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ABSTRACT

Using a fracture mechanics extension of Miner's rule, fatigue lives were forecast
for three sets of narrow band random loading tests carried out on weldments. None
of the forecasts were entirely satisfactory, although once the test results were
known it was always possible to refine the calculations to give an improved pre-
diction. It was concluded that, for narrow band random loading of welded joints
at long endurances, some service simulation testing to representative endurances
is necessary for accurate fatigue life determination.
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NOTATION
a Crack length
ag Final crack length
a Initial crack length
b Exponent in stress intensity factor expression
C, m Constants in equation (1)
Cy Constant in equation (4)
KI Opening mode stress intensity factor
e Range of Ky in fatigue cycle
-AKIP Prior value of AKI
ﬁKth Threshold value of AKI
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AKth,o Value of BK without prior loading

N Number of cycles

Ny Number of cycles for failure at the i-th load level

n; Number of cycles at the i-th load level

p(S/o) Probability density of a peak of S/o

R Relative damage

r(S/o) Damage density of a peak of S/o

£ Stress

s, Alternating stress

Sm Mean stress

ST/O Clipping ratio

Sth/c Threshold value of S/o

AS Range of stress in fatigue cycle

W Thickness

a Geometric correction factor

oy Reference value of a

Y Exponent in equation ©)

o] Root mean square value of S
INTRODUCTION

Ever since Miner's rule was first proposed, the problem of 'cumulative damage'
under variable amplitude loading has been extensively discussed in the literature;
see for example a recent review by Schiitz (1979).

Although the basic mechanisms of fatigue failure are relatively well understood

and documented (Frost, Marsh and Pook, 1974), the prediction of the fatigue life of
a structure in service is difficult because of the amount of detailed information
required. The interaction effects which occur between different load levels under
variable amplitude loading are a particular problem. The difficulties account for
the extensive use of service simulation testing (Marsh, 1979), which in principle
can provide fatigue life information. Nevertheless theoretical methods are needed
to extrapolate test data to broadly similar situatioms. In particular there is a
need to predict fatigue behaviour under variable amplitude loading at long

(~108 cycles) lifetime.

In a welded joint virtually the whole life is occupied by crack propagation from
pre-existing flaws so a fracture nechanics approach is appropriate. Back calcu-
lation from constant amplitude data leads to a fracture mechanics extension of
Miner's rule. With interaction effects ignored, this appears to work quite well on

of mean stress, AK,, is roughly proportional to (Sa/Sy)

rsuall{ af is large compared with a, and therefore has little effect on N.
is neglected or assumed proportional to a,, equation (3) can be written
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t;;)tizzgiiroTPchi 1i;erature f?r milq steel welds tested under narrow band random
ook fofecazzs'of Zé). Itlls obviously desirable to check prediction methods

oL e PoECass O e results of laboratory tests before the results of the

e e Srec§ster. Forecasts were therefore made for three sets
R sts on unstress-relieved weldments carried out in air at NEL. A particu-

ir alm was to see what could be learnt without the detailed information which i
ccessary for a classical fracture mechanics analysis (Tiffany and Masters, 196;§.

FRACTURE MECHANICS EXTENSION TO MINER'S RULE

.}mkmiiggi of extending M%ner's rule is outlined below, full details are given by
A.ﬁso 4 . 1977).. Behaviour of tﬁe material was assumed to be linear elastic, a
rcasonable assumption for many fatigue problems (Frost, Marsh and Pook, 1974).’

tonstant Amplitude Loading

atigue crack growth data can for ma i
S ol many purposes be conveniently represented by the

da _ m
- C(AKI) (1)
.:eriha is the crack }ength, N the number of cycles, C a material constant,

‘ 1 the range of opening mode stress intensity factor K; during the fatigue cycle

‘ ¢

it neglecting any compressiv
e stress, and m an exponent, which f
teels can usually be taken as 3. ’ ' or structural

he stress intensity factor K; is given by

K = S(va)%a (2)

here S is the applied stress, a i i
- , and a a geometric correction factor of the order of

; . . "
JAtAﬁégiZcEEEULZSd’ S is reglaced by AS, thg stress range during a fatigue cycle
g Craik yccomEress1ve stresses, which to a first approximation simply
e o R, rack growth does not take place unless AKy exceeds a threshold
the Unlike crack growth rates, which for steelf are largely independent
’

] where i
ind S, alternating stress. m 18 mean seress

If o 1s assumed constant, then the fatigue crack growth life N is given by

aol—%m _ af1—%m
N =

i cas™ ™ (4m - 1)o™

(3)

here a_, is the initial i
e a, ) crack length, and a¢ the final crack length i
ipecimen fails by brittle fracture or tensige overload. ¢ o hich the

If as

Gy

N = —5—a 7 m_l)ASm. (4)
(o]
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The well-known result that the negative inverse slope of the S/N curve for a
cracked specimen, plotted on logarithmic coordinates, equals the exponent m in the
crack growth equation follows from equation (4).

Various other relationships are easily derived, but are only aPproximations where
residual stresses are present, as they will be in unstress—relleved.welds. Indeed
Gurney and Maddox (1972) have argued that in such joints.the effective stress cycle
is from yield stress downwards, irrespective of the applied mean stress.

Variable Amplitude Loading

Under NBR loading (Pook, 1976), individual sinusoidal cyc?es.who§e frequency cor-
responds to the resonant frequency of the system may be Q1st1ngu1§hed but they have
a slowly varying random amplitude. The probability denS}ty guncFlon for the occur-
rence of a positive-going peak approaches the Rayleigh distribution

2ol
o)

where p(S/o) is the probability demnsity of a peak of S/o, and o is the root mean
square (r.m.s) stress amplitude of the loading.

The process is symmetrical about its mean value from which-S i§ measured, and cor-
responding negative-going peaks occur. The Rayleigh distribution has the form )
shown in Fig. 1 and theoretically extends to infinite stress. However, for various
practical reasons, peaks do not exceed a cut-off value of S/c known as the clipping
ratio (Sp/0), which does not usually exceed 5.
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Fig. 1. Probability Density Function for the Rayleigh Distribution and
Relative Damage Density Function for Various Values of m

2083

I'he amount of crack growth due to variable amplitude loading can be estimated if it
is assumed that each cycle causes the same amount of growth as if it were applied
s part of a sequence of loads of constant amplitude. This approach ignores the
interaction effects. -In NBR loading, a cycle does not differ greatly from its pre-
lecessor; this reduces interaction effects, which in any case are relatively
inimportant in low strength steels.

For calculations it is convenient to define a relative damage density function,
r(S/o), which gives the probability density of relative crack growth due to a peak
of S/o compared to that for constant amplitude loading of the same r.m.s. stress
mplitude. For NBR loading and the crack growth law given by equation (1).

(g - [ 2 e[ (6)

hamage density curves for various values of m are shown in Fig. 1. The area under
the damage density curve gives the relative damage, R, which is the ratio of the
mount of crack growth caused by a variable amplitude loading to that caused by a
‘onstant amplitude loading of the same r.m.s. stress amplitude. Some values of R
ire given in Fig. 1.

\ccording to circumstances, various corrections may be needed. At the upper end
the damage density curve is limited by the clipping ratio. When negative-going
peaks fall below zero, the damage density is reduced. A fatigue crack of a given
length will not grow unless the applied stress exceeds a critical value. Peaks of
less than a threshold value of S/o, Sy /0, are therefore non-damaging, and this
cffectively truncates the damage density curve at its lower end, thereby reducing
R. As a crack grows Sgp/o falls and R increases, and this must be taken into
account in the estimation of total life.

Jecause R is a function of crack length, numerical methods are needed to calculate
the fatigue crack growth life (Pook, 1974). 1In outline, arbitrary values assigned
Lo ay and af are used in conjunction with the constant amplitude results to cal-
culate fictitious values for crack growth constants. These fictitious values are
then used in the calculation of the NBR loading life. This implicitly assumes that

the initial flaw size and the shape and pattern of crack growth are the same in all
specimens.

'he results obtained depend on the ratio assigned to ag/a, and also on the assump-—
tion that each specimen contains an identical flaw which leads to failure, but
letailed information on the size, shape and location of the flaw is not required.
'he value of af/a, has the greatest effect in the knee region, which is much less
pronounced than for constant amplitude loading. The curve for af/a0 + ® ig close
to that for af/ao = 10, making this a convenient value for calculations. As

ig/ag > 1, the procedure becomes equivalent to a Miner's rule summation, that is

that failure takes place when
Z 1y
N_-=1 (7)
i

where n; is the number of cycles at the i-th load level, and N; is the number of
cycles for failure at the i-th load level.

An advantage of basing predictions on constant amplitude data is that factors such

1s the effect of residual stress, not easily allowed for explicitly, are auto-
matically taken into account.
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Lap Welded Specimens

As a check on the utility of the method it was used (Pook, 1974) to forecast the
1ives of mild steel lap-welded joints, of the type shown in Fig. 2, tested under
NBR loading at high mean stress (Sm/ﬁo = 2) (Marsh, Martin and McGregor, 1975).
Nominal stresses were all below general yield. The results obtained are shown in
Fig. 3. The slope of the constant amplitude S/N curve corresponded to m = 3.17,
close to the expected value for mild steel, and ag/a, was taken as 10. The fore-
cast coincided with a Miner's rule summation at short endurances and agreement with
the experimental results was good. At longer endurances the curves diverge. The
Miner's rule prediction is less conservative, but agrees better with the experi-
mental results.

With the benefit of hindsight the method was modified and better agreement was
obtained at long endurances (Pook, 1977).

DIMENSIONS IN mm

Fig. 2. Lap-welded Specimen
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Fig. 3. Narrow Band Random Loading Results for Mild Steel Lap-welded Specimens
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MODIFICATIONS TO THE METHOD

Cracks in Weldments

An outline of the-modifications to the method i i b 3 i
s By Toch CITOL s given below; full details are

In welded'Joir}ts the assumption that a remains constant as a crack grows is perhaps
an over-simplification. Failure at a weld toe is usually from a small crack-like
defect: ?uch c.lefects are typically about 0.15 mm deep (Maddox, 1975). The effects
of varlatlogs in o with crack length can conveniently be examined by writing

1 = ag(a/W)°, where (a/W)® is a non-dimensional factor and W is the thickness (or
some other convenient characteristic dimension) (Pook, 1977; Det Norske Veritas,
1977).. For toe cr:'acks this provides a reasonable fit to stress intensity factors.
Depgndmg on precise geometry (Gurney, 1975), b ranges from -0.1 to -0.34 with a
t_).rp1callva1ue of -1. Examination of stress intensity factors for various con-
figurations (Rooke and Cartwright, 1976) suggests that b does not usually exceed }
Det Norske Veritas (1977) suggest values from -0.20 to 0.16. -

fquation (3) when c:to(a/w)b is substituted for a becomes
hl—m(hb) _ afl—m(hb)l

N = wmb o /
CAva%n{m(i +b) - l}uom 0

n general, equation (8) indicates that behaviour is strongly dependent on the

relationship between m and b. In i igni
1 g particular the value of ar becomes more signifi-
cant as b is reduced. f * '

¥he effect of variable amplitude loading can be further examined by again consider-—
ing the be.zhaviour of a welded joint subjected to NBR loading. Of particular
interest is the effect of changes in a as a crack grows on the predictions made
l'rom consvfant'amplitude data. Assuming b = } or -} and af/a, = 10 causes a slight
;r}creas? in life at long endurances, but the difference is only of the order of the
ine ?hxckness on a graph. However, the lower the value of b, the more slowly will
relative damage increase with crack length, making results more sensitive to the

value of ag/aj. The‘previous conclusion that ag/a, could conveniently be taken as
10 does not necessarily apply for b < O.

he assu.mptic}n that the final crack length is independent of the applied load can

be an ovet—suznplification. In particular ag is likely to change markedly with
applied load 1n'specimens where the net sectional area reduces rapidly as a crack
,;;ows. When this happc'ans the slope of the S/N is less than the slope expected from
the value of m. The difference between the S/N curve and a line having the expected
-,101_3e can.be thought of as a measure of af, which can be used in the estimation of
1:.1t%gue life under variable amplitude loading (Pook, 1977). The calculations are
*vf1m1lar to the hypothetical S/N curve method first suggested by Corten and Dolan
«195§), and explain the success of that method. Making a correction of this type
considerably improved the prediction for the lap welds shown in Fig. 2 (Pook, 1977).

Welded Tubular T-joints

I:‘z:?,t? were carried out at NEL at zero mean load on welded tubular mild steel
I-joints of the type shown in Fig. 4 (Martin and McGregor, 1977). Load was applied
.lxlélly along'the brace and failure took place in the parent material of the chord
As 1? conventional for tubular joints, results were plotted in terms of the 'hot '
spot' stress, which is the actual rather than the nominal stress at the stress
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concentration at which failure originates. In this type of jointz fa}lure
initiates at the weld toe and grows around the weld as indicated in Fig. 4, so .
that af, measured on the surface, is much longer thay ap. The actual pattern ;
crack growth in a tubular joint is complicated (Mart%n and MacGreggr, 1977) ?;
crack growth tends to be through the thickness, but it has been pointed out :n
and Plummer, 1976) that crack lengths measured on the surface can‘bg used as the
basis of a meaningful fracture mechanics analysis: As failure or1g1?ates‘at a toe
crack, b can be taken as -} while the crack is fairly short, and limited 1nfor-
mation for a similar type of joint (Pan and Plummer, 1976) suggests that this
value is also appropriate at longer lengths.

LOAD

BRACE — 60 dia x &9 thk

CRACK GROWTH CHORD — 14 dia x 5 &4 thk
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Fig. 4. Welded Tubular T-joint

Fig. 5 shows the NBR results for the tubular T-joints compared with various pre-
dictions based on constant amplitude results. The initial forecast, méde before
the results were known and marked 'no interaction', was based on the line through

. ; _1
constant amplitude data corresponding to m = 3, with af/ao taken at 100 and b as .

This prediction is fairly reasonable at short endurances, but grossly underesti-
mates the fatigue strength at long endurances. éfter the results were gnown
further predictions were made in an attempt to find the source of the dlscrepanc;v7
without success so the predictions for these data were not dlsgussgd by Pook (1977)
and Martin and McGregor (1977). From a practical view?01nF this discrepancy was
not serious because the simple Miner summation, shown in Fig. 5, was comservative.
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Fig. 5. Narrow Band Random Loading Results for Welded Tubular Mild Steel T-joints

EFFECT OF INTERACTIONS ON THE FATIGUE-CRACK GROWTH THRESHOLD

Prior loading can have a significant effect on the fatigue-crack growth threshold
of mild steel. Clearly, all possible consequences for the high cycle region should
be considered. TFor a range of steels tested at zero mean stress Klesnil and

Lukds (1972) found that

Ak, )Y

Ip
AK,, = AK 9)
th th,o AKth,o

where BKep o is the threshold without prior loading, BK1p is the value of MKy
immediately before determination of the threshold, and Y is an exponent whose
value varies with the tensile strength of the steel. For mild steel y is 0.45.

[n an attempt to understand the behaviour of welded joints at very long lives some
NBR tests were carried out on edge-cracked mild steel plates (Pook and Greenan,
1979). All tests were at zero mean stress, and the initial cracks were approxi-
mately 4 mm deep. Specimens were stress relieved after precracking. Calculations
showed that assuming that AK¢y was elevated according to equation (9) gave an
improved fit at long endurances.

In the light of these results two further predictions were carried out for the
welded tubular T-joint results shown in Fig. 5. These were both modified versions
of the forecast described above. In the first, marked 'with interaction', it was
1ssumed that interaction effects increased the threshold according to equation (9).
fhis still substantially underestimates the fatigue strength at long endurances.
The second used a value of OK¢y arbitrarily increased by 75 per cent, as suggested
by Priddle (1975), and gave a much better fit at long endurances, but it can only
be regarded as a curve-fitting procedure.

APPLICATION TO NON-STATIONARY NARROW BAND RANDOM LOADING

As part of the United Kingdom Offshore Steels Research Project (UK Department of
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Energy, 1974), constant amplitude and non-stationary NBR loading tests are being
carried out on cruciform welded, full penetration joints of the types shown in
Fig. 6 (Holmes, 1978). All specimens were manufactured from medium strength
structural steel plate to BS 4360 grade 50D (modified). Axial specimens were cut
from 25 mm thick plate, tensile strength 536 MN/m?, 0.2 per cent proof stress

383 MN/m?, and tested under axial loading. Bend specimens were cut from 38 mm
thick plate, tensile strength 538 MN/m2, 0.2 per cent proof stress 370 MN/m?, and
tested in four-point bending. All tests reported here were carried out at zero
mean stress. Full details of the specimens and test technique are given by
Holmes (1978). The constant amplitude tests gave essentially the same results for
both types of loading. The slope of the finite life portion of the S/N curve cor-
responds to m = 3.

100 140 ALL DIMENSIONS

——‘ '-— IN mm Hi)_—‘ r___ 200
j
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954
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L I L

(b) BEND SPECIMEN

(a) AXIAL SPECIMEN

Fig. 6. Cruciform Welded Specimens

The constant amplitude axial loading test results were used to forecast the
results of tests carried out using the load history shown in Fig. 7, which is
intended (Pook, 1978) to be representative of those experienced by offshore struc-
tures. The forecast was carried out taking b = 0, ag/ag = 10, St/o = 8 and

y = 0.5 and is shown marked 'with interaction' in Fig. 8. For comparison a
Miner's rule summation and a prediction with no interaction are also shown.

All the predictions overestimate the lives obtained, with the no-interaction curve
being nearest the test results. Use of the actual, rather than the nominal
clipping ratios, reduces the predicted lives slightly. The constant amplitude S/N
curve used was based on the axial results as only these were available at the time
the forecasts were made. A revised Miner's rule summation, based on an S/N curve
drawn through all the constant amplitude data, and a more accurate assessment of
the load history used gave an improved prediction. Further analysis will be
carried out.

w
= 1
- M L .
S MAAR~a/ \Avﬁvﬁv,\'r\‘f l\vnvﬂ. ﬂl\vnu' ’mAl\VAvl%
; AL G
b3
<
26000 cycles 20000 cycles |15000cycles 15000 cycles | 20000 cycles
rms. 0-3470 rms. 0:799¢ rm.s.1 3660 rms 1:3660  rms 0 799¢
4000 cycles
rms 19600
BLOCK LENGTH 100000 cycles
Fig. 7. Non-stationary Narrow Band Load History
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DISCUSSION AND CONCLUSIONS

None of the forecasts of fatigue life were entirely satisfactory even though they
were for carefully controlled laboratory tests, and the method used automatically
took a number of variables into account, such as the residual stresses which must
have been present in the unstress-relieved joints tested. With the benefit of
hindsight it was always possible to refine the calculations to give an improved
prediction, so that it should be possible to make reasonable predictions for
broadly similar situations. However it is clear that, for NBR loading of welded
joints, service simulation tests carried out to representative endurances are
essential if the fatigue strength at long endurance is to be determined accurately.
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