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ABSTRACT
This paper modelled the vehicles in conventional Longitudinal Train
Dynamics (LTD) as 2Dmodels that considers suspensions andwheel-
rail contact. The Polach model was used as the adhesion model
for faster computing speeds. A 2D train model was developed and
solved using a parallel computing technique calledMessage Passing
Interface. A train with the configuration of 1 locomotive+ 120 wag-
ons+ 1 locomotive+ 120 wagons was simulated in three different
braking scenarios: emergency brake, full-service brake andminimum
service brake. The same simulationswere also conductedusing a LTD
model and the results are comparedwith thoseof the 2D trainmodel.
The comparisons indicate that: (1) wheelset rotational inertia needs
to be considered in LTD models to achieve matched results with the
2D train model; (2) in most cases, simulated coupler forces from the
2D train model are slightly lower than those from the LTDmodel; (3)
duringminimum service brake and full-service brake, the differences
of simulated coupler forces between the two models are lower than
100 kN; and (4) during emergency brake, a maximum difference of
266 kNwas simulated,which accounts for 35%of themaximum force
simulated by the LTD model.
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1. Introduction

Railway train brakes in this paper refer to the most widely used wheel-rail frictional brakes
[1–3]; magnetic rail brakes [4] and aerodynamic brakes [5] are not covered. As heavy haul
trains have a more complicated braking process than short freight trains and passenger
trains, the discussions in this paper will focus on long heavy haul trains. However, themod-
elling and simulation methods presented in this paper can also be applied for short freight
trains and passenger trains. The wheel-rail frictional braking process involves the gener-
ation of creepage and frictional forces at wheel-rail interfaces. When brakes are applied
during train operations, a certain mechanism is used to reduce the rotational speed of
wheels. The mechanism can be pneumatically activated brake shoes (for tread braking) or
brake clamps (for disk braking). For locomotives’ dynamic braking (DB), the mechanism
can also be traction motors. When the circumferential speed of a wheel is different from
its translational speed, creepage is generated at the wheel-rail interface. And the creepage
is calculated as the ratio of that speed difference over the translational speed. As explained
in [6], a creepage value corresponds to a certain coefficient of adhesion that depends on
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actual wheel-rail friction conditions which can be quite variable over time at a particular
location. The coefficient of adhesion can be perceived as the actual coefficient of friction
for the generation of frictional forces in the wheel-rail interface. Therefore, a brake force is
the product of the coefficient of adhesion and the normal wheel-rail contact force.

Conventionally, train braking simulations were conducted under the topic of longitu-
dinal train dynamics (LTD) [7–16]. In LTD, all vehicles are simplified as rigid bodies with
single Degrees of Freedom (DOFs).Wheel-rail contacts are neglected and only the longitu-
dinal translationDOF is considered for each vehicle. This simplification is mainly imposed
by the limitation of computing power, as the computing time will become impractically
long if wheel-rail contacts and other modelling details are considered for all vehicles. As
discussed previously, the generation of brake forces involves creepage and normal contact
force at the wheel-rail interface. The simplifications in LTD cannot address many issues
that include: (1) wagon pitch and bogie pitch that alter the normal forces at wheel-rail inter-
faces and then further alter the brake forces; (2) wagon dynamics, for example, the jerks of
the carbody can alter the creepage at wheel-rail interfaces and then further alter the brake
forces; and (3) frictional forces generated by brake shoes are usually used as brake forces in
LTD, however, brake shoe frictional forces can be different fromwheel-rail frictional forces
that are the true brake forces experienced by the wagon.

Reference [17] has introduced a parallel computing technique into long train system
dynamics simulations, which can lift the limitation of computing time and enable long
train simulations with the consideration of wheel-rail contact. This paper uses the par-
allel computing technique to develop a faster two-dimensional (2D) long train system
dynamics model with the consideration of wheel-rail adhesion. Train braking simulations
for different braking scenarios are conducted using the 2D train model; the results are
compared with those of conventional LTD simulations. The next section of this paper
introduces conventional LTDmodellingmethods; Section 3 describes the 2Dwagonmodel
used in this paper; Sections 4 and 5 present the parallel computing scheme and simulation
results respectively. Section 6 summarises the computing speeds of the simulations. Dis-
cussion and conclusion are presented in Section 7. An appendix is provided for key model
parameters.

2. Conventional LTDmodelling

As described previously, conventional LTD considers a single longitudinal DOF for each
vehicle of the train, and the Equation of Motion can be expressed as

mta = Fc1 + Fc2 + Ft + Fdb + Fab + Fpr + Fcr + FG (1)

wheremt is the total mass of the vehicle; a is the acceleration; Fc1 is the front coupler force;
Fc2 is the rear coupler force; Ft is the traction force; Fdb is DB force; Fab is the air brake
force; Fpr is the propulsion resistance force; Fcr is the curving resistance force; and FG is
the gravitational component. Note that traction forces and DB forces are only available
from locomotives. Curved track will not be considered in this paper; therefore, this section
presents models for air brake forces, coupler forces, propulsion resistance and gravitational
components.

A number of different railway air brake models have been reported in the literature
[18–25]. The air brake model used in this paper is an empirical model based on measured
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Figure 1. Cubical spline interpolations of experimental data.

data as shown in Figure 1. The brake system is a conventional automatic air brake sys-
tem; Electronically Controlled Pneumatic (ECP) brake systems [26] are not studied in
this paper. ECP brake systems can minimise brake delays in long trains and can signifi-
cantly improve train dynamics and enhance train driving controls. In Figure 1, ‘pressure
reduction’ refers to the brake control signal, i.e. the final pressure reduction in the brake
pipe. ‘Cylinder pressure’ refers to the brake cylinder pressure when it has reached its max-
imum steady value. The two-wave speeds refer to their pressure wave propagation speeds
in the brake pipe. This figure summarises experimental data from five brake cases in which
pressure reductions were: 50 kPa (minimum brake), 70, 100, 140, and 170 kPa (full-service
brake). The emergency brake case has also been considered in the model, having the same
steady-state cylinder pressure as the full-service brake application but at a faster brakewave
speed (250 m/s).

The ascending processes of cylinder pressures during brake applications were approxi-
mated using the exponential function

Pb,i = Pm,i + (Ps − Pm,i){1 − exp[−βb,i(t − td,i)]}(Pm,i ≤ Pb,i ≤ Ps) (2)

where t is time; Pb,i is the brake cylinder pressure of the ith wagon at the current time-
step; Ps is the maximum steady cylinder pressure; td,i is the brake delay; Pm,i is the brake
cylinder pressure of the ith wagon when the brake signal has most recently changed; and
βb,i is a parameter used to control the brake pressure ascending rates for different wagon
positions. Having determined brake cylinder pressure, it can be converted to the pressing
force of the brake shoes by simply multiplying by a coefficient that is related to cylinder
diameter and brake rigging. Then the brake shoe pressing force can be converted to brake
force by multiplying by the brake shoe coefficient of friction that is given by

μb = 0.322
vkmh + 150
2vkmh + 150

(3)

where μb is the coefficient of friction for the brake shoe and vkm is the speed of the vehicle
in km/h.

Many different draft gear models have been reported in the literature [27–31]. The
model used in this paper has the structure shown in Figure 2 and can be expressed as

Fc = Fstanφ/(tanφ ± μ) (4)

where Fc is the draft gear force; Fs is the spring force; φ is the wedge angle; and μ is the
coefficient of friction. More details of this draft gear model can be found in [32].
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Figure 2. Draft gear model.

The propulsion resistance is simulated by using the empirical formula

ωpr = 0.92 + 0.0048vkmh + 0.000125v2kmh (5)

whereωpr is the resistance coefficient and vkm is the speed of the vehicle in km/h. Using this
formula, the final resistance force is determined by multiplying the weight of the vehicle
in kilo-newtons with the resistance coefficient. In terms of the gravitational component,
it is simply modelled as the longitudinal component of the vehicle’s gravitational force. In
otherwords, it equals the product of the gradient of the trackmultiplied by the gravitational
force.

3. 2d wagonmodelling

The simulated wagon is an iron ore wagon with three-piece bogies and has the axle-
load of 40 tonnes. The model consists of four wheelsets, two bogie frames, two bolsters,
and a carbody. All model components consider the DoFs in the longitudinal-vertical
plane, therefore having 27 DoFs in total. This section describes the wheel-rail contact
model and wedge suspension model that were used for this study. Model validation
against the results of a commercial software package called GENSYS [33] is also pre-
sented.

Thewheel-rail contactmodel considers wheel-rail interfaces in the longitudinal-vertical
plane. It uses a spring-damper force combination to determine normal contact forces. Then
Hertz theory [6] is used to determine the contact patch geometry. Due to the simplification
of the 2D model, constant contact curvatures are used for wheels and rails at the contact
points. In other words, the wheelsets are assumed to be always centred on the track. Having
determined normal contact forces and contact geometries, the Polachmodel [34] is used to
determine the tangential forces. Figure 3 shows an example of the adhesion characteristics
obtained using the wheel-rail contact model.

Many different wedge suspension models are available in the open literature [35–40].
The model used in this paper has the structure shown in Figure 4 and can be
expressed as

⎡
⎣FN1
FN2
z̈b

⎤
⎦

⎡
⎢⎢⎢⎣

cos(γ ) − μ1sgn(żb)sin(γ ) −cos(α) − μ2sgn(żb)sin(α) −mw
sin(α)sin(γ )

sin(α + γ )

−sin(γ ) − μ1sgn(żb)sin(γ ) −sin(α) + μ2sgn(żb)cos(α) −mw
sin(α)sin(γ )

sin(α + γ )
0 sin(α) − μ2sgn(żb)cos(α) −mb

⎤
⎥⎥⎥⎦

=
⎡
⎣ 0

Gw − Fkw
Gb − Fkb − Fcp

⎤
⎦ (6)
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Figure 3. Simulated adhesion characteristics.

Figure 4. Wedge suspension system for three-piece bogies.

where FN1 is the normal force between side frame and wedge; FN2 is the normal force
between wedge and bolster; zb is the vertical displacement of bolster; γ is the toe angle or
the vertical inclination angle of the wedge-side frame contact surface; μ1 is the coefficient
of friction on wedge-side frame contact surface; α is the wedge angle; μ2 is the coefficient
of friction on wedge-bolster contact surface;mw is the wedge mass;mb is the bolster mass;
Gw is the weight of the wedge;Gb is the weight of the bolster; Fkb is the bolster spring force;
Fcp is the centre plate force; and Fkw is the wedge spring force. This model is based on [41]
and was developed in [42]. It has considered the dynamics characteristics and relevant
geometries of all components of the wedge suspension system.

Validation simulations were conducted using the 2D wagon model developed in this
paper and a 3D wagon model developed in GENSYS [33]. Two models were based on the
same wagon and shared the same parameters or equivalent parameters. Prior to this paper,
the GENSYS wagon model has been validated through various projects. The simulation
case is a vehicle testing procedure specified in Australian standards [43,44], which uses a
track dip that can be expressed as

zd(x) = H
2

[
1 − cos

(
2πx
L

)]
(7)

where zd is the depth of the dip; x is the distance from the starting point of the dip; H is
the maximum depth of the dip; L is the base length of the dip. According to [44], H and
L were chosen to be 0.0512 and 10m respectively in this study. During the simulations,
the wagon models were set to negotiate the dip at the speed of 60 km/h. The simulations
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Figure 5. Model validations: (a) vertical wheel-rail contact forces, and (b) sideframe and carbody pitch
angles.

Figure 6. Parallel computing scheme.

indicate that the results of these two models had a very good agreement. Figure 5 shows
the vertical contact forces of a wheel from the first wheelset and the pitch angle of the side
frame and carbody. It can be seen that both models have very good agreement in terms of
result magnitudes and time history patterns.

4. Parallel computing scheme

This section first introduces the method of combining the LTD model and 2D wagon
models to develop the 2D train model. A parallel computing scheme is then introduced
to enable the simulation of the 2D train model.

4.1. Integration of LTDmodel andwagonmodel

As stated previously, force components that are considered in LTD are coupler forces,
traction forces, DB forces, air brake forces, propulsion resistance, curving resistance and
gravitation components. In this paper, the simulation cases are all for a train braking on
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tangent track, therefore traction forces, DB forces and curving resistance can be neglected.
To integrate an LTD model and 2D wagon models, the draft gear model that is used in
LTD can also be used in the wagon models. Coupler forces that are used in LTD can be
directly attached to the ends of carbodies in 2D wagon models. Due to the complexity
of air brake models, air brakes in 2D wagon models are simulated using look-up table
models. The specific procedures are: (1) using the LTD model to simulate the air brake
system for specific train configurations and specific braking scenarios; (2) save the brake
cylinder pressures of each individual wagon at intervals of every 0.01 second; (3) at the
start of the wagon simulations, each wagon model reads its own brake cylinder pressure
time series from the saved file; and (4) during wagon simulations, wagon models interpo-
late brake cylinder pressures from the cylinder pressure time series. Having determined
brake cylinder pressures, the pressures need to be converted to brake shoe friction forces
and eventually to braking torques. The torques are then applied to individual wheelsets.
Regarding the propulsion resistance, the empirical formula used in this paper has three
items as expressed by Equation (4). The first two items represent resistance forces that are
generated from wheel-rail interfaces while the third term represents air drags. Therefore,
in wagonmodels, the formula needs to be broken down. Specifically, the first two terms are
calculated and the resulting forces are distributed to four wheelsets as the brake forces. The
third term is calculated and only attached to the carbody. Finally, the processing of gravita-
tional components is straightforward, these being the products of component weight and
track gradient. In this way, a 2D train model can be developed with the consideration of
all force components that are also considered in conventional LTD simulations.

4.2. Computing scheme

The main reason for the single DoF simplification in conventional LTD is the computa-
tional requirement. This paper uses parallel computing [45,46] to improve the computing
speed of the 2D train model and eventually enable the simulations. The parallel comput-
ing scheme is shown in Figure 6. Assuming that there are n vehicles in the train, then
n+ 1 computer cores (Core 0 to Core n) are needed. Among all the computer cores, Core
0 is assigned as the master core whilst all other cores are used as slave cores. The com-
munications among the computer cores are facilitated using the Message Passing Interface
technique. To start the simulation, the master core sends out the initialised parameters
(in-train forces) to all slave cores. Having received these parameters, the slave cores can
start their individual dynamics simulations in parallel. Once a slave core has finished its
simulation for the current time-step, it needs to send back the vehicle position and veloc-
ity. Having gathered the results from slave cores, the master core is able to determine the
in-train forces that can be sent to the slave cores for the simulations of the next time-
step. In this paper, parallel computing is enabled by using the Message Passing Interface
technique [47].

5. Train braking simulations

Braking simulations are conducted for a train with the configuration of 1 locomotive+ 120
wagons+ 1 locomotive+ 120 wagons. All wagons have four axles and 40 tonnes of axle-
load; they are simulated with the model described in Section 3. As only braking scenarios
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are studied in this paper, locomotives are replaced by wagon models. This model treat-
ment is reasonable as, during train air braking, locomotive independent air brakes are
usually deactivated and will not influence any conclusions that are reached in this paper.
The air brake system has an End-of-Train device and measured characteristics are shown
in Figure 1. Wagons are arranged as wagon pairs with every two wagons connected using
draw-bars whilst the wagon pairs are then connected using couplers. Coupler slacks are
set uniformly as 10 mm. Three braking scenarios are simulated in this paper: emergency
brake, full-service brake (pipe pressure reduction 170 kPa) andminimumbrake (pipe pres-
sure reduction 50kPa). All braking scenarios have initial train speeds of 80 km/h and air
brakes are initiated at the 2nd second of the simulation time. For the minimum air brake
case, a 0.5% down track gradient is considered and a brake release is simulated at the 70th
second. The total simulated operation times are 70, 90 and 150 seconds for the emergency
brake, full brake and minimum brake cases respectively.

Figure 7 shows the simulated brake cylinder pressures during the emergency brake
whilst Figure 8 shows the simulated train speeds. In Figure 8, the ‘LTD model without
rotational inertia’ is the model described in Section 2 whilst the ‘2D train model’ is the
train model described in Section 4. It can be seen that the simulated train speeds by these
two models have evident differences. Table 1 lists the simulated train speeds at the very
last time-steps of the simulations. During the emergency braking simulations, the 2D train
model reports a speed of 9.94 km/hwhilst the LTDmodel without rotational inertia reports
a speed of 3.97 km/h. Further investigations indicate that the difference has resulted from
the rotational inertia of the wheelsets [48–50].

Figure 7. Simulated brake cylinder pressures (emergency)

Figure 8. Simulated train speeds (emergency).
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Table 1. Simulated train speeds at the last time-step.

Emergency brake Full brake Minimum brake

LTD without rotational inertia 3.97 km/h 1.05 km/h 77.29 km/h
LTD with rotational inertia 9.86 km/h 7.20 km/h 77.45 km/h
2D train model 9.94 km/h 7.18 km/h 77.42 km/h

Figure 9. Simulated brake forces at Wagon 100 (emergency)

The influence of rotational inertia is easy to understand, as the kinetic energy of a wagon
is accommodated by mainly two parts: the translational motions of all wagon components
and the rotational motions of the rotational components, i.e. the wheelsets. During accel-
erations and decelerations, part of the energy intake will be used to change the rotational
motions. This phenomenon can be directly simulated by using the 2D trainmodel. Figure 9
shows the simulated brake forces on a brake shoe and on a wheel ofWagon 100 of the train.
The brake force on a brake shoe is calculated using the brake model described in Section
2 whilst the brake force on a wheel is the longitudinal creep force from the wheel-rail con-
tact model. It can be seen that the steady brake force on a wheel is obviously lower than
that on a brake shoe. The difference between those two forces is used to generate rotational
decelerations, i.e. the influence of rotational inertia.

Although LTD cannot simulate the rotational inertia of wheelsets directly, it can
simulate the influence of rotational inertia by using the Equivalent Rotational Mass

me = J/r2 (8)

where me is the Equivalent Rotation Mass; J is the rotational inertia of the wheelset; r
is the radius of the wheel. The concept of the Equivalent Rotation Mass is by adding an
additional mass to the wagon and replacing the rotational kinetic energy of wheelsets with
translational kinetic energy. Note that the Equivalent RotationMass should not be used for
calculation of resistance force and gravitational components as they are not actual mass.
The simulated train speed with the consideration of Equivalent RotationMass is presented
in Figure 8 as ‘LTD model with rotational inertia’; corresponding speed results are also
summarised in Table 1. It can be seen that, with the consideration of rotational inertia,
the LTD model can produce well-matched results with the 2D train model. For this same
reason, the following LTD results presented in this paper all have considered rotational
inertia.

Figure 10 presents the simulated maximum coupler forces at all coupler positions of
the train. It can be seen that, in most cases, simulated maximum coupler forces by the 2D
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Figure 10. Simulated maximum coupler forces: (a) emergency brake, (b) full brake, and (c) minimum
brake

train model are slightly lower than those simulated by the LTDmodel. This is understand-
able as the detailed wagon models provide extra damping to the train system. However,
the resulting differences in the full brake and minimum brake cases are not significant;
the maximum differences between the results of the two models were lower than 100 kN.
In Figure 10(a), i.e. the emergency brake case, some evident differences between the
results of these two models are noticed. Coupler forces from Coupler 99 to Coupler 116
have recorded tensile force differences greater than 200 kN. The maximum difference is
recorded on Coupler 105, being 266 kN and 35% of the maximum force simulated by the
LTD model.

To further examine the coupler force differences, simulated coupler forces at Coupler
105 are plotted in Figure 11. It can be seen that, before the 20th second, simulated coupler
forces using the two different models were well-matched. Minor differences are recorded



1236 Q. WU ET AL.

Figure 11. Simulated coupler force at Coupler 105 (emergency)

Table 2. Summary of computing time.

Cases
Train operation

time Total CPU time Wall-time
Computing

speed Speed-up

Emergency 70 s 01:11:24 00:04:32 3.9 15.8
Full brake 90 s 00:48:12 00:06:04 4.0 7.95
Minimum brake 150 s 01:35:23 00:11:59 4.8 7.96

near the 22nd second and 60th second. The major difference occurred near the 35th sec-
ond when the coupler force simulated by the 2D train model showed an impact, but then
remained steady after the 35th second. However, the coupler force simulated by the LTD
model had a second increase after the impact. A large force occurred at the 35th second,
being −750 kN. In the meantime, the maximum tensile force simulated by the 2D train
model was only −484 kN.

6. Computing time summary

Simulations in this paper used theHigh-PerformanceComputing (HPC) system inCentral
Queensland University (CQU) [51], Australia. Each simulation used 243 computer cores
and 486 GB of memory. Simulations were solved using the explicit Newmark method [52]
with the step size of 1 millisecond. The results were saved every 10 milliseconds. Table 2
summarises the computing time of the simulation. In the table, ‘Total CPU time’ indicates
the sum of CPU usages from all computer cores; ‘Wall-time’ indicates the total comput-
ing time used in the real world; ‘Computing speed’ indicates how many times slower the
simulations are compared with real-time; and the ‘Speed-up’ indicates the ratio of total
CPU time over wall-time. It can be seen that the computer system has reported irregular
computing time. Specifically, the train operation times for emergency brake, full brake, and
minimumbrake are 70, 90 and 150 seconds respectively, however, the total CPU times were
reported as 77, 48 and 95 minutes respectively. Other irregular patterns are also noticed in
the results of wall-time, computing speed and speed-up. Table 2 also shows that the parallel
computing achieved very low speed-ups; with 243 computer cores, three simulation cases
only achieved speed-ups of about 15.8, 7.95 and 7.96 times.

Twomain reasons have been identified for irregular computing time and low speed-ups.
First, the 2D wagon model used in this paper is a simple and fast model; the computing
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speed of a single wagonmodel is more than 10 times faster than real-time. Low computing
loads in slave computer cores enlarge the portion of communication cost during parallel
computing. In other words, a big portion of the wall-time was used by communications
among different computer cores rather than computing of the wagon models. This state-
ment is supported by the fact that, when simulated train operation time increased, the
total CPU time did not show linear increases. This also explains the low speed-ups. The
second reason is that a big number of computer cores are used for each simulation. These
computer cores have to be assembled from different nodes that have different computing
performance. The HPC system in CQU has gone through several stages of upgrades in the
last decade; there are a mixture of different computer nodes in the system. The simula-
tions presented in this paper were conducted at different times; computer cores that were
assembled for each simulation can be different.

7. Discussion and conclusion

Braking is a critical part of train operations; relevant studies are of great engineering and
research value. Conventionally, train braking simulations are conducted under the topic of
LTDwhich simplifies each vehicle of the train as a single DoF rigid body. Due to the nature
of brake force generation, train braking simulations with the consideration of wheel-rail
adhesion provide a better solution than conventional LTD simulations.

This paper integrates a 2D wagon model that has considered wedge suspension and
wheel-rail contact into a conventional LTDmodel that has considered draft gear, air brake
and various other force components. A 2D train model was developed and solved using a
parallel computing technique called Message Passing Interface.

A trainwith the configuration of 1 locomotive+ 120wagons+ 1 locomotive+ 120wag-
ons was simulated in three different braking scenarios: emergency brake, full-service brake
and minimum service brake. The same simulations were also conducted using an LTD
model and the results are compared with those of the 2D train model. The comparisons
indicate that: (1) wheelset rotational inertia needs to be considered in LTD models to
achieve matched results with the 2D train model; (2) in most cases, simulated coupler
forces from the 2D train model are slightly lower than those from the LTD model; (3)
during minimum service brake and full-service brake, the differences of simulated coupler
forces between the two models are lower than 100 kN; and (4) during emergency brake, a
maximum difference of 266 kN was simulated, which accounts for 35% of the maximum
force simulated by the LTD model.

Parallel computing is the key enabling technique for the 2D train braking simulations.
It does not just improve the computing speed of the simulations, but also simplifies the
modelling process and cuts down the number of DoFs that need to be directly modelled.

The 2D train model has some limitations as well. First, it cannot be used for curve
negotiation simulations which require three-dimensional wagons. Second, the air brake
model used in this paper is based on the look-up table method, which lacks modelling
flexibilities; different braking scenarios need different look-up tables. However, the model
provides potential for other applications such as fast estimation of wheel-rail wear in the
train operational environment and assessment of brake forces that are generated on railway
infrastructure from heavy haul trains.
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Appendix: Model key parameters.

Parameter Value

Wagon axle load 40 tonnes
Wheelset mass 1731.8 kg
Wheelset pitch inertia 679 kgm2

Sideframe mass 1665.5 kg
Sideframe pitch inertia 416.4 kgm2

Bolster mass 1103.9 kg
Bolster pitch inertia 40.3 kgm2

Carbody mass 147,599.8 kg
Carbody pitch inertia 1,229,545.83 kgm2

Wedge mass 6 kg
Bogie spacing (half ) 3.4825m
Wheelset spacing (half ) 0.975m
Wheel radius 0.485 m
Wheel/rail contact (stiffness, damping) 6.0E5 kN/m, 10 kNs/m
Rubber pad of adaptor(stiffness, damping) 3.0E4 kN/m, 70 kNs/m
Centre plate contact (stiffness, damping) 4.0E5 kN/m, 10 kNs/m
Inner suspension spring stiffness 566 kN/m
Bolster outer spring stiffness 1590 kN/m
Wedge outer spring stiffness 983 kN/m
Suspension stage I travel 0.022m
Suspension stage 2 travel 0.052m
Upper clearance (see Figure 5) 0.008m
Solid suspension spring stiffness 4.0E5 kN/m
Toe angle (toe-out) 2.5°
Bolster angle 40.0°
Coefficients of friction for suspension (static, kinetic) 0.23, 0.20
Wheel-rail contact static friction 0.4
Wheel-rail contact Poisson ratio 0.33
Wheel-rail contact shear strength 8.4 E10 N/m2

Wheel-rail contact Young’s modulus 2.08E11 N/m
Wheel lateral radius 0.1952m
Rail lateral radius 0.08m
Coupler slack 10mm
Draft gear wedge angel 22°
Draft gear static friction 0.33
Draft gear kinetic friction 0.05
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