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Abstract

From freight rail speed and load increasing, wheel wear becomes increasingly
significant. One of the approaches to reduce wheel wear is using a rubber pad adapter
between the wheelset bearing and the side frame pedestal, as a part of the primary
suspension. In this paper, a method is proposed to optimize the pad proprieties:
stiffness and clearance. A heavy-haul wagon multibody vehicle dynamic model is
established in SIMPACK, and the non-dominated sorting genetic algorithm-II
(NSGA-II) is used to optimise the pad proprieties. The objective is to minimize the
wear and the fatigue index while fulfilling objective restrictions. The analysis focuses
on the sharp curve, 281.66 m radius, representative of a heavy haul Brazilian railway.
The study resulted in two optimum pad designs, which prevented the wheel flange
from contacting the rail during the curve. The solution can improve wear and fatigue
indices up to 97.52% and 54.62%, based on the results. The optimal wear performance
was achieved when longitudinal stiffness decreased by 68.14%, coupled with a
215.62% increase in longitudinal clearance. Additionally, lateral stiffness and
clearance exhibited increases of 21.92% and 497.14%, respectively. Furthermore,
there was a significant reduction in vertical (90%) and yaw (46.33%) stiffness.

Keywords: railway vehicle dynamics, wheel-rail interaction, multibody simulation,
wear index, life extension, hunting stability.



1 Introduction

The wheelset is a high-cost component and usually requires high maintenance costs
[1] due to its importance to safe and efficient transportation. In recent years, several
studies have appeared to extend the wheel service cycle, thus enabling reduced
maintenance costs [2]. These works detail the search for the best design for the whole
system or specific parts of the wheelset, using optimisation techniques and reaching
adequate results for improving safety and performance. Many optimization methods
were used by the railway industry and academic community to improve suspension
performance [3, 4], wheel and rail profiles [5-8], design [9, 10] and logistics [11, 12].

The wheelset, being a rigid body, moves laterally in the opposite direction to the
curve, due to the conicity of the wheel. This movement brings the flange of the outer
wheel of the curve closer to the inner face of the rail. Depending on factors such as
speed, irregularities, gauge variation and curve radius, the flange may come into
contact with the rail, intensifying the wear on the flange [13]. The wheel flange's wear
limit needs to be controlled to ensure sufficient thickness to support lateral force and
prevent derailment [14]. Furthermore, according to Zhang et al. [15], controlling the
flange wear is important to reduce the removal material during the reprofiling, since
for every 1 mm of wear on the flange, it is necessary to remove up to 4.2 mm in wheel
diameter.

To improve wheel-rail contact (W/R) in curves and, consequently, reduce flange wear,
an element was added to the primary suspension. Known as a “shear pad”, it is placed
between the wheelset bearing and the side frame pedestal (Figure 1). This pad allows
movement between the wheelset and the side frame, facilitating the alignment of the
wheelset when negotiating the curve [16].

T wr
Figure 1: GDE-Ride Control with pad model designed with SIMPACK®.

Lima et al. [17] analyzed the dynamic behaviour of a bogie with and without a pad. It
was observed that the pad reduces the wheelset's angle of attack and causes a
considerable decrease in the amplitude of the lateral oscillations after the transition
curve. Furthermore, they concluded that longitudinal stiffness is what most impacts
the dynamics during the curve. Under these results, Correa et al. [16] found that the
longitudinal stiffness of the primary suspension of heavy-haul vehicles is the one
which has the greatest impact on safety and wear parameters. They use sensitivity
analysis and multibody dynamic simulation to evaluate a heavy haul vehicle, like the
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one under study in the present work. Pacheco et al. [ 18] used multiple linear regression
to examine the relationship between longitudinal and lateral stiffness and clearance of
the pad and wear volume. It was found that the parameters related to the longitudinal
dynamics counted significantly in determining the wear volume, i.e. reducing
stiffness, and increasing the gap reduces wear.

In this work, the methodology proposed by Pacheco et al. [5] is applied to a Brazilian
metric-gauge heavy-haul railroad to obtain optimized pad properties. The
methodology created employs NSGA-II (Non-dominated Sorting Genetic Algorithm
IT) in combination with multibody dynamic simulation to find the best pad parameters
aiming to reduce wear and fatigue.

In the subsequent sections of this article, Section II outlines the applied method,
encompassing specificities of multibody simulation, NSGA-II algorithm, and the
procedure for data analysis. Section III is dedicated to discussing the results, and
Section IV provides the conclusions.

2 Methods

In this section, the optimization method is presented, aligned with the previously
outlined objectives. The focus is on enhancing the efficiency of wheel-rail
interactions. The section is organized as follows: the dynamic model of the wagon
using the software SIMPACK® is given in Sec. (2.1); Sec. (2.2) presents the NSGA-
IT algorithm; and finally, in Sec. (2.3), the optimization method is outlined.

2.1 Dynamic Model

A wagon with a three-piece bogie (GDE-Ride Control) with 27.5 tons per axle was
modelled in SIMPACK®, for dynamic evaluation. The model has already been
applied and validated in previous works [16, 18, 19].

The wheel/rail (W/R) contact method employed is the equivalent elastic. This method
was chosen to reduce simulation time, due to the large number of simulations required.
It uses an elliptical approximation of the contact area and calculates a penetration
equivalent to that area. From this penetration, the normal and tangential forces are
calculated by Hertz and FASTSIM, respectively. According to Vollebregt [20], this
method is sufficiently accurate for predicting hunting, derailment, tensile forces,
excitations, and fatigue of components.

In Figure 2, the three force elements with stiffness and damping used to model the pad
are presented. The element located in the centre of the pad is bushing type. This
element applies stiffness and damping forces in the x and y directions, as well as torque
in the rotation in z. The other two force elements are translational only, being applied
only in the z-direction. For stiffness, a force is applied as a function of clearance and
its variation is shown in Figure 3.
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Figure 2: Pad model as force elements in SIMPACK®.
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Figure 3: Stiffness characteristic curves for the GDE-Ride Control wagon. (a)
Longitudinal; (b) Lateral; (c) Vertical; (d) Yaw torque.

For the dynamic analysis, the sharpest curve of the railway under study was selected.
The reference track is composed of a straight section (150 m), an entry curve transition
(81.40 m) defined as a linear clothoid, a full curve to the left of 281.66 m radius
(140.20 m in length), an exit curve transition (81.40 m), then a straight section (230



m) to end (see Figure 4). The selected rail profile is TR68, and the wheel profile is
AAR 1:20.
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Figure 4: Designed track layout, curvature, and superelevation.

2.2 NSGA-II

Deb et al. [21] improved the NSGA (Non-Dominant Selection Genetic Algorithm)
optimization method to reduce computational time, generating the NSGA-II, which
makes it possible to be employed with larger populations. Based on an elitist
dominance ranking (Pareto ranking), it preserves the best individuals from the current
and previous populations. Crowding distance ensures the diversity of optimal
candidates [7].

From an initial random population of size NV, a population of descendants of the same
size is created through processes of crossover and mutation. The union of these
populations forms a generation of size 2N. These individuals are then classified
according to the Pareto frontier and the crowding distance. Afterwards, half of the
generation is eliminated. The process of creating a new generation is then repeated,
resulting in the classification of the best individuals from the previous one.

The NSGAII algorithm was implemented using the MATLAB® platform, and
simulations were conducted using SIMPACK® software. The population size is 288
and the number of generations is 200. Distribution indices for cross-over and mutation
are chosen as #cross over= 0.1 and fmusasion = 0.1, respectively.



2.3 Optimization method

The optimization variables are longitudinal stiffness (), lateral stiffness (4), absolute
maximum vertical force (F:), absolute maximum yaw torque (7yaw), and clearance in
x (fr) and y (fy) directions. For damping, adjustments were made, making it
proportional to the variations in the stiffness curve over the benchmark. Consequently,
the damping is also adjusted. This modification ensures that all properties in that
specific direction are changed by the same factor, guaranteeing model consistency.

The pad optimization problem is defined based on [6].

Minimize:

Wear index: f1 =;15 f0675(vax + F,v,)dS [N], (1)

and

Fatigue index: 2 = L f0675 ( - k /Po) dS [dimensionless]. (2)

675

Fyvy represents the product of the longitudinal creep force and the longitudinal
creepage, and F),-v, refers to the lateral component. For the fatigue index, £ is the shear
yield limit, Py is the maximum Hertzian contact pressure and yu is the adhesion
coefficient. The wear number and fatigue index are selected as the integral average
along the length of the curve. The values of interest were collected on the right wheel
of the first wheelset, which features the highest wear.

Subject to:

g1 = Lateral force: ¥ < 132.625 [kN].

g2 = Vertical force: O < 273.9375 [kN].

g3 = Nadal criterion: ¥/Q < 0.8 [dimensionless].

g4 = Contact pressure: P < 2.5 [GPa].

g5 = Maximum lateral acceleration: V4, < 3.5 [m/s?].
g6 = RMS of lateral acceleration: y,p,s < 1.3 [m/s?].
g7 = Maximum vertical acceleration: Z,,,, <5 [m/s?].

g8 = RMS of lateral acceleration: Z,,,; <2 [m/s?].
g9 = Acceleration stability: sdjg¢erq; = 0.01 [Sﬂz] and sdyer¢icqr = 0.05 [Sﬂz]

The constraints g/—g4 were based on [6], but the maximum value in the curve section
(150 — 453 m) and the tangent section (455 — 675 m) were used.

The other constraints were established by focusing on managing the lateral and
vertical acceleration, as this is crucial for ensuring a safe ride. The acceleration in



railway dynamics is influenced by track design elements such as curve radius, cant,
and superelevation, along with the wagon's speed, irregularity, wheel and rail profiles,
and the suspension system. However, in this work, just the primary suspension was
altered, and track irregularities were not considered.

The g5—g8 restrictions were defined according to UIC 518 [22], where the absolute
maximum acceleration and the root means square value (rms) in the curve section
(150 — 453 m) and the tangent section (455 — 675 m) were used.

Wau et al. [23] established a criterion for hunting instability that compares the lateral
acceleration under normal and hunting conditions in different vehicle models. This
criterion considers the peak acceleration and the number of times the signal
continuously exceeds a threshold, which is observed to occur 6 times within a 15 s
interval. Therefore, the g9 restriction stipulates that the acceleration peak signal can
exceed sd m/s? above its average no more than six times consecutively. In this work,
peak acceleration values were obtained in the curve section (250 — 365 m) and the
tangent section (455 — 675 m), provided the duration is under 15 s. The threshold is
set with the assumption that lateral and vertical accelerations will remain stable under
conditions of constant curvature as the result found for the pad currently used in the
railway.

3 Results

Following the implementation of the methodology, the resultant dispersion graph of
the generated population and the Pareto frontier were created. Figure 5 correlates the
two objective functions, f1 (average integral of wear index) and f2 (average integral
of RCF index). It selectively displays only those solutions that conform to the
established constraints of this study.
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Figure 5: Dispersion graph of the population with the current pad.

It has been observed that a significant portion of the population, approximately
15.75%, tends to cluster within a specific range, with f1 values between -0.14516 and
-0.14864, and f2 values ranging from 3.2217 to 3.7109 N. This stratified sample,
referred to as Sample 1, represents the part of the population that has just one contact
point on the curve, indicating no contact on the flange during the curve.
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Figure 6 illustrates the distribution of suspension-related variables for Sample 1.
Variables associated with clearance display a broader interquartile range.
Additionally, &, &y, F: and 7)., exhibit a more constrained distribution. This indicates
that the clearance parameters have a wider range of acceptable values, showcasing
greater variability and flexibility in attaining outcomes that are closely aligned with
the Pareto front.
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Figure 6: Distribution of pad parameters for the stratified sample

with one point of contact (Sample 1)

Figure 7 presents an enlarged perspective, enhancing the visualization of the Pareto
frontier. Within this frontier, only two individuals are featured. These individuals have
been subjected to simulation and comparative analysis with the current pad. Onwards
they are referred to as “Minimum T, and “Minimum FI”.
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Table 1 presents the f1 and f2 values obtained from this analysis. It was observed that
considering the constraints of the problem, f1 decreased by 97.52%, while f2
experienced an average reduction of 54.62%. In other words, there was a decrease in
wear and in the tendency towards fatigue.

f1IN] f2 [dimensionless]
Current pad 129.7512 -0.09611
Minimum T, 3.2217 -0.14857
Minimum FI 3.2227 -0.148064

Table 1: Values of the objective functions obtained during the optimization
process.

Table 2 shows that the longitudinal stiffness decreased by 68.14%, while the clearance
experienced an increase of 215.62% for Minimum T,, and 114.17% for Minimum FI.
The lateral stiffness exhibited an increase of approximately 21.93%. In parallel, the
clearance in the lateral direction increased by 497.14% for Minimum T, and 461.16%
for Minimum FI. For the maximum absolute vertical force (¥:) and yaw torque (7yaw),
there was a significant reduction of 90% and 46.33%, respectively. Note that the
Pareto design parameters are close to the medians of sample 1 shown in Figure 6.

Tyaw
[kNm]

Current pad 7569.33 7.140 5852.73 4.760 65.898 72.310
Minimum T, 2411.90 22.535 7136.30 28.424 6.5898 38.807
Minimum FI 2411.80 17.148 7135.70 26.711 6.5898 38.811

kx [KN/m] | fi [mm] | &y [KN/m] | f, [mm] | F;[KkN]

Table 2: Optimized property values on the Pareto frontier compared to the current
pad.

The behaviour of T}, and F1 relative to distance travelled, as shown in Figures 8 and
9, validate the optimization of primary suspension parameters and the enhancement
of the objective function, reaching the objectives of this work. Furthermore, it is
observed that individuals on the Pareto frontier achieved nearly equivalent results.
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Figure 8: Comparison of the T), curve. a) Pareto design parameters compared with
the current pad. b) Detail showing the behaviour of the best individuals.
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Evaluating the lateral and vertical acceleration, presented in Figures 10 and 11, it is
observed that the design for Minimum T, reduced the oscillation along the curve.
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Moreover, there was not a significant difference in the vertical acceleration between
the current pad and the optimized individuals. However, it is noteworthy that the
average lateral acceleration during the curve decreased by approximately 0.0177 m/s?,
remaining within the requirements of the standard.

5 Conclusion

This study employed optimization techniques and dynamic simulation to find the best
design parameters to reduce wear and fatigue in the contact between wheels and rails
for GDE wagons. The optimization process effectively identified primary suspension
parameters that significantly reduce wear by avoiding flange contact during a curve,
for a particular track geometry. Among these results, the optimized designs presented
a notable reduction in longitudinal stiffness (68.14%), vertical stiffness force (90%),
and yaw stiffness torque (46.33%). Additionally, there was an increase in lateral
stiffness (21.93%). Moreover, lateral and longitudinal clearance demonstrated a
broader distribution compared to other variables.

Performing the analysis presented in this study required some adjustments in the
models. As an example, implementing a stability criterion for acceleration, which
limits acceleration signal peaks to not exceed the mean plus a specific standard
deviation within a specific track section, proved to be an effective way to maintain the
dynamic stability of the wagon. This approach ensured that the results obtained were
consistent with the track conditions.

The Minimum T, stands out as the best-performing individual, primarily due to its
more stable behaviour compared with the current and the other individuals on the
Pareto frontier, it exhibits significant differences in terms of clearance. Specifically,
the longitudinal clearance of Minimum T, increased by 215.62% compared to the
current and by 23.91% compared to Minimum FI. In terms of lateral clearance, there
was an increase of 497.14% relative to the current and 6.03% compared to the
Minimum FI. These results underscore the effectiveness of Minimum T, in
maintaining stability, despite considerable increases in clearance measurements.
Furthermore, there was an improvement of 97.52% concerning wear, and the Fatigue
Index improved by 54.58%.
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It is important to note that the parameters found during the optimization are not based
on real pads; they are proposals. So, the stiffness for the optimum design will require
the development of new materials and new geometries, which can bring new
challenges for the railway industry.

6 Future research

Future research shall focus on considering irregularities and worn-out measurement
profiles of the wheel and rail, this will provide a more realistic result. Furthermore,
the analysis of different curve radii is crucial for the applicability of optimized pad
design.
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