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ABSTRACT
In this paper, the lateral interaction between a rail vehicle and the
track is investigated during cases of an occurrence of dynamic gauge
widening. This is composed of the nominal track gauge, wear of the
rail profiles and track widening due to wheel-rail forces on sections
of curved track. A multibody simulation model is used to investigate
the various influencing parameters. This model not only analyses
the single rail’s lateral displacement but also tilting. Furthermore,
the simulation of rail pads with adjustable stiffnesses is enabled.
The resulting different contact points between the wheel and rail
are represented, affecting the wheel-rail contact forces. The results
reveal that changes in contact geometry causedby rail tiltingdepend
strongly on the specific wheel and rail profiles. This is illustrated by
comparing a new rail profile with a heavily worn rail profile. Partic-
ular attention is also paid to the distinction between leading and
trailing wheelsets. Finally, the model is validated using measured
wheel-rail forces and rail head movement, as measured on the track.
A better understanding of dynamic track widening can improve
the running behaviour of the wheelset on small radius curves, help
protect against derailment and reduce wear on the wheel and
rail.
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1. Introduction

Small curve radii are common in mountainous regions, and the track systems there are
exposed to heavy loads due to the high lateral forces (Y-Forces) in the contact of rail and
wheel. In curved tracks, a rail vehicle faces the fundamental problem that its wheels on the
left and right-hand side are connected to form a wheelset, and thus cannot build up dif-
ferent speeds. Therefore, conical wheel profiles are needed to allow for the required rolling
radius differential that is necessary for curved running [1]. In tight curves, however, this
possibility reaches its limits. With the usual wheel diameters of locomotives, the curved
radii that can be traversed without creepage lie within the range of 800 and 940m. In this
study, a curve with a radius of 183m and a superelevation of 135mm is considered. Here,
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considerable creep forces must inevitably arise [2]. To counteract this, the nominal track
gauge is increased in small radius curves. This avoids constraining forces and reduces the
risk of flange climbing. For a standard gauge of 1435mm, the smallest value allowed is
1430mm, and the largest value allowed is 1470mm [3]. In [4], several international stan-
dards for track gaugewidening are compared, and their influence on the running behaviour
of trains in curves with different radii is investigated. The focus is on multi-axle locomo-
tives running on small radii, however, the effects onmaintenance costs are also considered.
Nonetheless, due to the wear and centrifugal forces along the curve, the dynamic gauge
reaches much higher values. There are numerous parameters on which dynamic gauge
widening depends, e.g. [5]

(1) Track geometry (track curve radius, cant, gauge, etc.)
(2) Superstructure components (rail fastening type, stiffness, etc.)
(3) Track quality (vertical track alignment)
(4) Bogie design (type of bogie, wheelset spacing)
(5) Running speed
(6) Weather conditions (wet, dry)

There have already been numerous research papers written on the vertical dynamic
interaction between the vehicle and track [6–8]. However, there is limited research on
dynamic track widening and its influence on lateral dynamic wheel-rail interaction in tight
curves. In [9], it is shown that rail rotation has a significant effect on the wheel-rail contact
position. In contrast, the effects of rail displacement in a purely lateral direction on the
contact position are negligible. Standard track models in multibody simulations for the
acceptance of running characteristics of railway vehicles [10] only allow for the motion of
rail in two directions: lateral and vertical. Therefore, for the investigation of trackwidening,
an elastic rail model is used that also allows for rotation of the rail. The changes in contact
geometry caused by rail rotation depend greatly on the specific wheel and rail profiles and
must be considered in the simulation. Optimising the rail rotation flexibility within safety
limits can affect the wheelset movement and reduce wear. Reference [11] deals with the
improvement of the prediction method of nonlinear wheel-rail forces. The profiles of rails
and wheels were measured, which enables the possibility to significantly improve the cal-
culation of wheel-rail forces. Wheel-rail forces were measured with measuring wheelsets,
the lateral position of the wheelset in relation to the track and the angle of attack of the
wheelset. In addition, the longitudinal component of the force could also be measured,
which is essential for understanding the vehicle’s cornering behaviour. The determined
input data was used to validate the predictionmethods. Extensive test runs in sharp curves
were performed, and the primary suspension parameters were varied. The effect of the
changed parameters on the cornering ability is shown and possible optimisation potential
for the bogie design is given.

The work in [5] deals with the influence of the rail fastening components on the lateral
deformation and load distribution behaviour of the rail. The track widening and narrow-
ing of the leading and trailing wheelsets are investigated by measurement and simulation.
It is recognised that the rail head movement not only depends on the current acting cen-
trifugal force, as assumed, but can also depend on many other parameters such as the load
application point.
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The parameter studies carried out in this work using multibody simulations are based
in part on the aforementioned previous research results. Herein, they are significantly sup-
plemented by recent vehicle and trackmeasurements. In particular, this paper scientifically
contributes to the following topics:

– Influence of the selected nominal gauge, the current traction force and speed on gauge
widening and lateral rail-wheel forces

– Influence of different stiffnesses of rail pads and worn profiles on gauge widening and
lateral rail-wheel forces

– Better understanding of the lateral load distribution between leading and trailing
wheelsets

– Working out the advantages and disadvantages of different measurement systems for
describing the lateral dynamics of the track gauge

– Increasing the accuracy of simulation results, thus enabling better wear calculations and
predictions

– Shows the necessity of assigned input parameters for the simulation, based onmeasured
track data

2. Analysis of the dynamic gauge widening based onmultibody simulation

2.1. Simulationmethod

To simulate the rail rotation, as mentioned earlier, a track model is built in the multibody
simulation tool SIMPACK [12]. Figure 1(a) depicts the schematic representation of the
used model, which consists of the three rigid bodies: the inner rail, outer rail and sleeper.
The rails are connected to the sleeper by a spring-damper system in vertical and lateral
directions [13]. In addition, a torsion spring system is implemented under the rails to allow
the rail to tilt.

Themultibodymodel of the locomotive used for the simulations is shown in Figure 1(b).
The model structure and the vehicle’s parameters are not changed, as the focus is on the
track.

Figure 2 demonstrates schematically how a dynamic gauge change can occur in a curve.
The difference between the leading and trailing wheelsets can be seen. It also shows the

Figure 1. Schematic representation of the multibody track model (a) and the multibody model of the
locomotive in SIMPACK (b).
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Figure 2. Schematic representation of the different dynamic track gauges of the leading and trailing
wheelset.

influence of the positioning of the measuring equipment on the measuring carriage to
determine the track gauge [14]. The measuring carriage determines the track gauge under
loaded condition, including its own weight, and thus outputs a higher value than the
unloaded condition.However, it also does not provide for the dimensions of the track gauge
occurring under the leading wheelset, since accessibility for measurement is not ensured
there. These facts must be considered for validations based on the measured track gauge.

2.2. Description of the simulated track section

The investigated section is one of the tightest curves in the Austrian rail network, i.e. a
radius of 183m. For the parameter studies, a section with a length of 600m is modelled,
which means that the straight lines before and after the curve can also be considered to
understand the entry and exit conditions. For the later comparison of the measured gauge
widening and the simulation, a detailed section of 300m is used.

The existing track layout, characterised by radius, superelevation and vertical track posi-
tion, is used for the parameter studies. Track irregularities are only considered for the later
comparison betweenmeasurement and simulation. The same velocity profile is defined for
all parameters in the study, i.e. a constant speed of 60 km/h.

2.3. Track data collection for simulation input

The virtual track is parameterised by several measurement data sets for themultibody sim-
ulation of a curved track. The track geometry, alignment and rail profiles are determined
by the use of a measuring car [15]. Figure 3 illustrates all the rail profiles measured along
the 600m section and the cross section (which was measured every 10m). The software
SIMPACKuses Bézier curves to interpolate between themeasured rail profiles in the longi-
tudinal direction. This allows a smooth transition from one profile to the next [12]. During
the course of the measurement operation to determine the lateral rail head movement, the
rail profiles were checked at three measurement positions using the MiniProf Rail manual
measuring device [16].

Two very heavily worn profiles stand out here. This severely worn section has a length
of 20m and can also be seen in the wheel-rail forces in Figure 4.

The stiffnesses of the superstructure are calculated by using measured deflection and
measuredQ-forces. Themeasurement of the deflectionwas carried out on the exact section
of track under consideration using optical measuring techniques [17].
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Figure 3. Measured rail profiles of inner rail (a) and outer rail (b) in a curve.

Figure 4. Measured lateral forces of the leading- and the trailing wheelset.

2.4. Measurement of the rail-wheel forces

The vehicle measurement data used in the present study was obtained from the measure-
ment study of a locomotive. Two measuring wheelsets are installed to the leading bogie,
and the Y- and Q- forces in the wheel-rail contact are measured [18]. Figure 4 shows the
wheel-rail forces of the leading and trailing wheelsets and illustrates the force progression
over the curve. At the beginning, the vehicle enters the tight curve with a radius of 183m.
A section with a remarkable change in the wheel forces comes after the beginning of the
curve. In this area, both rail profiles are heavily worn.

There are increased dynamic force peaks at the welding joints between the new and old
profile, which are particularly visible on the leading wheelset. The trailing wheelset does
not show these peaks, however, it does show a reduction in lateral forces due to the larger
track gauge caused by wear.

From themeasurements of vertical and lateral forces, the prevailing friction value taken
on the day of measurement is estimated for the simulation. The coefficient of friction is
determined on the inner rail as the straight cone part of the wheel is in contact with the
rail [11]. For 10 passages, this resulted in an average coefficient of friction of µ = 0.35
for the running surface. A reduced friction value of µ = 0.12 was specified for the wheel
flange [19]. Furthermore, the coefficient of friction for the outer rail was assumed to be the
same [20].
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2.5. Simulative investigation of the dominant influencing parameters on the
dynamic track gauge

The gauge is affected by several basic parameters that can change with time and distance.
The main influences are stated and further investigated as follows:

– Nominal track gauge
– Traction force
– Vehicle speed
– Lateral stiffness of rail pads
– Rotational stiffness of the rail/railpads
– New or worn rail profile

Figure 5(a and b) show the coordinate systems used for thewheelset, inner rail and outer
rail. To depict the different effects for the leading and trailing wheelset in detail, the lateral
displacement and the angle of attack of the wheelsets are also plotted in Figure 5(a).

2.5.1. Influence of the nominal track gauge
This parametric study demonstrates the influence of the nominal track gauge. In addition
to the standard gauge in Austria of 1435mm, gauge widening is also common, especially
in tight curves [3]. Due to wear and settlement, the track gauge can change over time,
especially in curves with small radii. Table 1 shows that the gauge is varied and that the
other parameters remain the same.

Figure 5. (a) Definition of the coordinate systems for the wheelset, the lateral wheelset displacement
and the angle of attack [21]. (b) Coordinate system for the two rails with positively defined directions.

Table 1. Parameter study: variation of the nominal track gauge.

Nr.
Track Gauge

in mm
Traction Force

in kN
Vehicle Speed

in km/h
Lateral Stiffness

in kN/mm
Torsional Stiffness

in kNm/rad Rail profile

1 1430 75 60 80 400 New
2 1435
3 1440
4 1445
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Figure 6. Lateral wheel-rail forces, lateral wheelset displacement and angle of attack with variation of
track gauge.

This first parameter study will be used to describe the basic correlations of the most
important characteristic parameters of vehicle dynamics in a curve. Figure 6 shows the
influence of the nominal track gauge on the lateral forces in the wheel-rail contact for the
leading and trailing wheelset. In addition, it depicts the lateral wheelset movement and
angle of attack calculated in the simulation. For a further detailed analysis, the simulation
results of this respective parameter study are attached in the appendix.

The nominal track gauge is assumed to be constant along the track. In Figure 6 the
influence on the lateral guiding forces of the leading wheelset can be seen to be rather
small.

The forces on the trailing wheelset become smaller as the track gauge increases. How-
ever, the influence of the track gauge on the trailing wheelset is continuously more signif-
icant. With comparably large track gauges, the lateral force on the inner rail approaches
zero, and the force on the outer rail is also only small. As a result, the track widening of the
trailing wheelset is also minor.

The parametric study proves the suitability of the gauge widening, which is currently in
use on the curve. Figure 6 indicates an almost constant behaviour of the lateral forces over
the track gauge in the case of the leading wheelset. Conversely, the trailing wheelset reveals
that the absolute value of the lateral forces on the outer rail decreases from 40 kN to 10 kN
and on the inner rail from 28 kN to 0 kN. This trend can be predicted by an almost linear
relationship.
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Table 2. Parameter study: variation of the traction force.

Nr.
Track Gauge

in mm
Traction Force

in kN
Vehicle Speed

in km/h
Lateral Stiffness

in kN/mm
Torsional Stiffness

in kNm/rad Rail profile

1 1439 0 60 80 400 New
2 50
3 100
4 150

Detailed simulation results are attached in Appendix 1. The diagrams clearly show that
constrained curving occurs at a gauge of 1430mm. In this case, the flange of the inner
wheel of the trailing wheelset is also in contact with the inner rail of the curve. This leads
to a large angle of attack and, consequently, to high lateral creep forces. If the track gauge
is increased, the angle of attack is also reduced, and the lateral creep forces decrease. The
bogie reaches free curving.

2.5.2. Influence of the traction force
In the present work, the relationship between traction and the resulting forces between the
rail and wheel in curves will be analysed. Reference [22] investigates this relationship for a
two-axle bogie in curves with a radius of 600–1800m, both with and without traction.

Without traction forces, the wheelset tends to run radially to the curve. This tendency
naturally worsens with smaller curve radii.With applied traction forces, on the other hand,
the tendency of thewheelsets is to runparallel to each other and, accordingly, to resist radial
running in a curve. So, in the case of a high tractive force, the bogie steers worse if the yaw
stiffness is low.

During the parameter studies carried out here, the applied tractive force of the loco-
motive is varied, and the effects on the lateral forces are presented. The traction force is
specified in SIMPACK by defining a drive torque per wheelset using an input function.
The speed is controlled by a pushed dummy body with a given speed profile. In the sim-
ulation, Kalker’s FASTSIM algorithm was used to model creep forces [23]. Table 2 shows
that the traction force is varied, while the other parameters remain the same.

Figure 7 indicates a slight influence on the forces and gauge widening of the leading
wheelset. Herein, increasing the traction force leads primarily to a reduction in the lateral
forces on the inner rail. A more significant influence is seen on the trailing wheelset. Here,
the lateral force on the outer rail of the trailing wheelset particularly increases. The force
on the outer rail increases from 4 kN to 32 kN, compared a powerless run with a traction of
150 kN. This observable tendency can be effectively approximated by a predominantly lin-
ear correlation. Detailed simulation results are attached in Appendix 2. The figure depicts a
small gaugewidening on the trailingwheelset as the traction force increases. It is noticeable
here that the tilting of the inner rail hardly changes. The outer rail tilts slightly outwards
when the traction force rises.

As already discussed in [22], the angle of attack of the trailing wheelset increases with
tractive force. This means that it tends to become more parallel rather than radial. The
leadingwheelset behaves the otherway around and shows a reduction of the angle of attack.

2.5.3. Influence of the vehicle velocity
In general, the vehicle’s velocity significantly influences the leading wheelset’s guid-
ing forces. The investigated curvature exhibits a standard speed of 60 km/h. In this
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Figure 7. Lateral wheel-rail forces, lateral wheelset displacement and angle of attack with variation of
the traction force.

Table 3. Parameter study: variation of the vehicle velocity.

Nr.
Track Gauge

in mm
Traction Force

in kN
Vehicle Speed

in km/h
Lateral Stiffness

in kN/mm
Torsional Stiffness

in kNm/rad Rail Profile

1 1439 75 10 80 400 New
2 30
3 60
4 90

study, the velocity is varied, as shown in Table 3, whereas the other parameters remain
constant.

As can be seen in Figure 8, the change in speed greatly affects the guiding forces of the
leading wheelset, which mainly affects the outer rail. Furthermore, at higher speeds, an
increased force on the trailing wheelset at the outer rail occurs.

The contact point on the outer wheel of the leading wheelset is located in the flange root.
If the speed gets higher, the contact point on the outer wheel of the trailing wheelset will
also move to the flange root in order to balance the centrifugal force.

When this happens, the load increases sharply when the permitted vehicle speed is
exceeded. Both for the trailing and the leading wheelset. When the speed increases from
60 km/h to 90 km/h, the load on the trailing wheelset increases from 20 kN to 58 kN. This
trend can be estimated by a quadratic relationship. Therefore, this leads to increased wear
on the outer rail.
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Figure 8. Lateral wheel-rail forces, lateral wheelset displacement and angle of attack with variation of
the vehicle velocity.

Despite the increase in speed, the leading wheelset can no longer move laterally because
the wheel flange is already in contact. The trailing wheelset behaves differently here. With
increasing speed, it experiences movement toward the outside of the curve. The angle of
attack of the leading wheelset decreases with increasing speed, while it increases for the
trailing wheelset.

Detailed simulation results are attached inAppendix 3 and show a slight gaugewidening
on the trailing wheelset as the speed increases. It is noticeable here that the tilting of the
inner rail hardly changes. The outer rail tiltsmore outwardwith an increase in speed, which
leads to a greater increase in the track gauge.

2.5.4. Influence of the lateral stiffnesses of the rail pads
The rail pads are positioned directly under the rail foot. This reduces vibrations and
structure-borne noise, which is particularly noticeable when it comes to an increase in
ride comfort. Due to their stiffness, the pads between the rail and the sleeper have a major
influence on the vertical movement of the rail [24]. Table 4 shows that the lateral stiffness
is varied, while the other parameters remain the same.

Despite a relatively large lateral displacement of the rail foot for soft pads, especially
when considering the leading wheelset, the effect on the lateral forces is quite small.
Figure 9 indicates an almost constant behaviour of the lateral forces over the lateral stiff-
ness in this case. On the trailing wheelset, there is only an increase of 3 kN for the inner
and the outer rail and the trend can be estimated by an almost linear relationship.
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Table 4. Parameter study: variation of the lateral stiffness of the railpads.

Nr.
Track Gauge

in mm
Traction Force

in kN
Vehicle Speed

in km/h
Lateral Stiffness

in kN/mm
Torsional Stiffness

in kNm/rad Rail Profile

1 1439 75 60 80 400 New
2 60
3 40
4 20

Figure 9. Effect of a reduced lateral stiffness of the rail pad on the lateral wheel-rail forces, lateral
wheelset displacement and angle of attack.

In reality, such lateral foot displacement occurs even more rarely because the mounting
plate represents a mechanical stop. This further prevents lateral movement of the rail even
after a long lifetime and rather serves as a centre of rotation for tilting the rail.

Detailed simulation results are attached in Appendix 4.

2.5.5. Influence of the torsional stiffness of rail pads
The influence of rail pads on lateral displacement has already been discussed. Now the
effect due to the tilting of the rail is to be investigated. Figure 10 shows the lateral wheel-
rail forces at different rotational stiffnesses of the rail. There is an increase in the lateral
forces on the trailing wheelset with an increase of the torsional stiffness.

When looking at lateral wheelset displacement, as the stiffness increases, the leading
wheelset moves less as far to the outside of the curve. The trailing wheelset is in the middle
position with a soft rail pad and shifts to the inside of the curve with increasing stiffness.
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Figure 10. Lateral wheel-rail forces, lateral wheelset displacement and angle of attack with different
stiffnesses of the rail pads.

Table 5. Parameter study: variation of the torsional stiffness of the railpads.

Nr.
Track Gauge

in mm
Traction Force

in kN
Vehicle Speed

in km/h
Lateral Stiffness

in kN/mm
Torsional Stiffness

in kNm/rad Rail Profile

1 1439 75 60 80 100 New
2 200
3 300
4 400

Detailed simulation results are attached in Appendix 5. It shows the resulting gauge
widening and the torsion angle of the inner and outer rail. In the case of the leading
wheelset, it is noticeable that the guiding forces do not change, but the track gauge and
the tilting of the outer and inner rail vary. A reduction in the torsional stiffness thus leads
to a large increase from 1439mm to 1455mm.

The torsional stiffness variation shows that there is no change in the forces of the leading
wheelset, even when accounting for a larger tilt of 4°. The trailing wheelset sees less tilting
(about 0.5°), but the forces increase by about 6 kN with stiffer rail pads.

Focusing on the trailing wheelset, less tilting of the rails and thus less gauge widening
is observable. A conspicuous effect of track narrowing in the run-out area of the curve is
noticeable with a comparably soft rail pad, where there is also an increase in the guiding
forces on the inner and outer rails (Table 5).
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Table 6. Parameter study: variation of the torsional stiffness of the railpads with new and worn rail
profiles.

Nr.
Track Gauge

in mm
Traction Force

in kN
Vehicle Speed

in km/h
Lateral Stiffness

in kN/mm
Torsional Stiffness

in kNm/rad Rail Profile

1 1439 75 60 80 100 Measured new
and worn pro-
file

2 200
3 300
4 400

2.5.6. Influence of worn rail profiles
As far as the profiles of the locomotive’swheels are concerned, newwheel profiles are always
used in the simulation for the present investigations. This is done to exclude these influ-
ences on the rail-wheel forces. A new wheel profile is also used for the measurement runs.
Now measured rail profiles are used for the following parameter variation. This is to show
the influence of the torsional rail pad stiffnesswhen considerablewear has already occurred
on the curve. In curves with small radii, wear occurs at the rail head, especially on the outer
rail, which increases the track gauge.

Figure 3 depicts the profiles measured by the measuring car in the curved section. The
figure already illustrates the profile data post-processed for the simulation software. This
process must involve removing the measurement errors and moving the rail profiles to the
definition point of the track gauge 14mm below the top of the rail head [1].

Table 6 presents the exemplary variation of the torsional stiffness considering a mea-
sured and worn profile. All other parameters remain constant.

Figure 11 shows the influence of different rail pad stiffnesses on lateral guiding forces.
In addition, the difference between a new profile in the curve and a heavily worn one can
also be seen here. The gauge widening, which occurs due to rail wear alone, is visible. In the
wider gauge’s area, it can be seen that the lateral forces are reduced on the trailing wheelset.

Figure 12 shows that the effect on the forces, when the lateral stiffnesses are varied,
ranges around 4 kN and is therefore small. However, the effect on the tilting of the rail is
striking. Detailed simulation results are attached in Appendix 6.

The inner rail tiltsmore inward because the contact point also shifts inward, and a higher
tilting moment occurs. Due to wear, the contact point of the outer wheel moves outward
and thus also forms a greater tilting moment, in this case to the outside of the curve. This
means that with worn rail profiles, in combination with soft rail pads, there is greater tilt-
ing than with new profiles. The position of the rail-wheel contact points can be seen in
Figure 13.

3. Analysis of the dynamic gauge widening based onmeasurement data

Figure 14 shows the measurement setup for determining lateral rail head movement using
linear displacement sensors. Sensors are applied to the inner and outer rails. The mea-
surement campaign is carried out by the Institute of Rail Infrastructure Design at Graz
University of Technology [25].

Figure 15 shows the measured rail head movement when a locomotive pass over. As the
simulations demonstrate, the outer rail of the leading wheelset WS1 tilts to the outside of
the curve, while the inner rail tilts to the inside of the curve. With the trailing wheelset,
the outer rail also tilts to the outside. The trailing wheelset WS2 exhibits the effect already
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Figure 11. Influence of different rail pad stiffnesses on the lateral wheel forces, track gauge and tilting
of the rail in case of new and worn profiles.

shown in the parameter studies, namely that the inner rail tilts slightly inward due to the
point of contact’s displacement. With the second bogie, due to the different position of the
bogie in the track, this effect is less strong. However, the tilting of the inner rail is only
minor.

4. Comparison of measurement and simulation results

The described multibody model is parameterised and compared with the measure-
ment data of this section. The moving mass-spring-damper track model has been cali-
brated against the conditions at the field measurement site with the parameters listed in
Table 7. The values for the stiffnesses in the lateral, vertical and torsional directions were
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Figure 12. Lateral wheel-rail forces, lateral wheelset displacement and angle of attack over torsional
stiffness considering a worn rail profile.

Figure 13. Representation of the wheel-rail contact with worn rail profiles during a simulated curved
run.
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Figure 14. (a) Overview of the entire measuring set-up with several measuring positions on the inner
and outer rail, (b) Linear displacement sensors for determining the lateral rail head movement.

Figure 15. Measurement of the rail head movement of the leading wheelset (WS1) and the trailing
wheelset (WS2).

Table 7. Track parameters for the comparative simulation.

Lateral Stiffness Railpad 80 kN/mm [5]
Vertical Stiffness Railpad 600 kN/mm [26]
Torsional Stiffness Railpad 400 kNm/rad [25]
Lateral Stiffness Sleeper 40 kN/mm [5]
Vertical Stiffness Sleeper 28 kN/mm (Outer Rail)

50 kN/mm (Inner Rail)
[17]

determined in a short section of track on the basis of measured wheel-rail forces and the
occurring deflection, lateral displacement and tilting of the rail.

Figure 16 illustrates the comparison between the measured and simulated lateral and
vertical forces.

The influence of gauge widening due to wear is evident, both in the simulation and in
the measurement data. Deviations of the forces may result from the following reasons:

– No current weighting record of the locomotive is available. For this reason, the centre
of gravity position was assumed to be ideally located in the symmetric centre for the
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Figure 16. Comparisonof the simulatedandmeasuredwheel-rail forces, dynamic trackgaugewidening
and titling of the rails.

simulation. Investigations have shown that a slight shift in the centre of gravity can
cause a shift of the vertical forces.

– There is no measurement of the vehicle’s drive torque. Based on the course of the Y-
forces of the trailing wheelset and the knowledge gained from the parameter study
in section 2.5.2, it can be assumed that traction was increased during the curve entry,
thus increasing the lateral force on the outer rail. In the simulation, a constant traction
torque was used.

– This is also related to the uncertainty regarding traction creepage. The locomotivemight
have accelerated at the entry of the curve, which may have led to large traction creep-
ages. For this case the FASTSIM creep force model may not be suitable [23] and could
be one of the reasons for the discrepancy between measurement and simulation.

Figure 16 also presents the simulated gauge widening for each wheelset. This shows
good agreement with the track widening determined at three measurement positions on
the track. Due to the higher forces, the leading wheelset reveals a more significant track
widening than the trailing wheelset. The figure also shows the tilting movement of the
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individual rails. In the case of the leading wheelset, the inner rail tilts toward the inside of
the curve, while the outer rail tilts toward the outside.

The trailing wheelset behaves differently here. Both the inner and the outer rail tilt
toward the outside. This causes only a slight widening of the track for the trailing wheelset.
The lateral displacement of the foot of the rail is very small, as can be seen in the parameter
study in section 2.5.6. The lateral displacement of the head results mostly from the tilting
of the rail.

5. Conclusions

This paper investigates the lateral interaction between a rail vehicle and the track when
a dynamic gauge widening occurs in a tight curve. For this purpose, a detailed multibody
model is built. In a parametric study, fundamental parameters are varied, and the effects on
the lateral guiding forces and the translational and rotational motions of the rail are inves-
tigated. Special attention is paid to track stiffnesses, worn rail profiles, runs with traction
and different vehicle speeds.

The parameter study proves the usefulness of the still exercised practice of gauge widen-
ing in tight curves. The lateral forces on the outer rail can be reduced on the trailing
wheelset from 40 kN to 10 kN and on the inner rail from 28 kN to nearly 0 kN. The results
of the parameter studies indicate amoderate possibility by gauge widening to reduce lateral
forces at the leading wheelset.

The variation of the traction force shows the direct influence on the lateral contact
forces. If the traction is increased from powerless up to 150 kN, the lateral force on the
outer rail of the trailing wheelset increases from 4 kN to 32 kN. The correlations between
the traction force and the lateral forces are almost linear.

The parameter variation of the lateral stiffness of the rail pads shows only a minor effect
on the wheel-rail forces. Despite a rather large lateral displacement of the rail base for soft
pads, especially for the leading wheelset, the effect on the lateral forces is quite small. For
the trailing wheelset, there is only an increase of 3 kN for the inner and outer rail. The
torsional stiffness variation shows no change in the forces of the leading wheelset, even
with a larger tilt of 4°. The trailing wheelset sees less tilting (about 0.5°), but the forces
increase by about 5 kN with stiffer rail pads.

The same variation of torsional stiffness is performed with worn profiles and shows
more significant tilting movements on the trailing wheelset. Up to 2° tilting angles
are observed here, resulting from a shift of the contact point and thus a larger tilting
moment.

During the evaluations, special attention is paid to the difference between the leading
and trailing wheelsets. They can be subjected to very different track conditions depending
on speed, wear and gauge. To obtain reliable simulation results, this factmust be considered
in the future when gauge measurement data is used for the parameterisation of multibody
simulation models.

Finally, themodel is validated usingmeasuredwheel-rail forces and railheadmovement,
as measured on the track.

A better understanding of dynamic track widening can improve the running behaviour
of the wheelset on small radius curves, decrease the probability of derailment and reduce
the local stresses and wear on the wheel and rail.
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Appendix

Appendix 1. Simulation results with variation of the nominal track gauge
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Appendix 2. Simulation results with variation of the traction force
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Appendix 3. Simulation results with variation of the vehicle velocity
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Appendix 4. Simulation results with variation of the lateral stiffness of the
railpads
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Appendix 5. Simulation results with variation of the torsional stiffness of the
railpads
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Appendix 6. Simulation results with variation of the torsional stiffness of the
railpads and worn rail profiles
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