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a b s t r a c t

In this paper the performance of primary suspension elements with Frequency Selective Stiffness (FSS)
behaviour in bogies is presented with respect to the ability to reduce wear and fatigue damage at the
wheel–rail interface, thus enhancing the so-called ‘track friendliness’ of trains. Vehicle behaviour during
negotiation of a turnout is evaluated in a case study with the Dutch double stock VIRM-4 train.
Assessment of vehicle running behaviour is carried out by means of track–train simulations within the
VAMPIRE multibody simulation software. The impact of FSS suspension elements is quantified in relation
to wear and rolling contact fatigue damage (RCF) in the wheel–rail interface and regarding ride quality.
The research shows that with application of FSS elements at the primary suspension, wear loading of
switch and closure rail can be reduced significantly, increasing expected maintenance intervals and rail
life. Simulation results demonstrate passenger comfort levels not to be influenced negatively.

& 2016 Elsevier B.V. All rights reserved.

1. Introduction

A railway turnout allows for the switching of rolling stock
between two tracks. Turnouts are known operational bottlenecks
in the railway network. The nature of the wheel–rail forces, acting
as a result of changing contact conditions and route of travel,
contribute strongly to this critical behaviour. The negotiation of
the so-called ‘Switch panel’ (Fig. 1) in the diverging route of a
railway turnout is accompanied by a large lateral displacement of
the railway vehicle.

The resulting contact forces and slip levels at the wheel–rail
interface cause the switch panel rails to suffer from wear (Fig. 2),
plastic deformation and rolling contact fatigue damage (initiation
and growth of cracks, Fig. 3). Consequently, the importance of
switch inspection and maintenance activities is high (e.g. inspec-
tion, grinding, repair welding, replacement), whereas the available
maintenance windows are limited. Since switches are key assets at
the junction of individual routes, their non-availability often leads
to a major disruption of the train service.

In turnouts applied by Dutch infra-manager ProRail, stock and
switch rail are historically produced from R260Mn rail grade. The
Dutch network is characterised by a route length of about
3000 km, a total track length of about 7000 km, 7300 turnouts and
3000 level crossings. An average gross freight volume of 70 MGT is
annually facilitated by the network. The network is used daily by

6550 trains servicing 1.2 million passengers a day. Netherlands
Railways (NS) is the largest train operating company, realizing
more than 80% of the total train kilometres. With more than 870
coaches currently in operation, the VIRM double stock EMU is the
largest fleet of NS.

1.1. Wheel–rail interface performance at the switch panel

The forces and resulting stresses acting at the switch panel
running band are determined by the characteristics of the vehicle
(e.g. axle load, yaw stiffness), the track (e.g. alignment, stiffness),
the interface (e.g. wheel–rail profile combination, lubrication) and
operational parameters (e.g. speed). Concentrating on track char-
acteristics, switch panel performance has been investigated in [1,
2], e.g. by optimisation of track geometry through variation of the
track gauge, or track stiffness (e.g. rail and under sleeper pads).
The suggested gauge widening can be successful for the through
route, it is however not effective in mitigating problems in the
diverging route. Others [3] have investigated switch rail profile
design, optimising rolling radius characteristics to improve switch
kinematics.

In addition to track design optimisation, a further contribution
reducing switch panel damage could be delivered by the vehicle.
Novel running gear design has been studied e.g. in [4], however
until now these studies focus on the running behaviour at plain
line. The aim of the present study is therefore to assess the impact
of improved track friendliness of trains regarding switch panel
negotiation.
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When negotiating a turnout in the diverging route, the curving
ability of the vehicle design plays an important role in the wheel–
rail contact behaviour and the performance of the switch panel
over time. To limit wear and rolling contact fatigue (RCF) damage
at switches and curves, a low rotational stiffness of the wheelset
within the bogie frame is required since this facilitates steering of
the wheelset, reducing the lateral forces. However, to guarantee
stability on straight track at high speed, a high rotational stiffness
is necessary, resulting in high values of primary yaw suspension
stiffness design. Consequently vehicle stability on straight track
and curving ability in switches and curves impose a conflict upon
the vehicle designer.

1.2. The concept of Frequency Selective Stiffness

Recent developments within bogie design are aiming, among
others, at the application of new elastic components with a char-
acteristic that is dependent on the frequency of loading. As was
presented in [5] these so-called Frequency Selective Stiffness (FSS)
elements can, when applied at the primary yaw suspension, pro-
vide the required high stiffness at high loading frequencies to
ensure stable running, together with low stiffness at low fre-
quencies, resulting in moderate loading when negotiating a curve
or switch. For the application discussed in this article, FSS beha-
viour is achieved by redesigning the classic steel–rubber compo-
nent, adding internal chambers filled with hydraulic liquid. Con-
necting these chambers through a channel, serving as a flow
control, adds a damper function to the component. The compo-
nent stiffness becomes sensitive to the speed at which the fluid is
transported from one chamber to another, resulting in a
frequency-dependent stiffness (Fig. 4). These elements can often
be retro-fitted within the existing train concept by simply repla-
cing the conventional bush (Fig. 5).

The frequency content of the transverse loading of vehicles in
curves depends on the curve radius. As compared to normal
curves, the loading situation in turnouts can be expected to be
more serious in the high-frequency regime.

When the primary suspension experiences a high-frequency
loading, the damper function of the FSS element will be blocked,
resulting in a stiffness value approximately equal to the conven-
tional primary suspension element. Therefore the behaviour of
this element type needs to be examined further. This study will

Fig. 1. Turnout switch panel.

Fig. 2. Severely worn and locally spalled switch blade (wear debris visible at
sleepers and in ballast).

Fig. 3. RCF damaged stock rail.

Fig. 4. Typical stress–strain behaviour depending on loading frequency.
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focus on the potential benefits of the application of FSS, that were
demonstrated for larger radius curves, and how these could also
apply to switch panel negotiation. The dynamic simulation and
evaluation of improved primary yaw suspension stiffness design,
related to turnout negotiation, is the main novelty of this work.
This information is of interest in understanding if track friendli-
ness of rolling stock could be optimised with respect to turnout
negotiation, to reach a more sustainable rail transport system
resulting in a win–win situation for the whole system.

1.3. Abbreviations

RCF: rolling contact fatigue
FSS: Frequency Selective Stiffness
PYS: Primary Yaw Stiffness
Tγ: dissipated energy (J/m)
CT: viscoelastic bush radial stiffness at low frequency range
(kN/mm)
CB: viscoelastic bush radial stiffness at high frequency range
(kN/mm)
KK: damping coefficient (Ns/mm)
PCT: discomfort level at curve transitions (% of passengers
experiencing discomfort)

2. Dynamic simulations input

Assessment of the effect of FSS elements has been carried out
by means of vehicle dynamics simulation, calculating contact for-
ces and vehicle accelerations throughout the switch panel. Using
the VAMPIRE multibody simulation software, the impact of mod-
ification in suspension characteristic has been quantified for a
number of wheel–rail interface aspects: wear, RCF and passenger
comfort. For validation purposes track inspection of several
switches has been performed, documenting the nature and posi-
tion of wheel–rail contact and rail damage throughout the switch
panel. This information was used to support interpretation of the
modelling results.

2.1. Track model

The applied track model describes the diverging route through
the switch panel of the most common type of turnout applied in
Dutch track: crossing angle 1 over 9 (Fig. 6). The cross sectional
geometry through the switch panel has been built up from over
120 transverse rail profiles, measured in track at an average worn
turnout. The profile measurement interval at the entry of the
switch panel, where the rail heads of switch rail and stock rail are
machined, was set to 50 mm. Switch geometry design values were
further applied to the model (track gauge 1435 mm, no rail

inclination). Apart from cross sectional wear, no geometrical dis-
turbances were included in the track model. The rail head profile is
UIC 54 E1. The lateral rail to sleeper stiffness is set to a default
VAMPIRE value of 43 kN/mm, vertical track stiffness per rail to
50 kN/mm. These values are assumed to be constant throughout
the switch.

The general set-up of switch geometry design can be described
by the changes in curvature in combination with the lengths of
each section. Fig. 7 illustrates these changes for a (left hand)
switch design: L1 – length of straight from switch point T to
transition curve starting point C, L2 – length of transition curve CB,
L3 – length of switch radius R, L4 – length of transition curve from
radius R to straight through crossing, L5 – length of straight to
common crossing intersection point IP. In order to allow a more
rapid build-up of the switch toe thickness, for the evaluated
switch a 1:100 kink of the left hand stock rail towards the field
side has been designed at point T. Table 1

2.2. Vehicle model

The modelled vehicle is Dutch double stock train type VIRM-4.
The vehicle model consists of a front coach with one leading trailer
bogie and one motor bogie, both of Dutch bogie manufacturer
Stork-RMO design and an intermediate coach with trailer bogies
designed by the Schweiz. Industrie-Gesellschaft (SIG). The wheel
base is 2500 mm for the trailer bogies and 2750 mm for the motor
bogies. The VIRM vehicles have a maximum speed of 160 km/h
and axle loads of up to 22 t when fully loaded. At the axles of the
motor bogie (axles 3 and 4), traction is simulated by applying a

Fig. 5. Location of the primary suspension at the VIRM-4 type bogie.

Fig. 6. Layout of 1 in 9 crossing angle switch design, all dimensions in milli-
metres. Maximum permitted train speed for this switch type (in diverging
route) is 40 km/h.

Fig. 7. General set up of switch geometry design.

Table 1
Lengths and radii for the considered 1 over
9 switch, measured along the left hand
switch rail.

L1 1250 mm
L2 2055 mm
L3 19,284 mm
L4 0 mm
L5 2112 mm
R 195 m
CB 250 m
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constant torque at both axles of 4.14 kN m, resulting in a driving
force of 9 kN per wheelset. The vehicle model was initially vali-
dated by comparing its resonance frequencies and natural damp-
ing coefficients with the measurement results of real life dynamic
tests. The model has been further validated by comparing mea-
sured vehicle behaviour with simulation output using measured
track geometry data [6].

As part of the vehicle model, the radial arm bush was initially
modelled as a conventional bush, comprising a constant stiffness
value for the full frequency range. To evaluate the impact of FSS,
this component was represented by a viscoelastic model (Fig. 8).
This model consists of two elements; one linear spring in parallel
with a series combination of a linear spring and damper. When
this model is loaded, the two elements have a common displace-
ment but the resulting force is determined by the level of max-
imum stiffness of either element. The output force is depending on
the velocity and therefore the frequency of the displacement (low
stiffness CT in the low frequency range; higher stiffness CB at
higher frequencies). At considered operational values, being fre-
quencies of 0.1 Hz to 10 Hz and amplitudes between 0.5 mm and
2 mm, the viscoelastic model receptance is in good agreement
with measured receptance during dynamic component testing.
Due to mass effects small stiffness variations do occur in relation
to loading amplitudes. Fig. 9 presents the average stiffness vs.
loading frequency within mentioned amplitude range.

3. Modelling results

Simulation runs were carried out with two versions of the
VIRM-4 vehicle model; one equipped with conventional primary
suspension and one with primary suspension elements with FSS
behaviour. The radial stiffness of the conventional primary

suspension applied in VIRM trailing bogie is 30 kN/mm (linear
behaviour) with resulting high Primary Yaw Stiffness (PYS) of
60 MNm/radian. Corresponding to the work presented in [5] the
FSS characteristic is set to a static radial stiffness CT¼2.8 kN/mm
and a dynamic radial stiffness value CB¼25 kN/mm. The applied
vehicle speed is 40 km/h. The trailing bogie wheel load is set to
72 kN. The applied wheel profile design is UIC S1002, average
worn with reduced flange width. The coefficient of friction
between wheel and rail is set to f¼0.32.

3.1. Assessment of RCF and wear

Assessment of wear and RCF behaviour (Head Check develop-
ment) has been derived from the RCF damage function as pre-
sented in [7]. The main parameter in this function is the Tγ value
(or wear number), which is a direct output from the Vampire
multibody analysis. The parameter Tγ represents the dissipated
energy between wheel and rail per travelled metre of track and is
expressed in Joule per metre (J/m) or Newton (N). Tγ is determined
by the product of tangential force (T) and creepage (γ). As pre-
sented in [7], the relation between the occurrence of visible RCF
damage and wear number has been empirically established for
R220 grade rail material. This RCF damage function has been
extensively validated by comparing model predictions to Head
Check propagation rate in track. It was found that there is a good
correspondence between the model predictions and track obser-
vations [8].

3.1.1. Tγ development along the switch and closure panel
The dissipated energy Tγ, at the wheel–rail contact patch of the

leading axle, is presented in Fig. 10. The horizontal axis represents
the position in the track. The switch toe is located at x¼40 m. The
left hand turnout is negotiated in the diverging route. The direc-
tion of travel is from left to right (the facing direction). For both
the switch panel (position 40–48 m) and closure panel (position
48–63 m), Tγ development is presented for the contact area of the
wheel tread/flange root (running surface) and the contact area of
the wheel flange (flange). For those locations where simulta-
neously contact occurs at the running surface of switch rail and
stock rail, Tγ values are summed.

Upon entering the switch, the wheel flange of the leading right
wheel first contacts the switch rail at x¼40.5 m. This is accom-
panied with a steep increase of Tγ, with a peak at 1 m behind the
toe of the switch. This area corresponds to the location where
spalling and plastic deformation of the switch rail has been
observed during track inspection (see also Fig. 2). When entering
the switch, the primary suspension experiences a high-frequency
loading. This causes the Tγ-values during entry of the switch panel
to be similar for both types of primary suspension elements. When
moving further down the switch panel, the primary suspension
loading frequency decreases, resulting in softening of the FSS
component. This allows the wheelset to set itself more in radial
position, thereby decreasing Tγ-values. Throughout the switch
panel the Tγ-level of the FSS element displays a growing deviation
from the conventional primary suspension Tγ-level.

Upon leaving the switch panel, at around 12 m behind the
switch toe (x¼52 m), the Tγ-value at the flange of the leading
right wheel, when equipped with the FSS type element, drops 40%
with respect to the value of the conventional type (300 N vs.
500 N). This reduction is even stronger moving through the clo-
sure panel (from switch heels to front of the crossing nose), with
values up to 50%.

The irregular Tγ-values corresponding to the first 8 m into the
switch panel are caused by momentary changes in wheel–rail
contact conditions. Small lateral changes of the wheelset relative
to the rail cause the wheel–rail contact position to jump between

Fig. 8. Viscoelastic model of the FSS element.

Fig. 9. FSS element stiffness dependency from loading frequency.
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switch rail and stock rail. This causes rapid changes in rolling
radius and slip levels and is reflected in the observed sudden
changes in Tγ-values. The observed irregular behaviour is
explained from the use of multiple measured rail profiles. Up to
8 m behind the switch toe, successive Mini-prof rail profile mea-
surements were used to describe the switch panel profile devel-
opment. In particular the switch panel rail profile variation in the
diverging route, in length 6 m from the switch entry (switch toe)
to the switch heel where the switch rail profile transition has been
completed and the switch rail regains a constant (nominal) rail
section, has been build up from multiple measured rail cross-
sections. The use of measured rail profiles at the switch panel,
especially those combining stock and switch rail, will involve small
alignment deviations between the successive measurement loca-
tions. These deviations and resulting changes in contact position
cause the irregular Tγ behaviour, the overall Tγ development
however remains clear. Beyond these first 8 m the rail is described
by one single measured profile, resulting in a more steady wheel–
rail contact behaviour.

3.1.2. Yaw angle development
Fig. 11 is presenting the development of the leading wheelset

yaw angle through the switch and closure panel. It is observed that
the application of FSS elements results in a graduate decrease of
the yaw angle. The softening of the FSS component results in a
reduction of the wheelset rotational stiffness, allowing a more
radial setting of the wheelset in the curve. This improvement in
steering ability is accompanied by a reduction of creepage levels
which are reflected by the in Fig. 10 observed decrease in Tγ-
values.

3.1.3. Flange contact area
The observed Tγ-value at the flange of the leading right wheel

has been assessed using the RCF-damage function as presented in
[7]. According to this RCF-damage function, the wheel–rail flange
contact for both PYS component types are in full wear regime
throughout the switch and closure panel (Tγ4170 N). Within the
flange contact area no RCF damage is expected to develop for the
R260Mn switch rail. This is confirmed by track observations for the
conventional design. FSS application reduces the angle of attack of
the wheelset, thereby reducing the level of lateral creepage. This
results in the observed reduction of Tγ-values at the flange contact
area, indicating a significant decrease in wear loading.

3.1.4. Running surface contact area
The RCF damage function from [7] indicates Head Check

damage to develop when 20oTγo170. The observed Tγ-values at
the running surface (wheel tread/flange root contact area) of the
leading wheel predict RCF to develop at the switch panel, starting
from the switch toe up to 3 m into the switch panel. The running
surface at this position in the turnout is located at the stock rail.
For the conventional PYS design, head check development at this
position is confirmed by track observations (see also Fig. 3). Fig. 10
also shows that after three metres into the switch panel, the
wheel–rail contact at the running surface operates in a full wear
regime (Tγ4170 N). This applies to both PYS element types. FSS
application however results in a significant decrease in wear
loading of the running surface.

Fig. 10. Wear index Tγ at the wheel–rail contact area of running surface and flange, at the diverging route through switch and closure panel. Calculated for the leading
wheelset of a VIRM-4 train at 40 km/h with conventional and FSS primary suspension elements.
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3.2. Passenger comfort (PCT)

Diverging through a turnout involves a large lateral displace-
ment of the vehicle. The switch design in combination with the
vehicle suspension characteristics and train speed determine the
resulting discomfort. When regarding the switch panel as a curve
transition, the experienced discomfort is found to be related
to maximum lateral acceleration, maximum lateral jerk and
maximum roll velocity. Passenger comfort has been evaluated by
determining the accelerations at front and rear positions of the
coaches in the vehicle–track simulations. For this purpose, filtering
was applied in accordance with EN 12299:2009, Railway applica-
tions – Ride comfort for passengers – Measurement and evalua-
tion. The PCT comfort index values were calculated from the
simulation output. The results show that for the assessed type of
turnout, the application of FSS suspension elements has no sig-
nificant impact on passenger comfort. The PCT results (percentage
of passengers experiencing discomfort) for the FSS equipped coach
are approximately equal to the situation with conventional PYS.

4. Discussion

When negotiating a turnout in the diverging route, the curving
ability of the vehicle will play an important role in the wheel–rail
contact behaviour and the life-time performance of the switch
panel. However, the curving ability of a vehicle, demanding low
Primary Yaw Stiffness (PYS), conflicts with the required stability at
high speed, demanding high PYS values. The PYS values of VIRM
type double deck trains of NS are known to be relatively high,
reducing the curving ability of these vehicles significantly. This
restricted ability promotes wear and Rolling Contact Fatigue (RCF)
damage development in both rail and wheels.

A new type of PYS component with Frequency Selective Stiff-
ness (FSS) behaviour allows low stiffness values in curving to be
combined with high stiffness values needed for stability at high
speed. The presented research demonstrates that this application
is expected to be very beneficial for both the Dutch infra-manager
and train operator. From three metres behind the toe of the switch,
moving further down the switch panel, a reduced PYS results in a
significant decrease of Tγ damage values. Comparing FSS beha-
viour to the conventional PYS design, for the assessed type of
turnout, wear loading within the wheel-rail contact area is found
to be reduced up to 50% when applying the FSS component.

Assessment of the observed Tγ-values indicate the wheel–rail
flange contact, for both PYS element types, to operate in a full
wear regime throughout the switch and closure panel. No RCF
development is to be expected for this contact position. Since the
life of the switch rail and closure rail are dominated by wear, the
resulting 40–50% reduction in wear loading achieved by FSS
application will have a strong impact on maintenance need and
cost. Throughout the switch and closure panel and for both PYS
component types the contact between the wheel tread/flange root
and rail head (running surface) is mainly operating in a full wear
regime. RCF damage development is to be expected only at the
stock rail running surface, at the first three metres into the switch
panel. This is confirmed by track inspection. For the assessed
vehicle–turnout combination, the Tγ-value of this RCF susceptible
area at the stock rail running surface is not influenced by FSS
application, indicating unchanged RCF sensitivity.

The simulation results show good agreement with track
observations. The location where spalling and plastic deformation
of the switch rail has been observed during track inspection cor-
responds to a steep increase of the Tγ-value from the emerging
flange contact at the switch toe. This damage seems to be strongly
related to the geometrical design of the turnout. Using the turnout

Fig. 11. Yaw angle development at the diverging route through switch and closure panel, calculated for the leading wheelset of a VIRM-4 train at 40 km/h with conventional
and FSS primary suspension elements.
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track model to review design optimisation could be an important
next step.

5. Conclusions

Assessment of vehicle running behaviour, more specific the
evaluation of primary suspension elements with Frequency
Selective Stiffness (FSS) behaviour, was carried out by means of
track–train simulations within the VAMPIRE multibody simulation
software. The study especially evaluated the potential of FSS
application to reduce wear and fatigue damage at the wheel–rail
interface of a turnout.

The simulations show that track friendliness of trains, when
negotiating a turnout, can be improved significantly by the
application of FSS elements at the primary suspension level. The
research has shown wear loading of switch, stock and closure rail
to be reduced up to 40–50%. This reduction also apply to the
wheel. The observed reduction in wear loading will result in an
improvement of structural performance of the switch panel. Eva-
luation of passenger comfort through the diverting route of the
assessed turnout showed comfort levels not to be influenced by
the application of FSS primary suspension elements.
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ABSTRACT
The acting forces and resulting material degradation at the run-
ning surfaces of wheels and rail are determined by vehicle, track,
interface and operational characteristics. To effectively manage the
experienced wear, plastic deformation and crack development at
wheels and rail, the interaction between vehicle and track demands
a system approach both in maintenance and in design. This requires
insight into the impact of train operational parameters on rail- and
wheel degradation, in particular at switches and crossings due to the
complex dynamic behaviour of a railway vehicle at a turnout. A para-
metric study was carried out by means of vehicle-track simulations
within the VAMPIRE R© multibody simulation software, performing a
sensitivity analysis regarding operational factors and their impact on
expected switch panel wear loading. Additionally, theoretical con-
cepts were cross-checked with operational practices by means of a
case study in response to a dramatic change in lateral rail wear devel-
opment at specific switches inDutch track. Data from train operation,
track maintenance and track inspection were analysed, providing
further insight into the operational dependencies. From the simu-
lations performed in this study, it was found that switch rail lateral
wear loading at the diverging route of a 1:9 type turnout is signif-
icantly influenced by the level of wheel–rail friction and to a lesser
extent by the direction of travel (facing or trailing). The influence of
other investigated parameters, being vehicle speed, traction, gauge
widening and track layout is found to be small. Findings from the
case study further confirm the simulation outcome. This research
clearly demonstrates the contribution flange lubrication can have in
preventing abnormal lateral wear at locations where the wheel–rail
interface is heavily loaded.
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1. Introduction

The increasing use of rail for both passenger and freight traffic is demanding a growing
effort and cost of trackmaintenance and, if unchallenged, could become amajor constraint
in the development of overall railway productivity. Issues with track availability and cost
related to maintenance will first present themselves at the more vulnerable bottlenecks in
the railway network. From this viewpoint switches and crossings (S&C) clearly stand out,
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since a significant part of the annual rail infrastructure budget is already allocated tomain-
tenance and renewal of S&C, illustrating its vulnerability. The Innotrack technical report
[1] concludes ‘switch wear’ to be one of the top three main reported track problems.

S&C are important elements in the railway network operation, as they enable trains
to change between tracks. Allowing trains to reach their targeted platform, the number of
railway switches per route length is especially high at and around railway stations. A railway
turnout consists of a switch panel and a crossing panel connected by a closure panel. The
designated areas in turnout negotiation are indicated in Figure 1.

The high demand for maintenance at S&C is explained by the nature of its function,
design and resulting forces. The dynamic behaviour of a railway vehicle in S&C is com-
plex. From the switch toe (Figure 2), moving down the switch panel, switch- and stock
rail profiles are gradually changing. This has an ongoing effect on the contact positions
between wheel and rail, the acting rolling radius difference and resulting (tangentional)
wheelset steering forces. When negotiating a switch in the diverging route, railway vehi-
cles often experience significant lateral displacements. This will cause the wheel flange to
come into contact with the rail face. When in flange contact, the level of lateral forces and
high slip values can result in significant lateral rail head (side) wear, accumulated plastic
strain and problems with crack formation and chipping of material (spalling). Due to the

Figure 1. Designated areas in turnout negotiation.

Figure 2. Switch panel components.
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negative impact on service life and safety against derailment, severe side or gauge face wear
of the switch rail will have significant operational and financial implications.

The Dutch railway network has around 8600 switches in its 7000 km of track. From [2],
presenting the cost of operation andmaintenance of track in theNetherlands, it can be seen
that in 2014 yearly cost for S&C routinemaintenance (KO), comprising inspection, service
tests, small repairs and replacement of components, is aboute 85 million covering 40% of
the total annual KO trackmaintenance budget. Switchmaintenance clearly claims a dispro-
portionate amount of the overall budget. The in [1] reported Innotrack analysis of selected
lines at Deutsche Bahn (DB) and Banverket (BV) identified the switchmaintenance budget
breakdown, presented in Figure 3.

Understanding the impact of individual train operational parameters on rail- and wheel
degradation is required in order to manage the experienced wear, plastic deformation,
crack development and resultingmaintenance both atwheels and rail. To examine the effect
of single parameter changes to resulting track loading and related material response, para-
metric studies can be carried out using commercial multi-body software like VAMPIRE R©

to model the dynamic interaction between vehicle and track/wheel and rail. Kassa and
Johansson [3] present a parametric study for a Y25 freight bogie with respect to wheel pro-
file, axle load and vehicle speed in relation to contact pressure and wear index along the
switch rail at the diverging route. Especially for freight bogies, a large distribution in (worn)
wheel profile shape and resulting multiple wheel–rail contact conditions are common as
well as a large variation in axle load. Contact pressure and wear index were observed to
increase with increasing axle load, the influence of train speed is however small, whereas
the influence of wheel profile is significant. It is found that the large contact pressure on
the switch rail was mainly due to poor contact geometry conditions. To further study, the
influence of scatter in traffic parameters regarding the dynamic interaction between a rail-
way freight vehicle and a turnout, Pålsson and Nielsen [4] performed a parametric study
by simulations of vehicle dynamics. They showed that, when to account for wheel profile
scatter, equivalent conicity is the wheel profile parameter best correlating to damage in the

Figure 3. Switch maintenance budget breakdown [1].
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switch panel. Beside the diverging route, side wear at the switch panel can also occur in
the through route. Results of Spangenberg and Fröhling [5], evaluating severe side wear in
a 1:20 turnout, conclude wear at the through route switch rail to be caused by rail profile
changes in the switch area resulting in large lateral displacements of the wheelset. Further
improvement of the switch panel design for the through route has been studied byNicklisch
et al. [6] and Bugarín et al. [7]. Based on a parametric study, dynamic track gauge optimi-
sation by geometry gauge variation resulted, for the analysed configuration, in a significant
reduction of wear and improved behaviour in terms of rolling contact fatigue (RCF).

Other train operational parameters potentially important regarding accumulated dam-
age development, not included in [3], are e.g. direction of traffic, wheel–rail coefficient of
friction, traction and mode of train operation (push vs. pull). The objective of the cur-
rent work is to present a parametric study for the most common type of Dutch turnout
(crossing angle 1:9), expanding the parametric scope to include further train operational
parameters. However, not directly subject of this study, the effect of worn wheel or rail pro-
files and axle load is included into the discussion of this article. The level of wear loading at
the rail surface resulting from trains negotiating railway turnouts in relation to train-track
operational parameters is subject of this study. Additionally, a case study was performed,
examining operating conditions at a location with reported severe switch rail wear and
cross-checking the parametric study results. Following the specific track yard conditions,
two track design parameters were added to the parametric study, examining the effect of
track gauge widening and switches in short succession. The main goal of the presented
study is to define the dominant switch rail wear influencing parameters in relation to train
operation for the considered configuration. This understanding can further assist the track
engineer in the optimisation of turnout performance.

The structure of this paper is as follows: after the introduction, Section 2 discusses
different regimes of rail wear behaviour. Section 3 presents the modelling set up of vehicle-
turnout dynamics. Section 4 presents how the simulation results are analysed regarding
wear and fatigue behaviour. The main operational parameters are evaluated in Section
5, presenting the set up and results of the performed parametric study. Section 6 intro-
duces the additional performed case study describing the nature of the occurring problem,
documenting its circumstances and presenting results from data analysis and inspection.
Overall findings are discussed in conjunction in Section 7 followed by conclusions in
Section 8.

2. Rail wear

Due to the acting forces between wheel and rail, wear at the switch panel rail is generally
to be expected. Earlier studies regarding the wear behaviour of wheel and rail materials
identified different wear regimes, characterised in terms of wear rate and wear debris [8].
The three identified wear regimes were designated mild, severe and catastrophic. Also
the occurring wear mechanisms within these regimes were investigated. At normal con-
ditions the acting wear regime will be characterised as ‘mild’ with inter-metallic contact
prevented by protective oxide layers [9]. The resulting wear rate is low, the contacting
surfaces are smooth, without clear apparent wear debris. With changes to the system, for
example, increasing wear loading or unfavourable material paring, a transition can occur
from ‘mild’ to ‘severe’. The wear regime is considered to be ‘severe’ when wear rates are
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high and roughness of the wearing surfaces is also high. Analysis of the contact conditions
indicated that the transition frommild to severe was caused by the change from partial slip
to full slip conditions [8]. Amechanism addressed as ‘delamination wear’ causes the severe
wear regime at the wheel–rail contact, marked by deformation followed by crack growth
and subsequent material removal. It is mainly generated by adhesion and metal to metal
contact. Work from Johnson [10] shows delamination wear to be driven by the process of
plastic strain accumulation known as ratchetting. The most evident sign of delamination
wear is the existence of lamellar (plate-like) debris particles. Interestingly, the wear within
this regime is found to be largely independent of sliding velocity, suggesting that it is con-
trolled by contact stress and limiting traction alone. A second transition to catastrophic
wear is considered to be the result of surface temperature effects. Assessment of material
respond to cyclic stress can take place by using so-called shakedown maps, presenting the
material hardening curves that define the areas with different types of material response.
The shakedown map for a general three-dimensional rolling-sliding contact is presented
by Ponter et al. [11]. The shakedown limit above which accumulation of plastic strain,
that is, ratchetting will occur is seen to increase with decreasing friction coefficient. At
coefficient of friction levels <0.3, cumulative plastic flow occurs sub-surface. At friction
coefficient levels >0.3, plastic flowoccurs dominantly at the surface. At relative high coeffi-
cients of friction (>0.4), the ratchetting mechanism becomes very localised at the surface.
Friction control through railhead lubrication, therefore can assist to move the operational
point away from the area of ratchetting, relieving the surface. Other operational param-
eters addressing the shakedown load factor level and resulting material respond need to
be further understood and quantified at an individual level. Damage models based on the
calculated energy dissipation can be used for the evaluation of rail wear. This is further
discussed in Section 4.

3. Modelling of vehicle-turnout dynamics

The wheel–rail contact is complex due to the relative motion of the two contacting bod-
ies, elastic deformations and friction processes. To solve the contact problem, Kalker
[12] developed numerical methods for rolling contact, making these available through
his programme CONTACT and later the fast algorithm FASTSIM. Within vehicle system
dynamics packages, multi-body software is used to describe both track and vehicles by a
number of interconnected rigid or flexible bodies. System behaviour is obtained through
analysis of the equations of motion, computing the dynamic movement of the different
components, allowing the rail–wheel contact slip and locations to be determined. Then
normal contact forces can be determined by for example, means of Herzian formulas and
using FASTSIM for the tangential direction [13].

The use of dynamic simulation tools provides the railway engineer with the ability
to quantify the impact of changes in design and operational parameters, by considering
the complete interaction between vehicle and track. This work requires track and vehi-
cle models to be set up, as well as operational inputs like speed and loading profiles. The
simulation software VAMPIRE R© Pro 6.30 has been used to simulate vehicle dynamics for
traffic in the facing and diverging route. The used vehicle model is based on the Dutch
VIRM-4 double deck passenger train, currently the largest proportion of the NS fleet. The
model consists of a front coach with one leading trailer bogie and one motor bogie and
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an intermediate coach with trailer bogies, with a bogie spacing of 20m. The wheel base
is 2500mm for the trailer and 2750mm for the motor bogie. VIRM bogies are equipped
with trailer arms, connecting the wheelset to the bogie frame. The trailer arm bushes deter-
mine the lateral, longitudinal and yaw primary suspension stiffness. The radial stiffness of
the conventional primary suspension applied in VIRM trailing bogie is 30 kN/mm (linear
behaviour) with resulting high primary yaw stiffness (PYS) of 60MNm/radian. VIRM-4
trains are reported to suffer from fatigue crack initiation at the running surface (wheel
rim). When allowed to grow, these cracks will lead to significant wheel diameter loss dur-
ing wheel reprofiling aimed to remove these cracks. Therefore, since the year 2010 wheels
of VIRM type trains are profiled about every 10 weeks to prevent development of initiating
cracks. As a result, wheel profile variation of VIRM-trains is very limited, all very close to
the applied design profile being UIC S1002 with reduced flange width. VIRM-4 vehicles
have a maximum speed of 160 km/h and axle loads of up to 20 tons when fully loaded. At
the axles of the motor bogie (axles 3 and 4), traction is simulated by applying a constant
torque at both axles of 4.14 kNm, resulting in a driving force of 9 kN per wheelset. Dur-
ing VAMPIRE R© simulation runs the vehicle speed remains constant. The vehicle model
itself is connected to the rigid ground by a spring/damper. When a torque is applied to
the wheels of the model, the driving force will be balanced by this spring/damper, pre-
venting acceleration. Previously validation of the vehicle model has been performed, as
described in [14]. Initially by comparing its resonance frequencies and natural damping
coefficients with measured accelerations from a wedge test and further validated by com-
paring measured vehicle running behaviour with simulation output using measured track
geometry data.

The multi-body model of the turnout is based upon a mass-spring–damper system.
The track model consists of two rails, each attached to the rigid, massless sleeper by
spring–damper elements in the lateral direction. The sleeper is connected with two vertical
spring–damper elements to the rigid ground. The track model is coupled to each wheelset
in the vehicle model (moving track model). The applied track model describes the diverg-
ing route through the switch panel of the most common type of turnout applied in Dutch
track: crossing angle 1 in 9, as described in [14]. The cross-sectional geometry through the
complete switch panel has been built up from over 120 transverse rail profiles, measured
in track at an average worn turnout, using the MiniProf Measurement system (Figure 4).
The left and right rail profiles are measured individually. The switch toe is set as reference
point (0.00). Profiles are measured in the plane of the track and so take into account the
rail inclination. The profile measurement interval at the entry of the switch panel, the first
meter behind the switch toe, has been set to 50mm. Further into the switch panel the lon-
gitudinal profile discretization has been set to 200mm and frommeter 5 behind the switch
toe to 400mm. To simulate the changing rail profile through the turnout, VAMPIRE R© per-
forms an interpolation between tabularizedwheel–rail contact data of each of themeasured
rail sections.

Switch geometry design values were further applied to themodel (track gauge 1435mm,
no rail inclination). Apart from cross-sectional wear, no geometrical disturbances were
included in the track model. The rail head profile is UIC 54 E1. The lateral rail to sleeper
stiffness is set to a default value of 43 kN/mm, vertical rail stiffness per rail to 50 kN/mm.
These values are assumed to be constant throughout the switch. The timestep in all sim-
ulations was 0.1ms. No cut-off filtering was applied. Results plotting step size is 0.1 kHz
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Figure 4. Overview of Miniprof rail cross sectional profiles measured at a section of the switch panel:
the combined stock and switch rail serving the diverging route.

for all vehicle speeds. This corresponds to the frequencies proposed in [4] to capture the
dynamic interaction for the changing rail profile at the turnout.

4. Wheel–rail damage criteria

Wear andHeadCheck damage development can be derived from theRCFdamage function
as presented in [15,16]. Themain parameter in this function is theTγ value (orwear energy
number), which is a direct output from theVAMPIRE R© multibody analysis. The parameter
Tγ represents the dissipated energy betweenwheel and rail per travelledmeter of track and
is expressed in Joule per meter (J/m) or Newton (N). Tγ is the product of tangential force
(T) and creepage (γ ). The relation between the occurrence of visible RCF damage in R220
grade rail material is established in the RCF damage function as presented in Figure 5.
In this graph, Tγ is plotted on the horizontal axis. On the vertical axis, the RCF damage

Figure 5. RCF-damage function for rail grade R220 [15,16].
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index is plotted. The RCF damage index equals 1 divided by Nf : the number of loading
cycles until the first visible Head Check damage occurs.

The RCF damage function has been extensively validated by comparing model pre-
dictions to Head Check propagation rate in track. It was found that there is a good
correspondence between the model predictions and real-life observations [17]. A similar
methodology for prediction of distributions of accumulated rail damage (wear and RCF)
in railway turnouts has been presented and demonstrated in [18], involving simulation of
dynamic train–track interaction and assessment of expected wear and RCF development.

Besides RCF, also the expected wear behaviour can be determined from the occurring
Tγ value, since the wear load is closely related to this parameter. For the standard rail grade
R220 an empirical threshold value has been established above, whichwear behaviour trans-
fers from ‘mild’ to ‘severe’. This transition can be expected fromTγ > 200N, resulting in a
significant increase in wear rate and surface roughness. Based on twin-disk testing, Lewis
and Dwyer-Joyce [8] present the wear behaviour in relation to Tγ for the ‘severe’ wear
regime. The wear rate is found to be a linear function of the wear energy number divided
by contact patch area (Tγ /A).

Assessment of Tγ loading distinguishes two contacting areas: the running surface
(rail crown/ shoulder) and flange. Due to the high level of slip when in flange contact,
wear loading in general here is significantly higher than at the rail crown or flange root
contacting area.

5. Sensitivity analyses

A sensitivity analysis has been carried out by means of track-train simulations within
the VAMPIRE R© multi-body simulation software. Studying the contribution of identified
parameters with respect to switch loading and related wear,Tγ values were assessed for the
leading wheel. Since lateral wear is the result of wear loading at the flange, for this study
Tγ development only is presented at flange contact. The parametric study was carried out
involving train operational parameters that were identified as potentially dominating the
resulting wear loading. The operational parameters considered are: vehicle speed, running
direction, traction and wheel–rail friction level. Additionally, the influence of track gauge
and track yard design was reviewed, in particular, the effect of multiple switches in short
succession. Influence of the individual parameters is compared to a reference situation.
The considered reference situation, for which only one parameter at a time was varied,
consists of

– direction of traffic: diverging route, facing direction;
– connecting track to turnout: tangent;
– vehicle speed: 40 km/h;
– track gauge: 1435mm;
– traction: active and
– no flange lubrication, wheel–rail friction coefficient set to f = 0.32.

To illustrate the overall dynamics at play for the modelled vehicle negotiating the 1:9
switch, the resulting lateral and vertical forces for the reference situation are presented
in Figures 6 and 7. For the leading wheel of each bogie almost directly after entering the
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Figure 6. Lateral wheel force of at the leading wheel of the front bogie (trailer) and second bogie
(motor).
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Figure 7. Vertical wheel force of at the leading wheel of the front bogie (trailer) and second bogie
(motor).
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switch flange contact occurs, resulting in a sharp increase in lateral wheel force. Through-
out the switch panel and crossing panel the wheels remain in flange contact, showing a
rather irregular behaviour during the first 8m.

The irregular lateral and vertical wheel force values corresponding to the first 8meters
into the switch panel are caused by discontinuities in the wheel–rail contact conditions.
The use of measured rail profiles at the switch panel, especially those combining stock and
switch rail, will involve small alignment deviations between the successive measurement
locations. These deviations and resulting changes of the wheelset relative to the rail cause
the wheel–rail contact position to jump between switch rail and stock rail. This leads to
abrupt changes in contact pressure, rolling radius and slip levels and is reflected in the
observed sudden changes in Y and Q values, the overall development however remains
clear. Beyond these first 8m, the rail is described by a single measured profile, resulting in
a steadier wheel–rail contact behaviour.

5.1. Results

Simulation results are presented and discussed for the assessed parameters.

5.1.1. Vehicle speed
Figure 8 presents the effect of train speed in relation to flange contact Tγ development at
the leading wheel of the leading bogie. When negotiating the switch panel, three distinct
peaks for Tγ are seen to arise. These occur from changes in contact position and corre-
sponding changes in locations and orientations of contact forces and slip. Upon entering
the switch, a first peak for Tγ arises due to the appearing flange contact. A second peak
occurs when the wheel load fully transfer from stock rail to switch rail. A third peak arises
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Figure 8. Wear loading for different train speeds. Tγ development at leading wheel of leading bogie.
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at the end of the switch rail: at the transition of the machined switch rail profile to the
nominal profile.

Figure 8 clearly shows the influence of train speed to be rather small. This observation is
in accordance with the findings of the parametric study reported in [3] concluding that, for
a give combination of wheel profile and axle load, the influence of train speed on contact
pressure is small. Similar VAMPIRE R© simulation results are reported in [19], presenting a
modelled 1:9 turnout and container wagon (22.5 tons axle load). For the presented vehicle
speed range of 5–50 km/h, it can be observed that the influence on wear energy develop-
ment at the flange contact is very limited, this again in correspondence with the present
study.

5.1.2. Wheel–rail coefficient of friction
The effect of the wheel–rail friction coefficient within the flange contact is presented in
Figure 9.

The friction coefficient is seen to have a significant effect on the level of Tγ and the
corresponding wear loading of switch and closure panel. Decreasing the friction coeffi-
cient from f = 0.32 to f = 0.15 will halve the lateral wear loading at the switch rail gauge
face. For the lubricated (low friction) condition, the resulting Tγ values of 300 J/m for the
leading trailer bogie and 200 J/m for the motor bogie indicate the switch rail to operate
within the regime of full wear. The expected wear rate however is much lower compared to
the non-lubricated (high friction) condition. From the resulting Tγ values in lubricated
condition (Tγ ≈ 200 J/m), operation of the closure rails can be expected to be within
the regime of mild wear for the leading bogie. For the motor bogie, with Tγ values for
the reviewed configuration varying from 100 to 180 J/m, locally a shift into the RCF/wear
regime is to be expected.
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Figure 9. Wear loading in dependency on friction coefficient. Tγ development at the leading wheel of
trailer and motor bogie.
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Figure 10. Wear loading for different directions of traffic (trailing/facing). Tγ development at the
leading wheel of motor and trailer bogie.

5.1.3. Direction of travel at diverging route
Figure 10 shows the effect of direction of travel at the diverging route, presenting the
Tγ development for the leading wheels of first (trailer) and second bogie (motor). When
travelling in the trailing direction (running along the point), the wear loading at the switch
rail is seen to be 30% higher compared to the facing direction (running towards the point),
as can be seen in Figure 10. The wear loading at the closure rail on the other hand is seen to
decrease when travelling the diverging route in trailing direction. Remark: in both trailing
and facing direction the applied vehicle orientation is equal with respect to the direction
of traffic: the front coach is followed by intermediate coach.

This effect in wear loading can be explained by the relatively short curved section for
this type of switch. When the leading bogie enters the curved section of the turnout, the
second bogie will still be in the tangent track section. When going further down the curve
the coach will start to rotate with respect to the second bogie, addressing the rotational
resistance between these two. The resulting torque will increase the lateral (Y) force at the
flange contact of the leading wheelset. When the leading wheelset has passed the switch
curve, a similar however less pronounced effect will occur at the flange contact for the
second bogie. This effect is illustrated in Figure 11, presenting the lateral (Y) forces when
negotiating a curve with radius 195m, curve length 20m, without transition curves. It can
be observed that for both the leading (trailer) bogie and second (motor) bogie the lateral
forces at the leading wheel are gradually increasing.

5.1.4. Track layout, gauge and traction
The effect of the track layout has been considered by connecting the left-hand switch to a
right hand curve with 195m radius without cant, creating an S-shaped curve. The influ-
ence of this alignment set-up seems to be small. After negotiating the curve the lateral
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Figure 11. Development of the lateral (Y) forces when negotiating a curve with limited length (20m).

position of the wheels is out of centre. This has an influence on the position where the
wheel flange makes first contact with the switch rail, it however has no significant influ-
ence on the level of the wear loading. Increasing the gauge to 1445mm does not show to
have a significant influence on the level of wear loading, nor does traction show a notable
effect.

6. Case study

An opportunity to expand the scope of this parametric study occurred when issues with
severe switch rail wear were reported at a large number of 1:9 turnouts installed at the
ProRail railway yard of Amsterdam Central Station (see Figure 12).

The most extreme case that was reported, was 1mm of side wear within nine days,
resulting in a significant increase in maintenance pressure and related cost for repair and
renewal. A corresponding increase in side wear was also reported for the high rail of a
number of narrow curves near the station. This abrupt increase in wear behaviour offered
the opportunity to study the effect of possible changes in operational parameters to which
modelling results can be cross-checked.

6.1. Problem analysis

In order to understand the setting and specific issues related to the observed dramatic
change in lateral switch rail wear at the Amsterdam CS railway yard, it was decided to per-
form a systematic problem analysis. The involved parties were specialists of infrastructure
manager ProRail, the responsible maintenance contractor and train-track specialists. The
goal was to identify influencing factors and probable causes and deciding upon further
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Figure 12. Severely worn switch rail (inspection December 2014).

analysis. The reported problem was first accurately defined, e.g. determining its char-
acteristics and appearance, at what locations does the problem (not) occur, what is the
normal value, what is the deviation and since when has the problem occurred. Also it
is important to recognise if there have been changes to the system that could affect the
(accumulated) wear loading of the switch panel, for example an increase in annual ton-
nage, change in operating trains and/or different routing of (freight) trains through the
railway yard.

During the problem analysis a number of switches from the railway yard, equal in
design, were reviewed. Based on maintenance and loading class, some in this group were
ranked as ‘severe’ others as ‘mild’, corresponding to the experienced wear rate. From each
of these groups switches were selected for further analysis. The reported dominating wear
problem manifests itself at the switch panel, more specifically at the switch rail serving
the diverging direction. Although for severely wearing switches also the closure rail suffers
from excessive lateral wear, the small lateral wear limit value at the switch rail compared
to the corresponding limit value for the closure rail determines the switch rail to dom-
inate the resulting maintenance and renewal pressure. Reported switch rail life for the
severely wearing switches has fallen to nearly three months. The trend in wear develop-
ment of these switches is said to show a sharp deviation, which suddenly occurred at the
end of 2013 – start 2014. To underpin these reported observations, historical data from
these switcheswere analysed, consisting amongst others of individual switch loading devel-
opment, accumulated tonnage for both passenger and freight trains, train-type operation
and maintenance-related activities.

6.2. Operational data

For the selected switches, the accumulated yearly tonnagewas analysed. Since 2010, follow-
ing a re-routing at the track yard, both some of the ‘mild’ and ‘severe’ wearing switches have
experienced a significant change in annual tonnage at the diverging route, together with a
reversal of the dominant direction of traffic. This resulted in a 10-fold increase in tonnage
in the facing direction and a corresponding decrease in the trailing direction (increasing
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Switch rail replacement

Removal of track lubrication systems

Reversal of the dominant direction of traffic at diverging route

Doubled yearly tonnage at the diverging route

10-fold increase in tonnage at the diverging route, facing direction

Double deck passenger trains become dominant in service

Termination of push-pull service

Sole passenger trains with flange lubrication taken out of services

Dramatic increase in switch rail side wear
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Figure 13. Switch rail replacement dates for oneof the ‘severe’wearing switches (left switch rail, serving
the diverging route). Period August 2008 – September 2015.

from 1.2 to 12 MGT/year). Of the switches analysed, the lowest total yearly tonnage in
the diverging route, with a very low contribution in the facing direction, belonged to a
‘severe’ wearing switch. Furthermore, contributions from passenger and freight traffic to
the total tonnage in the diverging route was analysed. The contribution of freight traffic
in the diverging route for one switch (mild wearing) is around 15% of the total tonnage
(predominantly in facing direction). The contribution of freight traffic to the total tonnage
for the other analyse switches is low, only 3%.

6.2.1. Switch rail lifetime development
The switch rail lifetime development of the selected switches was analysed from the con-
tractor’s maintenance logs. Figure 13 shows how the time interval between replacements
has decreased for one of the ‘severe’ wearing switches, illustrating the effect of the increas-
ing wear rate on rail lifetime. Around 2010 several changes occurred, as indicated in Figure
13. These changes are reflected by the replacement interval. During the period 2008 up to
and including 2010 the average switch rail life is approx. 17 months. The involved mainte-
nance specialists consider this life span as ‘to be expected’ given the extreme conditions at
theAmsterdamCS yard.During the years 2011–2013, after thementioned change in switch
loading and routing in 2010, the average switch rail life is seen to decrease to approx. nine
months. From 2014 the average switch rail life suddenly further decreases to approx. three
months. For comparison: the in March 2011 installed left switch rail at one of the ‘mild’
wearing switches was to be replaced only in September 2015, after a life span of 53months.
Although over this period, the average annual tonnage in the diverging route for this switch
is about 2/3 of that for switch illustrated in Figure 13, the observed difference in switch rail
life is still significant.

6.2.2. Related switchmaintenance issues
Switch panelmaintenance firstly addresses safe passage of thewheels for the switch toe area.
Themain risk at this location is the development of a gap between switch toe and stock rail,
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causing the wheel flange to slip between stock and switch rail and, as a result, forcing the
guiding wheel of the wheelset to travel the through route where the other wheel follows the
diverging route. This will inevitably lead to a derailment. Regular S&C inspection involves
service tests, wear and gauge measurements, checks of slide chairs, rail fastenings, lubrica-
tors (when applicable) and ultrasonic inspection. Routine S&C corrective activities involve,
for example, manual rail profile maintenance (grinding), manual tamping, repair welding
and component replacement. Also, the track alignment of the railway yard will influence
the S&C loading and resulting maintenance demand. Due to the limited available space at
the Amsterdam railway yard, successive switches are positioned in relatively close distance
resulting in small radius connecting curves. This situation in alignment has not changed
over the years.

Up and until 2010, track gauge-lubrication installations were present at Amsterdam
CS. These installations were in operation at a number of switches and curves, aim-
ing to reduce wear and flanging noise. However, in the experience of the responsible
infrastructure manager and maintenance engineers, the cost of maintenance of these
installations was considered to be high and effectiveness low due to frequent malfunc-
tion (e.g. inaccurate targeting resulting in the passing wheel flanges not to contact the
lubricated area and/or absence of lubricant). At the Amsterdam CS railway yard, these
track lubrication systems were removed in the year 2010, three years before the observed
deviation from the trend in wear rate. When reviewing train operation at Amsterdam
CS, it can be observed that the dominating train types over the years were passenger
coaches type ICR and DDM in combination with NS locomotives 1700/1800 series (in
push-pull service), together with passenger double deck trains of the VIRM type and
freight trains (especially coal hoppers) with a range of freight locomotives. From 2010,
VIRM-4 trains are gradually starting to dominate the passenger trains tonnage contri-
bution at Amsterdam CS. From 2012, NS locomotives 1700/1800 are gradually removed
from Dutch tracks, last visiting Amsterdam CS in the year 2013. Loco’s 1700/1800 are
the only type of NS trains fitted with flange lubrication. This implies that those switches
and curves at Amsterdam CS that are only serving NS trains, passenger routes, do not
receive any lubrication from passing wheel flanges. Freight locomotives are equipped with
flange lubrication, hence rail at freight routes are (to some extend) expected to receive
lubrication.

6.3. Track inspection results

Following the selection of ‘severe’ and ‘mild’ wearing turnouts, track inspections were
carried out at the selected turnouts. Transverse profile, track gauge and roughness mea-
surements were performed at several positions, together with visual inspections of the
running band to assess the presence of RCF damage and lubrication. These results served
as further input to the problem analysis. At the date of inspection (4 September 2015),
the operational performance time of the inspected four left switch rails was, respectively,
1, 3, 6 and 52 months. During the track inspection, a distinct difference in visual appear-
ance was observed between ‘severely’ and ‘normal’ wearing switches. Wear debris were
clearly present at the switches with reported ‘severe’ wear, together with plastic deforma-
tion and spalling of the switch rail tip and high roughness of the gauge corner (Figure 14).
The gauge corner of the switch with reported low wear rate, possesses a smooth running
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Figure 14. Switch panel of ‘severely’ wearing switch (left switch and stock rail). Wear debris present,
high roughness of gauge face. No lubrication marks.

Figure 15. Switch panel of ‘mild’ wearing switch (left switch and stock rail). No wear debris observed.
At the gauge face remains of lubrication are present.

surface with no debris particles on site. At the switch rail gauge corner of this ‘mild’ wearing
switch remains of flange lubrication were observed (Figure 15); the other inspected ‘severe’
wearing switches did not show any traces of flange lubrication.

7. Discussion

The simulations performed in this study have shown that switch rail lateral wear loading
in the diverging direction of a 1:9 type turnout, is significantly influenced by the level of
wheel–rail friction and to a lesser extent by the direction of travel. The other studied oper-
ational parameters, being vehicle speed, traction, gauge widening and track layout, showed
no significant impact on the expected wear loading.

Those simulations in this study for which flange lubricated conditions were assumed,
with a decreased friction coefficient, showed a local shift of the closure rail response into
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the RCF/wear regime when negotiated by the motor bogie. Tγ loading levels at the leading
trailer bogie imply switch and closure rail loading to be predominantly within the regime of
mild wear, with no expected RCF damage development. The significance of the wheel–rail
friction coefficient regarding wear development was further underpinned by the case study
results. The one distinct difference between the investigated ‘severe’ and ‘mild’ wearing
switches being the presence of lubrication at the latter.

For the researched track configuration (turnout angle 1:9) and train operation, it is con-
cluded that with respect to wear the dominant influencing factor is the wheel–rail friction
coefficient. The identified most probable cause of the observed dramatic change in lateral
wear development is a steep increase in the wheel–rail friction coefficient. After disman-
tling the track lubricators in 2011, no direct wear impact was observed, since the wear
loading was kept to an acceptable level due to flange lubrication systems in operation at a
number of the frequently visiting locomotives. However, from themoment that these vehi-
cles with flange lubricators were no longer visitingAmsterdamCS (end 2013), the wear rate
went up dramatically.

Following a sharp increase inwear loading at the flange contact, beside lateral wear of the
rail, also an increase in wheel flange wear is to be expected. Inquiry at the NedTrain chief
engineer, responsible for overhaul and maintenance of NS trains, confirmed this expec-
tation. From mid-2014, a significant increase in wheel flange side wear is experienced,
especially at intercity type trains VIRM and ICM. It is also confirmed that for these vehicles
neither the wheel material quality nor the supplier have changed in recent years. This fur-
ther underpins the conclusion that the experienced sharp increase in lateral wear is related
to the interface properties and has a system wide impact: the absence of flange lubrication
at passenger train dominated routes.

From the development in annual tonnage, it can be seen that the doubled tonnage at
the diverging route in combination with a reversal in running direction did not result in
a dramatic reduction in switch rail life. Not the annual tonnage seems the switch rail life
defining parameter here, but much more the occurring wear regime. For the modelled
setup, a change in wear regime from severe to mild could only be reached with decreased
wheel–rail friction.

From the switch rail life development at Amsterdam CS, the effect of mode of operation
(push-pull vs. pull) did not show to have a significant effect on the switch rail wear rate.
With push-pull service ending in 2012 (changing to pull only), this change did not coincide
with the witnessed sharp deviation in the wear development trend at the end of 2013 –
start 2014.

Not included in this study is the effect of worn wheel or rail profiles, nor the effect of
axle load. For the performed study, however, profile development seems not a governing
factor, since the wheel profile variation of the dominating VIRM trains is very limited. The
extremely short switch rail life seen at the case study, resulting in frequently installed new
switch rails with new profiles, further indicates the effect of rail profile variations must be
small. The limited impact of wheel and rail profile variation is further underpinned by
the observation that can be made from the turnout with the main annual freight tonnage.
Wheel profiles of freight wagons are known to vary more widely, nevertheless this turnout
shows a significantly longer switch rail life. Since the axle load variation for the dominating
VIRM passenger train is limited, also the effect of these variations will be limited for the
studied configuration.
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Following the dramatic wear development a field trial was initiated at Amsterdam CS,
installing Head Hardened (HH) switch rails at a number of severe wearing turnouts.
Although monitoring is still ongoing, first results confirm the expected HH-switch rail
life to increase by a factor four compared to the standard rail grade when applied at these
heavily loaded turnouts. For theHH-switch rail the observedwear regime is ‘Severe’ aswell.

The considered modelling reference situation, for which parameters were varied, repre-
sents a severe load case which also is limited to only one (however dominant) type of train.
In practice the Tγ loading will show a wider distribution, depending on the parameter
combination for the individual event. Given a very unfavourable parameter combination,
loading into the severe wear regime could still occur even in lubricated conditions. This
implies that reduction of the wheel–rail friction coefficient at the flange contact will reduce
the number of occasions at which the wear loading is raised into the severe wear regime.
With proper lubrication applied to the configuration considered here, switch rail life is
expected to return to levels before the dramatic change in 2013/2014.

8. Concluding remarks and future work

The wear loading at the rail surface resulting from trains negotiating railway turnouts
in relation to train-track operational parameters is the subject of this study. A sensitivity
study was carried out to understand the impact of possibly influencing train operational
parameters regarding wear loading at the wheel–rail interface. This level of loading at the
wheel–rail interface very much determines the required maintenance effort and costs. The
operational parameters considered are vehicle speed, running direction, traction and level
of wheel–rail friction. Additionally, the influences of track gauge and track yard design, in
particular, the effect of multiple switches in short succession, were reviewed. Furthermore,
a case study has been performed in response to a sharp increases in wear rate, reported
at a specific location in the Dutch network. This case study supplied further insight into
the system approach regarding wheel–rail management and allowed cross-checking the
modelling output.

Based upon the executed problem analysis and turnout-train simulations, it can be con-
cluded that the friction coefficient between wheel flange and rail gauge face is dominating
the wear loading and related expected wear behaviour at the switch rail in diverging route.
To a lesser extent also the direction of travel in the diverging route is of influence, with
the loading level increasing with 30% for the trailing direction. Other studied operational
parameters, being vehicle speed, traction and gaugewidening showedno significant impact
on the level of wear loading. Examining especially the effect of curves and switches in short
sequence, track layout did not show to be of any significance to the resulting level of wear
loading.

The most likely cause for the abrupt increase in switch rail lateral wear experienced
at Amsterdam CS is the complete disappearance of flange lubrication when the sole NS
trains equipped with flange lubricators were no longer serving this location. The presented
study clearly demonstrates the contribution of flange lubrication in preventing abnormal
wear at locations where the wheel–rail interface is severely loaded. Reported recent issues
with an increasing wheel flange wear rate of connected trains seem to further underpin
this conclusion. The application of flange lubrication, for the reviewed configuration, is
expected to lower the wear loading at the wheel-rail interface to a level that operation in
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the ‘Mild’ wear regime can be expected for most of the switch and closure rail length in
most operational conditions.

Together with a significant reduction in wear loading from flange lubrication, resulting
in a shift from severe to mild wear, simulations performed in this study show the rail mate-
rial respond at the switch and closure panel locally to shift into the RCF/wear regime. Rail
grade selection in relation to Tγ loading levels therefore needs further work to prevent
adverse side effects and to identify further optimisation opportunities.
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ABSTRACT
The extensive usage of railway infrastructure demands a high level
of robustness, which can be achieved partly by considering (and
managing) the track and rolling stock as one integral system with
due attention to their interface. A growing number of infra man-
agers consider, in this framework, the track-friendliness of vehicles
that have access to their tracks as a key control parameter. The aim
of this study is to provide further insight into potential contribu-
tions to track-friendliness, assessed in relation to track deterioration
mechanisms and cost, understanding how potential benefits are
best to be utilised. Six proposed freight bogie design measures are
evaluated with respect to the improvement in curving behaviour,
switch negotiation and related track degradation mechanisms. To
this purpose a sensitivity analysis has been carried out by means of
track–train simulations in the VAMPIRE R© multi body simulation soft-
ware. Additionally, the impact on track deterioration costs has been
calculated for those track-friendly design modifications identified as
most promising. Conclusions show that the standard Y25L freight
bogie design displays rather a track-friendly behaviour. Tuning the
primary yawstiffness showsahighpotential to further improve track-
friendliness, significantly reducing track deterioration cost at narrow
radius curves and switches (by, respectively, 30% and 60%). When
calculating the overall deterioration cost for the travelled route, the
calculation model should include a well-balanced representation of
switches and narrow radius curves.
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1. Introduction

Maintenance cost associated with wear and fatigue damage at the wheel–rail interface
are dominating the budget of many infrastructure manager and train operating company,
with switch maintenance often claiming a disproportionate amount of the overall bud-
get. The Innotrack technical report [1] concludes ‘bad track geometry’, ‘rail cracks/fatigue’
and ‘switch wear’ to be the top three of reported main track problems. Track geometry
degradation is strongly connected to the quality of the support conditions in combina-
tion with track forces induced either by trains or temperature. From the occurring wear
and fatigue features it is understood that this damage type is strongly connected to track
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layout, especially curved track sections. Consequently the curving behaviour of a vehicle,
and related level of creep forces, plays an important role in occurring wear and fatigue
loading at the wheel–rail interface. Apart from track radii below 2000m, vehicle curving
behaviour is particularly challenged at the diverging route through a turnout. Öberg and
Andersson [2] identify three deteriorating mechanisms, together determining the over-
all track degradation cost. In accordance with the [1] reported main track problems, the
identified mechanisms are track settlement, component fatigue of the super structure and
wear and rolling contact fatigue of rails. These mechanisms are governed by the static
and dynamic wheel forces and levels of creepage between wheel and rail of which mag-
nitudes are mainly determined by vehicle, track, interface and operational characteristics.
Measures that act on these forces and creepage levels will have a direct impact on the over-
all track degradation and related maintenance cost. Examples of track-related measures
are, for example, the application of rail profiles with gauge corner stress relieving proper-
ties [3], the local tuning of track elastic properties to reduce the dynamic forces on track
components such as the crossing point [4], and track alignment optimisation (e.g. inter-
vention on variations in track alignment or level of cant deficiency) as described in [5].
Punctual and proper maintenance regarding the quality of the running surface and track
geometry will further contribute as will the monitoring of the borne tonnage, for example,
by weigh-in-motion systems located at key points in the network, to control (dynamic)
wheel load especially in relation to developing wheel out-of-roundness. An example of
interface management aiming to reduce track forces is the application of wheel–rail lubri-
cation. Searching to increase wheel lifetime, alternative wheel profiles have been designed
to reduce the acting wheel–rail forces [6]. Recent developments in vehicle bogie design
aim, among others, to further reduce wear and fatigue loading of track and wheels. Bogies
that fulfil these conditions are considered to behave ‘track-friendly’. From the viewpoint
of overall system performance, infrastructure managers will have an interest in the level of
track-friendliness of the vehicles that have access to their track.

From the understanding that train characteristics affect infrastructural degradation dif-
ferently, inducing different levels of cost, train exploitation should be priced accordingly.
To increase efficiency in current pricing schemes, the introduction of differentiated track
access charges based on wear and tear from different vehicle types has been discussed [7].
Several European rail infra providers (Network Rail, Swiss Federal Railways) have now
started to incorporate track-friendliness into their track access pricing schemes. Target
here is to allocate the direct cost to individual trains, incidentally stimulating the inflow
of track-friendly designs. In this study, in addition to the assessment of track-friendliness
with regard to the level of contact forces and track degradation, the impact of the identi-
fied track-friendly design modifications on track deterioration also has been monetised,
applying the cost calculation model of Öberg and Andersson [2]. For this purpose one of
the major freight route in the Netherlands was selected, comparing the deterioration cost
per ton-km for each of the different vehicle concepts running on this route.

The objective of the current study is to evaluate a number of railway bogie design
measures regarding their contribution to track-friendliness, assessed in relation to track
deterioration mechanisms and cost, understanding how potential benefits are best to be
utilised. Bogie design improvements related to freight transport and their impact to Dutch
track are of special interest here. For this purpose a sensitivity analyses has been carried
out by means of track–train simulations within the VAMPIRE R© multi body simulation
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software, also serving as an input to the applied cost calculation model. The novelty of the
performed track deterioration study is twofold. Firstly the combination of both a technical
and economic assessment regarding track friendly design changes and secondly the focus
on critical assets being switches and narrow radius curves. An important result is the find-
ing that within the applied cost calculationmodel, as introduced in par. 4.2, positive effects
from the viewpoint of track availability and overall performance are undervalued.

The structure of this article is as follows: after the introduction, the technical framework
is presented in Section 2, discussing vehicle curving behaviour, presenting the identified
design modifications, scope of the research and how the simulation results are analysed
regarding wear and fatigue behaviour. The dynamic modelling input for the purpose of
track-friendliness assessment is introduced in Section 3, with results for both the tech-
nical and economic evaluation presented in Section 4. Overall findings are discussed in
conjunction in Section 5 followed by conclusions in Section 6.

2. Theoretical framework

In this section vehicle curving behaviour is discussed for the Y25L freight bogie, present-
ing identified design modifications and how these are analysed regarding wear and fatigue
behaviour.

2.1. Vehicle curving behaviour

When negotiating a curve with a moderate radius, the rolling radius difference, built up by
the lateral displacement of the conical wheels towards the outside of the curve, will create
steering forces. These steering forces, when larger than the yaw resistance of the wheelset,
lead to a more radial position of the wheelset. However, in sharper curves in general the
wheelsets of railway vehicles suffer from under-steer. Because of the angle of attack lateral
slip will be generated at the wheel–rail contact patch, where the guiding wheel of the lead-
ing axle normally is dominant with respect to tangential forces and slip levels. Lateral slip
of both wheels is directed towards the inner side of the curve. These contact forces and
resulting stresses can lead to plastic deformation, wear and rolling contact fatigue (RCF)
damage at the rail head and wheel tread (Figures 1 and 2). Consequently, demandedmain-
tenance is high; for example, inspection, grinding, repair welding and rail replacement at
track and wheel re-profiling and replacement at the workshop.

Compared to modern-day passenger vehicles, the bogie design of freight vehicles is
often more basic, aiming for robustness, not necessarily at improved curving behaviour.
In Europe the most commonly used bogie designed for freight wagons is the two-axle
bogie type ‘Y25L-UIC’ (L stands for the French word ‘Lourd’ which translates in English
to Heavy). The bogie Y25L was developed by the French National Railway SNCF and stan-
dardised by the (International Union of Railways) UIC. As described in [8] the bogie Y25L
primary suspension consists of a set nested coil springs (with a bi-linear characteristic for
tare/laden ride) and a single Lenoir link providing vertical and lateral frictional damp-
ing (Figure 3). The friction force depends on the vertical load. The longitudinal axle box
clearance is 4mm, unidirectional, allowing a certain yaw angle. After this small amount of
longitudinal clearance has been exceeded, the longitudinal stiffness will rise steeply. There-
fore the wheelsets can steer themselves in curves as long as the 4mm clearance is not fully
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Figure 1. Wheel tread with RCF crack damage.

Figure 2. Severely worn narrow radius track section with wear debris at ballast and collecting magnet.

consumed. For curves with a radius below 600m this clearance is exceeded, and relatively
poor curving behaviour aswell as high lateral wheel–rail forces are to be expected [9]. From
the viewpoint of efficiency, freight wagons are often loaded to theirmaximum, reaching the
allowed track axle load which in the Netherlands is 22.5 ton. The bogie Y25L is admitted
for axle loads up to 22.5 ton; the maximum running speed for a wagon fitted with these
bogies is 120 km/h when empty and 100 km/h when fully loaded. Although in absolute
numbers the annual freight transport in the Netherlands is relatively low compared to pas-
senger traffic (respectively, 40 vs. 144 mio. train km), poor narrow curving behaviour in
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Figure 3. Y-25 primary suspension consisting of a set nested coil springs and a single Lenoir link.

combination with high axle loads can, depending on curve radii distribution, cause a dis-
proportional contribution of freight transport to track degradation. Achieving improved
track-friendliness of freight bogies therefore can significantly contribute to improving the
whole system performance, resulting in a more sustainable rail transport system. Identifi-
cation and quantification of performance-based design principles can further support this
development.

2.2. Measures to improve track-friendliness

To improve track-friendliness of freight bogies, over the years a vast number of bogie
design innovations have been considered and reviewed by the industry. The vast num-
ber of Europe’s 400,000 strong freight wagon fleet, however, is still fitted with classic
bogies. A parametric a study of freight vehicle effects on rail surface damage is presented
in [10]. Regarding the design of the vehicle it was concluded that the characteristics of
the primary yaw stiffness (PYS) significantly influence the resulting rail surface damage.
The SUSTRAIL project [11] has studied freight bogie design optimisation of the primary
suspension by the use of double Lenoir link primary suspension, allowing opposite lon-
gitudinal displacement at the wheelset’s both primary suspensions, thus facilitating larger
yaw angles of the wheelsets while still utilising standard components. Within [11] further
assessment ofwheelset guiding design optimisation included the benefit of linkages provid-
ing longitudinal stiffness between the axle boxes using a radial arm (also known as ‘trailer
arms’). These radial arms are connected to the bogie frame by pivot bushes. For this type
of suspension, the PYS is dominated by the radial stiffness of the radial arm pivot bush.
This rotational stiffness of the wheelset within the bogie frame strongly determines the
radial setting of the wheelsets in curves, having a direct effect on the contact conditions,

83



6 M. HIENSCH ET AL.

the level of creepage and the lateral forces at the wheel–rail contact patch. Vehicle stabil-
ity on straight track and curving ability in switches and curves however impose a conflict
upon the vehicle designer. Recent developments in suspension design provide the required
high PYS stiffness at high loading frequencies to ensure stable running, together with low
PYS stiffness at low frequencies, resulting in moderate loading when negotiating a curve
or switch.

This suspension behaviour is achieved through the application of new elastic compo-
nents with a characteristic that is dependent on loading frequency. As presented in [12]
these so-called Frequency Selective Stiffness or ‘hydrobush’ elements can, when applied at
the radial arm pivot bush, lead to a significant reduction of rail and wheel surface damage.
An overview of further design optimisation measures is presented in [8].

The research presented here focuses on the improvement of switch negotiation and
curving performance and related wheel–rail contact stress levels by optimisation of the
steering behaviour of Y25L freight wagon bogies. Starting from the above-identified design
optimisation measures a parametric study has been set up, investigating the effects of sev-
eral freight bogie design parameters on rail surface damage. A sensitivity analysis was
carried out by vehicle dynamic simulations, performed with respect to the characteristics
of primary and secondary suspension, unsprungmass and cross anchor application. Addi-
tionally, the impact on track deterioration cost has been calculated for the track-friendly
design modifications identified as most promising. Quantifying the claimed benefits of
these innovations in bogie design to the overall rail transport will support decisionmaking.

2.3. Assessment of track-friendliness

Assessment of the level of track-friendliness with regard to curving behaviour and switch
negotiation is carried out in terms of wear and Head Check damage development, derived
from the RCF damage function as presented in [13]. The key parameter in this part of the
assessment is the parameter Tγ (‘T-gamma’), in which longitudinal and lateral tangential

Figure 4. RCF-damage function for rail grade R220 [13].
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forces and creepages are combined to calculate the energy dissipated at the wheel–rail con-
tact patch. Tγ can be used as an output value indicating the expected damage development
with respect to wear and RCF development. The relation between the occurrence of vis-
ible RCF damage in R220 grade rail material is established in the RCF damage function
as presented in Figure 4. In this graph, Tγ is plotted on the horizontal axis. On the ver-
tical axis, the RCF damage index is plotted. The RCF damage index equals 1 divided by
Nf: the number of loading cycles until the first visible Head Check damage occurs. The
‘Wear number’ Tγ is a direct output from the VAMPIRE R© multibody analysis. The energy
dissipation value Tγ is determined at the first outer wheel for curves with different radii
and for switch panel negotiation. Note that spin moment and spin creepage terms are not
included in [13]. The spin contribution, however, is included in the output of the here
performed simulations. Quantifying the relative contribution of lateral, longitudinal and
spin creepage to the dissipated energy for a 300m curve radius [14] showed the relative
spin contribution to be in the order of 8%, not influencing the overall assessment result.
The impact on track geometry degradation have been assessed through simulations on a
tangent track, evaluating the level of track forces.

3. Vehicle–track interactionmodel

Presented in this section are the applied track and vehicle models to assess the track-
friendliness of the proposed bogie design modifications.

3.1. Bogie and vehiclemodels

Based on data presented in [15] amodel of the Y25L bogie was set up inVAMPIRE R©, using
the also presented simulation andmeasurement results for purpose of validation. Based on
the validated Y25L bogie model, six further bogie vehicle models were set up, in order to
assess the following design modifications:

• Bogie with double Lenoir linkage
• Bogie with trailer arms, fitted with conventional bushes
• Bogie with trailer arms, fitted with hydrobushes
• Bogie with reduced secondary lateral stiffness
• Bogie with reduced unsprung mass
• Bogie with cross-anchors and trailer arms, fitted with conventional bushes

For the Y25L bogie design the yaw stiffness is determined by the longitudinal stiffness
between the axle boxes and bogie frame. For the longitudinal direction, the primary sus-
pension is modelled as a tri-linear stiffness element (in fact a linear spring element with
two bump stops), in parallel with a friction elementwhich produces a friction force propor-
tional to the static and dynamic wheel load.When starting the yaw rotation, the first 4mm
of longitudinal play is consumed at a relatively low stiffness value of approx. 1 kN/mm.
After this 4mm displacement, a nominal longitudinal stiffness value of 10 kN/mm is
assumed in accordance to [15]. Three PYS design modifications are analysed here: (1) the
double Lenoir linkage, possessing equal characteristics to the single Lenoir with the only
difference that the clearance is doubled and the centre position defined as in the middle of
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this 8mm. (2) Application of trailer arms with conventional bush: based upon suspension
characteristics from conventional trainswithmax. 22.5 tons axle load and fittedwith bogies
with trailer arms, chosen linear longitudinal stiffness is 20 kN/mm. Similarly, the axial stiff-
ness was chosen as 5 kN/mm and the conical stiffness as 1 kNm/mrad. Dynamic stiffening
was not included here. And (3) application of trailer arms with hydrobush: applied stiffness
values are based upon earlier investigation published in [12] (static stiffness 2.8 kN/mm,
dynamic stiffness 15 kN/mm). Within [12] it is described how the frequency dependent
effect is implemented into the Vampire model. All design modifications were variants of
the Y25L bogie.

In order to quantify the benefits of any new design, a benchmark vehicle has been
selected based on Y25L bogies with a coal hopper wagon type HHA. The ‘wagon body’,
including everything except bogies, is defined in terms of mass, inertia and centre of grav-
ity, both for the tare and laden condition (7 and 22.5 tons axle load, respectively). The
wagon body rests on the bogie’s secondary springs. Simulations were carried out in tare
and laden condition. The coefficient of friction between block braked wheels and rail is set
to f = 0.45, in correspondence to [10].

3.2. Trackmodels

3.2.1. Switch loading
The assessment of switch loading was carried out using a track model of the diverging
route through a switch panel, with vehicle speed set to 40 km/h. Themost common type of
turnout applied in Dutch track has been selected. This turnout has a crossing angle 1 over
9, with switch radius 195m as presented in [12].

3.2.2. Curving
The track input for curving behaviour assessment consists of a set of right-hand curves
with radii 250, 500, 750, 1000, 1500, 2000 and 2500m. The cant is set to 50mm for the radii
from 250m to 1000m, to 30mm for 1500m, and to 0mm for 2000m and 2500m. For each
simulation the operational speed is set to a value that results in a cant deficiency of 30mm.
Track irregularities following ERRI B176 type low [16] were applied to the track curving
track models, promoting earlier friction break-out of wheelsets and bogie (rail inclination
1:40, track gauge1435mm). Runs were performed with the UIC 54E5 (anti-head check)
rail profile and new (unworn) S1002 wheel profiles.

3.2.3. Track degradation
Assessment with regard to the level of vertical and lateral track forces, and resulting impact
to track geometry degradation, has been carried out using 1000m of as-measured tangent
track in the Netherlands with consisting shortwave vertical and lateral track irregularities.
The Power Spectral Density (PSD) of measured track irregularities as a function of wave-
length show the track geometry recording data not to comprise lateral wavelengths below
6m and vertical wavelengths below 8m. The simulated train speeds varied with a maxi-
mum of 100 km/h when fully laden and 120 km/h when tare. Runs were performed with
the UIC 54E1 rail profile, and new (unworn) S1002 wheel profiles.
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4. Evaluation

4.1. Technical criteria

Over 200 simulation runs were performed for this part of the study. All simulations have
been executed inVAMPIRE Pro R©, version 6.30. All simulation results have been compared
with the simulation results for the Y25L reference bogie. Only those results that produced
noteworthy differences are discussed in detail.

4.1.1. Primary yaw stiffness
In this section the effect of PYS design modifications is discussed with respect to switch
negotiation, curving behaviour and dynamic wheel forces.

4.1.1.1. Switch negotiation. Figure 5(a–d) present the dissipated energy Tγ development
for the different PYS design variations at contact patch areas of the first wheelset during
switch negotiation. The horizontal axis represents the position in the track. The switch
toe is located at x = 40m. The left-hand turnout is negotiated in the diverging route. The
direction of travel is from left to right (the facing direction). For both the switch panel
(position 40–48m) and closure panel (position 48–63m), Tγ development is presented for







Figure 5. Tγ development for the different PYS design variations at the contact patch areas of the first
wheelset during switch negotiation. Reference (a), double Lenoir (b), trailer armwith conventional bush
(c), trailer arm with hydrobush (d). The right wheel (R) is guiding, 1R/L: wheel tread/flange root contact,
1FR/FL: flange contact.
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Table 1. Rail damage development type, based on Tγ loading of the guiding right wheel during 1:9
switch negotiation in diverging route.

Switch panel contact area Closure panel contact area

Modification Flange Tread/flange root Flange Tread/flange root

Y25 – reference Wear Wear RCF Wear
Double Lenoir Wear Wear Below damage threshold RCF
Trailer arm – conventional bush Wear Wear Wear Wear
Trailer arm – Hydro bush Wear Wear Below damage threshold Wear

the contact area of the wheel tread/flange root (left wheel:1L, right wheel:1R) and the con-
tact area of the wheel flange (1FL, 1FR). For those locations where simultaneously contact
occurs at the running surface of switch rail and stock rail, Tγ values are summed. Sum-
mation of Tγ for simultaneous contacts can unwillingly influence the resulting evaluation
outcome. However, for the here evaluated situation the load transfer length with simulta-
neous contact is very short compared to the total length of the switch panel and therefore
summation does not influence the resulting prevalent switch panel damage mode (wear
or RCF).

Upon entering the switch, the wheel flange of the leading right wheel comes into contact
with the switch rail at approximately 0.5m behind the switch toe. This results in a steep
increase of Tγ . When comparing the Tγ peak values, it can be seen that these are not
influenced by the examined PYS design measures. Significant differences, however, can be
observed at the wheel tread/flange root contacting area of the switch panel and at both the
contacting area of flange and wheel tread/flange root of the closure panel.

Flange contact at the closure panel becomes negligible for the design variants double
Lenoir and trailer arm with hydrobush, eliminating side wear loading at this location in
track. The application of trailer arms with conventional bushing leads to an increase of
PYS compared to the reference situation with resulting Tγ values during switch negotia-
tion well above 200N, placing its operational window entirely in the region of ‘Wear’. By
applying the damage function as shown in Figure 4, the expected effect of the individual
modifications can be understood more clearly. Table 1 presents for each modification the
expected damage development at switch and closure panel, based on the operational wear
number from the guiding right wheel.

4.1.1.2. Curving behaviour. Figure 6 presents the simulation results for the different PYS
design variations and different curve radii. It shows the quadratic mean (RMS) Tγ value of
the outer wheel of the leading wheelset, determined in the full curve. For each designmod-
ification these RMS Tγ values are plotted against the curve radius. The results in Figure 7
show that improved curving behaviour, compared to the Y25L reference bogie, only occurs
for radii below 750m. This positive effect is only present for two of the evaluated design
modifications; the double Lenoir and trailer armwith hydrobush, and to a lesser extend for
the reduced secondary horizontal stiffness. The best narrow radius curving performance is
shown by the double Lenoir design, with resulting Tγ values below the damage threshold
value down to the 500m radius curve. As was the case with switch negotiation, it can be
seen here that the trailer arm bogie design with conventional bush results in increased Tγ

values due to the increased PYS. For the assessed operational conditions, the influence of
the cross anchor is negligible.
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Figure 6. Tγ development for the different design variations and curve radii.

Figure 7. Tγ and lateral force (Y) as a function of the wavelength of the leading wheelset for the
reference bogie, bogiewith reducedunsprungmass andbogiewith reduced sprung andunsprungmass.

The impact of a rubber ring mounted between the Y25L bogie frame and the lower
part of the centre pivot was examined by introducing a lateral stiffness to the centre bowl
set to 0.2 kN/mm, corresponding the limit value proposed at the EU Seventh Framework
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Programme SPECTRUM presentation ‘Suspension simulation of a rail freight vehicle for
LDHV goods’ (Paris, 8th April 2015). Initially developed for stability improvement, here
the potential for curving improvement was examined. The resulting Tγ values for switch
negotiation are shown not to be significantly influenced by this design modification, it has
only a minor influence on curving behaviour.

A cross anchor is a pair of linkages applied diagonally between the wheelsets. These
wheelsets, when yawed by the wheel–rail contact forces, will assume a radial position. Pro-
viding diagonal linkages between the wheelsets of the Y25L reference bogie is however
not useful, since the combination of these linkages with the single Lenoir dampers would
prevent all longitudinal movements of the wheelsets relative to the bogie frame. There-
fore, in this research the cross anchor is limited to a combination with the design with
trailer arms and conventional bush. The resulting Tγ values do not show a significant
influence of this design measure on running behaviour; for the switch negotiation nor for
curving, the found Tγ levels are corresponding to those for the trailer arm without cross
anchor.

4.1.1.3. Track degradation. Developments in bogie design are seen to also target the bogie
mass for which a reduction can be achieved, for example, by the inboard bearing wheelset
concept and hollow axles considerably reducing the unsprung mass together with a low
weight bogie frame design. The effect of reducing the unsprung mass of the bogies on
track degradation is investigated by examining the forces between wheel and rail in lat-
eral and vertical direction. Reduction of the unsprung mass is implemented in the vehicle
model by reducing the mass per wheelset with 400 kg; additionally the mass per bogie
frame is reduced with 200 kg. This results in a mass reduction of 1000 kg for each bogie
(approx. 20% reduction) and implies 2000 kg of extra freight. To illustrate the effect of
the individual changes in mass of bogie frame (sprung) and wheelset (unsprung), simu-
lations have been carried out for the following three configurations (all variants retaining
22.5 tons axle load): (1) Reference Y25, (2)mass of eachwheelset reducedwith 400 kg (Ws-
400) and bogie frame reduced with 200 kg (b-200) adding 2000 kg of extra freight to the
wagon and (3)mass of eachwheelset reducedwith 400 kg (Ws-400) adding 1600 kg of extra
freight.

As mentioned in Section 5.2 the track section applied for this analysis is tangent track
with measured track irregularities. The applied vehicle speed is 90 km/h, laden. For the
laden condition 22.5 ton axle load is applied. The power spectral density of Tγ as a func-
tion of the wavelength is presented in Figure 7(a). It can be seen that a reduction of the
unsprungmass results in a significant reduction in Tγ loading.The dominatingwavelength
of 9m corresponds to the wavelength of the Klingel motion of a Y25 wheelset. The lateral
forces (Y) power spectrum is presented in Figure 7(b). Reducing the unsprung mass pre-
dominantly has resulted in a significant reduction of lateral track forces and associated Tγ .
Reduced lateral track forces can expectedly lead to a reduction in track geometry degra-
dation and related maintenance effort and cost. For the vertical track forces, the observed
reduction is much smaller.

As mentioned in Section 3.2, the track geometry input data used for assessment of
wheel–rail forces does not comprise lateral wavelengths below6mand vertical wavelengths
below 8m. It should therefore be noted that track geometry as registered by a measure-
ment coach is not a fully adequate parameter to determine the effect of unsprung mass
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on track degradation. The unsprung mass has a significant effect on the vertical dynamic
wheel–rail force for wavelengths that are shorter than or in the same order of magni-
tude as the wheel circumference, which is about 3m. This implies that the unsprung mass
plays a crucial role in the degradation rate of points and other switch parts, of insulated
joints and potentially of welded connections with insufficient straightness. These com-
ponents are key assets in the performance of a railway network. For conventional train
speeds, the first derivative of the trajectory of the gravity centre of the unsprung mass
may exhibit a discontinuity, implying wheel–rail impact conditions (see ref. [17]). This
is also true in lateral directions. It has been demonstrated in [17] that in these cases
the dynamic contact force is proportional to the mass, which is consistent with both
theoretical and field results for P1 peak forces from the literature [18]. The level and
frequency content of the dynamic contact force have a direct relationship to the degra-
dation rate of concerned railway structural assets, even apart from the parameter Tγ and
induced wear/RCF. It is therefore useful to strive for minimum inertia of unsprung bogie
parts.

4.2. Economic criteria

Öberg and Andersson [2] have presented a track deterioration cost calculation model,
able to differ between vehicle types based on their characteristics and tendency to dete-
riorate tracks. The model applies the marginal cost methodology, aiming to determine
the additional cost per extra vehicle unit by determining the impact of that vehicle. This
model is applied to the present study, assessing the impact of the proposed track-friendly
designs regarding track deterioration costs. As a case study, a dedicated freight corri-
dor was selected. The first step in calculating the deterioration cost is to determine the
marginal cost level currently for infrastructure in the Netherlands. Next step is to compose
a set of VAMPIRE R© tracks models, representative for the studied corridor. From the exe-
cuted simulation runs, input data to the deterioration model is acquired, consisting of Ty
wear numbers, guiding forces and dynamic wheel loads. Finally, the deterioration cost per
ton-km for each vehicle concept is calculated.

The European 5th frame project UNITE [19] defines marginal social cost as the costs
of an additional transport unit (train km for rail). Marginal infrastructure cost is the cost
to infrastructure managers of additional traffic, principally maintenance and renewal but
potentially also other aspects of operating cost. To calculatemarginal costs all impacts have
to be determined and calculated, and finally these impacts must be monetised. Marginal
cost calculation methods can be very complicated, time-consuming and have high data
requirements. A simplified method to determine marginal costs is presented in [20], using
average variable costs as a substitute for marginal costs. The proposed simplified approach
may provide a lower degree of accuracy compared to themore sophisticated approaches but
has the advantage of being relatively easy to apply. In many cases the simplified approach
can serve to provide a quick indication of the marginal cost level. For this study the
proposed simplified method is used as a set-up for the marginal infrastructure cost cal-
culation. In order to limit the complexity of the study, cost for congestion, air pollution
and noise are not considered. Required input data regarding infrastructure cost for main-
tenance and control is derived from [21]. From this input the calculated marginal cost for
ProRail track amounts to 0.0031 e/gross ton kilometres. This is in line with the actual
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ProRail track access charge for a 650 ton train which in 2013 was set to 0.0035e/gross ton
kilometres.

4.2.1. Dynamic simulations
The selected route, from Roosendaal to Oldenzaal, is 205 km in length with 30% consist-
ing of curved track with a radius below 2000m. A representative set of track models is
designed, covering the various track radii and switches with associated cant. The applied
speed profile is based on the maximum allowed line speed for loaded wagons at the differ-
ent route sections (applied minimum is 40 km/h, maximum 100 km/h). Evaluated vehicle
concepts are Y25L reference, Y25L with double Lenoir, Y25L with trailer arm fitted with
hydrobush and Y25L with reduced unsprung mass. All concepts are fully laden to 22.5 ton
axle load. The applied wheel profile is UIC S1002. To account for the effect of geomet-
rical disturbances regarding wheel–rail forces and corresponding marginal costs, lateral
and vertical track irregularities have been generated according to the method provided
in report ERRI B176 [22]. To excite frequencies up to 90Hz, the applied wavelength
range is 0.1–200m. The applied rail profiles are UIC 54E1 on tangent track and UIC
54E5 in curves. The lateral rail to sleeper stiffness is set to a default value of 43 kN/mm,
vertical rail to sleeper stiffness to 50 kN/mm. The wheel–rail friction coefficient is set
to 0.45. The dynamic simulations direct output consists of the average wear number
(Tγ ) for the outer wheels (both leading and trailing axle) and quasi-static wheel loads
(both vertical and lateral). Also the dynamic wheel load contributions for the frequency
content up to 20Hz and between 20 and 90Hz are obtained from the VAMPIRE R©

simulations output. For this purpose, in accordance with UIC code 518 [23], vertical
and lateral dynamic wheel forces are filtered after which the 99.85 percentile values are
determined.

4.2.2. Impact analysis
The track deteriorating cost calculation model presented by Öberg and Andersson [2] is
based on two damagemodels. The first one, a damagemodel developed in the 1980s by the
ORE (Office of Research and Experiments) is the base for the first two terms in Equation
(1), respectively, related to track settlement and super structure component fatigue. The
third term of the formula, related to wear and RCF, is based upon the Whole Life Rail
Model as developed and experimentally validated by Burstow [13].

For the calculation of the cost of track deterioration the total marginal cost is considered
as a mean value of the whole network. The overall cost of track deterioration is composed
of the individual share of each deteriorating mechanism. Öberg and Andersson propose
a distribution of these mechanisms applicable for the Swedish rail network. Typical for
the rail network in the Netherlands is the relative soft sub-structure which, in comparison
to the Swedish situation, is expected to raise more issues with track settlement. This is
reflected in the distribution applied to the present study, with track settlement responsible
for 35% of the marginal cost, component fatigue for 25% and the remaining 40% allocated
to wear and RCF of rails. From the calculated marginal cost and applied distribution in
deteriorating mechanisms, the marginal average cost coefficients are calculated in relation
to the Y25 reference bogie. These coefficients are then used to calculate the marginal cost
for the other vehicle concepts. To the initial model of Öberg and Andersson lateral track
shift forces were included in the settlement mechanism by adding the term (Y3

tot) to first
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Table 2. Track deteriorating cost calculation terms.

Notation

eR Marginal cost for curve zone R (e/ton km)
k1 Marginal average cost coefficient for track settlement
k2 Marginal average cost coefficient for component fatigue
k34 Marginal average cost coefficient for rail head wear and RCF
m Mass of vehicle (ton)
na Number of axles
nw Number of wheels
Qtot Total vertical wheel load (kN)
Tγ Wear energy number (J/m)
Ytot Total lateral wheel load (kN)
Yqst Lateral quasi static wheel load (kN)
Y<20 Lateral dynamic wheel load contribution processed by a 20 Hz low-pass filter (kN)
Y20–90 Lateral dynamic wheel load contribution with frequency content between 20 and 90 Hz (kN)

term of Equation (1) (Table 2).

eR =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎩

k1
na

na∑
i
(Q3

tot + Y3
tot)+

k2
na

na∑
i

(√
Q2
tot,i + Y2

qst,i

)3
+

k34
m

nw∑
i
f (Tγ )i

, (1)

Qtot = Qqst + Q<20 + Q20−90. (2)

4.2.3. Marginal cost calculation results
The marginal cost for rail wear and RCF are presented in Figure 8. These cost are strongly
determined by the PYS and related wear energy number Tγ and consequently are seen
to increase with decreasing curve radius. The single Lenoir link design, as applied to the
Y25L reference bogie and the bogie with reduced unsprung mass, allow the wheelsets to
steer radially in curves with radii of 750m and up. For radii below 750m the marginal
cost for bogies with the single Lenoir design is seen to rapidly go up. The improved yaw
stiffness behaviour in narrow radius curves for the double Lenoir and hydrobush design
results in decreased Tγ levels in the curve range with radii <750m, resulting in significant
marginal cost reductions compared to the reference bogie. The frequency-dependent stiff-
ness of the hydrobush design, however, is seen to significantly influence its marginal cost
development. Especially in larger radius curves and in tangent track with higher vehicle
speeds, the introduced track irregularities cause the primary suspension to operate in its
relatively high dynamic stiffness range, which results in an increase of Tγ and the related
marginal cost compared to the reference bogie. The hydrobush respond to track irregu-
larities and resulting increase in stiffness also results in a marginal cost increase for the
other two deterioration mechanisms (track settlement and component fatigue). Impor-
tant is to mention that the here applied hydrobush stiffness characteristic has not been
specially designed for the Y25L bogie. Further tuning of the hydrobush stiffness proba-
bly can reduce the marginal cost level for tangent track and large radius curves. From the
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Figure 8. Marginal cost development for wear and RCF in relation to the different bogie designs.

working principle however, it seems unlikely that for the operational conditions considered
here an overall cost level equal to or below the reference situation can be achieved. Com-
pared to the Y25L reference bogie, an improvement in running stability can be expected
from the hydrobush design when running at higher speeds (>120 km/h) and when
running with empty wagons. Potential beneficial aspects have not been incorporated in
this study.

From Figure 8 it is understood that the vehicle concepts with improved PYS behaviour
(double Lenoir link and trailer arm with hydrobush) behave more cost friendly in switches
and narrow radius curves (R < 750m). However, since this curve range only represent a
small part of the total route, the impact on the overall cost savings is limited. In tangent
track and large radius curves the double Lenoir performs equal to the reference: due to its
improved behaviour in narrow radius curves it results in a cost reduction for the total route
of 1.8%. The hydrobush performs noticeably worse in large radius curves and on tangent
track, resulting in a marginal cost increase for the total route of 26%.

When calculating the total cost for the selected route, using Equations (1) and (2), the
vehicle concept with reduced unsprung mass provides a 2.8% reduction in cost compared
to the reference Y25L bogie design. For a 650-ton freight train, a locomotive with seven
maximum loaded wagons, travelling the route Roosendaal – Oldenzaal, this results in a
cost saving of 12 euro’s. At the same time the reduced unsprung mass allows an additional
load of 2 tons per wagon, resulting for this particular train in an additional 14 tons freight
to be transported.
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5. Discussion

In this section the results are discussed regarding the assessment of track degradation
mechanisms and related track degradation cost calculation.

5.1. Technical

5.1.1. Switch negotiation
The track loads resulting from simulations in the switch panel demonstrate ‘wear’ to be
the dominant damage type for the assessed 1:9 turnout. This is the case for theY25L ref-
erence design, as well as for the assessed design modifications. Clearly the Tγ peak values
occurring when entering the switch panel cannot be reduced by lowering the PYS value.
However, at the closure panel, with curve radius 195m, a significant difference is observed
for two of the assessed designmodifications, being the double Lenoir linkage and the trailer
arm with hydrobush. For these modifications, wheel–rail wear at the flange (gauge face)
becomes negligible. Simultaneously the Tγ level at the wheel tread/flange root contact-
ing area is reduced, shifting from ‘wear’ into the ‘RCF’ region for double Lenoir, where
the hydrobush loading level remains in ‘wear’. The other investigated designmodifications
(trailer armwith conventional bush, reduced secondary lateral stiffness, reduced unsprung
mass and the cross anchor application) did not result in a significant optimisation in switch
loading.

5.1.2. Curving behaviour
For the assessed operational conditions, the reference Y25L bogie displays excellent curv-
ing behaviour for curves above 750m radius, keeping operational Tγ levels below the RCF
damage threshold. At the curve radius of 500m Tγ values are seen to sharply increase,
resulting in RCF damage development for all evaluated designs except the double Lenoir
design which remains below the RCF damage threshold. Although the trailer arm with
hydrobush design results in reduced Tγ values compared to the reference bogie, its Tγ

level at 500m curve radius indicates operation within the RCF region. At 250m radius,
both double Lenoir and hydrobush design modifications are experiencing RCF damage
development. Of the other investigated design modifications, only the reduced secondary
lateral stiffness leads to improved curving, although minor.

5.1.3. Track degradation
The effect of reducing the unsprung mass of the bogie on track degradation, has been
assessed by evaluating the forces between wheel and rail in lateral and vertical direction. It
can be observed that reducing the unsprung mass predominantly has resulted in a signifi-
cant reduction of the lateral track forces, and related Tγ . The observed reduction is closely
related to the Klingel movement of the bogie. Reduced lateral track forces will expectedly
lead to reduced track geometry degradation and related maintenance effort and cost.

5.2. Economic

The marginal cost are clearly the highest at switches and narrow radius curves: for the ref-
erence situation the cost at switches is about 12 times the cost at tangent track. For switches,

95



18 M. HIENSCH ET AL.

the double Lenoir design results in a 60% marginal cost reduction for rail wear and RCF
compared to the Y25L reference. For the trailer arm with hydrobush a 30% reduction is
observed. However, since these switches and narrow radius curves represent only a small
portion of the total route length, performance at large radius curves and tangent track is
decisive in the overall cost level for the route. This is illustrated by the calculated cost reduc-
tion for the route for the double Lenoir being only 1.8%. To account for the degradation of
switches and narrow radius curves, being the most vulnerable railway assets both in cost
and operation, simply reviewing the overallmarginal cost calculation for the route is clearly
not sufficient. In [24] reduction in the Variable Usage Charge was calculated for the Spec-
trum trackfriendly bogie design, using a calculation method that mainly rewarded overall
curving behaviour, not considering the travelled route. Resulting variable cost reductions
are in the same order of magnitude as those here observed at narrow radius curves and
switches.

Because the Y25L reference bogie design possesses a very low PYS at curves with radii
from 600m and up, the impact of the hydrobush element is limited. Significant benefits
from this element, however, can be expected when applied to bogie designs with relatively
high static PYS values. Not comprising lateral wavelengths below 6m and vertical wave-
lengths below 8m, it should be noted that the evaluated track geometry as registered by the
measurement coach at ProRail track currently is not a fully adequate parameter to deter-
mine track degradation forces and cost. The significance of these wavelength limits should
be further quantified.

6. Conclusions

The potential of proposed design measures regarding the improvement of curving
behaviour and switch negotiation of railway freight bogies and related track degradation
mechanisms have been studied. For this purpose, a sensitivity analysis has been carried out
by means of track–train simulations in the VAMPIRE R© multi-body simulation software.
Curving behaviour of the standard Y25L freight bogie design, with respect to expected
wear and RCF development, is shown to be rather good, keeping operational Tγ levels
below the RCF damage threshold for a large range of radii. Only for the evaluated curve
radii of 500 and 250m, RCF development can be expected for the standard Y25L design.
Two of the six evaluated bogie design modifications, being the double Lenoir linkage and
the trailer arm with hydrobush, both targeting the PYS characteristics, deliver a distinctive
contribution to track-friendliness of the Y25L freight bogie. For the assessed conditions
the double Lenoir modification expands the curve radii range with Tγ operational lev-
els below the RCF damage threshold to 500m. Improved switch negotiation is observed
for both the double Lenoir and trailer arm with hydrobush design modification, especially
for the closure panel in which, for the assessed situation, flange wear is almost eliminated.
Reducing the unsprung bogie mass has shown to reduce the lateral track forces, which
will expectedly lead to a reduction in track geometry degradation. Other evaluated design
modifications did not significantly contribute to improving track-friendliness under the
evaluated conditions.

The improved behaviour at narrow radius curves (R < 750m, switches 1:9) of the vehi-
cle concepts with double Lenoir link and trailer arms with hydrobush provide, respectively,
60% and 30% marginal cost reduction for rail wear and RCF compared to the reference
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Y25L bogie. However, since this curve range only represents a small part of the total route,
the resulting marginal cost in the executed corridor study is dominated by tangent track
and large radius curve sections. Although not significantly contributing to the calculated
overall cost, measures decreasing the track deterioration for switches and narrow radius
curves, being the more vulnerable track elements, are expected to be beneficial from the
viewpoint of track availability and overall performance. Currently, this seems insufficiently
reflected in the overall assessment result. When calculating the overall deterioration cost
for the travelled route, the calculation model should include a well-balanced representa-
tion of switches and narrow radius curves. This will support the development of future
track access charging, stimulating the design and introduction of vehicles with improved
track-friendliness.
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A B S T R A C T

The concept of the rail damage function provides vital understanding of the operational performance of rail
grades in terms of surface degradation. The present study extends this concept from conventional to premium
pearlitic rail. This is done on the basis of both simulations of dynamic train-track interaction and field ob-
servations. Rolling Contact Fatigue (RCF) damage index values for the conventional R260Mn and the premium
R370CrHT grade rail are established, describing the behaviour of the associated damage functions. Defining the
individual rail grade damage response to operational loading levels, the potential of the RCF-damage function to
support the process of rail grade selection and track maintenance is further discussed.

1. Introduction

Rail surface damage development and related costs of inspection
and maintenance are a major concern to infrastructure managers.
Control measures aiming to prevent or reduce damage development
may target the wheel-rail interaction forces, limiting them through
optimisation of the wheel-rail interface geometry or by stimulating the
use of so-called track-friendly vehicles which produce reduced forces on
the track. An alternative approach is the improvement of the material
resistance to the imposed stress and slip levels. This line of approach is
followed by the rail grade selection standards applied by most infra-
structure managers, which specify more resistant rail grades to be in-
stalled at more demanding track sections such as curves. Beside the
installed rail grade also the execution of maintenance measures (such as
grinding or lubrication) can have a strong impact on the service life of
rails [16]. This is supported by field experience, indicating that the
expected benefit of improved steels has not generally been associated
with a reduction in required maintenance. Based on the experience that
Rolling Contact Fatigue (RCF) became a problem only after the normal
rail for a specific site was replaced by premium rail, Burstow [1] con-
cludes that premium grade rail steels may not always be the best so-
lution to prevent track damage and that careful consideration of track
geometry, operating conditions and traffic is necessary when con-
sidering the most appropriate rail grade to select for use at a given
location. Ref. [2] reports that the response of the rail grade with respect
to RCF development depends on the track test conditions. Further un-
derstanding of rail grade performance as a function of operational
loading conditions is therefore vital to support the process of rail grade

selection. Rail damage models can be used as an asset management tool
to analyse specific track sections, assessing the likelihood of RCF crack
initiation and wear on the basis of given loading conditions.

In the literature, work has been undertaken to develop a simple
parameter capable of describing damage development in terms of RCF
as a function of the loading history. Burstow [3] has found the wear
energy number (Tγ) to provide the best correlation between the output
of RCF damage simulation work and observed crack location in the
field. Tγ describes the mechanical energy dissipated in the wheel-rail
contact patch, thus available for initiating damage at the contact sur-
face on the rail. He presents a material specific damage function, de-
rived from track inspections in combination with vehicle-track simu-
lations. The function describes the relationship between the wear
energy number and RCF crack initiation fatigue damage, by translating
the calculated Tγ into a fatigue damage term, being the number of
loading cycles to visual crack initiation. Currently this methodology has
been applied only for analysis of sites containing the ‘normal’ grade rail
R220 (according to the European norm [4]), although it can be ex-
pected that the concept itself works equally well for other material
grades. There is however no validated damage model available for any
other rail grade. In order to develop such models, the characterisation
of different rail materials needs to be performed in terms of the Tγ
loading history and related damage development. The objective of the
present study is to establish the RCF damage functions for the normal
R260Mn and premium R370CrHT grade rail. In analogy to Ref. [3], the
damage indices will be determined from track inspections in combi-
nation with vehicle-track simulations for the track sections under
consideration.
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The structure of this article is as follows: after the introduction, the
theoretical framework is presented in chapter two, discussing rail RCF
damage assessment in general. Chapters three and four contain the core
of this work, with a discussion of the setup of field observations and
vehicle-track simulations in the first chapter, and the relationship be-
tween results and track damage in the second chapter. Chapter five
discusses the engineering relevance of damage function application in
track design and maintenance, followed by conclusions in chapter six.

2. Assessment of RCF damage on rails in general

‘Wear’ is a damage phenomenon being inherently present in each rail-
wheel contact, with surface material (oxides) being removed even at the
lowest loading levels. Fatigue damage however will initiate only when the
cyclic loading level exceeds the material fatigue limit. Assessment of the
material response to cyclic loading can take place using so-called shake-
down maps, presenting the material hardening curves that define the areas
with different material response types in dependence to the peak Hertzian
pressure, the material yield stress under pure shear and the traction
coefficient [5]. Fatigue damage will develop when individual loading
cycles result in the accumulation of plastic strains, exhausting the material
resistance to further plastic deformation. This type of material response,
known as plastic ratchetting, occurs when loading levels surpass the plastic
shakedown limit. The development of fatigue damage at the surface can be
slowed down or even entirely prevented by removal of material from the
surface due to wear. The development of RCF at the rail-wheel interface
depends therefore on the balance between crack initiation and wear rate.
Fatigue crack initiation is governed by the process of ratchetting. The wear
rate depends on the tangential force in combination with the occurring slip
in the contact patch. Damage models incorporating the competing damage
mechanisms of wear and fatigue crack growth can be used for the eva-
luation of rail wear and RCF initiation.

The damage energy model as developed by Burstow was first proposed
in [6]. It describes the relationship between the wear energy number Tγ and
RCF crack initiation fatigue damage. The parameter Tγ represents the work
performed by the frictional shear stresses in the moving wheel-rail contact
patch, usually considered per travelled unit distance along the track [15].
This performed work is equivalent to energy dissipated in the contact patch,
and is commonly expressed for a unit length of 1 m, giving rise to Tγ being
expressed in the unit [J/m] or [N]. The wear number Tγ is calculated from
the sum of the lateral and longitudinal products of shear forces (Tx and Ty)
and creepages (γx and γy) at the wheel/rail interface. The wear number is a
standard output from vehicle dynamics software. From the model the cal-
culated Tγ is translated into a fatigue damage index; the number of loading
cycles to visual crack initiation. This ‘RCF damage index’ expresses the
number of cycles before visible RCF cracks can be expected on the rail head.
Burstow suggests, for reasons of feasibility, a minimum surface length of
approximately 2 mm, stating that cracks to be visible at this length must
have developed beyond the initiation stage and some crack growth must
have taken place. For each contact location the fatigue damage from in-
dividual loading cycles can be summed using Miner's rule for variable
amplitude fatigue loading [7]. When the fatigue life is exhausted, this results
in visible RCF damage when the RCF damage index limit is reached.

The behaviour of the overall RCF damage function (shown at the
bottom in Fig. 1) is determined by the individual linear damage functions
regarding both wear and RCF (at the top in Fig. 1). At damage levels below
the fatigue threshold (zone a) no RCF develops. For the rising slope of the
damage function (zone b) RCF damage develops due to plastic ratchetting.
At higher levels of energy dissipation the wear rate is seen to increase,
removing RCF damage as indicated by the descending slope (zone c).
When the damage function becomes negative (zone d), initiation of RCF
damage is entirely suppressed by wear.

Wear mechanisms and transitions shape the course of the damage
function. For rail materials these mechanisms have been studied by Bolton
and Clayton with the help of two-disk testing [8]. To allow for a direct
comparison between materials, Bolton and Clayton were the first to plot

the wear rate against the wear number divided by the contact patch area
(Tγ/A). From the occurring wear rate, the contact surface appearance and
the amount of wear debris occurring during the two-disk testing, three
different wear regimes were identified. They were referred to as mild (type
I), severe (type II) and catastrophic (type III), associated to increasing
contact pressure and slip percentage. Examining side-worn rail samples
from curved track sections, Bolton and Clayton conclude the type II wear
regime to be most closely related to the rail crown and the gauge corner
region, whereas type III wear is usually concentrated at the gauge face due
to relatively high slip levels in flange contact. Burstow [3] associated mild
wear to the RCF-dominated regime (the rising part of the damage function
in Fig. 1), with the transition frommild to severe wear to the change to the
wear-dominated regime (the falling part). Lewis et al. [9,10] suggest this
mild to severe transition to be associated with the onset of full sliding
contact conditions.

Burstow [6] has demonstrated that the RCF damage index metho-
dology can predict the damage level quite well when applied to sites
where the RCF generating forces are determined by track irregularities and
quasi-static curving. However, in the development of the model a number
of assumptions have been made. Burstow mentions the limited number of
applied wheel profiles as well as his use of only one single vehicle model,
restricting the distribution of contacts and loading conditions. Also the
condition of the track geometry at the time of the site survey has been
assumed constant over its entire service life. These assumptions will affect
the reliability of the model. Nonetheless, good correlations are reported
between predictions and field observations of track sites with RCF.

3. Set-up of the damage function determination

In order to derive RCF damage functions for different rail grades,
results from track inspections have been assessed in combination with
results of vehicle-track simulations for the considered cases. Damage
index values have been determined from the accumulated damage to
the first visible RCF cracks. In this paragraph the successive individual
steps of the analysis are discussed.

3.1. Field observations

Two track sites were selected, denoted here as site A and B. Track
geometry details are presented in Table 1. The maintenance history of
both sites shows that they are susceptible to the formation of RCF in the
form of headchecking. From the difference in curve radii and installed cant
between these sites different operating Ty values are to be expected. This
allows for the determination of a wider damage index range in the damage
function. For purpose of comparison both sites were visually inspected
prior to rail replacement. The RCF development at site A (Fig. 2) was
found uniformly distributed over the entire curve. At site B, in the part of

Fig. 1. Wear and RCF as competing mechanisms of rail surface degradation.
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the curve with a constant radius, RCF was not uniformly distributed but
clustered in ‘patches’. This suggests a variation in local contact stresses,
likely associated to track geometry. At the high rail of both sites A and B,
two different rail grades were installed in series; the normal grade
R260Mn and premium grade R370CrHT, with a length of 180 m length
each. A monitoring program was started from the moment the new rail
was installed. During the first year, this comprised visual inspection of the
running band each second month, along with measurements of hardness,
rail profile and crack depth (eddy current). After the first year the in-
spection interval was extended to four months.

Since the RCF crack initiation model applies damage summation, it
requires loading information in terms of the composition of the daily
passing rolling stock. To this purpose strain gauges were installed in the
track, measuring the number of passing axles, the axle loads and the
train speed. From the recorded wheel base and bogie spacing for each
passing vehicle also the vehicle type could be identified.

3.2. Vehicle dynamics simulations

Train registrations clearly showed the loading at both sites to be
dominated by the same three train types; two passenger intercity trains and
a particular freight configuration, together representing 70% of all axle
passages and born tonnage. Although not serving the same route, the train
type distribution for both sites was similar. The three dominant vehicle
types were modelled using the simulation software VAMPIRE® Pro 6.30.
The main dynamic parameters for the two operating passenger vehicles are
listed in the Annex of this paper (Table 3). The main parameters of the
freight vehicle are presented in Ref. [14]. Vehicle dynamics simulations
were performed for quasi-static curving conditions, based upon the track
geometry design values. Further dynamic simulations were performed for
the track with irregularities as measured by a recording train during the
period of field testing. Because of the fact that the wheels of passenger
vehicles are frequently reprofiled, vehicle simulation runs were performed
with the new (unworn) S1002 wheel profile. Freight vehicle simulation runs
were performed with an average worn S1002 wheel profile, selected from
profile measurements performed at a number of freight wagons in service.
The rail inclination was set to 1:40 and the design track gauge was
1435 mm. The applied rail profile was UIC 54E1 as defined in the norm [4].

The coefficient of wheel-rail friction was set to f = 0.32. This is a re-
presentative value in accordance with Ref. [13], which specifies the as-
sessment of the running characteristics of railway vehicles for the European
network. The vehicle speed and loading condition to be applied in the si-
mulations were derived from the strain gauge measurement results. The
vehicle speed was set identical for both passenger train types; 120 km/h at
site A and 130 km/h at site B. The freight train speed for both sites was
90 km/h. No traction was applied. Simulations for all vehicle types were
carried out in loaded condition. As mentioned earlier the selected three
vehicle types together establish 70% of all axle passages and born tonnage.
The remaining 30% of the total tonnage, mainly from different commuter
train types, has been included in the simulations by simply adding their
tonnage to that of the two dominant passenger train types.

3.3. Damage summation

The considered damage loading period started at the moment of rail
renewal, ending at the moment of first visible RCF crack detection with
a minimum surface length of approximately 2 mm. For the total number
of vehicles of each type that has passed the considered site during this
period, the Tγ damage summation is performed for each wheelset on
each vehicle. Summation of the damage has been carried out with re-
spect to the position in the curve (x), the contact position on the rail
head (y) and the contact patch area and ratio (a/b).

4. Test results and implementation in the damage model

The results of track inspections, vehicle dynamics simulations and
damage summation are presented in this section, together with the
interpolated part of the damage function that follows from this input.
Subsequently, the further behaviour of the damage function for pre-
mium rail is extrapolated on the basis of work performed by Bolton and
Clayton [8] regarding rolling-sliding wear.

4.1. Field observations

From the inspection, a clear difference in the accumulated tonnage
until visible crack initiation could be established between the normal
and premium rail grade, as can be seen in Table 2.

Shortly after installation the premium rail grade is observed to develop a
fine network of superficial cracks (‘craquelure’, Fig. 3). However, visible
cracks that develop beyond the initiation stage are found on the premium
grade at a much later stage. At site A, RCF develops uniformly over the
entire section, independent of the rail grade. Differences in the delay until
RCF initiation at site A were dominated by the rail grade but also a dif-
ference between the two R370CrHT locations is observed. Similar to the
situation prior to rail replacement, RCF at site B develops more locally, with
damage clustering in patches. At site B, differences in the delay until RCF
initiation were found to depend on rail grade and the position in the curve.
Visible headcheck development is illustrated in Fig. 4. Eddy current mea-
surements indicate these cracks to be about 0.3 to 0.4 mm in depth. From
profile measurements performed 18 months after rail installation the pre-
mium rail grade at track B showed hardly any wear nor deviation from the

Table 1
Track geometry details (*partly 1200 m).

Site A Site B

Curve radius (m) 1000* 2450
Cant (mm) 80 60
Max. Speed (Km/h) 120 140
Length full curve (m) 1200 1150
Avg. daily tonnage (0.103t) 31.5 48.1

Fig. 2. High rail running surface at site A – situation prior to rail replacement (traffic
direction to the right; depicted rail length about 0.36 m).

Table 2
Accumulated tonnage to visible crack initiation for different measurement locations.

Accumulated tonnage until visible crack initiation (0.106 t).

Track site A Track site B

R260Mn 5,8 8,8 (750 m)a

R260Mn n.a. 14,5 (430 m)a

R370CrHT 20,1 35,0 (540 m)a

R370CrHT 11,9 33,5 (990 m)a

a Relative position of the measurement location, corresponding to travelled distance
(m) as presented in Fig. 5.
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design profile, confirming a mild wear operating regime.

4.2. Vehicle dynamics modelling

For the purpose of this study only results at the high rail are evaluated,
both for the design track geometry (quasi-static curving conditions) and
for the situation with measured track irregularities. For site A the most
striking result is that, apart from the leading wheels of the bogies from
both passenger type vehicles, none of the other vehicle contact positions
during quasi-static curving surpass the fatigue crack initiation limit value
of the R220 damage function. Neither the freight vehicle nor the trailing
wheels of the passenger vehicles seem to contribute to the observed RCF
damage at this site. Evaluating vehicle dynamics in relation to curving
behaviour with track irregularities, Tγ development for site A does not
show local variations and the average level is equal to the quasi-static
curving. At site B the Tγ loading levels for quasi-static curving are below -
or just touch - the R220 fatigue crack initiation limit for all vehicle type
contact positions, suggesting no significant RCF damage development
(Fig. 5a). However, when evaluating vehicle dynamics with measured
track irregularities the track geometry variations result in a local steep
increase of Tγ, surpassing the threshold value at a number of track seg-
ments (Fig. 5b). Further evaluation shows this increase to be due to
especially lateral irregularities and a number of a sharp local deviations in
the curve radius. For site B, Tγ loading levels vary distinctly due to the
track geometry variations; therefore damage summation for this curve
should be position-dependent. From Fig. 5 the general Tγ level during
quasi-static curving and the level during curving for the measured track
geometry are seen to differ, mainly due to differences between design and
measured cant.

4.3. Damage summation

The contact patch area and its location on the railhead are evaluated

for the outer wheels and compared to the location where RCF initiation is
observed. At track site A, both for quasi-static curving and for curving
behaviour with track irregularities, the railhead contact positions of the
leading outer wheels of both passenger vehicles correspond to the RCF
initiation area. This indicates that the fatigue damage from the individual
loading cycles can be summed and related to the observed damage. The
observed running band and calculated wheel-rail contact positions are
presented within Fig. 6. During quasi-static curving the contact patch lo-
cations of the two intercity type vehicles remain unchanged, each re-
presented in Fig. 6 by one shaded marker. For the curving situation with
measured track geometry both passenger vehicles show a spread in contact
conditions due to the presence of track geometry variations. This is illu-
strated by two shaded markers for each train, designating the extremities
of the contact band.

At site B, wheel-rail contact at the RCF initiation zone only occurs for a
discrete number of positions throughout the curve. These coincide with
major local deviations in lateral alignment and in curve radius. The ob-
served shifting of the contact location towards the rail shoulder results in a
sharp local increase of Tγ for all evaluated vehicle types, as visible in
Fig. 5b. These locations were found to be the first ones where RCF damage
started to develop. The contact patch distribution for the vehicle response
to track geometry variations indicates that only the leading wheels con-
tribute to the observed head check generation.

4.4. Damage function development - interpolation

Damage function indices for the different rail grades have been de-
termined from the observed period to RCF damage initiation in combi-
nation with calculated Tγ loading levels, loading positions and corre-
sponding loading frequencies. Tγ levels for quasi-static curving conditions
were applied to site A. For site B, Tγ levels were applied from simulations
including track irregularities. The resulting indices are presented in Fig. 7
as a function of the wear number. The square (□) box markers indicate the
established R260Mn behaviour. The diamond (◊) shape markers denote
this dependency for the R370CrHT rail grade. The RCF damage function as
established by Burstow [6] for the here presented section is shown by the
black line. The dotted line represents the established R370CrHT damage
function within this area. The damages indices obtained for the R260Mn
rail grade can be observed to coincide with the RCF damage function of
R220. This is in accordance with observations made by Zacher [11], who
showed that gauge corner cracking predictions based upon the R220 da-
mage function matched remarkably well to that of the R260 grade rail.
These findings further support the conclusion that the RCF regime of the
R220 damage function can be applied to the entire family of normal
pearlitic rail grades including R260 and R260Mn.

The observed spread in accumulated tonnage until visible crack in-
itiation for R370CrHT rail grade at site A, as shown in Table 2, and the
related spread in the RCF damage index value for the calculated wear
number can be explained from locally varying operational conditions.
Changes in track geometry developing over time are expected to lead to
larger deviations of the quasi-static Ty levels calculated for site A as
compared to site B, for which track geometry variations were included
from the beginning. Also the Ty level at site A is situated near the expected
peak of the damage function, which means that both a periodical decrease
or increase of Ty will lead to an increase in accumulated tonnage until
visible crack initiation. At site B, situated in the rising part of the function,
the effect of Ty fluctuations on accumulated tonnage until visible crack
initiation will be more levelled off. Moreover, accuracy can also be af-
fected by the chosen inspection interval and seasonal influences.

4.5. Damage function development – extrapolation

The expectation for the remaining part of the damage function can be
based on the work performed by Bolton and Clayton [8] regarding rolling-
sliding wear damage. The fatigue crack initiation limit, the starting point
of the rising slope, is determined by the mechanical properties to resist

Fig. 3. Fine network of superficial cracks (craquelure) on the premium rail grade (site B).
Direction of traffic is to the left, depicted rail length is about 0.1 m.

Fig. 4. Visible headchecking at the rail shoulder (within indicated zone, approx. 3–5 mm
in length), site B, grade R370CrHT. Direction of traffic is to the left, depicted rail length is
about 0.1 m.
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fatigue initiation. Ponter [5] shows the shakedown limit above which fa-
tigue damage will develop depends on the material yield strength in shear.
From its higher yield shear strength and resulting higher shakedown limit
an increase in the RCF initiation limit wear number value can be expected
for R370CrHT as compared to R220. The starting points of the individual
damage functions in Fig. 7, as determined from the established index
values, confirm this expected behaviour. Burstow [3] associates mild wear
with the rising part of the damage function. For the type I mild wear
regime Bolton and Clayton find the wear rate to be independent on ex-
amined rail steels. This indicates the ascending slope of the damage
function for the different materials to be determined by its early stage RCF
crack growth properties. Garnham and Davis [12] conclude the prior-
austenite (PA) grain boundary dimensions and shapes to play a significant
role with respect to initial RCF crack initiation growth rates, particularly if
defined by regions of pro-eutectoid (PE) ferrite. With initial crack propa-
gation restricted to the boundaries of the deformed PA grains at the sur-
face, microstructural properties define this very early crack growth be-
haviour. Premium rail grades are characterized by a low level of
intergranular ferrite. Microstructure crack-retarding properties of pre-
mium rail are further optimised through a very small lamellar spacing
achieved by heat treatment. Small cracks (during initiation and first stages
of crack growth) are sensitive to lamellar spacing, since the lamellar
structure possesses excellent crack-retarding properties thereby decreasing
the transgranular crack growth rate. The less steep ascending slope of the
R370CrHT damage function reflects its improved crack delaying proper-
ties and improved resistance to plastic deformation as compared to the
normal grade rail. With RCF crack initiation increasingly suppressed with
increasing wear rate Burstow [3] associates the transition from mild to
severe wear with the transition from the RCF to the wear regime, the peak
of the damage function. For the type II wear rate, Bolton and Clayton have
found considerable differences between the various rail steels and con-
cluded these to be dependent on the intrinsic material properties. The type
II wear rate for the individual rail steels are found to be a linear function of
Tγ/A. The reduction factor in wear rate was observed to increase with
increasing material hardness, indicating a less steep descending slope of
the R370CrHT material damage function as compared to R220. To a lesser
extend this also seems to apply to R260Mn. The exact geometry of the
descending slope of these rail grades however needs to be further defined
and validated.

The transition from type I to type II wear occurs at operational con-
ditions well beyond the fatigue crack initiation / shakedown limit. This
transition seems to be determined by the level of the frictional work de-
stroying the protective oxidation layer and to a lesser extent by the re-
sistance to plastic deformation. Since the oxidation rates of normal and
premium rail grades are expected to be relatively similar, one may spec-
ulate the transition zone creepage value of these grades to be in the same

(b)(a)

Fig. 5. Tγ development of the IC1 passenger type vehicle at the first 1000 m of site B during quasi-static curving (a) and for the situation including variations in track geometry (b).

Fig. 6. Site A, R260Mn, 21 months after installation – detail of the running band with
arrow indicating the position of the observed RCF damage. The calculated contact loca-
tion and size at the extremities of the contact band for the leading wheels of both pas-
senger type vehicles are marked for the quasi-static curving condition and for the situa-
tion with included track geometry variations.

Fig. 7. RCF damage index values for the normal R260Mn and premium R370CrHT grade
rail as a function of the wear number, derived from site A and B. The black line represents
the ascending part of the R220 damage function from Burstow [6]. The dotted line re-
presents the established R370CrHT partial linear damage function.
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order. This expected behaviour is confirmed by presented transition zone
creepage values by Bolton and Clayton [8]. At contact stresses typical for
moderate curving (1300 MPa, [12]) these show little to no difference for
the different rail materials, indicating under these conditions the damage
function peak for all examined rail grades to be positioned at a similar
wear number. These insights can be used to further estimate the
R370CrHT damage function within the regimes of simultaneous RCF-wear
and of full wear. Fig. 8 presents the individual R220 damage functions
derived from Burstow [6] together with those determined for R370CrHT.
The starting point of the RCF function is determined by the mechanical
material properties to resist fatigue initiation, whereas the slope reflects
the early stage RCF crack growth properties. Transition from the regime of
RCF to wear is assumed to start at the same Tγ level for both materials
with the slope of the descending wear function proportional to the hard-
ness. Since the type II wear function is not yet defined, the starting point
and geometry of the descending branch of the R370CrHT damage function
remain speculative.

5. Discussion: engineering relevance and outlook

The R370CrHT RCF damage function has implications with respect to
rail grade selection in design situations. Compared to the normal grade,
the increased fatigue crack initiation limit value of the R370CrHT damage

function indicates a reduction in RCF susceptibility, preventing RCF in-
itiation for an extended range of track curving conditions. The reduced
slope of the ascending part of the R370CrHT damage function will, under
equal loading conditions, result in a significant increase in expected time
to visible RCF damage initiation as compared to normal grade rail.
Although not validated, the reduced RCF index peak value will have a
further beneficial effect on the loading frequency until visible RCF.

Wear number (Tγ) loading levels and frequencies for any particular site
are required in order to apply the RCF damage function to select the optimal
rail grade to be installed or to forecast headcheck development. A daily
fatigue index as suggested in [11] can be used by the track engineer, to
consult e.g. through look up tables. The Tγ magnitude is found to depend
strongly on the curve radius together with vehicle curving characteristics.
The contact patch distribution at the evaluated conditions, affecting damage
summation, indicates that only leading wheels contribute to the damage
summation. Especially at the examined larger radius curve (R = 2500 m)
the operating Tγ levels and contact patch distribution are significantly in-
fluenced by the intensity of track geometry variation. This behaviour needs
to be reflected within the track-train specific look up and can be addressed
for example by taking into account the (mean) track quality number as
obtained by the track geometry recording train. Due to the wide range of
influencing factors (e.g. wear of wheel profiles, friction conditions), the
accuracy of the theoretical model is valuable only to a certain extent. To

Fig. 8. The individual wear and fatigue crack growth develop-
ment for R220 as derived from Burstow [6], together with those
for R370CrHT as determined in this study (top); RCF damage
functions for both R220 and R370CrHT rail grades (bottom). The
starting point and development of the downward slope of the
R370CrHT damage function (stripe-dotted line) remain spec-
ulative.
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support rail grade selection in practice an overall description of the RCF
damage function for the different rail grades therefore seems to be suffi-
cient.

RCF damage models can support rail grade selection, switch design
and rail maintenance planning. Using these models, the damage response
of different rail grades can be predicted given the dynamic loading con-
ditions. Accordingly, measures can be taken e.g. avoiding operational Ty
values within the RCF damage regime. The mean value of the wear
number along a curve or switch section can be used to optimise track
maintenance in relation to RCF generation. With the applicable RCF da-
mage function the accumulated fatigue index for the section can be de-
termined from the average daily traffic. This can support e.g. the planning
of maintenance activities such as grinding or rail grade selection upon
renewal. Damage models can also be used in an engineering environment
to assess the impact of changes in train operation (e.g. increased train
speed, vehicle types, axle loads) on the expected damage development
and, consequently, required maintenance.

6. Conclusion

On the basis of a combination of dynamic train-track simulations and
regular track inspection results, RCF damage index values have been es-
tablished for both the normal R260Mn and the premium R370CrHT heat
treated pearlitic rail. From these index values the rising RCF-branch of the
damage functions of both rail grades has been established. RCF damage
index values for R260Mn were found to coincide with the RCF damage
function of the R220 grade as reported in the literature by Burstow [6]. In
line with work by Zacher [11] these findings support the conclusion that the
RCF regime of the R220 damage function, with Tγ values in the domain
between the fatigue crack initiation limit and the peak value of 65 N, is
applicable to the entire family of normal pearlitic rail grades, including
R260 and R260Mn. Compared to the normal grade, the established part of
the R370CrHT damage function shows an increased fatigue crack initiation
limit value together with a reduced slope of the rising part of the function.

It can be concluded from the established part of the R370CrHT

damage function that application of this grade in the type I mild wear
regime is beneficial to avoid RCF. The increased crack initiation limit
will extend the track length for which no RCF initiation is expected.
Within the RCF regime itself the initiation of headchecking will require
an increased number of loading cycles. Within the operational window
of the RCF damage function with Tγ values below 65 N, the application
of premium grades such as R370CrHT can therefore be expected to
result in a significant reduction of the maintenance need.

The quantitative determination of the descending part of the da-
mage function for premium grade rail requires further research. A dif-
ficulty here is the wide range in operational loading conditions (e.g. due
to variation in vehicle type, wheel profiles, vehicle speed, traction and
adhesion levels). To obtain more controlled conditions, laboratory two-
disk testing could be applied to both establish and validate the damage
functions for the different materials.

The RCF damage functions have significant engineering relevance.
Their application allows for a dedicated rail grade selection, adapted to
site-specific operational conditions. They can be used either in plain
track and in the design of special parts of the rail network, such as
switches and crossings. Assessment of the Wear number (Tγ) loading
levels and frequencies for a particular site provides careful considera-
tion when selecting the most appropriate rail grade for use at a given
location, assisting the track engineer towards a fit-for-purpose decision.
This can be expected to significantly affect the life-cycle costs.
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Annex

See Table 3.

Table 3
The main dynamic parameters for the two operating passenger vehicles.

Mass - metric tons (MT) IC 1 IC2

Car body secondary mass
Tare MT 30 38
Laden MT 35 46
Crush MT 40 49
distance between bogie pivots m 19 20
Centre of gravity (laden)
CG long. offset m 0,06 0,11
CG lat. Offset m 0,01 0,01
CG height above rail m 1,98 2,25
Primary suspension mass
Bogie (motor) MT 2,6 3,3
Wheelset MT 1,7 1,7
longitudinal offset wheelset m 2,5 2,5
CG height above rail m 0,5 0,5
Wheel radius (new) m 0,46 0,46
Wheel radius (fully worn) m 0,42 0,42
Wheelset roll/yaw inertia MTm2 0,8 0,8
Primary vertical dampers
Linear rate (MNs/m) 0.027 0.025
distance primary damper to pivot m 0,6 0,7
Primary suspension
longitudinal stiffness (N/m) 4*10e7 4*10e7
vertical stiffness (N/m) 1.15*10e6 1.15*10e6
Airspring stiffness (laden) linear MN/m 0388 0413
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A B S T R A C T

The concept of the rail damage function provides vital understanding of the operational performance of rail
grades in terms of surface degradation. Previously, material specific damage functions have been derived from
measurements in track combined with vehicle-track simulations. However, from the occurring wide range in
track loading conditions it is difficult to achieve clear characterisation results from track data only.

To reach more controlled loading conditions, a rolling-sliding two-disc laboratory set up could be applied.
The validation of a two-disc test approach in order to define rail/wheel interface wear and RCF response is the
topic of the here presented study.

1. Introduction

Rail damage functions describe the operational performance/de-
gradation of the rail running surface in dependence on the loading
conditions imposed by the railway vehicle and rail grade. When da-
mage functions are available for a wide range of rail grades, the track
engineer can select the most appropriate rail grade for use at a given
location, considering the loading levels and loading frequencies for that
particular site.

Work has been undertaken in developing a parameter capable of
describing damage development associated with RCF. Burstow [1] has
found the wear energy number (Tγ) to provide the best correlation
between RCF damage simulation work and observed crack location in
the field. Tγ is a measure of the energy dissipated within the wheel-rail
contact, describing the amount of energy which would be available for
initiating and propagating damage at the rail head. A material specific
damage function is presented in Ref. [1], derived from track observa-
tions in combination with related vehicle-track simulations. The in Ref.
[2] presented study extends this concept from conventional pearlitic
rail to premium rail. From the occurring wide range in loading condi-
tions in track (e.g. due to different vehicle types, wheel profiles, vehicle
speed, traction, adhesion levels), it is difficult to achieve clear char-
acterisation results from track observations only. To obtain more con-
trolled conditions, experimental two-disc machines are used in la-
boratories to investigate the wheel-rail interface, substituting the rail by

one of the discs. This approach could be applied to both establish and
validate the damage functions for the different materials and to un-
derstand the relationship between material properties and the RCF
damage index to serve future rail grade development. The validation of
the two-disc test approach in order to define rail/wheel interface wear
and RCF response to Tγ loading levels is the topic of the here presented
study.

The development of a two-disc test rig for testing rolling-sliding
contact under closely controlled conditions has been presented in Refs.
[3,4]. It has been shown that the set-up allows the contact to be ex-
amined over a wide range of loads, speeds and slip ratios. RCF and wear
behaviour of rail and wheel materials have been studied by means of
two disc testing, among others in Refs. [5,6]. Initiation and growth of
RCF cracks has been achieved during these tests, showing that the in-
itiation of surface cracks to take place if the surface layer accumulates
uni-directional plastic strain higher than the strain to failure. Other
researches [15,16] demonstrated how factors such as rolling direction,
angle of attack and contact pressure distribution affects the RCF of
wheel/rail materials. Daves et al. [17] presents a two-dimensional
wheel/rail contact model predicting the crack growth direction con-
sidering stick-slip behaviour of wheel/rail contact. Related metallo-
graphic investigations of a rail on a full scale test-rig suggest that the
angle of the deformation lines decides if a crack grows parallel to the
surface and will be removed as wear particle in further contacts or
develops as a crack following the deformation line. In search of
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improved lifetime performance many two-disc studies focus on de-
scribing the wear behaviour with regard to specific loading conditions.
The aim of this study is to determine if the RCF-damage function can be
derived from two-disc testing, addressing both the RCF and wear
dominated regime.

Since two-disc machines often are scaled models, scaling factors of
the involved physical laws need to be determined and respected in
order to validly analyse the phenomena considered. Different re-
searchers [7–9] have studied the effect of scaling and simulation of the
wheel-roller contact instead of the wheel-rail contact. With respect to
the creep forces, Jaschinsky [7] concludes shape similarity of the con-
tact ellipse to be important when the creep forces are not saturated. Tγ
is found to scale proportional to the normal force. In Ref. [10] Bosso
conducts a comparison between the different scaling methods/factors,
discussing the kinematic problem for the finite radius of the roller
(frictional forces and creepage). It is concluded that the contact forces
and displacements in the field of contact of all methods show satisfac-
tory results compared to the output obtained from a full-scale model.
Comparing the stress and strain state produced in a 1/30 scale twin-disc
tests to the full scale wheel/rail experiments calculated by the finite
element method [14] concludes that larger disc diameters are bene-
ficial, reducing the influence of surface roughness and wear. The con-
tact mechanics of the rail-vehicle motion is discussed in Ref. [11],
presenting the development of the theory of rolling contact. It is con-
cluded that when the traction-slip distribution inside the contact area is
significant, Kalker full theory and FASTSIM calculations of the tan-
gential forces and creepages are required to assess wear damage. Cal-
culation of the tangential forces and creepages within the rolling-sliding
contact at two-disc testing is discussed in Ref. [12], stressing the im-
portance of preventing excessive profile wear of the two-discs since this
will result in the contact pressure to lose its peak at the centre, resulting
in the Hertzian theory not to be applicable anymore. With a developing
‘ball-groove’ conformal contact the use of Hertz + Kalker's FASTSIM
code would lead to inaccurate results, requiring e.g. Kalker's
NORM + TAN boundary element-based computer code.

The paper outline is the following. After the introduction in chapter
one, the test rig design, scaling issues and consequent disc geometry
and loading choices in test rig set-up will be discussed within chapter
two. Chapter three presents the calculated equivalent Tγ levels with
respect to slip ratios (longitudinal and lateral), normal load and friction
levels using the FASTSIM algorithm for wheel-rail contact evaluation.
The test protocol is presented in chapter four, discussing the control of
the operational settings and executed measurements. Within chapter
five the resulting RCF development will be presented for the different
operational settings, providing the index values required to establish
the RCF damage function. Evaluation of the test runs within chapter
five also includes metallurgical analysis of the running surfaces, espe-
cially the micro-structure deformation levels and the development of
the contact conditions. Discussion and conclusions are presented re-
spectively within chapter six and seven.

2. Two-disc machine set-up

All tests have been conducted on the specially developed rolling-
sliding two-disc machine at DEKRA Rail. Previous tests on this machine
focused on the development of rail surface materials and alternative rail
profiles, investigating friction characteristics and their contribution to
squeal noise reduction [13]. This machine features two separately
driven discs. With the here applied rotational speed in the order of
1000–1100 RPM, the resulting contact speed is 45–50 km/h.

Within Fig. 1 the set-up of the two-disc machine is shown. The rear
(rail) disc, including bearings and engine, is mounted on a moveable
support. This support is moved by a pneumatic cylinder, through a force
transducer, which is in line with the disc-disc contact. Each disc is
driven by a separate motor with frequency controller. At one of the
driving axles the torque is measured, allowing to determine the

tractional effort and thereby the coefficient of friction active between
the two discs (see chapter 3). Maintaining a set difference in cir-
cumferential speed between the wheel and the rail disc results in a
longitudinal slip level. The wheel disc is acting as driving disc (main-
taining the higher circumferential speed). Continuously measuring the
rotational speed of both discs, a proportional–integral–derivative con-
troller (PID) provides a control loop feedback mechanism to retain the
desired longitudinal slip set-point. Measurement error for the torque
is± 3%. The rotational speed is measured with an accuracy of± 1%
however the circumferential velocity can be influenced due to wear. For
this reason the diameter of each disc is frequently re-measured.

The applied test rig configuration allows a contact angle to be set to
one of the discs introducing lateral slip. Together with the longitudinal
slip this simulates the dynamic conditions between wheel and rail when
negotiating a curve. Lateral slip can be induced by lifting the support of
the moveable disc on one side. This way, an angular difference in the
planes of both discs is induced, causing a lateral slip of maximum 2%.
During the here performed tests an angular rotation of 2mrad (0.2%
lateral slip) was maintained between the two discs. Initial alignment of
the two discs has been carried out with help of a specialist 3-D laser
measuring arm, with a specified accuracy of± 0.013mm.

2.1. Disc-specimens

The aim of the work is to validate the two-disc approach for RCF-
damage function development. The chosen approach is to derive the
RCF-damage index values for a rail grade for which the RCF damage
function already has been established from field observations; the
pearlitic normal rail grade from Ref. [1]. For this purpose rail discs have
been manufactured from a normal grade rail type R220 (Fig. 2).
Markings have been applied to identify the individual rail disc sections
initially located at the head, web and foot of the rail.

The rail disc diameter is 177mm, the transverse plane is curved
(radius 12mm). The wheel disc is manufactured from medium-carbon
steel C 45 (material nr. 1.0503). To improve the shape stability of the
running surface the wheel disc has been hardened (heated to 840 °C

Fig. 1. Two-disc testing machine overview.

Fig. 2. Rail disc manufactured form a new UIC 59R2 profile rail, grade R220.
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than quenched in oil). The transverse plane of the wheel disc diameter
is flat. The wheel disc diameter is 240mm.

3. Contact loading

Regarding the effect of scaling and simulation of the wheel-rail
contact Jaschinsky [7] concludes exact similarity of the contact ellipse
to be important with respect to the creep forces when these are not
saturated. The shape of the contact ellipse is defined by the contact
ellipse ratio a/b with a representing half of the contact width and b half
of the contact length.

The ratio of the contact ellipses as well as the normal contact stress
can be determined by the Hertz theory [11]. The aim is to choose the
curvature of the discs together with the normal load in such a way that
during testing the resulting contact patch dimensions and normal
contact stress correspond to those that occur in track. To this end a
representative train-track configuration has been selected which is
known to develop RCF damage (Headcheck) in track; a Dutch VIRM
intercity vehicle negotiating a 1200m radius curve. Relevant track and
vehicle details are presented in Ref. [2]. The calculated contact ellipse
ratio a/b for this track-vehicle configuration, derived from the in Ref.
[2] performed train-track simulations, is 2.7 with the mean contact
stress being 1050MPa. The in chapter 2 presented disc curvatures to-
gether with disc material properties (elastic modulus and Poisson's
ratio) and an applied normal load of 900 N results in an a/b ratio and
mean contact stress similar to the calculated vehicle-track reference
situation.

The occurring friction coefficient can be calculated from the normal
force (Fn), the longitudinal slip and the torque (T). If full slip occurs, the
friction coefficient is equal to T

rFn
, with r being the radius of the disc. At

low (partial) slip the coefficient of friction can be calculated using the
Herz + FASTSIM algorithm. This algorithm is used to derive the figure
below (Fig. 3), allowing the active coefficient of friction during testing
to be determined from the graph.

Starting from the level of friction coefficient, creepages, normal load
and disc curvature, the resulting value of wear index Tγ can be calcu-
lated using the FASTSIM algorithm [11] for wheel-rail contact eva-
luation. Since [7] concludes Tγ to scale proportional to the normal force
an equivalent Tγ for a full size wheel can be calculated from the Tγ for
the two disc set up (Fig. 4).

As explained by Ref. [6] the initiation of surface cracks takes place if

the surface layer accumulates uni-directional plastic strain higher than
the strain to failure. In rolling-sliding contacts, the amount of this ac-
cumulation is a function of the coefficient of friction, the maximum
contact pressure and the shear yield strength of the material. Tyfour
et al. also showed the initiation of fatigue cracks is connected to dry
rolling-sliding test runs with relatively high levels of friction, posi-
tioning the maximum shear stress at the contact surface. Crack propa-
gation is triggered when subsequent wet rolling-sliding test runs are
applied. Due to lubrication the coefficient of friction will drop, re-
locating the maximum shear stress below the contact surface. At the
same time fluid will be trapped within the cracks, stimulating crack
propagation due to hydrostatic pressure build up and lubrication of the
crack faces, both resulting in increased stresses at the crack tip. Since
the purpose of the here performed study is to establish the RCF life as
the number of rail-disc cycles required to initiate a fatigue crack only
dry rolling-sliding tests have been performed.

4. Testing procedure

Prior to the start of each test run the contact surface roughness of
both discs is measured as well as the surface cross sectional profile, after
which the surfaces are cleaned using an degreasing agent. To provide
initial strain hardening below the contacting surfaces a run-in period of
3000 dry cycles is applied with 1000 N of normal load and zero long-
itudinal slip. Subsequently longitudinal slip is applied. After the torque/
friction has stabilized the resulting coefficient of friction is determined.
Based upon the measured coefficient of friction the slip percentages are
set and adjusted during testing accordingly to those that the desired Tγ
loading value is achieved.

4.1. Assessing RCF-life

The ‘RCF damage index’ expresses the number of cycles before
visible RCF cracks can be expected on the rail head. Burstow [1] sug-
gests, for reasons of feasibility, a minimum surface length of approxi-
mately 2mm, stating that cracks to be visible at this length must have
developed beyond the initiation stage and some crack growth must
have taken place. Similarly RCF life for the roller rig is defined as the
number of rail disc rolling-sliding cycles required to initiate a fatigue
crack of a visible length. With the 1:5 scale of the two-disc machine a
crack length of 0.40mm is applied here.

Fig. 3. Traction force relative to the normal force (Fx/Fn=T/r/Fn) as a
function of longitudinal slip and friction coefficient. The graph is valid for a set
angular rotation between the two discs of 2 mrad.

Fig. 4. Equivalent Tγ for 90 kN wheel load as a function of longitudinal slip and
friction coefficient. The graph is valid for a set angular rotation between the two
discs of 2mrad.
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4.2. Crack detection/metallographic analysis

During the actual test-run operation the running surface is mon-
itored after every 20.000 rail disc cycles (approx. 15min of run time).
Monitoring of the running surface consists of visual inspection using a
stereo microscope. Early crack detection is further supported by Eddy
current measurements. During each test run the rotational speed of both
discs, the normal load and torque are continuously sampled. Every
100.000 cycles measurements regarding surface roughness and cross
profile are repeated. After completion of the full test, surface roughness
and profiles are again measured, after which the rail disc can be sec-
tioned and prepared for metallographic analysis and hardness mea-
surements.

5. Results and analysis

Index values with regard to the R220 RCF-damage function have
been derived for two loading levels of Tγ. One selected level
(Tγ=65 J/m) is positioned at the peak of the function, marking the
transition from the RCF dominated region to the region of mixed RCF-
Wear. From Ref. [1] the corresponding index value to this position is
100.000 cycles (Fig. 14). The other test loading level is chosen at
Tγ=120 J/m for which [1] indicates 200.000 cycles to visible RCF
damage. Test results at the two applied Tγ loading levels are summar-
ized in Table 1 and Table 2.

5.1. Surface crack detection

Surface crack development has been visually determined (Fig. 5).
Surprisingly cracks at the rail disc running surface are seen to initiate
only at the rail disc running surface positioned within the former rail
head. At the here tested loading levels no cracks are seen to develop
within the disc circumference machined from the rail web or foot area
(Fig. 6).

5.2. Running band development

Due to wear and plastic deformation the shape of the rail disc
running band is seen to widen during testing. At the Tγ loading level of
65 J/m the running band maintains a uniform appearance over the
circumference of the rail disc. However, during testing at 120 J/m a
wavy pattern is seen to appear; a repetitive widening of the contact
band. This wavy pattern develops evenly over the rail disc cir-
cumference. Again cracks are only seen to appear within the rail disc
circumference machined from the rail head. With the formation of this
wavy pattern cracks no longer form uniformly over the running band
but are seen to form in clusters, suggesting local differences in loading.
These patches of cracks appear mainly in the wider parts of the running
band however individual cracks are seen also at some of the narrow
sections.

Table 1
Testing conditions and results for Tγ loading level= 65 J/m.

Test number

1 2 3

Roughness (Ra) rail/wheel. Initial: 0.26/0.69
End:
0.34/0.35

Initial: 0.21/0.66
End: 0.32/0.32

Initial: 0.22/0.62
End: 0.38/0.32

Friction coefficient, [run nr.] 0.40 [1]/0.18 [5]/0.18 [9]/0.18 [13] 0.40 [1]/0.25 [3]/0.23 [5] 0.40 [1]/0.23 [4]/0.22 [6]
Longitudinal slip (%), [run nr] 0.25 [1]/0.42 [5]/0.42 [9]/0.42 [14] 0.25 [1]/0.27 [3]/0.30 [5] 0.25 [1]/0.30 [4]/0.32 [6]
Lateral slip (%) 0.20 0.20 0.20
Normal load (N) 900 900 900
Contact area (mm2) initial/end 0.74/1.29 0.94/1.25 0.96/1.35
Contact ratio (a/b) initial/end 3.0/1.2 2.3/1.4 2.3/1.3
RCF life (cycles to visual surface crack length of 0.40mm) 0.6mm crack length after 280.000 cycles 100.000 120.000

Table 2
Testing conditions and results for Tγ loading level= 120 J/m.

Test number

1 2

Roughness (Ra) rail/wheel. Initial:0.25/0.67
End:0.44/0.45

Initial:0.34/0.67
End:0.46/0.45

Friction coefficient, [run nr.] 0.45 [1]/0.29 [2]/
0.21 [5]/0.20 [11]

0.45 [1]/0.35 [2]/
0.23 [3]/

Longitudinal slip (%), [run nr] 0.40 [1]/0.50 [2]/
0.65 [5]/0.65 [11]

0.40 [1]/0.50 [2]/
0.64 [7]/0.69 [10]

Lateral slip (%) 0.20 0.20
Normal load (N) 900 900
Contact area (mm2) initial/end 0.67/0.88 0.97/1.9
Contact ratio (a/b) initial/end 3.7/2.8 2.4/0.6
RCF life (cycles to visual surface

crack length of 0.40mm)
220.000 200.000

Fig. 5. Rail disc circumference initially located within the rail head area
showing cracks at the running surface (load: Tγ 65 J/m, 280 k cycles). This part
of the circumference is further referred to as ‘area H’.

Fig. 6. Rail disc circumference initially located within the rail web area
showing no cracks at the running surface (load: Tγ 65 J/m, 280 k cycles). This
part of the circumference is further referred to as ‘area W’.
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5.3. Metallographic analysis

From the rail disc running surface at area H (head) and area W
(web) both longitudinal and lateral cross sections were prepared for
metallurgical examination. The morphology of the observed surface
cracks at area H is characterized as a ‘flake’ (Fig. 7). The observed
damage is similar to the in Ref. [6] presented damage after only dry
cycle testing. Accordingly to Ref. [6] RCF crack development is caused
when a dry cycle test sequence is followed by wet rolling sliding cycles.
From the rail disc transverse cross section (Fig. 8), the deformation at
the running surface as a result from the applied lateral slip can be ob-
served.

The microstructure analysis shows clear differences between the rail
disc material from the rail head (H) and rail web (W). Area H possesses
a pearlitic structure with a network of ferrite positioned at the pre-
austenite grain boundaries. Contrary to the microstructure of area H,
the microstructure of transversal cross section of area W shows a sig-
nificant higher percentage of free ferrite, displaying a dominant or-
ientation (Fig. 9). This orientation is very likely to be the result of the
rolling process during rail production. The observed difference in mi-
crostructure is reflected by the material hardness, measured at the non-
deformed base material. The average micro hardness value at the rail
web (W) is 266 HV(500 g) against 300 HV(500 g) at the rail head (H).
From the differences in hardness and microstructure a difference in
wear behaviour is to be expected. This is confirmed by the executed rail

disc cross profile measurements, showing a difference in profile wear
between the different circumferential sections. After 280 k cycles the
measured maximum vertical wear at area H is 0.7 mm against
1.2 mm at area W. The increased wear rate at area W can explain for the
absence of cracks in this part of the disc circumference, shifting the
damage response within this section into the fully wear dominated re-
gime.

5.4. Contact conditions

From the performed miniprof profile measurements the develop-
ment of the contacting surfaces has been established. As shown in
Fig. 10 the rail disc profile gets flatter and asymmetric. The asymmetry
is caused by plastic deformation. It has been confirmed that high part of
the profile develops with the direction of slip. The wheel disc does not
show any significant change in profile.

Due to the shape of the rail disc profile, the contact pressure dis-
tribution and the Tγ cannot be evaluated using FASTSIM. Therefore,
Kalker full theory [11] has been applied, using our own Matlab im-
plementation. Figs. 11 and 12 show the resulting contact pressure dis-
tribution. It can be seen that the maximum contact pressure decreases

Fig. 7. Crack morphology of a flake, longitudinal cross section – area H (load:
Tγ 65 J/m, 280 k cycles).

Fig. 8. Transverse cross section over the rail disc running surface, area H (load:
Tγ 65 J/m, 280 k cycles).

Fig. 9. Microstructure at area ‘W’(transverse cross section). The rail web ma-
terial shows a texture composed of pearlite (brown) and lines of free ferrite
(white). (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)

Fig. 10. The lateral profile of rail disc 3 before and after testing.
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during testing. However, the equivalent Tγ, as calculated using Kalker
full theory, remains unaffected by the change in contact pressure dis-
tribution. Therefore Figs. 3 and 4 remain valid and may be used
throughout the test for estimating the friction coefficient and calcu-
lating the Tγ at specified settings of the test setup.

5.5. Validation result

Damage function indices for the different Tγ loading levels have
been determined from the observed cycles to the initiation of visual
surface cracks with a length of 0.40mm. The resulting indices are
presented in Fig. 13. The RCF damage function of the R220 rail grade as
established by Burstow [1] is shown by the black line. For the examined
wear numbers (65 and 120 J/m) the rail disc indices established by
two-disc testing can observed to be in the same order of magnitude as
that of the normal grade rail RCF damage function.

6. Discussion

RCF and wear behaviour of rail and wheel materials has been

studied by means of two-disc testing also in the past. Many of these
earlier studies focus on describing the wear behaviour with regard to
specific loading conditions, usually applying longitudinal slip only. The
aim of this study is to validate a two-disc test approach supporting
future description of the full range of the RCF damage function, ad-
dressing both the RCF and wear dominated regime. The applied test rig
configuration allows a contact angle to be set to one of the discs thus
introducing, beside longitudinal slip from the set difference in cir-
cumferential speed, also lateral slip to simulate the dynamic conditions
between wheel and rail when negotiating a curve.

Regarding test rig design, scaling issues and consequent design and
loading choices in the test rig set-up are important especially from the
viewpoint of contact patch ratio and normal contact stresses. The cur-
vature of the discs together with the normal load are chosen in a way
that the resulting contact patch dimensions, and normal contact stress
during testing correspond to those that occur at Headcheck sensitive
track locations.

Equivalent Tγ levels are calculated with respect to slip ratios
(longitudinal and lateral), normal load and friction levels using the
FASTSIM algorithm for wheel-rail contact evaluation. Depending on the
development of the coefficient of friction between the two discs and the
targeted value of Tγ the set longitudinal slip is adjusted. The applied
range varied from a minimum value of 0.25% to a maximum of 0.69%.
For all executed tests the level of friction coefficient is seen to stabilize
at around 0.2 indicating this to be independent of the here applied
values of longitudinal slip. Higher values of longitudinal slip are seen to
result in an increase of the resulting surface roughness. Due to wear and
deformation at the running band the rail disc profile is seen to change
during testing. With increasing Tγ loading level an increase in wear rate
can be observed. The equivalent Tγ, as calculated using Kalker full
theory, remains unaffected by the observed change in profile and cor-
responding contact pressure distribution.

Similar to the RCF damage model of Burstow [1] which is based on
visual crack length initiation in track, the RCF life for the roller rig is
defined as the number of rail disc rolling-sliding cycles required to in-
itiate a fatigue crack of a visible length. With the 1:5 scale of the two-
disc machine a crack length of 0.40mm is applied here.

Machining the disc from a rail resulted in part of the circumference
to be positioned at the initial rail head, part in the web and part in the
foot to the rail. Unlike the rail disc running surface positioned within
the former rail head, the disc circumference from the web area is
showing no crack initiation. From the differences in microstructure and
hardness between the rail head and rail web material a difference in
wear resistance is to be expected. This is confirmed by the executed rail
disc cross profile measurements, with web wear rate being 1.7 times
that of head wear. The higher wear rate at the web section can explain

Fig. 11. Contact pressure of disc 3 before testing, as calculated using Kalker full
theory.

Fig. 12. Contact pressure of disc 3 after testing, as calculated using Kalker full
theory.

Fig. 13. Damage function indices at loading levels Tγ 65 and 120 J/m estab-
lished with two-disc testing, depicted within the RCF damage function of
normal grade rail as established by Burstow [1].
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for the absence of cracks in this part of the disc circumference, shifting
the damage response within this section into the fully wear dominated
regime.

For the examined wear numbers (65 and 120 J/m) the RCF damage
function indices established by two-disc testing can be observed to be in
the same order of magnitude as that of the normal grade rail RCF da-
mage function as established by Burstow [1]. With increased Tγ and
related wear loading a wavy pattern is seen to develop at the rail disc.
Further investigation is required to understand the full impact of this
development regarding testing conditions.

The RCF damage functions have significant engineering relevance.
Their application allows for a dedicated rail grade selection, adapted to
site-specific operational conditions. They can be used either in plain
track and in the design of special parts of the rail network, such as
switches and crossings and can be expected to significantly affect the
life-cycle costs. The track engineer can use RCF damage functions to
optimise track maintenance in relation to RCF generation. From track
and traffic characteristics the mean value of the wear number Tγ along
a curve or switch can be calculated. From these calculations track lo-
cation specific Tγ look up tables can be set up. With the applicable RCF
damage function, the accumulated fatigue index for the section can be
determined from the average daily traffic. This can e.g. support a fit-for-
purpose rail grade selection upon renewal. A validated method for a
controlled quantitative determination of the RCF damage function will
provide a solid base for a future optimisation of rail grade design, se-
lection and maintenance. The two-disc laboratory set up allows RCF
index values to be determined with more accuracy and higher resolu-
tion compared to field testing. This will allow RCF damage models to be
derived with higher resolution, resulting in a more detailed under-
standing of the RCF behaviour of individual rail grades.

7. Conclusion

RCF-damage function indices have been established using a rolling-
sliding two-disc laboratory set up. The applied test rig configuration
allows both longitudinal and lateral slip to be introduced into the
contact, corresponding to the dynamic conditions between wheel and
rail when negotiating a curve. For purpose of laboratory set-up vali-
dation, performed tests investigate the damage response of the normal
rail grade R220. For this rail grade the RCF-damage function is already
available from field observations [1].

For the examined wear numbers the RCF damage function indices
established by two-disc testing can be observed to be in the same order
of magnitude as that of the normal grade RCF damage function as es-
tablished from field observations. The validation result suggest that the
two-disc approach can be used to support future work to establish RCF-
damage functions within a well defined laboratory environment.

8. Future work

Further validation work could aim at Tγ loading levels within the
regime of full wear (Tγ>170 J/m). The development of the running
band especially during testing at higher loading levels and how this

could affect the loading conditions needs to be further investigated.
Two-disc testing can start to determine the RCF damage functions for a
range of rail grades, from which the individual contribution towards
(track) loading response and related rail grade selection can be appre-
ciated.

The initiation of cracks/flakes during testing is seen to only occur at
the rail disc running surface positioned within the former rail head, the
disc circumference from the web/foot area showed no crack initiation.
This difference in response to loading levels needs to be further in-
vestigated.
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