems of Structural Aerodynamics of
High-Rise Buildings within the Framework of the
URANS Approach], Inzhenerno-stroitel'nyj zhurnal
[Journal of Civil Engineering], 2013, no. 1 (36), pp.
103-109. DOI 10.5862 / MCE.36.13 (In Russian)

8. Gostyev Yu. A., Obukhovskij A. D., Salenko S.D.
Chislennoe modelirovanie poperechnogo obtekaniya
proletnykh stroenij balochnykh mostov [Numerical Mo-
deling of Transverse Flow Around the Superstructures
Of Beam Bridges], Vestnik Donskogo gosudarstvennogo
tekhnicheskogo universiteta [Bulletin of the Don State
Technical University], 2018, vol. 18, no. 4, pp. 362—
378. DOI: 10.23947/1992-5980-2018-18-4-362-378 (In
Russian)

9. Calotescu I., et al. Wind Tunnel Testing of
Telecommunication Lattice Towers Equipped with
Ancillaries, Engineering Structures, 2021, vol. 241,
pp. 112-526. DOI: 10.1016/j.engstruct.2021.112526

10. Wu P, et al. Research on Wind Load Charac-
teristics on the Surface of a Towering Precast Television
Tower with a Grid Structure Based on Large Eddy
Simulation, Buildings, 2022, vol. 12, no 9, p. 1428.
DOI:10.3390/buildings12091428

11. Zhang W., et al. Reconstruction of Dynamic
Wind Forces on a Transmission Steel Lattice Tower
Using Aeroelastic Wind Tunnel Test Data, Engineering
Structures, 2023, vol. 275, pp. 115-167. DOIL: 10.1016/j.
engstruct.2022.115167

12. Zhang W., et al. Estimation of Dynamic Wind
Forces on a Steel Lattice Tower Based on Generalized

Wind Force Spectra, Structures, 2023, vol. 48, pp. 1634—
1650. DOL: 10.1016/j.istruc.2022.12.073

13. Fu X., et al. Gust Response Factor of a Trans-
mission Tower under Typhoon, International Journal of
Structural Stability and Dynamics, 2020, vol. 21, no 01,
p- 2150001. DOI: 10.1142/S0219455421500012

14. Sokolov A.G. Metallicheskie
antennykh ustrojstv [Metal Structures of Antenna
Devices], Moscow, Stroyizdat, 1971, 240 p. (In Russian)

15. Perel'muter A.V. Zadachi sinteza v teorii so-
kratkij
Problems in the Theory of Structures: A Brief Historical

konstruktsii

oruzhenij: istoricheskij obzor) [Synthesis
Review)], Vestnik Tomskogo gosudarstvennogo arkhi-
tekturno-stroitel'nogo universiteta [Bulletin of Tomsk
State University of Architecture and Civil Engineering],
2016, no. 2 (55), pp. 70-106. (In Russian)

16. Savitskij G.A. Osnovy rascheta radiomacht:
statistika 1 dinamika [Fundamentals of Radio Mast
Calculation: ~ Statics and Dynamics],
Svyazizdat, 1953, 276 p. (In Russian)

17. GOST 10704-91 Truby stal'nye elektrosvarnye
pryamoshovnye. Sortament [Straight-Seam Electric-
Welded Steel Pipes. Assortment], introduced January 01,
1993, Moscow, Standartinform, 2007, 23 p. (In Russian)

Moscow,

Received: February 26, 2026
Accepted: April 17, 2026

Author’s information:

Dmitry V. VEREMEEV — Postgraduate Student;
dmitry.veremeev(@yandex.ru

Pavel A. PEGIN — Dr. Sci. in Engineering, Professor;
PPavel@gmail.com

2026/2

Proceedings of Petersburg Transport University



Ob6LeTexHMYecKMe 3a4a4m U NYTU UX peLleHns 427

YAK 624.19.034.5
YK 69.04

OueHKa BO3MO)XHOCTU npymMmeHeHUA HoOBOIro cnocoba COOpPYyKeHMA
noaABOAHDbIX FOPOACKUX TOHHEeNen B HeCBA3HbIX UIIUCTbIX FPYHTaXxX

f1.B. MenbHuk', A.3. ®epopos?

! TletepOyprekuii rocyaapcTBEHHBIN YHUBEPCUTET IyTell coobmenns Mmmneparopa Anekcanapa I, Pocens,
190031, Canxkr-IleTepOypr, MockoBCkwHiA 11p., 9

2000 «CK «Mocrotpect», Poccus, 236006, Kanuuunrpan, [pasas ua6., 10

Jas uutupoBanus: Menvuux A. B., @edopos A.D. OueHKa BOSMOKXHOCTH MTPUMEHEHHUST HOBOTO CIIOCO-
0a coopyXeHHs TTOIBOJTHBIX TOPOJCKMX TOHHEINEH B HECBSA3HBIX WIHCTHIX TpyHTax // M3Bectus Ilerep-
Oyprckoro yamBepcurera myteil coodmenus. CII6.: [II'YIIC, 2026. T. 23, Bem. 2. C. 427-435. DOI:
10.20295/1815-588X-2026-2-427-435

AHHOTANUS

Heab: 060cHOBaTH BO3MOKHOCTH TPUMEHEHHS] HOBOTO CITOCO0a COOPY>KEHUS MOJIBOTHBIX TOPOJICKUX TOH-
HeJIel B HECBSI3HBIX WJINCTBIX TpyHTaX. [IpensiokeHHas TEXHOJIOTHS — 3TO COOPYKEHHE TOAPYCIOBOM
YaCTH TOJIBOJIHBIX TOPOJICKUX TOHHENEeH (pa3Mu4HOro Ha3HaYeHHs) CIIOCOOOM BIABIWBAHUS CEKIUH U3
3apaHee MMOJrOTOBIEHHOTO CTAPTOBOTO KOTJIOBAHA ITOJT THOM BOJIOTOKA (HA HE3HAYUTEIHHOU TiTyOnHe) 0e3
pa3paboTKu rpyHTa, HE UMEIOIIEe aHAJIOTOB B 0T€YECTBEHHOM TOHHENIECTpOeHU . JlJis 3TOro Heo6XoauMo
paccuuTarh M MpOaHATU3UPOBATH HANPSKEHHO-CPOPMUPOBAHHOE COCTOSTHUE METOJJAMU YUCIICHHOTO MO-
JIEIMPOBAHUS CUCTEMBI «TPYHTOBBI MaCCHUB — IMPOAABINBAEMbIE CEKIIMN» U pa3padboTaTh MEpPONPHUATHS
M0 CHM)KEHHWIO COIIPOTHUBIICHHUS TPEHUS HAPYKHOW MOBEPXHOCTH CEKIWMHU IO TPYHTY M JIOOOBOTO COIIPO-
TUBJICHUS TPyHTa B 3a00€ TpHU MIPOM3BOACTBE padOoT MO MPOAaBIMBaHUIO MeTOoAbI: IS JOCTIKEHUS T10-
CTaBJICHHOW IIENTM B CTICIIHAIM3UPOBAHHOM T€OTEXHUYIECKOM mporpamMmmMHoM Komiuiekce MIDAS GTS NX
ObLIa TOCTPOEHA YMCIIEHHAS MOJIEIh TPYHTOBOTO MAacCHBa, BMEIIAIOIIETO BCIO KOHCTPYKIIMIO TIOAPYCIIO-
BOTO y4acTKa TIOIBOJHOTO TOHHEJS: MPOAABINBaEMble TOHHEIbHBIE CEKIINH, 3KpaH U3 TPyO B OCHOBaHHH,
(bynnaMeHThI. Pe3yabTaThl: 10 TaHHBIM F€OTEXHUYESCKOTO pacdeTa, sl 00eClieueH s HaIeKHOCTH KOH-
CTPYKIIMH HEOOXOIMMO MPHUMEHUTH YCTPOWCTBO POCTBEpPKA CBAHOTO (yHAaMEHTa MO TPYOBl JHaMeT-
poM 1020 MM, 9TO MO3BOJIIET YMEHBIINTE OCAJIKA TOHHENA U 00ECTIEYNTh YCTOMYNBOCTH B IMPOLIECCE IKC-
Turyatanuu. PazpaboTanel MEPOTIPHUSTHS 110 CHIKEHHUIO COMTPOTHBIICHUS TPEHUS HApy>KHOW MTOBEPXHOCTH
MIPO/IABIMBAEMBIX CEKIMI M JJ0OOOBOTO COMPOTUBIEHHUS IpyHTa B 3a60e. [IpemnokeHa KOHCTPYKIMS KIIH-
HOBUIHOW HOXKEBOH CEKITMH B COUCTAHHUH C METAIUTMIECKON OMaTyOKOH, KOTOpast Ha dTare CTPOUTEIhCTBA
BBITIOTHACT (PYHKITMIO BHENTHEW METaJUIMYecKoi runponsonsinuu. llpakTnyeckas 3HaYUUMOCTh: TIPOBE-
JIEHHOE HUCCIIEIOBaHUE MTOATBEPKIAET BOZMOXKHOCTh UCITOIB30BAHMS MPEIOKEHHOTO CTI0c00a JIJIs CTPOH-
TEJIHCTBA TOPOJCKUX MOJBOIHBIX TOHHEIEH HEOONBIIION AJTMHBI B HECBSI3HBIX MIIMCTHIX TPYHTaX ¢ o0ecte-
YeHHEeM MUHUMAaJIBHOU TITyOWHBI 3aJI0KeHUsI TOHHENIS, YTO 3HAYMTEIHHO COKpamaeT ero auuHy. Crocod
MOYKET OBITh PEKOMEH/IOBAH K MPAKTUIECKOMY HCIIOIB30BAHHUIO MTOCIIE TPOBEACHUS CEPUH UCCIIEJOBAHUI
Ha 0a3e UCTIBITATeNFHOMN (aHATUTHYECKON ) TaO0PaTOPHH U IIETTOTO Psiia HATyPHBIX HCIIBITAHNH.

Ku1roueBble c/10Ba: TIOJBOHBIN TOPOACKON TOHHENb, ClIa0ble UINCTBIE TPYHTHI, IPOJAaBIMBaHNUE O3 pa3paldoT-
KU I'PYHTa, KJIMHOBHIHASI KOHCTPYKLHSI, JOOOBOE CONPOTUBIIEHUE, OCHOBAaHHE U3 TPYO, CBAHOE OCHOBaHHUE

Beenenue Tax» aBTOpaMH ObLT pa3paboTaH HOBBIA CHOCOO
B Beimycke Ne4 sroro sxypHana 3a 2024 ron  CTpOMTENbCTBA MOIBOJHBIX T'OPOACKHX TOHHENEH

B crartbe «Crnoco0 COOpyKeHHs MOABOAHBIX I0- HEOONBLIONW JUIMHBI B CHIIBHOE()OPMHUPYEMBIX,

POJICKHX TOHHENEH B HECBSI3aHHBIX MJIMCTBIX TPYH-  HECBS3HBIX OOBOJHEHHBIX WJIMCTBIX IPYHTAX.
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[IpeuioxkeHHast TEXHOJIOTHUS — 3TO COOpPYXKe-
HME TOJPYCIOBOM YacTH MOJABOJHBIX TOPOICKHX
TOHHeJIeH CrIocoOOM BIIaBIMBAHUS CEKLHUH U3 3a-
paHee MOATOTOBJIEHHOTO CTapTOBOTO KOTJIOBaHA
10/l THOM BOJIOTOKA (Ha HE3HAUMTENIBbHOH NTyOu-
He) 0e3 pa3paboTKH TPyHTA, aHATOTOB KOTOPOMY
HaMH HE HallJIEHO HU Ha TeppuTopuu Poccuiickon
®denepanuu, HU 3a PyOEKOM.

T'opon KanuHunrpaa, MMEONMNA TpU aIMUHH-
CTpaTUBHBIX palioHa, paszieneH pekoil [Iperonen,
YTO 3HAYUTENBHO YCIOXKHAET TPAHCIIOPTHBIE CBS-
31 Mexy HUMU. VI3 MoCKOBCKOTO paiioHa ropona
CYILECTBYIOT YETHIPE BbI€3Ja B JpyrHe pailOHbI.
OnuH U3 TaKuX BbI€3I0B — JIBYXITYTHbIH JIBYXb-
SPYCHBIII MOCT, KOTOpBIN BBINOJMHAET (DYHKIHUU
KaK >KEJIE3HONOPOKHOTO, TAK M aBTOLOPOKHOTO.
M3-3a GONbIIMX TPAaHCHOPTHBIX MOTOKOB B YaCh
MK JaHHOE COOPYKEHUE SABIIAETCS MECTOM CKOII-
JIEHHsI OTPOMHOTO KOJIMYECTBA JIETKOBBIX aBTOMO-
Outeid, 4To yBEIMUMBAET BPEMs Ha BBIE3]] U BbE3]
B MOCKOBCKHIi paiioH, a Takke He 00eCIeunBaeT
HpOE3/ TPy30BbIX aBTOMOOMJIEH, TaK KaK paccTos-
HHME MEXKJ1y NPOEIKEH YacThiO U BTOPBIM SPyCOM
MOCTa HE COOTBETCTBYET ACHCTBYIOIUM HOPMaM.
Kpome 310ro, MOCT SIBIsI€TCS pa3BOIHBIM, B OITy-
IIEHHOM COCTOSTHUM MOJMOCTOBOI rabaput mai.
[Ipomyck KpyHHBIX MOPCKHX CYJOB BO3MOXEH
TOJIKO I0CJIE€ TOJbEMA IPOJIETHOTO CTPOEHHUS,

U3-3a 4ero Mmpoe3/ aBTOMOOMIIeH B HOYHOE BpeMs
HEBO3MOYKEH.

B nanHoM mnepeceueHun M ObUT 3alpPOEKTHU-
POBaH IMOJIBOJIHBIA ABTOJOPOKHBII TOHHEIb, KO-
TOpelil  o0ecrieunt OecriepeOOHOE ABHUKEHHE
C TIOBBINIEHHOW TPOMYCKHOW CIOCOOHOCTBIO
U BO3MOXKHOCTBIO IPOINYCKa TPY30BBIX aBTOMO-
Ouiel, MOCKOJIBKY CYIIECTBYIOIIUN MOCT SIBJISICT-
csi HerabapuTHBIM coopyxkeHueM. OlecrieueHue
npoe3/ia TPy30BOTO TPAHCIIOPTa BIIEUET 33 cOO0M
pasrpy3Ky IIaBHBIX ITPOCIIEKTOB FOPOAA, a TAKKE
YMEHBIIIEHHE €r0 KOJINYEeCTBA B LIEHTPE, YTO 00Y-
CJIOBJIUBAET YIyUIIIEHUE TPAHCIIOPTHOM CUTYalluH
B LIEJIOM.

VuuThIBas Ha3HAYEHHE TOHHENS (@ 3TO MPH Cy-
MIECTBYIOIMX HArpy3kax Ha MarucTpajbHbIE J0-
pPOTM MHHHMYM YeThIpE MOJOCHI IBHKEHUS: BE
B OJIHy CTOPOHY W JBE B JPYTYIO), TIOTIEPEUHOE
CEUEHUE TOHHEJIS, 3alIPOEKTUPOBAHHOE B COOTBET-
CTBHHU C 33/IaHHOM Kareropuer aBToA0pOr 1 ¢ yue-
ToM Bcex TpedoBanmii CIT 122.1333.2023, mpen-
craBieHo Ha puc. 1. [lo Gokam mpoexTupyeMoi
KOHCTPYKIIUH PacloaraloTcsi CEpBUCHBIE OTCEKH,
KOTOpbIE OT/ENICHBbI OT TPAHCIIOPTHOW 30HBI CTe-
HOI1. JIOTKOBas MIMTa CEKIIUH UMEET CHeUAIbHbIC
yIIyOIeHus VTSl PaclioNoKEHUSI B HUX HaIpaBIsi-
fonmx Tpyd skpaHa. Hamu ObUTH paccMOTpeHBI
HECKOJIbKO BapHaHTOB KOHCTPYKLMH JIOTKOBOM
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Puc. 1. [IpoexTHOE MOMIEPEUHOE CEUCHUE CEKIINU
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IUIMTBL. MBI TIpeiaraeM TOT, 4TO 00ecreunBaeT Wo,=112-(q - B+p, H)+tg]l fot+
HauOonee crabunbHOE mMonoxeHue. Ha ocHoBe (1

3alPOEKTUPOBAHHOIO TIONEPEYHOTO CEUEHUSI BEC
CCEKIMH JITUHOM 53 M cocTapuser Oonee 10 ThIC. T,
4TO BIIEYET 32 cO00M HEOOXOMUMOCTh MPOEKTUPO-
BAHWS OCHOBAHWS IJIsi TOHHENS, 4TOOBI MpeoT-
BPaTUTh OCAJKy KOHCTPYKLHMH, TaK KaK TPYHTBHI,
Ha KOTOPbIE OMUPAETCsI TOHHEIb, 04€Hb CHIIbHOJIE-
dopmupyembie. OHAKO HAIO OTMETHUTH, YTO Pa3-
MEpbI CEKIIMH MOXXHO U3MEHSTh B 3aBUCUMOCTH OT
Ha3HAYCHUS, HEOOXOIMMOCTH B CEPBUCHBIX ITOMeE-
MIEHUSAX ¥ JJUHBI TOHHE. OOIas [yinHa yJacT-
KOB TOHHEJS, KOTOpPBIE HEOOXOMMMO TPOIABHTH,
coctapiger 151 M, yuWThIBas IIMPUHY CTBOpa
B TIPETOIAraéMOM MECTE CTPOUTENIHCTBA.

ObocHoBaHHE TPUMEHEHUsS Pa3pabOTaHHOTO
crioco0a TpeOyeT perieHus CIeAYIOIUX 3a/1a4:

1. Paccuurath ¥ mpoaHaIM3UpOBaTh HAMps-
KEHHO-ZIe()OPMUPOBAHHOE COCTOSHUE METOIaMU
YUCIICHHOTO MOJIETTMPOBAHUS CUCTEMbI «TPYHTO-
BBII MacCUB — MPOJABIMBACMBIE CEKIHI.

2. Pa3paborarh MepONpPUATHS MO CHIDKCHUIO
COIIPOTHUBIIEHUS TPEHUS HAPYKHOU MOBEPXHOCTH
CEeKIIUU MO TPYHTY W JIOOOBOTO COIMPOTUBICHUS
rpyHTa B 3200€ MU MPOU3BOACTBE PAdOT 1O MpPo-
JIABITMBAHUIO.

Pacuer napaMeTpoB, onpeaesilOIIUX
BO3MOKHOCTH MPUMEHEHHSI HOBOTO CIOC00a

VuureiBas HOBH3HY pa3paOOTaHHBIX pelie-
HUU HpOXO}IKI/I TOHHCJISI B HCCBA3HBIX HIINCTBIX
I‘p}/HTaX, HAMH B Ka4C€CTBC HaI/I6OJ'Iee 3HAYUMBIX
HapaMeTpoB, KOTOPHIC BIMSAIOT HA OICHKY BO3-
MOKHOCTH TIPUMEHEHUSI IAHHOTO CIioco0a, ObLTH
BBIOpAHBI CIICAYIOIINE: CONPOTHBICHHE TPECHUS
HAPY)KHOIM MOBEPXHOCTH IMPOJIABIMBACMBIX CEK-
1M ¥ T000BOE COMPOTHBIICHUE TPYHTA B 3a00¢€.

CompoTuBneHue TpeHHUs HAPYKHOHW TOBEpX-
HOCTH CEKIUHU MO TPYHTY MOXHO OTNpPEIETUThH
AHAJIOTUYHO CTOCO0Y pacueTa Mmpu MpojaBIHBa-
HUU TpyO 1o hopmyre:

+(B+H)CO}L9

riae B u H — mupuHa ¥ BbICOTA IPSAMOYTOJILHON

NPOJABIMBAEMON CEKLIUU, M;

¢ — BEPTHKAJIbHOE, PAaBHOMEPHO pacipese-

JICHHOE JIaBJieHue rpyHTta, KH/m?%;

P, — WHTCHCUBHOCTh AKTUBHOTO TOPU30H-

TaJbHOTO TOPHOTO JaBNICHHs rpyHTa, KH/M?;

g — BeC OJIHOTO TOTOHHOTO METpa O0JENKH,

kH/m;

fo — KO3)UIMEHTHl TPEeHHS OKPY>KAIOILIETO

TPyHTa MO 00JEIKe;

L — nnvHa npoJaBIuBaeMoro y4acTka, M;

Co — anre3us 00JIEIKU C OKPY)KAIOLIUM IPyH-

tom, KH/M?.

BBumy orcyTcTBHS HMCCIenoBaHUI B oOmacTu
NPONABIMBAHMA B TPYHT KPYIHOTA0ApUTHBIX
KOHCTPYKIIUM 0O€3 MpeaBapuTeNIbHONH pa3pabdoT-
KA TPYHTa CUYUTAEM BO3MOXKHBIM MPOU3BOAUTH
pacuer J00OBOTO COMPOTHUBIEHHS aHAJIOTUYHO
pacyery Mpu TPOXOAKE METOAOM BJABIUBAHUSA
B TPYHT IIUTOB C 3aKPbITOI OJOBHON YacThiO MO

bopmyne:

WHC:pn.A’ (2)

T7ie p, — WHTEHCHBHOCTH MACCHBHOTO TOPU30H-

TaJIBHOTO TOPHOTO JaBJIeHUs IrpyHTa, KH/M?;

A — nrouaap 1000BOM YacTH MpojaBIKBae-

MOM CEKLIMH, M>.

Ha ocHoBe nmaHHBIX (DOPMYT MOXHO CIENaTh
BBIBOJL, UTO (hopMa M pazMepbl MOMEPEYHOro ceue-
HUSI CEKIMM OyIyT 3HAUMTENBHO BIHMATH HA JI000-
BOE COTPOTHBJIEHUE U CONPOTUBJICHHE TPEHUS Ha-
PY/KHOW IOBEPXHOCTH. Tak Kak MPOEKTUPYEMBbIN
TOHHENb JIOJDKEH COOTBETCTBOBAThH COBPEMEHHBIM
HOpMaM ¥ TpeOOBaHWSIM, a TaKkKe 00eCIeurBaTh
HEOOXOMMYI0 MHTEHCUBHOCTb JIBHKEHHS, B HEM
JIOJDKHBl  pa3MeIlaTbcss MUHUMYM 4YeThIpE IOJIO-
cbl JiBkeHust apromobuneil. [lpu takux rabGapu-
Tax ONTUMaJbHAs (opMa CEUEHHS TOHHEIBHBIX
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cekiuii — npsiMoyronbHasi. PaspaboTka Haubonee
palMOHANIBHBIX COOTHOLIEHUH pasmMepoB U (Gopm
CeKIMil TpeOyeT NOMONHUTENBHBIX HCCIIEIOBAHMUII.

[Ipn ananuze Gopmynbl | MOXKHO BBIIEITHTH
OCHOBHOM TOKa3aTesb, KOTOPBI OydeT BIUSITH
Ha COMPOTHBIIEHHE 10 OOKOBOW MOBEPXHOCTH —
K0d(pHUIMEHT TPEeHUS OKPYXKAIOIIEro rpyHTa IO
obnenke (fy).

KoaddurmeHT Tpenust rpyHTa 1o moBepXHOCTH
cekiuu (0eToH — rpyHT) coctasisieT nopsiaka 0,3.
Ecnu o0mmth 6ETOHHYIO CEKIMI0 METATTUIECKIM
JUCTOM, TE€M CaMbIM YMEHBIIUB KO3 HUIHEHT
tpenust 10 0,2, a Takxke 00eCIeurB KOHCTPYKIHIO
BHEIIIHEN METaITMYECKON THAPOU3ONIAIHMEH, TO CO-
NPOTUBJIEHUE YMEHbIIUTCS Ha 27 Y.

Tak kak TPyHTBI, B KOTOPHIX OYyIyT BECTHCh
paboThI, SABISAIOTCS 00BOJAHEHHBIMHU, COMIEPIKAIIIH-
MH CBOOOJHYIO (HECBSI3aHHYIO) BOAY U MX CPel-
HUI K03()UIMEHT MMOPUCTOCTH COCcTaBseT 2,63,
TO MOXXHO C/IeNaTh BBIBOJ, YTO MPOEKTUPYEMBbIii
TOHHENb OyJeT HAXOMUTHCS MONHOCTBHIO B BOJIE,
4TO YMEHBUIUT HOPMATHBHOE JIaBJIEHHE HA TPYH-
TOBOE OCHOBaHHE OT COOCTBEHHOro Beca. Kpome
TOr0, MPUMEHEHHE COBPEMEHHBIX CIEIHaIbHBIX
pPAacTBOPOB M CMAa30K JUISi YMEHBIIEHHS TPEHHS
IPYHTA IO CEKIUH TAaKKEe MOXKET 3HAUUTEIbHO
YMEHBIIIAaTh BO3HUKAIOIIEE COMPOTHBIICHUE.

Jnst cHwxeHus J1000BOTO COMPOTHUBICHHS
rpyHTa B 3a00€ 3alpOeKTHPOBaHA KOHCTPYKIIUS
HO)KeBOi cexiuu. OHa yCTaHaBIMBAETCS B TOPEL
NEepBOIl CEKIMM U UMEET KIMHOBUAHYIO (Gopmy
(3aMMCTBOBaHHYIO Y CHEroyOOpOUHOH Kele3HO-
JOPOXHOW TEXHUKH), KOTOpasi Bpe3aeTcsi B IPYHT,
TEM CaMbIM paccekast ero. Bo3sMoXHBIH BU]T TaKoi
KOHCTPYKLUH n300pakeH Ha puc. 2. Kpome Toro,
JlaHHAs KOHCTPYKIMS TO3BOJNUT YyOUparh IPYHT
B CTOPOHBI BO BpeMsI POAABIUBAHUSL, TEM CAMBIM
TPYHTHI B 3200€ HE Oy/lyT MepeyIIOTHATHCA.

Bce Bbilen3noxkeHHble MEphbl M0 CHU)KEHUIO
CONPOTHBJIEHHS TI0 OOKOBOW MOBEPXHOCTHU U JIO-
0OBOTO COIMPOTHUBIICHUS CEKIHI TOHHEJNS MO3BO-

26300

Puc. 2. KnuHoBuHAS KOHCTPYKIUS
JUTsl IEPBOM CEKLINU

JSIFOT HAM TEPEUTH K CIIAYIOIEMY dTaly Uccle-
JIOBaHMSI.

Jlnst onpeneneHust HeoOXOIUMOTO YCHITHS, YTO-
Obl BIaBUTH MOCJIEAHUN yYaCTOK CEKIMH, HYKHO
NPOM3BECTHU pacyeT MOCTOSIHHBIX HArpy30K U pac-
CUMTaTh COMPOTHBICHHE TPEHUIO W JTOOOBOE CO-
npoTHBJIEeHNE. PacyeT MOCTOSHHBIX HArpy30K Oy-
JIeT TIPOU3BOJUTHLCS ISl TPEX CEUCHUM: B Hadaie
y4acTKa MpOAABIMBAHUS, B CEPEIUHE U B KOHIIE.

OO6miee  COMpOTUBIEHHE  MPOJABIUBAHUIO
ompeensercs mo hopmye:
W=W,+W,, 3)

rie W, — CONpOTHBIEHUE TPEHUS HAPYKHOM I10-

BEPXHOCTH O0JEIIKH IO TPYHTY;

W,.— 1000BO€ CONPOTHUBIECHHUE ITPOAABIINBA-

HUIO HO)KEBOM CEKLIMU B TPYHT.

[TocTosiHHBIE HAarpy3KH, AECHCTBYIONIME HA CO-
Opy’keHue, OylyT OIpeneneHbl Ha BeCh CTOJO
TPYHTA U BOJIbl HaJl TOHHEJIEM.

I[TepBoe 1 BTOpoe pacyeTHbIE CEUEHUSI TOHHEIS
B3ATBI 10 TOPLIAM NIEPBOW U BTOPOU CEKLIUH, Tpe-
Th€ — I10 TPAHMLIE IPUEMHOT0 KOTJIOBaHA.

2026/2

Proceedings of Petersburg Transport University



O6LLI,ETeXHVILIeCKllle 3ajaydn n nyTm nx peweHuna

431

I[J'ISI pacucTa NpUHATHI (1)I/I3I/IKO-MCXaHI/I‘leCKI/Ie
XAPAKTCPUCTUKU I'PYHTOB B MECTC NPCAIIOIarac-
MOI'0 CTPOUTCIILCTBA ITOABOAHOI'O TOHHECIIA.

PacueTnl Harpy30K IIPUBCACHLI B Ta6J'II/II_Ie.

CYMMapHOG CONPOTHBJICHUEC HA BCHO AJIHHY
IIpoaaBJIMBAHUA:

W=143 384+ 151 070+ 127 277 =
=421732kH=42990T.

HOJ’Iy‘ICHHOC 3HAYCHUC COMIPOTUBIICHUA ITO3BO-
JIIE€T HaM HOH06paTB Ppas3IMYHbIC THUIIBI JOMKpAT-
HBIX YCTAHOBOK, UCIIOJIb3YEMbIX B CTPOUTCIILCTBC.
DTO KOJIMYECTBO MOXKET MEHITLHCS B CJIy4dac BbI-
Oopa JJOMKPATOB C Pa3IMIHBIMH XapaKTEPUCTHKA-
mu. OHHN YCTaHABJIMBAIOTCA B CTAPTOBOM KOTJIO-
BAaHC Ha CIICIIUAJIBHO ITOAT'OTOBJICHHBIX JJISI 9TOI'O
YIOPHBIX KOHCTPYKIHUAX (cM. cTaTbio «Crocod
COOPYKCHHA TOABOAHBIX TOPOACKUX TOHHEJIEU
B HCCBSA3AHHLIX MJIMCTBIX T'PYHTAaxX» B BBIIIYCKC
Ne4 storo sxypnana 3a 2024 ron).

IIpoexTupoBaHue OCHOBAHUS
MOJ CeKIUSIMU

Taxk kak coopy»xeHue ToHHeNs Oy/eT Ipou3Bo-
JUTHCST 0€3 TMPEIBAPUTEIBHBIX PabOT ¢ TPYHTOM,
TO B Kau€CTBE OCHOBAHUsI ObUT paCCMOTPEH BapH-
aHT OypoHaOuBHBIX cBait ymHON 3040 M (-
Ha 00ycCJIOBJIeHa TTYOMHOW HECYIIUX MOPOJ IO
JTHOM BOJOTOKA). JlaHHBIA BapuaHT OCHOBAHUS
SBISETCA TPYAOEMKHUM U CYHIECTBEHHO CHH3HT

TABJINIIA. Pacyer Harpysok

CKOPOCTb M YBEIUYUT CTOUMOCTH CTPOUTENHCTBA,
MOATOMY Jlajliee PAacCMOTPEH BapUaHT YCTPOii-
CTBa dKpaHa U3 TPyO. YUWUTHIBas, YTO TPYHTHI,
B KOTOPBIX OyleT BECTHCh MPOAABIMBAHUE, HE-
CBSI3HBIC U BOJIOHACBIIICHHBIC, & TAKXKE IS KOH-
TPOJMPOBAHUS CEKIIUH B MPOCTPAHCTBE HEOOXO-
JUMO YCTPOUTH CHEIHaTbHbIEe HAPABISIONINE U3
CTAIBHBIX TPYO, /U KOTOPBIX B HW)KHEH YacTH
CEKILIUH CAENaHbl CrieluaibHble yryOneHus. OTu
TpyObl oOecreyar yCTOMYMBOE MPOCTPAHCTBEH-
HOE TIOJIOKEHUE CEKIMH U OYyIyT CIy>KHTh B Ka-
Y4eCTBE HAJEKHOTO OCHOBAaHHS, MPEAOTBpAIIas
0CaJIKl KOHCTPYKIIMU B TEPHOJ IKCILTyaTaIlHH.
Jlns cranbHbIX TpyO OyaeT HeoOXoAUMO yCTpoii-
CTBO POCTBEPKOB, B KOTOpPBIE OHH OYyIyT 3aaHKe-
pEHBI, TEM CaMbIM 00ECHEUYMBAsT HX MPOCKTHOE
nosnoxenue (puc. 3.1, a). B cinydae Heodbxomaumo-
CTH ]ISl JTAHHBIX POCTBEPKOB MOXKHO BBITIOJTHHTH
COOCTBEHHOE OCHOBaHME U3 3a0MBHBIX WM BIaB-
JMBaeMbIX cBaii (puc. 3.1, 0).

JIst pacyeTHOTO MOATBEPKICHUS BOZMOXKHO-
CTU TIPUMEHEHHS TAKOTO OCHOBaHHMS ObLT BHIOpaH
CTIEIMANN3UPOBAHHBI  T€OTEXHUYECKUH  TPO-
rpamMmubli kommieke MIDAS GTS NX. Lensamu
pacuera B IporpamMMme SBISIOTCS:

* QHAJIN3 BO3MOXXHOCTH MCTIOIb30BAHUS IKPa-
Ha U3 TpyO C YCTPOWCTBOM POCTBEPKOB, B KOTO-
pbie OymyT 3aaHKepEeHBI TPYOHI;

* 000CHOBaHHE YCTPOMCTBA COOCTBEHHOTO
CBalfHOTO OCHOBAHUSI ISl POCTBEPKOB.

Momrocts | Mommocts [ ¢, )22 w., W., | Jannanponasan- | CyMMapHoe CONpOTHBIEHHE
wia, M BOIBI, M xH/™m kH/™M kH xH BAEMOI0 Y4acTKA HA y4acTOK
1l 134 494 | 6957 | 11389 | 21489 |29492.7 53 (1;‘2—631864)
2| 05 654 | 7656 | 121,64 | 22554 | 31537 53 %
3 6.4 0 7423 | 11047 | 2190,1 |28 7238 45 %

Hpumeuanue. 3HaYCHHS B YHCIUTEIIC — B KH, B 3HAMCHATCJIC — B T.
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Jns storo Obula co3jaHa YMCJIEHHass MoO-
Jiellb TPYHTOBOI'O MAacCHBa, KOTOpPBIH BKJIIOYa-
eT B ce0s TpHW NpojaBiIuBaeMble CEKIMU (/1B
U3 HUX ATUHOM 53 M u ogHa — 45 M), 3KpaH
U3 CEMH CTaJbHBIX TPYO B OCHOBAHUM CEKIMIA,
a TaKKe POCTBEPKH, B KOTOPbIE 3aaHKEPEHBI
TpyOsI [1].

B nanHOM pacuere TpyObl UMEIOT JUAMETD
1020 MM 1 TONmMHY CTEHKH 9 MM. DTH 1OKa3aTe-
JM ¥ KOJIMYECTBO TPyO Mmoabupanuch cepueii pac-
YETOB, MONEPEYHOE CEUEHUE CEKLIUI CMOAEINPO-
BaHO B COOTBETCTBUU C pHUC. 1.

KoHeuHbl€ 371eMEHTBI, MOZIEIUPYIOIINE OCHOB-
Hble Hecyllue KOHCTpPyKUuH (Knacc OeToHa —
B40, mapka o mopo3zocroikoctu — F200, mapka
0 BOZIOHETIPOHUIIAEMOCTH — He Hike W12), 3a-

MozenupoBanbl anemenTamu Elastic (yuuTbiBatoT
yIpyryto padoty 6eToHa).

CBau MOZIeMPYIOTCS OJHOMEPHBIMH OaJIOUHbI-
MU JIEMEHTaMU. B3aumopeiicTBie cBail U IpyH-
TOBOTO MaccHBa MOJAENUPYETCsl UHTEPHEHCHBIMU
3JEMEHTAMH, O3BOJISIOLIMMH KOPPEKTHO YUUThI-
BaTh TPEHHUE 10 OOKOBON MOBEPXHOCTH, & TAKHKE
oTnop nox nAToi cBad. Ilapamerpbl CBalHBIX
uHTepdeicoB BbUUCIAIOTCS yTWnToil MIDAS
GTS NX «Caaitnblit unrepdeiic v. 2.0».

Mopienb KOHCTPYKIMH CEKLMH, 3KpaHa u3 Tpyo
0/l OCHOBAaHUEM CEKLMH, BBINOIHAOLIETO (PyHK-
M0 HECYIIEro OCHOBAHMS, W HAIMpPaBJIAOLINX
JUIsl IPOJIABIIMBAEMbBIX CEKLHM, & TAKXe CBaliHOE
OCHOBaHME I (PYyHIAMEHTOB, B KOTOpbIE OymyT
3aaHKepeHbl TPyObl, MpPEJCTaBIEeHbl Ha puC. 3.2.

a

o

Puc. 3.1. @ — oOuumii BUj| OCHOBaHUS U3 TPYO; 6 — POCTBEPKHU CO CBAMHBIM OCHOBaHUEM

o

Puc. 3.2. a — mozenb Tousens B [1K; 6 — oOmmii Bui KOHEYHO-2JIEMEHTHOM MOJIEIIH
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BEINONHEHHBIN pacyeT CUCTEMbI «TPYHTOBBIH
MAaCCHUB — MPOJIaBIMBAEMble CEKLIUM» C IpUMe-
HeHueM Mozaenun Mopa — Kynona noarsepiauin
BO3MOXKHOCTb MCIIOJIb30BaHUS TPYyO AMAMETPOM
1020 MM mpu gymmee 150 M, NOCKOJIBKY Makcu-
MaJbHble BEpPTHKAJIbHbIE MEpEeMELICHUs He Mpe-
BBICUITH TIpeaenbHbie (puc. 3.3). Ha craauu onen-
KU JIONOJTHUTENBHBIX MepeMeIeHHH POCTBEPKOB
ObLJT BBIIIOJIHEH pacuyeT Mojeiu 0e3 ydera cpaii-
HOTO0 OCHOBAHUsI, KOTOPBIN MOKa3aJl UX BO3MOX-
HOE€ OINPOKUIbIBAHHE BO BPEMsl IKCILTyaTallUH.
[TosToMy ¢ Lenbl0 NMPENOTBPALIEHHS ONPOKH-
IbIBaHUS M YMEHBIIEHUS 0CaI0K POCTBEPKOB 3a-
IPOEKTHUPOBAHO CBaifHOE OCHOBAaHHE IO HUMU
(puc. 3.4).

PesyabTaTsl padoTsl

1. BoimonHeHa OLEHKA HampshkeHHO-Iedop-
MHPOBAHHOTO COCTOSHUSI CHCTEMBI «TPYHTOBBIN
MAaCCHB — HPOJIAaBIMBAEMbIE CEKIIUI» TI0 PE3YIb-
TaTaM pacdera B CHEIHATU3HPOBAHHON T'e0TeX-
HHUYeCKoi nporpamme. s obecreueHus Haiex-
HOCTHU KOHCTPYKIIMHU TPETYCMOTPEHO YCTPOHCTBO
POCTBEpKa CO CBAHBIM (DYHIAMEHTOM IOJT TPYOBI
mrameTpoM 1020 MM, 9TO 1MO3BOJISIET YMEHBIIUTh
0CaJIKl TOHHENS M O00eCHeuyuTb YCTOWYHUBOCTD
B Ipoliecce IKCIuTyaTauu. MakciuMalibHbIe 3Ha-
YeHHs TepeMeleHi Hanpapsiomux Tpyo (mpu
maameTrpe 1020 mMm) cocraBnstor 4,6 cM, 4TO
HIKE JOMYCTUMOTO 3Ha4eHust 6 CM IpHu mponeTe
TpyO muHOoH 150 M.

Puc. 3.3. M30mons BepTUKAIBHBIX IEPEMENIEHIH 0CHOBAaHUS U3 TPyO

H}%SJPL"J]!CEMENT
-1.5424-002
-1.6451e-002
-1.7478e-002
-1.8505e-002
-1,9532e-002
-2.055%-002
-2.1586e-002
-2.2613e-002
-2.36408-002
-2.4667e-002
-2.56942-002
-2.6721e-002
-2.7748e-002

Max:-0.0154243

00

Min:-0.0277462

a

;&S’P\F‘JWXCEMENT
-1.2449e-002
-1.3482e-002
-1.4516e-002
-1.5550e-002
-1.6584e-002
-1.7618e-002
-1.8652¢-002
-1.9685e-002
-2.0719e-002
-2.1753e-002
-2.2787e-002
-2.3821e-002
-2.4855e-002

Viri-0.02485¢
T D0i52 <

o

Puc. 3.4. a — n3onons HepCMGIlICHI/Iﬁ C HCIIOJIb30BaHUEM CBAlHOIO OCHOBAHUAI,

6 — M30M0Js1 HepCMeIlICHI/Iﬁ 0e3 MCIOIB30BaHUs CBAfHOTO OCHOBAHUS
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2. Pa3paGoTanbl MEpONpUATUS TIO CHUYKEHHUIO
CONPOTHUBJIEHHS TPEHUS HAPYKHOW MOBEPXHOCTH
NPOJIABIMBAEMBIX CEKIUil U JI0OOBOTO COMpPOTHB-
JeHust TpyHTa B 3a00e. [Ipeanoxkena KOHCTPYKLHS
KJIMHOBH/IHOM HO’KEBOW CEKLIMH B COYETAHHUU C Me-
TAJUTHYECKOM OMaTyOKOii, KOTOpasi Ha 3Tarie CTPOu-
TEJIBCTBA BBINONHACT (DYHKIMIO BHEIIHEH MeTan-
JMYECKON TUAPOM30ALUK. [laHHas KOHCTPYKLUS
H03BOJISIET CHU3UTB CONpOTHBIEHNE Ha 27 % 1mpu
NPOJIABIMBAHUN CEKLUH U 00ECIeurBaeT HaIexK-
HYIO THUJIPOM3OJIILUIO B ITPOLIECCE IKCILUTyaTaluu.
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Abstract

Objective: to substantiate the possibility of using a new method of constructing underwater urban tunnels
in unrelated muddy soils. The proposed technology is the construction of the subsurface of underwater
urban tunnels (for various purposes) by pressing sections from a pre-prepared launch pit under the bottom
of a watercourse (at an insignificant depth) without excavation, which has no analogues in the domestic
tunneling industry. It is necessary to calculate and analyze the stress-strain state using numerical modeling
methods of the “soil massive-pressed sections” system and develop measures to reduce the friction
resistance of the outer surface of the section on the ground and the frontal resistance of the soil in the face
during the production of punching operations Methods: to achieve this goal, a numerical model was built
in the specialized geotechnical software complex MIDAS GTS NX a soil massive containing the entire
structure of the subsurface section of the underwater tunnel: pressed tunnel sections, a screen of pipes
in the base, foundations. Results: according to geotechnical calculations, to ensure the reliability of the
structure, it is necessary to use a grillage device for a pile foundation for pipes D1020 mm, which reduces
tunnel precipitation and ensures stability during operation. Measures have been developed to reduce the
friction resistance of the outer surface of the pressed sections and the frontal resistance of the soil in the
face. The design of a wedge-shaped knife section in combination with a metal formwork is proposed, which
performs the function of external metal waterproofing at the construction stage. Practical significance:
the conducted research confirms the possibility of using the proposed method for the construction of urban
underwater tunnels of short length in unrelated muddy soils with a minimum depth of tunnel laying, which
significantly reduces its length and can be recommended for practical use after conducting a series of
studies based on a testing (analytical) laboratory and a number of field tests.

Keywords: underwater urban tunnel, weak silty soils, penetration without excavation, wedge-shaped
structure, frontal resistance, pipe foundation, pile foundation
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3KCI1epI/IMEHTa.I1beIe ncanegoBaHmA 3aBUCMMOCTU TOKa,
rnporTeKawuiero 4yepes V|3onv|py|ou.|,v||7| CTbIK, OT USMEeHeHMA
€ero conpormBneHusn

B.A. HapexkuH, U.C. bpeayH

[IpuBOMKCKUN TOCYIapCTBEHHBI YHUBEPCUTET IyTel cooOmmenus, Poccus, 443066, Camapa, yia. Cso-
0o1pbl, 2B

Jos nurupoBanusi: Haoexcxkun B. A., bpeoyn M. C. DxcriepuMeHTaNbHbIE UCCIIEIOBAHUS 3aBUCHMOCTH
TOKa, MPOTEKAIOIIEr0 4epe3 M30JIMPYIOMUI CThIK, OT U3MEHEHUs ero comnpotusienus // M3sectus Ile-
TepOyprckoro yHusepeutera nmyrteil coodmenus. CII6.: III'YIIC, 2026. T. 23, Beim. 2. C. 436-442. DOLI:
10.20295/1815-588X-2026-2-436-442

AHHOTaNUA

Heasb: sxciepuMeHTaIBHOE MTOTBEPKIEHIE TUIIOTE3BI O TOM, YTO BEJIMYMHA CUTHAIBHOTO TOKA, TPOTEKalo-
IETo Yepe3 N30IUPYIOIIUI CTHIK PeTbCOBOM LIETH, SBISIETCS] HHPOPMATHBHBIM JIUATHOCTHUECKUM TIPU3HA-
koM. MccnenoBanre HampaBiIeHO HA YCTAaHOBJICHHE KOJIMYECTBEHHOW 3aBHCHMOCTH MEXIY M3MEHEHHEM
COIIPOTHUBIICHHSI N30JHMPYIOIIETO CThIKA U CHJIOH TOKA, YTO HEOOXOIUMO JIJIsl CO3/IaHHS CUCTEMbI HETpe-
PBIBHOTO MOHUTOPWHTA M MPOTHO3UPOBAHNS TPEIOTKA3HOTO U HEUCIIPABHOTO COCTOSIHUS M30JIMPYIOIETO
cThika. MeToabl: TIPOBEJCHBI HATypHBIE H3MEPEHUS Ha YKEIE3HOOPOKHOM ITOJIUTOHE C UCIIOIb30BAHUEM
WHIUKaTOpa TOoKa perbcoBbIx merneit (M TPLI-M). [l 00paboTKy SKCTIEPUMEHTAIBHBIX TaHHBIX U TOTyde-
HUS aHAIMTHYECKON 3aBUCHUMOCTH IIPUMEHEHA MMOJMHOMHAIbHAS allPOKCUMAIIHS METOJJOM HAaUMEHBIITHX
kBagparoB (MHK). Haunmyuiiee cooTBeTCTBHE 3KCIIEPUMEHTAIBLHBIM TOYKaM oOecreynsia MOJIeNb B BHJIE
MOJIMHOMA TpeThel crereHu. Pe3yabTarhl: ycTaHOBIIEHAa OOpaTHO MPOTOPIMOHATIBHAS 3aBHUCHMOCTB!
C YMEHBIIIEHUEM COTIPOTUBIICHUS M30IMPYIOLIETO CTHIKA BEIMYMHA CUTHAIBHOTO TOKA, TIPOTEKAIOIIETO Ye-
pe3 Hero, 3aKOHOMEPHO Bo3pacTaeT. [lomyyena BRICOKOTOUHAsI MaTeMaTnideckas MOAEIb (TIOJTMHOM TPeThel
CTeTIeHH), JOCTOBEPHO OMMCHIBAIOIIAS IKCIIEPUMEHTAIFHBIC JaHHBIE B pabodeM Jauamna3oHe COMpOTHBIIE-
Huil. [lokazaHo, YTO MOBEJEHNE MOJIENN 3a TIPEe/ieIaMi HHTepBala N3MEPEHNH (aCHMITTOTHYECKOE CTPEeM-
JICHWE K OTPUIATEIbHON OECKOHEYHOCTH MPH YMEHBIICHUH TOKA) MCKIIIOYaeT BO3ZMOKHOCTH JIOXKHOTIOJO-
KHUTEIBHBIX W JIO)KHOOTPHUIATEIBHBIX MPOTHO30B MPH JUATHOCTUKE, YTO TOATBEPKIAET €€ HaJle)KHOCTD.
IpakTHyeckasi 3HAYUMOCTb: PE3YIIBTATHl UCCIENOBAHNS JOKA3bIBAIOT MPUHIMITHAIBHYIO BOZMOXXHOCTh
pa3pabOTKH 1 BHEAPEHHS CUCTEMBI TEXHUYECKOTO INarHOCTHUPOBAHUS M MOHUTOPHHTA N30JUPYIOIINX CThI-
koB (CT/IM-UC). Ucnonb30BaHne MPeaTOKEHHOTO JUATHOCTHYECKOTO TIpU3HAKA (BETMYNHBI CHTHAIEHOTO
TOKa) TTO3BOJIUT MEPEHTH OT TIAHOBBIX TPYIOEMKHX MPOBEPOK K CHCTEME HENPEPHIBHOTO aBTOMATH3UPO-
BaHHOTO KOHTPOJIS. DTO MOBBICUT 0€30TTaCHOCTD JBMKEHHS 32 CYET PAaHHET0 OOHAPY)KEHUS MPETOTKAa3HbBIX
Y HEUCTIPABHBIX COCTOSTHUN M30JIMPYIOMINX CTHIKOB, COKPATUT IKCIUTyaTallMOHHBIE PACXObl M TIOBBICHT Ha-
JIS)KHOCTH YCTPONCTB JKEeJIe3HOOPOKHOM aBTOMaTuKH 1 Tenemexanuku (OKAT).

KiroueBble cjioBa: TeXHUYSCKAs JANAarioCTukKa, MOHUTOPUHI YCTPOﬁCTB )KAT, NPECANKTHBHASA aHaJINTUKA,
N30JIMPYIOIHNE CTBIKU, PEJIBLCOBBIC HEIIN, NPEAOTKA3HBIE COCTOSAHMS, CHTHAJILHBIA TOK

BBenenue [iecc aHaiu3a cOOEB OCIOXKHAETCS IEPUIMTOM

MI/IHI/IMI/ISaIII/IH OTKa30B B yCTpOﬁCTBaX KE- IHUArHOCTHYCCKHUX HAHHBIX, a TAKXKE HEAOCTATOY-
JE€3HOMNOPOKHON aBTOMATHKM M TEJIEMEXaHMKH HOM TOYHOCTBIO M3MEPUTEIBHOTO 000pYI0BaHUS
(KAT) — a1o0 HacymHas 3a/1a4a, OT KOTOPOIl Ha- Ui OLEHKH JeCTaOWIM3HPYIONIMX 3JIEeKTpoMar-
OpSMYIO 3aBUCUT 0€30MaCHOCTb MepeBO30K. [Ipo-  HHUTHBIX BO3/EHCTBHI.
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KintoueBbIM  KOMIOHEHTOM  (D)YHKIIMOHHUPO-
BaHMs penbcoBbiX menei (PLI) sBmstorcs u3o-
JHPYIOIINE
KOTOPBIX — 00€CHEeYUTh INEKTPUUECKYI0 He3a-
BUcuMOCTh cMexHbIX PLI. IlpenmyiecTBeHHOM
NPUYMHON HEUCTIPABHOCTEN M30JIUPYIOLIUX CThI-
KOB SIBJISIETCS CHU)KEHHE YPOBHS CONPOTHUBJICHUS
m3ossiuuu [1]. CHMXKEeHue YpOBHSI CONpPOTHUBIIE-
HMSI CThIKA Yalle BCEro MPOUCXOIUT BCIEJCTBUE
HOBPEkKICHUSI TOPLIEBOW U30JISILIUU [IPU TEMIIEpa-
TYPHOM PACHIMPEHUH PEIILCOB B )KAPKHUH NEPUOJ,
a TaKkXKe M3-3a M3HOCA OOKOBBIX MPOKIAIOK, Je-
(dopmaiuy U30JUPYIOMIUX BTYIOK U 1Iai0.

Pemaroryto GyHKINIO B CBOEBPEMEHHOM 00-
HapyKeHUH TPHU3HAKOB MPUOIMKAIOIIETOcs OT-
Ka3a BBINOJHAKOT CPEICTBA JAUArHOCTUPOBAHUS
u MoHuTopunra cucrem KAT. B cBs3u ¢ 3tum
LEHTPAJIBHOM 3a/1aueil 11l yBEJIIMUEHHsI SKCIUTya-
TAllMOHHOTO pecypca H30JHUPYIOIIUX CTHIKOB
ABJISIETCS. CO3JJaHUE CHEIMATU3UPOBAHHOIO IPH-
Oopa, TpeHa3HAYEHHOTO /I TTOCTOSHHOTO KOH-
TPOJISL BEIMUUHBI UX COMPOTUBIICHUS.

CTBIKH, OCHOBHOC HAa3Ha4YCHUC

MarepuaJjibl 1 METOABI

Ha Texymmii MoMeHT 3kcrutyarupyemsle PLI He
OCHAILIEHbI CUCTEMOM HETIPEPBIBHOTO MOHUTOPUH-
ra COCTOSIHUSI M30JIMPYIOIIMX CThIKOB. WX muar-
HOCTUPOBAHHE BBIMONHAETCS B IJIAHOBOM TOPS/I-
K€ C IIEPUOJMYHOCTBIO pa3 B IIECTb MECALIEB WU
nocje MpoBeAeHUs MyTeBbIX padot. IIpouenypa
TpeOyeT 00s3aTeNbHOr0 ydacTHs Kak MHHUMYM
JIBYX paOOTHHKOB IKCILTYaTallIOHHOTO MepCOHAa,
KOTOPBIE € UCIIOJIB30BAHMEM METO/IA «PEIIbC — Ha-
KJIa7Ka» TPOU3BOIAT CEMb HU3MEPEHHMN Harps-
KEHHsS MEXKIY SJIEMEHTaMH CThlKa U PelbCaMH.
Ha ocHoBanuu aHanm3a pazHOCTU MOMYYEHHBIX
3HAYEHUH JIENIAeTCs BBIBOJ O LEIOCTHOCTU U30JIs-
MU cThika | mnm 2. DT0T npouece KpaiHe Tpy/o-
€MOK, 0COOEHHO KOIJla HKCIUTyaTalliOHHOMY Iep-
COHAJTy NIPUXOAUTCS BBIE3KATH JJISl PEITIAMEHTHBIX
NPOBEPOK U30JIMPYIOIIMX CTHIKOB Ha MEPEroH [2].

N3BectHO [3-5], 4TO B Cly4ae CHWKEHHS CO-
NPOTHUBJICHUST M30JMPYIOLIETO CThIKA CO3/1AKTCS
LEMNH MPOX0JJa CUTHAJIBHOTO TOKA B MEKAPOCCENb-
HOM MEPEMBIUKE U Ha KOHIAX PeJibC B CTBOPE HU30-
JHMPYIOLIETO CThIKa. B JaHHOM 3KCIIEpUMEHTANb-
HOM MCCJIEZIOBAaHUH OBLIO TPOBEACHO M3MEpEHHE
CUT'HAJIBHOTO TOKa, MPOTEKAIOIIEro Yepe3 M301Hu-
PYIOLLMI CTBIK U MEXKIPOCCEIIbHYIO IEPEMBIUKY Ha
YYaCTKE C 3JEKTPOTATOi MOCTOSHHOTO TOKA. bbu1
UCIIOJIb30BaH MHAMKATOP TOKA PENIbCOBBIX LIETIEH,
ananoruunslii mpudopy UTPL-M, npu paznuuHbix
3HAYEHMSAX CONPOTUBIICHUS HA U3MEPSIEMOM M Ha
MAPHOM CTBIKE JUIsl TIOATBEPKICHUS BO3MOXKHOCTU
UCIIOJIb30BAHMS 3HAYEHHs TOKA, MPOTEKAIOIIETo
4epe3 CThIK U MEXJIPOCCEIbHYI0 NEPEMBIUKY, Kak
UH(OPMATUBHOTO MPHU3HAKA B CHCTEME TEXHUYE-
CKOTO JJMarHOCTHPOBAHUS © MOHUTOPUHTA U301~
pyromux ctbikoB (CTIAM-UC) [5].

Jlnst aToro OBUT MCHONIB30BaH CIEIHATbHBIH
YHUKAJIbHBI Mara3uH CONPOTHBICHUN C HOMH-
Hasamu ot 30,3 1o 48,3 OM, COOTBETCTBYIOLIMI
30HE, MpPU KOTOPOM JUATHOCTHPYEMBIM CTBIK
pacrosiaraetcs B NpeA0TKa3HOM COCTOSHUU [6],
Y TIO3BOJISIIOLINI Hanbolee HaTIISAHO YCTAaHOBHUTh
00paTHO MPOMOPLUUOHATBHYIO 3aBUCUMOCTh TOKa
OT conpoTuBieHus. [Ipu pacmmpenun quanazoHa
U3MEpEHHIi B CTOPOHY OOJBIIMX COMPOTUBICHUN
NPEAJIOKEHHbIM AUAarHOCTUYECKUNA MPHU3HAK MO-
KeT OBITh MCIOJIL30BAH ISl paHHETo OOHapyKe-
HUSI TEHJICHLIMU K OTKa3y.

XapaKkTepUCTUKH PENbCOBBIX LEMNEH, Takue
KaK BXOJHOE U OOpaTHOE BXOJHOE COMPOTHBIE-
HUs, @ TaKKe CONPOTHBICHHE M30IUPYIOLIUX
CTBIKOB U OOMOTOK JpOCCEIb-TPaHC(HOPMaTOPOB
BBICTYMAIOT B KauecTBE BIUSIOMIUX (DaKTOpPOB.
B pamMkax maHHOrO ucCienoBaHMS Ha IEPBOM
JTane NPOBOAMWINCH U3MEPEHHs BEIMYMHBI TOKA,
NPOTEKAIOIIEr0 Yepe3 M30JIMPYIOLIMNA CThIK, MPU
UMUTAIMU BapHaluii ero COOCTBEHHOTO COIpO-
THBJIEHHS C TIOMOLIBIO Mara3uHa CONPOTHBICHHH.
DTOT SKCIEPUMEHT MOBTOPSIICSA IPU YMEHBILIECHUH
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COIIPOTUBJICHUSI M30JIMPYIOIIETO CThIKAa IO 3apa-
HEE OIPEAEICHHBIM 3HAUEHUSAM, [IPU 3TOM NapHBIN
CTBIK MMEJI MAKCUMAJILHOE COMPOTHUBIICHUE.

Jid mony4yeHHs aHAJIUTUYECKOW 3aBHCHMO-
CTH, HaWJIy4dImuM 00pa3oM OIHUCHIBAIOMICH 3KC-
NepUMEHTAJIbHBIE JaHHBIE, ObllIa IPUMEHEHA TI0-
JUHOMHANBHAS anmpokcuMaius. Beibop 3Toro
MeTosia OOYCIIOBIIEH HEIMHEHHBIM XapaKTepoM
3aBUCUMOCTH TOKa OT CONPOTUBICHUS, KOTO-
pBIil HE MOXKET OBITh C JOCTATOYHOW TOUHOCTHIO
OINMCAaH TPOCTON JTMHEHHON MOJeNblo, 0COOCH-
HO B pa0odeM Jauana3oHe COMPOTHBICHHH, T
HAOTIONAIOTCS HAWOOJNBIINE HW3MEHEHHMS TOKA.
Annpokcumanus NOJIMHOMOM TPEThE CTENEHU
MO3BOJISIET Y4YECTh KPHUBHM3HY SKCIEPUMEHTAIIb-
HOI 3aBUCUMOCTH U 00€CTIeUMBAET BHICOKYIO TOY-
HOCTh MPUOMMKEHNS HA WHTEPBAJIC U3MEPEHHHN.

[Iponiecc ammpokcumanyy ObUT  BBINOJIHEH
C UCIIOJb30BAaHUEM METO/Ia HAaMEHbLINX KBaJpa-
toB (MHK). B pe3ynbrare Obuia BeiBeneHa Gop-
MyJIa anrpoOKCUMUPYIOLIEH KPUBOU B BUJE MOJIH-
HOMa TPEThEU CTEIICHHU:

d(R,) = 150,5-1031,3x + 3065,1x* — 3340,2x°.

Ha puc. 1 pesynprarel uccienoBaHuii mpej-
CTaBIICHbI TpaduUecKu: 3aBUCUMOCTh TOKA, TPO-
TEKAIOLET0 4Yepe3 CThIK, OT COMPOTUBJICHUS
OJIHOTO U3 CTHIKOB, 3aMEPEHHast Ha TIOJIMTOHE Ke-
JIE3HOM JI0POTH; TaHHBIE MaTEMaTHUYECKOTO MOJIe-
JMUPOBAHUS, AMMPOKCUMHUPOBAHHOTO MOJIMHOMOM
TpeTbero nopsiaka [7, 8].

dusnueckuil mpoiecc yBeITU4YEeHUS TOKA MPH
CHI)KEHUU CONPOTHUBIICHHUS HOCHT HEIUHEH-
HBI XapakTep BCIEICTBUE BIUSHUS BXOJHOTO

55 1

(Alsy = 0.173, Rer = 48.3)

/@0.175_ Ret = 46.6)

50
45
40

35 1

ConpoTuBneHue cTbika, Rs: (OM)

30 A

25 A

(Als¢ = 0.191, Rst =

/ (Olse = 0.205, Rst = 40.4)

5t = 0.211, Rst = 39.3)

=
.«-a"/-/@/m;/se 0.217, Rs; = 37.8)

— MaT. Moaens
——~ MonuHoMManbHas annpokcUMMauus

43.1)

(Alse = 0.236, Rt = 35.2)
/ﬂﬁ =0.242, Ryt = 33.9)

(Alse = 0.272, Rt = 30.3)

/

0.150 0.175 0.200 0.225
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0.250 0.275 0.300 0.325

Puc. 1. P€3yJ'IBTaTBI OKCIICPUMCHTAJIbHBIX I/ICCHGHOBaHI/If/’I B pa6oqu HUHTCPBAJIC I/I3MepeHHﬁ
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COMPOTHUBIICHUSI PEIbCOBOM 1LEMU M JPYTUX
bakTopoB.

BaxxHbIM CBOMCTBOM HCHOJIB30BAHHON MOJIENH
SBISIETCS €€ TOBEJCHUE 3a Tpe/ieslaMy MHTepBaa
9KCTIEPUMEHTANbHBIX JaHHBIX. [lockonmbKy crap-
i K03 GUIMEHT @, anMPOKCUMHUPYIOIIETO MOMH-
HOMa TPEThEeH CTeNeHH, SBMSETCS OTPULIATETIbHbIM,
HPU SKCTPATIONALMH ¥ 3HAYUTEILHOM YMEHBIIEHUH
3HayeHHi Toka (/) KpWBas 3aBUCUMOCTH COIIpPO-
THBJIEHUS (R,,) OyleT aCHMIITOTHYECKH CTPEMHTHCS
K OTpHIaTeIbHOM OeckoHeuHocTH [9, 10]. D10 yKa-
3bIBAET HA TO, YTO MOMYYECHHAs] MOJIEIb 3alllUIIICHa
OT JIOKHOTIOJIOXKUTENBHBIX U JIOXKHOOTPHUIIATEb-
HBIX PE3YyJBTAaTOB MPU POTHO3UPOBAHUH JIATbHEH-
IIETO COMPOTUBIICHHUSI M30IUPYIOIIETO CTHIKA.

Ha BTOpoM 5Tame NpoOBOAMIUCH HU3MEPEHUS
BEJTMYHMHBI TOKA, TIPOTEKAIOIIETO Yepe3 MEXIPOcC-
CEeNbHYIO MEPEeMbIUKY, IPU UMUTALMK Bapuanuii
CONPOTHUBJIECHHUS U YMEHBUIEHHH COMPOTUBICHUS

M30JIMPYIONIETo CThIKA 1 MO 3apaHee omnpeneneH-
HbIM 3Ha4eHHAM. [Ipu 9ToM mapHbIil CTHIK 2 UMen
MaKCHMAaJIbHOE COIIPOTHUBIICHUE.

[IpuMeHUMOCTh AMArHOCTUYECKON (YHKIUH
C MHCIOJIb30BAaHHEM TOKAa B MEXIPOCCEIbHOM
nepembiuke I, = f(R,) mpoBepseTcs pealbHBIMU
JAHHBIMHU, TIOTYYEHHBIMH HM3MEPEHUSIMHU, TPEea-
CTaBICHHBIMU B BUJE Ipaduka, U CpaBHEHHEM
¢ quarHoctuyeckor gynkimeit [3].

AHanu3 pe3ysabTaroB, MPEACTABICHHBIX Ha
rpaduke (puc. 2), MOKa3bIBAaeT, YTO BEIMYMHA
cpenHeil abCONMOTHOM OMMOKKU COMOCTaBICHUS
IKCTIEPUMEHTATIBHBIX U3MEPEHUHN C PACUETHBIMU
3HAUEHHSAMH T10 MTPEATI0KEHHON MaTeMaTu4eCcKon
mogaenu 12,75 % noareepxaaer NPpUMEHUMOCTD
TOKa, MPOTEKAIOIIEr0 Yepe3 MEeXIPOCCEIbHYIO
HepeMbIUKy, KaK OJHOTO M3 HH(GOPMATHBHBIX

NPU3HAKOB JUATHOCTUKH H30IUPYIOMIUX CThI-
koB [11, 12].

Ic

= QYHKUWA OAMarHOCTUKHK
= PeasfibHbleé U3MepeHus

Rt

30 40 50

Puc. 2. P C3YyJIbTAaThl SKCIICPUMCHTAJIBbHBIX I/ICCJ'IG,Z[OB&HI/II;'I Ha Me)K,Z[pOCCCJ'IBHOﬁ MEPEMbIUKC

B paboueM HHTEpBaJie U3MEPEHUH
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3akiaroueHue

OKCNEPUMEHTAJbHBIM M aHAJTUTUYECKUM IIy-
TeM OblJIa yCTaHOBJIEHA 0OPaTHO MPOMOPIIMOHAb-
Has 3aBUCHMOCTb: C YMEHBIIEHHEM COIPOTHBIIC-
HUS M30JHMPYIOIIUX CTBIKOB IPONOPLUOHAIBHO
BO3pACTAET CUJIA CUTHAJILHOTO TOKA, TPOTEKAOLIEe-
ro yepe3 HUX. [l0CTOBEpHOE COBIAJICHUE JTaHHBIX,
NOJIyYEHHBIX B XOJ€ HATypHBIX IKCHEPHMEHTOB,
C pe3yJbTaTaMH, PACCYUTAHHBIMU C IIOMOIIBIO Ma-
TEMaTUYECKOM MOJEH, JOKA3bIBACT MPHUHIIMIIH-
QJIBbHYI0 BO3MOXKHOCTb PEAN3allui AUArHOCTHUKU.
Takum 00pazoM, KOHTPOJb COCTOSHHUS M30JIHPY-
IOINX CTHIKOB MOKET 0a3MpoBaThCs HA JUATHO-
CTUUEeCKUX (DYHKIMSX, TJe B Ka4eCTBE KIIIOYEBO-
TO apryMeHTa BBICTYNAKOT 3HAYEHUS] CUTHAJIBHBIX
TOKOB, TIO3BOJISIIOLINE (PUKCUPOBATH MPETOTKAZHOE
U HEHUCIIPABHOE COCTOSHUE W30JIMPYIOLIETO CThI-
Ka. B nanpHeiem npu paclimpeHud AnanazoHa
U3MEPEHHH B CTOPOHY OOJBIIMX COMPOTUBICHUMN
NPEAJIOKEHHBI JUATHOCTUYECKUI MPU3HAK MO-
KeT OBbITb MCIOJb30BaH Ul PaHHEro OOHapyXe-
HUSI TEHJICHIIMH K OTKa3y.
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Abstract

Objective: experimental verification of the hypothesis that the magnitude of the signal current flowing
through an insulating joint of a track circuit is an informative diagnostic indicator. The research aims to
establish a quantitative relationship between the change in the insulating joint’s resistance and the current
strength, which is necessary for creating a system for continuous monitoring and predicting its pre-failure
condition. Methods: field measurements were conducted on a railway test site using a Track Circuit Current
Indicator (ITRC-M). Polynomial approximation using the least squares method (LSM) was applied to
process the experimental data and obtain an analytical relationship. The model that provided the best fit
to the experimental data was a third-degree polynomial. Results: an inverse relationship was established:
as the resistance of the insulating joint decreases, the magnitude of the signal current flowing through it
systematically increases. A high-precision mathematical model (a third-degree polynomial) was obtained,
which reliably describes the experimental data within the operating range of resistances. It is shown that
the behavior of the model beyond the measurement interval (asymptotically approaching negative infinity
as the current decreases) eliminates the possibility of false-positive and false-negative predictions during
diagnostics, confirming its reliability. Practical significance: the research results prove the fundamental
possibility of developing and implementing a Technical Diagnostic and Monitoring System for Insulating
Joints (STDM-1J). Using the proposed diagnostic indicator (the magnitude of the signal current) will enable
a transition from scheduled labor-intensive inspections to a system of continuous automated monitoring.
This will improve traffic safety through the early detection of pre-failure conditions of insulating joints,
reduce operational costs, and enhance the reliability of railway signaling and interlocking systems.

Keywords: technical diagnostics, monitoring of header devices, predictive analytics, insulating joints, rail
circuits, pre-fault conditions, signal current
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Mpo6nembl aBapUNHOCTY NPU BCM/ILITUU NAPKUHIa U MeToAbl
cTabnnusaumm nyrem npuMmeHeHUs aHkepHo (MHOroBMHTOBOM)
CBau Ha NnpumMepe ogHoro us o6bekToB B CaHkT-MeTepOypre

Makapos A.H., KpaBueHko 1. A.

[TerepOyprckuii rocylapcTBEHHBIM YHUBEPCUTET MyTel coobmienus MmMmeparopa Anekcanapa I, Poccws,
190031, Canxkr-IleTepOypr, MockoBckwii mp., 9

Jos umtupoBanusi: Maxapos A. H., Kpaguenxo I1. A. IIpobnemMbl aBapuifHOCTH NPH BCIUIBITUH MAPKUHTA
Y METO/bl CTa0MIN3alMY IIyTeM NPUMEHEHHS aHKEPHOH (MHOTOBMHTOBOM) CBaM Ha IMPUMEPE OJHOTO U3
o0bektoB B Cankr-llerepOypre // M3Bectus IlerepOyprckoro yHuBepcutera mytei coobmenus. CIIO.:
II'VIIC, 2026. T. 23, Boim. 2. C. 443—-455. DOIL: 10.20295/1815-588X-2026-2-443-455

AHHOTaNUA

Pe3ynbraTsl MHOTOYUCIICHHBIX 00CIICIOBAHIH, POBEICHHBIX TSI 3IaHUH U COOPYKCHHUH, UMEIOIIHNX TI0I-
3eMHBIC ATakH 0OJBIIOr0 00beMa, YKa3bIBAIOT Ha BO3MOYKHOCTH BO3HUKHOBECHHS 3()(eKTa BCIUIBITHS.
Hepenko oIleHKOH BCIUIBITHS MOA3EMHBIX COOPYXKEHUH MpeHeOperaloT WIH MOAXOAIT K 3TOMY BOTIPO-
cy popmanprHo. Lleab uccjeqoBaHusl: aHAIN3 W peaTN3allds WHKCHEPHBIX PEIICHUH, HallpaBICHHBIX
Ha TIpeIOTBpPALIEHHUE BCIUIBITUS MOA3EMHBIX MapKUHIOB B YCJIOBHUSAX MOBBIIIEHHOIO YPOBHS I'PYHTOBBIX
Box. MccnenoBanne BBITOIHEHO TSI OJHOTO M3 0OBEKTOB, BO3BEICHHOTO B FOXKHOW wacTu ropoaa CaHKT-
[Terepbypra, 4711 KOTOPOTO B MPOIIECCE IKCIDIyaTaIlMH TOTpeOoBaIACh pean3aliusa Meponpusituii. B pado-
T€ TIPUBEICHO KPATKOE OMUCAHNE MH)KCHEPHO-TCOJOTHICCKUX YCIOBHUH IIOMAIKA CTPOUTEIHCTBA, 000-
3HA4YEHbI OCHOBHBIC ITPOOJIEMbI PACCMATPUBACMOI0 COOPYKEHUS (ehEKThI, MOBPESKIACHHUS, TehopMarium),
BO3HHKIIIHE B IpoIleCcCe dKCIUTyaTaruu. MeToabl: cpopMUpOBaHa OCHOBHAS THUIIOTE3a HambOoliee Bepo-
SITHBIX MPUYMH BO3HUKHOBEHUS JC(PEKTOB, MOBPEKACHUN 1 aedopMaiiuii 00beKTa, BHITOJIHEHO MOJICIH-
poBaHHe, BKIIOYAroIee B ceOs aHAIN3 THAPOCTATHUECKOTO JABJICHUS, a TAK)KE METOIbI CTAOWIIM3AIINI
MOTOOHBIX COOpYyKeHUH. Pe3ynbTarhl: TIpoBe/icHA OIEHKA HAJIECKHOCTH CYIIECTBYIOIINX WHKECHEPHBIX
PEIICHUI 1 BBISBICHBI OCHOBHBIC OIMUOKH, JTOMYyCKAEMBIE TIPH CTPOUTEIHCTBE. AHAUZUPYIOTCS PE3Yilb-
Tarbl T€OTEXHUYECKOTO MOJEIUPOBAHUSI W HUCHBITAHWUM, BBIIOJHEHHbIE C HCIIOIb30BAHUEM KOMILIEKCA
PLAXIS 3D u cTaTmuecKuX UCIBITAaHUH CBail, YTO MO3BOJISIET CIETAaTh BHIBOIBI O IPUYMHAX U MY TAX TIpe-
JIOTBpaIEHUs BCIUIBITUS MApKUHIOB. Peann30oBaHbl pelIeHUs TI0 YCUIICHUIO ¢ MPUMEHEHUEM aHKEPHBIX
(MHOTOBHHTOBEIX ) cBall. [IpakTHYecKasi 3HAYUMOCTh: pa3pad0TaH U peaaTnu30BaH MOAXO0/ K YCTPAaHESHUIO
aBapUITHOCTH TIPH BCIUTBITHH APKUHTA, 3aKITFOYAIONTUICS B CTA0OMITH3AIINH ITyTEM IPUMEHEHHUS aHKEPHBIX
(MHOTOBHHTOBBIX ) CBail, KOTOPBIF MOKET OBITh PEATM30BAH M Ha JPYTUX OOBEKTaX CTPOUTEIHCTBA.

KroueBble ciioBa: aHKepHast cBasi, MCIIBITAHUS, HECYILAs! CIIOCOOHOCTD 110 TPYHTY, IPOCKTUPOBAHUE aH-
KEPHBIX KOHCTPYKIMH, pacdeT Hecyleil cnocOOHOCTH, BUHTOBASI CBast

Beenenue

CroxuBILIMECs B MOCIEAHEE BpeMsi TeHACHIUH
K Oosee 3 PEeKTHBHOMY HCTIONB30BAHUIO TEPPUTO-
pUil TOPOICKOW 3aCTPOMKHM BMECTE C PacTyIUMU
TpeOOBaHUSAMH TOTPEOUTENECH K KaueCcTBY 3TOH 3a-
CTPOMKH BBIHY)KJAIOT CTPOUTENEH B 4YHUCIE MPO-
YUX pEIICHUH aKTUBHEE MCIIONb30BaTh MO3EMHOE

IPOCTPAHCTBO, BO3BOIS IIPH CTPOUTENBCTBE 3a-
HUI TOJ3EMHBIE ATAXU. Takue pEIeHus HECyT
B ce0e psiJ COMyTCTBYIOIIMX CJIOXHOCTEH U Mpo0-
JIeM, KOTOpbIe TPEOYIOT OTBETCTBEHHOTO ITO/IXOMA,
HO HEpelaeMbIMU He SBIIOTCA. K ClIoKHOCTAM,
CBA3aHHBIM C YCTPOMCTBOM IIOA3EMHBIX 3TaXeh
B YCJIOBUSIX IUIOTHOM TOPOACKON 3aCTPONKH, MOKHO
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OTHECTH BO3HUKHOBEHHE JJOTOIHUTENBHBIX J1e(op-
MaLuii OKPYXKaroLIeN 3aCTPOUKHU IIPU OTKOIIKE KOT-
JI0BaHOB [ 1, 6], pa3nuyHble KIMMaTHYECKUE BO3EH-
CTBHS, B TOM 4YHMCJIE NPOMOPAKMBAHUE BCKPBITHIX
KOTJIOBAaHOB U IPYHTOB 32 UX OIpaXAeHUAMHU [4],
¥ MHOTOE Jpyroe. Hepenko ommoOKu mpy mpoeKTu-
POBaHUHU TPUBOIAT K MOCIECTBUSIM, UCIIPABIIEHHE
KOTOPBIX SBIISIETCSI TEXHUUECKH CIJIOXKHBIM U JI0pO-
rocrosmM MeponpusitueM |7, 10].

OnHa U3 BaKHBIX 3aJ1a4 OCBOEHHMS MOJ3EMHO-
T'0 MPOCTPAHCTBA — O0OECIeYeHHE YCTOHUMBOCTH
NOA3EMHBIX coopyxkeHud [2, 9]. B mocnennue
rojipl podnemMa BCIUIBITUSL TaKMX KOHCTPYKIMI
crana 0COOEHHO aKTyalbHOW BCIEJICTBHE IOBbI-
IIEHUS] YPOBHS TPYHTOBBIX BOJ U3-32 U3MEHEHUI
NPUPOJIHBIX YCIOBUI U JEATEIBHOCTH YEI0BEKA.
O10 Tpebyer Oonee 3(hPEKTUBHBIX PEIICHUH IS
CTaOWIM3anyuu  MOJO0OHOTO poJa COOPYXKEHHUH,
B TOM YMCJIE C YUETOM M3MEHEHUH TUApOIoruye-
CKUX YCIIOBH IJIOLIAJIKH.

Ha ceromHsmHui 1eHb B NPAKTUKE CTPOU-
TENbCTBA K Haubojee pacrnpoCTpaHEHHBIM
NOAX04aM,  IO3BOJAIONIMM  NPEJOTBPAaTHUTh
BCILIBITUE COOPYKEHHI IPU N30BITOUHOM THIPO-
CTaTUYECKOM JaBJICHUM BBITECHEHHOM BOJBI,
MO>KHO OTHECTH ITOHMKEHUE YPOBHS IPYHTOBBIX
BOJ (K IpUMEpY, IIyTEM yCTPOICTBA APEHAKHBIX
CHCTEM), CO3/aHME JONOJHMUTEIBLHON Harpys-
KM Ha KOHCTPYKIMHU ((OpPMHUpOBAHUE MPUTPY3a)
WM yCTPOICTBO aHKEpHBIX cBail [5, 8]. Ho npak-
THKa 0OCIIeJOBaHUS aBapUHHBIX 3MaHUH U CO-
OpY’KE€HMI IMMOKa3bIBAET, YTO MMEIOIINECS aIrpo-
OMpOBaHHBIE pACUETHbIE METOAMKM HE BCeErja
HOMOTal0T MPEIOTBPATUTh BCIUIBITUE COOPYXKeE-
Huil. Yame BCero 3To CBA3aHO CO CI0XKHOCTBIO
MPOrHO3UPOBAHUS HAPYIICHUN U OTKIOHEHUH OT
IPOCKTHBIX PELICHUH, BO3HUKAIOIINX Ha JTaIe
BO3BEJCHUS WU IKCIUTyaTalluy 31aHUN.

AKTyaJbHOCTb HACTOSILIEH TEMBbI NOATBEPIK-
JIaeTCs NPAKTUKOM IOI3EMHOI0 CTPOMTENBCTBA
B Cankr-IletepOypre. ABTOpaM JaHHOH cTaTbu

U3BECTHO O IIATH CIy4asiX BCIUIBITUS MOA3EMHBIX
NApKUHTOB, MPOM30IIEANINX TOIbko B 2023—
2024 romax Ha pa3IMUHBIX CTPOMTENBHBIX ILIO-
maakax ropona [3].

PaccmarpuBaeMblil B HACTOSALIEH CTaTbe CIIy-
Yail IPOU30LIEN IOCJIE 3aBEPIICHUS CTPOUTEIb-
HBIX paboOT MOA3EMHOT0 MAPKUHIAa M BO3BEICHHS
BCEX OKPYKAIOLIUX KOPIYCOB S-3TaKHbIX 3AaHUN
Ha tore Cankr-IlerepOypra.

[IprunHON BCIUIBITUS SBIAJIOCH JEUCTBYIO-
le€ Ha HAPKUHI TUAPOCTATUYECKOE aBJIEHHUE,
BEJIMYMHA KOTOPOTO INpEBbIIaia JaBiIeHHE, BO3-
HHKAIOIIee 110/]] TIOJI0IIBON [UIMTHOTO (yHJaMEH-
Ta napkuHra. [loctynnenue Boabl MoJ MOJOIIBY
TUTUTHI IPOUCXOUIIO Yepe3 TPyHThI 00paTHOM 3a-
CBIIIKH B Ma3yXax ObIBLIEr0 KOTJIOBAHA.

NuxeHepHO-reoornyecKue yca0Bus
ydacTka

Ha paccmorpeHHOM 00beKTe OblLl BBINOIHEH
KOMIUIEKC MHKEHEPHO-T€OJIOTMYECKUX M3bICKa-
HMH, BBIIEJIECHBI NWHXEHEPHO-TEOIOTMYECKHE dIIe-
MEHTBI U ONPE/IENIEHbl OCHOBHBIE XapaKTEPUCTUKU
rpyHToB (Tabm. 1). Ilpu mpoXOXKIEHHH TeO0NIoTH-
YeCKHX CKB)XHH Ha IIyOMHY 710 28,0 M BCKPBITHI
Oe3HaropHbIEe MO3EMHBIE BOIBI, MPUYPOUYCHHbIE
K KOMIUIEKCY YETBEPTHYHBIX OTIOXKEHUH. ApXUB-
HbIE JJAaHHbIE MIOKA3aJIi, YTO HA pacCMaTpUBacMOM
y4yacTke (PUKCHUpPOBAJIOCH CE30HHOE (EXKErofHOe)
MOJTOIUICHUE, BBI3BAHHOE KONEOAHHEM YPOBHS
IPYHTOBBIX BOJ (aMIUIUTyna KojebaHui cocTas-
msma 1o 2,2 m). [IpucyTcTBre OM3eMHBIX BOJ Ha
paccMaTpUBaeMOM ILUIOIA/IKE CBA3aHO C HATMYUEM
THE3]l U JIMH3 TbUIEBAThIX ECKOB, 3a()MKCUPOBAH-
HBIX B JeqHuKoBbIX (g III) cymmHkax u cymecsx.

Ha MoMeHT mpoBesieHUsI U3bICKAaHUH TPYyHTO-
BbI€ BOJIbl OBUTM BCKPBITHI HA r1youHe ot 0,1 10
1,4 M, 4TO COOTBETCTBYET aOCOIIOTHBIM OTMET-
kaMm BCB 53,80-58,90 M. Takue ypoBHH Onu3KH
K MaKCHMMaJIbHbIM JAJISI JaHHOTO ydacTka. B me-
PHOJBI TOXKIEH U CHETOTAsTHUS IIPU 3TOM YPOBHE
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IPYHTOBBIX BOJ| MPOUCXOAUT IeEpeyBIAKHEHHE
HOYBEHHO-PACTUTEIBHOIO CJI0s], YTO, B CBOIO OYe-
peib, IPUBOAUT K JONOJIHUTEIbHON HH(UIBTpA-
LM BOJ B TPYHTOBBII MacCUB ¢ ()OPMUPOBAHUEM
OTKPBITOTO 3epKajia Ha OOIIMPHBIX yYaCTKaX.
HopmaruBHast mryOMHA CE€30HHOTO MPOMEP3aHUs
JUTS HACBITIHBIX TpYHTOB (M1 3-1) coctapmser 1,45 m;
CYIIIMHKOB IOIyTBEP/bIX, OXeNe3HEHHbIX (M1-2),

CYDIMHKOB TONMyTBepnpIX (M1 3D-3) — 0,98 ™, must
cyneceil tBepmbix (MI3-36) cocrapmser 1,20 .

NHXeHepHO-Te0IOrHYecKe YCIO0BUS MIIOMA/I-
KU TIPOEKTHPYEMOIO CTPOUTENBCTBA MO COBOKYII-
HocTH (hakTopoB oTHOCATCS K Il Kareropuu crnox-
HOCTHU NHXEHEPHO-T€0IOTMYECKHX YCIOBUH.

HamnacroBanue rpyHTOB 110 OJHOM M3 CKBa-
KUH IIPUBEJEHO Ha puc. 1.

TABJIMIIA 1. ®u3suko-MexaHm4ecKye XapaKTepUCTIUKI IPYHTOB

IIpounocTHbIE M
III)‘HOT';‘ Koo Ecrect. Yneno Ioxa3zar. XapaKTePUCTHKH ;elgﬂb
rpyHTa, . B
HaumenoBanue rpyHTOB r/em? NOPHUCT. BlIazkH., IIacTHy. Te(lﬁ:q' Yroa BH. Cuen.r., MIla
© | W (Ip) Cby | TPewmrp | Mila Krclon’
pll /pl oIl /ol CII/CI
1 Haceimabie rpyHTHI
cnexaniuecs (tIV)
CyIIMHKHY MOy TBEpbIE, 0,13 0,038/ 9
2 oxenesnenbic (g1l]) 2,09/2,07 | 0,524 0,192 0,124 .03 23/20 0.025 %0
CyIIIMHKH 10Ty TBEpbIe 0,03 0,044/ 12
3 (alll) 2,09/2,09 | 0,560 0,198 0,139 .16 22/19 0,029 120
30 | Cynecu tBepapie (g/11) 2,20/2,19 | 0,378 0,125 0,07 :g;;z 27/23 (())’(())5357/ %
['muHbI TBEpIBIE, TUCIIO- -0,17 0,069/ 15
4 waposanmsie (€1disl) 2,07/2,07 | 0,620 0,215 0,190 027 14/12 0.046 130
5 | Tnunsl Bepabie (€1) 2,10/2,10 | 0,577 0,198 0,181 <_£)(’)2297 16/11,4 %’%’;61/ %

[

03 m]
160.00

140.00

Total displacements u,, (scaled up 50.0 times)

Maximum value = 0.1511 m (Element 17174 at Node 397)
Minimum value = -0.05820 m (Element 10811 at Node 1776)

Puc. 1. M3omons BepTUKaIbHBIX AedopMmanuii. PacueTHbIi mombeM (BCIuibITHE) Tapkuara — 15,1 cm;

0CaJKa OKPY>KaroIluX 30aHui — 5,8 cM
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Pe3yabTaThbl BU3yaabHOIO
U HHCTPYMEHTAJIbHOI0 00C/1e10BAHUS

st popmupoBaHust 0OIIETO TPEICTABICHUS
0 mpoOiiemMax, BOSHUKAIOMINX HA 00BEKTE, OBLIO
IPOBEZICHO TEeXHHYecKoe obcnenoBaHue. bomb-
IIUHCTBO U3 OTMEYEHHBIX B KOHCTPYKITHAX COOPY-
KEHHUS TIOBPEKICHUI MIPEICTABICHO TPEIIMHAMH.
YacTp TpeuuH B HapyKHBIX CTeHax, (yHIaMEHT-
HOM TJIMTE ¥ TOKPBITHU COMPOBOXKIAETCS IPOTEY-
kamu (puc. 2).

[To pesynbTatam reoie3M4YecKoil Tpexmep-
HOM CHEMKH YCTAHOBIEHO, YTO JUIS KaXJOro u3
paccMaTprBacMbIX ONIOKOB MMEET MECTO Xapak-
TEPHBIN IIOBEM YPOBHEW IIOBEPXHOCTEH IIOIOB
¥ HIDKHEH TIOCKOCTH TUTUTHI TTOKPBITHS, HAIIPaB-
JEHHBIH OT mepupepuu K MECTy MX B3aHMHOTO
npuMslkaHus, oT 175 1o 240 mm.

Pe3yabrarsl MmogeanpoBanus B PLAXIS 3D

B nanHOM paszerne BBIIOIHEHO pacyeTHOE MO-
JIETTMPOBAHUE T€OTEXHUYECKON CUTyalld B MPO-
rpaMmmHoM kommiekce PLAXIS 3D. ITo pesynbra-
TaM pacyeToB I0Jy4YEHbI IEPEMELIEHUS TAPKUHTa
C YYETOM TEKYIUX IPYHTOBBIX YCJIOBHUM U T'HAPO-
T€0JIOTHYECKUX YCIIOBHH.

JIasi  MOJeNMpOBaHKMS TIPYHTOB OCHOBAHHS
OblTa MCHONBb30BaHA MOJIENb YIPOUHSIOLIEroCs
rpynata (Hardening Soil Model, HSM), koropas
naeT HamboJee JOCTOBEPHBIE pE3yNbTaThl, I10-
CKOJIbKY YYMTBIBACT BETBb pas3rpy3ku (pasrpy-
304HBII MOIYJb Je(opManum), a TakxKe yrpyro-
IJIaCTHYECKHe JeopManui rpyHTa. [pyHTHI
JTOCTUTAIOT TIPEIEBHOTO COCTOSIHHS COTJIACHO
BBITTOJTHEHUIO ycioBus Mopa — Kynona (puc. 3).

B pesynerare MaTeMaTH4ecKOro MOIETHPO-
BaHUs OBUTH OIpEeNeHbl JedopMaliu 31aHus
(medopmanu oKpyKarolen 3acTPORKH) U caMo-
ro napkusra. [lo pesynsraraMm MareMaTHYeCKOTO
MOJIETMPOBAHNUS BBISBICHA 30HA MAaKCUMAJIbHOTO
nogbeMa (pyHJaMEHTHOM TUTUTHI TTAPKUHTaA, BEp-
THKaJIbHAS 1e(OpMaIns B KOTOPOI TOCTHUTAET, IO
pacueram, 15,1 cm.

Taxke mpu MOIETMPOBAHWHM OTPEIENEHO, YTO
NpU BCIUIBITHH TIAPKWHTA 3IaHUSI OKPYXKAroIIen
3aCTPONKHM TONy4aT IOTONHUTEIBHYIO OCAJIKy, €€
BEJIMYMHA, 110 pacyeTy, cocTaBmia Jio 5,8 cM. ['pa-
¢uueckas uHTepHpeTanus aedopMmaluii 37aHusA
HapKUHTA B PE3YJIBTATe BCILUIBITHS U JIOTOIHUTENb-
HBIX 0CAJI0K OKPYXAOLIEH 3aCTPOMKH IPEACTABIIE-
HBI HIDKE B BHJIE U30M10J1€H nepemerntieHuit (puc. 4).

Puc. 2. ®oto gedopManmoHHOTO 1IBa (C1eBa) U TPEIIMHBI B KanuTenH (cmpasa). @oto: A. M. Makaposa
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55 Add C@ lsert CRBelte
y 93.00 Soillayers | water Initial conditions Preconsolidation Surfaces Field data
Head -2.100 Layers Borehole_1
8.000 # Material Top Bottom

1 HacwinHoit -0.9200 -2.100
2.000, 2 W3 -2.100 -7.800

3. u34 -7.800 -11.50
~4000 4.M|35 -11.50 -15.00
5000 ¥
$:000- ]
-10.00
12,00 7 f

i / . \7\
-14.00 /L = = _-/” = :
¥ Boreholes Materials oK .

Puc. 3. XapakrepucTHKH IPYHTOB 10 OHON U3 CKBa)KUH (CJIEBa) M pacueTHast cXxemMa apKuHra
C OKPY’KaIOIIMMHU 3JIaHUAMH (CIpaBa)

FeFEFFEIETAGY
L0 00 00 28 0 0 8 4

Puc. 4. Peakiuu B y31max oT NOCTOSIHHBIX Harpy3ok. Max Az = 42,3 kH
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ITo pesyabTaTam pacueTos B mporpamme Plaxis
3D nonyueHo:

1. Ocanky OCHOBAHUS JKHUJIbIX 3HAHUH COCTaB-
0T s = 5,8 < smaxu = 15 cMm. OTHOCHTEIBHAS
Pa3HOCTb OCAJIOK HE MIPEBBIIIAET IPEAEIbHON BE-
muaunbl (AS/L)u = 0,003.

2. Ilpu BbIcoTe cTonba Boabl ~4,5 M (3epKao
Ha abc. oM. +56,100 M) HMapKUHT HCHBITHIBAET
THAPOCTAaTUYECKOE JTaBJICHUE U BCILIbIBAET. [loab-
€M MapkuHra cocrasisier 1o 15,1 cM, uto coria-
CyeTcsl ¢ pe3ysbTaTaMy JIa3epHOTO CKaHUPOBAHMS.

3. OcHOBHOM MPUYMHOM aBapUIHOIO COCTOS-
HMS TTAPKUHTa SBISETCS BIUSHUE TUAPOCTATHYE-
CKOTO JaBJEHMS BOJIbl Ha JHUILE, NMPHUBOAALIEE
K JIOTIOJIHUTENBHBIM TEPEMEILICHUSIM KOHCTPYK-
UK, YCUIUAM U TPEILIUHAM.

IIpoBepka MapKUHTa HA BCIUIBITHE
(aHaJIMTHYECKHUIl pacyer)

JIOTIOMTHUTETHHO K yXKe TPEeCTaBICHHBIM pac-
YEeTHBIM OOOCHOBAHMSM OBLI BBHIIOJIHEH aHAIIU-
TUYECKUI pacueT Ha BcruibiTue. HopmaruBHbIE
Harpy3kud OT COOPY)KEHHs HPUHSTHI MO pacyery
METOJIOM KOHEUHBIX 3JICMCHTOB,

CymmapHas TOCTOSIHHasE Harpy3ka OT —pac-
CMOTPEHHOTO ~ (pparMeHTa TAPKUHTA COCTABHIIA
157792,00 kH. [Tpu momaam ocHoBamws 4648,38 m?
Cpe/IHee JaBlIeHHUE 110 TOoIIBe coctaBuT 34 kKH/M?.

Bricora cTonba Bozbl 10 HH3a OCTOHHOM MOJI-
TOTOBKH MOXET JOCTUTATh 4,6 M, TO €CTh THIPO-
CTaTMUYECKOE JaBJICHWE MPU STOM COCTABIISET
pW =46 xH/m>.

Jlaxxe ecim paccMOTpeTh CpeHee 3HAYCHUE
YPOBHS TPYHTOBBIX BOJI (B CPETHEM 110 CKBAYKIHAM
BBICOTA CTOJI0A BOABI coCTaBisieT ~3,8...3,9 M),
BO3HUKAET yrpo3a BCILIBITHUS:

Py = 34 xlla < pW = 39 klla (neperpy3ka
B 1,15 paza).

Jlnst obecrieueHus: HaIeKHOM, Oe3aBapuiiHON
SKCIUTyaTaruu 0€30MacHbIM YPOBHEM TPYHTOBBIX
BOJI SIBJISICTCSL:

— Py _34 _5g3xlla,
Y, 1,2

TO €CTh BBICOTA CTOJI0A BOJIBI OTHOCUTEIHHO HU3A
OETOHHOM TOATOTOBKM HE JIOJKHA MPEBBILIATH
2,8 M.

CTOUT OTMETHTD, YTO JAAHHBINA pacyeT HE YUU-
THIBAET HEPABHOMEPHYIO 3arpy3Ky OCHOBAHUS
U ABJISETCS TPUOIIKEHHBIM.

B pesynbrare pacyera ObIII0 YCTaHOBICHO, YTO
IpU HEPAaBHOMEPHOM MOCTOSHHOM JIaBJIECHUM T10
nojioBe (yHJaMEHTa TapaHTHPOBAHHBIN Tepe-
nag YI'B OTHOCHTEIBHO IIOAOIIBBEI COCTABIISCT
1,9 m (puc. 5).

Jlnst peuienust npoOiemMbl HEOOXOAUMO JIHOO

w

cam3uth YI'B, nmubo kommeHcupoBarh HemoCTa-
TOYHOE JaBjeHHEe. B KadecTBe penieHus OBLIO
BbIOpaHO NPUMEHEHNE aHKEPHBIX CBail.

Craruyeckoe UCNILITAHNE AHKEPHOM
(MHOTOBHHTOBOI1) cBan

[lenbro NpOBOAMMOrO UCCIEN0BAHUS ABISACTCS
onpejeneHue (hakTUUeCKol Hecyei crnocoOHo-
CTH IO TPYHTY TIOTPY’KaEMBbIX CBai IIPU MIPUIIOAKE-
HHMHU CTaTUYECKON BBIIEPTUBAIOLIEH HATPY3KHU JUIS
MOCJIEYIOUIEr0 y4eTa MOMYYEHHbIX JaHHbBIX IPU
IPOEKTUPOBAHNY KOMIIEHCALIIOHHBIX MEPOIPHsI-
TUH, HAIIPABIEHHBIX HA HEJOMYLIEHUE NaIbHEN-
IIET0 BCIUIBITUS MAPKUHTA C YYETOM BO3MOXKHOTO
MaKCHUMaJIbHOTO YPOBHS ITPYHTOBBIX BOJI.

Jis  ycrpoiicTBa M TOTPYKEHHMs CBall Ha
obbekre ObLla IpHMeHeHa OypoBas yCTaHOBKa
«Onextpo M4» (puc. 6). AHKepHas cBas MOrpy-
’ajach Mpu oMoy OypoBoi yCTaHOBKU.

Craruyeckue UCTIBITAHUS IPUMEHSIEMbIX aH-
KEPHBIX CBall HA BBIJCPIUBAIONIYIO0 HATPY3KY Ha
00BEKTE BBINOIHAIUCH Yepe3 Telo QyHAaMEeHT-
HOMW IUINTHI NOA3EMHOTO TMAPKUHIA MO0 METOAHM-
ke, pernamentupoBaHHo ['OCT 5686-2020,
CIT 24.13330.2021 u CTO 44416204-010-
2010. dns ucnplTaHuii ObUTa cOOpaHa yCTaHOB-
ka (puc. 7).
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Puc. 5. M3omons gaBneHwii Mo moaomBe GyHAaMeHTa OT MOCTOSHHBIX Harpy30K.
Max Az = 562,76 kH/m*, min Az = -498,428 kH/m>

Puc. 6. IIporecc ycrpoiicTBa cBau (cieBa) u OypoBasi ycTaHOBKa «JIeKTpo M4y (cmpasa).

®oto: A. M. Makaposa
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Puc. 7. VcneitarensHas ycranoBka. @oro: A. M. Makaposa

Jlns  co3naHuisl BBIIEPrHBAIOIIEH HArpy3KH
NPU HCIBITAHUM AHKEPHBIX CBAall MPUMEHSUIUCH
TUJPABINYECKUE JOMKpPAThl. [Ppy30moabeMHOCTh
nomkpatoB coctasisuia 100 T. B coorBeTcTBUM
C BBIOPaHHOUN METOIMKOW MCIBITaHHS (B COCTABE
CYILECTBYIOIIEH (DYyHIAMEHTHOU IUIUTHI) HATPY3-
Ka OT JOMKpara IepeaBajach Ha CHJIOBYIO Me-
Taj4yeckyto 6anky. [Tox cunoyto 6anky, B CBOO
odepesib, ObUTH TIOIBEJCHBI B METATUYECKUE
OTIOPBI, a Al (PUKCAIUK CaMOM HMCIBITHIBAEMOM
CBaM MPUMEHSUIUCH CIIEIMAIbHbIEC 3aXBaThI.

Pe3synbrarel craTn4ecKrX UCTIBITAHUI CBAii BbI-
JIepTUBAIOIIEH Harpy3Koi MpeCcTaBlIeHbl B BUJIE
rpadukoB 3aBucumocta s = F(P) (puc. 8).

[Tokazarenu ocaaku (BepTUKAIBHOTO MEpeMe-
LIEHUS) UCIBITHIBAEMOM CBAa M COOTBETCTBYIO-
IKe 3HAYCHUs IepEMELICHU I Ha KX I0U CTYTIEHU
HarpykeHus (1 pa3rpy3Kku) MpUBeACHbI B Ta0m. 2.

B cooTBeTcTBUM ¢ TPEOOBAHUSAMYU TPUMEHSIEMOM
METOJUKH BBIJIEPTUBAIOILAS HArPy3Ka K CBae Mpu-
KJIaJIIBAJIaCh MIOCTENEHHO, CTyNEeHAMH. [[s Kax-
JIOM CTYINEHH Nepesl NPUIOKEHUEM CIEAyIoIIei

Harpy3KH CBas BbIIEPKUBATIACH 10 CTAOMIIH3AIN
nepemMeneHus. B nponecce HarpyxeHus JaBie-
HHE (PUKCHUPOBATIOCH IO MAHOMETPY.

Habmronenne 3a BepTHKAIbHBIM TIE€peMelle-
HHEM HCTIBITHIBAEMON CBal OTHOCHTENHHO (DyH-
JTaMEHTHOH IUIUTHI BEJIOCh HPH MOMOIIM JIBYX
UHIMKaTopoB nepementeHui (tuma ITAO-6). Oto
MO3BOJISNIO  (PUKCUPOBATH MEPEMEIIEHUS CBau
¢ ToyHOCTEIO 10 0,01 MM.

[TokazaHus 1o nepeMerIeHusIM CHUMAIUCh TS
Ka)K/I0M CTYTIEHU Nepe]] NPUI0KEHHEM Harpy3KH,
cpasy Ioclie Hee U Jjajnee 10 CTa0MIn3aluy nepe-
MeleHui. i HTepBa CHATUSA 0TCYETOB COCTABIISI
15 MUHYT, a B KauecTBe KpHUTEepHs CTaOWIN3a-
[IUU TIPUHUMAJIOCH BEPTUKAIbHOE MepeMelieHne
cBau MeHee 0,1 MM Ha 30-MUHYTHBIII MHTEpBal
(cymMMapHO 3a JiBa CMEKHBIX OTCUETa), YTO COOT-
BeTcTBOBANIO TpedosanusM 1. 8.5.4 TOCT 5686-
2020. HarpyxeHue Beaoch 10 MOTEPU CBaci He-
cyliel cnocoOHOCTH.

[Tocne 3TOro mpucTynanu K MO3TAHOM pas-
rpy3Ke cBail. PaboThl BBINONHAINCH B 0OpaTHOM
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Beixoa ceaum u3 rpynra, A (Mmm)

I'pagux A =F(P)

40

35

30

30 33 36 39

Harpy3ka, P (ToHHBI)

Puc. 8. I'paduik ucnbiTanus cBau

TABJINIIA 2. Pe3ynbraTsl UCIBITAHUSA CBaK

Crynens Harpy3ku | Bpems BbIIep:KKH 32 CTYIEHb Ocajaka (Mm)

(1) Harpysku (1) C nayaJjia ucnbITaHUS 3a cTyneHb Harpy3Ku
0,00 0,00 0,00 0

3,0 0,50 1,76 1,76
6,0 0,50 2,60 0,84
9,0 0,50 3,00 0,40
12,0 0,50 4,13 1,13
18,0 0,50 4,55 0,42
21,0 0,50 5,08 0,53
24,0 0,50 5,47 0,39
27,0 0,50 6,15 0,68
30,0 0,50 7,78 1,63
36,0 0,50 13,12 5,34

PA3I'PY3KA
0,0 0,50 | 9,67 3,45

HOPSAAKE C COXPAHEHUEM KPUTEPUEB 110 CTaOMITH-
3allid, HO €CIIU Ha KaXJ0W CIEeTYIOIEH CTYyIEeHH
Harpyska yBeJIM4MBAJIaCh HA 3 T, TO U pasrpys-
K€ BEJIMYMHA CHUMAeMOM HArpy3KH JUId Ka)JIOu
cryneHu coctapisia 6 T. [locne nmoaHoro cHATHA
Harpy3ku HaOIIOIEHUs MTPOJOJIKAIUCH ELIE B Te-
yeHue 4 nukioB (60 MUHYT).

HcnbiTanue nmpoBOAWIIOCH IS CBAM CIEAYO-
11l KOHCTPYKIUH:

* BHHTOBAs MHOTOBUTKOBAs CBAs;

* cBas ¢ auametpom 127/250 mm.

WHXeHepHO-Te0IOTMYECKUE YCIIOBUS B COIIO-
CTaBJICHUU C NPUMEHEHHOW KOHCTPYKLHEH BHH-
TOBBIX CBall MOKa3aHbl HA puC. 9.

ISSN 1815-588X. N3BecTtuma MNIrync
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=
I JAHHBIE O CBAE
520 3
1. | Tum: SUHMOEAR, MHO208UHMOBAR
2. | JAmamerp: 125/250Mm
3. | A6c. orm. ocTpus cBam: +45,000
500 1 4. | Jnuma creaxmmy: 7,150M
6. | Mara nenbrramua: 05.10.20232
2= 5. | Teonons: 340 <IenTHCH3»
2 s ——| [ =rrmins roepnsee, wugp 12-14, 20142
== & 2 = MaxcHMATEHAS
= BHICPTHBAOMAL 36
48.0 1 LT—— 3t — 5 Harpyska monH
FO25 04— TIPH HCIBITAHMI:
JedexTsl, 06HapyXeHHEIE
10. | mepex HavanOM HCOLITARHIT:
He obHapyscero
460 8
-13.200
—(s) +45,000 abc.
44.0 . - 1i=-0,29; E=25MMNa
T \7' I~

Puc. 9. I/IH)KCHepHO-FCOJ'IOI‘I/I‘IeCKI/IG yciioBus 110 OHHOfI U3 CKBAXXUH U KOHCTPYKIUSA HpHMCHHeMOfI cBan

Pacuer Hecymieid CrocOOHOCTh  JIOHACTH
JUIsL IPUMEHSEMOW BHHTOBOW CBaW BBIMOJHSLI-
cst o obmien3BectHON Gopmyne (dhopmyna 7.18
CIT24.13330.2021):

Fa= (a,c,+ axyhy)
A=(84-3,56+3,3-1,9-5,5)-0,0364=2,34T.

MakcuManpHas BblI€prUBatolas Harpy3Ka:

N=234 9 _167m.
1,4

Ilpumeuanue. Kooppunuenr mopucrocTy,
YIoJl BHYTPEHHETO TPEHHs, YIEIbHOE CLEIIEHHE,
UCHOJIb30BAHHBIC /I BBIYMCICHUHN, TPUHATHI 1O
CII122.13330.2016 «OcHoBanus 1 QyHIaMEHTBD».

3akJ/aoueHue

[TpoGiiema BCIIBITHS TOI3EMHBIX COOPYKE-
HU, TAKUX KaK TTAPKUHTH, BCJIEACTBUE TIOBBIIICH-
HOTO YPOBHSI TPYHTOBBIX BOJA TpeOyeT ocoboro
BHUMaHUsI MPU MPOEKTUPOBAHUM U CTPOUTEIIb-
CTBe B ypOaHU3MPOBAHHBIX 30HAX. B xo/1e manHO-
T'O MCCIIEI0BaHUs, IPOBEACHHOTO Ha KOHKPETHOM
npumepe B Cankt-IleTepOypre, ycTaHOBIEHO, YTO
OCHOBHBIMH (DAKTOpPaMH, BBI3BIBAIOIIIMMH BCILIbI-
THE, SBISIOTCS OMIMOKY MPU aHAIN3E HHKEHEPHO-
reoJIOrMYECKUX YCIOBUM U HEOCTaTOuHAsK OICH-
Ka THIPOCTATUUECKOTO JIaBIICHUSI.

[TpousBeneHHBIE pPacueThl C HCIOJIL30BAHU-
em mporpammbl PLAXIS 3D monrBepannu, yTto
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CYILECTBYIOIIMI BEC KOHCTPYKIMU HEIOCTaTo-
4eH JIJIs IPeIoTBpAIlleHUs oabeMa. Pe3ynabTarsl
UCIIBITAHUI CBail MOATBEPAMIN HEOOXOTMMOCTH
HATYPHBIX SKCIIEPUMEHTOB, KOTOPBIE MO3BOJISIOT
OTPENEeNUTh P 3aKOHOMEPHOCTEH, HEeIOCTYII-
HBIX IpU POPMUPOBAHIH TEOPETUIECKOIN MOJICIIH.

Kak noka3zanu HaTypHble HCIIBITAHUS CBall Ha
00BEKTE, TOJHKO MOTYYEHHBIE B UX XOJE JTAHHBIE
MOKHO 3aKJIaJbIBaTh B PACUETHl JabHEUIIETO
NPOEKTUPOBAHUS TIO TUIACTUYHBIM (TJIIMHUCTHIM)
IPYHTaM, TaK KaK TEOPETUYECKHE PaCUeThl AAl0T
O0JbIIIyI0 TTOTPENIHOCTD (10 46%). DTO CBsI3aHO
C T€M, YTO B TEOPETUYECKUX pacueTax HE Yy4H-
TBIBAIOTCS OCOOEHHOCTH PabOTHI CBail B COCTaBe
KOHCTPYKIH.

JInst MUHMMH3aUUM PUCKOB BCIUIBITHS Ipes-
JaraeTcs YCWICHHE JPEHaXKHBIX CHCTEM, YBe-
JUYeHHEe Beca 3[aHUi U MPUMEHEHHUE aHKePHBIX
CBaii ¢ 0oJiee BHICOKOW HECYIIeH CIOCOOHOCTRIO.
Takum 06pa3zom, paboTa MoAYEPKUBACT BAXKHOCTh
KOMILIEKCHOTO TMOJX0/1a K MPOEKTUPOBAHUIO MOJI-
3€MHBIX COOPY>KE€HHIA, YTO BKITFOYAET TUIATETLHOE
UCCIIEJOBAaHUE TE€OJIOTUUECKUX YCIOBUN U MpU-
MEHEHHE COBPEMEHHBIX METO/IOB aHAJINW3a U MO-
JICTUPOBAHMUSL.
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Abstract

The results of numerous surveys conducted for buildings and structures with large underground floors
indicate the possibility of an ascent effect. It is not uncommon for the assessment of the surfacing of
underground structures to be neglected or to approach this issue formally. Objective: analysis and
implementation of engineering solutions aimed at preventing the surfacing of underground parking lots
in conditions of elevated groundwater levels. The study was carried out for one of the facilities erected
in the southern part of the city of St. Petersburg, which required the implementation of measures during
operation. The paper provides a brief description of the engineering and geological conditions of the
construction site, identifies the main problems of the structure under consideration (defects, damages,
deformations) that arose during operation. Methods: the basic hypothesis of the most probable causes
of defects, damages and deformations of the object is formed, modeling is performed, and it includes an
analysis of hydrostatic pressure, as well as methods for stabilizing such structures. Results: the reliability
of existing engineering solutions was assessed and the main errors made during construction were
identified. The results of geotechnical modeling and tests performed using the PLAXIS 3D complex and
static pile tests are analyzed, which allows us to draw conclusions about the causes and ways to prevent
parking from surfacing. Reinforcement solutions using anchor (multi-screw) piles have been implemented.
Practical significance: an approach to eliminating accidents during parking surfacing has been developed
and implemented, consisting in stabilization through the use of anchor (multi-screw) piles, which can be
implemented at other construction sites.

Keywords: anchor pile, testing, soil bearing capacity, anchor structure design, bearing capacity calculation,

screw pile
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YCcTOM4YMBOCTb KapKaca npu nporpeccupyloliem oopylweHnmn
M BO3eMCTBUU NepeMeHHOMN TeMnepaTypbl

A.A. WlynbruH

ITetepOyprekmii rocynapcTBEHHBIM YHUBEPCUTET IyTel coodmenus Mmmeparopa Anekcanapa I, Poccus,
190031, Canxkr-IleTepOypr, MockoBCkwHiA 11p., 9

st uurupoBanms: [lhyaveun A. A. YCTORUMBOCTH KapKaca MPU MIPOrPECCUPYIOIEeM OOpYyIIEHUH U BO3-
JeiicTBUM nepeMeHHol Temneparypsl // M3Bectus [lerepOyprckoro yHuBepcuTeTa ImyTed COOOILCHHMS.
CII6.: III'VIIC, 2026. T. 23, Bem. 2. C. 456—461. DOI: 10.20295/1815-588X-2026-2-456-461

AHHOTALUSA

Lesns: nccrenoBarh BIMSHAE HECTAIIMOHAPHBIX (LIMKIMYECKUX ) TEMIIEPATYPHBIX BO3ACHCTBUN Ha yCTOWYH-
BOCTH CTEP’KHEBOH CHCTEMBI KapKaca B pacdeTax Ha Iporpeccupyroliee oopylieHne. AKTyaaTbHOCTh pabo-
ThI 00YCIIOBJICHA HEOOXOMUMOCTBIO OOECTICUeHISI 0€30ITaCHOCTH 3MaHUN, IKCIUTYaTHPYIOIMINXCS B YCIOBUAX
SKCTPEMaJIbHBIX KIIMMATHUECKUX KoJIeOaHMii, B 4aCTHOCTU B pernoHax Kpaiinero Cesepa. MeToabl: B Oc-
HOBE HCCJIC/IOBAHHUS JIGKUT YUCICHHOE MOJIEITMPOBAHNE METOJIOM KOHEYHBIX JJIEMEHTOB B IPOTrPAMMHOM
xomruiekce JIMPA-CAIIP. brita paccMoTpena mpocTpaHCTBEeHHAs! KHHEMAaTHIecKasi cxeMa Kapkaca U3 rmepe-
KPECTHBIX 0aJIoOK M KOJIOHH. PacdeT BBINOIHSICS KBa3UCTATUIECKUM METOJOM C Yy4YETOM KOM6I/IHI/IpOBaHHO-
IO BO3JICHCTBUSI ITOCTOSIHHON BEPTUKAJIILHOW HArpy3Ku M [UKJIMYECKOI'O TEMIIEPATYPHOTO IOJIs, 3aJaHHOIO
CHUMMETPUYHBIM TAPMOHUYECKUM 3aKOHOM C 3aJJaHHOW aMIUIUTYIOW U mepuonoM. IIpoBeneHo cpaBHEHME
PE3yJIBTATOB IS CTAIIMOHAPHOTO 1 HECTAIIMOHAPHOTO TETUTOBBIX PEKUMOB, a TAKKe IS CLIEHAPHEB C TEILIO-
BEIM BO3/ICICTBHEM Ha BCE AIIEMEHTHI M TOJIBKO Ha DJIEMEHTHI OaJIOUHON KIIETKU. Pe3y/ibTaThl: YyCTaHOBIICHO,
YTO y4eT HECTAIMOHAPHOTO (IIMKINYECKOr0) XapakTepa TeMIlepaTyphl IPUBOAUT K CYIIECTBEHHOMY M3Me-
HEeHUI0 K03 PHIIMEeHTAa 3anaca YyCTOMYMBOCTH OPMBI TT0 CPABHEHHUIO CO CTAIIMOHAPHBIM pexxiMoM. B daze
CHIDKEHHUS TEMITEPaTyphl 3arac yCTOHUYMBOCTH B cpenHeM Ha 12 % Hmxe, a B ¢a3e noBeimenns — Ha 13 %
BBIIIIE, YEM MIPH IOCTOSHHOM TeMITEPaTypHOM BO3AEHCTBHN. MakcuMallbHOE CHIKEHHE 00111ero kodhdurm-
€HTa 3araca Mpy MUKINIeCKOM Bo3neicTBun gocturaet 14—16%. Ilpu 3ToM mpsmMoe TEIOBOE BO3IEHCTBIE
Ha KOJIOHHBI OKa3bIBaeT MEHbIIIee BIUsSHUE (pazHuLa 10 7 %). MuHuMalbHOe 3HaueHne Ko PHUIIMeHTa 3a-
naca (64,2) 3adMKCUPOBAHO LISl PACYETHOTO COYETAHUSI HArpy30K No 6 ¢ yueToM IUKIMIeCKON TeMIiepary-
pbI Ha Beex anneMeHTax. [IpakTuyeckast 3HAYMMOCTb: PE3YJIBTaThl pabOThI JTOKA3bIBAIOT 3HAUUMOCTh (haK-
TOpa NMEPEMEHHBIX TEMIEPaTyp JIJIsi TOUHON OLEHKU YCTOMYMBOCTH KOHCTPYKLMM MPU MPOTPECCUPYIOIIEM
obpymennn. CrenaH BBIBOI O HEOOXOAMMOCTH Pa3BUTUS W JOTOTHEHUS JCHCTBYIOMNX METOJOB pacueTa
(BKITIOYAss HOPMATHBHBIE JOKYMEHTHI) C YYETOM HECTAllMOHAPHBIX NUKIMYECKUX TETJIOBBIX BO3CHCTBHIA.
3T0 0COOCHHO BaYKHO JIJISl TPOCKTUPOBAHUS 3/IAHUI M COOPY)KCHUH B CEBEPHBIX IMPOTaX, & TAKXKE JUIsl 00b-
€KTOB IMPOMBIINIICHHOCTH C TEXHOJIOTMYCCKUMM TEIUIOBBIMU HUKJIIAMU.

KiroueBbie ciioBa: mporpeccupytoliee o0pyeHue, 3aHust U COOPYKEHHUs, IEPEMEHHOE TeMIIepaTypHOe
BO3JICHCTBUE, YCTOMUYUBOCTD

B HacTosmen crarbe ImpeacTaBlIeHbl MaTepu-
aJIbl UCCIJIE0BAHUS HECTALMOHAPHOIO TEIUIOBOIO
BO3/ICHCTBUS Ha YCTOMYMBOCTH Kapkaca B pac-
yeTax Ha mporpeccupymouiee oopymenue. [Ipen-
METOM HCCIIEIOBAHUSA SBIISETCS YCTOMYMBOCTD
CTEP’KHEBOM CHCTEMBI B YCIOBHUSX IPOIPECCUPY-

IOIIET0 OOPYIICHUSI U BO3JACHCTBHS CTAllMOHAp-
HOM M NEPEMEHHOM TeMIeparypsl Ha CTEpPIKHU.
OOBbeKTOM HCCIIeIOBaHUS — CTEpIKHEBAsi CUCTE-
Ma B YCIOBHSAX HPOrPECCUPYIOIIET0 0OpyLIEHUs
U BO3ICUCTBHA CTALIMOHAPHOW M IIEPEMEHHOM
TeMIIepaTypbl Ha CTEPKHU.
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ITocTranoBka 3agaun

PaccmarpuBaercst cuctema  IEepEeKpPECTHBIX
0aoK MPSIMOYTOJBHOTO IOMEPEUHOTO CEUeHUs,
KOTOpas. CIYKUT ayTPUTEpHOM HECyIel KOH-
CTPYKLMEH TNEPEKPBITHUs, ONEPTOM Ha KOJOHHHBI,
¥ MOXET pacrojararbCs Ha JI0OOM U3 3Takel
MHOTOATQXXHOTO 3[aHus, a TaKXkKe B KauecTBE
HEPEKPBITHS TEXHOJIOTHYECKUX MOMEIIeHUH 0e3
OIIOpbI B TMPOMEXKYTOUYHBIX y37ax Ul CO3JaHUSA
Oonpiuieil miomaau nomemenus. CoeanHeHHe
0aoK B MeCTax MX nepeceueHus xxectkoe. Omnu-
paHue 0anoK Ha KOJOHHBI MPHHATO IIAPHUPHO-
HOJBHXKHBIM (puc. 1).

B kauectBe marepuasia KOHCTPYKLUUN HMPUHAT
yCIOBHBIH OeToH Mapku B25, BocnpuHUMaromuii
CKUMAIOIME M PpAaCTATUBAIOIINE HANPSOKEHHUS.
DU3NKO-MEXAHMUYECKUE XAPAKTEPUCTUKH HUMEIOT
CJIEIyIOIUE BEeNUYUHBI [1]:

* Moayns ynpyroctu E =30 000 MITa;

* K03()PUIMEHT JTMHEHHOTO TeMIepaTypHOro
pacumpenus o= 107 1/rpaz.

JIns »1eMeHTOB 0ano4yHOM KJIETKH HPHHSATO
pSIMOYTOJIEHOE CeYeHue BhICOTOM /1 = 40 cm, 1H-
puHoit b = 20 cM, s konoHH — & = 30 cm, M-
puHoii b =30 cm.

banounas kieTka HarpykeHa BepTUKaJIbHOM,
PaBHOMEPHO paclpe/ieJIeHHON Harpy3Koi MHTEH-
CHBHOCTBIO ¢ = 6 kH/M Ha Bce crep:xHM 6anouHON
KJIeTku. [{ukmyeckoe n3MeHeHHe TeMIeparyphbl
3a/1aBaJI0Ch C CHMMETPHUYHBIM LIMKJIOM C 3aKOHOM
U3MEHEHMS:

T,(1)= Tcoszt—nt.

c

(1)

Hauanbhas remneparypa uukna 7'= 20 °C, max-
cuMasibHOEe M3MeHeHnue temneparypsl I = 40°C,
nepuos 1uKIa npuaumaercs ¢, = 0,8.

Merton pereHus 3aa4u — KBa3UCTATUUECKU
C mpuMeHeHHeM Kod(HIMeHTa TUHAMUYHOCTH
Ko =1 x peakiuu ynaneHHOH ONOpbI U TONPaBOY-
HBIX K03 urmeHToB &, (4, ¢.) px MOIEIMPOBAaHUN
LUUKIMYECKUX TEMIIEpaTypHbIX BO3JCUCTBUIL [3].

Puc. 1. [IpoctpancTBeHHas cxema KapKaca ¢ HyMepalel y3J10B U LIBETOBBIM OTOOpaKeHHEM

THUIIOB 3JICMCHTOB
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PesyabTarsl pacueroB

[TpoBeneH aHaIU3 yCTOMYMBOCTH 3JIEMEHTOB CH-
CTeMBI TociIe yaaneHus sementa Ne 52 u mozenu-
POBaHUH TEMIIEPATYPHOTO BO3ACHCTBHS Ha OKPYKa-
IOIME ANIEMEHTHI BHYTpU Tomerenus. [Ipu ydere
HECTALOHAPHOTO TEMIIEPaTypHOro BO3ACHCTBUSA
B Hayaje LUKIA, KOrja TeMIeparypa Ha TpaHsx
yMeHbIIaeTcs], KO3 PUIMEHT 3araca yCTOHUHBOCTH
(opMbI MeHbIIIe B cpenHeM Ha 12 % 1o cpaBHEHUIO
CO CTallMOHAPHBIM BO3/ICHCTBUEM, C YBEIUUCHUEM

TeMIeparypbl Ko3()(QUIMEHT 3amaca CTaHOBUTCS
Oonbiie B cpeaHeM Ha 13%, yem mpW COOTBET-
CTBYIOLLIEM CTAallMOHAPHOM BO3IEWCTBHU. PazHuna
MEX1y Kod(@uImeHTaMH 3amaca npyu yuere TeM-
HIEpPaTypHOIO BO3/EHCTBHS HA KOJIOHHBI U 0€3 yue-
Ta TAKOro BO3IEHCTBHS cocTaBisieT He Oonee 7%.
Munumanbhbiii K03(QUIMeHT 3anaca yCTONYHUBO-
ctH (hopMbl OOHAPYXkEH B CLIEHAPUH, KOTOPOMY CO-
OTBETCTBYET PACUETHOE COYeTaHue Harpy3ok Ne 6,
U COCTaBIIsIeT 3HaYeHue 64,2 (cM. Tabnmiry).

TABJIMITA. CpaBHuTenbHas TabNNMIA 3HaYeHMIT KO3 PUINIEHTOB 3amaca yCTOMINBOCTH HOPMBI

Ne PCH ®opma ycTOHYHBOCTH X,
1 2 3 4 Xis, 5 %
K3V % K3V % K3y K3y % % K3y %
0€3 TeII0BOro Bo31eiiCTBHS HA KOJIOHHbI
1 120,8 120,8 133,8 133,8 139,6
3 107,3 -1 107.3 -1l 112,1 -16 112,1 16} 14 137,5 = -1l
2 72,4 72,4 76,0 76,0 122,4
X 873 +21 873 +21 88.4 +16 88.4 +16 | +18 1202 +6 +16
C TEeIIOBBIM BOSIleﬁCTBl/leM HA KOJIOHHbI
5 113,1 113,1 120,0 120,0 120,8
7 100,9 -1l 100,9 -1l 103,3 -4 103,3 -4 -2 134,8 12 -8
6 64,2 64,2 68,8 68,8 117,6
’ + ’ + ’ + ’ + + ’ + +
8 81,9 28 81,9 28 84,0 22 84,0 22 25 126,9 8 21
Ilpumeuanue.

B uncnurene YKa3aHbl 3HAYCHUSA CTALIMOHAPHOI'O PEKMUMA; B 3HAMEHATEJIC — HECTALIMOHAPHOTO.

PCH (pacuerHble coueTaHusl HArPY30K):

PCH 1 — nocrosinnas Harpy3ka (6 kH/m) + peakius onopsl MrHoBeHHOro yaanenus (40 kH) + temneparypHast Harpy3ka Ha

banku (—40 °C);

PCH 2 — nocrosinnas Harpy3ska (6 kH/m) + peakius ornopsl MrHoBeHHOro yaanenus (40 kH) + temneparypHast Harpyska Ha

banku (+40 °C);

PCH 3 — nocrosinnas Harpy3ska (6 kH/m) + peakius onopsl MrHoBeHHOro yaanenus (40 kH) + temneparypHast Harpy3ka Ha

6asku (—40 °C) - kM = 0,35;

PCH 4 — nocrosinnas Harpy3ska (6 kH/m) + peakius ornopsl MrHoBeHHOro yaaienus (40 kH) + temneparypHast Harpy3ka Ha

Gasku (+40 °C) - kM = 0,35;

PCH 5 — nocrosinnas Harpy3ska (6 kH/m) + peakius onopsl MrHoBeHHOro yaaienus (40 kH) + temneparypHast Harpy3ka Ha

Oasiku 1 kostoHHbI (—40 °C);

PCH 6 — nocrosinnas Harpy3ska (6 kH/m) + peakius onopsl MrHoBeHHOro yaanenus (40 kH) + temneparypHast Harpy3ka Ha

Oaiku 1 kostoHHbI (+40 °C);

PCH 7 — nocrosinnas Harpy3ska (6 kH/m) + peakius onopsl MrHoBeHHOro yaaienus (40 kH) + temneparypHast Harpy3ka Ha

6anku - kM = 0,35 u komonusl (—40 °C);

PCH 8 — nocrosinnas Harpy3ka (6 kH/m) + peakius ornopsl MrHoBeHHOro yaainenus (40 kH) + temneparypHast Harpy3ka Ha

6anku - kM =0,35 u kononnsr (+40 °C);
K3V — koaddununent 3anaca ycroitunocti (Gpopmsr).
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3akiouenue

[IpoBenenHoe HccienOBaHUE NEMOHCTPUPYET
3HAUUMOE BJIMSHUE TEPEMEHHBIX TEMIIEpaTyp-
HBIX BO3JECHCTBUN HAa YCTOWYMBOCTH KapKAaCHBIX
CHCTEM B YCIIOBUSIX MPOTPECCHPYIOLIETO 00py-
menus. Kosddumment 3amaca ycToitumBOCTH
(OpMBI HE3HAYUTENHLHO 3aBUCHT OT TEMIIEpaTyp-
HOTO BO3JCHCTBHUS Ha KOJIIOHHBI (He Oonee 7 %),
HO 3HAUUTEIBHO — IPU yYETE HECTALMOHAPHOTO
pexnMa U MOXKET yMeHbIIAaThes Ha 14-16 %.

Takum oOpa3om, [UIsi MOBBIMIEHUS JIOCTO-
BEPHOCTH PacueTOB Ha IMporpeccupytomee 00-
pylIeHUE 3JaHUil, 0COOCHHO PACMONIOKEHHBIX
B pEruoHax ¢ CYpOBBIM KIMMAaTOM WJIH MOJI-
BEP)KEHHBIX TEXHOJIOTMYECKUM TEIIOBBIM BO3-
JIeHCTBUAM, HEOOXOIMMO pPa3BUTHE METOOB,
YUUTBHIBAIOMIMX HECTALMOHAPHBIE [IUKINYECKUE
TEeMIIEpaTypHblE€ BO3AECUCTBHUS HA 3JIEMEHTbI
KOHCTPYKIIUU KapKacoB.
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Abstract

Objective: to investigate the influence of non-stationary (cyclic) temperature exposures on the stability
of a frame rod system in progressive collapse calculations. The relevance of the work is driven by the
need to ensure the safety of buildings operating under extreme climatic fluctuations, particularly in the
Far North regions. Methods: the study is based on numerical modeling using the finite element method
in the LIRA-SAPR software package. A spatial kinematic scheme of a frame consisting of cross beams
and columns was analyzed. The calculation was performed using a quasi-static method, considering the
combined effect of a constant vertical load and a cyclic temperature field defined by a symmetric harmonic
law with specified amplitude and period. A comparison of results for steady-state and non-steady-state
thermal regimes was conducted, as well as for scenarios with thermal exposure on all elements and only
on the beam grid elements. Results: it was found that accounting for the non-stationary (cyclic) nature
of temperature leads to a significant change in the stability safety factor compared to the steady-state
regime. During the cooling phase, the stability margin is on average 12 % lower, and during the heating
phase, it is 13 % higher than under constant temperature exposure. The maximum overall reduction in the
safety factor under cyclic exposure reaches 14-16%. Meanwhile, direct thermal exposure on the columns
has a lesser effect (difference up to 7%). The minimum safety factor value (64.2) was recorded for load
combination No. 6, considering cyclic temperature on all elements. Practical significance: the results
demonstrate the significance of variable temperature factors for the accurate assessment of structural
stability in progressive collapse. A conclusion is drawn about the necessity to develop and supplement
current calculation methodologies (including regulatory documents) to account for non-stationary cyclic
thermal exposures. This is particularly important for designing reliable buildings and structures in northern
latitudes, as well as for industrial facilities with technological thermal cycles.

Keywords: progressive collapse, buildings and structures, variable temperature effects, stability
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YK 624.042.12

N3meHeHMe Hal1pil)KEHHO-AEd)OpMVIpOBaHHOI'O cocToaHMA
TOHHEeNbHON KamMepbl nocdne KanutasibHOro pemMoHTa
BEeHTUNALVNOHHOM LWWaXTbl

A.A. CokopHOB, A.H. KoHbKkOB

ITetepOyprekmii ToCynapcTBEHHBIN YHUBEPCUTET IyTel coobmenns Mmmneparopa Anekcanmpa I, Poccus,
190031, Canxkr-IleTepOypr, MockoBCkwHiA 11p., 9

st uutupoBanusi: Coxopros A. A., Konvkos A. H. VI3MeHeHne HanpsiKeHHO-1e(OPMHUPOBAHHOTO CO-
CTOSIHMSI TOHHEJIHOW KaMepbl MOCJIe KaUTaJIbHOTO PEMOHTAa BEHTHISIMMOHHOM 1maxThl // U3Bectust Ile-
TepOyprckoro ynusepeutera myreil coodmenust. CII6.: III'VIIC, 2026. T. 23, Bem. 2. C. 462-472. DOL:
10.20295/1815-588X-2026-2-462-472

AHHOTAIUSA

Leab: BHIMOTHUTH OIEHKY U3MEHECHUS HAIMPSKCHHO-AC(HOPMUPOBAHHOTO COCTOSIHUS OOJIETIKA TOHHEIhb-
HOM KaMephl, HaXOISAIIEHCS 0] BEHTUIISIIMOHHON IIIAXTON M UCIIBITHIBAOIICH Ha ceOe TaBIeHUE IEHOCTe-
KJIOOETOHA — CJI0S1 KOHCTPYKIIMOHHOTO YCHJICHHS M YTEIUIEHUS IIaxThl. MeToAbl: UCClieIOBaHUE OBIIO
BBITNOJIHEHO B IJIOCKOM M 00BEMHOM mocTaHOBKax meronoM Merporunporpanca (Hyperstatic Reaction
Method, HRM) 1 MeTo/10M KOHEUHBIX JIeMEHTOB. Pe3ysibTaThl pacuera ObUIM CONOCTABICHBI MEYKJTY CO-
00l uepe3 COOTBETCTBYOIINE KOA(PPHUIIMEHTHI 3araca HECYyIIeH ClIoCOOHOCTH 00/ICJIKM TOHHEJILHOU KaMe-
pul. B pesynbrare nccnenoBanusi oOHapyKeHa yIOBICTBOPUTENbHAS CXOMUMOCTh METOJIMK pacdera JApyr
¢ npyroM. IlpakTuyeckasi 3HAYMMOCTh: PE3YJIBTATHI UCCIICIOBAHUS MOTYT OBITH UCIIOIB30BAHEI JIJIS pac-
YeTa CIOKHBIX MPOCTPAHCTBEHHBIX KOHCTPYKIIHH, pab0Ty KOTOPBIX MOKHO CBECTH K apKaM.

KiroueBble cjioBa: TOHHCIIb, 06[[6]'[1(21, YHCJICHHOEC MOJACIINPOBAHUE, METOA KOHECYHBIX 3JIEMCHTOB, METO/

Mertporunporpanca

BBenenne

[lpu oKkcruTyatanud BEHTWISIIIMOHHBIX —IIAXT
METpOTIOJINTEHA B YCIOBHSX 3HAKOIICPEMEHHBIX
TEMIIEpaTyp BOIOHOCHBIC TPYHTHI B 3200/ICTIOYHOM
NPOCTPAHCTBE TMEPHOMUECKH TPOMEP3AI0T, UTO
NPHUBOAUT K JIOKAJIBHBIM CUIIOBBIM BO3JEHCTBUSAM
pacmpsitoIerocs Jiba Ha 00JeNKy ¢ o0pa3oBa-
HHEM TPEIINH U CKoJIoB. Kak mpaBwuiio, moce au-
TeNMBHOTO TIepuoza dkcrutyarauu (3040 net) Ha-
CTymaeT HeoOXOAUMOCTh B KalIUTaJIbHOM PEMOHTE
IIAXTHI C CO3[AHNEM BHYTPEHHETO apMUPOBAHHOTO
CIIOSl MOHOJIUTHOTO OeToHa (00OoiiMebl). B mpebi-
JylleM uccienoBaHud [1] aBTOpbl MPEAIOKUIN
UCIIONTB30BaTh B KAa4eCTBE TAKOTO CJIOS OCOOBIH
Marepuan — MeHOCTEKI00eTOH [2], cocTaB KOTO-
poro mopo0paH Kak Ajs KOHCTPYKIMOHHOTO yCH-

JIeHUsT OOJICTIKM IAXThI, TaK M JIJISI €€ YTCIUICHHUS.
B 2021 rogy nmogoOHas TexHonorust Oblia ¢ ycre-
XOM OmpoOOBaHa MPU KAMHUTaIbHOM PEMOHTE BEH-
THISIIMOHHOM MIaXxThl TyOuHON 20 M U peKOMEeH-
JIOBaHA KaK TUIOBOE PEIICHUE IS KAUTaIbHOTO
PEMOHTA BEHTHISIIIMOHHBIX maxT [lerepOyprckoro
METPOTIONIUTEHA.

[Tpu pa3paboTke KamUTaIbHOTO PEMOHTA OI-
HOM M3 BEHTHJIALMOHHBIX IAXT BO3HUKIA HEOO-
XOAUMOCTH B MPOBEIECHUHU JIOTIOJTHUTENBHBIX UC-
crnenoBanuii. CIOXXHOCTh JAHHOTO Ciydas Oblia
BBI3BAHA OCOOBIM KOHCTPYKTHBHBIM pPEIICHHEM
maxThl. OHa pacroiokeHa HeToCPEICTBEHHO HaJT
MIEPETOHHBIM TOHHEJIEM M ObUIa TperHa3HaYeHa
JUISL TIyCKa TOHHEJICMPOXOYECKOT0 MEXaHU3HPO-
BaHHoro komiuiekca (TIIMK). Takum obGpaszom,
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B HIJKHEW 4acTH IIaxThl ObLIa yCTPOEHAa MOHO-
JAWUTHas muToBas Kamepa i MoHTaxa TIIMK.
[Moce okoHYaHHS MPOXOAYECKHUX PabOT ImIaxra
Obu1a epeoOopyI0BaHa B BEHTUIIALIMOHHYTO. JI71st
9TOro B 00beMe IIUTOBON KaMephbl Obla co31aHa
elie OflHa, TOHHENbHAs, Kamepa, pasieisromias
MyTH TIEPEABMKEHHUS TTOC3/I0B M BO3AyXa.

Co3nmanme ciost meHocTekno0eTona (pyodar-
KU ), IPUMBIKAIOLIETO K 00IENTKE MIaXThI, BO3MOX-
HO BBITIOJTHUTH, TOIBKO OTEPEB 3TOT CIIOW HEemo-
CPEICTBEHHO Ha 0O0JIENKy TOHHEILHON KaMephl.
[Tpu 3TOM CIOKHBIM Hay4HBIM BOIIPOCOM SIBJISI-
eTcs TO, Kakas MMEHHO 4acTh OT Beca Clos Tie-
HOCTeKJIa OyleT meperaHa o0JenKe TOHHETbHON
KaMephl, a Kakasi BOCIPUHSITA OOENKON MIaXThI
a00 Ke MIMTOBOM Kamepoil. B cBoro ouepensp,
C MHXEHEPHOW TOYKU 3peHHs TpeOoBaloCh CO3-
JaTh TaKyl0 YHCICHHYIO MOJENb, KOTOpas yuia
ObI camblii HEOIArONMPHUATHBIA BapHAHT Harpyxe-
HHS TOHHEJIbHOW KaMephl.

Taxum 00pazoM, LENbI0 UCCIIEA0BAHHS SABIS-
Jach OLIEHKA M3MEHEHHs HaNpsHKeHHO-Ae(POpMH-

Obnenka D7,1 m

POBAHHOIO COCTOSIHUSI TOHHEJIBHOW KaMepbl IpU
nepesaye Ha Hee Harpy30K OT CJI0Sl IEHOCTEKIIO-
OeToHa 00/IENKHU MIAXTHI IPH €€ KaUTAIbHOM pe-
MOHTE.

JI71st 3TOTO OBUTH MOCTABNIEHBI CIAEAYIOLIHE 3a-
Ja4u:

* co3maHMe cTepxkHeBoil 2D-momenu TOH-
HEJIbHOM KaMepbl U OIPEAEICHUE BHYTPEHHHX
YCUJIMH TI0 MeToy MeTporunporpanca;

* cozfganue 3D-Monenu BCero paccmarpubae-
MOT0 y3J1a B FPyHTOBOM MacCHUBE METOJIOM KOHEY-
HBIX 3JIEMEHTOB M COIOCTABJIEHHE IOJYYEHHBIX
pe3yibTaToB ¢ pacueToM 2D-Moznenu.

MarepuaJibl 1 METOABI

Oobvexkm uccnedosanusn

PaccmarpuBaemblii 0OBEKT MPEACTABISIET CO-
00ii y3en COTMPSDKCHUS] BEHTUISAIMOHHON IIAXThI
C TIEPETOHHBIM TOHHEIEM METPOIIOJUTCHA B Me-
CTe Havyasa muToBOW mpoxonku (puc. 1). CtBon
IIaXTHI BBITIOJIHEH C 00/IETKON HApyKHBIM JTHaMe-
TpoM 8,5 M. Pazmepsl 001eKu 00yCIOBIECHBI TEM,

BenrtmaxTa

Oo6penka @8.5 m

[IluroBas kamepa

Benrronnens

Puc. 1. Cxema conpskeHHs IaXThl U IEPETOHHOTO TOHHEIS
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4TO Ui Hayala MIMTOBOM MPOXOIKU MO CTBOIY
ocyuectsisuics ciyck snemenToB TIIMK B miu-
TOBYIO Kamepy, KOTOpas pa3MelleHa Hemocpe-
CTBEHHO TIOJl CTBOJIOM IIaXThl. TakuM 00pa3om,
C OJTHOM CTOPOHBI K ITMUTOBOM KamMepe MpHUMbIKa-
eT 00/eIKa U3 KeJle300€TOHHBIX TIOOMHIOB JHa-
MeTpoM 8,5 M, a C Ipyroi CTOpoHBl — 00eKa
HOBOM TPACChl, BBHITIOJIHEHHAS] U3 BBICOKOTOYHBIX
0710k0B IuameTpom 7,1 M.

[lepen myckoMm B 9KCILTyaTallUi0 IEPETOHHOTO
TOHHEJNA IaxTa Obla mepeoOopyldoBaHa B BEH-
TUISIIMOHHYIO. J[71 3TOro B MOHTa)KHOM Kamepe
BO3BEJIM MOHOJIMTHYIO OIPaKIArOITYI0 KOHCTPYK-
10 (TOHHETbHYIO0 Kamepy), KoTopasi pa3zenuna
BHYTPEHHHMI 00bEM MOHTQ)XKHON KaMephl Ha JIBa:
30HY JIBMKEHHS MO€3710B M BEHTUIISIIMOHHBIN Ka-
Han (puc. 2).

Konerpykiust 0o0eku 1mIaxTel COCTOMUT W3
67 xene300eToHHBIX Kouell mmpuHoi 0,75 m (00-
mas Beicota ctBosia ~ 50 M). Kaxmoe kombIio co-

crouT u3 15 xene300eToHHBIX TIOOMHTOB. Yepes
kaxzabie 10 Koser 3a KOHTYpOM OOIENKH yCTpo-
€HbI OTIOPHbIE «OAIIMAKW ISl MPEOTBPAICHUS
CKOJIbYKEHUSI 00JICITKY MO TPYHTY.

B HmkHel yacTu miaxta compsbkeHa co IIU-
ToBOM Kamepoil. [l{uToBas kamepa coopyxkanach
TOPHBIM CTIOCOOOM B TBEPIBIX MPOTEPOZOUCKHX
[JIMHAX C MOHOJNUTHOU OeTOHHOI 00enkoii. BHy-
TpeHHHUE rabapuThl KaMepbl 00yCIOBICHBI pa3Me-
paMu MOHTHPYEMOTO MIUTa ¥ TPeOOBAHUIMU Pa3-
MEIICHUs OABEMHBIX U MOHTaKHBIX YCTPOICTB
u cocTaBisioT ~ 11,5 X 13,5 X 15,5 m.

[TpoekT KanuTaIFHOTO PEMOHTA IIAXTHI PETY-
CMaTpHUBaeT CO3[aHUE CJOs M3 IEeHOCTeKIo0e-
TOHa (pyOaliku), apMUPOBAHHOTO IHUPKOHHEBON
bubpoii (puc. 3). Tonmmua pybamku (6e3 yuera
3anosiHeHus TIOUHTOB) coctarisieT 300 mm. Kak
ObLTO MOKa3aHo B [1], Takas ToNIIMHA TIEHOCTE-
KJ100eTOHa 00ecTeurBaeT TEIION3OMISLUI0 TPYH-
TOB B 3a00/1€JIOYHOM TMPOCTPAHCTBE B 3UMHHUI

IMuroBaz Kamepa

7

— 7

7

1000
]

1 1
ToHHeIbHAA KaMepa

5140

1000

13700
7

8100

7760
5220
9250

1550
s

TonnenpHBIC THOOMHTT

A=151 Bm/m*K

+7°C

[IenocTexknodOeToH

=016 Bm/mK

-25°¢

Puc. 2. YcTpolicTBO TOHHEIBHOU KaMepbl BHYTPU
LIUTOBON KaMephl

Puc. 3. Cxema yTeruieHust ¢ OTHOBPEMEHHBIM
YCHUJICHHEM OOEIIKH LIaXThl CII0EM
MEHOCTEKJIO0ETOHA, apMUPOBAHHOTO
IUPKOHUEBOH (prudpoit
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IICPpUO SKCILTyaTallhuKu IIaXThI. CBOMM HWKHUM
TOpLIOM CJIOM IEHOCTEKI00eTOHA OIMUPACTCs Ha
BCPXHIOKO YaCThb TOHHEJIbHOMU KaMCpBhbI.

Memoo Mempozunpompanca

Merton Metporunporpanca (Apyroe Ha3BaHHUE
Hyperstatic Reaction Method, HRM) ortnocutcs
K KJIaCCy YMCJIEHHBIX METOJIOB aHAJIN34a, B KOTOPBIX
HanpsKeHHOE COCTOSIHME OOJIENKH, MpeACTaBIse-
MO B BU/IE OJTHOMEPHBIX CTEPHKHEBBIX JIEMEHTOB,
MOXET OBbITh OINpEIENCHO Yepe3 HMHTEerpajbHbIC
nokasaread. Merox Merporunporpanca JoKasain
cBOIO 3((EeKTUBHOCTD MPH pacueTe 000K TOH-
HeJiel KpyroBoro [2, 4] 1 apouHoro ouepTranus [S].

[TompobHO CcyTh MeToma W3NnOkeHa B [2, 4].
CrutomHasi HeWTpajbHasi OCh OO/ENKH 3aMEHs-
€TCs CUCTEMOM CTEpKHEH, COCMHEHHBIX MEXKIY
co0oi B y3nax. [paHuyHbIe yCIOBUS M HArpy3Ku
COCPEZIOTAYMBAIOTCA B Y3J1aX CHCTEMBI, TAKIM 00-
pa3oM, KaxIblil y3ell HaXOAWUTCS B PaBHOBECHU
NOJ] BO3JIEMCTBUEM YCUIINIA, BOSHUKAIOIIUX B HEM
OT Y3JI0BBIX CMEUIEHUH 0OX;, Oy, OO; U Y3JI0BbIX
Harpy3ok p; u q;. B marpuuHoil popme ypaBHEHUS
METO/1a IPUHUMAIOT BU/I;

RV+P=0, (1)

rae R — marpuia peakuuid Ha eJUHUYHBIE CMe-

IIECHUS y3JI0B;

V' — BEKTOp y3J10BBIX IEPEMELICHNN;

P — BexTOp peakuuil Ha 3a/laHHbIE AKTUBHBIE

HarpysKu.

B pe3synbrare pemeHns CUCTEMbl ypaBHEHUI
HaXOJSIT HEM3BECTHBIC MEPEMENIEHUs y3II0B Ax;,
Ay;, Ag,. 3Has nepeMenieHns KOHIIOB CTEP)KHEH,
OIPEIENSAIOT BHYTPEHHUE YCWIHS B CTEPKHIX:
U3TUOAIONINI MOMEHT B Ha4aje U B KOHIIE CTePIK-
H$l, HOPMAJIbHBIE 1 MIOTIEPEYHBIE CUJIBI.

Memoo Koneunvix 31emenmos
HccnenoBanus BBINONHSINCH, HA YHCIEHHBIX
MOJENSIX, MOCTPOEHHBIX B PACYETHOM KOMILIEK-

ce Midas GTS NX, OCHOBaHHOM Ha METOJE KO-
HEYHBIX 3JIEMEHTOB. J[aHHBIH KOMILIEKC IIHPOKO
pacrpoCTpaHeH B HAYYHOM Cpeie U MPUMEHSIETCs
B pacueTax CIOKHBIX CHCTEM, TaKHX KaK «(pyH-
JTaMEHT — TPYHT» WIH «00JelKa — TPYHTY,
OpUYeM pe3yJabTaTbl MaTeMaTUYeCKOrO MOJEIH-
pOBaHMA B psiie UCCIEIOBAaHUN UMEIH BBICOKYIO
CXOIUMOCTb C HaTypoii [6-9].

['pyHTOBBIII MaccuB M PACHONIOKEHHAs B HEM
KOHCTPYKIIUSI pa30OUThI Ha CETh OOBEMHBIX KO-
HEYHBIX 3JIEMEHTOB, COEANHEHHBIX MEXTy COO0M
B y31ax. Ha GOKOBBIX TpaHHMIIaX MaccuBa ycTa-
HOBJICHBI OTPaHUYECHHUS B BUJIE 3alpeTa TOPH30H-
TaJBHBIX MEpPEMEICHHUIl, Ha HIDKHEH TpaHulle —
B BHJE 3alpeTa BEPTUKAIBHBIX TMEPEeMEIICHHH.
PaBHOMEpHO pacrpeneneHHas Harpyska, MpHuio-
’KEHHasl K BEpXHEH rpaHu MOJIEIH, ONPeIeisiiach
KaK BEC BBIILIEJIEKAIIUX IPYHTOB M COCTABUIIA!

g =vH=20-50= 1000 Ila,

rae H — paccTosHue OT BEPXHEW IpaHu MOJENN

10 «JTHEBHOM MOBEPXHOCTU», M (IPUHATA PaB-

Ho# 50 m);

Y — CpeIHHUN OOBEMHBIN BEC BBIIIEIEKAIINX
rpyuToB, KH/M? (mpunst paBabiM 20 kH/M?).

CranuitHOCTb pacueTa 3a/1aBajach BKIIOUEHU-
eM B paboTy OmpeNeNeHHBIX KOHEYHBIX 3J1eMEH-
TOB, HArPY30K MJIM IPAHUYHBIX YCIOBHM.

Ha niepBom atamne pacuera paccMaTpHBaJICs Ofi-
HOPOJHBIM I'PYHTOBBIA MACCHUB UL CO3/IaHMS Ha-
YaJIbHOTO 110J1s HanpsikeHuit. [Ipu 3ToM KoHEeUHBIM
3JIEMEHTaM, MOJAECIUPYIOLIUM OOJENKH, PUCBaK-
BAJICh XapaKTepUCTUKU rpyHTa. [lo pesynabraram
pacuera 1epBoro dTarna Bce epeMereHns OOHYIs-
nuck. Ha BTopoM sTarme pacuera MoenupoBanoch
COOpYKEHHE IIaxThl ¥ IUTOBOM Kamepsl. Ha Tpe-
TBEM 3TaIle — COOPYKCHUE TOHHEIBHOM KaMephbl
BHYTpH IIUTOBOM. Ha ueTBepTroM — yCTpPOHCTBO
CIIOsI TIEHOCTEKI00eTOHA (pyOalliki) BHYTPHU IIax-
Thl MyTEM MEpeaaud JONOIHUTENbHON Harpy3Ku
Ha BEpX TOHHEJIbHOU KaMephl.
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Du3uko-mexanuuecKue XapaKmepucmuxku

2PYHMOG U Mamepuanos

Jlnst onrcanus GU3MKO-MEXaHUUECKUX CBOMCTB
KOHEUYHBIX 3JIEMEHTOB, MOIEIUPYIOIIMX TPYHTO-
BBIIl MaccuB, MpUMeHsIach Mozaens Mopa — Ky-
noHa. IlpuHATHI chemyromue XapakTepUCTHKH,
KaK 17151 BEpXHEKOTIMHCKUX TJIHH:

* CceKyIuii Monynb ynpyroctu Esy =200 MIla;

+ ko ¢uiment [lyaccona v = 0,23;

* 00bemHbIi Bec ¥ = 21,5 kH/M?;

» cuemrenne C = 80 klla;

* yroJl BHYTPEHHETO TpeHus ¢ = 23°.

Jlnst onrcanus GU3MKO-MEXaHUUECKUX CBOUCTB
KOHEUYHBIX 3JIEMEHTOB, MOJEIUPYIONUX 00JETIKN
HOJ3EMHBIX COOPYXEHUH, TPUMEHSIIACh JTUHEHHO
nedopmupyemas monens. COopHasi TIOOMHTOBas
o0JenKa MIaxThl MOJENUPOBATACH MPUBEICHHBI-
MM OPSIMOYTOJIbHBIMU CEUCHUSIMU B COOTBETCTBUH
¢ [10]. XapakTepucTUKH MaTepuajoB 00/EIOK
HPHHSTHI CIIEYIOIUMU:

* MOIYIH YHPYTOCTH THOOMHTOBOW 0O0IeNKH
maxtel £ = 34 500 MIla 1 MOHOJIIMTHON OOIENIKH
kamep £ =30 000 MIla;

+ koa(p¢uiment Ilyaccona v =0,2;

* 00beMHbIH Bec OeTona y = 24,5 kH/m?;

* pacyeTHOE CONMPOTUBIECHHE OETOHa MOHO-
JUTHOM 00aenKy Kamep Ha cxkarue — 14,5 MIla.

[TeHOCTEKI00€TOH B MOJIETISIX HE 33/1aBAJICS B SIB-
HOM BHJIE, @ pacCCMaTpUBAJICS B KaUECTBE JIOTIOHHU-
TENBHOM PaBHOMEPHO PACIpPEIeICHHON Harpys3Ku.

Pesynbrarbl

2D-mo0ens

OGzenka TOHHENIBHOM KaMephl B INTOCKOM MTOCTa-
HOBKe ObLla CBefIeHa K apke. PacueTsl ObLTH BBITON-
HEHbl B porpaMMHOM Komiuiekce RK-6 (ydueOHas
Bepcusi). [loctpoenne pacueTHOM cxeMbl IPOU3BO-
JIMJIOCH Ha OCHOBE CJIEIYIOIIUX JAOIMYIICHUI:

* IIJIABHOE OYEPTAHUE HEUTPAIILHOM OCH apKH
3aMEHSETCS BIUCAHHBIM B HEE CTEPKHEBBIM MHO-
TOYTOJIbHUKOM;

* JKECTKOCTh apK{ Ha TPOTSHKEHHH KaXKIOTO
CTEP)KHSI OCTaeTCs MOCTOSHHOM, HO MOXET Me-
HATBCS OT CTEPIKHS K CTEPIKHIO;

* IpaHUYHBIC YCIOBHS 3aJaudl IpeiCTaBIIe-
HBI 3al[PETOM BEPTHKAIBHBIX U TOPU30HTAIBHBIX
MEPEMEIICHUI AT apKH, a TaKXke 3alpeToM X
MOBOPOTA;

* HaJM4KMe MPUMBIKAIOIICH K apKe CTEHBI 11~
TOBOM Kamepbl MOJICITMPOBAIOCH 3aIIPETOM TOPH-
30HTAJIBHBIX TIEPEMEIICHNH COOTBETCTBYHOIIUX
y3JI0B.

Pacuetnas cxema mpencraBieHa Ha puc.4
B BHUJIC HECUMMETPUYHON CTEP)KHEBOW CHUCTEMBI,
cocrosiied u3 17 y310B u 16 crepxuei.

Harpyska or Beca meHocTeks00eTOHa Mpea-
CTaBJICHa PAaBHOMEPHO paCIpeeICHHOW Harpys-
ko#, To ecth 11,5 - 60 - 0,3 = 207 xIla. Koad-
¢unment 0,3 — 3To MMpPHUHA MOJOCHI HATPY3KH,
NPUJIOKCHHOW B TUIOCKOCTH MOJIENHU (TOJIIMHA
105 IeHOCTeKI00eToHa). TakuM oOpas3om, B pac-
YeTe pPacCMOTPEH CIllydyai, Korja BCS Harpyska
OT TICHOCTEKJI00ETOHA BOCIPUHUMACTCS BEPXOM
001enKy TOHHeNbHOU Kamepbl. CyMmmapHas pac-
YeTHas BEPTUKAJbHAS Harpy3ka ONpeelsiach

Puc. 4. PacueTHas cxema o Metony
MertporumnpoTpaHca
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C y4eToM cOOCTBEHHOTO Beca CBOJA apKH U CO-
craBuna 231,5 klla.

B pesynbrare pacuera ObUIH ONpeeTICHBI YCH-
JHS B CEUEHUSX KOHCTPYKIMU: U3TUOAIOIINE MO-
MeHTBI M 1 HopMasibHbIe cuiibl N (puc. 5).

OKCHEHTPHUCUTET TPWIOKEHUS HOPMAIBLHOM
CHJIBI B YETBEPTH CBOJIA apKH (B MeCTe HauOOIIb-
IIEr0 3HAUYEHHS U3rHOAIOIIETO MOMEHTA):

eo=M/N=336,4/977,1=0,34<0,5 h.

[TockonbKy 3HaU€HHE IKCLIEHTPUCUTETA MEHD-
1€ TOJOBUHBI BBICOTHI PACUETHOTO CEUEHMS,
paBHOrO /4 = 1,4 M, TO IPOYHOCTH BHEIIEHTPEHHO
CKaToro OETOHHOIO 3JIEMEHTa IPOBEPSAETCS U3
YCIIOBUSL:

N<m -y, R, -b-(h-2e), (2)

7€ 711, — MOMPABOYHBIN KO3 (DULIUEHT, yIUTHIBA-
IOIIMN HETOYHOCTh B HA3HAYEHUU PACUETHOM
cxembl, paBHbIi 0,9;
Yp2 — KO3(hPUIMEHT yCToBHsA pabOThI, y4u-
THIBAIOIIUI JUIUTENBHOE JIEUCTBHE HATrPy3KH,
paBHbiii 0,9;
R, — pacueTHO€ compoTHBJICHNE OETOHA CKa-
tuto, MIla, paBnoe 14500 kl1a;

b n h — mupyuHa ¥ BbICOTA PACUETHOIO ceye-
HMA, B HameM ciydae 1 M u 1,4 M coorBer-
CTBEHHO.

Torna

N=977,1 kH<0,9-0,9 - 14500 - 1 x
x (1,4 —2-0,34) = 8355,8 kH.

YcnoBue MpOYHOCTH BBITTOIHEHO ¢ KO PHIIHU-
EHTOM 3araca 8,0.

3D-mo0ens

W3 ombiTa MpOEKTHPOBAHKS TPAHUIIBI MOJEITH
TPUHSTH] HA PACCTOSHUHU JIBYX IPOJIETOB IIUTOBON
KaMephl OT Kpasi KOHCTPYKIIUH TI0 IIUPHHE MOJIEITA
¥ OHOTO mposieTa mo miyomHe. Takum oOpasom,
pa3Mepsl Mozienu cocTaBrii ~ 50 % 50 x 30 m. Y3en
COTIPSKEHUS KOHCTPYKIIMI 1OKa3aH Ha puc. 6.

B pacuere, Tak xe kak u B 2D-mocTaHoBKe, pac-
CMaTpUBAJICS CIy4Yail TOJHON Mepeiadn Harpy3Ku
OT CJIOs TIEHOCTEKIO0ETOHa HAa BEPXHIOK 4YacTh
TOHHEJBbHOM Kamepsbl, To ecTh 11,5 - 60 = 690 xI1a.
Tot ke mpuHIKIT OBLT PACCMOTPEH ¥ B OTHOIIICHHU
Harpy3Kd Ha CBOJI IATOBOW KaMepBI: TIOJTHAs TIepe-
Jlada Harpy3KH OT Beca TIOOMHTOB IIAXThI 0€3 yde-
Ta YaCTUYHOM Mepeiady Harpy3Ku Ha TPYHT depe3

a

0

Puc. 5. Drropel BHYTpEHHHUX YCHUITAIN: ¢ — W3THOAIOIINX MOMEHTOB (MaKCUMaJIbHBII MOMEHT B UETBEPTH
cBozia 336,4 kHm); 6 — HopMaJIbHBIX CHJT (MaKCHMaJIbHast HOpMaslbHas cuiia B ueTBepTH cBoma 977,1 kH)
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OTOpHBIE Oarmaky, To ecthb 24,5 - 50 = 1225 klla.
Taxoke k BepxHeil rpaHu 00/JIeIKM TOHHENBHOM Ka-
Mepbl OblTa MPUIIOKEHAa Harpy3ka OT OETOHHOIO
3aMOJHEHHUS C3aU CJIOSl TIEHOCTEKII00eTOHa, TIpH-
HaTas paBHoi 150 xIla. OGmmas cxema mpusoxe-
HUSl Harpy3ku Ha OOZIENIKY TOHHEIBbHOW Kamepsbl
TNI0Ka3aHa Ha puc. 7.

ITo pe3yabraram pacuyera ObLIN HOTyYEHBI H30-
HOJs HampshkeHUH B o0Jenkax Mo IoOaabHOM
ocH Z (MakcuMallbHble BEPTUKAJIBHBIC COCTABIIS-
IOIMEe CKUMAIOLIMX M PACTATHBAIOIIMX HAIps-
keHuil). MakcuManbHble HaNpsKeHUsI B 00/IenKe
IIMTOBO KaMepBbI Ha TPETHEM JTarle pacyeTa cocTa-
B 13,79 Mlla, a Ha yerBeprom — 13,83 Ml]a,
TO €CTh YBEIWYMIIUCh HecyllecTBeHHO, Ha 0,3 %,
(puc. 8), ¥ MpU 3TOM HE MPEBBICHIN IPEIEIBHO
JIOMYCTUMBIX 3HaueHWi, paBHbIX 14,5 MIla (ko-
s¢dunment 3anaca 1,05). Cneqyer oTMETUTB, YTO
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Puc. 6. MonennpoBaHue yyacTka CONpsKEHUs
IIaXThl CO MIUTOBON KaMepoi (TPyHTOBBII
MacCHB U NEPEAHss CTEHA LIIUTOBOI KaMephbl
HE TIOKa3aHbl): | — y9acTOK BEeHTHJIAIIMOHHON
IAXThl, 2 — IIUTOBAsI KaMepa,

3 — ToHHeNbHAs Kamepa

3TH HaNpsDKEHUsl 3a(UKCUPOBAHbl B MECTaX KOH-
LIEHTpaLX HAPsDKEHNH — B IpoeMe NeperoHHo-
IO TOHHEJIS], a CKUMAIOIIME HANPSKEHUS. B CBOJIE
KaMepsbl He rpeBbliaroT 3HadeHust 8,7 MlIla (koag-
¢uient 3anaca 1,7).

MakcumanbHble C)KUMAIOLINE U PaCTATUBAIO-
11[1i€ HAIPSDKEHUs B 00/1e/TKe TOHHEIbHON KaMephbl
Ha TPEThEM U YETBEPTOM 3TaIle pacyera MOMEHs-
JM MecTa CBOMX KOHLeHTpamui (puc. 9). Mak-
CUMaJIbHBIE CXKMMAIOIIME HANpsHKEHHUS Ha Tpe-
TheM 3Tane pacuera cocraBmwiu 0,39 Mlla, a Ha
yerBeproM — 0,57 MIla mpu pacueTHOM compo-
TUBJIEHUH OeToHa Ha cxkarue 14,5 MIla (koaddu-
ILIMEHT 3araca 25); pacTAruBaolIue HanpsKeHUs
Ha TpeTbeM 3tane — 0,04 MIla, Ha yueTBepTomM —
0,10 MIla nmpu pacueTHOM COMPOTUBIECHHU Oe-
ToHa Ha pactspkenue 1,05 Mlla (koadduiment
3amaca 10,5). To ecTh Kak M0 CKUMAFOIIUM, TaK
Y 110 PacTATUBAIOLIMM HANpPSHKEHUAM B 00JesKe
IIyTEBOW KaMepbl MMEETCS CYLIECTBEHHBIN 3amac
10 IPOYHOCTH.

O0cyxxnenne / AHaIN3 pe3ybTaTOB

Meton Metporumnporpanca U MeToJ] KOHeu-
HBIX 2JIEMEHTOB CJIOXHO COMOCTABUTh MEXIY CO-
00ii, ecii paccMaTpUBACTCS KaKas-TO MACCUBHAS

Harpysaka ot 6eToHHOro 3aronHenns |

Puc. 7. Ilpunoxenue Harpy3ku
OT MEHOCTEKIIO0ETOHHOH pyOaIiKi Ha BEpX
TOHHEJIBHON KaMephbl
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Puc. 8. M3omons HanpsokeHNH B 00/1€IKe ITUTOBOW KaMephl 1Mo TTo0aibHOH ocn Z

Ha TPETHEM M YETBEPTOM JTAIaxX pacuera

Puc. 9. M3omons HanpspkeHuid B 00/1e/Ike TOHHEJIbHON KaMephl 10 I00albHOH ocu Z

Ha TPETHEM U UCTBCPTOM dTarlax pacyeTa

KOHCTpYyKUus. Eciu Takas KOHCTPYKIHS HUMEET
CIIO)KHOE OYepTaHUE B MPOCTPAHCTBE, a Harpy3Ka
MPWIOKEHA K HEH TaKKe MO CIOKHOM TPaeKTo-
pHH, TO CBECTH €€ PACUETHYIO CXeMYy K IIOCKOH
3aj1aue CTAaHOBUTCS 3aTPYAHUTEIbHBIM.

Tem He MeHee B pacCCMOTPEHHOM Cllydae Mpo-
CTPAHCTBEHHAS! KOHCTPYKIMS TOHHEIbHOM Kame-
PBI C MAacCHBHBIM CBOJOM, CTEHAMH M JIOTKOBOM
IUTMTON B TIEPBOM MPUOMIKEHUH ObLIa CBEleHA
K apke. A Harpyska, MpUXOAAIIas Ha BEPXHIOI
4acTh KaMephbl 10 KPYroBOW TpaeKkTopuu, Oblia
NPE/ICTaBIEHA MIOJIOCOBOW HArpy3KOH.

PesynbTarsl pacyeTa 1o JByM pasHbIM METOH-
KaM MOJKHO CPaBHUTh KOCBEHHO — uepe3 Koddhu-
IIUEHTBI 3ar1aca o HecyIen cnocodHoctu. M B 3Tom
CcIy4yae pe3yNbTaThl OKa3bIBAIOTCS BechMa OM3KH-
Mmu: 8,6 mo meromy Merporunporpanca u 10,5 no
METO/y KOHEUHBIX 3JIeMeHTOB. Pa3zHuna cocrapnser
22%, 4T0 CBUAETENBCTBYET 00 YHAOBIETBOPHUTENb-
HOM CXOZIMMOCTH METOJIOB pacyeTa.

HeoOxoquMo OTMETHTH, YTO B MHPOBOM
U OTEYECTBEHHOM NpaKTUKE OTCYTCTBYET YHH-
¢bunupoBaHHas IIKana OLEHKH CXOAMMOCTH HH-
’KEHEPHBIX pacyeToB. VIMeroTcs JUIb JaHHBIE
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o0 pacxoxaenusx 2D/3D-monenupoBaHus TOHHE-
aeii [11-14], nocturaromux 50 %. IlomydeHHbie
B HCCJICJIOBAaHUM PACXOXKICHUS TMOATBEPIKIAIOT
1eNneco00pa3sHOCTh  Pa3pabOTKU  MPAKTHUECKOM
IIKaJIbl BepH(DUKAIHH:

* 0-10% — BBICOKAs HAIE)KHOCTB;

* 10-25% — ymepeHHas: HaJIEKHOCTB;

e 25-50% — HH3Kas HaIE)KHOCTD.

Hcxonss w3 MpemIoKEHHOW IKaJbl OICHKU
U TIONYYEHHbIX 3HaueHuH KoddduiumeHra 3ama-
ca, MOJYYECHHBIE PEe3ylbTaThl MOXHO TMPH3HATDH
HAJICKHBIMU ISl MTPAKTUYECKOTO HMHKEHEPHOTO
aHaJIM3a TOHHETBbHBIX KOHCTPYKIUH TpH Beprdu-
Kaluy MporpaMMHOT0 00eCIeYeHHS.

3akiroueHue

1. B pe3ynbrare UCCIENOBaHMs CTaTHYECKas
paboTa TPOCTPAaHCTBEHHOW KOHCTPYKIIMH TOH-
HEJbHOW KaMmephl ObLia cBesleHa K paboTe IIo-
CKOM apku. Pe3ynbraTomM Takoro mpeacTaBiICHHs
SBUJIaCh CTep’kHeBass 2D-monenb, B KOTOpO
OBLTH OTIpe/IeIICHBI BHYTPEHHUE YCHITUS TI0 METO-
1oy MeTporunpoTpaHca ¥ BBIITOJIHEH PacueTr JJist
HanboJee OacHOro CEeYEHHUs.

2. Tlpu pacuere 3D-Momeny METOMOM KOHEY-
HBIX 3JIEMEHTOB OBLIO 3a()MKCHPOBAHO TEpepac-
NpEJe/ICHUEe HAYaJbHBIX HANpsHKEHWH B TOH-
HeJlbHOM Kamepe. KocBeHHOe comocTaBlieHUE
pE3yJBTaTOB pacyera JIByX METOIOB MO Kod(du-
[MEHTaM 3amaca 1oKa3ajl UX YIOBJIETBOPHUTEINb-
HYIO CXOIUMOCTb.

B 1enom ycTanoBieHo, 4To 00/1es1Ka TOHHENb-
HOIl Kamepbl BOCIPUHHUMAET JOMOJHHUTEIBHYIO
Harpy3Ky OT OeTOHMpOBaHUS O0OMMBI B IIaxTe
c OONBLIMM 3amacoM, Jake C YY4ETOM MOJIHOTO
Beca TEHOCTeKI00eToHa (0e3 ydera TpeHHs IO
00/1eIKe IaXThI).
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Abstract

Objective: to evaluate changes in the stress-strain state of the chamber tunnel lining located under
the ventilation shaft and experiencing the pressure of foam-reinforced concrete, a layer of structural
reinforcement and insulation of the shaft. Methods: the study was performed in two- and three-
dimensional formulations using different methods — the Hyperstatic Reaction Method (HRM) and
the finite element method. The calculation results were compared with each other through the
corresponding coefficients of the bearing capacity of the tunnel chamber lining. As a result of
the study, satisfactory convergence of calculation methods with each other was found. Practical
significance: the results of the study can be used to calculate complex spatial structures, the work
of which can be reduced to arches.

Keywords: tunnel, lining, mathematical modeling, finite element method, hyperstatic reaction method
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YK 624.21.055:693.5

AHanus coBpeMeHHON HOPMaTUBHOM 6a3bl MO NPOEKTUPOBAHUIO
)Kene306eTOHHbIX MOCTOB C y4eTOM BO34eACTBUSA
OKpY)Kalolen cpeabl

C.C. CanuxanoB’, 3.C. KapaneTtosn?

' TamkeHTCKMI rocyjapcTBEHHbIN TPAaHCIIOPTHBIN yHUBEpcuTeT, Pecnybnuka Y36ekucran, 100167, Tam-
KeHT, yi. Temupitymuunap, 1

2[NeTepOyprekuii rOCYAapCTBEHHBIN YHUBEPCHUTET IyTel coobimenus MMneparopa Anexcanapa I, Poceus,
190031, Canxkr-IlerepOypr, MockoBckuii mp., 9

Has uutupoBanus: Caruxarnog C.C., Kapanemog J.C. AHanmn3 COBpEeMEHHON HOPMAaTHBHOW 0a3bl IO
MPOEKTHPOBAHHUIO JKeJIe300€TOHHBIX MOCTOB € YYE€TOM BO3/ICHCTBHS OKpYysKatoiiel cpensl // U3sectus Ile-
tepOyprckoro yauBepcuteta myTteit coodmenus. CII6.: TIIVIIC, 2026. T. 23, Bem. 2. C. 473-482. DOI:
10.20295/1815-588X-2026-2-473-482

AHHOTAIUSA

Iesb: BBIMOMTHUTH pacIIMPEHHBIN CPaBHUTEIBHBIN aHaJIU3 COBPEMEHHON HOPMATHBHOM 0a3bl MPOEKTHPO-
BaHUS JKeJIe300€TOHHBIX MOCTOB C YYETOM BO3ACHCTBUSI OKpY>KaloILeH cperbl, BKitodas crannaptel EN 206
u Eurocode 2, AASHTO LRFD, nannonansubie HopMbl Poccun 1 Y30ekucraHa, a Takke HOpMaTuBHBIE
JIOKYMEHTHI CTpaH A3uarcko-TuxookeaHckoro peruona (Snonus, Kurait, Unnus, Asctpanus, Hosas 3e-
nangust). OnpeaenuTs 0COOCHHOCTH METOIOIOTHYECKUX TOIXO0J0B K 00ECIeYCHUIO TOITOBEYHOCTH MO-
CTOBBIX COOPY>KEHHI U BBIIBUTH HAIIPaBJIEHUS COBEPIICHCTBOBAHMS HOPMATUBHBIX TpeOOBaHUI B ycio-
BHSIX ITepexo/ia K MPOEKTHPOBAHUIO TI0 CPOKY CITYKOBI M yIIPABJIEHUIO )KU3HEHHBIM [TUKIOM KOHCTPYKIIMH.
MeToabI: IPOBE/IEH CPAaBHUTEIBHBIN aHAIN3 MEXTyHAPOIHBIX M HAI[MOHATBHBIX HOPMAaTUBHBIX JOKYMEH-
TOB II0 KPUTEPHSM yueTa BO3ACHCTBHS OKPYXKAIOLIEH Cpeibl, HA3HAYCHHUs, TIPOCKTHOTO CPOKa CITYKOBI,
NPUMEHEHUS] MOJIeNIeH erpajalnu, BEpOsITHOCTHOW OLIEHKH HAJEKHOCTH W MHTerpauuu Metonos Life-
Cycle Cost (LCC) u Life-Cycle Assessment (LCA). BeinonHeH ccTeMHBIH aHalTN3 HOPMAaTHBHBIX TTOJIX0-
noB ctpad EBpornbl, CeBepHOil AMepHKU U A3HaTCKO-TUXOOKEAaHCKOTO PErHOHA C MO3UIIMHA YCTOMUYHNBOTO
MpOEKTUpOBaHMs. Pe3yabTaThl: yCTaHOBIEHO, YTO MEKIYHAPOIHbIE HOPMAaTUBHBIE CHCTEMBI MpelycMa-
TPHUBAIOT KOJMUYECTBEHHOE MPOEKTUPOBAHNE JIOJITOBEUHOCTH C UCIIOJIB30BaHMEM MaTeMaTHYecKUuX Moje-
el KapOOHHU3ALMH U XJIOPUAHOU T Py3UH, BEpPOSITHOCTHBIX METOIOB OIICHKH HAJICKHOCTH M IU(PPOBBIX
TEXHOJIOTUH yNpaBJIeHUs KU3HEHHBIM LIUKJIOM MOCTOB. HopmaruBHbIe noKyMeHTHl ctpan ATP nemon-
CTPUPYIOT akTUBHBIN niepexon k Performance-Based Design u uHTErpanum sKoJIOrHueckux mokazarenei
B POEKTHBIE IIpoIielyphl. BrisiBneno, uro aeiicteyromue nHopmarusbl CI135.13330.2011 u IITHK 2.05.03-
22 obecrieunBar0T HOPMATUBHYIO JIONTOBEYHOCTh KOHCTPYKIHIA, OTHAKO HE copepikar (hopMaarn30BaHHbBIX
MojeJiell IPOTHO3UPOBAHUS pecypca M KOIMYECTBEHHOHN OlleHKH dKonorndeckoi adpdexruBroctr. O60-
CHOBAHBI HaIPAaBJIECHUs COBEPIIEHCTBOBAHUS OTEYECTBEHHON HOPMATHBHOM 0a3bl HA OCHOBE NMPHUHIIMIIOB
Service Life Design u Life-Cycle Design. [lpakTu4ueckasi 3HAYMMOCTB: [TOJYYCHHBIC PE3YJIbTaThl MOTYT
OBITH MCIIOJIb30BaHBI MPH AKTyaJN3alMl HAlMOHAJIBHBIX HOPMAaTHBHBIX JOKYMEHTOB, pa3paboTKe MeTo-
JIUK pacyeTa JIOJTOBEYHOCTH KeJIe300€TOHHBIX MOCTOB U BHEAPEHUH YCTONUYMBBIX MPOEKTHBIX PEIICHUH.
[IpenmnoskeHHbIE TTOAXO/IbI CITOCOOCTBYIOT MOBBIIIEHUIO TOCTOBEPHOCTH MPOTHO3a pecypca, ONTUMHU3ALNU
3aTpar )KU3HEHHOTO ITUKJIAa U CHIKEHHUIO SKOJIOTHYECKOTO BO3IEMCTBHS MOCTOBBIX COOPYKEHUH.

KnarwueBbie ciioBa: xene300eTOHHBIE MOCTBI, HOPMAaTHBHASL 0a3a, JOJTOBEYHOCTh, IPOCKTUPOBAHUE TI0
cpoky ciyx0n1, Service Life Design, Life-Cycle Design, kapOoHU3aIus, XJIOpHUIHAS KOPPO3US, OCTATOU-
HBIN pecypc, akonorudeckas dddexruaocts, AASHTO, EN 206, JSCE, GB 50010, AS 5100, ycToiiuu-
BOE MIPOCKTHPOBAHHE
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CoBpeMeHHOE pa3BUTHE TPAHCHOPTHOW WH-
(dpacTpykTyphl TpeOyeT nmepexoja oT TpaIuluoH-
HOTO pacyeTa MOCTOB 10 KPUTEPHSM MPOYHOCTH
U YCTOWYMBOCTH K METOJOJIOTHU TPOEKTHPOBA-
HHS, B KOTOPOW JIOJTOBEYHOCTH, HAJICIKHOCTD,
aKoNoruyeckast dPQPEKTUBHOCTh M KU3HEHHBIN
UK COOPYKEHHUSI PACCMaTPUBAIOTCS KaK B3au-
MOCBSI3aHHbIE TTAPAMETPbI €IUHOW HHKECHEPHON
cucremsl [ 1-5].

B ycnoBusx wu3MeHeHHMs KIMMara, pocTa
TPAHCIIOPTHBIX HATPY30K M YXKECTOYCHUs Tpebo-
BAHUIl yCTONYMBOTO Pa3BUTHUSI BO3pacTaeT HEoO-
XOAUMOCTh KOMMYECTBEHHOTO Y4eTa Jerpasalii-
OHHBIX TIPOIIECCOB OETOHA U apMaTyphl, a TAKKe
UHTETPAIMU YKOJOTUYECKUX MOKa3aTeNei B mpo-
Heypy NpoeKTUpoBanus [6—7].

[lenbi0 HACTOSIIETO MCCIETOBAHMS SBISIOTCS
CPaBHUTENBHBI aHAJIN3 COBPEMEHHOW HOpMa-
THUBHOW 0a3bl Pa3IMYHBIX CTPAH IO TPOSKTUPO-
BAHUIO XKEJIE300€TOHHBIX MOCTOB C YYETOM BO3-
JNEHCTBUA OKpPYKAIOUIeW Cpeapl U BBISBICHHE
METO/IOJIOTUYECKUX  HAlpaBICHUH COBEpILICH-
CTBOBAaHMS OTEUECTBEHHBIX HOPMATUBHBIX [I0-
KyMEHTOB B KOHTEKcTe mepexona Kk Service Life
Design (mpoekTipoBanue cpoka ciyx0bl) u Life-
Cycle Design (mpoeKTHpOBaHUE KU3HEHHOTO
ITMKJIA).

OcHoBHasl YacTh

[lpu paccMOTpeHHH SBOJIONUU HOPMATHB-
HBIX MOIXOJI0B B UCTOPUUYECKOM pa3pese HabIIo-
JaeTCsl, YTO HOPMBI MPOCKTHPOBAHHS MOCTOB
(GopMHUpPOBATKCH KaK JETCPMHUHUPOBAHHBIC CH-
CTE€Mbl, OPUEHTUPOBAHHbIE Ha OOecreyeHue 3a-
naca npoyHoctd. OHAKO B MOCJIEIHUE JECITU-
JIeTUS B Pa3BUTHIX CTPaHAX MPOUCXOTUT MEPEXO]]
k Performance-Based Design (n1u3aiin Ha 0CHO-
BE MPOM3BOAUTENHHOCTH), TJI€ JOJTOBEYHOCTh
paccMaTpuBaeTcs Kak MPOEKTHPYEeMbli TMapa-
metp [1-4].

[Tpu 5TOM OCHOBHBIMU TEHACHIUSIMHU SBISIOT-
Csl Ha3HAUYEHHE TPOEKTHOTO cpoka ciykObl (50—
120 net) [1-3], ucnons3oBaHue MoOJETeH JIerpa-
naiu (kapOoHM3aus, XJIOpUaHas kopposusi) [9,
34, 39], BepoATHOCTHAs OLIEHKA HA/IEKHOCTHU [4,
37], uaterpanus LCC (Life Cycle Cost — cro-
umocTh xu3HenHoro mukna) u LCA (Life Cycle
Assessment — oIleHKa JKU3HEHHOTO IIMKIa) [0,
7, 12], a Taxxke nu@poBU3aLUs TPOCKTUPOBAHUS
u ynpasienusi Moctamu [8]. IIpoBeneM cpaBHuU-
TENbHBI aHAJIM3 COBPEMEHHOW HOPMAaTHUBHOM
0a3pl Pa3NMYHBIX CTPaH MO HPOEKTHPOBAHUIO
’KeJne300eTOHHBIX MOCTOB C Y4€TOM BO3JCHUCTBUS
OKpY’Karomlen cpebl.

IIpn ananuse EBpomeiickoil HOpMaTHBHOI
cucteMbl EN 206 u Eurocode 2 BugHo, 4to
Crangapt EN 206:2023 u Eurocode 2 ycranas-
JMBAIOT cucteMy KiaccoB BozaeicTust (XC, XD,
XS, XF, XA, XM) u cBA3BIBAIOT UX C TapaMeTpa-
MU cocTaBa O€TOHA M 3alIUTHOTO cjos [ 1, 2].

OcobenHocTamMu EBponeiickoil cuctemsl siB-
JISTFOTCS CIIEMYIONTNE TCHICHITUH

* konmuecTBeHHas cBsi3b W/C (BomomeMeHT-
HOE OTHOIIIEHHE) U JOITOBEYHOCTH;

* mpoekTupoBanue Ha cpok 50, 75, 100 ner;

* BO3MOXXHOCTb IPUMEHEHUs AU Py3HOHHBIX
MOJIETICH;

* UHTETpAIlMd 3THX HOPMATUBHBIX CHUCTEM
¢ ISO 15686 (Service Life Planning).

Kpowme storo, EBporeiickas cuctema hopmupy-
€T MOJICJIbHBIN TIOIXO0 K JOJITOBeYHOCTH [9, 40].

AMepHKAaHCKAasi HOPMATHBHAS
AASHTO LRFD wucnons3yer BepOSTHOCTHYIO
MOJIETTh MPEETBHBIX COCTOSHMI BO Bpemenu [10].

KnroueBbIMM  TIOJIOKEHUSMH ~ aMEPHUKAHCKOU
CHUCTEMBI SIBJISIFOTCSL:

* MPUMEHEHHE KaTMOPOBaHHBIX KO3IDDuUIM-
€HTOB Ha/Ie)KHOCTH;

CucremMa

* yd4eT KOPPO3UH apMaTyphbl;
+ Life-Cycle Cost Analysis (aHanu3 ctoumo-
CTH ’KU3HEHHOTO IUKIIA);
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* ynpasieHue Moctamu yepe3 DOT u FHWA'

AMepUKaHCKUil MOAX0J] OCHOBAaH HA MPHUHIIU-
nax CTPYKTYPHOW HaJIe)KHOCTH [4] 1 aKTUBHO HC-
none3yet Life-Cycle Cost Analysis [12].

[lpn 3TOM cHUCTEMBI MOHHMTOPUHTa MOCTOB
DOT u FHWA obecnieunBaroT HHTETPAIMIO pac-
YeTHBIX MOJieNel 1 sKcruryarauu [11].

[Ipn aHanu3e HOpPMAaTHBOB CTpaH A3HAaTCKO-
TuxookeaHCKOro peruoHa Mo MPOEKTHPOBAHUIO
KeJe300eTOHHBIX MOCTOB C YUYETOM BO3JCUCTBUS
OKpY’Karollel cpesibl BUIUM, UYTO STOHCKUE HOP-
mbl JSCE Standard Specifications for Concrete
Structures opuenTupoBansl Ha Performance-
Based Design [13, 14].

Oco6ennoctsimu smoHckux HopM JSCE siBns-
I0TCA:

* UHTErpalys J0ITOBEYHOCTH U CEHCMOCTOM-
KOCTH;

* IPOTHO3 KapOOHU3AIUH U XJIOPUAHON AUD-
dy3un;

* o0s3aTenbHas CTpaTerusi MHCIEeKIni;

* cpok ciyx0b1 100 et u Gonee.

Kuraiickas HopmatuBHas cuctema (GB 50010,
GB/T 50476) [15-17] npenycMarpuBaet:

* HazHaueHue cpoka cimyx0b1 50-100 ner;

* PErHOHANBHYIO KalnuOpOBKY KO3(QuIreH-
TOB JIeTpajialu;

* MOJIETMPOBAHKUE MPOHUKHOBEHHS XJIOPU/IOB;

* akTuBHOE BHeApeHue BIM.

Wumniickuii crangapt (IRC 112) yuwuteiBaer
TPONMYECKUIA KIIMMaT U MPUOPEKHBIE 30HBI [18,
19]. Ucxons u3 3TOTO, K %KEI€300€TOHHBIM MOCTO-
BBIM COOPYKEHUSM MPEAbSBISIOTCS yCUICHHBIE
TpeOoBaHMs K 3alIUTHOMY CIJIO0; 00s3aTeTbHBIN
y4yeT XJIOPUIHOW arpeccuu; a TakkKe aJanTarus
K BBICOKHM TeMIIepaTypam.

'DOT — Department of Transport, MHUHHCTEPCTBO
Tpancnopra CHIA; FHWA — Federal Highway Adminis-
tration, PenepanpHOe YIMpaBIeHHE aBTOMOOWIBHBIX JIOPOT,
noapasneneHne Munucrepcrsa Tpancnopra CILIA B obmactu
YIpaBJIeHUS U pa3BUTHS (eepaibHBIX aBTOMOOHIIBHBIX JOPOT
¥ MOCTOB.

Ascrpanuiickue HopMbl (AS 5100) npenycma-
TPUBAIOT CIEAyIoNe TpeboBaHUs K xkKene300e-
TOHHBIM MOCTOBBIM COOPYKEHHSM:

* MPOEKTHBIH cpok cimyxObl 100 ner [20,21];

* aHaJM3 JIOJITOBEYHOCTU KaK 00s3aTeNbHbIN
JTam;

* CBS3b C YCTOWYMBBIM PA3BUTHEM;

* y4eT HKCTPEeMaJbHBIX KIMMATHYECKUX BO3-
EHUCTBUN.

Hopmarue Hoso#t 3enanaun (NZTA Bridge
Manual) [22,23] opueHTHPOBaH Ha MPOTHO3 OCTa-
TOYHOTO pecypca, MHTETPaluio MOHUTOPUHTA, CO-
YeTaHue J0JITOBEYHOCTH U CEHCMOCTOMKOCTH.

Poccuiickas u y30ekucTaHcKas HOpMaTHBHbBIE
6a3p1 CIT 35.13330.2011 u IITHK 2.05.03-22 obe-
CIIEUMBAIOT HOPMATHBHYIO JIOJITOBEYHOCTH KOH-
crpykuuii [24, 29], onHako He comepkar Gpopma-
JIM30BaHHBIX MOJIENEH JeTpaialiu.

B pa6orax 3. C. Kapanerosa [30, 31] noka3a-
Ha BO3MOXKHOCTb ITPOTHO3UPOBAHUS CPOKA CITYXK-
OBl ’keNIe300€TOHHBIX MOCTOB Ha OCHOBE MOJIENei
KapOOHU3AIMHU 3aLIUTHOTO CIIOSL.

B uccnenosanusx C. C. Canuxanoa pa3pado-
TaHbl PACUETHBIC MOJIETH B3aUMOJICHCTBUS JKelle-
300€TOHHBIX MOCTOBBIX KOHCTPYKIIUH C OKpyXkKa-
fol1ei cpenoit [32] v BBITIONHEH aHAJINU3 BIUSHUS
KJIMMaTHYeckuxX (pakTopoB Ha UX padoty [33], uto
MOATBEPKAAET HEOOXOJMMOCTh HOPMAaTUBHOTO
3aKpEeIUICHUS] KOJIMUYECTBEHHOTO pacyera JoJro-
BEYHOCTH.

CpaBHUTe/IbHBIN AHATH3 HOPMATHBHBIX
CHUCTeM

AHanu3 noay4eHHbIX JaHHBIX B Ta0m. 1 u 2 ze-
moHctpupyet, uto EC, CIIIA u ctpansl ATP uc-
HOJIB3YIOT Mozenu aerpagauuu [1, 10, 15], BHe-
apstor LCC u LCA [6, 12]; unrerpupyror BIM
U 1 (poBbIe TEXHOIOTHH [8].

ITpu 3TOM BUAMM, YTO HAL[MOHAJIBHBIE HOPMa-
TuBbl cTpad CHI' coxpaHsroT nperuMyIiecTBEHHO
J€TEpPMUHUPOBAHHBIN XapakTep.

ISSN 1815-588X. N3BecTtuma MNIrync
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TABJIMIIA 1. CpaBHUTeIbHAA XapaKTepPUCTIKa HOPMATUBHBIX CHICTEM IPOEKTUPOBAHMUS >KeNne300e TOHHbIX

MOCTOBBIX COOPY)KCHI/Iﬁ Cy4eToOM BOSI[CiICTBI/Iﬂ Oprmammeﬁ cpenbl

IToka3arenn EN 206 / Eurocode AASHTO LRFD CII 35.13330.2011 HIHK 2.05.03-22
JlerepMUHHUPOBaHHBIN
Service Life Design, . TOJIXOJ] HA OCHOBE KoapdurmenTsr
TToaxon BepostHocTHBIH TOIXON, .
NPOEKTHPOBAHUE . . K03((PUIMEHTOB HA/ISKHO- | YCIIOBHH AKCILTyaTaluu
K JIOJITOBEYHOCTH Life-Cycle Design N N
0 CPOKY CITyXkOBbI CTH ¥ TpebOoBaHMi 1 KaTeropui cpezpl
JIOJITOBEYHOCTH
. . Kareropun xoppo3su- Vyer KIMMaTHYeCKuX pail- | ArpeccHBHbBIEC 30HBI
Yaer sosaeit- Kuacest Bosaercraus OHHOI{ arpeccuBHOCTH OHOB, arPECCUBHBIX CPE no CHulI 2.03.11-85
crBust okpyxato- | (XC, XD, XS, XF, XA, p »arp . pel, T
. 1 9KCIUTYaTal[MOHHBIX TpeOOBaHMH K 3aIUTHOMY | M KaTerOpUsIM
IIei cpejibl XM) M
YCIIOBHIA CIIOK0 ¥ MapkaM OeToHa 9KCILTyaTaIiu
Maremaruueckue
[IpsiMble Monenu nerpana-
Juddysnonnbie MOJIEIIH JIeTpajialiiu
BepOﬂTHOCTHbIC MOJCIN | UK HE PCTIIaMCHTUPOBAHBI,
Mopenu MOJIeNH KapOOHHU3aNH OTCYTCTBYIOT, HCIIOJIb-
YCTaJIOCTH, KOPPO3UH YUHUTHIBAIOTCS KOCBEHHO
Jierpafannm U IPOHUKHOBEHUS 3yI0TCSl HOPMaTHBHbIE
U JIeTpalaliuy 4yepe3 HOPMaTHBHbBIC
XJIOPH/JIOB rapameTpsl JI0JIroBed-
TpeboBaHus
HOCTH
[TpoexTHsIi cpoK 50-100 ner B 3aBUCUMOCTH
P p 50, 75, 100 u 6onee ner |75-120 ner 50-75 ner
CITYKOBI OT KaTeropuy COOPYKeHHs
[Ipenycmorpen (LCA . YacTHYHO yUUTBIBAETCS IPU
VYT KH3HEHHO- | | Pooe oP ( > |IIpexycmotpen (Life- Y P OrpaHuueHHO
LCC, Service Life . BBIOOPE KOHCTPYKTUBHBIX
ro tukna (LCC) . Cycle Cost Analysis) . YUHUTHIBACTCS
Planning) pCLICHHUIT 1 MaTepHaoB
VYuursiBaercs (yriepos- N N
. " VunteiBaetcs mpu BbI0o- | [IpsiMoii aKomornyeckmit
Vuer HbIH cieft, ycToiunBoe
pE MarepHaioB U MPOECKT- | aHAJIN3 HE PerIaMEHTH- He peramentipoBaH
HKOJIOTMYHOCTH | IPOEKTUPOBAHKE, KO- .
HBIX pEIIeHUH poBaH
JIOTHYECKHE KITACCHI)
Haxomurcs na cragun
[Ipenycmotrpena AKTHBHO BHEJpSIET-
BHEPEHHUS, HOPMaTHBHO
BIM-unTterpamnus | n aktuBHO pa3BuBaercs | cs B mpaktike DOT He DeLIAMCHTHOBAHA OT1cyTcTBYeT
(Eurocode, ISO 19650) |u FHWA P P
HanpsMYyIo
TABJINIIA 2. CpaBHeHVe MUPOBBIX HOAXOJO0B K IPOEKTUPOBAHUIO IO CPOKY CITYKObI
Peruon Service Life Design | Monesiu aerpagauuu LCC JKosorus BIM
EC Jla Juddysnonnbie Jla Jla Jlla
CIIA Ha BepostHocTHBIE Ha Yactrnaao Jla
Snonust Ha Ha YactuuHo Ha Ha
Kuraii Ja Ha YactuuHo YactuuHo Ja
ABcTpanus Ja Ja Jla Ja Ja
Poccus YactuuHo Her OrpaHn4yeHHO Her YactuuHo
V30ekucran OrpaHndeHHO Her Her Her Her

2026/2 Proceedings of Petersburg Transport University



O6LLI,ETeXHVI‘-IeCKVIe 3ajayqynm n nyTtm nx peweHuns

477

Ha ocHoBe aHanu3a MMEMOIIUXCS JaHHBIX
JUIsL COBEPILIEHCTBOBAHUS HALIMOHAJIBbHBIX HOP-
maruBoB crpaH CHI' m B memsx ux apamra-
UM K EBPONEHCKHUM, aMEpPUKAHCKHUM, CTpaH
A3narcko-TuxookeaHCKOro peruoHa HOpMaTHB-
HBIM CHCTEMaM MPOEKTUPOBAHUS Kelle300eTOH-
HBIX MOCTOBBIX COOPYKEHUH C YUYETOM BO3JEH-
CTBUS OKpY’KAOLIEH Cpeibl, a TaKkKe M0JX0JaM
K TMPOEKTUPOBAHUIO MO CPOKY CIIYKOBI MOXKHO
NPEUIOKHUTh CIEAYIOLUUE METOAO0JIOrMYEeCKue
HaNpaBJICHUSA:

1. BBenenue 00s3aTeNbHOTO pacueTa JoJro-
BEYHOCTH.

2. Pa3paboTka pernoHanbHO-KaIuOPOBAHHBIX
Mojenelt nerpaaanuu [34-39].

3. Wnterpanus >KOJOIMYECKHX IOKa3aTelneit
(LCA) [6, 7].

4. Buenpenne LCC B HOpPMaTuBHYIO IpPaKTH-
Ky [12].

5. Wurerpanus BIM u nudpoBbIX IBOWHU-
KoB [8].

6. ®opmManuzanys pacuera OCTaTOYHOIO pe-
cypca Ha CTaJuM NPOEKTUPOBAHUS.

VYeToiunBoe MpOEKTUPOBAaHUE MOCTOBBIX CO-
OPY)KEHUI JOIKHO 0a3upoBaThbcsi Ha KOHIIET-
TyaJIbHOW MOJENU MHTErpalyu JOJTOBEYHOCTH,
pecypca u sxonoruu (pucyHok). [Ipu sTom unTe-
rpaliOHHAs Ol[EHKa 00bEeUHSET B cebe MexaHH-
YECKYH HAJEeKHOCTb KOHCTPYKLIMU BO BPEMEHHU
[4]; MmonenupoBaHKe (HU3UKO-XUMUIECKON JIeTpa-
naiuu Marepuainos [34-39]; sKoHOMUYECKYIO -
(EeKTUBHOCTH Ha MPOTSHKEHUH )KU3HEHHOTO ITUKIIA
(LCC) [12]; axonmoruueckue MOKazaTeH, BKIIO-
vas yrnepoansiii cien (LCA) [6].

PucyHok wirocTpupyeTr KOHUENTYalbHYHO
MOJZI€Ib YCTOWYMBOIO MPOEKTUPOBAHUS, B KOTO-
pOil JIONTOBEYHOCTh BBICTYMAET CHUCTEMOOOpa-
3YIOIMM T1apaMETPOM, CBSI3bIBAIOILIUM OLEHKY
HaJIe)KHOCTHU, OCTaTOYHOI'0 pecypca U 3KOJI0rude-
CKOM 3 (EKTUBHOCTH B pPaMKaX IOTHOTO KHU3HEH-
HOT'O LIMKJIA COOPYIKEHHUS.

" KM3HEHHbIA
LMK

Matepuansi,
3awmTa, HOC(t)

YCTOWYUBOE MPOEKTUPOBAHUE

ToccT, FoaP, HagéxHocTb LCA, CO2, sBTopuuHbie MaTepuansi

Pucynok. Unrerpauus «/onroseunocts —
Pecypc — Dxonorus — XKu3HEHHBIN ITUKI

BriBoabI

B crarbe BBHINOIHEH pacIIMPEHHBIH CPABHU-
TEJIbHBIA AHAIM3 COBPEMEHHOM HOPMAaTHBHOU
0a3pl TPOEKTUPOBAHUS KEIE300€TOHHBIX MO-
CTOB C YYE€TOM BO3JICHCTBHS OKPYKAIOLIEH Cpe-
11, BKrodas crangaptel EN 206 u Eurocode 2,
AASHTO LRFD, nammonansasie Hopmbl Poccun
1 Y30ekucraHa, a Takke HOpMaTHUBHBIE IOKyMEH-
Thl CTpaH A3MaTCKO-THXOOKEAHCKOI0 peruoHa
(Anonus, Kurait, Unaus, Asctpanus, Hosas 3e-
TIAH]TAS ).

JlaHHBI aHaIM3 MO3BOJMWJI OINPENEIUTh OCO-
OSHHOCTH METOIOJIOTHYECKUX TOIXOI0B K 00e-
CIIEUEHHIO  JIOJITOBEYHOCTH  KeJI€300€TOHHBIX
MOCTOBBIX COOPY’KEHHI U BBISIBUTH HAIPABICHUS
COBEPIICHCTBOBAHHUSA HOPMATUBHBIX TPeOOBaHUI
B YCIJIOBHSIX IIEPEXO0/a K IPOEKTUPOBAHHUIO 10 CPO-
Ky CIIy>KObI U YNPABJICHUIO KU3HEHHBIM ITHMKIIOM
KOHCTPYKLIHUH.

Taxum 00pazoM, LNk UCCIeJOBaHUSL JOCTUTHY-
Ta, @ BBIBOJIBI MOTYT OBITh CBEIICHBI K CIIC/TYIOIIHM:

1. MexayHapoaHble HOPMAaTHBHBIE CHUCTEMBI
HEPENUIA K MPOEKTUPOBAHUIO II0 CPOKY CIyXK-
Ob1 [1-4].
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2. Crpansl EC, CIHA u ATP ucnomns3yror ko-
JIMYECTBEHHbBIE MOZIENH Aerpananuu [9, 15, 34].

3. CIT 35.13330.2011 mw HIHK 2.05.03-22
obecneynBaroT 6€30MacHOCTh, HO HE hopMau3y-
I0T pacyeT JI0JAroBe4YHOCTH [24, 29].

4. Pabothl
3. C. Kapanerosa u C. C. CanuxaHoBa OATBEPX-

COAaBTOPOB HACTOSILEH CTaTbu

Jal0T BOZMOXKHOCTh MHTETPAllil MOJIeTIel Jierpa-
JIALMM B HOPMATUBHYIO NpakTuky [30-33].

5. IlepcieKTHBON UCCNENOBaHUS  SIBIISIETCS
MHTETPAIHs HAJISKHOCTH, PECypca u IKOJIOTHYe-
cKol 2(h(PEKTHBHOCTHU B paMKaX MOJTHOTO )KU3HEH-
HOT'O IMKJIa MOCTOB.
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Abstract

Objective: to perform an extended comparative analysis of the modern regulatory framework governing the
design of reinforced concrete bridges considering environmental impact, including EN 206 and Eurocode
2, AASHTO LRFD, national standards of Russia and Uzbekistan, as well as regulatory documents of the
Asia-Pacific region (Japan, China, India, Australia, and New Zealand). The study aims to identify the specific
features of methodological approaches to ensuring bridge durability and to determine directions for improving
regulatory requirements under the transition to service life design and life-cycle management of structures.
Methods: a comparative analysis of international and national regulatory documents was conducted based
on criteria including environmental exposure consideration, design service life specification, application
of degradation models, probabilistic reliability assessment, and integration of Life-Cycle Cost (LCC) and
Life-Cycle Assessment (LCA) methods. A systematic analysis of regulatory approaches in Europe, North
America, and the Asia-Pacific region was carried out from the perspective of sustainable design. Results:
it was established that international regulatory systems provide for quantitative durability design using
mathematical models of carbonation and chloride diffusion, probabilistic reliability methods, and digital
technologies for bridge life-cycle management. Regulatory documents of the Asia-Pacific region demonstrate
an active transition toward performance-based design and the integration of environmental indicators into
design procedures. It was found that the current Russian standard SP 35.13330.2011 and the Uzbek standard
SHNK 2.05.03-22 ensure normative durability of structures; however, they do not include formalized service
life prediction models or quantitative environmental performance assessment. Directions for improving
the national regulatory framework are substantiated based on the principles of Service Life Design and
Life-Cycle Design. Practical significance: the obtained results may be applied in updating national
regulatory documents, developing durability assessment methodologies for reinforced concrete bridges, and
implementing sustainable design solutions. The proposed approaches improve the reliability of service life
prediction, optimize life-cycle costs, and reduce the environmental impact of bridge structures.

Keywords: reinforced concrete bridges, regulatory framework, durability, service life design, Service Life
Design, Life-Cycle Design, carbonation, chloride corrosion, residual service life, environmental efficiency,
AASHTO, EN 206, JSCE, GB 50010, AS 5100, sustainable design
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KomnbloTepHas nporpamMmma g onpepaerieHus napamMmeTpoB
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AHHOTAIIUA

B nanHOli cTaTbe IpencTaBICHBI Pe3yJbTaThl Pa3padOTKH KOMIBIOTEPHOW MPOrpaMMBbl, MO3BOJISIONICH
YIPOCTUTH U YCKOPHUTH MIPOIIECC pacdeTa aKyCTHUYECKUX apaMeTPOB YIbTPa3ByKOBOTO KOHTPOJISI CBAPHBIX
COCIAMHEHHH C y4eToM TpeOOBaHMH K KaueCTBY CBApPHBIX ILIBOB B TPAHCIOPTHBIX cucTeMax. Lleab: paz-
paboTKa KOMIIBIOTEPHOH MPOrpaMMBbl ISl aBTOMATH3aLUK PacueTa aKyCTHUECKUX apaMeTpoB YAbTPa3By-
KOBOTO KOHTPOJISI CBAPHBIX COCAMHEHHH, MPUMEHIEMBIX B JKEJIE3HOAOPOKHOM CHCTEME /sl COKpAICHNUs
BPEMEHHBIX 3aTpaT Ae(QEKTOCKONUCTA U UCKIIOYEHUs OIIMOOK NMPU WHTEPIPETalluid HOPMAaTHUBHO-TEXHH-
YecKoi JoKyMeHTauu. MeToabl: mporpaMMa peain3oBana Ha s3bike Python ¢ ncnonb3oBannem 6ubimo-
teku FreeSimpleGUI, uto obecnieunBaer ee cCBOOOAHOE PACIPOCTPAHEHUE U HE3ABUCUMOCTD OT JIMLICH3H-
OHHBIX OTpaHUYEHU. B 0CHOBY mporpaMMHOT0 Kojia MojoKeHbl TpeOOBaHUsI HOPMATHBHBIX IOKYMEHTOB,
perIaMeHTHPYIOLIMX YJIBTPa3BYKOBOM KOHTPOJIb CBAPHBIX IIBOB B TPAHCHOPTHBIX cHcTeMax. MHTepdeiic
OpPraHu30BaH B BUJIE MIECTH pabOuNX BKIAJOK, KaX/1as U3 KOTOPBIX COOTBETCTBYET OTACIBHOMY ATaIly Ha-
CTPOMKH KOHTPOJISI: BHIOOP HOPMAaTHBHOTO JOKYMEHTA, TapaMEeTPOB YIIBTPa3BYKOBOW BOJIHBI, THIIA CBAPHO-
IO COCIMHEHUS, XapaKTEPUCTHK MPeoOpa3oBares, CXeM CKaHUPOBAHUS M HACTPOHKU YyBCTBUTEIHHOCTH.
Pe3ynbTarhl: co3naHa KOMIBIOTEpPHAS IPOTPaMMa, TIO3BOJISIIONIAs B MHTEPAKTHBHOM PEXHUME BBITIOIHATH
pacder mapaMmeTpoB NPO3BYUYMBACMOCTH, ONPEACISITH TPaHMIBI 30H MEPEeMEIeHUsT MpeoOdpazoBaTenei,
paccunTHIBaTh IIAT CKAaHWPOBAHMSI, HACTPAUBATh YYBCTBUTEIBHOCTD, & TAKXKE BBIYUCIATH KOAPPULIUECHT
BBISBISIEMOCTH JIe()eKTa U ero SKBUBAJICHTHYIO IUIoUIaab. [IpeaqycMoTpeHa npoBepka KOPPEKTHOCTH pac-
YEeTOB Ha COOTBETCTBHE YCIOBHUAM JaibHel 30HbL. [IporpamMma conepKuT BCTPOCHHBIE CIPABOYHBIE MaTe-
puainbl U rpadpuueckue cxembl KOHTposs. [lpakTuyeckasi 3HAYMMOCTb: 00bEM IPOTrPaMMbl COCTABIISIET
20 MO, yTO MO3BOJSET JIETKO yCTaHABIUBAThH €€ Ha padoune KOMIBIOTEPHI 0€3 AOMOIHUTEIbHBIX TPeOo-
BaHM K amnmapaTHoMy oOecreueHuro. MIHTYUTHBHO MOHSATHBIM MHTEp(dEHC M aBTOMAaTHU3alUsl PacueToB
COKpAILAIOT BPEeMsl TIOATOTOBKH K KOHTPOJII0, MUHUMHU3HUPYIOT BEPOSITHOCTH OLIMOOK U MOBBIIIAIOT JOCTO-
BEPHOCTD PE3yJIbTaTOB YIBTPA3BYKOBOH Je(EKTOCKOIHNU CBAPHBIX COSINHEHUH.

KuiroueBblie cioBa: yibsTpa3ByKOBOM KOHTPOJIb, CBAPHBIE COCMHEHHUS, aKYCTUUECKHUE [TapaMeTpPbl, HEPaA3-
pYLIAOLINN KOHTPOJIb

Beenenue ne(EeKTOCKOMICTa — YBEIMYMBAECT BPEMEHHBIE

[TpuMenenre HOpMaTUBHO-TEXHUYECKOM IOKY-  3aTpaThl Ha MOMCK CBEAECHUH, COOTBETCTBYIOLINX
meHTanuu (HT/D) no ynsTpa3BykoBOMY KOHTPOJIFO — TEKyIeH CUTyaluu KoHTpois. Ilpu HeoOxomu-
(Y3K) cBapHBIX COEIMHEHHMH B pacle4aTaHHOM MOCTH BBITMOJHEHUS CIOXKHBIX PacueToB, HANpPU-
WIM OTCKaHMPOBAaHHOM BHJE 3aTpyIHSET pabOTy Mep, CBSI3aHHBIX C UyBCTBUTEIBHOCTHIO KOHTPOJIS
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(koaddurmenta BoiBIsIeMOocTH Aedekra K
U DKBUBAJICHTHOH momanu aedexra S,), cyiie-
CTBYET BEPOATHOCTh BO3HUKHOBEHHUS OIIUOKU
B TIONYYEHHBIX pe3yibTatax. s obnerueHus
paboThl 1e(hEeKTOCKOMUCTa MPU HMCHOJIB30BAHUU
HTJI u mnoBbIlIEHUST TOYHOCTH BBITOJIHIAEMBIX
pacuetoB cienyer nepeectu cBeaeHus uz HTL
B (hopmMaT mporpaMMHOTO KOJa, TO €CTh B KOM-
IbIOTEPHYIO IPOrPaMMy.

[lepen ee coznanreM BaXHO MOJHOCTHIO O3HA-
komuthes ¢ cogepkanreM HTJI, Ha ocHoBe koTO-
poii Oynet GpopmupoBaThes Oymylas mporpaMma,
U BBIICIUTH TOIBKO T€ CBEACHHS, KOTOPHIE CO-
OTBETCTBYIOT KOHTPOJIO CBapHBIX COETUHEHUI
B COOTBETCTBYIOIIEH OOMACTH: KEIEe3HOIOPOXK-
HOM, a Takxke B HeTe- ¥ Ta30TPAHCIIOPTHOM CH-
cTemax [1-6].

Onucanune NporpaMMsl

KomnbroTepHas mporpamMma HaricaHa Ha si3bIke
nporpamMmupoBanus Python ¢ moakmouenuem ouo-
muoteku FreeSimpleGUI, kortopas siBisercss Ko-
nueit cymectsytonieit 6udmorexku PySimpleGUI
u olecrieynBaeT CBOOOJHOE paCHpOCTpaHEHHE
pa3paboTaHHOrO MPOTrPaMMHOIO MPOAYKTA U HeE-
3aBUCUMOCTD OT JIMIIEH3MOHHBIX OrpaHuueHuil [6].

[1pu 3amycke KOMIBIOTEPHOU MPOTpPaMMBI He-
00X0MMO BBIOpaTh HYKHBIM HOPMATHBHBIN J0-
KYMEHT, THII CBapHOTO COEIMHEHUs (CTBIKOBOE,
yIIOBOE, HAXJECTOYHOE WM TaBPOBOE), a TaK-
K€ yKa3aTb TOJILUHY CBAPUBAEMBIX AJIEMEHTOB.
Knonka «IIpumeuanne» OTKpbIBa€T CIPaBOYHOE
OKHO, KOTOPO€ MOXET COJepKaTh pacuin(ppoBKy
COKpallleHU# 1 ab0peBUaTyp UIH ABIATHCSA UCTOY-
HUKOM JOTIOJIHUTEIbHOM HH(OopManuu (puc. 1).

KommnbrotrepHas nmporpamma COJAEpKUT ILIECTb
pabounx Bknaok (puc. 2). Bo Bknaake «I[lapamer-
pbl Y3-BOJHBD» HEOOXOAMMO YyKa3aTb 3HAUEHUS
CKOpPOCTEH YIbTPa3BYKOBOM BOJHBI B MarepHa-
ne obwvexra koHTpois (OK), a takxke ckopocTtu
yIbTPa3ByKOBOW BOJHBI B Marepualie MPU3Mbl
nbe30dJeKkTpudeckoro npeobdpasoparens (I1311).
[To xHomke «CrnpaBOYHUK 3HAYEHUH CKOPOCTEH
V3-BOJIHBD) OTKPHIBAETCS JOMOTHUTELHOE OKHO,
colieprKalllee CIpPaBOYHbIE 3HAUYEHMS CKOPOCTEHN
yJIbTpa3ByKa B pa3IMYHbIX MaTepuanax (Ipeumy-
IECTBEHHO B CTAJIAX).

Bo Bkmaake «Ilapamerper CC. Cxema KOH-
TPOJIs» YKa3bIBAIOTCS 3HAUYEHUS, COOTBETCTBYIO-
1Me BEIOpAaHHOMY paHee CBAPHOMY COETUHEHHUIO.
ITo xnomke «Omnpenenenue pazmepa O3 (cBeneHus
u3 HTJ])» oTkpbIBaeTCss OKHO C pa3MepoOM OKOJIO-

MeToza ynbTpa3ByKkOBOro KOHTpPonsa cBapHbIx coeauHeHun (CC) - axo meTop,
[Nepep Hayanom paboTbl BbIGepuUTe HasBaHUEe HOpMaTUBHO-TeXHUYeckoln gokymenTauuu (HTA) u Tun CC

Mocne BbiGopa HaxkmuTe "Hadatb paboty"

Haseanue HT[
P POC3K 001-96

Tun CC
B croikoBoe

TOﬂLuHHa cBapuBaeMblX 3N1EMEHTOB | llpumevanue

20

29

HauaTtb paboty

Puc. 1. CrapToBO€ OKHO KOMITBIOTEPHOMN MPOTPAMMBI
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IIIOBHOW 30HBI WM COOOIIEHHEM 00 OTCYTCTBUU
ceenenuit B HTJI. Tlpu Haxkatun kHomku «Cxema
KOHTPOJISI» 0TOOpaXkaeTcsi cxema KOHTPOJIS, COOT-
BETCTBYIOLIAsl BHIOPAHHBIM MM BBEICHHBIM pa-
HEe ImapameTpaM CBapHOTO COeMHEHHUs (puc. 3).

Bo Bknaake «lIlapametper II911» B BepxHei
YacTH OKHA NpU Haxaruu KHomku «Otobpa-
3uTh» BeIBOgUTCs THM [13I1 u nmyya u3 BeIOpaH-
HOTO paHee HOPMAaTMBHOIO JoKymeHTa. Huke
oCylIecTBIseTCs yAOOHBIM BBIBOA MapaMeTpoB
[13I1, cooTBETCTBYIOLIMIA CBEIEHUSAM U3 BEPXHEN
vyacth okHa. [Ipn Hakarum kHONKU «BpIOop ma-
pametpoB HakiaoHHBIX [IDI1 nns kontposns O3»

OTKPBIBAETCS JIOTIOJIHUTEIILHOE OKHO CO CBeJle-
HUSIMU MapameTpoB HakJIOHHBIX [IDII mis koH-
TPOJISt OKOJIOIIOBHOM 30HBI. [0 KHOTIKE «YCII0BUS
MPO3BYYHMBAEMOCTH» OCYIIECTBISETCS MPOBEPKA
YCJIOBUS MPO3BYYMBAEMOCTH Ul CTHIKOBBIX CO-
€IMHEHUIl — BBIBOJUTCS COOTBETCTBYIOILEE CO-
o0I1IeHHE B IOTIOJTHUTENILHOM OKHE. [Ipu HaxkaTuu
kHonku «llepecuer mpsIMOYrojibHOW Mbe30IUIa-
CTHUHBI B KPYINIyI0» OTKPBIBAETCS JTOTOJHUTEIb-
HO€ OKHO JIJIsl BBOJIA TApaMETPOB JUTMHBI U IIUPU-
HbI IPSAMOYTOJILHOM MbE30ILUIACTUHBI U IEpecyeTa.

B cnyyae pa3Hbix 3HaYCHUH TONIIUH CBapH-
BaGMBIX JIIEMEHTOB HEOOXOIUMO YCTAaHOBHUTH

MNapameTpb! ¥3 Bonkbl | Mapametpbl CC. Cxema koHTponsa | Mapametpei N30 | MapameTpbl ckaHpoBaHnA | HacTpoiika YyBCTBUTENLHOCTH | [IONONHUTENbHO

Beega; ans wei pab nporpammbi.
MNpy He06X0AMMOCTH BOCNONb3YWTECH CNPABOYHUKOM 3Ha4YeHuii ckopocTel Y3 B pa3nuyHbix Matepuanax|

CkopocTb ¥3 BonHbl B MmaTepuane OK

cl (Mm/mkc)

59

ct (Mm/mKkc)
326

CkopocTb ¥3 BonHbl B MaTepuane npuambl N3N

cl (mm/mke) 267

Mpumevarme

2 CnpasouHWK cKOPOCTef Y3 B pasnmubix MarepHarax = x

3HaueHus ckopocTeit Y3 B pasnuuHbelx MaTepuanax

Martepuan OK

crans mapku 45

Puc. 2. I'ntaBHOE OKHO KOMIIBIOTEpHOM ITporpammbl. Briaaka «IlapameTpsr Y 3-BomHBDY

MapameTpbl Y3 Bonkbl | M3

oHTponaA | MapameTps! N3N | MapameTps! ckaHMpoBaHusa | HacTpolika YyBCTBUTENLHOCTH | [IONONHUTENSHO

Beepawte AaHHble AN AanbHeiileil paboTbl Nporpammbl.

=

Mpu ™ 3ylTech A

hyHKUMM onpegenetus pasmepa O3 us HTA

Paspenka kpomok  Ckoc Kpomok Pacnono)eHue ckoca

cnmmerpuuian M Ges croca

MoaknagHaa nnactuHa  B1 (Mm) m Pa3smep O3 (mm)

! oTcyTCTBYET ! 15 10 25

Mpumeyanune

Onp paamepa O3 ( s HTA)

YkakuTe 4OCTYN K CBaPHOMY COEAUHEHHIO)
Hoctyn |

Puc. 3. ['lmaBHOE 0KHO KOMITBIOTEPHOI nporpamMmel. Bxnaaka «Ilapamerpsr CC. Cxema KOHTPOIISH
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HepeKIoYaTe]b CHayana JJisi OAHOro, a 3areM
BTOPOTr0 CBapHUBAeMOro 3neMeHTa. Beog napamer-
poB [I2I1 HeoOxomum sl AajmbHEHIIEH PabOTHI
nporpammsl (puc. 4).

Bo Briagke «Ilapamerpsl CckaHUpOBaHUS)
OCYILECTBISIETCS PACUYeT TPaHUIl 30H IepeMe-
menus I19I1, a Takxke BBIBOJ CBEIACHUN O THIIC
CKaHMPOBAHUS U 3HAYCHUS 11ara CKaHUPOBAHUS.
[To kHomke «Cxema rpaHull 30H NEPEMEUICHUS
[1311» orobpakaeTcss cxema TpaHHMI] 30H Tepe-
memenus [IDI1. [To aBym kHonkam «IlonepeuHo-
npogonsHoe nepemenienue [1311» oTkpeiBatoTcs
JIOTIOJIHUTENbHBIE OKHA, IMO3BOJSIOIINE OIpele-
JUTh 1ar ckanupoBaHusa no Merogukam ['OCT
14782 [7]. llo kHomke «CxeMa CKaHUPOBAHUS»
oToOpakaeTcs cxeMa CKaHupoBaHus (puc. 5).

Bo Bknanke «HacTpoiika 4yBCTBUTEIBHOCTIY
n0py Hakatuu KHONKH «OTOOPa3uTh» BBIBOIUT-
Csl COOTBETCTBYIOIIAs MH(OpMAIMA: CrOco0 Ha-
CTPOWKHM, BUJI UyBCTBHUTEILHOCTH, TUI OTpaxka-
TeJISl U €r0 pa3Mepbl, TOMOTHUTENIbHbIE CBEICHUS
(mone «Csenenus»). [lpu Haxatun kHOnKM BPY
OTKpPBIBAETCS JIOMOJIHUTEIBHOE OKHO JISi OIpe-
JINICHNUs] TapaMeTpoB HACTPOMKH BpPEMEHHOM
peryaupoBku uyBcTBUTENbHOCTH (BPY) 1 oto-
Opaxenus cxembl HacTpoiiku BPY. [Ipu nHaxkarun

kHOTKK «Kputepun OpakoBKM» OTKPIBACTCS JI0-
MOJTHUTEILHOE OKHO C BBOJOM MapaMeTpoB st
Ompe/IeieHus] KPUTEPUEB OpakoBKH, COOTBET-
CTBYIOLIMX BBIOPAaHHOMY paHee HOPMATHBHOMY
nokymenty. [lpu Haxatuu kHomku «Cxema Ha-
CTPOWKH / HACTPOEUHOTro oOpasia» oToOpaka-
eTCSl CXeMa HACTPOMKU YyBCTBUTEIBHOCTH HIIN
HACTPOEYHOTO 00pasia Jyisi HACTPOUKH YYBCTBH-
TENBLHOCTH (pHC. 6).

Bo Bkimagke «JlomoOMHUTENEHO» BO3MOXHO
NPOU3BECTH pacyeT Ko3(PUIMEHTA BBISBISIEMO-
ctu nedekra K, U SKBUBAJIICHTHOW IUIOMIAIN Jie-
¢ekra S,. o xHomke «KoppeKTHOCTH pacuera»
BBITIOJIHACTCSI TIPOBEPKa COOTBETCTBHS PACUCTOB
YCIIOBHIO TpeX ONMXKHUX 30H (7 > 37y, TOE 7 —
HPOTSHKEHHOCTh  YIBTPA3BYKOBOTO TTyuKa, Fg —
NPOTSHKEHHOCTD OJTMKHEH 30HBI). Pacuetsl cripa-
BEJITMBHI 15 AajbHel 30HbI [IDI1 (puc. 7).

[lpu Haxarnn kHoOmMkH «llepecueT yrioBoro
oTpakarensi (3apyOKu)» OTKpbIBaeTCs JOMOJI-
HHUTEJBHOE OKHO JIUIS BBOJIA MAapaMETpPOB YIJIO-
BOro oTpaxarens u nepecuera cornacHo ['OCT
P 55724 [8].

B cmydae mpomycka BBOjA WM YCTaHOBKH
KaKoro-Jmbo mapamerpa TPU BBITIOIHECHUH JTFO-
Ooli W3 omepanuii KOMIBIOTEpPHAs MpPOrpamma

MapameTpbi Y3 Bontib | MapameTps CC. Cxema KokTpons | MapameTpi M3 | MapameTpe! ckakuposarus | HacTpoiika uyscTeuTensHoCTH | [lononknTensHo

(O3HaKkoMbTeCh CO cBeAeHUAMM NnapameTpos M3M u3 BbiGpasHoro HT (GEEET S

BbiBoa napameTpos M3

Ceapveaemblii anement  Tun M3MN

h1

o h2

[ins BbIBOAA NapamMeTpoB KOHTpons BbiGepute Tun N3N 1 TN Ny4a UCXOAA OT CBEAESHMI Bbilwe U HaxkmuTe "Onpeaenuts” (OIS

Twn N3N
HAKINOHHbIA COBMELEHHB I

B m=-0 B

18-2

Tunnyya f(MMy) a(rpag) d(mm)

n (Mm) M3 1)

HET CBE/ICHW HET CBEACHHI H

Bbisoa

Beop nap nan ANs pacyeTa

nan ana ol 03

npu HeoBxoauMocTH (Bknaaka "fononHuTenbHo")

(Kg) nunm

Beog napameTpos M3

Tun N3N

HaKNIOHH I COBMElLHHb I

B m=0 8 18

Tunnywa f(Mly)

a(rpap) d(mm) n(mm) 2tn (mkc) L (Mm)
65 10 10 7 29

Mpimesiarite

MepecuyeT ucnonb3ayeTcs B cnyyae ucnonbosanus MM ¢ npamoy i . P B BEAYTCA OTHOCUTENLHO KPYroii NNacTUHb!

Puc. 4. I'naBHOe 0KHO KOMIIBIOTEpHOW Nporpammbl. Bxnanka «IlTapamerpsr [1911»
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MNapameTpb! Y3 BonHb! | MapameTpbl CC. Cxema koHTpons | MapameTpe! N30 | MapameTpb! ckaHuposakus | HACTpoiika YyBCTBUTENLHOCTY | [10NONHUTENLHO

Ins onpeaenexus napamMeTpoB ckaHUpoBarus BbiGepute Tun M3 1 npu HeobxoaumocTu TUN nyya. Haxkmute "Onpepenuts" [eldSiENTIS

Hauano otcyeta ot npoTMBonc

Tun N3N

HaKNOHHbIM COBMEWEeHHbIN

Tunnyya  Xmin (Mm)  Lmin (Mm)

.| B s3 10.0

Lmax (mm)

xopa Mar

Tun ckaHpoBaHus dc (mm)

NPOAONLHO

1IONEPeYHO-T onpepense M1/ reomeTpheck yeToM

Mpumevanue

Cxema rpaHuL 30H nepemetyenus N3N

Mpumeyanue

DYHKUMSMU ONpeeneHus wara ckaHuposaHua no metogukam FOCT 14782

LWar ckaHuposaHua no metoaukam us FOCT 14782

o | Monep P p nen

CxeMa cKaHUpoBaHi

MapameTpb! Y3 BonHb! | Mapametpel CC. Cxema koHTponsa | MapameTps M3MN | MNapameTpbl ckaHuposBaxua | Hactpo

YYBCTBUTENLHOCTH | [JONONHUTENBHO

[InA BbIBOAA CBEAEHUI HaxkmuTe "OTo6pa3uTh" [OIIEEN

Cnocob HacTpoiiku  Bug wyscTBuTenoHoctv  Tun oTpaxkatens

Pasmepebl (Mm)/ nnowaab (MM2) oTpaxkatens

NNOCKOAOHHOE OTBEpCTHE 7

CeefeHus

Kputepun 6pakosku

Cxema iy |

Y6epuTech, uto napameTpbl N3N 6binu BBEAEHDI B OKH

Mpumeuatme

Pacuetsl K v Sa cnpaBegnuebi Ans ganbH oHbl N3N

Onpepenetxve Ka | Onpenenvs

Tun N3N
HaKMOHHB I COBMELEeHHb I

Tt‘qnyqa KoppekmocTs pactera S3 (mm2) Ka (aB)
B m=-0 8 4

Onpepenenue Sa u da | OnpeaenvTe

Tun N3N
HaKMOHHbIA COBMELEHHbIN

Mep YrAIOBOrO OTP (;

KoppekTHocTb pacueta
B m=0 8 BES B 6 11.38 3.81

py6Ku) B NNOCKOAOHHBIN OTpaxkaTenb ocylecTenseTcs cornacHo metoguke MOCT P 55724

Sa (MM2) da (Mm)

Mep YrNOBOro oTp

@ Nepecuer yrosoro otpaxarens (3a...

Tunnyya b (Mm)
[ 4

Onpenenuts

h (Mm)

Mpumeyarme

Sa (MM2)
3.0

3

Puc. 7. 'lmaBHOE OKHO KOMIIBIOTEPHOM Nporpammel. Bxkianka «JlOMOIHATEIBEHOY
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BBIBOJIUT COOOIIIEHHE 00 OIMOKE ¢ yKa3aHUEM pe-
KOMEH/IAIUH 110 UCIIPABJICHUIO U BO30OHOBJICHUIO
JalbHEeHIen paboThl.

OnepaTMBHOCTh  KOMITBIOTEPHON — Tporpam-
MBI 00yCIIOBJIE€Ha TPOCTOTON TMOIH30BATENHCKO-
ro untepdeiica. OObeM MporpaMMbl COCTaBISIET
Bcero 20 M6. JlanHOoe mpeuMyIecTBO MO3BOISET
0e3 3aTpyJHEeHH! yCTaHABIMBATh MPOTPaMMy Ha
KOMITBIOTEPBI.

3akiroueHue

PazpaboTanHass KOMITbIOTEpHAs Mporpamma
NI03BOJISIET ABTOMATU3MPOBATh MPOLECC OATOTOB-
KU K YJIbTPa3BYKOBOMY KOHTPOJIIO CBAPHBIX COE/IH-
HEHU B TPAHCHOPTHBIX CUCTEMAX. 3a CYET UHTE-
rpanuy HOPMaTUBHO-TEXHUUYECKON IOKyMEHTAIUU
B TPOrpaMMHBIA KOJ JIOCTUTaeTcs COKpalleHHe
BPEMEHHBIX 3aTparT Je(EKTOCKONMUCTa U HCKIIIO-
YaIOTCS OMIMOKY TIPH BHITIOJHEHUN aKyCTHYECKUX
pacueroB. Ilpoctoit wuHTepdeiic, BCTpOEHHBIE
CIIPaBOYHBIE MaTepHANIbl M TPaYUICCKHE CXEMBI
o0ecrneunBatoT ya00CTBO MPAKTUYECKOTO MpHUMe-
Henust. [Iporpamma o6agaeT HU3KUMH CHCTEMHBI-
MU TPeOOBaHUSMU U MOKET OBITH BHEAPEHA B Ja-
OopaTopuu Hepa3pyILIAOIIEro KOHTPOJIs, a TaKxkKe

HCIIOJIb30BaHa JJIs1 06yquHH CIICIMAINCTOB.
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Abstract

This article presents the results of developing a computer program to simplify and accelerate the process
of calculating the acoustic parameters of ultrasonic testing of welded joints, taking into account the quality
requirements for welds in transport systems. Objective: to develop a computer program to automate the
calculation of acoustic parameters of ultrasonic testing of welded joints used in the railway system, with
the aim of reducing the time spent by a flaw detector operator and eliminating errors in the interpretation of
regulatory and technical documentation. Methodology: the program is implemented in Python using the
FreeSimpleGUI library, which ensures its free distribution and independence from licensing restrictions.
The program code is based on the requirements of regulatory documents governing the ultrasonic testing
of welds in transport systems. The interface is organized into six working tabs, each of which corresponds
to a separate stage of testing setup: selection of a regulatory document, ultrasonic wave parameters, weld
type, transducer characteristics, scanning schemes, and sensitivity settings. Results: a computer program
has been developed that allows interactive calculation of sound parameters, determination of transducer
movement zones, calculation of scanning pitch, sensitivity adjustment, and calculation of the defect
detection coefficient and equivalent defect area. A calculation verification function is provided to ensure
compliance with far-field conditions. The program contains built-in reference materials and graphical
inspection diagrams. Practical significance: the program’s 20 MB size allows for easy installation on
workstations without additional hardware requirements. The intuitive interface and automated calculations
reduce inspection preparation time, minimize the likelihood of errors, and increase the reliability of
ultrasonic flaw detection results for welded joints.

Keywords: ultrasonic testing, welded joints, acoustic parameters, non-destructive testing
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YK 004.942

LncdpoBnzaymsa 3Konorm4eckoro MOHMTOPUHIra CTPOUTENIbHOIO
npoun3BOACTBA Ha OCHOBe TexXHonorum «CTpouTenbHbIN KOHBeep»

K.®. UcnamoB’, J1. . KazaHckaa?

'"Habepesxnouenuunckuii uactutyT (Gumman) Kazanckoro gpenepansaoro yausepeutera (KOY), Pocens,
423800, Pecniyomuka Tarapcran, Habepexxusie Yennsl, mp. Mupa, 13

TletepOyprekuii rocy1apCcTBEHHbIN YHUBEPCHUTET yTel cooOmenus MMneparopa Anekcanzapa I, Poccus,
190031, Canxkr-IleTepOypr, MockoBckwii mmp., 9

Jasa uurupoBanusi: Hciamos K. @., Kasauckaa JI. @. LudppoBuzanusi SKOIOTHYECKOTO MOHHTOPHH-
ra CTpOUTEIBHOIO MPOM3BOACTBA HAa OCHOBE TexHOJOruu «CrponTenbHblil KoHBehep» // U3sBectus Ile-
TepOyprckoro yHuBepcutera myteit coodmenus. CII6.: TII'VIIC, 2026. T. 23, Bem. 2. C. 491-502. DOI:
10.20295/1815-588X-2026-2-491-502

AHHOTANUS

Hean: pazpaborka noaxona K nuppoBU3AIHMN FKOJIOTHIECKOTO MOHUTOPUHTA CTPOUTEIEHOTO MPOU3BO/I-
CTBa Ha OCHOBE PACIIMPEHUSI apXUTEKTYphl cUcTeMbl « CTPOUTENBHBIA KOHBEHEp» IKOJOTMICCKHMU T1a-
pamerpaMu. MeToABI: HCCIIeIOBAHUE MTPOBEJICHO METOIOM PACIIUPEHHsI CYIIECTBYIONICH MPOrpaMMHOM
peanmzanyu cucteMbl « CTpOUTEIbHBIN KOHBEHep» QYHKIUSIMH SKOJIOTHYECKOr0 MOHUTOpHHTa. Pe3ynbTa-
ThI: IPE/ICTABIICH MOAXOJT K UPPOBHU3AINHT SKOJIOTUIECKOI0O MOHUTOPUHTA CTPOUTEIBHOTO MPOU3BO/ICTBA
Ha OCHOBE TeXHOJOTHH « CTPOUTENBHBINA KOHBEHEP» — CHCTEMBI TIOAJIEMEHTHOTO YIIPABIICHHUS CTPOUTEIb-
CTBOM C UCIIOJIb30BaHUEeM HH(OpMalmoHHOTO MojeupoBanus 3nanuii (Building Information Modeling,
BIM). Onncana MojylibHasi apXUTEKTypa CUCTEMBI, BKITFOYAOIIAsi JIEMEHTHYIO CTPOUTEIBbHYI0O HOMEH-
kinatypy (9CH), macmopra KOHCTpYyKTUBHEIX BIM-351eMeHTOB, 11€71€BOM TpaduK CTPOUTEIHCTBA, HAPSIBI
3aBTPAIIHEr0 JHS M KOPIOPATUBHBIE CMETHBIE HOPMEI. [IpeIioskeHo paciupeHne Kax10ro KOMIIOHEHTa
CHCTEMBI KOJIOTHUECKUMH MTapaMeTpaMHu: YIIIEPOHbIN Cie]] JIeMeHTa, HOPMaTHBbBI 00pPa30BaHUs CTPOH-
TEJILHBIX OTXOJIOB TI0 KJIACCAM OIACHOCTH, TIOKA3aTeln 3HEProdPEeKTUBHOCTH ITPOU3BOJCTBA DIEMEHTOB,
JIAHHBIE O TepepaboTKe W YTHIIU3AIMK CTPOUTEIbHBIX MaTepraioB. [IpakTuyeckasi 3HaYMMOCTh: BHE-
JpEHKE TEXHOJIOTHH Ha PeallbHBIX CTPOUTENBHBIX 00BEKTaX MPUBOIMT K CHIDKCHHUIO IEpepacxojia MaTepH-
anoB Ha 8—12 %, 4TO PKBUBAJICHTHO COKPAIIICHUIO 00Pa30BaHIS CTPOUTEIBHBIX 0TX0M0B Ha 150-300 T Ha
00BEKT, a TaKKe K COKPAIEHHIO MPOAOKUTEIFHOCTH CTPOUTENHCTBA Ha 18 %, 9TO yMEHBIIAeT MEPUOT
IKOJIOTUYECKOTO BO3JICHCTBHUSI CTPOUTEIILHON TUIOIIAIKH Ha OKPYKaloIlyro cpeny. [Ipaktndeckas peainu-
3allisi TEXHOJIOTUU OCYIIECTBIICHA Yepe3 TPU CIEIHaTH3UPOBAHHBIX MPOTPAMMHBIX MOJYJIS, KQXKIBIH 13
KOTOPBIX JIOTIOJTHEH DKOJIOTHUECKUMH (QYHKITUSIMH.

KiroueBbie c10Ba: SKOIOTHYECKII MOHUTOPHHT, CTPOUTEIBHBIN KoHBelep, BIM, nudpoBusanus, yrie-
POZIHBIN CIIell, CTPOUTEJIbHBIC OTXOJIbI, SKOJIOTHYECKas Oe30MacHOCTh, MAacloOPT 3IEMEHTa, YCTOHUMBOE
CTPOUTEIILCTBO, pecypco3(h(HEeKTUBHOCTD

BBenenue xomutest 10 37 % rno0aabHBIX BEIOPOCOB MAapHU-
CtpouTenbHas OTpacib 3aHUMaeT 0c000e Me- KOBBIX ra3oB, okono 30 % o0Opa3oBaHUS TBEPIBIX
CTO Cpely UCTOYHHUKOB DKOJIOTHYECKOTO BO3AeH- oTxomoB u a0 40% mnoTpebneHus MepBUYHON
CTBUA Ha OKkpyxkaromryto cpeay. [lo ganusim [Ipo- sneprum [1]. B Poccuiickoit denepanun crpou-
rpammbl OOH no okpysxkaromieit cpene (FOHEIT), TenbHas oTpacib TeHEpUpYeT €XKEroJHo Oosnee
Ha CTPOMUTEIBCTBO U IKCILTyaTalMIO 31aHui pu- 70 MIIH T OTXO/I0B, 3HAUUTEIbHAS YACTh KOTOPBIX
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He ToziBepraercs nepepadotke [2]. enepanbHbiit
3aKkoH Ne7-D3 «O0 oxpaHe OKpyKaroIen cpeibh»
u Crparerusi sKonorudeckoi 6esomacHoctu PO
10 2025 roga ycTaHaBIMBAIOT TPeOOBAHUS K CHU-
KEHHMIO DSKOJIOTMYECKOIO BO3/EHCTBHS, OJHAKO
B CTPOUTEIIBHOM PAKTUKE CUCTEMATUYECKUI MO-
HUTOPUHT IKOJIOTUYECKUX MOKa3aTesael 0CTaeTcs
(parMeHTapHbIM.

KutoueBoil mpoOnemoii sSBISETCS OTCYTCTBUE
CKBO3HOH ITM(POBON CHCTEMBI, CBSI3BIBAIOIICH
NPOEKTHBIE PELICHUS] C UX pEealbHbIM 3KOJOIHU-
YECKMM BO3JICHCTBUEM HA YPOBHE OTAEIbHBIX
KOHCTPYKTHBHBIX 371eMeHTOB. CyIiecTByromue
HOAXO/bI K 3KOJIOTHYECKOMY MOHUTOPUHTY CTPO-
UTENbCTBA, KaK MPaBHUJIO, ONEPUPYIOT YKPYIIHEH-
HBIMU TI0Ka3aTeIIMU Ha ypOBHE IPOEKTa B Iie-
JoM, He obecrieunBasi JETAlM3alMU /10 YPOBHSA
KOHKPETHBIX paboT 1 sneMenToB [3]. 1o He 1o-
3BOJISIET BBISBJIATH MCTOYHUKM Iepepacxosa Ma-
TEpHajIoB, M30BITOYHOrO OOpa30BaHUS OTXOJ0B
1 Hed(P(HEeKTUBHOTO MCIIOTB30BAHUS PECYPCOB HA
pPaHHUX CTAIUAX.

Texnonoruss  «CTpOUTENbHBIN  KOHBEUEPY,
pazpaboTanHas Ha kadenpe crpourtenbctBa Ha-
OEpeKHOUSITHUHCKOTO ~ MHCTHTYTa  ((unnana)
Kazanckoro ¢enepanpHoro yHuBepcuteTa st
YIIPaBJIEHUsI CTPOMTENILHBIM POU3BOACTBOM [4],
obecreurBaeT MO3IEMEHTHBIH y4eT BCeX pecyp-
COB M palboT C UCTIOIB30BaHUEM HH(POPMAIIMOHHO-
ro moaenupoBanus 31anuil (BIM). [Ipaktudeckoe
BHEJPEHUE Ha pPEAlbHBIX OOBEKTaX MPOIEMOH-
CTPUPOBAJIO COKpAILIEHUE MPOJOIKUTETLHOCTH
crpoutenscTBa Ha 18 % u cHIKeHUe Tpyao3arpar
Ha 12 %, a TakKe BEIIBUJIO CUCTEMATHYCCKUH I1e-
pepacxo marepuasioB Ha 8—12 % 1o cpaBHEHUIO
C HOPMAaTUBHBIMH 3HAUEHHUSAMH IOCYIapPCTBEHHBIX
aneMeHTHBIX cMeTHBIX HopM (I'DCH) [4-6].

Llenpto HacTosel paboThl ABIAETCA paspa-
00Tka moaxona K HU(POBU3ANUU IKOIOTHYECKO-
IO MOHMTOPUHIA CTPOUTENBHOIO IPOU3BOJACTBA
Ha OCHOBE pACIIUPEHHs] apXUTEKTYypbl CUCTEMBI

«CTpOUTENbHBI KOHBEHEP» 3KOJIOTMYECKHMU
napaMeTpamu. st JOCTHKEHNS LeIH PEIaroTCs
CIIEYIOIHE 3a/1aUH:

* QHAJN3 APXUTEKTYPBI CUCTEMBI U OIIPEICICHUE
TOYEK MHTErpaly HKOJIOIMYECKUX IOKAa3aTesiel;

* pa3pabOTKa 3KOJIOIUYECKOTO0 pPACLIMPEHUs
[IacropTa NIEMEHTa;

* OLIEHKAa MOTEHLHUAla CHWKEHHS DKOJIOTHYe-
CKOT'0 BO3/ICHCTBUS HA OCHOBE IPAKTUYECKUX pe-
3yJIbTaTOB BHEPEHUS.

3HaYUMOCTh paboThl OmpesenseTcss HeoOXo-
JUMOCTBIO IIEPEXOAa OT SIU30AUYECKOrO HKOJIO-
TMYECKOTO KOHTPOJIS CTPOMUTENILCTBA K HEIpe-
pBIBHOMY IIM()POBOMY MOHHTOPUHTY Ha OCHOBE
H03JIEMEHTHOro yueTa. TexHonorus «CTpouTenb-
HbII1 KOHBElep» NpeCTaBIseT cOO0N MOYIBHYIO
apXUTEKTYPY, 00eCIIeYNBAIOILYI0 CKBO3HYIO IU(]-
POBU3ALMIO CTPOUTEIBHOIO MIPOU3BOJACTBA U SB-
JISIOIIYIOCS €CTECTBEHHOM mimardopMoit s MH-
TErpaluy AKOJOTMYECKOTO MOHHUTOpHUHTA [4-6].

MeToabl 1 MaTepUAIbI

B pabore wucnonb30BaHbl aHAJIUTHYECKUE,
CTaTUCTUYCCKHUE MECTOAbI, 4 TAKXKC METOJbI HH-
(OpPMAMOHHOTO MOJICIIMPOBAHHS U PACIIUPCHUS
(l)YHKHI/IS{MI/I 9KOJIOT'MYCCKOI0 MOHUTOpPHHIA CYy-
HIeCTBYIOIIEH (pa3pabOTaHHOW aBTOpPaMHU C KOJI-
JieTaMH paHee) U BHEIPEHHOU cucteMbl «CTpou-
TEJbHBIN KOHBEUEPY.

Pe3yabTarbl

Cucrema «CTpouTenbHBIH KOHBEHEp» pea-
JM30BaHa KaK MOAYJIbHAs apXUTEKTypa, obecre-
YUBAKOIIAs CKBO3HYIO LU(PPOBU3ALUIO CTPOH-
TENbHOTO MPOU3BOACTBA OT MPOCKTUPOBAHUS IO
crayu oObekTa. [IpuHIMNUanbHAs cXema CHUCTe-
MBI (puc. 1) IeMOHCTpHUPYET B3aUMOCBS3b KITFOUe-
BbIX KOMIIOHEHTOB.

DneMeHTHasE ~ CTPOMTENbHAs
pa (OCH) — mnarenToBaHHas cucrtema mnugpo-
BU3AIIMM 3JIEMEHTOB 3/1aHMsl, OCHOBaHHAas Ha

HOMCHKIJIATY-
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Cxema notokoB AaHHbIX (RU)

CTPOUTENbHLA KOHBEWEP — MOTOKU MAHHHIX
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Puc. 1. [IpunnunuansHast cxema npoekTa « CTpouTenbHbIA KOHBEHEp»

npuHimnax 6a3el ['ICH u conepxamias nadop-
MallMIO O TEXHOJIOTUH U pecypcax il CTPOUTENb-
CTBA Ka’k/10T0 AJIEMEHTA, UMEIOIETO YHUKAIbHBIN
unentudukarop ICH (puc. 2).

[Tacniopt koHCTpyKTHBHOTO BIM-311emenTa —
nH(OpMaIMOHHAsE MOJENb AJIsl KaXK10T0O AIIeMEH-
Ta 3/[aHUS, 3a1I0JIHEHHAs HOPMATUBHOMN JIOKyMEH-
TaIyen, coaepikaiias MHGoOpManuio 0 TPYIOBBIX
U MaTepualbHBIX pecypcax € BO3MOXKHOCTBIO
npocMoTpa (aKTHYECKUX TMOKa3aTene B peajb-
HOM BpeMeHH (puc. 3).

[leneBoii rpaguk CTPOUTENTHCTBA — YTBEPIK-
JICHHBIN YYaCTHUKAMH CTPOUTEIIHCTBA JIOTOBOPHOI
CPOK BBITIOJTHEHUS PAOOT MO MPUHIIUITY PPOHTA pa-
00T, 0OeCTeunBaIOIINi KOHTPOJIL CPOKOB BO3BEIC-
HUS cTpouTenbHOM Monenn BIM (puc. 4).

Hapsin 3aBTpamHero JqHS — KIIIOYEBOW iie-
MEHT JICTAIILHOTO TIAHUPOBAHUS IO Opuragam
U MHKpoydacTkam IeneBoro rpaduka. Ilpen-
JaraeT eXeIHEBHOE MOAIEMEHTHOE TTaHHPOBa-
HUE paboT, BKIOYAET MH(OpMANUIO O HEOOXO-
JUMBIX TPYIOBBIX M MaTepPHANBHBIX pecypcax,
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Puc. 2. DeMeHTHas CTpOUTETHHAS HOMEHKIIATypa

HAPA[ HA 3ABTPA gl :‘Z/ Zo19 Jeostommeme
NACMOPT SNEMEHTA 3 AHKA Hauano OKOHUAHME
— gl 5 38 6 2160 YpoBeHb 2
i - m2 Bowwawm | Vposews |
™t . ' ,,W/ 'CTPOMCTBO Xene300eTOHHbLIX CTeH W NeperopofoK BLICOTOR: [0 3 M,
Wy 1 TONWHHOK 500 MM LJ
/ (o dedfEamTa2 46461 HA OGbEM
biflKa Ha CauT 3arparsl Tpyaa pabounx | 3,18 |uen.-u.
HEHWE «TMM Moenu» CpepaHuii pazpag pabotei| 3,2
YuK - 3aKasuMk KC-2| pa HET 3arparel TpyAa Maw.kpaHa| 48,26 |uen.-u.
oApAnYMK - 3akasumk KC-3|  aa HET OHpMeHHan DneNenTHan CTOMMOCTL NpeanpHATHA (D3Cn)
oTMevaercs Ha ucnoaHutensHoii TAM Mogenu 3aTtpatbl TpyAa pabo4mx 0|yen.-y.
KOMMNEKTOBOUHAR wopvaea | waobven npeBbllleHHe 0|Bblwe S
Boaa m3 0,124| 2,95 HOpManbHO 0,00]| Huxe Berpos AW
3nexTpoab! AuameTpom: 4 mm [t 02| 4,76 OAKTUYECKUIA MACTEP
Bonrbl ¢ ralikamu 1 wakibamu |t 0,09 2,14 | 3arpaTbl Tpyna paboumx| yen.-u. Netpos 10.A
[803AM CTpoMTENbHbIE T 0,051 1,21 CpeaHui paspsag paboTtbl goobee;
W3BecTb cTpouTenbHan: Heraw|rt 0,041 0,98 | 3arparsl TpyAa Mamuunmal yen.-y.
Bpyckv obpesHbie x8oMHbIX Nojm3 0,14| 0,003 phmeHTapum:
[ocku obpesHble xsoiHbIX nogm3 1,55| 0,04
LL{nTbI: M3 AOCOK TOALMHON 25|M2 74| 1,76 y4eTHoe BpemMsa npu3eoacTea
betoH m3 101,5| 242 3aTpayYeHo Bcero 0 yacoe
Apmatypa T 10,1| 0,024 BpemMA Hayana yacos
fava oKowsanws| BpemMs OKOHYaHMWA yacoe
Hawmenosarne ofvexta 21-TH ITAXHBIN XUNON JOM C NAraIUHON Ha 1-0M ITaxe
3Me L eHUA H Yenusi, Koncosonsckuit p-+4 10/71
Puc. 3. IapopmammonHast MOIEIb MaclopTa dJIeMEHTa
2026/2 Proceedings of Petersburg Transport University
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FPAOUK CTPOUTENBHOIO NPOU3BOACTBA TEXHONOrMH HHOOPMALIMOHHOIO MOLENUPOBAHUA CTPOUTENB(

— s

»

Yoosewn 3

osern2

Yposens 1

YPOBEHDS 1021

YPOBEHD3

YPOBEHD2

VPOBEHDS

Puc. 4. LleneBoii rpaduk cTpouTensCTBa

HaKaliMBaeT (haKTHYECKUe MOKa3aTeld Mo pe-
3yJIbTaTaM BBITOJTHEHUS.

KoprniopatuBHbIE CMETHBIE HOPMBI COXPAHSIOT-
Csl JUISl KQXKJJ0T0 BO3BEIEHHOTO JIEMEHTA CTPOM-
tenbHOI Mozenu BIM, comepxkar ¢akruyeckue
TPYIOBBIEC U MaTepUaIbHbIE 3aTPaThl, POPMUPYIOT
IpOBEpeHHYI0 6a3y i OyAylIuX MPOEKTOB, OTO-
OpaXkaroT peajbHbIE MOIEMEHTHBIE 3aTPaThl Op-
ranu3anuu (puc. 5).

Kaxxaplii U3 IATH KII0UYEBBIX KOMIIOHEHTOB CH-
creMbl «CTpOUTENbHBIN KOHBEHEp» MOXKET ObITh
pacluper 3KOJIOTMYECKMMH IapaMeTpaMu s
o0ecreyeHnss HENpephIBHOTO  HKOJIOTHYECKOTO
MOHHMTOPHHTA CTPOUTEIBHOTO TPOU3BO/ICTBA:

1. DneMeHTHas cTpouTENbHAs HOMEHKIATypa
(OCH) pomonHsieTcss SKOJOTMYECKUMU XapaKTe-
PUCTUKAMH Ka)KI0TO 3JIEMEHTA: YIJIEPOJHBIN CIIEN
marepuanoB (Kr CO2-3KB.), KJIacc 3KOJIOIMYECKON
OIACHOCTH CTPOUTEIBHBIX OTXO0B, KO3 puIueHT
PELMKIMPYEMOCTH MaTepHUaioB, HOPMaTHBBI 00pa-
30BaHUs OTXOZIOB IIPH IIPOU3BO/ICTBE AIEMEHTA 10
CII117.13330 u I'OCT P 57678-2017 [7].

2. Tlacnopr koHcTpykTHBHOTO BIM-3nementa
pacimpsieTcs pa3ienoM « DKOIOTMYECKUI TaciopTy,

coziepkarM (pakTUIECKHI YIIIepOIHBbIN CIIes Mpo-
M3BOJICTBA 3MIEMEHTA, 00bEM 00Pa30BAHHBIX OTXOIOB
o kiaccam omacHoctd (I-V), nannpie 06 ucTOUHU-
KaX MarTepualioB M CepTU(HKATax SKOIOTHYECKOH
0e30MacHOCTH, IOKA3aTeN SHEPTronoTpeOIeH s pU
HPOM3BOJICTBE, JJAHHBIE O BO3MOXKHOCTH TIOBTOPHOTO
UCIOJIB30BaHUS M YTHIM3ALMH [8].

3. LleneBoii rpavik CTPOUTENTHCTBA JOTIONHSET-
Cs KOJIOTMYECKUMH KOHTPOJIbHBIMHU TOUKAMU: CPO-
KaM{ BBIBO3a CTPOUTEIBHBIX OTXOIOB, TpadrKaMu
3aMepoB YPOBHS IIIyMa U TIbUTH, TIEPHOIAMHU OTpa-
HUYEHHUs paboT BOIM3H BOJOOXPAHHBIX 30H, CPOKa-
MU PEKYIbTUBALMI HAPYIICHHBIX TEPPHUTOPUIA.

4. Hapsan 3aBTpaiiHero JHs BKJIKOYAET IKOJIO-
THYecKre TpeOOBaHMS 3KOJIOTHYECKOTO COOTBET-
CTBUA, (UKCAIMIO (aKTHIECKOTO 00bemMa OTXO-
JIOB 110 3aBEPILICHUH PAOOT.

5. KopropatuBHble CMETHBIE HOPMBI HakKar-
NUBAIOT (paKTUYECKHE 0OBEMBI OTXOIOB B CpaB-
HEHUU C HOPMATHBHBIMH, SHEPronoTpedieHue
Ha eIMHUILY dNIeMEeHTa. JTU JAaHHbIE (POPMHUPYIOT
KOPIOPaTHBHYIO KOJIOTUYECKYI0 0azy, MO3BOIIS-
IOIIYIO IPOTHO3UPOBATh U MUHUMH3UPOBATh BO3-
neicTBHE Ha OyTyIINX MPOEKTaxX.
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HAPAQ4 HA 3ABTPA

15.04.2026

MACIMOPT 3J/IEMEHTA 3,£LAHldﬁ/

OKOHYAHUE

cxonuposars Qr

2160 |Yposewn2| 242692.png

242690

Mnowagem2 | Anveamm | Yposens  |usoBpawmenne

POWMCTRO Xene306eTOHHbIX CTeH U
neperopofok BbICOTOM:
TONWMHOW 500 mm

oo 3 m,

L pupi/fcodedream.ru/uid246461/ KHOMKK
GUID ko - ccwinka Ha cadiT 3aTpaTthl Tpy4a d 3.18|uen.-u.
WCMNONHEHUE « TUM Moaenu» pegHuii paspag pabotbl| 3.2
apaauvk - sakasunk KC-2| na HET  Dypa Mam.upaﬂa‘ 20.3|uen.-u.
apaaYvk - sakasuuk KC-3| 1A HET  |eHHas 3nemenTHas CToumocTb npeanpustys (4 <4
OTMeuaeTca Ha UcnoNHUTeNbHO TUM Mopaenu BaTpathl TpyAa paboumx 0|yen.-u.
)MNNEKTOBOYHAA Hopma p 0|Bblle
Apwmartypa| 0.024 K2 HOpManbHO 0.00|Huxe
BetoH| 242 m3 DAKTUYECKAA
B mocok TonuwuHon 25 mm| 1.76 m3 aTpaThbl Tpyaa paﬁo-wlx‘ yen.-u.
Locku o6pe3Hble xBolHE 0.04 m3 CpenHuii paspsa pa6oTbl Bpuragup
Bpyckv obpesHble xsoiH 0.003 m3  [aTel Tpyna qu‘ yen.-u. BeTtpoB A.U.
I'Bo3gm ctpontenbHble | 1.21 Ke MACTEP
I'Bo3gm ctpontensHele | 1.21 K2 Metpoe KO.A
Bontekl ¢ rankamu n wang 2.14 Kr WueTHoe Bpema npnssop,c-rs4 coobwenne:
UsBecTb cTpouTEnbHANA: 1.0 K2 saTpayeHo BCEro 0 yacos
p,a'ra Havyana Bpems Ha4yana Yacos
p,aTa OKOHYaHUA BpemsA OKOH4YaHWA Yacos
HaumeHosaHue obbexTa 21-T 3TaXKHbIIA XXWUNOI JOM C MarasuHOM Ha 1-oM 3Taxe
Apnpec pasmellenns H.YenHbi, Komcomonbckuii p-H 10/71

Puc. 5. KopniopatuBHbie CMETHBIE HOPMBI

[Ipaktudeckas  peamu3alys  TEXHOJIOTHM
«CTpouTenbHbI KOHBEHEp» OCYyILIECTBIECHa Ye-
pe3 Tpu CHEeLMaTU3UPOBAHHBIX IPOrPAMMHBIX
MOJYJIsI, 00€CTIeUMBAIOLIMX MOIHBINA LUK yIIpaB-
JIEHUS CTPOUTEIILHBIM [TPOU3BOJICTBOM.

Moy «Coop raHHbIX» (puc. 6) obecrieunBaer:

* BBITPY3KY HH(POPMALIMOHHOM MoieN B 6a3y
JIaHHBIX;

* (opMHpPOBAHUE HAPSIOB 3aBTPAILIHETO JHS [0
JHsIM/3axXBaTkaM/OpHrajjam CorIacHo IIaHy pador;

* PY4YHOH M aBTOMAaTH3MpPOBAHHBII BBOJ (ak-
THYECKHUX JIAHHBIX O BBINOJIHEHUH paboT;

* CO3/1aHM€ M YIpaBJIEHUE MacropTamu dJe-
MEHTOB;

* uHTerpauuio ¢ BIM-Moznensto s nomyye-
HUS aKTyaJlbHOM MH(pOpPMALUKU 00 JIEMEHTaX.

Monyne «AHanMTHKA JaHHBIX» (puc. 7) mpe-
JIOCTaBJISIeT:

* CBOJIHbIC JJaHHBIC 10 O0BEKTaM U 3aXBaTKaM;

* moTpebieHne pecypcoB Mo paboram Mo
JHSM/3aXBaTKaM/Opuraaam;

* QHAJMTHKY IO HapsJaM 3aBTPAIIHEro THS
(mnan-¢axr);

* (hopMUpOBaHKE OTYETOB O MPOU3BOJHUTEINb-
HOCTH U OTKJIOHCHUSX;

* BU3YyalM3alMI0O JAaHHBIX [ OPUHATHA
yIPaBIEHYECKUX PEIICHUH.

Monynb «OnTuMu3anus napameTpony (puc. 8)
peanuzyer:

* (hopMUpOBaHUE IEMEHTHON 0a3bl MPOEKTA;

* TpopabOTKy TEXHOJIOTHUECKHX TOCIEeI0Ba-
TEIbHOCTEH;

* CO3/IaHHE TEPeyHs TEXHOJIOTUUECKHX Orpa-
HUYCHUI;

* ONTHMH3ALUIO paCIpe/ieieHus pPecypcoB
U MOCTIEI0BATEIHHOCTH PadOT;

* TEHEepalui0 BAPUAHTOB KaJeHAApHBIX Tpa-
(buKoB ¢ o1ieHKON 3P PEKTUBHOCTH.

2026/2
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[ J C6opHK1KM
. Tabnuupi ¢
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@ 3ztpauenHbie pecypcel
@ Hapspu

[ ] MNacnopra

. MpoekTbi

@ Pa6orni

o Pecypcbi

e CTpouTe

] AMUHNAHENb
ME30BATENM M TPYNINE

Tpynnbi

JHUKOB

. CHOpHUKKM
@ Tabnuys cBophnkos

@ Tune HopmaTuBo

TpadeHHS!
. Hapspp!
@ nacnopra anementos

. Mpc bl

. PaboTbl

PaboTbl

BoiBepute PaboTa ans uaMeHeHuUs

OTBeTCTBEHHbIH M Mpoekt
- Bbi6paHo 0 06bekToB 13 100
OTBeTCTBEHHBII Mnanosoe Nnauosoe
Npoekr npoeKTa OTBETCTBEHHBIH  ONMCaHHe Hayano Pe3ynbTaThl  OKOHYaHHe
MK "6n.CBT. magistr2022 magistr2022 WiTykaTypka cTeH 20 MtoHA 2 wionsa 2022
Yenwsi. 3pMaToB JaBpoH 2022 r. 8:00 r.18:00
MKK ™ uybe" 6n.FBT. magistr2022 magistr2022 BetoHupoBaHue fuadparm 2 wona 2 wions 2022
YenHsi. 3pMaToB JaBpoH WECTKOCTH 2022 r. 8:00 r.13:00
MMKK "6n.CBT. magistr2022 magistr2022 YCTPOWCTBO onany6ku Ha 29 MioHS 1 uions 2022
Yenwsi. 3pMaToB JaBpoH AuadparMbl KecTKOCTH 2022 r. 8:00 r.18:00
MKK ™ uybe" 6n.FBT. magistr2022 magistr2022 ApmuposaHune guadparm 23 MIOHA 28 WIOHS
YenHsi. 3pMaToB [JaBpoH WECTKOCTH 2022r. 8:00 2022 r. 18:00
MKK " "6n.CBT. magistr2022 magistr2022 VCTPOHCTBO BHYTPEHHEN 20 MIOHA 2 wionsa 2022
Yenwsi. 3pMaToB JaBpoH KNajiku Neperopogok 2022r. 8:00 r.17:00
ra306eTOHOM 1 KePAMUYECKIM
KMPMUYOM 510 3Tama
MMKK " yse" 6n.TBT. magistr2022 magistr2022 YCTPOHCTEBO HAPYKHOM KNaaKku 27 nioHA 2wuona 2022
YenHbl. 3pMaToB [laBpoH rasobeToHoM 9ro 3Taxa 2022r.8:00 r.17:00
MXK AYP " 6n.TBI. p magistr2022 magistr2022 YCTPOHCTBO HAPYXKHOM KNagKu 20 MioHA 25 WIOHA
YenHbi. 3pMaToB [laBpoH razofeToHoM 8ro sTaxka 2022r. 8:00 20227.17:00
Puc. 6. Crpykrypa monyinst «COOp TaHHBIX»
PaboTb
WamennTs PaboTa

OcHoBHas MHhopMaLus 3aTpayeHHble pecypcbl

Pecypc 3nemeHT Eg.msm  Konmuectso
AsTorpeligep 13-110A (-5984), WT. 7| 4+ @ 69 Q2205 Crewa A1 222205 Crewa A1 22 UT- 1.0000
Bawennbii kpan KB-408.2L, WT. 7| + @ 69 Q2205_Crena_A1_222205_Crena_A1_22 UT- 1.0000 [
N [ v+ @ Q - 1
+ T+ @ Q £ 1

Puc. 7. CtpyxTypa Moaynst « AHAJIMTHKA TAHHBIX)
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MATEMATHYECKOE MOJEJUPOBAHHUE.

OrpaHHYCHHUH:

*  OrpaHHYCHHA MO CTOMMOCTH:

*  OIPAHHYCHHA MO KAYCCTBY:

*  OrpaHuyeHMs Mo nNpoAODKHTCIBHOCTH:

MaremaTuueckass MOJEIb UTsi onpeacieHuda ONTHMAJIBHOIO peICHUA CTOMMOCTH TMPHACPKHUBACTCA KPHTHYCCKHUX

010y, + 031y, + 029,53+ 0,18y, < |
011y, + 0,355, + 0,353 + 0,25V, < |

0,69x;; + 0,75%,, + 0,6X,3 + 0,70x,; + 0,69%,; + 0,8%,;, + 0,91x,; + 0,78%,, < 4

3,5z, + 152,, + 11z,3 + 15,52,,< 40
3z, + 1225, + 92,3+ 122,, <40

Puc. 8. Anroput™m onTUMHU3aIMK TapaMETPOB

Jduckyceunst

Cucrema oOecriednBaeT BH3YalIM3alMI0 BCEX
nporeccoB crpoutenbeta B 4D-hopmare (puc. 9),
MO3BOJISISl YYaCTHUKAM CTPOMTENLCTBA B Pealib-
HOM BPEMEHU OTCIICKUBATh MPOTPECC BBINOJIHE-
HUS pa0oT, aHATU3UPOBATh OTKJIOHEHUS U PUHU-
MaTbh 000CHOBAHHbIE PEIICHHUSI.

Pacmmpenue nporpaMMHBIX MOyneil 3KoJo-
rH4eckuMu  (QYHKIMAMH OOecreurBaeT Herpe-
PBIBHBI MOHMTOPHMHI BO3/ICHCTBUSI HA OKpYXKa-
IOIIYI0 Cpely Ha BCEX 3Tanax CTPOUTEIbHOTO
HPOU3BOACTBA:

1. Monyns «COOp AaHHBIX» JOMONHEH (DyHK-
IIUSMU SKOJIOTMYECKOTO YUeTa: PErHCTpaImeit 00b-
€MOB 00pa30BaHMs OTXOJIOB IO KJIacCaM OMacHOCTH
HpU POU3BOJICTBE KAKIOTO IEMEHTa, QuKcalueit
(akTHUeCcKoro pacxofia MarepuajioB C pPacyeToM
OTKJIOHEHMH OT HOPMAaTUBHBIX IOKa3aTelied, aBTo-
MaTU4ecKUM (OPMUPOBAHUEM SKOJIOTHMUECKOI OT-
yetHocTH 110 opmam 2-TII (oTx0zbl) HA OCHOBE
HAKOTUIEHHBIX TIO3JIEMEHTHBIX JJAHHBIX [2].

2. Monynp «AHaIUTHKA JaHHBIX» 00€CIeun-
BAET HKOJOTMYECKHE MaOOp/bl: BU3YaTH3aLUI0
YIJIEPOHOTO CJela MPOEKTa B pa3pe3e dIEMEH-
TOB ¥ BUAOB paOOT, MOHUTOPHHI JJMHAMUKHU 00-

pa3oBaHUsl OTXOJOB B CPaBHEHHU C HOpMaTHBa-
MM, aHaJIMU3 OTKJIOHEHUH pacxojia MaTepuaioB OT
IPOEKTHBIX 3HAYEHUH C BBISIBJIEHHEM HCTOYHUKOB
nepepacxosa, opMUPOBAHUE PEUTHHTA YKOJIOTH-
9eCcKoi 3PEKTUBHOCTH OPUTA M YIACTKOB.

3. Monynb «OnTumu3aiys napaMmeTpoBy pea-
JN3yeT MUHHMMM3ALUIO 3KOJOTMYECKOrO BO3/IEH-
CTBHSI: ONITUMH3AIIMIO TIOCIIEIOBATEILHOCTH PadoT
C y4€TOM OTpaHUYEHUH 110 YPOBHIO IlIyMa U IbLIH,
BBIOOP BapUAHTOB KAJICHAAPHOTO Ipadyika C MUHHU-
MaJIbHbIM COBOKYITHBIM YIVIEPOAHBIM CJIEI0M, IL1a-
HUPOBAHUE JIOTUCTHKU MATEPUAJIOB /ISl CHHKEHUSI
TPAHCIOPTHBIX BBIOPOCOB, ONTUMU3ALIUIO PACKPOS
MaTepUaIOB JJIsl MUHUMHU3AIUU OTXO0/10B [9].

[lpakTnueckoe  BHEApPEHHE  TEXHOJOTUH
«CTtpouTenbHbIN KOHBEWEpP) Ha pealbHbIX CTPOU-
TENBHBIX O00BEKTaX (TPEXdITAXKHBIH MHOTOKBap-
TUPHBIHA JKWIION JIOM, PEMOHT KBapTupbl 70 Mm?)
MO3BOJIWJIO TOMYYUTh KOJMYECTBEHHBIE JTaHHBIE,
UMEIOIIHE TPSIMOE IKOJIOTHYecKoe 3HaYeHue [4].

[TornemeHTHBIN TUIaH-(DAKTHBIA aHANU3 BbIS-
BWJI CHCTEMaTHMUYECKUI Iepepacxo]] MarepuajoB
Ha 8-12% mo paznuuabiM TO3ULUSAM. OCHOB-
Hbl€ MPUYMHBI TEXHOJIOTMUYECKUE IOTEPU MPH

packpoe U TOATOHKE, 00M W MOBPEXKICHUs IMpU

2026/2
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Opranu3anuoHHO-TeXHHYeCKasl MOAr0TOBKA:

CrpoutenbHbIil
KOHBelep:
1. Beirpy3ka gaHHbIX

n3 BIM-moznenu
2. IloaroroBka riaHa pabot
3. [Tanens onepaTuBHOTO
YIIpaBJICHUA

* KaJeHJapHBIH maH pabot

* 3aJIaHUe IS TEXHUKH O€30I1aCHOCTH
* cHaOKeHHE

* IUIAHUPOBAHHUE IO pecypcam

e neranusanys no BIM-anemenram

Hapsapbi:

10 JHSIM/3aXBaTKam/Opuraaam
MOTPeOHOCTD B pecypcax
npusszka BIM-anementos
TEXHUKA O€30MacHOCTH
KOPIIOpaTHBHbIC HAPAOOTKH

HcnonnuTensHast J0OKyMeHTAIMS:
* aBTOMATH3alNs B3aNMOJCHCTBHS
* (opmHpoBaHE HAMIOTHEHHUS 110 HHPOPMALTUU
AHAJIUTHKA IAaHHBIX:
* CBOJIKA 110 peCypcaM U 3IEMEHTaM

* CBepKa IuTaH-(paKT
* KOCH

Puc. 9. Buzyanuzanus npoexra « CTpoUTeNbHbIH KOHBEHEP»

TPaHCIIOPTUPOBKE, HEOOOCHOBAaHHbIE 3amachl [4].
ITepepacxozn MaTepHanoB HEOCPEACTBEHHO TPAHC-
JaupyeTcs B yBENMYEHHE 00bEMa CTPOUTENBHBIX
orxon0B. Cucrema «CTpOUTENbHBIA KOHBEHEP»
obecreunBaeT BBIABICHIE HCTOYHUKOB IIEPEPacXo-
7la Ha YPOBHE OTJEJTBHBIX AJIEMEHTOB, YTO MO3BO-
JSeT aApecHO KOPPEKTUPOBATH TEXHOJIOTHIO TPO-
M3BOJICTBA M CHIKATh 00Opa30BaHUE OTXO/OB.

IIpu cpemnem nepepacxone
10% u TUOBOM 00BEME CTPOUTENBCTBA MHOTO-

MaTepHaloB

kBaptupHOro goma (3000 m* koHCTpyKuuMi) TO-
5JIEMEHTHBI KOHTPOJb TMOTEHIIHAIBHO CHUKAET
00beM cTpouTenbHbIX 0TX010B Ha 150-300 T Ha
00BEKT, YTO SKBUBAJIECHTHO COKPALIEHUIO BHIOPO-
coB CO:2 Ha 45-90 T (k0o3ddurment 0,3 TCO2/T
orxof10B, 1o ganusiM FOHEII [1]).

CoxparieHue IpoAOIKUTEIBHOCTH CTPOUTEIb-
ctBa Ha 18% JOCTUTHYTO 3a CYET ONTUMHU3AIUU
HOCJIE/IOBATEILBHOCTU TIPOU3BOJCTBA HJIEMEHTOB,
MHUHHMH3AIMA TIPOCTOEB U A(P(HEKTHBHOTO HC-
nob30oBaHust ppoHTa padot [4]. Dkomoruveckuit
3(eKT cokpaiieHus CPOKOB BKITIOYAET YMEHb-
IICHUE IIEPUOAA BO3AEHCTBHUS CTPOUTEIBHON
IUIONIAIKU Ha OKPY)KAIOIIYI0 cpery (IIyM, MbUIb,

BHOpaIys), CHIKeHHE 00beMa TPaHCIIOPTHBIX Tie-
PEBO30K U CBA3aHHBIX BEIOPOCOB, COKPAIIEHHE IO~
TpeOIeHNs IEKTPOIHEPI MU Ha TUIOIIA IKE.

CHmxenue Tpynoszarpar Ha 12% o3Havaer
[POIOPLIUOHAIBHOE yYMEHBIIEHUE TPAHCIIOPT-
HBIX TIOTOKOB (JI0CTaBKa pabodeil CUIIbI), 9TO ISt
o0bekTa ¢ 30 paboTHUKAMU NPH CPEHEM ILIeUe
15 kM u yaensHbIx BeiOpocax 0,12 kr CO2/km co-
CTaBIseT 3KOHOMMIO 0KoJo 2,5 T CO:2 3a nepuop
CTPOMTEIILCTBA.

[pakTuueckue BHEAPEHUs MIPOIEMOHCTPUPOBA-
JM KITIOYEBYIO 0COOEHHOCTH TexHonoruu «CTpou-
TEJIbHBIM KOHBEHEP» ISl SKOJIOTMYECKOTO MOHUTO-
pUHIa — CUCTEMY KOPIIOPATUBHBIX CMETHBIX HOPM,
HAKaIUTMBAIOIIYI0 (DAKTHYECKHE MOKA3aTeld BbI-
nojHeHust paboT. Pacumpenue 3Toil cUCTeMBbl 3Ko-
JIOTMYECKUMH TIapaMeTpaMH CO3/1aeT KOPIOpATUB-
HYIO 3KOJIOTHYECKYI0 0a3y JJaHHBIX, COEPIKALLLYIO:

* (aKkTHYECKUH YIIEPOAHBIA Clel MO BHIAM
paboT U TUMAM >IEMEHTOB B CPAaBHEHUH C HOPMa-
TUBHBIMU 3HaYEHUSIMU;

* peanbHble 00bEMBI 00pa30BaHHS OTXOOB
10 KJIaCCaM OINACHOCTH C NPHUBA3KOM K KOHKpET-
HBIM BUJIaM padoT;
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* TIOKa3aTeJIl DHEPronoTpeONeHUs] CTPOH-
TEJBbHBIX MAIIUH U MEXaHW3MOB IPU HPOU3BOI-
CTBE KaXKJIOTO THIIA 3JIEMEHTA,;

* K03 HUIHEHTHI
Tepb MaTepUajoB, (OPMUPYIOIIKE OCHOBY IS

HPOTHO3UPOBAHUS 00BEMOB OTXOI0B Ha OYTYIIHX

TEXHOJOIMYCCKUX I10-

MPOEKTAaX.

HakoruieHne 1aHHBIX TI0 MHOXKECTBY POEKTOB
IpH ONPEAETICHHON HAyYHO! BHIOOPKE MO3BOMISET
nepenTH OT HOPMATUBHOT'O POTHO3UPOBAHHS KO-
JIOTUYECKOTO BO3/IEHCTBUS K MPOTHO3MPOBAHUIO
Ha OCHOBE (PaKTHUECKHX aHHBIX, CYIIECTBEH-
HO TOBBIIIAS TOYHOCTH JKOJOTUYECKOH OIEHKU
U TUIAHUPOBAHUS MPUPOFAOOXPAHHBIX MEPOMpPHS-
tui [10].

3akJ/oueHue

[IpemyoxkeHHpld MOAXON K LU(PPOBU3ALUK
DKOJIOTUYECKOTO MOHMTOPUHIA CTPOMUTEIBHOIO
NPOU3BOJICTBA HA OCHOBE TexHonoruu «Crpou-
TeNbHBIA KOHBEWep» o0ecreunBaeT mepexon OT
AMU30AUYECKOTO IKOJIOTHUECKOrO KOHTPOJIA K He-
IPEPBIBHOMY IT03JIEMEHTHOMY MOHUTOPHUHTY KO-
JIOTHYECKOTO BO3JICUCTBUS.

OcCHOBHBIE PE3yIbTaThl PA0OTHI:

1. Pa3paboTaHo SKONOTHYECKOE PACIIMPEHUE
ISTH KJIFOYEBBIX KOMIIOHEHTOB cucTeMbl «CTpou-
TEJbHBIM KOHBEWEP»: JIEMEHTHOU CTPOUTEIbHOU
HOMEHKJIATYphbl, MACHopTa 3JIEMEHTa, LEIEBOro
rpaduka, Hapsga 3aBTPAIIHETO JHS U KOPIOpa-
TUBHBIX CMETHBIX HOpM. Kax/plii KOMIIOHEHT
JIOTIOJIHEH  MapamMeTpamMH  YIIEPOAHOIO ClIeAa,
o0pa3oBaHuUs HHEPronoTPeOICHUS
U PEUUKIMPYEMOCTH MaTepHUajoB.

OTXOJIOB,

2. OmucaHbl 3KOIOTMYECKHE (YHKIMU Tpex
HPOrpaMMHBIX MOAYJIEH CHCTEMbI: cOopa IKOJIO0-
TMYECKUX JAHHBIX, QHAIUTUKU BO3AEHCTBUS Ha
OKPY’KaIOLIYI0 Cpely, ONTUMHU3ALMU C YYETOM
HKOJIOTUUECKUX OTPAHUUYECHUM.

3. Ha ocHoOBe IpakTHYECKUX PE3YIIbTATOB BHE-
JPEHUST KOJIMYECTBEHHO OLIEHEH 3KOJIOTMYECKUI

MOTEHIIMAN TEXHOJIOTUU: CHI)KEHHE TIepepacxoia
MmarepranoB Ha 8—12 % (cokpalleHne 0TX0[0B Ha
150-300 T Ha 00BEKT), yMEHBIIICHUE TPOIOIIKHU-
TENIbHOCTH CTPOUTENbCTBA Ha 18 % (cokparieHue
neproa SKOIOTMYECKOro BO3JICHCTBUS IUIOMIAA-
KH), CHUJKEHUE TPaHCIOPTHBIX BEIOpocoB COx.

4. TlpennoxkeHa KOHLEMIHUS KOPHOPAaTUBHOM
HKOJIOTUYECKOM 0a3bl IaHHBIX, POPMHUPYEMON Ha
OCHOBE (DaKTHYECKUX TMOAJIEMEHTHBIX IMOKa3aTe-
7ei u obecrieunBaoLell Mepexoa K MPeaUKTHB-
HOMY 3KOJIOTHYECKOMY TTAaHUPOBAHMIO Ha Oyy-
HIUX TPOEKTaX.

[lepcriekTHBBI pa3BUTHS CBA3aHBI C MHTETPAIIH-
eit Al-TexHONMOruiA 171 aBTOMAaTUYECKOro MPOTHO-
3UPOBAHUSI HKOJIOTMYECKOTO BO3AEHCTBUS, MOIKITIO-
yenueM loT-7aTuMkoB Ui MOHHMTOpPHMHTA IIyMa,
NBUTM ¥ BUOpAIMK B PealbHOM BPEMEHH, a TaKkKe
¢ (opmupoBaHreM oTpacneBoil 0a3bl AKOIOTHYE-
CKUX HOPMAaTHBOB CTPOUTEIILHOTO IPOU3BOJICTRA.
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Abstract

Objective: to develop an approach to the digitalization of environmental monitoring in construction
production based on expanding the architecture of the Construction Pipeline system with environmental
parameters. Methods: the study was conducted by expanding the existing software implementation of
the Construction Pipeline system with environmental monitoring functions. Results: an approach to the
digitalization of environmental monitoring of construction production based on the technology of the
“Construction conveyor” is presented — a system of element-by-element construction management using
building information modeling (BIM). The modular architecture of the system is described, including
the element construction nomenclature (ECN), the passport of constructive BIM elements, the target
construction schedule, the orders of tomorrow, and the corporate estimates. It is proposed to expand
each component of the system with environmental parameters: the carbon footprint of the element, the
standards for the formation of construction waste by hazard classes, the indicators of energy efficiency
of the production of elements, and data on the recycling and disposal of construction materials. Practical
significance: the practical results of the technology implementation at real construction sites demonstrate
a reduction in material overspending by 8—12 %, which is equivalent to a reduction in construction waste
by 150-300 tons per site, as well as a reduction in construction duration by 18 %, which directly reduces
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the environmental impact of the construction site on the environment. The technology was implemented
in practice through three specialized software modules, each of which is complemented by environmental

functions.

Keywords: environmental monitoring, construction conveyor, BIM, digitalization, carbon footprint,
construction waste, environmental safety, element passport, sustainable construction, resource efficiency
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COBPEMEHHbIE TEXHOJIOTUUA — TPAHCNOPTY

YK 621.39

NMmutaumoHHas moaenb npouecca PyHKLUMOHNPOBaHUA
npoTtokona PTP B pexxume E2E

E.B. OnapuH', ®.A. NpowwmH?, E.B. OnapuHa?

13A0 «MuctuTyT TenekomMMmyHukamuiiy, Poccus, 194100, Camxr-IletepOypr, yn. Kamremmposckas, 5,
KopI. 5, nut. M

*[TeTepOyprckuii TOCyIapCTBEHHBIM YHUBEPCUTET ImyTel coobmenus Mmneparopa Anekcanapa I, Poccus,
190031, Cankr-IlerepOypr, MockoBckuii mp., 9

s muruposanusi: Onapun E. B., [lpowun @. A., Onapuna E. B. IMmutaiinoHHas MOJIEIb ITporiecca GyHK-
onuposanus mpotokosia PTP B pexxume E2E // M3sectus [lerepOyprckoro yHUBepCHTETa Iy TeH co00IIIe-
wust. CI16.: TITYTIC, 2026. T. 23, Beim. 2. C. 503-515. DOI: 10.20295/1815-588X-2026-2-503-515

AHHOTAIUSA

Hean: pazpaboTarh UMUTALMOHHYIO MOJIENTh CHHXPOHU3AI[MH YaCOB B COOTBETCTBHH C IMMPOTOKOJIOM TOY-
Horo BpemenHu (Precision Time Protocol, PTP), pyakunonupyromum B pexxume Ent-to-End (E2E). Hccie-
JIOBaTh BIUSIHUE BEPOSITHOCTHO-BPEMEHHBIX ITapaMeTpoB QYHKIIMOHHPOBAHHS CETEBBIX ycTpoiicTB PTP Ha
TOYHOCTH CHHXPOHHU3AIUH. MeToabl: aHaN3 pe3ybTaToB UCCICOBAHHI OTEYECTBEHHBIX U 3apyOeHKHBIX
ABTOPOB U TEXHUYECKOM JJOKYMEHTALMU, UMUTALOHHOE MOJIEIIMPOBAHUE C IPUMEHEHUEM ar€HTHOTI'O IO/~
xoa. Pe3ynbTarel: pazpaboTaHa UMHUTAMOHHAS MOJCIh CHHXPOHHU3AIMHU JIOKAJILHON IIKATbl BpEMEHU
C YYETOM CXEMBI «TOYKA — TOYKa» C IPUMEHEHUEM MPO3pauHbIX 4acoB. [ToayueHa oleHka TOUHOCTH CUH-
XPOHU3ALMKM B 3aBUCHUMOCTH OT BEPOSTHOCTHO-BPEMEHHBIX XapPaKTEPUCTUK BIIUSIOIIUX ITOANPOLIECCOB.
Teopernueckasi 3HAYMMOCTh: pa3paboTaHHAsE MOJIENIb O3BOJISIET MOTy4YaTh OLIEHKH JOCTUTaeMON TOY-
HOCTH CHHXPOHHU3AUK IpH GyHKIHOHUpoBaHHH npoTokosa PTP B pexxume E2E B 3aBucUMOCTH OT Xapak-
TEPUCTHUK UCIIOJIb3YEMBIX YCTPOMCTB, a TAKKE OT XapaKTEPUCTUK KaHAJIOB CBs3U. J[aHHAs MOJelb paciln-
psieT TeopeTHyecKyro 6a3y B 00JIaCTH CHUHXPOHHU3ALMHU TEIEKOMMYHHKAIIMOHHBIX ceTell. [IpakTHdeckas
3HAYMMOCTB: TTOJIyYSHHBIE PE3YJIbTaThl MOTYT OBITh UCIIOIB30BaHBI TIPH MPOEKTUPOBAHIH OTHOCHUTEIHEHO
HeOOBINNX MAKETHBIX ceTel ¢ mopaepxkkoi PTP, 4To akTyabHO B yCIOBUSIX NPENPUSTHIA, BHEAPSIFOIIUX
CpEeICTBa MPOMBILIUIEHHOW aBTOMAaTHKH, Ha 00BEKTaX IHEPTeTHUYECKOTr0 KOMIUIEKCa, a TAK)KE B Pa3IMIHBIX
CUCTEMax YIpaBJICHUS, BKIIIOYAsl TEIIEKOMMYHHKAUK. Takke pa3paOoTaHHbIE MOJEIH MOTYT OBITh HC-
MOJIb30BaHbBI NIPU aHaJN3e PA0OTOCTIOCOOHOCTH (PYHKIIMOHUPYIOMINX JIOKATBHBIX CETEeH JUIs MOMCKA HaM-
Oosee 3HAYMMBIX MONPOIIECCOB, KOTOPBIE BIMAIOT Ha KaUeCTBO NMPEIOCTABIECHHS YCIyT MOIb30BATEIISIM.
[Tpy HEOOXOMUMOCTH MOZAETH MOXKET OBITh B JAbHEHIIEM MaclITaOMpOBaHa JJisi IPUMEHEHHUST Ha CETIX
Oosee CI0KHOM TOMOIOTMU U CTaTh OCHOBOH It (POPMUPOBAHHS KOMIUIEKCA MOJENIeH CHHXPOHU3ALNU
IIKaJl BpEMEHH ¢ uctosib3oBanueM PTP B pasnuuHbIX pexuMax padoThl.

KuaroueBbie ciioBa: ceTeBas cuaxporu3aius, PTP, mporokosn rounoro Bpemenn, E2E, wacToTHO-BpeMeHHOE
obecricucHue, IMKajga BpeMEHU

Beenenue Cornacno crangapry IEEE Std 1588-2019 [1]

IIporoxon PTP npencrasnser codoit naketHo- mpotokon PTP obecrneunBaeT TOYHOCTH CHHXPO-
OPHEHTHPOBAHHBIM MPOTOKOJ, CIPOEKTUPOBAaH- HM3aluK B ceTH Bhime 1 Mkc (1o 10 He). [Ipormece
HbIIA 71 TOYHOW CHHXPOHM3AlMHU pacrlpeneneH- (QyHKIMoHHpoBaHHs npoTokona PTP ocHoBan Ha
HBIX YaCOB C pa3pelIeHNeM MEHEEe MUKPOCEKYHIbl  0OMEHe COOOIIEHUSMH, TepelaoluMu Heo0Xo-
1 paboratonuii B ocHoBHOM 1o Ethernet uimu IP.  numyro undopmanuio B Bue METOK BpEMEHH.
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OyHkunoHuposanue nporokona PTP moxer
OBbITh KOHIIETITYaJIbHO PAa3elieHO Ha JBa JTara.
Ha mnepsom srtame ycrpoiictea PTP mornuecku
CaMOOPIaHM3YIOTCS B HEpPAPXUUECKOE JIEPEBO
CHUHXPOHM3AIMU C HCIIOJIB30BaHUEM aJIrOpUTMa
BMCA (Best Master Clock Algorithm). B cetn
cBs3u ycrpoiictBa PTP nocrossHHO 0OMEHUBAOT-
Csl APYT C IPYT'OM Kau€CTBEHHBIMU XapaKTEPUCTHU-
KaMH CBOMX BHYTPEHHHUX 4acoB. YcTpoicTBo PTP
C YacaMM CaMOrO BBICOKOTO KauecTBa B CHCTEME
B KOHEUHOM uTore Oeper Ha cedsi poib rpaHaMa-
crepa (Grandmaster, GM) u BbIONHSET (PyHK-
UM UCTOYHUKA BPEMEHH AJIsl BCEH CETH CBA3M.
Ha BTOpOM 3Tamne ocyIiecTBiseTcs HenpepbIBHAS
neperaya METOK BPEMEHHU OT I'paHaMacTepa BHU3
10 MepapXuu yCTPOUCTB CeTH CBs3M [ 1—4].

[Iporokon PTP nonnepxuBaer nBa MexaHu3Ma
JUIs pacdeta 3anepikek B ceTu: ckBozHOM (E2E)
u oxHopanroseiii (Peer-to-Peer, P2P). Mexanuzm

E2E tpeOyeT, uTo0bI BeoMOE YCTPOMCTBO M3Me-
PAI0 OOIIIYIO 3aAEPKKY MEXKLy COOOM M BELyLIUM
ycrpoiictBoM. Mexanusm P2P, B cBoto ouepenp,
TpeOyeT, 4TOOBI KakIO0€ YCTPOMCTBO (BKIIOUAs
KOMMYTATOPbI X MApIIPYTHU3aTOPhI) HA MYTH MEXK-
Ty BEAYIIUM U BEJIOMBIM YCTPOHCTBAMH H3MEPSIIO
3aJIEpAKKY MEXIy co00i M CBOMM HEMOCPE/ICTBEH-
HbIM cocesioM. OOmmast cereBas 3a/iepiaKKa MEKILY
BEIYLIUM M BEJOMBIM YCTpPOICTBaAMH IIPU 3TOM
paBHA CyMMe 3aJIepKeK KaHalla Ha Ka)XI0M y4acT-
Ke U 33/Iep>KeK Ha OTHOPAHIOBBIX YCTPOUCTBAX HA
nyTH niepenadr. CHHXpOHU3AIKS C UCTIONIb30BaHH-
em mexanmma E2E mokazana na puc. 1 [2, 5-8].

dyHaMeHTaIbHBIM JIOMYIIEHHEM BCEX IPO-
TOKOJIOB CHHXPOHM3AallMM, OCHOBAaHHBIX Ha 00-
MeHe BpeMEHHOU MH(opMalue 1o ceTsiM C He-
U3BECTHBIMM  33/IeP)KKaMU  PacIpOCTPaHEHUs,
SIBJIICTCSI CHMMETPHUYHAS CEeTeBas 3aepPiKKa MEK-
Iy BEIYIIUM U BEIOMBIM YCTPOHCTBAMH.

Benyiee TC Benomoe
YCTPOHCTBO (E2E) YCTpPOWCTBO
Twi Tvit To
ATys Wb} COMT s
Sync
 ‘ Ts
/ Ts2
ATsm Delay request COTT gy { Delay request
L |
Twa[™
Delay response p—
Delay response
v v v
Bpemsa Bpemsa Bpems

Puc. 1. Cunxponusanus ¢ UCHoiab30BaHueM Mexanusma E2E
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[Tpu ucnons3oBanuu mexaHusma E2E Beno-
MO€ YCTPOWCTBO BBIUHMCISET CMEIIECHHUE CBOHMX
qacoB 1o ¢opmynam (1, 2) u moxcTpanBaeT CBOM
4achl B COOTBETCTBHHU C BBIUMCICHHBIM 3HAUCHHU-
em cMenlenus [2, 9-12].

T,=T,— T, —d— corr,, (D)

((TMZ _TMI )_(].;2 _7.;1 )) _Corrms _Corrsm (2)
2

rae T, — cMelleHne BeIOMBIX YaCOB OTHOCHTEIb-
HO BEIYIINX YacCOB,;
T,,— Bpems oTnpasieHust cooO1eHns “Sync”;
Ts— Bpems mpuObITHS coodmeHus “Sync”;
d — ceTeBasi 3a/IeprKKa MEXY BEIYIIUM U Be-
JIOMBIM YCTPOMCTBaMH;
COIT,,, — 3HAYEHHE 3aJePKKH, KOTOPYIO MPO-
3payHble Yachl J00ABIAIOT B MOJIE KOPPEKIUH
“correctionField” coobmienus “Sync”;
COIT,, — 3HAYEHHE 3aJePKKH, KOTOPYIO MPO-
3payHble Yachl JOOABISIOT B T0J€ KOpPpPEK-
i “correctionField” coobmenus “Delay
request”.

[lpn QynkmonupoBannu mnpotokona PTP
MOXHO BBIJECJIUTH JIBa MCTOUYHUKA ACUMMETPUH
3a7Iep’KKH: pa3HUIA BO BpeMEHH 00pabOTKH CO-
OOILIEHUI MpPO3payHbIMU YacaMH U 3aJIepiKKa,
KOTOpasi BO3HMKAET M3-32 Pa3HULBI B CKOPOCTH
nepenayy Wiy Mapupyre nepegadu. HeraruBHole
NOCJEJCTBUS NIEPBOTO BHJA ACUMMETPUH MOTYT
OBbITh YCTpPaHEHbI MPU JOMKHON HACTpPOIKe 000-
PYIOBaHHUs, OIHAKO BIMSHUE BTOPOTO BUJA ACHM-
METPHH KOMIIEHCUPOBATh 3HAYUTEIIBHO CIIOKHEE.

Ot1™meTHM, YTO B YCIIOBUSIX 3HAUMTEIBHOTO MAacC-
mTaba MPOTSHKEHHBIX — TENEKOMMYHHUKAIIMOHHBIX
CHCTEM TOUYHOCTb JJOCTaBKU CUIHAJIOB €IMHOIO Bpe-
MEHH Ha OCHOBE MpoTokoia PTP MoxeT cHmxkaThes,
TaK KaK 3HaUMTEIbHO BO3PacTaeT BapHalus 3a0EpxK-
ku — [P Packet Delay Variation (IPDV) [12-14].

IHocTpoeHne MMUTALIMOHHOM MOJEIH
npouecca pyHKIIHOHMPOBAHHUSA NPOTOKOJIA
PTP B pexume E2E

B cootBercTBUM € mpoleccoM (yHKIHOHU-
posanus nporokona PTP B pexume E2E (puc. 1)
B cpene AnyLogic Obl1a HOCTpoeHa MMHUTALMOH-
Hasi MOJielTb (pHUC. 2), Iie npeCcTaBIeHbl BeayIHe

g Beagywue_Yacel

() Tm

Begomelie_Yackl

() Ts () dT () offset

g N ' M) g N
Beaymue 4achbl TC BeaoMmbie 4achl
Source Sync_messagel Deltal Sync_message2 Delta2
o—" oEEE o
{) bt O D2
Delta4 Delay_Req_message2 Delta3 Delay_Req_messagel
Z Z/ Z/
W) D4 Q) o3
Delay_Resp_messagel Delta5 Delay_Resp_message2| sink
- = o
{) b5
- J o J - J

Puc. 2. ImutanimoHHas MOJIeIb Tiporiecca PyHKIIMOHUPOBaHUs TpoTtokona PTP

¢ ucnoab3oBanueM MexaHusma E2E
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4achl, BeZloMble yachkl ¥ npozpaynsle yacsl (TC),
¢yukuuonupyronme B pexkume E2E. Ioactpoit-
Ka BEIOMBIX YacoOB OINpPEAEIAETCS OTIPABKON
U nipuemMoM cooduienuii “Sync”, “Delay request”
u “Delay response”.
NPOCTPAHAIOTCS I10 KaHaly CBs3M, HPEICTaB-

JlanHbIe COOOMICHUST pac-

JIEHHOMY Ha WMUTALMOHHOW Mojenu OJokaMu
“Delay”. B obmiem ciydae 3aJepKKd B KaHa-
Jax CBA3U MOTYT OBITh Pa3IMYHBIMH, a CaM Ka-
HaJl CBSI3U MOXET OBITh CHMMETPHUYHBIM WU
ACUMMETPHUYHBIM.
coo0mienuii B gaHHbIx ycrpoiictBax PTP u co-

O0paboTka mepenaBaeMbIX

OTBETCTBYIOIINE €i 3a/IepKKU TaKkKe IMpeCTaB-
nensl Onmokamu “Delay”. Bemymme u Bempombie
Yachl XapaKTepU3yIOTCs CBOEH IIKaIol BpeMEHH.
3Ha4yeHuss BPEMEHH BEIYIIUMX U BEJAOMBIX YacOB
oTpaxatrorcs B mnepeMeHHbix 7, u T,. Ilpumem
W3HAYAJIbHO, YTO BEJOMBIC Yachl ONEPEKAIOT Be-
aymue Ha 100 mkc [1, 2, 15]. 3HaueHue BpemeHu
3a7iepkk 00paboTku coobmenuit PTP 3agarorcs
¢ noMoikto nepemennsix D1, D2, D3, D4, DS.
Haznauenue nepemennsix T1, T2, T3, T4 — 3a-
MKCh METOK BPEMEHH.

Jlns mpoBeIeHUS MOJCTMPOBAHUS TIPHUMEM,
YTO KaHaJI CBSI3H ABJISETCS CHMMETPHUYHBIM C HOP-
MaJIbHBIM pacIpe/IcICHHEM BPEMEHHU 3aJIePIKEK

CO CIIEIYIOUIMMH XapaKkTepucTukamu (Tabm. 1).
B pesynbrare npoBeieHHOI0 MOAECIMPOBAHUS 10~
Jy4eHbI CIeyoue pe3yasTarsl (puc. 3—4).

[To pe3ynpratam NpPOBEAEHHOIO MOAEIHUPO-
BaHUS TMOCTPOEH TrpadHK CMEIIEHHS BEIOMBIX
4acoB OT BEIYIIMX YaCOB C YYETOM MOIPaBOK
no PTP, a takke rucrorpamMma OTKJIOHEHUH TO-
Ka3aHUH BEJOMBIX YacoB OT IOKAa3aHUIl BelLy-
mux 4yacoB. ['paduk cMmelieHus: BEIOMBIX 4acoB
OTHOCHUTEJIBHO BEAYIIUX JEMOHCTPUPYET TOU-
HOCTb ITPUBSA3KH JIOKAJILHOH HIKaJIbl BDEMEHH IIPU
¢dynkunonupoBanun mporokona PTP B pexume
E2E. Onpeneneno, 4to cpeiHee CMEIIEHHE CO-
crapisier 1, = Toin =
= —3,947 MKc (B JaHHOM Clly4ae BEJOMbIE 4achl
cremar), a MakcumanbHoe — T, = 4,17 MKc
(B JaHHOM CITy4ae BEIOMbIE Yachl OTCTAIOT).

Pa3paboranHas uMHTAIlMOHHAs MOJENb TPO-
necca (yHkuuonuposanus nporokona PTP B pe-
xume E2E ominmyaercss yyeroM XapakTepUCTHK
NPUMEHSEMBIX YCTPOMCTB U PUMEHSAEMbIX KaHa-

0,064 Mxc, MUHUMAJIBHOE —

JIOB CBA3H U ITO3BOJIACT OLICHHUBATb TOYHOCTD ITPpH-
BA3KH IIKaJl BDCMCHH. Hcnonb3oBanue PCaJIbHBIX
HCXOOHBIX JAaHHBIX, B3ATBIX U3 IIPAKTUKH 3KCILTY-
aTalMu ceTeu CBA3HU, [TO3BOJIMT MOJIYYUTb MOJACIIb
C pCaJIbHbIMHU CBOfICTBaMPI, IMPOU3BOAUTH OLICHKY

035
k < 03
; -10 g 023
= =
g = 02
; 20 %' 0.15
5 E
2 30 3 01
: E I
g S 0,05 l
(=%
-40 — - - —
2,35|-1,79 -1,24|-0,68|-0,13 0,43 |0,98 | 1,54 12,09 | 2,65|3.20
=2 2,90/-2,35 -1,79 -1,24|-0,68 -0,13 | 0,43 | 0,98 | 1,54 | 2,09 | 2,65
0 1000 2000 3000 4000 5000 6000
- OTKiI0HeHHE, MKC
Bpe.\m HAaOTHICHHA, MKC
Puc. 3. CMmeliesne BeJOMBIX 4aCOB Puc. 4. 'ucrorpamMmma OTKJIIOHEHUI OKa3aHUI
OT BEIYILIHUX YaCOB C yUETOM BEJIOMbIX YaCOB OT IIOKa3aHU BEAYILIUX YACOB
nonpasok no PTP ¢ yuerom nonpasok PTP
2026/2 Proceedings of Petersburg Transport University
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TABJINIIA 1. VicxopHbie ganHbIe 11t MopennpoBanusa PTP B pexxume E2E

Ha3Banue cocTossHHS

YciioBHOE 0003HAYEHHE

3HaueHHe 32JePKKH, MKC

I/IHI/II.[I/II/IpoBaHI/Ie [HUKJIa CHHXPO-

Source

Source c

HU3aLUU fo—
Sync_messagel
Kanan M _TC 1 Sync_message 1 __
Delay_Req_message2
Kanan TC_ M Delay Req message 2 ﬂ,
Delay_Resp_messagel

Kanan M_TC 2 Delay_Resp_message 1

HopmanbHelil 3aKk0H pacripeneneHus
¢ mapametpami: 6 = 0,5; =10

3anepxka Bpemenu TC1 Delta 1 > @ )
Delta3
3anepxka Bpemern TC2 Delta 3 E_
Delta_5
3anepxka Bpemenu TC3 Delta_5

DKCMOHEHI[MATbHbIN 3aKOH
pacrpe/IeNeHus ¢ mapamMeTpoM
r=1

Sync_message2

CHUHXpOHHU3alINN

Kanan TC S 1 Sync_message 2 — YR —
Delay_Rea_meseagel HopmanbHslii 3akoH pacnpeneneHus
Kanan S_TC Delay Req message 1 ﬂ ¢ mapaverpav 5= 0.5 11 = 8
Delay_Resp_messageZ2
Kanan TC S 2 Delay Resp_message 2 — XX
Delta2
3aziepxKKa BpeMeHU S Delta 2 __
OKCTIOHEHINATIbHBIN 3aKOH
pacrpezieNieHus ¢ TapamMeTpoM
Deltad =1
3aziepxka BpeMeHd M Delta_4 m
- \Z
sink
3aBepIeHne UKIa Sink o

Tpumeuanue: >KCIOHSHIIMANBHBIH 3aKOH ¢ TapaMerpamiu (A; min) B AnyLogic ciieayer moHuMarh Kak CliyqaiiHylo Be-

JUYHHY, PACTIPEICICHHYIO 110 SKCTIOHEHIIMATBHOMY 3aKOHY C TTApaMeTpoM A, QYHKIIHS pacrpeieieH s KOTOPOH CMelieHa

Ha BCJIMYNHY min OT Havuana KOOpAMHAT.
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U TPOTHO3MPOBATH TOYHOCTH MPUBSI3KH IIKAI
BPEMEHH Ha pPealbHBIX CETAX CBA3M, a MPU HAJO-
KEHHH HOPMATUBHBIX TPeOOBaHUI HAa TOYHOCTh
OpPUBS3KH 00OCHOBaHHO (HOpMUPOBATH MPEIIO-
JKEHHS 110 COCTaBY U XapaKTePUCTUKAM MPUMEHSI-
€MOro 000pyI0BaHuSL.

Ounenka npouecca GyHKIMOHUPOBAHUS
nporokosaa PTP B pexume E2E

OT XapPaKTEePUCTHK KAHAJIOB CBS3H,
BBIPA’KCHHBIX Yepe3 BepOSTHOCTHbIC
pacnpeejeHls BPEMEHH 3a/1ePiKeK

[Toctpoennas Mmopenb (puc. 2) MO3BOJSET
IIPOBOAUTH OLEHKY BJIMSIHUS KAauecTBa U Xapak-
TEPUCTUK KaHAJIOB CBA3M Ha Ipouecc (yHKIHO-
HupoBanus nporokona PTP. lns oneHku Bnus-
HMS KauecTBa U XapaKTEPUCTUK KaHAJIOB CBA3U
Ha mpouecc (PyHKUHOHUPOBaHUs npotokoiaa PTP
ObLJ1a IpOBEIEHA CepUsl IKCIIEPUMEHTOB IIPU pa3-
JUYHBIX TapaMeTpax PpaclpeieeHuil BpEeMEHU
3aJICP’)KKH B KaHANAX CBA3M M Ha 000pYJOBaHUU
[1,2, 15]:
o,=1;0,=1,5; 6;=2,5 (3xcniepumenr 1, 2, 3);

A =0,5; A, =2; A; = 5 (3xcniepumeHT 4, 5, 6).

XapaKkTepUCTUKK KaHAJIOB CBSI3M 331aHbl B CO-
OTBETCTBUU C MCXOAHBIMHM JAHHBIMH COIVIACHO
tabn. 2. [To utoram MonenupoBaHus ObLIH MOJTY-
YeHbI CIeYIoNHe pe3yabTaTsl (puc. 5—7). OueH-
Ka MPOBOJIMJIACH ITyTEM MHOTOKPAaTHOW UTEpaLuu
UCXOJIHOT'O DKCIIEPUMEHTA.

CpaBHEeHHE pPE3yNbTaTOB 3KCIEPUMEHTOB 110
OLICHKE BIIMSHUS KaUECTBA M XapaKTEPUCTHUK KaHa-
JIOB CBSA3M Ha Ipoluecc GyHKIHOHUPOBAHUS MPO-
tokoia PTP B pexxume E2E npuseneno B tadmn. 3.

IIpu nccnenoBanny KaHaja ¢ HOpMaJIbHBIM pac-
HpesieNieHUeM 3a/IepiKKH (pHC. 5) MOKa3aHo: Mpu
6 = | TouHOCTH HaxoauTCA B mpeaenax 1,2 MKc,
a C YBEJIMYEHUEM JI0 3HAUEHUA G = 2,5 JOCTUraeT
6 MKC, 4TO HEMpUEeMJIEMO C TOYKHU 3peHust Tpedo-
BaHMI OONBIIMHCTBA NoTpeduTenei. Kanan ¢ skc-
HOHEHIMATBHBIM  pacripefenenueM (puc. 6) Ha

MHOKECTBE pacCMaTpUBAEMbIX 3HAUCHHUH Tapame-
Tpa A TaKXkKe OKa3bIBAET BIUSHUE HA JOCTUTAEMYIO
TOYHOCTh CHHXPOHM3AIMH, HAIPUMEp, Mpu A = 2
HaOJIOIaeTCsl HAaMMEHbBINES OTKIIOHEHUE — MEHEe
1 Mkc. CnemoBareibHO, 4eM 00JICe «TSKENBI»
XBOCT HaOMIOmaeTcs y KpPUBOW pacrpesieNieHs,
TEM MCHBIIIA TOYHOCTh JOCTUTACTCS.

Ha rucrorpammax pacnpeneneHuss TOYHOCTH
CUHXpOHU3AIMK (pHc. 7) MOKa3aHO, YTO OTKJIO-
HEHHUE YacoB, B 00IIEM, HOCUT OJHOMOJAIbHBIN
XapakTep M CTPEMHUTCS K HOPMAIBLHOMY 3aKOHY.
Taxke MOXKHO 3aMETHTh, YTO MaTEMaTHUYCCKOE
0KMJIaHUE HAXOAUTCS BOJHM3H HYJIEBOW OTMETKH,
HO cpenHekBaapaTuueckoe oTkioHeHHe (CKO)
MEHSETCS B INIMPOKHMX Tpejaesax, 4To B KOHEY-
HOM HUTOT€ CKa3bIBaeTCS HAa TOYHOCTH CHHXPO-
Huzanuu. Hampumep, B 3KcrepuMeHTe 5 Ha-
Omomaercs Oosiee sBHAas MOJa M HaWMEHBIIEE
CKO, B pe3ynbrare 4ero gocturaeMasi TO4HOCTb
(puc. 6) Hanboee BbICOKA B JAHHOW CEPHUHU IKC-
nepuMeHTOB. OTHOCHUTEIBHO AKCIEPUMEHTOB
1, 2, 3 aHAJJOTHYHO BUIHO, YTO B COOTBETCTBHH
C TUCTOTPaMMO¥ puc. 7a TOYHOCTH IIpH G = 1 T10-
Jy4aeTcs HauOOoJbIICH.

[TocTpoeHHass MoJeIb MOXKET OBITh MpPUME-
HEHa Ha peaJIbHBIX CETAX CBS3MU IS OIICHKHU OT-
KJIIOHCHHS MTOKa3aHUH BEIOMBIX YaCOB OT IOKa-
3aHMM BEIYIIMX YacOB ¢ yuyeToM nomnpaBok PTP
IpU HaJTUYUU UHPOPMALUU 00 HCHOIB3YEMBIX
KaHanax cBs3u. [Ipy 5TOM MONTy4YeHHbIE PE3YIib-
TaThl MO3BOJISIOT JaTh OIEHKY 3aKOHA pacrpe-
JICJICHUS OTKJIOHEGHHS IIKajJbl BEIOMBIX 4acoB
oT Beaymux. Ilpu moMoiuu BapbUpOBaHUS Ma-
paMeTpoOB pacrpeaeleHus 3aepKKU B KaHale
BO3MOKHO CMOZICJIMPOBATh YCJIOBUS Pa3IUIHON
3arpyKCHHOCTH KaHajla, YTO HMMeEeT OOJbIloe
3HAYCHHE B YCJOBHSIX COBPEMEHHBIX TEIECKOM-
MYHUKAI[MOHHBIX CETEH.

Wmest B Hanuuuu uHGOPMAITUIO O paclpesie-
JICHUW BPEMCHHU 3aJICPIKEK B KaHaJlax CBS3H, KO-
TOpasi MOKET OBITh TIOJIyYeHa U3 CTATUCTUKHU TI0
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TABJIMIIA 3. CpaBHEeHME pPe3yIbTaTOB 9KCIEPUMEHTOB

OTKJIOHEeHHe MOKA3AHHIi BeIOMBIX YaCOB OT MOKA3AHMIA BeyLIHX 4aCOB
Buj pacnipenenenust Bpemenu ¢ yuetoMm nonpasok PTP, mxe
3a/IepKKH B KAaHAJIAX CBSI3H

MHHHMAJIbHOE cpeaHee MaKcHMaJbHOe CKO
OkcnepuMent | -3,947 0,064 4,170 1,197
DKcnepuMeHT 2 -5,092 0,092 4,489 1,514
DKCTepuMeHT 3 -6,904 0,546 7,432 2,307
OkcriepuMeHT 4 5,894 0,108 6,315 1,432
DKcnepuMeHT 5 -1,970 0,030 2,090 0,600
DKCIIepUMeHT 6 -1,730 0,030 1,490 0,510

g 1
A
s
E!
)
5 \
g \ I
$ 4 = \
g V1 sigma=1 1
A5 W — sigma=1.5

-6 ' = = sigma=2.5

-7

1000 1500 2000 2500 3000 3500 4000 4500 5000

Bpema HabmrOAeHHA, MKC

Puc. 5. PacxokneHre J0KaJIbHBIX 1IKaJ BPEMEHHU BEAYIINX U BEAOMBIX YacOB
0 pe3yybTaTaM KCIEPUMEHTOB 1, 2, 3

g 1
g
& 0
£ 1
g -
Lo
g
g3
g |
754 ====lambda=0.5
2 Vi . \
R =5 V) ———fambda=2

-6 ’ = =—fambda=5

-7

1000 1500 2000 2500 3000 3500 4000 4500 5000

Bpems HaGI0OJeHHA, MKC

Puc. 6. Pacxoxaenue JOKaIbHBIX LIKaJl BPEMEHU BeIYLIUX U BEIOMBIX YaCOB
10 pe3yJbTaTaM 3KCIEPUMEHTOB 4, 5, 6
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Puc. 7. T'ucrorpaMMbl OTKJIOHEHHH MOKa3aHUI BEIOMBIX YaCOB OT IMOKAa3aHUM BEIyIIMX YacOB

¢ yueroM nonpasok PTP
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TEXHUYECKOM JKCILTyaTaluy, BO3MOXKHO OIIEHHUTh
BapHALMIO 33JIEPKKH IIEPEaaud METOK BPEMEHU
Ha peajbHBIX CETAX CBA3U. DTO BAXKHO IO JABYM
IPUYMHAM: MOJAENMPOBAaHHUE T0Ka3aj0, YTO MpPU
Pa3HBIX PACIpPEAEIECHUAX OTKIOHEHHE NT0Ka3aHUI
BEJIOMBIX YacCOB OT IOKa3aHWIl BEAYLIMX 4YacoB
CYILECTBEHHO Pa3JIMyacTCs, a HAJIMUUE JUIMHHBIX
LIETI0YEK PACIpeeICHUs KA BpEMEHH TpeOyeT
CYMMHUPOBAHHUS BPEMEHH 3aJIEPKEK, UTO U PUBE-
JIET K CyLIECTBEHHOH OMINOKE MpeIBapHTEbHbIX
OLICHOK, €CII HE YUYTEHO paclpeeseHiue Bpeme-
HHU 33/IEPXKKU B KaHaJe CBSI3H.

Tax:ke BO3MOKHO pelInTh 00paTHyIO 3a1ady:
UCX0/s U3 TpeOOBaHUM KO BpEMEHHM OTKJIOHEHUS
MOKa3aHUI BEJOMBIX YaCOB MOXKHO TNPEABSIBUTH
TpeOoBaHMs K KaHaJaM CBSI3H, B TOM YHCIIE U pac-
NpeeNieHuI0 BpeMEHH 3a/IepKeK, 4TOObI OTKIIO-
HEHHE MOKa3aHHii BEJIOMBIX YaCOB HE MPEBBIIIATI0
3a/1aHHOE.

3akirouenue

B nanHoW crarthe pa3paboOTaH KOMILIEKC
UMHTAIIMOHHBIX MOJeNel mporecca (QyHKIUO-
HupoaHus nporokoia PTP B pexume E2E, no-
3BOJISIFOIIUX OLIEHUTHh Kaue€CTBO CHMHXPOHHU3ALUU
BEJIOMBIX 4acoB. B kauectBe kputepus 3dhex-
TUBHOCTU TIpoIriecca (yHKIIMOHUPOBAHUS TIPO-
Tokosna PTP Obuto BEIOpaHO BpeMsi OTKIOHEHUS
MOKa3aHUW BEIOMBIX YaCOB OT MMOKA3aHUI BEAY-
MIUX YaCOB.

J171s1 O1leHKH OTKJIOHEHUS TTOKa3aHUM BEIOMBIX
4acoB OT MOKa3aHUH BeIyIINX YacOB ObLI MPOBe-
JIEH psAJl SKCIIEPUMEHTOB IIPU Pa3IMYHbIX paclpe-
JIENICHUSAX BPEMEHHU 33JI€PKEK B KaHalaxX CBSI3U
¥ BpeMEeHU 00paObO0TKH COOOIICHUH B YCTPOMCTBAX
(HOpMallbHOE U HKCHOHEHIMANbHOE), KOTOPBIi
MOKa3all, YTO HauOONBIINHA pa3dpoc OTKIOHEHUI
HaOIIoaeTcs MPH HOPMAIbHOM paciipe/ieieHUu
BPEMEHHU 33/I€PIKEK.

[TocTpoeHHbIe MOIETH MOTYT OBITH TIPMEHE-
HBI Ha PEaJbHBIX CETAX CBSI3M Uil OLECHKH OTKJIO-

HEHHUs MOKa3aHUN BEJAOMBIX YacOB OT IMOKa3aHUN
BEYIIUX YacoB MPH HAaTM4uu HHPOpMALUU 00
UCTIOJIb3YEMbIX KaHAJaxX CBA3M U BPEMEHH 3aJiep-
KEK B YCTPOUCTBAX.

Hmes B Hanmmuuu MHOOPMAIUIO O pacrpee-
JIEHUM BPEMEHU 3a/IEPKEK B KaHAJIax CBA3U U UC-
HIOJIb3YEMbIX YCTPOMCTBAaX, BO3MOXHO OLIEHHThb
OTKJIOHEHHE TIOKa3aHWM BEAOMBIX YacOB Ha pe-
aJIbHBIX CETSAX CBS3M. TakkKe BO3MOXKHO PELINUTh
o0paTHyt0 3a/1a4y, KOTOpas 3aKJII04aeTcs B TOM,
YTO MCXO/s U3 TPeOOBAHMI KO BPEMEHU OTKIIOHE-
HUSI TTIOKa3aHUH BEIOMBIX 4aCOB MOXHO TIPEIbs-
BUTH TPEOOBAHMS K KaHAJIaM CBSI3H U K IPUMEHS-
€MbIM YCTPOUCTBaM, YTOOBI OTKIIOHEHHE BPEMEHU
HE MPEBBIIIANIO 33JAHHOE.

MonenupoBanue mpouecca (QpyHKIMOHUPOBa-
HuUs mipotokona PTP HeoOXomumo it M3ydeHus
ero 3pEeKTUBHOCTH U 0COOEHHOCTEH ero (yHK-
LUUOHUPOBAHMSI B PA3IUYHBIX MPUIIOKEHUSX, T1Ie
TpeOyeTcss TOuHas CHHXPOHM3AIMS BPEMEHU.
ITocTpoeHHbIE MOJENH MO3BOJIAIOT OLIEHUTH, KaK
paboraer npotokoa PTP B pasnuuHbix ycnoBu-
X, YTO MOXKET OBITh aKTyaJbHO AJISI Pa3paboTKu
U ONTUMH3AIMU CHCTEM, TPEOYIOIIUX TOYHOU
CUHXpOHM3anMu BpeMeHu. Hampumep, npu pas-
HBIX PaclpeieleHUsAX BPEMEHH 3aJEpiKEK B Ka-
HaJlaX CBSI3M U B TPUMEHSEMBIX YCTPOUCTBAX
OTKJIOHEHHE T10Ka3aHUH BEJOMBIX YAaCOB MOXET
CYILIECTBEHHO pa3IN4aThbCsi, YTO HAKJIAIbIBAET
OrpaHUYEHHE HA MMOCTPOEHUE AJIMHHBIX LIEHOYEeK
pacrnpeeneHust Kajl BpEMEHH.
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Abstract

Purpose: to develop a simulation model of clock synchronization in accordance with the Precision Time
Protocol (PTP) functioning in «End-to-End» (E2E) mode. To investigate the influence of probabilistic-
temporal parameters of network devices operation on synchronization accuracy. Methods: an analysis of
foreign and Russian authors’ works and technical documentation, simulation modeling using an agent-
based approach. Results: a simulation model of local time scale synchronization via PTP with transparent
clock is developed. An estimation of synchronization accuracy are obtained depending on the influencing
subprocesses. Theoretical significance: the developed model makes it possible to obtain the estimation of
the achieved synchronization accuracy when PTP is operating in E2E mode depending on the characteristics
of the devices that are used, as well as on the characteristics of the communication channels. Practical
significance: the obtained results can be used for designing relatively small packet networks with PTP
support that is relevant in the context of implementing industrial automation tools at enterprises. The
developed models can also be used for analyzing the operability of local area networks functioning to find
the most significant subprocesses that affect the provisioned to users quality of service. The model can
be further scaled for implementing in networks with more complicated topology and become a basis for
complex of synchronization models of PTP working in different modes.

Keywords: Network synchronization, PTP, precision time protocol, E2E, frequency-time provision, time

scale
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YK 004.056.2

Mopenb npouecca aHanu3sa ceTeBoM aKTUBHOCTU J1IEMEHTOB
TenecgoHHom IP-ceTn KOMMNIEKCOM KOMMNbIOTEPHON
pa3BeaKv HapywmTensa

A.A. NpuBanos' 3, [1. 4. TutoB' 2

!TTeTepOyprekuii rocy1apcTBEHHbIN YHUBEPCHUTET My Teit coobienus imneparopa Anekcanapa I, Poccus,
190031, Canxkr-IlerepOypr, MockoBckuii mp., 9

20AO «Cymnepren», Poccus, 197046, Cauxr-IletepOypr, IleTporpanckas na6., 38
3 Akajemust BOMCK HaMoHanbHO reapauu, Poceus, 198206, Cankr-IlerepOypr, yir. JI. [Tumotosa, 1

s nurupoBanms: [lpusanoe A. A., Tumos /[. /]. Moaens mpoliecca aHanu3a CETEBOM aKTUBHOCTH
sneMeHToB TenedonHoi IP-cetn koMIuiekcoM KoMmmblOTEpHOW pa3Benku Hapymurens // Wzsectus Ile-
TepOyprckoro yHusepeutera myrteit coodmenus. CII16.: IITI'YIIC, 2026. T. 23, Bem. 2. C. 516-530. DOLI:
10.20295/1815-588X-2026-2-516-530

AHHOTAIUSA

Heab: pa3paboTka 1 aHATN3 CTOXACTHYECKOM MOENHN Ipoliecca aHalln3a CEeTeBON aKTUBHOCTH DIIEMEH-
ToB TenedoHHOU [P-ceTH, BRITIONHAEMOTO KOMILIEKCOM KOMIbIOTepHOU pa3Beaku (KP) mapymmurens,
JUTSL KOTMIECTBEHHOM OIIEHKU BPEMEHHBIX XapaKTePUCTHUK Pa3BEAbIBaTEILHOTO MHUKIA. MeTOAbI: anro-
pPUTM pabOTHI CETEBOTO CKaHepa MPECTaBIIeH B BUAe croxacTuaeckoit cetu (GERT-monenm), rme sTamst
0OHapy)KEeHUSI aKTUBHBIX DJIEMEHTOB, OIIPEEICHHs POJIeH Y3JI0B, THIIOB OTIEPAallOHHBIX CHCTEM, MOp-
TOB/CEPBUCOB M aHAJM3a ySI3BUMOCTEH OIKCHIBAIOTCS AYraMHU CO CBOMMH (DYHKIIUSIMH PaCIIpeesIeHUS
BPEMEHHU W BEPOSTHOCTSIMH yCTieXa, a IOBTOPHBIE 3aITyCKH — TMEeTIAMA Bo3Bpara. Jis BetBeit «Poiby,
OC u «IlopTsl/cepBHCHD) MOMYYEHBI YKBUBAIICHTHBIE H300pakeHus 1o Jlamacy mioTHOCTe# pacmpene-
JIEHUS, HA OCHOBE KOTOPBIX BHIBEICHBI DKBUBAJICHTHBIE (DYHKIIMH JIJIs1 TapaJIIeIbHOTO OJI0Ka M TIOJTHOTO
IIUKJIa pabOTHI CKaHEpa B peXUMax MOJTHOTO M YACTHYHOTO CKaHWpoBaHus. MHTeTpansHas GyHKINS pac-
TIpe/ieNieH s, CpeTHee BpeMsi M YPOBEHb TPeOOBaHUN PACCUUTHIBAIOTCSA Ha OCHOBE ITOJTYYCHHBIX aHAIH-
TUYECKHX BBIpaKEHUH. Pe3yabTaThl: MomydeHbl KOMITAKTHBIE (DOPMYITBI TSl 9KBUBAJIEHTHOW (pyHKIINH,
(hyHKIIMU pacrpeneseHus] U CpeIHEro BpeMeHH pa3Beku VolP-ceTn B 3aBHCHMOCTH OT BEPOSTHOCTEH
YCHENIHOTO BHITIOMHEHUS KIFOYEeBBIX onepannii. [lokazaHo, 4To0 BpeMeHHBIE XapaKTEePUCTHKH TIpoIecca
MMEIOT BEIPAKEHHYIO HETMHEHHYIO 3aBUCUMOCTD OT 3HAYeHHSI ’TUX BEPOATHOCTEH: TIPH UX YBEITHUYCHUN
HaOJIFOZIaeTCs MHOTOKPATHOE COKpAIlleHHe CPEAHET0 BPEMEHU W CPOKa YCIIeNTHOTO 3aBEpIIeHHS CKa-
HupoBaHus. CpaBHEHHE PEKUMOB ITOJIHOTO W YaCTUYHOTO CKAaHUPOBAHUS JEMOHCTPUPYET OKUIAEMBIN
KOMIIPOMUCC MEX]Ty TIOJTHOTOW T0OBIBa€MOI KOMITBIOTEPHOW pa3BenKkodl MHGOPMAIUH U CKOPOCTHIO
MoNTydeHns pe3ynbTaroB. IlpakTHudeckass 3HAYMMOCTh: MOJIENb TTO3BOJISIET MPOTHO3UPOBATH BPEMEH-
HBIE TIOKa3aTenu padboTsl kKomruiekca KP B VolP-cetu, BEISBIATE y3KHe MeCTa, a TakKe KOJIMYeCTBEHHO
OIICHUBATh BIMSIHHUE apXHUTEKTYPHl CETH W MapamMeTPOB CPEICTB 3aIIUTHl HA CKOPOCTh TOJMyUYEHHUs Ha-
pyLIUTENEeM KPUTHIECKH BaXKHON WH(OPMAIIMH, YTO Aa€T OCHOBY JUIsi 000CHOBAaHHOTO BHIOOpA Mep 1O
MOBBIMIEHUIO KHOEPYCTONYNBOCTH.

KiioueBbie ciioBa: TeJ'Ie(bOHHaH IP—CCTL, KOMILJIIEKC KOMHBIOTepHOI‘/'I Pa3BCaKH, CeTeBOM CKaHCp, aHaJIU3
CETeBOM AKTHUBHOCTH, CTOXaCTUYCCKasA CCTh, GERT-MO,[[CHL, OKBHBAJICHTHAas (bYHKHI/IH, IIOJTHOC U YaCTUu4-
HOC CKaHUPOBaHUC

Brenenue nepecTana ObITh y3KOCHEUHATN3UPOBAHHBIM T0-
Tenedonnas IP-ceTb B COBpEMEHHBIX KOPIO- JIOCOBBIM cerMeHTOM. OHa CTaja YacThio eu-
PaTUBHBIX M BEIOMCTBEHHBIX MH(PACTPyKTypax HOH HH(OPMAIMOHHO-TENIEKOMMYHHUKAIIMOHHON
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cpenbl, o0ecneynBaroel KpUTUYHbIE IS YIIpaB-
JIeHUs ¥ POU3BOACTBEHHOTO IIMKJIa CEPBUCHl —
OT CUTHANM3AlMU U TUCTIEeTYepU3aIuu 10 MHTE-
rpalyy ¢ MPUKIAJHBIMU CHCTEMaMH, CUCTEMaMu
MOHHMTOPUHTa U KOPIOPATUBHBIMU KaTalOTaMH.
[lepexon k makeTHOW mepenade pedd U CUTHA-
JM3alMd, WCIOJIB30BAHUE CTAHIAPTHBIX CTEKOB
TCP/IP n mmpokasi HOMEHKJIaTypa HpPOTOKOJIOB
(SIP/RTP, H.323, MGCP, HTTP(S), SNMP, SSH
U 1Ip.) 00BEKTUBHO MOBBIIIAIOT (PYHKIIMOHATIbHBIE
BO3MO)XKHOCTH CE€TH, HO U OJHOBPEMEHHO pac-
MIUPSIOT TMOBEPXHOCTh aTaku. B 3THUX ycloBUAX
KJTIO4EBBIM (PAaKTOpOM KHOEpyCTOWYHMBOCTH CTa-
HOBUTCS HE TOJIBKO HAJM4YKME CPEJICTB 3aIIUThHI HA
HepuMeTpe M BHYTPU CETMEHTOB, HO U CIOCO0-
HOCTb OIleparopa OIEHUTh, C KAKOH CKOPOCTHIO
U TIOJIHOTOM HAPYIIUTENb MOXET MOCTPOUTH MO-
JeTb CEeTH, UICHTU(UIIMPOBATh POJIU €€ dNIEMEH-
TOB, OIPEIEIUTh THUIBI ONEPAIMOHHBIX CHCTEM
U CEPBHUCOB, a TAKXKe MEPEiTH OT pa3BEIKHU K IKC-
IUTyaTaluu ys3BUMOCTEH.

Ha mnpaktuke AEHCTBUS HapyLIMTENs PEIKO
NPECTABISAIOT COO0M €IMHUYHBIA aKT CKaHH-
poBanus. KommerotepHas passenka (KP) — sto
yIpaBIseMblii MHOTOATAIHBIN MpPOLECC, B KOTO-
POM OT/IENIbHbIE TIPOLIEYPhI 3aITyCKAIOTCs TTOCIIe-
JIOBATENIbHO M TApalIeNbHO, TOBTOPSIOTCS TMPU
c00sX, aJanTUpPYIOTCd K TEKYLIEMY COCTOSHHUIO
cetu u nonutuke Qunprpanuu. CereBas aKTHB-
HOCTb HApYILIUTENs, KaK MPAaBUIIO, BKIIIOYAET:

» noxkmoueHue K neneBoit UTKC (unm Bxox
B CETMEHT yepe3 KOMIIPOMETHPOBAHHBIH y3e);

* [EPBUYHOE BBISBICHUE AKTHBHBIX 2JIEMEHTOB,;

* MOCJEAYIOLIYI0 KIacCHU(UKALUIO y37I0B IO
(yHKIIMOHATILHBIM POJISIM;

 onpenenenue TunoB OC u Bepcuii CTEKOB,;

* [epeynCleHNe TOPTOB U CEPBHUCOB;

* KOppemsLuio HabroAeHui ¢ 6a3amMu ya3BHU-
MOCTEH;

* (opMupoBaHHE OTYETa M MPHHATHE pelie-
HUSA O TANbHEHIINX IeHCTBUSAX.

CymuiectBeHHas 0COOEGHHOCTb — TeNe(OHHOM
[P-ceTn 3axmrodyaercst B TOM, YTO 4YacThb €€ dle-
MEHTOB M CEpBHCOB O0JafaeT JAWHAMUYECKON
npuponoil (mepepeructpanus TepmuHanoB, NAT-
TpaHCsIUK, Kiactepuszanus call-cepepos, Oa-
JaHCUPOBKA, PE3EPBUPOBAHKE), A TAKKE HMEET
BBIPQKEHHYIO HEOTHOPOTHOCTh 10 YPOBHIO 3a-
MIUIEHHOCTH  (SIpo/arperauus/IocTym, cepBep-
HbIE Y3IIbl, TIOTPAHUYHBIC IILTIO3bI, A0OHEHTCKHE
TePMHUHAIIBI). DTO MPHUBOAUT K TOMY, YTO BpeMs
pa3BeIbIBATENILHOTO 1IUKIIA U BEPOSITHOCTh YCIexa
OTJETbHBIX OMNEpaIMii CTAHOBATCS CIyYaiHBIMU
BEJIMYMHAMH, 3aBUCSIIUMHU OT apXUTEKTYpBI CETH,
KOH(UTYpaluK CPeICTB 3aIIUThI, PEKUMOB MOHH-
TOPUHIa, YPOBHS MPOTUBOICHCTBUS U MHOTHX JIPY-
rux (GaKTOpOB.

HecmoTps Ha OueBHIHYIO TPAKTUYECKYIO
3HAYUMOCTb, KOJMYECTBEHHAs OILIEHKAa BpPEMEH-
HBIX XapaKTEPUCTUK pa3BEIKH B OTHOIICHUU
teneoHHbIX [P-ceTeil 4acTo BBIMONHAETCS yIIpo-
IIEHHO: MO0 Ha ypOBHE NETEPMUHHPOBAHHBIX
HOPMATHBOB M SKCIIEPTHBIX OLEHOK, 100 C UC-
MOJIb30BAaHUEM CHIIBHO YIPOIIEHHBIX MOJemen
0e3 SIBHOM aHATUTHYECKON CBA3M MEXKIY Tapame-
TpaMH 3TallOB U UHTETPAIbHBIMU MOKA3aTENIMU
nporecca. Takue MoAXobl 3aTPyAHSIOT CpaBHE-
HHE aJbTEPHATUBHBIX APXUTEKTYPHBIX PEIICHUN
U 3alIUTHBIX Mep. Mexay TeM MMEHHO TaKue
BOIIPOCHI HETIOCPEICTBEHHO CBSA3aHBI C YIpaBiie-
HHEM PUCKaMH: BPEMEHHOW BBIUTPBILI B TOJB3Y
oreparopa 03HavyaeT JOMOTHUTEIbHBIN pecype Ha
oOHapy»KeHHe aHOMAalHii, pearupoBaHue M JOoKa-
JM3AIHI0 BO3IEHCTBYSL.

B mactosimeilt crarbe mpeznaraercst CToxa-
CTUYECKas MOJIeNb Tpollecca aHalu3a CeTEeBON
aKTUBHOCTU 53JeMeHTOB TenedonHoit [P-cetn
KOMIUIEKCOM KOMIBIOTEPHOM pa3BeKH HapyIIH-
Tels, OCHOBaHHas Ha MPE/ICTaBICHUHU JTAIOB pa3-
BEJIKM B BHJE CTOXacCTUYECKOW ceTH. B Moxmenu
orepanuy npoiecca (MOUCK AKTHUBHBIX AIIEMEH-
TOB, ONpEJENCHNEe POIU Y3JIOB, WACHTUDHUKAIHS
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tunoB OC, BbISBIIEHHE CEPBUCOB U MOPTOB, aHA-
U3 ySI3BUMOCTEH, (POPMHUPOBAHUE OTYETA) OMH-
CBIBAIOTCA JlyraMU CETH C 33JaHHBIMU pacrpesie-
JICHUSIMH BPEMEHU U BEPOATHOCTSIMHU YCIIEIIHOTO
3aBepuieHus. JIornka B3aMMOJAEHCTBHUS ATAIOB
peanu3yercs BepIIMHAMU — y3JIaMH CETH, BKIIIO-
Yasi apauiebHble BETBICHUS U CHHXPOHU3ALIUIO
no mpaBuwiy jorudeckoro «M», a Takxke mexa-
HHU3M TIOBTOPHBIX 3aIyCKOB IMPOIEAYp HpH cOO-
sX. Takoe MmpeacTaBIeHNe MO3BOMISET TEPEUTH OT
KaueCTBEHHOTO ONMUCAHUA ACHCTBUN HAPYIIUTEIS
K (hopManbHOIl MOJeH, B KOTOPOU HHTETPaIbHbIE
(GyHKLIUH pacnpeeneHus, MaTeMaTHYeCKOe OXKH-
JIAHUE U TUCTIEPCUS] BPEMEHU peau3alud Moje-
JMPYEMOTO TpoLecca BbIBOJATCA U3 TapaMeTpoB
0a30BbIX OTEpaIHil.

Llenp paGoThl 3akiouaeTcss B pa3paboTke
U AHAIUTUYECKOM HCCIIEIOBAHUU CTOXacTUYe-
CKOM MOJIENN MOACUCTEMBI CETEBOIO CKaHUPOBa-
HMS Kak s]pa Ipolecca aHajau3a CeTeBON aKTHB-
HOCTH, a TaKXe B TOJYYCHUH BBIPAKCHUU IS
BEPOATHOCTHO-BPEMEHHBIX XapaKTEPUCTUK TIOJI-
HOT'O LIMKJIA PA3BEOKH.

HoBusna paGoTbl COCTOMT B TOM, YTO TpO-
[leCcC aHalu3a CEeTeBOW aKTUBHOCTHU TenedOHHOM
[P-cetn paccMarpuBaeTCs Kak CBSI3aHHBINM CTOXA-
CTMYECKHI MPOLECC C MapauiebHIMU BETBAMU
U MEXaHM3MOM IOBTOPOB, @ KJIIOYEBbIE MOKa3a-
TEJIM BPEMEHU PA3BEJKU BBIBOISTCS aHATUTHYE-
CKH 4epe3 SKBUBAJICHTHBIC (DYHKIVH, SBISIOIIN-
ecs U300paKeHHEM MOJICIIUPYEMOTO IpoLiecca Mo
Jlannacy, ¥ OnpesieNAtoTCs MOMEHTBI CIIy4aiiHOro
BPEMEHH pean3alyy 3TOro mnporecca.

Tem cambiM paboTa HampaBlieHa Ha CO3JaHUE
NPUKJIAJHOTO ammapara, MO3BOJISIOIIEr0 CBA3ATh
APXUTEKTYPY M PEKUMBI 3alIUTHI TesnedonHoii IP-
CeTU C BEPOSTHOCTHO-BPEMEHHBIMU XapaKTepu-
CTMKaMH KOMIIBIOTEPHOW pa3BEIKU HAPYILUTES
U UCIIONB30BaTh 3Ty CBs3b A 000CHOBaHHS Op-
TaHU3AIMOHHO-TEXHUUYECKUX PEILIEHUH 10 TOBBI-
MICHUIO YCTONUMBOCTU (DYHKIIMOHUPOBAHHUS CETH.

ITocTranoBka 3agauu

[lycts umeerca tenedounnas IP-cers. Ilpo-
11eCC KOMITBIOTEPHON Pa3BEIKHM HAYMHAETCS C T10-
ATAIHOT0 00CJIEI0BAaHUS CETH C UCIOJIb30BAaHUEM
CETeBOI0 CKaHepa, YTO IMO3BOJIET HAPYLIUTEIIO
(GopMupoBaTh TpeENCTaBICHHE O CTPYKTYPHOMH
CBSI3aHHOCTHU CETH, a TAaKXKe O Becax U poysixX ee
OTIeNbHBIX dneMeHToB. [locne mnoakmoYeHus
K TenedoHHoi [P-ceTu mporcxoauT onpenenenue
€€ aKTUBHBIX JIEMEHTOB 32 HEKOTOPOE BPEMS 1, e\,
¢ ¢ynkuueii pacnpenenenus Q(f). B mpomecce
paboTHI CETEBOTrO CKaHepa MapajijielbHO BBINOJ-
HSIOTCS CIIELYIOIINE ONePaLiu:

1. Onpenenenue ponu y3iaOB CETH 3a HEKO-
TOPOE BpeMs t,,, C (QyHKIHMEH pacnpeneneHus
R(¢). Ilpu ycnieniHoMm 3aBepIieHUH JaHHOTO 3Tara
(a BEpoATHOCTH 3TOTO COOBITHS paBHA P,) KaKI0-
My paHee 0OHApYKEHHOMY aKTUBHOMY 3JIEMEHTY
CTaBUTCSA B COOTBETCTBUE €ro (PyHKIMOHAJbHAs
pOJIb HA OCHOBE COBOKYITHOCTH BBISIBICHHBIX CEp-
BHCOB, OTKPBITBIX IOPTOB U XapaKTePUCTUK 00pa-
OaTpiBaEMOTO Tpaduka.

2. OnpeneneHue TUIOB ONEPALUOHHBIX CHU-
cTeM Ha OOHapyKEHHBIX Yy3llaX 3a HEKOTOpOoe
BpeMsl foc ¢ pyHKImen pacnpenenenus D(r). Ve-
JIOBHAsl BEPOSITHOCTH YCIEIIHOTO OMpeeTeHHs
tunoB OC nonaraetrcst paBHOU P,.

3. Ompezenenrie TOPTOB U NPEIOCTABISEMBIX
CEpBHCOB Ha AKTUBHBIX JIIEMEHTaX 3a HEKOTO-
poe BpeMs f,c ¢ QyHKIMeH pacrpenenenus L(f).
Ha stom sTamne yTouHsieTcst poiib y37I0B B CETH MO
COBOKYITHOCTH 3aIlyCKaeMbIX CepBHCOB. Bepo-
ATHOCTb YCIICIIHOW peanu3aliy JaHHOTO HTara
paBHa P;.

BemonHeHne  ONMMCAaHHBIX — BBINIE  ATAroB
TIO3BOJISIET HAPYIIUTENIO ONPEACIUTh CETEBBIE
YA3BUMOCTH 3a HEKOTOPOE BPEMS 1y, ¢ QyHKIMEH
pacnpenenenus O(f). Takum oOpa3om peanusy-
eTcsl CTPYKTYpUPOBAHHOE OMHUCAHUE pOJeH y3-
108, TUMOB OC U OTKPBITHIX TOPTOB € MPUBSI3KON
K BBISBJICHHBIM YSI3BUMOCTSIM.
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C6oil Ha MI000M U3 TEPEYUCICHHBIX JTaloB
OPUBOIUT K TIOBTOPHOMY 3aIyCKy IpPOLIEAyphI
CKaHMPOBAHMS 32 HEKOTOPOE BPEMS £y C (PYHK-
nueil pacnpenenenus M(f). YcmemHoe 3aBepiie-
HHE PabOThl CETEBOTO CKaHEepa WHUIUHUPYET MPO-
recc 00pabOTKU M arperupoBaHUs MONYYEHHON
uadopmaruu. Ha 3TOM 3aKITFOYMTENTHHOM 3Tare
(GopMHpPYETCs OTYET O CTPYKTYPHOU CBA3aHHOCTH
CETH, POJISIX €€ AIEMEHTOB, TUTIAX IKCILTyaTHpPYe-
MBIX OIEPAIIMOHHBIX CHCTEM U BBISBICHHBIX ysi3-
BUMOCTSIX.

TpeOyercs ompenenuTs (QyHKIHIO pacripese-
nenns F(f) u cpesee BpeMs 1 yCICIHOH pea-
3anuu Hapymurenem npouecca KP.

JlomymeHus 1 OTpaHMYCHUS:

1. HoctynHOCTh 00BEKTOB ompoca. DNS-
cepBep, mnorpaHnuHbli Mapupytuzatop (RIP)
1 SNMP-arents1 anemenTtoB tenedonnoii IP-cetn
CUMTAIOTCS JOCTYIHBIMH JAJIsl CETEBOrO CKaHepa
B TIpenenax BBIOpAHHOW 00JacTH HaOMIOACHUS,
CEeTEeBbIE OTBETHI TPAKTYIOTCS KaK «IOJyuYeH / He
noiy4yen» (ycrex/Heynada) B paMKax MpPUHITON
BEPOSITHOCTHOM CXEMBI.

2. He3aBuCHMOCTh mMapaiielbHBIX MOIIPO-
1eccoB. Bpems peanu3zanuy 4acTHBIX MPOLIECCOB

CUMTAETCS HE3aBUCHMBIMHU CIyYalHBIMU BEJIUYM-
Hamu. BzaumopeiicTBus uepes obume pecypebl,
a TaKXKe KOppeJsLuH 3aepikeK B 6a30Boi mocra-
HOBKC HC YUYUTBIBAIOTCA.

3. CraumoHapHoCTh HapameTpoB. [lapameTpsl
pactipenenenuii L(f), N(t), O(f), M(t) u BeposiTHO-
ctu P,, i = 1,3 IpemonaraioTcs IOCTOSHHBIMH HA
UHTEpBaJe aHaIn3a.

Pemenue

OrmucaHHBIN B MOCTAHOBKE 3a1a4H MPOIIECC pa-
OOTBI KOMITIEKCA KOMITBIOTEPHOM Pa3BEIKU TIPei-
CTaBJICH B BUJIC CTOXaCTHUECKOU ceTH (puc. 1).
OyHKIMK pacrpeie/icHUs] BpEMEHU peau3a-
LMY YaCTHBIX 3TAIOB UMEIOT BUI:

R(t) = l - eﬂ~t; D(t) — 1 _ efdt; L(t) — 1 B e,[t;
O =1-e"0(n=1-e" Mt)=1-e";

1 1 1 1 1
meR=—;L=—;0=—0=—M=—r;
lu b t” lg trlac;m .
las s Loy Lay gy luowr, — CPEIIHEE BpPEMS k-TO

nporiecca pabotsl komruiekca KP.
JIis aHaIUTUYECKOTO BHIBOAA Jajee HCIIONb-

3y€eTCsaA peAyurupoBaHHass MOIACIb, B KOTOpOﬁ

Qa(s)

Puc. 1. Croxactrueckast ceTh pabOThI CETEBOTO CKaHepa

ISSN 1815-588X. N3BecTtuma MNIrync

2026/2



520

High Technologies for Transport

KJIIOYEBBIM SJIEMEHTOM SBIISICTCS TapalielIbHbIN
y3en jormdeckoro «M» ¢ Tpems BeTBamu: 7(s), d(s),
[(s). BXoHOI 1 BBIXOJHOM YYaCTKHU MPEICTABIICHBI
MOCJIeIoBaTeNIbHBIMU OJloKamu ¢(s) 1 o(s) (puc. 2).

Ilycre T, Tp, T;, — HE3aBUCHMBbIEC 3HAYCHUS
BPEMEHH peanu3alun BeTBer. s noruueckoro
«W» MOMEHT peanuszanuu y3mna:

T'=max{Ty; Tp; T1}. (1)

Torna ¢yHKIMS pacnpeneneHuss BpeMEHU
peammsauuu y3na «M» paBHa Npou3BENEHUIO
GbyHKIMIA pacmpeneneHns BPEMEHH peanusa-
LI BETBEI:

Fi(f)=1—-e"—e—el'+ eI+

+ ef(r +t __ e—(l +r+ d)t} t Z 0. (2)
[I;moTHOCTB pacnpeneneHus:
d —rt —dt —It
f3(t)=EF3(t)=re +de +1le”" —
—(r+d)e " —(r+ e " - (3)

—(l+d)e " (I +r+d)e " 1> 0.

[Tocne mosydyeHus SIBHOTO BBIPAKEHUS VIS
IUNIOTHOCTH f3(f), KOTOpas OMHCHIBAET BpeMs
peanusanuu ysna «M» nng Tpex BeTBEH, s
yno0CTBa MOCHEIYIOUIMX pacyeToB ee Iielie-
coobpa3Ho
npenenenueM. Bpibop ramma-pacmpenenacHus

anmnpoKCUMHUpPOBaTh TaMMa-pac-
0OYCIIOBJICH TE€M, YTO MPU MOJICTUPOBAHUH CH-
CTEM MaccOBOTO O0CIyKHUBaHHs MOTPELUIHOCTh
anmpoKCUMaIK GYHKIMNA pacTpeieneH s Bpe-

MEHH CBEpPILICHHS IIEJIEBBIX MPOILECCOB OKA3bl-
Baerca nocratouHo manoil [11]. Kpome Toro,
JaHHBIA BUJ pacrpeiefeHusl SBISETCS BCTPO-
€HHOW (QyHKIHEH B aOCOMOTHOM OOJBIINH-
CTBE MAKEeTOB MPUKJIATHBIX MPOTPAMM, HIUPOKO
UCTIONB3YEMBIX TIPU MOJCIUPOBAHUH CHCTEM
U IPOLIECCOB.

Jlns ompeneneHus mapaMeTpoB ammpoOKCHMU-
pytorero f;(¢) pactpeaeneHus: OnpeieuM mapa-
MeTphI GOpPMBI U MaciuTada:

M,la :E[TA];Mz :E[TAZ:I;

2 1 N2 (4)
Dy =M, —(M)"
M) M,
o. = J3 ; — EEN 5
3 D Ky D ()

/5 5

Takum o0pa3om, (pparMeHT CTOXacTHYECKOM
CETH, COOTBETCTBYIOUIMI JIOTMYECKON OmNepanun
«W», xapakrepuzyercst n300paxkeHUEeM HETOIHON
ramMMa-QyHKIHN:

i
Si(s) =y, = :
My ts

, 520 (6)

Ha puc. 3 nokazano conocTaBienue QyHKIUN
pacnpeesIeHUs BpeMEHU Peanu3aliy JOrMYeCcKo-
ro ysna «/» 1 anmpoKCUMHUPYIOLIEro ee raMma-
pacnpezenenus. BuaHo, 4to GyHKIUM NpakTHye-
CKM COBIAJIAIOT, @ MAKCUMAJIbHOE OTKJIOHEHHE He
npesbiaer 3 %. CinenoBarenbHO, allpoKCHMa-
us y3na «M» ramma-pacnpeneneHueM 1o AByM

q(s)

i

Puc. 2. PeqynupoBanHast CTOXacTHYECKAsl CETh: IMOCIEA0BATEIIFHOE COSTMHEHNE BXOTHOTO OJI0Ka,

y3na «M» (Tpu mapauienbHbIe BETBH) W BEIXOHOTO OJIOKA
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1.0

0.8 4

0.6

F(t)

0.4 1

0.2

0.0

- 0.030

- 0.025

- 0.020

—_— F3(t)
Fyalt)
AlF3(t) = Fya(D)]

L 0.015 £
]

- 0.010
r 0.005

- 0.000

Puc. 3. I'paduxu pyHKIMH pacnpeaeIeHus] BpEMEHU pean3aliy JJOTHIEeCKOro y3ia «»

" alllIpOKCUMHUPYROLICTO raMMa-paclipeaACICHUA

MOMEHTaM 00ecHeunBaeT KOMIAKTHYIO HHKAIICY-
JALMIO TIPU YMEPEHHOM TOTPelIHOCTH, KOTopast
nanee MepeHOCUTCS Ha SKBUBAJICHTHYIO MOJEINb
HOJCETH U JOJKHA YYUTBHIBAThCS MNPH OLIEHKE
CYMMapHOT'0 BPEMEHH 3aBEpIICHHS.

Pesynprar (6) mo3Bonser mpeoOpazoBaTh Hc-
XOJIHYI0 CTOXacTHYECKYyI0 ceThb K BUIy (puc. 4)
1 MIOJTyYUTh €€ SKBUBAICHTHYIO QyHKIHMIO (7):

a3
Hs
Wy +s

q 0
qg+s o+s

0.(s)= (7)

OkBuBaneHTHas GQyHKIUS Q,(s) sBIgeTCS
u300pakenueM mno Jlamnacy mioTHOCTH BpeMEeHU
CBEpLIEHHsI BCETO Mpollecca KOMIBbIOTEPHOI pas-
Benku. J{ng fpanpHeiiiero aHanm3a ONpPEAEIuM
MEPBBIN U BTOPON HauajbHbIE MOMEHTHI CIIydai-
HOTO BpPEMEHM CBEpIIECHHUsS Tpolecca, a 3aTeM
UTOTOBYIO (DYHKIIMIO paciipe/ieieHHUsI.

Hcnonb3ys cTaHIapTHBIE COOTHOIIEHHS IS
HavaabHbIX MOMEHTOB:

d . d0,
E[T] =——Qda;S) E[T ]:——SSZ(S)

(8)

5=0 s=0

oHnpeaAciInM OUCICPCUI0 BPEMCHH pcCaJin3aliun
MOZCJIBHOI'O IIpo1ecca:

D[T] = E[T°] - (E[T])*. )

Jlist monmydeHust HHTETpaabHON (YHKIIMU pac-
npenenenus F(t) = P(T < ¢) o603HaYUM: 00 —
napameTp Gopmbl, B — mapamerp Macmitada.
Torna npu

E[T]=p"; D[T] =0’ (10)

a=tip=ts (11)

uckoMass (DyHKIMS —pachpenielieHuss BPEMEHU
YCIEIIHOTO BBIIOJHEHHS 3a/1a4M KOMIIBIOTEPHOU
pa3BeIKM, BBINOJHAEMON CETEBBIM CKaHEPOM,
OIIPEAEIAETCS KaK:

(12)

0,()= P J't““e{’ﬁ’}dt,

()

PaBHO:

0

T:jtd[Qa(t)]zg- (13)

Taxum 00pa3oMm, ocTaBieHHAs 3a/1a4a peIIeHa.
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q(s)

-

Ss)

o(s)

Qals)

Puc. 4. [Ipusenenue peayMpoBaHHON CETH K MOCIIENOBATEIBHON CTPYKTYpE: ¢(s) — f3(s) — o(s)

U hopmupoBaHue SKkBUBaCHTHON QyHKIHE O,(S)

IIpumep pacuera

B kauecTBe MCXOAHBIX JAHHBIX MCIHOJbB3YIOTCS
CJENYIOIINE 3HAYEHHUS] BPEMEHM U BEPOSTHO-
CTH, COOTBETCTBYIOIINUE MPOPUIHLHON TOTHOM
MOJIESIM MPOLECCa aHAIU3a CETEBOM AKTUBHO-
CTH DJIEMEHTOB:

toc =360 c, t,,,,=200c, t,,=230c,
tysss. = 300 €, L0, = 320 ¢, £, = 210 ¢,
P1=0,5,P2=0,5 P3=0,5.

Ha puc. 5 u 6 nmoka3ans! QyHKIUS pacmperene-
HUSI BpDEMEHH YCIEHIHOIO BbINOAHEHUs 3a1a4un KP
CETEBBIM CKAaHEPOM U 3aBUCHMOCTb CPEIHETO Bpe-
MEHH pealli3aliy JJaHHOTO TIpoliecca OT BeposT-
HOCTH JI0CTYIHOCTH TenedonHoi IP-cetu, mox xo-
TOPOM MOHMMAETCS BEPOSITHOCTh TAKOTO COOBITHS,
KOTJIa HapyIIUTes b 001aJaeT annapaTHbIMU U IPo-
IPaMMHBIMHU CPEACTBAMHU, 00ECIIEUNBAOIIIIMHI EMY
CKPBITOE MOAKIIOUEHHUE K 3aILUIIAeMON CETH.

Takum oOpasom, mpu cperHeM YpOBHE MOJI-
TOTOBKU HapyLIUTENs] — ClelHanncTa B 001actu
KOMIIBFOTEPHOW Pa3BEIKH M HEBBICOKOM BEPOST-
HOCTHU JOCTYITHOCTH CETH Yepe3 25,8 MUHYTHI Te-
nedonnas [P-ceTh OyaeT BCKpHITa U HAPYIIUTENH
OIPEEINT €€ OCHOBHBIE YA3BUMOCTH.

AHAaJIN3 NMOJy4YeHHBIX Pe3yJIbTATOB
Ilpedenvnas oyenka MUHUMATILHO2O
8pemMeHU KOMNbIOMEPHOIl Pa3eeoKu
u euAHUE Pohuna ckanepa
HA 2apaRmMuUpoBaHHoOe 3agepuienue npoyecca
MuHUMaNkHO JOCTHKMMOE BpeMs peasusa-

MM KOMIIBIOTEPHON pa3BEAKU 11e1ecoo0pa3Ho

OLICHUBATh KaK IMPEAENbHYI0 HUKHIOI TPaHUILY
npolecca, COOTBETCTBYIOLIYIO HACANIU3UPOBAH-
HOMY CJIy4yal0 OTCYTCTBHSI COOEB U MOBTOPOB, TO
ecTb Ipu P;= 1 171 BceX BEpOATHOCTHBIX 3TAIOB.
B aTOM pexxume CTPOUTCS ATaJOHHBIN Tpaduk
¢dyukuu pacnpenenenust Q,(¢) = Pr{T < t}, xo-
TOPBIH 331aeT HAMIYYIIYI0 BO3MOXHYIO THHAMU-
Ky 3aBepLieHus: npH Jto0bIx P;< 1 kpusas Q,(f)
HEen30ekKHO CMENIaeTcs BIEBO, a BEPOSTHOCTh 3a-
BEPIIEHUS] K MOMEHTY BPEMEHHU ¢ OKa3bIBACTCS HE
BBIILIE 3TAJIOHHOM.

JLy1st TOITHOTO TIPOMHIIS OTIEpaIiA B TIPEICTBHOM
ciay4ae P;= 1 momy4eHsl OpHEHTHPBI: TI0 CPEAHEMY
Bpemenu 7,,;, = XT,,.,, = 16,5 MUHYTbI U 110 YPOBHIO
rapaHTUPOBAHHOTO 3aBEPLICHUS fyo5 =~ 29,5 MUHY-
TBI, YTO COOTBETCTBYET MEPECEUCHHIO KPUBOM pac-
npenenenus ¢ npsmoit Q,(7) = 0,95. [pencrasnen-
HbIE IPAQUKU TO3BOJSAIOT MPOCIIEUTh HANa30HbI
BPEMEHH UL PA3JIMYHBIX BH/IOB CKAHEPOB, 33/1aBa-
eMblIe TIPO(HIIEM PUMEHSIEMBIX oTeparyii (puc. 7).
VkopoueHHbIE Mpoduiu 00ecrednBaroT Oonee paH-
Hee JIOCTIDKeHUe 3aaHHoro yposHs O,(f), HO dop-
MHpPYIOT MEHee MH(POPMATHBHBIA PE3yJIbTar; pac-
MIUPEHHBIE MPOMIIIN MOBBIIIAIOT 000CHOBAHHOCTh
U TOYHOCTb MECTOOIIPE/ICTICHHS, OHAKO YBEIHYH-
BAIOT JUTUTENBHOCTD TIPOIECCa, YTO MPOSBIAETCS
CIIBUT'OM KPHBBIX BIIPABO ¥ POCTOM £ gs.

[TokazaHo, 4To ycrnoXkHeHue Ipodust oneparmii
KOMIIBIOTEPHOM pa3BeIKM MPUHIUIHAIBLHO HE MO-
’KET TIPUBECTHU K COKPAIIIEHHUIO BPEMEHH JI0OBIBAHHS
pa3Be/IaHHbBIX, HUKHAS TPaHHIA KOTOPOTO COOT-
BETCTBYET JIy4llIeMy BPEMEHU «CaMOTO JIyHYIIIEro)

2026/2

Proceedings of Petersburg Transport University



CoBpeMeHHble TeEXHONOMMnN — TPaHCMopTy 523
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F(t)

0.4 1
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= Q_alt) (to.s5=3035.5 c)
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Puc. 6. I'paduk 3aBUCUMOCTH CPEHETO BPEMEHH pealln3allii JaHHOTO Mporecca
OT BEpOSTHOCTH JOCTYITHOCTH TesieonHoi [P-cetn
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Puc. 7. llpenenbHble GyHKIUU pacupee/icHUs BPEMEHH 3aBEPIICHUS KOMITBIOTEPHOM pa3BeaKu

JTAJIOHHOTO pexnMa. [IoCKombKy HU OIMH IIpaK-
THYECKHI CKaHep He O00ECTeurBACT EAMHHYHYIO
XapAaKTEPUCTUKY YCIIEXa Ha BCEX CTAIMAX, PACCUH-
TaHHBIN 3TANOH Npu P,= 1 cienyer paccMarpusarb
KaK ITpeIeIbHBIH, a HUKHIOO TPAHULLY BPEMEHH JUTS
BBIOPAHHOTO MPOQUIIS ONepaluii Kak:

Q*a(f)ZH Q.(Gh,.... B).

lim
—1,...,B,—1

(14)

Hocmynnocmo cemu Kak ozpanuyusaroujuil

pakmop KomnvlomepHoIl pa3geoKu

U cyeHapuu nogedeHus Hapyuwumens

HocrynHocts K Teneponnoi [P-cetn B pam-
kax Mojenu KP nmomkHa paccmarpuBarhCsi Kak
BXOJ/IHasl BEPOSTHOCTHAS XapaKTE€PUCTHUKA, OIpe-
nensionas caM (akT 3amycka MOTHOTO Mpodu-
7 pa3BebIBaTeNbHbIX onepauuit. OHa 3amaercs
napaMeTpom P,,., — BEPOATHOCTHIO YCIELUIHOTO
YCTaHOBJIEHUSI JOCTYyIa/Ceanca Ha OHOM MOMbIT-
K€ U OIpE/eNseTCs COBOKYMHOCTBIO (PAaKTOPOB
(u3n4ecKoil M JTOrMUEeCKO TOCTHKUMOCTH: CO-
CTOSHMEM KaHAJIOB M MapLIPYTH3aLH, JKCILTya-

TAllMOHHOM TOTOBHOCTBIO CETMEHTA, IIOJIMTUKAMHU
cermentaun ¥ unstpanun  (ACL/Firewall),
TpeOOBaHUAMH ayTEeHTHU(UKALMN/TyHHEIUPOBa-
HHSI, OTPAaHUYCHUSIMH TI0 YacTOTe U 00beMYy 00-
palleHuid, a TaKKe BO3ACHCTBUSIMHU BHELIHUX
YCIIOBUHM (TEperpyska, periaMeHTHBIE pPaOOoTHI,
Jerpajganus KauecTBa CBs3H).

B mopenu KP BnusiHue noctynmnoctu dopma-
JM3YeTCsl KaK JIOIOMHUTENbHOE 3BEHO Iepes oc-
HOBHBIM IpodusieM onepanuii: npu P, << 1 Bo3-
HMKAIOT BBIHYK/ICHHBIE TIOBTOPHI MOIBITOK BXOZA
C 3a/IePKKOIf, 4TO MPUBOJAUT K CABUTY (YHKIMU
pacnpenenenus Q,(f) = Pr{T <t} BupaBo u pocty
cpennero Bpemenu. Ha puc. 8 npuBenens! pyHk-
IIUM NIPU pa3IMUHbIX 3HAUEHUSX BEPOATHOCTEN
10cTynHOCTH. C NPaKTUUECKOM TOUKH 3pEHUS Xa-
paKTep KPUBBIX 33/a€T MOBEIECHYECKYIO Pa3BUII-
Ky HapyILIUTENs: [PU BBICOKOM JOCTYHMHOCTH OH
CIOCOOEH ONMPAThCs HA AKTUBHBIE CTAIUU U TIa-
HHPOBATh IMOJy4YEHHE pe3ylibTara B OrPaHUYEH-
HOM OKHE BPEMEHH; MPU CPEAHEH TOCTYHNHOCTH
CTpaTerusi CMelaeTcst K pabore B pacIIMPEHHOM
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Puc. 8. Biisane BEpOsATHOCTH TOCTYITHOCTH CETH Ha (DYHKLMHU pacupeaeneHus Bpemenu KP

BPEMEHHOM OKHE C yYETOM BEPOSTHOCTHOTO OKH-
JIAHUSI ¥ TIOBTOPSEMOCTH IOIBITOK; IIPU HU3KOH
JOCTYITHOCTH CTAQHOBHUTCS pAallMOHAIBHBIM MH-
HUMH3MPOBAaTh 3aBUCHMOCTb OT MIHOBEHHOTO
JIOCTYTIa, IEPEHOCUTH aKLEHT Ha MOJATOTOBUTEIb-
HbIE/TIACCUBHBIE CTAJMU U OPTaHU3aLHIO TIPO-
1iecca Kak J0JIrOBPEMEHHOI0, TOCKOJIbKY HMEHHO
orpaHuyeHue mno P, HauuHAeT JOMHHHUPOBATh
HaJl Bp€MEHHBIMHU 3aTpaTaMy MOCIEYIOIHUX IIPO-
neayp U (akTHYECKH OIpenessieT J0CTHKUMbIC
CPOKH 3aBEpLICHUS.

Pexomenoauyuu no Hanpasienuam 3auiumol

O KOMRbIOMEPHOIL Pa36e0KU Hapyuiumens

C yuyeToM MONy4YEHHBIX 3aBHCHUMOCTEH Iiere-
co00pa3Ho BBICTpaMBaTh 3alIUTYy KaK YIpaBis-
eMo€ BO3JCHCTBHE Ha mapaMmeTpbl monenu KP
HApYIIUTENS, 00SCTIeUNBAOIIEE CIBUT (DYHKIIUU
pacnpenenenust Q,(t) = Pr{T <t} BrnpaBo, 1 pocT
KBAaHTWIIA TapaHTUPOBAHHOTO 3aBEPLICHUS [ o5
npolecca pa3BeKky 3a CUeT IeJIeHaNPaBIeHHOTO
yMeHblIeHH 3(QGEKTUBHON TOCTYHHOCTH Py,

YBEIUYEHHS MOTEPh BPEMEHHU Ha TOBTOPbI/OKH-
JIAaHKE, a TAK)KE CHUKEHUS BEPOATHOCTEN yCIIe-
HOTO MTPOXOXK/ICHUS KIIFOUEBBIX CTaaui P;: Koppe-
JSILMSL, TPACCUPOBKA, 3aJEpKAHHBIE M3MEPEHHUS,
MUPUHTOBAsl UHTETPALIUS TOCPEACTBOM CETMEHTA-
1uH, QUIBTPAIUU U KOHTPOJIS TNIOCKOCTHU YITPaB-
nenud. [lokazarenbHble pe3yabTaThl TAKOTO BO3-
JIEMCTBUSA MPUBEICHBI HA pHC. 9, TI€ BUIHO, YTO
MEpPBI CEJEKTUBHOIO JIOCTYyMa JAl0T YMEPEHHBIN
IPUPOCT f)gs, TOIAA KaK MEPHI, YBEINYNBAIOLINE
MOBTOPHI K TIONKIFOYCHUIO, (OPMHUPYIOT BBIpa-
KEHHBIN PaBbIi XBOCT U CYIIECTBEHHO YBEIUYH-
BAlOT r'apaHTUpOBaHHOE Bpems 3aBepiieHus: KP.

Kpome TOro, KOMOMHHPOBAHHBIM PEXKUM JI0-
MOJHUTEIBHO CHUKAET YCIIEITHOCTh U3MEPHUTENb-
HBIX CTaJIMd, NEPEBOJS HAPYLIUTENS U3 peXHUMA
KOpPOTKOTO aKTMBHOTO LIMKJIA B PEXKHUM JUTMTENb-
HOTO, MHOTOKPaTHO MOBTOPSIEMOT0 HAKOIUICHUS
nomneIToK. Takum 00pa3oM, MpakTudeckas cTpa-
TETHS 3AIUTHI JI0JDKHA CBOAUTHCS K TOMY, YTOOBI
JUIA IOAO3PUTEIbHBIX HCTOYHUKOB U HEABTOPU30-
BaHHBIX KOHTYPOB:
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Puc. 9. Casur ¢pyukimii pactipenernenns Q,(f) npu IpUMEHEHUH MEP 3alAThI

1. CnenaTb BXOJ B CETh CEJIEKTUBHBIM:
00ecTeunTh COXpaHECHHE AOCTyma s JIeTH-
THMHBIX TOJb30BaTeNe U JOBEPEHHBIX y3JI0B
B IITATHOM pPEXHUME, a ISl HEaBTOPHU30BAaHHBIX
UCTOYHUKOB BEPOATHOCTH YCHEUIHOTO YyCTa-
HOBJICHUSI CECCHUU CYUIECTBEHHO CHHU3HTH 3a
CYeT IOJHUTUKU 0Oe30IaCHOCTH, BCIIEICTBUE
Yero I HapyIIHUTENs BXOJ CTAHOBHUTCS 3a-
TPYIHUTEIHHBIM.

2. ABTOMAaTHYECKH BBOAUTH M HApALIUBAThH
JUISL TIOO3PUTEIBHBIX HMCTOUYHUKOB PEXKUM JIe-
rpajialiid  J0CTyHa: JHUMUTHPOBAHHE
3aIpOCOB, OTPAHUUEHHS HA YHCIIO COCAMHEHHH,
NPOTPECCUBHBIC 3aJCPKKH U BpEMEHHbIE OIo-
KUPOBKU MPU MHOTOKPATHBIX MOMBITKAX, BCIIE/I-
CTBHE YEro MOBTOPHBIC OOpaIleHHs HAYNHAIOT
COIIPOBOXKIATHCSI BO3PACTAIOIIUMHI BPEMEHHBIMHU

qucia

IOTCPSAMMU.

3. YmeHbIIATh PE3YyIbTaTUBHOCTh AKTUBHBIX
H 3aJICPKAHHBIX CTaZ[I/IIjI 3a CYCT MHUKPOCCTMCH-
Taluu, 3aKPbITHA MCKCCTMCHTHBIX HYTCﬁ, MUHH-

MU3alUU 3KCIIOHUPOBAHUA CCPBUCOB M 3AlINUTHI
IUIOCKOCTH YIIPABJICHUA.

3akJioueHue

B crarbee npencraBieHa cToXacCTUYECKAs MO-
Jelb Ipolecca aHallu3a CETEBOM aKTHMBHOCTH
3NeMeHTOB TenedonHoi [P-cetu, BeImomHsIEMO-
ro KOMIUIEKCOM KOMIIbIOTEPHOH pPa3BEeIKH Ha-
pyLIHUTENs, B KOTOPOHl KIIOUEBbIe MPOILEIYpHI
CKaHUPOBaHUS (OOHApYKEHHE AKTHBHBIX OJie-
MEHTOB, OMNpeJeNieHue POJiel y3JI0B, UICHTH-
¢uxanus tuno OC, mepeyucieHue MOPTOB/
CEPBHUCOB M IOCIEAYIOIIas KOppeasuus ¢ ys3-
BUMOCTSIMHU) OTIIMCHIBAIOTCS AYT'aMU C COOCTBEH-
HBIMU PaCIpeesIeHUsIMI BPEMEHH U BEPOSTHO-
CTSMU YCIIEUIHOTO 3aBEpPLICHUS, a TOBTOPHbIE
3amyckd Opu cOO0SX YUUTBHIBAIOTCS METIAMU
BO3Bpara.

JUid penyuupOBaHHOW CTPYKTYphI ¢ Iapai-
JeNBbHBIM y3710M Jiorndeckoro «M» momyueHst
SBHbIE BBIpaK€HUs A1 QYHKLUU pacripeene-
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HUS U IUIOTHOCTH BPEMEHH 3aBEPIICHHUS, M1OCTIE
YEero BBINOJIHEHA WHKAICYIAIUS Tapaielib-
HOro 0JOKa C MCHOJb30BAHHEM [BYXMOMEHT-
HOM amnmpoKCMMaluu raMMa-paclpeiciieHueM,
IIO3BOJIMBIIAS TIEPEUTH K KOMIIAKTHOM DKBU-
BAJICHTHOW (DyHKIIMM BCEH MOACETH U Ha ITOH
OCHOBE BBIYUCIATh WHTETPANBHYIO (YHKIIHIO
pacupeneneHus, MaTeMaTHYecKoe OXHJIaHUE,
JUCIIEPCHIO ¥ KBAHTUJIM TAPAHTUPOBAHHOTO 3a-
BEPILECHUS.
IToka3ano,
pa3BEeABIBATENBHOIO LIMKJIA UMEIOT BBIPAKEH-
HYI0 HEJIMHEHHYI 3aBHCUMOCTb OT BEpOST-
HOCTEH ycrmexa KJIKUYeBBIX omepaunuil: poct P;
IPUBOIUT K KPATHOMY COKPALEHUIO CPEIAHETO
BPEMEHU U XapaKTEPHOTO CPOKa 3aBEpILICHUS
¢ 3G deKkToM HaCBIIIEHUS B 00JIACTU BBICOKUX

4YTO BPEMCHHBIC IIOKa3aTCIIn

3HAYCHWH, a PEKUMBI MOJHOTO U YACTUIHOTO
CKaHUPOBAaHUS (HOPMUPYIOT OKHIAEMBIH KOM-
IPOMHUCC MEXAY OBICTPOTON M TOUHOCTBIO CO-
OupaemMoil KOMIBIOTEPHOU pa3Beakoil nHdop-
MaIliH.

[IpakTHyeckass IEHHOCTb MPEIJIOKEHHOTO
MO/IX0Ja 3aKJII0YaeTcsl B TOM, YTO MOJeNb 3a-
JaeT MPSIMYIO CBSI3b MEXKY PEeXUMaMH 3aIlUTHI
tenedonHoi [P-cetn u BepoOSATHOCTHO-BpPEMEH-
HBIMH XapaKTePUCTHUKAMU Pa3BEAKH HapyIIUTe-
ns: gepe3 caBur Q,(f) = Pr{T <t} u pocT tyos
MOXXHO TIPOU3BOIUTH 000CHOBAHHBIH BBIOODP MEp
00pbObI, OLIEHHUBAS HE TOJIBKO (haKT MPOTUBOCH-
CTBUS, HO U ero 3¢ dekT no Bpemenu. [Ipu stom
CIIeyeT YUUTHIBATH AOMYIICHUS 6a30BOI MOCTa-
HOBKU. J[anpHelniee pa3BUTHE MOJEIH LIEJIECOo-
00pa3HO HANPaBUTh HAa YUET KOPPEJSALHUiA 1O 00-
UM pecypcam, HECTAIOHAPHOCTh TAPAMETPOB
IpU aKTUBHOM MPOTHBOJACHCTBUM U KaIUOPOB-
Ky pachpeleleHud MO AaHHBIM MOHHTOPHHIA
peanbHOl CeTH, YTO MOBBICUT JOCTOBEPHOCTH
MPOTHO30B U MPUKIATHYIO PUTOAHOCTh PE3YIIb-
TaTOB JUIs 33/1a4 YMpPaBJICHUS KHOEpyCTONYNBO-
cTbio VoIP-cereii.

CnHcok MCTOYHUKOB

1. Evaluating the Functioning Quality of Data
Transmission Networks in the Context of Cyberattacks /
A. Privalov, [et al.] // Energies. 2021. Vol. 14, no. 16.
DOI: 10.3390/en14164755

2. Koupmsx M. A., Kynemos M. A., Jlayra O.C.
YCTOHUMBOCTh  MH(POPMAIMOHHO-TEIIEKOMMYHHKAITU-
oHHBIX cereit. CII0.: U3narenscrBo [TomuTeXxHnyeckoro
yauBepcureta, 2013. 92 c.

3. llenyxun O.U. [puumnbl camoromoOus Temie-
Tpaduka W METOIbI OLCHKH IMoKazarens Xepcra //
DIeKTPOTEXHUYECKUE U UHPOPMALIMOHHBIE KOMILIEKCHI
u cucteMsl. 2007. T. 3, Ne 1. C. 5-14.

4. Hazapos A.H. Mogenu u merozsl pacyera Io-
Kazarenedl kadecTBa (DYHKIIMOHUPOBAHHS —Y3JIOBOTO
000pYIOBaHUS U CTPYKTYPHO-CETEBBIX ITAPAMETPOB Ce-
T CBS3M CIICMYIOMIETO TIOKOJICHHUS. 2-€ U3/L., Tiepepad.
Kpacuosipck: TTonmmkom, 2011. 491 c.

5. TlpuBanos A.A., Turos JI. JI. Moxens nponecca
paboThI y371a KOMMYTAIlMH TeXHOJOrHdeckoil IP-cetu
npu 00CIyKUBaHUHM TPUOPUTETHOTO MHOTOMPOILYKTO-
BOr0 TOTOKa B ycioBusx DDoS-arak Hapymutens //
@dyHaaMeHTalbHble U NPHUKIATIHbIE HAYYHBIE HCCIIENO-
BaHMsA: COOPHUK TPYHOB X Mex1yHapOIHOTO KOHKypca
Hay4YHO-MCCIIEZI0BATENbCKUX PadoT. Y da, 2022.

6. IIpuBanos A.A., Tutos JI. JI. Mozxens npouecca
nepeaadr MPHOPUTETHOTO MHOTOIIPOYKTOBOTO ITOTOKA
1o KaHaiy TesiepoHHOM [P-ceTr B yCIOBUSIX KOMIThIO-
TepHBIX atak // VIHHOBalMOHHBIC HAYYHBIC MCCICIOBA-
HHSL B COBpPEMEHHOM Mupe: coopHuK Tpynos X Beepoc.
KOHKypca Hayd.-uccien. pabot. Ya, 2022.

7. IpusanoB A.A. MeToa TOMOJOIHYECKOTO Mpe-
00pa3oBaHMs CTOXaCTHYECKHX CETeHl M ero MCIOb30-
BaHME JJIsI aHAJIN3a CHCTEM YIMPAaBICHHS JBIKCHHUEM
noes3noB // W3Bectus IletepOyprckoro yHuBepcuTeTa
nyteit coodmenus. CII6.: III'YIIC. 2017. T. 14, Ne 1.
C. 137-148.

8. IlIubanos A.Il. Haxox1eHHE TUIOTHOCTH pactpe-
nenenust Bpemenu ucroaaenusi GERT-cetn Ha ocHOBe
SKBUBAJICHTHBIX YIPOIIAIOIINX Npeodpa3oBanuii // AB-

ToMaruka u teaeMexanuka. 2003. Ne 2. C. 117-126.

ISSN 1815-588X. N3BecTtuma MNIrync

2026/2



528 High Technologies for Transport

9. HNyxsanoB A.Il. KubGeparaku Ha xputuuecku Jlara mocryruenus: 30.01.2026
BaKHBIC 00BEKThI — BEPOSATHAs MpUuKMHA KatacTpod //  Pemenne o myomukarum: 10.04.2026
Bompocs! kubep6esonacnoctu. 2014, Ne3 (4). C. 50-53.

10. Scarfone K., Mell P., Brewer T. NIST SP 800- Konrakrnas ungopmaums:
115: Technical Guide to Information Security Testing TIPUBAJIOB Aunpeit AnnpeeBrny —
and Assessment. National Institute of Standards and noxrop BoeH. Hayk, mpodeccop Kapeapst
Technology, 2008. «OneKTpudecKas CBA3bY;

11. Maptun [Ix. CuctemHblii aHanu3 mepenadu — aprivalov@inbox.ru
nanubiX. T. 2. [IpoextupoBanue cucrem nepenadu gaH- TUTOB Jlanuun JMuTprueBrY — aclUpaHT;
HbIX / of pea. B.C. Jlanuna. M.: Mup, 1975. 431 c. titovdd1 78@gmail.com

Model for Analyzing Network Activity of Elements
in a Telephone IP Network Using an Intruder’'s Computer
Reconnaissance System

A. A. Privalov*3, D. D. Titov'?

"Emperor Alexander I Petersburg State Transport University, 9 Moskovsky ave., St. Petersburg, 190031,
Russia

2 Supertel OJSC, 38 Petrogradskaya emb., St. Petersburg, 197046, Russia
3National Guard Academy, 1 L. Pilyutova st., St. Petersburg, 198206, Russia

For citation: Privalov A. A., Titov D. D. Model for Analyzing Network Activity of Elements in a Telephone
IP Network Using an Intruder’s Computer Reconnaissance System // Proceedings of Petersburg State
Transport University, 2026. Vol. 23, iss. 1. Pp. 516-530. DOI: 10.20295/1815-588X-2026-1-516-530 (In
Russian)

Abstract

Objective: to develop and analyze a stochastic model of the process of analyzing the network activity
of elements of a telephone IP network performed by an intruder's computer intelligence (CI) complex
to quantify the time characteristics of the intelligence cycle. Methods: the network scanner's algorithm
is presented as a stochastic network (GERT model), where the stages of detecting active elements,
determining the roles of nodes, types of operating systems, ports/services, and analyzing vulnerabilities
are described by arcs with their own time distribution functions and success probabilities, and repeated
launches are represented by return loops. For the Role, OS, and Ports/Services branches, equivalent
Laplace images of the distribution densities are obtained, based on which equivalent functions are derived
for the parallel block and the full cycle of the scanner's operation in full and partial scan modes. The
integral distribution function, average time, and level of requirements are calculated based on the obtained
analytical expressions. Results: compact formulas for the equivalent function, distribution function, and
average time of VoIP network intelligence are obtained, depending on the probabilities of successful
completion of key operations. It is shown that the time characteristics of the process have a pronounced
nonlinear dependence on the values of these probabilities: as the probabilities increase, the average time
and the time required for successful completion of the scan decrease significantly. A comparison of full and
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partial scan modes demonstrates the expected compromise between the completeness of the information
obtained by computer intelligence and the speed of obtaining results. Practical significance: the model
allows for predicting the time characteristics of the CI complex's operation in a VoIP network, identifying
“bottlenecks”, and quantifying the impact of network architecture and security measures on the speed
at which an intruder can obtain critical information, providing a basis for making informed decisions to
enhance cyber resilience.

Keywords: telephone IP network, computer intelligence complex, network scanner; network activity

analysis, stochastic network, GERT model, equivalent function, full and partial scanning
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