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Comparison of Fatigue Strength Calculation Methods for Monobloc 
Railway Wheels

Przemysław RAKOCZY1 , Robert BIŃKOWSKI2

Summary
EN 13979-1 “Railway applications – Wheelsets and bogies – Monobloc wheels – Technical approval procedure – Part 1: 
Forged and rolled wheels” approves two types of calculation models for determining fatigue strength – a 3D model and 
a simplifi ed axially symmetric model with an asymmetric load. Both model types vary considerably, which may aff ect the 
results to be achieved. In addition, the determination of the maximum (critical) fatigue cycle amplitude for wheels re-
quires stresses to be analysed at a point during the complete wheel revolution. In the current EN 13979-1 procedures, the 
amplitude is determined in the place and in the direction with the maximum principal stress without considering changes 
to stresses at a point for other wheel angular positions. Th e paper explains methods for strength calculations of monobloc 
wheels acc. to EN 13979-1. Both standard-approved models for the same wheel were developed and calculated. Diff er-
ences, advantages and disadvantages of each model were described and the results compared. Th e complete load cycle 
for a given point on the wheel body was also analysed and presented. Th e results of the above analysis were analysed and 
further research directions were specifi ed to defi ne the actual maximum fatigue load cycle amplitude in railway wheels.
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1. Introduction
As opposed to tyred wheels, monobloc railway

wheels are rolled or fully cast and machined partially 
(without wheel body) or fully. EN 13979-1 “Railway 
applications – Wheelsets and bogies – Monobloc 
wheels – Technical approval procedure – Part 1: 
Forged and rolled wheels” [1] defi nes requirements 
for monobloc wheels. In the fi rst place, wheel fatigue 
strength is determined by analysing stresses using 
the fi nite element method (FEM). If the results of ana-
lytical calculations exceed the limit values, the wheel 
should be tested under a cyclic load [1].

Th e standard approves two models that can be pre-
pared for FEM calculations – a  complete 3D model 
and a  simplifi ed axially symmetric model with an 
asymmetric  load (load in one section). Both model 
types vary considerably, which may aff ect the results 
to be achieved.

2. Procedure for strength calculations
of monobloc wheels acc. to EN 13979-1

In all nodes of the wheel calculation model, two
strength conditions must be met: static and fatigue. 
For the static condition, reduced stresses that cannot 
exceed the yield point are considered Re.

Th e aim of fatigue analysis and the possible test 
specifi ed by the standard is to determine the risk of 
a crack under a cyclic load for the entire useful life of 
the wheel. Th e fi rst step is to analyse stresses to de-
termine the maximum (critical) fatigue load cycle 
amplitude. If the analysis highlights the risk of a  fa-
tigue crack during the useful life of the wheel, the test 
should be performed. Th is paper only deals with the 
analytical part of the standard and, as the experience 
shows, meets requirements for the vast majority of 
analysed cases.
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2.1. External loads

To determine stresses, the standard defi nes a number 
of loads to be applied to the wheel model in the FEM. 
Th ese stresses include not only external forces, but also 
assembly stresses caused by the pressure applied by the 
wheel to the axis. External loads are divided into 4 groups:
1. Straight track – no contract between the fl anges

and rail (vertical force);
2. Horizontal circular curve – contact between the

inner part of the fl ange with the rail (horizontal
and vertical force);

3. Turnout – contact between the inner part of the
fl ange and the turnout check rail (horizontal and
vertical force);

4. Extreme load.

Figure 1 shows locations where forces were applied
in the model.

Th e standard also defi nes stresses caused by ro-
tary wheel inertia. Due to the negligible impact com-
pared to stresses caused by an external load and the 
pressure applied to the axis, stresses caused by rota-
ry wheel inertia were omitted in the calculations de-
scribed in this paper.

2.2. Strength calculations for a monobloc wheel

To determine the fatigue strength, principal stresses 
(σmax) are determined for all points of the FEM grid 
and from all load cases. However, it should be men-
tioned that applying point forces of an external load 
causes unrealistically high stresses in the immediate 
vicinity of the force. In the real world, no force is ap-
plied to a point; instead, it is distributed across a certain 
area. Th is means that stresses for the running surface 
should be omitted. Th e running surface of the wheel 
is subject to other material fatigue processes related to 
frequent plastic deformations of the surface [2]. Once 
main stresses are determined, minimum stresses (σmin) 
in direction σmax from stress tensor (1), as shown in 

Figure  2, should be calculated. As tensor (1) is sym-
metric, it includes 6 components: three normal stresses 
(σ11, σ22, σ33) and three shear stresses (σ12, σ23, σ31).
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Fig. 2. Stress vecto r for determining σmin [authors’ own source]

To determine σmin, the direction cosines  of the 
stresses in the adopted Cartesian coordinate system 
must also be determined (nσx, nσy, nσz). σmin can be 
calculated using Equation 2.
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Once the maximum and minimum stresses are deter-
mined at each point and for each load case, the parameters 
of the fatigue load cycle, i.e. mean stresses (σm) and ampli-
tude (σa) should be calculated using Equations 3 and 4 [1].

max min
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  

 , (3)

max min

2a
  

 , (4)

Fig. 1. Locations of force application: a) straight running, b) running on curves, c) turnout [authors’ own source]
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3. FEM analysis of a monobloc railway
wheel

Th e FEM is currently the most common and ap-
plied method for engineering calculations. It is based 
on the discretisation  of the geometry of  a structure 
(division into a  fi nite number of elements). With 
discretisation, complex geometry may be simplifi ed 
to obtain relatively simple shapes for 3D analysis or 
planes for 2D analysis. Compared to the primary sys-
tem, the discrete system has a  fi nite number of de-
grees of freedom. Other system components are also 
discretised, i.e. the external load or boundary condi-
tions. Th en rigidity matroid K, inertia matrix M and 
attenuation matrix C are created, which, together with 
force vector P, form Equation (5) to be solved during 
FEM calculations [3−5]. 

( )M x C x K x P t       . (5)

Th erefore, in the FEM, the solution of complex 
diff erential equations of continuous functions is ap-
proximated with solving many algebraic equations.

For a  railway wheel, the standard approves two 
models that can be prepared for FEM calculations – 
a  complete 3D model and a  simplifi ed axially sym-
metric model with an asymmetric  load (load in one 
section). If the structure of the wheel contains asym-
metric elements (e.g. holes), no choice can be made 
– only a 3D model can be used. In the analysed case of
a monobloc wheel, there are no asymmetric structural
elements, so it was possible to develop a  3D model
and an axially symmetric model. Th e model includes
part of the axis together with the diff erence in the di-
ameter of the axis and hub in order to calculate stress-
es caused by the pressure applied to the axis. As the
axis is not the subject of the analysis, it was completed
approx. 20 cm from the wheel and fi xed in the entire
cross-sectional plane.

3.1. 3D model

Th e 3D model used cubic elements on the wheel 
body and hub as well as tetrahedral elements on the 
rim. Th e nominal size of all elements is 10 mm. Fig-
ure  3 and Figure 4 show the created 3D model of 
a monobloc wheel.

3.2. Axially symmetric model

Th e axially symmetric model includes 37 sections 
every 10 degrees in the rotation axis, which is a com-
monly used interval for analysing an axially symmet-
ric model of a railway wheel. Th e nominal size of the 
elements is the same as for the 3D model – 10 mm.

Fig. 3. 3D model of the wheel – fi xed  on the axis [authors’ own source]

Fig. 4. 3D model of the wheel – grid [a uthors’ own source]

Fig. 5. Axially symmetric model of a monobloc wheel [authors’ 
own source]
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4. Results of the analysis

Th e analysed models were subjected to the same
cases of external forces, and stresses were calculated. 
For comparative analysis, radial and circumferential 
stresses for a cylindrical coordinate system, with the 
rotation axis in the wheel centre, were determined. 
Maximum principal stresses and von Mises stresses 
in the Cartesian coordinate system were also deter-
mined. For better result visibility, part of the hub and 
the entire rim near the wheel body were removed 
from the view. Examples of results for load case 2, 
i.e. curve, are shown in Figure 6 − Figure 9 for the
3D model and in Figure 10 – Figure 13 for the axially
symmetric model.

Fig. 6. 3D model – load case 2 – radial st resses [authors’ own 
source]

Fig. 7. 3D model – load case 2 – circumfer ential stresses [authors’ 
own source]

Fig. 8. 3D model – load case 2 – principal stresses [authors’ own 
source]

Fig. 9. 3D model – load case 2 – von Mises  stresses [authors’ own 
source]

Fig. 10. Axially symmetric model – load ca se 2 – radial stresses 
[authors’ own source]
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Fig. 11. Axially symmetric model – load case 2 – circumferential 
stresses [authors’ own source]

Fig. 12. Axially symmetric model – load case 2 – maximum 
principal stresses [authors’ own source]

Fig. 13. Axially symmetric model – load ca se 2 – von Mises 
stresses [authors’ own source]

Th e results for both analysed models are summa-
rised in Table 1.

In extreme cases, the diff erence in the results is 
even 20%. For the largest diff erences, the 3D model 
points to higher stresses. Th e diff erence in the results 
when the axially symmetric model has higher stresses 
does not exceed 7%. Th e diff erences in the results may 
be caused by several factors:
 Th e main diff erence between the models is that the

axially symmetric model provides results only for
selected sections, which may not necessarily be lo-
cations with the highest stresses. By increasing the
number of sections, the results of the axially sym-
metric model may be improved, but this will aff ect
the calculation time.

 Another signifi cant diff erence is the type of fi nite
elements and, thus, their calculation method. For
large models, this may have an impact on results.

Table 1
Stress comparison results

Load case Stresses 3D model [MPa] Axially symmetric model [MPa] Diff erence [%]
1

Radial
96.5 103.1 6.8

2 145.8 149.9 2.8
3 149.6 153.28 2.5
1

Circumferential
237.5 194.2 18.2

2 244.6 195.8 20.0
3 237.1 193.7 18.3
1

Maximum principal
237.5 194.6 18.1

2 244.6 196 19.9
3 237.1 194.1 18.1
1

von Mises
238.8 201.7 15.5

2 252.9 238.4 5.7
3 265.1 274.47 3.5

[Authors’ own source].
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 Short calculation time is the unquestionable ad-
vantage of axially symmetric models. Th erefore,
making the grid denser does not extend the time
needed to obtain results considerably. Making the
element grid denser usually provides more accu-
rate results, especially in areas where stresses are
less concentrated. In this analysis, the axially sym-
metric model has the nominal element size to ex-
clude this variable.

5. Load cycle analysis

Th e procedure for calculating the fatigue strength
given in EN 13979-1 does not analyse the complete 
cyclic load applied to each wheel point. For practical 
reasons, the external load in the FEM analysis is fi xed, 
while the test concerns each wheel point separately. 
Even though this type of analysis yields a full spectrum 
of stresses during the entire rotary motion cycle of the 
wheel as a whole, the determination of fatigue strength 
parameters for each point separately fails to consider 
this cycle. To determine the actual load cycle, coaxial 
points at each wheel cross-section height would have 
to be grouped. Figure 14 shows an example of a  set 
of coaxial points. Each group of points forms a  his-
tory of stresses during the complete wheel revolution. 
Figure  15 shows the stress history for an example of 

a group of points taken from Figure 14. In other words, 
during the complete  wheel  revolution, each point is 
subjected to stresses of any other point in its set. With 
this in mind, whole sets of points with the results of the 
FEM analysis would have to be analysed to determine 
the complete stress cycle. However, EN 13979-1 does 
not currently require such analysis to be conducted.

6. Conclusions

Th e comparative analysis of both types of FEM mod-
els approved by the current edition of the EN 13979-1 
standard points to signifi cant diff erences in results. Re-
sults for both models should meet when the grid in the 
3D model becomes denser and the number of sections in 
the axially symmetric model increases. Also, the prelimi-
nary analysis of the history of stresses of coaxial points 
reveals that the methods for determining mean stresses 
(σm) and amplitude (σa) described in EN 13979-1 fails to 
consider the rotary motion cycle of the wheel entirely. 
Th is may lead to errors in the determination of fatigue 
cycle stresses and, as a result, to the overestimation of the 
fatigue strength of a wheel. Th e authors point to the need 
to conduct further analyses to estimate diff erences in the 
fatigue cycle determined acc. to the current EN 13979-1
requirements compared to the proposed method and 
considering sets of coaxial points.

Fig. 15. Stress history for an example of a coaxial group of points 
[authors’ own source]

Fig. 14. Example of a coaxial group of points on the wheel 
[authors’ own source]
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