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Abstract

This study investigates asymmetric wheel–rail interaction and derailment risk in curved
railway tracks incorporating transition geometry and measured track irregularities. An
integrated multibody dynamic model based on the European Railway Research Insti-
tute (ERRI) formulation is implemented in VI-Rail to simulate realistic wheel–rail
contact behaviour, suspension dynamics, and vehicle–track interaction under varying
curve radii, vehicle speeds, and irregularity conditions. The derailment coefficient
lateral-to-vertical force ratio (L/V ) exhibits a progressive increase within the transi-
tion region owing to the gradual introduction of curvature and cant, reaching its peak
at the onset of the circular track. Thereafter, the force response tends toward a quasi-
steady oscillatory behaviour in the curved section, suggesting a stabilized wheel–rail
interaction under constant curvature conditions. A non-monotonic speed dependence
is observed, with L/V decreasing from approximately 0.58 at 40 km/h to 0.49 at 100–
120 km/h, followed by an increase to nearly 0.55 at 140 km/h. Curve radius strongly
influences derailment behaviour, where sharp curves (R = 250m) produce signifi-
cantly higher L/V values, while larger radii (R = 500m) maintain comparatively
stable operation. Under severe operating conditions, pronounced L/V spikes and
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near-zero vertical wheel loads indicate elevated derailment susceptibility and inter-
mittent wheel–rail contact loss. The findings highlight the coupled influence of speed,
track geometry, and PSD-based track irregularities on vehicle stability, emphasizing
the importance of asymmetric wheel–rail interaction in derailment assessment and
safer railway track design.

Keywords: wheel–rail interaction, curved track dynamics, stochastic track irregulari-
ties, transition curves, derailment risk, multibody dynamics

1 Introduction

The interaction between railway vehicles and track significantly influences running
stability, ride quality, component wear, and overall operational safety. This interac-
tion becomes more critical with increasing train speeds and axle loads, especially in
curved track sections where centrifugal effects, cant variation, and track geometry
considerably affect wheel–rail contact conditions. Consequently, wheel–rail forces
become highly dynamic and may exhibit asymmetric behaviour, which can adversely
affect vehicle stability. Under such operating conditions, excessive lateral forces
and wheel unloading may develop, increasing the likelihood of instability and de-
railment [2–5, 18, 20].

Curved tracks are especially susceptible to asymmetric wheel–rail interaction due
to unequal loading between the inner and outer rails. This asymmetry arises from
centrifugal forces and cant imbalance, leading to variations in contact forces, creep-
ages, and wheel unloading [5, 9]. To improve ride comfort and reduce abrupt changes
in curvature, transition curves are introduced between tangent and circular track sec-
tions. However, transition regions also create complex transient dynamic conditions
because curvature and cant vary continuously, often making these sections more sen-
sitive to instability [13, 15, 18].

Accurate prediction of wheel–rail interaction requires robust contact modelling and
validated multibody dynamic formulations. Classical rolling contact theory developed
by Kalker [1] forms the basis for creep force estimation, while the nonlinear contact
formulations proposed by Polach [4, 5] provide improved representation of adhesion-
limited wheel–rail behaviour. In addition, multibody railway vehicle models have
been widely employed to capture suspension dynamics, wheelset motion, and contact
nonlinearity under realistic operating conditions [7, 14, 19]. Benchmark vehicle for-
mulations such as the ERRI model have therefore become important tools for railway
dynamic analysis [21].

Apart from geometric effects, railway tracks contain unavoidable irregularities due
to wear, maintenance limitations, and construction tolerances. These irregularities act
as stochastic excitation sources and significantly affect vehicle dynamic response [6,
11,22]. Several studies have demonstrated that track irregularities can amplify wheel–
rail contact forces and degrade vehicle stability, particularly in curved track conditions
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[9, 10, 15, 17]. Power spectral density (PSD)-based representation is commonly used
to model realistic irregularity profiles while preserving the statistical characteristics of
measured track data [6].

Several studies have examined curved track dynamics, vehicle–track interaction,
and derailment behaviour under different operating conditions [10, 12, 17, 23]. While
the influence of track irregularities on derailment response has been investigated, the
combined effect of transition geometry and PSD-based track irregularities on asym-
metric wheel–rail interaction has received comparatively less attention. In particular,
the variation of wheel unloading and the lateral-to-vertical force ratio within transition
regions, where curvature and cant evolve simultaneously, is not yet fully understood.
This limitation motivates the need for a detailed investigation of derailment behaviour
under realistic irregular track conditions.

The present study investigates asymmetric wheel–rail interaction and derailment
risk in curved tracks with transition geometry under stochastic track irregularities us-
ing a validated multibody dynamic framework. A benchmark ERRI-based railway
vehicle model implemented in VI-Rail is adopted to simulate realistic wheel–rail con-
tact behaviour. PSD-based track irregularities are incorporated to represent realistic
excitation conditions, and the effects of speed, curve radius, and irregularity levels on
wheel–rail forces, asymmetric loading, and derailment indicators are systematically
examined.

2 Methodology

This section presents the methodology adopted to investigate the dynamic response
of the railway vehicle under curved track conditions. The vehicle–track interaction
model, track geometry, and PSD-based track irregularities considered in the simula-
tions are first described, followed by the parametric framework used to evaluate the
influence of operating and track conditions on wheel–rail interaction behaviour.

2.1 Vehicle–Track Dynamic Model

A multibody dynamic model of the railway vehicle–track system is employed to in-
vestigate wheel–rail interaction under curved track conditions. The simulations are
carried out using the commercial software VI-Rail, which incorporates a validated
nonlinear multibody formulation for railway vehicle dynamics. The modelling frame-
work enables realistic representation of vehicle response under varying operating con-
ditions, including the effects of wheel–rail contact, suspension dynamics, and track
geometry.

The railway vehicle is represented as an interconnected system of rigid bodies com-
prising the carbody, bogies, and wheelsets, linked through primary and secondary
suspension elements. The multibody formulation accounts for the coupled dynamic
interaction between the vehicle and track, allowing realistic prediction of wheel–rail
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forces, load transfer, and vehicle stability in curved track environments.
The vehicle model adopted in the present study is based on a benchmark railway

vehicle configuration implemented within the VI-Rail environment. The model incor-
porates wheelset guidance, suspension characteristics, and wheel–rail contact interac-
tions required for evaluating derailment-related responses under curved track condi-
tions with transition geometry and PSD-based irregularities. A schematic representa-
tion of the vehicle model is shown in Fig. 1.

Figure 1: Vehicle Model

2.2 Wheel–Rail Contact Modelling

The wheel–rail interaction is modeled using a nonlinear contact formulation imple-
mented through a standardized contact configuration file (CCF) within the VI-Rail
framework. A generalized wheel–rail contact model (WRGEN) is adopted, ensuring
consistent contact representation along the entire track length under a uniform config-
uration. The normal contact force is evaluated based on Hertzian contact theory [1],
with a small damping ratio (0.001) incorporated to account for energy dissipation dur-
ing contact deformation.

The tangential creep forces are computed using Kalker’s simplified theory via
the FASTSIM algorithm [1], which provides an efficient nonlinear approximation of
rolling contact behavior. The creep force formulation is scaled using a Kalker factor
of unity, while constant friction coefficients µ = 0.4 are assumed in both longitudi-
nal and lateral directions to maintain numerical stability and computational efficiency.
The total contact force is decomposed into normal and tangential components, which
together govern the dynamic stability and guidance of the wheelset.
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Figure 2: Schematic Diagram of Track

2.3 Track Modelling

The track is modelled analytically within the VI-Rail environment with a total length
of 400 m, consisting of a straight segment, a transition region, and a circular curve
shown in Fig.2. The standard gauge of 1.435 m is adopted, and measured track irreg-
ularities are included to represent realistic operating conditions.

2.3.1 Horizontal Geometry

The curvature κ(s) of the track is defined as a piecewise function:

κ(s) =


0, 0 ≤ s < 50
s−50
50R

, 50 ≤ s < 100
1
R
, 100 ≤ s ≤ 400

(1)

where s is the longitudinal coordinate along the track and R = 320 m is the radius
of the circular curve. The transition region ensures a gradual increase in curvature.

2.3.2 Cant (Superelevation)

The cant angle ϕ(s) is introduced progressively along the transition zone and is defined
as:

ϕ(s) =


0, 0 ≤ s < 50

ϕmax
s−50
50

, 50 ≤ s < 100

ϕmax, 100 ≤ s ≤ 400

(2)
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where ϕmax = 0.1 rad is the maximum cant angle. This variation results in asym-
metric loading between the inner and outer rails.

2.3.3 Track Irregularities

Measured PSD-based track irregularities are incorporated in the VI-Rail model to sim-
ulate realistic excitation of the vehicle–track system. Measured PSD data are used to
generate lateral and vertical irregularities for both rails, while a scaling factor is em-
ployed to investigate the influence of different track quality conditions, ranging from
smooth to degraded states.

2.4 Simulation Matrix

A structured simulation matrix is adopted to systematically investigate the influence
of key parameters on wheel–rail interaction and derailment risk. The simulations are
categorized into four sets.

Table 1: Simulation matrix used for the parametric investigation

Study Type Parameter Simulation Cases Fixed Case

Speed Sensitivity Train speed 40, 60, 80, 100, 120, and
140 km/h

Baseline geome-
try with nominal
PSD

Track Irregularity Scaling factor of
PSD

No irregularity, 0.5×,
1.0×, and 1.5× PSD

100 km/h

Curve Radius Curve radius 250, 320 , and 500 m 100 km/h

Critical Operat-
ing Conditions

Combined pa-
rameters

Radius = 250, 320, and
500 m with 1.0× and
1.5× PSD

140 km/h

First, a speed variation study is conducted under fixed track conditions to identify
critical operating speeds. Second, the influence of track irregularities is examined by
varying the PSD scaling factor, representing different levels of track quality ranging
from smooth to degraded conditions. Third, the effect of curve radius is analysed to
evaluate the influence of track geometry on vehicle stability. Finally, critical operating
scenarios are investigated by combining high speeds with severe track conditions,
including increased irregularity levels and smaller curve radii.

The analysis focuses on asymmetric wheel–rail interaction, characterized by un-
equal force distribution between the left and right wheels, particularly in curved track
sections. Derailment risk is evaluated using the lateral-to-vertical force ratio (L/V ).
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3 Results and Discussion

This section presents the simulation results obtained from the vehicle–track dynamic
analysis. The effects of key parameters, including vehicle speed, track geometry, and
irregularity conditions, are systematically investigated to evaluate their influence on
wheel–rail interaction and dynamic response characteristics.

3.1 Effect of Speed under fixed Parameter

The discussion focuses on the front bogie response, as it is the first to encounter track
irregularities and therefore provides a better representation of wheel–rail interaction
behaviour. The variation of lateral force under fixed parameter conditions is shown
in Fig. 3. It can be observed that the lateral force response is strongly influenced by
vehicle speed. As the speed increases from 40 km/h to 140 km/h, both the magnitude
and oscillatory nature of the lateral force increase noticeably. A transient response is
observed in the transition section(approximately 50–100 m), after which the response
settles into a quasi-steady oscillatory pattern in the circular section.
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Figure 3: Lateral force variation of left and right wheels along track distance

Notably, the Rear wheelset (Left and Right wheels) also demonstrates higher sen-
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sitivity to speed, with large force fluctuations at higher velocities, indicating potential
dynamic instability. The observed asymmetry between left and right wheels highlights
the influence of track curvature and non-uniform wheel–rail interaction.

At 140 km/h, the vehicle exhibits high-amplitude oscillations and irregular force
variations, suggesting proximity to critical speed conditions and an increased risk of
derailment.

The vertical wheel–rail contact force also exhibits a strong dependence on vehicle
speed under fixed parameter conditions, as shown in Fig. 4. As speed increases, a sig-
nificant redistribution of load occurs, with left wheels experiencing increased vertical
forces while right wheels undergo substantial unloading. This behavior is primarily
attributed to centrifugal effects and vehicle roll dynamics in curved track conditions.

A pronounced transient response is again observed within the initial 100 m, fol-
lowed by a steady oscillatory pattern. Notably, the right wheels exhibit a sharp re-
duction in vertical force at higher speeds (120–140 km/h), with values approaching
critically low levels. Such unloading significantly increases the risk of derailment, as
the lateral-to-vertical force ratio (L/V ) becomes large.
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Figure 4: Vertical force variation of left and right wheels along track distance

Overall, the results indicate that at higher speeds, particularly around 140 km/h,

8



the system approaches unsafe operating conditions due to the combined effects of
increased lateral forces and reduced vertical contact forces

3.2 Effect of Speed on L/V Ratio

The variation of the derailment coefficient (L/V ratio) with vehicle speed for the front
and rear wheelsets is presented in Figures 5 and 6. A consistent trend is observed in
both cases, wherein the L/V ratio initially decreases with increasing speed, reaching a
minimum around 100–120 km/h, beyond which it increases again at higher speeds.

At lower speeds (e.g., 40 km/h), relatively higher L/V values are observed. This
behaviour can be attributed to the increased influence of track irregularities, which
induce localized fluctuations in lateral and vertical forces. Due to lower inertial effects,
the wheel–rail interaction becomes more sensitive to these irregularities, resulting in
higher peak L/V values. However, these peaks are predominantly transient and do
not necessarily indicate a critical derailment condition.

As the speed increases to moderate levels (approximately 80–120 km/h), the ve-
hicle exhibits improved dynamic stability, leading to a reduction in the L/V ratio.
In this regime, the vehicle inertia helps attenuate the response to track irregularities,
thereby reducing force fluctuations and resulting in lower derailment indices.

At higher speeds (e.g., 140 km/h), the L/V ratio increases again. This rise is
primarily governed by the increase in centrifugal forces (∝ v2/R), which enhances
lateral wheel–rail interaction. Consequently, the lateral force increases more rapidly
than the vertical load, leading to a higher L/V ratio and a greater propensity toward
derailment. Overall, the results indicate that derailment risk is influenced by a combi-
nation of track irregularities at lower speeds and centrifugal effects at higher speeds,
with an intermediate speed range exhibiting relatively safer operating conditions.

3.3 Effect of Curvature

The variation of the derailment coefficient (L/V ratio) along the track length for dif-
ferent curve radii at 100 km/h is shown in Fig. 7. In the initial straight section (up to
50 m), the L/V ratio remains negligible for all cases. A sharp increase is observed in
the transition region (50–100 m) due to the gradual introduction of curvature and cant,
which enhances lateral wheel–rail forces.

In the curved region, the L/V ratio exhibits oscillatory behaviour due to track
irregularities; however, a clear dependence on curve radius is evident. The smallest
radius (R = 250 m) yields the highest L/V values, while larger radii (R = 320 m
and R = 500 m) show progressively lower levels. This trend is consistent with the
centrifugal effect (∝ v2/R), where tighter curves generate higher lateral forces and,
consequently, higher derailment coefficients.

The maximum L/V value is approximately 0.5, observed at the leading (front)
wheelset, and remains below the Nadal limit, indicating safe operation under the given
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conditions.

3.4 Influence of Track Irregularities

The influence of track irregularities on the derailment coefficient (L/V ratio) was
examined by scaling their amplitude at a constant speed of 100 km/h, as shown in
Fig. 8. Four cases were considered: a smooth track, baseline irregularities, and scaled
irregularities of 0.5× and 1.5×.

In the straight region , the L/V ratio remains negligible for all cases. A sharp
increase is observed in the transition region due to the introduction of curvature and
cant. Beyond this region, the L/V response exhibits oscillatory behaviour driven by
track irregularities.

Although an increase in irregularity amplitude leads to slightly higher peak fluctua-
tions (notably for the 1.5× case), the overall L/V levels remain closely grouped across
all cases. In particular, the 0.5× and 1.0× cases show nearly identical responses, indi-
cating a relatively weak sensitivity of the derailment coefficient to moderate changes
in irregularity amplitude under the given operating conditions.

The maximum L/V value is approximately 0.52, observed at the leading wheelset,
and remains below the Nadal limit, confirming safe operation at 100 km/h.
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3.5 Critical Condition

Based on the fixed-parameter analysis, 140 km/h was identified as a near-critical op-
erating speed. Accordingly, a detailed investigation was carried out at this speed for
different curve radii and irregularity scaling, as shown in Fig. 9. For the sharp curve
(R = 250 m), the derailment coefficient exhibits a sudden and extremely large spike in
the front wheel (Fig. 9a), significantly exceeding the Nadal limit. This behaviour indi-
cates loss of stable wheel–rail contact and represents a dynamically unstable condition
rather than a physically sustained force level. A similar trend is observed in the rear
wheel (Fig. 9b), where the L/V ratio exceeds the safety limit and subsequently drops,
suggesting intermittent loss of contact. For the intermediate radius (R = 320 m),
the L/V ratio approaches and intermittently exceeds the Nadal limit, particularly un-
der amplified irregularities. This indicates a marginally unstable operating condition,
where derailment risk is highly sensitive to track excitation.

In contrast, for the larger radius (R = 500 m), the L/V ratio remains well below
the Nadal limit for both front and rear wheelsets, with values around 0.4–0.5. The
response is comparatively stable, indicating safe operation even at 140 km/h.
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Figure 9: Critical condition comparison of front and rear wheelsets

Overall, the results demonstrate that derailment behaviour at high speeds is strongly
governed by curve radius. While sharp curves lead to instability and potential loss of
contact, larger radii maintain stable wheel–rail interaction. Irregularity scaling further
amplifies the response but does not alter the fundamental stability trend dictated by
curvature.

3.6 Assessment of Derailment Risk

The derailment risk is evaluated using the L/V ratio based on the Nadal criterion,
together with wheel unloading behaviour. The results show that derailment suscep-
tibility is governed by the combined effects of vehicle speed, track curvature, and
irregularity-induced excitation.

At moderate speeds (up to ∼100 km/h), the L/V ratio remains well below the
Nadal limit for all cases, indicating stable wheel–rail contact. In this regime, irregular-
ities mainly cause localized fluctuations without significantly affecting overall safety.
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With increasing speed, the L/V ratio rises due to higher lateral forces and pro-
gressive wheel unloading. At 140 km/h, a transition in behaviour is observed. For
R = 250 m, very large L/V spikes occur due to near-zero vertical load, indicating in-
cipient loss of contact and dynamic instability rather than physically sustained forces.
For R = 320 m, the L/V ratio approaches and intermittently exceeds the safety limit,
representing a marginally stable condition sensitive to irregularities. In contrast, for
R = 500 m, the L/V ratio remains below the threshold, indicating stable operation.

Irregularity scaling primarily affects fluctuation amplitude without significantly al-
tering the mean L/V level, highlighting the dominant role of track geometry. Overall,
three regimes are identified: (i) safe (low speed, large radius), (ii) marginal (high
speed, moderate radius), and (iii) unstable (high speed, sharp curves with wheel un-
loading).

3.7 Asymmetric Wheel–Rail Interaction and Its Implications

The results clearly demonstrate pronounced asymmetric wheel–rail interaction be-
tween the left and right wheels, particularly in curved and transition regions. This
asymmetry arises due to the combined effects of centrifugal force, cant, and geomet-
ric variation, which induce unequal load distribution across the wheelsets.

The outer rail (left wheel in the present configuration) experiences higher lateral
forces and increased vertical loading, while the inner rail undergoes significant un-
loading. This effect becomes more pronounced with increasing speed, leading to a
higher L/V ratio on the outer wheel and reduced vertical force on the inner wheel.

Furthermore, the front wheelset exhibits stronger asymmetric behaviour compared
to the rear wheelset, as it directly encounters the transition geometry and irregular-
ity inputs. The rear wheelset response is comparatively moderated due to dynamic
filtering through the vehicle body and suspension system.

This asymmetric force distribution plays a critical role in derailment behaviour. In-
creased lateral loading on one side combined with unloading on the opposite side leads
to elevated derailment coefficients and potential loss of contact. The results therefore
highlight that derailment risk is inherently asymmetric and cannot be accurately as-
sessed using symmetric assumptions.

Overall, the findings emphasize that asymmetric wheel–rail interaction, governed
by the combined influence of speed, curvature, and irregularities, is a key mechanism
driving instability in curved tracks.

4 Conclusion

This study investigated asymmetric wheel–rail interaction and derailment risk in curved
railway tracks with transition geometry considering PSD-based track irregularities us-
ing a multibody dynamic simulation framework. The results indicate that the transition
region (approximately 50–100 m) is a dynamically sensitive zone where the L/V ratio
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increases rapidly due to the progressive introduction of curvature and cant, while the
circular section exhibits oscillatory behaviour governed by PSD-based irregularities.

A non-monotonic speed dependence of the L/V ratio is observed, decreasing from
approximately 0.58 at 40 km/h to about 0.49 at 100–120 km/h, before increasing to
nearly 0.55 at 140 km/h due to centrifugal effects and wheel unloading. Track cur-
vature significantly affects derailment behaviour, with sharp curves (R = 250 m)
producing higher L/V values, whereas larger radii (R = 320 m and R = 500 m)
maintain comparatively stable responses. At higher speeds, particularly 140 km/h,
larger force oscillations and pronounced asymmetric wheel–rail interaction increase
derailment susceptibility, especially for smaller radii.

Overall, derailment risk is governed by the coupled influence of speed, track ge-
ometry, and PSD-based irregularities, with vehicle speed and curve radius having the
strongest effect on wheel–rail stability.

Future work may extend the developed framework by incorporating wheel and rail
wear, variable friction conditions, traction and braking forces, and localized track de-
fects. The methodology can also be applied to different vehicle types and validated
using experimental or field measurements to enhance its practical applicability.
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