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['onoBHa MeTa HAayKOBHUX PE3yJbTaTIB AUCEPTALIHOI POOOTH, IIO0 OTPUMAaHI
aBTOPOM Ta CKJIQJal0Th HAYKOBY HOBU3HY, MOJISITAIOTh Y JOLIBHOCTI BIPOBAIKEHHS
HOBUX CXeM KpimieHHs (¢ikcallii) Ta pO3MIIIEHHS MPOAYKII METaITypriiHOro
BUPOOHMIITBA B Ky30B1 BAHTA)KHOT'O BAaroHy I1iJ1 HOBY HOMEHKIIATypy BaHTaxiB. Kpim
TOTO 3 METOIO IMIJBUIICHHS HaJIMHOCTI Ta OE3NEKU MEePEBE3ECHHS BAHTaXXy aBTOPOM
BJIOCKOHAJIEHO ICHYIOYY MOJENIb MPOCTOPOBHX KOJHMBAHb BAaHTAaXXHUX BArOHIB AJIs
pPO3paxyHKIB 1HEPIIHHUX CWJI Ta CyMapHUX HaBaHTaXXE€Hb Ha Ky30B IIijJ 4Yac
TPAHCIIOPTYBAHHS BEJIMKOBATOBOTO BAHTAXKY.

B nucepramiitHii poOOTI IpoaHaNTi30BaHO Cy4YaCHUW CTaH CIIpaB y Traimysi
NEPEeBE3CHb 3AI3HUYHUM TPAHCIIOPTOM B YKpaiHi. ABTOP MPOCIIJIKYBaB 3pOCTAIOTY
TEHJEHII0 TEePEBE3EHHSI BAHTAXY METAIYyprifHOro BUPOOHUUTBA B KOHKPETHUX
TUIIaX BaroHiB, a caMe€ B YyHIBepcaJdbHUX IIaTopMax Ta MIBBAaroHIB, 4Yepe3 IX
MOIIUPEHICTh Ha BIIMIHHY B1J] CIICI1aJII30BAHOTO PyXOMOT0 CKiIaay. Takox 3a3Ha4eHO
MIPOJIOBXKEHHS CTPOKY CIIY’KOM BaHTaXHUX BaroHiB 4Yepe3 HEJOTPUMAHHS MPOrpaMu
OHOBJICHHSI BAHTAXXHOI'O MapKy BITYM3HSIHUX 3aTi3HUIb, KOTPE MOTJIO MIABUIIUTH
JTUHAMIYHI1 SIKOCT1 €KiMaXKiB, 30UTBIIUTH PECYpC XOJOBHUX YAaCTUH W 3HU3UTH 3HOC
€JIEMEHTIB PyXOMOI'0 CKJIaay Ta KoJjiii. OkpeMuil BIUIMB Ha MOTOYHUI CTaH 3aJ113HUIIL
TaKOXXK Ma€ MOBHOMAacIITaOHE BTOPTHEHHS KpaiHW arpecopa B YKpaiHy, depe3 IIo
BTpAvya€eThes K 0COOOBUI Tak 1 pyXxoMui ckiaj 3ami3Huili. [IpoBeneHe n0CiiKEeHHS
HiATBEPAXKYE BUCOKY aKTYyaJbHICTh MPOOJEMHU MiJIBUILEHHS HAAIMHOCTI Ta MIIIHOCTI
Ky30BIB BaHT@)XHHX BAaroHiB IiJ 4Yac TMEPEBE3CHHS METATypriiHOT MPOAYKIi 3
BpaxyBaHHIM HIMPOKOTO CIEKTPY (PaKTOpIB, sIKI BIUIMBAIOTH K HA OE3MEKy pyXy, Tak

1 HA eKOHOMIUHY €(EKTUBHICTh 3aJI3HUYHUX MEepPeBe3eHb. AHAII3 CXeM PO3MIIIECHHS



Ta ¢ikcalii BaHTaXIB y MIBBaroHax JAEMOHCTPYE 3aCTOCYBaHHS PI3HOMAaHITHUX
MIIXOIB 10 TXHBOI (DiKcaIlli Ta po3TanryBaHHS.

B po6oti gochimkeHi iCHYrO4l MaTeMaTH4HI MOJEN MPOCTOPOBHUX KOJIMBAaHb
BAaHTAQ)KHOTO BAaroHy IMPH B3a€EMOJIIi pyXOMOT0O CKJIaIy 13 peMKOBOIO KOJi€r0. AHami3
BIIKpUTUX BITYM3HSHUX Ta 3apyOLKHHUX JDKEped CBIAYUTH MPO TEHACHLIIO 0
YCKJIAJHEHHSI MaTeMaTUYHUX MoOJieNiel 1 BOPOBAKEHHS METOIIB PO3B’SI3aHHSA, 110
3a0€31euyoTh OUIBII TOBHE BpaxyBaHHS XapaKTEPUCTUK 00’ €KTa JOCIIKESHHS, SKi
MPOSIBJISIIOTECS. B YMOBAxX pealbHOI eKCIUTyaTallii 3alli3HMYHUX eKimaxiB. [lompwm
3HAYHY KUIBKICTh JOCIIDKEHb Ta BaroMHWi BHECOK BITUM3HSHUX 1 3apyOilKHUX
HayKOBIIIB, MpOoOJIeMa I ABUILEHHS MIIIHOCT1 BAHTAXKHUX BaroH1B I1]] YacC MePEeBE3CHHS
METaTypriftHOI MPOAYKIIIT 3aTHIIAE€THCS HAI3BUYANHO aKTyaabHOO. J{J1s1 BITYUU3HIHUX
3QII3HUAIIL XapaKTEPHOI OCOOJMBICTIO B3a€EMOJIII PyXOMOTO CKJIaay 3 PEHKOBOIO
KOJIEI0 € IHTEHCHBHE 3HOIIEHHS KOJICHO-PEWKOBOI MapW Ha IUISHKAX 3 KPUBUMH
Majoro pazaiycy. BuHHMKIa HEOOXIIHICTH PO3POOKHM MaTreMaTHYHOI MOJei
MIPOCTOPOBHX KOJINBAHb CYTTEBO HENIHIMHOI CUCTEMH «EKIMAaK—KOJis1», 0 BPAXOBYE
KOHCTPYKTUBHI OCOOJIMBOCTI BAHTQKHUX BArOHIB Ta 3MIILIEHHS LEHTPY Baru BaHTaxy.
JlocmimKeHHsT BIUTMBY KOHCTPYKTUBHHMX MapaMeTpiB BAHTAXKHUX BAroHIB 1 3MIIICHHS
[EHTPY Bard BaHTaXy HA iX MIIHICTh € BaXKJIMBUM KPOKOM JJIsl BJOCKOHAJICHHS
HOPMATUBHUX BUMOT JIO PO3MIIIIEHHS Ta ¢iKcallii MeTaTypriiHuX BaHTaXIB.

B nucepTariiiniii poOOTI aBTOp PO3IIIAIa€ pealibHy TPAHCTIOPTHY IMO/1110, KOTpa
cranacs B junHi 2020 poky Ha mneperosi «BockoOiiiHa-BepXHbOAHIIPOBCHK
perionansHoi pimi «IIpugninpoBckka 3ami3HUI AT « YKp3ami3HUIIS, IKa HATJISTHO
JEMOHCTPYE BTpaTy MIIHOCTI Ky30Ba MpU 3MINIEHHI LEHTPY Bark BaHTaXy
METAIypriiHOTO BUpOOHMIITBA (OYHTH KaTaHOTO JpOTY), IO TMPHUBEJIO 10
MOIIKO/PKEHHS BAHTAXHOTO BaroHy, ska cTajla MEepelyMOBOI0 BHUHUKHEHHS TEMH
nociikeHb. OCHOBHOIO MPUYMHOIO aBAPIMHOT CUTYyallli BUBHAYEHO BIAOKPEMIICHHS
OOKOBO1 CTIHKM Ky30Ba BaroHa (3 MoJI0BKEHUM TEPMIHOM €KCIUTyaTallli) BiJi KyTOBHX
CTOSIKIB, IIIO IPU3BEJIO J0 AedopMallii MPOMIKHUX NOMEPEYHUX 0aNoK Ta MOJaIbIIOr0
pyWHYBaHHS 3BapHUX 3’€JIHaHb 3 yCIMa MONEPEUYHUMHU €JIEeMEHTAaMU KOHCTPYKIIT Mij
JI€I0 HaBaHTAXKEHHS BIJ BaHTaxXy. SK anbTepHATHUBHY BEpCi0 PO3TISAAIOCH

IMNEPEBUIICHHS IMOMECPCYHOTO HABAHTAXKCHHA Ha 6OKOBy CTiHKy BaroHa, 1o MoriJio 6YTI/I



3yMOBJIEHE MOMUJIKAMHM y pO3paxyHKax i 4ac MPOEKTYBAHHA CXEMHU PO3MIILEHHS
BaHTaXY.

Y muceprariii po3poOIeHO MiAXiM A0 KUTBKICHOT OIIHKK MIITHOCTI Ky30Ba Ha
OCHOB1 aHalli3y JWHAMIYHUX HaBaHTaXEHb Yy 30HAX KOHLEHTpAIlli HaIpy>KeHb.
3anpornoHOBaHO HOBI KpUTEpii TPAaHUYHOTO CTaHy JJIsl €JIEMEHTIB paMu BaroHa, a
TAKOX BCTAHOBJICHO 3aJICKHICTh PIBHA HANpPYXKEHb BIJ BEJIWYMHU Ta HANpPIMY
3MINIEHHS IeHTpa Mac. Y pe3yibTaTli JOCHIDKEHHS pO3pOO0JIEHO TEXHIuHI
peKOMEHallli 100 JOMYCTUMHUX MEX 3MIIIEHHS BaHTaXy Ta BIAMOBIAHI BapiaHTH
HOTO PO3MIIIICHHS Y Ky30BaxX IIBBaroHiB.

BianoBigHO 10 T€MU MOCTIIKEHHS aBTOPOM 3alpPONOHOBAHO YIOCKOHAJICHHS
MaTeMaTUYHOI MOJeJIl MPOCTOPOBUX KOJUBaHb BaHT@)KHOI'O BaroHy MpHu
HOB30BKHBO-TIONIEPEYHOMY 3MIILIEHHI BaHTaXy METaJdypriiiHoro BupoOHuuTBa. [lpu
JOCIIJKEHHI MPOCTOPOBUX KOJIMBAaHb BAHTAKHOI'O BAaroHy aBTOp IependadyuB, L0
BaroH Ma€ OJIHOCTYIIHYACTE PECOPHE MIJIBILIYBaHHS, Ta CKIAAETHCS 3 JBAHAALSTH
TBEPJAUX TUI: BEJIMKOBAaroBOT0O BaHTaXy, Ky30Ba, ABOX HAJPECOPHUX OAIOK, YOTHPHOX
OOKOBHUX paM Ta 4YOTHUPHOX KojJicHHX map. Cxema pamu Bi3Ka mepeadadaiach
mapHipHoto. Takox OyJio BpaxoBaHO MPYKHO-B’SI3KI Ta IHEPIIAHI BJIACTHBOCTI
OCHOBHM 3aJII3HMYHOI KOJIi y BEpTUKAJIbHIN Ta TOPU30HTaNbHIN miomuHl. HaBeneno
METOJIMKY BU3HAYEHHS 3YCUJIb Ta OIIIHKKA MIITHOCTI Ky30Ba BaHTA)XHOTO BaroHy IMpH
MEPEeBE3CHHI MPOIYKIlI METATyprifHOro BUpOOHHUIITBA. BU3HaUYeH1 MUTOMI 1HEPITIHHI
CHUJIM Ta CyMapHI HaBaHTAXKCHHs JJISl OLIHKK MIITHOCTI Ky30Ba BaHTAKHOTO BaroHy.
IIpoananizoBaHO BIUIMB BEIMKOBAroBOIO BaHTA)XXy Ha OCHOBHI CKJIaJIOBI YaCTHHU
BAaHTAXXHOTO pyXOMOro ckiany. OTpumaHl pe3yJbTaTd BIANOBIIAIOTH peaTbHOMY
00’€KTy 3a paxyHOK 3a0€3IMeUeHHs] PO3PaxXyHKIB JI0 3aTBEPHKEHOT METOIUKH. JlJis
BU3HAYCHHS PO3MIPHUX CUJ Bij Jii OYHTIB KaTaHOTO JPOTY BEPXHBOTO Ta HUKHBOTO
ApYyCy BIAMOBIAHO IO MPEACTABIECHUX B POOOTI pO3PaXyHKOBUX CXEM MPOMUCYBAIUCS
Ta BUPINTYBAINUCS PIBHSIHHSIM PIBHOBAr CHIL.

[IpoBeneHO MOPIBHSAHHS OTPUMAHUX PO3PAXYHKIB 3 Pe3yJbTaTaMH ICHYIOYOTO
excriepuMeHTy. CriBCTaBIEHHS pe3yJIbTaTiB XOJ0BUX BUIIPOOYBaHb 3 MiHIMAJIbHUMU
Ta MaKCUMaJIbHUMH 3HAUYCHHSMH MOJIEIIOBAHHS paMHUX CHUJ 1 KYTIB BHJISHHS

HAJPECOPHOi OalKu IOJI0 Ky30Ba BaHTaKHOTO BaroHy IMOKa3ajld 301KHICTH 3



TEOPETUYHUMHU po3paxyHkamMu. HaBejaeHO TMOpIBHSAIBHUM aHami3 Koe(]ili€HTIB
AMHAMIYHOT J00aBKM HEOOpEeCOpeHMX Mac, BHU3HAYEHHX 3a pe3yjbTaTaMu
EKCIIEPUMEHTAJIbHIUX BHUIIPOOYBaHb Ta AaHANITUYHOTO MoOjAeToBaHHA. OTpumani
pPe3yJbTaTH 3aCBITYMIM 3a/I0BUIBHY BIJMOBIAHICTh MPU PYCl BAHTAXKHOT'O PYyXOMOTO
CKJIay 10 KPUBOJIHIMHUX NiNsTHKax Kouii. [IopiBHSHHS pe3ynbTaTiB MOACTIOBAHHS 3
AQHAJIOTIYHUMHU BEJIMYMHAMM TApaMeTpiB, OTPUMaHUX II1J] 4Yac IPOBEICHHS
JUHAMIYHUX XOJOBUX BUNPOOYBaHb, JO3BOJUIN 3pOOUTH BUCHOBOK ITPO a/IEKBaTHICTh
YAOCKOHAJIEHOT MaTeMaTUYHOT MOJeli. 3alpONOHOBaHA MOJIEIb B3a€MOIIl PyXOMOTO
CKJIaJy 3 THYYKHM Ky30BOM Ta KOJII€IO TAKOX JI03BOJISIE 3MEHILUTU 00’ €M 3a1sTHUX
0OYHUCITIOBAIBHUX MOKJIMBOCTEHN TIPH 30€pexeH1 TOUHOCTI PE3yJIbTaTIB.

Bu3HaueHO €KOHOMIUYHY €(EKTHUBHICTh BIPOBAKEHHS YJIOCKOHAJIEHOI
MaTeMaTUYHOI MOJEJIl OLIIHKM MIITHOCTI BaHTA)KHUX BaroHiB. 3alporoHOBaHa MOJEIb
BpPaxoOBY€ TMOB3J0BXHBO-TIONEPEYHI MEPEMINICHHS LIEHTPY Baru BaHTaXxy B Ky30BI
BAaHTa)XHOT'O BaroHy, IO JO3BOJSE TOYHILIE OLIHUTH HABAHTAXEHHS HAa HECydl
€JIEeMEHTH KOHCTPYKIIi BAHTQXKHOI'O BaroHY 1, IK HACJ1/10K, 3HU3UTH UMOBIPHICTb OO
MOIIKO/)KEHHS MiJ 4Yac NEepeBe3eHb BaHTa)Xy MeTaldypriiHoro BHUpoOHMIITBa. B
pO3paxyHKax BUKOPHCTOBYBAJIMCS JaHI 3 JpKepeda IMpO KUIbKICTh IMOMIKOKEHHUX
BaHTa)KHUX BAaroHiB 3a PIK JI0 Ta MICJIsI BIPOBAIKEHHSI HOBO1 METOJIUKH OL[IHKU Ky30BIB
pyxomoro ckiany. [TomkomkeHHs BaHTaXXHUX BaroHiB 3MEHITWIOCH Maibke Ha 30%,
10 JTO3BOJIUJIO TIOpaxyBaTH LIOPIYHY €KOHOMIIO Ha PEMOHT PYXOMOIO CKIIay, sika
ckJyana 1,6 MuIH rpH.

Pesynbratn nmucepraniiiHoi poOOTH € BaroMHMM BHECKOM Y MiABHIICHHI
HaJIAHOCTI MepeBEe3eHb BAaHTAXY METAIYPrifHOIO BHPOOHUITBA 3aJI3HUYHUM
TPAHCHIOPTOM Ta MOXKYTh OYTH BHUKOPHCTAaHI MpPHU MPOEKTyBaHHI HOBHUX THIIIB
BaHTQXHUX BaroHiB, po3poOIll TEXHIYHUX YMOB TEPEBE3CHHS, a TaKOX y MpOIeci
M1ATOTOBKU (PaxiBIIiB 3aJII3HUYHOTO TPAHCIIOPTY.

Kmrouosi cioBa: OriHKa MIITHOCTI, BAHTAKHUKM BaroH, MaTeMaTH4YHAa MOJCIb,
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ABSTRACT

Shvets A. O. Improving the method for assessing the strength of freight cars
during the transportation of metallurgical cargo.

Dissertation for the degree of Candidate of Technical Sciences (Doctor of
Philosophy) in specialty 273 — Railway Transport. Ukrainian State University of
Science and Technology, Dnipro, 2025.

The main goal of the scientific results of the dissertation work, obtained by the
author and constituting scientific novelty, is the feasibility of implementing new
schemes for fastening and placing metallurgical products in the body of a freight car
for a new nomenclature of goods. In addition, in order to increase the reliability and
safety of cargo transportation, the author improved the existing model of spatial
oscillations of freight cars for calculating inertial forces and total loads on the body
during the transportation of heavy cargo.

The dissertation analyzed the current state of affairs in the field of railway
transportation in Ukraine. The author traced the growing trend of transporting
metallurgical cargo in specific types of cars, namely universal platforms, and gondolas,
due to their prevalence contrary to specialized rolling stock. It was also noted that the
service life of freight cars had been extended due to non-compliance with the program
for updating the freight fleet of domestic railways, which could have improved the
dynamic qualities of crews, increased the resource of running gear, and reduced wear
and tear of rolling stock and track elements. The full-scale invasion of Ukraine by an
aggressor country also had a separate impact on the current state of the railway, which
resulted in the loss of both personnel and rolling stock. The conducted study confirms
the high relevance of the problem of increasing the reliability and strength of freight
car bodies during the transportation of metallurgical products, taking into account a
wide range of factors that affect both traffic safety and the economic efficiency of
railway transportation. Analysis of cargo placement and securing schemes in gondola
cars demonstrated the use of various approaches to their fixation and location.

The paper investigated existing mathematical models of spatial oscillations of a

freight car during the interaction of rolling stock with a rail track. Analysis of open



domestic and foreign sources indicated a tendency to complicate mathematical models
and implement solution methods that provide a more complete account of the
characteristics of the object of study that manifest themselves in the conditions of real
operation of railway crews. Despite a significant amount of research and contributions
from domestic and foreign scientists, the problem of increasing the strength of freight
cars during the transportation of metallurgical products remains extremely relevant.
For domestic railways, a characteristic feature of the interaction of rolling stock with
the rail track is the intensive wear of the wheel-rail pair on sections with small-radius
curves. There was a need to develop a mathematical model of spatial oscillations of the
significantly nonlinear “crew-track" system, which takes into account the design
features of freight cars and the displacement of the center of gravity of the cargo.
Research into the influence of the design parameters of freight cars and the
displacement of cargo's center of gravity on their strength is an important step toward
improving regulatory requirements for the placement and securing of metallurgical
cargo.

In the dissertation, the author examined a real transport event that occurred in
July 2020 on the Voskoboynya — Verkhnedneprovsk section of the regional branch of
the Pridneprovskaya Railway of JSC Ukrzaliznytsia, which clearly demonstrated the
loss of body strength when the center of gravity of the metallurgical cargo (rolled wire
coils) shifted, which led to damage to the freight car and became the prerequisite for
the emergence of the research topic. The main cause of the emergency situation was
determined to be the separation of the side wall of the car body (with an extended
service life) from the corner uprights, which led to the deformation of the intermediate
cross beams and the subsequent destruction of the welded joints with all transverse
structural elements under the action of the load from the cargo. The excess of the
transverse load on the side wall of the wagon was considered as an alternative
explanation, which could have been caused by errors in calculations during the design
of the cargo placement scheme.

The dissertation developed an approach to quantitative assessment of body
strength based the analysis of dynamic loads in stress concentration zones. New limit

state criteria for the elements of the car frame are proposed, and the dependence of the



stress level on the magnitude and direction of the center of mass displacement is
established. As a result of the study, technical recommendations have been developed
regarding the permissible limits of cargo displacement and the corresponding options
for its placement in the bodies of gondola cars.

In accordance with the topic of the study, the author proposed an improvement
of the mathematical model of spatial vibrations of a freight car during longitudinal-
transverse displacement of a metallurgical production cargo. When studying the spatial
vibrations of a freight car, the author assumed that the car had a single-stage spring
suspension and consisted of twelve rigid bodies: a heavy load, a body, two super-spring
beams, four side frames, and four-wheel pairs. The bogie frame scheme was assumed
to be hinged. The elastic-viscous and inertial properties of the railway track base in the
vertical and horizontal planes were also taken into account. A method for determining
the forces and assessing the strength of the freight car body when transporting
metallurgical products was presented. Specific inertial forces and total loads were
determined to assess the strength of the freight car body. The impact of heavy cargo on
the main components of freight rolling stock was analyzed. The results obtained
correspond to the real object due to the calculations being carried out according to the
approved methodology. To determine the expansion forces from the action of the rolled
wire coils of the upper and lower tiers, in accordance with the calculation schemes
presented in the work, the force equilibrium equation was composed and solved.

The obtained calculations were compared with the results of the existing
experiment. A comparison of the results of running tests with the minimum and
maximum values of the simulation of frame forces and the yaw angles of the upper
spring beam relative to the freight car body showed the convergence of the theoretical
calculations. A comparative analysis of the coefficients of dynamic addition of
unsprung masses, determined by the results of experimental tests and analytical
modeling, was presented. The results obtained showed satisfactory compliance when
freight rolling stock moved along curved sections of the track. A comparison of the
simulation results with similar parameter values obtained during dynamic running tests
allowed us to conclude that the improved mathematical model was adequate. The

proposed model of interaction of rolling stock with a flexible body and track also



allowed for the amount of computational resources involved while maintaining the
accuracy of the results to be reduced.

The economic efficiency of implementing an improved mathematical model for
assessing the strength of freight cars was determined. The proposed model takes into
account the longitudinal and transverse movements of the center of gravity of the cargo
in the body of the freight car, which allows for a more accurate assessment of the load
on the load-bearing elements of the freight car structure and, as a result, reduce the
likelihood of its damage during the transportation of metallurgical cargo. The
calculations used data from the source on the number of damaged freight cars for the
year before and after the implementation of the new methodology for assessing rolling
stock bodies. Freight car damage decreased by almost 30%, which allowed for
calculating annual savings on rolling stock repairs, which amounted to 1.6 million
UAH.

The results of the dissertation work are a significant contribution to increasing
the reliability of transportation of metallurgical cargo by rail and can be used in the
design of new types of freight cars, the development of technical conditions for
transportation, and the process of training railway transport specialists.

Keywords: Strength assessment, freight car, mathematical model, metallurgical

production cargo, center of gravity, cargo displacement, inertial forces.



