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Abstract

The evolution of thin walled structures has made it possible to minimise the
gross weight of the marine and aerospace structures to a substantial extent and
substantially enhanced the operating capability. Since then, the design
optimisation of thin walled structures has become a necessity and major focus
to maximise the capacity with adequate level of safety with minimum cost and
material. In general, marine and aerospace structures need higher factor of
safety and reliability compared to land based structures. The modern structural
engineering capabilities have grown to such an extent that it can handle
majority of the real life problems at extreme level of accuracy. Adequate
theories and techniques are developed to predict the behaviour and
performance of the structural systems. Standard rule based design codes are
also available for a better design of similar structures of any size and capacity.
The efficiency of any method or procedure for the structural strength
assessment or design optimisation is significantly dependent on the
performance of the strength model. A subtle enhancement of the strength model
may contribute a lot for a better overall design and cost of the structure. In this
thesis, two typical thin walled structural components used extensively in
marine structures are studied in two different perspectives to propose better

strength models to illustrate the scope and possibilities in this area.

Stiffened plates are the fundamental building blocks of steel ships and other
marine structures. The fabrication processes including sizing and welding will
develop geometrical imperfections and residual stresses in the stiffened plates.
Available design codes and analytical formulations for the strength prediction of
these structural components are incorporating the imperfection effects with a
suitable correction factor and it may not always predict the real strength. The
imperfection sensitivity is closely related to the topological structural instability
in certain bifurcation forms defined in Thompson and Hunt (1984). For thin

stiffened panels the distortion is not always reducing the structural strength



Abstract

according to Pretheesh et al. (2009). This obscurity or uncertainty indirectly
introduces an added or reduced safety margin in the design of structures.
Rigorous numerical studies are carried out to understand the contribution of
parametrically defined imperfections and its interaction effects on the buckling
strength of the structure. Design curves are proposed to predict the strength at
various levels of imperfections with respect to appropriate structural
slenderness to produce more realistic and accurate predictions of the overall

structural performance.

Cylindrical shells are one of the major structural components in offshore
engineering world. They are particularly important in buoyant semi-
submersible and Tension leg type offshore platforms. The legs of these
structures are generally and most likely made of stiffened cylinders because of
its inherent capability to resist high axial loads and bending moments with
lateral pressure loads. The strength of stiffened cylinders is predicted by many
practicing codes satisfactorily. The design process becomes more and more
accurate and beneficial as the robustness and accuracy of prediction increases.
A large number of experimental test data are collected and based on the analysis
of these data, an existing formulation is modified to propose a better strength

model compared to the most widely used codes of practice.

The modern design approaches consider reliability as one of the essential
criteria to be satisfied for structural integrity. The proposed strength models of
the two structural components are used to conduct the reliability analysis of
these structural elements. The reliability analyses of these structural

components are carried out with RSM also and the results are compared.

Xix



Chapter 1. Introduction

1.1 Background

The design of offshore structures and ships has developed and became a
matured field of engineering science over the last centuries with the
contributions of scientists and researchers from around the world. One of the
major characteristic of technological development is that it will never be
satisfied and never stops to grow, it always strive for excellence. Today’s
technology is capable of installing offshore facilities or building ships of any
scale and size one would ever imagine. The change from wood as the major
material for construction to steel was one of the foremost turning point in the
revolution of offshore industry. Initial steel ships were very heavily built metal
chunks floating over the sea with limited operating features compared to
today’s ships. Then came the era of light weight structures to meet the new
challenge, they were high energy efficient, having better manoeuvrability,
reduced overall cost of construction, reduced operating cost, high load carrying

capacity etc.

The exploration of subsea oil fields during the end of 19t century and early 20th
century increased the demand for static offshore platforms for the recovery,
production, storage and transfer of petroleum products. The platforms went
through a development cycle from conventional fixed platforms to present day
semi-submersible via, compliant tower type, vertically moored tension leg and
mini-tension leg platform, Spar and finally Semi-submersibles. The modern
tension leg platform (TLP) decks are made of flat plates and the legs are of
stiffened cylindrical shells using steel material. The aspects of cost, installation,
maintenance and handling of these facilities ended up with light weight (thin)

plates and shells for the construction.

Over the years, the offshore structural engineering started to focus on the

development of efficient thin walled structural concepts for the use of offshore
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platforms and ships. There were many hurdles to be crossed for ensuring the
safe and guaranteed operation of light weight or thin walled marine structures
under various sea conditions. The strength requirements were the major
challenge as the plates become thinner. With proper stiffening methods and
load distribution techniques with appropriate geometrical arrangements of
components, designers could overcome the issues successfully. The knowledge
continues to grow up with lessons from various accidents and accidental

observations.

Due to the risk of leaking, the welding remains the major method for joining the
steel components in offshore industry unlike aerospace industry where the
major fastening method is riveting. Since the welding zone is being identified as
the major points prone to initiate fatigue failure of the structure, more
sophisticated techniques are imposed to ensure flawless welding and effective
investigation of the welded zones. The welding process introduces geometrical
distortions and weld induced residual stresses in the structure. These factors
affect the structure on its overall strength, aesthetics and when joining welded
blocks together, it becomes a serious issue. There are effective mitigation
techniques available to control and reduce the distortion to an allowable
tolerance level. These techniques are not that easy to implement and in general,
strictly followed over the areas where the blocks are to be joined together. This
result in substantial amount of distortion left knowingly or unknowingly in the
structure. The classification societies consider this problem with utmost care
and put stringent tolerances to ensure the levels of distortion minimum. This
often results in great amount of rework and cost huge amount of money,
material wastage and man hours. An optimised design based on the estimate of
strength allowing nominal distortion and residual stress can be proposed if the
consequences due to these factors are well understood and accounted. Although
there are many convincing approaches available to predict the strength capacity
of stiffened plated structures, the treatment of fabrication related imperfections,

the geometrical distortions and weld induced residual stresses are not
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addressed explicitly. The effect of weld induced geometrical distortions and
residual stresses and their interaction effects on the strength and behaviour of
plated structures seems to be not fully understood and often included in the
practicing codes and regulations as correction factors. But in reality, the
estimate often tends to be rather pessimistic or optimistic because of the
interaction effects and influences of other structural parameters. The issue
should be viewed in a broad canvas to portrait the effect of these factors
considering the structural parameters. An improved strength model for the
stiffened plate considering the effect of distortion and residual stress with the
interaction between these factors will help the designers to produce a rational
estimate of the strength of similar structures under the influence of these

factors.

The strength of stiffened cylinders is predicted by many practicing codes
satisfactorily. The design process becomes more and more accurate and
beneficial as the robustness and accuracy of prediction increases. Advanced
design methods and procedures are getting published from all corners of the
world. But the practicing codes could not always append all the refined or
essential recommendations timely. Most of the offshore platforms legs are made
of stiffened cylinders and any improvement in the predictive capacity of a

strength model will increase the efficiency of the structural design optimisation.

The modern design approaches consider reliability as one of the essential
criteria to be satisfied for structural integrity. The partial safety factor approach
has been proved superior to conventional factor of safety approach as it
provides a rational estimate of the parameter level structural requirements. The
reliability based design optimisation need a tool to predict the structural
capacity as accurately as possible. Hence the strength analysis of structures with
a higher degree of accuracy is quite important and crucial in the reliability
assessment. A robust analytical model for the structural response is the most

essential requirement for this purpose. In the absence of such models, say with
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the influence of distortion parameters and complicated loading conditions, a

validated numerical analysis tool is the immediate option.

1.2 Scope and Objectives

Target
Reliability

Reliability Design
Assessment Variables

Limit state Strength
function Models

Figure 1-1 Reliability based design cycle

The reliability based design is an iterative procedure where the design variables
are modified as shown in Figure 1-1 till the achievement of the target reliability
or safety level. The effectiveness of the procedure is majorly dependent on the
efficiency of the strength models to predict the structural response and the way

the reliability assessment is performed.

The overall objective of this thesis is to rationalise the above procedure for the
determination of the structural strength and reliability of thin walled
components used in the construction of marine structures by enhancing the
accuracy of structural strength models and suitably incorporating for the
reliability analysis. Being the major thin walled structural elements in the ship
and offshore industry, Stiffened/unstiffened plates and stiffened cylindrical

shells are chosen for the study in this thesis.
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The welding process induces geometrical imperfections and residual stresses in
the structure. These imperfections are assumed to have a deteriorating effect on
the strength based on many analytical and numerical investigations. There are

some concerns in a research point of view,

1.  Inreality, do these imperfections influence structural performance?

2.  To what extent the structural performances are affected?

This thesis presents an experimental study with varying geometrical distortions

and residual stresses to answer the above questions.

The influence of the imperfections for a general structural dimension with some
random imperfection cannot be directly interpolated from a limited number of
experimental test results. The most effective tool at present for engineers to
predict structural behaviour is the finite element method (FEM). When trusting

the numerical analysis tools, there are worries like,

1. How sensible are the failure modes predicted by FE models?

2. How accurate the FE models predict structural response?

3. What are the type and range of imperfections in panel structures?
4.

How big is the impact of imperfections for common ship scantlings?

This thesis illustrates the procedure to apply finite element methods for
unstiffened and stiffened plate panels incorporating fabrication induced
imperfection effects. The FE models will be validated with the experimental
tests. A comprehensive parametric definition of imperfection will be defined
because the existing parametric plate imperfection is not sufficient for the
application of stiffened panels. Design curves will be proposed based on the
imperfection parameters using the validated FE model for common structural

scantlings used in the ship building industry.

Considering the computational costs and efforts involved in the numerical

techniques, an analytical approach is always preferred by designers. There are
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many analytical methods available which can predict the response of the plate
panels quite sensibly. But none of the methods effectively incorporate both the
fabrication induced geometrical distortions and weld induced residual stresses.

So there are some issues prevailing as,

1.  How to deal with complex distortion patters in stiffened panels?
2. How to deal residual stresses and geometrical distortions together?

3. How the interaction between these two effects is accounted?

An empirical formulation will be developed which can incorporate the complex
geometrical imperfections and residual stresses in the stiffened panels and also

the interaction effects between these two factors.

There are number of design codes available to predict the strength of stiffened
cylinders under various loading conditions. The accuracy of the strength model
needs to be as high as possible to propose a sensible design catering all the
safety and reliability requirements. While following the design codes, there are

some apprehensions to be resolved like,

1.  How accurately can the major design codes predict the capacity?
2. How an analytical strength model can be improved?

3. How accurate is the proposed (improved) strength model?

A large number of experimental results will be collected and the major design
codes will be compared based on the prediction and the actual experimental
results. Based on the results a modified strength model will be developed so

that it can predict the results more accurately compared to the existing codes.

The reliability analysis needs a robust strength model to predict the structural
response for accurate estimation of safety and reliability. When carrying out the
reliability analysis with the new strength models, the following queries are

coming up.
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1. How to incorporate realistic imperfections of stiffened panels in the
reliability calculations?

2. How the parametric FE models can be used for reliability calculations?

3. Whatis the influence of imperfection effects on the reliability?

4.  How accurate is the proposed strength model for stiffened cylinder

predicts reliability compared to an FE model?

Even though the empirical or analytical methods can be used for the reliability
calculation incorporating the imperfection effects, it may be difficult to use
these models in complicated loading and boundary conditions with very specific
imperfection combinations. In such situations, we have to use FE models to
predict the structural strength. It is not a straight forward method to calculate
reliability with FE models. Response surface method will be used for the
reliability assessment of stiffened panels and the results will be compared with
the prediction from analytical reliability estimates. Similarly the analytical
estimate of reliability for stiffened cylinders using the proposed strength
models will be compared with the estimates from Response surface

methodology.
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2.1 Strength of Unstiffened and Stiffened Plates

Steel structures such as ships and offshore platforms, bin/bunkers, box girder
bridges and land-based structures, are mainly fabricated by welding as
assemblies of individual steel plate elements. If a ship structure is divided into
elements like stiffened and unstiffened plates, then around 80% of the ship
structure constitutes stiffened and unstiffened plates, and therefore they should

be designed for a set of failure modes that govern their states.

Historically, the earliest attempts to incorporate the plate buckling and its
effects of ship strength were made by Claldwell (1965) using simplified formula
where the ultimate moment of a mid-ship cross-section in the sagging condition
was calculated introducing the concept of a structural instability strength
reduction factor for the compressed panels. This factor would account for the
reduced strength of the cross-section due to early failure and uploading of some
plate elements. Smith (1977) developed a simplified approach to incorporate
the load shortening curves of the plate elements in the calculation of the hull
girder collapse. The ultimate strength of ship plates is very important from the
design and safety point of view because the collapse loads of plates can often act
as an indicator of the ultimate strength of the whole stiffened panel in ship
structures (Guedes Soares, 1992). The problem has been addressed for
centuries for the general plated structures and for several decades even with
regard to ship structures (Mansour, 1971). The methods which have been

proposed can be divided into,

1. Experimental method
2. Analytical or semi-analytical approaches
3. Finite element method

4. Empirical formulae based on either numerical or experimental results
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Most of the researchers studied longitudinal compression only. Steem (1995)
and Fujikubo et al. (1997) considered the combined load cases but they used

empirical approaches based on FE or experimental results.

Faulkner (1975) presented a comprehensive review of effective plating for the
use in the analysis of stiffened plating in bending and compression. He
presented the ultimate plate strength concepts, and how this is affected by
individual distortion, normal pressure and boundary condition. He presented
the reduced effective width concept for defining plate element stiffness, as
required for the use in the stiffened-plate collapse theories and proposed the
effective width concept with a new effective width formula, which become
widely popular. Faulkner presented the concept of initial distortion and welding
induced residual stress, but he assumed average value of these initial
imperfections in the effective breadth formulae. But attention should be paid to
take into account of different levels of imperfection according to Smith (1977)

while predicting the compressive strength of plate and stiffened plate.

Many of the beam column approaches used in the ISSC Technical Committee III.I
investigation as per Jensen et al. (1994), were developed from Smith’s method.
The main differences are in the derivation of the stress-strain (o-¢) relationship
of the individual components. For this reason, Jensen et al. investigated the
theoretical stress strain relationship of ten stiffened plates using different
methods. Significant variances were noticed between the predictions of a series
of stiffened plates. This was found to be a result of the use of different effective
width formulations and the integration of initial large deflection of the plate. As
an example of the care necessary in applying the effective width method,
consider the ultimate strength of a thin walled box structure. The effective
width of the complete box cross-section is obtained by adding the effective
widths of each of the component plates. However, the method assumes that
when any one plate reaches its ultimate load it is able to carry on shortening at
constant stress while the other (narrow) sides build up to their (higher)

maximum stress.
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Figure 2-1 Load/Shortening Curves for Steel Specimens (Dwight and Ratcliffe, 1969)

Figure 2-1 taken from Dwight and Ratcliffe (1969) suggests that the component
plates in a non-welded member do not in fact hold their load after reaching g,
but tend to shed it catastrophically, before the narrow sides reach their full
carrying capacity. This throws some doubt on the logic of the effective width
method of design when applied to non-welded members. The curves for welded
members do not fall off so sharply and hence the assumption of redistribution of

load as explained by the effective width method is applicable for welded

members.

Precise modelling of stiffened panels can be achieved by means of analysis tools
and computing power. Initial imperfections such as welding induced residual
stressed and initial deflections of the cross section can be explicitly
incorporated into numerical models. In a series of studies, Grondin et al. (1998,
1999) have considered the behaviour of structural elements under axial
compression, both experimentally and numerically. The goal of that study was
to investigate the tripping failure mode and validate with experiments, a
sophisticated non-linear finite element model that would allow a more

extensive study of the behaviour to be conducted numerically.

10
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Many simplified design methods to predict the ultimate strength of stiffened
plates have been improved, considering on or more of the failure modes. Some
of those methods have been addressed by the ISSC technical committee IILI on

the ultimate hull girder strength as explained in ISSC (2000).

Hoglund (1997) presented a comprehensive study of the shear buckling
resistance of steel and aluminium plate girders. Based on the ideal tension field
theory, Hoglund described rotated stress field theory, which is applicable to
unstiffened, transversely and longitudinally stiffened and trapezoidal

corrugated web girders.

Mahendran (1997) predicted an analytical study of two idealised collapse
mechanisms in plate elements under compression and presented the roof and
flip-disc mechanisms. It was postulated that initial knuckling and first yield
determine the post buckling collapse pattern. Based on solutions of Marguerre’s
equations for varying imperfections it was shown that plates with large
slenderness (b/t) ratios or large imperfections are more prone to collapse in the
flip-disc mode (sudden flipping to a sinusoidal wave form as a disk) whereas the
roof mechanism (develop plastic hinges as a triangle to mimic a roof like shape)
governs the collapse of thicker plates. The ultimate strength is determined as
the intersection between elastic solution of Marguerre’s equations and rigid
plastic solutions based on the two considered mechanism. Experiments verified
the predicted dependence of the mechanism on the slenderness ratio and
imperfections. By increasing the imperfections, it was possible to change the
collapse mode from the roof-type to flip-disc as predicted theoretically.
However, the experiments showed that the difference in ultimate capacity was

less than predicted.

Hughes & MA (1996a, 1996c) and Ma & Hughes (1996) presented and energy
method for the lateral buckling behaviour (tripping) of beams subjected to axial
load, end moment, distributed lateral load and a lateral point load. The classical

analysis based on a rigid web (i.e angles between members in the cross section

11
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are retained during the buckling) is extended to take into account of the
distortion of the web. A strain distribution along the stiffener is assumed and
the total potential energy function is derived. The study explored the effect of
plate rotational restraint and the previously unresolved question regarding
plate mode shape was solved. The accuracy of the method was verified using
ABAQUS. The analysis showed that for short beams the classical method may
seriously overestimate the critical load. In Hughes & Ma (1996b) the elastic
model was extended into the inelastic range, using deformation theory and
iterative and incremental formulation showing good agreement with the

experimental results.

Paik & Pedersen (1996) presented a method for prediction of the ultimate
strength of plate panels, which have welding induced residual stresses and
initial imperfections. The first part of the load deflection curve is determined by
elastic large deflection theory and post ultimate part by idealised rigid plastic
mechanisms. A comparison with 33 elasto-plastic FEA solutions shows good
agreement. Cui & Mansour (1990, 1999) adopted the same basic solution
methodology to investigate the effect of various parameters in the ultimate
strength. It was confirmed that in addition to the amplitude, initial deflection
shape has a significant effect on the ultimate strength values. Based on the
parameter study, empirical formulae were proposed for the strength reduction

due to geometric imperfections and the welding induced residual stress.

Gaudes Soares & Gordo (1996) emphasised the need for taking into account the
biaxial loading of plate panels. They presented a compressive literature review
for the ultimate strength of bi-axially loaded plates. Based on a total of 385 data
points they proposed new interaction curves for the ultimate strength of plates

subjected to a combination of longitudinal and transverse compression, given

12
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Where oy and oy are the longitudinal and transverse loads on the plate, ox, and
oyu are the ultimate strengths under uniform loading and R?sis a correction
term that depends on the initial distortions and residual stresses. The proposed
formulae are unbiased with less model uncertainty than other known

interaction formulae.

Pu et al. (1997) presented an extension to Faulkner’s original stiffened panel
model to include an effective width formulation by Guedes Soares (1988), which
explicitly considers initial imperfections. Comparisons with experimental data
reveal a bias of 1.09 and COV of 0.143 for the original model and a bias of 0.992
and COV 0.099 for the new model. Gaudes Soares & Gordo (1997) compared
three strength prediction models to experimental and numerical analysis
results for longitudinally stiffened panels under uniaxial compression and
lateral pressure. The methods attributed to Faulkner, Carlsen and the American

Bureau of Shipping (ABS) was compared to experimental results.

Paik et al. (1998b) investigated numerically the characteristics of tripping
failure of flat bar stiffened panels subjected to uniaxial compressive loads and

studied the accuracy of two available design formulations.

Paik et al. (1998c) studied analytically the characteristics of local buckling of the
stiffener web in the stiffened panels under uniaxial compressive loads. A plate
stiffener combination model is used as representative of the stiffened panel. The
elastic buckling condition for the stiffener web is analytically derived by solving
the characteristic value problem involving the governing differential equation
under the corresponding loading and boundary conditions. The closed form
approximate expressions for predicting the buckling strength of the stiffener
web are derived taking into account the influence of rotational restraints at the
plate stiffener connection and stiffener web-flange intersections. Finally design
considerations for preventing buckling of the stiffener were discussed,

especially for the flat bar stiffener case.
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Wang & Moan (1997) performed a study on the ultimate strength of stiffened
plate subjected biaxial and lateral loading. The objective was to assess the
beam-column approach used in design rules for ships and offshore structures.
Non-linear finite element analysis of two representative midship bottom and
deck panels from an offshore oil production ship were performed, for which the
corresponding ultimate longitudinal compressive strengths were calculated
taking initial imperfections into account. The calculated results were compared
with the prediction using a beam column approach. For the interaction of axial
compression and significant lateral pressure, it was found that the considered
beam-column model is non-conservative in plate induced failure mode, while it
is generally very conservative in stiffener induced failure mode. The bias
associated with the model was found to be a function of the transverse stress

and lateral pressure.

Hurst & Campbell (1997) presented a comparison of FEA modelling practice for
stiffened panel structures applying to SESAM package. The main focus of this
study was to determine how to model stiffened plate behaviour in global models
of floating structures. Results from 10 different FEA models representing the
same geometry were compared and recommendations for proper FEA
modelling were given. Also, Yao et al. (1998c) have studied the FEA modelling
principles for stiffened plates concluding that a triple span model is somewhat
better than a 2 span model for studying the collapse behaviour under combined

thrust and lateral loads.

Grillages are one of the major structural components of various onshore and
offshore structures. Generally, plates of ship structures are stiffened
longitudinally by stiffeners of a relatively small size and transversely by girders
of a large size. There are many kinds of strength formulations proposed for
predicting the ultimate strength of stiffened plates, but few are applicable to
grillages. Cho et al. (1998a, 1998b) have developed a robust ultimate strength
formulation applicable to grillages subjected to combined axial compression,

end bending moment and lateral pressure loadings. The generalised Merchant-
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Rankin formula is adopted as its basis. The prediction using the proposed
formulation provided improved accuracy compared with other existing
approaches, and optimisation can be performed on all the design variables for
grillage structures. Test results of stiffened panels which undergo loading far
beyond their ultimate state show the interaction of the tripping failure of the
stiffener. A simple equation is also derived to represent the average stress-

strain relationship of stiffened plates for post ultimate strength behaviour.

Cui et al. (2002) presented a simplified analytical formula to determine the
ultimate strength of plate considering the geometric deflection and residual

stress subjected to combined loading.

Sheikh et al. (2003) have studied the stability of steel stiffened plates of T-shape
section under uniaxial compression and combined uniaxial compression and
bending using FEM analysis. A comparison of numerical analysis results with
API and DNV design guidelines indicates that the guidelines lack the potential
interaction buckling phenomenon between various failure-modes i.e. plate,

stiffener, or overall buckling, which can cause a sudden loss of capacity.

Dunbar et al. (2004) have addressed the influence of local corrosion on stability
of a plat and then on a combination of plates forming a stiffened panel. Local
corrosion was applied to a stiffened panel with typical residual stress and initial
deflection values. A finite element model was verified through comparison to an
experimental model, followed by the creation of several models with local

corrosion.

Hughes et al. (2004) derived modified expressions for elastic local plate-
buckling and overall panel-buckling expressions from 55 ABAQUS eigen value
buckling analysis. Inelastic RIKS analysis for the ultimate collapse stress and
post collapse behaviour using ABAQUS FEM was conducted on their models.
Ultimate stress was also calculated using orthotropic methods. It was found that
for panels having crossover proportions, Orthotropic based methods are

unsatisfactory.
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Steen et al. (2004) have performed a direct calculation model (PULS) for the
calculation of ultimate capacity of stiffened panels, which was developed using
energy principles and non-linear plate theory according to Marguerre and Von
Karman. Extensive verifications were conducted by means of more advanced
numerical programs. This code is also recognised by ABS and Lloyds Register
and is available as the advanced analysis method in the Joint Tanker Project
(JTP) launched by ABS/DNV/Lloyd’s Register since January 2004, which led to

the development of IACS Common structural rules for tankers.
2.2 Initial Imperfections and Residual Stresses

A plate must be welded because it is a component of structure. This action
results in the distortion, which are called weld induced initial imperfections. To
evaluate the strength of a stiffened or gross panel element, it is necessary to
review various models taking into consideration of the initial imperfections and

damages.

It is a well-recognised fact that the magnitude of initial imperfection plays an
important role to affect (mainly to reduce) the ultimate strength of the welded
steel un-stiffened plate structures. A number of studies related to the influence
of initial imperfection on the collapse behaviour of the steel plate elements have
been carried out previously Dwight and Moxham (1969), Faulkner et al. (1973),
Carlsen & Czujko (1978), Koichi Masubuchi (1980), Ueda & Yao (1985) and Paik
et al. (2004). While shape of initial imperfection in unstiffened plate is normally
very complex, it has been realised that the shape of initial imperfection can
significantly affect the behaviour of the plate elements until and after the
ultimate strength is reached. Considerable research efforts have been devoted
to investigate the effect of welding induced initial deflection shape on plate
collapse behaviour (Ueda & Yao (1958), Paik & Pedersen (1996), among others).
The ideas developed by these studies are quite useful to accommodate initial
imperfection shapes into the ultimate limit state design of unstiffened plate

elements as a parameter of influence.
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The initial imperfection shape strongly depends on the aspect ratio of the
plating as well as on the other factors, such as material properties, welding
condition etc. according to the available sources, although the geometric
configuration of such initial imperfection is quite complex a simple approach
has been adopted to design the initial imperfection on the stiffened plate. Based
on the experimental measurements, Smith (1977) classified the initial

imperfection as slight, average and severe.

In the practical range of plate slenderness, the reduction of plate strength due to
the presence of distortions or of residual stress can be as much as 20% to 23%
of the perfect plate strength. If both types of imperfections coexist
simultaneously, it reduces the ultimate strength to a much larger extent. It is
worth mentioning that the effect of both imperfections is not equal to the sum of

the effect of each imperfection considered separately.

The residual stress problem should come out as a reduction in the stress
resistance of the steel. In the American code (AISC), they deal with this by
subtracting an amount from the specified yield stress of the steel and then using
that number for design. But the behaviour of the structure under this internal
stress state upon loading will not be reflected due to many reasons like the
complex residual stress directions, its non linear effects etc. So it is worth to
model the residual stress to the maximum possible accuracy for the judgement

of the effects produced.

There are different methods and approaches for the FE simulation of residual
stress. Different methods are adopted according to the level of the study. The
welding process involves the effects of combined thermal and mechanical
stresses and strains and hence the phenomenon of residual stress development
is extremely complex. A complete thermo-elastic-plastic welding simulation
may be required to evaluate the distortion of the structure and the residual
stress accurately. But when the focus of the study is to find out some of the

strength related parameter of the structure, the inclusion of the residual stress
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effects can be achieved through some simple methods. The variation in results
due to the approximation/exclusion on the actual thermo-mechanic
phenomenon can be made negligible by appropriately controlling the
parameters. If the detailed internal mechanics of the process is not targeted, the
simple methods provide good control, clarity and easiness while carry out

strength analysis.

According to Deaconu, (2007), there are three main coupled fields to be
considered for the welding process simulation, the microstructure variation, the
heat transfer effects and the associated mechanical actions. When we need to
analyse the mechanical effects of the welding, i.e. residual stress and distortion,
the metallurgy part can be neglected or suitably incorporated by material
description through the microstructure dependency on the temperature and
deformation. Since the heat generation trough the mechanical deformation is
negligible, the mechanics to heat flow coupling is weak, a sequentially coupled

thermal and mechanical analysis is the most widely used approach.

There are lot many people who made trial based on this technique and got good
results as well. Michaleris & DeBiccari (1996) has presented a good
methodology to predict the welding distortion using the thermo-elastic-plastic
method. Tsai et al. (1999) made some studies on the welding distortions using
the same method and they presented an optimum welding sequence to reduce
the distortion effects. They have considered the effect of residual stresses as
well. The studies conducted by Biswas et al. (2007), Mahapatra et al. (2006),
Murugan & Narayanan (2008) and many more deal with different aspects and

perspectives of welding process using the same thermo-elastic-plastic approach.

Chang Doo Jang et al. (2007) present the equivalent load method through
inherent strain. SSC-435 latter published this work as an accepted practice and
some bench marks are introduced for this procedure. The welding deformation
simulation is carried out in three steps. First step analyses the heat transfer to

calculate temperature distribution of each welding section with the given
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information on welding parameters. The FE model uses heat conduction
elements and considers convection in the surface and cooling rate is calculated
to determine phase transformation. The second step computes the degree of
restraint by the FE analysis. The third step calculates the inherent strain
components and their equivalent loads, and the welding deformation of a

structure is obtained by FE analysis.

Hu et al. (1997), Hu & Jiang (1998), and Hu (1993), introduce an effective
simplified method for incorporating residual stress using temperature strain.
They have conducted some physical tests to verify this approach. Derek Graham
(2007) used the temperature strain technique to effectively simulate the effect

of residual stress for some works in the strength of stiffened cylinders.

The above method produces additional deformation in the structure and will be
different from the initial geometric imperfections. To overcome this difficulty,
Hu & Jiang (1998) introduce a method to produce the real geometrical

distortions by suitably adjusting temperature within the structure.

The above method can also be adopted with no correction in the initial
imperfection when the deformation caused due to the temperature variation is
very less as shown by Imtiaz et al. (2001). The procedure can be simplified by
setting the initial temperature to the maximum value and then bring down to

the ambient value in one step.

A most simple and efficient method to incorporate the effects of residual stress
is by providing initial compressive and tensile stresses. This procedure does not
involve an analysis step and hence it is required to apply the forces in
equilibrium. This method provides facility to apply the stresses in all the three
directions. An efficient combination of the initial stress can well generate the
idealised pattern of residual stresses. The method is suggested in ISSC 2003.

The same pattern is followed if there is transverse welding.
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2.3 Strength of Stiffened Cylinders

Relatively stocky unstiffened tubes have been used for many years for land
based civil engineering and more recently for offshore platforms in shallow
water depths. However, the behaviour of stiffened curved think shells and
cylinders has only been studied seriously since the 1920s and 30s for the

emerging aircraft industries in Europe and the USA.

In the 1960s and early 1970s the offshore industry started drilling for oil and
designing fixed platforms in the deeper more hostile waters of the North Sea
and elsewhere. About the same time, some of the traditional ship classification
societies became certifying authorities for the design of offshore drilling and
production platforms. There had been several structural failures, and the loss in
January 1974 of the twin hull drilling barge Transocean Il caused a stir because
one of its two cylindrical legs buckled. This, take with the low redundancy
implicit in such designs, highlighted the need for greater knowledge for semi-

buoyant cylindrical structures.

In 1974, Marine Technology Directorate (MTD) of UK’s Science Research
Council (now the Science and Engineering Research Council) was created. In
1975 they commissioned a study in the UK to examine the state of structural
knowledge and to recommend future research in UK universities aimed to help
the offshore industry to understand such weaknesses and to provide a sound
basis for new design rules. In 1975, Faulkner undertook the study and started
with a questionnaire to the industry. Whilst the response from industry was
generally very supportive for R&D, the attitude of the Certifying Authorities
(CAs) was rather different. Bureau Veritas (BV) felt nothing more was needed
since Euler’'s work 200 years ago, and the reaction of Lloyd’s Register was
somewhat similar. DNV had created their first offshore structures code by 1974
and were undertaking their own research. This was loosely based on ultimate
limit state methods, coupled to partial safety factors that were in embryo form a

step towards reliability based methods. Recognising that this document as a
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good starting point for his own study, the author reviewed existing data as seen
against the DNV formulations, which was inevitably based on aircraft
technology. The general conclusions were that the rather free transfer of
technology from aerospace had left various shortcomings for predicting collapse
in welded steel structures. There was a tendency also to neglect the proper

curvature effects in collapse loads of axially stiffened cylinders.

As a result of the study, a jointly funded programme by the SERC and UK
Department of Energy was started for axial compression loads tests. Small scale
tests were undertaken at University College of London (UCL) and large scale
tests at Imperial College of London (ICL) and Glasgow University. Unstiffened
tubes were tested at AMTE (now DERA) Rosyth by Smith et al. (1977). White &
Dwight (1977, 1978) at Cambridge University reviewed the nature and
distribution of fabrication imperfections, as these were recognised as being a
very major difference from aerospace. They provided details of all these tests in

a state-of-the-art review of the buckling of offshore structures.

Faulkner became the Chairman of the Conoco-ABS RCC code drafting committee
and The Rule Case Committee (RCC) code was adopted but adapted by the
American Petroleum Institute (API) in 1987. Up to that time API had no rules
for stiffened cylinders. Unfortunately, the adaption suffered badly in the process
(API Bulletin 2U). In some respects DNV’s rules of 1977 have likewise suffered
in modelling simplifications incorporated in the Classification Notes 30.1 of

1982.

Meanwhile, Faulkner’s original approximation is used in the 1983 RCC code
formulations. These included elasto-plastic collapse effects and the total model
did correlate acceptably well with the limited test data that was available where
tripping was the primary mode of failure. Unfortunately, these formulations
were not transferred to the 1987 API Bulletin 2U. In 1991 Faulkner attempted
to remedy this situation by producing an approximate theory for ring and

stringer cylinders.
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Das, Faulkner & Zimmer (1992) established a set of criteria to select robust
strength models for the strength and reliability analysis of structural
components for offshore marine applications. The work proposes how to rate
the statistical quantities and also compare different codified rules for the

strength of stiffened cylinders.

Das, Thavalingam & Bai (2003) presented a study of the strength models of
stiffened cylinders proposed by Faulkner with large number of test data. The
modelling uncertainty is calculated and compared with API and DNV codes. The

proposed strength model found to produce good correlation with the test data.
2.4 Application of Reliability Analysis for Offshore Structures

The determination of Probability of failure is the most researched part in the
theory of reliability. Before the sixties a variety of studies on second moment
were carried out, a milestone in this direction was laid by Freudenthal (1956)
who used complete probability models. However, it is the work by Cornell
(1967) which gave second moment concept a wide acceptance. To date, second
moment concept have become so popular that it has a significant place in any
text books concerning structural safety. Typical of them are those by Ang and
Tang (1984), Madsen, Krenk & Lind (1986), Ditlevsen & Madsen (1996), and
Melchers (1998). The first order and second order moment theories (FOSM and
SOSM) are now increasingly used in a variety of engineering fields. In these
theories the tedious part of integrating of the joint probability density functions
(JPDF) of the design variables are circumvented by transforming the actual
problem into a least distance problem in a standard normalised space.
Orthogonal transform is used to uncouple the correlated design variables which

essentially show that the problem is in its core an optimization procedure.

Monte Carlo Simulation (MCS) plays a very important role in reliability analysis.
MCS is not affected by the number and distribution type of the basic variables.

The method solves highly non-linear problems and problems where the limit
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state function is not known explicitly. A number of variation reduction
techniques have been proposed such as the Importance Sampling Method but as
always the computation cost in large complex structural systems is still

significantly high as shown by Bucher (1988).

The latest development in the field of structural reliability analysis is the
Response Surface Method (RSM). It is very suitable in cases where the limit
state function is known only point-wisely by such numerical methods as the
FEM rather that in closed form. In short, RSM is a system identification
procedure, in which a transfer function relates the input parameters (loading
and system conditions) to the output (response in terms of displacements or
stresses). The observations required for the identification of the most suitable
way to relate those two are usually taken from systematic numerical
experiments with the dull mechanical model and the transfer function obtained
approximately defined as the response surface (RS). It was in the early 1950s
that the basis concept of RSM first developed in experimental fields, but only
recently, it has been introduced into the field of reliability analysis. It combines
the deterministic structural analysis software and the basic reliability ideas
aforementioned. In addition to this, even for those problems that other
approximate methods seem to be susceptible to, the RSM is shown to be
superior in both accuracy and efficiency with its only drawback being the
experiment design and the identification of unknown parameters in the RS
which influence the whole algorithm. Work by Bucher (1990) and Rajashekahar
et al. (1993) have led the ways of future research. Advanced algorithm based on
that work can be found in work published by Kim et al. (1997), Zheng & Das
(2000, 2001) and Yu, Das & Zheng (2001).

The first work on ship structural reliability was reported by Nordenstron
(1971). He calculated the failure probability by integrating the failure domain
assuming a normal distribution for both ultimate strength and still water
bending moment and Weibull distribution for wave bending moment. Mansour

(1972) and Mansour & Faulkner (1973) presented the level three formulations
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to provide the first complete reliability analysis of a ship structure. They
adopted Nordenstrom’s model for wave induced loads and developed a

probabilistic model for the ship strength for various modes of failure.

Mansour adopted the distribution of the wave-induced vertical bending
moment at a random point in time to calculate the reliability index of 19
merchant ships using the second order reliability method. Faulker & Sadden
(1979) considered the most probable maximum load given by Poisson
distribution whose mean value is the most probable maximum calculated at the
10-8 probability level. Using this approach, they obtained a reliability index of 2
for warships, while the one calculated by Mansour for merchant ships were in

the range of 7.

Das, Frieze & Faulkner (1984) conducted reliability analysis of stiffened
cylinders using a simplified strength model according to DNV technical report
80-0590, 1980. Six different model geometries are used for the study and

variation of safety index with load is considered in detail.

Mansour (1990) presented an introduction to structural reliability theory in the
form of ship structural committee report (SSC-351). The author presented a
state-of-the-art report in structural reliability theory directly specifically for

marine industry.

Mansour & Wirsching (1994) studied the sensitivity factor and their application
to marine structures. They considered four different ships for their study and
presented the potential of using sensitivity factors in decision making and

trade-off studies.

Zheng & Das (2000) proposed an improved response surface method for
reliability analysis of stiffened plate structures. The response surface function is
formed in a cumulative manner in order to account properly for the second
order effects in the response surface with acceptable computational effort

involved in the evaluation of the state function.
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Guedes Soares & Teixeira (2000) performed structural reliability analysis of two
bulk carriers. They considered the time dependent degrading effect of corrosion
on the capacity of structure. First-order reliability method was used for
calculating the probability of failure. It was shown that the loss in ultimate
strength in sagging is equivalent to the reduction in total area of the section, but
the ultimate moment in hogging exhibits a larger reduction. Comparison of
reliability indices for single and double skin tankers were performed and it was

observed that the single skin tankers exhibits lower reliability index.

Das et al. (2003) presented modelling uncertainty evaluations of strength
predictions of ring stiffened shells and ring and stringer stiffened shells for
various modes of buckling and various radius to thickness ratio values (range
used in offshore structures). Comparisons are made for API BUL 2U and DNV

buckling strength of shell models.

Fang & Das (2005) used Monte Carlo simulation to predict hull-girder collapse
reliability for intact and damaged ships. The strength predictions were based on
Smith’s method which was presented in Fang and Das (2004). Paik et al. (2003)
carried out time-dependent reliability model on a bulk carrier, a double hull
tanker and a FPSO. The reliability model accounts for the effects of fatigue-
induced cracking and corrosion. Timelines are presented for each vessel
relating the probability of hull-girder failure to ship age. Each timeline is heavily
dependent upon the modelling assumptions such as severity and location of

corrosion or cracking.

Khan & Das (2008) carried out a sensitivity analysis to determine the most
important random variable responsible for the failure of ship structures. This he
study shows the importance of the contribution of the design variables towards
the uncertainty of the limit state function and the advantages for using the

sensitivity factors for safety assessment of ship structures.

Zhi Shu & Moan (2010) used an interaction equation based on ultimate hull

girder strength assessment obtained by nonlinear finite element analysis as the
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basis for the failure function. The annual probability of failure was obtained by
FORM analysis considering two typical load cases, namely, pure longitudinal
hogging bending moment and local lateral pressure loads. The results show that
the local lateral pressure has a significant influence on the annual probability of

failure of bulk carrier in the hogging and alternative hold loading.

2.5 Critical Review

From the above state of the art review of the works in the field of strength and
reliability of thin walled structures, it is understood that there are many works
carried out to understand and predict the structural response under various
loading conditions. The imperfection sensitivity of stiffened panel structures is
addressed by many researches and there are approximate solutions also
proposed. From different approaches, it is observed that none of these methods
appear to handle both the weld induced geometrical distortions and residual
stresses together. Conceptually, the formulation proposed by Faulkner (1975) is
not able to incorporate the contribution of geometrical effects due to
imperfections on the structural capacity. On the other hand, the well known
Perry-Robertson eccentric column approach cannot incorporate the
contribution of residual stresses in the formulation. Pu. et al. (1997) modified
the Faulkner’s approach so that it can incorporate the geometrical imperfection
but it is not a straight forward approach. There are some empirical formulae
available but none of these relations explicitly taking the imperfection effects
into consideration. There are many experimental works carried out for the
strength of the stiffened panels but none of these tests explicitly focusing the
effects of imperfections on the strength of structures. So the present beliefs
with respect to the influence of imperfections on the structural strength are

theoretical perceptions.

There are design codes to predict the structural capacity of stiffened cylinders
but the basic formulations and various design factors are included directly from

the aerospace industry. So the predictions using these factors may not
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completely applicable for marine environments and loading conditions. The
accuracy of the strength models are highly dependent on various empirical
constants and factors which are developed with the observations of the
researchers and the specific area of application. A proper validation of the
design codes is necessary with experimental and numerical results before these

codes can be used for the design and reliability analysis.
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Stiffened Plates

3.1 Introduction

There are many analytical approaches which can incorporate the imperfection
effects in the plated structures. However the theoretical predictions have many
limitations in incorporating the imperfections with all its parametric aspects.
Furthermore, the insights on the effect of imperfection parameters are
theoretical to a great extent. Different approaches predict the influence in
different perspectives and there are often contradictions. Paik et al. (2004) and
Pretheesh et al. (2009) suggest that the distortion is not always reducing the
strength of the structure but at certain levels it enhances the structural capacity.
This thesis is particularly looking into the structural response of thin walled
stiffened components with more precisely defined structural imperfections on
plates which are quite difficult to incorporate in the presently available
formulae. So the estimates of imperfection influence based on theoretical
assumptions or analytical approaches may not always reflect the reality. The
time, effort and cost for the reworks and increased safety factor to compensate
for the imperfections could not be justified if the assessment of the strength
with imperfections is not correct. Considering these factors, it is required to
investigate the effects on practical structures. The experimental test conducted
by Horne et al. (1976, 1977) and Faulkner (1977) recorded the initial
geometrical imperfections and residual stresses in each stiffened panels. But
these tests do not reveal the contribution of the imperfection parameters on the
strength of the structure. None of the experimental test programs are found to
address the influence of imperfection factors explicitly but only as matter of

consideration.

An experimental test program was planned in collaboration with BAE Systems,

Glasgow to understand this problem in depth. Ten stiffened panels made of the
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typical material used for the ‘Type 45 destroyer’ warship were planned to
fabricate with varying imperfection parameters and to be tested for the ultimate
compressive strength. This study was carried out to identify the effect and

influence pattern of geometrical imperfections and residual stresses.

The designing of the test specimen, the frame design (for the boundary
condition simulations), supervising and monitoring the fabrication process,
measuring the imperfections, recording and processing the test data etc. were
carried out by the author in collaboration with Mr. Tony Crow (Principal

structural engineer, BAE Systems).
3.2 Experimental Facility

The tests at Corus (Tata Steel) Laboratories, Rotherham were undertaken on a
hydraulic press testing machine predominantly used for the tensile strength

testing. The hydraulic testing machine is shown in Figure 3-1 & Figure 3-2.

The size and capacity limitations of the machine were as follows:

Central chuck size 200mm
Depth of panel 1200mm
Height of panel 1500mm
Load capacity 2000kN

B W Noe

The machine is applying load on the specimen through the bottom hydraulic
ram shown in Figure 3-2. The machine is capable of real time monitoring and
recording of the applied load and the axial displacement at the hydraulic ram
during the test. This data can be used to generate the load-extension or stress-
strain plot of the mounted specimen. The facility also includes heavy lifting tools

to move and handle the specimen safely.
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3.3 Material Properties of the Specimen

The material used for the stiffened plates was DH36 grade Steel. The normal
yield stress being 355 MPa, Young's Modulus was taken as 203.5 GPa and
Poisson’s ratio as 0.3. A laboratory test was also carried out to verify the Yield
and Ultimate Stress values. The certificated values are as shown in Table 3-1.
The material type is designated as M1, M2, M3 and M4. The material testing

results are presented in Appendix A.

Table 3-1 Material Properties

Type Part Youngs Poissons Yield stress  Ultimate
Modulus (Gpa) ratio (Mpa) stress (Mpa)
M1 4mm Plate - LR Grade DH 36 203500 0.3 400 504
M2 80x5 OBP - LR Grade DH 36 203500 0.3 367 478
M3 5mm Plate - LR Grade DH 36 203500 0.3 405 574
M4 60x4 OBP - LR Grade DH 36 203500 0.3 339 459

3.4 Fabrication of Specimen Panels

The above explained machine constraints in Section 3.2 limited the panel size to
4mm plate with three 80x5mm OBP longitudinal stiffeners spaced at 340mm (b)
apart so that the area multiplied with the material yield stress reaches nearly
2000kN. The panels used for the tests were 1020mm long (length, a) by
1400mm wide (Total width, B). A variation in the scantling is achieved with a
5mm plate of the same dimensions with three 60x4mm OBP stiffeners. The

typical specimen geometry is shown in Figure 3-3.

] A1 ]
///mzomm

34L0mm

1L00mm

f [
Figure 3-3 Geometry and dimensions of the panel specimen
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These panel sizes represented approximately 2/3 scaled panels with respect to
the panel dimensions and scantlings that are to be considered for the
parametric study on the strength and reliability of stiffened and unstiffened

plate scantlings to represent frigate/destroyer type ships.

The scantlings and dimensions of two types of stiffened plate configurations and
corresponding material properties (Table 3-1) are shown in Table 3-2. The
cross sectional centre of gravity of the two panels should be aligned with the
line of action of the force.

Table 3-2 Stiffened plate scantlings and dimensions

Plate Stiffener Stiffener Centre of gravity
Type thicknesst, height thickness  from plate

Plate Stiffener
material material

(mm)  h(mm) t (mm) bottom (mm)
SP1 4 80 5 11.7 M1 M2
SP2 5 60 4 6.5 M3 M4

Eight panels of the first scantling size (SP1) and two panels of the second
scantling size (SP2) were fabricated in the weld training centre at BAE Govan,
Glasgow with differing levels of weld distortion and size of weld to investigate

the effects from these.

Figure 3-4 Restraints on the panels and welding process

The plates were continues without any joints (1020x1400mm). The stiffeners

were fillet welded (single pass) at both sides. The variation in residual stresses
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is achieved by changing the heat in put by changing between Metal Arc welding
(high heat) and TIG welding (low heat). The variation in the initial distortion is
achieved by welding the structure with and without restraints on the plates and
changing the heat input as well. Figure 3-4 shows the restraints and welding
used for the fabrication of the plates. The method of fabrication and welding

details for each panels are tabulated in Table 3-3.

A stress relieving process has been carried out to remove the trapped residual
stresses for two plates to understand the change in structural behaviour.
Heating pads were attached to each weld line and heated to 450°C and
maintained at that temperature for two hours and then allowed to cool slowly.
The stress relieving process is carried out for panels 7 and 8 which are high heat

welded without restrains.

3.5 Measurements of Panel Distortion

The geometrical distortions in each specimen plates are measured as the plate
distortion (wp), longitudinal and transverse stiffener bowing (wn & wpt) and

stiffener warping (vs) for the three stiffeners as shown in Figure 3-5.

Stiffener warping

Plate distortion

,,,,,,,,,,

Transverse bowing Longitudinal bowing

Figure 3-5 Distortions in a stiffened panel
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Figure 3-6 Measuring distortion (Pretheesh Paul & Tony Crow at BAE Systems, Glasgow)
The distortion levels of the 10 panels were measured using a frame attached
with wires and measuring the distance from the reference wire to the plate at
108 points in each panel using a steel rule (Figure 3-6). Figure 3-7 shows the
measured distortion patterns (amplified for illustration) of Panel 3 and Panel 5

with the initial distortion on plates.
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Figure 3-7 Record of Panel 3, and Panel 5 Initial Distortion (Amplified)
The maximum levels of plate distortion (wp), longitudinal and transverse
stiffener bowing (wp and wy) and stiffener warping (vs) for the three stiffeners
(refer Section 6.3) are provided in Table 3-3. From the table, it is observed that
the high heat welding produced more distortion. It also indicates the presence
of high residual stresses. Plate numbers 7 and 8 were stress relieved models.
The values for 7a, 8a and 7b, 8b indicate the distortion levels before and after
stress relieving. The stress relieving process appears to reduce the distortion
and it indirectly confirms the fact that the weld induced residual stress was also

reduced by this reheating process.
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Table 3-3 Record of panel fabrication and Initial distortions

Fabrication Imperfection (mm)
Heat Torch
Plate Current Voltage Input Speed
No. Type Fix Weld (Amp) (Volt) (kJ/mm) (mm/min) W, Wiy Wy Vg Vg Vi
1 SP1 Restrained  Low heat 195 22.5 8.3 520 8 4 0 0 0 O
2 SP1 Unrestrained High heat 300 24 13.3 410 15 5 8 0 0 -1
3  SP1 Restrained  Low heat 195 22.5 83 520 7 2 5 0 0 O
4  SP1 Restrained  Low heat 195 22.5 8.3 520 8 1 4 0 0 O
5 SP1 Unrestrained High heat 300 24 13.3 410 100 5 8 0 0 O
6 SP1 Unrestrained High heat 300 24 13.3 410 10 3 6 0 0 O
7a SP1 Unrestrained High heat 300 24 13.3 410 8 3 5 0 0 0
7b  SP1 Unrestrained Stressrelieved 300 24 13.3 410 7 0 3 2 0 O
8a SP1 Unrestrained High heat 300 24 13.3 410 11 2 3 1 0 2
8b SP1 Unrestrained Stressrelieved 300 24 13.3 410 9 3 0 0 0 2
9 SP2 Restrained  Low heat 195 22.5 8.3 520 9 2 3 0 2 2
10 SP2 Restrained  Low heat 195 22.5 8.3 520 9 0 0 0 0 O
w,, - Plate distortion, wy, - Longitudinal bowing, wy, - Transverse bowing, V- Warping of stiffeners 1, 2 and 3

3.6 Design of Test Rig Frame

The boundary conditions chosen to represent ship structure were simply
supported edges but with the side edges being free to slide, with the stiffeners
being constrained against warping, but free to rotate about a vertical axis, at

their ends.

Loading end

Constraining bars

Stiffened Panel

Load distributor

Side support plate

Figure 3-8 Initial Test Frame Set-Up
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A test frame was designed on this basis to achieve the boundary conditions for a
typical structural panel. This was to be accomplished by means of a circular bar
between the loading end and load distributor placed in a grove. The line of
action of the force should be at the cross sectional centre of gravity and this was
achieved by suitably adjusting the holes to bolt the panel to the distribution
plates. The sides were assumed to be able to slide freely in a gap provided in the
side support plates. The side support plates would be kept in position through
lugs which is locked to the load distributor through a gap as shown in Figure 3-8.

Side Plates

Side Plates

Figure 3-9 Final Panel Configuration with side plates to replace the side support frame

The initial design of the testing frame set-up, as shown in Figure 3-8, with a
channel at the sides was seemed too complicated to manufacture and eventually
a simpler design was designed with tapered flat bar edge stiffeners cut short of
the ends by 25mm to avoid them contributing to the buckling performance of
the panel (see Figure 3-9). This model was shown a reasonable agreement with

the desired boundary conditions according to FEA results.

A 10mm thick load end plate was welded to the ends of each panel to keep the
stiffener end fixed against translational and rotational degrees of freedom. The
end loading was achieved by means of 20mm thick load distribution plates
bolted to the panel end plates. A tapered loading plate was added at each end, in
order to spread the load over the full width of the panel, from the 200mm wide

throat that fitted into the chuck of the test machine.
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Safety
constraining
bars

Load distributor
Flat bar lugs

Loading end

Lugs with brackets

Figure 3-10 Final Loading Plate Arrangement

It was found necessary to add six 20mm thick brackets to each loading plate
bearing on the face of the test machine to avoid a tripping of the loading plate.
The edge of the loading plate bore on the face of the 20mm thick distributor
plate that was bolted to the end plates of each panel, and was held in place by
flat bar lugs fitted to the face of the distributor plate. Safety constraining bars
were fitted into lugs with slotted holes to ensure that the panels did not become

free at the point when buckling occurred (See Figure 3-10).
3.7 Axial Compression Testing

The tests at Corus (Tata Steel) Laboratories, Rotherham were undertaken on a
hydraulic testing machine with maximum capacity up to 2000 kN. The machine

is normally used for the tensile testing.

Two strain gauges were fitted to each panel as shown in Figure 3-11 for the
strain in plate and stiffener under the action of axial loading. During the tests
two additional strain gauges were fitted on Panel No. 7 to the web of outer
stiffeners to monitor the relative loading of the centre stiffener and the outer

stiffeners during the test.
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Figure 3-11 Strain Gauge Positioning

The typical test arrangement with the frame and panel mounted on the testing

machine is shown in Figure 3-12.

Figure 3-12 Panel Mounted on the Test Rig

The tests were carried out so that the displacement of the loading end and the
total load applied were directly recorded in a computer from the probes
attached to the machine. The loading (displacement) was applied till the
maximum load capacity of the panel was reached and then continued with the
load dropping down substantially with the increased displacement. By that time,
the panel had lost stability to withstand any more loads which could be visually

identified as well. A typical test monitoring and structural collapse is shown in
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Figure 3-13. The computer record and store the load and displacement in a
spread sheet data file. Apart from the load displacement data, the computer also
record the strain gauge readings (micro strain) against each increment of the

load.

T
QT T

A limitation of the test rig was that the lower chuck connected to a hydraulic
ram (circular piston) was free to rotate about the axis. This gave an extra
rotational degree of freedom for the panel end. So a full pinned edge condition
was not established at the panel end where the hydraulic ram axis became free
to rotate relatively about this pivot point. This caused the test panels fail in a
torsional mode before the full axial buckling failure load for the preferred
condition was reached. The Figure 3-14 shows that the structure is rotated
about its longitudinal centrodial axis at failure. The rotation of the hydraulic

chuck is clearly detectable from the picture.
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Figure 3-14 Unconstrained rotational degree of freedom

3.8 Test Results

The first panel was set up in January 2011 and tested by Corus. During this trial,
the loading plates were getting distorted at the neck before the full load was
achieved. New loading plates were manufactured with additional brackets to
avoid this distortion as discussed in the previous sections and the first panel
was again tested successfully in February 2011. Following this, the tests of the
remaining 9 panels were performed in a single programme of tests lasting two

days in early March. These were undertaken on 1stand 2rd March 2011.

Figure 3-15 Panel 1 Failure
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The buckled Panel 1 is shown in Figure 3-15 and the load - deflection and
stress-strain curves are shown in Figure 3-16. The stress is the load per cross
sectional area and the strain is the displacement divided by the length of the
plate. The stress is non dimensionalised using the yield stress of the stiffener
material and the strain is non dimensionalised using the strain corrresponding
to the yield stress. The curve indicates that the ultimate load was achieved at
about 11.11mm of axial displacement. The ultimate load for this panel was

1229.2kN.
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Figure 3-16 (a) Load shortening curve of Panel-1 (b) Non-dimensional stress strain curve for
Panel-1

Figure 3-16(b) shows the strain gauge readings including the structural
response in a non-dimensional stress strain space. It is found that the panel and
stiffener show yield stress values of corresponding material nearly at the failure
point. It further illustrates the fact that the stiffener is taking major portion of
the load right from the beginning (increased slope) and it reaches its yield stress
and then started to yield. Further, the plate started to take some additional load
and goes to its yield value extending the capacity of the whole structure and
finally the ultimate load is reached at around the non-dimensional strain value
reached 5.2. The structure kept carrying nearly the same load till the strain
reaches 10 and then suddenly dropped. This indicates the sudden torsional
instability happened to the structure due to the unconstrained axial rotational

degree of freedom.
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A comparison of the strain gauge readings gives an indication of the critical axial
stress for the stiffener plate combination. The structure loses its integrity when
the stiffener reaches its yield stress and the extra strength from that point is the
plate strength along with plastic deformation of the stiffener. So the actual limit
state of the structure in terms of the structural integrity is at a lower point than
the observed structural limit load as indicated in Figure 3-16(b). In Figure
3-16(b), the non-dimensional stress value appears to shoot above 1 because the
yield stress used to non-dimensionalise the stress is of the stiffener which is

lower than the plate (Table 3-1).

Panels 1-8 all failed by initial convex bowing of the stiffeners. Then most of
these showed a critical failure point when torsional buckling occurred. This was
particularly pronounced for the heavily welded/high heat input panels (Panels
2,5, 6,7 & 8), even if stress relieving was applied. It was observed that the
upper loading plate edge was not straight and as a result a gap was evident
when the centre of the loading plate was in contact with the panel. Thus for
panels 4 and 5 shims were added at the outer stiffener positions to ensure a
more even loading of the outer stiffeners along with the centre stiffener. This

did not significantly alter the results, and was not applied to the later panel tests.

Figure 3-17 shows the behaviour of the Panel-7 in which additional strain
gauges were mounted on both the outer stiffeners. It is observed that unlike the
Panel-1, the plate started to experience more strain and hence more stress from
the beginning. The yielding of both the plate and centre stiffener occurs nearly
around the non-dimensional strain value of 2.5. The structure shows inelastic or
elasto-plastic behaviour from that point and continues to take additional load
till the centre stiffener collapses. From the strain gauge readings, it is clear that
the outer stiffeners are not effectively bearing the load. This is because of the
rotational freedom at the end so that it cannot resist axial thrust as the axes of
the outer stiffeners slip away when the load increases. Finally it offers some

resistance from within the structural boundary when the centre stiffener
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collapses. This clearly explains why the structural strength is less than the

proposed strength with the additional rotational degree of freedom.
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Figure 3-18 Stiffener induced failure of Panel-9

Panel-9 and 10 were of different scantlings but the structural behaviour
observed was similar to that predicted by the strength analysis. In these cases
the stiffeners were comparatively weak and the plate thickness was relatively

greater (Table 3-2). The Panel-9 failed in a classical stiffener induced mode as
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shown in Figure 3-18. This was believed to be because of the high stiffener

bowing distortions in the model as can be noticed in Table 3-3.

The actual test recording for each panel includes the incremental load-
displacement points and the strains recorded for each strain gauge. The full test
recording for all 10 panels is given in Appendix B. A summary of the ultimate
load achieved and corresponding displacement for the panels are given in Table

3-4.

Table 3-4 Summary of Test Results

Experimental Results

Plate No.

o,/o,  8,(mm) o,(kN/mm®) P, (kN)
1 0.44 11.11 174.03 1229.20
2 0.40 14.73 161.25 1138.93
3 0.44 12.52 176.18 1244.35
4 0.45 13.07 181.11 1279.15
5 0.37 8.35 146.26 1033.02
6 0.41 12.29 164.30 1160.48
7b 0.42 11.66 167.28 1181.48
8b 0.40 8.95 161.31 1139.30
9 0.29 413 116.02 913.56
10 0.38 6.90 151.26 1191.00

P, - Ultimate load in kN, §,,- Displacement at failure

One of the primary objectives of this study was to understand the influence of
weld induced distortion and residual stresses on the buckling strength of the
stiffened plates. So, in the following sections, a comparison is made based on the

test results and initial measurements.
3.8.1 Effect of Distortion on Buckling Strength

From Table 3-3, the unrestrained-high heat welding produced more distortion
so Panels 2, 5, 6 and 8 are considered to have increased initial distortion. The
restrained-low heat welded Panels 1, 3 and 4 are considered to have lower
initial distortion. Panel 7 is actually an unrestrained-high heat case, but the
distortion is comparatively lower owing to the stress relieving, and hence is

added to the low distortion category. Figure 3-19 shows the comparison of the
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two categories of structures. It is observed that the increased distortion of
panels 2, 5, 6 and 8 caused a lower torsional failure of the panel than for Panels
1, 3, 4 and 7, and this is matched with lower strength values for the specific FEA
predictions performed for these cases. However, no significant comparison of
the shape of the ultimate strength curve, for the more heavily distorted panels,

can be made owing to the premature failure of the panels in torsion.
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Figure 3-19 Effect of Initial Distortion

The average strength of low distortion panels in terms of (ou/0oy) is 0.437 and
for high distortion is 0.396. So the reduction in strength is 9.38%. So
experimentally, a reduction of nearly 10% or more can be expected in a
structure with moderate distortion from heavy welding. The average of the two
categories shows good distinction from each other indicating clearly the
deteriorating effect of initial distortion on the strength of structures with
identical scantlings. The performance of the more highly distorted panels

evidently also includes effects from higher residual stresses.
3.8.2 Effect of Residual Stress on Buckling Strength

The residual stresses are induced on the structure primarily because of the

welding. Conventionally and with proved experiments, the heat affected zone
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(HAZ) is directly related to the extent of residual stresses trapped in the
structure. So the total heat input on to the structure during the welding
operation will determine the extent of heat affected zone. The measurement of
HAZ is practically not very easy to determine. But the Panels can be categorised
same as before based on the welding techniques adopted. Three category are
considered here as, Low heat welding (Low HAZ and low residual stress), High
heat welding (High HAZ and high residual stress) and stress relieved (heat

treated after welding so intermediate residual stress).

The average strength of low heat welded panels in terms of (ou/0oy) is 0.443 and
for high heat welded is 0.393. So the reduction in strength is 11.29%. When the
high heat welded panels are stress relieved, the average strength becomes 0.411
and which is 7.22% less than the low heat welded panels. So experimentally, a
reduction of nearly 10-12% or more can be expected in a structure with
moderate weld induced residual stress from heavy welding and the stress
relieving improves the strength by approximately 4%. This distinction between
results for the panels provides evidence for the separate effects of distortion

and residual stress.
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Figure 3-20 Effect of Residual Stress/Heat Input
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Figure 3-20 shows the comparison of the results. The averages of the three
categories explicitly illustrate the fact that residual stress deteriorates the
strength of the structure and the stress relieving process improves the strength

capacity of the structure.
3.9 Summary

The test program focusing on the fabrication imperfections were conducted
successfully providing unique set of experiment data. The hydraulic loading ram
which was free to rotate about the axis was a limitation in this program as it

prevented the structure to reach the full capacity under axial loading situation.

The data collected and presented in Appendix A for the 10 panels and the
material properties provided in Appendix B can be used for further study as
there is lot of information available about the structural response which can be

utilised by researchers focusing areas beyond the scope of this study.

The effect of initial distortion is experimentally verified and a 10% reduction is
observed from the models used for the study. This is further considered while
expanding the numerical study with more realistic stiffened plate models and

the reliability calculations.

The effect of weld induced residual stress is also experimentally studied. It is
observed that there is nearly a 12% reduction in strength with the high heat
welding compared with the low heat welding which also contains less residual
stress due to the low heat input. The stress relieving processes appear to
produce a 4% saving in the strength. They also appear to change the initial

distortion.
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4.1 Introduction - Nonlinear Finite Element Analysis

Finite Element Analysis carried out under the assumptions of linear elastic,
small deflection behaviour, known as linear analysis, is well known for its
simplicity, limited number of inputs required, computational cost effectiveness,
provision for the superposition of loads and lot more. There are cases where a
linear approach fails completely to predict the response. A realistic ultimate
strength analysis of a structure can only be carried out through a sophisticated
nonlinear approach as it involves many nonlinear structural aspects. Nonlinear
analysis has been used throughout this study since major structural analyses

carried out are ultimate strength analysis.

In linear analysis, the displacements are assumed to be linearly dependent on
the applied loads, and the behaviour of the structure is assumed to be
completely reversible. This means that solutions for various load cases can be
superimposed. In many engineering applications, however, the behaviour of the
structure may depend on the load history or may result in large deformations
beyond the elastic limit. For such non-linear problems, the user must carefully
consider how to approach the analysis, model the problem using FE, and use the

results of the analysis.

The main feature of linear analysis is that all loads can be applied
instantaneously and the loading history is irrelevant. In other words, the
displacements are linearly dependent on the loads and, if required, the solution
can be scaled. In non-linear problems, however, the loading history is usually
important and the actually un-scaled material properties and loads must be

specified. Non-linear FE analysis usually involves the solution of a large system
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of non-linear equations. The main differences between linear and non-linear

analyses are summarised in Table 4-1.

Table 4-1 Comparison of linear and nonlinear analysis

Feature Linear problems Non-linear problems
Load- Displacements are linearly The load-displacement relationships
displacement | dependent on the applied are usually non-linear
relationship loads
Stress-strain | A linear relationship is In problems involving material non-
relationship | assumed between stress and linearly, the stress-strain relationship
strain. is often a non-linear function of stress,
strain and/or time.
Magnitude of | Changes in geometry due to Displacements may not be small,
displacement | displacement are assumed to | hence an updated reference state may
be small and hence ignored, be needed.
and the original (un-
deformed) state is always
used as the reference state.
Material Linear elastic material Non-linear material properties may be
properties properties are usually easy to | difficult to obtain and may require
obtain. additional experimental testing.
Reversibility | The behaviour of the structure | Upon removal of the external loads,
is completely reversible upon | the final state may be different from
removal of the external loads. | the initial state.
Boundary Boundary conditions remain Boundary conditions may change, e.g.
conditions unchanged throughout the a change in the contact area.
analysis
Loading Loading sequence is not The behaviour of the structure may
sequence important, and the final state depend on the load history.
is unaffected by the load
history.
[terations The load is applied in one load | The load is often divided into small
and step with no iterations increments with iterations performed
increments to ensure that equilibrium is satisfied
at every load increment.
Computation | Computation time is relatively | Due to the many solution steps
time small in comparison to non- requires for load increments and
linear problems. iterations, computation time is high,
particularly if a high degree of
accuracy is sought.
Robustness A solution can easily be In difficult non-linear problems, the FE
of solutions obtained with no interaction code may fail to converge without
from the user. some interaction from the user.
Use of results | Superposition and scaling Factoring and combining of results is
allow results to be factored not possible.
and combined as required.
Initial state of | The initial state of stress The initial state of stress and/or strain
stress/strain | and/or strain is unimportant. | is usually required for material non-
linearity problems.
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4.1.1 Numerical Methods for Plate Analysis

The finite difference method (FDM) and the finite element method (FEM) are
the two of the most important numerical methods. FDM is simple, versatile,
suitable for computer use, and accurate, provided that a relative fine mesh is
used. In FDM, the derivative of a function with respect to a coordinate direction
at a point is approximated by a weighted sum of the function values at a set of
nearby points on the line in that direction. In this way, the plate differential
equations and the expressions defining the boundary conditions are replaced by
equivalent difference equations. The solution of the plate problem thus reduces
to the simultaneous solution of a set of algebraic equations, written for every

nodal point within the plate domain.

On the other hand, FEM has been proven to be a very powerful and versatile
tool for solving a plethora of plate problems. This method was developed in the
1960s when the increasing emphasis on numerical methods was generated due
to the advent of computers. In FEM, the plate is discretized into a finite number
of elements (usually triangular or rectangular in shapes), connected at their
nodes and along hypothetic inter-element boundaries. Instead of solving the
governing differential equations, the weak form equations are solved for
solution. The application of FEM has already been extended to practical
problems in most engineering fields and coded into many well known

commercial programs such as ABAQUS, ANSYS, NASTRAN, COSMOS etc.

4.2 FE Analysis of Stiffened and Unstiffened Panels

A nonlinear finite element method (FEM) has been used to predict the ultimate
compressive strength for simply supported stiffened and unstiffened panels.
The commercial finite element software ABAQUS version 6.6-1 has been used

for this study.
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4.2.1 Model Geometry

The geometry and basic dimensions of a typical stiffened plate panel is as shown
in Figure 4-1. For unstiffened plates, there will not be any stiffeners considered
and the plate portion between two stiffeners will only be considered. The value
of stiffener spacing and the length of the panel are taken so as to match with the

typical dimensions used in the shipyards.

-

B

Figure 4-1 Stiffened panel dimensions
The stiffeners used in the structure were OBP (Offset bulb plate) stiffeners. To

simplify the FE modelling using shell elements, the stiffener is approximated

with the equivalent dimensions as shown in Figure 4-2.
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Figure 4-2 Equivalent stiffener model

The actual OBP is approximated as an angle bar by redistributing the area and

then the flange is assigned with appropriate thickness to represent the OBP. In
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the equivalent model, fi=ts+f, t;=(As-d*ts)/f and di=d-t;/2 where As is the total

area of the stiffener

The FE models used in this whole study are broadly classified into four

categories as follows:

Distortion model (M1): This model is used to predict the effect of initial plate,
bowing and warping distortions in stiffened plate panels. The values of
distortions are defined parametrically with some reference observations
made onsite.

Residual stress model (M2): This model is used to predict the effect of weld
induced residual stresses in the panel structure due to welds along the plate
stiffener joints. The variation in residual stress is assumed parametrically
from a range generally followed in the ship/offshore industry. This
parametric model is used to conduct a detailed parametric study on the
effect of initial distortion, residual stresses and the combined effect of
distortion and residual stress in a wide range of unstiffened and stiffened
plate scantlings used in ship building. The results are generated to indicate
the imperfection effects on the plate and column slenderness.

FE model for the test panels with proposed Boundary conditions (M3): A
scaled version of the above models is used for experimental tests fabricated
in BAE Systems Surface Ships, Glasgow. The initial distortion was applied
according to the measurements from the actual physical panels and the
residual stresses are assumed based on the heat input and types of welding.
The model is prepared with side frames so as to reduce the complexities in
achieving simply supported boundary conditions at sides.

FE model for the test panels with actual boundary conditions (M4): Since the
test facility was not capable of achieving the simply supported boundary
conditions used in the above models, another parametric FE model is used

to predict the axial compressive behaviour of experimental tests.

M1, M2 and M3 and M4 is shown in Figure 4-3.
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Figure 4-3 FE models M1, M2, M3 and M4

4.2.2 Material Properties

The material used in the study is mainly steel material used for marine
applications which is ASTM A131 Steel, DH36 grade. A bilinear perfectly elastic
perfectly plastic material model is used for the FE Analysis as shown in Figure
4-4. The yield stress of the DH36 grade steel is 315MPa, the Young’s modulus of

the material is 203.5GPa and the Poisson’s ratio is 0.3.
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Figure 4-4 Bilinear perfectly elastic plastic behaviour of a steel material

4.2.3 Meshing and Element Types

Shell elements are used to model structures in which one dimension (the

thickness) is significantly smaller than the other dimensions and the stresses in
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the thickness direction are negligible. Two types of shell elements are available
in ABAQUS, conventional shell elements and continuum shell elements.
Conventional shell elements discretise a reference surface by defining the
element's planar dimensions, its surface normal, and its initial curvature. The
nodes of a conventional shell element, however, do not define the shell
thickness; the thickness is defined through section properties. Continuum shell
elements, on the other hand, resemble three-dimensional solid elements in that
they discretise an entire three-dimensional body yet are formulated so that
their kinematic and constitutive behaviour is similar to conventional shell
elements. Continuum shell elements are more accurate in contact modelling
than conventional shell elements, since they employ two-sided contact taking

into account changes in thickness as shown in Figure 4-5.
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an S4R element shell at the location of the integration point

Figure 4-5 Section points in numerically integrated shells

Four-noded, iso-parametric shell elements with reduced integration (S4R) have
been used for all FE models used in this study. A homogeneous shell section is

assumed for the entire structure with uniform meshing.

A mesh sensitivity analysis was carried out for the plated structures under
study. Both the mesh size and element aspect ratio have been changed to study
the response. Figure 4-6 shows the mesh density and aspect ratios of elements
used for the sensitivity study. The plots in Figure 4-7 show the results of a mesh
sensitivity study carried out for two sample scantlings of stiffened plates used in

this study. The mesh has been altered in its size and aspect ratio.
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10mmX20mm 10mmX30mm

10mmX10mm

20mmX20mm 20mmX40mm 20mmX60mm

40mmX60mm 40mmX80mm

40mmX40mm

50mmX150mm

50mmX50mm

50mmX100mm

Figure 4-6 Element size used for the mesh sensitivity study (axbxtx OBP - 2400 x 800x 12 x
OBP200 x 12, all dimensions in mm)

The analysis results suggest that the elements with aspect ratio (a’/b’) 3 and
width (b’) in the range of 20mm appears to be a mesh which is computationally
effective with minimum cost and reasonably accurate for the type of structure
studied. For the models used in the study, the mesh size varied from 10mm to
20mm depends on the case and mesh density needed for a sensible input of the

residual stresses.
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Figure 4-7 Mesh sensitivity study for two plate scantlings (a) and (b)

4.2.4 Boundary Conditions and Loading

One of the most important aspects of a finite element analysis for sensible
results is the definition of realistic boundary conditions. The boundary
conditions have great effect on the results of FE analysis. Particularly for plated
structures, most of the theoretical equations and design codes are formulated
based on the assumption of simply supported edges and pinned ends boundary
conditions. Some of the codes provide correction factors for clamped and other
types of boundary conditions in order to represent the influence of boundary

conditions on the response of structures.
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Figure 4-8 Six Degrees of Freedom at a node

Figure 4-8 shows U1, U2, U3 and R1, R2, R3 as the displacement and rotational

degrees of freedom at a node in %, y, z directions respectively. The coordinate
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directions for stiffened plates are x along the line of the stiffeners or along the
length of the plate, y along the width of the plate and z along the height of the

stiffeners.

Pinned condition at the loaded ends and simply supported conditions at the
sides were used for models M1, M2 and M3 explained in the previous section.
Figure 4-9 shows the pictorial representation of boundary conditions used for
the three models M1, M2 and M3. A detailed explanation of the model M4 and

the boundary conditions are discussed in Section 4.7.

Ul=U2=U3=0

U3=0
U3=0

x(1)

©

U2=U3=0 yggy =

I I O B A A

Compressive Load Applied (Area x o, )

Figure 4-9 Load and Boundary Conditions for Models M1, M2 and M3

4.2.5 Loading of Panels

A reference compressive load equal to the product of yield stress and cross
sectional area of the panel structure is applied axially (along x-axis) at one end
keeping the other end constrained. Static Riks method which can provide
solutions even in cases of complex and unstable response is used for the non-
linear FE analysis. The ultimate strength of the structure from the analysis is
then characterised as a fraction of yield strength of the material. For the first
three models M1, M2 and M3, the load was applied uniformly through all nodes
at the loading end. For M4, The compressive load was applied through a part of
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the ‘Loading Plate’ (fixed to the test machine) and to the panel through ‘Load
Distribution Plate’ similar to the actual test situation which is explained in

Section 4.7.

4.3 Initial Distortion

Imperfections should be incorporated on a model to perform post buckling
analysis or limit state analysis on any structure. The structure has to deform
predominantly in the buckling mode under the action of load or displacements.
There are three methods for the incorporation of buckling mode imperfection in

a numerical model.

1. Geometric imperfections: Perturbations in the models initial geometry
cause the structure to buckle in the appropriate manner.

2. Loading imperfections: Small fictitious ‘trigger loads’ are used to
deform the model so that it buckles correctly.

3. Custom imperfections.
4.3.1 Geometric Imperfections

The geometrical imperfections are typically based on a previous eigenvalue
buckling analyses. A few of the buckling modes are used typically to perturb the
geometry. However, the lowest buckling modes are assumed to provide the
most critical imperfections, so usually the lower modes are scaled and added to
the perfect geometry to create the perturbed mesh. The magnitude of the
imperfection should be chosen realistically from the manufacture tolerances or
from the practical observations. In ABAQUS, to introduce the buckling modes of
the structure for imperfections, two analysis runs must be carried out with the

same model definition.

a) The ABAQUS/Standard BUCKLE perturbation procedure to establish
the probable collapse modes.

b) General analysis procedure to perform the post buckling analysis.
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While doing the buckling analysis, the buckling Eigen modes in the default
global system are written to the results file (*.fil) using ‘Nodefile’ option. This
option is not currently supported by Abaqus/CAE so it should be included using
the keyword editor. This command is added at the end of keywords. The syntax

of the keyword is,

*NODEFILE, GLOBAL=YES(default), LAST MODE=(eigen modes required)
U

The mode shapes from a buckling analysis can be introduced for post buckling
analysis through to the ‘Imperfection’ option. This option also is not supported
by the Abaqus/CAD and hence to be included through the keyword editor. This
keyword is added after the boundary condition definitions or before the
analysis steps. The nodal displacements written to the results (*.fil) file is used
in the command without extension. The step parameter in the syntax must be
used to identify the step from the previous buckling analysis containing the
results that will define the geometric imperfection. The initial step should count
as step 0. So normally the parameter will be 1. The imperfection can be

restricted to a subset of nodes using the NSET parameter.

*IMPERFECTION, FILE=(File name), STEP=(n), [NSET=name]

Mode number, scale factor

n, (scale factor)

Imperfections can be formed by the superposition of weighted eigenmodes form
1 to n number of modes by specifying the appropriate number of mode shape
and its scale factor as given in the syntax. The eigenmodes are stored such that
the largest component of displacement has a magnitude of 1.0 (the minimum
unit used to create the model) so the scale factor must be chosen carefully to

give sensible values of imperfection.
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4.3.2 Loading Imperfections

For loading imperfections, the trigger load should perturb the structure in the
expected buckling modes. Typically, these loads are applied as ‘dead’ loads prior
to the Riks step so that they have a fixed magnitude. The magnitude must be
sufficiently small so that the trigger loads do not affect the overall post buckling

solution.
4.3.3 Custom Imperfections

In this study, the initial distortion of the unstiffened and stiffened plates are
incorporated directly to the input (*.inp) file by suitably modifying the
coordinate values according to the type and amplitude of distortion for the

parametric range considered in practical structures.

4.4 Residual Stress Modelling in FEA

According to various theoretical, practical and numerical studies and
predictions done by Faulkner 1975, Tsai et al 1999 etc., the residual stress
pattern in stiffened plates and the stiffeners can be idealised as blocks of tension
and compression they are self-equilibrating. The simulation of residual stress
using the initial stress method depends on the meshing of the structure. The
initial stress is being applied over elements according to the intended stress
pattern and it must exist in equilibrium. So the product of tensile stress (which
is the yield stress) and the area of the tension block should be equal to the
product of compressive residual stress and the area of compressive zone. The
variation of residual stress is achieved either by changing the value of o- or 7t.
Variation with o is used in this study for the generation of design curves based

on effects of residual stresses.

60



Chapter 4: Finite Element Analysis of Plates and Shells

Compressive
stress in
Web

e

Tensile
b-2nt stress in
Web
. Oy
Tensile _
stress in
Plates
Or] Compressive stress in Plates

Figure 4-10 Idealised residual stress pattern in stiffened plate

The residual stress is incorporated in the FE model as a self-equilibrating
system of tensile and compressive forces as shown in Figure 4-10. The force
system is defined in the form of pre stress. The syntax of ‘initial conditions’

option in ABAQUS for this purpose is,

*INITIAL CONDITIONS, TYPE=STRESS

(Element set name), (x-direction stress), (y-direction stress), (z-direction stress)

The stress values given using this keyword is applied uniformly over the
elements. In the case of shells, initial conditions can be specified only for the
membrane forces, the bending moments, and the twisting moment. In both
shells and beams, initial conditions cannot be prescribed for the transverse
shear forces. When initial stresses are given in ABAQUS/Standard, the initial
stress state may not be an exact equilibrium state for the finite element model.
Therefore, an initial step should be included to allow ABAQUS/Standard to
check for equilibrium and iterate, if necessary, to achieve equilibrium. To
achieve equilibrium for all other analyses, a first step using the static procedure
should be used. It is recommended that you specify the initial time increment to
be equal to the total time specified in this step so that ABAQUS/Standard will
attempt to find equilibrium in one increment. By default, ABAQUS/Standard

ramps down the wunbalanced stress over the first step. This allows
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ABAQUS/Standard to use automatic incrementation if equilibrium cannot be

found in one increment.

The compressive stress in web is distributed in a triangular form to match with
the observed results of studies by Faulkner (1975) and Tsai et al (1999). The
author proposes the following method to incorporate triangular distribution in
stiffener web. As the distribution of the compressive stress becomes triangular,
one end of the stress distribution should be double the compressive stress in

linear form and the other end becomes zero as illustrated in Figure 4-11.

Or 20

Figure 4-11 Ideal triangular RS distribution in stiffener web

When incorporating the compressive stress on the web elements, the magnitude
on each element should be according to the triangular form of stress
distribution. Let the web height is h and the height in compression zone be h;,
the length of the stiffener (perpendicular to the plane of the paper) is a. The

height h; is divided into n elements as shown in Figure 4-12. According to the

self equilibrating condition of residual stress, the compressive stress o,.h.a

should be equal to the tensile stress o,.(h—h;).a

Applying ‘sine rule’ at the ith and (i-1)t* segment,

20, _ %y _ %
n (hfj(n—i) (hfj(n—i +1) (4-1)
n n
Re-arranging Equation (4-1),
20, (n—1i 20,(n-i+1
Ori) :% d oy :¥ (4-2)

So compressive residual force at #h element acting along the length a,

62



Chapter 4: Finite Element Analysis of Plates and Shells

h, 1h
S=a(A+A)= a[F J70) +EF(O-r(i—1) ~ Oy )j (4-3)
Using Equation (4-2) in Equation (4-3), we get,
(4-4)

s, =% 5 (2n_2i+1)

i nz

Now the compressive residual stress at each element can be applied with

rectangular approximation of the force in each element as shown in Figure 4-12.

Hence 0, can be redefined as,

_ S % on-2i41)
n (4-5)

Oy = h
()
n

\\ //
Sl hi/n o

(b)

Figure 4-12 Triangular Stress distribution

(c)

From the definition of residual stress as discussed in Chapter 3, when the

thickness (t) and stiffener spacing (b) is constant for a structure, the

compressive residual stress is a function of n and the material yield stress. So

we get,

0.=0 2nt 4-6
r y b—277t ( - )
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[t is obvious from the above equation that the variation of residual stress can be

achieved either by changing n or oy.

Material DH36 (Section 4.2.2) 0BP200x12

Mesh: (Abaqus)S4R - 25mm 10mm thk plate
Pinned (ul u2=u3=0)

3/
d d
1y Suppo W%ply sup 0
gi? gt

S /2400mm

Axial Loading (u2=u3=0)

0)

Figure 4-13 Details of FE Model used for the comparison

The structural geometry dimensions, boundary conditions, material and

meshing is shown in Figure 4-13.

Table 4-2 shows the strength results of a stiffened plate with OBP200 and plate
thickness 10mm with varying residual stresses by both approaches discussed
before. The residual stress is varied from 5% to 25% either by changing n from
2 to 8 by keeping oy constant and then by changing oy from 15% to 75% by

keeping 1 constant.

Table 4-2 Varying Residual stresses with ) and Tensile residual stress

Comp. Residual Stress Ten. Residual Stress n 0,/0,
0 0 0 0.99
] ] 5% 100% 2 0.955
g?ari‘jgltge"r‘l’ﬁ: 11% 100% 4 0.916
y 18% 100% 6 0.872
block, nt
25% 100% 8 0.851
Chanei 5% 15% 10 0.975
Te?lrslﬁl:nfesidual 1% 33% 10 0.94
18% 55% 10 0.905
stress
25% 75% 10 0.873

Figure 4-14 illustrates the difference between the two approaches. Both the
methods show approximately equal rate of strength degradation. But the
method of increasing tension block appears to be more sensitive. The variation

in residual stress is actually occurs when the extent of heat affected zone
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changes. So technically speaking, the method of varying tension block size is

more justified.

0.98
0.96
0.94
0.92

0.9

0.88

Normalised Ultimate Strength

0.86 1 ~~* - Increasing tension block width Tl

—— Changing Tension value
0.84 T T T T 1

0.00% 5.00% 10.00% 15.00%  20.00%  25.00%

% Compressive Residual Stress

Figure 4-14 Comparison of Change in residual stress by width of tension block and tensile
stresses

4.5 Effect of Varying Material Properties

A study was carried out with change in yield stress and variation in residual
stresses for a typical stiffened plated structure. The stiffened plate with OBP160
and 8mm thick plate is used for the study as illustrated in Figure 6-6. Figure
4-15 shows the variation in structural strength for yield stresses, 255 MPa,
285MPa and 315MPa for no residual stress and with n=5. The results reveal
some interesting facts about the structural strength. Figure 4-15(a) shows the
load shortening curves for the analysis trials described above. It demonstrates
that when the value of yield stress increases, the non-dimensional ultimate
stress in terms of yield stress decreases and the effect is similar when residual
stress is included. Figure 4-15(b) shows the reduction in ultimate strength
against yield stresses. On the other hand if we calculate the ultimate stress as
shown in Figure 4-15(c), we find that the stress value increases with increase in

yield stress. So the load bearing capacity increases for structures of materials
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with higher yield stress value. But the reduction in the non-dimensional
strength confirm the fact that buckling induced limit strength is a combination
of elastic buckling strength which is dependent on the structural slenderness
and the yield stress is only affecting the additional inelastic part of strength. So

the effect of yield stress is significantly in the latter part of failure process.
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Figure 4-15 Effect of changing material yield stress

4.6 Economic Structural Configuration

The number of plate spans and bays of stiffened plates are selected for the
development of design curves (Chapter 6) based on the effect of fabrication
imperfections based on a sensitivity study conducted by the author. For the
sensitivity analysis, a typical configuration of OBP200 stiffener and 12mm plate
with a medium level (refer Section 6.2) of overall imperfection is used. The
geometry, boundary conditions, material properties and meshing were as

shown in Figure 4-13.

Figure 4-16represent different plate stiffener combinations considered for the
sensitivity analysis. Figure 4-17 shows the sensitivity analysis results for the
optimum number of plates and stiffeners to be used for the strength analysis.
Figure 4-17(a) shows the load shortening curves for various combinations of

plates and stiffeners. Number of plates is varied from two to seven (P1 to P7)
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and correspondingly number of stiffeners from one to six (S1 to S6) as one
stiffener should be placed at the middle of two plate spans. It is clear from the
figure that the strength of the structure keeps on increasing as the number of
plates and stiffeners increase. The strength appears to vary from approximately,
0.6 to 0.67. There is a huge variation from one stiffener to two stiffeners and
from three stiffeners to more, the variation in strength is comparatively less and

the computation cost increases drastically.

T T T

pP2-51 pP3-S2 P4-S3
P6-S5 P5-St

P7-56
Figure 4-16 Structural configuration with varying number of plates and stiffeners
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Figure 4-17 Sensitivity study for the number of plates and stiffeners (a) the load shortening
curves (b) the strength comparisons

Figure 4-17(b) shows that for sensible results with reasonable cost of
computation, the optimum size is a three stiffener configuration, P4-S3, i.e., four

plates and three stiffeners. This is the most recommended configuration for

similar studies explained in various technical documents like ISSC
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(International ship and offshore structures congress) dealing FE analysis for

ultimate strength of stiffened plates for marine applications.
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Figure 4-18 Structural configuration with varying number of bays

One bay is the length of plate between two transverse frames. The transverse
frames are simulated in FE analysis by restraining the transverse out of plane
movements of nodes at the corresponding locations. Figure 4-18 illustrates
three strucutral configurations with varying number of bays with same

scantlings used for the previous number of plate-stiffener sensitive study.
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Figure 4-19 Sensitivity study for the number of bays (a) the load shortening curves (b) the
strength comparisons

Figure 4-19(a) shows the strength results for one, two and three bays structures
respectively. It is very interesting to see that all the models show nearly
identical strength values with increased strains as the number of bays increases.
It is very clear from the results that all the bays are equally strained before the
entire structure reaches its ultimate strength. For a strength point of view, the
analysis confirms that the use of a single bay gives good estimate with reduced

cost of computation for the types of structure in this study. A stiffened panel
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structure with 4 spans of plates of aspect ratio 1:3 (stiffener spacing/length)

with 3 stiffeners is used throughout the study.

4.7 FE Analysis of Experimental Test Panels

Load Distribution Plate

Loading Plate

E

Figure 4-20 Load, Boundary conditions, contacts and Constraints for Model M4

The initial FE analysis predictions were carried out with a model type, M3 which
is explained in Section 4.2.4. These predictions were not reflecting the reality
because the loading end attached to the hydraulic ram was free to rotate about
longitudinal axis. The ultimate load from the experiment for the first panel was
1229.2kN and which is substantially below the FEA prediction using M3 model
which was 1675.34kN. So another FE model M4 was created for this purpose.
This condition is simulated by constraining U1l along the support line and
constraining U1, U2 and U3 at the central node, acting at the pivot point for
rotation. The uniform loading was achieved through the arrangement of a
‘Loading Plate’ and ‘Load distribution Plate’. The interaction between these two
parts is defined with contact elements so that load is conveyed with rotation
about transverse axis (R2) allowed along the intersection line. U3 is fixed along
the line to simulate the grove in the physical model which maintained the
relative positions of the two parts. The Stiffened Panel is joined to the ‘Load

Distribution Plates’ at both ends through a Tie constraint in order to simulate
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the rigid fastening in the physical model. The above explained conditions are

illustrated in Figure 4-20 as A, B, C, D and E explained below.

1. A (Yellow line): U1=0 along the transverse support line

2. B (White circle): U1=U2=U3 =0, on a single node at the centre crossing the
transverse support line shown inside the white circle.

3. C (Magenta line): The Magenta lines show the tie constraints between the
Stiffened Panel and the Load Distribution Plate to indicate the bolted
fastening.

4. D (Cyan line): U3=0, to model the position grove. Node to surface contact
elements are modelled at this intersection.

5. E (Red line): U2=U3=R1=R2=R3=0 and Compressive load applied through

the red line.

However, when the rotational freedom was included in the analysis the
prediction becomes 1206.36kN and with an allowance being made in strain for

take-up of load in the physical set-up, a reasonable fit of result is achieved.

(b)

Figure 4-21 Comparison of Experimental and numerical predictions (a) FE analysis (b)
Experimental test

Apart from the above end conditions, an initial gap, observed during the tests,
between the loading plate and the load distributor plates attached to the panels
was assessed by a specific FE run. The line of loading plate touching the
distribution plate was modelled with an arc shape of very large diameter with a

5mm gap at each end. This increased the concentration of the loading on the
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central stiffener and helped to explain the discrepancy between the strain for

the FE results and the experimental results.

Figure 4-21 shows the comparison of FE analysis and the Experimental collapse
mode of Panel-1. The image of FE analysis is bit amplified and shows the
deformations more prominent. Both the images exhibit close geometrical
shapes at the time of failure. The Figure 3-15 also shows the same panel closely
and the similarity of distortion with FE analysis can be recognised. It confirms
that, in addition to the agreement between the predicted and measured failure

loads, the behaviour of the panel is also predicted well by FE analysis.
4.7.1 Comparison of Experimental and FE Results

Figure 4-22 shows the comparison of FE results with the ideal (proposed)
boundary conditions (M3 in Section 4.2.4) and the Test boundary conditions

during the experiment against the experimental results of Panel-1.
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Figure 4-22 Experimental and FE predictions of Panel-1

The additional rotational degree of freedom affects the strength quite
substantially when compared with the Ideal boundary conditions (M3).

Considering the inherent uncertainties which are likely to be present in the
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experiments, the FE analysis predicts the strength quite accurately for the
majority of the cases. The test results are plotted in Appendix B and are

summarised in Figure 4-23.

This indicates that when the boundary conditions are modelled correctly, there
exists a better correlation between the test and FE results. In most of the tests it
is observed that the initial buckling of the centre stiffener is marked by a
noticeable inflection of the load-deflection curve, and in the strain gauge reading

for the centre stiffener.
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Figure 4-23 Comparison of Experimental and FE results

Although many FE models with corrections and adjustments to reflect the
reality had been attempted, most importantly, FE results with proposed BC and
Test BC (with rotation and a gap in the loading end) along with the

experimental results are presented in Table 4-3.

The variations in the FE results are statistically represented with the mean and
coefficient of variation (COV) of the model uncertainty factor, Xm which is the

ratio of experimental result and the Predicted result.
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Table 4-3 Comparison of Experimental and FE Results

FE Results with FE Results with Experimental % Error
Plate proposed BC Test BC Results (Experiment X,
> c./o, P,(kN) o,/0, P,(kN) o,/c, P,(kN) withFE TestBC)
1 059 167534 043 1206.36 0.44 1229.20 1.86% 1.02
2 057 1616.01 0.42 1180.93 0.40 1138.93 -3.69% 0.96
3 060 1680.99 0.41 1149.86 0.44 1244.35 7.59% 1.08
4 059 167252 042 117811 0.45 1279.15 7.90% 1.09
5 058 1644.27 041 1144.21 0.37 1033.02 -10.76% 0.90
6 058 164992 041 1161.16 0.41 1160.48 -0.06% 1.00
7b 059 165839 0.42 118093 0.42 118148 0.05% 1.00
8b 0.59 1652.74 0.42 1192.23 0.40 1139.30 -4.65% 0.96
9 056 175748 030 929.13 0.29 913.56 -1.70% 0.98
10 0.56 176693 0.38 1190.55 0.38 1191.00 0.04% 1.00
P, - Ultimate load in kN, X, - Model uncertainty factor Mean: 0.9993
COV: 5.52%
0.6 J------m=-mmmmommmmmmmeeceoooooos s
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Figure 4-24 Statistical representation of Test results

The statistical modelling parameters exhibit very low bias (mean) and spread
(COV) which are the most desirable characteristics for a better structural
response model. The statistical behaviour of the experimental results is shown
in Figure 4-24. ¢-Experimental and ¢-Predicted are the corresponding ultimate
loads normalised with the equivalent yield load for the material. This modelling
uncertainty factor and COV can be used for reliability analysis of similar

structures which is discussed further in Chapter 8.
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4.8 FE Modelling and Analysis of Stiffened Cylinders

(a) Ring stiffened cylinder and Buckling modes

(b) Stringer stiffened cylinder and Buckling modes

Figure 4-25 FE Model and buckling modes of stiffened cylinders

The same modelling aspects described above are used to model the stiffened
cylinders. The buckling mode imperfection for the stiffened cylinder analysis
has incorporated based on the *IMPERFECTION keyword rather than modifying
the coordinates. The analyses have basically carried out to do the reliability
assessment of ring stiffened and Stringer stiffened cylinders using Response
Surface Method (RSM) under axial and combined loading cases, which is
explained in Chapter 8. Also, the verification of models by comparing the
collapse load with the experimental collapse load is given in Table 8-5 of
Chapter 8. The FE model and included buckling modes are illustrated in Figure
4-25.

4.9 Summary

The nonlinear FE analysis has been evolved over the years and proved to be a
potential tool to evaluate the structural responses for varying problems. The

structural response analysis of plates is one of the most important areas of
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application for the numerical tools as these are one of the most interesting
topics for researchers all over the world with new era of composite materials
and other intricacies of advanced fabrication processes. Even though the
stiffened plates of steel material used for marine applications are very simple in
its geometry and construction, its strength and collapse mechanism are really
complex and still not understood fully. These structures exhibit biased column
or plate behaviour according to the geometrical parameters as it includes plates
and column elements. The fabrication introduce weld induced non linear
residual stresses and geometrical imperfections and when linked with material
non linearity makes the problem extremely complicated. So the analytical
framing of this highly nonlinear problem with all the influencing factors is quite
difficult and face lot of limitations. A carefully constructed numerical model to
an extent is the best method to reflect the response of these structures close to

reality.

The analyses carried out for an optimum geometry of the stiffened plates reveal
the fact that the approach in analytical formulations is totally different form
numerical techniques. Established analytical methods for the ultimate strength
evaluation are based on the shear lag and effective width concept. Numerical
models show convergence in the result with more number of plates and
stiffeners. It is observed that, for the ultimate strength analysis, a numerical
model with four spans of plate with three stiffeners produces a reasonable
result. The increase in the number of bays appears to generate the same
strength result with an increased failure strain. This indicates the fact that the
spans are absorbing strains or deflecting equally before one of them actually

collapses.

The mesh sensitivity analysis actually revel the requirement of element size and
aspect ratio for a better result. The size of elements has great influence in the
accuracy of the result. At the same time it increases the cost of computation

dramatically if the mesh is too fine. So the optimisation process confirms that
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the analysis is carried out at an optimum level of accuracy and computational

cost.

The analytical formulations can never incorporate the imperfections with all its
parametric aspects for strength calculations. The complex interactions and
sensitivity considerations behind the development of a formula with capability
of handling all the distortion aspects is almost impossible. A parametric
numerical model can handle the real distortion or imperfection very effectively.
The analyses of various geometrical imperfection mode shapes with identical
distortion parameters indicate the fact that the response of the structure is very
much dependent on the mode shape and amplitude of the imperfection. The
Type-1 imperfection profile or mode shape is chosen for the study based on the

high level of sensitivity on the strength of the structure.

The residual stresses in a structure if incorporated through the initial stress
method, the variation can be achieved either by increasing the width of tension
block or by varying the value of tensile residual stress. The analyses indicate the
fact that the variation in residual stress through the width of tension block

seems to be more sensitive and conceptually correct.

When varying the yield stress of the material, the reduction in the non-
dimensional strength and increase in the actual load bearing capacity can be
understood with the elasto-plastic failure concept. It further confirm the fact
that buckling induced limit strength is a combination of elastic buckling
strength which depends on the structural slenderness and the yield stress is
only affecting the additional inelastic part of strength and its contribution is less

compared to the elastic part.

The proper modelling of test set-up for experimental trials for the compressive
strength of stiffened panels with specific boundary conditions and loading
pattern to provide convincing and valid results is extremely challenging. The
theoretical or numerical predictions are very sensitive to the assumptions used

for the theoretical formulation and hence the discrepancy is obvious and
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subjected to the extent of effective analytical/numerical modelling, various
nonlinearities and other uncertainties involved. The tests have provided a
validation of the predicted strength of stiffened panels where the rotational
degree of freedom is not constrained. The comparison confirms the load bearing
predictions of the stiffeners and plates in a compressive axial loading condition
leading to the failure of the structure. The tests have displayed more
displacement compared to the numerical predictions. These were adjusted with
some correction factors to enable comparison of strength. This additional
displacement is believed to be either because of the uneven loading or the
machines frame displacement. But the variation is a few millimetres. The failure

loads show close agreement.

The study shows close matching of experimental results for strength with the
numerical simulations. The model uncertainty factor is almost unity with very
low spread of 5.5%. The better statistical correlation validates the numerical

model for further studies including strength analysis and reliability calculations.
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5.1 Introduction

The flat plate elements are used in the engineering world extensively, from
airplanes to ships, from space stations to offshore platforms, buildings and so on.
A structural element is classified as flat plates when one of the three dimensions
is much smaller than the other two. In general, the thickness will be much
smaller than other length dimensions. As far as the behaviour and flexural
properties are being considered, the thickness of the plate is the most
significant parameter. The basic theories used for plate analysis can be
classified into ‘thin plate with small deflection’, ‘thin plate with large deflections’
and ‘thick plate’ (shear deformable) theories. The distinction between thin and
thick plate are characterised based on the ratio of the thickness to the smallest
length dimension. A plate is considered thin if the aforesaid ratio is less than

1/20 according to Reddy (1999).

The strength analysis is carried out based on the assumption that stable
equilibrium exists between internal and external forces and a slight load
increment does not disturb the equilibrium of the system. There is a limit for the
above equilibrium state and beyond which the system will move to an unstable
state of equilibrium. This sudden change in structural configuration is known as
Buckling. For slender structures (one or two of the three dimensions are
considerably less than the other), there can be excessive elastic deformation
before the structure actually reaches its material elastic limit. This is known as
elastic buckling. When the applied stress reaches the material yield stress, the
deflection will increase plastically and is known as the inelastic buckling. For
stocky structures on the other hand, as the elastic deflection is too small, the
buckling or a change in structural configuration will occur when the applied
stress reaches the material yield stress. So the stocky structures will experience
inelastic buckling only. However, the buckling type and buckling stress is hence

a function of structural slenderness and material properties. Most of the plate
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elements used in offshore industry fall under slender category and the buckling
failure is the most important mode of failure under various loading conditions.
Hence the strength of the plate is generally represented with the term buckling

strength.

The elastic small deflection buckling deals with the case of plates loaded up to
the critical elastic buckling stress o.. However, although this provides a good
design datum it does not represent true failure in a load-carrying sense. Further
loads can be carried as the lateral deflections grow sufficiently large for
membrane stresses to be taken into account. This increase of load with
deflection is finally limited by breakdown of the plate material due to plasticity
when the ultimate load oy is reached. In general, the ultimate strength of a plate
is greater than the elastic critical buckling stress, but it is possible with sturdy
sections for the plate to yield before buckling occurs, i.e., ou<oc. This

constitutes inelastic or plastic buckling.

Contrary to the idealised small deflection analysis, there is no catastrophic
deformation at o.r in actual structures. A plate loses effectiveness immediately
upon application of load because of initial imperfections. Even the large
deflection theory which is valid for stresses up to about 50, predicts a step by
step change in the plate stiffness. Hence the buckling of a real plate is a
progressive increase of deformation, starting from some initial distortion, as the

load is progressively increased.

If post-buckling deflections can be allowed before the onset of plasticity, a
design can be based on oy, with some safety margin, rather than o.- and thereby
generally make considerable savings in weight and cost. There is virtually no
reserve of strength for plating in compression when o.>0.60,0or aspect ratio,

0<0.25 (long edge loaded) or any one edge is free.

This post-buckling reserve of strength is most easily determined by means of an
‘effective width’ approach. In the post-buckling range the stress on the loaded

edges is no longer uniform across the plate width, but varies such that the edges
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carry an ever increasing proportion of the load, with the stress near the centre
of the plate almost constant. The effective width is that width of plate which,
when loaded uniformly to the plate edge stress, would produce the same overall
plate end load. Failure can be said to occur when the edge stresses reach yield.
This approach has led to a series of empirical expressions relating the strength
of a plate at this failure point known as the ultimate strength to the plate
slenderness. When a plated grillage is loaded the plating is required to enhance
the stability of the stiffeners, and so plate stiffness just prior to collapse is an

important factor. This can be expressed in terms of a reduced effective width’.
5.2 Impact of Weld Induced Imperfection in Steel Ships

Figure 5-1 shows the typical distortions in ship structures observed in the hull,

deck plate and transverse bulk heads.

Figure 5-1 Distortions in hull, deck and bulkhead of Type 45 destroyer

The most significant ship building problems commonly encountered as a result

of weld induced geometrical distortion are,
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1. The difficulty in joining blocks during hull erection due to inaccuracies
in the overall block dimensions and the misalignment of structural
members due to weld distortion, resulting in much rework at the
erection stage.

2. Aesthetic beauties of the ships are greatly affected with the plate
deformations giving a wavy body appearance.

3. The ultimate strength or the structural capacity degradation of the
structure with weld induced geometrical imperfections and residual

stresses.

The misalignment during block joining is one of the major issues encountered
by the ship building industry around the globe. Extended research by individual
organisations and professional institutions across the world established lot of
effective distortion mitigation techniques and procedures which effectively

brought this issue under control.

The aesthetic beauty of the ship is particularly important in ship construction as
it creates a first sight impression about the construction and performance
quality in the eyes of potential buyers and common layman. Hence it is very
important in the commercial point of view and this also controlled with effective

techniques for distortion mitigation, and surface finishing techniques.

Designers and institutions have made a lot of research to produce effective
methods for strength calculations considering the imperfection effects. There
are number of potential techniques evolved over the years to predict the
distortion and residual stresses in welding processes. The numerical simulation
of welding can be performed with many existing commercial FE packages and
proved to be very close to the actual experimental results. This study is focused
on the effect of these factors in the buckling strength and post buckling

behaviour of the unstiffened and stiffened panels used in steel ships.
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5.3 Welding Deformations in Plated Structures

The high heat input to the material during welding process results in a complex
state of strain within the body. This will generate complex internal forces and
cause complex metal movement during welding. Finally, the resultant forces and

strains will produce the net distortion.

Before
welding

After
welding

Transverse
shrinkage

Angular
distortion

Longitudinal Shrinkage
Figure 5-2 Types of welding distortion in a fillet weld

Three fundamental distortion types are,

1. Transverse shrinkage
2. Longitudinal shrinkage

3. Angular/rotational distortion

Figure 5-2 shows the graphical representation of the above distortions in a fillet

welded plate.

The distortions can be generally classified as in-plane distortion and out of
plane distortion. The in-plane distortions are those two dimensional
geometrical changes observed with respect to a plane parallel to the line of

welding and the out of plane distortions are in a three dimensional space.
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(a) Transverse shrinkage (b) Longitudinal shrinkage  (c) Rotational distortion

Figure 5-3 In plane distortions

The in-plane distortions shown in Figure 5-3 are,

1. Transverse shrinkage - Shrinkage perpendicular to the weld centreline.
2. Longitudinal shrinkage - Shrinkage in the direction of the weld line.
3. Rotational distortion - Angular distortion in the plane of the plate due to

thermal expansion or contraction.
The out of plane distortions shown in Figure 5-4 are,

1. Angular distortion - Distortion caused by non-uniform temperature
distribution in the through-thickness direction.

2. Bending distortion - Distortion in a plane through the weld line and
perpendicular to the plate. This occurs as a result of bending moments
induced by the longitudinal shrinkage of the weld metal when the weld
line does not coincide with the neutral axis of the weldment.

3. Buckling distortion - Distortion caused by compressive stresses inducing
instability when the plates are thin. When thermal or residual
compressive stresses are greater than the critical stress of the elements of
the structure it induces instability in the plate elements. This will appear
in the form of complicated geometry at large magnitude. The amount of
buckling distortion in thin plated structures is much greater than other
types of distortion as the magnitude is dependent on the slenderness of
the plate.

4. Torsional distortion — The uneven heating and cooling along the weld line

will generate an effect of a torque causing a twist or torsion in a member.
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5. Global distortion - A shrinkage and bend in transverse and longitudinal

direction of the whole metal structure as a single entity.

— -

,—'7? f
Butt weld !

(a) Angular distortion (b) Longitudinal bending distortion

(c) Buckling distortion (c) Torsional distortion

Figure 5-4 Out of plane distortions

All the above discussed distortions are present in every single joint of a
structure. So the actual distortion configuration of any welded structure is a
result of superposition and interaction of all such individual distortion
components making the final geometry extremely complex. Hence for the study
purpose, some idealisation of the distortion patterns are used depends on the

material, structural scantlings, geometry, welding process etc.
5.4 Weld induced Residual Stresses

Residual stresses can be sufficient to cause a metal part to split into pieces
without applying any external load. Though this is very uncommon, people in
the metal industry have witnessed this phenomenon. Residual stresses are
stresses locked inside a component or assembly of parts. The internal state of
residual stress is caused by thermal and/or mechanical effects on the parts
during construction operations. Common examples of these are bending, rolling

or forging and the thermal stresses induced during welding operations.
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The internal stresses are always balanced in a component. Tensile residual
stresses are counter balanced by compressive residual stresses. In reality, the
residual stresses are three-dimensional and hence it does have so many
unimagined effects on the performance of the structure under complex loading
conditions. The residual stresses can result in visible distortion of a component
and this can be useful in estimating the magnitude or direction of the residual
stresses. Thermal residual stresses are primarily due to differential expansion
when a metal is heated or cooled. The two factors that control this are thermal
treatment (heating or cooling) and restraint. Both the thermal treatment and

restraint of the component must be present to generate residual stresses.
5.4.1 Causes of Welding Deformations and Residual Stresses

The parts joined through welding are subjected to a high degree of non-uniform
heating. The weld line is often heated to several thousand of degree Celsius and
then cooled down. The amount of heat supplied during this process is conducted
to the inner body. This sudden heating and cooling invoke microscopic level
dislocation producing volumetric variations and finally results in residual

stresses and deformations.

Consider a body created out of tiny cubic elements. If the all the elements are
heated uniformly, it will cause uniform expansion in all three-dimensional
directions and will attain same size. The elements can join to form a solid
continuous body at this temperature without any internal stresses. On the other
hand, if the heating is non-uniform, each cube will expand according to the heat
received and results in elements with non-uniform sizes. The assembly of such
cubes becomes difficult to form a solid body. There will be some distortions due
to the change in size and residual stresses due to the forced fitting of cubes. In a
continuous body, the neighbouring elements will resist a body from free
expansion and will cause the same effect as explained above. If the internal
stresses and expansion due to heating are in the elastic range, the body will

return to its initial size and shape without any internal stresses after cooling. If
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there is any plastic deformation, the body can return to its initial temperature
with some change in the size and internal stresses and hence the body after

cooling will have some distortions and residual stresses.
5.4.2 Residual Stress Distribution

In an actual welding process, material shrinkage or expansion happen in all
spatial directions. It ultimately results in a very complicated state of residual
stress fields in the body as explained above. Since the longitudinal and
transverse directional stresses are the major stress components, these are
considered as the residual stress fields while analysing the structural

performances of a welded plate.

Tension

Compression

(a)

Tension X

(b)

Figure 5-5 Residual stress distribution in butt weld (a) along longitudinal direction of the weld;
(b) along transverse direction of the weld
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5.4.2.1 Residual Longitudinal Stress

It is experimentally observed that maximum longitudinal residual stresses ox in
welds are usually close to the yield stress of the material oyand in the tension
state. It reduces gradually in the direction perpendicular to the weld line and
becomes compressive at about 4 to 6 times the thickness of the plate material
away from the weld line. A typical residual stress distribution in a butt weld
joining two plates is shown in Figure 5-5 (a). The stress distribution may vary
depending on alloying level of the weld- and base metal, cooling rate during

welding process and the initial state of the steel.

5.4.2.2 Residual Transverse Stress

After the welding operation, the shrinkage/expansion in the spatial direction
induces residual stresses. The longitudinal residual stress is the major
component in magnitude. It appears in welds irrespective of restraints. The
transverse residual stresses are on the other hand depends on the restraints
during welding operation. If there are no restraints in the transverse direction,
keeping the edges free, the transverse residual stresses generated will be very
minute. The typical transverse residual stress distribution will be as shown in
Figure 5-5 (b). The distribution shows maximum compressive stresses at the

ends and tensile stress at the middle of the weld length.
5.5 Strength of Unstiffened Plate

The buckling stresses are obtained from the concept of bifurcation of an initially
perfect structure. In theory, the buckling of a perfect structure happens
suddenly when the applied stress reaches a critical value. But in reality, the
response of the structure seems to be continuous due to the unavoidable

presence of initial imperfections.
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For a long rectangular plate under uniform axial in-plane compression as shown
in shown in Figure 5-6(a), the elastic critical stress can be expressed in terms of
the geometrical and material parameters as,
T2E t\?
=K——— (—) 5-1

T =R 1201 —v2) \b G-
Where t is the plate thickness, b is the plate width, E is the Young's modulus, v is
the poisons ratio and K is the buckling coefficient which is a function of plate

geometry and the support conditions.

1] ———— __ No. of half waves

|
1 2 2 /6 3/l 4
Aspect ratiom = a/b

v

Figure 5-6 (a) Buckling of a plate with m=3, (b) variation of K with respect to m

The plate slenderness can be represented as,
p=2 % (5-2)

The plate slenderness below yield stress known as effective plate slenderness

can be represented as,

b [0, O,
ﬁe=;\E—ﬁj0:y (5-3)

Tests by Faulkner (1975a) suggest that, for the range of steels currently used in

ships, reasonable predictions of pinned plate ultimate strength are given by:
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o, b, E—iz when f>1
a_ = F =1p (5-4)
y 1 when 0< <1
and for edge stresses below yield,
o b 2 iz when g, >1
o b | P (55)
) 1 when 0< g, <1

within the range(0.750, <o, <0y )

where oy is the failure stress across the plate width, b,,, is the effective width at
failure, o,,, is the average stress across the plate, o is the stress at the edge of

the plate and be is the effective width of the plate.

Equation (5-4) and (5-5) represent a lower bound for plates having reasonable

initial distortion (z0.04 ﬂzt) in the buckling mode. Other modes tend to

strengthen the plate and stiffen the plate in the post-buckling regime, in the

absence of the buckling mode component.
5.5.1 The Effect of Welding Residual Stresses

During welding the local temperatures within a plate can reach twelve times
that which would cause yield in resisted thermal expansion of structural steels.
It is therefore inevitable that contraction forces of many tonnes will arise on
cooling, despite small weld cross-sections. These contraction forces are
balanced over the remainder of the plate width by compressive stresses. The
resulting residual stress distribution, as shown in Figure 5-7, has a region of
tensile yield near to each weld, extending distance 77t across the plate. The
residual stress system distorts the plate cross-section, typically towards the
stiffener if one is present at the boundary (if the plate edge terminated at a
perpendicular plate, ideally there would be no distortion, out-of-plane, of the

former plate) and may also distort the plate longitudinally. The compressive
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residual stresses and the distortion reduce the compressive strength of the plate
and increase the tendency to buckle. In general, longitudinal plate weld seams

have little effect on the plate stability and strength.

nt nt
4>'—'<i — —
{ E 2
Q ,— Actual stress distribution Q
Oy =3 / o
Z | S
%] %]
‘ Ak 5
= =
o " Compression zone Y
% bt
b

Figure 5-7 Idealised residual stress distribution due to welding in a plate

The width 7t of the yield tension block on each side of the welded joint is

governed by the welding process and thickness of the members joined. Many
papers have been written on this subject, (Somerville, Swan and Clarke 1977,
Cullington and Beales 1977, Faulkner 1977, Kamtekar, White and Dwight 1977,
Thompson 1977, Smith and Kirkwood 1976, Faulkner 1975) but for the range of

steels and conditions found in ship structures it is normally adequate to assume,

45<n<6.0 as built
30<n<45 after 'shakedown

Shakedown is the progressive reduction in residual stresses arising from

applied stresses in service. The compressive residual stresses o, in the plating

are balanced by the tension block on each side of the plate (Figure 5-7), then:

r

o - b-2nt

y

(5-6)

It is now possible to define a plate strength reduction factor R, due to residual

stress as,
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2 1
o, b, ——— R for pg>1
res {ﬁ ﬂz} >-7)
o, b
R, for 0<p<1
where,
2
1—ﬁ[5J P for f>1
o,\E)2p-1
R, = - (5-8)
1—3(—IJ for 0<p<1
o, E
and,
2
{ 3.62 B 4} for  0<p< 1.9
E _|[131+p,(-p)s VP (5.9)
E
1.0 for ﬂzﬁ
P,

The concept of a residual stress reduction factor R, is here defined for plate
ultimate strength. At intermediate loads the effects of residual stresses are
complex. A simple approach is to assume that R, can be directly applied at
stresses less than those to cause failure, by modifying Equation (5-5) as given

below.

b, 2 iz R, for B =1

T=ils A (5-10)
R, for 0<p,. <1

The reduced effective width prior to the collapse is,

, 1

b, |- R for g 21

b ={ 5, (5-11)
R, for 0<p.<1

The above expressions are valid within the range 0.750,, < 0, < 0,

It is important that the limitations of the effective width concept be appreciated.

The method makes gross assumptions about stress redistribution and it can
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only be justified fully by the fact that it gives results in good agreement with

those observed in practice.
5.6 Strength of Stiffened Plates

In the stiffened plate panels, the longitudinal stiffeners have the main function
of providing the necessary support to the plates ensuring that they retain the
required strength. To fulfil this function, stiffeners must have adequate rigidity
and the spacing between them must be chosen according to the main
characteristics of the plate namely, its thickness and yield stress. The
slenderness of the plate has to be designed in such a way that the ultimate
average stress is kept closer to the yield stress as much as possible. Examples of

stiffened plates are shown in Figure 5-8.

Stiffened Flat Plate

% ‘ !

\V

1-Deck plates
2-Trnansverse frames
3-Bulk heads

Figure 5-8 Examples of a stiffened plate
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The analysis of stiffened plates has been performed by several researchers and
many solutions to the problem were presented over the years. The prediction of
the panel behaviour has led to the development of several techniques such as
nonlinear finite element methods or more simplified formulations applying the
beam column concept. Common to all is the need for the application of an
incremental end shortening if a realistic description of the post buckling
behaviour is required. Also, common to later formulation is the use of load end
shortening curves for simply supported plates carried out on separate studies,

which have able to describe the loss of plate stiffness after buckling.
Failure of panel is usually classified as,

Plate induced failure
Stiffener induced failure

Tripping induced failure

s W

Overall grillage failure

The last mode of failure is normally ignored by ensuring that transverse frames
are of adequate size and thereby avoiding any chance of overall grillage failure.
The first one occurs when the stiffener is sufficiently stocky and the plate has a
lower critical elastic stress. The second failure mode is mainly due to the
excessive slenderness of the column (stiffener and effective associated plate
acting together) and the failure may be towards the plate or towards the
stiffener, depending on the column’s initial shape and the type of loading
considered, i.e., eccentricity applied or not, following the shift of the neutral axis
or not. In a continuous panel, it is usual that the failure is towards the plate in
one span and towards the stiffener in the adjacent span. The third mode of
failure is the consequence of a lack of torsional rigidity of the stiffener.
Interaction with the plate-buckling mode may also occur including premature
tripping. Sometimes the first and the second modes are incorporated in the
same group because the buckled shape of the panel is similar and is normally

towards the stiffener.
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Figure 5-9 Modes of Failure

Design methods to determine the ultimate load of the panels were presented
among others by Faulkner based on Johnson-Ostenfield approach, by Carlsen,
and Dwight and Little based on Perry-Robertson formulation. One of the major
theoretical methods used for predicting the ultimate strength of stiffened panels
is the plate stiffener combination approach (also called beam-column
approach). This approach uses a representative plate-stiffener combination to
represent the behaviour of a stiffened panel since the spacing of stiffeners is
normally the same in each direction. Various column strength formulations have
been used as the basis of such approaches. Three formulations are discussed

here in which the distortion and residual stresses are considered.

1. Faulkner’s Method based on Johnson - Ostenfeld formulation
2. Perry - Robertson formulation

3. An empirical formulation obtained by curve fitting experimental data.
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5.6.1 Faulkner’s Method (Longitudinally Stiffened Panels)

The ‘stiffener induced’ inter-frame column collapse occurs if the stiffeners are
considerably weak (not a common scenario) and generally this mode of failure
is ignored. Plate induced column failure between frames can be treated using
the tangent modulus buckling methods for stiffeners and also the plate element
stiffness and strength expression. Because of structural continuity the
longitudinals and associated effective plating may be considered to buckle as a
wide stiffened-plate column simply supported between frames. For the limiting
value of the edge stress, the Johnson Parabola column collapse equation is used.
The tangent modulus approach can now be used to calculate the strength of

fabricated steel columns.

The Euler’s critical buckling stress for a pinned column with effective length le

and radius of gyration r in the elastic region is,

2Er?

2
Ie

Op =

(5-12)

The inelastic compressive limiting stress, o, for the column can be obtained by
substituting the tangent modulus, £:; according to Ostenfeld-Bleich quadratic
parabola in the above equation. Assuming the applied stress as the column

collapse stress g, and substituting £ in Equation (5-12) and dividing with g,,

gives,

o, nWE[qbfﬂQ]_llq@fﬂQ]

=" =— (5-13)
o, ol aps(ay —Gps) X|olo,—o

l, (o,
where column slenderness parameter, 4 = j T (5-14)
Dividing with both numerator and denominator of RHS with g,, gives,
o 1 GC/O'y(l—GC/O'y) ~ 1 [ P (5-15)
O-y 12 Ups/Gy(l_Gpslay) izpr(l_ pr) o-y O-y
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Substituting structural proportional limit, p, =0.5 in Equation (5-15) and

rearranging,
o, A2
> =1- v (5-16)

y

Based on the above relation, the well-known Johnson Parabola for inelastic
column strength has been evolved as,

2/2
1—Z for /13\/5

—= = (5-17)
y for 1>+2

2
The above equation, which define the Johnson parabola for the column strength
takes into account the effect of residual stress through structural proportional

limit pr.

The failure of stiffened plate will occur when the compressive stress at stiffener
and associated effective plate width reaches the column collapse stress o,
which is obtained based on Johnson parabola. These ignore the effect of
stiffener shape distortions; but this is nevertheless preferred to the Perry-
Robertson approach, which is often used in civil engineering. This preference is

based on two facts:

1. The role of residual stresses is considered to be more important than the
effects of stiffener shape distortions, and the Perry-Robertson approach
cannot include residual stress effects.

2. Comparison with test data shows the tangent modulus approach with

pr=0.5 to give better modelling uncertainties.

The effect of practical plate element shape imperfections is small but is
implicitly allowed for in the effective width equations. Effects arising from the

welds of the longitudinal stiffeners to the plating are much more important. The
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reduction factor, R, is applied to the plate element effective width and reduced

effective width equations.

According to Faulkner, The ultimate strength of the stiffened plate,

o, 0, A, +b,t c 18
o _O'y A, +bt (>-18)

An iterative approach is necessary to evaluate the column collapse stress
because the effective width and reduced effective width used in the calculation
process are also a function of the end stress. So the ultimate strength of the
stiffened panel for a simply supported case can be evaluated using an iterative

step by step procedure as given below.

Step 1: The compressive end stress g, at the plate edges is assumed to
have a value in terms of the yield stress of the material (say,

o./0, = 0.8) as a first approximation to begin with the iterative

process.
Step 2:  Calculate B and f. as per Equation (5-2) and (5-3)
Step3:  Calculate the tangent modulus as per Equation (5-9)

Step 4: The reduction in stiffness due to the residual stress is evaluated

using Equation (5-8)
Step 5:  Calculate be according to Equation (5-10)
Step 6: Calculate b’ according to Equation (5-11)

Step 7: The tangent effective moment of inertia I’. is calculated for the

stiffener and tangent effective width of the plate.
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Step 8:

The tangent effective radius of gyration is calculated with the
tangent effective moment of inertia and effective area (Figure

5-10) as given below,

-
r, = /W (5-19)

I'e
I ,f,j\,, For calculating Oe

b'e (REW)
b

QbﬁAs

Ae=As+bet
At uniform 0e

be

b

Figure 5-10 Effective and Reduced effective width of the stiffened plate

Step 9:

Step 10:

Calculate the reduced column slenderness A. using reduced radius

of gyration re in Equation (5-14)

Calculate the column collapse stress using Equation (5-17). The
value obtained from step 10 is compared with the assumed plate
edge stress in step 1. Iteration is carried out by updating the edge
stress value with the column collapse stress until we get

satisfactory level of convergence for g,.
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Step 11: Calculate the ultimate strength of the stiffened panel using the
Faulkner's formula, Equation (5-18) with the converged edge

stress value.

5.6.1.1 Residual Stress and Initial Deflection in Faulkner’s Method (Pu,
Das and Faulkner, 1997)

Although the above explained method predicts the ultimate strength of a
stiffened plate quite reasonably, it does not explicitly take care of the effect of
initial imperfection. As a result of this, the formulae fail to predict the strength
reasonably when the initial distortion is different than that of average level
proposed by Smith (1977). Guedes Soares (1988) proposed reduction factors
for the residual stresses (Rj), initial distortion (Rs), and combined initial

distortion and residual stress (R;s) as shown below.

A
R, =( —ﬁj(u 0.00787) (5-20)
R, :1—(0.626—0.121/36)% (5-21)
(5-22)

R, = 0.665 +0.00677 +0.36 % +0.145,

where 7 is the residual stress parameter which defines the width of the yield

tension residual block as per Equation (5-6), do is the initial central deflection of

the plate, Ag, is the compression strength reduction due to residual stress given

by,

Ay =——o (5-23)

(0r/0y) is calculated according to Equation (5-6) and (E;/E) is calculated based

on Equation (5-9) for simply supported boundary conditions.

The effective width of a perfect plate is taken as 1.08 ¢, where,
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p-tt (526

Pu et al. (1997) redefined the tangent (reduced) effective width and effective

width of the plate as follows.

1

b |—RR;R for g, 21

s nie (5-25)
R,R,R s for 0<p, <1

b, [1.08¢,R,R;R,s for  pB.>1 (5-26)

b |1.08R,R,R, for  0<pg, <1

The above equations for effective width and tangent effective width can be used
in Step 5 and Step 6 of the Faulkner’s method for ultimate strength and hence
the effect of initial distortion and residual stress can be incorporated explicitly.
This formulation shows better agreement with the test results when compared

with the initial formulation.
5.6.2 Perry-Robertson Formula for Stiffener Induced Failure

The Perry - Robertson formulation assumes that the stiffener with associated
plating will collapse as a ‘beam-column’ when the maximum compressive stress
in the extreme fiber reaches the yield strength of the material. The two possible
collapse modes for the Perry - Robertson formulation are usually considered
depending on the failure of the most highly stressed fiber, i.e., ‘plate induced
failure’ and ‘stiffener induced failure’. The plate induced failure mode is related
to yielding of associated plating due to compression. The stiffener induced
failure mode may result from either yielding of the extreme stiffener fiber

(without rotation of stiffener) or tripping of stiffener (with rotation of stiffener).

The expression for collapse strength of the column with initial imperfection

under axial loading is,
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o | [1(;. 1 ¥ )| 1[,. 1 vo] 4
[G_HE(“?*zzrgﬂ‘i\/{“ﬁuzrg} - (5-27)

y

Where & is the initial column distortion, A is the column slenderness, yc is the
distance from elastic neutral axis to the outer fiber of the compressed side and r

is the radius of gyration of the section.

The above value for the column collapse strength can be substituted for (o./0y)
in the Faulkner’s formula, Equation (5-18) to obtain the load shortening curve
and ultimate strength of the stiffened panel with equivalent column

imperfection.

The Perry formula can be modified further to incorporate the residual stress
effects by replacing Faulkner’s effective slenderness ratio A. into the Equation
(5-27). But the form of Perry’s formula appears to produce increase in strength
with reduced slenderness. This is against the observed results and trends and

further investigation is needed in this direction to device a proper formulation.
5.6.3 Empirical Formulae

In empirical approaches, the ultimate strength formulations are developed by
curve fitting based on mechanical collapse test results or numerical solutions.
These types of empirical formulae can often be simple closed-form expressions,
which have certain advantages including getting quick first-cut estimates, while
their use may be restricted to a specified range of dimensions of be subject to
other limitations. A vast number of empirical formulations for ultimate strength
of simple beams in steel framed structures have been developed. As an example,
Lin (1985), Paik & Thayambilli (1997, 2003) developed empirical formulae for
predicting the ultimate strength of a plate-stiffener combination under axial
compression in terms of both column and plate slenderness ratios, based on

existing mechanical collapse test data for the ultimate strength of stiffened
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panels under axial compression and with initial imperfections at an ‘average

level'.

Formula proposed by Lin (1985)

S |= L (5-28)
o, ) +J0.960+0.7654° +0.176 5> +0.13L23 +1.046.1*

Formula proposed by Paik et al (2003)

%= L (5-29)
o, ) J0.995 +0.936 2 + 0.170 5% + 0.188 2 5% + 0.067

Both of the above expressions do not consider the initial imperfection and

residual stress explicitly.
5.6.4 Design of Strength of Stiffened Panels

The DNV-RP-C201 code consider the imperfection effects are not necessary to
include in the formulations as the contributions of these factors will be
accounted with reasonable reduction factors. Even though the code can handle
the imperfection effects, it fails to predict the sensitivity of imperfection factors
on the strength of the structure. The response is also affected by various other
factors which can interact with the imperfection effects to generate quite
unpredictable situations. This eventually leads to an uncertain range of
reduction factor to be considered and may finally end up with a rather

pessimistic estimate.

The API-BULL-2V code is more or less based on the philosophy of Faulkner
equation and its modifications. The beam-column approach does not explicitly
deals with the initial distortions and hence the sensitivity of this factor is not

effectively covered.
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5.7 Proposed New Empirical Formula for Stiffened Plates

From the above discussion illustrating the major strength formulations of the

unstiffened and stiffened panels, it is clear that,

1.  Faulkner model is not taking the initial distortion of the plate into
consideration for axial strength evaluation

2. Perry Robertson formula is not considering the residual stress for axial
strength evaluation

3.  The empirical formulae are not considering imperfection parameters at
all for the axial strength evaluation.

4. The modified Faulkner method (Pu-Das-Faulkner) method considers
the distortion and residual stresses together but the incorporation of
the distortion to modify the slenderness is not conceptually justified.

5. The design codes do not consider the imperfection parameters

explicitly but rather as a reduction factor.

As far as a practical stiffened plate is being concerned, the ultimate compressive
stress can be considered as a function of plate slenderness (f3), column
slenderness (A), initial plate distortion (wp), initial stiffener distortion (ws) and
weld induced residual stress (o). The geometric distortion and residual stresses
are mutually dependent phenomenon. So the author proposes a formulation
with terms for initial distortions, residual stresses and an interaction term to
account for the combined effects of geometrical distortion and residual stresses.
The strength of the stiffened panel takes the general expression in terms of

design parameters as follows.

O=|—|=f(LBw,W,0,) (5-30)

To fit a function to the numerical data, least square approach has been followed
(Gerald and Wheatley, 1998) and the new equation with the interaction term

may follow the form,
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1

¢ —_—
\/no +n, A +n,8* +n, N3 +n A\ +n.p® +n,q* +nr’ +nypqr?

(5-31)

where (p=wp/t), (q=ws/a) and (r= or / oy).

The above formulation can be used with experimental data for ultimate
compressive strength of stiffened panels by Faulkner (1977b) and Horne et al.

(1976, 1977) to evaluate the constants in the empirical formula.

Let ®; be the actual experimental value, and ¢; is the corresponding empirical
solution. i.e.,

1
o+ 1,8+ n N B+ n N +nop? +ng” +nr +ngp,q,r

¢i =

(5-32)

where S, A, p; g, r; are the corresponding structural parameters of each
experimental cases. The coefficients used in the above equation, ng, ny, ..., ngcan
be evaluated using the least square method as described below.

The above formula can be transformed to a polynomial form by taking inverse

and squaring it.

1
X; = E =n, + nl)\iz + nzﬁi2 + n3>\izﬁi2 + n4)‘i4 + nspiz + n6qi2 + n7ri2 +ngD,q; riz (5-33)

The corresponding term for the experiment is, X; = E
[

The error in the prediction is,

Yi = Xi — X (5-34)

Yi = Xi —n, _’/‘1/\1'2 _nzﬂi2 _ns)‘izﬁiz _n4)\i4 _nspi2 _aniz _n7ri2 —NgP; q; riz (5-35)

According to the least square approach, the sum of the squares of Y; = X; =X

should be a minimum. If there are N data points, the least square function is,
o 2 . 2

Z=3 (X =x)*=2 (Y} (5-36)
i=1 i=1

At the minimum Z, the partial derivatives of the least square function with

respect to the each constant should be zero. Thus:
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0z _
=S "2v,(—1)=0
on, 2
07 _ &
=>2Y,(-A\)=0
0z _ &
=>2v,(-52)=0
07 _ &
=>2,(-A*B) =0
N
L3 2 A =0 (5-37)
an4 i=1
07 _
=>» 2Y,(—p})=0
o, ; (—p;

Q
N
I
[
N
=<
T
=,
L—
[
o

ong =
o0Z u

= 2Y.(—r*)=0
o = 222
o0Z ul

= 2Y.(—p.g.r*)=0
an, ;ﬁ ((—=p;q;17)

Dividing each of the above equations by -2 and rearranging leads to nine linear

simultaneous equations as follows.
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XN;X,. —n,N + nlzN;Af +nZZN;ﬁf —I—n3ZN;)\fﬁf +n4iAi4 +nSZN;p,-Z
+ nézN;qf +n7ZN1:rf +n8§N;pi qr’
ZN:XI)\I.Z = nozN:)\f + nlzN:A;* + nzzN:A,?ﬂf + ngzNjA,-‘*ﬂf + H4ZN:A,-6
= = = = = =
+ nszNjAfp,? - nBZNjA,?q,? - n7ZN:A,.2r,.2 + ng ZN:A,-ZP,- qr
= = = =
zN; X3 = nOZN; B2 +n, ZN; BN +n, ZN; B! +n, lej NG+ mi)\f 3’

N N N N
+ny BipAngy Blalny Bt 4ng Yy Bipqr!
i=1 i=1 i=1 i=1

XN:X,-Afﬂf = nOEN)Afﬁ? + nlfjﬁf/\;‘ + nZENjAfﬂ;‘ + nQN)A:*ﬂ:‘ + niAfﬂ?
i=1 i=1 i=1 i=1 i=1 i=1

N N N N
gy NBP +n Y NG +nY NG +ny NBpqr’
i=1 i=1 i=1 i=1

ixi)‘f =1, i /\i4 +n i)‘f +n, i /\i4ﬂi2 +n, i)\fﬁiz +n, iAig
i=1 i=1 i=1 i=1 i=1 i=1
N N

+n5i/\i4pi2 +néz>\i4qi2 +n7z/\i4ri2 + g i)‘fpi q,1;
i=1 i=1 i=1 i=1
- 2 . 2 N 2.2 . 2.2 N 2102 .2 N 4_ 2
ZXipi _nozpi +H1Z’\i p; ‘I'nzzﬂi p; +n3z)\i Bip; +n4z/\i p;
i=1 i=1 i=1 i=1 i=1 i=1
N N N N
+ngy plngy aipl+ny ript+nyy plar!
i=1 i=1 i=1 i=1
N 2 N 2 N 2.2 N 2 2 N 202 2 N 4 2
ZXiqi _nozqi +nlz/\i 4 ‘I'nzzﬂi q; —I_nSZ)\i Bi q; +n4z>\i q;
i=1 i=1 i=1 i=1 i=1 i=1
N N N N
gy plgl+ngy g +ny rqt+nyy par!
i=1 i=1 i=1 i=1
4 2 _ - 2 l 2.2 X 2.2 N 202..2 N 4.2
DoXrt=n ) ortn Y NT Y B n Yy NG 0, ) AT
i=1 1:13 i=1 . i=1 . 1:N1 i=1
gy pirtngy @it +ny rt4ny pgr’
i=1 i=1 i=1 i=1
& 2 . 2 g 2 2 . 2 2
ZXipiqiri _nozpiqiri —I_nlz)\ipiqiri —I_nzzﬂipiqiri
i=1 i=1 i=1 i=1
N N N
0y NBpqri+ny Npari+ny plgr

i=1 i=1 i=1

N N N
) P 1) P ) _piarr
i i=1 i1
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The above simultaneous equations are solved using the experimental data (S, A,

Pi, qi, i) to evaluate the coefficients ng, nj, ..., ng.

The Equation (5-38) can be expressed in a matrix form as, [A]x[n]=[B] and the
coefficient matrix, [n] can be solved as, [n]=[A]-}[B]. The new empirical formula
for the compressive ultimate strength of a stiffened panel with effects of

combined effects of initial distortion and residual stress is,

gy /129 + 0.44X% + 0.0982 + 0.09A%B2 + 0.36A* + 0.14p? — 0.05¢7 + 1.3372 + 0.12pqr?

ay, 1

(5-39)

The test results are compared with the above formula and the previously
proposed formulations by Lin and Paik. Table 5-1 and Table 5-2 show the
statistical comparison. The test data used to generate the empirical constants
are used to compare the results. There is some concern about the formula as
how the fitted equation can be validated based on the data used to generate the
equation. The formulation is generated using the entire data and the validation
is presented making the data into two sets as conducted by the individual
researchers. Further, there is limited test data available with the specific
boundary conditions and the imperfection parameters as discussed earlier. The
results indicate that the new formulation shows better correlation with the test
results. The mean of model uncertainty factor is more close to unity with lower

COV.
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Table 5-1 Comparison of experimental results by Horne et al. (1976, 1977)

Sl Lin, Paiketal. Proposed
No. A B p:wp/t q:ws/a r:(yr/(yy q):(yu/(yy (1985) (2003) Formula
1 0314 1.004 0.13 0.20 0.178 0976 0.899 0.885 0.822
2 0330 1.956 0.47 0.10 0.178 0.733 0.749 0.740 0.746
3 0.346 3.069 1.11 033 0178 0.713 0.590 0.585 0.631
4 0597 0.952 0.03 246 0.178 0.824 0.799 0.807 0.863
5 0.648 1.912 0.29 1.01 0.178 0.750 0.658 0.661 0.705
6 0.703 3.152 0.58 285 0.178 0.621 0.501 0.497 0.618
7 0.675 4.068 1.36 047 0178 0.515 0.429 0.421 0.498
8 0918 0.953 0.12 243 0178 0.716 0.619 0.701 0.742
9 0972 1912 0.45 1.33 0178 0.660 0.519 0.569 0.614
10 1.020 2.965 1.08 1.76  0.178 0.494 0.421 0.442 0.512
11 1.020 4.084 2.05 0.72 0.178 0.448 0.351 0.354 0.415
12 0.405 1.000 0.12 0.15 0.178 0.988 0.873 0.861 0.811
13 0.356 2.990 0.49 0.29 0.178 0.764 0.598 0.593 0.655
14 0.376 2.867 1.03 036 0.178 0.569 0.610 0.604 0.647
15 0.386 3.952 1.93 0.18 0.178 0.506 0.491 0.486 0.531
16 0.770 0.951 0.03 0.71 0.178 0.882 0.705 0.749 0.740
17 0.690 1.936 0.20 0.39 0.178 0.656 0.638 0.646 0.687
18 0.781 3.027 0.65 042 0178 0.563 0.490 0.491 0.567
19 0.782 4.088 0.83 0.31 0.178 0.455 0.405 0.398 0.485
20 1.223 1.010 0.12 1.12  0.178 0.696 0.455 0.608 0.581
21 1.065 0.990 0.48 0.55 0.178 0.515 0.535 0.653 0.632
22 1154 2972 1.08 0.64 0178 0.491 0.380 0.414 0.469
23 1.145 3912 1.89 045 0.178 0.384 0.332 0.343 0.401
24 0307 2961 1.08 0.00 0.178 0.566 0.609 0.605 0.645
25 0434 1.089 0.07 043 0178 0.779 0.852 0.841 0.804
26 0434 1.089 0.14 0.00 0.178 0.752 0.852 0.841 0.801
27 0.376 0.956 0.11 0.35 0.178 0.787 0.888 0.875 0.819
28 0.376 0.956 0.11 0.00 0.178 0.723 0.888 0.875 0.817
29 0.714 2.062 0.01 095 0.178 0.619 0.614 0.622 0.677
30 0.626 2.905 1.01 0.00 0.178 0.610 0.547 0.542 0.602
31 0.532 1308 0.21 0.00 0.178 0.744 0.785 0.782 0.769

w
N

0.446 1.999 0.05 0.75 0.178 0.634 0.714 0.706 0.738
0.391 1.397 0.23 0.00 0.178 0.879 0.821 0.810 0.786
0411 0.701 0.06 0.00 0.178 0.820 0.907 0.894 0.825

w w
oW

Mean(X,) 1.09 1.06 1.01
COV(X,) 14.48% 1241% 10.38%
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Table 5-2 Comparison of experimental results by Faulkner (1977b)

SL Lin, Paiketal. Proposed
No. A B p:wp/t q:ws/a r:o'r/o'y (p:o'u/o'y (1985) (2003) Formula
1 0.251 1.708 0.13 1.85 0.129 0.854 0.803 0.795 0.830
2 0251 1708 0.13 1.85 0.129 0.854 0.803 0.795 0.830
3 0440 1.692 0.18 0.30 0412 0.794 0.762 0.753 0.721
4 0442 1.717 0.09 0.38 0.125 0.851 0.757 0.749 0.762
5 0504 1717 0.08 0.30 0.122 0.782 0.737 0.731 0.751
6 0449 1.760 0.19 0.66 0.120 0.791 0.749 0.740 0.760
7 0440 1.692 0.27 0.52 0418 0.794 0.762 0.753 0.720
8 0449 1.760 0.61 0.27 0.120 0.750 0.749 0.740 0.746
9 0440 1.692 0.63 046 0418 0.832 0.762 0.753 0.711
10 0.538 0.971 0.89 044 0.120 0.544 0.825 0.824 0.772
11 0.534 2.897 0.23 0.66 0.066 0.569 0.572 0.565 0.645
12 0.527 2.879 0.88 1.39 0.418 0.642 0.576  0.569 0.613
13 0.518 2.832 0.22 0.66 0418 0.564 0.584 0.576 0.624
14 0.528 2.909 0.23 090 0424 0.608 0.572 0.565 0.617
15 1.096 1.694 0.54 0.68 0.120 0.632 0.480 0.563 0.583
16 1.001 1.540 0.31 0.60 0.132 0.648 0.534 0.607 0.628
17 1.018 1.570 0.57 0.38 0418 0.574 0.524  0.598 0.591
18 1.032 1.575 0.12 044 0315 0.600 0.517 0.594 0.603
19 1.148 2.840 0.97 044 0.120 0.471 0.389 0.427 0.481
20 1.148 2.835 0.26 0.49 0.088 0.476 0.390 0.428 0.489
21 1.139 2.829 0.86 098 0418 0.443 0.393 0.430 0.475
22 1139 2815 0.38 093 0.330 0.448 0394 0.431 0.486
23 0.606 0.805 0.08 0.20 0418 0.892 0.809 0.821 0.743
24 0.593 0.779 0.11 040 0.594 0.739 0.818 0.828 0.702
25 0.659 0816 0.10 043 0418 0.812 0.780 0.802 0.733
26 0.601 0.821 0.09 040 0.458 0.660 0.810 0.821 0.735
27 0.737 0.790 0.11 047 0418 0.613 0.738 0.778 0.717
28 0.759 0.796  0.08 0.30 0.545 0.546 0.724  0.770 0.683
29 0.850 0.838 0.05 0.27 0.120 0.681 0.667 0.735 0.722
30 0.867 0.842 0.10 040 0.191 0.595 0.656  0.729 0.711
31 0.840 0.828 0.09 0.57 0418 0.754 0.673 0.739 0.690
32 0.844 0.832 0.09 0.80 0.568 0.709 0.671 0.738 0.660
33 0.728 0.858 0.07 041 0.556 0.787 0.737 0.774 0.685
34 0.790 1344 0.14 0.26  0.329 0.791 0.658 0.695 0.688
35 0.784 1.532 0.16 0.39 0.219 0.750 0.642 0.672 0.690
36 0.839 2.132 0.19 041 0.102 0.717 0.556 0.578 0.634

w
N

0.838 2.138  0.28 044 0177 0714 0.556  0.577 0.630
0.851 2204 0.20 030 0.269 0.636 0.544  0.566 0.614
0.866 2.229 0.14 0.30 0.067  0.693 0.536  0.559 0.619

w w
O o

Mean(X,) 107  1.03 1.02
COV(X,) 13.54% 12.83%  10.82%
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5.8 Comparison of Strength Models for Plated Structures

In the present situation, with all the analytical and empirical formulae discussed
above, a comparison is necessary to evaluate the effectiveness of each approach
for the sensitivity study of plated structures against the initial distortions and
residual stresses. Apart from the above models, the FE model previously
validated against experiment data in Chapter 4 also is used for the comparison.
The Analytical models are fundamentally based on a beam-column approach
and it eventually limits the scope of considering plate distortion and other

interaction aspects of plate and stiffener distortions explicitly.

In this section, a typical stiffened plated scantling is compared with all the
strength prediction approaches discussed above. The Experimental model
scantlings and results discussed in Chapter 3 cannot be used here as the
boundary conditions were different. So the validated FEA result is used as a
reference for the comparison.

Material DH36 (Section 4.2.2) OBP200x12

Mesh: (Abaqus)S4R - 25mm 12mm thk plate
Plnned (u1 u2=u3= O)

3/
d(v (v
ofte ofte
o qup? W % " qup?
G Gim

S “00”““

800mm
Axial Loading (u2=u3=0) \

Figure 5-11 Details of FE Model used for the comparison

0)

A stiffened panel of plate thickness 12Zmm with OBP200 is compared. The
details of the geometry, Boundary conditions, material and mesh details of the
sample are illustrated in Figure 5-11. The comparison results are shown in
Table 5-3. The geometrical distortion and residual stresses were chosen as Low
(L), Medium (M), High (H) and Severe (S) for the structure which is

parametrically explained in Section 6.2.
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Table 5-3 Comparison of Strength models based on imperfections

Analysis methods
SINo. &0 -Das-
0 (mm) or/oy Faulkner Pu-Das Perry Propo§ed FEM
Faulkner Robertson Empirical
1 2.33 (L) 0(0) 0.65 0.71 0.62 0.67 0.70
2 2.33(L) 0.05(L) 0.62 0.68 0.62 0.67 0.68
3 233(L) 011 (M) 0.58 0.65 0.62 0.66 0.68
4 2.33(L) 0.18(H) 0.52 0.60 0.62 0.66 0.68
5 2.33(L) 0.25(S) 0.47 0.55 0.62 0.65 0.67
6 9.30 (M) 0(0) 0.65 0.69 0.50 0.65 0.66
7 9.30(M) 0.11 (M) 0.58 0.63 0.50 0.65 0.66
8 2791 (H) 0(0) 0.65 0.49 0.33 0.58 0.60
9 2791(H) 0.18(H) 0.52 0.43 0.33 0.57 0.63
10 37.22(S) 0(0) 0.65 0.30 0.29 0.53 0.57
11 37.22(S) 0.25(S) 0.47 0.27 0.29 0.52 0.61
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Figure 5-12 Effect of Initial distortion on the strength

Figure 5-12 shows the effect of distortion on the strength of the stiffened plate
with the above scantlings. The Faulkner’s formula shows little response with
respect to distortion on the strength as the formula does not take into account
the distortion effects implicitly or explicitly. Pu-Das-Faulkner equation, the
modified Faulkner’s equation, is responsive to the distortion but the prediction
appears to be very pessimistic for this typical structure with high initial

distortions and it appears to be incapable of handling high distortions as well.
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The Perry formula is very pessimistic in prediction, but it shows identical trend
of variation when comparing with the FEA results. The proposed Empirical
relation shows good correlation with the FEA results and it shows identical
trends with varying levels of distortion. Since the slenderness parameters of the
typical structure is within the range considered in Table 5-1 and Table 5-2, the

results appears to fit quite close to the reality and hence the FE results again

justified.
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Figure 5-13 Effect of residual stress on the strength
Figure 5-13 shows the results for the same structure with increasing residual
stresses. Both the Faulkner and Pu-Das equation shows identical response to
the residual stresses but at a steady offset. Perry formula is not affected as it
inherently does not capable of handling residual stresses. It can be observed

that the Empirical and FE results are quite close and follow similar trend.

Figure 5-14 shows the combined effect of initial distortion and residual stresses
on the strength of the typical structure. Faulkner equation shows the effect of
residual stress alone and Perry equation responds to initial distortion only. Pu-
Das equation shows good agreement with the FE and Empirical predictions for

comparatively lower range of distortion and as the distortion increases the
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prediction falls too far from the numerical results. Empirical relation shows
good agreement with lower values of distortion and it deviates far as the
imperfection increases. This is because of the fact that the evaluation of
constants for empirical relations have been made with lower ranges of

imperfection parameters.
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Figure 5-14 Effect of distortion and residual stress on the strength

5.9 Summary

This chapter describes the behaviour of plated structures under the axial
compressive loading condition which is the primary concern in the limit state
design of marine, particularly for ship structures. The major formulations and
codes are based on the beam column approach and hence the types and
components of imperfections should also be confined within the frame of this
concept. The Faulkner’s analytical approach considers the effect of residual
stress as a linear and proportional effect. In a similar way the Perry approach
takes into effect the distortion but the response is too much when compared to
the numerical model. The extension of Faulkner model can take both the

distortion and residual stresses, but again the response is found to be valid
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within a range. This is probably because of the empirical constants might have

chosen based on results for a particular set of experimental results.

A strength model combining the Faulkner approach and the Perry approach can
represent the effect of residual stress and distortion simultaneously and
conceptually truthful. In the Perry approach, the ultimate strength of the column
is defined in terms of the column slenderness along with the distortion and
section parameters. The column slenderness can be replaced with the reduced
effective column slenderness with the appropriate reduction factors
corresponding to the residual stresses. This strength modelling will be

conceptually more accurate compared to all other approaches.

In reality, the imperfection of a true stiffened panel is extremely complex to
represent and many a times it does not fit into the outline of a beam column
model. The effect of initial distortion on the plate part of the structure during
compression is totally ignored in the theoretical approaches. The analytical
approaches those consider the effect of imperfections are found to be very
pessimistic with increasing imperfections when compared with numerical
results. The FEA results and the Empirical model based on experimental results
show that the effect of distortion on strength is not necessarily linear. From the
results of comparison, it is observed that, even though the formulations and
codes are proved and established, these are not fully capable of considering the
nonlinear influence of distortion parameters on the strength of structures. So
the use of a validated FE model is found necessary to evaluate the sensitivity of

distortion parameters on the strength of the structure.
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Plated Structures

6.1 Introduction

The behaviour of plated structures based on the operating and various physical
factors is a subject of great interest for the researchers from the structural
engineering domain, particularly from the offshore engineering field as being
the major beneficiary. Since the response of the structure is highly complex and
dependent on numerous factors, it is impossible to propose a comprehensive
approach to cater for all the requirements. As the behaviour of structure in
particular situations is being considered, the study needs to be extended
according to the intended usages and particular objectives. This study focuses
on the buckling and post buckling strength response and behaviour of
unstiffened and stiffened plated structures under the influence of weld induced
geometrical imperfections and residual stresses. Some of the analytical
approaches already discussed in Chapter 3 are capable enough to predict the
behaviour under the aforementioned factors. The analytical models incorporate
the effects either by assigning a specific reduction factor or through empirical
relations with appropriate constants. In a close observation, the results are not
comparable with the verified numerical models. It is because of the fact that the
analytical models do not consider or incapable of considering the real
mechanism with the influence of imperfection parameters in the failure
phenomenon of similar structures with associated nonlinearity and interaction

effects.

This study investigates the sensitivity of the distortion parameters for various
range of scantlings used in the shipbuilding industry. The classification societies
and rule based design codes put stringent constraints on the tolerances for
panel fabrication. It often ends up with large reworks and huge financial losses

and man hours. Many researchers (Koji M. and Alaa M. 2008, Paik et al. 2004,
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etc.) carried out works to investigate the effect of imperfections in the plated
structures using analytical and numerical techniques. All the researches reveal
the fact that the influence of imperfection is highly unpredictable and it affects
the strength of the structure in different ways in particular situations. Paik et al
(2004) state that sometimes the distortion found to increases the strength of
the structure slightly. It further confirms the fact that the treatment of
imperfections in the analytical environment does not portray the reality to the
full extent. Moreover, the design of stiffened plates in particular is dependent on
many parameters which are beyond the scope of any codified rules. The
behaviour of offset bulb plate and an angle bar with similar material and

geometrical parameter need not behave alike in all design conditions.

The studies carried out by various researchers in this area analyse the problem
with some typical scantlings of plated structures alone. Even though some of the
studies are covered a wide range of imperfection, the study is restricted to
certain limited range of structural slenderness and predominantly based on
plate slenderness (3). The parametric definition of a stiffened plate with plate
slenderness (f3) alone is meaningless as the difference in the stiffener
dimensions will keep B value same but the performance will be entirely
different. Hence the performance of a stiffened plate should be monitored
against its plate slenderness () and column slenderness (A) so as to make the
results sensible. This study attempt to explicitly quantify the individual and
combined contribution of imperfection parameters on the strength of the

structure based on important structural slenderness parameters.
6.2 Proposed Parametric Imperfections

The commonly accepted range of plate distortion and residual stress for the
stiffened and unstiffened panels are chosen based on the parametric estimates
proposed by Smith et al. (1998) as given in Table 6-1. This range is used by
many researchers to investigate the structural response under various

circumstances.
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Table 6-1 Initial imperfection levels (Smith et al., 1988)

Level Initial Distortion (w,/t,) Residual Stress (o0’;)
Slight 0.0258° 0.05
Average 0.1 B° 0.15
Severe 0.3 B* 0.3

The initial distortion in an unstiffened panel is assumed as sinusoidal waves
along its length. In a stiffened panel, the initial distortion can be considered as a
combination of distortions observed separately in plates and stiffeners. So the
above parametric definition is not sufficient to address the complicated

distortion in a stiffened panel structure.

The distortion in stiffened panels can be broadly categorised into Plate
distortion wp, Stiffener Bowing (or dishing of the stiffened plate) ws and
Stiffener warping (out of plane bending) vs. The positive directions of the above
mentioned distortions used in this study are as shown in Figure 6-1. In reality,
the three elements of geometrical distortions in a stiffened panel can exist in
many ways. A detailed explanation of three forms of the distortion is given in
Chapter 4. The proposed levels of parametric distortion hold good agreement
and correlation with measurements of panels fabricated at BAE systems
shipyard in Govan, Glasgow for the Experimental analyses as described in

Chapter 3.

b—J
(a) (b) (c)

Figure 6-1 (a) Plate distortion (b) Stiffener bowing (c) Stiffener warping

The range of all the distortion parameters is defined in a parametric form based
on the slenderness of the structure. The plate distortion is parametrically

defined based on the plate slenderness (), the bowing distortion is based on
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the bowing slenderness (a) as defined in Equation (6-4) and the warping
distortion is based on the warping slenderness (y) as per Equation (6-5). The
residual stress can also represented parametrically in terms of 7, but it is of no
physical significance and cannot use for any direct comparison. So the residual
stress as a fraction of the material yield stress is a better way of representation
with more understanding. The analyses have conducted for a wide range of
unstiffened and stiffened plate scantlings based on a sensible range of plate and
column slenderness commonly used by the ship building industry. The
sensitivity of the imperfection factors in this range will serve the industrial
purpose of estimating the loss of strength for the most common structural
scantlings. The maximum distortion amplitudes for each type can be

represented parametrically as,

Plate distortion, w, =46t 3 (6-1)
Stiffener bowing, w, = (5btpa2 (6-2)
Stiffener warping, v, = 6thfyz (6-3)

Where 6, dp and dw are the coefficients to define the range of distortion values

Bowing slenderness, o= E4 /ﬁ (6-4)
h\ E
alo

Warping slenderness, y = T Ey (6-5)

The distortions can be represented in a non-dimensional parametric fashion by

rearranging the above equations as,

Non-dimensional plate distortion, 6, =w, /tpﬂ2 (6-6)
Non-dimensional Stiffener bowing, 6, =w, /tpcv2 (6-7)
Non-dimensional Stiffener warping, 6, =v, /tpf)/2 (6-8)
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Table 6-2 Levels of Initial Distortion and Residual stresses
Imperfection Plate Distortion Stiffener Bowing Stiffener Warping Residual Stress

Level S,=w,/t,p’ Sp=wy/t,d Sw=vs/t,y° 0,./0,
L (Light) 0.025 0.020 0.003 0.05
M (Medium) 0.100 0.080 0.010 0.11
H (High) 0300 0.160 0.020 0.18
S (Severe) 0.500 0.250 0.030 0.25

Considering the shakedown factors (1 between 3.0 to 4.5) for marine structures,
sample distortion measurements from the shop floor and the present welding
technologies, the ranges of the parametric distortion values and residual
stresses chosen for this study is shown in Table 6-2. The imperfections are

classified into Low (L), Medium (M), High (H) and Severe (S).
6.2.1 Types of Distortions in Stiffened Panels

Using the above distortion elements, there can be endless combinations for the
representation of real distortion patterns in a stiffened panel. Three forms of

distortion observed during this study are shown in Figure 6-2.

Figure 6-2 (a) Distortion Type - 1; (b) Distortion Type - 2; (c) Distortion Type - 3
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These imperfection forms can be incorporated into an FE model by modifying
the x,y,z coordinates of a perfect geometry. These imperfections can also be

added together to generate a more complicated imperfection configuration.

6.2.1.1 Sinusoidal Distortion-Type 1

Panel section at x=0 — |— |— w
y

(a) -

Panel section at y=b/2 Wo

Figure 6-3 Sinusoidal Distortion Type - 1.

The geometry of Type-1distortion shown in Figure 6-3 is defined as (a)Mode of
distortion in the plate and web for the panel section at x=0 along the
longitudinal direction; (b) Mode of distortion in the plate for the panel section at
y=b/2 along the longitudinal direction; (c) Mode of distortion in the plate and
web for the panel section at y=B/2 along the longitudinal direction; (d) Mode of
distortion in the plate and web for the panel section at x=a/2 along the
transverse direction. This geometry is mathematically expressed in Equation
(5-1), (6-10) and (6-11).
ny

W, =w, sin(%jsin(jj ; m=aspectratio=a/b (6-9)
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[ X

W, =W, sm(;) (6-10)
. (7x) . (057z

v, =V,sin 7 sin . (6-11)

In this form, all the distortion values reach its peak towards the centre of the
structure. The total z displacement at each node point will be the w,;+w.2 and
the total y displacement is vy;. Figure 6-2 (a) shows Type-1 distortion in a

sample structure.

6.2.1.2 Sinusoidal Distortion - Type 2

Panel section at x=0

a ) —

Panel section at y=b/2 .

Panel section at y=B/2

(c)
W]
a -
Panel section atx=a/2 _ — — ZT
(d) y

Figure 6-4 Sinusoidal Distortion Type - 2.

The geometry of Type-2 distortion is shown in Figure 6-4 is defined as (a)Mode
of distortion in the plate and web for the panel section at x=0 along the
longitudinal direction; (b) Mode of distortion in the plate for the panel section at
y=b/2 along the longitudinal direction; (c) Mode of distortion in the plate and
web for the panel section at y=B/2 along the longitudinal direction; (d) Mode of

distortion in the plate and web for the panel section at x=a/2 along the
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transverse direction. The geometry is expressed using Equation (6-12), (6-13)

and (6-14).

mrx ) . (#ny .

W, =W, C0S — sin > ; m=aspectratio=a/b (6-12)
X

W, =W, cos[—j (6-13)
a
7x) . (0.57z

v, =V, cos| — |sin (6-14)
a h

In this form, unlike the previous type, the distortions reach its minimum value
at the centre of the structure. The total z displacement at each node point will be
the w,1+w;2 and the total y displacement is vy;. Figure 6-2 (a) shows Type-1

distortion in a sample structure.

6.2.1.3 Cusp Distortion - Type 3

Apart from the conventional first mode sinusoidal imperfection mode, author
presents another form of distortion in the ‘cusp’ shape which is noticeable in the

butt welded plates.

The geometry of cusp distortions shown in Figure 6-5 is defined as (a)Mode of
distortion in the plate and web for the panel section at x=0 along the
longitudinal direction; (b) Mode of distortion in the plate for the panel section at
y=b/2 along the longitudinal direction; (c) Mode of distortion in the plate and
web for the panel section at y=B/2 along the longitudinal direction; (d) Mode of
distortion in the plate and web for the panel section at x=a/2 along the
transverse direction. The geometry is represented using Equation (6-15), (6-16)

and (6-17).

2/3
w,, =158741w, 0.5 —[5—0.5]

a

. ﬂ )
sm[ ; ] (6-15)
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[ 7mx
W, =W, sm[—j (6-16)
a
3 [ X | (05xz
v,, =1.58741v | 0.5"" - 5—0.5 sin . (6-17)

Panel section at x=0 — m— |_
(a) L y

b

Panel section at y=b/2

® —— — @ @ T L,

Panel section at y=B/2

(c)

(d)

Figure 6-5 Cusp Distortion Type - 3.

0OBP160x8

Material DH36 (Section 4.2.2)
Mesh: (Abaqus)S4R - 25mm 8mm thk plate

Pinned (ul=u2=u3=0)
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700mm
Axial Loading (u2=u3=0) \

Figure 6-6 Details of FE Model used for the comparison

The constants are chosen to match the geometry of a specimen in shop floor. In
this form, the distortion reaches its peak value at the centre of the structure as

in Type-1.
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A sensitivity study has been done using different distortion types. The structural
configuration with geometrical dimensions, material properties and mesh

details are shown in Figure 6-6.
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Figure 6-7 Comparison of strength results of Type-1 and Type-2 distortions with varying
distortion amplitudes

Sensitivity study with Type-1 and Type-2 distortions show very little difference
in the overall structural strength results. A sensitive study comparing Type-1
and Type-2 for increasing distortion amplitudes (L, M, H and S) are illustrated in
Figure 6-7. In a close look, the Type-1 distortion appears more sensitive to the
distortion effects compared to Type-2. The Type-3 distortion shows some
strengthening effect with increased distortion compared to the other two types.
Since the Type-1 distortion is the most commonly accepted and gives the lower
bound of strength results, the following imperfection sensitivity study for

unstiffened and stiffened plates are carried out with the Type-1 distortion.

6.3 Design Curves for Plated Structures

The scheme of numerical experiments is illustrated in Figure 6-8. The initial
distortion and residual stresses, individually and in combination are varied
parametrically based on the plate, column and combined plate-column
slenderness. The design philosophy is to use the lowest value of strength from

the appropriate sensitivity curves based on the respective slenderness
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parameters corresponding to the parametric range of distortions. It is also

possible to make a direct estimate of the reduction in strength for unstiffened

and stiffened plates within the range based on the imperfection parameters.

Low (L)
Initial Distortion p-| Medium (M)
High (H)
Severe (S)
—
Nil (0)
Unstiffened Weld Induced Low (L)
| : »( Medium (M)
Plates Residual Stress High (H)
Severe (S)
L L
Combined Initial " e;’i‘l’fng ()M)
Distortion and > High (H)
Residual Stress Severe (S)
/| Plate Slenderness I\‘ Low (L)
ow
Initial Distortion 4>| Column Slenderness I—> MeH(iI;l:]nzl_(:)\/I)
Severe (S
\ Plate and Column / ()
Slenderness
Plate Slenderness |~\> Nil (0)
Weld Induced tow (1)
Stiffened eld Induce Medium (M
Dot > Residual Stress 4>| Column Slenderness I—> o (|_(|) )
\ Plate and Column / Severe (S)
Slenderness
/ Plate Slenderness I\ Low (L)
ow
Combined Initial Medium (M
Distortion and /_>| Column Slenderness I—> High (I—f) )
Residual Stress
\ Plate and Column / Severe (S)
Slenderness

Figure 6-8 Scheme of analysis

It is impossible to analyse all the individual scantlings used in the ship or any
offshore structures. The simplest way is to predict the performance of the
structure based on the range of different slenderness parameters. In this study,
it is planned to undertake analyses on some typical structural configuration
with varying thickness (for range of plate slenderness) and OBP (for range of
column slenderness) for performance pattern of plated structures under the

influence of weld induced geometrical imperfections and residual stresses.
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Table 6-3 Range of slenderness parameters for plates
Plate Thickness

OBP B A
t, (mm)
- < 6 5.57 18.42
2, & 8 418 13.82
L 8 =
E 5| w 12 2.78 9.21
B | 5
5 > 16 2.09 6.91
o}
= 20 1.67 5.53
- 6 5.57 0.46
% = 8 418 0.48
£ 3
> 5 12 200X12 2.78 0.53
S 16 2.09 0.57
~ 20 1.67 0.61
g 120X6 2.78 1.27
ol 160X8 278 0.79
2| B 12 200x12 278 0.53
£ | 370X16 278 0.23
& 430X20 278 0.19
i~ 6 120X6 5.57 1.01
g 8 160X8 4.18 0.70
[ea N
o 12 200X12 2.78 0.53
% 16 370X16 2.09 0.23
= 20 430X20 1.67 0.20

The entire analysis is carried out with a plate size of 2400mm length and
800mm width or stiffener spacing (aspect ratio, a/b=3). The plate thicknesses
used are 6mm, 8mm, 12mm, 16mm and 20mm to cover the range of plate
slenderness f from 1.67 to 5.57. The OBP used are, OBP120, 0BP160, OBP200,
OBP370 and OBP430 to cover the column slenderness A from 0.19 to 1.27 as
illustrated in Table 6-3. The above scantling variations are expected to cover a
comprehensive range of slenderness parameter which is commonly used in the
ship building industry, particularly for the construction of Type-45 destroyer of
BAE Systems. The details of FE analysis procedure is discussed in Chapter 4. All
the numerical results for the unstiffened and stiffened plates under the

imperfection effects are given in Table 6-4 to Table 6-7.
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6.4 Design Curves for Unstiffened Plates

The behaviour of unstiffened plates is important in structures where there are
limited stiffening is provided. The superstructures in ships are generally
fabricated with large plates where the stiffer spacing is more with
comparatively small stiffeners than the lower decks. In these locations, the
strengthening effect of stiffeners will be lesser and the strength of the structure

is predominantly governed by the strength of plates alone.

Material DH36 (Section 4.2.2) 6-20 mm thk plate
Mesh: (Abaqus)S4R - 25mm

Pinned (ul=u2=u3=0)

3/
dt
e / g !

ple orte

5it’ g5 P
e

Z’W 2400mm

(u

Figure 6-9 Geometrical dimensions, material, mesh, support and loading arrangements for the
FE Analysis of unstiffened panels

Considering the parametric definition of distortions, the slender plates with
large stiffener spacing will have more geometrical distortion. The welding
operations produce residual stresses along the length of plates. For unstiffened
plates, the longitudinal residual stress at the butt welding is taken into
consideration. So the analysis of plate portions without considering the attached

stiffeners is hence important in the design of superstructure.

The details of the FEA model for the fabrication imperfection sensitivity are

illustrated in Figure 6-9. The numerical results are given in Table 6-4.
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6.4.1 Effect of Plate Slenderness
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Figure 6-10 Effect of plate slenderness 8 on the strength of unstiffened panels
For an unstiffened panel, the plate configuration can be well represented by the
plate slenderness parameter and is appears to be a direct measure of plate
strength. Figure 6-10 shows the influence of slenderness parameter (f) in the
buckling behaviour of unstiffened plates with same size and aspect ratio, a/b=3
(which is the most common aspect ratio used in the ship building) by varying

the thicknesses from 6mm to 20mm as given in Table 6-3.

The pattern of behaviour with changing slenderness reveals interesting facts
about the performance of unstiffened plates under the compressive loading. As
it is expected, the thick plates show better axial capacity. The thin plates appear
to withstand the collapse strength for an extended strain. In other words, thick
plate found to lose the strength more quickly compared to thin plates when the
structural ultimate strength is reached. So it is assumed that the post buckling

stability is more for comparatively thin plates.
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6.4.2 Effect of Initial Distortion
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Figure 6-11 Effect of initial distortion for Thin and Thick Unstiffened Plates
The parametric plate distortions in plates are according to the values mentioned
in Table 6-2. Figure 6-11 illustrate the buckling behaviour of unstiffened plates
with the higher and lower values of plate slenderness under the influence of
initial distortion. The plots show the fact that the influence of initial
imperfection is more dominant in the lower range of plate slenderness. It is
quite interesting to observe that thick plates are affected greatly with the
distortion affects compared to thin plates. The distortion creates an effect

similar to the strain hardening in thin plates.

Figure 6-12 illustrates the effect of varying distortion on the strength of
unstiffened plates in the specified range of plate slenderness. The results are
presented in two different formats, based on the slenderness for varying
distortions and based on distortion for varying slenderness suitable for the
design processes. For an average level of distortion, a strength loss of 5% to 15%

can be expected for unstiffened plates of the specified slenderness range.
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Figure 6-12 Effect of Initial Distortion for varying Slenderness of Unstiffened Plates

6.4.3 Effect of Weld Induced Residual Stresses

1 1
b>\
?\ 0.9 A )
Y o
L 08 1 - = s
Z RO
g 07 - : N
& “ ~~~~~~ - ~=-. ——pL67-8L-0r0
E 06 - L T B167-8L-01L
s ST === B1.67-8L-orM
Z 05 - - - - BL67-8L-orH
— - =1.67-8L-orS
04 - — B5.57-6L-010
/e 35.57-8L-orL
03 A - 35.57-8L-0rM
----- 5.57-8L-orH
TRIREEES —.—-- 85.57-8L-01S
0.2 4
0.1 1
0 T T T T T T T 1
0 0.5 1 1.5 2 25 3 3.5 4

Normalised Strain, e/g, —

Figure 6-13 Effect of Weld induced Residual Stress for Thin and Thick Unstiffened Plates

The influence of weld induced residual stress on thin and thick plates are shown
in the Figure 6-13. For thick plates, the buckling strength reduces and post
buckling strength increases with increasing residual stress. For thin plates, the
buckling strength increases with increasing residual stress at an increased

strain level with slight reduction in post buckling strength. A sudden dip is
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observed for thin plates with residual stress. This is because of the fact that at
the point of ultimate stress, the trapped residual stress creates a favouring

moment to accelerate the instability and sudden loss of capacity.
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Figure 6-14 Effect of Weld Induced Residual Stress for varying Plate slenderness for Unstiffened
Plates

The consequence of weld induced residual stress for the specific range is plotted
two ways and illustrated in Figure 6-14. From the plot of strength versus
slenderness with varying residual stress levels, the transformation from
strength reduction at lower slenderness to strength increase at high
slenderness demonstrate a specific range of slenderness (say, around 3.75)

where the effect of residual stress tends to zero.

The plots for different slenderness show a pattern of variation of strength with
varying residual stress. These plots can be effectively used for the design of
plates for the selection of appropriate plate slenderness and estimate of
strength loss. An average strength loss of 10% can be expected for thick plates

with moderately heavy welding.

6.4.4 Combined Effect of Distortion and Residual Stresses

The combined effect of distortion and residual stresses for the thickest and

thinner plates are shown in Figure 6-15. A mix of the above discussed trends is
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observed for the combined case. The thin plates appear to show more strength

with increased imperfection at an extended strain level.
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Figure 6-16 Combined Effect of Distortion and Residual Stress for varying Plate slenderness

Figure 6-16 illustrates the variation of strength of the unstiffened plates under
the combined influence of distortion and residual stresses. The combined action

of distortion and residual stress appear to increase the compressive ultimate
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strain of the structure. The pattern of variation indicates the possibility of
certain range of slenderness where the effect of combined action of distortion
and residual stress is a minimum. So the above facts of extended strain and non
affected range of slenderness can be used for the design of similar structures as
an additional design criterion. 15% to 20% strength loss can be expected for a

medium distortion and residual stress case of unstiffened plates.
6.5 Design Curves for Stiffened Plates

The distortions in stiffened plates are considered as a major factor for assessing
its quality of fabrication and usefulness. The distortion apart from affecting its
strength, affects the aesthetics of the structure as well. When the distortion
cannot be allowed due to specific requirement of flatness where strength is not

a criterion, the finishing and levelling is needed heavy investment.

The details of the FEA model for the fabrication imperfection sensitivity are
illustrated in Figure 6-17. The numerical analyses results for the stiffened plates
with varying distortion and residual stress conditions are tabulated in Table 6-5

to Table 6-7.

Material DH36 (Section 4.2.2) OBP 120x6 - 430x20

Mesh: (Abaqus)S4R - 25mm
6-20 mm thk plate

Plnned [ul u2=u3=0)

uz
S S
Sirﬂp 51ﬂ’p

/////////X/ - 24°°mm

Axial Loading (u2=u3=0)

0)

Figure 6-17 Geometrical dimensions, material, mesh, support and loading arrangements for the
FE Analysis of stiffened panels

6.5.1 Effect of Initial Distortion

The distortions in stiffened plates are quite complex as there can be endless

number of distortion profiles or mode shapes. In this study, the stiffened plates
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are analysed for the individual contribution of increasing amplitudes of plate
distortion, stiffener bowing and stiffener warping. Further analyses are
performed with generalised distortion including three of these factors varying

uniformly as L, M, H and S as illustrated in Table 6-2 .

6.5.1.1 Plate Slenderness
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Figure 6-18 Effect of initial distortion on thick and thin stiffened plates (with nearly constant
column slenderness, A)

0.3 4

0.2 A

These analyses are presented based on the levels of imperfection and structural
configurations proposed in Table 6-2 and Table 6-3. For stiffened plates as
explained earlier, the strength variation is plotted based on its plate slenderness,
column slenderness and combined increment of plate and column slenderness
from the numerical experiments with the range of scantlings explained in
Section 6.2. The analyses are carried out by keeping the stiffener constant
(OBP200) with varying plate thickness to achieve the comparison of results

with a fairly constant range of column slenderness.

Figure 6-18 shows that structures with thick plates found to lose the strength
more rapidly than thin plates based on the plate slenderness. Figure 6-19 shows
the effect of geometrical distortion on the strength of stiffened plates based on

the plate slenderness (). Unlike the unstiffened plates, the effect is found to be
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very prominent when <3 for stiffened plates. It is observed that an average

distortion reduces the strength of stiffened plates up to about 10%.
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6.5.1.2 Column Slenderness
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Figure 6-20 Effect of initial distortion on stocky and slender stiffened plates (with constant plate
slenderness, )

The column slenderness is the major parameter for the representation of
stiffened panels in a beam column approach. So the performance of the stiffened

panels based on the column slenderness is of great importance in the rule based
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design approaches. During these set of analysis, the plate thickness kept
constant (12mm) and the OBP were varied to achieve a varying range of column

slenderness with constant plate slenderness. The results are given in Table 6-6.

Figure 6-20 shows the comparison of buckling performances for the upper and
lower range of column slenderness. The effect of distortion appears to effect in
the entire range of column slenderness. The slender structures are more
vulnerable to the distortion in the column slenderness point of view. As the
slenderness value increases, the buckling curves indicate the possibility of

stiffener tripping failure resulting in a sudden collapse of structure.
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Figure 6-21 Effect of Initial Distortion for varying Column slenderness of stiffened panels

Figure 6-21 shows the comprehensive effect of parametric distortions on the
strength of stiffened plated structures based on the column slenderness. The

loss of strength for an average distortion is found to be in the range of 15%.
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6.5.1.3 Plate and Column Slenderness
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varying plate and column slenderness)

While selecting the scantlings for a ship structure for stronger areas or sections,
the choice is more realistically done with the selection of matching thickness
and stiffeners. So the effect of distortion when varying both the slenderness is
also important and investigated within the range of scantlings used for the

experiments.

Figure 6-22 shows the buckling behaviour of the two extreme ranges of
scantlings used. Both the sets appear to create same reducing effects on
strength with varying distortions. Figure 6-23 shows the trend of strength
variation of stiffened panels with increasing distortion. An average level of

distortion is expected to produce nearly 10% reduction in the strength of the

stiffened plated structure.
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Figure 6-23 Effect of Initial Distortion on the strength of Stiffened Plates with varying Plate and
Column slenderness

6.5.2 Effect of Weld Induced Residual Stress

The weld induced residual stress is present in the stiffened plates as self-
equilibrating blocks of tension and compression as explained in the previous
chapters. The effect of increasing residual stress is needed for design of
stiffened plated structures for a sensible estimate of the buckling and post

buckling strength of the structure.

6.5.2.1 Plate Slenderness

The influence of residual stress based on plate slenderness in the buckling
behaviour of two extreme ranges is presented in Figure 6-24. As the amount of
residual stress increases, the thick plates are found to lose strength
considerably with an extended strain at collapse. Thin plates do not show much
reduction in strength. The post buckling strength found to increases for the

entire range of slenderness as shown in Figure 6-24.
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Figure 6-24 Effect of weld induced residual stress on thick and thin stiffened plates (with nearly
constant column slenderness, A)
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Figure 6-25 Effect of Weld Induced RS for varying Plate slenderness

Figure 6-25 shows the variation of strength with respect to plate slenderness
for increasing levels of residual stresses. Residual stress produces non uniform
patterns of performance for various levels of plate slenderness and it again
appears to reduce the strength by about 10% for an average level of residual

stress.
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6.5.2.2 Column Slenderness
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Figure 6-27 Effect of Weld Induced Residual Stress for varying Column slenderness

The buckling behaviour of upper and lower limit of column slenderness under
the effect of residual stress is shown in Figure 6-26. The behaviour under the
effect of residual stress varies with respect to the level of column slenderness.
Figure 6-27 shows that the effect of residual stress is getting minimised at

around column slenderness Ax0.65. Above and beyond this value, the effect
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spreads as observed from the plot. An average level of distortion produces 6-8%

reduction in strength for the range of scantlings used for this study.

6.5.2.3 Plate and Column Slenderness
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Figure 6-28 Effect of weld induced residual stress on stocky-thick and slender-thin stiffened
plates (with varying plate and column slenderness)

The effect of residual stress under the combined variation of plate and column
slenderness is illustrated in Figure 6-28. The increase in residual stress
produces reduction in strength and increase in the post buckling strength. For
thin plates, there is not much reduction of strength observed but the post
buckling strength increases slightly. Figure 6-29 shows the effect of residual
stress for varying the combined slenderness. From the comparison, it appears
that the distortion reduces the strength considerably and the residual stress

increases the strain range and post buckling strength.
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Figure 6-29 Effect of Weld Induced Residual Stress on the strength of Stiffened Plates with
varying Plate and Column slenderness

6.5.3 Combined Effect of Distortion and Residual Stresses

So far the distortion and residual stresses are considered separately on the
structures to account for the effects on the strength. In reality, the distortion
and residual stresses are simultaneous phenomenon and the presence of either

distortion or residual stress is an indirect measure of the other.

6.5.3.1 Plate Slenderness

Figure 6-30 shows the buckling performances of structures with the higher and
lower range of slenderness parameters. Thick plates with heavy stiffeners are
found to be more sensitive to the imperfection parameters than light or slender

structures.

Figure 6-31 shows the combined influence of imperfection parameters based on
the plate slenderness. The thick plates with <3 is found to experience more
strength loss. The overall strength reduction with medium distortion and

residual stress is about 15%.
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Figure 6-30 Effect of combined initial distortion and weld induced residual stress on thick and
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Figure 6-31 Effect of Combined Initial Distortion and Weld Induced Residual Stress for varying
Plate slenderness

6.5.3.2 Column Slenderness

Figure 6-32 illustrates the effect of combined distortion and residual stress on
the buckling behaviour based on the column slenderness. The effect appears to
be an overlay of distortion and residual stresses described in the previous
section. The lightest or slender structures are affected greatly compared to the

thick structures in an ultimate strength point of view.
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Figure 6-33 Effect of Combined Initial Distortion and Weld Induced Residual Stress for varying
Column slenderness

Figure 6-33 shows the variation of strength for the full range of slenderness
parameters. When column slenderness is being concerned, the plot indicates
that the variation in strength is more as the column slenderness increases. The
average distortion and residual stress experience a strength reduction of 15%

from the near perfect structural configuration.
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6.5.3.3 Plate and Column Slenderness
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Figure 6-35 Effect of Combined Initial Distortion and Weld Induced Residual Stress on the
strength of Stiffened Plates with varying Plate and Column slenderness

Figure 6-34 shows the structural behaviour of stiffened plates of two extreme

scantlings in the range of our study. Here both the plate thickness and OBP sizes

are changed to vary the plate and column slenderness. It can be observed that
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the distortion and residual stresses affect the structural behaviour as the
structure becomes stocky. Figure 6-35 shows the combined influence of
distortion and residual stress when the plate and column slenderness of the
stiffened plate increases together. An average imperfection experience nearly

12% reduction of strength.

The above illustrated design curves can be used for a wide range of scantlings
normally employed in the ship building industry. The curves for unstiffened and
stiffened plates are presented in two forms based on the slenderness. The
response for any scantling which is not explicitly on any curve can be
interpolated to get the corresponding strength. Similarly the distortion
parameters can also be interpolated within the range to estimate the respective
strength. When predicting the strength for stiffened panels, both the plate and

column slenderness should be considered.
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Table 6-4 FE Strength Analysis results for Unstiffened Plates-Varying plate thickness
(axb=2400mmx800mm, o,=355MPa, E=203.5GPa and v=0.3)

Plate Thk. Distortion = Residual Stress  Ultimate strength
SINo. OBP B 2
t, (mm) (6=w/t,B7) (o:/0y) (0u/0y)
1 6 us 5.57 0.025 0% 0.317
2 0.025 5% 0.325
3 0.025 11% 0.336
4 0.025 18% 0.349
5 0.025 25% 0.356
6 0.100 0% 0.313
7 0.100 11% 0.327
8 0.300 0% 0.274
9 0.300 18% 0.330
10 0.500 0% 0.269
11 0.500 25% 0.354
12 8 Uus 4.18 0.025 0% 0.413
13 0.025 5% 0.406
14 0.025 11% 0.411
15 0.025 18% 0.423
16 0.025 25% 0.431
17 0.100 0% 0.391
18 0.100 11% 0.402
19 0.300 0% 0.332
20 0.300 18% 0.391
21 0.500 0% 0.301
22 0.500 25% 0.392
23 12 us 2.78 0.025 0% 0.574
24 0.025 5% 0.552
25 0.025 11% 0.538
26 0.025 18% 0.540
27 0.025 25% 0.546
28 0.100 0% 0.520
29 0.100 11% 0.524
30 0.300 0% 0.437
31 0.300 18% 0.487
32 0.500 0% 0.392
33 0.500 25% 0.472
34 16 us 2.09 0.025 0% 0.741
35 0.025 5% 0.709
36 0.025 11% 0.674
37 0.025 18% 0.646
38 0.025 25% 0.640
39 0.100 0% 0.655
40 0.100 11% 0.624
41 0.300 0% 0.539
42 0.300 18% 0.571
43 0.500 0% 0.479
44 0.500 25% 0.543
45 20 Us 1.67 0.025 0% 0.921
46 0.025 5% 0.875
47 0.025 11% 0.828
48 0.025 18% 0.780
49 0.025 25% 0.760
50 0.100 0% 0.791
51 0.100 11% 0.732
52 0.300 0% 0.642
53 0.300 18% 0.653
54 0.500 0% 0.566
55 0.500 25% 0.612

US-Unstiffened panel, OBP- Offset bulb plate
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Table 6-5 FE Strength Analysis results for Stiffened Plates-Varying Plate thickness
(axb=2400mmx800mm, o,=355MPa, E=203.5GPa and v=0.3)

Plate Thk. Distortion Residual Stress  Ultimate strength
SI No. OBP B 2

t, (mm) (6=w/t,B") (o./0y) (0u/0y)
1 6 200X12 5.57 0.46 0.025 0% 0.606
2 0.025 5% 0.589
3 0.025 11% 0.576
4 0.025 18% 0.573
5 0.025 25% 0.572
6 0.100 0% 0.607
7 0.100 11% 0.586
8 0.300 0% 0.579
9 0.300 18% 0.566
10 0.500 0% 0.589
11 0.500 25% 0.565
12 8 200X12 4.18 0.48 0.025 0% 0.632
13 0.025 5% 0.622
14 0.025 11% 0.615
15 0.025 18% 0.614
16 0.025 25% 0.610
17 0.100 0% 0.614
18 0.100 11% 0.616
19 0.300 0% 0.582
20 0.300 18% 0.601
21 0.500 0% 0.559
22 0.500 25% 0.591
23 12 200X12 2.78 0.53 0.025 0% 0.697
24 0.025 5% 0.678
25 0.025 11% 0.678
26 0.025 18% 0.678
27 0.025 25% 0.670
28 0.100 0% 0.656
29 0.100 11% 0.662
30 0.300 0% 0.599
31 0.300 18% 0.629
32 0.500 0% 0.566
33 0.500 25% 0.609
34 16 200X12 2.09 0.57 0.025 0% 0.803
35 0.025 5% 0.758
36 0.025 11% 0.733
37 0.025 18% 0.719
38 0.025 25% 0.719
39 0.100 0% 0.726
40 0.100 11% 0.711
41 0.300 0% 0.642
42 0.300 18% 0.662
43 0.500 0% 0.594
44 0.500 25% 0.631
45 20 200X12 1.67 0.61 0.025 0% 0.916
46 0.025 5% 0.876
47 0.025 11% 0.833
48 0.025 18% 0.793
49 0.025 25% 0.780
50 0.100 0% 0.818
51 0.100 11% 0.769
52 0.300 0% 0.699
53 0.300 18% 0.702
54 0.500 0% 0.634
55 0.500 25% 0.661
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Table 6-6 FE Strength Analysis results for Stiffened Plates-Varying OBP (axb=2400mmx800mm,
0y=355MPa, E=203.5GPa and v=0.3)

Plate Thk. Distortion  Residual Stress  Ultimate strength
SINo. OBP B 2
t, (mm) (6=w/t,B") (o:/0y) (04/0y)
1 12 120X6 2.78 1.27 0.025 0% 0.622
2 0.025 5% 0.601
3 0.025 11% 0.580
4 0.025 18% 0.562
5 0.025 25% 0.548
6 0.100 0% 0.524
7 0.100 11% 0.507
8 0.300 0% 0.439
9 0.300 18% 0.431
10 0.500 0% 0.389
11 0.500 25% 0.392
12 12 160X8 2.78 0.79 0.025 0% 0.664
13 0.025 5% 0.645
14 0.025 11% 0.638
15 0.025 18% 0.644
16 0.025 25% 0.646
17 0.100 0% 0.615
18 0.100 11% 0.620
19 0.300 0% 0.540
20 0.300 18% 0.570
21 0.500 0% 0.498
22 0.500 25% 0.541
23 12 200X12 2.78 0.53 0.025 0% 0.697
24 0.025 5% 0.678
25 0.025 11% 0.678
26 0.025 18% 0.678
27 0.025 25% 0.670
28 0.100 0% 0.656
29 0.100 11% 0.662
30 0.300 0% 0.599
31 0.300 18% 0.629
32 0.500 0% 0.566
33 0.500 25% 0.609
34 12 370X16 2.78 0.23 0.025 0% 0.786
35 0.025 5% 0.760
36 0.025 11% 0.735
37 0.025 18% 0.722
38 0.025 25% 0.715
39 0.100 0% 0.747
40 0.100 11% 0.724
41 0.300 0% 0.694
42 0.300 18% 0.698
43 0.500 0% 0.674
44 0.500 25% 0.688
45 12 430X20 2.78 0.19 0.025 0% 0.835
46 0.025 5% 0.807
47 0.025 11% 0.777
48 0.025 18% 0.759
49 0.025 25% 0.755
50 0.100 0% 0.794
51 0.100 11% 0.766
52 0.300 0% 0.743
53 0.300 18% 0.736
54 0.500 0% 0.722
55 0.500 25% 0.727
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Table 6-7 FE Strength Analysis results for Stiffened Plates-Varying Plate thk & OBP
(axb=2400mmx800mm, o,=355MPa, E=203.5GPa and v=0.3)

Plate Thk. Distortion  Residual Stress  Ultimate strength
SINo. OBP B 2
t, (mm) (6=w/t,B7) (o+/0y) (0u/0y)
1 6 120X6 557 1.01 0.025 0% 0.481
2 0.025 5% 0.469
3 0.025 11% 0.464
4 0.025 18% 0.464
5 0.025 25% 0.465
6 0.100 0% 0.456
7 0.100 11% 0.450
8 0.300 0% 0.408
9 0.300 18% 0.415
10 0.500 0% 0.381
11 0.500 25% 0.406
12 8 160X8 4.18 0.70 0.025 0% 0.571
13 0.025 5% 0.572
14 0.025 11% 0.564
15 0.025 18% 0.564
16 0.025 25% 0.566
17 0.100 0% 0.550
18 0.100 11% 0.562
19 0.300 0% 0.510
20 0.300 18% 0.537
21 0.500 0% 0.480
22 0.500 25% 0.515
23 12 200X12 278 0.53 0.025 0% 0.697
24 0.025 5% 0.678
25 0.025 11% 0.678
26 0.025 18% 0.678
27 0.025 25% 0.670
28 0.100 0% 0.656
29 0.100 11% 0.662
30 0.300 0% 0.599
31 0.300 18% 0.629
32 0.500 0% 0.566
33 0.500 25% 0.609
34 16 370X16 2.09 0.23 0.025 0% 0.863
35 0.025 5% 0.828
36 0.025 11% 0.791
37 0.025 18% 0.765
38 0.025 25% 0.757
39 0.100 0% 0.798
40 0.100 11% 0.758
41 0.300 0% 0.717
42 0.300 18% 0.720
43 0.500 0% 0.681
44 0.500 25% 0.700
45 20 430X20 1.67 0.20 0.025 0% 0.971
46 0.025 5% 0.932
47 0.025 11% 0.889
48 0.025 18% 0.849
49 0.025 25% 0.839
50 0.100 0% 0.891
51 0.100 11% 0.830
52 0.300 0% 0.794
53 0.300 18% 0.777
54 0.500 0% 0.745
55 0.500 25% 0.752
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6.6 Summary

A wide range of plate and column slenderness parameters which are common in
the ship building industry are subjected to rigorous FE analysis using a
validated numerical model to understand the effect of distortions and residual
stresses individually and in combination. The results are plotted in a design
curve format so as to use for the design and strength estimation purposes. The
most important observation from the study is that, the strength reduction with
respect to imperfection parameters is not directly proportional to the
parametric values of the imperfections as incorporated in most of the analytical
approaches. The slender structures are not found to experience a proportional
loss of structural strength with increasing distortion or residual stresses. This is
because of the fact that the slender structures can allow and accommodate more
elastic deformations before the onset of plasticity. The residual stresses found
to reduce the strength of structure but as the slenderness increases, it increases
the strength and post buckling strength to a little extent. In other words, if the
distortion is taking the structural configuration far away from the buckling
configuration, the strength of the structure remains unaffected or slightly

increases.

The analysis results state the fact that thick plates with <3 is found to
experience more strength loss compared to thin plates with increasing
distortion and residual stresses. It is observed that the geometrical distortion
influences more on the strength compared to residual stresses and the residual
stress produce strain hardening effects and increased post buckling strength in

the buckling behaviour of plated structures.

The designers can incorporate the proposed design curves to quantify the effect
of geometrical distortions and residual stresses on the strength of stiffened
panels. The slenderness and imperfection values which are within the range can

be linearly interpolated to match the exact structural parameters of interest.

151



Chapter 7. Strength of Stiffened Cylinders

7.1 Introduction

Like the stiffened plates, another important structural component in the
offshore marine engineering world is the stiffened cylinders. These are
extensively used in buoyant semi-submersible and Tension leg type offshore
platforms. The legs of these structures are designed as Stiffened cylinders
because of its inherent capability to resist high axial loads and bending

moments with lateral pressure loads.

The stiffened cylinders are classified as ring stiffened, stringer stiffened and
ring-stringer stiffened cylinders which is also known as orthogonally stiffened
cylinders. Ring stiffened cylinders are made of fabricated cylinder with ring
frames welded externally or internally at wide spacing. Stringer stiffened
cylinders will have equally spaced longitudinal stiffeners known as stringers
welded internally or externally around the fabricated cylinder throughout the
length. Orthogonally stiffened cylinders will have both of these stiffeners. The
stiffeners can be of many types like flat bar, angle bar and T bar etc. The
structure is fabricated by butt welding process from cold or hot-formed plates
so that the structural continuity of the stiffeners and the cylinder is established.
The welding introduces geometrical distortion and residual stresses in the
structure in addition to the pre-fabrication and mechanical handling
imperfections. The strength of the structure is mainly dependent on the basic
geometrical and material structural design parameters. At certain ideal
conditions, the strength prediction considering the basic structural parameters
could be reasonably accurate. But this approach never can represent any real
life situation. It involves a lot of known and unknown parameters which
potentially governs the structural behaviour. Some of them are the effect of
geometrical imperfections, residual stresses, type and direction of stiffeners

(whether internal or external) etc. The contribution of these parameters on the
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structural behaviour at different loading and support conditions will be

surprisingly different.

Researchers from the last century (Timoshenko, P. and Gere, ]. (1961),
Windenburg D F, Trilling C. (1934), Von Mises R (1929) etc.) rigorously
investigated the underlying mechanisms of this category of structures and
predicted the structural behaviour under various loading conditions. Many of
these closed form relations in terms of the basic geometrical and material
design parameters predicts the behaviour reasonably accurate. The
revolutionary developments in the computing realm within the last century
increased the power of numerical analysis to a great extent that it can predict

results much closer to the reality.

The modern design approaches consider structural reliability as one of the
essential criteria to be satisfied for structural integrity. The design optimisation
with reliability based approaches need a tool to predict the structural capacity
very accurately and hence the strength analysis of structures with a higher
degree of accuracy is quite important and crucial in the reliability based design
processes. The reliability calculations need a tool for accurate evaluation of
structural response with combinations of design variables from within the
statistical spread of each parameter. This is to plot the failure surface and hence
to evaluate the shortest distance to represent the reliability index or safety
margin of the structure. Although the numerical analysis tools validated with
reasonable model uncertainty factor are absolutely suitable for this purpose but
the time and cost of computation become a major factor to prefer an analytical
method. Considering the above facts, an analytical approach in terms of basic
structural design parameters to predict the structural capacity is more suitable
for the reliability analysis. Moreover, a component level reliability assessment
for a huge structure with number of local structural parts at a preliminary
design stage cannot afford much time and expense. The necessity of a good
analytical strength model for initial design process is hence very important at

this instance. There are various rule based design codes available for the
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assessment of structural capacity of stiffened cylindrical structures under
different loading conditions. DNV-RP-C202 and API BUL 2U are two of the major

industry recommended codes in practice.

Author proposes a modified version of existing RCC formulation for the strength
assessment of ring stiffened and ring-stringer stiffened cylinders. The bias for
knockdown factor for both the ring and orthogonally stiffened cases are
modified based on experimental results for similar structures conducted within
last century. The codes and the proposed formulation are compared statistically

with respect to mean and COV of a large population of screened test data.
7.2 Strength Models in Design Codes

There are many rule based design codes used for the strength evaluation of
stiffened cylinders. The major practicing codes for the strength prediction of

stiffened cylinders which are compared in this study are,

7.2.1 DNV-RP-C202

DET NORSKE VERITAS (DNV) is an independent organisation undertakes
classification, certification, and other verification and consultancy services
relating to quality of ships, offshore and onshore installations, and carries out
extensive research within these areas. DNV has established number of technical
documents in relation to offshore and onshore structures, systems, material,

operations etc.

DNV-RP-C202 treats the buckling stability of shell structures and proposes the
formulations based on the load and resistance factor design format (LRFD). The
code formulas are on an assumption that the edges are effectively supported by
ring frames, bulkheads or end closures. The buckling analyses with respect to
different modes of buckling are considered as semi-empirical. It is because of
the fact that there is not enough agreement between theoretical and

experimental buckling loads. The code explains the discrepancy as a result of
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geometric distortions and residual stresses and the nonlinear material

behaviour beyond the scope of formulation.

7.2.2 API-Bul-2U

This design code is proposed by American Petroleum Institute as one among
various technical documents for offshore and onshore structural analysis and
design. The document provides stability criteria for the structural integrity
assessment against buckling of large diameter stiffened or unstiffened circular
cylindrical members when subjected to axial load, bending, shear and external

pressure acting independently or in combination.

The document follows the concept of linear bifurcation (classical) analyses for
the buckling strength calculation of cylinders and curved shells. The reduction
in the buckling strength for shells are then addressed with capacity reduction
factors which implicitly taking care of the initial imperfections, geometrical non
linearity and effect of boundary conditions. The material nonlinearity is then
accounted using a plasticity reduction factor it includes the effect of fabrication

induced residual stresses.

7.2.3 RCC

The rule case format has been proposed by a committee (RCC) established by
ABS (American Bauru of Shipping) and Conoco Inc. to develop design rules for
tension leg platforms. One of the tasks of the committee was to formulate design
guidance for the ultimate strength of stiffened cylindrical component structure
subjected to various kinds of loadings. The ring and stringer cylinders under
axial and bending forces provide a much lighter structure than one having ring

frames alone.

The formulation is based on an approach similar to that developed for flat
stiffened panels in which two modes of failure are considered for axial

compression, one due to shell buckling and the other is the stiffener tripping. In
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this formulation, the critical buckling stress is determined assuming single half-
wave forms between rings. The critical stress is then given as the summation of
the buckling stress for an unstiffened shell between rings and that for the
stringer acting as a column between rings. A reduced effective width is used
based on curved shell element buckling. The bias factors for the elastic knock-
down factors were taken from test results of aerospace industry. The welding
residual stress effect is taken into account by structural tangent modulus.
Inelastic effect is considered through Ostenfield-Bleich formula. The external
pressure formulation is based on an energy approach in which the material is
assumed to be rigid perfectly plastic and the strain hardening effects are
neglected. The plastic collapse approach considers the formulation of three
plastic hinges in the stiffeners and three plastic hinges in both circumferential
and longitudinal directions of the shell. The interaction equation is based on the

Odland-Faulkner equation.
7.3 Elements of Strength Model for Stiffened Cylinders

The general philosophy followed by most of the codified rules for the ultimate
strength of stiffened cylinders is nearly same. The strength evaluation of the
structural element starts from the assessment of the elastic critical buckling

strength of perfect cylinders.

Critical Critical Reduction Collapse
Buckling Shell Knock Buckling factor for strength of
strength of d f strength of Reduced Stiffened
Perfect own factor mperfect Tt educe tll_ege
evlinder _p—lm de enderness cvlinder

Figure 7-1 Flow diagram of a typical strength model

The variation to this theoretical value is then accounted by applying appropriate
shell knockdown factor so that the elastic critical buckling strength of the
Imperfect cylinder (as built structure) is obtained. A reduction factor is then
applied considering the slenderness of the structure and material strength to

achieve the ultimate strength of the stiffened cylinder.
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The shell knockdown factor represents the effect of geometrical imperfections
on the buckling strength of the structure. The reduction factor includes the

effect of residual stresses and structural slenderness.
7.3.1 Buckling of Cylinders

A perfect cylindrical shell under uniform axial compression in the small
deflection range can buckle elastically in three modes depending on its length
(L), cross-section radius (R) and thickness (t). It can predominantly buckle
about its cross sections in two modes, concertina and chessboard buckling as
shown in Figure 7-2(a) and (b) and can buckle as a column. The simplest mode

is the third mode, the overall Euler buckling as a strut with a critical buckling

stress,
o= I8 (7-1)
bV by bbbl bl de)
;::::::::::::::::::::; LTS
<‘ ““““““““““ -3 \\\ If‘ '\\
e S L Fef oo
e N
é ____________________ ‘:— """" ,}'“—____.: """
<'\ ________________ > \ / )
S A e il
GGt | | s Diamond Mode
EEAARAA I ATEAARAR AAHRRR
a (b) C

Figure 7-2 Cylindrical Shell Modes of Failure

The first two modes involve cross-sectional distortions are represented
diagrammatically in Figure 7-2. The last two represent the transition from
initial chessboard buckling to a post-buckled stage when the cylinder snaps

through into a diamond form at a lower equilibrium load.
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For short cylinders, the observed mode of buckling is assumed to be
axisymmetric radial displacements varying sinusoidal along the length known
as concertina buckling. This is shown in Figure 7-2(a) and can be defined using

the relation,
w=w,, sin(mzx /L) (7-2)
Where m is the number of half wave along the length L and w is the radial

displacement at x with maximum displacement wn, at the centre of each half

wave.

A straightforward strain energy analysis which allows for both hoop radial

stretching and lengthwise bending leads to the elastic buckling solution:

- EI mrEt?
GCF_ 2_2p2 + 2 2
m‘zr*R* [ 12(1—v )

(7-3)

It is seen that this symmetrical buckling is similar to buckling of a bar on an
elastic foundation. Differentiating Equation (7-3) with respect to m leads to the

minimum buckling stress as,

mino, :M = 0.605E(%j (7-4)

T 3-v)
12(1-v?) L' 127°

~ R® (7-5)
and wave length L/m = 1.73,/R/t

when m* =

It is observed for the above equations that minimum buckling stress and wave
length do not depend on cylinder length. It can also be shown that the minimum

buckling strength is same for chess board mode buckling.
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7.3.2 Orthogonally Stiffened Cylinders in Compression

Figure 7-3 depicts the geometry, notation and uniform loads assumed to act on
an orthogonally stiffened cylinder of ring frames and axial stringers. Also

shown is the Tee stiffener cross-section notation.
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Figure 7-3 Stiffened Cylinder Geometry and Loads

Figure 7-4 shows the modes of failure which need to be considered. Basically
the stiffened cylinder structure can buckle and eventually fail in two ways.
Snap-through buckling occurs by a sudden reverse of the curvature locally at
certain combination of axial loads and the successive bending moments and
results in a total failure as there is no chance of moment redistribution. Other
failure type is the classical type of bifurcation buckling. Various local and overall
buckling modes of stiffened cylinders are shown in Figure 7-4. The mode which
most dominates design and structural weight is variously referred to as ‘bay
instability’ and ‘panel buckling; but inter-frame collapse is less ambiguous and

is used here.
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Figure 7-4 Stiffened Cylinder Modes of Failure
The approach taken is to liken the failure model to that of a flat stiffened panel
wrapped up into a stiffened cylinder, as illustrated in Figure 7-5. The curved
shell between stringers is the most important load carrying element. The
analysis will follow that established for flat panels, but with stabilising effects of
curvature included. As with flat panels, an effective width approach is

fundamental to achieving the best accuracy.

Figure 7-5 Stringer Stiffened Cylinder between Ring Frames
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7.4 Knockdown Factor in RCC Code

The analysis revel that there is large variation exists between the experimental
test results and the theoretical bucking strength prediction for both cylinder
and curved shells. This deviation is predominantly a consequence of initial
imperfections. The reduction from the theoretical buckling load is addressed
with a term called knockdown factor denoted by p. So the elastic buckling

strength of imperfect cylinder can be represented as,
0, = pGCV (7'6)

where G, is the lowest critical stress for cylinders and curved shells.

7.4.1.1 Ring Stiffened Cylinder

For unstiffened and ring stiffened cylinder, the knockdown factor is mainly
dependent on the Batdorf length parameter. It further shows dependency on
R/t so that over the range 100 < R/t < 2000, the value of p varies from just
below 0.1 to just over 0.9, with the biggest scatter in the range R/t = 200 to 500.
For most offshore structures the range of R/t for unstiffened tubes and ring
framed large diameter cylinders is generally R/t = 200. It also observed that, for
the larger L/R there is bigger knockdown (lower p). It is no doubt due to the
higher probability of damaging deviations from the true circle occurring over
the increased length. The small buckling wavelengths are assumed to be the
major factor causing local shape imperfections to be much more serious than in
flat compressed plates. Considering the above facts, RCC proposes the

knockdown factor for unstiffened and ring stiffened cylinder as,

p=BpC -7

where p,is the natural knockdown factor and C is a length dependent

coefficient as given below.
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1 for Z,>2.85

C = -
1425 0475 for 7z <285 (7-8)

1

Lz
Batdorf length-wise slenderness parameter, Z, = Etxll—vz

0.75-0.142(Z, —1)** +0.003Z, [1 —%) for 1<Z, <20
pn = (7'9)

0.35—0.0003§ for Z,>20

The results show some scatter with the above factors and then introduced the

parameter B which is the Bias for knock down factor to account the deviations.

_j1.2 for 4,>1
|1+0.22, for 2 <1 (7-10)
0)’
where 4, = (7-11)
pnCO-cr

7.4.1.2 Stringer Stiffened Cylinder

Similar to the case of unstiffened and ring stiffened cylinders, the stringer and
orthogonally stiffened cylinders also shows the effect of imperfection with a
reduction in the buckling strength. As shell slenderness, which is the Batdorf
width parameter (Zs) increases, the behaviour becomes more unstable and
imperfection-sensitivity is greater. RCC proposes the knockdown factor for

stringer and orthogonally stiffened cylinder as,

p=Bp, (7-12)

where p, is the natural knockdown factor as given below.
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1-09192'% +0.0024Z [1-——| for z <114
300t

P, = (7-13)

0.27+1—'5+¥+0.008./ZS 1—L for 11.4<Z <70
Z Z 300t

N N

SZ
Batdorf length-wise slenderness parameter, Z; = ﬁxll—vz

27R

where, S= T, N- number of stringers

The scatter in the results is managed with a Bias for knock down factor B.

125 for 4,>1
~|1+0.254 for A <1 (7-14)
G)’
where 4, = (7-15)
pno-cr

7.5 Proposed Knockdown Factor for Elastic Buckling Strength

The RCC code has taken the bias for knockdown factor B straight from the
aerospace industry. The loading, support, material, fabrication, environmental
conditions etc. are quite different in the offshore industry. So a straight forward
adaptation is not safe for the design purposes. The strength performance under
different loading conditions is to be addressed differently for offshore design
purposes. The author proposes modified bias for knockdown factors
considering various loading conditions particularly applicable for the offshore
industry. The coefficients are obtained using a least square fit to match the

predictions close to the experimental values.
7.5.1 Proposed Knockdown Factor - Ring Stiffened Cylinder

The results for the ring stiffened panels are separated and the predicted results
with the RCC formulation is compared with the experimental results. While

fitting the curve with the predictions, the bias shows more sensitivity with the
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type of loading. The least square fitting process has been performed for the sets
of results with different loading conditions and the bias for knockdown factor

for ring stiffened cylinder is expressed as,

D, for 4, <1
= (7-16)

1+(D, -1)A4, for A =1

1.40 - for Axial loading
D, =41.20 - for Radial loading (7-17)
1.30 - for Combined loading

The scatter of the results has brought down significantly with the above Bias

factor which is illustrated latter in this chapter.
7.5.2 Proposed Knockdown Factor - Stringer Stiffened Cylinder

Similar to the previous analysis the bias for knockdown factor for stringer or

orthogonally stiffened cylinder is expressed as,

D, for 4, >1
= (7-18)

1+(D,—-1)4, for A4,<1

1.60 - for Axial loading
D, =41.25 - for Radial loading (7-19)
2.10 - for Combined loading

Again, the scatter of the results has found to reduce significantly with the above
Bias factor which is illustrated in a following section. The coefficients can be
further modified subjected to the availability of suitable test results. A stepwise
procedure of the modified RCC formulation for the capacity assessment of ring
and ring-stringer stiffened cylinders for axial, radial and combined loading

conditions is given in Appendix C.
7.6 Experimental Data

The experimental test results are collected from a wide literature survey over

the last century. It is observed that majority of the experimental works on
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stiffened cylinders are being undertaken during 1960’s to 1980’s and there is

not

much experimental works available recently as the researches are

comfortable with the numerical results with the increased capabilities and

accuracy. This work incorporates data from various experimental programs

undertaken across the world for stiffened cylinders as illustrated in Table 7-1.

The details of sources are given in the reference.

Table 7-1 Source of Test data

Ref. Ring Stiffened Stringer Stiffened
ID Reference Axial Radial Combined|Axial Radial Combined
A Dwight, ].B. (1982) 3 - - - - -
B White, ].B. and Dwight, ].B. (1977) 7 - - - - -
C  White, ].B. and Dwight, ].B. (1978) 9 - 23 - - -
D Sridharan, S. and Walker, A.C. (1980) 4 - - - - -
E Walker, A.C. and Davies, P. (1977) 8 - - - - -
F Agelidis, N.A,, Harding, J.E. and Dowling, P.J. (1982) 26 - - - - -
G Dowling, P.J. and Harding, J.E. (1982) - 35 - - - -
H Weller, T., Singer, ]. and Batterman, S.C. (1974) - 14 - - - -
I Becker, H. and Gerard, G. (1962) - - 7 - - -
] Das, P.K, Faulkner, D. and Guedes da Silva (1991)

ABS/Conoco - - - 14 8 22
CBI - - - 1 1 4
Imperial college - - - 6 - -
Glasgow - - - 3 - -
DNV - - - 4 - -

K Seleim, S. S. and Roorda J. (1986) - 10 - - - -
L Ralph, E.E. (1963) - 14 - - - -
M Walker, A.C. and McCall, S. (1987, 1988) - 1 3 - 2 -
N Birch, R.S. and Norman Jones (1990) - - - 11 - -
0 Ross, C. T. F. and Johns, T. (1998) - 3 - - - -
P Ross, C. T. F. and Sadler, J.R. (2000) - 9 - - - -

Total 57 86 33 39 11 26

The data collected can be classified based on various factors as follows.

1. Geometrical properties: The major geometrical properties for a stiffened

cylinder are length between ring frames (L), the mean radius (R), shell
thickness (t), Ring stiffener dimensions (height and thickness of web and
flange) and number of bays, Stringer stiffener dimensions (height and
thickness of web and flange) and number of stringers or spacing.

Material properties: the mechanical properties of the material like, yield

stress, Young’s modulus and poisons ratio.
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3. Method of production: cylinders can be produced by many methods
depends on its size, material, intended use etc. Particularly for marine
applications, the welding process is the major method of fabrication but
riveted fastenings also is used very rarely.

4. Test conditions: These are majorly the boundary conditions and the
direction of applied load. The experimental results considered here are

for the axial load, radial load and combined loads.

Since the buckling strength of stiffened cylinders are very sensitive to initial
imperfections as previously mentioned, it is really a matter to be considered
while screening data. If the initial imperfection is too far from the influence
region considered in the formulation, the results can show a large variation for
the predicted results. Most of the available test results are not explicitly
providing sufficient data in that respect. In the case of marine structures, the
material is normally steel and the fabrication process is predominantly welding.
This produces residual stresses in the structure which affects the strength of the
structure quite significantly. So the data collected from various technical
documents which are presented here are subjected to critical examination to
avoid any unreliable data which falls outside the scope of the proposed
formulation. Out of the collected data as given in Table 7-1, many data items
found to be unreliable and involving other influence parameters which are
outside the scope of this work. There are many data showing huge variation
because of some unknown factors. After a careful examination, some data have

eliminated and the number of data used for each case is presented in Table 7-2.

Table 7-2 Screened Data

Ring Stiffened Stringer Stiffened
Axial Radial Combined| Axial Radial Combined
Total data collected 57 86 33 39 11 26
Data used for the analysis 40 65 27 30 9 25

The data used for the comparative analysis and for the evaluation of modified

parameters for the proposed formulation falls in the range of design parameters
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given in Table 7-3. Hence the proposed formulation is applicable for the same

range of parameters.

Table 7-3 Range of data based on various design parameters
L/R R/t s/t Z) Zs
Min 0.06 1499 0.00 1.56 0.00
Max 8.15 529.23 132.77 1550.92 46.49

7.7 Statistical Comparison of Strength Models

In the simplest way, a good analytical strength model should predict the
strength of the structure accurately under the imposed loading and support
conditions. As mentioned earlier, because of the assumptions and
approximations considered in the analytical relations along with the
unaccounted factors, there always remain a certain percentage of error in the
structural strength prediction. So a strength model can be rated based on the
deviation from the experimental results. The best way to quantify this
uncertainty is with the modelling parameter. This modelling parameter is also

known as the model uncertainty factor Xm.

Experimental Value
Predicted Value

Model uncertainty factor, X =

The data collected are carefully arranged and tabulated with all the necessary
inputs for the code based design. The data is then pushed through the analytical
relations of DNV, API, RCC and the Recommended Models for stiffened cylinders.
The strength predicted by each of the models is then compared with the
experimental results to evaluate the model uncertainty factor X, which is the
ratio of experimental value to the theoretical prediction for each set of data. The
mean and COV of the model uncertainty factor X, is then evaluated for each case.
The predicted and experimental strength (¢-Predicted and ¢-Test) which are
normalised with respect to yield stress are then plotted to show the closeness of
experiment with prediction and the scatter in each case. For combined loading
cases, the model uncertainty is plotted against L/R ratio as it is not straight

forward to represent the strength for a combined loading case.
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7.7.1 Ring stiffened Cylinders

The Ring stiffened cylinders are basically checked against the local shell

buckling which is the dominant failure mode in this type of structures.

7.7.1.1 Under Axial Compression

Table 7-4 Experimental results of Ring Stiffened Cylinders under Axial Loading

Stiffener Properties Material Collapse
Shell Properties Dim. of ring stiffeners properties Load
SI. Ref Length Radius Thickness E Oy Nsd
No. ID ) (R) (TY NB h,, tor hg tp  (GPA) (N/mm2)  (KN)
1 A 74650 749.70 3.520 3 48.00 3.52 205.0 281.0 2940.0
2 A 746,50 750.00 3.520 3 48.00 3.52 205.0 281.0 2990.0
3 A 44650 44950 3520 3 24.00 3.52 205.0 281.0 2490.0
4 B 12070 12230 0810 3 650 081 214.0 314.0 145.0
5 B 120,70 12230 0810 3 650 081 214.0 314.0 147.0
6 B 12070 12230 0810 3 6.50 0.81 2140 223.0 124.0
7 B 120,70 12230 0810 5 13.00 0.81 200.0 286.0 127.0
8 B 120.70 12230 0.810 5 13.00 0.81 200.0 286.0 134.0
9 B 3970 20330 0810 3 650 081 209.0 296.0 191.0
10 B 201.70 20330 0810 3 13.00 0.81 209.0 296.0 188.0
11 C 70.00 60160 3.100 9 -30.00 5.00 205.0 335.0 3190.0
12 C 70.00 50160 3.050 9 -30.00 5.00 205.0 338.0 3100.0
13 C 100.00 60160 3.100 7 -30.00 5.00 205.0 315.0 2740.0
14 C 145.00 60160 3.100 5 -30.00 5.00 205.0 343.0 2650.0
15 C 145.00 60160 3.150 5 -30.00 5.00 205.0 335.0 2700.0
16 C 210.00 60160 3.100 7 -30.00 5.00 205.0 340.0 2690.0
17 C 210.00 60160 3.100 7 -30.00 5.00 205.0 316.0 2640.0
18 C 295.00 60160 3.200 5 -30.00 5.00 205.0 314.0 2770.0
19 C 29500 60160 3.150 5 -30.00 5.00 205.0 280.0 2350.0
20 D 562,60 3175.00 6350 5 101.60 6.35 76.20 635 199.0 276.0 11700.0
21 D 27810 3175.00 6.350 11 101.60 6.35 76.20 635 199.0 276.0 17500.0
22 E 10880 99840 3.200 10 23.00 3.20 201.0 531.0 5600.0
23 E 10880 99840 3.220 10 23.00 3.20 198.0 325.0 3460.0
24 E 22280 99840 3.150 16 45.00 3.20 203.0 346.0 3450.0
25 E 33550 99840 3.200 10 48.00 4.50 200.0 323.0 3290.0
26 F 2440 19090 0383 7 -160 1.25 196.0 198.0 57.8
27 F 2340 19090 0383 7 -240 1.87 196.0 198.0 55.6
28 F 2380 19090 0381 11 -1.60 1.25 196.0 198.0 53.6
29 F 1580 19090 0381 11 -240 1.87 196.0 198.0 61.5
30 F 1520 19090 0388 10 -1.60 1.87 206.0 242.0 78.7
31 F 11.00 19090 0388 10 -1.60 1.25 196.0 198.0 52.0
32 F 7340 191.20 0.746 10 -240 1.87 203.0 245.0 162.0
33 F 4940 191.20 0.739 10 -3.20 249 203.0 245.0 164.0
34 F 3550 191.20 0.739 11 -3.20 2.49 203.0 245.0 158.0
35 F 2330 191.20 0.721 15 -3.20 249 203.0 245.0 166.0
36 F 2330 19130 0789 9 -320 249 203.0 545.0 325.0
37 F 13.60 191.00 0513 11 -1.60 1.25 200.0 456.0 175.0
38 F 13.00 191.00 0513 11 -240 1.87 200.0 456.0 172.0
39 ] 890.00 570.00 2.000 20 32.00 2.00 216.0 234.0 1060.0
40 J 760.00 570.00 6.000 8 95.00 6.00 216.0 300.0 6253.0
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The 40 data items used for the statistical comparison of results under axial
compression for ring stiffened cylinders are represented in Table 7-4. The
source of each data can be identified from the corresponding Ref.ID which is

described in Table 7-1.

Table 7-5 illustrate the statistical results of model uncertainty factor X, for DNV,
API, RCC and the Proposed strength model. The values indicate that the
Proposed model has better statistical parameters compared to other strength
models for the axial strength of ring stiffened cylinders. There is a 10%
variation in the mean value and nearly 0.5% reduction in the spread of the

results.

Table 7-5 Statistical comparison of X, for Ring Stiffened Cylinder under Axial Loading

DNV API RCC Proposed Model
Mean 1.28 1.15 1.10 1.00
cov 17.94% 11.84% 11.04% 9.62%
Population 40
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Figure 7-6 DNV prediction for Ring Stiffened Cylinders under Axial Compression

Figure 7-6 to Figure 7-9 show the comparison of predicted and experimental

data for the different strength models. The strength prediction of the Proposed
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model is more accurate compared to the other approaches in terms of its
statistical measures. Figure 7-9 shows the spread of the results about its mean

line having a low bias to the unity with less COV.
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Figure 7-7 API prediction for Ring Stiffened Cylinders under Axial Compression
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Figure 7-8 RCC prediction for Ring Stiffened Cylinders under Axial Compression
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Figure 7-9 Proposed prediction for Ring Stiffened Cylinders under Axial Compression

7.7.1.2 Under Radial Pressure

Table 7-6 shows the screened data used for the analysis of ring stiffened
cylinders under radial pressure load. There are 65 data items presented from
various sources described in Table 7-1. There are six data (from Sl. No 49 to 64,

Ref ID: K) for aluminium material also included for the analysis.

Table 7-6 Experimental results for Ring Stiffened Cylinder under Radial pressure

Stiffener Properties Collapse

Shell Properties Dim. of ring stiffeners Material properties Load

Sl. Ref. Length  Radius Thickness E oy, Psq
No. ID (L) (R) () NB h, tor hy t. (GPA) (N/mm2) v (N/mm?
1 G 12856 69980 5842 14 4290 446 2860 635 203.0 3470 03 2.7300
2 G 12856 69980 5918 14 4290 446 2860 635 2060 369.0 0.3 2.8300
3 G 12856 700.00 5969 14 4290 446 2860 635 204.0 329.0 0.3 29300
4 G 12856 700.00 6.071 14 4290 446 28.60 635 2040 316.0 0.3 29700
5 G 12856 700.00 6.121 14 4290 4.46 2860 6.35 206.0 320.0 0.3 3.0400
6 G 14690 700.00 6.121 12 4290 4.46 2860 635 209.0 318.0 0.3 2.8300
7 G 14690 699.80 5715 12 4290 446 2860 6.35 205.0 329.0 0.3 2.6600
8 G 14690 700.00 6.121 12 4290 446 2860 635 209.0 3180 03 29700
9 G 14690 699.80 5893 12 4290 446 2860 635 2060 350.0 0.3 2.9000
10 G 14690 700.00 6.020 12 4290 446 28.60 635 1980 3200 0.3 2.7600
11 G 158.23 700.00 6.020 11 4290 4.46 28.60 635 2040 3320 0.3 25500
12 G 15823 699.80 5918 11 4290 446 28.60 635 2060 330.0 0.3 24500
13 G 158.23 700.00 6.071 11 4290 446 28.60 635 2020 3270 0.3 2.6200
14 G 158.23 700.00 6.248 11 4290 446 28.60 635 2040 3200 0.3 27300
15 G 158.23 700.00 6.096 11 4290 446 28.60 6.35 2040 320.0 0.3 25200
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Table 7-6 Experimental results for Ring Stiffened Cylinder under Radial pressure (Continued)

Stiffener Properties Collapse
Shell Properties Dim. of ring stiffeners Material properties Load

SI. Ref. Length Radius Thickness E oy Pa
No. ID (L) (R) () NB h,, tour hy  t, (GPA) (N/mm2) v (N/mm?)
16 G 187.00 700.00 6.020 9 4290 4.46 2860 6.35 202.0 330.0 0.3 2.3500
17 G 187.00 699.80 5893 9 4290 4.46 2860 6.35 203.0 342.0 0.3 2.3100
18 G 187.00 700.00 5969 9 4290 446 28.60 635 201.0 3100 0.3 23100
19 G 187.00 700.00 6.045 9 4290 446 28.60 635 2040 311.0 0.3 24100
20 G 187.00 699.80 5918 9 4290 446 2860 6.35 206.0 309.0 0.3 2.2800
21 G 17140 700.00 6.147 10 4760 490 31.70 7.92 203.0 327.0 03 3.1100
22 G 17140 700.00 6.274 10 4760 490 31.70 7.92 202.0 352.0 0.3 3.0000
23 G 17140 700.00 6325 10 47.60 490 31.70 7.92 202.0 349.0 0.3 3.1700
24 G 17140 700.00 6.223 10 47.60 490 31.70 7.92 203.0 341.0 0.3 2.9000
25 G 17140 700.00 6.274 10 47.60 490 3170 7.92 202.0 376.0 0.3 2.9700
26 G 17140 700.50 7.188 10 4290 4.46 28.60 6.35 205.0 340.0 0.3 3.5900
27 G 17140 70050 7.341 10 4290 446 2860 635 205.0 3220 0.3 3.7300
28 G 17140 70050 7.341 10 4290 446 2860 635 2060 330.0 0.3 3.5200
29 G 17140 700.50 7341 10 4290 4.46 2860 6.35 210.0 320.0 0.3 3.4500
30 G 12850 700.00 6.270 12 5080 6.35 205.0 301.0 0.3 3.8600
31 G 12850 700.00 6.270 12 5080 6.35 205.0 291.0 0.3 3.3100
32 G 12850 700.10 6.430 12 2540 12.70 205.0 301.0 0.3 3.8600
33 G 12850 700.10 6.400 12 2540 12.70 205.0 330.0 0.3 3.6600
34 G 12850 700.00 6.270 12 3810 4.46 14.30 14.30 205.0 319.0 0.3 3.3800
35 G 12850 700.00 6350 12 3810 4.46 1430 14.30 205.0 308.0 0.3 3.3500
36 H 800.00 199.50 12573 5 -78.70 13.28 204.0 272.0 0.3 15.2000
37 H 79710 19620 13.081 5 -78.50 13.13 204.0 408.0 0.3 18.5000
38 H 112540 19690 13.132 4 -77.20 13.03 1940 242.0 0.3 14.6000
39 H 1530.30 197.00 13.132 2 -77.70 13.03 194.0 242.0 0.3 12.4000
40 H 153830 19730 11.024 2 -78.20 11.13 196.0 260.0 0.3 9.3200
41 H 59210 197.70 9.754 7 -76.50 991 202.0 289.0 0.3 12.8000
42 H 1614.60 19880 9.601 2 -79.50 9.78 200.0 231.0 0.3 7.4500
43 H 1615.10 19820 8280 2 -80.00 8.18 201.0 287.0 0.3 6.0000
44 H 403.00 19940 6.604 11 -6580 6.96 194.0 278.0 03 7.8700
45 H 43510 19890 6.833 10 -69.60 6.88 206.0 371.0 0.3 83500
46 H 60330 19870 6.833 7 -71.10 7.04 206.0 371.0 0.3 8.2800
47 H 1447.70 19980 6.452 3 -63.20 6.68 197.0 276.0 03 3.1100
48 H 609.70 603.20 9.627 3 101.60 9.52 190.0 259.0 0.3 2.9300
49 K 4928 12802 2.032 17 7.37 356 69.0 2413 04 3.0310
50 K 6350 128.02 2.032 13 838 4.06 69.0 2413 04 2.8332
51 K 7417 12802 2.032 11 914 457 69.0 2413 0.4 3.1896
52 K 8890 12802 2032 9 991 5.08 69.0 2413 04 29421
53 K 8890 12802 2032 9 991 5.08 69.0 2413 04 3.5185
54 K 6350 128.02 2032 13 838 4.06 69.0 2413 04 3.1193
55 M 40.00 16030 0600 4 480 0.60 208.0 387.0 0.3 0.5500
56 0 1897 5148 1267 3 6.00 6.10 200.0 244.0 0.3 11.1720
57 0 12,66 5147 1246 3 6.00 595 200.0 244.0 0.3 13.1720
58 P 7.00 76.79 0.216 200.0 463.6 0.3 1.2070
59 P 1010 76.65 0.293 200.0 369.1 0.3 1.1790
60 P 1575 76.65 0.295 200.0 3849 0.3 0.8900
61 P 1940 76.65 0.296 200.0 3849 0.3 0.7240
62 P 2225 76.65 0.299 200.0 369.1 0.3 0.6210
63 P 2650 76.64 0.295 200.0 400.1 0.3 0.5790
64 P 29.00 76.64 0.294 200.0 400.1 0.3 0.5138
65 P 3480 76.65 0.295 200.0 369.1 0.3 0.4280
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Table 7-7 shows the statistical analysis results for DNV, API, RCC and the
Proposed strength model. Figure 7-10 to Figure 7-13 show the comparison of
predicted and experimental data for different approaches. The average and
spread of the population shows better central tendency compared to the other

approaches.

Table 7-7 Statistical comparison of X, for Ring Stiffened Cylinder under Radial Loading

DNV API RCC Proposed Model
Mean 0.98 1.35 1.03 1.00
cov 19.43% 19.09% 21.19% 17.67%
Population 65

The radial collapse pressure is often found to exceed the yield hoop pressure.
i.e, the normalised strength value exceeds 1 in many cases. The API strength
model predicts the strength for all cases below 1 and shows large error for
number of cases. This indicates that the plastic collapse concept used in the DNV,

RCC and Proposed strength models are based on realistic assumptions.
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7.7.1.3 Under Combined Axial Compression and Radial Pressure

Table 7-8 shows the screened data used for the analysis of ring stiffened
cylinders under combined axial load and radial pressure. There are 27 data

items presented from various sources described in Table 7-1.

175



Chapter 7 : Strength of Stiffened Cylinders

Table 7-8 Experimental results for Ring Stiffened Cylinder under Combined loading

Stiffener Properties Material
Shell Properties Dim. of ring stiffeners properties Collapse Load
SI. Ref Length  Radius Thickness E Oy Nyq Psa
No. D @ ®) (M NB h, t, hy t (GPA) (N/mm2) (kN) (N/mm’)
1 D 2262.60 3175.00 6.350 1 9520 635 7620 6.35 199.0 276.0 1800.0 0.032
2 D 2262.60 3175.00 6.350 1 9520 635 76.20 635 199.0 276.0 3400.0 0.028
3 D 2262.60 3175.00 6.350 1 9520 635 76.20 635 199.0 276.0 5550.0 0.024
4 D 1125.60 3175.00 6.350 1 9520 635 76.20 635 199.0 276.0 204.0 0.086
5 D 1125.60 3175.00 6.350 1 9520 635 76.20 635 199.0 276.0 2120.0 0.08
6 D 1125.60 3175.00 6.350 1 9520 635 76.20 635 199.0 276.0 4040.0 0.074
7 D 1125.60 3175.00 6.350 1 9520 635 76.20 635 199.0 276.0 6310.0 0.065
8 D 55630 3175.00 6.350 1 9520 635 76.20 635 199.0 276.0 10400.0 0.141
9 D 840.70 3175.00 6.350 1 9520 635 76.20 635 199.0 276.0 204.0 0.124
10 D 840.70 3175.00 6.350 1 9520 635 76.20 635 199.0 276.0 2440.0 0.117
11 D 840.70 3175.00 6.350 1 9520 635 76.20 635 199.0 276.0 4680.0 0.107
12 D 840.70 3175.00 6.350 1 9520 635 76.20 635 199.0 276.0 7240.0 0.09
13 D 840.70 3175.00 6.350 1 9520 635 76.20 635 199.0 276.0 9920.0 0.048
14 D 840.70 3175.00 6.350 1 9520 635 2540 635 199.0 276.0 204.0 0.124
15 D 840.70 3175.00 6.350 1 9520 635 2540 635 199.0 276.0 2440.0 0.11
16 D 840.70 3175.00 6.350 1 9520 635 2540 635 199.0 276.0 4680.0 0.103
17 D 840.70 3175.00 6.350 1 9520 635 2540 6.35 199.0 276.0 7240.0 0.083
18 D 840.70 3175.00 6.350 1 76.20 6.35 199.0 276.0 204.0 0.124
19 D 840.70 3175.00 6.350 1 76.20 6.35 199.0 276.0 2440.0 0.11
20 D 840.70 3175.00 6.350 1 76.20 6.35 199.0 276.0 4680.0 0.097
21 D 840.70 3175.00 6.350 1 76.20 6.35 199.0 276.0 9340.0 0.076
22 D 840.70 3175.00 6.350 1 7620 6.35 199.0 276.0 9920.0 0.048
23 I 66590 22230 13560 6 -61.00 13.56 207.0 381.0 80.1 17.9
24 1 137290 298.70 13.110 4 -74.40 12.95 209.0 359.0 0.0 10.4
25 M  40.00 160.30 0.600 4 480 0.60 208.0 387.0 29.6 0.5
26 M 2400 160.10 0.600 3 3.00 0.60 6.00 0.84 208.0 387.0 58.4 1.0000
27 M 2400 160.10 0.600 3 3.00 0.60 6.00 0.84 208.0 387.0 123.0 0.5000

Table 7-9 shows the statistical results of the ring stiffened cylinders under

combined axial compression and Radial pressure for a population of 27 data for

DNV, API, RCC and the Proposed strength model. The API model shows the

lowest bias. The proposed strength model shows less scatter compared to all

the other strength models.

Table 7-9 Statistical comparison of X, for Ring Stiffened Cylinder under Combined Loading

DNV API RCC Proposed Model
Mean 1.46 1.07 1.14 1.17
cov 19.49% 21.71% 18.34% 16.41%
Population 27

Figure 7-14 to Figure 7-17 show the comparison of predicted and experimental

data for the different approaches.
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7.7.2 Ring and Stringer (Orthogonally) Stiffened Cylinders

The stringer stiffened cylinders and orthogonally stiffened cylinders are

considered in one category for the strength analysis. For strength analysis, these

two types are considered as stiffened curved shells bounded by stringers alone

or both stringers and rings.
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7.7.2.1 Under Axial Compression

Table 7-10 shows the screened data used for the analysis of ring-stringer
stiffened cylinders under axial load. There are 30 data items presented from

various sources described in Table 7-1.

Table 7-10 Experimental results for Ring and Stringer Stiffened Cylinder under Axial
compression

Stiffener Properties Material Collapse

Shell Properties Dim. of ring Dim. of Stringers properties Load

SI. Ref Length Radius Thickness E oy Nga
No. Ip (@) R) (T NB  h,, tor N,  hy, ty (GPA) (N/mm2) (kN)
1 ] 228.60 57150 1958 36 3048 194 2183 386.5 2344.8
2 ] 22860 569.20 2.047 36 3048 2.07 209.0 409.0 3062.3
3 ] 22860 570.50 1.963 18 3048 1.94 221.0 387.6 19503
4 ] 57150 570.80 1.877 36 3048 1.88 198.1 4128 26533
5 J 57150 56930 2.192 36 3048 2.16 212.2 5125 3436.2
6 ] 57150 571.00 1.900 36 3048 1.86 2153 442.0 2260.7
7 ] 57150 56850 1.963 18 3048 1.95 2105 419.0 19451
8 ] 381.00 949.20 1.994 24 3048 195 201.5 4084 2351.7
9 ] 762.00 95170 1.908 48 30.48 194 210.5 4120 3592.2
10 ] 762.00 95330 1956 48 30.48 196 196.0 418.0 3349.1
11 ] 762.00 950.80 1.880 24 3048 195 204.5 423.0 2298.6
12 ] 28950 361.20 1.946 40 30.48 195 199.7 3429 2199.1
13 ] 28950 36280 2.085 40 30.48 2.01 1959 3429 19433
14 ] 6500 160.00 0.840 40 6.72 0.84 201.0 348.0 357.0
15 ] 6500 160.00 0.840 20  6.72 0.84 201.0 348.0 321.0
16 ] 65.00 160.00 0.840 40 13.44 0.84 201.0 348.0 430.0
17 ] 6500 160.00 0.840 40 6.72 0.84 201.0 348.0 277.0
18 ] 180.00 160.00 0.840 40 13.44 0.84 201.0 348.0 270.0
19 ] 400.05 57150 1900 3 3810 1.90 36 2286 190 216.0 371.1 2775.7
20 N 150.00 31.21 1.580 4 -23.00 1.58 211.0 263.0 126.0
21 N 150.00 31.21 1.580 4 2400 158 211.0 263.0 110.0
22 N 150.00 31.21 1.580 4 -14.00 1.58 211.0 263.0 118.0
23 N 150.00 31.21 1.580 4 15.00 1.58 211.0 263.0 112.0
24 N 150.00 31.21 1.580 4 -7.00 158 211.0 263.0 114.0
25 N 150.00 31.21 1.580 4 7.00 1.58 211.0 263.0 96.0
26 N 150.00 31.21 1.580 8 -7.00 1.58 211.0 263.0 116.0
27 N 150.00 31.21 1.580 12 -7.00 1.58 211.0 263.0 124.0
28 N 150.00 31.21 1.580 4 -400 158 211.0 263.0 100.0
29 N 150.00 31.21 1.580 8 -4.00 1.58 211.0 263.0 110.0
30 N 150.00 31.21 1.580 12 -4.00 1.58 211.0 263.0 112.0

Table 7-11 shows the statistical results of the ring-stringer stiffened cylinders
under Axial compression for a population of 30 for DNV, API, RCC and the
Proposed strength model.

179



Chapter 7 : Strength of Stiffened Cylinders

Table 7-11 Statistical comparison of X, for Ring-Stringer Stiffened Cylinder under Axial Loading

DNV API RCC Proposed Model
Mean 1.02 1.07 1.05 1.01
cov 21.57% 14.67% 14.01% 14.17%
Population 30

Figure 7-18 to Figure 7-21 show the comparison of predicted and experimental
data for the different approaches. The Proposed model predicts the strength
almost similar to that of the API and RCC model and which is better compared to

API and DNV models.
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7.7.2.2 Under Radial Pressure

Table 7-12 shows the screened data used for the analysis of ring stiffened
cylinders under radial pressure loading. There are 9 data items presented from

various sources described in Table 7-1.

Table 7-12 Experimental results for Ring and Stringer Stiffened Cylinder under Radial pressure

Stiffener Properties Material Collapse
Shell Properties Dim. of ring Dim. of Stringers properties Load
SI. Ref Length  Radius Thickness E Oy Psa

No. D (MW (R) (T) NB h, tew  N.  hy te (GPA) (N/mm2) (N/mm?)
1 ] 22860 571.40 1.956 36 3048 191 215.7 393.2 0.79
2 ] 22860 569.20 1.948 18 30.48 194 203.1 3859 0.76
3 ] 57150 570.20 1.920 36 3048 192 209.2 396.7 0.35
4 ] 381.00 949.70 1.961 48 30.48 1.97 200.5 408.4 0.34
5 ] 381.00 953.60 1.974 24 3048 1.95 198.2 409.0 0.31
6 ] 762.00 949.80 1.938 48 30.48 1.91 210.2 4034 0.17
7 ] 762.00 950.90 1.895 24 3048 191 2024 4219 0.15
8 ] 289.60 360.70 1.928 40 30.48 193 192.2 325.7 1.04
9 M 96.00 160.30 0.600 2 640 0.80 40 480 0.60 208.0 387.0 0.36

Table 7-13 shows the statistical results of the ring-stringer stiffened cylinders
under radial pressure for a population of 9 for DNV, API, RCC and the Proposed
strength model. The recommended approach is same as that of RCC and it is

quite similar to the API formulation. The Proposed model appears better
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compared to DNV and API codes in terms of mean and spread of the model

uncertainty factor.

Table 7-13 Statistical comparison of X, for Ring-Stringer Stiffened Cylinder under Radial
Pressure

DNV API RCC Proposed Model
Mean 1.33 1.12 1.06 1.06
cov 47.38% 21.54% 18.38% 18.38%
Population 9

Figure 7-22 to Figure 7-24 show the comparison of predicted and experimental
data for the different approaches. The RCC model is not shown as it is exactly

similar to the proposed model.

- 100 t--—----"---"--—— A
ik e
— P
1 Ve |
© pid I
s |
0.75 T // |
4 |
7 I
Ve
// I
7 |
0.50 - i |
// |
L e |
P s,
pd Mean- 1.33 :
s
0.25 A * o COV-47.38% :
R '
7 |
s |
e |
s |
0.00 T T T }
0.00 0.25 0.50 0.75 1.00

¢ - Predicted (DNV)

Figure 7-22 DNV prediction for Ring-Stringer Stiffened Cylinders under Radial Pressure

183



Chapter 7 : Strength of Stiffened Cylinders

2 10 +—-—————"—-—_————  —- — 1
143} e
— 2 |
) // |
< s |
4 |
0.75 e |
4 |
s,
s |
o |
e I
* /// :
i s,
0.50 s |
. :
R Mean-112 |
0.25 - /‘/ P COV-21.54% |
X . o :
// |
7 |
// |
s |
0.00 T T T T
0.00 0.25 0.50 0.75 1.00

¢ - Predicted (API)

Figure 7-23 API prediction for Ring-Stringer Stiffened Cylinders under Radial Pressure

5 100 +—————— 7:
= // |
1 // |
< s, |
i |
0.75 A s |
e |
7 |
// |
Lo !
7/
0.50 - e :
7/
s |
7 |
,/
, Mean- 1.06 :
7/
0.25 Pad - COoV-18.38% !
' /
0,’ |
7 |
4 I
// |
7 I
0.00 T T T ¥
0.00 0.25 0.50 0.75 1.00

¢ - Predicted (Proposed)

Figure 7-24 Proposed prediction for Ring-Stringer Stiffened Cylinders under Radial Pressure

7.7.2.3 Under Combined Axial Compression and Radial Pressure

Table 7-14 shows the screened data used for the analysis of ring stiffened
cylinders under radial pressure loading. There are 25 data items presented from

various sources described in Table 7-1.
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Table 7-14 Experimental results for Ring and Stringer Stiffened Cylinder under Combined
loading

Stiffener Properties Material
Shell Properties Dim. of ring Dim. of Stringers properties Collapse Load

Sl. Ref Length Radius Thickness E Oy Nsq Psa

No. D (1) R) (M NB h, t, N, hy t, (GPA) (N/mm2) (kN) (N/mm?)
1 ] 228.60 571.10 1.966 36 3048 196 217.7 395.7 755.8 0.736
2 ] 22860 57180 1.961 18 30.48 1.94 209.5 390.5 647.5 0.629
3 ] 57150 57080 1.854 36 3048 1.86 210.5 425.0 349.9 0.335
4 ] 57150 57010 1976 18 30.48 197 217.2 4253 303.2 0.290
5 ] 38100 95320 1971 48 30.48 198 207.7 3984 935.6 0.324
6 ] 381.00 951.70 1963 24 3048 1.80 200.1 404.6 815.4 0.282
7 ] 762.00 95490 1.961 48 3048 196 209.4 406.2 421.7 0.139
8 ] 762.00 954.20 1.803 48 3048 1.82 203.2 4063 446.7 0.148
9 ] 76200 95320 1.895 24 3048 191 2055 4226 381.4 0.125
10 ] 289.60 361.00 1.943 40 3048 194 193.0 341.5 513.6 1.032
11 ] 228,60 569.40 1.958 36 3048 192 2162 3969 1911.7 0.520
12 ] 22860 57050 1.956 18 30.48 1.93 201.7 384.7 12725 0.345
13 ] 57150 57150 1.908 36 3048 1.87 2083 391.8 10429 0.283
14 ] 57150 57030 1.946 18 30.48 1.88 207.4 417.5 820.1 0.223
15 ] 381.00 953.20 1.969 48 3048 1.98 207.7 3984  2546.1 0.248
16 ] 381.00 95210 1.958 24 3048 196 2025 4157 15245 0.170
17 ] 762.00 956.60 1.925 48 3048 190 2069 4223 13762 0.134
18 ] 762.00 950.50 1.829 48 3048 1.81 199.1 4179 1270.7 0.124
19 ] 762.00 95340 1.880 24 3048 1.88 2049 4226 973.2 0.095
20 ] 289.60 360.40 1.963 40 3048 196 1978 3418 1405.2 0.787
21 ] 571.50 569.60 1971 18 30.48 1.92 200.5 4327 242.6 0.285
22 ] 400.05 57150 1900 3 4572 190 36 3048 190 216.0 3754 2368.6 0.233
23 ] 400.05 57150 1900 3 3810 1.90 36 2286 190 216.0 377.2 324.5 0.389
24 ] 400.05 57150 1900 3 3810 190 48 2286 190 216.0 378.1 2949.5 0.248
25 ] 53340 95250 1900 3 4572 190 48 30.48 190 216.0 3845 23842 0.081

Table 7-15 shows the statistical results of the ring and stringer stiffened
cylinders under combined axial compression and radial pressure for a

population of 25 for DNV, API, RCC and the Proposed strength model.

Table 7-15 Comparison of X, for Ring-Stringer Stiffened Cylinder under Combined Loading

DNV API RCC Proposed Model
Mean 1.84 1.33 1.34 1.18
cov 43.82% 22.19% 21.02% 19.87%
Population 25

Figure 7-25 to Figure 7-28 shows the comparison of predicted and experimental
data for the different approaches. The Proposed model is showing low bias and

COV compared to DNV, API and RCC models.
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7.8 Summary

The proposed strength model is a modification of the existing RCC code with a
new definition of bias for knockdown factor. The results of the analysis indicate
the fact that the empirical constants selected must be dependent on the type of
loading. In codes, for simplicity, some of the empirical constants are assumed as
fixed for all the loading situations and structural configurations. This mainly

happens when the range of experiments considered for the evaluation of such
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constants does not show much variation in the values. This may induce error in
prediction and can vary the results too far in certain random combinations of
variables. The reduction of the uncertainty can be accomplished through the
comparison and redefinition of empirical constants. With a large number of
experimental data, we can do critical analysis and modify the values of such
constants and some empirical relations to achieve better results. In this study,
the number of combined loading cases is pretty low. More rational definitions of
empirical parameters can be achieved with more number of test data and hence

can bring the uncertainty very low to provide robust strength models.

The analyses with the experimental results illustrate the fact that the Proposed
model which is a modified RCC Model, predicts the structural capacity more
accurately in most cases compared to API and DNV codes. The statistical
parameters of the analysis show that the Proposed model is more stable in
predicting the strength of the stiffened cylinders compared to the DNV and API
codes. The experimental data available for the radial pressure load cases for
ring-stringer stiffened cylinders are very less and it is required to do further
investigation to acquire more data. The design equations and the model
uncertainty factors presented in this study are suitable for reliability analysis,
sensitivity analysis and evaluating the partial safety factors for similar

structures.

The study can be extended with the validated Finite Element Model for the
imperfection sensitivity like distortion and weld induced residual stresses. The
work is beyond the scope of this thesis and it can be investigated further. The
validation of the model is done latter in Chapter 8 for the reliability analysis of

stiffened cylinders using Response Surface Method.
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8.1 Introduction

Structural design has traditionally been based on deterministic analysis. Past
decades have seen design codes increasingly addressed the use of a limit-state
design as a suggested alternative to traditional working stress design. The
traditional deterministic method of ship structural design assumes that all the
factors affecting the strength and the load applied to the structure are known
and that the strength and load-effects are then a known function of these
parameters. High implied margins of safety are introduced by ensuring that
estimates of such parameters are conservative. The methods of structural
analysis give lower bound solutions to collapse loads and the applied loads are
multiplied by suitably large load factors. For these reasons and because
empirical design rules are formulated to give safe estimates of strength,
completed structures are on average appreciably stronger than their nominal
as-designed ultimate capacity. In reality these relationships are only
approximations and the Material properties, section dimensions etc. exhibit
appreciable variability in a statistical sense and the loads assumed in the design

often contain a high degree of uncertainty.

Uncertainty is inherent in most observable phenomena in the world; that is they
cannot be predicted with certainty. In general multiple outcomes can be
obtained from the repeated measurement of the same physical phenomena.
Among these, some outcomes are most probable than the other and these
outcomes does not follow any patterns. The occurrence of multiple outcomes
without any patterns is described as uncertainty, randomness or stochastic. In
general, all the parameters of interest in engineering analysis and design have

some degree of uncertainty and thus need to be considered as random variables.

What is reliability? As far as the structural integrity is being concerned, most

of the parameters related to load and resistance are random quantities. The
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primary task of planning and structural design is to ensure satisfactory
performance, i.e, to ensure that the capacity or resistance is greater than
demand or load during the system’s useful life. In view of the uncertainties in
the problem, satisfactory performance cannot be absolutely assured. Instead,
assurance can only be made in terms of the probability of success in satisfying
some performance criterion. In engineering terminology, this probabilistic
assurance of performance is referred to as reliability. Reliability is the

compliment of the failure probability and is a rational measure of safety.

Need for reliability: The traditional approach of considering the uncertain
parameters to be deterministic and accounted for the uncertainties through the
use of empirical safety factors derived based on the past experience do not
absolutely guarantee the adequate level of safety or satisfactory performance.
These safety factors do not provide any information on the influence the
different parameters of the system have on safety. The engineering design is
basically a trade-off between maximising safety levels and minimising cost. The
above mentioned deterministic safety factors do not provide adequate
information to achieve optimal use of the available resources to maximise safety.
On the other hand, probabilistic analysis brings rationality to the consideration
of uncertainty in design by incorporating the experience and expertise in
determining the uncertainties and hence provides the required information for
optimum design. This capability of reliability analysis is accepted and appended
in various codes like American Institute of Steel Construction (AISC) Load and
Resistance Factor Design (LRDF) (1986, 1994) specifications, European and

Canadian structural design specifications etc.

Measures of reliability: Reliability is the probability of successful performance
associated with a particular performance criterion. The commonly used term
for the measure of reliability is the ‘probability of failure’ and is the converse of
reliability. An engineering system will have several components and
performance criteria. The reliability or probability of failure should be

considered for the individual components against all the performance criteria.
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Apart from that, overall system reliability also comes into picture based on the

series or parallel arrangement of these components.

A measure of reliability in the context of design specification is the safety factor,
whose value provides a qualitative measure of safety. The nominally observed
value of load (service load) is multiplied with the safety factor known as the
load factor which is greater than 1 to obtain the design load. The nominal value
of the resistance of the system is multiplied by safety factor known as the

resistance factor which is less than 1 to obtain the allowable resistance.

For practical structures and performance criteria, the computation of
probability of failure is difficult due to various reasons. A first-order estimate of
the minimum distance from the mean point to the failure surface is used in the
probabilistic design specifications as the reliability index or safety index

denoted by f.
8.2 Structural Reliability Analysis

For a structure, the satisfactory performance under operation is characterised
with a number of performance functions or limit states. The reliability analyses
have to be carried out for all limit states in order to ensure satisfactory
performance of the structural system. For marine structures, the major limit

states in accordance with the different requirements are,

Ultimate Limit State (Strength, Moment)
Serviceability Limit State (Deflection, Vibration)

Fatigue Limit State (Stress levels, number of stress cycles)

s W Nhoe

Accident Limit State
8.2.1 Procedure of Structural Reliability Analysis

In general, the objective in structural design is to ensure that the strength of
structure or the system is higher than the loads to which the system can be

exposed. The problem is to account for the uncertainty associated with
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quantification of the load or the strength of the structure. The uncertainty stems
from physical uncertainties (natural loads and materials), statistical uncertainty
(sparse data) and model uncertainty. The overall objective of structural
reliability methods is to quantify these uncertainties to provide a better basis
for decision-making regarding the dimensions of the structure or with respect

to maintenance issues.

In general, for calculating structural reliability, the following procedure is

suggested.

1. Establish target reliability, i.e. decision model

2. ldentify all possible and significant failure modes of the structure or
operation under consideration.

3. Formulate failure criteria and establish a relevant failure limit state
function for each of mode of failure.

4. Choose and identify stochastic variables and parameters for each failure
mode of the structure or operation under consideration.

5. Calculate the reliability or failure probability of the structure of each
failure mode of the structure or operation under consideration.

6. Assess the structure reliability against the given target reliability.

7. Document to the structure design.
8.2.2 Methods of Reliability Analysis

The evaluation of the probability of failure which is the estimate of convolution

integral can be performed in the following ways:

1. Direct integration ( possible only in some special cases)

2. Simulation methods, such as using Monte Carlo simulation, and

3. Analytical approximation of the integral that are simpler to compute,
these can be grouped into two types: first-order reliability methods

(FORM) and second-order reliability methods (SORM).
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8.2.3 Criteria for Selection of Methodology

A reliability method that gives acceptable estimates of the reliability for the
structure or structural components shall be used. The choice of the reliability
methods must be justified. When the limit state is a linear function, the FORM
or SORM can be used to verify the results of the simulation and direct integral
methods. Analytical FORM and SORM reliability estimate can generally be
verified by simulation. When the number of basic random variables is under 5,
the integral methods can be used to verify the results of analytical methods and
simulation methods. In general, simulation methods can be used to verify the
results of other methods. A local reliability estimate by FORM at a single design
point can be verified by a SORM estimate. The best methods to calculate marine

structure reliability can be summarised as follows:

1. For linear failure limit function or the failure probability less than 0.05,
the analytical FORM and SORM reliability estimates are suggested.

2. Under 5 variables, the direct integration method is suggested.

3. The others except the above are calculated best by means of simulation
methods (e.g. Monte Carlo Method)

4. For implicit limit state function, FORM, SORM or response surface method

could be selected.

This thesis uses analytical approximation method for reliability analysis. The
limit state of interest can be linear or nonlinear functions of the basic variables.
FORM can be used to estimate of probability of failure (convolution integral)
when the limit state function is a linear function of uncorrelated normal
variables or when the nonlinear limit state function is represented by a first-
order (linear) approximation with equivalent normal variables. SORM estimates
the probability of failure by approximating the nonlinear limit state function,
including a linear limit state function with correlated non-normal variables, by a

second order representation.
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8.2.4 Target Reliability

Target reliability is a standard that has to be met in design or in service in order
to ensure that certain safety levels are achieved. A Reliability analysis can be
used to verify that such target reliability is achieved for a structure or structural
element. One of the difficulties in this context is that the uncertainties included
in a structural reliability analysis will deviate from those encountered in real life.

This is because:

1. The reliability analysis does not include gross errors which may occur
in real life.

2. The reliability analysis, due to lack of knowledge, includes statistical
uncertainty and model uncertainty in addition to physical uncertainty
(often referred to as epistemic ) which is present in real life.

3. The reliability analysis may include uncertainty in the probabilistic

model due to distribution tail assumptions.

When carrying out structural reliability analysis, an appropriate safety level
should be selected based on factors like consequence of failure, relevant design
codes, accessibility to inspection and repair, etc. Target probability levels have

to be met in design in order to ensure that certain safety levels are achieved.
A design is safe if, f > [,

where,[ is the safety index as estimated from analysis and [, is the target

safety index

The selection of target reliabilities is difficult task since these values are not
readily available and need to be generated or selected. Minimum value of Target
reliabilities depend on the consequence and nature of failure, and to the extent
possible should be validated against well-established cases that are known to
have adequate safety. The regulatory bodies or classification societies and/or

professions agree upon a reasonable value. This may be used for novel
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structures where there is no prior history. Recommended target safety indices
for hull girder (primary), stiffened panel (secondary) and un-stiffened plate
(tertiary) modes of failure and the corresponding notional probabilities of
failure are summarized in Ship Structure Committee Reports No-368 and 373
(Mansour et al,, 1993 and 1994). These lifetime values are based on professional
judgement in view of the extensive reliability analysis performed in these
projects (SSC-368 & SSC-373) together with the values reviewed in the
literature. Based on these reports the acceptable reliability indices and

probability of failure values are presented in Table 8-1.

Table 8-1 Values of acceptable target reliability index (f3) and probabilioty of failure (Pf) based
on SSC-368 (1993) and SSC-373 (1994) (Mansour et al.,, 1993 and 1994).

Failure Mode Commercial Ships Naval Ships
Primary (initial yield) 5.0 (2.9-107) 6.0 (1-10™)
Primary (ultimate) 3.5 (2.3:10™ 4.0 (3.2:107)
Secondary 2.5 (6.2:107) 3.0 (1.4-10)
Tertiary 2.0 (2.3:10%) 2.5 (6.2:103)

8.2.5 CALREL Program

The CALREL program is a commercial general purpose Reliability analysis code.
The program has extensive facilities to customise the input parameters and the
performance functions. The code uses, FORM, SORM and simulation methods to
compute reliability index and the probability of failure. The code provides
sensitivity factors and partial factors. The code can be used for the reliability
analysis of any process or phenomenon subjected to the availability of an

explicit performance function in terms of the basic influencing variables.
8.3 Response Surface Method (RSM)

The most important requirement for the reliability analysis procedure
discussed so far is the performance function and its gradient in terms of the
material and geometrical parameters of the structure. There are many

situations where the suitability of mathematical models is questioned. The
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major aspects in this perspective are the accuracy and applicability of the
mathematical performance model and the very existence of a reliable closed

form mathematical model.

Generally, the mathematical models are developed based on some assumptions
and simplifications. In the case of buckling strength of plated structures, there
are many assumptions incorporated in the formulation right from the effective
width approach to the strain hardening and the empirical approach for the
residual stresses etc. In Chapter 5, the comparison of results for the formula
based approaches and numerical approach shows wide scatter for a parametric
study based on distortion. Moreover, the formulation is based on a column
collapse approach and the failure modes considered are the plate induced and
stiffener tripping type. In reality, the overall grillage buckling can also interact
with the local buckling modes at specific levels of distortion and structural
configuration. This is generally ignored and the predictions can be far from
reality in certain cases if the judgement is based on the local mode of buckling
alone. Also, the formulation cannot really incorporate effects due to the material
and geometrical nonlinearities. For example, there is no satisfactory analytical
model available for the strength of plated structures which can effectively
incorporate both the distortion and residual stresses under combined non-
uniform (ramped) axial compression and lateral pressure with one end clamped,
other end pin joined with sides are simply supported. The above conditions can
be generated with the existing strength models only after imposing a lot of
approximations and major adjustments. In the present situation, the availability
of mathematical models is restricted to a limited number of structural problems
and there are a lot of situations where the performance modelling is really
difficult or may be impossible due to geometric, performance and material
complexities and if the number of variables are too large. In many practical
cases, the performance function many not be in a differential form with respect
to the random variables of interest. So the solution of structural reliability using

FORM or SORM is not possible if the failure domain or performance function is
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not able to represent with an accurate mathematical model or if such a model
does not exist. In such situations, simulation based method is the best
alternative with suitable numerical methods like finite element analysis. This
method is going to be computationally expensive as there are numerous
simulations are to be carried out with different input values to get the

probability of failure.

The above situation can be effectively tackled by using the Response Surface
Method(RSM) first proposed by Box and Wilson (1951). The method was
developed over the years for various industrial and engineering areas. Rackwitz
(1982) proposed a method to utilize RSM for the structural reliability analysis.
In this method, an approximate linear or nonlinear performance function is
generated in terms of the design variables using deterministic numerical
method (say, the finite element method) as a platform for the experiments. The
finite element experiments are conducted at sufficient number of design points
to approximate the response function. This function can be used for the FORM
or SORM reliability calculations. It can also be used to facilitate sensitivity

analysis without changing the code of commercial structural software.
8.3.1 GLAREL Program

GLAREL is an in-house developed program for the structural reliability analysis

using response surface method. (Yu, et al., 2002).

Figure 8-1 shows the method of reliability analysis using coupled response
surface method and FE analysis. The initial experimental points are based on

the mean values of the basic variables or influencing parameters. A linear
response surface with the sampling points centred at 4; * f,0;. The centre point
U is fitted by stepwise regression as the initial approximation. The factor f; is
used to define the sampling range, usually f =3 is used in the first

approximation to include the maximum range of variability for the basic

variables in the failure region. As the calculated design point reaches nearer to
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the actual design point, f can be gradually reduced to f =laccording to

£0)

f 0

Selection of Random variables,
Mean values, Standard deviation

v

GLAREL

v

| Initial Experimental Points

FE Limit State
Analysis Function

B =
| GLAREL

New Experimental I

points for FE analysis

v

An improved linear response surface is
used to search for the design points

.

Reliability index g using
FORM/SORM

Check for
convergence of
Reliability index g

Reliability index g with the
final fitted surface

Figure 8-1 Flow chart Reliability analysis procedure with of coupled RSM and FE Analysis using
GLAREL Computer code

FORM is used to calculate the reliability index S ®and the corresponding X*(l)

with the initial response function. The new experiment points are defined
. . *(1) * . . *(K)
around the design point X "asX; £ f,o;,. The new design point X ~and

corresponding ﬂ(k) (k=1,2,3,..) are calculated. The exercise continues till

*(K) y#(kD)

X X or ‘ﬁ(k) —ﬂ(k_l)‘ is less than the specified tolerances. When the

criterion is met, the probability of failure is calculated as p; :(D(— ﬁ(k))and
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terminates the program. The second order response surface function in terms of

the basic variables is also given by the program.
8.4 Reliability Analysis of Stiffened Plates

The reliability analysis of stiffened plates can be carried out in many ways based
on the design considerations and the particular response. There are numerous
geometrical, material and loading parameters which affects the performance of
stiffened plated structures. This study analyse the reliability of a typical
stiffened plated structure scantling for the effects of imperfection parameters on
the structural reliability and the sensitivity of each imperfection parameters
under different load factors. The reliability analysis is carried out with the
analytical FORM/SORM method using the commercial computer code CALREL
with the strength formulation proposed by Falkner and the modified method by
Pu and Das. Reliability evaluation is carried out with the Response Surface
Method (RSM) using the GLAREL computer code with a Finite element model to

fit the response surface for the structural performance.
8.4.1 Limit State Function (LSF)

The strength limit state function considered for the stiffened plated structure is,
9X) =XnR =S (8-1)

where X, is the model uncertainty factor, R is the strength response and S is the

load acting on the structure.

The reliability of the structure is calculated at different proportion of the
ultimate capacity of the structure evaluated at the mean point of the design
variables. The reliability analysis of the stiffened plate is carried out with a
structural scantling which is used for the imperfection sensitivity analysis
explained in Chapter 6. The scantling of the typical stiffened plate is
a:b:t:0BP:0y=2400:800:20:200:355. The parametric definition of distortion and

residual stress are associated with the thickness and yield stress of the stiffened
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plate respectively. The reliability analysis is carried out with these parameters
as random variables. The properties of each variable are illustrated in Table 8-2.
The standard deviation of the imperfection parameters is taken as 30% in order
to cover the range from negligible amount to a severe level of imperfection. The
load is applied as a fraction of the ultimate capacity of the structure. Two types

of distribution are used for the load to test the influence of the distribution.

Table 8-2 Properties of random variables-Stiffened Plates

No. Random Vaiable Symbol Distribution Mean COV
1 Yield stress, (N/mm?) oy (X1) Lognormal 355.00 10%
2 Thickness of the plate (mm)  t (X2) Normal 20.00 5%
3 Distortion (mm) 8 (X3) Lognormal 837 30%
4 Residual stress (o0,/0y) RS (X4) Lognormal 0.125 30%
5 Model Uncertainty factor X (Xs) Normal 1.00 6%
6 Axial Load, (N/mm?) S(Xs)  Lognormal, Weibull k 20%

k=26%, 39%,52% and 65%

The strength R is taken as a function of the design variables,
R = f(0y,t,8,RS, Xm,S) = f (X1, X2, X3, X4, X5, X6) (8-2)

The analytical formulations provide the response as R = g,,/0,,. The load S is

taken as a percentage of the R evaluated at the mean point of design variables,

lo}
S = kf(le, X2m1X3me4m»X5me6m) =k <—u (8-3)

O- >
Y7 at the mean point

where k = P/P,, is the fraction of the ultimate load applied on the structure.

Therefore, the limit state function is represented as,

Oy

g(X) = XmR -§5= me(X1'X2fX3'X41X51X6) - k( (8-4)

y>at the mean point

8.4.2 Reliability Analysis Results

The reliability analysis is carried out using Analytical Method and the RSM.
Typical input files for the CLREL program is given in Appendix D. Table 8-3

illustrate the analysis results for the two approaches with three analytical
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formulations. The type of distribution is very sensitive to the reliability index as

expected. For a stiffened plate used in ship structures, the Weibull distribution

should be assumed.

Table 8-3 Reliability index for Stiffened plate (OBP200-PLT20-a3-Y355) for RSM and Analytical

approaches
B
Method RSM+FEM(Proposed)  Faulkner Das&Pu Proposed empirical
(GLAREL) (CALREL) (CALREL) (CALREL)

P/P, { Distribution— LN WB IN WB LN WB LN WB
26% 5.77 396 618 397 592 389 5.83 3.86
39% 4.14 3.19 434 320 412 311 4.03 3.08
52% 2.93 2.54 3.04 254 283 244 2.75 2.39
65% 1.97 192 202 192 183 179 1.75 1.74

RSM-Response surface method, LN-Lognormal, WB-Weibull

Figure 8-2 shows the variation of reliability with respect to the applied load for

different methods for two types of Load distributions. Figure 8-2(a) shows the

results from the RSM using GLAREL and Finite Element Model. The result shows

that as the load increases the reliability reduces and it appears to coincide at

about 65% of the ultimate strength and the reliability in the order of 2.
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Figure 8-2 Variation of Reliability index with increasing Load for Stiffened Plate (OBP200-
PLT20-a3-Y355), (a)Using RSM (b)Using Analytical formulations

The change in distribution type produces a substantial effect on the reliability

estimate of the structure when the load is small and the structure is at higher

range of safety. It reveal the fact that appropriate selection of the distribution

type is such an important aspect of reliability analysis and an erroneous
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selection lead to awful results far away from the reality. From the results, it is
observed that the above mentioned issue is so significant when designing

structures which require higher reliability index.

Figure 8-2(b) shows the results for the analytical approach. The Faulkner,
Das&Pu and the proposed empirical methods are plotted. The Faulkner method
is sensitive to the weld induced residual stress but not to the initial distortion of
the structure. Das&Pu method takes both the effects into account and show
reduced reliability index as an indication of the effect of distortion. The

proposed empirical method predicts the results close to the Das&Pu method.
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Figure 8-3 Comparison of RSM and Analytical Methods for a Stiffened Plate

Figure 8-3 shows the comparison of the reliability analysis by both the RSM and
Analytical methods. The results show a reasonable degree of closeness which in
a way validates the accuracy of RSM and the FE Models used for the reliability
analysis of stiffened plates. So the reliability analysis with complicated loads
and influencing parameters for non-standard or some specific response can be
performed with RSM when robust analytical solution is unavailable for the

particular structural performance.
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Table 8-4 Sensitivity factors and partial safety factors of the reliability analysis of stiffened panel
with Weibull distribution for the Load

P/Pu 26% 39% 52% 65%
B 3.89 311 2.44 1.79
pf 493E-05 9.33E-04 7.44E-03 3.64E-02
o, (X*)) 33550  336.00 336.80  338.40
£, (X*,) 19.90 19.90 19.91 19.91
= Design 8 (X*3) 8.31 8.30 8.28 8.26
g Points (x*) RS (X*,) 0.12 0.12 0.12 0.12
< X,, (X*5) 0.97 0.98 0.98 0.98
E S (X*o) 243.80 24430 24510  246.60
< 0.14 0.17 0.21 0.25
= " 0.03 0.03 0.04 0.05
g sensitivity -0.03 -0.04 -0.05 -0.06
vector
g 6 -0.01 -0.02 -0.02 -0.03
> i 0.11 0.13 0.16 0.20
S 0.02 -0.13 -0.28 -0.47
cl _ Y 1.06 1.06 1.05 1.05
&  Partial Yy 1.01 1.01 1.00 1.00
Safety
Factors Y 0.99 0.99 0.99 0.99
(¥ OF Vi 0.97 0.97 0.97 0.97
Y.) Vi 0.97 0.98 0.98 0.98
Y 3.43 2.29 1.73 1.39
B 3.96 3.19 2.54 1.92
pf 3.73E-05 7.05E-04 5.62E-03 2.75E-02
o, (X*) 333.06 33351 33440  336.12
£, (X*,) 19.88 19.88 19.89 19.89
~  Design  §(x%) 8.48 8.47 8.44 8.39
I Points (x*) RS (X%) 0.12 0.12 0.12 0.12
< X,, (X*5) 0.97 0.98 0.98 0.98
S S (X*o) 25158 25198 25294  254.82
= Y, 1.07 1.06 1.06 1.06
& Partial Yy 1.01 1.01 1.01 1.01
Safety Y si 1.01 1.01 1.01 1.00
Factors Vi 0.98 0.98 0.98 0.98
(ysorYe) 0.97 0.98 0.98 0.98
Vi 3.54 2.37 1.78 1.44

Table 8-4 illustrate the design points, sensitivity factors and Partial safety
factors of the analysis for the RSM and Das&Pu analytical method with Weibull

distribution for the Load as given in Table 8-3.
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Figure 8-4 Sensitivity of the random variables at different levels of structural reliability from the
analytical method (Das & Pu Method)

The sensitivity of the random variables for different levels of reliability is
represented in Figure 8-4. As the load increases, the model uncertainty factor
and yield stress of the material starts to become more sensitive. The distortion
and residual stress remain nearly same at all levels of load and the sensitivity is
equal to the thickness of the plate or even more. The distortion appears to be

more sensitive to the reliability than the residual stress.
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Figure 8-5 Partial safety factors of the random variables for Analytical and RSM approaches
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Figure 8-5 shows the comparison of Partial safety factors (PSF) obtained from
both the RSM and analytical approaches. The results shows good correlation
and it proves the RSM useful for the assessment of the PSFs of the design
variables which are not explicitly included in the analytical formulations. It is
interesting to note that the trend of PSFs for the distortion and residual stresses
are different for RSM and Analytical approaches. It is because of the reason that

these factors are treated differently in both the approaches.
8.5 Reliability Analysis of Stiffened Cylinders

The reliability analysis of the stiffened cylinders is carried out with the
proposed analytical model and RSM using a validated Finite element Model. A
typical Ring stiffened cylinder and a Stringer stiffened cylinder is taken for the
analysis trials with varying proportion of the ultimate load of the respective
cylindrical structures. The details of the models are given in Table 8-5. The
experimental and FEA collapse loads are perfectly matching for both the models.
Both the models are subjected to two load cases, axial and combined axial and
radial loading. For the combined loading case, the radial pressure is treated as a
random variable with a mean and COV and the analysis is carried out to solve

for the ultimate axial load under the action of the radial load.

Table 8-5 Structural details of the stiffened cylinders

Shell Properties Stiffener Properties Material properties
Dim. of ring Dim. of Stringers C HXp' C 111:E
ollapse Collapse
Type Length Radius Thk Web Web No.of Web Web E o LoaI?i Loal:i
(L) (R) (t) Bays height thk. Stringer height thk. (GPA) (MPA) (kN) (kN)
(hwr) (twr) (Ns) (hws) (tws)

Ring
Stiffened 120.70 1223 081 5 13.00 0.81 0 0.00 0.00 200.0 286.0 0.30 134.00 134.31
Cylinder

Stringer
Stiffened 571.50 568.5 1.96 1 0.00 0.00 18 3048 196 210.5 419.0 0.30 1945.1 1962.74
Cylinder

hfr,tfr & hfs,tfs - flange heights and thicknesses of ring and stringer stiffeners respectively and are zero for the above cases
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8.5.1 Limit State Function

The strength limit state function considered for both the ring stiffened and

stringer stiffened cylinders is same as that for the stiffened plate and is given as,

u

15}
gX) =XpuR =S = Xinf (X1, X2, X3, X4, X5) — k <_

) (8-5)
Y7 at the mean point

The properties of each variable are illustrated in Table 8-6. The distributions
for all the variables are assigned as Lognormal. Considering a marine structure
with cylindrical legs, the axial load (the weight of the platform and facilities) is
assumed to follow a lognormal distribution rather than extreme distributions.
The analysis could also be extended with different distributions according to the

prevailing sea conditions and other environmental conditions.
8.5.2 Reliability Analysis Results of Ring Stiffened Cylinders

The reliability analysis for the ring stiffened cylinder is carried out using the
RSM with a validated FE Model and using the proposed analytical formulation
given in Chapter 7 with the CALREL computer code. The sample input files for
the CALREL code are given in Appendix D. The details of the model used for the

analysis is given in Table 8-5.

Table 8-6 Properties of random variables - Ring stiffened cylinders

No. Random Vaiable Symbol Distribution Mean COV
1 Yield stress, (N/mm?) oy (X1) Lognormal 286.00 10%
2 Thickness of the shell (mm)  t,(Xz) Lognormal 081 5%
3 Radial Pressure (N/mm?) P (X3) Lognormal 0.03 10%
4 Model Uncertainty factor X (X4) Lognormal 1.00 10%
5 Axial Load, (N/mm?) S (Xs) Lognormal k 10%

k=40%, 53%,66% and 80%

For the ring stiffened cylinders, the load is varied from 40% to 80% of the axial
ultimate capacity of the structure without radial loading at the mean points of
the random variables. Table 8-7 shows the reliability indices for the axial and

combined loading cases with varying proportion of loads.
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Table 8-7 Reliability index for Ring stiffened cylinders under Axial and Combined loading

B
P/Pu RSM(GLAREL)  Proposed Analytical(CALREL)
RSA RSC RSA RSC
40% 5.68 4.26 6.05 4.83
53% 3.92 2.76 4.25 3.05
66% 2.54 1.52 2.85 1.66
80% 1.39 0.44 1.68 0.52

RSA-Ring stiffened cylinder with Axial Loading
RSC-Ring stiffened cylinder with Combined Loading

Figure 8-6 show that the axial and combined loading cases introduce a fairly
constant offset in between the two curves. Both the methods illustrate the same

trend of reliability variation.

90 ~ .
90 Proposed Analytical Method - CALREL
80 N RSM - GLAREL 80 4 a
f 1 “
- 70 -
S 70 3
< 60 < 0
< <
J
= 50 A 50 4
40 40 A
30 30 A
20 1 —— Axial Loading 20 A —=¢— Axial Loading
10 A --a-- Combined Loading 10 A -~#-- Combined Loading
0 0
0 1 2 3 4 5 6 b 0 1 2 3 4 5 6 7
(a) Reliability index, B — ( ) Reliability index, p —

Figure 8-6 Variation of Reliability index with increasing Load for axial and combined loading
cases of Ring stiffened cylinders (a)Using RSM (b)Using the Proposed analytical formulation

Figure 8-7 compares the results from both the methods and are in good
correlation with each other. The RSM approach provides lower estimates of
reliability compared to the analytical approach. The axial loading case shows

better correlation compared to combined loading situation.

The variation in the results can be assumed to be because of the inherent
stiffness of the mathematical model. But the reliability plots show same trend of
variation and it is reasonable to rely on both the approaches according to the

requirement and selection of variables.
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Figure 8-7 Comparison of RSM and Proposed Analytical Method for Stringer stiffened cylinders

8.5.3 Reliability Analysis Results of Stringer Stiffened Cylinders

The stringer stiffened cylinder is also subjected to axial and combined loading
cases. The details of the model used for the analysis is given in Table 8-5. For the
Stringer stiffened cylinders, the load is varied from 35% to 104% of the axial
ultimate capacity of the structure without radial loading at the mean points of
the random variables. Here the load is applied to a higher value in order to see

the trend of reliability index near to zero.

Table 8-8 Properties of random variables-Stringer stiffened cylinder

No. Random Vaiable Symbol Distribution Mean COV
1 Yield stress, (N/mm?) Oy(X1) Lognormal 419.00 10%
2 Thickness of the shell (mm) t,(X;) Lognormal 1.96 5%
3 Radial Pressure (N/mm?) P:(X3) Lognormal 0.072 10%
4 Model Uncertainty factor Xm(Xs) Lognormal 1.00 10%

5 Axial Load, (N/mm?) S(Xs) Lognormal k 10%
k=35%, 52%, 70%, 87% and 104%

Table 8-9 shows the reliability indices for the axial and combined loading cases
at different proportions of the ultimate capacity of the structure. The values
show that the trend and the estimates of reliability are in good correlation for
the axial loading case. For the combined loading case, the analytical approach

appears to be a little optimistic.
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Table 8-9 Reliability index for Stringer stiffened cylinders

B
P/Pu RSM-GLAREL  Proposed Analytical-CALREL
SSA SSC SSA SSC
35% 6.13 4.32 6.69 5.78
52% 4.32 2.27 4.04 3.28
70% 2.44 0.71 2.15 1.48
87% 0.92 -0.64 0.69 0.07
104% -0.25 -1.75 -0.51 -1.08

SSA-Srtinger stiffened cylinder with Axial Loading
SSC-Srtinger stiffened cylinder with Combined Loading

The variation in the results can be assumed to be because of the lack of
consideration of all the failure modes in the analytical treatment and due to

various assumptions and empirical constants used.

120% 1 120% -
T RSM - GLAREL
A < -G 1 . A, Proposed Analytical Method

5 100% _ 100% N ~EALREL
[a
o A E '
X 80% < 80% 1°

60% 60% 1

40% 40% b

20% 1 —*— Axial Loading 20% 4 % Axial Loading

--4-- Combined Loading --4-- Combined Loading
0% r T T T T T T T 1 0%
2 -1 0 1 2 3 4 5 6 7 -2 -1 0 1 2 3 4 5 6 7

(a) Reliability index, B — (b) Reliability index, § —

Figure 8-8 Variation of Reliability index with increasing Load for axial and combined loading
cases of Stringer stiffened cylinders (a)Using RSM (b)Using the Proposed analytical formulation

Figure 8-8 shows the variation of the reliability index with varying load for both
the axial and combined cases with RSM and the proposed analytical approaches.
The comparison shown in Figure 8-9 illustrates the fact that the estimates are

quite matching for the axial loading case.

The analysis explained in Chapter 7 indicate that the analytical strength models
for the combined loading of both the Ring stiffened and stringer stiffened
cylinders have higher model uncertainty factor and COV compared to axial

loading cases. So the inherent variability in the strength prediction of analytical
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model is reflecting in the reliability prediction also. In such cases, it is
recommended to cross check the reliability estimate with a suitable empirical

formula or procedures like RSM.

120% 7

1 —— Axial Loading-RSM
100% --4-- Axial Loading-Analytical
& —<— Combined Loading-RSM
< 80% --A-- Combined Loading-Analytical
N (]
S

60%

40% - -

20% b

0% r T T T T T T T T 1

Reliability index, B —
Figure 8-9 Comparison of RSM and Proposed Analytical Method for Stringer stiffened cylinders

8.6 Summary

The reliability analysis is a rational method for the assessment of structural
integrity and safety compared to traditional factor of safety method. The
reliability analysis considers the statistical nature of uncertainty in each design
variable and provides guidance on the selection of the parameter values to
achieve the desired level of safety. This method eventually provides the
sensitivity of each parameter on the reliability of the structure which indirectly
is the sensitivity on the response of the structure. The sensitivity measures help
a designer to choose the correct variable to be adjusted for a better design with
optimum service, strength and cost considerations. The decomposition of
reliability index into suitable partial safety factors for design will ensure the
structure with the target reliability appropriate for the structure with respect to
the environmental and service conditions. This chapter provide an overview of
the reliability procedure practiced in the offshore industry and briefly
explaining the basic theories of reliability analysis. When a closed form
performance function is not available or the design parameters of interest are

not explicitly embedded in the mathematical model, the reliability assessment
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becomes impossible. As an alternative, the Response surface method with a

validated numerical analysis model is used to replace the strength model.

The reliability analysis of a typical stiffened plate is conducted for axial load
under varying proportion of the ultimate capacity. The analysis is carried out
using both the RSM and analytical approach. The results are compared and
found to have close correlation. The sensitivity of the design and imperfection
parameters are plotted for various load factors or reliability indices. The PSFs of
the design variables also is proposed for a range of reliability indices. The
reliability analysis results with the proposed empirical model show better
closeness with the RSM approach with the validated FE Model. From the
analysis, it is concluded that for the range of scantling slenderness discussed in
the thesis, the proposed empirical strength model can be used for the reliability
analysis with imperfection. The RSM must be used with the validated FE Model

if the boundary conditions or the loading conditions vary.

Reliability analyses have done for Ring stiffened and Stringer stiffened cylinders
with the proposed formulation explained in Chapter 7 and RSM method. The
results are compared and found to have better correlation for the axial cases.
There is a factor of variation in the combined loading case of the stringer
stiffened cylinder when compared with the RSM. The variability in the reliability
assessment is an indirect indication of the inconsistency of the strength model.
The Analytical model is having comparatively higher model uncertainty factor
and COV as explained in Chapter 7. This study revel the fact that the formulation
is to be improved more so as to get more consistent reliability estimate of
similar structures. The RSM approach with validated FE Model is particularly

recommended for stiffened cylinders under combined loading.
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9.1 Introduction

This thesis gives a framework for the strength and reliability analysis of plated
structures and cylinders used for the offshore marine applications with
improved strength models. The strength of these structures has been a topic of
interest for centuries. With the evolution of the thin wall structures and steel
material, the design of ship and other offshore structures has a significant role
for the optimisation of strength, material, operating capacity etc. Many rule
based design codes and classification societies came into existence claiming to
be better alternatives and procedures. All the design codes and classification
societies are revising own procedures every now and then as they get valuable
information from the research or experiences. International Association of
Classification Societies (IACS) provides reliable ground for the associated
thirteen member classification societies and industry in implementing the
Common Structural Rules (CSR) in a uniform and consistent manner to ensure

the implementation of up to date technical developments.

In the present scenario of structural design, the numerical analysis tools have a
significant role to predict the response and behaviour for a variety of technical
problems which are specific to a particular situation and where rule based
practices are unavailable. The efficiency and reliability of these methods are
heavily improved over the years with comparatively straight forward interfaces
to make the tools user friendly. Although the modern structural engineering
capabilities with numerical techniques are believed to solve many structural
engineering problems with extreme level of accuracy, it can never be labelled as
perfect due to various approximations, modelling constraints and inherent
randomness. There is still room to extend the predictive capacity of these

analysis tools for perfect or nearly perfect results.
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One of the major shortfalls in the rule based design codes and numerical
methods of structural analysis is the incapability to account for the inherent
randomness of the design parameters on the structural performance. According
to the current design philosophy and increased technical knowledge, the
reliability based design optimisation has been approved superior to the
conventional load resistance factor design. The most important advantage of the
reliability method is the ability to handle the inherent randomness of the design
variables. The reliability assessment is significantly dependent on the
performance of the strength model. Any improvement in the ability of
predication of these strength models will fine tune the reliability estimate and
which will intern optimise the structure for its safety, capacity and cost. The

various aspects of this thesis can be summarised under the following categories,

1. Unstiffened and Stiffened Plates
2. Stiffened cylinders
3. Reliability analysis

9.2 Unstiffened and Stiffened Plates

The axial strength of the plated structures can be predicted with a reasonable
degree of accuracy using many of the practicing codes or procedures. The
fabrication induced imperfections and residual stresses are potential factors
affecting the strength and overall behaviour of the structure. The design codes
and other state of the art analytical formulations are handling these entities
with suitable reduction factors. Since the effects of these imperfection
parameters are entangled with other design parameters and considering
randomness, a rational estimate of the effect of imperfection on the strength is
practically quite difficult to achieve. Apart from that, the distortions and
residual stresses are the two faces of the same problem or derived from the
same cause. So when treating these two factors separately, it is always ignored
the interaction between these two factors. The major analytical approaches for

the strength analysis are based on the Euler column approach and Perry column
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approach. The Faulkner method which is developed on the basis of Euler
column approach incorporate the residual stress by using suitable effective
width and reduced column slenderness to account for the imperfection effects.
There are extensions of this method to incorporate the geometrical distortion.
These approaches are not found to produce satisfactory results when compared
with a validated numerical stiffened plate model. Similarly, the formulation
based on Perry column approach incorporate the distortion in a straight
forward manner but the trend of results varies when applied to stiffened plates.
Apart from that, when applying these methods to stiffened plates, it is
impossible to include all distortion forms and failure modes effectively. In
reality, as the range of distortion parameters varies, the frame work of these
formulations cannot confine such a complicated structural configuration to a
typical column element. The author proposed a simple empirical formula for the
prediction of the strength of stiffed panels incorporating the effects of plate and

stiffener geometrical distortions, residual stresses and their interaction effects.

The hypothesis of the effect of imperfection are verified using a set of 10
experimental analysis conducted at the testing facility of CORUS (Presently,
TATA Steel), Rotherham. The results confirmed the assumption of the strength
reducing nature of imperfections. The increased distortion and residual stresses
are found to reduce the structural strength. The stress relieving process found
to enhance the strength also confirming the fact that, heat treatment relieve
residual stresses effectively and enhances the structural capability. Considering
the above facts, a set of rigorous nonlinear finite element analyses are carried
out to develop a set of design curves for to account the effects of varying
distortion, residual stresses and interaction of these factors on structural
strength of unstiffened and stiffened plates. When comparing the test results
with the FEA results, the model uncertainty factor appears almost unity with

very low spread of 5.5%.

An accurate parametric FE model for the prediction of strength for the

incorporation of geometrical distortion and residual stresses is also developed
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and verified with the experimental test results. The comparison of the results
for a typical structural scantling used for Type 45 destroyer war ship of BAE
systems indicate that the empirical model shows better correlation with the FE
predictions compared to the analytical models at extreme ranges of distortions.
One of the interesting observations is that even though the analytical
formulations could not accommodate all the modelling complexities within the
mathematical frame, it can produce reasonable judgement. An ideal analytical
formulation for stiffened plates is lying between Euler and Perry approaches.
Conceptually, an ideal formulation in order to incorporate both the distortion
and residual stresses can be realised if we can integrate Faulkner’s reduced
slenderness concept to Perry’s formulation. But the construction of Perry’s

formula is such that the reduction in slenderness will increase the strength.

A wide range of plate and column slenderness parameters which are common in
the ship building industry are subjected to a rigorous numerical analysis to
understand the effect of distortions and residual stresses individually and in
combination. The results are plotted in a design curve format so as to use for the
design and strength estimation purposes. The most important observation from
the study is that, the strength reduction with respect to imperfection
parameters is not directly proportional to the parametric values of the
imperfections as is incorporated in most of the analytical methods. The slender
structures do not appear to experience a proportional loss of structural strength
with increasing distortion or residual stresses. This is because of the fact that
the slender structures can allow and accommodate more elastic deformations
before the onset of plasticity. The residual stresses were found to reduce the
strength of structure but as the slenderness increases, it increases the strength
and post buckling strength to a small extent. In other words, if the distortion is
taking the structural configuration far away from the buckling configuration, the
strength of the structure remains unaffected or slightly increases. The analysis
results state the fact that thick plates with <3 is found to experience more

strength loss compared to thin plates with increasing distortion and residual
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stresses. It is observed that the geometrical distortion influences more on the
strength compared to residual stresses and the residual stress produce strain
hardening effects and increased post buckling strength in the buckling

behaviour of plated structures.

On the basis of works undertaken and the discussions above, the main

contributions of this thesis in this area are,

1. A critical review on the strength of plated structures and focusing on the
Faulkner’s approach and Perry-Robertson approach considering the
imperfection sensitivity

2. A new empirical formula to predict the strength of stiffened plates
incorporating fabrication imperfections

3. Experimental tests on the strength of stiffened panels to validate the
effects of imperfections and comparison with numerical results

4. A parametric finite element model to predict the strength of unstiffened
and stiffened plates with the realistic imperfections

5. Parametric definition of various geometric imperfections in stiffened
plates

6. A relation to incorporate triangular variation of residual stresses in
stiffener web or any part of the structure where only one side is welded

7. A set of design curves establishing the imperfection sensitivity of the
stiffened panels for a wide range of imperfection and structural

parameters
9.3 Stiffened Cylinders

If we look at the history of major offshore platform/rig collapses, the loss of Sea
Gem self-elevating barge in 1965, Odeco Ocean Prince Semi-Sub in 1968,
Transocean-III in 1974, Ranger-I in 1979, Parker 14-] Jack-up Barge in 2003
were predominantly initiated due to the failure of their legs. So the design of

platform legs is as important as it is directly linked to the overall safety of
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platforms/rigs for the normal operating conditions, extreme sea conditions and
at the event of an accident. The design optimisation based on a target level of
safety always leaving certain amount of risk. The alternative of building a
structure with massive level of safety and redundancy is not pragmatic due to
handling and cost considerations. So a healthy trade off between the safety and
cost leads to an acceptable design solution. Looking on to the design of stiffened
cylinders, the strength assessment accuracy and consistency will enhance the
trade off process more effectively and is beneficial for both design safety and

economical considerations.

All of the major practicing codes are developed based on the fundamental shell
buckling theory. The general approach is to combine the elastic and inelastic
capacity to judge the collapse strength. The calculation steps followed by each
design codes to realise the above philosophy are different. There will be
different intermediate parameters and empirical constants which are
introduced to fit the results close to the actual experimental observations.
These parameters, other influencing factors and numerical values are based on
the experience and understanding of the respective individual or committee
developing the methodology. Even though the CSR enforce the classification
societies and industry to safeguard different approaches and predictions with
reliable fundamental principles, each design codes keep their identity and

always claim their competency with their own contributions.

The proposed model which a modified version of RCC model is developed based
on the analysis of a huge number of test data collected form an extensive
research of literature available. The results from the analysis indicated that the
bias for the knockdown factor is a very sensitive parameter and is influenced by
the type of loading. This is not considered in the existing formulation and the
numerical values were not chosen sensibly. The above parameter also found
sensitive to the type of stiffening methods used. On the basis of the above
findings, separate set of bias for knockdown factors are proposed for both the

ring and stringer stiffened cylinders from a careful numerical analysis. The
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comparison of the proposed model with existing methods DNV, API and RCC
shows a better correlation with the experimental data and giving satisfactory

results for majority of the loading situations.

On the basis of works undertaken in the area of strength of stiffened cylinders

and the discussions above, the main contributions of this thesis in this area are,

1. A critical review on the strength of stiffened cylinders

2. A new strength model for the strength of ring stiffened and stringer
stiffened cylinders by modifying an existing strength model

3. A parametric Finite element model for the prediction of strength of
stiffened cylinders under axial, radial or combined loading

4. Creating a data bank for the experimental results which are undertaken in
the last century

5. A detailed comparison of the New strength model with the DNV, API and
RCC design codes to validate the predictions

9.4 Reliability Analysis

The importance of a reliability based design optimisation is widely accepted by
the offshore and aerospace industry as structural optimisation has more
significance in these fields compared to other areas. The safety requirement and
weight requirements are critical for structures in these areas due to increased
risk of operations and extreme levels of uncertainty in the load and
environmental parameters. The reliability analysis is broken down into
component level to check whether the reliability requirement of the overall
structures is met at every level of structural design. The decomposition of the
reliability index into appropriate partial safety factors of each design
parameters to cover the inherent randomness and its proper application in the

design ensures that the intended safety requirements are achieved.

The reliability calculations for the stiffened panels are carried out using three

analytical formulas explained in Chapter 3. The results are very close to each
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other. Although the proposed empirical formulation and other formulations
consider the imperfection parameters, it all simplifies the influences to fit into
the limited frame of column collapse. The influence of imperfection parameters
is quite evident in the reliability results. The Faulkner method shows slightly
higher reliability index compared to other methods as other methods consider

the geometric distortion also.

RSM is adopted to do the reliability analysis with the FE model and the results
are found to exist in close correlation with those obtained from the analytical
approaches and so close the estimate from empirical approach. If we look
closely on to the derived partial factors, we can find the variation of partial
factors are not that uniform in both the approaches. This is particularly because
of the fact that treatment of variables in both the approaches is different. One of
the important observations is that, the RSM approach with a validated Finite
element model can produce reasonable estimate of structural reliability for
stiffened plated structures. So the method is proved appropriate for structural
problems where there is suitable analytical approaches are not available. In the
case of stiffened plates where the analytical treatment of imperfection
parameters is not satisfactory, the RSM is found suitable. So for extreme or
specific type of imperfection parameters which is not possible to define
explicitly in the analytical frame can be modelled using FEM and the RSM can be
used to compute the reliability and subsequent partial factors. The reliability
analysis of stiffened cylinders is also carried out using the proposed analytical
formula and RSM to validate the results. For stringer stiffened combined loading
case, it shows slightly more variation when comparing with RSM approach. The
variation is believed to be due to the inherent randomness in the strength
model. The trend of reliability variation with respect to the applied load is

exactly matching with the RSM approach.

On the basis of works undertaken and the discussions above, the main

contributions of this thesis in this area are,

219



Chapter 9: Discussions and Conclusions

1. A critical review on the methods and practices on the reliability analysis
of marine structures

2. Application of response surface methodology for the reliability analysis of
stiffed plates and cylinders

3. Partial factors for the imperfection parameters for the stiffened plates

4. Comparison of analytical and RMS results

9.5 Recommendations for Future Work

The development of an analytical method comprising Faulkner method of
reduced slenderness for residual stress and Perry column approach for the
distortion can exhibit better imperfection sensitivity. Even though the
equivalent column approach for the stiffened panels can give better estimate,
the application of simplified distortion modes in a real stiffened plate structure
with multiple bays does not reflect the reality and the effects may not be
predictable. This is the main reason for the structures not losing the strength
proportionally with increasing imperfection. A study in this direction may open
up the balancing nature of distortions in different sections of the same structure.
This can be added to the analytical formulation to make more rational estimates
of structural strength under the influence of imperfection parameters. The
influence of residual stress as observed from the FE analysis is bit strange as it
is found to increase the yield strain and post buckling strength at highest levels.
This is a topic for further investigation as the analytical formulations throw little

light in this direction.

The data base of load shortening curves created with increasing levels of
individual and combined distortion parameters for various levels of structural
slenderness can be used to develop a tool to predict the load shortening curves
of structures with any combination of structural and imperfection parameters.
The complete data has to be categorised and linearly/quadratically interpolated

for in between points.
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There are many parameters in the formulation of stiffened cylinders which
provide plenty of room for further improvement. More number of test results
can be collected for the combined loading cases to make a rational judgement of
influencing coefficients and to understand the significance of each parameter. A
more rigorous analysis with more data for the combined loading cases can
produce better formula exhibiting better correlation. A set of numerical analysis
can be performed with varying distortion and residual stresses to propose

design curves for ring and stringer stiffened cylinders.

In this thesis the reliability is compared for different load proportions. Apart
from that, the variation of design parameters and imperfection parameters also
can be investigated in detail. In an industrial point of view, a rigorous reliability
analysis may be carried out with different ranges of structural parameters with
imperfection effects included to judge the influencing pattern and ranges of

importance.
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Appendix B - Experimental Test Results

B.1 Load-Extension Curves from Experiments and FE Analysis
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Figure B-1. Load-Displacement Plot of Ideal FE and Test of Model 1
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Figure B-6. Non-dimensional Strength Plot of FE (Test BC) and Test Results of Model 3

IX



Appendix B — Experimental Test Results

1,800 -
1,600 -
1,400
/]\ 1,200 N
i 1,000 -+
° 800 -
§el
3
— 600 -
400 — Physical Test -Model 4
— FEA with Ideal BC - Model 4
200 -+
10 15 20 25 30
Displacement, 3 (mm) >

Figure B-7. Load-Displacement Plot of Ideal FE and Test of Model 4

Physical Test -Model 4
FEA with Test BC - Model 4

1.0 ,
T It 7
> J i ..
o ,
E I’ """ o ‘\‘
0.8 A . N (SG1)-Panel
Vi R (SG2)-Mid Stiffener
0.6 - i T —
i
0.4 4 i
| i
0.2 |
6 8 10 12 14
/e, >

0.0
4

Figure B-8. Non-dimensional Strength Plot of FE (Test BC) and Test Results of Model 4



Appendix B — Experimental Test Results

1,800 -
1,600 A
1,400 -
1,200 -
1,000 A

800 A

Load,P (kN) =

600 -

400 A

— Physical Test -Model 5
— FEA with Ideal BC - Model 5

1.0 A
™
>
©]
~
©
0.8 1
0.6 1
0.4 A
0.2
0.0

10 15 20 25 30
Displacement, 8 (mm) >
Figure B-9. Load-Displacement Plot of Ideal FE and Test of Model 5
,:'I Physical Test -Model 5
FEA with Test BC - Model 5
‘:'I --------- (SG1)-Panel
e (SG2)-Mid Stiffener
4 6 8 10 12 14
e/e, >

Figure B-10. Non-dimensional Strength Plot of FE (Test BC) and Test Results of Model 5

XI



Appendix B — Experimental Test Results

1,800 q
1,600 -
1,400 -
,I\ 1,200 B
i 1,000
% 800
©
3
- 600 +
400 - = Physical Test -Model 6
— FEA with Ideal BC - Model 6
200 A
O T T T T T 1
0 5 10 15 20 25 30
Displacement, 3(mm) >
Figure B-11. Load-Displacement Plot of Ideal FE and Test of Model 6
1.0 /
o
™ ;
3 /
5 08 - K Physical Test -Model 6
FEA with Test BC - Model 6
e e (SG1)-Panel
0.6 - i/ e
:’ ----- (SG2)-Mid Stiffener
0.4 'vlll"
- T T ,/ T T T T
4 6 8 10 12 14
gfe, >
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Figure B-18. Non-dimensional Strength Plot of FE (Test BC) and Test Results of Model 9

XV



Appendix B — Experimental Test Results

1,800 A
1,600
1,400 -~
~ 1,200
§ 1,000 A
% 800 A
ge)
3
— 600
= Physical Test -Model 10
400 A
— FEA with Ideal BC - Model 10
200 H
O T T T T T 1
10 15 20 25 30
Displacement, 8 (mm) =>

Figure B-19. Load-Displacement Plot of Ideal FE and Test of Model 10

Physical Test -Model 10

10 n ,I
™ .,
> |
o] '
S~ ]
© 08 ! ——— FEA with Test BC - Model 10
T (SG1)-Panel
1
| ' - (SG2)-Mid Stiffener
0.6 ; N
1 |' \,
h g tee,
04 {1
Il ’/’:
02 1/ ,fl
II
0.0 T T T T T T T
4 6 8 10 12 14
efe, >

Figure B-20. Non-dimensional Strength Plot of FE (Test BC) and Test Results of Model 10
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B.2 Panel Failure Pictures

Figure B-23. Panel 3

Figure B-24. Panel 4
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Figure B-28. Panel 8

Figure B-30. Panel 10
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Appendix C - Proposed Stiffened Cylinder

Strength Formulation

C.1 Proposed Strength Model for Ring Stiffened Shells

C.1.1 Under Axial Compression

(i) The limit state approach estimate the elastic buckling strength of a ring
stiffened cylinder subjected to axial compression as,

o,=Bp,Co,

where classical elastic axial buckling stress of cylinders (Timoshenko & Gere,
1961),

0 =y =060

T J3a-v) R

Knockdown factor,

0.75-0.142(Z, -1)** +0.003Z, [1—ij for1<Zz, <20
300t
Py = .
0.35-0.0002-- for Z, > 20

Lz
Batdorf length-wise slenderness parameter, Z, = E\ﬂ—vz

C is a Length dependent coefficient,

1 forz, >2.85

C=11425 4175 forz, < 2.85

Bias for Knockdown factor,

D, for 4 >1
“|1+(D,-1)A, for A <1
(o2
where 1 = -

IOnCGcr
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1.40 - for Axial loading
and D, ={1.20 - for Radial loading
1.30 - for Combined loading

(ii) A quadratic interaction of 1o, and 0, can be used to predict the inelastic

collapse stress.

o, =¢o,

1

ﬂ/(1+le4)

where Reduction factor for inelastic collapse, ¢ =

. O
and effective slenderness, 4 = y

O,

Now the Model uncertainty factor for the axial load,

C.1.2 Under Hydrostatic Pressure

For hydrostatic pressure, the Proposed formulation is identical with the
approach in BS5500 suggested by Faulkner D., Chen Y.N. and De Oliveira ].G,
(1983). The inelastic hydrostatic collapse pressure is estimated as,

0.5py, for p, 2 py,

P, (1—0.5&

hm

Pre = j
for Py < Phm

Von Mises, (1929) propose the solution for elastic hydrostatic buckling pressure

of an unsupported cylinder is as follows.

= 1 t? ZRY i
phm = R 2 2 + 2 2 n2 _1+(_j
) 1(sz % 12R?(1-0%) L
n“=1+2 = ||n* — | 11
20U L (ﬂ'Rj

Windenburg and Trilling, (1934) proposed a simplified expression as follows.
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ST
(1-0?)(+v) \R 0-9195(Rj

phm = L = L
—0.636 ——-0.636

VRt JRt

The above expression does not provide satisfactory results for too small or too

large values of L/\/R_t. The above expression assumes pinned boundary
condition at the supported cylinder end. Even though more advanced analytical
expressions are available, the above expression is widely used because of the
simplicity and the parameter P, has low influence in the prediction of inelastic
collapse pressure.

Wilson (1966), proposed relatively simple linear equation for the

circumferential yield stress of the cylindrical shell.

py =

where,

({2 (ol

- sinh(aL)+sin(al)

Y= Nt
J+trht+@
(24

2
R 1.285 cosh(aL)-cos(al)
=A|—|, a="="and N== :
’ Ar(R j “ VRt n sinh(aL)+sin(al)

Cr
G and N are transcendental functions of «L , ie, which cannot be expressed in

terms of algebraic operations or satisfy a polynomial equation.

The Model uncertainty factor for the hydrostatic pressure load,

X, =
phc
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C.1.3 Under Radial Pressure

Assuming a linear interaction between axial load and radial pressure load, the

proposed model predicts the elastic radial collapse pressure as follows.

phm

Prm :ﬁ
1-0.5p,, -

Now the inelastic collapse pressure under radial pressure load is computed
similar to the hydrostatic case as below.

0.5p,, for p, > p,,
Py

m

prc =

p, (1—0.5 j for p, <p,,

The Model uncertainty factor for the radial pressure load,

X =L
e

C.1.4 Under Combined Axial Compression and Radial Pressure

Most of the design codes handle the combined loading based on an interaction

approach. The general interaction expression is in the following form.

(2] [z

The above expression demonstrates the limiting criteria for the structure
stability under combined loading. Hence, there exist a number of loading
combinations which can cause the collapse of the structure. Eventually, the
above expression provides the model uncertainty factor for combined loads at
which a structural collapse occurs.

The best results with the available data is noticed with m=7 and n=2.

Therefore,
2
{22
O-C prc
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C.2 Strength Modelling of Stringer/Orthogonally Stiffened Shells

C.2.1 Under Axial Compression

Das, Faulkner and Zimmer, (1992) proposed the design strength of the ring and
stringer stiffened cylinders under axial, radial and combined loading. It is
basically RCC formulation with a revised value for the bias of knockdown factor.
The steps to calculate the axial strength are as follows.

(i) The elastic buckling stress for perfect shell under curved panel formulation,

2 2
0.904E[3j (4+325J for Z,<11.4

s z*

cr

0.605E (%} for Z, >11.4

Zs :S—\’1—V2 S:@
Rt N

)

(ii) The lower bound knockdown factor,

1-0.019Z3% +0.0024Z, 1—ij for Z, <11.4
300t

P =
0.27+£+£+0.008\/Z(1—ij for 11.4<Z_ <70
z, Z 300t

(iii) Bias for knockdown factor,

B D, for 4,>1
\1+(D,-1)4, for A,<1

o
where 1 = L
pno-cr

1.60 - for Axial loading
and D, ={1.25 - for Radial loading
2.10 - for Combined loading

(iv) Elastic buckling stress for imperfect shell,
O = Bpno-cr

(v) Shell reduced slenderness parameter,

XXIII



Appendix C - Proposed Stiffened Cylinder Strength Formulation

1 =

_y
.
O

(v) The weld induced residual stress is incorporated using the width of the
tension block 77. For continuous structural fillet welds, 17 = 45, For light fillets
or for significant shake down situation, 77=3. For stress relieved structures,
n=0.

4 2
21 A yx

K - (5)_2,7 (1+0.254')" (1.054 —0.28)
t

1 for 4, <0.53

for 4, >0.53

(vi) Effective width (minimum)

Shell effective width,

1.05 0.28
= 4 A
1 for A, <0.53

jKr for 4. >0.53

r

Shell reduced effective width,

Sem (?] K, for 4 >0.53

s
1 for 4. <0.53

(vii) MI of stringer and the reduced effective width of the shell

2 ' 43
=1+ A (d +0.5t) N Senl
1+.i 12

Senl

em

(viii) Elastic stress for stringer stiffened cylinder is the sum of column elastic
stress considering the effective shell width and product of critical stress for
smeared un-stiffened shell and shell knock down factor. The shell knockdown

factor is assumed to be 0.75

t
( ZEL J 0.605E(Rj
O =2 e T A
L* (A +5,,t) (1+Agj
st

XXIV



Appendix C - Proposed Stiffened Cylinder Strength Formulation

(ix) Imperfect elastic buckling parameter

_ €
l//—_
Gy

(x) Ostenfeld-Bleich tangent modulus approach to find inelastic stress.

-5

]ay for v > p,

o, = 7

yo, for v < p,
o n
o

The structural proportional limit psis 0.75 for stress relieved structures and 0.5
for all other cases.

(xi) Revised shell reduced slenderness parameter and revised effective shell

width

O, O,

— c _ es
A, = / =4 [Ze
O oy

s @—0'228 K, for 4,>0.53
<=3 1 A

re re

1 for 4, <0.53

(xii) Average ultimate collapse stress

o, :G{Asanet]
A +st

The Model uncertainty factor for the axial load,

C.2.2 Under Radial Pressure

The steps to calculate the axial strength are as follows.

(i) Local buckling pressure of un-stiffened shell
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2
(igi} E(lj forM, >1.5andH <25
H**+0.5 R
2
% E(%j for25<H < 0.208(?)
P = . 3
0.836C;1'°61E (EJ for 0.208<C  <2.85
t 3
0.275E(E] for C, >2.85
Where
L
= Ht
Mx _ﬁ Cp -
, R

H =M, -1.17+1.068, (k1=0 for radial pressure and 0.5 for hydrostatic pressure)

(ii) Plastic collapse pressure of stiffener shell combination

_16
sL?

pcs A& |dcs|o-y

(iii) Bay instability pressure
Pee :( Pe. + pcs) Kp

Where

Effective pressure correction factor,

025+ 2854 for g <500
500

p =
0.98+Eg for 500 < g < 2500
500

M M,LtA S
l JRt
(iv) Bay instability stress
(R+0.5t) <

Oy = P oL

t

)1 for M, >3.42
T 1-& for M, <3.42

XXVI



Appendix C - Proposed Stiffened Cylinder Strength Formulation

1 for M, <1.26
£=4158-0.46M, for 1.26<M, <3.42
0 for M, >3.42
. (1—0.3k2)

=)
J

N R
K, =—* N _ N J=A|—
N, ¢~ 27zr N,=p(R+0.5) R, ) L =156VRt+t, <L

)

The Model uncertainty factor for the radial pressure load,

X P

m —_——
p&cB

C.2.3 Under Combined Axial Compression and Radial Pressure

The proposed interaction equation for the combined axial and radial loads is

similar to the API Bul 2U with a different definition for the factor C..

(&j +CCRXR9+(&J =1
2 %

214 )(1- )

C. = -1
In which, X

o p(R+0.5t o, Oy
R =— Rg:—(t ) g =—L g, =2
where Oy , Oy , %y and %y

Since the above expression for combined loading characterises the limiting
structural stability criteria, it represents the model uncertainty factor of the
structure for the combined loading condition.

The model uncertainty factor for combined loading is,

2 2
X, :(&j +C.RR, +£&j
¢x ¢n9
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Appendix D - Inputs for CALREL Program

D.1 CALREL Input files - Stiffened plates

D.1.1 Variable input file

CALRel nrx=7 ntp=6

DATA

TITL nline title

1

Stiffened Plate—ultimate strength
FLAG icl, igr

10

OPTI iop,nil, ni2, tol, opl, op2, op3

1, 20, 4, 0. 001

STAT igt(i), nge, ngm nv, ids, ex, sg, p3, p4, x0
17

x1 1,2,355.0,35.5

X2 2,1,20., 1.

x3 3,2,8.37,2.51

X4 4,2,4.00, 1. 20

X5 5,2,0.125,0.04

x6 6,1,1.0,0.06

x7 7,13,71.0,14.2

PARA tp

2400. 0, 800. 0, 2960. 0, 11600000. 0, 117. 0, 203500. 0
END

FORM ini=0

SENS isc=1 isv=0
SORM iso=3 itg=2
EXIT

D.1.2 Performance function subroutine (Proposed Empirical

Method)

subroutine ugfun(g, x, tp, ig)

implicit real*8 (a-h, o-z)

dimension x(7), tp(7)

real*8 Ys, bp, rs, As, b, t, E, a, k1, k2
real*8 Ie, Is,Zs,re, 1,p, q, dp, ds, Xm, S, R
Ys=x (1)

t=x(2)
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rs=x(3)
dp=x (4)
ds=x(5)
Xm=x (6)
S=x(7)

a=tp (1)
bp=tp (2)
As=tp (3)
Is=tp (4)
Zs=tp (5)
E=tp (6)

c —Ultimate strength of stiffened plate — Empirical Method——

5 b=(bp/t) *(sqrt (Ys/E))

10 Te=Is + ((As*(Zs+(t/2))#**2)/(1+(As/ (bp*t))))

15 re=(sqrt (Ie/ (As+(bp*t))))

20 1=(a/ (3. 1416%re) ) * (sqrt (Ys/E))

25 p=dp/t
gq=ds/a

30 k1=1. 29+0. 44%]1#%2+0. 09%b*+2+0. 09% (1%b) *+2+0. 36%]**4
k2=0. 14%p*x2—-0. 05%kqk*k2+1. 33*krskk2+0. 12%pkqgkrskk2
R=1/sqrt (k1+k2)

go to(110, 120) ig
110 g = Xm#*R*Ys-S
return
120 return
end

D.2 CALREL Input files - Stiffened Cylinders

D.2.1 Variable input file

CALRel nrx=5 ntp=15

DATA

TITL nline title

1

Ring/Stringer Stiffened Cylinders—ultimate strength
FLAG icl,igr

10

OPTI iop,nil, ni2, tol, opl, op2, op3

1, 20, 4, 0. 001

STAT igt(i), nge, ngm nv, ids, ex, sg, p3, p4, x0
15
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x1 1,2,419.0,41.9
x2 2,2,1.96,0.1

x3 3,2,0.072,0. 007
x4 4,2,1.0,0.1

X5 5,2,83.8,8.38
PARA tp

1,2,18,571.5,568.5,0.0,0.0,0.0,0.0, 30. 48, 1. 96, 0. 0, 0. 0, 210500, 0. 3
END

FORM ini=0

SENS isc=1 isv=0

SORM iso=3 itg=2

EXIT

D.2.2 Performance function subroutine for Ring Stiffened

Cylinders

subroutine ugfun (g, x, tp, ig)

implicit real*8 (a-h, o-z)

dimension x(20), tp(10)

real*8 L, R, t, hwr, twr, hfr, tfr, hws, tws, hfs, tfs, E, Sy, nu, Nsd, Psd
real*8 Scr, Z1,Rn, C, Ln, D, B, Se, Le, Phm, Ar, yr, Rer, J, AL, H, F, G, Ga
real*8 Py, Prm, Phc, Prc, Pc, Sce

Sy=x(1)

t=x(2)

Psd=x(3)

Xm=x (4)

Nsd=x (5)

Lty=tp (1)

Pty=tp(2)

Ns=tp(3)

L=tp (4)

R=tp (5)

hwr=tp (6)

twr=tp (7)

hfr=tp(8)

tfr=tp (9)

hws=tp (10)

tws=tp (11)

hfs=tp(12)

tfs=tp(13)

E=tp (14)

nu=tp (15)

Lty=1:Axial, Lty=2:Combined

Pty=1:Hydrostatic Pressure, Pty=2:Radial Pressure

XXX
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5
10
15

20

25
30

35

40
45
50

55
60
65
70

75
80
85
90
95
100
105
110
115

Scr=0. 605%E*t/R

71=(L*%2/ (R*t) ) *sqrt (1-nu**2)

if(Z1.LT.20) then

Rn=0. 75— (0. 142% (Z1-1) ** (0. 5) ) +0. 003*Z1* (1-R/ (300%t) )
else

Rn=0. 35-0. 0002*R/t

endif

if(Z1.LT.2.85) then

C=0. 175+1.425/71

else

C=1

endif

Ln=sqrt (Sy/ (Rn*C*Scr) )

if (Lty.EQ. 1) then

D=1.4

elseif (Lty.EQ.2) then

D=1.3

endif

if(Ln.LT.1) then

B=1+(D-1)*Ln

else

B=D

endif

Se=B*Rn*C*xScr

Le=sqrt (Sy/Se)

Sc=Sy/sqrt (1+Le**4)

——Radial and combined Loading of Ring stiffened cylinders——-
Phm=0. 919%E* (t/R) **2/ (L/sqrt (R*t) 0. 636)

Ar=abs (hwr) *twr+hfrxtfr
yr=(twrkhwrix2/2+hfr*tfr* (abs (hwr) +tfr/2))/ Ar
if (hwr.LT.0) then

Rer=R-t/2-yr

else

Rer=R+t/2+yr

endif

J=Ar* (R/Rcr) **2

Al=1. 285/sqrt (R*t)

H=(cosh (A1*L) —cos (A1*L)) / (sinh (A1*L) +sin (A1%L))
F=A1%L/2

G=2% (sinh (F) *cos (F) +cosh (F) *sin (F)) / (sinh (2%F) +sin (2%F) )
Ga=J*(1-nu/2) / (Jtwrkt+2%Hxt/Al)
Py=(Sy*t/R) / (1-Ga*G)
Prm=Phm/ (1-0. 5%Phm*R/ (t*Se) )

if (Py. GE. Phm) then

Phc=0. 5*%Phm

XXXI
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else
Phc=Py* (1-0. 5%Py/Phm)
endif

120  if (Py.GE.Prm) then
Prc=0. 5*%Prm
else
Prc=Py* (1-0. 5%Py/Prm)
endif

125  if(Pty.Eq. 1) then
Pc=Phc
elseif (Pty.Eq.2) then
Pc=Prc
endif

130 Scc=Sc* (1-Psd/Pc) **2

135 if(Lty.Eq.1) then
R=Sc
elseif (Lty. Eq.2) then
R=Scc
endif

go to(200,210) ig
200  g=Xm#*R—Nsd

return
210  return

end

D.2.3 Performance function subroutine for Stringer Stiffened

Cylinders

subroutine ugfun(g, x, tp, ig)

implicit real*8 (a-h, o-z)

dimension x(17), tp(3)

real*8 L, R, t, hwr, twr, hfr, tfr, hws, tws, hfs, tfs, E, Sy, nu, Nsd

real*8 Psd, Xm, s, Zs, Scr, Rn, Ln, D, B, Se, Lr, Kr, eta, sem, sdem, As
real*8 ys, Zcs, 1a, Ib, Is, Ide, Sel, Rs, Sel, Se2, ps, Sc, Le, sef, Su
real*8 Mx, Mt, k, H, Cp, Pel, Pcs, Kg, Kp, Pcb, Lef, Ar, yr, Rer, J, Nf

real*8 Nt, k1, ebs, psi, Ktl, Stch, Cc, Rt, fx, ft, m, n, Suc

Sy=x(1)

t=x(2)

Psd=x(3)

Xm=x (4)

Nsd=x (5)

Lty=tp (1)

Pty=tp(2)
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oo o0 o0 O 0 o0 0o 0

— =
o1 O

20

25
30

35

Ns=tp(3)

L=tp(4)

R=tp (5)

hwr=tp (6)

twr=tp (7)

hfr=tp (8)

tfr=tp(9)

hws=tp (10)

tws=tp (11)

hfs=tp(12)

tfs=tp(13)

E=tp (14)

nu=tp (15)

eta=3

Kf=0. 75

ps=0.5

Lty=1:Axial, Lty=2:Combined

Pty=1:Hydrostatic Pressure, Pty=2:Radial Pressure
Ns=number of stringers

eta=Residual stress parameter; O-stressreleaved,
3—aftre shakedown, 4.5-fillet welded

Kf=Shell knock down factor assumed to be 0.75
ps=Load proportionality factor, assumed to be 0.5
———Axial Loading of Stringer stiffened cylinders—————
s=2%3, 1416%R/Ns

7s=(s%%2/ (R*t) ) *sqrt (1-nu**2)

if (Zs.GT.11.4) then

Scr=0. 605%E*t/R

else

Scr=0. 904*E* ((t/S) #%2) * (4+ (3%Zs**2) /3. 1416%%4)
endif

if (Zs.LE.11.4) then

Rn=1-0. 019*Zs**1. 25+0. 0024*Zs* (1-R/ (300%t) )

else

Rn=0. 27+ (1. 5/Zs) +(27/Zs**2) +0. 008*sqrt (Zs) * (1-R/ (300%t) )
endif

Ln=sqrt (Sy/ (Rn*Scr) )

if (Lty.EQ. 1) then

D=1.6

elseif (Lty.EQ.2) then

D=2.1

endif

if (Ln. LE. 1) then

B=1+(D-1)*Ln

else
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B=D
endif

40 Se=B*Rn*Scr

45 Lr=sqrt (Sy/Se)

50 If (Lr.GT. 0. 53) then
Kr=1-2xetaxLr*x6/ ((s/t-2%eta) * (1+0. 25%xLr*x4) *x2% (1. 05%Lr-0. 28) )
else
Kr=1
endif

55 If (Lr. GE. 0. 53) then
sem=s*Kr* (1. 05/Lr—0. 28/Lr**2)
else
sem=s
endif

60 If (Lr. GT. 0. 53) then
sdem=s*Kr* (0. 53/Lr)
else
sdem=s
endif

65 As=abs (hws) *tws+hfs*tfs

70 ys=(twskhws**2/2+hfs*tfs* (abs (hws) +tfs/2))/ As

75 If (hws. LT. 0) then
Zcs=—t/2-vys
else
Zcs=t/2+ys
endif

80 Ta=tws*abs (hws) *%3/12+hf skt fs**3/12
Ib=tws*abs (hws) * (abs (hws) /2-ys) **k2+hfsktfs* (abs (hws) +tfs/2-ys) **2
Is=Ia+Ib

85 Ide=Is+As* (Zcs+0. 5xt) #%2/ (1+As/ (sdem*t) ) +semkt**3/12

90 Sel=3. 1416%*2%E*Ide/ (L#*k2% (Astsemkt) )
Se2=Kf*0. 605%E*t/ (R* (1+As/ (s*t)))
Sel=Sel+Se2

95 Si=Sel/Sy
If(Si.GE. ps) then
Sc=(1-ps*(1-ps) /Si) *Sy
else
Sc=Si*Sy
endif

100  Le=sqrt (Sc/Se)

105 If(Le.GT.0.53)then
sef=s*Kr* (1. 05/Le—0. 28/Le**2)
else
sef=s
endif
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110
c

115
120
125

130
135
140

145
150
155

160
165

170

175

Su=Sc* (Ast+sef*t)/ (As+s*t)

Mx=L/sqrt (R¥t)

Mt=s/sqrt (R¥t)

If (Pty. EQ. 1) then

k=0. 5

elseif (Pty. EQ. 2) then

k=0

endif

H=Mx—1. 17+1. 068*k

Cp=H*t/R

If (Mx. GT. 1. 5. and. H. LT. 2. 5) then
Pel=(1.27/ (H**1. 18+0. 5) ) *E* (t/R) **2
elseif (H.GE. 2. 5. and. H. LT. 0. 208% (R/t) ) then
Pel=(0. 92/H) *E* (t/R) **2

elseif (Cp. GT. 0. 208. and. Cp. LT. 2. 85) then
Pel=0. 836%Cp** (—1. 061) *E* (t/R) **3
elseif (Cp. GE. 2. 85) then

Pel=0. 275%E* (t/R) *%*3

endif
Pcs=16%As*abs (Zcs) *%Sy/ (skL*%2)
Kg=Mx*Mt*L*t*As/Is

If (Kg. LE. 500) then

Kp=0. 25+0. 85%Kg/500

else

Kp=0. 98+0. 12%Kg/500

endif

Pcb=(Pel+Pcs) *Kp

If (1. 56%sqrt (R*t) +twr. LT. L) then
Lef=1. 56%sqrt (R¥t) +twr

else

Lef=L

endif

Ar=(abs (hwr) *twr+hfr*tfr)

If (Ar. EQ. 0) then

yr=0

else
yr=(twrkhwr*2/2+hfrxtfr* (abs (hwr) +tfr/2)) /Ar
endif

if (hwr.LT.0) then

Rer=R-t/2-yr

elseif (hwr. GT.0) then
Rer=R+t/2+yr

else

Rer=R
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endif
180  J=(abs (hwr) *twr+hfr*tfr)*(R/Rcr) **2
185  Nf=Nsd*t
190 Nt=Psd* (R+0. 5%t)
195 if (Nt.EQ.0) then
k1=0
else
k1=Nf/Nt
endif
200 if(J.EQ.0) then
ebs=0
else
ebs=(1-0. 3*%k1) / (1+Lef*t/])
endif
205 if (Mx.LE.1.26) then
psi=1
elseif (Mx.LT. 3.42) then
psi=1. 58-0. 46%*Mx
else
psi=0
endif
210  if (Mx.LT.3.42) then
Ktl=1-ebs*psi
else
Ktl=1
endif
215 Stcb=Pcb* (R+0. 5%t) *Kt1/t
220 Rt=Psdk (R+0. 5%t) / (Sy*t)
225  fx=Su/Sy
230  ft=Stcb/Sy
235  Cc=2% (sqrt ((1-fx**x2)* (1-ft**x2)) / (Fx*ft)) -1
240  m=fxkk2%Ce*Rt
245  n= (Rt*fx/ft)*k2—Fx*%2
250  Suc=Sy* (-m+sqrt (m**2-4%n)) /2
255 if(Lty.Eq. 1) then
R=Su
elseif (Lty. Eq.2) then
R=Suc
endif
go to(500,510) ig
500  g=Xm#*R—Nsd
return
510  return
end

XXXVI



