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SUMMARY

The generation of frictional heat at the wheel-rail interface is a critical factor during train
operations, especially during acceleration and braking. High slip ratios can lead to sub-
stantial thermal loading due to the rapid accumulation of thermal energy, resulting in
significant temperature increases in the contact area. This thermal loading is known
to accelerate wear, induce plastic deformation, and cause thermal fatigue in wheel and
rail materials. Additionally, high contact temperatures around 720 °C may induce mi-
crostructural transformations in the material, leading to the formation of the white etch-
ing layer (WEL), which includes brittle martensite and makes the material more prone
to cracking. These wheel-rail interface deteriorations increase maintenance costs and
impact the operational safety of trains. Therefore, it is vital to investigate the wheel-rail
friction-induced temperature and its effects on wheel/rail damage. The aim of this re-
search is to better understand the thermomechanical behavior of the wheel-rail system.
Three objectives are accomplished to reach this goal: 1) establish numerical models and
experimental setups to accurately assess the thermomechanical behavior of the wheel-
rail contact system; 2) reliably validate the thermomechanical contact model by accu-
rately measuring the wheel-rail contact temperature, especially under the high slip ratio
conditions; 3) improve the understanding of the generation and development of ther-
momechanical damage, e.g., polygonal wear and a “wheel flat”.

Objective 1 focuses on establishing thermomechanical numerical models and exper-
imental setups. First, a 3D FE thermomechanical wheel-rail contact model was devel-
oped based on the parameters of an in-house test rig—V-Track in Chapter 2, facilitat-
ing the next-step model validation. Different material properties (elastic, elasto-plastic,
and elasto-plastic-thermo, i.e. with thermal softening) and contact geometries (a round
wheel and a wheel with polygonal wear) were applied to the FE model to investigate the
influence of wheel/rail material on wheel-rail contact stress and wear depth. Kalker’s
CONTACT program was used to verify the elastic contact solutions obtained with the
proposed FE model with a round wheel. The simulation results indicate that the nor-
mal contact stress is higher than in pure mechanical solutions due to thermal softening
and thermal expansion/contraction stresses, particularly in high-temperature areas af-
ter the crest of the polygonal profile. This suggests that wheel-rail impact contact stress
and wear depth peaks can be significantly underestimated if thermal effects are not con-
sidered. Then, an innovative measurement system was developed in the V-Track to re-
produce and capture high contact temperatures up to 1200 °C at the wheel-rail interface
in Chapter 3. An infrared thermal camera was mounted on a moving wheel assembly,
enabling a continuous measurement of contact temperature. Compared to the previ-
ous studies using thermal cameras, a more sensitive and precise camera was used in this
study to capture the transient thermal phenomena that occur within short time frames,
e.g., the cooling process. The measurement results indicate that the wheel-rail contact

ix
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temperature rose with the slip ratio until a “wheel flat” was formed. The contact temper-
ature dropped when the “wheel flat” exited the contact area, and then increased again
with the slip ratio. The contact temperature may reach up to 1000 °C with a slip ratio of
99%.

Objective 2 aims to reliably validate the thermomechanical contact model by accu-
rately measuring the wheel-rail contact temperature, particularly under high slip ratio
conditions. A thermomechanical finite element (FE) model for simulating wheel and
rail interactions during braking was developed and it was experimentally validated up to
about 360 °C in the TU-Delft V-Track test rig under braking with the same contact con-
ditions in terms of contact pressure, slip ratio and coefficient of friction, as described in
Chapter 4. After processing the measurement data, including the calculation of slip ratio
and data synchronization, a regression analysis was conducted between the measured
contact temperature and slip ratio. Comparisons were then made between the mea-
sured and simulated contact temperatures (with two different temperature-dependent
mechanical and thermal material parameter sets) under three slip-ratio scenarios (5%,
10%, and 15%). The contact temperatures simulated with the developed thermome-
chanical FE model using the two different parameter sets demonstrated close similarity
and aligned reasonably with the experimental results across the slip ratios of 5%, 10%,
and 15%. The simulated temperatures exhibited a maximum relative error, ranging from
7.9% to 9.8%, being slightly lower than the experimental values. This suggests that the
presented model is reliable for simulating wheel-rail contact with thermal effects and
both the parameter sets can reflect the thermomechanical properties of the rail materi-
als.

Objective 3 is to enhance the comprehension of the generation and development of
thermomechanical damage, e.g., polygonal wear and a “wheel flat”. A 3D FE thermo-
mechanical wheel-rail contact model was developed based on the parameters of the
in-house test rig—V-Track in Chapter 2. Besides elasto-plastic-thermo material used
in the FE model, elastic material and the polygonal profile were also applied in this
FE model to investigate the need for improved FE contact modeling for accurate dy-
namic contact representation in polygonal wheel-rail impact and wear prediction stud-
ies. The results calculated with the elastic FE model involving a polygonal profile were
compared with those obtained from Kalker's CONTACT program. The deviation in the
micro-slip solutions suggests that the FE contact modeling with a better representation
of dynamic contact should be applied to the polygonal wheel-rail impact contact study
and further prediction of polygonal wear development. Simulations using elasto-plastic-
thermo wheel/rail material properties and initial polygonal wheel profiles are then con-
ducted to investigate the influences of plasticity, the thermal effect, and initial defects
on wheel-rail contact stress distributions and polygonal wear development as an appli-
cation case. The results show that the contact temperature presents a periodic pattern
along with the polygonal profile: the temperature is low at the locations just after the
wheel profile trough, and it goes up gradually and reaches the highest amplitude before
decreasing slightly near the next trough. The simulated wear depth peaks increase with
the initial polygonal wear amplitude, suggesting that with the increase of wear ampli-
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tudes, the development of polygonization is accelerated. In Chapter 3, a “wheel flat”
was generated when the slip ratio reached around 40%, and the corresponding wheel-
rail contact temperature was 624 °C. By tracing the temperature drop of the “wheel flat”
area over time, a temperature-evolution curve was obtained, which can be well fitted
with an exponential curve.

The conclusions of this dissertation are given in Chapter 5. This research has made
three significant contributions to the understanding of the wheel-rail contact system.
Firstly, it developed advanced numerical models and experimental setups to accurately
assess the thermomechanical behavior, providing a solid foundation for simulating and
analyzing the complex thermal and mechanical interactions at the wheel-rail interface.
Secondly, this research experimentally validated the thermomechanical contact model,
ensuring its predictions closely aligned with real-world conditions. Finally, the research
significantly enhanced the understanding of the generation and progression of thermo-
mechanical damage, such as polygonal wear and a “wheel flat”. This PhD research seeks
to comprehend the thermomechanical behavior of the wheel-rail system, which is cru-
cial for improving the safety, reliability, and cost-effectiveness of railway operations.
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De opwekking van wrijvingswarmte aan de wiel-railinterface is een cruciale factor tij-
dens treinoperaties, met name tijdens versnelling en remmen. Hoge slipverhoudin-
gen kunnen leiden tot aanzienlijke thermische belasting als gevolg van de snelle accu-
mulatie van thermische energie, wat resulteert in significante temperatuurstijgingen in
het contactgebied. Deze thermische belasting versnelt de slijtage, veroorzaakt plasti-
sche vervorming en leidt tot thermische vermoeiing in wiel- en railmaterialen. Boven-
dien kunnen hoge contacttemperaturen rond 720 °C microstructurele transformaties in
het materiaal veroorzaken, wat leidt tot de vorming van de zogenaamde white etching
layer (WEL), bestaande uit bros martensiet, waardoor het materiaal gevoeliger wordt
voor scheurvorming. Deze degradaties aan de wiel-railinterface verhogen de onder-
houdskosten en beinvloeden de operationele veiligheid van treinen. Daarom is het van
groot belang om de door wrijving veroorzaakte temperatuur aan de wiel-railinterface
en de effecten ervan op schade aan wiel en rail te onderzoeken. Het doel van dit on-
derzoek is om het thermomechanische gedrag van het wiel-railsysteem beter te begrij-
pen. Drie doelstellingen zijn geformuleerd om dit doel te bereiken: 1) het opstellen
van numerieke modellen en experimentele opstellingen om het thermomechanisch ge-
drag van het wiel-railcontact nauwkeurig te beoordelen; 2) het betrouwbaar valideren
van het thermomechanische contactmodel door nauwkeurige metingen van de wiel-
railcontacttemperatuur, met name onder omstandigheden met hoge slipverhoudingen;
3) het verbeteren van het inzicht in het ontstaan en de ontwikkeling van thermomecha-
nische schade, zoals polygonale slijtage en een “wheel flat” (een lokale vlakke plek op
het wieloppervlak).

Doelstelling 1 richt zich op het opstellen van thermomechanische numerieke model-
len en experimentele opstellingen. Eerst werd een driedimensionaal thermomechanisch
eindige-elementen (FE) wiel-railcontactmodel ontwikkeld op basis van de parameters
van een interne testopstelling (V-Track), zoals beschreven in hoofdstuk 2, ter ondersteu-
ning van de modelvalidatie. Verschillende materiaaleigenschappen (elastisch, elasto-
plastisch en elastoplastisch-thermisch, d.w.z. met thermische verzachting) en contact-
geometrieén (een rond wiel en een wiel met polygonale slijtage) werden toegepast in
het FE-model om de invloed van het wiel-/railmateriaal op contactspanningen en slijp-
tediepte te onderzoeken. Het CONTACT-programma van Kalker werd gebruikt om de
elastische contactoplossingen van het voorgestelde FE-model met een rond wiel te ve-
rifiéren. De simulatieresultaten tonen aan dat de normale contactspanningen hoger
zijn dan bij zuiver mechanische oplossingen, als gevolg van thermische verzachting en
uitzettings-/krimpspanningen, met name in hogetemperatuurzones na de top van het
polygonale profiel. Dit suggereert dat pieken in impactcontactspanningen en slijtage
aanzienlijk kunnen worden onderschat als thermische effecten niet worden meegeno-
men. Vervolgens werd een innovatief meetsysteem ontwikkeld op de V-Track om hoge
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contacttemperaturen tot 1200 °C aan de wiel-railinterface te reproduceren en vast te
leggen (hoofdstuk 3). Een infrarood thermische camera werd gemonteerd op een be-
wegende wielassemblage, waardoor continue meting van de contacttemperatuur mo-
gelijk werd. In vergelijking met eerdere studies werd een gevoeligere en nauwkeurigere
camera gebruikt om transiénte thermische verschijnselen waar te nemen, zoals het af-
koelproces. De meetresultaten geven aan dat de contacttemperatuur toenam met de
slipverhouding totdat een “wheel flat” werd gevormd. De temperatuur daalde toen deze
“wheel flat” het contactgebied verliet, en steeg vervolgens opnieuw met de slipverhou-
ding. De contacttemperatuur kan oplopen tot 1000 °C bij een slipverhouding van 99%.

Doelstelling 2 is het betrouwbaar valideren van het thermomechanische contact-
model door nauwkeurige meting van de wiel-railcontacttemperatuur, met name on-
der hoge slipverhoudingsomstandigheden. Een thermomechanisch FE-model voor het
simuleren van wiel-railinteracties tijdens remmen werd ontwikkeld en experimenteel
gevalideerd tot circa 360 °C in de TU Delft V-Track testopstelling onder dezelfde con-
tactomstandigheden qua druk, slipverhouding en wrijvingscoéfficiént (zoals beschre-
ven in hoofdstuk 4). Na verwerking van de meetgegevens, inclusief de berekening van
de slipverhouding en datasynchronisatie, werd een regressieanalyse uitgevoerd tussen
de gemeten contacttemperatuur en slipverhouding. Vervolgens werden vergelijkingen
gemaakt tussen de gemeten en gesimuleerde contacttemperaturen (met twee verschil-
lende temperatuurafthankelijke mechanische en thermische materiaalparametersets) on
der drie slipverhoudingsscenario’s (5%, 10% en 15%). De met het ontwikkelde thermo-
mechanische FE-model gesimuleerde contacttemperaturen, met gebruik van beide pa-
rametersets, vertoonden een hoge mate van overeenkomst met de experimentele resul-
taten bij alle drie de slipverhoudingen. De gesimuleerde temperaturen vertoonden een
maximale relatieve fout tussen 7,9% en 9,8%, en lagen iets onder de experimentele waar-
den. Dit wijst erop dat het voorgestelde model betrouwbaar is voor het simuleren van
wiel-railcontact onder thermische invloeden en dat beide parametersets de thermome-
chanische eigenschappen van de railmaterialen goed kunnen weergeven.

Doelstelling 3 is het verbeteren van het begrip van het ontstaan en de ontwikkeling
van thermomechanische schade, zoals polygonale slijtage en een “wheel flat”. Een 3D
thermomechanisch FE-model van het wiel-railcontact werd ontwikkeld op basis van
de parameters van de interne testopstelling V-Track (hoofdstuk 2). Naast het gebruik
van elastoplastisch-thermisch materiaal in het FE-model, werden ook elastisch materi-
aal en een polygonaal profiel toegepast om de noodzaak te onderzoeken van verbeterde
FE-contactmodellering voor nauwkeurige dynamische contactweergave in studies naar
polygonale wiel-railimpact en slijtagevoorspelling. De resultaten van het elastische FE-
model met een polygonaal profiel werden vergeleken met die van Kalker's CONTACT-
programma. De afwijkingen in de micro-slipoplossingen suggereren dat verbeterde dy-
namische contactmodellering noodzakelijk is voor het nauwkeurig analyseren van poly-
gonale impactcontacten en het voorspellen van de ontwikkeling van polygonale slijtage.
Vervolgens werden simulaties uitgevoerd met elastoplastisch-thermische materiaalpa-
rameters en initiéle polygonale wielprofielen om de invloed van plasticiteit, thermische
effecten en initiéle defecten op de spanningsverdeling en polygonale slijtageontwikke-
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ling te onderzoeken. De resultaten tonen aan dat de contacttemperatuur een periodiek
patroon vertoont in overeenstemming met het polygonale profiel: de temperatuur is laag
direct na het dal in het wielprofiel, neemt vervolgens geleidelijk toe en bereikt een piek,
waarna deze weer iets daalt richting het volgende dal. De gesimuleerde slijtagepieken
nemen toe met de amplitude van de initiéle polygonale slijtage, wat suggereert dat bij
grotere amplitudes de ontwikkeling van polygonalisatie wordt versneld. In Hoofdstuk 3
werd een “wheel flat” gegenereerd toen de slipratio ongeveer 40% bereikte, en de over-
eenkomstige wiel-railcontacttemperatuur bedroeg 624 °C. Door het temperatuurverloop
van het “wheel flat”-gebied in de tijd te volgen, werd een evolutiecurve van de tempera-
tuur verkregen, die goed benaderd kon worden met een exponentiéle functie.

De conclusies van dit proefschrift worden besproken in hoofdstuk 5. Dit onderzoek
heeft drie belangrijke bijdragen geleverd aan het begrip van het wiel-railcontact. Ten eer-
ste zijn geavanceerde numerieke modellen en experimentele opstellingen ontwikkeld
om het thermomechanische gedrag nauwkeurig te kunnen beoordelen, wat een solide
basis vormt voor de simulatie en analyse van complexe thermische en mechanische in-
teracties aan de wiel-railinterface. Ten tweede is het thermomechanische contactmodel
experimenteel gevalideerd, waarbij de voorspellingen goed overeenkwamen met realis-
tische omstandigheden. Ten slotte is het inzicht in het ontstaan en de voortgang van
thermomechanische schade, zoals polygonale slijtage en “wheel flat”, aanzienlijk ver-
diept. Dit promotieonderzoek draagt bij aan het verbeteren van de veiligheid, betrouw-
baarheid en kostenefficiéntie van spoorwegoperaties.
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2 1. INTRODUCTION

1.1. BACKGROUND

RICTION between the wheel and rail plays an important role in the train traction,

braking, and curve negotiation. However, due to the rapid accumulation of ther-
mal energy and consequent increase in temperature in the contact area, the frictional
heat generated at the wheel-rail interface and the resulting thermal stresses are unde-
sirable, particularly at high slip ratios, which occur when braking is severe or adhesion
is low [1, 2]. Thermal loading is detrimental to the wheel and rail materials because
it greatly expedites wear, causes plastic deformation, and causes fatigue [3-7]. Some
typical thermomechanical damage examples are shown in Figure 1.1: rail burn (Fig-
ure 1.1(a)), wheel flat (Figure 1.1 (b)), wheel polygonal wear under braking (Figure 1.1(c)),
and thermal cracks in the wheel tread and rail top surface (Figures 1.1(d) and (e)). When
subjected to high contact temperatures (e.g., 200 ~ 250 °C [8] and 350 °C [9]) with high
slip ratios, wheel and rail material can be more easily worn due to thermal softening.
Rail burns and wheel flats and polygonisation, accompanied by significant plastic de-
formation, are caused by wheel-rail sliding under high temperatures [10, 11]. Moreover,
thermal loading may accelerate wheel and rail fatigue by altering material properties,
e.g., decreasing the elastic and shakedown limits and making the steel susceptible to
progressive plastic deformation and cracks [12]. Additionally, high contact temperatures
(e.g., around 720 °C [13, 14] or 800 ~ 1000 °C [11]) may induce microstructural transfor-
mations. These changes include the transformation of pearlite and ferrite into austenite,
followed by a partial conversion into martensite beneath wheel and rail surfaces, lead-
ing to the thermally-induced white etching layer (WEL) [15]. The brittle martensite in
the WEL then makes the material more prone to cracking [15-18]. The thermal dam-
age at the wheel-rail interface dramatically increases maintenance costs and impacts
the safety of train operations. To better understand and prevent thermal damage, it is
crucial to accurately assess the thermal effects on the wheel-rail interface.

Figure 1.1: Typical wheel and rail damage caused by thermomechanical loading. (a) Rail burn [19]; (b) a wheel
flat [20]; (c) polygonal wear; (d) thermal cracks on the wheel tread [21]; (e) thermal cracks in a squat [14].
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1.2. STATE OF THE ART

1.2.1. THERMAL CONTACT MODELING

Considering that accurate wheel-rail contact temperature measurement is complex, labor-
intensive, and expensive, especially in operational conditions [1], both analytical and
numerical modeling methods have been developed to examine the thermal loading and
temperature field at the wheel-rail interface. Most analytical approaches have been for-
mulated to calculate the maximum flash temperature induced by a moving heat flux in
a single body. Jaeger [22] investigated the problem of idealized plane heat sources of
various shapes, such as two-dimensional (2D) uniformly distributed band sources and
three-dimensional (3D) rectangular sources, moving at constant or non-constant veloc-
ities on the surface of a semi-infinite medium. The follow-up analytical analyzes then
extended Jaeger’s approach in two aspects: 1) by applying different moving heat sources
[23, 24], and 2) by including thermal radiation and convection to the ambient [8, 25]. A
2D elliptical band source was modeled in [23] to represent the heat induced by contact.
Instead of applying a predefined heat source as in [22, 23], Knothe et al. [26] calculated
the 2D heat source at the wheel-rail interface based on Hertzian contact pressure, and
analytically derived the temperature field engendered by wheel-rail sliding interactions
through the application of Laplace transforms and Green’s function. The study revealed
that the wheel-rail contact temperatures do not exceed 450 ~ 500 °C if the slip ratio is
less than 2% and the coefficient of friction is less than 0.6. With the consideration of
heat interaction with ambient (i.e. radiation and convection), Lewis et al. [8] calculated
the temperature field induced by twin-disc rolling contact from partial to full slip (slip
ratio from 0.5% to 5%) and determined that the maximum contact temperature above
ambient reached 113 °C under a normal contact stress of 1500 MPa and with a disc sur-
face velocity of 0.98 m/s. To investigate the effects of contact body geometries on contact
temperature, thinner and smaller twin discs operating under the same conditions as [22]
were simulated in [25], which reported higher simulated contact temperatures (199.2 °C
for the thinner discs and 235.3 °C for the smaller discs) than the results obtained in [8].
In addition, 3D analytical models were applied to the interaction of the wheel flange and
gauge face of the rail head [27]. These analytical studies [8, 22, 23, 26] indicated that the
instantaneous temperatures generated at the contact interface are related to the coeffi-
cient of friction, contact pressure, thermal properties, sliding velocity, and contact body
geometry.

In contrast to analytical models, finite element (FE) models offer the capability to ad-
dress transient thermal contact issues while considering complex geometries, material
complexity including plasticity and temperature dependence [1, 9, 28-33], and dynamic
wheel-rail interactions. Asih [9] developed a two-dimensional (2D) FE model that ap-
plied an analytical moving heat flux on the rail to investigate the thermal effect on the
wear rate of the rail. It was concluded that the transition from mild to severe wear could
happen when the temperature is above 350 °C. Wu et al. [30] built a 2D FE rail model
and applied an instantaneous heat source to analyze the thermal effect on the rail. They
concluded that the thermal effect influences the residual stress, deformation, and plastic
strain of the rail. Vo et al. [31] developed a 3D FE model for a rail subjected to multiple
thermal loads from passing locomotives, employing Goldak’s heat source model [34].
The simulation with a slip ratio of 8.5% indicated that the rail-surface temperature may
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reach 522 °C after one wheel pass and 723 °C after six. It was also concluded that the peak
temperature calculated with the 2D model can be overestimated because the thermal
energy emission in the transverse direction was overlooked. However, the heat source
of the model was calculated based on Hertzian contact pressure. Such a simplification
potentially leads to deviations of the thermal results from actual values. Naeimi et al.
[28] proposed a 3D dynamic thermomechanical FE wheel-rail contact model in which
the heat source was calculated based on the tangential load and micro-slip between
the elements in contact. Considering the temperature-dependent nonlinear material
properties, the temperature and stress field in the contact patch with a single wheel pas-
sage were obtained. The study concluded that the thermal softening of material induces
higher von-Mises stresses and larger plastic deformation. The simulated peak contact
temperatures with slip ratios of 10%, 18%, and 26% were 284 °C, 498 °C, and 756 °C, re-
spectively. Lian et al. [1] then presented a 3D FE wheel-rail contact model to consider
the superimposed thermal-mechanical loads induced by multiple wheel passages. The
study indicated that the maximum temperature of the rail surface after 9 wheel passages
may reach up to 776 °C with a slip ratio of 9.43%.

As to the model validation, attempts have been made in [35] to validate the analyti-
cal model presented in [8] for low slip ratio (below 5%) wheel-rail contact scenarios us-
ing infrared cameras. The results indicated that the measured contact temperature was
between 100 and 150 °C with a slip ratio of 5%, which aligned well with the simulated
results in [8]. However, although the FE models of thermal contact between wheel and
braking block [36-38] or braking pad [39] have been experimentally validated using in-
frared cameras, no validation, to the best of the author’s knowledge, has been reported
for the FE wheel-rail thermal contact models with higher slip ratios (above 5%) that may
induce significant thermal damage.

1.2.2. THERMAL CONTACT MEASUREMENT

Both contact and non-contact methods have been developed to measure temperatures
at the contact interfaces, as examples shown in Figure 1.2. The contact methods com-
monly utilize thermocouples [5, 40-52] (e.g., Figure 1.2(a) ~ (c)), while the non-contact
methods generally employ infrared thermal cameras [41, 53-56] (e.g., Figure 1.2(d)). Dif-
ferent test setups using thermocouples have been designed to measure contact temper-
atures. For instance, the thermocouples can be embedded into pre-drilled holes in a
pin-on-disc setup [43], as shown in Figure 1.2(a), to identify temperature fields and heat
fluxes at the contact surface [44]. It should be noted that the thermocouple was located
1mm below the contact surface in this setup and thus captured temperatures lower than
those on the surface. Additionally, drilling holes into contact objects may alter their con-
tact stiffness and stress distributions, leading to unrealistic contact conditions, as shown
in Figurel.2(b). Instead of being embedded, thermocouples can also be attached to the
side faces of contact bodies close to the contact patch [45]. Such an implementation is,
however, not suitable for real-life applications with complex contact geometries. In ad-
dition to the thermocouples placed near the contact patch, the thin-film thermocouples
have been placed directly on the contact surfaces to measure the contact temperature,
as shown in Figure 1.2(c). The thin-film thermocouples were designed based on a pin-
on-flat wear test rig to measure the surface temperature distribution under a normal
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load of 100N and a temperature below 150°C [46]. The thin-film thermocouples need to
be firmly attached to the contact surfaces for accurate measurements [47, 57]. However,
wheel-rail contact introduces high contact pressure and shear stress, potentially leading
to wear, damage, or detachment of thin-film thermocouples and thus affecting measure-
ment results. Besides, it should be noted that the discrete distribution of thermocouples
provides temperature information only at specific points; therefore, the thermocouples
cannot be handily used to capture continuous temperature distributions, especially in
contact areas with large temperature gradients.

Cutting Tool

Thin film thennal couples|

Embedded Thermocouples

(a) (b) (c)

(d

Figure 1.2: Contact temperature measurement methods. (a) Embedded thermocouples [44]; (b) attached ther-
mocouples [45]; (c) thin-film thermocouples [48]; (d) infrared thermal camera [58].

As to the non-contact methods, infrared thermal cameras have been employed to
monitor the temperature field close to the wheel-rail interface. In [59], an infrared ther-
mal camera was mounted on a vehicle body behind a trailing wheel to measure wheel-
rail contact positions as the train navigated switches and crossings. The technique in
[59] was improved in [60] by mounting a thermal camera on the bogie to avoid correct-
ing the viewing angle caused by the yaw angle difference between the vehicle body and
the bogie. Digital image processing technology was then applied to process the camera-
recorded thermal images to identify the positions of wheel-rail contact points. In [61],
a thermal camera was mounted on the trams to monitor wheel and rail contact con-
ditions by analyzing the thermal images. It is worth noting that the studies in [59-61]
focused mainly on identifying wheel-rail contact points based on thermal images, with
little attention paid to the absolute levels of contact temperature. In [8, 35], a thermal
camera with a range from —20 °C to 350 °C was used in a twin-disc test rig in the lab to
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measure contact temperatures with slip ratios from 0.2% to 5%. Although the twin-disc
experiments allowed precise control of contact conditions, such as the slip ratio, they
had limitations in simulating the real-life wheel-rail dynamic contact [35]. In contrast,
the V-Track test rig incorporates the modal characteristics of track and vehicle systems,
demonstrates good dynamic similarity to actual vehicle-track systems [62] and can thus
simulate real-life wheel-rail interactions. Besides, the maximum contact temperature
measured in [35] is below 200 °C. Therefore, investigations of wheel-rail dynamic con-
tact with higher contact temperatures (e.g., higher than 498 °C [28]) are still needed to
provide insights into the development of thermal damage.

1.2.3. WHEEL POLYGONAL WEAR

Polygonal wear is typical damage that can be affected by thermal loading and occurs
on the wheels of locomotives, metros, and high-speed trains [63-67]. High-amplitude
vibrations induced by the impacts between rails and polygonal wheels accelerate train
and track degradation and radiate high-level noises [68]. Severe polygonal wear threat-
ens the safety of railway operations and adversely affects the ride comfort of passengers
[24]. To mitigate the effects of polygonal wear, a better understanding of its initiation
and development mechanisms is needed.

The initiation and progression of polygonal wear on railway wheels can be influ-
enced by three principal mechanisms, as identified in the previous research. Firstly,
initial defects play a crucial role, arising from factors such as the wheel re-profiling pro-
cess [69, 70], uneven material properties [71], and static and dynamic imbalances [72].
Secondly, the natural vibrations within the train-track system may contribute to polygo-
nal wear formation, driven by resonance frequencies from the vehicle components (e.g.,
wheelsets [73, 74], bogie frames [65], and linear induction motors [75]), track compo-
nents (e.g., rail bending vibration modes [76]), and train-track interactions including
stick-slip oscillations [77], P2 resonance [78], and frictional self-excited vibrations [79].
Lastly, the thermal effect between the wheel tread and braking blocks [37, 38] may fur-
ther influence the development of polygonal wear.

Studies on the formation and growth of wheel polygonal wear have been conducted
with numerical modeling. A general approach is to simulate wheel-rail contact and con-
sequent wear by coupling a multibody dynamics (MBD) model with a wear prediction
model considering initial defects [71]. The initial wheel defects and wheel/rail structural
dynamics, as possible mechanisms of wheel polygonal wear generation and develop-
ment, can be considered in the MBD models. The initial polygonal wear profile of the
wheel could be simplified as one or several mixed harmonic waves. The wavenumber
along the wheel circumference is regarded as the ‘order’ of the polygonal wear. The core
connections between a MBD model and a wear model are wheel-rail contact solutions,
i.e. the normal and tangential contact stresses and micro-slip distributions. Morys [80]
built up a three-dimensional (3D) MBD model of an ICE-1 carriage. Hertzian theory
and FASTSIM [81] were used to calculate the normal and tangential contact solutions,
respectively. The study presented the simulation results of the evolution of the worn
profile, which was assumed to be proportional to the wear energy, and concluded that
the low-order polygonal wear could be developed into higher-order harmonics. Mey-
werk [82] built up an MBD model with a wheelset, in which the wheel axle and rims
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were treated as flexible beams, and the bogie was simplified as a rigid frame. Kalker’s
linear theory [83] and Hertzian theory were employed to as the contact solutions. The
study concluded that the phase shift of the left and right wheel profiles may influence
the growth of polygonal wear, and the first and second bending modes of the wheelset
are dominant contributors to polygonal wear growth. Andersson and Johanssons [78,
84] developed a model incorporating multi-rigid body wheelsets and a bogie frame, as
well as FE rails. Hertzian theory and Shen-Hedrick-Elkins model [85] were employed as
contact solutions. They concluded that the P2 resonance could cause the 5th, 6th, and
7th-order polygonal wear, and the track modes are the main causes of the 14th to 20th-
order polygonal wear. Cai [76] developed a vehicle/track coupled dynamic model of a
high speed train with an FE track model. Hertzian contact theory and FASTSIM were ap-
plied to obtain the contact solution. It was concluded that the 20th polygonal wear was
related to the third-order rail vertical bending resonance occurring between the wheels
of a bogie.

To deal with non-elliptical wheel-rail contact that occurs in the real-life operations
[86], some MBD models applied non-Hertzian contact theories, e.g., ANALYN [87], mod-
ified Kik-Piotrowski [88] and FaStrip [89]. However, because wheel/rail material non-
linearities cannot be treated properly with the aforementioned contact methods, hardly
can the MBD models accurately simulate polygonization-induced impact contact, where
plasticity occurs, and be used to predict the further development of the wear. To cope
with the material nonlinearities, complex wheel-rail contact geometry, and dynamic ef-
fects involved in the wheel-rail interactions, explicit FE contact models [90-93] have
been broadly adopted to calculate wheel-rail dynamic contact, such as the polygonal
wear-induced and flat-induced wheel dynamic responses [94, 95]. However, few of them,
if any, have been combined with wear models to analyze the initiation and further de-
velopment of polygonal wear.

1.2.4. A SUMMARY OF RESEARCH GAPS

Despite substantial research on thermal contact modeling and experiments, several im-
portant aspects remain underexplored. Based on the aforementioned literature review
and discussions, the following research gaps have been identified:

1) While attempts have been made to validate thermal contact models, there is a lack
of validation for FE thermomechanical wheel-rail contact models, especially un-
der high slip ratios (>5%), where thermal damage is more likely to occur.

2) Experimental investigation into dynamic wheel-rail contact under high contact
temperatures (e.g., >498 °C) has not been addressed, due to the limitations of twin-
disc setups in replicating real-world dynamics and high contact temperature con-
ditions.

3) Anintegration of thermomechanical contact models with wear calculation is miss-
ing, restricting the understanding of the thermal damage initiation and evolution
(e.g., wheel polygonal wear).
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1.3. OBJECTIVES

This PhD research aims to understand the thermomechanical behavior of the wheel-
rail system which is vital for enhancing the safety, reliability, and economic efficiency of
railway operations. The following objectives are expected to be achieved:

Objective 1: Establish numerical models and experimental setups to accurately assess
the thermomechanical behavior of the wheel-rail contact system.

Objective 2: Reliably validate the thermomechanical contact model by accurately mea-
suring the wheel-rail contact temperature, especially under high slip ratio
conditions.

Objective 3: Improve the understanding of the generation and development of ther-
mal damage, e.g., polygonal wear and a “wheel flat”.

1.4. OUTLINE OF THIS DISSERTATION

To address the aforementioned three objectives, three main chapters are worked out,
and their relationship with the research objectives is illustrated in Figure 1.3. In Chap-
ter 2, a 3D thermomechanical FE wheel-rail contact model was built, which adopted the
parameters of the V-Track test rig [29, 30] to facilitate the next-step model validation (in
Chapter 4). The simulated elastic contact solutions were verified against the program
CONTACT [96]. Other material properties (elasto-plastic and elasto-plastic with ther-
mal softening) and different contact geometries (round wheel and wheel with polygonal
wear) were applied to the FE model to investigate the influences of plasticity, the thermal
effect, and initial defects on wheel-rail contact stress distributions and polygonal wear
development, which addresses the objectives 1 and 3.

In Chapter 3, an innovative measurement system was developed in the V-Track to re-
produce and capture high contact temperatures up to 1200 °C at the wheel-rail interface.
A high-precision infrared thermal camera was mounted on a moving wheel assembly of
the V-Track, enabling a continuous measurement of contact temperature. The camera
used in this study can capture the transient thermal phenomena that occur within short
time frames, e.g., the cooling process. A braking process was simulated in the V-Track
with slip ratios ranging from about 2% to 99%. A “wheel flat”, as typical thermal damage,
was generated during the braking process, and the resulting temperature field was mea-
sured over time. An emissivity calibration of the V-Track rail samples was conducted to
ensure the accuracy of the temperature measured with the infrared thermal camera. This
chapter demonstrates the reliability of the developed system in the high-temperature
measurement induced by wheel-rail contact (objective 1), which may serve as a refer-
ence for calibrating and validating thermal contact and damage simulation models (ob-
jective 2) and enhances the understanding of the generation and development of “wheel
flat” (objective 3).

Chapter 4 mainly addresses the validation of the thermomechanical FE wheel-rail
contact model (objective 2). The mechanical parameters applied to the experiments
presented in Chapter 3, including the wheel loads, coefficient of friction, and slip ra-
tios (5%, 10%, and 15%), were taken as inputs for the thermomechanical FE model pre-
sented in Chapter 2. In the experiments, the camera targeting the wheel-rail contact
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Figure 1.3: Relation between the thesis chapters and the research objectives.

area measured the rail running band temperature right after the wheel passages. The
flash temperature as close as to the peak contact temperature was thus captured. The
temperatures on the rail surface right behind the wheel-rail contact patch were then cal-
culated under different slip ratio conditions using the thermomechanical FE model and
compared to the measured camera-targeted flash temperature. A reasonable agreement
between the measurements and simulations was achieved across varied slip ratios, in-
dicating that the presented model is reliable for wheel-rail contact simulation with the
consideration of thermal effects. Chapter 5 presents the main conclusions and recom-
mendations for future work.
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A FINITE ELEMENT
THERMOMECHANICAL ANALYSIS OF
THE DEVELOPMENT OF WHEEL
POLYGONAL WEAR

Polygonal wear is a type of damage commonly observed on the railway wheel tread. It
induces wheel-rail impacts and consequent train/track components failure. This study
presents a finite element (FE) thermomechanical wheel-rail contact model, which is able
to cope with the three possible generation and development mechanisms of polygonal
wear: initial defects, thermal effects, and structural dynamics. The polygonal wear-induced
impact contact and further development of wear are simulated. The simulated elastic
contact solutions are verified against the program CONTACT. Different material prop-
erties (elastic, elasto-plastic and elasto-plastic-thermo, i.e., with thermal softening) and
initial polygonal profiles are then applied to the FE model to investigate the influence
of wheellrail material and wear amplitude on wheel-rail contact stress and wear devel-
opment. The simulations indicate that the wheel-rail impact-induced temperature may
reach up to 362 °C at the contact interface, and the high temperature at the contact area
influences wheel-rail contact stress and wear depth.

This chapter has been published as: He, C., Yang, Z., Zhang, P, Li, S., Naeimi, M., Dollevoet, R., Li, Z. (2024).
A finite element thermomechanical analysis of the development of wheel polygonal wear. Tribology Interna-
tional, 195, 109577.
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2.1. INTRODUCTION

P OLYGONAL wear is typical damage that occurs on the wheels of locomotives, met-
ros, and high-speed trains [1-3]. High-amplitude vibrations induced by the impacts
between rails and polygonal wheels accelerate train and track degradation and radiate
high-level noises [4]. Severe polygonal wear threatens the safety of railway operations
and adversely affects ride comfort of passengers [5]. To mitigate the effects of polygonal
wear, a better understanding of its initiation and development mechanisms is needed.

The initiation and progression of polygonal wear on railway wheels can be influ-
enced by three principal mechanisms, as identified in the previous research. Firstly,
initial defects play a crucial role, arising from factors such as the wheel re-profiling pro-
cess [6, 7], uneven material properties [8], and static and dynamic imbalances [9]. Sec-
ondly, the natural vibrations within the train-track system may contribute to polygo-
nal wear formation, driven by resonance frequencies from the vehicle components (e.g.,
wheelsets [10, 11], bogie frames [3], and linear induction motors [12]), track components
(e.g., rail bending vibration modes [13]), and train-track interactions including stick-slip
oscillations [14], P2 resonance [15], and frictional self-excited vibrations [16]. Lastly, the
thermal effect between the wheel tread and braking blocks [17, 18] may further influence
the development of polygonal wear.

Studies on the formation and growth of wheel polygonal wear have been conducted
with numerical modeling. A general approach is to simulate wheel-rail contact and con-
sequent wear by coupling a multibody dynamics (MBD) model with a wear prediction
model considering initial defects [19]. The initial wheel defects and wheel/rail structural
dynamics, as possible mechanisms of wheel polygonal wear generation and develop-
ment, can be considered in the MBD models. The initial polygonal wear profile of wheel
could be simplified as one or several mixed harmonic waves. The number of waves along
the wheel circumference is regarded as the ‘order’ of the polygonal wear. The core con-
nections between a MBD model and a wear model are wheel-rail contact solutions, i.e.,
the normal and tangential contact stresses and micro-slip distributions.

Morys [20] built up a three-dimensional (3D) MBD model of an ICE-1 carriage. Hertzian
theory and FASTSIM [21] were used to calculate the normal and tangential contact so-
lutions, respectively. The study presented the simulation results of the evolution of the
worn profile, which was assumed to be proportional to the wear energy, and concluded
that the low-order polygonal wear could be developed into higher-order harmonics. Mey-
werk [22] built up an MBD model with a wheelset, in which the wheel axle and rims were
treated as flexible beams, and the bogie was simplified as a rigid frame. Kalker’s lin-
ear theory [23] and Hertzian theory were employed to deal with the contact solutions.
The study concluded that the phase shift of the left and right wheel profiles may in-
fluence the growth of polygonal wear, and the first and second bending modes of the
wheelset axle are dominant contributors to polygonal wear growth. Andersson and Jo-
hanssons [15, 24] developed a model incorporating multi-rigid body wheelsets and a
bogie frame, as well as finite element rails. Hertzian theory and Shen-Hedrick-Elkins
model [25] were employed to calculate contact solutions. They concluded that the P2
resonance could cause the 5th, 6th, and 7th-order polygonal wear, and the track modes
are the main causes of the 14th to 20th-order polygonal wear. To deal with non-elliptical
wheel-rail contact that occurs in the real-life operations [26], some MBD models applied
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non-Hertzian contact theories, e.g., ANALYN [27], modified Kik-Piotrowski [28] and FaS-
trip [29]. However, because wheel/rail material nonlinearities cannot be treated properly
with the aforementioned contact methods, hardly can the MBD models accurately simu-
late polygonization-induced impact contact, where plasticity occurs, and be used to pre-
dict the further development of wear. To cope with the material nonlinearities, complex
wheel-rail contact geometry, and dynamic effects involved in the wheel-rail interactions,
explicit finite element (FE) contact modeling [30] has been broadly adopted to calculate
wheel-rail dynamic contact, such as the polygonal wear-induced and flat-induced wheel
dynamic responses [31, 32]. However, few of them, if any, have been combined with wear
models to analyze the initiation and further development of polygonal wear.

In addition, it has been found that the heat induced by wheel-rail frictional contact
may significantly influence the material properties and consequently the evolution of
wear [33]. Hence, friction-induced heat has been considered in some FE contact mod-
els. Asih [34] developed a two-dimensional (2D) FE model which applied an analytical
moving heat flux on the rail to investigate the thermal effect on the wear rate of the rail.
It was concluded that the transition from mild to severe wear could happen when the
temperature is above 350 °C. Wu et al. [35] built a 2D FE rail model and applied an in-
stantaneous heat source to analyze the thermal effect on the rail. They concluded that
the thermal effect influences the residual stress, deformation, and plastic strain of the
rail. Vo et al. [36] compared the wheel-rail contact temperatures calculated with a 2D
model and a 3D model, and found that the peak temperature on the rail calculated with
the 2D model was overestimated because the thermal energy emission in the transverse
direction was overlooked. Besides the limitation of the Hertzian elastic assumption used
in the moving heat sources, all the studies above prescribed the thermal effect in the
wheel-rail contact load. In other words, the thermal effect that should be influenced
by frictional contact was not updated in the simulations. To obtain more accurate con-
tact solutions with the consideration of thermal effect, Naeimi et al. [37] proposed a 3D
dynamic FE wheel-rail contact model that couples the mechanical and thermal load to
investigate the stress-strain responses and flash temperature on the rail surface. Consid-
ering the temperature-dependent nonlinear material properties, the temperature and
stress field in the contact patch with a single wheel passage were obtained. The study
concluded that the thermal softening of material induces higher von-Mises stresses and
larger plastic deformation. The thermomechanical FE modeling approach proposed in
[37] was then applied by Lian et al. [38] to study the fatigue life and wear behavior of
a rail with multiple wheel loads. The thermomechanical FE model has been applied to
study the stress and the flash temperature of the corrugated rail [39]. To the best of the
authors’ knowledge, an analysis of thermal effect on wheel polygonal wear has not been
conducted.

In this study, a 3D FE thermomechanical wheel-rail contact model is presented to
simulate polygonal wheel-rail interactions. The model is able to cope with the three pos-
sible generation and development mechanisms of polygonal wear: initial defects, ther-
mal effect, and structural dynamics. In combination with Archard’s wear model [40], the
further development of wear is predicated. The FE model is built up based on the param-
eters of an in-house test rig—V-Track [41, 42], to facilite the next-step model validation.
Kalker’s CONTACT program [43] is used to verify the elastic contact solutions obtained
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with the proposed FE model. Simulations using different wheel/rail material properties
and initial wheel profiles are then conducted to investigate the influences of plasticity,
the thermal effect, and initial defects on wheel-rail contact stress distributions and wear
development.

2.2. MODELING

2.2.1. A FINITE ELEMENT (FE) MODEL

Figure 2.1 shows the 1/7 downscaled V-Track test rig and the FE thermomechanical wheel-
rail contact model. The parameters used in the FE model are listed in Table 2.1. In the
V-Track, the wheel assembly mounted on a steel frame can be powered by two motors
and run along the ring track. One motor drives the steel frame together with the wheel
assembly to run with a controllable translational velocity, and the other can provide a
negative or positive torque to the rolling wheel to simulate a braking or traction loading
condition. The V-Track has been proven to be able to reproduce real-life wheel-rail fric-
tional rolling contact and to investigate the related problems [44, 45]. In addition, the
V-Track demonstrates notable dynamic similarity to real vehicle-track systems [46, 47],
which is important for the reproduction of wheel polygonal wear. Figure 2.1(a) (and a
close-up in Figure 2.2) shows an example of wheel polygonal wear that was successfully
produced in the V-Track test rig with the operational condition that the wheel speed was
13 km/h, and the wheel-rail normal, lateral and longitudinal contact forces were 4000 N
(corresponding to the contact pressure of 1100 MPa), 80 N, and 1800 N, respectively.

Running direction

>
Torque T

Solution zone
—_ 0.17m

(a) A V-Track wheel with polygonal wear  (b) The FE wheel-rail contact model

Figure 2.1: The V-Track test rig and corresponding 3D FE thermomechanical wheel-rail contact model.

In the FE model, the cylindrical wheel, rail, and sleepers are modeled with 8-node
solid elements, as shown in Figure 2.1(b). The fastenings and the ballast (physically
modeled with clamps and rubber pads in the V-Track) are modeled with spring-damper
elements. The car body and bogie, which are physically modeled in the V-Track with the
steel frame, are simplified as lumped mass elements connected to the wheel axle with
spring-damper elements which represent the primary suspension. The total length of



2.2. MODELING 23

Table 2.1: Input parameters of the FE model

Symbol (units) Parameters Value
po (kg/m?) The density of wheel, rail, and sleeper material 7800
m (kg) Total weight of the mass element 40

L (m) The initial length of the primary suspension 0.0574
Ky (kN/m) Stiffness of the primary suspension 11.5
Cp (N-s/m) Damping of the primary suspension 5

Ky (kN/m) Stiffness of the fastener 2220
Cr (N-s/m) Damping of the fastener 21

K, (kN/m) Stiffness of the ballast 370
Cp (N-s/m) Damping of the ballast 32

f Coefficient of friction 0.45
R (mm) Initial radius of the wheel 65

R’ (mm) Principal radii of rail 120
Ty (°C) Ambient temperature 25

the rail model is 3.07 m (with 24 sleeper spans), including a solution zone with a length of
0.17 m. To increase computation efficiency, a partially refined mesh strategy is applied.
The solution zones on the wheel and rail have a fine mesh with a size of 0.14 mm (along
the x-axis) x 0.20 mm (along the y-axis) x 0.20 mm (along the z-axis). The directions of
the axis can be found in Figure 2.1(b). The minor axis of the contact patch includes 20
elements along the running direction, which is sufficient for obtaining accurate contact
solutions, as reported in [48].

An implicit-explicit sequential analysis is conducted to simulate wheel-rail frictional
rolling contact. A static equilibrium of wheel loading on the rail is first performed in the
commercial software ANSYS, in which the longitudinal and lateral degrees of freedom of
the wheel axle are constrained. An explicit analysis is then conducted to simulate wheel
rolling along the rail. The longitudinal constraint of the wheel axle is released in the
explicit simulation. This study simulates wheel rolling with high longitudinal creepage,
although high lateral creepage may contribute to the formation of polygonal wear [10,
11, 14] and can be simulated with the explicit FE analysis [49]. That is because this study
aims to investigate the polygonal wear observed in the V-Track (shown in Figure 2.1(a)),
in the operational conditions of which the lateral creepage was controlled to a very small
level, and the measured wheel-rail lateral contact force was only 1/22 of the longitudinal
force. In the implicit-explicit sequential analysis, the nodal displacements obtained by
the static equilibrium are taken as initial conditions for the explicit analysis. A positive
torque is applied to the axle to simulate a driving wheel case. Three different types of
materials, listed in Table 2.2, are applied to the wheel and rail models to investigate the
influences of material plasticity and thermal effect on wheel-rail contact stress and wear
development. The elasto-plastic material is simulated by a bilinear representation. The
thermal softening is simulated by using temperature-dependent mechanical and ther-
mal material parameters listed in Tables 2.3 and 2.4, respectively [37].

The thermal conductivity is scaled by a factor of 1/7, according to the scaling strat-
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egy [50], to be consistent with the scale of V-Track. The calculations of the contact stress
and friction-induced temperature rise (i.e., thermal effect) are coupled in the FE ther-
momechanical wheel-rail contact model [37].

Table 2.2: The material models used in the simulations [30]

Material Type Parameters Value (unit)
Elastic Young’s modulus, E 210 (GPa)
Poisson’s ratio, v 0.3
Elasto-plastic Young’s modulus, E 210 (GPa)
Poisson’s ratio, v 0.3
Yield stress, o, 483 (MPa)

Tangent modulus, G~ 21 (GPa)

Elasto-plastic-thermo with thermal softening See the mechanical
and thermal parame-
ters in Tables 2.3 and
2.4

Table 2.3: Temperature-dependent mechanical material parameters [37]

Temperature, T (°C) Young’s Poisson’s  Yield Coefficient Hardening
modulus, ratio, v stress, 0, of ther- modulus,
E (GPa) (MPa) mal E p (GPa)
expan-
sion, «
(x 1076
oc—l)
24 213 0.295 483.0 9.89 22.7
230 201 0.307 485.1 10.82 26.9
358 193 0.314 418.8 11.15 21.3
452 172 0.320 332.4 11.27 15.6
567 102 0.326 151.1 11.31 6.2
704 50 0.334 45.0 11.28 1.0
900 43 0.345 13.4 11.25 0.1

2.2.2. POLYGONAL WHEEL PROFILE
The polygonal worn profile applied to the wheel model is assumed as a harmonic wave
given in equation (2.1):

Ry(0)=R+ A-sin(N-0) (0° <0 <360°) (2.1)

where R),(0) is the varying radius of a polygonal wheel; R is the original radius of a round
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Table 2.4: Temperature-dependent thermal material parameters [37]

Temperature, T (°C) Specific heat capacity, ¢ Thermal conductivity, A

(J/kg°C) (W/m°C)
0 419.5 8.53
350 629.5 5.84
703 744.5 4.32
704 652.9 4.31
710 653.2 4.29
800 657.7 3.57
950 665.2 3.86
1200 677.3 4.35

wheel; A is the amplitude of the polygonal wear; and N is the order number of the polyg-
onal wear. N = 68 is used in this study, corresponding to a wavelength of 6 mm, which is
consistent with the observed wear wavelength of the V-Track wheel shown in Figure 2.2.
0 is the corresponding angle in the polar coordinate. In this study, 8 also indicates the
angular displacement of the wheel rolling over the original position O, which increases
from 0 to 90 degrees in the simulations, as shown schematically in Figure 2.3.

Figure 2.2: Observed polygonal wear on a V-Track wheel with the cylindrical tread.

Wheel N N

0 e\‘
Rail

o o

Figure 2.3: The angular displacement that the wheel rolls over the rail in the simulation.

2.2.3. WEAR SIMULATION
Archard’s wear model has been proven to be reliable for wheel-rail contact-induced wear
predictions [51, 52]. It is employed in this study to predict wear development induced by
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polygonal wheel-rail impact, as given in equation (2.2):

Ar = k— 2.2
rkH (2.2)

where Ar is material loss depth, k is wear coefficient, N is normal contact stress be-
tween contact surfaces, S is relative sliding distance between two contact surfaces, and
H is Vickers’ hardness of the material. The wear coefficient k can be identified based
on the coefficient map presented in [51], along with the contact load and relative slid-
ing velocity calculated with the FE wheel-rail contact model. According to the wheel-rail
contact simulation results (to be presented in Section 2.4), the wear coefficient k is taken
as 1073, which is based on the measurement of the wear depth of the wheel in Figure 2.2.
The Vicker’s hardness H is 261 MPa, which was measured via a hardness test on a V-Track
wheel at ambient temperature. The thermal effect and influence of plastic deformation
on the hardness are ignored in the simulation. It should be noted that, within the stud-
ied temperature range, yield stress is temperature-dependent, and material hardness
is closely linked to yield stress, as shown in Table 2.3. When the temperature exceeds
230 °C, the material softens, leading to increased wear. If the accumulation of plastic de-
formation from multiple wheel passes is considered, the material hardness will increase.
Although the present study does not account for hardness variations, future wear cal-
culations will incorporate the temperature-dependent changes in material hardness to
improve the accuracy of the wear prediction. The wear depth of the wheel can thus be
calculated using equation (2.2) at each time step based on the FE simulation results, i.e.,
micro-slip and the surface contact stress.

2.3. MODEL VERIFICATION
ACCURATE calculations of contact are crucial for wear predictions. To verify the ac-
curacy of the FE contact solutions obtained in this study, they are compared to the
solutions calculated with the widely-accepted CONTACT program. Because CONTACT
deals with steady-state elastic contact without the consideration of the thermal effect,
the contact solutions obtained with the two elastic FE models (here named model E and
model E-POL, for the ones with the round and polygonal wheel profiles, respectively) are
compared to the CONTACT solutions in Sections 2.3.1 and 2.3.2. For model E-POL, the
amplitude of the polygonal profile A is 0.029 mm, which equals to 1/7 (the scale of the
V-Track) of the manufacturing tolerance of high-speed trains (where wheel polygons are
commonly observed)—0.2 mm [6].

2.3.1. ELASTIC CONTACT WITH A ROUND WHEEL

A 87.75N-m constant positive torque is first applied to model E, resulting in a traction
coefficient of 0.27. A partial-slip contact case could then be simulated (considering the
traction coefficient is smaller than the coefficient of friction 0.45 listed in Table 2.1),
which is a critical characteristic of the frictional rolling contact [53]. Figures 2.4(a), (b),
and (c) show the comparisons between the FE contact solutions (model E at instant
9.84 ms) and CONTACT results in terms of the traction bound (i.e., the normal stress F,,
times the coefficient of friction f), surface shear stress F;, and micro-slip distributions.
The slip and adhesion area within the contact patch can be distinguished by compar-
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ing the surface shear stress to the traction bound: the contact is in adhesion when the
surface shear stress is below the traction bound, and the contact is in slip when they are

equal.
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Figure 2.4: Comparisons between the contact solutions of the FE models and CONTACT program (The damp-
ing coefficient is denoted as ¢).

It could be seen that the contact stresses, i.e., the traction bound and surface shear
stress, calculated with the FE model and CONTACT agree reasonably with each other.
Differences are observed in the micro-slip calculations in the center line along the lon-
gitudinal axis (y = 0mm) and in the vector graph within the contact patch, as shown in
Figures 2.4(b) and (c), respectively. The differences may result from the dynamic effects
inherently involved in the FE modeling [48] but ignored in CONTACT. A better agree-
ment can be achieved when the dynamic effects are mitigated in the FE modeling, e.g.,
by applying a gradually increased functional driving torque to facilitate the dynamic re-
laxation [54, 55]. This study represents the torque applied to the FE model with a cosine
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function, as given in equation (2.3):

M
T(r) = { 20-cos(5) (2.3)
M, t=1

where T () is the time-dependent torque, ¢ is the running time of the wheel, M is the
maximum value of the torque, and fy is the duration required to reach M. The torque
keeps constant after M is reached. Here, M = 87.75N-m and f#y = 2ms. Figures 2.4(d)
and (e) show that when the functional torque is applied, the contact stresses and micro-
slips at y = 0mm calculated with the FE model and CONTACT have a better agreement.
However, Figures 2.4(c) and (f) show that in the FE contact solution, the micro-slips have
more significant lateral components close to the top and bottom edges of the contact
patch. To further mitigate the dynamic effects of the FE solutions, the Rayleigh damp-
ing coefficient used in the FE model is increased from 0.0001 to 0.1. Figures 2.4(g), (h),
and (i) compare the contact solutions obtained with the FE model E using the functional
torque and a larger damping coefficient of 0.1 to those obtained with CONTACT. Excel-
lent agreements are achieved, indicating that reliable contact solutions can be provided
by the proposed FE model.

2.3.2. ELASTIC CONTACT WITH A POLYGONAL WHEEL

The radius of curvature of the wheel in the rolling direction, as a critical input for CON-
TACT, is adjusted to represent a polygonal wheel, which can be calculated with equa-
tions (2.4) and (2.5) [56]:

()2 + ()"

x=R,(0) c.os(G) (2.5)
z=Rp(0)sin(0)

where k(0) is the radius of curvature of the wheel in the rolling direction, and @ is the an-
gular displacement of the wheel defined in Figure 2.3. x and z represent the longitudinal
and vertical coordinates of the node in the center line of the wheel tread (y = 0mm)
along the polygonal profile. x’ and z’ are the first-order derivatives. x” and z” are the
second-order derivatives. The contact solutions calculated with the elastic polygonal
wheel model, i.e., model E-POL, at 15 time steps (denoted as t1 to t15 in Figure 2.5) are
then analyzed in Figures 2.6 and 2.7. Figure 2.5 shows the wheel radial deviation from
the original radius of a round wheel (i.e., the worn profile defined in equation (2.1)) as
a function of angular displacement 8, which covers two wavelengths of the prescribed
polygonal wear. 15 time steps with an interval of 0.12 ms are selected for the analysis to
cover the wheel passage within one wavelength (between 36° and 41.5°). At t5 and t6,
two-point wheel-rail contact occurs, and the corresponding contact positions along the
wheel profile are indicated by the orange and pink vertical lines. Because prescribing the
four principal radii for contact geometry in CONTACT cannot deal with two-point con-
tact, only the FE contact solutions at t5 and t6 are displayed in Figures 2.6 and 2.7. The
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contact positions of the single-point contact cases (t1 ~ t4, and t7 ~ t15) are indicated by
blue vertical lines in Figure 2.5.
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Figure 2.6: Comparison between the contact stresses of the FE model E-POL and CONTACT.

It can be seen from Figure 2.6, that the contact stress varies significantly from t1 to
t15 with the change of the wheel contact radius. The proportion of the adhesion area in-
creases slightly from t1 to t4. The surface stresses are not continuous at instants t5 and t6
due to the two-point contact. At instant t5, partial slip occurs in the ‘left’ contact patch,
while the adhesion area occupies the whole ‘right’ contact patch. At instant 6, the ‘left’
contact patch is in slip, and partial slip occurs in the ‘right’ contact patch with a small
proportion of slip area. A wheel-rail impact occurs after two-point contact, indicated
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Figure 2.7: Comparison between the micro-slip along the axis (y=0 mm) of the FE model E-POL and CONTACT.

by a significant increase in contact area as well as a high proportion of adhesion area at
instants t7 ~ t8. A similar phenomenon has been observed when simulating a wheel-rail
impact at an insulated rail joint [53]. The proportion of the adhesion area then decreases
from t9 to t15 due to the rebound effect.

In Figure 2.6, the traction bounds, especially the maximum normal contact stress,
calculated with the FE model are generally in line with the results calculated with CON-
TACT, despite the presence of the polygonal profile. However, it is worth noticing that at
t7 and t8 the peak normal contact stress moves forward to the leading side of the contact
patch in the FE solutions due to impact, where the dynamic effects play an important
role. The dynamic effects may also influence the maximum shear stress located at the
border of the slip and adhesion regions: the FE solutions are lower from t7 to t15.

The corresponding micro-slip distributions along the longitudinal axis of the con-
tact patch (y = 0mm) calculated with the FE model and CONTACT are compared in Fig-
ure 2.7. The peak values of the micro-slip calculated with CONTACT are higher than the
FE solutions, similar to the case shown in Figure 2.4(b). The difference in the calculated
micro-slips is also believed to be attributed to the dynamic effect since it can be effec-
tively mitigated by applying a functional torque, as shown in Figures 2.4 (e) and (h). Here,
in Figure 2.7, although the functional torque has been applied in the FE simulation, the
dynamic effect can still be remarkable because of the wheel polygonal profile and con-
sequently the variation in contact geometry. The deviation in the micro-slip solutions
suggests that the FE contact modeling with a better representation of dynamic contact
should be applied to the polygonal wheel-rail impact contact study and further predic-
tion of polygonal wear development.
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2.4. RESULTS AND DISCUSSIONS

2.4.1. SIMULATION CASES

Simulations using different wheel/rail material properties and wheel profiles are then
conducted to investigate the influences of plasticity, thermal effect, and wheel polygo-
nization on wheel-rail contact stress distributions and consequent wear development
with a single wheel passage. Cyclic wheel loading, the accumulation of contact temper-
ature, and their influences on polygonal wear growth can be analyzed using the explicit
FE approach [57] in future research. Three different wheel/rail material properties (listed
in Table 2.2) are applied to the FE models, as summarized in Table 2.5. Corresponding
to the three material models, the FE wheel-rail contact models are named after E-POL,
EP-POL, and EPT-POL, respectively. Note that model E-POL used here is the one used
also in Section 2.3 but with a different setup of torque: a larger torque of 162.50 N-m is
applied to model E-POL, as well as the other two models, in this section to achieve full
slip wheel-rail contact. This is necessary for the examination of thermal effect, which
plays a significant role when the wheel-rail slip ratio is high [37, 38]. Three different am-
plitudes of polygonal profiles are then applied to model EP-POL and model EPT-POL,
and the results are compared in Section 2.4.3 to examine the influence of initial defects
on wear development.

Table 2.5: Simulation models with polygonal profile and different material properties.

Material type Simulation models (abbrevia- Initial wear amplitude
tion) A (mm)

Elastic E-POL 0.2

Elasto-plastic EP-POL 0.1,0.2,0.3

Elasto-plastic-thermo EPT-POL 0.1,0.2,0.3

with thermal softening

2.4.2. CONTACT STRESS AND WEAR

2.4.2.1 RESULTS AT ONE TIME STEP

Section 2.3 has demonstrated that the presented FE contact model is able to provide
reliable elastic contact solutions for polygonal wear analysis. In this section, we first
compare the normal contact stress and wear depth calculated with the three FE models
listed in Table 2.5 at two different time steps (denoted as t1 and t2 in Figure 2.10 and
Figure 2.11) because different wear phenomena are observed. The results are shown in
Figure 2.8 and Figure 2.9, respectively. Because full slip wheel-rail contact is simulated,
where the surface shear stress equals the traction bound and a constant coefficient of
friction is used in this study, the distributions of the normal contact stress and shear
stress follow the same pattern.

Figure 2.8(a) shows that the normal contact stress obtained with the elastic model
(i.e., model E-POL) is higher than those of the elasto-plastic models (i.e., model EP-POL
and model EPT-POL), and the stress distributions are symmetrical in the elastic contact
solutions, whereas the peak values shift forward in the elasto-plastic solutions. These
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Figure 2.8: Simulated normal contact stresses and wear depths in a single contact patch (at instant t1) using
different material models.

correspond well to the results reported in [30, 53]. The flash temperature simulated with
model EPT-POL along the longitudinal center line of the running band (y = 0 mm) is
also displayed in Figure 2.8(a), as denoted by the triangular markers. The temperature
increases from the leading area to the trailing area, which is consistent with the result
simulated in [58, 59], because the cool material from the wheel and rail enters the contact
patch from the leading area and is heated up gradually due to the friction within the
contact patch. In line with the results reported in [37], the peak normal contact stress
simulated with model EPT-POL is higher than the pure mechanical solution obtained
with model EP-POL due to the thermal softening and thermal expansion/contraction
stress. At the central area of the contact patch (the longitudinal position x ranges from
0 to 0.5mm, as denoted in Figure 2.8), where the material yields due to high contact
pressure and the flash temperature is around 150 °C, the normal contact stress obtained
with model EPT-POL is higher, partly because the hardening modulus and the coefficient
of thermal expansion increase with temperature in the range between 24 °C and 230 °C,
as indicated in Table 2.3.

A similar trend can be seen in the wear depth results shown in Figure 2.8(b). Accord-
ing to Archard’s wear model given in equation (2.2), wear depth is proportional to the
normal contact stress when the wear coefficient is determined. In addition, the sliding
distance, or the micro-slip in this case indicated by the pink curves (dotted, dashed and
solid) in Figure 2.8(b), contributes to the calculation of wear depth. We can see that the
micro-slips of model E-POL and model EP-POL are close to each other, whereas the peak
wear depth obtained with model E-POL is larger due to the higher normal contact stress.
When the thermal softening is considered, the micro-slip is significantly increased (solid
curve representing model EPT-POL). In combination with the increased normal contact
stress shown in Figure 2.8(a), the wear depth calculated with model EPT-POL is signif-
icantly larger than that obtained with the model EP-POL. This indicated that the maxi-
mum wheel-rail normal contact stress and wear are overestimated without considering
material plasticity (E-POL vs EP-POL/EPT-POL), whereas they can be underestimated
without considering thermal effects (EP-POL vs EPT-POL).

The results calculated at a later time step (i.e., instant t2) as shown in Figure 2.9,
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Figure 2.9: Simulated normal contact stresses and wear depths in a contact patch (at instant t2) using different
material models.

present a more significant difference in the calculated normal contact stress obtained
with model EP-POL and model EPT-POL. That is because the flash temperature calcu-
lated with model EPT-POL at this step is higher, about 200 °C at the center of the contact
area. As to the results shown in Figure 2.9(b), despite the smaller normal contact stress,
the wear depth obtained with model EP-POL is greater than that of model EPT-POL, due
to the remarkably larger micro-slip (dashed curve) than that of model EPT-POL (solid
curve). This suggests that, again, the maximum wheel-rail normal contact stress is un-
derestimated without considering thermal effects (EP-POL vs. EPT-POL), whereas the
wear depth can be either underestimated (Figure 2.8(b)) or overestimated (Figure 2.9(b)),
depending also on the value of micro-slip.

2.4.2.2 RESULTS ALONG THE WHEEL PROFILE
The analysis of results at one time step (Section 2.4.2.1) indicates the contact stress and
wear depth may differ with time and slip ratio, the results along a section of wheel pro-
file are thus analyzed in this section. In Figure 2.10, the maximum normal contact stress
calculated with the three models at a series of time steps (with an interval of 0.06 ms)
are plotted as curves with markers against the polygonal wheel profile plotted as a solid
curve. The markers indicate the peak values of the wheel-rail normal contact stress cal-
culated at the time steps of concern. In order to visualize the results of different material
models at the same time step, particularly the results obtained with model EP-POL and
model EPT-POL, a series of curves characterized by an alternating pattern of solid and
hollow dots has been plotted. For instance, the blue hollow dot and the red hollow dot
below it represent the results of the same time step at t1 and t2. The lateral axis indicates
the angular displacement that the wheel rolls over the rail, i.e., # shown in Figure 2.3,
which covers three wavelengths of the polygonal profile. The maximum normal stress
curves with markers are not continuous at the troughs of the wheel profile, because the
troughs of the wheel profile have no contact with the rail, and two-point contact occurs
atlocations close to the trough, as presented in Section 2.3.2.

Along the wheel rolling direction, the area after the trough and before the next profile
crest is identified as the ‘uphill’ area, whereas the ‘downhill’ area is located after the crest
and before the next trough. In general, the normal contact stress increases along the
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Figure 2.10: The maximum normal contact stress and temperature in each contact patch along the wheel
profile.

‘uphill’ profile and decreases along the ‘downhill’ profile with the variation of the wheel-
rail contact geometry. This finding can be supported by [39], where a similar trend of
the wheel-rail contact stress along the corrugated rail was presented. The difference be-
tween the elastic and elasto-plastic solutions are as follows: at most of the locations, the
normal contact stresses calculated with the elastic model (E-POL) are higher than those
calculated with the elasto-plastic models (EP-POL and EPT-POL), which is consistent
with the one-time-step results presented in Section 2.4.2.1; the normal contact stress
peaks of all the time steps obtained with the elasto-plastic models (EP-POL and EPT-
POL) are not at the crest of the polygonal profile, but a bit forward at the ‘downhill’ area
compared to the results calculated with model E-POL. That is because the maximum
magnitude of the contact stress is located in the leading part of the wheel-rail contact
patch when plastic deformation occurs [30, 53].

To examine the effect of temperature, we may see again that the normal contact
stress simulated with model EPT-POL is higher than the pure mechanical solution ob-
tained with model EP-POL, also in line with the one-time-step results. Note that the
difference occurs mainly at the ‘downhill’ area of the polygonal profile. This is because
the temperature induced by wheel-rail contact at the ‘downhill’ area is higher. The simu-
lated flash temperatures along the polygonal profile are also displayed in Figure 2.10, as
denoted by the orange triangular markers. The triangular marker shows the peak flash
temperature within the contact patch at the corresponding time step. It can be seen
that the temperature presents a periodic pattern along with the polygonal profile: the
temperature is low at the locations just after the wheel profile trough, because of the
two-point contact; and it goes up gradually and reaches the highest amplitude before
decreasing slightly near the next trough. At the ‘uphill’ areas, the friction power which
generates contact heat is lower because of the lower friction force (contact stress). It thus
causes lower flash temperature. The heat is then accumulated with the increase of fric-
tion force, which causes the increase in temperature. When the contact position is at
the ‘downhill’ area approaching the trough, the contact stress, and thus friction power
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(i.e., shear contact stress times micro-slip, which is not shown), decrease significantly
(blue curve in Figure 2.10), causing a reduction in the rate of temperature increase and
the drop of contact temperature near the trough. While the friction power levels at cer-
tain positions at both the ‘downhill’ and ‘uphill’ areas are comparable, the temperature
at the ‘downhill’ region is higher. This phenomenon can be attributed to the fact that
contact temperature is influenced by both friction power and thermal conduction from
adjacent positions [60, 61]. The increased temperature of the wheel and rail at the ‘down-
hill’ area from the preceding time step rapidly propagates to the current materials in the
contact patch, predominantly contributing to the higher contact temperature. The sim-
ulated peak contact temperature at the three waves of the analyzed polygonal profile are
362°C, 315°C, and 275°C, respectively. These simulation results agree reasonably with
the experimental results obtained from an ongoing measurement conducted in the V-
Track using an infrared camera. A comprehensive analysis of the measured results and
the testing methodology will be presented in a follow-up paper.

The wear depths along the wheel polygonal profile simulated with the three mod-
els are compared in Figure 2.11. The maximum wear depth calculated at the same time
steps as those in Figure 2.10 are plotted with a series of curves featuring an alternat-
ing pattern of solid and hollow dots markers against the polygonal profile of the wheel
and the flash temperature. By comparing Figure 2.10 to Figure 2.11, an obvious differ-
ence can be noticed: the wear depth results have two peaks in each wavelength of the
wheel polygonal profile, no matter what material is used. The formation of the two peaks
could be related to the longitudinal compression mode of the V-Track rail with modal
frequency of 2300~2700 Hz [62]. The wheel profile at the locations of the two peaks of
wear depth may experience heavier material loss, and be developed into new troughs,
as presented in [63]. The wear depth peaks calculated with the elastic model (E-POL)
are significantly larger than those calculated with the elasto-plastic models (EP-POL and
EPT-POL) due mainly to the higher contact stress. In addition, the positions of the two
peaks and the dip calculated with the elasto-plastic models shift forward to the ‘down-
hill’ area in comparison with the results of the elastic model. The dips between the two
peaks of wear depth are located at the profile crest in the elastic simulation case, but a bit
to the ‘downhill’ area in the elasto-plastic cases. This suggests that in the elastic contact
case, the crests of the polygonal profile are less worn than the areas close by, and could
thus be developed into higher-amplitude crests in the further cycles; and in the elasto-
plastic case, the low-worn positions occur close to but after the crests of the polygonal
profile.

By comparing the results of the two elasto-plastic models (EP-POL and EPT-POL),
the thermal effect increases the 2nd peaks of wear depth, which are also located at the
‘downhill’ areas of the wheel polygonal profile where the simulated contact temperature
is higher. The wear solutions presented in Figures 2.8(b) and 2.9(b) correspond to the
results at t1 and t2 in the second wave. It can thus be concluded that the thermal effect
increases the wear depths of the 2nd peak at the ‘downhill’ area along the wheel profile,
but the wear depth can be overestimated after the 2nd peak at the ‘downhill’ area with-
out considering the thermal effect. The wear depth increased by the thermal effect of
the 1st peak is not significant because lower contact temperature does not significantly
influence the material properties. The thermal effect should be considered when a high
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Figure 2.11: The maximum wear depth and temperature in each contact patch along the wheel profile.

contact temperature can be reached.

2.4.3. INFLUENCE OF THE INITIAL DEFECT AMPLITUDE

This section investigates the influence of initial defect amplitude on the development of
polygonal wear. Three amplitudes of initial wheel polygonal profiles are applied to the
elasto-plastic models (EP-POL and EPT-POL): A = 0.014mm, 0.029mm, and 0.043mm
(1/7 scaled down from 0.1 mm, 0.2 mm, and 0.3 mm), denoted by Profile-1, Profile-2 and
Profile-3 in Figure 2.12, respectively. Figure 2.12 also displays the simulated wear depths
along the prescribed initial profiles. In the legend, EP-POL-1 represents the wear depth
simulated with model EP-POL with Profile-1, etc. We may see from Figure 2.12 that the
simulated wear depth peaks increase with the initial wear amplitude, suggesting that
the development of polygonisation is an accelerating progress: the larger the polygonal
wear, the faster the development is [63]. In addition, the 1st peak and 2nd peak of the
wear depth move closer to the crest of the profile with the increase of initial wear am-
plitude, which indicates that locations at these peaks suffer from large-amplitude wear
and result in the development of new polygonal profile. Furthermore, for all the simu-
lation cases, the wear depth simulated with model EP-POL is smaller than that of model
EPT-POL at the 2nd peak along the wheel profile where the wheel-rail contact-induced
temperature is high.

2.5. CONCLUSIONS

To investigate the development of wheel polygonal wear, this study simulates impact
contact between the polygonal wheel and rail using an FE thermomechanical analysis.
The elastic contact solutions with a round and a polygonal wheel profile are verified
against the CONTACT program. The contact stress, temperature, and development of
wheel polygonal wear are then investigated. Simulations with different materials (elas-
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tic, elasto-plastic and elasto-plastic-thermao, i.e., with thermal softening) and initial am-
plitudes are conducted to examine the influences of plasticity, thermal effect, and initial
defects on the wheel-rail contact stress distributions and consequent wear development.
The following conclusions can be drawn from this study:

The normal contact stress simulated with thermomechanical model is higher than
the pure mechanical solution involving plasticity due to the thermal softening
and thermal expansion/contraction stress, especially at locations after the crest
of polygonal profile, where the contact temperature is high. The wheel-rail impact
contact stress can thus be underestimated without considering thermal effects.

Within a contact patch, the contact temperature increases from the leading area to
the trailing area, because cool materials enter the contact patch from the leading
area and are then heated up during frictional rolling.

The contact temperature presents a periodic pattern along with the polygonal pro-
file: the temperature is low at the locations just after the wheel profile trough and
it goes up gradually and reaches the highest amplitude before decreasing slightly
near the next trough. The simulated peak contact temperature at the three waves
along the polygonal profile are 362 °C, 315 °C, and 275 °C, respectively.

The material model influences wear depth calculation. The peaks of wear depth
can be significantly overestimated when elastic model is used. The consideration
of thermal effect increases the peaks of wear depth, especially when the contact
temperature is high.

The simulated wear depth peaks increase with the initial polygonal wear ampli-
tude, suggesting that with the increase of wear amplitudes, the development of
polygonization is accelerated.
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INFRARED TEMPERATURE
MEASUREMENT OF WHEEL-RAIL
FRICTIONAL ROLLING CONTACT UP
TO HIGH SLIP RATIOS

Thermal loading resulting from wheel-rail frictional heat accelerates wear, plastic defor-
mation, and fatigue, especially under high contact temperatures. Accurate measurements
of wheel-rail contact temperature are thus crucial for understanding and preventing ther-
mal damage. Existing studies have commonly assessed wheel-rail contact temperatures
experimentally in a relatively low range (below 200 °C), while higher temperatures that
cause severe thermal damage have been rarely measured. To fill this gap, this work de-
velops a measurement system in the V-Track test rig, which can reproduce and capture
wheel-rail frictional rolling contact temperatures up to 1200 °C. In this measurement sys-
tem, a high-precision infrared thermal camera was mounted on a moving wheel assembly
to continuously measure the wheel-rail contact temperature in the running scenario. A
wheel braking process was simulated by applying a controllable negative wheel torque,
which generated slip ratios from 2% to 99%. To ensure the accuracy of the temperature
measurement, an emissivity calibration of the V-Track rail samples was conducted. The
calibrated rail emissivity values are 0.83 at 600 °C and 0.43 at 950 °C. The V-Track test re-
sults revealed that the wheel-rail contact temperature generally rose with slip ratios and
reached up to 1000 °C with a slip ratio of 99%. When the slip ratio reached 40%, a “wheel
flat” was formed with the wheel-rail contact temperature around 624 °C, followed by a
rapid drop as the “wheel flat” exited the contact area. This research demonstrates the reli-
ability of the developed system in the high-temperature measurement induced by wheel-
rail contact and may serve as a reference for calibrating and validating thermal contact
and damage numerical models.

This chapter has been submitted for international journal publication.
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3.1. INTRODUCTION

RICTION between the wheel and rail plays an important role in train traction, brak-
F ing, and curve negotiation. However, the frictional heat generated at the wheel-rail
interface and the resultant thermal stresses are undesirable, particularly at high slip ra-
tios [1]. Thermal loading is detrimental to the wheel and rail materials because it greatly
expedites wear, causes plastic deformation, and causes fatigue [2]. Some typical thermal
damage examples are shown in Figure 3.1: rail burn (Figure 3.1(a)), a wheel flat (Fig-
ure 3.1(b)), and thermal cracks at the wheel tread and rail top surface (Figures 3.1(c)
and (d)). When subjected to high contact temperatures (e.g., 200 °C ~ 250 °C [3] and ex-
ceeding 350 °C [4]) with high slip ratios, rail material can get easily worn due to thermal
softening [3, 4]. Rail burn and wheel flats, accompanied by significant plastic deforma-
tion, are caused by wheel-rail sliding under extremely high temperatures [5]. Moreover,
thermal loading may accelerate wheel and rail fatigue by altering material properties,
e.g., decreasing the elastic and shakedown limits and making the steel susceptible to pro-
gressive plastic deformation and cracks [6]. Additionally, contact temperatures around
720 °C and higher [7, 8] may induce microstructural transformations in the material,
leading to the thermally-induced white etching layer (WEL) [9]. The inclusion of brittle
martensite in the WEL then makes the material more prone to cracking. The thermal
damage at the wheel-rail interface greatly increases maintenance costs and impacts the
safety of train operations. To better understand and prevent thermal damage, it is cru-
cial to accurately assess the thermal effects at the wheel-rail interface. For this purpose,
areliable measurement of wheel-rail contact temperature is a prerequisite.

Both contact and non-contact methods have been developed to measure temper-
atures at the contact interfaces. The contact methods commonly utilize thermocou-
ples, while the non-contact methods generally employ infrared thermal cameras [13].
Different test setups using thermocouples have been designed to measure contact tem-
peratures. For instance, the thermocouples can be embedded into pre-drilled holes in
a pin-on-disc setup to identify temperature fields and heat fluxes at the contact sur-
face [14]. Tt should be noted that the thermocouple was located 1 mm below the con-
tact surface in this setup and thus captured temperatures lower than those on the sur-
face. Additionally, drilling holes into contact objects may alter their contact stiffness and
stress distributions, leading to unrealistic contact conditions. Instead of being embed-
ded, thermocouples can also be attached to the side faces of contact bodies close to the
contact patch [15]. Such an implementation is, however, not suitable for real-life appli-
cations with complex contact geometries. In addition to the thermocouples placed near
the contact patch, the thin-film thermocouples have been placed directly on the con-
tact surfaces to measure the contact temperature. The thin-film thermocouples were
designed based on a pin-on-flat wear test rig to measure the surface temperature distri-
bution under a normal load of 100 N and a temperature below 150 °C [16]. The thin-film
thermocouples need to be firmly attached to the contact surfaces for accurate measure-
ments [17, 18]. However, wheel-rail contact introduces high contact pressure and shear
stress, potentially leading to wear, damage, or detachment of thin-film thermocouples,
and thus affecting measurement results. Besides, it should be noted that the discrete
distribution of thermocouples provides temperature information only at specific points;
therefore, the thermocouples cannot be handily used to capture continuous tempera-
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Figure 3.1: Typical wheel and rail damage caused by thermal loading. (a) Rail burn [10]; (b) wheel flat [11]; (c)
thermal cracks on the wheel tread [12]; (d) thermal cracks in a squat [8].

ture distributions, especially in the contact areas with large temperature gradients.

As to the non-contact methods, infrared thermal cameras have been employed to
monitor the temperature field close to the wheel-rail interface. In [19], an infrared ther-
mal camera was mounted on a vehicle body behind a trailing wheel to measure wheel-
rail contact positions as the train navigated switches and crossings. The technique in [19]
was improved in [20] by mounting a thermal camera on the bogie, to avoid correcting the
viewing angle caused by the yaw angle difference between the vehicle body and bogie.
Digital image processing technology was then applied to process the camera-recorded
thermal images to identify the positions of wheel-rail contact points. In [21], a thermal
camera was mounted on the tram to monitor wheel and rail contact conditions by ana-
lyzing the thermal images. It is worth noting that the studies in [19-21] focused mainly
on identifying wheel-rail contact points based on thermal images, with little attention
paid to the absolute levels of contact temperature. In [3, 22], a thermal camera with a
range from -20 °C to 350 °C was used in a twin-disc test rig in the lab to measure contact
temperatures with slip ratios from 0.2% to 5%. Although the twin-disc experiments al-
lowed precise control of contact conditions, such as the slip ratio, they had limitations in
simulating the real-life wheel-rail dynamic contact [22]. Besides, the maximum contact
temperature measured in [22] is below 200 °C. Therefore, investigations of wheel-rail dy-
namic contact with higher contact temperatures (e.g., higher than 498 °C [23]) are still
needed to provide insights into the development of thermal damage.

In this study, an innovative measurement system was developed in the TU-Delft V-
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Track test rig [24, 25] to reproduce and capture high contact temperatures up to 1200 °C
at the wheel-rail interface. An infrared thermal camera was mounted on a moving wheel
assembly, enabling a continuous measurement of contact temperature. Compared to
the previous studies using thermal cameras [3, 19-22], a more sensitive and precise cam-
era was used in this study to capture the transient thermal phenomena that occur within
short time frames, e.g., the cooling process. A braking process was simulated in the V-
Track with slip ratios from about 2% to 99%. An emissivity calibration of the V-Track
rail samples was conducted to ensure the accuracy of the temperature measured with
the infrared thermal camera. The structure of this paper is organized as follows. Sec-
tion 3.2 details the experimental methodology of the wheel-rail contact temperature in
the V-Track test rig. Section 3.3 outlines the process of the rail emissivity calibration.
Section 3.4 presents and analyzes the contact temperature measurement results in the
V-Track. Finally, Section 3.5 summarizes the main conclusions of the study.

3.2. EXPERIMENTAL METHODOLOGY

In this section, we introduce the structure of the V-Track test rig, the developed temper-
ature measurement system using an infrared thermal camera, and the test procedure.

3.2.1. V-TRACK TEST RIG

The downscale V-Track test rig has been developed to simulate and investigate real-
life wheel-rail frictional rolling contact and related problems [26, 27]. As shown in Fig-
ure 3.2(a), the V-Track test rig consists of a ring track system and two wheel assemblies,
W1 and W3, which are connected to a driving steel frame centered on the ring track. W3
is positioned on the opposite side of the driving steel frame relative to W1. Propelled by a
motor through the driving steel frame, the wheel assemblies can run along the ring track
at a speed of up to 40km/h. Another motor provides a negative/positive torque to the
wheels through torsional shafts to simulate train braking/traction.

A close-up view of the V-Track wheel assembly and track system is illustrated in Fig-
ure 3.2(b). The cylindrical wheels have a radius of 65 mm, about 1/7 scale to a passen-
ger train wheel. The wheels are preloaded on the ring track by two suspension springs.
The ring track has a radius of 2m, consisting of five rail sections with four rail grades
(i.e., B360, R370, R350 HT, and R260) connected by the joints J1 ~ J5, as shown in Fig-
ure 3.2(c). The rails have the same profile, with a head curvature radius of 60 mm. The
rails are fixed to 100 evenly-distributed sleepers through fastenings, and the sleepers are
supported by the “ballast” and the subgrade, which are represented by the rubber pads
and plywood layers, respectively. To ensure identical wheel/rail material and thermo-
mechanical behaviors to the field, the rails and wheels used in the V-Track were cut from
actual rail heads and wheel rims. The coefficient of friction between the wheel and the
rail was about 0.45. More parameters of the V-Track test rig can be found in [28].

The wheel-rail contact forces in three directions can be recorded in the V-Track us-
ing dynamometers [25], with a sampling rate of 16.67 kHz. Two separate encoders with
a data acquisition rate of 16.67 kHz were installed in the test rig to obtain the angular
velocities of the driving steel frame and the wheel axle. The measured slip ratio can be
calculated by equation (3.1):
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Figure 3.2: The experiment setup for contact temperature measurement in the V-Track test rig. (a) an overview
of the V-Track equipped with an infrared thermal camera; (b) a close-up view of the V-Track wheel assembly,
track system, and the installation of the infrared thermal camera; (c) a schematic of the ring track system; (d) a
schematic of the setup for contact temperature measurement.
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where S denotes the slip ratio, wy is the angular velocity of the wheel under a free rolling
contact condition (i.e., when the wheel translation velocity equals the wheel circumfer-
ential velocity), V), is the wheel translation velocity corresponding to wy, w is the wheel
angular velocity measured under different slip conditions, and r is the wheel radius.

3.2.2. TEMPERATURE MEASUREMENT SYSTEM

A measurement system was implemented in the V-Track to capture wheel-rail contact
temperature, which consisted of an infrared thermal camera, a laptop for remote control,
and a customized steel (mounting) frame, as shown in Figure 3.2(a) and Figure 3.2(b). A
high-precision FLIR X6900sc infrared thermal camera [29] was used in this study, with
its specifications detailed in Table 3.1. The camera incorporates multiple temperature
measurement ranges, namely 10°C ~ 90°C, 80°C ~ 120°C, 250°C ~ 670°C, and 600 °C
~ 1200 °C. With a spectral range of 3.0 um ~ 5.0 um, this camera is most sensitive to the
temperature range of 300 °C ~ 700 °C, where the highest image quality and temperature
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resolution can be provided [30]. This camera can capture images with a high resolution
of 640 x 512 pixels at a rate of 1000 frames per second (i.e., 1000 Hz), suitable for cap-
turing transient contact temperature during wheel-rail dynamic interactions. For higher
temperature measurement ranges (i.e., 250 °C ~ 1200 °C), the camera was installed with
a four-position motorized filter to isolate specific wavelengths of light and to modulate
the quantity of incoming radiation to the camera sensor [31]. Limited to the storage ca-
pacity of the camera, it captured 20 s of data at a sampling frequency of 1000 Hz per test.
Each data file thus contains 20,000 thermal images allowing for individual analysis of
each frame.

Table 3.1: Specifications of the FLIR X6900sc camera [29]

Parameter Value

Resolution 640 x 512 pixels

Spectral range 3.0 ~5.0pum

Temperature range 10 ~ 90 °C, 80 ~ 120 °C, 250 ~ 670 °C, 600 ~ 1200
°C

Accuracy +2°Cor + 2% of reading

Lens 3 ~5um: 25 mm

Focus Manual

Filtering Filter wheel, standard 1-inch filters

Frame rate (Full Window) pro- 0.0015 Hz to 1004 Hz

grammable

On-camera image storage RAM (volatile): 16 GB, full frame

To continuously monitor the wheel-rail contact temperature, the infrared thermal
camera was mounted onto a customized steel frame on the trailing side of W1, as shown
in Figures 3.2(a) and (b). To position the camera as close as possible to the wheel-
rail contact point and avoid a collision with the rail, a small projection angle 8 = 11°
was selected, as schematically shown in Figure 3.2(d). This angle represented the an-
gle between the projection line of the camera and the horizontal axis. The distance be-
tween the center of the camera-targeting patch and the camera lens (denoted as [ in Fig-
ure 3.2(d)) was 0.29 m. Being screwed onto the customized steel mounting frame, with
the red belts providing extra protection, the camera maintained the same travel speed
as the wheel assembly and focused specifically on the wheel-rail contact region. This
measurement setup allowed for capturing the rail surface temperature field just 4.5 mm
behind the trailing edge of the contact area. The laptop was placed on the driving steel
frame and was remotely controlled for data acquisition.

3.2.3. TEST CONDITIONS AND PROCEDURE
This study measured the wheel-rail contact temperature during a wheel braking process
with a broad range of slip ratios up to 99% to gain insights into the development of ther-
mal damages in practice. The specific test conditions are as follows.

The vertical (normal) wheel load (F,;) was about 4000 N, resulting in a maximum con-
tact pressure of 1.01 GPa, similar to the field conditions. The angle of attack was mini-
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mized to reduce the wheel-rail lateral contact force, simulating the wheels running on
straight tracks. The wheel running speed was 16 km/h. A nominal braking torque (M)
up to 120 N-m was applied to the wheel to generate slip ratios ranging from 2% to 99%.

Temperature data were recorded with the camera for 20 s, during which the wheel
assembly completed about seven cycles along the ring track. During the test, the tem-
perature measurement range 250 ~ 670°C was initially applied. At a certain moment
(around 11.3s), the observed temperature reached the upper limit, and the measure-
ment range was then manually adjusted to 600 ~ 1200 °C to capture higher contact tem-
peratures. After the test, severe thermal damage was observed on both the wheel and
rail surfaces, as shown in Figure 3.3.

X
(W

Figure 3.3: Severe thermal damages on the wheel and rail of the V-Track after the test. (a) Severe wear and
plastic deformation on the wheel; (b) severe wear and plastic deformation on the rail.

3.3. CALIBRATION OF RAIL EMISSIVITY

Emissivity represents the efficiency factor of thermal radiation emission from the surface
of an object [32]. The infrared thermal camera needs an input of the emissivity value of
the target object beforehand in order to achieve reliable thermal measurements. The
factory calibration of the infrared thermal camera used in this study was performed us-
ing a black target, whose spectral emissivity at room temperature (25 °C) is quantified as
1.0 [33]. In practice, the emissivity of most objects is below 1.0, determined by e.g., mate-
rials, surface roughness, and spectral wavelengths [34]. In this section, the emissivity of
the rail samples of the V-Track was calibrated using the infrared thermal camera before
the contact temperature measurements.

3.3.1. EXPERIMENT SETUP FOR RAIL EMISSIVITY CALIBRATION

Figure 3.4 shows the experimental setup for the emissivity calibration of rail samples
using a temperature-controlled furnace (Heraeus MR 170 E) and the infrared thermal
camera. This furnace was capable of providing a controllable thermal environment up to
1200 °C. The emissivity of the rail samples can be determined by adjusting the emissivity
value in the infrared thermal camera until it matched the baseline temperature provided
by the furnace. Two pieces of rail samples made of R260 and R350HT were tested, iden-
tical to those used in the V-Track test rig, ensuring that the calibration aligned with the
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subsequent temperature measurements. Half of the rail samples were coated with lay-
ers of thermographic paint [35] to avoid the influence of light reflection on the emissiv-
ity measurement [36]. Considering that the paint can be abraded during the wheel-rail
frictional rolling contact test, the emissivity of uncoated rails were also calibrated, and
compared to the coated cases to assess the impact of the coating on rail emissivity.

Emissivity calibrations were conducted under two distinct thermal conditions: 1)
samples were heated to 600 °C, and 2) samples were heated to 950 °C. These conditions
were designed according to the estimated contact temperature of the V-Track in high
slip ratios from numerical modeling, which employed the same method as in [37]. The
furnace was maintained at these two temperatures for 30 minutes to achieve a uniform
sample temperature. The infrared thermal camera was positioned close to the furnace
(0.6 m between the rail samples and the lens), as illustrated in Figure 3.4(c). Before the
tests, the temperature range of the camera was pre-set to 250°C ~ 670 °C and 600 °C ~
1200 °C, respectively. To minimize the thermal dissipation of the rail samples to the sur-
rounding air, the camera began recording when the rail samples were being moved out
of the furnace.

Figure 3.4: Emissivity calibration of the rail samples made of R260 and R350HT. (a) Rail samples before heating;
(b) rail samples after heating up to 950 °C; (c) experimental setup for temperature measurement.

3.3.2. CALIBRATION RESULTS

Figure 3.5 shows the thermal images of the rail samples in the two heating conditions,
i.e., at 600 °C and 950 °C. After being heated for 30 minutes in the furnace, the rail sam-
ples can be assumed to have reached thermal equilibrium, meaning that the tempera-
ture at each point of the samples was equal to the furnace setting. However, as shown
in Figure 3.5, two distinct areas were observed on the rail heads, corresponding to the
areas with and without coating. This difference was caused by the different emissivity
values each had. The temperatures in Figure 3.5 were calculated based on the emissivity
of rail samples without coating. Meanwhile, it was observed that at the junction of the
rail foot and web the average temperature was higher compared to the rail head. This
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can be attributed to that at the junction area the more complex interactions of convec-
tion, conduction, and radiation facilitate localized heat accumulation [38]. In addition,
the two rail samples made of R260 and R350HT exhibited similar temperature distribu-
tions in both thermal conditions, indicating that the rail emissivity is insensitive to the
steel grades.

1097°C

1048

. 817
.

542

Figure 3.5: Thermal images of the rail samples under two heating conditions. (a) Rail samples were heated to
600 °C; (b) rail samples were heated to 950 °C.

The rail emissivity in these two cases was calibrated on the rail head, where wheel-
rail interactions occur. Five regions of interest (ROIs) were defined on the heads of both
coated and uncoated rails under each heating condition. To clearly display the ROIs,
Figure 3.5 shows only one ROI, denoted by a small square, in each region. The local
emissivity of rail samples was derived by adjusting the emissivity in the camera until
the average temperature in ROI matched the furnace heating temperature. To minimize
the random errors caused by uneven temperature distribution, the emissivity of samples
was determined by averaging the values from the five ROIs.

Figure 3.6 shows the calibration results in these two thermal conditions. For the rail
samples heating up to 600 °C, the calibrated emissivity values for the surfaces with and
without coating were 0.72 (with a standard deviation of 2%) and 0.83 (with a standard
deviation of 4%), respectively; at 950 °C, the corresponding values were 0.56 (with a stan-
dard deviation of 2.7%) and 0.43 (with a standard deviation of 3.1%). The emissivity of
the coating rails was lower at 600 °C, but higher at 950 °C. This opposite trend could be
due to the significant oxide layer in the uncoated rails when heating to 950 °C, as shown
in Figure 3.4(b), which reduced the emissivity. The oxide layer, indicated by an oval in
Figure 3.5(b), contributed to uneven temperature distributions on the uncoated rail sur-
face, leading to greater uncertainty in the measured emissivity. To minimize this effect,
ROIs were carefully selected to avoid areas with visible oxidation. The calibrated un-
coated rail emissivity values of 0.83 and 0.43 were applied to wheel-rail contact temper-
ature tests using the infrared thermal camera for the measurement ranges of 250 ~ 670 °C
and 600 ~ 1200 °C, respectively.

3.4. RESULTS AND DISCUSSIONS
This section presents the measurement results of wheel-rail contact temperature in the
V-Track under a wheel braking condition. A typical thermal damage, i.e., a “wheel flat”,




3. INFRARED TEMPERATURE MEASUREMENT OF WHEEL-RAIL FRICTIONAL ROLLING
54 CONTACT UP TO HIGH SLIP RATIOS

® Coated 600 °C
0.9r ° ® Uncoated 600 °C
=I0A83 Coated 950 °C
0.8 » ® Uncoated 950 °C
° °
o 07} !10.72
=z
2 0.6
‘g %0.56
=05 1
°
§50.43
0.4 4 |
0.3
0.2 L . . .
Case | Case 2 Case 3 Case 4

Cases Number

Figure 3.6: Rail emissivity calibration.

induced often by improper wheel braking in practice, was observed and analyzed in de-
tail.

3.4.1. THERMAL RESULTS DURING BRAKING

Figure 3.7 shows the thermal results during a wheel-rail braking process. Figure 3.7(a) il-
lustrates an example of the thermal image. The ROI 1 includes the wheel and rail surface
areas close to the wheel-rail contact. The measured peak temperature within ROI 1 was
extracted to obtain the time-history temperature curve, as shown in Figure 3.7(b). To
clearly display the temperature variation, the raw temperature measurement data were
smoothed with a window size of 50 points, as shown by the orange curve. Meantime,
the corresponding wheel angular velocity and slip ratios calculated using equation (3.1)
were synchronized and presented in Figures 3.7(c) and 3.7(d), respectively.

In Figures 3.7(b), (c), and (d), the time histories of the measurement data were di-
vided into five segments (S1 to S5) based on different wheel-rail contact conditions.
In the segment S1, from 0.000s to 4.450s, the temperature reading was a constant of
250°C, which indicated the lower limit of the thermal camera setting (with a measure-
ment range of 250 ~ 670 °C) and that the real contact temperature was below 250 °C. Dur-
ing this period, the wheel angular velocity was steady, slightly oscillating around 67 rad/s
with a translational speed of 16 km/h, resulting in a slip ratio of approximately 2%.

In the segment S2, from 4.450 s to 8.114 s, the temperature gradually rose from 250 °C
to 670 °C. 670 °C was the upper limit of the camera setting. During this process, the wheel
angular velocity decreased from 67 rad/s to 41 rad/s, and the slip ratio increased signifi-
cantly from approximately 2% to 40%.

In the segment S3, the contact temperature was observed to decline from about
670°C to a low value of about 400 °C over the period from 8.114 s to 9.420s. The main
reason for this contact temperature drop can be that the cooler parts of the wheel and
rail entered the contact area after a “wheel flat” was formed and then exited the contact
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Figure 3.7: Thermal test results of wheel-rail contact in the V-Track. (a) A thermal image and ROI 1; (b) the
measured temperature time history; (c) the measured wheel angular velocity; (d) the slip ratio.

area. A detailed analysis of the “wheel flat” occurrence will be presented in Section 3.4.2.
During this period, it was observed that the wheel angular velocity kept decreasing from
41rad/s to 18 rad/s, and the slip ratio increased further from approximately 40% to 75%.

In the segment S4, from 9.420s to 11.339s, the temperature rose again from about
400°C to 670°C. During this period, the angular velocity of the wheel dropped to al-
most zero and then oscillated below 10rad/s, and the slip ratio approached 99% and
then oscillated around 90% afterward. The significant oscillations can be attributed to
wheel/rail unstable vibrations under the full-slip contact condition. To capture higher
contacttemperatures, at t=11.339 s, the camera temperature range was manually switched
to 600 ~ 1200 °C during the measurement, and the rail emissivity changed from 0.83 to
0.43 accordingly.

In the segment S5, from 11.339 s to 20.000 s, the temperature fluctuated above 600 °C,
and peaked at about 1000 °C, while the wheel angular velocity remained below 10rad/s
and the slip ratio fluctuated between 80% and 99%.

To better understand the three phases of the measured temperature, i.e., rise (S2),
drop (S3), and extremely high temperature (S5), the thermal images captured by the
camera at the instances t1 ~ t6 (denoted in Figure 3.7) are presented in Figures 3.8 and 3.9.
The thermal images in Figure 3.8 represent raw signals detected by the infrared thermal
camera, called digital counts in the system. These counts can be converted into temper-
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atures (displayed by the thermal images in Figure 3.9) automatically through calibration
algorithms [39]. Compared to the temperature distribution images in Figure 3.9, the raw
digital counts in Figure 3.8 provide a clearer view of the wheel-rail contact position. Due
to the filter applied to the lens, the wheel and rail in Figure 3.8 cannot be seen as clearly
as in Figure 3.7(a).
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Figure 3.8: Raw thermal images captured as digital counts at the time instances t1 ~ t6, corresponding to (a) ~
6.

Figure 3.8(a) shows the thermal image of wheel-rail contact at t1 = 4.580s, with a
corresponding slip ratio of approximately 3%. Figure 3.9(a) shows that the maximum
temperature within the ROI 1 at t1 was 269 °C, which was slightly higher than the lower
limit of the camera measurement range setting (250 °C). As the wheel moved along the
rail, some steel debris due to surface wear can be seen flying towards the camera lens,
as shown in Figure 3.8(a). This agrees with the finding reported in [3] that severe wear
could occur when the temperature is higher than 200°C. Figure 3.9(a) depicts that the
size of the thermal contact patch, i.e., the wheel-rail surface region with a temperature
over 250°C, is quite small, and no debris can be seen because their temperatures were
lower than 250°C.

In Figure 3.8(b), a thermal contact patch at t2 = 6.281s is presented with a corre-
sponding slip ratio of 7%. The thermal wheel-rail contact can be more clearly seen, in
comparison to Figure 3.8(a). The maximum contact temperature within the ROI 1 at this
instance was 307 °C, as shown in Figure 3.9(b).

As the slip ratio increased to 15% at t3 = 7.127s, the maximum temperature reached
431°C, as shown in Figure 3.9(c). The thermal contact patch size in Figure 3.9(c) further
increased, meaning a larger surface region with a temperature above 250°C, due to the
larger slip ratio and probably also the wear of the wheel and rail that changed the wheel-
rail contact geometry and enlarged the contact patch.

As the slip ratio increased to 33% at t4 = 7.874s in Figures 3.8(d) and 3.9(d), the max-
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imum temperature of the ROI 1 reached 670°C, accompanied by some debris with the
temperature as high as 393 °C. At high temperatures, the material surface oxidized, and a
brittle oxide layer was formed [40], which fractured more easily under mechanical stress,
producing more debris.

Att5 = 8.442s, with slip ratio increased to 48%, both the thermal contact patch (within
ROI 1) and the “wheel flat” (within ROI 2) are visible in the thermal image in Figure 3.8(e).
The maximum temperature of ROI 1 was 575°C, lower than that at t4. As explained
above, this is mainly because after the “wheel flat” was formed and then exited the wheel-
rail contact area, the cooler parts of the wheel and rail entered the contact area. Another
reason could be that the occurrence of a “wheel flat” caused significant material removal
and exposed the cooler material underneath. The maximum temperature in the “wheel
flat” area was 330°C at t5, and the cooling process of the “wheel flat” over time, including
from t4 to t5, will be discussed in Section 3.4.2.

Att6 = 16.741s, with the slip ratio increased to 86%, the maximum temperature of the
thermal contact patch reached 889°C, as shown in Figure 3.9(f). Figure 3.8(f) shows that
the contact patch was also accompanied by some debris, indicating significant surface
damage, aligning with the observations in Figure 3.3. The size of the thermal contact
patch in Figure 3.9(f) seems smaller than that in Figure 3.9(e), mainly because of the
change of the camera measurement range setting, as indicated by the color bars of the
graphs.
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Figure 3.9: Thermal images indicating the wheel and rail surface temperatures at the time instances t1 to t6,
corresponding to (a) ~ (f).

3.4.2. A “WHEEL FLAT” OBSERVATION

The “wheel flat” was generated in the wheel-rail contact patch at about 8.114s. As the
wheel rolled forward, the “wheel flat” moved upwards in the thermal images from the
wheel’s trailing side and finally went out of the view of the camera at 8.645s. This pro-
cess lasted for a total of 0.531 s, during which 531 thermal images were captured by the
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camera. The thermal images of four representative moments, m1 ~ m4, are displayed in
Figure 3.10.

ml=8.114s m2=8.165s m3=8.379 s md=8.474 s

Figure 3.10: Thermal image of the “wheel flat” and the camera-targeting temperature ((a) ~ (d) represent the
moments of the temperature variation of wheel flat (m1 ~ m4)).

In Figure 3.10(a), at m1 = 8.114s, the “wheel flat” was just generated and basically
overlapped with the thermal contact patch in the thermal image. The highest temper-
ature within ROI 1 was 622 °C, and the corresponding wheel angular velocity and slip
ratio were 41rad/s and 40%, respectively. At m2 = 8.165s, as shown in Figure 3.10(b),
the “wheel flat” began to separate from the wheel-rail contact patch as the wheel rolled
forward, and the highest temperature fell to 599 °C. Because the “wheel flat” was largely
overlapping with the thermal contact patch at m1 and m2, we approximated the peak
temperatures within ROI 1 as the maximum temperatures of the “wheel flat” at these
moments.

In Figure 3.10(c), the thermal contact patch and the “wheel flat” are distinct at m3 =
8.379s, appearing within two separate areas, ROI 1 and ROI 2, respectively. The max-
imum temperature within ROI 1 fell to 523 °C, while that within ROI 2 was 360 °C. At
m4 = 8.474s, the maximum temperature within ROI 1 further declined to 444 °C, while
the temperature of the “wheel flat” was reduced to 318 °C, as shown in Figure 3.10(d).

A cooling process of the “wheel flat” can be seen in Figure 3.10, indicated by the re-
duction of the maximum temperature of the “wheel flat” and the shrinkage of the “wheel
flat” thermal area. To further examine this cooling process, the evolution of the “wheel
flat” temperature over time was analyzed. As mentioned above, the peak temperatures
within ROI 1 were approximated as the “wheel flat” temperature before the separation
of the wheel-rail contact patch and the “wheel flat” (e.g., Figures 3.10(a) and (b)); and af-
ter the separation (e.g., Figures 3.10(c) and (d)), the peak temperature within ROI 2 was
taken as the “wheel flat” temperature. The maximum “wheel flat” temperatures mea-
sured over the period from 8.114 s to 8.645 s were plotted together with an exponentially
fitted curve in Figure 3.11.

The fitted temperature-decreasing curve plotted in Figure 3.11 can be described by
equation (3.2):

-3.89(1-8.11)

T= 670.73e( 053 ) +220.20 3.2)
where T is the temperature (°C) and ¢ is the time (s). As mentioned before, the “wheel
flat” was first captured by the thermal camera at 8.114 s with a temperature of 622 °C.
Considering that the camera-targeting patch was 4.5 mm behind the trailing edge of the
wheel-rail contact area, as shown in Figure 3.2(d), the peak temperature of wheel-rail
contact, occurring at the trailing edge of the contact area [37], was measured with a small
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Figure 3.11: The measured and fitted maximum temperature of the “wheel flat” decreased with time from 8.114
st0 8.645s.

time lag of 1.013 ms (4.5 mm divided by wheel running speed 16 km/h). Therefore, when
the “wheel flat” was generated, the maximum wheel-rail contact temperature occurred
at 8.113s, and the value can be estimated with equation (3.2) as 624 °C, as represented
by the green dot in Figure 3.11.

3.5. CONCLUSIONS

In this study, a measurement system was developed in the V-Track test rig equipped with
an infrared thermal camera to measure a broad range of temperatures at the wheel-
rail frictional rolling contact. The camera was mounted on the trailing side of a mov-
ing wheel by a customized steel frame, which enabled continuous monitoring of flash
wheel-rail contact temperatures under running conditions. The rail emissivity was cali-
brated to obtain reliable thermal contact measurements. To gain insights into the devel-
opment of thermal damages, the wheel-rail contact temperature was measured under a
wheel braking condition with high slip ratios ranging from 2% to 99%. A “wheel flat” was
generated during the braking process, and the resulting temperature field was examined
over time. The main conclusions of this study are summarized as follows:

* The developed measurement system can reliably and continuously measure the
wheel-rail contact temperatures up to 1200°C, as well as the transient thermal
phenomena such as the cooling process.

 The rail emissivity was calibrated using the infrared thermal camera, with values
0f 0.83 at 600 °C and 0.43 at 950 °C. It is also found that the emissivity is insensitive
to rail grades.

e The wheel-rail contact temperature rose with the slip ratio until a “wheel flat” was
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formed. The contact temperature dropped when the “wheel flat” exited the con-
tact area and then increased again with the slip ratio. The contact temperature
may reach up to 1000 °C with a slip ratio of 99%.

* A “wheel flat” was generated when the slip ratio reached around 40%, and the cor-
responding wheel-rail contact temperature was 624 °C. By tracing the temperature
drop of the “wheel flat” area over time, a wheel-rail contact temperature-evolution
curve was obtained, which can be well fitted with an exponential curve.

This study enhances the understanding of thermal damage mechanisms related to
wheel-rail interactions, especially under high-temperature conditions. The presented
measurement results may serve as references for calibrating and validating numerical
thermal contact and damage models. Future research may involve a metallographic
analysis to examine the microstructures of the wheel and rail tested in this study and
to further reveal their damage mechanisms under the thermal loads.



(1]

(2]

(3]

(4]

(3]

6]

(7]

(8]

(9

(10]

(11]

BIBLIOGRAPHY

Q. Lian et al. “Thermo-mechanical coupled finite element analysis of rolling con-
tact fatigue and wear properties of a rail steel under different slip ratios”. In: Tri-
bology International 141 (2020), p. 105943. por: 10. 1016/ j . triboint . 2019.
105943.

J. P. Srivastava, P. K. Sarkar, and V. Ranjan. “Effects of thermal load on wheel-rail
contacts: A review”. In: Journal of Thermal Stresses 39 (2016), pp. 1389-1418. DOI:
10.1080/01495739.2016.1216060.

R. Lewis and R. Dwyer-Joyce. “Wear mechanisms and transitions in railway
wheel steels”. In: Proceedings of the Institution of Mechanical Engineers, Part
J: Journal of Engineering Tribology 218 (2004), pp. 467-478. poL: 10 . 1243/
1350650042794815.

A. M. S. Asih, K. Ding, and A. Kapoor. “Modelling rail wear transition and mecha-
nism due to frictional heating”. In: Wear 284-285 (2012), pp. 82-90. DOI: 10. 1016/
j.wear.2012.02.017.

Y. Z. Chen et al. “The influence of wheel flats formed from different braking condi-
tions on rolling contact fatigue of railway wheel”. In: Engineering Failure Analysis
93 (2018), pp. 183-199. DOI: 10.1016/j.engfailanal .2018.07.006.

A. Bohmer, M. Ertz, and K. Knothe. “Shakedown limit of rail surfaces including
material hardening and thermal stresses”. In: Fatigue & Fracture of Engineering
Materials & Structures 26 (2003), pp. 985-998. DOI: 10 . 1046/ j . 1460 - 2695 .
2003.00690. x.

C. Bernsteiner et al. “Development of white etching layers on rails: simulations
and experiments”. In: Wear 366-367 (2016), pp. 116-122. DOI: 10.1016/j .wear.
2016.03.028.

S. L. Grassie et al. “Studs: a squat-type defect in rails”. In: Proceedings of the Institu-
tion of Mechanical Engineers, Part F: Journal of Rail and Rapid Transit 226 (2011),
pp. 243-256. DOT1: 10.1177/0954409711421462,

R. L. Carroll and J. H. Beynon. “Rolling contact fatigue of white etching layer: Part
1”. In: Wear 262 (2007), pp. 1253-1266. DOI1: 10.1016/j .wear.2007.01.003.

J. P. Srivastava et al. “A numerical study on effects of friction-induced thermal load
for rail under varied wheel slip conditions”. In: Simulation 95 (2018), pp. 351-362.
DOI: 10.1177/0037549718782629.

R. Zunsong. “An investigation on wheel/rail impact dynamics with a three-
dimensional flat model”. In: Vehicle System Dynamics 57 (2018), pp. 369-388. DOLI:
10.1080/00423114.2018.1469774.

61


https://doi.org/10.1016/j.triboint.2019.105943
https://doi.org/10.1016/j.triboint.2019.105943
https://doi.org/10.1080/01495739.2016.1216060
https://doi.org/10.1243/1350650042794815
https://doi.org/10.1243/1350650042794815
https://doi.org/10.1016/j.wear.2012.02.017
https://doi.org/10.1016/j.wear.2012.02.017
https://doi.org/10.1016/j.engfailanal.2018.07.006
https://doi.org/10.1046/j.1460-2695.2003.00690.x
https://doi.org/10.1046/j.1460-2695.2003.00690.x
https://doi.org/10.1016/j.wear.2016.03.028
https://doi.org/10.1016/j.wear.2016.03.028
https://doi.org/10.1177/0954409711421462
https://doi.org/10.1016/j.wear.2007.01.003
https://doi.org/10.1177/0037549718782629
https://doi.org/10.1080/00423114.2018.1469774

62

BIBLIOGRAPHY

(12]

(13]

(14]

(15]

(16]

(17]

(18]

(19]

(20]

(21]

(22]

(23]

(24]

K. Handa and E Morimoto. “Influence of wheel/rail tangential traction force on
thermal cracking of railway wheels”. In: Wear 289 (2012), pp. 112-118. DOI: 10 .
1016/j.wear.2012.04.008.

R. Komanduri and Z. Hou. “A review of the experimental techniques for the mea-
surement of heat and temperatures generated in some manufacturing processes
and tribology”. In: Tribology International 34 (2001), pp. 653-682. DOI: 10.1016/
S0301-679X(01)00068-8.

D. Meresse et al. “Determination of heat repartition parameters on high speed pin-
on-disc tribometer by inverse heat conduction method”. In: Key Engineering Ma-
terials 504-506 (2012), pp. 1061-1066. DOI: 10.4028/www.scientific.net/KEM.
504-506.1061.

Y. Wei, Y. Wu, and Z. Chen. “An experimental measurement and numerical cal-
culation method on friction temperature rise of sliding contact pairs - taking
rail/wheel contact as an example”. In: Journal of Measurements in Engineering 11
(2023), pp. 1-11. DOI: 10.21595/ jme . 2023 . 22974

X. Tian et al. “The development and use of thin film thermocouples for contact
temperature measurement”. In: Tribology Transactions 35 (1992), pp. 491-499.
DOI: 10.1080/10402009208982147.

B. Tian et al. “Effect of magnetron sputtering parameters on adhesion properties of
tungsten-rhenium thin film thermocouples”. In: Ceramics International 44 (2018),
S$15-S18.por1: 10.1016/j . ceramint.2018.08.334.

K. G. Kreider, S. Semancik, and C. Olson. “Advanced thin film thermocouples”. In:
(1984).

J. Pearce, M. Burstow, and M. Podesta. “Understanding wheel/rail interaction with
thermographic imaging”. In: 22nd International Symposium on Dynamics of Vehi-
cles on Roads and Tracks. 2021.

D. Yamamoto. “Improvement of method for locating position of wheel/rail contact
by means of thermal imaging”. In: Quarterly Report of RTRI 60 (2019), pp. 65-71.
DOI: 10.2219/rtriqr.60.1_65.

B. Firlik, T. Staskiewicz, and M. Stowiriski. “Thermal imaging of the wheel-rail in-
terface”. In: Proceedings of the Institution of Mechanical Engineers, Part F: Journal
of Rail and Rapid Transit (2023). DOI1: 10.1177/09544097231155573.

E. A. Gallardo-Hernandez, R. Lewis, and R. S. Dwyer-Joyce. “Temperature in a
twin-disc wheel/rail contact simulation”. In: Tribology International 39 (2006),
pp. 1653-1663. DOI: 10. 1016/ . triboint.2006.01.028.

M. Naeimi et al. “Thermomechanical analysis of the wheel-rail contact using a
coupled modelling procedure”. In: Tribology International 117 (2018), pp. 250-
260.DOI1: 10.1016/j . triboint.2017.09.010.

M. Naeimi et al. “Development of a new downscale setup for wheel-rail contact
experiments under impact loading conditions”. In: Experimental Techniques 42
(2017), pp. 1-17. DOI: 10.1007/s40799-017-0216~-z.


https://doi.org/10.1016/j.wear.2012.04.008
https://doi.org/10.1016/j.wear.2012.04.008
https://doi.org/10.1016/S0301-679X(01)00068-8
https://doi.org/10.1016/S0301-679X(01)00068-8
https://doi.org/10.4028/www.scientific.net/KEM.504-506.1061
https://doi.org/10.4028/www.scientific.net/KEM.504-506.1061
https://doi.org/10.21595/jme.2023.22974
https://doi.org/10.1080/10402009208982147
https://doi.org/10.1016/j.ceramint.2018.08.334
https://doi.org/10.2219/rtriqr.60.1_65
https://doi.org/10.1177/09544097231155573
https://doi.org/10.1016/j.triboint.2006.01.028
https://doi.org/10.1016/j.triboint.2017.09.010
https://doi.org/10.1007/s40799-017-0216-z

BIBLIOGRAPHY 63

(25]

(26]

(27]

(28]

[29]

(30]
(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]
(39]

[40]

P. Zhang, J. Moraal, and Z. Li. “Design, calibration and validation of a wheel-
rail contact force measurement system in V-Track”. In: Measurement 175 (2021),
p. 109105.

Z. Yang et al. “An experimental study on the effects of friction modifiers on
wheel-rail dynamic interactions with various angles of attack”. In: Railway Engi-
neering Science 30 (2022), pp. 360-382. DOI: 10.1007/s40534-022-00285-7y.

P. Zhang and Z. Li. “Experimental study on the development mechanism of short
pitch corrugation using a downscale V-Track test rig”. In: Tribology International
180 (2023). DOI1: 10.1016/j.triboint.2023.108293.

P. Zhang and Z. Li. “New experimental evidences of corrugation formation due to
rail longitudinal vibration mode”. In: International Journal of Rail Transportation
2024 (2024). DOI1: 10.1080/23248378.2024.2336503.

Teledyne FLIR. X6900sc MWIR - Overview. Retrieved January 2024, from https :
//www.flir.eu/support/products/x6900sc-mwir/#0verview. 2024.

M. J. E. Planck. The theory of heat radiation. Vol. 144. 1900, p. 164.

O. Schreer et al. “Multispectral high-speed midwave infrared imaging system”. In:
Infrared Technology and Applications XXX, SPIE. 2004, pp. 249-257.

Y. M. Guo et al. “Measurement of directional spectral emissivity at high temper-
atures”. In: International Journal of Thermophysics 40 (2018). DO1: 10 . 1007 /
s10765-018-2472-2.

Y. Té et al. “High emissivity blackbody for radiometric calibration near ambient
temperature”. In: Metrologia 40 (2003), p. 24.

J. Guthrie and B. Sparr. “Infrared study of factors affecting the emissivity of
aluminum”. In: Applied Spectroscopy 45 (1991), pp. 588-596. poI: 10 . 1366 /
0003702914337038.

LablIR Paints. HERP-HT: Thermographic paint for high temperature applications.
Retrieved July 2024, from https://paints.labir.cz/en/paints/herp-ht/.

S. Bagavathiappan et al. “Infrared thermography for condition monitoring — A re-
view”. In: Infrared Physics & Technology 60 (2013), pp. 35-55. DOI: 10. 1016/ 7 .
infrared.2013.03.006.

C. He et al. “A finite element thermomechanical analysis of the development of
wheel polygonal wear”. In: Tribology International 195 (2024). DOIL: 10.1016/ .
triboint.2024.109577.

J. P Holman. Heat Transfer: Tenth Edition. McGraw-Hill Education, 2010.

O. Gonzalez-Chavez et al. “Radiometric calibration of digital counts of infrared
thermal cameras”. In: IEEE Transactions on Instrumentation and Measurement 68
(2019), pp. 4387-4399. DOI: 10.1109/tim.2018.2887070.

P J. Blau. “Elevated-temperature tribology of metallic materials”. In: Tribology In-
ternational 43 (2010), pp. 1203-1208. DOI1: 10.1016/j . triboint.2010.01.003.



https://doi.org/10.1007/s40534-022-00285-y
https://doi.org/10.1016/j.triboint.2023.108293
https://doi.org/10.1080/23248378.2024.2336503
https://www.flir.eu/support/products/x6900sc-mwir/##Overview
https://www.flir.eu/support/products/x6900sc-mwir/##Overview
https://doi.org/10.1007/s10765-018-2472-2
https://doi.org/10.1007/s10765-018-2472-2
https://doi.org/10.1366/0003702914337038
https://doi.org/10.1366/0003702914337038
https://doi.org/10.1016/j.infrared.2013.03.006
https://doi.org/10.1016/j.infrared.2013.03.006
https://doi.org/10.1016/j.triboint.2024.109577
https://doi.org/10.1016/j.triboint.2024.109577
https://doi.org/10.1109/tim.2018.2887070
https://doi.org/10.1016/j.triboint.2010.01.003




THERMOMECHANICAL FINITE
ELEMENT WHEEL-RAIL CONTACT
MODELING AND EXPERIMENTAL
VALIDATION

Frictional heat is generated at the wheel-rail interface during train operations, particu-
larly under high slip ratios during acceleration and braking. Thermal effects can acceler-
ate wear, induce plastic deformation, and contribute to thermal fatigue. Reliable model-
ing of wheel-rail contact that considers friction-induced thermal effects is desirable for the
accurate prediction of wheel-rail interface deterioration. Several analytical and numeri-
cal models have been proposed to simulate thermal or thermomechanical wheel-rail loads
but have rarely been validated, especially in high slip ratio scenarios where flash tempera-
tures exceed 200 °C. This study develops and experimentally validates a three-dimensional
thermomechanical finite element (FE) wheel-rail contact model for high slip ratio condi-
tions, with contact temperatures reaching 360 °C. The model incorporates key mechanical
parameters, including wheel loads, coefficients of friction, and slip ratios. Simulated rail
surface temperatures across various slip ratios (5%, 10%, and 15%) are compared with the
flash temperatures measured with an onboard infrared thermal camera, showing good
agreement with a maximum deviation of 9.9%. This confirms the reliability of the model
for simulating wheel-rail contact under thermal effects.

This chapter has been published as: He, C., Yang, Z., Zhang, P, Dollevoet, R., Li, Z. (2025). Thermomechan-
ical finite element modeling of wheel-rail contact and experimental validation. Tribology International, 209,
110666.

65



4, THERMOMECHANICAL FINITE ELEMENT WHEEL-RAIL CONTACT MODELING AND
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4.1. INTRODUCTION

RICTIONAL heat generation at the wheel-rail interface is a significant occurrence dur-
F ing train operations, especially during acceleration and braking. Substantial wheel-
rail thermal loading occurs at high slip ratios because of the rapid accumulation of ther-
mal energy and the consequent increase in temperature in the contact area. This thermal
loading is known to accelerate wear and plastic deformation and cause thermal fatigue
in wheel/rail materials [1, 2]. Wheel/rail materials can be easily worn when the wheel-
rail contact temperature exceeds 350 °C [3]. Thermal fatigue occurs when thermal load-
ing alters the shakedown behavior and mechanical properties of materials [4, 5]. The
elastic and shakedown limits of a wheel and rail can be reduced under thermal loading,
increasing the vulnerability of the steel to progressive plastic deformation. This maylead
to crack initiation and potential structural failure, even under relatively low mechanical
stresses. In addition, high temperatures may induce microstructural transformations in
wheel/rail materials, such as the transformation of pearlite and ferrite into austenite,
followed by partial conversion into martensite beneath wheel and rail surfaces (occur-
ring above 720 °C with rapid cooling) [6, 7]. This deterioration of the wheel-rail interface
increases maintenance costs and impacts the operational safety of trains. Therefore,
it is important to investigate wheel-rail friction-induced temperature and its effects on
wheel/rail damage.

Accurately measuring the contact temperature between the wheel and rail under op-
erational conditions is a complex, labor-intensive, and expensive process [8], which has
led to the development of analytical and numerical modeling methods to examine the
thermal loading and temperature field at the wheel-rail interface. Several analytical ap-
proaches have been formulated to calculate the maximum flash temperature induced
by a moving heat flux in a single body. Jaeger [9] investigated the problem of ideal-
ized plane heat sources of various shapes, such as two-dimensional (2D) uniformly dis-
tributed band sources and three-dimensional (3D) rectangular sources, moving at con-
stant or nonconstant velocities on the surface of a semi-infinite medium. Subsequent
analyses then extended Jaeger’s approach in two aspects: 1) by applying different mov-
ing heat sources [10, 11] and 2) by including the thermal radiation and convection to the
ambient environment [12, 13]. A 2D elliptical band source was modeled in [10] to repre-
sent the heat induced by contact. Instead of applying a predefined heat source as in [9,
10], Knothe et al. [11] calculated the 2D heat source at the wheel-rail interface on the
basis of Hertzian contact pressure and analytically derived the temperature field engen-
dered by wheel-rail sliding interactions through the application of Laplace transforms
and Green’s function. Their study revealed that the wheel-rail contact temperatures do
not exceed 450 ~ 500 °C if the slip ratio is less than 2% and the coefficient of friction is
less than 0.6. By considering the heat interaction with the ambient environment (i.e.,
radiation and convection), Lewis et al. [12] calculated the temperature field induced by
twin-disc rolling contact from partial to full slip (slip ratio from 0.5% to 5%) and de-
termined that the maximum contact temperature above ambient temperature reached
113 °C under a normal contact stress of 1500 MPa and a disc surface velocity of 0.98 m/s.
To investigate the effects of contact body geometry on contact temperature, thinner and
smaller twin discs operating under the same conditions as [12] were simulated in [13],
which reported higher simulated contact temperatures (199.2°C for the thinner discs
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and 235.3°C for the smaller discs) than the results obtained in [12]. These analytical
studies [9-13] indicated that the instantaneous temperatures generated at the contact
interface are related to the coefficient of friction, contact pressure, thermal properties,
sliding velocity, and contact body geometry.

In contrast to analytical models, finite element (FE) models can address transient
thermal contact issues while considering complex geometries and material complexity,
including plasticity, temperature dependence [14], and dynamic wheel-rail interactions.
Vo et al. [15] developed a 3D FE model for a rail subjected to multiple thermal loads from
passing locomotives, employing Goldak’s heat source model [16]. A simulation with a
slip ratio of 8.5% indicated that the rail-surface temperature can reach 522 °C after one
wheel pass and 723 °C after six passes. However, the heat source of the model was calcu-
lated on the basis of Hertzian contact pressure. Such a simplification can potentially lead
to deviations in the thermal results from the actual values. Naeimi et al. [14] proposed
a 3D dynamic thermomechanical FE wheel-rail contact model in which the heat source
was calculated on the basis of the tangential load and micro-slip between the elements
in contact. The simulated peak contact temperatures with slip ratios of 10%, 18%, and
26% were 284 °C, 498 °C, and 756 °C, respectively. Lian et al. [8] presented a 3D FE wheel-
rail contact model to consider the superimposed thermomechanical loads induced by
multiple wheel passages. Their study indicated that the maximum temperature of the
rail surface after 9 wheel passages can reach 776 °C, with a slip ratio of 9.43%.

In terms of model validation, attempts were made in [17] to validate the analytical
model presented in [12] for low slip ratio (below 5%) wheel-rail contact scenarios via
infrared cameras. The results indicated that the measured contact temperature ranged
between 100 and 150 °C with a slip ratio of 5%, which aligned well with the simulated
results in [12]. However, although FE models of thermal contact between wheels and
braking blocks [18-20] or braking pads [21] have been experimentally validated via in-
frared cameras, no validation, to the best of the author’s knowledge, has been reported
for FE wheel-rail thermal contact models with high slip ratios (above 5%) that may in-
duce significant thermal damage.

In this study, a 3D thermomechanical FE wheel-rail contact model was constructed,
and the model was validated with a carefully designed laboratory test. Wheel-rail con-
tact across a range of slip ratios from 2% to 35% during braking was reproduced using
the TU-Delft V-Track test rig, which is a downscaled wheel-rail interaction test rig, and
the corresponding contact temperature was captured with an onboard high-precision
infrared thermal camera. This measurement captured real-time flash temperatures in-
duced by wheel-rail contact up to 670°C. Section 4.2 presents the thermomechanical
FE contact model, the methodology for measuring wheel-rail contact temperature, and
the approach for calculating the slip ratio. Section 4.3 first presents the measurement
data processing and then examines the correlation between the measured temperatures
and slip ratios. A comparative analysis between the simulated and measured wheel-rail
contact temperatures is subsequently presented. Section 4.4 presents the main conclu-
sions. The primary aim of this study is to experimentally validate the proposed FE model
by comparing the simulated wheel-rail contact temperatures with those obtained from
experiments conducted on a V-Track test rig.
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4.2, METHOD

4.2.1. NUMERICAL MODEL

A 3D thermomechanical FE wheel-rail contact model was constructed, incorporating its
geometrical, mechanical, and material characteristics (R260 and R350HT rail grades) in
the V-Track, as depicted in Figure 4.1. This model is capable of replicating the motion
of a wheel traveling along a track at a predefined slip ratio during braking. The same
braking process of the wheel was measured on the V-Track, as described in Section 4.2.2.
The simulation procedure of the FE model includes four steps: 1) Modeling of wheel-
rail contact in the V-Track test rig (preprocessing in ANSYS); 2) Static equilibrium of the
wheel loading on the rail (implicit solution); 3) Dynamic rolling of the wheel along the
rail (explicit solution); 4) Results output and analysis (postprocessing with MATLAB).
The implicit-explicit sequential analysis (combining steps 2 and 3) can effectively miti-
gate initial dynamic excitation.

Running direction

—

Angular velocity Solution zone

0.065 m

Figure 4.1: Thermomechanical FE model of wheel-rail contact on the test rig.

The preprocessing of FE modeling included geometry and material modeling, struc-
tural discretization, and the definitions of boundary conditions (including contact pairs),
loads, and initial conditions. In terms of the geometry within the FE model, the track
model spanned a total length of 1.75 metres, encompassing 14 sleeper spans, and in-
cluded a 0.065-metre solution zone along the rail. The rail was fixed to the sleepers
through fastenings in three directions. The sleepers were supported by the ballast and
the subgrade, which were represented by the rubber pads and plywood layers in the test
rig. A wheel with a radius of 65 mm (1/7 scale of the field wheels) and a half axle were
modeled. Two distinct sets of temperature-dependent material parameters that have
been widely used for wheel-rail thermomechanical behavior modeling [8, 14, 15, 22-25]
were employed, with one set detailed in Tables 4.1 and 4.2 [8, 14, 15, 23, 25] and the
other set listed in Table 4.3 [22, 24]. The thermal conductivities in Tables 4.2 and 4.3
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were downscaled (1/7 scale) in this study on the basis of the similarity law [26]. The pa-
rameters in equation (4.2) of this study can be appropriately scaled, while temperature
remains unscaled, according to [26]. Consequently, the measured temperature in the
V-Track test rig can directly represent the corresponding values in the full-scale wheel-
rail contact under field conditions. The simulation results obtained with different sets
of material parameters are compared in Section 4.3. In the discretization process of the
model, the primary suspension springs in the V-Track test rig were modeled via com-
pressed spring-damper elements. These elements connected the wheel axle to lumped
mass elements, which were simplified from the wheel axle box and the guiding block of
the V-Track test rig, as described in Section 4.2.2. The wheel, rail, and sleepers were mod-
eled with 8-node solid elements. The fastenings, ballast, and subgrade were modeled
with spring-damper elements. To improve the calculation efficiency, a partially refined
mesh strategy was applied. The finest mesh size of the top surface in the solution zone of
the rail was 0.18 mm (x-axis) x 0.20 mm (y-axis) x 0.20 mm (z-axis). The FE model com-
prises 577,907 elements and 646,016 nodes. The minor axis of the contact patch covers
13 contact elements; thus, sufficiently accurate contact solutions can be obtained for
engineering applications [27].

Table 4.1: Temperature-dependent mechanical material parameters [8, 14, 15, 23, 25]

Temper- Young’s Poisson’s  Coefficient Hardening Yield Yield Yield
ature, modulus, ratio,v of thermal modulus, strength strength strength
T (°C) E (GPa) expansion, Ep (GPa) of R260 of R350HT of wheel
(x1078 (MPa) (MPa) (MPa)
oc-l )
24 213 0.295 9.89 22.7 583.0 779.0 500.0
230 201 0.307 10.82 26.9 585.1 781.1 502.1
358 193 0.314 11.15 21.3 518.8 714.8 435.8
452 172 0.320 11.27 15.6 432.4 628.4 349.4
567 102 0.326 11.31 6.2 251.1 447.1 168.1
704 50 0.334 11.28 1.0 136.2 332.2 53.2
900 43 0.345 11.25 0.1 113.4 309.4 30.4

Table 4.2: Temperature-dependent thermal material parameters [8, 14, 15, 23, 25]

Temperature, T (°C) Specific heat capacity, ¢ (J/kg°C) Thermal conductivity, (W/m°C)
0 419.5 8.53
350 629.5 5.84
703 744.5 4.32
704 652.9 4.31
710 653.2 4.29
800 657.7 3.57
950 665.2 3.86
1200 677.3 4.35

An implicit-explicit sequential analysis was conducted to simulate wheel braking
along the rail. The longitudinal (rolling direction) and lateral degrees of freedom of the
wheel were first constrained to calculate the static equilibrium in the implicit analysis,
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Table 4.3: Temperature-dependent thermomechanical material parameters [22, 24]

Temper- Young’s Poisson’s Coefficient Hardening Specific Thermal Yield Yield

ature, modu- ratio, v of ther- modulus, heat ca- conduc- strength strength
T (°C) lus, E mal ex- Ep (GPa) pacity, ¢ tivity, of R260  of
(GPa) pansion, (J/kg°C) (W/m°C) (MPa) R350HT

(x10°6 (MPa)
oc-l)

25 209 0.30 11.0 20.9 490.1 6.81 583.0 779.0

100 207 0.30 11.6 20.7 499.9 6.99 583.0 779.0

650 105 0.36 14.8 10.5 571.5 8.26 477.0 673.0

1000 50 0.39 15.7 5.0 617.1 9.06 415.4 611.4

1450 2 0.40 16.1 0.2 671.8 10.91 151.3 347.3

where a gravity wheel load of 4000 N was applied. The longitudinal constraints of the
wheel were then released in the explicit model for wheel rolling simulations, where a
friction coefficient of 0.45 between the wheel and rail was applied. This applied friction
coefficient was measured from the V-Track, based on the wheel-rail friction force and
normal contact force recorded using dynamometers. When friction saturation occurred
under high slip ratio conditions, the adhesion coefficient, i.e., the ratio of friction force
to normal load, can be taken as the measured friction coefficient. The measured lateral
friction force was close to zero with a careful control of the angle of attack in the V-Track.
A fixed boundary condition was thus applied to the wheel axle in the lateral direction
to minimize the simulated wheel-rail lateral force and its influence on the contact tem-
peratures. The nodal displacements, obtained from the static equilibrium calculation,
served as an initial condition for the explicit model. Another initial condition was the
initial temperature of the wheel and rail, which was assumed to be 200 °C. The measure-
ment was conducted with a continuous increase in slip ratio from 2% to 35%, and the
simulation conditions were designed to be consistent with the experimental setup. In
the test, by the time the slip ratio reached 5%, the wheel had already been braking for a
period, leading to heat accumulation in both the wheel and rail. Therefore, in the simula-
tion, the initial temperature was not set to ambient but accounted for this accumulated
thermal effect to better reflect the actual conditions observed in the experiment. The
translational velocity of the wheel was 16 km/h, and the angular velocity was controlled
accordingly to simulate specific slip ratios during braking.

In this study, to address the complexities of the wheel-rail thermal contact phenom-
enon, both mechanical and thermal solvers were employed in the simulation. Dur-
ing wheel-rail frictional contact (calculated in the mechanical solver), kinetic energy is
transformed into heat (calculated in the thermal solver), which consequently induces
wheel-rail geometrical changes and affects the temperature-dependent material prop-
erties (employed as geometrical and material inputs for the mechanical solver). Concur-
rent operation and data exchange between the two solvers can be realized via a two-way
coupling methodology implemented in LS-DYNA. The computation time steps of the
two solvers were as follows: 1.06 x 1078 for the mechanical solver and 1.00 x 107 for the
thermal solver. Note that for both solvers, a small computation time step prolongs the
computation time, whereas a large time step may induce numerical instabilities.
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The governing equation of the mechanical solver involving the thermal effect is de-
fined in equation (4.1) [28, 29].

Mii(5)+ C(Tu(r) + K(T)u(t) = Fexe (1) + g(T) 4.1)

where 1 is the time. ii(?), 1(¢), and u(?) are the acceleration vector, velocity vector, and
displacement vector, respectively. M, C(T), K(T), Fex(t), and g(T) are the mass matrix,
damping matrix, stiffness matrix, external mechanical load vector, and thermal load vec-
tor, respectively. T is the temperature, which is a function of the time and location of
the FE nodes and varies throughout the simulation, as calculated in the thermal solver.
Equation (4.1) indicates that the damping, stiffness, and thermal load of the model are
temperature dependent. This ensures that the thermal effect can be included in the me-
chanical solver. An explicit time integration scheme [30] was adopted to solve the equa-
tion.

The governing equation of the thermal solver is presented in equation (4.2) [31, 32]:

i(k 6_T)+i(k 6_T)+i(k 6—T)+I(x 20 =pc2L 4.2)
ax \"ox) T ay\"ay) T 92\ 5z ED=PCG; '

where p is the density of the material, and c is the heat capacity. ky, ky, and k, repre-
sent the thermal conductivity in the x, y, and z directions, and I(x, y, z, t) represents the
internal heat generation rate per unit volume. An implicit method using a generalized
trapezoidal time integration algorithm was employed to solve equation (4.2) with given
initial and boundary conditions. Because wheel braking was simulated in this study and
the wheel-rail interface had been heated due to the braking friction force, an initial tem-
perature of 200 °C was used, i.e., T&f;z) =200 °C. The boundary condition of the thermal
contact problem is given in equation (4.3) [31, 32] concerning the heat flux boundary
equation (4.4).

or oT orT
kxanx-Fkyany'f‘kz&ﬂz:Q (4.3)

Q=6uvsP(x,y) (4.4)

where ny, ny, and n; are the normal vectors in the x, y, and z directions. Q is the heat
flux at the nodes due to friction, which relies on the calculations of wheel-rail contact in
the mechanical solver. § is the heat partition to one contact body, and (1 — §) is thus the
heat partition to the other contact body. In this model, § is assumed to be 0.5. p is the co-
efficient of friction, and v, represents the relative sliding velocities of the nodes between
the wheel and rail. P(y,j is the local surface contact pressure. The test was conducted
indoors on a laboratory test rig with negligible airflow and a relatively low wheel speed,
minimizing convective heat dissipation. Given that radiation and convection occur at a
much slower rate compared to thermal conduction, these effects were neglected in the
model, as heat primarily conducts into the rail and wheel within the 1.09 ms timeframe,
making external heat dissipation mechanisms insignificant.
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4.2.2. MEASUREMENT

In this section, the structure of the V-Track test rig is briefly introduced, and the temper-
ature measurement methodology is described. The V-Track test rig is capable of repro-
ducing real-life wheel-rail frictional rolling contact [33] and has been widely employed
to investigate related problems [34]. As illustrated in Figure 4.2, the V-Track includes a
ring track system and two wheel assemblies connected to a driving steel frame that ro-
tates around a vertical axis centered on the ring track. The rails and cylinder wheels used
in the V-Track were cut from real-life rail heads and wheel rims, respectively, to ensure
identical thermal behavior. A more detailed description of the V-Track wheel assembly
can be found in [26]. The angular velocities of the driving steel frame and the wheel
axle were recorded by two separate encoders with a data acquisition rate of 16.67 kHz.
Propelled by a motor through the driving steel frame, the wheel assemblies moved at a
constant velocity of 16 km/h along the track in this study. The wheel angular velocity
was initially controlled to approximately 68.4 rad/s. A braking torque was then applied
to one V-Track wheel with another motor to generate the desired slip ratio from 2 to 35%
and the wheel-rail longitudinal force. At the same time, the temperature field as close
as possible to the contact patch was measured. Note that the applications of the brak-
ing torque effectively changed the wheel angular velocity but had a trivial influence on
wheel assembly translation velocity, which was kept constant by the frame-driving mo-
tor. A 4000 N vertical (normal) wheel load, producing a maximum contact pressure of
1.01 GPa, which is similar to that in the field, was applied via the primary suspension
of the wheel assembly (shown as two springs in Figure 4.2(b)). The angle of attack was
designed to be as small as possible to minimize the wheel-rail lateral force. The wheel-
rail contact forces were recorded via dynamometers [35] with a data acquisition rate of
16.67 kHz.

As shown in Figure 4.2(c), a ring track with a radius R of 2m is mounted onto 100
uniformly distributed sleepers using fastenings. It consists of five rail sections made of
different materials—B360, R370, R350 HT, and R260—that are connected through five
rail joints, i.e., J1 ~ J5. The rails have identical profiles, featuring a head curvature radius
of 60 mm.

Figure 4.3 shows a close-up view of the installation of the thermal camera used to
measure the contact temperature in the V-Track. To capture the temperature field as
close as possible to the contact patch, a high-speed infrared thermal imaging camera
(FLIR X6900sc) was securely mounted on a customized steel frame on the trailing side
of the wheel. Moving in synchronization with the wheel assembly, the camera focused
on the running band just behind the wheel-rail contact area, enabling the measurement
of contact temperature immediately after wheel passage. The thermal camera was con-
nected to a remote-controlled laptop, as shown in Figure 4.2(a), for data acquisition. The
temperature data were recorded with a sampling frequency of 1 kHz for more than 20s,
during which the wheel assembly ran seven cycles along the track. The measured tem-
peratures, ranging from 250 to 670 °C, were predetermined on the basis of the FE simu-
lation results. The calibrated emissivity value for the rail surface is 0.83 (with a standard
deviation of 4%).

To target the camera as close as possible to the wheel-rail contact area, a small pro-
jection angle 6, i.e., the angle between the projection line of the camera and a horizon-
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Figure 4.2: The V-track test rig. (a) The components of V-Track; (b) a wheel assembly; and (c) a schematic
drawing of the rail section distribution.
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Figure 4.3: The installation and position of the thermal camera. (a) Screw the camera on a customized steel
frame; (b) camera-targeting patch.

tal line (shown in Figure 4.3(b)), is desired. Moreover, to avoid possible collisions be-
tween the camera and the rail, a safe distance from the lens to the rail top is needed,
which results in an angle of 8 = 11° in this study. The distance from the trailing edge of
the camera-targeting patch (denoted by the red solid semicircle in Figure 4.3(b)) to the
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wheel-rail contact patch (denoted by the yellow solid semicircle) can be calculated via
equation (4.5):

arctan (%)
[=r-tan — (4.5)

where [ is the distance from the camera-targeting position to the center of the wheel-rail
contact patch, r is the wheel radius, which equals 65 mm, /& denotes the distance from
the lens center to the rail top surface, approximately 5.5 mm, and d is the longitudinal
distance between the lens center and the camera-targeting position, which is 28.5 mm.
The value of /, which is equal to 6.25 mm, can be calculated via equation (4.5). We use 2a
to denote the longitudinal length of the contact patch. By dividing (I — a) by the transla-
tional wheel speed of 16 km/h, a time lag of the temperature measurement after wheel-
rail contact can be obtained, which is 1.09 ms. The simulated contact temperatures after
1.09 ms were thus compared to the measured rail surface temperatures, which will be
presented in Section 4.3.3.

4.2.3. SLIP RATIO CALCULATION

The slip ratio is defined as the difference between the translational velocity and the cir-
cumferential velocity of the wheel divided by its translational velocity. As mentioned
before, two encoders installed in the test rig were applied to record the angular velocity
of the driving steel frame w, and the wheel axle w. The translational velocity of the wheel
assembly V), can then be obtained on the basis of the driving steel frame velocity w, and
ring track radius R according to equation (4.6):

V,=wa xR (4.6)

However, when equation (4.6) was used to calculate the wheel translation velocity V),
a sine-wave pattern was observed over the angular position (location as an angle mea-
sured from a fixed reference point) along one ring-track circle, as shown by the black
curve in Figure 4.4. This was a measurement error induced by a slight misalignment be-
tween the encoder center and the rotational center of the driving steel frame. The mea-
surement error exceeded 10%, with an average value of 16 km/h and a maximum value
of over 18km/h, which is unacceptable for the next-step slip ratio estimation, where
high-precision velocity measurements are needed.
An alternative method to calculate the wheel translation velocity was thus proposed,
as defined in equation (4.7):
Vp=Wyuo X T (4.7)

where w,, is the angular velocity of the wheel under free rolling contact conditions: a
nominal zero longitudinal wheel-rail friction force was achieved by applying a small pos-
itive torque to the wheel axle to overcome the negative torque induced by mechanical
friction, e.g., from the gearbox. In wheel-rail free rolling contact, the slip ratio is also zero,
i.e., the wheel translation velocity equals the wheel circumferential velocity, because the
wheel-rail friction force is zero. The measured translation velocity obtained with this al-
ternative method is also presented in Figure 4.4, which presents a steady trend along the
track circle. Consequently, the measured slip ratio can be calculated via equation (4.8):
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Figure 4.4: Two methods to obtain the translational velocity of the wheel assembly during the measurement.
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where S denotes the slip ratio, V), is the wheel translation velocity, and w is the wheel
angular velocity.

4.3. RESULTS

4.3.1. MEASUREMENT DATA PROCESSING

A regression analysis was conducted in this study to correlate the measured slip ratio
and the temperature during braking. However, because the wheel velocities (and thus
the slip ratio calculated on the basis of wheel velocities via equation (4.8)) and tempera-
ture data were measured separately, each using separate timing systems, data synchro-
nization was required to conduct the regression analysis accurately. Fig. 4.5 presents the
measured temperature data and the synchronized slip ratio during a wheel braking pro-
cess. The synchronization method is described below. In Fig. 4.5, the temperature data
points at each instance represent the measured peak temperature within the camera-
targeting patch, as presented in Fig. 4.3(b). The labels S1 ~ S5 and J1 ~ J5 correspond
to the rail sections and joints depicted in Fig. 4.2(c). The moments at which the wheel
passes the joints are denoted by the vertical pink dashed lines and were determined from
the angular positions along the track that were recorded together with the wheel veloci-
ties. As illustrated in Fig. 4.5, the wheel travelled in a braking manner from the rail sec-
tion 1 (S1) to section 4 (S4) between 4.45s and 7.2 s. Subsequently, after passing Joint 5
(J5) at 7.25 s, the wheel returned to S1 for the next cycle. Throughout the wheel braking
process from 4.45 s to 8's, the temperature increased from 250 °C to 670 °C. Note that the
temperature data beyond the predefined measurement range, i.e., from 250 °C to 670 °C,
were truncated in the measurement. In the subsequent regression analysis, this trun-



4. THERMOMECHANICAL FINITE ELEMENT WHEEL-RAIL CONTACT MODELING AND
76 EXPERIMENTAL VALIDATION

cated data was excluded to ensure accuracy. Correspondingly, the slip ratio, which was
calculated via equation (4.8), increased from approximately 2% to 35%.
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Figure 4.5: The maximum temperature within the camera-targeting patch and the slip ratio.

The maximum temperature within the camera-targeting patch and the slip ratio were
initially synchronized by shifting the data so that they corresponded at the joints and
then assessed with a frequency domain analysis for fine-tuning. The locations of the
joints (pink lines) were known for the slip ratio measurement (blue curve) because it
was measured together with the wheel angular position along the ring-track circle. The
locations of each joint are indicated with two pink vertical lines, one for entry and the
other for exit of the joint. In the temperature measurement (orange curve), peaks (P1, P2,
and P3 in Figure 4.5) were identified at joints of poor quality because such joints have a
locally reduced wheel-rail contact area and thus increased contact pressure, increasing
the temperature. These joints were J3, J4 and J5. The temperature curve was shifted so
that J3, J4 and J5 matched their locations in the slip ratio curve, and the two curves were
roughly synchronized.

To obtain more accurate synchronization, a frequency-domain analysis was perform-
ed. A power spectral density (PSD) analysis of the measured temperature and slip ra-
tio at S3 is shown in Figure 4.6. Both the PSDs of the slip ratio and temperature data
exhibit a dominant frequency at 118.5Hz, denoted by the vertical black dashed line in
Figure 4.6. This frequency corresponds to the P2 resonance of the wheel-rail system in
the V-Track [36] and indicates a notable correlation between the measured temperature
data and the slip ratio data. The temperature and slip ratio data were then filtered with
passband frequencies of 118 ~ 119 Hz. The filtered results before synchronization are
displayed in Figure 4.7(a).

A correlation analysis was then used to synchronize the measured slip ratio and the
temperature by calculating their correlation coefficients P [37] across various time shifts
to find the best alignment. P quantifies the linear relationship between two variables,
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Figure 4.6: The PSD analysis of the measured slip ratio and temperature of S3.
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Figure 4.7: The bandpass (118 Hz to 119 Hz) filtered data of the measured temperature and slip ratio. (a) Before
the frequency-domain synchronization; (b) after the frequency-domain synchronization.

ranging from —1 (fully negative) to +1 (fully positive). Before the frequency-domain syn-
chronization, P was —0.13, i.e., the case in Figure 4.7(a). The measured slip ratio was then
incrementally shifted, and the correlation was calculated at each step until P achieved
0.98, as shown in Figure 4.7(b), indicating that the two signals were well synchronized.

4.3.2. REGRESSION ANALYSIS

The analytical model presented in [11] indicates a linear correlation between the slip
ratio and the maximum contact temperature when the contact pressure and thermal
parameters are constant. Although the temperature measured in this study was not the
maximum temperature within the contact patch, but the temperature field immediately
behind the contact patch, given the absence of a known relationship, a linear regression
analysis was employed to process the measurement data. Future research can be con-
ducted to further characterize this relationship. Based on the linear regression analysis,
the correspondence between the measured slip ratio and temperature was obtained via
equation (4.9):
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T =8.36xS+260 (4.9)

where S and T are the measured slip ratio and temperature (°C), respectively. The co-
efficient of determination, R%, was calculated to be 0.72, indicating that approximately
72% of the variability in the dependent variable T can be explained by the independent
variable S in the regression equation (4.9). The temperature T measured from 5.8 s to
7.7 s (mostly ranging between 250 °C and 670 °C) as a function of the slip ratio S, as well
as the derived linear regression fitting, are plotted in Figure 4.8. The regression equation
performs well in fitting the data; therefore, the wheel-rail contact temperatures can be
estimated on the basis of this regression equation with input slip ratios. The remaining
28% of the variability that cannot be explained by the linear regression relationship may
be due to the contact pressure varying over time in real-life wheel-rail rolling [38], and
the thermal parameters could need to be further calibrated.
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Figure 4.8: A linear regression analysis of the measured slip ratio and temperature.

4.3.3. MODEL VALIDATION

4.3.3.1SIMULATION CASES AND RESULTS

The previous section demonstrated the linear correlation between the wheel-rail con-
tact temperature and slip ratio and the possibility of predicting the contact temperature
on the basis of the slip ratio. Three slip ratio scenarios—5%, 10%, and 15%—were then
simulated via the FE method presented in Section 4.2.1. In the measurement, we mea-
sured the wheel-rail contact temperatures under continuous variation of the slip ratio
from low to high along the track with four different rail grades used in the V-Track test
rig, as shown in Figure 4.2(c). The 5% and 10% slip ratio scenarios took place with the
rail grade R350HT, and the 15% slip ratio scenarios occurred with the rail grade R260. To
ensure consistency with the experimental conditions, two distinct sets of temperature-
dependent material parameters widely used in wheel-rail thermomechanical behavior
modeling were incorporated into the material modeling. The two material parameter
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sets, with one set detailed in Tables 4.1 and 4.2 and the other in Table 4.3, result in a
total of six simulation cases, as summarized in Table 4.4. The material parameters pro-
vided in Table 4.1 and Table 4.3 also illustrate that the same rail type may have different
mechanical material parameters at different temperatures, especially the yield strength.
The simulated contact temperature on the rail along the rolling direction for case 5 (slip
ratio = 10% and rail grade R350HT) at 2.7 ms is plotted against the simulated wheel-rail
contact pressure in Figure 4.9(a).

Table 4.4: The simulation cases of the FE model

Material type Slip ratio and Rail grade

Material set of rail | 5%, R350HT (case 1) 10%, R350HT (case 2) | 15%, R260 (case 3)
(parameters in Ta-
bles 1&2)

Material set of rail | 5%, R350HT (case 4) 10%, R350HT (case 5) | 15%, R260 (case 6)
(parameters in Ta-

ble 3)
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Figure 4.9: Numerical solution within the contact patch of case 5 at 2.7 ms. (a) Temperature field and the
contact pressure on the rail surface; (b) the temperature change over time of the node corresponding to the
peak temperature within the contact patch.

As shown in Figure 4.9(a), the maximum wheel-rail contact pressure during the simu-
lation is 1048 MPa. The peak temperature is 330 °C and occurs at the trailing edge B of the
contact patch, whereas the minimum temperature is found at the leading edge A, which
is consistent with the findings reported in [11, 39]. A gradual increase in contact temper-
ature is observed from the leading area to the trailing area. This is because the wheel and
rail materials, with their ‘initial temperatures’ accumulated in the previous contact cy-
cles, flow into the contact patch from the leading edge, and the contact-induced heat is
accumulated during wheel-rail friction rolling until the materials exit the contact patch
at the trailing edge.

The temperature-time history of the trailing-edge node in the middle of the contact
patch is presented in Figure 4.9(b). As mentioned in Section 4.2.2, the infrared camera
employed in this study captured the flash temperatures on the rail head after 1.09 ms of
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wheel passage; the simulated temperatures were thus extracted 1.09 ms after wheel pas-
sage, i.e., 1.09 ms after the peak temperature occurred at the trailing edge of the wheel-
rail contact patch, as indicated in Figure 4.9(b).

Figure 4.10 shows the time histories of the temperature and slip ratio simulated with
case 5 (slip ratio = 10% and rail grade R350HT). As shown in Figure 4.10, the simulated
slip ratio, calculated via the method presented in [40], fluctuates between 9% and 11%,
with an average value of 10%, aligning with the initial setting of simulation case 5. In
addition, the simulated temperature also varies with time, with an average temperature
of 317°C and a fluctuation margin of 4%. This average temperature was then taken as
the simulation result to compare with the measured temperature under the same slip
ratio conditions. The fluctuations in the simulated slip ratio and temperature should
be attributed to the dynamic interactions between the wheel and rail, during which the
contact stress and wheel motion vary with time [38].
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Figure 4.10: The time histories of the simulated contact temperature and slip ratio.

4.3.3.2COMPARISON WITH MEASUREMENT

Figure 4.11 presents a comparison between the simulated temperatures and the mea-
sured temperatures with three different slip ratios and two sets of material parameters.
The measured temperatures at different slip ratios were obtained via equation (4.9). The
simulation results for all six cases were obtained as described in Section 4.3.3.1.

As shown in Figure 4.11, the measured and simulated temperatures exhibit the same
increasing pattern as the slip ratio increases from 5% to 10% and then to 15%. The mea-
sured contact temperatures are 302 °C, 343 °C, and 385 °C for slip ratios of 5%, 10%, and
15%, respectively. When the material sets from Tables 4.1 and 4.2 are used, the simulated
temperatures for slip ratios of 5%, 10%, and 15% are 278 °C, 310 °C, and 347 °C, respec-
tively, which are slightly lower than those simulated using the material set from Table 4.3:
282°C, 317°C, and 360 °C. Since the simulated results obtained with the two parameter
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Figure 4.11: The comparison of the measured and simulated temperature with different slip ratios.

sets are close to each other and in reasonable agreement with the measurement results, a
conclusion can be drawn that both parameter sets can represent the thermomechanical
material properties of rail steels when the temperature is below 360 °C.

The maximum relative errors for the cases with the three slip ratios are 7.9%, 9.6%,
and 9.9%. The discrepancy increases with the slip ratio and may be because the initial
temperature (200°C) assumed in the simulations for all three slip ratio cases is lower
than that under actual conditions. In particular, for the higher slip ratio case (15%), a
higher residual temperature, and thus initial temperature, can accumulate from pre-
vious wheel-rail contact cycles. Future work should measure the flash temperature of
wheel and rail surfaces immediately before they come into contact, e.g., using an in-
frared camera targeting the front side of the wheel-rail interface and then providing a
more accurate input of initial temperature to the simulation.

4.4. CONCLUSIONS, DISCUSSION, AND FUTURE WORK

In this study, a thermomechanical finite element (FE) model for simulating wheel and
rail interactions during braking was developed with two different temperature-dependent
mechanical and thermal material parameter sets. This model was experimentally vali-
dated up to approximately 360 °C for the first time on the TU-Delft V-Track test rig under
the same contact conditions in terms of the contact pressure, slip ratio and coefficient
of friction. After processing the measurement data, including the calculation of the slip
ratio and data synchronization, a regression analysis was conducted between the mea-
sured contact temperature and slip ratio. Comparisons were then made between the
measured and simulated contact temperatures under three high slip ratio scenarios. The
following conclusions and insights from the discussion are derived from this study:

* The contact temperatures simulated with the developed thermomechanical FE
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model achieve reasonable agreement with the experimental results across slip ra-
tios 0of 5%, 10% and 15% in terms of the values and variation trends. The maximum
error between the simulations and measurements is within 9.9% up to 360 °C, which
is acceptable for engineering applications.

* The match of the simulated and measured contact temperatures suggests that the
proposed model is accurate for simulating wheel-rail contact with thermal effects
and that the employed temperature-dependent parameters are reliable for repre-
senting the thermomechanical properties of rail materials.

* A linear relationship was identified between the measured slip ratio and contact
temperature. 72% of the variability in the measured temperature can be explained
by the slip ratio in the linear regression equation. The remaining 28% of the vari-
ability that cannot be explained linearly may be due to the contact pressure vary-
ing over time during real-life wheel-rail rolling.

The maximum contact temperature is of the most concern in the previous research
as it significantly influences contact behavior and the subsequent interface deteriora-
tion. In this study, for the experimental validation of the FE thermomechanical model
with high slip ratios, which has rarely been addressed in previous research, the contact
temperature was measured at a 1.09 ms lag behind the contact patch. The validated FE
model then enables the computation of temperature distributions across the contact
patch, including the maximum contact temperature. These findings support the relia-
bility of the proposed modeling approach and provide a basis for further investigations
into the thermal effects of wheel-rail interactions under high slip conditions.

To further improve the accuracy of the thermomechanical model, more accurate in-
put of the initial temperature of the contact bodies is desirable. In addition, it can be
helpful to consider the thermal radiation and convection to the air and the temperature-
dependent coefficients of friction. Finally, the thermomechanical model should be bet-
ter able to account for the contact profile alterations during wheel contact since severe
wear can be induced by high slip ratios and elevated temperatures.
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5.1. CONCLUSIONS

This PhD research aimed to improve the understanding of the thermomechanical be-
havior of the wheel-rail system, which is vital for enhancing the safety, reliability, and
economic efficiency of railway operations. The study focused on developing a compre-
hensive thermomechanical wheel-rail contact model, validating its accuracy, and ap-
plying the model to analyze thermal contact-induced damages observed in the railway
practice. The three research objectives presented in Chapter 1 have been addressed ac-
cordingly, and the conclusions can be drawn as follows.

Objective 1: Establish numerical models and experimental setups to accurately assess
the thermomechanical behavior of the wheel-rail contact system.

* A 3D thermomechanical FE wheel-rail contact model was built. The numerical
simulations reveal that within a contact patch, the contact temperature increases
from the leading area to the trailing area because cool materials enter the contact
patch from the leading area and are then heated up during frictional rolling.

* The normal contact stress simulated with the thermomechanical model is higher
than the pure mechanical solution involving plasticity due to the thermal soft-
ening and thermal expansion/contraction stress, especially at locations after the
crest of the polygonal profile, where the contact temperature is high. The wheel-
rail impact contact stress can thus be underestimated without considering thermal
effects.

* The material model influences wear depth calculation. The peaks of wear depth
can be significantly overestimated when an elastic model is used. The consider-
ation of thermal effects increases the peaks of wear depth, especially when the
contact temperature is high.

* The developed measurement system, i.e., the V-Track test rig equipped with an on-
board high-precision infrared camera, can reliably and continuously measure the
wheel-rail contact temperatures up to 1200 °C, as well as transient thermal phe-
nomena such as the cooling process.

* The V-Track rail emissivity, as an input parameter of the infrared thermal camera,
is calibrated with values of 0.83 at 600 °C and 0.43 at 950 °C. It is also found that
emissivity is insensitive to rail grades.

Objective 2: Reliably validate the thermomechanical contact model by accurately mea-
suring the wheel-rail contact temperature, especially under high slip ratio conditions.

* The measured wheel-rail contact temperature rises with the slip ratio until a “wheel
flat” is formed. The contact temperature drops when the “wheel flat” flows outside
the contact area and then increases again with the slip ratio. The contact temper-
ature may reach up to 1000 °C with a slip ratio of 99%.

 Alinear relationship is identified between the measured slip ratio (2% ~ 30%) and
contact temperature (277 °C ~ 511 °C) before the occurrence of a “wheel flat”. 72%
of the variability in the measured temperature can be explained by the slip ratio
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in the linear regression equation, and the remaining 28% of the variability may be
due to the fact that the contact pressure varies over time in the real-life wheel-rail
rolling, and the thermal parameters are temperature-dependent.

* The contact temperatures simulated with the developed thermomechanical FE
model using two temperature-dependent mechanical and thermal material pa-
rameter sets demonstrate close similarity, and they are reasonably aligned with
the experimental results across the slip ratios of 5%, 10%, and 15%. The simulated
temperatures are about 8% ~ 10% lower than the experimental values. This sug-
gests that the presented model is reliable for simulating wheel-rail contact with
thermal effects and both the parameter sets can reflect the thermomechanical
properties of the rail materials.

Objective 3: Improve the understanding of the generation and development of thermal
damage, e.g., polygonal wear and a “wheel flat”.

» The contact temperature presents a periodic pattern along with the polygonal pro-
file: the temperature is low at the locations just after the wheel profile trough and
it goes up gradually and reaches the highest amplitude before decreasing slightly
near the next trough. The simulated peak contact temperature at the three waves
along the polygonal profile are 362 °C, 315 °C, and 275 °C, respectively.

* The simulated wear depth peaks increase with the initial polygonal wear ampli-
tude, suggesting that with the increase of wear amplitudes, the development of
polygonization is accelerated.

* A “wheel flat” is generated in the V-Track test when the slip ratio reaches around
40% and the corresponding wheel-rail contact temperature is 624 °C. By tracing
the measured temperature drop of the “wheel flat” area over time, a wheel-rail
contact temperature-evolution curve is obtained, which can be well-fitted with an
exponential curve.

5.2. FUTURE WORK

To further improve the understanding of the thermomechanical behavior of the wheel-
rail system, future research is recommended as follows.

* To improve the accuracy of the thermomechanical finite element (FE) model, it
is desirable to accurately measure the initial temperatures of the contact bodies
and use these values as initial conditions of simulations. For instance, another
infrared camera can be mounted on the front side of the V-Track wheel assembly
to measure the temperatures of the wheel and rail surfaces before they flow into
the contact area.

* As the temperature changes, the frictional behavior of the wheel/rail materials
may vary due to alterations in their physical and chemical properties. Conse-
quently, the coefficients of friction can be affected. Using temperature-dependent
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coefficients of friction can provide a more accurate representation of the interac-
tion between contact bodies in the modeling. Incorporating these variable coeffi-
cients into future thermomechanical FE models will allow for more realistic simu-
lations, reflecting how frictional forces might change under different thermal con-
ditions.

* The temperature-dependent variation in material hardness should be incorpo-
rated into wear calculations to enhance the accuracy of wear predictions. While
the present study neglects the thermal effects and the influence of plastic defor-
mation on hardness in the wear simulation, it is important to recognize that within
the studied temperature range, the yield stress is highly dependent on tempera-
ture, and material hardness is related to yield stress. Addressing this limitation
in future research will allow for a more precise evaluation of wear behavior under
varying thermal conditions.

* While the Jendel wear map and wear coefficient (k) were utilized in this study, their
limitations, including the use of a limited number of data points and material-
m specific nature, are acknowledged. To improve the accuracy of wear predictions,
future work may refine and calibrate the wear coefficients based on comparisons
between the simulated and measured wheel profiles.

* Metallographic analysis can be conducted to examine the heat-induced microstruc-
ture change of the wheel and rail tested in this study. This analysis can help identify
specific changes in the materials, such as the growth of grains, changes in phases,
or the formation of small cracks that occur due to the thermal loads. By exam-
ining these changes, it becomes possible to understand the reasons for material
damage from a material science perspective. This understanding provides infor-
mation for explaining how and why the materials degrade or fail when exposed
to high temperatures, which can help in improving material choices, design meth-
ods, and maintenance practices to increase the reliability and lifespan of the wheel
and rail under different thermal conditions.

* In the current model, the simulation focused on a single wheel load to analyze
its thermal contact impact on the wheel and rail. Future simulations can incor-
porate cyclic wheel loads, which can more accurately represent real-world condi-
tions where wheels repeatedly pass over the same section of rail. By simulating
cyclic loads, it is possible to examine how the repeated application of heat and
mechanical stress contributes to the accumulation of thermal effects, such as tem-
perature increases and material softening, which may then lead to greater damage
over time. Additionally, the accumulation of plastic deformation from multiple
wheel passes can result in material work hardening, which should be considered
in future wear calculations to ensure more accurate predictions. This will help re-
fine the estimation of material loss and improve the effectiveness of maintenance
strategies.

* The proposed thermomechanical FE model can also be used to study other types
of thermal damage caused by the interactions between the wheel and rail, such as
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rolling contact fatigue. Rolling contact fatigue occurs when repeated rolling/sliding
actions between the wheel and rail, leading to changes in material properties,
crack initiation, and eventual material failure. By applying the proposed FE model,
it is possible to investigate how the thermal effects contribute to the develop-
ment and growth of fatigue cracks over time. The analysis may help identify crit-
ical factors that influence the rate of fatigue damage, such as temperature rise,
temperature-dependent friction levels and material characteristics.

* The thermal contact behavior of the wheel and rail during flange contact on a
curved track can be analyzed using the proposed thermomechanical FE model.
When a train moves along a curve, the wheel flange makes contact with the rail,
generating friction and heat due to the increased lateral forces. This contact may
lead to significant temperature rise at the contact points, affecting the material
properties of both the wheel and the rail, such as hardness and resistance to wear.
By using the FE model, it is possible to simulate and study how these thermal ef-
fects develop and interact during flange contact, providing a better understand-
ing of the heat distribution and temperature changes along the curve. This analy-
sis can help identify areas at higher risk of thermal damage, optimize rail design,
and develop strategies to minimize wear and improve safety and performance on
curved tracks.
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