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Abstract The present paper shows the development of a
strategy for the calculation of the air brake forces of
European freight trains. The model is built to upgrade the
existing Politecnico di Torino longitudinal train dynamics
(LTD) code LTDPoliTo, which was originally unable to
account for air brake forces. The proposed model uses an
empirical exponential function to calculate the air brake
forces during the simulation, while the maximum normal
force on the brake friction elements is calculated according
to the indication of the vehicle braked weight percentage.
Hence, the model does not require to simulate in detail the
fluid dynamics in the brake pipe nor to precisely know the
main parameters of the braking system mounted on each
vehicle. The model parameters are tuned to minimize the
difference between the braking distance computed by the
LTDPoliTo code and the value prescribed by the UIC
544-1 leaflet in emergency braking operations. Simulations
are run for different configurations of freight train com-
positions including a variable number of Shimmns wagons
trailed by an E402B locomotive at the head of the train, as
suggested in a reference literature paper. The results of the
proposed method are in good agreement with the target
braking distances calculated according to the international
rules.
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1 Introduction

The calculation of the in-train forces is of great interest in
braking operations, whereby large compressive forces can
arise on the coupling elements, thus increasing the derail-
ment risk. Currently, the calculation of the in-train forces is
commonly carried out relying on longitudinal train
dynamics (LTD) simulators [1, 2], which typically model
the train consist as a system of lumped masses, corre-
sponding to the vehicles, connected to each other by means
of nonlinear elements, which feature the nonlinear impe-
dance characteristics of the coupling elements [3-5].
Hence, common LTD simulators only model the longitu-
dinal degree of freedom (DOF) of each vehicle in the train
composition, and the effect of curves and grades is con-
sidered by adding equivalent forces applied in the longi-
tudinal direction.

The authors’ research group developed in past activities
the in-house MATLAB LTDPoliTo code [6-8], which was
validated on the simulation scenarios proposed in the
context of the international benchmark of LTD simulators
[9, 10] (“the benchmark” in the rest of the paper). How-
ever, the LTDPoliTo code in its original form does not
consider the braking forces due to the air brake system, as
the air brake forces were outside the scope of the bench-
mark and only dynamic braking forces provided by the
locomotives were considered. Nonetheless, to improve the
modelling capabilities of the code, a module for the com-
putation of the air brake forces is an essential upgrade.

The recent review paper by Wu et al. [11] distinguishes
three main kinds of modelling strategies for the computa-
tion of the air brake forces, namely empirical, fluid-dy-
namics and fluid-empirical models.


http://orcid.org/0000-0002-5433-6365
http://orcid.org/0000-0002-2962-7873
http://orcid.org/0000-0002-9197-1966
http://crossmark.crossref.org/dialog/?doi=10.1007/s40534-022-00296-9&amp;domain=pdf
https://doi.org/10.1007/s40534-022-00296-9

A numerical method for the simulation of freight train emergency braking operations based on... 163

Clearly, models that simulate in detail the brake pipe
require higher computational efforts despite ensuring a
better accuracy, while empirical models guarantee a sim-
pler implementation in numerical codes and allow to obtain
the fastest simulation times. In fact, models that calculate
the brake pipe pressure along the train, like the UIC-ap-
proved TrainDy code [12, 13], must solve the fluid-dy-
namics partial derivative differential equations (continuity,
momentum and possibly energy balance equations), which
require a high computational load and the implementation
of proper methods, with the finite element and finite dif-
ference methods, together with the method of characteris-
tics, being the most common ones according to the in-depth
review by Wu et al. [11]. Therefore, fluid-dynamics and
fluid-empirical models may require numerical solvers and
integration time steps completely different from the ones
needed for the LTD simulations, so that the development of
complex parallel computing and co-simulation techniques
[14, 15] may be crucial to ensure reasonable computational
times. To simplify the model of the air brake pipe, a pos-
sible approach is the development of lumped models [16],
in which the partial derivative differential equations are
replaced by ordinary differential equations. Nonetheless,
the computational effort required by the calculation of the
pressure in each node of the air brake pipe can still be the
bottleneck of the simulation. Moreover, for lumped mod-
els, a crucial issue is the identification of the values of the
lumped parameters.

Therefore, as a big point of merit of the original
LTDPoliTo code is its computational efficiency, it is the
authors’ belief that the best option to upgrade the code is
the development of an empirical model, in which the time
history of the brake block forces is calculated with a
heuristic equation. Nonetheless, common empirical models
may require the knowledge of several parameters of the
train brake system, such as the brake cylinder diameter, the
brake cylinder spring return force and the brake rigging
ratios. Therefore, in this work, the authors propose a new
approach for the simulation of the braking operations of
freight trains equipped with the UIC brake. The main
novelty of this method lies in the computation of the
braking force, which is performed based on the indication
of the wagon braking weight percentage, as prescribed by
the UIC 544-1 leaflet [17]. In the present paper, emergency
braking simulations are run to tune and validate the model,
since the UIC leaflets prescribe the braking distance as a
function of the braked weight for emergency braking
operations in P position. Nonetheless, the proposed method
can be easily extended to other braking regimes and
operations, as long as a proper set of model coefficients,
different from the one adopted for emergency operations, is
identified.
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Scholars from Politecnico di Milano (PoliMi) [16, 18]
introduced a similar approach that considers the wagon
deceleration as proportional to the braked weight percent-
age, with a proportionality term determined from numeri-
cal tests on the data given in the UIC 544-1 leaflet.
Nonetheless, in the PoliMi model the brake pipe pressure is
determined via a lumped model, based on the fluid-dy-
namics equations. On the other hand, the method proposed
in the present paper relates the maximum value of the total
force on all brake blocks to the wagon braked weight, but
the instantaneous force is calculated in each time step with
an empirical exponential function.

The paper is organized as follows. The next section
describes in detail the modelling approach, and then, the
results of preliminary simulations run to assess the mod-
elling capabilities of the proposed strategy are shown.
Finally, the paper is closed with conclusions and a dis-
cussion on possible future activities to improve the model.

2 Model description

The present section shows in detail the LTD model
implemented in the original MATLAB LTDPoliTo code as
well as the new method for the computation of the air brake
forces, based on the indications of the UIC 544-1 leaflet.
Moreover, in this section, focus is also given to the simu-
lated scenario selected for the validation of the proposed
approach, highlighting the main properties of the vehicles
considered in the simulations.

2.1 LTD model

As most LTD simulators do, the LTDPoliTo code models
the train consist only considering the longitudinal DOF of
each wagon in the train consist. Hence, the LTDPoliTo
code solves a system of ordinary differential equations
(ODEs) in the form of Eq. (1):

pinMv).C.:Fc,f_Fc,r"_Ft/DB_Fair_Ford_Fg_Fcrva

(1)

where M, is the vehicle mass; p;, is the inertia factor,
accounting for the inertia of the rotating masses, which is
set to 1.04 and 1.15 for wagons and locomotives, respec-
tively; X is the vehicle acceleration; F ¢ and F., are the
forces on the front and rear coupling elements, respec-
tively; Fypg is the force due to traction and dynamic
braking, which is zero for non-powered vehicles; Fq is the
resistant force due to rolling resistances and aerodynamic
drag; F is the force due to track grade; F,, is the curving
resistance; and finally F;, is the air brake force. Please note
that the in-train force on the front coupler of the leading
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vehicle and the force of the rear coupler on the tail end
wagon are zero.

Obviously, since the goal of the present paper is the
definition of a simplified method for the calculation of the
air brake forces, the simulated scenarios only include
straight level sections, hence the contributions due to
gravity and curves are zero on all vehicles. At the same
time, forces due to traction/dynamic braking are zero on
powered vehicles, as the simulations are only limited to
braking operations in which the braking effort is provided
by the air brake system, and no contribution is given by
dynamic braking.

Several expressions are used in the literature for the
calculation of the ordinary resistant forces [19]. In the
present work, the expression suggested in the international
benchmark of LTD simulators is adopted, since it features
an explicit dependency on the number of vehicle axles and
on the axle load, see Eq. (2):

M, 89.2 0.122V?

(2)

where Q. is the axle load (t), V is the vehicle speed (km/h)
and N, is the number of axles.

In the LTDPoliTo code, the forces on the coupling
elements are computed from fixed look-up tables (LUTs),
which store the loading and unloading curves of the
impedance characteristic as a function of the coupler
deflection. A big advantage of the LUT approach, com-
pared to other strategies witnessed in the literature [5], is
that it can be easily adapted to manage both the European
buffer—hook system and the automatic coupler adopted in
the rest of the world. To avoid numerical instabilities, a
smoothing transition is prescribed between the two curves
when the deflection speed is below a fixed threshold, as
suggested by Zhang et al. [20], see Eq. (3):

Finally, the air brake forces are computed according to
the new proposed method, which is described in detail in
the following subsection.

2.2 Computation of the air brake forces

The proposed model for the computation of the air brake
forces on European freight trains is based on the pre-
scriptions of the UIC 544-1 leaflet, which is the UIC leaflet
for the computation of the braking power of railway
vehicles. In fact, the leaflet provides an expression that
relates the braked weight of railway wagons to the sum of
all brake block forces, see Eq. (4):

k3 Fap
g )

B 4)
where the same symbols as in the UIC 544-1 leaflet are
used: B is the wagon braked weight (t), Zden is the sum
of all brake block forces (kN), g is gravity and finally k is a
parameter which depends on the block configuration and
on the force on each block Fyy,, see Fig. 1, which also
highlights the dependency of the braked weight on the
brake block force for both Bgu and Bg configurations.
Equation (1) is valid only for wagons with maximum speed
below 120 km/h and maximum axle load of 22.5t,
equipped with brake shoes made of P10 cast iron and
featuring a wheel diameter in the range 920-1000 mm.
According to the UIC 544-1 leaflet, the expression stated
by Eq. (4) shall be used to estimate the braked weight of
railway wagons once the sum of all brake block forces is
calculated, starting from the knowledge of the main air
brake system parameters. Conversely, the idea of the pro-
posed method is to use Eq. (4) to compute the sum of all
brake block forces starting from the knowledge of the
braked weight. Clearly, as the k factor is a nonlinear
function of the brake block force, a closed-form solution is
impossible, and an iterative scheme is needed.

|AX| > v (Loading)
|AX| > v (Unloading) 3)
|A)5 | <V

where F, is the force on the coupling element, Ax is the
deflection of the coupling element, Ax is the deflection
speed of the coupling element, F| and Fy are the forces
corresponding to the loading and unloading curves,
respectively, and vy, is the threshold speed.

@ Springer

The force computed in this way can be considered as the
maximum brake block force applied during emergency
braking operations, which corresponds to the maximum
applied brake cylinder pressure. Nonetheless, when a
braking operation is started, the pressure clearly does not
immediately reach its maximum value and also delays

Rail. Eng. Science (2023) 31(2):162-171
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Fig. 1 k parameter (black) and braked weight (red) for Bg and Bgu
block configurations as a function of the force on the brake block

along the train length exist. Therefore, to account for such
delays, an empirical exponential function is introduced, see

Eq. (5):

(1=tapp—ter)

Fpo(t) = IOOOZden . |:1 e

(5)

where Fg o is the total force on all brake blocks (N), ¢ is
time, #,p, accounts for the delay between the beginning of
the braking operation and the time instant in which the
pressure in the brake cylinder starts to increase, fqq
accounts for the delay between the leading locomotive and
the other wagons, t is the model time constant, which
modifies the gradient of the force rise, and finally H is step
function which is zero when its argument is negative, and
otherwise it returns 1. Figure 2 qualitatively shows the
evolution of the total brake block force on the head wagon
and on a remote wagon, highlighting the time delays 7,
and t4 introduced in Eq. (5). Please note that the term
“remote” wagon refers to any wagon in the train compo-
sition behind the head wagon. Clearly, as the distance of
the considered remote wagon from the train head increases,
the time delay #4., increases, too.

;

— Head wagon
—— Remote wagon

Total brake block force F ot

»
>

o Time

Fig. 2 Exponential heuristic function for the calculation of the brake
block forces
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:|H(t - tapp - tdel);

The delay on the jth vehicle can be related to the
propagation speed of the pressure drop wave in the brake
pipe V., see Eq. (6):

XN — Xj
el = ——, (6)

Vair

where xy is the position of the leading locomotive and x; is
the position of the jth vehicle.

On the other hand, the model time constant T can be
related to the brake cylinder filling time fg,, which is
prescribed by the UIC 540 leaflet [21] for brake positions P
and G, see Eq. (7):

Il
= . 7
" T2 ™

Once the total brake block force Fp i is calculated, the
air brake force F,;, can be computed according to Eq. (8):

Far = ,uBFB.toh (8)

where ug is the brake shoe friction coefficient. For cast-
iron shoes, the friction coefficient can be calculated
according to the Karwatzki’s equation as a function of
the force on each brake block Fgy, (kN) and of the running
speed V (km/h):

V +100

y 16/gFayn -+ 100
5V + 100

80/gFayn + 100

g = 0.6 9)

Of course, this strategy for the calculation of the air
brake forces relies on the assumption that a good adhesion
level is ensured at the wheel-rail interface, as most LTD
simulators are not able to consider degraded adhesion
conditions [22].

In conclusion, the proposed model allows to compute
the air brake force on freight wagons starting from the
indication of the braked weight of the wagon, with no need
for a detailed knowledge of the air brake system. The
model requires the tuning of three main parameters,
namely the depression wave propagation speed, the delay
due to the application of brake pressure and the brake
cylinder filling time.

Nonetheless, the main drawback of the proposed method
is that the strategy for the computation of the brake block
forces, based on Eq. (4), is only valid for freight wagons.
To solve this issue, in the present paper Eq. (4) is extended
to locomotives by identifying a constant value of the k pa-
rameter, which is searched via an optimization algorithm,
as shown in the following lines. This approach is similar to
the one adopted by Di Gialleonardo et al. [18], who sear-
ched for a constant coefficient to relate the braked weight
percentage to the braking deceleration of freight wagons.

Since locomotives are commonly equipped with brake
discs, which feature a more stable behaviour of the friction
coefficient, the friction coefficient is assumed as constant
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during the whole braking operation. Hence, once the sum
of the normal forces acting on the discs Fg o is obtained,
the braking force F,, on the locomotive is calculated
according to Eq. (10):

d
Fair = HUp d_DFB,tot = ,ueffFB,tob (]O)
w

where up is the brake disc friction coefficient, dp is the
brake disc effective diameter, d,, is the wheel diameter and
finally peg is the effective friction coefficient which
accounts for the ratio between the brake disc effective
diameter and the wheel diameter. The values of p.g and of
the k parameter for locomotives can be obtained by mini-
mizing the error between the braking distance prescribed
by the UIC 544-1 leaflet for isolated locomotives and the
braking distance calculated with a numerical integration for
different values of the initial speed. Please note that the
proposed model, based on the empirical exponential
expression given in Eq. (5), is developed for freight train
configurations in which the brake pipe is discharged from
the head locomotive and no radio signal is sent to remote
locomotives to activate the braking operation from several
vehicles. In fact, most European freight train configurations
perform the brake discharge only at the head locomotive.
To account for different train configurations, in which the
brake pipe is discharged from several vehicles along the
train composition, a different heuristic expression should
be identified, accounting for the more complex fluid-dy-
namic behaviour generated in such configurations.

In the next subsection, the simulation scenarios and the
main characteristics of the train compositions and vehicles
considered to tune and validate the model are described in
detail.

2.3 Case study

The method for the calculation of the air brake forces
described in the previous sections is validated in the pre-
sent paper in emergency braking operations, considering
the train compositions suggested by Pugi et al. [23]. The
model validation is performed with respect to the braking
distances prescribed by the UIC 544-1 leaflet when avail-
able and against the results given in Ref. [23] for all other
cases. The proposed approach can be also adapted to
consider non-emergency braking operations, as long as a
dedicated tuning of the model parameters for this kind of
operations is carried out. However, in this paper, the model
is validated in emergency braking operations, for which the
UIC 544-1 leaflet provides the values of the braking dis-
tances as a function of the braked weight. Future work will
deal with an extension of the model to consider service
braking operations.

@ Springer

The train compositions provided in Ref. [23] and con-
sidered in this paper always include a variable number of
Shimmns wagons trailed by a E402B locomotive. Cur-
rently, the E402B locomotive is only used in passenger
trains; however, in past years it was also adopted in freight
trains travelling between Italy and France. Therefore, in the
present paper the E402B locomotive is considered since the
main vehicle data are provided in Ref. [23].

As reported in Ref. [23], the Shimmns wagon has a
maximum axle load of 22.5 t and it is provided with a
double-stage empty-loaded device which adjusts the brak-
ing force according to the wagon loading condition.
Therefore, the braked weight percentage is not constant,
and it features a sharp transition near the changeover
weight of 48 t, due to the intervention of the empty-loaded
device, see Fig. 3. On the other hand, the E402B loco-
motive features a weight on rails of 89 t and a braked
weight of 79 t, which corresponds to a braked weight
percentage equal to approximately 90%.

The length of each Shimmns wagon is equal to 12.64 m,
while the length of the E402B locomotive is equal to
19.42 m. All wagons are connected by means of the typical
buffer—hook system adopted on European vehicles, with
buffers having an initial length of 620 mm and a maximum
stroke of 105 mm. The library of the LTDPoliTo code
includes an experimental LUT for the buffer—hook system,
but in this work, a new LUT is built starting from the buffer
and hook mechanical impedance characteristics plotted in
Ref. [23], see Fig. 4, in which negative forces and deflec-
tions correspond to compressive states (buff conditions),
while positive forces and deflections are relative to tensile
states (draft conditions).

3 Results

The present section shows the results of the validation of
the proposed model for the calculation of the braking dis-
tance of freight trains in emergency braking operations.

130
120
10}
100}
90
80+
70
60

50 o L L
20 50 60 70 80 90

Weight on rails (t)

Braked weight percentage (%)

Fig. 3 Braked weight percentage of the Shimmns wagon as a
function of the wagon weight on rails
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Fig. 4 Impedance characteristics of the coupling system considered
in the work by Pugi et al. [23]

The main model parameters are tuned on the simulation
scenarios presented in the research paper by Pugi et al. [23]
in which all vehicles are braked in position P. Ref. [23]
shows the results for different train compositions and for
two values of starting speed, i.e., 100 km/h and 50 km/h.
The model adopted in Ref. [23] is a fluid-dynamics model
that computes the pressure along the brake pipe and the
pressure in the brake cylinders according to the well-
known fluid-dynamics equations [24]. On the other hand,
with the method proposed in the present paper and
described in the previous section, the brake block force on
the Shimmns wagons is calculated by applying Eq. (4)
starting from the knowledge of the braked weight, while
the total normal force on the brake pads on the head
locomotive is obtained by still applying Eq. (4) after
identifying the constant value of the k factor for locomo-
tives and the effective friction coefficient for brake discs
via an optimization scheme. Please note that for the E402B
locomotive, the value of the sum of the air brake forces
calculated according to the simplified strategy proposed in
the paper is close to the actual value that can be obtained
starting from the main parameters of the air brake system.

Since different train configurations are considered in the
paper, the braked weight percentage of the train Ay, is
recalculated in each simulation scenario according to
Eq. (11):

B
/ltrain = kUlC Z Qf
v

where Y By is the sum of the braked weight of all wagons
on which a braking effort is applied, > Q, is the sum of the
weight on rails of all wagons in the train and finally kyc is
a correction factor which is equal to 1 when the train length
is below 500 m, while it is less than 1 for train lengths
above 500 m, as prescribed by the UIC 544-1 leaflet.

x 100, (11)
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In all simulations presented in the paper, the ODE sys-
tem described by Eq. (1) is solved with the LTDPoliTo
code by means of the ODEIS5s numerical integration
scheme for stiff systems directly available in MATLAB,
with specification of the Jacobian sparsity pattern and a
sampling time of 5 ms. The relative and absolute toler-
ances of the solver are set to 1 x 1077 and 1 x 10_8,
respectively, while the threshold speed value for the
management of the transition between the loading and
unloading curves describing the hysteretic behaviour of the
coupling elements, see Eq. (3), is set to 0.1 mm/s.

Tables 1 and 2 show the results of the simulations run
for the model parameter tuning, for initial speeds of
100 km/h and 50 km/h, respectively, highlighting the train
composition, the braked weight of the train Ay.,;,, computed
according to Eq. (11), the braking distance according to the
UIC 544-1 leaflet, the braking distance calculated by Pugi
et al. using the fluid-dynamics model of Universita di
Firenze (UniFi) and the braking distance calculated by the
Politecnico di Torino (PoliTo) research group using the
LTDPoliTo code. The last column of Tables 1 and 2 gives
the results in terms of the maximum in-train force in draft
and buff conditions, also specifying the coupler on which
the maximum force is recorded during the simulation.
Couplers are numbered in ascending order starting from the
first coupler behind the leading locomotive. The train
composition is defined for each simulation with a string in
the form of “N w (W t)”, where N indicates the number of
wagons in the train composition and W is the weight on
rails of the wagons (all wagons in the train composition
have the same axle load). As previously mentioned, all
train compositions include an E402B locomotive at the
head of the train, and the empty-loaded device is in “loa-
ded” positions on all wagons. Of course, for the simula-
tions run with an initial speed of 50 km/h, the braking
distance according to the UIC leaflet is not available, and
the corresponding column is filled with “NA”.

Figure 5 plots the normalized braking distance calcu-
lated in each simulation run to in this initial stage of the
model validation. The normalized braking distance is
obtained by setting in each simulation scenario the UIC
braking distance to 1. In simulations 7-12, run with initial
speed of 50 km/h, the UIC braking distance is not avail-
able, so the distance obtained by the UniFi researchers is
used as reference and set to 1.

As noticeable from Table 1 and Fig. 5, the results of the
LTDPoliTo code are closer to the braking distance pre-
scribed by the UIC 544-1 leaflet rather than to the outputs
of the fluid-dynamics model adopted in Ref. [23]. In fact,
during the validation process, the model parameters were
tuned to ensure braking distances as close as possible to the
UIC prescribed values. Table 3 presents the model
parameters identified in the model tuning process via a
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Table 1 Validation results for initial speed of 100 km/h

Simulation No. Train composition

Train braked weight Ay (%)

Braking distance (m) Fnax (kN)@Coupler position

UIC Pugi LTDPoliTo Draft Buff
1 10 w (80 t) 74.8 7323 617 698.5 85@1 50@7
2 16 w (50 t) 114.3 497.6 437 484.4 167@1 91@11
3 15 w (80 t) 74.3 736.9 625 701.7 9@l 84@10
4 24 w (50 t) 117.4 4942 449 485.4 171@1 143@15
5 20 w (80 1) 74.0 7393 635 705.3 90@1 114@13
6 32 w (50 t) 115.6 4925 465 489.1 171@1 205@21

Table 2 Validation results for initial speed of 50 km/h

Simulation No. Train composition

Train braked weight Ay (%)

Braking distance (m) Fiax (kN)@Coupler position

UIC Pugi LTDPoliTo Draft Buff
10w (80 t) 74.8 NA 136 162.0 86@1 59@7
16 w (50 t) 114.3 NA 100 119.0 167@1 104@11
15w (80 1) 74.3 NA 138 163.0 88@1 98@10
10 24 w (50 t) 117.4 NA 106 121.2 168@1 171@15
11 20 w (80 t) 74.0 NA 143 164.5 9l1@1 136@13
12 32w (50 1) 115.6 NA 115 124.0 195@5 252@22

[Juic [ruwi [FLTDPoliTo
T T T T T Tm_ 'm T

12

1.0F

0.6

Normalized braked distance

(=]

1 2 3 4 5 6 7 8 9 10 11 12
Simulation No.

Fig. 5 Results of the model validation

trial-and-error procedure. Table 1 and Fig. 5 also highlight
that the braking distance predicted by the UniFi fluid-dy-
namics model is always far below the braking distance pre-
scribed by the UIC 544-1 leaflet for the corresponding braked
weight percentage. Therefore, this also explains why in
simulation scenarios 7—12, the braking distance predicted by

Table 3 Model parameters identified via the trial-and-error procedure

the LTDPoliTo code is approximately 20% higher compared
to UniFi values, see Table 2 and Fig. 5. Nonetheless, the 20%
relative error is mainly due to the low values of braking
distance, since the initial speed is 50 km/h and hence a small
difference in the braking distance can lead to large relative
errors. On the other hand, in the simulations run from an
initial speed of 100 km/h, the maximum relative error
between the UIC braking distance and the one computed by
the LTDPoliTo code is below 5%.

Focusing on the maximum in-train forces given in
Tables 1 and 2, the maximum draft force is always recorded
at the head of the train composition, while the maximum buff
force is obtained slightly behind the middle of the train
composition, due to the propagation delay of the brake pipe
pressure drop along the train. Figure 6 shows the distribution
of the maximum in-train force on each coupling element
from the head to the tail of the train for both buff and draft
conditions, considering simulation scenario No. 6. Similar
trends are obtained for all other simulation scenarios and
hence they are not displayed in the paper.

Symbol Description Value
Lapp Delay between braking command and braking pressure rise in brake cylinders ls

Vair Speed of pressure wave 200 m/s
tan Brake cylinder filling time 5s
Kioco k factor of Eq. (5) for head E402B locomotive 3.54
Uetf Brake disc effective friction coefficient (for head locomotive) 0.264
4 Springer Rail. Eng. Science (2023) 31(2):162-171
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Tensile forces are generated on the coupling connection
systems because of the differences in the braked power of
the E402B locomotive and of the Shimmns wagons.
Moreover, the air brake force which eventually causes the
deceleration of the vehicles is the product of the pressing
force on the friction elements and the friction coefficient,
see Eqgs. (8) and (10). For the disc braked locomotive, the
friction coefficient is approximately constant, while for the
tread braked wagons equipped with cast-iron shoes, the
friction coefficient is calculated according to the Kar-
watzki’s expression, see Eq. (9), which predicts larger
values of the friction coefficient at lower speed. Therefore,
as the emergency braking operation goes on and speed is
reduced, the air brake force on the tread braked wagons
increases even after the maximum brake cylinder pressure
is achieved on the vehicle. This phenomenon is confirmed
by Fig. 7, which plots the value of the total air brake force
and of the total force on all brake blocks on the head and
tail wagons for simulation scenario No.6. Figure 7 high-
lights that in the initial stages of the simulations, the
pressing force on the brake blocks of the wagons is dif-
ferent due to delays related to the limited propagation
speed of the pressure drop along the train length. Once the
total pressing force is saturated on the wagons, the air
brake forces have similar values on all wagons, because
due to the large stiffness of the coupling systems, all
wagons in the train composition run at a similar speed.
Finally, a further comparison between Tables 1 and 2
points out that when the initial speed is 50 km/h, the
maximum buff in-train forces increase with respect to the
values corresponding to the simulations launched with
initial braking speed of 100 km/h. This is once again due to
the behaviour of the friction coefficient at the wheel-shoe
interface, which increases when the speed is lower.
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Fig. 6 Maximum in-train forces in buff and draft conditions
(simulation scenario No. 6)
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Fig. 7 Air brake force and total force on brake blocks for head and
tail wagons (simulation scenario No. 6)

Since the proposed method based on Eq. (4) can be
adapted for wagon speeds up to 120 km/h, simulations
were run with an initial speed of 120 km/h for the same
train compositions as in the previous tests summarized in
Tables 1 and 2 to further validate the model. Table 4 shows
the braking distances calculated with the LTDPoliTo code
and the corresponding value prescribed by the UIC 544-1
leaflet. A good agreement can be observed between the two
values of braking distance, with a maximum relative error
of 2.93%; hence, the proposed model gives results in good
agreement with the UIC prescribed braking distances even
in simulation scenarios different from the ones considered
to tune the main model parameters. Therefore, the pro-
posed method ensures a good reliability in the computation
of the braking distances of European freight trains. A big
advantage of the proposed approach, which is also the main
novelty introduced in the paper, is that the pressing forces
on the brake friction elements are estimated as a function
of the brake weight only, with no need for a computa-
tionally expensive fluid-dynamics model for the computa-
tion of the pressure along the brake pipe.

Focusing on the last column of Table 4, which provides
the results in terms of maximum in-train forces, a com-
parison with Tables 1 and 2 shows again that when the
initial braking speed is higher, the maximum in-train forces
tend to decrease, due to the frictional characteristics of
cast-iron shoes.

4 Conclusions
The main goal of the present paper is to prove the feasi-
bility of applying a new method for the computation of the

air brake forces in the simulation of braking operations of
freight trains based on the prescriptions of the UIC 544-1
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Table 4 Braking distances for initial speed equal to 120 km/h

Train composition Train braked weight Agqin (%)

Braking distance (m)

Frnax (kN)@COUpler position

vIC LTDPoliTo Draft Buff
10 w (80 t) 74.8 1060.4 1033.3 85@1 48@7
16 w (50 t) 114.3 727.8 709.9 166@1 88@11
15 w (80 t) 74.3 1070.0 1038.7 89@1 81@10
24 w (50 t) 1174 723.0 710.0 172@1 138@16
20 w (80 t) 74.0 1070.3 1044.0 0@l 110@13
32 w (50 t) 115.6 720.5 713.8 174@5 197@20

leaflet. The proposed model is tuned and validated in
emergency braking operations, with the aim to minimize
the difference between the simulated braking distance and
the value prescribed by the UIC544-1 leaflet. In fact, the
UIC 544-1 leaflet prescribes the braking distance values in
emergency braking operations for vehicles braked in P
position. The simulation scenarios for model tuning are
extracted from a reference paper by UniFi researchers, in
which a variable number of Shimmns wagons trailed by a
head E402B locomotive is considered.

Nonetheless, the proposed modelling approach, which
relies on an empirical function for the calculation of the air
brake forces, can be easily extended to consider braking
operations of European freight trains in G positions, pro-
vided that a new set of model coefficients is identified to
account for the different brake cylinder filling times and
delays along the train length compared to the P position.

The main outcomes of the activity shown in the paper
are given in the following numbered list.

1. On the simulations run to tune the model parameters,
the maximum error between the braking distance
calculated by the LTDPoliTo code and the value
prescribed by the UIC 544-1 leaflet is below 5%,
which ensures a good accuracy of the model. After
tuning the model parameters, in simulations of braking
operations from an initial speed of 120 km/h, the
maximum error between the UIC 544-1 and simulated
braking distances is approximately equal to 2.93%.

2. When the initial speed of the train is equal to 50 km/h,
the LTDPoliTo code predicts approximately 20%
longer braking distances compared to the UniFi model.
In fact, the LTDPoliTo model is tuned against the
braking distances prescribed by the UIC 544-1 leaflet,
but the UniFi model always tends to calculate larger
values of the braking distance with respect to the ones
specified by the UIC 544-1 leaflet.

3. Since the friction coefficient at the wheel-shoe inter-
face in tread braked wagons is not constant and it
increases at lower speeds, the total air brake force on
wagons increases as the braking operations are

@ Springer

continued, even if the total force on all brake blocks
is constant.

4. Due to the different frictional behaviour of the wheel—
shoe and pad—disc pairs, and due to the differences in
the braked weight of wagons and head locomotive,
tensile in-train forces can be generated along the train,
and the magnitude of such forces decreases from the
train head to the train tail end.

5. The maximum in-train force in draft conditions is
always located at the head of the train, while the
maximum in-train force for buff conditions is obtained
in the rear part of the train composition, because of the
delays in the transmission of the pneumatic signal from
the head locomotive to all trailed wagons.

6. The proposed method can be considered as a reliable
strategy for the computation of the air brake forces in
emergency braking operations, since it predicts brak-
ing distances close to the values prescribed by the
international rules as a function of the train braked
weight percentage.

7. Compared to other empirical models, the biggest point
of merit of the proposed strategy is that it does not
require to know in detail the key parameters of the air
brake system of all vehicles in the train composition,
as block configuration and braked weight are the only
model inputs for the calculation of the brake block
forces.
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