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INFLUENCE OF A SUBSURFACE FATIGUE CRACK ON STRESS
DISTRIBUTION DUE TO ROLLING CONTACT:
EXPERIMENTAL VERIFICATION OF NUMERICAL RESULTS

The paper presents the results of experimental investigations into variations
of the stress tensor components due to both the interaction between subsurface
fatigue crack faces and rolling contact. The load assumed represents real interaction
between the railway wheel and rail. The Grating Holographic Interferometry
(GHI) method was employed. The results obtained were compared with those
resulting from numerical simulations performed using FEM. The results reveal
a strong influence exerted by shape, crack thickness distribution and roughness
of the crack faces, respectively, on the distribution of displacement and stress
tensor component fields. A new concept consisting in application of the effective
crack thickness was proposed. The best agreement between experimental and
numerical results was achieved in the case when the real crack shape, effective
crack thickness and the friction coefficient of 0.3 were assumed.

1. Introduction

The paper is devoted to the problem of fatigue crack propagation in rail
heads. This type of cracks is often called the RCF (Rail Contact Fatigue) one.
The present work deals with the cracks called ‘‘squat”, that appeared in rails
in Poland as well as all over the world at the end of the twentieth century.
Cracks of this type appeared in tracks in which about ten years earlier the rails
made of steel of improved strength properties (resistant to abrasive wear) had
been used.
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Fig. 1. shows a typical large-size singular crack, initiated on the rolling
strip. In Fig. 1b, the crack boundaries, obtained by means of ultrasonic
detection are introduced into the image of rail head with a crack. The length of
this crack on the raceway is about 70 mm.

b)

Fig. 1. Typical forms of a large size singular crack: a) top view; b) top view with the crack boundaries

Propagation of a crack of the “squat” type has been modelled in many
works, e.g. [2], [3], [5], [7], [11], however, some problems still need attention
and detailed explanation. In each hitherto existing model (two- or three-
dimensional), real geometry of the wheel was assumed, in 3D models also
geometry of the rail, the crack model however was oversimplified. Usually,
the crack model had a form of line (2D models) or a semi-elliptical part of
a plane (3D models). The thickness of the crack i.e. the distance between
upper and lower faces was reduced to zero, and there was no friction between
crack faces, or the friction coefficient was constant. In some papers however,
for instance [1], the interaction between the crack faces happened to be very
important and should be studied intensively. Since 3D models are very
complicated, majority of the simulations in which the crack face interaction
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was considered were performed using 2D models [12], [13], [14]. In
these models, however, parameters of interaction between the crack
faces were also assumed.

Reliable results of numerical simulations can be obtained only in the case
when the values of interaction parameters between the crack faces result from
experiments.

In the present study, the interaction between the faces of a subsurface
fatigue crack developed in a railhead made of 900A steel has been measured
using the Grating Holographic Interferometry (GHI) technique. A special
experimental stand designed has allowed for application and a stepwise
movement of constant rolling normal loads as well as for a full-field recording
of the relative displacement vector components at two successive positions of
the contact load. From the recorded interferometric fringe patterns, 2D maps
of the displacement vector components were computed and the maps of the
stress tensor components were determined. The study presented provides
some extension of the experiments described in [8], [9], [17], [18], [19], [20],
[24]. The objects of the study and experimental methods are the same as in [8],
[19], [20], the paper, however, focuses on the maps of stress tensor
components. The results obtained are compared with several numerical
results, in which different shapes of the crack, crack thicknesses and friction
coefficients were assumed.

The Stress Intensity Factors and the parameters that are required in
numerical models of the development process of a fatigue crack were
calculated for the numerical model of the crack, for which the best agreement
between experimental and numerical results was achieved.

2. Experimental investigations

The present experimental investigations were performed under conditions
representing the real load acting upon a rail.

2.1. Specimen

The examined object was a subsurface crack detected by an ultrasound
thickness gauge in the real rail road after 12 years of exploitation. A special
specimen was cut off from the rail head of UIC60 rail, made of 900A
steel, the chemical constitution of which is given in Table 1. The specimen
had a form of a plate (160 mm in length, 60 mm in height and 6 mm
in thickness) cut off exactly below the wheel rolling trace. Fig. 2 presents
the area from which the specimen was taken away and a specimen side view.
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Table 1.
Chemical constitution of the 900A steel
element C Mn Si P S Al
mass fraction % 0.7+0.76 1.0+1.25 0.2+0.4 <0.03 <0.025 <0.004

a) b)

Fig. 2. Specimen: a) the part of rail from which the specimen was cut off; b) side view of the specimen

The crack in the specimen had 70 mm in length, and was almost
perpendicular to the specimen surface, being more or less parallel to the
surface at a depth of 5.53+6.97 mm. In the analysed area (25 mm of the crack
from x = —25 to x = 0 at the right crack tip), its depth was 5.53+6.17 mm. The
crack shape and the analysed part of the crack are shown in Fig. 3.

70 -65 -60 -55 -50 -45 -40 -35 -30 -25 -20 -15 -10 -5 0
b) x [mm]
Fig. 3. Real shape of the specimen: a) photograph b) diagram of the crack depth

2.2. Experimental stand, load

Special experimental set-up was constructed to simulate real load
of the rail. This set-up is shown in Fig. 4. The specimen was mounted
to the clamping grips of the experimental stand. The whole support
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allows the sample to move in the tangential direction when driven by the
actuator. The circular cylinder rolls over samples upper surface. The segment
of circular cylinder has a radius of 450 mm (as for the wheel system of modern
railways standards) and allows loading the upper surface of the sample with
a normal force. The magnitude of the load was controlled by a loading cell.

Fig. 4. Experimental stand

The specimen was subject to a loading procedure consisting of 14 steps. In
the first 4 steps, only the normal load was applied at a distance of 31 mm to the
left from the right crack tip (the analysed one). The maximum load was 8000 N
and generated the maximum Hertz pressure of 330 MPa. Then, in the next 10
steps, the constant normal load was rolling along a distance of 30 mm. Fig. 5
shows the loading scheme. The results obtained at steps 1, 8 and 14, marked in
the figure, will be discussed in detail in the next sections.
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Fig. 5. Loading scheme
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2.3. Experimental method

For 2D maps of the in-plane displacement vector components to be
determined, a full-field optical method should be employed. In this case, the
Grating Holographic Interferometry (GHI) method was used, since it allows
small displacements (not exceeding the value of about 20 (m in one load step)
being measured to be distinguished from the large-scale ones of the whole
specimen (about 3 mm). The method is presented in detail in [23], [25].

In this method, a cross-line grating should be employed. Using a grating
of a spatial frequency of 1200 lines/mm allows one to attain accuracy between
0.2 and 0.5 um. The approach taken allows for recording and reconstruction,
with the opposed beam arrangement, of a double-exposed image hologram.
From the image, four independent fringe patterns are extracted at multiple
off-axis angles, enabling one to compute the displacements. Fig. 6 presents
four sample interferograms obtained at loading step 8.

Fig. 6. Sample interferograms
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2.4. Experimental Results

First, the maps of in-plane displacement vector components at all 14 steps
were computed. Fig. 7 and 8 shows these components u (Fig. 7) and v (Fig. 8)
at 1, 8 and 14 steps, respectively. The upper limit of the analysed area was
located 0.5 mm below the specimen upper surface due to the grating
boundaries. The results obtained at the points situated between y = —5.5 and
y = —6.25 mm are not applicable, due to the real crack shape (F ig. 3), for
which the results could be calculated only in the presented rectangular area.
nThe line put into the above zone represents the real crack shape.

The displacement vector components shown in Fig. 7 and 8 were
calculated using a grid with a space 0.25 mm X 0.25 mm. Then, the strain
vector components were calculated assuming a base of 0.5 mm and a plane
stress state; the stress vector components were calculated in the same way.
Due to the features of the method applied, the area of analysis should be
reduced by 0.25 mm from all sides.

The results obtained at 1, 8 and 14 steps are shown in Fig. 9, 10, 11,
respectively.

The stresses measured at step 1 and shown in Fig. 9 are very small. In this
case, only the normal load was increased from 0 to 500 N, and the centre of
load was located at the point x =—31mm (6 mm left of the area of analysis left
side). Therefore, the stress magnitudes reveal mainly the calculation errors,
not greater then 20 MPa.

A very interesting case is shown in Fig. 10. The load was rolling from
x =-=22to x = —19 mm. For x = —16.5 mm there occurs a very high
concentration of stresses, clearly visible for the stress o,,. This concentration
point appears on both crack surfaces: the upper and lower ones, which proves
thatitis not an arately. The stress variations during the rolling process become
greater at the crack surface reaching the magnitude o,, = —450 MPa, while
the magnitude computed in the case without a crack should be about
o,, = —80 MPa (see Fig. 13 in the next section). The point x = —16.5 mm
corresponds to a relatively big change in the crack depth (see Fig. 2). At the
same point, also low concentration of the stress components o, and o, is
visible. At the crack tip, stress changes are very small, therefore changes of
the Stress Intensity Factors should also be small.

In the case shown in Fig. 11, the load was rolling fromx=-4 tox=—1 mm.
No stress concentration is visible at the point x = —16.5 mm since the crack at
this position is opened and there is no interaction between the crack faces. The
concentration, however, of &,, at the crack tip still exists, which proves that
for this way of load location changes the SIF K; values vary as well.
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Fig. 7. Displacement vector components « [um] at: a) 1; b) 8, and c) 14 steps, respectively,
resulting from experiment
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Fig. 11. Stress vector components [MPa] at step 14: a) 0.; b) 0y; ) 04y

3. Numerical investigations

Experimental investigations yielded very valuable results, on the other
hand it was very difficult to perform the tests, especially in the cases of real
3D cracks. Numerical calculations can bring the results more easily, however,
depend strongly on the modelling conditions assumed. In the case of
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calculation of fracture parameters and crack face interactions, the parameters
of crack face surfaces: shape, friction, distribution of crack thickness and
roughness of crack faces are very important. The results discussed in this
paper were obtained for different shapes of crack, friction coefficients, and
crack thicknesses. The crack face roughness was neglected.

Numerical calculations were made using the FEM codes for a 2D model.
The ANSYS software version 6.1 was employed. The quadrilateral elements
on the crack faces had the edge of about 0.2 mm in length. The radius of
a special crack tip element was 0.05 mm. Fig. 12 shows FE mesh at the right
side of the crack (Fig. 12a) and near the crack tip (Fig. 12b). The lower edge of
the specimen was fixed (« = v =0). The normal (vertical) load force and the
displacement of the rolling cylinder was applied to the axle of the cylinder.
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Fig. 12. Finite element mesh: a) at the right side of the crack; b) near the crack tip

The computations were done also in the case with no crack in the rail. The
resulting maps of stresses are shown in Fig. 13, and the results could be
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compared with those obtained in the cases with the crack (shown in Figs. 19
and 20). The differences between results from Fig. 13, 19 and 20 illustrate the
influence of the crack on the distribution of stresses.
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Fig. 13. Numerically obtained values of the stress vector components [MPa] obtained in the case
with no crack at step 8: a) 0.; b) 0,,; ¢) T4

3.1. Crack face interaction cases assumed

Since the experiment aimed mainly at verification of numerical inves-
tigation results, the calculations had to be done in different cases, depending

on the conditions under which the tests were performed. The following cases
were calculated:
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. Constant-depth crack ( 5.7 mm), no crack thickness, no friction;
. Constant-depth crack ( 5.7 mm), no crack thickness, the friction
coefficient of 0.3;
3. Constant-depth crack (5.7 mm), a sinusoidal course of the crack thickness,
no friction;
4. Constant-depth crack( 5.7 mm), a sinusoidal course of the crack thickness,

the friction coefficient of 0.3;

5. Crack of the real depth (measured), no crack thickness, the friction

coefficient of 0.3;

6. Crack of the real depth (measured), a sinusoidal course of the crack
thickness, no friction;
7. Crack of the real depth (measured), a sinusoidal course of the crack

thickness, the friction coefficient of 0.3;

8. Crack of the real depth (measured), the effective crack thickness, no
friction;
9. Crack of the real depth (measured), the effective crack thickness, the

friction coefficient of 0.3.

Cases 1 and 2 are typical and therefore are most common in the
computations performed till now. The friction coefficient value of 0.3 was
assumed from experiment described in [17], where also a nonzero crack
thickness was observed. A simple assumption of the thickness sinusoidal
distribution seems to be reasonable, since it increases in a linear way
assuming the value of O at the crack tips (x =0 and x =—70 mm) and the value
of 1 wm at the points x =—0.2 mm and x = —69.8 mm, respectively. Then, from
x=-0.2 mm to x = -69.8 mm the thickness grows following a sinusoid with
the maximum of 50 um at x = =35 mm. The term ‘“‘real (measured)” depth
used in the description of computation cases means the real crack profile
being measured (see Fig. 3). Since the results obtained in cases 1+7 were not
in a satisfactory agreement with the experimental results, it was necessary to
find a better distribution of the crack thickness. The idea of effective crack
thickness has been put forward.

N —

3.2. Effective crack thickness

Numerical calculations show that the results obtained depend strongly
on the assumed crack thickness. Since a numerical model assumed
should correspond to the reality, the crack thickness should be measured.
Usually it is not possible, since it is a destructive test, and reliable
results are very difficult to arrive at. In view of the above, it is not
necessary to have the whole crack thickness distribution, knowing of
thickness values at the required points seems to be enough. To this
end, the crack faces opening/closing for each loading step were taken
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from experiment. Crack opening/closing is the difference between disp-
lacement vector y in the upper and lower crack face. The effective crack
thickness was then calculated as the maximum crack faces closing for each load
position. Of course, the value of the crack thickness is positive, while crack
opening/closing is negative (because the crack is closed under the load). The
concept is illustrated in Fig. 14. The effective crack thickness could depends on
loading conditions and should be calculated separately in each case of loading.

_ 5
S o3 i
= = b — — oA
— & g+ :f”/;”//
gm E = P /)—/_.77/
= 4
. 3 A
25 153 L2l
o = P
S b E //#/}/
c o -20— =7
D o pm /,
Sz -25 5
x O 3 O Nk~ Ne=_1l_<f |-=-=-== lines a
S22 303 f H
c ® = ———— |ing b
-35 3 LN I L
25 20 =15 10 -5 0

x [mm]

Fig. 14. Calculation of the effective crack thickness:
lines a — crack opening/closing at steps 1+14
line b — effective crack thickness

The effective crack thickness could be calculated only for the area
under consideration (in this case for x >= —25 mm). For the remaining
part of the crack (x < —25 mm), the crack thickness was assumed
in the way shown in Fig. 15.
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Fig. 15. Thickness of the crack analyzed in the numerical investigations
a) without thickness; b) sinusoidal thickness; c) effective thickness
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3.3. Numerical results

The values of Stress Intensity Factors (SIFs) resulting from calculations
are of crucial importance in numerical investigations into the crack
development. Since the initial crack thickness was greater then zero
in the calculations presented in section 3.1, the SIF K, value was nearly
equal to zero. Therefore, the most important factor consists in the value
of SIF K”.

Fig. 16 shows the distribution of Stress Intensity Factor K;; as a function
of the load position that result from numerical calculations. The diagram
presents only three most interesting results obtained in cases 1, 8 and
9 described in section 3.1. Case 1 is the most common in investigations
of a linear crack with no thickness and no friction between its faces.
Although there is no friction, the amplitude of the SIF Kj; is very small
due to the zero thickness assumed. The maximal value of amplitude of
K;; was obtained in case 8, when the crack had the real shape, and
effective thickness and no friction were assumed. This amplitude was about
80% higher then in case 1. Case 9 was calculated under the same conditions
as case 8, except the friction coefficient, which was equal to 0.3.
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Fig. 16. Sample distributions of the Stress Intensity Factor K;, under different crack conditions

The values of Stress Intensity Factors are very useful in calculation of the
crack growth rate. For the steel used for rails in Great Britain, of the properties
similar to those of 900A, for a multi-mode crack growth the following model
was proposed [4]:
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da o
— =0.000614 - (AK32 — 432 :
N ( N ) cycle )
2 2 614 so1 3.;4 —
AKF,, = AK; + ﬁ - AK 32 MPa\/m (2)

The above equations were employed in calculations, the results of which
are presented in Table 2, in terms of the minimal and maximal values of Kj,,
their amplitudes AK}; and crack growth rate for every 9 cases which were
analysed. Cases 1, 8 and 9 are marked with boldface numbers.

Table 2.
Results of numerical calculations
crack conditions 1 2 3 4 5 6 7 8 9

Kiimin [MPa] -4.09 | =2.70 | =3.07 | -1.49 | =275 | —-4.84 | -2.45 | -448 | —-1.92
Ki1max [MPa] 1.19 2.60 2.97 3.47 2.44 4.37 4.63 5.03 4.80
AK;, [MPa] 5.28 5.30 6.04 4.96 5.19 9.21 7.08 9.51 6.72

i’ﬁ/dN 18.3 19.05 0.1 7.1 15.0 | 275.7 | 106.5 | 306.0 85.2
[m™"/cycle]

The 80 per-cent-difference in amplitudes of Kj; obtained in cases 1 and
8 resulted in much higher change in the crack growth rate. The growth rate
obtained in case 8 was about 17 times higher than that in case 1.

Since the obtained crack growth rates differ so greatly, only one of them,
the most acceptable one, should be chosen basing on the experimental results.
At each loading step, the numerical results should be compared with the
experimental ones, especially at steps 5+14, when the load is rolling over the
specimen upper surface. The best result can be obtained from comparison
between 2D maps of the displacements « and v and, of course, microslips and
crack opening/closing. For the sake of clarity and simplicity, only the results
obtained in case 9 are presented, since in that case the smallest difference
between the experimental and numerical results emerges. Fig. 17 presents 2D
maps of the displacements « and v, which can be compared with the diagrams
presented in Fig. 7b and 8b. Fig. 18 shows the microslips and crack
opening/closing resulting from experiment and numerical simulation, respec-
tively, for the start and the end of loading step 8.
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Fig. 17. Numerically obtained values of the displacements in the 9 case of the crack conditions
a) u [um] component b) v [um] component

The experimental and numerical results are similar, but not the same. It is
possible that a better agreement can be attained when the crack face
roughness is taken into account. A significant influence of this factor was
indicated by other authors (e.g. [6], [10], [20], [21]), and primary tests have
already yielded promising results. These will be presented in the following
papers. In the mentioned tests, the parameters of crack face roughness given
in [15], [16] were applied. The second source of difference between the
experimental and numerical results could be an inaccurate image of the real
geometry in FE model. Real specimen is three dimensional and the geometry
of the crack in the front and in the back side of specimen is not the same (the
crack is not exactly normal to the plane of specimen). Consequently also
out-of-plane displacement vector components were observed in the ex-
periment. Numerical investigations were done for 2D model which regards
only in-plane displacements.
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line ¢ — numerical results for the start of step 8;
line d — numerical results for the end of step 8

Fig. 19 and Fig. 20 present the stress tensor components for the start (Fig. 19)
and the end (Fig. 20) of loading step 8 resulting from numerical simulations.
Although there is no roughness of the crack faces introduced, the application
of effective crack thickness results in a small concentration of stresses
between x = —22 mm and x = — 16 mm, similar (but smaller) to that obtained
from experiment. Considerable influence of roughness (not regarded in
numerical model) can be the reason of differences between experimental and
numerical results.

Comparison of stresses for the numerically obtained results without crack
(Fig. 13) and with crack (Fig. 19 and 20) shows very high influence of the
crack. It is caused by discontinuity of the material in the crack. It causes crack
opening or closing, microslips of crack faces and consequently discontinuity
of stresses’ transfer.
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Fig. 20. Stress vector components [MPa] for the end of step 8 resulting from numerical simulation:
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4. Conclusions

The experimental and numerical investigations conducted allowed some

interesting conclusions to be drawn:

1. The Grating Holografic Interferometry (GHI) approach employed yielded
reliable measurement results of the displacement vector components « and
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vin the crack vicinity, microslips and crack opening/closing. The accuracy
from 0.2 to 0.5 pm was attained depending on the value of displacement.
The full-field maps of displacements allow one to calculate the maps of
stresses in the crack vicinity.

. The constructed experimental stand allowed for observation of the process

of load rolling allowing also for observation and measurement of the crack
faces microslips and dilatation during this process.

Observation of the crack closing while rolling makes it possible to
calculate the effective crack thickness, for which the best results of
numerical calculations were obtained.

The results obtained prove a strong influence of the crack face roughness
on the distribution of stress tensor components. The stresses observed on
the crack faces can be much higher than the maximum Hertz pressure in
the contact zone.

The work was done as a part of a grant No. 8 TO7A 012 20 sponsored by the
State Committee for Scientific Research.
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Wplyw podpowierzchniowej szczeliny zmeczeniowej na rozklad naprezen
podczas przetaczania obciaZenia — eksperymentalna weryfikacja wynikéw numerycznych

Streszczenie

W pracy przedstawiono eksperymentalnie otrzymane rozklady zmian napre¢zern bedace
wynikiem oddziatywania szczeliny podpowierzchniowej i obciaZzenia zewngtrznego — przetaczane-
go po powierzchni prébki. Sposéb obcigzenia odpowiadal rzeczywistemu obcigzeniu szyny
kolejowej przez koto. W eksperymencie uzyto metody siatkowej interferometrii holograficzne;j.
Uzyskane wyniki poréwnywane byly z uzyskanymi w wyniku symulacji numerycznych przy
réznych ksztattach i grubosciach szczeliny oraz wspoélczynnikach tarcia pomiedzy brzegami
szczeliny. Wykazano bardzo duzy wptyw tych czynnikéw na uzyskane wyniki. Najlepsza zgodno$¢
uzyskano dla obliczen przy rzeczywistym — zmierzonym na modelu ksztatcie szczeliny, wspétczyn-
niku tarcia 0.3, oraz efektywnej grubosci szczeliny. W pracy zdefiniowano tg¢ wielko$é oraz
zaproponowano sposéb jej wyznaczania.



