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ABSTRACT

Standard condition monitoring techniques for assessing the health of rolling element bearings are widely used in nu-
merous engineering industries. It is well known that the appearance of impulses in measured acceleration signals in-
dicates the presence of a defect within a bearing. Although a large amount of technical content related to the signal
processing of measured time-domain signals has been published in the literature and new data analysis methods are
continued to be developed and enhanced, the mechanism by which the defect-related impulses are generated has re-
ceived much less attention and has not been investigated in detail. This paper provides an explanation of the mecha-
nisms by which defect-related impacts are produced in damaged rolling element bearings on the basis of findings
from numerical modelling conducted using an explicit dynamics finite element software package, LS-DYNA. In-
depth analysis of the numerically obtained impact-contact forces between the rolling elements and raceways of a
bearing, which are not measured in practice, are presented in this paper.

INTRODUCTION

Rolling element bearings are widely used in machinery and
found in a variety of industries that include aerospace (engine
and gearbox bearings), construction and mining, paper mills,
railways and renewable energy. The damage and failure of
rolling element bearings contribute to machinery breakdown,
consequently costing significant economic losses and human
lives in certain situations, such as engine failure in aircraft
and train derailment due to seizure of a bearing. Standard
condition monitoring techniques are often applied to monitor
the health of bearings. One of the basic techniques is to
measure the acceleration of a bearing at a suitable location
(most commonly its outer shell or a pedestal into which a
bearing is mounted), and conduct a combination of time-
domain, frequency-domain and time-frequency domain anal-
yses. The presence of impulses in measured acceleration
time-histories generally indicates the presence of a defect
within a bearing.

Numerous publications discuss condition monitoring tech-
nigues applicable to defective rolling element bearings. How-
ever, the physical mechanism that generates the defect-
related impacts in damaged rolling element bearings has at-
tracted much less attention.

For engineers and technicians, who are involved in the condi-
tion monitoring of rolling element bearings, the phenomenon
by which the defect-related impacts are generated is not im-
portant as the detection of such impacts is sufficient for them
to assess the health of the bearings. Many researchers have
developed analytical models to simulate the vibration re-
sponse of defective rolling element bearings (McFadeen
al, 1984, McFaddest al, 1985, Swet al, 1992, Tandoret al,
1997, Sawalhét al, 2008a and 2008b, Padt al, 2010, Raf-
sanjaniet al, 2009, Tadinat al, 2011). The main emphasis
of the existing models is to explain the characteristics of ex-
perimentally obtained vibration signals. These mainly include
predicting the defect-related fundamental and harmonics.
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This paper provides a detailed explanation of the fundamental
mechanism of defect-related impacts generation in damaged
rolling element bearings. Numerical modelling of a rolling
element bearing with a rectangular defect on its outer race-
way was conducted using an explicit dynamics finite element
software package, LS-DYNA (Hallquist, 2006). The finite
element model presented in this paper includes all the com-
ponents of a bearing, such as the inner and outer rings, rolling
elements and cage. An in-depth analysis of the numerically
modelled impact-contact forces that are generated as the roll-
ing elements traverse through a raceway defect is presented
in this paper.

NUMERICAL MODELLING

The numerical modelling was conducted using the software
package, LS-DYNA. It is a multiphysics simulation software
package capable of simulating complex dynamics problems,
and is used by numerous industries, such as automotive, aer-
ospace, construction, military, manufacturing, and bioengi-
neering industries. LS-DYNA uses an explicit time integra-
tion scheme for simulating highly nonlinear transient dynam-
ic events of very short duration. This type of finite element
code is different from the implicit dynamics software such as
ANSYS and NASTRAN.

Description of the finite element model

A two-dimensional (2-D) finite element model of a rolling
element bearing was built using LS-DYNA. The model com-
prises the following components: an outer ring (more com-
monly referred to agup), an inner ring (more commonly
referred to agone), a cage retaining a total of twenty-four
(24) rolling elements, and an adaptor that interface the load to
the outer ring. Both rings were 10 mm thick, and the outer
radii of outer and inner rings were 110 mm and 82 mm, re-
spectively. The thickness of the cage was 5 mm and its outer
radius was 98 mm. There was a nominal radial clearance of
0.02 mm between the rolling elements and the inner (run-
ning) surface of the cup, more commonly referred toups
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raceway. The clearance between the rolling elements and
their corresponding cage slots was 0.35 mm.

The bearing was modelled with a geometrical rectkmg
defect on the cup raceway that was located ceptedlithe
top. The dimensions of the defect were 10 mm (cifewen-
tial length/width) x 0.1 mm (height/depth). Suchiefect is
often referred to as éine spall’.

Two-dimensional (2-D) solid elements were used twdeh
the bearing as a solid structure. A 2-D elementened by
four nodes having two degrees of freedom at eadate:no
translations in the nodal x- and y-directions. Tements
were modelled as plane strain elements. The isictelpstic
material model was chosen for the analysis, andrihterial
steel was used to model the components with vaifidensi-
ty, p= 7850 kg/m, modulus of elasticityE = 200 GPa, and
Poisson's ratioy = 0.3.

All the components within the model were meshechgisi
quadrilateral elements, except the rolling elemeritkh due
to their geometry, could not be meshed with thedglateral
elements. They were, therefore, meshed with a maxof
quadrilateral and triangular elements. As the mglielements
need to establish a continuous rolling contact i outer
and inner raceways, in order to transmit the loafivben the
raceways, the element mesh size was optimally chtusbe
0.5 mm on the basis of numerous simulations unkienta
during the course of this research. It is intergstd note that
for a transient dynamic finite element structunadlgsis, it is
recommended to use at least 20 elements-per-watblen
(Hallquist, 2006) in order to accurately prediat thehaviour
of a structure. However, the chosen element meshadi0.5
mm corresponds to 97 elements-per-wavelength, wkich
nearly 5x the recommended elements-per-wavelengtrie
on.

Figure 1 shows the 2-D finite element mesh of tearimg
annotated with the names of the components. Thengeo
rical rectangular defect located centrally at e of the cup
raceway, which cannot be seen in Figure 1, is showkig-
ure 2 for clarity.

The following boundary conditions and loads werplig to

the finite element model:

¢ Avradial load of 50 kN on the top of the adaptorthe
negative (-) y direction was applied so as to fadiead
the bearing.

¢ The inner ring (cone) was constantly rotated witlma
form angular velocity of 500 revolutions per minute
(rpm) in a clockwise direction.

*« In a typical bearing operation, generally, one riag
fixed while the other rotates. In this model, thatev
ring was fixed, however no direct constraints coloé
applied to the outer ring as this would result onc
straining its translations and consequently vibrati In
order to overcome this problem, a frictional contaith
a high coefficient of friction, 0.1, between the@uring
and adaptor was implemented. The adaptor was #&ansl
tionally constrained in the global x-direction, aad a
result of the frictional contact, the outer ringswpre-
vented from being rotated during the simulation.

¢ A frictional contact between all other componenttw
in the model was defined with a very low coeffidien
friction as 0.005. This is comparable with thattbé
frictional coefficient recommended for rolling elemt
bearings.
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e A global damping of 2% was applied to the finite-el
ment model.

e The standard Earth's gravity was also applied ® th
finite element model.

The termination time of the numerical simulationswset to
30 milli-seconds. The results, in the form of bingext files,
were written at the interval of 0.01 milli-seconggich cor-
responds to the sampling rate of 100 kHz. All ti®2YNA
results were post-processed using MATLAB.

Defect
Inner ring (cone)

Figure 1: An image of the meshed 2-dimensional finite ele-
ment model created using LS-DYNA showing the naofes
all the components within the model. The rectangdddect

at the top is shown in Figure 2.

Rectangular Defect
(10 mm x 0.1 mm)

Figure 2: A zoomed image of Figure 1 showing the meshed
2-dimensional finite element model, and the 1 eldrmdeep
rectangular defect on the running surface of theraing
highlighted using the ellipse.

Results and observations

A common technique used in vibration condition nbaring

of rolling element bearings is the measurementcokkera-
tion levels. Similarly in these simulations, thedabaccelera-
tion results obtained from the numerical modellirging LS-
DYNA are presented.

Figure 3 shows the (unfiltered) time-history pldttbe nu-
merically (LS-DYNA) obtained acceleration resultsr fa
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node located on the outer surface of the cup. Bheecutive
defect-related impacts, evident in the plot, angasated by
approximately 0.011 seconds. The aforementioned sepa-
ration corresponds to the outer (cup) raceway défequen-
cy, commonly referred to as ball pass outer racefneuen-
cy (BPFO),fppo, Of 90.91 Hz. The theoretical estimatefgf

is given by

_Zxf(,_D @
fopo > [1 a cos(a)J
where,Z is the number of rolling elemenfgjs the run speed
(i.e. the rotational speed of inner rin@),is the rolling ele-
ment diametergd,, is the pitch diameter of bearing, aads
the contact angle. For the bearing modelled hbeethteoret-
ical estimate of BPFO is 90.19 Hz, which is 0.8%edent
from the results of the LS-DYNA simulation. Thegtit dif-
ference between the numerical and analytical esitims is
due to the reason that the analytical formula, Egna(l),
does not consider the slippage of the rolling elei¢Ho et
al, 2000, Randall et al, 2001). As the numericatlefiing of
the bearing undertaken here simulated its real-tiymamics,
the slippage of the rolling elements was autombyicac-
counted during the solution.
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Figure 3: Numerically (LS-DYNA) modelled acceleration
results for a node located on the outer surfackeo€up of
the 2-D finite element bearing model for the begurumn
speed of 500 rpm.

A close agreement between the numerical and theaket
estimates of the cup defect frequency shows thatliB-
DYNA model has simulated the basic bearing kinecsati
satisfactorily. However, the acceleration signal hasubstan-
tial amount of noise that is explained in the fallng section.

Contact noise: an artefact of numerical modelling

It can be observed from Figure 3 that while thekpiegpul-
sive acceleration levels for the three visible defelated
impacts range from 100 g to 400 g, the non-impelsiecel-
eration levels between the impacts are of the anfl@00 g.
It is understood that results from LS-DYNA simubats can
contain a significant amount of numerical noise l(gtast,
2006).

In the model developed here, the two contact iatess$: 1)
rolling elements-cup running surface, and 2) rglliele-
ments-cone running surface, generate numerical enois
through the solution method of determining the dlyita
equilibrium forces, and have contributed signifitharo the
introduction of noise in the LS-DYNA modelling rétsu
This numerical noise is in addition to the elemkutlaration
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noise which is an inherent feature of LS-DYNA smos
(Hallquist, 2006).

The two noise frequency components present in timeen-
cal acceleration results, shown in Figure 3, apr@pmately
4761.91 Hz and 4545.45 Hz. These frequency compgsnen
were found to be the function of the element sigeduto
mesh the geometrical model, and the velocity ofrtiikng
elements during the simulation. The noise frequestmpo-
nents can be estimated using one of the basic iegaabf
motion given by
1 v _owr
fnoise :{_ d = d (2)

where,d is the distance between two nodes in the finige el
ment model (mesh element size, 0.5 mm)is the angular
velocity with which the rolling elements roll dugrthe simu-
lation, andr can either be the radius of the cup running sur-
face (100 mm) or cone running surface (82 mm) wigich-
tact the rolling elements.

Because the rolling elements were discretised antmimber
of finite elements, the edges of the rolling eletaewere
transformed from circular to multi-point polygon&s they
roll during the simulation, th@olygonised rolling elements
create a little impact upon their contact with tug and cone
raceways. Solving Equation (2) for the values aé 100 mm
and 82 mm, the noise frequencies equal 4712.38 idz a
3864.15 Hz, respectively.

The comparison of the analytically calculated formeise
frequency, 4712.38 Hz, with 4761.91 Hz, one of doeni-
nant noise frequency components present in the ncetlg
modelled acceleration results, indicates that tlesgnce of
the numerical noise at 4761.91 Hz is highly likdlye to the
interaction of the rolling elements with the cumming sur-
face. The error between the analytically calculateide fre-
quency, 4761.91 Hz, and noise frequency componbnat o
served in the numerically modelled accelerationultss
4712.38 Hz, is 1.04%.

Beating phenomenon

The presence of the latter noise frequency comgdioend

in the numerically modelled acceleration resul&}®45 Hz,

is due to thebeating' effect. As the rolling elements contact
both cup and cone raceways during their moveménd, t
polygonised edges of the rolling elements create small im-
pacts with both raceways as they roll during theusation.
The interaction of the rolling elements with theeaays
would result in the generation of two sinusoidaveswith a
slight difference between their carrier frequencitse am-
plitude of the sinusoidal waves would also slightlijfer
from each other. In order to demonstrating theibgatffect,
the sum of two interfering sinusoidal waves is

P(t) = A cos(27f,t)+ A, cos(27f,t) ®3)

where,A;=A,=1 are the wave amplitudes is the time vec-
tor, andf; andf, are the analytically estimated noise frequen-
cies ;= 4712.38 Hz and,=3864.15 Hz).

Figure 4 shows a resultant sinusoidal wave in apeptot and
the same wave along with its envelope, zoomed D09 s
to 0.015 s for clarity, in the bottom plot. The &rseparation
of the two consecutive peaks, whose data curserstaywn
in the bottom plot, corresponds to 4545.45 Hz. Traguen-
cy exactly matches the other noise frequency coemion
observed in the numerically (LS-DYNA) modelled dece-
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tion results. The beating effect can also be gjeaélen in
Figure 3 from 0.005 s to 0.015 s.

Although the time-history acceleration plot, showwrfFigure
3, clearly shows the defect-related impulsive dgwehose
frequency also match well with the nominal defeetitiency,
by viewing the acceleration data, further explanati are
required to describe the physical mechanisms byglwtiiese
impacts are generated and is presented in thesMolipsec-
tion.

Amplitude
o

10 15 20 25 30
Time [ms]

X:11.67 X:11.89
Y:1.863 Y:1.899

Amplitude

9 10 11 12 13 14 15
Time [ms]

Figure 4: Demonstration of a beating effect due to therinte
ference of two sinusoidal waves at the two noisguencies
observed in the numerically (LS-DYNA) modelled dece-
tion results.

IMPACT-CONTACT ANALYSIS

The term impact-contact analysis' used throughout this pa-
per refers to analysing the contact forces betviwercontact
interfaces; 1) rolling elements-cup raceway, anddlng
elements-cone raceway.

Figure 5 shows the numerically (LS-DYNA) modelleshe

tact force plots between the three rolling elementsich

traversed through the rectangular defect, and tipergnning

surface, in a chronological order from top to bwttoThe

analytically modelled static contact forces on¢herespond-
ing rolling elements for a non-defective bearing h#so been
plotted (using broken lines) along with the numarimodel-

ling results for comparison purposes. The statiot&m was

adapted from a text-book (Harris, 2001).

A good agreement of the numerically modelled carfiaces
with those of the analytically estimated contactés on the
rolling elements indicates the validation of themmuical
modelling. However, like the numerically modellectalera-
tion results, shown in Figure 3, the numerical aohtforce
results were also contain the numerical noise. fidise fre-
quency components observed in the contact forcts @lee
similar to those observed in the acceleration tesAlso, the
presence of the beating phenomenon can be obserad
contact force plots.

Three events are highlighted on all the subplomwshin
Figure 5. For the purpose of relating these eveuitis the
movement of the rolling elements, refer to Figurdt 8hows
a schematic of a 2-D bearing model comprising g cape, a
few rolling elements and a rectangular defect. Tdiéng
elements marked as ‘1’, ‘2" and ‘3’ are the onext thaversed
through the defect in the clockwise direction dgrihe nu-
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merical simulation presented in this paper. Tdtarting’ and
‘ending’ position of the defect are also shown in the sudite
ic. Throughout the discussion to follow, theg surface of
the defect’ is referred to as thestrface of the damaged cup
raceway’' as shown in the schematic.
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Figure 5: Numerically (LS-DYNA) modelled results for the

contact forces between the cup raceway and the tbiéng

elements that traversed through the defect; (ayacpwvay-

rolling element 1, (b) cup raceway-rolling elem&ntaind (c)
cup raceway-rolling element 3.
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Figure 6: A schematic of a 2-dimensional bearing model
showing a cup, a cone, a few rolling elements aret&ngu-
lar defect (not to scale).

Event #1: Entry of the rolling elements into the de -
fect — the de-stressing phase

The application of a radial load on a bearing tssid the
loading of a certain number of its rolling elemeris a re-
sult, the rolling elements, which are under théuefice of
load zone, are stressed between the cup and coewags.
The maximum stress on the rolling elements at theo
respective points of contact with cup and conewags can
be analytically estimated using the classical Hertkeory
(Hertz, 1882).
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The results of the numerically modelled contactésr be-
tween the rolling elements and cup raceway show dhaa
stressed rolling element started entering the tleffezated on
the cup raceway, it gradually started losing canteith the
cup raceway. Consequently, the contact force betwke
rolling element and the cup raceway started detrgagad-
ually to zero. The reduction of the contact fonaf approx-
imately 6 kN (for the first rolling element) to Nkimplies
that the rolling element has no mechanical stresntrast
to its location between the raceways.

The gradual drop in the contact force betweentell three
rolling elements, which traverse through the defaad the
cup raceway is highlighted using solid ellipticahnikers in
all the subplots shown in Figure 5. Event #1, whicire-
sponds to the entry of the rolling elements in®defect, can
be referred to asdé-stressing of the rolling elements’. The
consecutive de-stressing events are separatedOiyt @ec-
onds, which corresponds to the BPFO of 90.91 Haldb
matches the analytically estimated BPFO with thegtage
error of 0.8% between the numerical and analySoaltions.

The numerically modelled contact force results slioat the

de-stressing of the rolling elements appears @ (pear) step
response with no indication of an impact and da®sercite

a broad range of frequencies which generally catisesng-

ing of a bearing.

Event #2: Traverse of the rolling elements through
the defect

The zero values of the contact force between thiegcele-

ments and the damaged part of the cup racewayaitedichat
the rolling elements had no contact with the dardagee-
way as they traverse through the defect. The nwailéyi
(LS-DYNA) modelled contact force results in Figireshow
that during the traverse of the rolling elementoulgh the
defect, the contact force remains zero for mostheftime
except for a few instances. These instances, wdniehndi-

cated a®vent # 2 on the subplots in Figure 5, correspond
the impact of the rolling elements with thieg surface of the

defect/ damaged part of the cup raceway’.

During the operation of a bearing, the rolling edeits pos-
sess centrifugal forces. While the centrifugal ésrd¢end to
project the rolling elements outward from the centf the
bearing, their outward trajectory is restrictedwssn the cup
and cone raceways when the rolling elements aesssd
between the raceways. However, when the rollingnetds
are de-stressed due to the loss of contact wittctiperace-
way while they traverse through the defect, theydtéo
freely follow their outward trajectory. And, at sermstance,
they impact the top surface of the defect. Suchautyp are
evident in all the three subplots in Figure 5 arelindicated
as event #2.

It can be seen from the subplots in Figure 5 thaffirst and
third rolling elements impact the top surface of tefect
twice, while the second rolling element impacts trefect
surface three times. It is also interesting to rib&t not only
the amplitudes of these impacts differ from eadheotout
also the timings of the impacts. The reason forheing
period is due to the interaction of the rollingretnt with the
adjacent cage slots. The irregular period of thpaioh tim-
ings implies that at some instances the rollingnelets are
driven by the cage (slots), and at other instanitesrolling
elements drive the cage.
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Event #3: Exit of the rolling elements from the de-
fect — the re-stressing phase

When the rolling elements reach the end (positimh}he
defect (refer to Figure 6 to see thanding position of the
defect’), they again come into contact with the non-daethg
surface of the cup raceway. At this instance, theact force
on the rolling elements increases from zero tortatevalue
that is related to the static load distribution the rolling
element.

The resumption of the contact between the rollitgnents
and the cup raceway results in the re-stressirtgefolling
elements. Event # 3, which corresponds to theressing of
the rolling elements between the cup and cone ragews
highlighted using solid rectangular markers onthé sub-
plots in Figure 5.

Prior to regaining the full contact with the racewathe roll-
ing elements are gradually wedged between the ondrane
raceways. During this period they continuously leathe-
tween the raceways until they are fully loaded. $hbplots
shown in Figure 5 were zoomed in the vicinity oé tre-
stressing of the rolling elements, and are showFignre 7.
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Figure 7: Numerically (LS-DYNA) modelled contact force
results shown in Figure 5 are zoomed in the vigiaftthe
rolling elements being re-stressed between thevays (a)
cup raceway-rolling element 1, (b) cup racewayimglele-
ment 2, and (c) cup raceway-rolling element 3.

In contrast to the de-stressing of the rolling edate upon
their entrance into the defect where no impactugcthe
contact force plots in Figure 7 show that the ekithe roll-
ing elements from the defect causes a few impéets dan
result in the ringing of the bearing.

It is interesting to note that the results of themerically
modelled contact forces show that the amplitudéhefim-
pacts produced during the re-stressing phase, spmately 5
kN, is higher than those produced when the rolélements
impact the top surface of the defect, which is thss 2 kN.
This is an important outcome of the modelling aisdicates
that higher forces and stresses are generateceoexihfrom
the defect compared to when the rolling elementzaichthe
defect surface, and hence could lead to the grakension
or lengthening of the defect.
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MECHANISM OF DEFECT RELATED IMPACT
GENERATION

In order to explain the impact generation mechanigns
useful to compare the contact forces on the rolélgnents
with both raceways.
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Figure 8: Numerically (LS-DYNA) modelled results for the
contact forces between two contact interfacesufp)raece-
way and the three rolling elements that traverkeoligh the
defect; and 2) cone raceway and the rolling eles)€a)
raceways-rolling element 1, (b) raceways-rollingneént 2,
and (c) raceways-rolling element 3.
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Figure 9: Numerically (LS-DYNA) modelled contact force

results shown in Figure 8 are zoomed in the vigiaftthe

rolling elements being re-stressed between thevays (a)

raceways-rolling element 1, (b) raceways-rollingneént 2,
and (c) raceways-rolling element 3.

Figure 8 shows both sets of numerically (LS-DYNApdn
elled contact force plots for the three rollingreénts as they
traverse through the defect. The rolling elemenis-tace-
way contact forces act in the +y direction, and rtoking
elements-cone raceway contact forces act in thdregtion.
Figure 8 shows that both sets of the contact footesely
follow each other, however, in opposite directiolhisan be
seen from Figure 8 that the rolling elements cotapldose
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their contact (fully de-stress) with both racewayshe same
instance of time.

Like the re-stressing of the rolling elements obeérin Fig-
ure 5, the contact force results between the plilements
and cone raceway also show similar re-stressing\betr in
the vicinity of the end of the defect. For claniyrposes, the
contact forces shown in Figure 8 are zoomed invtbimity
of the re-stressing phase, and the correspondiats @re
shown in Figure 9. As the rolling elements are tressed
between the raceways, they impact the racewayatieely
(like a game of ping-pong). The amplitude of thecés on
the raceways is higher at the beginning of thetnessing
phase and it reduces gradually as the rolling eisntully
stress between the raceways. The alternating padfeim-
pacts on cup and cone raceways appears as a dpciya
wave.

In summary, defect-related impulses in damagedhmpkle-
ment bearings are produced during the re-stresshage,
which occurs in the vicinity of the end of the ddfewvhere
the rolling elements alternatively impacts the @ cone
raceways.

As the contact forces between the rolling elememd the
raceways are not measured in practice, they caoinpared
with the acceleration results from simulations corelate the
timings of the re-stressing events with the timio§smpuls-
es observed in the acceleration results.

Cause of impulsive signals in acceleration results

Figure 10 comprises four subplots; subplot (a) shdie
numerically (LS-DYNA) modelled nodal acceleratiasults
(shown in Figure 3), and subplots (b)-(c) showrthenerical-
ly modelled rolling elements-cup raceway contactcés
(shown in Figure 5). Out of the three events disedsabove,
the time instances corresponding to the occurreatesent
#2 and event #3 were correlated between the aetielerand
contact force plots. Event #2 and event #3 cornegfio the
rolling elements impacting the damaged surfacehef dup
raceway, and the re-stressing of the rolling eleésjaespec-
tively. These events are highlighted using red-aad bro-
ken elliptical markers and green-coloured solidtaegular
markers, respectively in Figure 10.

The acceleration results were zoomed in the vigioft the
second and third impacts, and are shown in Figliraslsub-
plots (b) and (c), respectively; subplot (a) inUfig 11 is the
same as shown in subplot (a) in Figure 10. Degh#econ-
tamination of the numerical results with numerioalse, it
can be seen in Figures 10 and 11 that the domimgntisive
signals, visible in the acceleration plots, corcgspto the re-
stressing of the rolling elements.

During the discussion of the impact-contact analysiwas
also observed that the amplitude of the contacteforelated
to impacts of the rolling elements with the topface of the
defect (event #2) is lower than those related tstmessing of
the rolling elements between the raceways (event®8s is
also reflected in the acceleration results. Theléndge of the
acceleration during the re-stressing of the rolkitgments is
approximately twice the amplitude of the acceleratiuring
the period where the rolling elements impact the sorface
of the defect.

In summary, although a rolling element can imphet $ur-
face of the defect and generate a low amplitudelacion
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signal, a much higher acceleration signal is geadravhen
the rolling elements are re-stressed between tresvays.
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Figure 10: Correlation between the numerically (LS-DYNA)
modelled acceleration results shown in Figure 3amdact
forces between the cup raceways and the first tioléeg
elements that traversed through the defect showigimre 5;
(a) nodal acceleration, (b) contact force: cupwagerolling
element 1, (c) contact force: cup raceway-rolliregreent 2,
and (d) contact force: cup raceway-rolling elentent
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Figure 11: Numerically (LS-DYNA) modelled acceleration
results; (a) full time-history showing three impaethich
occur during the numerical simulation, (b) partiaie-
history zoomed in the vicinity of the second impaatd (c)
partial time-history zoomed in the vicinity of thard im-
pact.

CONCLUSION

This paper presented results from explicit finitengent
analysis of a rolling element bearing with a regtdar defect
on its cup raceway. The results and interpretadfoimpact-
contact forces between the rolling elements andraceway,
and rolling elements and cone raceway were pregeiitee
numerically modelled acceleration results were elated
with the rolling elements-cup raceway contact ferde was
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found that the re-stressing of the rolling eleméagsveen the
raceways, in the vicinity of the end of the defgmipduces
impacts that generate impulses which are obsemethea
acceleration signals of a defective rolling elemesdring. It
was found that the contact forces generated dahisgperiod
are much greater than when the rolling elementkesthe
surface of the defect, and hence it is likely tthas would
lead to the gradual elongation and lengtheningdsfact.
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