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ABSTRACT
Railway switches are essential for ensuring efficient train operations,
and efforts to improve their safety standards have driven the intro-
duction of ‘switch rail control contact’ (TKK in Swedish) sensors in
Sweden. These sensors monitor the gap between the switch and
stock rail, complementing the switch rail position detection of the
drives. Despite their benefits, TKK sensors are prone to faults, which
in turn increase maintenance and operational costs. This study was
therefore initiated to assess the utility of these devices in derail-
ment prevention. To assess the risk of derailment caused by gauge
narrowing induced by entrapped foreign objects, multibody simula-
tion (MBS) of train switch interactions is performed. A state-of-the-art
structural track model of a switch is modelled in Simpack. Simula-
tions indicate that the train will not derail due to flange climbing
when the foreign object is modelled with a failure criterion resem-
bling crushing strength of ballast stones. An investigation featuring
anunbreakable object showed that the critical gaugenarrowing limit
considering flange climbing is around 15mmwhich is in accordance
with the existing safety limit. The influence of track irregularities in
combination with foreign objects is also investigated.
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Introduction

Switches are essential for railway operations as they allow for trains to change track. They
are also critical because they include moving switch rails that must be moved to and then
be locked in the correct position to guide trains into the intended route [1,2]. The actuation
required to achieve this make switches more prone to faults compared to tangent track [3].
The outline of a common Swedish switch and crossing (S&C) of radius 760m is shown
in Figure 1. Green rails indicate the through route, while blue rails indicate the diverging
route. The switch rails are connected to each other by means of three long cylindrical bars
called links. They are indicated by dashed lines in Figure 1. Their function is to increase the
bending stiffness of the switch rails by connecting them in parallel and to ensure that the
distance between the switch rails remains fixed. The switch rails are supported vertically
by sleeper mounted slide chairs and rollers to enable smooth operation. Actuation of the
switch rails are carried out by the two drives indicated in orange. They exert a force of
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Figure 1. Overview of a UIC60-760-1:15 S&C in Sweden.

Figure 2. Cross-section of switch and stock rail with interfering foreign object [11]. Right: Picture of TKK
sensor used in field [12].

maximum 6 kN each to actuate the switch [4,5]. Drives are in control if the gap between
the switch and stock rail at the drive should be less than the upper tolerance limit of 5mm
[6]. Gaps between switch and stock rails are monitored at four locations using so-called
TKK sensors (indicated by purple colour). TKK is a Swedish abbreviation for ‘switch rail
control contact’ [6–8]. The control limit of the TKK is 13mm [6]. A picture of a TKK in
track can be seen in Figure 2. The number of TKKs needed varies depending on switch
radius and drive configurations.

One type of fault is when foreign objects find their way in between switch rail and stock
rail as shown in Figure 2 [1]. These objects are for example ballast stones or ice from pass-
ing trains. When the switch alters position, the object will prevent the switch rails from
fully closing, thus resulting in gauge narrowing that can lead to derailment due to flange
climbing if not detected [7,9]. To prevent this from happening, the switch rail will only be
in control in the signalling system and traffic be allowed, if the switch rail is locked at the
drives and the TKK sensors are within the tolerance limit. This means that the gap between
switch and stock rail is not greater than 5mm at the drives and 13mm at the location of the
TKK sensor. The system is designed to detect objects that cause a gauge widening exceed-
ing 15mm as standards specify that to be safe [10]. If the TKK sensors are removed, gauge
widening between 25 and 30mm can be present, while the drives are still in control [11].

The challenge with locking detection at drives and TKKs is their reliability. They can
sometimes indicate faults even when there are none, which can result in traffic disrup-
tions. To get an overview of the situation, data from Trafikverket’s (The Swedish Transport
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Figure 3. Categorisation of faults associated with control of switches in Sweden based on data from
Trafikverket for the year 2017.

Administration) database of railway infrastructure faults (Ofelia) was analysed for the full
year of 2017. In total there were 8597 faults related to S&Cs in Sweden. By searching for
keywords such as ‘switch not in control’ and ‘switch not going into position’, etc. in the
error description, 4853 faults were found. Given that the identification stems from free-
text searches the identification accuracy is not perfect, but by inspecting samples of the
identified and remaining issues, it was concluded that most of the not-in-control cases had
been identified. It can thus be noted that a bit more than half of S&C faults were related to
not-in-control switches.

Studying the associated reported causes for not-in-control switches, no root cause was
found in 35% of the cases, and the action taken here is typically lubrication, adjustment
or additional inspections. In 35% of the cases faults were related to component failure,
malfunction or wrong setting and following repair or adjustment. Out of these 1711 faults,
201 are associated with TKKs. In 20% of the cases, the problem was snow or ice and in 5%
of the cases it was a foreign object. 5% are faults that are not easily associated with the other
categories, such as damage from maintenance equipment, thunderstorms and so on.

Studying the snow and ice and foreign object categories together, it was found that in
94% of the cases with these causes, the action takenwas clearance, snow clearance or clean-
ing, confirming that there was indeed stuck material preventing the switch from going in
control. For the foreign object category, the type of object is sometimes mentioned, and
ballast stones are by far the most common type. There are also instances of wood, animals,
tarps, etc., as well as metal objects such as detached switch heating elements. A breakdown
of the fault categories can be seen in Figure 3.

As the system does not register if a not-in-control case was caused by the drives or the
TKKs, it is not possible to determine how many of the 1188 cases of snow, ice and foreign
objects thatwere triggered by aTKK. It is, however, reasonable to assume that theTKKcon-
tributes to a significant part as it is required to detect interfering objects along large parts of
the switch rails as shown in [11]. Together with the faults in the TKK sensors themselves,



4 S. K. K. BYSANI ET AL.

it is estimated that TKKs contribute to 500–1000 not-in-control cases in Sweden per year.
If it can be demonstrated that these types of interruptions do not pose a derailment risk,
TKKs could potentially be omitted from the switch control system. This would not only
reduce the overall number of control errors in switches but also lower maintenance and
operational costs.

To address these scenarios, multibody simulations (MBS) are performed to determine
the response of the switch rail system and the train in cases of trapped foreign objects.
The aim is to assess the potential for derailment in these cases. To this end, this paper will
address three research questions based on the presumption that the TKK sensor is removed
and gauge narrowing up to 25mm can be present during traffic [11].

(1) What is the risk of derailment when the gauge narrowing is caused by a trapped
ballast stone or by an infinitely strong object placed at the foot of the switch rail?

(2) What is the robustness of the findings for derailment risk with respect to axle load,
wheel–rail friction coefficient and vehicle speed?

(3) What is the maximum gauge narrowing that can be tolerated without a risk of
derailment due to flange climbing?

With the answers to these questions, we hope to contribute to better understanding of
derailment risks in switches due to trapped foreign objects and also provide a more solid
foundation for the design of a robust system for switch rail control.

Modelling requirements

To address the posed research questions using simulations, an appropriate simulation
model needs to be created. As the evaluation of dynamic vehicle–switch interaction is
required,MBS is a natural choice. A structural (finite element (FE)) trackmodel is required
inMBS for realistic results as the switch rail has many different discrete support points and
connections along its length (slide chairs, stock rail contacts, drives and links) that need
to be accounted for together with the bending stiffness of the rail. The switch rail cross-
section dimensions and the locations of acting forces need to be accounted for as the acting
forces can cause torsion about the switch rail’s longitudinal axis. This will change the gauge
and wheel–rail contact conditions. It is also necessary to simulate the actual switching
operations to create correct initial conditions with trapped objects before vehicle passage.

State-of-the-art

This section will explore previous works and the state-of-the-art of simulations in relevant
areas. These are structural track modelling of S&C, switching operations and derailment
risk analyses.

Structural trackmodelling of S&C

Numerical simulations of vehicle–S&C interaction remain a highly active area of research,
with a wide range of modelling techniques available to accurately predict this complex
interaction. Several studies, such as those in [13,14], employ the co-simulation method
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where a separate FE trackmodel is coupled to anMBS vehiclemodel in simulation. Others,
including [15,16], utilise the co-running track model where a mass-spring-damper system
under each wheelset is used to represent the dynamic track properties. There is also the
possibility of using an FE-type track model representation in the MBS model, for example
by using the modal superposition method [17–19] or by using beam elements or reduced
ordermodels to represent rails and sleepers [20–23]. The only study found that accounts for
the non-linear contacts and sliding friction between switch rail and stock rail and baseplate
was [24] in a co-running track model. For further comparison of modelling techniques in
S&C, see for example Pillai et al. [25] or Pålsson et al. [26].

Switching operations

Duta et al. in [27,28] developed a self-adjusting railway switch system model which works
on a closed loop control system that re-adjusts itself to close any gap. In their switch sys-
tem model, the switch rail is modelled as a flexible body in an MBS software Simpack
[29] by using bodies created in an FE software, i.e. ABAQUS [30]. The closed loop system
consists of a co-simulation between Simulink and Simpack models. An extension to the
previous study [28] was done by Li et al. [31]. They combined an actuatormodel developed
in Simulink and a validated FEmodel of a switch rail [30], to validate it against steady-state
predictions from an MBS model of a railway switch developed in Simpack. In [32], the
authors extended their previous work to develop a framework for dynamic modelling of
switches by taking into consideration the switch blades, actuators and control systems. The
novel actuation system ensures a continued operation even with a single actuator failure.
The influence of foreign objects on switch rail operations has been investigated by devel-
oping a novel FE model in ABAQUS that simulates switching operations in the presence
of interfering objects [11].

Derailment risk in S&C

Derailment of a train passing through an S&C have for long been a concern, resulting in
research of ways to predict and take necessary actions to prevent it. Wang et al. in [33]
developed a derailment coefficient criterion for S&Cs considering the influence of creep
force and wheelset yaw angle. Lai et al. in [34] developed an MBS model in Simpack to
investigate derailment risk when empty wagons pass through a switch under a braking
force applied by a vehicle retarder. The influence of longitudinal force of other wagons,
wheel–rail friction coefficient and vehicle speed on the derailment risk are also investi-
gated in this study. Jiang et al. in [35] make use of an MBS model developed in Simpack
to investigate the mechanism of flange climbing derailment of an empty wagon passing
through a S&C in the diverging route. The authors conclude that the longitudinal cou-
pler force and the wheel–rail friction coefficient are major influencing factors. They also
suggest the implementation of a guard rail before the switch to reduce derailment risk by
flange climbing. In continuation to the previous studies, Lai et al. in [36] utilised a Simpack
model to investigate the influence of rail joints placed before a S&C on the derailment risk
and analysed the effects of different parameters such as S&C radius, wheel–rail friction
coefficient and gap between the rail joint and switch rail toe on the derailment risk.
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Outcomes of the literature review

From the literature review, it is concluded that no previous publications have investigated
risks of derailment due to foreign object interference in railway switches. In terms of mod-
elling, it can be concluded that there have been simulations with actuated flexible switch
rails that account for the switch rails different discrete contacts and connections (slide chair
and stock rail contact, links and drives), but only for the analysis of switching operations,
not for dynamic vehicle–switch interaction. Also the switch rail torsion has not been inves-
tigated in this context. Both the research topic and the modelling approach are therefore
novel.

Multibodymodel

The MBS model for the study of dynamic vehicle–switch interaction is built in the com-
mercial software Simpack [29]. The model includes a structural representation of the
switch panel of a UIC60-760-1:15 S&C and preceding tangent track, modelled in the
non-linear flextrack module of Simpack. Traffic is represented by the Manchester bench-
mark passenger vehicle model [37] with an axle load of 11 t. An overview of the Simpack
model can be seen in Figure 4 and a schematic top view of the model is presented in
Figure 5.

The tangent track is modelled using only rails while the switch panel includes the full
track structure with rails and sleepers. Both the rails and sleepers are modelled as flexible
bodies. This simplification ismade to reduce computational efforts as there are no dynamic

Figure 4. MBSmodel of vehicle–switch interaction in Simpack.

Figure 5. Illustration of the MBS model setup, featuring a tangent track leading into the S&C. Refer to
Figure 1, for details about the S&C. Origin of the track model coordinate system is at the start of the S&C.
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excitation on the tangent track making it unnecessary to include the sleeper bodies. The
support stiffness of the tangent track is adjusted to give the same track stiffness as that
of the start of the switch panel to ensure a smooth transition. Rails and sleepers are con-
structed using Timoshenko beam elements. The varying properties of the switch rails due
to their tapered ends are accounted for. This implies reduced mass and bending stiffness
towards the rail ends [26]. All rails and sleepers are condensed into super elements using
a Craig–Bampton reduction [38].

The connections between rails and sleepers are modelled using linear bushing (Kelvin)
and force elements. Each sleeper is supported by a discretised system of independent
bushings in the vertical direction. This represents the distribution of stiffness and viscous
damping of the ballast and subgrade (Winkler bed). The stock rails in the switch panel
are connected to the sleepers with bushing elements and the rails in the tangent track are
connected with bushings to ground.

For the switch rails on the other hand, the situation is more complex as these are con-
strained by a combination of rail fastenings, contact surfaces and locking devices. The
different constraint regions are illustrated in Figure 6. All contact surfaces account for
normal and tangential contact forces.

Both the through and diverging switch rails are connected to the sleepers in the same
way as the stock rails in the ‘switch rail fastening region’ at the right end of the switch
panel in Figure 6. For the rest of its length, the switch rails are supported by contacts to the
sleepermounted slide chairs in the vertical direction. The sliding contacts in this region are
established by using the ‘universal point contact’ element with a friction coefficient of 0.1
[11]. In the lateral direction, there are two different contact regions. One is the ‘switch to
stock rail contact region’ where the switch rail has an inclined contact surface to the stock
rail close to the top of rail (ToR). The intermediate ‘stock rail knob contact region’ has
contact elements defined between stock rail and switch rail purely in the lateral direction
mimicking the stock rail knob supports for the switch rail. Nominal input parameters to
the MBS model are presented in Table 1.

Links as seen in Figure 1 are long cylindrical bars connecting the through and diverg-
ing switch rails with pivoting bolt connections. There are three links in the present switch
design. The links are modelled as linear springs of 1.5 kN/mm stiffness. The value of the
link stiffness was obtained via FE simulations of the link geometry in ABAQUS.

Drives and foreign object are modelled using force elements. The two drives are mod-
elled exerting a lateral force of 6 kN against the switch rail as seen in Figure 6. In time
domain simulations with passing vehicles, the switch rail is locked at the drive positions
with bushing elements with a stiffness of 10 kN/mm in the lateral direction. The foreign
object modelling is presented in the following section. The foreign object is positioned
at the location of the front TKK in the facing move, which is approximately equidistant
from both drives. This placement represents the most critical region where the largest for-
eign object could potentially go undetected by the drives alone, without the presence of
the TKK. As the foreign object is moved towards the drives the probability of it getting
detected increases significantly [11].

Even though the switch rail itself is modelled using beam elements, the spatial dimen-
sions of its cross-sections are accounted for to give realistic contact conditions, especially
under torsional deformation. The switch rail contact cross-sections are defined by four
nodes, one at the top of rail, two at the bottomof rail and one at the centre of themass/beam
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Figure 6. Overview of the applied forces, foreign object interference, contacts and fastening regions
applied on the switch rail. Bottom: Cross-sectional view of the contact and fastening conditions for
different sections of the switch rail.

Figure 7. Switch rail cross-section with four nodes. Vertical contact to sleepers and inclined lateral
contact to stock rail.
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Table 1. Nominal MBS parameters and values.

MBS model components Type/value

Vehicle Type Carbody with two bogies [37]
Wheel profile S1002
Wheel radius [m] 0.46
Wheelset mass [kg] 1813
Axle load [kg] 11,000

Rail Element type Timoshenko beam
Node spacing along rails in MBS [m] 0.6
Profile UIC60/60E1
Young’s modulus [GPa] 210
Nominal mass density [kg/meter rail]. The
tapered switch rails have the space dependent
properties defined in [26]

60

Track gauge 1435 mm
Sleeper Structural element type Timoshenko beam

Node spacing along body [m] 0.6
Young’s modulus [GPa] 45
Mass density [kg/m3] 2400

Ballast bed Bushing element type Kelvin bushing elements
Vertical and lateral stiffnesspermeter of sleeper
[MN/m/m]

30

Vertical damping per meter of sleeper [kNs/m] 50
Stock rail and switch rail fasten-
ings

Type Kelvin bushing elements

Translational and rotational stiffnesses in all
directions [MN/m]

50 [22]

Translational and rotational damping in all
directions [KNs/m]

10

Switch rail to base plate contact
region

Element type Universal point contact

Normal axis Vertical
Friction coefficient 0.1

Switch to stock rail contact
region

Element type Universal point contact

Normal axis Lateral
Friction coefficient 0.3

Stock rail knob contact region Element type Unilateral spring
Normal axis Lateral

centre line as presented in Figure 7. The nodes are connected by rigid links. Contacts are
defined between the top node of the cross-section and the inclined surface of the stock
rails as well as vertical contacts between bottom nodes and the sleeper mounted slide
chairs.

Foreign object modelling

Ballast stones and ice are the most common types of foreign objects that get stuck between
the switch and stock rail [9]. Occasionally, metal objects from the train or other sources
such as switch heating elements also get stuck, thus acting as foreign objects. Given that
ballast stones andmetal objects are the strongest andmost severe discrete objects, this study
will replicate their behaviour. Ice and ballast stones exhibit a similar behaviour, as they both
get crushed once a certain force is applied [39]. The Young’s modulus and compressive
strength of ice are 9.7–11.2GPa and 5–25MPa, respectively. Compressive strength of ice is
dependent on temperature, strain rate, tested volume and ice grain size [40]. Ballast stone
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Figure 8. A force–displacement relation for linear and ballast object formulations.

has a Young’s modulus of 50GPa and compressive strength of around 60MPa (depending
on the shape of the ballast stone) [41]. Therefore, a ballast stone scenario should be more
conservative with a greater derailment risk compared to pieces of ice as ballast stones are
stronger. Continuous build-up of snow and ice along the switch is normally prevented by
switch heating.

Tests on the crushing of ballast stones and comparison to finite element (FE) simulations
were performed in [41] and [42]. Based on the force versus displacement curves in [41] and
[42], it was observed that the maximum force a ballast stone could withstand ranged from
approximately 35 to 45 kN. To replicate this behaviour, a failure criterion was incorpo-
rated into the foreign object description within Simpack. Two different formulations with
varying energy absorptions were modelled:

(1) Linear variation: An infinitely strong object is represented as a spring with a lateral
stiffness of 40 kN/mm. This setup represents a practically unbreakable object (e.g.
a metal object) that will not fail under the applied forces.

(2) Ballast stone variation: Failure criterion is introduced for the object when the
applied force reaches 40 kN. This scenario represents a ballast stone of average
strength that will disintegrate once it reaches the crushing force. A stiffness of
20 kN/mm is defined for the proportional region [42].

The force–displacement behaviour of these object models is illustrated in Figure 8.
By incorporating these different variations, the simulation aims to capture the behaviour
of foreign objects with varying energy absorptions and provide insights into the
resulting transient events as the train passes through the switch. An object that
gives a gauge narrowing of 30mm is studied corresponding to the gauge narrow-
ing induced during measurements and represents the worst-case scenario without the
TKK [11].
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Figure 9. Switch rail deformation caused by the introduction of a foreign object and application of drive
forces.

Simulation procedure

To simulate the effects of a foreign object, the following simulation procedure is
applied:

(1) The model is brought to static equilibrium with the switch positioned in the
through route and the vehicle on tangent track.

(2) The foreign object is introduced as a prescribed displacement that separates
the switch and stock rail at the object location with the prescribed object size.
The foreign object is introduced at the foot of the switch rail and at the front
TKK location. Drives are inactive in this step allowing the switch rails to move
freely.

(3) The switch rail is moved back into position at the drives by applying the drive forces
of 6 kN. The final state of the switch rail with the foreign object can be seen in
Figure 9.

(4) The state of the switch rail obtained during static equilibrium is then used as the
initial state for subsequent dynamic simulations. The train negotiates the switch at a
speed of 100 km/h in the through (straight) route in the facing move. The resulting
wheel–rail contact forces, foreign object deformation and wheel lift are studied for
all cases of foreign object variations.

By examining these parameters, the simulation aims to provide insights into the
behaviour of the system and evaluate the effects of different foreign object variations on
the overall dynamics of the switch rail and the derailment risk of the vehicle.

Simulation outcomes

Validation

The model’s validation involved a comparison of the lateral displacement of the switch
rail between the drives to field measurements, and FE model results obtained from [11].
An aluminium spacer of certain length resulting in a gauge narrowing of 30mm at the
top of the switch was used in the tests which is assumed to represent a worst-case sce-
nario. Figure 10 clearly indicates that the results obtained from the Simpack model align
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Figure 10. Lateral displacements of switch rail along longitudinal direction obtained by Simpack sim-
ulations, field tests and ABAQUS FE simulations. The longitudinal position between drives 1 and 2
is normalized by the distance between the drives. Results for field measurements and ABAQUS FE
simulations are taken from [11].

well with both field test measurements and FE simulation results. The switch rail deforma-
tions observed in the Simpack simulations fall within acceptable tolerance limits, further
confirming the accuracy and reliability of the model.

Lateral forces and displacements at foreign object

Lateral forces and displacements at the location of the foreign object when a train runs
through the switch are illustrated in Figure 11. In the linear object case, the lateral force
peak at approximately 140 kN, exerting a significant amount of force. Lateral displace-
ment variations in the linear case are small at the object due to the linear stiffness.
The ballast stone exhibits a distinctive behaviour compared to the linear case. Once the
force reaches 40 kN, there is a sudden drop, resulting in complete loss of stiffness at
the object. This leads to large lateral displacements at the foreign object resulting in the
switch rail going back into contact with the stock rail and thus eliminating the gauge
narrowing.

Wheel–rail contact forces

The train follows the through route, causing the right wheel to ride on the switch rail while
the left wheel rides on the stock rail. In Figure 12, it is evident that in the linear case,
the wheelset experiences higher dynamic variations of wheel–rail contact forces compared
to the ballast stone case. On reaching the foreign object position, i.e. 3.9m, due to the
gauge narrowing induced by the object, the wheelset experiences high lateral and vertical
forces until it crosses the switch. High lateral forces can lead to increased risk of derail-
ment by flange climbing and induce damage to the rail itself. On the other hand, the ballast
stone case exhibits minimal variation in contact forces due to the early failure of the ballast
stone.
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Figure 12. Variation in vertical (Q) and lateral (Y) forces experienced by the leading left and rightwheels
for two types of foreign objects during a simulated vehicle passage. A positive lateral wheel force is
pushing the rail outwards away from the track centre.
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Figure 13. Wheel lift relative to ground for left and right leading wheels for linear object and ballast
stone scenarios during a vehicle passage. Note the different scales.

Derailment risk evaluation by wheel lift criterion

The wheel lift criterion is utilised to assess the derailment risk. In [43], 6mm of wheel
lift was taken as a limit corresponding to a significant derailment risk. This criterion was
utilised in this study. The wheel lift is defined as the relative vertical displacement between
the top of rail and the nominal running circle of thewheel. Examining Figure 13, it becomes
evident that only in the linear case does the left wheel lift significantly go above this limit.
Consequently, the linear case poses an increased likelihood of derailment. Conversely, the
presence of a ballast stone leads to minimumwheel lift. Although the risk of derailment in
this case is low, the wheels are in hard flange contact on both sides as the nominal lateral
clearance of the wheelset is around 15–20mm (and maximum gauge narrowing is 30mm
before crushing of the ballast stone).

Switch rail rotation

Lateral displacement of switch rail top and bottom (at object location) for linear and ballast
object formulations are presented in Figure 14. From the plots, it can be noted that in the
ballast object formulation, both top and bottom of the rail move together, since the ballast
stone is crushed and thereafter the switch rail can move freely. In the linear case on the
other hand, the top of switch rail moves considerably more when compared to the bottom
of the rail during wheel passage, inducing torsion in the switch rail. Even with a switch
rail rotation (α) of around 3.5◦, gauge narrowing at the top is still above the safety limit of
15mm [10]. Switch rail rotation due to rail flexibility reduces the effective gauge narrowing
and thereby reduces the risk of derailment.
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Figure 14. Left: Lateral displacements of bottom and top of rail for linear object and ballast stone cases.
Right: Illustration of rail rotation (α) caused by gauge narrowing introduced by foreign object (static
state) and during passage of train (loaded state).

Link contribution

Force experienced by the links during train passage for both object formulations are
shown in Figure 15. Link-2 is the closest to the foreign object position and experiences
a compressive force of 4 kN in the static condition. This means that the object experiences
an additional compressive force of 4 kN because of the links. This contributes to the crush-
ing of the ballast stone.Without the links, it would be slightly more difficult for the passing
train to crush the stone which has also been verified in simulations. For the linear object
case, it can be observed that the forces return to the initial values after the vehicle has
passed while in the ballast stone case the object is crushed, and the link forces are around
zero.

Parameters that influence derailment risk

Several factors can influence the derailment risk in railway switches in addition to foreign
objects. It is therefore of interest to study the influence of such parameters to see how they
can together with foreign objects influence the derailment risk. The classic derailment cri-
terion by Nadal [44,45] defines derailment risk in terms of the Y/Q-force ratio (lateral over
vertical wheel force) with a limit defined as a function of contact angle and friction coef-
ficient. From this criterion, it can be directly inferred that the wheel–rail contact friction
influences derailment risk. Factors that reduce the Q-force or increase the Y-force would
also increase derailment risk. It can therefore be expected that a reduced axle load increases
derailment risk in gauge narrowing situations where high lateral loads can be generated
for kinematic reasons. Further it can be expected that higher speeds and increased fluc-
tuations in dynamic wheel–rail contact loads can increase derailment risk. It is also well
known that track irregularities can influence derailment risk and hence there are limits on
track irregularities as defined in EN13848-5 [46]. In the European project D-Rail [43], it
was found that in particular lateral and twist irregularities could increase derailment risk
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Figure 15. Forces experienced by the links in linear and ballast cases. Black solid lines indicate results
from link-1, while red and green curves indicate links 2 and 3 respectively (counting from the left in
Figures 1 and 5). Forces are positive in compression.

in switches as they can combine to decrease vertical and increase lateral wheel–rail contact
forces. In the D-Rail project it was also investigated how vehicle parameters and vehicle
load imbalances could influence derailment risk, but that is out of the scope for the present
investigations. The traffic situation itself can influence the derailment risk, as an S&C can
see traffic in both the through and diverging routes and in facing and trailing direction.
To quantify the influence of these additional factors, the following sections will study the
influence of wheel–rail friction, axle load and speed in a parametric study, the influence
of track irregularities and the influence of traffic in the trailing move. The studies are per-
formed for traffic in the through route. Traffic in the diverging route, and hence a curve,
could be the more critical in terms of derailment risk in some situations in absolute terms,
but the qualitative influence from parameters is expected to be similar and the through
route is the most interesting from a traffic volume perspective.

W/r friction coefficient, axle load and vehicle speed

The influence of vehicle speed is investigated for speed levels 20, 100 and 160 km/h. Simi-
larly wheel–rail friction coefficients of 0.1, 0.4 and 0.7, and axle loads of 5 t, 11 t and 25 t are
used. The 5 t axle load corresponds to an empty freight wagon, 11 t corresponds to a pas-
senger vehicle and 25 t to a locomotive.1 For the vehicle speed and w/r friction coefficient
investigations, the axle load is assumed to be 11 t. For all the cases, the friction coefficient
between the switch rail and slide chair is kept constant at 0.1. Both object formulations
are investigated in this parametric study. The default values are axle load 11 t, w/r friction
coefficient 0.4 and vehicle speed of 100 km/h. The influence of different parameters on the
wheel lift for a ballast stone and linear objects is presented in Tables 2 and 3 respectively.
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Table 2. Influence of w/r friction coefficient, vehicle speed and axle load on the
wheel lift for a ballast stone case.

Axle load [t] 5 11 25
Wheel lift [mm] 0.76 0.37 0

Vehicle speed [km/h] 20 100 160
Wheel lift [mm] 0.106 0.37 0.25

w/r Friction coefficient 0.1 0.4 0.7
Wheel lift [mm] 0.12 0.37 0.7

Table 3. Influence of w/r friction coefficient, vehicle speed and axle load on the
wheel lift for a linear object case.

Axle load [t] 5 11 25
Wheel lift [mm] 21.64 19.69 14.84

Vehicle speed [km/h] 20 100 160
Wheel lift [mm] 13.8 19.6 25.94

w/r Friction coefficient 0.1 0.4 0.7
Wheel lift [mm] 11.19 19.6 17.7

The results from the ballast stone case indicate that none of the considered parameters
have a major impact on the derailment risk. This is because in all cases, the ballast stone
is crushed even before the front wheelset reaches the object position. In the linear case on
the other hand, axle load and vehicle speed have a linear relationship while it is non-linear
in the case of w/r friction coefficient. A fivefold increase in axle load results in the wheel
lift decreasing by 31% but is still above the safety limit of 6mm. For the case of w/r friction
coefficients of 0.1 and 0.4 (refer to Figure 13), the wheel lift is unilateral and the right wheel
experiences maximum wheel lift. Wheel lift is bilateral and is more even between both the
wheels in the case of 0.7 w/r friction coefficient, whichmeans that the lift of the axle’s centre
of mass is highest in this case. In conclusion, the influence of parameters is dependent on
the type of foreign object that is stuck between the switch and the stock rail.

Switch rail irregularities

This section evaluates the impact of track irregularities on derailment risk in the presence
of a trapped foreign object. The focus is on twist and lateral track irregularities as these
are the most influential in terms of derailment risk in switches [43], especially when com-
bined. Worst-case point faults are created by introducing track irregularities with a short
6mwavelength irregularitywith peak amplitude at the object location. The amplitudes cor-
respond to the intervention limits of the EN 13848-5 [46] for straight track and 100 km/h
traffic, which is 12mm of lateral track irregularity and 5mm/m of track twist. The maxi-
mum track twist then becomes 15mm with a measurement base length of 3m (the track
twist goes from zero to peak and back to zero over 6 m). The sinusoidal basis function
used to describe the track irregularities is shown in Figure 16. Here, a 15-mm linear for-
eign object is considered, as it closely represents a real-case scenario [11]. The derailment
risk is assessed using the wheel lift criterion.

In total, three cases of track irregularities are investigated: track twist and lateral irreg-
ularities separate and combined. A track twist with peak amplitude of 15mm over 3 m is
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Figure 16. Sinusoidal basis function with 6 m wavelength for track irregularities with peak amplitude
at object location. The amplitude is scaled based on the type of irregularity (twist, lateral or combined).

introduced on the right-hand rails (switch rail and stock rail) at the position of the foreign
object. This is realised by introducing a combination of positive track roll (�) and posi-
tive vertical excitation at the track centreline using the basis function in Figure 16. As a
result, the left stock rail remains horizontal while the right switch rail moves downward to
create the track twist. Observations from wheel lift results from Figure 17 (top), show that
the applied track twist does not result in an increase in derailment risk as the wheel lift is
minimal on both wheels.

Lateral track irregularities are also introduced using the basis function in Figure 16, with
amaximum amplitude of 12mmat the location of the foreign object. The track is excited in
the negative y-direction (moving the rails on the object side inwards and outwards on the
opposite side), representing the worst-case scenario where the lateral irregularity further
increases the lateral force on the switch rail. Results in Figure 17 (middle) indicate that
wheel lift on both wheels are well below the derailment limit of 6mm. Compared to the
nominal case (without irregularity), maximumwheel lift increases marginally on the right
wheel due to the irregularity.

Finally, a combination of track twist and lateral irregularities is evaluated. From
Figure 17 (bottom), it can be seen that the left wheel experiences maximum wheel lift in
this case. The combination of both the lateral and track twist irregularities leads tomarginal
increase in the wheel lift compared to individual irregularity cases.

Trailingmove

This section evaluates the derailment risk when a train approaching the switch in a trailing
move interacts with the trapped foreign object. Setup for the trailing move simulations is
as shown in Figure 18. Tangent track (21.9m) has been added before the start of the switch
to ensure a smooth transition zone. The passenger vehicle model (11 t) is approaching the
switch at 100 km/h and the resulting wheel lift for the linear object and ballast stone formu-
lations (foreign object size 30mm) are as seen in Figure 19. For the linear object, the wheel
lift is above the safety limit in both facing and trailing move. In the ballast stone scenario
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Figure 17. Wheel lift against leading axle position for different types of irregularities. Note the different
scales.

on the other hand, the wheel lift is well within the safety limit. Hence, both trailing and
facing move show similar trends for both foreign object formulations.

Derailment limit in terms of gauge narrowing

This section explores the derailment limit as a function of gauge narrowing, aiming to
support the potential relaxation of current regulations on accepted gauge narrowing limits.
According to Swedish standards, the accepted gauge narrowing limit is 15mm [10] asmon-
itored by the TKK sensors. Findings from previous section have shown that ballast stones
measuring 30mm, when acting as foreign objects, are crushed by the lateral forces exerted
by the train. This indicates that ballast stones of that size do not pose a derailment risk
under normal conditions. However, when metal or other infinitely strong foreign objects
of 30mm are present, wheel lift exceeds the safety limit. Given this worst-case scenario,
it becomes essential to investigate the maximum safe gauge narrowing with such strong
objects in place. This investigation could help in reassessing or softening the control limits
of the system which will potentially help in improving the efficiency of the railway system
with fewer out of control switches.

To this end, dynamic simulations for linear object of sizes from 5 to 35mm with a step
size of 5mm are carried out. In Figure 20, themaximumwheel lift for the different effective
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Figure 18. Setup of the MBS model for trailing move in Simpack.

Figure 19. Wheel lift against leading axle position for linear and ballast object formulations in the
trailing move.

object sizes is plotted. Maximumwheel lift goes above the safety limit when the object size
and the resulting gauge narrowing are in between 15 and 20mm. Hence the current gauge
narrowing limit of 15mm and the current TKK sensor limits of 13mm to enforce this are
appropriate.

Conclusion

This paper has assessed the derailment risk due to gauge narrowing caused by foreign
objects getting stuck between switch and stock rails in railway switches. MBS is employed
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Figure 20. Maximumwheel lift as a function of effective object size. Red line indicates the 6mmwheel
lift safety limit.

to simulate the vehicle–switch interaction in the presence of a foreign object. Investigations
have been carried out for linear and ballast stone object formulations and results show that
according to a wheel lift-based derailment criterion. This is because there is a derailment
risk for linear objects while the risk is very low for ballast stone. Since ballast stones will be
crushed due to lateral forces from the train.

The robustness of the results has been investigated through parametric studies (account-
ing for axle load, wheel–rail friction coefficient and speed). For the ballast stone case, none
of the considered parameters were found to have a major impact on the wheel lift. This is
because in all cases the ballast stone gets crushed even before the front wheelset reaches the
object position. In the linear object case, vehicle speed and w/r friction coefficient increase
the risk of derailment while it decreases with axle load.

The derailment limit in terms of gauge narrowing is investigated in a bid to sup-
port the potential of TKK margins while maintaining safety. Since the linear object case
is the worst-case scenario, investigations are carried out for this object type. Observa-
tions from the wheel lift results indicate that it exceeds the safety limit when the gauge
narrowing is between 15 and 20mm for the considered vehicle parameters. Hence, the
acceptable gauge narrowing that can be tolerated without derailment (linear object for-
mulation) is between 15 and 20mm. The safety margin of 15mm, therefore, seems to
be an acceptable safe gauge narrowing limit. This means that the TKK working limit at
13mm is acceptable. If only ballast stone cases are considered, the TKK can be omit-
ted from the switch system. The MBS model was extended to determine the influence
of track irregularities on the derailment risk. Simulations were carried out for twist
and lateral track irregularities corresponding to intervention limits for point faults, and
the results show that a combination of lateral and track twist irregularities leads to a
marginal increase in the wheel lift but still well within the safety limit for an object size of
15mm. Further studies on the probability of objects with linear properties getting stuck
between switch and stock rail are necessary to decide how the TKK affects the overall
safety.
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Note

1. Locomotive has different running gear when compared to a passenger vehicle model, but in the
considered scenario only the axle load of the locomotive is considered.
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