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ABSTRACT: In rolling contact fatigue of rails, cracks Jorm at a shallow angle, and grow primarily
in the direction of travel undermeath the rail surface. Ohnce nucleated, cracks may branch to a
niode 1 direction, whereas shallow cracks grow when the crack is filled with fluid. This paper
attempls to model the response of shallow-angle cracks through Jracture mechanics analysis, using
Sinite element stress analysis and multiaxial Jatigue tests to simulate the rolling contact history.
The evolution of the history of mixed-mode [ and If stress intensity factors is derived from a 2D
finite element model. Biaxial fatigue crack propagation experiments ltave been conducted on BS11
rail steel 10 investigate the effect of sequential mixed-mode loading on angled crachs. The effects
of fluid in the crack, residual stress in the rail head and braking are considered to demonstrute
that “squat” rolling contact fatigue cracks can only develop under prescribed loading conditions.

Introduction

Over the lasl 20 years or so surface initiated rolling contact fatigue (RCF) has been
increasingly cbserved on modern mixed traffic and high speed rail systems in conniries
with temperale climates. Rails made of pearlitic steels with hardness levels ranging from
about 220 BHN {o 380 BHN have experienced this type of faticue damage. Once
nucleated, typical cracks propagate at a shallow angle under the rail's nunning surface,
primarily in the direction of vehicle Lravel. These cracks may branch either up or down;
the former casc leading mostly to surface spalling and the latter to predominantly mode 1

driven cracks lying closc to the rail's transverse plane and, in the absence of comective
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maintenance action, rail fracture may occur. Shailow cracks appear to grow only when
the crack is filled with flnid. It is also believed that residual stresses in the rail and wheel
traction forces influence the response. This paper attempts to model the response of
shallow-angle cracks through fraclure mechanics analysis, using finite clement stress
analysis and multiaxial fatigue tests to simulate the rolling contact history. A satisfactory
fatigue crack propagation prediction should model each of the above parameters.

The important role of liquid in creating the crack tip stress histories during cyclic contact
loading has been discussed by Way (1), Keer and Bryant (2), Bower (3}, Kaneta and
Murakami (4) and Bogdanski et al. (5). It is widely believed that liquid can influence
fatigue crack growth by reducing friction between crack faces, by pressure on the crack
faces as fluid flows into the crack, and by the “fluid entrapment effect” exerting
hydrostatic pressure at the crack tip. The entrapment mechanism, itlustrated in Fig. 1,
provides high levels of K due the hydraulic pressure opening the crack as the wheel rolls
towards the crack tip. Frequently invoked in discussions of RCF in rails (5, 6, 7), fluid
entrapment applies to bearings and gears also. It is assumed here that a liquid (e.g. rain
water) present on the rail surface will be drawn into the crack during its initial opening,
then entrapped during the subsequent phase of crack locking. Combining numerical
siress analyses with experimental results provides a quantitative prediction of the fluid

entrapment mechanism in terms of fatigue crack growth rate.

T
; R travel
residual aress
<« \KIL >
T trapped fluld Kl -
<~  Ral -1

Fig. 1. A schematic of the fluid entrapment mechanism for RCF In railway lines.
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Numerical modelling

The problem of rolling a wheel over a rail was modelled by three different methods. For
the first method dry conditions were assumed, i.e. no liquid between the crack faces,
which results in high friction. In the second and third ways liquid is present in the crack,
but for the second case its only role is to lubricate the crack faces, which reduces the
friction, The third way of modelling allows a certain velume of liquid to enter the crack
interior in its initial phase of opening, becoming entrapped inside the crack during the
phase of locking. A 2D plane strain finite element (FEM) model of a cylinder rolling
over a prism (Fig. 2) has been incorporated in each analysis, with contact elements at the
cylinder/prism interface and along the crack faces, distributed uniformly. The crack tip is
surrounded by eight special triangular elements. Boundary conditions simulating the real
rail/wheel contact system werc assumed, i.e. the nodes located on the bottom face of the
prism are fixed in the direction perpendicular to the prism longitudinal axis, whilst the
side faces of the prism are fixed in the direction parallel to this axis (Fig. 2) Material
propertics for rail stecl were modulus of elasticity E= 210 GPa and Poisson's ratio = 0.3.
All calculations, regardless of the version of modelling were carried out for the normal
load R = 90 kN, and for the coeflicient of friction at the cylinder/prism interface pg = 0.4.
Various friction coefficients jr from 0.0 to 0.4 were taken for the crack faces, under wet
or dry conditions respectively. Analyses included different traction loads and residual
stresses occurring in rails in practice, to investigate their influence on the values and
histories of the stress intensity factors (SIFs).

It was éssumed in the first method that liquid is not present in the vicinity of crack, and
hence the crack interior is free from liquid during the whole cycle of loading. Such
conditions can occur in practice during sunny weather which dry the crack faces. This
results in high friction between the crack faces under compressive contact loads, with an
assumed coeficient of friction g of 0.4.

For the second method, it was assumed that a defined volume of liquid enters the crack,
reducing friction between the crack faces. No other liquid action (exertion of pressure on
the crack faces, or entrapment phenomena) was taken into account here. The third
method is discussed in detail in the next section.
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Fig. 2 The contact model, a) two- dimensional model of a rail / wheel contact system,
b) non-deformed finite element mesh of the prism in the vicinity of crack, « = 25°,

Wet conditions - liquid entrapped in the crack interior

The entire cycle of rolling the wheel over the crack can be divided into phases; the fnitial
phase in which the crack is open, and the second phase where the crack mouth is locked.
This differs from the sccond analysis above only in the second phase, where liquid is
entrapped inside the crack. Loading progresses as follows. The crack gradually opens as
the cylinder approaches, drawing liquid into the crack interior. The opening process lasts
until the cylinder touches the opposite side of the crack mouth, i.. the apex of a wedge-
shaped prism situated above the crack plane (Fig. 3a).

Continued rolling of the cylinder causes the apex to bend downwards until it touches the
lower crack face (Fig. 3b). In the lower par of the open crack the faces remain separated
from each other, creating a locked space ("bubble") which is completely filled with a
volume of incompressible liquid. Further analysis is performed in steps whilst the shape
of the "bubble" and the pressure inside it are determined by the equilibrium conditions.

The value of the gauge pressure at the starting point, i.¢. at the moment of locking the
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crack mouth, is taken as zero. Rolling of the cylinder causes the crack face stiction zone
to spread towards the crack tip (Fig. 3c), accompanied by a gradual increase of fluid
pressure. In addition, it was assumed (hat the pressure varies linearly along the stiction
zone, i.e. the gauge pressure at the first pair of nodes in contact at the crack mouth is
zero, whilst the pressure at the last pair is that of the entrapped liquid. The assumption of
a linear pressure distribution relates to reality, where locking of the crack is not ideal due
to the surface roughness, and hence liguid may leak slowly from the "bubble", reducing
pressure along the flow path. This assumption allows estimation of upper bound SIFs, as
any leakage reduces the "bubble" volume, lowering the mode I SIF values. For high
speed trains, SIFs should approach the upper bound.

Mathematical model and solution

The mathematical model consists of the set of equilibrium equations which are written for
every pair of contact nodes. A detailed description of the model used in the analysis,
together with the procedure of solution, was presented in (8, 9). Taking into account the
fluid entrapment effect required some modification to the previous model. ‘The solution
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to this problem leads to the sequential solufion of a number of sets of equations written
for the consecutive positions of the cylinder rolling over the crack, in increments of less
than 0.01 mm. To ensure a reasonable accuracy of solution and stability of iteration
procedure with fluid entrapment, it is necessary to apply a finer mesh in the contact zone
compared to dry conditions. Before starting the main iteration procedure for solving the
contact problem, the flexibility matrices for the cylinder and prism sheuld be determined
by FEM with the use of cylinder and prism finite element meshes. The iteration
procedure for the analysis of the fluid entrapment effect required special care and
attention, following preparatory calculations for dry conditions. The resulis obtained
from these preliminary calculations were used as the initial data for the full analysis
including the fluid entrapment effects.

Results of the SIF calculations

The purpose of this analysis was to investigate the influence of three parameters on the
SIFs Ky and Kjy and consequently on crack growth rate and direction, namely crack
inclination angle, o, tangential longitudinal load, Ty (braking force), and rail residual
stress, or, acting separately or in combination. Plane strain calculations were carried out
for dry, wet and fluid entrapment conditions for a wheel radius D/2 = 450 mm, normal
load, R = 90 kN, three values of longitudinal load, Tx = 0, 9, 18 kN, and three values of
restdual stress, or = -200, 0, +200 MPa. The numerical calculations determined the
displacements, strains and stresses acting in the contact arca of the cracked prism. The
surface breaking cracks of length a = 5.85 mm (which is a/b = 0.87, where b= 6.7 mum is
the semi-width of the contact patch) were inclined at the angles a = 15° and o = 25° to
the surface of contact. The calculations were carried out for a cycle of loading covering
the distance between x/b = - 2.5, and x/b = 3.3, where x is the distance of the contact
patch from the crack mouth,

The comparison of the SIF histories obtained for all analysed cases yields the conclusion
that the fAuid entrapment mechanism has the greatest infiuence on the SIF ranges AKy
and AK; developed during the loading cycle. Examples of the effect of this mechanism

are presented in Fig, 4, showing Ky and K[ plotted versus the location of the wheel axis
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Flg. 4. Comparison of KT and KJJ histories as the wheel rofis over the crack with/without
fluid entrapment. R=90 kN, Tx =10, o, =0, ps. = per, =04, 8) @ =15°, b) & =25°,

in relation to the crack mouth for two angles, @ = 15° and o = 25°. As shown, the factor
influenced most by the liquid pressure is the SIF K, which increased by 660% and 470 %
for the cracks inclined at angles of 15° and 25°, respectively. Analysing the SIF historics
for the example of o = 257, the following should be noticed. The SIF K, increases
sharply from the moment when the locked "bubble” of liquid develops (x =~ -6 mm), until
it reaches the value about 20.0 MPa+/m (x ~ -1.8 mm). Then K, decreases to zero when
X = 5.6 mm as the liquid has completely drained out from the crack. The section of the
Ky curve for fluid entrapment with x > 5.6 mm (x/b=~ 0.8) is similar to that obtained for
dry conditions. The SIF K| reaches a maximum of 24.0 MPaJ/m at x ~ 2.0 mm, and
then decreases as liquid drains from the crack interior (x =~ 5.6 mm). The SIF K is
constant and equal 18.0 MPay/m for the wheel positions of 5.6 mm < x < 10.0 mm, due
to inferfacial crack friction. This constant Ky value is higher than that of the case without

liquid, being equal to 13.0 MPa /m .
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The characteristic shape of the SIF Ky history can be explained by analysing the
phenomena which occur during the loading cycle. With intensive liquid flow out from
the crack, the crack faces are separated by the liquid film and can slip easily against each
other. Similarly though not so effective, when 1he crack is partially locked in the stiction
zone, liquid flow through this zone is possible. As a result of this flow, the tangential
forces that hinder slippage of the crack faces are reduced. Finally, the shear behaviour of
the crack is as if it was empty but with a reduced friction coefficient, so that the shape of
the section of the K, curve for 6.0 < x < 5.6 mm is similar to the curve derived for the

case with no liquid and no friction p= 0.

Modelling of fatigue crack growth

The load history experienced by a crack in rolling contact fatigue can be simulated using
a biaxial cruciform specimen, with independent control of the loads on each axis.
Experimental results are available for mixed-mode fatigue crack propagation in normal
grade BSI1I rail steel, where 45° inclined cracks in cruciform specimens subject to
characteristic tensile/shear load sequences (10, 11, 12) ¢mulate the histories shown in
Fig. 4. The results demonstrate that crack growth rat¢ and direction are governed by the

effective mode I and mode 1I SIF ranges. In roling contact, an initial mode I cycle is
experienced as the rail bends, or as fluid is pressurised. The SIF AK; ., is simulated by

equibiaxial tension: it is followed by a mode II cycle AK . in pure shear (rcpresenting
the contact patch passing over the crack tip). Generally the iwo waveforms may overlap.

Mean stress is an additional factor that affects growth, which reflects the residual stress
state in rail heads. Here AK,,,, and AKp, . arc the nominal mode I and II SIF ranges

for experiments. Details of test methods and rail steel examined are given in (10, 11).
Bold (11) showed that when the ratio AK, . / AK,,, was greater than 2, the crack

branched to follow a mode I direction of maximum tangential stress. Thus, coplanar
crack extension can be produced from this type of loading cycle with no waveform
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Figure 5. Three phases of fatigue crack growth under sequential mixed-mode loading.

overlap under a suitable combination of AK,,, and AK ., as shown in Fig. 5. (A

coplanar crack on a 45° plane grows on a plane of maximum shear, whereas a mode 1
crack follows a principal direction.) However when the waveforms are in-phase (180°
overlap) with the mode I and 11 peak SIFs occurring at the same time, initial shear mode
defects in steels always deviate to become tensile mode I fatigue cracks, because the shear
mode cannot be sustained.

When results are presented in terms of nominal ranges of stress intensity factor, the
picture is complicated by crack closure and frictional effects. A clearer view is obtained
in fatigue when effective ranges are used (Fig. 5), based on values of the crack closure
load. In mode Il shear, the corresponding concept is locking up of the fracture faces due
to friction and wear. Whenever crack faces are in contact, both shear and normal stresscs
at the crack tip are attenuated, and consequently the fatigue damage is reduced. Figure 5
indicates three regions of propagation, a) branch mode I cracking, where rate and path
are determined by the maximum tangential steess criterion, b) coplanar shear cracking on
the 45° plane, which exhibits a characteristic very straight path due to the single slip
system at the tip, and c) coplanar mode 1 cracking for small k. which shows a more

tortuous path due to the operation of twin crack tip slip bands (12). Finally there is 4
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threshold region, taken as a rectangular box for sequential loading after Lee (13), but
following the curved shape for in-phase proportional stressing (14).

Effective measurements of the actual SIF ranges experienced by the crack tip were made
in the tests. The effective mode I and mode Tanges, AKjey and Ky , are defined as:

Ajesr =UrAppom = U[YM,/; 0
AKHejf =UnAKimom = U][YA‘J"’ T )

where Y is the geomelry factor for a central 45° crack of length 2a, and U/; and Uy are
the proportions of applied load range or theoretical sliding displacement experienced by
the crack tip, respectively.

Classical mode I fracture mechanics tests are characterised by three parameters, the range
AK, the mean stress R ratio, and the closure ratio Uy, where R =¢_;, /o, isthe

conventional definition for R. For sequential loading in RCF, values for AK, R and U
arise for the mode 1I cycle also, The waveforms overlap in Fig. 4, introducing a phase

angle as a seventh control parameter. (In Fig. 6, the sinusoidal cycles employed always
had Ry values of 0 and Ry values of -1, with various phase angles.) In practical

situations cascs, residual siresses may have a significant effect on RCF crack growth,
Therefore, the cffects of retaining some tension or compression through the shear cycle

Table 1. Mean stress and closure levels derived from numericsi analysis.

o fluid Tx o coplanar crack  branch crack
o kN MPa RI RI[ SI SI[ UI UH UI UH

15 wet 0 200 000 083 0.00 060 1.00 100 061 0.35
25 wet @ =200 000 075 000 075 1.o¢ 1.00 013 057
15 wet 0 0 0.00 -0.11 000 011 .00 100 1.00 090
15 wet 13 0 000 004 000 004 1.00 100 100 0.96
25 wet O 0 000 0N 000 008 100  1.00 1.00 0.98
I5 dry 0 200 modell 320 modell -320 100 100 0.00 000
15 dry 18 -200 pnodeD -10.00 modell G.50 L.00 1.00 000 000
15 dy 0 0 000 018 000 0.17 .00 L0O 100 085
15 dry 18 0 6o 0.00 000 000 1.00 100 1.00 1.00
25 dry 0 0 0.00 004 000 017 .00 1.00 1.00  0.96
15 dry 0 200 000 020 0.00 041 .00 1.00 1.00  1.00
IS dry 18 200 0.00 033 0.00 033 LOO 100 100 100
25 dy 0 20 000 023 0.00 036 100 100 1.00 100
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and retaining a static shear (hrough the mode 1 cycle are important. Two further load
parameters are defined as S ratios, where

81 = Kiawell | Kimax (3

S = Kitdwel! | Kjimax @)
Here Kjpy 011 is the mean level of X during the mode 1I cycle, and vice versa. The value
of S lics between R and unity. Thus to define a sequential load history with sinusoidal
waveforins, nine independent parameters are required, the values for AKX, R, Sand U
for modes I and 11 respectively, and the overlap angle, assuming that the cycles used are
both sinusoidal, The values of characteristic parameters are given in Table 1, for the

rolling contact anaiyses examined numerically.

Experimental crack growth results for sequential mixed-mode loads

Crack growth results are presented in Fig. 6 for normal grade BS11 rail steel, for the
propagation of coplanar cracks. On the abscissa, the equivalent SIF plotted is
AK, = [AK? + AKZ» which is chosen purely as a convenient way to plot mode I and I

data together. Results that relate to mode I like cracks (Fig. 5) fall round the upper bound
ling plotted, and thos¢ which resemble the straight mode II like cracks tend to the lower
bound line. All data are contained within the factor of 2 scatter band shown as dolted
lines. It is apparent that by using effeclive values of SIF, equations (1) and (2), data are
bounded by the lines for the mode 1 and mode 11 mechanisms, irrespeclive of overlap
angle and ratio of AK, / AK, . whose values are given in the key of Fig. 6.
A fatigne crack growth model can be posiulated for mixed-mode sequential loading, to
include the three mechanisms of propagation identified in Fig. 5. The Paris law describes
coplanar mode 1 growth with an added threshold term, assuming an intrinsic threshold of
4 MPa+/m based on data for rail steel (15). ‘Thus the upper bound line in Fig. 6 becomes
da / dN = 0.000507 (AK3" —43>™) nm/cycle (5)
where the fitted constant and exponent were delermined by Wong et al. {10) from mode 1
test data, For the mixed-mode coplanar mechanism, the lower bound line gives a second

crack growih relationship, which corresponds to the shear mode law of Wong (12).
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Figure 6. Coplanar fatigue crack growth under sequential mized-mode loading for rail steel.
The upper bound (solid line) is the Paris mode 1 law, and the lower bound (chain dot) is a

mode ITlaw. Key gives cycle overlap (in degrees) and ratio AK;, /7 AK, .

When employing an equivalent SIF, , K, = JAK] + AKD > the shear mode rule becomes

da | dN = 0.000614(AK32 — 432 nm/cycle (6)
A non-tinear weighting is proposed to interpolate between the two bounding solutions
(16). Using the mode I Paris law for fatigue crack growth in equation (5), for coplanar
propagation, an equivalent SIF range is defined such that

AKZ, = AK? +[(614 / 507) AKy?1 2374 ON
In equations (5), (6) and (7),. the SIFs are effective ranges. Equations (5) and (7)
‘encompass both types of coplanar crack extension depicted in Fig, 5. All availablc
coplanar propagation data are collated in Fig. 7 usingthe equivalent SIF of equation (7)
in the mode I Paris law (cquation (5)). Results fall broadly within a factor of 2 scatler
band, except where the propagation rates fall ;ff as a crack approaches. a point of
branching instability. The data include tesis where Ry, Ry, 57 and 8y are investigated, as
well as the previous results with overlap angle and mixed-mode ratio as parameters. The
degree of correlation oblained suggests that equations (5) with (7) provide an effective
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Figure 7. Corrclation of coplanar fatigue crack growth data under sequential mixed-mode
Ioading for rail steel, using the equivalent AK in equation (7).

model to prediclt coplanar fatigue crack growth in rolling contact.
In order to predict the onset of crack branching, Pineau’s criterion of maximum crack
growth rate is adopted (17), as cracks follow the casiest (or fastest) path available. In
torsional low cycle fatigue, cracks also adopt the path that gives the greatest speed (I8),
either tensile or shear mode. The branch growth rate is given by equation (5), replacing
the SIF range by the following formulae for Ak; (the local SIF range for a branched
crack tip). From the maximum langential stress criterion, for the mode II shear cycle
Ak, =11554Ky / (1 —Ry) +8,AK; 1 (1 —R))
or Ak; =1 155AK; whichever is smaller (8)

and for the mode I equibiaxial cycle
Aky = AK; [ (1 —R) +81.1554K; / (1 - Ry)
or Ak = AK; whichever is smaller {9)
Both SlF ranges (equations (8) and (9)) contribute to the extension of branch cracks,
because of the sequential nature of loading. The contributions are determined
~ independently, then added algebraically to give overall rate, on the assumption that the
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increments of extension ate collinear after branching occurs. (Note that the formulation
of Ak, assumes closure at zeto stress, and equibiaxial mode 1 stresses. Strictly collinear

growth requires a zero T-stress, being the non-singular stress parallel to the crack tip.)

Prediction of rolling contact fatigue crack growth rates

Equation (5) with the equivalent SIF (equation (7)) furnishes a prediction model for
coplanar crack speed, whercas equation (5) with equations (8) and (9) provides a model
for branch crack growth rates. These models were applied to RCF of rails by analysing
the numerical results, The numerical solution takes into account the friction generated by
closure and locking on the crack faces, and therefore it generates cffective ranges of SIF
directly, as required for the form of the Paris law in equation (5).

Predicted crack growth rates are listed in Table 2. The ranges of SIF were determined
from histories such as Fig. 4, as tabulated. Both coplanar and branch predicted rates are
shown. The final two columns give the optimum propagation rate and mode of cracking,
predicted by selecting the highest of the two calculated rates after Pineau's criterion.

Table2. Predicted fatigue crack growth rates and modes.

branch coplanar optimum crack

o fluid Ty op AXy AKyg da/dN da/dN da/dN  mode

o KN MPa MPavm MPavm nm/cycle nm/cycle  nmfoycle

15 wet 0 -200 17.0 17.6 71 44.6 44.6 coplanar
25 wet 0 =200 12.0 21.0 93 28.9 28.9 coplanar
15 wet 0 0 26.5 200 149.5 166.6 166.6  coplanar
15 wet 18 0 215 25.0 174.8 117.6 1748  branch
25 wet 0 0 20.0 24.0 153.7 94.7 1537  branch
15 dry 0 =200 0.0 10.5 0.1 1.1 1.1 coplanar
15 dry 18 200 0.0 8.8 0.1 0.9 0.9 coplanar
15 dry 0 0 2.5 13.2 71 2.7 7.1 branch
15 dry 18 0 08 9.5 5.8 5.0 5.8 brauch
25 dry 0 0 2.5 13.7 13.3 3.0 13.3 branch
15 dry 0 200 2.0 16.5 21 10.1 321 branch
5 dry 18 200 6.4 124 248 25.0 250  coplanar
25  dry 0 200 12.0 20.1 70.3 26.7 70.3 branch
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Figure 8, Prediction of growth rate and mode for various load conditions. Cracks adopt the
faster rate of two calculated values, coplanar or branch (Pineau's criterion).

These predictions illustrate the effect of residual stress and two coplanar crack angles on
the response of wet and dry cracks. In every case, fluid entrapment gives greater growth
rates, as shown in Fig. 8. Coplanar or shatlow angle cracks are observed in practice on
high speed rail lines, showing stable growth until some set of conditions initiates a
branch. In many cases stable branch growth without arrest is not sustainable, but
occasionally growth persists to give a transverse crack that can lead to rail fracture. The
conditions that encourage stable coplanar growth are i) a wet environment for fluid
entrapment, ii) a shallow crack angle (159 here), iii) compressive residual stress along the
rail, and iv}) no (braking) traction. When the crack orientation is raised 1o 259, branching
is preferred in every case in Table 2 and Fig. 8, except when the branch is suppressed by
a compressive stress in the rail head. Traction has a small effect on the growth rates.
However the largest effect on propagation is the fluid entrapment itself. The acceleralion
of fatiguc damage is illustrated in Fig. 9, where the propagation rates under wet and dry
conditions are compared directly, each plotted point corresponding to fixed values of T,,
op, and o Fluid entrapment increases the growth rate obtained by an order of magnitude
oI more,

For the dry cracks, a friction coefficient of 0.4 was employed between the crack faces, If
the sole role of the fluid was to lubricate the crack fracture surfaces, this would be best
modelled by reducing the friction coefficient. An indication of the growth rates for
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Figure 9. Comparison of wet and dry fatigue crack growth rates under sequential mixed-
mode loading. Acceleration due to fluid entrapment mechanism.

lubricated crack faces (without the pressurisation of the fluid) was published previously
by Bogdanski and Brown (16). Zero friction simulated the effect of full lubrication
between fracture surfaces, showing that fatigue cracks were expected to branch except for
shallow cracks at 259 or less. However the growth rates were 2 to 10 nm/cycle, compared
to speeds approaching 200 nm/cycle in Fig. 9 under fluid entrapment. As the friction was -
increased, the rates fefl below 0.5 nm/cycle and the mode changed to coplanar.

Discussion

The predicted results are encouraging in that they comply with experience of RCF in
rails. Once nucleated, cracks may branch to a mode I direction, either upwards to give
surface spalling or downwards to produce a transverse fracturc. The direction of
branching is governed fargely by the compressive residual stress in the rail head, which is
superposed on the longitudinal tension in welded rails. Shallow cracks arc ablc to grow
when filled with fluid, duc to the fluid entrapment mechanism which forces the crack
faces apart, thereby permitting free shear displacement at the crack tip, which drives the

mixed-mode coplanar mechanism,
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As cracks dry out, they arrest or branch, and on branching they propagalc slowly.
Presumably with rain, a reversion to coplanar mode leaves a lot of small incipient
branches in squats, which fail to extend as cracks become wet periodically in a temperate
climate. When the coplanar crack tip falls below the surface compressive layer, branching
is likely if encouraged by a dry spell. However 2 braking force will precipilate branching
with a high growth rate, to gencrate a stable transverse crack.

Since wheel loads and crack angles were selected as representative values for European
railways, the analysis demonstrates that "squat" RCF cracks can develop under prescribed
loading conditions The integrity of rails requires that we understand the mechanisms of
crack extension, and particularly the loads required for transverse cracking because such

cracks can lead to fracture.

Conclusions

A model for prediction of fatigue crack growth rates in mails under rolling contact is
presented. The model demonstrates that propagation of “squats” under the rail surface is
feasible when a fluid entrapment mechanism is introduced, encouraging a mixed-mode
shear dominated growth. However cracks may branch to a mode I direction when the
residual stress, crack inclination and braking force create favourable conditions.
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