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IIpogedeno yoockonanenns necy4oi xoncmpyxuii eazo-
Ha-naam@opmu 015 nepesezeHHs GHICLK0B0i MexXHIKU ma
6edenns 6oznanoi 0ii. Ocobaueicmio eazona-naamgop-
MU € HAABHICML NOGOPOMHUX CEKMOPIE 3 KOMNOIUMHOZO0
Mamepiany 3 6’ A3KUMU AOO NPYHCHO-6 AZKUM 36 A3KAMU, WO
00360.J151€ NO2IUHAMU KIHEMUUHY eHepeilo, AKA nepedacmvbCsl
Ha pamy npu 6e0eHHi 602HIO 3 6A20HY, A MAKONC 0AE MOHC-
aueicmy 30iicHo6amu 60K06e 3A6AHMANCEHHS/BUBAHMA-
JHCEHHSL BIUCHKOBOT MEXHIKU.

Jocaioceno ounamivny naganmasiceHicmo Hecyoi Kom-
cmpykuii 6azona-naampopmu 013 nepesesents 6ilicbK06oi
mexniku ma eedenns 60iioeoi 0ii. Cxnadeno mamemamun-
HY M00elb, KA BPAX0BYE NEPeMiUleHHsL HeCYU0i KOHCMPYK-
uii sazona-naam@opmu npu éedenni 3 Hb020 802HAHOL Oil.
Bpaxogano, wo sazon-naameopma 3asanmaxcenuii deoma
3enimuumu ycmanogxamu. Po3ze’nzox mamemamuunoi
Modeni 30iticnenuii 6 npoepamnomy cepedosuuyi MathCad.

Jocnioscenns npogedeni y nnockiii cucmemi xoopounam.
Busnaueno npuckopenns, sxi oilomv Ha Hecyuy KOHCMPYK-
uito eazona-nrameopmu. Maxcumanvha 6eauuna npucKo-
penns npu ybomy crknaoae 6:ausvio 3,6 m/c® npu xonueannsx
nidcxaxysanns ma 4,0 m/c npu KoIUBANNAX 2aNONYEANHSL.
Toomo 3 ypaxyseannsam 3anponoHoOEaAHUX MeXHIMHUX piuletd
ounaminna HABAHMAICEHICMb HeCYy40i KOHCMPYKUil 6az0-
Ha-naam@opmu y 6epmuKanvHili NIOWUHI NPU noCMpini
smenmyemvca matbce na 30 %. Ilpu yvomy eenuuuna npu-
CKOpeHHs Matiice He 3ae)cums 6i0 Kyma nocmpiny.

Ompumani GeIUMUHU NPUCKOPEHL 6PAX0BAHI NpU
BU3HAYMEHHI NOKA3HUKIE MIUHOCMI Hecy4oi KOHCMPYKuii
eazona-naam@popmu. Pospaxynox npoeedeno 3a memo-
00M CKIHUEHUX eJleMeHmié 8 NpozpamHomy cepedosuuyi
Cosmos Works. Maxcumanvii exeisajienmmi nanpysicenns é
Hecyuill KOHCMPYKYIi 6a20HA-NAAMPOPMU CKIAANU OAUZLKO
285 MlIla ma 30cepediceni y 30Hi 00NUPanHA HeCYHOT KOH-
cmpyxuii Ha 6isku. Omowce Miynicmo Hecy4uoi KOHCMPYKUil
eazona-naampopmu 3adezneuyemocs.

IIposedenuii modanvruii ananiz mecy4oi xKoncmpyx-
uii eazona-naam@opmu. Ilpu yvomy 3nauenns 6aACHUX
4ACMOM KOJIUBAHD 3HAX00AMBCS 6 MENCAX QONYCMUMUX.

IIposedeni docnidxcenns cnpusmumymo CmMeopeHHs
IHHOBAUTIIHUX KOHCMPYKUL 6A20HIG-NAAMPOPM

Kntouosi cnosa: eazon-nnameopma, necyna koncmpyx-
uisl, OUHAMIMHA HABAHMAIICEHICMb, MOOATLHUN AHATIZ, KOM-
oOinoeani nepesesenns
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1. Introduction

Railroad transportation is a strategic component of the
transport industry, which enables not only the process of
transportation but can also help improve the civil defense of
the country. It is known that during World War II railroad
transport played an important role in carrying out military
strategic operations.

The most common type of railroad car used to transport
military equipment is the platform wagons. For the most
part, universal platform wagons are employed, equipped
with the means to fix military equipment when transport-
ing by rail.

To ensure the country’s civil defense at the present stage
of development, it is important to introduce innovative roll-
ing stock into operation. The design of such rolling stock
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should provide an opportunity not only for the transporta-
tion of military equipment but also to ensure the possibility
of firing from a car if such necessity arises.

It is important when designing such rolling stock to ac-
count for the dynamic loading of bearing structures when
moving over a rail track and when firing. Normative documents
underlying the design of rolling stock does not cover such
issues. Therefore, a comprehensive approach to constructing
specialized rolling stock would help improve the efficiency of its
functioning and strengthen the country’s civil defense.

2. Literature review and problem statement

Measures for upgrading the rolling stock to improve
the efficiency of its utilization were considered in [1]. The



authors carried out an analysis of structures in the special-
ized and universal rolling stock. They considered the issue
of modernization of universal wagons. The strength of the
bearing structure of a platform was determined on the basis
of a set of estimation and experimental studies. However,
they did not consider the issue of upgrading wagons for the
possibility of transporting military equipment.

Strength indicators of the long-base structure of a
platform wagon were determined in [2]. The calculation
was made for two variants of loading at which the largest
bending momenta were obtained. The maximum equivalent
stresses in the main bearing elements of a frame were de-
termined according to the method of finite elements. The
authors did not determine the strength indicators of the
long-base bearing structure of a platform wagon in the trans-
portation of military equipment and when firing from a car.

The issues on the possibility of applying methods of
theoretical and experimental studies into the strength of
the main bearing elements of structures of long-base plat-
form wagons were considered in [3]. The authors report
the results of calculating the bearing structural elements
for fatigue using a computing complex, which implements a
finite-element method based on the IBM-PC standard. The
authors did not set the task of studying the possibility of
transporting military equipment on a platform wagon.

The features of designing a railroad car for intermodal
transportation, equipped with an adapted loading platform,
were examined in [4]. The adopted structural solutions
were substantiated by the static and dynamic studies in
the ANSYS and ADAMS/Rail software packages. However,
the cited paper does not highlight the issue of transporting
military equipment by the developed structure of the plat-
form wagon.

An analysis of the design of an innovative wagon for in-
termodal transportations was carried out in [5]. The wagon
is intended for transporting trucks by railroad. Vehicles can
be loaded by a special rotating platform using a truck tractor.
However, the cited work does not specify whether it is pos-
sible to transport military equipment on a platform wagon
and firing from it.

Paper [6] examined the rolling stock dynamics using a
pilot laboratory wagon while moving over irregular track
sections. The authors proposed measures for the safe oper-
ation of rolling stock. They studied the influence of track
irregularities on the rolling stock dynamics indicators. How-
ever, the impact of military equipment carried by a platform
wagon on the dynamic loading of the bearing structure was
not considered in the cited paper.

The structural features of a wagon for the transportation
of heavy cargoes were examined in [7]. The authors reported
the results of calculating the strength of the wagons’ bearing
structure. The technical solutions proposed in the design
of a given wagon were substantiated. At the same time, the
cited article did not consider the dynamics of the bearing
structure of a wagon during the transportation of military
equipment.

Study [8] describes
the features of running

ed with 20- and 40-feet containers. The main indicators
of the platform wagon dynamics were defined. During the
research, the authors did not set the task of determining the
dynamic indicators of a platform wagon when transporting
military equipment.

It is important to note that the process of transporting
military equipment and firing from a car when it is moving
is accompanied by the action of additional dynamic loads on
the bearing structure. Normative documents underlying the
railroad car design do not cover the issues of the dynamic
loading of the bearing structures of wagons when firing from
them. That is why, when designing platform wagons, these
loads are not taken into consideration. The use of standard
platform wagons when firing may cause damage to their
bearing structures as they are not designed to perceive such
loads. This limits the application of rail transport in mili-
tary-strategic activities.

Our analysis of the scientific literature [1-8] makes it
possible to conclude that the issues related to loading the
bearing structures of wagons when transporting military
equipment and when firing from them during motion have
not been addressed up to now. Therefore, it is an important
task to undertake relevant studies in this field aimed at im-
proving the efficiency of using wagons for military strategic
activities.

3. The aim and objectives of the study

The aim of this study is to define special features related
to loading the bearing structure of a platform wagon for the
transportation of military equipment, as well as to the possi-
bility of firing from it.

To accomplish the aim, the following tasks have been set:

—to build a bearing structure of a platform wagon for
transporting military equipment and for firing from it
during motion;

— to explore the dynamics of the platform wagon when
firing from it;

— to define the basic strength indicators for the bearing
structure of a platform wagon when firing from it.

4. Building the bearing structure of a platform wagon for
the transportation of military equipment and firing from it
during motion

To ensure the strength of a platform wagon when firing
from it, we suggest the improvement to the bearing struc-
ture. In our case, the prototype chosen is a platform wagon
of model 13-401 made at the Dneprodzerzhinsk wagon
plant (Ukraine) (Fig. 1).

It is proposed to mount rotary sectors made from a
composite material, with viscous or elastic-viscous links, on
the bearing structure of the platform wagon, which makes
it possible to absorb the kinetic energy transmitted to the
frame when firing from the wagon (Fig. 2).

the strength and dy-

namic tests involving a

platform wagon of mod-
el 13-9975. It was taken
into consideration that a
platform wagon is load-




Fig. 2. A rotary sector of the platform wagon: a — side view;
b — view from the bottom; 1 — frame; 2 — metal flooring;
3 — rotary element; 4 — removable wheeled stops

In addition, the presence of rotary sectors makes it possi-
ble to load /unload military equipment from the wagon’s side,
similar to the ACTS system.

5. Studying the dynamics of a platform wagon when firing
from it

To determine the dynamic loading of the bearing struc-
ture of a platform wagon considering the proposed technical
solutions, we performed mathematical modeling.

To this end, a mathematical model given in [9] was used.
A given model was refined by taking into consideration an
additional degree of freedom — the twitch oscillations.

It was taken into consideration that the platform wagon
is loaded with two anti-aircraft guns, each with a muzzle
energy of 89 kJ. It is assumed that the anti-aircraft guns do
not move at firing.

The estimated scheme of the platform wagon, loaded
with two anti-aircraft guns, is shown in Fig. 3.
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Fig. 3. Estimated scheme of the platform wagon loaded with
two anti-aircraft guns

The study was conducted in a flat coordinate system.
It was taken into consideration that a shot is fired when a
wagon runs over a butt irregularity. This is accompanied by
the longitudinal loading of the auto-coupling device (jerk-
stretching). The shots are simultaneously fired from two an-
ti-aircraft guns.

The estimated model’s motion equation takes the follow-
ing form:
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where M; are the inertial coefficients of the elements in an
oscillatory system; C; is the characteristic of elasticity of the
elements in an oscillatory system; B; is the scatter function; a
is the half of a trolley base; g; are the generalized coordinates
corresponding to the translational movement relative to the
longitudinal and vertical axes and the angular movements
around the vertical axis; &; is the rigidity of a spring suspen-



sion; B; is the damping coefficient; Fpp is the force of absolute
friction in a spring set; P, is the longitudinal load acting on
an auto-coupling device’s stops; P;, P, are,accordingly, the
loading transmitted to the bearing structure when firing in
the horizontal and vertical planes; M 7 is the moment that
acts on the bearing structure of a platform wagon when fir-
ing; B is the coefficient of viscous resistance between a rotary
sector and the bearing structure of a platform wagon.

The input parameters of the model are the technical
characteristics of the bearing structure of the platform
wagon, the spring suspension of trolleys (the trolley of mo-
del 18-100), perturbing action, as well as the technical char-
acteristics of anti-aircraft guns.

To solve differential equations (1) to (9), we reduced
them to the normal Cauchy form. Next, they were integrated
using the Runge-Kutta method [10, 11].

The standard function 7kfixed(YO0, tn, tk, n’, Q) was used.
The Y0 vector includes initial conditions (16). The quantities
tn and tk determine the starting and final integration vari-
able, n’is the fixed number of steps, Q is the symbol vector.

Y0= (16)

= el e Ne -l = -]

In other words, the initial displacement and speed were
taken equal to zero [12-14].

Results from solving the differential equations allowed
us to derive the accelerations, which act on a platform wag-
on when firing from anti-aircraft guns at different shooting
angles.

The maximum value of acceleration, in this case, is about
3.6 m/s? at bouncing oscillations (Fig.4) and 4.0 m/s? at
galloping oscillations (Fig. 5). The rate of acceleration is
almost independent of the shooting angle.
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Fig. 4. Accelerations acting in the center of mass of
the bearing structure of a platform wagon
(the gun is directed at an angle of 30° to the longitudinal axis
of the wagon) at bouncing oscillations

It was taken into consideration that the coefficient of
viscous resistance between a rotary sector and the bearing
structure of a platform wagon is 150 kN-s/m.

Thus, given the installation of a viscous link between a
rotary sector and the bearing structure of a platform wagon,

it becomes possible to reduce the dynamic load when shoot-
ing from anti-aircraft guns in a vertical plane by almost 30 %
compared to the standard design.
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Fig. 5. Accelerations acting in the center of mass of
the bearing structure of a platform wagon
(the gun is directed at an angle of 30° to the longitudinal axis
of the wagon) at galloping oscillations

6. Determining the main strength indicators for the
bearing structure of a platform wagon when firing from it

To study the strength of the improved bearing structure
of the platform wagon, we performed calculations. The spa-
tial model of the bearing structure of a platform wagon was
built in the SolidWorks programming environment (Fig. 6).

Fig. 6. A spatial model of the bearing structure of
a platform wagon

The calculation for durability was implemented in the
CosmosWorks programming environment [15—18] accord-
ing to the method of finite elements. The finite element
model of the bearing structure of a platform wagon is
shown in Fig. 7.

Fig. 7. A finite-element model of the bearing structure of
a platform wagon



The spatial tetrahedra were used as finite elements. To
determine the optimal number of the elements, we applied a
graphic-analytical method.

The number of the model nodes was 122,715, elements —
381,831. The maximum element size was 200 mm, mini-
mum — 40 mm. The percentage of elements with a side-ratio
of less than three — 12.5, exceeding ten — 30.4. The mini-
mum number of elements in the circle was 10, the ratio of
an increase in the size of elements — 1.9. The material of the
bearing structure of the platform wagon was the steel of gra-
de 09G2S with the value of tensile strength o, =490 MPa
and a yield limit of 6, =345MPa [19, 20].

The estimated scheme of the bearing structure of a plat-
form wagon is shown in Fig. 8.

Fig. 8. Estimated scheme of the bearing structure of
a platform wagon

When building the estimated scheme, it was taken into
consideration that the front stops of the auto-coupling
device are exposed to longitudinal load P;, which is equal
to 2.5 MN [19, 20]. The bearing structure of the platform
wagon is exposed to vertical load P, exerted by the gross
weight of anti-aircraft guns, as well as the loads that occur
in the regions Py where the guns are fixed. As a result of
the angular arrangement of fastening tools, the load P, was
decomposed into components. The model was fixed in the
regions of resting on the chassis.

A viscous link was enabled between the supporting sec-
tors and the bearing structure of the platform wagon.

Calculation results are shown in Fig. 9, 10.

Our calculations make it possible to conclude that the
maximum equivalent stresses in the bearing structure of the
platform wagon are about 285 MPa and occur in the region
where a bearing structure rests on trolleys. The maximum
equivalent stresses amounted to 165 MPa in the main beams
of the frame (the upper shelf of the I-beam). On the lower
shelf of the I-beam of the main longitudinal beam of the
frame, the stresses are 130 MPa. In the middle of the girdle
beam, stresses are 205 MPa, and in the regions of resting on
the trolley — about 260 MPa.

To determine the natural oscillation frequencies of the
bearing structure of a platform wagon, we ran a modal
analysis in the CosmosWorks programming environment.
Calculation results are given in Table 1.

Certain oscillation shapes of the bearing structure of a
platform wagon are shown in Fig. 11.

Our calculations indicate that the values of the natural
oscillation frequencies are within admissible ones [19-21],
that is, not less than 8 Hz.

165 MPa

142 MPa

130 MPa

Fig. 9. The stressed state of the bearing structure of
a platform wagon (side view)

150 MPa

205 MPa

285 MPa

Fig. 10. The stressed state of the bearing structure of
a platform wagon (view from below)

Table 1

Natural oscillation frequencies of the bearing structure of
a platform wagon

Oscillation shape Frequency, Hz Period, s
1 19.52 0.051
2 23.95 0.041
3 25.8 0.038
4 30.27 0.034
5 30.63 0.033
6 31.1 0.032
7 31.18 0.031
8 31.44 0.030
9 37.3 0.027
10 39.36 0.025

X
b

Fig. 11. Oscillation shapes of the bearing structure of
a platform wagon: a — first natural frequency (deformation
scale — 25:1); b — second natural frequency (deformation
scale — 15:1); ¢ — third natural frequency (deformation scale —
15:1); d— ninth natural frequency (deformation scale — 15:1)




7. Discussion of results of determining the features in
loading the improved bearing structure of a platform
wagon for the transportation of military equipment

A special feature of the platform wagon proposed in this
paper is the existence of rotary sectors to enable the loading/
unloading of military equipment from its side. The rotary
sectors are made from a composite material with viscous or
elastic-viscous links, which makes it possible to absorb the
kinetic energy transmitted to the frame when firing from
the wagon (Fig. 1).

We have mathematically modeled the dynamic loading
of the bearing structure of the platform wagon when firing
from it. It is assumed that two anti-aircraft guns fire simul-
taneously.

It has been established that the presence of a viscous link
between the rotary sectors and a platform wagon reduces the
dynamic loading of the bearing structure by almost 30 % in
the vertical plane compared to a rigid link (Fig. 4, 5).

The proposed technical solutions could reduce the dy-
namic loading of the platform cars when firing from them. In
addition, research results would contribute to the construc-
tion of innovative designs of platform wagons.

To ensure the strength of the bearing structure of a plat-
form wagon when firing from it, we performed the calcula-
tion of durability. It has been determined that the maximum
equivalent stresses in the frame’s bearing elements do not
exceed those permissible for steel 09G2S (Fig. 9, 10).

The issue that this study has not addressed is that the
current stage does not consider the possibility of firing
from military equipment that has greater muzzle energy
than anti-aircraft guns. In addition, it does not account for
the influence of the stochasticity of shots from anti-aircraft
guns on the dynamic loading of the bearing structure of a
wagon.

It is important to note that in the course of further
studies it is necessary to account for the randomness of the
oscillatory process caused by the track irregularity. It is
also important to investigate the influence of transitional
processes of a platform wagon’s motion on dynamic loading.

8. Conclusions

1. We have designed the bearing structure of a platform
wagon for transporting military equipment and for firing
from it during motion. A special feature of the bearing
structure of a platform wagon is the existence of rotary

sectors made from a composite material with viscous or
elastic-viscous links, which makes it possible to absorb the
kinetic energy transmitted to the frame when firing from the
wagon, as well as enables the loading /unloading of military
equipment from its side.

2. The dynamics of a platform wagon when firing from it
have been investigated. It was taken into consideration that
the platform wagon is loaded with two anti-aircraft guns,
each with a muzzle energy of 89 kJ.

The study was conducted in a flat coordinate system.
It was taken into consideration that a shot is fired when a
wagon runs over a butt irregularity. That implies the lon-
gitudinal loading of the auto-coupling device. It is assumed
that the coefficient of viscous resistance between the rotary
sector and the bearing structure of the platform wagon is
150 kN-s/m.

The accelerations that act in the center of mass of the
bearing structure of a platform wagon at bouncing oscil-
lations amounted to 3.6 m/s?, at galloping oscillations —
4.0 m/s2.

Thus, given the installation of a viscous link between a
rotary sector and the bearing structure of a platform wagon,
it becomes possible to reduce the dynamic loading when
shooting from anti-aircraft guns in a vertical plane by almost
30 % compared to the standard design.

3. The basic indicators of strength for the bearing struc-
ture of a platform wagon when firing from it have been
defined. The maximum equivalent stresses in the bearing
structure of the platform wagon are about 285 MPa; they
occur in the region where the bearing structure rests on the
trolley. In other words, the strength of the bearing structure
of the platform wagon is ensured.

The natural oscillation frequencies of the bearing struc-
ture of a platform wagon have been determined. It has been
established that the values of the natural oscillation frequen-
cies are within allowable limits.

Our study could contribute to constructing innovative
structures of platform wagons.
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