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ARTICLE INFO ABSTRACT

Keywords: Causes of a wheel fracture resulting in a derailment that caused major traffic disruptions and costs
Railway are investigated based on findings in the first part of this paper [1]. Numerical finite element (FE)
Derailment

simulations together with a fatigue initiation assessment indicate that the fatigue crack at the
inside of the flange that triggered the wheel fracture was caused by a combination of wheel-rail
contact loads during curving and tensile residual stresses caused by previous overheating of the
flange. A fracture mechanics-based analysis is carried out to establish the plausibility of this
hypothesis by estimating fatigue crack growth rates and load magnitudes required to cause the
final fracture. In order to further assess the influence of flange overheating, the residual stress
field is evaluated in a thermomechanical viscoplastic FE-simulation and mapped onto a FE-based
fracture mechanics model of the loaded flange crack using an innovative genetic algorithm
approach.

The study establishes root causes of the fatigue failure to be a combination of high mechanical
stresses due to heavy haul operations with worn wheel profiles, and tensile residual stresses
caused by prior heating of the flange by a misaligned brake block. Further, scratches on the inside
of the flange have acted as crack initiators. Although it is not possibly to evaluate an exact crack
growth life due to uncertainties in load magnitudes, the position of crack initiation in relation to
the evaluated stress field together with crack growth rate estimations indicate that crack growth
started before the previous reprofiling twenty-one months before the derailment.

Fatigue

Tread braking
Wheel fracture
Thermal stresses

1. Introduction

A fully loaded iron ore train on route from Kiruna in Sweden to Narvik in Norway derailed at Vassijaure station on the 17th of
December 2023 [2]. Investigations [1] revealed the cause of the detached wheel to be a radial fracture induced by a fatigue crack on
the inside (towards centre of the track) of the flange and extending to the hub, see Fig. 1. This caused a wheel of type BLS 32.5 [2] to
loosen its grip on the axle, which allowed the wheel to traverse laterally. Due to this, some 15 km of track was damaged as one wheel
was rolling on the inside of the rail before final derailment due to switch negotiation.

In the first part of the investigation [1], fracture characteristics were evaluated and wheel rim geometries established. The initial
crack was identified as the crack shown in Fig. 1. In addition, blueing of the wheel, see Fig. 2, together with wear of a detached brake
shoe indicated brake shoe heating of the flange, a hypothesis that was further strengthened through tests by the operator that showed
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the brake block support to be flexible in the lateral direction. Further, material and mechanical characteristics of the failed wheel were
established and compared to specifications. No significant deviations were found.

This part of the investigation consists of an assessment of load conditions likely to have triggered fatigue initiation, crack growth
and final fracture. Here the geometry of the fatigue crack in Fig. 1 serves as a key input. In addition, the brake shoe worn in contact with
the flange that was found in the on-site failure investigation implies that there had been an abnormal thermal frictional loading of the
flange.

The current type of failure cannot really be characterised as rolling contact fatigue (cf. [3,4]), nor as thermal cracking (cf. [5]). The
reason is that the crack is not initiated/propagated in the contact stress field but driven by cyclic tensile stresses on the inside of the
flange. Although it is found to be promoted by tensile residual stresses due to flange overheating it is not a thermal crack in the sense
that the mechanical load is the prime crack driving force. In that aspect, this type of fatigue failure is more akin to plain fatigue.

The paper is organised as follows:

In section 2 two potential cases of mechanical loading that may have caused the fatigue failure are identified. Further, flange
overheating may cause tensile residual stresses on the inside of the flange. Numerical simulations are performed to evaluate stresses in
the flange caused by these load cases.

In section 3 it is shown that one of the mechanical load cases is likely to have caused fatigue initiation and final fracture. An
overview estimation of the crack growth life is performed.

The analysis thus far established root causes and indicated required preventive actions. It was therefore employed in the failure
investigation of the Swedish Accident Investigation Authority [2].

To further quantify the influence of misaligned brake blocks in general and specifically for the studied case, section 4 features an in-
depth analysis of the influence of flange overheating on crack loading. The analyses show that the crack was likely to initiate before
previous reprofiling and that final fracture was likely promoted by a tensile residual stress caused by severe flange overheating.

Finally, the results are summarised and commented in section 5.

The novel features of the study reported here and in [1] include the detailed assessment of this rare type of failure, and the
employed combination of fracture analysis, thermomechanical simulations, and fatigue assessments. In particular, it relates to the
innovative approach of evaluating the residual stress field from viscothermoplastic simulations and mapping it onto a fracture me-
chanics model. This analysis allowed to identify likely scenarios and root causes of this costly accident in a setting where many pa-
rameters are uncertain, and results are sensitive to changes in input set-up.

2. Operational loads and resulting stresses

To cause the fatigue failure in Fig. 1, a (cyclic) tensile stress at the inside of the flange is required. The three load cases in Fig. 3 that
each will cause a tensile stress at the inside of the flange are studied. The load cases are here analysed separately using the finite
element method as implemented in the commercial finite element software ABAQUS. The mechanical loads are not included in the
analysis of the thermomechanical problem of braking since they only influence the state of stress at the back of flange during sharp
curving conditions (see section 2.2) which should constitute a negligible portion of the duration of the braking action with displaced
blocks. The interaction of the load cases is studied in detail in the fatigue analyses in section 4 in which residual stresses introduced by
the thermal load case are combined with the stress variations introduced by the mechanical load case c.

2.1. Thermal loading and resulting residual stresses

The schematic loading presented in Fig. 3a features an offset brake block which will heat also parts of the wheel flange. Under
normal operations, the flange is never heated by the brake block contact. The motivation to consider this non-standard thermal load
case of a laterally displaced brake stems from the finding at the derailment site that a brake block had worn to conform to the
tread-flange geometry, see [1]. If the heating and resulting constrained thermal expansion is sufficiently high to cause yielding, tensile
residual stresses (in the circumferential direction) will form in the wheel rim (as expected at tread braking after cooling) but for our
case also in the flange region of the wheel, which is extraordinary.

Fig. 1. Fatigue crack at inside of flange causing the failure.
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Fig. 2. Blueing of the wheel in the radius below the tread.

ks

Fig. 3. Schematic representation of load cases. a) Thermal load induced by laterally displaced brake block. b) Mechanical load at the field side on
wide track and/or on the inner rail when cornering. ¢) Mechanical loads at the flange side on the outer rail in a curve with flange contact.

The thermomechanical analysis (Fig. 4a) employs an axisymmetric model which previous studies [6] have shown to be a
reasonable simplification. The model features 1735 eight node axisymmetric elements. Boundary conditions are indicated in Fig. 4a.
The applied power is transferred to an evenly distributed heat flux gy [W/m?] by dividing the power with the brake block contact
area on the wheel. This evenly distributed surface heat flux is applied over tread and flange surfaces marked red in Fig. 4a.

Heating of the wheel here accounts for the laterally shifted brake block position that gives heating of parts of the wheel flange.
Temperature-dependent thermal material properties are considered [7]. Cooling is accounted for through radiation and convection
with parameters calibrated based on freight car temperature measurements [7]. More in detail, the cooling model has been experi-
mentally calibrated by measured temperatures from field testing campaigns on freight wagons featuring braking at constant power and
speed at the Velim test circuit in the Czech Republic, but also for conditions with varying braking power levels and speeds during
commercial coal transports in North-Eastern South Africa. For the current analyses, the cooling influence of the axle is disregarded as it
would have a minor effect on wheel rim temperatures and build-up of residual stresses.

A recently developed viscoplastic constitutive model is used for the simulation. The model has been calibrated using results from
both isothermal and anisothermal testing to capture wheel steel behaviour at severe braking conditions for temperatures up to 750 °C.
The model is of Chaboche-type and features e.g., thermal deterioration at elevated temperatures to capture reduction in yield strength

b

Fig. 4. FE-models. a) Termomechanical FE-model with thick black lines indicating cooling via convection and radiation, white lines indicating
cooling via convection and reduced radiation (glossy surface), and red line indicating heat input and reduced convection and radiation accounting
for parts of the surface covered by blocks. The hub is locked radially on the inside and axially on the flange side. b) Mechanical FE-model with
imposed boundary conditions featuring a locked hub, and symmetry conditions applied to the relevant cross-sections. Loads are described in
section 2.2.
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as introduced by pearlite spheroidisation. For clarity, the material model is briefly presented below along with adaptions employed in
the current study. A detailed presentation of the model is given in [8] along with experimental data used for calibration.
The plastic region is defined by the Mises yield criterion

f= \/g\adeva|f(R+k) <0 (D)

Where 64y is the deviatoric stress, X the kinematic backstress, R the isotropic hardening stress and k the initial yield stress. The
viscoplastic strain evolves as

Lof () \f Ogey — X
P — | — = —2~ -
€ /16(7 t- V2 |64 —X| @

where t. is a material parameter controlling viscous behaviour and the Delobelle overstress function is 7(f) = sinh <(£>"> with D =

1 MPa for achieving correct units. The evolution of the isotropic hardening stress R is given by R = 1b(Q —R), with Q determining
hardening saturation and b the rate of hardening. The kinematic hardening uses a Chaboche decomposition, extended by including a
static recovery effect to account for relaxation of stress, with the resulting evolution being

/2 INDq 1.dc,,
Xi=14 <§Ci - }’iXi> 7 (E>Xi + C ETXi 3

With hardening constants C;, saturation hardening y;, X =Y 1 ,X; and A =1 —@, with the latter introduced to prevent relaxation
during straining. In the present work, three kinematic stresses are used, which was found sufficient at calibration of model parameters.
In addition, it was found that the non-recoverable softening following pearlite spheroidization at high temperatures could be modelled

by a time-dependent exponential function
P=pP, - P) @

where P is reduction in yield and hardening constants, where e.g., correction to the yield stress k is made as k = kyirgin (1+ P), with
kvirgin being the yield stress of the material prior to softening, and ultimate reduction is P,, = —0.2 after long time at 600 °C.

This material model has been extensively used for studying thermomechanical effects on wheel behaviour [9]. Yield strength and
hardening parameters are in this study adapted to the current material AAR Class B through modifying the parameters used for the
originally considered ER7 wheel steel material, based on differences in yield strength, see [10]. The most important modified material
parameters are presented in Table 1. Remaining parameters can be found in [8]. To account for rim chilling, initial yield strength and
hardening parameters are reduced linearly from the tread (of a new wheel) to a depth of 100 mm, after which no further change occurs.
Maximum reduction is 20% [11].

For the studied train, a normal wagon braking its own weight down to Narvik provides an approximate braking power of Qpae =
30 kW for about 30 min. Since braking power may be unevenly distributed between wagons, and potentially influenced by brake
malfunctioning, also higher brake power levels are investigated.

Temperature and residual stress in the circumferential direction after 30 min of braking with a total brake power of Qpake = 30,
and 60 kW are shown in Fig. 5 and Fig. 6. Simulation results for thermal loads Qpake = 30, 40, 50 and 60 kW are summarised in
Table 2.

The brake load case 30 kW gives negligible tensile stresses in the area on the inside of the flange for the studied case featuring a
laterally displaced brake block. It is therefore reasonable to assume that such braking in combination with previous wheel turning has
removed the compressive residual stress that arises during rim chilling. This assumption is further supported by previous studies that
indicate that tensile residual stresses after severe drag braking are found to be almost independent of initial stresses [12].

Only braking above some 50 kW results in significant residual stresses. This is a high heat power, but it should be noted that the
residual stress at the wheel failure in principle corresponds to the highest braking power during the entire lifetime of the wheel since
the last reprofiling. The reason is that the rolling contact does not (significantly) affect the residual stress state on the inside of the
flange.

Table 1

Material parameters employed for AAR Class B wheel material.
T [°C] E [GPa] K [MPa] C,; [GPa] C, [GPa] Cs [GPa] Q [MPa]
RT 185 360 100 90 20 100
200 180 360 100 90 20 100
325 180 290 130 70 18 100
400 170 250 120 80 11 -5
500 165 130 120 80 7 —-25
600 150 60 180 140 12 -30
750 170 40 70 5 1 -30
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NT11
+2.700e+02
+2.450e+02
+2.200e+02
+1.950e+02
+1.700e+02
+1.450e+02
+1.200e+02
+9.500e+01
+7.000e+01
+4.500e+01
+2.000e+01

S, $33
(Avg: 75%)

+1.100e+07
+8.250e+06
+5.500e+06
+2.750e+06

-5.500e+06
-8.250e+06
-1.100e+07

b

Fig. 5. Results for Q = 30 [kW]. a) Temperature at end of braking. b) Circumferential residual stress.
A summary of circumferential stress evolution during braking and cooling for the different power levels is shown in Fig. 7.
2.2. Mechanical loading

For mechanical analyses, the load cases in Fig. 3b and c will both induce bending of the flange giving tensile stresses at the back of
the flange. A three-dimensional finite element model of half the wheel featuring 822 000 20 node isoparametric elements with full
integration is used, see Fig. 4b where boundary conditions are defined. An elastic material model with E = 200 GPa and v = 0.3 is used.
Loads are based on the wheel design standard EN13979-1 [13], with an employed axle load of 31 tonnes.

On the field side of the wheel (Fig. 3b) a vertical force F = 1.25P = 191 kN where P is the static wheel load, is applied 15 mm from
the field side. On the flange side (Fig. 3c) a vertical force F = 1.25P = 191 kN is applied 27 mm from the flange side, and a lateral force
F = 0.6P = 91.2 kN applied 14 mm above the rolling circle against the flange. The forces are distributed over surface nodes over a
circular area with a radius of 1 cm, which is motivated by the necessity of avoiding local stress effects to interfere with the studied part
of the flange, which would result if a lateral point force would be used in an elastic model setting. The lateral force is applied at a point
14 mm radially outside the rolling circle, which is 4 mm more than the 10 mm stipulated in EN13979-1. This choice is uncontroversial
considering that it is well-known that the contact between wheel and rail can take place at more exterior positions on the flange than
the one given in the standard. See e.g. [14], in which the contact point is up to 15 mm outside of the rolling circle for nominal profiles of
wheel and rail. The load application point was in the present study chosen since it results in measurable higher stresses in the flange but
has a negligible influence on wheel web fatigue (the focus of the standard). The increase can partially be explained by how the point
load is transferred onto a load carrying area on the flange.

Examples of circumferential stresses for the load cases in Fig. 3b and c are shown in Fig. 8 and Fig. 9. In the circumferential section
where the mechanical load acts, the field side load (Fig. 3b) produces compressive stresses on the inside of the flange, while the flange
loads (Fig. 3c) produce tensile stresses. A few decimetres from this circumferential section, the conditions are reversed.

The mechanical load act on a “cold wheel”. Stresses during braking are expected to differ significantly only if regions of the wheel
feature temperatures above some 400 °C when the yield strength starts to decrease significantly [15].

3. Fatigue failure

Given the evaluated stresses, an assessment is made whether these stresses are sufficient to trigger fatigue initiation, drive crack
growth and cause final fracture. The simplified fracture mechanics assessment in section 3.2 is employed to assess whether the studied
mechanical load cases are likely to have caused the fracture. This is complemented by a refined FE-analysis in section 4 to evaluate if a
residual stress (caused by flange overheating) is required to cause final fracture (and also to quantify how it influences short crack
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Fig. 6. Results for Qurqe = 60 kW. a) Temperature at end of braking. b) Circumferential residual stress.

Max temperatures and stress magnitudes on the inside of the flange. Node positions shown in Fig. 6.

Braking load case

Max temperature on tread [°C]

Highest tensile stress on inside of the flange [MPa]

30 kW
40 kw
50 kW
60 kW

267
338
420
490

1.0
3.0
28 (node 1), 16 (node 4)
81 (node 1), 63 (node 4)

growth). The fatigue crack growth analysis in section 3.3 is used to assess how frequent inspections need to be, and to understand

whether the crack might have existed even before the last reprofiling.

3.1. Fatigue initiation

Maximum and minimum (over a wheel revolution) stresses on the inside of the flange stemming from the two mechanical load cases
b and c are reported in Table 3. Note that load cases b and ¢ will never interact and that the yielding caused by the thermal loading
during braking will result in a static residual stress field that will be superposed on these mechanical stresses.

An effective stress that accounts for the influence of the mean stress according to Smith-Watson-Topper, see e.g., [ 16], is calculated

as
OSWT = V/Omax * Oa
where the stress amplitude is calculated as
G. = Omax — Omin
# 2

6]

6

Under the assumption of negligible residual stress, i.e. or.s = 0, the stress magnitudes in Table 3 translate to stress amplitudes and
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Fig. 7. Circumferential stress over time (during braking and subsequent cooling) for indicated nodes on the inside of the flange.

effective stresses according to Table 4.

The ultimate strength of the material on the tread is 6, ~ 1 000 MPa and in the body o, ~ 835 MPa [1]. This gives an unreduced
fatigue limit of ¢, =~ 0.50, =~ 450 MPa, see e.g., [16].

For fatigue to occur at the calculated effective stress magnitudes, a reduced fatigue limit, o, is required, such that osyr > 6er = moe
where m is a reduction factor due to surface roughness, loaded volume etc. For the two load cases in Fig. 3b and c, the required
reduction factors for fatigue crack initiation to occur are m, = 60/450 = 0.13 and m, = 160/450 = 0.36, respectively with indices
indicating the respective load case. With the high ultimate stress of the material and observed high surface roughness at the back of the
flange [1], a reduction factor of m ~ 0.3 is not unreasonable, cf. [16]. This means that fatigue may have been initiated by a flange load
(Fig. 3c) if surface damage was present, but most likely not by the field side load (Fig. 3b) since m ~ 0.13 is an unrealistically low
reduction factor for the studied surface conditions.

Note that the position of initiation in Fig. 1 is closer to the flange top than the position of maximum stress. This may be due to larger
surface damage higher up and/or a different point of application of the load in relation to the point of fatigue initiation than assumed.
It can be noted here that reprofiling does not remove material in the area where the crack was initiated. Crack initiation and incipient
growth may thus have occurred before the last reprofiling when the initiation point was more on level with the wheel tread.
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Fig. 8. Circumferential stresses in node 1 for load cases in Fig. 3b (load on field side) and c (load on flange side). Overview of load positions around
half the wheel circumference and zoom-in of an area in the vicinity of the load.

3.2. Final fracture

The crack on the outside of the flange in Fig. 1 is studied. Using the elementary case in Fig. 10, the stress intensity factor for a
quarter-circular corner crack can be estimated [17] as

M
K = 60'0\/7E )

Here ® = E(0) ~ 1.57 where E is the complete elliptic integral of the second kind.

This is in principle equivalent to studying the area in Fig. 1 that is limited by a dashed white line. The influence of the remaining
wheel rim, wheel disc, etc. is then neglected. In addition, a uniformly distributed nominal stress is assumed. These assumptions mean
that the results should only be taken as an indication of whether crack growth and fracture are reasonable under the studied loads.
More precise calculations of stress intensities are presented in section 4.

Estimated dimensions of the parameters in Fig. 10 based on Fig. 1 are a = 14 mm, t = 24 mm and W = 50 mm. These correspond to
the width and height of the white dashed rectangle. With a/t = 0.6, case 9.59in [17] gives M ~ 1.37 which with uniformly distributed
nominal stress 6o = 100 MPa (taken lower than the maximum stress for load case c in Table 3 to roughly compensate for the stress
gradient) gives the stress intensity

1.37

= ﬁ100\/n -0.014 = 18 MPaym (8)

K;

The fracture toughness of a number of material classes for freight wheels is listed in [10]. Selected values of KRQT (the dimension-

dependent fracture toughness at room temperature used by railway industry when ASTM criteria for test dimensions are not fully

met [18]) and Ky2° € (impact toughness at —20°C) from table 24 in [10] are compiled in Table 5. It is seen that for these materials (and
units) KST /K\720°c ~ 8.

In the accident report [19], impact toughness (Ky) at —20°C and —40°C are presented, see Table 6. Assuming that KRQT /K\-]20°c =8

also for the damaged wheel, the minimum value of KST can be estimated as KR' .~ 8-4.2 =34 MPa,/m. The minimum value is most

Q,min
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Fig. 9. Circumferential stresses in node 4 for load cases in Fig. 3b (load on field side) and c (load on flange side).
Table 3
Stress variations [MPa] on the inside of the flange.
node 1 2 3 4
stress
Ob,max 72 69 66 62
Ob,min -28 -28 -26 -25
Ocmax 174 146 108 61
Oc.min -122 -145 -170 -201
Table 4
Fatigue stress on the inside of the flange [MPa].
node 1 2 3 4
stress
Opa 50 48 46 44
Op.SWT 60 58 55 52
Oca 148 146 139 131
OcSWT 160 146 123 89

interesting here since fracture usually occurs in weaker materials.
It is also seen that K(,“ODC /ngooc ~ 0.6 for minimum values. If it is assumed that the decrease in fracture toughness between room

temperature and the temperature at the time of fracture (about 0 °C) corresponds to the decrease in impact toughness between —20°C
and —40°C, we get K%BC ~ 0.6 - 34 =20 MPay/m. Although this assumption can be discussed since the decrease is not a linear function

of temperature, the calculations show that it is not unlikely that Kj ~ K% ¢ (implying fracture) under the studied conditions.
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Fig. 10. Quarter-circular surface crack subjected to a uniform tensile stress.

Table 5
Average values of fracture toughness and impact toughness for freight wheel material classes.
classvalue R7T Class B Class B+ Class C Class C+
KET[MPa /] 90 60 51 50 45
K2 ) 14 8 6 6 5
KST/KQZO c 6,4 7,5 8,5 8,3 9
Table 6
Impact strength of the current wheel at different temperatures. From [19] test K401258.
szzo“c Kaonc szm"c /K;ZO”C
average 3.5 4.5 0.8
minimum 2.5 4.2 0.6

3.3. Fatigue crack growth

It is notoriously difficult to estimate the stress intensity factor threshold for crack growth. A rough estimate [19] is

AKg ~ 7 MPay/m ©

For the current load cases with opi, < 0, a reasonable assumption is AK = Kp.x —0, i.e., compressive stresses are not considered to
contribute to crack growth.

For a crack radius a = 2.4 mm we get a/t = 0.1 and M ~ 1.13 which with nominal uniformly distributed stress 6y ~ 100 MPa gives
the stress intensity

1.13
K = 157 100Vx - 0.0024 = 6 MPay/m (10)

A first estimate is therefore that cracks (and crack-like defects) deeper than some 2-3 mm will grow under the studied load.

An estimate of crack growth life is obtained by integrating Paris law

10
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da n

Iy = C(aK) (11)
with C =5.8-1077 and n = 3.7 for AK in MPa and da/dN in meters per cycle estimated as that of Class B wheel steel heated to 750 °C
and tested at room temperature [20]. The somewhat high temperature is selected in order to achieve conservative predictions with
slightly faster crack growth than in the studied case.

With crack geometry according to Fig. 10 and a uniform cyclic nominal stress with the stress range A¢ = (6max —MaxX[omin, 0] ) =
100 MPa, the number of cycles to failure as a function of initial crack length are presented in Fig. 11. An initial crack length of 2 mm
corresponds to a life of approximately 5 000 cycles and an initial crack length of 3 mm to a life of approximately 3 000 cycles. These
results are relatively independent of the Ko magnitude.

The studied flange load implies hard flange contact with lateral over vertical force being 0.6/1.25 ~ 0.5. This should only occur in
sharp curves. Several load cycles may occur in such a curve, but the crack is only loaded in tension when flange contact occurs at a
circumferential position that corresponds to the position of the crack.

Since compressive stresses are not considered to contribute to crack growth, a tensile residual stress in the flange will correspond to
an increase in AK proportional to magnitude of the residual stress as long as oy, < 0. Further, the employed stress level corresponds to
a worn, reprofiled wheel and are lower for a larger wheel diameter. The influence of the stress level on the crack growth life is given in
Fig. 12.

In summary, it is not possible to estimate the service life of a 2-3 mm initial crack with any precision with the limited input data
available. A first estimate, however, could be that a stress level as high as 6o max = 100 MPa occurs a maximum of ten times per loaded
trip as an average over the wheel’s service life for a wagon with relatively poor running characteristics. More load cycles with hard
flange contact should result in severe flange wear and thus early reprofiling. This would correspond to a few hundred loaded trips to
failure, which takes months of operation. This rough life estimate will be further discussed in the following.

4. Detailed fracture mechanics analyses

To assess the accuracy of the simplified fracture mechanics analyses in sections 3.2 and 3.3, detailed elastic finite element analyses
were carried out. The 3D finite element model of the wheel is shown in Fig. 13. Symmetry conditions are used for the wheel symmetry
plane (except for the crack face) and the hub is fully clamped. Forces are as previously introduced at reference points from which the
force is distributed to adjacent nodes over a specific radial distance from the point.

The residual stress field after severe braking that introduces tensile stresses in the flange area was evaluated in separate ther-
momechanical simulations. Considering that the crack will not influence the elastoplastic wheel response during braking, since the
crack closes, the previously described viscoplastic material model can straightforwardly be employed. However, to account for the
calculated residual stresses in a standard linear elastic fracture mechanics analysis, a novel scheme was developed for capturing the
effects from the calculated residual stresses in a model featuring an elastic material. An optimisation routine using a genetic algorithm
in MATLAB (Version R2025a) was hence employed to derive a fictive temperature distribution over the wheel rim with elastic material
that resulted in a stress field resembling that derived in the elastoplastic thermomechanical analysis. This temperature field is in the
wheel rim is derived using a superellipsoidal variation near the tread, a 2nd degree polynomial in the radial direction, and a 4th degree
polynomial in the lateral direction. To this end, (fictive) temperatures were introduced on the cross-sectional area of the wheel rim in
three parts to firstly relate to the superellipsoidal variation T'P*" given by the function

2/e 2/e e/n Tsuper 2/n
Fooy.T) = <<rr0) +(%> ) +< . ) -1 12)

where parameters e and n control the shape, T, gives temperature amplitude, r is the radial coordinate of the wheel, ry and 2, give the
centre points. This expression is suitable for capturing effects introduced by the local yielding of the wheel rim material seen in Fig. 5
and Fig. 6. To capture the total effect in the rim, this needs to be superimposed on a global stress variation (i.e., for the region r > Ry,
where Ry is radial coordinate of the web-to-rim transition).

T4 (F) = Ky (F — Ryim ) + K2 (F — Reim)* (13)

However, the braking also causes a plastic response in the wheel disc, that together with the residual stresses in the rim introduces a
lateral stress variation when interacting with the curved disc shape of the wheel. This variation can be captured using

T (2) = 1y (2 — Zoim) +Ma(2 — Zeim)* + M3(2 — Zeim)° 14

Here z is the axial coordinate of the wheel rim with Z, at the field side of the rim.

The fictive temperature given by T(r,z) = T% (r, z) + T2l (r) - T12teral () along with an assumed orthotropic thermal expansion in
the wheel circumferential direction can reproduce the residual stress fields derived from braking simulations employing the visco-
plastic material model. By this innovative method it is possible to quantify the effects of an overheated flange, stemming from an offset
brake block position on fracture in a straightforward manner.

The crack geometry is explicitly modelled in the flange area with the finite element mesh refined in the vicinity of the crack. Stress
intensities along the crack front are derived from evaluated J-integral magnitudes.
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Fig. 11. Life span of a quarter-circular surface crack as a function of initial crack length for different fracture toughness magnitudes Ko with Ac =
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Fig. 12. Fatigue life of a quarter-circular surface crack as a function of initial crack length for different nominal stresses coma With Kq =
20 MPa+/m.

Fig. 13. Finite element model of wheel with flange crack.

Two crack geometries based on the measured geometry in figure 1 are studied.

e a small crack representing the early stage of growth on the inside face of the flange (depth 3 mm and half-length 3.7 mm)
o alarge crack (depth 14 mm and half-length 10 mm) with a geometry resembling the crack near final brittle fracture of the wheel,
see Fig. 1.

Calculated stress intensities for residual stresses from 60 kW braking with a laterally displaced brake block during 30 min, me-
chanical loads following section 2.2 with the addition of a case with lateral load increased by 50% are presented in Fig. 13. For the
small crack positioned at the crack initiation point seen in Fig. 1, it is found that the stress intensities are lower than some 7 MPa,/m,
which means the crack would have grown very slowly, if at all, cf. equation (9). This is the case both for combined vertical and lateral
loads according to the EN standard, and when the lateral load is increased by 50%. The main reason for this behaviour is that the
stresses introduced by the mechanical forces do not result in high tensile stresses in the flange area where the crack is positioned.
However, if one assumes that the small crack instead was initiated before last machining, here modelled using an offset crack geometry
positioned 10 mm radially towards the hub without modifying the wheel geometry (see results for “Small crack™® in Fig. 14) the
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Fig. 14. Calculated stress intensities along crack fronts for (combinations of) residual stress, oy from 60 kW braking during 30 min, curving with
standard loads, and curving with lateral load increased by 50%. Position coordinates along crack fronts are illustrated on the right for a small crack
and the final crack. For the small crack results are also provided for a crack offset 10 mm towards the hub, denoted by “mod”.

calculated stress intensities increase substantially. Here, already the EN standard load case gives stress intensities of about 10 MPa,/m.
The stress intensity magnitudes are rather constant along the crack front. The exceptions are at the edges where boundary effects
increase the stress intensity but also introduce a state of plane stress which gives a higher fracture toughness. This means the crack is in
balance and will propagate at roughly the same rate along the crack front. Increasing the lateral load by 50% increases the stress
intensities by between 25% and 50% along the crack front. At this early stage of crack growth, this increase would however have to be
sustained over a longer time to provide any substantial increase in crack growth rates. This would imply non-functioning steering of the
axle. Due to the damage of the derailed bogie, it could not be established whether this was the case.

The results for the large crack, which resulted in the final fracture, show that the residual stress field in itself introduces a stress
intensity of almost 15 MPa/m. The mechanical load further increases the stress intensities along the first 12 to 16 mm in the low part
of the crack front with a peak at some 25 MPa+/m. Note that exceeding the fracture toughness in one point (or a short section) along the
crack front is not sufficient to trigger global fracture as stress intensities will be redistributed during crack growth. If the lateral load is
increased by 50%, for example due to hard flange contact in a switch, the maximum stress intensity reaches 35 MPa,/m and exceeds 20
MPa+/m over a distance of some 8 mm at the lowest part of the crack. That a load somewhat above the norm load together with a tensile
residual stress from 60 kW braking with a laterally displaced brake block during some 30 min should trigger a wheel fracture when the
fracture toughness is on the order of 20 MPa+y/m is therefore reasonable.

The stress intensity distribution along the crack front in Fig. 14 would imply that final fracture set off in the lower part of the crack,
increasing the stress intensity at remaining parts of the crack front as the crack grew, which caused the fracture to progress radially and
axially into the rim. This is consistent with the crack morphology in Fig. 1.

It can be noted that stress intensity magnitudes agree fairly well between analytical estimations and finite element simulations
given that the numerical simulations include residual stresses due to 60 kW braking during 30 min. This implies that conclusions from
chapter 3 hold.

5. Concluding remarks
The analyses above of wheel failure setting out from a fatigue crack on the inside of the flange show that:

o At the stress levels that arise (oswr =~ 160 MPa) at flange contact, fatigue initiation is likely if the flange surface has been severely
scratched or similar. The assumption of high surface roughness on the inside of the flange is supported by the presence of scratches
on the inside of the flange on the opposing wheel as shown in [1,19].

Cracks should continue to grow further if they are deeper than a few millimetres. As shown in section 4, this would likely require a
crack position corresponding to crack initiation before the last reprofiling.

Residual stresses and overloads have a large influence on final fracture, but a smaller influence on fatigue initiation. Residual
stresses have a large influence on crack growth, while the influence of single overloads on crack growth is small.

Blueing of the wheel disc (see [1], [19]) and the discovery of a brake block worn against the flange indicate thermal overloading of
the flange since the last reprofiling. FE-simulations indicate that a mechanical overload and a residual stress corresponding to
roughly 60 kW braking for some 30 min with a laterally displaced brake block caused the final fracture. The same effect could be
achieved at lower brake power levels if heating was more localised towards the flange than presumed.
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e Based on simulation results the time for a small crack to grow to final failure is on the order of several months. As discussed above, it
is likely that the crack started growing before the last reprofiling, which would correspond to a crack growth life (from a depth of
around 3 mm) of at least 21 months, see [1]. As described in [1], the fatigue crack surface was too damaged to allow for striation
analysis which could verify this estimation.

The stress levels are (even when additional residual stresses and overloads are taken into account) close to the strength levels,
which suggests that several (or probably all) of the negative influencing factors — worn profile, low fracture toughness, scratched
inside of flange, high load including residual stresses in the flange — must interact to cause a fatigue failure. This is reasonable since
this type of failure is very uncommon. That the stress is close to the fatigue limit on wheels with worn profiles is supported by the
presence of microcracks on the inside of the flange of some such wheels as discussed in [1,19].

The investigation shows the importance of controlling defects on the inside of the flange. This has been implemented in stricter
inspection routines. Further, the identification of this uncommon failure type provides input to wheel design and maintenance limits.

In addition to the above conclusions, the paper presents a novel method on how a residual stress field in a wheel, quantified by FE-
simulations featuring a viscoplastic material model, can be fitted using a superellipsoidal function, with some minor adaptions, so that
an linear elastic fracture mechanics model can readily be employed for assessing the loading of a crack using standard FEM.

The study of cracks in railway wheels is an important field of studies that lately has attracted attention because of high profile
accidents such as the one presented here, but the method presented could also be extended for example to simulate the conditions of
the accident that closed down the Gotthard base tunnel in August 2023 [21].
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