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Yoockonaneno memoo meopemunnoz0o 6usHaueHHs HANPAB-
AAN0U0T CUNU 3 YpaxyeanHam o0ii nonepeuHux cun Kpuna ma
KYyma Haxuay Hanpasasionoi Cuiu 00 6epmuKaibHoi oci.

Bcmanoeaeno, wo npu eusnavenni HANPAsAnOuoi cuau
nompiono nepegipsamu 3a3op mixnc epedenem Koneca ma 207086~
K010 pelixu, wo 6axcko 30ilcHumu 6e3 Komn’lomepnozo mooe-
J0BAHHSL.

Ilpu susnauenni pamnoi cunu Ha oci KoaicHOi napu 3acmo-
COBAHUI KOMNJIEKCHUL Ni0Xi0, AKUU 6PAX0BYE 2eo0MempuyHi
HepieHoCmi peliko60i KONl AK Y 6ePMUKANbHIN, MAK 1 8 20pu-
30HMANBHIT NIOWUHI; NO3006ICHT MA NONEPeUHi CUNU KPUNA 6
mouYi KOHMAKMY <KONAeCO-PelKas; 6NauUG CYMINCHUX KONICHUX
nap eazona ouzenv-noizoa.

Ompumano 3aaexcHoCmi pammoi ma HanpasIAI0OHoi CuiU 6i0
WeUOKOCMI PYXY eKinaicy ma 6eIUMUHU AMNIIMYOU 20PU30oH-
manvioi nepienocmi peiixoeoi xonii. Bcmanoeneno, uwo nio wac
PYXY 6 npamii Oianyi Kol 30iavuenns weuodxocmi pyxy 6io
0 m/c do 50 m/c npuzeodumv 00 3POCMAHHA HUCT0B020 3HA-
UeHHS PAMHOT MA HANPABAAIOUOT CUU 810n06i0H0: 1-a KosicHa
napa — 0o 8,3 xH, 2-z2a xonicna napa — 19,37 xH; 1-a xoxic-
Ha napa — oo 31,38 xH, 2-z2a xoxaicna napa — do 46,83 xH.
30invuenHs amMnaimyou 20puU30HMANbHOI HePieHOCMI PelK060i
KoJlii, AKe € 00HIEI0 13 NePUONPUMUN NOSACU GUMYULEHUX KOJIU-
eamnv HaAopecoproi GY006U MPAHCROPMHO20 eKINANCY, MAKONC
npu3eo00umv 00 3POCMAHHA MUCLOBUX 3HAUEHL CUTL 63AEMOOIT
PYX0M020 CKAAdY 3 pelikoeoto KoJicto. Bee ye moxce npusee-
cmu 00 nideUWEH020 CUN08020 6NAUBY KOJICHOI napu Ha peii-
K06Y K0JIi10 ma He2amueHoz0 6nauey Ha 0CHOBHI Kpumepii 0e3-
nexu pyxy.

Hocnidsceno ennue weuoxocmi pyxy exinaicy Ha éenuu-
ny nonepeunux cun xpuna. Bcmanoeneno, wo npu 30iavuenni
weuoxocmi pyxy exinaicy 6i0 0 m/c 0o 50 m/c ui cunu 3pocma-
1omo 6 dianasouni: I xonicna napa — 6io 0 do 15,75 xH; II xoxic-
Ha napa — 6io 0 0o 29,22 xH. I[e z060pumv npo Hemoicausicmo
HeXMYBCAHHAM NONEPEUHUMU CULAMU KPUNA NPU BUIHAUEHHI
Hanpaegsao4uoi cunu.

Bukxonano nopienanna 4ucnosux 3nauenv HANPAGAAIOUOL
Cuu, BUHAMEHUX 3a PiZHUMU Memodukamu. Bcmanosneno, wo
Memoouxa, aKa 6UKOPUCMOBYEMbC NPU NPOBEOCHHI CYOOBUX
3ANIZHUMHO-MPAHCROPMHUX eKCnepmu3, 0036011€ NPOOOUMuU
HUNCHIO OUIHKY BUKOHAHHS YMOBU CX00Y Koneca 3 peuku. Ilpu
UbOMY PO3PAXYHKU 3a Popmynoro, axa 0yna yoockonanrena y
daniti pobomi, daromv MoNCAUBICIMb OMPUMYBAMU Pe3Ybma-
mu, HaloITbW HAOAUNCEHT 00 PeaNbHUX YMOE eKCRIyamauii.

IIposedeno nopisHAHHA eKCnePUMEHMANTLHO20 Mma meope-
MUYHO020 PO3PAXYHKOB020 3HAMEHHS PAMHOL CUNU HA Nepuliil
KOJCHIU napi eéazona ousenv-noizda, a maxoic noKasamo ix
npaxmuune cnienadinns. Bidxunenns nopienrosanux smauenv
pamuoi cunu snaxooumocs y mesxcax 7,2 %

Kniouosi cnosa:ousenv-noizo, pamna cuaa, xoaicha napa,
HANPABAAI0UA CUNA, 3ATIZHUMHA KOJlisl, HEPIBHICMb

u] 0

1. Introduction
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outdated branch regulatory base or even lack of relevant

regulatory documents.

The cases of rolling stock derailing taking place on
railroads of Ukraine and the world inflict considerable ma-
terial losses. When investigating such cases, forensic experts
encounter the problem of objective assessment of the causes
of railway traffic accidents. The problem arises because of

The main lines of development of rail transport in accor-
dance with the Strategy of Development of Rail Transport
Until 2020 include renewal of passenger rolling stock and
gradual introduction of high-speed trains. Therefore, a mod-
ern diesel train DPKr-2 [1] was built by the Kriukiv railway




car building plant (Kremenchuk, Ukraine). It was designed
mainly for providing suburban passenger traffic on railway
sections with small passenger streams having 1,520 mm
wide tracks in Ukraine, CIS countries, Latvia, Lithuania
and Estonia.

In diesel train operation, forces occur that can reach sig-
nificant values and cause intensive oscillations. As a result,
the railway track and the rolling stock may be subjected
to serious damages. The nature of emerging oscillations is
largely determined by the structure and properties of the
rolling stock as a dynamic system: moments of inertia, height
of the center of gravity, types of joints between the structure
elements and so on. It should be noted that the dynamic sys-
tem oscillations are influenced by the rail track state as well.

In order to formulate safety criteria for diesel train oper-
ation, it is essential to determine frame and directing forces
that characterize wheel set loading and level of the wheel
and track force interaction.

Hitherto, no theoretical studies of such forces taking
into account geometric irregularity of the track and the
wheel set positioning in it were carried out for the DPKr-2
diesel train cars. Determination of transverse creep forces
arising on the wheel rolling surface of the rail and analysis
of their influence on magnitude of the forces under study
deserve particular attention. Therefore, improvement of
the methodology of theoretical ascertaining of frame and
directing forces for the DPKr-2 diesel train is an actual task
for further establishment of derailing resistance criteria and
corresponding rise of the diesel train operation safety.

2. Literature review and problem statement

It is noted in [2] that the directing force, Y, is acting
transverse to the track axis and transmitted from the wheel
flange to the rail head. The frame force, Y}, is a resultant of
the side forces taken by wheels of a one-wheel set (Fig. 1).

Y

Fig. 1. Horizontal forces acting on the wheel set

Depending on direction of the transverse force acting on
the wheel rolling surface of the rail, the frame force is deter-
mined from formula:

Y, =Y +Y, ®
or

Y

fr. =Y, —Y_/, 2

where Y; is the side force; Yyis the transverse force acting on
of the wheel rolling surface of the rail.

The side force determined in [2] is the total action of the
directing force and the transverse force acting on the wheel
rolling surface of the rail.

However, the frame and directing forces are determined
without reflection of the dynamic processes occurring when
the car passes vertical and horizontal track irregularities.

The above-mentioned methodology was widened and
refined in [3]. These changes relate to the variable value of
friction coefficient in various carriage inscribing schemes
and the effect of longitudinal compressive forces arising
during train braking on horizontal forces.

It was noted in [4] that sliding friction forces can be
neglected in practical calculations when determining di-
recting and frame forces. Besides, it was noted there that
in a quiescent condition of the carriage when speed is zero,
directing and frame forces should be zero which is not
true as judging by the results obtained with the use of the
above methodologies. In this connection, the issue of new
interpretation of the above notions and search for analytical
expressions determining numerical values of the frame and
directing forces has become relevant. Estimation of values of
emerging transverse forces is important for establishment of
traffic safety criteria and conducting forensic examination of
railroad accidents.

An object-oriented simulation method was proposed
[5] that could be used to predict some aspects of dynamic
rolling stock behavior. When modeling behavior of each ob-
ject, a virtual prototype of the rolling stock is built and as a
result of modeling, critical speed, forces arising in wheel set
and track interaction, etc. can be determined. However, this
method does not take into account accidental nature of the
rail track irregularity which has a major impact on dynamic
parameters of the rolling stock.

Studies of effect of track irregularity on dynamic forces
in the wheel-rail contact point were conducted in [6]. To
this end, two two-dimensional and two three-dimensional
numerical models were built. They describe the process of
interaction of the rolling stock with the railway track. Their
disadvantage consists in that with increase in the difference
between irregularity of the right and left rails, the results
obtained in simulation significantly differ from experimental
results.

A numerically efficient model was developed in [7]. It
describes three-dimensional rolling stock dynamics. For
simulation of rolling stock dynamics, Matlab-Simulink and
Adams Rail graphical environments of simulation modeling
were used. This model features estimation of local deforma-
tions in the wheel-rail contact area.

An experimental approach to determination of the forc-
es acting in interaction of a wheel set with a rail track was
presented in [8]. The method for determining the forces of
interaction is based on analysis of bending deformation of
the rail track in a transverse plane.

A method of inversion in the time domain was proposed
in [9] for studying vertical and horizontal forces in a wheel-
rail contact. It was established that the proposed math-
ematical model has higher accuracy in comparison with
the results obtained in simulation in the Simpack software
package. However, lack of comparison of theoretical results
with experimental ones is a significant drawback of this
method.

The study [10] considers a methodology of calculating
distortion of the track geometry taking into account uneven
accumulation of residual deformations along the track. A
forecast of distortion of the track geometry for a given design
of the railway track and the existing main rolling stock was
presented based on the developed methodology.



It was established in [11] that design features of the rail-
road rolling stock have significant influence on distortion of
the railway tracks and point frogs.

Based on analysis of design of the carriage part of the
diesel train car and the selected mechanical models of its
main parts conducted in [12], a spatial mechanical model of
the DPKr-2 diesel train was built. To describe oscillations
of the mechanical model of the diesel train, a mathematical
model consisting of 38 differential equations of the second
order [13, 14] was built.

As a result of integration of differential equations of
motion with the numerical Runge-Kutta method in the
Maplel18 computation environment, values of all gener-
alized coordinates and force systems acting between the
bodies were found for each instant of time. This has made it
possible to proceed to calculation of dynamic values of the
frame and directing forces. However, this technique does
not take into account influence of vertical and horizontal
irregularity of the railway track on values of the frame and
directing forces and position of the rolling stock relative to
the track rails.

Analysis of the published studies shows a discrepancy
among the methods of calculating the force interaction
between the rolling stock and track. The considered meth-
odologies take into account separate factors of influence on
the value of frame and directing forces without simultaneous
accounting for geometric irregularity of the rail track in
vertical and horizontal planes, transverse and longitudinal
creep forces acting in the wheel-rail contact zone.

Solution of this problem can be achieved by applying
an improved spatial mathematical model of rolling stock
which includes all of the above factors and allows one to
take into account influence of adjacent wheel sets of the
DPKr-2 diesel train.

3. The aim and objectives of the study

The study objective was to improve the methodology
of theoretical determination of frame and directing forc-
es and their analysis during diesel train movement along
the straight section of the railway track. This will ensure
further development of criteria of traffic safety assessment
taking into account geometric irregularity of the rail track
in vertical and horizontal planes and position of the wheel
set relative to the rails.

To achieve this objective, the following tasks must be
solved:

—to analyze creep forces, frame and directing forces
depending on geometrical state of the track and speed of the
diesel train;

— to compare the results of calculation of the directing
force with application of the improved and existing meth-
odologies;

—to conduct experimental study of the frame force and
estimate convergence of values of the frame force obtained by
application of the improved methodology and experimentally.

4. Analytical determination of the frame force

The frame force is understood as a horizontal force trans-
mitted to the axle of the wheel set and acting on the carriage
frame sides in a direction transverse to the track axis.

Using the mathematical model presented in [13], the
frame force is determined by the formula:

Y, =2s,,, ((ytral.j tay,,;+ a7etrol.j)_ (yw.p.i ))’ 3)
where s, is the transverse stiffness of the spring of an axle
box spring suspension; ¥ol j» Wirol,j» Otrol j» Yw.p.i are generalized
coordinates of side offset, wobbling and lateral swaying of
the carriage and wheel set obtained in calculations of the
above spatial mathematical model; a4, a7 are linear dimen-
sions.

The upper signs “+” and “~” in formula (3) are used for
the first- and second-wheel set of the carriage, respectively.

Geometric irregularity of the left and right rails is taken
as perturbation both in vertical and horizontal planes:

. 2n
=H , sin—t,
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. 2w
T1]101' = Hhor sin Dt’

hor

)

where Hye;, Hy,, is the amplitude of vertical and horizontal
irregularity; Lyer, Lior is the length of the vertical and hori-
zontal irregularity; v is the speed of movement.

The following parameters of the DPKr-2 diesel train
car were taken in calculations: weight of the body, carriage
frame and wheel set, respectively: wp=39.65 t, @0 =4.6 t,
Wy, =1.52 t; the moments of inertia of the body and the
car carriage of the DPKr-2 diesel train relative to the axes
X, Y, Z: Jo b =11.43 tm? Jy o =5 tm2 J, p=1,570.21 tm?,
Jy 01 =6.6 tm?, J,,=1,570.21 tm?, J, 4, =10 tm?; vertical
and transverse stiffnesses of the axle box suspension springs
Syer=1,136.6 kN/m, $¢;an=1,403.5 kN/m; the moments of
inertia of the wheel set relative to the X and Z axes: Jx wp=
=2.3tm?, J,yp=1.2 tm?2

The calculated maximum values of the frame force acting
in the first- and second-wheel sets corresponding to different
speeds of the carriage are shown in Fig. 2.
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Fig. 2. Dependence of the frame force on motion speed at
[=15m, H#=0.006 m

An analysis of the frame force dependence on the speed
of motion shows that with an increase in speed to 50 m/s,
the frame force monotonically increases up to 8.3 kN for the
first wheel set, and up to 19.37 kN for the second wheel set.

Irregularity of the track rails is the source of forced
fluctuations in the structure of the transport carriage
above springs which eventually result in dynamic loads on
the elements of the rolling stock structure and the railway
track. Let us construct dependence of the frame force on
the amplitude of horizontal irregularity of the rail track at
a steady speed.



The maximum values of the frame force obtained for
the first- and second-wheel sets corresponding to different
values of amplitude of the horizontal irregularity of the rail
track are given in Fig. 3.
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Fig. 3. Dependence of the frame force on the amplitude of
horizontal irregularity at L=15m, V=30 m/s

Calculation results show that when irregularity ampli-
tude increases from 0 m to 0.01 m, the frame force increases
in the range from 0 kN to 7.36 kN for the first wheel set and
from 0 kN to 15.16 kN for the second wheel set.

5. Analytical determination of the directing force

Let us turn to determination of numerical value of the
directing force that occurs in the straight track section. It
was assumed in simulation of the wheel-rail contact that
reactions in the contact zone between the wheel and the rail
act in longitudinal, F,, and transverse, F,, directions and are
described by the nonlinear hypothesis of creep [15].

Dependences of these reactions on relative slip speed are
determined from formulas:

F. :K%, (6)
DV
F=k, M

where K is the coefficient of creep; v, is the speed of longitu-
dinal slip of the wheel on the rail; v, is the speed of transverse
slip of the wheel on the rail; v is the carriage speed.

Longitudinal slip speeds for the wheels of the first car-
riage are determined as:

Ar, L
1‘)11 = 1)71-"_ Ww.pASP (8)
n
Ar, ..
V= UJ_WWMSW 9)
T
Ar, L
V3= v—>4 \uw.p.253’ (10)
n
Ar, .
V= 074_ Ww.p.254' 1)

4

The following notations were taken in expressions (8)
to (11): Ary_4is growth of radii of wheels of the first carriage
during movement of the diesel train car; ry_4 are mean radii
of the first carriage wheels.

Transverse slip speeds for the wheels of the first carriage
are determined from formulas:

(12)
(13)

‘D]ﬂ = Dy2 = yw,p.1 - UWW.pA’
DyB = Dy4 = y\\'.p,2 - DWW,p.Z'

Similarly, slip speeds for the wheels of the second car-
riage are determined.

The increase in the wheel radii depends on the following:
transverse displacement of the wheel set; horizontal irreg-
ularity; numerical value of conicity of the wheel profile at
the point of contact with the rail; nominal gaps between the
wheel flange and the inside edge of the rail head.

The growth of radii of the first carriage wheels is found
from formulas:

Ar = n; Yyp1— n; Miort +1om ’(n1 - nl)’ 4
ArQ = _nél . yw.p.l + n;I Mhora T 52nom- ~(7’l1 - nél)’ (15)
Ar, = né” Yypa~ n;u Mhors +O300m. '(n1 - né”)’ (16)
AQ = _n;V . yw_p_z +1, Mygst 8ilXom. '(7’!1 M ) (17)

Similarly, the increase in radii is determined for the sec-
ond carriage wheels.
Creep coefficient, K, is determined from formula:

K=vR,r,

where v is empirical coefficient; Ry, is the vertical wheel-rail
reaction.

In models that describe movement of the carriage in
straight sections of the track, it is recommended to take
y=800+1,600 [16].

Present effect of the carriage speed on magnitude of
the greatest transverse creep forces in the first- and sec-
ond-wheel sets of the diesel train car (Fig. 4) using the spa-
tial mathematical model of the diesel train car.
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Fig. 4. Dependences of transverse creep forces on the
carriage speed at L=15m, #=0.006 m

Analysis of the above-mentioned dependences gives
grounds to conclude that with an increase in speed from
0 m/s to 50 m/s, transverse creep forces increase in the range
from 0 kN to 15.75 kN for the first wheel and from 0 kN to
29.22 kN for the second wheel.

It was mentioned in [4] that for practical calculations
when determining directing force, the forces of slip friction
can be neglected. This is explained by the fact that the com-
ponent of speed of the wheel center in transportation motion



of the carriage is considerably greater than the component of
speed of the same wheel center in relative motion of the car-
riage. It was concluded on the basis of this fact that the slip
friction force acting along the rail track is much greater than
that of the same wheel acting across the rail track.

However, the results of our calculations show that the
transverse creep forces under operating conditions can reach
quite significant values, therefore their neglect in determin-
ing the directing force can lead to false results.

Analytical expression for determining the directing
force, Ny, is found taking into account the effect of trans-
verse creep forces and the angle of inclination of the direct-
ing force to the vertical axis (Fig. 5).
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Fig. 5. The forces acting on a wheel set at its interaction with
a rail track

In this case, the directing force is considered to be a re-
sultant of component creep forces and the frame force and is
determined from the following expression:
VY-,

sinvy,

N (19)

where Y}, is the frame force; Yy o are the creep forces acting
on the wheels of the first and second wheels, respectively; v,
is conicity of the wheel set wheel flange.

It should be noted that the directing force occurs when
the gap & in the rail track becomes zero.

In the case where clearance between the wheel flange
and the rail head is in the range from 0 to the maximum
value, there is no directing force.

The following designations are used in Fig. 5: Py, Py are
vertical forces which are transferred from the carriage frame
to the wheel set wheels 1 and 2; Ny, N, are vertical reactions
acting from the rail sides on wheels 1 and 2, respectively; Ny
is the reaction that occurs at the point of interaction of the
wheel 1 flange with the working face of the rail and is called
the directing force; by, by is the distance between the lines of
action of Py and P, forces and the point of force application,
No; by is the distance between the y axis and the line of force
action, Yp; Sy is the distance between the points of applica-
tion of forces Ny and N»; v4, v is conicity of flange and rim of
the first and second wheel, respectively; & is clearance in the
rail track; Sis the track width; Sy is the distance between the
points of application of forces Ny and Ny.

Using the adopted diesel train model and the formula
for determining the directing force, calculate and analyze
dependence of the directing force on the speed of motion
(Fig. 6).

With an increase in speed from 0 m/s to 50 m/s, the
highest value of the directing force increases to 31.38 kN
in the first wheel set and 46.83 kN in the second wheel set.
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Fig. 6. Dependence of the directing force on the carriage
speed at L=15m, #=0.006 m

Similar results can be obtained when conducting calcu-
lations for any wheel of a of a car carriage wheel set.

Compare the calculated value of the directing force with
the forces found using the methodologies of studies [2, 4].

The author of study [4] proposes to determine the direct-
ing force in practical calculations by formula:

v YRRy, ~[(Pb,~ b, +Y, b, )tey, |+ 5,

. (20

¢ siny, +(1-&)cosy, - tgy, 20

Unlike the accepted formula (19), it does not take into

account transverse creep forces. Formula (21) which does

not take into account conicity of the not running-on wheel
(y2=0) is the partial case of formula (20):

Y,
N,=—2—. 1)
siny,

Formulas (20) and (21) are mainly used in the practice of
forensic examinations.

The frame force is considered in [2] as a function of the
directing force and the friction forces acting transverse to
the track axis. However, this formula does not take into ac-
count the fact that the directing force is not horizontal but
lies at an angle y; to the vertical.

Proceeding from the above, the directing force is found
by the formula:

N, =Y, =Y, =Y, (22)

Comparison of the results obtained in calculation of the
directing forces using the improved formula (19) and formu-
las (21), (22) is shown in Fig. 7.
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Fig. 7. Comparison of the directing force acting in the first

wheel set obtained by different methodologies at train speed
of 30m/s

According to the EU standard BS EN 14363:2005 [17],
the rolling stock is considered to be resistant to derailing if
the following condition is fulfilled at each test stage:



(23)

() ()
Zd <=4
Q max Q lim

where Yy is horizontal directing force; Q is vertical force
applied by the wheel to the rail.

It follows from this condition that opposed to formula
(19), the use of formula (21) underestimates the condition of
derailing. After analyzing values of the directing forces ob-
tained by different methodologies (Fig. 7), it is recommend-
ed to use an improved formula (19) when assessing criteria
of the diesel train safety,

6. Experimental determination of the frame force

Experimental values of the frame force acting on a
straight section of the track for the first wheel set at speed of
the DPKr-2 diesel train car of 30 m/s were obtained by the
Branch Research Laboratory of Rolling Stock Dynamics
and Strength of the Academician V. Lazarian National Uni-
versity of Railway Transport, Dnipro, Ukraine.

Experimental studies of the frame force were carried out
at the rolling stock testing site of Ukrainian railroads (No-
vomoskovsk-Balivka and Diyivka-Verkhovtsevo sections of
the Prydniprovska Railroad).

The upper track structure included the following:

— R65 rails,

— metal rail bearing plates and

— reinforced concrete sleepers.

Special polymer gaskets between the sleepers and the rail
bearing plates were used for soundproofing.

The tests were carried out using strain gauges of
KF5-P1-10-200 model mounted on the driver of the box-to-
carriage frame connector (Fig. 8).

The main characteristics of the strain gauge:

— maximum measured deformation: £3,000 pm/m;

— sensitivity to deformations: 1.9 to 2.3;

— relative measurement error: £2 %.

All measurement data were transmitted to the cor-
responding software modules using a tensor amplifier of
TMA-32 model with a filter unit and an analog-to-digital
converter. The software modules were developed at the Aca-
demician V. Lazarian National University of Railway Trans-
port, Dnipro, Ukraine. The frame forces were determined
during operation of the PPKr-2 diesel train by means of this
equipment and the developed software modules.

Fig. 8. Schematic of location of strain gauges of
KF5-P1-10-200 type in the DPKr-2 train car

Experimental and theoretical values of the frame force
of the diesel train car moving with speed of 30 m/s in the
straight railway track section are shown in Fig. 9.
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Fig. 9. Comparison of experimental values of the frame
force acting in the diesel train car at a speed of 30 m/s in
a straight railway track section with the values obtained in

theoretical calculations

As can be seen from Fig. 9, the experimental values of
the frame force fall into the theoretical range of values from
—4.36 kN to +4.36 kN obtained from formula (3).

Comparison of the maximum values of the frame force
obtained theoretically with the maximum experimental val-
ues shows high convergence of the results. Deviation of the
compared force values was within 7.2 %.

Consequently, an improved formula (19) for determining
the directing force can be used in solving the problems of
assessing the diesel train safety.

7. Discussion of results obtained in studying the frame
and directing forces

Analysis of dependence of the frame force on the speed
of the diesel train has shown that an increase in speed from
0 m/s to 50 m/s results in an increase in the value of the
frame force in the range: from 0 kN to 8.3 kN for the first
wheel set and from 0 kN to 19.37 kN for the second wheel set.

Dependences of the frame force on the amplitude of hor-
izontal irregularity of the rail track at steady speeds were
constructed. It was established that with an increase in the
amplitude of irregularity from 0 m to 0.01 m, the maximum
frame force increased as follows. The first wheel set: from
0 kN to 7.36 kN; the 21! wheel set: from 0 kN to 15.16 kN.

It was shown that the increase in speed of the diesel train
from 0 m/s to 50 m/s results in a growth of the transverse
creep forces from 0 to 15.75 kN for the first wheel set and up
t0 29.22 kN for the second wheel set.

When determining the directing force, it is necessary to
check value of the gap between the wheel flange and the rail
head because the wheel and the rail do not interact in the
presence of a gap and the force is zero. In the process of nu-
merical integration of the differential equations of the diesel
train car motion, this test is simplest to perform.

Having analyzed the graphs of dependence of the direct-
ing force on the carriage speed, it is evident that when speed
increased from 0 m/s to 50 m/s, value of the directing force
increased in the range from 0 kN to 31.38 kN for the first
wheel set and from 0 kN to 46. 83 kN for the second wheel set.

Similar dependences can be obtained when conducting
calculations for any wheel of the car carriage wheel set.

The use of formula (21) results in underestimation of the
derailing condition as opposed to formula (19). Therefore,



taking in consideration the European Union standard BS
EN 14363:2005, it is recommended that an improved theo-
retical formula (19) be used when assessing the diesel train
safety criterion. This formula makes it possible to calculate
value of the directing force while taking into account all
main factors, such as geometric irregularity of the track in
horizontal and vertical planes and the impact of creep forces
and adjacent wheel sets.

One of the drawbacks of this study is that the improved
methodology for theoretical determination of the frame and
directing forces acting in the PPKr-2 diesel train and the
values of corresponding forces obtained on its basis can be
used only for direct sections of the railway track. Therefore,
further studies of the force interaction of the rolling stock
with the rail track will be carried out in curved railway
sections.

Complexity of the task is determined by the necessity
of simulating the characteristics of the rail track in curved
sections (with increased level of the external rail, changing
radius of curvature, etc.). But obtaining of such results will
enable assessment of the wheel stability indicators in terms
of derailing which are used on railroads of Ukraine and
Europe under various operating conditions and ensure ob-
jectivity of examination of railway accidents.

8. Conclusions

1. It was established that with an increase in speed from
0 m/s to 50 m/s, transverse creep forces grow in the range
from 0 kN to 15.75 kN for the 15* wheel set and from 0 kN
to 29.22 kN for the 2" wheel set. In comparison with the

directing forces emerging at the corresponding speeds, it
makes 50 to 60 %.

The carriage speed growth from 0 m/s to 50 m/s results
in an increase in the frame force reaching 8.3 kN in the first
and 19.37 kN in the second wheel set at a speed of 50 m/s.
Deterioration of the track state, namely increase in irreg-
ularity amplitude from 0 m to 0.01 m at a steady speed of
30 m/s also results in a growth of frame force to the level
of 7.36 kN for the first and 15.16 kN for the second wheel
set. Increase in the speed of movement and the amplitude
of the horizontal irregularity of the rail track results in an
increased power influence of the rolling stock on the track
which in the end result can bring about derailing of the
rolling stock.

It has been established that when the speed of motion in-
creased from 0 m/s to 50 m/s, the value of the directing force
increased in the range from 0 kN to 31.38 kN for the first and
from 0 kN to 46.83 kN for the second wheel set.

2. In the course of comparison of the results of calcula-
tion of the directing force by improved and existing meth-
odologies, it was established that the use of the formula of
the directing force without taking into account transverse
creep forces may result in an underestimated estimate of ful-
fillment of the derailing condition as opposed to the formula
which was improved in this work. When assessing safety cri-
teria for diesel trains, it is recommended to use the improved
formula of the directing force determination.

3. When comparing experimental and theoretical values
of the maximum frame force in the first wheel set of the die-
sel train car, their practical coincidence is observed which in-
dicates adequacy of the mathematical model and performed
calculations since discrepancy makes only 7.2 %.

References

Dizel’-poezd passazhirskiy DPKr-2. Rukovodstvo po ekspluatacii DPKr-2.000.000 RE. Ch. 1. 2014.
2. Verigo M. F, Kogan A. Ya. Vzaimodeystvie puti i podvizhnogo sostava. Moscow, 1986. 559 p.

Danilenko E. I. Zaliznychna koliya. Ulashtuvannia, proektuvannia i rozrakhunky, vzaiemodiya z rukhomym skladom. Vol. 2: pidr.

Kyiv: Vydavnytstvo Inpres, 2010. 456 p.

4. Sokol E. N. Krusheniya zheleznodorozhnyh poezdov (Sudebnaya ekspertiza. Elementy teorii i praktiki): monografiya. Kyiv: Vi-

davnictvo Feniks, 2007. 355 p.

5. Object-Oriented Modeling and Simulation of Railway Vehicle Systems / He Y., Ding G. F,, Zou Y. S., Jia M. W.,, Xu M. H. // Applied
Mechanics and Materials. 2010. Vol. 26-28. P. 900-904. doi: https://doi.org/10.4028 /www.scientific.net/amm.26-28.900

6. Investigation of rail irregularity effects on wheel/rail dynamic force in slab track: Comparison of two and three dimensional
models / Sadeghi J., Khajehdezfuly A., Esmaeili M., Poorveis D. // Journal of Sound and Vibration. 2016. Vol. 374. P. 228—244.

doi: https://doi.org/10.1016/j.jsv.2016.03.033

7. Determination of wheel/rail contact points in the simulation of railway vehicle dynamics / Auciello J., Falomi S., Malvezzi M.,
Meli E., Toni P. // Computer Methods and Experimental Measurements for Surface Effects and Contact Mechanics IX. 2009.

doi: https://doi.org/10.2495/secm090241

8. Estimation of the wheel-rail lateral contact force through the analysis of the rail web bending strains / Cortis D., Bruner M., Malava-
si G.,Rossi S., Catena M., Testa M. // Measurement. 2017. Vol. 99. P. 23—35. doi: https://doi.org/10.1016 /j.measurement.2016.12.015
9. Estimation of Wheel/Rail Contact Forces Based on an Inverse Technique / Zhu T., Xiao S., Yang G., Wang M. // 13th International

Conference on Fracture. Beijing, 2013.

10. The complex phenomenological model for prediction of inhomogeneous deformations of railway ballast layer after tamping works /
Sysyn M., Gerber U., Kovalchuk V., Nabochenko O. // Archives of Transport. 2018. Vol. 47, Tssue 3. P. 91-107. doi: https://doi.org/

10.5604,01.3001.0012.6512

11.  Theoretical study into efficiency of the improved longitudinal profile of frogs at railroad switches / Kovalchuk V., Sysyn M.,
Sobolevska J., Nabochenko O., Parneta B., Pentsak A. // Eastern-European Journal of Enterprise Technologies. 2018. Vol. 4,
Issue 1 (94). P. 27-36. doi: https://doi.org/10.15587/1729-4061.2018.139502

12. Kuzyshyn A. Y, Batig A. V. Construction of mechanical model of the diesel-train DTKr-2 car and its features // Science and Transport
Progress. Bulletin of Dnipropetrovsk National University of Railway Transport. 2017. Issue 6 (72). P. 20-29. doi: https://doi.org/

10.15802/5tp2017,/117936



13.  Mathematical model of DPKR-2 dyzel train car / Kostritsa S. A., Sobolevska Y. H., Kuzyshyn A. Y., Batih A. V. // Science and
Transport Progress. Bulletin of Dnipropetrovsk National University of Railway Transport. 2018. Issue 1 (73). P. 56—65. doi: https://

doi.org/10.15802/stp2018/123079

14. Research of safety indicators of diesel train movement with two-stage spring suspension / Kuzyshyn A., Batig A., Kostritsa S.,
Sobolevska J., Kovalchuk V., Dovhanyuk S., Voznyak O. // MATEC Web of Conferences. 2018. Vol. 234. P. 05003. doi: https://

doi.org/10.1051 /matecconf/201823405003

15.  Doronin S. V. Dvizhenie mnogosekcionnyh lokomotivov v krivyh malogo radiusa: monografiya. Habarovsk: Izd-vo DVGUPS, 2009. 220 p.
16. Dinamika passazhirskogo vagona i puti modernizacii telezhki KVZ-CNII / Husidov V. V,, Hohlov A. A, Petrov G. 1., Husidov V. D.

Moscow: Izd-vo MIIT, 2001. 160 p.

17. BS EN 14363:2005. Railway applications. Testing for the acceptance of running characteristics of railway vehicles. Testing of run-

ning behavior and stationary tests. 2006.

|l =,

IIposedeno odocnidxcenns nanpyiceno-oedopmo-
8aH020 cmamny 3ani300eMOHHUX NAUM NOHMOHA KOM-
no3umnozo 00Ka 3i 3MEHWEHOI0 KiNbKicmio Haoopy.
Bukxopucmana ymounena pospaxynxosa cxema, npu
PO3paxynKax 3euny naum cmaneav-nanyou i oHuwa
nowmona, AKa 6paxosye pooomy apmamypu 000x
Hanpamxie. Bpaxysasanns pobomu apmamypu 060x
HANPAMKIE 00360JIA€ MOUHO OUTHUMU MIUHICMDL KOH-
cmpyxuii i Hadamu pexomenoauii w000 npoexmyean-
Hsl KOHCMPYKYUIl NOHMOHY 3 MOUKU 30pPY Mamepiaio-
emnocni i onmumanviozo posmipy. Ipu mooentosanni
pobomu G6emony épaxosano, wo Oemon npu posmsey
MAE MeHWY HCOPCMKICMb HA PO3MSA2, HINC HA CIMUCK.

Hoxazano, wo po3podrena KoHCMPYKUin ma mex-
HON0Zi NOBY0o6U KOMNO3UMH020 00KY 3i 3MeHule-
HOM0 KiMbKicmio HAOOpY Yy nOHMOHI 00360J19€ POUWU-
pumu mexnonoziuni MoxNcaAuUBoCmi noodyoosu 00kie.
Ompumani pesyromamu po3paxyHKie 36e0eHUx Hanpy-
JHCeHb 8 NAUMAX CMAaneib-nanyou nonmona 0oxa noxa-
3anu, wo Qpaxmuuni Koedivienmu sanacy 3a00680bH-
1omov guMozam miyHocmi. Bpaxoesyroui wo xoncmpyxuis
Oemonnux nepexpummis cnpuiimae 6 Oexiivka pasie
OLIUWULL MOMEHM CRPOMUBY HINC CIMATL MONCHA 3611b-
wumu npoaim nepexpumms i piowe po3Cmagassmu ono-
pu-nepedipru. Buacaiook uvozo smenuytomocs eumpa-
mu Ha mamepianu ma 3HUICYIOMbCA MPYOOMICMKICMb
Ppoo6im npu nobydosi doky.

3anpononosano KOHCMPYKUil0o ma mexHo0z2it0
no6y0osu KoMNO3UMH020 00KY 3i 3IMEHULEHOIO Kilb-
Kicmio nabopy y nowmouni. Iloxazano, wo écmamos-
JIeHHA nonepeunux nepebopox Mixc eHympiunimu 6op-
mamu uepes 4 wnauii, moomo uepes 3 mempu, a 6
Oemonnux 6awmax eidcymmicmo wnanzoymis, Paopie
ma 6imcie 00360156 IMEHMUMU KIIbKICMb Mamepiaie,
a maxodc 3nuzumu mpyoomicmrkicms nodydosu 0okxy.
Hagedeni ocobiueocmi 6ubopy cyonoodyodisnozo demo-
HY OpIEHMO0BAH020 HA eKCMpeMANbHi YMOeu podomu
MOPCOKUX 3ATE300eMOHHUX CROPYO

Kmouosi crosa: nnasyquii komnozumnuii 00x, mex-
HOJl02i2 No0Y00o6u 00Ki8, 3ai300emoHHi CeKuii, noH-

mon, miynicmo 3aniz06emonnux naum
u| m,

1. Introduction

Permanent needs of world shipping for ship repairs,
inspection, and control over the condition of vessels, main-
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tenance work for the underwater part of vessels, predeter-
mine the elevated demand for floating docks. Construction
of docks is a profitable business, constituting one of the
important directions to promote domestic products in the




