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THE ANALYSIS OF RANDOM LOAD FATIGUE CRACK PROPAGATION

R. D. Hibberd and W. D. Dover*

INTRODUCTION

Ihe use of linear elastic fracture mechanics, in the analysis of constant
amplitude (CA) fatigue crack growth is now well established. In contrast,
the application to variable amplitude loading is still not fully under-
.tood. The main problem arises because of the probabilistic nature of
both the load amplitude and frequency. This means that the parameters
used, in the CA analysis, such as AK, da/dN and R, have to be based on
tatistical quantities obtained from analysis of the load history. For
cach of these parameters there is more than one statistical quantity that
may be used and it is not clear which ones are most suitable for fatigue

crack growth.

[f the variable amplitude crack growth tests conducted in the laboratory

ire an accurate simulation of the service load history then the decision

on which quantities to use is not critical. For example, the growth rate
can be time based, and any convenient amplitude parameter, such as Kpax.,

can be used for the stress intensity values. However, when the investi-
pation is more general, with perhaps a comparison between various load
conditions, greater care must be taken to choose the appropriate quantities.

Many previous fatigue studies have shown that fatigue damage is cycle-
dependent and amplitude- (or range) dependent. This information should be
used in the determination of the most suitable statistical quantities.
Barly random load fatigue crack growth work was analysed by Paris [1]

using an approach based on the rises and falls (i.e. ranges) in K. More
recently the analyses have tended to be based on Kyps which is an extension
of the PSD-rms type of service load simulation to the field of crack
growth. Normally Krms is calculated as follows

K =0 (ra) ¥2
rms rms

where a is the half crack length.

However, this parameter is waveform-dependent as well as amplitude- or
range-dependent. In this paper it is intended to re-examine the use of a
stress intensity value (here termed Kj) based on the ranges of K, and to
compare the resulting analysis with that of Krms. Kh may be defined as

Kh = f hK

where hy is a range of K, i.e. the change in K between load reversals.
The most appropriate function would seem to be a gencralised form of that

suggested by Paris. Paris used
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T hK = h;

The valu ~
N € of 4 for
Slope of the AK ys

or the amo

the exponent was chosen as this was believed to be the

issessed f da/dN plot for most materials. Thus, each range was

Nificant Sl unt of damage it caused and then averaged over a sig-
Ppropriate Of_th§ signal. In many cases the value of 4 may not be
5elow and it js perhaps wiser to use the more general form as shown

flh - n
™ K B h
th

¢ value of  y
the fatigue T
X be used.
teels of the
Oad K-da/dN p

111 be material-dependent and thus some prior knowledge
€sistance of the material is necessary before the approach
IQ this investigation the work was conducted on low alloy
HY100 type. The value of n, as indicated by the random

lots is approximately 2, thus

Qan

. 2 [ — 2 —

£ hK = h; and hence K_ = ‘/ h; (ma) 2
0 ,
mhe further de
~tan Stress,

.Pms or Kh can

finition is required, that of a parameter to specify the
R cannot be used, as the effective dynamic K, as defined by

e neces vary greatly for given values of Kpax and Kpin. Instead
Sary to consider the ratio of mean to cyclic Ky iues
< K
Q= _nean _ _Inean
r X or @ =
rms h
Th
- © K t .
tOre’r?g © Ky ratio varies for the random loads used (Table 1). There-

- ¥ g 3
111 be sli §IVen overall range and mean level the effective mean stress
S the diff% tlx different, depending on whether the Q, or Qn 1is used.
co crences are small (+ 3%), the Q ratio was used as it is more

Venient ,
EXpp

ERIMENTAL DETAILS AND PROGRAMME
Al]
in  the tests were

sl e form of conducted on low alloy NiCr steel of the HY100 type,
Q Specime Centre-notched plate specimens of 7 and 12.7 mm thicknesses.

e ; NS were 600 mm long with a test section 300 or 200 mm wide,

was usedg On the thickness. A 500 kN servohydraulic fatigue test machine

and crack . : : .
. rowth was monitored optica
iep mlcroscope_g P 1ly using a travelling

T test ]
Wav e oads were used, three random and a constant amplitude (CA) sine

- All :
tUm 1y ;Eree random signals had the same, broad band, frequency spec-
4 R b‘ ‘1€ amplitude characteristics of the signals were different
€ seen from Table 1.
It
um:lle gTowth rg
Ihe ‘:rcd, then a
para hree r

te results for the four different types of load are to be
S8 dion iriterion ;5 necessary py which the rates may be defined.
using a o Oads, hav%ng Fhe same frequency spectrum, can be com-

¢ 8TOwth per unit time rate rather than a growth per cycle
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rate.  llowever, the sine wave results cannot be included in the comparison

hecause of the different frequency content. This means that an 'average
frequency' has to be determined for the random loads and the growth rate
dotined on that basis. In this work the average frequency of a rise
followed by a fall in K has been used in the main, although the alternative
of an average frequency of mean level crossings is also considered. These
riteria give the same frequency (within 2%) for all the random loads and
thus afford the same comparison as a time-based growth rate. The effective
trequencies of the random signals were 3 Hz (on the rise and fall basis)
ind 2.5 Hz (on the mean crossing basis). The use of the average frequency
of a rise followed by a fall in K is the more logical choice, especially

1f the K analysis (which is based on rises and falls in K) is employed.

the test programme consisted of ten tests giving eight different combin-
ations of load type, mean stress and specimen thickness. The full details
are given in Table 2.

RESULTS

I'he results of the fatigue crack growth tests are given in Figures 1 - 3
in the form of log-log plots of K vs. da/dN. Figure 1 shows the results
for the Q. = 2 tests on 12.7 mm thick specimens using the uniform ampli-
tude distribution (C) and the constant amplitude (D) loadings. The re-
sults are plotted using the average rise plus fall based growth rate.
Also included as a dashed line, is a replot of the variable amplitude
data using the mean crossing frequency criterion. It can be seen that
over a major part of the growth rate region studied, there is a close
correlation between the constant and variable amplitude results when
using the K;, analysis and the rise plus fall frequency criterion. The
correlation is less good when the Kyps criterion is used, with either of
the two frequency criteria.

I‘igure 2 shows the results for the tests at Q = 4 with the four different
load signals. Again it can be seen that the Ky analysis gives the better
correlation of constant amplitude data. Additionally all the data, when
considered on a K basis, seem to lie in a particular sequence. It
appears that the slopes of the curves are inversely related to the clip-
ping ratios. This is shown in Table 3 for the four signals at Q. = 4

and a growth rate of 1.5 x 10’ m/c. This means that at low K} values the
highest clipping ratio signal has the lowest growth rate. At high Ky
values the situation is reversed. The results in Figure 1 also show this
feature, but to a slightly lesser degree.

Figure 3 shows the results for the two Q. ratios (2 and 4) tfor both con-
stant and variable amplitude loading. This figure indicates that the
mean stress effect under CA loading is negligible. In contrast, the
variable amplitude results show the existence of a small, but significant,
mean stress effect.

DISCUSSION

Ihe results given above indicate that the K analysis ygives a superior
correlation of constant and variable amplitude data. The poor corre-
lations achieved using the Kppg analysis probably arise because the rms
value is waveform-dependent. For example, for a given overall range of
20 a square, sine and triangular wave would have rms values of 10,
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7.02 and 5.77 kN.respectlvely. The variable amplitude loadings used in that only small-scale yielding is occurring [3] and thus the stress inten-
this work were filtered random square waves. If the same filtering was ity analysis should be valid. However, if the overall ranges are con-
applied to a CA square wave load of 20 kN range then the rms value would sidered (i.c. Kmax - Kmin and Omax - Omin) then the small-scale yielding
be 8.75 kN compared with 7.07 kN for the CA sine of the same range. Criterion would not hold for the higher CR signals. The higher strains
As the fatigue crack growth process is basically a cyclic process (i.e. ?:::IQXTTQC£OS>lbly ol lry Jousls mocking, Gould less. T8 pecelerated

it is controlled by the changes in the level of the stress intensity), the h A

Kyms analysis, which can give different values of the effective K for the

same changes in level, is likely to lead to errors. This will be espec- ONCLUS IONS

ially true where materials other than steel are involved because the rms R

approach includes a square law weighting of the signal (i.e. root mean |} Random load fatigue crack growth can be satisfactorily analysed using

square). Where the growth rate is related to K by a higher power (such as

4 for aluminum) further errors are possible. \ stress intensity analysis based on Ky in conjunction with a growth

rate based on the average frequency of rises and falls in K. Ky is

vy . : lefined as
It is interesting to note that Barsom [3] achieved very close correlations o

between several variable amplitude and constant amplitude load signals S
using the rms analysis. However, these tests were on steel (n =~ 2) and ¢ = ;J Rt
the signals were composed of individual cycles of sine waveform and “n K
variable amplitude. In these circumstances the ratios of Kyms (random)
to Kyms (sine) and Kh (random) to Kp (sine) will be identical if 2 is

taken as a suitable value of n. Thus the correlations may well reflect
the similar characteristics of the signals used rather than a general )
dependency of crack growth on Krms. &

where for a given material n is the slope of the K vs. da/dN curve.

Random loading introduces interaction effects into crack growth which
result in a decrease in growth rates with increasing clipping ratio

- ; . . . ; At medium to low K values and the opposite at high K values.

If the effective stress intensity is best described using the Kp analysis, e &
it follows that the mean level should be defined by Qn rather than Qr. 3) The presence of a mean stress can influence the growth rate under

The mean stresses in the tests reported here were set on the basis of variable amplitude loading, but appears to have a negligible effect
given Qr values (2 and 4). The use of Qn to define the levels in the under constant amplitude 1éadin

tests would result in small changes in the relative mean stresses in the P R
tests, as is shown in Table 2. In percentage terms, taking Qp for signal
A as 100%, the mean stress for B is 97%, for C it is 103% and for the ACKNOWLEDGEMENT
constant amplitude signal it is 78%. Thus, the only significant change )
occurs with the sinewave tests. Figure 3 shows that the mean stress
effect under constant amplitude loading is negligible, and therefore the
change in the relative mean stress should have no effect on the results.

fhis work was supported by the M.0.D.(P.E.).

The relationship between slope and clipping ratio noted in Figures 1 and 2 FREERENCER
is probably due to the presence of the higher peak loads that occur as the 1
clipping ratio (CR) is increased. The differences in slope mean that the ’
high CR signals give the lowest growth rates at low K values and the
highest at high K values. This suggests the following possibilities. At
low K the high peaks probably cause a retardation of growth similar to

that noted when periodic overloads are inserted in constant amplitude
loading. This retardation decreases as the ratio of the overload to the
normal load amplitude decreases or as the proportion of overloads increases.
Thus the retardation is likely to decrease as the clipping ratio is de-
creased, the constant amplitude signal representing the lower limiting
case. At high K values the reversal in the order of relative severity
means that the high peaks are causing an acceleration in crack growth.

There are two possible explanations for this behaviour. One is that the
high peak values are causing steady load cracking. In these tests the

node is likely to be ductile tearing as no cleavage facets were observed

on any of the fracture surfaces.
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\lternatively, it could be that under high K values the stress intensity
no longer describes the crack tip plastic deformation. In all the tests
reported here growth was fully or partially slant at high K values.” The
net section stresses and the K values based on a K type analysis suggest

1190 1191




racture 1977, Volume 2 Part IV - Fatigue : Mechanics
Table 1 Load Signals
10X
I ——— ® Const.Amp. D
Signal A B G D hdg I —_— o Random C
- - LU S C (using mean crossing L
Amplitude Dist. (PDF) | Approx. Gaussian | Triangular | Uniform| CA Sine freq.)
Clipping Ratio (CR) 3.9 259 1.95 1.41
Kn/Kems 2.24 2.32 2.18 | 2.83 or
Frequency (Broad Band Approx. DC -+ 5 Hz) 5 Hz L
K
Table 2 Test Details
- //
B - ]
Speci Thi ( i . y P
P nen hlckness Qr ratio Load Type OrmS Qh ratio s
(mm) )
7 4 Random A | 24.8 MN m > 1.79 9577
7 4 Random B | 24.8 MN m 2 1.72 Ll il %
7 4 Random C | 24.8 MN m_? 1.85 o~
7 4 Sine D 24.8 MN m_2 1.41 F - | L ‘; :
7 2 Random C | 41.8 MN m 2 0.92 L ‘ ! =
4 e - 10 d mn
7 2 Sine D 41.8 MN m 0.71 da c
12.7 2 Random C 28 § 44 MN m 2 0.92 dN
12.7 2 Sine D 28 § 44 MN m" 2 0.71 L
ligure 1 Log-Log Plot of Growth Rate versus K for 12.7 mm Specimens
- = 2
at Qr 2
Table 3
8O ——e Const.Amp. D CR = 1.4
MN [T e s Random C CR = 1.95
Signal CR Slope m¥2 ____, Random B CR = 2.9
Random A | 3.9 2.2 80p= © Random A
Random B 249 2.03
Random C | 1.95 [1.89 A
Sine D 1.41 1.8
10 p—
(4
Figure 2 Log-Log Plot of Growth Rate versus K tor 7 mm Specimens at
Q. =4
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100::_“_‘ Random C
MN L----° Random C
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Figure 3 Log-Log Plot of Growth Rate versus K for 7 mm Specimens
at Qr = 2 and 4
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