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ABSTRACT

In order to analyse the fatigue crack growth under random loading and to have enough data to analyse
behaviour of some crack growth models, a total of 170 crack growth tests under stationary random loac
have been carried out. All these tests can be grouped in eight different series. The statistical parameters ¢
loading histories used for each series of tests were maintained, changing these parameters from one to an
series. The loading histories used for each test into the same series were different but with the same stati:
parameters. Using these test data, different analyses of the fatigue behaviour and of the models to analys
crack growth under random loading have been done. These analyses include aspects such as the effect .
length of the loading histories, their loading level, and the bandwidth of the random loading process. The s
yield model proposed by Newman, adding some small modifications, has been used to simulate the ci
growth behaviour of the 170 tests. A statistical model to calculate the expected fatigue life has been develo|
The results of the strip yield and the statistical models compare nicely well with experimental results.

INTRODUCTION

The prediction of the fatigue crack growth life under random loading is a difficult task due to the large numb
of variables involved in the process, many of which are random variables. Among all the random variables t
influence the fatigue crack growth life, some of them are specially significant, such as: the initial crack lenc
[1-3]; the crack growth behaviour, which is simulated through random parameters that define the crack grov
law [4,5]; the fatigue crack growth thresholiK(); or the load variation [6-8].

The random characteristic of loading process prevents the real knowledge of the loads, which can only
defined statistically. In case of random loading, the use of different load records equally representative
the same random loading process may result in very different crack growth lives, regardless they
obtained by test or simulation.

To analyse the fatigue life of any mechanical system under random loading, either by testing or simulatior
load history representative of the random process is generally applied repeatedly to the system until fail
takes place. The load record used to simulate the random process will be one of the many load histories
can be used as statistically representative of the process. If the test or simulation is carried out using a diffe
representative load record, the fatigue life obtained will be different from the one produced using the first lo
history. This difference in the obtained results will depend on the characteristics of the material, the statisti
characteristics of the load and on the length (number of cycles) of the representative load records used.



The use of a finite length load record, which is repeated as many times as needed until the fatigue failure, 1
be a source of errors. The repetition of the same load record introduces an artificial sequence effect.
influence of this sequence effect will depend on several parameters, one of which is the length of the rec
[9]. Also, the load history used is not just a sample of the random loading process: another representative
different load history will produce a different fatigue life of the system. Thus, the fatigue life obtained b
testing or simulation with one of these load histories will not be just one of the possible ones. It is not know
whether it is close or far to the minimum or the average of all possible results. To get reliable estimations
the fatigue life under real loads by using representative loading records, the possible variation of the res
produced, as a function of the representative record used must be know. It is important to know whether
fatigue life obtained with a representative load record is close to the expected real one or not and an estim:
of the scatter of the fatigue life that will be produced when different load histories are used.

In previous works carried out by the authors [9,10], using numeric simulation of the crack growth proce
under random loading, the influence of the bandwidth of the random loading process and of the length of
load record were analysed. In this work, an experimental analysis of the effect of the same parameter
presented. Results of 170 tests are shown. These 170 tests are grouped in eight sets. Each of them differs
the others on the bandwidth of the random loading process, the load level or the length of the load records t
to simulate the loading process. The influence of these parameters on the fatigue life obtained is analy
Also, the reliability of the strip yield model proposed by Newman [11], and that of a statistical model propose
by the authors of this paper [12], to predict the fatigue crack growth life are analysed. This analysis is carr
out by comparison of the experimental and the simulated results.

TESTS

Each of the 170 tests has been performed applying a finite length load record, which has been repe
indefinitely until fatigue failure. Tests have been grouped in eight different series (S1 at S8). All tests of ea
series were carried out using load histories generated from the same zero mean stationary gaussian rar
loading process, defined by its power spectral density functisd. (Power spectral densities with four
different bandwidth were used. For three of these bandwidths, power spectral densities with two different Ic
levels, defined by the mean square, have been used. For one of the bandwidths, only one load level was t
Also, for one of thepsd defined, two different series of tests were performed: one using loads histories
including 5000 cycles and another with load histories containing 25000 cycles. The bandwidth has be
characterised by the irregularity faceprdefined as the relationship between the frequency of crossings of the
mean value with positive slope and the frequency of peaks. The irregularity factor varies between 0 anc
increasing the width of the band aagoes from 0 to 1. The irregularity facter,of the processes used in this
work have been: 0.64, 0.70, 0.77 and 085.

For every test series, except for S1, 20 different zero mean load histories containing 25000 cycles have &
numerically simulated. For the series S1,gbéused to generate the load histories was the same as for serie:
S4; the number of load histories generated was 30 and the number of cycles of each history was 5000.
shape and the parameters definingpbeés used here are the same of those with the same irregularity factors
defined in a previous work [10]. The two load levels were characterised by their mean square. The root m
square of these two levels were 1080 N, for the highest load level, and 640 N, for the lowest load level. Or
every load record was numerically obtained, a positive 4850 N constant load was added to avoid the existe
of compressive loads during the test. Table 1 shows the characteristics of the load records used for each s
Note that after adding the constant load, what was defined as the root mean square of the record is transfo
into the standard deviatioq,

Each one of the 170 generated load histories has been applied to a different test specimen, and the ¢
growth has been measured by using an alternating current potential drop (ACPD) measuring system.

material used in the tests has been 2024-T351 aluminium alloy. The test specimens have been of the Con
Tension (CT) type, with a thickness of 12 mm and 50 mm wide. To produce the same initial conditions in
tests, all specimens have been pre-cracked by applying the same constant amplitude cyclic load until gettil
15 mm initial crack length. After the initial crack length was obtained in each specimen, the random loadil



test started and the crack growth was followed until the crack reached a length of 25.3 mm. Detall
information of the test procedure can be found in [13].

TABLE 1
STATISTICAL PARAMETERS OF THE LOAD RECORDS USED IN TESTS

Series Irregularity | St. deviation Records length Number of
factor,e |of load,o (N) (cycles) records
S1 0.77 1080 5000 30
S2 0.64 1080 25000 20
S3 0.70 1080 25000 20
S4 0.77 1080 25000 20
S5 0.85 1080 25000 20
S6 0.64 640 25000 20
S7 0.77 640 25000 20
S8 0.85 640 25000 20

RESULTS AND DISCUSSION

The influence of the bandwidth, length of the load history and stress level are analysed through t
comparison of several statistical parameters of the lives obtained for each test series. The effect of tr
characteristics of the load histories on the meanyifend on the fatigue life scatter produced for each test

series will be analysed. The scatter in each series is characterised by standard deyiatitme fatigue

lives obtained for the test in the series. Table 2 shows the values of these statistical parameters,
coefficient of variation (COV) of the fatigue lives obtained for each series and the coefficient of correlatior
p, between the highest five peaks of the records and the lives that they produce. This parameter will
introduced later on in this paper.

TABLE 2
STATISTICAL PARAMETERS OF THE TEST RESULTS
Series S1 S2 S3 S4 S5 S6 S7 S8
v 169978 277151 197114 16828y 146981 1163986 690667 589569
o 15272 13377 7686 5124 5363 35447 17715 24525
Ccov 0.0898 0.0483 0.0390 0.0304 0.036p 0.0305 0.0256 0.0416
P ~- 0.84 0.66 0.58 0.77 0.64 0.12 0.4

Fatigue life scatter

Figure 1 shows the crack growth lives obtained in the 170 tests: Figure 1(a) shows the results of the f
series carried out with the highest load level and Figure 1(b) for the four series with the lowest load lev
The values corresponding to each series of tests are shown connected by lines. Regarding the tests re
corresponding to series S1 and S4 (Figure 1(a)), which use load records with different lengths &
representative of the same process, it can be seen that the fatigue life results for these two series are sir
The mean lives obtained in both series are very close. However, the scatters of lives obtained for each se
are very different: the coefficient of variation (COVose/Iite) produced in series in S1 is three times the
value obtained in series S4. The decrease of the fatigue life scatter with the increase of the length of the |
records applied is due to two reasons. It is well known that the highest peaks of load have the larg
influence on the fatigue crack growth because of the sequence effect. In case of short load histories,
number of peaks with a predominant effect on the crack growth rate is small, and the statistical distributi
of this group highest peaks has a larger scatter than the general distribution of peaks. The other reasc
associated to the previous one: the repetition of the load record indefinitely until failure introduces ¢



artificial sequence effect due to the periodic repetition of the load record. Short load records allow tl
effects of an overload to persist during the next repetition of the record, producing a sequence effect, wh
in some cases could be active until the same overload is produced during the new repetition of the rec
This effect will be reduced as the length of the load histories increases. In the series S1 and S4,
correlation between the fatigue lives obtained in each test and the value of the maximum overload of
record used has been calculated. The coefficients of correlgtioobtained in each case where 0.96, for
series S1, and 0.52, for series S4. These values confirm the great influence that the length of
representative load history used to simulate a random loading process has on the fatigue crack growth
obtained by test.
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Figure 1. Results of the 170 tests, grouped by series: (a) highest load level series; (b) lowest load level.

Regarding series S2 to S5, and S6 to S8, Table 2 and Figure 2(a) show the evolution of the coefficien
variation (COV) of fatigue lives of each series with the bandwidth of the random loading process used. Tt
parameter tends to decrease as the process bandwidth decreases, increasing again when the band i
narrow. Table 2 shows also for each series the coefficient of correlgtidetween the fatigue lives
obtained in each test and the average value of the five highest peaks of the record used in the test.
parameter gives an idea about the effect of a very small number of cycles of the load record on the fatis
life: a large value op means that the five largest peaks of the load records have a very high influence on tt
fatigue life because of the fatigue crack growth retardation produced. It can be seen in Table 2 that COV
p have a similar trend with the bandwidth. This trend can be explained considering that when thepvalue @
is high, a very small number of cycles have a large influence on the fatigue life. For low correlation there
not a so high effect of a small number of cycles. Considering the average of the five highest peaks of e
record as a new parameter, the scatter of this average in each series of record will be much larger thar
scatter of other statistical parameters usually related to the fatigue life. So, if the influence of this sm.
number of peaks increasgsi(icreases), the COV of the fatigue lives obtained in a series will also increase
The same effect was found by the authors using numeric simulations [10].

Mean fatigue life

The bandwidth of the random loading process has also a large effect on the mean of the fatigue lives of €
series. Figure 2(b) shows the variation of the mean fatigue life versus the irregularity factor for series S2
S4. The mean life of the specimens decreases wiraeases (the bandwidth decreases). This trend is the
same for both loading levels, as can be seen in Table 2. An explanation of this phenomenon is that, i
group of stationary random processes with the same mean load and standard deviation and differ
bandwidth, the mean of load peaks and ranges increases as the bandwidth decreases. From the data in t
and Figure 2(b), an expression, which relates the mean life of a series to some statistical parameters of
random loading process, has been fitted:



H; 512.51‘ =D, (1)

where, the subscriptsand] represent the load level and bandwidth of the series, respectiyéythe mean
fatigue life of series with load levebnd bandwidtlp, andD; is a constant, obtained experimentally for each
load level. The parametet s is defined as:

M15
E =2 2
= o @)
where
M, = [w"S(w)dw (3)

wis the frequency anf{w) thepsdof the original zero mean loading process.

From the experimental data, the param&ehas been calculated using equation (1) for s&#®,) and
S7(Dy), both with an irregularity factag = 0.77. This value has been used to estimate, using equation (1),
the mean fatigue life produced in all other experimental series. Figure 2b shows theuyaloéned with
equation (1), compared with the experimental results. Estimates of the mean lives are all inside the b
+8%. Table 3 shows the ratios between the results obtained with equation (1) and the tests results. If
kind of fitting could be generalised to other random processes and materials, it would be an interesting tc
An estimation of the fatigue crack growth life under any type of random loading process could be done
extending the mean life produced under another random loading process with the same mean and stan
deviation of loads.
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Figure 2: Evolution of the COV and the mean fatigue life with the bandwidth: (a) COV; (b) mean fatigue
life, y, for series S2 to Sb5.

Simulations

In order to check the reliability of some fatigue crack growth simulation methods, the same load recor
used for testing have been used to simulate the fatigue crack growth process. The 170 load records |
been applied to the cycle-by-cycle simulation scheme proposed Newman [11]. Lives estimated |
simulation compare very well to the experimental results. Scatter and mean value of lives obtained in e:
series by simulation are close to those obtained by tests [14]. The same random loading processes have
been used to estimate the mean fatigue life of each series by a statistical model which includes
retardation effect proposed by the authors [12]. This model is unable to estimate the scatter, but it produ



reliable estimations of the mean life of each series. It uses as data the probability density function of pe.
in the stationary random loading process, which can be obtained from its mean and power spectral densit

TABLE 3
RELATION BETWEEN MEAN LIVES OBTAINED BY TESTS AND BY EQUATIOI\(l)
Series S2 S3 S4 S5 S6 S7 S8
Meq() /Mrest|  0.93 0.97 - 0.97 0.92 - 99

Figure 3 shows a comparison of the experimental results with those obtained by simulation for one of t
series §1). The experimental and cycle-by-cycle simulation results are shown for every test in the serie
The mean life of the series is also shown. It is represented with a horizontal broken line. For the statisti
model, the estimated mean fatigue life of the series is also represented with a solid line. It can be seen
both models give fairly good estimation of the mean life, and that the cycle-by-cycle Newman’s modke
estimates also very well the scatter produced by using different load records.
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Figure 3. Fatigue crack growth lives obtained by tests and simulations.

CONCLUSIONS

This work provides new experimental data of fatigue crack growth in aluminium alloy 2024-T351
specimens under different stationary random loading processes. Results for two different load levels ¢
four bandwidths of the random loading process are included. These data may be very useful to check 1
simulation schemes. The results shown are also a contribution to estimate the influence of the length of
loading record used in simulation or tests on the fatigue life results. From the data discussed in the paper.
following conclusions can be obtained:

(a) The length of the load record to be used in simulations or tests is a fundamental factor, which must
defined before the analysis of the fatigue life under random loading. For any random loading proce:
the reduction of the number of cycles in the loading history to be applied increases substantially t
scatter of the lives obtained with different trials.

(b) The length of the record does not affect the mean life obtained in a series of tests.



(c) The influence of the random loading process bandwidth on the scatter is important. This effect is relat
with the effect of overloads on the fatigue life. However, this effect will decrease as the length of th
load records increases. It would be interesting to carry out series of tests with records having more tt
25000 cycles to get a better knowledge of the effect of the length and bandwidth on the scatter.

(d) The influence of the extreme value of the load record depends strongly on the number of cycles of 1
record. However, as far as the cases studied is concerned, this dependence is affected by the band
of the random process.

(e) The mean life depends strongly on the bandwidth of the process.

() For stationary random processes and materials used in this work, the mean crack growth life is rela
with €; 5. The experimental estimates of the mean life produced for a load level and bandwidth can |
used with equation (1) to estimate the mean life for another random processes with the same load le
but different bandwidth.

(g9) The data obtained in the test series performed are a very useful to check the reliability of fatigue cre
growth models.
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