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Summary

A simplified method is proposed to predict the
behaviour of full cross-sections of ships under lon-

gitudinal bending.

The method assumes that plane sections remain plane
and thus a linear distribution of strains is considered.
over the cross-section. The hull girder collapse strength

may be calculated for any heeling conditions.

The large panels between the primary framing system
of the cross-section are assumed to have the same behaviour
as their significant individual elements - stiffener with

‘associated plate.

The load-shortening curves of the stiffened plates is
assessed using the Jonhson-Ostenfeld or the Perry-
Robertson formulation. These formulations are basically
used to determine the flexural collapse strength of the
stiffened elements, but here, they are extended to cover
the whole range of strains, predicting the pre and post
buckling behaviour. The reduction of the effective width
of the associated plate during the path loading is
accounted for by considering approximated average stress-
strain curves of the plate elements and the Faulkner:
proposal is adopted to quantify the impact of this

reduction on the load-shortening curve of the column.

The effects of flexural-torsional buckling are con-
sidered, applying the methods developed by Adamchak and
Faulkner, both in respect to the ultimate carrying capacity

of the stiffened plate and the post buckling behaviour.

xii



The stress-strain curves of the plate elements are
determined in relation to a design formula of the ultimate
strength of simply supported plates and the concept is
extended in order to obtain the curve for the whole range

of strains.

The method includes the effect of residual stresses
in the plate elements by modifying the material properties.
So the impact of plate residual stresses on hull girder

strength may be investigated.

Also available is a method to incorporate the effect
of plate and stiffener distortions and their effects on

the ultimate strength of the ships.

An investigation of the effect of secondary 1load
systems in plate elements is made. Formulae to include the
effect of biaxial loading, lateral pressure and edge shear
are indicated based on a study of the ultimate strength

of plate elements.

Concerning to the ultimate bending moment of the hull
girder, the effect of residual stresses and stiffener
distortions is investigated as well as the consequences
of corrosion and the use of high tensile steel. The strength
of the hull girder is calculated for any angle of heel by
a method that ensures a constant angle between the position

of the neutral axis at any curvature and the horizontal.
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1 Introduction

The present study has as thelnéin.objective of studying
the colapse strength of the hull girder and its components.
To determine the hull strength requires the development
of a program which is able to predict and analyse the
behaviour of a mid-ship section under the normal operation

loads.

Starting from the definition of the section’s
geometry, the program must be able to determine the
contribution of every element to the total strength by
taking into account the variation of the strength as a
result of several parameters like slendernesses of plate

and column, distortions, residual stresses and corrosion.

The analysis must be as simple as possible, but at
the same time applying and satisfying all the concepts,
results and theories accepted nowadays as the most

representative of structural knowledge.

This simplicity of the formulation and resolution of
the tasks is aimed at achieving reliable results in
reasonable time and with very low costs. This last point
is of special importance as existing methods are usually
based on finite element analyses, which are very expensive
both in the definition of the models geometry and in the

program’s running time.

On the other hand, these types of analyses take a long
time to develop, making them incompatible with the normal
development of a ship’s project. They have also very little

flexibility to consider the effects of geometric modifica-



tions which are always required when wishing to improve

the final design.

In a broad view, the collapse strength of a ship
section can be seen as the summation of individual
contributions of several panels which are part of the
section. The strength of each panel, when submitted to
axial strains, will determine the overall strength of the

section.

The panel’s strength can be calculated analysing,
individually, each reinforced element of the panel and
assuming certain conditions for the structural behaviour,

as will be seen in chapter 3.

There are actually many theories about the behaviour
of reinforced elements working as a beam or as a column.
However, most>of them need to have a clear definition of
the effective width of the associated plate which will be
used on the model. This then inevitably requires the study
of the plate elements in order to clarify the concepts of

effective width and breadth under several load conditions.



2 Strength of Plate Elements

Marine structures and more precisely ship hulls are
mainly formed of plates reinforced by stiffeners. As a
consequence, the study of plate behaviour is of major

importance for the structural analysis of ships.

These plates can be subjected to different loadings,
from a simple uniaxial loading to a complex case of biaxial
loading with lateral pressure and edge shear. Uniaxial
loading is predominant on deck plating, while biaxial
loading and lateral pressure may be very important on
bottom plating and edge shear on side shell and bulkhead
plating.

Several studies have been performed to establish an
accurate description of the behaviour of rectangular
plates under specific loading conditions. The most common
approaches to the problem of plate behaviour under uniaxial
compression attempt to define the ultimate strength of the
platel'2 and its dependence on residual stresses and

1,3,4,5

distortions , or, analysing the whole load-shortening

curves in order to provide a comprehensive understanding

of inelastic buckling and post-buckling collapse

5-10
phenomena .

The work on plates may be classified as numerical,

experimental or statistical:

® There are many references dealing with numerical
solutions to plate behaviour. They may use energy

methodsla Ritz’ methods, finite element

2,9,12,34 or finite differences methods

10

analysis

with dynamic relaxation techniques One 1is



able, in principle, to use these techniques for
studying the behaviour of plates with residual
stresses and initial distortions. It i1is also
possible to study the effect of different boundary
conditions on plate behaviour, by controling the
degree of restraint imposed on the edges of the
plate. In this text the boundary conditions are
classified as clamped when all membrane displace-
ments at the edge are fixed to zero, as restrained

when the membrane displacement normal to the edge
are zero but free to rotate, as constrained when
the edges remain straight but are free to pull in
or out and to rotate and unrestrained when all
in-plane membrane displacements are free.

3'201:epresent the best way of testing

= Experimentsl
and calibrating numerical results. However these
tests show several difficulties in execution,
especially in respect of the control of boundary
conditions, residual stresses and distortions. In
fact, if it is very difficult. to simultaneously
control residual stresses and distortions in
numerical methods unless the effects of residual
stresses are considered by a shift on material
properties curve as in PANFEM which is a finite
element program for research purposes34, in tests
this is almost impossible and the best one can
get is the maximum out-of-plane deformation of
the unloaded plate and detailed information of

the welding process.

® Statistical studies represent an effort to syn-
thesise the available information. Normally two
classes may be identified: the first, dealing with
primary parameters like slenderness’ and aspect
ratioz's; the other, concerning the dependence on
secondary parameters like residual stresses and

14

distortions

With respect to the type of loading, these studies

may be classified:



® uniaxial compression - longitudinal or transverse
B biaxial in-plane loading
® uniaxial or biaxial with lateral pressure

® uniaxial with edge shear

Attention is called to the fact that some of the
uniaxial tests are really biaxial tests where transverse
stresses are normally a small part of longitudinal
stresses. Most tests and numerical studies on restrained
plates are unfortunately of this kind, and usually no

record of average transverse stresses is available.

However some studies treat this situation as in

Dowling et al7 where it is shown that transverse stresses

due to restrained boundary conditions may be positive,
negative or zero, depending on the geometry of the plate
and the level of stresses applied.’ Moxham® called our
attention to the wunloaded edge displacement in un-

restrained plates during compression.



2.1 Load-Shortening Curves for Plates under Uniaxial Loading

When a ship is subjected to longitudinal bending all
longitudinal elements, namely girders, longitudinals and
plates, are loaded unidirectionally in their own geometric
plane. Simultaneously, there may coexist loadings in other
directions as a result of secondary effects like local

lateral pressure or shear.

As longitudinal stresses predominate in a ship, it is
very important to understand the behaviour of the plate
elements loaded longitudinally or transversely, depending

the type of stiffening in a ship’s structure.

As the plate behaviour under tension does not seem to
represent a problem to model since the plate may be
considered fully effective, the greatest problem is the
plate behaviour under compression due to the loss of
effectiveness of part of the plate by elastic and inelastic
instability and distortions. Several works were aimed at
determining that behaviour for the whole range of average
strain, where average strain is defined as the edge strain
(e=€¢) . Thus, keeping the edge in-plane, it is formally
equivalent to talk about average strain or normalised

shortening and elongation.

Smith’ produced average stress-strain curves based on
a finite element analysis and a linear regression of tests.
Plates were grouped by slenderness (f= 1.0, 1.5, 2.0, 2.5,
3.0, 3.5 and 4.0) and three levels of imperfections were
considered: slight, average and severe. Linear interpola-
tion was used for intermediate slendernesses. Each
increasing level of imperfections was associated simul-
taheously with both increasing residual stresses and

distortions. This does not seem to be very appropriate

6



because, as Faulknerl demonstrated, residual stresses
decrease as plate slenderness increases whereas distor-
tions increase with slenderness. There is high correlation
between these two imperfections but negative and not
positive as considered. Buckling strains were selected
approximately at 1, 1.5 and 2 times the vyield strain

depending on the level of imperfections.

Billingsley23 based his plate model by considering
two main contributions to plate effectiveness: the first,
concerned with the edge zones, is based on an effective
width; the centre contribution is the loading supported
by an infinitely wide plate. Only the first contribution
must be considered in long plates. The model does not take
into account either residual stresses and distortions or
load shedding after buckling, which is very important for

ultimate bending moment estimation.

Rhodes?® also used a method based on the effective
width concept and post-buckling behaviour based on the
assumption that elastically derived effective widths were
adequate to describe it. The effects of residual stresses

and initial distortions were incorporated.

Lm 2 proposed an approximate method to generate
average stress-strain curves using cubic splines for
representing the load shortening curves of residual
stress-free plates, based on the data from a parametric
study of Frieze. A simplified procedure was used to derive

the curves for plates with residual stresses.

The present work considers that the material has an
elastic-perfectly plastic behaviour for every average
strain. Of course, this is not completely true since it
does not consider either the change in tangent modulus

beyond the proportional stress or the hardening after



yvielding. However, the approximation is quite accurate for
mild steel and structural ship steel in general, especially
because there is no interest in strains larger than three
or four times yield strain. This behaviour may be

represented analytically by:

-1 when &<-1
PE) =P = { T when —1<g<1 (1)
1 when ¢€>1

where ® is the normalised edge stress ratio, 0eg/0p, and

€ is the normalised strain, &/ég,.

In order to include elastic instability under com-
pression and elasto-plastic effects, it is considered that
the quantification of the effective width presented by
Faulkner' is the most suitable and also that it may be
used beyond buckling. With these basic concepts one is

able to obtain realistic average stress-strain curves.

2.1.1 Slenderness and Effective Width

Plate strength under compression depends mainly on
its geometry and more precisely on its slenderness. Thus,
it is necessary to define clearly what is slenderness and

how it is related to the plate strength.

For this work, the slenderness, i, is defined for each

strain by:

B = %-«/E (2)

which is related to the nominal slenderness, fBo, by:
B = BoVE (3)
According to Faulkner, for long plates (a>b) with

simply supported edges forced to remain straight under

longitudinal loading, the effective width, @y, is given



as a function of the average strain by:

2 j% for f > 1
o, =18 B (4)

1 for B <1

and the nominal effective width, ®, , is:

1
Oy = — - > for o > 1 (5)
Bo PBo
This expression was derived by Faulkner®' for the case
of plates simply supported with average initial distor-

tions. Guedes Soares’ has shown that. for nominally perfect

plates the effective width is given by:

2.16 _ 1.08

d. =
° B A5

for fo > 1 (6)

This expression leads to values higher than 1.0 for stocky
plates which has been observed in different experiments
and can be attributed to the strengthening effect of the
edges remaining straight. Its use is recommended when an
explicit influence of distortions is needed and must be
associated with a corrective function that accounts for

distortions effects on ultimate strength.

Thus, for a given plate and returning to eq. (4), the
effective width is changing from a wvalue close to 1 to
lower values as the loading is increased. No substantial
reduction in effective width takes place when buckling
occurs (curve C of Figure 1, for B=f, 1i.e. &=g,). The
discontinuity of the structural tangent modulus at the
buckling point (curve A of fig. 1) 1is only due to the‘
yielding of edge strips, i.e., because of the change of
the material behaviour from elastic to plastic range

(=1, curve B of fig. 1).

The normalised average stress of the plate is given
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by the product of the edge stress (1) and the effective

width corresponding to this stress level (4), fig. 1:

D, = Dp- O, (7)
where:
Ue
¢} = = 8
e 0’0 ( )

As can be seen in fig. 1, stress-strain curves have
their maximum at yield strain, if residual stresses are

not considered.

Figure 2 shows average stress-strain curves for
several levels of slendernesses. It 1is important to
underline that it is possible to create two different kinds
of curves for post-buckling behaviour with a small change

in the formulation:

® a constant loading capacity of the plate after
buckling, which corresponds to a consideration
that there is not any reduction in effective width
beyond ¢,.

m a decreasing loading capacity after buckling, if
it is considered that there is an increased
reduction on effective width after yielding of
the plate’s edges.

Obviously the results obtained for the ultimate
bending moment of the ship are very different for each
plate model. Using the first model, the ultimate moment
is never reached if buckling of stiffened plate is not
considered, and predictions will be more optimistic than
with the second. Nevertheless both models are considered

to allow comparisons between them.

Figure 3 shows the real distribution of stresses in
a plate and compares it with the effective width model

which satisfies the relation:

11
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Figure 3 - Plate’s Stress Distribution and Model

Distribution of compressive stresses in a plate (aA) and
adopted models to defined effective width (B) and average
stress (C).

b
Ue'be = [¢ 0(x) dx

where it is considered that all of the plate loading is

sustained by the two edge strips with a width of bg/ 2

subjected to the edge stress 0Op.

One can also say that the concepts of effective width

and average stress are similar since:

O’e'be = O’a‘b

and thus:

2.1.2. Aspect Ratio and Transverse Strength

For ships with transverse stiffening, it is more

relevant to know the behaviour of plates loaded transver-

12




sely, i. e., loaded along the long edges. Transverse
strength of plates has a greater degree of complexity than
longitudinal strength, because the aspect ratio, ¢,
becomes an important parameter in the strength predic-

tions.

The 1longitudinal strength of a plate is almost
independent of aspect ratio, as shown by Moxham® who
detected a variation of less 2% and as confirmed recently
by Soares and Kmiecik’®. In transverse loaded plates the
average strength decreases quickly with the increase of
aspect ratio. The justification of this dependence is due
to the fact that in a plate with a»1 most part of the plate
is unsupported laterally. Thus, it behaves like a plate
of infinite width in the center part, but differently at
the two strips near the unloaded edges. These strips show
an increased rigidity due to the presence of the supports

(which are the stiffeners in ship plating).

Several formulations of ultimate transverse strength
are based on this interpretation of the plate be-

haviourz’zs'ze.

The model adopted in this work follows the same form
as 1is used in 1longitudinal strength, that is that the

average transverse stress is:

Par = Pe Pyt (9)

The effective width, ®y¢, is given, for every stress
level, by:

O
(Dwt = -?zy'i‘ (l-zlz') (Dl (10)

where ®; represents the strength of the central part of

the plate, which, according to Valsgardz, is:
1 2
o; = 0.08'(1+BE) (11)

13
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and ¢, is given by equation (4).

Equation (11) was obtained from a fitting of numerical
calculations and is used instead of the buckling strength
of an infinitely wide plate27.

Figures 4 and 5 show the average stress-strain curves

varying the aspect ratio for slenderness of 1 and 2.

However it must be noticed that these curves have very
little applicability since most ships have a longitudinal-
ly stiffened structure, and so their plates will be loaded

longitudinally, due to bending.
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2.2 Effect of Residual Stresses

The effect of residual stresses on the strength of
simply supported plates has been the subject of several
studies. Some of them tried to determine the effect on the
ultimate strength of the level of residual stresses’’?
incorporating an explicit formula for that wvariation in
the strength prediction equation. Others were more inter-
ested in the impact of residual stresses in the whole

8,9,22

stress-strain curve and, in these cases, no expres-

sion is given to compute the variation of the strength.

In this work both effects are very important:
stress-strain curves must include the effect of residual
stresses but also the ultimate strength must obey the
statistically derived corrections. Because of the dif-
ficulty to satisfy both simultaneously two different
approaches will be used:

M the first one is based on Faulkner’s work that

considered the effect of residual stresses on

plate strength to be dependent on the nominal
slenderness.

m the other is similar to the Crisfield approach,
which explicitly takes into consideration the
effect of the tension strips near the edges.

2.2.1 Approach for Design Formulas (DFM)

Following Faulknerl, the ultimate strength of a plate
is affected by residual stresses as a function of the
nominal slenderness. The reduction of strength is ap-

proximated by:

AT, = —% = =X (12)
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Figure 6 - Residual Stresses Pattern Model

Model of residual stresses distribution on a plate due to
welding of the edges.

where the tangent modulus 1s related to the slenderness

by:

3 .62-38% for o0</30<2 .7
B 13 .1+ 0.25-"0 (13)

1 for 30> 2.7
in the case of simply supported plates. Guedes Soares and

4
Faulkner have proposed a simpler expression which was

shown to be acurate for practical purposes:

0 for /30<1
EEt /10';- for 1</30< 2.5 (14
1 for /d>2 .5

From the equilibrium of the plate, the residual
stresses relate to the width of tension strips by:

o

r 2r/t

1
Or b— 2?7t (15)

17



which recognises the existence of two distinct regions: a
central one of width b-27t subjected to a compression

stress Oy, confined laterally by two strips of width 7zt

each, at yield stress in tension, —0p (see figure 6).

In order to obtain the desired strength reduction for
each strain, there is a need to generalise this theory,
assuming that equations (12) and (13) are valid for every
strain and using for this purpose the slenderness f instead
of the nominal slenderness fio in equation (13), fig. 7 and
8.

As a consequence of this generalisation has:

® the ultimate strength of the plate is the same as
the initial one,

1.0

0.8 -

0.7 +

0.6 |-

0.5 r:t":'{ oS % e
0.4 |- {

0.3+ B ’ ’?’ﬂ

0.1+

! I ! ! ! ! ! I ! ! I L
0.0 0.0 ] 0.4 0.8 1.2 1.6 20 24

™l

o 0000 + 0050 o 0100 ~ 0200 x '0.300 v 0.400

Figure 7 - Residual Stresses Effect using DFM

Average stress-strain curves of plate of Bo=1.557 with
residual stresses using design formula method.
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m the reduction in strength increases with the
increase in strain,

m the ultimate strength is reached at yield strain
o, so that no shift is considered in the strain
corresponding to ultimate strength,

m post-buckling strehgth is different depending on
the level of residual stresses Oy,

® the initial structural tangent modulus of the
welded plate, in tension and compression, is
independent of the level of residual stresses.

The third and forth points are of questionable
validity, since most studies concluded that the strain at
which ultimate strength occurs increases with residual

stresses and the strength is almost independent of 0Oy

23]
2]
i3]
=]
B

0.8

0.7

0.5 -
0.4
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02 |

50 075 1.1)0 125 1.150 175 2.60 225 2.£o 2.75 3.1)0 825 3.Lo 3.75 4.50

o Faulkner + Soares & Faulkner /3

Figure 8 - Tangent Modulus Ratio

Ccomparison .of tangent modulus ratio between the proposal of
Faulkner, eg. (13), and G. Soares and Faulkner, eg. (14).
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beyond this strain®?.

The 1last point creates some incompatibility, in
tension, between the adopted model (figure 6) and the

resulting curve.

2.2.2 Physical Approach Method (PAM)

Crisfield considered separately the regions of the
plate under compression and tension. For this last one he
considered a linear elastic behaviour from €=0 to 2. Beyond

this strain the strip yields in compression.

In the central zone, initially under compression, he
considered that the behaviour is similar to the one of an
elastic plate without residual stresses and with a

pre-strain of €,. So this zone reaches its maximum loading

capacity at a strain of 1-Er.

In this present formulation it is considered that

the plate with residual stresses has a strength given by:

where &, is equation (4) which is not directly affected
by the residual stresses and ®Pey is nothing more than the

representation of elasto-plastic behaviour of the plate

corrected by the existence of residual stresses.

This correction is based on the hypothesis that the
curve of a perfectly elasto-plastic plate suffers an
apparent variation on the tangent modulus at a strain of
1-Zy mainly due to the yielding of the central region of
the plate. Beyond that strain the only contribution for
the increase on strength is from the edges strips. These
strips can be loaded until 2¢, from where the plate behaves

plastically, as shown in figure 9.
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Analytically the straight line between points A and
B of figure 10 is given by:

q)er = -—ﬁ:&T— (17)

and so the function ®or might be written for the whole

range of strain as:
* +l—-0-:r
——”:T——_’]] (18)

This expression represents a rough approximation to

Por = max {—1, min l 1, E,

the behaviour of plates in tension, <0, because there
does not exist a perfect identification between the model

with residual stresses and the function @, in respect

to the tangent modulus.

1.1
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o 00 + 01 o 02 » 03 x 04

Figure 9 - Residual Stresses Effect in Perfect Plates

Stress-strain curves of plates behaving elasto-perfectly
plastic with residual stresses
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In fact, if one analyses the model, it can easily be
shown that the tangent modulus must be Et=9:§ﬂ£~E when

the plate is in tension (—1<€<0), but at ®gy, Er=E. This
solution is considered to be better since it ensures the
continuity of tangent modulus at £=0 and it seems to

represent better the real plate.

The pratical consequence of the use of one or other
interpretation is in the flexibility of the overall section
and so one obtains a higher value for effective section

modulus with the model adopted.
Two important points must be highlighted about the
adopted model:

m &, is not affected by the level of residual

stresses, which is the same as saying that the

1.1
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Figure 10 - Example of a Plate with Residual Stresses

construction of average stress-strain curves for a plate with
residual stresses, under uniaxial compression.
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eventual loss of effectiveness of the plate caused
by the presence of residual stresses is only due
to the plastic behaviour of the material.

® the imposition of the continuity in the tangent
modulus at €=0 is an attempt to reproduce what
happens in reality. However, the model might be
too rigid for strains near yielding in tension.
More realistic solutions may be achieved by
considering sophisticated patterns for residual
stresses distributions, as a parabolic curves on
the tension strips.

From now on these two methods of incorporate residual
stresses effects will be designated by Design Formula
Method (DFM) and Physical Approximated Method (PAM).

0.8
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o 0.0 + 041 o 0.2 a 03 x 04
Figure 11 - Curves for several levels of residual
stresses :

Average stress-strain curves for several levels of residual
stresses (Ur = 0.0, 0.1, 0.2, 0.3 and 0.4), in a plate of f
= 2.0 under uniaxial compression.
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2.2.3. Comparison between models

Some of the principal differences between the two
models were already pointed out in the last two sections.
However, it is important to compare gquantitatively the
models in respect to the predicted ultimate strength and
the corresponding strain, because it gives information
about the rigidity or flexibility of the models which will

influence the prediction of ultimate bending moment.

Figure 12 shows the ultimate strength predicted by
both methods for a typical bottom plate of a VLCC with

Bo=1.55. The reduction in ultimate strength due to residual

stresses is much more marked on the physical model (PAM)
than on the design method (DFM). At low levels of residual

stresses, the reduction in ultimate strength from the

1.05
%@ 7 ¢1J.'00
0.95 |
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. a.r
o Ult. St-DFM + Red. Fact.-DFM o Ult. St.-PAM » Red. Fact-PAM
Figure 12 - Ultimate strength and residual stresses

Comparison of ultimate strength and reduction factor of a
plate with fo=1.55 predicted by DFM and PAM.
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residual stress free plate is almost the double from one
method to the other. However, for high levels of residual

stresses, say 0,>0.3, both methods tend to predict similar

reduction factors.

Furthermore, the methods give very different load
shedding patterns after buckling and predict different
strains at which ultimate strength occurs for the same
plate. In fact, in the first method the strain at ultimate
strength (it will be called ultimate strain from nbw) is
kept at yield strain by construction in order to obtain
the ultimate strength equal to Faulkner’s prediction,

equation (5,12).

The second method leads to a gradual reduction on
ultimate strain at low levels of residual stresses and
from a given level it is transferred to 2¢,. The sudden
change in ultimate strain results directly from the adopted
model for residual stresses distribution, fig. 6, and if
a more smooth transition between tension and compression
fields is considered than a smoother change is obtain and

the curves approach the ones recommended by Smith®®.

As a consequence of a higher ultimate strain and lower
ultimate strength, the predicted rigidity of a section
using this last method (PAM) must be lower than that using
the design method. On the other hand, the load shedding
after buckling is much <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>