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LOAD OF A SEMI-CAR HAVING THE DISMOUNTABLE ROOF
OF COMPOSITES

Purpose. Creation and substantiation of the measures for adopting the supporting structure of the multipurpose semi-car to
carry cargoes that need weather protection.

Methodology. For the adaptation of supporting constructions of semi-cars to carriage of cargoes that need weather protection,
it was proposed to apply a removable roof manufactured from composites. As the application of a removable roof enlarges the
volume of the container of the semi-car, the authors defined the load on its construction with the help of mathematical modeling.
The authors see semi-car as a system which includes three components — a supporting construction having a roof with two carts.
The Runge-Kutta method was used to calculate the main dynamic parameters of the semi-car. These defined dynamic parameters
were accounted during calculation of the strength of the dismountable roof. Graphic spatial modeling of a semi-car with a dis-
mountable roof was performed in the SolidWorks software kit. The calculation of solidity is implemented by the method of ulti-
mate elements using the SolidWorks Simulation program kit. The original frequencies and forms of vibrations of the supporting
construction of the semi-car are performed in this research.

Findings. The outcomes of a mathematical model of the dynamic loading of the supporting construction of the semi-car having
a dismountable roof set that the obtained dynamic parameters are not higher than the allowable values. The acceleration of the
semi-car supporting construction in the gravity center made approximately 4.5 m/s?. The vertical dynamic ratio amounts to 0.53.
The car motion is evaluated as “excellent”. It was found that when the vertical load acts on the dismountable roof, the maximum
tension emerging inside is 173.2 MPa. When concentrated load affects the dismountable roof, the biggest tensions are focused on
the zones of its attachment to the upper strapping of the casing, and makes 205.7 MPa. It can be seen from the modal analysis that
the first original frequency of the semi-car casing is equal to 9.6 Hz, which is more than the allowable value — 8 Hz.

Originality. Models for determining the loading of the supporting construction of the semi-car having a dismountable roof
from composites within the general modes of loading operation are given in this study.

Practical value. The study results allow expanding the applicability of semi-cars by adapting them to the carriage of cargoes,

which need protection from weather effects and can increase the performance of railroad carriage.
Keywords: gondola car; removable roof; construction load; stressful state; indicators of dynamics

Introduction. Prospects for the improvement of the rail-
road carriage necessitate the increasing performance of its op-
eration to maintain the main place in the carriage service mar-
ket. Contemporaneously, there are a lot of requirements to the
updated locomotive equipment, which are mainly the devel-
opment of technical-economic indicators by improving its
construction by adding new substances, and also ensuring en-
vironmental friendliness and safety of freight carriage services.

The work of locomotive equipment can also be improved
by expanding its functionality and adapting constructions for
the carriage of an expanded range of goods.

The well-known fact is that the famous type of cargo wag-
ons in exploitation is multifunction semi-cars. To enable cargo
carriages that need protection from weather conditions, semi-
cars have dismountable roofs.

However, it makes the packaging of supporting construc-
tion of the semi-car bigger, and, accordingly, its sprung mass
also increases. This causes raising of the load on the support-
ing construction of the semi-car. Thus, the possibility to apply
alternative substances in the manufacturing of dismountable
roof of a wagon with the provision of exploitation strength
conditions should be studied. It will help to expand the appli-
cability of semi-cars and provide their exploitation security.

Literature review. Issues of optimization and increasing
performance of wagons are considered in the study [1]. These
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improvements focus on extending the operational durability of
locomotives. This study also considers a new system of wagon
technical diagnostics.

Theoretical studies on locomotive casing improvement
were performed in the research [2]. The calculation of tension
affirms these suggested technologies. The pilot model was the
BOXN25 semi-car.

Simultaneously, the technologies do not give the possibility
to carriage freights that need security against down-falls in
wagons.

This publication [3] covers the problem of defining the tension
and weariness period of the wagon casing. Suggested technologies
of improvement of exploitation conditions for locomotives are
substantiated. Calculation of the tension of the supporting con-
struction of Zans wagon is performed in the study [4]. This wagon
has an improved design and improved technical-economical pa-
rameters. The tension was defined using the techniques of end ele-
ments. As the result, calculations have affirmed the expediency of
the decision obtained in the process of engineering.

However, when designing these wagon constructions, it is
impossible to increase their functionality with the application
of dismountable roof.

Features of upgrading the supporting construction of
semi-car to make traffic safer when carrying freights with the
height exceeding their upper sizes, are given in the study [5].
A bar option inside extending rack is offered. Although, the
given construction is not able to withhold significant loads that
occur during operation.
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To increase the tension of the wagon casing in conditions
of operating loads, it was suggested to modernize it in the pub-
lication [6]. Herewith, the authors performed a numerical cal-
culation of the load on it, and the experimental research af-
firmed their results.

The research on the general firmness parameters of mod-
ernized wagon casing is performed in the study [7]. The calcu-
lation outcomes proved that the suggested modernization is
appropriate. This study also shows what changes and modern-
ization the existing park of locomotives requires.

It is worth noting that the upgrading of locomotives fore-
seen by these studies [6, 7] does not make it possible to trans-
port frights that need weather protection.

This publication [8] highlights the outcomes of the wagon
casing improvement. It could be seen from the firmness calcu-
lation results that the suggested technologies help to ensure
their firmness in conditions of the general exploitation loads.

Peculiarities of modernization of cargo wagons during
their periodic repairs are considered in this study [9]. Here-
with, the authors focused on improving the exploitation con-
ditions of cargo wagons. However, the proposed upgrades can-
not help to expand the variety of frights they carry.

Unsolved aspects of thr problem. Reference analysis [1—9]
enables one to make a conclusion that studying of the loading
of the semi-car having a dismountable roof of composites is
quite relevant, as no one has considered it properly yet. Thus,
an appropriate study in this area is needed.

Purpose. The aim of this study is to substantiate measures
for adapting the supporting construction of the multifunction-
al semi-car to transport freights that need weather protection.

Research methodology description. In order to reach this
goal, these tasks are determined:

- performing mathematical modeling of the dynamical load
of the semi-car which has a dismountable roof of composites;

- determining the tension of the supporting construction
of the semi-car which has a dismountable roof of composites;

- performing the modal analysis of the supporting construc-
tion of the semi-car which has a dismountable roof of composites.

Basic material presentation. We use removable roofs to ex-
pand the applicability of semi-cars by adapting them to the
carriage of freights that need weather protection. The most
widespread roof designs, which were used on wide gauge cargo
wagons are presented in Fig. 1.

Herewith, roof option 1 is most often used on semi-cars of
newly updated construction. It consists of a metal carcass and
cladding. The roof is attached to the casing of the semi-car
with the help of the bolted connection. It is also possible to
fasten a roof to the upper strap-ping using magnets. Although,
the given method requires appropriate technology and tooling,
it consequently raises the expenses for technical support of
semi-cars in exploitation. It is worth noting that the applica-
tion of a removable roof can enlarge the capacity of the wagon
container in comparison with the archetype by 2—3 %. It
makes a contribution to the raising of the sprung weight of a
wagon, and, accordingly, changes in its movement dynamics.
Therefore, the authors advise using a removable roof produced
of the substance that has a lower weight compared to steel, ac-
counting for the tension conditions with applied operating
loads. Composite can be used as such material.

Composites with titanium matrix are the most promising,
which are reinforced by fibers of boron, boron alloys, silicon
carbide, beryllium, and molybdenum. This helps to reduce
roof container capacities by 17 % in comparison with a typical
design. This composite has a tensile firmness: along fibers —
1100—1300 MPa, across the fibers — 650 MPa. This material is
also thermally resistive.

For substantiation of the suggested technology, the au-
thors determined the dynamic load of supporting construction
of the semi-car with dismountable room made of composites.

Fig. 2 displays the scheme of calculations. The model of
mathematical analysis developed by Professor Yu. V. Dyomin and
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Fig. 1. Roofs of cargo wagons:
a — option 1; b — option 2; ¢ — option 3
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Fig. 2. Scheme of the semi-car calculations

associate professor G.Yu. Chernyak was used. However, within
this research, the authors finalized the model accounting for the
additional wagon freedom degree, namely in a lengthwise plane.

A plane system of coordinates was used in this study. It was
foreseen that the wagon moves unevenly being empty, as the
greatest dynamic load of it is traced. The gauge of the rail is
considered as elastic-viscous.

Semi-car model 12-757 was used to perform these studies.
The proposed construction of the semi-car is universal and aims
at the carriage of bulk cargoes and raw products. Light cargoes are
unloaded through hatch covers forming their floor (14 pieces).

, d? d?
M, '?ql +M, 'h'qu =F;
2
M

d
v +C gy +C5¢5+C5q5=

d d
=—Fpp | sign| —9, |+sign| —3, | |;
FR [Slgl’l[dt lj Slgn(dt 2)}

d2
Mo g

. (d . (d
=Fpp-l (mgn(ESl ] + s1gn[ESZD;

d2
M3'W91:H1’

+Cyy gy +Cy53-63+Cy5-q5=

ISSN 2071-2227, E-ISSN 2223-2362, Naukovyi Visnyk Natsionalnoho Hirnychoho Universytetu, 2023, N2 1 95



d? d
M, ’W‘b +C5,-q1+C54,+Cy5-q5+ By 5 'E‘Is =

. d d d
=Fy -S1gn(561j+kl(nl 4—112)+|31 (an +En2];
d2
M, '?‘Il =H,;
2

d d
M, 'F‘h +Cy4°q4+ By, ‘5‘14 =

d d
=—k,(n,—m,) B, 'a’[Erh _Enz}
2

d d
M; '?qs +Cs,q,+Cs5 4, +Cs5-g5+ By 5 I

. d d d
=Fry -s1gn(562j+kl(n3 +M4)+By [Eﬂs +E‘14j;

qs =

d? d
M 'ﬁqs +Cos s+ B 'E‘Is =

d d
=—k -a- — R .qg.| — _ s
pra-my—my)—B,-a [dtng dtm]

where M|, M, are weight and insertion moment of the support-
ing construction; M3, M, are mass and insertion moment of the
1* cart in its motion; M5, M, are mass and insertion moment of
the 2" cart in its motion; C; is elasticity characteristics of the
components in the oscillating chain that can be defined by the
spring rigidity ratio values k,; B; is the function of scattering; a
is cart basing half (cart model 18—100); k is gauge stiffness; 3 is
a damping factor; i(?) is a function describing the rail gauge un-
evenness; i is distortion of leaf suspension elastic components;
Fy is absolute shear force in the spring set; H,, H, are horizon-
tal force values applied to the foot of the 7 and 2" carts; A is
mass center height of the wagon supporting construction.

M{:M1+(M3+M5)+%,
-

where 7 is cart capacity; / is wheel pair inertia movement; r is
wheel radius.

The lengthwise force value that affects the semi-car auto-
coupling is supposed to amount to 2.5 MN, which means that
the calculations were made in the wagon motion state as a part
of a cargo train [10].

The movement differential equations are solved using the
classical method of Runge-Kutta [11, 12]. Starting conditions,
i.e. the original shifts and speeds were set to zero [13, 14].

The calculation outcomes showed that the main dynamic
parameters of the semi-car do not outreach allowable indicators.
The speed-up of the load-bearing construction of the semi-car
in the mass center of mass is approximately 4.5 m/s? (Fig. 3).

The vertical dynamic ratio makes 0.53 (Fig. 4). The semi-
car course was assessed as “perfect” [10].

The received parameters of dynamics are accounted in the
determination of the dismountable roof firmness. The com-
putation modelling of the supporting structure of the semi-
car having a removable roof is given in the Fig. 5. Graphic
study on the building of a dimensional model of a semi-car
having a removable roof was performed in the software kit
SolidWorks [15, 16]. Herewith, the authors used an album of
drawings of the semi-car, which allowed creating a refined di-
mensional model for it. It is worth noting that the building of
caps for its unloading hatches are not considered. Such as-
sumption is long-lasting, because they have a hinged interac-
tion with the wagon supporting construction. Thus, when
creating a dimensional model, the construction components,
interacting with each other strongly, are considered. More-
over, the model does not account for welds, so it is regarded as
a monolithic structure.

The determination of firmness is implemented by the meth-
od of end elements in the program SolidWorks Simulation.
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Fig. 3. Speed-up of the supporting construction of the semi-car
in the mass center
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Fig. 4. The vertical dynamic ratios of the supporting construc-
tion of the semi-car

Fig. 5. Dimensional model of the supporting construction of a
semi-car having a removable roof

The authors took into account isoparametric tetrahedra
creating the model of end elements [17, 18]. The best quantity
of elements of the model is defined by the graphical-analytical
method [19, 20]. The quantity of the model units was 178,845,
elements — 550,106. The maximum element dimensions
made 80 mm, while the minimum — 16 mm. The percentage
of elements which have a coefficient smaller than three was
24.9 %, more than ten — 36. The minimum element quantity
in a circle made 9, the percentage of enlarging the element
dimensions — 1.7.

The model was fixed in the zones of the bearing of the sup-
porting construction on the running gear.

The supporting construction material is made from 09G2S
steel and the roof — from composites. Thus, the calculation of
the model was carried out as an assembly.

Under the rules of regulatory documents, the roof is de-
signed for reinforcement affected by two forces, each of 1 kN,
distributed on a 0.25 x 0.25 m site and added at the 0.5 m dis-
tance from each other at any roof piece. This roof is addition-
ally defined using the I1I mode of calculation.

Since the main part of the supporting construction of the
car is made of steel, which is an isotropic material, and the
composite is orthotropic, the calculation is based on two crite-
ria — Mises (IV energy theory) and maximum stresses. The
main roof load modes were calculated. Figs. 6 and 7 show the
stress condition of the load-bearing construction for the semi-
car at the most loaded modes.

According to the calculations, the roof firmness in all the
considered calculation schemes is assured.

Affected by the vertical load on the removable roof, the
maximal equal tensions occurring in it amounted to 173.2 M Pa.
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Affected by the concentrated load on the removable roof,
the maximal equal tensions concentrated within the areas of its
interaction with the upper body harness are 205.7 MPa.

When calculating the criterion of maximum stresses, the
authors found that affected by the vertical load on the roof, the
maximal tensions appear within the longitudinal direction and
amount at 187 MPa, while in the transverse direction —
123 MPa.

Affected by the concentrated load on the roof, the maxi-
mal tensions are also recorded in the longitudinal direction.
Their numerical value was 198 MPa. The maximal tensions are
equal to 135 MPa acting transversely.

This study also foresees that the natural periodicities and
forms of fluctuations of the supporting construction of the
semi-car having a removable roof were defined. The calcula-
tion was performed using the SolidWorks Simulation software
under the calculation scheme compiled to define the tensions
in the supporting construction of a semi-car affected by the
vertical load acting on a roof. Fig. 8 shows some forms of natu-
ral fluctuations of the supporting construction of the semi-car
having a removable roof.

It was set that the first original periodicity of fluctuations
of the supporting construction of the semi-car having a remov-
able roof has the value of 9.6 Hz, which is higher than the al-
lowable value — 8 Hz. Thus, the security of a semi-car is en-
sured [10].

A further direction of these studies will be to determine the
strength of the roof in the areas of bolted joints with the top
strapping. It is also necessary to conduct experimental tests of
the strength of the proposed design of the removable roof.
Such tests are planned to be performed on a field sample using
the method of similarity in the laboratory.

A promising area of this study is the creation of a universal
roof design, adapted for use on different types of freight cars,
taking into account their geometric features. Such a roof will
work on the principle of a transformer and will have the ability
to adapt to the set geometry of the body. These issues will be
developed in further studies by the group of authors.
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Fig. 6. Stress condition of the supporting construction of the semi-
car having a removable roof affected by the vertical load
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Fig. 7. The condition of the supporting construction of the semi-
car having a removable roof affected by the concentrated load

Conclusions and recommendations on further implementation.

1. Mathematical modeling of the dynamical load of the
semi-car having a removable roof from composites was per-
formed. The calculation results allowed making conclusions
that the calculated dynamic parameters do not overreach the
allowable values. The acceleration of the load-bearing con-
struction of a semi-car in the center of mass made approxi-
mately 4.5 m/s?. The vertical dynamic ratio is equal to 0.53.
The movement of a wagon is assessed as “excellent”.

2. The firmness of the supporting construction of a semi-
car having a removable roof from composites is defined. Ac-
cording to the calculations, the roof firmness in all the consid-
ered calculation schemes is assured. Affected by the vertical
load on the removable roof, the maximal equal tensions oc-
curring in it were 173.2 MPa. Affected by the concentrated
load on the removable roof, the maximal equal tensions are
concentrated within areas of its interaction with the upper
body strapping and make 205.7 MPa.

3. The modal analysis of the supporting construction of
the semi-car having a removable roof from composites is per-
formed. The authors set that the first original periodicity of
fluctuations of the supporting construction of a semi-car is
9.6 Hz, which is higher than the allowable value — 8 Hz.
Therefore, the safety of the gondola car is ensured.

d

Fig. 8. Some forms of fluctuations of the supporting construc-
tion of the semi-car having a removable roof (scale of defor-
mations 20 : 1):

a — second mode; b — forth mode; ¢ — fifth mode; d — sixth mode
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Merta. CTBOpeHHsSI Ta OOIPYHTYBaHHS 3aXOiB LIOAO
ajarnrailii Hecy4oi KOHCTPYKIii yHiBepCaJbHOIO MiBBaroHy
JI0 TIepeBe3eHb BaHTaXiB, 110 MOTPeOYIOTh 3aXMCTY Bia aT-
MOC(hEpHOTO BITTUBY.

Metomuka. /{151 nprcTOCyBaHHS HECYYMX KOHCTPYKIIiii Ha-
TiBBATOHIB 110 TIepeBe3eHb BAHTAXKIB, 110 BUMAraloTh 3aXUCTY
BiZl aTMOc(epHOro BIUIMBY, 3allpPONIOHOBAHO BUKOPWCTaHHS
Jaxy, IKUi 3HIMA€EThCS, i3 KOMITO3UTHOTO MaTepiaiy. OCKiTbKI
BUKOPHMCTaHHS Jaxy, 10 3HIMAEThCS, 30UIbIIYE Tapy HaIliBBa-
TOHY, TO aBTOpaMH TPOBeleHe BU3HAYEHHST HaBaHTAKEHOCTI
MOro KOHCTPYKLIi IUISIXOM MAaTeMaTUYHOIO MOJE/TIOBAHHSI.
[pu 11boOMy HaTIIBBAarOH PO3IJISTHYTUI SIK CUCTEMA, 110 BKITIOUA€E
TPU CKJIAIOBI — KOHCTPYKILIisl 3 JaXOM i 1Ba Bi3Ku. OCHOBHI MO~
Ka3HUKU JMHAMiK1 HaIliBBaroHy po3paxoBaHi MeTooM PyHre-
KyrTa. Po3paxoBaHi moKa3HUKM JUHAMIKM BpaXOBaHi Ipu po3-
paxyHKax Ha MilIHICTb Aaxy, 1110 3HiMaeThcs. ['padiuni podoTu
3i CTBOpPEHHSI ITPOCTOPOBOI MOJIEIi HaMiBBAroHy 3i 3HIMHUM J1a-
XOM TIPOBOIWJIMCH y TIporpaMHOMYy Komruiekci SolidWorks.
Po3paxyHok Ha MILIHICTb peajli3oBaHMiI METOIOM KiHLIEBUX
eJIEMEHTIB y IporpamHoMy Komruiekcei SolidWorks Simulation.
YV pamMKax JA0CIiIKeHHs TpoBeieHe BUSHAYEHHSI BJIaCHUX Yac-
TOT i (popM KOJIMBaHb HECYUOl KOHCTPYKILil HarliBBaroHy.

PesyabraTtu. PesynbTaTd MareMaTHyHOrO MOAETIOBAHHS
JNIMHAMIYHOI HABaHTAXXEHOCTI HeCy4oi KOHCTPYKIIii HarliBBa-
TOHY 3i 3HIMHUM JIaXOM BCTAaHOBWJIM, 1110 pO3paxoOBaHi MoKa3-
HUKY TUHAMIKV He TIepeBUIIYIOTh 3HAYeHHS, SIKi MOITyCcKa-
1oTbesl. [Ipu 11bOMY MPUCKOPEHHST HECY4oi KOHCTPYKIIii Ha-
MiBBaroHy y LIEHTPi Mac CKJIao 61u3bKo 4,5 m/c?. KoediieHT
BepTUKaJbHOI ArHaMiku gopiBHIoe 0,53. Xix pyxy BaroHa omi-
HIOETBCS SIK «BiIMiHHUI1». BcraHoBieHo, 110 3a 1ii BepTu-
KaJIbHOTO HaBaHTaXXEHHs Ha 3HIMHUI 1aX MaKCUMaJlbHa €KBi-
BaJICHTHA HAITpyTa, 1110 BUHUKAE B Hili, ctaHoBWIa 173,2 MIla.
3a 1ii 30cepeKeHOro HaBaHTaXKEHHSI Ha 3HIMHUIA 1aX MaKCH-
MaJibHa €KBiBaJICHTHA HAaIlpyra BUHUKAE B 30HaX ii B3aEMO/Iii 3
BEpXHBOIO 00OB’SI3KOI0 Ky30Ba Ta ctraHoBUTH 205,7 MIla. Pe-
3yJbTaTV MONAIBHOTO aHaJi3y BCTAHOBWIM, IO TiepIa Biac-
Ha YacTOTa KOJMBaHb Ky30Ba HaIliBBaroHa MAa€ 3HAYEHHs
9,6 T'11, 1110 BUILIE 32 TOMYCTUME 3HaYeHHs — 8 11

HaykoBa HoBu3HA. 3anpoIoOHOBaHi Moneni sl BU3HA-
YEHHS HaBaHTaXXEHOCTI HeCy4oi KOHCTPYKILil HariBBaroHy 3i
3HIMHUM JaXOM i3 KOMITO3UTY IPU OCHOBHUX €KCILIyaTalliii-
HUX peXuMaxX HaBaHTaKeHHS.

IIpakTiyna 3HayMMicTb. Pe3ynbraTu mpoBeneHux A0Ci-
JI>K€Hb JO3BOJISITh PO3IIMPUTU (PYHKIIOHAIBHICTh HarliBBa-
TOHIB LIJISIXOM iX afarTailii 10 rnepeBe3eHb BAHTaXiB, 1110 110~
TPeOYIOTh 3aXKUCTy Bim aTMOC(EPHOTO BIUIMBY, Ta CTIPUSITH-
MYTb IOKpallleHHIO e(PEeKTUBHOCTI eKCIulyaTalii 3aai3Hu4-
HOTO TPAHCTIOPTY.

KiouoBi cnoBa: naniesacon, sHimuuil dax, Haganmaxjice-
HICMb KOHCMPYKULT, HANPYJdCeHUll CMaH, NOKA3HUKU OUHAMIKU
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