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1. Introduction

Railway axles are usually designed against the fatigue limit [1,2], but, due to their very long service life (30 years or
107 km) and to in-service damages like corrosion [3,4] or ballast impacts [5], the traditional design is complemented by a
damage tolerant approach [6–8]. From this point of view, the presence of cracks in running axles is accepted and they must
be periodically inspected by non-destructive testing (NDT) methods. The problem so switches to the determination of the
appropriate inspection interval, based on crack growth life predictions and the adopted non-destructive testing technique
[9]. Usually, a 2 mm deep initial defect, which corresponds to a conservative assumption for the damage induced by ballast
hits [5], is adopted. Simulations of crack propagation are then performed, based on the knowledge of several factors as the
crack propagation behavior of the material, the in-service loads acting on the component and the stress intensity factor (SIF)
of the considered geometries. After the estimation of crack growth life, the inspection interval is defined by calculating the
failure probability of the axle starting from the ‘‘Probability of Detection’’ (POD) curve of the adopted NDT method [10] (an
alternative method is to define the NDT specifications for a chosen length of the inspection interval [11]).

Considering the possible methods to improve crack growth life of mechanical components subjected to fatigue, several
surface mechanical procedures have been more and more adopted [12–15], over the last few decades, to increase their
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Nomenclature

a crack depth
a0 initial crack depth
c surface semi-crack length
c0 initial surface semi-crack length
A–D parameters of the Shiratori weight function
K0–K3 contributions to the SIF due to the ith polynomial approximation
KI mode I SIF
M dimensionless SIF
R stress ratio
t thickness of the plate
Da crack depth increment
Dc surface semi-crack length increment
DK SIF range
DKmax maximum SIF range applied at the beginning of a given test and corresponding to the highest stress level of the

stress spectrum
DKth threshold SIF range
U elliptical integral for the Shiratori weight function
r0 nominal stress
rmax maximum stress level of the load spectrum
service durability and reliability. Nevertheless, while some scientific analyses were recently dedicated to the investigation of
the beneficial effects of compressive residual stresses onto fatigue life [16–19] and crack propagation [20–24] in specimens
made of aluminum and steel, no investigations were found in the literature about the effects of deep rolling onto fatigue
crack propagation in real components. Since deep rolling is the technological process traditionally adopted by axle produc-
ers, and the damage tolerant approach is the design methodology, the focus was here pointed onto this particular procedure
for life extension of railway axles. Deep rolling [25] is basically performed pressing a roller against the rotating axle and
applying a certain amount of pressure in order to induce plastic deformation at the surface and, consequently, the compres-
sive residual stresses. The roller translates along the whole surface of the axle or just along those regions where compressive
residual stresses are required. The relevant technological parameters, depending on the desired magnitude of residual stres-
ses and their maximum depth, are the geometry of the roller at the contact region, the longitudinal feed (i.e. the step of
advancement along the axle) and the applied contact force [25].

In order to deepen the subject, the MARAXIL (‘‘Manufacturing Railway Axles With Improved Lifetime’’) Project, supported
by Regione Lombardia (Italy) [26], was launched in order to experimentally and theoretically investigate the effect of deep-
rolling onto the in-service life of railway axles made of EA4T steel, one of the standardized grades [1,2] for the production of
axles.

Compressive residual stresses, in addition to the typical rotating bending stress state, modify the in-service stress ratio of
axles from the typical value (R = �1) to the very negative region (R = 10 or even below). For this reason, the crack propagation
behavior of the material, in the unexplored region of the very negative stress ratios, was firstly experimentally characterized.

In order to verify the enhancement in propagation lifetime, full-scale specimens were designed for variable amplitude
(VA) crack propagation tests on a test bench with a 250 kNm capacity: three full-scale crack growth tests were performed
considering different initial notch depths.

Full-scale experimental results were compared to simulated predictions carried out by a crack propagation algorithm,
where residual stresses were superimposed to bending ones and crack growth rate was modeled by Nasgro’s propagation
equation [27].
2. Characterization of the material to crack propagation

The material considered in this study is the EA4T (quenched and tempered 25CrMo4) steel grade, one of the standardized
steels used for the production of railway axles [28] running in Europe.

Due to the superposition of the very high compressive residual stresses, expected as the consequence of the deep-rolling
technological process, and the stresses due to the in-service rotating bending, the stress ratio acting at the surface of the axle
will be different, in particular much lower, than the typical R = �1 value due to rotating bending alone. From this point of
view, a dedicated experimental campaign was carried out, in order to investigate the crack propagation behavior of the
A4T grade in the not-yet-explored region of very negative stress ratios. In particular, two different shapes of specimen were
tested:



– 12 � 24 mm SE(B) specimen with an 8 mm initial notch length obtained by electro-discharging manufacturing (EDM), 12
samples;

– 20 � 50 mm SE(T) specimen with a 7 mm initial notch length obtained by EDM, 4 samples.

As known from the literature [29–32], the traditional experimental technique (DK-decreasing, [33]) for generating
threshold SIFs overestimates their values. For this reason, all the adopted specimens were prepared using the compression
pre-cracking approach [32,34–36].

Crack propagation tests onto SE(B) specimens were carried out using a Rumul Craktronic resonant plane bending facility
working at a frequency equal to about 130 Hz. A total of 12 SE(B) specimens were tested at different stress ratios ranging
from R = 0.7 to R = �2.5. At every considered stress ratio, both the crack growth rate and the threshold SIF were investigated
by means of the ‘‘Compression Pre-cracking Constant Amplitude’’ (CPCA) [35] and the ‘‘Compression Pre-cracking Load
Reduction’’ (CPLR) [30] tests, respectively. In order to obtain relevant results for even more negative stress ratios, a total
of four SE(T) specimens were tested by a servo-hydraulic mono-axial facility, instrumented with a 250 kN load cell, at dif-
ferent stress ratios ranging from R = �2.5 to R = �4.

Fig. 1a shows the obtained experimental fatigue crack growth curves together with their interpolations carried out adopt-
ing the Nasgro equation [27] and the maximum likelihood method [37]. The same diagram also shows a comparison to the
interpolation of experimental data [38] obtained by the traditional DK-decreasing approach for the same material. It is worth
noticing the tendency of data to overlap at very negative stress ratios: all the tests carried out at R 6 �2 collapsed on the
experimental data obtained at R = �2, suggesting a stabilization of the crack propagation behavior of the considered material
at very negative stress ratios. This is also in agreement with the declared validity of the Nasgro equation for thresholds [27]
over the stress ratio range �2 6 R 6 0.7.

Fig. 1b shows the trend of the DKth against the stress ratio, as obtained from the present experimental campaign, and
compares it to data from the literature [38] obtained by the application of the DK-decreasing technique to the same material.
Fig. 1. Crack growth behavior of EA4T steel grade: (a) crack growth curves; (b) trend of the threshold SIF range with stress ratio.



Experimental data were interpolated by the Nasgro equation for thresholds [27], adopting, again, the maximum likelihood
methodology. It is evident that the compression pre-cracking technique results in lower threshold SIF ranges when com-
pared to the traditional approach and that such a difference significantly increases decreasing the stress ratio. Threshold val-
ues (Fig. 1b) and crack growth curves for R < �3 were considered constant, based on the observations onto Fig. 1a.

3. Full-scale test details

3.1. Specimens and test details

The adopted full-scale specimen, shown in Fig. 2a, was specifically designed, according to the relevant standard [28], for
the three point rotating bending bench (Fig. 2b), having capacity 250 kNm, available at Politecnico di Milano – Dept. Mechan-
ical Engineering. A portion of such a specimen, characterized by a lowered diameter equal to 130 mm, was subjected to the
particular deep-rolling procedure used to produce deep-rolled axles for high-speed applications in Europe. In particular, the
lower diameter of the deep-rolled portion of the specimen was adopted to overcome the high compressive residual stresses
and to allow for crack propagation.

After deep rolling, two semi-circular artificial defects were introduced, by EDM and at 180� to each other, into the deep-
rolled portion of each specimen. In particular, three specimens were prepared, differing for the initial artificial notch radius:
2 mm, 3 mm and 4 mm. These particular dimensions were chosen based on the residual stress profiles measured according
to Section 3.2.

Specimens were then subjected to both Constant Amplitude loadings (CA) and VA sequences, derived from a typical in-
service load spectrum available in the literature [39] and representative of about 57,000 km of high-speed service. The nor-
malized load spectrum and its discretization in load blocks are shown in Fig. 3a. The magnification of stress levels was set to
obtain the equivalence, in terms of crack driving force, between the specimen and the real in-service axle, both containing
2 mm defects. This resulted in a maximum DK value, applied at the beginning of the given test and corresponding to the
highest stress level of the stress spectrum, equal to 16.70 MPa

p
m. Such a magnification, corresponding to a maximum

amplitude stress level of 165 MPa at the notched section, will be called ‘‘100% amplitude’’ in the following. Moreover, all
the stress levels below the stress value corresponding to a DK (calculated considering the smaller notch size) of about
50% of the expected DKth were cut. This allowed reducing the length of the spectrum to about 41,000 cycles, nevertheless
preserving the correspondence with the original mileage. Finally, the discretized blocks were arranged in the block load
sequence shown in Fig. 3b.
Fig. 2. Experimental set-up for testing full-scale deep-rolled specimens: (a) drawing of the specimen; (b) scheme of the three point rotating bending
facility.



Fig. 3. Applied load spectrum, in terms of stress amplitudes, adopted for testing the full-scale specimens: (a) normalized block load spectrum, against the
continuous original spectrum; (b) applied block load sequence (100% amplitude).
Actually, the shape of developing cracks immersed into a residual stress field is not very well known, so, during full-scale
tests, the monitoring of crack growth was carried out using both visual (by an optical microscope and plastic replicas [40])
and ultrasonic (single crystal and phased array approaches) testing. In particular, visual testing (VT) was applied to monitor
any possible propagation at the surface and at the internal bottom of the artificial notches, while phased array ultrasonic
testing (PAUT, S-Scan, 32 active elements, 5 MHz) to monitor in-depth crack tip propagation by means of the ‘‘crack tip dif-
fraction’’ method [41]. Traditional single-crystal ultrasonic testing (UT, 4 MHz, 45�) was, instead, applied to monitor the gen-
eral increase of the dimension of the defects by acquiring the amount of reflected sound energy in terms of gain needed to
get the amplitude of the signal response up to the 90% of the screen of the flaw detector unit.

In the following, the characterization of the residual stress profiles, before and after the full-scale crack growth tests, is
firstly given, followed by the description of the full-scale tests themselves.
3.2. Measurement of the residual stress profile in full-scale specimens

The residual stress profile was experimentally derived by X-ray diffraction (XRD [42,43]) in order to quantify its longitu-
dinal and circumferential components. In particular, an AST X3000 X-ray diffractometer was used. Before each crack prop-
agation test, three different sections of the deep-rolled region of each specimen, one of which containing the artificial
notches (Fig. 4a), were measured at three different surface points (0�, 120� and 240�), so not to introduce stress raisers
and initiate unwanted cracks. The same sections and points were measured again at the end of the tests to understand
whether the fatigue phenomenon could influence the amount of residual stresses.

The surface residual stresses along the length of the axle resulted to be uniform, section-by-section, and equal, in the sec-
tion containing the artificial notches, to about �600 MPa along the longitudinal direction (see Fig. 4a about the example of
the specimen containing 2 mm notches) and about �300 MPa along the circumferential one. Such a magnitude of residual
stresses suggests an effective prospective action against crack propagation in full-scale axles, where, usually, the maximum



Fig. 4. Residual stress profiles into the full-scale specimen containing 2 mm notches: (a) at the surface, before and after the crack propagation test; (b) in-
depth measurement, along the notched section, at the end of the test.
in-service stress amplitude is lower than 200 MPa. Moreover, the applied fatigue cycles were not able to modify the residual
stress field (Fig. 4a), since the mean profile after the test remained comparable to those before the test itself.

At the end of fatigue tests, some of the measuring spots were also investigated, again by XRD, to determine the in-depth
residual stress profile. In particular, slices of material, of about one tenth of millimeter, were locally and progressively
removed by electro-polishing, using a solution of acetic acid (94%) and perchloric acid (6%), in order not to affect the pre-
existing stress field. The residual stress patterns were determined down to a 2.5 mm depth. Fig. 4b shows, as an example,
the residual stress patterns of the section containing the 2 mm artificial notches: it has to be underlined that all the
specimens showed an analogous behavior. It clearly appears that the residual stresses tend to decrease rapidly close to
the surface. Unfortunately, it is not possible to investigate residual stresses, by XRD, for depths larger than 2–2.5 mm, so
it was here assumed that the compressive residual stresses, due to deep rolling, vanish at about 3 or 4 mm based on the trend
of the measurements and the dedicated finite element analyses described in [44]. This assumption also explains the choice
made about the size of the initial notches.
4. Results of full-scale tests

4.1. Results of crack propagation from 2 mm notches

The obtained XRD measurements show that 2 mm defects were completely immersed into the compressive residual
stress field. The first part of the test then consisted in subjecting the specimen to a constant amplitude load generating
125 MPa at the notched section. This stress level corresponds to a DK value of 12.65 MPa

p
m at the bottom of the notches,

slightly higher than the threshold SIF range at R = �1 as shown in Fig. 1b.
Ten million cycles were applied and no crack growth could be observed at both the surface and the deepest point of the

notches. The specimen was then subjected to the 100% amplitude block load sequence shown in Fig. 3b. Such a block load
sequence was applied for 2.73 million cycles, corresponding to approximately 4 � 106 km, and, since no crack propagation



Table 1
Experimental plan applied to the tested specimens.

Specimen Test Equivalent
distance (km)

Cycles rmax

(MPa)
DKmax

(MPa
p

m)
Crack propagation Da

(mm)
Dc
(mm)

Specimen #1
a0 = 2 mm

CA – 10 � 106 125 No propagation 0.1 0.1
VA
100%

4 � 106 2.73 � 106 16.70 No propagation – –

VA
125%

3.5 � 106 2.62 � 106 20.88 No propagation – –

Specimen #2
a0 = 3 mm

VA
100%

2 � 106 1.43 � 106 20.72 No propagation 0.1 0.1

VA
125%

2 � 106 1.43 � 106 25.90 No propagation – –

VA
150%

2.2 � 106 1.57 � 106 31.08 No propagation – –

VA
175%

4.9 � 106 3.50 � 106 36.26 Initiation of cracks from notches 0.3 0.1

VA
200%

5 � 106 3.57 � 106 41.44 Stable crack propagation, at both artificial notches,
until final failure of the specimen

1.2 0.8

Specimen #3
a0 = 4 mm

VA
100%

3.5 � 106 2.60 � 106 23.80 Stable crack propagation, at both artificial notches 1.0 0.15
was again detected, its stress levels were increased by 25%, corresponding to a maximum SIF equal to 20.88 MPa
p

m, for
another equivalent distance equal to approximately 3.5 � 106 km. All the details of the test are collected in Table 1.

In the end of this part of the test, the 2 mm notches showed, by visual testing, the presence of very short cracks. In par-
ticular, Fig. 5a shows, as an example, the state of one of the surface tips of one of the notches. As can be seen, the dimension
of the observed surface cracks could be quantified in an average value equal to about 0.1 mm. On the other hand, both UT
(Fig. 5b) and PAUT (Fig. 5c and d) suggested no propagation at all. This fact can be explained noticing (Fig. 5b and d) that
0.1 mm is a variation of the radius of the defect smaller than the intrinsic standard deviation of the applied UT and PAUT
procedures.

Finally, the axle was suitably broken in order to observe, by the scanning electron microscope (SEM), the surface of the
initial notches. Indeed, the whole edge of the notches (Fig. 5e shows an example) confirmed the onset of a very small crack.
Actually, no cracks would have been expected from simulations (see Section 5), but probably they can be interpreted as non-
propagating cracks likely due to the local relaxation of the compressive residual stresses owing to the machining of the
notches themselves in the pre-existing compressive stress field.
4.2. Results of crack propagation from 3 mm notches

The axle containing 3 mm notches was tested because this depth roughly corresponds to the vanishing of the residual
stresses due to deep rolling, see Section 3.2 and Fig. 4b.

The focus was here particularly pointed to variable amplitude loading, considering the already adopted and described
load spectrum. The test started with the application of the 100% amplitudes, where the maximum stress level was, again,
165 MPa, corresponding to a 20.72 MPa

p
m maximum SIF range. Since no crack growth was observed after two equivalent

million kilometers, the amplitude of the spectrum was gradually increased until crack propagation occurred. All the details
about the experiment are reported in Table 1. For each load amplitude, a minimum distance of about two equivalent million
kilometers was applied, in order to allow for any possible crack growth. As can be observed from Table 1, the maximum SIF
range acting at the bottom of the crack was always higher than the threshold at R = �1.

The developing cracks were periodically inspected, using again the described VT, UT and PAUT techniques, at suitable test
interruptions. Considering, as an example, a tip of one of the notches, Fig. 6a and b show its surface condition at the end of
the 175% amplitude block load sequence and after four million cycles of the 200% amplitude one, respectively. It is interest-
ing to notice that, around the notch, the material yielded considerably. This suggests that the rotating bending stresses were
very high around the notch, but also that the residual stress field was very effective in avoiding initiation and propagation of
fatigue cracks, at least up to a magnification of the load levels equal to 175%. It is also worth observing the very complex
crack damage pattern: three different initiation sites can be seen in Fig. 6a (two at the corners of the notch and one along
its lateral edge), but just one developed in a propagating crack (Fig. 6b) which also showed branching.

As can be seen from Fig. 6c, UT does not seem very effective to investigate crack propagation, since no significant differ-
ences could be observed over the whole test, a part for the final fracture of the specimen. A crack advance could, instead, be
clearly measured (Fig. 6d) by PAUT, starting from the second half of the 175% amplitude block load sequence. This was in
accordance with the just described optical measurements.

At the end of the test, one notch had developed a large crack, taking the specimen to failure, while the other one showed a
small crack advance. The specimen was, then, properly cut and broken in liquid nitrogen, in order to observe the shape of



Fig. 5. Monitoring of crack growth during the full-scale test on 2 mm artificial notches: (a) visual inspection of the surface tip of one of the artificial notches
(end of the test); (b) response in terms of reflected sound energy during the test; (c) example of crack depth measurement from a PAUT acquisition; (d)
trend of the crack depth during the test; (e) SEM fractography of one of the 2 mm notches at the end of the fatigue test.
both the developed cracks. An optical observation of the bigger crack is shown in Fig. 7a. Beach marks, indicating particular
events during the block-loading test, are evident. Particularly, the observed crack has not the typical semi-elliptical shape
due to rotating bending, but tended to remain closed, during propagation, at the free surface of the axle. This means that
the crack propagated faster along the depth direction, due to the presence of compressive residual stresses at the surface.



Fig. 6. Monitoring of crack growth during the full-scale test on 3 mm artificial notches: (a) condition of one of the tips of the notches at the end of the 175%
amplitude block load sequence; (b) condition of the crack tip shown in a after about four million km at 200% amplitude block load sequence; (c) monitoring
by UT over the whole test; (d) estimation of crack depth by PAUT over the whole test.
A SEM observation of the smaller crack is shown in Fig. 7b. This image confirms the crack shape development: the crack is
bigger at the deepest point than at the free surface. Moreover, the appearance of the crack close to the notch edge reveals the
same morphology of the 2 mm notch after the test, suggesting the development of an initial non-propagating crack.

4.3. Results of crack propagation from 4 mm notches

The full-scale specimen containing initial 4 mm notches was tested just using the 100% amplitude block load sequence, as
in Table 1. This stress amplitude corresponded, due to the 4 mm crack depth, to a maximum SIF range of about 23.8 MPa

p
m.

The aim of this experiment was to check the effectiveness of deep rolling against crack propagation considering the worst
scenario of a quite deep crack, i.e. exceeding the depth of residual stresses. The test lasted for 64 repetitions of the block load
sequence, corresponding to an equivalent distance of about 3.5 � 106 km, and was interrupted before the failure of the spec-
imen. The notches were again monitored by both VT, UT and PAUT techniques: Fig. 8a and b show the surface condition, via
optical observation of plastic replicas, at the 17th and the 64th repetitions of the block load sequence, respectively. As can be
seen, developing surface cracks were found, but they advanced for a limited distance and showed an interesting behavior:
they became non-propagating after about 35 repetitions of the block load sequence (Fig. 8c). This can be again explained
considering the local relaxation of compressive residual stresses due to the introduction of the notches. Moreover, as for
the case of 3 mm notches, two cracks initiated at each notch tip, suggesting again a peculiar and complex damage pattern
due to the presence of deep-rolling residual stresses.

Considering UT, Fig. 9a shows the amount of reflected sound energy over the whole test. The trend is slightly decreasing
suggesting the presence of propagation, but it is also clear the energy variation is quite small and this method is, again, not



Fig. 7. Fracture surfaces of the cracks, originated by 3 mm notches, at the end of the propagation test: (a) optical observation of the bigger crack; (b) SEM
observation of the smaller crack.
very effective. Measurements by PAUT resulted to be more interesting and sizable: Fig. 9b shows the experimental estima-
tion of cracks depth. As can be seen, both cracks propagated up to about 5 mm during the whole test. This suggests again that
the shape of cracks, during propagation in the residual stress field, does not likely correspond to the expected one from clas-
sical rotating bending fatigue.
5. Crack growth lifetime predictions of full-scale specimens

A simple ‘‘no interaction’’ (i.e. not keeping into account for load interaction effects) crack propagation algorithm was
developed [45] using Shiratori’s weight functions [46] for SIF determination. The SIF solution, valid for a semi-elliptical crack
in a thick plate subjected to a known stress state, proved to give reasonable results also when applied to full-scale axles con-
taining a typical semi-circular fatigue crack [47].

The SIF values were evaluated at both the deepest point (point A) and the free surface (point C) of the cracks, in order to
observe the variation of crack shape. The value of the dimensionless SIF is given in tabular form [46] at both points A and C
for the interpolating polynomials of the applied stress up to the third order. In particular, four dimensionless crack ratios a/t
(0.2, 0.4, 0.6 and 0.8), with ‘‘a’’ being the crack depth and ‘‘t’’ the thickness of the plate, and four aspect ratios a/c (0.2, 0.4, 0.6
and 1.0), with ‘‘c’’ being the semi-surface length, were considered by Shiratori. During the present lifetime simulations, the
dimensionless SIF M defined in Eq. (1) was evaluated by interpolation, considering the stress profiles for rotating bending
and residual stresses, in order to determine the K0–K3 parameters reported in Eq. (2):
M ¼ KI

1=Uð Þr0
ffiffiffiffiffiffi

pa
p ð1Þ

KI ¼ AK3 þ BK2 þ CK1 þ DK0 ð2Þ
SIF values were independently determined for the two different stress conditions and then superimposed. For determining
the SIFs in the prospective crack plane, the experimental longitudinal residual stress profile along the depth, described in
Section 3.2, was considered and properly interpolated (Fig. 4b). The stresses due to rotating bending were instead



Fig. 8. Monitoring of crack growth during the full-scale test on 4 mm artificial notches: (a) appearance of one of the tips of defect B at the end of the 17th
repetition of the block load sequence; (b) appearance of the crack tip shown in a at the end of the 64th repetition of the block load sequence; (c) trend of the
surface crack advance, during the test.
determined by the dedicated finite element (FE) model shown in Fig. 10a. In particular, a 3D solid model was built, taking
advantage of all the possible symmetries. Hinge-roller constraints were defined at the bearings, while the load was applied in
the middle section of the central press-fit seat. A structured mesh was built, consisting in 20-node hexahedral elements with
reduced integration, having global dimension 10 mm but reduced to about 1 mm along the deep-rolled portion of the axle.
Results are shown as the nodal average of the values extrapolated from Gauss quadrature points.

The rotating bending longitudinal stress profile along the prospective crack plane was derived (Fig. 10b) and, again, suit-
ably interpolated for the application of Shiratori’s solution. Several crack growth simulations were carried out, considering
all the different initial notch sizes of the tested specimens and using the same block load sequences of the experiments. In
particular, the block load sequences were repeatedly applied up to failure or to the natural end of the corresponding test.

Fig. 11a–c show the estimated crack growth predictions compared to experimental outcomes for 2, 3 and 4 mm initial
notches, respectively. Results of crack growth simulations are also collected in Table 2. In particular, Fig. 11a shows that a
2 mm notch, completely immersed in the compressive residual stress field due to deep rolling, is not able to propagate,
at least under the considered load levels. This conclusion is in agreement with the experimental outcome. It is also worth
noticing that a specimen without deep rolling would have failed during the test at CA. It can be concluded that deep rolling
actually has an important influence on crack growth life of axles.

Fig. 11b shows the obtained crack propagation predictions for the 3 mm initial notch. In this case, the positive influence of
deep rolling is evident, too. Moreover, DK-decreasing data provide longer crack growth predictions than CPLR ones.
Nevertheless, the best match to experimental results is achieved, by both techniques, at the beginning of the test, while some
divergence is observed toward the final part. It remains that simulations are always conservative with respect to



Fig. 9. Measurements of crack growth from 4 mm notches; (a) monitoring by UT over the whole test; (b) estimation of crack depth by PAUT over the whole
test.

Fig. 10. FE model for the evaluation of the rotating bending stress profile: (a) 3D model of the full-scale specimen; (b) rotating bending stress profile.
experiments. The discrepancy between simulated and experimental results can be explained by the uncertainty about the
deepest part of the residual stress profile, which could not be measured. In particular, simulations adopted the exact profile
shown in Fig. 4b, which is valid until a 2.5 mm depth, but which also suggests a deeper influence of residual stresses on the
growing crack. This means that the slowing effect of compressive residual stresses lasted longer in the tests, increasing the
retardation effect on propagation.

Predictions regarding the specimen containing the 4 mm initial notch are shown in Fig. 11c. The CPLR technique is suit-
ably conservative, while the DK-decreasing one seems to fit well, suggesting a contradiction with respect to the expected
best generating experimental technique for threshold SIF ranges. Indeed, it is worth remembering again that, considering
the experiments carried out on EA1N railway steel [32], the best description of threshold SIF values for short and long cracks
was gotten by the CPLR technique. Moreover, as highlighted in Section 2, only this technique is able to show, for EA4T, the
expected stabilization of threshold SIF ranges below R = �2. Considering, instead, variable amplitude loads (for EA4T without
deep rolling), a retardation effect was always experimentally observed with respect to constant amplitude ones. In particu-
lar, the authors deepen this topic in [48], where it is shown that a simple no-interaction model provides conservative pre-
dictions adopting CPLR curves and non-conservative ones adopting DK-decreasing data (i.e. experiments show ‘‘retardation’’
with respect to CPLR curves and ‘‘acceleration’’ with respect to DK-decreasing ones), while a more sophisticated Strip-Yield
model matches the experiments. Also in the present experiments, variable amplitudes loads applied along with deep rolling
show a significant retardation and this leads to the impression that DK-decreasing data are more suitable. Actually, it is likely
that a Strip-Yield prediction could be the best choice again.



Fig. 11. Crack growth predictions: (a) 2 mm notch; (b) 3 mm notch; (c) 4 mm notch.

Table 2
Simulations of the carried out tests.

Specimen Test Cycles rmax (MPa) DKmax (MPa
p

m) a0 (mm) c0 (mm) CPLR DK-decreasing

Da (mm) Dc (mm) Da (mm) Dc (mm)

Specimen #1 a0 = 2 mm CA 10 � 106 125 2.00 2.00 – – – –
VA 100% 2.73 � 106 16.70 2.00 2.00 – – – –
VA 125% 2.62 � 106 20.88 2.00 2.00 – – – –

Specimen #2 a0 = 3 mm VA 100% 1.43 � 106 20.72 3.00 3.00 0.96 0.05 0.37 –
VA 125% 1.43 � 106 25.90 3.00 3.00 3.09 1.15 1.21 –
VA 150% 1.57 � 106 31.08 3.00 3.00 28.05 24.27 2.03 0.04
VA 175% 3.50 � 106 36.26 3.00 3.00 Failure 15.16 8.83
VA 200% 3.57 � 106 41.44 3.00 3.00 Failure Failure

Specimen #3 a0 = 4 mm VA 100% 2.60 � 106 23.80 4.00 4.00 3.52 1.58 1.13 0.01
Finally, results regarding the specimen containing the 4 mm initial notch support the observation made in the case of the
3 mm notch about the uncertainty of the deepest residual stress profile: it likely does not overtake a 4 mm depth, making
experiments and simulations similar.



6. Concluding remarks

The effect of deep rolling on propagation lifetime of railway axles was investigated. The relevant results can be
summarized:

� Crack growth rates of EA4T grade were experimentally measured at very negative stress ratios, finding a tendency of data
to overlap and coincide with those at R = �2.
� Three crack propagation tests were carried out on full-scale deep-rolled specimens. Depending on the initial notch size

with respect to the depth of compressive residual stresses, no crack initiation could be observed for small flaws
(R = 2 mm), while unusual crack shape development happened for the largest ones (R = 3 mm and R = 4 mm).
� A complex surface damage pattern, characterized by crack branching and wide yielded regions, was observed around the

tips of the initial notches.
� Considering the case of an initial notch size comparable to the depth of the compressive residual stresses (R = 3 mm),

crack propagation happened for very high DKmax/DKth ratios.
� The compressive residual stress profile due to deep rolling was not modified by the application of a significant number of

fatigue cycles.
� Results obtained by a simple no-interaction crack propagation model, taking into account the measured stress field, were

successfully compared to full-scale experimental ones.
� A more refined crack propagation model, able to catch the retardation effects of variable amplitude loads along with deep

rolling, should be adopted in order to match experimental results on a more robust base.
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