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Abstract

As well known, an interaction effect arises, on crack propagation, when a specimen
or a component is subjected to variable amplitude fatigue loading. Depending on
the applied load sequence, a certain amount of retardation or acceleration can then
be observed, on the fatigue crack growth rate, with respect to the constant ampli-
tude case. In the case of structural ductile materials, the interaction phenomenon is
mainly addressed by the local plasticity at the crack tip and can be explained, from a
global point of view, by adopting the crack closure concept. In the present research,
load interaction effects in a medium strength steel for railway axles are experimen-
tally analyzed by companion and full-scale specimens. The experimental outcomes
show a significant retardation with respect to a simple no-interaction approach and
the Strip-Yield model offers good, yet conservative, estimates of crack advance. The
consequences of crack growth retardation on the inspection periodicity of railway axles
are then discussed.

Keywords: crack propagation, variable amplitude loading, railway axles,

inspection intervals, medium strength axle steel

1. INTRODUCTION

Railway axles are usually designed against fatigue limit [1, 2], but, due to
their very long service life (30 years or even more on European lines) and to
in-service damage like corrosion or ballast impacts, the approach has moved to
damage tolerance [3, 4, 5|. From this point of view, the presence of cracks in
axles is accepted and they must be periodically inspected using non-destructive
techniques. The problem so moves to the determination of the appropriate

maintenance inspection intervals, based on crack growth life predictions and the
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adopted non-destructive testing technique [6]. Considering the former aspect of
inspection intervals, it is well known from the literature that an interaction effect
on crack propagation arises when a specimen or a component is subjected to
variable amplitude (VA) fatigue loading, like railway axles. Depending on the
applied load sequence, a certain amount of retardation or acceleration in fatigue
crack growth rate can then be observed if compared to the constant amplitude
(CA) loading case. In the case of structural ductile materials, this interaction
phenomenon is mainly addressed by the local plasticity at the crack tip and can
be explained, from a global point of view, by adopting the ‘plasticity-induced
crack closure’ concept [7, 8].

In the case of railway axles, apart the numerical simulations in [9], the papers
with experimental VA tests show that: i) at relatively high stresses (higher that
the ones adopted for axle design) there is absence of load retardation [10, 11];
ii) under realistic stress spectra, there is a significant retardation for both a nor-
malized C45 steel grade [12] and a quenched and tempered 25CrMo4 grade and
higher grades [11, 13]. As for the axles, it has to be remarked than the present
test apparatuses for full-scale axles (three point bending [10, 12] , cantilever
bending [11, 14] or wheel-roller [13]) do not allow to make tests with real stress
histories, but they can only apply sequences of block loadings. The effect of this

simplification has not been yet thoroughly investigated.

The present paper aims at complementing the previous results about VA
effects onto crack propagation in railway axles by a series of analyses (experi-
ments and simulations) on the standardized medium strength EA4T grade [15],
a quenched and tempered 25CrMo4 grade. VA tests were performed on SE(T)
companion specimens and crack propagation was experimentally measured con-
sidering the original in-service load time history and different equivalent block
loading sequences defined from it. An experimental full-scale test under block
loading was carried out, as well. Eventually, crack growth predictions, using
both a simple no-interaction algorithm and a Strip-Yield model [16], were car-

ried out for small-scale and full-scale specimens and compared to experimental



evidence. The effect of the significant crack retardation onto inspection intervals

of railway axles is then discussed.

2. Experiments

2.1. Crack growth behaviour of EA4T steel grade

A dedicated experimental campaign was carried out, for each batch, in order
to investigate the crack propagation behavior of the EA4T grade at constant
amplitude loading. The near-threshold region was particularly investigated, be-
cause, typically, the life of a railway axle is mostly spent within such a region.
The details about this campaign are reported in [17], while a summary is pro-
vided in the following. Eight traditional SE(B) specimens from batch A and

2 cross section and an 8 mm ini-

twelve from batch B, all having a 12x24 mm
tial notch length obtained by electro-discharge machining (EDM), were tested.
Each specimen was pre-cracked under compression. Crack propagation tests
onto SE(B) specimens were then carried out using a Rumul Craktronic reso-
nant plane bending facility having a capacity equal to 160 Nm and working at
a frequency of about 130 Hz. Crack length was measured, on either side of the
crack, using 10 mm crack-gages and a dedicated control unit, by the potential

drop technique. Specimens were tested at different stress ratios ranging from

R=0.7to R=-25.

2.2. Variable amplitude loading experiments on SE(T) companion specimens

A new type of SE(T) specimen (width equal to 50 mm, thickness equal
to 20 mm and initial notch length equal to 6 mm, as in Figure 1(a)), having
the same crack tip ‘constraint’ of cracks in real axles, was adopted for variable
amplitude loading experiments as a companion specimen of full-scale axles [18]
. Tests were performed by a mono-axial servo-hydraulic Schenck facility with
250 kN maximum load. First, specimens were pre-cracked under compression,
in order to obtain, similarly to small-scale SE(B) specimens, a non-propagating

and naturally arrested fatigue crack characterized by no closure effects, as in



the example of Figure 1(b). After compression pre-cracking, each specimen was
instrumented by two 20 mm crack-gages, one on either side, for real-time crack
length monitoring by a potential drop technique. Moreover, before starting each
test, eight strain gages were glued on each specimen in order to verify the correct
alignment of the load axis: the SE(T) specimen equipped for tests is shown in
Figure 1(c).

The complete plan of VA experiments on SE(T) specimens is shown in Table
1. The first two SE(T) specimens (EA4T batch B steel grade) were tested with
the aim to check the crack propagation behavior of the material subjected to
a load-time history and to an equivalent block load sequence derived from the
time history itself. These experiments were also performed because the typical
fatigue test machines used for testing full-scale axles are not able to apply load
time histories, but only block load sequences and the possible differences in the
response could then be checked. The applied load-time history is representative
of 57000 km of service and was derived by in-service measurements onto a high-
speed train. Figure 2(a) shows the load spectrum of the load-time history and
compares it to its equivalent block loads: the blocks were rearranged according
to a Gassner sequence [19] typically adopted by some European railway oper-
ators for the homologation of axles and here defined as ‘long blocks’ sequence
(Figure 2(b)). The amplitudes of both the load-time history and the block load
sequence were applied to specimens after being scaled so that their maximum
AK,q: at the beginning of each test was equal to the one at the tip of a 2.5
mm deep crack located in the most stressed section along the groove of a real

axle.

2.8. Variable amplitude loading full-scale test

A full-scale railway axle was tested using the ‘long blocks’ sequence. The
full-scale specimen, shown in Figure 3(a) and made of EA4T batch B steel
grade, was tested under three point rotating bending on a dedicated fatigue
test machine, available at the Department Mechanical Engineering - Politecnico

di Milano, having a capacity of 250 kNm and a rotational speed of about 9 Hz.



The static scheme of the test machine is shown in Figure 3(b). Two artificial
notches were machined at the section highlighted in Figure 3(a) by EDM, at
180 from each other, in order not to interfere during crack propagation. The
notches had a semi-elliptical shape, with initial depth ag = 1.5 mm and aspect
ratio a/c = 0.67, according to Figure 3(c). The full-scale specimen was first
subjected to 10 repetitions of the ‘long blocks’ sequence scaled to a maximum
SIF value equal to the one applied to SE(T) specimens, in order to initiate a
sharp crack out of the artificial notches. Then, other 90 repetitions were applied
and, finally, since no significant crack advance was measured, to another 77

repetitions increasing the load levels of the ‘long blocks’ sequence by 25%.

3. Results

3.1. Constant amplitude loading tests

Figure 4(a) shows the experimental CA crack growth curves obtained from
each batch, along with their interpolation carried out applying the maximum

likelihood method to Forman-Mettu’s equation for crack growth rates [20]:

AK; p
[(HH
K,

1-R
where C, n, p and q are the empirical constants, AKy, is the threshold SIF
range, K, and K. are the maximum and the critical SIF values, respectively,
R is the stress ratio and f is the ‘Newman’s closure function’ [16] describing the

plasticity-induced crack closure phenomenon:

; Sop max (R, Ag + A1 R + A2 R* + A3R%) R>0 o)
o — L — 2
Smaa Ao+ AR —2<R<0



where S, is the opening stress. The involved coefficients are defined as [16]:

ST”/U/CE %
Ap = (0.825 — 0.340 + 0.0502) {cos (” )}

20,
S’maz
’) (3)

Ay = (0.415 — 0.071cv)

Agil*AofAlng

Ay =240+ A — 1

being « the ‘constraint factor’ originally proposed [16] by Newman as the cali-
brating parameter of the Strip Yield model. égf is, instead, the ratio between
the maximum applied stress and the cyclic yield one.

In Figure 4(a), data were normalized due to their proprietary nature. In spite
of the big differences between the two experimental approaches considered for
characterizing the threshold region, the two data sets are in good agreement in
the linear region of the da/dN-AK diagram, as previously shown by the authors
[21] for EA4T and EA1N steel grades.

Figure 4(b) shows (normalized again) the trend of thresholds as a func-
tion of stress ratio R, as derived from the current experimental campaigns,
and compares it to data available in the literature [22] and obtained by the
AK-decreasing technique (batch B only). The same figure also shows the in-
terpolation of experimental data, applying the maximum likelihood method to

Forman-Mettu’s equation for thresholds [20]:

a
a+ ag
AKth - AKthO |: 1 B f :l (1+cthR) (4)
(1—A)(1 - R)

where A is described in Eq. (3), AKjg is the threshold value at R = 0, Cy, is
an empirical constant, a is the crack length and ag is the El-Haddad parameter
[23]. The dependence of AKy;, on R is controlled through the Cy, parameter:
different values of Cyj, (namely Cj‘h and C;;) have to be considered for positives

and negatives R-values. The empirical parameters, determined by interpolating



experimental data, were then AKj, C;‘;L and C,,: it is evident that the com-
pression pre-cracking technique results in lower thresholds when compared to
the traditional approach, especially considering the lowest stress ratios. This is
in accordance to what was found for EA1IN steel [22]. The threshold trend line
of EA4T batch A is instead higher over the whole stress ratio range, as shown
in Figure 4(b). Since it was not possible to carry out threshold experiments
on EA4T batch A steel grade adopting the AK-decreasing methodology, the
increase of AKy, at R = —1 was estimated, for prospective crack growth sim-
ulations adopting the threshold trend by AK-decreasing, to be approximately
15%, as for EA4T batch B data.

3.2. Variable amplitude loading tests on companion specimens

Figure 5(a) directly compares the crack advance Aa registered during the
two tests. As can be seen, they seem comparable, at least over the initial
propagation of the crack. It is also worth adding such a crack advance was
considered, for both tests, starting from the stabilization of the closure level,
as shown in Figures 5(b) and 5(c). In particular, after the stabilization, the
experimental U = AK.f¢/AK value resulted to be about 0.35 for both tests, in
accordance to the indications given by Schijve [24] for R = —1.

Regarding the tests carried out onto EA4T batch A steel grade, the load
spectrum was amplified, compared to specimens from batch B, by 25%, and
the mean stress shown in Figure 2(a) was also considered. This mean stress
value was added to each block of the discretized load spectrum and the blocks
were then rearranged in the already adopted Gassner sequence, obtaining the
‘long blocks’ load sequence shown, again normalized, in Figure 2(b). It is worth
noticing that, due to the superposition of the constant stress value onto the
load spectrum, the resulting stress ratio moves from the typical value R = —1
(pure rotating bending), to less negative values. The acting stress ratios are
between zero and minus one. Since the aim of this research was to understand
the effect of block length onto crack propagation, two different lengths were

adopted: the already described ‘long blocks’ load sequence (upper plot in Figure



2(b)), composed of about 5 million cycles, and a ‘short blocks’ one, obtained
dividing the number of cycles of each block by seven (lower plot in Figure 2(b)).
Specimen A4T-SE(T)#1 was tested applying the ‘long blocks’ load sequence,
while specimen A4T-SE(T)#2 was tested using the ‘short blocks’ one. Results
of crack propagation on the two tested specimens, both from batch A, are shown
in Figure 6(a).

Crack closure levels, recorded during the tests, are shown in Figures 6(b)
and 6(c). As can be seen, they are higher than expected: the two red dotted
lines, representing the extreme values according to Schijve’s formulation [24]
at the involved stress ratios, are lower than the experimental outcomes, which,
anyway, showed comparable trends. This behavior appears to be due to the fact
that, at lower stress amplitudes when crack advance is negligible, S,, values
remain ‘frozen’ at the values of the higher stress amplitudes, where a sudden
crack advance happens causing a ‘large opening’ of the crack tip. This closure
level should indicate a faster crack growth, while, actually, the crack does not
propagate at all during the lower load levels, due to the crack tip plasticity
induced by the higher ones.

3.8. Variable amplitude loading test on full-scale specimen

Crack growth was monitored, during the test, by means of plastic replicas
and an optical microscope, aimed at measuring the increase of crack length at
surface (c in Figure 3(b)). An example of surface crack advance, at one side of
one of the initial notches, is shown in Figure 7. Crack depth was estimated from
the measured surface length by means of the following expression suggested in

the literature [25]:

D 2c
a=—
2

-(1+tanf —sech) with 0= D (5)
where 2c¢ is the total crack length and D is the diameter of the axle body.

The validity Eq. 5 was previously checked by the authors [10] comparing the
estimated shape with the one predicted by the NASGRO software. At the end



of the test, cracks developed almost equally at the two micronotches; for this
reason, crack depth for comparison with simulations is taken as the mean value
between the two monitored cracks. A total crack advance less than 0.3 mm was
measured during the 190 load spectrum repetitions. Details of crack propagation

results will be shown in Sec. 4.2 together with crack growth simulations.

4. Analysis

4.1. Companion specimens

Crack growth simulations were initially carried out using a simple no-interaction
model, adopting both compression pre-cracking and AK-decreasing thresholds,
in order to quantify how much the experimental methodology for the defini-
tion of the thresholds can affect predictions. A first result, clearly appearing
in Figures 8 and 9, is that, for all the tested specimens, the experimental out-
comes always lie in between no-interaction simulations performed by either com-
pression pre-cracking or AK-decreasing methodologies. In particular, adopting
compression pre-cracking parameters, simulations always result in conservative
predictions, while, on the contrary, they result in non-conservative predictions

when adopting AK-decreasing parameters. It is worth remarking that:

e the adoption of AK -decreasing would have led to the wrong idea that the

crack accelerates with respect to no-interaction simulations;

e the adoption of CPLR crack growth returns the correct evaluation that

cracks are subjected to retardation.

Then, a more refined attempt to match lifetime predictions to the experi-
ments consisted in the use of the Strip-Yield model, as implemented in the com-
mercial software Nasgro v. 4.23 [25]. By the Strip-Yield model, it is possible
to take into account for interaction effects, during propagation, due to crack tip
plasticity and the consequent crack closure. The experimental effective crack
growth curve (conventionally taken at R = 0.7) of each batch of EA4T steel

grade, derived from the compression pre-cracking experimental methodology,



was provided as an input for material modeling. The constraint factor values
for strip yield simulations were set, for both batches, to o = 2.5, according to
Nasgro user’s manual [25] for the case of steels. Nevertheless, this assumption
was verified by CA crack growth simulations at stress ratio R = —1 (Fig. 4(a)),
returning in a good description of crack growth curves onto SE(T) specimens
[17, 26], confirming the validity of the chosen « value.

The conclusion that can be drawn is that, regarding the tests under variable
amplitude loading, a slight retardation appears, due to the interaction between
load levels, and this can be well represented by the Strip-Yield model. Moreover,
the amount of retardation does not depend very much on the type of applied

load sequence.

4.2. Full-scale specimen

Results of crack propagation onto the full-scale specimen are shown in Figure
10. About 16 repetitions of the block load sequence were required for crack clo-
sure stabilization, as clearly visible from the initial behavior of the experimental
curve. A series of simulations were carried out considering the no-interaction
model and the SY one from the crack depth after stabilization.

As can be seen in Figure 10, both models overestimate the growth rate.
However, the no-interaction model would predict a crack advance of 2 mm in
approx. 170 sequences (failure is predicted to occur within 190 sequences), while
the SY one would predict a stable crack advance of 0.6 mm. It is worth mention-
ing that the SY simulation show approximately the same constant growth rate
observed on the full-scale axle, during the 100% stress spectrum, while when
the stress amplitudes are increased to 125% the growth rate is overstimated

approximately by a factor of 2.

5. Discussion on inspection intervals

The conclusion that can be drawn from the experiments is that no-interaction
calculations are too conservative for the estimation of crack growth under ser-

vice conditions. It is important to annotate that a significant retardation has
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been also observed by Méadler et. al. [13] as a result of VA crack growth tests on
AA4T axles: also in that paper, the authors have reached the conclusion that it
is necessary to include retardation effects in the calculation of axle propagation
lifetime. On the other hand, present results on SE(T) specimens and a full-scale
axle have validated the application of SY simulations to EA4T steel.

Now, given a trustful fatigue crack growth calculation, the most suitable
inspection interval, leading to a trade-off between total life cycle costs and ab-
solute safety, can be determined keeping in mind that the number of inspections,
carried out during the in-service axle life, directly influences the probability of
failure of the axle itself. From this point of view, given the length L of the
inspection interval, the total cumulative probability of detection (PCpgr) of
a propagating crack can be calculated [27] (Fig. 11(a)) using the ‘Probabil-
ity of Detection’ (POD) curve [28] of the adopted NDT technique at each i
inspection, at which crack size equals a;, before failure. Figure 11(b), where
three possible inspections are assumed before failure, shows this approach. The

PCppr value can then be quantified as:

PCppr =1-

[[PonD (ai)] =1- {H [1— POD (ai)]} (6)
i i

where POND(a); (‘Probability of Non Detection’) represents the probability
to fail the " detection. The drawback of this approach is that the repetition
of inspections on small cracks having very low POD (i.e. during the initial s
of propagation life) increases PCppr, but introduces further influences (sizing
errors, human factors, ...) typical of this stage, so focusing again the attention
on the best trade-off between safety and costs.

It is then worth comparing the prospective inspection intervals to be ap-
plied to a prospective axle, made of EA4T, with a diameter D = 160 mm and
an initial 1 mm deep crack a, subjected to three different in-service load spectra
for high speed trains. The three load spectra considered were: i) spectrum A
adopted for VA tests; ii) the HYPERWHEEL load spectrum for an intercity
train derived from Fischer and Grubisic [29]; iii) the WIDEM test spectrum

11



[12]. The three spectra, compared in Fig. 12, have been discretized for the sim-
ulations considering the same maximum stress amplitude of 200 MPa. Crack
propagation lifetime has been calculated by no-interaction and SY models, while
the inspection interval has been calculated so that the total cumulative proba-
bility of non-detection is 10> adopting a Near End Scan ultrasonic inspection
[27].

Results, shown in Table 2, show that the adoption of a crack growth inter-
action analysis (based on the here-validated SY analyses) would allow to obtain
life predictions 6 times longer than the ones with no-interaction model. More-
over, the increase of the inspection intervals, with respect to those calculated
by a simple no-interaction approach, it is approximately a factor of 8 due to the
less steep crack growth rate. The conclusion that can be drawn is that it is then
important to include retardation effects into the determination of inspection

intervals.

6. Concluding remarks

Load interaction effects in propagation lifetime of railway axles, made of
EAA4T steel grade, were studied and analysed both experimentally and numeri-

cally. Main results can be summarized:

e the growth rate of two batches of EA4T steel have been experimentally

obtained by CPLR technique;

e no evidence of an interaction effect arose in terms of the shape of the
applied VA loading, for both batches: results derived applying a load-time
history versus an equivalent block load sequence, or long blocks versus
short ones, are always in good agreement; this allows the application of
block load sequences to full-scale specimens (where it is not feasible to

apply a load-time history) without affecting results;

e the experimental evidence is always in between no-interaction simulations

12



adopting thresholds obtained by either compression pre-cracking (conser-

vative predictions) or AK-decreasing (non-conservative predictions);

e an evident retardation effect clearly appears, with respect to no-interaction

predictions adopting compression pre-cracking thresholds; such a retarda-
tion effect was justified and quantified by the performed strip yield simu-

lations;

e the same results, obtained by companion specimens, were observed by a

full-scale specimen subjected to the same block load sequence and the

simulations of the full-scale test;

e the adoption of SY simulations would allow a significant extension of

inspection intervals with respect to periodicities calculated by the no-

interaction model.
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Specimen Batch VA loading Smaz/Sy—cye  AKpmaz/AKyp

AATSE(T)#1 A Long blocks (R # —1) 0.21 2.0
A4T-SE(T)#2 A Short blocks (R # —1) 0.21 2.0
A4T2-SE(T)#4 B Time history (R = —1) 0.20 1.2
A4T2-SE(T)#5 B Block loading (R = —1) 0.20 1.2

Table 1: Summary of VA experiments on SE(T) specimens

16



no-interaction SY simulations
normalized life  inspection interval normalized life inspection interval

Spectrum A (Fig. 3) 1 0.14 6.33 1.05
Spectrum B - HYPERWHEEL 1 0.11 7.93 1.30
Spectrum C - WIDEM 1 0.16 5.90 0.85

Table 2: Normalized propagation lifetimes and inspection intervals on a prospective axle
made of EA4T (D = 160mm , initial crack depth a, = 1mm, maximum stress amplitude
Smax = 200 M Pa )
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Tip of EDM
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Figure 1: Experimental set-up for variable amplitude loading tests: a) geometry of the adopted
SE(T) specimen; b) example of generated non-propagating and closure-free crack after ‘razor
sliding” and compression pre-cracking: final length equal to 0.096 mm; c) detail of a specimen
instrumented by crack-gages and clip-gage.
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Figure 2: Normalized variable amplitude loadings derived from in-service measurements: a) in-
service stress spectrum and its equivalent block load discretization; b) adopted Gassner block
load sequences (R # 1): ‘long blocks’ (upper figure) against ‘short blocks’ (lower figure).
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Figure 3: Experimental set-up for variable amplitude loading full-scale test: a) drawing of the

specimen; b) schematics of the three point rotating bending facility; c¢) notches by EDM in

the highlighted section.
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Figure 4: Constant amplitude crack growth characterisation of the considered EA4T steel: a)

crack growth curves and interpolation with Nasgro equation; b) dependence of thresholds on
stress ratio R.
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Figure 5: Experimental results of the tests carried out onto EA4T batch B specimens: a)
comparison of crack propagation applying a load-time history or its equivalent block load
sequence; b) crack closure measurements during the equivalent block load sequence test; c)
crack closure measurements during the load-time history test.
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Figure 6: Experimental results of the tests carried out onto EA4T batch A specimens: a)
comparison of crack propagation applying long and short blocks load sequences; b) crack
closure measurements during the test with long blocks sequence; ¢) crack closure measurements
during the test with short blocks sequence .
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(a) end of crack stabilization (b) end of 100% block load se- (c) end of 125% block load se-
quence quence

Figure 7: Example of surface crack growth; images of the plastic replicas captured by optical
microscope at the same magnification.
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Figure 8: Crack growth simulations, by no-interaction and Strip Yield models, of the tests
carried out onto EA4T batch A specimens: a) specimen A4T-SE(T)#1; b) specimen A4T-

SE(T)#2.
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Figure 9: Crack growth simulations, by no-interaction and Strip Yield models, of the tests
carried out onto EA4T batch B specimens: a) specimen A4T2-SE(T)#4; b) specimen A4T2-
SE(T)#5.
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Figure 10: Experimental evidence and numerical simulations of the test carried out onto the
full-scale specimen.
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Figure 11: Determination of inspection intervals and fault tree of an inspection procedure.
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Figure 12: A comparison of the three load spectra for high speed train here considered: a) the
spectrum adopted for VA tests; b) the HYPERWHEEL stress spectrum [29]; ¢) the WIDEM
stress spectrum [12].
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