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Rail and wheel health management is investigated with focus on deterioration phenomena in the wheel/rail
contact interface — plastic deformation, wear, and rolling contact fatigue (RCF). How operational conditions
affect deterioration, and how they can be included in wheel/rail health predictions is linked to a more in-depth
description of deterioration mechanisms. Here means of measuring, quantifying, and predicting deterioration is
in focus. This discussion provides the basis for the outline of a rail and wheel health management framework. As

discussed in the paper, the proposed framework is well in line with the requirements in the ISO 55000 standard

for asset management.

1. Introduction

A large proportion of railway maintenance costs relate to phenomena
with origin in the wheel/rail interface, a fact that any asset management
system must pay close attention to. Such a system should contain
methods to monitor current status, predict how the status evolves over
time, plan and carry out maintenance, and address any non-
conformities. Establishing a rail oriented asset management system,
even if it is limited to mechanical deterioration due to wheel/rail
interaction, is therefore a vast and complex challenge. It requires a
thorough understanding and suitable description of (existing and future)
operational conditions, and all mechanisms of mechanical deterioration.

An efficient management strategy requires an interlinked use of
monitoring data and numerical simulations. Here, key parameters and
the precision/regularity with which they need to be measured/moni-
tored need to be established. Monitoring and operational data should
then be linked to numerical simulations to predict future status — an
approach that in its evolved stage will form a digital twin.

The current study focuses on deterioration phenomena in the wheel/
rail contact interface. It sets out by an overview discussion on how
operational conditions can be characterised and quantified. This relates
to the next sections on mechanical deterioration phenomena driven by
the wheel/rail contact interaction, and how these phenomena can be
monitored and numerically predicted. In this context, rail and wheel
health management is discussed and contrasted to some key demands in
international standards for asset management [1-3] and to risk analyses.
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2. Operational conditions

An asset management system must set out from the prevailing
operational conditions. In the case of wheel and rail health management,
loading includes local wheel/rail contact forces, but also forces such as
rail bending, which affect the entire rail cross-section. It also includes
(global and local) thermal loads, and residual stresses from
manufacturing and operation. Operational conditions further include
geometry — both globally (track geometry) and on local (wheel and rail
profiles) and very local (surface roughness) scales. In addition, there are
environmental factors, such as wheel/rail friction, which have consid-
erable effects on the deterioration.

A complete description of the operational conditions becomes un-
manageable due to the large number of parameters that need to be
accounted for. It is further aggravated by the fact that many influential
parameters vary significantly over time and position, are correlated, and
are difficult to measure. This calls for simplifications in excluding less
influential parameters, optimisation of the time and spatial resolution,
and estimation of influential parameters from measurable parameters.
For mechanical deterioration related to wheel and rail interaction,
establishing which simplifications that can be allowed is far from
obvious. The reason is that many parameters are interdependent, and
have an influence on several modes of deterioration. Further, the
magnitude of influence varies with the degree of deterioration, cf. the
discussion on the influence of lubrication in different stages of rolling
contact fatigue (RCF) crack growth in Ref. [4]. As another example, one
can consider plastic deformation of the wheel/rail contact surface,
which will influence the contact geometry and thereby the dynamic
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loads. This will cause an influence on subsequent deterioration in the
form of additional plastic deformation, wear and RCF. This influence
may be beneficial (e.g., improved distribution of contact stresses)
and/or detrimental (e.g., deteriorated self-steering).

An overview of how some important operational conditions are
related to different deterioration phenomena is presented in Fig. 1. It
should be interpreted such that a ‘global factor’ (such as braking/trac-
tion) will have an effect on some ‘local factors’. These will influence the
deterioration phenomena that cause profile changes and cracks. In
addition, high local thermal loads and plasticity may affect the material
characteristics through transformation and hardening. A more detailed
description is provided in chapter 3.

To define relevant operational conditions to include in track health
predictions is another intricate challenge. On the one hand, the “worst”
(often in a rather fuzzy statistical sense, e.g., with an estimated proba-
bility of occurring once in ten years) conditions are of interest especially
with respect to maintaining safe operations and fulfilling legal demands.
Traditionally, this is where the main focus has been. On the other hand,
the “average” conditions (also often taken in a loose sense although
stringent definitions may be found, see equation (1) below) are of in-
terest when assessing the general decline in health and predicting larger
maintenance actions. A suitable aim would be to include both of these
aspects. Considering the development in sensor technology, data
transmission, computational power, and the potential to carry out nu-
merical simulations of deterioration, this has become more feasible.
There are however considerations to be made in relation to the discus-
sion on “worst” versus “average” conditions.

The scatter in operational loads is due to variations in vehicle and
track characteristics. A “worst case loading” thus relates to a “worst case
vehicle” in a “worst case track section”, where “worst” will depend on
the considered deterioration phenomenon. As an example, a dipped
welded joint in combination with a heavy vehicle may be worst
regarding fatigue, whereas a sharp curve and a stiff vehicle may be worst
regarding wear. Further, condition most prone to accidents (i.e., de-
railments) may not be those causing the most severe deterioration. In the
case of the curve above, a light vehicle with unbalanced loading would
pose a large derailment risk, but may not induce the most wear.

To define an “average” condition is even more complex, and perhaps
even irrelevant. The reason is that maintenance needs to be made before
deterioration accelerates to unacceptable levels at some track sections or
in some running gear. For this reason, it is more appropriate to divide
track and vehicles into categories, for example the track can be cat-
egorised based on curve radii where different maintenance intervals are
employed for different curve radii.

LOCAL FACTORS

Wheel-rail contact geometry
GLOBAL FACTORS

Track characteristics

Wheel-rail normal load

Rail bending

Vehicle characteristics Wheel-rail traction load

|/7

Braking/traction —_— Wheel-rail creep

Operational environment Local thermal loads
\ Tribological conditions

Global thermal loads

DETERIORATION PHENOMENA
Plasticity =~ Wear RJ(fF

Wheel and rail profiles ~ Cracks
Material characteristics

CONSEQUENCES

Fig. 1. Relations between global operational conditions, local influencing
factors, subsequent phenomena, and resulting consequences.
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A second reason that the notion of an “average” vehicle — implicitly
implied when maintenance is related to mega gross tonnes of traffic — is
questionable since most, if not all, deterioration phenomena are expo-
nential threshold phenomena. Here no (or very little) deterioration oc-
curs as long as load levels are below the threshold. Above the threshold
deterioration increases exponentially with the load. If all loads are above
the threshold limit, a weighted average can be used to characterise the
loads. As an example, the surface initiated RCF, life (see section 5.2) can

be estimated as Fly,s ~ 1 .78(N)’1/ ‘A weighted average FI,, for N load
cycles of varying amplitude Fl,,s can then be estimated (cf [5]. for the
case of plain fatigue) as

N N
Z (FI.surf,i)
Flgt = IT (€8]

In conclusion, basing operational conditions on “worst” or “average”
loads is challenging. The use of numerical simulations that allow the
consideration of the entire load spectrum would seem to circumvent
this. As discussed below, it will however require vastly more input data
and, in particular, knowledge on which data that are required and how
to employ the data. The analyses also need to consider correlations be-
tween different load (and other operational) parameters especially if
risks of failures should be assessed. The topic is further discussed in
relation to the influence of track upgrading in Refs. [6,7].

Finally note that also operational conditions other than mechanical
loads (e.g., temperature) have to be related to their influence on the
operational load magnitudes and/or material resistance. Once that
(sometimes very complex) translation is done, the considerations above
are valid.

3. Managing mechanical deterioration

Wheels and rails need to fulfil performance demands, which will
depend on operational conditions. As deterioration progresses, the
wheels and rails will be less able to fulfil these demands. A common way
to address this in an asset management system is through periodic
maintenance together with alert and safety limits. This can be a rather
crude approach due to the often strict division into acceptable and un-
acceptable levels, and the need to base maintenance intervals on the
most detrimental operational conditions. A more refined approach is the
use of predictive maintenance where the evolution of degradation is
predicted beforehand to allow for improved maintenance planning.
Ideally, the health status of wheels and rails should then never (or at
least very seldom) deteriorate to exceed alert and safety limits.

To enable predictive maintenance (and also to adhere to alert and
safety limits), it is vital to monitor the current health status related to
relevant deterioration phenomena. In the following we will discuss some
of these damage phenomena. Possibilities to characterise, inspect, and
predict the related deterioration are especially considered. We will then
come back to the relation to asset management, and investigate links to
current standards in chapter 8.

4. Mechanical deterioration due to plastic deformation and
wear

Plastic deformation and wear will modify rail head and wheel tread
geometry. The modification may affect the transverse profile and/or the
longitudinal/circumferential profile. This influences vehicle steering
ability, contact forces and contact stresses, which all influence the
magnitude of additional deterioration in the form of plastic deformation,
RCF and wear. The influence may be beneficial (e.g., wear-off of initi-
ated cracks, or profile adaptation that increases the contact patch size)
or detrimental (e.g., periodic wear that increases dynamic loads). Plastic
deformation and wear can be more or less evenly distributed over longer
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distances (e.g., flange or gauge corner wear), or be localised (e.g., dents)
or periodic (e.g., corrugation, out-of-roundness). Distributed profile
changes will influence contact geometry which may affect steering,
contact stress magnitudes etc. whereas local and periodic geometry
changes typically increase dynamic wheel/rail contact loads.

4.1. Status characterisation of plastic deformation and wear

Profile measurements can be employed to quantify the deterioration.
Here material loss in the entire rail head/wheel tread needs to be
quantified if plastic deformation (that causes profile modification
without volume loss) should be distinguished from wear. The distinction
between material loss due to wear or cracking is not perfectly well
defined, but in general wear corresponds to a much more gradual (and
more shallow) loss of material. A detailed visual inspection will distin-
guish “smoother” worn surfaces from the more “ragged” surfaces caused
by RCF material fall-out.

Rail and wheel profile deterioration is commonly quantified (and
restricted) by safety related measures, such as rail gauge and flange
width. From a maintenance perspective, it is however more suitable to
base the characterisation on the influence on subsequent wear and
cracking of rails and wheels, see Refs. [8,9]. A challenge in profile
measurements is to relate the worn profile to the nominal profile. For
wheels (not on trams) the flange tip/field side are commonly used as
height/width references. On rails, the field side can be used in a similar
manner, but the height level is more undetermined as rail head wear will
occur.

For (more or less) periodic wear and/or plastic deformations,
amplitude and wavelength of rail irregularities are of importance, see e.
g., Refs. [10-12]. On rail, these quantities can be measured using trol-
leys [13], or (especially for longer irregularities) by vehicle based
measurements, see e.g., Ref. [14]. For wheels, profiles are commonly
measured using mechanical probes, although laser scanning is gaining in
precision and popularity, see e.g., Ref. [15]. Also axle box accelerations
can be employed as an indirect measure of the effect the geometry has on
(mainly vertical) track forces.

In addition to profile changes, plastic deformations will induce re-
sidual stresses and cause material hardening/softening. One straight-
forward way to estimate these effects is through hardness measure-
ments. For more detailed analyses there are a multitude of (destructive
and non-destructive) methods to measure residual stresses, see e.g.,
Ref. [16].
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4.2. Prediction of plastic deformation and wear

Plastic (irreversible) deformation will occur once the stress exceeds a
certain magnitude — the yield limit, 6,. In railway applications, and
particular regarding the wheel/rail contact, the situation is complicated
by the fact that the loading is multiaxial, cyclic and compressive. Under
multiaxial conditions, the state of stress and strain needs to be quantified
by effective stress and strain measures, commonly the von Mises stress

which states that plasticity occurs if 6, = 4/ %ag.ag. > oy, where 5;} is the

deviatoric stress tensor. The resulting plastic deformations can be
evaluated from finite element simulations.

Under repeated cyclic loading the material will soften or harden,
meaning that o, will evolve over time, often in a fairly complex manner
that is also affected by larger temperature variations, see Ref. [17]. For
modelling purposes, hardening (and softening) are commonly divided
into isotropic (that imposes overall hardening) and kinematic (that shifts
the yield surface) parts, see Fig. 2. In wheel/rail contacts kinematic
tends to dominate and saturation of hardening tends to occur.

Material hardening and residual stresses will limit subsequent

0 A

Fig. 3. Conceptual material response due to constant amplitude cyclic stresses
exceeding the initial yield limit oy. a) elastic, b) elastic shakedown (up to the
limit o), ) plastic shakedown (up to the limit o), d) ratcheting.

Fig. 2. Conceptual stress evolution in the case of a) isotropic and b) kinematic hardening. Here o and ¢ are stress and strain, oy initial and oy, evolved yield stress

under cyclic loading. Further, 69, 64 and o are the deviatoric principal stresses. In the figures to the right, the yield limit initially (green), after half a load cycle (blue)

and after a full load cycle (yellow) are indicated. The solid horizontal arrows indicate the applied load. (For interpretation of the references to colour in this figure

legend, the reader is referred to the Web version of this article.)
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plasticity, see Fig. 3. If sufficient, a state of elastic (no plastic de-
formations) or plastic (no plastic strain accumulation) shakedown will
occur. If not confined, plastic strain accumulation (ratcheting) on wheel
and rail surfaces will eventually cause surface initiated rolling contact
fatigue cracking, see Ref. [18] for detailed discussions.

The compressive loading in the wheel/rail contact allows the plastic
deformation to be very high before (ratcheting) failure occurs. In com-
bination with non-symmetric (directional) loading e.g., due to braking/
traction this makes anisotropic hardening important. Anisotropic hard-
ening makes the yield limit orientation dependent — in Fig. 2 this would
correspond to elliptic yield surfaces. To capture this phenomenon in
numerical simulations requires sophisticated constitutive models, see
Ref. [19]. Material anisotropy is also likely to affect the resistance to
crack initiation and growth, cf [20].

For wear predictions, the Archard model [21] evaluates wear volume
as

PS
Vo =k— 2
i 2

Here V,, is the volume of wear, P the normal force, § the wheel/rail
sliding distance, H the hardness of the softer material and k a wear co-
efficient that will depend on contacting materials, sliding speed, contact
pressure etc.

The Ty model [22] evaluates wear and RCF damage from the
tangential wheel/rail contact conditions

D=f(Ty) 3

Here T is the creep force, y creep, and D damage evaluated from a
trilinear damage function f. In wheel/rail contact cases where spin plays
an important role, equation (3) can be employed locally to account for
spin, see e.g., Ref. [23].

It is seen that both models employ wheel/rail sliding or creep.
Further, they include the tangential or normal load where the latter
implicitly relates to the frictional force through the inclusion of sliding.
Important factors such as contact geometry, temperature, surface con-
ditions etc. are implicitly included in the wear coefficient k in the
Archard model, and in the trilinear damage function, f in the Ty model.
Consequently, the models need to be calibrated for different operational
conditions. For k, this is commonly evaluated in lab tests and reported in
so-called wear maps [24], whereas the Ty model needs to be calibrated
from field data [25].

It can be noted that also local wear (e.g., at welds) can be predicted
using the Archard wear model if k is calibrated for the local conditions.
The Ty model is less suited for such predictions since the damage
function is more complex to calibrate towards local conditions as it ac-
counts for both wear and RCF damage, see section 5.2.
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5. Material deterioration due to fatigue cracking

The highly dynamic loading of wheel and rail may cause fatigue
crack initiation and growth. In parts of the rail section that are relatively
far from the wheel/rail contact, plain fatigue may occur — this type of
deterioration is considered out-of-scope for the current paper.

Closer to the wheel/rail contact patch, the rolling/sliding contact
between wheel and rail may cause RCF cracks. For a broad overview of
the phenomenon, its causes and consequences, see e.g., Ref. [26]. Sur-
face initiated RCF is mainly a low cycle (i.e. plastic strain driven) fatigue
phenomenon where crack initiation is usually related to ratcheting, see
Figs. 3 and 4a. Cracks grow into the rail head at a fairly shallow angle
and may at a depth of some millimetres deviate towards the surface
(causing pitting) or transversally (causing a rail break). Surface irregu-
larities will aggravate the situation, especially for cracks of squat type
[27], see Fig. 4b. In addition, cold ambient temperatures may have
significant effects on crack initiation [28], as well as on crack growth
and final fracture in rails [29]. Initiation of subsurface initiated RCF
cracks is mainly a high cycle fatigue phenomenon. The subsurface stress
magnitude is highly influenced by the surface geometry and the normal
(vertical) load. The fatigue resistance is locally decreased by occurring
material defects.

Thermal cracks occur at the wheel or rail surface when the temper-
ature is locally very high typically due to excessive wheel/rail sliding.
The restricted expansion of the (small) heated volume produces
compressive stresses that may be high enough to cause plastic yielding.
During cooling, this will lead to the formation of tensile residual stresses
that may cause (quasi-static) propagation of small surface defects [30].
Due to the directions of the (dominating) residual stress along the rail or
around the wheel, the thermal cracks tend to extend transversally into
the rail/wheel material. At high temperatures, martensite may form, and
will promote subsequent crack initiation, see Ref. [27].

Unless the entire wheel is overheated, thermal cracks typically occur
in localised spots, see Ref. [28] and Fig. 5. Subsequent propagation of
thermal cracks is due to repeated rolling contact stresses unless addi-
tional thermal overloads occur. This implies that if the loading condi-
tions are sufficiently benign in respect to surface initiated RCF,
thermally induced cracks may wear off. In Fig. 5 this is however not the
case. The wheel life may then be substantially reduced since thermal
cracks may occur also at new, undamaged wheels and rails.

5.1. Status characterisation of fatigue cracking

Status characterisation of rail cracks should prevent large material
detachment and fracture of wheels and rails, and aid in planning
maintenance in the form of reprofiling. Inspections are however costly
and may interfer with operational traffic. To balance these issues and

b

Fig. 4. a) Headchecks on the rail gauge corner. b) Squats on the railhead (right).
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Fig. 5. Thermal facets (dark regions) on top of bands of surface initiated RCF.

develop an ‘optimised’ inspection strategy, risk and economical analyses
can be employed, see e.g., Ref. [31]. Such an analysis requires a number
of parameters that have to be estimated. One key factor is the accuracy
of the crack inspection method. There are today a number of such
methods available, each with pros and cons, as discussed below. Addi-
tional information can be found e.g., in the overview of non-destructive
test methods presented by the European project INNoTrRACK [32]. Note
that the summary below only discusses the ability to detect/characterise
cracks. In addition, all methods face the difficulty of establishing the
position of detected cracks. Further, the detection results can be pre-
sented in different ways. Here aggregated results (‘crack densities’) may
be suited for maintenance purposes, whereas identification of the
deepest cracks is more suitable from a safety perspective.

Ultrasonic testing is a common technology to detect relatively large
defects in rails and wheels, typically with a focus on managing RCF
cracks [33], or performing quality controls at manufacturing or
reprofiling. Ultrasonic testing employs a beam of ultrasonic energy
transmitted into the rail. Defects are detected from reflection/scatter of
this energy. To enhance the accuracy, energy is transmitted at different
incidence angles. Operational inspections by trains at speeds up to some
70 km/h and in tests up to 100 km/h are reported in Ref. [32]. Ultra-
sonic testing is sensitive to distortions in the transmission interface.
Similar to eddy current measurements (see below), variations in the
stand-off distance between the transducer and the rail will influence the
measurement results, see e.g., Ref. [34]. The method is useful for
detecting deep cracks, but less successful for more shallow cracks. Also,
surface cracks may block deeper crack, thereby limiting detectability of
these [35]. In Refs. [34,36] it is discussed how this effect can be reduced
by the use of multifrequency Rayleigh waves where higher frequency
waves are trapped by the shallow cracks, whereas lower frequency
waves extend to the deeper cracks.

One way of generating and detecting ultrasound while removing the
need for a couplant between transducer and rail (which limits inspection
speeds) is the use of electromagnetic acoustic transducers that employ a
strong magnetic field and pass a large current pulse through an inductive
coil in close proximity to a conducting surface [32,36]. In Ref. [32]
inspection speeds of 10-15 km/h are discussed. In Refs. [34,36]
‘pitch—catch’ schemes of two separated (arrays of) electromagnetic
acoustic transducers are presented. This allows inspections at higher
speeds since the pitched ultrasonic wave is picked up by a separate
transducer and therefor will not require the (single) transducer to stay in
position for the transmitted pulse to be detected. Another way of
remotely generating ultrasonic waves is through the use of a pulsed
laser. Tests up to some 30 km/h (but with optimum speeds up to 15
km/h) with pulsed lasers are reported in Ref. [32].

Ultrasonic inspections can be enhanced by combining multiple
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ultrasonic elements and time delays in an ultrasonic phased array. This
allows to steer, scan and focus the ultrasonic beam [32]. The ultrasonic
waves can also be transmitted along the rail to provide long-range in-
spections through the use of guided wave technology. The long-range
ability (up to 180 m according to Ref. [32]) is highly affected by
several factors and will require a crack that significantly reduces the
cross-sectional area (5% stated in Ref. [32], whereas 15% of the head
area is stated in Ref. [37]) to provide an interpretable indication. Such
long-range inspections could also (at least in theory) be employed to
identify rail foot cracks, see the numerical investigation in Ref. [38].

Eddy current testing relies on the principle that the impedance of a
coil containing an alternating current will be altered if the magnetic flux
through the coil is influenced by the proximity of an electrically
conductive material. The impedance change will be affected by a
number of parameters including size, location, shape and properties of
flaws in the electrically conductive material, see Ref. [39]. An eddy
current probe containing two pickup coils wound in opposite directions
should in theory balance essentially all influencing factors except those
of sharp defects [39,40], but in reality, interaction between defects etc.
makes this less efficient. Eddy current density decays exponentially
below the surface, which makes the method mainly suitable for identi-
fying fairly shallow surface cracks [41]. A penetration depth of 3 mm has
been indicated as a practical limit [42] with a note that the resolution
decreases exponentially with depth. This resolution is highly influenced
by inspection conditions — under laboratory conditions, detection of
cracks down to (at least) 5 mm are reported in the literature [43]. The
eddy current probes can be calibrated to evaluate the length of the crack,
but will then require knowledge of the growth angle (which ranges
between roughly 15°-30°) to be able to asses crack depth (and vice
versa). Eddy current inspections can be performed at rather high speeds.
Inspections at 70 km/h are mentioned in Ref. [41].

Magnetic flux leakage features a magnetic sensor array that detects
when the applied magnetic field interacts with surface (or shallow
subsurface) discontinuities. Magnetic flux leakage was found to be able
to identify surface features of artificial multiple surface cracks to some
degree [44], but was less accurate with natural cracks. In these tests it
was not able to identify crack depths. In Ref. [32] it is reported that
magnetic flux leakage methods are used in combination with ultrasonics
for inspections at around 35 km/h.

Thermography methods employ that loading of a rail will induce a
small temperature increase in the compressed region, and a similar
decrease in temperature in the region subjected to tensile stresses [45].
At a rail crack, the temperature change is magnified due to the stress
concentration. This temperature peak can be employed to identify sur-
face cracks, as shown e.g., in Ref. [45]. By using pulsed eddy currents to
heat the material, thermography can be added as an additional means of
crack detection [46,47]. Naturally, this will require some heating period
of the material. In Ref. [48] it was shown that the thermal contrast
decreased roughly proportionally with the square root of the speed of
the passing heat source. The theoretical assessment was confirmed by
experiments performed at train speeds 2-15 km/h.

When an alternating current field is induced in a thin layer near the
surface, a surface defect will disturb the current flow and can thereby be
detected. According to Ref. [32] alternating current measurements are
less sensitive to maintaining a close and constant distance between
sensors and the inspected component. Rail inspection speeds of some
2-3 km/h are reported in Ref. [32]. A special case here is the electro-
magnetic tomography investigated in Ref. [49]. The principle is that an
alternating current field is employed to extract detailed defect infor-
mation. However, since the sensor coils cannot encircle the rail, the
sensor structure has to be modified to an L-shaped array covering the
gauge corner. In Ref. [49] the methodology is tested in a laboratory
set-up.

Visual crack inspections carried out by experienced staff have been,
and are still, very common. To decrease time in track and provide more
‘uniform’ evaluations, there have for some time been investigations in
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enhancing (automated) visual inspections by image analysis. In theory,
the speed of inspection is then limited by the ability of the video camera
to obtain images with sufficient resolution. One of the major challenges
of visual/image based analyses is to distinguish between initiated cracks
(e.g., RCF cracks) and benign but similar surface features (e.g., grinding
marks or dirt) [50]. Various forms of image processing can be employed
to increase the ability to distinguish between these, see e.g. Ref. [51],
but in general the challenges are significant in uncontrolled environ-
ments. The situation can be significantly improved if digital image
correlation is employed to evaluate the strain concentrations emanating
from surface-breaking cracks, see Ref. [52]. This approach will also
allow for estimating the crack depth.

Investigations in Ref. [53] showed how high energy X-ray 3D
reconstruction provided an accurate main crack geometry, but had
problems identifying tightly closed parts of the crack, in particular close
to the crack tip. The extension to X-ray tomography provided topographic
information, but required the extraction of a smaller sample cut out from
the rail head.

Abilities of the different rail crack detection techniques are sum-
marized in Table 1, which shortens and updates the summary in
Ref. [32]. Note that the features are representative for ‘standard’ sys-
tems — many drawbacks and limitations can be overcome by modifica-
tion of equipment, measurement principles or by post-processing of
results from several measurements, as discussed above. Note also that
accuracy typically decreases with increased speed, and that the ‘accu-
racy’ will depend on which features that are investigated. Finally note
that there are also possibilities to use e.g., axle box accelerations as an
indirect measure of the effect the cracked geometry has on (mainly
vertical) track forces.

5.2. Prediction of fatigue cracking

Prediction of surface initiated RCF is generally based on either the
Ty-approach (in essence an analysis based on the amount of energy
submitted to the contact patch), shakedown analysis (in essence an
analysis of whether there will be plastic deformation in the contact
surfaces), or multiaxial low cycle fatigue/ratcheting analysis.

The Ty-approach evaluates the product of the creep force and the
creep (sometimes extended to account for spin [23]). The resulting en-
ergy measure is related to wear and RCF life through a trilinear damage
function, see Ref. [22] and equation (3).

The shakedown approach compares the applied friction (through the
traction coefficient, f) towards the contact pressure normalised by the
yield limit in cyclic shear. Frictional stress magnitudes inducing plastic
deformation at the surface (to the right of the thick line in Fig. 6) are
identified as prone to induce surface initiated RCF [18]. This criterion
can (with some assumptions) be translated to a fatigue index [54]

2mabk
3P

Flog =f — 4

Table 1
Rough summary of main features of some different non-destructive rail defect
inspection technologies.

Technique Speed Detection depth Accuracy
Ultrasonics fast deep, but not very high
(~ 70 km/h) shallow
Eddy current fast several millimetres high
(~ 70 km/h)
Magnetic flux leakage medium surface features medium
(~ 35 km/h)
Thermo-graphy low surface features medium
Alternating current field low some millimetres medium
Visual (video) very fast surface features low
inspections (>300 km/
h)
X-ray very low depends on power/time very high
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Fig. 6. Shakedown diagram [18,56]. Load conditions (WP — working point)
outside thick line induce surface plasticity (and eventually surface initiated
RCF). FI,s according to equation (4) is indicated by a dashed line.

where f is the traction coefficient, a and b are semi-axes of the contact
patch, k the yield limit in cyclic shear and P the normal force. The
resulting fatigue life, N, (or corresponding fatigue damage) can be
estimated using an equivalent Wohler curve [55]

(Flsurf) !

Flys ~ 1.78(N) " < D = T

)
Here D =1/N is the fatigue damage. For varying Fl,s magnitudes,
damage is usually presumed to accumulate linearly for passing wheels
(rail) or wheel revolutions (wheel), see Ref. [4] for a more detailed
discussion.

In more explicit analyses of the material deformation during rolling
contact, multiaxial low cycle fatigue can be analysed using e.g., the
Jiang-Sehitoglu criterion, see [57].

Ae
FP=(S 0] + Garae ©®
where for a given shear plane, A¢ is the normal strain range, o, is the
maximum (over time) normal stress, ¢; is material parameter, Ay is the
shear strain range and Az the shear stress range. FP is a fatigue param-
eter that can be related to the fatigue life, N, as

(FP— FP))"N=C %)

where FP,, m and C are material parameters. An application example is
provided in Ref. [55].

More commonly, surface initiated RCF occurs as a consequence of
ratcheting, which can be predicted from numerically evaluated
stress-strain responses during rolling contact using the Kapoor criterion
[58].

D Aei=e ®)

Here Ag, is the plastic strain increment at load cycle i, and ¢, is the
fracture strain. An example of applying this criterion for RCF predictions
is presented in Ref. [30] where it is found that low cycle fatigue and
(especially) ratcheting predictions are highly sensitive to the employed
constitutive model of the rail/wheel material.

Methods to predict crack growth directions under the complex con-
ditions prevailing in the wheel/rail contact zone are presented in
Ref. [59]. Predictions become simpler and more reliable for railhead
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cracks deviated to transverse growth. Such cracks essentially grow in
plain fatigue where growth rates can be predicted using (variations of)
Paris law, see Ref. [29].

Initiation of subsurface initiated RCF is generally predicted using a
multiaxial high cycle fatigue criterion. In Ref. [60] the Dang Van cri-
terion was employed and extended to predict fatigue damage. The fairly
involved derivation of the Dang Van equivalent stress, o4y, Was in
Ref. [54] simplified to a fatigue index

FIsub =04y = ﬁ (9)
Here P is the contact load, and a and b semi-axes of the Hertzian contact
patch. Fatigue is predicted for o4y > 6.4y Where o4, is the equivalent
fatigue limit reduced to account for the occurrence of material defects,
see Ref. [4].

After an initial period of tensile driven growth, see Ref. [61], sub-
surface initiated RCF crack growth is shear driven, after which it may
deviate to transverse growth. Predictions of crack growth are thus
similarly complex as for short surface initiated RCF cracks with the
added complexity that the crack face friction is not reduced by liquid
penetration.

Initiation of thermal cracks typically occurs as quasi-static fracture.
Tensile residual stress formation as a consequence of the heating may be
predicted using thermomechanical finite element simulations that may
need to include phase transformations, see e.g., Ref. [62]. To predict if
crack propagation of surface defects will occur, and to which depth, a
fracture mechanics approach may be employed [63]. For rails the
heating events are usually more short-term than in wheels, which results
in a more shallow thermally affected zone and thus shallower thermal
cracks.

6. Deterioration not related to plain rails and wheels

Rail joints impose discontinuities in the (running surface of the) rail,
which cause increased dynamic loads and contact pressures. In addition,
insulated joints feature fishplates that alter mass and stiffness of the rail
section, which increases the dynamic loading further. The high dynamic
load may also cause settlements with additional increases in loads and
deterioration as consequences.

The locally high stresses can cause early plastic deformation and
crack initiation at the rail ends of the running surface, see Ref. [64]. The
very low load carrying capacity of the insulating layer will not limit the
plastic flow [65]. The consequence may be lipping at the rail ends that
may bridge the joint and cause short-circuiting. Status characterisation
and prediction can be made using methods outlined above if dynamic
loads due to the (dipped) joint, and the influence of the free rail surfaces
are accounted for.

Switches & crossings are here similar in that they impose disconti-
nuities in the rail, and consist of components with load application close
to free surfaces. Also for switches & crossings, the methods described
above can be employed to assess and predict deterioration if the (dete-
riorated) geometries are accounted for. There are additional deteriora-
tion mechanisms related to driving and locking devices, but these are
deemed to be outside the scope of the current paper.

Correctly manufactured welds should not impose any distortion in
the rail geometry. However, the introduction of a weld material and a
heat affected zone may cause differential wear (cupping). Further,
welding induces high tensile residual stresses, and material impurities.
This increases the risk of subsurface RCF, and plain fatigue in the rail
web and foot. Also here, methods for characterisation and prediction of
subsequent deterioration discussed above can be employed if the in-
fluences of altered wear resistance, material defects, residual stresses,
and cupping are accounted for, see e.g., Refs. [66,67].
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7. Rail and wheel health management strategies

Rail and wheel health management includes quantification of cur-
rent, and prediction of future health status. It should be supported with a
monitoring/inspection strategy that specifies what should be monitored,
and with which precision. Fig. 1 provides an overview of influential
factors. Most of the local factors are not directly measurable, or can only
be evaluated point-wise. This means that any rail and wheel health
management strategy has to include some simulations in the sense that
observable data must be transferred to influencing parameters and
subsequent quantifications of rail and wheel deterioration.

The ability to identify, monitor and predict the evolution of key
health parameters allows for the creation of digital twins. This concept
has often been (mis)used to also include databases and stand-alone
models, as visualised in the proposed classification of Fig. 7. The focus
of the current study is on levels 5 and 6 where updated simulation
models are employed to predict maintenance/inspection needs (5), and
measured deterioration is employed to enhance the predictive ability
(6). In contrast, level 4 implies a simulation model calibrated for current
operational conditions, and level 7 a digital twin that makes unsuper-
vised maintenance decisions.

As a concrete example, consider initiation of surface initiated RCF.
Referring to equations (4) and (5), lateral and normal forces, and the
contact patch size will characterise the load. To obtain these, multibody
dynamics simulations are typically performed. However, vehicle and
track characteristics will evolve over time, which will affect operational
loads and profiles of wheels and rails. In this process, a rail section will
be affected by all passing wheels, whereas a certain wheel will be sub-
jected to the influence of all traversed track sections, which causes the
complexity in detailed analyses to become very large especially in mixed
traffic. There will thus be a need for simplifications. The most extreme
approach is to presume steady-state conditions and ignore all but one (or
a few) operational parameters. This is the philosophy behind mainte-
nance scheduling based on e.g., total load (MGT) and/or curve radius.

To improve such rough measures, physical modelling can be used to
characterise how safety and deterioration levels are affected by a key
parameter. This is the implicit philosophy behind alarm, and mainte-
nance limits. A more advanced approach is using simulations to char-
acterise the combined influence of key characteristics. An example for
surface initiated RCF is the use of meta-models based on parameterised
wheel and rail profiles, see Refs. [8,9]. Taking this even further, is the
possibility of simulating evolving wear, RCF etc. during operations using
combinations of simulation models.

stand-alone
simulation
models

automated
database

unconnected
database

updated
simulation
models

predictive

digital twin

autonomous
digital twin

evolving
digital twin

Fig. 7. Evolution of “digital twins” from stand-alone databases and models
(1-3), through models updated from measurement data (4-5), to automatically
updated digital twins (6-7).
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Note that the required input data increases drastically in each step:
alarm limits require one parameter, meta-models require wheel and rail
profiles, and full simulations complete representations of track and ve-
hicles. A risk here is that the “calibration” of the complex predictive
model detaches it from the physical characteristics of the components.
This is not necessarily a bad thing — taking the approach a step further
would lead to artificial intelligence (AI) approaches where measured
input data are related to observed deterioration without any consider-
ation of physical causation. However, both AI analyses and detailed
simulations calibrated towards network deterioration provide an
“average” response. They are therefore not well suited to identify
extreme responses or safety risks etc. Also, Al analyses identify corre-
lation based on historical data. This does not necessarily imply causality,
and the models may not be able to capture consequences of altered
operational conditions. For these reasons, a combination of physical
modelling and data analysis is preferred. Physical modelling is then
preferably performed as smaller analyses to investigate key phenomena
in detail, whereas the data analysis preferably is carried out on a larger
scale to identify overall trends.

8. Railway asset management and risk analysis

Asset management is a core activity for all infrastructure managers
and train owners. How the asset management has been organised has
however varied significantly. The intention of the ISO 55000 series [1]
of standards is to streamline asset management by ensuring a systematic
and documented system that can be audited. ISO 55000 is very broad,
but provides limited guidance regarding implementation [3]. The pre-
sent overview focuses on some key aspects related to wheel and rail
health management. A more overall guideline for railway related asset
management including also organisational and administrative issues is
provided in Ref. [68].

8.1. ISO 55000 in relation to mechanical deterioration of railways

ISO 55000 sets out from an asset management policy, and a strategic
asset management plan (SAMP) that describes its implementation. The
SAMP is broken down to specific asset management plans that specify
methods and criteria to take decisions. They also prioritise activities and
resources, and specify how results will be evaluated.

When changes in asset management occur — in the current context
due to the introduction of new vehicles, change of maintenance
contractor etc. — ISO 55000 stresses the importance of risk assessment
and control. Incidents, emergencies and unexpected events are in-
dications of flaws in the asset management system. For such events,
investigations should be made to identify improvements, to prevent
recurrence, and to mitigate effects, see section 8.2.

The standard has strict demands on information management. This
includes information necessary for the asset management system to be
efficient. Examples are current status and predicted future deterioration
of the assets, which relate to demands in ISO 55001 [2] on performance
evaluation. Here, the first requirement is to determine what needs to be
monitored and measured. For these parameters, “methods for moni-
toring, measurement, analysis and evaluation, as applicable, to ensure
valid results” should be determined. This includes timing of measure-
ments and evaluations. Note the important connection to the discussion
in section 7: Neither a too detailed (deterioration) analysis with too high
uncertainty in input data, nor a too simplified analysis will “ensure valid
results”.

There is also a requirement to evaluate and report asset performance,
and the effectiveness of the asset management system, including its risk
management. The latter also relates to requirements to “establish pro-
cesses to proactively identify potential failures in asset performance”,
and evaluate which proactive actions that are suitable. The approach
proposed in Ref. [3] essentially sets out from an inventory of asset
classes. Potential risks and pertinent (existing and planned) risk controls
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are identified. Risks are then analysed. Probability and consequences are
evaluated to establish a risk level and whether (and how) this level
evolves over time — for assets subjected to mechanical deterioration it
will usually get worse. Risks with a low probability but very severe
consequences are often overlooked. It is therefore emphasised that the
asset management system shall monitor and evaluate the probabilities
also for such events.

Finally [3] stresses that outsourcing should in essence not change the
demands on the asset management system. This means that the higher
the level of outsourcing, the more essential it becomes to control the
supplier. Outsourcing also requires the outsourcing organisation to
consider involved risks — especially such that cannot be transferred, such
as deteriorated public relations due to operational disturbances.

8.2. Risk analyses

Accurate risk analyses are essential in maintaining railway safety. As
discussed above, they are also a requirement in ISO 55000. Risk analyses
commonly set out from the structure of the common safety method for
risk analyses (CSM-RA), which is required in the EU, see Refs. [69-71].
To facilitate implementation in the railway sector, the European Rail-
way Agency has compiled a guideline [72] that contains a detailed
comment of [71].

In short, risk analyses should be performed when there are signifi-
cant changes (as defined in Ref. [71]) that may affect the safety of the
(railway) system. The process comprises three main parts:

e System definition
Factors that define the system to be assessed are described.
e Risk analysis with three possible paths:
a. Use existing codes of practice
Usually the most efficient approach if applicable codes exist. Note
that codes commonly are often only applicable for new con-
structions. They may also be inappropriate for very innovative
solutions.
b. Use of a reference system
This approach raises two questions: How similar are the systems,
and how safe is the reference system? Regarding similarity, the
main challenge is to identify if and how differences (e.g., in track
support conditions) affect the risks. Regarding the level of safety
it should be noted that when demands on safety are very high,
basing the risk evaluation on statistics becomes very hard (if not
impossible): For a risk level of 107°, on a reference structure
where 100 trains pass every day it would on average take 27 years
before an accident occurs. It would of course be unrealistic to
wait until such a safety level has been statistical ensured.
Consequently, the risk evaluation has to consider investigations
carried out in designing the reference system. These can then be
complemented with additional analyses, measurements, and as-
sessments of any incidents.
c. Explicit risk estimation
The most complex approach where simulations and analyses to
estimate the risk usually need to be complemented by validating
measurements. Some challenges are to identify all relevant fail-
ure modes, and to obtain sufficiently reliable input data for the
analyses. For progressing mechanical deterioration (as related to
the phenomena discussed here, but not e.g., to track buckling),
safety can relate to limiting the increase in deterioration between
inspections (‘defect tolerant’) in contrast to ensuring sufficient
safety during the entire operational life (‘safe life’).
e Risk evaluation
Here it is assessed whether the risk is acceptable. In general this
corresponds to ensuring better or similar as the current safety level,
or that a certain absolute risk level is attained. The first case is
complicated by the fact that current levels often are unknown and
likely to vary significantly between different parts of the railway
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system. The latter approach is complicated by the difficult assess-
ment (see above) and that the allowed risk level should be related to
potential consequences of accidents. These may be hard to foresee
and even harder to quantify.

9. Concluding remarks

In short, the paper investigates mechanical deterioration of rails and
wheels with the objective to quantify, predict and manage overall health
evolution. Suitable parameters, and their relation to predictive analyses
and monitoring strategies, are outlined for important deterioration
phenomena.

The paper shows how monitoring and predictive analyses relate to
the design of digital twins (on different levels), and how the strategy fits
into an asset management system. Here it is emphasised that a combi-
nation of physical modelling and data analysis should be employed. The
benefit of smaller, but better controlled simulations to establish main-
tenance and safety limits is highlighted. The paper finally relates the
approaches to assess and predict wheel/rail deterioration to key de-
mands in the ISO 55000 standard on asset management. Here also de-
mands in standards for risk analyses, and some challenges related to
these are discussed.
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