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Using Fatigue Information in Design 

The design to  prevent fat igue fai lures is often speculative 
and  m u s t  be finally checked by test ing the component and, i n  c r i t i ca l  
s i tuat ions,  by moni tor ing the actual  service performance 

by Horace Grover 

AESTRACT-It is inipossible to find, fcr a specific desigrl 
concern, fa t igue in format ion that  is entirely adequate fo r  
a n  exact quanti tat ive evaiuotion. Scme of the approaches 
available for opproxin?ate design estimates are described to 
i l l i ! i t ra te  the problems thot  may  occur and  the cansidera- 
t ions important  ~n using avai lable fat igue in format ion i n  
dcsign. 

In t roduct ion  
The  use of fatigue inform&tion in design has in- 
creased manyfold in the last several years. One factor 
con t l~ ib l~ t ing  to this increase is a gro\ving recognition 
of the  importance of ol~viat ing fatigue failures, not 
clnly to pre\.ent \.iolent catastropl~es ( a s  in aircrafl,  
nuc!ear pressure vessels, e tc . ) ,  but  also to Eoreslall 
hreakdo\vns whose consequences are  mainly eco- 
i;on?ic. Another contl-ibutor is the  development (11 
significant improven~ents  in stress analysis-both 1)y 
analytical methods including computer programs and 
by increasingly po~verfril  tools for  experimental stl-ess 
analysis. A third factor is the  grolving understanding 
of important factors in the  fatigue process and the 
accumulation of ne\v fatigue-test data. 

All of these de\.elopments bring increased rccogni- 
tion tha t  very many parameters must he considexd 
in design to pre\,cnt fatigue failure. Most practical 
problems invol\le some iactors for u,hich there exists 
incomplete quantitati1.e information, so that  eslimntes 
and approxin-iations a r e  necessary for any so1utio1-i. 
There is not yet in sight a simple, unified nppi.oacI1 
to design to pre\,ent fatigue failure. 

There are. of course, difrerent situations in wl~icli  
a designer may need to use fatigue information to 
evaluate  a sti.ucture o r  component. H e  may 1,e r o w  
sidering the iisc of a new material in u part for \vhirii 
thcre is considerohle background info~m?ation a l m i ~ t  
.scrx$icc loadings and resulting f a i l u l ~ s .  On the othel. 

hand. he may be considering a new cciniiguiation 01' 

I?ew loading requirements about n malerial  :<it' 1: hich 
h e  has considerable background experience. A thi1.d 
situation is one xvl-iich involves a change in fabrica- 
tion v,,hich could alter material properties. In all 
cases, a common approach is to consider the  stress 
and strain excursions a t  critical locations and to try 
In estimate the effect of these by  ax.ailal~le informa- 
tion on the fatigue response of the material.  A ~ a i l -  
able fatigue information is mainly f m n l  laboiatoiy 
tests and does not generally include t h e  particulm 
combinations of local stresses and s trains  of concern: 
interpolations and extrnpolatiolns must be used. These 
interpolations and estrapolat ions a r e  based {!piin cm- 
pirical i~elations that  are  slolvly deveinping iron? a:] 
i m n ~ e n s e  amount of resea1,ch. At present,  t!?el-e are 
many  uncertainties, so that design to pre17ent fatigtie 
is often speculative and must I x  finally checlred by 
testing the coml~onent  and,  in critical situations, 113' 
subscq~lc~nt  careful monitoring of actual s e n ~ i c e  per- 
formance. 

Some C u r r e n t  Approaches 
Nevertheless, conside~at ion of developments of the 

past few years s h o ~ v s  much progress and much poten- 
tial for f u t u ~ ~  progress in the  c h a l l e ~ ~ g e s  of using 
fatigue information in design. This progress and the 
potential can be illustrated by revien,ing some par- 
ticular areas in u ~ h i c h  there have been significant 
advances in the past decade. 

Figure 1 shows some sti-ain-lifetime relations for a 
steel under fully reversed axial loading. The curves 
;ire plotled according t o  proceclurcs suggestecl in K r l .  
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113 these relations, 

cCf -- f;itigue-strengtll coefiicient fo r  mater ial  
= 50,000 psi + S,, (ul t imate tensile s t rength)  

E Young's modulus 
b - fatigue-strength expone~lt  for material 

-- - -0.085 
= fatigue-ductility cocfiicient for  rnatcrial 
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100 -- R.4 
and 

c = latiguc d~ictility exponent for material 
- - -- @.GO. 

It  should be emphasized tha t  these a re  e~npi r ica l  
relations based upon curve-fitting a number  of data 
f rom laboratory tests of small specimens*. 

The three "points" in Fig. 1 a r e  from some esperi-  
mcnts  on the  material. A first speculation tha t  might 
be \ .entured from glancing at  this figure is that  t h e  
curves predict the experimental points rather  well. 
This is misleading: the small slope of the  L t /2  - Ni 
line means an extreme sensitivity of the  lifetime pre- 
diction to \.slues assumed for  the  parameters  in  t h e  
long-ljfetinle region. While there have l ~ e e n  distinct 
advances in ability to predict constant-amplitude 
fatigue beha\.ior f rom more  readily determined 
"static" properties (see. for example, Refs. 2 and 31, 
these ha\.e, by no means, reachecl a stage of dependa- 
bility for more than \'cry speculative pre l imi l~ary  
design. 

Another obser\.ation from Fig. 1 is of greater im- 
portance. The long-lifetime b e h a ~ ~ i o r  (beyond the  
"transition point" where the r , ,  and c, lines cross) is 
mainly influenced by the elastic response: e\.en 
t h o u g l ~  local plasticity must  exist, it is apparent ly 
constrained and directed by the generally elastic 
field surrounding the fatigue-damage location. In 
rontrast ,  a t  short lifetimes (before the  "transition 
point") the plastic-strain amplitude is o\.er riding. 
This has led to taking lour-cycle-fatigue data  in 
strain-controlled tests (in contrast to the older pro- 
cedure of load-conl~~olled tests) .  This practice is 
providing information more pertinent to some design 
situations and,  at the same time, is developing deeper 
insights into lhe  nature of t l ~ e  faligue process. 

Focusing attention u p o n  the strain behavior has  
increased interest in the stress-strain hysteresis loop. 
I t  has  l x e n  found that metals generally "shake down" 
into some dynamic pattern nrhich may denote, for 
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Fig, 1-Fatigue data in terms of strain amplitudes 

;I fixed strain range, a larger stress range ( for  strain- 
I~arden ing  materials) or a smaller stress range  (for 
strziin-cof:cning ma:erials) i11a11 es t i : .~ i s i~d  i:.o!n t!:e 
monotonic stress-strain curve of "slatic" testing. It  
appears that fatigue-test information m a y  be  morc 
\\.ide!y applicable \vhen data  afford characterizatio~? 
in terms of actrial cyclic strain amplitudes rather  
than of the nominal strain amplitudes estimated from 
"static" loading. 

I t  has  long been i.ecognized that  fatigue-strenglh 
~.educt ion factors ( I<,)  may  differ significantly from 
"theo1,etical stress-cot~centration factors" (KT). This 
cii8erence is especially large in the low-cycle region. 
Recognition of the  importance of strain ampli tude in 
determining fatigue behavior leads to t h e  use of 
s t ~ ~ a i ~ l - c o ~ ~ c e n t r : ~ t j ( ~ ~ i  factors, particularly in the I o ~ v -  
cycle 1,egion. Modern computer  programs can hanclle 
some elastic-plastic ealculaiions and may,  in the 
future. pro\,ide more realistic \vays of allo\\.ancc for 
plastic effects a t  notch roots. 

A great deal of concern in the Ion.-cycle region of 
fat igue is associated \$,ith "tl>ermal fatigue". One  
expedient here is to associale a term 1~17'/2 (\\.here n 

is the  linear cocfieient of thermal  expansion and LT 
is the  temperature escul.sion) u,ith strain amplitude. 
Use of this expedient \$.ith data from strain-con- 
trolled fatigue tests raises many questions such as 
the appropriate temperature and cyclic rate  for the  
mechanical fatigue tests, and the  importance of con- 
~ t r a i n t s  in making thermal e x p a ~ x i o n  stxains fatigue- 
inducing. Answers to such questions a r e  likely to 
require fur ther  research and. ultimately, still fu r ther  
rophistication in design procedures. 

Thus, considering strain and strain ampli tude in 
c.onl.rast to (o r  in addition to) stress and stress ampli- 
lude has led to some irnpro\,ed procedures for design 
to avoid low-cycle fatigue and some possibilities in 
regard to thermal fatigue. It has indicated some 
d i ~ w t i o ~ l s  to pu~.suc towal-d a l ~ e t t e r  understanding 
of fatigue. It has also raised as many questions as it 
has answet.ed. Pt~ol)lems not fully answered include: 
tiic! eiTec,t of rnc>:it~ stt,;iin, the proper design p~,oceciu~,e 
fo r  sti-;rin.: in ;I con-il>inetl stress field, the optimuni 



approach to design for tI-ici.mal cycling, ancl many 
others. 

Figure 2 indicates another vie\:.point of the fatigue 
process that has ~ e c e n l l y  coiitl~i1.1atcd to design ap- 
p~.oacIies in some situations. Tlie total n u m l ~ r  of 
cj,cles to f:~ilui.e may be considered as 

\\.here N; is the  number of cycles required to .initiate 
a fatigue crack. and AT,, is the number of cycles re- 
quired to grow this to a critical length (I,?) at n-hich 
il \\)ill rupture on the nest  loading. Tlie initiation of 
t h e  crack in rega1.d to nominal stresses is m u c ! ~  in- 
fluenced 1)y tlie stress concentration at  ~vliich it 
starts: tlie propagation stage niay be essentially inde- 
pendent of the starting stress r~i iser .  Tlie applicalion 
of tlie principles of fractu1.e meclinnics~' has  con- 
tributed not only to some estimates of the critical 
crack lc~igtlis for  i,upture. but also to ideas for  formu- 
lation of crack-propagation r~ i les .  Tlle schematic 
I~i.ealido\:.n i t ?  the  iigt11.e is i~~:ci.iil:lpljfied: the co:i- 
clusioti of !lie initintioii stage is not readily defiiiable: 
propagation may iii\.ol\.e n1oi.e tlian one mode: tlic 
critical lcngtli fol' final i . ~ t p t u ~ ' e  is not a l ~ v a y s  easy 
to c\.nlunte. I io~vc\ .er ,  for many  situations 1Iict~e 
sccms to he a stage of A ,  cycles during \i'l?ich n 
cracli f o ~ m s  or 3 pre-esisting fia\v gl'o\vs into :I 

tictc~rrnln:il~1e ci.nck and a d ~ s t i n ~ i ~ i ~ l i a b l e  stage of .I-,, 
cycles during \i~liicli tl1c cracli gro\vs according 10 n 
riefinahle rate to a length \i.l~icli is cl.itical for ~ x p t u l ' e  
I I ?  one or a \.el.? f e ~ v  further cycles. In i ~ l a t i n g  the 
r~nticjpnled l)eha\,ior of 1al.ge structri1.e~ to fa t ig~ ic  
info~.n-tation 1)a~etl lipon sniall lcst pieces. clistingu~sli- 
I -  I t o  t a g r s  is sci~netimcs important.  

One aspect tnf this l~l,eakdo\vn (-11 tlie fatigue proc- 
css into ti5.o stages has imporfant implications i:i 
~~c~,qarci to "fail-safe" clesign. A practical concern is 
that of detel~mining suitable inspection intervals foi. 
a component u.Iiic11 may l x  clesignccl closely hut is 
accessible to inspection. This is indicated schematic- 
ally in Fig. 3. Cu1,rent practices in regard to fail-safe 
design a1.e jienerally empirical with empliasis on 
rienionstt.ating that a structure can wi t l~s tand  a large 
defect until subsequent inspection and repair.  Con- 
ceptually. liotvcver. it is most important  to design i c ~ ~ ,  
slo\v c n c k  growth under expected service conditions. 

Other  consequences of \ . ieu~ing the  fatigue process 
in sep:~l,ate stages of c~.aclr initiation ancl craclc propa- 
gation include insiglits into the  e!fects of nican stress. 
ciTccts of notches and cuniulative damage l ~ l i a \ ~ i o r .  
These w e  discussed s u l ~ s e q ~ ~ e r ~ t l y .  In general. the  
concept provides sonic help in design for long lire- 
times, hrit its advantages are less clear for short l i f t -  
times w1ier.e t l ~ e  plastic-strain nmplil~tcle o\~ert.icleu 
the elast ic-s t~.ai~i  an~pl i lude .  

Discussion to this point !l;ir Ileen. ;it  Icast iniplic- 
itlv, i t - ,  t emls  of' completc?Iy i . e ~ o l ~ s e d  s t ~ ~ : s s -  or sti,ain- 
c.ontt~ollccl loading of un~iotclicd speciniois. FI c , -  
cjiiriitl~., llir tlcsignrr is ronce~.nc,d \vi t l~ ;I part 1 i ; i , : 1 1 1 ~  

Fig. 2-Tim sfages in f-itigiie: crack 
initiation and crack propagation 
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Fig. 3-Crack-propagation rates and inspection intervals 

a stress concc~ntration and expectccl to he sahjcc~t 
to a coml>ination of mean strcss and altetmatin;: 
s t l ~ s s ,  and for \3.liic11 test results, under cs:ictly 
~)er t i t icnt  condilions, a re  una\.ailahle. 

Some of the factors in\.olved may ire illust i,atcd 
hy considering a design p1.ocec1ul.e suggested in Rcf. 
1.  This  scheme is rnai t~ly suitable f o l  long lifetinnc~ 
i i~eyond  the " t~~ans i t ion  point" in Fig. I ) .  Con.sider 
tl11.ce c~.itcvia: gc'~ici.al yielding, fatigue-cr,ack propa- 
gation, ancl fatiguc-cl.;icli initiatio~t.  As a c~.iterio~-i 
f i ~ t .  yieldillg, suppose 
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relations: 

design. It  should be  noted that  relations other  t i~ai i  
t h e  linear ones a b o ~ ~ e  can be  used a s  considcrecl 
desirable-others have been suggested and  actual 
tcst data, when available, are  most desirable. 

For conclitio~is such as  lour-cycle fat igue,  in \ \~ l~ ic i l  
the plastic strains a re  significant in comparison to 
elastic strains, there a r e  several possibilities. In  some 
situations, strcsses and strriilis do not set t le  dov,-n into 
a repetiti1.e pat tern and cannot be t reated simply. 
O n e  important sulsclass of such problems is that  of 
thermal rntc!-icting. We will omit fu r ther  account of 
such situations. One suggestion f o r  conditions in 
which stresses and strains do settle down into a 
i ,epetiti\~e pat tern is that  the effect of mean  stmill, 
t,,, on the  total-strain range, l e t ,  for N cycles may 1)e 
estimated by 

where +', is approximately the static f rac ture  ductility 
( b u t  may  be bet ter  represented by cur l re  fitting for 
fully reversed s11,ain tests) .  Figure 5 illustrates 
results from this relation for controlled-stl.ain load- 
ing. For load-conti-oiled tests that extend into regions 
of niac~,oplxsiii.iI?., 1he mean stress may "sli~ike dvu.n" 
to have a ~ ieg l ig i l~ le  efi'ect. The distinction between 
criteria for crack initiation and for crack propagat iol~ 
in the lolv-cycle region is not as extensively explo~,eci 
as for long-lifetime fatigue: in many situations, this 
distinction may  Ise relatively less important  lor  sho1.t 
lifetimes. 

Thus, consideratio~i of ( 1 )  tire importance of strains 
as wel! as  strrsses: particularly in lo\v-cycle fatigue, 
and ( 2 )  distinction between crack initiation and 
crack pi.opagation, particularly in long-l i fet in~e 
fatigue, has led to mo1.e sopliisticated approaches ill 
tiesign foi. ~iniaxial  loading. Tliese appl,oaches in- 
\.ol\,e n - i ~ i  e c!ctail i i i  fatigue infol.ii:i~tion. suc!l as 
tests \\.it11 s twss  control and measu~,cn?c~l t  of strain. 
tests wit11 stixi11-conti~o1 and m e a s u ~ w n e ~ i t  of s t l ~ s s ,  
cyclic stress-sti,ain data ,  distinct i'ai1ui.c criteria 
(c1,acking or I ~ L I ~ ~ L ~ I . ~ ) ,  more detailed consicle1,ation 
of Catique-stiwrgtli ~eductiol-i by notches, etc. The 
modern applmaches also itlvo11-e more r s t e ~ i s i v e  eval- 
ua t io l~  of  sti.esses and s tmins in structul.es such as 
the  use (?f elastic--plastic computations in local re-- 
g i o ~ i s  Identification of values comp~i ted  for the 
s t~ .uc ture  \!.itir 1.a1~1es (computed, ofteli by extrapola- 
tion or interpolat ion) fiarn 1abol.atorp fatigue-test 
data  may i ~ i \ ~ o l \ . e  pitf~ills in the application of such 
empirical  r elations as ecjs ( 1 )  through ('i). 
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111g stlesses on these planes. If cyclic loadings in the  concentlation factor 
three d i~ec t ions  a l e  111 phase, one may compute a n  
effective stress aniplitude and a mean eilective stress 

u 
Kt  = - 

rind use these values in a relation such 3s eq (6 )  for Smn 
crack initiation. There have been s~tggestions of a 
modified shear-stress rule  and of a modified octa- 
hedral-stress rule;  the  modified rules utilize a n  addi- 
tional parameter to be determined experimentally.* 
One advantage of separating the  fatigue process into 
a t  least two stages is tha t  different allowances for 
combined stresses may be used for t h e  dilTerent 

\vliere CT is the peak stress a t  the root of the notch and 
S,,,,,,, is t h e  nominal stress (P /A for axial louding) at 
a distance from the notch. A t  high loads, t l m e  is 
local yielding a t  the  region of stress concentration; 
an approximation for  t h e  sti.ess-corice~itl'atic?~~ factor 
may be estimated a s  

stages; thus, an "ebecti\re" (octahedral shear)  stress I < , , =  1 +  (K, - 1 )  E,/E ( 9 )  
may  be used for initiation, bu t  a maximum tensile- 
stress criterion retained for propagation. 

For  low-cycle fatigue, plastic strain becomes a n  
iniportnnt consideration. Even under uniaxial load- 
ing, there are  biaxial o r  triaxial strains-this com- 
plication may be  implicitly included, for ~uniasial  
loading, by using strain-controlled uniaxial test data. 
For  multiasial loading in a region where there may 
he significant plastic strain, there a re  many  conceiv- 
~ i l ~ l e  \~ariables. MansonVias  discussed some of the  
considerations and has speculated on the  possibility 
of using :in eirecti\ye strain range, n:lalogous to all 
effective octaliedral-shcar-stress range for long-life- 
time fatigue. Howe\,er,  t1m.e exist few test data on 
lo\ir-cycle fa t ig~ ie  under multiasial loading and 
pl,esent suggestions for design uncle1 these conditions 
inust be considered speculative. 

As outlined in tlic preceding discussion, tl1ei.e a rc  
appmpriate  pi,ocedures for design to \\.ithstand u i ~ i -  
axial, coi- is ta l~t-ampli t~~de (of  either stress o r  s t rain)  
loading; there a re  also ( a t  least speci~lat ive)  pro- 
c,ediires for desigii estimation under multiasial load- 
ing. I-Io\i.e\,er. tI1e1'e are, in liracfjeal situations, many 
] ~ ~ . o l ~ l e n i s  for \vliich tl-iese design approaches are  ap-  
pl~orim:ite and uncertain. 

s m e s s  c o ~ c e x ' r r w . ~ ~ o ~ s - - A  notched member has, in 
the i.rtgion of elastic lxhavior ,  a tlieol.etica1 stl.ess- 

Fig. 6-Stress and stress-concentration factors 

~v l le re  E, is the secant modulus and E the  elastic 
modulus. A strain-concentl.atiol? factor may l x  esti- 

'igure 6 shows values of K,, and I<, so computed for 
a n  aluminum alloy. I t  is found that  dividing the 
nominal stress by K t  or by I<,, and using fatigue data  
from tests on unnotched specimens usually gives con- 
servative estimates for the belia\pior of notched speci- 
mens. Closer predictions fo r  the notched specimens 
a re  offen ol~!ained from usiqg a n  "effective stress- 
coneentl'atlon factor" 

wilere r is tlic notcli i ~ ~ o t  ~ .ad ius  and (1 is a n  en-ipi~~ical 
~i?ate~~ial-pr ,opel , ty  value (1,anging from about 0.002 
in. for a \,cry lial,d alloy to about 0.01 in. for a soft 
meta l ) .  

Thus, there exist i,elutions for  estimating the fa- 
tigue l~eha\rior of parts \vith geometrical notches. 
'These i.elations account for behavior such as local 
yielding and for  the eft'ect upon the fatigue response 
o f  the sti,ess 01. strain conceritl~ation, but in an empir- 
ical and only p:i~,t!y understood mannt-1'. 

Modern cornputatio~l nletlicids afi'urd the  possibility 
of calcu1;rtion of a c t ~ l a l  s t imses and strains a t  the 
loots o f  notches (of simple geon?eti~ies) and may 
suggest other characterizations than factors such as 
K,, K,,, and K c .  Improved techniques of testing pro- 
vide better possil~ilities for separating crack initiation 
(presumably much influenced by stress-concentrating 
notches) and ci.ack propagation (presumably little 
influenced by the  starting notches).  These develop- 
ments  may  clarify the  "notch-size-effect" and pro- 
vide more satisfactory means of allowance for this in 
clesign. At pi,esent, the most desirable procedure is 
to obtain an experimental value for K, and utilize 
relations such as eqs (9) through (11) only as r ~ u g h  
guides. 

In  :iddition to geometrical stress raisers, there are  
discontinuities of metallurgical structure, such as in- 
clusions, fibel. orientations, weld l~eads ,  etc. These 
a re  known to aff'ect fatigue, but allowance for then? 
is almost wholly on the hasis of experience. 

C C M U I , A T I \ ~ E  F A T I G U E  I)AMA(:E-M~IIY s t r ~ c t ~ t ~ . a l  I I D I ~ S  

d o  not operate under conditions o f  constan-load a m -  
plitude or of constant-strain amplitude. Foi  neal.Iy 
50 yetrly cfr'orts have been esrr ted l u  de\,elop meall:: 
of estin-iatirrg lifetime undel. conditions of var.iable- 
n i l e  l o a d i n  Most of tl-iese 1iu1.e Soeusctl ul)o11 
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defining a damage factor to be associated wit11 each 
amplitude of a load spectrum. To date, such el'iorts 
have had limited success f rom the  point of view of 
the designer. 

The  most widely used approach (on  account of its 
simplicity) is the Palmgren-Miner formula that anti- 
cipates failure when 

where  11i is the number of cycles incurred a t  stress 
condition i and N i  the number tha t  would produce 
failu1.e if r u n  a t  this condition alone. Experiments 
have shown values of the summation \'12i/Ni as high 
as 8 (which means the estimate highly overconserva- 
l ive)  and as low as 0.5 (\vhich means  tlie estimate 
unconserva t i~e) .  

A method suggested by Corten and  DoIan0 estimates 
the total number of cycles that  can b e  withstood as 

where 

= nlirnber of cycles to f a i l u ~ e  :it 1;iG!i?st s t t c s  
level, S ,  

ni = II,/N,, 
d = empirical parameter  from experiment  (the 

inverse slope of the S-N curve  as modificd 
by the cycles a t  S 1 ) .  

Relation (13)  is slightly more cumhersome to use 
than eq (121, requires more "input" ( a  valiie for " ( 1 " ) .  
and gives somewhat better estimates of lifetime. 

\Yhile such relations permit an estimate of service 
lifetime, it is well knolvn that  the estimates may be 
seriously inaccui,ate. Consequently, for  engineering 
purposes, computations of lifetime under  \.ariable- 
ampiitude loading a re  used only in p r e l i m i n a ~ y  de- 
sign. For final evaluation, a better est imate is made 
o n  tlie basis of simulated-sewice testing xvhich is de- 
scribed in another paper.' Meanwhile, studies con- 
tinue toward formulation of improxsed calculation 
procedures based upon more extensive data  and mol c 
detalled unders tand~ng of the fatigue pl ocess. 

TIMF-DFPENIIENT FACTORS-Long-lifetime fatigue at 
i,oum temperatures and under noncorrosive condi- 
tions seems essentially t ime independent-failure de- 
pends on the number of cycles and  not on cyclic 
frequency. At elevated temperature,  creep and creep 
~ u p t u r e  occur even under steady loading. A scheme 
sometimes used for design, when  both creep and 
fatigue may exist, is to suppose tha t  fai1~n.e will occu~,  
when 

wrherc S,, is the alternating stress amplitude, S, is t l ~ e  
fully ~ x v e r s e d  stress amplitude that  \vould producc 
failure in a selected time ( t = n u m b e r  of cyclrs/ 
cyclic ra te ) ,  S,,, is the mean stress, and S,i is the steady 
stress to cveep rupture i n  l ime 1 .  This relation seems 
t c ~  fit a l~iirnber of situations in which t h e  loatling is 
~ inus0 ida l  arid t l l e r ~  is 110 s t u ~ n g  c~ .ee j~- fa t igue  inter,- 

action. However, there are  numerous practical situn- 
tiuns for  which such conditions do not apply;  nonsinu- 
soidal loadings which involve significant hold times, 
circumstances in  which creep under cyclic loading is 
significantly different from that under  s teady loading 
at  the  same mean stress, etc. However, information 
about  fatigue at  high temperatures :ind under  multi- 
axial loading is not yet  adequate for  q~1antitati1.e 
design. 

Corrosion may also interact with fat igue to result 
in  time-dependent as well as cycle-dependent con- 
siderations. Here, also, available information is not 
yet  adequate for dependable design. 

Discussion 
T h e  preceding review of some current  approaches 

to using fatigue data  in  design suggests considerable 
progress in the  past several years. We have advanced 
to viewing fatigue differently for low-cycle and for 
long-lifetime needs, to considering ( a t  least in long- 
lifetime situations) differentiation between crack ini- 
tiation and  crack propagation, and to allowing diffcr- 
en t  design criteria for yielding and for crack initiation 
and  for crack propagation. Allowances for geometric. 
stress concentration haye becn extended beyond Lhe 
simple use of a theoretical stress-concentration factor. 
Some considerations in regard to design for thermal 
cycling have  been advanced. 

At  t h e  same time, it appears that  design practices 
have not been greatly simplified. More fatigue in- 
formation and more  complex stress analyses a1.e 
needed for utilizing modern design knowledge than 
was the case a decade or tkvo ago. In fact, increasing 
knowledge seems to increase the importance of con- 
sideration of numerous details and to make  design 
to avoid fatigue f a i l u x s  increasingly sophisticated. 

The  ~ ~ l e v a n c e  o f  this to design is a li t t le more def- 
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Fig. 7--Varioi~s stages of design 



inite upon consideration of various stages of clesign 
engineering. The scl~ematic  d iagra~l i  in Fig. 7 sho\vs 
one breakdown to avoid fatigue failure. Each of t h e  
four stages indicated is supposed to be carried out 
(going back and fort11 bet\veen Satiglic andys i s ,  
changes in configuration, and/or material,  and/or 
Sabrication practices) until  the ~ ~ s u l l s  a re  deemed 
acceptable. Then design proceeds to the  11est stage, 
wit11 the eternal possibility of being forced "back to 
the d r a u ~ i n g  board" of a preceding stage. 

P ~ c ~ l i m i ? ~ c [ t y  t l r s ig~ l  is mainly depe~-ident upon a\,ail- 
able background information (as  to expected loads 
and functions as  ~ v e l l  as fatigue pl'operties). Tlne 
fatigue infolmation n ~ i l l  often be  just laboratory data  
on small specimens (unnotclied or notched by simple 
geometrical discontinuities). Needed ~ ~ a l u e s  may have 
to be obtained by  interpolation or extrapolation by  
sucli i.elations as  eqs (1) - ( 3 )  and lifetime estimates 
made by such relations as ecjs ( 4 )  - ( 6 )  and (12)  - (14) .  
Resulting estimated lifetimes must be considered I8ery 
approximate; h o ~ v e \ ~ r ,  if these are  not significantly 
g~,e:itei (say, by a factor of 20) than considered neces- 
sai .~, ,  a redesign ~ I i o ~ i l ~ l  be :nsdc. '!'lie ji~.eliininary de-  
sign stage should also defir~e critical areas io bc 
~ v a t c h e d  in succeeding stages. Of course, fatigue-de- 
sign criteria (infinite life, safe-life, fail-safe) should 
be selected a t  this ear ly stage. 

'I'iie stage listed as tlecclopr~~e?rtcii desig71 is par-  
ticularly difficult to characterize in any  general \i.ay. 
Here, a detailed stress analysis and identification of 
"fabrication" factors imethocls of forming, of joining, 
of asscmblagc, e tc . )  pro\.icle a good deal of nciclitiorial 
i n f o ~ m a t i o n  and very many n1oi.e itenns for coiicei.n i l l  

fatigue analysis. Often, the most careful evaluation 
of criticai areas discloses uncertaiinties. Some of these 
may he i,esolvcd by fatigue tests of f:ilil,icaied com- 
ponents. The genei.al b a c k g i ~ ~ u n d  c~f material fatigue 
belnaviot.. pa i t  of \vhicli has  been outlined in the p1.e- 
ceding sections, is helpful in guiding such tests al- 
though it may be  inadequate to predict lifetin~es. Tlne 
result of tile "de~~elopnien ta l  design" e\.aluatjo~i of 
expected lifetime should be considei,ed \.cry cl.itical in 
the decision to go into production. 

During p~odttcl ion,  several items of added informa- 
tion may war ran t  a re-et.aluation of fatigue. Careful 
checks of quality control may show diffel,enccs ( in  
tolel.ance, in finish. etc.) between the  "custoni-made" 
compc~nents p r e v i o ~ ~ s l y  tested and those expected 
from procluction runs. When a first s t ~ ~ u c t u r a l l y  con?- 
p l d e  prototype is available, testing (even under static 
loads) may indicate va~, iances from the pre\.ious 
s t ~ , e s s  analysis. The first prototype subjected to s a -  
vice may indicate sumen~hat  different loads than pi-e- 
viously anticipated. All such factors sliould be con- 
sidered in a i,e-evaluation of i'atigue-life espectancy. 
At least in s i tuat io~ls  where fatigue failure may hc 
catiisti-ophic, :I full-scale fatigue test of an enti1.e 
s t i .uc iu~~e  may be iiecessary. Fur ther  discussion of 
lhis \vill Ije ki\,cn i l l  a sulmquei i t  p:ipe~. in this ses- 
sion, 

toriiig of loads) ,  f r o m  inspections (which may be 
periodic and, a t  least, partly set by fatigue considera- 
t ions) ,  f rom repairs of failures (Itopefully minor) and 
even from rcassig~mient  of use (as  in  new missions 
lor older aircraf t ) ,  Such information may require re- 
assignnient of illspection plans, a s  urell  as  re-evaltla- 
tion of fatigue-life expectancy. hloreo\,e~',  informa- 
tion from service is a major help in design of n new 
cc~mponent or s t lucture.  

Conclusions 
Design to a\.oid fatigue failure rests presently (and 

for the  foreseeable future)  upon identifying values of 
escursions of stress and strain a t  critical points in a 
s t ructure with values estimated to b e  tolerable on 
the  basis of a\~ailable information about the n-iateriai 
invol\,ed. Usually, this involves interpolation among 
or  estropolation f rom available information. Rules 
for interpolation of nnatel.ial properties a r e  1,ased 
largely upon data from laboratory tests of small 
specinlens under simple loadings. Extrapolation on 
the ilasis of such ~ . u l e s  is dangerous (al though sonie- 
times necessarLr in i!ie ;~?xcrjce of any a1tern:itive 
procedure) .  Hence, quarititati\.e estimates of fatigue 
lifetime must be  co~isidered speculative and suitable 
mainly for preliminary design consiclei~atioils to be 
eventually checked b y  espel.iments on a prototype 
structure. The estimates can be Inelpful in making 
some early choices, and in guiding s tructural  tests. 

TI1e1.e a1.e mal-iy areas in \vliich fatigue informa- 
ticin and dependable rules for using fatigue informa- 
tion in design arc  incomplete. At  least four areas, 
important in real structures and difficult to evaluate 
oli the  basis of present fatigue inforniation, a r e  (1)  
lieiia\~ior under vn~.jable-amplitude loading, (2 )  be- 
haviol. ui:cier nli~l?ia>:ial stres:: and strain conclitions. 
13) proper a!lo\vances for ~inetallur-gical "stress mjs-  
ers", and ( 4 )  elevated-tempei.ature efrecis xi.itln the  
in\.oI\-ement of tlieimal stress and/or creep. Bette], 
design appi.oaclnes ~ v i l l  undoubtedly develop from 
addiliorial researcli in these areas. Priorities for 1.e- 
search could \veil be estahlislied by mutual  agreement 
of design eingii-ieel,~ and fatigue-test eng inee i ,~ .  Since 
!he major  hope for  utilizing material-property infor- 
mation in design lies in stress analysis, closing the 
gaps hetween design needs and available rnatel,iai- 
strength data is a v70~tl-iy challenge to n iemlx i~s  of 
SESA. 


