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Railway crossings are subjected to a severe load environment leading to a degradation of rail profiles due to wear
and accumulated plastic deformation. This damage is the result of the high magnitudes of contact pressure and
traction generated in the wheel-rail contact during each wheel transition between wing rail and crossing nose.
FEM An extensive measurement campaign has been carried out at a test site in Austria in a particularly severely loaded
Plastic deformation crossing manufactured from an explosion depth hardened (EDH) manganese steel grade. For an accumulated
Wear traffic load of 65 Mega-Gross-Tonnes (MGT), the evolution of profile degradation for 16 cross-sections along the
crossing rail has been recorded on multiple occasions. The results from the measurement campaign are used to
validate a previously presented multidisciplinary and iterative simulation methodology for the prediction of
long-term rail damage. It is shown that the predicted rail profile degradation exceeds the measured degradation
for some of the cross-sections but generally a good qualitative agreement is observed. Possible reasons for the
higher predicted damage are the uncertain distribution of traffic at the test site and differences in material
properties between the crossing in the field and the test specimens used for calibration of the cyclic plasticity
model. The influence of the frequency of updating the rail profiles in the iterative simulation methodology, and
the compromise between computational cost and the number of load cases accounted for in the applied load

sequence, are addressed.

1. Introduction

Railway turnouts (switches and crossings, S&C) are an integral part
of a railway network providing flexibility by connecting different tracks.
This flexibility, however, comes at a considerable cost due to the needs
for maintenance and replacement of switch rails and crossings. The
conventional turnout design with a fixed crossing introduces a change in
rail profile leading to variations in wheel-rail contact geometry (see e.g.
Ref. [1,2]). The dynamic wheel-rail interaction in the crossing panel,
including the high impact load induced by the dip angle in the vertical
wheel trajectory at the transition between wing rail and crossing nose,
leads to material deterioration of the crossing by traffic in both facing
and trailing directions (moves) [3].

For a given traffic scenario, several approaches can be considered to
reduce the material damage in a crossing. One is to optimise the ge-
ometry of the crossing nose and wing rails to provide a smoother wheel
trajectory, see e.g. Ref. [4]. Another is to optimise the dynamic
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properties of the resilient elements in the crossing, e.g. the stiffness of
rail pads, base plate pads and under sleeper pads. This approach was
explored in Ref. [5], where it was demonstrated that the magnitude of
the impact load is more influenced by deviations from the nominal
wheel-rail contact geometry than by the selection of rail pad stiffness.
The approach this study relies on is the possibility to select the rail
material such that the long-term damage in the crossing is minimised. In
previous work [6], a simulation methodology has been proposed that,
for a given traffic situation, allows for a critical assessment of the
long-term performance of different rail materials. The methodology has
previously been validated by comparing predicted rail profiles with
those measured in the field at Harad (switch rail) in Sweden [6] and
Haste (crossing rail) in Germany [7].

Three damage mechanisms have been identified as the most detri-
mental to the life of a crossing nose. These are accumulated plastic
deformation, wear and rolling contact fatigue (RCF). Only the former
two are addressed in the present study. Plastic deformation arises due to
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micromechanical processes in the grain structure of the material and
leads to a permanent shape change of the rail. Explicit finite element
(FE) simulations of wheel and crossing contact are often used to
compute the plastic deformation of a crossing due to the dynamic
vehicle-track interaction. This approach was adopted in Ref. [8], where
it was shown that the highest short-term plastic deformation occurred in
the crossing nose, independent of the simulated traffic move. However,
such simulations are computationally very expensive, which prohibits
their use in the assessment of long-term damage.

Wear is removal of material from a contact surface and is, therefore,
associated with the change of volume of the material. A recent study [9],
accounting for wear and plastic deformation, suggests that the
maximum values of both plastic deformation and frictional work occur
at positions of two-point contact during the transition between the rails,
and not at the position of maximum normal contact force. Two situations
that induce wear were identified in Ref. [10]: sliding and rolling. The
relative motion tangential to the surface (sliding) has a larger potential
for causing wear than the orthogonal motion (impact and rolling).
Sliding occurs in the slip region of the wheel-rail contact patch due to
the tangential relative motion between the wheel and rail surfaces.

The multidisciplinary and iterative methodology presented in
Ref. [6] may consider all of these three damage mechanisms. It may also
take into account the variability in traffic conditions, such as the influ-
ence of different wheel profiles interacting with the rails, the variation in
friction coefficient in the wheel-rail contact and different vehicle
speeds. The iterative methodology consists of four steps: (I) Simulation
of dynamic vehicle-track interaction; (II) Analysis of wheel-rail normal
contact; (III) Prediction of accumulated rail damage; (IV) Updating of
rail profiles, which are then used as input in the next iteration of the
methodology.

It is well established, see e.g. Refs. [11], that accounting for plasticity
plays a significant role in wheel-rail contact analysis. Recently, the
contact simulation in step II of this methodology has been enhanced
with a Hertzian-based metamodel [12] that was calibrated against FE
simulations using an elasto-plastic material model. This makes it
possible to reduce the computational cost of the methodology associated
with the large number of three-dimensional and physically nonlinear FE
analyses of wheel-rail contact that needs to be carried out for a repre-
sentative load sequence. In Ref. [13], the methodology was demon-
strated by comparing the plastic deformation and wear for one
cross-section of the crossing nose for two different materials. For a
prescribed number of load cycles, corresponding to an accumulated
traffic load of 0.8 MGT, it was concluded that the fine-pearlitic rail grade
R350HT experienced half of the ratchetting displacement compared
with the austenitic hot-rolled manganese steel Mn13.

The aim of the present work is to further validate the methodology by
comparing predictions with measured data in terms of plastic defor-
mation and wear for an increased accumulated traffic load, as well as
refining it in terms of robustness and efficiency.

2. Field tests

Over a period of five years, corresponding to an accumulated traffic
load of 65 MGT, a series of rail profile measurements in an explosion
depth hardened (EDH) manganese steel crossing in Zeltweg (Austria)
has been performed by voestalpine VAE GmbH. The measured crossing
is subjected to a particularly severe load environment as it is in a curved
turnout located in a transition curve with curve radius in the through
route varying between 592 and 932 m, as well as cant varying between
0 and 70 mm.

The turnout is exposed to mixed traffic with maximum vehicle speed
90 km/h in the through route. The distribution of traffic is estimated to
be 90% in the through route and 10% in the diverging route. However,
information about the distribution of traffic in facing and trailing moves
was not available. The axle load for the passenger trains varied between
14 and 18 tonnes (only in locomotives the axle load was 22.5 tonnes).
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On 12 occasions over the period of five years (see Fig. 1), the profiles
of 16 cross-sections of the crossing rail have been measured using the
non-contact profile measurement device CALIPRI. The accuracy of each
measurement sample is £80 pm. A possible source of error is a potential
longitudinal misalignment of the equipment by a few millimetres be-
tween repeated measurements of the same cross-section. The initial
measurement (0 MGT) was done after milling and after all burrs had
been manually removed. Fig. 1 shows the change of the crossing nose
height over time. It was obtained from the measured height difference
between the wing rail, at a reference position (for each cross-section) not
affected by damage, and the crossing nose. It is observed that the
installed crossing had a profile height that exceeded the design given by
the drawing.

A characteristic feature of the manganese steel used in railway
crossings is a relatively low yield limit combined with a rather low
hardening modulus and high ductility. This means that a significant
plastic deformation occurs during the initial cycles, which enables the
crossing to adapt its shape to the load environment. Owing to this
property, the frequency of measurements was chosen to be gradually
decreasing from once a month at the beginning to once every half year at
the end of the measurement campaign. The small downward slope be-
tween 700 and 900 mm that can be observed in the initial measure-
ments, see Fig. 1, is an artefact stemming from the wing rail not having
the same height in this region. It is observed that the slope of the crossing
in the transition region was continuously increasing throughout the
measurement period in the absence of maintenance work.

An assembly of a set of measurements performed for the 16 cross-
sections, see the horizontal lines in Fig. 2, shows which parts of the
crossing are subjected to the severest loading. For each data point on the
initial cross-section, the normal distance to the corresponding damaged
profile was calculated. This procedure was repeated for every measured
cross-section. The values in-between the cross-sections were obtained by
linear interpolation. The colours represent the distance between the
virgin profile and the damaged profile in the direction normal to the
initial surface. The positive direction is inwards. The negative values
represent relocated material. A significant change of rail profile is
observed for the crossing nose and the gauge corner of the wing rails.

An example of profile evolution over time is presented in Fig. 3. A
comparison of a given profile measured on different occasions makes it
possible to distinguish between plastic deformation and wear. The wear
area A,, is chosen to be computed as the difference between the initial
area A of the cross-section and the current area A:

Ay =Ag— A )

This allows to introduce a measure of the shape change (plastic
deformation) area A, as the integral over the profile width of the ab-
solute surface vertical displacement u, (relative to the initial geometry)
excluding the wear area:

A= / 1, (5)] dy — A, @

Based on the repeated measurements, it is possible to visualise the
history of different damage mechanisms along the crossing rail, see
Fig. 4. Fig. 4(a) shows the time history of wear area of the measured
cross-sections, where each grid intersection corresponds to a measure-
ment. It is observed that, initially, wear peaked at three cross-sections,
approximately at 250, 400 and 650 mm after the tip of the crossing.
The second peak has become inconspicuous over time. Fig. 4(b) presents
the time history of shape change area. It shows that the crossing rail has
been subjected to severe plastic deformation in the region between 300
and 400 mm. The corresponding rates of wear area and shape change
area are shown in Fig. 4(c) and (d). Note that the plastic deformation
was the dominating damage mechanism in the beginning, but after
about 25-30 MGT it was taken over by wear.

A more detailed picture of the first 12 MGT of traffic is shown in
Fig. 5. The observed occasional decrease of damage for several cross-
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Fig. 3. Measured evolution of rail profile at cross-section 350 mm after the tip
of the crossing. The profiles were aligned in the lateral direction based on a
reference point at z = —20 mm, which is far away from any wheel-rail contact.

sections indicates a possible measurement error due to longitudinal
misalignment of CALIPRI. Apart from the initial set of measurements (up
to 1.5 MGT), in Fig. 5(c) it is observed that the wear rate has been close
to constant. The high initial wear rate could be due to a different
(abrasive) wear mechanism and higher contact stresses in the new
crossing rail during the first load cycles. Unlike the wear rate, the rate of
plastic deformation remained nearly constant for the first 12 MGT, see
Fig. 5(d). It can also be observed that the plastic deformation has
spanned a shorter section of the crossing rail compared with the wear.

For each measured rail profile and when evaluated over all recorded
measurements, the largest observed increase in cross-section area be-
tween two subsequent measurements is summarised in Table 1. Such an
increase in area is non-physical and the maximum observed value can
therefore be interpreted as an indication of the error in measurement
data. The maximum value of 6 mm? was observed for the cross-section
located 400 mm after the tip of the crossing. Therefore, it can be
argued that the uncertainty in Fig. 4(a) and (b), 5(a) and 5(b) is +6 mm?.

3. Simulation methodology

The multidisciplinary and iterative methodology to predict the long-
term degradation of rail profiles due to mixed traffic conditions has been
presented and extended in previous papers, see Ref. [6,7,13]. Starting
from a set of nominal rail profiles with virgin material, the methodology
to predict the degradation of rail profiles in a crossing consists of sim-
ulations of dynamic vehicle-track interaction, wheel-rail normal con-
tact and accumulated damage (in this paper, plastic deformation and
wear; see Fig. 6). In this study, the applied load sequence includes N;
identical vehicles (each with N, axles) with N; different wheel pro-
files. A load collective is generated by repeating the load sequence N,
times. Fig. 7 illustrates the assembly of a load collective consisting of N»
identical load sequences, where each sequence includes Nuy-N; load
cycles. The accumulated degradation of the rails due to plastic defor-
mation and wear is calculated considering the applied load collective.
Then, the rail profiles are updated and the methodology is repeated N3
times in a simulation loop until the required accumulated traffic load has
been simulated.

The model for simulation of dynamic vehicle-track interaction has
been developed in the multibody simulation (MBS) software Simpack. It
includes the Manchester benchmarks passenger vehicle model [14] and
a model of the turnout representing the conditions at the test site in
Austria. The model uses the Hertzian method for normal contact and the
FASTSIM algorithm [15] for the tangential contact. For wheel-rail
contact at the top of a crossing rail, it was shown in Ref. [11] that the
Hertzian contact model provides sufficient accuracy at low cost
compared with two non-elliptical models: Kalker’s variational method
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Fig. 4. Measurement data over time and length of the crossing for different damage measures: (a) wear area, [mm?], (b) shape change area, [mm?] (c) wear area

rate, [mm?/MGT] and (d) shape change area rate, [mm?%/MGT].

and FEM. The output from each simulation are the time histories of the
magnitudes and locations of the normal and tangential wheel-rail con-
tact forces (and creepages) used for computing the damage. Even though
the high-frequency contribution to the contact forces cannot be captured
accurately using MBS [16], it can be approximated with a proper choice
of track model. The model from Ref. [17] was employed in this study.
The “TM2” configuration (nine degrees of freedom) of co-running track
model with a system of rigid masses, springs and dampers following
each wheelset is used (see Ref. [17] for more details). The model was
calibrated to measured track receptance data up to 200 Hz.

In the present study, it was found that the full vehicle model with
carbody and two bogies can be replaced by a simpler vehicle model
consisting of only one bogie. This is because, for the relevant responses
within the methodology (such as contact point location and force
magnitude), the difference between the two models was acceptable, see
Fig. 8. The lateral contact point position curves of the reduced model
overlap with the corresponding curves on the wing and the crossing rail
of both the front and rear bogies of the full model. The observed dif-
ference in the contact force is due to the missing coupling between the
front and rear bogies via the car body for a vehicle passing through a
transition curve with changing superelevation (see Section 2).

Vehicle speed, wheel-rail friction coefficient and wheel profile are

examples of important input parameters in the simulations of damage
and degradation of rail profiles as they affect the location of contact
positions and magnitude of the wheel-rail contact forces. To account for
the varying traffic conditions that a crossing would experience in the
field, the applied load sequence should mimic the variation in these
parameters. This can be achieved using a sample of N; measured wheel
profiles to represent the variation in wheel profile geometry, while
certain probability distributions can be assumed for vehicle speed and
wheel-rail friction coefficient. Using the Latin Hypercube Sampling
(LHS) technique (see e.g. Ref. [18]), N; unique random combinations
(load cases) of these three parameters for simulations of vehicle-track
interaction can be constructed.

Elliptic contact is assumed in the contact step of the methodology
(see Ref. [12] for a discussion of the validity of such an approach in
S&Cs). The assumed simplified geometry reduces the computational cost
significantly due to the reduced size of the symmetric FE model. It also
made it possible to use a Hertzian-based metamodel that provides an
additional reduction of the computational effort compared with a full FE
model, while still being able to account for plastic response.

The simulation of damage includes calculations of accumulated
plastic deformation and sliding wear. The plastic deformation is
computed with an in-house FE code using 2D plane strain assumption for
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Fig. 5. Zoom-in to initial measurement data over time and length of the crossing for different damage measures: (a) wear area, [mm?], (b) shape change area, [mm?],

(¢) wear area rate, [mm?/MGT] and (d) shape change area rate, [mm?%/MGT].

Table 1

Maximum observed increase in profile area (mm?) between two subsequent measurements for all cross-sections in the transition region (between 100 and 700 mm).

Boldface denotes maximum value.

Section 100 150 200 250 300 350

400 450 500 550 600 650 700

Area 5.77 1.53 1.02 3.65 3.93 3.35

6.18 5.24 1.11 0.48 4.31 3.54 2.92

each of the selected rail cross-sections and a cyclic plasticity model of
Ohno-Wang type [19] with three back stresses (see Ref. [13] for more
details). It was calibrated against uniaxial stress-controlled ratchetting
experimental data for hot-rolled manganese steel, which has different
behaviour than the EDH manganese steel. The principal difference be-
tween the two materials is that the latter one has a higher yield limit
near the surface, which gradually drops with increasing distance from
the surface. Such characteristics are difficult to reproduce in the test
specimens used in laboratory experiments. This is why, in this study the
yield limit oy in the material model was modified to the average yield
limit of the EDH steel reported by the crossing manufacturer, oy = 580
MPa.

Kalker’s model FASTSIM [15] and Archard’s wear model [20] are
used to carry out the wear simulations. The input data (contact position,

contact force and creepages) for the prediction of wear are provided by
the simulation of dynamic vehicle-track interaction using the MBS
software (see Ref. [13] for more details on the wear prediction model).
The material parameters for the wear model could be extracted from a
seldom available wear map (see e.g. Ref. [21]). Since no wear map was
available for the pair of wheel and rail materials considered in the
present study, the wear model was first calibrated against the measured
average wear rate after 4 MGT. However, when accounting also for
plasticity, this resulted in a worse agreement with the measured crossing
geometry in terms of total damage compared to the case when it was
calibrated against the average wear rate of 140 mm>/MGT for another
EDH manganese crossing in Nicklasdorf (Austria) (see Ref. [13]). This is
due to the fact that the calculations of plasticity rely on the model,
calibrated for a material that has lower hardening modulus than the one
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traffic conditions in the investigated railway crossing, accurate infor-
mation is required about the distributions of traffic types, train speeds,
axle loads, wheel-rail friction coefficient, routes and moves, etc. This
can be a complicated task. In the current study, the information about
traffic conditions is limited. For example, there is no information
available about the distribution of train types or the state of the wheel
profiles passing the crossing. Here, instead a set containing 250
measured worn wheel profiles from Bombardier Regina passenger trains
used in Swedish traffic is applied (see Ref. [22]), while wheel-rail fric-
tion coefficient p and train speed v are assumed to be constant, y = 0.35
and v = 90 km/h, respectively. The axle load is also constant at 19.1
tonnes. The sampling of the wheel profiles is based on their equivalent
conicity. Only traffic in through route, facing move is considered.

One of the first questions that arise when creating a representative
load sequence is how many unique load cases need to be considered, i.e.
the value of Nj. The influence of N; on the two types of damage
considered in this paper is investigated below.

4.1. Wear

In general it is understood that worn wheel profiles aggravate the
wheel-rail dynamic interaction (see e.g. Ref. [23,24]) and lead to a
variation in position of the transition point [25]. In particular, wheels
with hollow worn wheel profiles may lead to a delayed transition and a
higher impact load [24]. Bootstrapping [26] is used to estimate how the
sample size of wheel profiles in the load sequence affects the wear
simulations. The average wear from a number of reduced samples is
compared with the corresponding value from the full sample containing
250 bogies with 250 unique wheel profiles. Fig. 9 presents the predicted
wear depth in the cross-section with maximum wear (for the full sample)
based on 500 different reduced samples with 125 bogies. The wear depth
is normalised by the reference value from the full sample with 250 bo-
gies. Considering the significant uncertainty in traffic load input data,
the observed variation of up to 8% suggests that the number of wheel
profiles included in the load sequence could possibly be reduced.

4.2. Plastic deformation

A similar analysis has been performed for the simulation of plastic
deformation. Fig. 10(a) shows the influence of sample size (250 or 125
bogies with unique wheel profiles) and the order of the bogie passages

40 | — 2

30

o ﬂ |
O \’_]_‘ !

0.92 0.96 1 1.04 1.08

Normalised wear depth [-]

Count, [-]
|

Fig. 9. Histogram (based on 500 samples) of maximum average wear in a
critical rail cross-section from 125 bogies with unique wheel profiles (normal-
ised by the reference value from the full sample of 250 bogies).
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on the accumulated plastic deformation. The average shape change area
from 10 samples with different orders of the 250 wheel profiles was used
for the normalisation. Each sampled sequence with 125 wheel profiles
was applied twice to match the amount of traffic from the full sample
(250 wheel profiles). The results indicate that the order of the bogie
passages does not influence the results significantly, but the chosen
sample does. For a given reduced sample, the amount of plastic defor-
mation can be underestimated by as much as 30% and, therefore, it is
considered preferable to refrain from a reduction in the number of wheel
profiles included in the load sequence. In fact, the result of this study
means that the number of unique wheel profiles should possibly be
higher than the available 250 to generate a representative load
sequence.

The influence of material hardening is demonstrated in Fig. 10(b).
Here, the case of superposition of independent contributions from 125
bogie passages is compared with the history-dependent case where the
work hardening after each load cycle is accounted for. The former case,
where the crossing material is virgin for each wheel, leads to a shape
change approximately 10 times larger than the latter one, where an
accumulation of material hardening is accounted for.

The influence of the individual wheel profile shape on the calculated
plastic deformation after one bogie passage over a selected cross-section
of the crossing with virgin material is examined in Fig. 11. For the
selected cross-section it is observed that about half of the wheel profiles
do not cause any plastic deformation. Further, if the magnitudes of the
calculated shape change areas from one vehicle (Fig. 11) and 125 ve-
hicles (Fig. 10(b)) are compared, it is estimated that some of the wheels
in the studied load sequence are responsible for nearly all of the shape
change when they make contact with the virgin material crossing.

5. Frequency of rail profile updating - influence of N,

Based on the results in Section 4 it is concluded that all available
measured wheel profiles need to be retained in the load sequence. The
accumulated damage influences the loads generated by the passing
wheels. In the short term, i.e. within each iteration, this influence is
neglected. The number of load cycles seen by the plasticity calculation
within each iteration of the simulation methodology is Nyye-N1-Na2. In
this section, the influence of the number N, of repeated identical load
sequences contained in one load collective on the calculated rail damage
is investigated.

A schematic illustration of the influence of two different values of N»
on the shape change of a profile is shown in Fig. 12. Fig. 12(a) illustrates
the case where the rail profile is updated after the application of load
collective 1. Because of the deformation, the new simulation of dynamic
vehicle-track interaction results in that the updated load collective 2 is
acting on a different part of the profile, expanding the deformed area
after two applied load collectives. Fig. 12(b) illustrates the alternative
where load collectives 1 and 2 are the same, i.e. the same load collective
is applied twice over the same region of the crossing without updating
the profile. It can be expected that a more frequent updating of the
dynamics (a new iteration in the simulation methodology) would
facilitate a larger spread of load positions and, therefore, a smoother and
more realistic deformed surface. However, it is believed that the influ-
ence of the updating frequency should be declining in the long term.

To verify this, the accumulated plastic strain distribution in a cross-
section is compared for two different values of N». Fig. 13 presents two
cases where the load collective has been updated after each of the 10
load sequences (N, = 1) or when it has not been updated at all (N, =
10). The same total number of load cycles has been applied in both
examples. It is evident that more plastic strain has been accumulated in
the case of N, = 1 (more frequent updating of the load collective) and
the plastic deformation has occurred over a larger area. This outcome
matches the illustration in Fig. 12. However, at a later stage of defor-
mation a different situation is observed. Fig. 14 shows similar plots for
the same pair of values of Ny, but now the less frequently updated load
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Fig. 11. Independent contributions of each of the 250 wheel profiles (two
wheel passages) used in the study of the shape change of the cross-section
located 250 mm after the tip of the crossing. Virgin material for all
wheel profiles.

collective is updated on 5 occasions, since the total number of applied
load sequences has been increased to 50. The maximum accumulated
plastic strain is now observed for the case with N, = 10 but the plastic
deformation spans nearly the same area. This outcome suggests that it
might not be necessary to update the load collective after every load
sequence in a calculation of long-term damage due to material hard-
ening and smaller incremental changes.

The influence of the frequency of updating on the vehicle-track
dynamics and contact stresses can be better understood by examining

changes in the peak normal wheel-rail contact forces and maximum von
Mises stresses for different values of N,. These are depicted in Fig. 15 for
the cross-section located 250 mm after the tip of the crossing. First, it can
be noticed that a less frequent updating of dynamics leads to an earlier
transition for the studied cross-section because of the larger histogram
area, which implies larger number of contacts. The data also suggest that
a higher value of N, increases the range of values for both the normal
contact force and the maximum von Mises stress, meaning that the
extreme contact conditions are aggravated for the studied cross-section.
However, the opposite picture was observed for some of the cross-
sections, so these results are not conclusive.

Finally, a parametric study of the long-term accumulated damage for
different values of Ny (N; = 250) has been performed for the crossing
nose. In each simulation, several iterations have been performed to
reach the desired accumulated traffic load. Table 2 shows the investi-
gated parameter combinations to reach a traffic load of 0.5 MGT. The
table also compares the simulation time on a modern computer cluster
using 10 cores of Intel 2650v3 (“haswell”) CPU and 32 GB of RAM.

It was found that plastic deformation is the dominating damage
mechanism for the first set of iterations of the performed simulations.
This is in agreement with the experience from the field test, see Fig. 4.
The shape change area A,, see Equation (2), is used to quantify the in-
fluence of N5 on the plasticity calculations, see Fig. 16. It is observed that
the time history of the area evolution differs depending on the studied
cross-section. For instance, Fig. 16(a) shows that most of the shape
change for the cross-section at 250 mm from the crossing tip happens
within the first 6 MGT, whereas Fig. 16(b) signals that for the cross-
section at 400 mm the process continues throughout the simulated
amount of traffic. Also, it seems that there is no long-term correlation
between the choice of N> and the amount of shape change for different
cross-sections. However, it seems that the frequency of updating the
dynamics becomes less important with increasing amount of simulated
traffic. This is why, it can be concluded that N, =5 is a reasonable
compromise between accuracy and computational cost.

For the considered cross-sections, Fig. 17 shows that the calculated

2 1 2 1,2
(a) (b)

Fig. 12. Illustration of load repositioning for different choices of N»: (a) N =1 and (b) N = 2.
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Fig. 13. Comparison of accumulated plastic strain for section 250 after 10 load sequences with N; = 250 and (a) N> = 1 (updating of dynamics after each sequence)
and (b) N = 10 (no updating of dynamics).
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Fig. 14. Comparison of accumulated plastic strain for section 250 after 50 load sequences with N; = 250 and (a) N> = 1 (updating of dynamics after each sequence)
and (b) N, = 10 (updating of dynamics after each set of 10 sequences).
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Fig. 15. (a) Comparison of histograms of (a) normal contact force and (b) maximum von Mises stress for section 250 after 50 load sequences with N; = 250 and N, =
1 (updating of dynamics after each sequence) and N, = 10 (updating of dynamics after each set of 10 sequences).

increase in wear with increasing traffic load is close to linear, and that

Table 2 the influence of the selection of N, is small.

Settings for N, parameter study to simulate 0.5 MGT of traffic (6y = 580 MPa).

Ny, [-] No, [-] N3, [-] Time, [days] 6. Validation

250 10 5 1.9

250 5 10 2.7 In this section, the predicted rail profile damage after 11.9 MGT for
250 2 25 5.2 the case with N; = 250 and N, = 5 is compared with the corresponding
250 1 50 9.3

damage measured in the field. Note that only traffic in the through
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Fig. 17. (a) Comparison of rail profile wear area for different values of N, (N; = 250) for two cross-sections: (a) 250 mm and (b) 400 mm from the crossing tip. The

case N, = 1 was simulated until 7.5 MGT only.

route, facing move has been considered and wing rail damage has been
ignored. The results of the simulations are presented in Fig. 18, which
correspond to the measurement results shown in Fig. 4. In Fig. 18(a), itis
observed that the wear simulations are able to reproduce the three peaks
at 250, 400 and 650 mm after the tip present in the measurement data.
Although initially the simulated wear rate is considerably lower than the
measured one, see Fig. 18(c), the total estimated amount of wear
matches rather well the one observed in the field. This is less true for the
total amount of simulated profile shape change (plastic deformation),
see Fig. 18(b). Despite that the range of values is the same, the simu-
lations overestimate the amount of shape change for almost every cross-
section for a given amount of accumulated traffic load. Also, the length
of the area affected by the plastic deformation does not grow as much
over time, cf. Fig. 4(b). Lastly, the rate of shape change (plastic defor-
mation) predicted by the simulations is much higher in the beginning
and localises later on in the narrow region of the crossing between 300
and 450 mm after the tip, see Fig. 18(d), which cannot be supported by
the measurement data.

Two measured and predicted rail cross-sections are compared in
Fig. 19. It is observed that the simulations overestimate the amount of
damage for the cross-section closer to the tip of the crossing, see Fig. 19
(a), while the damage is underestimated for the cross-section further
away, see Fig. 19(b). This suggests that many of the wheels used in the
current study make the transition too early compared with those that
were present at the test site. Furthermore, the information about the
distribution of axle loads, which has a significant influence on the
magnitude of the impact load, was limited. The observed difference can
also be attributed to the employed material model that has been cali-
brated for hot-rolled manganese steel, due to the absence of test data for
EDH manganese steel. However, the predicted rail profiles show good

10

qualitative agreement with the measurements. For a given traffic sce-
nario it is therefore concluded that the methodology can be used as a
tool for comparison of different materials used in crossings, as well as for
testing of different crossing designs.

The simulation methodology also aids in understanding of how the
dynamic loads change with the degradation of the crossing rail. As an
example, Fig. 20 presents the distribution of the position for the calcu-
lated maximum normal contact force from each bogie passage over the
crossing rail. Fig. 20(a) presents a top view of the crossing rail and the
distribution of maximum force when the crossing is new. The distribu-
tion is confined within a relatively narrow region between 150 and 300
mm after the tip of the crossing. The magnitudes of the forces vary be-
tween 150 and 300 kN. Based on the updated rail geometry after 7.5
MGT of traffic, the same distribution has grown in both longitudinal and
lateral directions, more than doubling the coverage, see Fig. 20(b). The
range of force magnitudes shows the opposite evolution, reducing the
upper limit of the contact forces to about 250 kN. Also, the maxima of
the peak forces has shifted away from the tip of the crossing. This feature
of manganese crossings to adapt to the load environment and reduce the
impact forces is also known from field observations.

7. Conclusions

A simulation methodology for the prediction of rail damage has been
applied to simulate the long-term plastic deformation and wear in an
explosion depth hardened manganese crossing. The multidisciplinary
and iterative methodology includes simulations of dynamic vehicle—
track interaction in the crossing panel, analyses of wheel-rail normal
contact accounting for elasto-plastic material behaviour, and prediction
of accumulated damage.
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Fig. 19. (a) Comparison of measured profiles and simulated (N; = 250,N, = 5) profiles after 11.9 MGT of traffic load for (a) section 250 mm and (b) section 500
mm from the crossing tip.

To reduce the computational effort, it is shown to be sufficient to large as possible to represent the variation in wheel profiles in the field.
reduce the vehicle model to one bogie. The influence of the number of Further, the possibility of applying a load collective consisting of
unique wheel profiles included in the load sequence has been addressed. several identical load sequences (N5) instead of updating the rail profiles
Based on a database containing 250 measured wheel profiles, the results after each load sequence was explored, since it could further reduce the
suggest that the number of wheel profiles (N;) used in the load sequence computational cost. It was concluded that a frequent updating of rail
has a significant influence on the plastic deformation and should be as profiles is necessary for a quantitatively realistic prediction of plastic

11
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deformation. However, over time the rate of plastic deformation is
reduced due to work hardening and after a traffic load of about 3 MGT
different updating frequencies of the rail profiles yield similar results. In
addition, the predicted rate of plastic deformation, using a material
model calibrated against experimental data for hot-rolled manganese
steel, is close to zero after approximately 11.9 MGT, which opens for the
possibility of omitting the expensive calculation of plastic deformation
thereafter.

The results from a simulation of the accumulated damage after a
traffic load of 11.9 MGT have been compared with in-field measure-
ments. The simulations predicted a higher rate of damage compared
with the one measured. This is possibly due to: a) uncertainties present
in the input data to the simulations of dynamic vehicle-track interaction
(e.g. the distributions of wheel profiles, axle loads, travel routes, etc. are
unknown); b) a mismatch between the material used for the calibration
of the material model in the FE simulations (hot-rolled manganese steel)
and the one present on site (EDH manganese steel); c) not updating the
rail profiles after every wheel passage due to unreasonable computa-
tional cost. Nevertheless, the methodology shows a good qualitative
agreement with measured rail profiles and proves to be a powerful
simulation tool for the evaluation of material in railway crossings.

In future work, the possibility of allowing the number of repeated
load sequences N, to vary from one iteration to the next should be
investigated. For example, the value of Ny could be determined by a
maximum allowed change of a profile. It is expected that a low value of
N is necessary for the initial iterations, but that higher values can be
applied after a certain accumulated traffic load when the rate of plastic
deformation is reduced. Further, after a certain number of iterations, it
may be possible to omit the calculations of plastic deformation if the rate
of plastic deformation becomes negligible compared to the wear rate.
This would lead to a significant reduction of computational time.

Notation

Symbol Meaning
MGT Million gross tonnes

Ao Initial area

A Current area

Ay Wear area

Ay Shape change area

u, Vector of vertical surface displacements of rail profile.
N Number of vehicles in a load sequence

N, Number of identical load sequences in a load collective.
N3 Number of iterations of simulation methodology
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Fig. 20. Simulated distribution (N; = 250,N, = 5) of peak normal contact force on rail cross-sections after (a) 0 MGT and (b) 7.5 MGT of traffic.
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