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WEGEMT

Summary of lectures on

LOCAL STRENGTH ANALYSIS

Local strength in the sense of "fracture-strength" of welded structures
is dependent on: .

a. The type of loading.
(Static strength; dynamic strength: fatigue and impact).

b. The temperature.
(Ductile < brittle behaviour). \

¢. The environment.
(Corrosion fatigue).
H

d. The geometry of the structure.
(Stress/strain concentration, state of stress (macro-micro)).

e. The size, type, number and orientation of defects.
f. The quality of the material in the weld zones.

g. The presence of residual stresses.

Indirectly local strength depends on the extent, thoroughness and
reliatility of non-destructive testing and material control.
The link between testing and the foregoing items a to g has to be
made by "fracture mechanics" embedded in a sound philosophical base.
Agpects are: - TFail safe <> safe life. _
(Crack initiation, - propagation, - arresting,
sjignificance of defects, fitness for purpose).
- Danger of fatigue for brittle fracture.
- Fatigue calculations for service loading.
(Influznce of mean stresses, overloads, combination
of high and low frequency stresses, residual stresses,
crack closure, cathodic protection).

— High strength - low strength steels.

- Influence of high-heat input welding on toughness of
fine grain steels.

- Hot-straining embrittlement at intersections of welds.

~ Strength ¢f flame-cut edges.

= Evaluation of acceptance tests.
(Charpy, C.0.D., D.W.T., Robertson, Vells wide plate).

—~ - Lamellar tearing.




PART I: FATIGULE ' -0

1. Introduction

Design in connection to cracking and fracture of structures should:

a - be a fully integrated process. For instance the loading parameters and
the permissible values of stress, strain and crack length should not be
treated separately as they are interdependent. This will be made more
clear in sections 2 and 3. :

b ~ be a process in which every step must be deflned in statistical terms
(probabilities, confidence limits). This is not purely a consequence
of the unavoidable statistical description of sea-induced loads, but
also of the - not exactly to define - ''capability" of structures and

- of weaknesses in theories and suppositions. :

c - be 1007 realistic. This means that it should not deal with models. made
of homogeneous, isotropic, ideally elastic materials, but with man-made,
welded constructions, containing misalignments, defects, residual
stresses and locally damaged (embrittled) materials. (Figures 1, 2, 3).
In this connection it is emphasized that defects are always present in
welded structures and that these defects have to be looked upon as
cracks. The cansequence is that design for fatigue consists of calcula-
tions for crack-growth.

d - include parameters playing a role in destluctlve and non-destructive
testing. The more sophisticated the control of construction methods
and materials is, the closer the designer may reduce his margins of
safety.

e — consider the whole "environment" as "loading'", including corrosive-

" action, low temperatures and eventually p0331b111t1eo of 1nspect10a
and reparatlon. 2t

f - 1ncorporate finite-element calculations combined with fractur —mechan—p
1cs. For instance, what we like to know 'is -how the: stress ileld at the _ |
most: critical points depends on the length, depth and orientation of .
local cracks, and what is the influence of combinations of local axlal
and bending deformatlons in triaxial stress cond1t10n

A practical observatlon is that increasing the accuracy of the best. part of .
an. analysis from for instance 90Z to 957 often mecans at least doubling:the L
relevant cffort. When the extra quantity of work involved would have been
put into weaker parts of the problem, the overall re11ab111ty of the de31gn
analysis. might have been 1mproved a lot more. .

trated in figures 5, 6 and 7. It is shown that cyclic stress data for struc-

|
Uneconomical and time-consuming approaches occur everywhere in the design J
procedure. For instance there exist sophisticated fatigue-calculations of |
which the reliability is not better than that of very straight-forward ‘
simple approaches. The main fault in the sophisticated methods is that para- . |
meters which cannot be put in statistical figures are either left out from : -i
the calculation or - just the opp031te - taken into account in a completely |
"overdone" way. It will be seen that "crack closure" is one example. S
Another one is, that all kinds of load aspects are considered to be "random", +
while they are not-or only in a weak sense (fig. 2c). Perhaps the main one ‘
|

|

\

|

|

1

-1s_the use of Miner's rule for unsteady loading instead of methods for cal-

culatlng crack growth.

On the other hand there are a number of fortunate factors, of which advan-
tage can be taken in fatigye calculations, (see fig. 4). Point 4b is illus—

tural discontinuities can also be obtained with the aid of strain gauges at
critical points. This method has the advantage that the combined effect of
the external load components becomes known. In fig. 7 it can be seen that
the endurance of relatively complicated structures such as conservative
tanker longitudinals correlates rather well with that of simpler models if
plotted on the basis of local strains. When it is realised that the stress
state in the different types of specimens was very different, the result is
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satlsfylng, it could hardly be 1mproved by applying fracture mechanlcs,
(see section 5). Of ,course the correlations have been obtained for constant
amplitude loading, but it is not unreasonable to expect similarly good re-
sults for serv1ce—conform1ng ]oadlng Favourable experiences with strain
gauges have also been reported by Gassner and Haibach /23/.

2. State'of affairs

2.1. Historical

For many years shipbuilders have shown little interest in fatigue problems.
In 1962 Yuille succeeded in bringing the matter to the surface with a per-
tinent RINA paper /9/. The essence of his reasoning was: 'Do fatigue cracks
develop in ships or not? If not, it has no sense to measure all wave-induced
stresses. For then only the highest absolute values of stress are of inter-
‘est in connection with the strength of ships'.

. With the aid of fig. 8 Yuille tried to demonstrate: that indeed ships are not
. in danger of fatigue. It does not invalidate the great merits of his paper
when it is said that the figure was not absolutely convincing. The load data
belonged to the 'OCEAN VULCAN', being a ship of rather conservative design.
The fatigue test data were not very accurate. (This was not Yuille's fault.
Only very few data on the fatigue behaviour of structures were available)..
Yuille's argument that in the 'OCEAN VULCAN' fatigue cracks had never devel-
oped, was offset by Vedeler's information /10/. Once 129 cracks had been ob-
served in a 4} year old tanker.

In order to clarify ‘the matter Nibbering /11/ made use of Bennet's data on-
longitudinal wave bending of two fast. dry cargo ships, the CANADA (9085 tons -
dwt; 19+5 knots) and.the MINNESOTA.(7260 tons; 19 knots), /13/, /14/.

He corrected the frequency distribution of the 1ong1tudJna1 wave bending :
stresses for: R

a. slamming and whipping, (see fig. 18);

b. changes in temperature and loading condition;

. :changes in water pressure ‘on .the bottom,.

...influence of corrosion; -

actual peak to peak values, (see fig. 10).

o a0

" He also converted the cumulative frequency distribution into a line each

point of which represented the complete load history of the ships. For these
fast ships the correction for slamming proved to be very important, (fig. 11).
At that time the first results of axial fatigue experiments with mild steel
tanker longitudinals had become available. When they were compared with the
deck 'fatigue loading line', (fig. 11), it was evident that fatigue cracks
might occur, Yet the outcome was not too pessimistic, for the structures test-
ed 1ncorporated severe discontinuities (fig. 12), and even with these only
small cracks could develop.

The type -of presentation in fig. 11 becomes far more complicated when it
concerns structures such as the hatch corners of modern ships. For these,
~the vertlcal 1ongltud1na1 wave bending is no more the dominant type of 1oad—
"ing.

Torsion, horizontal bending and transvérse loads have become equally impor-
tant. When static strength is considered it is logical to look- for the most
unfavourable combination of thé various load components. But for fatigue
strength the number of times that various possible combinations occur is
1mporLant These frequency distributions are difficult to estimate. The

reader is ieferred to work of Meek and co—workers /2/ and a paper of Alte /22/
for more information. : : : -

. Wave 1nduced stresses in ShlpS are commonly presented as cumulatlve frequency
d1str1but10ns,(flgures_8 11). This may be the most conven1ent way for load




'In shlps thete are hundreds of kllometrej of welds and many thousands of weld
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experts, but. it is certainly not what fatigue. experts prefer, Flgu1es 18 and
10 111ustrate two relevant asperts ‘Another,. the 1nf1uence of changes of

mean stresses (still water strcsses) is. equ111y 1mp01tant (see sections 3, 4).
Apart from this; fatigue qpec1a11uts are still in deflCU]tles when asked to
predict the fatigue behaviour. of a ship for whlch frequency d]strlburlons of
loads are available.

The method of fig. 11 is primitive. Somewhat better is a rule such as that
due to Palmgren-Miner for estimating the fatigue life of a ship with the aid
of results of constant load tests. Others rely upon results. of programmed
load tests, while the more pes31nlst1c requ1re service- conformlng 1oad1ng
preferably w1th prototypes. : " : :

2.2. The crack 1n1t1at10n Erogagatlon dllemma ' . =

crossings. Although non-destructive.testing is widely applied, weld‘defecto
will nevertheless be present in ships. Some will be too small to detect; ‘
others escape notice because of their unfavourable position and orientation, . ‘
Many defects are sharp .notches. When locally, the cyclic stresses are. high

enough, fatigue cracks will often start growing after a relatively small
number of cycles. In the structural-specimens iof fig. 7 at 200 N/mmZ.-a crack

- started after-1600 cycles, reached a length of 4 mm after 8500 cycles, and

20 nm after 20,000 cycles. In mechanically notched plates a‘! mm crack de-
veloped after 8000 cycles and a 20 mm one after 40;000 cycles. The growth.
from 1 to' 20.mm took 32,000 cycles. The logarithms of 40,000 and.32,000 are
practically equal: 4+6 and 4-5. Consequently neglection of the:number of .
cycles necessary for the initiation of the crack hardly 1nf1uences the'p031-
tion of the Wohler-curves for 20 mm crack length. o

From the foregoing the conclusion may be drawn that for sh1pbu11d1ng, cfpe—
rimental data about the resistance of structures to crack propagatlon ,are of
primary interest. The advantage of neglecting the initiation time is. that th: it
influence of a number of difficult-to-grasp parameters ic excluded (scatter! ) LR
Furthermore calculations of crack growth under constant and variable cyclic . ‘
load conditions can be made with more confidence than the calculatienigfnlife,;_

time up to crack initiation. For many it will be attractive that such!an ap- - i
proach is on the safe side. - e oo

It should be emphasized that-the'approach-is-oniy advocated for structural : o
details which are frequently found in ships. For these, expensive. and time-

consuming measures “in~order-to~increase—the-resistance -to- crack- initiation. . ___ _

. will generally not be justified. But for structural details which are not
‘numerous such as hatch corners of containerships and bulk carrlels, measures

to improve the fatigue strength pay greatly.

ilegh qua11ty welding and post-weld treatments may result in cons1derab1e
“benefits. One need not only consider grlndlng and planing. Undercuts are also

highly improved by TIG-welding or by peening, see Hotta ét al. /15/; Kanazawa

“: /20/; Gurney /17/ and Reemsnyder /18/. Takahashi /16/ observed. an-increase  in
" fatigue strength of- submerged -arc welds from 1.60 to 320 N/mm? (repeated 1load-

‘ing) due to TIG-welding of the undercuts. Harrisom et al. /19/ found;an in-

‘crease from 110 to 260 N/mm®?. Deep grinding proved to be far more expensive:

than peening and TIG—weldlng.

RS

Sometimes it is wrongly stated thaL these 1mprovements have 11tt1e effect.
The argument that for-welded redundant structures .such-as ships. 90%-of the

. fatigue life of a structural detail consists-of crack propagation is.only
~true in the case of every day workmanship. Figure '11:gives an: idea.of how

much may be gained by:machining .of. butt welds. A most successful approach is
to improve the endurance limit so much that cracks simply are not.able to
1n1t1ate, then double amplltudes of stress, in the order of magnltude of

200 N/mm (repeated 1oad1ng) may be tolerated m11110ns of t1mes 1nstead of
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a few 100,000 times. It makes the difference between no cracking during the
ship's lifetime or cracking after onme year. Ships of the first type (with
excellent structural details) should be ‘considered as 'safe-1life' structures.
For when, despite great care, a crack starts after many years, it will pro-
pagate quickly. The cause is that the material in the line of the crack path
will have been damaged by the prev1ouq large’ numer of lead cycles.(See also

fie. 21a).
This contrasts with the case. when craLks start early in the 11fet1me The

the surrounding material is still relatively sound and the crack propagates
slowly. It can be detected in time and repaired; the structure is 'fail-safe'.
Apart from this, it is a.general rule that the milder the stress concentration
in a structure, the smaller the number of cycles for crack propagation will

be in relation to total lifetime and vice versa. If the bar discussed pre-
viously had a semi-circular notch instead of a saw-cut, a crack would only
have started .after some 70,000 cycles. The growth from | to 20 mm would have
taken less than 32,000 cycles, making at the maximum 102,00 cycles in total.

-Only 33% of this number has been spent for propagation, while for the sharply

notched bar it was 32,000 + 40,000 = 807.

For stationary states of the sea the quasi-static stresses (peak-trough) con-
form well to the Rayleigh-distribution. The Rayleigh-parameter E is equal to
8 times the area of the stress spectrum (E = the R.M.S. of the stress-ranges).

Neglecting for a while the vibratory-stresses, we may estimate the cyclic

loading of a maritime structure as follows:

a. Define representative sca-states for the route concerned all over the year
with the aid of oceanographer's ‘books.

In order to. keep things simple these sea-stateg.are sometimes characterized-

only by the R.M.S.~values of tha wave amplitudes~or heights. It will bhe
clear. that the shape of the wave=spectrum,.and particularly the position

of the peak relative to the peak(s) of the R.A.0.-spectrum determines to a" -
large extent the resulting stress spectrum. This can be taken ‘into account .

by introducing first and higher moments of the-spectral curves. But.the
use of one-or two 'standard-shapes and a few different .positions-of it in
horizontal direction may-givewsufficiently accurate results. It has no -
sense 'td differentiate. very-far. More important is to-dispose of reliable
figures about-the probability of occurrence of the spectra.

b. The multiplication of wave~ and R.A.0.-spectra gives stress spectra. Eight
" times the area of these spectra is equal to the R.M.S.-value of the stress
ranges, All R.M.S.-values for the whole life of the structure will have a
frequency of occurrence more or less conforming to known statistical dis-
tributions (Gauss, Weibull etc.). Then the same is true for the frequency

" distribution of the stress ranges themselves. ’
c. So far things have had nothlng to do with fatlgue.
"~ The commonly made next step is now to use Miner's rule for calculaLlng the
fatigue-life () n/W = 1), (fig. 13).
The first problem then is that the stresses obtained in the foregoing are
'nominal stresses'. These might be used in fatigue-calculations but only
~when fatigue-curves (Wohler, $-N) are available for the joints for which
we like to know the fatigue-life. If not,  'hot-spot' stresses have to be
calculated, or measured at structural models or real structures with
strain gauges. Then these stress-values may be used in connection to
fatigue-data for butt-welds, fillet-welds etc. to be found in the liter-
ature,

One should not have the illusion that the answer obtained has a high accuracy.
Sometimes it will be much on the safe side, in others unsafe. The weaknesses
are particularly present on the loading side and on the side of the fatigue-
life calculation. Yet it is very well possible to improve the calculation
process essentially without making it too complicated. The rough rule of
Palmgren-Miner.can be dismissed and load data and fatigue calculations can




be more logically connected in crack growth calcu‘at1ons startlng from
N.D.T.~-determined defect lengths, - (fig. 21). This is not-new; many experts

all over the world favour that approach.-In this method the influence of the
sequence of loading can. largely be incorporated, but fig.- 2la. shows a problem.

In this connection it should be realized that wave. induced stresses' are not

purely random. This becomes clear when representative wave spectra are

studied over the year. Heavy storms occur particularly in autumn and winter

and less in summer. Temperature stresses change from day to night and are

most severe in spring and summer. Alsc - "looking daily - they depend 1arge1y |
on the position of the sun. In the North Sea storms mostly come from western !
directions. Contrary to typhoons, they grow gradually in strength and d1e

out 31m11ar1y. Tide streams are very regular; (f1g IQ)

Some of these aspects of 1oad1ng are very 1ow—frequent and as such determ1ne i
the level of mean stresses. Now in connection to mean stresses the .commonly |
~hold opinion is that they hardly need to enter in fatigue-calculations (fig.

14). The argument is that in welded structures there exist residual- stresses

of yield point magnitude. Due to that the average level of the stresses is '
supposed to be above zero. (If so, when Miner's rule is used- 1t would, be

_reasonable to take fatigue data obta1ned for repeated loading’ (R 0)) '

This 1Jne of ‘thinking is more or less right for hypothetical. structures sub-
" jected to constant amplitude, constant mean-stress loading. But even- then
it is conservative. For only as long as cracks are small, their tips. will be
"within the residual stress field. At greater lengths" they leave that field

" and propagate under conditions mainly determined by the external loading.
Apart from that, the presence of a crack w111 cause’ 10ca1 rellef of thé re— =
sidual stresses. : 7 ) ‘ . {f :

In marine structures the loading is neither constant amylltude nor coestant S
mean stress. Farly in the life of a structure'stormy weather. may occur: “‘J o
during which the sum of the cyclic (quasi-static) stresses, vibratory stress
‘es and mean stress may-approach the yield point, -leading to yielding at e
'hot spots’, (fig. 15, 16). This will relieve the residual stresses largely. -
Morecver when cracks are already present, local yielding at a crack tip

creates a zone in which in the unloaded condition: compressive stresses.are
present.-On the whole the situation improves drasticaliy. Ferhaps most: im-
portant of all is that in the absence of residual stresses .new-parts of

——cracks. will be able to close during the compressive part of thle- loading

~eycles. What tﬁqg_ﬁeenb_fsr_the‘Fat1gue—ijfe<45 illustrated in fig: 7.
It shews that after crack formation it is no longer the range of ‘the St¥gsg—""— —-

. es (double 1mp11tude) which is respousible for crack growth, but the tensile

.. part of the- cycle. This is already valid for cracks of 5 nm-in length. 1t

should be realized that . extreme-compréssive loads will only.reduce slightly |

the forcg01n0 favourable 1nf1ULnCLb, just because of the phenomenon of crack .

closure.. - . : S ' . .

There are other argumcnts tor not neglectlng mean strcqqes, and changes and

sequences of these. Figure 18 shows in a-simplified form what may:happen

..duting_Zé hours. Vibratory stresses add.to the fatigue-damage. in -twp ways:
they increase the number of cyclic stresses, and they enlarge appreciably N

the range of the quasi-static stresses. In ships the latter is far more. im-

portant. than the former. In offshore structures it may be different, T

3. Shortcomings of Miner's rule

.. In section 2 emphasis. has been.laid on the non-random character, of sea-in-
,ducedﬂloads;—-particularly:for_the_aspect'of.sequence of.loads.--and .on the
importﬂn"e of-chanoes of mean, stress which may oeccur. L

The present’ section will ghow Elat when uslqv Nlnel b rule these influences
cannoL properly be taken 1qfo account, " S e o e

-1 - - B . . 9. ' - -




3.1. Shifts of mean stress

Figure 19 gives an 1dea of progressive s1mﬂl|fications of service loads.
The value of each simplification in connec ".on to fatigue-life predictions
will be discussed later. Here the lower pait of the flgure serves as an
introduction to figures 20 and 22,

From the viewpoint of Mlner s rule figures 20-I and 20-II are identical.
They both lead to. the same fatigue~damage. But, when crack-growth calcula-
tions are carried out,. the two 'programmes' 1ead to entirely dlfferent re-
sults. This_can be easily understood from the relation da/dn = C. (AK) (fig.
21). For repeated loading AK = ovma applies (for central through cracks in
axially loaded plates). When cracks are absent or very small it also- applies
to alternating loading, but in case of cracks 1dnger than a few mm's.

AK z-%‘/ﬂa’should be used as a consequence of crack closure during compression.
-When applying first repeated loading (fig. 20- II) and taking m = 4 (for con-
venience) we get da/dn ~ o".a?. During the following alternating loading,
da/dn drops te (0/2)".a?. Durlng this stage a will be larger thanm during the
first stage. But as 0 is reduced to ¢/2, da/dn 1is much smaller than during
the first phase.

When the experiment starts with alternating loading (fig. 20-II), there is
hardly any crack closure effect bBecause initially there is no crack. Thus
da/dn = o%a® as for repeated loading.

For one actual case the calculations resulted in: - 3 + 15 = 18 mm (fig. 20~II)
: - > 44 21 25.mm (fig. 20=I1).

[t

~L

3.2. Seguerice-of Loadx'

Another:case. which is not accounted for in calculations with Miner's rule is
shown in fig. 22. When A is below the fatigue I1imit of the structure. coueern~'
ed, it does not.give rise to crack extension {Avma < K fatigue .limity =
initial. defect: lengkh). So, in the situation of fig. ZZHINCLde»gLOWLh-bnniL‘
only takeé piace . when B is working (OZVFa»> K fatigue limxit).

In fig. 22-IT.. B causes the szme-amount of cracking as in fig. 22-I. But after
that A may add to the crack extension. This will be so when AV (defect + crack)
s greatav thdn K fatigue limit. : :

4. }nfiuence of yield point

4.1. Constant- amglltude loading

As leng ago as 1949 Weck /24/ stated that trying to improve the fatigue
strength of welded structures by the use of higher strength steels is fruit-
-Yess. Many references can be cited which confirm this statement, but there
are also many which are more optimistic.

Figure 23 trom /25/ by Munse and La Motte Crover illustrates the situation.
For 2" % 10° cyclies the upper line is even too optimistic.- When the single
tasult at 35 KSI and 110 KSI UTS is neglected, all data fall between 16 and
Z8 ¥8I. This is about the scatter width for mild steel. For 10° cycles the
picture is clearly better. :

Gurney /17/ found little or mo advantage for 10 higher strength steels with
- UTS from 430 to 750 N/mm when used for non-load carrying fillet welds,
(pulsating tension). ' ' :

Fisher et al. /26/ carried out nearly 400 bending tests on welded beams for
3 grades of c1eel He concluded that 'steels with yield povnts between 250
and 700 N/mm® did not exhibit, any significant. difference in fatigue strengths'

What is the reason that -an-increase in static strength is not accompanied by
an increase 1n cyclic streagth? {See figures 24 and 25). At the tip of a
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fatigue crack, cycl1c elastic + plastic stra1n1ng occurs. As a f1rst approx1ma—
tion the plastic deformation energy.per cycle, being. the product . of local
stress and plastic strain, may.be thought to be responsible-for the fatigue
damage of the material at the crack tip. Comparing steels of different

strengths the local stresses will be higher and- the local plastic strains
smaller, the stronger the steel. The product of both will be more or less the
same, independent of yield point (strain energy h1story per cycle) The :cap-
acity of various steels for absorbing cyclic deformation energy is also more
or less constant, since a h1gh strength sSteel has a lowef duct111ty than a low
strength steel. As both energy history per cycle and capacity are more or less.
independent of yield point, the same w1ll apply to the number of cycles to
cracking.

In welded structures ‘the residual stresses must also be cons1dered They will
be higher the higher the yield point. This may have "an adverse effect, especi-
allly in the early stages of crack development A final aspect is that the
welding of higher strength steels requires more care than that of mild steel.
In this connection Harrison /19/ may be quoted: 'Small sharp defects at the
weld periphery, derived from the welding slag (slag 1ntru51ons), are respons-
ible for the low fatigue strength of high-yield steels (see also /29/).

Figure 26 shows results obtained in Germany. There is a d1st1nct advantage for
St. 52 gr. DH36 at high stresses for both P min/P max 0 and -1. Above some
500,000 cycles St.- 42 gr. A behaves better. The German results are for full
fracture of the specimens. In Belgium crack growth was recorded which made it
possible to construct Wohler curves for various crack lengths. They have been
corrected for the restricted width of the specimens in order to make them -
d1rectly of use for ships. Both for ] mm and 20 mm crack length the tendéncy
is similar to that of the German experiments although def1n1tely less pronounc-
ed. Taking all the Belgian results together there rema1ns Tittle advaptage for
St. 52 DH36, (figure 17).

P

- The results of French experiments were even more pessimistic. No d1ffere1ce,
has been found between St. 42 gr. A and St. 52 gr. DH36. This applles to. ‘the.’ o
results for small and large cracks and to P wmin/P max = 0 and -}. Dutch results -
were better, es pec1ally for greater crack lengths. The specimens were much
larger and more 'structural' than those used in France, (fig. 27-28).

Therefore it is believed that tak1ng all the results together,,a 10 to 15%
T advantage-may-be_obtained by using Fe 510. But this is only true for constant
amplitude - constant mean stress load1ng — ——

4.2, Influence of mean stresses and random loadlng

Many experts hold the opinion that for welded structures the range (or double
- amplitude) of cyc11c loading determines’ the fatlgue behaviour; the mean stress-
.«es are .thought. to be of small importance. This is related to the presence of
res1dual stresses of yield point magnitude. The upper peak of the cyclic stress
“is always close to the yield. p01nt provided that .the _cyclic stresses are rather .-
small. But, as discussed before, in highly stressed erucLu1es, local yieliding
will cause a reduction in the magn1tude of the residual stresses and the mean
stress will soon become equal to zero at points of stress concenLratlon It may
seem that for these cases mean stresses again are unlnportant but that is not -
correct. Severe cyclic loading combined with tensile mean ‘stresses may cause
more plastic deformation during the tensile.than the compressive part of the
cycle, little or no crack closure, is possible when the stresses are. compres-
sive, (fig. 29). From this it may be concluded that: _ ‘
a. Mean stresses are more 1mporLant for crack propagatlon than for crack 1n1t1— : l
ation. S : : : |
b.  The adverse effect of mean stresses w1ll not only appear in h1gh stre |
loading but also in mixed loading' (high and low). ' ’
|
|
|
\
|

c. Steels with h1gh yield point will suffer less from mean stresses than mild
- SCE(—:l . L. . .. ) T f,:-_ PR - -

All the p01nts are of interest for ships.




Unwelded specimens.

_In fig. 17 Wohler s;curves for | mm crack length show that the results for

axial alternating and axial repeated 10ad1ng are well 'in line' but for 20 mm
crack length they lie wide apart. It is evident that from the viewpoint of
crack 1n1t1at10n the mean stresses are insignificant. The more.the cracks
increase in length however, the greater the influence of mean stress on the
rate of propagation. At 5 mm crack length, the position of the various curves
is between those for 1 and 20 mm. Speaking in terms of cyclic stresses it can
be said that +168/-168 N/mm was equivalent to 195/0 N./mm? (N 105; st. 52

'DH36)

: Welded specimens.

All data lead to the conclusion -that there is little or no 1nf1uence of mean
stress. S - v

Apparently the welding stresses have great effect, 8o long as the cracks are

within their region.

4.3. Influence of shifts of -the mean

Figure 30 gives results for specimens of Fe 410 and Fe 510 (St. 42, St. 52),
subjected to (high) repeated and alternating constant loads and to a program-
me as ‘indicated. All results correspond to a testing-time of 50,000 cycles.
They support well the foreg01ng discussions:

‘le. The initiation of cracks is only governed by the double amplitude of stress

and not by the stress ratio R (data for | mm crack length).

2e. The yield point of the steel has little effect on-the conventional fatigue
strengths (R = 0; R = -1), both for.the initiation period as for the. pro-
pagation stage. But the effect 'of yield point is large -in. case of regular
shifts of the mean. Miner's prediction is very optimistic for Fe 410 and

. pessimistic for Fe 510 (see 3e).

3e. The influence of shifts of the mean ' is large ‘and: contrary to Miner's:
hypothesis, (Fe 410: 150 N/mm?; Fe 510: 250 N/im?; Miner: 200 N/nm?).

4e. Sequence effects are impoertant. For, when ‘all groups of 1000 trepeated’: .
loads would have been brought togetherﬂinto one group-of 25,000 cycles
followed by a similar one for alternating loading, the differences in
fatigue stress for both steels would be less spectacular.
Figures 18 and 19 show how mean stresses may shift in ships.

From investigations in Darmstadt, Buxbaum /38/ concluded that changes of mean

Sstress are important when:

- their frequency of occurrence is smaller than 1/20 of that of the main
cyclic stresses; -

-~ . the amplltude of the mean stresses is greater than the RMS of the amplltudes
of the main cyclic stresses.

" For those who étill like to apply Miner's rule for the whole lifetime of a ship
"the. present author suggests the use, as a simple significant stress, of the sum
~of the range and mean stress instead of the range only (range = double am-

plitude). Records of service stresses should be treated correspondingly; in

that way cumulative frequency distributions of stresses represent much better
‘the fdtlgue 1oad1ng of a ship than is the case if stress ranges alone are used.

5. Crack propagation and fracturefmechanice'(for arguments see fig. 21b)

The.Paris—Erdogan law /31/:

da _ m
an C(AK)

has been generally accepted as an effective tool for the evaluation of results

of fatigue crack propagation experiments and for prediction purposes. With the
passage of time four- aspects have become clear:




a. m is not constant, . .

b. da/dn - K plots consist of ‘three brancheés instead of ‘one; - : .

c. m and C are very much influenced by scatter and .by 1naccurac1es of curve
f1tt1ng,

d. the type of fatigue testing should be - taken into account /32/ (constant
load, constant strain or constant net stress tests)

v

Gurney /34/ discovered some dependency of m on the y1e1d polnt, but Haddox /35/
could not confirm this. - S

Crooker and Lange /33/ brought'toéether a lot of experimentai results from
pub11shed literature. For many steels with yield points varying from 350 to
2000 N/mm ‘most of the m-values were between 2+2 and 4<4, “(fig. 31).

The results of Belgian experiments have led to m-values varying .from 3.to 6

for repeated axial loading, and from | to 3 for repeated bending loading. But
there is no need for great disappointment, since fig. 32 shows that all results
for repeated loading, (two steels, three plate th1cknesses), conform extremely
well to a linear relation between log C and m.

This fortunate result was also found in Great Britain /46/ and Japan-/47/.

It is not surprising that the data for alternating loading in fig. 32 lie apart.
Crack closure during compression is mainly responsible for a relatively slower
rate of crack. propagation.

How well results of experiments at different loads may correspond -after careful
. testing, crack measuring and analysis is illustrated in figures 39 and "40.

The results of structural specimens cannot be adequately analysed by plotting
da/dn as function of AK. As an alternative, the number of cycles for crack
growth from f.i. 5 to 8 mm can be plotted as a function of représentative AK
values. The 5-8 mm crack length has been chosen for various reasons. Such small
cracks do not change the overall geometry of the structure. The influence of
differences in local geometry, i.e. weld shape, undercuts'etc. is suppreasedﬁ
The same applies to the effect of small incidéntal variations’ 1n the %ate of
crack propagation. : . oo S

Figure 33 gives a summary of all formulae tried. For the. eructural speclmens

several formulae have been adopted for - -illustrating the various .
possible approaches rather than that the author is convinced of their
usefulness.. The main reason for the fracture mechanics approach i's that we

urgently need a méthod—for— comparmne_the_results of experlments with notched

plates on the one hand and structural specimens on the other. o DT

The main difficulty is whether a struetural spec1men such as in flg 7 should
'be conceived as a wide ‘plate containing a substantial notch, or 'as=a small
plate (bracket) having a very small initial side notch (the .undercut of the
weld). In the first case the stress to be used for the stress intensity para-
Q;meter K is the nominal stress; in the .second case it is a local stress. How
“local is something which has to be concluded from the compatisons in fig. 35
Generally speak1ng the various curves II seem to conform best. The posrtlon

of the strain gauges 2 the output of which has been used as stresses in the
part1cu1ar AK formula is such that these have the s1gn1f1cance of local - 'no-
mirnal' stresses. The curves III, for local 'peak' stresses are clearly worse. .
This is fortunate because it is what would be expected from a fracture mechan-
ics point of view. It is remarkable that curves I, which consider the specimens
as.a whole, are close to curves II. Th1s could be fortu1tous, but it may also
be interpreted as an indication that an "overall' ‘approach is not too sens1tlve
to. structural-.parameters (square notch, triangular bracket, presence-of
flanges).

A fourth approach in which the triangularity of the stress distribution in the
brackets has _been taken into account, has also led to saLlsfactory resu1ts.
For c1ar1ty Lhe curves have not been 1nc1uded 1n the f1gures.

Figure 34 gives all the notched plate data. The 1mportant but unwelcome fact
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appearing in this figure is that the groups of curves I and III do not coin-
cide. Yet both are for repeated loading and the: difference between the type
-of loading (bending or axial) has been accounted for by using appropriate
fracture mechanics formulae. There remains the difference in the stress gra-
dient causing unequal stress/strain histories at the crack tips. That apart,
it should be observed that generally in fatigue bending the loading is 'purer’
than in-axial loading, where some secondary bending is often unavoidable which
may be responsible for 5 to 10% higher stresses at the notches.

As a conclusion to this section the reader is asked to recall what was said
in section 1. Good- correlations were also obtained between the results of all

structural specimens by plotting these as a function of local stresses (fig. 7).

The p031t10n of the curves for the structural specimens in relation te that
for the unwelded notched specimens 'is particularly valuable, because experim-
ents with the latter are relatively inexpensive. : '

6. Estimation of the fatigue life of ship structures by experiment and/or
calculation

l6.1. Sh]Es and aircraft

The greatest need for accurate predictions of fatigue life is in aircraft de-
sign and construction. This is primarily associated with the fact that weight .
savings are of great importance, which has led to the use of high strength
light alloys. Unfortunately these are very notch sensitive. Crack growth under
cyclic loading is rapid and critical crack lengths are in the order of mag--
nitude of only a few centimetres.

Summarising,. the following differences exist between- ships and aircraft in con-
nection with fatigue: :
“le. For ships, critical crack lengths are an order of magnitude greater than
for aeroplanes, (see section 2.2).
2e. Due to this, and in view of ‘the presence of weld defects in Shlpo, atten=-
. tion should be paid mainly to crack propagation, (see section 2.3).

3e. Cracks in.ships- can easily be discovered before becoming critical which.- -
reduces the’ need- for accurate calculations. ,

4e. For aeroplanes reliable predictions with the aid of experiments (for in-

" stance flight simulation with prototypes) are required not only from a
safety point of view but are also justified economically in v1ew of the
‘large number of aircraft of one type.

S5e. Fatigue data for welded structures show more scatter than data for riveted
structures, (defects, residual stresses, weld deformations, differences
in compositioen and mechanical properties of weld, heat affected zome and
‘parent metal). This means that predictions of crack initiation for highly
stressed-components such as hatch corners of 'open' ships and details of
offshore structures cannot be made very accurately.

6e. The loading of ships is more complicated than that of a1rcraft, (see sec-

: tions 2.1 and 2.4). This is a handicap both for experiments and for cal-
‘culations. (The use of strain gauges giving data about real structures
under sgervice conditions may be indispensable, see section 2.4).

7e. The environment of ships' structures is very corrosive, (water, air, cargo).

The foregoing points indicate why predictions.of fatigue life:in shipbuilding
cannot be made as accurately as in aircraft building, and also why the need is
not so great! This does not mean that the present situation in shipbuilding is
satisfactory, -as witnessed by the exten31ve use which-is still made of the
Palmgren—-Miner rule. pes - SR : -

'Calculatlons usrng‘Mlner s rule may be looked upon as a rough method for the
prediction of the fatigue life of ships' structures. It is sometimes thought
that a good method is the testing of real structures with service conforming
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loading. But as Freudenthal /39/ says 'This is almost as much an over-
simplification of the’ problem as the use of constant amplltude tests at the
most damaging level of the spectrum .

]

~The p01nt is that we must know how severe the loadlng is in connection with

fatigue as compared to other possibilities. This.can.only be established by
applying a great number of the latter in testing. Even.then the information
thus obtained is only really valuable when the probability of. occurrence of
each of the service- conformlng loads used can be 1nd1cated

Another procedure consists of a systematic analys1s of the 1nfluence of all
possible load parameters on the- fatigue life. In the aircraft industry, many
people have been working along this line for years. Yet Schijve, in an-infor-
mative and comprehensive paper on cumulative damage /40/ is not very optimist-—
ic, despite the valuable work carried out for instance.in Darmstadt by Gassner,
Haibach and co-workers /41/.

In the marine field the situation is even worse, as will be clear from what
has been said about’the differencés between aeroplanes and ships.

A third procedure which appears sophisticated and modern is random loading.
Apart from other objections it must be emphasized that a ship is not a randomly
loaded structure. For instance, summer and winter conditions and ballast and
loaded conditions are often well defined. Of course.a combination of the deter-
ministic and random parts of the complete load spectrum would be an excellent
approach (see fig. 19), but simplifications of that procedure are thought  .to

be justified in many cases. '

6.3, Use of R.M.S.-stress values‘

A logical approach is to see whether it is possible.to use the load data more
or less in the form they came forward from the before described analysis, viz.
as R.M.S.-values of double amplitudes of stresses for short periods (f.i. fé,_
12 hours). Indeed, it .would be most welcome when the fatigue-damage caused by
a short—term packet of varying sea-induced loads would be equivalent- to; the
damage caused by constant amplitude loading with the same number of. cycles

and a double amplitude equal to the R.M.S. of the .ranges-(fig. 19). Apact from
the obvious advantages of simlicity and time-saving, this’.approach includes

the cycles of. small amplitude (below the fatigue- llmlt)_whlch_become effective
in connection to crack propagation above certain lengths. On the other hand

the few high peaks of the—spectrum,-of-which_the influence - is rather benefici-
al than damaging, are excluded. Paris proposed such a procedure altready in -— - —
1962 /42/. Swanson et al. have found a favourable support from experlments

/43/. Others, -1like Schijve /44/ are not enthusiastic.

Figure 36 Lndlcates that some value like 1. 2/E might be more loglcal than vE.

“This has an enormous effect on the calculated fatlgue—llfe (It will be seen

later. that even higher constants are requlred) When Q is known, calculations
of crack lengths with da/dn = C(AR)™ will certainly give more reliable-:results
than Miner's rule. For, sequence effects and changes of mean stresses can nowv
be taken.into account. It should be realized ‘that the method may lead to far
too optimistic results when data for different weather condltlons are mixed.

Then the Raylelgh distribution no ‘lenger: applles But this is not the weorst.

'As stormy periods are fdr less frequent than periods of better weather, mixing '

of the data will lead to the complete elimination-of the high stresses occurr-
ing during storms. This c¢an best be understood by ‘considering a freqiency dis-
tribution of stress-amplitudés like the one in fig. 37 from'/48/. It may be
read as a line which-indicates how often ‘specific stresses (ranges) have been . .
exceeded in the period concerned. It may also be used as a histogtam. When Ve
look at the interval 103 to 1n* cycles, a value of 35 N/mm2 has been exceeded
10" times and 50 N/mm? 103 .times: Consequently there ‘were ‘10" - 103 = 9000
cycles lying between 35 .and ,50 N/mm _Roughly. said, there were Q000 cycles of
on the.average 42.5 N/mm But taklng into account - that the horlzontal scale
is logarithmic, .there were 9000 cycles of on the average 37 5 N/mm®. However,
from the viewpoint of fatlgue crack prooagatlon (and fatigue damage), the

. e o
oK N DMLk - el
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- stress. values for the interval 1000 = 2000 cycles (close to 50 N/mmz) are
about three times as effective as the stress values for the interval 9000 -
10,000 .cycles (close ‘to 35 N/mm’ ). (This, follows from da/da = c. (o/a)™. -
~ For m=3 is (50/35).% = 3). -

When a correspondlng correctlon ‘is made, ‘the representatlve stress value is
40 N/mm® instead of 37.5 N/mm?. 0bv1oqsly the error becomes smaller the small-
er the 1ntervals of N be. ' '

A possible - -and not so bad.- way of doing fatigue calculations could be by
-taklng blocks ofs ~ :

Q cycles of 80 N/mm?

90 " 68 "
90m " .on 55 n 7
s000 M ogg
90,_000‘ n " 26 n
-600,000 " " 8 N/mm?

and c arry1ng out crack-growth ca1cu1at10ns with these values. Even this simple
method will yield more reliable results than can be obtained with Miner's rule.
Completely wrong wouild be an approach in whlch all data are mixed. The 600,000
- cycles of 8 ' N/mm® and the 90,000 of 26 N/mm® would dominate all the other

values, even when the R. M.S. or a higher power for the stress values is taken.

600,000 x 8% = 384 x 10°
90,N00 x 26% = 610 x 10°
9000 x 40% = 144 x 10%
" 900 x 55% = 25  x {@%
90 % 682 = - 5  x |n®
9 x 80% = 0,5 x lo¥

700,000 1168 x 10° -

1 116 N
R.M.S, = llé%—;—%%s-= 13 N/mm? !

700,000 Cycles-of 13 N/mm? will give no crack growth at all, even at the
~ 'hottest spots'. But the high-stress blocks of the first table may certainly
give crack extension at serious weld defects in areas of high stress concentra-
tions in corrosive circumstances. Figure 38 shows what is essentially wrong in
this method. :

It is interesting to compare the 'block' method with an approach in which the
R.M.S.-values of theé records obtained at sea are used. From fig. 7 in 148/
" the following information can be drawn:

" VE frequency ' corresponding
“N/mm? of occurrence N

21 23 9000
17.5 : a0 : 36,000

14 : - 200 . 80,000
10.5 340 135,000

7 : 430 . 172,000
‘3.5 ) 300 S lZO;OOO '

s D S A DO VU RO S R S T o

It w111 be 1mmed1ate1y c1ear that this load-programme consisting of VE stress
values and correspondlng numbers of cycles, will not lead to any cracking.

It is clearly less severe than the 'block’ programme discussed before (see
table).

Even when these values would be enlargéed in accordance with fig. 36 (factor 1.2),
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the result of crack growth calculations would still-remain too optimistic.
The significant value v2E mlght be a satisfactory calculation tool. Another
- e ~ possibility worth investigating is a triangular short term distribution as

: shown in fig. 19. It has the same R.M.S. as the short term Ravleigh distribu-
tion and V3E represents the average of the one tenth highest values. But this
triangular distribution is more useful for experimental work than for calcula-
tions. For the Rayleigh distributions themselves can very well be used for
calculating crack growth. The sequence of the individual stress’ ranges needs’
not be completely random, but can-be defined in a realistic way: One'can go :
very far by 1ntroduc1ng corrections for hlgh tensile loads based on calcula- 1
tions of crack opening displacement (C.0.D. K2/E g ) Then the influence of

yield point is taken into account. But without add1t10na1 experiments the in-
fluence of residual (compressive) stresses due to overloading and of strain

" hardening in the plastic zone near the crack tip is still difficult to quantify
especially in case of welding stresses. It is the author's opinion that for
practical purposes the adverse influence of the welding stresses may be con-
sidered-to be compensated for by the local compressive stresses due to high
tensile loads and the Elber effect on crack closure /49/, (see section 7)
Then only the influence of the high tensile loads on crack closure remains in
the calculations. In other words, the influence of 1arge shifts of the mean
combined with alternating stormy and calm periods.

. 7. Crack closure and the Elber effect

In the preceding sections crack closure has already been discussed several

times. It has been shown that in alternating loading the crack is closed

during the greater part of the compressive load (flgures 43, 44).

Elber /49/ has discovered that a crack may already close prior to zero 1oad

in the tension region. This is explained in fig. 42. Origlnally it was thought
that the shear lips at the plate surface (fig. 45) were mainly responsible for
'premature’'closure. Then the phenomenon would only be important for thin

plates. But figures 46 and 47 show that in thicker piates'(15-30 mm) the phe- = --
nomenon is equally significant. The 'effective' load is between 70 and 807 o
of the applied load. _ T s ]

——— 8. _Corrosion fatigue

It has already been realized many years ago that tﬁE‘EﬁVironment*has—a-great—___;a__
influence on the fatigue behaviour of metals.
For maritime structures the seawater and atmosphere may 1ndeed cause substan-
g tial reductlons in 11fet1me Accurate numbers have been_lacklng for aulong
t1mexf0r two ‘reasons:
,;a,<Sh1ps are ‘always well protected by palntlno and cathodic protectJon.
.- Due to that there was little need for corrosion fatigue.data.
‘b. When such .data became of interest for offshore structures they could only
come forward after several years, because the experiments had to be
carried out at'cyclic frequencies corresponding to those in practice.

Even nowadays the information does not yet meet out wishes. Most experiments .
have been carried out in the domain between 10® and 10° cycles, while life-

times up to 108 are real.

On the other hand it is-often said that high stresses have 11tt1e effect on
corrosion fatigue and that the real need in in the very low—~stress region.

This is only partly, true. Figure 18 illustrates . the. point. When tests would-

be carried out at frequencies in the order of magnitude of 0.0N001 Hz, a great
influence of environment on hlgh—stress cycles mlght become manifest.” It would

be interesting to compare these results w1th tests in which a1ternat1ve1y

peaks and long rest-periods occur.

“

Fortunately those data which have already become available are not so dramatic
as had been expected by many. The reductions 1n lifetime die to seawater are
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in the order of magnitude of one half. On a logarithmic scale it is very

- little, which means that it can easily be compensated for by slightly in-
creased scantlings of the structure. Figures 39 and 40 show some results
obtained by the author. They are certainly not alarming. But they are for
unwvelded specimens. When welds are present e1ectrochem1cal actions become
possible which may have a detrimental effect on lifetime. Yet the first
results of -a large European testing program with welded components are in
line with the mentioned 507 reduction in lifetime. _

"Another disturbing influence may be siress corrosion in case of high still
water loads. A lot of additional factors play a role like temperature,
fouling,pollution, oxygen and hydrogen content, refreshment of the water by
waves and streams, pH number, the altermation of circumstances in the splash
zone and last but not least painting and cathodic protection, either passive
or active.

It seems that cathodic protection is mainly effective in preventing crack
initiation /51/. So it should be 1nstalled already during or immediately
after construction at sea. '

As said before, corrosion—fétigde—testing'is time~consuming because the fre-
quency of testing should correspond teo reality. Haibach /50/ mentions that
testing time may be reduced by a factor 20 at the maximum by omitting the
very small stress values.

‘Another possibility is testing at higher stress levels than the real ones.
_ But this has also its limitations. Above certain stresses the crack tip
moves so fast that the corrosive medium has insufficient time to 1nteract.
(But see. end of this chapter).

There are .other methcds for reducing testing time. Instead of S-N curves,’
da/dN+-AK curves-are constructed. What is needed are.accurate measurements
cf- crack growth. Then it is possible to precrack a plate at high frequency
(say 10 Hz). Next the frequency is lowered to 0.1 Hz or 0.2 Hz and crack
growth is observed (C.0.D.-measurements can be.of help). After 0.5 mm crack
extension the frequency is increased to I'0 Hz again for about 2 mm crack
growth. Then it is lowered again to 0.1 Hz for'another 0.5 mm .etc.

When the high~firequency testing is carried out in air, it may even be possible
"to have a check on crack growth afterwards when studying the crack surface.
The .combination of all low-frequent data permits the construction of a
da/dn-AK curve (fig. 41).

The scope of this course does not allow a thorough discussion on all items

of corrosion fatigue. For instance what is the practical use of results re-
‘ported in /52/. /53/, /54/ .with respect to:the influence of pH.= -- _

The reductions in lifetime reported are an order of magnitude greater than
the. before-mentioned one-half. _ .

For the time being such results must be considered as giving rise to large
scatter in case of real structures at sea. This means that risks of corrosion
fatigue must be expressed in statistical terms for design purposes. What
risks may be taken depends not only on the consequences of failure for people,
environment, structures and profits, but to a great extent on amount and
reliability of inspections and possibilities of reparation.
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PART II: BRITTLE FRACTURE A S |

1. The danger of notches

The danger of mnotches can best be ‘visualized by comparing the behaviour of
three strips of plating as in fig. 1.

The strip with the hole has about the same strength, but a smaller overall
elongation as compared to the values of the full strip. There are two yield
regions, a small one A when the material transverse of the hole yields, and
a normal one B for the rest of the strip. The hole has an-elastic stress
concentration factor 3. It is supposed that in the elasto-plastic and fully
plastic range the strain concentration remains equal to 3. When the nominal
stress passes 1/3 Oy, the material at the edge of the hole comes in.the

plastic range. But it does not behave in the same way as the material of the
full strip. It will deform practically linear with the nominal stress O ,

.because it is surrounded by purely elastically deforming material. The plastic
zone at the hole increases gradually until finally all material transverse of ‘-
the hole has come into the plastic state. From then on yielding in that part
of the plate occurs in the normal way:. This means that when the average stress
there becomes equal to 0, the deformation suddenly increases from about 0.1

to 17. y

This does not appear in the stress-strain curve because this yltldlng occurs
only over a small length of the whole bar. When the neminal stress is further

" increased to Oy, the rest of the strip starts yielding in the normal way.

Fracture of the strip occurs when at the edge of the hole the sitrain has be-
come equal to some 30 to 507 (depending on the relation between hole ‘diameter
and plate thickness). In the material transverse of the hole, the average
elongation then is between 30/3 = 10 and 50/3 = 17%. Due to that the net
stress in that section is close to the tensile strength of the material.

So a reduction in overall strain is the only serious consequence of the pre-
sence of the hole. Mostly the elongation is even more than one third of that
of the uniform bar despite the fact that the strain concentration is 3.

For a plate with a sharp notch the situation is very different. When all
material transverse of the notch starts yielding, the notch-—-tip material has. .-
to deform largely due to the high strain concentration: For instance 17 aver-
age strain in the notched section (at the end of the yield region) may cause

Tocally—at—the—tip-some—l0—to-207_deformation, Such a high strain does not
cause fracture in the case of a round hole in a thin plate. For in that situ-
ation the ductility of the material at the edge of the hole is practically

as large as that of a uniform test bar. The reason is that it c¢an contract
freely in the thickness direction. Figure 2 shows that this is not possible
at a notch tip. There the material is in a triaxial state of stress, partic-
ularly when the plastic zone is small as compared to plate thickness (fig. 3,
plane. strain condition). This state of stress causes an increase of the

" local yield point and a reduction of the ductility. The thicker the plate,
the severer the state of stress is and the smaller the local ductility.

When it becomes smaller than the mentioned 10-20Z, the plate fails at the
moment the net stress becomes Oy’ (fig. 1c). The dramatic consequence is a

very low overall elongation to ffacture, because the material ahead and abaft
of the notched section is still in the elastic condition.

There is a very simple, but seldom or never applied method for restorlng the
strength and ductility of the notched plate. Figure 4 shows the principle.
When in the notched section the total amount of material (plate + doubler)

is more than elsewhere, yielding will first take place outside the notched
section and only at a higher nominal stress in that section. Then the overall
elongation of the plate prior to yielding (and fracture) of the notched sec-
tion is about 1Z instead of the 0.1% of fig. lc. This method is only effect-
ive in uniaxially loaded structures. It is far better than the usual ring-




-2 -

-type doublings, which mostly contain too-1little material. .

The same principle can be applied to hatch corners (fig. 5). Again yielding
of the material transverse of the.corner .should be.prevented. At the corner
itself no extra material is needed. It would only add to the triaxial state
of stress. Figure 6 shows that also at other weak sections in a ship, the
local structure can be protected agalnst premature yielding. For that is
what should be ‘aimed at at bad ‘structural detalls '

The adverse effect of a triaxial tensile state of stress can be visualized
with the aid of Mohr's circles (in principle!), (fig. 7).

In plane stress the shear stress is equal to

Py = P, 03-0

= =}
2 2 Py
N . .
In plane strain it is 3 -, being huch smaller than,%ps. Due to that in
- : - : Py =P S
. PR =_3____»] 3 .
plane strain p3 may sooner pass OB than T - 7 hW111 pas”‘Tflow"

Then the material fractures before yielding.
. o .

In plane stress T = 7; will always pass first T

which means that the material is able to yield,
After yielding Tf1 rises due to strain hardening. At a certain moment it

becomes greater than © /2 Then plastic deformatlon is no longer possible and
fracture occurs. :

before p3 can reach o

flow B?

2, Experimental research:

Brittle fractures have largely occurred during and some  time after. ‘World War II.
They were low-stress fractures, which means that the stress-strain behaviour
of .the particular. structural details-was-even worse than. that in.fig. lc.
- The mominal fracture ‘stress. was-lower: than y1e1d:p01ntgfsay.%cy or 2/3 Oy'
One might call thede-fractures elastic ones for :plastic deformation seemed:to
be absent. (We nowadays-know that locally always a small- amount of plastic de-
formation occurs prior to fracture).
For a long time the causes were not clear. It was obvious that the replacement
of riveting by welding was essential, but the insight in the consequences was
lacking. There were several possibilities:
a. The presence of residual welding stress (some ships and structures fractured
.in unloaded condition!). :
b. Bad structural details (imitations of r1veted ‘omes) : hatch corners, iiter-—
. cconnections of leongitudinals. e
. ¢. Bad welding ,(defects).
- d. Steel not very weldable.
e. Steel too brittle. . o ' , C

An enormous' amount of research has been carried out in the U,S.A. and later in
Great Britain, Japan and other countries. But only about after 1957 the picture
became clear. '

Ad a. We nowadays know that the welding stresses are only the last straws.

- When a structure has not any Wlductility- left due to.the.use of bad mate-
rial, inferior welding and a bad design, the welding stresses indeed .
lower the strength:. But often they have had a beneficial effect. Many
fractures have been arrested. when-they were forced-to leave the bad weld
region under the influence’ of welding stresses,-(fi ; 13)

\
|
\
Ad b. The or1g1na1 hatch-corner construction of Ilberty Shlpb was - of an ex- 1
tremely inferior design, (fig. 8). "~ . Yoo : . -‘

The most ™ critical poiut "is the-deck where three severe dlscontlnuous !
members coincide. This results in a high stress concentration factor, 1
|

\

|

|

|

|
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very steep gradients and a severe state of triaxial tension. The trans-
verse hatch end beam contributes to this particularly because it opposes
any transverse and vertical (lateral) contraction of the deck at the
corner. Deck and longitudinal coaming are also mutually restrained.

The remedies for the structural faults of fig. 8 are as follows:

1. Reduce the stress concentrations and steepness of stress gradients
in the longitudinal members. This can be done by rounding the corners
and restoring the continuity (see fig. 9).

2. Ensure that the points of highest stresses do not occur where the
structure is rigid. The rounded deck corner in fig. 9 is very success-
ful in this respect.

3. Avoid concentrations of welding.

The structure in fig. 9 corresponds more or less with the so-called
A.B.S. design which particularly has been applied in Victory ships.
Practical experience as well as laboratory tests have indicated that this
design was very satisfactory if compared with the Liberty-corner given

in fig. 8. But a really 'well' designed structure would be one in which
special attention is paid to various details such as the shape of rounded
edges, welding details, connection between coaming flanges, a separation
between coamings and girders etc. The well known flexible 'Kennedy' type
of corner is a good example.

Bad welding has largely contributed to the fracture in ships. A brittle
fracture always starts at a defect. Mostly of course in defects at places
of high stresses and high restraints (triaxiality). But a fracture can
only start in a weld, when the weld metal is of inferior quality (f.i.
high hydrogen content).

The latter is not always caused by the electrodes, but may be due to the
steel to be welded. High carbon amounts were present in the war-time
steels. That made that also the Heat-Affected Zones of these steels cguld
be of very low quality.

The steels were not only unsuitable for welding, they were also 'brittle'
But the word brittle is misleading because it is used in connection to
various phenomena of fracturing, (surface appearance: cristalline/fibrous,
speed of fracturing, deformation prior to fracture, clnavage/aheax,
stable/unstable, high stress/low stress).

Static tests with notched plates of American war-time steel always behaved

very satisfactorily up to very low temperatures. But as soon as a frac-
ture started in one or another way at quite normal temperatures, the
fractures propagated easily at high speed (up to 2 km/sec.). The cause was
that the steels used were very strain-rate sensitive. When a fracture
propagated the material ahead of the momentary crack tip deformed very
locally and very fast. The high speed of deformation caused an increase

of yield point and a corresponding reduction in ductility. Again (as in
case of high triaxiality) the metal fractured before it could flow. But

in the case of crack propagation, speed and triaxiality work together in
raising the yield point.

When the temperature (another factor that influences yield p01nt and
ductility) is sufficiently low, the fracture can be largely of the
cleavage type, with cristalline appearance. Only at the surface shear

lips may form because there the state of stress is biaxial.

In ships the fractures have mostly a chevron-type appearance. The chevrons
are - very momentary - stops and starts.

A crack arrests when the shear lips at the surface gradually increase in
thickness, and thus an increasing amount of fracture energy is consumed

in shearing. This is an order of magnitude greater than the energy needed
for cleaving.

About 1957 Mylonas and Drucker /2/ succeeded in provoking low-stress brittle
fractures at realistic temperatures in unwelded steel. All previous experiments
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with hundreds of specimens up to lengths of 10 m, widths of 3 m and thick-
‘nesses of 30 mm, containing mechanically-made sharp notches, had resulted 1n
'high-stress' brittle fractures, with nominal stresses equal to yield point.
All these years the influence of welding had been clearly underestimated!'
Mylonas"s specimens were also unwelded, but his intention was to demonstrate
that the main cause of low-stress brittle fractures was 'exhaustion of the
ductility' of the steel by forming, welding, ageing etc. and that the residual
stresses were of secondary importance. His specimens had deep side notches.
They were sidely compressed up to 57 and after thaL pulled to fracture at low
temperature. :

The criticism w1th respect to these evperiments is that the damaging treatment
was very unrealistic and will certainly have resulted ‘in residual, tensile
stresses at the notches' tips.

About that time Wells /1/ obtained very-low-stress fractures in welded plate
specimens. It may sound astonishing but up to that time laboratory experiments
with welded plates or structural specimens had also always resulted in rather
high-stress fractures (sce §3). Nominal stresses were at least 2/3 of yield
peint, while it was suspected that in ships fractures had occurred at much
lower stress levels. After Wells's successful experiments it was discovered
that similar ones had already been carried out by Kennedy in 1945. But they
had not attracted attention. Wells's experiments were in fact a follow-up of
Greene's work /1/, who more or less hdpha7ard1v obtained one low-stress frac-
ture among a large number of high-stress ones in welded plates.

Soere in Ghent had also shown the way with his tensile tests with strain-aged

steels /1/.
Wells's specimen was simply made by butt-welding two plates,. in.the edges of
which saw-cits were presant.(fig. 10). The material.at. tlie tips..of the notches.

p]astlcally deformed during welding (fednxal.pab‘es) at.critical temperatures.
(100 -400° C) This strzin- vntng resulted in a conplete exhaustion of ductil- -
ity. Typical results. are shown~in fig. I1.. |

The full lines are those obtained with Robertson crack-arrast. tests./37.
p Robertson-had. discovered that brittle fractures.in steel cannot propagdte at
very lew shresses (<'v 80 N/mm®) “and not above- 'rertain'temworature' called
transition temperatures. The latteil depended move or less on the nominal..stress.
The Robertson "test: is still important "for estimating crack—arlest temperatures.
(In a plate under tension a crack is started by impact at a notch where the
metal is cooled with liquid uitrogen). '
Wells's results fitted beautifully in Robertcon's diagram (fig. 11).
Region III is that of partial fractures initiated under the influence of a low
load and residual stresses. :
In Region II the load is so much higher- that the cracks could not arrest.

-Kihara and Masubuchi /1/ repeated Wells's experiments and included specimens
with notches made after we1d1ng The difference in transition temperature be—-
" tween these and the cpecimens with notches made before welding was 50 to 100°¢.
Again it was :evident -that the damage to the metal inflicted by welding was
the dominating influence. -The residual stresses were of secondary importance.

It should be reallzed that’ Wells s conditions are very well possible in ships.
" Thousands of weld CrOSSlngS between plates and stiffeners are present.

3. Fatigue and brittle fracture .

In section 2 it has been mentioned that full-scale experiments with struc-
tural specimens gave better results than expected from service fractures.
Figure 12 illustrates this for bottom longitudinals (dotted line, American
war-steel, /6/, Irwin, Campbell).

The transition fromo'low -stress (not so low!) fractures to full-yield frac-
tures occurs at -18 C. This temperature is much lower than that or interest
for ships (seawater —SOC)

Nibbering /7/ supposed that this difference in behdviour was due to differen-
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ces in loading conditions between the laboratory experiments and practice.
The American experiments consisted of one pull to fracture, while ship struc-
tures are subjected to cyclic loading. The obvious question now is, whether
in practice brittle fractures have initiated from fatigue cracks. This was
difficult to answer. The reason was that the brittle part of ships' fractures
largely overruled the fatigue part. An investigation by Nibbering /8/ revealed
how easy fatigue cracks .could be overlooked, but also that the initiation of
brittle cracks from small fatigue cracks is possible in ships, (fig. 13).

In general small fatigue cracks are more dangerous than large ones; the tip
of a small crack is still situated in the - possibly bad - weld zone.

Figure 12 shows results from experiments with bottom longitudinals with and
without small fatigue cracks (fig. 14).

The dotted curve left refers to specimens made of Al-killed mild steel, fab-
ricated in 1960. It is interesting to see that it is some 20°C 'better' than
war-steel (and/or 'better' weldable). The full curve on the right is for
specimens containing fatigue cracks. The shift of some 30°C due to fatigue,
brings the results even on the right-hand side of the American specimens.
When these latter would also have been subjected to cyclic loading prior to
the ten911e test to fracture, their transition temperature might have been
some -18° + 30° = +12°C. ‘This is indeed a normal temperature for ships.

The line-dot curve on top of the figure refers to specimens tested after 1970
which were made of Nb-containing fine grain steel (Lloyd's grade DH 36 Nb)

of higher strength. The behaviour was excellent.

Apart from the foregoing, fig. 15 shows that all 'low-stress' fractures in
fig. 12 are in fact high stress fractures. For the bottomplate starts yield-
ing over the full width at about 2/3 of yield load, (nidfig. 15). The inter-
ruption of the longitudinals at the bulkhead and the presence of the bracket
cause a raise in the neutral axjs of the specimens (fig. 16) resulting in
bending in a vertical plane. Due to that the bottomyplate was subjected to
axial stresses and bending stresses.

There is another unpleasant factor that adds to the possibility of crack initi-
ation at fatigue cracks. The high sharpness of tlwse cracks makes the crack-
tip-metal extremely sensitive to high speed loading, (in cas2 of metzls which
are highly strain-rate sensitive like ships' steels). Tha point is iilvetrated
in fig. 18.

From the experiments it could be concluded that strain rates corresponding to
about 10,000 Hz. were requ1red for suppressing any plastic deformation at the
crack tip below about -10 °c. Frequencies like that cannot he caused by sea-
induced loads, not even when the forebottom of a ship is slamming on the sea-
surface. The only possibility is that accidental cargo--drops or impacts of
rolling hatch~covers against supports and similar phenomena occur close to
fatigue cracks.

In order to obtain an idea about this, impact-tests with full-scale fatigue-
cracked specimens were carried out. The procedure consisted in subjecting the
specimens to a small static load at low temperature and submitting them to
light impact loads; when the specimens did not fracture the static load was
increased. The result of the investigation was that two out of four specimens
fractured at a load which was nearly one third of yield load. The other two
fractured at about 60% of yield load. '

For acceptance testing and application of fracture mechaunics, see part IIL,
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FRACTURE MECHANICS AND s

FRACTURE CONTROL FOR SHIPS

Introduction to fracture mechanics

Most introductions on fracture mechanics start with

. energy-approaches.

- The strain energy released Aat a unit extension of an

existing crack (e.g. extended by saw-cutting) is called

G. At the moment the released energy becomes larger
than the energy the material close to the crack tip
can absorb (by deforming) an unstable fracture starts.
In other words: the strain energy release rate has
become critical (G_); the. resistance of the material to
crack extension was no longer sufficient. This resist-

-ance - often called the fracture toughness - is the same
“as G,

[ ST LA G LN L

G'(»r’e)

2b

o '_fo— ‘VIG' }G‘ 'v'c ic fc

o(r,0) = o x fi(a,b,etc.) Xf,(r,0)

It can be shown~that
2 V .
G= MTG C See Z )

in which: ¢ = nominal stress
a = half crack length
E = Young’s modulus.

The foregoing has only been mentioned for the sake of
completeness. For there'is a more simple way to attack

fracture problems by only looking to what happens at

the tip of a notch or crack.

But we should forget thinking about stress concen--
trations. They depend too much on the sharpness of -

the notch and on the amount of plasticity occurring at
the notch’s tip. It is much simpler to say: what happens
exactly at the tip is not feasible, but it is determined by
the state of stress and strain in the immediate vicinity
of the tip. Wlen we are able to characterize that state

we have obtained a very efficient tool for solving crack._ _

problems. :
The stresses O(r8) near the cracL tlp depend on:

1. The nominal stresses (o) - a,,,, =¢,"0;
2. The geometry and position: of the crack.

For a centre-line through crack perpendicular to. uni-

axial load stress (Fig. 14) crack Iength 2a is the only _ ..

geometric parameter that counts.

It can be shown that a,,, = ¢,V a.

When | and 2 are combined, the stress field around
the crack tip'is completely defined by oVa. Historically
ov/na has become usual and has been designated by
K. (For other cracks, e.g.: parl-thickness oncs, mstedd
of \/rm other expressions are valid).

i !
load notch position of
geometry  a(r,0)
. :

Stress intensity = f3(r) xf,(0) =
. ’ parameter K

' 1
l === Xf4(0)
\I2m
“for 0=0 is
L0 =1 f0r,0=
K 1
o, = —— —
V2nr Vanr

For a through-thickness notch in an infinite wide plate

is: ' ’ :
o\ na [a

axf,(a)—a\na—ur =0 _/—

N 2nr 2r

Fig. 14.- The stress intensity parameter K.

For—pure—elastic—problems,—wlhere_linear_elastic
fracture mechanics apply K suflices and o,,5 is not of
any interest. But in cases of small scale yielding we
need expressions for the size of the plastic zone, and

for this we nced to know the actual stress distribution;

It can be shown that

O = _..J(O)
" /2m

For

0=0,(0)=1— 0, =

K
am

L

The use of K will be explained a little more. When a
tensile test is carried out with a plate as in figure 14,

K will rise in prupornon 10 the load (/\ o un: as

“long as no extensive yielding occurs. (This will be
discussed furtier on). When a fracture develops ihic

numm.:' fracture stress niight be called the fr ’LIUFL

-



strength of the plate. But it is not a mcasure for the
fracture toughncss. of the platc-material. For with
another initial notch, a different fracture strength
would have been found. Consequently fracture stress
*=igsnot -a-material property as in the case of -an un-
notclied.bar.. A good material property is K., the K-
value at the moment of fracturing. For, one will
observe from the test résults that a,\/néz, of the first

plate is equal to azx/naz of the sccond one (¢, and o,
are the nominal stresses at fracture). In other words:
fracture develops when K reaches a critical value l\
which is called the fracture toughness.

Nowadays K and K, have largely replaced G and
G, mentioned in the beginning of the appendix, the
relation between both is K2 =E.G. (plane stress) or
K? = E.G./1—v? (plane strain); see figure 15.04d 2

SMALL PLASTIC ZONE; MATERIAL
AT CRACKTIP CANNOT CONTRACT
FREELY; BECAUSE IT IS' SURROUNDED
BY NDN-PLASTIC MATERIAL.

CRACK

PLANE STRAIN .

MATERIAL AT TIP CAN EASILY

(—LARGE PLASTIC ZONE (>t)
(commcr FROM. t to ¢

PLANE STRESS

Fig. 15. Planc strain:and plane stress.

Instead of K, the symbol K;. is often used. Thc -

subscript ; rcfers to fractures perpendicular to the
notch plane like clcavage fractures i the case of steel,
For ail materials the fracture toughness is a function
of thickness. The larger the thickness the smaller K.
At a certain thickness a minimum K, is found which
is called K, : the planc strain fracture toughness. In
fact only this value is a real maicrial property. (For
lower strength steels-only at w particular temperature).
Apart from the large capacity for plastic deforming,
and the temperaturc dependancy of mild steel, the
strong influence on it of fabrication procedures like
cold forming, welding,
significance. 1t makes that K,.values for unimpaired
- parent .metal havelittle practical-value (see figure 18).

Oné ‘might’ object that they «could be useful for
cstimating the crack-arresting ability of a steel. But

then another fact should be realized .viz.” the large -

dependency of K,. on loading speed. For crack-
arvesting only K,D -values are of Il'llClel (D - dy-
namic), ‘but in most- cases the so called cracl\ alrest

Fig. 16. Plastic zone in planc.strain condition

flame cutting is of utmost

transition temperature has a greater practical value,

Correction for plasticity

For most industrial materials the initiation of a crack
is preceded by more or less plastic deformation at the -
crack tip.

As long as the plastic zone is small (in relation to
plate thickness) the stress state .at the crack tip is
strongly triaxial (plane strain). Then the average yield

point in the plastic zone is about \/3 X Oyjera- The size
-of the plastic zone can be calculated by realizing that
at the edge of that zone (at r =r; in Fig. 16) the stress
isequal to the local yield point. But that is not sufficient,
it should also be taken into account that in the elastic
(full line) and the elasto-plastic (dotted line) situation
the stresses should be equivalent. It can be shown
that this results.in a sizc of plastic zone S to be equal

to 2i,. ( See F\'c)-i %)

‘ A
. ‘Elastic stress. distribution
\/f.Gy Plastic stress
distribution
Ty . . |
2a ' 5
—_— % - r .

(0¥10cal = ‘/E'U)hormalg oy =vyield point).

As said before, r, can be calculated.

—1n
K

\/57; , !

. O, =

r

one should substitute q,.\/3 for @, and r, for r.

2

-, = (plane strain).. ‘

y 2
6no,
For plane stress
KZ

2
2na;.

6, =0,r, =
In the plastic condition the stresses are cut off to the
level of the local yield point, but the strains keep

obeying more or less the formula:

E-g =—r (L-¢, now replaces o,).
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\ Crack length for

s calculation of K.

—

Fig. 17. Virtual crack-length in presence of plastic zone.

Fracture becomes rather a consequence of exhausting
the capacity for deformation, than of surpassing a
certain critical stress-value.

K should be corrected for the presence of a plastic
zone. In figure 17 (from [7]) is illustrated that K is
larger than in the fully elastic condition, because a
notch with a plastic zone has a virtual crack length
larger than the notch’s length - K = a\/n—(a—t-T,).

The K-concept is of great value for fatigue-problems,
(sec 1.3), and fracture problems of very high strength
materials. With steels of moderate strength fracture
practically always occurs at nominal stresses close to
or exceeding yield point. 1t will be clear that then the
K-concept has not any significance. It should be
replaced by the C.0.D.-concept. C.0.D. = crack
opening displacement at the notch’s tip; it is discussed
in section 2.6.

‘IR C.0.D.-measurements

The attractiveness of the C.0.D.-concept is that its
physical meaning is quite clear: it is the deformation
(extension) of the material at the tip of a notch or
crack. Wells [7] introduced this concept.

For lower strength steels of moderate thicknesses it
is much more realistic to specify required fracture
toughnesses in terms of critical C.0.D.’s than in terms
of K,. or G,.. These,steels owe their structural uscful-
ness mainly to theiy large plastic deformability, so that
a ductility-requirement js a logical consequence.

As discussed before critical C.0.D.’s for these stecls
should be in the order of magnitude of 0.2 to 0.4 mm.

Even for cracks as large as 100 mm in length, these
values can only occur at nominal stresses equal io or
larger than yield point.

This can be illustrated as follows (see Fig. 12).

For a crack with a plastic zone 2r,, the virtual crack

length is about 2(a-+r,).
From

40 -
= \/uz__\.z

)

the C.O.D. at crack tip can be calculated by sub-

g weld + HAZ.
N

/

1c for temp.= by
Gl — 'm_o_‘aﬂ._
E\'/GLJ' ‘S(;Gf'—‘—!—'

-

Crack length —— — -
Crach tip position ————am

Fig 18. Relative imporiance of crack-length and crack position

in welded region. { & ¢ ewbse  €ig. 19)
stituting a+r, for @ and a for x

- C.0.D. = %’ Vrl+2arg;

when C.0.D. = 0.4 and o = 30 kg/mm* - r, = 35 mm.

When linear elastic fracture mechanics would be
valid for this situation, the nominal stress should be
equal to the one calculated from

"7
ac” »

y =3 (see appendix)
_ 20,

For a steel with a yield point of 35 kg/fmm? this leads to

- a2 .35.1352
o = \/M o (235357 41 kg/mm?
T a 50

This is larger than yield point indeed, and linear clastic
fracture mechanics do certainly not apply.

Fora C.0.D. of 0.3 mm, r, =22 mm and o, = 33
kg/mm?2. This is also too close to o, for valid calcula-
tion results.

One disadvantage of C.Q.D._ as a fracture criterion
is, that it is probably not independent of crack length.
For from CO.D. = ﬁlg /,-TZ_TQT,-’

it can be seen”that when ¢ ~ g, the larger the crack,
the larger the C.O.D. at a certain size of plastic zone.
Now, as is known [7], the size of the plastic zone (in
relation to plate thickness) is a measure for the stress
state in that plastic zone, (r, Z t - fully plane stress

(see Fig. 15)). Consequently the larger a crack the _

larger the C.O.D. néeded for plune stress.

Nevertheless, in view of the many unknown factors
involved, and for cracks or defects between 10 and
100 mm length, onc single C.O.D.-value will suffice.
It has the advantage that for very thick plates, Wells
requirement of ry > does not lead to wnrealistically
high toughness values. A C.0.D. of say 0.2 mm indeed
represents a quite satisfactory deformahility. The
fact that it corresponds to a sitnation of plane strain
in very thick plates is not objeciionable at all.



~ For x=0is ..

TGy rnmrary .05
For a crack without a plastic zone-applies

PPN e A ()

E . 2
S . . %ax v - : -:;1'5
_ " [~ Mitted |

A crack with a plastic zone has a virtual length

a =a+tr, 7 s _ | (Adjusting of pin of
PlSstlc Zone- . azatry s extensometer easy)
.8 . l . |
tip=COD _,,x___’/]-‘.[l
i
. A
Flg 12.. The C.O.D. concept. : -

-STRAIN GAUGES
PRING STEEL

(1) Becomes:

5, = 4E5 ,/(a-i‘-r,.): 2 )

4o
6;“ = 6iliv—’ 6@: E(a+ry)

This results in: . '.
' r,= E-9, —-a - . . (3)
: 46 o

'so.the: plastlc zone can bc calculaled when 5,,, has been.; '

. measured.. - - . . T o | NgTCH

Subsmutmg x=ain(2)-

o

tip

4 - ’
=C.0.D. = Ea v’.n,z +2a:r, . 4)

 (relation &, ) I " MEASUREMENT OF C.0.D.
Substitution (3) in (4) - | ‘ .

COD.= |62 — (4—‘1—")2
.- I m 7 E » .

l
!
' (Relation C.O.D.<8,) - _ A ' B o

W w
L €45° . 0
: erf vervormd : - ' metingen |
. T T 0 I Anrara b’:-w-.,
(b"fa) ¥ J’a

N :-'_Vermoéiings{cheur o :
fatigue~crack’ N Opleglengte is AW




2. The strain energy release rate G

Figure 19 is a model of a plate from which the strain energy release rate G
can be understood. As mentioned in 1 it is the strain energy released when

an existing crack is extended one unit. When the springs are situated at .o
distances of one unit, f.i. 1 cm, the crack extension has the effect that at.
each crack tip an additional spring tries to open the crack.

The spring shortens, which means that strain energy is released. Other springs
pulling at the crack are also reduced in length. The total energy is used for
deforming the material at the crack tip. In other words for increasing the
C.0.D. and the plastic zone, »

It should be realized that it does not make any difference whether the crack
extends by fracturing or by saw-cutting. For at the moment fracture occurs,
the deformation capacity (ductility) of the material at the crack tip is re-
duced to practically zero. Only the surface energy has to be overcome, which

- for steels - is small as compared to the energy previously used for plas-
tically deforming the crack-tip material.

Aa
= ._!__ . = K . = -—22 2 -— 2
G Aa é ior.andr. Or Vaur. ’ nt E Y@ X
a becomes a + Aa; in the domain Aa is X = a + r
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e L K 20 _
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0 a
. K |
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2K?
M m.hAa.E é vr
. J:-::"‘-m-“
Substitute vr = /A?.sika e X > '
g ogr, M2 5 ' ﬂ‘
+ G = Ba En 4. {’ vAa(l - sin ¢).0a  cosd.dd . -Aa
: ; L’ r
2 /2 2 L‘ai: &>
; K 2 4K 'ﬂ
=4E—— f cos ¢.d¢'75.5
0 F16.21
2 2
> ¢ =X orwithk=o/ﬁ5+c=1'~gg—-
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(For plane strain: G, = ————),
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The energy released during enlarging the crack one cm, increases with crack
length. _

At a certain moment this energy becomes larger than is necessary for cracking
another cm. In other words the strain energy relcase rate becomes larger than
the fracture toughness (in terms of energy). The strain energy release rate G
has become critical - Gc and equal to the fracture toughness.

At the same time the stress intensity factor K has become equal to L the
critical K or corresponding fracture toughness.

The determination of Kc and Gc by experiments often causes disappointments.
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with K = ov/(a + ry) + C€.0.D. = V3

Structural steel is so tough that a precracked plate always fractures at
nominal stress close to yield point. In the crack section, the material has
fully yielded » which means that the plastic zone has become (in-
finitely) large. - N -

Tao?-

i E

only be used for plastic zones -smaller. than }a.- For at r = }a, 0_ has become
y . P : , 2 r

Then the formulae K'=H0Jhew and G = éreeno ldnger valid. They may

equal to 0. (Follows from o = 5 and K= o/ﬁa)f

At very Low temperatures}steei becomes so brittle that valid K1 or Gi ex—
' ' c e

periments can ‘be carried out. “Then it becomes clear that they are real mate-

rial properties. For it does not make any difference whether the plates ‘have

small or large cracks before testing. The product of x va will always be

ra C{t
the same.

Welding may spoil the properties of the material to such an extent (see 3:
Practical cases), that the weld zone may fracture brittle at service temper-
atures. Shock loading can have the same effect. (See chapter Brittle Fracture
and Fatigue). It may enlarge.the yield point so much that the material cannot
deform plastically and fractures in an elastlc manner. This is what happens
during brittle crack propagation.

Relation between G and C.0.D.

"In section I it has been found:

s con = b0 [
Gtip- C.0.D. = ¢ vry +2a.r,_ . - (4)
' 4o
= —— yr (r + 2a
- E T yty )
' 4o
- ey (2r + 23). (r < a
, E y( y ) (‘y < a)

E '
. _ K2 } o 4K? , . 2 _
Subetmtute ?y = 556;? =+ €.0.D. = ﬂE.Oy and with K° = E.G

S ]

-, C.0.D.O_ .
. y

. The factor T is partly due to the approximation made, that'fy + 2a = 2ry + 23,

4
]

- - .
For greater ry's, == changes. into 1.

4
Burdekin and Stone /9/, /16/ have shown that for the Dugdale—MuskﬁeliShvilli'

: model ‘(fig. 20) the same applies for small ry—values (In this model the crack

is supposed to have a length (a+s) and surrounded by two stress-— flelds, one
internal and one external, consisting of stresses Gy on the part S of the crack)

From these eon51derat10ns it follows that

L . [ oow

= (C.0.D.) .
(c.0.D.) oy

is most likely.




3. Minimum required toughness

Irwin and Wells have stated that a material has sufficient fracture toughness
when it can deform so much at crack tips that the plane stress condition is
obtained.

In other words: the plastic zone S at the crack tip should become at least .
two times the plate thickness (see fig. 15) before fracture starts.

The .point is that when a material has not fractured in the dangerous plane
strain condition, it will be able to deform largely in the plane stress con-
dition. Either it fractures before S = 2t or it can only fracture at S >> 2t.
For steel this fact is responsible for the rather abrupt transition from
brittle to ductile behaviour. For when it fractures at S < 2t at temperature
T1, a slight increase in temperature might bring the material at the crack
tip in the plane stress condition. Then it can fracture only at a much hlgher
load and corresponding S >> 2t.

S = 2t can be translated into terms of C.0.D. for

.- K2 _EG Eo (C.0.D.)
y 2m0_° 210 7 210
y y y
2M0_.t
+ |c.op. . =N
crit. E

So, C.O.D.crit is not dependant on crack length and related to plate thick-
ness. The latter is less reasonable than it seems. For thick plates the
c.0.D.'s it become unrealistically large.

For 100 mm plate it is about | mm, In pract1ce the critical values are in the
order of magnitude of 0.2 mm.

Apart from that S = 2t as separation between plane strain and plane stress is
too pessimistic, in /5/, /12/ and /13/ it has been found that S = t is suf~’

ficient.
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Fig. 19. Model of plate with notch.
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- £ Prittle fracturé testing.

The most well-known and cstablished test is Charpy-V-notch i{mpact testing.

In figure 1 its merits and shorzcomings are listed. N
The value of the test may be improved by including fractvr? appearance, notc
root contraction and by irstrumentation. Dut for ueldcé_)olnts with their
heterogenecus material structure the test will remain 1nnchuate and its re-
sults will always be subjecet to corsroversial interpretations. @part from
that there is littlc sense in doing tests of which the shortcomings have to
be corrccted theroughly when these shortcomings can easily be overcome by
frproving the test itself. ]
<his does not mean that Charpy-testing should be rejected co;plctcly. Work
carricd out by members of the I.1.H. Working Group 29i2; "Brittle frécture
tetts for weld meial' /@/ has shown that for those cases where existing
Charpy specifications can ceslily be met, and plate thicknesses are below

35 :xr, mare zophisticated testing is vot ncesusary. Whien o value hips
35 Nr/em? at the lowest service tezperature is cbtained at any Tmlage
welded joint the struetura will ha safe. vhis miy e concladed fien {4
The 35 sw/ew? Charpy ironsition temperatuse has boen plovved ageinst the
transition tcmperature obtaired with a dynamically loaded, shaip notelied,
welded svecimen of full plate thickness satisfying o veolistie duetility
reguirezent.

The so-called “iiibiink" test may be looked upon as a procedure in which
severe cerviee eonditions are sirulated. As such it provides a good test-
_casc for judging the rcliability of the Charpy-test. It should be obscrved
that the results in the top eft part of the figurc presumably owe their
favourahle position to the faet that they heve not been taken from the centre
of the plate (half plate thickness). Figure 3 shows the effeet: only the ’
lowest values, which are for haif-plate thickness, corrcspond to the Hiblink

ones. . .

Ry

X

AR

A basieally diffcrent test is the statie C.0.D.-test. There is little corrc-
laticr between its results and Charpy-date; €.0.D.-resulss ave often on the
opsimisvie side. This is quite logical and does not invalidate the teet at
all for staticaity (o= quasi-statically) louded struetures. (Most lower
strenfil sveels are very sensitive to impaet loading in presence of sharp
notcies ). The problem for the structural designers is whether for instance
wave impoct i6 a quasi-statie or a dynamic phenomenon. Yeasurements on a
ship have given support to the idca of quasi-stazic loading £%.
her point is vhat apart from externsl dynamic ioading there is the pos-
sibility of inter:al dynamie loading. in figure 5 some cases are indicated.
They &1) Leve oecusred in practice as well as in taboratories. The solutions
are indicated in figure 6. Tazing figures 1, 4, 5 ¢nd 6 vopether it appears
tia. & most rcalistie and practical way of t&sting is fatigue loading at low
temperature. It embraces static, cyelie und dynanie loeding, embrittlement,
pop-in, leveragencous characier of welded joints and casiness of testing
ard interpretaticn (sce figure 7). : ~

Y,

o
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In & wav static C.0.D.-loading also incorperates embrittlement. ror, for
vieided joints the speeimens have to e compressed on the sides in order to
cliningte vhe weliding stresses and faeilitate the develcprent of a small U
faviguc-crack. The laiter itself edds to the strain hardening at the tip of
the arack. “evertheless pop-ins arc hardly possible. The stipulated minimusm
€.0..-vaiues requirc such high Joads that practically e&lways complecte frac-
tures doveliod,

irother thing is that precompressing is ar unrealistie form of appreciable
damage of ihe metal. Figure 8 shows results of tests carried out in the Del it
Ship Structures Laboratory. A test program embracing rulti-pass S.A.~welding
is uaderway. It camn be scen that ir the region of interest (C.0.D.'s between
0,2 eu¢ 0,3 m=r) trhere may be a shirt in permissible lowest serviee temperature.
of some 15°C, But the weldirg crgineer is not only penalised by this shift 13
(as cozpared vo heat-ireated structures). For, the critiecal C.0.D. thus found
is uscd ir caiculatiens of critical ereck length with a stress-vaiue equal to
the suw of the load siresses and the zensiie welding stresses. In other words
in & multi-run weld, the metal at half plate thickress is spoiled by compres-i}
sive cdeformetion, deprived of its protective compressive rcsidual stresses
and calculsted with ron-cxisting tensile residual stresses in two respects:
eritical length and fatigue-growth. Such a procedure leaves little of one
argurent for C.0.D.-testing: "that a full-thickness weld is required because
it conforms best to serviee conditions'.

ally it should be obscrved that the utmost safety ean only be obtainecd by

=g steecis which arc able to arrést brittle cracks ot low service terger-

ures. That ewven then some probiems are left is indicatéd.in fdepmess f'ﬁ- 9
. ; ; ; P ;
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Peltiny Drop Weight test (sce t14 b)




ADVANTAGES

~-CHEAP- |
- WELL ESTABLISHED-
~WIDE EXPERIENCE -
~SIMPLE PROCEDURE -

" ~SCREENING POSSIBLE =~

FIG.1 CHARPY-V

DISADVANTAGES

-SUB-SIZE- {stress state)
-"MILD NO.TCH"-_
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Fig.2 lnﬂuenfce of heterogeneity of manually welded plate(St.52;27mm)
on test results.
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CRACK INITIATION TESTS

—

DISADVANTAGES OF CHARPY EL!MINATED IN: '
2. DYNAMIC NIBLINK-TEST

STATIC C.O.D.-TEST

.

(stepwise increased drop-weight leading)

ORJECTION: LOV/ SPEED STRESSING.
{cheap equipmant and C.0.D. measuring)

External or internal "
dynarnic phenomena occur
in practice. e
BUT: WHAT IS THE PROBABILITY ? . A
=

3. DYNAMIC C.C.D.

(expensive equipment 2nd C.0.D. tecording )
./

\ ' l .
BASIC PHILOSOPHY: 100% PREVENTION OF CRACK INITIATION IS POSSIBLE -

F1G. 4

FIG.6 INTERNAL CAUSES OF DYNAMIC LOADING: "POP=IN" AT LOCALLY
EMBRITTLED NOTCH-TIPS. :
2. HOT - STRAINING EMBRITTLEMENT + HIGH RESIDUAL STRESSES
~ (GREENE-WELLS [4] ):

defects : J
NN B

stiffeners—— . | / g
S : Similar case 15t

z{efect
F 2™ veatd

1
]

tip of defeet may be
plastically deformed
by 2" veld at
weld " . "

ageing " temperatures.

FATIGUE-EMBRITTLEMENT (i3] (plastic zones)
HYDROGEN -EMBRITTLEMENT

b
_c_._
d a+b. PROBABLY MOST DANGEROUS [3]; [3]
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FIG.6 SOLUTIONS ©
100 % NON- DESTRUCTIVE TESTING OF WELD CROSSINGS.

'—n

2. WELD AND BASE METAL MUST BE ABLE TO ARREST
SHORT CRACKS.

FUNDAMENTAL TE
‘PELLINI-DROP \”[.IF‘HT TEST

HARDICAPS :
-NOT FOR THICK PLATES- '
‘“COARSE GRAINED ZONES - _ ‘n—m;x:y—c’
IMPROVE BY BRITTLE WELDING- * potéhed
o " bri‘ttle wveld
3. APPLY: FATIGUE TESTING AT LOW TEMPERATURES. . K
'FIG.9 BEST PHILOSOPHY: CRACK-ARRESTING SYEFLS ' i
REQUIRED : LARGE SCALE EXPERIMENTS (Robertson long plate) Yoo
GOOD INDICATION: DROP WELIGHT TEAR TESTS. FIG.7 FATIGUE TESTING AT LOW TEMPERATURES,
é o ADVANTAGES :

1. REALISTIC LOADING, NOTCH AMD EMBRITTLED ZO"E

A\

= 2. INCLUDES DYNAMIf POP-INS
~ (brittle steps)

" UNRELIABLE : CHARPY-TESTS [3]

PRODLEMS: NOT COMPLETELY SAFE FOR TRANSVERSE WECLDS
: WHEN WELDING STRESSES CANNOT FORCE CRACKS
v OUT OF WELDED REGION:

I -IN _CASE OF POST WELD TREATHMENT -
- ~HIGH HEAT INPUT WELDING [3] -
~NOMINAL STRESSES APPROACHING YIELD POINT-

3. RESULT IS CRITICAL CRACK LENGTH

acr. ——t= ker. of Glnom.)o,. ©F E(hom)

. 4. LARGE PART OF SPECIMEN IS TESTED.

\ N C.0D.
7 : ] NIBLINK
7 .
about ten thousend one initia(x‘u'on point

initiation points

"~ {crack “finds" point' of lowest material quality )

5. BRITTLE STEP FORMING AT SMALL CRACK LENGTH-
OCCURS AT NIL~DUCTILITY~TEMPERATURE.,

§. NO C.0.0. MEASUREMENTS NOR PROBLEMS WITH
ROTATION POINT.

694
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Electroslag ,consum;ble nozzle weld
. Length of welds =500mm

B Q"thickness:isf;;rﬁ :

- EM?’ » 1 051
| 0 i B f3mm fatigue crack ~
: 5 AR T 710mm saweut
! % J T llpgauge .

160 —oja——160

;‘\otch tips reverse to weld direction'

4
_not precompressed

A: _/précompressed

notch tips in weld direction
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fallalaY

C0.D.=0,65 x (clipgauge value) ; ,
{verified by addltlonal measurements) ‘ Weld
: : : " » o metal
. 5 ;
2 ‘ ' - averaLof Sand 6 [13:12’3
O N ) d 2
R ‘“""jo@ = precomp.esse T085
. . | g Y 0,012
3 10,022
= @ = . . ] 0,011
o 3 o Test temperature ( C) ————= '
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| -16° -—JZO . —8 =L 0° ,+4_c.’ +8° ‘ +2° +16° +2(_)° +24° +28° +32
6 o0 o AL°°’32°": of noAtcheZ o © o o Sequence of treatment
| 21131{] 4]|5]1] 8 no’s' 7 ‘8 » g9 (110!]] 11 12 ' 1 AlL specnmens heated to 625 °C (cooled in guiet alr)
) . L E;en; | o) b b E;;-_ 2 Precompressnon of 6 specimens, (5 specimens not precompressed)
)))? 1, ] o e pres— (& S [ RS} e ores- 3. Al{ specimens notched and fatigue-loaded up tg 3mm cracklength.
| ' sed| | " 1 sed (Fin. /Pmax.= 0 Opet sectlon = 0/"'220 N/mm
;giret;t_'i‘gnidf welding diret;t?on of welding 4.C.0.D~testing.
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0529,

E:l General

Cracks in ships are either fatigue-cracks or brittle
cracks. :

Fatigue-cracks are most common but the danger
involved is small.

Brittle cracks are very scarce nowadays, but when
they occur, the ship obviously is in danger.

Both-types of cracks generally start at defects due
to welding or flame cutting especially when these
defects are situated at geometrical stress concentrations.

i.1  Defects

In ships with their enormous amounts of welds in
between 10 and 1000 km in length, weld defects can
never be completely avoided, despite intense non-
destructive control.

The most important defects are under-cuts, lack of
fusion, slag-inclusions, incomplete penetration and
cracks in welds and heat-affected zones, (Fig. 5).

In principle one can achieve that not any defect will
develop into a large brittle fracture. For this, it is
necessary that proper weld and parent materials are

chosen and welding methods are avoided, which
excessively destroy the originally sound parent material
inarelatively extended zone. Even the me.c use of parent
material of such high quality that any eventual brittle
crack will be arrested, is mostly completely satisfactory.
Then the quality of the welds and the H.A. Zones
would be of secondary importance from a safety-point
of view, and this could lcad to substantial reductions
in cost of welding, production and quality control.
Unfortunately when high heat input-welding methods
like one pass submerged-arc, electrogas or clectroslag-
welding is applied, eventual cracks starting in the
welds or heat-affected zones, are not always leaving
the welded region under the influence of the residual
welding stresses, as is the case with multipass-welding.
(See 1.2).

1.2 Residual stresses

The stress field set up with high heat input welding
has a much smaller gradient than the one created by
low heat input welding, (Fig. 1). Due to that the shear
stresses in planes parallel to the weld are also smaller,
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and so are-thé-corresponding normal stresses, of which
the direction differs 45° from the weid line. .. -

As-fracture- wil! always develop iin a direction: per=-

pendicul-a,r‘ to the main tensilé stress, it will' deviate
more from the weld line, the higher theshear stresses be.

In figures 2a and 2b the stress situation for a small
element situated in the H.A.Z. is indicated ; an estimate
of the angle « between the load stresses (nominal
stresses) and the main tensile stresses is made in fig. 2c
and 2d. It should be reminded that the shear stresses
“1,.; can only exist when the residual tensile stresses
(0..,) also vary along the weld line. This is valid for
hand-welding with many stops and starts, but far less
true for automatic and semi-automatic - welding,
especially with welds made in one pass.

Residual stresses have often been blamed for causing
brittle fracture. This was right for ships constructed
during.and shortly after World War 1, when low-stress
brittle fractures were very comimon and the steel was
often not good enougli to arrest them. But nowadays
residual stresses are rather beneficial. The ‘ships’ steel
is so much better than formerly, that eventual cracks
started in a weld or H.A.Z. are mostly arrested in the
parent plate before attaining a- crmcal Iength Qﬁm
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Section weakened by s/t.
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A
tine” stress
concentration
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Fig. 5. Mam weld: defects.

“1t-is unfortunate that in the’ spec1ﬁcat|0ns of stecls

- reliable crack arrest tests are not required. The desired
“properties are now more or less obtained by requiring

certain Charpy-energies at certain temperatures. The

correlation between these transition temperatures and.

the Robertson crack arrest temperature is not only
ppoor, (the latter is on the average. some 40°C higher.
than: the 3.5 kgm/cm? ‘Charpy temperature), but the
scatter is-also:large.. For individual steels:the'difference =~
between 3.5 kgm/cm? Charpy' and Robertson' crack’. .
arrest temperature can be ‘0°C to 80°C. (See Fig. 7,' ‘
obtained from [2] by Drs."H. C. van Elst). This does

not mean: that the Charpy-test has.no use anymore in -+
this respect. Verbraak and Van Elst have already long -
ago .propagandizéd to use it.for quality control of-

“steels with' specific composition; made according to a

fixed procedure. For such a well defined case, the
relation between the Robertson crack-arrest temper-
ature and for instance the Charpy-energy. at that tem-

perature shows little scatter-and can be used for quality
eont rol,

b=
o
T

o

Crack~Arrest temperature (°C)
P &
(=]
T
°
°
°

80 1 F 1 L ! ‘ '-1 1 )
-~100 -80 -60 -40 -20 0 20 40 60 80

35 kgm/i:mz (=20 fl.lbs.)'Char‘py-—.V temper ature (°Ci——-

Fig. 7. Relation between 20 ft. lbs. charpy-transition tcmpera-
" ture and crack-arrcst temperature (Van Elst [2)).
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W& High heat input welding

There are however some points which need special
attention. Firstly again the case of high heat input
welds. It is very well possible, and demonstrated in
{1], that fatigue-cracks propagate completely in the
weld or H.A.Z. (see Fig. 4). In the case considered a

S ”aﬁ%&f;

[« FUSIQHLINE
] 65 15

3 mm wide {or narrow!) coarse grained zone existed
of very poor notch toughness along an E.G.-weld in a
34 inm plate. Notwithstanding the narrowness of

. this zone, high stiess-low cycle fatigue cracks indeed

propagated in that zone over quite a distance (up to
120 mm). The large danger involved can be appreciated
when it is known that the fatigue-crack “‘jumped’ forth
in a brittle way over a small distance séveral times
(5-10 mm) before it finally developed into a complete
brittle fracture which also ran all along the weld line!
The test-temnperature was —20°C, the nominal fracture
stress 24 kg/mm?>. The steel was extremely good (E-
quality), as is obvious from the Charpy V notch.-

JRE PLATEMATERAL

45— DSIANCE T0
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Fig. 3a. Extreme grain coarsening in H.A.Z. of E.G.-welded fine grain steel, (Nb-containing normalised).
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Fig. 3b. Charpy V values of the H.A.Z,, St. 524-Nb (thickness: 34 mm) and the E.G.-weld [5].
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8 encrgy which was 16 kgm/cm? at —60°C! The reduc- It will be clear, that cracks developing at the points
tion in quality in the H.A.Z. due to the high heat of incomplete penetration will not easily leave that
input of the E.G.-welding is shown in figures 3a and vertical plane, as long as the cross-section remains
3b. The crack paths are shown in figure 4. reduced by that lack of penetration. A similar situation

In terms of “‘safe” temperature the steel has been mnay occur at undercuts and long lacks of fusion,
spoiled nearly 100°C. Similar dangerous situations (Fig. 5).
can also occur with more normal welding methods ‘It is evident that transverse butt welds in ship decks,
— especially when the number of passes is not veryl sides and bottom are more critical in this respect than
high — or when one side butt welding has been applied. longitudinal butt welds. But generally speaking only
Figure 5 shows some examples. . really long defects are dangerous. Most of the standards

and specifications as to defects are too pessimistic. On
the other hand it is well recognized that these specifica-
tions have mainly the purpose of guaranteeing a satis-
factory level of workmanship, thus having a function
in quality control which of course can never be dis-
pensed with. :
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Fig. 4. Crack paths in E.G_-welded axially loaded plates. (For specimen sce figure 8).
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Figure 10 is a good illustration of the usefulness of ther  * |y bCCOﬂddlYf wctor like sequence of weldmg Thc point
C.0.D.-concept. There is a clear separation betiveen quite to the rights

the “*bad” and “‘good” resulis, which contrasts sharply .

with figare 9. The figure however demonstrates also 0 (N+ W) )

how important welding parameters may be; and that 28 10.000 "
. - N A A P [ y = R

these may completely overshadow the influence of =~ ™. DR ¥ L

other- parametets like crack length. This has already . - R L - ,

been discussed before -as far as the position of the = .represents. @ pantial fracture, which staried at-a notch,

7

- > o which was made it the H.A.Z. of a transverse £.G.- S
cracks relative to the-fusion line concerns. But in this which was made in the H.A.Z of & (til?anl ellb 1 o
- L ior ent al submerge

final section the attention is drawn to such an apparent- weld prior to the subsequent longitudinal st S B

A




Bt.;p (0.0tmm) ——

arc welding. The distance between the notch ana tne
S.A.-weld was so small that the material at the notch
tip during the S.A.-welding was strained plastically to

and fro at a temperature between 300 and 500°C. This -

caused hot straining embrittlement, which once more
reduced the quality of the H.A.Z.at the 1ip concerned
appreciably. (Greene-Wells’ embrittlement).
A similar effect may ‘occur at weld defects close to
- weld-crossing (Fig. 13). The traiisition temperature of
the transverse (first) weld can be increased some 60°C,
when the defect is at :a critical distance from the
" (second) longitudinal weld.
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Fig: 13. Defect at weld crossing. |
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* The unfortunate dilemma for the structural engineer

is, that good engineering practice'is a welding sequence
‘as indicated in figure 13. For then, there is the smallest
-chance that weld defects. occur. But whenever they
“occur, thie situation may be far more dangerous than
when defects are present in a /ast made transverse weld.. I
For cases like the former, two solutions.are. a\'allable
I. Non destructive tesiing of all weld crossings, (also
where stiffeners cross butt-welds).
2. Require that the weld metal and H.A.Z. have a

f . transition
‘temperature
as high as the,

¢ plate materiall.
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FIG.19 DEFORMATIONS AT THE NOTCH'S TIPS AT THE MO‘MENT THE FRACTURE
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nde Hiﬁg aE nd the |
ANproXima s,@é nalysis of & ain Concentration
by Notches and Gracks

A line integral s exhibiled which has the sane value for all paths surroundiiig the lip of
a nolch in the two-dimensionel strain ficld ef au clastic or deformation-ty pe clastic- plastic
malerial.  Appropriate inlegration path cloices serve botl lo relate the integral lo the
near lip deformations und, tnmany cuses, lo permil ils dircet evaination. This averaged
measirre of the necr tip field leads lo approximale solntions for sereral sirain-concenltra-
tion problems.  Contained perfectly plestic deformalios: near a crack tip is analyzed for
the plane-strain case with the aid of the slip-line theory. Near tip stresses are shown. lo
be siguificantly clezated by hydroslatic teusion, and a strain singularity resnlls varying
tnversely with distance from the lip in centered fan regions aliove and. below the tip.
Approximalte estimates are given for the strain iiitensity, plastic sone sise, and crack tip
opening displacement, and the tinportant role of large geometry changes in crack blunting
is noled.  Another application leads lo a general solntion for crack tip separations in
the Barenblalt-Dugdale crack wodel. 4 proof follows on the eguivalence of the
Griflith energy balauce aud cohesive force theories of elastic biitile jractnre, and hardeiing
behavior s included in a wodel for pluiic-stress yielding. A finel a pplication leads
lo approximale estimaltes of strein concentrations al sinootl:-ended nolclt lips iii elastic
aud elastic-plastic materials.

J. R RICE

Assnsmnl Professor of Engineering,
Brown University,
Providence; R. |

Introtuction

aNsippianLe mathematical diflicolties accompany
lh(, déterinination of soncenteated sirain ficlds near notehes aud
cracks, especinlly I sonlinear niaterials.  An approximate
swilysis of a varicty of strain-concenteation problems is carvied
Gut here througle 1 method which by passes this detailed safution
of boundary-valuc probleins. The wppreach is fivst (o identifs a
hne integral which has the same value for ali integration paths e
surrounding 2 slass of noteh Hipein two-dimensionat deformaation
fields of linear or ponlinear ciastic materials. The choice of a A e
uear tip path dircetly relates the integral to ihe lecally concen- tion fleld (all slresses depend O.MY on x and y). I'is ",n."
. y R curve surraunding the noteh tip; 1", deriotes the curved

trated stram ficld. Bui aiternsiz choices for the path often per- notch tip. )
it a direct evaluniion of the integral. This krowledge of an
saveraged value for the Ioeally conceniraicd strain field is the
starting poind in the snslysis of several noseh aud crack probleins
disengsed it aibsequent sections,

All results ave cither approxiinate or exact m limiting cases,
T approximations suffer from « lack of means for estimating

Fig. 1 Fiof surfaced notch in two-dinensioncl defermne

Path Irdependent J Intagral.  Consider a homogencous body of
Bincar or nonlingar clastic material free of body forees and sub-
jeeted 1o a two-dimensional defurination dield {planc strain, gen-
cratized plane stress, antiplane steain) so that all stresses o de-
; . . . : send only on two Cartesian coordinates mi(= ) and z.(= ¢).
errors or two-sided bounds, althongh lowwer bounds on strain P ly on two = ) i / S i)

. : ) T . . i Suppose the body contains a noich of the type shown in Fig. 1,
magnitudes maz sometilnes be established. The primary interesi h : Lo .
Lo . . L o . . having flat surfaces parallel to the z-uzis and a rounded tip de- !
m Cistussing nenjmear materials lies with claste-plastic behavior ‘ X . i L - ‘
. . : S P ..o noted hy the are T A steaight erack is a limiting case. Define
i metals, particularly in relation o fracture.  This behavior is '“ ) J i ll’l.

. . . Sy § e strai-cnergy density by Co

best maodelzd through ineremental stress-stiain rclations.  But ! £ FILY ¥ ‘
no suceess his been met in fovmilating w paih infegral for ¢ °
L .. o = 4 e :
mcremental 11];151;1(‘11,\' analogous lo that. prescuicd here for clastic 1 Wiz, y) = W(e) oydeg, 4y
materials. ‘Thus a “deformation’ plasticity theory is emploved : ¢ : -
and the phrase “clastic-plastic material’” when vsed here willbe  ghere & = [e:;] 1s the infinitesimal steain tensor. Now consider
underztood as denoting a nonlinee elastic material exhibiting a ()¢ integral J defined hy
linear Hookean response fur stress states within a yicld surface

and a nonhncar hrdening respouse for those vuiside. w Wde — T-?E s
» 1 ? Oz )

@ -

Centiibiited Ly the Applied Xlechanies Division for presentation

at the Applicd Mezhanics Conference, Providence, R L, June 12, yree 1 s curve surrounding the noteh tip, the integral heing
1968, of THE Axmaicay Sactiry o1 MECHANICAL ENCINEERS. :

Discussicn of this puper shonld be addressed 10 the Editorial De- evahuited in a coniraciockwise sense starting from the lower fag
partment. ASMI, United Engineering Center. 315 Fast 47ih Strect, - noteh sface and continuing aiong the path T to ihe upper fiat
New York. N. Y. 10017, and wiii he aceepted until one month aiver  gurface. T is the teaction vector defined according to the out- -

final publication af tha paper iwell in the JoUrNan ov AFrFLIED ward novmal along T, 1 = gity uis the displacement veetor,
: e Manuseript reecived by ASME Applied Mechanies X R . X ‘L N T :
n, May 22, 1967: final draft, March 8, 1968, 1apor No. 68— and ds i an ciement of are Jengih along I, To prove path inde-

APM-31. pendent, consider imy closed eurve I enclosing an area A* in a
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