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D5.1.1 Report on design procedure for wheels

Prepared by:
Daniele Ongaro

Lucchini Sidermeccanica
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1. Introduction

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

of a wheel and considering the Wohler curve ofrttaerial.

The load spectra is a statistical distribution eftical and lateral load combination acting on a
wheel; the values of the distribution are the nundfevheel rotation cycles (see deliverable
D2 and D3).

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

flange curving (outer wheel), no flange curvingh@n wheel), switch crossing.

The FEM model defines the relationship betweenlsingit loads applied on the wheel tread
and the stress in the various wheel nodes.

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

how their combination defines a specific runningaition.

STRAIGHT CROSSING

Figure 1 - Loads and their positions on the wheeahd

For the wheel FEM model the web thickness shoulthbis lowest tolerance dimension and

the wheel rim at the wear limit.

2. Calculation procedure

The verification of the wheel web mechanical reggorequires four main stages:
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six FEM analysis for unit forces applied in thefeliént contact points and one FEM
analysis for the press fitting of the wheel on dkxée

computing of FEM analysis results to obtain for reawode and for each load
combination value the principal stresses cycles
application of fatigue criterion to achieve themessible stresses

wheel life estimation using the Palmgren-Miner rule

All the nodes on both the surfaces, inner and ouoffethe web should be considerddgure
2) during the extrapolation to total life.

Figure 2 - FEM model with the profiles containingdes 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= 1 tom
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51, 52, 53
Nix, Niy, Niz
S1 max

S2 max

S3 max

N
)

number of wheel plane used to obtain the streske cwithw =
lton

number of FEM force case, with= 1 to6

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

number of running condition, with = 1 to4
b=1 straight4 = 1)

b=2 right curveq = 2 anda = 3)
b=3 left curve4 = 4 anda = 5)

b=4 crossingd = 4 anda = 6)

with d=1 tomandw= 1 ton

stress tensor in the reference system XYZ for tiee in the
planew

principal stresses for a verified node with a ipafar radial
plane, values of forces and running condition

director cosine for the generic stresssn the reference system

maximum s; of the principal stress cycle for the considered
node with particular values of forces and runniagdition
maximum s, of the principal stress cycle for the considered
node with a particular values forces and runninggdaoon
maximum s3 of the principal stress cycle for the considered

node with a particular values forces and runninggdaoon

Page 6 of 39



=

2
&/
LN
t'“l"l"

o=1

Loading plane
6=0° I

©=N  s=n-1

Figure 3 - Radial sections checked

FEM analysis

It is necessary carry out for each external lo&dEM analysis with a nominal force in order
to achieve the stress tensor for all theveb node on every thewheel radial section. These
planes are equally spaced between the loading glare0°) and the sectiod = 180° as
shown inFigure 3 The number n should allow to define the stresslecyith a good
approximation.

Moreover a seventh FEM analysis is performed te tako account the press fitting of the
wheel on the axle. In this case, due to the ayiansetry of the problem, the stress value of
each node is referred simply to one section.

The results of the single calculation is a matrithvdimension oim x n where the single row

contain the stress tensor of a defined node fahalbifferent planes.

Page 7 of 39



Xy

n O

yz

W un O v

yz

%))

Xy

%))

yz

Xz

yz

n O O

Xz

yz

n O

Z 21

m21

Stress tensor matrix for nominal force

w

sx Xy Xz X
sxy SY Syz SXY
Se Sy S, ., Sy
sX
xy
s

Xz

fit g Xy y S yz

I
n 0
0

Sy

%))

yz

[9))

Xy

yz

Stress tensor matrix for the press fitting

Page 8 of 39

Xz

yz



0

Load combination

For each running condition the different loads ealare given by the own spectrum. To
obtain the stresses cycles for every Q-Y combinatie stress tensor matrix have to be added

as following:
1 =Qi ot it straight

|
2 =0, _+Y. 4+ § i

2”_ — YJ. 3 fit right curve
3 =0 +Y. _+ i

3 Qi 4 Yj c fit left curve
4 =Qi 4 +YJ. et fit crossing

where Qand Y are the values of vertical and lateral forcedhefij spectrum matrix element.
Moreover calculating the eigenvalue and the eigetaveor each of its element the principal

stresses matrix and director cosine matrix arecxeloi:

Sy Sy Sy
S, S, S,
Ss 11 Ss 12 Ss 1n
Sy

_ _ s,

p“bij s, ”

Sy Sy
Sy Ss
S3 ma 53 mn

Principal stresses matrix for a defined load casebination
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m1 m,n

Director cosine matrix of principal stresses

Mono-axial equivalent stresses

a)

b)

The values 0fs; max S2 max @and S3 max and their director cosine are obtained for a
particular loads values and running condition.
For all the planeg’ considered, the stress tensor is projected imlitieetion 0fS; max

thus obtaining the stress in that direction:

sx sxy sxz ns 1maxx
slmin,d,w = [ns 1maxx nslmaxy nslmaxz] XS Xy S y S yz X nslmaxy
S Xz S yz S Z gw nslmaxz

with d=1tomandw= 1 ton
The minimum value obtained is chosen: this is reféto ass; min

In the same way fo$, max€ S3 max 0btaiNing,S2 min € S3 min

The following notation is used for the quantitytioé generic mono-axial stress cycle:

Smax maximum stress

Smin minimum stress
S !

S, = n mean stress
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max_~ = min

alternate stress (stress amplitude)

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

considered node.

Cycle ins; Cycle ins; Cycle ins3
direction direction direction
Smax S1 max S2 max S3 max
Smin S1 min S2 min S3 min
S slmax + slmin sZmax +52min sSmax + sSmin
m
2 2 2
S S1max = S 1min S omax = S 2min S 3max = S 3min
a
2 2 2

Wheel life estimation

Tablel — Mono-axial fatigue stress cycles

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

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

completely reversed stresses need to be calculasgty an amplitude mean relationship as

following:
—_ sa
sar - S
m
1-
s

where s ,is the ultimate tensile strength.

The maximum equivalent completely reversed stressden the three obtained for each node

have to be used for the calculation of the lifeduse

Page 11 of 39



[}
- GarB ar
Oar ar ij
p 11 Gar (e}
B 12 ar
1
Gar PR .
: Bij |
time Oar, --4---b---"==
11 1 1 |
: | I
I |
N | | N Ns. N N
Nﬂ 1 | Nﬁ 12 | p ij cycles—| fﬁ 12 fBij fﬁ 11

N¢, Cycles to Failure

Figure 4 — Palmgren-Miner life prediction
With this value, the S-N curve and knowing the nemdf times that occur each event, the
wheel life estimation can be performed:
N by

b=14 i=1k j=tn N
bij
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D5.1.2 Report on design procedure for wheels
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1. Finite element fatigue simulation of the wheel
0 Introduction
Target of the Finite Element fatigue simulatiortasuse a method that is qualified to assess
fatigue life of a rail wheel with respect to itsage during customer service. The calculation
method is based on the same assumptions as thge&sirmed in this project. Thus the test
results of the computer aided fatigue assessmertaanparable.
The computer aided method allows to produce pravaged physical prototypes of rail

wheels which in consequence allows generally tammae the number of tests.

0 Methodology
First step of the fatigue assessment is the cdlonlaf local stresses by means of the Finite
Element method for the decisive physical load cakes the investigated wheel these are
rolling under vertical load, straight driving, cenmg and passage over switches. The nodal
stresses induced by the maximum loads of each qgdiyiead case are calculated step by step

respecting the rotational symmetry of the wheel.

For each node in the model the stress history &h eohysical load case is evaluated. The
derived stress amplitude is transformed by the nadite mean stress sensitivity to a stress
ratio of R = -1. Based on these amplitudes thel lpagial stress spectra for the physical load
cases are derived. With the resulting design speaftistresses the required fatigue strength
(RFS) for each node is calculated by modified midamage rule assuming a material
dependent quality of the S-N curve. The damageuksion to get the RFS values is
performed by an iterative procedure assuming aacwgre modified Miner rule an allowable
damage sum of D = 0.5.

The calculations have been performed assumingrlglaatic material behaviour of the wheel
disc steel.

Further calculation parameters are listed in Table

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
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Rated wheel load 73.2 kKN
Design life 6E6 km

Table 1 Wheel fatigue calculation parameters

The definitions for the applied load spectra dediveom the Q-Y-matrices and in case of
crossing switches from assumed values by WIDEM axinsn members are given in Table
2.

Straight running Cornering Passing over
switches
Type linear Gauss Gauss
H/H; 0.6 0.4 531.56E-6
Hv/H; |0.3 0.2 531.56E-6
He/H: 1E-6 1E-6 0.0025

Table 2 Load spectra definitions

1.3 Results of the analysis with applied desiguwl lspectra
Using the above described method within the LBF @&&ength software in combination
with the design load spectrum results in two mashaged regions at the inner and outer side

of the wheel disc (see in Fig. 1 and Fig. 2).

Page 15 of 39



o) PO
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525
48.7)
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41.4
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26.2
225
18.7)
15.0
113
750

379
0]

— = default_Fringe
Max 2.36+002 @Nd 48221
Min 1.00+000 @Nd 47733

Fig. 1 Required fatigue strength at inner wheel dis side

The region with highest required fatigue strendttha inner wheel side is situated at a radius
of 181.6 mm, referenced by node 69791.

RFS-value|
75.0)
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B3.7)
B0.0)
56.4
52§
487
45.0
41.4
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337
30.0
26.9
225
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15.0
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7580

375
i
default_Fringe
Max 2 36+002 @Nd 45227
Min 1.00+000 @Nd 47733

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

of 182 mm, referenced by node 70353.
Stress values of the two points with highest remfifatigue strength are posted in Table 3.

Straight Driving Cornering Switch

Q =100 kN Q =110 kN Q =115kN
Y =+10..-20 Y = +40.. - Y =20..-20 kN
[MPa] kN 40kN
node S max +21 +74 +54
69791 Smin -33 -81 -46
disc inside | 27 77 50
node S max +13 +49 +26
70353 Smin -37 -85 -69
disc Sa 25 66 46
outside

Table 3 Stress values resulting from design load sptrum

The required fatigue strength for node 69791 casds® in Fig. 3. This node refers to strain

gauge 4 at the inner side of the wheel disc infideadius to the press fit seat.
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1 Spectra (1) Nd 69797 | LBFwheelStrengt 1.03.002 BETA

Straight_Running
Cormeting

Equivalent Stress: WYON MISES SIGH Transformed Stress Amplitude:

- . Feguired Fatigue Strength: 66 MPa Falling: 4 MPa
Svassrl]r;g_gver_Swnches Straight_Running: 27 MFa
nenler Lune Damage Straight_Running: 0% Cornering: 77 MPa
Damage Cornering: 100 %% Fassing_owver_Switches: 50 MPa
Stress Amplitude [MPa] Damage Passing_owver_Switches: 0%
180, Woehler Curve:
Slope k: 5.
Slope k" 9.
150, Knee-FPoint. 2.E+B
120, 7
90,0 7
600 7
300 7
b e 3 Ta s s 17 g s o
10 10 10 10 10 10 10 10 10 10 10
Mumber of Cycles

Fig. 3 Required fatigue strength

The loads for switch passing (see Fig. 3) are ivelgt low in comparison to existing
experiences and expectations. Especially lateraewforces for switch crossings derived by
the multibody simulations of Polimi are smallerrnhexpected from the loads proposed in the
Hiperwheel project.

Therefore curve running dominates as damaging ihggstienario.

The required fatigue strength of the wheel discemalt lies at approximately 66 MPa under
this loading conditions. According to experiencéd BF wheel steels should provide the

required fatigue strength caused by the assumeithigpaonditions easily.
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1.4Results of the stress analysis with doubled loads
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For comparison with test results calculations hiagen done applying doubled loads of the

design load spectra (see Table 4).

Straight Driving Cornering Switch
Q =200 kN Q =220 kN Q =230 kN
Y =+20..-40 Y =+80..- Y =40..-40 kN
[MPa] kN 80KkN

node S max +42 +148 +54
69791 Smin -66 -161 -91
disc inside [ g 53 154 72
Measured Sa 55 137 64

at strain

gauge 4,

disc inside

Table 4 Measurements and computational results

Compared with the experimental stress analysisiéoibled loads the results of the computer

aided calculations are satisfying.

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

be seen in Fig. 4.
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2 Spectra (1) Nd 69791

Straight_Running
Cormeting
Fassing_owver_Switches
— ‘Woehler Curve

Stress Amplitude [MPa]
3300

275 7

2en. 7

10 7

LEFMheelStrength 1.09.002 BETA

Equivalent Stress: VOM MISES SIGN
Fequired Fatigue Strength: 132 MPa

Damage Straight_Running: 0%
Damage Cornering: 100 %
Damage Passing_owver_Switches: 0%

W
\I“"I"

Transformed Stress Amplitude:
Folling: 7 MPa
Straight_Running: 53 MPa
Corering: 154 MPa
Fassing_owver_Switches: 72 MPa

Woehler Curve:
Slope k&
Slope k' 4.
Knee-Paint 2.E+6

BT

\

4 10

T T
1% 10F 7

Mumber of Cycles

I 1
IEERTIAL

Fig. 4 Required fatigue strength with doubled loads

The RFS value of 132 MPa can be seen as noncriticdl/pical wheel steels, as they have

normally higher knee point stresses.
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D5.1.3 Design procedure for axles

Prepared by:
S.Beretta
M.Carboni
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Date:June 36 2008
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D5.1.3.1 Design according to damage

Discretized load spectra for HS, Pendolino anddhteTrain have been analyzed to calculate
fatigue damage with classical approach.

Two different materials (A4T for Pendolino axlesdaAlN for freight train) have been
considered according to lower bound predictions &#idl diagrams obtained by LBF (in Tab.
D5.1.3.1).

Tab. D5.1.3.1 — S-N diagram parameters

A4T Al1N
k 8 8
k’ 15 15
Sim [MPa] | 258 214
Nijim 5e6 5e6

Pendolino axles
LBF did an extrapolation of load histories for t#ferent classes into which the Czech

measuruments have been divided in order to obtenstress 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 froiddle, 30mm from %, 22mm from hub

This spectra have been discretized and compargdD5i.1.3.2) with A4T fatigue strength to
calculate fatigue damage. This procedure was applighe three sections, both for trailing
and leading axles.

Damage results are shown in Tab. D5.1.3.2, conegiéhe damage sum for failure obtained
by LBF (Drail = 0.15).

Tab. D5.1.3.2 — Pendolino: damages and life priexatist

damage on 3e6 km life prediction [km]
Leading Trailing eading 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 middle1.14E-04 4.65E-07 3.96E+09  9.68E+11
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Fig. D5.1.3.2 - Pendolino: load spectra for 3e6dampared with fatigue strength
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Freight Train axles

The same procedure has been applied to the fremjhtload spectra (section C and D, Fig.
Fig. D5.1.3.3), by multiplying them to reach a léngf 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

() (b)

Fig. D5.1.3.4 — Freight train: load spectra forebSkm compared with fatigue strength: a)
Section C; b) Section D

Tab. D5.1.3.3 — Freight train: damages and lifeljoteons
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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 increasedian to have an endurance life equal to the
service life: in the case of Pendolino train (leadaxle, 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 introdddo explain the concept of “one million
miles axles”, that will be applied, in Sec. D5.2.2, to the axles considered in the current

work.

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

Analysis of Crack Propagatioffil]

In [1] a preliminary analysis of the concept ofhrdage tolerance on railway axles has been
carried out, before the Pendolino measurementstses order to have an idea of the impact
of these concept on design. A railway non-powerdd, oroduced in A1N steel and used in

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

Fig. D5.1.3.5 - Non powered axle produced in Aléekand used in Y25 bogie.

Service loads of railway axles are the result atival and lateral forces (EN13103 and
EN13104 [2,3]) acting on them due to the typicabmpions: it is worth noting that the
maximum stresses can be found in proximity of thee@V press-fit. On the basis of these
considerations, fatigue crack growth in the axldybolose to the press-fit has been analyzed
considering three different load spectra (Fischmetr @rubisic [4]) corresponding to 1.25x105
km of service and being characterised by a maxirstiess amplitude equal to 166 MPa (Fig.
D5.1.3.6.
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Fig. D5.1.3.6— Load spectra for axle bodies comwadmng to 1.25x105 km [8].

This assumption implies a “Worst Case Analysis’csisuch stress level corresponds to the
maximum admissible one [2,3] for axle bodies pradudn A1N steel and it is here
considered including the notch effect characteribgda coefficientK; equal to 1.2. Such
notch effect has been previously determined by tBerand Carboni [5] by means of
dedicated experiments carried out in the frameoaktant amplitude full-scale fatigue tests on
axles and corresponds to the maximum value foumalgathe typical [6] T-transition between
the axle body and the press-fit. It is worth notthgt, on the basis of the design procedure
described in [2,3], imposing at the base of theahgition a stress equal to the admissible one
for A1N axle bodies it is achieved, at the pregsafimaximum stress close to the admissible

one suggested by the same normative for this region

Crack propagation algorithm

In literature, different analytical algorithms fitie prediction of cracked bodies are available:
in the present study, NASGRO v. 3.0.21 [7] has b=mmrsidered. Such a choice is due to the
fact that this software is one of the referencenysofor analyses under variable amplitude
loads. Particularly, NASGRO keeps into account tfee different effects acting on crack
growth rate in metallic materials (stress raticadointeraction effects) by simulating the
“plasticity induced crack closure” phenomenon (EI48]). This phenomenon is the

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

The analytical model is based on the so-called “BR® Equations” [7]. The first one is
able to describe crack growth rate#/dN’) as a function of the stress intensity factor K”)

for all the three propagation regimes (thresholdri?and critical), while the second one
describes the threshold (K ") variation as a function of the stress rati®T{: Calibration

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

Fracture Mechanics experiments (See D7.1.3).

Crack propagation estimates

The three considered load spectra have been appliegfms of constant amplitude block
loads (Fig. D5.1.3.7a arranged adopting (Fig. [B67h a Gassner sequence (Gassner [9])
characterized byR=-1, i.e. the typical operational condition for railyaxles. Moreover,
block loads were applied in terms of plane bendimge NASGRO is not able to consider

rotating bending conditions.

() (b)

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

The axle was modeled in terms of a smooth ciraddrhaving diameter equal to 150 mm in
order to analyze the fracture behavior of the bo8ych a choice is due the fact that
NASGRO does not consider the geometry of the tygreasitions of axles, but is certainly

conservative since the notch effect is alreadysiaed, in a real axle, at a few millimeters in
depth, while in the here considered simplified matkasts as a bending effect, causing the
load spectra to be more detrimental. A penny shapack having a depth equal to 2 mm (a

value certainly conservative for impacts due tolihkast [10]) was considered as initial flaw,
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while 60 mm was adopted as the limiting crack defatlne at failure. Results are reported in
Fig. D5.1.3.8 It is worth noting that, consideritige same maximum stress, the shape of the

load spectrum significantly influences life estiemt

Fig. D5.1.3.8 Life estimates obtained from the cde®d load spectra.

Probability of Detection of Crackgl]

Fixed an inspection interval “I”, the probabilityf aletection of a defect, potentially
observable in a given number of inspections “i"ided from the POD curve of the adopted
NDT technique, is calculated as in Figure 2, in akhthree inspections are assumed and
where the concepts of “forward” and “backward” iespons are also introduced, shows this
approach.

Fig. D5.1.3.9— Definition of “forward” and “backwdr cumulative probability of detection

In particular:

PC... =1- () POND (1)
wherePCper is the theoretical cumulative probability of deies andPOND (“Probability of
Non Detection”) represents the probability to ftie detection. The drawback of this
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approach is that the repetition of inspections raclks having very low POD (i.e. in the initial
phases of propagation life) increases theyd?Gralue, but introduces further influences
(“sizing errors”, operator errors) typical of thlsgage.

The analysis of the POD of cracks, based on E¢ghél been carried out in terms of variation
of the inspection interval expressed in kilometé?@D data for railway axles were taken
from [9] and are reported in Fig. D5.1.3.10 it iertlh noting that ultrasonic (“US”) methods

have significantly different POD curves if applied‘near end scan” conditions (for example,
observations of close-up transitions using rotapngpes) or “far end scan” conditions (for

example observations of transitions using straglobes at the far end). Magnetic particle
inspections (“MPI”), instead, give very good resudtiso considering relatively short crack

depths.

Fig. D5.1.3.10— POD curves for typical railway NBEchnologies.

A first consideration involves the calculation€per: considering “backward” inspections,
it is possible to achieve more conservative resiitsrespect to consider “forward”
inspections. For example, considering the casd@fildad spectrum I, the far end scan and
[=125000 km for a backward inspection res&@er =0.716, more conservative in respect to
the valuePCper =0.903 obtained in the same conditions but fayravérd inspection. For this
reason, in the following only backward inspectitiase been considered.

Applying Eq. (1) to the previously obtained craakoagation curve obtained from the load
spectrum |, in the case of far end scan and consgléhree different lengths for the
inspection interval (125000, 250000 and 500000 kimg, curves shown in Fig. D5.1.3.10
could be derived: the increase in POD value istdube repetition of inspections aRCoer
corresponds to the maximum value. Analogous resoligd be obtained in the case of load

spectra Il and IIl.
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Table 1 reports the comparison of tA€pet results obtained for the three considered NDT
techniques for all the load spectra. An importaohatusion is that, in the case of load
spectrum | due to the few possible inspectionsgaifscant difference between far end scan
and near end scan can be observed: this implieshibdess sensible inspection technique
should be used to define the inspection interval demonstrates that the POD curve
(characterized by the chosen probe, the geometthieofaxle and the adopted acceptability
threshold) is the key parameter in the evaluatfoandanspection procedure.

Considering now the case of load spectrum I, ihisresting to note that the near end scan
technique with only one inspection at 500000 kmd@geaPCpet value equal to 0.816, a value
greater than the on®Cper =0.716) obtained with far end scan assuming fingpéctions at
125000 km. This result is not in agreement with ties been obtained in [11] on the basis
of a simplified crack propagation law. The sameabasions can be drawn comparing near
and scan and far end scan for load spectra |l An@Xcept for those cases for which both
technique yield?Cpoer =1). The advantage of few inspections using mersifle techniques
(high POD value) is even more evident considerimgRCper values obtained by means of
MPI. It must be added that MPI is more expensivessiit is necessary to dismount the axle
or, in the case of a mounted axle, does not pegamitspect the transitions (Rudlin and Shipp
[12]).

Another important result (Fig. D5.1.3.11), for tba&se of load spectra Il and Ill, is that it is
possible to safely assume inspection intervalsOét K (at least in absence of phenomena
introducing deeper starting flaws in respect to wbansidered here or tenso-corrosive
phenomena accelerating crack growth): this dematestrthe effective possibility to adopt

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

Fig. D5.1.3.11-PCper trend for far end scan and load spectra |, |l ldnd
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Tab D5.1.3.4 PCper results for all the considered spectra.

Inspection|[Number |Far endNear en{MPI
interval  |of scan scan
[km] inspection
S
125000 |5 0.716 0.999
Load
250000 |2 0.376 0.972
spectrun
0.97
l 500000 |1 0.178 0.816 o
125000 |250 1 1
Load
250000 |125 1 1
spectrun
I 500000 |60 1 1 1
1000000 |30 0.999 1 1
125000 |750 1 1
Load
250000 |375 1 1
spectrurnr
" 500000 |[185 1 1 1
1000000 [90 0.977 1 1

Sensitivity to load spectra

A further analysis was focused onto the influen€esmectrum shape and maximum stress
level on the length of inspection intervals. Harad spectrum Il has been considered , since it
could be statistically described by a log-normatritbution with plipgs=1.301 andsiegs=0.20
(Fig. D5.1.3.12a. This gave the possibility to elatte different spectra by varying the value
of the standard deviation of the lognormal disttidw (Fig. D5.1.3.12b: it is possible to note

how the increasingiogs results in a less damaging load spectrum for edfimaximum stress.
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The maximum stress amplitude was then taken asandesariable for spectrum modulation.
In particular the considered values 8ys were 0.05, 0.1, 0.15 and 0.2, while the maximum
stress levels were 140, 160, 180 and 200 MPa. ithelated spectra (obtained by random
permutations of the 20 stress levels into which th&tribution was discretized) were
representative of a service equal to 145000 km.

It was then possible to determine the inspectidarvals for every combination of standard
deviate (i.e. spectrum shape) and maximum strees. [Ehe first step consisted in a number
of NASGRO runs considering the same rod alreadgrde=d in precedence in order to obtain
the propagation curves for every derived load specttEventually, the POD curves for both
far end scan and near end scan were used in arditérmine, for every crack propagation
curve, the inspection interval able to guaranteleagt aPCper = 0.99. Tab D5.1.3.5 shows
the results. It is important to add that, for tiggic¢al train subjected to load spectrum II, the

annual mileage is equal to 125000 km.

(@) (b)

Fig. D5.1.3.12 - Elaboration of load spectrum )ll@-normal probability chart; b) effect of
the standard deviatiorssogs - 0n spectrum shape (lognormal distribution).

Tab D5.1.3.5 — Inspection intervals for obtainP@per = 0.99 under different load spectra
(lognormal distribution) with Far End Scan and NEad Scan

Siogs |0.05 0.1 0.15 0.2
Shax NES | FES NES FES NES

125000250000 |875000[2.25x16
250000675000 |2x10° [4.5x10
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12500012500d 875000[2.875x16}4.5x1C | 1.3x10
375000 8750004.5x10 | 1.2x10°  |1.7x10 [4.4x10

160
140

As it can be seen, some combinations are too ceatsex (red region), while other suggest
very long inspection intervals even for maximunesses, reached in the spectra, exceeding
the ‘infinite life’ design stresses. It is worth ni®ning that these combinations corresponds
to very dispersed spectrafzs =0.15 and 0.2), which are typical of high dynariuads.
These results confirm the possibility of designihg ‘one million miles axles’ with a proper

choice of the maximum applied stress for differgmpes of the load spectra.

Load spectra, obtained on Pendolino and Freight,theve been analyzed through statistical
methods and probability charts (Fig. D5.1.3.13 p$sess standard deviation, whose values
are reported in Tab.D5.1.3.6 ; for Freight Traiis alue has been estimated as it can be seen
in Fig. D5.1.3.14.

Standard deviations of the measured load spedgather with the maximum stress levels,
show the possibility for Pendolino and freight traixle to achieve a “one million mile” axle

design.

(@) (b)

Fig. D5.1.3.13 — Probability charts for Pendolimad spectra with lognormal distribution fitting: a)
22mm from hub section; b) 22mm from hub section

Page 35 of 39



Fig. D5.1.3.14 — Probability chart for Freight Trdoad spectra (section C), and standard
deviation estimate calculation method
Tab.D5.1.3.6 — Mean value and standard deviatiosgectra 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 apgl stress concept, can be applied to
estimate axles geometrical dimensions that canressistable crack propagation until an
established crack length.

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

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

K, is applied to stresses: it's easy to see thamblyiplying axles diameter by a factor K,

it is possible to obtain axles able to reach al8anikm lifetime propagation.
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Propagation has been simulated through NASGRO iequatith parameters obtained from

experimental tests (See D7.1.3).

K coefficients, together with lifetime predictionttvioriginal load histories, are shown in Tab
D5.1.3.7.

Tab D5.1.3.7— Original load histories life predactiandK 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 oK coefficient has then been assessed with prob@bilgack growth
simulations (Fig. D5.1.3. 15), with the followingdtures:

-  NASGRO equation [7]

- Multivariated distribution of parameteS, m , Ky of NASGRO equation (single
distributions parameters (mean and standard dewmjabbtained from experimental
tests)

- Initial crack length 2 mm

- Run-outs over 6e6 km

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

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

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

Fig. D5.1.3.15 - Results of Montecarlo simulatigq®endolino, 30mm from °{ trailing axle): a)a-N

diagram; b) probability chart of estimated lifes

Fig. D5.1.3.16 - Results of Montecarlo simulati¢Rendolino, 30mm from®] leading axle):

probability chart of estimated lifes
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