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The railway brake system is a very complex process with a great effect on
traffic safety. This complexity originates from some different events in
types of mechanical, electrical, thermal, etc that occur by braking. The
main effective factors on performance and brake system function are
braking force, speed of the vehicles, braking/stopping distance, condition
of the railway, and environmental parameters. In this paper, a freight rail
Keywords: transportation system is modeled using a universal mechanism (UM). The

Railway under-analysis train includes two electric locomotives and 50 open wagons
and the braking system is simulated in-service braking mode. First, the
parameters of coupling force, braking force, brake cylinder pressure,
braking distance, and speed (per initial speed of 30 m/s) were examined
and evaluated, then the effect of friction coefficient (between wheel-pads)
for different types of pads, maximum braking force, and maximum
coupling force were evaluated. One of the results showed that application
of two different materials, gray-iron, and composite, as a brake pad: (i)
does not have a significant effect on the maximum coupling force, but (ii)
the maximum braking force on the composite material in 1-2 wagons is
about -120 kN and in 3-52 wagons is about -95 kN, while these values in
gray-iron are about -40 kN and -28 kN for 1-2 wagons and 3-52 wagons,
respectively.

Braking system

Universal mechanism (UM)
Braking force

Brake cylinder pressure

limit the optimal braking performance of this
system. The disc braking systems provide
smooth operations and low noise levels during
braking as well as low maintenance costs. When
brakes are applied, a special mechanism is used
to reduce the rotational speed of the wheels. The
mechanism can be pneumatically activated brake

1. Introduction

Due to the fact that freight trains are longer
and heavier than passenger trains, there are more
challenges to the brake system of these railway
vehicles. Because of some important factors
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such as construction, design and operation, and
technical features of vehicles, various braking
systems have been developed. Two types of
braking methods are used in railway vehicles:
adhesion and non-adhesion braking. Fig. 1 also
shows some examples of the operation of brake
systems. For example, pneumatic disc-type or
shoe-type brake systems are generally used for
railway vehicles. Shoe brake devices are simple
in design and have cost advantages. However,
higher thermal loads due to high heavy loads
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shoes or brake clamps [1-16]. As shown in
Figure 1 (a), a compressor is placed on the
locomotive in typical air brake systems to
produce compressed air and store it in the main
reservoir. The driver’s control valve can select
the options of charging compressed air from the
main reservoir to the brake pipe or discharging
the air into the brake pipe into the atmosphere.
On individual wagons, the compressed air is
stored in auxiliary reservoirs. As shown in
Figure 1 (a), distributor valves determine the
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Figure 1. (a) Typical freight train air brake (b) vacuum brake system, (c) electro-pneumatic brake control,
(d) rotating eddy current braking (dynamic braking), and (e) aero-dynamic braking process

connection  passages  between  auxiliary
reservoirs, brake pipes, brake cylinders, and
atmosphere.

During brake applications, compressed air
flows from auxiliary reservoirs to brake
cylinders and then presses the brake shoes

against the wheel treads via brake riggings.
During brake release, distributor valves let
compressed air in brake cylinders discharge to
the atmosphere so as to release the pressure on
brake shoes [4].
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Conventionally, train braking simulations
were conducted under the topic of longitudinal
train dynamics (LTD). In LTD, all vehicles are
simplified as rigid bodies with single Degrees of
Freedom (DOF). Wheel-rail contacts are
neglected and only the longitudinal translation
DOF is considered for each vehicle [16-24]. Wu
et al. [16] simulated a train with the
configuration of 1 locomotive +120 wagons +1
locomotive +120 wagons with three different
braking scenarios: emergency brake, full-service
brake, and minimum service brake.

Universal mechanism (UM) software is used
for the simulation of both 3D rail vehicles and
1D trains for about two decades [25-30].
Pogorelov et al. [18] used the train 3D technique
which is an efficient tool for the fast simulation
of coupled 3D and 1D rail vehicle models in UM
software. Comparison of their simulation and
experimental results, vertical and lateral
accelerations, brake cylinder pressure, etc. had a
good agreement. Petrenko [29] used UM
software to simulate railway dynamics and
examined factors such as coupling forces, brake
cylinder pressure, and train speed distribution.
Alturbeh et al. [31] simulated the train brake
system in low adhesion conditions using
MATLAB/Simulink software. Wei et al. [32]
studied a freight car air brake system,
numerically and experimentally, and analyzed
the pressures in the brake pipe, brake cylinder,
etc. Cui et al. [33] performed dynamic modeling
and simulation of urban subway vehicles. One of
their results was the effect of acceleration on the
braking force. Their results showed that, in
general, the absolute value of braking force
increased with increasing speed. Freight rail
transport includes rails and trains to transport
cargo. The vehicles used to carry goods on the
railway are collectively referred to as freight
wagons. The main types are auto-rack, box-car,
gondola-car, center-beam, covered-hopper,
tank-car, coil-car, flat-car, refrigerated box-car,
and open-top hopper [30, 34].

In the geometric design of railway tracks and
the evaluation of train curving performance, the
extreme conditions induced by the brake
operations should be taken into account. Li et al.
[1] showed that by applying brake operations,
the coupler longitudinal force will produce a
lateral component, and the maximum value of
the coupler lateral force in the 20,000 t train is
larger than that in the 10,000 t train (trains pass
through a sharp curve). Jiang et al. [2]

Comparised the curve negotiation properties of
two different articulated monorail vehicles.
Bosso et al. [3] explained that the in-train forces
on curved track are higher than on straight track
since the relative rotation between the wagons
modifies the distance between the markers
where the coupler is defined.

Air brakes are the most common type of
brakes in railway operations; non-mainstream
brake systems such as aero-dynamic, eddy-
current and etc. brakes are not discussed in this
work. Dynamic braking that uses traction motors
as a part of the brake system is also outside of
the scope. Note that air brake systems can vary
significantly in different countries and regions.
According to very limited studies in the field of
brake systems simulation by software such as
UM, in this paper, first, a freight train (2
locomotives +50 open wagons) is modeled, Then
dynamic simulation in brake mode is proposed,
and results are presented after simulating the
macro-geometry of the track and determining the
braking parameters. Finally, the coupling force
and the maximum braking force for different
types of brake pads (composite and gray-iron)
are compared.

2. Modeling

Longitudinal train dynamics (LTD) is
defined as the motions of rolling stock vehicles
in the direction of the track (longitudinal). It,
therefore, includes the motion of the train as a
whole and any relative motions between
vehicles. It is usually assumed that there is no
lateral or vertical movement of the locomotives
and wagons. Force inputs that are considered in
conventional LTD include in-train force, traction
force, dynamic brake force, air brake force,
curving resistance, etc. The freight train model,
simulated in this work in the UM software, is
shown in Figure 2. This model consists of
Russian two-section electric locomotive VL80s
and 50 freight open wagons (similar to
references [1, 17-18]). It is noteworthy that each
locomotive and each wagon includes two bogies
with 4 wheels installed on each bogie. Some
specifications of locomotives, wagons, and gear
Sh-2-T are given in Tables 1 and Figure 3. Many
different draft gear models have been reported in
the literature [35-44].
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Figure 2. Simulated model in UM.

Table 1. Model key parameter.

Vehicle type Locomotive Open wagon

Vehicle mass (kg) 96000 90000

Vehicle length (m) 16.42 14.73

Wheel radius (m) 0.625 0.475

Distance between rail head and car-body bottom (m) 1.175 0.96
Distance between bogie centres (m) 7.5 10.53
Distance between wheel treads (m) 1.58 1.58
Distance between rail head and coupling axis (m) 1.05 1.05

Coupling length (m) 1 1

@ ()
Central Pin | Pocket length[ sill
wedge

Wedge
shoe

©

Spring Homiug Coupler Follower Draft gear Yoke

Coupler Coupler

-t -
I I
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0.625 1.6e6 1e9 5e5 0.366 0.2

Figure 3. Typical fright coupler system: (a) draft gear, (b) coupler system assembly, and (c) wagon pair.
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The model used in this paper has the structure
shown in Fig. 3 and can be expressed as Eq. (1):

__ Fstang (1)

where F. is the draft gear force; F; is the spring
force, @ is the wedge angle, and p is the friction
coefficient. More details of this draft gear model
can be found in [40-41]. Wagon connection
systems, are made up of two major groups: (i)
coupler systems and (ii) buffer systems. Coupler
systems are more widely used in Australia,
America, Russia, and China while buffer
systems are more widely used in Europe [4, 16,
18, 41].

C 7 tang+u

3. Dynamic simulation

The service brake is a basic feature of any brake
system, during which pressurized air flows from
the auxiliary reservoir to the brake cylinder.
Brakes can be applied at smaller pressure
reductions and then moved to larger pressure
reductions, i.e., graduated brakes [4]. In this
paper, first modeling is performed and the
parameters of coupling force, braking force,
brake cylinder pressure, braking distance, and
speed (per initial speed of 30 m/s) are
investigated and then the effect of different
friction coefficients between wheel-pads for
different pad materials such as composite and
gray-iron on maximum coupling force and
maximum braking force is examined.

3.1. Solver parameters

Simulation process parameters for analyzing
this model are as follows: solver: Park, type of
solution: range space method (RSM), turn on the
computation of the jacobian switch and set the
simulation time (t): 50 (s) (the braking time will
be about 50 s). It is noteworthy that in this work,
an implicit multi-step method is considered as a
solver, like the Park method, which has been
used in several articles [17, 28, 26, 45]. In-
solvable equations of traditional methods can be
solved with the park method, a useful solver of
the second order with variable step size, and a
more complicated dynamic model could be built
[45].

3.2. Track macro-geometry

The horizontal and vertical profiles of the
railway track, are shown in Figure 4.

3.3. Resistance

In the list of loaded resistance force models
by UM software, there are four standard models
of train driving resistance forces for traveling on
long welded rails. The resistance models used in
this research and their related equations are
presented in the appendix. It should also be noted
that the resistance in the curve uses the force
model according to Eqg. 2 and the values are
considered as follows:

_ a
W- = (R-b) @)

where W, is a specific curving resistance
force (N/t), a is a constant factor that is equal to
6116 according to recommendations from
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Figure 4. Railway track geometry: (a) horizontal profile, and (b) vertical profile.
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(N.m/t), R is the radius of a curve (m), and b
equals zero [3, 26, 46-47].

3.4. Braking system

The braking forces are essentially influenced
by the friction coefficients involved, their
dependence on different parameters having an
important role in the braking characteristics of
the vehicle. There are many factors determining
the evolution of friction coefficients. Among
them, the most important proved to be the
running speed, the clamping forces, the surface
contact pressure, and temperature. The friction
coefficient between cast-iron braking shoes and
wheel tread strongly depends on the
instantaneous running speed, the applying force
on each shoe, and the contact pressure, while the
use of composite materials for brake shoes or
pads enables independence of the friction
coefficient on the mentioned parameters (Fig. 5

(a)) [13].
Having determined pressures in brake
cylinders, the next step of brake simulation is to
convert cylinder pressures to normal forces on
brake shoes/pads and then to friction forces
applied on wheels. The conversion from cylinder
pressures to brake normal forces is achieved via
brake rigging setups. A simplified diagram of
@

Cast iron brake shoes

Brake pads

brake rigging is shown in Figure 5 (b) where a
simple lever is used. In most brake simulations,
friction forces generated from brake shoes (Fy in
Fig. 5 (b)) is used as the brake forces with the
assumption that wheel-rail adhesion can provide
sufficient tangential forces in wheel-rail
interfaces [4]. Martin et al. [5] calculated brake
forces as (Eq. 3):

P
Fp = Lé\bm%Tncar51:otal.ub (3)

Pb,max

wheredy o, is the brake mass percentage; d¢ota:
is the total efficiency of the brake system; and p,,
is the brake shoe coefficient of friction [4, 5].

The following parameters are necessary to set
in creating the train brake system: friction
coefficient between wheel and brake pad, type of
braking modes (service, emergency, and release
mode), brake rigging models, and speed of
braking wave. Service braking is a type of
adhesion brake and is done by using a disc brake
and regenerative braking. However, emergency
braking is completely accomplished by a
pressurized air-driven disc brake [11-13]. In this
paper, the type of brake is set in brake pipe mode
in service braking mode. The brake force (FB) is
defined as Eq. (4)

Friction coefficient

Running speed

0.30
! & ' : Faa = adhesion force
i 1" heel radi
- L] rv = wheel radius
0.25¢ i T ||- Ay |
- II.l.-. - . Vst = wheel translational speed
ylinder
020 0 pressure Pb = ® = wheel rotational speed
7| Np = brake shoe normal force
Rigging

Adhesion coefficient
o
-
(6}

5

o
—
o

0.05 =

Fy = brake shoe friction force

- Py = brake cylinder pressure

0.00 ‘
0.00 0.02 0.04 0.06
Creepage

0.08

0.10 0.12

Figure 5. (a) friction coefficient for different braking systems, (b) Wheel/rail adhesion and brake systems.
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Fp =f Fy (4)

where f is the friction coefficient at the contact
between the wheel and the brake pad, and Fy is
the normal (loading) force at the contact between
the wheel and the brake pad. Loading force and
friction coefficient are calculated separately for
every vehicle taking into account the number of
friction pairs wheel pads. For this purpose,
friction coefficient and loading force models are
created and assigned to train vehicles. The
friction coefficients mainly influence the braking
forces. These coefficients are dependent on
several parameters such as instantaneous
running speed, applied/clamping force, contact
surface pressures, and temperature. In the
practical calculation, various empirical relations
are obtained for the friction coefficient between
the wheel and brake shoes [12-13], two of them
are presented in Eq. (5) (UIC formula) [12-13]
and Eq. (6) (Karvatzki formula) [13].
20 v+100 %PSHOO

US(V; Ps) =0.49 3356 - 2860 (5)

$eV+100 = =Ps+100

16
v+100 o Pst100

us(V, ) = 0.6 (6)

5.V+100" Z—BPs"'lOO
were V is running speed (km/h), P, is applied
force on a brake shoe (kN), and g is gravitational
acceleration 9.81 m/s?.

4. Results and discussion

Air brake models have also been regarded as
one of the most important components in LTD
simulations as braking usually generates large
in-train forces. Another motivation for brake
studies is that brake applications usually
generate large compressive in train forces which,
from vehicle dynamics perspectives, pose higher
risks than tensile forces on curves. Force inputs
in a conventional LTD include coupling force,
traction force, dynamic brake force, curving
resistance, propulsion resistance, etc. [18].
Simulation results are presented in Figures 6 and
7. Figure 6(a) shows the coupling force (force in
wagon connections), 6(b) braking force, 6(c)
brake cylinder pressure, and figure 7(a) indicates
the velocity of the first vehicle and 7(b) the
vehicle distance (vehicle distance from the
simulation start). The forces in wagon
connections are shown in Figure 6(a). The
maximal force is about 310 kN on the 37th
vehicle. The plots of braking forces are

presented in Figure 6(b). These values are about
-120 kN for wagons 1 and 2 and about -95 kN
for wagons 3-52. Figure 6(c) also shows the
pressure behavior of the vehicle brake cylinder
pressure. The brake cylinder pressure behavior
diagram shown in Figure 6(c) is consistent with
the results presented in the research of Wu et al.
[16]. The results of numerical simulations and
experiments by Wui et al. [32] showed that
during the braking process, the pressure of the
brake pipe in the first car decreases rapidly and
the auxiliary tank pressure decreases thereafter.
The brake cylinder is under pressure so that the
piston starts to brake. When the pressure in the
brake cylinder increases, there is a small pulse
(shown as a platform in the curve) which
indicates that most of the air pressure at this
point is used to move the piston of the brake
cylinder. When the brake cylinder piston is fully
depressed, it resumes its increasing pressure to
reach an equalizing pressure and similar
behavior can be seen in Figure 6(c). The graph
of the changes of the velocity of the first vehicle
is shown in Figure 7 (a). The velocity of vehicle
number 1 (locomotive number 1) starts from 30
m/s and reaches zero after about 48 seconds.
Also, the traveled distance during this period is
about 900 m, which can be seen in Figure 7(b).

There are four steps in the braking process,
as follows [32]:

- First step (phase-1): It is considered
from the braking command to reaching the brake
release to the last air distributor of the train.
During this step, the brakes are activated
sequentially on the trains, and at the end of the
first phase, the pressure is reached the maximum
value, which corresponds to the brake cylinder
pressure between the first and last vehicle of the
train.

- Second step (phase-2): This phase starts
from the end of the first phase until the command
air pressure reaches the maximum value in the
brake cylinders. During this period, the pressure
increases uniformly in all brake cylinders.

- Third step (phase-3): It initiates from the
end of the second phase and continues till
reaching the maximum pressure in the brake
cylinders of the last vehicle of the train. During
this step, the maximum pressure occurs
continuously in the brake cylinders.

- Fourth step (phase-4): It is considered
from the end of the third phase to the train stop
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or braking. As the maximum pressure in all at their maximum values throughout the train
brake cylinders is maintained during this stage, and therefore the deformations are stopped.
the braking forces are continuously maintained These steps are according to Ref. [13].
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Figure 6. (a) coupling force, (b) braking force, and (c) brake cylinder pressure.
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Figure 7. (2) velocity and (b) distance.

Figure 8 compares the maximum coupling
force of wagons 1, 12, 25, 37, and 51 for two
different pad materials of composite brake and
gray-irons. It is noteworthy that the difference in
coupling force values for two different types of
pads for the same wagons is small. Also, the
maximum braking force of all wagons for the
two different materials of the composite pad and
gray-iron is compared in Figure 9. The results
show that the application of composite materials
has the absolute maximum braking force
compared to gray-iron. For example, the
maximum braking force in the composite
material in 1-2 wagons is about -120 kN, and in
the 3-52 wagons it is about -95 kN, while the
values in gray-iron material in the 1-2 wagons
are about -40 kN and in wagons, 3-52 is about -
28 kN.

Ghafelehbashi et al. [48] derived the
mathematical model for the thermal modeling of
a brake shoe in a railway vehicle. Their results
showed that the maximum temperature in brake
shoes occurred at the interface of the shoe and
the wheel. Also, in both continuous and
emergency braking modes, the temperature
produced in composite brake shoes was lower

than that of the cast iron shoes. By increasing the
velocity of the vehicle in continuous braking, the
maximum temperature increased in both the
composite and cast-iron brake shoes. It should be
noted that the brake pads in braking systems are
usually made of cast-iron and composite
materials.

- Cast-iron with different grades is
suitable due to metallurgical stability behavior.
For example, GG25 has been used in the Y32
bogies for reasons such as high thermal
conductivity, high thermal dissipation power,
resistance to thermal loads, low cost, and ease
of production.

- Composite  materials:  composites
usually contain one or more materials as the
matrix phase and one or more materials as the
reinforcement phase. Based on the matrix phase,
these materials are divided into the following 3
general groups: (i) polymer matrix composites
(PMCs): in this category of materials, the base
phase is a polymer (thermoplastic and/or
thermoset) and the reinforcement phase is glass
fiber, carbon, etc. Brake pads made with this
method are usually easier and cheaper to produce
compared to other composites, but they do not
have good resistance to high temperatures; (ii)
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metal matrix composites (MMCs): aluminum
matrix metal composites (AMMCSs) can be used
in various industries, including the rail
transportation industry, due to their high strength
and rigidity, low-density, good wear resistance,
and maintaining high-temperature properties; for
example, AI-SiC and Fe-cu-based. These
materials are made of two methods, solid-state
processes and liquid-state processes that powder
metallurgy (PM) process is one of these solid
and suitable methods; (iii) ceramic matrix
composites (CMCs): these materials have
properties such as high-hardness, good-strength,
good-corrosion resistance, etc .; however, due to

their inherent fragility, the use of these materials
has been limited so far [12-13, 49-51].

5. Conclusions

It is widely acknowledged that modelling of
wagon connection systems and air brake systems
are two major challenges for modelling of LTD.
Due to the numerous dynamic rail simulations of
researchers with the help of UM software and
very little attention to the issue of braking, in this
work, an attempt has been made to address this
issue. In the first step, modeling of a freight rail
transportation system (2 locomotives +50 open

350
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Two different materials

Figure 8. Absolute value of the maximum coupling force for two different materials.
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wagons) was done with UM software. In the next
step, by entering the designed model into the UM
simulation environment, a braking system was
defined and the results were presented.

For this purpose, first, the parameters of
coupling force, braking force, cylinder pressure,
distance traveled and speed for the initial speed
of 30 m/s have been investigated and evaluated.
One of the results of these studies showed that
the behavior of the brake cylinder pressure
diagram was in good agreement with other
studies. Then, the effect of the friction
coefficient between the wheel-pad for different
materials of the brake pad, on the maximum
braking force and the maximum coupling force
was evaluated. The results of this study showed
that the application of two different materials,
gray-iron, and composite: (i) does not have a
significant effect on the maximum coupling
force, but (ii) the maximum braking force in the
composite material was about -120 kN for
wagons 1 and 2, and about -95 kN for wagons 3-
52, while values in iron material were about -40
kN in wagons land 2, and about -28 kN in
wagons 3-52.
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Appendix:
Resistnce
model, 9.81*(2.4+0.009*v*3.6+0.00035*(v*3.6)*(v*3.6))*M/1000
locomotive
Resistnce
model, open 9.81*(0.7*M/1000+(3+0.09*v*3.6+0.002*(v*3.6)*(v*3.6))*4)
wagon
with main;
name="Composite;"
o comment="Composite brake shoes;"
Friction
coefficient, with brakecoef;
composite
coefmode=2;
coefexpression="0.44*(f/1000/9.8+20)/(4*f/1000/9.8+20)*(3.6*v+150)/(2*3.6*v+150) ";
with end;
with main;
name="Grey iron;"
comment="Grey iron brake shoes;"
Friction .
coefficient, with brakecoef;
grey-iron coefmode=2;

coefexpression="0.6*(16*f/1000/9.8+100)/(80*f/1000/9.8+100)*(3.6*v+100)/(5*3.6*v+100)

>

with end;
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