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Abstract 

The objectives of this study were to investigate the effects of elastohydrodynamic lubrication 
pressure on the rolling contact fatigue life of non-conformal contacts.  In order to achieve the 
objectives a finite element elastohydrodynamic lubrication (EHL) model was coupled with a 
continuum damage mechanics model.  The coupled finite element damage mechanics and EHL 
(DMEHL) model was then used to investigate the effects of speed and damage variable on the 
fatigue life of non-conformal contacts.  The results demonstrate that the damage variable has a 
significant effect on pressure distribution within the contact and depending on the level of 
damage; the pressure distribution can significantly deviate from the undamaged EHL pressure.  
The results also demonstrated that speed has a significant effect on fatigue and failure.  A 
parametric study was conducted to examine the effects of the damage variable on the progression 
of fatigue and evolution of the EHL pressure profile.  The results demonstrate that the critical 
damage value is important to fatigue and can drastically affect the EHL pressure profiles. 
 
Keywords: rolling contact fatigue, Elastohydrodynamic Lubrication, damage mechanics 
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Introduction 

Rolling contact fatigue (RCF) is the predominant mode of failure in properly lubricated, 
maintained and installed rolling element bearings (REB) [1].  There are two main modes of RCF 
failures, surface and subsurface initiated.  In surface initiated RCF failure, a fatigue crack 
initiates on the surface and then propagates along a shallow path below the surface.  This type of 
RCF failure is known to occur due to high friction [2] on the surface from dents, poor surface 
finishes, or insufficient lubrication conditions.  In contrast to surface initiated RCF failures 
which usually can be controlled through proper lubrication and operation, subsurface initiated 
fatigue has not been shown to be preventable by design or operating conditions [3].  In the 
subsurface initiated RCF, the fatigue cracks occur below the surface of the component and are 
driven by the shear stress reversal.  It is commonly believed that once a crack initiates, it will 
continue to propagate until it reaches the surface and forms an RCF spall, leading to increased 
vibration and failure of the component. 

Subsurface initiated RCF has garnered a significant amount of interest in the tribology 
community over the past few decades.  Lundberg and Palmgren [4] published the first significant 
paper in the prediction of subsurface RCF, where they identified the alternating component of 
the shear stress to be the critical stress that initiates fatigue damage.  Lundberg and Palmgren's 
[1] landmark publication is still significant today as both the ISO and ASME standards are 
derived from their work.  Lundberg and Palmgren’s model relies on experimental results to fit 
the model parameters for the fatigue life equation [1].  The need for fitting experimental results 
is due in a significant part to the variation seen in rolling contact fatigue spall formation.  In the 
past few decades, RCF models have been primarily empirical, stress based and included 
probability and scatter through an assumed Weibull distribution function.  A few researchers 
have also proposed deterministic stress based models that predict life and do not incorporate the 
scatter in life [5].  Raje et al. [6] proposed an alternative approach which accounted for the 
microstructural variation in material and thus introduced statistical nature of rolling contact 
fatigue through modeling.  Using this model, a given microstructure has a deterministic fatigue 
life; however, Raje and others [7–9] have shown that by agglomerating many different 
microstructures fatigue lives for a given set of contact conditions, the stochastic nature of the 
experimental results can be observed using a purely analytical model.  Since its first publication, 
this modeling approach has been extended to address 3D microstructural models [6, 9, 10], 
plasticity effects [11], residual stresses [12] and anisotropy of material [13].  

Microstructural models have been used extensively and shown great potential for RCF modeling 
by demonstrating the ability to predict RCF life and scatter.  While many of the limitations of 
original bearing models have been eliminated by this approach, one assumption that remains is 
nearly all RCF models use a constant Hertzian pressure to approximate the applied load.  
However, invariably all machine elements subject to rolling contact fatigue are lubricated and 
therefore the pressure distribution in these contacts is significantly different than that of Hertzian 
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and governed by the elastohydrodynamic lubrication (EHL) regime.  In EHL, the variation of the 
pressure is more gradual in the inlet of the contact due to the wedge effect created by the contact 
geometry.  Near the outlet of the contact, the pressure displays a spike followed by a steep drop 
as the contact geometry diverges.  EHL has been investigated extensively over the last sixty 
years or so.  In the standard formulation of EHL models, the elastic deformation is calculated 
using the influence coefficient method [14, 15].  Xu et al. [16] incorporated the standard finite 
difference EHL equations with finite element method to determine plastic deformation in the 
contact region.  Habchi et al. [17] developed a FEA approach that fully couples the finite element 
model solving the elasticity and Reynolds equations simultaneously.  By incorporating the 
elasticity through finite elements, the stress distributions below the contact surface can be 
determined, which is critical for calculating RCF crack formation.  Cerullo [18] recently 
investigated the differences between RCF life predictions using EHL and Hertzian pressure 
profiles.  This work used the Dang van fatigue criterion to predict RCF lives showing that in a 
pristine contact, with no inclusions or surface roughness, the EHL pressure doubled the RCF life.  
Using EHL models to generate the pressure profiles also allows for the velocity effects on 
pressure distribution to be considered.  As contact velocities increase, the EHL pressure profile 
deviates significantly from the Hertzian contact prediction [14]. 

In this paper, a finite element EHL model was developed and combined with continuum damage 
mechanics (CDM) to investigate the effects of EHL on RCF.  By coupling EHL and CDM, the 
effects of speed and lubricant properties on pressure and consequently RCF can be critically 
examined.  It is also to be noted that, because the EHL pressure is reevaluated throughout the 
fatigue process, the evolution of the pressure during the fatigue damage process can be 
investigated.  The evolution of pressure was investigated for a variety of critical damage values, 
demonstrating the importance of this parameter in RCF. 

Modeling Approach 

In order to determine the effects of lubrication on rolling contact fatigue, a model was developed 
that couples the hydrodynamic lubrication, elastic deformation and continuum damage 
mechanics of the contacting surfaces.  A fully coupled FE model which includes the Reynolds 
and elasticity equations was used to determine the internal stresses acting in the contacting 
bodies.  The CDM model was then used to assess the degradation of the materials during the 
fatigue process.  Voronoi tessellation was used to generate a refined computational mesh to 
accurately calculate the EHL pressure and damage within the contact.  Figure 1 depicts the 
flowchart for the coupled damage mechanics and EHL (DMEHL) model developed for this 
investigation.  The modeling begins with the discretization of the domain using the Voronoi 
tessellation.  The discretized domain is then used by the FE EHL model to determine the 
pressure, film thickness and stresses which are passed to the CDM model.  The damage variable 
for each element is updated by the CDM model and returned to the FE EHL model.  The process 
continues until a damage element occurs on the surface and the process is then stopped. 
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EHL Finite Element Model 

An FE EHL model similar to Habchi et al. [17] was developed and coupled with CDM to 
account for RCF damage.  A basic description of the model is described below. For a more 
complete description, please refer to [17] and [19]. 

Reynolds Equation 

The line contact isothermal Newtonian steady-state Reynolds equation [20] including the 
modification for free boundary condition by Wu [xx] is given by  

∂
∂X

�𝜖𝜖
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
� −

𝜕𝜕(𝜌̅𝜌𝐻𝐻)
𝜕𝜕𝜕𝜕

− 𝜉𝜉min (𝑃𝑃, 0) = 0 (1) 

where 

𝜖𝜖 =
𝜌̅𝜌𝐻𝐻3

𝜇̅𝜇𝜆𝜆
, 𝜆𝜆 =

12𝑣𝑣𝜇𝜇0𝑟𝑟2

𝑏𝑏3𝑝𝑝ℎ
 

The Reynolds equation is solved along the upper contact surface of the domain Ω𝑐𝑐 , and the 
resulting pressure distribution is used to define the boundary condition for the elastic 
deformation equation.  The last term in the Reynolds equation, 𝜉𝜉min(𝑃𝑃, 0), is a penalty term 
used to drive negative pressures to zero.  The outlet of the contact creates a free boundary 
problem where the pressure will go to zero.  Unlike the finite difference approach, negative 
pressures cannot be simply set to zero since all of the pressure unknowns update simultaneously.  
𝜉𝜉  in equation (1) is set to an arbitrarily large constant to drive pressure to zero in negative 
pressure regions. 

The Reynolds equation (1) requires knowledge of the film thickness (𝐻𝐻)  for the bounding 
surfaces.  For two cylindrical bodies in contact the non-dimensional film thickness equation is 
given as; 

𝐻𝐻 = 𝐻𝐻0 +
𝑋𝑋2

2
− 𝑈𝑈𝑦𝑦 (2) 

Where 𝐻𝐻0 is the non-dimensional rigid body separation between the rolling elements, X is the 
non-dimensional distance from the contact centerline, and 𝑈𝑈𝑦𝑦  is the non-dimensional 
displacement at the desired location calculated from the elastic equation. 

The non-dimensionalized density [21] and viscosity [22] variation with respect to pressure are 
given by; 

𝜌̅𝜌 = 1 +
0.6 ∗ 10−9𝑃𝑃

𝑃𝑃ℎ + 1.7 ∗ 10−9𝑃𝑃
 (3) 

𝜇̅𝜇 = 𝑒𝑒(ln(μ0)+9.67)(−1+�1+5.1∗10−9𝑃𝑃∗𝑃𝑃ℎ�
𝑍𝑍0   (4) 
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Where, 

𝑍𝑍0 =
𝛼𝛼

5.1 ∗ 10−9(ln(𝜇𝜇𝑟𝑟) + 9.67) 

Elasticity Equation 

In order to determine the deformation (𝑈𝑈𝑦𝑦) as well as the stresses throughout the domain, the 
elasticity equations must be solved: 

∇ ∙ (𝐶𝐶∇U) = 0 (5) 

With the boundary conditions 

𝑈𝑈 = 0 𝑜𝑜𝑜𝑜 𝑡𝑡ℎ𝑒𝑒 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 

𝜎𝜎𝑦𝑦 = −𝑃𝑃 The 

𝐸𝐸𝑒𝑒𝑒𝑒 =
𝐸𝐸1𝐸𝐸2
𝐸𝐸1 + 𝐸𝐸2

𝑏𝑏
𝑟𝑟𝑝𝑝ℎ

   

𝜈𝜈𝑒𝑒𝑒𝑒 =
𝜈𝜈1𝐸𝐸2 + 𝜈𝜈2𝐸𝐸1
𝐸𝐸1 + 𝐸𝐸2

 

(6) 
 

Load Balance Equation 
The final equation to be solved is the global load balance equation: 

� 𝑃𝑃𝑃𝑃Ω =
𝜋𝜋
2Ω𝑐𝑐

 (7) 

This equation imposes that the correct load is applied and is the final equation to allow the 
adjustment of rigid body separation, 𝐻𝐻0, of the contacting bodies. 

Finite Element Formulation 

Equations (1), (5) and (7) were formulated using the Galerkin method by multiplying them by 
the appropriate weighting function, integrating by parts and removing null boundary conditions.  
The systems of equations thus become; 

⎩
⎪⎪
⎨

⎪⎪
⎧� −𝜖𝜖

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

∙
∂𝑊𝑊𝑃𝑃

𝜕𝜕𝜕𝜕
𝑑𝑑Ω + � 𝜌̅𝜌𝐻𝐻

𝜕𝜕𝑊𝑊𝑃𝑃

𝜕𝜕𝜕𝜕Ω𝑐𝑐
− � 𝜉𝜉 ∙ min(𝑃𝑃, 0)𝑊𝑊𝑃𝑃𝑑𝑑Ω = 0

Ω𝑐𝑐
 

Ωc

� −𝐶𝐶 ∇𝑈𝑈 ∙ ∇𝑊𝑊𝑈𝑈𝑑𝑑Ω + � −𝑃𝑃 ∙ 𝑊𝑊𝑈𝑈𝑦𝑦
Ω𝑐𝑐

 
Ω

= 0

� 𝑃𝑃𝑊𝑊𝐻𝐻0𝑑𝑑Ω −
π
2
𝑊𝑊𝐻𝐻0 = 0

Ωc

 (8) 

The Galerkin form is then solved by discretizing the linear elasticity problem into linear strain 
triangles which corresponding projections over the contact domain Ωc are used to discretize the 
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hydrodynamic problem.  To solve the nonlinear Reynolds equation, a modified Newton-Raphson 
procedure was used.  All equations in (8) are linearized with respect to each of the independent 
variables.  The Reynolds equation is dependent on 𝑃𝑃, 𝑈𝑈 𝑎𝑎𝑎𝑎𝑎𝑎 𝐻𝐻0 while the elasticity equation is 
dependent on P and U and the load balance is only dependent on the pressure P. The load 
balance equation is incorporated into the system of equations (8) as an ordinary integral equation 
along with the addition of H0 as the corresponding unknown.  The Newton-Raphson system of 
equations to solve at every iteration i thus becomes: 

�
𝐽𝐽11 𝐽𝐽12 𝐽𝐽13
𝐽𝐽21 𝐽𝐽22 0
𝐽𝐽31 0 0

�

𝑖𝑖−1

�
𝛿𝛿𝛿𝛿
𝛿𝛿𝛿𝛿
𝛿𝛿𝐻𝐻0

�

𝑖𝑖

= �

−𝑅𝑅
−𝐽𝐽21𝑃𝑃 − 𝐽𝐽22𝑈𝑈
𝜋𝜋
2
− 𝐽𝐽31𝑃𝑃

�

𝑖𝑖−1

 (9) 

Where 𝐽𝐽11 is the partial derivative of the Reynolds equation with respect to P; 𝐽𝐽12 is the partial 
derivative of the Reynolds equation with respect to U, etc.  R is the residual of Reynolds 
equation. The Reynolds equation is stabilized using the Streamline Upwind Petrov Galerkin 
(SUPG) method [23].  This derivation is omitted from the current paper for brevity and the 
reader is referred to Habchi [19] for a complete description of the stabilization procedure. 

While the above FE model is sufficient to determine the stress distribution at a fixed point in the 
model, the stresses within the body must be calculated over the entire rolling pass to determine 
how the stresses change due to the fatigue process.  In order to determine this stress condition, 
the elastohydrodynamic pressure was traversed across the surface of a representative volume 
element in 21 steps moving from the right to left of the domain as shown in Figure 2.  To 
approximate a semi-infinite domain the extents of the computational domain was chosen to be 
60b by 60b; however, to limit the computational effort, the continuum damage mechanics model 
calculations were limited to a sub-region as described by Bomidi et al [10].  This sub-region is 
limited to -2b to 2b across and -1.5b deep.   

Continuum Damage Mechanics Model 

Continuum damage mechanics is used to determine the deterioration of material due to the 
initiation and growth of microvoids in the material [24].  Damage mechanics theory attempts to 
simplify the microscopic mechanism (i.e. slip planes and dislocation movement) into an 
empirical relationship applied on the mesoscale.  The effects of the microscale failure are 
captured by the introduction of a damage variable, D, which affects the constitutive relationship 
of the modeled material.  In general the damage variable is a tensor; however, for the case of 
isotropic damage [7, 10, 25] D becomes a scalar.  For a plane strain homogenous isotropic 
material the stress strain including damage is given by (Lemaitre [24]); 

𝜎𝜎𝑖𝑖𝑖𝑖 =
𝐸𝐸(1 − 𝐷𝐷)

1 + 𝜈𝜈
�𝜖𝜖𝑖𝑖𝑖𝑖 +

𝜈𝜈
1 − 2𝜈𝜈

𝜖𝜖𝑘𝑘𝑘𝑘𝛿𝛿𝑖𝑖𝑖𝑖� (10) 
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where 𝛿𝛿𝑖𝑖𝑖𝑖  is the Kronecker delta function.  The damage variable, D, is initially zero for an 
undamaged material. Using this value, equation (10) simplifies to the standard elastic plane 
strain equation.  As the material deteriorates, the damage variable increases and the material 
becomes increasingly compliant until, at the limiting value of 1, the material has no resistance to 
deformation.  While equation (10) describes the stress-strain and damage state in the material; an 
additional equation is required to determine how the damage evolves due to the continuous stress 
cycles.  Raje et al. [6] modified the damage evolution model proposed by Lemaitre [24] to 
account for shear stress reversal as the critical stress.  The damage evolution equation is given 
by; 

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= �
Δ𝜏𝜏

𝜏𝜏𝑟𝑟(1 − 𝐷𝐷)�
𝑚𝑚

 (11) 

where Δ𝜏𝜏  is the shear stress reversal at the grain boundary, 𝜏𝜏𝑟𝑟  is the shear resistance stress 
representing the material’s ability to resist fatigue damage, 𝑁𝑁 is the number of cycles, Δ𝜎𝜎 is the 
range of the fatigue stress, and m is the damage exponent. Both 𝜏𝜏𝑟𝑟  and 𝑚𝑚 are experimentally 
determined material dependent parameters.   

The two material damage parameters used in this study were determined using the approach 
described by Slack et al. [8].  These results were calculated using torsion fatigue results for 
ANSI-52100 bearing steel [26].  Using this approach, the damage parameters were determined 
as: 

𝑚𝑚1 =  10.1 

𝜏𝜏𝑟𝑟,1 = 6.113 𝑀𝑀𝑀𝑀𝑀𝑀 

These values were calculated using a maximum value of damage, 𝐷𝐷𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐, equal to 1; however, 
Warhatpande et al. [27] estimated that the 𝐷𝐷𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 for ANSI 4142 steel is 0.12.  Therefore, this 
research considered alternative 𝐷𝐷𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐  values.  To determine the corresponding material 
parameters, the equation presented by Walveker et al. [28] described below was used in this 
investigation: 

𝜏𝜏𝑟𝑟 = 𝐴𝐴 �
1

𝑚𝑚 + 1
−

(1 − 𝐷𝐷𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐)𝑚𝑚+1

𝑚𝑚 + 1
�
− 1𝑚𝑚

 (12) 

Where A is a constant that can be calculated from 𝑚𝑚1 and 𝜏𝜏𝑟𝑟,1.  From Equation (12), the material 
parameters can be derived for different critical damage values from the same fatigue results. 

Because RCF lives are typically in the millions of cycles, it is computationally infeasible to 
simulate every cycle.  Thus, Lemaitre [24] developed an approach to extrapolate the fatigue 
damage calculated in one computational load pass.  The method assumes piecewise periodic 
loading that is constant over a block of cycles.  The number of cycles in a given block is 
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calculated by selecting a damage increment Δ𝐷𝐷𝑙𝑙𝑙𝑙𝑙𝑙 and calculating the number of cycles required 
to reach this damage value by: 

Δ𝑁𝑁 =
Δ𝐷𝐷𝑙𝑙𝑙𝑙𝑙𝑙

�𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑� �
𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

 (13) 

Where Δ𝐷𝐷𝑙𝑙𝑙𝑙𝑙𝑙 is the specified change in damage, and �𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑� �
𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

 is the maximum damage rate 

calculated in the given load pass.   

Voronoi Tessellation 

Voronoi tessellations have been extensively used to model microstructure of polycrystalline 
materials [29, 30].  In order to generate a Voronoi space, nucleation points are randomly placed 
throughout the domain.  The Voronoi polygons are then constructed by forming regions of 
material closest to a given seed point [31].  To insure that the generated microstructure matches 
the measurements of a typical bearing steel, the distribution of Voronoi seed points is set to a 
given mean grain size of 10μm [32].   

While previous investigators [7–9, 12] have used the centroid of an N-sided Voronoi to divide 
into N finite elements, this approach is insufficient when the EHL pressure profiles must be 
solved.  Due to the high gradients associated with the EHL pressure profile some areas within the 
domain need to be finely discretized; particularly in the pressure spike region where high 
resolution is required for convergence of the Reynolds equation.  Figure 3 illustrates how the 
finite element sizes are varied while maintaining the Voronoi boundaries.  The meshing software 
Triange [33] allows each Voronoi polygon to be defined in the domain.  A maximum finite 
element size is then specified in each Voronoi polygon based on the requirements of the EHL 
problem.  In addition, since the discretization requirements change as the pressure passes across 
the domain, a different maximum finite element size is set for each load step resulting in a 
unique finite element domain for each load step.  Once the computational domains were 
generated, each finite element was assigned to a Voronoi element and the damage was assigned 
based on the corresponding Voronoi element damage. 

Results & Discussions 

In order to determine the applicability and capability of the current model for RCF investigation, 
an initial study was performed using the operating conditions as presented by Pan and Hamrock 
[14] and material damage parameters as described by Slack et al [8].  Table 1 contains the 
parameters used for this evaluation and study.  For this test the critical damage was set to 0.99 as 
described in Slack et al [8].  Figure 4 depicts the results from the different load passes for the 
proposed case.  Each one of the figures displays the damage field and contact pressure for 
various load passes.  Figure 4a depicts the damage state within the domain (body) for the load 
pass 10.  For this load pass two elements have been critically damaged.  Figure 4b illustrates that 
after 10 more load passes (computational cycles), three more elements have reached the critical 
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damage level.  At this point, all of the critically damaged elements are separate from each other 
in the RVE and have initiated near the critical shear stress reversal depth of 0.5b.  After 50 load 
passes, Figure 4c, no new initiation points of damage are observed. Instead, the previous 
initiation points begin to grow as additional elements fail near the original initiation sites.  The 
transition from individual damaged elements to growth of extended damaged regions demarcates 
the transition from fatigue initiation to stable propagation [34].  At load pass 100, shown in 
Figure 4d, the damaged elements have coalesced to form a long dominant fatigue crack.  As the 
load passes increase, this dominant fatigue crack continues to grow and extend across the domain 
as is illustrated in Figure 4d and e.  While the fatigue damage grows, significant changes are 
observed in the EHL pressure profile.  The decreased stiffness of the coalesced damaged region 
causes the pressure to decrease directly above thedamaged region.  This leads to both an increase 
in the width of the pressure profile and an increase in pressure over the undamaged material.  
Both phenomena are essential for preserving the equilibrium of forces over the EHL contact..  It 
is to be noted that the change in pressure profiles is not observed in the initiation phase of the 
fatigue growth as Figure 4a and b illustrate no noticeable differences from the original EHL 
pressure profile.  During propagation, the decrease in pressure over the damaged region will 
contribute to the crack growth by increasing pressure on the left and right sides of the damaged 
region.  This phenomenon is seen in the progression of damage from load pass 100 to 500 ( see 
Figure 4d through f) as the damaged region expandssteadily towards the maximum pressure 
regions. 

Figure 4 illustrates the damage and pressure distribution at the center of the RVE (load step 11) 
for different load passes.  However, each load pass consists of 21 load steps, thus it is important 
to examine the load steps across the domain for a particular damage state as shown in Figure 5.  
The first and last load steps (Figure 5a and f) demonstrate that pressure profiles at the extreme 
edges of the loading region are negligibly affected by the damage state in the RVE region.  This 
demonstrates that the contact must be directly over the damaged region for the decrease in 
stiffness to have an effect on the EHL pressure.  Load steps 5 through 17 show a perturbation in 
the pressure when the contact is directly over the damaged region.  In load step 5, as shown in 
Figure 5b, the damage region is located in the inlet zone of the contact leading to an extension of 
the inlet pressure.  Figure 5c through e depict the load steps 9 through 17, which demonstrate a 
decrease in the pressure directly above the critically damaged region.  All of these perturbations 
in pressure will cause an increase in load supported by the undamaged material directly adjacent 
to the critically damaged region, contributing to the crack propagation described by Figure 4. 

As noted earlier, the EHL pressure is distinctly different than that of the Hertzian pressure.  Most 
previously published work on RCF used a constant Hertzian pressure to obtain probability of 
failure and life.  Thus, in order to determine the effects of the EHL pressure on rolling contact 
fatigue, it was compared to a constant Hertzian pressure.  The same conditions as described in 
Table 1 were used in this comparison.  Before comparing the damage profiles and predicted 
fatigue lives, it is warranted to examine the differences between a Hertzian and EHL pressure 
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profile when no damage is present.  The Hertzian pressure profile, the dotted line in Figure 6, has 
a steep pressure gradient at X = -1; by contrast the EHL pressure profile, solid line has a more 
gradual and gentle gradient into the contact zone (X≤  -1) on the inlet side of the contact.  The 
differences between the two pressure profiles are more prominent on the outlet side (X ≈ 1) of 
the contact.  The Hertzian pressure is perfectly symmetric with respect to the center of the 
contact showing a steep pressure gradient at X = 1.  The EHL pressure is not symmetric about 
the center of the contact (X = 0).  Near the outlet region (X≈1), the EHL pressure exhibits a 
pressure spike immediately followed by a sharp drop in pressure and then a smooth transition to 
zero pressure at X > 1.  These differences in pressure profiles will result in EHL having an 
asymmetric shear stress profile as opposed to the symmetric Hertzian shear stress profile.  Also 
the smoother transition on the inlet side of the contact will decrease the shear stress in that region 
while the steep pressure spike will increase the shear stress in the contact outlet.  Figure 7 
provides a comparison between the internal damage distributions of the Hertzian and DMEHL 
models.  The damage distributions for both 50 and 100 load passes are nearly identical; however, 
the damage distributions deviate at the 200th load pass.  The damage distribution for the EHL 
pressure displays a gradual growth towards the contact surface while the Hertzian pressure has a 
much steeper, nearly vertical path to the surface (Figure 7e and f).  The difference in fatigue 
growth between the two approaches is explained by the fixed pressure profile of the Hertzian 
model.  Since the Hertzian pressure remains constant regardless of the damage, this high pressure 
forms high stresses resulting in damage propagating from the middle of the damaged region to 
the surface.  As described previously, the fatigue damage growth in the EHL model is 
propagated towards the left and right sidesof the damaged region due to decreased stresses 
directly over the critically damaged domain. 

In the previous paragraph, the differences between the RCF lives from the current DMEHL and a 
constant Hertzian pressure were discussed and contrasted.  It is of interest to investigate the 
condition where an EHL pressure which is not updated due to damage and remains constant 
through the damage process, similar to the case discussed in Figure 7.  Using this constant 
pressure profile allows the differentiation between the effect of the EHL pressure profile and the 
effect of updating pressure during the simulation.  As noted earlier, initiation occurs when the 
first element reaches the critical level of damage and final life is reached when a critically 
damaged element reaches the surface [8, 25].  Table 2 contains the results for the initiation and 
final life for all three cases studied.  Comparing the two constant pressure models, the EHL 
pressure predicts longer lives than the Hertzian pressure for both initiation and final life.  The 
3.7% increase in initiation and the 7.1% in final lives are attributed solely to the difference in the 
pressure distributions shown in Figure 6.  The constant EHL pressure was then compared to the 
dynamically updated EHL pressure.  The initiation lives of these two cases show a negligible 
difference since the damage accumulation has a minimal effect on the pressure distribution in the 
initiation stage.  However, the final life is affected by the  pressure update, increasing the final 
life by 7.0% compared to the constant EHL pressure case.  This extension of fatigue life is 
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attributed to a long, gradual growth of fatigue damage shown in Figure 4. This is due to pressure 
decrease above damaged regions as discussed earlier.  A similar increase in final life was 
observed by Bomidi et al. [35] when damage updated contact pressure model was compared to a 
constant Hertzian stress model.  By combining both the EHL pressure profile and the  pressure 
update, the DMEHL model extends the final life prediction by 16.7% compared to the Hertzian 
model proposed by Slack and Sadeghi [8, 25].    

The results described previously were obtained for the same rolling velocity; however, the EHL 
model allows the speed to be adjusted.  Speed has a significant effect on the pressure and thus 
will affect the calculated RCF lives.  Three different non-dimensional speeds ranging from U = 
10-12 to 10-10 were investigated using DMEHL.  Figure 8 depicts the pressure distributions and 
damage profiles for these speed cases.  In the higher speed EHL case, the pressure builds more 
gradually in the inlet region while the pressure spike at the outlet is more pronounced.  The 
pressure profiles show marked differences, however the damage profiles are nearly identical for 
the three different speeds as observed.  This indicates that the shear stress for the three different 
cases has a similar profile.  Table 3 contains the initiation and propagation lives of the three 
different speed cases.  The results indicate that higher  speeds increase the RCF life.  The 
difference in lives between the lowest speed 10−12  and highest speed 10−10  are 7% for the 
initiation life and 23% for the final fatigue lives.  The increase of fatigue life as speed increases 
is in agreement with the results from Cerullo [18] as well as the ISO and ASME [36] speed 
adjustment factors.  It is observed that while the final life (stress cycles) increases, this does not 
mean the component will last a longer time as the increased speed will also increase the stress 
cycling rate.  While the life differences shown are significant, the speed differences are large 
(100 times faster) between the three cases and would likely correlate to different rolling element 
applications in service.  

In the previous sections, the investigated effects corresponded to a critical damage level = 0.99. 
However, the critical damage value can be significantly lower [24, 27, 28] than 0.99.  Thus, to 
understand what role the critical damage value plays in the DMEHL model, four different critical 
damage values (0.125 to 0.99) were studied.  Because the only difference between the four cases 
was the critical damage value; each test case has an identical stress distribution to begin the 
simulation.  Figure 9 shows the pressure profiles and damage after 100 load passes.  The pressure 
profiles for the critical damage value of 0.125 and 0.25, Figure 9a and b, show a negligible 
difference.  Figure 9c with a critical damage value of 0.5 shows a slight flattening of the pressure 
profile at the center of the contact due to damage accumulation in the middle of the domain.  
Figure 9d illustrates a clear decrease in pressure over the critically damaged region.  This 
demonstrates that the damage model proposed is dependent on the critical damage.  While it is 
clear from previous results that the damage affects the pressure profile, significant analysis must 
be undertaken to assure the critical damage is set to an appropriate level. 

Summary and Conclusion 
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In this investigation, a finite element EHL model was combined with continuum damage 
mechanics (CDM) to determine the effects of EHL on RCF.  By coupling EHL and CDM, the 
effects of speed on pressure and consequently RCF was examined.  Results from the DMEHL 
model were compared to a Hertzian pressure damage model.  The comparison indicates there is a 
significant difference in fatigue lives between the DMEHL and Hertzian models due to both the 
EHL pressure profile as well as the pressure changes due to damage accumulation.  The 3.7% 
increase in initiation life and 7.1% increase in final life were attributed solely to the differences 
between the constant EHL and Hertzian pressure distributions.  However, the pressure update 
due to damage accumulation of the DMEHL model contributed to a 7.0% increase in the final 
life over a constant EHL pressure.  When both effects were combined, a 16.7% increase in final 
life was observed.  This variation indicates an under-prediction of the fatigue lives when not 
accounting for the EHL pressure profile and pressure changes due to damage accumulation. 

The model was also used to determine the effects of speed on the fatigue lives and damage 
accumulation.  Results demonstrate that increased speed has a positive effect on the fatigue lives.  
An increase in final lives of 23% was observed when the lowest and highest speeds were 
compared.  However, this does not mean the component will last a longer time as the increased 
speed will also increase the stress cycling rate. It was also found that speed had little effect on 
the shape or size of the fatigue damage generated in the domain.  Finally, the effect of the critical 
damage value was evaluated for the coupled DMEHL.  The results illustrate that the variations in 
the pressure profiles are significantly affected by the level of critical damage.  If the critical 
damage value is decreased below 0.5, the damage showed a negligible effect on the pressure 
profiles while higher damage values showed significant changes in the pressure profile.  This 
illustrates the importance of setting the critical damage level for a given material when using the 
DMEHL model.  
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Table 1: Material and Operating Conditions 

Parameter Value 
U 10-11 

W 1.3*10-4 

G 5000 
E1 and E2 212 GPa 
ν1 and ν2  0.30 

PHz 1GPa 
b 100μm  

 
Table 2: Pressure distribution effect on fatigue life predictions 

Model Initiation Life Final Life 
Constant Hertzian Stress 6.05*109 7.86*109 

Constant EHL Stress 6.27*109 8.46*109 
Coupled DMEHL Stress 6.27*109 9.13*109 

 
 

Table 3: Speed effects on fatigue life prediction obtained from DMEHL 

Nondimensional Speed Initiation Life Final Life 
10-12 6.05*109 8.49*109 

10-11 6.27*109 9.13*109 

10-10 6.52*109 1.05*1010 
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Figure 1: Diagram of DMEHL Model 

 
Figure 2: The entire computation domain is 60X60b while the representative volume of Voronoi 

elements is 1.5X4b.  The pressure profiles are passed from right to left across the domain. 
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Figure 3: Size variation in FE domain. 

 

 

  
a) Load Pass 10 b) Load Pass 20 

  
c) Load Pass 50 d) Load Pass 100 

 

 

 
e) Load Pass 200 f) Load Pass 500 

Figure 4: Damage and pressure profiles for the EHL pressure model showing the change in 
pressure with accumulated damage. 
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a) Load Step 1 b) Load Step 5 

  
c) Load Step 9 d) Load Step 13 

  
e) Load Step 17 f) Load Step 21 

Figure 5: Progression of load steps in load pass 100 
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Figure 6: Comparison of Hertzian pressure to EHL pressure profiles. 
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Figure 7: Comparison of Hertzian and EHL pressure profiles at different load passes. 
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Figure 8: Effect of roller speed on the fatigue damage using the proposed EHL model 

 
 

  
a)   𝑫𝑫𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄 = 𝟎𝟎.𝟏𝟏𝟏𝟏𝟏𝟏 b)   𝑫𝑫𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄 = 𝟎𝟎.𝟐𝟐𝟐𝟐 

  
c)   𝑫𝑫𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄 = 𝟎𝟎.𝟓𝟓𝟓𝟓 

 
d)   𝑫𝑫𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄 = 𝟎𝟎.𝟗𝟗𝟗𝟗 

 
Figure 9: Critical damage value effect on damage development under rolling contact fatigue.  All 

results shown after 100 computation load passes. 
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