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ABSTRACT

A numerical procedure for the
evaluation of” ship longitudinal bending
strength is described. It accounts
directly for all the relevant
destabil~sing par~eters involved,
material properties, geometry, and
fabrication defects. Simulations of
experimental results on steel box girder
models are used to demonstrate its
accuracy.

Based on the observation that ship
bending strength closely correlates with
the strength of the critical stiffened
panel of a girder’s” cross-section, a
simplified hull strength model is
developed. The model accounts explicitly
far the material, and plate and stiffened.,
panel slendernesses, and implicitly for
plate and stiffened panel initial
deflections and welding residual
stresses. Representative values for the
latter were selected following the
analysis of a range of typical stiffened
plate configurations.
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The simplified hull girder model is
subject to reliability analysis to help
identify the important parameters,
loading and resistance, affecting hull
lifetime reliability.

NOMENCLATURE

a
A
b
B
c,
d<
D
E
H

I
L

M
r
s;
t
v
z

ai

P

plate length
cross-sectional area
plate” width
width of angle stiffener table
block coefficient
overall stiffener depth
hull depth
Young’s modulus
neutral axis to extreme fibre.”dist.
moment of inertia
stiffened panel length
moment
radius of gyration
shape” factor
plate thickness
Froude number
section modulus
A~/A

=(blt)(uY/E)l’2
=plate slenderness

Y HJD

6. plate initial deflection

A stiffener initial deflection

E strain

h =(L/nr)(UYlE)”2
stiffened panel slenderness

qt” width of weld tensile yield zone

0“” stiffened panel strength ratio

x modelling uncertainty

+* ,.combination coefficient to account

for correlation between wave and
still water bending moments

o stress

e heading (180” equates to head seas)

e hull curvature

(3G end of stable curvature range

SuDerscriDts

v normalised w.r.t. yield value

Subscripts

B girder bottom
D deck
e effective
MC measured v calculated
P plastic
Q extreme fibre
r residual “stress
Sw still water
s side-shell
u ultimate
w’ wave
Y“ yield

INTRODUCTION

Ship rules are
expressed in a form which

traditionally
has little to

do with their structural strength. The
very complex loading patterns to which
ships are subjected - still water loads,
and sea states the effects of which can
be” modified by operator intervention -
have had a significant influence on the
growth of these.
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With the demand for risk assessment
for many types of sh5ps now in place, the
need for a formal framework for the
safety evaluation’ “ofships has developed.
Structural reliability analysis provides
one such frameworkbut requiresthe
developmentof simple yet accurate
methodologiesfor the ultimate strength
evaluation of: sh”ips structures and their
components if it’is to be efficiently ‘and
effectively exploited.

This paper is concerned with the
development of a numerical procedure for:
the determination of overall hull girder
strength and which includes consideration
of the parameters that contribute to this
through buckling and yielding. The
purpose of this is to provide a basis for
the derivation of a model which also
accounts for these “parameters but in a
simplified form amenable to reliability
modelling.

The basis for the numerical model is
described and.its accuracy substantiated
against tests on steel box girders
representative of simple ship structures.
Following this, the simplified model is
established and its accuracy quantified
against the experimental data. The model
is then used in the reliability analysis
of a ships hull as part of the ISSC’91
Committee V.1 work.

HULL GIRDER MODELLING

Background

From the point of view of structural
analysis, the failure of a ship’s hull
girder subjected to vertical bending
moment may be due to brittle frac”ture,
fatigue fracture, yielding, spreading of
plasticity, instability, or acombination
of these events. It may fail gradually
as in the case of a lengthening fatigue
crack or spreading plasticity, or
suddenly through plastic instability or
propagation of a brittle crack [1],

Although initial yield, which” occurs
at some points in a structure, does not
necessarily cause direct failure, the
spreading of plastic deformation over a
substantial portion of a structure “may
lead to structural failure. In the case
of a hull girder, yielding generally
commences in the deck or bottom structure
and spreads towards side shells as the
applied vertical bending moment is
increased. Ultimately, a fully plastic
moment is reached when yteld has
developed at every point throughout the
gi’tderdepth [2]. “Thismoment represents
an upper’’limit of’a girder’s longitudinal
s%rength, ‘but will rarely be attained due
td the adverse effects of buckling 0$ th”e
longitudinal structure between fraines,”of
weld-induced residual stresses, or of
initial deformations “-resulting from
fdbric’ation. In the practical case,
failure is influenced by buckling or

yielding of the compression flange and
yielding of the tension flange. ~

,-

When a structural member is
subjected to compression, buckling “may
occur at stress levels well below the
yield strength. This type of instability
failure is characterised by a relatively
-rapid increase.,in deflection for a small
increase in load as the compressive
stress approaches a critical value. For
a hull girder under vertical bendfng
moment, buckling does not immediately
result in complete collapse of the
girder. ,“ The post-buckling behaviour
depends on the detailed structural
arrangement. In transversely framed
ships, the plating buckles between frames.
so the reserve strength after buckling
may be small. In longitudinally framed
ships , howeveri the plating after
buckling be”tween longitudinal,
redistributes its ltiad to adjacent
stiffened panels..and the plate-stiffe-ner.
combination can “’”carry“further loading
until it buckles between transverse
supporting members. As a result, the
maximum’” load-carfying capacity O.f
longitudinally framed vessels may be
significantly greater than the load at
which buckling commences.

The possible. collapse modes for” a
stiffened panel under axial compression
are:
(a) Flexural buckling induced by plate
failure: this mode involves buckling
towards the stiffener outstand and is
precipitated” by loss of compressive
strength and stiffness of the plate.
(b) Flexural buckling induced by
stiffener yield failure: in this case
collapse occurs in ,the direction away
from the stiffener outstand.
(c) Torsional tripping of the stiffener:
this mode can occur in panels with
torsionally weak stiffeners.
(d) Overall grillage buckling: this
involves buckling of the transverse as
well as longitudinal stiffeners.

Torsional buckling is usually
avoided by providing sufficiently stocky
stiffeners or tripping brackets, and
suppression of overall buckling can be
achieved by the use of stiff transverse
supporting members-. The major problem
facing a designer is interframe flexural
buckling in modes induced either by plate
or stiffener failure.

Discretisation

As indicated, failure. of an
individual structural element; either
precipitated by yielding or buckling,
does no,tnecessarily imply failure-of the
entire girder. Failure of a number of
structural elements, however, does result
in collapse of the hull. This may occur
in two different ways: (1) collapse
caused by a series of failures of
structural elements, and (2) simultaneous
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overall”- instability of the complete
cross-section.

Fortunately, except for the overall
grillage buckling, the ductile collapse
of a ship’s hull girder is”most probably
due to” a sequence rather than a
coincidence of failures ‘-of structural
elements. This enables one to divide the
midship section into structural elements
which respond to the imposed loads
independently, and to concentrate on
their collapse behaviour. The types of
structural elements considered in the
present study””.include the stiffened
panel, the plate element and the hard
corner, which are now discussed in turn.

Stiffened Panel

This element, which is typically
found in longitudinally framed
structures, is comp”osed of a stiffener
and attached plate. The plate ranges
from the midpoint of a plate panel
between *WO longitudinal stiffeners to
the midpoint of the adjacent plate panel.
The stiffener. may be a flat-bar, a
T-section or an angle bar. The behaviour
of stiffened panels under compression can
eonveni~ntly be represented by load-end
shortening curves, i.e. average
stress-strain curves. A computer program
[3] was used to generate the load-end
shortening curves for stiffened panels
which make up the cross-section of a hull
or box girder. The extent of the
analysis was from mid-span of one’ panel
to mid-span of an adjacent panel. This
approach by-passed the problem of
identifying which mode (plate- or
stiffener-induced) precipitated failure.
The analysis allowed different levels of
initial stiffener deflection to be
considered in each half span.

, The parameters which affect ..the
compressive behaviour of stiffened panels
include plate slenderness,” weld-induced
residual stress in the plate, maximum
initial .de.formationin the plate, column
slenderness of the stiffened panel,
initial stiffener bow , and material
properties.. The. effects of. all these
parameters are accounted for by the use
of load-end shortening curves. In a
longitudinally framed hull girder, the
midship section usually comprises fifty
or more stiffened panels, which may
differ in geometry, material property or
location in the cross-section. Since
parts of these panels exhibit virtually
the same collapse behaviour, it .ia
uneconomical to generate the average
compressives tress-strain curve for every
stiffened panel forming the cross-
section. Stiffened panels are thus
divided into groups of panels with nearly
identical parameters. A representative
panel within each group is selected,
based on engineering judgment, for
UeneratinU the load-shortening curve.

Plate Element

This kind of” structural element
comprises a single plate only and is
defined by its thickness and the
coordinates of the plate edges. There
are two possible ways in which plate
panels may be found in box or hull
girders. Firstly, ‘wide plate’ elements
are created in transversely framed
panels. Secondly, ‘long plate’ elements
are present in longitudinally framed
structures where a plate-stiffener
combination is so stocky that interframe
flexural buckling is precluded and only
the effect of plate buckling has to be
allowed for.

The elasto-plastic buckling
behaviour of wide plate elements under
longitudinal compression is basically
equivalent to the behaviour of long
plates under transverse compression which
can be appropriately covered by average
stress-strain curves. Numerical studies
[4,51 provide a useful basis for the
evaluation of the stiffness and strength
of long plates in transverse compression,
which are strongly ‘influenced by plate
slenderness; aspect ratio and level of
weld-induced imperfections. Typical
average stress-strain curves derived from
[4] are”illustrated in Fig 1.
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Fig. 1 Average Stress-Strain Curves
for Plates in Transverse Compression

The compressive behaviour of long
plates has similarly been examined using
numerical procedures [6,7]. To simplify
and generalise the extensive elasto-
plas~ic buckling results of [6], [3]
developed a parameterised model which
could efficiently determine the stress
level” in a. plate given the extent of
compressive strain, the plate
slenderness, and the level of weld-
induced imperfections. This same model
was used in [3] in the derivation of
interframe buckling stress-strain curves.

The tensile behaviour of plates is
mainly influenced by the magnitude of
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weld-induced residual stress. For
stress-free plates it is appropriate to
suppose that the plates follow the
material stress-strain curve. For plates
with weld-induced residual stress,
however, initial stiffness is factored
due to.the yielding tension blocks by the
amount:

l.~=l:o,
(1)r

If a linear relationship is assumed up to
the point where. .yielding occurs in the
pre-compression zone, the non-dimensional
strain corresponding to this point is:

(2)

If a parabola Ls assumed to represent the
response over the strain range

15E ’<1+20;

it can reexpressed by
1u’ - [-E’2+(2+4U;)E’-1] (~)

4U;(1+O;)

and is connected ,to the neighboring
linear sections with” appropriate slopes’.
This form of representation accounts for
the adverse effects” of itiitial
deformation and residual stress.

Hard Corner

At certain locations of a hull
cross-section, the local structure is
strengthened by the connecting members in

such a rigid way that it is reasonable to
assume that the structure can sustain the
imposed compressive load up to the yield
point and beyond without suffering any
form of instability. That is, it
effectively follows the material
stress-strain curve over the full loading
range. These regions, called ‘hard
corners’ [8], include deck stringers,
shear strakes, intersections Of deck
plating with deep girders and
longitudinal bulkheads, intersections of
shell.plating with. superstructure, bilge
keels, deep -“““girders, longitudinal
bulkheads-and keel, etc.

The geometry of hard corners can be
described in two different ,ways.
Firstly,, a hard corner composed of
several interconnecting plates is treated
as a group of .pl”ateelements and defined
by the thicknesses and locations of plate
ele’ment5. Secondly; the area, centroid
and moment of. inertia of the ..cross-
section” of a hard corner are calculated
manually and input directly. This”format
allows.a number of interconnecting Plates
to be described as a shgle hard corner
element. ,-.

NUMERICAL PROCEDURE

The assumptions made in predicting
the hull girder response to %xtreme
vertical bending moment are:
1 Plane cross-sections of the hull
girder before bending remain plane after
any load application, thus the
distribution of: strain over the cross-
section is linear.
2. The midship seotion of the hull
girder is discr,etised into a set of
structural elements .of which the height
is sufficiently small compared with the
ship! S depth that a uniform strain
distribution can be assumed to act over
the cross-section of each element. The
uniform strain acting on the cross-
section of a“structural element 1S taken
as the value of the linearly distributed
strain at the centroid of the
cross-section (Fig. 2).

Fig. 2 Assumed Cross-Section
Strain Distribution

3. The stress-strain relationship. for
either long or wide plate elements in
compression is appropriately represented
by average stress-strain curves derived
from the large deflection elasto-plastic
analysis” of the “isolated plate panels
simplified as described in [31.
4. The elasto-plastic behaviour of
stiffened panels in compression - is
described by load-end shortening cu+ves
which are specifically derived using the
procedure developed”in [3].
5. The hard corner behaviour is defined
by the material stfess-strain curve.
6. Since shear forces are generally
small at the midship section, the effect
of shear stress on yielding is neglected.
7. Neither fatigue nor ductile fracture
modes of fa”ilure are considered.
“8. Since ultimate hull girder collapse
occurs in most cases before outer-fibre
strains reach two times yield strain, a“nd
for shipbuilding steels strain hardening
does not occur until strain exceeds yield
strain by eight ‘to” ten times, the
material itself is taken to behave
elastic-perfectly plastic in tension and
compression.

AssumDti’ons

III-C-4



Application of Load Increments

Loading” is applied to the hull
girder in the form of curvature’ instead
of bending moment. Since a linear strain
distribution over” the mid-section is
assumed, the strain at the centroids of
structural elements caused by the imposed
Curvature can be determined on the basis
of the mid-section’s effective neutral
axis. The corresponding stress acting on
each structural element is then
calculated from itsaverage stress-strain
curve using interpolation if necessary.
Although strain is assumed to be
distributed linearly over the section,
stress varies non-linearly due to the
effects of fabrication-induced
distortions, weld-induced residual stress
and buckling. Finally, fhe bending
moment acting on the hull girder is
computed for the applied curvature by
summing the contributions from all of the
structural elements. After this
procedure has been repeated for
increasing levels of curvature, pairs of
data of bending moments and curvatures
can be obtained to plot the bending
moment-curvature curve which includes>the”
maximum bending’ moment and the pre- and
post-collapse behaviour of the hull.
girder.

Since “the curvature at which
collapse of a gi”rder occurs varies to a
high degree with the magnitude of the
ship’s height, it is appropriate to
express the curvature increments in a
form non-dimensionalised with respect to

(4)

Location of Effective Neutral Axis

The location of the plane of zero
strain, the ‘effective neutral axis’, for
an applied curvature is determined by the
state of stress existing in the
structural elements forming the midship
section. As “the applied loading is
increased, the effective neutral axis
shifts towards the tension flange due to
loss of stiffness of the structural
elements in the compression zone. At
each value of curvature, locat”ionof the
effective neutral axis is determined on
the condition that the sum of the axial
forces carried by-all of the structural
elements equals zero.

The state of stress of a structural
element is connected with a particular
value of strain through the element’s
average stress-strain curve, while the
strain itself is proportional to the
distance between the centroid of the
structural element “and the effective
neutral axis. Therefore, the location Of
the effective neutral axis must be
iteratively determined from the condition

of equilibrium. The algorithm employed
is described in detail in [3].

Evaluation of Bendina Moment

After the location of the effective
neutral axis is determined for a
particular curvature increment, the
corresponding incremental bending moment
can be evaluated. This is obtained by
summing the contributions from all the
elements that make up the mid-section.
The moment and curvature are then
non-dimensionalised with respect to ~ and
the first yield curvature.

The fully plastic moment of a ship
girder, which represents an upper limit
of its load-carrying capacity as a beam,
is readily calculable based on the
plastic hinge concept [2]. Following the
method of classical plasticity, the
ultimate limit condition is reached when
yield occurs at every point of the cross-
section. In this case, the ‘plastic
neutral axis’ coincides with the
interface which divides the cross-section
into two regions wi-th equal ‘squash’
loads-in tensicn and compression.

The first yield curvature and the
corresponding bending moment ~ of a
ship’s girder can be determined by the
standard section modulus calculation.
First the location of the ‘elastic
neutral axis’ is determined for the fully
effective mid-section. Then 0, is given

by eqn (4) and-~ can be evaluated from:

Bendina Moment-Curvature Curve

(5)

Curvature of the hull girder axis is
considered to be positive when the hull
girder is bent concave upwards and
negative when concave downwards, i.e.
positive in sagging and negative in
hogging. Similarly the bending moment.
is positive when it produces compression
in the deck “and tension in the bottom..

Using the numerical procedure
discussed above, it is therefore possible
to obtain a particular bending moment
increment for any curvature increment
imposed on a girder. If this procedure
is “repeatedly carried out forincreasing
levels of curvature, the non-dimensional
bending moment-cu~ature curve “is
generated. Separate runs are performed
for the hull girder in sagging and
hogging to provide the complete history
of the girder under vertical bending.

“Typical moment-curvature curves are
shown in Fig. 3. The full range of
behaviour in either sagg@g or hogging
can be divided into three zones of
behaviour. The first depicts stable
behaviour in which the curvature imposed
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Fig. 3 Typical Hull Bending Moment-
Curvature Behaviour

on the hull girder is less than a
critical value 8= which is the smaller of

the curvatures to first yield or to the
buckling of some major ,components. If
the effects of neither buckling nor
yielding are significant, the curve in
this region is “virtually linear. The
slope of the bending moment-curvature
curve , --however, ,commences to decrease
noticeably from the curvature e= and

decreases until it eventually approaches
zero at the curvature BU at which peak

moment occufs. The second zone, i.e. the
transition zone, ranges from e= to eu.

The thi”rd“zone occurs beyond eUand is

characterised by negative slopes, i.e.
the load-carrying capacity of the girder
reduces with increasing curvature.

Collapse behaviour of hull girders
mainly differs in the last two zones and
is influenced by such factors as material
properties, geometric configurations,
initial imperfections, degree of
structural redundancy, etc. For a girder
with little redundancy, collapse is
usually precipitated by failure of a
significant portion .of the structure,
leading to a sudden drop in bending
moment capacity after reaching the
cr%.tical curvature.” The second zone,
therefore”, lasts for a relatively short
range in this case. In contrast, for a
girder with. greater redundancy, collapse
occurs gradually as a result .af the
successive failure of smaller portions of
the structure. That is, the load shedby
some components due to their failure. can
be carried by the reserve load-carrying
capacity of neighboring elements. Thus ,
final collapse of the whole mid-section
is delayed.by this load redistribution,
which results in. a longer transition
zone.

When all the structural elements
forming ‘The mid-section of a hull girder
are a“ssumed to follow the material
stress-strain curve both in tension and

compression, a bending moment-curvature
curve can be generated for the “fully
effec!?ive cross-section (Fig. 3). Since
effk~zs of structtiral instability are
excluded in this idealised case, bending
failure can occur through material
yielding only. As the accumulative
curvature is incgeased, yielding begins
at the outermost-,fibre of the deck or
bottom structure, and then spreads
gradually down or up the side shells.
The curve thus approaches asymptotically
a horizontal line determined by.the fully
plastic moment. Comparing “this fully
effective curve with a realistic bending
moment-curvature curve, the difference
that, is attributable,to buckling effects
canclearly be identified.

HULL GIRDER STUDY

Introduction

Using the above procedure: the
response of a number of box and hull
girder sections has been examined [3].
This concentrated on. sections which had
been tested experimentally and simulated
numerically in order.to substantiate the
procedure but also .Lncluded additional
analyses to investigate aspects such as
stiffening configurations. These were
executed so that the results could be
generalised and simplified for use in
reliability modelling as described later.
The results considered concern:-

* Box girders Models 2 and 4, whic~
were tested at Imperial College under
pure bending conditions and failed by
buckling of the ‘stiffened compression
flange panels [9,101. The” effects of
initial stiffener deflections, behaviour
of hard corners and residual stresses
contained in the tension flange on the
behaviour of the girders were
specifically examined.

* Box girders-Models 23 and”31, tested
by Reckling- [111for which variation of
the ultimate strengths .of the girders
with differing welding residual stresses
and initial imperfections were
considered.

* Two transversely framed warships,
T.B.D. COBRA and T.B.D. WOLF based on
numerical results obtained by Faulkner et
al [12].

Box Girder Models 2 and 4 [9,101

Both models were subjected to”pure
bending and failed by buckling of the
stiffened compression flange panels.
Model 8 of the same series was also
tested in pure -bending. It. suffered
orthotropic buckling .-ofthe compression
flange, ,howe,ver, S“O was not readily
amenable ,forcomparison using the present
approach.

-._.,
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Fig. 4 Discretisation of Model 2 [13,14]

Model 2. The cross-section of Model
2 [13,14] was-discretised into structural
elements, i.e. stiffened panels, plate
elements and hard corners, as shown in
Fig.” 4. The component dimensions and
material properties are as listed in
Table 1. The hard corners were assumed
to have an elastic-perfectly plastic
relationship in both tension and
compression.

In the first test on Model 2 (Test 2A),
collapse was precipitated by plate
buckling at one end of the box probably
due to the high transverse residual
stress occurring near the diaphragm [14].
After stiffening of the end bays the box
was tested again (Test 2B) and ,collapse
occurred at an internal section, but the
maximum load was -exactly the same as in
Test 2A. Residual stresses and initial
imperfections were measured before each
of these two tests, those for the second
test clearly including those resulting
from the’firs,t test. These are listed in
Table 2 and were used in the present
study to analyse the overall behaviour of
the girder. The average stress-strain
curves for plate panels in the
compression flange and webs were derived
by the simplified method and are shown in

Table 1
Component Dimensions and Material

Properties of Models 2 and 4 [9,101 and
Models 23 and 31 [11]

Model 2 Model 4 Model 23 Model 31
Compression Flanae Plate
b 241.30 120.65 85.71 120.00
t 4.864 5.017 2.50 2.50
q 297.3 221.0 246.0 255.0

E 208.500 207.000 210,000 210,000
Tension Flanae Plate
b 241.30 120.65 85.71 120.00
t 4.864 4.943

~Y 297.3 215.6

E 208,500 208,700
Web Plate

b 273.05 98.425
114.30

111.125
t 3.;66 4.943

UY
211.9 280.6

E 216,200 214,100
Stiffener (anqle )
d 50.80 50.80
B 15.875 15.875
t 4.763 4.763

% 276.2 287.9

E 191,50”0 199,200

2.50
246.0

210,000

100.00

2.50
246.0

210,000

30.00
20.00
2.50
246.0

210,000

2.50
255.0

210,000

133.33

2.50
255.”0

210,000

30.00
20.00
2.50
255.0

210,000
Stiffener (flat)
d 50.80 30.00 30.00
t 6.35 2.50 2.50
Oy 303.8 246.0 255.0

E 206.200 210.000 210.000
Mid-section Particulars

A 21554 29144 6875.0 6250.0
I 3411.8 4331.6 197.44 180.35
H~ 465.10 468.8 200.00 200.00
M 2243.3 2626.9 268.20 253.65

Kits: Length in nun;Area in mm2; Inertia
in m2 mm2; Stress in N/mm2; Moment in kNm.

Fig. 5 for Test 2A. These curves were
used in the large deflection elasto-
plastic analysis of the double-span
stiffened panels with residual stresses
and initial imperfections as listed in
Table 2. The Test 2A computed load-

Table 2
Initial Imperfections and Comparisons between Numerical and Test Results

for Girder”Models 2 and 4 [9,10]

Model 2 Model 4
Initial Stiff. Deflns Corner Model. Res.Stress

Test “2A Test 2B Mode 1 Mode 2 Mode 3 TvDe A TvDe B in Tens.Fl.
0; 0..176 0.176 0.562 0.562 0.562 0.562 0.562 0.562

60/b 1/400 1/100 1/800 1/800 i/800 1/800 1/800 1/800

AIL -1/1450 1(580 -1/1050”,-1/660 -1/510 -1/510 -1/510 -1/510

1/2280 1/1430 1/1950 1/4920 1/510 1/510 1/510 1/510
Mu (kNzn)(num.) 1620 1471 2421 2418 2344 2322 2324 2421
Mu/

%
(num. ) 0.722 0.”656 0.921 0.920 0.892 0.884 0.885 0.882

~ ( Nm)(expt) 1543 1543 2212 2212 2212 2212 2212 2212

Ml% (exDt ) 0.688 0.688 0.842 0.842 0.842 0.842 0.842 0.842
, Notes 1. Corner behaviour is represented by material stress-strain cuwe....

2. Unless noted, effects of residual stresses in tension flange are ignored.
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shortening curves for the stiffened
panels in the compression flange and the
webs are shown in Fig. 6.
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The pti~e bending tests on Model 2
were carried out in the sagging
condition. Therefore, the bending
moment-curvature relationships were
computed using the:present method for the
sagging condition only. They are plotted
in Fig. 7 together with the .sxperiinental
result [15] and the fully plastic
response in -both sagging and hogging.
Comparisons between the predicted and
experimental results are also presented
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Fig. 7“ Beridin@Moment Curvature.
Response for Model 2

in Table 2. The agreement is seen to be
satisfactory with the predicted maximum
bending moment being 4.9% higher than the
collapse moment in Test 2A and 4.6% lower
than in Test 2B.

...—
Model 4. Box girder Model 4 [16,17]

had the same overall dimensions as Model
2 but more closely spaced stiffeners.
Similarly to Model 2, the cross-section
of Model 4 was discretised into
structural elements including stiffened
panels, plate elements and hard corners.
Component dimensions and material
properties are listed in Table 1.

As illustrated” in Fig. 6, the
stiffness and load-carrying capacity of
stiffened panels are dependent upon the
magnitudes of the weld-induced residual
stress and initial imperfections, in
addition to such parameters as plate
slenderness and column slendernesss.
Consequently, maximum bending moment and
collapse behaviour of box girders
incorporating such meders are similarly
influenced. Therefore, where initial
imperfections and residual stresses in
panels vary, it is necessary when using
one stiffened panel load-shortening curve
to represent the panel behaviour that
this should be representative of the
entire panel, and not just the maximum,
for example.

Thus three combinations of initial
imperfections were selected from the
measurements [17] for analysis: they are
listed in T3ble 2. One average residual
stress level in the plate and one maximum
initial plate deflection were used
throughout, while three different levels
of maximum initial stiffener deflection
in two consecutive spans- were adopted.
The deflections correspond to the most
severely defotied (Mode 3) condition and
to two slightly deformed shapes (Modes 1
and 2). The load-shortening curves for
the stiffened panels in both the
compression flange and the webs with”the
three combinations initial
imperfections were ‘comput% [3]”. By
incorporating these load-shortening
curves as the effective stress-strain
curves in the present incremental moment-
curvature analysis., ,the Sagging bending
“moment-curvature relationships were
obtained.

\

Mode 3 represented the largeat
measured values of the initial stiffener
deflections tdwards (+)and away (-) from”
the stiffener outstand. Comparing the
predicted peak bending moment in this
case with the experimental result [18]
shows that the pre”sent method over-
estimates khe collapse. bending moment by
5.9%. The bending moment-c’urvature
curves for Modes 1 and 2 almost
coincided. The computed peak bending
moments for Modes 1.and .2were9.4%“and
9.3% higherthanthe collapsebending -~....,moment.
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The peak bending moments computed
for these three modes of initial
imperfections and the experimental
collapse bending moment are suiimarisedin
Table 2. Changing the initial stiffener
deflection mode from (-1/1050, +.1/1950)
to (-1/510, 1/510) results in a 3.3%
decrease in maximum bending moment.

The hard corners in the present
study are assumed to be elastic-
petiec~ly plastic in both tension and
compression.- To exam”ine the effects of
alternative characteristics for these,
hard corners were introduced relative to
the Mode-3 specification as follows:-

Type A -the load-shortening curve of
the stiffened panel adjacent to the
corner; .!

Type B -the average compressive
stress-strain curve ~or the plate panel
alone.

Based on these assumptions, the
corresponding sagging bending moment-
curvature curves for the box girder were
computed. “The corresponding predicted
maximum bending moments are listed in
Table 2. Since both the stiffngss and
the maximum load-carrying capacity of the
Mode 3 corner are greater than those of
Type A, the peak bending moment is
correspondingly greater. However, the
difference between the two is very small
(0.9%) because the plates and the
stiffeners in the compression flange and

/ webs are very stocky ( ~=0.786, k=O.490).

Behaviour of “the model incorporating the
Type B corner lies between these two as
shown in Table 2.

In most cases examined “[3],
behaviour of the tension elements was
assumed to be elastic-perfectly plastic.
To study the effects “of different
elemental. tensile behaviour on the
bending moment-curvature relationship,
the. elements in the tension flange were
assumed to have an initial stiffness
reduced due to tension yielding blocks
induced by welding as given by gqn (1).

This stiffness remains COnStant up to
yield after which it follows the
perfectly plastic curve.

The corresponding peak bending
moment is listed in the last column of
Table 2. The effect of residual stresses
in the tension flange is to decrease the
initial stiffness. However, it makes
little difference (1.2%) as far as the
maximum bending moments are concerned.

Box Girder Models 23 and 31 [111

A. Series of seven fabricated steel
box girders subjected to pure bending was
tested at the Technical University of
Berlin by Reckling. These girders were
orthogonally stiffened in a similar
manner to ship’s hulls. Of these, Model
23 and Model 31 were chosen for analysis.
Tests on Model 31 showed that the
collapse was delayed by the restraining
effect of.the side walls, the ‘box girder
effect’ as described by F!eclding, in
spite of earlier buckling of deck panels.
Model 23 had the same overall dimensions
as Model 31 but had more longitudinal
stiffeners in the deck and side walls.
It was observed in the tests that
collapse of Model 23 occurred by buckling
of the plate panels between longitudinal
stiffeners in the deck coinciding with
failure of the whole deck.

Model 23. Component dimensions and
material properties for. Model 23 are
given in Table 1. Its cross-section was
discretised as previously described.
Since only a single value of yield stress
was given for the entire girder [11],
this value was assumed for both the
plates and the stiffeners. The welding
residual strekses and initial
imperfections used in the derivation of
the load-shortening curves are listed in
Table 3. The stiffened panels in tension
were assumed to follow the material
stress-strain curve, as were the hard
corners in both tension and compression.
These effective stress-strain curves of
the structural elements were then used to
generate the bending moment-curvature
curves for the following cases:-

Table 3
Initial Imperfections and Comparisons between Numerical and Te=t Result=

for Girder Models 23 and 31 [11]

Model 23 Model 31
.Corner Res.Stress Initial Stiffener Res.Stresses Initial Plate

Modelling in Tens.Fl. Deflections in Comp.Fl. Deflections
Case 1 Case 2 Case 3 Case 4 Case 1 Case 2 Case 3 Case 4

u, 0.20 0.20 0.20
Case 5

0.20
Case 6 Case 7

0.20 0.20. 0.20 0.05 0.35 0.20 0.20
601b 0.25 0.25 0.25 0.25 0.55 0.55 0.55 0.55 0:55 0.22 0.86
AIL -1/1000 i/looo -1/1000-1/1000 1“/1000 1/2000 1/500 1/1000 1/1000 1/1000 1/1000

\_ .

1/1000 1/1000 1/1000 1/1000 -1/1000-1/2000-1/500-1/1000 -1/1000 .1/1000-1/1000
Mu(kNm)(num)237.9 239.9 232.8 234.6 203.0 204.3 199.7 200.1 203.0
M./MP (num)0.887

205.9 200.3
0.895 o“.868 0.875 0.800 0.806 0.788

Mu(kNm)(exp)249.4
0.789

249.4
0.800 0.812 0.790

249.4” 249.4 215.9 215.9 215.9 215.9
&/M. (exD-).0.930 0.930

215.9 215.9 215.9
0.930 0.930 0.851 0.851 0.851 0.851 0.851

Notes 1. Cornerbehaviouri: represented by material stress.strain Cuwe.
0.851 0.851

2. Unlessnoted, effeCts of residual $tresses in ten$ion flamge are not considered.
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1. ‘ the fleck plate panels neighboring
the deck-side wall intersections were
treated as hard corners;
2. additional to Case 1, the side-wall
plate panels adjacent to the corners were
treated as hard corners.

The predicted peak and test COll&pse
bending moments are listed in Table 3.
It can:.:be keen that correlation between
*he numerical and experimental results”is
satisfactory as far as the maximum
bending moments are concerned. The
difference in the.maximum values is 4.6%
for Case.1”,and .3~”8%for Case 2. Despite
this agreement, ‘the computed bending
moment-”cuqvature curves were found ‘to
differ from the experimental curve
particular~y initially. Since “the
inclusion of welding r“esidualstresses in
the tension flange usually leads to a
decrease in the %nitial stiffness of a
box girder, two further cases were
examine,d, viz.” y

3. the same ai” Case 1 except that
residual stresses in structural elements
in tension were considered;

4. the” same as,.Case 2 except that
residual. stresses in structural ;lernents
in tension were considered.

The resulting”peak predicted bending
moments are listed in Table 3. The
difference in maximum bending “moment
between -the numerical “and experimental
results is .6.6% for Case 3 and 5.9% for
Case 4, slightly” greater than those for
Cases 1 and” 2; but the predicted initial
stiffnesses in Ca&es “3 and 4 correlated
significa”nt$ly better with the
experimental results [3].

Model 31. Component dimensions and
material”” properties” for Model 31 are
given in Table” “1. The model was
discretised into structural elements and
the stiffened “ panel load-shortening
curves computed for, the deck and side-
walls having”.the residual stresses and
in”itia$ imperfections “listed for Case 1
in Table 3. .These curves were then input
to perform the ultimate strength analysis
of the girder cross-section in which hard
corners were assumed to follow the
material stress-strain relationship. A
6.0% difference was found between the
predicted and obeerved ultimate bending
moments (Table 3) although the initial
stiffnesses were similar.

This model wqs alSO used to examine
the effects of initial stiffener
deflections, weld-induced residual stress
and tnitial plate deformation on the
collapse behaviour of a girder. First
the effects of initial ‘stiffener
deflection were considered. For this, in
addition to Case 1 ( A/L=l/1000, 60/t=

0.55, a~=0.20)” ultimate strength analyses

were performed for the following cases:

2 A/L=l/200Clr 60/t=0.55, u~=0.20;

3“ A/L=l/500, ~o/t-0.55, u~=0.20.’

The web stiffened panel”swere found to be
more sensitive to initial stiffener
distortion than the flange Panels [3].

The maximum bending moments a?e
listed in Table 3. tiotunexpectedly, the
ultimate strenath o“fModel 31 is “seento
decrease
stiffener
decrease,
stiffener

1/2000 to

The
residual
analysing

wi<h increasing initial
deflection magnitude. The
however, as the initial

defldktion varies from A /L=

A/L=l/500 is only 2.2%.
.. ..

infltience of weld-i”nduced:
stresses was examined by
the following cases:

4 A/L=l/1000, &O/t=0.55, a:=O.05;

5 A/L=l~1000,6Jt=0.55, 0:=0.35..
.,-

Althoug~, the ef~ect of residual stresses
on the stiffness and strength of the
stiffened panels bet”weenCases 1, 4 and 5
was found to be significant [3], “the,peak
bending “mom”ents ofily” changed by 1.5%

(Table 3).

.Finally, Model”’ 31was analysed for
the following cases:

6- A/L=l/1000, 50/t=0..22, u~=0.20;

7 A/L=l/1000, 6a/t=C!.88,CI~=O.20.

to examine the effect of initial plate
deflections. The maximum predicted
bending moments are. listed in Table 3
from which it “is seen that the ultimate
strength of the b’oxgirder decreases with
increases in the initial “platedeflection
magnitude. In particular, when the
initial plate deflection varies from 6Jt

=0.22 to 6Jt=0.88r the computed maximum

bending moment decreases by 2.7%.

Of the cases examined above, Case 6
corresponds most closely to the tested
girder so the present procedure under-
estimates the experimental value by 4.6%.

.!

T.B.D.COBRA and wOLF [121

The Torpedo-Boat Destroyer COBRA
collapsed by breaking her-back and sank
in rough seas on her first journey in
1901. The disaster was re-examined in
the light of 1980’s technology [12]
leading. to the conclusion that since
COBRA’s hull was transversely framed and
was structurally too weak even to
withstand. moderate sea conditions, the
COBRA may have been lost due to buckling
nat being properly. considered in her
design. Hull strength assessments ‘were
made of T.B.D.” COBRA and a similarly

- .-

\. .__.

“\,
,’
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constructed vessel T.B.D. WOLF In the
sagging and hogging conditions us”ing the
analysis procedures ‘reported in [19].
The results are compared below with those
obtained by the present incremental
moment-curvature approach.

T.B.D. COBRA. The midship cross-
section of COBRA was obtained from [12]
and was discretised into structural
elements. The effective stress-strain
cumes for -wide plates in compression
were also taken from [12]. The ultimate
strength of COBRA ‘S hull was then
evaluated using the present analysis.

Bending moment-curvature cuties were
derived- for the sagging and hogging
conditions. Compared with the maximum
bending moment results of [12], a 1.3%
difference was found for the sagging
condition and 2.0% difference for the
hogging condition. In both cases the
,present analysis gave the lower result.

T.B.D. WOLF. The midship cross-
section of WOLF was obtained from [12].
Differences of 3.6% in maximum sagging
bending moment were obtained and 1.0% in
maximum hogging bending moment. The
present analysis gave a lower result in
the case of sagging but higher in the
case of hogging.

In [3], the effect of introducing
longitudinal stiffening into the hull of
COBRA was examined. The results showed
that the introduction of 10”longitudinal
stiffeners to the existing hull led to an
increase in.ultimate strength of 29.6% in
sagging and 21.7% in hogging. Where the
frame space was increased by a factor.of
three and 24 stiffeners introduced, this
led to a 33.3% increase in sagging
ultimate strength and a 51.7% increase in
hogging. For this frame space but 44
stiffeners, incresses in the maximum
bending moments were 65.2% and 65.1% for
sagging and hogging respectively.

SIMPLIFIED SHIP BENDING STRENGTH MODEL

Introduction

The conventional approach to ship
longitudinal strength calculation is
based on. linear bending theory. Since
this makes no distinction between the
tension -and compression flanges, it is
valid only when the compression flange is
designed to resist buckling. To allow
for.such effects, attempts have been.made
to modifyelementary beam theory.

As demonstrated, the present method
is capable of acctirately predicting the
ultimate longitudinal strength of a
ship’s hull girder. However, it is
impractical to perform such an ultimate
strength analysis on a ship, particularly
at the stage of preliminary design or
when assessing safety levels. From these
points of view, a simple expression for

the ultimate moment capacity is more
helpful in assessing the margin of safety
between the load-carrying capacity of the
hull girder as a beam and the maximum
bending moment acting on the ship.

In this section formulae are derived
for predicting the ultimate bending
moment capacity of a sh$ps ‘ hulls.
Firstly, however, existing ultimate
strength approaches are briefly reviewed.
Simple expressions “for the ultimate
moment capacity are obtained from the
data relating to the maximum load-
carrying capacity of stiffened panels and
the ultimate bending moment strength of
hull girders. A design prediction
procedure is then suggested and the
strength formulae compared with numerical
and experimental results.

Existina Strength Formulae

Excludina bucklinq. In [20], it was
proposed that once yield stress is
exceeded in either flange, the resulting
excessive strain will overload the
adjacent structure and hence trigger
ultimate failure of the hull girder.
Based on this limiting condition and
linear bending theory, the ultimate
bending moment ~ is given by:

For the purposes of deriving
explicit expressions for the ultimste
moment capacity, it is convenient to
represent the midship cross-section by an
equivalent lumped area similar to that
shown in Fig. 4 but with the stiffeners
aligned with the plating. Assuming a
linear stress distribution with a maximum
value of OY in the deck, MU for this

simple box girder is [20]

Following the method of classical
plasticity, a fully plastic condition is
reached when yie~d stress has developed
at every point throughout the depth of a
girder [2]. Using the same lumped area
approach, the ultimate bending moment
corresponding to this limiting condition,
i.e. fully plastic moment is [2]:

Mu-MP-u@.D[~y+2a~(112-y+Y2)+~(1-y)l
(8)

This moment represents an upper limit of
a girder’s longitudinal strength, but is
rarely obtained due to the adverse
effects of buckling and initial
imperfections as demonstrated above.

Includina bucklina. In discussing
the experimental results relating to
full-scale ship structural tests, Vasta
[21] suggested that the limiting bending
moment for a longitudinally framed hull
can be approximated by the product of its

III-C-II



elastic se”ctjon modulus and its critical
panel strength. That is, the ultimate
bending moment .canbe taken as:

Although the use of this simple
expression was supported by the ISSC
[22],. it has: been criticised as.,being
pessimistic in regard to predicting
ultimate etrength [23] by ignoring
plastic hinge capacity, and as being
optimistic in respect of girder stiffness-
since it ignores the loss of stiffness
whkch. arises due to buckling of plates
and stiffened panels. Dwight [2-4j has
suggested that eqn (9) can be used as a
lower limit for ultimate moment capacity:
this is discussed later.

For the bending stress distribution
corresponding to the limiting condition
suggested by Vasta [21], the ultimate
bending moment for a simple box girder is

MU-6#D[~y+2a~(l/3y-l+y )+
(lo)

q(l/y-2+y)]

To take buckling effects into
account, Caldwell [2] considered the
following limiting .condition existed when
the girder had reached its ultimate
bending moment. In the bottom structure
and the side-shells below the neutral
axis, the position of which was
determined- ly equating tension and
compression zone areas, yield stress in
tension was assumed to have fully
developed. On the compression side,
stmctural” instability factors,~~ and $,

were introduced for the “deck and the
side-shells above the neutral axis to
make allowance for buckling. By using
the lumped area representation of the
midship cross-section, the resulting
ultimate bending moment is:

K-u#J[@.a.Y+2%(l/2-Y+Y2(l+0,)/2)+

%(1-Y)]
(11)

As indicated in [25] it was implicit
in Caldwell’s approach that once an
element reached its maximum load, i.t
continued -to carry that load under
increasing strain. As has been seen,
this is rarely the case in practice. It
therefore appears to follow that eqn (11)
will produce optimistic predictions of
the ultimate bending moment.

In.considering the buckling of plate
panels under compressive loads, Oakley
[26] suggested a..practical approach by
using the concept of an effective width
of”~ plating associated with each
longitudinal stiffener. Since the
effective width varies with the” applied
stress, this approach requires an
iterative process to calculate “the
effective section modulus. Two or three
iterations are usually needed to reach a

convergent solution [26] which gives an
effective longi.tudin”al stress
distribution. The resulting. ultimate
bending moment is given by:

Mu = 2,a, “.
(12)

This .equation satisfies both the
equilibrium the deformation condition
associated with the basic assumption.that
plane sections remain :plane,but does not
allow for residual strength after the
buckling of plate panels.

~or a complex section, eqn’ (12’)
involves tedious iterations to determine
the effective section modulus. An
alternative expression has been suggested
for longitudinally f~amed ships in the
sagging condition by Mansour and Faulkner
[23] :

MU-ZUu( l+JnJ)-(ZUy) (l+kV)aU/aY

(.13)

-M@(l+kv)=M.#(l+kv)/SF

where k v is a function of the ratio of

OGe side-shell area ‘tothe deck area and
was taken as’ 0.1 for a frigate crdss-

section in [27].

It is apparent that the ult?mate
bending strength of a ship’s hull girder
is influenced by’thepost-peak behaviour
of its compressed members, in addition to
their maximum-load-carrying capacity. To
include the effect o~ load-s,heddingrWong
[281 proposed two patterns of bending.
stress distribution. These were termed
Type 1 and Type 2 for which ultimate :
bending moments were:

Mu=o~[~$,(y.+yti)*a,$,[(y~/3)(1+2~) ““
(14)

+yAy~(l+<)+2/3Y~l+2/3a$Y~+a~Ycl

and

K-a@[a,(@,/3+2/3$s~s+l )Y’+
(15.)

7(&L.4b-2a,-%)+a.+~1

respectively where y~=a/D, Y~-b/D and Y==

c/D, and a, b and c relate.to extents of
the”assumed stress distributions. For
these solutions, “it is necessary to
determine the load-shedding factors ( ~

t CD, ~,) to f=ntiie the ‘ultimate strength

of a girder to” be “calculated. It was
suggested by Wong [28] that a value of
0.2 UU load shedding, i.e. ~ =0.8, might

.....

be used on the ‘safe side in connection
with the limit state design approach.

Th= ship; strength model chosen
the mean ultimate moment by Faulkner
Sadden [27],was: -

.,..

for
and

.. -.
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where a=l+~=l+ systematic errors in yield

strength (subscript Y), in using
idealised design codes to evaluate panel
strength (c)j and an allowance for
redistribution following first
compression failure (S). By using the
S.Y.Stem&tiCerrors assumed in [27], eqn
(16) becomes:

RU=tiy2(-ti.1+1.4465@0.3465$2)1.15

(17)
=MP1.15(-0.1+1.4465@-0.3465@2)/s,

Ultimate Moment Expression

It can be seen from the existing
strength formulae, eqns (9,11,13,14,15,
17) that the ultimate moment capacity of
a hull under vertical bending is
considered to be dominated by the
strength of the compression flange.
Regarding this strength, Vasta [21]
suggested the use of the average
representative panel strength of the
compression flange. This was supported
by Caldwell [2] in considering the effect
of structural instability. In Oakley’s
effective width approach [261, the Panel
efficiency factor is associated with
plate effectiveness but makes no
allowance for the strength of
longitudinal stiffeners. Faulkner and
Sadden [27] used the average ultimate
compression strength of the critical
stiffened panel.

As shown above,.the ultimate bending
strength of Iong;tudinally framed hulls
closely correlates with the maximum load-
carrying capacity of their critical
stiffened panels. There”fore, it is
proposed to adopt Faulkner and Saddens
definition of panel efficiency in the
derivation of a simple expression for
ultimate hull strength.

The ultimate strength of a stiffened
panel is primarily a function of column
slenderness, plate slenderness, initial
plate deformation, initial stiffener
deflection, and weld-induced residual
stress. However, by selecting for
design, suitable values for the plate and
stiffener initial deflections and
residual stresses, the number “of
independent variables reduces to two.
From Table 4-6 of [3], app~opriate values
for the initial imperfections seem to he”:

&O=b/200, A=0.0015L and a, - 0.2 a,.

Therefore, the ultimate strength can be
expressed as:

~=ou/oy.f(a,p)
(18)

‘To fit a function to the numerical
data contained in Table 4-6 of [3], a
least-squares method was adopted. After

some preliminary investigations, eqn (18)
was assumed to take the following form:

@=(c,+c2a2+c#2+c,~’P2+c5a4)-0”5
(19)

for which the least-squares solution gave
the-following results [3]:

C1=0.960, CZ=0.765, C~=0.176, C4~0.131 and
C~=l.046.

The accuracy of the predictions of eqn
(19) compared with the numerical results
in Table 4.6 of [3] has been assessed.
The average ratio is 1.004 while the COV
is 0.029.

Equation (19) is plotted in the form
of ~ - kcurves in Fig. 8, and in the form

of ~ - ~ curves in Fig. 9.
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It can be seen in these figures that
eqn (19) gives 1.021 when A and @ equal

“zero. Theoretically it should be unity,
but if an allowance is made for the
difference between tensile and
compressive yield, and yield stress is
determined from tensile tests while
compression failure is the mode under
consideration, this would be the form of
modification required. Thus , since eqn
(19) provides a good estimate for all
other L and ~ , it seems reasonable to
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retain the equation as derived since it
makes “a small concession to the extra
strength demonstrated by compressive
yielding.

The ultimate moment capacity of
‘longitudinally framed hulls under

vertical bending closely correlates with
the ultimate strength of the critical
compression panel, as demonstrated in
Fig. 10 and Table 4 for girders in
sagging, and in.Fig. 11 and Table 4 for
girders in hogging. Since many hard
corners. are pcovided by the keel plates,
deep..girders and bilge keels which exist
in the compressed part of a vessel in
hogging, it is necessary to consider
sagging anti hogging conditions separately
in deriving simple expressions for the
ultimate moment capacity.

q
M,

0.0

0.4

0.k

1DATA WINT9 - OBTAINEO
NUMERICALLY

0.2 CURVE- OBTAINED BY U51NG
STRENGTH FORMULA llu/Hp=-O. 172+1 .548+ -0.368~7

0.0 I
0.3 ~~ 0.4 0.5 0.6 0.7 O.e 0.9 1.0

+-0” 10,

Fig. 10 U“ltirnate Bending Moment v

Critical Stiffened Panel 5trength

for Hulls in Sagging

In the sagging. condition, all of the
longitudinally framed girders analysed
above and in [3] are included in Fig. 10
and Table 4 except for HULL B (composite ---
girder), Type 1 COBRA (mixed framing),
Type 2 COBRA (mixed ffaming) and TYPE 14 .+._.
class (relatively small deck area). The
numerical results for the TYPE 81 and
LEANDER Class hulls were derived without
superstructures.

The” relationship between ly21i
ultimate moment and stiffened
strength

panel
was assumed to take the

following form:

MU/k$=d1!dz$+d~$2
(20)

where panel strength”is obtained Eromeqn
(19). USin9 least-squares [3], the

I “
0.4

t OATA POINT5 - 00TAINEO ;

I NUMERICALLY
CURVE -. OBTAINED BY USlhG

0.2 STRENGTH FORMULA Mw/Hp=+0.003.1 .&59+ -0+&~I+2

0.0
0,3 0.4 0.5 , 0.6 0.7 O.e 0.9

+-0”10,
Fig. 11 Ultimate Bending homent v
Critical Stiffened Panel Strength

for Hulls in HOgging ,

Table 4
Comparison of Numerical, Experimental anti.Predicted”Bending Strengths

for Girders in Sagging and HOgging

Critical Stiffened Panel Ultimate Bending Morn”. ~/Flp Ratios

Ship or 4 MU / MP eqn(*) eqn(*)

Girder Model L B eqn(19) num. exut. can(*) num. eXDt.

Saaaina ean (*) = eqn (21)
Model 2 0.644 1.873 0.664 0.722 0.689 ‘0.69”4 0’.961 1.007
Model 4 0.490 0.786 0.866 0.892 0.842 0.893 1.001 1.060
Model 23 0.465 1.173 0.829 0.887 “0.930 0.859 0.968
Model 31 0.39.6 1.673 0.777 0.800 .0.851

0.924
0.809 1.011

Hull A 0.598 2.204 0.639
0.951

0.680 - 0.667 0.981 -
Cobra - Type 3 0.769 2.073 0.590 0.591 - 0.613 1’.037 -
Whitby Class 0.466 3.666 0.505 0.514 - 0:516 1.004 -
Roth@say. Class .0.466 3.666 0.505 0.524 - “ 0;516” 0.985 -
Type 81 Class 0.509 2.376 0.643 0.6-19 - 0.671 1.084 -
Leander Class 0.765 1.925 0.532 0.564 - 0.549 0.971 ‘-

Mean 1.000 0.986

T
...--

Hoaaina m (*) = eqn (22) Cov 0.037 0.060
Cobra - Typee3 0.650. 2.073. 0.637 “0.751 - 0.7,45 0.992 -
Type 14-Class ,. 0.548 1.582 0.741 0.825 .- 0.831” “- 1.007 -
Whitby Claas ,. 0.408 1.633 0.780 0.863 - 0.860 0.996 -
Rothesay Glass 0.408 1.633 0.780. 0.870 - 0.860
Type 81Class 0.385 2.232

0.988 -
“0.695 0.784 - 0.788 1.005 -

Leander.Class 0.413 1.481 0.802 0.875 - 0.877 1.002 ,-
Mean . 0.998
Cov 0.008
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constants in eqn (20) were found as:

MU/MP=-0.172+1.548~-0.368@2

(21)

In the hogging condition, all box
girder models, HULL A (relatively weak
bottom structure) and HULL E (composite

girder) were excluded from the derivation
and hence are not included in Fig. 11 or
Table 4. The TYPE.81 and LEANDER Class
hulls were again treated as hulls without
superstructure in deriving the numerical
results. By similarly using least-
squaree the following expression was
obtained. [31:

MU/~=0.003+1.459$-0.461@2
(22)

Equations (21) and (22) @demonstrate
that the ultimate bending moment is a
function of.the fully’plastic moment and
the ultimate strength of the critical
stiffened panel. TO predict the ultimate
longitudinal strength for a hull girder.
or box girder, “the’following procedure is
suggested:

1. Determine” the plastic neutral axis
position, i.e. the interface that divides
the cross-section into two regions with
equal squash loads in compression and
tension.

2. Calculate the fully plastic moment
of the fully effective midship section.

.:-,
3. Identify the critical stiffened
panel. InitLally, this can be selected
as the panel appearing most frequently in
the Compression flange of the girder in
either the sagging or hogging condition.
More rigorously,” the strength of several
panels can be evaluated and the weakest
~n “identified.

4. Compute ‘the values of the column
slenderness kand the” plate slenderness p,.
for the critical panel.

5. Calculate the ultimate strength ~ of

the critical panel by using eqn (19).

6. Calculate the ultimate bending
moment for the girder by using eqn (21)
or (22).

Comparisons with Numerical and Existinq
Predictions

The results of applying the above
procedure “to the vessels under
consideration ,are cornp”ared with those
obtained numerically in Fig.10 (sagging)
and Fig. 11 (hogging): Table 4 summarises
these results: The agreement is seen to
be satisfactory, with a mean of”l.000 and
COV = 0.037 in sagging and a ?ean of
0.998 and COV = 0.008 in hogging being
obtained for the ratio of the predictions
to the numerical results. Even the
predictions of the experimental results
are good as shown ii Table 4 ,where the

mean for the girders in sagging is 0.986
with a COV of 0.060.

The predictions of the existing
strength formulae for ultimate moment
capacity reviewed above are compared with
the numerical results in Table 5 for both
the sagging and hogging conditions.
Since the effective width approach
requires an iterative process to
calculate the effective section modulus,
it is excluded from the comparisons. In
view of the uncertainty concerning the
load-shedding factor in Wong’s formulae,
these are also excluded.

It was suggested in the review that
vasta’s approach would be pessimistic
when -predicting ultimate hull strength
since it ignored plastic hinge capacity.
This seems to be confirmed in Table 5
where it is seen that a mean of 0.815 and
a COV = 5.7% for sagging and a mean of
0.776 and a COV = 1.7% for hogging are
obtained for the ratio of Vasta’s
prediction to the numerical result.

The review also suggested that since
the effect of load-shedding is not
allowed for in Caldwell’s approach, eqn
(11) is likely to produce optimistic
predictions of the ultimate bending
moment. This is clearly demonstrated in
Table 5.

Since Mansour and Faulkner’s
expression eqn (13) gives a mean compared
with the numerical result of 0.897 and
COV = 0.057 (sagging) and a mean of 0.854
and COV = 0.017 ‘(hogging), this approach
achievee an improvement over that of
Vasta but with the same COV.

Faulkner and Sadden’s expression,
eqn (17), is seen to improve both the
mean (0.995) and the .COV (0.052) in
sagging and to improve the mean (0.941)
with a small COV (0.020) in hogging, and
clearly is the best of the existing
formulae. Compared with the present
approach, it still generates larger
values of COV (0.052 and 0.020) compared
with 0.037 and 0.008 for hulls in sagging
and hogging respectively while still
needing more calculations including some
estimates of systematic errors.

RELIABILITY MODELLING AND ANALYSIS

Background

The work of ISSC’91 Committee V.1
involves the reliability analysis of a
floating production vessel and the
attendant wave load and structural
analyses [29]. Both conventional linear
and more innovative non-linear solutions
to the wave-induced moments were
determined. Comparisons with
measurements on the vessel concerned
enabled the accuracy of these results to
be quantified stochastically for use in
the reliability analysis. The following
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Table 5
Comparison of Present Numerical and Predicted Bending Strengths

for Girders in Sagging and Hogging

Ultimate Bending Moment
Mu/MP M. / % Ratios

Ship or Present Vasta CaldwellMansour Faulkner m m’.~~
Girder Model Num. [2J [2] [23] [g] (1) (1)

(1) (3) (4)
Saaainq
Model 2 0.722 0.626 0.840 0.689 0.768 0.867 1.163 0.954 1.064
Model “4 0.892 0.722 0>924 0.794 0.856 0.809 1..036 0.890 0.960
Model 23 0.887 0.747 0.940 0.822 0.892 0.842 1.060 0.927 1.006
Model 31 0.800 0.700 0.880 .O.77Q 0.844 0.875 1.100 0.963 1.055
Hull A 0.680 0.586 0.758 0.645 0.720 0.862 1.115 0.949 1.059
Cobra - Type 3 0.591 0.464 0.760 0.511 0.573 0.785 1.286 .0.865 0.970
Whitby”class 0.514 0.402 0.666 0.443 0.497 0.782 1.296 0.862 0.967
Rothesay Class 0.524 0.401 0.670 0.441 0.495 0:76,5 1.279 0.842 0.945
Type 81-Class 0.619 0’.510 0.768 0.560 0.626
Leander Class

0.824” 1.241 0.905 1.011
0.564 0.418 0.727 0.459 0.516 0.741 1.289 0:814 0.915

Mean 0.815 1.186 0.8.97 0.995
Hoqqinq
Cobra - .Type 3 0.751

Cov 0.057- 0.087 0.057 0.052
0.574 0.850 0.631 0.705 0.764 1.132 0.840 0.939

Type 14 Class 0.825 0.640 0.877 0.704 0.777 0.776 1.063 0.853 0.942
Whitby Class 0.863 0.663 0.914 0.729 0.799 0.768 1.059 0.845 0.926
Rothesay Class 0.870 0.666 0.920 0.733 0.803 0.766 1.057 0.842 0.923
Twe 81 Class 0.784 0.626 0.827 0.689 0.765 0.798 1.055 0.879 0.976
L~~nder Class 0.875 0.685 0.933 0.754 0.823 0.783 1.066 0.862 0.941

is a summary of this activity emphasizing
those parts relevant to ths simple hull
girder modelling discussed above.

For the reliability analysis, a
second-order procedure was used. This
was described in the ISSC’88 Report of
this Committee [30] but it has since been
enhanced w“ith an 1989 release [31] in
which it is possible to, evaluate the
parametric sensitivity of the reliability
index to any parameter” at the “failure
point” in the basic variable ‘space. This
option is used to assess the influence of
the model uncertainty parameters snd of
other parameters contained in the failure
equations. This particular software also
has the capability to generate an improve
second-order solution through simulation
about the failure point in the
independent standard normal space.

Mean 0.776 -1.0720.854, Q.941
Cov 0.017 0.028 0.017 0,020

L, t, b geometric variables, modelled
as in [30];
- ~ usingnon-lineart heory (see Chapter
2 of [29]), the adopted extreme value
distribution is Gumbel, the parameters
for which ”have been derived on the basis
of time simulations of “long-term
equivalents” to short-term seas states;

M.w. the Rayleigh distribution closely
fits the still water extreme bending
moment distribution as demonstrated in
[32] which present data pertaining to %he
analysed vessel. The most important non-
linear effect in the response is that of
the buoyaticy force which manifests itself
as the difference between hogging and
sagging.
- x. this value is assessed by means of

experimental - calculation comparisons..,

Failure eauation and stochastic modellinq

For this case, the failure equation
is

X. M.- Xn.MW-V,X,.MmZ O
(23)

The adopted stochastic”modelling involves
12 variables which are listed together
with their distribution functions in
Table 6.

The g.tochasticmodeliing for each of
the variables was chosen as follows:

- Oy derived from DnV material

certificates which gave good agreement
with ex~sting data;

E in. accordance with previous ISSC
work [301;

...

Table 6
Variable Stochastic ’Modelling -

Var. Dist. Mean Cov Ref. :,.
TYDe Value

Uy Lognormal 407.5* 0.066

E“ Normal 210,000 0.050 [30]
L Normal 3700 0.04

Normal i3.5 0.04
: Normal 690 0.04
% Gumbel 3693 0.133 “
M Rayleigh 32”6.7 0.52 [32]

i“ Normal lio- 0.15

%, Normal 0.90 0.15” [33]

x●W Normal 1.0 0.05

r Normal 79.5 0.04
.*’for the plating
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Taking the inverses of the values
presented in Table 4, the bias is 1.018
and COV is 0.061. Because the< tests

./ involved a small number of laboratory
experiments on steel box girders, these
were felt to be not necessarily fully
representative of ships girders so the
COV was increased .to 0.15, a compromise
between the derived value and that of
0.20 suggested in [34]-.
- X“c this has been evaluated from an

analysis .of full scale data relating to
;= Selected”vessel. The factor accounts

the uncertainties arising from
spectral representation and from the
shape of the trans,fer function which is
usually predicted using linear strip
theory. The model uncertainty, normally
distributed -with a bias of “0.90.and COV
of 0.15 is in good agreement with the
formulation in [33]

Bias--0.0050e-0.42v+0.70cB+i.25

9“oses180
(24)

Bias.-0.0.063e+l.22vfO.66c~+0.06

and a standard deviation of 0.12.
Equations (24) have been determined by a
systematic comparitionbetween theoretical
and experimental. results.
- x,wdue to the large amount of available

data [32], it should:’be quite small,
however, it is increased because of the
Rayleigh fit to the extreme value
distribution.

r taken as geometry variable while
actually a function of”a number of such
entities.

Results and “Comments

The results of the reliability
analysis are presented in Table 7.

From Table 7 it is seen that the
reliabilities determined by the first-
(1) and second-order (11) methods. are
similar and that simulation (III) does
not improve on these est$mates despite
evidence [29] that the failure surface is
multi-modal. Modelling of radius of
gyration was introduced to help reduce
the impact “’of the multiple failure
surface on the.solution.

In the panel strength modelling
approach [3], the stiffened panel is
considered as adjacent half panels with
alternate modes of initial deformation.
Thus streng$h is controlled by the
combined” -failing bf the plate in one
panel and the stiffener in the other.
The stiffened panel response is initially
governed by loss of stiffness in the

.,’ initially distorted plating but strength
is then usually ltmited by the onset of

Table 7
Hull Girder Reliability Analysis

-,
Var. Mean Failure Sens. Partial

Point Factors Factors

UY 407.5* 415.1

210000 207750
k 3693 4548
MSw 326.7 329
L 3700 3724

13.5 13.4
:. 690 695
x“ 1.00 0.810

XMC 0.90 1.055

xE* 1.00 1.00

r 79.5 77.5
P, 2.765

k 2.667

%4 2.608

* for the plating

0.101 1.019

-.078 0.989
..567 1.232
.052 1.007
.058 1.006
-.065 0.993
.064 1.007
-.686 0.810

.41”7 1.172

1.000

-.058 0.975

yield at the stiffener tip. In [3], and
thus in the present study, it was assumed
that yield stress in both the plate and
the stiffener was the same. The effects
of different yield stresses have not been
examined. Presumably however as average
value might “be more appropriate for the
type of analysis conducted here.

Parametric sensitivities were
evaluated for a limited range of the
variables. Those considered and the
results achieved are listed in Table 8.

Table 8
Parametric Sensitivity Factors

Sensitivity
Parameter Factors

UY 0.004

Mean XU 4.574

s.d. XU -8.676

Mean XMC -3.088

s.d. ~c -3.560

Mean x-w 0.095

sad. Xcw -0.001

0, -0.001

that
the

From the table it is seen
modelling accuracy d~minates, i.e.
accuracy of the predictions relative to
measurements from a strength as well as a
loading point of view are most critical.

CONCLUSION

‘A numerical procedure for the
determination of ship girder longitudinal
bending st~ength is d.sscribed. It
accounts for the primary variables
affecting strength, namely, yielding and
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plate and stiffened panel slendernesses,
and the secondary contributors of initial
deflections and welding residual
stresses. Comparisons are presented with
experimental results which demonstrate
its actiuracy.

For prel~minary design and
reliab~lity analysis modelling, a
simplified model’ is developed based on
the observation that ship bending
strength correlates closely with the
critical stiffened panel strength~ The
process for identifying the critical
panel is described and comparisons with
the experimental and numerical “work
demonstrate its accuracy. The model is
then subjected to reliability analysis as
part of the ISSC’91 studies.
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DISCUSSION

Y.N. Chen P.A. Frieze -,
Paul,I just want@ to makea @int of clarification. The The partial factis listed in the pqwr are the paditional
partialfactors thatyou obtained, aretheyapplicable to the ones extmctedfiorn ~Rh4 techniques. They, therefore, ‘-–-<
mean value mare they some kind of &si@ value? representthe “fhilure” or “deiign” point value divided by

the man value of the vsriable concerned.

—.
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