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Aims	  

Probabilis/c	  analysis	  

The	  general	  aims	  of	  of	  this	  part	  of	  WP2	  within	  EURAXLES	  is:	  	  

•  how	  to	  correctly	  obtain	  a	  safe-‐life	  design	  so	  that	  a	  local	  faLgue	  HCF	  
assessment	  will	  give	  a	  failure	  probability	  of	  the	  order	  of	  10−5	  for	  a	  
railway	  axle?	  	  

•  to	  provide	  data	  for	  reliability	  calculaLons	  in	  real	  applicaLons;	  	  

•  revise	  current	  approaches	  and	  define	  a	  new	  reliability	  format	  for	  
faLgue	  assessment	  of	  railway	  axles	  under	  HCF.	  	  
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Background	  –	  staLc	  analysis	  	  

•  Eurocodes	  and	  other	  standards	  (BS7910)	  prescribe	  that	  the	  maximum	  failure	  
probability	  during	  life	  is	  Pf	  =	  7	  ·∙	  10−5;	  	  

•  let	  us	  examine	  the	  simple	  format	  prescribed	  by	  the	  Eurocode	  for	  staLc	  
strength:	  	  
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If	  we	  consider	  a	  gaussian	  distribuLon	  for	  
load	  L	  and	  one	  for	  resistance	  R:	  

•  Failure	  probability	  depends	  on	  
both	  standard	  deviaLons;	  

•  it	  is	  possible	  to	  calculate	  parLal	  
safety	  factors	  η	  

Pf = Pr[L > R] =

Z 1

0
fL(l) · FR

Pf = Pr[(R� L) < 0] = �(��)

where	  the	  safety	  margin	  is:	  
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µR � µLp
�2
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Background	  faLgue	  analysis	  -‐	  1	  
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Figure 1.1: S-N diagram prescribed by by EUROCODE 3 [5].

The assessment (both for constant amplitude and variable amplitude load-
ing) is done considering a design curve which corresponds to the characteris-
tic curve divided by an appropriate safety factor “

Mf

, reported in Tab. 1.1.
Considering that a railway axle is a safety critical component, according to
EUROCODE 3 the safety factor should be in the range 1.15 ≠ 1.35.

The problems of this approach are:

• the value of “

Mf

does not appear to be related to the scatter of the
load/stress;

• there is not an explicit definition of which percentile of the stress has
to be considered and, consequently, the target reliability is unknown;

• it considers a damage sum D

crit

= 1, while it is well known that it
tends to be lower than 1 under random load/stress sequences [7].

Consequences of failure
Assessment method Low consequences High consequences

Damage tolerant 1.00 1.15
Safe life 1.15 1.35

Table 1.1: Recommended values for partial safety factor “

Mf

[5].
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Minimum	  γMf	  factor	  

•  inspecLons	  ?	  
•  no	  relaLon	  with	  the	  

scager	  !	  

According	  to	  EUROCODE:	  
•  faLgue	  assessment	  should	  be	  

based	  onto	  a	  S-‐N	  diagram	  with	  
5%	  failure	  probability;	  	  

•  a	  suitable	  safety	  factor	  (γMf	  )	  
should	  be	  applied	  for	  obtaining	  
a	  design	  faLgue	  curve;	  	  

•  damage	  calculaLon	  →	  Dcrit	  =	  1.	  	  
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Background	  faLgue	  analysis	  -‐	  2	  
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1.2.2 FKM Guideline

The FKM Guideline appears to follow the same approach (even if it is more
detailed). In particular, it prescribes a characteristic curve, in terms of stress
amplitude, corresponding to a P

f

= 2.5% failure probability. The design
curve is once again determined by applying a safety factor more generous
that the one of EUROCODE 3 as indicated in Tab. 1.2.

The critical damage sum according to the FKM Guideline should carried
out according to Miner Konzequent method and its critical value depends on
the material: for steel components the values to be considered for damage
calculations are k = 5 and D

crit

= 0.3. A more simple alternative to the
MK method is to consider the Haibach’s bilinear approximation with a slope
2k ≠ 1 for stress cycles with S

a

< S

D

1.

Consequences of failure
Low consequences High consequences

No regular inspection 1.20 1.30
Regular inspection 1.35 1.5

Table 1.2: Recommended values for partial safety factor for FKM Guide-
line [6].

The problems of the FKM approach, even if it is surely more conservative
than EUROCODE 3, are similar to the previous one:

• the value of the safety factor does not appear to be related to the scatter
of the load/stress;

• there is not an explicit definition of which percentile of the stress has
to be considered and, consequently, the target reliability is unknown.

1The calculation with Haibach’s hypothesis, which is allowed by [6], is a conservative
first approximation of the MK calculation.
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Minimum	  SF	  factor	  

•  inspecLons	  ?	  
•  no	  relaLon	  with	  the	  

scager	  !	  

According	  to	  FKM	  Guidelines:	  
•  faLgue	  assessment	  should	  be	  

based	  onto	  a	  S-‐N	  diagram	  with	  
2.5%	  failure	  probability;	  	  

•  a	  suitable	  safety	  factor	  (SF)	  
should	  be	  applied	  for	  obtaining	  
a	  design	  faLgue	  curve;	  	  

•  damage	  calculaLon	  →	  Dcrit	  =	  0.3	  	  
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Example	  
•  ApplicaLon	  to	  an	  HS	  trailer	  axle,	  whose	  stress	  spectrum	  was	  measured	  

within	  WIDEM	  Project.	  	  
•  The	  axle,	  originally	  made	  in	  30NiCrMoV12	  steel,	  has	  been	  redesigned	  so	  

that	  it	  is	  compliant	  with	  EN13104	  and	  local	  stress	  spectra	  have	  been	  
recalculated.	  
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Figure 1.3: Fatigue assessment: S-N design curve and stress spectrum.

EUROCODE FKM Guideline

Miner Index Life prediction Miner Index Life prediction
[Km] [Km]

no inspections 0.00616 162 · 106 0.0264 11.32 · 106

regular inspections 7.667 · 10≠4 1304 · 106 0.0064 46.35 · 106

Table 1.4: Fatigue damage calculations for a prospective A4T axle sub-
jected to WIDEM stress spectrum (Miner Index for 106 km).

the open problems for the two formats prevent the designer to obtain an uni-
vocal response about the prospective reliable service of the axle. Moreover,
both calculations have considered a slope of the S-N diagram (k = 7 from
[9]) which is di�erent from the slope assumed in the two formats (k = 3 in
EUROCODE for welded details, k = 5 in FKM Guideline for steel components).

For these reasons the proposal of new partial safety factors for the fatigue
assessment of railway axles is needed. Such a proposal will be outlined in the
next sections, after background about state-of-the-art reliability calculations
in fatigue.
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•  design	  safe	  for	  
both	  guidelines	  

•  reliability	  ?	  
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Simple	  method	  

Most	  simple	  faLgue	  assessment	  is	  consider	  a	  single	  stress	  level	  SL	  

logN

logS

SD

ND

SL
SD,min

n

Pf = �(��)

� =
µ

logSD � logS

L

�

logSD

we	  have:	  

where:	  
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SNCF	  method	  

The	  first	  step	  of	  the	  method	  by	  SNCF	  consists	  in	  calculaLng	  an	  equivalent	  
constant	  amplitude	  stress	  consists	  in	  calculaLng	  an	  equivalent	  constant	  
amplitude	  stress	  (N{eq},	  S{eq})	  which	  has	  the	  same	  damage	  as	  the	  analysed	  
spectrum.	  

Seq =

✓
D

Dcrit

◆(1/k)

· SD

The	  second	  step	  of	  the	  SNCF	  
method	  consists	  in	  generaLng	  
various	  load	  spectra	  to	  take	  into	  
account	  the	  various	  axle	  usages.	  
Equivalent	  loads	  for	  these	  
different	  spectra	  are	  calculated	  
and	  finally	  the	  distribuLon	  of	  
equivalent	  load	  is	  then	  obtained.	  

logN

logS

SD

ND

Seq
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ProbabilisLc	  damage	  assessment	  

logD

Dcrit
D
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We can apply these concepts to the two formats discussed in the previous
sections. If we also consider that S

D,min

is di�erent (it refers to a 5% percentile
for EUROCODE and 2.5% percentile for FKM Guideline), we can then calculate
the minimum safety factor to be applied in a simple fatigue assessment under
constant load. In particular, considering di�erent prospective values for the
scatter of fatigue strength we obtain the safety factors reported in Tab. 1.5.
In the same table the coe�cient of variation -CV - (CV = ‡/µ) for the
prospective distribution of fatigue strength.

It can be clearly seen that the safety factors pertaining the two formats are
di�erent: this is due to the di�erent definition of the characteristic strength.
From this simple observation it can be also concluded that, since FKM sug-
gests fatigue safety factors (see Tabs. 1.1 and 1.2) higher than the ones in
EUROCODE 3, the resulting failure probability applying its format should be
the lowest.

Minimum SF
EUROCODE FKM Guideline

‡

logS

D

= 0.021 (CV=0.048) 1.109 1.093
‡

logS

D

= 0.033 (CV=0.075) 1.178 1.150
‡

logS

D

= 0.045 (CV=0.103) 1.250 1.210
‡

logS

D

= 0.057 (CV=0.131) 1.327 1.273

Table 1.5: Minimum safety factors for P

f

= 7 · 10≠5 to be applied for a
simple fatigue assessment under a deterministic load S

L

.

1.4.2 Probabilistic damage calculations

A probabilistic assessment of fatigue under variable amplitude can be ob-
tained by referring to the concepts of stress spectrum and damage. Firstly
we need to express the S-N diagram as:

N = C

S

k

(1.7)

where C = N

D

· S

k

D

. It is easy to recognize that, because of the variability of
fatigue life, C is a random variable (see Fig.1.5) which belongs to a lognormal
distribution with parameters:

I
µ

logC

= log(N
D

· S

k

D

)
‡

logC

= ‡

logN

(1.8)
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Under	  the	  assumpLon:	  

D =
1

C
·

lX

i=1

ni · Sk
i

The	  faLgue	  damage	  is	  

logD = � logC + log

✓ lX

i=1

ni · Sk
i

◆

The	  failure	  probability	  	  is:	  

Pf = Pr[DS > Dcrit]
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Miner	  Index	  

•  KM is almost equivalent to Haibach 
•  Mean values : µD = 0.52 – KM µD = 0.62 - Haibach 
•  Std deviation of Miner index: σlog10D = 0.583 KM  σlog10D = 0.585 Haibach 
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we	  can	  take	  	  Dcrit	  =	  0.5	  
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S-‐N	  diagram	  for	  EA1N	  
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FaLgue	  limit	  of	  full-‐scale	  axles	  is	  very	  close	  to	  the	  one	  of	  small	  scale	  
specimens	  

•  faLgue	  limit	  
from	  full-‐scale	  
dataset;	  

•  same	  slope	  as	  
small	  scale.	  

The	  original	  S-‐N	  diagram	  compares	  very	  well	  with	  the	  experimental	  data	  
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S-‐N	  diagram	  for	  EA4T	  

In	  the	  case	  of	  A4T	  there	  is	  a	  significant	  decrease	  of	  full-‐scale	  properLes	  respect	  to	  
the	  small	  scale	  specimens	  .	  
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This	  ‘corrected’	  S-‐N	  diagram	  compares	  very	  well	  with	  the	  experimental	  data	  

•  faLgue	  limit	  
from	  full-‐scale	  
dataset;	  

•  correcLon	  for	  
the	  slope.	  
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Target	  failure	  probability	  

EURAXLES WP2 - D2.5 Report on the calculation of an axle risk of failure under fatigue

3.2 Montecarlo simulation

A series of Montecarlo simulation have been run considering essentially two
random variables:

1. the position of the S-N diagram, described by the gaussian variable
variable logS

D

whose scatter is reported in Tab. 3.1;

2. the stress amplitudes of the di�erent classes of the load spectrum, that
are treated as perfectly correlated gaussian variables (all the the classes,
in the i-th realization of the spectrum, have the same z

i

gaussian stan-
dardized variable) described by a coe�cient of variation CV

S

.

As for CV

S

, this parameter represents the prospective uncertainty of the
determination of the spectrum as well as a real variability of loads. According
to BS7910 [30], the CV for the applied primary loads in a structure falls
in the range 0 ≠ 0.3. Since we imagine that the stress spectrum has been
already obtained as the combination of di�erent load cases (full loaded vehicle
or empty vehicle, di�erent routes), then CV

S

in the simulations have been
taken in a smaller range as: CV

S

= 0.01, 0.05, 0.10, 0.15. We can easily
calculate the range of variation for the classes of the load spectra as the ±2‡

range (which corresponds to the range where 97.5% of the stress values fall),
as in Tab. 3.2.

±2‡ range for stress CV

S

±0.02 0.01
±0.10 0.05
±0.20 0.10
±0.30 0.15

Table 3.2: Scatter of the stress classes associated to the CV

S

values
considered.

After extracting the two random variables (N
sim

= 105 extractions) the Miner
Index for each combination spectrum/S-N diagram is calculated (with the
Haibach’s hypothesis) in order to obtain a sample of N

sim

damage realizations
to be compared with D̄

crit

. In particular, as in (1.11), the failure probability
is calculated:

P

f

= Prob[D > D̄

crit

] (3.1)
after interpolating the sample of N

sim

realizations with a lognormal distri-
bution.
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It	  is	  really	  needed	  to	  design	  for	  a	  given	  reliability	  ?	  
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Since the scatter of the fatigue strength for A4T and A1N is not the same
and, in the case of A4T, it is very low (due to analysis of data sets from
axle steels with similar properties), it is di�cult to make a choice about
the correct value of ‡

logS

D

. Therefore the calculations have been carried out
with the di�erent values of the scatter reported in Tab. 3.1 together with
the prospective coe�cient of variation (ratio of standard deviation to mean
value).

CV

S

D

‡

logS

D

= 0.021 0.048
‡

logS

D

= 0.033 0.075
‡

logS

D

= 0.045 0.103
‡

logS

D

= 0.057 0.131

Table 3.1: Correspondence between scatter of the logS

D

and the coe�-
cient of variation of S

D

.

3.1.1 Load spectra

The relevant load spectra considered in the probabilistic calculations have
been taken from other research projects:

• the first one the WIDEM load spectrum measured onto a tilting train
extrapolated to 106 km (see Fig. 1.2);

• a normalized load spectrum for 15 · 106 km distributed according to a
gaussian distribution, that has been provided by DB and it is shown in
Fig. 3.2;

• a load spectrum for an IC train for 1.25 · 105 km, that was derived
within the EU project HYPERWHEEL [26] (see Fig. 3.3).

The DB spectrum has been truncated to the value 0.91, which corresponds
to the stress amplitude with a return period T = 5 · 105 [km], to make it
comparable with the other spectra.

The maximum stress in the spectrum itself it is not important, since in
the following calculations the maximum stress will be assumed as the main
parameter for the probabilistic analysis. The three spectra have been chosen
because they have shapes significantly di�erent.
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stress 

fatigue strength 

The	  idea	  behind	  the	  standards	  is	  that	  designing	  for	  a	  given	  reliability	  implies	  
robustness	  of	  the	  design	  
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Target	  failure	  probability	  

According	  to	  Eurocode,	  the	  maximum	  failure	  probability	  for	  the	  the	  enLre	  life	  
of	  a	  structure	  is:	  

�med,EN1990 = 2 · 10�6 [failure/year]

Pf,EN1990 = 7 · 10�5

which	  corresponds	  to	  a	  failure	  rate	  (30	  years	  of	  service)	  :	  

This	  figure	  is	  very	  close	  to	  present	  failure	  rate	  of	  Europe’s	  axle	  fleet,	  but	  if	  we	  
want	  to	  improve	  the	  target	  should	  be	  (according	  to	  a	  study	  by	  RSSB):	  

�med,target = 2 · 10�7 [failure/year]

Pf,target = 7 · 10�6
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Summary	  of	  the	  presentaLon	  

•  Aims	  &	  background	  

•  Reliability	  assessment	  under	  HCF	  

²  simple	  method;	  
²  SNCF	  method;	  
²  probabilisLc	  damage;	  

•  Input	  data	  for	  probabilisLc	  analysis	  

²  damage	  index;	  
²  S-‐N	  diagrams	  for	  full-‐scale	  axles;	  
²  target	  failure	  probability;	  

•  ApplicaLon	  
²  procedure	  
²  example	  
²  formulaLon	  of	  simple	  safety	  factor	  
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Procedure	  for	  probabilisLc	  design	  

For	  a	  given	  set	  of	  input	  parameters	  (spectrum,	  Smax,	  CV):	  
•  random	  extracLon	  of	  a	  spectrum;	  
•  random	  extracLon	  of	  an	  S-‐N	  diagram;	  
•  calculaLon	  of	  the	  distribuLon	  of	  the	  Miner	  index	  due	  to	  service	  Ds;	  
•  calculaLon	  of	  the	  failure	  probability:	  

logN

logS

Nlim

Slim

Pf = Pr[DS > Dcrit]
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Example	  of	  applicaLon	  

ApplicaLon	  to	  an	  HS	  axle	  with	  a	  prospecLle	  life	  of	  107	  km	  (	  CVS	  =0.05)	  under	  
WIDEM	  spectrum	  

240 245 250 255 260 265 270 275 280
10−6

10−5

10−4

10−3

10−2

Maximum stress,  MPa

Fa
ilu

re
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bi
lit

y 
P f

The	  dependence	  of	  Pf	  on	  the	  maximum	  stress	  can	  be	  readily	  obtained	  

EURAXLES WP2 - D2.5 Report on the calculation of an axle risk of failure under fatigue

Considering tentatively a fleet 106 axles circulating in Europe, this would
correspond to approx. 2 axle failures per year. In order to improve this
figure (which is close to the present situation [?]), we might reduce the target
failure probability of one order of magnitude by setting:

P

f,target

= 7 · 10≠6

⁄

target

= 2.33 · 10≠7

It is worth remarking that ⁄

target

corresponds to the target failure rate de-
fined by RSSB [31].

For each combination of the parameters (CV

S

; ‡

logS

D

) and each spectrum
shape, the output of the probabilistic Montecarlo simulation has been the
permissible maximum stress of the spectrum (or the maximum stress with a
return period of 5 · 105 km) so that:

S

max,perm

: P

f

Æ
I

P

f,EN1990

P

f,target

J

(3.3)
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Safety	  factor	  to	  be	  adopted	  -‐	  1	  

•  	  	  DeterminaLon	  of	  Smax	  for	  obtaining	  Pf	  =	  7.10-‐6	  

•  determinaLon	  of	  the	  safety	  factor	  SF	  needed	  for	  calculaLng	  the	  Smax	  with	  a	  
simple	  determinisLc	  calculaLon	  according	  to	  FKM	  method	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
(50%	  percenLle	  for	  stresses,	  2.5%	  percenLle	  for	  life,	  Miner	  Index	  =0.3)	  

logN

logS

Pf=2.5%

Pf=50%

SF
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Safety	  factor	  to	  be	  adopted	  -‐	  2	  

•  	  	  3	  different	  load	  spectra	  have	  been	  considered	  

0"

0.5"

1"

1.5"

2"

2.5"

0" 0.05" 0.1" 0.15" 0.2" 0.25"

Sa
fe
ty
'fa
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or
'

CV'

Effect'of'spectrum'
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WIDEM"
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Effect	  of	  spectrum	  
shape	  is	  negligible	  

Ø  HYPERWHEEL 
Ø  WIDEM 
Ø  DB 
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Conclusions	  

We	  have	  addressed	  the	  problem,	  within	  the	  EURAXLES	  project,	  to	  propose	  a	  
simple	  method	  for	  a	  safe	  faLgue	  design:	  

•  inputs	  from	  faLgue	  experiments	  (small	  scale	  and	  full-‐scale);	  

•  proposal	  a	  probabilisLc	  format	  ;	  

•  elaboraLon	  of	  a	  simple	  semi-‐probabilisLc	  approach	  based	  onto	  a	  safety	  
factor.	  

Is	  it	  enough	  ?	  	  
	  
‘protec>on	  and	  maintenance	  policy	  applied	  to	  the	  axle	  ensures	  the	  
efficiency	  of	  the	  protec>on	  against	  impacts	  and	  corrosion	  throughout	  the	  
life	  of	  the	  axle	  and	  ensures	  that	  the	  original	  surface	  condi>on	  of	  the	  axle	  
material	  is	  maintained’	  (quote	  from	  EN13103)	  



24	  

The	  role	  of	  maintenance	  -‐	  1	  

The	  axles	  during	  their	  long	  service	  are	  exposed	  to	  different	  damages	  able	  to	  lead	  
to	  premature	  failures,	  even	  if	  the	  axles	  have	  been	  designed	  with	  a	  target	  low	  
failure	  probability	  à	  new	  failure	  modes	  

Impacts Corrosion 

Maintenance	  acLons	  are	  aimed	  at	  ‘restoring’	  the	  axles	  to	  their	  iniLal	  state	  
by	  removing	  the	  axles	  with	  high	  damages	  or	  restoring	  the	  disrupted	  paint	  
protecLon	  	  
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The	  role	  of	  maintenance	  -‐	  2	  

The	  concepts	  applied	  to	  faLgue	  design	  à	  minimum	  inspec/on	  periodicity	  

In	  reality	  if	  we	  look	  at	  the	  maintenance	  as	  able	  to	  ‘restore	  as	  new’	  	  	  	  	  	  	  	  	  	  
the	  condiLonal	  reliability	  (the	  probability	  of	  a	  successfull	  mission	  t,	  axer	  a	  
maintenance	  at	  ito)	  

1
Rcond(t)

to 2to 3to

λ(t)

to 2to 3to

t

t

average 
failure rateλmed

�med,target = 2 · 10�7 [failure/year]


