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Abstract: The article analyzes the transitional mode of movement of a passenger train caused by
emergency braking by the driver. To study the possibility of derailment of passenger cars, a
simulation model of the movement of a train consisting of a locomotive and twenty passenger cars
was developed in the Universal Mechanism software environment, designed to study the dynamics
and kinematics of mechanical systems, which include railway rolling stock. The developed model
allows taking into account the longitudinal, transverse and vertical vibrations of all cars and
locomotive. All bodies in the model are assumed to be absolutely rigid. The assumption of non-
deformability of the bodies is based on the fact that the stiffness of the spring suspension and elastic
connections is significantly less than the structural rigidity of the bogie frames and the bolster
structure, and the frequency of elastic vibrations of these bodies is much higher than the frequency
of their vibrations on the spring suspension. Passengers and cargo in a wagon are considered to be
non-deformable and integral with the wagon body, similarly in the case of a locomotive body.
Between the elements of the system, connections are involved that regulate certain relative
movements of these elements.

Keywords: wagon; passenger train; emergency braking; modeling; analysis; recommendations

1. Introduction

Rail transport and its infrastructure can cause increased danger to people, animals and other
objects. In the event of an emergency situation caused by the appearance of people, animals on the
railway track or the presence of other reasons that prevent the movement of the train [1], the driver
is obliged to stop the movement, including by applying the emergency braking mode [2].

According to the normative and technical documentation, the use of emergency braking is
permissible for the following reasons:

- unsatisfactory operation or failure of the automatic brakes of the rolling stock;

- impossibility of the train to stop after service braking;

- the appearance of animals or people on the tracks;

- threat to the safety of people's lives;

- a threat to traffic safety.

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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To date, a number of methods have been developed to refine brake calculations, but most of
them are based on significant assumptions and do not take into account many significant factors [3].
These methods were developed at a time when the performance of computing systems lagged behind
the modern level by 3-4 orders of magnitude (meaning some average estimate, including not only
speed, but also the very possibility of implementing certain technologies that require significant
amounts of RAM). The current capabilities make it possible to use much more accurate information
(characteristics of dependencies, data structures and algorithms) in modeling processes, as well as to
perform resource-intensive optimization calculations. At the moment, the problem of interaction
between the rolling stock and the railway track has been studied quite fully [4]. In the works of
various researchers [5], the possibility of rationalizing the braking technology by using multi-stage
braking, depending on the parameters of the composition, profile, track plan and other conditions,
without loss of braking efficiency is already quite formally proved [6]. Thus, in these works, the
prerequisites for the application of optimization technologies to the rolling stock braking process are
laid. However, at present, there are practically no works on the study of the braking of passenger and
freight trains in an emergency mode, including using the methods of mathematical and simulation
modeling [7]. To simulate the emergency braking of a passenger train, mathematical (computer)
models of a locomotive and a wagon were compiled and an analysis was made of their interaction
with each other and the railway track [8].

2. Materials and Methods

The locomotive model includes a body, 2 bogie frames (including the weight of 4 traction
motors), 2 automatic couplers, 2 thrust plates and 4 wheelsets with axle boxes (see Figure 1). It should
be noted here that in order to speed up the calculation time, the locomotive model does not take into
account the power elements and bodies responsible for traction [9]. The passenger car model consists
of a body, 2 bogie pivot beams, 2 bogie frames, 4 bogie cradles, 2 automatic couplers, 2 thrust plates,
4 buffers and 4 wheelsets with axle boxes (see Figure 2). The considered mathematical description of
the calculation of the kinematic characteristics of the bodies of the system is implemented in the
"Universal Mechanism" complex in the form of a software procedure for specifying a hinge
connecting the body under consideration with the base coordinate system (CS). At the preliminary
stage, the spatial orientation of the own coordinate system of each body included in the car model,
parallel to the axes CS, is set. In the process of describing the hinges for each body, the vector ri©® is
specified in the initial position (at t = 0) and the type of orientation angles is chosen [10].

Figure 1. General view of the locomotive model.

Figure 2. General view of the passenger car model.
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The equations describing the motion of the i-th body of the mechanical system "car-track" when
SCi coincides with the main axes of inertia of the bodies have the form:

0) _ (0) 0)
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where mi — is the mass of the i-th body, kg; ai(x()) , ai(yo ), ai(Z()) - is the projections of the acceleration

vector of the i-th body on the coordinate axes SCo, m/s?; ZF.(O) ZF(O) , ZF(O) —is the sum of
the projections of all active forces applied to the i-th body onto the coordinate axes SCo, N; ZR(O) ,
ZRi(yO) , ZRi(ZO) — is the sum of the projections of all reactive forces applied to the i-th body onto

the coordinate axes SCo, N; J@, J©

x 7/ iy 7/

J l.(zi) — is the moments of inertia of the i-th body about the

axes SCi, kg-m?; a?, @, & -is the projections of the angular velocity vector of the i-th body

x 7 iy / iz

on the coordinate axes SC;, rad/s; ZM @) ZM @) ZM () _is the sum of the moments of all

x 7/ iy 7/
active forces applied to the i-th body relative to the axes SCi, N/m; Z LY, Z LE;) , Z LY —isthe

sum of the moments of all reactive forces applied to the i-th body, relative to the axes SCi, N/m.

Equations included in the system Eq. (1) are written in different coordinate systems: the first
three - in the base mobile, the last three - in their own, associated with the body [11]. Based on the
systems of equations (1) written for all bodies of the mechanical system, a system of second-order
ordinary differential equations is determined that describes the motion of the system in generalized
coordinates, with nonlinear right-hand sides (in matrix form):

M(q)-G, +k(g.4)= 0 )

where M(q) —is the mass matrix; k(gq,§) —is the column vector of generalized inertial forces; Q — is

the column vector of generalized active forces.

The solution of the system of equations (2), with respect to generalized coordinates, allows you
to determine the linear and angular displacements, velocities and accelerations of the bodies included
in the car model, as well as any points belonging to the bodies, when specifying their position in the
coordinate system of the corresponding body [12]. To compose equations (2), it is necessary to obtain
analytical dependences of the reaction forces in the bonds between individual bodies. Power
elements in the car and locomotive models include: contact interactions between bodies, elastic
(spring suspension springs) and elastic-dissipative (dampers) forces.

Contact interaction is used in models to simulate the interaction of side bearings, center plate-
thrust center-pivot, and coupler-plate and coupler-auto coupler [13]. When describing the contact
interaction of bodies, it is assumed that an infinite plane is associated with one of the contacting
bodies, and a set of contact points is associated with the second body. With a positive value of A, there
is no contact between the bodies, and with a negative value, the contact force acting from the first
body to the second is described by the following mathematical model in vector form (see Figure 3):
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where N —is the normal reaction vector; Fr— is the friction force vector.

FB( J)

B FY A

Figure 3. Point-to-plane contact interaction.

The normal reaction is described by a linear elastic-dissipative model and is determined in SC;
from the expression:

- dA
N(I)Z_A'CB_E:BB 4)

where Cs — is the contact stiffness coefficient at point B; /& — is the contact dissipation coefficient at
point B.

For the Coulomb friction force, there are two regimes: sliding and adhesion [14]. In the sliding
mode, a mathematical model of force is implemented, which is described by the following expression:

() .y
() — SN vy
= |v§f)| )

where f - is the sliding friction coefficient; vs — is the sliding speed of one body.

The transition to the clutch friction mode is carried out at the moment when the relative motion
of one body relative to another stop, i.e. when the relative slip velocity vector vs changes its direction.
In this mode, the clutch friction force is determined by the expression:

where fo — is the clutch friction coefficient.
Springs, dampers, rods and other connections are implemented using elastic and elastic-viscous

power elements. In this paper, the rheological models of Hooke and Voigt [15], respectively, are used
to describe elastic and elastic-viscous force elements (see Figure 4).

a) b)

.

Ay

L

r

s h,

a) — Hooke model; b) — Voigt model.

Figure 4. Design schemes of rheological models. Figure 5. Rail position in transverse direction.

The mathematical model of force F and moment M in the coordinate system of the elastic element
are determined by the following expression in matrix form:
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where C: — is the linear stiffness matrix; Cy— is the angular stiffness matrix; dRéA) — is the matrix of
linear deformation of the elastic element; d4\!) — is the matrix of direction cosines of the angular

deformation of the element.

Mathematical models of force Fp and moment Mp of an elastic-dissipative element are

determined by the following expressions in matrix form:

F,=C -dR\"+D, -dr\"

M,=C,-dA{" + D, dA; )
where D: — is the linear dissipation matrix; Dy — is the angular dissipation matrix.

The position of the rail in the transverse direction in an ideal straight line is set by the gauge
widening parameter Ay in a straight line (see Figure 5).

L —-L

2
_S+h L
)
where L: —is the distance between the centers of the rail heads; L — is the distance between wheelset
laps; S - is the track gauge; h- — is the rail head width.

In other words, straight track widening is the transverse distance from the lowest point on the
wheel's tread circle to the center point of the rail head in their ideal position [16]. Since when the
bogies come off, all the wheels lose their contact with the rails, the model included elements that take
into account the sliding (rolling) of the wheels on the supporting surface (see Figure 6).

On Figure 7, for convenience of perception, only one interaction option is shown. In fact, the
model also implements a symmetrical version of the interaction of the left wheel and the right rail,
respectively [17].

Shown in Figures 6 and 7, the schemes for the interaction of wheels with the ground surface and
the side faces of the rails make it possible to limit the vertical and lateral movements of the wheels
when they are completely derailed [18].

(10)

Ay =

Ay (11)

Circles modeling wheels

>

Nk‘2

— Fiko

Plane modeling the reference surface

Figure 6. Scheme of contact interaction of wheels and the surface of the earth.

where Ni — is the normal forces arising from contact with the supporting surface; +Fii— is the
frictional forces that occur when contacting the ground; A — is the clearance between the bottom of
the circle and the reference surface.
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Figure 7. Scheme of contact interaction of wheels and rails in cross-sliding.

where Npi, +F¢zi— is the normal forces and friction forces arising from the contact of the inner face of
the right wheel with the inner face of the left rail; Ay — is the clearance between the inner edge of the
wheel and the inner edge of the rail; S — is the track gauge; Sins+— is the distance between the inner

edges of the wheels A,=5/ H+ Sins /5

At the same time, it is assumed that the supporting surface is even, and the resistance to
movement caused by the interaction of wheels with sleepers and crushed stone is set by additional
forces applied to the wheelsets [19]. In order to take into account the longitudinal forces between the
cars, automatic couplers and buffers were added to the model (see Figures 8 and 9).

Thrust plate r Draft apparatus
Automatic coupler
p

C

Figure 8. Coupler model diagram.

Braking forces were implemented using a moment tending to turn the wheel in the opposite
direction (or stop the wheel) defined by the expression:
M,=4F, 1, =4F, -¢-1.(ry) (12)
where Fy—is the frictional force between wheel and block, kN; Fy — is the pressing force per pad, kN;
@ —is the coefficient of friction between wheel and rail; rx — is the wheel radius, m.
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Tarel Fric}tion Cup

Elastic-dissipative element

Figure 9. Scheme of the buffer device model.

Direction 0;

travel

Figure 10. Scheme of forces on the wheelset, acting on double-sided pressing.

In expression (12), the pressing force per one brake shoe can be determined from the expression:
Fy=inlpy S, ~F,)n, 13)
where i —is the gear ratio of the brake linkage is assumed to be 12 for passenger cars equipped with
cast iron blocks [6]; 1, ey — is the efficiency of the brake linkage and the brake cylinder is assumed to
be 0.95 and 0.98, respectively; S — is the piston area of the passenger car brake cylinder is 0.0993 m%;
Fs—is the release spring force 2473 N; pey—is the pressure in the brake cylinder, Pa, is taken according
to the braking indicator diagram, taking into account the features of filling the brake cylinder [20].
Based on the operational acts of measuring the filling time of the brake cylinders of passenger
cars, the average filling time was taken to be 5.7 seconds. The brake cylinder filling indicator diagram
is shown in Figure 11.
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Figure 11. Indicator diagram of the filling of the brake cylinder of a passenger car during emergency
braking with an electro-pneumatic brake.

Using expression Eq. (13), we determine, in accordance with the filling diagram of the brake
cylinder [21], the values of the pressing force on one brake shoe and build a brake pressure diagram
(see Figure 12). The coefficient of friction between the cast-iron block and the wheel is determined by
the expression for a constant value of the pressing force [7]:

(p=0,61’6F+100~ v +100 (14)
8F +100 5v+100
where F —is the pressing force, kN; v — is the speed, km/h.

OcHoBHOM
OcHoBHOM

OcpBBHOI
2
OcypBHoi
o)
)
=
OcRvBHOI

OcHoBHOM

. t, sec
OCHOBHOIA 2t

OcHOBHYIH 0 BHDEH O BHEH O BHREHO BHREH O BHOIHOBHIEHOBHOM

Figure 12. Indicator diagram of brake pressure on the block of a passenger car.

The total brake pressure on the axle of the locomotive wheelset was realized using the diagram
shown in Figure 14, based on the data obtained when decoding the cassette of the KZ4AC electric
locomotive in operation. Since a disc brake is used on electric locomotives of KZ4AC models [22],
when calculating the moment of braking force 4Fy-@, applied to the axle of the wheel set of the
locomotive and being its shoulder, in Eq. (12) instead of the radius of the wheel 1, the radius of the
middle axis of the brake disk s is taken [23].

The coefficient of friction between the composite block and the wheel is determined by the
expression for a constant value of the pressing force [7]:

F+20 v+150 (15)
4F +20 2v+150

@ =0,44
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Figure 13. The dependence of the coefficient of friction of a cast-iron brake pad on the speed of movement.
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Figure 14. Diagram of the total brake pressure on the axle of the locomotive.

As is known from the rules for traction calculations [6], the main specific resistance to the
movement of a passenger car on a seamless track is determined from the expression:
8+0.16v +0,0023v* (16)

90
—is the axle load in tons. mmwagon — is the average weight of a fully equipped wagon
is assumed to be 64.475 tons [24].
The main specific resistance to the movement of the locomotive in the coast down mode on a
seamless track is determined from the expression:
w,

locomotive

Wopen = 0,7+

wagon

Mwagon

where q) =

=2,4+0,009v + 0,00035 > (17)
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Figure 15. The dependence of the coefficient of friction of the composite brake pad on the speed of movement.
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Figure 16. The main specific resistance to the movement of the car.

Having done elementary transformations of expressions Eq. (16) and Eq. (17), we pass from a
dimensionless quantity to a force quantity in Newton’s:

2
W, =g 07+ 8+0,16V-3,6+0,0023(V-3,6)° | "0 )
90 1000
Wlacomotive = g : (294 + 0,009V . 3,6 + 0,00035 (V . 3,6)2 )’nlloz)”#ﬁve (19)

where g — is the gravitational acceleration, m/s2

Dependences of the dimensionless and recalculated in Newton’s of the main specific resistance
of movement on speed are shown in Figures 17-19. Forces that simulate resistance to movement are
applied to the centers of gravity of each unit of rolling stock and are directed against the direction of
movement [25].
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Figure 17. The main specific resistance to the movement of the locomotive.
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Figure 18. The main specific resistance to the movement of the car (in terms of Newton’s).
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Figure 19. The main specific resistance to the movement of the car (in terms of Newton’'s).

3. Results (motion simulation)

Experimental studies and modeling of the behavior of railway vehicles in the braking mode have
been given attention by various authors [9]. Before modeling the movement of the entire train, which
takes significant computing resources, a series of calculations was carried out using single models
[26]. At the same time, longitudinal and braking forces were not taken into account at this stage, since
their influence on an individual crew is very small. When determining the causes of rolling stock
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derailment, as a rule, the main criterion to be assessed is the wheel derailment stability factor (the
tendency of the wheel to “crawl” with the flange onto the rail head), which is based on the
consideration of the wheel balance equations under conditions of contact with the flange:
a=8BH Puisp ] (20)
u-igf+1 P,
where - is the angle of inclination of the ridge generatrix of the cone-shaped surface of the wheel
with the horizon, rad.; i — is the coefficient of friction of interacting surfaces of wheels and rails; Puer
— is the coefficient of friction of interacting surfaces of wheels and rails, N; Pror — is the horizontal
component of reaction forces of the running wheel on the rails, N; [Anorma] — is the admissible value of
the safety factor of the wheelset stability against derailment.

Lateral and frame forces are also important indicators that evaluate the force effect of the crew
on the track. Exceeding the normative values of these forces can cause the destruction of the track
and the derailment of the crew [27]. The maximum allowable values of frame forces are calculated
from the condition of stability of the rail-sleeper grid of the track from transverse shear along the
ballast under the influence of the frame force as the ratio of the frame force Hyk to the axial load Po
(Hp/Po). Normalized values of the mentioned indicators are given in Table 1.

Table 1. Permissible values of the estimated indicators.

Index Standard values
Ratio of frame force to static Excellent <0.20
axial load Hr/Po Good 0.25
Satisfactory 0.30
Permissible 0.38
Lateral forces, kN Permissible 100
Wheel stability factor against L
derailm};nt Anmmlg in direct 13

To calculate the lateral forces, the totality of all forces acting on the wheel during contact
interaction with the rail at all points of contact is used. In addition, when analyzing wheel derailment,
the transverse displacements of wheel sets relative to the track axis are additionally evaluated [28]. It
is obvious that, due to the increased inertial parameters, the locomotive will definitely pass, without
rolling the wheels onto the rail head, the irregularities, during the passage of which the passenger car
will derail. In this regard, the simulation of the situation of the derailment of the locomotive was not
carried out. At the same time, assuming that the effect of vertical irregularities on horizontal
oscillations is insignificant, vertical irregularities with an “excellent” rating were used in the
calculations. The numerical values of the irregularities taken by the track measuring car for 1500 km
of the considered section of the track are shown in Figure 20.
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-------- Right, June Left, June

Figure 20. Horizontal irregularities of rail threads 1500 km.

10 & Amplitude, mm

........ Right, June Left, June

Figure 21. Horizontal irregularities of rail threads 1-2 wheel pair (WP) 1500 km.

Figures 22 and 23 show the roughness of the right and left rail threads for May and June,
respectively, since, in order to simplify, we perform the simulation for these months. Simulations
during the fall and winter months should take into account the effects of climate and weather factors,
such as snow or rainfall, in order to obtain more accurate data [29].
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Amplitude, mm

— Left May -------- Left, June

Figure 23. Irregularities of the left rail thread 1-2 wheel pair (WP).

In addition, Figure 25 shows the change in the amplitudes of the irregularities of the rail threads
for a month. In this case, negative values correspond to a decrease in the roughness amplitude.

From Figures 22-25 it can be seen that the periods of irregularities for 1-2 wheel pair (WP) are
in the range from 5 to 14 m. In addition, on a segment of 160-190 km, a mismatch between the periods
along the right and left rail threads is noticeable (see Figure 25).


https://doi.org/10.20944/preprints202309.0836.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 13 September 2023 doi:10.20944/preprints202309.0836.v1

15

1,5 -
Amplitude, mm

-1
—— Aright  -------- A left
Figure 24. Change in the amplitudes of the irregularities of the rail threads for one month.
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Figure 25. Irregularities of rail threads at 160-195 m 2 wheel pair (WP).

Taking into account the analysis of the stability of the track based on the results of the passages
of the track measuring car and in the Comprehensive pre-failure analysis (CPFA) seamless path (SP)
resource management, risk management and reliability analysis (RMMRA) software package, it was
assumed that at 2-3 wheel pair (WP), due to temperature forces, an uneven track occurred, which,
according to [6-8] on a straight section of the track could have the forms shown in Figures 26 and 27.

In Figures 26 and 27, a — is the coefficient taking into account the amplitude; L — is the coefficient
taking into account the length; b —is the coefficient taking into account damping.

It is obvious that it is not possible to fully simulate (repeat) the process of emergency braking or
derailment of a train using simulation methods, since the derailment of the rolling stock is affected
by many factors that, alas, cannot always be taken into account by mathematical methods (for
example, a change in the shape of an unevenness due to temperature in time, with simultaneous
movement of the railway vehicle along the given irregularity). In this regard, in order to accurately
describe the derailment process, for example, after emergency braking, it is necessary to resort to a
deductive and inductive analysis of the results of modeling local models of rolling stock and trains,
which make it possible to identify the influence of one or another factor on traffic safety [29].
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Figure 26. Fading roughness n(t) = a - cos (2 T %)
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Figure 27. Fading roughness 7(t) = a - sin (2 T %)

So, using the data given in Table 2, a train model was formed, consisting of a locomotive and 20
wagons (see Figure 28).

Table 2. Technical characteristics of the rolling stock (accepted for modeling).

Serial number in the | Container, | Length along | Base, | Additional Gross
train ton the clutch axes, | m weight from | weight,
m passengers ton
and cargo,
ton

Locomotive 20.032 10.3 85
wagon Nol 55 24.537 17 3.5 58.5
wagon No2-7, 10, 12 61.5 26.696 19 4 65.5
wagon No§ 58.1 25.5 17 3.5 61.6
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wagon No9 61.5 26.696 19 3.5 65
wagon Noll 61 24.537 17 0.5 61.5
wagon Ne13-19 60 26.696 19 6 66
wagon No20 51 24.537 17 6 57

Figure 28. General view of the train model.

With the help of the generated model, the calculated braking distance of the train was
determined and the longitudinal forces between the automatic couplers of adjacent cars were
analyzed, in the state of the track with irregularities shown in Figures 20-25. Figure 29 shows the
decrease in the speed of rolling stock units depending on the distance traveled during braking. The
braking distance was 583 m from the moment the emergency braking was applied. This value is
within the normal range according to melt flow index (MFI) [6]. Figure 30 shows the section of the
speed reduction graph where the transient occurs.

Figures 31-35 show oscillograms of the total longitudinal forces between adjacent rolling stock
units depending on the distance traveled. Due to the presence of buffer devices, braking is shockless,
except for the connection between the locomotive and the first car.

30
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Figure 29. Graph of the decrease in the speeds of the rolling stock units of the train during braking.
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Figure 30. Graph of deceleration of train rolling stock units (transient process).
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Figure 31. Oscillograms of longitudinal forces on the tail couplers of the locomotive and wagons.

The total longitudinal force between rolling stock units is determined by the formula:

N i = ACl + Z Ny, (21)
where Naci — is the longitudinal force in the tail coupler of the i-th rolling stock unit; 2N — is the sum
of the longitudinal forces in the tail buffer devices of the cars.

An analysis of the oscillograms showed that the transient compression process occurs up to 150
m, and then the process proceeds in a steady state. At the same time, Figure 36 shows that, due to the

reduced mass, the last car lags behind the other cars in speed, as evidenced by the tensile forces
between the last and penultimate cars.
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Figure 32. Oscillograms of longitudinal forces on the tail couplers of the locomotive and cars No. 1-3.
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Figure 33. Oscillograms of longitudinal forces on the tail couplers of cars No. 4-7.

At the next stage, a comparative analysis of transverse oscillations was carried out, i.e. analysis
of the frame forces of cars during the passage of a track section 500 m long in braking and coasting
modes at a constant speed. From the oscillograms of the frame forces in the braking and coasting
modes, it can be seen that the frame forces in the braking mode are lower than in the coasting mode
(Figures 37-40). In this case, the values with a dash correspond to the overrun mode [30]. This
indicates that the derailment of the cars could not have occurred due to the shift of the rail and sleeper
grid caused by an increase in the values of the transverse forces acting from the side of the wheels on
the rails during braking, since in the rundown mode the frame forces, as a rule, have higher values.
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Figure 34. Oscillograms of longitudinal forces on the tail couplers of cars No. 8-11.
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Figure 35. Oscillograms of longitudinal forces on the tail couplers of cars No. 12-15.
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Figure 36. Oscillograms of longitudinal forces on the tail couplers of cars No. 16-19.
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Figure 37. Oscillograms of the frame forces of the wheel pairs (wp) of the 8th car (dashed values
correspond to coast down mode).
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Figure 38. Oscillograms of the frame forces of the wheel pairs (wp) of the 9th car (dashed values
correspond to coast down mode).

The purpose of the next stage was to determine the influence of the shape of the unevenness on
the behavior of the rolling stock. A series of numerical experiments were carried out for the
movement of a single car [31]. When assessing the traffic safety of a single passenger car, due to the
small effect on transverse vibrations, braking and longitudinal forces are not taken into account. The
forms of irregularities shown in Figures 26-27 are assumed to be the same for both threads without
shifting relative to each other. The conditions for conducting numerical experiments are as close as
possible to real ones [5]. The analysis was carried out in terms of the transverse displacement of the
wheelset relative to the track axis, at which the derailment of the wheels becomes possible. Table 3
shows the conditions for conducting numerical experiments.
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Figure 39. Oscillograms of the frame forces of the wheel pairs (wp) of the 10th car (dashed values
correspond to coast down mode).
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Figure 40. Oscillograms of the frame forces of the wheel pairs (wp) of the 11th car (dashed values
correspond to coast down mode).
Table 3. Conditions for carrying out numerical experiments.
No Name Meaning | Unit
1. | Path microgeometry Straight -
2. | Vertical stiffness per rail 50 MN/m
3. | Transverse stiffness per rail 20 MN/m
4. | Vertical dissipation per rail 800 kN/m
5. | Transverse dissipation per one rail thread 320 kN/m
6. | Rail profile New P65
7. | Wagon wheel profile New
8. | Modulus of elasticity in wheel-rail contact 210*10°
9. | Poisson's ratio in wheel-rail contact 0,27
10. | Coefficient of friction between wheel and rail 0,25
11.| Travel speed 96 km/h
12.| Wagon base 19 m
13.| Wagon gross weight 65,5 ton
14. | The distance between the extrema of two small waves of irregularity of type | 6;9; 14 m
1
15.| The distance between the extrema of two adjacent waves of irregularity of | 6;12;18 m
type 2

Tables 4 and 5 show the roughness values at which wheels derailment is possible.

Table 4. Descent matrix for roughness type 1.

I, m
4, mm 1 WP 2 WP 3 WP 4 WP
6]9/14]6[9]14]6]9]14]6]9]14

left roughness
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right roughness

105-120

Table 5. Descent matrix for roughness type 2.

I, m

g,mm | 1WP 2 WP 3 WP 4WP

6|12]18]6]12][18]6]12]18]6]12] 18
left roughness

165-280

right roughness

160-275

From the data given in Tables 4 and 5, it can be seen that for a single unevenness of type 1, wheel
derailment is possible at values 2=95-100 mm, L=6 m, and for a double-sided unevenness of type 2 at
a=80 mm, L= 6 m.

At the same time, the behavior of the car is noticeably different with the right and left
irregularities [12]. An analysis of the longitudinal forces in the tail couplers and the total longitudinal
forces of the tail couplers in the buffers of the locomotive and cars showed that the forces of additional
resistance to the movement of the train, arising after the derailment of the wheels, contribute to the
gradual emergence of tensile forces in the automatic couplers of the front cars [16]. With options No.
1 and No. 2, the longitudinal tensile effect does not reach the locomotive, and with option No. 3, the
tensile effect reaches the locomotive 150 meters after the possible exit of car No. 8, which corresponds
to the passage of cars No. 13-14 of the place of possible exit.
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Figure 41. Longitudinal forces on the tail couplers of the locomotive and cars (option No. 1).
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Figure 42. Longitudinal forces on the tail couplers of the locomotive and cars (option No. 2).
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Figure 43. Longitudinal forces on the tail couplers of the locomotive and cars (option No. 3).
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Figure 45. Total longitudinal forces on the tail buffers of cars (option No. 2).
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Figure 46. Total longitudinal forces on the tail buffers of cars (option No. 3).

The first jumps of compressive and tensile forces in all three options under consideration
correspond to the tail coupler and buffers of car No. 9, since after the possible derailment of the 3rd
and 4th wheel sets of car No. 8 and all the wheel sets of car No. 9, the subsequent cars that have not
yet come down run into and create a compressive force, while the front part moves at a speed slightly
greater than this car and creates a tensile force. For clarity, let's consider the graphs for reducing the
speeds of the locomotive and wagons (Figures 47-50). From the graphs for reducing the speeds [17],
it can be seen that with an increase in the forces of additional resistance to movement, jerks become
more noticeable. This is especially noticeable in option No. 3, when cars No. 12 and 13 derail. Starting
from the 12th second of the passenger train braking simulation, the linear (smooth steady) decrease
in speed ends, and the zone of stepwise (unsteady) speed decrease begins (Figure 50).
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Figure 47. Graph of the speed reduction of the locomotive and wagons (option No. 1).
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Figure 48. Graph of the speed reduction of the locomotive and wagons (option No. 2).
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Figure 50. Graph of deceleration during deceleration.

4. Conclusions

This section is not mandatory but can be added to the manuscript if the discussion is unusually
long or complex. Equations have been made that allow one to determine the linear and angular
displacements, velocities and accelerations of the bodies included in the car model, as well as any
points belonging to the bodies, when specifying their position in the coordinate system of the
corresponding body.

To study the mode of emergency braking of a passenger train, a computational model of the
longitudinal dynamics of the train is proposed, which is a chain of solid bodies connected by
nonlinear links that take into account the state in each connection and its characteristics, including

gaps.
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The simulation modeling of the movement of a passenger train consisting of a locomotive and
twenty passenger cars in the software environment "Universal Mechanism" in the emergency braking
mode was performed.

On the example of the generated model, the calculated braking distance of the train was
determined and the analysis of the longitudinal force between the automatic couplers of adjacent cars
was carried out, in the state of the track with irregularities shown in Figures 20-25.

As studies have shown, the use of emergency braking can cause derailment of passenger cars
under certain circumstances discussed in this article.

Taking into account the conditions given in Tables 4 and 5, it can be seen that for a single
unevenness of type 1, wheel derailment is possible at values 4=95-100 mm, L=6 m, and for a double-
sided unevenness of type 2 at 2=80 mm, L =6 m.

An analysis of the oscillograms of the total longitudinal forces between adjacent units of the
rolling stock, depending on the distance traveled, showed that, due to the presence of buffer devices,
braking is shockless, except for the connection between the locomotive and the first car.

The estimated braking distance was 583 m from the moment the emergency braking was
applied, it should be noted that this value is within the limits of current standards and complies with
regulatory and technical documents.

As studies have shown, the derailment of cars is not possible in the case of a shift of the rail-
sleeper lattice caused by an increase in the magnitude of the transverse forces acting from the side of
the wheels on the rails during braking. This is due to the fact that the frame forces obtained in the
simulation have little effect on the track in the coastdown mode and, as a rule, have higher values in
practice.

As the main recommendations, it should be noted the relevance of the development and
implementation of automated systems for warning about a malfunction of the track in the direction
of the train, about the presence of animals, people or vehicles on the railway track or railway crossing.
Such developments can be created using a symbiosis of artificial intelligence, satellite navigation
systems and emergency warning systems in "smart trains" equipped with computers of the required
computing power.
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