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Abstract: The risk of fatigue failure of elements working in rolling contact conditions (such as
railway wheels, rolling bearings, etc.) is a significant issue with respect to safety and economy. In
this case the complex and non-proportional stress state with pulsating three dimensional
compression occurs. Therefore, the analysis of fatigue life of structures working in rolling contact
conditions can be performed using recently proposed multiaxial high-cycle fatigue criteria.
However, there is no hypothesis that could be universally accepted for calculations of fatigue
strength. Furthermore, not all criteria proposed in literature for rolling contact fatigue (RCF)
analysis can predict it. In the paper, the most popular criteria based on different theories are
investigated in the application to RCF problem. Moreover, modification of the popular Dang Van
hypothesis is proposed. The problem of free and tractive rolling contact fatigue is analysed on the
example of a cylindrical crane wheel and spherical thrust roller bearing.

Introduction

Rolling contact fatigue (RCF) is a localized damage process of machine elements working in
rolling contact conditions produced by cyclic loading. Fatigue failure is a result of cumulative
process consisting of crack nucleation, short and long crack growth and final fracture. This
phenomenon is dangerous because single cycles of load would not produce any ill effects.
Furthermore, the failure can occur in machine components in which the equivalent stress is below
the yield point. However, in the micro scale, plastic deformation may occur in the highest stress
zone during cyclic loading.

Rolling contact fatigue failure occurs in machine elements working in rolling contact conditions
such as ball and roller bearing, bearing rolls, wheels and rails, cams, valves and gears. It has various
forms (e.g. plastic deformations, macro or micro-pitting, spalling, crack initiation from inclusions,
etc.) [1]. This type of fatigue differs from classic structural fatigue such as bending or torsional
fatigue. The subsurface complex and multiaxial stresses produced by rolling contact are
concentrated in a small volume of material, and so intense plastic strain can be introduced.

In the case of railway wheels three contact failure mechanisms can be considered [2, 3]:

— surface cracks, which can be initiated by plastic deformation (ratchetting),

— deep defect initiated fatigue,

— sub-surface fatigue, which typically initiates a few millimetres below the wheel tread
surface.

In the process of sub-surface RCF failure the amplitudes of stresses have a dominant role.
Therefore, in case of free rolling three characteristic points can be observed under the wheel tread
surface [4]. One of them is the Bielajev point, in which the equivalent stress (von Mises or Tresca-
Guest) achieves the highest value. In the other two points (called the Palmgren-Lundberg points),
the amplitude of shear stress is the biggest. These two points are the most dangerous in repeated
rolling contact.

In rolling contact concentration of stresses occurs a few millimetres below the surface [3]. In this
case, the effect of non-proportional loading on fatigue life is probably similar to the case of un-
notched samples. Moreover, the three dimensional pulsating compression has rather positive effect
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on the fatigue. It should be noted that such character of loading is absent in classic tension-
compression or bending fatigue tests. In addition cyclic three dimensional pulsating compressive
stresses and shear stresses are out-of-phase. The principal axes constantly change their direction
during a stress cycle. Another specific issue of this phenomenon can be found in Ref. [3]. The
popular classic fatigue models (e.g. Smith, Haigh), which do not take into account the influence of
non-proportional stresses at fatigue strength, cannot be applied to such analysis. Instead of this
fatigue analysis of the elements mentioned above should apply multiaxial high-cycle fatigue
(MHCF) hypotheses. The problem of sub-surface RCF is often investigated using Dang Van [1, 2,
5, 6, 7], Papadopoulos [2], Liu & Mahadevan [8] criteria.

A general idea of MHCF criteria is to reduce the complex, multiaxial stress state to an equivalent
simple state or a damage scalar factor. They are based on different theories: critical plane in which
stresses results in fatigue failure [7, 8], stress invariants as measures of fatigue load [10, 11], energy
expressions estimating the fatigue strength [12], generalized extensions of empirical results [13].
All of them are clearly less universal than the hypotheses of static endurance. Generally, MHCF
criteria are proposed for particular materials or specific loading conditions.

For composite materials a fuzzy set based approach in conjunction with the finite element
analysis to study the variability of geometrical and mechanical parameters in the energy release rate
response (the J-integral) of the cross-ply laminate [14] can be used.

Selected criteria for a particular material and/or loading (proportional or non-proportional) of
calculated machine components require verification by making experiments or comparing the
obtained results with other fatigue models. Therefore, if we do not have clear suggestions, it is
reasonable to apply a few popular criteria and to compare their results.

Multiaxial high-cycle fatigue criteria

The Sines (S) and Crossland’s (C) criteria. The criteria proposed by Sines and Crossland are
among the oldest and best-known MHCF criteria and belong to the hypotheses based on stress
invariants. The invariant formulae usually consist of quantities related to hydrostatic and octahedral
stresses. Sines elaborated his hypothesis (Eq. 1) on the basis of the synthesis of a large number of
results of fatigue tests. He assumed a linear function of the amplitude of octahedral shear stress and
an average value of normal hydrostatic stress. The Sines criterion [10] can be written in the form:

1 3t
Ts :_30'vM,a "'[T;_\EJ “Oym <1, (1)

where:

1 . . . . .
N ﬁO-VM,a - the amplitude of second stress invariant, o, - the amplitude of equivalent von

Mises stress, oy, - the mean value of hydrostatic stress, f,- repeated bending fatigue limit
(f, =0, =0,,), t_, - fully reversed torsion fatigue limit (r, =7 ,,7,, =0).

Application of the original Sines formula (Eq. 1) in fully reversed bending test leads to
a constant ratio ¢,/ f, =1/ 3 for all materials. This is in disagreement with experimental results
for metals, which indicates that the relation ¢_,/ f_, changes from 0,5 for mild metals to 1,0 for
brittle metals [15]. The fatigue limit f,,, which is seldom available, can be obtained from the
Goodmann approximation:
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where: f_, - fully reversed bending fatigue limit (oa =f4,0m = 0), o, - ultimate tensile strength of
the material.
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The Crossland criterion [11] (Eq. 3) differs from the Sines formula (Eq. 1) only in the influence
of hydrostatic stress, which was assumed by Crossland with the maximal value o, (the first

stress invariant):
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This criterion is suitable for determination of fatigue endurance in structures with predominance
of torsion. One of its characteristic features is lack of hydrostatic effects for materials characterized
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by the relationship ¢ ST Jf-;. The use of criteria based on stress invariants allows us to

determine the initiation point of fatigue cracks. However using these criteria, the orientation of
potential cracks cannot be defined.

In the RCF analysis, the amplitude of second stress invariant in the Sines method (Eq. 1) is
reduced by a large mean hydrostatic compressive stress. Furthermore, the Crossland hypothesis
shows much better correlations with experimental predictions than the Sines criterion [15]. Because
of this, the Sines criterion cannot be recommended for multiaxial prediction of fatigue strength of
element working at such conditions.

Dang Van’s criteria (DV)

DV criterion. The original Dang Van hypothesis [7] is based on the mesoscopic approach of
critical plane and assumes that fatigue damage appears when the load curve (which is a function of
mesoscopic shear stress 7(t)and hydrostatic stress oy(?)) intersects the fatigue limit domain

limiting line. The Dang Van’s criterion is expressed by inequality:

TngX = ma){r(t) + [3;—1 - 1,5} . GH(t)} <t,, (4)
! -1
and
7 (=0, + 0,0+ 7,(0) 5)

where: 7(#) — mesoscopic shear stress, o,(t), o,(t), o;(t) — principal stresses.

Modified Dang Van’s criterion (DV ,eq). In his criterion Dang Van assumes that compression
effects close microcracks, which is profitable in fatigue mechanism of materials. It leads to
a corresponding decrease of equivalent fatigue effort of structures working in compression
conditions. In particular, it concerns hard materials. This assumption has recently been criticised [2,
5]. In application to RCF analysis a modification of the DV’s criterion is proposed. In this version
the hydrostatic stress effect is neglected for negative values of o :

3
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t) for oy <0

Papadopoulos P; criterion. The Papadopoulos P; hypothesis [15] is proposed for hard metals
(0,577 <t /f,< 0,8) and is based on an average measure of resolved shear stress amplitude <T a>.

The volumetric root mean square of <T a> is equivalent to an average measure of the plastic strain
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accumulated in all the flowing crystals within RVE [15]. In both Papadopoulos’ presented criteria,
the hydrostatic stresses o, are represented by their maximal values oy ..., similarly to the

Crossland hypothesis. The P; criterion is expressed by the relationship:

(<Ta >)2 +(3}__1_\/§J'O—H,max < Iy, (7)
0

a

2 . :
where: (<T >) - the volumetric root mean square of resolved shear stress amplitude defined as:
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7, - the amplitude of resolved shear stress 7, appointed for fixed material plane A (determined by
@ and @ - Fig. 1). For a given material plane A((p,H) the amplitude of resolved shear stress 7, is
a function of y:

1 .
7,(0.0, 7)= E[I?gc (0,0, x,t)- min (0,0, 1, t)}, 9)

where T'is a close time period considered.

D ('«

Fig. 1. Orientation of material plane A (CDF) crossing point O (points O and P overlap); orientation
is defined by two angles: A((p, 6?) and direction of versor s on plane A is defined by angle y

The P criterion is based on integral approach. It can be indicated that the phase difference in
out-of-phase bending and torsion does not have any influence on the calculated high-cycle fatigue
life of a structure in such criteria. This statement is in conflict with experimental observations for
particular materials [16].

Papadopoulos 2 criterion (P;). The second Papadopoulos P, hypothesis (2001) is based on the
critical plane approach [9]:

3t
Tpy =m%X(Ta)+[—_1—l,5j~aH,maX <t,, (10)
P> -1
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The introduced average stress quantity denoted as 7, ((o, 9) is called a generalised shear stress
amplitude and is calculated for each plane A using the formula:

21
Ta((ﬂﬂ):\/l | (0.0, 7)dy, 11

T 2=0

where 7, is the amplitude (Eq. 9) of the resolved shear stress, acting on A along the direction
defined by y .

The critical plane is defined as the plane A where (Ta) achieves the maximal value. This
criterion gives better agreement for ferritic steels with a distinct fatigue strength (endurance limit)
and is proposed for multiaxial proportional and non-proportional loading [9]. Furthermore, this
variant of the Papadopoulos criterion includes the effect of load phase difference at the equivalent
fatigue effort.

Lagoda energy criterion (E;). The strain energy hypothesis proposed by T. Lagoda [12] is

based on the critical plane approach and distinguishes the strain energy density measure for tension
and compression:

WX = max{B-W, () +x W, ()} <W,,. (12)

eqv

The limit (W, ) has been assumed as:

G
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The position of the critical plane can be determined by observation of a certain composition of
normal W, or shear W, strain energy density parameter. The criterion takes into account the

influence of mean strains ¢, :
w,(t)=050,0)-|¢,()-5,, | senlo, (0,2, -2, | (14)
VVns (t) = O’STnS (t) ’ |fc"ns (t) - gn,m J Sgnlrns (t)’ Es (t) - ‘C"n,m L (1 5)

where, to distinguish tension and compression effects, function sgn(x;y) is used:

1 gdy sgn(x)=sgn(y)=1
el e) 1} 0 gdy sgn(x) = -sen(y) - (16)

2
-1 gdy sgn(x)=sgn(y)=-1

sgn(x;y) =

In this paper, for the rolling contact fatigue calculation the presented variant Ep of the criterion of
the maximum parameter of shear and normal strain energy density in the plane determined by shear
strain energy parameter [17] is more adequate. This version of the criterion is proposed for
application to elements made of steel, steel alloys, aluminium alloys and welded alloys. It is
assumed that the critical plane A (Fig. 1) with normal » and tangent s is determined by the

maximum value of strain energy density parameter (WnAfAX ) (Eq. 15). Moreover, it is assumed that
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the critical plane is determined as the mean position of one of the two planes in which Wn]‘fAX

occurs. Material coefficients £ and x can be designated using pure alternating torsion and bending
(or tension-compression):

2
p=—t. k=[£j; k=27k (17)

1+v t,

where v is the Poisson ratio.

There are also other versions of the energy criterion in which the critical plane is determined by
different energy density parameters, but they are rather proposed for low-carbon steels, cast irons or
welded steel joints [17].

Liu & Mahadevan criterion (L&M). The hypothesis proposed by Liu and Mahadevan is based
on a critical plane concept and includes the non-linear combination of the normal stress amplitude

(0,), shear stress amplitude (z,) and hydrostatic stress amplitude (GH,a) acting on the critical

plane, with formula:

2 2 2
MAX Oa Ta OH,a
TL&M: +| — +k( ] Sﬂ, (18)
\/(flJ (f—lj S
where:
k,p - material parameters (Table 1).

Table 1. Material parameters in L&M criterion [18]

Material = L
s=—-<1 s=—>1
property 1o Ja
a _244f4—d(1/ 52 =3)(5—1/5> —4s%) | ¥
cos(2a) = > 5
2(5-1/s5" —4s7)
k k=0 k=9(s> - 1)
B b= [cos2(205)$2 +sin2(205)]]/2 p=s

In the above model, a correction factor, taking into account the mean stress effect, can also be
introduced [18]. What is a characteristic feature of this criterion is that the critical plane orientation
may differ from the fatigue fracture plane for different materials. The angle between the mentioned
above planes o depends on material parameters. This makes the L&M criterion applicable in
a wide range of metals from very ductile to extremely brittle. The fatigue fracture plane is assumed
to be the plane in which the principal stress amplitude achieves the maximal value. A detailed
description of different fatigue models based on the general formula (Eq. 18) can be found in [18].

The problems of rolling contact fatigue of cylindrical crane wheel

The problems of rolling contact of a cylindrical crane wheel @710 (Fig. 2) and crane rail A120
(rail head radius R = 600 [mm]) were analysed using MHCF criteria proposed in the paper. The
wheel and rail were made of 30CrNiMo8 alloy steel with material properties presented in Table 2.
The vertical force F = 294,3 [kN] loading the crane wheel with maximal admissible design value
[19] was adopted in fatigue calculation. The initial contact point in free and tractive rolling contact
was assumed to occur at the centre of the crane wheel and rail.
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In both cases, the sub-surface fatigue is one of the contact failure mechanisms [2, 3]. The sub-
surface cracks typically nucleate a few millimetres below the wheel thread surface where the largest
shear stress occur. With the increase of speeds and axle-loads (in particular railway wheels) the
fatigue has larger influence on decrease of the durability and safety of the whole structure.
Therefore, a better prediction of fatigue life is an important issue. This failure mechanism is often
investigated using MHCF criteria [1-3, 5-8]. In the rolling contact, the sub-surface stresses
generated by a moving contact are complex and non-proportional and depend on different
parameters such as: type of contact, friction, creep forces. The influence of different parameters on
fatigue of railway wheels and rails is described in [3].

Two kinds of rolling contact were investigated. First — free rolling (frictionless) for steady

motion and second — tractive rolling. Both problems of three dimensional contact were solved using
the finite element method (ANSYS®).
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Fig. 2. Cross-section and main dimensions of the cylindrical crane wheel @710

Table 2. Material properties of 30CrNiMoS8 steel [20]

Parameter I t; o (yield limit) o (tensile strength)

Value [MPa] 549 370 1050 1250

Free (frictionless) and tractive rolling contact fatigue of cylindrical crane wheel. In the free
rolling case sliding and spin do not occur, also friction effects are very small and can be neglected.
Obviously, the calculations using the 3D finite element method (FEM) are more appropriate due to
complex geometry of real objects. The element mesh in the numerical model (Fig. 3a) was irregular
with strong concentration of hexahedrons in the contact area. The structural 3D solid 20-node
elements SOLID95, 3D surface to surface 8-node contact elements CONTA174 and 3D target 8-
node elements TARGE170 were used in the calculations. To increase computational efficiency and
accuracy submodelling technique was used.

In the case of driving wheels (tractive rolling contact) it is necessary to include the traction effect
between wheel and rail. In order to perform this analysis, modification of rail A120 model was
proposed. For this purpose, a new part with small stiffness (E, = 500 [MPa]) was added at the
bottom of the rail in the numerical model (Fig. 3b). This added part was not included in the free
rolling contact calculations. It allows small translation under tractive force and allows getting
a correct form of the stiffness matrix. Also, the friction coefficient 4 = 0,15 between wheel and rail
and torque moment M = 14,4 [kNm] driving the wheel (almost equal to its critical value for u =
0,15) were taken into account unlike in the numerical model for the free rolling contact.



164 Advanced Materials in Machine Design

AN
U, =0 _ AN b) mE,=2,1-10°[MPa] _
plane YZ : W E;= 500 [MPa] &
(x=0) :

Fig. 3. 3D-model of free rolling contact of crane wheel with rail for free (a) and tractive rolling
contact (b)
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NODAL SOLUTION

STEP=1

SUB =7

TIME=1

SEQV (AVE)
DIMX =.198681
SMN =12.757
SHMNB=12.49
SMX =980.88
SIB=982. 721

12.757 254.788 496.818 738.849 980.88
133.772 375.803 617.6834 §59.865

Fig. 4. Von Mises stress distribution at the cross section of the crane wheel and rail below
the contact area in free rolling contact

The obtained numerical results of maximal contact stresses for free rolling were compared with
the theoretical solution [4]. The results of the sub-model solution are presented in Fig. 4 and Fig. 5.
Fig. 4 shows the equivalent Von Mises stress in YZ-plane. The maximum value of the Von Mises
stress occurs at 4,5 millimetres below the wheel tread surface in the Bielajev point. It can be
observed that high stresses only occur within a small volume above the contact area. The maximum
shear stress amplitude occurs on the radius of Palmgren-Lundberg points at a depth of about 3 [mm]
below the wheel tread surface. For frictionless rolling contact, the “butterfly” distribution of shear
stress 7,, can be observed (Fig. 5).
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Fig. 5. Shear stress distribution at the cross section of the crane wheel and rail below
the contact area in free rolling contact
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Fig.6. Shear stress distribution at the cross section of the crane wheel below
the contact area in tractive rolling contact

Including traction effect leads to a distortion of the characteristic anti-symmetric shear stress
distribution. The absolute values of the maximal and the minimal 7,, shear stresses are different
(Fig. 6). Another significant difference is that the tension effect occurs at one end of the contact

area. Consequently, the possibility of surface cracks should be investigated for larger friction
coefficient and surface roughness [4].
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The analysis of spherical thrust roller bearing

Ball and roller bearings are among the most important machine elements. Due to the cyclical
contact stresses, elements of rolling bearings are subjected to the rolling contact fatigue phenomena
[21]. Generally, fatigue cracks appear immediately below the load carrying surface where the
largest shear stress amplitude occurs. However, they can initiate at the surface and grow from there
into the material. Finally, after a certain number of cycles, cracks extend up to the surface and
fragments of material break away. This phenomenon (known as pitting or spalling) progressively
increases and eventually makes the bearing unserviceable.

For standard load, the fatigue life of rolling bearing (L — the fatigue life in revolutions -10°) can
be predicted using relationship developed by Palmgren & Lundberg [22]:

L—(Fj , (19)

where: C - basic (dynamic) load rating, P — selected load, k£— exponent of the life equation (for
linear contact £k =10/3).

The predicted life from the above equation is based on experimental test of rolling bearings
analysed statistically. Another probabilistic engineering and deterministic research models which
can be adopted for fatigue life calculation of rolling bearings are presented and discussed in [22].
Most of them are based on certain assumption and/or have some limitations. Moreover, application
of the above models (in particular — engineering models; e.g. P&L (Eq. 19)) may require expensive
and time consuming RCF endurance testing.

Application of MHCF criteria in the analysis of subsurface crack initiation in such problems
seems to be reasonable. Such criteria require only popular fatigue tests (fully reversed bending and
torsion) for investigated material and can be easily adopted to fatigue life analysis of roller bearings.

The fatigue analyses were performed for a spherical thrust roller bearing designated as 293/1600
EF [23]. This bearing is perfectly suited for heavy duty applications with axial loads or combined
axial and radial loadings. They are frequently used in industries such as metalworking, plastics,
marine, industrial gearboxes, material handling, mining and constructions. The most important
information on the investigated roller bearing is presented in Table 3.

Table 3. Dimensions and load ratings of investigated spherical thrust roller bearing [23]

Designation Principal dimensions BaSiC. load ratings Fatigue load limit
dynamic static
d D H C Co Fy
[mm] [kN] [kN]
293/1600EF | 1600 | 2280 408 36800 200000 11800

Numerical model

In order to perform fatigue analysis, it was assumed that both rings and rolling elements are
made from the same material X105CrMol7. Some material properties of this stainless steel with
high chromium content are given in Table. 4. The values of the fully reversed bending and torsion
fatigue limit were estimated on the basis of tensile strength (o). The detailed information on
rolling bearings is not provided by manufacturers. For this reason, a one-point contact between
rolling element and rings was assumed in the numerical model. The calculations were performed for
different contact conditions with various radii of spherical roller element contact surface - Rz, The
radius of inner and outer rings contact surfaces was R, = 1580 [mm]. Two most interesting
examples for Rp, = {1545; 1560} [mm] have been presented in the paper.
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Table 4. Material properties of steel X105CrMo17 after heat-treatment [24]

Parameter | E o, o Hardness | /" 1
Value 2,23‘105 1635 1780 56 04 -R,=712 | 0,6 - Zgo=427
[MPal [MPa] | [MPa] | [HRC] [MPal [MPa]

The calculations of subsurface stresses were performed using finite element method (ANSYS®).
The structural high-order 3D solid (SOLID95) and contact elements (CONTA174) were used in the
calculations. Furthermore, the rolling friction coefficient x = 0,0018 was adopted in the investigated
model. The axial load F, equal to the fatigue load limit F,, =11800 [kN] suggested by the producer
[23] was adopted. Due to the symmetry, only a half part of rolling element was modelled (Fig. 7).
The detailed analysis (e.g. engineering application, contact and subsurface stress distribution
analysis) of the presented spherical thrust roller bearing is presented and discussed in Ref. [25].

ELEMENTS radial load Fr

I axial load Fa

B symmetry boundary
constraints

Fig. 7. Numerical model of spherical thrust roller bearing

Results

The fatigue analyses of the crane wheel and the spherical thrust roller bearing were performed using
the presented MHCEF criteria. Verification of the criteria for different materials (i.e. hard steel, mild
steel, cast iron, 30CrMiNo8 steel) and loading conditions (i.e. in-phase and out-of-phase bending
plus torsion loading) can be found in [2, 4, 9, 15, 18]. The safety factor was calculated in relation to
the admissible value of equivalent fatigue stress with formula:

right hand side of criterion

(20)

X, = .
?  maximal value of left hand side of criterion

In all the investigated examples, the maximal fatigue effort occurs a few millimetres below the
contact area. Almost all described criteria indicate fatigue failure of the investigated crane wheel for
proposed loading (x, < 1in Table 5). However, in most cases (P2, DVino4, C, Er, L&M criteria) the
adopted load F' = 294,3 [kN] is close to its critical value. Also, it can be observed that the wheels
with traction moment are more exposed to fatigue failure.
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In the second investigated case of spherical thrust roller bearing, the P; hypothesis gave the
closest solution to the admissible fatigue load limit suggested by the producer. However, the fatigue
life L calculated using P&L relationship (Eq. 19) is about 40 million revolutions for this loading,
while rating life L;( for rolling bearings is 10 million revolutions. On the other hand, the fatigue life
for the maximal admissible fatigue loading calculated using the remaining criteria (DVpoq, P2, Er)

was between L =10+13-10° revolutions [25].

Table 5. The estimated values of the fatigue safety factor x, in the cylindrical crane wheel in the
case of free and tractive rolling contact (material 30CrNiMo8) and the spherical thrust roller bearing

(material X105CrMo17)
Spherical thrust | Spherical thrust
o Crane wheel | Crane wheel | e bearing | roller bearing
Criterion (frictionless (model with
model) traction) Rpar=1560 Rpar=1545

[mm] [mm]
Original Dang Van (DV) 1,57 1,53 1,83 1,69
Modified DV (DVned) 1,01 1,03 1,29 1,16
Py 0,79 0,78 1,04 0,98
P, 0,99 0,99 1,30 1,16
C 0,96 0,93 1,14 1,09
EL 0,98 0,94 1,26 1,14
L&M 0,98 0,95 1,31 1,20

Concluding remarks

Using the proposed MHCF criteria for rolling contact problems it can be found that the
application of such criteria allows us to determine the safety factor, or in many cases, the fatigue
life prediction. However, the performed calculations show that not all the criteria are applicable in
RCF. The results obtained using DV and P; hypotheses significantly differ from the others.

The criteria based on the integral approach (such as Papadopoulos 1) give the most conservative
results in the rolling contact analysis. Overestimation of the fatigue effort in relation to other criteria
is caused by not taking into account the effect of shift in phase between the normal and shear
stresses, which is very significant in such problems. This result confirms with the experimental tests
for the notched specimens. However, in the case of rolling contact the concentration of stresses is
not caused by a notch and cracks initiation below the surface. Therefore, the results obtained using
P, criterion may be overestimated due to neglecting the shift in phase between stresses.

On the other hand, in the Sines and original Dang Van hypotheses shear stress amplitude is
reduced by a large compressive stress. It results in underestimation of the equivalent fatigue effort
of elements working in rolling contact conditions. This effect has recently been criticised in several
papers [2, 5, 26] suggesting that the original DV formula should not be applied to the rolling contact
fatigue problems. Therefore, a modification of the original Dang Van formula was proposed and
verified in the present paper.

The proposed modified Dang Van model (DVno) and other investigated criteria based on
different approaches (critical plane — P, and L&M, energy with critical plane — E;, stress invariants
— C) gave similar results in both cases. Furthermore, the results obtained using above criteria was in
good agreement with fatigue load limits proposed by manufacturers for both investigated problems.
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It can be concluded that the equivalent fatigue effort is somewhere inside the indicated range.
However, in the author opinion, to determine the influence of three-dimensional compression with
non-proportional shear on the subsurface fatigue, special tests including this kind of loading should
be performed. Hence, if there are no experimental tests including the stress state in elements
working in rolling contact conditions, it is reasonable to use criteria based on integral approach such
as Py, which gives the most conservative results.
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