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Introduction

Tapered roller bearings are anti-friction bearings that have 
the ability to carry complex loads in both radial and axial 
directions. Depending on the tapered roller bearing termi-
nology, the bearing may have a small contact angle. This 
type of bearings is commonly used for high-speed and 
heavy-duty applications and shafts that require no main-
tenance for long-term operation. Vibration analysis is 
among the most widely used methods for detecting bear-
ings defects.1 Each defect has a distinct vibration behavior, 
through which the defect can be identified.2 A linear model 
was created to give a simulated vibration data. The electri-
cal discharge machining was used to detect the defects of 
inner and outer race.3 A finite element (FE) model is built 
to measure the vibration data for the defected bearing. The 
measured vibration data for the ideal and defected bear-
ings are compared using the values of the root mean square 
(RMS).4,5 A numeric model of the ball bearing is estab-
lished using ABAQUS to study the effect angular position 
defect around the outer race. The statistical parameters 
ratio extracted from simulation through numeric model 
were used to characterize the bearing performance.6 
Moreover, the model is developed to detect the number of 
defects on the outer race of the bearing.7 Spectrum analy-
ses are performed at particular test durations with a view 
to predict defect locations using the statistical parameters, 
peak-to-peak value, RMS, crest factor, and kurtosis.8

The influence of defect sizes of radial bearings has been 
studied considering the generated noise.9,10 An experimen-
tal test-rig was utilized such that defects of different sizes 
have been introduced onto the outer and inner races of a 
test bearing. The effect of the acting parameters; mainly 
defect size, running speed, and loading nature; on the gen-
erated acoustic emission signals is investigated. Therefore, 
a modified and effective signal-processing algorithm is 
introduced to indicate localized defects on rolling bearing 
components under different operating speeds, loadings, 
and defect sizes. Results show the superiority of the devel-
oped algorithm and its effectiveness in extracting bearing 
characteristic frequencies.11 The influence of the inertia 
and centrifugal forces that affects the rolling elements 
of a defective anti-friction bearing on the generated vibra-
tion signals has been investigated.12 It is found that, the 
influence of these effects increases with the increase in the 
speed of the rolling elements. Furthermore, the analyses 
presented in this study tend to develop accurate and reliable 
defect-size estimation algorithms. The dynamic vibration 
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model to study of deep groove ball bearings with localized 
defects is presented. The vibration signals and frequen-
cies are numerically determined by solving the govern-
ing equations of motion.13 A 5 degree-of-freedom (DOF) 
model in MATLAB-Simulink environment, a bond graph 
model, and a numeric model in ADAMS software are 
developed and validated with experiments.14,15 Contact 
stresses of a ball bearing with off-sized balls were inves-
tigated. A model has been considered, taking into consid-
eration the stiffness, damping, and friction between the 
bearing components.16–18 The output of the model gave the 
contact deformations between the balls and bearing races, 
contact forces, and Hertzian contact stresses in each ball. 
The results show that off-sized balls alter the contact stiff-
ness, contact force and stress concentration in mating bear-
ing surfaces. The stress values are dependent not only on 
the dimension of the off-sized ball or balls but also their 
location.

This work is carried out to estimate the defect width in 
outer race of taper roller bearing using FE model. A three-
dimensional (3D) model is established to evaluate a taper 
roller bearing and to obtain simulated vibration signals 
of outer-race defect using FE analysis through ABAQUS 
software. The vibration-monitoring methods are examined 
using RMS.

Experimental setup

Figure 1 illustrates a schematic of the test rig utilized 
in the experiments. An asynchronous motor of 0.5 kW 
capacity with variable speed characteristics up to 6000 r/
min is used as power unit. The system allows the adjust-
ment of the shaft rotating speed as well as the direction 
of rotating through a control unit which is connected 
to the motor. The main shaft, which is connected to the 
motor by elastic claw coupling, is supported by two 
taper roller bearings. The radial load is fulfilled to the 
tested bearing using V-belt drive pulleys. The bearings 
have been investigated at five different of speeds, from 
1000 to 3000 r/min with steps of 500 r/min at radial loads 
of 200, 400, and 600 N approximately. The accelerom-
eters (IMI sensors 603C01) are used to collect the signal 
data of the tested bearing in both vertical and horizon-
tal directions. The vibration signals are acquired using 
a data acquisition card (BMC USB-AD16F), which 
are displayed using LabVIEW interface. The software 
recorded the speed of the shaft by using an electronic 
reference sensor.

The taper roller bearing SKF 32004 is considered as 
an object for this study. Figure 2 shows the bearing geom-
etry. Five sets of the defective bearings were investigated, 
which have 0.46, 0.62, 0.71, 0.84, and 1.05 mm width on 
the outer race. Figure 3 illustrates different locations of 
outer-race defects for a bearing which the defect is located 
at 0º, 45º, 90º, 135º and 180º. Taper roller bearings have a 

unique feature, cone and cup are separable, which can be 
set easily and they meet the expected operating conditions. 

Figure 1. Schematic of the test rig.

Figure 2. Geometry of the taper roller bearing.

Figure 3. Different locations of outer-race defects for a 
bearing.
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The radial internal clearance can be obtained to determine 
the required axial drive-up distance. A dial indicator can 
be positioned at a reference point on the outside surface 
of the outer race to measure the axial shaft movement. 
The investigation of the bearing behavior has been carried 
out for three primary conditions of bearing setting, which 
are positive clearance, negative clearance, and zero clear-
ance. Positive clearance is obtained when axial clearance 
between rollers and races produces a measurable axial 
shaft movement (load zone less than 180°). Zero setting 
condition is obtained when there is no discernible axial 
shaft movement (load zone equal to 180°). Negative clear-
ance (i.e. pre-load) is obtained when the dial indicator 
measures axial clearance on the opposite direction (load 
zone greater than 180°).

The bearing dimensions and parameters are as follows:

A mathematical method and numeric 
model for contact analysis

Contact between the rolling elements and raceways in 
rolling bearings is considered a two solid elastic cylinders 
(Figure 4). The mating surfaces held in contact by radial 
load uniformly distributed along the cylinder length. The 
Hertzian theory of elastic deformation of contact between 
elastic bodies can be used to find contact areas and inden-
tation depths for simple geometries.

The half-width of the rectangular contact area of two 
parallel cylinders
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where E1, E2 are the modulus of elasticity for the race and 
rollers; υ1 , υ2  are Poisson’s ratio for the race and rollers; 
dr is the roller diameter; dm is the pitch diameter; and L is 
the length of cylinders
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where, Fr is the radial load, n is the number of rollers, and 
α is the contact angle.

The maximum contact pressure along the center line of 
the rectangular contact area is computed as
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The principal stresses σ1, σ2, and σ3 are generated on 
the z-axis
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where ξ = z a/  non-dimensional depth below the surface
Numerical model is built as a 3D model to recognize 

steps of the bearing Hertzian contact analysis. The 
roller and the race are made of the same material. The 
material is isotropic and homogeneous steel, with mod-
ulus of elasticity of 210 GPa and Poisson’s ratio of 0.29. 
Before contact, analyses of the bearings are performed, 
and the interaction between surfaces is defined as 
surface-to-surface contact with no adjustment. The lower 
surface of the race is developed as fixed part which has no 
DOF, ENCASTRE, U1 = U2 = U3 = UR1 = UR2 = UR3 = 0. 
Furthermore, the roller is developed as a part which has 
3 DOF, U1 = U3 = UR3 = 0. For analyzing the geometric 
contact, a 3D model mesh is developed using hexahedron 
solid element, which has eight nodes with reduced inte-
gration and eight nodes (C3D8R). The reduced integration 
with eight nodes element (C3D8R) has been replaced with 
fully integrated, eight-node element (C3D8) to ensure 
high computation accuracy of contact stresses. Figure 5 
illustrate the mesh-seed pattern of roller bearing with the 
fully integrated eight-node element (C3D8).

Figure 4. A semi-elliptic pressure distribution across contact 
over zone of diameter 2a.

Outer diameter, D = 42 mm Bore diameter, d = 20 mm
Pitch diameter, dm = 31 mm Cup width, C = 12 mm
Bearing width, T = 15 mm Core width, B = 15 mm
Roller diameter, dr = 4.86 mm Contact angle, α = 14.036°
Number of rollers, n = 16  
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A bearing model development for 
vibration analysis

As a result of anti-friction, bearings are subjected to dynamic 
uniform radial and axial forces. A convenient model should 
be developed to analyze vibration response of taper roller 
bearing using the commercial software ABAQUS. The 
model has been considered to be with stationary outer race 
while the inner race was free. Furthermore, it is assumed 
that the contact between the outer surface of the outer race 
and its mating surface on the casing structure is ideal, that 
is, there is no relative motion (slip) permitted on the contact 
surface. The 3D model of the housing and bearing-outer 
race is established in commercial package ABAQUS/CAE. 
The housing model is created according to the dimensions 
shown in Figure 6. The element type utilized in the mesh is 
eight nodes with reduced integration (C3D8R). Both hous-
ing and race are recognized with the same element type but 
using uneven global sizes. It is assumed that the bearing 
material is isotropic steel, and the housing is considered as 
an isotropic aluminum.

Interaction between inner surface of the housing hole 
and the outer surface of the bearing-outer race are defined 
as tie constrains. The housing part is developed as fixed 
part which has no DOF, ENCASTRE, U1 = U2 = U3 = UR
1 = UR2 = UR3 = 0. In the analyzed case, the nodes on the 
inner surface of the outer race are subjected to different 
amplitude loads at any instant of rotation. Duration of the 
impacts is determined by the rotational speed of the shaft. 
A radial force is defined due to the assumption of the con-
tact area. A sample loading function for the nodes on the 
inner surface is given in Figure 7 for one rotation of the 
shaft rotating. The general governing equations of the sys-
tem are written as
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where M, C, and K are the mass, damping, and stiffness 
matrices, respectively; x x x y y y, , , , ,   and  are the nodal 
displacement, velocity, and acceleration vectors in both 
direction, respectively. The right-hand side of the equa-
tion consists of time-dependent excitation functions acting 
on each DOF of the FE nodes. The bearing structure is 
excited by a moving distributed radial load on the inner 
surface of the outer ring. The right-hand side of equation 
(7) is formed, considering the bearing kinematics and 
radial-load distribution, and the vibration response of the 
bearing structure is examined under the different operating 
conditions.

As a result, the contact is assumed to be a line contact, 
and the magnitude force acting is estimated as a square 
form. The contact area can be calculated according to the 
Hertzian theory, for the elastic deformation of contact 
between elastic bodies can be used to find elastic contact 
area for engineering bodies.19 In the case of taper roller 

Figure 6. Basic dimensions of the housing structure 
(dimensions in mm).

Figure 7. Dynamic loading models for node at 0° acting on a 
contact area.

Figure 5. Mesh-seed pattern of the roller bearing.

Elastic 
modulus, GPa

Poisson’s 
ratio

Density, 
Kg m−3

Race 210 0.29 7850
Housing 68.9 0.33 2700
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bearing, the contact area of two matting is cylinder to cyl-
inder, as shown in Figure 7. Therefore, the half-width of 
the rectangular contact area of two parallel cylinders is 
calculated according equation (1). The loads carried by 
the roller bearings are transmitted through the rolling ele-
ments from one race to the other and tend to deflect the 
bearing races. The load distribution around the circum-
ference of a rolling element bearing under radial load is 
defined as

Q Qψ ε
ψ= − ( )
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where ε denotes the load distribution factor and is given 
as ε δ= −( )0 5 1 2. /Cd max . Cd denotes the diametral clear-
ance, and δmax denotes the maximum deflection in the 
direction of radial load.

The investigation of the bearing behavior has been car-
ried out for three primary conditions of bearing setting, 
which are positive clearance, negative clearance, and zero 
clearance. In case of positive clearance (0 < ε < 0.5), the 
load zone will be less than 180°. If there is no internal 
clearance (ε = 0.5), then one half of circumference of the 
rollers will be under the acting load while the contact zone 
“ψ1” reaches an angle of 180°. For the case of negative 
clearance or pre-load (0.5 < ε < 1), the whole circumfer-
ence is equally loaded and the contact zone “ψ1” will be 
near the value of 360°. Figure 8 illustrates the variation of 
load distribution among the rolling elements for different 
contact angles “ψ1”.

Figure 9(a) shows the outer-race structure of the bear-
ing which is partitioned into 16 parts. The dynamic excita-
tion of the bearing structure can be established by applying 
the radial load of equation (8) on each node along the inner 
circumference of the loading zone. The magnitude of the 
load carried by a particular rolling element changes as the 
angle of contact “ψ” changes. The rolling elements which 
are outside of the loading zone do not carry load, as shown 
in Figure 9(b).

Normal mode dynamics is used to find dynamic 
responses at two receiving points. Duration of the impacts 
is determined by the rotational speed of the shaft. Impact 

duration reduces as the shaft speed increases. The mecha-
nism of defect formation can be different in a rolling ele-
ment bearing. Sudden changes in the radial load may result 
a local defect during operation. The magnitude and the 
duration of the impulse force are related with the radial 
load carried by the outer-race defect and the velocity of the 
rolling elements, as shown in Figure 7. A local defect is 
modeled by amplifying the magnitudes of the radial forces 
defined for the nodes which are in the defected area, as 
shown in Figure 10. The amplification constant is chosen 
simply as 6.775 (equation (9)) in this study. Outer-race 
defect frequency (defect on outer race)

f
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Results and discussion

Hertzian contact analysis

The rectangular contact area of two parallel cylinders is 
calculated according to certain variable using the Hertzian 
contact theory. The generated stresses of the roller bearing 

Figure 8. Load distribution for different radial clearance.

Figure 9. Outer race after partition into 16 parts and the 
distribution of acting loads.

Figure 10. Mesh seed of defected outer race.
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are also calculated according to Hertzian theory. Figure 11 
illustrates a comparison of the rectangular contact area 
between the developed numeric model and Hertzian the-
ory. It is indicated that the width of contact area obtained by 
the numeric model, illustrated with ABAQUS software, is 
totally similar to the one calculated using Hertzian theory. 
Figure 12 shows the contact stress distribution between the 
roller and the outer race. The radial load is 100 N when the 
analysis is developed. It can be noticed that the maximum 
contact stress point is located at the center of the contact 
area. And the maximum contact stress is extended along 
the width of the roller and the race, as shown in Figure 13. 
The stress distribution along the thickness of the race mate-
rial can be determined using the numeric model. However, 
the mathematical method cannot be used to calculate the 
stress distribution due to the effect of the loads at the lon-
gitudinal path of the contact area.

Defect-size estimation

The same operating conditions of the process have been 
chosen to satisfy a suitable symmetry between the experi-
mental tests and the dynamic numeric model. Here, bear-
ing with one defect at 0°, the taper roller bearing used in 

the experiments and the dynamic model have the same 
size of defect and were tested at different shaft speeds. 
Both the experiments and the dynamic model were stud-
ied at bearing with zero clearance (ε = 0.5), the action of 
pure radial load tends to a contact zone between the bear-
ing parts; i.e. rollers, outer and inner race; with angle of 
action “ψ1”, which ranges from zero to 180°. Validation 
between the experimental and simulation results illus-
trates in Figure 14. The variation of the RMS of the 
amplitude of the acceleration for the healthy bearing and 
the defected one “RMS” versus the shaft speeds is meas-
ured at the horizontal measuring point. It is clear that, the 
results are a good agreement between both cases. It is con-
cluded that, the variation between the experimental and 
simulation results is less than 4.8%.

Figure 13. Stresses distributed on the roller and outer race.

Figure 14. Validation between experimental and simulation 
results for zero clearance bearing “ε = 0.5”.

Figure 12. Stresses distributed on the contact surface.

Figure 11. Contact area comparison between the numeric 
model and Hertzian theory.
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As a result of the knowledge of vibration impact dura-
tion Δt which is estimated using vibration signals-based 
decomposition, shown in Figure 15, the mating surface 
width is19

b D FTFtave= π ∆  (10)

where FTF is the fundamental train frequency, and Dave is 
the average outer-race inner diameter of the bearing
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where fs is the number of revolutions per second
Based on that, the method to determine the size of the 

outer-race defect by calculating the contact time between 
the roller elements and the defect is inaccurate. Figure 16 
illustrates the acceleration profile of the defected outer race 
measured at position 1 “θ = 0°” at radial load of 100 N and 
rotational speed 100 r/min. It can be cleared that the lab 
interface allows to display the vibration signals with more 
intensity, through which it can detect defects while not 
being able to calculate the contact time. Furthermore, the 
vibration signals are obtained from the dynamic numerical 
model of the defected outer race measured at position 1 
“θ = 0°” and position 3 “θ = 180°”, respectively, as shown 
in Figures 17 and 18. It can be observed that the contact 
time of case position 1 “loading area” have a higher value 
than found at position 3 “unloading area”. It may be due 
to the fact that the contact time in the first case depends 
not only on the size of the defect but also on the loading 
conditions. It can be concluded that the contact time in the 
loading area depends on the shaft speed, the radial-load 
value, type of clearance, and the size of the defect. While 
in the unloading area, the contact time depends directly 
on the size of the defect, through which it is easy to calcu-
late its value of the defect. It is also possible through the 
dynamic model to easily study the vibration response of 
the anti-friction bearing. Where, it can analyze vibration 

Figure 15. Typical vibration impact duration and the 
corresponding roller positions over an outer-race defect.

Figure 17. Numerical acceleration response for bearings with defected outer race at position 1 “θ = 0°—defect is located at the 
load zone”.

Figure 16. Experimental acceleration response for bearings 
with defected outer race at position 1 “θ = 0°—defect is 
located at the load zone”.
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signals without using a technique based on wavelet packet 
analysis.

By calculating the value of vibration impact duration 
∆t for the same defect with different position, it is found 
that the vibration impact duration values are uneven. It 
may be due to the value of the contact area between the 
outer race and the rollers 2aϕ( )  that changes around the 
loop resulting of the load value. It can be concluded that 
the mating surface width, which was calculated according 
to equation (10), does not indicate the value of the defect 
width, but it is considered that the value of the defect width 
with adding the value of the contact area. So, the outer-
race defect width may be calculated according to the fol-
lowing equation

t

b a

b
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−







2 ϕ when ballpasses

hrough loadarea

leswhere

t

e
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where half-width of the contact area between the outer 
race and the rollers ( )aϕ  is calculated according to the fol-
lowing equation
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The previous results show that both the defect size and 
defect position play an important role in the value of the 
vibrations generated. The operating conditions also have a 
clear effect on the value of the vibration response. Based 
on that, the contact area values are calculated around the 
inner surface of the outer race, through which the effect 
of the different types of bearing installation on the gener-
ated stresses and the bearing life. Figure 19 illustrate the 
relationship between the half-width a of the rectangular 
contact area versus the angular extent of the load zone. 
It may be noticed that the maximum value of the contact 
area at the angle of 0°, at the center of the race, which has 

the greatest load value. And the contact area shall be equal 
to 0 in the no-load zone. It can be observed that the nega-
tive clearance, the loading zone is larger so that the contact 
areas between the rollers and the outer-race extent on a 
large part of the loop. It can be concluded that the value 
of the hertz contact area between the roller and the race 
depends on the bearing installation.

The RMS of the acceleration response calculated for 
healthy and defected bearings versus rotational speed for 
the different defect size at the same radial force of 200 N 
is displayed in Figure 20. The investigation of the bear-
ing behavior has been carried out for bearing with load 
distribution factor “ε” of 0.5, which means bearing with 
zero clearance. It can be seen from Figure 20 that the RMS 
increases with the increase in defect size. The same obser-
vation is valid for the acceleration response verses radial 
load for the different defect size at the same shaft speed of 
1000 r/min, as illustrated in Figure 21. It can be concluded 
that the defect size has a great impact on the generated 
vibrations. It may be attributed to the fact that increasing 
the defect size leads to the increase of contact time between 
the defected area and the outer race. The defect positions 
of the outer race changes to have locations at 0°, 45°, and 
180°. The effect of the defect positions on the acceleration 

Figure 19. Contact area versus the angular extent of the load 
zone.

Figure 18. Numerical acceleration response for bearings with defected outer race at position 3 “θ = 180°—defect is located at the 
unload zone”.
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response RMS for a bearing with zero clearance is illus-
trated in Figure 22. It is clear that, the positioning of the 
outer-race defect affects significantly the intensity of the 
generated vibration. Furthermore, it is noticed that RMS at 
the defect positions 0° and 45° have its greater values than 
for the defect position 180°, which means that the intensity 
of the generated vibration takes its greatest values at the 
loading zone “i.e. contact zone” between the rollers and 
the race.

Figure 23 displays the effect of different types of bear-
ing setting on the value of vibration signals for the defected 

bearing which has 0.46 mm width at the constant rotational 
speed and radial load. It can be observed that the RMS 
value for acceleration with positive clearance, ε = 0.3, 
gives the high result at 0° defect position. However, RMS 
value of the negative clearance, ε = 0.75, for the same posi-
tion has the lowest value. It may be due to the fact that 
not only the defect size and its position are the effects on 
the value of vibration signals but also the type of bear-
ing setting according to the equation (8). Furthermore, the 
acceleration response of the defected and healthy bearings 
is almost constant for different types of bearing settings at 
180° defect position. It can be concluded that the defects 
located at the radial-load distribution area have more effect 
than the defects located at the unloaded area.

Conclusion

In this study, a numeric model of tapered rolling bear-
ing using ABAQUS/CAE is developed. Based on the 
results from the experimental setup and the numeric 
model, it was noticed that a good agreement between the 
simulation and experimental results during the action of 
the bearing dynamic load was achieved. The variation 
between the experimental and simulation results is less 
than 4.8%. The investigation of the bearing behavior has 
been carried out for three primary conditions of bearing 
setting, which are positive, negative, and zero clearance. 
The outer race is installed in five different positions such 
that the defect located at 0°, 45°, 90°, 135°, and 180°. The 
vibration signal pattern obtained from the simulation was 
found to have similar characteristics with experimental 
data. It can be concluded that defect-size estimation is 
more precise when the defect is introduced in the unload-
ing area, where the contact time depends directly on the 
size of the defect, through which it is easy to calculate 
the defect value.
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