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NOTATION
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Plate width.

Plate thickness.

Flange width.

Flange thickness.

Web depth.

Stiffener depth

Web thickness.

Cross-section of the plate-stiffener combination.
Cross-section of the plating.

Cross-section of the stiffener.

Position of the neutral axis of the combined cross-section from the far surface of
the plating.

Length of the unsupported span

Moment of inertia of the combined cross-section.
Radius of gyration of the combined cross-section.
Stiffener initial distortion.

Upward column initial distortion.

Downward column initial distortion.

Plate initial deformation.

Term representing magnitude of residual stress and initial distortion.
AS

Stiffener to plate area ratio (o= b1 )
Flexural deformation.
Extensional deformation.
Column matrix of incremental nodal displacements.
Column matrix representing applied loads.
Geometrical stiffness matrix representing the destabilising influence of axial forces
in frame elements.

Stiffness matrix representing the axial and flexural stiffness of frame elements.
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Web slenderness.

)
Non-dimensional plate initial distortion ( K = —2)

t p2

A
Non-dimensional s iffener initial distortion( W, = —2 107)

Eccentricity of the applied load.
Tripping correction factor.
Stiffener initial distortion correction factor.
Stiffener to plate area ratio correction factor.
Yield stress of the plating.
Yield stress of the stiffener.
Combined yield stress :
o A +0_A
o, = Yy p - ys_s

Yield strain.

Euler critical buckling stress.

Young modulus.

Compressive residual stress in the plating.

Plate slenderness :
b 0
B_ .E. ____BI

Column slenderness :

Average ultimate stress.
Strain corresponding to ultimate stress.

Ultimate load factor :
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¥ Ultimate strain factor :

EU
Y=—
€
¢
E- Non-dimensional post-ultimate tangentional stiffness.
®.  Non-dimensional residual strength.
¥,  Non-dimensional strain corresponding to residual strength.
Y.  Non-dimensional strain at which the panel starts to exhibit loss of stiffness.
k Factor defined as k=% /¥
f Approximated function.
P; Assumed polynomials for the approximation.
3 Numerical coefficients

MP  Number of assumed polynomials

N Number of sets of data.

¢,  Current cumulative curvature of the hull cross-section.

A@, Current incremental curvature

+  Current cumulative strain of the i component of the hull cross-section.

Ae,  Current incremental strain of the ith component of the hull cross-section.

0,  Current cumulative stress of the ith component of the hull cross-section.

Ac,, Current incremental stress of the it component of the hull cross-section.

The area of the i component of the hull cross-section.

Z Distance from the centroid of the ith component to the base axis.

Zpyx Distance from the instantinious neutral axis of the hull cross-section to the base
axis.

(EDyg Current rigidity of the hull cross-section.

M,  Current cumulative vertical moment of the hull girder.

AM, Current incremental vertical moment of the hull girder.

Mp  Fully plastic vertical moment of the hull girder.

<

Ultimate longitudinal moment.

NE Number of elements of the hull cross-section
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The aim of the research work presented in this thesis is to develop
analytical equations for approximately modelling the collapse strength and
post-ultimate behaviour of longitudinally stiffened plate panels under
compressive loads. Using a parametric analysis, carried out with the aid
of a finite element program, a simplified design approach is derived which
includes the effects of geometrical and material parameters ( including
fabrication factors). Another purpose of the thesis is to demonstrate the
close correlation that exists between the box girder strength and the
maximum load capacity of its components. In order to refine this to
determine the collapse moment of a ships hull girder, the load-shortening
curves need to be established for panels forming parts of the cross-section
so that post-buckling propagation through the whole cross-section can be
allowed for. Correlation with box-girder and with tanker bending results
is provided.

Chapter 1 presents a literature review and theory related to the
stability of unstiffened and stiffened panels under uni-axial compression.

Chapter 2 outlines the main features of the finite element program [28]
with the beam-column approach used during this work in order to allow a
parametric analysis for the strength of longitudinally stiffened panels to
be carried out.

In chapter 3, in order to investigate the effects of the geometrical and
material parameters, a parametric study for the strength of stiffened
panels subjected to axial compression is carried out. The analysis is
based on the results of a numerical method. Parameters found to have a
considerable effect on the strength and post-ultimate strength of the panel,
were plate slenderness, column slenderness, plate residual stress and
initial distortion and stiffener to plate area ratio. Of less significance

were the effects of stiffener residual stress and initial distortion.



Chapter 4 contains the description of an approximate collapse model in
terms of the geometrical and material parameters, developed using a
parametric analysis derived with the aid of a finite element computer
program.

Analytical expressions describing the collapse of stiffened plates,
covering pre- and post-ultimate strength behaviour and accounting for all
stiffened panel parameters, are derived using the results of the parametric
analysis.

In chapter 5 the results obtained using the approximate model are
compared with existing test results and with numerical results. The
present approach shows good agreement with these. A mean error value
of -1.7% and a standard deviation of 8.4% were found from comparisons
with 75 tests.

Chapter 6 presents a simple method to derive the strength of
longitudinally framed vessels using the models derived in chapter 4 for
the strength and behaviour of the components used. The procedure is
applied to some longitudinally stiffened box girders and good agreement
is provided with tests and with numerical techniques. The results clearly
show the strong correlation that exists between the hull girder strength
and those of the components forming part of this girder.

Finally, chapter 7 draws some conclusions and outlines future possible
developments. The results of the work can be directly used in ultimate

strength design and for in-service assessments.



Abstract

A review of previous studies in stiffened and unstiffened plates is
presented. A numerical method developed by Smith et al [28] for the
analysis of stiffened panels under uni-axial loading is used. The analysis
takes into account buckling and post-buckling behaviour of plate and
stiffener elements. The thesis contains a description of this beam-column
approach which uses an inelastic non-linear finite element technique.

A parametric study which includes the effects of plate slenderness,
column slenderness, initial deformations, stiffener to plate area ratio and
residual stresses is carried out. Using this parametric study, simplified
analytical models for deriving the maximum compression strengths and
post-buckling behaviour and strengths of a practical range of stiffened
panels are derived.

The results are compared with existing numerical and experimental
data.

This modelling derived for the strength and post-ultimate behaviour of
longitudinally stiffened panels, under uni-axial compression loading, is
used for estimating the ultimate longitudinal bending strength of some box

girders.



Introduction:

Stiffened panels represent a major component of most marine steel
structures. These elements are designed to provide watertightness and
strength.

An optimum ship structural design requires a rational design procedure
which 1s governed by safety and cost. A safe structure is related to
certain failure modes cited as follows: Fracture, stability and yielding.
Fracture is more concerned with strength at specified points, while
stability is an overall behaviour.

Unlike the elastic response of a structure, the limit state analysis has
been a more complicated task due mainly to the non-linear behaviour of
the material. However, with the advent of high speed digital computers,
the use of numerical techniques for the analysis of the behaviour of plates
and stiffened panels under axial loading or combined axial-lateral loading
has became the subject of a wide application [1] to [12] and [15] to [24].

Numerical methods, like finite element and dynamic relaxation,
provided vital tools to tackle the plastic and post-ultimate strength of
stiffened plates, accounting for initial imperfections and residual welding
stresses.

The hull girder is an assembly of structural elements with different
geometrical and material configurations. Under loading these clements
may behave differently and realistic assessment of the structural response
may involve various interactions of failure modes. This, however, is very
complicated and the finite element method of three dimensional plate
structures provides the more realistic idealisation of actual ship
structures. Generally the use of such computer programs is very
expensive and time-consuming, therefore frequent use of such programs is
not economical. It is the purpose of the present thesis to propose a
simplified analytical approach for the pre- and post-buckling of stiffened
panels under axial loading, accounting for the effect of gecometrical and
material parameters. The design approach is based on a parametric study
using a non-linear finite element program and test results. The procedure
is used for the analysis and evaluation of the longitudinal strength of

longitudinally framed box-girders.



CHAPTER 1:

Review and theory

1.1 Unstiffened Pancels;
1.1.1 Introduction and review:

1.2.1.1 Theory:

Major marine structures consist mainly of steel plated structures which
may represent more than 75% of the total steel weight. This indicates the
important role that these elements play in structural behaviour. These
components are connected by means of welding to provide watertightness

and strength. As far as the strength of the structure is concerned, the

behaviour of the plating depends upon the type of loading and is rclated to
the possible modes of structural failure. These plate elements behave
differently with different geometrical configurations and material
parameters.

For unstiffened plates, various authors used numerical methods to
predict the strength of plates under compressive loads. Unlike elastic
analysis, plastic analysis, collapse and post-buckling behaviour require
the use of the large deflection elasto-plastic theory for the strength of
plates subjected to in-plane compressive loads.

Plate strength has been the interest of various researchers. Mecthods
using energy principals (1], Ritz procedures (2], finite element analysis [3],
and finite difference using dynamic relaxation [4], (5] have provided a good
knowledge of the complicated behaviour of plates with initial deflected
forms and residual stresses.

An extensive literature exists related to the use of incremental finite
elements for the analysis of stability and strength of plates. Reference [3]
cited a number of them from the early work related to the linear buckling
problem to the gecometric and material non-lincarity adopting an

incremental procedure in a modified Newton-Raphson approach. For the



analysis of large elasto-plastic deflections Crisfield [3] used a finite
element method. In this work he outlined two approaches to allow for
plasticity: "volume approach" using the Von-Mises criteria and the "area
approach" using Illushin criteria.

Parametric studies [5], [6], [7] and [8] using these programs yielded
valuable design curves (like those presented in references [28] and [30] and
reproduced in Figs. 1.1 and 1.2), introducing the concept of strength
beyond collapse and covering a practical range of plate slendernesses,
initial distortions and residual stresses. Interpolation similar to the one in
reference [9] may be used for determining the magnitude of strength
parameters for different design values.
1.1.1.2 Tests:

Tests of plates have often encountered the problem of creating realistic
boundary conditions at the unloaded edges. Although enormous effort has
been given to this, various tests did not succeed in offering the
appropriate boundary restraints, as noted by Davidson [10]. Ractliffe [12]
used a " finger system" which served to test plates for simply and clamped
edges and which were free to pull in, this however requires considerable
care for the preparation of the plate edge. Edge preparation was avoided
by Moxham's rig [13] for testing plates of uniform thickness. Bradfield
[14] used Moxham's rig to test plates of varying thickness. A survey of
the results of reputable test data is provided in reference [31]

1.1.2 Buckling of Plate elements:

The collapse of plates under in-plane loads is influenced by:

1. Plate slendemess ( the width to thickness ratio b/t ).
Type of loading.
Aspect ratio ( the length to width ratio a/b ).

Edge restraint.

vos W

Residual stresses.
6. Initial deformations.

For a square plate under uni-axial compression simply supported at the
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loaded edges and free to pull in at the unloaded edges, the buckling mode
shows three different behaviours depending on the plate slenderness:

1. Slender plates ( 3 >2.4say ) :

The analysis of such plates reveals that the plate buckles elastically
because the theoretical buckling stress is well below the yield stress of
the material and also below the collapse stress. In consequence, the
middle region of the plate moves away from the axial shortening imposed
by the load. As a result, a greater portion of the load must be carried by
the sides of the plate. This causes a non-uniformity in the distribution of
the compressive stresses in the plating, but the plate is still able to carry
further load and no collapse has yet occurred. The overall axial stiffness
1s reduced as due to the deflected shape of the buckled portion. As the
load is increased further, the shirking of load in the middle region
becomes significant and the maximum stress at the edges increases until it
reaches the yield stress. Observations show that at this point the plate
elements reach their maximum value referred to as "plate strength".

2. Moderate slendemess:

The buckling stress in this case (1.4 < 3 < 2.4 say) is necarly equal to
the yield stress. Such plates reveal that an increase in load gives rise to a
magnification of the initial distortion resulting in some reduction in
stiffness and some local yielding and the stress is no longer uniform.
Analyses show that collapse occurs when the average equivalent stress
estimated by the Hencky-von Mises criterion reaches yield stress. The
behaviour of the plating does not present noticeable preliminary buckling
and the maximum strength is followed by a sharp reduction in load
carrying capacity.

3. Stocky plates:

The elastic buckling stress is very high, initial distortion is smaller
relative to the thickness and its magnification caused by increasing the
load is less significant. Hence these plates can carry further increase of

load to nearly equal to the squash load. Analysis indicates that there is no



apparent warning before the collapse. However, after the maximum load
1s reached, the load carrying capacity remains approximately constant up

to 2€y ( where ey is the yield strain ).

1.1.2.1 Effect of material and geometrical parameters:

A fuller discussion of the subject appears recently in references [64]

and [64].

1.1.2.1.1 Residual stress:

Residual stresses cause some reduction of compressive strength and
stiffness over the range of strain (O'y— o J)/E to 2€y. They accelerate
yielding, cause greater shortening and generally remove the sharp drop in
load beyond the peak.

1.1.2.1.2 Initial distortion:

Initial distortion generally have less effect on strength and stiffness
than do residual stresses unless the initial distortions coincide with the
lowest buckling mode. They reduce the strength and change the pattern of
behaviour to a more gradual process with a less severe post-collapse load
reduction. This effect is more pronounced for moderate plate

slendernesses (1.4 <3 <2.4).

1.1.2.1.3 Boundary conditions:

The loaded edges are assumed to be simply supported in most of the
analyses undertaken for plate elements in compression, because stiffeners
generally offer only low torsional restraint on the plate edges.

For steel plates of low or medium b/t, concerning failure stress, it has
been found (3], [7] that the difference between the condition where the
unloaded edges are free to deflect in-plane and those where they remain
straight is negligible. Plates with b/t of 80, had these difference no
greater than 5% for example.

1.1.2.1.4 Plate aspect ratio (a/b):

The minimum critical stress occurs when the number of buckled half
waves along the length of the plate is equal to (a/b). The critical

aspect ratio into which practical plates buckle depends on the
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magnitude of the initial deformation as well as the plate slenderness [4].
Results on the strength of plates, for aspect ratios close to unity are
found to vary only within 1 or 2% (7).

1.2 iff nels:

1.2.1 Introduction and review:

A realistic assessment of stiffened panel strength can only be made if
account is taken of plastic flow, initial geometric imperfections and
residual stresses in addition to plate and column slendernesses.

The problem of post-buckling behaviour and ultimate loading must of
course be closely related to the ultimate carrying capacity of the various
plate elements between stiffeners and with the question of the effective
plate width of the stiffener-plate column cross- section. The application
of large deflection theories, for instance by Marguerre and Levy, were
considered initially for plate element effectiveness but a more recent
review has been made by Faulkner [31].

In reference [26] the authors used a finite element formulation to
predict the strength of perfect and initially deflected stiffened pancls
under axial loading. Single span and two span beam-column analyses
were introduced. Crisfield [27] presented a finite element modelling for
the pre- and post-buckling strength of stiffened panels and pointed to the
use of local (finite element) displacement functions rather than global
functions. The method has been applied to the collapse of box-girder
bridges.

1.2.2 Tests:
During test experiments some points should be considered:
1. Realistic boundary conditions.
2. Eccentricity of axial applied load.
3. Grillage of various spans.
4. Survey of initial distortions and measurement of residual
stresses during the process of welding.

5. Control of applied load.
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At Manchester [59], {60] tests were conducted to investigate the influence
of a number of different parameters, for instance, flexural boundary
constraint at the loaded edges, initial distortions, the use of intermittent
welds and the eccentricity of applied loading. The panels were of single
span and were free on the unloaded edges. The majority of the stiffeners
were flat bars, continuous and intermittent welding were used. The tests
included both fixed ends and pinned ends. The failure of these models
generally occurred towards the stiffeners with little or no evidence of
stiffener tripping.

At Imperial College tests (reference [34]) were carried out on stiffened
panels supported laterally along all sides. The stiffeners were of an angle
cross-section and were welded continuously to the plating.

At the Royal Naval College, Greenwich (651, 65 models of single bay
construction were tested. The panels were simply supported on the
unloaded edges and free to deflect out of plane on the loaded edges. Most
of the models were stiffened by tee section girders, the rest having
stiffeners of flat cross-section. All stiffencrs were welded continuously to
the plating.

1.2.3 Stiffened plate model;

1.2.3.1 Introduction
The early work carried out at Lehigh university by Ostapenko and
Lec(25) on testing longitudinally stiffened plate panels (which were pin-
ended not supported at sides and the end displacement was constant over
the panel width) subjected to the combined action of uniform lateral
loading and axial compression yielded the following conclusions:
(a) The panel behaved as a beam-column.
(b) The strength of the panels was governed by the strength of the
plate.
(¢) The axial plate strength was not materially affected by lateral
loading.

The two first points are most important as far as the strength of the
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panels under compressive load is concerned. Point (a) indicates the use of
a beam-column modelling of the plate-stiffener combination for the
analysis of stiffened panels, point (b) allows the importance of the effect
of plate buckling and strength on the behaviour of the stiffened panel and
the requirement for data from testing plates and from plate analyses.

1.2.3.2 Beam-column approach:

The longitudinally stiffened panels between transversals are treated as
a series of becam-columns formed by the stiffener with an associated width
of plates. One approach is to assume that the plate width is equal to the
stiffener spacing, and allow for plate buckling effects by considering the
limiting stress in the plate as those predicted by a buckling analysis of the
plate panel. An alternative approach is to assume an effective plate width
ecither derived by theoretical analyses or by using semi-empirical
formulae and to limit the maximum stress to yield.

For the analysis, the stiffened plate can be modelled as a one-
dimensional beam-column (Fig. 2.1). The plate is considered as one unit
and the loss of stiffness can be introduced using numerical results of
previous analyses [5], [6], [7]. The length of the column is divided into
several elements and the stiffener is also divided into layers over the
depth (Fig. 2.1).

The mode of failure treated is plate or stiffener induced failure caused
by an interaction of overall column and local plate buckling. Residual
stresses in the stiffener can be included as well as the initial distortion.
Finite difference using Dynamic relaxation [4], [52] or finite element (26],[27],
(38] are the tools used to describe the complex elasto-plastic behaviour of
the beam-column. The methods include the effects of gcometrical,
material and fabrication parameters and extend to the unloading path.
Two approaches were used: one is to use a full effective width equal to
the stiffeners spacing and limit the stress to the ultimate stress of the
plating estimated by other numerical analysis, the other approach is to use

an effective width derived by empirical or semi-cmpirical formulac and
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limit the maximum stress to the yield stress.

1.2.4 Effect of stiffened panel parameters

1.2.4.1 Plate slenderness:

Low column slenderness stiffened panels collapse is mainly due to
yielding of stiffener material or buckling of the plate. For particular
values of (1), increasing the plate slenderness (B) results in a significant
drop in load-carrying capacity. Increasing (A) changes the dominant mode
of failure from one of yielding or plate buckling to one of overall column
buckling and then the effect of plate slenderness () is reduced.

1.2.4.2 Initial plate deformation;

Initial plate deformation reduces the strength and changes the pattern
behaviour to a more gradual process with a less severe post-collapse load-
reduction. This effect is more pronounced for moderate plate slenderness
as defined earlier where the yield stress (Gy) is nearly equal to the plate
critical buckling stress (ccr).
1.2.4.3 ompressive residual stresses:

Residual stresses cause some reduction of compressive strength and
stiffness over a range of strain from (Gy-O'r)/E to 28y as described in
1.1.2. This allows for more load redistribution between the plate edges

and longitudinal stiffeners.

1.2.4.4 Column slenderness:

Generally speaking, increasing the column slenderness (A) leads to a
reduction in the ultimate strength. For values of intermediate column
slenderness (0.77<A<1.27) as will be discussed in chapter 3, the mode of
failure will be an interaction of yielding and flexural buckling of stiffened
panels and the drop in strength after peak load is most pronounced.

1.2.4.5 Initial column deflection:

The influence of initial stiffener distortions is more dominant in the
range of moderate slendernesses and the effect is to reduce column load
capacity and is naturally most pronounced in the region close to peak

load.
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1.2.4.6 Stiffener to plate area ratio:

The increase of stiffener to plate area ratio slightly improves the load
carrying capacity and post peak load behaviour for most practical
structures. This is because the stiffener cross-section proportions are
chosen to avoid local buckling and hence they mostly fail close to the
yield stress. In contrast plate elements will often buckle before ultimate

failure of the whole cross-section.

1.2.5 Failure modes:

Flexural buckling induced by plate failure:

This mode involves buckling towards the stiffener and precipitated by
loss of compressive strength of the plate.

Flexural buckling induced by stiffener failure:

This mode of failure involves buckling towards the plating.

The collapse is sensitive to the magnitude and direction of initial
imperfections. It is then necessary to represent correctly the form of
initial distortion and allow for interaction of adjacent spans.

In some cases, initial distortion may be directed towards the plating,
inducing buckling towards the plating. The buckling of stiffeners away
from the plating in one interframe bay may induce buckling towards the
plating in adjacent spans. In other cases, when buckling is towards the
plating, flexure may be coupled with side ways tripping of the stiffeners.
It is often weak stiffeners which induce this mode of failure.

Tripping induced by compression:

Stiffener tripping has not been considered as a significant basis for
modelling in this work as it is generally avoided in design. However,
tripping correction factor is developed. The phenomenon is observed to
occur in several of the tests reviewed and a further discussion can be

found in Ref [61].
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CHAPTER 2
The Finite Element Program

The numerical program (FABSTRAN) used in this stage of the work
was developed at ARE (Dunfermline) for determining compression
behaviour of longitudinally stiffened plate panels.

2.1 ner. f Iogr.

The program is a non-linear finite element program which uses beam-
column modelling with the effective width approach and limits the
maximum stresses to yield.

The structural geometry is defined by specifying element length,
together with element orientations and the co-ordinates of elements ends
relative to nodal reference axes (global references are not used). Each
nodal reference axes may be oriented in any desired way. Sectional
proprieties are assumed to be constant within an element and may vary
from one element to another. Each cross-section is divided into elemental
areas.

Large deflections are represented by modifying the definition of
structural geometry. Initial distortions are represented by including
initial deformations as in the initial definition of structural geometry. For
loss of plate stiffness the program uses an approximate formula or data
curves introduced numerically into the program. Simplified modelling is
assumed for magnitude and distribution of residual stresses in the plating
and the stiffeners, as illustrated in Fig. 2.2.

The program is applicable to frames of general geometry including
circular rings. The program follows an incremental analysis procedure
allowing direct treatment of general frame buckling problems in which
interaction between bending and extensional deformation may cause non-
linear variations in the distribution of destabilising forces in frame
elements. Thus local buckling of the frame cross-section is approximately

allowed for.
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2.2 Assumptions:

Frames of arbitrary curved geometry are represented as assemblies of
straight beam elements. Distributed line loads acting on a frame are
represented by equivalent concentrated loads acting at node points. Plane
sections are assumed to remain plane under conditions of elastic and
inelastic bending and extension. Full account is taken of the coupled
flexural and extensional deformations of a frame and of the effects of
shear deformation.

Element flexural deformation (w) is assumed to be cubic in form and
extensional deformation (u) is assumed to be linear.

2.3 Numerical procedure:

The analysis is an incremental procedure in which loads or nodal

displacements are applied incrementally, a linear solution being obtained

by the matrix displacement method:

{8}[k+k5] = {R}
Where:
K : is a stiffness matrix representing the axial and flexural stiffness
of frame elements.
Kg : is a geometrical stiffness matrix representing the destabilising

influence of axial forces in frame elements.

(o]

is a column matrix of incremental nodal displacements.

is a column matrix representing applied loads.

In the case of hydrostatic load, secondary terms are added to the matrix
K which allow for the change in direction of applied loads arising from
buckling and pre-buckling deflections (these forces remain normal to the
deformed surface).

Cumulative values of displacements at node points and stresses, strains
and destabilising forces in frame elements are updated after each
incremental solution. Following each incremental solution, the stresses in

each fibre of each element are examined and where the total stress
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exceeds yield at mid-length of the fibre either:

1. The fibre is subsequently taken to contribute no stiffness in the
next incremental solution, that is an elastic-perfectly plastic
material stress-strain curve is being assumed, or:

2. A tangent modulus is adopted for the fibre in accordance with
a numerically defined stress-strain curve.

In either case, the effect of shear stress on yield is ignored.

Allowance is made for elastic unloading of yielded fibres. Where
strain reversal is found to have occurred in a yielded fibre following any
incremental solution, the fibre is assumed to recover its elastic stiffness
and contribute fully to the elastic section proprieties for the next

incremental solution.
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CHAPTER_ 3 :
P tric Studi

3.1 Introduction:

Using the ARE non-linear finite element program [28], a parametric
analysis has been carried out to investigate the strength of stiffened
panels under uni-axial compression and the behaviour of the components
before and after collapse. The analysis includes the effect of initial
distortions and residual stresses in addition to the effects of plate and
column slenderness.

Numerical results are presented, mainly in the form of average load-
end shortening curves, covering the entire loading history. Additionally,
ultimate strength-slenderness curves are generated to demonstrate the
predominant effect of plate and column slendernesses.

3.2 iffen 1 parameters:

Panels are formed of plates stiffened by Tee-section longitudinal
girders of a relatively low web slenderness (h,/t,=12). The plating is
mild steel with a yield stress of 245N/mm?2 and Young's modulus of
207kN/mm?2.

Dimension proportions are chosen regarding existing panels found in
marine structures.

3.2.1 Plate slenderness:

Plate slenderness ranges are from the value B = 0.7 to 3.5 with values
0.7, 1.0, 1.37, 1.72, 2.0, 2.4, 2.75 and 3.0 which were obtained by varying
the width to thickness proportions.

3.2.2 Column slenderness:

For each plate slenderness value of the above range, the range of
column slenderness was obtained by varying the length of the span in
some cases and cross-section geometrical proportions in other cases. For

calculating A all the plating is included in the cross-section.
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3.2.3 1 i initial
These two parameters are treated together and divided into three
levels:
Level 1 -Nearly perfect plates (low residual stress and initial
distortion), represented by p = 0.05.
Level 2 -Moderate values, represented by p, =0.2.
Level 3 -High values, represented by u = 0.4.

The term p  approximate to & O/tB2 and ¢, /0, and the reason for
grouping these two influences is pragmatic, noting that high values of one
seem to coincide with high values of the other. This is perhaps not too
surprising as the predominant plate distortion is of course induced by the
same weld contraction actions as give rise to the residual stress 6_. This
approach is also in line with ARE practice.

3.2.4 Stiffener initial distortion:

The stiffener initial imperfection (A /L) seems to lie in the range
(0.005:0.0003). The mode of the imperfection adopted in the analysis is a
half sinusoidal mode accounting for the interaction of the adjacent span,
as shown in Fig. 2.1.

3.2.5 Summary of parameters:

The above discussion bring the analysis to four variables which are: 3,
A, Uy, A, and a. For the first series of parametric analyses, the range of
the factors affecting the ultimate strength has been selected as follows:

Plate slenderness (B): 0.7<B <35

Column slendemess (A): 0.1 <A <2.0

Plate initial distortion and residual stress were amalgamated into one

group and three categories: Low , moderate, and high values as

explained previously.

Stiffener to plate area ratio (0=Aj/A)) :0.2< o 0.4

Stiffener initial distortion (Ay/L) :0.0005 <A /L < 0.005

For the above range of the plate slenderness, the column slendemess,

initial plate distortion and residual stress for the following values of the
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remaining two were fixed at the following values for some of the studies:

AJ/L =0.001

o =0.3

Later, other analyses were performed for different values.

3.3 Fixed load position:

Two approaches were used in order to choose the more realistic. First,
the action of load is assumed not to follow the shifting of the neutral
axis. Second, the applied load is assumed to follow the shifting of the
neutral axis. Comparing the two suggestions the results in Figs. 3.1.a,
3.1.b, 3.1.c and 3.1.d show that for values of high column slenderness the
difference is likely to be negligible. The effect, however, is more
pronounced for moderate and low values of column slenderness. For
values of plate slenderness (B< 1.6) the difference is significant for
moderate values of column slenderness (0.5 < A < 1.1). For values of
plate slenderness (1.6 < B < 2.0) the difference in ultimate strength is less
significant. For values of B > 2.0, however, the difference is significant
for low and moderate column slenderness, in particular for low column
slenderness. Comparing the results with the existing test data, the former
approach is more realistic for panels showing an eccentricity towards the
stiffener, while the second approach provides a good correlation with
panels having an eccentricity towards the plating. Therefore, depending
on the eccentricity of the load, the analytical expressions would be
selected. It seems that the first assumption of a fixed load position
provides a better agreement with most test data, although in a real
structure (like a ship) the load path will be constantly changing. The
second approach seems to give more realistic results for the analysis of

one span beam-column.

3.4 ffi f stiffen nel param
3.4.1 Effect of plate slenderness:

The finite element program is used to derive the ultimate strength for

panels with a standard stiffener initial distortion of the value A /L =0.001
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and a stiffener to plate area ratio o = 0.3, with low residual stress and
plate initial distortion (Level 1).

Figures 3.2.a and 3.2.b show a family of ultimate stress-column
slendemess curves for a variety of plate slenderness. At low column
slenderness, where failure is due to yielding or plate buckling, the effect
of plate slenderness (f3) is predominant. For a particular value of column
slenderness (A), increasing B results in a significant drop in strength.
This effect is most pronounced at moderate plate slenderness, for
instance, at value A = 0.2, increasing the plate slenderness from the B =
1.72 to value 3 = 2.0, the drop in strength is 9.3%. The drop in strength
is less significant at higher values of plate slenderness. Increasing B from
value 2.75 to value 3.0 gives rise to a 2% drop in strength. These results
seem a little surprising when compared with changes arising from plate
strength alone and is almost certainly due to the different load shifting
assumption.

Increasing the column slenderness, however, will change the mode of
failure from one of yielding or plate buckling to inter-frame flexural
buckling of columns and hence the effect of plate slenderness is reduced,
as shown in Figs. 3.2.a and 3.2.b. At a value of A = 0.8, the drop in
strength is less than 5%. At high column slenderness, the effect of plate
slenderness became negligible, Figs. 3.1.a, 3.1.b, 3.1.c, 3.1.d, 3.2.a and b
also show the importance of the assumption made regarding load
eccentricity.

3.3.2 Effect of column slenderness:

In general, increasing the column slendemness (A) leads to a reduction
in the ultimate strength, as shown in Figs. 3.2.a and 3.2.b. This effect is
most pronounced at moderate values of column slenderness (0.7 A<
1.27), as seen in Figs. 3.1.a, 3.1.b, 3.1.c, 3.1.d, 3.2.a and 3.2.b, where the
mode of failure will be an interaction of yielding and flexural buckling of
stiffened panels. The post-ultimate strength of such panels gives rise to a

significant drop in strength after maximum load as shown in fig. 3.2.c. At
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higher values of plate slendemess the effect of column slenderness is less
marked and reducing A from value 1.0 to value 0.5, for example, causes
only a little improvement in maximum strength.

3.3.3 Eff i 1 str initi i ion:

As discussed earlier, the effects of plate initial distortion and residual
stress are treated and introduced as one variable by grouping both
parameters. Although residual stresses have the greater effect on plate
strength and stiffness, researchers have shown a greater interest in the
effect of initial distortion. This is probably due to the visibility of
distortions. But it may also be due to the relative neglect of modelling of
the distribution of residual stresses present in plating for incorporation in
numerical analysis. This is discussed more fully in reference(64].

The presence of residual stresses and initial distortion reduces the
strength; initial distortion changes the post-ultimate strength to a less
severe unloading path; residual stress reduces the stiffness and strength of
the panel, and shifts the collapse load which will occur after greater
shortening.

Graphs representing the effect of initial distortion and residual stress
are in Figs. 3.3.a and 3.3.b. The presence of these two parameters
strongly affect the ultimate load of the stiffened panel. A reduction in
strength of as much as 20% in heavily welded plates compared with stress
free plates with intermediate slenderness values. This effect , indeed,
depends on whether the failure of the panel is plate like failure or inter-
frame flexural buckling. For instance, in a heavy welded grillage, the
ultimate stress of the plate panel under compressive load will not

normally be reached until the strain is 2€_, at this stage stiffener type

failure will usually occur, except perhaps Zn the case of stiffeners with a
higher yield stress than plating.

As shown in Fig. 3.3.a, for a particular value of column slenderness
(M), increasing the plate slenderness in the moderate range leads to an

increase in the effect of residual stresses and plate initial distortion. On
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the other hand, for a particular value of plate slenderness B = 1 (Fig.
3.3.a), as a result of increasing the column slenderness the effect of
residual stress and initial deflection reduces for moderate and high values
of A. For low values of A, however, there is a small effect. For larger
values of B, equal 2.75 in Fig. 3.3.b, the effect of p is very much greater,
but care is then necessary to choose the best value of p, for the given B,
for example u, =0.2 would be appropriate for § = 2.75.

As seen in Figs. (3.6.a to 3.6.f), the effect of initial distortion on post-
ultimate strength is more pronounced for values of B in the intermediate
range.

3.3.4 Effect of stiffener initial distortion:

The assumed column initial distortion was a half sine wave, directed
upward (toward the stiffener) in one span and downward (toward the
plating) in the other span (Fig. 2.1) in order to simulate a realistic
interaction of one span on the adjacent one. Results are presented in Fig.
3.4. In general, increasing the column initial distortion leads to a
decrease in maximum strength and this is most pronounced at moderate
values of column slenderness. For very low values of initial distortion,
the effect on maximum strength is nearly negligible.

3.3.5 Effect of stiffener to plate area ratio:

In order to show the effect of stiffener to plate area ratio on the
ultimate strength and post-buckling of stiffened panels, strength analyses
of panels with values of o = 0.2 and a = 0.4 for the value of L/A = 600
and p, = 0.2 are produced. Plate and column slendernesses range as
follows:

B: 1.0, 1.37, 2.0, 2.4, 2.75 and 3.0.
A: 0.35, 0.55, 0.75, 0.95, 1.2 and 1.5.

Ultimate strength-slenderness curves are presented in Figs. 3.5.a, 3.5.b
and 3.5.c. Load-shortening curves are illustrated in Figs. 3.7.a and b;
3.8.a, 3.8.b and 3.8.c; 3.9.a and b; 3.10.a, b, cand d; 3.11.a and b; 3.12.a

and b. As seen in Fig. 3.5.a, for low values of plate slenderness the effect
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of a on maximum strength is negligible at low values of column
slenderness. The curves show a slight effect for moderate and high values
of column slenderness being more pronounced at moderate values. At
moderate values of plate slenderness (Fig. 3.5.b), the effect became more
evident and it shows more or less the same effect for all ranges of column
slenderness. For high values of plate slenderness (Fig. 3.5.c), the effect,
however, is predominant at low values of column slenderness and
decreases as the column slenderness increases. The effect of stiffener to
plate area ratio on post-ultimate strength is greater, in particular, for
moderate column slenderness. The effect is dramatic at moderate values
of plate slenderness, as shown in Figs. 3.9.a and 3.10.b. An increase in
the stiffener to plate area ratio improves the load carrying capacity which
is more predominant for low and moderate values of plate slenderness.
The stiffened panel behaviour path in the unloading range changes from a
sudden sharp pattern to a less severe and gradual process as o increases.
It is thought the dramatic drop in load and recovery exhibited with the
lower stiffener areas may arise from adjacent bay effects. As these bays
take more of the load they can exert stabilising moments to the collapsing
bay which can arrest the growth in its deformation, see the further
remarks in 6.3.2 in this respect. As a final comment it is evident that the
well known trend for least weight designs to include high o values is

supported.
3.3.5 ff iffen idual str :

The failure of a stiffened panel is influenced by the residual stresses
due to welding, as noted in reference [30], residual stresses vary in
magnitude and distribution along the depth of the stiffener and the
collapse of the panel is highly influenced by the pattern and levels of the
residual stresses. Compressive residual stresses which are present in the
tables of the stiffener causes a reduction on ultimate strength, while
tensile stress may have a beneficial effect. Since the effect of stiffener
residual stress is small compared to this of the plating, then is not

included in the present modelling.
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CHAPTER _4:
The Analytical Approach

4.1 Introduction:

Using the ARE program [28], a parametric analysis has been carried out
to investigate the ultimate strength of stiffened panels under uni-axial
stresses and the behaviour of the components before and after collapse.
Using the results, simplified analytical modelling derived from a curve fit
approach is suggested. Comparison with numerical and test results is
presented.

Failure modes:

The failure modes considered in the present approach are :
(a) Failure by yielding.
(b) Plate instability.
(c) Interframe flexural buckling.

4.2 Least squares method:

To generate approximate equations for the ultimate strength and
post-ultimate strength of stiffened panels based on a parametric study,
the least squares technique is used.

The function f(x,,y,, 2, ) can be approximated to the function g(x,,
Yi» Z ) in which the function g is assumed as follows:

| MP

g(xk,yk,zk)=2a,~ P (X% 0%) (4.1)

j=l

where: a ae numerical coefficients .

P; ae assumed polynomials .
The least squares method is based on the minimisation of the
squares of the difference between the actual values and the assumed

configuration, which leads to the following equation:
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k

2
H=2, [ fox, v, 2)-8x, v, 2) ] = minimum (4.2)
k=

—

Then :

oH ,
— =0 j=1, MP (4.3)

which can be expressed as:

k=N
Z [f(xk,yk.a)- g(xk,yk,zk)]pj(xk,yk,zk)= 0 i=L MP (44)
k=1
{=MP
8% Y )= 2,3 Bi(X .y, .5)
i=l
The system contains MP equations with MP unknown values { aj}.
This equation can be rearranged into the form :
= 4.5
{a,}[a,,1={c} (4.5)
k=N
Aim = 24 PmiPix where m =1, MP
=k=l j - l’ MP
C= Si[fkpjk
k=1

Pjk is element of the matrix containing the values of the assumed
polynomials for the set of values (x,,y,.z,), (=1, MP, k=1, N).

N : Number of data of each set (f,,x,,y,.zy).

MP: Number of the assumed number of polynomial p i

The polynomial pj(xk,yk,zk) can take any desired form in terms of the

parameters X,, ¥y 2, and also any desired number of these parameters.

4.3 nalytical
4.3.1 Parametric analysis:

For the parametric analysis the range of factors affecting the ultimate
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strength has been selected as follows:
Plate slendemess (B): 0.7<B<3.5
Column slenderness (A): 0.1 <A < 2.0
The plate initial distortion and residual stress were defined as one
group into three categories: Low, moderate, and high values.
Initial distortion (8y4B?) and residual stress (6,/c,): 0.05,0.2, 0.4
Stiffener to plate area ratio (ozr—-As/Ap) :02< a £04
Stiffener initial distortion (AO/L) : 0.0005 SAO/L < 0.005
Selecting the range of plate slenderness, column slenderness, initial

plate distortion and residual stress for the following values of the other

parameters:
A /L =0.001
o =0.3
4.3.2 The derived expressions for the ultimate strength:

Using the Finite Element Program (ARE), together with test results the
maximum strength (O'u/O'y) of the stiffened panels was investigated over a
range of plate and column slendernesses (Figs. 3.2).

Studying the graph shown in Figs. 3.2, the following analytical
expressions for the maximum strength in terms of B, A, and p  are
derived using the least squares method and two cases are examined:

(1) Load following the shifting of the neutral axis:

For 1<B<16 and A<13

—0.7n
o 0 A 1
Su_e 1443l g9r n L) (4.6)
()'y ( B B p? p?

For 10<B<16 and A>13
0.7

S 0 8 ] B 971

R 0.18+0061 022407 (47
5 -© (01540065 22 v) :
y
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For 16<B<30 andA<1.3

o _ 0o Aoql A 1

D¢ (08%420++074 651 438

¥ BB P ) -
For fB>1.6and A>1.3 (B=3.0When B> 3.0)

Y
& Ho (004ﬂ +0252 40058 w042L) 49)
A A2 A2

For B<1 , (=10 whenB<1.0

K, =1and (1,=0.05 when p;<0.2) when A>0.6

~0.1p
025
K.e (117-0551) (4.10)

when h‘" < 14

T

h,
1.1  when 14SE<20
hw>20

when X

L

where K, is tripping correction factor taken from test results.

7o
I

~
I

a

~
It
)

a

Note when A > 0.6 use p, = 0.05 and K= 1 throughout.
For PB>3.1 and A<13

%;: g (06-021) (4.11)

(2) The load not following the shift of the neutral axis:
For 1<B<30 and A<13 (B=3.when B>3.0)

—O7u
(o)
e *(-0skielooesroiil) @.12)
S, ™
For 1.0<B<16 and A>13
070,
° B8
S o1ﬁ+006 L gadip7l (4.13)
c © ( A A2 12)
y

For PB>1.6and A>13 (B=3.0when B>3.0)

o - ¢t (4)04ﬁ+025 +005Ji w042L) 4.14)
& A 2
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For B<1

Use equation (4.10) above.

Equations (4.10). was originally derived with no contribution to the
collapse due to stiffener tripping failure. This type of failure is more
likely to occur in short stiffeners with weak lateral torsional rigidity
(narrow flanges), hence, a correction factor (Kst) in terms of web
slenderness (h,/t,) accounting for the tripping of the stiffener has been
introduced.

For low plate slenderness and a relatively moderate or high column
slenderness, the effect of initial plate distortion and residual stress is
likely to be negligible (Eq. 4.10).

For values of 3.0 < B < 3.5, the value B = 3.0 should be used in the
equations (4.9), (4.12) and (4.14) since the effect of the increase in B is in
fact small. Using, for example, B = 3.5 in these equations would lead to a
less accurate result..
4.3.2.1 Effect of other parameters:

The effects of column distortion and stiffener area are accounted for by
equation (4.19) the other geometrical and material parameters is
investigated with the assumption that these effects are independent..

Initial distortion:

Stiffener initial distortion reduces the strength, and the effect is more
pronounced for moderate column slenderness. A correction factor R, is
used depending on column slenderness and A /L and A .

Rw=(W0-1)(0.034—0.0957L) A <09

4.16
R, =(Wo-1)(0.034_0095(1.8-1) A > 09 @16)

A
_ 0 +3
where %——E 10

iff 1 io;
As explained in section 3.3.5 of chapter 3, the stiffener to plate area ratio

generally increases the maximum strength and the effect of this parameter
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reveals a relatively different effect for different values of plate and
column slendernesses. Taking this into account, a correction factor R, to

predict the strength for values of stiffener to plate area ratio different

from o = 0.3, is suggested:

The correction factor is expressed as follows:

1. For values of  21.0 and A<1.0
0.005A
= 0.0
K,=09%6¢€ [oo4
2. For values of B<2.0and A>1.0

0.005
K =10€  poo4
3. For values of f22.0 and A>1.0
0.0052
K _=105€ 004

The correction factor R is expressed as follows:

(a) For values of o <0.3
R -H0e) _10a-2)

a

(b) For values of a>0.3

where o= (4.18)

1>

R =(1003)K —(10a—4)
o a

Finally, the ultimate strength will be expressed as:

(0]
_ v 4.19
= Ra+RW ‘ ( )
%

4.3.2.2 Ultimate strain corresponding to maximum strength:

Using the previous parametric analysis with various ranges of plate
slenderness (B), column slenderness (M), residual stress and plate initial
distortion with the other parameters taken at fixed values as follows:

Stiffener to plate area ratio ©=0.3

Initial column distortion A,/1.=0.001

~65-



The strain at which the panel reaches its maximum strength is derived
using a simple numerical approach in terms of the plate slendemess,
column slenderness, residual stress and initial distortion. The results

were fitted numerically using the least squares method.

€
— =138¢ (4.20)
€

Y

Effect of other parameters:

Initial column deflection reduces the strength but on the other hand
the effect on ultimate strain is more likely to be negligible. Residual
stress in plating reduces the maximum strength which occurs at a greater
strain. For various ranges of plate slenderness and column slenderness,
the results show a different effect of residual stress and initial distortion

on the ultimate strain, which are expressed as follows:

€

W= — 4+0.2( u, — 0.05) B>1.0 4.21)
eY
€, K

Yo = (—2- )05 B<1l and A <04 (422)
g 005
Y
€

Y= — B<1l and A> 04 4.23)
€
Y

where W is the non-dimensional strain corresponding to the ultimate

stress.

The analysis conducted using the Finite Element Program was

performed for three levels of initial distortion and residual stress as

discussed earlier.

The stiffener to plate area ratio shows a relatively small effect on

ultimate strain and can be expressed as follows:
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4.3.3 Post-buckling modelling:
4.3.3.1 Introduction:

Recent numerical methods using finite element or finite difference
using dynamic relaxation techniques [30], [35], [36], [37], [38], [39] were used
to investigate the non-linear behaviour of stiffened panels under uni-axial
loads or combined loading to examine the effect of a number of
geometrical and material parameters. These techniques are vital tools to
analyse the behaviour before and after collapse. All methods use the
beam-column modelling, generally with two approaches: one is to use an
effective plating width and to limit the maximum stress to the yield stress,
the other is to use a full effective plating and limit the stress to the
maximum plate buckling stress.

The unloading path has been of interest to various researchers. The
importance is clearly identified for system strength analyses and for
associated reliability analyses. Due to the complexity of the non-linear
problem, reliability studies are more complicated.

The present report proposes a simplified modelling for the analysis of
the ultimate strength of stiffened panels and the behaviour before and
after collapse is introduced.
4.3.3.2 Unloading strength path:

The unloading pattern is simplified to a piece-wise linear formulation as
shown in Fig. 4.1. The tangentional stiffness is estimated from simplified
modelling which incorporates as necessary the effects of column
slenderness, plate slenderness, stiffener to plate area ratio, residual stress
and plate initial distortion. The following expressions for the parameters
describing the straight lines pattern shown in Fig. 4.1 are suggested as a

result of extensive numerical studies:
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E'=05258%2209€"*™  For B<1.6 andA<08 4.25)

d, 1 -02 R’
$ =0.24 .z B—0.3 0.08 e

- -l'zuo
E =-(129-1270) (A40.2)19¢ For B<1.6and 0.8 <A <2.0 (4.26)
d

e 034 304 ,,0025 0.08
7o) 027934 Booo

. 18 2.
E=-1220p150 0% €™  For 16<p<35and A<l  (427)
@, 1 02p
D= 0.24 x p03 008 e

]

N 04 12K
E =-(122-1470) (A)9F" € ~ For 1.6<B<35 and 1< A<2  (428)

D: _ 0277034 04 0025 g8

]
The non-dimensional strain at which the panel reaches its "residual”
strength (P ) can be estimated from the linear relation:
o -9 i o -

=E o ¥ =—"T—+¥ (429)
¥ -y E

4.3.3.3 1 if] for 11

The panel shows an overall loss of stiffness due to local plate loss of
stiffness, which is more pronounced in stocky plating in the presence of
residual stresses and in slender plating caused by buckling.

It has been seen from a series of finite element numerical results that
the panel commences the loss of stiffness at a non-dimensional strain (*¥'))
approximately equal to k¥ with a non-dimensional load (&, =%¥_) . In
this present approach, it is assumed that when the non-dimensional strain
reaches this point, the overall stiffness reduces linearly until peak load.
The factor k is defined as follows:

(a) For low values of initial distortion and residual stress:

B<26 k=09
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26<PB<35 k=06 (4.30)

(b) For moderate values of initial distortion and residual stress:

A<05 k =0.65

B<26 ]  05<i<o3 k = 0.85 431)
A>08 k = 095
26<B<35 A<05 k=04

(c) For severe values of initial distortion and residual stress:

B<26 ] A <09 k = 0.45

B> 26 A209 k =095 4.32)
> 2, k =025

In cases (a), (b) and (c) the relation must be satisfied:

When k<@, k shouldtake the value k = %
¥

The non-dimensional tangent stiffness (E') will be defined by the

expression:
+ O-kY¥ (4.33)
E=———
Y(1-k)
Finally, the non-dimensional load (c,/0,) can be expressed by the linear
relation:
Oa €a (4.34)
= =A+B¢
o, &
where A and B are defined as follow:
A=Q, os2<vy
B=E } & s
A=k¥(1-E") <Ea
B=E' } \Ps - Ey <Y
A=0-E'¥ £a
A= O £a
B=0 - } "—yqur

The variables E+, E-, ®, ¥, ®_,¥,, and k are previously defined by
equations : (4.33); (4.25, 4.26 and 4.27); (4.19); (4.24 ); (4.25, 4.26 and
4.27); (4.29); (4.30, 4.31 and 4.32), respectively.
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4.4 Variabl verning the m lling:

4.4.1 Plate slenderness (B):

Plate slenderness is defined by the expression:

b O
P=TVE

The expression includes the width to thickness ratio and material
parameters: Yield stress and Young's modulus of the plating. Guedes
Soares [33] presented a statistical description of plate dimensions for the
cases of tankers and frigates, which is reproduced in Fig. 4.4. The author
noted that the distributions are different for each ship type. In the case of
tankers b/t ranges from 20 to 90 with a mean value of 60, for frigates b/t
ranges from 20 to 110 with values up to 180, the mean value is 46. The
mean values correspond to slenderness (B) of 2.0 and 1.5 respectively for
tankers and frigates. For warships, Smith [30) stated that in existing
British warships, the plate slenderness (B) ranges from 1.0 to 4.5. A
preliminary survey [62] of flight decks in existing British warships and
ships of the Royal Fleet Auxiliary was conducted to establish the
approximate ranges of the variables involved. B was found to lie between
1.0 and 4.0 with most values below 3.5, a/b covered the range 1.0 to 8.0.
Values of B > 4.0 may occasionally be found in practice (corresponding to
b/t =120 in mild steel) but continuation of the parametric analysis beyond
plate slenderness corresponding to the value 3.5 was not considered
because of the limitation of the program to values of b/t = 90. In this
analysis the range (0.7 to 3.5) has been adopted for the slenderness (B).

4.4.2 Column slenderness (A):

Column slenderness is defined as:

L o,
A=— E
nr
L -the length of the span between transverses.

r -radius of gyration of longitudinals with fully effective breadth of
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plating.

E -Young's modulus.

O, -the equivalent yield stress for the combined cross-section.

It should be noted that the results derived using the ARE Program [28],
[29] to obtain the present approach account for the effective breadth, and
the radius of gyration for the use in the simplified method should be
estimated using a fully effective breadth.

An approximate expression ‘accounting for the yield stress of the
stiffener and the plating is suggested and takes the following form:

o, ___GypAp;“ysAs

Smith [30] outlined that the column slenderness for existing British
warships falls in the range interval (0.15 to 0.9 ). During the present
method the range (0.1 to 2.0) has been adopted for the column slenderness
).

4.4.3 Plate residual str nd initial distortion:

It has been postulated during the discussion on the effect of these two
parameters, that the ARE programs use numerical data for accounting for
local plate instability. These numerical data depend upon the plate
slenderness and the magnitude of residual stress and initial distortion.
However, only three levels of residual stress and initial deformation have

been considered, cited as follows:

Level 1. Low values, 80/tp?< 0.05 and 6, /0,~0.05 Mo =0.05
Level 2. Moderate values,80/tB?~0.15 and 6 _/c,=0.2 Ho=0.2
Level 3. High values, 8/tp2~0.3 and o /o, >0.4 Ho=0.4

This effect is incorporated using a parameter (1) which accounts for both

effects.

Faulkner [31], from the theory of welding contractions and confirmed

by a series of measurements of initial distortions in warships, indicated

that initial distortion takes the form:
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8
T°=K[32 K=0.12 when <3 and K=0.15 when B>3
Other researchers [32] conducted measurements of initial distortions in

merchant ships and suggested the following expression which is linear

with b/t:

80 b
e 0.0094 ( ry )-0.205

Other surveys of plate initial distortions in ships can be found in
references [30], [44] and [45].

In this modelling, the form §y/t =KB? is used depending on the level of
residual stress and initial distortion, and any magnitude of residual stress
and initial distortion should be identified to one of the three levels
previously defined.

4.4.4 Stiffener_initial distortion:

Design values of stiffener initial distortion can be used like those in
the Merrison rules [40] which proposed tolerances L/A =—1200 and +900.
A Suggested design values of L/A = 750 is is used in the new UK Bridge
Codes [41] and by the European recommendations for Steel Construction
[42], [43]. Reference [44] presented tolerances of initial distortions based
upon surveys of frigate structures with a mean value (A,) equal to 0.0025 L.

Stiffener initial imperfection (A,/L) seems to lie in the range
(0.005:0.0003). The mode of the imperfection adopted in the analysis is a

half sinusoidal mode accounting for the interaction of the adjacent span,
as shown in Fig. 2.1.
4.4.5 icity of i

Load eccentricity represents an unknown quantity in most test data.
An error in the position of the applied load can influence the direction of
buckling. In the present approach the term eccentricity (E.) refers to
whether the load is considered to follow, or not follow, the shifting of the
When the term E. is positive (Eccentricity toward the

neutral axis.
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plating) the assumption that the load follows the shift of the neutral axis,
while for fixed load which does not follow the shift of the neutral axis the

term E_ is negative or equal to zero (eccentricity zero or toward the

stiffener).
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CHAPTER 35

Correlation with test and numerical results

5.1 Maximum-load capacity:
5.1.1 Correlation with test results :

Lloyd's Register of Shipping commissioned a study and a Technical
Report [34] in which the authors provided a discussion and comparison of
four approaches: Cambridge, Manchester, Monash and Imperial College
methods for obtaining the ultimate strength of stiffened panels under uni-
axial loading. Comparing the methods with the existing test results and
after accounting for modification to the methods, the authors concluded
that the Imperial College approach was the most satisfactory and has
therefore been used as the basis for deriving the method for use by Lloyd's
Register. A later review [66] included the RN College test data [65] and
concluded that the formulation of Faulkner [31] in fact give the best
statistical fit of any to the worlds reputable test data. Nevertheless, an
attempt is made to compare the present suggestion with test results and
with the four approaches and the test results. For the purpose of
comparison an absolute error band of 15% is suggested.
5.1.1.1 Manchester Tests:

The Manchester tests were conducted to investigate the influence of a
number of different parameters. The panels were of single span and were
allowed to pull in on the unloaded edges. Since the present method is
derived for only pinned loaded edges the comparison was limited to this
boundary constraint.

Geometrical and material parameters, together with analytical and test
results, are presented in Tables 5.2.a and 5.2.b respectively. The results
show a good agreement with the test results and only two models fall
outside the suggested error band: Panels D12(-17.5%) and D11(-18.9%).

This may be due to residual stresses in the plating since intermittent
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welding is less severe than continuous welding. For low residual stresses,
the errors for panels D12 and D11 are -6.2 and -12.1% respectively.
5.1.1.2 RN College tests:

These 65 models [65] were of single span construction, simply
supported on the loaded edges and free to deflect out-of-plane on the
unloaded edges. All stiffeners were welded continuously to the plating
and the load was aligned with the initial neutral axis. Details of these
models and the comparisons are shown in Tables 5.1.a and 5.1.b
respectively.

Four results fall outside the suggested error band; panels P21(-32.3%),
F2(-21.0%) and P9(-17.5%), panel P21 shows a poor correlation for all
five methods but ref.[65] suggest this test result should be discarded as the
model had a high but unknown yield stress. For panels P9, F2 and F3, the
results underestimate the measured strength. This is may be due to the
high measured stiffener initial deformations, A /L= 0.004, A_ /L= 0.005
and A /L= 0.004 respectively. Using the Imperial College design values
A,/L =0.001 and A, /L. = 0.001 will improve the results to errors of 8.1,
-11.5 and 7.8%. However, this is not the case for panel F4 which has
similar geometrical configurations. Using the Imperial College design
value A/L= 0.001 will give an error of 20.9%. Panel T2 has a measured
initial distortion of A/L= 0.0004 which is a low value . Here agaih using
a design value of A/LL = 0.001 improves the result to an error of 10.4%. It
must be restated, however, that agreement of these test data with a
structural tangent modulus and effective width approach [31] is very much
better [66].
5.1.1.3 The Imperial College Tests:

These models were laterally restrained on the unloaded edges. Details
of the models and collapse load results can be found in Tables 5.3.a and
5.3.b. All the methods show satisfactory results. In addition, the results
show that for these models the lateral restraint boundary condition has a

negligible effect on the collapse load.

-79-



5.1.1.4 ARE tests:

Smith [30] presented a series of tests on full scale welded grillages.
The author outlined a clear discussion of the collapse of the models
describing the modes of failure. The grillages represented typical warship
deck and single bottom structures under compressive load combined in
some cases with lateral pressure.

Grillages 1a, 2b, 3b, 4a, 5, 6, and 7 were chosen for the correlation
because they were tested with no contribution from lateral pressure.

The first four grillages represent possible ship bottom structures,
panels (5 and 7) represent frigate strength decks, and grillage number 6
corresponds to a light superstructure deck. Details of the panels are
shown in Table 5.4.

In general, the results obtained using the present method show a good
agreement with the test results within an error of 15%. However, the
mode of failure is different since the present method does not account for
overall grillage instability and tripping of the stiffener, and this latter
failure mode is restricted to panels with low values of plate and column
slenderness and high values of stiffener slendemess (h/t,,).

Failure of grillage la was preceded by buckling of the plate panel
accompanied by a significant loss of plating stiffness which is well
predicted by the present method. However, collapse of grillage 1a finally
occurred by interframe tripping of longitudinal stiffeners. This test has
been reanalysed recently (611 and the reference is recommended to those
seeking a better understanding of interactive plate buckling and stiffener
tripping.

Collapse of grillage 2b occurred by interframe buckling of
longitudinals associated with inelastic buckling of plate panels. The mode
of collapse of this panel was well predicted by the present approach.

Failure of grillage 3b occurred by upward flexural buckling of
longitudinals, accompanied by downward buckling in the adjacent span.

This type of failure is the basic modelling considered in the Finite
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Element Program (28] used to generate this simplified modelling.

Failure of grillage 4a occurred by flexural buckling of the
longitudinals and sideways tripping of deep fabricated girders,
accompanied by local inelastic buckling of the plating and of the webs of
deep girders. The present approach is restricted to the failure type
occurring by flexural buckling of longitudinal stiffeners, accompanied by
local inelastic buckling of plating. Again, ref [61] offers a fuller
discussion of this grillage.

Failure of grillage 5 was preceded by buckling of the plate panel, and
occurred by interframe buckling of longitudinals.

Failure of grillage 6 occurred by overall instability involving upward
and downward bending of transverse frames as well as longitudinal
girders. The failure was preceded by buckling of plate panels.

The type of failure of grillage 7 was similar to the one of grillage 5.

Finally, a histogram configuration showing a distribution of the

results for 75 tests is presented (Figs. 5.1.a and 5.1.b ).

5.2 Post-buckling strength:
5.2.1 Test results:

A comparison is made with test results presented in the technical
report [6], as shown in Figs. 5.2.a, 5.2.b and 5.2.c and the results indicate
a good correlation with those of the tests for models 11 and 15. However,
this is not the case for models 19 and 29, shown in Fig. 5.2.b in which the
test results present a more severe unloading pattern. This may be due to
the tripping of stiffeners which influences the mode of collapse of the
panel. It should be noted that tripping is not included in the finite
element analysis.

5.2.2 Numerical results:

5.2.2.1 Correlation with the finite element method;

Present modelling is compared with the results derived using the ARE
non-linear finite element program [28] and the results are shown in Figs.

5.3.a, 5.3.b, 5.3.c and 5.3.d. In general the present modelling reveals a
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good correlation with the finite element results.
5.2.2.2 Correlation with the dynamic relaxation technique:

Results derived using finite differences with the dynamic relaxation
technique [52] are compared with the present simplified approach. Panels
of b/t = 30, a= 0.2 and b/t = 60, o = 0.4 are selected for comparison.
Results are presented in Figs. 5.4.a and 5.4.b. Correlation shows a
reasonable agreement with a mean value of error -1.8% and a standard

deviation of 8.0%.
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Model b t |hy |ty |br |ty L MEASURED

Number mm om | mm | om fmm [mm [ ommo | A0 (mm) 8o
P1 884 3.07 174 | 488 | 12.7 | 6.17 | 2440 0.05 ——-
P2 1470 | 262 | 304 | 483] 12.7 | 6.22 | 384.0 0.04 ----
P3 221.0 2.54 54.1 490| 12.7 | 6.10| 638.0 0.21 ----
P4 236.0 201 | 43.6 | 4.80f 12.7| 6.25| 523.0 0.16 ----
P5 88.4 3.07 174 | 4.88| 1271 6.17| 488.0 1.20 0.08
P6 147.0 2.62 3041 4.83 127} 6.22] 767.0 0.78 0.76
P7 2210 | 2.54 5411 490| 12.7] 6.10 | 1275.0 1.08 147
P8 236.0 2.01 43.6 | 4.80| 12.7] 6.25} 1046.0 0.49 2.73
P9 88.4 307 | 174 | 488| 127 617 7320 1.78 -
P10 147.0 262 304 | 483 12.7{ 6.22 | 1151.0 1.53 —
P11 221.0 2541 541 490| 12.7] 6.10| 19130 3.37 -
P12 2360 { 2.01 436 | 4.80| 12.7| 625| 1570.0 1.13 -
P13 88.4 310 | 2064 3104 00} 0.0 262.0 0.04 -
P14 177.0 3.05 17.5) 485 12.7] 6.15 2440 0.07 -
P15 2650 3.07| 340] 495| 12.7] 6.20 422.0 0.15 o
P16 2050 | 257 | 305| 490 127] 612 3840 o007
P17 83.4 3.10 2641 3.10|1 0.0 0.0 5230 0.37 0.10
P18 177.0 | 3.05 175 | 485 12.7 | 6.15 488.0 0.19 0.62
P19 2650 3.07 | 340 495| 127 6.20 843.0 035 2.00
P20 2950 | 257 | 305 | 490] 12.7] 6.12 767.0 0.24 2.14
P21 88.4 310 | 264 | 3.10f1 0.0 | 0.0 785.0 0.88 —-e-
P22 177.0 | 3.05 175 | 485 127 | 6.15 | 7320 0.40 ——
P23 265.0 | 3.07 | 340 | 495} 12.7 | 6.20 | 1265.0 0.81 -
P24 2950 | 257 | 305 | 490} 12.7 | 6.12 | 11510 0.52 ----

TABLE 5.1.a RN College Tests
Geometrical and material details
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%[l?g]%ler G yp G ye E E . MANCH &MONASH L.R.
Nmm2{Nmm Y N mm (80 Ao Ao (B0 Aor Ao
Pl 250.0 | 283.0 |[190000 [ 19[269 +20 -20 [045 027 -0.20
P2 2500 | 2620 [190000 [ 09503 +20 -20 [0.74 043 -0.32
P3 2560 | 2470 [190000 | 26874 +20 20 [1.13 071 -0.53
P4 | 2210 | 2500 [190000 { 27908 420 -20 [1.12 058 -0.46
P5 | 2250 | 259.0 [190000 [ ;9 {195 +20 -20 |042 0.54 -0.41
P6 2390 | 259.0 [190000 | .091385 +20 -20 [0.73 085 -0.64
P7 2700 | 2460 [190000 | 261606 +20 -20 [1.16 141 -1.07
P8 2470 | 2590 |[190000 | 71820 +20 -20 {1.18 1.16 -0.87
P9 | 2300 | 2830 [190000 [ 319 195 +20 -20 {042 081 -0.61
P10 | 2390 | 2580 [190000 | 09385 +20 -20 {073 1.28 -096
P11 | 2390 | 2520 190000 | 6 | 606 +20 -20 [1.09 213 -1.59
P12 | 2490 | 2660 (190000 | 27| 820 +20 -20[1.19 1.74 -131
P13 | 2530 [261.0 [190000 | 011 | 2.87 +20 -2.0 |045 029 -0.21
P14 | 2420 [269.0 |190000 | 04 | 276 +20 -20 | 088 027 -0.20
PIS | 2270 |2670 [190000 | 15 |483 +20 20127047 -035
P16 | 2440 {2730 |190000 | 21 | 527 +20 -20]147 043 -032
P17 | 2290 |256.0 (190000 | 011 | 1.94 +20 -2.0 | 043 053 -044
P18 | 2290 |2460 [190000 | 04 | 552 +20 -20 |086 054 -0.41
P19 | 2530 {2660 [190000 | .15 | 606 +20 -20]135094 -0.70
P20 |2610 | 2470 [190000 } 21 | 608 +20 -20]152085 -0.64
p21 [2580 {260 [190000 [ 011 | 194 +20 -2.0 | 045 087 -0.65
p22 [2420 | 2620 190000 { 04 | 400 +20 -2.0 | 0.88 081 -0.61
P23 |2HB0 [ 2620 [190000 | .15 | 606 +20 20132141 -1.05
P24 [2390 2670 [190000 | 21| 810 +20 -20 [146 128 -096

TABLE 3.1a(Cont'd) RN College Tests

Geometrical and material details

-84-




%orggfar b t h, |t wlbs [t L - MEASURED
mm mm | mm | mm {mm | mm mm 0 mm do

F1 2290 | 254 1381 |953] 00|00 | 3480
F2 2290 | 254 | 381 | 953] 00 | 00 | 6530 3.45
F3 2290 | 254 | 381 | 953| 00 | 00 | 9580 3.43
F4 2290 | 254 | 381 |953| 00| 00| 12620
FL1 1360 | 493 | 635 | 302 00 | 00 | 5770 0.25 0.33
FL1S 1360 | 493 | 635 | 3.02] 00 | 00 | 5770 -
FL2 1360 | 493 | 635 |302] 00 | 00 | s770 0.20
FL2S 1360 | 493 | 635 | 302| 00 | 00 | 5770
T1 2030 | 1.98 | 2865] 495 | 130 | 635 | 12240 0.56 1.17
T2 1690 | 198 | 1905] 495 | 133] 635| 8740 0.08 0.53
T3 2020 | 191 | 28.45] 495 | 133 | 635 | 986.0 033 0.74
T4 1660 | 2.08 | 19.05] 495| 132 635| 7040 0.97 0.53
TS 1590 | 2.41 | 29.30] 5.08 | 133 | 635 | 1019.0 1.42 0.03
7 1570 | 241 | 2035|495 | 133] 625| 7750 0.61 0.05
8 1160 | 309 | 1915|495 | 132] 625 5460
™ 1730 | 307 | 3825490 | 127 ] 625| 6730 13 0.18
T10 1150 | 310 | 19.15] 495 | 127 | 625 3760
Ti1 820 | 432 | 1915] 495 | 127 [ 625 | 409.0

TABLE 5.1.a(Cont'd) RN College Tests

Geometrical and material details
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Model S o Cys E Ec MAI\T(SII\I{A%H LR
Number N/mm2 | N/mm N/mm 2 | mm 50 Ao A(an Aos Ao
F1 2220 238.0 | 190000.0 | 2.3 477 20 -2.001.09 039 -0.29
F2 227.0 2620 | 190000.0 | 2.3 896 20 -2.011.10 0.73 -0.54
F3 195.0 250.0 190000.0 | 2.3 628 20 -2.0{1.02 1.06 -0.79
F4 188.0 208.0 190000.0 | 0.2 628 2.0 -2.0{1.00 140 -1.05
FL1 321.0 321.0 190000.0 | 0.0 1.89 2.0 -20{0.78 0.64 -0.48
FL1S 321.0 321.0 190000.0 | 0.0 1.89 20 -2.0{0.78 0.64 -0.48
FL2 247.0 219.0 190000.0 | 0.0 1.89 20 -2.0{0.68 0.64 -0.48
FL2S 247.0 219.0 190000.0 | 0.0 1.89 2.0 -2.0{0.68 0.64 0.48
T1 190.0 208.0 190000.0 | 0.0 7.1 2.0 -2.0{0.89 1.36 -1.02
T2 188.0 2780 1900000} 1.6 588 2.0 -20}0.74 097 -0.72
T3 184.0 184.0 190000.0| 2.6 733 2.0 -2,0[0.88 1.09 -0.82
T4 196.0 287.0 190000.0{ 1.6 549 20 -20pP.74 0.78 -0.59
TS 201.0 2617.0 1900000 | 0.0 454 20 -200.72 1.13 -0.85
T7 247.0 262.0 190000.0| 2.6 448 20 -200.79 0.86 -0.65
T8 250.0 267.0 190000.0| 2.3 256 2.0 -2.0p0.59 0.61 -046
T9 259.0 293.0 190000.0{ 3.0 388 20 -2.0{0.89 0.74 -0.56
T10 292.0 279.0 190000.0| 0.0 253 20 -20[0.63 041 -0.31
T11 281.0 286.0 190000.0{ 0.0 128 2.0 -2.0[0.44 045 -0.34

TABLE_5.1.a(Cont'd) RN College Tests

Geometrical and material details
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%"rﬁﬁir b t hW t, |bs [ty L AOMEASURED

mm mm | mm mm | mm mm mm mm 00

7 457.0 95 11525 160 | 00 | 0.0 | 1830.0 |2.5 1.7
14 4570 | 95 1525 {160 | 00 | 0.0 | 18300 |15 6.0
12 4570 | 95 | 1525160 | 0.0 | 0.0 | 18300 |70 2.6
8 4570 | 95 1525|160 | 0.0 | 0.0 | 18300 |14 0.9
13 4570 | 95 1525|160 [ 00 | 0.0 | 18300 {06 5.8
11 4570 | 95 | 1525160 ] 00 | 00 | 18300 |59 1.84
D22 4570 1100 | 80.0)120 J 0.0 | 0.0 | 18300 |16 12
D21 4570 1100 | 80.0]120{ 00 | 00 | 18300 |14 5.7
D23 4570 100 | 800]120 | 00 | 00 | 18300 [14 14
D12 4570 1100 | 800} 120] 00 | 0.0 | 18300 |22 3.1
D11 4570 | 100 800120 [ 00 | 0.0 | 18300 |14 54
E23 4510 | 65 | 760) 12.5] %0 | 00 | 18300 |11 25
E21 4510 | 65 760} 1251 00 | 00 | 18300 |19 56
E22 4570 | 6.5 760 | 125] 00 | 00 | 18300 [2.7 13
E12 4570 | 65 760 | 125 1 00 | 00 | 18300 |16 1.7
Ell 4510 | 65 760) 125 | 00 | 00 | 18300 |16 6.3
PF2 2000 | 9.7 | 1500 )151)]00 | 00 | 2700.0 |33 0.7
PF5 3000 | 100 | 1500 151 00 | 00 | 27000 |35 14
PF11  [3500 |98 [1500] 151] 00 | 00 | 27000 |33 1.6
SW1 4800 |97 ]1500)] 15100 |00 | 2700.0 |39 1.8
SW3 14800 |99 | 1500} 15100 | 00 | 27000 |27 2.7
sws  [480.0 |99 1500151 { 0.0 | 0.0 | 27000 |2.1 2.0
sw7 |480.0 |97 | 1500]151 00 |00 | 27000 |35 14
F§9 2000 | 99 | 1480} 98 | 0.0 | 0.0 | 30000 |32 0.9
FS4 2000 | 99 | 1480}98 |00 |00 | 30000 {20 0.5
9 4570 |95 | 1520] 95 | 00 | 90 | 18300 |25 0.7
AS2 2000 ] 104 ] 1520] 6.6 |38.0 |12.0 | 3000.0 |3.6 1.0
AF2 2000 103 | 1520) 65 {760 | 98 | 3000.0 |4.0 0.8

TABLE 5.2.a Manchester Tests

Geometrical and material details
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MODEL

C

E

MANG § MONASH!

YP Cys Ec LR.
NUMBER |\, mm 2[vmm 2n/mm? [mm (80 Ao Ao [80 Ay A,
7 2547 | 2681 [2040000 | 00 |1.75 20 200233 20 -15 3
14 254.7 |268.1 [2040000 | 00 [1.75 20 20(233 20 -15 3
12 2547 | 268.1 2040000 | 00 175 20 20(233 20 -15 3
8 262.1 [ 2620 12040000 | 00 1175 20 201236 20 -1.5 3
13 2755 | 262.0 [2040000 | 00 [1.75 20 20242 20 -15 3
11 2755 | 262.0 |2040000 | 00 [175 20 20 {242 20 -15 3
D22 2443 | 287.0 2040000 | 00 |175 2.0 20228 20 15 3
D21 2430 | 2560 2040000 | 00 |175 20 20(228 20 -15 3
D23 2432 | 2894 2040000 | 80 [175 20 201228 20 15 3
D12 2336 | 2523 [2040000 | 90 175 20 20]223 20 -15 3
D11 2829 | 290.7 |2040000 | 00 [1.75 2.0 20]246 20 -15 3
E23 3298 | 369.5 2040000 | 00 |265 20 20]265 20 -15 3
E21 3356 | 3533 |2040000 | 00 [265 20 20267 20 -5 3
E22 3432 | 3896 [2040000 | 80 [265 20 200270 20 5
E12 3347 13779 |2040000 | 00 |265 20 20266 20 -15 3
Ell 3359 | 3740 2040000 | 00 [265 20 20267 20 -5 3
PF2 3560 | 4080 |2040000 | 00 |14 30 231121 30 23
PES 4130 | 4160 |2040000 | 00 |21 30 23]195 30 23
PF11 3790 | 4100 [2040000 | 00 |25 30 231218 30 23
SW1 382.0 |4280 [2040000 | 0.0 |35 3.0 23300 30 23
SW3 3840 | 4220 |2040000 | 00 [35 3.0 230300 30 23
SW5 | 4080 | 4090 [2040000 | 00 |35 30 231310 30 23
sW7 4180 | 434.0 [2040000 | 00 14 30 23{313 30 23
FS9 3460 | 4100 [2040000 | -1.0 |14 33 25119 33 25
FS4 357.0 | 4100 {2040000 | -10 14 33 25)121 33 25
9 2620 2730 2040000 | 00 |175 20 25(236 20 -1.53
AS2 3670 | 4100 |2040000 | -3.0 [14 33 251122 33 25
AF2 3540 | 4100 (2040000 | -3.0 |14 33 25120 33 25

TABLE 5.2.a(Cont'd) Manchester Tests

Geometrical and material details
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Model MEAS D
Nuorg:)er b o Pwtw| bt L Bo+ XEE 80
mm mm | mm mm | mm | mm mm mm
la 609.6 8.00 1394 |7.21 |[790 1422112192 |085 -1.58 3.66
2b 304.8 7.37 | 1048 |538 | 44.7 953115240 |1.52 -091 1.83
3b 304.8 640 | 709 |4.65 |279 635 {15240 |2.89 -259 457
4a 254.0 643 | 704 4385 1277 635 |12192 280 -2.19 206
609.6 643 |106.5 |5.33 {462 9.53 {15240 |122 -031 6.10
609.6 632 | 69.8 |4.55 | 274 635 |1219.2 244 -146 1762
7 609.6 6.30 [105.5 |5.15 |45.2 9.53 |15240 107 -031 5.73
Model s, S Cye E TEST |PRESENT METHOD
Number N/mmz N/mm 2 N/mm2 IN/mm 2 ® |d® %HERROR
la - ]25334 | 257.98 }207000.0| 0.752 | 0.760 1.1 ’
2b 87.54 |264.16 | 279.60 ]207000.0| 0.845 | 0.876 3.7
3b 11020 |256.43 | 227.08 |207000.0] 0.604 | 0.572 -53
4a 10092 1268.79 | 237.89 |207000.0{ 0.820 | 0.751 -84
S5 4120 |[251.80 | 234.80 |207000.0| 0.708 | 0.605 -14.6
53.55 }261.07 | 245.62 |207000.0} 0.482 | 0.459 4.8
7 24,72 1295.05 | 310.50 ]207000.0] 0.622 } 0.594 4.5
MEAN= 4.68 %
SD = 600 %

TABLE 5.4 . Smith Tests
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Number of test models Number of test models

Number of test models

N
o

-
wn

—
Q

w
o

N
o

-
o

[y
»

—
N

wn

-30 -20 -10 0 10 20 30 40
% ERROR

L.R. results

.40 -30 -20 -10 0 10 20 . 30
% ERROR

Present method results

MEAN = -3.65
SD =1370

©

.40 -30 -20 -10 O 10 20 30 40
% ERROR

Cambridge results

Figure 5.1.a Percentage error of results for 75 tests

-98-



MEAN = - 18.66

—y
N

SD = 16.88

—_
o

Number of test models

-70 -60 -50 -40 -30

-20 -10 0
% ERROR

Manchester Results

10 20

20

MEAN = - 3.12
SD =1245

Number of test models

-40 -30 -20 -10 0 10 20 30 40
% ERROR
Monash results
Figure 5.1.b Percentage error of results for 75 tests
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Predicted values
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Lo 8 Manchester Tests
' ® RN College Tests .
®
1 X Imperial College tests ° x
084 B AREtests PEs o
S o ASA
(Sy a Egl
0.6 (-
am
1 a
' xe ¢
a
0.4+ ® @
0.2 v T v T p I — .
0.2 0.4 06 =1 0.8 1.0
O.
Experimental values
Figure 5.1.c Correlation with test results
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Figure 5.2.a_ Unloading curves for test models.

Correlation with test results.
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Figure 5.2.,b. Unloading curves for test models.

Correlation with test results.
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Figure 5.2.,c  Unloading curves for test models.
Correlation with test results.
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Figure 5.3.a Unloading curves for stiffened panels.
Correlation with numerical results.
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CHAPTER 6
Hull girder longitudinal i

6.1 Intr ion review;

The hull girder is a three-dimensional structure. The collapse of such
a structure involves various combinations of failure modes. Limit state
analysis is more complicated than elastic response due mainly to the non-
linear behaviour of the material and structural components. The structure
may fail by local plasticity, buckling or fracture. A review of the collapse
of the components by buckling and yielding is presented.

Although the finite element method remains the only technique to deal
with significant interaction between various local failure modes,
researchers have used less rigorous approaches, for economic reasons.

The common approach, which might be called "component approach”,
in which the ultimate strength of the hull girder is derived by considering
failure of the structural components in the the cross-section using step by
step failure and post-ultimate behaviour of elements [48], [49], [50], [51].

Caldwell [46] presented a simplified method to evaluate the ultimate
longitudinal strength under sagging loading based on the scantlings and
material proprieties of its modelled cross-section. The procedure
introduced an instability factor for predicting the maximum strength of
the components in compression. However the paper did not itself develop
the instability ratios needed for deck, side shell, and bottom structures.
This was added by Faulkner in the discussion [46]

Stavovy [47] presented a review and discussion of the literature related
to work done in predicting ultimate strength of box girders. The report
includes strength formula for the elements of hull girders under axial
compression.

Other numerical approaches [48], [49], [50], [51] included in the analysis
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both pre- and post-buckling ranges. Reference ([51] is particularly
interesting by its incorporation of horizontal as well as vertical bending
and for making predictions on a probability basis for comparison with a
historic failure.

In references [53], [54], three dimensional non-linear finite element
modelling is used. Initial imperfections were allowed for with the
perturbation approach. In addition to the interaction of various failure
modes, the dynamic response of the ship hull girder is analysed, which
explains more accurately the behaviour of an unstable structure. The
method was applied to four different structural arrangements [53].
However it does not include the effect of residual stresses.

6.2 Hull failure versus component failure:

By idealising the geometry of a hull girder, the ultimate strength can
be studied. The problem has been the uncertainty regarding the boundary
conditions and the interaction of different modes of failure of the
components in the cross-section. It has also always been difficult to
represent the structure rationally because of the various loadings which
the hull girder undergoes and the complexity of the geometry of the
structure.

In linear beam theory, although the strain is proportional to the
distance from the neutral axis, the stress varies non-linearly due to shear
lag and effective width effects. However, it is expected that the girder
strain will increase to a stage where either the yield strength of the flange
(deck or bottom) is reached or the flange buckles. Initial failure occurs in
the weakest component of the ship hull girder. It is therefore important to
know the ultimate strength for such elements.

A panel failure mode has to be defined and modelled before being
accounted for in the analysis of a hull girder. The results depend on what

modelling is used of the panel. For instance, in transversally framed
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structures a deck panel modelled as an orthotropic element will have a low
buckling stress. However, a typical plate element between transverses
will have a relatively higher buckling stress. This modelling would
indicate that global grillage buckling could be the dominant failure mode
rather than the local buckling of plates between transverses and this in
general will not be true. Modelling of "hard spots” formed by the
intersection of deck and side panels, bottom and side panels, or bulkheads
with either deck or bottom, is important to incorporate into an analysis
evaluating the strength of the hull girder. Hard corners modelled either as
fully effective or half effective can give a considerable difference in the
results of the ultimate moment, especially for transversely framed ships.

When first failure occurs (failure by compression), the panel loses
some of its current load-carrying ability. This disturbs the equilibrium of
the hull girder which increases its curvature until load redistribution to
achieve equilibrium is reached.

It should be noted that the collapse of one panel increases the
possibility of collapse of another panel. When a panel collapses in the
compression flange of the box girder, the axis of zero strain moves
towards the tension flange. This then, decreases the possibility of tensile
yielding, while greatly increases the possibility of further panel collapses
by compression.

Failure of the cross-section can be achieved by a series of local
collapses and collapse of the cross-section progresses as successive
components fail. Many structural elements can collapse before the
ultimate load of the hull girder is reached.

6.3 Failure modes:

Box girders may fail by yielding, instability or fracture. Instability is

an overall behaviour unlike fracture which concentrates on the strength at

specified points. Failure by yielding or instability will be described

herein:
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6.3.1 Plate instability;

Under compressive loading, arising from bending of a ship, the plate
elements may buckle between longitudinal girders. This type of failure is
characterised by early collapse of the plates before dominant yielding
occurs in the stiffeners and hence, the ultimate load of the stiffened panel
is reached before stiffener failure occurs.

In this sense, ultimate load of plates is not sufficient and a knowledge
of the behaviour of the plate for the entire loading is important for
analysing grillage failure. One means of doing this is to describe the
behaviour of the plating by stress-strain or load-shortening curves.

Curves of this kind, based upon numerical analyses and experimental
results presented in references [28], [30], are reproduced here in Figs. 1.1
and 1.2. These curves show that the post-buckling strength of nearly
perfect plates with little residual stress and initial distortions with b/t >
50, is categorized by a rapid reduction in load. For plates having a
considerable residual stress and initial distortion and for nearly perfect
plates with b/t < 40, little, if any, load reduction occurs after maximum
load.

In existing grillages which often contain heavy welding, the ultimate
load will not normally be reached until the compressive strain is well
beyond the yield strain €,. At this point extensive yield will normally

Yy
occur in the stiffeners.

6.3.1 Interframe flexural buckling :

Collapse is a column failure by flexural buckling of stiffeners and
plating between transverse girders. This mode of failure is characterised
in two types:

(a) Plate induced failure (buckling towards the stiffener)

(b) Stiffener induced failure (buckling towards the plating)

In this kind of behaviour the panel formed by the plate-stiffener
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combination is assumed to behave like a beam-column and account taken
of reduced plating stiffness and buckling is purely flexural.

The direction of buckling is often influenced by the direction of initial
distortion of the stiffeners. Initial distortion will normally induce
buckling towards the stiffener. In a few cases, initial distortion may be
oriented towards the plating inducing buckling towards this direction.
Flexure of the span towards the stiffener in one frame may induce
buckling towards the plating in an adjacent span. This arises from
structural continuity and carry-over moments.

Numerical analyses show that where buckling occurs towards the
plating, the collapse load may be substantially less than where collapse
occurs towards the stiffener. This is more pronounced in slender columns.
Here is less difference where plating stiffness is reduced by residual
stress and buckling effects.

Collapse is influenced by the magnitude and distribution of residual
stresses in stiffeners. The panel is affected strongly by the presence of
compressive residual stresses in the plating.

Significant coupling may occur between adjacent spans, particularly in
a structure with high interframe slenderness. In some cases, in spite of
the upward (towards the stiffener) direction of initial deformation in both
spans, upward buckling in one half span with large deformation may
induce downward (towards the plating) buckling in the adjacent span and
hence collapse at a load substantially less than that for upward buckling.
More details in the subject can be found in ref. [30].

6.3.3 Stiffener tripping:

This kind of failure may occur in panels with torsionally weak
stiffeners (Flat bars or narrow flanges) or stiffeners which are short
relative to their depth. Lateral-torsional instability may also occur in
connection with flexural buckling where flexure occurs away from the

stiffener therefore inducing compression in the outstand. Elastic tripping
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can be estimated using folded-plate theory [30], [63) or finite element
methods. Faulkner [61] presented a linear elastic formulation for flat and
cylindrical shell elements and the report provides an improved
understanding of lateral-torsional buckling and of interactive buckling
effects in the plating. With the advent of general non-linear finite
element analyses, it is now possible to tackle inelastic tripping.
6.3.4 verall grill instabili

This kind of failure involves bending of transverses as well as
longitudinal stiffeners. This type of failure is more likely to occur in
lightly stiffened panels.

Provided that lateral-torsional instability and overall buckling are
avoided, the inelastic interframe buckling will be the dominant collapse

mode in connection with longitudinal strength of hull girders.

6.4 Numerical procedure;
6.4.1 Introduction:

The numerical procedure presented here is similar to the one in
reference [28] but, for the tangential-strain curves accounting for the
stability of the components, the modelling presented in cﬁapter 4 isused.

A simple procedure based on cross-section modelling is used to study
the ultimate strength of a hull girder. In this approach the collapse of the
hull girder is due to failure of local structural elements rather than an
overall simultaneous instability. Thus, what is assumed is that there is no
significant interaction between various local failure modes.

6.4.2 Modelling of the cross-section:

The cross-section is divided into elements defined by their geometrical

and material properties . The approach is based on an incremental

iterative procedure.

The failure modes considered are:

-115-



(1) Local plate buckling(beyond which the load-shortening
behaviour often changes)

(2) Inter-frame flexural buckling of stiffened plates.

(3) Failure by yielding.

The cross-section is divided into relatively small elements defined by
their area, distance from centroid of the element to an axis (usually taken
as the base of the bottom flange), as illustrated in Fig. 6.1, and a code
number related to a certain collapse mode or an effective tangential-strain
curve.

The loading is uni-axial compression or tension due to vertical bending
moment of the box girder.

6.4.3 Incremental procedure:

In order to follow the moment-curvature relationship, loading is applied
incrementally in terms of the curvature (@) and the procedure follows the
steps shown below:

1. Apply load incrementally in terms of curvature A@

2. Elemental strains are then estimated using a linear beam theory and

cumulative values are then estimated:

At-:ik=A(pk (Z;-Zyy) where (6.1)

Z; is the distance from element centroid to the base axis.
Zy, is the distance of theurrent neutralaxis of the cross-sectiorto the baseaxis.

3. Elemental stresses for each component are derived using the effective tangent

modulus and cumulative values are then calculated:

Ao,=Ag E, where E, is the effective tangent modulus of the i™ element.

%=1 A8 (6.2)
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The neutral axis of the cross section is calculated during each incremental loading and
is used for the next incremental loading. Ignoring the local inertia of the components,
the neutral axis is estimated as follows:

i=NE

ZEikAiZi

;EikAi

The instantaneous rigidity of the cross section (El)y, is calculated from the equation:

i=NE i

=NE
(EI)kaEEikAiii'Zsz;EikA_i (6.4)

1=1

(4) Incremental moments are estimated, and cumulative values are then derived:
AM, =EDy, Ao,
M =M,  +AM, (6.5)

P =, A0,
6.5 Results and comparison :
6.5.1 Correlation with test results :

6.5.1.1 Models of Dowling et al:
Two models, numbers 2 and 4, tested by Dowling et al {56}, [57] at

Imperial College, were chosen for comparison. The models failed by
flexural buckling of the stiffened panels in the compression flange.
Model 2: |

In the present analysis, model 2 was discretised, as shown in Fig. 6.2.
Dimensions and material parameters are listed in Table 6.1. Hard corners
formed by the intersection of side shell deck and side shell bottom were
assumed to have an elastic-perfectly plastic relationship during
compression and tension. Curves representing the stiffened panels were
derived using the present modelling, and those for plate panels were

derived using the same approach for a value of 0.4 for the column
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slenderness. Load-shortening curves representing components of the box-
girder are shown in Fig. 6.3.

Results obtained using the present approach in the sagging condition,
together with experimental results, are shown in Fig. 6.3. Good
agreement can be seen with test results.

Model 4:

Model 4 has the same overall dimensions as model 2, but with closer
stiffening. Dimensions and material parameters are listed in Table 6.1.
The subdivision of the cross-section into elemental areas is shown in Fig.
6.2.

The experimental results, and those obtained applying the present
approach, together with the load-shortening curves of the components, are
shown in Fig. 6.4. The results show good agreement.

6.5.1.2 Models of Reckling:

Two of the models tested at the Technical University of Berlin by
Reckling [58] were selected for comparison.

Collapse of model 23 occurred by buckling of the plate panel between
longitudinal stiffeners in the deck. Model 31 is characterised by an early
buckling of the deck panels. However, as noted by Reckling, the collapse
was delayed by the restraining effect of the side walls.

Model 23:

Dimensions and material parameters are listed in Table 6.2 and the
subdivision of the cross-section into elemental areas is shown in Fig. 6.5.
Results for the moment-curvature relationship, together with the test
results and load-shortening curves for the components, are illustrated in
Fig. 6.6. The results derived using the present approach show a
reasonable agreement with the test results.

Model 31:

The descretisation of the model into small elements is shown in Fig. 6.5.
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Dimensions and material parameters are summarised in Table 6.2. The
predicted results for the ultimate moment and the strength of the
components forming part of the cross-section of the model, together with
test results, are illustrated in Fig. 6.7. The results give a  good correlation
with those presented from the test.
6.5.2 Correlation with numerical results:
6.5.2.1 RE 1

In reference [28], the ultimate strength of a destroyer type vessel is
evaluated. For the strength of the components, the authors used load-
shortening curves derived using the finite element program [28]. The
analysis was conducted for two frame spacings (L=1000 mm and 2000 mm) to
show the close correlation that exists between the hull girder failure and
that of their components. An attempt is made to compare the results
derived using the present method and that presented in reference [28]. The
cross section of the destroyer with the subdivision into elements is shown
in Fig. 6.8 and dimensions of the components are also presented. All
elements have a yield stress of 325 N/mm?2 and a Young's modulus of
207000 N/mm?2. An average magnitude of residual stress and initial
distortion was considered and a stiffener initial distortion A, /L =0.0013 was
assumed. The method shows that failure occurs by buckling of the
stiffened panels in the deck under sagging loading. As seen in Fig. 6.9,
doubling the frame spacing lead to a reduction in ultimate moment of 30%
in the sagging condition and 20% in the hogging condition, and the
moment-curvature pattern reveals a close correlation with the load-
shortening curves of the components forming part of the upper flange or
the bottom flange. The maximum moment occurs at or soon after failure
in the deck or bottom components. Results also indicate that the
assumption made for the "hard comners” may give rise to a difference in
the results, as illustrated in Fig. 6.10, where hard corners were considered

to be half effective, during the sagging condition. The results then
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decrease by 5 and 1% for the frame spacing L=2000 mm and 1000 mm
respectively. During hogging loading the results then, decrease by 4.3
and 3% for the frame spacing L=2000 mm and 1000 mm respectively.

In general, the present approach provides good agreement with ARE
results concerning the ultimate moment, a mean error having a value of
-5.4% and a standard deviation of 3.8%, the highest error (-10.4%) was
experienced for the sagging condition at the frame spacing L=2000 mm,
which is due to the difference in the maximum strength of panels forming
part of the deck for the the two predicted values (0.79 and 0.74). The
discrepancy, however, in the post-ultimate strength is more pronounced,
particularly at the lower frame spacing, this is due to the differences in
the post-ultimate strength of the components between the two methods
(illustrated in Figs. 6.10.b and 6.10.c).
6.5.2.2 finite el nt pr resul

The method is applied to a cross-section of a tanker [{53]. USAS (53] is
a non-linear finite element program able to model a three-dimensional
structure and analyse the dynamic response of the structure. The vessel
has full longitudinal framing. The longitudinal girders were treated as
beams with bi-linear representation for the average stress-strain being
assumed. The stiffened panels consisted of longitudinal stiffeners and an
effective width of plating which were treated as a beam-column (the
analysis involves only the plating and the longitudinals and not the heavy
transverses).

The cross-section of the tanker is presented in Fig. 6.11 and the results
are illustrated in Fig. 6.12. The value of M, /Mp derived using USAS is
0.98 for the sagging condition and the value of M /Mp derived using the
present approach is 0.96 which shows a good agreement.

The results show the high effectiveness of the structure where the

column slenderness varies in the range (0.9 to 2.4) for stocky panels.
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Code number related to a
defined collapse model

Hard corner -

element ,area A .

1 Elastic Neutral

Z

- -~ N ~=— =

ZN Distance from The neutral axis of the cross-section to the base axis.

Z;, Distance from element centroid to the base axis.

Figure 6.1  Hull girder subdivision into elements
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Model 2 Model 4
1. Compression flange
Plate thickness (mm) 4.86 5.02
Stiffener spacing (mm) 241.3 120.65
Plate yield stress (N/mm2) ) 297.3 221.0
Plate Young's modulus (N/mm® ) 208500 207000
Stiffener dimensions (mm) "L" 50.8%4.76 "L" 50.8*4.76
) 15.9%4.76 15.9%4.76
Stiffener yield stress (N/mm” ) 5 276.2 2879
Stiffener Young's modulus (N/mm”) 191500 199200
2. Tension Flange
Plate thickness (mm) 4.86 494
Stiffener spacing (mm) 241.3 120.65
Plate yield stress (N/mm?2) 297.3 215.6
Plate Young's modulus (N/mm ) 208500 208700
Stiffener dimensions (mm) "L" 50.8*4.76 "T" 50.8*%6.35
I5.9%2776
Stiffener yield stress (N/mn ) 276.2 303.8
Stiffener Young's modulus(®N/mm?) 191500 206200
3. Side Flange
Plate thickness (mm) 3.36 494
Stiffener spacing (mm) 273.05 08.425,114.3, 111.125
Plate yield stress (N/mm? ) 211.9 280.6
Plate Young's modulus (N/mm ) 216200 214100
Stiffener dimensions (mm) "L" 50.8*%4.76 "L"  50.8*4.76
15.9%4.76 15.9%4.76
Stiffener yield stress (N/mm? ) 276.2 287.9
Stiffener Young's modulus(N/mm ) 191500 199200
O
= 0.2 0.2
9
%0. 1/400 1/800
%9. 1/1000 1/1000
Experimental ultimate moment 1542.7 22124
(kN.m)
TABLE 6.1  Models 2 and 4 of Dowling et al.
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Model 23 Model 31
1. Compression flange
Plate thickness (mm) 2.50 2.50
Stiffener spacing (mm) 85.71 120.00
Plate yield stress (N/mn'? ) 246.0 246.0
Plate Young's modulus (N/mm ) 210000 210000
Stiffener dimensions (mm) "L" _30.0%2.50 "L"  30.0%2.50
20.0*2.50 20.0%2.50
Stiffener yield stress (N/mn? ) 246.0 246.0
Stiffener Young's modulus(N/mm’~ } 210000 210000
2. Tension Flange
Plate thickness (mm) 2.50 2.50
Stiffener spacing (mm) 85.71 120.0
Plate yield stress (N/mn?) 246.0 246.0
Plate Young's modulus (N/mm?2 ) 210000 210000
Stiffener dimensions (mm) "L"  30.0*2.50 "L"  30.0¥%2.50
20.0¥2.30 20.0%2.30
Stiffener yield stress (N/mn?2 ) 246.0 246.0
Stiffener Young's modulusqN/mm? ) 210000 210000
3. Side Flange
Plate thickness (mm) 2.50 2.50
Stiffener spacing (mm) 100.0 133.33
Plate yield stress (N/mn?2 ) 246.0 280.6
Plate Young's modulus (N/mm ) 210000 214100
Stiffener dimensions (mm) "' 30.0%2.50 "T"  30.0%2.50
Stiffener yield stress N/mn” ) 246.0 246.0
Stiffener Young's modulus(N/mm™~ ) 210000 210000
(0%
= 0.2 0.2
9
o 0.25 0.55
tp
%9. 1/1000 1/1000
Experimental ultimate moment 249.37 215.9

(KN.m)

TABLE 6.2 Models 23 and 31 of Reckling
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Model 23

Model 31

Figure 6.5 Models of Reckling
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CHAPTER 7

Conclusions

7.1 General discussion and future work:

The aim of the research work outlined in this thesis has been to
develop a simplified design approach for the evaluation of strength of
longitudinally stiffened panels under compressive loading. Maximum
load capacity and post-buckling strength are included. The approach was
carried out using a parametric analysis with the aid of a finite element
computer program.

A review of the strength of unstiffened and stiffened panels has been
presented relating to work done in carrying out such analysis and to test
results.

Parameters found to have a significant influence on the behaviour of
stiffened plate panel under compressive loads were, plate slenderness,
column slendemness, plate residual stress and initial distortions. Of less
significance were stiffener to plate area ratio and stiffener residual stress.

The present simplified analytical approach for deriving the ultimate
strength of stiffened panels subjected to uni-axial compression and for
accounting for a number of geometrical and material parameters effects,
including post-ultimate strength, shows a reasonable correlation with test
results and rigorous numerical techniques. The importance of the method
lies in its simplicity to incorporate in a program analysing the ultimate
strength of a box girder.

The effect of initial distortion and residual stress is restricted to three
magnitudes (as explained in paragraphs 3.2.3 and 4.4.3) and the adoption
of one of these in design level will allow these effects to be incorporated
in a more general approach.

It has been noticed (paragraph 3.2.4) that the assumptions of the

applied load following the shifting of the neutral axis and that of not
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following the shift gives rise to considerable differences in the results.
This perhaps suggests the need for more tests in order to recommend the
more realistic approach. Meanwhile, adopting the shifting neutral axis
approach is recommended.

It has been noticed from the series of the parametric analysis (chapter
3) that stiffener to plate area ratio has a slight effect on the maximum
strength which increases with the increase of stiffener to plate area ratio.
The effect, however, is very pronounced on post-buckling strength. An
increase in the stiffener to plate area ratio improves the load carrying
capacity, which is more dominant for low and moderate values of plate
slenderness. The stiffened panel behaviour path in the unloading range
changes from a sudden sharp pattern to a less severe and gradual process.
A realistic representation of such behaviour requires the modelling to
include the stiffener to plate area ratio.

It has also been noticed that more complete modelling should take into
account all parameters governing the strength and covering the entire
loading range. Panels in the unloading range behave differently in a non-
linear and complicated pattern and, in order to achieve a more accurate
representation of such behaviour the modelling may need more than the
present two state modelling for the unloading path. Nevertheless such
modelling has recently (67] proved valuable for system strength modelling
in TLPs. The present investigation has also been restricted to low and
high values of column slenderness.

Achieving an optimum of simplicity and accuracy in a design approach
is a state-of-the-art in itself, and an accurate representation of the
buckling of stiffened panels in a simple way is still a difficult task. In
spite of the reasonable accuracy of the present method, its procedure
needs to be further improved and simplified, yet it should retain a
reasonable degree of accuracy for design purposes.

From the numerical analysis, non-dimensional design curves have been

produced which enable the ultimate load to be determined for various

-138-



levels of panel parameters.

Using the proposed modelling, some hull girder configurations have
been analysed to determine the moment-curvature relationship. The
results show high correlation that exists between hull failure and that of
the elements forming part of the compression or the tension flange, as
well as the post-ultimate strength. Longitudinally framed vessels show a
relatively high residual strength in regard of these of the components.

The work presented here identifies some areas where further studies
may advantageously be pursued. These are:

(a) Failure of panels by tripping of the stiffener and coupling of
tripping and flexural buckling and the need for more tests and numerical
investigation covering the lateral stiffener buckling with interaction from
plate instability effects.

(b) Effect of eccentricity of the applied loading on the strength of
stiffened panels. This parameter remains an unknown quantity in tests
and a small change in the position of the applied loading can influence the
direction of buckling.

(c) A design approach must account for residual stresses and initial
distortions. In this connection, a survey of initial distortions and
measurement of residual stresses during the process of welding is needed
in order to adopt reasonable tolerances during design. In particular the
use of the present combined parameter requires examining for larger
values [68].

(d) During any future tests, grillages of various number of bays should
be tested in a realistic approach to the behaviour of actual marine
structures by accounting for the interaction of one span with another.

(e) The assumptions made for the hard corners in box girders, and the
need for full scale tests on collapse of box girders to determine the
effective area of hard corners which resist buckling. The elements formed
by the intersection of decks and side shell, bottom with side shell or

bulkheads with decks or bottom are termed as "hard corners”, and are
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generally assumed to be stiff enough to resist buckling. Using the
numerical approach for deriving the strength of the box girder, the
modelling of these elements can strongly affect the maximum strength of
the hull girder. In an extremely flexible design [51] such hard corners

provided most of the longitudinal strength.
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