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ABSTRACT

~ Models that predict fatigue crack growth are described,
clagsified and compared with respect to applicability and
limitationa. Crack opening models were found +to be nore
reliable and better adapted to include interaction effecta that
detarmine the extént'of fatigue crack growth.

The CORPUS crack propagation model, the mosat
sophisticated one among the crack opening modela has been
‘qualitatively and guantitatively analyzed.

A computer program of the model has been developed and
run for a number of flight aimulation apectra. The prediction
reaults have .been compared to the data given by de Xoning,
originator of the model, and Padmadinata, another investigator,
énd agreement haa been observed.

A compariaon between experiments and prediction results
has been made, consistencies and discrepancies as to the\trends
of crack grdﬁth for variations of apectrum and test parémeters
are indicated. .

Finally, several repommendations for possible

improvement of CORPUS model are given.



GZET

Catlak yorulmasini tahmin eden modeller tanamlandarailap
ve slniflandlrlllp, uygulanabilirlilik ve uygulama sinirlara
hususlarinda Kargilagtirildai. gatlak ag¢ilma modellerinin, daha
glivenilir ve yorulma g¢atlaklarinan bilylimesini kontrol eden
etkilegim.etkenlerini igermeye daha elverigli olduju gérildil.

Gatlak agilma modelleri arasinda en karmagik ve en ileri
olan CORPUS gatlak illerleme modelil nitel ve nicel olarak analiz
edildi.

Modelin bir bilgilsayar programi yapildi ve ugug benzetme
apektrumunda galrgtirilda. Modelin tasarlayicisi de goning ve‘
vé diger hir arastirmaci olan Padnadinata‘nain sagladlklarl
veriler, tahmin =sonuglari ile karsilagtirildi ve birbirleri ile
uyustuklara gbrilldil.

Denay ve tahmnin sonuglara aréalnda 'kaqgllagtlrma
vapildar. Spektrum ve - test parametrelerinin deqigimi ile olan
catlak bﬂyﬂme egdilinleardi bakimindan uyum ve uyumauzluklar
. belirtildi. \

Son olarak, CORPUS modelinin gelistirilmesi 'igin
tavaiyeler veriidi.
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ITI. FATIGUE CRACK GROWTH

The fatigue life of engineefing materials can be divided
into three phases; initiation, propagation, and final failure.
During the initiation atage, +the process is highly susceptible
to the influence of local factora such as dialocations,
inclueions and grain boundariea and this stage constitutes most
of fatigue life [1]1. (Figure 2.1>. But later, after asome growth
the influence of local material structure will decrease.
Finally, bulk properties of the material will‘become important
and the stresa/atrain distributiong will be aignificantly
affected by the crack itaelf. Stress intensity factor K then
.gaiﬁs rea;4 meaning and saignificance. The final crack occurs
when the macrocrack grows and the remainihg parts can no longer
support the load. In~ the present study interest lieasa with

macrocrack propagation.

finite life

im

to be detected

100mm{- by NI

W0mm defect does not grow

macro crack

threshold

1mm
———— non problems

§ 100pm propagating
s cracks
-3 o I<-.
5| Wum grain sizes
5
um
¢
£ | 10008
2 .
e 100 & .90/ o

VAR

1A 1 s { 1
0 20 40 60 80 100%

percentage fatigue life

le— atomic distance

Figure 2.1: Different regimes of fatigue crack growth {11



2.1 General Characteristice of Macrocrack Growth

A number of aspects of macrocrack growth should be
summdrised, as they are relevant to the assumptions made in the

crack growth prediction models to be discusased later.
2.1.1 Striations

Fatigue surfaces have extensively been studied using
electron microscopes. The prominent feature of fatigue fracture
aurfacea is that of diastinct 1line markings, approximately
parallel to one another and normal to the direction of crack
growth. Theae are generally called atriationa; each striation
corresponds to one ioad cycle, although not every load cycle
necessarily results in a atriation (Figure 2.2). This
phenomenon has led to prediction techniques to calculate crack

growth cycle-by-cycle.

: /s’—;"‘l T el
Sy TD spectrum §
’/ N grack growth #

Figure 2.2: A typical pattern of astriationa on a fatigue
fracture surface in a random spectrum, which
1llustratea crack extension cycle-by-cycle [2]1.
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2.1.2 The Similitude Approach and Streaa Ratio Effecta

The application of fracture mechanics to fatigue c¢crack
growth is based on the éimilitude concept employing the stress
intensity factor K. The basasia for the use of the stress
intensity is that- equal satress intensities result in equal
mechanical crack tip environments. As a consequence, the crack
extensions (da/dN) will also be the same. It should be noted
that several attempts have been made to relate crack growth to
other similitude criteria, such as crack tip strain {31 and
crack opening displacements [4]. If we choose K as a similitude
criteria, we may expect da/dN to be a function of %mx and K

min’
ignoring wave shape and frequency effects.

%.; = F(K s Kpin) (2.1

or, equi&alently,

_g_% - f(AK,E) (2.2

where aK is the stress intensity range and R is the stress

ratio.

AK = Koy Kpin 2.3

R = _% (2.4

Parias & Erdogan I[5]1 derived a power relation, ignoring
the R-effect, between crack growth (da/dN) and streas intensity

range (aK).

da
—_— - n . (2.5)
TN AK | _
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But, in general, three distinct types of behaviour occur
in fatigue crack propagation. As shown in Figure.2.3 growth
rate va. aK curve is a sigmoidal ashape. Region I is the low aK
end of the curve where growth rate decreases rapidly with
decreasing AK and approachesa lower limi£ at ‘KTH Region II is
the midrange of c¢crack growth rates where the power law
dependence prevails. Region III is the high 4K end of the curve
where K approaches Kc. Figure 2.3 alao showas that the atresas

max
ratio effect is particularly pronounced in regions I and III.

da
loggw
A\ region I region II | region III

% increasing
stress ratio - R

-3 1 og AK

Ky

1

Figure 2.3: A typical crack growkth curve and effect
of stress ratio on crack growth

2.1.3 Crack Closure

Crack closure under cyclic tension was discovered by
Elber in 1979 [6). He observed that crack facea can close on
each other even under a tenasaile épplied stresa. Thia was
attributable to plastic deformation left behind the advancing

fatigue crack. He asasumed that crack growth only occurs Quring
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the time when the ©<¢crack is open. Thus, an effective. stress

intensity factor range is defined through

where Kop corresponds to the point at which the crack is fully

open. The Paris law (eq.2.5) then becomes

?1; ¢ (AKX ﬂ=) | 2.7

Under variable amplitude loading, the crack closure
concept may account for both crack retardation and acceleration

effects as shown in Figure 2.4.

o o
step loading (Hi-Lo)
R
HU
o " oo Powns 0 —————
~ VA i f\ﬁﬁﬂﬂﬂm L
‘ . > H *
g constant amplitude o op A‘Keff atable level
icrack opening levels o

ik | ana AR

Figure 2.4: Explanation of acceleration and retardaéion
through crack opening concept [11

2.1.4 Crack Tip Blunting

Crack tip bluntiné can occur if a high overload is
applied. Crack tip blunting causes crack growth acceleration

following an overload due to reduction of crack closure. In

reached again
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other words, the c¢rack tip blunting does not lead to
acceleration during the overload cycle itself, but results in

an initial acceleration after the load (Figure 2.5).

[ R
oo,
1
W1
a ]
W
2 without overload
5 /
" -
: -
&
o)) \
ﬁ with overload
]
M
4]

o

'@ distance from overload

Figure 2.5: Initial acceleration following an
overload cycle [3]

2.1.5 Thickness Effect

Thickness has an important effect on the plastic =zone
size and crack tip state of stress, namely plane stress /'plaﬁe
strain or in between. Plaatic zone aize is.approximately three
timea larger under plane stresa conditions. For a +thick
specimen, the - state of stress is depicted schematically in
Figure 2.6 [8]. Due to the absence of constrainta on free
surfacesa, the plane stresa condition dominatea. Larger plaatic
zones imply more deformation left in the wake of the growing
crack and hence more crack closure. A faster crack growih under
plane strain conditionsa implies that a thick spec;men will show
leas closure than a thin apecimen due to different degreea of
plasticity <(Figure 2.7) [9]1. In his model, De Koning [12]
assumes plane " strain conditions if the ratio of plastic zone
size to thickness is less than ©.35 and plane stress condition,

if the ratio exceeds 0.5. .



iplane strain
‘region

transition to
plane stress .

Figure 2.6: Schematic representation of the plastic zone
’ variation along the thicknessis8l]

crack size (am)

30

sheet thickness 0.6 mm
i 20..

Sm=78.5 MPa
Sa = 63.7 MPa

N{kc)

Figure 2.7: Influence of sheet thickneas on crack growthi9]



2.1.6 Environmental Effects

Aggressive environments tend to increase growth rates
for those materials which are suaceptible [11]1. Crack growth
does not take place at values of aK significantly less than
that corresponding to a growth rate of one iattice spacing per
cycle. However, this does not necessarily apply in the presence
of a corrosive environment. In other worda, crack growth in a

corrogsive medium may take place at very low values of aK [121.
2.1.7 Wave‘Shape and Fregquency Effects

Cyclic wave form and frequency have no observable effect
on fatigue crack growth [13]1. However tests on 2824 Aluminum
alloy sheet specimens shows that growth rate at higher
frequencies tend to be alightly lower than the growth rate at

lower frequencies (141.
2.1.8 Temperature Effect

Elevated temperatures accelerate fatigue crack growth.
Moderately low temperaturea tend to have a retardation effect

on crack growth [31.
2.1.9 . Crack Front Geometry :

In general, it is assumeld in fracture mechanics analyses
that a fatigue crack is a flat mode I crack; if it is a through
crack with a straight-single line crack front. Two phenomena
can disturb this simplified picture: crack branching and shear
lips.

~ Usually fatigue nicrocracks grow perpendicular to the
main principle stress (mode I)>. However, when the crack driving
force ia low (i.e. when it isa difficult to egtend the c¢crack)

deviations from that direction may occur on a microscopic
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level. This can lead to a kinked crack path and sometimes to
crack branching (Figure 2.8). Such conditions can occur after
an overload. In such cases, the magnitude of stress inténsity
factor decreases.‘A reduction of the crack growth rate ias then
due to a lower crack driving force which will contribute to

crack growth retardation ([1851].

a) Kinked crack

b)Y Forked Crack

AN\

\\/\V/\Vﬁ\/ﬂ\/\\ c) 2ig-Zag crack

/ f ; d) Twisted crack

Figure 2.8: Typea of crack front abnormalitieal15]

Another complication of the crack front geometry is the
occurrence of sahear ﬁips (Figure 2.9). It should be expected
that crack closure will be more predominant at the shear lips
than for the core material. This is a consequence of the larger
plastic zones {(plane stress) at the material surface. Removal
of surface material of a fatigue cracked specimen feduces Uop
[16]1. Another consequence of shear lips is that the crack front
is no longer a astraight line, mixed mode cracking (I and III)
is seen to occur. This imﬁlies that the K factor for mode I

cannot give a correct indication of the crack driving force.
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Particularly for variable amplitude loading incompatible crack

fronts can easily occur.

loading
direction

shear lips will lead to
- single shear or.
- double shear

cross sections

growing single double intermediate
direction shear shear steps

Figure 2.9: Shear Lips I[1]

2.1.19 Stress Pattern at the Crack Tip

The Stress pattern at the crack tip is important in
understanding fatigue crack growth. Residual stresses acting at
the cfack tip are considered as another poassibility leading to
retarded growth. Non uniform atress diastributions at the crack
tip will induce residual compresaive stresses upon unloading

from a peak load aa ashown in Figure 2.10. ¥

2.1.11 Interaction Effects

Various aimple variable amplitude load aequences have
been adopted in the literature, such as 51ngle overload, -
multiple overloads, underloads. Trends of load interaction

effects observed in such test are summarised below.
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\\ loading
monotonic oyg ~,
ti
zéﬁ: c —\\\\\ (*) ‘ residual

reversed _///
plastic {(-)
zone  ~Oyg

—ZUYS

unlecading

Figure 2.1@: Streass pattern at the tip upon a =ovcle of
loading and unloadingl8]

2.1.11.1 Single Overload

A. single overload induces significant crack growth
retardation (Figure 2.11> 1{17,183. There is an initial
acceleration observed in some cases right after the overload.
Retardation is no£ immgdiate even if acceleration does not take
place. The original rate continues over a small distance and
the retardation is called  “delayed retardation". If the
overload is strong enough, crack arrest or abnormally low

growth rate ia observed.
2.1.11.2 Intermittent Overloads
When tenaile overloads are applied periodically the

resulting retardation depends on the interaction between these

overloads [191. If these overloads are far away from each other
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Y
L

delayed
retardation

—= N

Figure 2.11: A Typical Single‘Overload case and The
Resulting Retarded Growth [17]

they act as isolated events. Maximum retardation is claimed to
occcur when the crack extension between the overloads is about
one f£ifth .of the plastic zone aize of the firat overload [201.

2.1.11.3 Multiple Overloads

Multiple overloads increase the amount of retardation.
{Figure 2.12) [11]1. Overload interactions result in higher
crack opéning levels #or the overloads. The crack opening level
increases with increasing number of overlcéd cycles until a

saturation level has been reached [1@].
2.1.11.4 Underlocad Effects

.Underloads fend to negate retardation effects of
overloads. If an underload precedes a positive overload the
reduction of the delay is smali, but if it immediately follows
a poaitive overload, crack growth delay is aignificantly

reduced [211. Moreover, a crack arreated at the threshold
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Figure 2.12: Multiple overload retardation [11]

(AKTﬁ )
can be propagated through the applicatioh,&of periodic

compression cycles.
2.2 Flight Simulation Sequences

Flight-asimulation teating la a generally accepted
fatigue teating procedure in aeronautica. Flight-simulation
load hiatocries should reflect real 1load hiastoriea,  which can
occur during ita 'iife time. A flight .simulation load hisatory
thua muat consist of a flight-by-flight aequence. Usually, the
cyclic loads intqne flight are a superposition of deterministic
and stochastic loads. The load history applied in the test ia a
time-condensed version of the real time history, obtained by
(1) omitting the parts during which the load does not vary, (2)
omitting samall cycles which are asupposed to be inasignificant
for fatigue damage, and (3) by increasing‘the ioad frequency.
The load history in a flight simulation test must be"

representative for a certain aircraft structure and assumed
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utilization of° the aircraft. Some standardized flight-
simulation histories héve been developed for general purposes
(TWIST, FALSTAFF) and for specific aircrafts (F27, CN-235>. Two
flight-simulation load sequences (TWIST, F-27) are discussed
below. Computer programs for tﬁese load segquences have been
prepared for the verification of the computer program developed

for the CORPUS crack propagation model.
2.2.1 TWIST

The TNIST atandard represents the loading environment of
lower wing sakins of tranaport aircréft due to guat loading
[221. In one block, 409@ flights of ten different typea (A to J.
in Table 1.1) occur in random sequence. The severity of the
flighta vary from light (type J, nice weather) to highly severe
(type A, severe atorm). The load apectrum of each flight can be
obtained from Table 1.1. The continuous spectrum is
approximated by a stepped function (1@ amplitudes) for
practical reasons. The amplitudes (Ua)'%re related to the mean

stress of the flights uag} The ground stress (v ), i.e. the

gr
minimum stress of the groundr-air-ground cycle  (GAG) was
standardized at Ug§—0.50n&. The selection of the amplitude

sequence is again randomly selected. Since experiments with
TWIST were rather time consuming due to large average number
"ecyclea per flight, a shortened version, called miniTWIST [22],
was generatéd. miniTWIST waa -derived from TWIST by omitting
amall amplitude cycleaea from ﬁhe load apectrum aa shown in Table
1.1. Figure 2.13 diaplaya the difference between the two
apectra in an exemple flight.

2.2.2 F-27
*The F-27 flight simulation load history was generated by

using exactly similar précedures adopted for TWIST and .
miniTWIST. The load spectrum is shown in Table 1.2. A sample of
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the flight profile is given in Figure 2.14. In one block 2520
flight occurs (A teo I)> in a random asequence. The load history
waa primarily generated by comparative studies, i.e. to study

of more or less severe U .

the effects of %ﬁ, gr’

TWIST £light 1 (H, 269 cycles)

@ miniTWIST flight 1 (H, 4@ cycles)

Figure 2.13: Generation of miniTwist‘by reduction of low
amplitude cycles. ‘

2.2.3 F"’4 )

The F-4 load sequence 1ia an formerly used, simple one
amplitude load 1in <flight, (aee Figure 2.15). It is now
conaidered to be an unrealistic flight-simulation, which

probably gives rather conservative resultsa.
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F-27 flight & (G, 18 cycles)

Figure 2.14: A sample of F-27 flight Profile

12.5 gust cycles —=f

\

'} . J : ji_d = @

Figure 2.15: The F-4 load sequence. Gust cycles with |
conatant amplitude. All flights are.equal. [7]
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ITI. YIELD ZONE MODELS

- These modela [23,24,25,26,27,28]1 assume retardation to
peraiast as long as the crack +tip plastic zonea for subsequent
load cycles are within the peak load plastic zone. They explain

retardation as a function of overload and current plastic zone.
3.1. WHEELER MODEL [23]

The Wheeler model predicta retardation by reducing the
crack growth rate within the plaatic 2one created by an
overload and uses & factor to - .suppreas crack growth
calculationa following an overload. The crack'growyh increment

is given by
ar - aa+21";1 ,C'I;‘ F(AK1) (3.1>

where f(n@') is the linear constant amplitude growth function
and»%) ia defined as,

cl - D )" if al«D?xa+D

P acL"'DaL—ai OL"*~OL (3.2)

cﬁt -1 ~if a'+D?! > ay,+Dy (3.3)
1 s
— for plane strain

d 2
pi - L (X, @ = | 4% (3.4>
A -él; for plane stress

where DOLié the overload 1nduced yield =zone, pl ia the extent
of, the current yield =zone (Figure 3.1) and m aerves as a
ahaping factor. Cp ia bounded between zero and one. It takes
its minimum value after the application of the overload and
gradually increases until the current yield zone moves out of

the previouasly overload induced yield zone.
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The exponent m provides the flexibility to shape the
scaling parameter, %), to correlate with test data and muat be
eatabliahed experimentally. m is constant for any particular
case but varies depending on the type of material, specific
loading conditions and possibly other factors. Forcing the
ahaping exponent to be a conatant may provide a good
correlation bdt a loaa of generality ia incurred in dding so.
Thia cauaes Wheeler retardation model to be more a data fitting
technique rather than a predictive model.

! pt ! current
: Sl -4 plastic
; al : :-zone
» current

crack length

-

11

— - o Gt W e

0
\
crack length Aa :

. at peak load f—n oL
' ' .D

J’,‘-—b
it

Figure 3.1: Crack Tip Yield Zones
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3.2. WILLENBORG MODEL

- The Willenborg model uses CA crack growth rate data to
model load interaction without relying on any other empirically
derived parameters. The model assumes that retarded growth is
related to residual stresses created by a previous overlocad. An
empirically found residual stress is subtracted from both the
maximum and minimum stresses. Retardation is proportional to
the amount of this reduction. The length of the retarded growth

is the zone of plasticity caused by the previous overload.

. ‘ current
4 D .y plaatic
". d'l
lai -0 Lzone~
-current

. crack length

|
i
a LY 1 ]
T § 1
crack length 1‘# Aa :, p* '
at peak load | ¥ - e o
N R 1
BB o4 2

Figure 3.2! Yield zones after the application of overloads:

. The extent of the yield zone is given as,

1

-1 2 —— for plane gtrain
Di = ﬂ(-zc-— € - | 3F (3.5)
Oy 1

- for plane stress
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The overload induces a plastic zone DDL which extends to

oL 2 ’
a Kinax (3.6)

The model assumes that as long as the current plastic
zone 1ls inside the peak locad plastic zone there is retardation.
As shown in Figure 3.2 I is the plastic zone that would be
necesgary in order to have no retardation. There is some stress
intensty factor, K*max , which would cause a plastic zone D¥*

necessary for the plaatic zone to reach ap (Figure 3.3)

als«p* - B+ Dy (3.7
*an (3.8)

Iq‘gux) (3.9

- Willenborg made the rather odd assumption thsat Kimax
will be reduced by the amount given by '

¥

i |
Keqg - R:ax'R'i (3.19)

. This means that both Ktmax and k1 are reduced by an

min
amount Kred . Hence effective stress intensity is given by,

i i i S
Kpaxorr = Kunx=Krea — 21%1"1‘;;:‘ (3.11>
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Figure 3.3 Streas intensity (K*mmg that would cause

.plastic zone to reach ap

Kainerr = Kain=Kiba = Kein*KomeKon

L 4 3 1
ARger = Kppyort=Kpinerr

Lt Kmine:f:f or both Kmineff and Iinuaxeff tura
negative they are zset to =zero.

The,éycle ratio, Rff » becomes

e
1

B - Kpin=Kred
ell 1

. E;ux"R;ed

(3.12)

(3.13)

out to be

(3.14)

After the calculation of AKeﬁ- and R eff * da/dN can be

computed from the Forman equation.

da _ C AK,ze
Cﬂv_ (J"“Reff)igquiadf

(3.15)>
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Three distinct modea of retardation are possible for the
Willenborg Model.
i
-1 Both K nax in
Kred’ with positive outcome, leading to aKeﬁ- = aK. But, %ﬁ.

and Kim are reduced by the same amount
being reduced slight retardation occurs. .
2) %dneff reduceas to negative values so that AKeff <
aK. Agﬁf ia reduced and Reff becomes zero.
3) Both ﬂmxeff and Kmineff reduce to negative values so
R = @. In thia case crack arrest occurs. The

‘Keff = eff
model predicts crack arrest at,

that

Kpax
Koo

v oo (3.16)

The Willenborg model does not account for the effects of
multiple overlocads and negative overlcad. His agssumption that
émax is reduced by an amount Kred = K*max'-lémax is physically
incorrect. Another shortcoming satema from the fact that the
model treats each overload as a single discrete event. Hence,
any cumulative effect 1s not accounted for. Acceleration

effecta are also not included.

v
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3.3 MULTI-PARAMETER YIELD ZONE MODEL [26]

The present model attempts to account for crack growth

retardation caused by previous overloads, acceleration due to

current overloads and underloads resulting in a reduction of
the retardation effects of the current overload.

The model uses a modified Forman crack growth equation.

for aK > ‘KTH

dN (1 —Rﬂff) n Ka"‘AK ReffkR;ug Reff"R;ut

for aK < AKTH

daa _ (3.18)

where

m=1 at R % 0 (3.19)

m= 2 g2t R < 0 i (3.29)

AKTH'ls the threshold stress intensity rahge and is a

function of the effective stress ratio Reff ’

AK . - (1-.R9ff) AI(’IH0 _ (3.21)

‘In the egquation above ‘KTHO is the threéhold value for

R=0 case.

Eq. 3.17 uses the full stress intensity range (aK), that
is the stress range includes the compressive portion. Load
interaction effgcts are accounted for by adjusting Reff during
each cycle. Most of the procedures wused in this model are -
concerned with f£finding proper values of Reﬁf to account for
retardation, acceleration and underload effects.

R+cut ia the cut-off value of the streés ratio that
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limits thevvalue of %ff and is a function of the constraint at
the crack tip due to the different stress states, that is plane

atress/ plane strain or in between.
R [L2x0.2] 6 (3.22)
mt bl —t - +O = -
where
for plane strain

D= u(&“)z s @ = ? (3.23)
G g ' = for plane stress

where D is8 the plastic zone diameter for the applied ﬁwx"

In the model, load interaction effects are calculated
utilizing a residual stress intensity (KR) concept that is a
modified version of the residual stress (Kraf used by
Willenborg.

Reffis given as “

R - Koin=Kg - R;hggg
il Knax—Kr 'K;ﬂa*aft

KR will be negative or poasitive depending on whether the

- (3.24)

<

load interactlon producea retardation or acceleration.
3.3.1 Retardation

In the model, the Willenborg residual atress intenaity

factor Kredis used.

i _pr2 (3.
Kred IGa:u v 25



28

K* is the satress intensity value which would cause a
max

plastic =zone D* (Figure 3.4) that would be necessary for the

plastic zone to reach ap.
i current
sie D7 J plastic
i L

. a ] i zone
current
crack length

i

}

1

!

i

1

I

|

l
ol
ML
1
-~
1
'
t
T

!
]
|
i
i
s
“1 ] )
crack length ! aAa I D*
L N
at peak load i~ r
:" peak load
- plastic =zone
» S
a
P

Figure 3.4: Plagtic zones at the crack tip

D* - a,-a 14D,y | (3.26)
' D* = -Aa+D, (3.27)
Koax | 2 Dy, (3.28
e(——)% = (Dy-aa) == -28)
va Dy,
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] OL
~¢(£“£)2 - M o« (ﬁ“_)z (3.29)
9 ys 2 O vs
. or aa +
Knax - -R;nax (1—_.___) 2 (3.39)
DOL
then
1
L a7 L
Kis = KO (1-48)3 _ i, (3.31)
D
oL
Retardation effects extend over approximately one
plastic =zone diameter. Retardation occurs when Kred is

positiye. Figure 3.5 depicts a typical load sequence. The

dashed line repreaents the decay in K* .

overload

L
o
& _ L Pnax ax

-

o4
p

K ’ r underload

“uL - Ky
Figure 3.5: Sample spetrum sequence [26]

At this astage, the Willenborg residual streas intenaity
(Kr'e(g‘ is modified by a proportionality factor dﬁ that adjusta
the amount of retardation according toc several material and

load history parameters.

Kr - @p Krw (3.32)
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1-(ﬁ)

j;mx (3.33)
(6—1) * (1"'RL)

g

where & = S/A, A is the ratio of émma to Kmaxabove which no

crack growth 1s produced (shut-off ratﬁo) and RL = oy / U‘nﬁax
(ratio of current underload stress to current overload stress)
as shown in Figure 3.S5.

The [1 - (K&myxmax)J factor accounts for the threshold
level of crack growth. The (§-1) factor adjust the retardation
between the shut-off overload ratio S and the no-retardation
ratio A as shown in Figure 3.6. The (1-RL) vexpression adjusts
the amount of retardation according to the cyclic range of the

spectrum.

K .
maxX,ce .
i {r—————-no retardation
K
max
I : retardation
1 /
1 . .
1 " erack .
: "arrest
I
Ao |
ﬁHﬁ 1 -7 :
’ ! ! OL
: : - Kmax
e
A 8 3 K nax

Figure 3.6: Schematic of retardation in the model [261

" Parameters A4 and S are considered to be material
dependent parameters and are obtained from aingle overload
testa.

The model accounts for multiple overload effects by
lowering the value of S in the case of multiple overloads uaing
an equation in which S ia inversely proportional to the number

of overlpada applied in auccesaion. Thia equation ia also
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material dependent.
3.3.2 Acceleration

The crack growth during an overload cycle is larger than
one might expect from conatant amplitude data. Thia phenomenon
is referred to as crack growth acceleration. The acceleration
is attributed in the model to the crack and the resulting crack
tip plastic zone growing into an area with leass residual streas
inteﬁsity than that of an equivalent conatant amplitude case,
ao that cocrack growth is lesse inhibited. . For example, if the
plaatic zone diameter pi in Figure 3.4 was caused by so0o large a
load that,

1
Ag+D*> > D, (3.34)

This would result in a crack growth acceleration for the
applied cycle. Then, K%miwill have a negative wvalue. This
model uses an acceleration adjustment term ¢h’ for Kreddefined

as,

e, = (1-R;) (3.35)

where'RL adjuste the magnitude of acceleration depending on the
ratio of the current underload stress to the overload . stress.

Thus reaidual stress intensity used in eq. 3.24 is defined as

"Kp = @y Kupq 1 Kpgg < 0 (3.36)

- 3.3.3 Underload Effects

' If a rather significant compressive load which is lower
than the most previous minimum load occurs, +this load is
defined as "underioadf, L » @S in Figure 3.5. In the model

negative stresses are assumed to negate the crack growth

S
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retardation caused by previous tensile overloads.
The model accounts for underload effect by reducing the

eq 3.39, by

effective overload stress intensity factor, Kﬁax'

using the ratio,

Iqﬂ"xnz.

where Kprand Klnlare defined in Figure 3.5.

(3.37>

Thua a new effective atreas intenaity factor, denoted

K‘OL’ is introduced auch that

Koy = S (2-B) + Koy 3.38)

where Z is the value of B above which K‘OLia equal to K nax ’

and Y ia the value of £ below which K‘OLis equal to Kiumx'

The relationship among these variables is shown in Figure 3.7.

L underload has

Fx / no effect
K ¥ underload
max : reduces
i retardation
1 . ¢
: ‘no retardation
) I
— b = -
fxﬁhz 1 1
P- 1
§ i .

¢

Figure 3.7: Schematic of underload effects [26]
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3.4 GENERALISED WILLENBORG MODEL BY CHANG (27]

'This model uses a modified Walker equation for effective
stress ratio values greater than =zero.

for the case of Re£f> 2

for aK > AKTH

da AK n
—_— = — ] (3.39)
dV " (1-Rggp) '™
if Rese € Rour v Repe = Reee
‘Rogs & Reye +  Rope = Reus
for aK < AKTH
da _ 0 (3.4@)
N
AKX, - (1-R)AICM° (3.41)

where m is the Walker atreas ratio layer collapsing factor.
The model uses the Willenborg residual stress intensity

factor, K%ajto tcalculate the effective stress.
- - 3.42>
Kred Iq;nx Kz-nax ¢
¢
K, ,~ KX ( -aaD - K ' (3.43)
rad . OL

then.

Knaxerr = 'KnAx_¢Ktad (3.44)
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Kpinerr ™ R;nin_QKrod (3.4537

where pOLis plastic zone radius, such that

E 2
Dy, - (—/=) for plane strain (3.46)
6T O
ﬁ 2 )
Dpyp = 1 (—/%) for plane stress (3.47)
2W Oy .

and the multiplier, & is given by

. oL

o - [1~ (Ko, / Knax) ] . (3.48)
: g-1 ’

where S is the shut-off ratio (kO _ / K__). For this model

the s=selection of the shut-off ratio is important.  Careless

selection of S may leacd to some 20% error in predictions.
The effective atress range and effective stress ratio

are defined as

AKeff = Kpsxarr Knineer ™ AK (3.49)
K. .
minelt
Ryer = Y . : (3.50)
maxeff

Note that the effective stress inbensity factor range
A‘Keffhas the same value as #£. This model predicts the crack
growth retardation by reducing effective stress ratio below

that remotely applied.

for the case R < ©
- —aff -
For . the compressive load acceleration, the following

equation is used,
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_Cié - C [ Kmnxaff(l-Reff)q 17 (3.51)

AN

1F Ryrr > Rout 1+ Rypr = Rogr

Ropr % Royr + Rgpe = Reur

Thia equation ia similar to eg.3.39 in the mathematical
form, but the eprnent, q, is coqsidered as the negative stress
ratio index which does'not act as the Walker‘s stress ratio
layering factor m does in eq.l. For a specific stress ratio (R

< 8, q ia determined by,

[ In{r) ]
iIn(l-r)
n

(3.52)

q‘-

where r is' the ratio of the crack growth rate at a specific
negative stress ratio to its R=® counterpart.

& The model accounts for the reduction of the tensile
overload retardation effects caused by the compressive load
immediately following the tensile overload by applying an

effective overload retardation zone aize, given as

Dgzz - (1*Rsff)DoL r Roer € 0 | <3.53>.
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3.5 EVALUATION OF YIELD ZONE MODELS

Yield =zone models, proposed in early 7©0’s such és
Willenborg, Wheeler, only accounted for retardation effects.
Since then it has been shown that various load interaction
effects (crack growth acceleration, underload) have significant
effectas on spectrum crack growth. The above discussed modified
versiongs of these early models introduce some parameteras that
account for thease load interaction effecta. The Willenborg /
Chang model accounts for overload retardation, compreasive load
acceleration effects and reduction of overload retardation
effecta by compreasaive loada immediately following tenaile
overloada. Multi Parameter Yield Zone Model accounta for
overload retardation, acceleration due to current overloads and
underloads resulting iIn a reduction of the.retardation effects
of an overload and multiple overload effects. _

Even though these modela, especially modified veraions,
sometimes give good correlations with respect to crack growth
data, tﬁey a;; unrealistic in regard toe real crack growth
mechanisms. For this reason they use for every observable
phenomenon a material dependent parameter, leading to high
costa in supplying material properties with a mean predictive

capacity.
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IV. CHARACTERISTIC-K CONCEPTS

This approach involves.finding a characteristic-K value
that <can be correlated to fatigue craék growth rates of a
variable amplitude locading [(29,30,31,32]1. Namely, replacement
of a 1load history of variable amplitude by an equivalent
loading such that if applied as a constaﬁt amplitude loading
the same fatigue life is obtained. )

4.1 THE ROOT-MEAN-SQUARE (RMS) METHOD [29]

To predict variable amplitude loading crack propagation,
the RMS method assumes that crack - growﬁh rates obtained in CA
loading with rms-maximum and rms-minimum stress levels is equal
to variable amplitude crack growth rates.

For rms-atress values the following relationship . is

given

omm - [%-’_ 2:;1 (qm):&]%- ‘ 4.1
Qminm - [_;;' E.:'-l (omin)a]% - (4.2

where o and o ‘are respectively the maximum and minimum

nax min
stresses obtained from the load spectrum . After the
calculation of Umammw.and Umhums’”the rme-ratio, ers’ may be

calculated using

(4.3




38

The maximum and minimum stress intensity factors are

given by

Kax — Y.omm,/na , (4.4)

where Y ia the correction on the effect of the finite apecimen

width. The rma stress intensity range is calculated from,
AKrma = &um-lqninm (4.6
To predict crack growth, the Forman equation

da C (AK_.) "

B 4.7
dN ~ (1 R, Ko AR g

is used.
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4.2 EQUIVALENT LOADING APPROACH (3901}

The model uses the Paris Law for crack growth
predictions. If the number of load cycles is N, the average

crack growth rate will be, (ignoring interaction effects)

Ag; - C [f(%) acl Ja 1" (4.8)

L -clf(L) vE]" [+ T (a0 @

The equivalent constant amplitude loading A%m which

would produce this crack growth rate would be

L2 . C (L) VA1 [a0lt o
where,
AG . = [% Y. (ag,) ﬂ]% (4.11)

where n 1s the exponent of the Paris Law. The equivalent
conatant amplitude loading is the statistical moment of .nth
order of the sequence.

In particuiar when n is equal to 2, the eguivaleht
loading is the second ‘order of the sequence which is also

called the root-mean-square value of the sequence.r
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4.3 Evaluation of the Characteristic-K Concept

A necessary condition for the applicability of this kind
of approach is stationary cpack growth behaviocur. The concept
can not be applied to a load spectrum which contains many
discrete events or rare loads. On the other hand, these models
have some advantéges as to eimplicity , computation time and
costs. For stationary spectré‘they‘give reasonable accuracy.

The Two modela, discussed above, differ from each other
with regard to the statistical moment of the load éequence. The
RMS value hasa been uased not because there ia a theoretical
juatification for it, but becaunse it 1ia a widely used
atatiatical parameter in the analysis of random proceases.
Therefore, taking the statistical moment (n) as the exponent of

the Paris Law may improve predictionsa.
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V. STRIP VYIELD MODELS

Theae modelas are based on the Dugdale model for
calculating the plastic zone saize. In order to understand how
these models work, first the Dugdale strip yield model will be

reviewed.
5.1 Dugdale Strip Yield Model

The model 1is only valid for large plates in plane stress
atate and for elastic perfectly plastic materials.Dﬁgdale
argued that a crack of length 2a plus the élastic zones at both
tips of 1length D can be obtained by the superposition of two
simple separate cases; a crack of length 21=2a+2D subject to
remote atress o plus a crack of length 21=2a+2D subject to
U=0yg along the crack facea at both tips,  repreaenting the
atrip yield regionas {(Figure 5.1).

Figure 5.1 The Dugdale model (a) aa a superpsaition of two
aimple cases (b) and (c) [81.
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The stress intensity at the end of the plastic zone must
be zero, that is, the plastic zone D must be of such a length
that K due to remote stress o equals the K due to Tygon facés
of the crack.

For Figure 1(b)

K=oyl (5.1)

For Figure 1{(c>

K = z\l % 9 yg arccos-‘% ~ 5.2

thus
1 a (5.3)
oynl = 24| = 0, arccos—=
n 1
gives
&,‘
-? - 2 gin? (=2 (5.4)
4 Oy
For U/UYS<< 1, 8in 2 = x leads to
p-EE,® (5.5

8 O
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5.2 NEWMAN’S CRACK CLOSURE MODEL (331

The model uses the crack growth rate equation proposed
by Hardrath which includes 1low growth rates approaching
threshold and high growth rates approaching fracture.

Ax .2
da 1= AKX, .ff)
—_= = C (AK_,.) " = (5.6
AN -} 2
1 (Kuax
K(’."
where,
o
| Tax
Ky - Y0, /& 5.8)
AK ;p - Y. (0,,-0,,) /72 (5.9

The vcoefficients C1 and qzare detgrmined from the
threshold stress intensity factor range. )

The aséumption made in Newman’s strip yield model is
that crack opening in the plastic zone (a<x<l) (see Figure S5.1)
ia accommodated by plastic elongation in the plastic strip; The
COD is assumed to become the vertical length of plastic.
material. }n other words, elastic crack opening of the
fictitious craék tip is supposed to equal the plasatic
deformation in the real ‘crack tip zone. The crack will now grow
into a plastic =zone with a quantified plastic elongation. The
result is that the plastically deformed matérial is left in the
wake of the crack. Upon unloading, this should lead to crack
closure at a poéitive stress. Figure 5.2 shows a schematic of
the model at maximum and minimum applied stress. the crack is 4

composed of three regions (1) &a linear elastic region outside
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the plastic =zone of the crack (2) a plastic region of length D
at the crack tip and (3 a residual plastic deformation region
along the crack surfaces. Region (2 and (3) are composed of
rigid-perfectly plastic bar elements with a flow stress Ty - At
any applied stress , the bar element are either intact or
broken. The broken elements carry compressivé loads only, and
only if they are in contact with each other. To account for the
effects of the gstate of satress on plastic zone size a
conatraint factor (a) ia unaed +to elevate +the tensile  flow
stress for the intact elements in the plastic zone. The upper
and lower bounda for « ia 1 under plane stresa and 3 under

plane strain , reapectively, leading to % and 3o,

{)iax 0 {j%in

G i N

—

hmijjiﬁ_JJ ' reversed
~cx O, -3, -~ -« yielding

ad Maximum stress b) Minimum stress

Figure 5.2: CGrack surface displacements and stress
distributiona along crack line [33l]
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by
e

Figure 5.3: Schematic of loading and coordinate
asystem used in the model ([33]

Figure 5.3 showa a breakdown of the components of the
model and the coordinate system used for one guarter of the
plate. The plate has a fictitious crack of half length 1 and is
subjected to a uniform stress o, The bar element is in contact
when the length of the element (Lj) is larger than the current
crack surface displacement (Vj). The equations that govern the
response of the system were obtained by requiring’ that
compatibility be met between the elastic plate and all of the
bar elementa along the crack surface and plastic zone boundary.

The dispiacement at point 1 is

V_-( =g f(xi) _E;::L Ty g(xi:xj) (5.1
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where n ia the number of the bar elements and f(xi), g XX g )
are influence functions. The bar elements at point i have a
length of H_. The compatibility equation ¢ VfLi ) ia expressed

as

E;; Gy g(x.i'xj) - ¢ £(x;)-L, (5.11)

5.2.1 Plastic Zone Size and Approximations

The plastic zone size, D, is given as

. . no
D=a [[X gin?[ gin(F2) gec(—omx) 1-1] (5.12)
na W 200,

In the model, the plastic =zone size is arbitrarily.
divided intoc ten bar elements. The aspect ratios~(2gi/D) are
.91, ©.91, .02, 0.94, B.96, .99, ©.12, .15 and ©.3. The
asmalleat elements are located near the crack tip (x=a). At
maximum applied stress the plastic zone size is calculated from
eq.5.12. I..i changes by plastic deformation only when an element

yields in tension ¢ % >aub) or compression ( Uj<4c'0).
5.2.2 Contact Streaseas at Minimum Load

When unloaded to a minimum load (Figure 2b), some of the
elements near the crack tip will yield in compression (UJ.(—U0
}. The Compressive plastic zone (w) varies from one tenth to
one half of the plastic =zone. (D), depending on the amount of
closure énd constraint féctor. The elements ‘along the crack
surfaces, which store residual deformation, may come into
contact and carry compressivé stresses. Some bf these elements
mnay yiéld in compression. The stresses in the plastic zone and
the contact stresses along the crack surfaces are calculated
from eq.S5.l11 with o=0,,, - For elements that yield in

compression, oy is set equal to ¢ -Ue) and the length of the
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elements are set equal to the final displacements at those

points, that is
Li - Vi - dm:l.n f(xi) -E;:'l G'j Q(X_.,,Xi) (3.13)

For elementa not in contact ( Li< % ), Ui=@
S9.2.3 Crack Opening Stresaes

o__lis calculated from the contact streasea at o . To

op min
have no aurface contact, the atress intenaity factor due to an
applied atreaa increment .(Uoﬁumin) ia set equal to the atreas
intensity factor due to contact stresses.

S5.2.4 Crack Extension and Approximations

Apparently cycle-by-cycle calculation of pr would
require mnost extensive computer time, while reassessments of
the‘ number and location of bar* elements would alsoc be
problematic. To avoid ;hese_problems Newman assumed that Uop
remains constant during a small crack extension arbitrarily

defined as

Aa = 0.05 D, (5.14)

where Dmaxis the plastic =zone size‘when'the maximum stress is
applied.

Crack growth may then be calculated cycle-by-cycle
using eq.5.1. The calculaﬁion is continued either until a crack
extension equal to aa in eq.5.14 has been reached or until 300
cycles have been applied. When using the model the constant Uop
ia calculated by considering the load cycle with highest T ax
in the period considered and the lowest Umhlbefore and after
the occurrence of that o value. The procedures are then

max
repeated for the next interval aa.
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5.3 Evaluation of Strip Yield Models

Strip yield models are generally very successful in
calculating crack opening stresses and predicting crack growth
rates, but the models are very complex. Iterative solution
procedures have to be used, resulting in a heavy computer load
for cycle-by-cycle calculations. In this respect some
simplifying assumptions and approximations should be
introduced, such as holding %m and Y conatant during crack
growth increment aa, leading to some lost sequence and
interaction effects. Another drawback ia that the modela are
applicable only to the plane atresas condition. Newman
introduced a plastic conatraint factor (a) to account for plane
strain. But suitability of a constraint factor is questionabie,
és the Dugdale model ia wvalid only for plane atreaas conditionsa
and the constraint factor ia not conatant during apectrum

loading.

¢
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VI. NON-INTERACTION MODELS

This approach assumes the crack growth increment in each
cycle to be independent of previous load history. The models
inQolve cycle-by-cycle integration of crack growth increments
using crack growth laws, which may or may not include crack
closure. )

The aésumption of non-interaction is obviously
incorrect. In general, non-interaction predictions of crack
growth under variable amplitude loading.will be conservative,
but they can easily be overly conservative. Also, they can not
be relied on to predict the correct trends of variations in
‘apectrum and test parameters. On the other hand, computational
efficiency and the avallability of extensive dsasta bases for
conastant amplitude fatigue crack gfowth that includes various
crack geometries are certain advantages. For  further

underastanding a representative model will be discussed.
6.1 HALF-CYCLE METHOD [34)

This method uses the Walker equation for fatigue crack
growth.

L o € () * (1-R)® = € (aK) 7 (1-R)™ 6.1>

The half-cycle theory states that the damage (or crack
growth)? caused by each half-cycle of either increasing o;
decreasing load is assumed to equal one half the damage caused
by a compléte cycle of the same loading magnitude (aK,R). As
shown in Figure 6.1. random stress cycles are divided into two
phases of increaasing and decreasing loads (Figure 1b). Each
half cycle ia considered a complete cycle. The crack growth
cauaed by each is calculated separately according to equation
6.1. The result is divided by two to .find the real crack

growth. That is
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(6.2)

(6.3

where Aa; 4 is the calculated growth using ascending part of
’
the load cycle 1, Aa, 5, is the calculated growth using
1 4
descending part of the load cycle i, and

aa; = C (AKy,,)® (1-R)™™® + ¢ (AKy ;) ® (1-R)*2 (6.0

- 2 8
1 1
2 ! !
variable [q : & ' Ax
amplitude —3» = L f Lt
atress /,\J X ! :95.!
cyclas L BC A ! A
Wit 1 5/ ! 7 t v
half Y1 41,141 -y X
L o4 7 a8t
stress'——%—ﬂzf 4 ! fe: 1
cycle
B s 1 3
\ / \ /
i ! 3
ANNANN AR /
\ ;I \ P £ S
. M ) 1
RN AN WA
1 / N\ \
. 5 L/ e 7\
full v

stress cycle

Figure 6.1: Resolution of random stress cycles intoc half.
stress cycles of different stress ranges (341
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VII. CRACK OPENING MODELS
7.1 INTRODUCTION

The crack opening models include crack closure as the
basic mechanism to account for interaction effects
[10,35,36,37]1. They are based on the assumption that crack
growth occurs during the period when the crack is open. The
cycle~by-cycle crack growth concept leads to cycle-by-cycle
calculation and readjustment of the crack opening stress level
( Uop). Even though this may lead +to heavy calculations the
predictions can astill be made 1in a relatively short time
compared to the strip yield models. i

In this section two models, PREFFAS and ONERA, will be
discussed. In the next section, a detailed analysis of the
CORPUS model will be given. If Vwe consider the common aspects
of these modelsf %m and thg corresponding Kop should be
calculated c¢cycle-by-cycle which leads to an effective stress

intensity range for the subsequent cycles.
i i 7
AKBff bl &ax-xop (7.15

Crack growth data obtained under constant amplitude are

then adapted in the following format.

% - f(AKfo)‘ - (7.2)

It is thus assumed that the sane Agﬁé under constant
amplitude loading and under variable amplitude 1loading will
produce the same crack extenaion (similitude concept). In all
three models it 1is recognised that Kopwil; heavily depend on
high positive peak loads and high negative peak loads.



32

7.2 THE PREFFAS MODEL

The PREFFAS Model was proposed by Aliaga, Davy and
Schaff. 136,37]. It is a simple model requiring .easy
calculations with a few crack growth calibration tests to

characterize the material response and its sensitivity to

overload effects.
7.2.1 Crack Gro&th Law

The crack growth at cycle i is given as

1 lgi 3 :
There are no threshold conaiderationa. The mnmodel
predicts crack growth even if ( ﬂﬁax = Kiop ) is lower than
AKth.

7.2.2 Selection of Opening Point

To find the c¢rack opening stress ki of cycle i, all

. op
important cycles that can determine Kiopshould be considered.
If léopj is the opening stress intensity factor at cycle i
induced by cycle j, ﬁopj

which is the minimum value of K of cycles that are between

o 3 k
can be found by using K nax and K nin’

cycles j and 1 (Figure 7.1).

Kiax~Kap = UlKgxKiin) 74

v

1
K

PN = U(1-R) (7.5)

1
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min

Figure 7.1: Selection of Opening Points [361]

ch" R;j (1=-U+UR) (7.6)
where
Kk
R = (7.7
L
U = A+BR A,B material properties <7.8

Finally, to find the opening stress of cycle i Géoﬁ’
every cycle before the cycle 1 induces an opening stress

intensity (Kioph and the cycle that induces the greatest

opening stress intensity (Ki°p$ determines Kﬂn) that is,
i iFy Jmi-1
Kop - max (Kgp) 3.1 7.9
v
and Ki) is used to predict the crack growth at cycle i.

p
7.2.3 The History Values

it is not necessary to calculate opening stress
intensity of every cycle (Kiop$ that occur before the cycle i.
Only significant values referred to as history values are
designated KH and must be memorized (Figure 7.25%.

These values are strictly in the following form
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r—-2 r-1 r
IGI;MJ: > KHmux > Kme .l ’ =2 r=1 r
I-3 , gl r | With KHyp™ < KHpp™ < KHep
n Rzkdn n
KHop values are found according to eqg. 7.6. From this

history wvalues, eq. 7.9 becomes
i 17y Im=i-1 r
Kop - ma:-{(I(a.p):,_:L - KHg, (7.19>

where r is the lateast history value.

Figure 7.2 showa sachematically how the model works. In
the case of Figure 7.2a, the rank is three; If there is a load
point lower than r-1, 3¥d 4311 be erased and the opening stress
intensity induced by the second history cycle on the .current
cycle should be updated. If Kéim is still greater than KH]bp’
the opening stress will be, according to eq 7.1Q (Figure 7.2)

i _ gHE - KH? (7.11)
Kop op op
&

In this case rank is lowered to two. If another load

level which is lower than KHzmin is applied (Figure 7.2c), then
4 z 1 (7.12)
Kop KHgp, KHy, .

In which case, the rank is lowered to one.
According to the degree of the underload earlier history

values of KHma can be used. This is why earlier history values

v

X
should be kept in memory.

7.2.4 Calculation of Sequeﬁce Efficiency (EF)
The sequence efficiency is the summation of the
effective stress ranges of all load cycles in one block of the

load spectrum.

The effective stress range is calculated cycle-by-cycle.
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al

bl

1
KHpax

c?

KHiin

Figure 7.2: History values and their modification with
application of new loads

m 31
r
If o < ol .
With Uamm and Urﬂﬁin’ the KH 'series must be updated to

satisfy the condition imposed on the KH series defined earlier.

Modification occura, if,

+1
a. o nin

discuasased (see Figure 7.2c))

< Uﬁ;p (underload effect, which has been

b. %p > UHrop (This meana introduction of an additional

level in the KH gseries).

r
1f o, > oH | |
It 4is, not possible to make cycle-by-cycle counting

congservative when a large sastress variation is obtained through
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aseveral small amplitude cycles. In the model a modified rain-
flow counting method is used (Figpre 7.3 to overcome this

difficulty. It can be seen that the value of ol eliminates

max
r i r

local retardation effecta caused by oH max(since o max> oH maf

and the calculation based on the earlier history value UHrdbp

would therefore give a larger growth value. In that case, the

model uses the earlier opening point, that is

22 1=C[(0phe—0HE"Y) *+ (0H 5y~ OHL) "~ (0Hmx-0HEY) ™1 (7,145

.-
KHﬁ%x KH Rax KH jax

Ku i,

’ 'Kﬂghl
KH Fin

Figure 7.3: Rain-flow effect ([36]

where (Jﬁax —UHrqbp) is 1like a typical rain-flow part and

. - r-1
(UH;"max oH S
before cycle i, must be subtracted (Figure 7.3). Figure 7.4 and

> which, represents a crack growth'calculated

7.5 show how the load cycles are be transformed by the rain-

flow approach.

7.2.5 Crack Growth Calculation

In the PREFFAS model, the crack 1length for the

calculations of K values is assumed to be constant within a

block of a flight load spectrum. aa, the crack growtﬁ increment
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A

Figure 7.4: Load cycles that can be accounted for
by rain-flow approach

Figure 7.5: Load cycle transformation as a conasequence of
the rain-flow approach [7]

in one block of the apectrum, ia given by
m . i i .4
saa - Li, sat - CEf; (AKgy) (7.1
where m is sthe number of load cycles in one block.
Ak f 1 (7.16)
Kerr = L(2) AGger VW2

where f(a) is geometry correction factor. Due to the assumption
that the crack. length (a) is constant in one block, the above

equation can be written as

For aubsequent calculations the sequence efficiency (EF)

has been defined as
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Aa - ¢ [fla)ymal® NP, (a0l ”® 7.17>
EF = 22-1 (Aoiff)” (7.18)

Eq. 7.17 can then be written as N
Aa = C [f(a)ymal® EF (7.19
The average crack growth rate per cycle is

d EF
[-ENE] av ™ 'AT‘?'- Cc [f(a)yna]® — (7.20)

The integration of crack growth rate gives the fatigue life as

» .
N = = 1 f“f (EOB& T g (7.21>

® C EF pin/a-1) Jg, o
where « = wa/W and N is fatigue crack growth life as number of

cycles. If n is used as the number of flights in one block, N
will then be give the life in number of flights.

In the model four material properties are used C,n,A,B.
It has been shown that for aluminum alloys and steels A+B = 1.
In this way material properties are lowered to three. These are
obtained by, conducting two tests, one with CA, the other with

intermitten£ overload.



59

7.2.6 Evaluation of PREFFAS Model

The model is easy to use and because of’the stationary
crack-length assumption the calculation time to be saved will
be large, especially for short block spectra and long predicted
lives. But, for a large block size (TWIST) and a short
prediction life there is hardly any saving in time.

In the PREFFAS model compressive stresses are truncated
to zero. Thia is a weak point. PREFFAS predicts that the effect
of the ground atreass level (trgr ) will be absent for most
apectra, which'systematically disagrgeg with teat resulta.

As indicated earlier, retardation effecta generated by
an overload decays aa the crack goea through the yield =zone

induced by that overload. Neglecting this phenomenon is another

weakneas of the model.



7.3 THE ONERA MODEL

The model calculates crack extension c¢cycle-by-cycle

according to the Paris equation.
1
Aai - (AKeff)n (7.22>

The opening stress intensity Kop used in cycle 1 is

calculated, in the previous cycle [38].

7.3.1 Definition of Kop

The crack opening Koplevel depends on equivalent K Rax

and }inin values, where K imaxeq is affgcted by high loads and

mineq by low loads.

7.3.2 Evaluationsof Kmaxeq
As shown in Figure 7.6, if there is a previous overload,

‘lf is defined as

* ] - g
D Bn * Dm; a (7.23)
Kmaxeq is defined as' the stress intensity value that
would cause a plastic zone D*.
But if,
Dl » D* (7.24)

then

4 .
- [(; (7.25)5
Knmx” . .
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Figure 7.6: Plaatic zone after an overload

7.3.3 Plaaﬁic Zone Size

In the ONERA model, it ia assumed that plane atrain/
plane astress plaatic =zone size ratioc is equal to 1/6. At the
ﬁaterial aurface there ia always a plane streés zone. Beaildes,
it is assumed that the size of the plastic =zone decreases in
the thickness direction following a 45" étraight line. As
shown in Figure 7.7. The transition between two situations
depends on the sheet thickness. It occurs at D = ©.6t. The

model adopts the average plastic zone 6m’ which leads to

i

a) am'_ 2(14-%’-%) iF D < 0.6 (7.26)
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Figure 7.7: Plane strain and plane stress zone diagram [38]

by &, - D--ét- if » 0.6t (7.27>

For D, Irwin’s formula for plane stress is used

4 D - _:L(_‘E_ 2 : (7.28)
T Oy

and , eq. 7.23 is modified to

a3t - 8y *+ 8% - a1 (7.29)

Now, Kimaxeq can be calculated cycle-by-cycle -from D*(i)

whiéh is derived fronm 6ieq by inversion of equations 7.26 and
7.27.

31 (7.30
853 = 0.12¢ [ 4141002 - 1] e
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g . ), L C(7.31)
eq eq 4
then,
K2 R QY A J A (7.32)

7.3.4 Evaluation of &uneq
In the model, five different load cases are considered

as shown in Figure 7.8.

; 1 1-31

if R;u in ' R:n:lnn ' (7.33)
then, as in the cases of 2 and 3,

i 1
- (7.34)>
R&»in,c E;dn :

S
‘The above equation applies in case 4 where a new

"monotonic plastic =zone is created. In case 1, ﬁﬁax doesn’t

exceed.Kopand’Kmin ? K There will be no change in

Kmineq
will be the

mineq"

and eince there is no crack growth, also ﬁwxeq

same. However, in the more general case (5) there . is plasticity

in going to Kima (although no primary plasticity) and in the

p 3 , .
reversal of the the load going to ﬁdn' Then, it may be

expected that both Kimaxand Kim

i

mineq °

inwill cause some change of

1 4 i1 ‘
AKnin,, = Knin,, = Kmin, (7.35)
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Figure 7.8: Five different Load Cases [38]
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da=9

It is assumed in the model that this change depends on

the ratio,

(3.36)



and the difference,

i-1

diff - -R;in'IGﬁn.q

It is also assumed

-

L 4
AKjs,,, - diff.ratiof
where the exponent 8 ia thickness dependent.

L
- ]
B +

Eq.7.38 can now be rewritten as

anf'_n” - diff.ratiof + quj;“

7.3.3 Kop Level
It is postulated in the model that,
1 i N | i
whére,

;  Kain

Roy =

&

qu .
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(3.37)

(7.38)

(7.39)

(7.40)

(7.41)

(7.42)

£, = 0.37740.623R,, if R,, > ~0.0624(7.43
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f1 = 0.350+0.190R,, if Ry € —0.06247.44

£, - 2 (7.45)

1.195-0.19R,,

ﬂ_and £2 are crack opening functions. f 1is related to the
overload case and £, 1is related to the constant amplitude
case.
The loading parameter o varies between © for C8 loading-

and 1 for a singe overload. It is given as,

: 1 . ’ .
o« = 1- ¥ o E m(7) Oy, (5) (7.46)

where the peak stress %wx(j) occurs m(j) times in the load

spectrum. M is the total number of cycles in the load spectrum

, .
and v’ is the largest Umaxvalue.
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VIII. THE CORPUS MODEL

. 8.1 Introduction

The CORPUS model was proposed by de Koning [l1el, [(35).
It is the most sophisticated c¢rack opening model, since it
includes multiple overload effects, plane stress/plane strain
transition, a correction for the effect of high loads on the
crack opening stress levels, and the recognition of primary and
secondary plastic zones. Crack growth increments are calculated
cycle-by-cycle. The model was applied by de Koning to 2 mm
aluminum sheet materials »2024-T3 Alclad and 7073-T6 Clad under
F-27 spectra and later by Padmadinata on FALSTAFF,CN-235, -
TWIST, miniTWIST spectra.

8.2 Fatigue Crack Growth Model
» The model is based on a cycle-by-cycle analysis of crack

growth, that is .
a=a AS (8.1
D+E i

where Aaiis the amount of crack growth associated with the
load increment Uihax- uﬂﬁm.lt is assumed that growth occurs
only in the upward part of the load cycles. Moreover, the
growth is a function of effective stress intensity fa@tor Ly

given as,

AK’ff - f(AKfo) (‘8'.2)
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The form of the function £ is not essential for the

model. AKeﬂfis given as,

Aueﬂfis specified as,

1 i 1 s i 1
AC grr = Opix™Tnin if Oop 3 Opin (8.4)
i 1 1 1 1 1 ‘
AQ ypr = Opay=T op If Opin < Oop < Opax (8.5)
AGzze = O if al, = ol (8.6)

where Uopstands for the crack opening stress and « is the

correction factor accounting for the finite width, given as

Y - ol
(8.7
l - ﬂ
R -

The first condition of the equation seems logical, but as a
consequence the hump opening function depicted in Figure 8.5,

i i
i; is impossible that vu op £ o min* op

may be regarded as normalized with respect to Onax " It can be

In Figure 8.5, g, and ©

seen that no value of © is greater than Uop *

min p
Plasticity effects play an important role on the crack

opening and crack closure behaviour.

8.3 Effects of Plastic Deformation on Crack Opening

Behaviour

de Koning has explained his hump concept in =a
qualitative way by considering two plastic effects. Namely,
those in front of the crack tip and in the wake of tﬁe growing
fatigue crack.

Firgtly, the effeéts of plastic deformation in front of'
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the crack tip are studied. In the analysis the presence of a
fictitious initial crack is assumed. This crack has grown at a
mean stress level and load amplitude that has left negligible
plastic deformations along the crack surface behind it. Then a
spike load was applied (Figure 8.1). As a result, plastically
. deformed material is created at the crack tip. Upon subsequent
unloading a zone of material, yielding in reverse is created.
Inside this zone the material is loaded additionally from the
positive yield limit at the spike 1load to the negative limit.
-This implies that with respect to reversed plastic flow the
material can carry approximately twice the load increment
observed for plastic flow in the virgin material. Therefore the
zone of reversed plastic flow is much smaller than the primary

zone (Figure 8.2).

load apike load ‘ T
A level

plaatic
vary amall - Zone

I amplitude crack '’
tip

T B

= time

r_..........._
PO 8 [ .

¥

lfatigue
crack growth

Figure 8.1: Effect of plastic deformations in front of a
crack tip on the crack opening displacements.
The crack i“Xxloaded to the spike load level
[(351.

In position B the overall atresa ia zero. For this
reason, there will be a tension zone around the compression
zone of reversed plastic flow that would be decaying away from
the reversed =zone balancing the compressive atreasses. This
tenaion zone causes the crack to open near the tip. Thus, after

the application of the spike load the crack closure stress has
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load ————

A A ™
primary -
crack plastic

is open

— —r

— e

B zone of

H—= time ‘reversased

plastic flow

Figure 8.2: Effect of plastic deformations in front of the
crack tip on the crack tip on the crack opening
displacements. Unloading the spike load level
[351.

decreased from zero to a negative value. This may explain crack
growth acceleration after +the application of an overload. In
general, it can be qgncluded that plastig deformations in front
of the crack tip tend to increase the crack opening
displacementa. A reduction of the crack opening stress occurs;

Secondly, the effect of plastic deformations left in the
wake of a growing crack will be considered. Assuming that after
the application of the overload-underload combination, the
fictitious low-amplitude fatigue test is continued at &a mean
stress (Figure 8.3). After the crack grows over a distance
equal to the primary plastic =zone size, D' the crack tip is
situated at the boundary of this =zone, ény further continuation
of the test will cause the crack tip to enter into the virgin
material again. |

At this stage, the plastic deformations associated with
the @apike load have become visible in the form of a hump
located at a distance & from the centre of the crack .The
width of the hump corresponds to the primary plastic zone size,
' . Moreover, due +to the unloading of the spike load, reversed

plaastic flow has caused a reduction of the hump and the area
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load
A
AAAAAAS
& = tine
load
A hump on
the crack
surface
_.______,__—.\d— AR LY
ah
—t ime =

Figure 8.3: Loading sequence used analyze the behaviour of
the hump opening stress and the crack tip
situation after the application of a spike lawd-
underload combination ({351.

affected is the same order of magnitude as the zone of reversed

that

crack

plastic flow. It is seen
locally decreased the
Clearly, plastic deformations
. fatigue crack tend to increase
the crack opening level will be

two plasticity effects.
8.4 Crack Opening Model

8.4.1 Model for a Descri

the
opening diaplacements
left in the wake of

presence of the hump has

(COD> .
a growing
the crack opening load. Thus,

a result of competition between

ption of Hump Opening Behaviour

The CORPUS model is basically associated with plastic
deformation left in the wake of the crack (Elber Mechanism). It
is assumed that each cycle will leave its own plastic
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deformation, including its reversed plastic deformation during
the unloading. Therefore the crack is covered with humps, where
each hump is associated with a previous cycle.

-In the model, hump opening behaviour, as shown iﬁ Figure
8.4, is approximated using a delay switch. The switch is set on
after the application of a spike load and set off if the crack
has grown through the épike load plastic zone. If cycle i

hump opening
streas

N
°nOL" ——— experimental and
‘a.\ FEM results
%a r
ES
~
*,
%
.,
region of T
retardation D o
-
'y .
= ) - - crack
. E‘ length
an an ,.,Dn

Figure 8.4: Illustration of the hump opening behaviour as
observed experimentally and by the finite
‘element method. The behaviour assumed in the
madel is indicated also [351.

*

creates a hump, it is assumed ~tha£tﬁbé depends on. the load
émax applied to create the hump and on the subsequent minimum
streass Urﬂhin experienced by that hump, that is

Sél - g(ﬂéu,qf&g if al<a«<ail+pi .8



So':, -0 if a» als+D? (8.9)

where the function g in principle will be different for
different materials. Based on empirical evidence the function
was defined as, 4

If R > @,

glol,, oltly = ol (~0.4R%+0.9R3-0.15R%+0.27+0.45) (5.10)

If -2.5 < R < @,

glode, 052 - ol (0.1R? + 0.2R + 0.45) (8.1

whaere, R is the satress ratio.

A R= min (8.12)

i
@ “max

The same function 1is applicable to both 2024-T3 and
7075-T6 materials (Figure 35).

Newman [164] has demonstrated that the crack opening

i i
Rax and u mnxbUt also on

the maximum stress in relation to the yield stfess, i.e. on

st.ress level does not only depend on o

Yax’% ys - de Koning defined a correction function h which

adjusts the hump opening function to Newman’s results. The

correction function h is,

1

- _piy3 ¢ Ymax 3 (8.13)
h=1-0.2(1-R?%) (1.1501.3)
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©.35!

Figure 8.5: Hump opening stress plotted in relation to the
stress ratio.

The‘corrected crack opening level is
E | i i+1 . :
Sop i g(a lomin) h a5 (8.14)

de Koning has applied the correction function only to

2024-T3 material.

With regard to the functional behaviour of pr the

following observationa can be made:

a. The lower the ol ,the flatter the hump will be;

min
consequently it will open at a lower stress, so that éop

decreases with o

min °
b. Both the size of the hump and the opening stress

increases with the opening stress level émax .

-

8.4.2 Effect of Application of Underloads on the Hump
Opening Stress

Application of a more severe underload causes a further
flattening at the hump and thus the hump opening stress
decreaaea. This effect is illuatrated in Figure 8.6. According
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] :
to the above equation, after the application of Unminthe new

value of Uﬂm will be,

i 1 n n ‘ .
8.4.3 Definition of the Crack Opening Stress

Variable amplitude loading can be considered as a
sequence of overload and underload combination. Application of
the model implies that one delay switch per load level is
introduced. Each switch accounts for the opening behaviour of,
one set of humps created by the application of that particular

load level.

F no contact between
O athe set of the humps

~time

Figure 8.6: The hump created at o ® _ 'is flattened by the
application of o? 1 and later on, flattened

min
by o Mpyn,20351. ’

The crack is assumed to be closed as long as one or more
of the humps is in contact with ité counterpart on the opposite
surface. The hump that has last.;ost contact determines the

crack opening stress, that is,

i 1y
O op = max(9s,.07) (8.16)



76

Figure 8.7 gives an illustration of c¢rack opening

stress.

crack tip

/%{/ e

.OP
52 _____ hump 2 breaks contact
S

hump 3 breaks contact

op
A

P » :
hump 1 breaks contact

Wl | | e

time

Figure 8.7: Opening behaviour of a crack tip in the case of
three significant humps on the crack surface
[351.

8.4.4 "“Limited Memory' Properties of the Model

Using the load sequence presented in Figure 8.8 somne
properties are discussed hereafter. It can be seen that the
first hump is created by qémax and subsequently flattened by
‘;min . The opening stress Sﬁn) of this hump is given by eq.l14:

It follows that
1 1 2 . ‘
g bp_g(o , O min) . h (8.17)
Then effective stress range AT o for the next cycle
will be

1 2 _el .
AQ of =0 wax = op (8.18)
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load ’ load E 4
A U’l 0'4 A ol o2 o
max max U3
g
ax 4
o
nax
4
/ %P = Sop
- " time
%p = op
7] 5_ actual crack
Py I 2 ___“Fln opening stress pr
o
3 ~—-J%1 -- e opening stress
% “nin °p ' of hunmps
in n
T op =Rax(S .0
L] 4
%nin . CGrack

length

Figure 8.8: Examples of hump and crack openifag behaviour
[351.

The second hump is created by application of U%mm' This

hump has not_expe:ienced Uzmh1 , but in the next cycle is
flattened by 3min - Thus,
N 2 2 3
Sop - g‘(o‘ L 07) . h , (8.19)

The first hump has experienced a minimum stress o2
Application of °3min
hump provided that o3 . > 0%, . Therefore Sl  will be the

P
is greater than 820

min®
will not produce a further reduction of the

same in the second cycle. Since Sl° » crack

P P
opening stress will be Sﬂu)and effective stress, in the second
cycle,

2 3 1
AQurr = O -oop - -Sop . (8.20)
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A third hump is produced by the application of éﬁmx' The

subsequent negative load increment U4min flattens all three
4
humps, l?ecause Oémin < Uzmin and o nin < oamin' The hump opening
stresses for the next positive load increment dﬂmx are
regpectively,
gL - glot., 0t .k (update L) (8.21)
op g maxs Ymin/ - ‘ UpaaLe <qgp

g3, - g(0fag,04n) . (Update §3,)  (e.22)

3 3 4 '
Sop - g(ﬂm, omin) h (8.23)

= ol

igs greater than all maximum

Since S&m still has the highest value,
Suppose in the next cycle d%mx

1max 5 2mat Uamax applied previously. Then, the hump

created by the application of U4max will dominate all of then.

. 4 ; 4 1 ;
In the first place J%in > o min gives S op > S °pand, according

to eq. 8.16 hump 4 becomes dominant. On the other hand, if éﬂun

loads © o

< U5mn‘ then humps 1,2,3 will experience a minimum load more

severe than the previous &2un . For the updated values of hump

opening stresses, it follows that s4op > glop > 32°p > 530p . It
is seen that after the application of any negative load
ihcrement, hump 4 governs the crack opening behaviour. In
general,_itvcan be concluded that the effect of previous hump,
j» on the crack opening behaviour |is overruled by the
applicatibn of a more severe maximum load Jmax ’ that is ,

J
Jmax > 0iax * In this way, application of a relatively high

load level erases part of the memory. Besides, the effect of .

hump j is also erased permanently if a > aj,+ Dj, namely, when

the crack passes through the plastic zone created by d%mx .

8.5 Retardation Regions

The plastic zone size depends on the state of stress at
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the c¢rack tip, plane stress, plane strain or a transition
between those two conditions. A characteristic feature of the
CORPUS model is that it also distinguishes between a plastic
zone extending into virgin (elastic?) material and a plastic
zone induced in material that was alfeady.plastically deformed
before. These two types are respectivély called primary and
secondary plastic zones. de Koning derived a special equation
for the primary plastic zone. This equation was based on the
Irwin type equation. Due to his obversation that Irwin’s
equation underestimatea the plastic =zone at load levels
approaching the yield limit, he introduced some corrections to

account for this fact. It la formulated as

ca ¢ Fmeny 2 @2 | qog ( Fmany?, @217 (82
2-1a(om)+(b) [1-0 (22) 4 (£)°] -4 () .
a « P

3(‘3) .
(8.24)

where b is the semi width of the specimen and « depends on the
state of satress. For plane stress o = 1/1.32 and for plane
strain « = 1/9. For 70753-T6 material with a high yield stress,
the plastic zone size equation is obtained by simplifying

eq.24.
. am 2 a 2 . om 2 -
D= aea(—=) [1+(5) +a (%) ) (8.25)

¥

In the CORPUS model, the crack tip atate of stress
depends on the size of the plastic zone relative to the
thickness. First, the plastic =zone size is calculated under
plane stress condition (les >. If Dss > .5t then the plastic
zone size is assumed to be in plane stress. If Dss< ©.35t, the
plastic zone is assumed to be in plane strain. The plane strain
size is denoted by Dsn' During the transition from plane
strain to plane stress, ( 9©.35t <l%s < ©.5t), the plastic =zone
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size is
D
(—=-0.35)
E (D_..-D.) (8.26)
D = Dypy*2Dep | — g1 —5

A plot of the relation between the delay region and the

plane stress plastic zone size is given in.Figure 8.9.

D
DSS
T plane strain transition plane streas
- I ]
1 @__._.”_*_.._-..__.._J ______ !
D =Dpn ; D = Dgg
'
1
1
3
£
1
i
1
Y 4
i
2.15 — ' '
: : _ Daa
@ 0.35 2.5

Figure 8.9: The delay region plotted‘in relation to the
plane stress plastic zone size [10].

Secondary plastic zones are always assumed to develop .
under plane gtrain condition. The size of a secondary plastic

zone is,

1 (AKeff 2

D= (8.27)
9w 20,,3) ‘
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This equation is based on the Irwin plastic =zone size
approximation with « = 1/9 for plane strain and 2%8 instead of

%g in view ‘of reversed plastic deformation present in the
rimary plastic zone.
p .

8.6 Modelling of the Material Memory

During crack ' growth under variable amplitude loading,
various primary and secondary plastic zones will be created. If
they can affect Uopin later cycles, they must be stored.in the
material memory. In Figure 8.18 a schematic picture is given
with two primary zones and two secondary =zones. The primary
plastic zone (PPZ) was. formed at a = a,. It became a PP2Z

because it penetrated elastic material, which means,

a,+dp, > a,+dp, (8.28)
e
dpl primary plastic
: zonesg at a = a,
zone 1 v > and a = a,
- dp X

] 3 :ff@%ﬁf{mﬁv h
=l ,ﬁ;’%{ ’J—zone 4

S ,-" A ._,-" .p, o
a, B i
= %4 £ ?fﬁﬂﬁwy' zone 93
a, = o
=

secondary plastic
zones at a = &y
and a= a,

Figure 8.10: Overlapping plastic zones in the
CORPUS model ([71.

At a = &y a primary plastic zone was not formed because
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its size dB; », calculated using eq. 8.24, was not large enocugh

to penetrate elastic material. In other words,

a,+dp, < a,+dp, (8.29)

The load cycle occurring at a = ) thus created a
secondary plaatic zone with a size according to equation 8.27.

Fortunately not all plastic =zones can affect 0o

op’
because their effect on Uop is overruled by other plastic
zones, or the delay switch was turned off. As a consequence,

only a limited number of plastic zones must be stored in the
material memory. .

If the crack is growing, it will reach a size a = a +
dpl. At that moment the delay switch is turned off and the

first PPZ can be removed from the memory.

1}

The second PPZ was formed at a a, - If é%ax exceeds

émax it will create a larger hump and the hump of the first PP2
can never become dominant afterwards. The first PPZ can thus be
erased from .the méterial nemnory .

From the above arguments it follows that the Uhm‘values
qssociated with primary =zones that should be stored in menory
muat form a series of decreasing values. These wvaluea, named

history values are labelled as dea values. In a similar way,

*®
the arguments on creating and reducing humps by downward loads,

imply that there is one o value associated with each PPZ,

min
and secondly the UHmthalues muast form a series of increasing,
or at least equal values which can not occur'in the PREFFAS

model. Each pair of UH&&{ and oH of a- plastic =zone is

min
connected with an qn)value, but the SHﬁp values of successive
plastic =zones do not necessarily form an increasing or

decreasing series of values in contrast to the PREFFAS model.
For a crack tip located in overlapping plastic zZones, the Sop
valuea of the zones have to be checked to find the maximum
value. In addit’ion to Uquax’ U‘H min’

and its location (a,D) must also be stored in the material

Sﬁoﬁ the plastic zone size
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memory . )
| If a PPZ2 is not formed, and the crack is still opened, a
secondary plastic zone (SPZ) is formed. This may occur in many
cycles. However, only the historic SP2’s have to be stored in
the memory. A SPZ is a historic SPZ if it can have an effect on
%p in subsequent cycles. The hump and delay switch concept are
also applicable to the historic SPZ2”s. This implies that again

the Uﬂmx and the oH values form a decreasing and increasing

min
or equal series of stress levels respectively, whereas again no

specific sequence applies to' the associated SHop values.

Moreover, in view of the hump concept the combined series of

UHmaxand UHmin

form such series as schematically shown in Figure 8.11. With

regpect - to U%n>of the SPZ2’s there is a limitation. If in

values of both PPZ2‘’s and SPZ’a together must

Figure 8.19 UHopof zone 3 is lower than the UHop levels of the

UHO level of the two PPZ’S (zone 1 and 2>, there is no need to

stoge ovH levels of zone 3 in memory. SPZ’s by definition are
embedded PPZ’s. If thesg PPZ’s have higher UHopthan SPZ, the
hump of the secondary plastic zone will always remadn less
significant than the humps of the PPZ’s. The delay switch of
the SPZ2’s will always be turned off before PPZ)s. In other
words, the Uﬂopvalues of the S?Z’s must all be higher thén the
lowest Uprof the PPZ’s.

The above characteristic features are the logical
result of the hump and the delay switch concepts. Some

consequences are recapitulated below:

a. A PPZ ias formed only if plastic deformation enters
the elastic material. More than one PPZ can exist at the same

time.

b. SPZ2’s must be atored in the material memory when

they can have effect on in subsequent cycles. The number of

o
op
such historical SPZ’s will be limited because they are easily

erased either by high Uhm(peaks, low o peaks or by turning

min

"o
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off the delay switch as a result of crack growth.

Several examnples of erasing plastic =zones, of -
decreasing UHmin and oH op are schematically illustrated in
Figure.8.11.
K;:m‘ erases PPZ No. 2 nd 3
A RSP W —Y%naxy ©erases SPZ No. 4,
: ﬁ w-da »~~ 35, & and introduces a
' i ' = 4h"“jr‘. T new PPZ or a new SPZ
1 PPZ\ r B
3 zl ) ‘& szll ﬁ\
P o W A 3 A1 L}
| i 3 l, | i 3 1} .
11 24 3 1 a4 Sy 61 /ﬁuﬁhx resets history
' t ' ' H y, levels of SPZ No. 5
' ' ; y _oel-=""f and & ¢ oH =
1 1 1 -— oH = Umi '5)
1 Yy _.__~y_'.,-—"' P{nin,S mhn
Ymwm 2 b . Uop and o© op.6
.- - is"Yeduced By

o . resets history levels
o?“bp

Z No. 2 and 3
oH and oH
are eqlial to min,3

All SPZ’are erdsid
Figure 8.11: Series of decreasing uH ax and increasing UHQin

valuea inthe COPUS modef. Consequunces of some
U nax and Umn]values if they occur [7]

8.7 Interaction of overloads
+
The model described in the previous sections was
developed specifically for the evaluation of
stress levels resulting from

crack opening
application of
underload combinations.

single overload-
In the previous version of the model,

de Koning applied the model to 7075-T6 material

satisfactory results.

and obtained
However, application

of the model to
2024-T3 material with lower_yield strength and higher ductility
‘resulted in highly conservative predictions.

This was due to
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the interaction of overloads which played an important role in
2024-T3 material unlike 7075-T6 material. He also carried out
an experiment with constant amplitude load sequence interrupted
twice for the application of overload-underload combination. He
obgserved that upon unloading the second overlocad, the 1load
bearing capacity of the relatively larger hump (associated with
the first overload-underload combination) reduces reversed
plastic flow in the actual plastic =zone. Thus, interaction
between the overloads leads to é higher hump and,.therefore
the hump opening stress levél of the second overload is higher
than in the case of a hump created by application of a single
" overload.

In the case of a single overload-underload combination
the hump opening stress 1s given by eqg.14. If +there is
interaction with another overload-underload combination, then
the hump opening stress is higher than Sopaccording to eq.14
Ehat is

~ Sop = I (Snaxs Satn) (8.30>

With regard to the application of a series of overloads,
each being of the same magnitude, it will be assumed that the

value of S° possesges a certain upperbound. This bound is

P

considered as the stationary value of Sop for the case of

muitiple overloads. To define the stétiopary level a- parameter
R X
.nf’st (@ < m st

range of wvalid S values is bounded Dby the following
op

¢ 1) is introduced. Using this parameter, the

assumption

glod,, o8:) 3 6% 3 g(0mx, Oain) +Mat [0giy~g (Omi, Onin) ]

[ S EE———

lower bound : upper bound
single overload stationary 8.

(8.31)
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For the 2024-T3 material under consideration, he observed
that the stationary value of Sop depends on the proportion
between the amount of crack growth occurred during low
amplitude locading in the interval between the application of
overloads and the overload plastic zone size. For the case of
overload plane stress plastic =zones thig behaviour is

approximated by,

mi = 0.140.222  iF 0 < 42 <90.25 17>
Dn Dn
Mgy = 0.15 if 0.25 < %‘%5 1 <¢s.32
. . a8
mhi = 0 if _3_5 1
~

where aa is the amount of crack growth in the interval, between
the application of overloads and, D®, astands for the plastic
zone size of thé overload. A graphical representation of Wat
is given in Figure 8.12. It is noted that, in the region
corresponding to ©.25 < aa/D? < .1, the stationary value, ',
is seldom reached due to the finite wwidth of the specimen. de
Koning extrapolated the values presented for this region. In
the regime corresponding to aasD® > 1, the overload interaction

is ignored. The overloads are then treated as single overloads.
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Figure 8.12: The stationary parameter
of overload interaction

:

8.7.1 Constant Amplitude Case

Under constant amplitude loading the plastic zone will
extend in each c¢cycle into elastic material. This implies that
each cycle is an overload for the previous cycle. In this case
nultiple interaction will occur, which will raise SoﬁlFor the
congtant amplitude case, Aa is small compared to o, Therefore,
aa/D" value can be taken as zero. It then follows from eq?@Z

. that n{‘st = @.1.

88 - g(8Be, 88n) +0. 1[G~ (She, GB0) ] €8-3)

8.7.2 Variable Amplitude Case

In general, a large number of overloads are required to

o The S op is relaxed to the
atationary value in a stepwise manner starting with the single

reach the.statidnary condition of %)

overload value. To describe relaxation process a parameter was
introduced. Thia parameter should be updated whenever a new

overload is applied.

Sop = gl9ay., &iy) + m® (82, ~g(Snes Snin) ] (8-39
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n
For m® = 0, Snop is equal to g¢ Snmax » ST, Y for the

single overload underload case, and for m? = mnsf the S is

p
equal to the atationary level. The updating equation of mP is,

Ad
mnj:vw - mcﬂdf" & [mgng"m.;}d] 3‘5 (8.35)

where & is the relaxation factor, aa 1s the crack extension
between the overlocads and pd  is the p;astic zone size of the
dominant hump of preceding overloads which has the highest
crack opening level sgelected from the primary plastic zones.
For the 2024-T3 material the value & has been chosen to be
2.28. It should be noted that the upperbound, ﬂgt y itself
also depends on the aa/D" value. Therefore, its values must be
updated'at the same time.

The stationafy condition was first considered for
interaction effects of overloads witﬁ” the same 1load level in
the plane stress condition. In a more general load sequence,
interaction of overloads with different load levels and plastic
zones under different conditions must be considered. de Xoning
introduced twa corrections on the relaxation factor, &, to

account for the effects mentioned above, that is

8§ -0.288, 5, (8.36)

where @.28 is the relaxation factor adopted for the 2024-T3
material. 61 accounts for the differences in overload. levels
and 62 accounts for the effect of reduced overload interaction

plane strain. These corrections are given by,

dmn 4
51- 4 D* D ]

if DpD» < pd (8.37)
(D%D=)*2
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d
5, - -g-; if D= » pd (8.38)
and,
d
6, - -2; 0 <6,51 - (8.39)
Dﬂﬂ

where DY is the plastic zone size associated with the dominant
hump, which provides the highest crack 6pening level. D% and
ﬂss are respectively the actual plastic =zone size and its
value for the hypothetical case of plane stress with « =
1/1.32 for the dominant hump. D! is the current plastic zone
size. mnstis determined according to eg.32 by using D 4 instead
of D®. 6lis'plotted in Figure 8.13. The graph shows that the
interaction is smaller if DB and # are significantly
different, whereas the interaction ias largsr if the two sizes
are about the same. It should be indicated that ﬁ%ld in eq;85
ia the wvalue corresponding to 'Ui not necessarily the value
immediately preceding mnne# and that in eq.35 for the value of
lﬂ‘old the value of mdold is substituted if &, & Zmdo'ld > 4

Interaction of multiple overloads are applied only for
peak loads which produce a primary plastic zone.

de Koning did not apply the interaction of overloads for
7973-T6 material, since no improvemen£ in the predictions were

observed. v
8.8 Failure Analysis

In an application of the c¢crack growth model +to a
practical prbblem, the computationa must end when the final
failure occuras., For this purpose de Koning has chosen two
criteria; net  section yield and fracture of the aspecimen. The
condition for net section yield was formulated as,

where b ia the half width of the specimen
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Figure 8.13; The correction factor, 5, , for the
' relaxation factor, 8, accounting for the
effects of different locad levels.

=17

, |
Net Section Yield if Opy = om(l-%) (8.4

- The teast on fracture is,
Fracture if K=-Yag,ynal = K,

where KICis the fracture toughﬁess of the material.
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8.9 Prediction Results

de Koning has provided material parameters for 2024-T3
Alclad and 7975-T6 Clad materials to run the CORPUS model, also
Padmadinata 71 has also deﬁermined material parameters for
2024-T3 bare material.

The parameters used in presenti calculations are given
below.

a. 2 mm 2824-T3 Alclad material

%g = 36@ MPa
Ke = 65 MPa m?%
c = 1.26 = 1610
n = 3.7
& = ©.28 5, &
b. 2 mm 7075-T6 Clad material
Xg = 500 MPa
Ko = 70 MPa m?%
C = 1.6 » 1¢7°
n = 2.5 ~
& = ©
C. 2 mm 2024-T3 Alclad material
| mg = 394 MPa
c = 2.9443 = 10711

n = 4.1
& = ©0.28 6115
de Koning has applied -the model to F-27 and F-4 spectra.
Later, Padmadinata has applied it to F-27, F-4 miniTwist,
Twiast, FALSTAFF, CN 235 spectra and to some variable amplitude
teasts (Misawa/Schijve tesLs). de 4Koning has made some  minor
modifications in eq.’s 11 and 13 that Padmadinata has adopted
in his thesis. For this reason there exist some differences
between the two. In the present thesis, the computer program
was run for the F-27, F-4, TWIST and miniTWIST spectra and the
Misawa/Schijve tests. Descriptions of the flight simulation

apectra have been given in chapter 1.
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A presentation of the tests and prediction results are given

below.

F-27 and F-4 Spectra

‘The F-27 and F-4 load spectra were described in chapter
I. In the F-27 flight simulation tests, the width and thickness
of the center cracked specimens were 163mm and 2mm
respectively, with a center notch width, 2a0, of 7 mm [7]. This
load is referred to as case NN (normal gust spectrum, normal
ground stress level). Variables studied were the gust gspectrum
severity, the ground stress u§r> severity and the mean stress
in f£light (Umg. A severe and a light gust spectrum were
obtained by increasing the g, / thvalues of the normal gust
apectrum. (table 8.2). Several ground load severities were used
with U’gr/U’ nf V28¥ying dfrom -0.5 (severe), +@.125 (light). Table

8.1 gives a description of load variables.

relative gust amplitude Uy /0 ¢ E

: flight type code basic-program severe gust light gust E

1o 1.25 i .1.38 1.11
9 1.1S ' 1.28 1.2
8 1.05 1.18 .92
7 .95 1.08 2.82
6 2.85 .97 2.73
S .75 .87 .63
4 .65 .76 . .54
3 .55 .65 2.45
2 2.425 ' ©.3515 ©.335
1 2.30 .39 T e.21

Table 8.1: The gust amplitude for the basic programme and the
derived severe gust and light gust versions. F-27

spectrum [71.



93

(%) Applied to 7075-T6& only

Um/UIf gust severity
2024-T3 7071-T6 | 1ight  normal severe
ground light * +0.125 +0.125 | LL NL SL
stress light -9.125{ LL NLw SL
severity normal -2.234 -2.54 LN NN SN
severe -8.5 -8.5 LS NS Ss
gust

Table 8.2: Letter codea of the guat apectrum and ground load

severities, based on the F-27 spectrum ([7]1.

Material: 7075-T6 Clad
(a) 3.9mm =35mm
N (£flights)

spectrum o yp (MPa) teat predictions |prediction/
variant teat
e 7000 8500 1.2
NN 82 1907022 11202 1.0
70 16509 15160 2.9
LL* 27700 25900 .9
LN 70 253090 23900 2.9
LS 21400 22100 1.9
NL ' 24600 17500 0.7
NL, 70 17009 16200 1.0
NN 16500 15100 .9
NS 12400 13200 1.1
SL 17500 12500 2.7
SL, 70 11800 11309 1.0
SN 9700 10720 1.1
Ss 8734 9600 1.1
F-4 63.7 12609 13400 1.3

N = normal, S = severe, L = light, L* not so light

First capital refers +to gusat

streas “gr.

Table 8.3: Crack growth lives,

spectrum, s

econd one to ground

testa and prediction resulta for

F-27 and F-4 spectra (7075-Té Clad material).
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Material: 2024-T3 Alclad
(a) 3.5mm -=25nm
N (£flights)

spectrum o yp (MPa) test predictions |prediction/
variant. test
119 129020 7800 2.7
NN =1 36300 39400 1.1
72 123000 107100 ©.9
LL 72800 45100 2.6
LN 100 31200 32800 1.1
LS | 19000 . 1900e 1.1
NL 44000 18700 9.4
NN leeo 18250 18300 1.9
NS 12259 8700 9.8
SL ) 23500 7700 2.3
SN ) 102 11520 7300 2.6
SS S400 5400 1.9
F-4 91 6320 6800 1.1

N = normal, S = sévere, L = light

Firat capital refers to gust spectrum, second one to ground
stress Ugr.
Table 8.4: Crack growth lives, tests and prediction results for

F-27 and F-4 apectra (2024-T3 Alclad material).

TWIST Spectrum .

The tests were carried out on central cracked spécimens
(width W .= 1@, thicknesa t = 2mm) of two materials, 2024-T3
Alclad and 7075-T6 Clad. The test variable was the truncation
level. For 2024-T3 Alclad material, truncated load levels were
II, III, IV and V, while for 7075-T6 Clac mater;al truncation
levels were I, II, IIXI, IV and V.
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a. Material: 2024-T3 Alclad
(a) 4mm - 24mm
N (flights)

Truncation teat predictionJ prediction/test
level

II 64509 © 53700 0.8

I1I . 2175@ 19700 9.9

v 12600 8000 0.6

A 8400 5400 2.6

a. Material: 7075-T6 Clad
(a) 3.5mm = 25nm
N (£flights)

Truncation teat predictions!prediction/test
level

I 4400 . 3300 0.7

11 . 4000 2800 0.9

III 3400 2500 2.7

Iv 3000 2400 . 0.8

v 3600 2400 0.7

Table 8.5: Crack growth lives, test and prediction resulta for
TWIST spectrum.

niniTWIST Spectrum

The teata were carried out by Padmadinata unaing central
cracked apecimena with 16@ mm width anﬂ 2mm thicknesa. The test
variable was ground load severity.

Material: 2024-T3 Alclad
(a) 6mm -+ 3@mm
N (flights)

ground test predictions} predictions/test

astress

-0.50,¢ 130209 11100 0.8

%] 28009 137002 2.5

able 8.6 Crack growth lives , tests and predic;ion results

for miniTWIST spectrum.
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Simplified flight simulation loading tests

The tests were carried out by Misawa/Schijve using
central cracked specimens with a nominal thickness 2 mm and a
width of 182 mm. The results of the tests were taken from
reference [71. Three typeas of flight load sequence were
adopted. The load sequences used in these teat series are shown
in Figure 8.13. Two values were adopted for the number of
cycles per f£light (m)>. These were S and 1990. In' Figure 8.14,

only the firast one ia presented.

- e e e o i = o o m et

e e e - wmn e e e et ey - = e aaan e

Type I
No overload

LI A I O |

— ¥ —

Type II
0L at
begining

Type IIT -
OL at end

Figure 8.14: Load sequencea in the flight-simulation tests
with five cycles per flight [7]
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Material: 2024-T3 bare
m = S (cycles/flight)

type T o (¥Pa) oy (MPa) | tests predictions prediction/

(ked (ko) test

9 - 48 62 1.3

I -40 49 53 1.1
-80 43 48 1.1

%] 200 21 19 2.9

169 45 48 1.1

IT -40 200 17 14 0.8
. 160 . 38 36 2.9
-89 200 14 11 2.8

160 31 29 2.9

2 200 - 22 15 2.9

169 46 42 2.9

III -49 200 16 14 2.8
169 . 36 28 9.8

-89 200 15 @ 11 2.7

N 169 31 ' 22 8.7

-~
Table 8.7 : Crack growth lives, teata and prediction results for
the Misawa/Schijve testa (m = 3)
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Material: 2024-T3 bare
m = 100 (cycles/flight)

type Ugr (MPa) og. (MPa) testsa predictions prediction/
(ke (ko) test
2 64 72 1.1
I -40 58 72 1.2
-80 60 71 1.2
%] 200 265 3590 1.3
" 160 195 284 1.5
11 -40 200 213 ’ 267 1.3
160 145 258 1.8
-89 200 139 215 1.5
160 133 237 1.8
%] 200 302 281 2.9
160 172 142 2.8
III -49 200 209 165 2.8
) 160 135 84 2.6
-89 200 2 131 105 2.8
160 122 P 57 2.5 )
able 8.8. Crack growth livea, tests and prediction results for

the Misawa/Schijve teats (m = 1290)
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IX. DISCUSSION

In evaluation of cocrack propagation models, threes
criteria are important. The model should (1) accurately predict
crack growth; (2) indicate the trenda of the effects of design
variables; (3> be applicable in a wide range éf crack
phenomena. In view of this ecriteria an account of the CORPUS

model will be given.
9.1 Effect of Design Streasas Level

Different design stresa levels were applied in the F-27
tests (Tables 8.3 and 8.4). For the 2024-T3 and 70753-T6
materials, respectively 118, 9@, 72 HMPa and ca, La, T Mpa
mnean flight stressea were uaed. The prediction results agres

rather well with the teat reasults.
9.2 Effect of Guat Load Severity

The gua£ ioad severity effecte were inveatigsted in the
F-27 teats (Table 8.3 and 8.4). The Gust load severity effect
is well predicted for the 7875-T6 material. But, for the 2824-
T3 material the predictions are not good in some cases. The.
ratios between predicted 1life and test life are 9.6, 9.4 , 0.3
" for the cases LL 1082 (light gust), NL 188 {(normal- gust) and SL
1@ (severe gust), respectivel?. '

+

9.3 Effect of Load Sequence

Load sequence variations were applied in the HMisawa/
Schijve teaste (Table &.7 and 8.8). The predictions of the
CORPUS model indicate a aignificant sequence effect in types 11
and 1II, eapecially for m=10® which contradicts test results.
The teasts indicate asimilar regults for the two sequences,

whereas, CORPUS predicta ayatematically larger lives for
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sequence II. This was associated with a different choice of

Din values for the calculation of Sop . In the CORPUS model

preceding minimum loads have no aeffect on hump opening level.
For the 1load saequence type II, where the overload eycle
precedes small cycles, ﬁn)is determined by the maximum stress

of the overload, and the minimum streass of the small

o
oL
cyclas, However, for the load saeguence type II1, where the

overload cycle follows anall cycles, is determined by the

Ebp
maximum etress of the overload and ‘the more severe gust load.
Therefore, the crackh opening stress level in load aequence type

II is higher than in type III which leads to a longer life.
9.4 Effect of Ground Stresas Level

The effect of ground atrsss levelz can be obaservad in
teats with miniTWIST and F-27 apectra, and in the Mizawa /
.Schijve testa. Under F-27 spectrum, for 7075-T6é material the
effects of variations of tha ground sztress level are well
predicted. Aa for 2@34—T3 material the effect of ground stress
level iz oversstimated for light sapectra; LL; NL, 5L . Aé a
reasult, The predictions are very conservative. Under miniTWIST,
the tests were carried out for the normal ground stress ( o =

gr
—Q.S%E ) and for a light ground streass ( o = @ ) (Table &.6).

Again the predictions are good for the norﬁil ground stress and
conservative for the light ground stress. They are respectively
2.9 and ©.5. Prediction regults are good for Misawa / Schijve
testa, particularly for m=5.

Padmadinata has given an explanation .for the poor
performance of the CORPUS model in predicting the crack growths
of light ground streass spectra. The Common feature of these
apectra was that the most sasevere downward load was the most
severe minimum guat load. Although it is a rarely occurring
load (once in 2500 flights), it has a predominant effect on the

crack opening stress level., It is due to the~assumption that

underloads affect hump size in its entirety. The reduced hump
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opening level continuea until the crack moves out of overload
induced plastic zone. In cohtrast, in the ONERA model, becauae

of fast relaxation of K the crack opening level resunes

mineq ’
its previous value. As a result, underloade have a limited

effect on the crack opening level. In this respect, CORPU3
doesn’t agree with the experimental trend. Based on this
reasoning, Padmadinata developed a concept " of underload

affectad =zone 1in hie modified CORPUS model [71. The Crack
opening level is determined by the most severe maximum load and
the mosat severe miﬁimum load, each having their own delay
gwiteh. . With ﬁhis assumption, history wvalue and secondary
plaatic zone concepts are eliminated. Whereaa the poor
predictiona of- the CORPUS model are improved in its new
version, the compatibility of the modified model to the real
crack growth mechanisma is guestionable. Let us consider an
overload-underload combination, the underload immediately
preceding the overliocad. In the CORPUS model, sasince the hunmnp
aize can only be reduced by a wminimum load that occure after
hump is created, the underload would have no 2ffect on the humpv
created by the overload. 1In the modified model, aince the
underload would create a dominant reversed plasticity at the
crack tip, it will have full effect on the hump opening level.
On the other hand, experiments give a contrary trend. If an
underlgad immediately precedes an overload, the effect of the
underload on overlocad induced retardation would be limited.

The approach uvaed in the ONERA mnodel sazesenmns more
appealing. Howevar, the function used in the model for the

raelaxation of %n » 18 not a proper one, so that the model

ineq
does not predict correctly the effects of ground stress level.

9,53 Effect of Truncation

Effect of truncation can be observed in the TWIST tests
(Table.8.5). The trend is correctly predicted.

DYiikSGk(-).’:TI Cv.
Okijn,, S1Clin
* Q'Dtasy on uruly
Merke 2
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9.6 Prediction of Crack Increments

Some fractographic investigations [431 and meesureﬁents
of * crack increments [7] have shown that c¢crack increments
predicted by the CORPUS model were underesatimated for the most
severe flight. In addition, +the predictions overeatimate the
total crack growth life and underestimate aa of the severe
- £flights. It must be concluded that the pradiction model must
overeatimate crack growth in the lesa severe flights. Thia may
be attributable to the involvement of other crack growth
mechanisms, such aas ductile tearing in high aK values. This
aspect .of crack growth waa diascuaaed in reference [48]1. The
approach adopted was to use different crack growth functions
for different mechanisms observed in high and low aK levels

with the consideration of threahold streas.
9.7 Aspects of Multiple Overload Interaction

de Koning introduced the multiple overload effect in
CORPUS because constant-amplitude tests with overloads had
shown that such an effect does occur. In flight simulation
teastas CORPUS predicts a gradually increas{ng crack opening
level. However, the atationary value is hardly reached until
specimen life is conaumed. de Koning didn't.apply the multiple
overload effect to 7075-T5 material, having low ductility and
high yield atrength. It ias resasonable that, since plastic zone
sizes will be'amaller and overlapping primary =zones will occur
less frequently, multiple overload effect will be negligible in
7@75-T6 material.



X. RECOMMENDATIONS

The aasumption in the CORPUS model that an underload has
persistent effect on hump opening level seems to be incorrect.
A function, determining relaxation process of hump opening
atress is necessary.

The retardation function in CORPUS was assuned to be a
block function which drastically esimplifies the calculations.
More appropriate functions other than delay sawitch mnay be
meaningful for prediction nmnodels.

In the CORPUS model, the transition from plane strain to
plane stress only affects plastic =one sizes. It does not
affect the hump opening function, %m . This may.be regarded as
a shortcoming of the model. As discussed earlier, shear lips
have an effect on crack opening behaviour.

The effects of sheet thickneas, crack tip blunting,
‘ductile tearing are not covered in the model. The relevance of

these effects should be investigated.
A
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XI. CONCLUSIONS

The discusgion on the crack propagation modela has
demonstrated that crack opening models are more reliable
and more compatible with the crack growth mechahisms. Thise
is.alao indicated by other inveatigatdrs [411.

The performance of the CORPUS model in predicting crack
growth life, in genseral ia quite good. The ratios of
predictionsa and test result are in the range between ©.95
and 2 for almost all data observed in the preseﬁt atudy.
Introduction of multiple overload effect in the CORPUS
model substantially improves the predictions for 2024-T3
material with high ductility and low yield strength.
Empirical trends are correctly predicted with the
exception of some sequence and underload effects.

Some shortcoming are also indicated.

ad The CORPUS model gives too much weight to a rarely

occurring negative load i1f that load is nmore
compressive than the frequentfy occurring ground
stress level. The prediction in this case is
conservative.

(b) Some . sequence . effects are predicted, but not

observed.
(c) Crack extensions in high aK values ~were
underpredicted. ‘
The accuracy obtained in the CORPUS mnodel seems to be
gquite aéceptable for practical applications. It is not
reasonable to require highly accurate predictions, while
load spectra and other service variables are liable to
arrora and data ascatter, as 'long as the mnodels show the
correct trends for variations of spectrum and test
paramaters.
The CORPUS model has proved the importance of
underatanding of the crack growth phenomenon for

prediction models. But, more understanding is required for
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the interrelations between microstructure, fracture
mechaniamns, plane atrzasa/plans atrain transition,

‘threshold, crack tip blunting and crack opening behaviour.



APPERNDIX

The flow Diagram of the CORPUS moOce:1
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