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ESDU DATA ITEMS

Data Items provide validated information in engineering design and analysis for use by, or under the supervision
of, professionally qualified engineers. The data are founded on an evaluation of all the relevant information, both
published and unpublished, and are invariably supported by original work of ESDU staff engineers or consultants.
The whole process is subject to independent review for which crucial support is provided by industrial companies,
government research laboratories, universities and others from around the world through the participation of some
of their leading experts on ESDU Technical Committees. This process ensures that the results of much valuable
work (theoretical, experimental and operational), which may not be widely available or in a readily usable form, can
be communicated concisely and accurately to the engineering community.

We are constantly striving to develop new work and review data already issued. Any comments arising out of your
use of our data, or any suggestions for new topics or information that might lead to improvements, will help us to
provide a better service.

THE PREPARATION OF THIS DATA ITEM

The work on this particular Data Item was monitored and guided by the Stress Analysis and strength of Components
Committee. This Committee first met in 1964 and now has the following membership:

Chairman
Mr J.V. Vint — C.A. Parsons and Company Ltd

Vice-Chairman

Mr H.L. Cox — Independent

Members

Mr A.J. Batchelor — Imperial Chemical Industries Ltd

Mr C.E. Day — Independent

Dr R.B. Heywood — A. Macklow-Smith Ltd

Dr L.C. Laming — Imperial College of Science and Technology
Dr R.M.G. Meek — National Engineering Laboratory

Mr G.P. Smedley — Lloyd’s Register of Shipping

Dr J. Spence — University of Strathclyde

Prof. C.E. Turner — Imperial College of Science and Technology.

The work on this Item was carried out in the Strength Analysis Group of ESDU under the supervision of
Mr M.E. Grayley, Group Head. The member of staff who undertook the technical work involved in the initial
assessment of the available information and the construction and subsequent development of the Item was
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Mr R.P. Sharp — Engineer.
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DESIGN AGAINST FATIGUE

BASIC DESIGN CALCULATIONS

1 INTRODUCTION

This Data Item gives a method of estimating the fatigue strength of components subjected to loading of
constant amplitude with constant mean, or loading that can be regarded as such. The method applies
primarily to the design of components in rotating and reciprocating machinery but is generally applicable
provided that:

€) the component isnot subjected to frequent oads higher than the normal running loads, which would
invalidatetheassumption of constant amplitudeloading; the static strength of the component should
be checked separately against any high overloads;

(b) thedesign enduranceisgreater than about 10° cycles; for shorter endurancesthelifemay be affected
by the crack propagation characteristics of the material and of the component geometry.

Fatigue terms used in this Item are explained in ESDU 70016, “ Terms and notation for fatigue endurance
data’ andtheprinciplesof designinrelationto fatigueareoutlinedin ESDU 71009, “ Design against fatigue.
Design principles’. Other data, such as elastic stress concentration factors, required for the use of this
method may be located by reference to the Engineering Sciences Data Index or the referencesin this Item.
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2. NOTATION

Both Sl and British units are quoted, but any coherent system of units may be used.

ESDU Copyright material. For current status contact ESDU.

a empirical constant associated with stress gradient (see Section5.1) m in
f reference stress (i.e. stress calculated from simple theory, based on ~ N/m? Ibf/in?
net or gross section as required, for use with stress concentration
factor K, )
f, reference alternating stress N/m?  Ibffin?
fo von Mises-Hencky equivalent direct stress N/m?  Ibffin?
f reference mean stress N/m?  Ibffin?
f, tensile yield strength or 0.2 per cent proof stress of material N/m?  Ibffin?
f, tensile strength of material N/m?  Ibf/in?
fe fy direct stressesin arbitrarily chosen orthogonal x- and y-directions N/m? Ibf/in?
respectively
Ks fatigue strength reduction factor due to stress concentration
Ky elastic stress concentration factor
Kt surface finish factor
m index in expression for the effect of mean stress (see Section 7.1)
N endurance
Oy shear stressin the xy plane N/m?  Ibffin?
r radius of root of stress concentration m in
My peak-to-valley height surface roughness m in
S,m(N) fatigue strength of material at given mean stress for endurance N, as N/m?  Ibf/in?
measured on plain polished laboratory specimens under bending or
axia loading
S,o(N) valueof S, _(N) for zero mean stress N/m?  Ibffin?
S,0(=) fatigue limit of material at zero mean stress N/m?  Ibf/in?
Suffixes
a alternating component of stress
m mean component of stress

Sign convention

Tensile stresses are positive. Alternating stresses are always taken as positive.
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3. CALCULATION PROCEDURE

The simplified procedure of this section relates to estimating the fatigue strength of a component (which
is not subject to fretting) having a stress concentration and subjected to constant amplitude bending and/or
direct stress. It isassumed that the el astic stress concentration factor isfully effective on both the mean and
aternating stresses. The resulting local stresses are compared with the fatigue properties of the material as
represented by Equation (7.1), allowing for the effects of local yield and for deleterious effects of surface
finish and treatments.

Modifications to the procedure to account for more complicated loadings and conditions, including
aleviation of the effects of the stress concentration factor at very sharp notches, are covered in subsequent
sections.

Fatigue strength data for certain types of component (for example, screw threads and thick cylinders) are
availablein Data Items. Such data can be used directly to estimate fatigue strength.

1 Determine the aternating and mean loads on the component. See Section 4.

2. L ocate the most highly stressed region; itslocation isusually at astress concentration and therefore
obvious, but calculations should be made for all likely critical sections.

3. Refer to the appropriate stress concentration Data Item; this will tell you how to determine f and
K. Determine f, and f, for the respective types of |oading, together with the associated values
of K;.

4. Determine the local aternating and mean stresses, Kt fa and Kt fm.

5. Determine the material properties, f,, f,, m (see Section 7.1) and S (N). (Teke S,5(N)

appropriate to the required endurance N, usualy S, () .)

For steel (other than high strength) components designed for unlimited life, in the absence of
specifictest data, take S, o(N)/f, = S y(e0)/f; = 04 andm = 1,butnotethat thesearesafe
valuesthat will under-estimate the fatigue strength. (See ESDU 88008 “ Fatigue limit of unnotched
steels (related to tensile strength)”.)

ESDU Copyright material. For current status contact ESDU.

6. Refer to Figure 1a, 1b or 1c according to thevalue of mand determine S, ,(N) , thefatiguestrength
of thematerial corresponding tothelocal meanstressK, f ortotheratio K, f_/K, f,.(Section 4.1
explains the reasons for the alternatives and a so the conditions under which each is appropriate.)

7. Determine the surface finish factor ksf . See Section 8.

8. Comparethefactoredloca aternating stress K, f, withthefactored fatigue strength of themateria,
S, m(N)K , to ensure that there is a sufficient margin between stress and strength.
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4, ESTIMATION OF LOADS

The first essential of satisfactory fatigue design calculations is a redlistic evaluation of the loading
conditions, remembering that most structures and machine components can be subject to fatigue loading
conditions that are often complex in character with significant loads at more than one frequency of
occurrence.

Three basic approaches to |oad estimations are;

(a calculation from first principles, based on norma running loads, taking account of inertial,
frictional, out-of-balance loads, vibration, et cetera,

(b) calculation asin (@) but modified by analysisof failuresand successful operationin previoussimilar
designs,

(© measurement of loads on atest-rig or in service.

The first approach is usually practical only on relatively simple designs or on those that incorporate
load-limiting devices such asfluid couplings. It must be bornein mind that most power sources can deliver
considerably greater than the rated torque when subjected to a sudden increase of load. For example some
electric motors, even if fitted with an overload trip, can deliver twice the rated torque momentarily before
tripping-out, to which must be added the torque needed to decel erate the motor, armature and drive. In the
case of a sudden stall this torque can be many times the rated torque. In machinery where such loading
occursin normal use, or misuse, it can be very damaging, but the magnitudes of the loads and particularly
their frequency of occurrence can be very difficult to estimate as they are dependent on the operator and
operating conditions.

The third approach, measurement of the loads, though desirable, is not always practicable in service
conditions. In the absence of measurement the best that can be done isto follow the second approach and
work from experience with similar machinery. From analysis of past failures and of successful designs
(using nominal loads and consistent methods of stress analysis) it is possible to derive a suitable factor to
apply to the nominal calculated loads in future similar designs. A method of doing this is outlined in
ESDU SS1, Section 5. The factors so obtained vary widely between different types of machinery and
applications and depend also on the sophistication of the methods of analysis, for example, if the analysis
made specific allowancefor vibration, alower factor would be expected than if vibration had been ignored.
Accordingly, it would be misleading to quote typical values of such factorsin this Data Item.

ESDU Copyright material. For current status contact ESDU.

Careshould betakenin choosing any additional factor, discussed in Section 10, to allow for approximations,
manufacturing tolerances and unforeseen circumstances, so as to ensure a balanced design that is neither
too expensive nor too weak.

4.1 Alternating and Mean L oads

This Data ltem applies strictly to fatigue loading of constant amplitude and constant mean. In practice the
amplitude and often the mean stresses vary or are uncertainly determined, while still legitimately being
regarded as of constant amplitude for the purpose of analysis. Such variations or uncertainties are allowed
for in the margin between the alternating stresses in the component and the estimated fatigue strength of
the component discussed in Section 10. However, the magnitude of this margin can depend on whether the
mean stress or the ratio of mean to alternating stressis regarded as fixed when determining the value of the
fatigue strength of the material.

For example, where the mean stress arises from some steady load on which are superimposed stresses due
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to vibration, the mean stress may be regarded as fixed and the fatigue strength determined accordingly,
since amargin of safety isrequired on the less certainly estimated vibratory stresses.

On the other hand in a machine such as a press where the loads return essentially to zero between each
operation, but the maximum of the load in each operation varies or is uncertain, the mean of theload cycle
also varies or is uncertain. However the ratio of mean to aternating load remains unity. In this case it is
appropriate to determine the fatigue strength for afixed ratio of mean to alternating stress.

ESDU Copyright material. For current status contact ESDU.
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5. EFFECT OF STRESS CONCENTRATION

A fatigue crack will be initiated at any region in acomponent at which the local alternating stress exceeds
the fatigue limit of the material. Accordingly fatigue calculations are based on a stress analysis that takes
account of high local stresses in the vicinity of a discontinuity by applying the appropriate elastic stress
concentration factors to the reference stresses cal culated from simple theory.

51 Small Components and Sharp Notches

In the case of very localised stresses, such as occur at sharp discontinuities in small components such as
the specimens usually used for fatigue testing, an insufficient volume of material may be stressed to the
fatigue limit to start a significant fatigue crack. In addition, beneficial compressive residual stress may be
introduced by machining with a pointed tool. In such cases application of K, to the reference stress may
lead to an underestimate of fatigue strength, and the use of an empirically determined fatigue strength
reduction factor K; in place of K, ismore realistic.

Figure 2 indicates approximate values of K. that may be expected in cases where the stress amplitudes
approach the fatigue limit. It is based on the equation

K

_ t
Ky = 7

4

with the proviso that K; is never less than unity. Vaues of the empirical constant a, based on the results
of fatigue tests on notched specimens, are given on Figure 2 but substantial variations from these values
can occur in particular cases.

52 Residual Stresses at a Stress Concentration

The manufacturing process and subsequent treatment at a stress concentration often give rise to an initial
residual stressin the surface material at the critical region on which are superimposed the stresses applied
to the section, thus modifying the local mean stress and significantly affecting the fatigue strength.

Such initial residual stresses are difficult to measure or to predict with accuracy but their effects can be
assessed qualitatively; a compressive residual stress tends to increase fatigue strength and is therefore
beneficial whileatensileresidual stressreducesfatigue strength. ESDU 71009 gives exampl es of processes
that give rise to each type of residual stress. The maximum local stress cannot exceed the yield stress of a
material that has a sharp yield, so that limitsto the effect of residual stress can be assessed approximately
by assuming the presence of alocal mean stress of up to ifp at the surface of the critical section.

ESDU Copyright material. For current status contact ESDU.

Residual stresses may also be induced, deliberately or otherwise, through loading a section with a stress
concentration such that the local stress exceedstheyield stresswhilethe bulk of the section remainselastic.
The effect isillustrated in Sketch 5.1, and is taken into account in Section 7. When it occurs it eliminates
the effect in the critical region of any initial residua stress.
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—_———————e Reference stress f

Actual local stress

PV bbby

Stress-time history of point B on Section AA Distribution of local stress across Section AA
At 1. Maximum stress of cycle.
2. Minimum stress of cycle
3. On release of load
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Sketch 5.1

It also followsthat even asingle compressive overload can cause aresidual tensile stressthat may seriously
reduce fatigue strength under subsequent cycles; on the other hand a tensile overload, unless repeated
sufficiently frequently to be afatigue hazard itself, can improve fatigue strength under subseguent normal
running loads.

5.3 Adjacent and Superimposed Stress Concentrations

Allowance should be made for interactions between coincident and adjacent stress concentrations. The
Items on stress concentrations provide data on a number of adjacent stress concentrations. In other cases
the maximum stress may be estimated by increasing either the reference stress or the maximum stress,
calculated for an isolated stress concentration, by the additional local stress due to the presence of other
stress concentrations. As arule-of-thumb it can be assumed that the stress decays to the value remote from
the stress concentration along an approximately exponential curve, such that the difference between the
peak stress and the stress remote from the concentration halvesin adistance of about 0.25r normal to, and
0.5r paralle to the principal stress direction. For example, see Sketch 5.2.
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f For example

Actual decoy
Exponential decoy
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It should be noted that the interaction between stress concentrations often produces an entirely new stress
pattern that can be less severe than that around an isolated stress concentration, as in the case of multiple
grooves and notches. Examples areillustrated in ESDU 71009.
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