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DEVELOPMENT OF FATIGUE CRACKS IN REAL STRUCTURES:
APPLICATIONS TO AIRCRAFT DESIGN

J. Nemec?® J. Drexler** and M. Klesnil***

ABSTRACT

evelopment and propagation of fatigue cracks in real structures - with
tieular attention being patd to actual large-scale structures - have

1 thoroughly studied for the last four years in Czechoslovakia. In this
ct, the presented paper deals with some specific fields of the mech-

1 structure design. First, the authors specify these fields from the
t: of view of fracture mechanics using a generalized probabilistic model
seribe the state variations with time of a complex cracked structure.
dly, the authors state the two main fields of interest based on the
wing generdalised model :

- that one of using the probabilistic description of the structure
eracking behaviour to estimate the rveliablility that no crack
will occur in the primary (fatigue-sensitive) substructure
within a priori accepted time interval, iZ.e. to estimate the
safe life of the structure,

- that one of discussing some physical featuves of two crack
propagation modes being paid interest to in this paper,
namely the "plastic and "stepwise pop-in" ones, thereby,
synthetining the probabilistic and fracture mechanics
approaches into an useful engineering tool.

i,  INTRODUCTION

fhe results of recent research into the cracking behaviour of actual large-
ale mechanical structures under fatigue test, support the concept that
acks develop systems whose characteristics are random in nature with
respect to time and space, [11,{2],[3]. As the basic ones -~ using the sys-
tem engineering assessment -~ for describing the cracking state of a complex
tructure, one can consider the total number n of cracks in exposed sub-
structure, and the propagation rates, p = da/dN, of the corresponding most
developed cracks in dependence of a given number of programme testing units
#%. A graphical interpretation of such characteristics is given in Figure 1
which resulted from a test conducted to obtain an aircraft safe life cert-
ification.

In Figure 1, the hierarchy of participating on the total number of cracks
in individual structure components may be arranged as follows accounting

*Academician, Czechoslovak Academy of Sciences, Praha, Czechoslovakia.
**Doc. Ing. CSc., Leading scientific worker at the Aer. Res. and Test
Inst., Praha, Czechoslovakia.
***prof. Ing. DrSc., Scientific worker at the Inst. Phys. Met. of
Czechoslovak Academy of Sciences, Brno, Czechoslovakia.



User
Rettangolo


J. Nemec, J. Drexler and M. Klesnil

Fracture 1977, Volume 1

for their fatigue resistances: skin 6, stringers 2,
and spars 3. In this hierarchy, structural
role for primary substructure such as spars or fittings.
1, one can state that for N between 4,5.10% and 5,5.10%,

Looking at
skin cracks

1y increased in number giving a "warning" signal preceding crack occur;
stiffeners- and web crack growth point
7,1.10%. The ias

in stringers. Skin-, stringers-,
out the proximity of a critical crack in a spar for N =
one could be repaired before serious damage being brought to the wing
structure as a whole.

The course of the overall structure, curve 1,
linear character of the growth in number of cracks between individuai
repairs (stop-holes, overlapping).
representative cracks was very slow.
example of an aircraft structure relates to the
concept which may be taken as typical for a large set of mechanical
structures.

The observations made so far on aircraft cracking behaviour under fatig:

test present, in general, be solved when investi
gating crack systems in real bodies:
gation of the crack system as a whole for a
and next-by conditions, the second one is related to crack development
and propagation in the critical zone of the body.
authors will deal with the two fields of interest pointed out in the
Abstract.

two basic problems to

ha

In further considerations the authors shall take the total number of
cracks, n, and representative propagation rates, p, as characteristics
& state vector describing the cracking behaviour
Following the first aim, the authors shall construct
ilistic model of the phenomena under investigation. First assume some
properties of the state vector of a cracking structure, [41,]5}):

1. The total number of cracks, n, and the representative
pPropagation rate, p = da/dN, in a r-th structure sub-~
system or element are random components of a state
vector X([n,p;t], where generally n, p take discrete
values njy, Pijr (3 = 1,2,...,w; J=1,2,...,6; 7 = La2y
wies 5GY 5 Thereby, the time

t = 1/f.N (f = Konst)
is a continuous determined parameter, § being the average

loading frequency.

2. njyp
type, i.e. for corresponding
the state vector components

and pjr are independent random variables of PQISSON
passage probabilities of

(n

ir 7 M) o (ojr > Py

within a sufficient small time interval At+#, thus

158

stiffeners 4, webs
components can play a "warni

reveals an explicitly non.
Thereby, the propagation of unrepair

It should be noted that the above
s.c. "safe-life" design

the first one is related to inve
given set of external boundas

In this relation, the

- A GENERALIZED PROBABILISTIC MODEL OF THE STRUCTURE CRACKING BEHAV I

£
of a mechanical structu
a generalized proha
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The state vector x[n,p;t] of a structure_su@systemtiz ;izgin
may be characterized by finite memory relative to :
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The state vector x[n,p;t] of a structure subsgiéimigzrement
element is time dependent; i.e., the total nu

of the preceding one,

Anikr = T n

as E cion
between two successive states as well as the propagat

ir

rates

Apjﬁ,r R pjr

depend on time.
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_snienl structure is concerned with nonhomogeneous nonstationary, differ-
i : rle S 5 P sses with discrete stat ni emoxry , lr .
tabl " tochastic roce T ates and finite m 7

i T ) £ the
uiting from the 1. and 2. properties, the p?ob%blllstigjzzdgieosymbOl
a#kiﬁy structure can generally be présented 1? i:rms;e eduation A
‘:qﬁhér of programme testing units) rather than t, se

5
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agation
interpreting the statistical independence of both the crack propag

#ate and the total crack number.

i N
vé?ﬁ‘xties 2 3 and 4. yield following expressions for prObi,k,r[Nl’ 2|
operti -y 3., an
and VFObj’Q,r[Nl,Nzl-
Prob, , [N1,N2] = Probin; (N1) - N (N2) 1 =
(i 1 n (Nz-Nl)](nkr'nir)exp{—ﬁ,,r(Nz’N1)} (5)
= x i & -
1
(Nyep i) !

- X N =
Prob; o o [N1,N2] = Problp;, (N1) > py..( 2)]
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=+ [p,,.(N2-N1)
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are the crack ; :
respectivelyk gxmgfr ?as%gge rate and crack propagation passage rat
hes. PN (5]’ew) ]f Sonsldered number of programme units Sﬁtzrv;1 b M
i Hha peat iniéiiz;ebNthe probability that there occurréd (n f ?Nl’ii
Similarly, equation (é 2-N1), njp(Ny) denoting the initiatl crggkinnlrz v
rate of the meas o l) 1nterpret§s the probability that the )fo”'g =y
(N2-N1) interant wfyf gped crack in the r-th subsystem and inIthgd§2;;0“

] : € Pir, given the initial pagation

-lal propagation rate Pjp-

So far, relati -
- 1ons (5) to (8) ref
structural elen - LO) Treifer to one particular substruc
the whole Stfigsgﬁé ‘Iheﬁ§ynthesls.of them to obtain a geneggiuigd:§ f
flew Bepares Of‘the dcracklng behaviour, however, presents some diffi Oi
systems previously d?giﬂgsgsy,OEche ¢rack occurrences in individﬁaicgugw
simplifi - ed as "warning" effects. : Rt N
%P led treatment, consider curve 1 on Fi 'Before attempting a
example. igure 1 as a representative

One can sta : ins :
pagation raE: 52;2 tnégeétlons to detect the fatigue crack and its pro
fatigue test. When}ir~0rmed'at randomly chosen intervals duriné ihg )
only some cases “vreca%ragk %s detected, the cracked componeﬁt is -~ in
the component is Téﬁgwlge or replaced so that the residual stréhgth of
from over-all strﬁct ed. Thg Teason for repairing a crack oriéinat

is rapidly increésjnur? béh&vxaur:  if the total number of cracks % e?
case of the curve i %nlg-iatcx repair should be carried out. .Thig'iglgh‘
identified and repaired i&“fe.%: By doing such, all the weak points arpﬁ
certification philosoph ‘”c;fb?lvely 1n agreement with the experimental
series production &hdlfi.* 1ese repairs being obviously accounted for :
acteristic of the cerfgg%ng aircrafts, one can conclude that the nvzi 3
N. This linear funétﬁol %?d ?1rcrafc becomes nearly a linear f“"Ctjonag;
like function. Hence . zllhft““gent to the original piece-wise exponential
presented by & Statiéﬁar;ePoiggéNpgﬁgsgi'§?rm of equation (4) may be rezd
ence of FUSt L (Mpm-mio ooy o 0N PI 11ity model describing : .
structure as §(S§§12:1;a;21;k5 within the <Ni N2> testing intérsgf ggc:;;

Prob{{X 1. > (¥ i ;
{ £ Ny (N} {% M (N2) 1] = Prob[{; nir}¢{¥ MypdiNa-Np= ]

by -N.
_ [AeN r(nkr 11r)
e - « exp{- n-N
LE 5 1 B i =
Among all of t} 1
g 1® possible cracki 5 i i
e Meivbe B K o ng state situations a con &C i
(hoth o] ?; ;gd:?dgj programmed fatigue tests, two ;g;f§02§c2221ca1
design: (4)) are of special interest as to the airc;é?i
i)  The first case is
5 € 1s characterized b
he f ; ) riz Y very slow reasi
crack propagation rates in primary stricture'or Sesreasing
: : H

ii)  the sec v i
numbergggdc;asi is characterized by a change in the total
facks.  In this case the cracking in the struéture
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saviour model employing equations (6) and (9) as follows
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is governed by one or more cracks in the fatigue sensitive

zone.

scems to be adequate therefore to express the generalized cracking be-~

[Na,No| =

Prob; raj,e
! Sny ~n..) = oy (Rd=id) _
[reN]t KE 9E LB, ugh) . exp{~(n+5"d)N
DGR N FZa=3ar?
TR Ar (10)

¢ r=d relating to the dominant crack in the fatigue sensitive structure.

ESTIMATING THE SAFE LIFE OF THE CRACKING STRUCTURE

srding to what was mentioned above for the (i) case, for slow propaga-

i¢ cracks the probability (6) will tend to one because the propagation

¢ passage (*L/j=q is most probable. Hence the generalized model (10)

‘es to eguation (9). Now, introduce the notion of the limit cracking
the occurrence of YXgip means

state XgimeX[NgimsNspl for the case (i):
at once an over-all total number of cracks nNgiy has been achieved, the

rresponding cycle number being N=Ngp, a dominant crack in the fatigue
tive sbustructure was detected. The term Ngp is defined herein as

safe life estimation of the structure.

of the inverse process
timation presents no more
the probability of

vestigating the probabilistic characteristics
Ngiml ENgp in respect to Xgjy, the sate life
ficulties. Using the theory of POISSON processes,
safe life Ngp being eater than an a priori given value k by the

vation is expressed s

3

¥
B
-~
i

s

ng equation (9) by

I <u (N - = o3 (M. =2, =
{lnthSYf k‘(”£im %”ir)J & {NSF’Lnﬁlm rnzf]l
B My ~2n._~1) o
o = [ (Nex) Ram a3, expl{-n*x}+dx (11)
194im NSF

derived from the generalized
estimation
Curve 1,

ot the equation (11) as
is shown in Figure 2. 'The safe life

practical application
ucture from Figure 1.

‘obabilistic model (10)
been carried out for the airplane st
sure 1 yields the folloewing input data:

o= 6 My = 05 Ngy=106; N1=2,1.30% Np=7,1.10"
"o E i 100 .
N o= - = 0,002
Nf"‘Nl & i()x‘
5,1

shold value of the safe life
1ts, as give For (N,. —oM.
units s given fo (”xlm rnyr)

¢ these data and R{N$F[ = 1,0, the thre
sxtimation Ngp is 3.107 programme testing
140 in the upper part of the diagram.
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4.  FATIGUE CRACK DEVELOPMENT IN THE STRUCTURE

s surrounding the plastic zones. These stresses act as the principal
s against fatigue. According to such an idea, the stored energy in
voot of cracks is proportionally high, the whole sumarized area of
: being therefore low and the threshold stress intensity factor de-
iing on the loading history. In other cases, the separation energy
sfron very low and depends very little on strain hardening intensity
and on the level of internal stress barriers.

Consider W — P . .
is ooy@rnzgvbihh case (11), d-e. the cracking behaviour of the structure
ili:tié model} Ehitvﬂiy crack in the fatigue sensitive zone. The pr6b§$
- ST 21 0 1e dominant crack is vive 5 S i - ke
eralized model (4), namely by $ given by a special form of the gen

Prob[NSF > k;Oid(Nf ic zones

»»oqd(NSF+ANj =

= Prob|N > ke ( 5 - o veal structures many microcracks and voids and many microbrachings and
SF "nxim'rﬂir)l‘ (1 sconnections develop [8}]. 1In this case, cracks develop stepwise, the
sots of growth break being given by the multiplication of the area of

The probability of the fracture of bodies tends to be lower due
in the number of the crackbranchings. The macrocrack
ystem of weak points in damaged material under corrosion,
The development of

ks has the feature of a jump process of repeated instability. A longer

¢ of a body is generally correlated with the whole area of cracks being
However, the average velocity of the failure process is usually

v than in the case of the '"plastic' growth of a single one fatigue

i the increas
sis for the s
crature conditions and complex ageing effects.

=

&

’ proh[pjd(NSF} - ng(NgF+AN)}

The first T ct term F i b [

probabi;gtsr:ﬁzgtaihiﬁ»%TOb[RSF ’Aki( )] on the right side expresses ths

b safe‘]ife—Nli e;st ?ne domlnant.crack will occur in the structurs

o N~-+AN;.tf nsp‘ he s 29nd term is the probability (6) for N; = Ne
SE : s, only the first product term governs the determi;ation

$Tad

The over: - ; i
all total number of cracks in the structure after development of &

the dominant crack is obviously
sween individual jumps, the low cyclic ageing of material in the small

(ngim = F= nir) + 1 (1: rent region in the tip of the arrested crack takes place. Real
=1 ’ tiures often show a complex mixed nature of both types. Important
state and by the size and shape of bodies.

tes are played by the stress
two dominant fatigue mechanisms mentioned above, of the development
microstructural changes under cyclic straining are also connected with
# material properties. Hence, we have to distinguish the case of low
iiigh strength metals, for example. The stage of microcracks multip-
¢ation and growth in jumps are well known in hard and brittle materials.

1 being fo- inant ¢ 31
s oyfzftiﬁﬁvdominaut crack.  Since the value of equation (13) is gen-
Y greatex than one, one has with negligible error - &

Prob{N.. > k: 5 Vs
WNep > K5 (g5 -Jng ) +10 = (14)

- /2
im f”ir)

(m,. -7

Substituti bat}t N

Aot ing both equations { : 14 . s -

istic model of the 50 crons Eﬁ) and (14) for equation (12), the probabil- 1.2 Ouantitative description of "plastic! fatipue crack growth (type I)
2 > minant crack in development is given as follows ' '

such considerations, it follows that for the single crack with a

prOb[ng > RSD;d(ng)*n (N +AN) = @ Pifﬁf (n%i@'%” . sloped plastic zone in simple-shaped bodies, the average velocity of
: : 2d™SF . (n . growth can be expressed using linear fracture mechanics. Interactions
- S (Er-jr) S fim ¥ i (15} and defects are very weak and the energy dis-
{Q..d~ANl' ’ - ation in the neighbourhood of the crack is very low. Barriers are
T —— - exp{- p AN} tuilt due to internal stresses and induced stresses avound the front of
ved crack. Such a process has been investigated herein employing flat

(Lr-jr)?

sel specimens to derive a law of damage accumulation accounting for the
ading history. The small scatter in the experimental results demonstrate
usefulness of this law in describing fatigue crack growth for special
wding and geometrical conditions for such a fatigue fracturing process

ing satisfied.

Physically, equati ]

i proéii;tESUAtlon (15) presents the probability of increasing stepwise

terval AN under ?ﬁte‘by a value of (pg4-piq) in a given testing unit in-
er the condition that the safe life Ngp has been ;xceeded

It is : z § s
of rgg“;yogj o:?mobt practical interest to analyse the physical nature
- the ‘Opagation rate passages of the ty AT el S
S S N B _ype Vi g g Cor s
synthesis with the probabilistic model (lS?. (f]d Pl BOP e Rl

ftastic zone was quite extensively studied both theoretically and experi-
As expected, the experiments showed that there are two plastic
The

sentally.

congs (monotonic, cyclic ones) for assymetrical cycling, {91,[10}.
giastic zone size was also found to be in reasonable agreement with
theoretically derived values. Dislocation substructure of the plastic

w corresponded with a high amplitude cycling with marked dependence

s the distance from the crack tip, [11],[12]. Microstructural parameters
wera found to depend on the stress intensity factor, [13]. Very important
results were obtained by X-ray measurement of residual stresses, [14],[15],
‘in}, showing that the magnitude of residual stresses depends on the stress
intensity factor. This is a strong argument for velating the conditions

4.1 Fracture mechanics assessment

Fractogr: F 5t - 5 e

occn izgg?giﬁi {érgfiu}dlftqut“ro§ shows that failures practically never

by fa?!ufn‘13 1def of quasi-homogeneous materials. In real

by disfi"r “rvb§i ? not result from the development of single cracks
“inct plastic zones and high internal stresses in the glastic
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K
(19)

for a crack
- not to propagate =
factor. propagate also to the value of the stress intensity

All the experinm
Cimental results pr -ha . - .
prove that the dependence of the crack rate siich 1s related to the more frequently used parameter R by the relation

4/ (1-R) the threshold value results in

h amplitude o S Stress intensity ACLOx » L5 a sigmoida Cun
d E > 2 he 8 2 b% ac ¥ ) gmoid L -
on the ampl tud £ t T t { K é g di > Y

on iog-log plot “or (
N thrgshofdlv:;;e Lox 1ow Kqy values, the curve asymptotically approache:
the critical value Ehy igrtgfgh_Ka values, the crack becomes instable as - ny '
- the middle part, the curve is described by the Kat ,iw, KZ e
< K «

Power law
¥y is a material constant.

msient effects resulting from the sudden changes of the cycling para-

rs represent a typical example of the manifestation of the existence
In the first approximation, these

mnding on the history of cycling.

ts can be quantitatively described solely on the basis of the steady
ack propagation data, provided that the threshold conditions

There are in principle three categories of

originally proposed by Paris, [17].

tate fatigue ¢
taken into account, [15].
transient effects:

So far are a esults in :

Mt o i; ;2: r?srlts %n agreement. The differences among different

oF B inf]uénce nfmiﬁjematlc?l d ‘rlptiop of the sigmoidal curve, in.V

threshold caqsegs e ¢ mean stress and mainly in the formulation of the
Pnditions of non-propagation. The following information is

High-low block sequence of constant stress loadings which

based maji o Y
ainly on results obtained in this field in Czechoslovakia
E akia.
The value : . R L. i
stops qf;e:f the stress intensity factor amplitude at which the crack lesds to @ petardation. The Saie srfect i calised by thoe
oooys atter propagating on the lev e Hee al . ;S oS oF: SERGHEE HF WEAR T ; ¢ SEPEESE ARBeRES facto
value and denotog T b e bt ’fel Kq glilﬂbe assigned as the threshold d;?:t‘ﬁt ’ m‘i;?“mef%ue,Of Fb?t"t;?f% .n:tn?};ydfa%tsr,
as follows at; hereinafter, equation (16) is given CoTrEee T while keeping e stress intensity factor amplitude con-
> ection stant, i.e. by decrease of the stress cycle asymmetry
5 . S 2 STress cycle as > :
Pp = A (K? ~ KB ) 2. Low-high block loading sequence of constant stress loads
i at (i was in several cases observed to cause an initial acceleration.
3. Single or multiple peak overloads have been found to retard

Figure 3 pres

- ESents one example of the experiment s
bagated at the level K %y\. ; :hF experimental results: the crack pre the crack propagation.
decreased. The vafue 3% thlﬁiﬁdfter, thg stress amplitude was suddenly
vields the > value 1e stress amplitude at which the crack &
Kne us £cni:h? g?xrespondlng value of Kag, {13},[19] e Iop(nftopPud

at E a 15 in log-loyg - i ” 4 g % - odependence

the form g-log plot linear. Analytically, it was expressed in

the description of these effects, assume that after a sudden change
¢ the external cycling parameters Ky and K, the residual stresses at

» crack tip cannot be immediately changed in such a way as to correspond
i opew values of Ky and k. Instead, they remain unchanged; it means, they
cespond to the parameters of cycling Kyi and k3. Mathematically in-

. K, o
; = K a s 1-x . o 4
at th Kth Kth ka ’ (1% rpreting, the driving term after the change Kyi, 1 » Kz2, Kz is given
parameters of the second level, while the resistance term (threshold
i) is presented by the parameters of the first level. Thus, the crack
is given by the

immediately after the change K1, K1 = Kgaz, K2

where K is t asd
th 18 the basic threshold value, o is a material constant

4 4 - L - . :
usation, see equation (17)

The thres s i :
material‘2§;gnzgl¥h fi determlﬂ?d both by the intrinsic resistance of the
The effect of thohié%. propagation and by compressive residual stresses. 0 Al (Kgo «DHP - (Kg1 KT)b} (21)
the higher the m{ rcslstdnge of the material is markedly expressed because trans. e e a t
-he micropuri * the materiai . i S22 aus '
hold stress inten%itpuglty ?f the material, the higher is the basic thres which can be written into the form
Sity factor Kgp. The intrinsic resistance naturally doe:
3 , 1-0t) .. o
A LKaz kDB -k, 7% (ka0 (22)

not depen 2 By . .
correS;OHSSO?otﬁi_hl?ﬁory'Of Cycllng,_but only on the material. This
Powistes, vy in{enq‘ngd Ee Kths ?hl? being the lowest possible value of the
annealing 6F t‘~1;). ‘QUCh an interpretation has been proved, e.g by
hoid Vélue QaSX? >p§c1men with fatigue crack: after anne1lihg tﬂé’th}e'
o > tound not to depend on the cycli i : - o
to the Kep. The m. e 1] : ~the cycling history and to be e ua
Sadus oftghe iét m;ﬁg;t?de of residual stresses increasoes with increagiﬁi
the Kg. a- at is why also the threshold value Kat increases wit;

9]
¥ trans.

{he validity of this equation has been verified on Czechoslovak steels for

4 wide range of k values, [19].

gualitatively, this equation accounts for all the observed types of trans-
ient effects. Quantitatively, it is possible to describe the course

! the duration of the transient effects, by making a further assumption
that the crack length increment corresponding to the duration of the
tvansient effect is equal to the plastic zone size formed just before the
sulden change of the cycling parameters. The detailed analysis along these

Equation (18 T . .
a modificitiganngngzgofb?lZim?trlcaj cycling. For the asymmetrical oI

qua n is needed. “haracterizi R :
asymetry by the parameter K given by ¢ Characterizing the stress cycle
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lines was performed in [15]. One of the final results is shown in Figus
4 demonstrating the relation of extra number of cycles due to retardatic
effect calculated theoretically in respect to that one measured experi-
mentally. The agreement is acceptable.

(x-jr)

4 _— “.AN % Iy 4
[Ag- (K7Kg ) ! + explAn. (K/Kpo) " AN (24}

*

(r-jr)!

fco - ilt- robabilistic
in a very gener: o he physically built-up prot
srprets in a very general form the j 1 etructiee G5 governsd hy

of the fracturing process of a mechanig

integration fatigue of )
crack in primary, fatigue-sensitive structure.

4.3 Stepwisewgevelopment of c¢racks during the de
type process (type I1)

In a lot of cases of fatigue fractures of real bodies many cracks devel
in brittle materials and in materials with low value of stress rate IMix
especially. The vepeated Jumps of cracks with many branches occur Omas
and plastic zones with low cohesive st ngth are extremely small. Barri
have geometrical features, and the energy dissipation is high. Therefo
this process has a stochastic character. Thus a model of fracture star
istics shall be applied herein. This model is necessary for a number of
feasons. Experimental fracture statistics, interpreted with the aid of

sufficientiy sophisticated theory and mathematical statistics, support 1!

E

i 3 ' i inspection
- babilistic model (24) presents a useful basis for plannlngrizjgn
DYoo sC1C ] > “ k % ‘ " rati )
f<§xwls for a structure suspected of cracking under tpsg ?i Oi;e‘frqcture
fven the » ' 3 im-i) ¢© acterizin ract
i the agreed limit nmumber of jumps ( L4,-3) Lénr{cgff-liti the fracrure
and the appropriate propagation rate pna)‘th? pro ax}nr ¥ iimif CHcrda
fsiting or operational units ANy before achlevxng}theiggiegbuiioh.!; il
25T 4 1) e < B S e i S 4 dieEs - is ; -
Fai ; ¢) can easily be derived. Such ¢
rack failure mode) can ea 3 ) red. S istrd o
} ;he inverse process of propagation rates passages as given
of t i 23 -7 o 2858 L )
ation (6). Hence, we have

the optimum data processing. Prob{ANL>k{;(ﬂqim‘j)}z

The most frequently applied statistical theory of fatigue fracture is « ( qjmwj)“ix’{ Ao .x}.dx (25)
one of the weakest link assuming quasi-brittle materials containing flas == ¥ LQUQ-X) . EXPL- Py

with a special distribution of strength. But this theory is not closely ANL

related to the physical nature of the material, e.g. grain size or to
macroscopic terms like Kic. The dynamic nature of the crack development
process due to repeated sudden jumps with wany interactions is generally
neglected. It is fecessary to investigate the effect of the orientation
of cracks to the force flow and the boundaries of the body and the real
distribution law according to these relations. The probability of fracty
ing can be derived using the notion of the average propagation rate of
cracks by desintegration type of process given by the relation

- K s
Py = A — [ 4
il i (RIQ)

In the basic int@rpr&tation, fatigue iz a process of destroying of all
barriers against fatigue failures. Contrary to stochastic systems, no
deterministic system is known which is able to adapt to overloading with-
out losing stability. Technical materials represent a complex system abi

ag for "plastic" propagation mode (type I)

bos =3) >>» 1
®gimd) o
Fore achievis > limit state
o s of the crack before achieving the
¢ #., the number of jumps of tvu crack iy famg i wetpets o G
the "plastic' failure mode is suf iently large i ST

i introducing the dimensionless variable

Ol ANy~ B gy -3) (26)

1
cﬁkim"J)

following is obtained:

~in.. 01 = Prob[(24)]) =

to create necessary reserves against failure therefore, the determini st 5 N . 53N ecben By i z
. v - ; B - N.>K. ;& ,. ~3)/ o ks (N, alhs

concept of adaptive behaviours cannot reflect the complex processes occur xiﬂblA‘L’ L gim St Lim Iliy ..
i ateri < oy Oacd "~ . S g { l' - 5
in materials under loading. A Nggs= (Mg ;o <Bng ) A (K7 D2AN = (R 5 -d)

. = 2 : e 2 27)
So far, the physical model of damage cumulation laws has been discussed - n ~¥n. ¥ (ﬂgim“j)v& L=
only as a necessary component of statistical approach to the estimation Sim ¥ ir % . .

of the reliabili y of real structures. ince it is generally known that
the life time of structures is governed rst by the stepwis development
of fatigue eracks, perhaps the synthesis of crack length distributions
with those of residual lives of bod on statistical basis presents up -
to-date a most useful and actual trend in fracture statistics.

] is i ~rack (failure mode - type 11) we have
e case of a step-wise "pop-in' crack (failure YE

(RQim»)) =1

Having equation (23), the question arises as to how to connect this ficti

propagation rate with the stochastic interpretation of the ¢racking pro- mence, @ B 54
cess.  The answer, however, has been already given by the model (15), whe Prob AN, K. ; (€ ,. ~j)=1] = [ exp{~ﬁna.x} s pHa.dx (28)
the average pPropagation rate p'.r is to be substituted by the O expression BADLERE SN\ P ANI

(23). ‘Thus, the expression .
- exp{ ”{)H:x' AN L}

NN (1, . ~5n. )
’ " . SF Lim ¥ ip
. 1. . P =@l X . .
!rob}NSF)k,ij(NSF)*pQT(hHF*AN)} ] - - =
L MmN )
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and then

Prob[ANL>KL;(szm»j)=l/NSF>k;(ngim«§n. )]

1

_ M N Uy > g

]

. exp{- Bﬂ'a : ANI.}
-5
P

V2
(nlim ]ir)

Summarized, equations (27)
inspection interval AN

number value KL.

For slow Propagating cracks,
before the limit

and (29) express the probabilities that the
1, is sufficiently larger than an ¢ priori agreed

the number of jumps becomes a 1
state can be achieved and therefore

4 .
.(K/KIC).AN-L£

= ‘b

arge value

2im™3)

(Ekim T L

In other words, the cracking behaviour of the structure is s
described by the first term in equation (27),
in section 3.

atisfyingiy
thus coming to the i) ca

"Pop-in' k

for inspections.
asily derive from equation (29)
tures suspected for pop-in fail:
e left-hand probability term, i.

stepwise cracks present most difficulties
sidering one-jump-crack only, one can e
the inspection period for such substruc
mode should be AN # for optimizing th
for achieving

exp{« 5Ha

§

AN, i
4 AN, >0

5.  CONCLUSION

In the present paper, the
scribe a cracking behaviou
on probabilistic
the primary inter
design.

authors developed a synthetic approach to de-
r of a complex mechanical structure, based ho
and fracture mechanics assessments. In this respect,

est has been paid to applications to aircraft structure

After deriving a generalized probabilistic model of the structure crack
behaviour, two special cases were considered. In the first one, the
estimation of the safe life of an aircraft Structure could have been shiu
based on test data of the only one structure specimen being available.
The second one dealt with some physical aspects of two failure modes (i}
"plastic' and stepwise "pop-in' ones), the structure's 1ife being gover:
Yy a dominant crack in the fatigue sensitive zone.
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Figure 1 Total number of cracks n in
sensitive substructure vs nu
testing units
Arfows with graph 1 indicate response to re-
pairs of cracks in respect to the straight
line approximation as compatible with the
certification philosophy.

a wing fatigue
mber of programme
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lﬁigure 2 Probability R of no fatigue crack occurring iq the ?rimary
structure (see Figure 1) for a given number of testing units
NSF (safe life).
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Figure 3 Threshold value of the stress intensity factor amylitude
in dependence on the stress intensity factor‘amplltude‘
Cast steel: 13% Cr, 1% Ni, asymetrical cycling, k=2Z.1.
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Figure 4 Relation between the theoretical and experimental number of

extra cycles due to the transient effect. Carbon steel.
O change of k; A change of Kq; ® single overload.
a
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