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PHILOSOPHY 

1. Airworthiness in General 

PROFESSOR PUGSLEY was the first to 
have popularized the term 'philosophy' in 
connexion with airworthiness. Generally, 

unless structures are completely safe they are 
regarded as unsafe. A flying machine, however, 
can at best be only approximately safe. Hence 
the need for an a priori definition of safety. Not 
only is it necessary to make a statistically de
finable sacrifice of safety to obtain a machine 
which will fly at all, let alone lift an economical 
payload, but this sacrifice must be spread in a 
certain manner to give acceptable returns. 

An eminent personality in the aeronautical 
world recoiled in horror when confronted with 
the writer's somewhat daring simplification of 
Professor Pugsley's thesis; namely, that we aim 
to design structures which are equally unsafe in 
all their components and under all circumstances. 
He thought such a doctrine wicked and blas
phemous, presumably because it appears to 
destroy the foundations of individual responsi
bility. He was merely a victim of our habits of 
thought, inasmuch as we are not accustomed to 
deal with statistical statements. Unfortunately 
habitual gamblers seem to be the only people to 
whom chances are workable realities. 

Indeed, the line between a statistical formula
tion of safety in the air and a mere fatalistic 
enjoyment of statistical destiny seems to be very 
thin. It has even been suggested that human 
beings insist on challenging violent death in a 
statistically constant measure and, therefore, an 
improvement of safety in one direction will make 
them seek hazards in another. Consequently 
public control of air safety is all but futile and the 
matter should be left to the judgment of ancient 
mariners of the air. 

This attitude is here rejected. 
(1) The designer must assume, in assessing his 

own responsibilities, that it is his duty to 
provide aircraft of a statutory standard of 
safety irrespective of whether his activity 
docs, in the last resort, contribute to the 
fall in the death rate or not. Furthermore, 
it is the designer's task to achieve safety in 
the most economical manner. 

(2) The standard of safety to be achieved is 
defined by public authority. This definition 
demands a collection of facts and their 
interpretation which are outside the com
petence of the designer as such. 

(3) The designer is not a medicine man who 
alone knows the subtle mysteries of suc
cessful aircraft but a human being endowed 
with a creative mind which produces a 
practical, materialized synthesis from many 
items of knowledge. To be useful material 
for the designer such facts must be definite 
and simple. The rules, regulations and 
standards included in safety requirements 
are an essential part of the designer's con
structional set-up. The airworthiness 
authority has therefore the task of sim
plification and standardization. 

For the purposes of our argument we select 
the following conclusions: 

INTRODUCTORY REMARKS 
It is customary for authors to insist that the view 

expressed in their writings are their own and do not 
bind their organizations. 

In this case the writer wishes to go further. The 
opinions presented in this article do not bind even 
himself, but are held tentatively—as, according to 
Bertrand Russell, all opinions should be. 

The approach advocated in this paper is an attempted 
answer to the author's own experiences with fatigue. 
This approach is mainly inspired by the thoughts of 
certain authorities on the subject, which are mentioned 
in the paper, and provoked by the outlook of others, 
who shall be nameless. 

It is hoped that the article will prove stimulating 
and provoking to readers interested in this subject. 

It was the writer's intention to try and stem the tide 
of pessimism and resignation which threatens to engulf 
current thinking on fatigue phenomena. 

Those who feel unjustifiably attacked may derive 
some satisfaction from the fact that no designer of 
Hying machines can honourably survive his errors for 
long. 

(a) That airworthiness implies a prescribed 
degree of safety which, though it falls 
short of 100 per cent, is neither arbitrary 
nor does it absolve the constructor from 
individual responsibility. 

(b) That in all departments of airworthiness, 
relatively simple standardized substitutes 
must be formulated for the immense com
plexity of conditions which a flying machine 
has to withstand. 

2. Facts and Fallacies on Fatigue Phenomena 
The term fatigue is here used in the accepted 

sense to describe the existence of fluctuating 
loads. These loads cause fluctuating stresses in 
structural components which we shall call fatigue 
stresses. The ability of structural components to 
withstand fluctuating loads constitutes their 
fatigue strength. 

The philosophical introduction of this paper 
leads to the conclusion that structural safety in 
the presence of fatigue loads does not require 
principles of approach different from those estab
lished with regard to static loads or any other 
hazards of flying machines. 

This conclusion is manifest if we examine the 
basic knowledge available on fatigue stresses and 
fatigue strength of aircraft structures. This know
ledge has, it is felt, often been presented in a 
somewhat one-sided manner and we have to 
examine several points separately. 

(1) It is said that, in contrast to static strength, 
fatigue strength is erratic and indeterminate. In 
actual fact, the normal scatter of load in fatigue 
tests is about 20 per cent as against a scatter of 
10 per cent in static tests. 

One reason why this basic similarity tends to 
be obscured is that in practice all fatigue tests are 
tests of life for a given load. The scatter of life 
expectancy is very much greater than 20 per cent. 
This relation, which we will consider later, has 
given experimenters the impression that fatigue 
failures are unpredictable. This impression is 
misleading. There should be no numerical dif
ference between the remaining hazards from either 
static or fatigue failures, if we introduce a 'scatter 
factor' into fatigue strength analysis. 

(2) Fatigue strength is often denounced as 
being improperly understood. 

Inasmuch as there is no limit to the mysteries 
of nature nothing is fully understood, but static 
strength is no more plausibly related to the 
fundamental properties of matter than fatigue 
strength. The knowledge about each is based on 
evidence from tests. We know less about fatigue 
than about static strength because static tests are 
quicker and cheaper but, though we understand 
neither, we know generally what to do about each, 
which is what matters in practice. 

(3) It is pointed out that fatigue strength of 
non-ferrous alloys falls indefinitely with the 
number of reversals. 

This statement is correct in the academic sense 
but is of minor importance in practice. The 
practical definition of infinity is, after all, the 
deciding factor. The fatigue strength in laboratory 
tests of duralumin is reversed bending drops from 
9·2 t./sq. in. to 8 t./sq. in. between 20 x 106 and 
500 x 106 reversals. There is every reason to pre
sume that for, say, 10,000 x 106 reversals the 
fatigue strength does not drop below 7 t./sq. in. 
Such a number of reversals represents infinity for 
all practical purposes. 

We find, therefore, that the statement we are 
examining is merely responsible for a small addi
tional factor, and no more. 

(4) The impression prevails that reversed 
stresses intensify local stress concentrations. In 
fact stress concentrations due to geometry, dis
covered by analysis or photoelastic test, which 
are totally ineffective in a static failure, are not 
fully effective even under reversed loads. 'Geo
metric stress concentration factors' can have 
almost any value and in many practical cases are 
found to be in the region of 3-6. 'Fatigue stress 
concentration factors' are mostly 1·5-2·5 and 
seldom exceed 3. What is commonly known as 
notch sensitivity should really be called in-
sensitivity. 

In practice, its relation to stress concentration 
is the most important aspect of fatigue. In ductile 
materials, such as forged metals and alloys, a 
single loading does not disclose any stress con
centration because, before failure occurs, the 
material flows sufficiently to smooth out the 
peaks of stress. 

Repetition of loading causes stress concentra
tions to become progressively more effective. 
Even so the effect of stress concentration stabilizes 
at around 106 repetitions to a value which gives 
the 'fatigue stress concentration factor' and is a 
fraction of the 'geometric stress concentration 
factor'. The fraction depends on the geometric 
stress concentration factor and on the material 
and is approximately predictable for many types 
of materials. 

Generally, stress concentration can be reduced 
by detail features of design and only in very rare 
cases need we accept 'fatigue stress concentration 
factor' exceeding 1·5 in individual components 
and 2·5 in assemblies (where the use of fastenings 
or welding causes unavoidable stress peaks; wider 
use of metal bonding processes would eliminate 
this source of stress concentration). 

(5) A further source of stress peaks is the 
existence of 'built-in' stresses in manufactured 
parts. In practice only internal stresses found at 
or near the surface of the component are of 
special significance for fatigue strength, because 
it is there that they combine with other stress 
peaks. 

Surprisingly, however, this difficulty can again 
be dealt with by means of factors which take into 
account the influence of the manufacturing pro
cess on the condition of the surface. Different 
factors apply to 'as forged', machined and 
ground surfaces. 

On the other hand it is well established today 
that artificial stresses can be imposed on the 
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surface layer of material, such as by shot-peening, 
which have a beneficial effect on fatigue strength. 

(6) One of the causes of popular misconcep
tions about fatigue is the customary manner of 
representing fatigue strength by a plot of stress 
against number of reversals to failure on a 
logarithmic scale (S-N curve). 

Such a plot creates quite a misleading im
pression of a gradual reduction of stress with the 
number of reversals and appears to classify fatigue 
with corrosion, wear and creep as a progressive 
deterioration. Nothing could be further from the 
truth. Every student of the problem should, at 
least once, draw a graph of load against life on a 
non-logarithmic scale. He would make some un
expected discoveries. First there is a rapid drop 
in load, perhaps half the total, taking place in the 
first hundredth of the length of the graph, which 
is followed by a levelling out until over nine-tenths 
of the graph the drop is hardly perceptable. On 
such a graph no fundamental difference would 
be seen between steel and light alloys. 

Our student should now draw in the width of 
the band representing a 20 per cent scatter in 
failing load, and he would immediately perceive 
that for a given failing load the scatter in fatigue 
life is of the order of 10:1 or 1,000 per cent over 
most of the graph. 

Other forms of deterioration with time will 
present a totally different picture. A plot of load 
against life would be a nearly straight line all 
along the graph. The precise form of the relation 
will depend on the exact definition of failure. 
Wear, corrosion and creep require a declared 
definition which is, of course, dictated by prac
tical considerations. We will not examine this 
matter in detail, but all possible definitions have 
only a limited effect on the relation between load 
and life, compared with the completely different 
curve representing the fatigue relation. 

Other forms of deterioration with time have a 
relative scatter of life of the same order of 
magnitude as the relative scatter of load. In 
structures subject to wear, creep and corrosion, 
the conception of service life is, therefore, a 
reasonable and useful conception suitable for 
practical use. With respect to fatigue, life is 
measured not in units of time but by the number 
of reversals. When the number of reversals is 
small (thousands), such as in the case of certain 
ground loads and gust loads in airframes, the con
ception of life may still be useful. When the 
number of repetitions is measured in millions, in 
engines, propellers and rotating wing aircraft, 
this conception is of little significance. It is im
practicable in testing owing to the enormous 
scatter of results to be expected and it is un
economical as a specification because a 10 per 
cent increase in section will multiply probable life 
by 10. 

Methods of plotting sometimes improve the 
appreciation of significant relations. The logarith
mic plot of load against number of reversals is a 
convenient method of presentation, but the 
logarithm of time has no significance in human 
affairs. After all, we do not pay rent or wages at 
logarithmic intervals, nor can we so arrange in
spection routines. The logarithmic plot of fatigue 
strength is, therefore, misleading in the extreme 
and the prediction of fatigue life, though it has 
found a place in fiction, is rarely justified in 
engineering. 

(7) The foregoing considerations were based 
on the fatigue strength of laboratory specimens 
and it has been stated with some justification 
that fatigue strength of complicated components 
and complete structures is dominated by stress 
concentrations. 

In FIG. 1, taken from a report of tests conducted 
by the Aluminium Co. of America (E. C. Hart-
mann, Product. Eng., Feb. 1941), on polished 
laboratory specimens and riveted joints, the top 
line shows the S-N curve of 17S.-T. alloy (dura
lumin type). The bottom curve shows the expected 
fatigue strength on the assumption that the 
estimated fatigue stress concentration factor of 

2·4 is fully effective. The intermediate curve 
represents the fatigue strength of the riveted joint 
as established by actual test. 

These graphs show that the fatigue strength of 
a typical assembly has an even more pronounced 
tendency to fall during the first 100,000 reversals 
than that of polished specimens and subsequently 
levels out even more abruptly. This behaviour is 
due to the increasing effectiveness of stress con
centration. The fatigue strength of assemblies 
displays the characteristic feature of S-N curves 
only more prominently than the fatigue strength 
of laboratory specimens. 
3. Is Fatigue Life Really Necessary? 

Efforts have been made to define and predict 
the fatigue life of structures on the basis of S-N 
curves. We have seen that the only justifiable 
ground for such an analysis is the region of 1-105 

repetitions which is of interest in airframes subject 
to recurrent but non-periodic loads such as gust 
loads, ground loads, and loads due to control 
applications and in helicopter transmissions 
subject to impulse loads and starting loads. 

In 'static' stress analysis of aircraft structures 
we determine by experiment, calculation or 
arbitrary assumption the limiting values of loads 
acting on the structure. The analysis of strength 
to withstand repeated loads requires much more 
information. We need the average number of 
repetitions for each magnitude of the load. The 
first difficulty is to obtain that information. The 
second problem is how to use it in order to 
evaluate the safety of the structure. 

The two problems call for a great deal of 
research both analytical and experimental. Such 
inquiries are not fundamentally within the de
signer's competence; they are unlikely to find 
simple workable solutions. Yet, it is submitted, 
and therein lies a fundamental argument of this 
paper, that the designer may hope to be given a 
simple answer, always remembering that the com
plexity we have just encountered is confined to 
the intermediate region of (random) loads and 
reversals between the limit load which is treated 
as a static stressing case and the really con
tinuous and, mostly periodic but small, loads 
occurring a million times and over. 

The answer which the designer wishes to get 
defines such conditions applied to the extremes 

of the range of complexity as to eliminate any 
further care for that unmanageable range. 

That such an answer is desirable will not be 
disputed; that it is possible cannot in itself be 
doubted, sufficiently high factors alone will re
lieve the designer of all care for fatigue. The 
question arises whether such a simplification can 
be simultaneously effective and economical in 
weight. 

D. Williams of the R.A.E. in an article entitled 
'Strength of aeroplanes in relation to repeated 
loads' (The Aeronautical Quarterly, Feb. 1950) 
endeavours to prove that, on the whole, the 
fixed wing designer need not fear fatigue in 
structures fulfilling present requirements of static 
strength. 

'Further study of the loads which aeroplanes 
are likely to encounter in service has indicated 
that the position is not nearly as serious as it 
was first thought to be and that the prospect of 
having to test each new aeroplane not only to 
find its ultimate strength but to find its behaviour 
under an elaborate programme of load repetitions 
at various fractions of that ultimate, may not 
after all be necessary.' 

Mr Williams shows in his article that the 
'fatigue strength' of a particular structural com
ponent ('Tempest' tail plane) as found from tests 
with repeated loads is well above the 'fatigue 
stress' represented by a plot of 'required' repeti
tions derived from an experimentally determined 
frequency distribution of random loads. 'Re
quired' repetitions are interpreted to assure a 
safety standard expressed by a chance of failure 
of less than 1 in 20,000 during a life of 50,000 
hours. Curves are reproduced in FIG. 2 where both 
'fatigue strength' (curve 1) and 'fatigue stress' 
(curve 2) are expressed in terms of ultimate loads. 

For details readers are referred to the original 
article, but those unfamiliar with statistical theory 
will find in the derivation of 'required repetitions' 
an illuminating example of the value of statistical 
theory in a case where common sense is helpless. 

Observing that a load of 83 per cent of the 
ultimate occurs 0·05 times in 50,000 hours, we 
might ask what is the probability of departure 
from the average during the life of any one air-
craft. We wish to know the highest number of 
repetitions the probability of the occurrence of 
which is more than 1 in 20,000. D. Williams 
shows that the required number of repetitions is 3. 
As the average number of repetitions during the 
chosen life of the structure increases, so the pro
bability of departures from the average number 
decreases. At 500 average repetitions in 50,000 
hours there is no more than a 1 in 20,000 chance 
of exceeding 610 repetitions, which therefore 
becomes the 'required' number. 

Yet this approach treats only one aspect of the 
problem. Mr Williams in his deduction appears 
to assume that, unless failure occurs, repeated 
stressing at one stress level does not influence the 
ability of the structure to withstand another stress 
level. Common sense and evidence combine to 
repudiate this assumption in the region of finite 
fatigue life with which we are concerned at this 
stage. Methods have been proposed which take 
the total history of loading into account. The 
simplest hypothesis is the 'cumulative damage 
theory', according to which repeated loading at 
a given stress level causes a fraction of damage 
proportional to the number of repetitions divided 
by the total number which the structure can 
sustain at that particular stress level. Failure 
occurs when accumulated damage reaches unity. 
It follows from this theory that repeated loading 
below the stress level for infinite life causes no 
damage and can be left out of account. It also 
follows that the sequence in which different stress 
levels are applied is immaterial. This is an im
portant point since any information on the fre
quency distribution of stress levels which we can 
collect statistically is unlikely to distinguish 
sequence. Whether this assumption is entirely 
correct is another matter. 

A structure has to be proved to withstand not 
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only exceptionally high numbers of repetitions 
at any one stress level but the complete spectrum 
of stresses represented by the most unfavourable 
deviation from the average distribution the likeli
hood of which is more than 1 in 20,000 during 
50,000 hours. 

To incorporate the cumulative damage theory 
in the interpretation of statistical records of 
random loads so as to ensure a 1 in 20,000 safety 
is a task beyond the scope of this essay. For the 
purposes of our argument \vc assume that this 
additional consideration will not alter the funda
mental conclusion; that airframes stressed to 
specified static requirements need not, on the 
whole, undergo a separate examination concerned 
with repeated loads in the region of limited 
fatigue life. In view of some exaggerated claims 
made for the cumulative damage theory it is 
desired to emphasize that it is only in the region 
of high random load that this theory can be used. 
The attempt to apply the theory to periodic loads 
of low intensity and high numbers of repetitions 
which can be evaluated for various cases of con
tinuous flight is, in the writer's view, misguided; 
such load repetitions contribute little or nothing 
to 'damage'. 

Apart from the need to re-examine Mr Wil
liams's thesis in the light of a 'historical' hypo
thesis of fatigue failure there is another qualifica
tion which, though it may also apply to fixed-
wing air frames, certainly distinguishes heli
copters. In FIG. 2 the only arbitrary choice 
appears to be the static end of the fatigue strength 
line (point A). That is always true of a laboratory 
specimen but not in a complex and composite 
structure with numerous stress raisers. In heli
copters we have little hope of absolving the 
designer from worrying about repetition of high 
random loads unless we ensure not only an 
adequate ultimate strength but also a high 
strength for infinite life. (Point B in FIG. 2.) 

This, I suggest, is one of the major factors 
which require new emphasis in helicopter design 
and which call for the active participation of the 
designer to be discussed in the next sections. 

On the other hand the task of dealing with 
high random loads is essentially the business of 
research institutions and airworthiness authorities. 

Under this heading a characteristic feature of 
helicopters is the emphasis on random impulse 
loads in mechanical transmissions while the 
random overloads of the lifting system are 
normally substantially lower than with fixed 
wings. 

Limiting maximum impulse loads are fairly 
easily estimated by means of broad conclusions 
from the theory of transient stresses. However, 
intermediate impulse torque loads in helicopters 
have not hitherto been the subject of much 
systematic study. They represent the real addi
tional hazard in helicopters. While no generalized 
knowledge is available today we may include a 
few observations which seem to show that the 
study of impulse loads is not only necessary but 
highly rewarding. 

(a) In practice, impulse loads are most severe 
and most likely to occur in starting and at 
low and very low power. Test schedules 
should not, therefore, be based on the • 
assumption that the severity of a test is 
necessarily proportional to the value of 
average torque. 

(b) Impulse loads are, on the whole, frequent 
enough to require attention to stress con
centration. An improvement in fatigue 
strength for infinite life will therefore 
materially increase the strength of a 
structure exposed to impulse loads. 

(c) Impulse loads can be successfully reduced 
by suitable design. Transient stress analysis, 
which is increasingly employed in aircraft 
structures, will teach us how to construct 
transmission systems with a low response 
to given impulse loads. Methods will in
clude modifications of the parameters 
which determine load peaks, such as in

ertias, stiffness, non-linear springs, details 
of rotors articulations and dampers (drag). 
It should be possible to formulate standard 
impulses, such as misfiring of a single 
cylinder, evaluate the response and carry 
out experimental checks. 

(d) Impulse loads can be substantially eli
minated by special devices such as slipping 
clutches and fluid couplings. They can be 
greatly reduced by suitable choice of power 
unit (multiplication of cylinders, turbines) 
by attention to design of starting clutches, 
and by the addition of special dampers. 

(e) Information on the occurrence of impulse 
loads can be obtained more readily and 
cheaply on static rigs and from hovering 
flight under safe conditions provided the 
source of impulses is present in such tests. 

In all, there are good reasons to presume that 
impulse loads can be managed, in accordance 
with our programme, on the basis of adequate, 
but not prohibitive, factors applied to the static 
and indefinite life ends of the fatigue strength 
graph. 
4. Rational Design or Trial and Error 

It is submitted, therefore, that the designer's 
task in constructing 'fatigue proof helicopter 
structures and components resolves itself into 
ensuring, apart from compliance with the static 
strength requirements, the ability of such struc
tures also to withstand the periodic fluctuating 
stresses indefinitely. Having fulfilled these re
quirements the designer should be able to forget 
about the intermediate region of high overloads 
subject to random repetitions, provided that he 
has adequately dealt with impulse loads in the 
transmission. 

To carry out this task the designer has at his 
disposal the two basic methods of empirical 
progress by trial and error and rational design 
supported by analysis. In this section it is argued 
that, though selective testing and prolonged 
operational experience are indispensable for proof 
of airworthiness, they are by themselves unpro
fitable and unsuitable as a design tool. Moreover, 
testing must be guided by, and co-ordinated with, 
the principles which govern rational design if we 
desire real progress in helicopter structures. 

The first encounter with failures under repeated 
loads invariably engenders a mood of scepticism 
which leads to an advocacy of the exclusive use of 
experimentation. In the writer's opinion such 
scepticism is unjustified and some promotion of 
rational design is necessary to restore the balance. 

First let us define the issue. It is not a dispute 
on the merits of contemplation versus experiment. 
All our knowledge in engineering is based on, and 
requires verification by, experiment. The issue is 
between ad hoc experiments as a design tool and 
knowledge extracted from long and broadly 
based experience rationally co-ordinated and 
logically applied to new design. 

Nor is it suggested that a helicopter design can 
be pursued without a great deal of both ad hoc 
and systematic testing. 

No one disputes that ad hoc experiments have 
their value. They are often invested, however, 

• with a quality of finality which they do not 
possess. They are subject to inaccuracies of load 
application and measurement, they represent 
selected stressing cases, and they are accompanied 
by scatter—all of which may render tests less 
reliable than analysis in determining the effective 
strength of structures. By effective strength I 
mean in this context the strength to be used in 
specifying the factor of safety. 

The true value of ad hoc tests applied to com
plicated structures lies in an enrichment of the 
designer's imagination. A test offers a physical 
picture, which, though it cannot give numerical 
finality, has the merit of comprehensiveness. 
Nature does not forget to take all circumstances 
into account, which a designer and a stress 
analyst are always in danger of doing. For the 
purpose of ensuring against errors of omission, 

for the purpose of providing ideas for valid 
approximations, and for the purpose of selected 
checks on results of analysis ad hoc tests are 
invaluable. In new development there is often no 
other means by which a designer can learn what 
difficulties he is likely to encounter, what ques
tions he has to ask himself, how to devise an 
approximate, but manageable, thereotical ap
proach. 

No ad hoc testing should be accepted beyond 
its function as a stimulant of thought, a method 
of illustration. Experiments can be misleading 
as well as revealing. A great deal of knowledge 
and experience is required to tell when tests are 
necessary and useful; much ingenuity is needed 
to simulate operational conditions without ex
cessive complications and extensive test schedules. 

Not infrequently tests are conducted because, 
owing to lack of mutual confidence between 
management and design staff, it is considered 
that destruction of ironmongery is a more visible 
proof of activity than consumption of paper. 
Too often tests are repeated in different establish
ments because no publications are made or no 
trouble is taken to find them. Testing can even 
become the alibi for mental laziness or scientific 
incompetence or a method of mass-produced 
'research' with unskilled labour. 

Testing an an adequate scale to constitute 
proof of compliance with safety requirements 
calls for system, repetition, adequate equipment 
and an organization to devise and evaluate 
experiments. 

But even if the expense and time inseparable 
from systematic testing could be ignored, any 
kind of testing is a poor guide for design action. 
Experiments tell us what is wrong and sometimes 
why it is wrong, but not what to do about it or 
how much. For this we still require the mental 
processes of analysis and synthesis. 

A product of aeronautical design, since it re
quires a high degree of co-ordination to render 
an adequate balance of all-round performance, 
must rely on knowledge which can be rationally 
expressed and manipulated by the designer. The 
co-ordination of many variables by trial and 
error is almost impossible. Designers must ex
press their knowledge in rationalized terms in 
order to achieve that co-ordination. Any relation 
can be represented with qualifications as a simple 
law. While common sense dictates that these 
qualifications should be kept in mind, design 
practice requires the formulation of laws even on 
the most slender experimental foundation. Unless 
we make an early attempt to formulate rational 
principles for the design of fatigue-proof struc
tures, we cannot hope to achieve economy in 
helicopters. 

Even the best designer makes some mistakes, 
fails to consider a few eventualities, and is ignorant 
of certain aspects of his product. These faults 
come to light in trials, some of them only after 
some period of testing if not in operation. 

Shortcomings and faults cause much distress 
to all concerned and are a source of anxiety and 
humilation to the designer, but it is rarely 
realized how small a proportion of the many 
opportunities for failure they constitute in a 
complex assembly such as a flying machine. 

It is the custom to eliminate faults by trial and 
error. Such a method is successful precisely 
because these defects are isolated and rare. With
out a very high degree of perfection to start with 
trial and error testing would be futile. 

Tests for research and proof of compliance 
with safety requirements should be built around 
a rational system of design and be conducted 
with the object of supporting and refining it and 
not of replacing it. This is how the edifice of 
static structural safety requirements has been 
built up which has served well in the past. There 

, is no justification for abandoning this system in 
the face of fatigue loads as certain proposals 
appear to do, which rely entirely on the deter
mination of 'fatigue life' from endurance tests. 

Modern maintenance organization favours re-
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gular replacement of parts subject to deteriora
tion. The conception of service life, therefore, 
arises from the requirements of organized main
tenance, but its technical justification is not fatigue 
so much as wear and corrosion, which are forms 
of gradual deterioration. Endurance testing can
not, of course, be dispensed with, but if it reveals 
fatigue failures at all then there is something 
wrong with the design. In aero-engines a type test 
extends over 150 hours. By this time all periodic 
fluctuations, down to half engine order have 
reached 10 x l06 reversals. Thereafter no one 
expects fatigue failures. Subsequent determina
tion of overhaul period is entirely concerned with 
wear, corrosion and creep. The really vital tests 
from the fatigue point of view are flight tests with 
full structural instrumentation to check the fatigue 
stress assumptions underlying the design of the 
machine. These have, in many instances, to be 
followed by laboratory fatigue tests of com
ponents and assemblies at a factored stress level. 
In principle, an endurance test does not prove 
the life of a typical structure any more than a 
tombstone reveals the average expectation of 
man's life. 

A statistically defined standard of safety can 
best be attained by a co-ordinated system of 
testing, rational design and research into random 
overloads. 
5. The 'Fatigue Proofing' of Structures 

The active recommendation arising from these 
considerations is that attention should be given 
to the 'fatigue proofing' of components and 
structures, wherever fatigue loads occur. 

Those who have had occasion to examine 
fatigue failures agree that with most failures 
encountered in practice it is possible to find 
manifest faults in design and/or manufacture. It 
follows that almost all structures can be con
siderably improved in their fatigue strength 
through the application of known principles. 

Even if the thesis of this paper, which pos
tulates that such an improvement is adequate, is 
not accepted, there is no doubt that the improve
ment can be substantial. The formulation of 
fatigue strength requirements for all parts of the 
primary structure of helicopters will ensure such 
an improvement whereas mere post factum testing 
for fatigue life will only reveal the weak link or 
links. 

The most important known means at the de
signer's disposal for what we call 'fatigue proof
ing' are: 

(a) The avoidance of stress concentrations by 
elimination of notches, holes and abrupt 
changes of section. 

(b) Attention to surface finish, which includes 
the provision of smooth surfaces devoid 
of adverse residual stresses and special 
treatment of surfaces, such as shot-peening 
and nitriding. 

(c) Protection against corrosion which re
duces fatigue strength when acting in com
bination with fatigue stresses. 

(d) The use of materials of high fatigue 
strength and low notch sensitivity (such as 
preference for steels and light alloys of 
medium ultimate strength). 

(e) Avoidance of assembly stresses. 
The application of these methods requires a 

high degree of familiarity with fatigue pheno
mena in the execution of detail design. It cannot 
be stressed too strongly how important the 
minutest details can be in this respect. But then 
all good engineering is based on attention to 
significant detail. Whenever a new consideration 
is discovered to be vital in design some anxiety 
arises about application in practice. In time, 
training, tradition and organization combine to 
transform the new consideration into routine. 
Organization may include such measures as the 
issue of data sheets and the checking of all 
drawings by a 'fatigue engineer'. 

For the present, notwithstanding many com
plaints about gaps in our knowledge on fatigue, 

our standards of application have not always 
caught up with generally available information. 

The combination of accepted methods of 
fatigue proofing can increase the fatigue strength 
of indifferent components two or three times! It 
is argued that there should be no indifferent com
ponents in primary helicopter structures of any 
kind. To achieve this aim two programmes have 
to be pursued: 

(1) Establish a set of fatigue requirements 
associated with all load systems in flight. 

(2) Formulate a system standard, simplified 
prescriptions to compare fatigue strength 
and fatigue stress by means of a formal 
factor of safety. 

(3) Specify factors of safety. 
Requirements, prescriptions and factors of 

safety should all form part of a design code for 
fatigue loads included in airworthiness regula
tions. The writer's contention is that we know 
enough to formulate a provisional code forth
with. By this is meant that the known means of 
fatigue proofing are so powerful that conservative 
requirements, prescriptions and safety factors 
will not lead to prohibitively heavy structures. 

Dealing first with fatigue load requirements 
these are here associated with load systems rather 
than flight cases. In this manner they are more 
easily introduced whether load systems are used 
directly in stressing (as the writer prefers to do in 
view of the many variables which determine flight 
cases) or form part of particular flight cases. 

Each major load system is defined by a unit 
load. Present requirements normally prescribe a 
limit load factor which is the highest level pre
sumed to be reached by that load system in 
authorized flight. It is now proposed to institute 
another factor, the maximum continuous factor, 
defining the maximum level of steady load ap
plied for any length of time and, in association 
with it, the 'maximum fluctuating factor' express
ing the peak value of the reversing 'ripple' of the 
same load system. 

Is it possible to prescribe these factors in a 
general manner? There are three foundations on 
which we can base such requirements. 

One source is experience and analysis. This 
includes obvious and indisputable cases such as 
the system of friction damper loads with a 
maximum continuous load of zero and a peak 
fluctuation precisely determined by the damper 
setting. Experience is steadily accumulating on 
torque load fluctuations. This is not merely a 
test for our ability to predict torsional vibrations, 
which in itself is improving. But, further than 
that, no transmission with more than 30 per cent 
of continuously fluctuating torque expressed in 
terms of maximum engine torque should be 
allowed in a helicopter. Every transmission can 
be reduced below that value by suitable design. 
It must be stressed again that we are here con
cerned exclusively with continuous, periodic 
fluctuations and not with random impulse loads. 
Finally, we have the bending load system in 
blades where no general factors can, or need, be 
given but where analysis renders results of 
acceptable accuracy when it is pursued to the 
third harmonic of r.p.m. and provided resonant 
modes have been checked, preferably with the 
help of a static resonance test. 

Another basis for the prediction of fluctuating 
loads is comfort. This applies mainly to the lift 
load system and to loads in the control system. 
Such requirements are in the nature of a pro
gramme but are none the less definite. Fluctua
tions of the lift load system which exceed a 
certain percentage of the unit load (in this case 
1 g. lift) cannot be tolerated because the resulting 
general vibration level would not be acceptable. 

Finally, we can base our requirements on what 
we can get from 'fatigue-proofed' components 
without increase of section or weight over that 
demanded by limit load requirements. To be 
specific, we may expect the fatigue strength of a 
laboratory specimen to be not less than one-third 
of the ultimate strength or half of the 'proof-

strength'. No 'fatigue-proofed' structure should 
have a fatigue strength below one-fifth of its 
proof-strength. When associated with a 'maximum 
continuous load' the fluctuating load would have 
to drop to one-eighth. Thus it appears that calling 
for a fluctuating load amplitude of one-tenth of 
the proof load will merely ensure good design 
without increasing weight and can be adopted as 
a general minimum. The importance of this 
approach lies in the fact that without 'fatigue-
proofiing' the fatigue strength of badly designed 
components and assemblies may easily drop to 
one-twentieth of their proof strength. 

We now come to standardized prescriptions 
for assessing the fatigue loading and the fatigue 
strength of given structural components. In this 
I am following trends of thought summarized in 
a recent American publication by Lipson, Noll 
and Clock entitled Stress and Strength of Manu
factured Parts (McGraw-Hill, 1950). The authors 
are former members of the stress analysis labora
tory staff of the Chrysler Corporation. 

The essence of the method employed in the 
above publication is the evaluation of a 'signifi
cant stress'. This expresses in one single value 
(a) the mode of load application which represents 
its time characteristics (usually combination of 
steady and fluctuating components), (b) the type 
of load application which translates a stress 
'tensor' (or rosette) into an equivalent simple 
stress and (c) stress concentration. 

The method further considers 'significant 
strength' which describes in a single value the 
allowable stress of the component having regard 
to such factors as (a) material, (b) surface finish, 
(c) method of fabrication, (d) surface treatment. 

Significant stress is compared with significant 
strength to obtain what the authors call a 'design 
coefficient' to distinguish it from a safety factor, 
since many of the uncertainties which were 
covered up by the old type of safety factor are 
eliminated. We shall not follow this linguistic 
distinction because the new safety factor still 
contains some uncertainties. It is suggested that, 
for the present, the remaining safety factor should 
be in the region of 1·5. 

Each one of the steps by which a property of 
the real load system or of the real component is 
translated into 'significant stress' and 'significant 
strength' is a simplified and conservative inter
pretation of a large amount of experimental 
evidence collected from many sources and fields 
of engineering. In particular, the following are 
suggested or dealt with in the publication re
ferred to: 

(a) Combination of stress systems into an 
equivalent normal stress by means of the 
constant energy of distortion theory. 

(b) Combination of steady and reversing 
stresses by means of the (modified) Good
man diagram. 

(c) Conversion of the geometric stress con
centration factor into a fatigue stress con
centration factor by means of experimental 
relations for various materials and heat 
treatments. 

(d) Consideration of surface properties by 
means of experimental graphs for different 
methods of fabrication. 

Each one of these methods replaces uncertain
ties by a conservative but simple relation. The 
publication referred to contains collected data on 
these simple relations as well as a large series of 
graphs on stress concentration. For aircraft and 
helicopter use much additional information is 
required, particularly on aluminium alloys; some 
of which is available. 

Further factors which affect fatigue strength 
are specifically excluded in the treatment under 
review, these arc: 

(a) The effect of size. 
(b) The effect of understressing and over-

stressing. 
(c) The effect of frequency. 
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(d) The effect of wave form. 
(e) The effect of corrosion. 
These influences are either very small (c), can 

be replaced by conservative assumption (a and b), 
ignored altogether (d), finally they can be effec
tively excluded (e). 

The principles of 'fatigue proofing' demand— 
apart from the improvement of design and a 
system of requirements, prescriptions and factors 
to check the effectiveness of such improvements— 
vigilance in manufacture and a system of in
spection to ensure the carrying out of design in
structions. Moreover, inspection must extend not 
only to manufacture of parts but to assembly and 
maintenance as well. Particular emphasis must 
be placed on inspection of surfaces, crack detec
tion, prevention of corrosion, fretting and 
attrition, inspection of materials and heat treat
ments, attention to assembly stresses. 

Manufacture and inspection are a separate 

subject where much development is still required. 
Most of it is not specialized for helicopter use or 
even confined to aircraft but is recognized as a 
need by many industries and we may expect rapid 
progress in the near future. 

The part played by the production engineer 
and the inspector in fatigue proofing is no less 
active than that of the designer. This paper con
centrates on the designer's task, and confines itself 
to a bare outline, but such an outline is, at this 
stage, the first step to progress. 

6. Concluding Remarks 
The point of view represented in this paper 

conforms in part with the British Provisional 
Rotorcraft Requirements but goes much further 
in advocating a rational design code. 

The similarity is mainly confined to the re
cognition that fatigue factors are factors on stress 
and not on life and that they operate equally on 

the steady and fluctuating components of a com
bined load. 

Provocative overstatement and over-simplifica
tion have been used deliberately to counteract 
many pronouncements on fatigue which take 
what appears to the writer to be an unjustifiably 
fatalistic or pessimistic view of fatigue strength 
or concentrate on futile juggling with life ex
pectation. The distinction between continuous 
periodic fluctuations of moderate intensity and 
random repetitions of high loads, and in parti
cular the impulse loads in mechanical trans
missions, is emphasized. Random loads are 
recognized as the proper study of research 
workers and the designer's relation to impulse 
loads lies in the task of reducing them. 

In common with others the writer has ex
perienced the blows which fatigue failures in
variably reserve from time to time for designers 
of any moving machinery. Some of these blows 
are grievous and even tragic; most of these appear 
undeserved. Nevertheless, detailed study of accu
mulated experience has convinced the writer that 
the chief task confronting us at this stage is to 
ensure that available knowledge is actively and 
creatively applied to fatigue proofing by means 
of a design code, improved design practice and 
manufacturing supervision. I feel sure that pro
gress in these directions will banish the spectre 
of fatigue in helicopters as many other ghosts 
have been in engineering practice. 
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