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The SKF formula for
rolling bearing life

Thedemandsfor safedesign and lighter, competitively

priced productshave put anew emphasison predictability

of rolling bearing perfor mance. Thishasprompted

resear cher sto update standar dsfor bearing lifetotake

into account progressin engineering technology.
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esent standardsfor bearing lifecal-
|ation are based on work carried
out at SKFin 1947 by Gustaf Lund-
berg and Arvid Palmgren. Thelife equation
wasformulated using the Weibull probabil -
ity theory of fatigue developed in 1936.
Thisallowed the calculation to include
bearing reliability. It marked asubstantial
step forward in the achievement of predic-
tive methodsfor the applications of this
essential machine element.

The ability to estimatethelife of abear-
ing and to select, on arationd basis, aspe-
cific bearing suitable for aparticul ar appli-
cation was a breakthrough for engineering
design. Sincethen, science and technology,
in particular tribology, have made tremen-
dousstrides. Thelatest theoretical knowl-
edge and cal cul ation techni ques supported
by powerful modern computersare now
applied in bearing technology and design
work. Also, steel manufacturers can make
cleaner steel sto more accurate and consis-
tent formulations. |n addition, gregatly
improved |ubricantsallow better separa
tion than before of moving contacting sur-
facesinrolling bearings, while modern
mass production manufacturing methods
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produce high precision bearingsto ever-
higher levelsof quality.

Such technological progressrequires
that bearing life calculationstakeinto
account theimproved performance of
today’sbearings. Over the years, perfor-
mance improvementswere accounted for
largely through increased dynamic load
ratings, which yielded longer calculated
lives. Application or adjustment factors
were sometimes used to account for opera-
tional conditions, such as specia bearing
materiasand lubricants. Until recently,
theselife calculations served industry suffi-
ciently well.

However, observations about the pre-
dominant failure mechanismsin modern
rolling bearings have added new knowl-
edgeinthisfield. It hasbeen found that
fatiguefailures are more frequently initi-
ated at the surfacerather than from cracks
formed beneath the surface. Consequently,
attention has been paid to the influence of
surfacefinish and contamination on bear-
ing performance. The existence of afatigue
limit for modern bearing steelshasaso
been observed. Such considerationshave
resulted in the publication of improved

bearing life cal culations and papers study-
ing the effects of contamination and sur-
facefinish on bearing life.

In particular, therolling contact fatiguelife
model published by Eustathiosloannidesand
Tedric Harris (1985) introduced two innova-
tionsto the Lundgren and PAmgren theory:

i) athreshold value of thelocal stress, a
fatiguelimit, belowwhich nofatigueis
expected to occur inthebearing,

ii) consideration of the stressed volume
below a contact asan array of relatively
small volume elements, each experienc-
ingindividual local stresses.

Inthisway, real local stressesand many
effects semming from surface stress con-
centrations, such as edge stressesand con-
tamination dents, can beintroduced consis-
tently into fatiguelife predictions. Sucha
comprehensive approach requires accessto
complex computer programsfor bearing
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Fig. 1 Stress Life Factor for radial
ball bearings.
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List of symbols:

a

aj, a, ag

a3, asKF

Bec
b
Nc

Vivi

To

Tu

Contact semi-axisin trans-
versedirection, [m]

Life adjustment factors:
1reliability, 2 material,

3 operating conditions

Life adjustment factor, SKF
StressLifeFactor

Constant of proportionality,
scaling factor

Exponent in the stress-life
equation
Basicdynamicloadrating, [N]
Bearing pitch diameter, [m]
Weibull exponent

Exponent in the stress-life
equation

Length of raceway contact, [m]
Life, [Mrevg]

Basicrating life,

(10 % failurelife), [Mrevs]
Adjusted rating life according
to SKF Life Theory, [Mrevs]
Bearing lifeat (100-n) %
reliability, [Mrevs]

Adjusted reting life, [Mrevs]
Number of load cycles,
number of tests sets
Exponentinlife equation
Equivaent dynamic bearing
load, [N]

Fatigueload limit, [N]
Surviva probability [%]
Exponent in theload-stress
relationship

Degpth of max. orthogond shear
stress of Hertzian contact, [m]
L ubricant cleanlinessdegree
according to 1SO 4406
Lifefactor for added stress

L ubrication factor
Contamination factor
Viscosity ratio

Actual and required kinematic
viscosity at the operating tem-
perature, [m2/g]

Maximum orthogonal shear
stressamplitudein Hertzian
contact, [Pa]

Fatiguelimit shear stress, [Pa)
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Fig. 2 Diagrams for calculating the contamination factor for oil circulation systems.

lifecalculations, asintegration of thefail-
urerisk over complicated stressfieldsis
required. Many bearing usersdo not have
accessto such resources. Instead they usu-
ally apply smpleformulaereadily avail-
ablein bearing manufacturers’ catalogues
or standards.

To support these needs, and regp the
benefits provided by advancesin technol-
ogy and knowledge, the SKF Life Equa-
tion* wasmade available. Thisequation
was devel oped by introducing an effective
real weighted stressthat isaveraged
throughout therisk volume. Thefatigue
limit and theloca stresswereimplemented
into equations similar to those used by
Lundberg-Palmgren. In practice, thisis
doneby introducing astressfactor that acts
onthefatiguelimit of the bearing. Thisfac-
tor accountsfor the actual stresscondition
of real bearingsbut isnot included with the
ideal Hertzian stressfield, asusedinthe
Lundberg-Palmgren classicd analysis.
Thisapproach led to asimpleexpression
that can bereadily calculatedinasimilar
way to the |SO 281 (1990) formulation.
Thisequation retains much of theorigina

simplicity of theload-life equation but also
describesthe performance of modern bear-
ingsmore accurately than before.

Standardised life equations

Fatiguelifemodelling iscentral to al bear-
ing lifeprediction. Thetraditiona crack
initiation or cumulative damage model
invokes astress power law to account for
the portion of thelife spent in theinitiation
of acrack, which dominates the complete
lifetime of rolling contacts. Probabilistic
methodswere applied early in bearing
endurance prediction because of the nat-
urd dispersion of bearing life. Lundberg
and Palmgren (1947) used theWeibull
(1939) probability distribution of metal
fatigue to establish the basic theory of the
stochastic dispersion of bearing lives, as
shown by the equation below:

S

By substituting the Hertzian contact para:
meters (interms of the applied load and
contact geometry), they obtained theload-
liferelationship for rolling bearings. This
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can beexpressedinitsfina forminavery
smpleway:

p
Lio= [g“—} 2

where C isthebearing basic dynamicload
rating, afactor that dependson the bearing
geometry, and P istheequivaent bearing
load. The exponent pis3for ball bearings
and 10/3for roller bearings. Equation 2
was adopted by | SO in the recommenda-
tion R281-(1962). In 1977, the multiplica-
tive constants ay, a, and agwereintro-
duced to account for different levelsof reli-
ability, materia fatigue propertiesand
lubrication, resulting in the standard used
today, 1 SO 281 (1990):

p
Loa= alaza{—%—ﬂ a=1if n=10 (3)

Many bearing manufacturers, who have
recognised theinterrel ationship of material
and lubrication effects, useit as

p
o= alazg[—g-} a=1if n=10 (4)

SKF life formula

A simpleanaytica formulation for bear-
ing life that includes consideration of the
fatigue strength of the materia evolved
from therolling contact fatigue model set
forth by loannidesand Harris (1985). This
wasinitially applied in the numerical solu-
tionsof thefatiguerisk of 3-D stressfields
of rolling contacts. Dueto the self-similar-
ity of Hertzian stressfields, it wasfound
that inthe case of strictly Hertzian con-
tacts, smplification was possible. This
could beintroduced by applying stresscri-
teriabased on the maximum aternating
shear stressamplitude 7 above athreshold
vaueand of afatiguelimit stress 7 of the
rolling contact* . Thustheintroduction of
thefatiguelimit stress 7 can be effected
through the replacement of the shear stress
amplitude 7 of the Hertzian stressfield of
equation 1, by the difference 7g—u . Then
equation 1 becomes:

1_ e(To-Ty) A AT
InS N —23 azol—<1 B Nzg az,

©)
In the above formulation, Macauley
bracket notation is used; in other words, the
termisset to zeroiif the quantity enclosed
isnegative. To obtainthe Life Equation for
rolling bearingsin the presence of amater-
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ia fatiguelimit, one may use equation 5.
Thisequation differsfrom the original
Lundberg and Palmgren form (equation 1)
only by the Macauley bracket on theright
side of equation 5. Itis, therefore, possible
to work through the bearing capecity for-
mulation very much asin Lundberg and
Pamgren’sorigina work. Applying the
well-known rel ationship between induced
stresses and applied load for Hertzian con-
tacts, either point or line, asdone by Lund-
berg and PaAmgren (1947), an equation
corresponding to equation 5, but writtenin
termsof the equivalent |oad and the basic
dynamicload rating, isobtained. For 10
percent probability of failure, the corre-
sponding bearing lifeisexpressed as*:

w __ec_ p
el BT

wherethe n parameter isafactor (corre-
sponding to astressfactor) that isintro-
duced to account for the actual stressespre-
sentin real bearing contacts. This parame-
terisnot included with theideal Hertzian
stressfield used in the derivation of the
original Lundberg and Paimgren (1947)
lifeformula. It can be shown that, besides
the bulk stresses dueto the hest treatment
and mounting, the stressfactor 1 depends
to alarge extent on the lubrication condi-
tion of the contact and on micro-scale
stress concentrations dueto denting or
imperfections. Consequently, nnisgivenas
afunction of the environmental conditions,
(lubrication and contamination), andin
relaion tothe bearing size.

n (Kydm’ﬂcc) =T (K)brg Us (K’dmlﬁoc) (7)

introducing equation 7 in egquation 6 we get:
Ligea=A <1— E7b (Kbrg

w __(-3(L P
e (KB %L] > [—E—} ®

To smplify the use of the above equation,
in 1989 SKFintroduced aStress Life Fac-
tor agy g for each specific bearing (brg)
class: radia ball bearings, radia roller
bearings, thrust ball bearings, thrust roller
bearings. Thisfactor can be calculated and
plotted asshowninfigure 1:

P
aSKF [K!nc TD-LL} brg =

technology

—C
e

= A<l - [le (K)brg Ne(K:0mBec) E_u} >
©)

Furthermore curves of thefunction
Ne(,dm, Bec) wereaso derived, as
explained by Bergling and loannides
(1994) and | cannides and his colleagues
(1999). Examples of these parametric
curvesaregiveninfigure2. Withthis
information, the life equation 8 can be
writteninasimpleway:

P p
L10aa= askr [’ﬂnc ‘ﬁu‘} brg[% (10)

Thisistheformulation of thelife equation
used inthe SKF General Cataloguesince
1989. Thisequation, in conjunctionwith
thediagramsof figures1 and 2, can be
used to calculatethelife of rolling bearings
inastraightforward manner that issimilar
tothepreviouslifecaculation,

1SO 281:1990. However, equation 10 can
account for specific lubrication and con-
tamination conditions of the bearing and
for theincreased lifethat isexperiencedin
caseof lightly loaded, clean and well lubri-
cated bearing applications.

Experimental verification

To verify theaccuracy of the SKF Bearing
Life Equation (equation 10), extensive
bearing endurance testswere performed on
morethan 8,000 bearings under avariety
of lubrication and contamination test con-
ditions. Anoverview of themean L1g mea
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Fig.3 Overview of experimental
Lqgbearing lives from
endurance testing.
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suredinthesetestsisshowninfigure3.

A comparison was made between pre-
dicted livesand the actual endurancetest
dataof figure 3. Thiswas performed by
plotting the ratio between the experimental
bearing lifeand the basic rating life of the
bearing, i.€. aexp=L10exp/L 10 Versusthe
corresponding stressfactor parameter,

N Py/P.

Infigure4, agroup of experimenta
points of ball bearing operating with afull
ail filmisshown. The datapoints of thetest
resultsmostly overlap with the correspond-
inglife-ratio curve, i.e. agk g, calculated
according to equation 9. Figure4 shows
very good agreement between therelative
life calculated with the SKF Life Equation
and the endurancetest results. A more
comprehensive eva uation of the experi-
mental dataalso indicated that the total
biasinlife cdculation could bereduced by
half using the SKF Life Equationin com-
parison to theresults of lifecdculations
based only on bearing standard ratings.
Thisimproved accuracy providesabetter
meatch between theory and test data, vali-
dating the choice of the model constants
used and the present Life Equation. Fur-
thermore, the asymptotic trend displayed
by thefunctionask (%, 11¢ P,/P), figures
1 and 4 asthe stressfactor parameter
7 P,/P tendstowards|ower stresscon-
ditionsfor the bearing, and isafurther indi-
cation of the postul ated fatigue stresslimit
inrolling contact fatigue. The behaviour of
thecurveask g (relaivedressvs. relative
life) isindeed similar to the familiar Woh-
ler (stressvs. number of stresscycles)
curves used for plotting the surviva proba
bility of specimens subjected to fatigue
testing at different stresslevel.

Conclusions

Rolling bearings have madeit possible to
support heavy loadset high rotational speeds
with good reliability and aminimum of
friction. Thisbasic technology hasallowed
the massive mechani sation processthat has
characterised the past century and has pro-
foundly revolutionised our way of life.
Practical toolsfor better selection and use
of rolling bearings have asignificant effect
on theway machines operate, their effi-
ciency and cost. Thisaffectseach of us
through the energy consumption and run-
ning costs of society &t large. The SKF Life
Equeation introduces anew and higher stan-
dardinlifecdculationsto helpinthepre-

28 | EVOLUTION

=

Relative life:aexp, askF

o

&

0.1
0.0001 0.001 0.01 0.1

N Pu/P

Experimental relative life,
dexp=L10exp/L10

— New SKF Equation relative life,
askr=L10aa’/L10

Fig.4 Comparison of the present SKF Life
Equation with actual endurance test results
at full oil film (x=4).

diction of bearing performanceand to
respond to the continual quest for better
waysto design, select and use bearings.
The SKF Life Equation managesto
describethe complex tribo-systemin
which the bearing operatesusing afew key
parameters. Thisisanimportant festure of

Summary

themode! that concentrates on the effect of
afew important factorsthat have signifi-
cant consequencesfor the bearing life.
Furthermore, the SKF Life Equation
recognisesthat thefatigue effect arising
from thesefactors cannot bewrittenasa
linear superposition of therisksinduced
fromindividua stresscomponents. Rather
than attempting to deriveindependent life
modifying factorsfor lubrication, contami-
nation etc., asinglemultidimensiona fac-
tor, askr =" (x, 1o Py/P), isintroduced
depending on those relevant factors
describing the tribo-physical state of the
system. By thisapproach, thebest useis
made of the availableinput data, to the ben-
efit of both the designer and the user of a
machine. The good agreement with the
experimental resultsand improved accu-
racy achieved using the SKF Life Equation
support the use of thisapproach for thecal-
culation of thelife expectancy of modern
rolling bearings. o

* loannidesE., Bergling G. and Gabdli A.
“ An analytical formulation for thelife of
rolling bearings.” Acta Polytechnica
Scandinavica, ME 137, Espoo (1999).

Rolling bearing design has benefited from improved materials technology,

especially steel cleanliness and better understanding of the tribo-physical

conditions that prolong operational life.

Users of bearings have put an increasing emphasis on safe design coupled

with lighter, more competitively priced products.

This has putincreasing pressure on bearing manufacturers to offer pre-

dictable performance in rolling bearings. In turn, this has encouraged

researchers to review and update standards for bearing life to take into

account the tremendous progress in engineering technology.As a conse-

quence, SKF has introduced the latest manifestation of its famous formula for

predicting rolling bearing life expectancy.
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