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ABSTRACT

Various aspects of ca~ability and demand of ships such as
extreme loads, cyclic loads, plastic design, crack design, collapse
and damage are discussed in an attempt to make a synthesis.
It is
explained that whenever permissible stresses are used in structural
design, they should be bounded by probability-concepts, deformation
criteria and critical crack lengths. For an acceptable risk factor,
the margin between capability
and demand seems to be substantial
in ships. Yet drastic reductions in structural weight will only be
possible if the principle of “fail safe” design is adopted in shipbuilding to the same extent as in aeroplane-building.
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INTRODUCTION

Permissible stresses have for a long time
been used as a flag that had to cover a large
variety of cargo. In them were incorporated
large parts of the more modern concepts of
capability and demand. In fact capability and
demand are still largely described in terms of
stresses. But it is more and more realized
that (permissible) stresses can never stand
alone. In the first place they have to be
accompanied and bounded by probability-concepts. Secondly permissible deformations or
deflections have to be incorporated. Thirdly
permissible crack-length will become a parameter of which the importance will become as
large as permissible corrosion.
Apart from this, permissible stresses are of
restricted value in plastic design, both where
the formation of full plastic hinges is concerned as of partly developed hinges. Itwill
be argued in section 3a of this paper that
only the latter condition is of significance
for ship structural design.
A discussion on the above mentioned aspects
of capability would be impractical without
considering loads. Therefore, the first part
of this paper is devoted to loads with special
emphasis on extreme loads. The latter is a
subject which is difficult to grasp because
the relevant information is scarce. An attempt
is made to select figures for the extreme
stresses which will roughly occur about once
in a thousand shipyears.
The estimation of reliable long-term distributions has for a long time been the goal of
many investigators all over the world.
It seems that not everyone has been fully
aware of the fact that the value of this work
for practice depends on whether a fatigueproblem in ships exists or not. This will be
discussed in section 3b. It will be seen that
while nowadays the danger of small cracks is a
significant factor in structural design, in
future the danger of large cracks will become
a J@@i@factor. The growth of these
cracks is governed by the local stress-field
in the immediate vicinity. It can satisfactorily be described with the aid of fracturemechanics. The risk of unstable extension of
these cracks will become decisive in establishing the capability of ships.
It will be clear that when handling this
problem, again realistic values for the extreme nominal stresses, which can be expected
with a certain low probability, are indispensable.

11.

EXTREME LOADS IN SHIPS

In the past the values
used as permissible
longitudinal wave bending stresses were specifically intended to be applied in combination
with standardized loads simulating wave bending. When practical experience proved that the
method had to be adjusted, this was initially
effectuated by changing the permissible
stresses. Later it was tried to modify the
standard wave into a more realistic expression.
Originally the standard wave height was proportional to the ship’s length (L/20); later
the ex orientof L was reduced, first to 0,5
(l,l~L) and later to 0,3. Theoretically
more justified are formulas of the type c.Lex,
where c is a constant and in which x, according to Nordenstrom~ should be equal to
-L/885.
It is important to know if these improved
standard loads give a realistic approximation
of the maximum wave bending moment that can
be met by a ship. But the difficulty is:
what is realistic? Should the standard waves
represent the most severe conditions a ship
can ever meet in her life? Certainly not, it
is hardly possible to define such a load in an
absolute sense. Only a few indications are
available. Dalze118
has created in a towing tank wave systems which gave rise to
bending moments of a magnitude up to three
times the standard wave moment. Getz expressed the opinion that the height of the
highest waves of ships’ length conforms to
L/7. 3
The point is that it does not matter if these situations are physically possible or not; what matters is whether there is
a fair chance that they occur. Thanks to the
many investigations made in this field we know
that this chance is extremely small. Perhaps
one out of all ships now in service will suffer once in her life an extreme bending moment of the order of three times the standard
wave moment.
It will be clear that it is senseless to use
something so extraordinary as a calculation
norm for each and every ship!

Many investigations have proved that the
standard wave methods nowadays in use represent on the average rather well the maximum
wave bending moments ocurring in ships (fig.
“1). From this, one might conclude that about
half of all ships will have to sustain higher
loads in their lives. This is illustrated in
fig. 2a and 2b.
Figure 2a is taken from a paper written by
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Lewis.2
Th~ subject was mainly long-term
distributions of bending moments, while the
following observations concern more extreme
loads. The method by which the curve has been
calculated is essentially sound and has been
ex~lained brilliantly in the DaDer.
Yet
for
thk dotted part of th~ curve a’reservation
must be made. The continuation of the full
part of the curve might be different from what
is indicated. This is not only based on considerations given further down, but also on
fig. 7 of Lewis’ paper made by Hoffman in

which are shown the highest expected bending
moments in 20 years North A’c”lantic
service
for several weather groups. The maximum peak
t,opeak stress is 16 Kpsi, while for the same
in
20years it is 17 Kpsi in fig. 2. /llso
111 of the 1967 report
of the
the
appendix
ISSC-committee 2bII it is shown”in fig. 3,4
that the extreme loads measured in severe
sea-conditions are much smaller than the
calculated ones. The same is valid for
comparisons made by Aertssen,J7
The dif-Ferencesare so larqe that even when allowance

—.

-3iS made for the fact that Lewis’ calculations
are more refined than the latter-mentioned
ones (heading and angular spread of energy
have been taken into account) the tendency
will presumably remain. One reason may be
that a ship in astorm is intuitively navigated
more favorable by the crew than is normally
expected.
It IS necessary to realize that even if the
dotted part of the curve would be a good estimate of what on the average can be expected
for the type of ship concerned, there is always a large possibility that it turns out
otherwise. This can be taken into account by
indicating confidence limits as shown in fig.
2b.
These are tentative because although much
work is being done in this field the approaches differ appreciably. Therefore the
following has mainly the purpose of an illustration.
At the end of the region covered by measurements, -- that is at about Q=10-6 -, the
theoretical upper 95% confidence limit might
deviate some 20 to 40% from the dotted line.q
This means that there is a chance of 1:20 that
20 to 40% higher bending moments occur than
suggested by the curve. A ship’s life conforms to Q z IO-8. There the theoretical
upper 95% confidence limit may run perhaps
100% higher than the wave-stresses line. It
will be seen further that this is unduly pessimistic but it demonstrate nevertheless that
talking about the maximum load of a ship is
not correct. It must be added how often the
ship will meet that load and how accurate that
statement is.
The consequence is that a permissible stress
“see” has no sense either. The lower the
probability that a load used as a design load
occurs, the higher the permissible stress can
be taken. It will be clear that in this procedure any need of safety factors disappears,
especially when “capability” in the same way
as “demand” would be defined in terms of
probabilities.
It has been stated that the standard wave
methods actually in use represent loads which
on the average occur once in the lifetime of a
large number of ships.
The consequence of the foregoing discussion
would be that about one out of 20 ships might
meet a load twice as large. At this stage
some sober reasoning is required in order to
arrive at engineering solutions. As long as
nobody has the opportunity to take measurements on an appreciable number of sh~ps during
their whole lifetime, statisticians will not

allow bringing the confidence limits much
closer together than has been indicated. One
cause might be that in a prediction not all
variables can be taken into account, especially human factors. But is it necessary to
requirethat each individual British, Swedish,
American, Norwegian, Belgian, Japanese, French,
Ru:,sianand Dutch institute gathers sufficient
material before a reliable estimate about the
extreme loads for the ships they investigated
can be made?
A different approach can be of help. If one
could combine all measured data, it would certainly cover a few hundred -- and after statistical treatment -- a few thousand shlpyear~
Then it is possible to state that the largest
wave bending moments ever measured in all
these ships, will give a fairly accurate approximation of the maxima which can be met
once in a thousand shipyears.
Well then, as far as the author knows the
highest vertical wave bending stresses (peakto-trou h) ever measured are about 17 kN/cm2.
(Bennet2 ; Johnson, LarkinG).
It is interesting to note that in both ases
mentioned the stresses were still 2 kg/mm2’
lower than calculated for a standard-wave
mt
1 ,lK (fig. 1). Nevertheless they are
real extremes because for most ships the
measured maxima were ~n the order of 10 kN/cm2.
From this It can be concluded that firstly
the confidence limits of the long-term distribution of fig. 2 should not deviate so much as
indicated and again that the dotted extrapolated part of the stress-curve is too pessimistic.
A casual confirmation of this is shown by
the point “max. recorded all voyages” in fig.
2, which is situated a little below the stresscurve. Of course a much more refined analysis
based on the idea of combining results of as
large a number of instrumented ships as possible can be made by discriminating between
types of ships, trades, weather etc. This
will result in different extremes for different
cases. But for the purpose of this paper the
figure of 17kN/cm~ is thought to be sufficiently accurate. Another point is that it
only applies to vertical bending; so it should
be corrected in order to take into account
horizontal bending and slamming. Especially
with respect to the latter this is very difficult. It is however highly improbable that
whenever an extreme vertical wave bending
stress occurs the horizontal bending stresses
and the slamming induced stresses are also extreme and the peaks of the three components of
the load coincide.
Therefore for the same chance of once in a
thousand shipyears it is assumed that a figure

-4period can be some 10% larger (fig. 3). This
leads to 22 kN/cm2. It is assumed that a value
of about 12,5kN/cm2 represents the maximum
sagging component that can occur. The maximum
hogging one will be smaller, but this is neglected for the sake of simplicity. Finally an
extreme still water bending stress of 7,5 kN
/cm2 is added which results in an absolute extreme tensile peak of 20 kN/cm2. The chance
of meeting higher still water stresses of
course is greater than once in a thousand shipyears, but what matters is that the combination
of the 12,5 and 7,5kN/cm2 has no higher probability of occurrence than once in a 1000 shipyears.
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Correction to Peak to Trough Values.

of say 20 kN/cm2 will represent for the moment
the extremes of the combination of vertical
and horizontal bending stresses and slamming
stresses. As very little information about
ships in very severe storms is available, this
value will further be compared with results of
measurements obtained for a 23.000 tons bulkcarrier which has weathered a storm of magnitude Beaufort 11-12 for two days. The ship
was instrumented by the Delft Ship Structures
Laboratory. It sailed in ballast from Roterdam to Port Churchill - Canada. The output of two strain gauges on both sides of the
deck has been recorded on photographic paper
and on punched tape for periods of 5 minutes
every hour. Two distinct maxima were found,
both equal to 12kN/cm2. This is much smaller
than the above-mentioned 20 kN/.cm2. In one of
these cases no slamming had occurred, so that
the value was due to combined horizontal and
vertical wave bending only. In the other one
slamming had clearly contributed with 3 kN/cm2
to the total of 12 kN/cm2. A further statistical analysis of the recordings showed that
it is very unlikely that this value was exceeded during the stormy period by more than
2 kN/cm2. Consequently the highest maximum
stress for combined horizontal and vertical
wave bending and slamming will be 14 kN/cm2
for the observation period of 2 days. This
value again is appreciably
previously derived 20 kN/cm>m~~~~r~~~?r~~e
that the latter is not likely to be an underestimation and can be used for further analysis.
The value 20 kN/cm2 represents a peak-totrough value (fig. 3). The sum of the largest
individual wave bending tensile stresses and
the largest compressive ones during a storm-

Of course this analysis has not the pretension of being refined. Local stresses have
not been considered. On the other hand for
most ships a lower value than 20 kN/cm2 will be
representative but higher ones are very unlikely. For the purpose of this paper it is
of primary importance to avoid ‘underestimation” and that condition is certainly fulfilled when 20 kN/cm2is used in the following
paragraphs on capability. There it also will
become clear why the emphasis in this section
has rather been laid on stresses than on effective wave heights.
Finally for research-people a conclusion may
be added. It seems that the time has come to
supplement the search for extreme bending moments by investigations directed to the problem
how to avoid extreme bending moments and movements in extreme sea-conditions.
With such information it will be possible to
provide futural ships with small computers fed
by stress- and movements-indicators, which
either depict suitable course-speed combinations for the crew or guide the ship automatically.
Experiments in model tanks can be of great
help. In fig. 4a and 4b a simple analysis
made by the author on recently published testresults by Maniar and Numata~5 illustrates the
point. In fig. 4a the indications max (+) and
max (0) and the comparison values 1, 1,25 and
1,7 have been added to the original diagram.
Moreover fig. 4b gives simple arithmetical
means of the original plots.’ Although this
treatment of the results is theoretically not
correct, it gives a good impression of what
benefit can on the average be expected from
changing speed or course. The hogging moments
prove to be particularly sensitive to the latter. Both fig. 4a and b show that in extreme
bad conditions navigating in the direction of
the waves is clearly advisable. But it must
be admitted that in fig. 13 of the before mentioned paper by Lewisz this tendency is much
less pronounced which confirms the need for
extensive research.
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THE CAPABILITYOF SHIPS
a. Compressive strength.

The capability of ships has for a long time
been expressed mainly in terms of stress.
Other factors like deflections, vibrations and
corrosion also played a role, but not as substitutes for stresses but rather as complements to them. Concepts like permissible plastic deformations from a plastic-design-pointof-view and permissible crack lengths from a
crack-design-point-of-view were not included.
Another new idea that capability similarly to
demand, should be defined in terms of chance,
is also essential. Capability has its own
variability due to fluctuations of yield point
plate thickness, unfairness of plating, quality of design and welding, etc. Unfortunately
(in a sense!) the influence of these variables
can hardly be judged on account of practical
experience, because few structures collapse
and when they do, the relevant loading conditions are mostly unknown.

t“

O.””’O Mean ofvalues
forh/A<0.08

Fig. 4b.

Mean of values
for h/A>

O.08

Arithmetical Mean of
Data of Figure 4a.

Notwithstanding this, damage reports of
course are of great help. For the rest
structural test laboratories often are the only resource for arriving at realistic design
criteria.
The domain where the significance of permissible stresses is rather trivial is that of
plastic design.
It is well known that the ultimate bending
load a beam can carry is appreciably larger
than M=WxO
For a beam with rectangular
cross section t{“
e load necessary for the development of a full plastic hinge is 1,5 W.Oy.
The total energy needed for creating that situation is many times larger than the elastic
part of it because at plastic hinges appreciable deformations occur. For ships it is
doubtful whether the capacity for deformation
is in the same order of magnitude. This will
be discussed in this section.
A ship is not a massive beam, but a hollow
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one. Due to that the plastic reserve strength
is much smaller than the 50% mentioned before.
For a big tanker it will amount to 15% and for
a ship with large openings in the deck, like
bulk-carriers and containerships, some 30%.
However, even these low figures are still too
optimistic to be used for design calculations
for two reasons. In the first place, the total deformation of a ship after the formation
of a full plastic hinge is unacceptably large.
Secondly the capacity for tensile deformation
of most structural details, as well as the
compressive strength of stiffened plates is
generally insufficient for the formation of an
ideal plastic hinge. Consequently it is necessary to indicate which deformations can and
Permissible
deformations
then
remay occur.
place
is

permissible

better

instead

to
of

speak

plastic

stresses.
of

limited

design.

In

that

plastic
Based
on

case

it

design
tests
car-

Ship Structures Laboratory it
has been suggested to the ISSC-committee 1967
“Plastic design” that deformat~ons larger than
1% are not likely to develop in ships prior to
fracture or alternatively without a great reduction in compressive strength. This might
seem a large value if compared to the elastic
strain in a structure at a nominal stress equal
0,125% for mild Steel).
to yield point (E =W,
But it should be reai5 zed that there is a big
difference between the case o-F1% strain developed over a length of 0;5 m in a ship’s deck*
over say 10 m. In the first case no plastic
hinge will be formed; only a small part of the
side plat;ng wI1l find itself in the plastic
condition. This is explained in fig. 5. The
total deflection of the ship is only a few percents greater than in the situation where the
nominal stress in the deck just approaches
yield point.
ried

out

in

the

* In the followlng only “deck” is mentioned
although often “deck or bottom” is meant.

Fig. 6.

Ultimate Stress DistributionsBuckling Included-Sa ging
i
Condition. (Caldwell )

This forms a big contrast to the case when a
large part of the length of a deck, say some
10 m, is plastically deformed by 1% over its
entire breadth. Then the deflection of a large
ship will be about two times the maximum elastic de-Flection. An additional favorable factor is, that in practice these deflections will
not develop the very first time an extreme load
of the required magnitude occurs. The time
during which the load is maximum, is too short,
especially when a part of the load is due to
slamming. However as mentioned before, it is
very unlikely that a plastic deformation will
develop over an extended length of a ship. It
will always start at one or another “weak
chain” in the form of a locally less efficient
structural design detail, a corroded area, a
section containing openings or with unfair, and
therefore less effective plating etc. Due to
that the situation of fig. 5 represents what
really can be expected and the plastic reserve
strength energy of a ship is much smaller than
generally assumed.
It will also be clear now that the requirement that 1% plastic deformation should be able
to occur without fracture or collapse at critical places is really a minimum.
Before the other part of the problem will be
discussed, viz., on what tests or theory the
mentioned 1% is based, an extension,of the
classic plastic design theory developed by
Caldwell needs attention.g His basic idea was
that the behaviour of a compressed stiffened
panel at the moment the buckling starts is
very similar to that of a tensile bar at the
moment yielding starts. In both cases the
deformation can be increased greatly when
only a small raise of the external load is
effectuated. Of course many parameters are
~nvolved like beam spacing, plate thickness
etc. , but that is not essential now. Fig. 6
derived from Caldwell ’s paper shows the as-

.

-7l-o—--

$

-r?

O-E

0.6

t

l’”
Mu

= ULTIMATE

BENDING

MOMENT

(BUCKLING INCLUDED)

0-2

Mp . FULLY PLAsTIc ❑ ENDING MOMENT
(BUCKLING INCLUDED)
_
@= STRENGTH FACTOR FOR DECK

o~-l
0-1

0.2

0,3

04

Fig. 8.

4

0-5

AD
A

Fig. 7.

Effect of Buckling on Ultimate
Longitudinal Strenqth. Sinale
Deck Ship. Saggin~ Conditi~n.
(Caldwellg)

sumed stress distribution in an extreme sagging condition. The bottom is in a state of
complete plastic straining; in the deck only
the corners are In full plastic compression,
the rest is in a situation of elastic or plastic buckling at nominal stresses much lower
than yield point. Caldwell has proposed to
consider the average of the compressive stresses in side and deck as a fictitious compressive yield stress (fig. 6b). The relation between fUD (U = ultimate, D = deck) and yield
point fy Is called !JDand is generally smaller
than 1. When this @D is known, the collapse
load of a ship (MuIt.) can easily be calculated
with the aid of fig. 6b, (Provided of course
that a full “plastic” hinge has developed!).
Fig. 7 shows the reduction in collapse load
in relation to the ideal one (PD = 1) as a
function of the buckling strength of the deck.
For well designed large ships .0is always
larger than 0,8 and will often approach 1.
In the discussion on Caldwell ’s paper D.
Faulkner has given a very useful contribution
with respect to the O-values. This is shown in
fig, 8. The diagram is easy to handle. Interesting is that the results of the only experiments ever carried out with complete ships,
conform well to the curves (AZbUera, F’reston,

.

!d-Valuesfor Stiffened Plating.
(Faulknerg)

——.
~

Bru(x ). The D-values for these ships are surprisingly low. For the .pFestonand Bmee it
will be due to the fact that they were built
before World War II and were provided with
transverse framing. The A2.huera is more modern. The plating was rather thin which may
partly explain her low strength. But the primary factor may be an unsatisfactory design of
structural details. An example of how shipbuilders and other structural engineers have
failed in this respect is given in fig. 9. It
is a full-scale specimen compressed to collapse in the Delft Ship Structures Laboratory.
The test conditions were slightly more unfavorable than in reality because the bulkhead
could rotate freely and the longitudinal edges
of the bottomplate were unsupported. On the
other hand the ends of the specimen were fully
clamped and lateral loads were absent. Fig.lQ
in which the test-result is shown, demonstrates
that the behaviour of the ~Zbuera is not so
peculiar as often is thought. The maximum
load the test piece could sustain was equal to
410 tons, being two thirds of nominal yield
load; thus ~ = 0,67. This conforms rather
well to the @ = 0,71 for the A2buera in fig. 8.
With the aid of figure 7it is found(Mult,)/
(Mplast.) = 0,79 (for AD/A=0,3 and AS/A=0,15).
Thus far everything seems to conform with
Caldwell ’s suppositions. However, the situation of fig. 6, being a fully developed hinge,
will not have been reached at all in the
ships concerned. It requires deformations in
deck and bottom in the order of percents, while
the overall deformation of the specimen of fig.
9 at the moment the load was maximum, was only
0,2%. Locally, -which means close to the bulkhead, It was more, say 1%, but it has already
that
plastic
deformations
been explained before
in such a narrow strip are not able to bring
the whole transverse section of the ship in a

-8-

Fig. 9b.

Fig. 9a.
Specimen at 400 and 410 Tons Compressive Load.

Fig. 9c.

Note Small Deformation at 400 Tons.

Fig. 9d .

Specimen After Testing. Note
Deformation of Bottom Plating.

as shown in figure 10 instead of as in figure
6. The section is very incompletely plastic
and the relat~on between the collapse load and
the ideal plastic load will be lower than according to Caldwell. (Mult+)/(Mpl,) J 0,77
Instead of 0,79. More important is that the
total energy to collapse is not several times
larger than the elastic part of it, but only
a few percents.
The low collapse load of the specimen of fig.
9 deserves some additional attention. Three
factors are involved.
a Vertical bending of the specimen as a whole
=S a consequence of the shift in position of
the neutral axis at the bracketed part.
In the unsupported part of the bottomplating
sides of the transverse bulkhead,
yielding (bending) started already at 250 tons,

at both

b When the load is increased a vertical plas~ic hinge starts developing in the free parts
of the bracket near the bulkhead. This is due
to a second form of internal bending caused by
shifts in the position of the pertaining neutral axis in a horizontal plane.

E The rigidityof bracket and upper part of
the frame in a horizontal plane is rather
small so that at about 400 tons the events described in & lead to horizontal, plastic buckling (fig. 9d). At 410 tons the specimen has
attained its maximum load.

—

—

—

Specimen After
Testing. Note
S-Shape of Each
Half of ThroughBracket.

An unpleasant phenomenon was that during
the continuing compressing of the specimen after the maximum load was attained, the load
quickly decreased. At a total deformation of
0,3% about half of the maximum load was left
(fig. 11). It must be concluded that Caldwell’s hypothesis that the behavlour of ship
structures under compression is similar to
ideal plastic behaviour is not always justified, at least not for structures of the tested type.
The test-result demonstrates how easily the
carrying capacity of astructure can be impaired by using brackets, asymmetricalsect~ons,
etc. For a continuous T-frame, the collapse
load would have been much larger; some 95% and
not 67% of the optimum. In ships constructed
accordingly the plastic reserve might amount
to some 15 to 30% of the load at which the
nominal stresses approach yield point. Of
course this is only considered from the view-
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point of compressive strength; the situation
for tensile loading will be discussed later.

Fig. 11.

~.

Load-Deformation Curve of Compression Test.

Tensile strength.

The foregoing can be interpreted in such a

way that the classification societies do not
In section 2 of this paper an extreme longitudinal bending stress of 20 kN/cm2
(20 kgf/mm2) has been supposed to occur once
in a thousand shipyears. When this value is
compared to the yield point of Mild Steel being 26 kN/cm2 (26 kgf/mm2) there is a remarkable margin left. When the ideal plastic
collapse load is taken in view the margin is
still larger.
It can be doubted whether this is really
necessary. Even for the worst designed ships,
with (Mult.)/(MPlast,) as lowas 0,77and
(Mult.)/(Muy) : 0,9 (Muy = W x u y) the collapse stress is still 0,9 x 26,00 = 23,40
kN/cm2 (kgf/mm2).
~

This is clearly in excess of what is required particularly when it is remembered that
plastic collapsing always needs more time than
extreme loads are normally working.
The foregoing is another demonstration of
the fact that where capability is concerned it
should also be defined in terms of chance. Not
all ships are badly constructed, so the chance
that such a ship i~ the one that wi 11 meet the
extreme of 20kN/cm must be smaller than once
in a thousand shipyears. The practical conclusion from the foregoing is that one should
not worry about the compressive strength of
the hull of current ships. The”extreme loads
which they can withstand are much larger than
what is met in practice.

take into account the
because the danger of
like brittle fracture
by fatigue constitute

mentioned collapse modes,
other modes of failure
or the damages caused
a more real danger.

As far as brittle fracture is concerned,
tests in the Ship Structure Laboratory with
bottom longitudinal of the type shown in fig.
9 have led to the idea that local plastic deformations in the order of magnitude of 1% can
develop before fracture starts. Unfortunately
this averaged over a few meters length amounts
to not more than 0,2% (fig. 12). The nominal
Stresses at fracture were about 20 kN/cmz
( kgf/mm2). Now it is possible to introduce a
@-factor for the tensile strength of panels in
the same way as before for the compressive
strength. !3Dthen is equal to (20,00)/(26,00)
= 0,77. (Multm)/(Mpl.) will be about 0,83
and this corrected for the fact that in the
transverse section concerned only an incomplete
plastic hinge has developed, leads to 0,81;
(Mult.)/(MaY) will be 0,93.
The collapse stress would be 0,93 x 26 =.
24 kN/cm2. Similar to what has been concluded
before for the compressive strength of ships,
it seems that the margin between capability
and demand with a risk factor of on e in a
?
1000 years, being 24 - 20 = 4 kN/cm is lar9@r
than necessary. However in the present case
the situation is clearly less safe, due to additional unfavot,trable
influences.
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Local and Overall Strains of a Specimen Containing Fatigue-Cracks at the Moment
a Brittle Fracture Started.

a In the first Dlace as soon as a brittle
~racture starts,’the capacity of the structure
for taking up deformation energy is immediately exhausted; the chance of complete collapse
through fracture is large.
~ The high frequency of slamming stresses,
which was benef’icientin case of compression
can be disadvantageous for tension.
~ The ultimate tensile strength of a panel is
more liable to scatter than the ultimate compressive strength. Structural and welding defects might reduce the above-mentioned fracture stress and-strain substantially.
The author’s opinion that the danger of brittle fracture in ships must be eliminated by using crack-arresting steels has been explained

Iast year at the “Construction-day.”l”
It seems
to conflictwith the fact that 90% of all ships
in the world move regularly and undamaged in
conditions where the temperature is lower than
the crack-arrest temperature of their steels.

The explanation is included in the foregoing.
The nominal stresses mostly are so low that
with present-day quality of design and workmanship brittle fractures cannot initiate and
consequently there is no need for arresting.
On the other hand it has been made clear that
the nominal tensile stresses in ships are not
too far away from the actual permissible limit. Consequently without the use of crack-arresting steels (and higher tensile steels) it
will not be possible to raise the limit substantially.
The modern normalized Niobium-treated steels
meet the indicated requirements very well,
provided that they will not be welded with
welding methods giving excessive heat-input
(one-run Electro-Gas and Electro-Slag systems}
For in that case, - as tests in the Delft Ship
Structures Laboratory with 34 and 46 mm thick
plates of St. 52 have proved-,cracks, initiated in the heat-affected coarse grained zone
adjacent to the weld, do not deviate from this
zone as usual and stop in the unaffected

~

plate, but run parallel to the weld. The main
cause of their remaining in the heat-affected
zone is that the residual stress-pattern is
different from that in multllayer-welds. In
these cases one apparently cannot rely fully
upon good crack-arresting properties of the
steel.
So much for the brittle fracture problem. It
is quite possible that within 10 or 20 years
it has disappeared from shipbuilding. Then
the level of permissible stresses will to a
large extent be determined by fatigue considerations, In fact it does so already nowadays
together with brittle fracture, buckling of
bulkheads and webs of deep frames and bottomdamage due to slamming. It seems that not
everyone is aware of this fact. There are
even investigators, dedicating their time to
wave bending moments, who are not much interested in fatigue. Yet 90% of their work would
be superf]uouswhen fatigue did not constitute
a serious problem. For, what is the use of
statistical material, calculation methods,
model tests and what else, if the frequencydistribution of the wave bending moments would
be of no use. Then only the extreme values
would be of interest as once proposed by
Yuillell and much of the actual research would
have to be directed otherwise. However in 12
it has been shown to what extent fatigue is a
problem in shipbuilding. One conclusion was
that there is little danger that large cracks
develop in actual ships, Therefore the pertinent investigations in the Delft Ship Structures Laboratory have been devoted to the
question if the presence of small fatiguecracls
enlarges the risk of brittle fracture’. In
the foregoing it has already been mentioned
that the answer was confirmative. Later it
was found that the danger of fatigue is larger
than even fatigue-experts are aware of. Some
of the specimens mentioned before were subjected to a combination of small static loads and
light transverse impacts. The result was really alarming because fractures occurred without any previous local plastic deformation. As
a consequence of these results the laboratory
is now working on the propagation and damping
o“fshock-induced stress waves in structures
and on slamming-induced stresses In ships.
When in future the brittle fracture problem is
level
will
no longer
eliminated, the stress
(partly) be governed by the requirement that
fatigue-cracks must be kept small. Larger
cracks can certainly be allowed from the viewpoint of human and structural safety. (Of
course damage due to leakage also plays a role
but this is excluded from the present discussion.) It is a favorable circumstance that
fatigue-cracks propagate very slowly in ships’
structures. Due to this they can be controlled easily. Even in aeroplane building, where
permissible crack lengths are much smaller,

and consequently less easily detectable, this
philosophy of “fail-safe” design has become
generally accepted and put into practice.
The question now is how large may cracks
grow in ships without leading to an unstable
fracture? The answer can be given with the
aid of fracture mechanics. This is a new
branch of applied mechanics of which many people have not yet taken notice. Its importance
can be judged by the vast amount of literature
published in the last 10 years especially in
USA, Japan and Great Brit~~n. An introduction
to the field is given in
. The basic idea
is that when a unit extension of a crack in an
infinitely long and wide plate under tensile
loading is effectuated, e.g. by sawing, an
amount of elastic energy comes available which
is used for deforming the material adjacent to
the new crack-tip. The larger the crack, the
more energy is set free per unit crack extension. At a certain length more energy is set
free than would be needed for rupturing the
material at the crack tip over one unit of
length and an unstable fracture starts. The
point’ is illustrated in fig. 13a, b, c, d,
where especially the influence of plate length
The elastic energy per unit
is considered.
crack extension is called G (strain en rgy re5
lease rate) and is equal to G =~i~
; a =
half cracklength plus half of the length of
an eventual plastic zone at the crack tip.
The energy needed for fracturing the material
one unit of length at the crack tip is called
Gc. It is equivalent to the area of stressstrain curve of an imaginary small test bar
situated at’the crack tip. Thus Gc is a material property and is called fracture toughness. For steel it is very much dependent on
temperature and strain rate. The Gc belonging to a low-stress brittle fracture is tenths
of times smaller than that for a shear fracture. Hence a ship either fractures brittle
or does not fracture. Shear fractures are very seldom found. In future the situation
might become different. When larger fat_iguecracks are permitted, the risk of unstable
shear fracturing might become real. How real
‘this danger is can be estimated in the following way. For a 30 mm thick mild steel plate
a lower value for Gc (shear fracturing) is about 5,00 kN/cm. The nominal stress at which
an existing crack with a length of 1 m becomes
unstable is equal to

a = half ‘crack length plus half size of
plastic zone = ry.
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CONCLUSIONS

1 The highest wave bending moments ever recorded In ships at sea are smaller than the moments which on the basis of observed extreme
waves and model tests could be expected.
For Oy = 28 kN/cm2 (kgf/rnm2) ~
22,50 kN/cm2.

u ~

So an unstable fracture may develop at a
nominal stress of 0,8u ! For some higher
be smaller
than
strenqth steels Gr canyeven
for m;ld steel. ~
. !’enouY ‘ :5 k“icm;;:::f
4.50 kN/cm he cr~tical stress Uc
22.20 kN/cm being 64L ofyleld stress.

~ There is no argument for designing the
structure of ships on the basis of theoreticalapparently
always
ly possible, but in practice
avoided extremes.
;0

One might object ‘chata crack of 1 m in
length is abnormally large. In the first
place it is only a matter of getting accustomed to it. Secondly it should be realized that
the effective crack-length f-orthe situation
depicted in fig. 14 is also equal to 1 m, dethat the realcracks
are
only
spite the fact.
20 cm long.
It should be observed that the
above used Grvalues are excessively low. For
most modern steels it is two and more times
1arger.
Nevertheless from the Toregoing it will have
become clear how important “crack-design” in
shipbuilding will become the more the level of
and the more higher
stresses is raised
strength
steels
are used. Consequently prolongation of all the efforts directed to the
determination of long term distributions of
wave bending moments and intensification of fatigue-investigations on welded structures, particularly under programmed loading are both of
great importance. For the latter the resistance to crack propagation is a more important
aspect than that to crack initiation.
A number of the problems discussed in this
paper cannot be satisfactorily solved without
the use of advanced calculation methods like
finite-difference and finite-element methods.
Shock-induced phenomena belong to these. Existing theories are only applicable to uniform,
prismatical bars loaded axially and transversally. Use of a finite-difference method for
impulsive loading of a ship as a whole has
been made by St. Denis and Fersht. 1’+A second
problem is the elasto-plastic behaviour of the
ship’s hull in case of small permissible plastic deformations (limited plastic design). A
third field is that of fracture mechanics. The
actual knowledge cannot easily be applied to
complicated structures particularly not when
apprec~able plastic deformations occur at
crack-tips. As an illustration fig. 15a shows
the model of Argyris13 for a cracked plate and
the solution for the plastic zones as a function of load (fig. 15b).

~ Research on how ships can most effectively
avoid extreme moments and movements in extreme
sea conditions is of prime importance.
~. Plastic design theory gives an overoptimistic picture of the collapse strength of a ship,
especially from the viewpoint of deformation
energy.
~ Notwithstanding this, the margin between demand and capability is even for inferiorly designed ships so large, that the risk of collapse due to Insufficient compressive strength
of the longitudinal material is extremely
small. Only excessive deterioration of the
structure can lead to failure.
~ With regard to collapse by brittle fracture
the margin between demand and capability is also wide. However secondary considerations
have led to the conviction that the longitudinal strength of ships is still largely determined by the risk of brittle fracture.
~ The full benefit of the use of higher
strength steels can only be obtained by careful design of structural details. Besides
shipbuilders will have to accept the philosophy of “fail-safe” design which means that
cracks are allowed up to a critical length.

~ Permissible stresses are dependent on
crack length. In practice this will be reversed in such a way that permissible crack
lengths are prescribed as a function of chosen stresses.
9 Thorough information about the cyclic loads
~ct’ing on ships is Indispensable for estimating the moment that cracks start as well as
for estimating the speed of crack growth.
10 Finite difference and finite element meth~ds will have to be used for the solution of
many of the current and future problems in
ship structural design like: shock phenomena,
elasto-plastic deformations at underdeveloped
plastic hinges, critical crack lengths in complicated structures.

.14Y
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t

Fig. 15a.

A Plate with a Semi-Crack in the Middle,
Loaded Uniformly at the Ends. Only OneQuarter of the Idealized Plate is Shown
(Using Trim 6 Elements). (Argyris, Patton13)
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