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Abstract. Even though railway systems are becoming a more preferred transportation concept
regarding high speeds, punctuality, safety, availability, which are appealing for passengers; cost-
effectiveness, environmentally friendliness and less soil occupation corresponding to other
transportation modes, which attracts the governments and operators, it still suffers from two
major drawbacks: first investment and high maintenance costs. Life cycle costs analyses show
that maintenance costs have significant effects on the total value as well as early investment
costs. The reason for high maintenance costs in railway systems is that critical components (i.e.
turnouts), which are the weak points of a railway system, require frequent detailed inspection
and maintenance associated with high safety standards. For instance, it is widely known for a
turnout that European countries have conducted a series of projects such as Innotrack, IN2Rail,
S-code in order to lower the maintenance costs. Moreover, turnouts also restrict the design limits
of arailway system, which results in lower operational speeds. Consequently, studies on turnouts
have been increasing. In general, the studies focus on track stiffness along the turnout,
environmental effects on configuration, conversion problems and the contact problem. Among
these issues, the issue regarding contact is the most premature problem due to its nonlinear
nature, which could not be solved analytically. Having increased computational power,
sophisticated methods for the contact problem have been developed. The problem regarding the
contact patch, forces and positions are of considerable interest. From the aspect of turnout
crossing noses, there is a contact patch evolution on crossings from single to double and double
to single contact patch, which affects the vehicle dynamics to a large extent. Numerous studies
have been presented for the problem. However, these studies, commonly, consider one type of
turnout, mostly standard turnouts. Regarding the absence of collective study, in this study, the
aim is to review the contact conditions depending on turnout types from a wider perspective. As
result of the study, it has been found that crossing nose types such as fixed and movable have
significant effects on lateral and vertical movements of the contact patches. Moreover, different
layouts of turnouts have different effects on the contact conditions.

1. Introduction

Rail-wheel interface or contact is a major problem which needs to be solved in the field of railways [1].
Due to the complex nature of contact, analytical solutions are restricted. Having been increased
computational power, the numerical studies on the contact have been providing a better understanding.
As aresult, the other problems (i.e. deformations on turnout crossings) associated with the contact have
simultaneously been investigated. Turnouts providing flexibility in railway operations by enabling to
change the direction of the railway vehicle from one route to another route are critical components as
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they restrict the operational speed and cause complicated wheel dynamics. Therefore, different turnout
configurations have been in use depending on the speed or layout such as gauge widening[2], undercut
switch blades [3], movable crossings [4] and so on. A typical turnout consists of three sections: switch,
closure and crossing panels. At closure panel, the wheel-rail dynamics show a similarity to normal track
dynamics, which is generally a single contact problem. On the other hand, switch and crossing panels
present a different behaviour called two-contact problem. At crossings, this two-contact problem causes
high impact forces resulting in plastic deformation and fracture [5, 6], which attracts the researchers. As
a result, there have been many experimental and numerical studies on turnout crossings. Experimental
studies usually consider the loads and wheelset positions regarding track stiffness, turnout direction,
routes and speeds. Numerical studies also cover the same properties but additionally contact patch area,
contact forces and contact positions. The numerical studies could be based on Finite Element Analysis
or Multibody Simulation. The difference between both methods is the accuracy of contact patch
properties and calculation time [7, 8].

The current paper begins by reviewing contact properties of the fixed common crossing nose
commonly used in turnout studies. Then, studies on the diamond or obtuse crossings are presented.
Finally, contact properties of the movable crossing nose are demonstrated.

2. Contact Properties of Crossings

2.1. Fixed Crossings

In railway tracks, fixed crossings are widely used up to 200 km/h for normal and medium axle loads.
For higher speeds, movable crossings must be used [4]. Fixed crossings could practically be categorized
as common crossings and diamond crossings.

2.1.1. Common crossings. At a common crossing, as can be seen from Figure 1, there is a discontinuity
in the area of crossing nose. This discontinuity affects the contact properties significantly (i.e. vertical
contact forces, contact patch area and position, ...). Under ideal conditions, the rolling motion of the
wheel from wing rails to the crossing nose is assumed to have a smooth motion. The magnitude of the
impact force is expected to be small, estimated at maximum 30-50 percentage of the static wheel-rail
contact force [9]. However, for uneven transition, the severity of contact forces and the position of
contact patch depends on strongly track properties and vehicle parameters. Likewise, determining the
contact properties depends on methodology (i.e. field experiments or numerical analysis) and the
capability of the numerical tools.

Wing rail

Figure 1. A standard turnout crossing nose [6]
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In an early study, probably the first, Andersson was built a Multibody Simulation (MBS) model
adjusted with the outputs of Finite Element(FE) model of UIC60-760-1:15 standard turnout to
investigate crossing nose contact properties. The model was called “Linear Track” where the rail pads
and ballast were considered linear springs (former 140MN/m and latter 150 MN/m) and the modal
damping (45 kNm/s and 180 kNs) was applied. Contact problem was solved with Non-Hertzian contact
theory and Coulomb’s friction theory. The axle load of the vehicle moving in through route of facing
direction was 150 kN [9]. Even though the model is a preliminary model, it captured good results
(Figure 2 and Figure 3).
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Figure 2. Vertical forces (left) and vertical displacements (right) [9]

In Figure 2, it was assumed that the motion is smooth. Nevertheless, a vertical contact force emerged
as a result of the discontinuity in the track stiffness. Moreover, after the impact force, wheel
displacement decreases, meaning that contact patch area becomes zero with respect to the stable wheel
position. In Figure 3, roughly, the effect of irregularity and vehicle speed is presented. As can be seen
from the figure, higher amplitude irregularities or speeds could cause higher or lower contact forces.
However, it is not clear when the maximum or minimum forces occur. Therefore, the model provides
an elementary knowledge of the contact properties in the through route of facing direction regarding
vehicle speeds and the discontinuity at crossing nose.
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Figure 3. The effects of crossing irregularities on the vertical wheel force [9]

An improved model is offered by [10] in which the same method [9] is used for the solution. The
difference is that the range of modal superposition method was increased up to 500 modes. Thus, it is
assumed that the result of vertical contact forces and vertical displacement of the wheels are more
accurate as regards the variations in parameters of both models. The model also includes the dynamics
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of the vehicle in the diverging route of facing direction, which reflects the effect of discontinuity at
crossing nose on the lateral displacement of the wheel (related to lateral contact patch position) and
lateral forces acting on the contact patch (Figure 4). However, Kassa points out that the model is still
insufficient to represent the crossing phenomenon due to the limitation in modes number selection
related to computational cost [10]. For this purpose, a new method, Green’s function, to effectively solve
the differential equations in MBS model is offered. It was believed that this method is consistent with
the solutions of classical MBS model and fast when it is compared with classical MBS models.
Furthermore, it offers a more detailed representation of the turnouts, which gives more distinct results
of contact patches. [7]
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Figure 4. Lateral wheel displacements and forces at turnouts [10]

There exist numerous research using MBS to determine contact properties of vehicle-crossing nose
interaction under different conditions [11-13]. For instance, the direction and route have a great
influence on contact. Moving direction affects significantly the lateral contact forces as well as route. It
is highest in the facing-diverging state. Nonetheless, vertical contact forces are not influenced by facing
or trailing move but affected by diverging or through routes. The diverging causes higher vertical contact
forces [14]. As well known, the wheel-rail interaction is a complicated problem as the wheel and rail
profiles changes in time which affects the contact properties significantly at crossing nose as well as the
normal track. In Figure 5, this effect is well presented where 120-wheel profiles are induced to 20-wheel
profiles by stochastic approaches. Here, it should be emphasized that after closure panel, check rails
prevent the wheels hitting the crossing nose when the rolling radius of the wheel on the crossing nose
side decreases and the steering movement occurs at approximately 45m.
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Figure 5. Lateral wheel displacements (left), vertical forces (right-top lines) and lateral forces(right-
bottom lines) [15]

Contact properties even depend on the types of profile change [15, 16]. For instance, if the profile
change is in the form of hollow wear, the vehicle acts differently in crossing panel owing to the false
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flange (Figure 6). The wheel climbs up to pass over the false flange and falls on the crossing nose,
causing higher impact forces and wider contact patch area.
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Figure 6. Force variations depending on the wear type [15]

Changes in the crossing nose profile (i.e. wing rail-crossing difference, crossing nose transverse rail
profile, crossing nose vertical profile) also influence the contact properties [17]. In Figure 7, the vertical
nose profile is modified based on the variation in the height of the specific two design points. “h=0"
represents original nose profile and the others indicate raised or reduced profile height. As can be seen
from the figure, increasing the profile height reduces the vertical and lateral displacement. On the other
hand, it increases the vertical contact forces.
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Figure 7. Contact properties at crossing nose depending on the rail profile variations [17]

Modelling in MBS environment could be fast and practical; however, they suffer from several
drawbacks while investigating the contact position on crossing nose. The first problem is that MBS
programme could be insufficient to calculate the high-frequency excitations such as rail irregularities
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with wavelength 1-10 cm where excitation value is bigger than 1kHz [18]. Specifically, the impact
forces acting on crossing nose is higher than 200 kHz. [2] Therefore, the selection of proper MBS
programme is also vital to define the contact properties accurately. Another disadvantage is that the
contact properties (positions, area, forces) depend also contact theories used in the simulations. For
instance, in Figure 8, the contact areas of different theories are compared. From left to right, the accuracy
of contact properties increases. As a result, the popularity of FE models has been increased.

FE methods define the contact patch behaviours of the bodies in contact with high accuracy regarding
the three-dimensional geometries of the bodies and do not require any assumptions to simplify the
contact properties [19]. Moreover, FE is an effective method to solve the elastic-plastic contact
problems, for instance, in contrast to Hertzian contact where the half-body assumption is required.
Additionally, plastic deformations of the contact patch or strain level investigations are only possible in
FE environment [8]. Therefore, FE has become a powerful numerical tool to study the contact conditions
at crossing nose.
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Figure 8. Contact patch areas regarding different contact theories [20]

On the other hand, effectiveness and efficiency of the FE model are related to FE programmes and
computational power. For instance, due to lack of computation power [21], prior models should have
been simplified [22]. However, the simple FE model is also adequate to provide a better understanding
of contact properties on the crossing such as the effects of the speed, the nose geometry and the wheel
lift where the contact patch area is zero. For instance, the dynamic factor of FE model is between 2.5 to
3.8 depending on the velocities [23]. Moreover, these models could be adapted to different damage
models based on strain-stress level. Nevertheless, early models do not account for the slippage of the
contact patches. Interestingly, parallel to advances in computers, more detailed FE models have been
built. First, three-dimensional FE model including slippage, the whole structure of turnout and wheel
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was modelled. [21]. Later, the model is used for different axle-loads and materials ranging from elastic
to elastic-plastic [24]. The model was qualitatively consistent with MBS models, as the inputs of the
models vary. Nonetheless, the model applied several boundary conditions (i.e. no lateral movement of
the wheel, no yaw motion, ...) to reduce the computational power, which results in loss of accuracy to
determine contact patches.

A more advanced model was proposed by [8], where a wheelset and the turnout were modelled.
Hence, there are no limitations on wheelset movements through the crossing nose, which provides
realistic results [25]. However, the model did not account for the slippage on the contact patches.
Therefore, another model capable of presenting slippages and shear forces on the contact patch[26] was
established and validated with field measurements (Figure 9).
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Figure 9. Shear forces on the contact patches [26]

The more details in the FE model demands the more computational power. Nevertheless, the demand
and the technological advance in computers is not parallel. Therefore, a need to reduce computational
demand for FE model emerged. Ma suggested a solution where the FE model is enhanced with another
software searching potential contact areas to reduce the computational cost by tuning the mesh elements
size around the potential contact areas and the rest of the model [27]. The result of this approach is
presented in Figure 10 and Table 1. As can be seen from the figure, contact patch area becoming smaller
towards the crossing nose reaches the highest value after the completed transition. However, the highest
contact force (616 kN) occurs during the transition at section D. Further, considering the contact patches
and pressures, contact force fluctuates for a while after the transition. Apart from these, the contact patch
shifts in the outward lateral direction through the transition point and then, the inward lateral direction
after the transition point, inherently. Even though vertical displacements are not presented in this paper,
they are validated with field experiments [27].
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Figure 10. Contact patches during the transition over the crossing nose [27]
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Table 1. Figure 10 in numbers [27]

W/C impact at different time points

A B C D E F G H
Contact starus’ 1 1 2 2 1 1 1 1
a™x/MPa® 1478 1458 1548 2065 2072 1487 1337 1016
™ MPa® 326 423 460 542 451 279 262 278
ASmm* 156.2 64.8 154.3 2985 215.2 154.8 202.0 105.0

? Number of contact patches.
b Maximum normal pressure,
© Maximum shear stress.
4 Area of contact patch,

2.1.2. Diamond or Obtuse Crossings. Diamond crossings may be the second most common crossing
type in railway tracks [28]. Nonetheless, the numerical studies considering the contact behaviour of this
type are rare. In 2006, Xhu investigated contact properties of a diamond crossing with a new contact
algorithm in NUCARS]J1]. The results only reflect the contact forces. Regarding the common crossings,
one can conclude that the results are qualitatively consistent since the details of the simulation are not
clear (Figure 11). Moreover, the diamond crossing used in the simulation is a special kind of diamond
crossing, namely one-way-low-speed diamond crossing.
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Figure 11. Vertical forces - numerical (left-top) and experimental (right top) and numerical lateral
forces (bottom) at diamond crossings [1]

In Figure 11, the magnitude of impact force seems approximately two times higher than the static
loading. The two picks in the graphic are due to passing over two discontinuities in the crossing panel.
Lastly, as can be seen from the figure, the discontinuity also results in a lateral impact force even at low

speeds.
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2.2. Movable Crossings

The discontinuity in fixed crossing causing high impact forces disappears in movable crossings. (Figure
12) Therefore, movable crossings are used for the vehicle speed over 200 km/h [4]. Nonetheless, there

still appear to occur impact forces on crossing point(nose). This is likely to be related to the flexibility
of the point rail (crossing nose) and track stiffness [20, 29].

Figure 12. A typical movable crossing [30]

Contact behaviour seems to be similar to fixed nose crossing. During the transition, there is the load
transition between point rail and stock rail of crossing side as a result of two contact problem [20]. In
Figure 13, the transition effect could be seen. Contact point first moves outward while the wheel moves
one rail to another rail and then, after load transition, it jumps the other rail and moves inward while the
wheel becomes distant to crossing nose. Hence, it could be assumed that the factors affecting on contact

properties of fixed turnouts also influence the movable crossings (i.e. rail or wheel profile[31], wheel
diameter[32], direction or route [31], etc.).
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Figure 13. The contact patch positions on the crossing rails [31]

The advantage of movable crossing, maybe the only difference depending on the present knowledge,

it reduces the impact forces and displacements well [33]. As can be seen from Figure 14, displacements
and forces decreased considerably.
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Figure 14. Comparison of common and movable crossings [33]

3. Conclusions

This review has considered the issues surrounding contact properties. Parallel to computational
technology, the number of studies has been increasing. Latest studies prefer FE method to be more
accurate to determine contact properties. However, the studies are still scarce regarding the contact
nature. Therefore, more studies are required to make certain comments. Depending on this study, it
could be concluded that crossing nose types (i.e. fixed or movable) have different effects on lateral and
vertical movements of the contact patches. Moreover, layout type could influence contact properties.
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