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ABSTRACT ARTICLE HISTORY
The development and implementation of wheel-rail contact models Received 26 April 2021
in multibody codes are two active research topics, aiming atimproy-  Revised 30 October 2021

ing the accuracy of numerical results and computational efficiency Accepted 16 January 2022
of the dynamics analysis. However, the realism of numerical results is KEYWORDS
challenged when considering switches and crossings (S&C), where Switches and crossings;
the most adverse wheel-rail contact conditions occur. This paper wheel-rail contact; multibody
presents a benchmark study where the performance of the multi- simulation; conformal
body codes MUBODyn, VOCO and VI-Rail are assessed using three contact; impact modelling
case scenarios that involve typical contact conditions observed in

S&C. A focused description of the relevant methods to determine

the wheel-rail contact forces is presented for each software. The

three scenarios considered in this work have been designed to rep-

resent typical challenging contact conditions observed in S&C, i.e.

conformal contact, contact with a sharp edge, and impact loads. The

scenarios proposed in this work are fully described, making them

easily reproducible. The agreement between results is discussed

in the framework of the methods implemented in each code. This

work highlights the impact of wheel-rail contact methods on the

results as well as on the computational efficiency of the multibody

codes.

1. Introduction

The development of computational tools to accurately model the vehicle-track interac-
tion is of utmost importance to design track [1-3], analyse the vehicle performance [4-6],
predict damage of components [7-9], or to improve riding characteristics [10-12], just to
mention a few. In all cases, the modelling of the wheel-rail interaction, which represents
a typical rolling contact problem [13], plays a crucial role. However, the implementation
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of wheel-rail contact models in multibody codes involves several challenging issues, some
of them related to the description of the contacting surfaces [14,15], the detection of con-
tact zones [16,17] or the computation of the developed forces and moments [18-20]. The
validation of wheel-rail contact models has been supported by benchmark exercises that
have been performed to compare discrepancies between results of several multibody codes
for the same case scenarios. In 1998, the first benchmark for railway vehicles was per-
formed to assess discrepancies that derived mainly from the modelling of the wheel-rail
interaction [21]. Other contributions comparing the performance of wheel-rail contact
models have been presented [20,22-25], demonstrating the trade-offs between different
approaches and highlighting the need for the development of more advanced method-
ologies to better deal with challenging contact conditions, such as conformal contact. In
2021, the enhancement of multibody codes to address vehicle-track interaction at rail-
way turnouts, i.e. switches and crossings (S&C), has been identified as a key challenge in
the international benchmark [26]. This work further investigates the methodologies used
in wheel-rail contact models for multibody simulations in S&C focusing on challenging
wheel-rail contact configurations.

Turnouts are rajlway track segments that guide the vehicle in a change from one track
to another, hence, they allow to keep the vehicle in the main route or divert its direction.
Although these elements represent a small part of the overall railway line, turnouts are asso-
ciated with a large share of the total maintenance expenses of the railway infrastructure.
The existence of variable rail geometry and track flexibility makes the turnout negotiation
highly prone to impact loads and to the appearance of unusual wheel-rail contact config-
urations when compared with regular operations with constant rail profiles [27-29]. The
most critical cases occur in the switch, when the wheel transfers from the stock rail to the
switch rail, and in the crossing, when the wheel passes from the wing rail to the crossing
nose. Therefore, the modelling of wheel-rail contact interaction needs to handle these dif-
ferent contact conditions accurately and efficiently to allow for reliable multibody dynamics
simulations of railway vehicles in the presence of S&C.

Several contact modelling methodologies have been developed in recent decades to
deal specifically with wheel-rail contact [18,30-32]. One of the most important issues in
the development of these computational models deals with the trade-off between accu-
racy and computational efficiency. Although finite element or boundary element methods
accurately determine contact conditions for different wheel-rail configurations [13,33,34],
they are computationally expensive and, hence, not adequate for multibody simulations
with refined time-step size. Therefore, the utilisation of simplified wheel-rail contact mod-
els became widely spread, either by using constraint or elastic approaches. The constraint
approach is employed recurring to previously tabulated contact cases, it treats the contact
as rigid meaning that no virtual interference or local deformation is considered between
the wheel and rail. In this case, a simplified Hertzian contact is often used [35-37]. In
turn, the elastic approach assumes that the contacting surfaces can deform locally, with
the virtual penetration being the representation of the deformation, which is used for the
evaluation of the contact patch area and its pressure distribution [38-43]. Although these
models are usually developed based on simplifying assumptions that speed up the calcula-
tion procedures, their complexity varies in terms of the geometry of the contacting surfaces,
from planar profiles to three-dimensional surfaces, and in terms of the shape of the contact
patch, from elliptical to an arbitrary contact.
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The wheel-rail contact models proposed in the literature for multibody codes, do not
consider the contact conditions typically observed in rails with highly variable cross-
sections. These problems mostly occur in the passage of the train through the changing
sections of S&C, which can lead to sharp edge contact, widely conformal contact, or impact
scenarios [28,44]. The variable rail cross-section requires a parametrised rail profile in the
longitudinal position along the track, where the normal contact direction does not lie in
the plane of the rail profile, as in the case of the crossing nose. Typically, a set of rail pro-
files are measured for different track positions, with these values being the input data for
the simulation of switch and crossing negotiation. The numerical treatment of this data is
required to parametrise the rail geometry at the longitudinal position of the wheels during
the dynamic simulation [27,45,46], being the use of polynomial interpolation a standard
option [26]. Regarding the wheel-rail contact models, different levels of sophistication
might be considered according to the application. When performing turnout geometry
and layout optimisation [47,48], simple Hertzian models are usually considered since a
tremendous number of simulations are required, with the computational efficiency being a
preponderant aspect. More costly contact models are applied for studying turnouts in static
cases [49] or generating approximated models [39]. For the study of either vehicle dynam-
ics or the rail damaging phenomena, the utilisation of simplified non-Hertzian contact
models presents advantages [8,27,50,51].

The main objective of this work is to evaluate the ability of several wheel-rail contact
models, implemented in different software, namely MUBODyn, VOCO and VI-Rail, in
handling contact scenarios that typically occur in the negotiation of S&C. Three different
idealised running scenarios are utilised as benchmark cases to deal with sharp edge or
conformal contacts that typically occur in the switch, and impact cases that take place in the
crossing nose. The remainder of the paper is organised as follows: Section 2 summarises the
wheel-rail contact methodologies implemented in each of the software tested here; Section
3 presents the three idealised running scenarios, as well as the vehicle and the track models;
the main results of the vehicle kinematics and wheel-rail contact forces are compared in
Section 4; the main conclusions of this work are outlined in Section 5.

2. Wheel-Rail contact modelling

The multibody codes MUBODyn, VOCO and VI-Rail use different methodologies for the
wheel-rail contact modelling. For MUBODyn and VOCO, a more comprehensive descrip-
tion is presented as the authors of this work are also part of the software developers. Less
information is presented for the commercial software VI-Rail as the documentation of
the software is used as a reference [52]. This section presents an overview of the methods
used in the multibody codes, for describing rail geometry, contact detection, contact patch
identification, and finding the normal and creep contact forces.

2.1. Handling the variable rail profiles

The parameterisation of the top of the rail, that is, the surface where the wheel is prone to
contacting the rail, is required for the multibody simulation. All multibody codes require
a set of rail cross sections to create longitudinal polynomials that describe the rail surface.
A schematic representation of the approach used in MUBODyn and VI-Rail is depicted in
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Figure 1. Rail surface parameterisation methodology of: (a) MUBODyn and VI-Rail, (b) VOCO.

Figure 1(a), while the parameterisation considered in VOCO is shown in Figure 1(b). In
this case, a rail with variable cross section is considered, comprising two rail heads in the
middle.

In MUBODyn and VI-Rail, three rail segments are required to model the complete sur-
face of the rails being different cubic splines used for each one of the segments, as illustrated
in Figure 1(a). The section breaks that bounds ‘Segment 2’ determine sudden cross section
variations as one or two rail heads are defined at these longitudinal positions. For modelling
purposes, two cross-sections are defined at section breaks, which are the last profile of the
previous segment and the first profile of the next segment. In the example highlighted on
the top left of Figure 1(a), the section break, set between segments 1 and 2, is shown in
detail. Here, the ‘Longest profile’ profile defines the first profile of segment 2, whereas the
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Figure 2. (a) Rail interpolation at the wheel longitudinal position sr. (b) longitudinal shift of the point of
contact due to the yaw angle.

last profile of segment 1 is the ‘Additional profile’, which is derived from the ‘Longest pro-
file’. Thus, the rail profile is interpolated at any longitudinal position by using the respective
cubic spline, built with ‘Cubic polynomials’.

In VOCO, a different approach is used, the rail being represented by two segments as
shown in Figure 1(b), one representing the left rail and the other representing the right rail
head. Here, part of the cross sections that link the two rail heads is discarded as indicated
in Figure 1(b), which is reasonable since the wheel is unlikely to contact that part of the
rail. The rail profiles of each segment are resampled so that all cross-section of the same
segment is equally refined, enabling the determination of the ‘Linear polynomials’ for the
rail longitudinal direction.

2.2. Contact detection methodology

The contact detection methodology determines pairs of points on the wheel and rail where
maximum interference is observed. This step is of utmost importance to determine the
contact patch that is discussed in subsection 2.3. MUBODyn and VOCO use different cri-
teria to identify the maximum interference, whereas the method implemented in VI-Rail
is based on reference [39]. As the contact detection methodology is not described in detail
in the software documentation [52] it is not discussed in this section.

During the dynamic analysis, MUBODyn interpolates the rail profile at the longitudinal
coordinate s;, which is determined by the wheel position at a given time-step, as illustrated
in Figure 2(a). As far as VOCO is concerned, after the first linear interpolation described
in the previous section, a second linear interpolation of the wheel-rail vertical distance
is carried out according to the lateral wheel position. The remaining steps that are pre-
sented hereafter are performed under the assumption that the rail cross-section is locally
straight and invariant. In the case of VOCO, the yaw relative motion is ignored, hence the
interference between the wheel profile and rail profile is purely solved in a 2D plane. In the
case of MUBODyn, the methodology proposed in [17] is used, which accounts for the roll
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Figure 3. Interference assessment (a) in MUBODyn is normal to the wheel and rail surfaces (b) and in
VOCO is vertical.

and yaw relative motion between the wheel, meaning that, although the rail is interpolated
at a specific longitudinal coordinate, the main point of contact may occur before or after
the interpolated rail cross section, as indicated in Figure 2(b) with dimension Ax.

In MUBODyn, the interference is assessed normal to the wheel and rail surfaces and
determined at all maxima solutions, i.e. maximum indentation. Figure 3(a) shows a case
in which the two pairs of contact points are identified by the penetrations §; and 85, which
are obtained through an optimisation procedure, which accounts for the most significant
computation cost in the wheel-rail contact method for MUBODyn [17]. In VOCO, the
interference is assessed directly from the vertical geometric separation between the wheel-
rail profiles, and projected onto the tangent plane.

2.3. Contact patch determination

Different multibody codes define the penetration function differently, that is, the distance
between the wheel and rail at the interfering regions, which is required to determine the
contact patch. In MUBODyn, the penetration function is defined with respect to the con-
tact patch reference by the pair of points where maximum penetration is observed, as
illustrated in Figure 3. The contact patch is determined based on a fraction of the inter-
penetration, namely 1-¢ as shown in Figure 4(a), meaning that a local elastic deformation
due to the wheel-rail contact forces is considered. Here, € is set to 0.55 as suggested in [39]
and as implemented in [20]. Therefore, a single interference might lead to multiple con-
tact patches, as illustrated in Figure 4. Here, numerical instabilities related to the split of a
contact patch or union of separate patches, are mitigated by the extended Kik-Piotrowski
model proposed in [53]. The contact patch is then determined based on the penetration
function. In MUBODyn, the length of each strip is obtained according to the relation pro-
posed in the Kik-Piotrowski method [39], which is illustrated in Figure 5(a). In this work,
MUBODyn determines an equivalent elliptical contact patch where the semi-axis a and b
are determined to match the contact patch area and the width of the original non-Hertzian
contact patch, as shown in Figure 5(a).

In VOCO, the semi-Hertzian STRIPES method is used. The whole interference between
the wheel and rail is used to determine the contact patch, where the penetration function
is defined as [38]:

8i = (zs — z;) cos(y;) (1)
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Figure 5. Schematic representation of the penetration function and contact patch for (a) MUBODyn and
for (b) VI-Rail.

where zs, z; and y; are the vertical penetration depth, the vertical distance between the
‘Wheel lifted’ and the ‘Rail’ profile in geometric contact at strip i, and the contact angle of
a strip i on the rail profile, respectively, as shown in Figure 3(b). A given strip i is in contact
if §; is positive [38]. The maximum value §y,x in VOCO corresponds to the penetration
depth €4 as used in [39], but with a different expression for € [54]. This expression of €
depends on the local properties of each strip [38]. However, neither the approach § nor € are
explicitly assessed in STRIPES. VI-Rail also defines the contact patch based on the whole
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wheel-rail interference as shown in Figure 5(b), which is equivalent to a figure presented
in the documentation [52] for which a more detailed description is not available.

2.4. Normal contact impact

The formulation to determine the normal contact force used in MUBODyn, VOCO and
VI-Rail differ significantly. In MUBODyn, the Hertz-based model that accounts for some
energy dissipation in the contact, via the restitution coefficient is used, which is written as
[17]:

Ké"ce §<—w
Fp={K8"ce+ (1 —ce)(B3r2 =2r)] —vg <8 < (2)
Ks" 5>

where the transition parameter is r = (6 + vo)/2vp, K is the generalised contact stiffness
that depends on the wheel-rail contact conditions, § is the maximum virtual penetration of
a contact patch, as shown in Figure 3(a), and § is its the first time derivative, n defines the
degree of nonlinearity, typically 1.5 for wheel-rail contact, c. is the restitution coefficient,
and vy is the penetration velocity tolerance, generally set to 0.1 m/s.

In VOCO, the total lateral and vertical forces Y and Q are the sums of normal and
tangent forces f,; and fy; at each strip:

Y = th, COS ¥i — fni SIn Y

1
i 3
Q= me’ cosy; + frisiny; (3)
1

The normal forces are assessed at the strip level by the semi-Hertzian method [38]
with:

fni = kid; (4)
E 1+ A;/B;

= Ay; 5

20— 2 7 )

1

i

where §; is the penetration of strip 4, E is Young modulus, x4 is the Poisson ratio, A; and
B; are local longitudinal and lateral curvatures, respectively, Ay; is the width of the strip
i, n; is the Hertzian coefficient used for the evaluation of the lateral semi-axis b, which is
a function of A;/B;. The stiffness k; is pre-tabulated as a function of the lateral position of
the wheel with respect to the rail, and the curvilinear track position [1]. In equation (5) k;
depends on local properties, thereby a smoothing of the B curvature is required beforehand
in order to avoid sharp variations [38]. An undesired effect of this smoothing has conse-
quences that are later discussed in the results section. The creep forces are expressed with
a variant of FASTSIM described in section 2.5. The wheel dynamics is conditioned consid-
ering the spring stiffness K, and the damping coefficients C, . in the vertical and lateral
directions,

:Y = _Ky(yw _}’r) - Cy()./w _)"r) (6)

Q=—K;(zy — Zr)3/2 — Cy(zw — 2r)
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Figure 6. Creepage assessed at the (a) centre of the contact patch, (b) at each cell of a discretized contact
patch and (c) at each strip of a contact patch.

where y,,, 1, zw and z, are the lateral and vertical position of the wheel and rail at the mean
contact level. Within the scope of the benchmark, a typical value of the Hertzian stiffness,
K, of 70 GN/m?>/2 is used, which can be obtained from [55]:

2 E 1
K, = r'P—— 7)

3 1-v:2,JA+B

where 7 is here the Hertzian coefficient used to assess the rigid approach, whereas K, is
set equal to 500 kN/mm. In both directions, a damping of 20000 Ns/m is considered to
not overestimate the dissipative effect. The values of stiffness and damping are assessed
heuristically.

Although the Kik-Piotrowski model is used in VI-Rail documentation [52], which dis-
regards any dissipative term on the normal contact [39], a parameter named as ‘Hertzian
damping ratio’ is found in the input files, which affects the normal contact forces when
impact loads are observed. Therefore, the normal contact force predicted in VI-Rail also
depends on the speed of penetration, but the implemented model is not disclosed.

2.5. Creep forces

The creep forces are determined based on the longitudinal and lateral creepages, v, and v s
and spin creepage, ¢, of the contact patch. The main difference between the three multi-
body codes is that MUBODyn uses global creepages, that is, creepages at the point where
maximum penetration occurs, as shown in Figure 6(a), whereas VI-Rail discretizes the
contact patch into cells and assess the creepages at the centre of each cell, as shown in
Figure 6(b). In VOCO, the contact patch is discretised using strips, in each one of which
the creepages are defined, as shown in Figure 6(c). Thus, the Polach Method [56] is used in
MUBODyn, while VI-Rail uses FASTSIM, as presented in [52], VOCO uses a functional
approximation of FASTSIM adapted for non-elliptical contact patches by using the local
properties of each strip [38,57].
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Figure 7. Schematic representation of: (a) a wheel-rail conformal contact; (b) a contact between the
wheel and a rail sharp edge; (c) impact load in the crossing nose.

3. Simulation cases

A set of three running scenarios are designed to analyse the performance of the different
multibody software presented in the previous section. The three railway dynamics sim-
ulations cases, which are hereafter named as ‘Run 1’, ‘Run 2" and ‘Run 3’, were defined
iteratively through parameterised models, so that specified contact conditions occur, which
are typical in S&C. ‘Run 1’ and ‘Run 2’ enable to reach two wheel-rail contact conditions,
typically observed when the vehicle negotiates a diverging route through a switch. In ‘Run
I’, the cross sections of both wheel and rail are defined to achieve a large and conformal
contact as depicted in Figure 7(a). In ‘Run 2’, the rail cross section is defined to represent
an intermediate profile of the switch rail comprising a sharp edge that results from the
machining in the inner side of the switch rail leading to a very small radius of curvature, as
shown in Figure 7(b). Thus, the wheel contacts the sharp edge promoting a contact condi-
tion for which the most common wheel-rail contact models are challenged. ‘Run 3’ is used
to investigate the impact at the crossing nose when the wheel load is transferred from the
wing rail to the crossing nose, as schematically represented in Figure 7(c) with three con-
secutive conditions from top to bottom. To ensure that the contact conditions represented
in Figure 7 effectively occur, curved tracks are considered for both ‘Run 1’ and ‘Run 2’,
whereas a tangent track is used in ‘Run 3’. For all cases, a simple bogie model running at
100 km/h is considered. A thorough description of the three simulation cases is presented
to allow the interested reader to reproduce them, namely in what concerns the vehicle
model, track model, and profiles parametrization. The values of the model parameters are
presented in the tables shown in Appendix A.
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3.1. Bogie model

The bogie model comprises a bogie frame supported by two wheelsets through the pri-
mary suspension as depicted in Figure 8. The parameters used for this model based on the
Manchester passenger vehicle are listed in Table 2 [58]. The main differences between the
model used here and that in the Manchester benchmark are that only half of the carbody
mass is considered as part of the bogie frame, and the series stiffness of the primary sus-
pension elements are removed. Note that, in the initial conditions, the bogie frame weight
is supported by the pre-load of the vertical springs to achieve vertical equilibrium and,
therefore, the undeformed length of these springs is higher than its mounted length as it is
listed in Table 2.

3.2. Track model

A curved track with null cant is considered for both ‘Run 1’ and ‘Run 2’. The horizontal
curvature of the track is schematically depicted in Figure 9(a), in which a positive curva-
ture represents a left curve. This track comprises a tangent segment followed by a curve
transition and by a curve with a constant radius of 245 m matching the GB case of the S&C
Benchmark [26]. The curve transition is 25 m long with linearly increasing curvature. The
results presented for both ‘Run 1’ and ‘Run 2’ are obtained for a 35m track section that
starts from 5m before the transition curve and ends 5m after it, as indicated in Figure
9(a). For ‘Run 3’, a tangent track is considered in which a crossing is placed on its right side.
Here, the simulation results are presented for a 10 m track section, which starts 5 m before
the crossing nose. More details on the crossing element layout are found in section 3.5.
The co-running model shown in Figure 9(b) is used in all simulations cases to repre-
sent the track dynamics, which is a lumped parameter model with three mass elements,
two of them represent the left and right rails and the other mass represents a section of
the sleeper-ballasted layers. Lateral and vertical spring and dampers elements are used to
connect the rails to the sleeper-ballast and the sleeper-ballast to the track foundation, as
shown in Figure 9(b). Note that all mass elements have planar motion, i.e. they can move
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Figure 9. (a) Track curvature for both ‘Run 1’ and ‘Run 2’ and (b) co-running model.

laterally and vertically, and the sleeper-ballast can also exhibit roll motion, that is, rotate
around the longitudinal axis. The parameters of the co-running model are listed in Table
3, being the same for all cases.

3.3. Wheel profile parameterization

The wheel profile is defined by three pieces of ellipses, as depicted in Figure 10. Each ellipse
is defined by the two semi-axes a; and b; where i corresponds to “I” for the tread, ‘C’ for the
concave part, and ‘F’ for the flange. The union between ellipses always ensures the conti-
nuity of the first derivative. In the tread-concave union, the profile slope is null and, in the
flange-concave union, the slope is prescribed by the specified value df . Also, the lateral
coordinate of the tread-concave union is defined by ug relatively to the wheel profile ori-
gin, as shown in Figure 10. The wheel profile is described by a set of points that are equally
spaced over its arc-length with a distance of As,,. The same wheel profile geometry is con-
sidered for all running scenarios represented in this work, with the required parameters
are listed in Table 4.

3.4. Rail profile parameterization

The rail profiles are parametrised by two ellipses that represent the head of the rail, and two
straight lines that represent the lateral faces, as depicted in Figure 11, in which the continu-
ity of the first derivative is ensured by this parameterisation. Each ellipse describes one side
of the rail, meaning that the highest point of the rail profile is at coordinate u, = 0 and its
slope is null. The two straight lines, defined by their slopes, are tangent to the correspond-
ing ellipses, hence the slope parameters limit the width of the ellipses. The length of the
straight lines measured in the horizontal direction are defined by the parameters Auy, and
Aug for the left and right sides, respectively, as displayed in Figure 11. A parameter f can
be used to adjust the vertical coordinate of the rail profile. The rail profile is described by
a set of points that are equally spaced over its arc-length with distance As,. Note that this
parametrization allows describing asymmetric rail profiles which is required in the design
of the contact scenarios considered in this study.
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Figure 10. Schematic representation of the wheel profile parametrization.

The rail profiles used in Runs 1, 2 and 3 are described in Table 5. In ‘Run 1’, the left and
right rail profiles have the same geometry. In ‘Run 2’, the left and right rails are different
for br, which is 1 mm to make the ellipse thin, which enables to represent the sharp edge
depicted in Figure 7(b). In the case of ‘Run 3’, the rail profile of ‘Run 1’ is used with the
exception of the crossing panel where a variable rail profile is considered as described in
section 3.5.

3.5. Crossing layout parameterization

The crossing rail comprises the wing rail and the crossing nose, whose cross sections are
parametrised through ellipses and straight lines. The top and lateral views of the crossing
are schematised in Figure 12, where three longitudinal coordinates of the right rail are
identified as ‘1’, 2" and ‘3’ that refer to the three cross sections represented in Figure 13.
The wing rail deviates laterally in the interval between position ‘1" and ‘3’ according to
the crossing angle . Note that within this interval the wing rail profile is wider than the
one observed at position ‘1’ by a factor of 1/cos(cr) due to the projection of the rail cross
section onto the transverse plane of the track. The first cross section of the crossing nose is
defined at position 2’, as shown in Figure 13. From position 2’ up to position ‘3’, the rail
cross section varies linearly until reaching the original cross section observed at position
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Figure 11. Schematic representation of the rail profile parameterisation.

‘I’. Note that the angle 8 enables the representation of the ramp that is observed in a real
crossing nose, which elevates the rail cross section linearly as demonstrated in Figure 12.
The gap between the crossing nose and the wing rail is defined by parameter ¢, which
represents the distance between the inner sides of the ellipses that define those two rail
profiles as exhibited in Figure 13. It is highlighted that, in this parametrization, the ellipses
that define the wing rail at position ‘1’ and the crossing nose at position 2’ and ‘3’ are
aligned to the left, as shown in Figure 13. Note also that a straight line is considered to
connect the wing rail and the crossing nose, which is convenient for the rail interpolation
methodology employed in MUBODyn and Vi-Rail. Note that the profiles are discretized
in a set of equally spaced points over their arc-length.

4. Results of the benchmark

Selected results obtained with MUBODyn, VOCO and VI-Rail for ‘Run 1’, ‘Run 2’ and
‘Run 3’ are presented, in this section, with the aim of identifying the impact of the methods
implemented in the three multibody codes. The focus is put on the right wheels of the
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bogie, which negotiate the outer rails of ‘Run 1’ and ‘Run 2’, and the crossing element of
‘Run 3’.

4.1. Run 1 - conformal contact

The objective of this case study is to analyse contact patches that show the largest contact
area, which are expected at the outer rails where the contact flange occurs. Figure 14 shows
the area of the contact patches during the curve transition for the (a) trailing and (b) leading
outer wheels. The largest contact area is observed for the trailing wheelset that exceeds
140 mm?, in the case of MUBODyn. Figure 14(a) demonstrates that VOCO and VI-Rail
have significant differences, with a systematically higher contact area obtained with VI-
Rail, while MUBODyn reaches good agreement with both VOCO and VI-Rail in particular
intervals, namely where peaks and troughs are observed. In what concerns the contact areas
of the leading outer wheel, a good agreement is obtained between MUBODyn and VOCO
for the smaller contact patch and between MUBODyn and VI-Rail for the larger contact
patch, as shown in Figure 14(b).

The contact position at the wheel and rail is shown in Figure 15(a, b), respectively. Note
that different criteria are used to determine the contact position on the wheel and rail.
MUBODyn defines the contact points as the location where the maximum penetration
is observed at each contact patch, and the condition that the interference is normal to
the wheel and rail surfaces must be verified, as shown in Figure 3(a). In VOCO, the con-
tact position is a weighted sum using the normal force per strip as the weight. No precise
definition has been found for VI-Rail, but it seems similar to that of MUBODyn. From the
results, it is observed that VOCO shows lower amplitude variation for the contact position
when compared to MUBODyn and VI-Rail.
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Additionally, the shape of the contact patch of the outer trailing wheel is obtained for
the trailing wheel when it reaches the beginning and end of the curve transition, that is,
at sy equal to 0 and 25 m shown in Figure 16. Here, VI-Rail is not considered as this con-
tact shape is not available to the user. The contact patches obtained with CONTACT [59],
which is a software based on the Kalker rolling contact theory used as a reference for other
simplified methods [60], are also presented. CONTACT requires the separation function
and normal contact force as inputs, which are obtained with MUBODyn and VOCO. An
elliptical contact shape is observed ats, = 0 m and a good agreement is recognised between
MUBODyn, VOCO and CONTACT, as shown in Figure 16(a—c). The elliptical shape is
expectable as the contact point is observed at the origin of the wheel and rail, as shown in
Figure 15, where the curvatures are locally constant, approximately. Wider contact patches
are observed at the end of the curve transition, as shown in Figure 16(b-d), where the con-
tact patches deviate from the elliptical shape. MUBODyn and CONTACT show a good
agreement, whereas VOCO slightly underestimates the contact patch area when com-
pared with CONTACT. The contact patches obtained with MUBODyn and VOCO differ
as the contact conditions predicted at this instant of the simulation are also different as
shown in Figure 14(a). In this conformal configuration, a slight difference in the lateral
displacement of the wheel induces a comparatively high difference in the contact patch and
location.

The contact forces at the contact patch of the outer trailing wheelset are displayed
in Figure 17 and show a good agreement. In what concerns the normal contact forces,
a better match is recognised between MUBODyn and VI-Rail, whereas VOCO obtains
slightly lower peaks, which agrees with the smaller contact patch presented in Figure 14(a).
Regarding the longitudinal and lateral creep forces, a general good agreement is observed
between the three multibody codes.

One cause for the discrepancies between the multibody codes is the difference in the
contact detection methodology implemented in VOCO that neglects the yaw relative
motion, the method implemented in VI-Rail being unknown to the authors. Another
source of discrepancy comes from the determination of the penetration function and its
conversion into a contact patch, where MUBODyn uses a portion of the penetration func-
tion, VOCO virtually interpenetrates the wheel vertically and although the methods used
in VI-Rail are not publicly available they seem to differ from those used in MUBODyn and
VOCO.

4.2. Run 2 - contact sharp edge

In this case study, the focus is put on the contact patch at the sharp edge, which is observed
in the trailing outer wheel. The contact position at the wheel and rail surface is shown in
Figure 18. Here, a better agreement is also observed between MUBODyn and VI-Rail dur-
ing most of the simulation, which indicates that the criteria to define the contact position
might be similar, whereas VOCO shows higher oscillation of the contact position, which
is caused by the presence of the sharp edge.

The contact patches obtained with MUBODyn and VOCO at the beginning and end
of the curve transition, that is, at s, equal to 0 and 25 m respectively, are shown in Figure
19 as well as the contact patches obtained with CONTACT where the separation function
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Figure 16. Contact patch of the outer trailing wheel of ‘Run 1’ obtained with MUBODyn at (a) sy = Om
and (b) sy = 25m and with VOCO at (c) sy = Omand (d) s, = 25 m.

and normal contact function obtained with MUBODyn and VOCO are used. At the begin-
ning of the curve transition a half elliptical shape is observed in both software, meaning
that the contact patch is due to the contact with the sharp edge observed in Figure 18(b),
at uy = 0 mm. Hence, the maximum penetration is observed near the sharp edge, which
leads to an extreme contact where high contact pressures are expected. The normal pres-
sure distribution across the contact patch has been determined with CONTACT for the
contact conditions of MUBODyn and VOCO and displayed in Figure 21. A very high nor-
mal pressure is observed, between 3 and 12 GPa, that would lead to plastic deformation
of the wheel and rail and, in the case of rail, the sharp edge would be smoothed after one
wheel passage.

When the wheel reaches the end of the curve transition, the contact patches increase
in both MUBODyn and VOCO, assuming a portion of an ellipse, as observed in Figure
19(b-d). The discrepancy between VOCO and CONTACT in the contact surface at the end
of the transition curve is due to the smoothing of the B curvature inherent to the STRIPES
method [38], which is discussed in section 2. Using the non-smoothed curvature leads
to better results in terms of contact surface but the abrupt change of curvature at y, = 0
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leads to a sharp variation in the contact patch, as shown in Figure 20(b). The smoothed
curvature shown in Figure 20(a) leads to higher contact stiffness k; hence resulting in a
smaller contact patch. Trimming the profile so as to remove the sharp edge leads to more
consistent results with the other methods. The sharp edge presents a situation where any
method using the half space assumption is challenged and, therefore, the results must be
carefully interpreted.

The contact forces of the trailing outer wheel contact patch are displayed in Figure 22.
A better agreement is observed between MUBODyn and VI-Rail, where the discrepancies
with VOCO are related to the difficulties at coping with the sharp edge. Another issue
is faced by MUBODwyn that leads to high frequency oscillations that are observed at the
peaks of the contact force, as highlighted in Figure 22(a), which is caused by difficulties at
determining the contact patch near the sharp edge. In addition, a sudden peak has been
obtained with MUBODyn that reaches 95 kN for the normal contact force is a numerical
artifact which is caused by a sudden change of the contact position of the rail as highlighted
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Figure 21. Normal contact pressure with the penetration function obtained with (a) MUBODyn and (b)
VOCOforRun2ats, = Om.

in Figure 18(b). Therefore, the methods currently implemented in MUBODyn to deal with
such extreme cases lead to some numerical artifacts.

4.3. Run 3 -impactload

In this case study, the focus is put on the time-history of the normal contact load, where
high impact loads are observed. Figure 23 shows the contact position along the crossing
element as well as the normal contact forces at intervals identified with numbers ‘1°, 2’ and
‘3’. The contact position deviates laterally from s, = 0 m, which corresponds to the lateral
deviation of the wing rail.

The first contact with the crossing nose occurs at around s; = 0.92 m, as observed in
plot related with interval ‘1’. Due to the output time-step, the contact initiation is not well
captured in the crossing nose, where the first normal contact force reported on the crossing
is higher than 50 kN for the three multibody codes, as shown in Figure 23(b). The same
observation is valid for the end of the contact on the wing rail, where the last contact force
reported is not null. Regarding the impact force observed in Figure 23(b), a reasonable
agreement between the three multibody codes has been obtained, where a better resem-
blance is observed between MUBODyn and VI-Rail in the first peak that reaches almost
500 kN. In this case, the normal force shows an oscillatory response because, on the one
hand, the wheel tends to separate from the rail due to the impact force leading to a decrease
of the normal force and, on the other hand, the elevation of the crossing nose increases the
interference that ultimately increases the normal force. The three multibody codes use dif-
ferent normal contact force formulations, namely, the energy dissipation at the wheel-rail
contact is defined differently, which justifies the discrepancies between the results. Follow-
ing this first impact load on the nose, the wheel loses contact with the rail momentarily in
all three codes.

Figure 23(c) shows the second contact with the crossing nose after a rebound of the
wheel occurs at the interval indicated by number 2’. VI-Rail predicts first the contact
around s, = 1.4 m, whereas VOCO and MUBODyn around s, = 1.6 m, which represents
the end of the crossing. Here, both codes show a first peak at high frequency followed by
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another peak with lower frequency. In this case, only MUBODyn losses contact a second
time, although VI-Rail and VOCO reached normal contact forces lower than 20 kN.

In the interval identified by 3’, MUBODyn exhibits the third contact where a first peak
of high frequency is observed followed by an oscillatory response that shows slower sta-
bilisation when compared with VOCO and VI-Rail. Therefore, the discrepancies between
the normal contact forces are mainly justified by the different strategies to account for the
dissipation at the contact force, where MUBODyn uses the restitution coefficient [17,20],
VOCO uses a linear damper, and VI-Rail uses a ‘Hertz damping ratio’, which meaning not
clearly explained in the VI-Rail documentation [52].

4.4. Computational efficiency

The average computational time per second of simulation for the scenarios considered in
this work are listed in Table 1. MUBODyn shows a high computational effort as its MAT-
LAB version has been used in this work, which is at least 10 times slower than its FORTRAN
compiled version as tested under normal plain line application. The methodologies used
here for S&C are not yet available in a compiled format[61]. In addition, MUBODyn com-
prises an online contact detection method that involves solving an optimisation problem
that is the most time-consuming procedure at any time-step of the simulation. Note that
the computational time doubles for Run 2, due to the instabilities observed in Figure 22,
that lead to a significant reduction of the variable time-step. VOCO is the fastest out of
the three multibody codes, not only because it is coded in FORTRAN, but also because the
parameters needed for the contact calculations are pre-tabulated and interpolated online to
calculate the contact conditions. The computational effort does not change significantly as
a fixed time-step integration method is used, leading to a reasonable similar computational
effort. The computational cost of VI-Rail simulations is 2-3 times higher than VOCO, as
it is a compiled code and it uses an online contact detection approach that seems to be
simpler when compared to that in MUBODyn.

Table 1. Computational time for a second of simulation.

Multibody Code MUBODyn VOCO VI-Rail

Run1 ~ 0.7 [h/s] 11 [s/s] ~ 33 [s/s]
Run 2 ~1.8[h/s] 17 [s/s] ~ 36 [s/s]
Run3 ~ 0.9 [h/s] 13 [s/s] ~ 20 [s/s]

5. Conclusions

This work aims to evaluate and critically discuss the implications of the wheel-rail contact
methodologies present in different railway multibody dynamics software, namely MUBO-
Dyn, VOCO and VI-Rail, on the prediction of the contact forces for highly transient
contact conditions, such as those observed in S&C. Three cases have been designed to
test specific wheel-rail contact conditions that typically occur in the negotiation of S&C,
namely, conformal contact, contact at a sharp edge of a switch rail and impact at a cross-
ing nose. Brief descriptions of the wheel-rail contact models implemented in MUBODyn,
VOCO and VI-Rail are provided, which enables to discuss the differences in the results.
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The scenarios considered in this work are simple to model, the simplified bogie model and
the wheel and rail profiles being defined by few parameters, making these models possible
to be replicated by interested readers using other or the same software.

Opverall, a reasonable agreement between MUBODyn, VOCO and VI-Rail is observed
for the three simulation cases presented in this work for most of the results. All the codes
handle the extreme cases considered showing that all tested methods are suitable to han-
dle realistic wheel-rail contact problem in severe transitions. In Run 1, typical wheel-rail
contact conditions are observed from which slight discrepancies observed between the
software are related to the different methods used to solve the contact detection problem
and to determine the contact patch. Higher discrepancies are observed in Run 2, where a
contact with a sharp edge is simulated. In this case, an extreme contact condition that would
lead to plastic deformation due to the high contact stress is observed, which has led to poor
results and numerical instabilities. It should be noted that Run 2 presents a case where the
half space assumption used in all the methods discussed is violated and hence the results
should be interpreted accordingly. The contact patches of Runs 1 and 2 have been compared
with the reference CONTACT software, showing good agreement with MUBODyn. In Run
3, the impact force has been studied in detail. Two impact behaviours have been obtained
with the three multibody codes. The normal force presents an oscillatory behaviour with
high frequency on the crossing nose, while the other impacts observed on the nominal rails
comprises an initial short peak of force with a high frequency that is followed by an oscilla-
tory behaviour with lower frequency, similar to the P1 and P2 forces stated in Jenkins work
[62]. The observed discrepancies between the codes are due to the normal contact models
implemented in the three multibody codes that capture the restitution effect differently.
MUBODyn uses a normal contact model for impact loads [17], in which the restitution
coefficient is explicitly used, VOCO uses a linear damper, while the method used in VI-
Rail is not disclosed in its documentation. Due to the simplicity of the crossing model,
the performance of the rail interpolation did not show to have any impact on the results.
In terms of computational efficiency, VOCO took seconds to run all simulations, while
VI-Rail took minutes and MUBODyn hours. Several factors affect the computational per-
formance of the codes. MUBODyn uses an interpreted programming language rather than
a compiled programming language, which at present significantly affect its speed. It also
uses an advanced and time-consuming method to solve the contact detection problem
while applying online contact calculation alike VI-Rail. The pre-tabulation of the contact
parameters would appear to be one significant reason making VOCO the fastest code.

The wheel-rail contact modelling is a challenging topic that requires further research
to improve accuracy while expanding the conditions for which wheel-rail contact models
provide realistic results. The implementation of wheel-rail contact models in a multibody
code is also a crucial research topic as different approaches impact the wheel-rail contact
forces and lead to varying computational efficiency, as demonstrated in this work. Sugges-
tions for the enhancement of wheel-rail contact models are drawn from this work, namely,
to deal with S&C. One is the determination of the contact patch in cases where the half
space assumption is not valid, as shown in the ‘Run 2’. Additionally, determining asym-
metric contact patches has been highlighted in other works when the yaw angle is higher
[63,64]. For rails with variable cross sections, this might play a role even for small yaw
angles. Also, in ‘Run 2’ high normal pressure is obtained from which plastic deformation
would occur, which recalls the suggestions presented in [40,41] where the consideration
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of plasticity on the normal and tangential contact must be considered when focusing the
wheel-rail interaction. Acknowledging the continuous development of many wheel-rail
contact forces [18], many are appropriately developed for steady state conditions. How-
ever, for transient contact conditions, as it occurs when the wheel load transfer from one
rail to another, few works have explicitly identified a formulation to deal with the resti-
tution effect [17,20,65]. Complementary, the integration method to perform the dynamic
analysis need to be correctly chosen, where variable time-step integration algorithms are
preferred, and the high frequency contents are adequately captured. In the range of high
frequency, the system structural deformation can play a role in the wheel-rail interaction
as demonstrated in many works [66,67].
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Appendix A

Table 2. Bogie model parameters.

- Properties Values Units
My Mass of the wheelset 1813 [kal
hw,roll Roll moment of inertia of the wheelset 1120 [kg.m?]
hw,pitch Pitch moment of inertia of the bogie wheelset 112 [kg.m?]
hw,yaw Yaw moment of inertia of the bogie wheelset 1120 [kg.mz]
Zw Height and nominal radius of the wheelset 0.460 [m]
my Mass of the bogie frame 18615 [ka]
Io,roll Roll moment of inertia of the bogie frame 1722 [kg.m?]
Ip,pitch Pitch moment of inertia of the bogie frame 1476 [kg.m?]
lo,yaw Yaw moment of inertia of the bogie frame 3067 Tkg.m?]
2z Height of the bogie frame 0.600 [m]
Ly Distance between wheelsets 2.560 [m]
Ly Half distance between axleboxes 1.000 [m]
ky Longitudinal stiffness 31.391 [MN/m]
Cx Longitudinal damping 15.000 [kN.s/m]
Ly Length of the longitudinal spring 0.450 [m]
ky Lateral stiffness 3.884 [MN/m]
oy Lateral damping 2.000 [kN.s/m]
Ly Length of the lateral spring 0.400 [m]
ky Vertical stiffness 1.220 [MN/m]
[ Vertical damping 4,000 [kN.s/m]
L, Deformed (undeformed) length of the vertical spring 0.420 (0.457421) [m]
Table 3. Parameters of the co-running model shown in Figure 9(b).
- Properties Values Units
m, Mass of the rail 60 [kal
ms Mass of the sleeper-ballast 1400 [ka]
s rol Roll moment of inertia of the sleeper-ballast 450 [kg.m?]
Distance between rails 1.500 [m]
kpy Lateral stiffness of the pad 30 [N/m]
Cpy Lateral damping of the pad 150 [N.s/m]
kpz Vertical stiffness of the pad 150 [MN/m]
Cpz Vertical damping of the pad 100 [kN.s/m]
ksy Lateral stiffness of the sleeper-ballast 70 [N/m]
Csy Lateral damping of the sleeper-ballast 350 [N.s/m]
ksy Vertical stiffness of the sleeper-ballast 140 [MN/m]
Gy Vertical damping of the sleeper-ballast 1400 [kN.s/m]
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Table 4. Wheel parameters for Runs 1,2 and 3.

Properties Runs1,2and 3 Units
Ro Nominal wheel radius 0.460 [m]
AsSw Distance between points of the wheel profile 0.0005 [m]
ar Vertical semi axis of the tread ellipse 0.005 [m]
br Horizontal semi axis of the tread ellipse 0.150 [m]
ac Vertical semi axis of the concave ellipse 0.020 [m]
bc Horizontal semi axis of the concave ellipse 0.040 [m]
ar Vertical semi axis of the flange ellipse 0.020 [m]
b Horizontal semi axis of the flange ellipse 0.020 [m]
[ Lateral coordinate of the tread-concave ellipses union —0.005 [m]
dfy Wheel slope at the flange-concave ellipses union 3 []

Table 5. Rail parameters for Runs 1, 2 and 3 (xthe right rail of Run 3 also comprises a set of profiles that
represent the crossing).

Property Run1and 3 (both railsx) Run 2 (leftrail) Run 2 (rightrail) Units

fo Height of the rail profile 0.000 0.000 0.000 [m]
As;  Distance between points of the rail profile 0.0005 0.0001 0.0001 [m]
a. Vertical semi axis of the left ellipse 0.021 0.021 0.021 [m]
by Horizontal semi axis of the left ellipse 0.039 0.039 0.001 [m]
dfy  Slope of the left straight line 30 30 30 []
Aup  Width of the left straight line 0.001 0.001 0.001 [m]
agR Vertical semi axis of the right ellipse 0.021 0.021 0.021 [m]
br Horizontal semi axis of the right ellipse 0.039 0.001 0.039 [m]
dfg  Slope of the right straight line 30 30 30 [-]
Aug  Width of the right straight line 0.001 0.001 0.001 [m]
Table 6. Crossing parameters.

- Properties Values Units
Ap Distance between rail profiles 0.01 [m]
Asy Distance between points of the crossing profile 0.0005 [m]
fo Heigh of the rail 0 [m]
ar Vertical semi axis of the ellipse 0.021 [m]
by Horizontal semi axis of the ellipse 0.039 [m]
df, Slope of the straight line 30 [-]
Auy Width of the straight line 0.001 [m]
o Crossing angle 5 [°]
B Longitudinal angle of the crossing nose 4 []
hn Height difference between the nose and wing rails at position 2’ 0.025 [m]
an Vertical semi axis of the ellipse of the nose 0.002 [m]
bn Horizontal semi axis of the ellipse of the nose 0.002 [m]
4 Distance between crossing nose and wing rail 0.050 [m]
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