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ABSTRACT 
 

In this paper, a comparison study has been presented to see the difference between the theoretical 
and finite element analysis for ball bearing. Throughout that study, a finite element analysis is 
performed to determine the maximum contact pressure and maximum stresses induced in the 
bearing components; rolling elements and rings. Another purpose of this analysis is to validate the 
most critical zones in the bearing for knowing the scenario of generating this stress and pressure 
which enabling the specialists to determine the initiation point for failure in the bearing. The 
comparison between the results of the numerical study with theoretical one has showed the good 
agreement outputs of this numerical study. In addition, this analysis could give the displacements 
and deformations that raised in the bearing elements at the highest critical zones. 
 

 

Keywords: Rolling bearings; finite element analysis; stress analysis; failure mechanics; ABACOS and 
numerical analysis. 

 

1. INTRODUCTION 
 

Rolling bearings are mechanical elements used 
in machines to support any rotating members 

(shafts, rotors, impellers, etc.) in order to reduce 
the friction and wear of these parts. Where, the 
friction may cause more power losses of 
machines which lead to a decrease in their 
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efficiency. Reducing the friction can also 
decrease the wear of these parts and so keeping 
the fits between these parts as designed and 
making the vibration in its allowable ranges.  
 
Rolling bearings are different than sliding 
bearings in various aspects such as: speed, life, 
lubrication, loading, mounting fits and failure 
phenomenon. One of the most important notices 
of rolling bearings is its failure, where they give 
some performance signals before going to failure 
as; noise, vibration, heat, or leak. Generally, 
there are many causes for rolling bearing 
failures. Some of these causes are related to 
overloading the bearings, some are related to the 
mounting processes and the others are related to 
the environmental conditions. The bearing failure 
may be in the rolling elements, inner ring, outer 
ring or the cage. Therefore, it is very important 
for the bearing designer to determine the position 
of the critical element in the bearing, which may 
be much affected by these causes. This will 
enable the people work in that area to analyze 
the failure in the bearing under different working 
conditions and so performing the reasonable 
maintenance.  For the stress analysis of rolling 
bearings, the contact pressure between the 
different contact elements of bearings is obtained 
using the Hertz theory [1]. 
 
This theory can determine the stress and 
deformation at the most critical contact areas of 
the ball bearings at two different zones. The first 
zone is between the ball and inner ring, whereas 
the other zone is between the ball and the outer 
ring.  
 
In order to get the stress distribution at these two 
zones, a FEA study has been done by Mootoka 
et al. [2] to solve the contact problem of the roller 
bearings. They have built an approximate contact 
model using a roller contacting a surface of 
infinite length. Throughout, that analysis, 
Mootoka and his colleagues have suggested a 
numerical model to do the contact analysis of the 
roller bearings. They have used the FEM module 
in SolidWorks and some other finite element 
methods to get the maximum contact pressure 
and radial contact rigidity of the ball bearing with 
referring to Hertz theory. They have found that 
the results obtained by the special software are 
nearly similar to the results obtained by Hertz 
theory.  
 
Viramgama [3] has manipulated in his paper the 
analysis of single row deep groove ball bearing. 
He performed static and dynamic analyses for 

that bearing. The main conclusion of his work 
was that the deformation of that bearing in static 
condition was less than that of dynamic condition 
and the maximum stress was less than that in 
the dynamic conditions. Finally, he could 
conclude that his bearing is safe against the 
radial and axial load, which is applied at static 
and dynamic condition. 
 
Peter et al. [4] have presented a study showing 
the comparison between analytical and 
numerical solution of bearing contact analysis. In 
their study, they analyzed the rolling ball bearing 
using finite element analysis to see the contact 
pressure level and the stress or displacement 
behavior of rolling ball bearing. They compared 
between their results with the analytical results 
obtained through the methodology of Hertz 
theory. The comparison showed a reasonable 
composition and solution of analytical formulas 
and equations based on specific ball bearing 
parameters were obtained to achieve optimal 
results. Additionally, an almost identical similarity 
of results of numerical and analytical solution is 
correct setting up of the given simulation in 
computational software ANSYS.  
 
Belabend et al. [5] have performed a theoretical 
and numerical analysis for deep groove ball 
bearings based on static loadings.  The purpose 
of their study was to collect data’s using two 
different softwares and then compared them with 
analytical results. That work aimed to analyze the 
behavior of the ball bearings under static loads, 
using Solidworks, ANSYS and MESYS software. 
The comparison was done between the finite 
element results and the analytical results using 
the Hertzian theory for two different cases of 
loading. The maximum stress was found to be at 
the lower ring raceway (i.e. between the ball and 
inner ring) with Pmax= 946 MPa which agree 
well with the theoretical results by an 
approximate deviation of 2 %. The failure in the 
rolling element bearings was found to be as 
fatigue wear type due to the high contact 
pressure at the ball surface. 
 

2. THEORETICAL ANALYSIS FOR BALL 
BEARINGS 

 
A- Number of Loaded Balls in the Bearing 

and the Equivalent Load  
 

Generally, the reactions of bearing due to the 
applied loads are transmitted to its housing via 
the bearing elements. The equivalent load of 
these reactions is not simultaneously sustained 
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by all balls in bearing. It is distributed on a certain 
number of balls in the bearing. The number of 
loaded balls is determined from the following 
equation, as shown in Fig. (1) [6]: 
 

         
   

 
                                       (1) 

 

  
    

 
                                                       (2) 

 
Where;  
 
Z : total number of balls in the bearing. 
Zs: number of balls sustaining the applied loads. 
n : number of loaded balls in one side of the 
bearing from the vertical axis. 
 

 
 

Fig. 1. Distribution of loads in the ball bearing 
[6] 

 
B- Contact (Hertzian) Stresses in the Bearing 

Elements  
 
The contact analysis presented by Heinrich       
Hertz was based on the following assumptions 
[4]:  
 

1- The contact surfaces are continuous, 
smooth, nonconforming, and frictionless, 

2- The contact area is very small compared to 
the size of the two bodies, 

3- In the vicinity of the contact zone, the 
behavior of the solid contact bodies can be 
considered elastic half-space. 

 

The Hertzian contact pressure distribution within 
the contact area between the balls and the two 
rings at the contact zones will be of 
hemispherical shape with a maximum value Pmax 
at the center point of the contact area [6], as 
shown in Fig. (2).  

     
  

    
                                                 (3) 

 
Where;   
 
The contact area radius “ ” can be determined 
from the following equation [7]: 
 

      (4) 
 
Where; 
 
d1 and d2 : diameters of the ball and ring 
recesses (inner or outer), shown in Fig. (2). 
(d2 is taken with negative value). 
 
E1 and E2: elasticity modules of the ball and ring 
materials, respectively. 
ν1 and ν2 : Poisson’s ratio of the ball and ring 
materials, respectively. 
 

 
 
Fig. 2. Contact pressure distribution between 

two spherical bodies [7] 
 

3. NUMERICAL ANALYSIS FOR BALL 
BEARINGS 

 
The numerical analysis has been conducted 
using ABAQUS standard FE software. The 
Hertzian contact problem has been validated in 
section 1.1.11 of the user manual [8]. Therefore, 
the investigated bearing was simulated and 
solved through two models; linear model and 
quadratic model, with given material properties of 
linear elastic and modulus of elasticity. 
 
Due to the symmetric nature of the problem, only 
2D axisymmetric was conducted to simulate the 
maximum contact pressure and the maximum 
von-Mises stresses and its distance.  
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The element types used were CAX4 and CAX8: 
a 4 and 8-node bi-quadratic axisymmetric 
quadrilateral. The boundary conditions were 
made so that the force and the corresponding 
displacement follow the reasonable movements 
of the contacting mates (e.g. rings and the ball). 
Therefore, the flat surface of the outer ring was 
fixed in the x-axis as XSYMM (U1=UR2=UR3=0), 
as shown in Fig. 3. The outer ring top surface 
was fixed in all rotation and translation degrees 
of freedom (ENCASTERE). A reference point at 
the center of the bearing created to be used as a 
guide to the applied force.  
 
The reference point at the center of the ball 
bearing was coupled with the inner ring outer 
surface. The coupling type was Kinematic 
constraining all DOF. The reference point was 
constrained in all rotation and translation except 
in y-axis (U2) to maintain the direction of the 
applied forces on the balls, as given in Fig. 3. 
 

 
 

Fig. 3. The boundary conditions of the ball 
bearing under investigation 

 
The first contact pair was selected as the upper 
half ball as the slave and the outer ring race way 
as the master. Whereas the second contact pair 
was selected as the lower half of the ball as the 
slave and the inner ring raceway as the master. 
 
The contact properties were selected as 
tangential behavior and normal behavior. The 
tangential behavior was considered for the 
penalty for the friction formulation with friction 
coefficient equals to 0.2. Whereas the normal 
behavior was considered for the hard contact 
option for the pressure-overclosure and default 
constraint enforcement method. The contact 
pairs are shown in  

Fig. 4. The analysis steps have been run as 
linear analysis. 

 
 

Fig. 4. Contact pairs of the bearing under 
investigation 

 

4. CASE STUDY 
 
In this case study analysis, a rolling bearing of 
number 6206-SKF has been used for that 
numerical analysis. The data of that bearing are 
shown below, see Fig. (5) [9]: 
 
Bore diameter of bearing (d)= 30 mm 
Outer diameter of bearings (D)= 62 mm 
Pitch diameter (Dp)= 46 mm 
Ball diameter (db)= 9.525 mm 
Raceway diameter of outer ring= 55.525 mm 
Raceway diameter of inner ring= 36.475 mm 
Face width (B)= 16 mm 
Number of balls= 9 balls 
Outer ring and inner ring recess radii (r2)= 5 mm.  
Dynamic capacity (C)= 20.3 kN 
Static capacity (Co)= 11.2 kN 
 

 
 

 
 

Fig. 5. Bearing dimensions 
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4.1 Loading Data 
 

The applied radial load is taken as 10 kN (with no 
axial load) as taken by Bedairi et al. [8]. As 
mentioned in that paper, that the load will not be 
equally distributed among the loaded balls. The 
angle spacing the balls was 40

o
. The number of 

balls that sustained the applied load was 5 balls 
(from equation 2) and the number of loaded balls 
on one side of the vertical axis was 2 (from 
equation 3). The maximum radial load will be on 
the central ball with a value of 3.47 kN. The 
applied force on the reference point was F 
equals to 1.735 kN, which is half of the full model 
force over the critical ball.  
 

5. ANALYSIS RESULTS  
 

A- Theoretical Results 
 

According to Bedairi et al. [10], the maximum 
contact pressure obtained, using equations 3 and 
4,  was found to be 962 MPa at the mid-point of 
the contact area. Whereas the maximum von-
Mises stress between the ball and rings was 596 
MPa. The bearing deformation due to the applied 
load could be determined and found to be as 
0.105 mm (refer to reference 10).  
 

B- Numerical Results 
 

The finite element analysis performed in this 
paper has used ANSYS package to analyze the 

stresses and deformations raised in the different 
parts of the ball bearing. This numerical analysis 
has focused on the study of the effect of load in 
two zones, which contain the critical regions in 
the bearing. The first critical region is the contact 
area zone-1, which is between the lower half ball 
and the inner ring raceway, whereas the other 
region is the contact zone-2 which is between the 
upper half ball and the outer ring raceway. The 
materials of the rings and rolling elements in that 
bearing is carbon chromium steel with 
mechanical properties as given in Table (1) [11]. 
The number of elements and element type has 
been also shown in that table. The element mesh 
at the two contact zones between the ball and 
rings are shown in Figs. 6 and 7. 
 

 
 

Fig. 6. Overall element mesh 

 

Table 1. Material properties and FEA- mesh specification 
 

Modeling specifications 

Material properties Element Type Number of Elements 

E (GPa) Sut 
(MPa) 

H 
(Rc) 

m Linear Quadratic Linear Quadratic 

210 1570 62 0.3 CAX4:  A 4-node bi-
quadratic 
axisymmetric 
quadrilateral. 

CAX8:  An 8-node 
bi-quadratic 
axisymmetric 
quadrilateral. 

10837 10837 

Where; E=Young’s modulus, Sut=Ultimate strength, H= Surface hardness and m= Poison’s ratio 
 

 
 

between the ball and inner ring raceway 

 
 

between the ball and outer ring raceway 
 

Fig. 7. Element mesh at the two contact zones 
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6. DISCUSSION OF RESULTS  
 

As mentioned before, two models of                  
different element types are used in this numerical 
analysis; linear element model (CAX4) and 
quadratic element model (CAX8) to see which, 
one gives more accurate results. The results 
obtained from those two models have been 
compared with the theoretical results and 
showed in Figs. 8, 9 and10 and tabulated in 
Table. The quadratic element model has               
yielded better results for the maximum contact 
pressures and stresses (near the theoretical 
results) than the Linear element. The maximum 
pressure has appeared on the lower half of the 
ball (i.e. between the ball and inner ring) with 
Pmax = 945 MPa which agree well with the 
theoretical result within an approximately 
deviation of 2%. Also, the maximum von-Mises 
stress has been found to be 592 MPa at the 
inner ring raceway (zone-1) as expected. The 
high pressure at the rolling element                       
surface means that the ball surface may be 
exposed to high contact surface stress which 
may cause surface failure. This surface failure of 
the bearing may cause scuffing (as a fatigue 

wear type) for the bearing. On the other hand, 
the high stress at the inner ring means that the 
stress failure may initiate from the under-surface 
of the inner rings causing what is called pitting 
(fatigue wear type) for that bearing. Therefore, 
the main conclusion raised here from these 
results of high contact pressure and high stress 
is explaining the main types of the two 
predominant failure which appear in rolling 
bearings: Scuffing and pitting. Therefore, to 
overcome these two failures, the lubrication is 
very important for such bearing to overcome the 
scuffing, simultaneously with the applied load 
which must be in the design recommended 
values to reduce the pitting of the rolling 
bearings.  

 
The finite element results for pressures and 
stresses have been compared graphically with 
the analytical ones in Fig. 11 to show the validity 
of the proposed numerical model. The 
comparison showed a good agreement between 
them which reflects the validity of obtained 
results. The results also agreed well with the 
results obtained by reference [5 and 9]. 

 

 
 

Fig. 8. FEM analysis results (equivalent von-Mises) 
 

 
 

FEM analysis results at Zone- 1 

 
 

FEM analysis results at Zone-2 
 

Fig. 9. FEM analysis results (equivalent von-Mises) 
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Table 2. Theoretical and numerical results comparison for ball bearing (Linear element-CAX4) 
 

Part ZONE 1 ZONE 2 Error % 

Total # of 
elements 

10951 

OUTPUT Theoretical (Hertzian) 
contact stress data 

Zone-1 Zone-2 Zone-1 Zone-2 
Upper ball 
half 

Outer ring 
raceway 

Lower ball 
half 

Inner ring 
raceway 

Upper ball 
half 

Outer ring 
raceway 

Lower ball half   Inner ring 
raceway 

Max. Contact 
pressure, P (MPa) 

961.64 951.69 801.55 813.09  811.30 1.03% 16.65% 15.45% 15.63% 

Max. von-Mises 
stress, (MPa) 

596.26 493.45 530.61 494.00 550.01 17.24% 11.01% 17.15% 7.76% 

Distance of the 
Max. stress from 
surface, mm 

0.629 0.59 0.35 0.59 0.32 6.89% 44.24% 6.48% 49.23% 

 
Table 3. Theoretical and numerical result comparison for ball bearing (QUAD element-CAX8) 

 

Part ZONE 1 ZONE 2 Error % 

Total # of elements 10951 

OUTPUT Theoretical (Hertzian) 
contact stress data 

Zone-1 Zone-2 Zone-1 Zone-2 
Upper ball 
half 

Outer ring 
raceway 

Lower ball 
half 

Inner ring 
raceway 

Upper ball 
half 

Outer ring 
raceway 

Lower 
ball half   

Inner ring 
raceway 

Max. Contact 
pressure, P (MPa) 

961.64 909.32 903.32 945.95  877.48 5.44% 6.05% 1.63% 8.75% 

Max. von-Mises 
stress, (MPa) 

596.26 524.83 591.83 523.99 592.01 11.98% 0.74% 12.12% 0.71% 

Distance of Max. 
stress from surface 

0.629 o.656 0.419 0.656 0.407 -4.22% 33.37% -4.22% 35.27% 

Max. shear stress 
(MPa) 

298.13 262.41 295.91 261.99 296.00 11.98% 0.74% 12.12% 0.71% 

Distance of Max. 
shear from surface 

0.63 0.66 0.42 0.66 0.41 -4.22% 33.37% -4.22% 35.27% 
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Fig. 10. FEM analysis result of the Maximum contact pressure at Zone-1 
 

 
 

Fig. 11. Comparison between Hertizian and FEA stresses in the lower ring raceway 
 

7. CONCLUSIONS 
 
Throughout the analysis performed in this 
research paper, the following conclusions could 
be withdrawn: 
 

- The results of the FEM stress analysis 
showed a good agreement with the 
theoretical Hertzian contact pressure and 
maximum equivalent von-Mises stresses. 

- The maximum contact pressure was 
appeared on the lower half of ball with Pmax 
= 951.69 MPa which agree with the 
theoretical result within 1% deviation.  

- The maximum von-Mises stress was found 
to be 550 MPa at the lower ring raceway 
(zone-1) as expected at a distance of 0.32 
from surface.  

- The failure in the rolling elements of 
bearings may be a scuffing (as fatigue 
wear type) due to the high contact 
pressure at the ball surface. Whereas, the 
inner rings failure may be a pitting due to 
the high induced stresses in the under-
surface of rings. 
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