
~ Pergamon 
Engineering Fracture Mechanics Vol. 54, No. 2, pp. 263-300, 1996 

Copyright © 1996 Elsevier Science Ltd. 
0013-7944(95)00178-6 Printed in Great Britain. All rights reserved 

0013-7944/96 $15.00 + 0.00 

A HISTORY OF FATIGUEt 

WALTER SCHLITZ 
IABG, D-85521 Ottobrunn, Germany 

Abstract--The history of fatigue from 1838 to the present is described in detail, with special emphasis 
on the German contribution in the time period of 1920-1945. A number of distinguished scientists and 
engineers, and their contributions to the further development of fatigue knowledge are specifically 
mentioned. Copyright © 1996 Elsevier Science Ltd. 

1. INTRODUCTION 

MANY BOOKS and papers about fatigue start with a more or less detailed account of  the historical 
development of this branch of  technology; they are, however, mostly limited to the description of 
results. With the present paper, the author strives for an evaluation of  the importance of  scientists 
and engineers and their work for the further development of  fatigue technology and knowledge. 

For  this evalution, two criteria were established: 

• Were the results of  the work useful for the following generations or not? A positive example 
would be, for example, the Palmgren-Miner rule, still being employed the world over, 50 
respectively 71 yrs after its publication. A negative example would be the "Damage Line" of  
French, which has only caused confusion, or the "over-" and "understressing" works of  Kommers, 
which uselessly haunted people's minds for decades. 

• Does the work in question only contain results or did the researcher also draw conclusions? 
A positive example would be W6hler's allowable stresses for railway axles in the finite life region. 

Since the author obviously knows the important German fatigue efforts better than those of 
foreign engineers, this paper possibly has an entirely undesired nationalistic German touch. On the 
other hand, practically all Anglo-American historical descriptions of fatigue give a biased account 
as well, because they do not mention the decisive German contribution in the period of  1925-1945. 
In that period, however, the foundations were laid for what we know today in fatigue and fracture 
mechanics. This will be discussed in detail in Section 6. 

Out of  the large number of  engineers and scientists who have worked on fatigue problems, 
because of  limited space only three are described in detail, namely W6hler, Thum and Gassner, 
who all three fulfill the criteria mentioned above. Of course, many other names are mentioned, 
albeit briefly. Some border areas of fatigue, for example non-destructive inspection, are not 
discussed. Others, such as metallurgy or the development of fatigue testing machines, will be 
mentioned only briefly and where absolutely necessary. 

Some earlier papers on the history of fatigue [1-3] have made the author's work much easier. 
When studying the old works some interesting points attract attention: 

• Our predecessors were, in some respects, very modern. W6hler, for example, as early as 1860 
suggested design for finite fatigue life [4]. In other respects, however, their opinions were 
astonishingly primitive and erroneous. 

• Knowledge about certain methods was highly developed in one location, while a few 
kilometers away it was nonexistent, for example on shot peening. 

• Decades after final clarification of  certain problems, they continue being discussed over and 
over again in the literature and, what is more, they still haunt people's minds, for example the 
influence of  testing frequency on fatigue life. 

"['The original German paper, published in Materialwissenschaft und Werkstofftechnik 24, 203-232 (1993), was dedicated 
to Prof. J. Schijve on the occasion of his 65th birthday. The present English version is slightly modified and modernized, 
and was translated by Dr J. Lincoln, WPAFB. 
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• It takes a long time, sometimes decades, until parameters known for ages are treated 
scientifically. Further decades pass before this scientific knowledge is applied to engineering 
practice. One example is the scatter of fatigue life, implicitly taken into account in 1860 by 
W6hler[4], first specifically mentioned in 1927 as "scatter", scientifically treated from 1945 
onwards, but still not considered even today in some branches of industry. 

• Many well-known old papers treat additional important problems besides the subjects for 
which they are still remembered today. For example, W6hler measured the service stresses on 
railway car axles before his well-known fatigue experiments, and Palmgren in his paper of 1924 
stated not only the linear damage accumulation but also presented a four-parameter equation for 
the entire SN curve and already specified a B10-1ife. 

• Some well-known fatigue scientists and engineers wrote only a few papers on the subject, 
others were extremely productive for decades; Miner only authored five papers, Palmgren only 
three, but Thum and coworkers no less than 574! 

• Fatigue failures of machines, plants and vehicles in service always led to significant efforts 
and advancements of the state of the art. This was as true for the work of Albert in the 1830s - -  
in the mines of the Oberharz the conveyor chains failed - -  as for the work of W6hler and his 
predecessors in England - -  when the axles of railway cars and locomotives broke. This is also valid 
for the German efforts of the 1930s - -  here the cause was the fatal fatigue failure of a Dornier 
"Merkur" wing strut. The work of Thum was prompted by many fatigue failures of machine and 
vehicle components in service. After WW II, a number of aircraft crashes, notably of two 
"Comets", resulted in more aircraft fatigue problems and in 1969 the fatigue fracture of an F-111 
wing led to a complete change of the structural specifications of the US Air Force, combined with 
an immense fracture mechanics programme that is continuing to this day. In more recent times 
(1988) the near-fatal accident to an Aloha Airlines Boeing 737 was the cause of renewed efforts 
and investigation activities into the structural integrity of old and poorly maintained aircraft. 

• In every time period there are one or more unrealistic ideas and solutions which at the time 
are followed enthusiastically by some distinguished scientists and engineers; with the benefit of 
hindsight, however, their delusions appear incredible! 

2. 1837-1858. THE TIME BEFORE WOHLER 

The history of fatigue begins with Albert [5], who was a Royal Hannoverian "Oberbergrat" 
(civil servant for mines). In 1837 he published in Clausthal the first fatigue-test results known. For 
this purpose he constructed a test machine for the conveyor chains which had failed in service in 
the Clausthal mines. As early as that, he therefore tested actual components, not just the material! 
Since chains at the time could only be replaced by hemp rope which had to be imported at great 
cost, Albert invented the wire rope - -  surely more important than those first fatigue tests. 

In 1842, Rankine [6], better known from thermodynamics by the "Rankine process", discussed 
the fatigue strength of railway axles. He suggested that these axles be forged with a hub of enlarged 
diameter and large radii, so that the grain flow would not be cut more than necessary by machining. 
York [7] conducted experiments with railway axles. 

In 1853 the Frenchman Morin in his book Resistance des Matbriaux [8] discussed reports of 
two engineers responsible for horse-drawn mail coaches. The replacement of the axles of the 
coaches was prescribed after 60 000 km, an early example of the "safe life" design approach. The 
axles of other mail coaches were to be inspected thoroughly after 70 000 km, cracks to be repaired 
by "fire-welding". It was noted that those cracks mainly occurred at section changes. 

The term "fatigue" was mentioned for the first time by the Englishman Braithwaite in 1854 [9], 
contrary to a widespread belief which ascribes it to Morin. Braithwaite, however, says [9] that a 
Mr Field coined the term. In his paper Braithwaite describes many service fatigue failures of 
brewery equipment, water pumps, propeller shafts, crankshafts, railway axles, levers, cranes, etc. 
Allowable stresses for fatigue-loaded components are also discussed. 

In this period many disastrous railroad accidents due to fatigue occurred; for example, on 5th 
October 1842, a locomotive axle broke at Versailles, claiming the lives of 60 people [10], about the 
same number as were lost in the two "Comet" crashes of 1954. In the history of the "Institution 
of Mechanical Engineers" in London of 1854 it is mentioned that a member had seen a collection 
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of hundreds, if not thousands of failed railway axles. As late as 1887 English newspapers reported 
the "most serious railway accident of the week", and in many cases these were due to fatigue 
failures of axles, couplings and rails, and claimed many lives. More references on this period can 
be found in refs [11-16]. 

3. 1858-1870: W¢)HLER 

W6hler, Royal "Obermaschinenmeister" of the "Niederschlesisch-Mfihrische" Railways in 
Frankfurt an der Oder, measured the service loads of railway axles with self-developed deflection 
gages as early as 1858 [17] and 1860 [4]. To the author's knowledge, this has not been noted before 
by the many authors describing W6hler's work. 

Specifically, this was accomplished for a number of four-wheeled and six-wheeled freight and 
passenger cars on trips between Breslau and Berlin as well as Frankfurt an der Oder and Berlin. 
The measurements were carried out for 22 000 km. The deflection of the axle was scratched on 
a zinc plate by a scriber by means of a compound lever system. Only the largest deflection per trip 
was measured. According to W6hler: "In order to know the force necessary for a certain deflection, 
the axle was bent by a dynamometer, which was fastened to the rims of the wheels". This means 
in our words that W6hler even then calibrated the forces acting on the axles. In the corresponding 
figures of his paper those forces are given. W6hler then discusses the largest axle deflection per 
trip and the corresponding service load, and calculates the bending and torsional stresses of the 
axle. He then compares the measured bending forces with those caused by the static axle load and 
arrives at a factor of 1.33; that is, in our present-day terminology, he determined an impact factor 
of 1.33. W6hler then draws the following conclusions from his measurements: "The number of such 
cycles per trip is considerably smaller than the number of miles the axle travels during its life. 
Therefore, the safety requirements are met if the axles can withstand the maximum stresses 
measured as many times as its expected life in miles. If we estimate the durability of the axles to 
be 200 000 miles with respect to wear of the journal bearings, it is therefore only necessary that 
it withstands 200 000 bending cycles of the magnitude measured without failure". Thus W6hler 
implicitly suggested design for finite fatigue life, taking into consideration even the scatter of fatigue 
life, or in other words, the probability of failure. Since no fatigue-test data were available to him 
at that early date, he estimates them and arrives at an allowable axle load for 200 000 cycles of 
136 "Zentner" (ca 6800 kg). 

Beginning in 1860 [4, 18-21], W6hler published the results of fatigue tests with railway axles. 
Since the rotating-bending test machine he designed and built ran at a very low frequency, he 
designed new machines for carrying out axial-bending and torsion tests on different notched and 
unnotched specimens. In 1870 [20, 21, 21a] he presented a final report containing the following 
conclusions, often called "W6hler's laws": "Material can be induced to fail by many repetitions 
of stresses, all of which are lower than the static strength. The stress amplitudes are decisive for 
the destruction of the cohesion of the material. The maximum stress is of influence only in so far 
as the higher it is, the lower are the stress amplitudes which lead to failure". W6hler therefore stated 
the stress amplitudes to be the most important parameter for fatigue life, but a tensile mean stress 
also to have a detrimental influence. 

From his quantitative results he draws the following conclusions about this mean stress 
influence: "Components loaded in tension and compression like connecting rods, wheels, balances, 
etc. must be stronger by a factor of 9:5 than components loaded only in tension, like bridge 
members or roof beams. The springs of railway cars are loaded by small amplitudes, but high 
maximum stresses. Therefore the allowable maximum stresses can be much higher than usual. And 
indeed this is the case, with the spring steel of a loaded car reaching a stress of 180 hundredweight 
per square inch. Quite often this value even reaches 900 or 1000 hundredweight per square inch 
and with good steel that is safe. This is important for the smooth ride of railway cars". 

After a discussion of why a safety factor is necessary, W6hler comes back once more to finite 
life design: "It  must be taken into consideration whether unlimited or limited life is required for 
the component. It follows that different components need different safety factors. In any case two 
such factors are necessary, one for the relation between the maximum stress in service and static 
strength, and the other for the allowable stress amplitude." 
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W6hler then suggests a safety factor of two for static strength and an additional one of two 
for fatigue strength. In his opinion this is adequate for all circumstances. These factors, however, 
are only valid for unnotched sections, because "the strength of joints in the form of riveted joints, 
keyed joints and such kind, and different shapes require special tests. The results of the tests with 
sharply notched specimens have proved the necessity of such special tests". Thus W6hler correctly 
does not present the additional safety factors for these joints, but requires special tests. 

The safety factors given above are only valid for infinite design life, because W6hler continues: 
"For components with finite fatigue life other considerations apply: if, for example, it is known 
that the maximum bending stresses on a railway car axle occur when traveling over switches, and 
if the number of such switches during the life of the axles is known, it is in accord with the 
requirements of safety that the allowable stresses in the axle are those which lead to failure after 
many millions of cycles, that is for iron 160 hundredweight per square inch and for cast steel up 
to 220 hundredweight per square inch". 

To Dr Fischer, Thyssen-Kassel Research Centre, the author is obliged for the relevant 
information that even today the allowable stresses for railway car axles are roughly fixed by the 
number of switches traversed. 

In another paper of 1870 [21] which to the author's knowledge has never been cited before, 
W6hler describes the dimensioning, design and material selection for railway ~ r  axles. According 
to W6hler "the axles were sized so that they should never fail in service according to experience. 
It was therefore all the more embarrassing when they failed in large numbers. The cause of these 
failures was not immediately apparent nor were means of preventing them available. Crystallization 
due to vibrations, by earth magnetism and other dark notions were resorted to before finally it 
was decided to believe that the axles had failed because they were too weak. When this was finally 
realized, the loads due to which the axles broke were soon found". 

W6hler then describes the forces acting on the axle in service, for example the static load, 
lateral loads due to cornering, wind pressure, etc. He calculates the service stresses via the measured 
loads and the axle diameter. By comparing these stresses with the result of his fatigue tests he 
concludes that axles are completely safe. Furthermore he describes the allowable axle loads 
according to the "Technical Regulations of the German Railways", which depend on the material, 
diameter, etc., and which also contain rules about the size of the radii between the axle and journal 
diameter. The "metallurgical size effect" was already taken into account at that time, i.e. the 
allowable stresses for thinner axles were higher than those for thicker axles, "because it was 
assumed that smaller dimensions allow the material to be worked better and therefore would result 
in higher fatigue strength". 

Even crack propagation is already mentioned: "Those seams which are not entirely superficial, 
especially those which are radial, propagate in service. This property of crack propagation in service 
is more pronounced the more carbon the material contains. Most striking in this respect is cast 
steel. The author has observed several times that fine, hardly visible longitudinal cracks in cast steel 
axles which only appeared to be forged-in seams, after several years in service, propagated into 
the axle for 20 mm and more, and made its replacement necessary". 

In summary one can only admire the work of W6hler in its entirety, encompassing the 
measurement of service loads, the calculation of the corresponding service stresses, the design for 
finite life including scatter (probability of survival) up to the observation of crack propagation and 
the quantitative suggestions for the decrease of the notch effect. The next known mention of design 
for finite life occurred about 75 yrs later (Almen and Boegehold [22] for differential gears, and 
Thum and Bautz [23] in a more general sense). 

The next service measurements known to the author date from the 1920s and 1930s, the first 
measured load spectra by Batson and Bradley [24], and Kloth and Stroppel [25, 26]. 

W6hler incidentally represented his test results in the form of tables, Only his successor 
Spangenberg [27-29] as director of the "Mechanisch-Technische-Versuchsanstalt" in Berlin plotted 
them as curves, although in the unusual form of linear abscissa and ordinate. The S N  curves were 
called "W6hler curves" since 1936 [26]. 

Not until 1910 did the American Basquin [30] represent the finite life region of the "W6hler 
curve" in the form "log a, on the ordinate, log N on the abscissa" and describe it by the simple 
formula 
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a, = CR", 

which is still used even today. 
In a large table Basquin gives some numerical values for C and n, based for the most part 

on W6hler's tests 50-60 yrs before! We can deduce from this that W6hler was well known to the 
research scientists of the following generations and that not very many new data had been obtained 
in the meantime. 

In 1867 the English technical journal Engineering commented on W6hler's exhibits at the Paris 
World Trade Fair: "Long after the many exhibits which have won medals at this fair will have 
been forgotten, the fundamental work of W6hler will be remembered" [31]. The Englishman Gough 
honoured W6hler in 1924 in his book, the first on fatigue [32], in the following way: "W6hler's 
work will survive the time as a monument to his genius as an engineer and scientist". The 
Americans Moore and Kommers dedicated two pages of the introduction to their book [33] to 
W6hler's work and life. 

In the author's opinion, W6hler differs from all of his predecessors - -  and most of his 
successors, some of them to this day - -  in that he always had in mind the basic problems the 
engineer must solve when designing for fatigue: 

• the service loads and stresses, and 
• the endurable and, derived therefrom, the allowable stresses must be known. 

On the other hand W6hler's description of the influence of mean stresses and notches on 
fatigue life does not appear so important to the author. The influence of notches was known before 
him, albeit in a qualitative way. W6hler just quantified it. 

After W6hler left the Prussian Civil Service, the Ministry for Trade and Business ordered the 
continuation of his experiments in the "Gewerbeakademie" in Berlin. In 1876 W6hler [34] proposed 
official requirements for the tensile and yield strengths of steels and irons to the technical committee 
of the German Railways. In 1881 the steel makers of Germany [35] and Austria protested violently 
against his proposal - -  fortunately to no avail. 

For setting up such quantitative requirements W6hler suggested establishing official testing 
laboratories. According to Martens this was the founding initiative for the "Royal-Prussian Testing 
Laboratories" which, after many changes of name, are known today as the "Bundesanstalt fiir 
Materialforschung und -priifung" in Berlin. 

4. 1870-1905 

The next name to be mentioned would be Bauschinger, Professor of Mechanics at the Munich 
Polytechnical School, which now is the Technical University of Munich. The Bauschinger effect, 
in his words [36-38] "the change of the elastic limit by often repeated stress cycles", is the basis 
for the hypotheses of Manson and Coffin which originated in the 1950s and which are still being 
utilized today in the LCF field and for fatigue-life prediction according to the local concept. 

Kirsch [39] in 1898 was the first to calculate the stress concentration factor of 3.0 for a 
cylindrical hole in an infinite plate. The Englishmen Ewing and Humfrey [40] in 1903 observed 
so-called slip bands on the surface of rotating-bending specimens. This probably was the first 
metallurgical description of the fatigue process. Since that time a huge number of metallurgical 
papers on fatigue has been published. The author considers as important the dislocation theory 
of Polanyi [41] of 1934, which Orowan [42] in 1939 applied to fatigue, and which was the basis of 
many metallurgical papers on the fatigue behavior of metals. 

Orowan suggested a process of cyclical strain hardening, which after depletion of the local 
ductility leads to cracking. The Orowan model therefore is a discontinuous process. In recent times, 
the observation of cracks in the electron microscope has shown that fatigue is a continuous process. 

5. 1905--1925 

The years between 1905 and 1925, in the opinion of the author, were the domain of the British 
E F M  54,. 2 ~ G  
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and Americans. Names like Smith [43-46], Haigh [47-51], Gough [32, 52-56], Griffith [50, 58], 
Inglis [59], Kommers [33, 60-68], Moore [66-73], etc., appear in the literature. 

The first full-scale fatigue test with a large aircraft component was carried out at the Royal 
Aircraft Establishment in the U.K. [74, 75]. In the literature the notch effect on actual components 
- -  as apart from that on specimens - -  is quoted. The term "notch effect" ("Kerbwirkung" in 
German) was probably coined by the German Heyn in 1914 [76], but implicitly it was already 
discussed by Rankine [6] in 1842 and by all his successors including W6hler. The first experiments 
to improve the fatigue strength of components probably were carried out in the U.K. during the 
first World War [77]. Further important references of this period are found in refs [78-94]. 

6. 1920-1945, WITH SPECIAL EMPHASIS ON THE GERMAN CONTRIBUTION 

In this period of time the foundations were laid for almost all the fatigue knowledge we enjoy 
today. The following topics originated or were investigated: 

• the "Gestaltfestigkeit" by Thum and Bautz [95, 96]; 
• the fatigue strength under variable amplitudes ("Betriebsfestigkeit") by Gassner [97]; 
• the measurement of fatigue loads and stresses, on many components, for example by 

Lehr [98]; 
• the measurement of load spectra on automobile springs by Batson and Bradley [24], on 

agricultural machinery by Kloth and Stroppel [25, 26], on aircraft from 1932 onwards by Kaul, 
Filzek, Freise, etc. of the DVL [99-106], and from 1931 by the NACA [107-110]; 

• the realization that higher-strength materials do not result in higher fatigue strengths of 
components because they always contain notches, by Gassner for aircraft aluminum alloys [111] 
and by Graf[112] for welded and riveted joints of structural steels; 

• the mechanical methods to improve fatigue strength by inducing compressive residual 
stresses, like cold-rolling, shot-peening and coining by F6ppl[l13-115], and Thum and 
coworkers [116-118]; 

• the first books on fatigue in 1924 by Gough in the U.K. [32], 1927 by Moore and 
Kommers [33] in the USA, 1929 by Graf in Stuttgart [119], 1929 by F6ppl in Braunschweig [120], 
1934 by Herold in Vienna [121], 1937 by Cazaud in France [122], 1937 by Serensen in Russia [123], 
1941 by the Battelle Institute in the USA [124]. (Herold's book in 1944 was translated into English; 
J. Edwards, Ann Arbor, Mich.); 

• the damage accumulation hypotheses for fatigue-life prediction under variable amplitudes 
in 1924 by the Swede Palmgren [123], 1937 by the American Langer [126], 1938 by the Russian 
Serensen [127] and 1945 by the American Miner [128]; 

• inductive strain gages [130], for example by Lehr [98], and as a direct counting device giving 
the spectrum of level crossings by Svenson [129]; 

• the electrical wire strain gage in 1939 by the Americans Ruge and de Forest from MIT [135], 
and independently by Simmons and Clark from Caltech [131]; 

• the statistical scatter of the static strength of materials in 1939 by Weibull [132]; 
• fatigue tests with large numbers of specimens and their statistical evaluation by 

Miiller-Stock in Braunschweig [133, 134]; 
• the first crack-propagation tests in 1936 by the American de Forest [135]; 
• the foundation of fracture mechanics in 1920 by Griffith [57, 58]; 
• seminars and meetings about fatigue[136-151] by Thum, the VDI, the Lilienthal- 

Gesellschaft, the VDEh, the DGM in Germany, the Institution of Mechanical Engineers in the 
U.K., etc. 

As the above description shows, this time period was the domain of the Germans - -  at least 
in the opinion of the author. The proof of this may be seen in Fig. 1 showing the number of 
publications in the area of fatigue between 1925 and 1945, subdivided by the countries U.S.A., U.K. 
and Germany. Other countries did not play a role, at least numerically. The number of papers per 
year certainly is not positive proof of the importance of the work carried out in the individual 
countries. However, looking at the papers in more detail, one finds that the essential ones in the 
area of Gestaltfestigkeit and the application to industrial problems were almost exclusively 



A history of fatigue 269 

German. As further proof of the author's opinion, an English book of 1935 [151] may be mentioned 
which contains the most important papers from 1927 to 1935 - -  at least this is claimed in its 
introduction: about 50% of all references are German. Finally, as a third proof Spaulding of 
Lockheed stated in 1957 [152] that for lack of design data of their own in the 1940s the 
load-spectrum measurements of Freise [103] were used in the U.S.A. 

A good example for the state of the art in Germany at that time is the paper "Formgebung 
und Werkstoffausnutzung" by Lehr [98], MAN Augsburg, who in 1941 described static and 
dynamic strain measurements on connecting rods of an automobile engine up to 2500 rpm utilizing 
induction strain gages. He also describes fatigue tests with welded and riveted joints for steel 
bridges, the optimum shape of a lug, the influence of tensile strength on the fatigue 
stress-concentration factor Kf of shafts under bending and torsion, the size effect, the allowable 
stresses for hubs, the optimum shape for hollow crankshafts (this is very modern today!) and the 
load spectra of various aircraft. Employing just these data and the references given in ref. [98], even 
today a quite modern seminar could be given to designers! 

On the other hand, Lehr stated his astonishment that by "blowing steel shot of a certain size 
at torsion bars" (i.e. shot-peening) the fatigue life could be improved. In the same year, Walz of the 
Mauserwerke in Oberndorf, only 100 miles from Augsburg, wrote a brochure "Federfragen" [153], 
in which the influence of shot-peening time, shot size, type of peening machine, etc., on the fatigue 
life of springs, even of case-hardened ones, was discussed at a very modern level; while Opel, 
probably based on General Motors experience, shot-peened their valve springs from 1935 onwards. 

In 1920 Griffith of the Royal Aircraft Establishment, U.K., developed the basis of fracture 
mechanics [57]. Griffith later became chief engineer of Rolls Royce aircraft engines and also 
distinguished himself in the development of the gas turbine. In ref. [57] he showed by tests on the 
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brittle material glass that small cracklike scratches considerably reduced the breaking strength and 
that the crack size also had an influence. He also described this process by formulae. 

The 1924 book of Gough [32] contains the first account of the influence of surface roughness 
on the fatigue limit and also the stress-concentration factors of V-shaped notches on the basis of 
photoelastic measurements of Coker. By comparing the result of fatigue tests with Coker's data, 
Gough concludes that the stress-concentration factor is not fully effective, i.e. K~ > Kf. The 
important conclusion for design, however, apparently was not drawn by Gough, but was left to 
Thum some years later. 

The Englishman Haigh, well known for his other fatigue work, in 1917 first mentioned 
corrosion fatigue[51], while in 1929 the American McAdam[154] carried out many 
corrosion-fatigue tests which are still referenced today by some authors, probably in ignorance of 
the huge mass of corrosion-fatigue data obtained in the ECSC offshore steels programme [155, 156]. 

All fatigue data show scatter; this was explicitly mentioned for the first time by Moore and 
Kommers [33] in 1927; the obvious conclusions for design purposes, however, were not drawn until 
much later. In the same year Hort [157] wrote for example at a fatigue meeting of the German 
Metallurgical Society: " I f  the service loads are known, the fatigue strength only has to be higher 
by a very small amount". Mfiller-Stock [133] in 1937 evaluated his almost 300 fatigue tests 
statistically, employing the Gaussian Normal Distribution and concluding that it did not fit his 
data. In a later paper [134] he utilized the log-normal distribution - -  probably for the first time 
- -  which fitted the number of cycles for failure very well. 

In 1924 the Swede Palmgren authored his famous paper [125]. Besides the Palmgren-Miner 
rule - -  as it is called today - -  it contains a four-parameter equation extending from the tensile 
strength to the fatigue limit for the S N  curve, which the Swede Weibull also used much later. 
Palmgren also specified the B10-1ife as a design criterion, to the author's knowledge the first 
numerical description of a probability of survival for fatigue-loaded components - -  albeit only for 
ball bearings. 

In 1937 the American Langer [126] stated the identical damage-accumulation hypothesis - -  
probably in ignorance of Palmgren's work. Langer's paper found widespread interest, as can be 
deduced from Kommers, Thum and Bautz's discussions. Langer already separated the fatigue life 
into the crack initiation and crack propagation phases and suggested a damage sum of 1.0 for each 
phase. He also wrote that for the application of his hypothesis crack-propagation S N  curves were 
necessary. 

The damage-accumulation hypothesis 

ni 

~ =  1.0 
Ni 

is again presented in 1945 by Miner [128]. Contrary to his predecessors, he also stated many 
restrictions which would have made the application of the hypothesis impossible in practice, had 
later users, including himself [158], taken them into consideration. On the other hand, Miner was 
the first to check his hypothesis by fatigue tests - -  if unsuitable ones. 

The electrical resistance strain gage was invented concurrently in 1939 by the Americans Ruge 
and de Forrest at the MIT [135], and by Simmons and Clark at Caltech [131]. Although it was at 
first considered useless by MIT "experts", it was already utilized to a great extent in the U.S.A. 
during WW II [159-163]. 

The comprehensive German measurements of aircraft spectra discussed below were not 
hindered much by not having this type of strain gage available. The DVL (Deutsche 
Versuchsanstalt fiir Luftfahrt) developed an induction strain gage weighing only five grams [164], 
the output of which was registered on the DVL glass scratch gage [164] which already had a 
mechanical feed, in contrast to the concurrent NACA VG recorder. On stationary structures, Lehr 
described in ref. [165] that he carried out 500-1000 strain measurements on a large component 
employing his inductive strain gage. 

A lot of unnecessary confusion was caused by the "under-" and "overstressing" effects 
maintained by Kommers and others [166-168] - -  from 1930 until long after WW II. Had they 
existed, they would have been of no practical significance. However, a statistical [169, 170] check 
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of the "coaxing" due to understressing proved they were nonexistent. Kommers had overlooked 
the relatively large scatter of the fatigue limit; that is, the alleged effects had occurred by 
accidentally using specimens with a high fatigue limit for the understressing tests. The following 
example, however, shows the influence of Kommers' claims: in a German paper of that time, in 
all seriousness the importance of cautiously breaking-in the crankshaft of a new automobile engine 
is stressed in order that its fatigue limit be thus increased by "understressing"! 

Similar objections can be raised against the "damage line" of French [171], for which even 
Gassner and Bautz fell. As the tests of Mfiller-Stock [133, 134] proved as early as 1938, there is 
no unique damage line. Even a few cycles in the finite-life region above the fatigue limit do damage; 
by increasing the number of these cycles, the corresponding W6hler curve is shifted more and more 
to the left and down. The author confirmed this by hundreds of similar fatigue tests in the 
1960s [172]. 

The German dominance claimed by the author in the time period between 1920 and 1945 can 
be attributed primarily, but not exclusively, to Thum, F6ppl, Graf, and Gassner and his colleagues 
at the DVL in Berlin and G6ttingen. 

Graf at the Technical University of Stuttgart mainly investigated the fatigue behavior of 
riveted and welded joints in structural steels [112, 119, 173-193]. He showed that it does not depend 
on the static strength of the steels employed - -  a knowledge which is new even today to some 
so-called experts. 

F6ppl and coworkers at the Technical University of Braunschweig [114, 115, 120, 194-205] 
primarily dedicated themselves to the mechanical procedures to improve the fatigue behavior, i.e. 
cold-rolling, shot-peening and coining. F6ppl obtained a German patent [206] for cold-rolling in 
1929 and two US patents in 1934 [207]. The first patent for shot-peening was granted to the 
R6chling Steel Works in 1929 [208], although the US automobile industry had used shot-peening 
for the increase of the fatigue strength before that time. Nevertheless the report B-84 of the 
Materials Committee of the Verein deutscher Eisenhiittenleute (VDEh) of 17 July 1924 [208] 
mentions this possibility of improving the fatigue strength of automobile springs. F6ppl himself 
in 1942 lamented [209] that the industrial application of shot-peening and cold-rolling had probably 
progressed further in the U.S.A. than in Germany. 

Thum held the first chair for Metallurgy in Germany from 1927 onwards at the Technical 
University of Darmstadt. He founded the doctrine of "Gestaltfestigkeit", which maintains that for 
a high fatigue strength the shape of the components, as developed by the designer, is much more 
important than the material itself. The term "Gestaltfestigkeit" was not coined by him, but - -  
according to Dr Sigwart[210] - -  by one Mr von Moellendorf. According to Thum, 
Gestaltfestigkeit "is a strength value which depends on the magnitude and the type of loading as 
well as on the material, and especially on the component's shape". 

The fatigue stress concentration factor Kf (in German called ilk) was also created by Thum. 
He correctly called it a "crutch with which one can limp from the unnotched specimen to the 
notched component". This means he already knew that Kr is not a characteristic material value 
- -  much less a characteristic component value - -  and that it has to be determined anew in every 
case by exactly those fatigue experiments which it is supposed to make unnecessary. 

The importance of Thum's work is that he never just carried out ad-hoc tests, but that he 
collected the knowledge scattered all over the literature, closed gaps in this knowledge purposefully 
by dissertations and adapted them in a form useful to the normal engineer and designer. In the 
opinion of the author, this is far more valuable than some new scientific findings - -  at least in the 
field of fatigue. 

Thum, therefore, was of enormous importance for the engineering application of the available 
knowledge of the time. The 524 (!) papers of Thum and his coworkers from 1922 to 1956 are 
testimony of his efforts. Below is a small selection of the topics treated: 

• stress-concentration factors [211-215] 
• quick methods of determining the fatigue limit [216] 
• axles [217] 
• influence of machining marks on the fatigue limit [218] 
• influence of the testing frequency on fatigue limit, also under corrosion [219, 220] 
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• flame-hardening [221] 
• laws and rules of fatigue fracture [222] 
• the fatigue limit at low temperatures [223] 
• the influence of prestressing on the fatigue limit [224] 
• Goodman diagrams for cast iron [225], magnesium alloys [226] and bolts [227] 
• bolts with shanks of reduced diameter [214] 
• residual static stresses and their influence on fatigue strength [228-230] 
• nitriding [231] 
• case-hardening [232] 
• fatigue strength of automobile springs [231,233] 
• size effect [234] 
• cast crankshafts [235] 
• drive shafts [236] 
• welded joints [237,239], riveted joints [238] 
• splined shafts [218] 
• corrosion fatigue [219, 230] 
• shot-peening [240, 241] 
• fatigue strength of hub joints [215] 
• fretting corrosion [242] 
• malleable iron [223] 
• gears [243] 
• fatigue strength in the finite life region [23,244] 
• allowable fatigue stresses [245]. 

Further papers by Thum and coworkers are refs [246-254], three important German papers 
of this time are refs [255-257]. 

Thus, Thum in an ideal manner fulfills the criteria set up by the author in the introduction: 

• he not only carried out tests, but he drew useful conclusions from them, shown by most 
of the papers mentioned above; 

• his work was made use of by his contemporaries and successors. This was helped by many 
of his assistants rising to important positions in industry, where they disseminated the ideas of 
"Gestaltfestigkeit". In the 1950s and 1960s there was hardly any large German firm in which a 
former coworker of Thum was not at work. Representative of a large number of such engineers 
are Dr Sigwart at Daimler-Benz, Dr Petersen at the Metallgesellschaft and Dr Erker at the MAN. 

As many of Thum's papers show, he brought component fatigue testing back into favor - -  
as against unnotched specimen testing. Even today, component testing is the only way to ensure 
sufficient fatigue strength in service. Thum wisely realized that it is difficult, if not impossible, to 
transfer the fatigue behavior of specimens to that of an actual component - -  which is true even 
today. As an example of such component testing, the paper by Bandow [235] may be cited, in which 
the fatigue optimization of a hollow cast crankshaft is described in many individual steps, 
something which is praised today as a modern achievement! 

Almen and Boegehold in 1935 [22] discussed finite fatigue life as a design goal (for transmission 
gears of cars); Thum and Bautz in 1937 [23] and Bautz in 1942 [244] also treated this topic, but 
in a much more general form. 

On Thum's advice his coworkers Bautz and Bergmann in 1938 founded the 
"Bautz-Bergmann-Werkstoffberatungsgesellschaft", which later became one of the founding 
institutes of the "Laboratorium fiir Betriebsfestigkeit" (LBF). 

According to the VDI [244], an "Atlas der Gestaltfestigkeit" was started in 1941 in close 
cooperation with Thum, but unfortunately it was not published. It was to contain fatigue tests on 
components and models of components, including materials and machining details, and was to 
serve as a starting point for the calculation and design of fatigue-loaded components. Such a book 
would be a valuable mine-source for every fatigue expert even today, more valuable than many 
new books on fatigue. 

Since the sizing and design of a component for fatigue is not possible if the service loads and 
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stresses are not known - -  W6hler had realized that much before, by about 1930, the measurement 
of service stresses set in. The lack of simple strain gages was not a serious handicap - -  as mentioned 
above, the electrical resistance strain gage was invented only in 1939. 

In 1933 Teichmann and Michael [258] stated: "In aircraft service, stress amplitudes are 
not of identical magnitude as in a laboratory test, but large and small amplitudes occur 
with different frequencies". Kiissner at the DVL G6ttingen expressed similar ideas even in 
1931 [259, 260]. It is therefore surprising that the first measurements of such load spectra did 
not occur in a hi-tech area but in the automobile and agricultural machinery sector. In 1929 
Batson and Bradley [24] showed a load spectrum for an automobile spring, while Kloth and 
Stroppel [25, 26] measured load spectra for agricultural machines in 1932 and 1936; the author 
does not know whether these English and German measurements had any consequences, 
i.e. were used for design. It was a different story, however, with the aircraft measurements of 
the DVL. Load spectra were measured from 1932 onwards and published from 1938 
onwards [99-106]. Kaul [99] in 1938 wrote: "As a measure of the loading of the wing, the 
acceleration at the centre of gravity, the wing deflection or the strains of highly loaded wing 
components can be chosen". All three types of measurements were utilized, and Kaul mentioned 
in ref. [99] dynamic overswing, suggested the level-crossing counting method as well as a standard 
load spectrum and also stated the basic idea of the variable-amplitude test. This paper [99], like 
many other German publications of this time [100--106, 260, 261] is distinguished by an extremely 
high standard, a standard which was reached internationally only 15-20 yrs later - -  at least in the 
author's opinion. 

Freise [103] utilized the DVL glass-scratch strain gage, described in 1932 [164], to measure the 
strains in the wing spars of two aircraft types of Lufthansa for about 60 flying hrs. Kaul's 
measurements of 1938 [99] contained the c.g. acceleration spectra for six other aircraft over about 
700 hrs. In 1941 combat load spectra for 300 flying hrs were measured [106], among them spectra 
for the famous-infamous dive bomber Ju-87 or the Ju-88 in air raids on Malta. In ref. [102] a 
further 500 hrs on modern civil aircraft are presented. Gassner and Teichmann at the beginning 
of 1945 describe further combat load spectra for another 1000 flying hrs. 

These spectra were the basis for the variable-amplitude fatigue tests (Betriebsfestigkeitsver- 
suche in German) of Gassner, who in 1939 described his fundamental ideas in the paper "Fatigue 
Tests on Aircraft Structures" [97]. Already in 1927 Brenner [263, 264] and in 1931 Hertel [265] had 
published constant-amplitude fatigue tests on large aircraft components, Hertel for example on 
wing spars of steel, aluminum and wood. The reason for these efforts was the crash of a Dornier 
"Merkur" on 23 September 1927 through fatigue failure of a wing spar attachment near Schleiz 
in Thuringia, killing the six people aboard [74, 266]. Shortly afterwards a Handley-Page W-10 
crashed into the Channel, caused by the fatigue failure of a connecting rod bolt, and on 27 July 
1934 a Curtis "Condor" accident killed 11 people by fatigue failure of a wing strut, again in 
Germany (near Tuttlingen in Swabia)[266]. 

Gassner in his Ph.D. Thesis of 13 October 1941 [267] describes his variable-amplitude fatigue 
test as follows: "The main idea is to apply stress cycles of various amplitudes in steps simulating 
the mixture of high and low loads in service". To call Gassner the "father" of the 
variable-amplitude test only is a massive depreciation of his merits. Much more complex 
variable-amplitude tests, for example, were performed by Lockheed [268] from 1943 onwards. But 
these were purely ad-hoc tests, fitted to the actual, individual problem, and therefore they allowed 
no generally valid conclusions. Gassner established the topic of "Betriebsfestigkeit" (operational 
fatigue strength) which can be described as follows: dimensioning (sizing) of a component for finite, 
but sufficient fatigue life under variable loads. This is accomplished by 

• measuring the service stresses in the form of a stress spectrum employing the correct 
counting method, also counting the number of cycles per flying hr, km, etc.; 

• determining the corresponding forces or moments for obtaining generally valid load 
assumptions for similar components; 

• extrapolating the always too short measured spectrum to the one to be expected in service; 
• selecting a suitable return period containing rare high stress cycles in order to include their 

nonlinear damaging effects; 
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• if at all possible, standardizing the shape of the spectrum, for example, specific spectra for 
civil aircraft, military aircraft and automobile components, respectively; 

• simulating the service spectrum by a blocked variable-amplitude test (programme test) and 
- -  after this is possible with suitable test machines - -  by a random fatigue test with the component; 

• plotting the results in the form of "Gassner"-curves with the maximum amplitude of the 
spectrum on the ordinate and the total number of cycles on the abscissa, both to a logarithmic 
scale; 

• considering the scatter of fatigue lives by a safety factor, calculated on a statistical basis, 
to obtain the necessary probability of survival. Its numerical value depends on the component in 
question, i.e. an automobile component has to have a high, a ship component a low Ps. 

The result is the "allowable" fatigue life in flying hrs, km, etc. 
This short description pictures the state of the art of "Betriebsfestigkeit" in about 1960 

(without the random sequence). But as early as 1939 [92, 269], 1941 [260] and 1945 [262] most of 
the above-mentioned steps can be found in Gassner's papers. 

For the blocked variable-amplitude tests, new test machines were necessary. Gassner 
developed and patented these together with Erlinger at Schenck [270]. 

The German aircraft industry enthusiastically welcomed Gassner's variable-amplitude 
test[271], but there was also considerable criticism[272,273]. Degenhardt at Junkers 
described [271] v.a. tests with the main spar of the Ju-88, including 57 (!) tests with various designs 
of the tension chord joint of the Ju-88, a large component. After a v.a. test with a sheet-metal wing 
spar of a transport aircraft, a residual static strength test was carried out in the cracked state that 
yielded a "just sufficient safety". Gassner and Teichmann stated in January 1945: "The v.a. test 
has found widespread acceptance with the manufacturers". 

Teichmann[274, 275] and Gassner[267] discussed as early as 1939 and 1941 that the 
one-parametric level-crossing counting method - -  then customary - -  did not represent the actual 
fatigue process. Consequently they required a two-parametric counting method and made some 
suggestions towards a solution. However, it took a further 30 yrs until the Japanese Matsuishi and 
Endo in 1969 published the "rainflow" counting procedure[276] which met all the old 
requirements. It is less known, however, that at about the same time the Dutchman DeJonge at 
the NLR [277] also published the rainflow procedure; he called it "range-pair-range". 

Besides "Betriebsfestigkeit", Gassner undertook many other investigations [278-283]. For 
example, he determined the fatigue properties of the then new ultra-high-strength aluminum alloy 
of the AIZnMg-type (7000-type). The result: they do not differ from those of the Dural Type 
A1CuMg (2000-type), which by the way had been developed by Wilms [284] in 1911 for the 
Zeppelin. This result would not be remarkable by itself-- many of Gassner's contemporaries would 
also have discovered it - -  were it not for the conclusions Gassner drew: if the higher static strength 
of the new alloy is taken advantage of, a shorter fatigue life will result, because it only makes sense 
to use the higher-strength and more expensive material if higher allowable stresses are employed, 
and that results in a shorter fatigue life. By such conclusions Gassner - -  like W6hler and Thum 
- -  distinguished himself from his contemporaries; therefore, in the opinion of the author, Gassner, 
like Thum and W6hler, was a great engineer. 

From 1931 onwards also the NACA, predecessor of NASA, measured gust loads on 
aircraft [107-110], using the NACA VG-recorder. As it had no feed, however, load spectra could 
not be determined. Pugsley in ref. [285] mentioned that during WW II many load or strain 
measurements were carried out on English aircraft. 

Fatal crashes due to fatigue failures are known of in no less than 20 Vickers "Wellington" 
bombers [74, 266], while Gassner describes in ref. [286] the wing fatigue failure of a Junkers Ju-52 
in South America, and according to Seelhorst [287] 10 Me-110 were lost due to fatigue failures of 
ribs of the horizontal tail, which caused flutter. (As late as 1959 two Lockheed "Electras" crashed 
after the fatigue failure of an engine mount, which resulted in wing flutter.) 

Further well-known Germans in this period were yon Houdremont [289-291], Pomp [292-298] 
and Hempel [299-304] of the Kaiser Wilhelm Institute, Mail~inder of the Krupp Research 
Institute [305-312], BoUenrath [313-318] and Brenner at the DVL [263,264, 319, 320], 
Siebel [165, 256, 321-324] at the Technical University of Stuttgart, Kl6ppel [140, 325, 326] at the 
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Technical University Darmstadt, Giirtler [327-330] and the previously mentioned Lehr [98, 331- 
336] in Stuttgart and later at the MAN in Augsburg [98, 331-336]. Lehr especially also had great 
merit in the dissemination of fatigue knowledge to industry. 

Neuber in 1937 published the first comprehensive book [337] ("Kerbspannungslehre") on the 
theoretical calculation of stress concentration factors Kt and even fatigue stress concentration 
factors Kf. This book was translated into English in 1946 at the suggestion of Kuhn of NACA [338], 
and it was the basis for a large research programme of the NACA which will be mentioned in the 
time period 1945-1960. Biirnheim in his Ph.D. Thesis [339] of 1944 systematically investigated the 
fatigue strength of hundreds of riveted aluminum joints. This work was used as a reference for 
several decades. 

In other countries the following engineers and scientists must be mentioned - -  in addition to 
those already quoted: Peterson at Westinghouse [340-348], whose later book Stress Concentration 
Design Factors became world famous; Horger at Timken [349-356], who investigated the size effect, 
the testing of large components and cold-rolling; Rbs at the Swiss "Eidgen/~ssische 
Materialpriifanstalt" [357-360]; Templin at Alcoa [361-363]; and Zimmerli [364], who wrote many 
papers on shot peening. 

7. THE PERIOD OF 1945-1960 

This was the time period in which the harvest of the years 1920-1945 was brought in. In all 
industrial countries fatigue was investigated. The number of papers increased so considerably that 
only a small percentage can be mentioned here; fatigue meetings and books on fatigue however 
are all cited - -  as far as is known to the author. These efforts were furthered by failures on all 
types of fatigue-loaded structures and vehicles. Besides the well-known crashes of the "Comet", 
for example, there were a great number of fatigue failures of truck or automobile components. In 
the aircraft field, however, the fatigue problem was particularly acute, because many new English 
civil aircraft with single-spar wings were based on military aircraft of WW II [288], but required 
a much longer fatigue life of about 30 000 hrs as compared to 5000 flying hrs for a bomber. 

The de Havilland "Comet", designed in about 1948, the first commercial jet aircraft of the 
Western world, had an operating altitude about twice that of contemporary propeller-driven 
aircraft. Therefore the pressurized fuselage had to support higher stresses. In 1954 two "Comets" 
crashed, one near Elba, one near Naples, by failure of the fuselage at a window cutout [365]. In 
a large research and test programme [366], the cause was clarified according to the level of 
knowledge of the day: the full-scale fatigue test had been carried out with a fuselage which had 
before been pressurized to twice the maximum pressure differential in service. This was done to 
save a static test aircraft. In the window corners beneficial residual compressive stresses were 
thereby induced, which obviously were not present in the accident aircraft. Besides, an 
ultra-high-strength aluminum alloy of the 7000 series had been used, the unfavorable fatigue 
behavior of which Gassner had already described in 1941. As late as 1987 Swift of the FAA [367] 
showed, however, that in reality a design fault had been the cause of the accidents: the fuselage 
frames of the "Comet" were in one piece, whereas in more modern aircraft types they are built 
up of two independent frames. Therefore, a fast fracture could not been contained in the "Comet" 
design. 

Because of the "Comet" accidents, complex flight-by-flight tests with the complete aircraft 
structure, so-called full-scale fatigue tests, became the rule, the pressurized aircraft fuselage in a 
water tank (later air was used for cyclic pressurization), the wings loaded by servohydraulic 
cylinders with the ground-to-air cycle and 10-40 gusts of different magnitude per flight. Earlier 
aircraft had been tested in a much more simple way and often in parts, the wings for example only 
by the ground-to-air cycle and 10 gusts of equal magnitude per flight. 

C.g. acceleration or stress spectra of commercial and military aircraft were measured over 
hundreds of thousands of flying hours, primarily in the U.K. [368] and the US [369-372] by NACA; 
for the Vickers "Viscount" alone Williams in ref. [388] presented stress spectra for 150 aircraft with 
eight different airlines over 300 000 flying hours. Special online counting devices were invented in 
the U.K.; for example, the Vickers "Strain-Range Counter" or the "RAE Fatiguemeter", 
employing statistical methods thought to be superior to the level-crossing method. As a 
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consequence of the "Comet" accidents, the Royal Aircraft Establishment (RAE) quickly became 
a center of aircraft fatigue work. 

Full-scale fatigue tests with more than one aircraft of one type, mostly of vintage WW II 
military ones, were performed in the U.K. [373, 374] and the US [375, 376], in order to gather 
general experience on the fatigue behavior of actual aircraft structures as opposed to small 
specimen data. 

In addition, countries which had not come to the fore earlier supplied important contributions 
to the fatigue of aircraft structures, for example Australia: beginning in 1948 and until about 1970, 
the Aeronautical Research Laboratories (ARL) carried out full-scale fatigue tests with 180 wings 
of the P-51 "Mustang", left over from WW II [377, 379]. Topics investigated were the behavior 
at constant and variable amplitudes, a complete Goodman diagram for wings of 2024-T3 was 
established, the accuracy of Miner's Rule for the wing structure was investigated and a highly 
sophisticated statistical treatment of the scatter observed was developed, altogether a very 
meritorious research programme. The fatigue behavior of other military aircraft of WW II vintage 
was also investigated [380, 381]. 

Besides the "Comet", several other aircraft types suffered fatal crashes due to fatigue, for 
example the Lockheed "Electra" previously mentioned. Williams in 19651288] gave a 
comprehensive summary; one cause for accidents and incidents cited again and again in ref. [288] 
was: the high-strength aluminum alloys of the 7000 series have unfavorable fatigue properties (see 
Gassner in 1941!). 

Beginning in about 1955 a discussion set in about "fail safe" and "safe life". Safe life means 
that the aircraft component in question has to be scrapped on reaching the end of its previously 
determined life; fail safe means that the failure of a primary member by fatigue or otherwise must 
not endanger flight safety. As early as 1919 (!) the Englishmen Pippard and Pritchard [382] had 
discussed this requirement and to a certain extent post-WW II piston-engined aircraft like the DC6, 
DC7 or Lockheed "Super-Constellation" were fail safe with regard to damage from without or 
within, as for example Spaulding showed [383]. Fail safety as a design requirement was, however, 
probably first employed with the Lockheed "Electra", and the first commercial jet aircraft B-707 
and DC8. The large fail-safe test programme with the "Electra" fuselage [384], which withstood 
the sudden cutting of a fuselage frame at maximum differential pressure without failure, did not 
however prevent two fatal crashes of this aircraft due to fatigue fractures of engine mounts, since 
these were not fail safe. The required calculation procedures were also developed, still without the 
use of fracture mechanics. Generally, the Europeans (see Williams [288]) were more sceptical about 
fail safety than the Americans; Spaulding [383] goes so far as to claim that with a fail-safe design, 
full-scale fatigue tests ~ la "Comet" would not be necessary any more. 

As experience has shown in the meantime, fail-safe construction is absolutely necessary, but 
it has not prevented several fatal crashes by structural failures due to fatigue. Certainly the fuselages 
of large jet aircraft have withstood hand grenade explosions from terrorists without endangering 
flight safety. However, up to most recent times the fact was not considered that at the fatigue failure 
of one element, most other, similarly stressed, elements would also suffer fatigue cracks. Thus, for 
example, many rivet holes in longitudinal fuselage lap splices may have cracks after a long service 
life - -  the infamous "Multiple Site Damage", which is a severe problem today. Fail-safe 
construction at any rate requires very thorough maintenance and inspection procedures, which are 
not performed by all airlines over the world. 

The United States Air Force (USAF) in particular suffered many accidents due to fatigue. On 
13 March 1958, two Boeing B-47 nuclear bombers crashed due to fatigue failure of the wing [385]; 
within two months two more aircraft also failed in the same manner. This was very dangerous for 
the national safety of the US, indeed of the Western world, because at the time the B-47 were the 
only aircraft which could reach the USSR, and the whole fleet had to be grounded until the critical 
components had been replaced. But most other military aircraft types of the USAF also suffered 
one or two fatal fatigue accidents. In some part, this was due to the extreme variations in the load 
spectra of individual aircraft of the same type [368]. Contrary to European Air Forces, the USAF 
always reported on these accidents quite openly, for example at a special conference in 
1959 [387--400]. One paper at this conference read: "The aircraft fatigue problem: barely under 
control" [390]. 
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The leading position of Germany in the fatigue field was obviously a thing of the past - -  with 
the exception of the automobile sector: the latter is due to Gassner's having to find a new field 
of work, since after WW II building aircraft in Germany was forbidden. In 1946 Gassner founded 
the "Physikalisch-Technisches Laboratorium" at Kempten, Bavaria, together with Svenson. In 
1948 they moved to Darmstadt (at the suggestion of Opel) and merged with the previously 
mentioned "Bautz-Bergmann GmbH" to form the Laboratorium fiir Betriebsfestigkeit (LBF). 
Within a few years Gassner had convinced all German automobile and truck manufacturers of the 
benefits of his approach. His argument was weight- and therefore cost-saving, but with a sufficient 
fatigue life - -  through service-load measurement and v.a. testing. With the exception of NSU, who 
left all fatigue work to the LBF, all automobile manufacturers built up large fatigue laboratories 
and by about 1959 had become practically independent of the LBF. The many and relatively small 
German truck manufacturers of that time, however, remained LBF customers for much longer. 
The large body of experience collected by the German automobile makers since about 1950 to this 
day ensures them a significant lead in the fatigue field over their competitors in Europe and 
especially in the US - -  at least in the opinion of the author. 

Gassner in 1954 described the state-of-the-art of fatigue testing and measurements in the 
automotive field [401], and in 1956 [286, 402] in the aircraft field. Svenson in 1952 reported on the 
measurement of stress and load spectra [403]. The LBF in 1960 had about 40 employees and had 
carried out about 1100 fatigue research and testing contracts from all fields of technology (aircraft, 
ships, automobiles, bridges, railways, etc.). 

A multi-year test programme of the LBF over hundreds of thousands of kilometers deserves 
special mention: one rear swing axle of a Volkswagen Beetle operated a fatigue test machine with 
10 notched specimens, which through interposed torsion springs were loaded at different stress 
levels. This therefore was an ideal variable-amplitude test which in no way differed from the actual 
service loading, including rest periods, corrosion, etc. The corresponding load spectra were counted 
simultaneously according to the level-crossing method. From this, eight-step blocked-programme 
tests were deduced and were run in an identical test machine in the laboratory. The purpose was 
to see if the fatigue life in actual service was equivalent to that in the laboratory under the 
blocked-programme test. The results will be discussed in Chapter 8. 

Quite suddenly the up to now just marginally if at all, mentioned scatter of the number of 
cycles to failure and of the fatigue limit, respectively, was treated with the help of mathematical 
statistics. Weibull in Sweden extended his theory of static strength of 1939 [132] to fatigue 
life [404, 405] and carried out thousands of tests with bolts [406] and aluminum specimens [407] to 
prove his distribution and to obtain numerical data on the standard deviation of the number of 
cycles to failure. 

Freudenthal and Gumbel [408] at the Columbia University on the other hand employed an 
extreme value distribution; Rossow at the Technical University of Berlin developed the arc sin 
~v/~-distribution [409], which like the three-parameter Weibull distribution had a lower limit > 0. 
It remains controversial to this day whether the "correct" distribution of the number of cycles to 
failure has such a lower limit > 0 or not. 

All these distributions were mainly utilized to statistically evaluate the results of fatigue tests 
of 7-30 specimens, in order to obtain the mean and standard deviations, and to extrapolate only 
insignificantly. In this region all reasonable distributions yield very similar results. The main 
problem, namely the extrapolation to the high probabilities of survival required for actual, 
massproduced components (i.e. > 105 for automobile components, > 106 for helicopter 
components), cannot be solved correctly to this day with the help of mathematical statistics - -  at 
least in the opinion of the author. One has to rely on "safety factors" based on experience. 

The Americans Ransom and Mehl [169], and Dieter et al. [170] proved by fatigue tests on a 
statistical basis that effects which had been claimed for decades, like coaxing by understressing, 
did not exist. They also determined the fatigue limit by the staircase method which had originally 
been developed by biologists. 

Erker of the MAN, a coworker of Thum in 1958 [410], probably was the first to discuss the 
probability of survival with regard to the scatter of loads and the number of cycles to failure. 

From about 1950 onwards, doubts about the validity of Miner's rule began to appear in the 
literature. Damage sums between 0.1 and 10 were found in fatigue tests which, however, were 
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entirely unsuitable for this purpose. The unfortunate role of the "understressing" tests of the years 
1930 to 1943 was now taken over by "overload" tests, i.e. by constant-amplitude tests with a few 
interspersed overloads. Since such stress-time histories do not occur in actual service, the proof 
that Miner's rule would work - -  or not - -  was entirely useless. A genuine check of Miner's rule 
was only possible at the end of the 1950s, as only then suitable test machines had been developed. 

The Australians Head and Hooke [411] were the first who used the "white noise" of a 
thyratron to run a random fatigue test machine. The random fatigue machine described by 
Freudenthal [412, 413], however, produced anything but a random sequence because of its much 
too short return period of c a  1000 cycles. This resulted in the truncation of all cycles with a 
probability of occurrence of < 10 -3, SO that all higher stress amplitudes were cut off. In addition, 
a blocked (programme) sequence was used, albeit with very short blocks. The results of Head and 
Hooke are also open to doubt, because inertia forces were apparently neglected and thus the 
command values were different from the achieved ones. 

The extreme inaccuracies of Miner's rule mentioned above naturally caused a large number 
of "improvements", most of which - -  fortunately - -  are forgotten today. Efforts to give these 
improvements a scientific air by metallurgical foundations [414] appear particularly doubtful today. 
The hypothesis of Corten and Dolan [415] was a "self-fulfilling prophecy", because exactly those 
tests were required which the hypothesis was supposed to avoid, as the author showed in 1972 [416]. 
This, however, did not prevent its being employed in certain fatigue standards of East Germany. 
Corten-Dolan "proved" their hypothesis with the help of two-step tests on bending specimens of 
thin wire. 

The comprehensive check of Miner's rule of the author in ref. [416], which is still being cited 
today, is also open to argument, because most of the tests used were Gassner eight-step 
blocked-programme tests, and not random tests. 

Gnly the servohydraulic fatigue test machines, first developed by Lockheed for a huge research 
programme of the USAF [417, 418] toward the end of the 1950s, permitted arbitrary stress-time 
histories to be applied to specimens and components at high frequencies. Only from this time 
onward realistic checks of Miner's rule were therefore possible; the results will be reported in the 
next chapter. 

In 1959 Kowalewski of the DVL in his Ph.D. Thesis [419] used a similar machine to that of 
Head and Hooke, however without its inaccuracy. The object of his work was the comparison of 
the blocked-programme test of Gassner with a random test of identical spectrum, i.e. only the 
sequence of stress cycles was different. Result: the fatigue life of the random sequence was lower, 
i.e. the blocked-programme test was conservative. This (unfortunately) was not generally the case 
- -  as described in the following chapter. 

Toward the end of the period described here, a large number of crack-propagation tests were 
carried out and crack-propagation hypotheses were developed - -  still without employing fracture 
mechanics - -  by Weibull [420], Frost of the NEL in the U.K. [421-423], as well as by McEvily and 
Illg [424], and Hudson and Hardrath [425] of NACA. 

Kuhn of the NACA tried for about 15 yrs [426--428] to transform the calculation of the 
fatigue-stress concentration factor Kr into engineering practice with the help of Neuber's material 
"constant" p. However, the results were not accurate enough and too large an experimental effort 
was still necessary, as the author found out during work for his Ph.D. Thesis. 

Based on Bauschinger's [36--38] ideas, Manson [429] of the NACA and Coffin [430, 431] of GE 
in 1954 described the behavior of metallic materials under cyclic inelastic strain amplitudes by a 
four-parameter formula. They thus created the new field of activity called LCF (low-cycle fatigue), 
which is employed for components loaded in service by relatively few cycles at elevated 
temperatures, for example discs of gas or steam turbines, pressure vessels, and so on. The aircraft 
turbine especially makes high demands on the disc: low weight, high fuel efficiency (i.e. high 
temperature), structural integrity and a long fatigue life ( > 20 000 flight hrs). Therefore the LCF 
field has had a strong growth since 1954. 

In 1958 two large steam turbine rotors burst during test runs, as well as several "Polaris" 
rockets during pressure tests. In all eases the cause was crack-like material defects, which in the 
Polaris rocket were very small because an ultra-high-strength steel was used. Again, the national 
security of the U.S.A. and of the Western world was threatened. In the same year Irwin [432] of 
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the US Navy had taken up the old ideas of Griffith [57] and had realized that the stress-intensity 
factor 

K =  S . x / ~  

was the determining factor for static strength in the cracked state. If K reaches a certain critical 
number depending on the "fracture toughness" of the material in question, instant fast fracture 
occurs: linear elastic fracture mechanics (LEFM) was born. Its unbelievably rapid development for 
the case of static fracture will not be described here; however, the next chapter will deal with its 
employment for the description and calculation of crack propagation under cyclic loads. 

In 1951, ICAF (International Committee on Aeronautical Fatigue) was founded at the 
suggestion of Dr Plantema of the NLL (later NLR) of the Netherlands. It brought together 
practically all aircraft fatigue experts from all Western countries every two yrs at conferences and 
symposia [433, 434]. At first, the delegates of the member countries only reported on the fatigue 
activities of their respective countries (ICAF Conferences). The founding countries were the 
Netherlands, the U.K., Sweden, Switzerland and Belgium; later the Federal Republic of Germany, 
the U.S.A., Australia, France and Italy joined in and, in the 1970s, Israel and Japan. As from 
1959 [435], in addition a symposium with special lectures took place every two yrs. The ICAF 
Conferences in particular, even those of 30 yrs ago, are still a source of information for the fatigue 
expert, since there is hardly a fatigue problem which has not been discussed. For the author, the 
ICAF Symposia and Conferences represent the ideal of meetings as they should be, unparalleled 
as to the quality and the topics of their lectures, the level of the discussions and the frankness about 
aircraft fatigue problems. 

The Dutch National Aircraft Laboratory NLL (NLR today) also distinguished itself in other 
respects. From about 1957 onwards, Schijve [436, 437] contributed important new ideas to the field 
of aircraft fatigue (see Section 8). The development of the rainflow counting method by DeJonge, 
concurrently with the Japanese Matsuishi and Endo in 1969, has already been mentioned. 

In Sweden the FFA (Flytekniska-F6rs6ks-Anstalten) has attained similar importance as the 
NLR in the Netherlands. Besides Weibull [404-407], the names of Wallgren [438,439] and 
Lundberg [440] must be mentioned. Gassner's work was highly esteemed in Sweden already soon 
after the war, see for example ref. [152]. The car and truck maker Volvo and the truck manufacturer 
Scania also became followers of the idea of "Betriebsfestigkeit". 

Many scientific and engineering societies organized fatigue meetings in the years 1945-1960, 
in part already on specific problems; examples are the ASTM on planning and performing fatigue 
tests [441], application of statistics [442], large fatigue test machines [443], fatigue of aircraft 
structures [444], fretting corrosion [445], low-cycle fatigue [446], etc. 

General fatigue meetings took place in 1946 in Melbourne [447], in 1952 at the MIT [448], in 
1955 in Stockholm [449], in 1956 at Columbia University [450]. In 1956 a meeting, still famous 
today, was held by the Institution of Mechanical Engineers together with the American Society 
of Mechanical Engineers [451], during which most of the well-known fatigue experts of the time 
gave lectures. In 1954 [452] a Russian meeting at a high level took place, on methods to improve 
fatigue strength by mechanical, thermal and thermochemical means, i.e. a special topic similar to 
that of the ASM meetings in Cleveland [453] in 1946 and Chicago [454] in 1950. 

Besides the proceedings of the above meetings, a number of general books on fatigue were 
published: Cazaud's book saw several new editions [455--457] as well as an English translation [452]. 
The Battelle book of 1941 [124] was also reprinted [458]. Russian books were translated into 
German [459, 460] and English [461,462]. The book of H~inchen, originally published in 1950 [463], 
saw several new editions; the one by Tauscher in East Germany by 1960 had reached its sixth 
edition [464]. Both books were simple "recipe" books, all the more important for engineering 
applications, similar to that of Lipson, Noll and Clock of the Chrysler Corporation [465]. 

Which fatigue expert has not used Peterson's book [340], a compilation of stress-concentration 
factors with a short introduction to design for fatigue? Locati of Fiat also published a book [466]. 

Two German books of the time deserve a special mention, although they are not well known: 

• Gestaltfestigkeit-- Versuche mit Schwingern by Berg [467], a disciple of Thum. Berg describes 
many fatigue tests on components, design or manufacturing changes, etc. The book contains many 
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problems and their solution by simple means, as found during WW II at the "Deutsche Werke" 
in Kiel. 

• Atlas der Spannungsfelder in Technischen Bauteilen by Kloth [468], who in 1932 had 
measured the first load spectra in Germany [25]. This book shows hundreds of excellent 
brittle-lacquer photographs of joints in frames and of other components of agricultural machinery; 
included were improvements by design changes. 

Wiegand and Haas in ref. [469] summarized their experience on the fatigue strength of bolted 
joints. This book also saw several greatly improved editions, partly with new authors. 

Pope was the first Englishman [470] to publish a book on fatigue after WW II. 
Grover, Gordon and Jackson wrote a general book on fatigue [471], which in addition 

contained hundreds of S N  curves in the form of tables. 
In the book of Sines and Waisman [472], many well-known Americans of the time had their 

say, among them Miner, who still claimed that his rule would deliver conservative results if the 
"lower scatter bound" of the S N  curves was used as a basis for the computation. 

8. 1960-1994 

From 1960 onwards the number of fatigue experts and therefore of publications increased still 
further. This must also be attributed to the rapid development of fracture mechanics, i.e. of 
fatigue-crack propagation. Therefore in this chapter only a few persons will be mentioned who have 
made special contributions to the state of the art or whose work has resulted in completely new 
points of view. 

Schijve, already mentioned in the preceding section, first at the National Aerospace 
Labaratory (NLR) of the Netherlands, from 1972 onwards as Professor at the Technical University 
at Delft, has contributed greatly to the knowledge of fatigue of aircraft structures, for example 
fatigue-crack propagation under variable amplitudes in materials[473] and in actual 
structures [474]. By his investigations on the retarding effect of rare high amplitudes [475, 476] he 
has influenced most of the full-scale fatigue tests on commercial aircraft, for example all of the 
Airbuses from the A-300 to A-310, 320, 330 and 340, the Boeing 757 and 767. In his "classical" 
paper [476] he describes the seven counting methods then known, with special regard to fatigue-life 
prediction and variable-amplitude tests. He concludes that the range-pair procedure of the 
"Vickers" strain-range counter best describes the fatigue process in a random stress-time history. 
The range-pair-range [277] or "rainflow" method already mentioned was a further development, 
according to Schijve. 

The development of "Arall" [477,478] and "Glare" [479] (aramid aluminum laminate and 
glass fiber reinforced aluminum, respectively) deserves a special mention. Both materials consist 
of bonded layers of aluminum and the respective fiber material. In all investigations they have 
shown extremely favorable crack-propagation characteristics, orders of magnitude better than 
monolithic aluminum specimens and components [480]. At the same time, they avoid many 
drawbacks of CFRP; they can, for example, be machined like aluminum on the same production 
equipment. "Arall" and "Glare" are already used experimentally on aircraft [480]. 

Branger of Switzerland [481] also must be mentioned with regard to fatigue in aircraft 
structures. Against severe opposition and with great obstinacy he succeeded in carrying out a very 
complex full-scale fatigue test on the Swiss Airforce de Havilland "Venom" in the early 1960s. 
Hundreds of different flights, as measured in the special missions of mountainous Switzerland, were 
applied to the structure. The result was that the safe fatigue life of this aircraft was five times longer 
than originally foreseen by the manufacturer. The cost of these complex full-scale fatigue tests of 
many millions of Swiss francs must surely have repaid itselfi This programme ran for over a decade 
and influenced full-scale fatigue tests on military aircraft all over the Western world, among them 
also the IABG tests on German military aircraft. 

Paris of Lehigh University, in his Ph.D. Thesis of 1962 [482] and in a previous paper [483], 
established that fatigue-crack propagation could be described by the following equation - -  soon 
erroneously called a "law": 
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This equation soon set out on a veritable triumphant advance around the world. It is almost 
exclusively used even today, although it contains neither the influence of  mean stress on crack 
propagation, nor the static fracture on reaching the fracture toughness K~c, nor the "fracture 
mechanics fatigue limit" AK0, that is the stress-intensity range below which no fatigue-crack 
propagation occurs. The Paris equation therefore can be compared to an SN curve from a stress 
amplitude of infinity to one of zero, showing no influence of mean stress nor a fatigue limit. The 
complex process of crack propagation is undoubtedly described much too simply by this equation; 
this fact however did not prevent its - -  partly undiscriminating - -  use all over the world to this 
very day. Paris also maintained that the slope of his curve was n = 4.0 for all metallic materials. 
This could be compared to all SN curves of metallic materials having the same slope - -  and for 
all mean stresses as well. 

In 1963 Paris extended his equation to variable amplitudes by inserting a "characteristic" stress 
"h"  instead of the ArT in the formula for AK [484]. This value h was said to depend on the shape 
of the stress spectrum only. Paris further stated that the crack-propagation curve for constant and 
variable amplitudes would coincide if both were plotted against this h, this being somewhat similar 
to the root mean square of the stress amplitudes. Intentionally or unintentionally, Paris thus 
claimed to have solved the problem of damage accumulation - -  if only for fatigue-crack 
propagation. Paris' claims were soon proved incorrect. Numerical values for n ranged from 2.0 to 
20 in experiments and the problem of damage accumulation, i.e. of the prediction of crack 
propagation under variable-stress amplitudes, has not been conclusively solved even today (see 
below). 

These critical remarks are in no way meant to lessen Paris' merits. It was an enormous step 
forward to be able to calculate the propagation of cracks of arbitrary shape under arbitrary stress 
types (bending, axial, etc.) via AK, thereby considerably reducing the experimental effort. One 
simply had to determine one crack-propagation curve - -  a number of curves for different mean 
stresses - -  for one specimen and crack shape to find the constants C and n. With these, crack 
propagation for all other cases could be calculated. 

The fundamental contribution to an improved calculation of crack propagation under 
service-like variable amplitudes was supplied by the German Elber. In his Ph.D. Thesis at the 
University of New South Wales [485] in 1968 he found out that after a high tensile load the crack 
closes before the load is reduced to zero. In contrast to many earlier hypotheses, which assumed 
a decrease of the mean stress after a high tensile load, Elber demonstrated experimentally that the 
amplitude decreased after such a high load; all promising crack-growth hypotheses since about 1975 
are based on Elber's "crack closure". 

In the time period in question, as an Institution surely the USAF (US Air Force) must be 
praised. In 1974 it introduced new structural specifications [486], the famous "Damage Tolerance 
Requirements", in which crack-like defects are assumed to be present from manufacture onwards 
in all critical points of the structure. These defects can be caused by machining processes during 
manufacture, or they can be caused by service loads. The aircraft manufacturer has to prove "by 
test and calculation" that in the cracked condition sufficient life (durability) and static strength 
("damage tolerance") are available. Lincoln [386] published an outstanding survey of the historical 
development of  these D.T. specifications. 

The cause and motivation for this change in the structural specifications was that the USAF 
even after 1960 did not succeed in obtaining a sufficient durability and structural integrity of its 
aircraft. Fatal fatigue accidents occurred all too often [487]. The direct reason for the introduction 
of the new structural specifications was the crash of an F-111 after only 100 flight hrs owing to 
a wing failure due to a crack-like defect, which had not been detected during the prescribed 
inspections. The failed wing box consisted of the ultra-high-strength steel D6AC. In consequence 
of this accident, a huge theoretical and experimental research programme was started in which 
almost all US fracture mechanics experts had a part. One finding, for example, was that the fracture 
toughness K~c of the D6AC steel was extremely sensitive to minute modifications of the heat 
treatment. 

In this connection, the USAF managed to attract a large number of outstanding fracture 
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mechanics and crack propagation experts. The names of Tiffany, Mar, Lincoln and Wood may 
be mentioned here as representative for many others. This certainly has facilitated the enforcement 
of the abovementioned specifications with the aircraft manufacturers, in contrast, for example, to 
the European Airforces - -  and especially the German one - -  which do not have experts of that 
level in their employment. This fact alone - -  in addition to the usually much smaller number of 
aircraft of one type in Europe, makes the relationship between the buyer and supplier much more 
difficult in Europe. 

The D.T. specifications of the USAF are still being criticized today in Europe. In individual 
problems and cases this may be justified; the specifications are also continuously being developed 
further [386]. In summary, however, the decision of the USAF to completely change over to the 
new specifications can only be admired. After all, the success of the D.T. specifications speaks for 
itself: even with old USAF aircraft, which had not been designed and built to these damage 
tolerance requirements, there was only one fatal accident due to fatigue in 14 million flying hrs, 
in contrast to the many which would certainly have occurred without them. However, unforeseen 
and extremely expensive repair and maintenance efforts are still necessary, for example with the 
F-16. 

The USAF is so convinced of its D.T. procedures that it has issued D.T. specifications for 
further components, for example for gas turbines [488]; others are worked on, for example for 
helicopters [489] and accessories, landing gears, hydraulic cylinders, etc. 

Together with the D.T. specifications a large number of publications appeared, as well as the 
"Damage Tolerance Design Handbook" [490]; it contains a huge collection of toughness and 
crack-propagation data for practically all structural and engine materials as well as a volume 
"Guidelines" [491], in which the application of the specifications to practical cases is explained. 
These guidelines offer a mine of information on the actual utilization of fracture mechanics, and 
are worth much more than many theoretical books on fracture mechanics. 

In December of each year, the USAF holds a "Structural Integrity Confer- 
ence" [492, 492a, 492b]; the last one was held in December 1994, where the further development 
of the structural integrity specifications was discussed. Contrary to earlier expectations, a full-scale 
fatigue test with the complete structure of the aircraft appears to be still indispensable, combined 
with damage tolerance tests and calculations [492]. 

Damage tolerance requirements were also issued for commercial aircraft [493,494]; they are, 
however, much less detailed; for that reason, they have been less successful than the USAF 
specifications - -  at least in the opinion of the author. In spite of alleged fail-safe construction, if 
before the D.T. requirements were issued, a Boeing 707 crashed in Lusaka, Africa, by fatigue failure 
of the empennage. Other fatal crashes include the DC 10 accidents in Chicago by failure of an engine 
mount and on 10 September 1989 in Sioux City by the uncontained burst of an engine disc. 

The "multiple site damage" (MSD) - -  also called "widespread fatigue damage" (WFD) - -  
mentioned before has not been explicitly considered in the military and commercial D.T. 
specifications, although the original USAF damage tolerance specification [486] in a way addressed 
this possibility by requiring that each hole should have a small corner flaw at the time of 
manufacture. The 1978 revision of FAR 25-571 [494] also contained words about MSD, but was 
much less specific than MIL-A-83444. The authorities as well as the aircraft manufacturers and 
the airlines were alerted to MSD only after the nearly fatal accident to the Aloha Airlines Boeing 
737 in 1988 [494]. The cause was corrosion and corrosion fatigue, to an unexpected extent, of the 
old ( > 90 000 flights), badly maintained Aloha Airlines aircraft which in addition were employed 
in a very corrosive environment; also the cold-bonding of the titanium crack stoppers had failed. 

Due to this accident, huge investigation efforts, as well as many repair and maintenance 
programmes were undertaken, which for the Boeing 727 and 737 types alone cost more than a 
billion dollars. MSD also occurred in many other aircraft types, especially on longitudinal fuselage 
lap splices. Emmerson for example in ref. [495] mentions the BAC-111, the DC9, the Airbus A-300, 
the Boeing 747, the Fokker F-28 and several military aircraft. In the opinion of the author it is 
still unclear why MSD did not occur in the full-scale fatigue tests on most of the above aircraft, 
although these were usually conducted to more than twice the design life (exception: B-747 to one 
design life). Admittedly Williams as early as 1965 [288] stated MSD having occurred in certain 
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full-scale fatigue tests. Anyway, "Aging Aircraft" is a very modern topic and several meetings have 
been held on this subject [495a, 495b, 495c, 495d]. 

A significant feature from 1960 onwards was the introduction of the servohydraulic fatigue 
test machine, which for the first time permitted the application of arbitrary stress-time histories 
at sufficiently high frequencies. Strictly speaking, only from that point in time was it possible to 
check Miner's rule and similar hypotheses - -  but also Gassner's blocked-programme test. The 
servohydraulic test machines at first proved to be extremely unreliable, mainly because of their 
punched-tape control systems. Only the introduction of digital computers in the 1970s [496] 
eliminated these deficiencies - -  but even today a high-level quality assurance programme is 
necessary [497] to assure the user that the machine actually performs as it should. 

With a modern catchword: anything could be done, but - -  and this is also a modern phrase 
- -  is everything doable also useful? Therefore the standardization of stress-time histories for 
variable-amplitude fatigue tests, which Gassner already had required and carried out in the 1940s, 
again became significant: the standardized stress-time histories "Twist" for commercial aircraft, 
"Falstaff" for fighter aircraft, "Gauss" for general fatigue test purposes, "Helix-Felix" for 
helicopters, "Hot" and "Cold Turbistan" for gas turbine discs, "Wawesta" for steel mill drive 
systems, "Wash" for oil rigs in the ocean, "Wisper" for wind turbines and "Carlos" for 
automobiles evolved, practically all of them upon the initiative or at least with the cooperation 
of the author. A summary is given in ref. [498]. These standards are being employed all over the 
Western world; they are extremely useful, for example, in round-robin test programmes, which 
came into vogue in the 1970s [499]; fatigue problems of general interest can thus be jointly solved 
by many laboratories in many countries, lowering the cost per country and improving international 
cooperation. 

In the time period considered, the first really meaningful checks on Miner's rule were carried 
out, among them a large cooperative research programme of the German automobile makers, the 
German Ministry of Research and the LBF [500] and - -  in this case on automobile components 
proper - -  a similar programme jointly by the automobile makers and the IABG [501,501a]. By 
far the largest effort in this respect, however, was spent by Kotte and Eulitz of the Technical 
University of Dresden [501], who collected hundreds of test programmes, i.e. many thousands of 
variable-amplitude and corresponding constant-amplitude tests and carried out new Miner 
calculations. One outstanding result of all these checks was that Miner's rule generally proved 
wildly unconservative; that is, the specimens - -  in the case of the IABG programme, the 
components - -  failed long before their predicted lives; factors of 10 and more on the unconservative 
side were not uncommon. 

From about 1965 onwards, the Society of Automotive Engineers (SAE) in a large cooperative 
programme has tried to predict fatigue life using the so-called local-strain approach. Several US 
automobile makers and many universities were participants. Much too short stress-time histories 
were employed - -  probably because of the limited computer capacities of the time. Had it been 
proved that the fatigue life could be predicted with reasonable accuracy, this would not have been 
useful, because the rare high loads so typical of real service stress-time histories did not occur in 
the sequences chosen. However, as shown in the final report [503], the programme did not even 
succeed in correctly predicting fatigue life under these unrealistic sequences. In the opinion of the 
author, the programme therefore was a complete failure - -  despite innumerable claims to the 
contrary in the literature. This failure also did not prevent the local-strain approach from being 
employed in several countries - -  notably the US and U.K., less in Germany - -  although it has 
been shown in the meantime, for example by Eulitz et al. [501] in the large programme mentioned 
above - -  but also by many other checks [504] - -  to be even less accurate than Miner's rule. The 
extremely large but unaccountable scatter of the predictions is a further disadvantage of the 
local-strain approach. 

The German efforts in the local-strain approach area, especially at the Technical University 
of Darmstadt, are ahead [504a, 504b, 504c, 504d] of the Anglo-Americans, but they are hardly even 
mentioned in foreign journals. The "Relative Miner Rule", first published by the author in 
1972 [502], has also not fulfilled expectations. Furthermore, according to ref. [501] it can only be 
used in limited areas. The "Double Relative Miner Rule" developed in ref. [501] has also not 
succeeded in reliable and accurate enough fatigue life predictions. 
EFM 54.2---H 
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The crack-propagation hypotheses based on Elber's crack closure as a rule have resulted in 
better predictions; however, in the opinion of the author none of them have been checked 
extensively enough to be really certain of their accuracy and reliability. 

Even the time period of 1960 to today was not exempted from unnecessary, partly even absurd 
developments. An example is the so-called Fatigue Life Gage in which a permanent change of 
resistance of a wire by cyclic stresses was supposed to be a qualitative measure of damage, or the 
Dornier "Fatigue Measuring Gage" (FMG), where the change of reflectivity of a polished 
aluminum foil was said to fulfill the same purpose [502a]. A simple consideration - -  even by the 
inventors themselves - -  should have been sufficient to understand that a piece of wire or foil cannot 
be more intelligent than the many engineers and scientists who have struggled with damage 
accumulation since Palmgren - -  without, in the end, completely understanding and solving the 
problem. In addition, the inherent scatter of the change of reflectivity of the foil was also 
overlooked by the inventors; according to an IABG investigation this caused very different changes 
under identical stress-time histories. 

A very unfortunate role is also still being played by trying to solve the problem of damage 
accumulation and fatigue-life prediction through the "equivalent" constant-stress amplitudes, 
equivalent that is to variable-stress amplitudes of equal number of cycles to failure. It is completely 
overlooked that the basic assumption here is a damage sum to failure of 1.0. Since this is generally 
not so (see above), any proof of the method having worked is only proof that purely by chance 
Miner's rule was correct in that particular case. In the author's Ph.D. Thesis of the 1960s [502] 
it was shown that there is no fixed relationship between constant and variable-stress amplitudes. 

The "RMS" (Root Mean Square) approach belongs to the same category of trying to predict 
fatigue life under a stress spectum on the basis of constant-amplitude tests. Although it has been 
shown many times [502] what is basically wrong with this approach, this has not prevented its 
widespread employment. As with the "equivalent" stress-amplitude concept, a damage sum of 1.0 
to failure is assumed and, in addition, a slope of the corresponding S N  curve of 2.0. Since no S N  
curves of such steepness are to be found in the literature, occasional proof of the validity of the 
RMS approach only means that two principal errors, namely a damage sum of 1.0 and a S N  curve 
with a slope of 2.0, have compensated each other in the individual case. 

Finally the "PSD" (Power Spectral Density) method must be mentioned. Although Schijve 
and Weibull in ref. [476] have shown as early as 1961 that only with a Gaussian distribution the 
PSD contains the requisite parameters of fatigue life, this has not prevented its widespread 
employment with other stress spectra. A simple reflection would in the general case have shown 
the frequency information of the PSD to be unimportant for fatigue, while other, important 
information is missing in the PSD. 

As soon as the servohydraulic machines were available, a check on Gassner's 
blocked-programme test became possible. Such checks took place at NASA [505], at the NLR in 
the Netherlands by Schijve [506, 507] and at the Lockheed Company with the huge investigation 
mentioned before [418]. The general result was that the blocked-programme test resulted in a longer 
life than the more realistic test with a random sequence (at equal spectrum shape), i.e. the blocked 
test was unconservative. 

This, by the way, was also the result of the already mentioned comparative test programme 
in the Volkswagen Beetle, which ended in 1967; the results were only published in 1976 [508] and 
1979 [509]. In spite of all these results - -  the most comprehensive ones having been obtained at 
the LBF i t s e l f -  Gassner only became convinced by the much smaller test programme of 
Jacoby [510, 511] that his blocked-programme test had become outdated. One consequence of this 
was the huge cooperative investigation with the German automobile makers mentioned above. 

On account of the increased demands on durability, of the importance of saving weight and 
- -  last but not least - -  of product liability, the German automobile makers from about 1975 
onwards enlarged their already large fatigue laboratories even more. Their requirements on fatigue 
testing machines and test rigs also increased, so that since that time the most demanding requests 
on the capabilities of these machines no longer come from the aircraft field, but from the 
automobile makers. Examples of such complex and expensive test rigs are described in 
refs [512-516]. 

With the introduction of jet aircraft, sonic fatigue became a problem, i.e. resonance of the 
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structure due to excitation by the gas turbine noise. Early jet aircraft with their noisy engines had 
severe difficulties [517]; however, the reduced noise of modern fan engines soon made this problem 
less critical. 

In many Western countries committees were established which dedicated themselves 
exclusively to fatigue including crack propagation, for example in Germany the DVM Working 
Group "Betriebsfestigkeit", in the U.K. the Engineering Integrity Society (EIS) and in the US the 
Committees E-9 and E-24 of the ASTM. 

The number of fatigue meetings increased, as well as the number of books on fatigue, of which 
only a few can be cited here [518-531]. Some of the books not mentioned here, in part also of 
German origin, were quite superfluous. 

All books on the ICAF Conferences and Symposia (for example [532-534]), however, were 
outstanding; even quite old ones offer a veritable mine of information on all important military 
and commercial aircraft fatigue problems. The Structures and Materials Panel (SMP) of Agard also 
distinguished itself by many high-level meetings and reports on fatigue, and especially by several 
round-robin programmes. 

One general result of these round-robin programmes was that nominally equal fatigue and 
crack-propagation tests showed an unexpectedly large scatter when carried out by different 
laboratories. This was especially so for LCF tests with their difficult control of loads and 
temperatures. The numbers of cycles to crack initiation in some of these programmes varied over 
several orders of magnitude, although the specimens came from one batch of material. 

A number of books on fatigue was also published in Germany, in 1969 for example [526]. The 
Leitfaden fiir eine Betriebsfestigkeitsrechnung (manual for the calculation of fatigue life under 
variable-stress amplitudes) of the VBFEh [526] described in easily comprehensible form the many 
steps of such a calculation. In 1973 the quite good book Schwingfestigkeit [530] came out in East 
Germany. In spite of being cut off from Western sources, the German Democratic Republic was 
quite up to Western standards, as shown by many Ph.D. Theses [535, 536], or by the only fatigue 
journal in German language IFL-Mitteilungen, which unfortunately had to be discontinued after 
the German reunification. 

The good and - -  for their time - -  modern fatigue Standards and Specifications (TGL) of East 
Germany deserve special mentioning, although their adoption and enforcement were certainly 
facilitated by the political system of this country. In contrast, the basic West German Standard 
on fatigue (DIN 50100) dates back to 1951! British Specifications have been brought out in large 
numbers and high quality, for example BS 5400 [537] for steel bridges or BS 8188 for aluminum 
constructions. The European Community also has its own standards, for example for welded joints 
the Eurocode 3 [538], which in the opinion of the author is an unpleasant compromise between 
the BS 5400 and Central European concepts. 

Two German books with similar titles made their appearance within a brief time span: 
Betriebsfestigkeit [539] by Buxbaum and Betriebsfestigkeit [540] by Haibach, the latter one 
supplemented by a short version [541]; the first one is now available in its second, improved edition. 
Both books are concerned with Betriebsfestigkeit (operational fatigue strength) and therefore have 
no international competitors; for example both also deal with the measurement of variable loads 
in service and their evaluation. 

Books containing fatigue data in the form of tables are appearing in ever larger 
numbers [542-547]. They are very useful - -  if only for the fatigue expert - -  because they save the 
time and therefore the cost of chasing after the many SN or crack-propagation curves scattered 
all over the vast literature. Their value for practical fatigue work is far higher than that of some 
other books on fatigue. However, they are no replacement for the experience of the fatigue expert, 
as some software houses seem to believe, which sell software packages containing unbelievable 
errors and misconceptions. For example, fatigue-life calculations based on Miner's rule with a 
damage sum of 1.0 are completely outdated in view of the modern checks on Miner's rule 
mentioned above. This is also true for the software packages employing the local-strain approach 
which, in the end, also uses Miner's rule. 

The Damage Tolerance Handbook of the USAF mentioned before [490], and the Fatigue and 
Fracture Mechanics Data Sheets of the ESDU in Great Britain [548, 549] are also books of tables, 
but are of a somewhat higher category, because the raw data are first screened by a committee 
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of  experts before they are incorporated into the books; erroneous data are thus excluded. In 
the opinion of the author the concept of  "Synthetic S N  Curves" [550] must be rated still higher, 
because it describes the collected fatigue data by formulae, resulting in the best estimates for the 
mean values, for example of  the S N  curves of  steels with a certain static strength. A further 
advantage is that S N  curves for which no test data are available can be calculated by inter- and 
extrapolation. 

Components or structures which had not been considered fatigue critical up to recent times, 
suddenly had fatigue problems, for example oil rigs in the North Sea. As a consequence, a large 
cooperative programme was started, the results of  which were reported in two large meetings in 
Paris in 1980 [155] and in Delft in 1987 [156], a veritable mine of information on corrosion fatigue 
of  steels. 

All the same, many important problems of  corrosion fatigue are far from being solved (see 
Section 9). 

9. O U T L O O K  

As mentioned several times above, many questions of  fatigue and "Betriebsfestigkeit" 
(operational fatigue strength) have not been solved. Nevertheless the frequently expressed opinion 
"in no field of engineering has more money been spent with less effect than in fatigue" is nonsense. 
Several branches of industry, for example the automobile makers - -  at least in Germany - -  by 
a judicious mixture of  engineering judgment, testing and calculation have succeeded in avoiding 
fatigue failure of  their products in service, although many of the questions involved have not been 
solved in a scientific way. 

Unsolved, as much as ever, is the prediction of fatigue life under variable amplitudes - -  despite 
innumerable claims to the contrary in the literature. Neither the Miner calculation in its many 
variations nor the local-strain approach attain a sufficient accuracy, as shown in 
refs [500, 501,501a, 501b]. The prediction of  crack propagation under variable amplitudes, on the 
other hand, is better, but has not been sufficiently checked. 

The transferability to actual components of  fatigue data obtained with specimens is completely 
unsolved [551]. This problem is - -  intentionally or unintentionally - -  passed over in silence. Yet 
the IABG fatigue tests mentioned above [501] have shown the damage sums to failure of actual 
components to be much lower than those of  specimens - -  to mention just one problem of 
transferability. Some concepts - -  like the local-strain approach - -  blindly take transferability for 
granted - -  otherwise they cannot be employed. 

Corrosion fatigue is another complex and unsolved problem. Although experimentally 
investigated since the 1920s, there is no explanation of  many effects observed, for example why 
even a few minutes in the corrosive medium has a detrimental effect, which however hardly 
increases even after several days [552]. 

The combination of  high temperature and fatigue (creep plus fatigue) is largely unsolved, 
although many hypotheses have been published, "proved"  by a few tests of  the respective author, 
and disproved by the next set of  experiments. 

Multiaxial fatigue stresses, especially if they are asynchronous, are already difficult under 
constant amplitudes, but can be considered to some extent as having been solved [553, 554]. 
Unsolved, on the other hand, is the problem when the amplitudes are variable, especially if there 
is no fixed correlation between the forces in the different directions. The calculation of fatigue life 
in such cases is then only possible on a probabilistic basis - -  even if all the other questions have 
been solved. 

A probably unsolvable problem is the scientifically and practically correct calculation of  
fatigue life at very low probabilities of  failure, because the type of  distribution would have to be 
known. 
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