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Methods for determination of the crack opening stress intensity factor (Kop) and for
estimation of the effective stress intensity factor range (AKes) are evaluated for crack growth
test data of aluminum alloys. Three methods of determining Kp, visual measurement, ASTM
offset compliance method, and the neural network method proposed by Kang and Song, and
three methods of estimating AKes, conventional, the 2/PI0 and 2/PI methods proposed by
Donald and Paris, are compared in a quantitative manner by using evaluation criteria. For all
Kop determination methods discussed, the 2/PI method of estimating AKers provides good
results. The neural network method of determining Ko, provides good correlation of crack
growth data. It is recommended to use 2/PI estimation with the neural Ko determination
method. The ASTM offset method used in conjunction with 2/PI estimation shows a possibility
of successful application. It is desired to improve the ASTM method.
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1. Introduction

It has been widely recognized that fatigue
crack growth rate can be well expressed in terms
of the effective stress intensity factor range AKes
based on the crack closure concept. (Bruzzi and
McHugh, 2003 ; Choi, 2000 ; Lee and Chen, 1999)
When using AKes for estimating fatigue crack
growth rate da/dN, the most important and diffi-
cult part is to measure crack closure precisely
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and determine consistently the crack opening
stress intensity factor Kep.

Although many experimental techniques have
been developed to measure crack closure, the
so-called compliance technique is most widely
used, due to its experimental simplicity and low-
cost. There are two methods in the technique:
One is the conventional compliance method
originally used by Elber (1971) which utilizes the
load-displacement curve as shown in Fig. 1(a),
and the other is the unloading elastic compliance
method first proposed by Kikukawa et al.(1976)
which utilizes the load-differential displacement
curve as shown in Fig. 1(b) to improve measure-
ment sensitivity and precision.

Usually the crack opening load is determined
by visual measurement, but visual measurement
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Fig. 1 Typical curves of (a) Load versus displace-
ment and (b) Load versus differential dis-
placement

is likely to depend on the observer’s experi-
ence and provide inconsistent results. Several
methods have been proposed to determine the
crack opening load and particularly, ASTM
(ASTM E647-99, 2001) has recommended the
so-called compliance offset method. This method
can be used easily and conveniently, due to its
procedural simplicity. However, due to the em-
ployment of the offset compliance approach and
a conventional compliance method, it has some
drawbacks that the crack opening load will be
underestimated and the measurement precision is
relatively poor.

Kang and Song (1998) have proposed an au-
tomated crack opening load determination me-
thod using a neural network. By using a neural
network, the method can determine precisely the
crack opening load from differential displace-
ment signal curve automatically uninfluenced by
the observer. A disadvantage is that the method
requires training a neural network with ideal
differential displacement signal patterns.

As the ASTM offset method and the neural
one can determine consistently the crack opening
load, they are utilized to determine the crack
opening load, along with visual measurement, in
this study.

The effective stress intensity factor range AKess
based on the crack closure concept is conven-
tionally defined as

AKess=Kmax— Kop (1)

where Kmax and Kop denote the maximum stress
intensity factor and the crack opening stress in-
tensity factor, respectively.

It has been frequently pointed out that the
conventional AKes: estimated by equation (1)
tends to give an underestimate of the substantial
effective stress intensity factor range and cannot
express fatigue crack growth rates, particularly in
the near-threshold regime (Chen et al., 1996 ;
Donald, 1997). Donald (1997) has shown that
significant crack tip strain can occur below the
crack opening load and noted that additional
driving force below the conventional opening
load may contribute to the crack growth. Based
on this argument, he proposed an alternative
AKes estimation method called the adjusted
compliance ratio (ACR) method. An important
advantage of the ACR method is that this method
uses only the values of slope and secant of the
load-displacement curve for AKeg estimation
and does not require measurement of the crack
opening load.

In the recent, recognizing the argument of
Donald described above and noting that a simple
physical model has not been discovered for the
basis of ACR method, Paris, Tada and Donald
(1999) proposed the so-called 2/70 and 2/7
correction method based on the partial crack
closure model. They have assumed that partial
crack closure occurs due to the crack surface
roughness at a small distance behind the crack
tip and proposed a simple mathematical model
to estimate the effect of partial crack closure on
the effective stress intensity factor. The 2/70 and
2/ correction methods estimate AKesr approxi-
mately by applying the 2/7 factor on the con-
ventionally measured Kgp.

Investigating various methods of estimating
AK,tr, Donald and Paris (1999) have reported
that the conventional AKes estimation method
appears adequate at crack growth rates above 1 X
10~ mm/cycle, while the 2/70 or 2/7 methods
appear to provide a successful correlation of the
crack growth rate data in the near-threshold re-
gime at crack growth rates below 107" mm/cycle.

Recently, Kujawski (2001) has suggested an
enhancement of Donald and Paris’ partial crack
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closure model, using a transition function to
evolve from Donald and Paris’ partial crack
closure model at the near-threshold region to the
conventional Elber’s closure approach at the
Paris region.

The results described hitherto imply that the
2/70 and 2/7x correction methods are useful to
estimate AKegr. However, a systematic quantita-
tive evaluation of the methods has not been re-
ported yet.

In this work, the AKen estimation methods
due to the 2/70 and 2/7x correction are exten-
sively evaluated along with the conventional
AKess estimation, in relation to various Kep de-
termination methods described in the above.

Particularly, in order to evaluate Ko, determi-
nation and AKes estimation methods on a quan-
titative basis, some evaluation criteria are intro-
duced. The validity of methods is evaluated.

2. Ky Determination Methods

In this study, the ASTM compliance offset
method and the neural network method are used
to determine Kop, along with visual measurement.
Since each method is described in detail in the
related literatures (ASTM E647-99, 2001 ; Kang
and Song, 1998) only the important aspects are
outlined here.

2.1 The ASTM compliance offset method

The load-displacement data are collected for a
complete load cycle. On the unloading curve, a
least squares straight line is fitted to the upper
segment of the curve that spans a range of ap-
proximately 25% of the cyclic load range. The
slope of this line is assumed to be the compliance
value that corresponds to the fully-open crack
configuration. Next, on the loading part of a
load-displacement curve, least-squares straight
lines are fitted to segments of curve that span a
range of approximately 10% of the cycle load
range and that overlap each other by approxi-
mately 5% of the cyclic load range, as shown in
Fig. 2(a). The compliance offset is calculated by
comparing the compliance of each segment with
the open-crack compliance. As shown in Fig. 2
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Fig. 2 Determination of opening load due to the
ASTM compliance offset method

(b), the opening load is determined by 1, 2, or
4% compliance offset criteria.

As the 2% offset criterion is typically used and
is considered to provide practically good results,
the 2% offset criterion is employed to determine
the opening load in this study.

2.2 The neural network method

As briefly described in the introduction, load-
differential displacement curve has been frequen-
tly used to determine crack opening point pre-
cisely. When the baseline load-differential dis-
placement curve as shown in Fig. 1(b) is ob-
tained, the differential displacement signal Dy
B/A’B,’D;’ may be depicted schematically as
shown in Fig. 3. If there is assumed to be no
phase difference in the differential displacement
between the loading and unloading stages for
convenience, the linear (crack fully open) portion
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B/A’B; of the differential displacement signal
will be straight. Accordingly the crack opening
load Py can be determined theoretically as the
load corresponding to the point By deviating
from the linear portion By’A’By. In order to
determine automatically the crack opening point
B, on the differential displacement signal curve,
Kang and Song employed a back propagation
neural network as shown in Fig. 4. 100 data
points of the differential displacement signal on
the loading stage (the portion D,/B,’A”) are used
for the input data of the neural network. Accord-
ingly, the number of input units is n=100. Only
one hidden layer is used and the number of
hidden units is p=35. The output of the neural
network is the crack opening point corresponding
to the point B,". Therefore, the number of output
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Fig. 3 Scheme of crack opening load determination
on differential displacement data

Output layer
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- uopebedoid piemyoeg w—

@ input layer

Fig. 4 Back-propagation neural network with one
hidden layer

units is m=1.

In using neural networks for automatic mea-
surements of crack opening load, it is necessary
to train and test a neural network with ideal
differential displacement signal patterns in which
the true crack opening point can be clearly
identified. As it is almost impossible to obtain
such ideal differential displacement signal pat-
terns from experimental measurements, Kang
and Song simulated signal patterns for training
and testing of a neural network by computer
using the method proposed by Kim and Song
(1993).

Figure 5(a) shows an ideal differential dis-
placement signal represented approximately by
combining a sinusoidal wave and a horizontal
line. The dashed line in the Figure represents the
load signal. The load-differential displacement
curve for this example is shown in Fig. 5(b),
where the short horizontal bar represents the
crack opening point.

e —-- Load
- —— Diff. disp.

(e)

Fig. 5 Generation of simulated differential displace-

ment signal for training a neural network
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Since measured signals normally include noise,
random noise to be superimposed on the ap-
proximated differential displacement signal for
training and testing of a neural network, was
generated by using a series of sinusoidal waves.

Generated random noise is shown in Fig. 5(c).
Superimposing the random noise on the approxi-
mated differential displacement signal shown in
Fig. 5(a) results in Fig. 5(d). The corresponding
load-differential displacement curve is shown in
Fig. 5(e).

A neural network was trained and tested, using
several hundred different differential displace-
ment signal patterns of various combinations of
crack opening levels (40 levels) and signal-to-
noise (S/N) ratios (100, 30, 20, 15, 10 dB). The
precision of crack opening point measurements
by the neural network is found to be dependent
on the S/N ratio. For precise measurements
within a small error of 3%, the S/N ratio of
differential displacement signal is recommended
to be higher than 15 dB As the neural network
method does not depend on the observer, the
method is expected to give consistent and un-
biased results.

3. AKois Estimation Methods

In this study, three estimation methods are
used to estimate AKesr; conventional one ex-
pressed by equation (1), the 2/PI0 and 2/PI
methods proposed by Donald and Paris.

The latter two methods have been described
in detail in the literature (Paris et al., 1999).
Therefore, only the most important aspects are
described below.

3.1 The 2/PI0 method

Paris, Tada and Donald (1999) have pointed
out that if partial crack closure occurs parti-
cularly in the near-threshold regime, the mini-
mum effective K for the load cycle may be
approximately reduced by the factor 2/7x from
the opening K and have suggested that the effec-
tive stress intensity factor range may be estimated
approximately as

AKerr=Kmax— % Kop=(AKers) 2pro (2)

To bound the value of the estimated AKess by
the applied AK, if AKesr >AK (= Knax— Kumn) ,
then AKer=AK.

The AKess estimation based on equation (2) is
called the 2/70 correction and is frequently
expressed as AKzzo or AKzpp. In this study, the
AKetr estimation will be hereafter expressed as
(AKets) p10, as shown in equation (2), to dis-
tinguish from other AKer estimations, and the
estimation method is referred to as the 2/PI0
method.

3.2 The 2/PI method

As the estimation by equation (2) gives an
overestimate of AKes, Paris, Tada, and Donald
(1999) have proposed another one called as 2/x
correction expressed as

AKeff:Knax_% Kop - < 1 _%>Kmln
= (AKets) 2171

(3)

where K is the minimum stress intensity factor.
For negative stress ratios, Kmn is assumed to be
zero.

This method has a merit that the estimated
AKess is bounded by AK without any particular
assumption. The estimated AKey by equation (3)
is hereafter expressed as (AKes) 21 and the cor-
responding estimation method is referred to as the
2/PI method.

4. Evaluation Criteria

Figure 6(a) shows the crack growth data of
2024-T351 aluminum alloy at stress ratios of
R=—1, —0.5, 0, 0.1 and 0.3 obtained by one of
the authors (Kim and Song, 1993 ; Lee and Song,
2000). The crack growth rate da/dN as a func-
tion of AK 1is strongly influenced by the stress
ratio. Figure 6(b), (c) and (d) show the crack
growth rates as a function of conventional AKes
estimated by equation (1) based on Kgp values
determined by visual measurement by well-train-
ed observers, the ASTM offset method and the
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neural method, respectively. It appears that the
stress ratio effects are well correlated by the con-
ventional AKess based on Kop values by visual
measurement or by the neural method, while the
results by the ASTM method are slightly widely
dispersed. Consequently, it may be said in quali-
tative manner that the ASTM method is inferior
to the other two methods, but it is not clear
whether is better, visual measurement or the
neural method.

In this study, in order to evaluate K deter-
mination and AKes estimation methods on a
quantitative basis, some evaluation criteria are

2024-1361
°o R=03
10¢ o R=01
& R=00
v R=.05
$ o7 L © R=-10
B £
g
E s
% 10¢ 7
© L
© 9
10-0 L
10,10 1. 4 I i i i 1
05 1 2 3 5 7 10 20
AK (MPa m'?)
(a)
F 2024-T351
108 L © R=03 s
E o R=01 .
F s R=00 s
L ¢ R=L05 3
™ 107 L ¢ R=-10
9
3 b
E
Z 100 |
®
° )
o DRy
— =0
10& -
10“0 i 1. L ] L i 1
05 1 2 3 5 7 10 20
AK,, (MPa m'?)
{c)

introduced. One is the following error criterion :
If the crack growth rates are represented in terms
of AKerr obtained by a certain combination of
Kop determination and AKess estimation methods,
as illustrated in Fig. 7, the error criterion is
expressed in terms of the fraction of data falling
within a scatter band of a specified factor s
around the regression lines as
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Fig. 6 Fatigue crack growth rates on 2024-T351 (a) As a function of AK and as a function of AKes based on
(b) Visual Kep, (¢} ASTM 2% Kop, (d) Neural Kop
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Fig. 7 Illustration of error criterion used

da da
where < dN )observed and < dN )regressian line de-

note the observed crack growth rate and the
estimated one from the regression line, respec-
tively. The regression lines are obtained separa-
tely for three growth rate regimes as shown in
Fig. 7. Here, a value of s of y/2 is employed.
As the error criterion cannot evaluate the cor-
relation of da/dN versus the estimated AKeg,

% is utilized as an

the correlation coefficient r
additional evaluation criterion. As the correlation
coefficient 1% varies depending on the growth rate
regime, the representative value of correlation

coefficient réa is calculated as
thotaz=l=k7 (5)

where 77 denotes the correlation coefficient for
the ¢-th growth rate regime and N;, the number
of data included in the ;~th growth rate regime
and /A, the number of growth rate regimes.

Keop determination and AKes estimation me-
thods are evaluated finally by the following
evaluation value E averaged over the above two
evaluation items as

E= Ey (s=v2)+7r%0m
- 2

(6)

The closer the evaluation value is to 1, the better
the method used is.

5. Evaluation of K., Determination
and AKei Estimation Methods

The crack growth data shown in Fig. 6 are
reexamined using the 2/PI0 and 2/PI estimation
methods and the results are shown in Fig. 8.
When Kop is determined by visual measurement
or the neural method, there is no significant
deference among the results by the 2/PI0, 2/PI
estimation methods and those by the conventional
AKes estimation shown in Fig. 6. However, close
inspection of Fig. 8(c) indicates that the 2/PI
method used with the neural method reduces the
data scatter in the low growth rate region slightly,
compared with other methods.

On the other hand, when Kgp is determined by
the ASTM offset method, the 2/PI0 and 2/PI
estimation methods reduce the data scatter so
significantly to provide a fairly good correlation
of the data.

Figure 9 shows the results for the crack growth
data of 7075-T6 aluminum alloy of Kim and
Song (1992). Excepted for the results based on
Kop values determined by the ASTM offset meth-
od, all results show good correlation of the stress
ratio effects. The ASTM offset Ko method used
with the conventional AKes estimation gives very
widely dispersed results, but if the ASTM method
is used with the 2/PI AKes estimation, the data
scatter is reduced so remarkably to possibly ob-
tain a good correlation of the crack growth rate
data.

Table 1 shows comparisons of the methods on
the basis of the evaluation values defined in the
previous section. The neural one among the Kop
determination methods is found to provide the
best results, irrespective of AKey estimation
method. Among the AKes estimation methods,
the 2/PI method may be considered the best. The
2/PI0 method tends to give lower E values, in
comparison with the conventional one. When the
ASTM K,p method is used with the conventional
AK s estimation, the value of E is relatively low,
but when used with the 2/PI estimation, the value
of E is significantly improved.
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Fig. 8 Comparison of Ko determination and Ke estimation methods for constant amplitude data of
2024-T351 aluminum alloy
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6. Discussion

As can be found in Table 1, the neural net-
work method of determining K provides com-
parable or better results than visual measurements
by well-trained observers, irrespective of AKes
estimation method.

On the other hand, the ASTM offset method
used with the conventional AKesr estimation is

969

almost useless because of the extremely large data
scatter as can be seen in Fig. 9. However, if the
ASTM method is used, particularly with the 2/PI
AKess estimation, the data scatter is significantly
reduced and the correlation of stress ratio effects
is also considerably improved. If the 2/PI esti-
mation method is used with visual measurement
or the neural Ky determination method, the cor-
relation of data represented by the value of E
is improved, but the amount of improvement is
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Fig. 9 Comparison of Kqp determination and Kes estimation methods for constant amplitude data of 7075-T6

aluminum alloy
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Table 1 Comparison of Kqp determination and AKey estimation methods for constant amplitude data

Material

2024-T351

7075-T6

AKeys evaluation

AKesi evaluation

Kop determination Conventional  2/PI0 2/PI  Conventional 2/PI0 2/P1
Visual E: 0.836 0.788 0.840 0.851 0.769 0.752
I2 0.792 0.813 0.835 0.852 0.828 0.862
E 0.814 0.801 0.838 0.851 0.798 0.807
ASTM 2% offset E; 0.671 0.765 0.778 0.512 0.595 0.719
Iy 0.704 0.827 0.838 0.431 0.561 0.642
E 0.687 0.796 0.808 0.472 0.578 0.680
Neural method E 0.868 0.829 0.863 0.892 0.783 0.875
Iz 0.826 0.840 0.875 0.871 0.846 0.896
E 0.847 0.835 0.869 0.881 0.815 0.885

very small. On the other hand, the 2/PI0 estima-
tion method may be said to be inferior, even to
conventional AKes estimation.

In conclusion, the neural Ko determination
method and the 2/PI AKes estimation method are
recommended for correlating the stress ratio
effects of constant amplitude loading data.

From the evaluation results hitherto described,
it can be said that the conventional AKe¢: estima-
tion is not always relevant and the use of the 2/
PI method is recommended.

The neural Kop determination method is also
recommended.

It is worthy of note that the ASTM offset
method, if used with the 2/PI estimation method,
provides not so bad results. The ASTM offset
method has some intrinsic drawbacks that the
crack opening load will be underestimated and
there is large variability in the results. If these
drawbacks can be overcome, the ASTM method
may be promising.

7. Conclusions

Three methods of determining Ko, and three
methods of estimating AKesr are evaluated in a
quantitative manner by using evaluation criteria.
The conclusions obtained are summarized as
follows :

(1) Irrespective of Ko determination method,
the 2/PI method of estimating AKey provides
good results. It is recommended to use the 2/PI

estimation method, instead of the conventional
one.

(2) The neural network method of determining
Kop provides the best stress ratio correlation for
all AKesr estimation procedures. As the neural
method can determine the crack opening load
automatically and consistently unaffected by the
observer, the use of the method is recommended.

(3) The ASTM offset Ko method used in
conjunction with 2/PI estimation shows a possi-
bility of successful application. It is desired to
improve the method to overcome its intrinsic
drawbacks of underestimating Ko and resulting
in large data scatter.
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