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1. Introduction 

 

The endurance design procedure is based on the application of load spectra to a FEM model 

of a wheel and considering the Wohler curve of the material. 

The load spectra is a statistical distribution of vertical and lateral load combination acting on a 

wheel; the values of the distribution are the number of wheel rotation cycles (see deliverable 

D2 and D3). 

A load spectra is defined for each running condition that are basically 4: straight running, 

flange curving (outer wheel), no flange curving (inner wheel), switch crossing.  

The FEM model defines the relationship between single unit loads applied on the wheel tread 

and the stress in the various wheel nodes. 

Figure 1 defines the point of application and the positive (+) direction of each unit load and 

how their combination defines a specific running condition. 

 

 

 

Figure 1 - Loads and their positions on the wheel tread 

 

For the wheel FEM model the web thickness should be in its lowest tolerance dimension and 

the wheel rim at the wear limit. 

 

 

2. Calculation procedure 

 

The verification of the wheel web mechanical response requires four main stages: 
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·  six FEM analysis for unit forces applied in the different contact points and one FEM 

analysis for the press fitting of the wheel on the axle 

·  computing of FEM analysis results to obtain for each node and for each load 

combination value the principal stresses cycles 

·  application of fatigue criterion to achieve the permissible stresses 

·  wheel life estimation using the Palmgren-Miner rule 

 

All the nodes on both the surfaces, inner and outer, of the web should be considered (Figure 

2) during the extrapolation to total life. 

 

 

Figure 2 - FEM model with the profiles containing nodes highlighted to be verified 

 

 

Notation 

 

XYZ    wheel cylindrical reference system, where 

    X radial direction 

    Y axial direction 

    Z circumferential (or tangential) direction 

d number of web node to be verified, with d = 1 to m 
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w number of wheel plane used to obtain the stress cycle, with w = 

1 to n 

a number of FEM force case, with a = 1 to 6 

a = 1         straight, vertical force 

a = 2         right curve, vertical force 

a = 3         right curve, lateral force 

a = 4         left curve and crossing, vertical force 

a = 5         left curve, lateral force 

a = 6         crossing, lateral force 

b number of running condition, with a = 1 to 4 

b = 1         straight (a = 1) 

b = 2         right curve (a = 2 and a = 3) 

b = 3         left curve (a = 4 and a = 5) 

b = 4         crossing (a = 4 and a = 6) 

wdsss
sss
sss
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xzxyx

 with d =1 to m and w = 1 to n 

stress tensor in the reference system XYZ for the node d  in the 

plane w 

s1, s2, s3 principal stresses for a verified node with a particular radial 

plane, values of forces and running condition 

n ix, n iy, n iz   director cosine for the generic stress s i in the reference system 

XYZ 

s1 max maximum s1 of the principal stress cycle for the considered 

node with particular values of forces and running condition 

s2 max maximum s2 of the principal stress cycle for the considered 

node with a particular values forces and running condition 

s3 max maximum s3 of the principal stress cycle for the considered 

node with a particular values forces and running condition 
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Figure 3 - Radial sections checked 

FEM analysis 

 

It is necessary carry out for each external load a FEM analysis with a nominal force in order 

to achieve the stress tensor for all the m web node on every the n wheel radial section. These 

planes are equally spaced between the loading plane (J  = 0°) and the section J  = 180° as 

shown in Figure 3. The number n should allow to define the stress cycle with a good 

approximation. 

Moreover a seventh FEM analysis is performed to take into account the press fitting of the 

wheel on the axle. In this case, due to the axial symmetry of the problem, the stress value of 

each node is referred simply to one section. 

The results of the single calculation is a matrix with dimension of m x n where the single row 

contain the stress tensor of a defined node for all the different planes. 
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Stress tensor matrix for the press fitting 
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Load combination 

 

For each running condition the different loads values are given by the own spectrum. To 

obtain the stresses cycles for every Q-Y combination the stress tensor matrix have to be added 

as following: 

 

fit
ii

��� Q += 11                               straight 

 

fit
jiij

���� YQ ++= 322                          right curve 

 

fit
jiij

���� YQ ++=
543                           left curve 

 

fit
jiij

���� YQ ++= 644                           crossing 

 

where Qi and Yj are the values of vertical and lateral forces of the ij spectrum matrix element. 

Moreover calculating the eigenvalue and the eigenvector for each of its element the principal 

stresses matrix and director cosine matrix are achieved: 
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Principal stresses matrix for a defined load case combination 
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Director cosine matrix of principal stresses 
 

Mono-axial equivalent stresses 

 

a) The values of s1 max, s2 max and s3 max and their director cosine are obtained for a 

particular loads values and running condition. 

b) For all the planes J  considered, the stress tensor is projected in the direction of s1 max, 

thus obtaining the stress in that direction: 
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with d =1 to m and w = 1 to n 

The minimum value obtained is chosen: this is referred to as s1 min. 

In the same way for s2 max e s3 max, obtaining, s2 min e s3 min. 

 

c) The following notation is used for the quantity of the generic mono-axial stress cycle: 

 

smax   maximum stress 

smin   minimum stress 

2
minmax ss

s
+

=m  mean stress 
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2
minmax ss

s
-

=a  alternate stress (stress amplitude) 

The fatigue stress cycles, summarised in the following table, are obtained for each 

considered node. 

 

 
Cycle in s1 

direction 

Cycle in s2 

direction 

Cycle in s3 

direction 

smax s1 max s2 max s3 max 

smin s1 min s2 min s3 min 

sm 
2

min1max1 ss +
 

2
min2max2 ss +

 
2

min3max3 ss +
 

sa 
2

min1max1 ss -
 

2
min2max2 ss -

 
2

min3max3 ss -
 

 
Table1 – Mono-axial fatigue stress cycles 

 

Wheel life estimation 

 

To take into account the variable loading amplitude in the life prediction the Palmgren-Miner 

rule is used. Starting from the fatigue permissible stresses cycles achieved, the equivalent 

completely reversed stresses need to be calculated, using an amplitude mean relationship as 

following: 

 

u

m

a

s
s

s
s

  
   ar

-
=

1
 

where us is the ultimate tensile strength. 

The maximum equivalent completely reversed stress between the three obtained for each node 

have to be used for the calculation of the life used. 
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Figure 4 – Palmgren-Miner life prediction 
 

With this value, the S-N curve and knowing the number of times that occur each event, the 

wheel life estimation can be performed: 

� � �
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1. Finite element fatigue simulation of the wheel 

o Introduction 

Target of the Finite Element fatigue simulation is to use a method that is qualified to assess 

fatigue life of a rail wheel with respect to its usage during customer service. The calculation 

method is based on the same assumptions as the tests performed in this project. Thus the test 

results of the computer aided fatigue assessment are comparable. 

The computer aided method allows to produce pre-optimized physical prototypes of rail 

wheels which in consequence allows generally to minimize the number of tests.  

 

o Methodology 

First step of the fatigue assessment is the calculation of local stresses by means of the Finite 

Element method for the decisive physical load cases. For the investigated wheel these are 

rolling under vertical load, straight driving, cornering and passage over switches. The nodal 

stresses induced by the maximum loads of each physical load case are calculated step by step 

respecting the rotational symmetry of the wheel. 

 

For each node in the model the stress history for each physical load case is evaluated. The 

derived stress amplitude is transformed by the material’s mean stress sensitivity to a stress 

ratio of R = -1. Based on these amplitudes the local partial stress spectra for the physical load 

cases are derived. With the resulting design spectra of stresses the required fatigue strength 

(RFS) for each node is calculated by modified miner damage rule assuming a material 

dependent quality of the S-N curve. The damage calculation to get the RFS values is 

performed by an iterative procedure assuming according to modified Miner rule an allowable 

damage sum of D = 0.5. 

The calculations have been performed assuming linear elastic material behaviour of the wheel 

disc steel. 

Further calculation parameters are listed in Table 1. 

 

parameter value 

Knee point of S-N curve at 2E6 cycles 

Slope k before knee point 5 

Slope k’ after knee point 9 

Mean stress sensitivity m (-1 < R < 0) 0.1 



   

 

Page 15 of 39 

Rated wheel load 73.2 kN 

Design life 6E6 km 

Table 1 Wheel fatigue calculation parameters 
 

The definitions for the applied load spectra derived from the Q-Y-matrices and in case of 

crossing switches from assumed values by WIDEM consortium members are given in Table 

2. 

 

 Straight running Cornering Passing over 

switches 

Type linear Gauss Gauss 

H/Ht 0.6 0.4 531.56E-6 

Hn/Ht 0.3 0.2 531.56E-6 

He/Ht 1E-6 1E-6 0.0025 

Table 2 Load spectra definitions 
  

1.3  Results of the analysis with applied design load spectra 

Using the above described method within the LBF WheelStrength software in combination 

with the design load spectrum results in two most damaged regions at the inner and outer side 

of the wheel disc (see in Fig. 1 and Fig. 2). 
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Fig. 1 Required fatigue strength at inner wheel disc side 
 

The region with highest required fatigue strength at the inner wheel side is situated at a radius 

of 181.6 mm, referenced by node 69791. 

 

Fig. 2 Required fatigue strength at outer wheel disc side 
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The region with highest required fatigue strength at the outer wheel side is situated at a radius 

of 182 mm, referenced by node 70353. 

Stress values of the two points with highest required fatigue strength are posted in Table 3.  

 

Straight Driving Cornering Switch 

[MPa] 

Q = 100 kN 

Y = +10…-20 

kN 

Q = 110 kN 

Y = +40…-

40kN 

Q = 115 kN 

Y = 20…-20 kN 

smax +21 +74 +54 

smin -33 -81 -46 

node 

69791 

disc inside sa 27 77 50 

     

smax +13 +49 +26 

smin -37 -85 -69 

node 

70353 

disc 

outside 
sa 25 66 46 

Table 3 Stress values resulting from design load spectrum 
 

The required fatigue strength for node 69791 can be seen in Fig. 3. This node refers to strain 

gauge 4 at the inner side of the wheel disc inside the radius to the press fit seat. 
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Fig. 3 Required fatigue strength 
 

The loads for switch passing (see Fig. 3) are relatively low in comparison to existing 

experiences and expectations. Especially lateral wheel forces for switch crossings derived by 

the multibody simulations of Polimi are smaller than expected from the loads proposed in the 

Hiperwheel project. 

Therefore curve running dominates as damaging loading scenario. 

The required fatigue strength of the wheel disc material lies at approximately 66 MPa under 

this loading conditions. According to experiences at LBF wheel steels should provide the 

required fatigue strength caused by the assumed loading conditions easily. 
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1.4 Results of the stress analysis with doubled loads 

For comparison with test results calculations have been done applying doubled loads of the 

design load spectra (see Table 4). 

 

Straight Driving Cornering Switch 

[MPa] 

Q = 200 kN 

Y = +20…-40 

kN 

Q = 220 kN 

Y = +80…-

80kN 

Q = 230 kN 

Y = 40…-40 kN 

smax +42 +148 +54 

smin -66 -161 -91 

node 

69791 

disc inside sa 53 154 72 

     

Measured 

at strain 

gauge 4, 

disc inside 

sa 55 137 64 

Table 4 Measurements and computational results 
 

Compared with the experimental stress analysis for doubled loads the results of the computer 

aided calculations are satisfying. 

The required fatigue strength at the above mentioned radius of the inner wheel disc side can 

be seen in Fig. 4. 
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Fig. 4 Required fatigue strength with doubled loads 
 

The RFS value of 132 MPa can be seen as noncritical for typical wheel steels, as they have 

normally higher knee point stresses. 
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D5.1.3.1  Design according to damage 

 

Discretized load spectra for HS, Pendolino and Freight Train have been analyzed to calculate 

fatigue damage with classical approach. 

Two different materials (A4T for Pendolino axles and A1N for freight train) have been 

considered according to lower bound predictions and S-N diagrams obtained by LBF (in Tab. 

D5.1.3.1). 

 

Tab. D5.1.3.1 – S-N diagram parameters 

 

 A4T A1N 

k 8 8 

k’ 15 15 

ssss lim [MPa] 258 214 

Nlim 5e6 5e6 

 

 

Pendolino  axles 

 

LBF did an extrapolation of load histories for the different classes into which the Czech 

measuruments have been divided in order to obtain the stress spectrum for 3 prospective 

sections of the axles for 3 million km. 
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Fig. D5.1.3.1 – Pendolino axle: sections: 30mm from middle, 30mm from 1st, 22mm from hub 

 

 

This spectra have been discretized and compared (Fig. D5.1.3.2) with A4T fatigue strength to 

calculate fatigue damage. This procedure was applied to the three sections, both for trailing 

and leading axles. 

Damage results are shown in Tab. D5.1.3.2, considering the damage sum for failure obtained 

by LBF (Dfail = 0.15). 

Tab. D5.1.3.2 – Pendolino: damages and life predictions 

 

 damage on 3e6 km life prediction [km] 

 Leading Trailing Leading Trailing 

22mm from hub 2.13E-04 1.44E-06 2.11E+09 3.12E+11 

30mm from 1st 1.37E-04 7.37E-07 3.29E+09 6.10E+11 

30mm from middle 1.14E-04 4.65E-07 3.96E+09 9.68E+11 
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Fig. D5.1.3.2 - Pendolino: load spectra for 3e6 km compared with fatigue strength 
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Freight Train  axles 

 

The same procedure has been applied to the freight train load spectra (section C and D, Fig. 

Fig. D5.1.3.3), by multiplying them to reach a length of 1.5e6 km. Results are shown in Fig. 

D5.1.3.4 and Tab. D5.1.3.3. 

 

 

 

 

Fig. D5.1.3.3 – Freight train axle 

 

 

 
 

(a) (b) 

 

Fig. D5.1.3.4 – Freight train: load spectra for 1.5e6 km compared with fatigue strength: a) 

Section C; b) Section D 

 

 

Tab. D5.1.3.3 – Freight train: damages and life predictions 
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 damage on 1.5e6 km life prediction [km] 

section C 1.10E-05 4.09E+10 

section D 4.88E-06 9.23E+10 

 

As it can be seen the stress can be increased in order to have an endurance life equal to the 

service life: in the case of Pendolino train (leading axle, section 22 mm from hub), stresses 

could be increased by a factor 1.42 
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D5.1.3.2  Design according to crack propagation 

 

In Sec.D5.1.3.2.1 a  previous work will be introduced to explain the concept of “one million 

miles axles”, that will be applied, in Sec. D5.1.3.2.2, to the axles considered in the current 

work. 

 

D5.1.3.2.1  Preliminary analysis of “one million miles” concept 

 

Analysis of Crack Propagation [1] 

 

In [1] a preliminary analysis of  the concept of damage tolerance on railway axles has been 

carried out,  before the Pendolino measurements results, in order to have an idea of the impact 

of these concept on design. A railway non-powered axle, produced in A1N steel and used in 

the Y25 bogie, was considered. Its dimensions are shown in Fig. D5.1.3.5 . 

 

 

Fig. D5.1.3.5 - Non powered axle produced in A1N steel and used in Y25 bogie. 
 

Service loads of railway axles are the result of vertical and lateral forces (EN13103 and 

EN13104 [2,3]) acting on them due to the typical operations: it is worth noting that the 

maximum stresses can be found in proximity of the wheel press-fit. On the basis of these 

considerations, fatigue crack growth in the axle body close to the press-fit has been analyzed 

considering three different load spectra (Fischer and Grubisic [4]) corresponding to 1.25x105 

km of service and being characterised by a maximum stress amplitude equal to 166 MPa (Fig. 

D5.1.3.6. 
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Fig. D5.1.3.6– Load spectra for axle bodies corresponding to 1.25x105 km [8]. 
 

This assumption implies a “Worst Case Analysis” since such stress level corresponds to the 

maximum admissible one [2,3] for axle bodies produced in A1N steel and it is here 

considered including the notch effect characterized by a coefficient Kt equal to 1.2. Such 

notch effect has been previously determined by Beretta and Carboni [5] by means of 

dedicated experiments carried out in the frame of constant amplitude full-scale fatigue tests on 

axles and corresponds to the maximum value found along the typical [6] T-transition between 

the axle body and the press-fit. It is worth noting that, on the basis of the design procedure 

described in [2,3], imposing at the base of the T-transition a stress equal to the admissible one 

for A1N axle bodies it is achieved, at the press-fit, a maximum stress close to the admissible 

one suggested by the same normative for this region. 

 

 

Crack propagation algorithm 

 

In literature, different analytical algorithms for life prediction of cracked bodies are available: 

in the present study, NASGRO v. 3.0.21 [7] has been considered. Such a choice is due to the 

fact that this software is one of the reference points for analyses under variable amplitude 

loads. Particularly, NASGRO keeps into account for the different effects acting on crack 

growth rate in metallic materials (stress ratio, load interaction effects) by simulating the 

“plasticity induced crack closure” phenomenon (Elber [8]). This phenomenon is the 

consequence of crack tip plasticity (in terms of residual stresses and plastic wakes) and its 
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effect is that the opening (and propagation) of the crack occurs for applied stresses bigger than 

the Pop value. 

The analytical model is based on the so-called “NASGRO Equations” [7]. The first one is 

able to describe crack growth rate (“da/dN”) as a function of the stress intensity factor (“� K”) 

for all the three propagation regimes (threshold, Paris and critical), while the second one 

describes the threshold (“� K th”) variation as a function of the stress ratio (“R”). Calibration 

of the empirical parameters present in these equations is carried out by means of dedicated 

Fracture Mechanics experiments (See D7.1.3). 

 

Crack propagation estimates 

 

The three considered load spectra have been applied in terms of constant amplitude block 

loads (Fig. D5.1.3.7a arranged adopting (Fig. D5.1.3.7b a Gassner sequence (Gassner [9]) 

characterized by R=-1, i.e. the typical operational condition for railway axles. Moreover, 

block loads were applied in terms of plane bending since NASGRO is not able to consider 

rotating bending conditions. 

 

  

(a) (b) 

Fig. D5.1.3.7  Load spectra elaboration: a) discretization of Load Spectra I in block loads; b) 
block arrangement following a Gassner sequence. 

 

The axle was modeled in terms of a smooth circular rod having diameter equal to 150 mm in 

order to analyze the fracture behavior of the body. Such a choice is due the fact that 

NASGRO does not consider the geometry of the typical transitions of axles, but is certainly 

conservative since the notch effect is already vanished, in a real axle, at a few millimeters in 

depth, while in the here considered simplified model it lasts as a bending effect, causing the 

load spectra to be more detrimental. A penny shaped crack having a depth equal to 2 mm (a 

value certainly conservative for impacts due to the ballast [10]) was considered as initial flaw, 
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while 60 mm was adopted as the limiting crack depth value at failure. Results are reported in 

Fig. D5.1.3.8 It is worth noting that, considering the same maximum stress, the shape of the 

load spectrum significantly influences life estimates. 

 

                                        

 
      

Fig. D5.1.3.8 Life estimates obtained from the considered load spectra. 
 

 

 

Probability of Detection of Cracks [1] 

 

Fixed an inspection interval “I”, the probability of detection of a defect, potentially 
observable in a given number of inspections “i” derived from the POD curve of the adopted 
NDT technique, is calculated as in Figure 2, in which three inspections are assumed and 
where the concepts of “forward” and “backward” inspections are also introduced, shows this 
approach. 
 

 

Fig. D5.1.3.9– Definition of “forward” and “backward” cumulative probability of detection 
 
 In particular: 

1
� 	

= - 
 �
� 

ÕDET i

i

PC POND  (1) 

where PCDET is the theoretical cumulative probability of detection and POND (“Probability of 
Non Detection”) represents the probability to fail the detection. The drawback of this 
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approach is that the repetition of inspections on cracks having very low POD (i.e. in the initial 
phases of propagation life) increases the PCDET value, but introduces further influences 
(“sizing errors”, operator errors) typical of this stage. 
 

The analysis of the POD of cracks, based on Eq. (1), has been carried out in terms of variation 

of the inspection interval expressed in kilometers. POD data for railway axles were taken 

from [9] and are reported in Fig. D5.1.3.10 it is worth noting that ultrasonic (“US”) methods 

have significantly different POD curves if applied in “near end scan” conditions (for example, 

observations of close-up transitions using rotating probes) or “far end scan” conditions (for 

example observations of transitions using straight probes at the far end). Magnetic particle 

inspections (“MPI”), instead, give very good results also considering relatively short crack 

depths. 

 

 

Fig. D5.1.3.10– POD curves for typical railway NDT technologies. 
 

A first consideration involves the calculation of PCDET : considering “backward” inspections, 

it is possible to achieve more conservative results in respect to consider “forward” 

inspections. For example, considering the case of the load spectrum I, the far end scan and 

I=125000 km for a backward inspection results PCDET =0.716, more conservative in respect to 

the value PCDET =0.903 obtained in the same conditions but for a forward inspection. For this 

reason, in the following only backward inspections have been considered. 

Applying Eq. (1) to the previously obtained crack propagation curve obtained from the load 

spectrum I, in the case of far end scan and considering three different lengths for the 

inspection interval (125000, 250000 and 500000 km), the curves shown in Fig. D5.1.3.10 

could be derived: the increase in POD value is due to the repetition of inspections and PCDET 

corresponds to the maximum value. Analogous results could be obtained in the case of load 

spectra II and III. 
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Table 1 reports the comparison of the PCDET results obtained for the three considered NDT 

techniques for all the load spectra. An important conclusion is that, in the case of load 

spectrum I due to the few possible inspections, a significant difference between far end scan 

and near end scan can be observed: this implies that the less sensible inspection technique 

should be used to define the inspection interval and demonstrates that the POD curve 

(characterized by the chosen probe, the geometry of the axle and the adopted acceptability 

threshold) is the key parameter in the evaluation of an inspection procedure. 

Considering now the case of load spectrum I, it is interesting to note that the near end scan 

technique with only one inspection at 500000 km yields a PCDET value equal to 0.816, a value 

greater than the one (PCDET =0.716) obtained with far end scan assuming five inspections at 

125000 km. This result is not in agreement with what has been obtained in [11] on the basis  

of a simplified crack propagation law. The same conclusions can be drawn comparing near 

and scan and far end scan for load spectra II and III (except for those cases for which both 

technique yield PCDET =1). The advantage of few inspections using more sensible techniques 

(high POD value) is even more evident considering the PCDET values obtained by means of 

MPI. It must be added that MPI is more expensive since it is necessary to dismount the axle 

or, in the case of a mounted axle, does not permit to inspect the transitions (Rudlin and Shipp 

[12]). 

Another important result (Fig. D5.1.3.11), for the case of load spectra II and III, is that it is 

possible to safely assume inspection intervals at 106 km (at least in absence of phenomena 

introducing deeper starting flaws in respect to what considered here or tenso-corrosive 

phenomena accelerating crack growth): this demonstrates the effective possibility to adopt 

“one million miles axles” (Stone and Lonsdale [13]), an important goal for freight trains. 

 

 
Fig. D5.1.3.11– PCDET trend for far end scan and load spectra I, II and III. 
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Tab D5.1.3.4 – PCDET results for all the considered spectra. 

 

 

 Inspection 

interval 

[km]  

Number 

of 

inspection

s 

Far end 

scan 

Near end 

scan 

MPI 

125000 5 0.716 0.999  

250000 2 0.376 0.972  
Load 

spectrum 

I 500000 1 0.178 0.816 
0.97

8 

125000 250 1 1  

250000 125 1 1  

500000 60 1 1 1 

Load 

spectrum 

II 
1000000 30 0.999 1 1 

125000 750 1 1  

250000 375 1 1  

500000 185 1 1 1 

Load 

spectrum 

III 
1000000 90 0.977 1 1 

 

 

 

Sensitivity to load spectra 

 

A further analysis was focused onto the influence of spectrum shape and maximum stress 

level on the length of inspection intervals. Here load spectrum II has been considered , since it 

could be statistically described by a log-normal distribution with µlogS=1.301 and s logS=0.20 

(Fig. D5.1.3.12a. This gave the possibility to elaborate different spectra by varying the value 

of the standard deviation of the lognormal distribution (Fig. D5.1.3.12b: it is possible to note 

how the increasing s logS results in a less damaging load spectrum for a fixed maximum stress. 
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The maximum stress amplitude was then taken as a second variable for spectrum modulation. 

In particular the considered values for s logS were 0.05, 0.1, 0.15 and 0.2, while the maximum 

stress levels were 140, 160, 180 and 200 MPa. The simulated spectra (obtained by random 

permutations of the 20 stress levels into which the distribution was discretized) were 

representative of a service equal to 145000 km. 

It was then possible to determine the inspection intervals for every combination of standard 

deviate (i.e. spectrum shape) and maximum stress level. The first step consisted in a number 

of NASGRO runs considering the same rod already described in precedence in order to obtain 

the propagation curves for every derived load spectrum. Eventually, the POD curves for both 

far end scan and near end scan were used in order to determine, for every crack propagation 

curve, the inspection interval able to guarantee at least a PCDET = 0.99. Tab D5.1.3.5 shows 

the results. It is important to add that, for the typical train subjected to load spectrum II, the 

annual mileage is equal to 125000 km. 

 

  
(a) 
 

(b) 

Fig. D5.1.3.12 - Elaboration of load spectrum II: a) log-normal probability chart; b) effect of 
the standard deviation - s logS - on spectrum shape (lognormal distribution). 

 

 

Tab D5.1.3.5  – Inspection intervals for obtaining PCDET = 0.99 under different load spectra 

(lognormal distribution) with Far End Scan and Near End Scan 

 

ssss logS 0.05 0.1 0.15 0.2 

Smax FES NES FES NES FES NES FES NES 

200 1200 1800 10000 25000 125000 250000 875000 2.25x106 

180 1600 2400 25000 65000 250000 675000 2x106 4.5x106 
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160 3000 5500 125000 125000 875000 2.875x106 4.5x106 1.3x107 

140 6500 16000 375000 875000 4.5x106 1.2x107 1.7x107 4.4x107 

 

As it can be seen, some combinations are too conservative (red region), while other suggest 

very long inspection intervals even for maximum stresses, reached in the spectra, exceeding 

the ‘infinite life’ design stresses. It is worth mentioning that these combinations corresponds 

to very dispersed spectra (s logS =0.15 and 0.2), which are typical of high dynamic loads. 

These results confirm the possibility of  designing the ‘one million miles axles’ with a proper 

choice of the maximum applied stress for different shapes of the load spectra.  

 

Load spectra, obtained on Pendolino and Freight train, have been analyzed through statistical 

methods and probability charts (Fig. D5.1.3.13 ) to assess standard deviation, whose values 

are reported in Tab.D5.1.3.6 ; for Freight Train this value has been estimated as it can be seen 

in Fig. D5.1.3.14. 

 

Standard deviations of the measured load spectra, together with the maximum stress levels, 

show the possibility for Pendolino and freight train axle to achieve a “one million mile” axle 

design. 

 
(a) 
 

 
(b) 
 

Fig. D5.1.3.13 – Probability charts for Pendolino load spectra with lognormal distribution fitting: a) 
22mm from hub section; b) 22mm from hub section 
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Fig. D5.1.3.14 – Probability chart for Freight Train load spectra (section C), and standard 

deviation estimate calculation method 
Tab.D5.1.3.6 – Mean value and standard deviation for spectra analyzed 

  � logS � logS 

 22mid 4.3226 0.1859 

leading 301st 4.3094 0.1819 

 30mid 4.3015 0.1824 

    

 22mid 4.2032 0.0911 

trailing 301st 4.2019 0.0672 

 30mid 4.1954 0.0541 

    

freight sec C 3.608 0.12 

 sec D 3.5884 0.12 

 

D5.1.3.2.2  Application to Pendolino and Freight Train axles 

 

One million axle concept, particularly maximum applied stress concept, can be applied to 

estimate axles geometrical dimensions that can assure a stable crack propagation until an 

established crack length.  

This was done by modifying original load histories through a stress coefficient, in order to 

have, in a lifetime of 3e6 km, a crack propagation from 2 to 10 mm.  This coefficient, named 

K, is applied to stresses: it’s easy to see that, by multiplying axles diameter by a factor of 1/K , 

it is possible to obtain axles able to reach a 3 million km lifetime propagation. 
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Propagation has been simulated through NASGRO equation, with parameters obtained from 

experimental tests (See D7.1.3). 

 

 

K coefficients, together with lifetime prediction with original load histories, are shown in Tab 

D5.1.3.7. 

 

Tab D5.1.3.7– Original load histories life prediction and K coefficient 

 

    

Life prediction 

[km]  K coeff. 

Leading 22 mm from hub 68,990 0.70 

  30 mm from 1st 16,632 0.83 

  30 mm from mid 61,959 0.86 

Trailing  22 mm from hub >10,000,000 1.10 

  30 mm from 1st >10,000,000 1.17 

  30 mm from mid >10,000,000 1.28 

Freight Train  section C 5,000,000 1.02 

  section D 5,000,000 1.05 

 

The goodness of K coefficient has then been assessed with probabilistic crack growth 

simulations (Fig. D5.1.3. 15), with the following features: 

- NASGRO equation [7] 
- Multivariated distribution of parameters C, m , � K0 of NASGRO equation (single 

distributions parameters (mean and standard deviation) obtained from experimental 
tests) 

- Initial crack length 2 mm 
- Run-outs over 6e6 km 

For all random load histories, corrected with respective K coefficients, the probability of 

failure in 6e6 km is about 5-10%, how can be seen in Fig. D5.1.3.15b and Fig. D5.1.3.16. All 

the simulation show diagram very similar. 
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(a) (b) 

 

Fig. D5.1.3.15 - Results of Montecarlo simulations (Pendolino, 30mm from 1st, trailing axle): a) a-N 

diagram; b) probability chart of estimated lifes 

 

 

 

Fig. D5.1.3.16 - Results of Montecarlo simulations (Pendolino, 30mm from 1st, leading axle): 

probability chart of estimated lifes 
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